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Abstract

Pedestrians are some of the most vulnerable road users, and pedestrian fatalities have been
increasing over the last 15 years, particularly at night. To create safer infrastructure for pedestrians,
it is imperative to understand how pedestrian perception and behavior varies between the daytime
and nighttime. Understanding pedestrian behaviors, preferences, and perception of the built
environment is essential for creating spaces that promote more active modes of transportation. This
study employs mobile eye-tracking glasses and stated preference surveys to examine differences
in pedestrian attention and perceptions of comfort and safety along an urban corridor in
Charlottesville, VA, USA during the daytime and nighttime. The analysis of gaze data uses an
urban typology framework which allows for quantitative differentiation in pedestrian’s attention
to various urban stimuli, such as transportation elements, built infrastructure, people, and nature.
The results indicate that at night, participants paid more attention to vehicles, lighted crossing
infrastructure, and lighting features, while attention on unlit transportation infrastructure and
nature decreased. Findings from the study also suggest that there is a connection between lighting
levels and perception of safety. Locations with the lowest lighting levels along the route were
frequently identified by participants as locations they felt the most unsafe at night. The study
proposes a comprehensive model of measuring attention, perception, and cognition, and sets the
groundwork for future research on the linkages between the experiential dimensions of streets,
human-wellbeing, and pedestrian behaviors.

Introduction

After decades of declining pedestrian fatalities in the United States, the numbers have been
increasing over the last 15 years, mostly due to nighttime fatalities (1). Federal data on roadway
fatalities depict a shift in peak times for pedestrian fatalities throughout the year. This suggests
that darkness is more of a threat to pedestrians than their routines (1, 2). Even though there are
often more pedestrian trips during the day than at night, a disproportionate 76% of pedestrian
fatalities occur when it is dark (3). While the cause of this has yet to be determined, it highlights
the need to analyze pedestrian perception and behavior at night. The condition of the surrounding
lighting influences not only the safety of roads but also people’s perception of safety. Creating
safe and pleasant pedestrian conditions is necessary to protect vulnerable road users and promote
more active mobility use. When people feel that conditions are not safe, they will often forgo
walking, so it is necessary to consider pedestrian perception when making decisions about a built
environment (4). To that end, understanding the effect of time of day and lighting conditions from
the pedestrian perspective can inform decision-makers about the types of infrastructure and
environmental conditions that are both objectively and subjectively safer for pedestrians at all
times of day. Driver behavior has often been the focus when examining nighttime crashes that
involve pedestrians, but mobile eye-tracking glasses present an opportunity to study these elements
from the pedestrian perspective and in real-world settings.


https://www.zotero.org/google-docs/?ACwZzG
https://www.zotero.org/google-docs/?ACwZzG
https://www.zotero.org/google-docs/?ACwZzG
https://www.zotero.org/google-docs/?Or3Djd
https://www.zotero.org/google-docs/?Or3Djd
https://www.zotero.org/google-docs/?Or3Djd
https://www.zotero.org/google-docs/?Or3Djd
https://www.zotero.org/google-docs/?Or3Djd
https://www.zotero.org/google-docs/?SlqoSY
https://www.zotero.org/google-docs/?SlqoSY
https://www.zotero.org/google-docs/?SlqoSY
https://www.zotero.org/google-docs/?ZIih97
https://www.zotero.org/google-docs/?ZIih97
https://www.zotero.org/google-docs/?ZIih97

Pedestrians observe many elements when navigating urban environments. Visual behavior
is closely associated with underlying cognitive processes, such as attention and memory, and is
connected to our actions in the world (5). Mobile eye-tracking technology, a sensor that detects
eye movements and points of focus, can be used to provide insight into people’s perception,
cognition, and emotional state. Studies on visual behavior as it relates to the built environment and
transportation have previously only been possible in laboratory settings due to technological
constraints and the complexity of monitoring tasks in their natural environments (6—-10). Mobile
eye-tracking technology allows researchers to identify which urban streetscape elements capture
individuals' attention, offering valuable data on how people perceive their surroundings while
navigating streets. This represents a significant advancement over previous methods, such as static
scenes, simulated screen-based environments, or virtual reality approaches (6, 11, 12). This
technology presents opportunities for new research into how pedestrians and other road users
interact with their surroundings when using different types of infrastructure and in different
environmental conditions.

The ability to study more dynamic environments comes with new challenges, as the
methodological and analytical approaches for this emerging technology are still being developed.
By integrating mobile eye-tracking glasses and pre- and post-experiment surveys, this within-
subject study explores how to better understand pedestrian responses to changes in urban
infrastructure design and environmental conditions. By having participants walk along the same
urban corridor during both the day and night, this study examines shifts in pedestrian attention as
conditions change to evaluate pedestrians’ perspectives. While this study compares day and
nighttime conditions, this technology has the potential to be applied to various types of
environmental conditions in order to evaluate how pedestrians and other users interact with and
perceive their surroundings.

Literature Review

This section summarizes existing literature related to pedestrian safety and perception, eye-
tracking analysis, and eye movements. The existing gaps and contributions of this study are then
presented based on the review of existing literature.

Pedestrian Perception and Safety

Pedestrian wayfinding requires attention to traffic signs and signals, traffic rules, and social
norms (13). The characteristics of the built environment can influence the amount of attention
these elements require, as well as the stress and anxiety associated with a pedestrian’s
surroundings. There has been a great deal of research that focuses on the physical factors that
impact pedestrian safety, such as number of lanes, visibility, raised medians, street trees, and land-
use patterns (14-16). One study that examined factors impacting nighttime fatalities found that
there was also a strong correlation between infrastructure factors, including unmarked
intersections and road width, and fatal nighttime pedestrian crashes (17). The same paper found
that the age of pedestrians involved in fatal pedestrian crashes increased more than the national
average, suggesting the importance of understanding the behavior of older pedestrians (17).
However, there is limited research on the perception of safety and environmental conditions, and
studies that have examined perception often rely on participant surveys (18). Understanding
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subjective perception of safety with respect to environmental conditions and infrastructure is
critical for creating walkable spaces that do not cause fear and anxiety and promoting walking as
a chosen mode of transportation.

Previous studies that have examined nighttime crashes have focused on the driver’s
perspective. Most of the studies that have focused on the pedestrian perspective have used either
videos of traffic or virtual reality (VR) simulation to gauge when pedestrians felt the last safe
moment to cross was or measure the timing of their movements (3). A review of factors affecting
pedestrian perception of safety and comfort found a positive correlation between pedestrians
feeling safe and public space lighting intensity (19). Although some studies suggest that this is a
dose-response relationship, where light intensity beyond certain levels does not lead to increased
safety perception (19). One study found that reduced glare and uniform lighting increases comfort
(20).

Pedestrian Eye-Tracking Analysis

Mobile eye-tracking is an advancement of lab-based eye-tracking technology that allows
researchers to measure eye movements and attention in real-world settings, including outdoor
urban environments (11, 21-26). Eye tracking data provide insight into pedestrians’ perception
and cognition by indicating how visual information is processed (25). Research has found that
pedestrian viewing behavior seeks information from the environment that allows for safe
navigation (23). When walking on a typical car-occupied street, visual attention is mostly focused
on the side of the street where the pedestrians are actively traveling. However, if the street is
pedestrianized, then the visual attention is distributed nearly equally between both sides of the
street (24). Another study found that the path walked is also important, and that most of the visual
attention on the target path happens at close distances (26). Overall, these studies demonstrate that
pedestrians utilize visual information to interact with their surroundings and move safely along the
street. However, these studies do not examine how attention varies under different conditions,
when vehicles are present and when lighting conditions differ at different times of day. One study
examined the visual behavior of pedestrians at night by having participants walk along 3 different
residential routes. The authors concluded that pedestrians spend between 40-50% of their time
looking at the footpath. While there were no conclusive lighting level results, the authors
highlighted the importance of examining illuminance of the route (27).

The emergence of mobile wearable sensor technology has allowed studies on visual
behavior to move outside the laboratory setting and collect first-person perspective data in real-
world settings (28). Despite this, research that considers the built environment from the perspective
of pedestrians in the real-world is still limited (29). Applying mobile eye-tracking technology in
outdoor environments provides a deeper understanding of how people relate to real-life
environments. This element is especially important when studying topics related to transportation
and the built environment. One 2022 study found that most research on pedestrian safety using
sensors and augmented reality focuses on a specific domain, and are not always suitable for real-
world settings (30). While VR simulations and other lab-based methods are a useful tool for
focusing on specific domains and evaluating infrastructure without the risk associated with being
in the real world, there may still be differences in people’s interaction and the decisions people
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make in the real world. It is important to be cautious about generalizing lab-based findings in the
real-world due to some of the limitations associated with laboratory studies. Lab based studies are
unable to expose participants to the same level of visual and non-visual stimuli as they would
experience in the real world (5). As we are still exploring which elements are connected to
pedestrian decision-making, this limitation could lead to different results. The use of smart glasses
has been identified as an important tool for collecting reliable data on pedestrian behavior and
understanding pedestrians’ changes in cognition and focus during their walking experience (29,
31).

Eye Movements and Metrics

High visual acuity is restricted to the fovea, a small area at the center of the retina, so for
humans to gather quality visual information, eye movement is essential. Visual acuity significantly
decreases beyond the fovea, so tracking a visual target necessarily requires eye movement to center
the target within the fovea (32). The “point of gaze” is defined as where one is looking, and can
be analyzed with eye tracking data with respect to the visual scene (33). The two fundamental
components of eye movements are saccades and fixations. A visual fixation is essentially a period
when the gaze remains focused on a specific location (32). This paper focuses on fixation data and
video recordings in order to determine the relationship between participants’ attention and the
environment while walking in the two different scenarios.

Saccades are the rapid movements of the eyes that abruptly change the point of fixation.
Due to this fast movement, the eyes are not able to acquire new information. The average duration
of a saccade is between 20 and 40 ms, whereas fixations occur when the eyes remain in one place
and are able to acquire new information from the visual array (34). Fixations usually last between
50 to 600 ms and can be used to make inferences about cognitive processes and attention (34).
When working with dynamic stimuli in real-world settings, eye movements beyond fixations and
saccades need to be considered. Vergence eye movements align the fovea on visual targets at
different distances. When trying to focus on moving objects, smooth pursuit movements keep the
fovea aligned with the visual target. Finally, Vestibular Ocular Reflex (VOR) compensates for
head movements by stabilizing the fovea on an element of interest even when the head or body is
moving (35). When eyes are stabilizing, they are still gathering information. These movements are
attempts to stabilize the fovea on an object of interest and can potentially extract information.
Understanding these movements is important when determining the velocity threshold to filter the
recorded eye tracking data (as discussed in the methodology section).

While the increasing use of eye-tracking devices in experiments related to vulnerable road
users speaks to the promise of this type of data, there are some inconsistencies in the metrics used
in the literature (36). While there are numerous approaches used to analyze eye-tracking data, too
few studies have been conducted for standardized metrics to emerge. Metrics can be categorized
into two types: general metrics and AOI-related (Area of Interest) metrics. General metrics,
fixation duration and fixation dispersion being two of the most common, can be used to infer
mental workload and stress levels (36). Whereas, AOI-related metrics, such as fixation duration
and fixation count, provide insight about attention, visual search patterns, and hazard detection
(36).


https://www.zotero.org/google-docs/?pLFCdR
https://www.zotero.org/google-docs/?pLFCdR
https://www.zotero.org/google-docs/?pLFCdR
https://www.zotero.org/google-docs/?qDCe1h
https://www.zotero.org/google-docs/?qDCe1h
https://www.zotero.org/google-docs/?qDCe1h
https://www.zotero.org/google-docs/?qDCe1h
https://www.zotero.org/google-docs/?qDCe1h
https://www.zotero.org/google-docs/?qDCe1h
https://www.zotero.org/google-docs/?I8P1hD
https://www.zotero.org/google-docs/?I8P1hD
https://www.zotero.org/google-docs/?I8P1hD
https://www.zotero.org/google-docs/?OF9sU6
https://www.zotero.org/google-docs/?OF9sU6
https://www.zotero.org/google-docs/?OF9sU6
https://www.zotero.org/google-docs/?n5lYJF
https://www.zotero.org/google-docs/?n5lYJF
https://www.zotero.org/google-docs/?n5lYJF
https://www.zotero.org/google-docs/?IuZQZq
https://www.zotero.org/google-docs/?IuZQZq
https://www.zotero.org/google-docs/?IuZQZq
https://www.zotero.org/google-docs/?di09Xj
https://www.zotero.org/google-docs/?di09Xj
https://www.zotero.org/google-docs/?di09Xj
https://www.zotero.org/google-docs/?3GeC0d
https://www.zotero.org/google-docs/?3GeC0d
https://www.zotero.org/google-docs/?3GeC0d
https://www.zotero.org/google-docs/?EBcUg2
https://www.zotero.org/google-docs/?EBcUg2
https://www.zotero.org/google-docs/?EBcUg2
https://www.zotero.org/google-docs/?ffbeEG
https://www.zotero.org/google-docs/?ffbeEG
https://www.zotero.org/google-docs/?ffbeEG
https://www.zotero.org/google-docs/?VIAwuu
https://www.zotero.org/google-docs/?VIAwuu
https://www.zotero.org/google-docs/?VIAwuu

Summary of Literature Review

This review of literature focused on pedestrian perception of their surroundings, the use of
eye-tracking technology, and the analysis of eye movement patterns and metrics. While the use of
eye-tracking has been used across disciplines for many years, there is a distinct lack of literature
analyzing eye tracking data in real-world built environment conditions due to the novelty of mobile
eye-tracking technology. However, the technology shows great potential for improving the
understanding of pedestrian perception and cognition in real-world settings. Many of the studies
that have begun to incorporate this technology with the built environment in transportation-related
studies have focused on the driver perspective, and far fewer have focused on the pedestrian
perspective (37-39). This study contributes to the current state of knowledge by using mobile eye-
tracking data to evaluate changes in pedestrian behavior with changing urban infrastructure and
environmental conditions. In doing so, it explores potential analytical approaches that can
contribute to the development of a more standardized process for this type of research. A better
understanding of pedestrians’ interactions with infrastructure and their perception of urban spaces
can assist engineers, planners, and decision makers in creating safer spaces and promoting more
active modes of transportation.

Methodology

Experimental Design

This naturalistic pedestrian within-subject study involved participants walking up and
down four blocks of an urban corridor (Water Street between 2nd Street SW and 4th Street SE) in
Charlottesville, Virginia in daytime and nighttime conditions. The 2018 Virginia Department of
Transportation Pedestrian Safety Action Plan identified the Water Street corridor as a priority
corridor due to pedestrian crash risks (40). Water Street is a two-lane corridor with permitted
parallel parking along the north side, as shown in Figure 1. Daytime experiments occurred
between the hours of 9am-4pm, and nighttime experiments occurred between the hours of 5:30pm-
9pm. Experiments took place on weekdays, Tuesday to Thursday, over the course of six weeks in
November and December of 2023. These days were chosen for data collection to minimize
operational differences that might occur during weekend days. Participants were scheduled for
both daytime and nighttime experiments.
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Figure 1: Water Street Corridor with the Study Route Highlighted

As a quasi-experiment occurring across multiple days, environmental conditions such as
weather, traffic conditions, and pedestrian volumes varied. While some outdoor conditions were
impossible to control for entirely, experiments were not carried out on rainy days given that rain
would obstruct the view through the smart glasses’ lenses. Data about the environmental condition
was also tracked for each participant. This included audio, lux (lighting) level, temperature, and
air quality. While this paper focuses on the eye tracking data, all sensors and data tracked during
the experiment can be found in Figure 2. Although smart glasses were worn for the entire duration
of the experiments, gaze data was not continuously recorded throughout and was impacted by
factors such as environmental conditions (e.g., glare from the sun) and the fit of the glasses. Due
to the influence of the sun and glare, there is a large difference in validity between the daytime and
nighttime scenarios. The mean data validity across all recordings was 73.5% (SD = 17.13), with a
mean of 63.8% (SD = 18.81) validity during the daytime and 83.2% (SD = 6.89) at night.
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Figure 2: The type and method of data collection

Participants were instructed to meet the researchers at the Meeting Point (Figure 3) to
prepare for the experiment, about 300 ft from the study’s route on Water Street. Prior to the first
experiment, participants filled out a pre-experiment survey eliciting information related to socio-
demographics, activity (e.g. walking, driving, or time dedicated to physical activity), and
familiarity with the area. Participants then put on the wearable sensors, including the Tobii Pro
Glasses 3 and a Galaxy smartwatch, and were briefed on their proper use. The glasses recorded
video, audio, and eye-tracking data, while the smartwatch gathered participants’ heart rates. Before
leaving the meeting point to start the experiment, the smart glasses were calibrated to each
participant to ensure data collection accuracy. Data collection from the smart watch was started at
the starting point of the route.

In addition to a verbal explanation by the researchers, participants were shown a map of
the experiment route and a member of the research team walked with them to the starting point of
the route (Figure 3). The study route required participants to walk eastbound from the intersection
of Water Street and 2nd Street SW to the intersection of Water Street and 4th Street SE on the
north sidewalk, cross Water Street at that intersection, and then walk westbound along the corridor
to the initial intersection of Water Street and 2nd Street SW. After the initial crossing at Water
Street and 4th Street SE, participants were instructed to cross back over Water Street at any point
of their choosing and return to the starting point. The total route was approximately 8 city blocks
and took most participants between 6-10 minutes to complete. The predefined walking path and
participants’ ability to cross the street at any point of their choosing remained constant throughout
both daytime and nighttime experiment scenarios. The order in which participants walked the
daytime and nighttime scenarios was kept random to avoid any bias that might emerge from a
change in familiarity of the route and the novelty of participating in such an experiment. After the
completion of each scenario, participants were asked to complete a post-survey upon returning to
the meeting point. The post-experiment survey assessed the participants’ subjective safety ratings
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of the daytime and nighttime conditions. It also asked them to identify locations where they felt
particularly safe or unsafe along the route, indicate where they chose to cross back across Water
Street, and provide their reasoning for their choice.

STUDY AREA
| STARTAND END OF ROUTE
1ST HALF OF ROUTE - Required for all participants
. ROUTE MIDPOINT - Participants could decide return route at this point
"""" WALK TO ROUTE START - With Researchers
MEETING POINT - Experiment set-up here

-

u

2ND ST SW
2ND ST SE
4TH ST SE

Figure 3: Water Street Study Area and Route

In total, 63 participants completed both scenarios of the experiments. Recruitment for the
experiment was done via email, flyers, and word of mouth. Identified interest groups within the
local area, university community, city staff, and other community members served as the
recruitment base for participants. Participants were required to be at least 18 years of age and could
not wear glasses on the days of the test (contact lenses were allowed) as the smart glasses could
not be put on over regular eyewear. All participants received compensation in the form of a gift
card for their time. Table 1 shows descriptive statistics of all participants.
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Table 1: Descriptive Statistics of Participants

TOTAL SAMPLE (N=63)

Frequency %
GENDER
Male 28 44.4%
Female 35 55.6%
RACE AND ETHNICITY *
White/Caucasian 49 77.8%
Asian/Pacific Islander 9 14.3%
Hispanic/Latino 3 4.8%
Black/African American 2 3.2%
American Indian/Native American 1 1.6%
Other 2 3.2%
AGE
18-29 21 33.3%
30-39 11 17.5%
40-49 14 22.2%
50-39 9 14.3%
60+ 8 12.7%
EDUCATION LEVEL
High School/GED 2 3.2%
Some College (no degree) 3 4.8%
Associate's degree 1 1.6%
Bachelor's degree 20 31.7%
Graduate degree 37 58.7%
EMPLOYMENT *
Full-time 26 41.3%
Part-time 9 14.3%
Student 18 28.6%
Self Employed 10 15.6%
Unemployed 3 4.8%
Stay-at-Home Spouse 2 3.2%
Retired 7 11.1%
INCOME
Less than $25,000 6 9.5%
$25,001 - $50,000 15 23.8%
$50,001-875,000 8 12.7%
$75,001-$100,000 10 15.9%
$100,001-$150,000 7 11.1%
$150,001-$200,000 9 14.3%
More than $200,000 6 9.5%
No answer 2 3.2%

* Participants were able to select all that apply
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Framework and Analysis Approach

Urban Typology Framework

Urban environments are made up of physical and social elements that make cities and
streetscapes dynamic spaces. For this study, these elements are identified as Urban Typologies that
help to categorize and understand the role different types of urban stimuli play within the urban
fabric of cities. The identified Urban Typologies can be found in Figure 4. Specific categories
(seen in Figure 5 and Table 2) were specified based on the research question. While this research
focuses on behavioral differences during different times of the day, this framework could be
applied to various other conditions in urban spaces and tailored to the specific research questions.

TRANSPORTATION BUILT STRUCTURES
e Signs + Signals e Storefronts
e Vehicles + Traffic e Signage
e Parking e Facades + upper floors
URBAN
STREET
PEOPLE / \ NATURE
® Pedestrians e Trees
e Patrons e Potted plants
e Sky

Figure 4: Urban Typology of Stimuli
Eye-Tracking Glasses

Identified categories based on the Urban Typologies were used to better understand which
elements were gaining pedestrian attention and how this differed between daytime and nighttime
scenarios. This was done by assigning fixation data collected from the mobile eye-tracking glasses
as an Area of Interest (AOI). An AOI, defined as the region that may be observed in a scene or
object, allowed eye tracking data to be linked to those categories (21). The Tobii Pro Glasses 3
were used for both studies.

The Tobii Pro Glasses 3 sample participants’ eye movements at 100 Hz and are equipped
with a forward-facing point-of-view camera with recording resolution of 1920 x 1080 pixels, a
sampling rate of 25 frames per second, and a diagonal field of view of 106 degrees. Even though
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it has a slightly smaller field of view than the human eye, the glasses can portray which elements
gain pedestrians’ attention. Further recording capabilities of the glasses include 16-bit mono audio
recording, and gyroscope and accelerometer movements sampled at 100 Hz. The resulting data
outputs include the users’ gaze and fixations, pupils’ position, pupils’ diameters, video with sound
from the smart glasses’ camera, linear acceleration, and rotational velocity, among other metrics.

Eye-Tracking Software and Analysis

From the video recordings with eye-tracking data collected via the glasses, physical
elements that attracted participants’ visual attention were manually classified into one of seventeen
areas of interest (AOI) for analysis, based on the urban typologies identified in Figure 4. The
seventeen categories used for analysis are listed in Table 2. With this segmentation, the duration
that individual elements were fixated upon can be assessed (21). Examples of the AOI
classification used in this study within Tobii Lab can be seen in Figure 5.

Table 2: AOI Classifications

Parked Vehicles

Vehicles : -
Moving Vehicles

Non-Pedestrian Transportation Infrastructure

. ] General Pedestrian Infrastructure
Transportation + Crossing

Infrastructure - -
Lighted Crossing Infrastructure
Unlighted Crossing Infrastructure
Lighting General Lighting Features
Pedestrians
Bicyclists
People

Other People (Patrons, Waiting for a bus, etc.)

Storefronts

External Store Infrastructure

Storefronts and Buildings | Non-Storefront Buildings
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Public Art

Nature (Trees, Sky, etc.)

oth Miscellaneous Infrastructure (garbage bins, newsracks, etc.)
er

Blurry or Undetermined

While reviewing the recordings, the Tobii Pro Lab software uses the Gaze Filter, an eye
movement classification algorithm, to process and classify the gaze data, which is then
superimposed on the videos (41). The Velocity-Threshold Identification (I-VT) fixation
classification algorithm uses velocity of the directional shifts of the eye to classify the data and is
measured in visual degrees per second. When samples are above a determined threshold, they are
classified as a saccade. Similarly, when samples fall below the threshold, they are classified as
fixations. The algorithm can be customized to the needs of researchers; however, the recommended
presets available are the Tobii I-VT (Attention), Tobii I-VT (Fixation), and Raw Gaze Filters. The
Tobii I-VT (Attention) filter is optimized for wearable eye trackers and created for dynamic
situations when the subject is moving (42). Thus, the Attention filter, with a threshold of 100
degrees/second, was used in this study. This threshold allows VOR and smooth pursuit movements
to be included instead of limiting analysis to fixations. As discussed in section 2.3, people are still
gathering information with these movements. Therefore, using the Attention filter means that any
fixation metrics in this study could be described as “foveal stabilization” metrics. However, the
term fixation will be used throughout this study.

The Tobii Pro Lab software identifies the location of fixations that fall within the threshold
(described above) for each relevant frame and superimposes it on the forward-looking video
recordings. From the video recordings, physical elements that attracted participants’ visual
attention were manually classified into one of thirteen areas of interest (AOI) for analysis. In static
studies, AOIs can be identified on the image themselves. However, with dynamic studies like this
one, the fixations within the video must be remapped as an AOI on a static image to be able to
analyze the fixations. The gaze data mapping in Tobii Pro Lab allows researchers to map gaze data
onto a snapshot with AOIs. The AQIs of each study were added to a snapshot with the AOI tool,
and fixations were manually remapped as AOIs for analysis on the frequency and duration of each
category. For both studies, all recordings were manually analyzed by one researcher to limit the
influence of different interpretations and human bias on the AOI classification between
participants and scenarios. After all fixations have been remapped, metrics, such as fixation
duration and fixation count, can be exported from the software for analysis.
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Figure 5: Examples of AOI Classification Categories

Results and Discussion

All eye movements within the attention threshold were remapped in the Tobii software to
identify the urban elements that gained participant’s attention. Participant attention when walking
the corridor during the day and at night was compared using the seventeen AOI categories. On
average, 52.8% of the total route time was associated with fixations. The initial analysis includes
the mean share of fixation duration across all participants, the mean share of fixation duration
disaggregated by age, and the mean total fixation duration (normalized to account for differences
in data validity).

Average Fixation Duration

The share of total fixation duration was calculated from ‘Total Fixation Duration’ to
visualize the differences between daytime and nighttime scenarios (Figure 6). Analyzing the data
using this metric showed that the largest increases in attention at night were on moving and parked
vehicles, lighted crossing infrastructure, and general lighting features. The other transportation
infrastructure categories, all of which were unlighted, all experienced decreases. Storefronts and
other buildings all experienced an increase in attention at night as well, likely due to the lighting
in storefront windows. There was also a large decrease in attention on natural elements, such as
trees and the sky, at night. While the share of fixation duration that was determined to be too blurry
to classify was minor, it should be noted that there was a large increase in frames that were within
the I-VT threshold that were too blurry to determine at night due to the dark conditions of the
video.
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Daytime Mean  Nighttime Mean

4.41% 7.23% . Moving Vehicles 100%

5.36% 66% [ Parked Vehicles

3021% 2495% [ General Ped Infrastrucutre

6.14% 4.97% . Non-Ped Transportation Infrastructure

8.53% 793% || Non-Lighted Crossing Infrastrucutre 75%

3.29% 5.16% . Lighted Crossing Infrastrucutre g

0.75% 5.06% . Lighing Features i

6.78% 7.12% Pedestrians 2

0.47% 0.30% Cyclists E 50%

0.84% 050% B8 Other People s

11.73% 13.75% Storefronts g

3.88% 1.91% Sidewalk boards and setups Z

3.76% 471% [ Other Buildings 25%

0.95% 0.59% Public Art and Banners [

6.02% 208% [ Nature Elements L
6.09% 5.80% . Miscellaneous Infrastructure - -
0.79% 1.28% . Blurry and Undetermined 0%

Day Night

Figure 6: The mean share of fixation duration for all participants during the Day and

A.Moving Vehicle

B. Parked Vehicle

C.Gen Ped TI

D. Non-Ped TI

E. Non-Lighted Crossing
F. Lighted Crossing

G. General Light Features
H. Pedestrians

1. Cyclists

J. Other People

K. Storefront

L. External Store Elements
M. Other Structures

N. Art and Banners

O. Natural Elements

P. General Infrastructure
Q. Undetermined and Blurry

Night Scenarios

o

20 40 60
Tot Fixation Duration (s)

. Night Day

Normalized to account for differences in data validity
Data Validity: 63% during day experiments and 83% at night between Day and Night
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Figure 7: The mean total fixation duration for participants by Day and Night (normalized
for differences in data validity)

While share of fixation duration is one of the most commonly used metrics to look at visual
attention, total fixation duration was also analyzed in order to further examine the extent of the
variation between the scenarios. As mentioned previously, there was a large difference in data
validity between the day and night scenarios. The glare from the sun led to a lower data validity
rate of 63% during daytime experiments. While it was more common for the video to be blurry at
night, the eye-tracking data had a higher validity rate of 83% at night due to the absence of the sun
glare. Thus, the mean total fixation duration data was normalized in order to compare this data, as
seen in Figure 7. Similar to mean share of fixation duration, on average, a shift from daytime to
nighttime scenarios experienced a notable increase of total fixation duration on moving and parked
vehicles, lighted crossing infrastructure, general lighting features, and storefronts. Meanwhile, all
other (non-lighted) transportation infrastructure also experienced a decrease in total fixation
duration at night compared to daytime. The only category that varied differently between mean
share of fixation duration and total fixation duration was pedestrians, which showed an increase in
attention at nighttime when using the total fixation duration metric. While further analysis is
needed, the data begins to demonstrate trends of attention and focus between the day and night
conditions.

Variation by Age

Participant ages ranged from 20 to 88 years old, and the fixation duration data was
disaggregated by age group to explore differences across this range, which can be seen in Figure
8. Most notably, there was an increase in attention to general pedestrian infrastructure (mostly
consisting of sidewalks) with age. Based on conversations with participants, one possibility for
this increase is a greater concern about sidewalk conditions and the possibility of tripping as people
get older. Previous studies have also found that the sidewalk conditions and the fear of falling is a
concern for middle-aged and senior adults and can impact their sense of safety (43-45). While it
is expected that this concern would grow at night, it is also possible that additional safety concerns
beyond sidewalk conditions corresponded to an increase in attention at night. There was little
variation when data was analyzed by gender.
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Figure 8: The mean share of fixation duration by age group during the Day and Night
Scenarios

Perception of Safety

In addition to the eye-tracking data collected, the post-experiment survey asked
participants about their safety perception (using a Likert scale from 1 [not at all safe] to 5 [very
safe] for the entire route as well as identifying specific locations) along the route. After each
experiment, participants marked how safe they felt while walking along the corridor and crossing
Water Street. On average, participants felt safer during the day (walking = 4.70 and crossing =
4.43) compared to the nighttime scenario (walking = 3.97 and crossing = 3.87). They were also
asked to mark up to three locations along the route where they felt the safest and/or comfortable
and up to three locations where they felt the most unsafe and/or uncomfortable. During the day,
there were 117 locations marked as safe and 66 locations marked as unsafe. At night, 113 locations
were marked as safe, and 98 locations marked as unsafe. It is important to note that all participants
walked the northside of the street, but not as many participants walked the entire southside of the
route given that participants could cross back to the northside at any point. This could contribute
to the lower number of identified locations towards the end of the route. Based on the explanations
of why they chose these locations, some of the main reasons participants highlighted were related
to lighting levels, interaction with vehicles, infrastructure conditions, people, and design elements.
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Figure 9: Locations identified safest and the most unsafe during the day and night overlaid
with the average lighting levels (aerial view map for reference)

The connection between lighting conditions and perceived safety is illustrated by Figure
9. Locations marked unsafe were more frequently on the eastern side of the route at the 4th St SE
crossing, which had poorer lighting at night compared to the western side of the route. The
comments reflect this pattern as well, with many of the safe locations being described as well-lit
and many of the unsafe locations being described as dark, with a few participants noting that they
felt unsafe as a woman.

The comments also showed a lot of anxiety and feelings of vulnerability with vehicle
interactions during both day and night, but particularly at night. These comments typically related
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to uncertainty around vehicle behavior and limited sight distance. Many cars did not stop for
pedestrians or give them right-of-way even when they were already in the crosswalk. Even idling
cars caused some participants to be uneasy not knowing what the vehicle’s next move would be.
There were also mentions of higher traffic volumes and speeds contributing to unsafe perceptions.
These qualitative comments, combined with the increased pedestrian attention to vehicles at night
in the gaze analysis, show that lighting conditions at night not only affect general perceived safety,
but can impact the physiological responses of pedestrians as their attention shifts to stimuli that
they perceive as threats to safety.

The conditions of the sidewalk were mentioned frequently as a contributing factor to safety
and comfort perceptions. The unevenness and narrowness of the sidewalk on the north side of the
route was of particular concern. Further, almost all of participants who mentioned the sidewalk
conditions were over the age of 40. This supports the possibility that concern about sidewalk
conditions could be the reason attention to the ground increased with age in the gaze analysis.
Some of the locations identified as unsafe were associated with intersections, and comments called
out the lack of a pedestrian signal or a confusing signal, lack of crosswalk marking, and the
duration of the pedestrian signal being too short all as safety concerns. On the other hand,
sidewalks buffered from the road by trees and textured pavement were mentioned as elements
contributing to a feeling of safety.

There were multiple comments related to the impact of the building design. Not having an
active street front contributed to some participants feeling less safe. It is notable that in the gaze
analysis, participants paid slightly more attention to storefronts at nighttime compared to daytime.
The section of the walking path with well-lit store display windows (north sidewalk between 2™
St SW and 2" St SE) also contains the locations most identified as “feeling safe and comfortable”
at night. Rundown or bland buildings were associated with not feeling as comfortable, but the main
building design element was the parking garage block that has a recessed walkway. There were
concerns that the columns in front of the parking garage could serve as a hiding spot for people.
The gaze analysis also showed that participants paid more attention to “other buildings/structures”
at night compared to the day.

Some negative interactions with people included witnessing altercations between people,
loud people outside bars, strangers staring, and having a police presence. That said, interactions
with people often correlated with feeling safer when it came to higher foot traffic, activity around
the stores, and the type of people around (i.e. people they knew, families, commuters). As
previously mentioned, the difference between attention on other pedestrians during day and night
was unclear from the gaze data analysis, as the two metrics analyzed (mean share of fixation
duration and total fixation duration) yielded opposite results.

Conclusion

Summary of Results

The study explores the pedestrian experience on an urban corridor at daytime and nighttime
by utilizing gaze data from mobile eye-tracking glasses and stated preference surveys. This study
presents AOI classifications based on the Urban Typology framework. These classifications can
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adapt to the conditions and research questions of each study as needed. Since this study compares
daytime and nighttime scenarios, it was important to separate lighted features for the classification
and analysis.

The initial analysis suggests that vehicles and lighted elements experienced the largest
increase in attention from pedestrians when shifting from daytime to nighttime conditions.
Comparing the lighting levels along the route during the daytime and nighttime and the stated
preference survey responses demonstrated the connection between lighting, perceived safety, and
shifts in attention. Participants identified more locations where they felt unsafe in unlit areas,
particularly at night. Specific infrastructure conditions, interactions with vehicles, interactions
with people, and building design were cited as factors influencing perceptions of safety. Alongside
the gaze analysis, the results suggest that lighting conditions at night influence both perceived
safety and pedestrian attention, where pedestrians shift attention to stimuli that they perceive as
potentially unsafe.

There is a need for a more comprehensive model of measuring attention to better
understand linkages between pedestrians’ attention, perceptions, and cognition (25), which could
improve our understanding of urban mobility and behavior. This study contributes to the current
knowledge by proposing the design of an on-site naturalistic walking experiment and the use of
wearable sensors to assess real-life settings in an urban environment from the pedestrian
viewpoint. Being able to capture the pedestrian perspective in a real-world setting, identified in
previous research as challenging to capture and quantify (24), is a strength of this technology and
research. The first-person view of the video recordings allows the environment to be interpreted
from their point of view. On-site real-world data collection is advantageous since it has been shown
to describe behavior more accurately than that collected in a laboratory setting (13). Understanding
pedestrian behavior and perception is essential for enhancing urban spaces and infrastructure, and
the study provides a framework and initial analysis that can be used in future research. With the
increase in nighttime pedestrian fatalities that the US is experiencing, the need for creating safer
spaces and infrastructure for pedestrians and other vulnerable road users is greater than ever. The
results from these studies, and future work that builds on this framework, can help inform the
choices of communities and decision makers.

Limitations

This study demonstrates the type of research that mobile eye tracking glasses makes
possible and provides a framework for future research. However, there are some limitations related
to the study and the tracking technology that are important to acknowledge.

Some of the main limitations identified for this type of study are the small sample sizes
and the demographic representation among the samples. The study was able to recruit 63
participants, a relatively large sample size for this type of experimental study, but still presents
challenges for robust statistical analysis. Reaching proportional representation across age
demographics was a challenge. First, people who require corrective lenses are ineligible for the
study, unless they can wear contact lenses. Personal glasses do not fit properly under the mobile
glasses, and the sensors are unable to track eye movements through the personal lenses. This
hindered the ability to find eligible participants, especially those over forty years old. Many people

22


https://www.zotero.org/google-docs/?I8QUvi
https://www.zotero.org/google-docs/?I8QUvi
https://www.zotero.org/google-docs/?I8QUvi
https://www.zotero.org/google-docs/?lOHERp
https://www.zotero.org/google-docs/?lOHERp
https://www.zotero.org/google-docs/?lOHERp
https://www.zotero.org/google-docs/?y2TxoS
https://www.zotero.org/google-docs/?y2TxoS
https://www.zotero.org/google-docs/?y2TxoS

in their forties also found it difficult to take time from their children and families, or to find
childcare, in orderto participate in the studies, especially during the nighttime experiments. While
seniors were often enthusiastic, they were more likely to have vision or mobility issues which
made it impractical for them to participate.

While the days selected for the study were intentionally chosen to minimize the differences
in the environment beyond the condition being studied, there remained differences that were
impossible to control for entirely in the real-world setting. In the study, experiments were only
completed on Tuesdays, Wednesdays, and Thursdays to minimize any differences that might be
seen between weekdays and weekend days. The main difference is the time of day and lighting,
but there was still some natural variation related to the people and vehicles present along the study
route.

It is also important to note the impact that the sensors and the awareness of being in a study
might have had. While participants mostly indicated that the glasses were comfortable and did not
impact their behavior, the wearable sensing devices could be a potential stress for some
participants (46). It is difficult to entirely ensure that participant behavior is not impacted by the
mechanics of the study itself. Similarly, possible survey fatigue should also be considered when
examining stated preference survey results.

Beyond this specific study, there are also some general limitations related to the data
collection and analysis methods. One aspect to consider is that the use of smart glasses with
cameras poses potential privacy concerns for individuals not involved in the experiment who are
passively recorded (47). The validity of eye movement data collection also varies with some
environmental conditions, such as glare from the sun. The study also relied on manual remapping
of the fixations as one of the identified AOI classifications, which introduces potential researcher
bias. While the eye movement detection validity rates were higher during the nighttime
experiments, the video imagery was often more difficult to interpret. The approach used within
this study accounts for many issues often experienced within mobile eye-tracking experimentation,
yet there is still a significant need for the development of more robust detection algorithms (48,
49). Additionally, the manual remapping of fixations as AOls is not an efficient method. In order
for this technology to be scalable and usable for larger sample sizes, an automated classification
process is necessary.

Future Work

While some of the limitations identified above are unavoidable realities of this type of
study, others can inform the direction of future research. This study presents an application of
mobile eye-tracking technology and provides a framework for future research of this type. Eye-
tracking data can provide insight about pedestrians’ attention, however further research is
necessary to make the connection among attention, perception, cognition, and the behaviors that
impact mobility choices and economic activity on urban streets (25). This section highlights some
potential directions for further study.

There is currently no standardized data processing technique or methodology for this type
of analysis that would prove valid across multiple experiments. Further research should define
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standardized methodologies for data analysis and interpretation in the urban planning domain. The
study focuses on initial findings related to attention data, but further analysis is required to fully
reveal comprehensive results related to the eye-tracking data. This work can assist in identifying
the best analytical approach when using this technology for naturalistic studies related to the built
environment. The elements that gained attention, based on the I-VT attention threshold, were
classified into the AOI categories related to the Urban Typologies identified. However, some
fixations are more significant than others, and identifying these can provide insight into a person’s
cognitive processes and how they perceive their environment (50). The initial analysis completed
for the study has not distinguished between types of fixations, such as distance of the elements,
that could lead to different levels of cognition and potentially an increased need to detect safety
hazards (51, 52). It may be important to identify elements that gained attention from fixations that
were passive or continued. The eye-tracking glasses include gyroscope and accelerometer sensors
and record Inertial Measurement Unit data that could be helpful in identifying these differences.

There are also eye-tracking metrics unrelated to AOI identification, such as Mean Fixation
Duration and Horizontal and Vertical Gaze Variability, that can provide additional information
related to stress and anxiety. Stationary Gaze Entropy and Gaze Transition Entropy are additional
metrics that could be considered. Further analysis could also focus on pupil diameter, a
physiological factor that relates to emotional states and stress.

The attention filter used in this analysis was created for dynamic situations when subjects
are moving to include “foveal stabilization” movements. However, there has been limited
validation of using this threshold in various types of studies, and this should be examined further
given the differences in cognitive processing with different movements. It would also be useful
to compare and validate real-world experiments with those done in a virtual setting. Few studies
examining human perception of the built environment have used mobile eye-tracking in an outdoor
setting, and significant differences between laboratory and outdoor environments have been found
when using mobile eye-tracking glasses (24, 50, 53, 54).

Mobile wearable sensors are a promising technology in improving the understanding of
vulnerable road users by providing easy-to-obtain data and being flexible in their application.
Developing the methodology and analytical approach further would allow for the expansion of
mobile eye-tracking technology studies. The methods utilized in this study have the potential to
allow planners, engineers, designers, and policy makers to directly identify how their designs, such
as street lighting, landscaping, and pedestrian infrastructure, alter the urban experience.
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