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Abstract
Computer Vision-Powered Applications for Interpreting and Interacting with Movement

Basel Nitham Hindi

Movement and our ability to perceive it are core elements of the human experience. To
bridge the gap between artificial intelligence research and the daily lives of people, this thesis
explores leveraging advancements in the field of computer vision to enhance human experiences
related to movement. Through two projects, I leverage computer vision to aid Blind and Low
Vision (BLV) people in perceiving sports gameplay, and provide navigation assistance for
pedestrians in outdoor urban environments. I present Front Row, a system that enables BLV
viewers to interpret tennis matches through immersive audio cues, along with StreetNav, a system
that repurposes street cameras for real-time, precise outdoor navigation assistance and
environmental awareness. User studies and technical evaluations demonstrate the potential of
these systems in augmenting people’s experiences perceiving and interacting with movement.
This exploration also uncovers challenges in deploying such solutions along with opportunities in

the design of future technologies.
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Chapter 1: Introduction

Movement is a central component of the human experience. Our interaction with movement
and our perception of it shape our understanding of the world and influence how we interact with
our environment. It plays a critical role in our cognitive development, social interaction, self
awareness, spatial perception, and physical health [1, 2, 3]. Movement is as ubiquitous as it is
impactful.

Sensors and computers, equipped with their capacity to capture and analyze dynamic data,
have proven to be indispensable tools for gaining a greater understanding of movement. Previ-
ous human-computer interaction (HCI) research has harnessed technology to augment our experi-
ences with movement. From intelligent prosthetics [4, 5] to wearable activity trackers [6, 7] and
simulated motion in virtual reality [8, 9], movement is deeply embedded within HCI research.
Recent strides in foundational computer vision (CV) models have unlocked new dimensions and
pathways for this research [10, 11]. These breakthroughs have been diverse and impactful, from
deriving physiological insights like heart-rate and blood-flow patterns from video, to tracking and
controlling intricate robotic movements. As CV continues to evolve, a pressing need emerges —
to consolidate these advancements into cohesive applications that center the human experience,
through augmenting our ability to move and to perceive movement.

As a computer science researcher with a background in mechanical engineering and autonomous
vehicles, I have always had a fascination with the intersection of technology and movement. My
internship at Nike leveraging multi-modal Al for sports and web accessibility further solidified
this interest. These experiences have directed my focus towards exploring the implications of Al
innovations in domains closely tied to movement.

To close the gap between the advancements in CV and human movement experiences, this

thesis embarks on two interconnected research projects. These projects serve as examples of har-



nessing the transformative capabilities of CV to understand and engage with movement. The first
project revolves around helping users perceive motion from an external vantage point—a third-
person perspective. Here, the aim is to enable Blind and Low Vision (BLV) users to interpret
tennis gameplay through spatialized audio cues. The second project concerns interpreting and in-
teracting with movement from a first-person perspective — from the heart of the action. In this
project, CV is used to provide real-time navigation support for BLV pedestrians moving within
urban landscapes.

In chapter 2, we present Front Row [12, 13], a system that automatically generates an immer-
sive audio representation of sports broadcasts, specifically tennis, allowing BLV viewers to gain a
better understanding of what is happening in the game. Front Row recognizes gameplay character-
istics from the video feed using CV, then renders players’ positions and shots via spatialized (3D)
audio cues. User evaluations with 12 BLV participants show that Front Row gives BLV viewers
a more accurate understanding of the game compared to TV and radio, enabling viewers to form
their own opinions on players’ movement and strategies. With this new understanding of BLV
users’ discernment of movement from a third-person view, we discuss future implications of Front
Row and illustrate several applications.

In chapter 3, we repurpose street-embedded cameras to give BLV pedestrians real-time navi-
gation assistance. Traditionally, BLV people rely on GPS-based systems for outdoor navigation.
GPS’s inaccuracy, however, causes them to veer off track, run into unexpected obstacles, and strug-
gle to reach precise destinations. While prior work has made precise indoor navigation possible
via additional hardware installations, enabling precise navigation outdoors remains a challenge.
To address this, we present StreetNav [14, 15], a system that facilitates user interaction with street
embedded cameras, such that BLV pedestrians can receive environmental awareness cues and nav-
igation instructions in real-time. Within this work, we conduct user evaluations of StreetNav at the
NSF PAWR COSMOS wireless edge-cloud testbed, showing that StreetNav guides people more
precisely than GPS and provides richer environmental awareness. Through this exploration, we

gain a new understanding of how CV can be used for interpreting and interacting with movement



from a first-person perspective, and we discuss future implications for deploying such systems at
scale.

In a period of technological development dominated by artificial intelligence, it is integral to
consolidate technical achievements into functional HCI applications. Movement is a foundational
part of the human experience, and through our two projects, this thesis explores CV’s capability
to augment and enhance this experience. It underscores the belief that purposeful and innovative
technology can serve as a gateway to inclusivity, empowerment, and a connection with the dynamic

movement of our world.



Chapter 2: Front Row: Automatically Generating Immersive Audio

Representations of Tennis Broadcasts

Sports broadcasts are one of the most watched categories on TV for blind and low-vision (BLV)
people, yet they remain inaccessible to BLV viewers [16, 17], making the experience of watching
sports exclusionary and isolating for them [18, 19, 20]. BLV people use TV and radio to follow
sports similar to sighted people, but find it difficult to fully understand what is happening in the
game due to the lack of information conveyed via the broadcasts’ audio. They must also rely
on descriptions of the game from other people, such as sports commentators and friends they are
watching with, to understand what is happening in the game. This means that others have the power
to decide what BLV viewers should focus on, and that if others fail to describe a certain detail, there
is no way for BLV people to access it. In short, BLV viewers have no way of visualizing exactly
what is happening in sports broadcasts, and they are not afforded the agency to interpret what is
happening for themselves.

Figure 2.2 shows the difference between sighted people’s experience watching sports on TV
and BLV people’s experience following sports via descriptions more concretely. The TV visuals
(Figure 2.2a) convey players’ positions and actions thoroughly, allowing viewers to focus on the
parts of the game they find interesting. The radio descriptions (Figure 2.2b), by contrast, are
largely focused on Elena Rybakina, the far player in the TV broadcast. The announcer does not
describe how Ons Jabeur runs across the court to the right to successfully play a shot, as seen in
Figure 2.2a. Ultimately, we need to understand how to help BLV people more directly perceive
sports broadcasts themselves instead of relying on others’ descriptions.

In this work, we present Front Row, a system for automatically generating immersive audio

representations of sports by inferring gameplay directly from a source broadcast video. The name



Figure 2.1: A study participant, who is congenitally blind, using Front Row to watch a tennis
match together with their sighted friend. Front Row is a system that automatically generates an
immersive audio representation of a tennis broadcast video, allowing BLV viewers to more directly
perceive what is happening in a tennis match. Front Row first recognizes gameplay from the video
feed using computer vision, then renders players’ positions and shots via spatialized (3D) audio
cues. Front Row works with a standard pair of headphones.

“Front Row” refers to our focus on giving BLV viewers a front row seat to the action so they
can experience sports more immersively rather than relying on others’ descriptions of the action.
Front Row first uses a computer vision pipeline to automatically extract gameplay information
from the broadcast video, then renders an immersive spatialized audio representation of the game
to BLV viewers. The auto-generated spatialized audio cues convey players’ positions and actions,
enabling BLV viewers to visualize the action themselves. As Figure 2.1 illustrates, Front Row
makes it possible for BLV people to enjoy sports together with friends without missing out on any
important context.

Prior work has explored the use of on-field sensors such as high-precision cameras to generate
audio and tactile representations of sports broadcasts [21, 22, 23, 24, 25, 26]. For example, Action
Audio [21] acquires the ball’s position using a specialized tracking system [27] that requires the
court to be instrumented with multiple high-performance cameras. The use of specialized hard-
ware, however, limits the applicability of these approaches to the tiny fraction of sports broadcasts
where such large-scale hardware installations are feasible. With Front Row, we aim to use com-

puter vision to generate immersive audio representations directly from the source broadcast video.
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i Radio: “Backhand Rybakina... she’s in at the net. Volley from Rybakina. Jabeur cross-court... a second volley by Rybakina.”

Figure 2.2: Tennis gameplay as experienced (a) on TV via visuals by sighted viewers, and (b) on
radio via announcer’s description by BLV viewers. The visuals allow sighted viewers to perceive
players’ positions and actions to fully understand gameplay. The ball’s path is indicated in yellow,
and the players’ movements are indicated in white. The radio descriptions, by contrast, convey a
fraction of the information that visuals provide and do not offer a way to form one’s own opinions
of the game.

By using this direct video-to-audio methodology, systems like Front Row could eventually make
all sports broadcasts accessible to BLV viewers.

Our current focus with Front Row is on tennis broadcasts. We chose tennis because it is popular
in many parts of the world, has a fairly simple setup with two players and a ball, and is very similar
in form to other racket sports such as badminton, table tennis, and squash. As we discuss in
Section 2.7, the results we find for Front Row could translate well to racket sports in general.

We evaluate Front Row in a user study with twelve BLV participants to understand how well
Front Row allows BLV viewers to comprehend tennis gameplay compared to the status quo of
listening to TV and radio broadcasts. We found that Front Row provides BLV viewers with a sig-
nificantly more accurate understanding of the gameplay compared to TV and radio. For instance,
Front Row reduced BLV participants’ comprehension errors compared to TV by over 90% in rec-
ognizing the type of shots players hit and around 85% in identifying when players approach the
net during the play. We also found that Front Row facilitates more immersion, with many par-
ticipants valuing how Front Row affords them the ability to visualize the gameplay and to form
their own opinions about the players’ moods and strategies during the game. Our participants who
play blind tennis [28] expressed their enthusiasm for using Front Row in the future to review their
opponent’s style of play before a game. We illustrate several future applications of Front Row,

including a Front Row plug-in for video streaming platforms to make all sports videos across the



Web accessible and immersive for BLV people.

In summary, we contribute (1) a formative study of BLV people’s challenges in watching sports,
(2) the Front Row system for automatically generating immersive audio representations of sports
from a source broadcast video, and (3) both a technical evaluation and a user experience evaluation

of Front Row.

2.1 Related Work

Our work builds from the following three main threads of research. (i) approaches to visual
media accessibility, (i1) sports broadcast accessibility, and (ii1) sports video analysis via computer

vision.

2.1.1 Approaches to Visual Media Accessibility

One common approach for making visual media accessible to BLV people is through text-
based descriptions. For example, BLV people understand images via alternative text (also known
as “alt-text”) [29, 30] and videos via audio descriptions (AD) [31, 32]. Many researchers have
studied ways to create effective descriptions for BLV people, by proposing methods and guidelines
for authoring descriptions [33, 34, 35, 36, 37, 38, 39] as well as by introducing tools to support
and automate the process [40, 41, 42, 43, 38, 44]. Prior work, however, shows that descriptions
do not provide BLV people a spatial understanding of the visual content [45, 46, 47]. Spatial
understanding of the visual content is crucial for interacting with rich visual media, such as for
watching TV [48, 16, 32], exploring museums [49, 50, 47, 51], playing video games [52, 53], and
engaging with social media [42, 45, 43, 54].

Another approach to visual media accessibility is using tactile graphics, which conveys spatial
information via touch [55, 56]. Tactile graphics have been successfully used to understand the
spatial layout of paintings [57], floor plans [58, 59], and more [60, 61, 62, 63, 64, 65, 66]. Prior
work has also explored finger-worn devices [67, 68, 69] that allow BLV people to access printed

text by moving their finger along the text for added spatial context. However, BLV users explore



the tactile surfaces and use finger-worn devices through touch, which makes it less suitable for
perceiving dynamic visual media such as videos. This becomes even more difficult for sports
videos, given the fast-paced and dynamic nature of sports.

Audio, in the form of sonification or audio-cues, has also been explored for general image
accessibility [70, 71], as well as for particular forms of images such as time series charts [72, 73].
However, limited work has been done to make videos [41], specifically sports videos, accessible
via audio. In this work, we explore how spatialized audio can be used to make tennis videos
accessible to BLV people, with the aim of giving them the ability to more directly visualize the

gameplay.

2.1.2  Sports Broadcast Accessibility

Sports play an important role in enhancing people’s social and cultural lives [18, 19, 20]. How-
ever, BLV people often experience sports in isolation because many existing sports broadcasts
remain inaccessible to them [17]. Past research has explored different ways of making sports
broadcasts accessible to BLV people, leveraging tactile graphic displays for football games [23,
24, 25] and 3D spatialized audio for tennis games [21, 22].

Most approaches, however, rely on specialized hardware which may not always be feasible.
For example, Action Audio [21] requires the court to be equipped with the Hawk-Eye ball tracking
technology [27], before it can make the game accessible to BLV people. Installing and maintain-
ing these tracking technologies involves high costs which are only feasible for a tiny fraction of all
sports events. Our preliminary work on Front Row [14], by contrast, introduced the concept of in-
ferring gameplay directly from the source broadcast video feed using computer vision, eliminating
the reliance on hardware installations. In this work, we perform both a technical evaluation and a

user experience evaluation of Front Row.



2.1.3 Sports Video Analysis via Computer Vision

Research within the computer vision community has explored techniques to analyze sports
videos by tracking game elements such as actions [74], balls [75], and players [76] and developing
new applications using them [77, 78, 79, 80]. For instance, Voeikov et al. [80] introduced a deep
learning-based system for automatic refereeing in table tennis games. Ghosh et al. [79] proposed a
framework to infer players’ statistics such as reaction time, speed, and movement for badminton.

Although this research is very promising, much of the focus has been outside of accessibility
contexts and does not consider how computer vision systems can help users themselves watch and
better perceive sports. Our work explores how sports video analysis can be used explicitly for
accessibility. That is, we will first develop a computer vision system for computers to visualize
sports (in our case, tennis), and we will then design an assistive interface so that BLV users can

visualize sports.

2.2 Formative Study

To inform Front Row’s design, we conducted semi-structured interviews and observation ses-

sions with five BLV participants. Specifically, we focus on answering two questions:

Q1. What challenges do BLV people face when watching sports?
Q2. What are BLV viewers’ information preferences for achieving a better understanding of the
gameplay?
2.2.1 Methods
Participants

We recruited five BLV participants (three males, two females; aged 23—-60) by posting to social
media platforms. Table 3.2 summarises the participants’ information (F1-F5). All interviews were
conducted remotely via Zoom and lasted for about 60—75 minutes. Participants were compensated

$25 for this IRB approved study.



Procedure

To answer the first question about BLV people’s challenges of watching sports, we used a
recent Critical Incident Technique (CIT) [81], in which we asked participants to recall and describe
a recent time when they watched sports. We asked participants to describe their likes and dislikes
about this experience, challenges they faced while viewing the game, and ways in which they
navigated those challenges.

To answer the second question about BLV people’s information preferences, we observed par-
ticipants as they viewed tennis games via television (TV) and radio broadcasts. We shared our
screen over Zoom and played several short clips from professional tennis matches for both TV and
radio. After each clip, we asked participants to describe the gameplay and elaborate on aspects of

gameplay they wanted to learn more about.

Interview Analysis

We first transcribed the interviews in full and then performed thematic analysis [82] involv-
ing two members of our research team. Each researcher independently reviewed the interview
transcripts to generate an initial set of codes using NVivo [83]. Subsequently, both researchers
collaborated with the two BLV co-authors to iterate on the codes and identify emerging themes for
each research question.

For the first question, two challenges emerged: (i) feeling excluded when co-watching sports
with friends, and (ii) inappropriate amount of information. For the second question, two informa-
tion preferences emerged: (i) preference for spatial information, and (ii) preference for neutral,

objective information about the gameplay.

2.2.2  Understanding BLV Viewers’ Challenges of Watching Sports

We found two major challenges that BLV people face when watching sports.

10



Feeling excluded when co-watching sports with friends and family

Our participants noted that it is challenging for them to co-watch sports with friends and fam-
ily because of mismatched preferences for the mediums through which they watch sports. BLV
people prefer radio commentary, whereas their sighted friends and family prefer a visual medium
such as TV. F2 mentioned that not being able to watch sports through a medium they could equally
understand made them feel excluded: “Well, I feel like I was kind of left out with the family con-
versation.” F1 explained that feelings of exclusion are even more pronounced for sports because:
you don’t like having what is supposed to be fun, make you feel excluded”.

This finding aligns with prior research showing that sports is a social activity for BLV peo-
ple [18, 19, 20] and that the sense of shared excitement and affiliation is a big motivation for BLV

people to watch sports [17].

Inappropriate amount of information

We observed that participants felt underwhelmed when watching tennis on TV and overwhelmed
when watching tennis on radio. Participants noted that, unlike other sports, TV commentators in
tennis are silent during the play. As a result, participants lose interest: “I feel like there’s a lot of
stuff that I'm just not getting in, so I don’t feel very immersed in it. And so my mind wanders” (F1).
On the contrary, radio announcers spoke too fast for them to be able to follow the game events,

which made them feel frustrated sometimes.

2.2.3 Understanding BLV Viewers’ Information Preferences for Watching Sports

We discovered BLV viewers’ two major information preferences for better understanding game-

play.

Preference for spatial information about the gameplay

After listening to tennis clips for both TV and radio, participants expressed desire to more

closely follow where the actions were happening on court: “I never got a sense of where they were
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hitting it on the court. Because I know when you're really playing, if the player is up close to the
net, then you try to hit it back in the far corner, you know, to make them have to run to make the
play. 1 didn’t get a sense whether that was happening or not.”” (F2).

Preference for neutral, objective information about the gameplay

Participants expressed their preference for fact-based reporting of information versus infor-
mation interpreted from someone else’s perspective. For instance, “the announcers [often] color
things from their home team’s perspective” (F4), and if a BLV viewer supports the other team, they

“probably wouldn’t want [announcers’| opinions as much because I could form my own opinions”
(F4).
2.2.4 Design Goals

Based on our formative study findings, we set forth the following design goals for Front Row:

G1: Facilitating spatial understanding of the gameplay.

As noted that perceiving spatial aspects of gameplay are difficult in a non-visual format (Sec-
tion 2.2.3), one of our goals to intuitively facilitate a spatial understanding of the gameplay for
BLYV people.

G2: Providing an appropriate amount of information to facilitate immersion.

Since immersion within the game is important to BLV viewers (Section 2.2.2), one of our aims
is to ensure that an enhanced gameplay understanding is not achieved at the cost of immersion.
G3: Providing a single format that both BLV and sighted viewers can enjoy.

To instill a sense of affiliation in their sports watching experience (Section 2.2.2), one of our

goals is to provide a single, universal format that BLV people can co-watch with friends and family.
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G4: Supporting agency in gameplay understanding.

As mentioned in Section 2.2.3, it is important for BLV people to form their own opinion about
the gameplay. Thus, one of our aims is to provide factual information that enables BLV people to

view the game from their own perspective.

2.3 Front Row: Immersive Audio Design

Front Row is a system that generates an immersive audio representation of a tennis broadcast
video in order to enable BLV viewers to more directly perceive what is happening in a tennis
match. The audio rendering consists of three sound cues that together help BLV viewers to gain
a spatial understanding of the gameplay (G1), to feel more immersed within the game (G2), to
enable co-watching with sighted peers (G3), and to form their own opinions on players’ strategies
(G9).

The first sound cue allows viewers to visualize and follow players’ positions on the court. The
second sound cue allows viewers to understand players’ shots, including when players make shots
and whether those shots are forehands or backhands. The third sound cue is the ambient game
sounds from the broadcast video, such as audience cheers and umpire’s calls, that provide a more
realistic viewing experience to BLV people.

Figure 2.3 shows how Front Row renders the sound cues to the viewer. Front Row renders
the sound cues via spatialized (3D) audio on a 2D plane that represents the “birds-eye view” of
the court. This 2D plane is orthogonal to the viewer but several feet in front of them in the 3D
soundscape. To generate spatialized sound, we used the Steam Audio toolkit for Unity [84], which
provides a built-in head-related transfer function (HRTF) [85]. Our design for Front Row resulted
from several co-design sessions with our two BLV co-authors and consideration of prior work [21,

22]. In the following subsections, we describe each of Front Row’s three sound cues.
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Figure 2.3: Front Row’s 3D soundscape. The tennis court is displayed on a 2D plane orthogonal
to the BLV viewer. Players’ positions are represented by continuous humming sounds, and play-
ers’ shots are represented by bell sounds similar to those in blind tennis [28]. These sounds are
blended with the TV broadcast’s original audio to incorporate ambient noises and the announcers’
commentary.

2.3.1 Visualizing Players’ Positions

Front Row renders each player’s position via a virtual speaker that continuously emits a hum-
ming sound from the point on the 2D plane representing the player’s position on the court. The
humming sound uses a different pitch for each player. Effectively, viewers can hear virtual speak-
ers moving in their left and right ears in sync with the player’s movement on the court. Front Row
renders the player shown closer in the TV broadcast on the left side and renders the player shown
farther in the TV broadcast on the right side.

In our co-design sessions, we prototyped and evaluated different design possibilities for play-
ers’ sounds, focusing on two main design “knobs”: whether the sounds should be continuous or

discontinuous (e.g., beeping or pulsing), and whether the 2D plane representing the court should
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be oriented orthogonally to the viewer (as we chose) or in a different fashion such as being parallel
to the ground.

We compared a continuous sound effect with a discontinuous one because both are commonly
used in blind-accessible video games to convey the position and movement of game objects [52,
53]. We experimented with a discontinuous sound representation where virtual speakers activate
only when players pass by three points across the width of the court: the two ends and the middle.
Both BLV co-authors agreed that while the discontinuous representation was less cognitively de-
manding, continuous representations provided a more immersive viewing experience (in line with
G2). It allowed these co-authors to get a better feel for players’ movements throughout the play
without constantly needing to anticipate the players’ positions during the gaps in the discontinuous
representation (aligning with G1).

We tested different orientations of the court’s 2D plane in order to see if a particular orientation
made it easier for viewers to differentiate the two players and follow the action in general. We
compared the court being parallel to ground, the court being orthogonal to the viewer but oriented
horizontally, and the court being orthogonal to the viewer but oriented vertically.

Our BLV co-authors found it hard to clearly track the far player’s movements when the court
was rendered parallel to the ground. Comparing the two orthogonal representations, they found
the horizontal configuration better at displaying continuous sounds since it allows viewers to hear
each of the players’ virtual speakers primarily in different ears. This aspect allows viewers to more
easily alternate their focus to one side of the court as the ball moves around—a common practice
for sighted viewers. Unlike the rendering scheme in Action Audio [21], which does not render
players’ positions and only uses discontinuous sounds via a vertical court orientation, Front Row’s

rendering scheme allows BLV viewers to continuously follow players’ positions.

2.3.2 Visualizing Players’ Shots

Front Row represents players’ shots via differently pitched bell sounds that distinguish fore-

hands from backhands. The bell sounds are rendered spatially from the player’s location when
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Figure 2.4: Front Row’s computer vision pipeline. The pipeline takes as input only the tennis
broadcast video feed to generate audio representations of the game. It consists of three compo-
nents: (a) tracking the court, ball, and players; (b) detecting shots: recognizing when, where, and
how players hit a shot; and (c) segmenting rallies: identifying periods of play (as opposed to the
many lull moments in between) to generate immersive audio only for these portions of the broad-
cast.

they hit the shot. We chose a bell sound because it resembles the sound of the ball used in blind
tennis [28], which was also the choice in prior work [21, 22]. Both BLV co-authors found it fairly
easy to understand the ball’s trajectory by interpolating the locations of two consecutive shots.
We had experimented with different ways of rendering shots as well. One interesting design
that we prototyped was rendering the ball’s position via a continuous sound cue, similar to the
players’ positions. Both BLV co-authors, however, found it extremely hard to follow a third sound
cue that traveled back and forth between the left and right side. This led us to pursue a scheme for

conveying the ball’s trajectory indirectly via players’ positions and shots.

2.3.3 Blending Ambient Game Sounds

To offer BLV viewers a more realistic and immersive viewing experience (G2), Front Row
blends the audio from the source broadcast with the rest of the audio that it generates. We refer to
the audio from the broadcast as ambient game sounds, which includes audio such as crowd cheers,
the umpire’s calls for faults and outs, sound from the rackets hitting the ball, players’ grunts, TV
announcers’ commentary, and squeaking sounds caused by the friction between players’ shoes and

the court surface. These sounds can enhance viewers’ comprehension of the gameplay (aligning
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with G4). Players’ grunts, for instance, often indicate the intensity with which they hit a shot, while
the squeaking sounds often give viewers a sense of the player’s movements on the court. Note that
the ambient sounds are rendered via mono audio since they do not correspond to a specific loca-
tion in the 3D soundscape, unlike sound cues for players’ positions and shots that are spatialized.
Another reason that Front Row includes the ambient sounds is to afford a common context when
BLV viewers watch the tennis match together with friends and family who are sighted. This way,

all parties can hear the commentary from the broadcast, aligning with G3.

2.4 Front Row: Computer Vision Pipeline

Front Row’s audio representations provide BLV viewers with information about players’ posi-
tions and shots. To create these representations, Front Row takes as input only the source broadcast
video feed and uses computer vision to extract the necessary gameplay information.

Figure 2.4 shows Front Row’s computer vision pipeline. It consists of three components: (a)
tracking the court, ball, and players; (b) detecting shots: recognizing when, where, and how players
hit a shot; and (c) segmenting rallies: identifying periods of play (as opposed to the many lull
moments in between). Front Row only generates immersive audio for the portions of the broadcast
in which the ball is in play. The following subsections describe the computer vision pipeline’s

three components.

2.4.1 Tracking the Court, Ball, and Players

The first component in Front Row’s computer vision pipeline tracks the basic game elements

of tennis—the court, ball, and players—from the source broadcast video.

Tracking the Court

To track the court, we rely on the fact that court lines are always white in color. We first
use thresholding to filter white pixels in the video feed image, and then we apply Hough Trans-

forms [86] to identify white lines in the filtered image. From these candidate white lines, we select
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lines that match the expected structure of a tennis court, using perspective homography to find the

closest match.

(b)

Figure 2.5: A sample video frame from a tennis TV broadcast showing (a) scenarios where court
detection fails due to an audience member’s white shirt and white advertisement boards, and (b)
output from masking out the background using a segmentation model to mitigate these court de-
tection failures.

Figure 2.6: Illustration of technique for detecting when a shot is hit. Change in the direction of
the ball’s trajectory within a fixed radial distance from either player is used to identify when shots
are hit by a player. This change in direction is computed using player and ball coordinates with
respect to the court’s 2D representation.

This approach correctly detects the court most of the time, but it sometimes confuses other
white lines in the video feed as court lines. For example, Figure 2.5a shows a specific frame from
a tennis match where we noticed failures in court detection due to a white advertisement board
and audience members wearing white shirts. To address this problem, we compute a rough mask
of the court area by using a semantic segmentation model [87], masking out the background as
Figure 2.5b shows. We then detect white lines in the roughly masked court area only. This fix

eliminated false detections of white lines completely.
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Finally, we establish a court reference frame by transforming the detected court onto a reference
court image. The reference court image is a “birds-eye view” of an actual tennis court. Recall that

Front Row uses this court reference frame to establish the 3D soundscape, as seen in Figure 2.3.

Tracking the Ball

To track the ball, we used the state-of-the-art deep learning approach for detecting small, fast-
moving objects — namely, TrackNet [75]. TrackNet outputs the ball’s pixel coordinates at every
frame. We convert these pixel coordinates to “court coordinates” using the tracked court as a
reference frame. In Section 2.4.2, we describe how the ball tracking is used to detect when a shot

is played.

Tracking the Players

To track the players, we employ the YOLOVS5 object detection model [88] to find the players’
positions in terms of pixel coordinates. We chose YOLOVS [88] since it offers accurate detections
at real-time speeds. The publically available pre-trained model, however, only has a ‘person’ class
and not a specific ‘tennis player’ class, which means that it detects ball kids and line judges on
and around the court as well. Thus, we annotated our own dataset and fine-tuned YOLOVS using
this dataset to accurately detect the two players. Our dataset features two classes: “Far player” and
“Near player,” where “Far player” corresponds to the player farther away in the broadcast video
feed. Now that we have pixel coordinates for both players, we convert them to “court coordinates”

using the tracked court as a reference frame.

2.4.2 Detecting Shots

To help BLV viewers infer the shots hit by each player, Front Row’s audio representations need
information about when a shot is played, how it is played, and where on the court it is played.
Therefore, our computer vision pipeline should extract these three pieces of information about the

players’ shots from the broadcast video feed.
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To detect shots, we rely on the fact that the ball changes its direction perpendicular to the net
whenever a player hits a shot. Since players hit shots when the ball is close to them, we only need to
consider the ball’s changes in direction when it happens near one of the players. Therefore, we use
ball tracking and player tracking to identify moments when the ball changes direction. Figure 2.6
illustrates this technique, where we classify the ball’s direction change as a shot when it happens
within a fixed radial distance from the nearest player’s position on the court. We determined the
fixed radial distance empirically to optimize accuracy.

Now that we know when a shot is hit, we detect the specific shot type (forehand vs. backhand)
using a recurrent neural network (LSTM [89, 90]). The recurrent network takes as input a sequence
of 9 player crops and classifies the shot type. We select player crops from 9 consecutive video
frames such that the middle frame corresponds to the moment ball changes direction in the player’s
vicinity. Our choice of 9 frames is based on empirical analysis of the average time taken by players

to hit shots. Finally, we use the player’s position as a proxy for where the shot is hit on the court.

2.4.3 Segmenting Rallies

With the components from Section 2.4.1 and Section 2.4.2, the computer vision pipeline has
the ability to infer players’ positions and players’ shots from the broadcast video feed. Sports
broadcasts, however, include a sequence of periods of play with lull periods interweaved within
the game, where no action is happening. In tennis broadcasts, the play consists of rallies with non-
play periods between them, such as commercial breaks, audience reactions, and players switching
sides. A rally in tennis is analogous to what one might call a play or a point in other sports: it is an
exchange of shots between players, ending when one player fails to make a successful return. Front
Row renders the audio representations only for rallies in the tennis match. Thus, our computer
vision pipeline should also segment the source broadcast video feed into rallies (Figure 2.4C).

To segment rallies from the broadcast video feed, we used the observation that during a rally,
the camera is steadily positioned behind one of the players overlooking the full court. When a

rally is not being played, the broadcast usually shows player or crowd close-ups. It may also be
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playing advertisements during breaks in game. Thus, to detect rallies, we trained a support vector
classifier (SVC) [91] that detects the full view of the court in broadcast videos. The SVC takes
as input the histogram of oriented gradients (HOG) [92] features extracted from each video frame
and classifies the frame as a rally or non-rally frame. Front Row generates audio representations
for only these rally segments, as shown in Figure 2.4C. The ambient game sounds, however, can

be heard at all times during the game, even when the ball is not in play.

2.5 Technical Evaluation

We evaluate Front Row’s technical performance to investigate the effect of errors on BLV
viewers’ experience of watching tennis via Front Rows’ audio representation. We aim to answer
two questions through this evaluation: (1) 7o what extent does Front Row generate accurate audio
representations of the game, and where does it fall short? and (2) How do the errors in Front
Row affect BLV viewers’ understanding of the game, and what strategies do BLV viewers use to

compensate for system errors?

2.5.1 Procedure

To answer the first question, we evaluate Front Row’s ability to accurately convey the three
main pieces of information it uses to render the audio representations, (i) players’ positions: loca-
tion of the humming sounds on the court, (ii) the occurrence of shots: when to play the bell sound
cue, and (iii) type of shot: varying pitch of the bell sound to distinguish forehands from backhands.
We perform the evaluation on a dataset of three videos of extended highlights from professional
tennis broadcasts downloaded from YouTube. Each video is around five—six minutes long. To
evaluate the pipeline’s robustness to the court’s visual appearance, we chose videos such that each
tennis match was played on a different court surface. Thus, the matches corresponded to the three
court surfaces in tennis, (1) synthetic: the blue court in Figure 2.1, (ii) grass: the green court in
Figure 2.2, and (iii) clay: the red court in Figure 2.5.

To answer the second question, we conduct a pilot study with two BLV participants and gather
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initial reactions to Front Row’s errors before performing the user study described later in Sec-
tion 2.6. We recruited two additional BLV participants for this pilot study to ensure they had not
tried Front Row before and were independent of our formative and user study participants. In the
pilot study, we compare participants’ experience watching tennis via Front Row in two conditions.
The first corresponds to Front Row’s actual accuracy performance, and the second corresponds to
a version of Front Row with perfect accuracy performance. To prepare the perfect version, we
manually corrected any errors in Front Row’s computer vision pipeline before rendering the audio
representations. We showed participants five tennis rally clips for each condition without revealing
the condition name. After watching the clips, we asked participants questions to elicit differences

in experiences between the two conditions.
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Figure 2.7: Player tracking accuracy results. (a) The precision-recall curve at 0.5 IoU threshold.
(b) The Confusion matrix at 0.5 IoU threshold and 0.5 confidence threshold. Far and Near refer to
the two players, with Far referring to the player farther away in the TV broadcast’s camera view.
Our model achieves a 97.2% mean average precision at 0.5 IoU threshold.

2.5.2 Results

We present the results for our first question by reporting player tracking and shot detection

performance.
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Figure 2.8: Confusion matrices for (a) detecting occurrence of shots and for (b) detecting the type
of shots, i.e., forehands vs. backhands. Far and Near refer to the two players, with Far referring
to the player farther away in the TV broadcast’s camera view. Our model correctly detects the
occurrence of 80.8% shots, and classifies the shot types with 79.3% accuracy.

Player Tracking Accuracy

Figure 2.7 summarizes the accuracy with which Front Row tracks players’ positions via a
precision-recall curve (Figure 2.7a) and confusion matrix (Figure 2.7b). Our custom-trained player
detection model scored a 97.2% mean average precision (mAP) at 0.5 intersection over union (IoU)
threshold. We observed a minor accuracy drop when tracking the far player. Upon further analysis
of the failure cases and the confusion matrix, we found that our pipeline sometimes confuses
the ball kids in the background as the player. Another reason for the accuracy drop is the far
players’ size compared to the near player. A lower pixel resolution of the far player affects model

performance.

Shot Occurrence Detection Accuracy

Figure 2.8a shows the confusion matrix for detecting the occurrence of shots. Our pipeline
correctly detects 80.8% of the total shots. We noticed comparable performance for both players.
Further analysis of failure cases revealed that most errors were attributed to the errors in our ball
tracking approach, which uses TrackNet [75]. Future improvements in ball tracking could poten-

tially increase shot detection accuracy.
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Table 2.1: Self-reported demographics of our study participants. Five BLV participants (F1-F5)
were recruited for the formative study (Section 2.2), while twelve BLV participants (P1-P12) were
part of the user study evaluating Front Row (Section 2.6). Note that three participants from the
formative study (F1-F3) also took part in the user study (P10-P12). Gender information was col-
lected as a free response where our participants identified themselves as female (F), non-binary
(NB), and male (M). The country codes refer to Bahrain (BH), India (IN), Saudi Arabia (SA),
Singapore (SG), and the United States (US). Participants indicated their sports fandom as per Hunt
et al.’s [93] scale which classifies sports fans into five categories: (1) temporary, (2) local, (3)
devoted, (4) fanatical, and (5) dysfunctional.

PID Gender Age Race Country Occupation Vision ability Onset Sports Fandom (1-5) Tennis Familiarity (1-5)
P1 M 27  Asian IN PhD student Totally blind  Birth 4: Fanatical fan 1: Not at all familiar
P2 M 27  Arab BH Salesforce Admin Totally blind ~ Birth 2: Local fan 3: Moderately familiar
P3 M 26 White us Student Totally blind  Birth 1: Temporary fan 1: Not at all familiar
P4 M 23 Arab SA Student Totally blind  Birth 5: Dysfunctional fan ~ 2: Slightly familiar

P5 M 25  Asian usS Not employed Totally blind ~ Birth 3: Devoted fan 4: Very familiar

P6 F 52 Asian SG Massage therapist Totally blind  Age 28  1: Temporary fan 2: Slightly familiar

P7 NB 40  White us Not employed Low vision Birth 1: Temporary fan 1: Not at all familiar
P8 F 25  Black UsS Not employed Low vision Age 10  4: Fanatical fan 5: Extremely familiar
P9 M 23 Latino Us Customer service Totally blind ~ Birth 1: Temporary fan 2: Slightly familiar
F1/P10 M 37  White usS Game developer Totally blind ~ Birth 4: Fanatical fan 5: Extremely familiar
F2/P11 F 60  White Us Retired Totally blind ~ Age25 2: Local fan 2: Slightly familiar
F3/P12 F 28  White us FMLA claims expert Totally blind  Birth 1: Temporary fan 2: Slightly familiar

F4 M 32 Asian IN Self-employed Low vision Age20 1: Temporary fan 1: Not at all familiar
F5 M 23 Black usS Editor Low vision Age 15  4: Fanatical fan 2: Slightly familiar

Shot Type Detection Accuracy

Figure 2.8b shows the confusion matrix for shot type detection accuracy. Our pipeline detected
79.3% of the shot types correctly. Our analysis of the failure cases revealed that the model strug-
gled to correctly detect shot types for players that were left-handed or had unconventional ways
of playing backhands. For example, most players use one hand for playing forehands and both
for playing backhands. However, few players play a single-handed backhand which is not well
represented in our training dataset. Training the model with a larger, more diverse dataset could
potentially improve shot type detection performance.

Next, we present the results for our second question by reporting findings from our experiments

with the two BLV participants.
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Pilot Study Results

The majority of Front Row’s errors were due to the computer vision pipeline’s inability to
accurately detect shots and their types. As a result, Front Row sometimes missed out on rendering
the bell sound cue for a player’s shot, or misrepresented the shot type (for e.g., representing a
forehand as a backhand). While trying Front Row in the two conditions —the actual and the
perfect version (with all errors removed)— both participants noticed these errors but remarked that
they did not significantly affect their overall experience of viewing the game.

When Front Row fails to render the bell sound cue for a player’s shot, the user loses informa-
tion about the occurrence of a shot, its location on court, and the type. Both pilot study participants
mentioned leveraging the two other sound cues in Front Row to recover a part of this lost infor-
mation. To recognize the occurrence of a shot, both participants mentioned using Front Row’s
ambient game sounds (Section 2.3.3) which includes the sound of racket hitting the ball.

To identify the shot’s location, one participant mentioned relying on the players’ position sound
cues (Section 2.3.1) at the time of the shot to get a general sense of the shot’s location on court.
The other participant remarked that since shots alternate between the two players, knowing which
player hit the previous shot and knowing the occurrence of a shot via ambient game sounds was
enough to keep them engaged within the game. While participants had no way of ascertaining the
type of shot when Front Row failed to render it accurately, both participants agreed that this issue

was not too common and thus, did not affect their understanding of the gameplay as much.

2.6 User Study

Our study had three goals. First, we wanted to evaluate how Front Row affects BLV view-
ers’ ability to understand tennis gameplay compared to their existing means of viewing tennis:
Television broadcasts and Radio broadcasts (Section 2.6.2). Second, we wanted to quantitatively
analyse BLV people’s overall experience of viewing tennis games using Front Row and these exist-

ing means (Section 2.6.3). Third, we wanted to see how participants rank the three audio formats
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(Television, Radio, and Front Row) in order of their preference for viewing tennis games (Sec-

tion 2.6.4).

2.6.1 Study Description
Participants

We recruited twelve BLV participants (seven males, four females, and one non-binary; aged
23-60) by posting to social media platforms and by snowball sampling [94]. Participants identified
themselves with a range of racial identities (Asian, Black, White, Latino, Arab) and lived in five
different countries (Bahrain, India, Saudi Arabia, Singapore, US). Participants also had diverse
visual abilities, onset of vision impairment, sports fandom [93], and familiarity with tennis rules.

Table 3.2 summarises participants’ information. P1 and P5 reported minor hearing loss in their
right and left ear, respectively. All but three participants (P7, P9, and P10) reported themselves
as being moderately—extremely experienced with 3D spatialized audio in the past (3+ scores on a

5-point Likert scale).

Experimental Design

In the study, participants had to answer questions about tennis audio clips in three formats:
Television, Radio, and Front Row. The questions helped us quantify participants’ understanding
of the gameplay and their overall experience of viewing tennis games using each audio format.

Our study was a within-subjects design in which participants tried the three formats in a
counter-balanced order. We used a balanced Latin square to counter-balance the order to reduce
order bias and learning effects. For each audio format, participants listened to five audio clips ren-
dered in that audio format. We gathered these clips from a single set of five rallies from different
professional tennis matches. The length of each rally (and clip) was roughly ten to fifteen seconds.
We extracted the Television and Radio audio clips from their official broadcasts, which we down-
loaded from YouTube. We generated the Front Row audio clips using Television broadcast video

as input to our pipeline.
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Procedure

We began each study condition (audio format) by playing a sample audio clip to help partici-
pants familiarize themselves with the format. For Front Row, we additionally gave a brief explana-
tion about how to interpret its different audio cues. Participants were asked to wear a regular pair
of headphones during the study to ensure optimal rendering of Front Row’s spatialized audio.

We administered a post-clip questionnaire after each audio clip (3 audio formats X 5 rallies = 15
audio clips), which was comprised of three parts. The first part determined participants subjective
understanding of the gameplay. It asked them to describe the gameplay in the rally. The second part
tested participants’ objective understanding of the gameplay. It included questions about players’
predominant shot types and their positions. The third part gauged participants’ overall experience
via subjective measures of information overload, frustration, and immersion for the clip using
20-point Likert scales similar to a NASA TLX form [95]. We chose the objective measures for
gameplay understanding and the subjective measure of participants’ overall experience based on
our formative study findings (Section 2.2).

After trying all three audio formats, participants completed a post-study questionnaire which
asked them to rank the three audio formats in order of their preference for viewing tennis games.
Last, we conducted a semi-structured interview to follow up on their responses to the question-
naires. Towards the end of the interview, we focused our discussion on Front Row, asking partic-
ipants about ways in which it can be improved and scenarios in which they imagine themselves
using Front Row.

The study was held virtually via Zoom and lasted for about 90-120 minutes. We ran studies
at very different times of day to accommodate our participants’ wide range of geographic loca-
tions. To play audio clips for participants over Zoom, the facilitator shared their screen’s audio.

Participants were compensated with a $25 gift card for their time. The study was IRB approved.

Interview Analysis
We report participants’ spontaneous comments that best represent their overall opinions, pro-
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viding further context on the quantitative data we collected during the study. We analyzed the
transcripts for participants’ quotes and grouped them according to (1) gameplay understanding,

(2) overall experience, and (3) ranking preferences; across the three audio formats.

2.6.2 Gameplay Understanding

Here we report participants’ ability to understand the gameplay using each audio format. We
evaluate participants’ gameplay understanding by computing participants’ error in answering ques-
tions about two basic aspects of the game: (i) recognizing players’ predominant shot types: what
each player was doing, and (ii) identifying players’ positions: where each player was on the court.

In the following subsections, we describe how we computed participants’ errors, then compare
participants’ errors for the three audio formats — Television, Radio, and Front Row. We also
elaborate on how participants’ descriptions of the gameplay they viewed differed across the three

formats.

How We Computed Participants’ Errors

Figure 2.9 shows participants’ available choices for these two questions and how we scored
participants’ responses. As Figure 2.9a shows, participants had to specify each player’s predom-
inant shot type for each rally from three choices: mostly forehands, mostly backhands, or a mix
of the two. As Figure 2.9b shows, participants had to specify each player’s position using two
options: near the net and far from the net. For both questions, we gave participants the option to
choose ‘I don’t know’ if they had no idea at all.

We computed participants’ error rates by calculating the distance of their response from the
correct answer on the relevant spectrum from Figure 2.9. Note that we penalized ‘I don’t know’
more strongly — with a greater distance value — since it reflected them not being able to ascertain

any information at all.
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Figure 2.9: Participants’ available choices for answering questions about (a) players’ predominant
shot types and (b) players’ positions. We calculated participants’ error rates by computing the
distance between their response and the correct answer, which we illustrate here. A response of ‘I
don’t know’ was penalized more strongly, with a greater distance value.

Recognizing Players’ Predominant Shot Types

Figure 2.10a shows the average error in participants’ understanding of the shot types that play-
ers predominantly played. The mean (+ std. dev.) error for Front Row was the least of the three
conditions, at 0.21 (£0.22), followed by Radio in a distant second at 1.48 (+£0.74) and Television
last at 2.68 (+£0.82). The error results for Television failed the Kolmogorov-Smirnov test for nor-
mality, i.e., it varied significantly from a normal distribution. Thus, we did not run any parametric
tests on the Television error results. A paired t-test was performed on the error results for Radio
and Front Row. Average error in participants’ responses to shot types with Front Row were signif-
icantly (#11 = 5.66, p < 0.0001) lower than those with Radio. This indicates that Front Row gave
BLYV participants a more accurate understanding of the shot types compared to Radio.

Regarding participants’ ability to describe the gameplay that they viewed, participants could
only specify the number of shots in a rally when viewing the Television clips. Radio gave partici-
pants a general sense of what happened in the rally — which is more detail than simply the number
of shots that occurred — but participants were still confused about the specifics of what happened

when viewing the Radio clips:

P3: “I understand that there’s a couple backhands and then there’s a forehand, but |
don’t know who’s doing what. ... [The announcer] was mostly talking about like every

third shot, so it’s confusing.”
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Front Row, on the contrary, enabled participants to follow the game more closely with access to

information about almost every shot:

P12: ‘Well, that was eventful. Um, [it had] mix of forehands and backhands on both

sides, and it culminated with a forehand from the player on the right.”

With Front Row, participants also liked how intuitively they could relate the shot types with

specific players — something they mentioned missing with Radio:

P11: “I really liked the different pitches of the different shots. I [also] liked hearing

shots on the left or right side of my headset.”
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Figure 2.10: Average distance errors for participants’ responses to gameplay understanding across
two metrics: (a) recognizing players’ predominant shot types and (b) identifying players’ positions.
A Paired t-test revealed that Front Row was significantly (p < 0.0001) better than Radio, giving
BLYV participants an accurate understanding of the gameplay for both metrics. Error bars indicate
standard error.

Identifying Players’ Positions

Figure 2.10b shows the average error in participants’ understanding of players’ positions. The
mean (+ std. dev.) error for Television, Radio, and Front Row was 1.84 (+0.26), 1.49 (+0.49),
and 0.41 (£0.43), respectively. The error results for Television failed the Kolmogorov-Smirnov

test for normality, i.e., it varied significantly from a normal distribution. Thus, we did not run
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any parametric tests on the Television error results. A paired t-test was performed on the error
results for Radio and Front Row. Average error in participants’ responses to players’ positions
with Front Row was significantly (¢;; = 8.04, p < 0.0001) lower than those with Radio. This
suggests that Front Row gave BLV participants a more accurate understanding of the players’
positions compared to Radio.

For Television, most participants (n=11) noted that they did not get any useful information
about players’ positions from the clips, constantly opting for ‘I don’t know.” P12’s response after
one of these questions represents participants’ overall sentiment: “Worse than I don’t know, no
clue” (P12). For Radio, participants noted that players’ positions was rarely specified by the
announcers. Even when it was specified, participants expressed difficulties in relating players to

their actions:

P3: “I believe it wasn’t super clear because when [the announcer] said that someone

got close to the net, it could have been either one of [the players].”

With Front Row, participants felt comfortable specifying the players’ positions and found that
the ability to constantly track players’ movements helped them also identify ‘when’ a player moved

closer to the net:

P7: “For the most part, [the players] were far from the net. The left player got close

to the net near the end.”

2.6.3 Overall Experience

Here we report our findings for participants’ overall experience of viewing tennis games via the
three audio format in terms of their perceived information overload, frustration, and immersion.
Through these metrics, we aim to quantitatively understand how each audio format fares in terms
of our design goal, G2: Providing an appropriate amount of information to facilitate immersion,

which we learned from our formative study (Section 2.2).
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Perceived Information Overload

Figure 2.11a shows participants’ average TLX scores (1-20, where lower is better) for their
perceived information overload for each audio format. The mean (+ std. dev.) rating of perceived
information overload for Television, Radio, and Front Row were 3.35 (+3.72), 9.78 (+3.19), and
7.38 (+4.64), respectively. A one-way Analysis of Variance (ANOVA) revealed that the audio
format has a significant main effect on the perceived information overload (F22, = 15.5, p <
0.0001). Post-hoc Turkey test showed that the differences were significant (p < 0.01) for every
pair of audio format except Radio vs. Front Row.

During the semi-structured interview, we asked participants to elaborate on their information
overload scores. Regarding Television, we found that although it was rated to have the least amount
of information overload of the three conditions, that fact came at a cost — it did not provide much

information at all:

P7: “There is no information. Like, you can’t overload on what’s not there.”

I3

Radio, on the other hand, was noted to provide “a lot of information to process all at once and

really fast” (P3). P5 further explained:

P5: “There’s so much being talked about in very little time. And so it doesn’t leave a

whole lot of room to really ascertain what exactly is happening. It’s a lot to take in.”

Front Row was rated by participants as the audio format with the least amount of information
overload. However, it was “kind of overwhelming, at first” (P3) for participants to get used to
Front Row’s audio cues. But as participants listened to more clips, Front Row started to feel more

intuitive:

P5: “Now that I've had three or four different clips [...] it doesn’t feel as demanding.

And so it’s kind of taking on a more natural approach of listening to it.”
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Perceived Frustration

Figure 2.11b shows participants’ average TLX scores (1-20) for their perceived frustration
with each audio format. The mean (+ std. dev.) rating of perceived frustration was 15.87 (+5.52)
for Television, 9.97 (+5.55) for Radio, and 6.58 (+4.51) for Front Row. The audio formats have
a significant main effect on participants’ frustration (F22 = 11.84, p < 0.0003). Pairwise mean
comparison showed the differences were significant between Television and Radio (p < 0.05)
and between Television and Front Row (p < 0.01). However, there was no significant difference

between Radio and Front Row in the post-hoc analysis.

Television Radio Front Row

TLX Scores

0

Information Overload Frustration Immersion
(a) (b) (c)

Figure 2.11: Average TLX scores for participants’ overall experience. Participants rated their (a)
perceived information overload, (b) perceived frustration, and (c) perceived immersion on a scale
of 1—20 while viewing tennis rallies via the three audio formats. The error bars indicate standard
error. Pairwise significance is depicted for p < .01 (*¥) and p < .05 (xx). Participants rated Front
Row as the most immersive tennis viewing experience of the three audio formats.

The semi-structured interview allowed us to identify specific aspects of each format that caused
the frustration. For Television, most participants (n=11) agreed that their inability to infer game-
play in any meaningful way was frustrating. P11 remarked that she “couldn’t tell what was going
on. And when you don’t know what’s going on, you get frustrated.” P7 also felt strongly about this,
exclaiming:

P7: “Oh, god, that’s a straight 20 [frustration score]. Like, this is the thing that I

would change the channel for.”
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With Radio, participants expressed frustration about the lack of consistency in the announcer’s
description of the game. For instance, participants noted that announcers may choose to not de-
scribe certain parts of the rallies — for example, completely ignoring one of the players in one

rally:

P12: “I did feel kinda like I lost out on what was happening with the other player.”

Most participants agreed that this was typical of radio broadcasts, including for sports other than
tennis.

Front Row was rated as being the least frustrating of the three audio formats. However, partic-
ipants found it frustrating to not be able to more accurately discern player movement, specifically

along the baseline:

P11: “I can tell they’re moving [along the baseline], but I just can’t get that spatial

differentiation on the movement.”

Perceived Immersion

Figure 2.11c shows participants’ average TLX scores (1-20) for their perceived immersion
while viewing tennis rallies using each audio format. The mean ( + std. dev.) rating of perceived
immersion were 4.23 (£5.09), 11.30 (+4.53), and 14.07 (+3.70) for Television, Radio, and Front
Row, respectively. One-way ANOVA revealed that the audio formats have a significant main effect
on participants’ immersion within the game (F2 22 = 20.60, p < 0.0001). Post-hoc analysis showed
the differences were significant (p < 0.01) for all pairs of audio formats except for Radio vs. Front
Row.

The semi-structured interview gave us further insight about participants’ immersion scores.

Most participants stated that Television was not at all engaging.

P7: “[Television] is just so under stimulating. It’s like if it was between that and a

silent room, I would genuinely choose the silent room.”
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With Radio, participants felt more immersed because the announcers continuously describe the
game, keeping them “in the game” (P2). However, the announcers’ inability to provide gameplay
information in sync with the game, i.e., lagging behind the actual events in the game, derailed

participants’ sense of immersion:

P3: “I don’t like that [radio announcers] can’t keep up. I don’t like that.”

1st choice 2nd choice M 3rd choice

Front Row

Radio

0 2 4 6 8 10 12

Number of Participants

Figure 2.12: Forced ranking results. Participants ranked the three audio formats in order of their
preference for viewing tennis games. Eight participants selected Front Row as their number one
choice, four participants picked Radio as their top choice, while Television was unanimously
ranked as the least preferred option by all participants.

(a) Tennis (b) Badminton (c) Pickleball (d) Table Tennis

Figure 2.13: Illustration of popular racket sports. Front Row’s design for (a) tennis can be extended
to make other racket sports, such as (b) badminton, (c) pickleball, and (d) table tennis, accessible
to BLV viewers.

Front Row was rated as the most immersive of the three audio formats, with most participants

appreciating how it renders the gameplay in a spatial manner:

P3: “[What] I liked about [ Front Row] was being able to hear objects in space, which
is really important. So, you know the players and their movement. I think it is really

fascinating. And that’s something that is oftentimes missed.”
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Most Participants were excited about how Front Row made them feel more “involved in what was
going on” (P11) in the rally, by giving them the ability to follow the game in sync with the actual

events:

P11: “[In Radio], the announcer lags behind. So, [with Front Row] I like the real-time

[aspect] of knowing the types of shots that are shot at the time.”

However, the use of synthetic audio cues in Front Row negatively affected some participants’ (n=3)

sense of immersion.

2.6.4 Forced Ranking Results

Figure 2.12 shows how participants ranked the audio formats in order of their preference for
watching tennis games. Eight out of twelve participants chose Front Row as their preferred audio
format and four chose Radio. All participants unanimously rated Television as their least preferred
format. Half of the participants who rated Radio as their number one choice (n=2) acknowledged
that Front Row was a “close second” (P12).

In the semi-structured interview, we asked participants to elaborate on their rankings. For
Radio, it was the announcers’ ability to convey the emotions of the game that caused participants
to rate radio favorably. For example, participants liked how announcers “put a flair on everything
so that it could sound interesting. [Announcers] put character into each player.” For Immersive,
it was the ability gain a spatial understanding of the gameplay in an immersive manner, as well as
its ability to offer them agency in interpreting the gameplay for themselves and forming their own

opinions about the players’ moods and strategies during the game:

P5: “As a blind person, oftentimes, descriptions are through the lens of how other
people perceive things. Having that information conveyed just in its most raw and

basic form allows me to [...] make connections that I can derive on my own.”
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2.7 Discussion

Our goal with Front Row was to explore the idea of making sports broadcasts accessible by
generating immersive audio representations directly from the source videos. Similar to previous
work in sports video analysis (Section 2.1.3), our approach uses computer vision to give our system
an understanding of what is happening in the game. Unlike previous work, however, our approach
focuses on sharing that understanding with people who could benefit from it via immersive audio
cues that we designed. We reflect upon the implications of this approach for ongoing work in
visual media accessibility (Section 2.1.1), sports broadcast accessibility (Section 2.1.2), and sports

video analysis via computer vision (Section 2.1.3).

Implications for visual media accessibility

Regarding the more general problem of visual media accessibility, our approach represents a
shift away from textual descriptions and toward a more direct representation of raw visual details—
for example, continuously displaying players’ raw positions rather than describing players’ posi-
tions via speech. Our results show this shift has many advantages for BLV people, including
giving them a better understanding of players’ positions (Figure 2.10) and making that understand-
ing real-time rather than time-delayed as with radio announcer’s descriptions. Our results also
show, however, that this shift is not a complete replacement for textual descriptions. One-third of
participants preferred radio over Front Row (Figure 2.12), and there was no significant difference
in feeling of immersion between radio and Front Row (Figure 2.11).

A major reason for this is that textual descriptions can convey important story elements or
contextual details that lie beyond what we captured via our computer vision-based approach. Radio
announcers might mention, for example, that a player’s forehand has been really strong all year and
that it is great that the player has been playing a lot of forehands. Computer vision alone cannot
capture this type of broader context.

As a result, we have found a need for more immersive approaches to visual media accessibil-
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ity as well as a need for understanding textual descriptions’ unique affordances. Future work in
visual media accessibility (including images as well as more work on video) can explore designs
that combine textual descriptions with immersive representations to realize the advantages of both.
In this process, sound design will be very important. From our design process and studies, we
learned that users feel less immersed when an immersive representation’s sound cues seem artifi-
cial. Front Row’s representation of player’s positions would have been stronger, for example, if it
used footstep sounds rather than continuous humming sounds.

Front Row presents an approach for designing spatialized (3D) audio cues to make videos —
specifically tennis videos— more accessible and immersive to BLV people. Future research could
explore how spatialized audio cues should be used for making other, more interactive, types of

visual media such as video games and virtual reality (VR) applications accessible to BLV people.

Implications for sports broadcast accessibility

Front Row demonstrates that it is possible to make tennis broadcasts accessible to BLV people
without extensive hardware installations, as required by prior work such as Action Audio [21]. A
direct implication of this is that other racket sports such as badminton, pickleball, table tennis, and
squash (collectively shown in Figure 2.13) could be made accessible to BLV people by training
sport-specific computer vision pipelines and using Front Row’s overall approach.

Our work leaves open questions, however, about how to make sports with larger fields and
more players (sports such as football and basketball) accessible. TV broadcasts for tennis often
employ a single, fixed camera position that covers the entire court. For such other sports, however,
that is not the case—the camera cuts between many different views, and the court or field is very
rarely shown on screen in its entirety. For a Front Row-like approach to be effective with these
other sports, its computer vision pipeline would need to be evolve to fuse many camera views
into a single, cohesive field representation. Another challenge will be to convey the positions and
actions of many players on the field without overloading the viewer. Prior work on tactile graphics

for football [74] can inspire future work on addressing this challenge.
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Last, we learned that BLV people greatly value watching sports with friends and family. Most
work in sports broadcast accessibility, however, has focused on developing novel user interfaces
and evaluating them in the context of BLV users watching sports by themselves. Future research in
this space should also evaluate their ability to help BLV people in social scenarios such as watching

with friends and family on a couch at home.

2.8 Future Directions for Immersive Sports Audio

Front Row’s current design introduces a number of opportunities for future work:

Conveying intensity of play via multimodal representations

Front Row supports BLV viewers’ understanding of gameplay via audio representations of
players’ positions and types of shots. These representations currently do not provide viewers with
information on variations in players’ running speeds and intensity of shot-making. Access to the
subtle intensity variations in the game could help BLV viewers gain insights into more abstract
aspects of gameplay, such as players’ characters and emotions, and further enhance their ability
to visualize the action. In the future, we will investigate how to convey the intensity of play to
BLYV viewers in a manner that does not increase their information overload. One possible solution
to convey more information without overloading users is to use multimodal representations. For
example, a smartwatch worn on the wrist could convey how hard players hit the ball via haptic

feedback, in sync with Front Row’s bell sound cues for shots.

Supporting different viewer expertise levels

Front Row currently uses a fixed set of audio representations for conveying the players’ po-
sitions and shots. However, participants indicated different preferences based on their familiarity
with tennis. For instance, participants who self-reported as “expert viewers” (rated 4+ on tennis
familiarity) craved more fine-grained and technical information on players’ shots, such as learning

whether the forehand was a top-spin, a volley, or a lob. Expert viewers also wanted more control
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over the parameters of the sound cues, such as pitch and volume. “Casual viewers” (rated 1-3
on tennis familiarity), by contrast, preferred Front Row’s current configuration with only two shot
types because “putting too many sounds would become very confusing” (P11) for them. In the
future, we will investigate these differing preferences between viewers of different expertise lev-
els in order to allow BLV viewers to customize their 3D soundscapes in Front Row. We envision
introducing different modes in Front Row that viewers could select based on their expertise, with

the ability to fine-tune these baseline configurations as per individual preferences.

Implications for BLV athletes in coaching and strategy

We designed Front Row for BLV sports viewers, but future work could investigate how Front
Row can be developed further to support blind athletes in coaching and learning strategies. Pro-
fessional athletes review video footage of themselves in order to improve their techniques and also
of their opponents to identify opponents’ playing styles, weaknesses, and strengths [96]. To sup-
port these affordances for BLV athletes, future research could investigate what information athletes
want from their video analysis and design audio representations that effectively render this infor-
mation to them. BLV participants who play blind tennis [28] (P4, P5, P8) expressed excitement

about sharing their experience of using Front Row with their coaches and friends for this purpose.

2.9 Applications

We now illustrate applications that Front Row could enable in the future. Figure 2.14 shows a
Front Row plug-in for video streaming platforms to make sports videos across the Web accessible.
As Figure 2.15 shows, Front Row can make recreational tennis games at high schools, parks,
and universities accessible to BLV audiences by processing video feed from a camera on court.

Figure 2.16 illustrates Front Row’s potential in making video games accessible.
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Figure 2.14: Front Row plug-in for video streaming platforms. Front Row can be integrated with
online video streaming platforms, such as YouTube, ESPN+, and Hulu, to make recorded tennis
broadcasts accessible to BLV viewers. This could work similarly to how closed captions are im-
plemented on YouTube. Video source: Wimbledon’s YouTube channel.

Figure 2.15: Recreational tennis game at a park. Front Row can make recreational tennis matches,
such as matches at high schools, parks, and universities, accessible to BLV viewers. By processing
a camera feed captured behind one of the players, Front Row can enable BLV audience members
to follow the game in real time. Image source: The New York Times.
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Figure 2.16: Gaming streams. A tennis video game stream by Ray, a popular streamer, who can
be seen on the bottom right playing Mario Tennis Aces. Front Row can make both video game
streams and video games themselves accessible to BLV viewers and gamers. Video source: Ray’s
YouTube channel.
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Chapter 3: StreetNav: Leveraging Street Cameras to Support Precise

Outdoor Navigation for Blind Pedestrians

Outdoor navigation in unfamiliar environments is a major challenge for blind and low-vision
(BLV) people. Among the many navigation systems that have been developed to assist BLV people
outdoors, GPS-based systems are the most popular [97, 98, 99, 100, 101]. These systems, such
as BlindSquare [97] and Microsoft Soundscape [98], guide users to a destination and notify them
of surrounding points of interest (POIs). Despite GPS’s undeniable impact in making outdoor
environments navigable, its imprecision is a major limitation [102]. GPS precision can range from
5 meters at best to over tens of meters in urban areas with buildings and trees [103, 104, 105]. This
imprecision causes BLV people to veer off track [106], run into unexpected obstacles [107, 108,
109], and struggle to reach precise destinations [102] when navigating outdoors.

Prior work on indoor navigation, on the contrary, has made precise navigation assistance possi-
ble for BLV people [110, 111, 112, 113, 114]. Most approaches do so by installing a dense network
of additional hardware, such as Bluetooth [110] or WiFi [112] beacons, to precisely locate a user’s
position. Retrofitting outdoor environments with additional hardware, however, is not feasible due
to the vast scale and complex nature of outdoor spaces. It would require extensive financial in-
vestments and coordination with city authorities to install and maintain such specialized hardware,
which may not be possible.

Ironically, many outdoor environments of interest, such as urban districts and downtown areas,
are already instrumented with hardware that has the potential to help, including street cameras,
traffic sensors, and other urban infrastructure components. Street cameras, in particular, are in-
creasingly being installed in cities for public safety, surveillance, and traffic management-related

applications [115, 116, 117, 118, 119]. Although these pre-existing street cameras have been de-
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Figure 3.1: StreetNav is a system that explores the concept of repurposing existing street cameras
to support precise outdoor navigation for blind and low-vision (BLV) pedestrians. It comprises two
components: (i) a computer vision (CV) pipeline, and (i1) a companion smartphone app. The com-
puter vision pipeline processes the street camera’s video feeds and delivers real-time navigation
feedback via the app. StreetNav offers precise turn-by-turn directions to destinations while also
providing real-time, scene-aware assistance to prevent users from veering off course, alert them of
nearby obstacles, and facilitate safe street crossings.
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ployed for purposes unrelated to accessibility, their potential for facilitating navigation assistance
for BLV people remains largely untapped.

In this work, we explore the idea of leveraging existing street cameras to support outdoor
navigation assistance, and we investigate the effectiveness of such an approach.

We seek to answer the following research questions:

RQ1. What challenges do BLV people face when navigating outdoors using GPS-based systems?

RQ2. How should street camera-based systems be designed to address BLV people’s challenges in

outdoor navigation?

RQ3. To what extent do street camera-based systems address BLV people’s challenges in outdoor

navigation?

To answer RQ1, we conducted formative interviews with six BLV pedestrians and discovered
the challenges BLV people face when navigating outdoors using GPS-based systems. Our partic-
ipants reported challenges in following GPS’s routing instructions through complex environment
layouts, avoiding unexpected obstacles while simultaneously using assistive technology, and cross-
ing streets safely.

To answer RQ2, we developed StreetNav, a system that leverages a street camera to support
precise outdoor navigation for BLV pedestrians. As Figure 3.1 illustrates, StreetNav comprises
two key components: (i) a computer vision pipeline and (i) a companion smartphone app. The
computer vision pipeline processes the street camera’s video feed and delivers real-time naviga-
tion assistance to BLV pedestrians via the smartphone app. StreetNav offers precise turn-by-turn
directions to destinations while also providing real-time, scene-aware assistance to prevent users
from veering off course, alert them of nearby obstacles, and facilitate safe street crossings. We
developed StreetNav at the NSF PAWR COSMOS wireless edge-cloud testbed in New York City.

StreetNav uses one of the testbed’s street cameras mounted on the second floor of a building,

which faces a four-way street intersection.
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To answer RQ3, we conducted user evaluations involving eight BLV pedestrians who navigated
routes with both StreetNav and BlindSquare [97], a popular GPS-based navigation app especially
designed for BLV people. Our findings reveal that StreetNav offers significantly greater precision
in guiding pedestrians compared to BlindSquare. Specifically, StreetNav guided participants to
within an average of 2.9 times closer to their destination and reduced veering off course by over
53% when compared to BlindSquare. This substantial improvement was reflected in the unanimous
preference of all participants for StreetNav over BlindSquare in a forced ranking. Our evaluation,
however, also revealed technical considerations related to StreetNav’s performance, notably its
sensitivity to lighting conditions and environmental occlusions. We discuss the future implica-
tions of our findings in the context of deploying street camera-based systems at scale for outdoor
navigation assistance.

In summary, we contribute (1) a formative study of BLV people’s challenges in outdoor navi-
gation using GPS-based systems, (2) the StreetNav system through which we explore the concept
of repurposing street cameras for precise outdoor navigation assistance, and (3) a user evaluation

of StreetNav.

3.1 Related Work

Our work builds on the following three main research threads: (i) outdoor navigation ap-

proaches, (i1) overhead camera-based robot navigation, and (iii) indoor navigation approaches.

Outdoor Navigation Approaches

Existing approaches for outdoor navigation primarily rely on GPS-based navigation systems
for guiding users to the destination and providing information about nearby POIs [97, 98, 99, 100,
101]. BlindSquare[97], for instance, utilizes the smartphone’s GPS signal to determine the user’s
location and then provides the direction and distance to the destination, gathered from Foursquare
and Open Street Map. The GPS signal, however, offers poor precision with localization errors as

big as tens of meters [104, 120, 110, 103]. The accuracy is lower in densely populated cities [121],
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which is even more concerning given that a disproportionately high percentage of BLV people live
in cities [122]. Despite GPS-based systems’ undeniable impact on helping BLV people in outdoor
navigation, their low precision and inability to provide real-time support for avoiding obstacles and
veering off the path limits their usability as a standalone navigation solution. Our work attempts to
investigate street cameras’ potential as an alternative solution for providing precise and real-time
navigation assistance.

Another approach for outdoor navigation has explored developing personalized, purpose-built,
assistive devices that support BLV people with scene-aware aspects of outdoor navigation, such
as crossing streets [123, 124, 125], recording routes [120], and avoiding obstacles [126, 127, 128,
129, 130, 131]. While these solutions address some of the precise and real-time aspects of BLV
people’s outdoor navigation, support for point-to-point navigation is missing. Consequently, they
do not offer a comprehensive, all-in-one solution for outdoor navigation. Furthermore, these sys-
tems place the burden of purchasing costly devices onto the BLV users. Our work, by contrast,
explores the possibility of using existing street cameras to provide a comprehensive solution for
outdoor navigation. We investigate repurposing existing hardware in outdoor environments to sup-
port accessibility applications, thus imbuing accessibility within the city infrastructure directly,

and adding no additional cost to the BLV user.

Overhead Camera-based Robot Navigation

A parallel research space to street cameras for blind navigation is robot navigation using over-
head cameras. One common subspace within this field is sensor fusion for improved mapping.
Research in this space focuses on fusing information between sighted “guide” robots and overhead
cameras [132], fusing multiple camera views for improved tracking [132, 133, 134], and improving
homography for robust mapping, independent of camera viewing angle [135, 136]. Another chal-
lenge tackled within this space is robot path planning. Research in this space aims to improve path
planning algorithms [132, 133, 136], assign navigational tasks to robot assistants [132, 133], and

address the balance between obstacle avoidance and path following [132, 136]. While prior work
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on robot navigation using fixed cameras explores the research space of automating “blind” robot
navigation, our work explores how fixed cameras, specifically street cameras, could be repurposed
to support navigation for blind pedestrians. Our work considers BLV users’ needs and prefer-
ences around outdoor navigation to design and develop a system that can offer precise navigation

assistance.

Indoor Navigation Approaches

Prior work in indoor navigation assistance has made significant progress through the utilization
of various localization technologies, which usually relies on retrofitting the environment with ad-
ditional hardware like WiFi or Bluetooth beacons [110, 111, 112, 113, 114]. These solutions have
proven highly effective within indoor environments. NavCog3 [110], for example, excels in in-
door navigation by employing Bluetooth beacons for precise turn-by-turn guidance. Nakajima and
Haruyama [111] exploit the use of visible lights communication technology, utilizing LED lights
and a geomagnetic correction method to localize BLV users. However, extending these approaches
to support outdoor navigation is not practical. This is particularly evident when considering the
substantial initial investment in hardware setup that these systems typically require, making them
ill-suited for the larger, unstructured outdoor environment. Furthermore, most of these methods
lack the capability to assist with obstacle avoidance and to prevent users from veering off course
— both of which are less severe issues indoors compared to outdoors [106]. In contrast, our explo-
ration of using existing street cameras is better suited to address the largely unaddressed challenge
of outdoor pedestrian navigation. This approach offers precise localization without requiring sup-
plementary hardware, harnessing street cameras for locating a pedestrian’s position. Additionally,
it holds the potential to effectively tackle the distinctive challenges posed by the unstructured nature
of outdoor environments, including real-time obstacle detection and the interpretation of critical

visual cues like street crossing signals.
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3.2 Formative Interviews

We conducted semi-structured interviews with six BLV participants to identify BLV pedestri-

ans’ challenges in outdoor navigation when using GPS-based systems (RQ1).

3.2.1 Methods
Participants

We recruited six BLV participants (three males and three females, aged 29-66) by posting
on social media platforms and snowball sampling [94]. Table 3.1 summarises the participants’
information. All interviews were conducted over Zoom and lasted about 90 minutes. Participants

were compensated $25 for this IRB-approved study.

Procedure

To identify the specific challenges that BLV people face when navigating outdoors, we used a
recent critical incident technique (CIT) [81], in which we asked participants to recall and describe
a recent time when they navigated outdoor environments using GPS-based assistive technology
(AT). For example, we first asked participants to name the AT they commonly use and then asked
them to elaborate on their recent experience of using it: “So, you mentioned using BlindSquare
a lot. When was the last time you used it?” Then, we initiated a discussion by establishing the
scenario for them: “Now, let’s walk through your visit from the office to this restaurant. Suppose,
I spotted you at your office. What would I observe? Let’s start with you getting out of your office
building.” We asked follow-up questions to gain insights into what made the aspects of outdoor

navigation challenging and what additional information could help address them.

Interview Analysis

To analyze the interviews, we first transcribed the study sessions in full and then performed

thematic analysis [82] involving three members of our research team. Each researcher first inde-
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Table 3.1: Self-reported demographics of our participants. Gender information was collected as a
free response; our participants identified themselves as female (F) or male (M). Participants rated
their assistive technology (AT) familiarity on a scale of 1-5.

PID Age Gender Race Occupation Vision ability Onset  Mobility aid AT familiarity (1-5)
F1 29 Female White Claimsexpert Totally blind Atbirth White cane  3: Moderately familiar
F2 61 Female White Retired Light perception only Age6  Guide dog 1: Not at all familiar
F3 66 Female White Retired Totally blind Age 58 Guide dog 2: Slightly familiar
F4 48 Male  Black Unemployed Light perception only Age 32 White cane 3: Moderately familiar
F5 27 Male Mixed Unemployed Totally blind Atbirth White cane  3: Moderately familiar
F6 38 Male  White AT instructor Totally blind Atbirth White cane  5: Extremely familiar

pendently went through the interview transcripts and used NVivo [83] to create an initial set of

codes. Then, all three iterated on the codes together to identify emerging themes.

3.2.2 Findings: BLV Pedestrians’ Challenges in Outdoor Navigation

We found three major themes around challenges that BLV pedestrians face when navigating

outdoors using GPS-based systems.

C1: Routing through complex environment layouts

GPS-based systems, such as BlindSquare [97], offer navigation instructions that follow a direct
path to the destination from the user’s current position, often referred to as “as the crow flies,”
rather than providing detailed turn-by-turn instructions through a poly-line path that guide BLV
people through the environment layout. Since “not everything is organized in the ideal grid-like
way” (F1), participants reported difficulties following the “as the crow flies” instructions, failing
to confidently act upon the instructions without any knowledge of the environment layout. This
was particularly challenging in complex layouts, as F3 recalled: “I didn’t know if crosswalks were
straight or curved or if they were angled. [It was hard] to figure out which way you needed to be
to be in the crosswalk.” Many participants cited problems such as making the wrong turns into
unexpected “alleyways” (F1, F2, F4) that landed them in dangerous situations with “cars coming
through” (F2). Participants cited examples about how these instructions were often inaccurate,

causing them to veer off course—a common issue for BLV people in open, outdoor space [106]—
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and end up in the middle of the streets.

C2: Avoiding unexpected obstacles while using GPS-based systems

BLYV people’s challenges relating to obstacles during navigation are well researched [107, 108].
However, we found specific nuances in their difficulties, particularly when they rely on their con-
ventional mobility aids in conjunction with GPS-based navigation systems. Participants commonly
reported the use of mobility aids like white canes alongside GPS systems for guidance. During this
combined navigation process, they encountered difficulties in maintaining their focus on obstacle
detection, often resulting in collisions with objects that they would have otherwise detected using
their white canes. For instance, F2 shared an incident where they remarked, “there were traffic
cones [and] I tripped over those” while following directions. Notably, moving obstacles such
as pedestrians and cars, as well as temporarily positioned stationary obstacles like triangle sand-
wich board signs, posed significant challenges for navigation. F4 expressed this sentiment, stating,
“You know how many times I've walked into the sides of cars even though I have the right of way.
Drivers have gotten angry, accusing me of scratching their vehicles. It can spoil your day [and

make] you feel insecure.”

C3: Crossing street intersections safely

Consistent with prior research [125, 137, 138], our study participants highlighted that cross-
ing streets remained a significant challenge for them. Since GPS-based systems do not help with
street-crossing, most participants relied on their auditory senses. They mentioned the practice of
listening for vehicular sounds to gauge traffic flow on streets running parallel and perpendicular
to their position. This auditory technique helped them assess when it was safe to cross streets.
However, participants also reported instances where this method proved inadequate due to exter-
nal factors: “yeah, it can be tricky, because [there may be] really loud construction nearby that
can definitely throw me off because I'm trying to listen to the traffic” (F1). Furthermore, their

confidence in street-crossing decisions was affected by their inability to ascertain the duration of
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pedestrian signals and the length of the crosswalk. This uncertainty led to apprehension, as they
expressed a fear of becoming stranded mid-crossing, as exemplified by one participant’s comment:

“I don’t want to be caught in the middle [of the street]” (F4).

3.3 The StreetNav System

StreetNav is a system that explores the concept of repurposing street cameras to support out-
door navigation for BLV pedestrians (RQ2, RQ3). It provides users precise turn-by-turn navigation
instructions to destinations (C1), helps prevent veering off track (C1), gain awareness of nearby
obstacles (C2), and assist in crossing streets safely (C3). StreetNav enables these navigation affor-
dances through its two main components: (i) computer vision pipeline, and (ii) companion smart-
phone app. The computer vision pipeline processes the street camera’s video feeds to give BLV
pedestrians real-time navigation feedback via the app. Our design and development of StreetNav
considers prior work on navigation assistance, functions of traditional mobility aids, and forma-
tive interviews with BLV people (Section 3.2) that identified challenges they face when navigating
outdoors using existing GPS-based systems.

The following sections describe StreetNav’s technical setup (Section 3.3.1), the computer vi-

sion pipeline (Section 3.3.2), and the smartphone app’s user interface (Section 3.3.3).

3.3.1 StreetNav: Technical Setup

Figure 3.2 shows the street camera we used for developing and evaluating StreetNav. We
chose this camera because it faces a four-way street intersection—the most common type of
intersection—and is mounted on a building’s second floor, offering a typical street-level view of
the intersection. The camera is part of the NSF PAWR COSMOS wireless edge-cloud testbed
established by our research team.

StreetNav’s computer vision pipeline takes the real-time video feed from the camera as input.
For this purpose, we deployed the computer vision pipeline on one of the testbed servers, which

captures the camera’s video feed in real time.
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Figure 3.2: Street camera used for StreetNav’s development and evaluation. The camera (a) mounts
on the building’s second floor, and (b) captures the view of a four-way intersection.

This server runs Ubuntu 20.04 with an Intel Xeon CPU@2.60GHz and an Nvidia V100 GPU.

StreetNav’s two components—the computer vision pipeline and the app—interact with each
other via a cloud server, sharing information using the MQTT messaging protocol [139]. Since
MQTT is a lightweight messaging protocol, it runs efficiently even in low-bandwidth environ-
ments. The computer vision pipeline only sends processed navigation information (e.g., routing
instructions, obstacle’s category and location) to the app, rather than sending video data. This
alleviates any privacy concerns around streaming the video feed to the users and avoids any com-
putational bottlenecks that may happen due to smartphones’ limited processing capabilities. It
is worthwhile to note that although we have fulfilled the necessary anonymization and privacy
measures for this prototype version of StreetNav, the deployment of such a system at scale would
require a deeper exploration into privacy and ethics.

The StreetNav app’s primary purpose is to act as an interface between the user and the computer
vision pipeline. We developed StreetNav’s iOS App using Swift [140], enabling us to leverage

VoiceOver [141] and other built-in accessibility features.

3.3.2  StreetNav: Computer Vision Pipeline

StreetNav’s computer vision pipeline processes the street camera’s video feed in real time to fa-
cilitate navigation assistance. It consists of four components: (i) localizing and tracking the user:

locating user’s position on the environment’s map; (ii) planning routes: generating turn-by-turn
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navigation instructions from user’s current position to destinations; (iii) identifying obstacles: pre-
dicting potential collisions with other pedestrians, vehicles, and objects (e.g., trash can, pole); and
(iv) recognizing pedestrian signals: determining when it is safe for pedestrians to cross (walk vs.
wait) and calculating the duration of each cycle. Next, we describe the computer vision pipeline’s

four components in detail.

Localizing and tracking the user

To offer precise navigation assistance, the system must first determine the user’s position from
the camera view and then project it onto the environment’s map. Figure 3.3d shows the map rep-
resentation we used, which is a snapshot from Apple Maps’ [142] satellite view of the intersection
where the camera is deployed.

StreetNav tracks pedestrians from the camera’s video feed using Nvidia’s DCF-based multi-
object tracker [143] and the YOLOVS8 object detector [144]. The computer vision pipeline is devel-
oped using Nvidia GStreamer plugins [145, 146], enabling hardware-accelerated video processing
to achieve real-time tracking. We chose this tracker for its trade-off between real-time perfor-
mance and robustness to occlusions. The tracker detects all pedestrians and assigns them a unique
ID. However, the system needs a way to differentiate between the BLV user and other pedestrians.

Figure 3.3 shows the gesture-based localization approach we introduced to address this issue.
To connect with the system, BLV pedestrians must wave one hand above their head for 2—-3 seconds
(Figure 3.3a), enabling the system to determine the BLV pedestrian’s unique tracker ID. We chose
this gesture after discussions with several BLV individuals, including our BLV co-author, and
most agreed that this single-handed action was both convenient and socially acceptable to them.
Moreover, over-the-head gestures such as waving a hand can also be detected when users are not
directly facing the street camera.

StreetNav implements the gesture-based localization approach by first creating image crops
of all detected pedestrians and then classifying them as ‘waving’ or ‘walking’ pedestrians using

CLIP [10]. CLIP classifies each pedestrian by computing visual similarity between the pedestrian’s
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above your head!
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End Connection

Figure 3.3: Gesture-based localization for determining a user’s position on the map. (a) A study
participant (P1) is (c) prompted to wave one hand above their head, enabling the computer vision
pipeline to distinguish them from other pedestrians in (b) the camera feed view and (d) the map.

image crop and two language prompts: ‘person walking” and ‘person waving hand.” We experi-
mentally fine-tuned the confidence thresholds and these language prompts. We also tried other
action recognition models, such as MMaction2 [147], but found that our CLIP-based approach
was much faster and robust to false positives.

Finally, we transformed the user’s position on the street camera view (Figure 3.3b) onto the
map (Figure 3.3d) using a simple feed-forward neural network, trained on data that we manually
annotated. The network takes as input the 2D pixel coordinate from the street camera view and
outputs the corresponding 2D coordinate on the map. StreetNav continuously tracks the user from

the camera feed and transforms its position onto the map.

Planning routes

StreetNav represents routes as a sequence of straight lines on the map connected by waypoints.

To plan routes, StreetNav requires that a map of the environment is annotated with waypoints
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Figure 3.4: StreetNav’s internal graph representation for route planning. The user’s current posi-
tion is added dynamically as a start node to the graph upon choosing a destination. The shortest
path, highlighted in green, is then calculated as per this graph representation.

and connections between them. This offline process is performed by manually annotating the
environment’s map, as shown in Figure 3.4. The administrator marks two types of points on the
map: POIs and sidewalk corners. The POls are potential destinations that users can choose from.
The sidewalk corners act as intermediary waypoints en route to the destination. We chose sidewalk
corners as waypoints because BLV pedestrians often look for the tactile engravings at sidewalk
corners to help orient themselves and transition into crosswalks. Thus, these waypoints blend in
well with BLV users’ current navigation practices.

Figure 3.4 shows the internal graph structure that StreetNav uses for planning routes. This
graph-based representation of the environment has also been used in prior work on indoor nav-
igation systems [110, 114, 148]. In the graph, nodes correspond to POIs and sidewalk corners,
whereas edges correspond to walkable paths. Once the user chooses a destination from the POls,
StreetNav adds the user’s current position as a start node to this graph representation and computes
the shortest path to the chosen POI using A* algorithm [149]. Figure 3.4 highlights the shortest
path from the user’s current position to the chosen destination (café). This route enables StreetNav

to guide users to the destination via turn-by-turn instructions.
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Identifying obstacles

Prior work on obstacle avoidance developed systems that guide BLV people around obsta-
cles [148, 150]. StreetNav, however, aims to augment BLV pedestrians’ awareness of obstacles to
help them confidently avoid obstacles using their traditional mobility aids (e.g., white cane) and
mobility skills. From our formative interviews, we learned that obstacles that catch BLV users
unexpectedly were specifically hard to avoid in outdoor environments (C2). Thus, StreetNav pro-
vides users with information about the obstacle’s category and relative location. This gives BLV
users context on the size, shape, and location of an obstacle, enabling them to confidently use their
mobility skills around unexpected obstacles.

Figure 3.5 illustrates how the system identifies obstacles in the user’s vicinity. StreetNav’s
multi-object tracker is used to track other objects and pedestrians. Examples of other objects in-
clude cars, bicycles, poles, and trash cans. The computer vision pipeline then projects the detected
objects’ positions onto the map. To identify obstacles in the BLV user’s vicinity, StreetNav com-
putes the distance and angle between the user and other detected objects with respect to the map
(Figure 3.5b). Any object (or pedestrian) within a fixed radial distance from the BLV user is flagged
as an obstacle. Through a series of experiments with our BLV co-author, we found that a 4 foot

radius works best for StreetNav to provide users with awareness of obstacles in a timely manner.
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Figure 3.5: Identifying obstacles in the user’s vicinity. (a) A vehicle turning left yields to the BLV
pedestrian (detected in purple) crossing the street. (b) StreetNav identifies the obstacles’ category
and relative location on the map to provide real-time feedback via the app.
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Recognizing pedestrian signals

To determine the pedestrian signals’ state (i.e., walk vs. wait), we leverage the fact that walk
signals are always white, whereas wait signals are always red in color. StreetNav requires the
pixel locations of the pedestrian signals in the video feed in order to recognize the signal state.
The administrator annotates the video feed image to draw a bounding box around the pedestrian
signals’ screen. Since the position of pedestrian signals is fixed with respect to the mounted street
camera, this process needs to be done only once during setup, along with the map annotation
process described earlier.

Figure 3.6 shows the annotated pedestrian signals in the camera’s video feed. StreetNav uses
these annotations first to generate image crops of the two signals and then threshold both image
crops to filter all red and white pixels. It compares the number of white and red pixels in each
crop to identify the signal’s state: walk (Figure 3.6a) vs. wait (Figure 3.6b). We experimentally
fine-tuned the count thresholds to accurately identify the signal state. Although the two crops are
low resolution, this approach still yields accurate results since it distinguishes the state using pixel
colors.

Our formative interviews found that BLV pedestrians faced difficulty pacing themselves while
crossing streets (C3). To address this challenge, StreetNav provides users with information about
how much time remains for them to cross. StreetNav’s computer vision pipeline computes the
time remaining to cross by keeping track of the signal cycles’ duration. StreetNav maintains a
timer that records the moments when each signal changes its state. After observing a full cycle,
StreetNav is able to accurately keep track of both the state and timing of each signal. StreetNav
periodically refreshes the timer to adapt to any changes in signal duration that may happen for

traffic management reasons.

3.3.3 StreetNav App: User Interface

The StreetNav 10S app interacts with the computer vision pipeline to allow BLV pedestrians to

choose a destination and receive real-time navigation feedback that guides them to it. BLV users
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Figure 3.6: Recognizing pedestrian signal states from the camera’s video feed. StreetNav compares
the number of white and red pixels in the signal crops to determine its state: (a) walk vs. (b) wait.

first initiate a connection request through the app, which activates the gesture-based localization
(Section 3.3.2) in the computer vision pipeline. The app prompts the user to wave one hand over
their head (Figure 3.3b), enabling the system to begin tracking their precise location on the map
(Figure 3.3d). BLV users can then select a destination from nearby POIs and begin receiving
navigation feedback through the app.

Figure 3.7 shows the StreetNav app’s user interface, which uses audiohaptic cues for (i) provid-
ing routing instructions, (ii) preventing veering off track, (iii) notifying about nearby obstacles, and
(iv) assisting with crossing streets. Upon reaching the destination, the app confirms their arrival.

The following sections describe the app’s interface in detail.

Providing routing instructions

The app conveys routing instructions to the users by first giving an overview of the route and
then announcing each instruction, in situ, based on their current location in the environment. Fig-
ure 3.7a shows the app screen with the path overview. Prior work on understanding BLV people’s
navigation behaviors [151, 152, 153] reveals that BLV people often prepare for their routes before
actually walking through them. StreetNav assists them in this preparation by giving an overview
of the path before beginning navigation. The path overview consists of several instructions, with
each helping them get from one waypoint to the next. BLV users read through the path overview
using VoiceOver [141]. Users then tap the ‘Start Navigation’ button, which announces each in-

struction when they reach a waypoint. Figure 3.7b—f shows how the app dynamically updates the
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Figure 3.7: The StreetNav App’s user interface. It provides routing instructions to their destination
via (a) a path overview and (c, e) real-time feedback that updates their current instruction based
on their location. Upon reaching a sidewalk, (b) the app informs the user about when it is safe to
cross and (d) how much remains for them to cross over. It also (d) notifies the user of a nearby
obstacle’s category and relative location to help them avoid it. The app (f) confirms the user’s
arrival at the destination. Throughout the journey, the app provides (g) continuous audiohaptic
feedback to prevent users from veering off track.

next instruction based on the user’s location in the environment. Throughout the journey, users can

access the path overview and the current navigation instructions on demand via VoiceOver.

Preventing veering off track

Figure 3.8 illustrates the app’s feedback for preventing users from veering off track. Given the
user’s current position, heading, and destination route, StreetNav computes the direction and extent
of veering. To convey direction of veering, we used 3D spatialized sound, which plays continuous

beeping sounds from the right speaker when users veer to the left (Figure 3.8a) and from the left
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Figure 3.8: Audiohaptic cues for preventing users from veering off track. Sample user trajectories
showing feedback when users veer (a) left, (b) do not veer, and (c) veer to the right. When the
user’s heading coincides with the route to the destination, within a tolerance angle 6 (highlighted
in green), users receive (b) subtle haptic vibrations to reinforce them. When they veer off the route,
outside the tolerance angle 6, they hear spatialized beeping sounds that are rendered from the (a)
right speaker when veering left, and from the (c) left speaker when veering right.

speaker when users veer to the right (Figure 3.8c). Users can follow the direction of the beeping
sound to correct for veering. To convey the extent of veering. i.e., how severely the user is veering,
we render the frequency of beeps to be proportional to the angle between the user’s current heading
and the route. As users veer away from the correct direction, the frequency of beeps increases; and
when they begin to turn towards the correct direction, the frequency of beeps decreases. Users can
also leverage the frequency of beeps to determine how to correct for veering, by always moving in
the direction where the beeps’ frequency reduces. This enables users to correct for veering even
without the spatialized sound feedback we used for direction. This eliminates the need to wear
headphones to understand spatialized sound.

We ran pilot experiments to test this feedback mechanism with our BLV co-author. We found
that the continuous audio feedback was helpful but also became overwhelming as it forced them
to strictly follow StreetNav’s route. To address this, we relaxed the veering requirements by in-
troducing a tolerance angle (#). Figure 3.8 shows the tolerance angle in green color, which is
depicted as a cone centered at the user’s current heading. We updated the veering feedback to only
play beeping sounds when users veer off in either direction by at least §/2 degrees. To maintain
the continuity of feedback, we chose to render subtle haptic vibrations when users move in the

correct direction within the tolerance angle. Within this tolerance angle, the intensity of the haptic
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vibration increases when users approach the exact correct heading and decreases when they start
to veer off. This is similar to how the frequency of beeps increases when users veer away. In this
way, the audio feedback acts as negative reinforcement, and the haptic feedback acts as positive
reinforcement. Figure 3.8b illustrates the haptic feedback. We experimentally tuned the tolerance
angle, 6, and set its value for our system to 50°.

To generate the audiohaptic cues, the app receives the user’s current position and destination
route from the computer vision pipeline. For the user’s current heading, we experimented using
the user’s trajectory to predict their heading using the Kalman filter. This approach, however,
yields inaccurate headings due to the noisy tracking data. Thus, we leveraged the smartphone’s
compass to determine the user’s current heading. We offset the compass readings by a fixed value
to ensure that its zero coincides with the map’s horizontal direction. This enabled us to perform all

heading-related computations with respect to the map’s frame of reference.

Notifying about nearby obstacles

Figure 3.7d shows how StreetNav alerts the user of obstacles nearby. The app announces the
obstacle’s category, distance, and relative location. For example, when a car approaches the user,
the app announces: “Caution! Car, 4 ft. to the left.” Similar to veering feedback, the relative loca-
tion is computed using both the computer vision pipeline’s outputs and the smartphone’s compass
reading.

We tried feedback formats with varying granularity to convey the obstacle’s relative location.
First, we experimented with clock-faced directions: “Car, 4 ft. at 1 o’clock.” Clock-faced direc-
tions are commonly used in many GPS-based systems such as BlindSquare to convey directions.
We learned from pilot evaluations with our BLV co-author that this feedback format was too fine-
grained, as it took them a few seconds to decode the obstacle’s location. This does not fare well
with moving obstacles, such as pedestrians, that may have already passed the user before they are
able to decode the location. Moreover, StreetNav’s goal with obstacle awareness is to give users a

quick idea that something is nearby them, which they can then use to circumnavigate via their mo-
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bility skills. To address this, we tried the more coarse format with just four directions: left, right,
front, and back. This was found to give users a quick intimation, compared to the clock-faced

directions.

Assisting with crossing streets

The StreetNav app helps users cross streets by informing them when to cross and how much
time remains before the signal changes.

Figure 3.7b and Figure 3.7d illustrate the feedback. Upon reaching a sidewalk corner, the
app checks for the signal state recognized by the computer vision pipeline. If the signal is ‘wait’
when the user arrives, the app informs the user to wait along with the time remaining before the
signal changes. If the signal is ‘walk’ when the user arrives, the app informs the user to begin
crossing only if the time remaining is sufficient for crossing. For the intersection used in our user
studies, this was experimentally found to be 15 seconds. Otherwise, the user is advised to wait
for the next cycle. Once the user begins crossing on the ‘walk’ signal, the app announces the time
remaining for them to cross over. This feedback is repeated at fixed intervals until the user reaches
the other sidewalk corner. We experimentally fine-tuned this interval with feedback from our BLV
co-author. We tried several intervals, such as 5, 10, and 15 seconds, and found that shorter intervals
overwhelmed the users, whereas longer intervals practically would not be repeated enough times
to give them meaningful information. We settled on repeating the feedback every 10 seconds for

our implementation.

3.4 User Study

Our user study had three goals, related to RQ2 and RQ3. First, we wanted to evaluate the
extent to which StreetNav addressed BLV pedestrians’ challenges in navigating outdoor environ-
ments when using existing GPS-based systems. Through our formative interviews (Section 3.2),
we discovered three main challenges: routing through complex environment layouts (C1), avoid-

ing unexpected obstacles (C2), and crossing street intersections (C3). Second, we wanted to an-
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Table 3.2: Self-reported demographics of our study participants. Gender information was collected
as a free response. Participants rated their familiarity with assistive technology (AT) on a scale of
1-5.

PID Age Gender Occupation Race Vision ability Onset  Mobility aid AT familiarity (1-5)
P1 24 Male  Appdeveloper Asian Low vision Age 19 White cane 2: Slightly familiar
P2 28 Male  Data manager White Low vision Atbirth None 3: Moderately familiar
P3 48 Male  Notemployed Black Totally blind Age 32 White cane 3: Moderately familiar
P4 46 Female Social worker Latino Totally blind Age 40 White cane  4: Very familiar
P5 43 Female Notemployed Asian Totally blind Atbirth White cane  4: Very familiar
P6 52 Male  Mgmt. analyst Mixed Light perceptiononly Age9  White cane 5: Extremely familiar
P7 26 Female Writer Mixed Low vision Atbirth White cane  2: Slightly familiar
P8 51 Male  Notemployed Black Light perception only Age 26 Guide dog 3: Moderately familiar

alyze BLV pedestrians’ experience of navigating outdoors using StreetNav compared to existing
GPS-based systems. Third, we wanted to see how participants rank the two navigation systems—

StreetNav vs. GPS-based system—in order of their preference for outdoor navigation assistance.

3.4.1 Study Description
Participants

We recruited eight BLV participants (five males, three females; aged 24-52) by posting to
social media platforms and by snowball sampling [94]. Participants identified themselves with
a range of racial identities (Asian, Black, White, Latino, and Mixed) and all of them lived in a
major city in the US. Participants also had diverse visual abilities, onset of vision impairment, and
familiarity with assistive technology (AT) for navigation.

Table 3.2 summarizes participants’ information. All but three participants (P1, P7, and P8)
reported themselves as being moderately—extremely experienced with AT for navigation (3+ scores
on a 5-point rating scale). Only P3 reported minor hearing loss in both ears and wore hearing aids.
All participants except two (P2, P9) used white cane as their primary mobility aid. P2 did not use
any mobility aid, while P9 primarily used a guide dog for navigation. The IRB-approved study

lasted for about 120 minutes, and participants were compensated $75 for their time.
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Figure 3.9: The routes used in the navigation tasks. (A) 12 meters, stationary person to avoid on
the sidewalk. (B) 30 meters, cross street, and moving person to avoid on the sidewalk. (C) 38
meters, a 90° turn, cross street, and moving person to avoid on the crosswalk. To mitigate learning
effects, routes for the two conditions are symmetrically designed, situated on opposite sides of the
street.

Experimental Design

In the study, participants completed three navigation tasks at a street intersection in two con-
ditions: (i) StreetNav and (ii) BlindSquare [97], a popular GPS-based navigation app especially
designed for BLV people. We evaluated the two systems via their respective 10S apps on an
iPhone 14 Pro. Both systems’ apps seamlessly integrated with VoiceOver, and all eight partici-
pants had a high level of familiarity with using iPhones and VoiceOver, with ratings of 3 or higher
on a 5-point scale. During the study, participants continued to use their primary mobility aids, such
as white canes and guide dogs, in both conditions. This approach allowed us to make a meaningful
comparison between StreetNav and the BLV pedestrians’ current methods of outdoor navigation,
simulating their usual practice of incorporating GPS-based navigation systems alongside their mo-
bility aids.

Our study followed a within-subjects design, in which participants tested the two navigation

65



systems in a counter-balanced order to minimize potential order-bias and learning effects. In each
condition, participants were tasked with completing three distinct navigation challenges, corre-
sponding to three specific routes. Figure 3.9 illustrates these three navigation routes. We deliber-
ately chose the routes to lie within the street camera’s field of view and include a range of difficuly
levels for each task: (A) a short route, 12 meters, that involved avoiding a stationary person on
the sidewalk, (B) a long route, 30 meters, that involved crossing a street and avoiding a moving
person on the sidewalk, and (C) a complex route, 38 meters, that involved making a 90 degree turn,
crossing a street, and avoiding a moving person on the crosswalk. For each of these tasks, one of
our researchers assumed the role of the obstacle. Notably, none of the participants were familiar
with the specific street intersection selected as the study’s location.

Given that participants navigated the same intersection in both conditions, the potential for
learning effects as a confounding factor was carefully considered. To address this concern, we
took deliberate measures by creating distinct routes for each condition. Specifically, we designed
the routes in both conditions to be symmetric—rather than being identical—with the starting and
ending points of each route strategically positioned on opposite sides of the street intersection, as
illustrated in Figure 3.9. The symmetry of routes ensured that participants encountered the same
challenges in both conditions. To ensure participants’ safety, the researchers accompanied them at

all times during the study, prepared to intervene whenever necessary.

Procedure

We began each study condition by giving a short tutorial of the respective smartphone app for
the system. During these tutorials, participants were taught how to use the app and how to interpret
the various audiohaptic cues it offered. To accommodate potential challenges arising from ambient
noise at the street intersection, participants were given the option to wear headphones during the
study. Only two participants, namely P3 and PS5, exercised that option; rest of the participants
relied on the smartphone’s built-in speaker to hear the audiohaptic cues.

After completing the three navigation tasks for each condition, we administered a question-
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naire comprising four distinct parts. These parts were designed to assess participants’ experiences
around challenges faced by BLV pedestrians in outdoor navigation, specifically addressing the fol-
lowing aspects: routing to destination (C1), veering off course (C1), avoiding obstacles (C2), and
crossing streets (C3). It included questions about how well each system assisted with the chal-
lenges, if at all. Participants rated their experience on a 5-point rating scale, where a rating of “1”
indicated “not at all well,” and a rating of “5” indicated “extremely well.” After each part of the
questionnaire, we asked follow-up questions to gain deeper insights into the reasons behind their
ratings and their overall experiences.

Following their experience with both navigation systems, participants were asked to complete
a post-study questionnaire. This questionnaire required them to rank the two navigation systems in
terms of their preference for outdoor navigation. Subsequently, we directed our discussion toward
StreetNav, engaging participants in a conversation about potential avenues for improvement. We
also inquired about the specific scenarios in which they envision using this system in the future.

In addition to the questionnaires that aimed at capturing participants’ subjective experiences,
we also gathered system usage logs and video recordings of participants throughout the study.
These objective data sources, including usage logs and video recordings, allowed us to perform a
comprehensive analysis of participants’ actual performance in the navigation tasks. It is worth not-
ing that willingness to be video-recorded was completely voluntary, i.e., did not affect participants’
eligibility or compensation. All eight participants still agreed to be video-recorded, providing us

with written consent to do so.

Analysis

We report participants’ spontaneous comments that best represent their overall opinions, pro-
viding further context on the quantitative data we collected during the study. We analyzed the tran-
scripts for participants’ quotes and grouped them according to the (i) questionnaire’s four parts:
routing to destination, veering off course, avoiding obstacles, and crossing streets; (ii) overall

satisfaction and ranking preferences, and (iii) how users’ individual experiences influenced their
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preferences.

3.4.2 Results

Our results reveal that StreetNav helped participants reach their destinations with more preci-
sion, gain awareness of obstacles, reduce veering off course, and confidently cross streets. For the
statistic analysis of each measure, we first conducted a Kolmogorov-Smirnov test to determine if
the data was parametric or non-parametric. Then, when comparing between the two conditions, we
used a paired t-test when the data was parametric. In addition to quantitative measures, we con-
ducted a detailed analysis of video recordings, manually annotating the routes participants took
during the study. We provide these metrics to offer additional insights into participants’ perfor-

mance across both experimental conditions.

Routing to Destination

Figure 3.10 shows participants’ average rating for their experience following routes to the des-
tination in each condition. The mean (+ std. dev.) rating for participants’ perceived usefulness of
the routing instructions in guiding them to the destination was 4.13 (£0.64) for StreetNav and 2.38
(£0.91) for BlindSquare. The condition had a significant main effect (p = 0.014) on participants’
experience reaching destinations with the routing instructions. The mean (+ std. dev.) rating for
participants’ experience with the system’s ability to track them was 4.50 (+0.76) for StreetNav
and 2.88 (+1.13) for BlindSquare. The condition had a significant main effect (p = 0.001) on
participants’ perception of how well the system tracked them en route to the destination. This
indicates that participants found StreetNav more useful than BlindSquare for guiding them to the
destination.

Figure 3.11 illustrates our analysis of the video recordings, plotting the typical paths taken by
participants in the third route across both conditions. We computed various metrics from their
paths, that provide insights into participants’ self-reported ratings.

We found that when using BlindSquare, participants covered greater distances to reach the

68



same destinations compared to when using StreetNav. On average, participants traveled a distance
approximately 2.1 times longer than the shortest route when relying on BlindSquare. In contrast,
when using StreetNav, they covered a distance of only about 1.1 times the shortest route to their
destination. This represents a 51% reduction in the unnecessary distance traveled with StreetNav
in comparison to BlindSquare. Figure 3.11b shows how participants using BlindSquare often

exhibited an oscillatory pattern near their destinations (P1, P8) before eventually reaching close to

them.
BlindSquare StreetNav
Q1. How useful were the rout-
Ing 1nstructions in .guu'hng } i
you to the destination?
Q2. How well do you think the
system tracked you enroute to } *
the destination?
W Ly 11) (E romel )
ot at a X{reme
Rating Y

Figure 3.10: Results for participants’ experience with routing to the destination. Participants rated
the (1) usefulness of routing instructions, and (2) the system’s ability to track them en route to the
destination. Participants found StreetNav’sturn-by-turn instructions significantly more useful and
precise than BlindSquare’s “as the crow flies”-style routing instructions. Pairwise significance is
depicted for p < 0.01 (*) and p < 0.05 (*x*). The error bars indicate standard error.

Additionally, StreetNav’s routing instructions displayed a notably higher level of precision,
guiding participants to their destinations with 2.9 times greater accuracy than BlindSquare. Fig-
ure 3.11 clearly shows this trend for the third route. On average, across the three study routes,
participants using StreetNav concluded their journeys within a tighter radius of 12.53 feet from
their intended destination. In contrast, participants relying on BlindSquare concluded their jour-
neys within a radius of 35.94 feet from their intended destination. Two study participants, P4 and
PS5, even refused to navigate to the destination in two of the three tasks with BlindSquare. This was
primarily attributed to BlindSquare’s low precision in tracking the participants and often guiding
them to take incorrect turns. Figure 3.11b highlights how BlindSquare caused P8 to go around the
intersection before finally getting close the destination.

Participants preferred StreetNav over BlindSquare for its audiohaptic cues for turn-by-turn
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Figure 3.11: Comparison of paths traveled by three participants (P1, P3, P8) for route ‘C’ using (a)
StreetNav, and (b) BlindSquare. StreetNav’s routing instructions consistently guided participants
to the destination via the shortest path. BlindSquare, however, caused participants to take incorrect
turns (P1, P3, P8), oscillate back and forth near destinations (P1, P8), and even go around the
whole intersection before getting close to the destination (P8).

navigation instructions, which they found to be more useful and precise than BlindSquare’s “as
the crow flies”-style clock face and distance-based instructions. P3’s comment encapsulates this

sentiment:

“When it’s time for me to turn right and walk a certain distance, [StreetNav] is very,

very, very precise.” —P3

Although all participants preferred StreetNav’s routing feedback over BlindSquare’s, distinct pat-
terns emerged in their preference and utilization of these cues. StreetNav delivers a combination
of audiohaptic and speech feedback for routing, and participants adopted varying strategies for
utilizing this feedback. Some individuals placed greater reliance on the veering haptic feedback as
their primary directional guide, while reserving speech feedback as a fallback option. Conversely,
some participants prioritized the speech feedback, assigning it a higher level of importance in their

navigation process compared to audio-haptic cues.
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Figure 3.12: Results for participants’ perceived ability to prevent veering off path. Participants
rated their ability to (1) maintain a straight walking path, and (2) intuitiveness of the feedback
regarding direction they should be moving in; on a scale of 1-5. StreetNav’saudiohaptic feedback
was significantly more intuitive than BlindSquare’s in preventing participants from veer off path.
Pairwise significance is depicted for p < 0.01 (*). The error bars indicate standard error.

Veering Prevention

Figure 3.12 shows participants’ average rating for their perceived ability to (1) maintain a
straight walking path, i.e., prevent veering off course, and (2) intuitiveness of the feedback they
received regarding direction to move in. The mean (+ std. dev.) rating of participants’ perceived
ability to maintain a straight walking path with StreetNav was 4.63 (+£0.52) and with BlindSquare
was 2.75 (£1.17). The condition had a significant main effect (p = 0.001) on participants’ per-
ceived ability to prevent veering off course. The mean (+ std. dev.) rating for intuitiveness of
the feedback that helped them know which direction to move in was 4.63 (+0.52) for StreetNav
and 3.00 (+0.76) for BlindSquare. The condition had a significant main effect (p = 0.006) on
intuitiveness of feedback that helped participants prevent veering off path.

Our examination of the video recordings aligns closely with participants’ ratings. It reveals that
StreetNav minimized participants’ deviations from the shortest path to the destinations in compari-
son to BlindSquare. Over the course of the three routes, participants displayed an average deviation
from shortest path, that was reduced by 53% when using StreetNav as opposed to BlindSquare.

With BlindSquare, many participants reported difficulty maintaining awareness of their sur-
roundings, including both obstacles and navigation direction, which frequently led to deviations

from their intended paths. For instance, P2 reported challenges in maintaining their orientation
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with the need to avoid obstacles:

“[BlindSquare] basically demanded me to keep track of my orientation as I was mov-
ing, which is pretty difficult to do when you’re also trying to keep other things in mind,

like not bumping into things.” —P6

In contrast, StreetNav effectively addressed this challenge by providing continuous audiohaptic
feedback for maintaining a straight walking path, instilling a sense of confidence in participants.
P3, who tested StreetNav before BlindSquare, reflected on their desire for a similar continuous

feedback mechanism within BlindSquare, akin to the experience they had with StreetNav:

“[with BlindSquare] even though I couldn’t see the phone screen, my eyes actually
went towards where I’'m holding the screen. It is almost as if on a subconscious level,

I was trying to get more feedback. With [StreetNav] I had enough feedback.” —P3

Many participants appreciated StreetNav’s choice of haptic feedback for veering. Some par-
ticipants envisioned the haptic feedback to be especially useful in environments with complex

layouts:

“In the [areas] where the streets are very slanted and confusing. I think haptic feed-

back will be especially helpful.” —PS

Other participants highlighted the advantage of haptic feedback in noisy environments where audio
and speech feedback might be less effective.

However, both P4 and P6 exclaimed that StreetNav’s haptic feedback would only work well
when holding the phone in their hands. This meant that hands-free operation of the app may not
be possible, which is important for BLV people since one of their hands is always occupied by
the white cane. P4 proposed integrating the app with their smartwatch for rendering the haptic

feedback to enable hands-free operation.
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Figure 3.13: Results for participants’ perceived obstacle awareness. Participants rated their ability
to (1) avoid obstacles, (2) identify its category (e.g., person, bicycle), and (3) determine its relative
location; on a scale of 1-5. StreetNav significantly improved participants’ awareness of nearby
obstacles during navigation. Pairwise significance is depicted for p < 0.01 (%) and p < 0.05 (x).
The error bars indicate standard error.

Obstacle Awareness

Figure 3.13 shows participants’ average rating for their perceived awareness of obstacles across
the two conditions. Specifically, participants rated their ability to (1) avoid obstacles, (2) identify its
category (e.g., person, bicycle, trash can), and (3) determine its relative location. The mean (+ std.
dev.) rating for participants’ perceived ability to avoid obstacles was 4.38 (+0.74) for StreetNav
and 2.88 (£0.99) for BlindSquare, to identify its category was 4.50 (+0.76) for StreetNav and
3.13 (+1.46) for BlindSquare, and to determine obstacle’s relative location was 4.13 (£0.64) for
StreetNav and 2.88 (£1.25) for BlindSquare. A paired t-test revealed that the condition had a
significant main effect on participants’ perceived ability to avoid obstacles (p = 0.030), identify its
category (p = 0.037), and relative location (p = 0.004). This suggests that StreetNav offered users
a heightened awareness of nearby obstacles compared to the baseline condition of BlindSquare.

With StreetNav, participants had the option to use obstacle avoidance audio feedback in con-
junction with their conventional mobility aids. However, in the case of BlindSquare, the system
itself did not offer any obstacle-related information. Consequently, participants primarily relied on
their traditional mobility aids in this condition, as is typical when using GPS-based systems. Our

analysis of the video recordings found that in both experimental conditions, participants encoun-
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tered no instances of being severely hindered by obstacles. Instead, they adeptly navigated around
obstacles with the assistance of their white canes or guide dogs.

Although participants generally had a positive perception of obstacle avoidance when using
StreetNav, their opinions on the utility of obstacle awareness information varied. Some partici-
pants found this information beneficial, emphasizing its role in preventing “awkward bumping into
people” (P2) and boosting their confidence, resulting in greater “speed in terms of walking” (P3).
Conversely, participants who felt confident avoiding obstacles with their mobility aids regarded
StreetNav’s obstacle information to be extraneous. P8 also expressed concerns about the potential

information overload it could cause in dense urban areas:

“To know where people are, is a bit of overkill. If you turn this thing on in New York

City, it would have your head go upside down.” —P8

Many participants proposed an alternative use case for StreetNav’s obstacle awareness informa-
tion, highlighting its potential for providing insights into their surroundings. They suggested that
this information could unlock environmental affordances, including the identification of accessible
light signals and available benches for resting: “knowing there was a bench was top-notch for me”
(P8). Therefore, StreetNav’s obstacle awareness information served a dual purpose, aiding in both
obstacle avoidance and environmental awareness, allowing users to “know what’s around’(P8)

them.

Crossing Streets

Figure 3.14 shows participants’ average rating for their perceived comfort in crossing streets.
The mean (+ std. dev.) rating of participants’ perceived comfort in making the decision on when
to begin crossing the street was 4.50 (+0.76) for StreetNav and 2.88 (+1.64) for BlindSquare. The
mean (+ std. dev.) rating of participants’ perceived comfort in safely making it through the cross-
walk and reach the other end was 4.63 (+0.52) for StreetNav and 2.00 (+1.41) for BlindSquare.
A paired t-test showed that the condition had a significant main effect on participants’ comfort in

beginning to cross streets (p = 0.029) and in safely making it to the other side (p = 0.001).

74



BlindSquare StreetNav

Q1. How comfortable were you
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Figure 3.14: Results for participants’ perceived comfort in crossing streets. Participants rated their
perceived comfort in (1) making the decision on when to begin crossing the street, and in (2) pacing
themselves when crossing. Participants were significantly more comfortable crossing streets with
StreetNav in comparison to BlindSquare. Pairwise significance is depicted for p < 0.01 (x) and
p < 0.05 (¥x). The error bars indicate standard error.

As BlindSquare does not provide feedback specifically for crossing streets, participants re-
ported relying on their auditory senses, listening for the surge of parallel traffic. However, during
the semi-structured interviews, some participants highlighted challenging scenarios that can make
this strategy less reliable. P4, for instance, pointed out that ironically, less traffic can complicate

street crossings:

“I don’t always know when to cross because it’s so quiet. And sometimes two, three

light cycles go by, and I'm just standing there.” —P4

This issue has been exacerbated by the presence of electric cars, which are difficult to hear due
to their quiet motors. For P3, their hearing impairments made it challenging to listen for traffic.

Thus, most participants appreciated StreetNav’s ability to assist with crossing streets:

“When it’s quiet, I would cross. But now with hybrid cars, it’s not safe to do that either.

The [StreetNav] app telling you which street light is coming on is really helpful.” —P7

Participants made decisions to cross the streets by combining StreetNav’s feedback with their
auditory senses. Many participants emphasized that having information about the time remaining
to cross significantly boosted their confidence, especially when this information aligned with the

sounds of traffic: “I thought it was great because I could tell that it matched up” (P8). This
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alignment between the provided information and their sensory perception inspired confidence in

participants:

“Relying on my senses alone feels like a gamble about 90 percent of the time, so a
system like [StreetNav] that accurately displays the amount of time I have to cross the

street is great.” —P2

3.4.3 Forced Ranking Results

All eight participants unanimously chose StreetNav over BlindSquare as their preferred nav-
igation assistance system. We asked participants to also rank their preferred type of routing in-
structions. All eight participants strongly preferred StreetNav’s turn-by-turn routing instructions
compared to BlindSquare’s “as the crow flies,” direction and distance-style routing instructions.

In the semi-structured interview, participants were asked to elaborate on their rankings. Par-
ticipants pointed out multiple navigation gaps in BlindSquare, with P2 summarizing participants’

sentiment;:

“If you’re only getting somebody 90 percent of the way there, you're not really achiev-

ing what I would consider to be the prime functionality of the system.” —P2

In contrast, participants praised StreetNav for its precision and real-time feedback, emphasizing
the importance of granular and holistic information to support all facets of navigation. However,
participants did acknowledge occasional “glitchiness” (P7) with StreetNav, which occurred when
they moved out of the camera’s field of view or were occluded by other pedestrians or vehicles,
resulting in lost tracking. Nevertheless, participants still regarded StreetNav as a significant en-
hancement to their typical navigation experiences, expressing increased confidence in exploring

unfamiliar outdoor environments in the future.

“It would encourage me to do things that I would not usually... It would make me more

confident about going out by myself.” —P4

Participants also appreciated StreetNav’s ability to identify them in near real-time:
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“What I found very interesting about the connection part is how quickly it identifies

where I am, as soon as I waved my hand, it senses me.” —P3

Participants also provided suggestions for improving StreetNav. Some participants wanted a
hands-free version that would allow them to hold a white cane in one hand while keeping the other
free. Additionally, while they found the gesture of waving hands for connecting with the system
socially acceptable, they acknowledged that it might be perceived as somewhat awkward by others

in the street.

“[Waving a hand] may seem kind of weird to people who don’t understand what is

going on. But for me personally, I have no issue.” —P3

While the gesture-based localization was generally accurate, there were instances where other
pedestrians were incorrectly detected as the study participant. On average, the gesture-based lo-

calization worked accurately over 90% of the time.

3.4.4 How Individual Experiences Influenced Participants’ Preferences

Throughout the study, participants offered feedback based on their unique backgrounds. We
observed distinct patterns in their preferences, affected by their (i) onset of vision impairment, (ii)

level of vision impairment, and (iii) familiarity with assistive technology.

Onset of vision impairment

Participants with early onset blindness preferred nuanced, concise feedback with an emphasis
on environmental awareness. They used the system as an additional data point without complete
reliance. In contrast, participants with late onset blindness trusted the system more and relied

heavily on its feedback.

Level of vision impairment

Totally blind participants appreciated the veering feedback, while low-vision users, who had

more visual information, relied on their senses and did not need as much assistance with veering.
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Low-vision participants appreciated the street crossing feedback rather than trying to glean infor-
mation from pedestrian signals across the street. Totally blind participants relied more on listening
for parallel traffic—their usual mode of operation—and used StreetNav’s street-crossing feedback

as a confirmation.

Familiarity with assistive technology (AT)

We noticed that participants who commonly use AT for navigation quickly adapted to Street-
Nav, while those with less experience hesitated in trusting StreetNav’s feedback and had a slightly
steeper learning curve. Still, all participants mentioned feeling more comfortable with StreetNav
as the study progressed. Both groups also expressed increased confidence in exploring new areas

with StreetNav.

3.5 Discussion

Our goal with StreetNav was to explore the idea of repurposing street cameras to support pre-
cise outdoor navigation for BLV pedestrians. We reflect upon our findings to discuss how street
camera-based systems might be deployed at scale, implications of a street camera-based naviga-
tion approach for existing GPS-based navigation systems, and the affordances enabled by precise,

real-time outdoor navigation assistance.

Deploying street camera-based navigation systems at scale

StreetNav demonstrates that street cameras have the potential to be repurposed for supporting
precise outdoor navigation for BLV pedestrians. Our study results show that street camera-based
navigation systems can guide users to their destination more precisely and prevent them from
veering off course (Figure 3.11). Our results also show that street camera-based systems can
support real-time, scene-aware assistance by notifying users of nearby obstacles (Figure 3.13)
and giving information about when to cross streets ((Figure 3.14)). These benefits of a street

camera-based approach, over existing GPS-based systems, underscores the need for deploying
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such systems at scale. Although our system, StreetNav, was deployed at a single intersection, we
learned insights on potential challenges and considerations that must be addressed to deploy street
camera-based systems at scale.

Several internal and external factors need to be considered before street cameras can be effec-
tively leveraged to support blind navigation at scale. External factors, including lighting conditions
and occlusions on the street, may affect system performance. For instance, we noticed that Street-
Nav’s ability to track pedestrians was affected severely in low-light conditions (e.g., at night) and
by occlusions due to the presence of large vehicles (e.g., trucks, buses) and the installation of scaf-
foldings for construction. Such challenges affect the reliability of street camera-based systems and
may limit its operational hours. Internal factors, including the positioning of cameras, their field
of view, and variability in resolution, may affect the extent to which such systems can promise
precise navigation assistance. For instance, the visibility of the pedestrian signals from the camera
feed could affect how much such systems can assist users with crossing streets. With StreetNav,
we observed a drop in tracking accuracy as individuals and objects moved further away from the
camera.

Therefore, deploying street camera-based systems at scale would require future work to inves-
tigate the extent to which both external factors (e.g., lighting, occlusions) and internal factors (e.g.,
camera resolution) affect system performance and reliability.

To address some of the technical limitations around tracking performance and field of view
limitations, future research could explore integrating multiple cameras at various elevations and
viewing angles. Prior work on robot navigation has explored the fusion of multiple cameras to
improve tracking performance [132, 133, 134]. Future work could also explore an ecosystem
of accessible street cameras that can share information to automatically manage hand-offs across
street intersections, providing users with a seamless experience beyond a single street intersection.
Such ecosystems, which span beyond one intersection to a whole district or city, could enable
new affordances, such as automatically sensing pedestrian traffic to inform traffic signals and vice

versa.
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Implications for GPS-based navigation systems

When cameras are available, and conditions align favorably, street camera-based systems of-
fer BLV individuals a valuable source of fine-grained, high-precision information, significantly
enhancing their navigational experience and environmental awareness. These capabilities are cur-
rently beyond the reach of conventional GPS-based systems. All eight study participants unani-
mously chose StreetNav over BlindSquare as their preferred navigation system due to its precise,
scene-aware navigation assistance (Section 3.4.3). However, it’s important to acknowledge that
street camera-based systems have their own set of limitations. The widespread availability of
street cameras is not yet a reality, and ideal conditions may not always be met for their effective
use. In contrast, GPS-based systems, while lacking in precision and environmental awareness,
are universally accessible and resilient in varying conditions, including low light. A harmonious
integration of these two approaches is a promising solution. Users can tap into street-camera infor-
mation when conditions permit, seamlessly transitioning to GPS data when necessary. This can be
facilitated through sensor fusion or information hand-offs, creating a synergy that ensures a smooth
and reliable navigational experience. Future approaches could explore how these two systems can
effectively complement each other, addressing their respective limitations and enhancing overall

performance.

Affordances of precise outdoor navigation assistance for BLV people

Previous research in indoor navigation has demonstrated the advantages of accurately pinpoint-
ing users’ locations [114, 110, 113] and providing scene-aware navigational information [148,
150]. However, achieving such precision has remained a challenge in outdoor environments, pri-
marily due to the limited accuracy of GPS technology [103]. StreetNav’s approach of leveraging
existing street cameras demonstrates that precise outdoor navigation support for BLV pedestrians
is possible. Our study reveals the advantages of precise, fine-grained navigation for BLV indi-
viduals. These benefits include a substantial reduction in instances of veering and routing errors,

such as deviation from the shortest path or missing intended destinations, as well as augmented
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environmental awareness.

StreetNav offered our participants a glimpse into the potential of precise outdoor navigation.
Several participants desired even greater precision, including the ability to discern the exact number
of steps remaining before reaching a crosswalk’s curb. Future research could delve into exploring
how to best deliver such granular feedback to BLV users, alongside the necessary technological
advancements needed to achieve this level of precision. These advantages, as our findings suggest,
extend beyond merely improving navigation performance. Participants shared insights into how
precise navigation could enhance their independence when navigating outdoors. It could empower
BLYV people to venture outdoors more frequently, unlocking new travel opportunities, as exempli-

fied by P3’s newfound confidence in using public transportation with StreetNav-like systems:

“I don’t really use the city buses that much, except if I'm with somebody, but I tell you,

[StreetNav ] would make me want to get up, go outside, and walk to the bus stop.” —P3

This newfound confidence is particularly noteworthy, considering the unpredictable nature of out-
door environments. Future research could explore new affordances that street camera-based sys-

tems can enable for people, in general.

3.6 Limitations

Our work revealed valuable insights into the benefits and effectiveness of a new approach that
uses existing street cameras for outdoor navigation assistance. At the same time, we acknowledge
that our work has several limitations.

StreetNav was developed using a single street camera and tested at a single street intersec-
tion. This approach means that there might be other technical hurdles and design considerations
we didn’t encounter due to the constraints of this setup. Future research could expand upon our
design and investigate how street camera-based systems can adapt to different environments and
challenges. Furthermore, to ensure the safety of participants and to fit the user study within a 120-

minute timeframe, we designed the study routes to be less complex and dangerous. Real-world
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outdoor environments can vary significantly from one part of a city, state, or country to another.
Our study location may not fully capture the diversity of scenarios BLV individuals encounter when
navigating outdoors. Lastly, it’s important to note that our study sample consisted of only eight
BLYV individuals. While their insights are valuable, their preferences for outdoor navigation may
not represent the broader BLV community’s perspectives. StreetNav was developed in response to
the challenges identified in our formative study, but there could be additional challenges and de-
sign possibilities that we haven’t explored. Future research should consider a more extensive and
diverse participant pool to gain a more comprehensive understanding of the needs and preferences

within the BLV community.

82



Conclusion

In this thesis, I leverage advancements in the field of computer vision to develop
consolidated HCI applications that address a core element of the human experience: movement
and our ability to perceive it. Through two interconnected research projects we help BLV people
perceive sports gameplay from a third person perspective, and provide outdoor navigation
assistance that helps BLV people interpret and interact with movement from a first-person
perspective. Through these projects I demonstrate CV’s capability to enhance human experiences
related to movement.

These projects also highlight that enhancing people’s capability to move and interpret
movement amplifies their sense of agency and inspires within them new ideas for applications of
such systems. Users envisioned scenarios in which Front Row, StreetNav, and extensions of these
systems could improve their daily experiences, enhance their mobility, and increase their capacity
for exploration of both physical and digital spaces.

In Chapter 2, we presented the Front Row system for automatically generating immersive
audio representations of sports broadcast video, allowing BLV viewers to directly perceive what
is happening in a tennis match rather than rely on others’ descriptions. Our technical and user
evaluations show Front Row’s promise for making sports broadcasts accessible to BLV viewers,
providing a more accurate understanding of gameplay and the agency to interpret the game
themselves. Front Row’s video-to-audio method can be integrated as a plug-in for video
streaming platforms to make it possible for BLV people to access the vast repository of online

sports and video content across the web.
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In Chapter 3, we explored the idea of leveraging existing street cameras to support precise
outdoor navigation for BLV pedestrians. Our resulting system, StreetNav, addresses BLV people’s
challenges in outdoor navigation when using GPS-based systems. Our user evaluation revealed
StreetNav’s potential to guide users to their destination more precisely than existing GPS-based
systems. It also demonstrated its ability to offer real-time, context-aware navigation assistance,
aiding in obstacle avoidance and safe street crossings. However, we also uncovered various
considerations for street camera-based navigation systems, including challenges and opportunities
in deploying such systems at scale. These challenges pave the way for future research to enhance
the robustness and reliability of street camera-based navigation solutions. Our work highlights the
untapped potential of embedding accessibility directly into urban infrastructure by leveraging
existing resources, such as street cameras. We envision a future where such systems seamlessly
integrate into urban environments, providing BLV individuals with safe and precise navigation
capabilities, ultimately empowering them to confidently navigate their surroundings.

This thesis highlights the potential of CV-based HCI applications to enhance human
movement experiences. Our findings also reveal an exciting prospect: extending similar principles
and methodologies to other domains within artificial intelligence. Moving forward, I am keen on
exploring the usage of language models and multi-modal approaches. Adopting this ethos, I am

committed to developing innovative and inclusive Al solutions that center human experiences.
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