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ABSTRACT

Wayfinding is a critical but challenging task for people who
have low vision, a visual impairment that falls short of
blindness. Prior wayfinding systems for people with visual
impairments focused on blind people, providing only audio
and tactile feedback. Since people with low vision use their
remaining vision, we sought to determine how audio
feedback compares to visual feedback in a wayfinding task.
We developed visual and audio wayfinding guidance on
smartglasses based on de facto standard approaches for blind
and sighted people and conducted a study with 16 low vision
participants. We found that participants made fewer mistakes
and experienced lower cognitive load with visual feedback.
Moreover, participants with a full field of view completed
the wayfinding tasks faster when using visual feedback.
However, many participants preferred audio feedback
because of its shorter learning curve. Based on our findings,
we propose design guidelines for wayfinding systems for low
vision.
Author Keywords

Accessibility; augmented reality; low vision; visual
feedback; audio feedback; wayfinding.
CSS Concepts

• Human-centered computing~Mixed / augmented
reality; Accessibility technologies.
INTRODUCTION

Low vision is a visual impairment that falls short of blindness
but cannot be corrected with eyeglasses or contacts [75]. It
includes many different conditions, such as central and
peripheral vision loss, extreme light sensitivity, and blind
spots [13]. Such conditions affect the life of 1.2 billion
people worldwide [12]. One critical but challenging daily
task for people with low vision is wayfinding [47], especially
in unfamiliar environments [14, 76]. Vision loss can cause
difficulties in reading signs, orienting, and finding a route to
a destination both indoors [33] and outdoors [76]. While
some low vision people use map-based applications like
Google Maps, these applications only support outdoor
wayfinding. As a result, indoor wayfinding can be more
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challenging because there are no available applications to
support indoor environments [4, 76]. Even existing
applications for outdoor use present accessibility challenges
because they have small text and low contrast [76]. Thus,
there is a gap in tools that support low vision people in basic
wayfinding tasks.
With advances in locomotion technologies for both outdoors
(e.g., GPS [66]) and indoors (e.g., Bluetooth beacons [2, 40],
visual inertial odometry [24, 25]), many navigation systems
have been designed to support wayfinding for people who
are blind. Most systems focus on providing audio feedback,
such as turn-by-turn audio instructions [2] and spatial audio
beacons [59]. Some generate tactile feedback to indicate
direction [8, 23]. However, this prior research focused on
people with little to no vision, overlooking the fact that most
people with low vision have residual vision and extensively
use their vision during navigation [76, 89]. Besides audio and
tactile navigation systems, low vision people can potentially
benefit from visual feedback as long as it is accessibly
designed. Yet, to our knowledge, no wayfinding technology
has considered the needs of people with low vision.
To inform the design of wayfinding technology for low
vision, we aim to address a fundamental question:
What wayfinding feedback modality can best support low
vision people in a wayfinding task?
We focused on a smartglass platform given its potential in
wayfinding: Smartglasses have the capability to embed
multiple sensors to locate the user’s position (e.g., camera,
GPS) and generate immersive audio and visual feedback to
provide wayfinding guidance. Moreover, an increasing
number of smartglass products (e.g., HoloLens, Magic Leap)
foreshadow the prevalence of such devices in years to come.
To answer our research question, we designed visual and
audio wayfinding guidance methods. These methods
followed the turn-by-turn instruction approach, a commonly
used navigation instruction paradigm that requires little
cognitive load [2]. Since low vision ranges roughly between
total blindness and full sight, we developed the visual and
audio guidance based on de facto standard approaches for
blind and sighted people: our audio guidance followed the
standard turn-by-turn audio instructions for blind people,
generating spatialized speech commands at each turning

point; our visual guidance adapted a smartphone map-based
application interface to augmented reality (AR) and allowed
minor customizations based on the user’s visual ability.
Using our guidance methods, we conducted a study with 16
low vision participants, evaluating and comparing their
wayfinding experience and performance when using the
visual and audio guidance on smartglasses. We aimed to
assess the following exploratory hypotheses:
H1. Visual and audio feedback have a different effect on low
vision people’s wayfinding time.
H2. Visual and audio feedback have a different effect on low
vision people’s error rates during wayfinding.
H3. Visual and audio feedback have a different effect on low
vision people’s cognitive load during wayfinding.
H4. Visual and audio feedback have a different effect on low
vision people’s ability to build mental model of a route.
Moreover, different visual conditions are also likely to affect
people’s mobility. Vision science research has shown that
visual field loss reduces walking speed, and reduced visual
acuity hinders distance and depth perception [46]. Thus, we
also evaluated the interaction between visual condition and
feedback modality, exploring how feedback modality affects
the wayfinding of people with different visual conditions. At
the end, we also investigated how low vision people
combined the visual and audio feedback to optimize their
wayfinding experience.
Our study showed that low vision participants made fewer
mistakes and had lower cognitive load with visual feedback.
Moreover, participants with a full field of view completed
the wayfinding tasks faster when using visual feedback than
audio feedback. In terms of mental models, we found a trend
towards significance, indicating that participants might
construct better mental models when using visual feedback.
However, many participants preferred audio feedback
because of its shorter learning curve. Based on our findings,
we discuss how these two feedback modalities can be
combined and refined to improve low vision users’
wayfinding experience.
In summary, we contribute the first exploration of AR
wayfinding guidance design for low vision. Our study
revealed low vision people’s needs in wayfinding tasks and
produced design guidelines for future navigation systems.
RELATED WORK

Mobility includes wayfinding, the global problem of
planning and following a route from place to place, and safe
navigation, the local problem of taking the next step safely
without bumping into things or tripping [79]. Many
researchers have developed systems for people with visual
impairments to facilitate safe navigation, including obstacle
avoidance (e.g., [15, 83]) and stair navigation (e.g., [11, 32]).
Some specifically focused on people with low vision by
providing visual augmentations [17, 30, 41, 65, 88]. In terms
of wayfinding, many navigation systems have been designed

for people who are blind, but little attention has been paid to
low vision. Moreover, there’s no widely adopted wayfinding
aid that is equivalent to the ubiquitous white cane and guide
dog for safe navigation [47]. Our research thus focuses on
facilitating wayfinding tasks for low vision.
Wayfinding for People Who Are Blind

Several studies have explored the navigation experience of
blind people, revealing the challenges they faced, such as
route changes due to construction and weather [84], lack of
indoor navigation tools [4, 84], and unhelpful wayfinding
instructions from sighted people [85].
Many locomotion technologies have been developed to
support wayfinding. While outdoor wayfinding mainly relies
on GPS technology [50, 51], various approaches have been
studied for indoor localization [18], such as RFID tagging [3,
20], Bluetooth beacon network deployment [2, 40], position
estimation with IMU sensors [6, 19], WLAN localization
[34], ultrasound positioning [29], computer vision based
localization [52, 53], and visual inertial odometry [24, 25].
Based on these locomotion technologies, many navigation
systems have been designed for blind people, mostly
providing audio feedback. Many systems generated turn-byturn audio instructions to guide users to a destination [2, 26,
29, 62, 74]. For example, NavCog [2, 69] deployed
Bluetooth beacons and generated turn-by-turn instructions to
help blind users with indoor navigation. Some researchers
used spatialized audio to indicate the position of a destination
[39, 42, 49, 56, 67]. For example, Loomis et al. [49]
compared the spatialized and non-spatialized instructions
and found that spatialized audio outperformed other modes
and was preferred by most users. Moreover, Microsoft
Soundscape [59] allowed the user to set an audio beacon,
which generated a continuous spatialized clicking sound in
the direction of the destination for a user to follow. Some
systems have also provided audio information about nearby
landmarks to help blind users locate their current position [9,
38, 48, 61] and navigate in a large open area [22, 68].
Additionally, some research has explored tactile wayfinding
guidance [8, 16, 23, 57, 78]. For example, Flores et al. [23]
built a belt system with eight vibration motors around a
user’s waist, which provided directional instructions by
vibrating the motor at the corresponding direction. Besides
vibrotactile feedback, some researchers also designed robots
that led blind users to a destination [27, 44, 77].
This prior work on wayfinding systems has focused on
people with little to no vision, providing only audio and
tactile feedback. Little research has taken into account the
needs of people with low vision who have residual vision.
Wayfinding for People with Low Vision

Some research has explored the challenges that low vision
people faced in wayfinding [45, 55, 70, 80]. For example,
Smith et al. [70] conducted surveys with 78 orientation and
mobility specialist and low vision client pairs, identifying
changes in the environment as one of the top five difficulties

in mobility. In the HCI field, Szpiro et al. [76] observed 14
low vision participants who navigated to a nearby pharmacy
and looked for a specific product. They found that low vision
people extensively used their vision but encountered severe
difficulties in both indoor and outdoor wayfinding.
Few wayfinding systems have been designed for people with
low vision. Stent et al. designed iWalk [73], a smartphone
navigation application that provided real-time turn-by-turn
instructions with speech and high-contrast text. Jones and
Troscianko [37] built the Bristol Mobility Aid, a headmounted display system that segmented natural scenes into
regions according to different types of objects and painted
them into corresponding colors to help low vision people
recognize objects. They evaluated the system in a
wayfinding task, but did not find significant improvement in
users’ performance compared to their typical navigation
method. Huang et al. [33] also designed a sign recognition
system, which recognized text in the environment and
visually enhanced it on a HoloLens device to facilitate indoor
wayfinding for people with low vision. Twenty-four sighted
participants with simulated low vision evaluated the system;
while indicating that the system was helpful, participants
walked more slowly when using the sign reading application.
To our knowledge, no research has thoroughly explored the
design of visual wayfinding guidance on smartglasses for
low vision. Moreover, no work has compared visual and
audio wayfinding guidance for low vision users.
Wayfinding for People Who Are Sighted

Since low vision people have residual vision and may benefit
from visual wayfinding tools designed for sighted people, we
review technologies designed for sighted people as well.
Map-based smartphone applications, such as Google Maps
[28] and Apple Maps [54], have been widely used for both
car and pedestrian navigation. With a map image presented
on the phone screen, these applications highlight the path to
follow, indicate the next turning action with arrows and
distance to the next turning point with text at the top of the
screen, and provide turn-by-turn spoken directions.
ID
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
P15
P16

Age/
Sex
68/F
82/M
71/F
50/M
68/F
64/F
54/F
65/M
56/M
49/M
71/M
27/F
45/F
48/M
47/M
58/M

Diagnosis
Doyne Honeycomb Retinal Dystrophy
Albinism
Diabetic Retinopathy;
Retinitis Pigmentosa
Fuch’s Dystrophy
Retinitis Pigmentosa
Stargardt’s Disease
Glaucoma
Stargardt’s Disease
Stargardt’s Disease
Myopic Choroidal Neovascularization
Albinism
Optic Neuritis Multiple Sclerosis
Brain Tumor/Glioma
Retinitis Pigmentosa
Cone Dystrophy

Visual acuity
(right eye)
20/450
20/400
>20/4000
20/100
20/100
20/100
20/1000
>20/4000
20/200
20/200
20/140
20/100
20/400
20/200
>20/4000
20/200

As opposed to 2D map-based applications on smartphones,
AR systems can incorporate the wayfinding guidance into
the physical environment, reducing gaze switch and
cognitive load [60]. Some AR navigation systems have been
developed to facilitate wayfinding (e.g., [21, 31, 60, 63]). For
example, Höllerer et al. [31] created a mobile augmented
reality system (MARS) with a head-mounted see-through
display. One use case for MARS is outdoor navigation: the
system presented a pipe-like virtual path registered to the
physical environment to guide the user, and highlighted
points of interest with virtual text and flags. Narzt et al. [60]
also proposed a conceptual AR navigation design for cars,
where a semi-transparent virtual path would be displayed on
the windshield; however, their prototype was implemented
on a personal digital assistant and not an actual windshield.
Recently, Google Maps also announced an AR mode [35],
which guides a user by adding arrows and directions on the
live view of the real world. While these AR systems have
been shown to be effective for sighted people, no research
has investigated their usability for people with low vision.
METHOD

We conducted a controlled experiment with 16 low vision
participants to compare the effectiveness of visual and audio
wayfinding guidance on Microsoft HoloLens v1. We chose
the HoloLens because of its relatively large FOV (30° wide
× 17° high), binocular displays (many low vision people only
have vision in one eye), ability to be worn with eyeglasses,
and its spatial audio support. To measure wayfinding
performance, we computed participants’ navigation time,
error rates, cognitive load, and mental map development.
Participants

We recruited 16 participants (7 female, 9 male), whose ages
ranged from 27 to 82 (mean=56, SD=13). We targeted
participants with a wide range of visual conditions (Table 1)
to explore how feedback modalities affect wayfinding
performance of people with different visual abilities.
Fourteen participants except for P11 and P12 were legally
blind, meaning that either (1) their best-corrected visual
acuity in their better eye was 20/200 or worse, or (2) their
Visual acuity
(left eye)
20/140
20/400
20/600
>20/4000
Blind
>20/4000
20/1000
20/400
20/400
20/200
20/140
20/100
20/2000
20/200
20/400
20/400

Visual acuity
(both eyes)
20/400
20/400
20/600
20/100
20/100
20/100
20/600
20/400
20/200
20/200
20/140
20/100
20/140
20/200
20/400
20/200

Table 1. Participant demographic information.

Field of View (FOV)
Full
Full
Full on left eye
Constricted in all fields
Full on right eye
Constricted in all fields
Full
Constricted in all fields
Full
Full
Full
Full
Constricted in most fields
Inferior nasal constriction
Constricted in all fields
Full

Cane
Use
Î
Î
P
Î
Î
P
Î
P
Î
Î
Î
Î
P
Î
P
P

Figure 1. The visual wayfinding guidance: (A) Path (B) Path with the Floating Window (C) Path with Anchored Signs, including
some Distance Signs and an Action Sign (D) an Action Sign.

visual field was 20 degrees or narrower. Six participants had
a cane but only five of them used it in the study (P13 did not
use her cane). We recruited participants via Facebook
groups, email lists, and non-profit organizations. We
regarded a participant to be eligible if (1) she used her
residual vision (e.g., she used a magnifier to read text) in
daily tasks, and (2) had not been to our study environment in
at least 5 months to ensure the environment was unfamiliar.
Participants were briefly screened by phone to ensure they
met these criteria.
Design of AR Wayfinding Guidance

We designed audio and visual wayfinding guidance based on
de facto standard approaches for blind and sighted people. In
this project, we did not include tactile feedback due to its
limited information bandwidth (e.g., it’s difficult to represent
distance) and the need for specialized devices (e.g., a tactile
belt [23]).
Our designs focused on the turn-by-turn navigation paradigm
since it is commonly used (e.g., Google Maps) and requires
little cognitive load of simultaneously sensing, localizing,
and planning [2]. Typical turn-by-turn navigation provides
three types of information [2]: (1) Distance to turn: a user’s
distance to the next decision point (i.e., points where the user
should change her direction [10] or floor level [2]); (2) Turn
action: the action that the user should perform at a decision
point, including turning and transit instructions (e.g.,
up/down stairs); and (3) Destination: arrival at a destination.
We provided this information in our wayfinding guidance.
Audio Wayfinding Guidance

Since studies show that spatialized audio can enhance a
user’s navigation [56], we generated the turn-by-turn
instructions with spatialized audio.. Given that the audio at a
distance could be too low to be heard clearly, our spatialized
audio only presented the direction of the audio source but
kept the distance at one meter. Our audio guidance included:
Distance Announcements. Every 10 feet, the system verbally
announced the user’s distance to the next decision point: “30
feet, 20 feet...” We spatialized the audio so that it sounded
like it was coming from the direction of the decision point.
Action Instructions. When the user approached a decision
point, the system verbally announced the turning instruction
(e.g., “turn left”). The audio was triggered when the user was
2 meters from the decision point. If the turning angle was
smaller than 30 degrees, the guidance indicated it by

announcing “slightly turn left (or right).” Once the user
turned to the correct direction, we confirmed it by
announcing a summary of the instructions to the next
decision point: “Go forward [distance to the next decision
point] feet then [the action at the next decision point].” The
audio was spatialized by playing from the direction of the
next decision point.
Destination Description. When the user reached the
destination, the system notified her by announcing the
relative position of the destination from her, for example,
“Arrived at destination. The destination is on the left.” The
audio played from the direction of the exact destination (e.g.,
the room the user is looking for).
Visual Wayfinding Guidance

We designed the visual wayfinding guidance by adapting the
standard visual interface of iOS Google Maps [28] to AR.
We also adapted our design based on the limited field of view
(FOV) of the HoloLens. Our visual guidance included:
Path. Similar with the highlighted route in Google Maps, we
generated a virtual path along a specific route, so that the user
can simply follow the virtual path to her destination (Figure
1A). Because of the HoloLens’ limited vertical FOV,
generating the virtual path on the ground level as in Narzt et
al. [60] would force the user to look down, hindering her
ability to see the surroundings. Thus, we raised the virtual
path to the user’s eye level (with the height configured per
user during the session), so that the virtual path was within
view when looking straight ahead. The virtual path was
rendered in bright yellow to generate high luminance
contrast for low vision users [90].
Action & Distance Visualizations. Similar to iOS Google
Maps, we visualized the action instructions with icons (e.g.,
a turn left arrow means to turn left) and the distance with
numbers in feet. We rendered the information in green to
differentiate it from the Path, as shown in Figure 1B-1C. A
prior study shown that, besides yellow, green is another color
that is easy to perceive by low vision people on smartglasses
[90]. We created two different options for displaying the
action and distance information, so that we could support
participants’ individual visual abilities:
• Floating Window. The action icon and the distance
indication were attached to the front of the user’s eyes at a
two-meter distance like a floating window (Figure 1B).
The distance updated at each foot. Since the floating

window moved with the user’s head, we displayed it over
a black background to ensure the user could still read the
text when it overlapped with the Path. We anticipated that
this design would be helpful for people with a limited FOV
since they would not need to scan the area to locate this
information.
• Anchored Signs. For users who have a relatively wide FOV
and do not want the virtual information to block their
vision, we anchored the action icon and distance to the side
of the Path, like a street sign (Figure 1C). We refer to the
anchored distance information as Distance Sign, and refer
to the anchored action icon as Action Sign. We placed a
Distance Sign every 10 feet (Figure 1C) and the Action
Sign at each decision point (Figure 1D). The signs were
placed at the same height as the Path and were thus at eye
level. We displayed the signs over a black background so
that they would not distort other signs when they
overlapped.
Destination Star. We used a yellow star to indicate the exact
position of the destination, large enough to be noticed from
a distance (Figure 2A). Because of the HoloLens’ limited
FOV, the star was sometimes not visible on screen when the
user was close to the destination. Thus, we designed a
Destination Indicator (Figure 2C), a yellow glow placed at
the side of the display closest to the destination, indicating
the direction of the star. For example, if the star was on the
user’s left (Figure 2B), the glow appeared on the left side of
the screen (Figure 2C).

task, participants need to monitor a series of stimuli and
respond whenever the current stimulus matches the one that
was presented N steps before in the series.
In this study, we designed a tactile version of the N-back task
[42] to avoid conflicts with the visual and audio guidance.
We designed three vibration patterns as the stimuli: (1) a long
vibration that lasted 1 second; (2) two 400-millisecond
vibrations separated by a 200-millisecond break; (3) three
250-millisecond vibrations separated by a 125-millisecond
break. The length of each vibration stimulus was 1 second.
We implemented the secondary task on a smartwatch. In
each trial, we generated a series of vibration stimuli with a
three-second break between each stimulus. Each stimulus
was randomly selected from the three vibration patterns we
designed. Participants were instructed to tap on the
smartwatch screen whenever the current vibration pattern
matched the prior one (i.e., a 1-back task). Participants
needed to react within the three-second break before the next
stimulus happened. We recorded the numbers of correct hits,
missed hits, false alarms, and correct rejections for each task.
Apparatus

Our study was conducted in a well-lit indoor environment.
We conducted the study indoors because of the limited
usability of current smartglasses outdoors, such as the low
visibility of the virtual elements. We used one whole floor
(160,000 square feet) of our university campus building as
our study environment, planning eight routes (Figure 3). All
routes were approximately 170 feet with four turns. Thus, we
considered the routes to be the same according to Ishikawa
et al. [36]. We used blue stickers to label the start point of
each route. We also set up a training area with two routes
that wound around tables in an empty area. Each tutorial
route was 80 feet long with three turns, as seen in the top
right of Figure 3.

Figure 2. (A) An overview with the Path, Anchored Signs, and
Destination Star; (B) a Destination Star on the left side of the
Path; (C) Destination Indicator.

Customization. Since low vision includes a variety of visual
conditions, such as low visual acuity and limited FOV, it was
necessary to allow basic customizations to ensure that each
low vision user is able to see the visual feedback. The
customizations included: (1) Selecting either the Floating
Window and the Anchored Signs for the action & distance
visualization; (2) Adjusting the height of the Path (the height
of the Anchored Signs will be adjusted accordingly); (3)
Adjusting the size of the action and distance visualizations.
Secondary Task

Distractions in real-world navigation tasks are inevitable. For
example, people may need to recall directions, look for
landmarks, and talk to others [42]. All these tasks require
cognitive capacity. We thus introduced a secondary task to
simulate such distractions. We used an N-back task, a widely
used measure of working memory [58] that is often used as
a secondary task to induce cognitive load [42]. In an N-back

Figure 3. Eight routes in the study environment. Each route is
170 feet with four turns.

We built our prototype on Microsoft HoloLens v1. We used
the HoloLens’ spatial mapping API [71] for locomotion,
which has a ~6mm mean drift in a well-lit indoor space [82].
We scanned the whole floor so that the HoloLens could
recognize users’ current position by mapping the current
scene with the scanned environment. We set up World
Anchors [81] for the start, decision, and destination point of
each pre-planned route to locate the user’s position on the
route, thus generating corresponding wayfinding guidance.

For audio guidance, we generated spatial audio with the MS
HRTF spatializer plugin [72]. We built the prototype with
Unity 2017.4. We generated both visual and audio feedback
on the HoloLens to ensure platform consistency.
We built the secondary task on a Motorola 360 smartwatch.
We also implemented a smartphone application to control the
wayfinding application and the secondary task, switching
between the audio and visual guidance, customizing the
visual guidance for each participant, and toggling on and off
the secondary task on the smartwatch. The phone application
communicated with the HoloLens via TCP and
communicated with the smartwatch via Bluetooth.
Procedure

The study consisted of a single session that lasted 2 to 3
hours. We started the study with a structured interview,
where we asked participants about their demographics,
visual condition, and technology use for wayfinding. A
licensed optometrist then conducted a confrontation visual
field test and a Snellen visual acuity test to determine the
participant’s visual ability. We then asked participants to put
on the HoloLens and walk around with it, making sure they
were comfortable with it. No participants felt that the
HoloLens restricted their visual experience. The remaining
protocol consisted of a secondary task training period,
wayfinding tasks, and a follow-up interview.
Secondary task training. We introduced the N-back task
and asked participants to practice it. Each practice phase
lasted 30 seconds while we monitored participants’
performance. Participants had to continue practicing until
they achieved at least 80% accuracy in a practice phase.
Wayfinding. Once the participants were familiar with the Nback task, participants completed wayfinding tasks in each
of four conditions: (1) visual guidance without the secondary
task; (2) visual guidance with the secondary task; (3) audio
guidance without the secondary task; (4) audio guidance with
the secondary task; counterbalancing is described below.
Two wayfinding tasks were completed for each condition.
For each guidance modality (visual or audio), we first
conducted a tutorial phase for the corresponding modality in
the training area in Figure 3. We introduced the wayfinding
guidance to the participants and asked them to practice on
the two tutorial routes. For the visual guidance, we allowed
participants to customize the feedback based on their visual
abilities (as described in the Customization section under
Visual Wayfinding Guidance) during the practice process.
When participants felt familiar enough with the wayfinding
guidance, we asked them to practice the wayfinding tasks
under distraction (i.e., the secondary task). They practiced
with the wayfinding guidance until they felt comfortable
enough to conduct the formal tasks.
Following the tutorial for a given modality, participants
completed four wayfinding tasks with that modality: two
trials with distraction, and two trials without distraction. For
each trial, participants stood at the start point of a route and

the researcher announced a destination, such as “you will
need to find the restroom.” Participants were instructed to
follow the wayfinding guidance to arrive at their destination
as quickly as possible with their typical walking speed.
Participants began walking when the researcher said “Start,”
and were asked to immediately announce “I’m done” when
they had arrived at their destination. If the participant took a
wrong turn, we immediately notified them and brought them
back to the place where they had made the wrong decision.
We recorded participants’ time and turn errors.
For the wayfinding task with distraction, participants were
given the same instructions but were also asked to do the
secondary task at the same time. If they could not complete
the two tasks at the same time, we asked them to prioritize
the wayfinding task. We recorded participants’ wayfinding
time, errors made, and secondary task performance.
After each trial, we asked participants to assess their
recollection of the route. They gave a score from 1 to 7,
where 1 meant not remembering anything about the route,
while 7 meant remembering the route clearly. We then gave
them a paper and a marker, asking them to sketch a map of
the route as accurately as possible. We told them to draw the
map as if they were giving directions to a person who was
not familiar with the area. They could draw anything that
would be helpful, such as objects or other route features. We
used map sketching to evaluate participants’ mental model
since it measured both their perception of topology and
estimation of distance for a route [36].
We counterbalanced the four wayfinding conditions using a
Latin Square as shown in Table 2. This method enabled us to
conduct just one tutorial for each modality because
conditions with the same guidance modality immediately
followed one another. Participants conducted eight
wayfinding trials in total (two for each condition). The eight
routes (Figure 3) were randomly paired with the eight trials
for each participant, such that the participant would not walk
on the same route in more than one trial.
Follow-up interview. We ended the study with an interview,
asking participants about their experiences with the different
feedback, potential improvements for each guidance design,
and which modality was preferred. Participants gave scores
for the effectiveness and distraction for each modality from
1 to 7, where 7 means strongly effective or strongly
distracting and 1 means the opposite. Finally, we asked
whether they wanted to combine the visual and audio
feedback, and how they would combine the different visual
and audio features to optimize their wayfinding experience.
1
2
3
4

V
V+S
A
A+S

V+S
V
A+S
A

A
A+S
V
V+S

A+S
A
V+S
V

Table 2. The Latin Square used to counterbalance the four
wayfinding conditions. V represents visual guidance, A
represents audio guidance, and S represents secondary task.

Analysis

In this section, we define the factors and measures. We also
validate counterbalancing to remove the Order factor from
the analysis in the Results section. For normally distributed
measures, we used ANOVA to check for order effects, and
used simpler but equivalent paired t-tests for analysis after
removing Order. For non-normally distributed measures, we
used the Aligned Rank Transform for nonparametric
factorial ANOVAs (ART) [86] to check for order effects, and
used Wilcoxon signed-rank tests after removing Order.
Wayfinding Performance. We analyzed the impact of visual
and audio guidance on participants’ wayfinding
performance. We defined a Trial (1-8) as one wayfinding
task. We have one within-subject factor, Modality (Visual,
Audio), and two measures, WayfindingTime and
WayfindingErrorRate.
To validate counterbalancing, we added another betweensubject factor, Order (two levels, Visual-Audio, AudioVisual), into our model. We used ANOVA to model the
impact of Modality on WayfindingTime, and found no
significant effect of Order on the wayfinding time (F1,12=.31,
p=.591) and no significant effect of the interaction between
Order and Modality on the wayfinding time (F1,12=2.119,
p=.171). Since the error rate was not normally distributed,
we used ART analysis to model the impact of Modality on
WayfindingErrorRate, and found no significant effect of
Order on the error rate (F1,14=.20, p=.664) and no significant
effect of the interaction between Order and Modality on the
error rate (F1,46=.20, p=.660).
To explore the effect of visual ability on users’ experience
with different feedback modalities, we involved visual acuity
and FOV as two between-subject factors, VisualAcuity and
VisualField, VisualAcuity has two levels (Low, High) with
20/200 as the threshold: a person whose visual acuity is
better than 20/200 has mild or moderate low vision, while
worse than 20/200 has severe or profound low vision [5].
VisualField also has two levels (Full, Limited) based on
whether a person has at least one eye with full FOV. Since
the visual contents on HoloLens’ two displays are mostly the
same, we assume participants who have at least one eye with
full FOV can see all contents on the HoloLens without
scanning around. We used a mixed ANOVA to analyze the
interactions between visual conditions and Modality, then
conducted post hoc paired t-tests with Bonferroni Correction
[7] to analyze the effect of Modality on the wayfinding time
of people with different visual conditions.
Cognitive Load. We evaluated the cognitive load of each
guidance modality by analyzing participants’ secondary task
performance during wayfinding. To remove the confounding
effect caused by correct rejection (correction rejection could
happen when participants stopped conducting the secondary
task), we analyzed the hit accuracy (i.e., the percentage of
correct hits among all desired hits) and the false alarm rate
(i.e., the percentage of wrong hits among all desired rejection
times) instead of the general accuracy. In our study, no

participants achieved a 100% hit accuracy when conducting
the N-back task during wayfinding, which indicated that
participants’ cognitive capacity was fully occupied by this
task, confirming the validity of this method.
We had one factor, Modality (Visual, Audio), and two
measures, HitAccuracy and FalseAlarmRate. To validate
counterbalancing, we added a between-subject factor, Order,
into our model. With an ART analysis, we found no
significant effect of Order on HitAccuracy (F1,14=.25, p=.63)
and FalseAlarmRate (F1,14=.92, p=.353), and no significant
effect of the interaction between Order and Modality on
HitAccuracy (F1,46=.99, p=.324) and FalseAlarmRate
(F1,46=2.95, p=.093).
Mental Map. We graded participants’ sketched maps to
evaluate their mental map of a route after one navigation. We
graded the mental map based on (1) the correctness of turns:
the number of correct turns minus the number of incorrect
extra turns and the number of omitted turns (we ignored the
turn angles), and (2) the accuracy of the route segment
lengths: the number of adjacent segments that have the
correct relative length relationship (i.e., larger than or
smaller than), following the method in Aginsky et al. [1].
We had one factor, Modality (Visual, Audio), and two
measures, TurnCorrectness and LengthAccuracy. To
validate counterbalancing, we added a between-subject
factor, Order. With an ART analysis, we found no significant
effect of Order on TurnCorrectness (F1,14=1.52, p=.238) and
LengthAccuracy (F1,14=.001, p=.972), and no significant
effect of the interaction between Order and Modality on
TurnCorrectness (F1,46=.31, p=.580) and LengthAccuracy
(F1,46=.29, p=.592).
RESULTS

We report participants’ wayfinding performance, cognitive
load, mental map development, and learning curve when
using the visual and audio feedback. We also report
preferences for feedback modality and design of the
wayfinding guidance on HoloLens.
Wayfinding Time

We compared the effect of visual and audio guidance on
participants’ wayfinding time. With a mixed ANOVA, we
found no significant effect of Modality on wayfinding time
(F1,12=.69, p=.423). We also did not find a significant effect
of VisualAcuity (F1,12=2.15, p=.168) or the interaction
between VisualAcuity and Modality (F1,12=.66, p=.432).
Interestingly, however, we found a significant effect of
interaction between Modality and VisualField on wayfinding
time (F1,12=6.85, p=.023). We further investigated the
interaction between the feedback modality and participants’
FOV. With a post hoc paired t-test, we found that participants
who have at least one eye with full FOV completed the
wayfinding tasks significantly faster when using visual
feedback than audio feedback (t9=-2.98, p=.015<.025 with
Bonferroni Correction). While audio guidance provided
instructions for just the current step, participants had an

overview of future directions with the visual feedback, which
helped them better plan their navigation. As P1 indicated,
“It’s a preparation and sort of giving me an ability to plan
and strategize [my way].”
However, for participants with constricted FOV in both eyes,
there was no significant difference in wayfinding time
between the visual and audio guidance (t5=1.39, p=.223). We
found that the constricted FOV strongly hindered some
participants from perceiving the shape of the virtual Path and
determining the turn directions. When using the Path, P4 and
P8, who both had tunnel vision, stopped at each turn, walked
backward several steps, and scanned around to determine the
turning direction, which substantially increased their
navigation time. While having difficulty perceiving the turns
of the Path, some participants with constricted FOV (P6,
P15) were able to benefit from the information on the
Floating Window and complete the wayfinding task faster
than using audio feedback. We return to the benefits of the
Floating Window in the Preferences section.
Error Rate in Wayfinding

Using the paired Wilcoxon signed-rank tests, we found that
participants made significantly fewer errors with the visual
guidance when walking under distraction (V=28, p=.015). In
the condition of walking without distraction, there’s also a
considerable trend towards significance when evaluating the
effect of Modality on the error rate (V=10, p=.089). When
using the visual feedback, no participants made any errors.
However, when using the audio feedback, four participants
made errors when navigating without distraction and seven
participants made errors when navigating with distraction.
We observed participants’ wayfinding processes and
summarize three types of errors they made: (1) Turning at
the wrong crossing when there are two crossings close to
each other. For example, on route R5 (I-J), P1 turned at the
path to point F instead of to J (Figure 3) because these two
paths were close, and the audio instruction was not precise
enough for them to determine which turn they should take.
Participants suggested that the audio feedback should
announce the specific turn if two turns are close. (2) Not
trusting the audio instruction but relying on their own visual
judgement. When approaching the last turn on route R1 (AB, the last route segment was a narrow pathway with glass
walls on the side), P9 heard the audio instruction to turn right,
but did not trust it because he thought it was blocked by the
glass walls. “It says turn right, but there was a glass wall.
This [pathway] to me is also like a glass. I didn’t trust it.
That’s why I liked the visual [feedback]” (P9). (3) Veering
off the route. For example, P6 had tunnel vision and always
veered off the route in an open area (e.g., the area around
point M in Figure 3), which made her miss the next decision
point. Compared with the audio guidance, the Path provided
more precise and consistent feedback, helping participants
go straight along the route and turn at the exact position. As
P6 said, “I’m consistently looking at the Path because it kept
you straight versus walking over here, walking over there.”

Cognitive Load

We explored the cognitive load of the wayfinding guidance
via participants’ performance on the N-back task. Paired
Wilcoxon signed-rank tests showed that, while there’s no
significant effect of Modality on the false alarm rate (V=64,
p=.860), participants had a significantly higher hit accuracy
when using the visual guidance as opposed to the audio
guidance (V=24, p=.044). This indicated a lower cognitive
load from visual feedback, which enabled the participants to
focus more on the secondary task during the navigation.
In terms of the subjective experiences, most participants felt
the audio feedback was more distracting. The consistency of
the visual feedback gave them the freedom to arrange their
attention between the wayfinding and the secondary task. In
contrast, audio feedback only happened at specific locations,
which required participants’ full attention to wait for its
occurrence. When using audio feedback, P16 even changed
his cane strategy from extending it forward to sweeping it on
the floor. As P16 explained, “The visual allowed me to
choose when I needed it, when I saw the number [on the
Floating Window] is big, I focused on the [secondary
task]…The audio made me unable to do anything else
because I was waiting, this is why the cane moved more
when I used audio.” Participants suggested adding a repeat
function or an audio alert (e.g., “approaching”, P9) at several
feet before the decision point, so that they would not worry
about missing the audio instructions.
However, four participants (P2, P8, P11, P13) felt the visual
feedback was more distracting since they had to spend more
effort perceiving and understanding the visual content as
opposed to simply following the audio instructions. They felt
that they “didn’t need to think where to go” (P8) when using
the audio feedback. Participants gave subjective scores for
the distraction of visual (mean=2.9, SD=1.84) and audio
(mean=3.2, SD=2.2) feedback. A paired Wilcoxon signedrank test showed no significant difference between the
distraction of the two modalities (V=41.5, p=.875).
Mental Map

Visual guidance may help participants develop a more
accurate mental model after a single navigation. With paired
Wilcoxon signed-rank tests, while there is no significant
difference in the correctness of turns between the two
modalities (V=42, p=.445), we found a trend towards
significance for the effect of Modality on route length
accuracy (V=104.5, p=.061). This indicated that the visual
feedback may have enhanced participants’ ability to estimate
the route length as opposed to using the audio feedback.
More work may be needed to confirm this finding.
Eleven participants felt that the visual feedback helped with
their development of the mental map. The visual feedback
guided them to use their vision, helping them see more
landmarks and obstacles in the environment. For example,
P12 used different strategies to create mental maps when
using the visual versus audio feedback. When listening to the
audio feedback, she tried to memorize the path by repeating

Figure 4. Sketched maps from P12: (A) a map with multiple
landmarks when using visual feedback; (B) a map with
numeric distance when using audio feedback.

the instructions aloud, “I did it to help myself remember, but
I don’t think this is a good strategy to memorize the path.”
However, when she used the visual guidance, she looked
around the environment and drew landmarks on her sketched
maps (Figure 4).
Learning Curve

We conducted an exploratory analysis on participants’
training time for both feedback modalities to evaluate the
feedback’s learning curve. We found that many participants
spent more time learning and understanding the visual
guidance than the audio guidance. A paired t-test showed that
participants spent significantly more time in the visual
feedback training than the audio feedback training (t15=-3.65,
p=.002). Moreover, the training time for visual feedback
fluctuated substantially (ranged from 3 to 43 minutes) due to
participants’ different visual abilities, while the training time
for audio guidance was stable (ranged from 1 to 6 minutes).
Preferences

We report participants’ design and modality preferences for
wayfinding guidance on the HoloLens.
Visual vs. Audio. Participants’ preferences for feedback
modality were mixed. Participants gave scores for the
effectiveness of the visual (mean=6.0, SD=1.21) and audio
(mean=5.6, SD=1.67) feedback. A paired Wilcoxon signedrank test showed no significant effect of Modality on the
subjective scores (V=48, p=.500).
Nine participants preferred visual feedback because of its
consistency, ability to provide a preview of the path, and help
in building a mental map, as reported in prior sections.
Meanwhile, seven participants preferred audio because it
was intuitive and easy to learn (see the Learning Curve
section). Moreover, HoloLens’ small FOV increased the
difficulty of using visual guidance, especially for those with
a limited FOV. With the small display, participants
sometimes lost track of the visual guidance. As P11 said,
“[With] the visual feedback, I sometimes feel like that my
head has to be in a certain way or my vision has to be looking
at some place. If not, it would disappear.” Except for P6, who
veered with the audio feedback, all participants with severe
FOV constriction preferred the audio feedback.
Floating Window vs. Anchored Signs. Participants’
preferences for the visualizations of distance and direction
information varied. Nine participants chose the Anchored
Signs because they were immersed with the Path and it

enhanced their depth perception on the next turning point.
P12 compared his depth perception when using the Floating
Window versus the Anchored Signs, “When I see the
anchored signs, I think I can see the depth better…It’s sort of
similar to the environment that you’re in. My brain does not
understand how to turn the number [on the Floating
Window] into an estimate of distance the way I can when I’m
looking at the [anchored] signs as they get further away.”
Nevertheless, seven participants preferred the Floating
Window because the distance updated every foot, providing
real-time information and making them feel secure. As P7
mentioned, “I could see the movement [of the distance
updating]. It really gives you a real time [update]. That’s
more specific. The faster I walked the faster it counted. So
when I see it doing this, once it got to the single digits, I knew
to slow down.” Some participants (e.g., P6, P13) with limited
FOV also chose the Floating Window because it followed
their head movement. With the Floating Window, they did
not need to scan around to look for the virtual information as
they did with the Anchored Signs. However, the Floating
Window also blocked some participants’ vision and
distracted them from seeing the surrounding (e.g., P9, P12).
Combinations. All participants wanted to combine the visual
and audio feedback to optimize their wayfinding experience.
Figure 5 showed the distribution of participants’ preferred
guidance modality. Most participants wanted to combine
both visual and audio feedback for the action instructions at
the decision points and destination points. Since these were
the key points for the wayfinding tasks, participants wanted
the multi-modal feedback for triangulation.
Interestingly, we found that more participants preferred
visual distance information (12 participants) as opposed to
the verbal distance countdown (6 participants). This suggests
that participants could better perceive length information
with the visual feedback (including the Path) compared to
estimating distance with the verbally reported number. This
finding that is in line with visual feedback resulting in more
accurate route lengths (see the Mental Map section).

Figure 5. The distribution of participants’ preferred guidance
modality for four information categories: Overview, Action,
Distance, and Destination. The blue bars represent the number
of participants who selected the visual modality, while the
orange bars represent the audio modality.
DISCUSSION

Our study validated three out of four of our hypotheses: we
found that participants made fewer mistakes (H2) and had

lower cognitive load (H3) when using visual feedback. We
also found a trend towards significance indicating that visual
feedback might enhance participants’ ability to build a
mental model of a route (H4). While there’s no significant
effect of modality on wayfinding time, we found that
participants with full FOV in at least one eye completed the
wayfinding task faster when using the visual feedback than
the audio feedback (H1). However, the visual feedback had
a higher learning curve than the audio feedback, which
strongly affected participants’ preferences. While
participants’ preferences for modality varied, all wanted a
combination of audio and visual wayfinding features to
optimize their wayfinding experience.
Our study demonstrated the potential of visual feedback in
wayfinding tasks for low vision. However, our visual
feedback, which was based on a design for sighted people,
presented several challenges that were apparent from
observing and talking to our participants. Based on these
challenges, we distill guidelines for the design of wayfinding
guidance for low vision.
Visualizing Depth. One major difficulty encountered by our
participants was perceiving the position of the turns in the
Path. Many low vision people rely on monocular cues rather
than binocular cues to perceive depth information, especially
those who have a large disparity in visual acuity between
their eyes. However, HoloLens relies on the binocular
displays to generate a stereoscopic view [43], which
hindered many participants from perceiving the 3D virtual
elements. In our study, seven participants had difficulty
perceiving the depth of the Path, and thus required more time
to learn the visual feedback. Interestingly, we found that the
Anchored Signs enhanced participants’ depth perception
since the Signs presented monocular cues, such as occlusion
(i.e., the occlusion between two Signs) and relative size (i.e.,
the size of the Sign increased when the user approached it).
Considering the lack of binocular vision for many low vision
people, visual design on smartglasses should involve more
monocular cues to indicate depth.
World Registration vs. Head Attachment. While the worldregistered virtual elements could provide an immersive AR
experience, they could be challenging for low vision people
to locate, especially for those with limited FOV. The
HoloLens’ small display magnified this difficulty. The
world-registered elements (e.g., the Anchored Signs)
involved an extra visual search task for some low vision
participants, largely increasing their wayfinding time. In
contrast, the Floating Window was easier for most
participants with limited FOV since its placement was
consistently in front of their eyes. Thus, instead of focusing
on creating immersive experience, designers should also take
into account the head-attached design to reduce the workload
of a visual search. Moreover, visual cues [87] could be
designed to help low vision users locate specific worldregistered content more easily.

Multimodal Information. All participants wanted to
combine the audio and visual feedback. To improve the
audio feedback, some participants suggested incorporating
visual landmark information to the audio instructions, such
as “Now walk until you get to the kitchen” (P16). While prior
research has investigated landmark-based wayfinding
instructions for sighted people [64], this type of wayfinding
can also benefit people with low vision. Future designs
should consider how to combine different types of
information and feedback modalities to optimize users’
navigation experience.
While our study focused on a basic wayfinding task in a welllit indoor environment, it opened up many research
opportunities, such as exploring landmark design for low
vision and evaluating wayfinding guidance in more complex
environments (e.g., outdoors). We plan to investigate these
research topics with our current study as a foundation.
Our study had some limitations. First, since our study
focused on evaluating the feedback in itself, we did not allow
users to control the feedback during a wayfinding task, such
as replaying an audio instruction, or adjusting the visual
feedback at specific places (e.g., a very bright place by a
window). However, being able to control and adjust the
feedback could strongly affect the users’ experience. It is
important to include feedback control in future studies.
Besides feedback control, we plan to also implement other
interactions, such as specifying a destination and correcting
a wrong turn, to build a fully functional system in the future.
Second, besides the methods use in our study, there are other
options to evaluate users’ wayfinding performance. For
example, the NASA-TLX questionnaire can be used to
evaluate people’s subjective cognitive load. In addition,
participants could be asked to point to a route’s start point or
other locations to evaluate her mental model of the route.
Last, compared to the audio guidance, the visual guidance
was more novel for most participants, which may have led to
both a novelty effect and unfair comparison. Some
participants may have preferred audio feedback because it
was more familiar. A long-term study is needed to fully
investigate these issues.
CONCLUSION

We explored the design of wayfinding guidance on
smartglasses for low vision by comparing the de facto
standard visual and audio guidance. With a user study with
16 low vision participants, we compared participants’
wayfinding performance, cognitive load, and mental map
development when using the visual and audio feedback.
While participants’ preferences varied, all wanted to
combine visual and audio features to refine their wayfinding
experience. Our study contributed the first exploration of
wayfinding guidance design for low vision and provided
design guidelines for future navigation systems.
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