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Ego- and Exocentric Navigation for Cyclists Using Augmented Reality

CHRISTINE QIU

Traditional navigation methods for urban cyclists often require reducing speed and shifting visual attention, compro-
mising efficiency and safety. This study explores integrating Augmented Reality (AR) into urban cyclist navigation,
combining turn-by-turn (TBT) and as-the-crow-flies (ATCF) strategies with egocentric and exocentric perspectives.
We developed four AR navigation methods: (a) Turn Sign, (b) Intersection Arrows, (c) Absolute Arrow, and (d) Beacon.
To evaluate the effectiveness of these methods in large virtual environments while cycling in a limited physical space,
we proposed a redirection technique, Circle Redirection. In a controlled outdoor experiment with 24 participants, the
exocentric TBT method showed the highest wayfinding efficiency and lowest workload, while the egocentric ATCF
method was preferred over the exocentric ATCF. Additionally, our findings suggest that these navigation methods
could be combined or adapted for walking or driving scenarios. The simulation environment incorporating Circle

Redirection proved effective for the user study, though improvements in perceived safety are needed.

SAMMANFATTNING

Traditionella navigeringsmetoder for stads cyklister kraver ofta att man minskar hastigheten och flyttar visuell upp-
mirksambhet, vilket dventyrar effektivitet och sédkerhet. Denna studie utforskar integrationen av Augmented Reality
(AR) i navigering for stads cyklister, genom att kombinera sving-for-sving (TBT) och fagelvigen (ATCF) strategier
med egocentriska och exocentriska perspektiv. Vi utvecklade fyra AR-navigeringsmetoder: (a) Turn Sign, (b) Intersec-
tion Arrows, (c) Absolute Arrow och (d) Beacon. For att utvirdera effektiviteten av dessa metoder i stora virtuella
miljoer medan man cyklar i ett begrédnsat fysiskt utrymme, foreslog vi en omdirigeringsteknik, Circle Redirection. I
ett kontrollerat utomhusexperiment med 24 deltagare visade den exocentriska TBT-metoden den hogsta vigfinnings
effektiviteten och ldgsta arbetsbelastningen, medan den egocentriska ATCF-metoden foredrogs dver den exocentriska
ATCEF. Dessutom tyder véra resultat pa att dessa navigeringsmetoder kan kombineras eller anpassas for promenader
eller korning. Simuleringsmiljon som inkorporerar Circle Redirection visade sig vara effektiv for anvéndarstudien,

dven om forbéttringar i upplevd sikerhet behovs.

CCS Concepts: * Human-centered computing — Ubiquitous and mobile computing design and evaluation methods; Empirical

studies in ubiquitous and mobile computing; Mobile devices.
Keywords: Cyclist Assistance System, Navigation, Augmented Reality

Nyckelord: cyklisthjdlpsystem, navigering, Augmented Reality

1 INTRODUCTION

Navigation is an essential assistance for cyclists, especially in cities with complex road networks. To accommodate these
urban complexities, two different navigation strategies are typically employed: turn-by-turn (TBT) and as-the-crow-flies
(ATCF) [29]. The TBT strategy provides cyclists with specific directions at each decision point, focusing on the fastest

and most efficient path to the destination [30]. This strategy is widely used in daily navigation tools such as Google
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Maps !, and preferred by most users due to its efficiency [7]. Conversely, the ATCF strategy offers information solely
on the direction and location of the destination, without specific turn instructions [30]. Though less commonly adopted
in existing navigation systems, the ATCF strategy has been widely applied in digital settings such as open world games.
In addition, the ATCEF strategy has also been proved to be favored for leisure or exploratory biking, especially in
unfamiliar surroundings [24].

Current implementations of these strategies in navigation systems predominantly use an egocentric perspective,
displaying visual cues from the cyclist’s point of view with the bicycle at the center [21]. However, these systems
often require cyclists to remove a hand from the handlebars to interact with the device, leading to decreased speed
and potential safety risks due to diverted attention [25]. In addition, most mobile navigation systems use a "stop-to-
interact" method, necessitating visual attention and stationary interaction, which can be distracting and hazardous
while cycling [16]. In this thesis, we incorporate an alternative navigation perspective for cyclists—the exocentric
perspective—where navigation cues are integrated into the environment. This perspective has been adopted in previous
work on road information display for cyclists [21] and exocentric pedestrian navigation [34]. However, little work has
compared across egocentric/exocentric perspectives and TBT/ATCEF strategies in navigation, with none focusing on
the user group of cyclists. In addition, while much research has explored the possibility of TBT navigation in AR while
physically cycling [21], it is not known to the field how the ATCF strategy can be accommodated in real-life cycling
scenarios.

The display capacity of augmented reality (AR) provides us possibilities to overlay the visual cues onto the
environment, enabling new ways on navigation method designs with both TBT and ATCF strategies. Using AR
heads-up display (HUD) and combining TBT/ATCEF strategies with egocentric/exocentric perspectives, we propose
four novel navigation methods for cyclists: (a) Turn Sign - an egocentric traffic sign which indicates the correct way
of turning at every decision point, (b) Intersection Arrows - arrows fixed at every intersection indicating the correct
turn, (c) Absolute Arrow - an egocentric arrow pointing towards the destination, and (d) Beacon - a tall beacon located
at the destination. To fully explore the idea of exocentric navigation methods in a safe and controlled environment,
we propose Circle Redirection, an AR-based redirection technique designed for cycling simulation scenarios. This
technique allows users to ride a real bicycle while navigating a virtual world rendered through an AR headset, providing
an immersive and realistic cycling experience within a controlled physical space.

To evaluate these four navigation methods, we conducted a controlled outdoor cycling experiment (N = 24) using
the Circle Redirection technique in four different virtual environments combined with the four navigation methods.
We investigated the efficiency, safety and user experience of the wayfinding process using each navigation method.
We found that the exocentric TBT method led to the highest wayfinding efficiency and lowest perceived workload,
while the egocentric ATCF method was preferred over the exocentric ATCF method. Additionally, our findings suggest
that these navigation methods could be further enhanced or adapted for other scenarios. The simulation environment
incorporating Circle Redirection proved useful, though improvements in perceived safety are needed.

In summary, our research offers the following three contributions:

(1) The design of four AR-based navigation methods for cyclists.

(2) An empirical evaluation of the effectiveness of combining turn-by-turn and as-the-crow-flies strategies with
egocentric and exocentric perspectives in AR-based cyclist navigation.

(3) The introduction of Circle Redirection, an AR-based redirection technique suitable for controlled cycling user

studies in limited physical space.

! https://www.google.se/maps/
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2 RELATED WORK

In this section, we summarize the related work in TBT/ATCF navigation strategies, egocentric/exocentric navigation

perspectives, AR information display techniques for cyclists, and existing redirection techniques.

2.1 Navigation Strategies: Turn-by-turn and As-the-crow-flies

There are two primary categories of navigation strategies for cyclists: Turn-by-turn (TBT) navigation and As-the-
crow-flies (ATCF) navigation [29]. TBT navigation indicates specific turns at each decision point, typically based
on the calculated shortest or fastest path [30]. This strategy is currently the most prevalent in commercial navigation
applications, and has been proven to be more preferred by most users due to its efficiency [7]. Related work also
explored the TBT navigation in AR environments. They showed that the combination of turning points and travel
directions could enhance user understanding [15], and AR-based TBT navigation systems can be developed with
existing components [2].

In contrast, the ATCEF strategy provides the absolute position or relative direction of the destination concerning
the user’s current position, granting users greater decision-making freedom [30]. This strategy has also been adopted
in assistive navigation system for the blind [14]. While most daily navigation tools for cyclists use the TBT strategy
nowadays, there are some commercial products which venture into the ATCF strategy, such as the cycle computer by
Beeline *. Compared to TBT, ATCF is favored for leisure or exploratory biking, especially in unfamiliar surroundings
[24].

The ATCEF strategy draws inspiration from the Least Angle Strategy (LAS), introduced by Hochmair in 2000, which
suggests that wayfinding agents select roads with the smallest deviation from the direct target direction at each decision
point [9]. In urban environments with view-blocking objects, accurate estimation of directions and distances becomes
crucial [10]. The ATCF strategy addresses estimation errors by continually presenting the target direction, utilizing
LAS to its fullest extent [30].

Research indicates that while the ATCF strategy may slow down decision-making, it enhances user orientation during
biking [30]. Savino et al. compared TBT and ATCEF navigation strategies in challenging urban scenarios, introducing
an ATCF+ strategy with additional color cues to indicate route correctness. Their findings show that the TBT strategy
results in shorter routes, fewer errors, and increased user confidence, indicating higher efficiency, accuracy, and user
satisfaction. Conversely, ATCF improves users’ perceived ability to return to the starting point, suggesting better
orientation. However, two primary challenges of the ATCF strategy are verifying the current route’s correctness and
avoiding dead ends or detours.

The ATCEF strategy’s freedom in path selection can lead to increased user satisfaction. Robinson et al. implemented
directional vibrotactile feedback as ATCF navigation for pedestrians [28], and most users reported an enjoyable naviga-
tion experience. This approach also promoted exploratory behavior without compromising wayfinding effectiveness.
What worth noting is that the performance of the ATCF strategy can be significantly affected by city types and layout
[29]. For instance, cities with many dead ends or irregular street networks may challenge the plain ATCF strategy. Thus,
designing navigation methods using the ATCF strategy should consider these factors and provide more information at
critical decision points based on specific scenarios.

Integrating AR technologies with realistic and intuitive visualization can enhance the capacity of the ATCF strategy.
Despite current advancements in AR, little research has explored ATCF navigation for cyclists in an AR environment.
This thesis aims to investigate the possibilities of the ATCEF strategy in AR and compare it against the traditional TBT

strategy in terms of their effectiveness from various perspectives.

2https://beeline.co/pages/beeline—cycling
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2.2 User perspectives: Egocentric and exocentric Navigation

Current navigation methods, whether using TBT or ATCF strategies, often rely on the user’s perspective, with egocentric
navigation being a common approach. In egocentric navigation, information is presented from the user’s point of
view, a typical practice in mobile phone navigation where information is displayed on an external screen without
merging it into the real-life environment [21]. However, these systems often require cyclists to remove a hand from
the handlebars to interact with the device, decreasing speed and posing safety risks due to diverted attention [25].
Most mobile navigation systems use a "stop-to-interact” paradigm, necessitating full visual attention and stationary
interaction, which can be distracting and hazardous while cycling [16].

To mitigate these safety risks, previous work has incorporated other modalities into navigation for cyclists, such as
tactile, auditory, and ambient light cues [1, 17, 26, 28, 32]. Nevertheless, their navigation cues only stimulate specific
body parts of the users, relying solely on the egocentric perception of stimuli.

Despite promising results from studies on egocentric navigation, this perspective has drawbacks. Research indi-
cates that egocentric information display may not effectively integrate environmental cues for cyclists, potentially
compromising situational awareness and raising safety concerns [21].

To address these challenges and enhance the wayfinding experience, we aim to explore the potential advantages
of an alternative perspective—the exocentric perspective—for cyclist navigation. Instead of displaying visual cues
around the user, this perspective merges the cues into the environment. AR technology with see-through glasses offers
a promising way to present navigation information by overlaying enhanced cues onto the real world. Matviienko et al.
have successfully adopted exocentric road information display for cyclists using AR [21]. In addition, Thi Minh Tran
et al. have explored exocentric pedestrian navigation [34], investigating the effectiveness of different AR mini-map
displays. However, these mini-maps are still external displays, independent from the environment. This thesis seeks
to advance this concept by truly merging cues into the environment and investigating whether exocentric navigation

methods using AR can improve performance and situational awareness in cyclist wayfinding tasks.

2.3 AR Road Information Display for Cyclists

As a rapidly developing technology, AR has the potential to change road information display methods for cyclists and
enhance the overall cycling experience. The integration of AR in displaying road safety information has been demon-
strated by previous work to enhance biking efficiency and safety [21]. Matviienko et al. designed two visualizations
using AR to display traffic information at uncontrolled intersections, aiming to increase biking safety. In the X-ray
visualization, users can perceive occluded cars through buildings along the road, while the Countdown visualization
presents the time remaining to safely cross the intersection as a heads-up display. The study concluded that AR could
reduce mental load, speed up decision-making, and provide users with a heightened sense of safety. Similarly, previous
study showed that using AR road warnings for E-Scooter riders can also increase reaction speed and the perceived
safety [20].

Furthermore, AR road information display has reported high user satisfaction. In an effort to reduce cyclist accidents
with AR visualization, Tamara von Sawitzky et al. focused on notifying cyclists about vehicle door opening hazards in
their path [35]. The study investigated the effectiveness of multimodal notifications using visual messages, auditory
icons, voice messages, and combinations thereof. The experiment utilized a mixed reality (MR) bike simulator.
Participants in the user study generally reported a positive attitude towards the MR visualization methods and the
simulation environment, expressing confidence in the system that it could help reduce accidents and enhance biking

safety.
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However, being a relatively new technology, AR also encounters certain challenges in road safety information display.
In the study by Tamara von Sawitzky et al., where three new AR display methods were proposed and tested, the
researchers found that the newly-proposed methods should be more intuitive and offer clear benefits for first-time users
[36]. It is also crucial to conduct pilot studies and training sessions before implementing the new methods in practice.

Navigation, as one specific type of road information display, also holds potential for the integration of AR. Matviienko
et al. used heads-up display (HUD) to inform the user about the upcoming action of the self-driving bicycle [19],
which is in essence similar to a navigation task. They found out that HUD indications are intuitive to understand and
enjoyable to use, also leading to faster user reactions. Nonetheless, the introduction of AR in biking navigation is
relatively recent, warranting further exploration to address potential challenges, such as ambiguous interpretations [19]

or attention tunneling effect [12] that may arise with HUD visualizations.

2.4 Redirected User Interaction

A significant challenge in simulating cycling scenarios in AR is the discrepancy between the virtual environment and the
limited physical space available. Addressing this challenge involves effectively mapping the virtual environment onto
the physical space. Therefore, incorporating AR redirection techniques into cycling simulations presents a promising
solution to this issue.

Redirection of user interaction has been applied in different contexts. One notable application is in haptic feedback
methods, which reuse a limited set of physical objects to simulate the touch of virtual objects [3]. More specifically
to this aim, Zenner et al. proposed several warping methods on hand redirection in Virtual Reality (VR), including
horizontal warping, vertical warping, and gain-based warping, where the virtual hand is offset in different ways from
the user’s real hand during reaching movements [37, 38]. These strategies demonstrated that a virtual hand can be
offset by up to 9 degrees horizontally or vertically without users noticing, or the real hand can reach 13% further or 6%
shorter than the virtual hand.

The redirection techniques have also been extended to Redirected Walking (RDW) in VR. The existing RDW
approaches are based on two categories of manipulation: (1) To manipulate the translation and rotation mapping
between the real environment and physical space, and (2) to manipulate the structure of the virtual environment (VE)
[23]. The first category of RDW is then divided into four types of gains in order to manipulate the mapping: rotation
gains, translation gains, curvature gains and bending gains. By applying these gains, the rotation and speed of the user
are manipulated, therefore the virtual path in the VE could be different from the real path in the physical space.

Extensive research has been conducted to explore the boundaries of RDW possibilities under various conditions.
For instance, Steinicke et al. found that users can physically turn 49% more or 20% less than in virtual environments
and walk 26% more or 14% less than the virtual distances [31]. Instead of aiming for undetected redirection, Rietzler
et al. adopted visually perceivable gains and founded that a curvature gain of 20 degrees per meter is accepted by
users [27]. Furthermore, Sun et al. introduced Dynamic Saccadic Redirection, leveraging saccadic suppression during
rapid eye movements called saccades [33]. Their findings indicate a significant increase in rotation gains during
redirection without introducing visual distortions or simulator sickness, allowing for the implementation of larger
virtual environments in smaller physical spaces. Recent studies have shown that the radius for undetected RDW can
be reduced to 5 meters using curved paths in room-scale VR [13], and Gerritse et al. found that spatial audio could
further enhance curvature gains in RDW, achieving 2.58 degrees per meter [6].

Similarly, applying redirection techniques can also enhance indoor cycling experiences in AR. Unlike VR, AR
requires safety measures to ensure users are aware of their real-world surroundings while cycling. Implementing
redirection methods in AR for indoor cycling can expand virtual environments within confined physical spaces,

maintaining both immersion and spatial efficiency. However, there has been limited research on redirection specifically
5
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for biking in AR/VR simulations. This thesis aims to fill this gap by introducing new redirection techniques into AR

cycling simulation scenarios.

3 AR-BASED NAVIGATION METHODS FOR CYCLISTS

To evaluate the feasibility of AR-based navigation for cyclists and compare the effectiveness across navigation methods
using TBT/ATCEF strategies and egocentric/exocentric perspectives, we designed and implemented four AR-based

navigation methods in Unity: Turn Sign, Intersection Arrow, Absolute Arrows, and Beacon (See Figure 1). *

(a) Turn sign (b) Intersection Arrows

(c) Absolute Arrow (d) Beacon

Figure 1: Overview of four navigation methods for cyclists from the user’s perspective: (a) Turn sign, an
egocentric TBT method with a traffic sign in the user’s view, (b) Intersection Arrows, an exocentric TBT method
with arrows at every decision point, (c) Absolute Arrow, an egocentric ATCF method with an arrow pointing to
the destination, and (d) Beacon, an exocentric ATCF method where a beacon marks the destination.

3.1 Turn Sign: Egocentric TBT

We introduce our first navigation innovation, Turn Sign, an egocentric TBT navigation method (See Figure 1a). This
approach offers users clear turning instructions at upcoming decision points by displaying traffic signs with directional
arrows in the user’s field of view. These signs indicate four types of directions: left turns, right turns, straight forward,
or no entry (see Figure 2). The signs are designed to resemble real-life traffic signs, making them both familiar and
intuitive for users.

3The Unity project is available on a public GitHub repository accessible via the following link: https://github.com/qiu-yh18/naviAR/. For real-life video
recordings of the navigation methods, please visit: https://youtu.be/iUQftcBddKg and https://youtube.com/shorts/zburlb6awl 4.

6


https://youtu.be/iUQftcBddKg
https://youtube.com/shorts/zburIb6awL4

Ego- and Exocentric Navigation for Cyclists Using Augmented Reality

WWwOC

(a) Left turn (b) Right turn (c) Straight forward (d) No entry

Figure 2: The four traffic signs used in the navigation method Turn Sign.

In addition, the placement of the traffic sign is thoughtfully positioned in the upper-left corner of the user’s field of
view, serving two primary purposes: (1) To prevent obstruction of the user’s sight by locating it at the corner, and (2)
To align with the cultural reading pattern from left to right and top to bottom, optimizing attention retention. The sign

employs a high-contrast color scheme, ensuring visibility against diverse backgrounds.

3.2 Intersection Arrows: Exocentric TBT

Building on the principles of our egocentric TBT method, our exocentric TBT approach introduces Intersection Arrows,
a navigation method that offers continuous directional suggestions along the way (See Figure 1b). This method employs
a series of continuous standing arrows, visually guiding users throughout their journey, enhancing user confidence, and
optimizing navigation efficiency. Similar approach was used by Matviienko’s previous research in evaluating the VR
sickness in bike simulators [22].

Distinguishing itself from the egocentric method, Intersection Arrows uses an exocentric perspective. It projects
turning suggestions onto tangible elements of the physical environment, such as building walls or road surfaces. This
integration with the real-world landscape aims to ensure a seamless and natural wayfinding experience.

The continuous arrows are presented in a semi-transparent, vibrant color, carefully chosen to remain visible while

refraining from obstructing the user’s view of the actual surroundings.

3.3 Absolute Arrow: Egocentric ATCF

Continuing our exploration of AR navigation methods, we introduce Absolute Arrow, an egocentric ATCF navigation
method (See Figure 1c). In this method, a dynamic arrow is positioned directly in front of the bike, following its
movements and consistently pointing towards the final destination. Unlike traditional TBT methods, Absolute Arrow
does not provide explicit turning instructions. Instead, it allows users the freedom to explore and choose their preferred
routes, inspired by the traditional navigation method of using a compass. Similar approach was adopted by open world
games such as Fallout 3 *, existing mobile navigation apps like Beeline [30], and very recent research in navigation for
Moon exploration [4].

The arrow is designed to be semi-transparent and vibrantly colored to ensure visibility without obstructing the user’s
view. We selected the same color as Intersection Arrows to eliminate any potential influence of color on navigation
performance. By providing continuous directional guidance without specific turn-by-turn details, this method aims to
offer a flexible and user-driven navigation experience, allowing individuals to navigate according to their preferences

and spontaneity.

W\ description of the game Fallout 3 can be seen on: https://en.wikipedia.org/wiki/Fallout_3
7
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3.4 Beacon: Exocentric ATCF

Concluding our array of navigation methods, we introduce Beacon, a exocentric ATCF navigation approach (See
Figure 1d). Unlike the previously discussed methods, Beacon eliminates all explicit turning and directional suggestions,
instead presenting the destination’s position as a prominent beacon. This method is inspired by video games such as
Destroy All Humans!” .

The beacon is intentionally designed to extend infinitely upward, ensuring its visibility from any location within the
environment. This perpetual visibility enhances user orientation and facilitates seamless wayfinding across diverse
urban landscapes. Displayed in a high-contrast, vivid color, the beacon stands out against the environment, contributing

to enhanced visibility and user engagement throughout their journey.

4 REDIRECTION TECHNIQUE FOR CYCLING SIMULATION

Given the constraints of our physical space and the need to evaluate navigation methods within much larger virtual en-
vironments, we propose Circle Redirection. The primary objective is to enable continuous cycling without interruption,
while minimizing the users’ awareness of the spatial limitations. Circle Redirection allows for the seamless simulation
of ATCF navigation methods, which are otherwise challenging to evaluate in a limited space. This technique com-
plements the existing simulation environment of BikeAR [21], which already supports TBT methods. By integrating
Circle Redirection, we can comprehensively evaluate both ATCF and TBT navigation methods in controlled cycling
simulations, providing valuable insights into their effectiveness and user experience.

In this technique, the virtual environment dynamically rotates and shifts as the user cycles, creating a sensation of
traversing a different path than the actual physical trail. Additionally, the movement speed in the virtual environment
is adjusted to be higher than the user’s actual cycling speed. Circle Redirection consists of two main components:
Movement Redirection and Speed Redirection. These components are governed by predefined parameters, o and
B, which control the rotation and shifting of the virtual environment, respectively. These parameters are constant
values empirically predetermined before the user study starts, based on the characteristics of the physical and virtual

environment. For physical environments with different sizes, we can linearly adjust the values of « and 3.

4.1 Movement Redirection

To map the user’s cycling path in the virtual environment to a limited physical space, we draw inspiration from the
curvature gain method described in a previous study [31]. We introduce the Movement Redirection component as
part of Circle Redirection, which continuously adjusts the virtual environment’s orientation in response to the user’s
physical cycling direction.

Consider a path on a grid map with only 90-degree turns, as shown in Figure 3a. We take the largest possible circle
inside the cycling area and define the x- and y-axes as illustrated. When the user is cycling along the circle, e.g., along
arc A-B, we rotate the virtual environment around the user at a certain speed as the user cycles. To follow the virtual
roads, which are designed as straight lines, the user will cycle along the circle in the physical space. For example, when
the user is cycling along line A’-B’ in the virtual map, their physical trail would correspond to arc A-B. When the user
cycles towards the circle center, e.g., along line B-O, we turn off the environment rotation so the user also rides along a
straight line in the physical space, i.e., line B’-O’.

We use Eq. 1 to calculate the rotation angle of environment between each frame. When the turn angle is 90 degrees,
we apply Eq. 1b to determine the rotation. For example, consider a user located on the circle at point P, = (z2,y2) in

Figure 3a. When the user is on the circle, to determine how much the user moves along the circle from the last frame,

A description of the game Destroy All Humans! can be seen on: https://en.wikipedia.org/wiki/Destroy_All_Humans!
8
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(a) On a grid map with only 90-degree turns. (b) On a non-grid map with turns less than 90 degrees.

Figure 3: Illustrations of applying Circle Redirection on a grid map (left) and on a non-grid map (right). In both
figures, the green curves stand for the physical path, and the black lines resemble the virtual path. The blue and
yellow dots stand for the starting point and the destination in both paths, respectively. Point O is the physical
circle center, while the four points A, B, C, and D are distributed evenly on the circle. Point P1, P2 are user
positions before and after a frame.

we calculate the angle A@ between ray O — P; and ray O — P; using Eq. 1a ®. Then, Eq. 1b is used to calculate the
rotation angle of the virtual environment based on 6. We incorporate sign(6) to ensure that the rotation direction is
consistent with the movement direction. When the user is within the circle, redirection is turned off, resulting in a
rotation angle of 0. In our study, we empirically predetermined o to be 1.4 in the Movement Redirection component
based on the virtual environment and physical space used. « can also be linearly adjusted to fit other physical spaces.

For turn angles less than 90 degrees, we use 1c to calculate the rotation angle. On top of the calculation for grid
maps, we multiply the rotation angle by a factor of %, where d is the distance between the user and the circle center,
and r is the radius. Imagine being on the arc C-D in Figure 3b. We measure the distance to the circle center as d. By
multiplying the rotation angle by factor %, the redirection strength is decreased, resulting in a turn of less than 90

degrees.

Af = atan2 (Ay, Azx) (la)
R A x o x sign(), if angle = 90°and user is on the circle; (1b)
0, if angle = 90°and user is in the circle;
d o
RM = Af x o x sign(8) x o if angle < 90°, d=(user, circle center). (Ic)

It is worth noting that Movement Redirection has intrinsic limitations. This redirection component imposes constraints
on the virtual route design. When the user is on the physical circle, only two turning options are valid: going straight
forward or turning towards the circle center. Turning in any other direction would cause the user to physically leave the
circle. Thus, if the user takes the wrong path, there is no guarantee that they will stay within the physical space. In this
study, we addressed this limitation by placing obstacles in the unavailable directions, guiding the user to avoid paths

that lead out of the circle.

The definition of the function atan2 can be found here: https://en.wikipedia.org/wiki/Atan2
9
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4.2 Speed Redirection

As an addition to the Movement Redirection, the Speed Redirection component can further increase the capacity of
Circle Redirection, which controls the speed and direction of the environment movement. To create a sensation of
heightened movement speed, we map a limited physical trajectory to a longer virtual path, by moving the environment
in the opposite direction of the user movement with a magnitude defined by a movement gain parameter 3. We use Eq.
2 to calculate the environment movement for each frame. In the context of the user study conducted in this thesis, we
predetermined [ to be 0.7 to fit the virtual environment into the physical space. We can also linearly adjust its value for

physical space of different sizes.

EnvironmentPosition— = 3 x AuserPosition 2)

5 EVALUATION

To evaluate the effectiveness of the four AR-based navigation methods for cyclists we proposed, we conducted a
controlled outdoor experiment with the Circle Redirection technique. In this section, we establish the research question,

and consequently present the participants, apparatus, study design, and measures in the user study.

5.1 Research Question

The four AR navigation methods we proposed, Turn Sign, Intersection Arrow, Absolute Arrows, and Beacon, exemplify
AR navigation for cyclists using turn-by-turn/as-the-crow-flies strategies and egocentric/exocentric perspectives. We
aim to get insights into the field of AR cyclist navigation from the evaluation of these four methods. Here we present
the research question of this study:

What are the benefits and limitations of AR navigation methods using turn-by-turn/as-the-crow-flies strategies
and egocentric/exocentric perspectives in supporting wayfinding for cyclists as measured by efficiency, safety

and user experience?

5.2 Participants

We recruited 24 participants (14 female, 10 male) between 23 and 45 years old (mean = 26.96, median = 25.5, sd =
4.98) through personal contacts. The participants had varying levels of cycling experience, ranging from "cycling every
day or almost every day" to "I can’t remember the last time I was on a bike". Of the 24 participants, 15 cycled less
than "a few times a year", and 21 cycled less than 50 kilometers per month. 20 participants had used an AR headset
before, with three of them using an AR headset "very frequently". Details of the participant demographics are shown in
Appendix B. All participants gave consent for data collection through the consent form (as shown in Appendix A) on

Google Forms ’.

5.3 Apparatus

The experiment took place on an empty and flat grass field (radius 12 meters) in a public park in Stockholm, Sweden.
All experiment sessions were conducted during daylight hours in May 2024, with no experiments conducted during
rainy weather conditions. Participants wore an augmented reality headset and rode a bike on the grass field (as shown
in figure 4), navigating through virtual environments rendered by the headset. The headset used was the Meta Quest 3

mixed reality VR headset, and the virtual environments were built using Unity Engine (version 2022.3.20f1).

"The official website of Google Forms: https://www.google.com/forms/about/
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Figure 4: Experiment location and setup. The participants wear a Meta Quest 3 mixed reality headset and ride
a bike on a grass field in a public park.

Condition Method Strategy Perspective
A Turn Sign TBT Egocentric
B Intersection Arrows TBT Exocentric
C Absolute Arrow ATCF Egocentric
D Beacon ATCF Exocentric

Table 1: The four conditions we established in the user study

5.4 Study Design

In this section, we outline the design of our user study. We begin by clarifying the tasks and goals for the participants.
Next, we describe the four experimental conditions, each utilizing a different navigation method. Following this, we
present the four virtual maps specifically designed to test these methods. Finally, we detail the procedure of the user

study.

5.4.1 Tasks and Goals. Participants were tasked with navigating through a virtual environment while wearing an
AR headset and cycling on a real bike. The starting point and destination were predefined and visualized as a blue
circle and a yellow circle, respectively, each with a 1-meter radius on the ground (See Figure 5). The primary goal was
to reach the destination as quickly as possible, while the secondary goal was to avoid collisions with any buildings or

obstacles.

5.4.2 Experimental Conditions. The independent variable in this user study is the navigation method used. We
established four conditions for the controlled experiment, each corresponding to a navigation method, as detailed in
Table 1. We employed a within-subject design, where each participant experienced all four conditions. To mitigate
learning effects and carryover effects that might influence the study’s outcomes, we used a Balanced Latin Square to

vary the order of the conditions.

5.4.3 Map Design. We created four virtual maps divided into two categories: two grid maps and two non-grid maps

(see Figure 5). The optimal route of each grid map consists of 12 90-degree turns, with 6 left turns and 6 right turns.
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Each non-grid map consists of 12 turns with various angles at the decision points, including three 30-degree turns,
three 45-degree turns, and three 60-degree turns. Considering the practicality of implementation and to fully explore
the potential of ATCF methods, we implemented the two TBT navigation methods on the two grid maps and the two
ATCF methods on the two non-grid maps. All four maps have similar sizes and route lengths. The map lengths are
62-90 meters, and the widths are 57-76 meters. The optimal path lengths are all around 180 meters.

(a) Map 1 (b) Map 2

(c) Map 3 (d) Map 4

Figure 5: Four maps designed for the user study. Map 1 and 2 are grid maps designed for the evaluation of TBT
methods, while Map 3 and 4 are non-grid maps designed for ATCF methods. The optimal paths are marked on
the maps, with the blue dots as the starting points and the yellow dots as the destinations.

The maps were built using blocks of virtual buildings. Each building was either 4 meters or 10 meters tall, and the
roads were 3 meters wide. Obstacles, such as parking barriers (see Figure 6a), were added to prevent participants from
taking the wrong path and leaving the physical space. Additionally, props like various plants, benches, and street seller
stands (see Figures 6b and 6¢) were included to create points of interest, making the environment more realistic and
engaging. An overlay was added to the sky to block out distractions from the physical environment, but the physical

ground remained visible to ensure safety.

5.4.4 Procedure. The procedure of the user study consists of four parts:

(1) Participant recruitment, where the purpose of the study is explained and the consent form is signed by the
participant,
(2) The pre-study process, where the participant fills in a pre-study questionnaire and test the hardware,
12
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(a) Parking barriers (b) Park benches (c¢) Street seller stands

Figure 6: Examples of obstacles and points of interest added in the maps

(3) Testing four conditions, where each condition requires navigating in a virtual environment with one of the
navigation methods,

(4) The post-study process, where the subject feedback is collected by a post-study questionnaire.

A summary of the study procedure is shown in Figure 7. For each participant, the study took around 1 hour in total.

Participant Testing
. Pre- . Post-
Recruitment e-study /4 conditions ost-study
| i i i >
1 1 | |
Study description Pre-study questionnaire: Introduction to navigation method Comparison between
- Demographics, four navigation
Consent form - Experience, Completion of a wayfinding task methods
- BaseSSQ.
Completion time, accident rate, etc. Imagination of
Testing bicycle potential use cases
sSsQ
Feedback on
Likert Questionnaire redirection simulation
NASA-TLX

Figure 7: A summary of the study procedure, including four parts: participant recruitment, the pre-study
process, testing four conditions, and the post-study process.

Before the study commenced, the experimenter explained the purpose of the study to the participants. Participants
were then asked to read and sign a consent form and complete a pre-study questionnaire, which included questions on
demographics, cycling and AR experience, and a Simulator Sickness Questionnaire (SSQ). Participants were then
allowed to test the bike at their own pace until they felt comfortable.

Prior to each condition, participants were introduced to the specific navigation method they would be using. They
were encouraged to ask questions at any time. The experimenter calibrated the AR headset to align the height of the
virtual environment to the physical ground and set the center of the physical environment for redirection purposes.

Each condition involved a cycling wayfinding task. Participants were instructed to reach the destination as quickly as
possible while avoiding collisions with buildings or obstacles. For safety, participants were informed that the virtual
environment might move or rotate during cycling. When the participants arrived at the destination, the trial was

considered successful, and the participants were instructed to take off the headset. If the participants could not find the
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path to the destination or went out of the physical bounds, the trial was considered failed, and the experimenter would
instruct the participants to take off the headset.

After completing each condition, participants filled out a post-condition questionnaire, which included another
SSQ, a Likert questionnaire for the navigation method they experienced, and a NASA Task Load Index (NASA-TLX)
questionnaire. The evaluation questionnaire asked participants to describe their experience and rate the navigation
method, providing short explanations for their answers.

Upon completing all four conditions, participants filled out a post-study questionnaire. This included questions
comparing the four navigation methods in terms of general preference, perceived efficiency, and perceived safety.
Participants were asked to compare the two TBT methods (Turn Sign and Intersection Arrows) and the two ATCF
methods (Absolute Arrow and Beacon). Additionally, participants provided feedback on potential use cases for these
navigation methods in biking or other transportation contexts. Finally, the concept of redirection was explained, and

participants were asked about their experience with the simulation environment.

5.5 Measures

To compare the efficiency, safety, and user experience of the four navigation methods, we measured the following
factors during the study, which provided a comprehensive assessment of each navigation method’s effectiveness and

user experience.

5.5.1 Completion Rate. We recorded whether each trial succeeded or failed, and calculated the completion rate as
the proportion of successful trials. A trial is defined as complete when the participant reaches the virtual destination.

This measure aims to evaluate the reliability of each navigation method.

5.5.2 Completion Time (s). We recorded the time taken for participants to complete each trial. Completion time is

defined as the duration from the start point to the destination.

5.5.3 Collision and U-turn Count. We counted the number and duration of accidents, defined as collisions between
the participant and any virtual building or obstacle. The number of collisions implies the accident rate of each condition,
suggesting safety of each navigation method. Additionally, the experimenter observed and recorded the number of
U-turns, defined as the participant physically turning around or going backwards to the last decision point. The number
of U-turns is an indicator of error rate for each condition, suggesting helpfulness for turning decisions and navigation

efficiency.

5.5.4 Participant and Environment Positions. During the user study, we also recorded the transform data of the
participant and the virtual environment, including the three-dimension position and rotation of the headset and the
environment. This measure aims to give an overview on users’ wayfinding behavior under each navigation method as
well as to measure the simulation capacity of Circle Redirection.

From the transform data we collected, we further calculated two measures:

(1) Participants’ distances to destination over time. This indicates how participants behave during the wayfinding
experience in terms of their positions.

(2) The Fréchet distance [5] between the virtual environments and the physical space. This demonstrates how much
the virtual environment deviates from the physical space, indicating the simulation capacity of our redirection

technique.
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Number Navigation Characteristic Statement
Q1 Perceived Usefulness I found the navigation method useful to help me reach my destination.
Q2 Perceived Efficiency The navigation method helped me to successfully reach my destination.
Q3 Situational Awareness I found the navigation method useful to help me know the environment.
Q4 Perceived Safety I felt safe using this navigation method.
Q5 Immersion I felt aware of the real environment.
Q6 Distraction The visual cues distracted me from the cycling task.

Table 2: The six statements shown to the participants in the Likert questionnaire after each condition.

Condition Completion rate, % Completion time,s Collision U-turn SSQ score TLX score
A: Turn Sign 83 110.8 2.3 0.38 220.5 443
B: Intersection Arrows 100 77.0 3.3 0.04 165.3 36.6
C: Absolute Arrow 92 132.4 2.7 0.71 225.1 47.6
D: Beacon 96 89.4 2.8 0.63 126.3 45.0

Table 3: Summary of results in average: completion time, completion rate, accident count, SSQ score, TLX
score. SSQ = Simulator Sickness Questionnaire, TLX = Task Load Index.

5.5.5 Simulator Sickness. Participants completed a Simulator Sickness Questionnaire (SSQ) [11] before the study
and after each condition. They self-assessed 16 symptoms related to simulator sickness, which were categorized into

three types: nausea, oculomotor, and disorientation. The total SSQ score is calculated using the following equations:

Nausea Raw Score (N) = Z Scores of Nausea Symptoms

Oculomotor Raw Score (O) = Z Scores of Oculomotor Symptoms
3)

Disorientation Raw Score (D) = Z Scores of Disorientation Symptoms

Total SSQ Score = (N x 9.54 + O x 7.58 + D x 13.92) x 3.74

5.5.6 Task Load. After each condition, participants completed the NASA Task Load Index (TLX) questionnaire
[8] to assess perceived task load. The TLX comprises six questions on mental demand, physical demand, temporal
demand, performance, effort, and frustration, each rated on a 21-point scale. The total TLX score is calculated as the

average of all ratings, then standardized to a 100-point scale.

5.5.7 Navigation Experience. On top of workload and sickness, we also asked the participants to subjectively
evaluate each navigation method after every condition. The navigation experience was evaluated from six characteristics,
perceived usefulness, perceived efficiency, situational awareness, perceived safety, immersion, and distraction. Six
statements were presented to the participants, each corresponding to a navigation characteristic, as shown in Table 2.

Participants were asked to indicate their attitude to each statement using a 5-point Likert scale.

6 RESULTS

A total of 24 participants took part in the user study, each experiencing 4 different conditions, resulting in 96 trials
conducted in total. The summary of the results is shown in Table 3. We tested the assumptions for parametric data
and found that none of the measures met these assumptions, so all data were treated as non-parametric. We applied
the Friedman test to analyze whether there were significant differences among the conditions. We then applied the
Wilcoxon signed-rank test to further investigate the differences between conditions. We used the Holm-Bonferroni

method for p-value correction for pairwise comparisons.
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6.1 Completion Rate

Condition B, corresponding to the method of Intersection Arrows, achieved a 100% completion rate, indicating it as
the most reliable navigation method.

Seven trials out of all 96 trials failed due to two reasons:

(1) In three trials, participants could not find the destination and gave up on the trial.
(2) In four trials, participants took the wrong path and went out of the physical bounds, therefore the trial could not

be completed.

Out of the seven failed trials, four were under condition A, two under condition C, and one under condition D.
For each of the failed trials, we assigned the highest completion time from the successful trials in each condition to

maintain consistency in the analysis.

6.2 Completion Time

We did not find a significant difference in completion time among the four conditions (x?(3)=7.25, p > 0.05). However,
Intersection Arrows led to the lowest maximum and mean completion time (Figure 8), suggesting that the method
allowed participants to complete the task faster than other navigation methods. In contrast, the two egocentric methods,

Turn Sign and Absolute Arrow, resulted in the highest completion times, indicating the lowest efficiency.

350 1 @® Mean
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200 4
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Completion Time (s)

100 4

50 4

T T T T
Turn Sign Intersection Arrows Absolute Arrow Beacon

Figure 8: Maximum, minimum and mean completion time under each condition.

6.3 Collision and U-turn Count

We found no significant difference in the number of collisions among the four conditions (x?(3)=4.75, p > 0.05). We
attribute this outcome to the simulation environment’s design, particularly its use of redirection techniques. Quantitative
feedback from participants reveals their disfavor toward the redirection method, where the entire environment rotates
and shifts. Participants reported difficulty riding and a heightened likelihood of colliding with obstacles due to this
redirection.

On the other hand, we discovered a notable distinction in U-turn counts across different navigation methods
(x*(3)=10.24, p < 0.05). Through the Wilcoxon signed-rank test with Holm—-Bonferroni method, a significant difference

surfaced between two conditions: (B: Intersection Arrows, C: Absolute Arrow). This suggests that the exocentric TBT
16



Ego- and Exocentric Navigation for Cyclists Using Augmented Reality

method, Intersection Arrows, aids users in avoiding errors and offers more support in decision-making during turns

compared to the egocentric ATCF method.

6.4 Simulator Sickness

We did not find a significant difference in simulator sickness among four conditions in terms of SSQ score (x?(3)=3.90,
p > 0.05). However, the average SSQ scores indicate that the two exocentric methods, Intersection Arrows and Beacon,
resulted in lower simulator sickness symptoms. Specifically, the Beacon method, as an exocentric ATCF navigation

method, caused the least simulator sickness.

6.5 Perceived Workload

We found a significant difference among the conditions in terms of TLX score using Friedman test (x*(3)=8.17, p <
0.05), but post-hoc analysis suggested no significant differences between the condition pairs (p > 0.05). Nevertheless,
the mean TLX score indicates that Intersection Arrows, the exocentric TBT method, requires less workload from the
user than the ATCF methods under the same simulation mechanism. This can be attributed to two main reasons: (1)
Exocentric methods caused less distraction from the environment, and (2) Participants received more guidance from

TBT navigation, enabling them to reach the destination faster and with less mental workload.

6.6 Distance to Destination and The Fréchet Distance

6.6.1 Distance to Destination. We calculated the participants’ distance to the destination in each of the four
maps, and visualized the change as curves, as shown in Figure 9. This provided insights on comparing user behavior
between egocentric and exocentric navigation methods in TBT and ATCEF strategies, respectively. From Figure 9a, it’s
evident that the curves of condition B: Intersection Arrows decrease faster than the curves of condition A: Turn Sign,
indicating that using the exocentric TBT method helped users get closer to the destination more quickly. Additionally,
the distance-to-destination curves are more consistent for the exocentric TBT method, with less variability among

them. This implies the stability of the exocentric TBT method, as demonstrated in previous sections.

6.6.2 Fréchet distance. For each trial, we calculated the Fréchet distances between the virtual environment and the
participant, visualizing the results in Figure 10 across the four maps. Our findings indicate that the Fréchet distances
are significantly influenced by the specific map design, with values ranging from 38 meters to over 100 meters. Given
that the radius of the physical circle was only 12 meters, these results suggest that the Circle Redirection technique
effectively allowed for a much larger simulation environment than the physical space, thereby extending the physical

boundaries’ limits.

6.7 Likert Ratings: Perceived Usefulness, Perceived Efficiency, Situational Awareness, Immersion,
Perceived Safety, and Distraction

We evaluated the navigation experience of four navigation methods based on six characteristics: perceived usefulness,
perceived efficiency, situational awareness, immersion, perceived safety, and distraction. An overview of the 5-point
scale Likert ratings for all six characteristics can be seen in Figure 11, while the average ratings are listed in Table 4.

Below, we analyze the results using the Friedman test for each navigation characteristic and compare them across
the four navigation methods. Participants tended to give very similar ratings for some characteristics and often mixed
these concerns in their reasoning. Therefore, we aggregate the discussion of perceived usefulness and efficiency, as

well as situational awareness and distraction.
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Figure 9: An overview of the change of distance to destination over time on each of the four maps (Map 1 -
Map 4). On each map, the distance under two different conditions were plotted using contrasting colors for
qualitative comparison. On Map 4, an outlier with completion time of 355 seconds (P11 in condition Absolute
Arrow) is removed for a clear view of all other curves.

79.50 102.79
I_ 61.80
102.78
6160 38.85
79.40
102.77
61.40
£ 1930 E £ 102.76 £ 3880
v v v s
g g g g
s 5 61.20 & 5
é ,Q: ,Q: 102.75 ?:
T T z 3
- H H g
g0 £ 61.00 2 £ 3875
102.74
60.80
79.10 10273
38.70
60.60
102.72 I
79.00
Turn Sign Intersection Arrows Turn Sign Intersection Arrows Absolute Arrow Beacon Absolute Arrow Beacon
(a)Map 1 (b) Map 2 (c) Map 3 (d) Map 4

Figure 10: An overview of the Fréchet distances between the virtual environments and the participants on each
of the four maps (Map 1 - Map 4).

6.7.1 Perceived Usefulness and Perceived Efficiency. We found significant differences in perceived usefulness

and perceived efficiency among the four conditions (usefulness x*(3)=22.61, p < 0.001, efficiency x*(3)=17.23, p <
18



Ego- and Exocentric Navigation for Cyclists Using Augmented Reality

I found the navigation method useful to help me reach my destination.
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Figure 11: An overview of the Likert scale results for six navigation characteristics (1 - strongly disagree, 5 -

strongly agree).

Navigation Method Usefulness

Turn Sign 3.83 3.71
Intersection Arrows 4.58 4.67
Absolute Arrow 3.13 3.29
Beacon 2.92 3.25

Efficiency Immersion Safety Situational Awareness Distraction
2.92 3.17 2.88 2.88
2.96 3.50 2.92 2.29
2.88 3.00 2.63 3.00
2.92 3.04 2.79 2.46

Table 4: The average 5-point scale Likert ratings of navigation experience with each navigation method (1 -

strongly disagree, 5 - strongly agree).

0.001). In perceived usefulness, we applied the Wilcoxon signed-rank test and found significant differences between

these four condition pairs: (A: Turn Sign, B: Intersection Arrows), (A: Turn Sign, D: Beacon), (B: Intersection Arrows,

C: Absolute Arrow), and (B: Intersection Arrows, D: Beacon). In perceived efficiency, we found significant differences

between these three condition pairs: (A: Turn Sign, B: Intersection Arrows), (B: Intersection Arrows, C: Absolute

Arrow), and (B: Intersection Arrows, D: Beacon). Therefore, we can conclude that Intersection Arrows was perceived

to be the most useful and efficient among all four methods.

6.7.2 Immersion. We did not find a significant difference in immersion across the conditions (x*(3)=0.92, p >

0.05). The immersion level was low and similar across all four methods, indicating that participants considered the

virtual environment unrealistic and remained aware of the real world.
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6.7.3 Perceived Safety. We did not find a significant difference in perceived safety across the conditions (x?(3)=3.37,
p > 0.05). However, average Likert ratings suggest that participants considered the two TBT methods safer than the
two ATCF methods, with Intersection Arrows being perceived as the safest. Some participants rated safety based on
the simulation environment and physical space rather than the navigation methods, so here we focus only on the effects

of the navigation methods.

6.7.4 Situational Awareness and Distraction. We did not find a significant difference in situational awareness and
distraction among all conditions using the Friedman test (awareness x2(3)=2.18, p > 0.05, distraction x?(3)=2.81, p >
0.05). Situational awareness of the environment and distraction levels were similar across all methods, with exocentric

methods achieving better awareness and less distraction than their egocentric counterparts.

6.8 Qualitative feedback

6.8.1 Navigation Experience. Participants found Intersection Arrows very intuitive, often stating "it was very
obvious where to go all the time" [P20]. However, some felt there were "too many arrows" causing confusion [P11].
While participants felt safe due to the low mental demand, the arrows sometimes occluded the environment, making a
few feel unsafe.

For Turn Sign, participants appreciated the straightforward navigation, often saying they "always knew where to
turn" [P1]. However, technical issues such as signs being "a bit glitchy and laggy" [P5, P15] caused some to miss their
destination. Additionally, participants felt distracted by having to look up at the signs, which affected their sense of
safety. As one participant noted, "It was a bit tricky to have to look up in the left corner whilst also looking ahead."
[P14].

Absolute Arrow was found helpful to some extent, with one participant praising its responsiveness [P13]. However,
others found it confusing and difficult to learn [P3, P12]. The inconsistency between the arrow’s direction and the
destination was distracting, and some participants felt it made navigation less efficient and potentially unsafe. One
participant reflected that "it would have been more difficult if there were more paths to choose between." [P14], while
the method caused actual danger due to distraction: "I was quite concentrated on trying to follow the arrow that I lost
control of the bike." [P19].

Participants generally found Beacon inefficient due to visibility issues. Two main problems were obstruction by
buildings, causing "trouble finding the beacon because of the tall buildings" [P4], and difficulty in knowing where to go
when heading in the wrong direction, "Whenever I was going in the opposite direction, I had no way of knowing where
to go." [P6]. Although less visually distracting, the lack of consistent visibility of the beacon made some participants

feel unsafe, as they had to constantly search for it while navigating [P14].

6.8.2 Comparison between navigation methods. Here we present participants’ preferences among the four
navigation methods from three perspectives: general preference, perceived efficiency, and perceived safety.

Intersection Arrows emerged as the most preferred method, with 16 out of 24 participants favoring it, 18 considering
it the most efficient, and 13 deeming it the safest. Participants appreciated its intuitiveness and informative nature,
which helped them reach their destinations quickly and feel prepared for upcoming turns. They noted that "at some
corners the navigation is shown beforehand" [P18], making it "easiest to follow without interruptions" [P20]. However,
some mentioned that the arrows could visually obstruct the real road [P22]. Turn Sign was less preferred due to its
distraction and minimal time buffer for changing directions, making participants feel more stressed. Despite this, it was
seen as a familiar navigation method that resembled a real-world environment [P6].

Between the two ATCF navigation methods, Absolute Arrow was generally more favored than Beacon. Out of all 24

participants, 16 preferred Absolute Arrow for various reasons:
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(1) Novelty and Efficiency: "Absolute arrow is interesting and efficient." [P21]
(2) Visibility: "I can always see it. Sometimes a building will block the beacon." [P1].
(3) Reliability: "It gave immediate information." [P15]

However, Absolute Arrow was also noted by some participants as distracting and confusing [P5, P6]. On the other
hand, Beacon provided freedom to explore and lowered mental stress, with some participants appreciating the ability
to plan their route independently. One participant remarked, "Beacon gives me more time and energy to look around
and enjoy the process" [P22]. However, visibility issues made it less reliable for most participants, though a few liked

it for being the least distracting [P16].

6.8.3 Simulation Environment. Participants expressed concerns about the realism and safety of the simulation
environment. On a 5-point Likert scale, they rated realism at 2.67 and safety at 2.83.

The perception of low realism was primarily due to the simplified design of the environment, described by some
participants as having a "Minecraft vibe" [P9], and the visibility of the physical ground, with "grassland clearly visible"
[P17]. However, the points of interest added to the environment were appreciated by some participants: "I liked that it
had different objects, a house, buildings, etc. as it made it very fun to walk around in." [P7].

The primary complaints about the simulation environment safety were related to the redirection technique. Initially,
participants found the rotation of the environment strange, unpredictable, and too fast, which made them feel unsafe and
prone to "crashing into walls" [P4]. However, some participants reported that they adapted to the redirection technique

after a few trials.

6.8.4 Insights and suggestions. When asked to imagine the possible use cases for these navigation methods in
daily biking, most participants gave positive answers (N = 21). Participants generally indicated a preference for using
Intersection Arrows in unfamiliar surroundings, while favoring Absolute Arrow and Beacon for familiar environments
or leisure biking.

Some participants expressed interest in trying these navigation methods while walking or driving. They preferred
ATCF navigation when walking, as the slower speed and better control would allow them to "fully explore the
surroundings" [P24]. Conversely, they favored TBT methods for driving scenarios, particularly for situations requiring
advance turn warnings, such as in "car racing scenarios like rally and being warned about turns" [P20].

Despite the optimistic outlook for future implementation, certain concerns were raised. The primary concern was
related to technical limitations. Some participants reported instability in the visual cues, while others doubted the
current advancements in AR wearable devices, questioning their readiness for real-life navigation method application.
One participant mentioned: "I would only consider it when the headset is small enough to wear without too much
mental and physical affordance." [P5].

Participants also offered suggestions for improving the navigation methods. Two participants suggested that a
combination of methods might be more effective than a single type of navigation cues. One specifically pointed out the
reason: "I would like to have a mix of beacon and intersection arrows as it can be quite confusing in Stockholm with all
the detours due to building sights" [P3].

7 DISCUSSION AND FUTURE WORK
7.1 AR-based Navigation Methods

Based on the results from our empirical user study, we found that Intersection Arrows, the exocentric TBT method,
emerged as the most preferred. Objectively, it yielded the best performance, demonstrated by the highest reliability

and wayfinding efficiency. Subjectively, participants perceived it as the most useful and safest method, requiring the
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least amount of workload. We attribute the success of this method to the AR visualization assistance, where yellow
arrows were overlaid onto each virtual intersection. However, it is concerning that some participants noted the arrows
could obscure the view, posing a potential safety issue for real-life implementation in traffic. Despite this, in simulated
environments, this exocentric TBT method shows significant promise for replacing traditional egocentric TBT methods,
especially in unfamiliar settings or under time constraints.

Conversely, participants did not favor the ATCF methods as much. In agreement with related work investigating
cycling navigation using haptic [24], music [1], or mobile phone [30], we concluded that efficiency is certainly not
the advantage of ATCF methods. On the other hand, participants showed a preference for ATCF methods in familiar
environments or during leisure rides. Additionally, participants were accustomed to TBT methods in their daily lives
and had never used ATCF methods in real-life scenarios, as ATCF is more familiar in game contexts. When presented
with a completely new navigation tool, it is understandable for users to initially reject it. Further research could involve
long-term training on ATCF wayfinding and evaluate its effectiveness over time. Among the two ATCF methods we
proposed, there was no clear indication of superior performance. However, Absolute Arrow, the egocentric method,
was favored over Beacon, the exocentric method, due to its efficiency, reliability, and visibility. Nevertheless, this does
not imply that Absolute Arrow is unequivocally better than Beacon. Most complaints about Beacon stemmed from its
lack of visibility, often obscured by tall buildings in the map design. More studies are needed to assess the effectiveness
of Beacon in various real-world environments and to explore how to optimize its visibility and usability.

Our findings also suggest that combining these four navigation methods could further enhance their effectiveness
and user experience. Drawing inspiration from the qualitative feedback, it is promising to integrate two navigation
methods with opposite characteristics or complementary features. For instance, combining Intersection Arrows and
Beacon could yield significant benefits. Intersection Arrows provide short-term navigation information, indicating how
to turn at the next intersection but not offering guidance for the entire journey. In contrast, Beacon informs users about
the final destination without providing detailed instructions along the way. Additionally, the visibility characteristics of
these two methods are opposite: Intersection Arrows are visible all the time but can obstruct the view, while Beacon
can be obscured by buildings. The combination of these two methods could be very promising and warrants further
research. Exploring how these complementary features can be integrated could lead to a more comprehensive and
user-friendly navigation system.

Another promising prospect is to adapt these navigation methods for different modes of transportation, such as
walking or driving. Previous literature suggested that TBT and ATCF auditory navigation are equally applicable for
walking and cycling scenarios [1], while more preferences occurred in this study regarding AR navigation. We found
that ATCF methods are more suitable for low mentally demanding scenarios, such as walking, where users benefit
from less intrusive guidance and more route choice freedom. In contrast, TBT methods are better suited for high
mentally demanding scenarios, such as driving at high speeds or in competitive settings, where precise and immediate
instructions are crucial. A further investigation into how mental workload affects the choice of navigation method
could provide valuable insights. Understanding the relationship between mental workload and navigation preferences
could help tailor these methods to specific transportation modes and user needs, enhancing overall effectiveness and

user experience.

7.2 The Prospect of Circle Redirection

The introduction of Circle Redirection marks a significant advancement in addressing spatial constraints in cycling
simulations. This technique is particularly beneficial for implementing ATCF navigation methods, enhancing the
existing simulation environment of BikeAR [21]. In our study, we successfully accommodated turns of four different

angles: 30°, 45°, 60°, and 90°. This suggests that Circle Redirection can potentially be generalized to handle turns
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of any angle. In terms of simulation capacity, we expanded a physical space with a 12-meter radius into a virtual
environment up to 76 meters by 71.3 meters using Circle Redirection. This expansion, representing a 12-fold increase
in area, demonstrates the method’s potential to simulate larger virtual spaces within confined physical areas. However,
this accomplishment does not necessarily define the technique’s limits. Theoretically, Circle Redirection could enable
infinite uninterrupted cycling within a limited physical space. Nonetheless, further empirical validation is required to
fully establish its effectiveness and practical applications.

Based on our observations and the qualitative feedback, participants were generally shocked and unprepared for
the redirection in their first trial. However, as the study proceeded, they quickly adapted to it. This implies that while
the redirection is clearly noticeable, there is potential for it to become more acceptable with proper adaptation. One
approach to achieving this could be the inclusion of training sessions before the user study takes place. This would
allow participants to become familiar with the redirection technique, reducing initial discomfort and enhancing the
overall user experience. Further research could also focus on quantitatively analyzing how the parameters (« and
B) of Circle Redirection affect user perception and acceptance. Understanding the detection thresholds for these
parameters—perception, applicability, and acceptance [27]—can inform adjustments that optimize the technique for

different study setups and user preferences.

7.3 Safety Concerns of Real-life Cycling User Studies

Conducting a user study involving real-life cycling with an AR headset presents unique safety challenges. To address
these concerns, we implemented several precautionary measures to ensure participant safety and ethical integrity

throughout the experiment:

(1) Environment Preparation: Before each test, we ensured that the test location was clear of any people or objects.
The experiments were scheduled to avoid adverse weather conditions, such as rain, which could compromise
safety.

(2) Informed Consent: Participants were provided with a comprehensive consent form detailing the study’s purpose,
the tasks involved, and the types of data to be collected. Participants were required to read and sign this form
prior to participating in the study, ensuring they were fully informed about the research and their involvement.

(3) Safety-Focused Environment Design: To maintain situational awareness, the AR setup used passthrough vision,
allowing participants to see their bike and the physical world ahead. This feature ensured that virtual elements
did not obscure critical real-world information. The virtual environment also included obstacles designed to
prevent participants from taking the wrong paths and leaving the designated physical space, adding an additional
layer of safety.

4

~

Physical Protection Measures: Before the test started, participants were given time to familiarize themselves
with the bike and the AR system until they felt comfortable and confident. During the test, the experimenter
followed each participant at a safe distance, ready to provide guidance or physical support if needed. This
ensured that participants were aware of the physical boundaries and received immediate assistance in case of

any imbalance or disorientation.

Despite these extensive precautions, there remain some retrospective ethical considerations that warrant discussion.
First, although the participants read and signed the consent form, there is a chance that they were still not fully aware of
the risks due to the novelty and boldness of this study. To enhance clarity, the consent form could include videos from
first-person perspectives or illustrations to clearly depict the narrow roads and spinning environment. Second, despite
safety measures, the potential for accidents and injuries could not be entirely eliminated. Minor falls or collisions

might have occurred due to the uneven grass surface or distraction from the AR elements.
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If financial support permits, a safer alternative would be conducting the studies in an indoor site such as a sports
hall with soft surface. If technology permits, the safest alternative would be conducting the user studies with biking
simulators instead of applying redirection techniques. A biking simulator also involves riding a real bike and navigating
through an virtual environment. Future work could explore implementing and testing these navigation methods with

biking simulators, or even in bikeless settings for heightened perceived safety [18].

8 LIMITATIONS
8.1 Design of the Virtual Elements

This thesis introduces the design of four navigation methods, selected as representatives of TBT/ATCF strategies and
egocentric/exocentric perspectives for evaluation. However, variations in method design could potentially influence
study outcomes. Furthermore, due to technical constraints of the AR headset, the virtual environments we created
adopt a simplified style that may diverge from real-world settings. These environments focus solely on static visual

aspects of a city, omitting dynamic elements such as traffic flow and ambient sounds.

8.2 The Limit of Circle Redirection

The Circle Redirection technique we proposed was instrumental in evaluating the effectiveness of the four AR navigation
methods. While this technique enabled the successful execution of our user study in most trials, four trials failed
indirectly due to the discrepancy between the virtual and physical environments caused by the redirection. We identified

two aspects of the Circle Redirection technique that could be improved and expanded upon:

(1) Safety: The rotation and shifting of the environment made participants feel unsafe. This is due to two main
reasons: (a) participants were not accustomed to redirection techniques in AR environments, and (b) the
parameters were not optimized for user comfort. To address these issues, we can provide more comprehensive
tutorials to help participants become familiar with the redirection technique, and conduct further studies to
investigate how various parameters affect user perception in order to identify the optimal settings.

(2) Generality: In this study, the redirection setup was location-specific, functioning only for the specific virtual
maps and physical location used. This was achieved by fine-tuning the parameters in the Circle Redirection
components. As discussed in Section 4.1, this poses a constraint on the map design and user’s movement.
A future direction is to develop an algorithm that can generalize the Circle Redirection technique to various

locations with different sizes and shapes, enhancing its applicability and flexibility.

8.3 Threats to Validity

This study involved a complex and intricate user study that required multiple hardware and software components.
Although we managed to conduct the study successfully and achieved significant results in several aspects, it is worth

noting that certain threats to the validity of this user study exist.

(1) Location constraints: The study was conducted on a grass field, as shown in Figure 4. The grass surface,
being less smooth than typical asphalt or stone surfaces used in real-life biking lanes, introduced significant
friction and increased the difficulty of biking, particularly for participants with less biking experience. The
extent to which participants’ cognitive resources were allocated to cycling on the grass, rather than focusing on
the navigation task, was not evaluated in this study.

(2) Environment Design: Due to the limited physical space, the virtual maps featured narrow streets of only 3
meters in the design software. In reality, this width could be even smaller due to the tracking and mapping

characteristics of the headset. Combined with the environment rotation brought about by the Circle Redirection,
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participants found it difficult to ride forward and turn without hitting virtual objects, averaging 2.82 collisions
per trial. This likely increased the participants’ mental load, shifting their focus from navigation to managing
cycling in the virtual environment.

(3) Hardware Limitation: The hardware used in this study could also introduce threats to validity. We used the
Meta Quest 3 mixed reality headset, which employs front-facing cameras for passthrough visuals. The resulting
images could be distorted, affecting immersion and potentially causing user discomfort such as dizziness and
nausea. A see-through headset might have been a better choice to ensure visual fidelity. However, due to the

current limitations of AR technology, a perfect all-encompassing headset is not yet available.

9 CONCLUSION

This thesis explored the integration of AR into cyclist navigation, combining turn-by-turn and as-the-crow-flies
strategies with egocentric and exocentric perspectives. To facilitate the evaluation of the four AR navigation methods,
Turn Sign, Intersection Arrows, Absolute Arrow, and Beacon, we proposed Circle Redirection, a redirection technique
which allows navigation using both strategies in large virtual environments while cycling in a limited physical space.
Based on the evaluation results, we conclude that Intersection Arrows showed the highest wayfinding efficiency and
lowest workload, while Absolute Arrow was preferred over Beacon. Additionally, these navigation methods could be
combined or adapted for walking or driving scenarios. Circle Redirection proved effective for the user study, though

improvements in perceived safety are needed.
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A CONSENT FORM
B PARTICIPANT DEMOGRAPHICS

Participant No. Age Gender How often do you cycle? In the past year, how many kilometers do you cycle every month? How often do you use an AR headset?

1 28  Male A few times a year <10km A few times

2 32 Female A few times a year <10km A few times

3 45 Male A few times a week 10-50km Occasionally

4 27 Male A few times a year 10-50km Very frequently

5 23 Male  Ican’t remember the last time I was on a bike <10km A few times

6 25  Female A few times a year 10-50km I have never used an AR headset
7 26  Female A few times a year T have not cycled every month. A few times

8 23 Female A few times a year <10km A few times

9 30 Male Every day or almost every day 10-50km A few times

10 25  Female A few times a week 50-100km A few times

11 23 Female A few times a month <10km T have never used an AR headset
12 26  Female A few times a month <10km A few times

13 23 Male I can’t remember the last time I was on a bike <10km A few times

14 26  Female A few times a year <10km I have never used an AR headset
15 36 Male Every day or almost every day >200km Occasionally

16 26 Female Ican’t remember the last time I was on a bike <10km A few times

17 25  Female A few times a month 50-100km Occasionally

18 24 Male  Ican’t remember the last time I was on a bike <10km Very frequently

19 24  Female Ican’t remember the last time I was on a bike Okm A few times

20 27 Male A few times a month <10km Occasionally

21 30 Female Ican’t remember the last time I was on a bike <10km T'have never used an AR headset

22 25  Female A few times a year <10km A few times

23 25 Male I can’t remember the last time I was on a bike <10km A few times

24 23 Female A few times a month 10-50km Very frequently
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Participant Consent Form

Aim of the study: The study is conducted as a part of a degree project (DA232X) for the master’s programme in Interactive Media
Technology at KTH Royal Institute of Technology. The aim of the study is to investigate the efficiency and user experience of new AR
navigation methods for cyclists, in order to gain better understanding and new insights into cyclist assistance technologies.

Data collection: | agree that the following study data may be recorded and stored:
- Demographic data

- Questionnaire replies

- Tracking data (position and speed) of my bicycle ride.

- Performance data (collision) of my bicycle ride.

Data protection: | declare that | agree to the storage and processing of the recorded study data for research purposes in anonymous or
pseudonymized form. | am aware that personal reference to the data is no longer established after anonymization and that the data can
therefore no longer be deleted.

Possible risks: When using augmented reality systems, some individuals can experience some degree of nausea or other symptoms similar
to motion sickness. This is normal, and it usually goes away within minutes, but it can persist for hours if severe. If | experience these
symptoms and become too uncomfortable, | am free to take a break or leave the study if | choose to. Additionally, there is a risk that | might
injure myself during the test if | accidentally hit something in the real world. However, measures have been taken to reduce this risk by
providing a large and empty cycling space, implementing software techniques, and providing physical protection by the experimenter.

Voluntary participation: | hereby agree to participate in the study. My participation is entirely voluntary. | understand that | have the
possibility to cancel my participation in the study at any time and without giving reasons, and that this will not cause me any disadvantages.

In the event of cancellation, all data collected up to that point will be deleted. | hereby confirm that questions from me have been answered by
the experimenter.

Mark only one oval.

j I have read through all the information above, and | give my consent to the study.

Figure 12: The consent form was presented as the first question in the Google Forms questionnaire. It was
mandatory to give consent to proceed with the user study.
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