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Figure 1: In this work we explore the influence of visual navigation cue density on navigation performance, situational awareness
and subjective user experience. The three investigated cues – (1) PathLine, (2) ArrowTrail and (3) TurnMarker – range from high
to low density. To maintain experimental control and ensure a large-scale industrial environment, we conducted the study in Virtual
Reality using a 3D scanned facility, where participants took the role of workers performing maintenance tasks.

ABSTRACT

Navigation is a fundamental task supporting guided exploration and
wayfinding as standalone or as part of other immersive applications.
Previous research showed that navigational cues do not only impact
wayfinding performance but can also affect perceptual and cog-
nitive processes, e.g. divide attention and impair spatial memory.
This study investigates whether varying the density of visual nav-
igation cues can influence situational awareness. Additionally, we
examine how cue density affects navigation usability and task per-
formance. We compare three visual cue designs, ranging from high
to low density: (1) PathLine, (2) ArrowTrail and (3) TurnMarker.
We designed a user study augmenting a 3D scanned digital twin of
a building with virtual machinery to simulate a factory floor main-
tenance task, where the cues guided participants to the next point of
interest. A secondary task, the reporting of anomalies, was installed
to assess situational awareness. Results showed that performance
metrics remained unaffected by cue type, situational awareness and
user experience results showed significant differences. Notably, the
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ArrowTrail cue, the medium-density design, was preferred by most
participants and yielded the best overall results, e.g. in terms of
anomaly detection and reaction time. These findings suggest that
moderate cue density may offer an optimal balance between effec-
tive guidance and maintaining environmental awareness.

Index Terms: Virtual Reality, Augmented Reality, Guidance, Vi-
sual Cues, Navigation, Omnidirectional Treadmill

1 INTRODUCTION

Navigation is a fundamental aspect of human life, enabling us to
move efficiently through our environment. For centuries, humans
have developed tools and techniques to improve navigation, from
celestial navigation and cartography to compasses and modern GPS
systems. Today, navigation guidance is deeply integrated into our
daily lives, whether through roadmaps, public transport systems, or
digital assistants providing turn-by-turn directions.

New technologies, like Augmented Reality (AR), have intro-
duced new opportunities to enhance navigation systems [12]. Op-
timized navigation is not only a topic in the physical world, but
also in immersive Virtual Reality (VR) environments, that are used
in gaming, training, simulation and industrial applications. Re-
searchers explored guidance techniques to enhance wayfinding per-
formance and also how navigation aids affect other important fac-
tors such as spatial memory, cognitive load, and the sense of im-
mersion [59, 32, 39].

While navigation cues can improve task performance, they may
also carry unintended consequences. For instance, visual cues can
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lead to reduced attention on uncued areas or affect spatial knowl-
edge acquisition [15, 16, 20].

A decrease of Situational Awareness (SA) is especially relevant
in AR scenarios, where cues are overlaid onto real-world envi-
ronments and distractions can be a safety risk. This problem has
motivated work, for example from Seeliger et al. [57], who pro-
posed a machine learning-based system that selectively displays
guidance cues to maintain safety and user awareness. However,
their technique relies on a binary logic, by either showing the en-
tire cue or hiding it completely. Motivated by this work, we want
to explore whether adjusting the density of visual cues can affect
SA. This could enable systems to move beyond the all-or-nothing
paradigm and provide more nuanced, adaptive support based on
context, and/or reflecting user preference or abilities.

We designed three types of navigation cues: PathLine (high den-
sity), ArrowTrail (medium density), and TurnMarker (low density).
A study was conducted in a 3D scanned large-scale industrial en-
vironment in VR. An omnidirectional treadmill was used for loco-
motion for long distance natural walking behavior. In a simulated
maintenance task, participants were asked to follow navigation cues
to locate faulty machines while simultaneously reporting anomalies
as a secondary task.

We evaluated each cue design on navigation performance, SA,
and user experience. Navigation performance metrics remained un-
affected by cue type, while SA related measures showed significant
differences. Notably, ArrowTrail, the medium-density design, was
preferred by participants and yielded the best overall results, e.g.
in terms of anomaly detection and reaction time, while still being
rated as supportive and easy to use.

2 RELATED WORK

Our work was conducted in immersive VR to explore how navi-
gation cues affect SA in a large, industrial environment. We in-
clude both VR and AR literature, as similar challenges arise in both.
However, we do not claim the results to be directly transferable to
AR or any other form of information presentation in the real-world,
as this requires further experiments.

2.1 Effects of Visual Information Density

Visual density, defined as the number of visual elements or cover-
age per area [14, 65], affects how users attend to and process in-
formation. High visual density can lead to clutter, increasing visual
information processing and impairing object detection [64, 63]. Re-
search on visual saliency shows that attention is guided by both
bottom-up (stimulus-driven) and top-down (task-driven) factors.
Any change to the visual input (adding a navigation cue) alters the
saliency map and consequently attention deployment [33, 69].

Navigation requires continuous integration of spatial knowledge
(e.g., object relationships, self-motion) into a mental map [22, 7].
Hence, cue density, in modifying the deployment of attention might
lead to over-reliance. This aligns with attention tunneling [71, 73],
where over-reliance on a dominant cue monopolizes attentional
resources, causing users to ignore critical environmental stimuli.
In navigation tasks, attention tunneling has been shown to impair
SA [1] and increase collision risks [30]. For instance, studies in
HMD-based VR found that salient cues (e.g., flashing arrows) can
suppress detection of peripheral obstacles [55].

2.2 Navigation and Guidance Cues

Navigation cues can be visual [24], auditory [36], or haptic [66]
indicators designed to guide users or users’ attention through envi-
ronments, whether in AR, VR, video games, or other interactive
systems. These cues help users reach destinations, find objects
or complete tasks by providing directional or contextual guidance.

The research covers several areas, from researching novel techni-
cal techniques [21] to investigating effects in mental load or spatial
learning [74, 4].

Over time a variety of visual cues have been developed and in-
vestigated, each with different characteristics and suited for differ-
ent scenarios. Some of these cues focus on guiding attention to
objects or locations, particularly for short distances. For instance,
the omnidirectional attention funnel [5] or similarly, the augmented
tunnel by Hanson et al. [27] and Schwerdtfeger et al. [54]. Other
types of cues, such as arrows, have been widely explored for guid-
ing attention [6, 23, 46, 25, 31]. The Halo [3], which creates circles
around off-screen targets, is similar to the Wedge [26], which uses
triangles instead of circles to guide attention. A spherical wave-
based guidance system is SWAVE [46]. The EyeSee360 [24], is a
radar-like visualization, directing attention towards off-screen tar-
gets in 360◦ environments. Flickering-based cues [46]) or high-
lights [72, 45] are another technique for drawing attention to spe-
cific areas.

The mentioned cues are made to locate objects at short distances,
e.g. to guide users’ attention during 360◦ cinematic experiences
[13, 28] or during assembly scenarios [45].

For long-distance scenarios other visual cues are suitable. Path-
based cues are used in large scale environments and industrial set-
tings [52, 47, 2, 57]. Also beacons and pointing arrows are investi-
gated for guiding users across extended spaces [59, 8, 2]. Maps are
another common solution for large environments, though they are
more frequently used in urban or exploratory contexts [44, 75].

2.3 Potential Risks of Immersive Cues

Navigation or guidance cues have been widely explored for their
ability to enhance wayfinding and task performance metrics [9, 34,
46, 56]. Beyond performance metrics, research has also explored
perceptual and cognitive effects of such cues, like effects on SA,
spatial memory or the users’ sense of immersion in virtual environ-
ments [59, 32].

Persistent guidance cues can create visual clutter by overlapping
with other elements, leading to distraction, attention tunneling, and
spatial disorientation [2, 38, 41, 43]. Studies have shown that such
cues may reduce attention and fixations on uncued areas [15, 16],
limit natural visual scanning and eye accommodation [61, 42], and
divert attentional resources away from the environment, potentially
impairing SA and spatial memory [20]. This challenge is particu-
larly relevant in AR scenarios, where virtual cues are overlaid onto
real-world environments and users must stay aware of physical haz-
ards. In industrial settings, for example, AR head-mounted displays
have been shown to increase distraction and reduce SA [37], con-
tribute to more safety incidents and missed hazards [10], and even
delay responses to unexpected events due to added cognitive load
[50]. These findings highlight a central trade-off in navigation de-
sign: enhancing guidance without compromising user safety.

Recent research increasingly focused on this safety challenge
and explored solutions to reduce its impact [68, 60, 10, 50, 57]. For
example, Su et al. [60] introduced obstacle reminders to help users
avoid collisions, while Seeliger et al. [57] uses machine learning
to selectively displays guidance cues to maintain safety and user
awareness. However, their technique relies on a binary logic: either
showing the entire cue or hiding it completely.

Similar concerns are addressed in VR research. Stefanucci et
al. [59], investigated how navigational cues affect cognitive load
and spatial learning in an VR environment. Jeong et al. [35] in-
vestigated how guidance cues and the users’ cognitive load affect
performance. VR offers greater experimental control and can be
a useful tool for wayfinding studies [70]. It can also support the
simulation of large-scale environments, making it well-suited for
studying spatial knowledge acquisition and how it is affected by
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navigational cues [32, 19]. VR studies also investigate how naviga-
tional cues can influence the feeling of immersion [32, 39].

3 OBJECTIVES AND RESEARCH QUESTIONS

The main objective of this study is to evaluate three different navi-
gation cues with varying densities, assessing them in terms of:

Performance: We evaluate how accurately and quickly users
can follow the navigation cues and complete the navigation task.

Situational Awareness: SA is described by Endsley and Gar-
land [18] as the “perception of the elements in the environment
within a volume of time and space, the comprehension of their
meaning, and the projection of their status in the near future”. We
aim to measure how well participants maintain SA, in terms of iden-
tifying potential safety hazards or anomalies in the environment.

User Experience: We seek to understand how well participants
feel supported by the cues and how easily they can understand and
use them during the task.

Based on these objectives, we formulated the following research
questions:

RQ1:Does the cue density impact the users’ task performance?

RQ2:Does the cue density impact the users’ ability to recog-
nize anomalies in an industrial setting?

RQ3:Does the cue density impact the users’ experience?

4 SYSTEM DESIGN

We conducted the study in a VR envrionment. We used a Meta
Quest Pro headset1 with integrated eye tracking capabilities in com-
bination with the omnidirectional treadmill Omnideck2. The Om-
nideck enables unlimited physical walking within the virtual en-
vironment, providing a more natural locomotion within our sim-
ulated industrial scenario. Figure 1 shows a participant using the
Omnideck.

4.1 Virtual Environment
The environment should closely resemble a real-world environment
and offer a large area for exploration. To create the environment,
a building floor (1243.8m2) was scanned with a Matterport Pro3
camera (100 scan points). The longest straight walkable distance is
60m, Figure 2 shows the floor and one full path of 96.19m.

Added Machines: The scene was augmented with virtual ma-
chinery simulating a maintenance task for the study. The machines
were visualized using a 3D model from the Unity Asset Store, pro-
vided by CGY (Yemelyan K.)3. This model was augmented with
four interactive levers, each accompanied by an indicator light to
signal the correct lever positions. When all levers are correctly
aligned, the lights are green, signaling that the machine is function-
ing properly. Additionally, the screen of each machine is replaced
with a stylized face, which displays a smiling expression when the
machine is in good working order.

Anomalies were also placed along and outside the path, as de-
scribed in Section 4.3. Figure 2 illustrates our experimental envi-
ronment with added machines.

4.2 Navigation Cues
Our scenario is inspired by industrial use cases such as maintenance
routes across large facilities, which is why we want to have a suit-
able navigation cue for long distances. The cues were intentionally
designed to be simple and easy to interpret, with the goal of pro-
viding intuitive guidance without requiring additional explanation
or training.

1https://www.meta.com/quest/quest-pro
2https://omnifinity.se/
3https://assetstore.unity.com/packages/3d/environments/sci-fi/atm-

95057

Figure 2: We used a 3D scanned model of a buildings groundfloor
(1243.8m2), enriched with virtual laboratory equipment, as a base for
our virtual environment. The groundfloor shows an example path of
96.19m and triangles indicate where the pictures below were taken.

In section 2 we mention several guidance and navigation cues,
but not all of them are suitable for long distances.We decided to
go for a path-based design, similar to Saha et al. [52], Renner and
Pfeiffer [47], and Arntz et al. [2], as it is more fitted for longer
distances and seems popular in industrial inspired scenarios.

In this study, we deliberately focused on cue density as the pri-
mary variable to investigate its impact on navigation and SA. While
visual properties such as transparency or line thickness could also
be important and worth exploring, introducing multiple parameters
would have made it more difficult to control and interpret the effects
of individual factors.

For our study we designed three different navigation cues, rang-
ing from highest to lowest density: (1) PathLine (2) ArrowTrail and
(3) TurnMarker (see Figure 3). Based on the concepts mentioned
in section 2.1 we consider visual density in terms of the spatial fre-
quency of the visualization.

PathLine highlights the whole path. This cue provides the high-
est density, using a continuous line along the path. We embedded
directional indicators in the texture to guide the user as according to
[47], path based visual cues should be augmented with directional
information. ArrowTrail highlights the path every 2 meters and at
corners. This is our medium-density design consisting of arrow-
heads placed every 2 meters and at corners along the route, offering
periodic guidance without full path coverage. TurnMarker high-
lights only the corners of the path. This cue represents the lowest
density design in our set. Inspired by hiking signs, it displays ar-
rows only at key turning points, providing minimal guidance along
the route. As this cue is very sparse we decided to use bigger ar-
rows compared to ArrowTrail to make the cues easier to detect. All
cues have a width of 0.7 meter and a transparency of 80%.

4.3 Anomalies
We introduced three types of anomalies (see Figure 4): (1) pud-
dles, (2) loose cables and (3) abnormal machines. The abnormal
machines differed from the standard machines, described in sec-
tion 4.1, by the visualization on the screen. Instead of showing a
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Figure 3: The pictures show the three cue designs, ranging from high
to low density: (1) PathLine, (2) ArrowTrail and (3) TurnMarker.

Figure 4: To assess SA, we created 3 anomalies: puddles, loose
cables and abnormal machines. During the study the participants
need to report these anomalies while doing the main task.

smile, the expression shows a highly displeased expression. All
other characteristics, like the lever position and lights, stayed the
same. The abnormal machines do not interfere with the users main
task in any way and they are not machines that need to be fixed.

These types of anomalies were chosen to maintain domain rele-
vance: puddles, loose cables or abnormal looking machines could
occur in an industrial environment. Also, the different types pro-
vide a variation in prominence and detectability: puddles and cables
are typically floor-based, while abnormal machines are positioned
around eye level, making them more prominent in the user’s field
of view. To add variety and avoid predictability, some puddles and
cables were also placed on tables. Further details about anomaly
placement are provided in section 5.4. In terms of visual character-
istics, puddles are flat, low-contrast elements, making them subtler
and potentially harder to notice. Cables are smaller and more com-
pact, while abnormal machines show their irregularities more no-
ticeable (on the screen). The abnormal machines are placed among
normal machines, requiring users to recognize inconsistencies on
the machines’ screens.

5 STUDY DESIGN

The working assumption of this work is that navigation cue density
has a effect on SA. The study was designed using a dual task for-
mat to quantify navigation performance together with SA based on
identifying objects in the scene while navigating. The study con-
sists of three conditions, one for each navigation cue.

Figure 5: Before starting the trials for each cue, participants had to
complete a training. In this training users were introduced to the om-
nideck, the virtual environment and to the required interactions. After
the training, the main part of the study started where participants
completed three trails, one for each cue. In the breaks between the
trials, users could rest and fill out questionnaires. In the end a ques-
tionnaire was given to capture feedback and preferences.

5.1 Participants

Prior to the main study, a pilot test was conducted with three indi-
viduals to refine the procedure and ensure technical feasibility. A
total of 24 participants (10 female, 14 male) voluntarily took part in
the study. The mean age was 32.3 years, with ages ranging from 23
to 48 years. All participants reported normal or corrected-to-normal
vision. Five participants had prior experience using the omnidirec-
tional treadmill, for the remaining participants, this was their first
exposure to the device. The study was conducted in accordance
with the ethics guidelines of our institution, and all participants pro-
vided written informed consent prior to participation.

5.2 Procedure

To test and evaluate our navigation cue designs, we conducted a
user study using a within-subjects design, allowing all participants
to experience each of the three cue types. We counterbalanced the
order of cue conditions so that each cue appeared equally often in
the first, second, and third position across participants.

Figure 5 illustrates the overall structure of the study. Follow-
ing a brief introduction to the study goals and procedures, par-
ticipants completed a structured training phase divided into three
parts: (a) Omnideck training, (b) machine interaction training, and
(c) anomaly reporting training.

In phase (a), participants familiarized themselves with the Om-
nideck treadmill and the virtual environment used throughout the
study. By using the same environment for training and the main
trials, we aimed to reduce distraction due to environmental novelty.
Participants were encouraged to explore all areas of the scene—not
only to practice walking on the treadmill but also to build spatial
familiarity. This phase was untimed, and progression was based on
the mutual agreement of the participant and study supervisor that
the user was confident and ready to proceed.

Phase (b) introduced participants to the virtual machines and
the interaction required to “fix” them. Broken machines were dis-
tributed across the environment, and participants practiced visiting
and repairing them. While the interaction itself was kept simple
(see Section 5.3 for details), this phase ensured sufficient practice,
particularly in combination with treadmill walking.

In phase (c), participants were trained to recognize and report
anomalies. All three anomaly types were demonstrated within the
scene, showing how they might appear during the main trials. To
complete this phase, users had to successfully locate and report all
anomalies. We placed 4 anomalies of each type in the training.

During the training, the Omnideck speed was adjusted to match
individual preferences. All participants began at a default speed of
40%, which was then fine-tuned based on user feedback (mean =
49.5, SD = 6.3). During the main study, no adjustments were taken
to ensure a fair comparison between cues.

1336

Authorized licensed use limited to: Technische Universitaet Graz. Downloaded on April 29,2026 at 09:16:14 UTC from IEEE Xplore.  Restrictions apply. 



Figure 6: For the main task, users had to follow the navigation cues
and fix faulty machines. A faulty machine was indicated by one red
control light and a displeased facial expression on the screen. Ma-
chines could be repaired by adjusting the faulty lever until all lights
turned green and the machine’s facial expression returned to a smile.

After training, participants proceeded with the actual experimen-
tal phase. Short breaks were provided between trials to prevent
fatigue and to allow participants to complete questionnaires. Dur-
ing these breaks, the VR headset was removed, and paper-based
questionnaires were administered. These included: The NASA-
TLX [29] to measure perceived workload and a customized usabil-
ity questionnaire inspired by Arntz et al. [2], assessing perceived
support and ease of use.

After completing all three trials, participants were given a fi-
nal questionnaire designed to capture subjective feedback, personal
preferences, and overall impressions of the navigation cue designs.

5.3 Tasks
The task was inspired by maintenance workflows in an industrial
factory setting, where workers must navigate large spaces, perform
equipment checks, and remain aware of potential safety hazards. In
each trial, participants received instructions from a virtual panel dis-
played at the beginning of the scenario. The instructions remained
consistent across all three trials.

Main Task: The main task involved locating and ”fixing” mal-
functioning machines placed throughout the environment. The ma-
chines were added to the environment as described in section 4.1.
The machine model was augmented with four interactive levers,
each accompanied by an indicator light to signal the correct lever
positions. When all levers were correctly aligned, the lights turned
green, signaling that the machine was functioning properly. Addi-
tionally, the screen of each machine was replaced with a stylized
face, which displayed a smiling expression when the machine was
in good working order. In contrast, malfunctioning or maintenance-
needing machines displayed a neutral or displeased expression. The
indicator lights served to guide users by highlighting which specific
levers were incorrectly positioned. Machines could be repaired by
adjusting the faulty lever until all lights turned green and the ma-
chine’s facial expression returned to a satisfied smile (see Figure
6). Navigation cues guided participants from one faulty machine to
the next, with the cue only updating once the current machine was
successfully repaired. In each trial, participants had to repair 18
machines. Participants were instructed to focus primarily on their
main task: following the navigation cues and repairing malfunc-
tioning machines. While the environment allowed for free explo-
ration and did not constrain users to a fixed path, participants were
explicitly asked not to deviate from the route.

Secondary Task: While performing the main task, participants
were also given a secondary task: to report anomalies encountered
along the way. Thanks to the eye-tracking capabilities of the VR

headset, anomalies could be reported by simply looking at them
and pressing a button on the controller. Participants were instructed
not to search for anomalies actively but to report them only when
noticed during the course of their main task.

Although instructions emphasized passive observation, it is pos-
sible that individual differences in cautiousness or task engagement
led some participants to actively scan the environment more thor-
oughly than others. This behavior may have introduced a bias in
anomaly reporting performance, which could be addressed or con-
trolled more systematically in future work.

Participants were also asked to report each anomaly only once.
However, if they were unsure whether they had already reported a
specific anomaly, they were encouraged to report it again to avoid
missing any. With this we wanted to investigate if participants can
remember already visited rooms and anomalies, which could indi-
cate effects on spatial memory. However, we intentionally formu-
lated this request softly, as our main focus in this work is SA. There
were 18 anomalies in each path (6 cables, 6 puddles, 6 abnormal
machines). Anomalies could emerge or disappear after completing
some specified segment. The next section 5.4 clarifies details about
the anomaly placement.

5.4 Path Construction and Anomaly Placement

Since all participants experienced all cue types, it was necessary to
design three different paths that were both, varied enough to pre-
vent participants from becoming familiar with the route, yet similar
enough to remain comparable. The same applies for the placement
of anomalies: ensuring variability, while maintaining comparabil-
ity. In the following we will describe in more detail how we de-
signed the paths and placed the anomalies.

Path Design: To achieve the balance mentioned above, we im-
plemented the following design strategy:

The factory floor was divided into three sections, and each path
began in one of these sections (Path 1 starting in Section A, Path 2
in Section B, and Path 3 in Section C). Figure 2 shows the floorplan
divided into 3 sections.

Each path was constructed by selecting machines in a logical or-
der, ensuring that participants would navigate through the environ-
ment in a structured sequence. For each path, the goal was to visit
machines in each area, and after traversing the floor once, the route
reversed, revisiting all areas and returning to the starting point. Dur-
ing the first traversal, three machines from each area were visited.
During the second traversal, two machines from each area were vis-
ited. In addition to the 15 machines within the areas, participants
also encountered 3 machines in the hallway that connected the ar-
eas. These hallway machines were placed at the start (as the first
machine to visit), in the middle (before the second traversal), and at
the end (as the final machine visited). In total, participants would
visit 18 machines, covering a total route length of 398 meters. To
ensure that the paths were varied but still comparable, we selected
machines in close proximity within each area, while reversing their
order of visitation across different paths. For instance, in Area B,
Path 1 may visit machines A and C, while Path 2 could visit ma-
chines B (near A) and D (near C), but in the order D-A. In the
second traversal, the machines would be visited in a different order
(e.g., A-D for Path 1 and C-A for Path 2).

This approach ensured that participants followed distinct paths
without becoming overly familiar with the sequence, while main-
taining comparability between the different cue designs.

Anomalies: Anomaly placement followed the same guiding
principles: ensuring variability across the three paths to prevent
learning effects, while maintaining comparability. The type of
anomalies are mentioned in section 4.3.

Each anomaly type (puddle, cable, abnormal machine) was rep-
resented 6 times per path, resulting in a total of 18 anomalies per
trial. The characteristics, spatial distribution, and visibility timing
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of anomalies were matched across all three paths to ensure consis-
tency in difficulty and detection opportunity. As an example we
want to explain the placement of the 6 puddles: Puddle 1, was vis-
ible only at the first traversal, placed near a machine in one of the
main areas, while Puddle 2 was only visible at the second traversal
in the same area as puddle 1. Puddle 3 and 4 were placed in both
traversals in the hallway, located on the left and right side of the
path. Puddle 5 was placed on a table within one of the areas, while
Puddle 6 was located centrally (not close to any object) in an open
space in one of the areas. The placement of cables and abnormal
machines followed a similar system.

5.5 Collected Data

During each condition, we collected data on participants’ per-
formance in the navigation and anomaly-reporting tasks, along-
side measures related to perceived support, usability, and cognitive
workload.

Performance: To assess the overall performance across different
cue designs, we evaluated participants’ navigation task execution.
We continuously recorded participants’ positions during the trials,
along with key events such as the start of the task (after reading the
introduction panel), the completion of each machine interaction,
and the final task completion (last machine fixed). From this data,
we calculated both total completion time and distance traveled as
indicators of task performance.

SA: User awareness was assessed through the secondary task of
anomaly reporting. To evaluate report performance, we analyzed
the number of anomalies reported, the frequency of duplicate re-
ports, and the reaction times between first visual exposure and re-
port. Data on each report was collected, complemented by eye-
tracking data from the Meta Quest Pro headset, which allowed us
to calculate reaction times for anomaly detection and reporting.

Subjective Measures To understand participants’ perceptions of
the cues, we collected subjective measures of support, ease of use,
and workload. A custom 7-point Likert-scale questionnaire (rang-
ing from “strongly disagree” to “strongly agree”) was developed to
assess perceived support and usability of each cue type. In these
questionnaires participant had to rate statements like ”I felt con-
fident following this cue without needing additional help” and ”I
immediately understood what this cue was instructing me to do”.
In total there were 8 statements (4 for support, 4 for ease of use)
they had to rate. In addition, the NASA Task Load Index (NASA-
TLX) [29] was used to measure overall perceived workload during
each condition.

6 RESULTS

In this section, we present the findings of our user study. We begin
with the results related to navigation performance, followed by the
analysis of SA, and conclude with the measures regarding usabil-
ity and user preferences. Given our within-subjects design, where
all participants experienced each cue condition, we employed the
Friedman test to determine whether there were statistically signifi-
cant differences across cue types. This non-parametric test is well-
suited for repeated-measures designs, especially when assumptions
of normality may not hold [62]. In cases where the Friedman test
indicated significant effects, we conducted Nemenyi post hoc com-
parisons to identify which specific cue conditions significantly dif-
fered from one another. Effect sizes were calculated with Kendall’s
W (W). Since multiple tests were conducted to evaluate awareness-
related measures, we corrected the p-values using the False Discov-
ery Rate FDR procedure.

6.1 Performance

To assess the performance of the cues and address RQ1, we mea-
sured both the time participants required to complete the main task

Figure 7: The plots visualize the average time needed and distance
traveled to complete the task. No significant differences were found.

p-value adjusted p
Reported Anomalies 0.836 0.9218
Reported Puddles 0.0034 0.0103
Reported Anomalies (1st visit) 0.059 0.1194
Reaction Time Reports 0.0019 0.0103
Multiple reported Anomalies 0.8464 0.9218
Multiple Reports Count 0.9218 0.9218

Table 1: We did multiple tests to assess the performance of the report
task. we corrected the p-values with the FDR approach.

of fixing all the machines and the total distance they traveled during
the task.

There were no significant differences in either the time needed
(p = 0.2748, χ2 = 2.58, W = 0.2748) or the distance traveled (p =
0.4169, χ2 = 1.75, W = 0.036) across the different cue types, sug-
gesting that the variation in cue density did not have a substantial
impact on task performance. Figure 7 shows the average comple-
tion time and distance traveled for each cue.

6.2 Situational Awareness

We decided to measure SA by performance measures. They occur
naturally within the flow of the task and serve as indirect indicators
of SA [53]. In more detail, we are assessing the performance of the
secondary task: the reporting of anomalies. To evaluate the report
performance we look at different metrics, all listed in table 1, e.g.
the amount of found anomalies or the reaction time of reports. As
we did several tests for the report performance, we adjusted the p-
values with the FDR approach.

Overall there was clearly no significant difference in the total
amount of found and reported anomalies (p = 0.836/0.9218, χ2 =
0.36, W = 0.0.007). During the study we recognized that the pud-
dles were in general more difficult to detect for the users, that is why
we decided to also check for reported puddles separately. Here the
results showed a significant difference, also after FDR correction
(p = 0.0034/0.0103, χ2 = 11.34, W = 0.236). The post-hoc test
revealed that PathLine had significant less reports in puddles than
ArrowTrail and TurnMarker. The result is visualized in Figure 8.

As the environment is traversed two times, there are some
anomalies that are passed by more than once, resulting in the
change to report it multiple times, this is why we also checked for
the reported anomalies after one visit. Although the result indicates
more difference here it is still not significant (p = 0.0.059/0.1194,
χ2 = 5.64, W = 0.11).

As we were able to gather eye tracking data from the partici-
pants we were interested in how long it took them from first seeing
the anomaly, to actually reporting it. As the ’first seen’ timestamp
we only considered occurrences with a minimum gaze dwell time
of 150ms and within 60 seconds before the report to reduce the
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Figure 8: The count of puddle reports were significantly lower for
PathLine, while the total count of reports showed no significance.
ArrowTrail showed the best result for report reaction times.

Figure 9: The plot shows the amount of time spent on looking at the
cues, relative to the total time needed to finish the task.

risk of some outliers influencing the result, e.g. caused by inaccu-
rate long distance eye tracking. Figure 8 shows the distribution of
the reaction times over cues. To use the Friedman test we calcu-
lated the mean reaction time for each participant and cue. Results
showed that there is a significant difference (p = 0.0019/0.0103,
χ2 = 12.58, W = 0.262). The post-hoc test revealed that ArrowTrail
had significant better results in reaction time than the other two cues
(p = 0.0025, p = 0.0167), while there was no significant difference
between PathLine and TurnMarker (p = 0.8322).

We also checked if anomalies were seen and not reported. But
this appeared not to be the case for all participants.

We also analyzed multiple reports. In the instructions we stated
that anomalies should only be reported once, but in case of uncer-
tainty, they could report them multiple times. The underlying idea
was to assess if the users understood their environment and recog-
nized that they were already in this room and reported the anomaly.
Results here show that there was no significance difference in the
amount of anomalies that were reported (p = 0.8464/0.0921, χ2 =
0.33, W = 0.007) and also in the amount of ’extra’ reports (p =
0.9218/0.9218, χ2 = 0.16, W = 0.003).

Beyond report behavior, we also examined gaze behavior toward
navigation cues. We calculated the percentage of time participants
spent looking at the path in relation to their total task completion
time. Results indicated a significant difference between cue con-
ditions (p < 0.05). Results of all three conditions differed signifi-
cantly with participants spending more time looking at the PathLine
cue, followed by the ArrowTrail and TurnMarker cue. While this
outcome may be expected, given that higher density cues occupy
more space, it reinforces the concern that high-density cues may
visually dominate the scene, potentially distracting users or occlud-
ing important environmental elements. See Figure 9 for a summary
of time spent looking on the path across cues.

6.3 Usability / Subjective Measures
To assess user experience, we created a customized Likert question-
naire aimed at evaluating the perceived support and ease of use of
the navigation cues. We also made use of the NASA TLX [29] to
assess participants’ workload. After each condition users had time
for a break and to fill out the questionnaires.

6.3.1 Perceived Support and Ease of Use
In the subjective experience (RQ3) questionnaire, participants rated
8 statements after each condition (4 about perceived support and 4
about ease of use). Statements were, for example ”I felt confident
following this cue without needing additional help” and ”I immedi-
ately understood what this cue was instructing me to do”.

There are significant differences for both support (p < 0.05, χ2

= 34,95, W = 0.728) and ease of use (p < 0.05, χ2 = 27.44, W =
0.572). The post-hoc test indicated that, in terms of perceived sup-
port, TurnMarker was significantly less effective than both Path-
Line and ArrowTrail (p < 0.05 and p < 0.05). There was no sig-
nificant difference between PathLine and ArrowTrail (p < 0.05).
Regarding ease of use, TurnMarker was also rated lower than the
other two cues (p < 0.05, p < 0.05), while no significant difference
was observed between PathLine and ArrowTrail (p < 0.05).

6.3.2 NASA TLX
In addition to assessing the perceived support and ease of use, we
also evaluated the participants’ workload using the NASA TLX
questionnaire. We calculate the RTLX score as an average of its
subscales as suggested by Hart [29]. We excluded the temporal
dimension of the NASA TLX from the analysis, as it was not appli-
cable to our study context. The average results for each dimension
are visualized in figure 10.

There was a significant difference in workload (p = 0.0147, χ2 =
8.43, W = 0.176) between the different cue types. The post-hoc test
indicated that TurnMarker resulted in a significantly higher work-
load compared to both PathLine (p = 0.0167) and ArrowTrail (p =
0.1072), the difference between PathLine and ArrowTrail was not
significant (p = 0.7506).

6.3.3 Participant Feedback
At the end of the study, participants completed a final feedback
questionnaire. We asked them to indicate which cue they found
most helpful, which one required the least effort to use, and which
one was their overall favorite. While 16 of participants rated Path-
Line as the most helpful and even 20 as the easiest to use, 15 out
of 24 participants ultimately selected ArrowTrail as their overall
favorite. Participants explained that ArrowTrail remained easy to
understand while feeling less restrictive and visually intrusive, al-
lowing them to see more of the environment. Interestingly, no one
selected TurnMarker as favorite. However, several acknowledged
that once they understood how it functioned, appearing only when
a direction change was required, it became easier to follow. Fig-
ure 11 summarizes outcomes on preference across all cue types. 3
participants voted for multiple cues in each category, e.g. one user
mentioned all 3 cues in the LeastEffort category.

Participants were also asked whether they believed the naviga-
tion cues influenced their attention. 22 out of 24 acknowledged that
the cues could indeed impact their SA. They cited distraction due
to an overload of information with PathLine, and a lack of support
with TurnMarker. Additionally, 15 participants reported that fol-
lowing TurnMarker demanded more mental effort, which may have
diverted their attention from the surrounding environment. This is
also underlined by the results of the NASA TLX results (see sec-
tion 6.3.2). Only 7 participants mentioned that they think that Path-
Line had a negative influence on their SA, 3 people even assumed it
would improve their SA by providing so much navigational support
that they could focus more on the environment.
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Figure 10: These plots show the results of the subjective user experience. TurnMarker scored significantly lower in perceived support and ease
of use. Also the Nasa TLX indicates a significant higher workload for TurnMarker compared to the other cues.

Figure 11: Most participants rated PathLine as the most helpful and
easiest to understand. However, when asked about their overall pref-
erence, the majority still chose ArrowTrail. In their explanations, they
appreciated that it provided sufficient guidance while being less vi-
sually intrusive. For them, it offered a more comfortable balance be-
tween perceived support and visual distraction.

7 DISCUSSION

Based on the comparison between the cues, we analyzed the data to
investigate their impact on Navigation Performance (RQ1), Aware-
ness (RQ2) and User Experience (RQ3).

To answer RQ1 and assess Navigation Performance, we inves-
tigated task completion time and travel distance. For completion
time, we initially hypothesized that ArrowTrail would lead to the
most efficient performance, as we thought users would need more
time to interpret TurnMarker and follow PathLine more strictly,
possibly leading to longer distance traveled and time needed. The
data did not support this assumption. Notably, the effect size for the
time needed was small to moderate, suggesting a possible trend that
our study may have been underpowered to detect a potential Type
II error. Future studies with larger samples or more complex spatial
layouts may be better positioned to detect an effect.

We hypothesized that, in affording greater freedom in naviga-
tion, TurnMarker would lead to shorter travel distances, similar to
the findings of Arntz et al. [2]. However, the data revealed no sig-
nificant difference. It is possible that the constrained layout of our
environment and the chosen path design (with a limited amount of
open areas) limited participants’ ability to take alternative paths, re-
ducing the potential impact of this cue type on navigation behavior.

To assess SA and answer RQ2 we evaluated participants’ per-
formance on a secondary task: the reporting of anomalies during

navigation. Although the cues are kept simple and appear to be
similar, their impact on SA was notable. TurnMarker, which was
the most visually distinct, did not significantly differ from PathLine
in secondary task performance. However, ArrowTrail led to sig-
nificantly better results, suggesting improved SA. While the total
number of reported anomalies did not significantly vary across cue
conditions, detection of more subtle anomalies, such as puddles,
was influenced by cue type. The result for reported puddles showed
a small-to-moderate effect. Although the effect might not be large
it can still be meaningful, especially as our used anomalies did not
differ much in detectability.

Reaction times for reporting anomalies differed significantly,
with ArrowTrail leading to the quickest responses. The effect size
suggests a moderate effect, indicating that cue design had a mean-
ingful impact on participants’ ability to respond promptly to rec-
ognized anomalies. These findings align with prior research sug-
gesting that persistent navigational cues can divide attention and
reduce fixations on non-cued areas [15, 16, 20]. PathLine may have
divided users’ attention more strongly due to its higher spatial fre-
quency. TurnMarker also led to low awareness performance, possi-
bly because its sparse design distracted users in a different way by
requiring them to search for the next cue. These results correspond
with the feedback of participants, mentioning that PathLine felt too
intrusive and TurnMarker required more mental effort to follow.

We examined multiple anomaly reports, in an attempt to asses
spatial memory, but we observed no significant differences between
cue conditions. While this result might suggest that cue design did
not influence spatial knowledge, we acknowledge that our study de-
sign was not optimized to robustly assess this metric. Participants
were instructed to report each anomaly only once, but in case of
uncertainty they could report them multiple times. We intentionally
formulated this instruction softly which may have introduced in-
consistencies in behavior. Prior work has employed more targeted
approaches to assess spatial memory, such as requiring participants
to point or go back to specific locations [59]. Therefore, we advise
caution in interpreting these results and suggest that future research
employ more specialized methods to investigate this aspect of nav-
igation behavior.

Overall, the results suggest that even subtle differences in cue
design can influence SA.

To assess RQ3, we examined users’ experience and preferences.
Two customized questionnaires were developed to evaluate the per-
ceived support and ease of use of each cue. Results indicated no
significant difference between PathLine and ArrowTrail in terms of
perceived support and ease of use. TurnMarker received signifi-
cantly lower ratings on both dimensions. The effect sizes for these
comparisons were notably high, indicating a strong influence of cue
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type on user experience. Compared to the smaller effect sizes ob-
served for performance and awareness-related outcomes, these find-
ings represent the most pronounced differences in the study. This
suggests that, regardless of objective performance, users formed
clear and consistent preferences regarding which cues they found
most supportive and intuitive to use.

These subjective impressions were further supported by the
NASA TLX results, which showed a significantly higher perceived
workload for the TurnMarker condition, while no significant differ-
ences were found between PathLine and ArrowTrail. We assumed
that a decrease in cue density would lead to an increase in per-
ceived workload, as spotting the cues require more mental effort.
As expected, TurnMarker, offering the least cue density, resulted
in the highest workload scores. However, ArrowTrail, having a
medium level of cue density, did not differ significantly from Path-
Line, which offers the highest density of guidance. This result sug-
gests that reducing cue density moderately (ArrowTrail) may not
negatively impact workload, while a more drastic reduction (Turn-
Marker) does.

In a final feedback questionnaire, participants were also asked
about their overall preferences. While many acknowledged that
PathLine was the most helpful and required the least effort to in-
terpret and follow, the majority still preferred ArrowTrail. Par-
ticipants justified their preference by noting that ArrowTrail felt
less restrictive, less visually intrusive, and less distracting, while
still offering sufficient navigational support. This discrepancy sug-
gests that participants prioritized a balance between navigational
support and visual comfort. Although PathLine minimized sub-
jective cognitive effort, it may have introduced a feeling of over-
reliance or visual clutter. These subjective preferences align with
the awareness-related results, where ArrowTrail also led to quicker
anomaly detection, suggesting that moderate cue density can im-
prove both user satisfaction and SA performance. These findings
point to the importance of designing navigation aids that are sup-
portive in navigation but minimally intrusive. Another interesting
observation is that only 7 participants reported believing that Path-
Line had a negative impact on their SA, while 3 even assumed it
would improve their SA by reducing cognitive effort. However,
both PathLine and TurnMarker resulted in worse SA-related per-
formance compared to ArrowTrail. Despite this, the majority of
participants attributed potential negative effects on SA primarily to
TurnMarker. This discrepancy suggests a possible risk of under-
estimating the attentional costs of visually dominant cues. Since
PathLine highlights the whole path and is easy to follow, it may sub-
tly draw attention away from the environment without users notic-
ing. In contrast, TurnMarker required more visual searching and
effort to interpret, making its impact on SA more noticeable. Users
seem to be more aware of distraction when it stems from having to
actively search for cues, rather than from cues that passively and
continuously guide their attention.

8 LIMITATIONS AND FUTURE WORK

Despite the significant results, several limitations should be ac-
knowledged. First, the study focused exclusively on visual cues,
leaving out other techniques such as audio or haptic feedback,
which may also influence users SA and performance. Additionally,
our manipulation of cue density was limited to spatial frequency; al-
ternative approaches, such as varying transparency, line thickness,
or animation, could provide further insights.

The design of anomalies also posed limitations. All anomalies
in our study were static and relatively uniform in presentation. In-
cluding a wider range of anomaly types, as well as varying their
difficulty levels, could have offered a more nuanced understand-
ing of the influence of navigation cues on anomaly detection. In
our current worked we analyzed eye tracking data, and although it
led to interesting findings we suggest a more detailed and thorough

analysis of this data to gain more information.
Our study examined effects of navigation cue in a large-scale,

reality-inspired VR environment. While our research questions
are relevant to AR contexts, results are not directly transferable
and further investigation due to fundamental differences between
VR and real world: (i) spatial knowledge acquired in VR may
not be transferable to the real world. Indeed, virtual reality (VR),
a systematic underestimation of distances, so called compression
of virtual space , can significantly impair the transfer of spatial
knowledge from virtual to real environments [48, 17]. Although
naturalistic real-world stimuli significantly mitigate or fully over-
come distance compression [49]. Lack of self-motion also causes a
proprioceptive-vestibular mismatch [11, 51] while interfaces allow-
ing to physically walk, such as omnidirectional treadmills (ODT)
abide a more congruent sensorimotor feedback [67]. ODTs have
drawbacks such as altered gait dynamics and lack of terrain tex-
tures [40]. Yet, studies with ODTs are scarce and often with dif-
ferent platforms. In our study, the ODT is a common locomotion
device for all participants and trials. Further studies are required
to investigate the RQs while walking normally in the real-world.
Our research addresses attentional aspects derived from interfer-
ence arising from cue visual density. Studying such in AR requires
careful display considerations. Optical-see-thru AR displays suf-
fer color blending problem [58] while Video-see-thru have to deal
with camera-display settings. Hence, an AR study with similar hy-
pothesis to ours should consider display issues. Our study did not
consider technical constraints of AR headsets like a limited field of
view, registration errors or occlusion handling. These factors may
also influence user behavior in AR contexts.

Further research could also study effects of cue density on other
cognitive or perceptual processes, like spatial memory.

In future work, it would be valuable to further investigate how
user knowledge and experience might influence the effectiveness
of different cue designs. Our current results may change depend-
ing on factors such as user expertise. Novices may require more
frequent or prominent cues, while expert users might prefer sub-
tler, less intrusive guidance. Another direction for future research
could be the development of adaptive navigation systems that can
dynamically adjust the density and type of cues based on the user’s
context and needs. Such a system could alter cue density based on
environmental factors (e.g., presence of hazards or task complex-
ity) or user-specific factors (e.g., cognitive load, expertise level, or
personal preferences). This adaptive approach could help optimize
the user experience and performance across different user groups
and contexts.

9 CONCLUSION

Our study demonstrates that even subtle variations in navigation cue
design, in our case cue density, can meaningfully influence user
awareness and their subjective experience, without compromising
task performance.

ArrowTrail, our medium-density cue, outperformed the others in
anomaly detection speed and subtle anomaly recognition, indicat-
ing enhanced SA. It also maintained a favorable balance between
perceived navigational support and unobtrusiveness, which was re-
flected in both user preferences and lower perceived workload.

While the results are clear within our context, we do not claim
that there is a universally optimal cue density. The observed effects
are specific to our user group, environment, and task. Outcomes
may differ under different conditions. However, our work high-
lights that even small visual design decisions, such as how densely
cues are presented, can have a notable impact on user experience
and SA and should therefore be considered a design factor in the
development of navigation systems.
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[8] T. T. Brunyé, J. M. Moran, L. A. Houck, H. A. Taylor, and C. R.
Mahoney. Registration errors in beacon-based navigation guidance
systems: Influences on path efficiency and user reliance. Int. Journal
of Human-Computer Studies, 96:1–11, Dec. 2016. 2

[9] S. Büttner, M. Funk, O. Sand, and C. Röcker. Using Head-Mounted
Displays and In-Situ Projection for Assistive Systems: A Comparison.
In Proc. of the 9th ACM Int. Conf. on PErvasive Technologies Related
to Assistive Environments, pp. 1–8. ACM, Corfu Island Greece, June
2016. 2

[10] G. Camacho-Fidalgo, B. Judkins, K. Friederichs, L. Soberanis, V. Her-
nandez, K. McSweeney, F. Witherden, and E. Rojas-Muñoz. Ana-
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