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(a) No Cue, as a Baseline. (b) Text, as an explicit cue.

(d) Blur, as Subtle cue.

(c) Color, as an explicit cue.

Figure 1: VR Depth perception cues at various distances are depicted in the figures, with the left-side image displaying cues at 3
meters, and the right-side image illustrating cues at 7 meters.

ABSTRACT

Understanding an environment relies on human sensory systems,
with visual perception as the primary source for defining spatial
relationships and estimating distances. The visual system uses nat-
ural cues, each offering partial information that can lead to bias
and conflicts, especially when ambiguous. Virtual Reality (VR)
environments challenge these natural depth cues with discrepan-
cies in perspective and variations in light and shadow depiction,
leading to potential confusion in depth perception. However, VR
also allows for the isolation and study of these cues. This paper
introduces artificial subtle cues (texture blur) to enhance natural
depth information in VR. Our results show that augmenting natural
depth cues with artificial ones improves depth prediction accuracy
and spatial relationship awareness. Subtle blur cues enhance depth
estimation without participants’ subjective awareness of the augmen-
tation, suggesting that such subtle cueing can effectively enhance
depth perception.

Keywords: Virtual Reality, Perception, Depth Perception, Aug-
mented cues, Subtle Cues, Implicit Cues, Explicit Cues.

1 INTRODUCTION

Visual perception is essential for defining spatial relationships, en-
abling precise interaction, and acquiring spatial knowledge [89].
Multiple sources of visual information, known as visual depth cues,
including binocular cues (stereopsis), motion cues, and pictorial
cues, help estimate depth [52]. Depth perception is fundamental to
understand spatial relationships. Visual depth cues aid in estimating
distances between objects, enhancing situation awareness and form-
ing a basis for decision-making [64]. These cues combine through
a complex process to assess distance to an object, with each being
affected differently by the distance between the observer and the
object [15]. Our work investigates encoding complementary depth

*e-mail: azaman@know-center.at
fe-mail: ernst.kruijff@h-brs.de
fe-mail: eveas@tugraz.at

8e-mail: akrajnc @know-center.at
e-mail: nelsayed @know-center.at

979-8-3315-1647-5/24/$31.00 ©2024 IEEE
DOI 10.1109/ISMAR62088.2024.00088

730

information in VR using minimally invasive cues. Usually, visual
cues from our physical reality are used in VR yet are often somewhat
distorted, leading to estimation errors. Depth cues interact differently
based on egocentric distance: personal space (< 2m), action space
(2m — 30m), and vista space (> 30m) [15]. Distance judgements
in Virtual Environments (VE) in action space are often underesti-
mated compared with judgments in real world [65]. This discrep-
ancy arises when the interaction of natural depth cues with virtual
objects provides conflicting information to the visual system [22].
Furthermore, external factors like atmospheric conditions, physical
properties of objects, their spatial locations, and individual visual
perception differences influence depth perception [29, 31, 80, 89].
These factors affect monocular cues, such as foreshortening, the
reduction in contrast of distant objects, light and shadow, relative
size, and proximity-luminance covariance. Decision-making in vir-
tual environments requires understanding spatial organization, often
forcing users to adapt their perception from real-world experiences.
Dynamic and/or cluttered environments can impair perception in
VR [74]. Therefore, additional cues should avoid altering the ap-
pearance of objects or the environment’s organization.

VR allows manipulation and control of visual properties, enabling
supplementary information encoding. We investigate techniques
to present depth information, differentiating between natural and
augmented depth cues. Natural cues, like binocular vision, mo-
tion parallax, and occlusion, are fundamental to human perception.
Augmented cues, such as text annotations, color overlays, and blur
effects, aim to supplement rather than replace natural cues to im-
prove depth perception. The goal of augmented depth cues is to
resolve depth ambiguities without causing cue conflicts. Whenever
possible, it would be desirable to avoid altering the appearance of
objects. However, this is not always easily possible, especially when
using explicit cues. We denote explicit cues as overt cues that are
clearly or apparent to encode the depth information. Subtle cues
encode the information covertly but still in processable form. Note
that a subtle cue may be a modified (e.g., exaggerated) natural cue,
so long as it is covert. Our study evaluated the effectiveness of subtle
blur cues in VR for enhancing depth perception, focusing on smooth
integration into VR user experiences. The primary focus was on the
ability to catch moving objects, indirectly measuring depth percep-
tion, simulating realistic VR interactions, and assessing how subtle
cues help users judge the proximity of moving objects. Our study fo-
cused on central vision where depth perception is most accurate. We
deploy two explicit augmented cues for baseline depth estimation:



text labels with distance information and color gradients that encode
depth as a visual feature. Text labels provide explicit distance data
but can be challenging to read in dynamic scenes. Color gradients
vary in value according to distance, enhancing pre-attentive depth
perception. Additionally, we use a subtle cue based on atmospheric
factors such as foreshortening, reduction in contrast, and proximity-
luminance covariance. This subtle cue increases texture blurriness
with distance, resembling natural depth cues. This approach aims to
improve user experience and immersion, making interactions more
intuitive for users who find overt cues distracting or disorienting.
Detailed descriptions of these cues are provided in Section 4.

2 RESEARCH Focus AND CONTRIBUTIONS

Our research focuses on improving depth perception in VR through
the use of augmented cues. We employ explicit cues (text labels and
color gradients) and a subtle cue (texture blur) to enhance depth
estimation within action distance in both cluttered and non-cluttered
environments. We explore how subtle cues, particularly blur, can
seamlessly integrate into VR experiences, aiming for natural integra-
tion into the user’s perceptual framework. This approach covertly
enhances depth perception, a relatively understudied aspect in depth
cue research. The study addresses two key questions:

RQ1: To what extend do augmented cues improve the precision
of distance judgments for moving objects under different perceptual
difficulty conditions (e.g., varying levels of environmental clutter
and dynamic VR environments?

RQ2: How do subtle cues compare to explicit cues in terms of
performance?

This comparative study is conducted in a dynamic VR scene
with an object moving towards the observer. Clutter complicates
depth perception but provides occlusion cues aiding spatial judgment.
The study controls natural depth cues, except for relative size from
object motion, using an asteroid in outer space to limit familiar size
effects. We compare a baseline without augmented cues, explicit
cues (text and color), and a subtle cue (blur). Our findings highlight
the effectiveness of augmented cues, with all outperforming natural
cues alone. Explicit cues (text and color) provide better quantitative
accuracy, while subtle cues (blur) enhance depth perception without
being overtly noticeable. By examining the balance between subtlety
and perceptual impact, our research explores a less-studied aspect of
depth perception and cue integration within dynamic VEs [22,30].
This provides novel insights into the field of VR, showing that
subtle cues can maintain visual integrity while enhancing depth
perception. When traditional depth cues (e.g., binocular disparity)
become less precise, such as in peripheral vision, blur serves as a
robust alternative for depth estimation [32].

3 BACKGROUND AND RELATED WORK

Visual perception interprets spatial information from stimuli [89],
shaped by an individual’s perceptual processing ability [51]. It
involves attention allocation and cognitive resources, influenced by
a perceptual set, including personality, experience, and expectations,
guiding sensory interpretation through perceptual hypotheses [77].
Studies highlight visual saliency and depth cues in directing attention
[71,75]. Following, we will explain the basics of visual perception
and how these cues fit into the process.

Depth Cues — Depth estimation can be ordinal (relative depth)
or metric (measured distance) [52]. Depth perception is influenced
by light scattering, object interaction, and human sensory response.
We will illustrate the role of depth cues in our environment in the
user study section (Section 5.1). Mechanisms for depth perception
include binocular disparity (slight differences in retinal images),
convergence (angle of central view rays), and accommodation (lens
shape adjustments). Motion cues like kinetic depth field and motion
parallax provide depth information through the relative movement
of objects and the observer. Pictorial cues, perceivable with one eye,
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include linear perspective, occlusion, height in the plane, familiar
size, relative size, textural gradients, light and shadow, proximity-
luminance covariance, and aerial perspective [91].

Interrelationships Between Depth Cues — In VR, depth estima-
tion is often underestimated in action space [42]. Dominant depth
cues in this space include height in the visual field, motion per-
spective, and binocular disparity, while occlusion and relative size
remain constant, and aerial perspective becomes more significant
at greater distances [14]. Natural and augmented depth cues may
overlap, conflict, or dominate each other, sometimes leading to the
disregard of weaker cues [14]. Previous research has highlighted
occlusion for ordinal information, relative size for ratio-scaled infor-
mation, and stereopsis and motion perspective for absolute distance
information [48]. Shadows and motion parallax enhance structural
information perception in immersive analytics [34], while texture
contrast and area contrast impact depth perception, with depth judg-
ments influenced by texture contrast especially when area contrast is
low [36]. In near-field augmented reality, factors like focal distance,
brightness, and age affect depth estimation, with collimated targets
being overestimated and midpoint targets accurately estimated [76].
Peripheral stimulation experiments show that constant white light
in the far periphery improves distance and size estimation accu-
racy, suggesting VR depth perception may closely resemble the real
world [40]. Defocus blurs and focus cues have been proposed to
mitigate perceptual conflicts [46]. We examine augmented cues
using a motion depth perception task. Due to the dynamic nature
of this task, the brain continually integrates various cues in real-
time [26]. Natural cues work together but can present conflicting
information, leading to depth perception ambiguity, especially with
motion parallax in dynamic scenes [15].

Depth Perception Performance in VR — VR environments often
lead to compressed distance perceptions compared to real environ-
ments, yet maintain coherence in distance perception [54, 63, 92].
Factors influencing VR distance estimation include field of vision
and stereoscopic rendering [25]. Egocentric distance misestimation
is a key concern, though studies have found that field of view, monoc-
ular vs. binocular viewing, and other potential influences do not
significantly impact distance perception in VR [13,24,45,63], sug-
gesting that the underestimation of distance in VR may stem from
other, less obvious aspects of the VR experience. Various method-
ologies for estimating distances—verbal estimation, size estimation,
relative measures, and directed action methods—each affect percep-
tion differently [16,28,44,80]. Research continues to explore the
compression or expansion of perceived intervals in VR compared to
the physical world [5,38,62,85,93]. To address depth perception is-
sues in head-mounted displays (HMDs), solutions like focus-tunable
lenses and gaze-tracking technology are proposed [68].

4 AUGMENTED DEPTH CUES

Augmented depth cues are artificial sources of depth information
introduced deliberately to enhance the perception of depth. To
achieve this, depth information is encoded visually, leveraging VR to
arbitrarily modify the scene. The visual processing of the augmented
cue is linked to the strategy for visual encoding. The cues are
designed to work on an object-by-object basis, affecting a single
object in its entirety. We designed and examined three augmented
cues: two explicit and one subtle cue.

4.1

Two overt methods were selected to present depth information in
an explicit manner. Numeric labels were chosen because they di-
rectly present the information clearly. Color encoding was chosen
as an apparent overt cue that can encode magnitude. These cues
are considered explicit because the modification of the scene is
clearly visible and noticeable, despite the fact that they may lead to
erroneous decoding of the underlying information.

Explicit Augmented Cues



Text annotations provide depth information through labels on ob-
jects, representing the distance between the observer and the object
numerically. The effectiveness of text annotations is influenced by
intrinsic factors such as prior linguistic knowledge [83], cognitive
state and representation [57, 81], situational [97] and mental mod-
els [37,98]. While commonly used in VR, they require a higher level
of detail, attention, and comprehension, making their continuous
perceptual processing complex influenced by strategies employed by
users rooted in their prior knowledge, comprehension, and motiva-
tion [11,84]. In our implementation, text annotations display depth
information to two decimal places in meters. This precision ensures
consistency and allows accurate comparisons across conditions. For
an object moving at 1.5m/s the rate of change of the presented text
depth information is 0.15 meters, and for an object moving at 2.5m/s
corresponds to 0.25 meters per second. The text is centered on the
object and scaled to occupy a 15% of it when the original scale size
of the object is 30 units. Figure 1-b depicts how this cue appears at
3 meters and 7 meters distance.

The color cue, influenced by luminance contrast, enhances
depth perception when combined with other cues, where proximity-
luminance covariance applies to color as a pictorial depth cue [31].
Research shows that color augmentation improves depth perception
in VR, especially against darker backgrounds [2, 50]. Partial occlu-
sion combined with the color red produces stronger depth perception
and faster judgments, making variations in the red spectrum effective
depth cues [31]. Our color cue utilizes the RGBA model to control
the red color channel within a 10-meter range from the observer.
At the objects’ farthest point, the overlay is yellow, shifting to red
as distance decreases through linear interpolation. For an object
moving at 1.5 m/s rate of color change from 1 to 0 in green channel
is at 15% and moving at 2.5 m/s corresponds to 25% per second.
This means the red spectrum gradient becomes 15% to 25% redder
as the distance decreases, which is more influential in what humans
typically perceive as a significant change within this range. This
gradient is effective as red is perceived as nearer and yellow attracts
more attention [2,79,95]. Warmer colors evoke a stronger depth
response in depth perception [53]. Our choice of the color scale was
informed by these findings, ensuring that our approach aligns with
established practices in depth encoding. Figure 1-c depicts how this
cue appears at 3 meters and 7 meters distance.

4.2 Subtle Augmented Cue

Our study employs texture blurring on target objects to enhance
depth perception in VR. This approach aligns with the natural occur-
rence where distant objects appear blurrier than those close to the
observer, a principle supported by prior research in visual percep-
tion [4,33,35]. Blur perception is influenced by the eye’s inherent
optical quality, including aberrations, and extends beyond the retina
to involve higher level neurophysiological processes, differing be-
tween central and peripheral vision [10,56,60,86—88]. These studies
lead to an argument that blur could be intercepted implicitly by our
vision without overwhelming the visual system.

Empirical research shows that blur can function as an independent
and economical depth cue, providing a pictorial cue for depth [3,9,67,
72]. VR users prefer clearer textures for closer objects and stronger
contrast of blur rather than a blur consistent with the background
[94]. The manipulation of focus and texture blurring offers depth
perception independently of other depth cues; Blur and binocular
disparity yield similar depth perception results [58, 59], and blur
detection may operate pre-attentively without increasing cognitive
load [55].

Our study focused on blur cues in central vision, where depth per-
ception is sharpest. We follow previous research [10], which detailed
the differences in processing blur between central and peripheral
vision, demonstrating that objects in specific dioptric zones are per-
ceived with varying clarity, affecting depth perception. Our findings
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confirm that, despite its lesser sensitivity, blur remains integral for
depth perception.

The blur cue uses a texture blur filter that disorients texture pixels
in eight directions, thereby creating a multi directional blur effect
that simulating atmospheric or distance-induced blurring. Opti-
mal levels of texture blurring were determined through preliminary
testing, examining various degrees against user-reported depth per-
ception accuracy and interaction ability. These tests, informed by
established models of visual processing [35], enabled us to identify
a maximum effective blur of 30% at 10 meters as the optimal thresh-
old for enhancing depth perception without compromising essential
object details. Figure 2 illustrates the difference between perception
blur adjustment due to human perception and augmented cue blur
adjustments. In perception blur, the adjustment is affected by the
distance between the object and the focal point disparity planes,
combined with the blur adjustment due to the distance between the
eye and the object. However, in augmented cue, the blur adjust-
ment is only affected by the distance between the eye and the object.
This adjustment exaggerates the effect of a mixture of natural cues
that effectively affect the clarity associated with objects at different
distances (textural gradients, proximity-luminance covariance, and
aerial perspective). For a moving object, the subtle blur cue uses
a dynamic blurring scale, decreasing blur as the object approaches.
For an object moving at 1.5 m/s, blur decreases by 4.5% per sec-
ond, and at 2.5 m/s, by 7.5% per second. This range and variation
factor per second were refined through iterative feedback during
pilot testing. This ensures that, although the blur intensifies with
distance, it does not obstruct the participant’s ability to interact with
the object, thus maintaining a balance between enhancing depth cues
and preserving the clarity necessary for task performance. Figure
1-d shows this cue at 3 and 7 meters distance.

Distance Distance

e <D

(a) Perception Blur (b) Augmented Blur

Figure 2: Blur adjustment in human perception versus augmented
blur cues, Where D; and D, are two depth levels (disparity planes)
defined by an object and a focal point at a different depth, while A
is the distance between eye and the object. Using Augmented Blur,
the level of blur is not affected by the difference between the focal
disparity plane D1 and the object disparity plane.

5 USER STUuDY

The goal of the study is to evaluate the effect of augmented depth
cues (explicit and subtle) in estimating depth in VR. It was designed
in the form of a VR game, where participants catch asteroids using
a catching net. The study was conducted under four conditions:
no cue (baseline) (see Figure 1-a), text cue (see Figure 1-b), color
cue (see Figure 1-c), and blur cue (see Figure 1-d). Under the no
cue condition, objects retain their natural state without alteration
to appearance or texture. The fext condition shows the numerical
distance on the object surface to indicate depth. For the color con-
dition, a dynamic color gradient from yellow to red is applied to
the object’s surface, signifying depth with yellow representing the
furthest and red the nearest point. Lastly, the blur condition applies
varying levels of blur to the object’s texture; minimal blur is used for
objects that are close, while a more pronounced blur signifies objects
that are further away. The study comprises three distinct sessions: a
training session—to familiarize the user with the game mechanics,
a non-clutter depth estimation session—to assess the user’s ability



to judge moving objects in empty VR environment, and a clutter
depth estimation session—to evaluate depth perception in clutter VR
environment. In each of these sessions, participants were introduced
to all four cue conditions. To ensure consistency in the results, users
are instructed to remain seated in a static position and to limit their
head movements. This controlled setting is essential for isolating
the variables being tested and ensuring the accuracy of the study’s
findings.

Target
Asteroid

Figure 3: Visual depiction of (a) Scenery, providing the backdrop
for VE; (b) Target Asteroid, the focal point of participants’ attention;
(c) Clutter Asteroids, populating the scene to create occlusion; (d)
Catching Frame, a planar reference for the depth estimation; and (e)
View-port zones, ensuring coverage of all possible object entry points
within the observer’s field of vision.

5.1

Our VR testing environment is designed to control factors like light-
ing, atmospheric effects, spatial misalignment, and dynamic changes
to prevent biases in depth perception, ensuring more accurate spatial
judgment.

We chose a space-themed VR game environment to minimize
extraneous visual variables, allowing us to isolate and evaluate the
impact of both subtle and explicit depth cues on perception. This
setting enables systematic observation of the effect of augmented
cues on depth perception, testing their efficacy without interference
from typical real-world depth cues. This is a necessary preliminary
step before studying their effect in real-world settings. We used
limited virtual objects to enhance the generalizability of our findings,
ensuring reliable results by reducing potential confounding factors,
crucial for initial validation of the subtle cues. We eliminated po-
tential confounding variables by disabling directional lights, texture
compression, and shadows. Figure 3 illustrates the key components
of the developed virtual testing environment. The game’s appearance
ensures a high level of contrast between the scenery and the target
objects. The game scenery (Figure 3(a)) features a dark background,
with skybox colors selected from the blue channel to avoid conflicts
with the implemented color cues. The asteroids (Figure 3(b)) serve
as the primary objects of interest. Their inherent ambiguity in shape
and size eliminates any biases from participants’ prior knowledge,
focusing the study solely on depth perception.

We intentionally selected an irregular asteroid shape for control
purposes, maintaining consistency to control for shape variability.
The asteroid’s texture increases perceived visual complexity and
overall perception of the 3D shape [49]. While the size remained
constant, we dynamically varied the asteroid’s movement speed, as
size discrimination is more precise when the object appears closer to
the observers [1]. The asteroids move towards the participant from a
fixed point 10 meters away, incorporating the kinetic depth effect—a
critical cue requiring an object in motion while the observer remains
static [19]. The movement speeds range from 1.5 m/s to 2.5 m/s,

Virtual Reality Testing Environment

important for assessing depth perception in dynamic environments.
Note that the speed of target asteroids was a control parameter to
isolate the effects of depth cues and catching frame distance, not
a dependent variable. The space theme has no horizon, with only
asteroids visible and no sharp parallel lines. This design controls
for cues such as linear perspective, familiar size, relative size, light
and shadow, and proximity-luminance covariance. Head movements
were not controlled, allowing for motion parallax, but the game’s
speed made significant head movement impractical. Our analysis
did not observe any apparent head movements that would affect
perception due to motion parallax.

To examine the performance of the augmented depth cues, we
implemented both non-clutter and clutter environment modes. The
clutter factor, introduced via a group of asteroids using particle
systems (Figure 3(c)), measures cue performance in complex and
occluded environments. This setup allows us to test depth perception
under varying visual complexities. Additionally, we integrated a
catching frame into the environment, providing ordinal depth infor-
mation supported by the same type of depth cue applied to the target
asteroid. The frame is invisibly subdivided into nine zones, forming
view-port zones (Figure 3(e)), to ensure coverage of all possible
object entry points within the observer’s field of vision. Distances
for the catching frame (Figure 3(d)) were informed by research on
VE distance perception [45], suggesting the robustness of perceived
distances at 2m, 6m, and 12m, which guided our settings for middle
(5m) and peripheral (3m and 7m) distances. Iterative feedback from
pilot testing validated that augmented cues’ visibility and variabil-
ity beyond 10m did not effectively alter perception, as changes in
cue strength at these distances were indiscernible. This controlled
VR testing environment offers a relevant setting for examining the
effectiveness of augmented depth cues.

Our study was deployed on a Meta Quest Pro VR headset de-
vice, the experiment was developed using Unity3D 2021.3.15f1 and
conducted via Oculus Link. The render resolution was set at 4128
x 2096 at 72 Hz, utilizing a cable connection to ensure real-time
visualization.

5.2 Study Procedure

Training Session: In the training session, users were introduced to
all four conditions and familiarized with depth cues across a range
of 0 to 10 meters (see Figure 4-a). The environment featured a floor
grid ruler marking distances at 1-meter intervals. The primary study
object, an asteroid, remained at eye level throughout the training.
Depth cues were augmented on the asteroid, with intensity varying
over the 0 to 10 meter range. Users adjusted the asteroid’s posi-
tion within this range using the VR hand controller’s toggle button,
moving it linearly by pushing the thumb toggle forward or back-
ward. The experimenter instructed users to move the asteroid to
specific, randomly selected distance markers, allowing them to ob-
serve changes in augmentation at different distances. Each training
session lasted about 1 minute.

Dynamic Depth Estimation Sessions: The Dynamic Depth
Estimation Session in the VR game introduced users to the primary
objective, i.e., tagging a flying asteroid at the precise depth indicated
by the frame position. Participants engaged in two distinct sessions:
depth estimation in non-clutter environment with a single asteroid
approaching the user (see Figure 4-b), and depth estimation in
cluttered environment where numerous asteroids move dynamically
whereas only one primary asteroid is the target moving towards the
user’s view (see Figure 4-c).

Participants remained stationary, tagging the asteroid with the
controller trigger when they perceive it to be within the frame, which
was randomly positioned at distances of 3, 5, or 7 m; further referred
to as near, medium, and far, respectively. The asteroid’s starting
point was fixed for all trials, maintaining a linear path towards the
participants’ view, following nine different linear trajectories to offer



(a) Training session

(b) Non-clutter session

(c) Clutter session

Figure 4: The user study consisted of sessions for conditions: baseline, text, color, and blur. In the clutter session figure, the lighting exposure on
the right side of the image was adjusted to improve visibility for the purpose of paper presentation. However, the clutter session was clear in VR.

varying view-port angles. The trajectories themselves were also
randomized. The eye-tracker of the device was used to measure par-
ticipants’ gaze-on-target time for precise focal attention assessment.
Prior to the study, participants self-reported their vision status and
used corrective lenses or glasses if needed. After the study, partici-
pants completed a post-task assessment form rating how demanding
they found the task of judging depth for each cue condition on a
scale from O ("Not demanding at all") to 10 ("Extremely demand-
ing"). In total, there were 81 trials for each augmented depth cue
within each environment, culminating in 648 trials for the session,
encompassing both clutter and non-clutter conditions with all four
depth cues.

6 RESULTS

A total of 25 participants took part in the study (19M, 6F), aged 20 -
44 years (M =29,SD = 5.58). 21 participants reported having prior
experience with VR. All participants had normal or corrected-to-
normal vision. Overall, 16200 trials were analysed.

Depth estimation performance during the (non-)clutter sessions
was measured as allocation error rate calculated as the number of
misallocated asteroids divided by the total number of asteroids. To
achieve better comparability of the data, the raw allocation error
rate values were z-score normalised within the participants prior
to performing any further analyses. To measure depth estimation
performance over time, a slope of the regression line across all trials
was calculated for each participant, using the z-score normalised
error rates. Exploratory, we performed multiple one sample t-tests
against zero to test whether the slopes and thus depth estimation
performance during different cue conditions (i.e., no cue, text, color,
and blur) changed - increased or decreased - over time. None of
the tests showed statistical significance for any of the slopes in
the clutter or the non-clutter session, suggesting a stable perfor-
mance over time, irrespective of the cue or the clutter manipulation.
Additionally, four polynomial contrasts were conducted using the
z-score normalised error rates to compare depth estimation perfor-
mance in different cue conditions between the non-clutter and the
clutter sessions. Planned comparisons revealed significantly higher
error rates for the text in the non-clutter (M = —.43,SD = .23) com-
pared to the clutter (M = —.32,SD = .22) session, with a mean
difference of -.11 (SE = .03; F[1,24] = 13.23,p < .05, partial
n?% = .355). No statistically significant differences in error rates
between the non-clutter and the clutter session were found for
the no cue (M = .60,SD = .30 and M = .51,8D = .22, respec-
tively; MD = .09, SE = .05; F[1,24] = 3.36, ns., partial n?=.123),
the color (M = —.20,SD = .21 and M = —.22,8SD = .17; MD =
.02,SE = .03, respectively; F[1,24] = 0.28, ns., partial n% = .011),
and the blur (M = .03,SD = .25 and M = .03,SD = .22, respec-
tively; MD = .00, SE = .05; F[1,24] = 0.00, ns., partial n2 = .000).
Focal attention during the (non-)clutter sessions was measured as
the total percentage of time the participant was looking at the (tar-
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get) asteroid during each trial, i.e., gaze-on-target time. Subjective
mental demand during different cue conditions was measured as the
percentage of the self-reported mental demand perception score.
To further test differences in depth estimation performance and
focal attention during (non-)clutter sessions, we carried out 4x3
repeated-measures ANOVAs with the within-subject factors cue (no
cue vs text vs color vs blur), and distance (near vs medium vs far; see
Table 1, and Sections 6.1 and 6.2). As for subjective mental demand,
we performed a repeated-measures ANOVA with the within-subject
factor cue (no cue vs text vs color vs blur; see Section 6.3). The
Kolmogorov-Smirnov test was used to test the assumption of normal
distribution. If not stated otherwise, residuals were normally dis-
tributed. Mauchly’s test was used to test the assumption of sphericity.
In case of sphericity violation, the Greenhouse-Geisser correction
was used. The outliers were identified using boxplots. The same
parametric procedure was performed twice, i.e. once without and
once with outliers. When reporting statistics, the values are by
default reported for the sample without the outliers. In case of dis-
crepancies between the statistical results on the samples without vs
with outliers, the affected main factors and/or interactions include
the reports of the statistics from the latter as well. In such cases, only
results from the sample without the outliers are further interpreted.
As post-hoc tests, Bonferoni-adjusted t-tests for dependent sample
were performed. When reporting the results of the post-hoc tests on
interactions between the main effects for individual ANOVAs, only
statistically significant comparisons are being explicitly reported.

6.1

Depth Estimation Performance — The results of the 4x3 repeated-
measures ANOVA are presented in Table 1. Four participants were
identified as outliers. The analysis showed a statistically significant
main effect of the cue. The post-hoc tests showed that error rate was
significantly higher during no cue (M = .64,5D = .06) when com-
pared to text (M = —.41,5D = .05), color (M = —.26,SD = .03)
and blur (M = .01,SD = .05; all p < .05). A significantly higher
error rate was also observed during blur when compared to text
(p < .05), whereas the difference between text and color was not
significant (ns.). In addition, there was a statistically significant main
effect of the distance. The post-hoc tests showed that error rate was
significantly lower at the near (M = —.26,SD = .05) compared to
the medium (M = —.08,SD = .03) and the far (M = .32,SD = .05;
all p < .05) distance. Moreover, the medium distance revealed sig-
nificantly lower error rate in comparison to the far distance (p < .05).
The analysis further revealed a statistically significant interaction
between cue x distance (see Figure 5). The post-hoc tests showed
that during no cue and text, error rate was significantly higher at the
far distance compared to the medium and the near distance (both
p < .05). During color and blur, comparisons revealed significant
differences between all three distances (all p < .05), showing an
increase in error rate with an increasing distance and thus replicat-

Non-Clutter Depth Estimation Sessions



Table 1: Results of the 4x3 ANOVAs on depth estimation
performance and focal attention during the (non-)clutter depth
estimation sessions

df ferror F P nga rtial
Non-Clutter - Depth Estimation Performance
Cues 3 60 71.68 .000 782
Distance 1.38 27.50 30.30 .000 .602
Cues x Dist. 2.01  41.75 4.23 .001 174
Non-Clutter - Focal Attention
Cues* 1.05 2320 233.60 .000 914
Distance* 148 3257 5.34 .016 195
Distance* [1.42] [34.08] [3.27] [.066] [.120]
Cues x Dist.* 2.19  48.18 55.94 .000 718
Clutter - Depth Estimation Performance
Cues 3 51 75.47 .000 .816
Distance* 127  21.63 12.56 .000 425
Cues x Dist.* 195 3321 1.44 251 .078
Cues x Dist. [4] [96] [4.35] [.009] [.154]
Clutter - Focal Attention
Cues* 1.07 2337 638.75 .000 971
Distance* 1.37  26.09 3.83 .049 .168
Cues x Dist.* 1.60 3040 51.22 .000 729

The values in the brackets [] represent the outcomes of the analysis performed
with the outliers, only for those parts of the analysis were the outcome differs
from the analyses without the outliers. Asterisks * are indicating Greenhouse-
Geisser correction applied to the df's to adjust for the sphericity violation.

ing the trend previously reported for the main effect distance. The
post-hoc tests further revealed that at the near distance, error rate
was significantly higher during no cue compared to text, color and
blur (all p < .05) as well as during blur when compared to text
(p < .05). At the medium distance, significantly higher error rates
were observed during no cue compared to text, color and blur (all
p < .05), during blur compared to text and color (all p < .05), and
during color compared to text (p < .05). As for the far distance,
post-hoc tests replicated the trend reported for the main effect cue.

Focal Attention — The results of the 4x3 repeated-measures
ANOVA are presented in Table 1. Two participants were identi-
fied as outliers. The analysis revealed a statistically significant
main effect of the cue. The post-hoc tests showed that participants
spent significantly more time looking at target during text (M =
48.14%,SE = 2.89) compared to color (M = 1.12%,SE = 0.20),
blur (M = 1.63%,SE = 0.29), and no cue (M = 3.00%,SE = 0.45;
all p < .05). Moreover, they spent significantly less time looking
at target during color when compared to no cue (p < .05). No
significant differences in gaze-on-target time were found in blur
compared to color and no cue (both ns.). Furthermore, the analysis
showed a statistically significant main effect of the distance. The
post-hoc tests showed that participants spent significantly more time
looking at target at the near (M = 14.09%,SE = 0.65) compared
to the far distance (M = 12.81%,SE = 0.73, p < .05). No signifi-
cant differences in gaze-on-target time were found at the medium
(M = 13.51%,SE = 0.75) distance compared to the near and the
far distance (both ns.). The analysis further revealed a statistically
significant interaction between cue x distance (see Figure 6 (a)).
The post-hoc tests showed that during no cue, text and blur, compar-
isons between all three distances were statistically significant (all
p < .05), showing an increase in gaze-on-target time with an increas-
ing distance. As for color, participants spent more time looking at
target during the near and the medium distance compared to the far
distance (both p < .05). Further post-hoc tests revealed that at the
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Figure 5: Average error rate for depth cues (no cue, text, color, and
blur) and catching distances (near, medium, and far) in the non-
clutter session. Error bars represent standard errors, and asterisks
indicate statistically significant differences (*p < .05). Both the bar
chart and the line chart present the same values. The bar chart
shows statistically significant differences and the line chart visualises
interaction trends.

near distance, participants spent significantly more time looking at
target during text compared to color, blur, and no cue (all p < .05).
At the medium distance, gaze-on-target time was again significantly
higher during text compared to color, blur, and no cue (all p < .05),
as well as during no cue compared to color and blur (both p < .05).
As for the far distance, participants spent significantly more time
looking at target during text compared to color, blur, and no cue (all
p < .05), and during color compared to no cue (p < .05), which is
in line with the results reported for the main effect cue cue.

6.2 Clutter Depth Estimation Sessions

Depth Estimation Performance — The results of the 4x3 repeated-
measures ANOVA are presented in Table 1. Eight participants were
identified as outliers. The analysis showed a statistically significant
main effect of the cue. Similarly to the non-clutter sessions, the
post-hoc tests revealed significantly higher error rate during no cue
(M = 564,5D = .046) compared to text (M = —.33,SD = .033),
color (M = —.23,8D = .03) and blur (M = —.10,8D = .05; all
p < .05), as well as during blur compared to text (p < .05), while
showing no significant difference between text and color (ns.). The
main effect of the distance was shown to be statistically significant
as well. The post-hoc tests revealed a significantly lower error rate
at the near distance (M = —.162,8D = .056) compared to the far
(M = .20,8D = .05; p < .05) distance. Furthermore, the medium
(M = —.11,8D = .03) distance showed significantly lower error
rate compared the far distance (p < .05), whereas no significant
differences were found between the near and the medium distance
(ns.). No statistically significant interactions were found between
cue x distance.

Focal Attention — The results of the 4x3 repeated-measures
ANOVA are presented in Table 1. Five participants were identi-
fied as outliers. The analysis revealed a statistically significant
main effect of the cue. The post-hoc tests revealed that participants
spent significantly more time looking at target during text (M =
48.90%,SE = 1.82) compared to color (M = 1.39%,SE = 0.25),
blur (M = 1.23%,SE = 0.20), and no cue (M = 2.04%,SE = 0.32;
all p < .05). No significant differences in gaze-on-target time were
found between other cue conditions (all ns.). In addition, the anal-
ysis showed a statistically significant main effect of the distance,
however, the post-hoc tests revealed no statistically significant com-
parisons (all ns.) Furthermore, the analysis revealed a statistically



100

Average gaze-on-target time [%]

100
—_ —Near
90 " 90 —Medium
' . Far
*
—_ .
T 8 . - 80
[} ——
= *
- T 1
T 60 2 60
>
S
& 50 50
@
8 a0 40 \
s = Near
Qo 30 = Medium 30
&
> 20 20
<
10 10 /
04 : : i —
No cue Text Color Blur Nocue Text Color Blur

(a) Non-clutter session

100

100
—Near
% R —Medium
—
Far
80 . * 80
.
70 —_—— 70
60 ] 60
50 50
1
40 i = Near 40 }
= Medium
30 30
Far
20 20
04 == —= ==
0 & i z | =
No cue Text Color Blur Nocue Text Color Blur

(b) Clutter session

Figure 6: Average gaze-on-target time for different depth cues (no cue, text, color, and blur) and catching distances (near, medium, and far) during

the study sessions. The error bars represent standard errors, and the asterisks indicate statistically significant differences (*p < .05). Note that the

bar chart and the line chart are both representing the same values, whereas the bar chart shows statistically significant differences and the line
chart visualises interaction trends.

significant interaction between cue x distance (see Figure 6 (b)).
The same as during the non-clutter session, the post-hoc tests showed
that during no cue, text and blur , comparisons between all three
distances were statistically significant (all p < .05), showing an in-
crease in gaze-on-target time with an increasing distance. During
color, participants spent more time looking at target at the near and
the medium distance compared to the far distance (both p < .05).
Furthermore, the post-hoc tests revealed that during all three dis-
tances (i.e., near, medium and far), participants spent significantly
more time looking at target during text compared to color, blur,
and no cue (all p < .05), which is in line with the trend previously
reported for the main effect cue.

6.3 Subjective Mental Demand Assessment

One participant was identified as an outlier. A repeated-measures
ANOVA revealed a statistically significant effect of the cue
(F[3,69] = 12.46,p < .05, partial n2 = 0.351). The post-hoc
tests showed that participants’ reported significantly higher men-
tal demand for blur (M = 63.20,SE = 5.12) compared to text
(M =31.20,SE = 5.55), color (M = 32.00,SE = 5.00), and no cue
(M =40.40,SE = 5.05; all p < .05).

7 DIsSCuUSSION

We examined the impact of augmented depth cues (subtle and ex-
plicit) in VR, both in non-cluttered and cluttered environments, fo-
cusing on enhancing depth perception. Before discussing our results,
it is important to acknowledge certain limitations that contextualize
our findings and guide future research. Our study primarily focused
on texture blur as a subtle cue, limiting the exploration of other
subtle cues like opacity, luminance, or distortion. The controlled
VR environment excluded many natural factors to isolate the effects
of the subtle cue. Future work should assess these cues in more
realistic settings by adding more natural cues. Additionally, the
controlled nature of our study meant disabling physics for asteroid
trajectories in cluttered scenes to avoid collisions. Our results high-
light the importance of subtle cues, like blur, in enhancing depth
perception while preserving the visual integrity of virtual objects.
These unobtrusive cues are suitable for VR applications where aes-
thetics are crucial. While we focused on blur, combining it with
other cues like opacity or luminance could provide a more compre-
hensive depth cue system. Testing these combinations in diverse
VR scenarios will help understand their effectiveness. Sensitivity
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to blur decreases in peripheral vision due to reduced visual acuity.
Future experiments will vary the visual field to assess the effective-
ness of blur cues across different gaze areas, including objects not
directly in the user’s line of sight. By initially focusing on central
vision, we controlled for visual acuity, ensuring the subtle cues’
effectiveness was accurately assessed. Focusing on single moving
objects simplified the initial investigation. Future work will test
both subtle and explicit cues with multiple moving objects to better
inform the design of VR systems supporting complex user interac-
tions. This staged approach allows systematic evaluation of multiple
variables, ensuring thorough understanding of each aspect of depth
perception. To address non-uniform and non-familiar objects in the
study, we used an asteroid with a non-uniform shape and texture,
preventing participants from relying on familiar understanding and
adding complexity to the task. This controlled setting established a
foundational understanding of the cues’ effectiveness before intro-
ducing more variables. Future studies will evaluate our subtle cue
in indoor, outdoor, and more complex environments to demonstrate
their robustness and versatility in enhancing depth perception across
different VR experiences. Additionally, future research will test our
method across diverse scenarios and object types, including various
sizes, textures, colors, shapes, and lighting, to broaden the applica-
bility of our findings. To gauge the stability and effectiveness of
subtle cues over time, more trials are necessary, which we plan to in-
clude in future studies. Future research will also include experiments
to measure depth perception accuracy using techniques like verbal
estimation or distance matching, providing direct quantification of
perceived depth. Comprehensive vision tests will ensure participants
do not have undiagnosed depth perception problems, recognizing the
prevalence of 3D and depth perception issues. While depth of field
(DoF) effects are underutilized in VR HMDs without eye-tracking
capabilities, incorporating DoF through eye-tracking could enhance
future perception studies. Within these limitations, the following are
the most significant findings from our study.

Subtle cues significantly improved depth perception, but ex-
plicit cues performed slightly better. Our results demonstrated that
all augmented cues outperformed the absence of cues. Subtle cues
enhanced performance but were less effective than explicit cues (text
and color), even though participants did not consciously notice them,
aligning with previous findings [30, 66]. These findings address
RQ1, indicating that augmented cues improve distance judgment
precision under various perceptual difficulty conditions. Text cues



performed best by aiding spatial memory and reducing ambiguity,
thereby enhancing depth judgments [69]. However, subtle cues have
high potential as they retain contextual information without being
visually invasive, blending seamlessly with the surroundings and
maintaining immersion. Explicit cues enhance depth perception
by directing attention to spatial attributes [39,92], though they can
disrupt immersion if not designed carefully [S5,7]. When examining
cue integration, the blur cue works in conjunction with natural depth
cues such as disparity, convergence and accommodation, motion,
and aerial perspective, as well as relative density, to enhance overall
depth perception. Textual cues usually combine with other natural
depth cues like binocular disparities and motion parallax, improving
spatial understanding. Similarly, color cues integrate with spatial
cues like texture, shape, and atmospheric effects, creating cohesive
visual perception. Further research is needed to address the interplay
between augmented and natural depth cues precisely.

Text draws more attention to the target object compared to
color and blur, yet mental demand is highest for blur. Our study
examined the focused attention level for each augmented cue. Text
cues received the most attention, explicitly conveying information
but potentially causing tunnel vision, reducing situational awareness
and engagement in VR [6,8,30]. This addresses RQ2, showing how
explicit and subtle cues differ in impact on user performance. Exces-
sive focus on text can detract from immersion, limiting exploration
and interaction in VR. Balancing attentional demands with broader
situational awareness is crucial for creating engaging VR experi-
ences. Dynamic attention guidance strategies may help mitigate the
drawbacks of text cues dominating attention [66]. In contrast, blur
cues subtly influence attention without dominating the scene [43],
and color cues had a comparably low level of attention, aiding spa-
tial navigation in virtual environments [47, 82]. Attention is usually
interrelated with task demand [41]. Our results showed that blur had
the highest mental demand, which was unexpected. This suggests
that the effectiveness of blur as a subtle cue can be impacted by
cognitive demands [17]. Textual cues also vary in their influence
on perception depending on cognitive factors, aligning with insights
into visual working memory [71]. Similarly, the effectiveness of
color in cognitive tasks is closely related to cognitive demands and
motivational states [61]. Participants did not consciously recognize
the blur cue but still found it demanding, indicating a significant
cognitive load and complex perceptual processing in VR. This sug-
gests that cues can impact cognitive workload and task performance
even without conscious awareness, possibly due to active search and
processing efforts [55]. In contrast, textual cues explicitly direct fo-
cus to specific objects, influencing both conscious and subconscious
states of perception [70]. Further research is needed to assess cues
in depth judgment tasks without informing users about additional
cues, impacting subtle cues like blur.

Both subtle cues and explicit cues exhibited similar levels of ef-
fectiveness across cluttered and non-cluttered environments. We
examined results in both cluttered and non-cluttered environments,
addressing RQ1 and showing that augmented cues enhance depth
perception regardless of environmental clutter. This finding some-
what contradicts previous work indicating reduced performance in
cluttered environments [18]. Future research should explore occlu-
sion as a depth cue in cluttered settings, as our study focused on
clutter difficulty. Explicit cues outperformed subtle cues overall,
but subtle cues led to better performance than no cues in cluttered
environments, demonstrating their potential. There was no signif-
icant difference in focused attention and distance impact between
conditions. Previous research suggests that subtle cues can pro-
vide necessary depth information in cluttered environments without
adding to cognitive load, unlike explicit cues, which may increase
visual clutter [27,55]. Both cue types maintained effectiveness in
both settings, emphasizing the need for thoughtful design of depth
cues in VR experiences [7,74]. Subtle cues were unaffected by the
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clutter factor, while text cues were impacted. Subtle cues remained
visible due to inherent aspects of visual processing [12], whereas
text readability was affected by clutter. This shows subtle cues’
scalability and persistence even in large, dynamic VR environments.

Subtle cues performed better in near and medium distance
than far distances, similarly to color cues. When analyzing results
across different distances, text cues performed best at near distances.
Color and blur cues both outperformed the absence of any cue. At
medium distances, all augmented cues significantly outperformed no
cues. However, at far distances, while text and color cues remained
effective, subtle cues showed a significant decrease in performance.
These findings suggest the need for adaptive cue utilization based
on distance, addressing RQ2. Subtle cues like blur diminish in
performance with increasing distance, while explicit cues maintain
effectiveness. Text cues, being explicit and direct, provide clear com-
prehension beneficial for near distances where detail and precision
are crucial [68]. Color and blur cues, considered subtler than text,
did not differ significantly from each other but contributed to depth
perception at closer ranges [59, 90]. The effectiveness of subtle
cues decreases with increasing distance, likely due to their limited
capacity to convey depth information over longer distances as vi-
sual acuity diminishes [65,89]. Text and color cues maintain their
effectiveness at far distances, as they can draw attention and convey
depth information without relying heavily on visual acuity [20,21].

The performance was stable over time in all cues. After analyz-
ing depth perception performance across all cues, we found consis-
tent stability in their effectiveness. Interestingly, during post-study
discussions, participants admitted they did not recognize the blur
cue but found it demanding, likely due to prior indication prompting
them to search for its effects consciously. This may have influenced
mental demand and attention, suggesting the need for further re-
search. Despite this, subtle cues demonstrated reliable performance
over time. The stability of all cues is significant, indicating robust-
ness across different temporal contexts within a VR experience, at
least within our study’s duration. Longitudinal effects warrant fur-
ther investigation. This stability is relevant for VR design, implying
that once users adapt to specific cues, their effectiveness remains
consistent [73].

8 CONCLUSION

This work developed and evaluated augmented depth cues in vir-
tual environments, demonstrating their effectiveness in enhancing
depth estimation. Subtle cues, particularly blur, improve depth es-
timation and immersion without overwhelming users, effective in
both cluttered and non-cluttered settings. Their effectiveness is
distance-dependent, and combining them with color cues could en-
hance performance at greater distances. Our findings show subtle
cues like blur can enhance depth perception with minimal contextual
impact. Future studies should explore additional subtle cues, such
as opacity, illumination, and distortion, and assess long-term effects.
Testing these cues in varied scenarios is crucial for validating and
generalizing our findings. Future research will extend to diverse
environments and dynamic settings, exploring the interaction of
these cues with complex natural environments in VR. This approach
provides foundational insights and marks initial steps in exploring
depth cues in VR.
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