WarpVision: Using Spatial Curvature to Guide Attention in Virtual
Reality
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Fig. 1: A VR scene of a bistro, showing the warped space created by WarpVision in order to guide the visual attention to the menu
board (highlighted by the red cross). The strength of the effect depends on eccentricity in the visual field determined by eye tracking
(the current gaze position is represented by the eye symbol on the left).

Abstract— With the advent of consumer-targeted, low-cost virtual reality devices and facile authoring technologies, the development
and design of experiences in virtual reality are also becoming more accessible to non-expert authors. However, the inherent freedom of
exploration in these virtual spaces presents a significant challenge for designers seeking to guide user attention toward points and
objects of interest. This paper proposes the new technique WarpVision, which utilizes spatial curvature to subtly guide the user’s
attention in virtual reality. WarpVision distorts an area around the point of interest, thus changing the size, form, and location of
all objects and the space around them. In this way, the user’s attention can be guided even when the point of interest is not in the
immediate field of vision. WarpVision is evaluated in a user study based on a within-subjects design, comparing it to the state-of-the-art
technique Deadeye. Participants completed visual search tasks across two virtual environments being supported with WarpVision at
four different intensities. Results show that WarpVision significantly reduces search times compared to Deadeye. While both techniques
introduce comparable levels of immersion disruption, WarpVision has a lower reported impact on the user’s well-being.

Index Terms—Gaze guidance, subtle cues, immersion preserving, screen-space filtering, shader, spatial distortion, user navigation,
spatial awareness, eye tracking, extended reality, user study.
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INTRODUCTION

Virtual reality (VR) is experiencing increasing adoption, driven by the
release of new commercial head-mounted displays. Common appli-
cations include immersive gaming and panoramic 360° video content,
where the user is free to dynamically choose their viewport within the
virtual environment. This flexibility enhances immersion and person-
alizes experiences, but also introduces the risk of users overlooking
important content due to suboptimal viewing directions. For instance,
a user may miss a critical in-game event or fail to notice a key narra-
tive element in a 360° video simply because their gaze was directed
elsewhere. In industrial contexts such as remote maintenance or vir-
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tual training, the consequences of such misalignment are more severe.
Failure to identify relevant components or equipment in time can lead
to inefficiencies, safety risks, and miscommunication. In these cases,
subtle guidance mechanisms that direct the user’s attention to relevant
areas without disrupting immersion are highly beneficial. Techniques
that serve this purpose are referred to as gaze guidance techniques.

Gaze guidance techniques aim to direct visual attention to specific
points or objects within a scene. Various approaches based on visual,
auditory, and haptic cues have been developed, with visual techniques
being the most prevalent due to their ease of integration. These are
broadly categorized into direct cues—which act on the target itself
using visual enhancements such as outlines or brightness changes—and
indirect cues—which include symbolic elements like arrows or markers
placed in the periphery [22]. A core challenge in gaze guidance lies
in balancing subtlety and effectiveness. Techniques that are highly
reliable in capturing attention often do so at the cost of immersion,
whereas subtle cues may go unnoticed and lose their guiding function.
Additionally, methods that rely on the 3D structure of the scene (e.g.
spatial indicators) suffer from limited generalizability and are sensitive
to scene complexity.

This paper contributes to the current state of research by introduc-
ing WarpVision, a novel screen-space gaze guidance technique that
locally warps the visual environment to direct user attention in VR
(see Figure 1). By applying a geometric distortion dependent on gaze
and eccentricity around a point of interest (POI), WarpVision guides
attention even when the POI lies outside the user’s immediate field
of view. The distortion dynamically adapts based on gaze: regions in
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focus remain undistorted, preserving visual fidelity. Operating purely
in screen-space, WarpVision requires no scene geometry or semantic
knowledge, enabling broad applicability across diverse VR content.
A user study in artificial and realistic VR environments demonstrates
that WarpVision outperforms existing subtle guidance techniques in
accuracy and reliability while maintaining immersion.

2 RELATED WORK

In the context of VR guidance, several techniques in the visual, haptic,
and auditory domain have been developed. We focus on visual cues that
provide robust, versatile, and accurate guidance. In addition, elaborate
haptic methods and spatial audio are not readily available in consumer-
level HMDs. Previous work in the field of visual gaze guidance can be
divided into three categories: Overt, subtle, and diegetic techniques.

Overt Techniques Overt techniques describe methods that use
cues that can be directly perceived and identified by the user. Direct
recognition is characterized by the high and easy visibility (e.g. through
high contrasts) of these methods. Probably the most known way to
specify a direction and allow guidance to POIs outside the current field
of view is to use directional arrows [12,24,27]. In the work by Lin
et al. [12], for example, such arrows are used directly and visibly in
360° videos to direct the view to the POI. The results showed a high
level of efficiency in supporting users when viewing 360° videos and
keeping the area to be viewed in focus. Similarly to arrows, Gruenefeld
et al. [5] use halos and isosceles triangles as clearly visible cues to draw
attention to objects outside the field of view in virtual environments.
Another technique, proposed by Renner and Pfeiffer [21], uses spherical
waves moving towards the POI which, unlike arrows and halos, are
not only placed in one specific location, but expand throughout the
entire field of view. Additionally, their speed adapts based on the
angle between the user’s gaze direction to the POI. This technique
was also compared with guiding arrows and showed a comparable
effectiveness in gaze guidance, while potentially being more subtle.
Other overt techniques use radar-like visualizations to indicate and
convey the direction, distance, and position of multiple objects and
POIs in a scene. Bork et al. [2] evaluates several of these techniques,
showing that while they effectively guide users, they also introduce
visual clutter, occupying part of the user’s field of view.

With a view to attention guidance in multi-user VR environments,
there also exist different overt techniques. Peter et al. [18] introduce
a specialized tool designed to assist “VR guides”, who are users in
an asymmetrically immersive environment that guides fully immersed
users. In particular, the work focuses on highlighting relevant occluded
objects by outlining them. Furthermore, Horst et al. [6] investigate a
similar guidance scenario, but focus on view-related visualizations for
interactive guidance.

A systematic review of overt gaze guiding techniques is given by
Quinn and Gabbard [20]. Particularly, this work examines techniques
applicable in augmented reality that work if the POI is outside of the
user’s current view. It is concluded that, while many of these techniques
may offer benefits, like lower search times and reduced cognitive load,
the apparent visualizations can lead to perceptual issues such as clutter
and occlusion. Another evaluation by Woodworth and Borst [26]
reported similar findings, further suggesting that cues that directly
connect the user’s gaze to a target are more effective for guidance as
opposed to an indirectly conveyed direction. To conclude, while overt
techniques are quickly visible and easy to understand, they can have a
strong negative impact on immersion in virtual realities and thus can
be disruptive, affecting the user experience [22].

Subtle Techniques Subtle techniques aim to draw the user’s
attention without their awareness. The primary goal is to maintain
immersion and prevent any disruption in the experience. The Dead-
eye technique [9] uses the principles of preattentive perception. By
exploiting the property of stereoscopy of virtual worlds, and only dis-
playing the target object in one eye while remaining invisible to the
other, the gaze is directed to said object. This technique has proven
to be effective, even in environments with many distracting factors.
Furthermore, the initial appearance of objects remains unchanged, as

the color and sharpness remain the same and are not overlapped by
other objects. A disadvantage is the possibility of one eye seeing areas
of the scene behind the target object, which increases the mental load.
The perceptual mismatch between both eyes can cause discomfort [10].

Work by Bailey et al. [1] introduces a technique that combines
eye tracking with subtle screen-space modulation to direct a viewer’s
gaze toward a digital image, referred to as subtle gaze direction. This
approach takes advantage of the limited acuity of peripheral vision com-
pared to foveal vision. By presenting brief, subtle modulations in the
peripheral field of view, the technique draws the viewer’s foveal atten-
tion to the modulated area. The changes in contrast involve adjustments
in the brightness of a region of the target object, as well as a warm-cool
modulation of the corresponding colors. The results demonstrated a
strong effect of the technique; however, the subjective perception of
image quality was poorer for modulated images. Grogorick et al. [4]
combine color modulation with the ability to leverage stereoscopy. The
technique utilized takes advantage of the binocular rivalry effect inher-
ent in human stereo vision and has been demonstrated to be effective
in static environments. Additionally, they suggest an enhancement of
the method to enable reliable guidance toward POIs beyond the ini-
tial visual field. However, the disadvantages of this and other subtle
techniques in general can be found in the subtlety itself. Although
they remain less recognizable compared to obvious techniques, their
effectiveness can decrease accordingly [22]. In addition, they often fail
to provide proper controls to balance reliability and perceptibility.

Diegetic Techniques There also exist some diegetic techniques
for attention guidance in VR environments. These techniques use cues
as part of the environment and narrative world, allowing them to be
clearly visible but act more unobtrusively, as they may be perceived as
less distracting [22]. Diegetic techniques are used in multiple forms,
such as swarm movements [7, 11], animals [17], or a firefly [16] to
emphasize the POI and/or guide the user to the relevant information.
Regardless of the technique used, diegetic methods have two disadvan-
tages. If the cues used are created directly on the POI, they cannot be
perceived outside the field of view. Furthermore, no general solution
can be created when diegetic techniques are employed, as the narrative
can differ between worlds [22].

With diegetic techniques being tailored to specific environments, overt
techniques being disruptive to the immersion, and subtle techniques
being too ineffective, the need prevails to find a reliable and control-
lable approach to guide the user’s gaze and attention in VR—ideally
including out-of-view objects or POIs. To address these restrictive
properties of existing techniques, we propose WarpVision as a new
technique to guide attention with the goal of achieving results similar to
overt gaze guidance while remaining as subtle as possible. Furthermore,
by being non-diegetic and allowing out of view guidance, WarpVision
is supposed to be applicable in a diverse range of scenarios.

3 WARPVISION

WarpVision utilizes the curvature of space to distort an area around
a POI in a similar way to a zoom/fisheye lens, enlarging it and its
surroundings as a result. The strength of the effect is dynamically con-
trolled using eye tracking. If the user is not looking at the current POI,
the effect becomes stronger. If the user’s gaze point approaches the POI,
the effect becomes less pronounced. The aim is to stimulate preattentive
perception in the peripheral field of vision through the visual variables
of movement, position, and shape, thus acting as a direct cue that does
not require prior knowledge to interpret. Two examples of this property
are shown in Figures 2a and 2b. Located in the center is the object
of relevance acting as POI, which is distorted by WarpVision together
with the surrounding environment. The distortion is strongest in the
center and decreases towards the edge, which influences the shape of
the room and the position of other objects depending on their distance
to the center. In this way, WarpVision provides a direct non-diegetic
hint that is not itself located in the virtual world, but is always oriented
to the coordinates of the relevant object being searched for and is only
visible in the user’s HMD.



(a) WarpVision locally distorts the spatial environment around the point-of-interest (orange sphere). The
perceptual impact of this distortion increases with the user’s viewing angle relative to the object - zoomed in
for illustration.
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(c) Overview of the artificial environment used to evaluate the effectiveness of WarpVision. The participant
is positioned at the coordinate cross.

(b) As the user is not looking directly at the point-of-interest (coin) WarpVision shows a pronounced effect of
the warped space around the point-of-interest - zoomed in for illustration.

(d) Overview of the realistic environment with coins used to evaluate the effectiveness of WarpVision. The
participant is sitting on the chair in the lower left.

(e) All geometric objects placed within the artificial environment. The point-of-interest (orange sphere)
appears exactly once per scene. All objects are assigned a color from the shown color spectrum.

(f) All coins placed within the realistic environment. The point-of-interest (five-cent
coin) appears exactly once per scene. The background replicates the table texture.

Fig. 2: WarpVision applied in an artificial (a) and a realistic (b) scene. Scene overviews are shown in (c) and (d). Objects used in the user study’s

search task are shown in (e) and (f).
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Fig. 3: Overview of the five adjustable WarpVision parameters, with
descriptions and example images illustrating their effects.

Five customizable parameters allow different settings of WarpVision:
Curvature, radius, increase, decrease, and growth. The illustration in
Figure 3 provides an overview of the effects of each parameter. The
curvature determines the intensity of the effect, while a higher curva-
ture value reduces the intensity. The radius is the basic distance from
the center that sets a maximum limit on the radius affected by the warp
effect (and the curvature parameter). The radius of the effect itself can
change and is set to its predefined value directly at the start of a search
task to trigger immediate gaze guidance. The parameters increase and
decrease describe the speed at which the radius of curvature changes. In

order to integrate movement as a visual variable and allow immersion
to remain unaffected, the radius of the distortion increases or decreases
depending on the eccentricity of the POI in the visual field. Compared
with a manipulation of the curvature radius directly proportional to ec-
centricity, the reliance on the increase and decrease parameters has two
concrete advantages: first, the imperfect eye tracking data is implicitly
smoothed, and jittering of the distortion effect is thereby prevented.
Second, manipulations that directly rely on eccentricity can be subject
to saccadic suppression which is avoided with the separation of the
reduction as a direct eccentricity-based effect. Figure 4 illustrates this
behavior in a simplified example on a two-dimensional grid.

As soon as the viewing direction approaches the center of the effect
at the PO, the radius decreases until no distortion can be perceived
when focusing directly on it. The radius increases exponentially with
the viewing angle between the POI and the user’s gaze point. This
allows for a more subtle increase in the radius when the gaze is within
the immediate vicinity of the POI being focused on. In contrast, the
effect becomes stronger the larger the angle, so an intense curvature
of the space in the corresponding direction can draw attention to POIs
outside the field of view. Finally, the growth parameter provides the
option to adjust the steepness of the exponentially increasing radius.

WarpVision is implemented using a custom shader. To initially set
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Fig. 4: The change in the radius of WarpVision based on the eccentricity
(angle between the POI and the viewing direction). For a simplified
interpretation, the curvature is shown on a two-dimensional grid. If the
angle between the direction of view and the center is smaller (shown
here as the distance between the crosses), the radius of the technique is
reduced.

the intensity of WarpVision, all five parameters are part of the host code
and can be adjusted by the user. The current size of WarpVision’s radius
is recalculated per frame using the values of the increase, decrease, and
growth parameters. To this end, the angle between the center and the
gaze a is used to calculate a normalized angle n as:

max(0,a —t) 0 1)

n:clamp( 9071

where ¢ is the minimum threshold before increasing the resulting value.

This allows for an undistorted view of the scene at the POI if the gaze is
in its direct vicinity and allows for a margin of error in the eye tracking
data. For the user study, ¢ is set to a value of 5. This value was chosen
empirically after a small initial pre-study and ensures that scene is not
distorted when the POl is in central vision (fovea and parafovea). The
fraction calculates the delayed increasing value based on ¢. This value
is then clamped between O and 1 to ensure that the highest radius will
be reached at a viewing angle of 90°.
The final size for the radius r is calculated as:

' = I'base 2lme)
where rp,e is the value of the initial radius parameter, r the new target
radius, and g the growth parameter. The final subtraction by 1 ensures
that r approaches 0 when the POI is being looked at directly (n close to
0). The current radius is calculated by approaching r in the step size
given by the increase or decrease parameters for each frame, depending
on whether r is greater or smaller than the current radius. The curvature
remains unaffected by these changes and is only set initially.

The shader used to create the spatial warping of the rendered output
image is based on a modified version of the whirl and pinch algorithm
taken from the Gimp source code [14]. Based on the radius r and
curvature ¢ of the effect, the shader calculates a distortion factor f per
pixel in a distortion render pass.

f=((r=d)/r)

with d being the distance from the current uy position to the position
of the POI p. Finally, the factor f is used to warp the uv position as
follows

UVwarp :p+(uv—p)-(l _f);

Fig. 5: Study setup. The participant sits on a chair that cannot be turned
on adjusted in height to minimize unwanted movement.

To ensure WarpVision does not distort empty space (black pixels outside
the rendered area) towards the field of view, the effect is limited to
POlIs in the forward facing hemisphere of the camera. A sample Unity
project, which includes the shader code and other relevant files, is
openly available !.

4 USER STUDY

In order to evaluate WarpVision, we conducted a VR study with a
within-subjects design using the VIVE Pro Eye VR-Headset. A total of
20 participants took part (demographics in Table 2). All of them had
normal or corrected-to-normal vision. The study aims to address the
following two research questions:

RQ1 Does WarpVision significantly reduce search times without dis-
rupting immersion compared to an existing guidance technique
and the unassisted search?

RQ2 Does WarpVision have an effect on cybersickness or discomfort?

To benchmark WarpVision against an existing technique, we imple-
mented Deadeye [10], a preattentive gaze-guidance method that renders
the target object monocularly. Deadeye was chosen for its conceptual
similarity and suitability for direct comparison within our experimental
design. Three hypotheses H are formulated to answer RQ1 and RQ2:

H1 WarpVision significantly reduces search time in comparison to
Deadeye and the unassisted search.

H2 WarpVision settings with significantly reduced search time com-
pared to Deadeye cause significantly less disruption of immersion.

H3 WarpVision has a significantly lower impact on cybersickess and
discomfort compared to Deadeye.

41

The study was conducted in two virtual environments: an artificial
scene and a realistic bistro environment. The artificial environment
(Fig. 2c¢), inspired by Grogorick et al. [3], features 500 geometric
objects distributed within a 180° field-of-view, at a radius of 7-8 virtual
meters and a height of 5 meters. Objects vary in shape, color, and
orientation, and are randomly placed in each trial. Participants are
positioned at the center of the scene and are instructed to find the one
target sphere (the POI), presented once per run in varying positions and
colors (Fig. 2e).

The realistic environment (Fig. 2d) is a bistro scene [13] and depicts a
table setting with randomly placed one- and two-cent coins. The search
task requires locating a single five-cent coin among them, characterized
by its distinctive texture (“5”) and intermediate color and brightness
(Fig. 2f). Coin positions remain fixed across trials, providing multiple
visual cues for target identification.

In order to find parameters that allow WarpVision to remain unrec-
ognized and influence immersion as little as possible, four different

Design
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Table 1: Settings used to test WarpVision in the user study. WarpVision
is abbreviated to “WV”, increase to “inc.”, decrease to “dec”.

Setting Curvature Radius Inc.  Dec.  Growth
WV-Min 100 0.2 0.01 0.015 5
WV-Low 100 0.5 0.01 0.010 5
WV-Med 100 2.0 0.05 0.250 5
WV-High 100 3.0 0.05 0.250 5

Table 2: Demographic data. Overview of the participants of the user
study to evaluate WarpVision

Category Details

Age Groups Between 11 and 55 (X = 29.5, SD=10.3)
Gender Distribution | 13 male, 7 female

VR Experience 9 low, 4 medium, 7 high

Eye Impairments 12 none, 7 shortsighted, 1 farsighted

settings are examined: “WV-Min”, “WV-Low”, “WV-Med”, and “WV-
High”. The parameters for each setting are shown in Table 1. “WV-Min”
is the variant with the smallest radius and therefore the least distortion
and should remain as unrecognizable as possible to allow only for a
subtle recognition. The other three settings offer more recognizable
versions of the distortion effect, with “WV-Low” as a setting that is eas-
ier to perceive and “WV-Med” and “WV-High” as clearly recognizable
settings. In addition to the radius, the four settings differ in the rate
at which the radius increases and decreases. For example, the highest
setting “WV-High” decreases faster than “WV-Low” when there is
direct eye contact with the object being searched for.

Gaze-guidance techniques must balance reliability and perceptibility.
Depending on the application, different positions along this trade-off
may be desirable. We selected WarpVision’s parameters to sample this
continuum uniformly, informed by an empirical pre-study, to evaluate
its gaze-directing performance and potential impact on immersion
across diverse application scenarios.

4.2 Procedure

Prior to the experiment, participants were informed about the procedure
and provided their written consent. Based on previous experiments,
the risks were assessed as minimal. For this reason, and in accordance
with the legal framework of the institution, no ethical review board was
involved in the review of the study. Participation was voluntary, data
was anonymized, and potential risks (cybersickness) were discussed
individually and in the declaration of consent.

The setup of the main study is shown in Figure 5. The participant
sits on a chair that cannot be turned or adjusted in height in order to
minimize movement away from the relevant search area in the virtual
world, while movements of the body and head were permitted. Follow-
ing the calibration of the eye tracking system within the VR headset,
participants were instructed to remain seated throughout the study. The
study takes between 20 and 35 minutes.

The study began with an empty virtual scene, during which de-
mographic and personal information was collected. Subsequently, a
demonstration scene for the search task within the first environment
is shown. Participants had the opportunity to ask potential questions,
and a test run was performed. The demonstration scene is simplified
and does not use a supporting technique. Once the demonstration had
been successfully completed, all runs of the first environment were con-
ducted. Before transitioning to the second environment, an additional
demonstration scene was presented to introduce the new target object.

In each environment, we tested the four WarpVision settings, Dead-
eye, and an unassisted search as a control condition. A full factorial
combination of the techniques and environments was used, including
one repetition each. To increase reliability and avoid sequence effects,
all combinations are randomized, whereas environments are always
presented separately.

At the beginning of a trial, the scene displays a central fixation cross
in front of a black background. The search task starts after fixating the
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Fig. 6: Bar plot of the mean search times of the techniques in both
environments. Due to the search duration being limited to a maximum of
3 minutes, the mean is slightly skewed.

cross for 1.5 seconds. In order to successfully complete the search task,
participants must press a predefined trigger button while fixating the
object. An indicator confirms whether the selection was correct, and if
successful, the participants are presented with the following subjective
statements about the previous trial:

(1) I felt supported in the search task. [0 - 5]
(2) The supporting technique affected my immersion. [0 - 5]

The first question assesses the perceived helpfulness and noticeability
of the technique, while the second evaluates its impact on immersion,
which should ideally remain unaffected by subtle guidance methods.
A forced-choice scale without a neutral option was used to encourage
clear tendencies. To ensure accurate results, all support is deactivated
immediately after the object has been found. An incorrect selection
does not end the task. If the target object is not found within three
minutes, the subjective statements are skipped, and the next trial starts
with the fixation cross. At the end of the study, participants were shown
all techniques and completed a Virtual Reality Sickness Questionnaire
(VRSQ) to assess comfort and potential adverse effects [8].

5 RESULTS

This section provides insights into the objective and subjective data of
our user study. Each VR environment is examined individually.

5.1 Objective Data

The focus of this analysis is the search duration, i.e. the time before
the searched object was found. Figure 6 shows the mean search time
required to find the searched object for each technique and both en-
vironments. This time is highest when participants were not assisted
in their search (“None”). The three WarpVision settings “WV-Low”,
“WV-Med”, and “WV-High” show the highest reduction in mean search
duration in both environments compared to unassisted search. Deadeye
and “WV-Min” lie between these settings and the unassisted search
and show differences between the two environments. While Deadeye
has a higher mean search duration then “WV-Min” in the artificial
environment, it is vice versa in the realistic environment.

However, analyzing only mean search times is insufficient, partic-
ularly due to the imposed three-minute time limit, which introduces
right-censoring and distorts the mean. To address this, we employ sur-
vival analysis to examine the search duration. This approach allows for
evaluation of the time until an event occurs, in this case, successfully
finding the target object. The analysis uses the Kaplan-Meier estimator,
which enables a non-parametric estimation of a survival function and
accepts right-censored data. The survival function represents the prob-
ability with which an event has not yet occurred at a certain point in
time, i.e. the object being searched for has not yet been found.

Figure 7a shows the respective functions of the techniques in the
artificial environment. The effectiveness of the techniques is indicated
by the respective strength of the curve slopes. The three strongest
settings of WarpVision (“WV-Low”, “WV-Med”, and “WV-High”)
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Fig. 7: Survival functions of the techniques within the artificial environment (a) and realistic environment (b). Confidence intervals are not shown to

simplify interpretation.
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Fig. 8: Pairwise comparisons of techniques within the artificial (a) and realistic environment (b) in relation to search duration using a Cox proportional
hazard regression. Each cell displays the hazard ratio (HR), z-value, and Holm-Bonferroni adjusted p-value for the comparison between the row and
column techniques. An HR >1 indicates a higher hazard (i.e. shorter search time) for the row technique relative to the column technique.

show the highest objective supporting properties. In particular, “WV-
Med” and “WV-High” allow for quick success in finding the correct
object in the artificial environment. After ten seconds of searching, the
probability of not having found the object is approximately 15%. This
probability is almost as low with “WV-Low” at 25%, although a search
supported by this technique takes, on average, around four seconds
longer. In none of the runs in which one of these three WarpVision
settings were used was right-censored data available, meaning that the
object searched for could always be found within the maximum time
given (even well less than a minute in some cases). The curve with
the next strongest downward trend is “WV-Min”. When using this
technique, with a probability of approx. 50% the target object is found
after 10 seconds, and with a probability of over 90% after one minute.
Deadeye shows a similar efficiency, but the detection time is delayed
by approximately five seconds compared to “WV-Min”. A premature
flattening of the survival function after just under 20 seconds indicates
longer search times, of which 20% last longer than one minute.

Figure 7b shows the survival functions of the techniques in the re-
alistic environment. As in the artificial environment, “WV-Med” and
“WV-High” are the two techniques under which the searched object
was found the fastest. Both curves are almost identical and with a prob-
ability greater than 95% the search task was successfully completed
after the first ten seconds. The next best techniques are “WV-Low”
and Deadeye, with one in five cases still searching for the object af-
ter ten seconds. Finally, “WV-Min” closely resembles the unassisted
search, with a slightly lower curve that suggests a modest effect be-
low the performance of the other techniques. Significant differences
between survival curves are assessed using the Cox proportional haz-
ards model with Holm-Bonferroni correction for p-value adjustment.
Figure 8a shows the heatmap of the obtained p-values and hazard ratios

for all pairs of techniques in the artificial environment using the Cox
proportional hazard regression. It is noticeable that only Deadeye is
insignificantly different to trials without support (p > 0.05). Thus, this
technique did not contribute to a significant reduction in search time.
While “WV-Min” and Deadeye also do not significatly differ (p > 0.05,
HR = 1.39), “WV-Min” significantly improves search compared to
unsupported trials (p = 0.041, HR = 1.91). Since the Cox proportional
hazard model compares groups (or curves) in pairs, there is no transitive
property of significance implied by the p-value (discrepancies in com-
bined hazard ratios can occur due to statistical variability). All other
techniques show significant differences to the comparisons, Deadeye
and unsupported search. The results of the Cox proportional hazard
model within the realistic environment are shown in Figure 8b. In this
environment, only “WV-Min” provides no significant support (HR =
1.23). All other techniques are highly significant compared to unassisted
search (p <0.001), with“WV-Med” and “WV-High” even exhibiting
hazard ratios greater than 10, indicating that the target was found at
least ten times faster using these techniques. “WV-Low” and Deadeye
form a group of almost identical survival functions with p > 0.05 and
a hazard rate of 1.13, providing similarly effective assistance. Con-
versely, compared to Deadeye, “WV-Min” has a hazard ratio of 0.44
(p =0.003), indicating a 56% lower rate of finding the target object at
any given time. Analogously to the artificial environment, “WV-High”
and “WV-Med” are statistically identical. As the two environments rep-
resent fundamentally different scenarios and search tasks, the survival
functions are not examined between the environments.

Altogether, these results are consistent with the original hypothesis
HI1, strongly supporting the assumption that Warp Vision significantly
improves search performance compared to Deadeye if the employed
setting is properly calibrated.
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5.2 Subjective Data

Figure 9a shows a violin plot that provides an overview of the subjective
supportive property of each technique for both environments. The
perceived support for trials without an assisting technique is omitted
from the violin plot, as all values—except for two outliers—are 0 and show
no meaningful variation. For Deadeye, most ratings in the artificial
environment cluster around a median of 2, reflected by a symmetrical
interquartile range. A similar distribution is observed in the realistic
environment, though with slightly higher values (median around 2.5),
suggesting a marginally higher perceived support by the technique. The
lowest setting of WarpVision (“WV-Min”’) does not show a consistent
trend between environments. In the artificial environment, ratings are
more positive (median of 3), though the lower quartile reveals many
lower ratings. In contrast, in the realistic environment, over half of the
participants did not perceive the guidance (median 0), though the upper
quartile extends to 3, indicating a wide spread. “WV-Low” shows small
differences between environments, with both medians at 4, but a wider
distribution in the artificial environment. The two strongest settings,
“WV-Med” and “WV-High,” consistently yield the highest perceived
support (median 5) in both environments, with only minor differences
in data spread. Overall, the perceived support strongly correlates with
the objectively measured effectiveness of the techniques across both
environments.

For further evaluation, we use the Wilcoxon signed-rank test with
Holm-Bonferroni correction for p-value adjustment to assess the sup-
portive properties for significant differences. This test was chosen
because the data is not normally distributed (see Figure 9a). All tech-
niques show a significant impact on the subjective supportive property
compared to runs without any technique. Among the WarpVision
settings, only “WV-Min” exhibits a subjective supportive property
comparable to or lower than Deadeye (artificial: p = 0.582, z = 1.05,

realistic: p = 0.015, z = 2.63). All other techniques were perceived to
be significantly more helpful.

Figure 9b shows the subjective immersion disruption ratings for
each technique. Trials without assistance are omitted from the plot,
as no immersion disruption was reported aside from the previous out-
liers. Deadeye caused a comparable level of immersion disruption in
both environments (median = 2, “rather non-disrupting”), with only
minor differences in the interquartile range and a slightly higher first
quartile in the realistic environment. “WV-Min” has a lower negative
influence on immersion in the realistic environment, with the median
in both environments being 0, which indicates the absence of a rec-
ognizable influence on immersion. In the artificial environment, the
values are more widely distributed, with no data points reaching the
maximum value of 5 in either environment. As the next highest in-
tensity of WarpVision, “WV-Low” has comparable deviations between
the environments. Although the median in both cases has a value of
1, the third quartile in both environments has a similar distribution,
showing that the responses are roughly one step above “WV-Min” on
the semantic differential scale. Consequently, values of up to 5 (“very
disrupting”) can be observed in the artificial environment. The first
quartile is located close to the median with only slight deviation, re-
sulting in a limited number of values at 0. The immersion disrupting
properties of “WV-Med” and “WV-High” are mostly comparable, with
a median of 2.5 and 2 in the artificial environment, respectively, and 3
in the realistic environment. However, data points in both environments
can lie far outside the interquartile range and assume values over the
entire spectrum from O to 5.

For the evaluation of H2, the Wilcoxon signed-rank test with Holm-
Bonferroni correction for p-value adjustment was employed to assess
the immersion disrupting properties for significant differences. All
techniques demonstrated a significant increase in immersion disruption



when compared to unassisted trials. Compared with Deadeye, only
“WV-Min” caused significantly less disruption to immersion across both
environments (artificial: p = 0.008, z = 3.23, realistic: p <0.001, z =
3.95). No significant differences were observed between Deadeye and
the remaining WarpVision settings.

These results challenge hypothesis H2, not strictly supporting the
assumption that WarpVision’s disruption of immersion is significantly
lower compared to Deadeye while providing significantly higher sup-
port. Only particular settings (e.g., “WV-Low”’) show the tendency to
support this hypothesis.

5.3 Cybersickness and Discomfort

In order to provide insights into RQ2, cybersickness and discomfort
were assessed using the VRSQ [8]. Figure 10 shows a box plot of the
ratings divided into the components “oculomotor”, “disorientation”,
and the total VRSQ score for all techniques. As the focus of this
subjective survey was on the individually presented techniques, the
environments are not considered separately. We conducted a Wilcoxon
signed-rank test with Holm-Bonferroni correction for p-value adjust-
ment to evaluate significant differences. The results demonstrate that
all WarpVision settings have significantly lower total VRSQ scores than
Deadeye except for “WV-High” (p =0.112, z = —2.11), indicating that
comfort is better preserved with our technique. The median oculomotor
score of Deadeye with 25 is even more than 10 points higher than all
other techniques. In the “WV-Min” setting, the subjective rating of dis-
comfort is statistically insignificant to the baseline (“None”), indicating
that no measurable effect could be detected. Also the VRSQ scores
for the other WarpVision settings only vary slightly from the baseline
average. These findings confirm H3 and support the assumption that
WarpVision causes significantly less cybersickness and discomfort than
Deadeye.

6 DiscussioN

The results of the search times analysis demonstrate that even the most
subtle WarpVision settings (e.g., “WV-Min”) achieve performances
comparable to Deadeye. At the same time, this setting affects immer-
sion significantly less. If a slight increase in immersion disruption is
acceptable, “WV-Low” is recommended. In medium and high settings,
WarpVision significantly outperforms Deadeye in search efficiency. As
expected, all WarpVision settings reduced search times compared to
unassisted trials (H1). Based on participant feedback, the lower scores
in subjective support of Deadeye can likely be attributed to feelings of
confusion due to the visual mismatch the technique creates in the stereo-
scopic image. Please note that a lower subjective perception of support
should not necessarily be interpreted as a drawback in subtle guidance
techniques, as effective gaze steering may occur without conscious
recognition. Given WarpVision’s low disruption of immersion (H2)
and mostly unaffected VR sickness (H3), while providing significantly
more support than Deadeye (H1), it emerges as a promising alternative,
particularly when subtle guidance is desired.

The different search times of the techniques in the two environments
can stem from many factors, including differences in color representa-
tions, the distance of the POI, and the manifold of surrounding informa-
tion. These factors can introduce varying complexities to the search task
that could affect the gaze-guiding property of the technique. Higher
visual contrast and texture variety may increase the perceptibility of
WarpVision’s distortion. This property may also explain the difference
in mean search durations for Deadeye and “WV-Min” between the two
environments. The high-luminance colors of the objects and the parallel
lines of the background pattern in the artificial environment may have
enabled better recognition of the warping effect compared to the less
saturated texture of the table in the realistic environment. Additionally,
the shorter distance to the POI and its background in the second environ-
ment might have reduced the effectiveness of WarpVision further, since
the reduced depth of the scene leads to less distortion in physical space.
However, since the artificial environment represented the more complex
search task, the results obtained support the interpretation that WarpVi-
sion does not significantly lose reliability with increasingly complex
search and enables faster attention guidance in these cases compared to
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other techniques. It follows that the parameters of WarpVision should
be adapted to the visual properties of a scene—or, conversely, scenes
may be designed to better reveal screen-space warping effects.

Since the gaze-dependent adaptation of WarpVision continuously
alters the image, it engages multiple visual channels that can lead to
preattentive perception of direction and target location in the search
task [19]. Specifically, visual attributes like continuous gaze-contingent
changes in the orientation and curvature of parallel lines, as well as
alterations in the size and shape of scene features, are known to trigger
these perceptual mechanisms [25, pp. 155f]. To further investigate the
role of preattentive mechanisms in WarpVision, we conducted a focused
analysis on a subset of our study data. When comparing the time from
the start of the search to the moment the target object enters the area of
the fovea centralis (within 5° of visual angle), we observe significant
differences between the use of no technique and the various WarpVision
conditions: “WV-Med” (p <0.001), and “WV-High” (p <0.001). Look-
ing at the median time for Deadeye (3349ms) compared to “WV-Med”
(1343ms) and “WV-High” (1297ms), it becomes apparent how quickly
WarpVision facilitated successful target acquisition. For context, preat-
tentive processing typically occurs within 50-500 ms [23], and the
average duration of an eye fixation on a target is around 300-350 ms
with a distribution reported to have a long tail [15]. It is important to
note that our study was not explicitly designed to isolate preattentive
effects, but rather to measure the overall effectiveness of WarpVision
in improving search performance. Still, the results strongly suggest
that WarpVision supports early-stage perceptual guidance. However, a
more detailed analysis of initial eye movements within the first 1000
ms would be needed to validate this hypothesis—especially given that
trials started blind with the targets not in the FOV.

7 LIMITATIONS

Several limitations stem from the current implementation. Attributable
to the restriction of guidance to POIs in the forward-facing hemisphere
of the camera, the current implementation of WarpVision cannot guide
toward POIs directly behind the user. This limitation could be avoided
by integrating guidance through intermediate “waypoints” that sequen-
tially redirect the gaze of the user towards the backside. Another
limitation stems from the disparity of the stereoscopic visualization
in the HMD. Due to the scene being presented from a slightly differ-
ent angle to both eyes, the distortions could affect the screen-space
unequally. In our study, this imperfection was only recognizable in
scenarios containing POIs very close to the camera or in cases where
POIs are cut off in the center of the distortion. An additional constraint
can be found in scenes with large untextured areas or very dim lighting
conditions. If the user, for example, faces an untextured white wall,



the distortion will not be visually noticeable. This also holds true for
very dim spaces, where such a distortion would remain unseen. While
this is a theoretical limitation, such scenarios do not hold much appeal
for gaze retargeting in practice, as targets are usually chosen on vivid,
high-contrast areas. A limitation of the study is the extent of compar-
ison techniques. While Deadeye and the unassisted search show an
indication of WarpVision’s effectiveness, further investigations are re-
quired to confirm these findings against other gaze guidance techniques.
Since only four settings of WarpVision were examined in the study, it
can be assumed that the effectiveness of this technique can be further
optimized when adjusted to a specific scenario. Since participants in
this study do not move (beyond simple body/head movements on a
chair), the influence of WarpVision’s curvature on spatial understanding
and navigation remains unclear.

8 CONCLUSION AND FUTURE WORK

This paper introduced WarpVision, a novel gaze-guidance technique
that subtly warps screen-space around a POI to direct user attention in
VR. We conducted a study with a search task in two different virtual
scenarios to compare WarpVision with related work and unassisted
searching. Our results show WarpVision to be an effective alternative
with higher user comfort and better preservation of immersion. Future
investigations may explore space-distorting effects beyond a zoom-like
curvature, such as vortex effects on or around the POI and for more di-
verse environments. In addition, scenarios that reflect not only static but
also dynamic environments are interesting to investigate. These include
scenarios where the POIs are clearly visible (not hidden) or moving,
like in panoramic 360° videos. Since WarpVision works entirely in
screen-space and does not require a diegetic understanding of the scene
to develop matching guidance metaphors, our implementation is well-
suited for these application scenarios. By applying the technique to
the images of mixed reality video-see-through HMD’s, such scenarios
could further include real-life environments. Given these opportunities
and the experimental results, we are confident that WarpVision is a
significant step in the process of effective VR guidance methods that
are versatile, robust, and subtle.
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