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See What | Mean? Mobile Eye-Perspective Rendering for Optical
See-through Head-mounted Displays
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Fig. 1: Edges are extracted from a head-mounted display (HMD) camera view (purple viewport), e.g., to support people with low vision
by highlighting scene elements. For accurate alignment, the edges must be shown from the user’s eye perspective (blue viewport) on
the optical see-through (O ST) display. (Left) A naive Plane-Proxy EPR method projects the camera view onto a fixed-distance proxy
plane (green), causing misalignment between visualization and real-world objects (dashed pink areas). (Middle) Our novel Gaze-Proxy
EPR approach uses eye-tracking to dynamically adjust the plane to match the depth at the user’s gaze point (center pink dot/circle),
improving alignment at the focal area but causing misalignment elsewhere. (Right) A Mesh-Proxy EPR technique projects the camera
view onto a scene reconstruction (green), ensuring accurate alignment from all perspectives.

Abstract— Image-based scene understanding allows Augmented Reality (AR) systems to provide contextual visual guidance in
unprepared, real-world environments. While effective on video see-through (VST) head-mounted displays (HMDs), such methods
suffer on optical see-through (OST) HMDs due to misregistration between the world-facing camera and the user’s eye perspective. To
approximate the user’s true eye view, we implement and evaluate three software-based eye-perspective rendering (EPR) techniques on
a commercially available, untethered OST HMD (Microsoft HoloLens 2): (1) Plane-Proxy EPR, projecting onto a fixed-distance plane;
(2) Mesh-Proxy EPR, using SLAM-based reconstruction for projection; and (3) Gaze-Proxy EPR, a novel eye-tracking-based method
that aligns the projection with the user’s gaze depth. A user study on real-world tasks underscores the importance of accurate EPR and
demonstrates gaze-proxy as a lightweight alternative to geometry-based methods. We release our EPR framework as open source.

Index Terms—Augmented reality, optical see-through, head-mounted displays, eye-perspective rendering, vision augmentation.
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1 INTRODUCTION

Augmented Reality (AR) combined with optical see-through (OST) analysis of images captured by the built-in, world-facing camera of the

head-mounted displays (HMDs) overlays virtual information onto the
user’s view of the real world. Such systems support assembly and
repair tasks [18], assist first responders in hazardous scenarios [7,33],
and aid elderly and visually impaired users [39, 53, 54]. Commonly,
AR visualizations highlight task-relevant objects identified through the
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HMD. Traditionally, these highlighted objects rely on manually pre-
registered semantic annotations or automatic detection by specialized
computer vision models, restricting support to predefined object types
and relationships.

The emergence of context-aware Artificial Intelligence (Al), such as
vision language models (VLMs), large language models (LLMs), and
open-vocabulary scene graphs [22, 52], reduces the need for extensive
prior annotation by enriching captured imagery with semantic context.
Image-based scene understanding facilitates a broader adoption of AR
in mobile, unprepared environments [14] that can be directly applied to
video see-through (VST) HMD setups where the world-facing cameras
replace the user’s eyes. However, when using an OST device, mapping
the image information extracted from a world-camera view to the
user’s eyes remains challenging due to their different perspectives
(Fig. 1(Left)).

Previous work has developed HMD prototypes integrating cameras
that capture the user’s exact viewpoint by redirecting light through
the transparent display using half-silvered mirrors [30, 32]. This setup
allows direct usage of the captured image for highlighting object sil-
houettes [41] or adjusting scene colors to assist individuals with a color
vision deficiency (CVD) [32]. However, these hardware modifications
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cannot be applied to existing commercially available HMDs, limiting
immediate applicability while also significantly increasing the size of
the HMDs.

Software-based alternatives use scene information to reconstruct the
user’s perspective through eye-perspective rendering (EPR) techniques.
The most straightforward method, which we refer to as Plane-Proxy
EPR, projects the analyzed world-camera view onto a virtual plane
placed at a fixed distance in front of the user [39,55]. This approach
achieves alignment when the virtual plane is aligned in depth with the
real-world geometry, but results in visual misalignment when there is
an offset (Fig. 1(Left)).

A more accurate method addresses this by projecting the world-
camera view onto a 3D mesh reconstructed from depth maps or SLAM
data [11,17,51]. This method, which we refer to as Mesh-Proxy
EPR, significantly improves the alignment [16] between image-based
overlays and real-world geometry (Fig. 1(Right)), but requires a full
3D reconstruction, which may be computationally expensive, battery-
draining, and not always available in real-time.

We further propose the Gaze-Proxy EPR method, a novel approach
that dynamically aligns the projection plane of Plane-Proxy EPR with
the scene depth at the user’s current gaze target. Unlike Mesh-Proxy
EPR, which requires a 3D reconstruction of the environment, Gaze-
Proxy EPR instead uses real-time eye tracking to estimate fixation
depth, enabling localized alignment without the need for spatial meshes.
While Mesh-Proxy EPR aims for global alignment across the entire
field of view, Gaze-Proxy EPR prioritizes accuracy in the user’s focus
region (Fig. 1(Middle)), adapting the projection plane as the gaze shifts.
This makes it particularly suitable for mobile OST HMDs, as it relies
solely on eye vergence for depth estimation when precise eye tracking
is available [36], whereas scene reconstructions may be unavailable,
unreliable, or too slow to update (e.g., 1-5 FPS for HoloLens 2).

In this paper, we explore software-based EPR for mobile, unteth-
ered OST HMDs by implementing the three aforementioned EPR ap-
proaches on a commercially available hardware (HoloLens 2). Previous
studies have demonstrated the value of EPR for adapting virtual content
to avoid interference with the real-world background [17,30] and assist-
ing individuals with CVD [32] in tethered, sedentary setups that restrict
user mobility and do not allow users to interact with the real world. In
contrast, we demonstrate the effectiveness of EPR in a mobile, unteth-
ered scenario. We also require users to interact with the augmented
real-world scene, thereby, underlining the need for EPR to enable ac-
curate interactions. By providing our EPR framework as open-source
software, we facilitate further research beyond controlled laboratory
settings and simulations conducted in Virtual Reality (VR) [9, 13],
addressing the lack of suitable EPR frameworks for untethered OST
HMDs.

In a user study, we compare the three EPR methods in terms of inter-
action accuracy, usability, and task load. By also collecting qualitative
feedback, we provide quantitative and qualitative insights into the use
of EPR using an untethered device.

In summary, we make the following contributions:

* We introduce a novel Gaze-Proxy EPR method for OST HMDs
that uses eye tracking to align the projection plane with the scene
depth at the user’s current focus, providing localized accuracy
with minimal computational overhead.

¢ We implement and compare all three EPR methods on a state-of-
the-art, untethered OST HMD (HoloLens 2), providing quanti-
tative and qualitative insights from the first exploration of EPR
effects during interactive tasks involving real-world environments.

e Our results clearly demonstrate the need for accurate EPR for
image-based analysis, highlighting the impact of misalignments
between the world camera and the user’s eyes to raise awareness
of this challenge.

* We release all three EPR implementations and the study frame-
work as open source, facilitating future research and development
of contextual, image-based AR support systems for mobile, un-
tethered use cases.

Please note that the examples used to illustrate EPR techniques
in this paper are generated within synthetic scenes. Capturing EPR-
aligned imagery via a camera recording through an HMD is inherently
limited, as it does not accurately reflect the user’s true eye perspective.
Consistent with prior work [17,45], we use simulated views rendered
from the user’s viewpoint using Unity 2022.3 LTS to visualize algorith-
mic behavior and alignment artifacts in the paper. In the supplemental
material, we also include a video of our best effort of capturing EPR as
seen through the HoloLens 2 display. Furthermore, we conduct our ex-
perimental user evaluations, including both qualitative and quantitative
measurements, in a real-world scenario using a physical, untethered
OST HMD, allowing us to assess EPR performance and accuracy under
realistic conditions.

2 RELATED WORK

In the following, we provide related work on previous solutions to EPR.
Subsequently, we discuss use cases that benefit from knowledge of the
correct eye-perspective of users through an OST HMD.

2.1 User- and Eye Perspective Rendering in AR

Perspective-correct rendering for AR is an issue that is not unique to
HMDs. It was brought up first in the context of handheld AR inter-
faces [40] such as mobile phones or tablets. The AR view of handheld
devices uses the integrated device camera view for augmentations,
where the viewpoint of the user does not match the camera viewpoint
requiring the users to mentally map between the different views. To
solve this issue, user-perspective rendering [5, 6] has been proposed
that synthesizes a view of the scene based on the user’s eye position,
transforming the VST mobile device into a transparent window onto
the scene.

VST HMD:s are also affected by the offset between camera position
that captures the view of the scene, and the user’s eye position. While
nowadays most VST HMD place the cameras roughly in front of the
user’s eye, even this small positional offset combined with the individ-
ual differences in eye positions are sufficient to lead to a noticeable dif-
ference [23] and negatively impact depth perception [4]. To overcome
the positional offset, several approaches have been proposed [11,28,51]
that either compute a 3D reconstruction [11] relying on video encoders
integrated into the HMD to track features between the frames, more
recent approaches rely on view generation techniques such as neural
rendering [51] or light-field rendering [28]. Unfortunately, neural and
light-field rendering techniques require the computational power of a
stationary computer (e.g. a NVIDIA Titan RTX for each eye [51]), and,
thus, are not applicable to mobile, untethered HMD hardware.

To capture the user’s view through an OST HMD, i.e., the light rays
right in front of the user’s eyes, prior work explored hardware modifica-
tions, such as putting a large sensor with lenslets for capturing incoming
light rays right in front of the user’s eyes [28]. However, implementing
such an approach for OST HMDs would block the actual view of the
user. Instead, Langlotz et al. [30] proposed to place beam splitters
in the optical path of the human eye, where they reflect a fraction of
the light towards the camera to precisely change the appearance of the
environment e.g. to address color-vision deficiency [44] or real-world
saliency modulation [45].

Unfortunately, beamsplitters require careful calibration but, more
importantly, increase the HMD’s size and require extensive hardware
modification. To address these shortcomings, recent work started to
explore EPR for OST HMDs, a software-based method that does not
require hardware modifications, and demonstrated the effectiveness of
the precise knowledge of the user’s view through the displays for view
management such as label placement [16, 17]. We are exploring and
extending previous approaches to software-based EPR for supporting
mobile, untethered OST HMDs.

2.2 Applications of Eye-perspective Rendering

AR applications embed virtual information into the user’s view. While
applications typically rely on 3D pose information for placing the
content (e.g., application windows), more advanced placement algo-
rithms perform image-based analysis on the device’s camera feed [10]
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for scene analysis, to adapt content placement to avoid visual in-
terference [16, 17] or object occlusions [26]. For example, recent
algorithms using machine learning techniques for Al object detec-
tion [20,27,34,56] detect and identify individual objects in the scene
and provide this information to the user via an AR interface [14]. Most
of these algorithms work directly on 2D images of the scene, which usu-
ally come from a camera attached to the HMD. However, mapping the
extracted information into the user’s view through an OST HMD leads
to inaccuracies and potential ambiguity due to the difference between
the camera perspective and the user perspective (Fig. 2(Top)(Left)).

Augmented Vision is another growing area in AR, aiming to support
individuals with visual impairments or working in low vision envi-
ronments (e.g., dust, smoke). It commonly relies on 2D imagery to
identify scene features that are modulated and enhanced in the AR
view [31]. For instance, vision support systems for individuals with
CVD identify critical colors and modulate them via overlays on the
OST display — changing color hue and brightness, using patterns that
help distinguish them from otherwise similar colors [2,44], or framing
critically colored objects with bounding boxes and additional textual de-
scription [55]. Low vision support systems extract edges from camera
images using image-based edge detection to emphasize structures in the
user’s view [25,31,39]. However, when naively overlaying in the user’s
view, the difference in camera perspective and user’s eye perspective
leads to inaccuracies as the supporting augmentations do not match the
real-world scene (Fig. 1(Left), Fig. 2(Top)(Middle, Right)).

Aside from practical implications due to the mismatch between cam-
era and user view impacting the usability of the described use cases,
the misalignment of AR overlays with the real-world scene can cause
physiological issues such as nausea and cybersickness [12]. Recent
studies suggest that a 15 mm offset between the camera and the eye
is the threshold at which offsets are becoming noticeable [23]. Even
with modern, miniaturized cameras and display optics, achieving a
camera placement this close to the human eye is hardly feasible, poten-
tially leading to noticeable negative effects when showing information
computed in the camera view.

3 SYSTEM OVERVIEW

In the following, we present implementation details on three EPR
techniques included in our open source framework, as well as the
image-based analysis approach for our experiment, before illustrating
the EPR techniques for selected use cases.

3.1

Our EPR methods apply a texture projection technique to re-render
the world-camera view from the user’s perspective using 3D proxy
geometry [16, 17]. Each point on the proxy geometry is first projected
into the world-camera view to retrieve the image data available to the
AR system. The same point is then reprojected into the user’s left
and right eye views as EPR. When the proxy geometry accurately
corresponds to the real-world scene geometry, both the world camera
and the user perceive consistent visual information. This alignment is
illustrated in Fig. 1(Right), where a mesh closely matches the scene
geometry, and in Fig. 1(Middle), where a planar proxy is aligned
with the user’s gaze target. Correct alignment of EPR views for both
eyes is essential for achieving proper stereo perception of image-based
augmentations, such as object highlighting (Fig. 2(Left)). Misalignment
between augmentations and the physical scene can introduce perceptual
conflicts, potentially degrading the user experience [39,55].

Our system is the first to implement multiple EPR approaches na-
tively on a state-of-the-art OST HMD. We use the HoloLens 2 with
the Research Mode API to access sensor streams, and Unity with the
Mixed Reality Toolkit (MRTK) 2.8.3 for rendering. While developed
for HoloLens 2, the EPR techniques are generalizable to other plat-
forms, including Magic Leap 2 and Snap AR glasses.

We implement three methods that share the same projection tech-
nique but differ in their choice of proxy geometry: a fixed plane for
Plane-Proxy EPR, a gaze-aligned plane for Gaze-Proxy EPR, and a
mesh approximating the scene geometry for Mesh-Proxy EPR.

Eye-Perspective Rendering

Plane-Proxy EPR. In this method, the world-camera view is pro-
jected onto a virtual 3D proxy plane placed at a fixed distance in front
of the user, parallel to the image plane of the dominant eye. The dis-
tance can be adjusted manually, to match a typical working distance.
However, due to continuous head motion in mobile use, visual aug-
mentations based on the EPR view quickly become misaligned with
the real-world scene (Fig. 1(Left), Fig. 2(Top)), negatively affecting
the user experience. While this method is prone to misalignment, it
may still be viable for viewing distant scene geometry, where the par-
allax between the camera and the user’s eyes becomes negligible [8].
Plane-Proxy EPR is the simplest of the three approaches, requiring no
pose tracking, eye tracking, or scene information, and introduces no
computational overhead.

Mesh-Proxy EPR. Instead of a planar proxy, this method uses
a spatial mesh reconstruction provided by the HMD as a 3D proxy
geometry, as proposed by Emsenhuber et al. [17]. The EPR view is
generated by projecting the world-camera image onto the mesh and
re-rendering it from the user’s eye position. Since the proxy geometry
closely matches the physical scene, Mesh-Proxy EPR enables more
accurate EPR views in which image-based augmentations better align
with the real world (Fig. 1(Right) and Fig. 2(Bottom)).

The method’s effectiveness depends on the quality of the mesh. As
discussed by Weinmann et al. [49], the HoloLens 2’s spatial mesh ad-
equately captures basic indoor architecture, but lacks the precision
needed to represent finer scene details, potentially leading to visi-
ble mismatches between augmentations and physical objects. The
HoloLens 2’s spatial mapping accuracy can vary depending on envi-
ronmental conditions and calibration. Under optimal conditions and
with proper ground control, studies have demonstrated that the device
can achieve spatial mapping accuracy of 1-2 cm [46]. The mesh avail-
able through Unity is less precise due to system-level performance
constraints. The mesh resolution is governed by the maximum triangles
per cubic meter parameter, with a default value of about 500, which is
insufficient for capturing finer scene features. In our implementation,
we set the parameter controlling this value to "Fine", which corresponds
to 2000-3000 triangles per cubic meter, resulting in a runtime rendering
performance of approximately 28 fps for stereo EPR views.

Alternatively, the Mesh-Proxy EPR method could employ depth
maps generated via image-based depth estimation [43] or a built-in
depth sensor. However, current mobile hardware may not support
real-time image-based depth estimation at sufficient quality, and depth
sensors often produce incomplete data with missing regions that require
computationally intensive inpainting [21]. Future HMDs may imple-
ment such features, when the issue of EPR becomes more recognized
for OST.

Gaze-Proxy EPR. This approach builds on the same plane-
projection technique as Plane-Proxy EPR, but dynamically positions the
projection plane at the 3D point in the scene the user is currently focus-
ing on. In principle, this point can be determined by computing the eye
vergence using a built-in eye tracker. However, since the HoloLens 2
only provides a single gaze ray [48], and prior work has shown that
vergence estimation degrades with increasing viewing distance [36], we
estimate the gaze target by intersecting the eye-tracked gaze ray with
the spatial mesh used in Mesh-Proxy EPR. This enables us to position
the projection plane at the user’s current focus and to generate EPR
views that are accurate within the user’s focal area (Fig. 1(Middle)).
Misalignments outside this region are less likely to impact the user
experience, as the visualization updates when the user’s gaze shifts.

Although our method currently relies on the spatial mesh to estimate
depth, it demonstrates the feasibility of the Gaze-Proxy EPR approach
and its potential for lightweight, scene-agnostic rendering, assuming
sufficiently accurate vergence tracking in future HMDs. Given that
vergence estimation is more reliable for nearby objects, this approach
is particularly suitable for close-range tasks, where EPR accuracy is
most critical. For distant objects, parallax between the world camera
and the user’s eyes becomes negligible, reducing the need for dynamic
alignment [8].
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Fig. 2: Use Cases of Image-based Analysis. (Top) The Plane-Proxy EPR method frequently results in misalignments between overlays and the
real-world scene due to the fixed distance of the projection plane. (Bottom) The Mesh-Proxy EPR method accurately aligns extracted image
information with the real-world scene. Here, we demonstrate the effect for (Left) highlighting outlines of the next picking tray for a maintenance task,
(Middle) enhancing scene visibility and text legibility through outline overlays for low vision support, and (Right) applying Daltonization to shift color

spaces for individuals with CVD. The top images show the original colors and the colors perceived by an individual with CVD.

3.2

Our framework provides implementations of basic image-based scene
analysis routines, which we use to demonstrate the necessity and impact
of EPR-aware image analysis in OST AR, both in functional demon-
strations in simulated scenes and in our user study using the HoloLens 2.
Implementing mobile versions of the image operations enables both
quantitative measurements and qualitative feedback on the effects of
EPR in real-world scenarios. For our mobile implementation, we avoid
computationally intensive object recognition models and instead em-
ploy lightweight image processing techniques that allow for real-time
manipulation and highlighting of image regions. While we do not
currently integrate advanced models, doing so is possible either by
executing them on-device if hardware permits, or by streaming world-
camera images to an external machine for processing, as shown in
previous work [3].

All image processing is performed directly on the RGB image cap-
tured by the world-facing camera. The resulting annotations or visual
transformations are then projected onto the proxy geometry to create
the EPR view. Processing the original camera image rather than the
reconstructed EPR view avoids artifacts introduced by mesh inaccura-
cies in Mesh-Proxy EPR. Limited mesh resolution can lead to distorted
or low-polygon silhouettes, particularly for small or detailed objects,
which in turn degrade the quality of downstream image analysis. By
operating on the artifact-free camera image, we preserve processing
accuracy.

Our framework implements the following image-based operations
as basis for our EPR use case demonstrations and user study:

Image Processing

¢ Edge Overlays: Canny edge detection is applied to the scene to
simulate visual support systems for low vision [39].

* Hue-Based Segmentation: Objects of interest are highlighted
by segmenting regions based on hue and either coloring them or
outlining their contours.

¢ Daltonization: The input image is adjusted using color transfor-
mations to improve perception for users with CVDs [32].

3.3 Use Cases of Image-based Analysis

In the following, we describe a selection of use cases that benefit from
a precise registration of image-based analysis results utilizing an EPR
method such as Mesh-Proxy EPR or Gaze-Proxy EPR that aligns results
with the viewpoint of the user and the scene.

Guidance in Manual Tasks. A common use case for AR is
assisting users in manual tasks, where virtual augmentations indicate
the next element to interact with, such as a part [18], a tool [29] or a
control element of a machine [35]. Al-driven, image-based guidance in
unstructured scenes is well-suited for such scenarios, where objects of
interest are highlighted using their silhouette.

Highlighting objects with artificial silhouettes, rather than bounding
boxes, can convey their shape more clearly and helps distinguish them
from similar items. Furthermore, in cluttered environments, bound-
ing boxes may enclose multiple similar objects, causing confusion.
Fig. 2(Top, Left) illustrates a silhouette highlighting a tray during a se-
quence of maintenance steps using the naive Plane-Proxy EPR method,
where misregistration results in ambiguity. In contrast, Fig. 2(Bottom,
Left) demonstrates the precise Mesh-Proxy EPR approach, where the
registered silhouette clearly directs attention to the correct object.

Low-vision Support. According to the WHO, 2.2 billion people
are suffering from a vision impairment [42], which can severely impact
the quality of life, particularly by reducing mobility. Edge overlays
can improve perception for people with low vision [39], enabling them
to detect obstacles more easily, read text, discern image details, and
interpret facial expressions. Beyond assisting individuals with low
vision, edge overlays can enhance scene perception in environments
with limited visibility, such as dusty work settings or smoke-filled areas
in firefighter scenarios.
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Fig. 3: Study Setup. (Left) The wall-mounted checkerboard (WALL), where users were looking at the targets at a 90° angle, and (Middle) the
checkerboard lying on the table (TABLE), where users were looking at an approximately 50° degree angle. (Right) The Duplo playground for the
second part of the study.

Simple edge overlays are computationally efficient with image-based
analysis. However, previous work has shown that users experience
depth perception issues when edge overlays are misaligned with scene
geometry and displayed on a fixed-depth plane [39] (Fig. 2(Top, Mid-
dle)). Mesh-Proxy EPR allows for precise edge overlays at the correct
scene depth, thereby avoiding depth perception conflicts (Fig. 2(Bottom,
Middle)).

Note that the HoloLens 2 may not be suitable for people having
conditions causing low vision due to the fixed focus plane of the display
at 2m. A retinal projection HMD ! enables focused augmentations as
light is directly focused onto the retina.

Compensating Color Vision Deficiencies. CVD is a condition in
which affected individuals have a reduced ability to distinguish between
colors, most commonly between red and green. A common approach
to CVD compensation is Daltonization, which adjusts colors to reduce
combinations that are difficult to differentiate. OST HMDs offer an
ideal assistive solution for individuals with CVD, allowing a direct
modification of the user’s view.

Daltonization can be implemented by segmenting problematic colors
in the world-facing camera image and overlaying a mask that shifts
scene colors to improve color differentiation [2, 32]. Alternatively,
Zhu et al. [55] analyze the camera feed for problematic colors and
annotate objects with textual labels and tightly fitting bounding boxes.
However, their system renders the output on a fixed-depth plane (1 m),
resulting in depth perception issues and misaligned bounding boxes.
Using the same system for Daltonization leads to the same issues
(Fig. 2(Top)(Right)).

Both Daltonization and bounding geometry benefit from precise
EPR methods such as Mesh-Proxy EPR (Fig. 2(Bottom)(Right)), which
allow masks or overlays to align with real-world scene geometry at the
correct depth, avoiding perceptual inconsistencies.

4 EXPERIMENT

The institutional ethics committee of Salzburg University of Applied
Sciences approved this study. We conducted a mixed-method, within-
subject user study to compare the three EPR approaches in a real-world
setting using an untethered, mobile OST HMD (HoloLens 2). The first
part of the study focused on quantifiable performance metrics, requiring
participants to interact with the scene based on image analysis from the
world camera. In the second part, we gathered qualitative feedback as
participants walked through a scene simulating a low vision support
system with overlaid edge enhancements.

4.1 Quantitative Evaluation

Participants were asked to identify and touch the correct square on a
checkerboard, guided solely by a virtual highlight derived from world
camera analysis. The study included two independent variables: Ori-
entation and EPR Method. Orientation had two conditions: WALL,

lhttps ://retissa.biz/en/

with the checkerboard mounted on a wall and viewed head-on, and
TABLE, with the checkerboard placed flat on a table and viewed at an
angle. These conditions allowed us to examine the impact of viewing
angle on EPR accuracy. EPR Method had three conditions represent-
ing our EPR implementations: PLANE, GAZE, and MESH. PLANE
applied a 20 cm offset from the scene geometry, simulating a misaligned
proxy plane that has been calibrated for a different workspace. Par-
ticipants were allowed to compensate for this offset by moving their
heads.

Participants. We recruited 18 participants (8 female, X=33 (8)
years). On a scale from one (worst) to seven (best), the mean of
self-rated AR experience was 2.5. All participants had normal or
corrected-to-normal vision.

Task. During each trial, participants interacted with a checker-
board consisting of 11x9 squares, each measuring 2 cm. An algorithm
randomly selected a square, highlighting it with a white outline. Partic-
ipants were instructed to identify and touch the center of the matching
real square, then return their hand to a starting position on their legs.
The task was repeated 30 times per EPR method, with the first 5 repeti-
tions discarded to reduce learning effects.

Apparatus. All experiments were conducted with participants
seated on an adjustable chair to ensure a consistent viewing angle
across different body heights. Participants adjusted their chair to com-
fortably align their eyes with the middle row of the checkerboard in
WALL, positioned at a height of 103 cm (Fig. 3(Left)). For TABLE, the
chair height remained unchanged, with the table set at 75 cm, resulting
in an approximate viewing angle of 50° (Fig. 3(Middle)). The checker-
board was centered relative to the participant’s dominant hand. To
support square detection and highlighting, we developed a custom AR
application using Unity, the MRTK, and our framework’s image analy-
sis functions. For Mesh-Proxy EPR and Gaze-Proxy EPR, we used the
built-in HoloLens 2 eye calibration tool to obtain accurate eye position
data necessary for computing EPR views. Touch interactions were
recorded using a 70.6x39.7 cm infrared touch frame (GreenTouch)
with 2 mm precision, connected to a PC. A PC-side application logged
touch event timestamps and communicated with the HoloLens 2 via
TCP. Upon receiving a touch event, the AR app selected and highlighted
a new square, pausing for 3 seconds to allow the participant to return
their hand to the resting position. Participants were free to move their
upper bodies and heads, which occasionally caused the highlighted
square to leave the HoloLens 2’s field of view. To determine whether
the checkerboard remained within the participant’s view, we placed
a QR code next to the grid and tracked head position and orientation.
When the grid was not visible, the application paused and displayed
directional arrows to guide participants back to the correct viewing
position. The study was conducted in a room with controlled lighting
(LUPO Superpanel Dual Color 60) to ensure consistent conditions
across sessions. Ambient light was measured at 317 lux at a color
temperature of 3220 Kelvin using a Mavospec Base spectrometer.

Data Collection. We measured task completion time (TCT) as the
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|| EPR Method | MESH vs PLANE | MESH vs GAZE | PLANE vs GAZE
Correctness F(2,85)=129.55,p<.001 t(84)=14.49,p<.001 - t(84)=13.32,p<.001
Task Completion Time F(2,85)=41.9,p<.001 t(85)=8.79,p<.001 t(84)=2.19,p=0.032 t(85)=6.6,p<.001
SEQ F(2,85)=33.7,p<.001 t(84)=7.58,p<.001 - t(85)=6.52,p<.001
TLX Overall F(2,85)=61.4,p<.001 t(85)=9.97,p<.001 - t(85)=9.17,p<.001
Mental Demand F(2,85)=58.3,p<.001 t(84)=9.55,p<.001 - t(84)=9.13,p<.001
Physical Demand - - - -
Temporal Demand F(2,85)=3.8,p=0.026 t(85)=2.72,p=0.024 - -
Performance F(2,85)=83.7,p<.001 t(85)=10.71,p<.001 - t(85)=11.64,p<.001
Effort F(2,85)=35.1,p<.001 t(84)=7.56,p<.001 - t(85)=6.9,p<.001
Frustration F(2,85)=14.01,p<.001 t(85)=4.94,p<.001 - t(85)=4.13,p<.001

Table 1: Statistically significant results of ART and ART contrasts for main effects EPR method.

time between highlighting a new square on the HoloLens 2 and the
participant touching the corresponding square, as detected by the touch
frame. Accuracy was defined as the percentage of correctly touched
squares. Task load was assessed using the NASA TLX [24], and usabil-
ity via the Single Ease Question (SEQ). Participants also ranked the
EPR methods by preference. To estimate alignment accuracy between
the EPR view and the real environment, participants viewed a second
checkerboard mounted on a wall, with 1cm squares overlaid using
Canny edge detection and white silhouettes. Positioned 75 cm from
the wall, participants estimated the offset between the real and vir-
tual squares in millimeters for Mesh-Proxy EPR and Gaze-Proxy EPR.
Plane-Proxy EPR was excluded, as it’s accuracy relies on continuous
manual alignment.

Procedure. After welcoming participants, they signed an informed
consent form and filled out a demographic questionnaire. Their domi-
nant eye was determined using the Miles Test [38] to align the proxy
planes of GAZE and PLANE accordingly. Participants then put on
the HoloLens 2 and used the built-in eye calibration tool to adjust the
device to their eyes.

Participants were seated in the task area and instructed to touch
the highlighted square as quickly as possible once it became visible
on the HMD, and to move the hand back into its resting position
afterwards. Orientation and EPR method were counterbalanced. Half
of participants started with TABLE, the other half with WALL. EPR
Method was balanced using a 3x3 Latin Square Table. After finishing
30 repetitions of an EPR method, participants filled out NASA TLX
and SEQ questionnaires, before continuing with the next EPR method.
After finishing all EPR conditions, participants ranked the EPR methods
and continued with the next Orientation condition.

Participants were allowed to remove the HMD when filling out the
questionnaires, or to rest. If the HMD was removed, the eye calibration
was performed before the next condition started. After finishing all
conditions, participants were asked to estimate the accuracy of the
alignment of Mesh-Proxy EPR and Gaze-Proxy EPR using another wall-
mounted checkerboard. Participants then continued with the second,
qualitative part of the study. We collected 2 (Orientation) x 3 (EPR
method) x 25 = 150 data points for each participant, leading to 2700
repetitions over all 18 participants.

Hypotheses.

* H1. Due to the alignment of the visualization with the correct
depth at the focus point of the user, MESH and GAZE outperform
PLANE in WALL. We did not expect differences between MESH
and GAZE due to correct alignment.

* H2. Due to the alignment of the visualization with the correct
depth at the focus point of the user, MESH and GAZE outper-
form PLANE in TABLE. We did not expect differences between
MESH and GAZE due to correct alignment.

e H3. PLANE performs better for WALL than for TABLE as
the foreshortening effect of the steeper viewing angle further
aggravates the misalignment.

* H4. Participant prefer MESH and GAZE over PLANE, as align-
ing virtual content to the correct depth reduces perceptual depth
conflicts.

Results. We used the statistics software R, data was evaluated
with a significance level of 0.05. The residuals did not fulfill
the normality requirement. Therefore, we utilized align-and-rank
transform (ART) [50] and follow-up ART contrasts [15] for post-hoc
analysis. The reported p-values are Bonferroni-Holm corrected. For
each EPR method and Orientation condition, we calculated the mean
over all task conditions for each participant. Descriptive statistics are
summarized as box plots in Fig. 4, as well as tables in supplemental
material. Ranking results are shown in Fig. 5. Statistically significant
differences between EPR methods and Orientation conditions are
presented in Table 1. In the following, we report on interaction effects
between EPR method and Orientation. ART revealed significant
differences for correctness (F(2,85)=19.2,p<.001), contrasts between
WALL*PLANE and WALL*MESH (1(85)=8.7,p<.0001), WALL*GA-
ZE (1(85)=7.7,p<.0001), TABLE*MESH (t(85)=9.4,p<.0001),
and TABLE*GAZE (t(85)=9.6,p<.0001), as well as between TA-
BLE*PLANE and WALL*MESH (t(85)=11.2,p<.0001), WALL*GA-
ZE (1(85)=7.7,p<.0001), TABLE*MESH (t(85)=11.9,p<.0001), and
TABLE* GAZE (t(85)=12.1,p<.0001). ART revealed significant
differences for TCT  (F(2,85)=5.7,p=.005), contrasts between
WALL* PLANE and WALL* MESH  (t(85)=8.0,p<.0001),
WALL* GAZE ((85)=7.9,p<.0001), TA-
BLE* MESH (t(85)=6.7,p<.0001), and TABLE* GA-
ZE  (t(85)=3.8,p=.002), as well as between TABLE* PLA-
NE and WALL* MESH (t(85)=6.1,p<.0001), WALL* GA-
ZE (t(85)=5.97,p<.0001), and TABLE* MESH (t(85)=4.8,p=.0001).
Furthermore, between @ TABLE* GAZE and WALL* GA-
ZE (1(85)=4.05,p=.0009), WALL* MESH (t(85)=4.2,p=.0006),
and TABLE* MESH (t(85)=2.9,p=.027). In terms of alignment
accuracy, for Mesh-Proxy EPR, participants determined a mean offset
of 1.1 mm (sd=0.65mm), for Gaze-Proxy EPR, a mean offset of
1.3 mm (sd=0.7 mm).

4.2 Qualitative Feedback

In the second part of the study, we collected qualitative feedback in a
use case corresponding to a low vision support system where edges are
highlighted to emphasize structures in the environment.

Apparatus. We calculated edge overlays on the HoloLens 2 by
applying Canny edge detection to the world-camera video feed. The
edges were shown in white color in the field of view of the user using
the three EPR methods (PLANE, GAZE, MESH). Similar applications
have been proposed, to help people with low vision [25,39]. However,
previous work projected edge enhanced image onto a proxy plane at a
fixed distance in front of the user, which corresponds to the PLANE
condition. Expecting misalignment between the overlaid edges and the
scene, we allowed users to manually adjust the distance of the proxy
plane via a menu. Participants had the option to switch between all
three EPR methods at any time.

Procedure. Participants were encouraged to walk around the study
room while trying out the different EPR methods and conveying their
impressions of them. We then asked them to read a Snellen chart on
a wall while trying out the three methods. The aim of this was to see
if the EPR methods were robust enough the be used for enhancing
the reading process by highlighting certain letters or key words, e.g.
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Rankings for the Wall Orientation of outlines: "It helps with the clarity” (P7), "The contrast is better"
Mesh _ | (P16). Participants also opined usage scenarios: "I think it would be
-:I— helpful outdoors, for recognizing street signs" (P8), "You could use it
Gaze . " " . ..
for street signs" (P17), "Could be useful for people with color vision
rere [ ccicncies” P16).
Rankings for the Table Orientation Use Case: Visual Guidance. When participants }nt.eracted with
_ the edge overlays of the image-based EPR view analysis in the second
Mesh | . - . ;
°s part of the study, participants mentioned use cases that related to visual
Gaze -:]——. search tasks. Use Cases were mostly related to search tasks: "It could
e [ [ e e e s

[l Best [] Tied for Best [] Second Best [l Worst

Fig. 5: Ranking of EPR Methods for both Orientations.

as proposed by [47]. Finally, we asked them to sit down at a table
where Duplo bricks were laid out (Fig. 3(Right)). The participants
were then asked to build three simple shapes out of the available Duplo
bricks, one for each EPR method. The shapes consisted of 10 bricks
each. Participants used printed images of the shapes as guidance (see
supplemental material).

Data Collection. We collected observations and user feedback
during this part of the study, while participants worked through the
different tasks in the scene. Participants were also encouraged to think-
aloud while trying out the EPR methods.

Results. In the following, we present participant feedback and
observations, clustered by common themes that emerged.

Use Case: Low Vision. Participants approached the low vision
support system in different ways based on their own experience. There
was a difference between participants with and without vision issues
(e.g., myopia). Seven of the participants wore glasses and one par-
ticipant mentioned having undergone corrective surgery in the past.
These participants were overall more receptive to the idea of using
the edges as a reading aide. Four participants mentioned the support

This work is licensed under a Creative Commons Attribution 4.0 License

I misplaced” (P17), "It could be used to point out the right tools"
(P12). Participants pointed out that for a search task more selective
highlighting of objects would be beneficial.

Selective Highlighting. During the Duplo building task, only two
participants (P8, P4) found the outlines helpful in identifying bricks,
which is understandable as the visualization is inspired from low vision
support and not guidance. Hence, participants mentioned improve-
ments, such as making the outlines customizable (color, thickness,
brightness), offering additional modes (shape-filling instead of outlin-
ing), reducing the number of visible outlines, or integrating the outlines
into a more intelligent application (offering step-by-step instructions).

Failure of Plane-Proxy EPR. Participants could freely experiment
with all three EPR methods. However, all participants eventually fo-
cused on either Gaze-Proxy EPR or Mesh-Proxy EPR on their own
accord. Despite explanations regarding the functioning of the Plane-
Proxy EPR [39, 55] and that it could be aligned manually by setting
the distance via an AR button, or by simple head motion, participants
were very expressive in pointing out the limitations of the technique:
"The outlines don’t fit at all" (P2), “The fixed distance method is just
nonsense. It’s too annoying to adjust it all the time” (P0), “Fixed is
horrible!” (P7). When reading from the Snellen chart, participants
completely disregarded Plane-Proxy EPR. During the Duplo building
task participants further pointed out: "It’s making everything worse"
(P11), "It is a catastrophe" (P0), "I can see the plane, it’s blocking my
view of the bricks" (P5), "It is not helping, it’s actively hindering me"
(P7).

. For more information, see https://creativecommons.org/licenses/by/4.0/
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Fig. 6: Adaptation Process of Gaze-Proxy EPR. Adapting the proxy
plane to a new depth using eye tracking potentially introduces temporary
ambiguities due to system latency. (Left) As the user focuses on the
foreground (purple circle), the proxy plane is aligned with the foreground
geometry. The edge highlights in the background are misaligned (dashed
lines). (Middle) When the user changes their gaze focus to the back-
ground (circle), they may perceive a short misalignment of highlights and
background (dashed) before the system detects the user’s intention, and
(Right) adapts the proxy plane to the new depth.

Perceptual Issues. A common criticism was the lack of tempo-
ral coherence in edge overlays across all EPR methods, during head
motion (P1, P8, P16). The simple Canny edge detection also lead to
inconsistencies in outlining differently colored Lego bricks making it
harder to distinguish between them for seven participants.

5 DISCUSSION

In the following, we discuss results in relation to our hypotheses, before
presenting our insights in more detail.

5.1 Hypotheses

The main effects between the EPR methods were statistically significant
so that overall MESH and GAZE outperformed PLANE in all measures.
However, there were almost no additional interaction effects for ART
for (EPR method * Orientation) aside from accuracy and TCT.

H1. For WALL, we accept H1, as MESH and GAZE clearly outper-
formed PLANE, which displayed the image-based analysis at a fixed
distance from the user, both overall (Fig. 4(Left)) and when analyzing
interaction effects in terms of TCT and accuracy (Fig. 4(Right)).

H2. For TABLE, we partially accept H2, as MESH and GAZE
again outperformed PLANE across all measures (Fig. 4(Left)) and in
interaction effects for TCT and accuracy (Fig. 4(Right)).

However, TCT for GAZE*TABLE was significantly different from
GAZE*WALL, MESH*TABLE, and MESH*WALL. We partly at-
tribute this to a perceivable delay when updating the proxy plane depth,
due to a combination of eye tracker latency and the larger misalignment
between the proxy plane that is orthogonal to the user’s view and the
horizontal table surface compared to WALL, which potentially requires
users to reorient as the visualization adapts (Fig. 6).

H3. Although PLANE performed better on average in the WALL
condition in terms of accuracy, we reject H3, as the difference was
not statistically significant. Despite participants being allowed to ad-
just their head position after the task began, only two were able to
compensate for the offset caused by the misalignment between the
plane and real-world geometry. While we did not observe a significant
difference for PLANE across Orientations, we found a significant TCT
difference between GAZE*TABLE and GAZE*WALL as described in
the discussion of H2.

H4. We accept H4, as participants clearly preferred MESH and GA-
ZE in both Orientation conditions (Fig. 5). Some participants could not
distinguish between MESH and GAZE in terms of quality and ranked
both equally. This was more common in the WALL condition (n =
7/18) than in TABLE (n = 4/18), which may indicate that temporary
misalignments in EPR results with GAZE due to the plane adaptation
process(Fig. 6) were more noticeable in TABLE (see discussion of H2
and H3).

5.2 Insights

Based on the quantitative data, qualitative feedback, and observations,
we present the following insights.

Gaze-Proxy EPR as Effective Alternative. Overall, Gaze-Proxy
EPR performed comparably to Mesh-Proxy EPR, which depends on
detailed mesh reconstruction being available. Participants estimated
only minor alignment errors of approximately 1 mm with the real world
in both cases. Thus, Gaze-Proxy EPR represents a viable alternative
to Mesh-Proxy EPR, requiring no additional scene information such
as depth maps or mesh reconstructions when relying on precise eye
tracking for vergence calculation [36,48]. Since the aim of Gaze-Proxy
EPR is to create localized alignment directly in the area around the
user’s focus point by approximating scene geometry in that area with
a plane, scene depth variations will cause misalignments between the
virtual content and the real world. To avoid this, the gaze target should
fill out the area in the user’s field of view with a uniform depth. In our
current implementation we did not enforce a specific size for the gaze
target, however participants did not mention noticing such alignment
errors during the study, e.g. when interacting with the Duplo bricks.
However, future work should determine the minimum size at which the
gaze target must fill out the user’s visual field to ensure perceptually
seamless alignment, potentially on the order of the human foveal region
(approximately 1-2° of visual angle) in line with foveated rendering [1].

Gaze-Proxy EPR using Vergence-based Depth Estimates. Al-
though our results show that Gaze-Proxy EPR is viable, our implemen-
tation relies on the spatial mesh to estimate gaze-target distance because
the HoloLens 2 provides only a single combined gaze ray, preventing
direct vergence calculations [48]. Placing the proxy plane via the inter-
section of the spatial mesh and the gaze ray can introduce errors e.g.
when the spatial mesh does not reflect changes in the environment fast
enough. Using an eye tracker that directly measures vergence distance
avoids these issues as Gaze-Proxy EPR does not rely on a potentially
imprecise or slowly updating mesh. Vergence-based depth estimates
are more precise at smaller distances and degrade with distance due to
angular errors [36] making Gaze-Proxy EPR particularly suitable for
close-range tasks. For distant scene geometry, the parallax between the
world camera and the user’s eyes becomes minimal [8], and continuous
EPR updates may not be required at ranges where vergence-based esti-
mates are less precise. Further experiments are needed to fully explore
the potential of vergence-based Gaze-Proxy EPR at different distances.

Delayed Eye Tracker Updates. Our experiments show reduced
TCT in GAZE*TABLE compared to GAZE*WALL and both MESH
conditions. This can be explained by the HoloLens 2’s eye-tracking
refresh rate (30 Hz) combined with the MRTK gaze-pointer implemen-
tation requiring at least 40 gaze samples for stabilization. These factors
introduce a noticeable delay whenever the proxy plane is realigned
via gaze refocus (Fig. 6). In GAZE*WALL, the proxy plane’s angular
alignment with the grid meant that gaze shifts toward the highlighted
square required minimal depth adjustment, masking the delay. In GA-
ZE*TABLE, the poorer alignment from the viewing angle caused larger
depth adjustments, forcing participants to wait for the proxy plane to
update before touching the highlighted square. Several participants re-
ported noticing this delay with Gaze-Proxy EPR. Replacing the MRTK
gaze pointer with a custom implementation using fewer samples can
improve the delay, but risks of reducing pointer stability due sensor
jitter and head movements not being smoothed. Further research is
needed to fully understand how gaze-based proxy-plane updates affect
task performance and to quantify the improvements achievable with
higher-refresh-rate eye trackers.

High Accuracy of EPR. Since capturing the user’s EPR view is
not possible with an OST HMD, we asked participants to estimate the
alignment error of edge overlays. While this is a subjective measure, it
enhances ecological validity compared to using instrumentation such as
a head rest by allowing unrestricted user movement when wearing the
HMD. At 75 cm from a wall, participants reported alignment errors of
approximately 1 mm for both Mesh-Proxy EPR and Gaze-Proxy EPR,
indicating that EPR supports precise image-based vision augmentation.

Alignment accuracy was evaluated using only a single HMD model
(HoloLens 2). However, given the low computational overhead of the
proposed software-based EPR methods, we are confident in their appli-
cability to a broad range of HMDs. Nonetheless, future investigations
should explore EPR performance across a more diverse set of devices,
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including wearables, e.g. Snap glasses.

Correct Depth Perception. Most participants using Plane-Proxy
EPR reported seeing double overlays, i.e., one virtual square highlight
for each eye. This visual offset arises from the misalignment between
the user’s real-world focus point and the fixed proxy plane. As a result,
participants could not focus on both simultaneously. Participants did
not report double vision for Mesh-Proxy EPR and Gaze-Proxy EPR,
which underlines the importance of aligning image analysis with the
correct scene depth.

Disregard Fixed-distance Plane-Proxy EPR. Plane-Proxy EPR
performed significantly worse than other techniques, and, like in pre-
vious work [39,55], participants strongly criticized it. Despite being
instructed on how to compensate for the fixed offset, either via a soft-
ware setting or head movement, participants found Plane-Proxy EPR
impractical and ineffective for any given tasks. Therefore, we strongly
advise researchers and practitioners to avoid fixed-distance Plane-Proxy
EPR for image-based vision augmentation on OST HMDs and use
depth-aligned methods such as Mesh-Proxy EPR or Gaze-Proxy EPR
instead.

Optimize Object Highlights. For the qualitative study, we used
Canny edge detection with a fixed highlight color to simulate a low
vision support system. Participants noted that the edge overlays and
chosen color sometimes obscured object recognition. Future research
should explore adaptable color schemes that achieve a good contrast to
the scene [19]. Furthermore, due to the precision of EPR, future systems
can move beyond coarse bounding boxes [55] and use fine-grained sil-
houettes or minimal augmentations like points or lines rendered within
a small object of interest, potentially reducing clutter introduced by
additional augmentations. In procedural tasks (e.g., training, assembly),
filtering techniques can further reduce visual clutter of highlights.

Need for Stable Image Analysis. Like in prior work [39], partici-
pants experienced issues with the temporal stability of edge overlays.
Our qualitative feedback scenario used a basic Canny edge implementa-
tion, which led to flickering due to constant recomputation. Limited by
the computational and battery constraints of the HoloLens 2, we could
not deploy more advanced algorithms in this experiment. As mobile
hardware improves or shifts to edge/cloud processing, future systems
may support more stable, intelligent vision augmentation [3].

6 CONCLUSION

In this paper, we compared three EPR methods to collect quantitative
and qualitative measures for vision augmentation for OST HMDs that
need alignment with a real world scene. Our results clearly showed
that the commonly used Plane-Proxy EPR approach that places a proxy
plane at a fixed distance from the user [25,39, 55] fails due to severe
misalignments of the analyzed scene information and the users view.

Researchers and practitioners should focus on EPR methods that
align the augmentations with the corresponding real-world geometry
within the field of view of the user instead of the world-camera view.
Mesh-Proxy EPR achieves this via a depth map from an RGBD camera
or a mesh proxy based on a scene reconstruction, while our novel
Gaze-Proxy EPR approach moves the proxy plane to the depth the
user currently focuses on. We find that Gaze-Proxy EPR provides an
effective alternative to the computationally more complex Mesh-Proxy
EPR, and can be realized without scene geometry given a sufficiently
precise eye tracker for eye vergence depth detection [37].

We provide our mobile EPR methods and study framework as open
source to foster future research for vision augmentations for mobile,
untethered OST HMDs in real-world environments. EPR is highly
relevant for scenarios that only rely on image-based analysis [10] and
utilize advanced Al-based LLMs and VLMs [14], which require that
results are rendered from the user’s eye perspective.

While we propose a software-based framework for EPR to stimulate
further research, long-term, we see the need to integrate EPR natively
into OST HMDs either via efficient compute hardware specialized for
this task, or novel hardware architectures [30,32]. Our hope is that
if more research explores the effectiveness of EPR for real-world use
cases, solution providers will pick up EPR as a standard feature for

OST HMD so that future applications can make full use of advanced
image analysis models to support users in their everyday tasks.

SUPPLEMENTAL MATERIALS

The open source repository for the EPR framework: https://github.
com/DigitalRealitiesLab/MobileEPR
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