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Figure 1: Our developed MR label authoring system consists of (A+B) the desktop-based authoring tool and (C-E) the MR
experience application. The authoring tool allows for (A) defining features to present as labels at (B) specified anchor points
(highlighted in magenta). In the experience application, users can explore the authored labels through (C) a narrative sequence
controllable by UI elements, (D) hierarchical label expansion as the user gets closer to the labels, or (E) the relation of multiple
anchor points to one label.

Abstract

Labels, textual annotations attached to virtual or real-world objects,
play a crucial role in Mixed Reality (MR) by providing guidance, in-
struction, and additional information. However, accurately placing
and managing labels in MR environments is a challenging prob-
lem. Despite extensive research on label placement algorithms,
little attention has been given to adapting MR labeling systems for
real-world applications or developing accessible authoring tools
for non-technical users. To address this gap, this work introduces
considerations and concepts for context-aware labeling that go
beyond static annotations, incorporating interactive and dynamic
label behaviors that adjust to context and user interactions. Fur-
thermore, an intuitive authoring tool was developed that enables
users to configure and deploy MR labeling experiences without
specialized programming knowledge. This work lays a foundation
for more accessible, adaptable, and interactive MR labeling systems
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by combining context-sensitive MR labeling considerations with
practical content creation.
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1 Introduction

MR technology has evolved significantly, blending virtual content
with the physical world to create interactive experiences [42]. Head-
mounted devices (HMDs), handheld devices, and spatial mapping
systems now enable a wide range of applications, from industrial
maintenance [14, 52] and technical training [14, 19] to museum
exhibits [2, 38] and educational tools [49]. Labeling — annotating
objects with additional information [7] — serves multiple functions,
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such as guiding, informing, or instructing users [7, 28], much like
(mostly textual) annotations in traditional maps or diagrams [15, 53].
A major challenge is placing labels optimally in relation to the
object, the surrounding space, and the user’s perspective. Strate-
gies like leader lines have been explored to address spatial con-
straints and visibility. While label placement is already complex
in 2D spaces, MR introduces additional challenges in dynamically
changing 3D environments. Factors such as user perspective, oc-
clusion, environmental complexity, and cognitive load must be
considered. Poorly placed labels can cause visual clutter, reduced
legibility, or disrupted spatial perception. Effective solutions require
algorithms that dynamically adjust label positioning to ensure visi-
bility, minimize occlusion, and maintain temporal coherence [34].
However, despite extensive research on label placement algorithms
(esp. for 2D spaces), adaptation to both the user and the specific
situation in MR is still underexplored. Furthermore, MR application
development is resource-intensive and demands advanced tech-
nical skills [29, 37], creating barriers for non-technical users like
educators, museum curators, and industrial trainers. Authoring
tools [8, 21] aim to simplify content creation but often focus on
single use cases or are too generic, limiting accessibility for non-
experts. Existing research has made limited progress in developing
accessible frameworks for MR labeling.

This work addresses these gaps by exploring adaptive and
context-aware labeling for MR applications. Two contributions are
proposed: First, a set of considerations and concepts for labeling
MR that extend beyond static annotations to include interactive
and adaptive behaviors driven by context and user interaction.
Second, an authoring tool that translates these concepts into a
practical system, enabling non-technical users to define and config-
ure MR labeling experiences without programming expertise. The
tool supports deployment across multiple MR platforms, ensuring
accessibility and flexibility.

2 Background

Our research goal and contributions are related to two specific
research areas, which we want to briefly address in this section.

Label Placement. Labels (also called call-outs [25] or textual an-
notations [30, 36]) identify and describe elements within visual
spaces such as charts [27], maps [53], or diagrams [13]. They can be
placed internally, within the object, or externally outside the object,
connected to anchor points via leader lines [6, 12]. Due to the NP-
hard nature of label placement [35], many automatic approximation
techniques have emerged. These range from exact methods like dy-
namic programming [18] and weighted matching [4] to force-based
methods [23] or ML-based approaches [10, 39] for real-time use.

Label placement techniques have also been incorporated in MR
environments [3, 5, 50], (interactive) 3D visualizations [45, 48], or
volume visualizations [9, 26]. Like traditional labels, MR labels
are typically internal or external, and positioned in either screen
space or object space [20, 54]. In screen space, labels are placed
based on the 2D projection of anchor points [34], using techniques
similar to traditional layouts. In object space, labels are anchored
in 3D and follow the associated objects as the user’s view or scene
changes [50]. To maintain readability, such labels often rotate to face
the user [25, 50] (i.e., billboarding). However, the dynamic nature of
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MR scenes can lead to visual issues such as occlusions, overlap, or
labels moving out of view. Recalculating label layouts every frame
can reduce performance and disrupt label-object associations [3, 34].
To address this, strategies like discrete updates [16, 34, 50] and
smooth transitions between placements [16, 34] are commonly
used, improving temporal coherence.

Authoring Tools for MR.. Creating MR applications is a complex
process that requires programming expertise [1, 29, 37]. This has
led to the development of authoring tools designed to make MR con-
tent creation more accessible to non-technical users [8]. Nebeling
and Speicher [37] highlight a trade-off between simplicity and capa-
bility: powerful tools like the Unity game engine require expertise,
while simpler, specialized tools lack advanced features. Authoring
platforms range from desktop-based tools [33, 41] to mobile and
hybrid approaches that offer better contextual feedback [51]. Fully
immersive systems like the training tool for industrial procedures
of Skreinig et al. [46] further reduce the gap between creation and
deployment environments. However, challenges persist in adapting
content across devices [24, 47] and ensuring efficient workflows as
long compilation times remain a key bottleneck [8]. The authoring
tool by Rau et al. [40] addresses the authoring of labels. However,
their tool focuses on static content.

Adaptive and Context-Aware MR Interfaces. As MR environments
are inherently dynamic and context dependent [43], virtual content
must adapt itself accordingly. Adaptive MR interfaces address the
challenges of when, where, and how to present information in re-
sponse to changing user and environmental conditions [11, 17, 32].
For instance, 2D UI elements can be repositioned based on envi-
ronmental and social cues [31] or their proximity to the user [44],
while Han et al. [22] focus on blending virtual content onto physi-
cal objects within the user’s environment. Labeling is an example
of such an adaptive, context-aware MR interface that describes a
specific object. In contrast to the previously described work, our
approach to making labels adaptive doesn’t focus primarily on po-
sitioning. Rather, it focuses on structuring label presentation to
improve communication of information.

3 Adaptive and Context-Aware MR Labels

Aiming for adaptive and context-aware labeling in MR environments
leads to inherent dynamic behavior of the labels, their content,
and their layouts. More specifically, based on design experience
and insights from related work, we see a clear relation (see Fig. 2)
between the context (Sec. 3.1) and how it is defined, the adaptations
(Sec. 3.2) the MR application can apply to the given content, and
the trigger (Sec. 3.3) that combines both together.

3.1 Defining Label Context

To achieve a context-aware MR label system, it is necessary to
describe what the context actually is. While current MR systems
are able to record and sense several different values of the user
and the environment, we more specifically want to focus on two
specific categories: user properties and content properties, as well
as their potential combination.

User Properties. We see two types of user properties relevant
for MR label system. First are properties that can be dynamically
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Figure 2: An overview of the relation of context and layout adaptations. Generally, how a label layout looks like can be informed
by the context the labeled model is currently in, including the content and the user properties. Furthermore, the context but
also specific user interactions can be used to trigger a dynamic adaptation of the currently visible layout.

altered while the user experiences the MR application. Most impor-
tantly, these include the proximity or the viewing angle of the user
to the labeled entity or its labels. These can also be described as
implicit interactions, which manipulate the layout without being
the user’s specific goal. Second, we could also make use of more
traditional user properties, like the user’s expertise or their role.
These, however, are fixed for a given session and inform the initial
content or layout that the user is presented with.

Content Properties. The content or the entity that is labeled also
provides properties relevant for an MR label system. These include
(1) the entity features to label, (2) the priority of a given information,
(3) the hierarchical structure of label content, (4) the narrative order
of content, or (5) the number of features that can be related to one
label.

Combined Properties. While both types of properties can be used
individually to define the context, they can also be used to create a
new combined property. To give an example, the viewing angle and
the features to be labeled can be combined to define which features
are currently occluded through the user’s current perspective.

3.2 Layout Adaptations

MR systems are inherently dynamic, making it important to con-
sider which visual parameter to adapt to optimize the communica-
tion of information and support exploration. These adaptations can
encompass a range of modifications, including hiding or showing
labels, altering label content, and expanding or collapsing elements
to reveal or conceal detail. Further adaptations involve manipu-
lating virtual elements like their position, rotation, or scale, and
visibility of connecting leader lines.

3.3 Adaptation Trigger

Lastly, it is also necessary to consider when an adaptation is trig-
gered. The simplest option is to always adapt based on any context
change. However, this constant repositioning is mentally rather
taxing and can reduce user performance [3, 34]. Other options can
be to update in given intervals, if “enough” change has accumulated,
or the user is currently not engaged with the shown content. Lastly,
the most direct trigger can be an explicit interaction (e.g., touching
a label) from the user. Also an implicit interaction like moving can
be considered (see Sec. 3.1).
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4 Examplary MR Label Concepts

To illustrate the interplay of the previously described considerations,
we will present some example concepts for adaptive MR labeling.

Narrative Sequence. In this example, the logical order of the label
and the specific position of the user are used. Initially, only the
whole entity has one external text label, while many internal labels
with numbers are shown. As soon as the user interacts with this
label, the narrative sequence is initiated. The first feature is now
labeled externally with a more detailed description. As the user now
interacts (e.g., pressing a next button) with the system, the current
label collapses again, while the next number will be expanded (see
Fig. 1C).

Multi-Anchored Labels. In this example, the number of features
with the same label is used, while the viewing direction informs the
trigger. As a default, only one label, which is connected through a
leader line to one of the many features, is presented. As the user
walks around, another, more optimal feature is selected, and the
source of the leader line is changed to this particular feature. As
the user wants to see which parts of the labeled entity are labeled
the same, they interact with the system (e.g., hold down a button)
to temporarily see all leader lines (see Fig. 1E).

Semantic Label Grouping. In this example, the hierarchical infor-
mation of the label is used, while the proximity is used to inform
the trigger. At a far distance, only the highest level of label groups
is shown, which reduces visual clutter by clustering related labels
together, as expressed by their hierarchical structure. As the user
moves closer, the underlying components appear, while the previ-
ously shown group-labels are hidden (see Fig. 1D). At close range,
detailed component labels are revealed for finer granularity.

5 Authoring of MR Labels

Following our considerations, we will describe our developed proto-
type (Sec. 5.1) and its two components, and depict how a workflow
using our system looks like (Sec. 5.2). The prototypes, the projects
described in the workflow, as well as a video of the same can be
found in the supplemental material.

5.1 System Description

To enable an easy configuration of MR labels, especially making
them adaptive, and to facilitate their exploration, we developed an
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openly available prototype!. It consists of two major components:
the authoring tool itself (see Fig. 1A+B), and an experience applica-
tion (see Fig. 1C-E) that runs on the target devices (i.e., the Meta
Quest 3 and a handheld Android device). Both are standalone appli-
cations that were implemented using Unity3D game engine. While
many label behaviors are manually authored (i.e., content proper-
ties), certain runtime functionalities (i.e., triggers), such as label
placement algorithms and platform-specific interaction modalities,
are managed by the experience application.

In practice, labeling a real-world object requires the system to
accurately track its position and orientation, aligning it with a cor-
responding virtual representation. However, since object tracking
falls outside the scope of this work, the developed prototype fo-
cus exclusively on labeling purely virtual objects. This is merely a
technical restriction, and all of the previously discussed considera-
tions and concepts apply equally to real models. Similarly, while
label placement algorithms play a crucial role in maintaining clarity
and usability, this work does not aim to develop novel algorithmic
approaches for label positioning.

Authoring Tool. The authoring tool was implemented as a
desktop-based system that allows creators to define how labels
appear, behave, and adapt to various user scenarios without the
need for scripting or coding skills. The authoring tool’s core func-
tionality encompasses: project and model management, feature and
additional content definition (see Fig. 1A), positioning of anchor
points (see Fig. 1B), and organizing labels for a narrative presenta-
tion mode.

A key requirement of the system was cross-platform interop-
erability. Projects created using the authoring tool are saved in a
device-independent format with a simple folder structure, including
a JSON file containing project-specific settings. This allows them
to be transferred to target devices without requiring compilation.

Experience Application. The final MR experience interprets the
saved data and presents the model and their labels to the user.
The experience application is deployable on the Meta Quest 3 and
handheld Android devices. While the two device types share core
functionalities such as anchor point selection and label placement,
they differ in interaction paradigms and input methods due to the
unique characteristics of each device.

5.2 Exemplary Workflow

We use a step-by-step presentation of components of the Curiosity
Mars Rover as an example of an authoring workflow. To start, a
new project is created, named, and a 3D model of the Mars Rover is
loaded. Then, the model’s dimensions are adjusted to match those of
its real-world counterpart or a scaled replica. Next, various content
properties (see Sec. 3.1) are defined (e.g., “Generator”) by creating a
feature. There we add a descriptive text (see Fig. 1A), a proximity
range (see Fig. 1A), and an image (see Fig. 1C). Every feature also
needs to be assigned anchor points (see Fig. 1B). For larger features
or repeated components, several anchor points can be defined to
enable the multi-anchored labels concept. In our case, an anchor
is assigned to each of the rover’s six wheels. Lastly, a narrative
sequence is created by naming, ordering and activating it.

1Github Repository: https://github.com/imldresden/label-authoring-toolkit
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After the project folder has been transferred to the target device,
the experience application can be launched and the “Rover Tutorial”
project can be loaded. The rover is placed on the floor in a room
and can be explored freely or, when selected, in a sequential man-
ner. Here, additional information for the labels will be displayed in
a related panel at the appropriate step of the narrative sequence,
explorable through the UI buttons, such as seen for the “Generator”
in Fig. 1C. When exploring freely, interaction with the labels will
open the appropriate panel (see Sec. 3.3). As visualized in Fig. 1E,
interaction can also highlight the relation of multiple anchor points
(e.g., all wheels) to one label. Depending on the proximity ranges
set during authoring, the corresponding labels of features are hid-
den when moving further away from them, or shown again when
approaching (see Fig. 1D).

6 Discussion, Future Work, and Conclusion

In this work, we presented an exploration of adaptive and context-
aware labeling for immersive environments. More specifically, we
described considerations and concepts of such labeling behavior. We
developed our prototype system aimed at non-experts, improving
upon previous, less context-aware approaches and addressing the
complexity of current authoring tools for label placement. Although
internal testing indicates that the system is promising, systematic
evaluations with content creators and end users are necessary. Fu-
ture studies should examine how easily non-technical users can
create MR experiences and how end users interact with labels, fo-
cusing on usability, cognitive load, and learning outcomes to guide
further refinements. This should allow us and future researchers
to extend and fine-tune our proposed considerations. One major
limitation of our current prototype is the missing real-world object
tracking. Especially for use cases like museums, education, or indus-
trial training, it will be highly beneficial to align the labeled virtual
model to its real-world counterparts, as it can enhance engagement
and learning outcomes. To achieve that, two things are necessary:
(1) an accurate representation of the real-world objects or even
environments within the authoring system (i.e., digital twin) and
(2) a precise tracking of the real world to position the labels appro-
priately, achievable through computer vision and reconstruction
techniques. Another limitation of the prototype lies within its lim-
ited configurations for labels and their leader lines (e.g., no color,
no line texture).

Overall, we believe that our openly available prototype allows for
a starting point to explore and investigate the relation between con-
text and label placement further, while the presented consideration
provides a framework for this exploration. Generally, the interplay
between (authored) context and user interaction, which triggers
layout adaptations, already improves upon static MR labeling by
making label exploration and its storytelling more immersive and
meaningful.
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