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Figure 1: Annorama enables immersive point cloud data annotation experiences in virtual reality for space-constrained
desk environments (A). Annorama facilitates these experiences by rendering 3D point cloud dioramas (B), a miniaturized
representation of point cloud scenes that scales the scene to the environment’s desk space while simultaneously preserving its
point cloud density. Annorama provides a set of delimited mid-air gestures that allow users to create and manage 3D cuboid
annotations in this 3D space using principles of direct manipulation.

ABSTRACT
Point cloud annotation plays a pivotal role in computer vision and
machine learning by facilitating the creation of volumetric annota-
tions in 3D space. While prior research has explored point cloud
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annotation in VR environments, its practical implementation in
space-constrained office settings, where data annotation is typically
conducted, remains an open question. In this paper, we introduce
Annorama, an interactive system that translates 3D point cloud
scenes into miniature desk-scale dioramas, enabling annotation us-
ing a unique family of keyboard-assisted mid-air gestures inspired
by direct manipulation. Through a within-subjects study with 16
participants, we demonstrate the feasibility of our system by as-
sessing the efficacy of four types of mid-air gestures for drawing
cuboid annotations. Our findings suggest that Annorama allows
for rapid and accurate annotation of point cloud data, particularly
with the Sizing and Two Point Gestures.
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1 INTRODUCTION
Point cloud annotation is a computer-based task that involves the
detection and annotation of relevant objects in 3D point cloud
scenes. Point cloud annotations are commonly represented as 3D
cuboids and are often collected to support the training of machine
learning algorithms to automatically identify the annotated objects.
As an annotation context, point cloud annotation has been em-
ployed across a range of domains, including autonomous driving
[60], digital twinning [33, 48], drone management [13], AR/VR au-
thoring [69], and robotics [43]. Reports suggest that data annotation
will scale to an $8-billion industry by 2028 [53], with the growth
of point cloud annotations being driven by continued investments
in the autonomous driving sector. As the data annotation industry
continues to grow, it will become increasingly important for service
providers, such as Amazon SageMaker GroundTruth 1 and Scale.AI
2, to understand how point cloud annotation can be optimized to
reduce costs both for themselves and for their customers.

Point cloud annotation is often recognized as a time-consuming,
labor-intensive, and expensive task. Prior research has studied how
pre-trained machine learning models and clustering algorithms, for
example, can ease the burden of manually annotating or classifying
relevant 3D objects [67, 76]. However, these techniques require
pre-processing steps that can also be time-consuming and require
additional data collection, model training, and the application of
density-reduction techniques to the point cloud scene. In contrast
to automated techniques, research has explored how virtual real-
ity (VR) environments can expedite the task by allowing users to
annotate point cloud scenes in an immersive fashion [71]. Despite
substantially accelerating point cloud annotation, these VR-based
approaches are ill-suited to space-constrained environments where
physical space is limited. Prior research suggests that such con-
straints are particularly pertinent to professional data annotation
contexts, which mirror the constraints of conventional informa-
tion workplaces [68]. To this end, a recent trend involves utilizing
head-mounted displays (HMDs) to enhance 2D screen applications
by extending traditional displays into 3D, which has been found
to be easier to use and more intuitive [47]. This is exemplified by
products like Apple Vision Pro’s infinite canvas 3, Lenovo ThinkRe-
ality Workspace 4, and Oculus Infinite Office 5, offering additional
1Amazon Web Services, "Amazon SageMaker Data Labeling," Sep 2023.
2Scale.ai, "3D Sensor Fusion," Sep 2023.
3Apple, "Apple Vision Pro infinite canvas," Sep 2023.
4Lenovo, "ThinkReality A3 Smart Glasses Workspace," Sep 2021.
5Oculus, "Facebook Connect: Oculus Quest 2 Infinite Office," Sep 2021.

benefits and overcoming limitations imposed by screen real estate.
In the context of 3D user interface research, point cloud annotation
is essentially a ’3D selection’ task [52]. For Computer Vision (CV)
applications, this involves selecting a group of points and labeling
them, which constitutes an annotation task.

In this paper, we explore the efficacy of adapting immersive ap-
proaches in point cloud annotation to the physical constraints of
professional data annotation. To that end, we introduce Annorama,
an interactive system that facilitates immersive, at-desk annotation
experiences in virtual reality. Drawing inspiration from Stoakley
et al.’s World in Miniature (WiM) metaphor [59] and Magnoramas
[73], Annorama creates, manages, and renders point cloud scenes
as point cloud dioramas, a representation of point cloud scenes that
are miniaturized and, by default, anchored to the user’s desk. Using
principles of direct manipulation, Annorama allows users to scale,
rotate, transform, and annotate its rendered dioramas using a set
of delimited mid-air gestures. In a "First-use" [27] study with 16
participants, we found that some of Annorama’s gestures provided
more assistance to participants in annotating 3D bounding boxes
faster and more precisely than others. Our investigation revealed
that the design of mid-air gestures played a crucial role in the anno-
tation process using dioramas. A well-designed gesture eliminated
the need for additional editing operations, resulting in a reduction
in overall annotation time. Additionally, we observed variations
in user preferences regarding ease, comfort, and usability among
different gestures. Users generally favored gestures that provided
additional fidelity over control points; however, an excessive level
of fidelity was deemed unnecessary and time-consuming. In this
paper, we present the following contributions:

(1) We introduce Annorama, a system enabling immersive point
cloud annotation at the desk using 3D dioramas and one-
handed mid-air parametric gestures.

(2) We provide a set of design recommendations based on a
within-subject study with 16 participants, focusing on mid-
air gestures for future hybrid spatial user interaction in at-
desk immersion.

2 RELATEDWORK
2.1 Point Cloud Annotation
High-quality 3D point cloud annotation is critical for enabling
the training of novel machine learning algorithms, with applica-
tions across various industries [63] such as autonomous driving
[60], robotics [43], UAV/drone navigation [13], AR/VR authoring
[14, 49], and geospatial data analysis. However, current 3D point
cloud annotation practices often rely on 2D visualization tools,
such as monitors, keyboards, and mouse interfaces. While this ap-
proach ensures accessibility and broad compatibility, it falls short
in fully exploiting the 3D nature of point cloud data and lacks the
advantages of immersive data analysis and depth perception.

Several research and commercial products have employed varia-
tions of this 2D interface approach in their design strategies. For
instance, ScanNet [18] developed a web-based tool for semantic
labeling using mouse clicks on models generated from RGBD data.
Wong et al. [72] introduced SmartAnnotator, which suggests labels
based on prior annotations, streamlining the annotation process.

https://doi.org/10.1145/3677386.3682081
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Russell et al. [54] introduced an image labeling tool using a lasso
technique, later expanding it to generate 3D data.

In the realm of commercial 3D point cloud data annotation ser-
vices, platforms such as Amazon SageMaker Ground Truth, Scale.ai,
MathWorks’ Ground Truth Labeler 6, and Pointly.ai 7, along with
research-based tools like those developed by Zimmer et al. [75]
and 3D BAT [76], allow point cloud labeling while viewing corre-
sponding images captured with a surround camera. They employ
label interpolation for sequence annotation, reducing effort. Veit
et al. [65] explored the use of a mobile phone for 3D interaction
with a scene viewed on a monitor. While not significantly boost-
ing annotation performance, it simplified the process. LATTE [67]
explored one-click annotation through clustering algorithms like
DBSCAN [21], requiring preprocessing like ground point removal.
Bacim et al. [2] employed hand-based gestures for data selection.
Despite these innovative concepts, these approaches fall short of
fully leveraging the 3D nature of point cloud data, confining anno-
tators to 2D monitors and missing out on the benefits of immersive
data analysis and depth perception [61].

2.2 Point Cloud Annotation in Virtual Reality
Many researchers have explored how to leverage this higher level
of immersion and enable 3D point cloud interaction in immersive
environments. Work such as VRFromX [32, 33], Garrido et al. [23],
and Stets et al. [58] have introduced a paintbrush metaphor for high-
lighting and selecting points. Approaches like Immersive-Labeler
[19] and PointCloudLab [20] have explored 3D bounding box anno-
tation with VR controllers, where one controller provides constraint
functions, enhancing the efficiency and accuracy of labeling point
cloud data compared to traditional keyboard and mouse interfaces.
Through a hybrid immersive desktop-based virtual reality (VR)
annotation system, Franzluebbers et al. [22] explored the differ-
ences in point cloud annotation between 3D interfaces with tracked
controllers and 2D interfaces with a mouse and keyboard. These
approaches are often constrained by physical space limitations and
require complex VR navigation algorithms, which are incompatible
with most information workplaces.

Recent research has demonstrated the efficacy of free-hand, natu-
ral gestures as alternatives to controller-based interactions through
a number of system evaluations. SemanticPaint [64] presents a
workflow involving a Virtual Reality headset and depth camera
for capturing design point clouds, converting them to 3D meshes,
and using hands for automated labeling. However, it is limited by
special hardware requirements and is unsuitable for sparse point
clouds, which are common in LiDAR scans. Other works like Slice-
n-Swipe [3], Burgess et al. [11], and Krug et al. [34] offer guidance
on interaction techniques for aligning 3D models to point clouds in
space. Most relevant to our own work, Lubos et al. [37] introduced
Touching the Cloud, an interface that allows users to annotate point
cloud data with bimanual, hands-free gestures in VR while seated
at a desk. An important limitation of Lubos et al.’s work is that it
did not evaluate the introduced system in any capacity.

6MatWorks, "Get Started with Ground Truth Labeling," Sep 2023.
7Pointly.ai, "Point Cloud Custom Classifier," Sep 2023

2.3 Virtual Reality at the Desk
The concept of using stereo displays or 3D viewing alongside a desk-
top environment was introduced with Fish Tank VR [70], where
a stereo display mounted to a control arm was used instead of a
2D screen to work alongside a desktop environment. The advance-
ments in hardware for HMDs and hand-tracking technology since
Fish Tank VR have led to the exploration of mid-air interaction
alongside desktop environments in Hybrid Spaces [7] via a formal
study. Hybrid Spaces provides compelling evidence that hybrid in-
teraction techniques, including transitions between 2D and 3D and
mid-air interactions, outperform both 2D-only and 3D-only interac-
tions. Numerous research efforts [25, 39] and commercial products
since then have sought to harness the advantages of both 2D and
3D interactions. For instance, In-Depth Mouse [74] has developed
a Depth-Adaptive Cursor capable of enabling a 2D mouse pointer
for 3D selection by continuously interpolating the cursor’s depth
based on user intentions, cursor position, viewpoint, and selectable
objects. Vremiere [44] offers an At-Desk VR immersive 360 video
editing interface that uses a traditional keyboard and mouse for
video editing while providing real-time previews through a VR
headset. Biener et al. [6] have demonstrated that users can work for
prolonged periods while using VR in a seated desk environment.
These hybrid interactions, combining the strengths of immersive-
ness alongside an at-desk environment, have given rise to what we
term ’Immersive At-Desk’ experiences.

2.4 Research Scope & Contribution
Past research suggests that hybrid interaction, i.e., combining tradi-
tional 2D environments like keyboards withmid-air 3D interactions,
mitigates the disadvantages of relying solely on either 3D or 2D
interfaces [7]. Consequently, we did not perform a comparative
analysis between hybrid spatial user interfaces and traditional meth-
ods, relying instead on past evidence [7]. Our system addresses the
limitations of previous VR annotation tools by providing an an-
notation environment in a compact desk setup that enables users
to annotate with free-hand interactions. Due to the lack of suffi-
cient research on such hybrid interaction design, there is limited
knowledge of design guidance for these systems. Therefore, in this
paper, we explored this gap through a comparative study of inter-
active gestures and provided design recommendations for future
3D mid-air interface designs in at-desk environments.

3 DESIGN MOTIVATION
Dan Olsen [46] outlines various ways to contribute to system devel-
opment. Inspired by Olsen et al.’s philosophy, we sought to pinpoint
potential areas of friction and oriented our system design toward
minimizing "solution viscosity." Solution viscosity refers to the resis-
tance encountered in the design process when a tool is cumbersome,
making it more difficult to explore a wide range of diverse alterna-
tives efficiently. Our research team distilled essential insights from
past literature into a set of design goals (DG) to minimize solution
viscosity.

(1) Support Natural Interaction in 3D Space with Mid-Air
Gestures. In contemporary office settings, organizations
operate within constrained spaces [68]. Additionally, VR
has been shown to enhance productivity in conventional
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knowledge work settings. Drawing inspiration from estab-
lished works like Hutchins et al. [31] and the HybridSpace
framework [7], we recognize the strength of mid-air gestures
alongside traditional interaction devices such as keyboards
and mice.

(2) Resolve Intent Uncertainty with Physical Delimiters.
While advocating for mid-air interaction, it’s important to
note that relying solely on gestures might not be sufficient, as
emphasized by Handy Potter [66]. Depending solely on ges-
tures can result in unintentional gesture recognition. There-
fore, established interaction techniques often incorporate
multiple input modalities to distribute task-related functions,
as seen in methods like Pen+Touch [30] and Gunslinger [36].
In the context of mode switching, a delimiter is defined as
"something different" that a system can use to determine the
structure of input phrases [30].

(3) Enable Environmental Navigation with Direct Manipu-
lation. Facilitating navigation in an immersive environment
is essential. Ashtari et al. identified that designing VR for
user navigation is a current challenge faced by developers,
for which at-desk immersive hybrid interaction could be
a potential solution, as proposed by Ruminova et al. [55].
Constrained environments like cubicles often contain frag-
ile, stationary objects susceptible to damage from physical
collisions (e.g., computer monitors, picture frames [57]). Ad-
ditionally, interaction designs for supporting immersive, at-
desk annotation experiences may involve a range of input
devices, including those native to virtual reality (e.g., VR
controllers) and non-native ones (e.g., mice and keyboards).
Immersive, at-desk annotation experiences should, therefore,
prioritize system designs that incorporate a family of mid-air
gestures. This approach enables users to interact with the
virtual world without concerns about harming nearby phys-
ical objects or hindering their ability to use other present
input devices.

3.1 Design Approach
We have shaped the design of our system, "Annorama," based on
these key design motivations. To facilitate interactivity with mid-air
gestures, Annorama is designed to accommodate users seated at a
desk with a keyboard, enabling mid-air interaction. The preference
for free-hand interaction, as opposed to controller-based methods,
stems from its advantages, allowing users unrestricted movement
of both hands, tracking of individual fingers (enabling sophisticated
gestures), and ergonomic access to objects within the workspace
(e.g., the keyboard). Expressing intention with physical delimiters is
supported by our design, where one hand serves as the primary
manipulating hand (i.e., for direct manipulation), while the user’s
other hand serves as the delimiting hand (i.e., which triggers delim-
iting). We frame the choice of a delimiter as a design decision that
can be triggered by an arbitrary event (e.g., a specific keypress on a
keyboard or a specific button on a VR controller). As the delimiter
for our study, we chose the keyboard’s Space Bar because its posi-
tion is spatially familiar and conducive to a natural resting hand
posture. The Space Bar’s large size and central location on most
standard keyboards make it an ideal choice. Previous research has

investigated how visual representations of the keyboard and users’
hands assist in ’homing’ after performing tasks such as mid-air
gestures [24]. Combining this with techniques like Keystroke-Level
Modeling [12] can help enhance the selection and design of future
delimiters.

3.2 The 3D Point Cloud Diorama
Existing systems for supporting VR-based point cloud annotation
have primarily employed first-person perspectives that allow users
to immerse themselves in the annotation activity by "walking
through" the point cloud data [71]. However, there is compelling
evidence that suggests users are more capable of identifying rele-
vant objects in point cloud data when viewed from a third-person
perspective, such as an isometric view or a bird’s-eye view [42, 56],
as a by-product of perceiving the point cloud’s sparsity.

To support each of Annorama’s design goals described in Section
3, we conceptualized 3D Point Cloud Dioramas, a representation of
point cloud data that is miniaturized in scale and can be directly
manipulated. We base our concept on Stoakley et al.’s World-in-
Miniature (WiM) metaphor [59], which introduced a secondary
viewport of a virtual world within the virtual world. Through
their demonstration of the metaphor, Stoakley et al. illustrated how
miniaturizing the environment can offer advantages for accelerated
navigation and natural interaction (e.g., with the fingers) while
introducing other challenges related to fatigue and two-handed
interaction [59]. Our concept of point cloud dioramas departs from
Stoakley et al.’s WiM metaphor by relying on a sole representation
of the virtual world that can be directly manipulated rather than
two viewports that replicate the same information at varying scales.
The 3D Point Cloud Dioramas also help us address the issue of
navigation in an immersive environment within constrained spaces.
The miniature point cloud diorama rendered within a reachable
volume of the user eliminates the requirement for an open area and
controller-based navigational interaction techniques.

4 SYSTEM ARCHITECTURE
As a system, Annorama builds on prior VR-based point cloud anno-
tation systems [20, 71] with an architecture that can be deployed
to commercial VR devices.

As illustrated in 2, Annorama has four components with their
responsibilities being described as follows:

• Input Manager. Handles the management of reading and
storing annotation and scene data from industry-standard
data file formats (i.e., PLY and TFRecord).

• State Manager. Handles the management of environmental
state in response to user activity, including annotation data
and interface telemetry data.

• Canvas Manager. Handles parallelization of activities re-
lated to rendering with the virtual canvas.
– Diorama Layer. Renders the 3D Point Cloud Diorama
representation of a provided point cloud scene

– Annotation Layer. Renders information drawn on the
Diorama Layer, such as the user’s hands (e.g., as inferred
through handtracking SDKs) and cuboid annotations.

• Interaction Manager. Handles the management of event
handlers for interacting with the virtual canvas.
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Figure 2: Annorama’s architecture operates on the basis of four subcomponents: (1) the Input Manager, which facilitates system
initialization and configuration; (2) the State Manager, which facilitates system-wide state management; (3) the Canvas Manager,
which manages Annorama’s Diorama and Annotation Layers; and (4) the Interaction Manager, which manages system-wide
event handling with hand-tracking and recognizers.

Unlike prior systems, Annorama’s architecture is uniquely in-
spired by the technical limitations and constraints of commercially
available VR headsets and point cloud renderingwithin VR headsets.
By considering these constraints, we not only improve Annorama’s
ease of use in practical settings but also implement Annorama in a
way that takes advantage of the robust tooling provided by device
manufacturers (e.g., gesture recognizers). We chose to integrate
Annorama withMeta’s Oculus Quest 28 as it is generally recognized
as the most popular consumer device [62]. Furthermore, the Oculus
Quest has a family of developer tools and APIs, such as the Insight
and Interaction SDK, that ease the burden of crafting complex yet
reliable gesture-based and head-pose interactions.

4.1 Creating Annotations with Mid-Air Gestures
Annorama allows users to create 3D cuboid annotations based
on four types of mid-air gestures. The design of these gestures
was driven by two specific design parameters: inspiration from
Deep Extreme Cut [38], where they evaluated 2D bounding box
annotation by clicking the extremities of the object of interest.

(1) Sizing Gesture: This gesture utilizes the positions of the
index fingertip and thumb tip of the manipulative hand. A
vectorial distance between these two points is calculated in
real-time, serving as the volumetric diagonal for rendering a
3D cuboid.

(2) One-Point Gesture: Inspired by common 3D point cloud
web interfaces, where users create a box of arbitrary size at
the cursor location, this gesture follows a similar principle.
In our gesture, we also create a 3D bounding box of arbi-
trary size, similar to the 2D approach. We leverage the full
three-dimensionality. The initiated bounding box’s location

8Oculus, "Oculus Quest 2," 2020, Retrieved April 4, 2021.

is set at the local position of the index fingertip, serving as
the centroid of the bounding box. Users can later edit the
annotation for size, position, and orientation in Edit mode.

(3) Two-Point Gesture: This gesture, akin to the sizing gesture,
involves a two-step trigger process. First, a trigger sequence
is used to obtain the initial position information, and then
a second sequence captures the end position. The vectorial
distance between these two positions is computed, resulting
in the rendering of a cuboid annotation.

(4) Three-Point Gesture: Drawing inspiration from 3D cuboid
creation features in computer-aided design tools like Au-
todesk Fusion 360 or SolidWorks, this gesture requires three
triggers. Each trigger sets one of the dimensions of the
cuboid, totaling three triggers for completion.

All generated bounding boxes are axis-aligned bounding boxes
(AABBs). This choice was made because most real-world objects
requiring annotation lie on the same plane (the ground plane due
to gravity). Thus, an AABB with the option to reorient around
that plane is sufficient for the task. However, for objects in unique
orientations, like flying objects (e.g., birds or banking planes) or
objects oriented in 3D space (e.g., cranes), the current interface
may pose challenges. Nonetheless, the described edit mode can
be simply extended to support non-AABB objects to address such
cases effectively.

4.1.1 Modifying Cuboid Annotations with Mid-Air Gestures. The
edit mode in Annorama is designed to facilitate adjustments to the
position, scale, and orientation of initially created box annotations.
To access the edit mode, users can simply touch their index finger
to the annotation box of interest and then press the Alt key; this
action triggers the appearance of edit widgets at the annotation’s
location. The edit widget offers three main functions:
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Figure 3: Annorama’s four gestures for facilitating annotation creation.

Annotation Transformation

Express intention by pinching green cylinders.

Scaling Rotation
Express intent by pinching orange spheres.

Translation
Express intent by pinching blue cylinders.

Figure 4: Annorama’s 3D Edit Widgest that allows users to
scale, rotate, and translate annotations annotations with
pinch gestures.

(1) Scaling: Users can adjust the edge length (scale) of the anno-
tation by pinching and pulling or pushing one of the green
spheres attached to each face of the annotation.

(2) Reorientation: To change the orientation of the box, users
can utilize any of the blue cylinders attached to the edges of
the annotations.

(3) Repositioning: For relocating the annotation, users can use
the orange sphere positioned at the centroid of the cuboid.

All annotation widgets automatically readjust themselves after
initial interactions. To exit the edit mode, users can simply press
the Alt key again. The constraints for each of the widgets were pro-
grammed with inspiration from past relevant work [40], applying
constraints to two virtual models presented in planes, rays, and
points [28]. Control over the rotation and scale of the diorama is
achieved through two distinct widgets: the zoom sphere and the
rotate sphere, both positioned on the same layer as the 3D minia-
ture point cloud dioramas. To delete a created annotation, users
can simply interact (collide) their index fingertip with the desired
annotation and press both the Alt and Space keys simultaneously.

5 USER STUDY
We conducted a "first-use" study to evaluate Annorama [27]. The
goal of this study was twofold: 1) to demonstrate Annorama’s abil-
ity to enable immersive, at-desk point cloud annotation, and 2)
to understand how each of Annorama’s four hands-free gestures
for creating cuboid annotations affects annotation quality and effi-
ciency.
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To support these goals, we employed a within-subjects study
design in which each participant was exposed to each creation
gesture in a non-uniform order. Conditions were counterbalanced to
prevent ordering effects that might otherwise influence participant
experiences.

5.1 Task
To facilitate our study, we designed a 3D object detection To fa-
cilitate our study, we designed a 3D object detection task using
the Waymo Open Dataset [60], an open-source dataset of point
cloud scenes with ground-truth cuboid annotations commonly used
to support machine learning and computer vision research. To
evaluate Annorama’s ability to facilitate point cloud annotation
for objects that vary in volumetric shape and size, we designed
our task so that three objects of Level-1 difficulty in the Waymo
dataset—Pedestrian, Vehicle, and Street Signs—would be annotated
and classified.

We sampled a total of 20 scenes (i.e., video frames) from a total
of 2 segments (i.e., videos). One segment was dedicated to training
activities, while the other was used exclusively for the "real" task.
Segments were sampled on the basis that the total number of rel-
evant objects be equal to 8 to provide enough observational data
while simultaneously limiting the length of each condition in our
study.

5.2 Procedure
The study began with participants seated at the workstation. They
received a study information letter, read the consent letter, and
completed the Pre-Study Survey. Next, they equipped the VR head-
set and spent 10 minutes in a training environment with a pre-
annotated point cloud scene to learn how to use Annorama. Partic-
ipants then used versions of Annorama, each with a single enabled
annotation creation gesture, for up to 10 minutes each to annotate
and classify objects in a point cloud scene. After using each sys-
tem version, they completed the Post-Condition Survey. The study
concluded with participants completing the Post-Study Survey.

5.3 Participants
Sixteen participants (4 female, 12 male) were recruited for study
participation via a large technology corporation’s internal instant
messaging application. Participants’ job roles included software
engineer, software engineer intern, applied scientist, and project
manager. Four participants were moderately familiar with point
cloud annotation, while only one had similar familiarity with VR
headset devices. Themajority (9) had only slight familiarity with VR,
and none claimed high expertise. Regarding point cloud annotation,
five participants were somewhat familiar, two had slight familiarity,
and five had no prior experience.

5.4 Apparatus
All participants used an Oculus Quest 2 VR headset to complete the
study. The headset was connected to a laptop computer equipped
with a 2.7 GHz Intel Core i7 12th Generation processor, 16 GB RAM,
and an Nvidia GeForce RTX 3070 Ti graphics card via a USB-C

’link’ cable. The system was developed in Unity 2021.3.15f1 9 game
engine. Participants were compensated with a $25 Amazon gift card
after completing the study.

5.5 Data Collection
In support of our study, we collect the following types of data:

(1) Survey Data.We administered three unique surveys to each
user at different stages of our study, with one survey repeated
four times:

(a) Pre-Study Survey: Collected information about users’
familiarity with point cloud data annotation and VR.

(b) Post-Condition Survey: Collected feedback on liked fea-
tures, disliked features, and overall system usability.

(c) Post-Study Survey: Collected preference and ranking in-
formation among the studied techniques. This survey also
asked users to write short sentences describing aspects of
interaction techniques that were liked or disliked.

(2) Cuboid Annotations Data. By design, Annorama collects
cuboid annotation data when used to annotate point cloud
scene data. We collected and stored centroid positions and
box sizes following the guidelines outlined by Ravi et al.
[50]. We measured the similarity of ground-truth cuboid
annotation coordinates and participants’ cuboid annotation
coordinates by calculating Intersection over Union (IoU) both
per class and in aggregate across all classes [35, 60].

(3) Interface Telemetry Data. Inspired by Rechkemmer et al.
[51], we analyzed timestamped events logged by the An-
norama system (e.g., mode switches, annotation creation
start, annotation creation stop, etc.). Total Annotation Time
is defined as the sum of Annotation Creation Time and An-
notation Edit Time.

The complete list of metrics is shown in Table 1.

5.6 Methods of Analysis
We employ a combination of quantitative and qualitative methods
to analyze the data shown in Table 1. First, we evaluated the nor-
mality of data distributions with Kolmogorov-Smirnov tests and
performed one-way analysis of variance (ANOVA) tests to examine
whether statistically significant differences exist between groups
(e.g., between conditions). We determined which groups had sta-
tistically significant differences using Tukey-Kramer tests. Lastly,
we analyzed all qualitative data collected in each of the adminis-
tered surveys using Brau et al.’s method of Thematic Analysis [8].
In our case, we analyzed our qualitative data collectively to iden-
tify themes that illustrate the system’s strengths and shortcomings
across participants’ usage.

6 RESULTS
6.1 Supporting VR-Based Labeling at the Desk
Annorama’s approach to enabling VR-based point cloud annota-
tion at the desk was generally well-received by all 16 participants.
For example, P1 described Annorama’s approach to annotation as
being “way better than drawing them using a mouse and faster as
well”. As shown in Figure 5a, SUS scores across each gesture were
9Unity, "Unity 2021.3.15," Dec 1, 2022.
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Table 1: An overview of all the different metrics computed for evaluating Annorama from collected data.

Metric Theme Metric Name Metric Description

Time of Task Annotation Creation Time Time taken to create a new annotation
Annotation Edit Time Time taken to edit a previously created annotation

Quality of annotation mean Intersection Over Union (mIoU) 3D mIoU [50] of user annotation over ground truth from [60]

Usability

System Usability Scale: For Gestures Usability Metric of System for gestures [9]
System Usability Scale: VR Environment Usability Metric of System for VR environment [9]
NASA-TLX Method to assesses cognitive load [26]
Preference Ranking: Speed Rank order of gesture preference based on Speed
Preference Ranking: Accuracy Rank order of gesture preference based on Accuracy
Post-Condition Survey Comments from user collected after each condition
Post-Study Survey Comments from user collected at the end of the study

(a) System Usability Scale (SUS) scores. (b) NASA TLX scores.

Figure 5: Boxplots for System Usability Scale (SUS) and NASA TLX scores across all 16 participants.

positive (M=76.56, SD=17.19), indicating that participants perceive
the system to be highly usable. Similar observations were made
for participants’ NASA TLX scores in Figure 5b, which were also
consistent among Annorama’s four gestures (M=43.18, SD=10.55).

6.2 Perceptions and Preferences of Mid-Air
Gestures

Participants’ attitudes varied significantly across each of Anno-
rama’s family of point-based gestures. As shown in Figure 6a, the
2P gesture was widely appreciated by most users, with 13 users
rating the 2P gesture as their most preferred option. In contrast, the
1P gesture was the least preferred, with 11 out of 16 users rating
it as either their third or last preferred option. The 2P gesture also
rated highly for questions regarding speed and accuracy, with 10
out of 16 users perceiving it to be the fastest and most accurate.
The Sizing Gesture and 3P gestures occupied intermediate rankings
in preferences, as shown in Figure 6a.

Through our analysis of user comments across all surveys, we
found that the 1P gesture was among the most negatively received
due to its inherent connection to unavoidable editing. Despite find-
ing it substantially fast for creating annotations, 12 participants re-
ported significant challenges during the editing process. As shown
in Figure 6a, the 1P gesture was reported by 11 participants (69%)
as the least preferred, finding it less favorable. In the preference
ranking, 8 users rated the 1P gesture as their least preferred choice.
Users reported that while creating a 3D annotation box using a
single point was quick, the subsequent editing process consumed
more time. For example, P3 mentioned, "The gesture itself was sim-
ple, but the editing afterward was a hassle," and P2 highlighted,

"Compared to other gestures, I would say this gesture requires more
post-adjustments."

In contrast to the incremental, point-based gestures, the Sizing
Gesture was generally perceived as intuitive and easy to learn, as re-
ported by 8 users. P6 mentioned, "It’s easy to learn for beginners and
easy to use." However, some participants noted room for improve-
ment, particularly in controlling the orientation of the annotation
box during its creation. P5 pointed out, "The sizing was pretty cool to
control but could use more refinement to control the orientation while
creating the box instead of afterward with editing." Mirroring the
post-creation experience with the 1P gesture, several participants
remarked that the Sizing Gesture’s usability was partially limited
due to the cognitive overhead of simultaneously managing two
points in three-dimensional space: "I like this gesture. Though with
two fingers, we can’t control the orientation of the box (or make it
rotate with my hand), so we need to rotate the point cloud constantly
to avoid post-adjustment." (P8). Participants’ remarks were often ac-
companied by a disclaimer noting that the need to edit was nullified
if the initial cuboid was created in a satisfactory fashion.

Taken collectively, our data suggest that participants prefer mid-
air gestures that provide a larger degree of control in a point-by-
point fashion. For example, in describing their support for the 2P
gesture, P13 emphasized, "This gives us more control over drawing the
boxes. Using 2 points is very useful for drawing boxes." Similarly, P15
stated, "The gesture is useful for creating the right box because I can
only focus on one point at a time." However, this affinity for greater
control did not extend to the 3P gesture, which, while allowing for
a higher number of individual point placements, was appreciated
by some users. However, questions arose regarding the necessity
of the additional click, given that the 2P gesture already delivered
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Figure 6: Rankings and preferences for Annorama’s four mid-air gestures.

highly accurate results. Some users found controlling the Z-axis
with the 3P gesture to be challenging and largely unnecessary. They
mentioned that the placement of an additional control point for 3P
slowed them down compared to the 2P gesture. P4 stated, "The third
point slowed it down," and P7 noted, "The third point is unnecessary
to ensure accuracy."

6.3 Supporting Rapid Annotation
Through our analysis, we observed significant variations in the du-
ration logged for performing specific gestures. For example, when
using the Sizing gesture, participants’ duration for creating anno-
tations averaged 9.23 seconds, while the duration was marginally
longer when using the 2P gesture at 15.36 seconds. In contrast, the
3P and 1P gestures exhibited relatively longer annotation times,
with averages of 21.23 and 22.77 seconds, respectively. This range
underscores the influence of each gesture on the temporal aspects
of annotation creation.

Moving beyond the duration of annotation creation events, our
investigation extends to the time users spent editing annotations.
A one-way ANOVA test yielded a statistically significant difference
among the four gestures (p<0.05, F=244.16). Post-hoc Tukey-Kramer
tests further elucidated that while there was no significant differ-
ence in annotation time between the 1P and 3P gestures, there were
significant differences between the Sizing and 2P gestures. This
suggests that the efficiency observed in annotation creation is not
mirrored in the editing phase, emphasizing the need to carefully
design gestures for user interaction. A gesture that provides users
with a more precise annotation, without the need for additional
gestural interaction, is preferred over a gesture that enables users
to create annotations quickly but necessitates editing afterward.

Based on our analysis, we find that annotation time is shortest
when participants use the Sizing gesture to create cuboid annota-
tions, followed closely by the 2P gesture.

Table 2: mIoU scores across the three object classes with
standard deviation reported in parentheses.

Object Type SG 1P 2P 3P
Vehicle 0.93 (0.04) 0.83 (0.05) 0.92 (0.05) 0.87 (0.05)
Pedestrian 0.87 (0.1) 0.75 (0.1) 0.84 (0.1) 0.79 (0.1)
Sign 0.69 (0.2) 0.62 (0.2) 0.64 (0.2) 0.63 (0.2)
All 0.83 (0.1) 0.73 (0.1) 0.80 (0.1) 0.76 (0.1)

6.4 Supporting Precise Annotation
We find that Annorama enabled users to create high-quality cuboid
annotations with high precision across all three types of objects
used in our study. Using ground truth cuboid annotations from the
Waymo dataset, we find that average 3D IoU (mIoU) scores across
the three objects types to be generally satisfactory. As shown in
Table 2, vehicles were most frequently annotated at the highest
level of accuracy (M=0.9, SD=0.04), followed by Pedestrian (M=0.87,
SD=0.1) and Sign (M=0.69, SD=0.2) respectively.

As with annotation time, we observe that Annorama’s gestures
impacted the quality of annotations that were created by partici-
pants. Using a one-way ANOVA, we observe significant differences
in 3D mIoU scores among Annorama’s four gestures (p< 0.0001, F =
15.9, 𝜂2=0.086). Mirroring our findings related to annotation time, a
post-hoc Tukey-Kramer test revealed significant differences in 3D
mIoU scores exist between the Sizing Gesture (SG) and both the 1P
and 3P gestures as well as between the 2P gesture and both the 1P
and 3P gestures. However, no significant difference was observed
between SG and 2P, suggesting that SG and 2P gestures perform
comparably.

To deepen our analysis of differences across Annorama’s ges-
tures, we examined the possibility of a correlation existing between
annotation time for each object category (Total Annotation Time)
and the accuracy of user annotations (mIoU). As shown in Figure 7,
we observe significant visual distinctions in the time ranges that
exist across each of Annorama’s gestures. Each gesture is distinctly
grouped, underscoring significant differences in annotation choices.
Across all three object classes, the Sizing Gesture exhibits a notable
advantage in terms of both time efficiency and accuracy, followed
closely by the 2P gesture. Conversely, there is no discernible differ-
ence between the 1P and 3P gestures, affirming the findings of the
earlier performed ANOVA analysis.

A positive trend is evident across all gestures for objects of vary-
ing sizes, suggesting that as annotation accuracy increases, more
time is required for annotation. This phenomenon can be rational-
ized by the user’s endeavor to enhance the precision and accuracy of
the annotation bounding box, necessitating additional adjustments
and focused attention for greater precision during annotation. The
trend is particularly pronounced in the case of the Sizing Gesture,
as indicated by the steeper slope of its trend line in the scatter
plot. Consequently, a conclusion can be drawn regarding the rela-
tionship between different gestures and accuracy across various
object sizes. This analysis provides compelling evidence that the
choice of gesture design significantly impacts the development of
such interactive systems. Among the designed gestures, the Sizing
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Figure 7: Relationships between annotation time (Total Annotation Time) and annotation quality (mIoU) across Annorama’s
four mid-air gestures. Best-fit lines with 95% confidence shadings are shown for each gesture.

Gesture stands out by statistically improving both Total Annotation
time and label accuracy, as measured quantitatively. However, con-
sidering user preferences from earlier qualitative metrics, which
favored the 2P gesture for ease of use, further research in this area
would be valuable for making conclusive design decisions.

7 DISCUSSION
Recognizing the intuitiveness of interacting in 3D space with natu-
ral gestures, we address associated limitations by introducing the
use of a miniature diorama. Our approach mitigates challenges
inherent to the 3D point cloud annotation task, such as navigation
within constrained spaces and the need for a 1:1 environment for
FPOV control. All participants completed the annotation of all ob-
jects with all the different gestures. The results demonstrate that
a hybrid interface system like Annorama enables immersive 3D
point cloud annotation with mid-air gestures at one’s desk.

Notably, the time taken to complete the annotation tasks in-
dicates that users were able to annotate more efficiently com-
pared to values reported for controller-based VR annotation [71],
with 55 sec/annotation, and desktop-based annotation [41], with 92
sec/annotation. This reported improvement in the throughput of
mid-air interaction contrasts with a mid-air pointing task study
conducted by Brown et al. [10] and Cockburn et al. [17]. These
past works explore mid-air pointing tasks on a 2D screen, explor-
ing various conditions with the space bar as a delimiter triggered
via the non-dominant hand. Brown’s findings revealed that using
a mouse for pointing and selecting virtual assets on a 2D screen
resulted in significantly higher throughput, but movement speed
was more pronounced in in-air interaction. However, as our focus
is on interacting with 3D virtual assets directly, Brown’s study out-
comes do not precisely align with our context. Notably, Brown et
al. themselves advocate for in-air interaction in scenarios involv-
ing "bi-manual interaction, gesture-based systems, and applications
where the user cannot touch or hold a device," all of which align with
the characteristics of our system.

We attribute this reduction in average annotation time to the
unique way of annotating point cloud data in VR at the desk utiliz-
ing a miniature 3D point cloud diorama environment. The ease with
which users can navigate through these scaled-down 3D spaces, as
opposed to a 1:1 scale, facilitated swift transitions between annota-
tion points, resulting in rapid and efficient annotation processes.

To gain a better understanding of the process behind annotating
3D point cloud labels, we carefully studied the annotation creation
and annotation edits separately. Gestures demanding precise input
for adjusting annotation size and orientation, specifically the one-
point gestures that necessitate edit mode usage, were less favored
by our users, as shown in Figure 6b. Qualitative questionnaire re-
sponses further confirm the substantial cognitive load associated
with annotation editing and adjustments. This issue can be attrib-
uted to the inherent jitter experienced by human hands due to
physiological factors. Existing literature [1, 4, 5] offers substantial
documentation on the effects of jitter in natural hand interactions.
In contrast, gestures offering higher fidelity for crafting accurately
sized and oriented annotations, such as the two-point gesture, were
highly preferred due to their efficiency.

Remarkably, the Edit mode garnered limited favor among users,
primarily due to the constraints posed by the popular VR pinch
gesture, which couldn’t provide the requisite level of precision
when interacting with 3D widgets. This limitation is tied to how
the pinch gesture is recognized and supported by the system’s
hardware. In the Oculus VR environment, there is a noticeable lag
between the recognition of the "pinch state" and its transition to
the "unpinch state". The pinch doesn’t release immediately, causing
the widget to interact with the fingertips a few milliseconds after
the release action. This inherent lag led to user frustration when
using the edit mode and resulted in longer edit times.

7.1 Design Recommendations
Based on our study results, we present the following recommen-
dations for creating a hybrid mid-air 3D UI design for an at-desk
immersive annotation experience:

(1) Use the Sizing Gesture: For actions requiring volumetric
adjustment, such as precision in position and orientation,
use the Sizing Gesture.

(2) Use the Two-Point Gesture: For tasks requiring a higher
degree of control and user comfort during interaction, the
Two-Point Gesture is recommended.

(3) Utilize Dioramas: Dioramas enable faster 3D interactions
due to the miniature nature of the environmental represen-
tation.
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(4) Avoid/Reduce Small Object Representations: Minimize
the number of small objects within the diorama, as smaller
objects result in longer and more imprecise interactions.

(5) Avoid Pinch-Based Gestures: Avoid using pinch-based
gestures for delimiting actions. Instead, rely on external ac-
tions such as button presses to overcome current hardware
limitations with distinct pinch recognition.

8 LIMITATION AND FUTUREWORK
We only tested Annorama on static point cloud data, which may not
fully represent the dynamic nature of real-world scenes. We did not
evaluate the system’s performance on sequential point cloud data,
such as streams of LiDAR scans, which could introduce additional
challenges. However, our current rendering pipeline is capable
of loading sequential point cloud data, making this a promising
direction for future research.

To address issues of imprecision due to jitter, two potential ap-
proaches can be considered. First, implementing a clustering algo-
rithm for point cloud data could improve precision [67]. Exploring
the integration of a snapping functionwithin Annorama’s workflow
could enhance the efficiency of 3D cuboid bounding box annota-
tions, as suggested by participants who expressed a desire for an
auto-snapping feature [29, 45]. Additionally, VR headset disori-
entation and physical fatigue were identified as challenges, with
participants noting the physical strain of prolonged arm elevation.
Second, research suggests that mouse interactions are better suited
for tasks requiring precision and finer adjustments, making them
ideal for refining 3D annotations. Future research could explore a
system combining VR-based annotation creation with mouse-based
edits and adjustments.

Annorama does not anchor the miniature diorama to any phys-
ical object in space, such as a desktop or keyboard. Instead, the
dioramas are positioned within the 3D space for user convenience.
Conducting an empirical study to evaluate various reach volumes
and anchoring strategies could provide valuable insights for devel-
oping design guidelines. Additionally, offeringmultiple perspectives
for viewing annotations [15, 16] and enabling automatic movement
to the next annotation during editing interactions represent promis-
ing avenues for future research.

9 CONCLUSION
Manual annotation of 3D point clouds with traditional 2D GUI
interfaces is time-consuming, labor-intensive, and expensive. To
address these challenges, we introduced Annorama, a 3D point
cloud annotation system that combines the strengths of VR with
the convenience of a desk. By using a VR headset and natural ges-
tural interactions, users can efficiently annotate 3D point clouds
while seated. Annorama utilizes miniature 3D point cloud dioramas
and one-handed mid-air gestures, supplemented by an editing wid-
get for precision adjustments. Our within-subjects study with 16
participants assessed the effectiveness of these gestures, focusing
on annotation quality, efficiency, and user comfort. For tasks such
as 3D point cloud annotation, gestures like Sizing and Two-Point
gestures are particularly useful.
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