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Figure 1: Objects that are difficult to reconstruct are often missing or incomplete in scene reconstructions (left). Snapshots
captured from the worker’s video feed from different positions (blue and brown) can facilitate instruction sharing (right). We
investigate the effects of three spatial snapshot guidance techniques on remote collaboration in extended reality. First-person
captures of the techniques as seen by a worker wearing an optical see-through head-mounted display: ViewAR presents a
snapshot of the annotated view to the worker. DepthAR places annotations on the inaccurate scene reconstruction without any
adjustments, thus resulting in seemingly accurate positioning from one viewpoint and incorrect positioning from another.
SlidAR allows helpers to further adjust the position to the correct depth to account for scene reconstruction errors.

Abstract

Remote collaboration can greatly benefit from the improved re-
construction and tracking capabilities of optical see-through head-
mounted displays. A remote helper can efficiently assist a local
worker and convey complex instructions by placing 3D instruc-
tions into the environment. If a high quality reconstruction is not
available, spatial snapshot annotations that utilize only 6DOF device
tracking data present an opportunity to facilitate efficient com-
munications. While different techniques have been explored for
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annotation creation from multiple spatial snapshots on handheld
devices, they have not been evaluated in a remote collaboration
scenario or on optical see-through head-mounted displays (OST-
HMDs). In this paper, we present an empirical comparison of three
annotation creation methods for spatial snapshots in a remote as-
sembly support scenario for OST-HMDs. ViewAR presents only an
annotated snapshot created by the remote helper; DepthAR places
3D annotations at the estimated surface of the environment, while
SlidAR allows adjustments of the location at which the annotation
is placed. Our study with 24 participants showed that all methods
were well received. We found that participants used different ap-
proaches to complete the task to mitigate the shortcomings of the
techniques. Our findings provide insights for the future design of
remote collaboration systems based on spatial snapshots.
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1 Introduction

Assistance provided by remote helpers is an important use case for
telepresence systems. Conventional remote support relies on video
streams with audio or 2D drawings, which can lead to miscommu-
nication and slow task execution. Extended Reality (XR) addresses
this by embedding 3D instructions directly into the worker’s view,
simplifying their association with the environment and leading to
faster completion time and fewer errors [7, 58]. With the devel-
opment of more advanced six-degree-of-freedom (6DOF) tracking
and environment reconstruction capabilities, telepresence using an
optical see-through head-mounted display (OST-HMD) has become
a popular form of remote collaboration [37, 56].

A common approach is to show the reconstructed environment
to the remote helper in virtual reality [12, 13, 32, 61, 66], allow-
ing them to freely explore the scene. Others suggested sharing a
representation of worker and helper as avatars to facilitate natu-
ral communication cues [39, 59]. However, these systems rely on
high-quality sensors that can recover a detailed representation of
the environment. This limits their application to easy to recon-
struct static environments. Furthermore, many AR headsets (e.g.,
Snap Spectacles, Moverio BT45CS, Vuzix M4000) lack a depth sen-
sor and thus provide only limited scene understanding, e.g., no
tracking, only fiducial marker tracking, plane detection, or simul-
taneous localization and mapping (SLAM) using sparse features.
Reconstructing the environment on the helper’s computer requires
high-end hardware that is often not easily available, e.g., many desk-
top workstations or notebook computers do not have a dedicated
Graphics Processing Unit needed for such operations.

Alternative approaches use image based representations such
as light fields [35] or neural radiance fields (NeRF) [46], or remap
environments to a planar surface [30]. While these approaches
allow helpers to explore the environment, they are time consuming
to create and often cannot account for dynamic changes.

To mitigate these drawbacks, cameras distributed in the en-
vironment can provide helpers with multiple viewpoints of the
scene [43, 44]. Such multi-view systems, while effective, are not
suitable for spontaneous remote collaboration as they require a
preprepared workspace. Instead of multiple cameras, the desired
location can be triangulated from several spatial snapshots, images
with a known pose, taken by a moving camera [14, 40]. Contrary
to multi-view systems, spatial snapshots show the environment
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for a given point in time. Although this is an effective approach
for placing 3D annotationsto place annotations in 3D on mobile
devices [10, 41], it is unclear if it can be utilized efficiently in a
remote guidance scenario for OST-HMDs and how helpers utilize
it to guide others.

We consider three techniques for spatial snapshot guidance using
an HMD video stream (Figure 1). ViewAR provides no 3D informa-
tion: the helper annotates a snapshot shared with the worker. It
resembles screen-sharing or paper-based instructions providing 2D
guidance [34]. DepthAR uses estimated OST-HMD depth to place
3D annotations on surfaces, similar to remote XR systems such
as Skype for HoloLens [8]. Finally, SlidAR extends DepthAR by
allowing helpers to adjust annotations along the ray cast from the
snapshot pose, based on Polvi et al. [41].

While each of these techniques is preferable to the others in some
situations, our goal is to investigate how users approach spatial
snapshot instructions in a common scenario. To this end, we present
an empirical comparison of three spatial snapshot annotation tech-
niques in a controlled user study. We focus on an assembly scenario
in which a helper on a desktop computer guides a worker wear-
ing an OST-HMD. The helper can take snapshots of the worker’s
video feed and annotate them using the three techniques (Figure 1).
Within this scenario, we have several research questions that can
guide future development of spatial snapshot collaboration:

RQ1: How do users utilize spatial snapshots while guiding others
in remote collaboration?

RQ2: How do the annotation methods affect user performance?

RQ3: Do communication methods change between the techniques?

RQ4: How does user experience differ across the three techniques?

To answer these research questions, we conducted an empiri-
cal within-subjects user study with 24 participants comparing the
three annotation techniques. In the study, we compared the user’s
performance in terms of errors and completion time, as well as
communication approaches and engagement with the system. Our
findings show that the placement features were not decisive in
determining user performance. The participants took very differ-
ent approaches to accomplish the task, some relying heavily on
verbal communications, while others tried to use the annotation
features to their fullest potential. Our findings provide insights into
how participants approach annotation creation and guidance using
spatial snapshots. Hence, our main contributions are as follows:

(1) We present a first evaluation of three spatial snapshot anno-

tation techniques for remote collaboration.

(2) Our analysis of the user’s performance shows very different

work styles that require various interaction methods.

(3) We discuss the benefits and challenges presented by the

spatial snapshot scenario and its effects on the helper.

2 Related work

Our study builds on previous explorations of remote collaboration
and annotation creation in XR. In particular, we discuss methods
developed for multi-view annotation creation.

2.1 Remote collaboration in mixed reality

As highlighted in recent reviews [47, 58], remote collaboration is
an anticipated application of XR technology. Remote collaboration
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in XR can be facilitated through spatial augmented reality [57],
handheld devices [26, 61] or head-mounted displays [31, 37].

The simplest way to share instructions is to let the helper an-
notate an image captured by the worker [9, 36, 38] and place this
annotated view in the worker’s environment. Other solutions rely
on depth cameras to place annotations [1, 8] on a captured surface
of the environment, providing a clearer spatial association between
the instructions and the scene. However, this limits the placement
of the annotations to the view of the capture device and the depth
information. Others utilize a 360° camera [50, 52] to capture and
share the collaboration space.

Applications for spontaneous remote collaboration often rely on
handheld devices [4, 18, 60, 61], such as smartphones and tablets [25,
33]. Remote handheld collaboration leads to intentional viewpoint
sharing with the worker, as the helper must physically direct the
worker to share the workspace. Using an HMD instead of a handheld
device allows the worker to perform instructed steps with both
hands while simultaneously viewing the annotations placed by
the helper. However, the use of an HMD does have its drawbacks.
The remote viewpoint is always locked to the worker’s viewpoint,
which can cause discomfort when the view drastically changes [30].

Providing multiple viewpoints can enhance user satisfaction and
system flexibility [64] as well as provide the helper with better
spatial understanding [55] and situational awareness [45]. Provid-
ing view independence from the worker’s viewpoint can lead to
improvements in the collaboration [49], resulting in faster task com-
pletion times and fewer verbal instructions. With a 3D reconstruc-
tion of the work area [11, 24, 51, 53], the helper may freely explore
the environment. Advanced reconstruction or scene recreation can
also enhance collaborative features, by enhancing communication
and collaboration [17]. For example, by gesture sharing [2], gaze
sharing [23], virtual replicas [6, 54], and avatar sharing [62].

As it is not always possible to capture a detailed model of the
scene, some systems have addressed this issue by using alternative
representations, such as light fields [35], neural radiance fields
[22, 46], or 3D Gaussian Splats [48]. However, these methods can
support only a small working environment and require the scene
to be recaptured when it changes, a potentially time-consuming
process. To address this recent work has utilized Gaussian splatting
to create and share environments [21, 63]. While effective, these
approaches often require computationally intensive reconstruction
pipelines and assumptions about available hardware capabilities.

2.2 Reconstruction-free annotations

Multi-view annotations have been proposed as a means of placing
3D content into a scene without the need for a detailed recon-
struction and supporting unconstrained working environments.
Gauglitz et al. [14] investigated methods for converting drawings
on a screen into 3D content placed in the scene. They compared
a spray paint approach that projects a drawing onto the detected
surface, a plane fitted to the detected surface, and a plane aligned
with the user’s viewpoint. They also investigated how users could
draw instructions on a mobile device [15]. For arrows, they pro-
posed to cast a ray from the location of the drawn tip as a reference
to the user as they move through the scene. When the user draws
a second arrow from a new view direction, they triangulate the tip
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and the base of the arrow to determine the intended position. They
found their system to be both faster and preferred over video-based
annotations and simple video-based collaboration.

Building on their idea, Polvi et al. [41] presented SlidAR. Rather
than relying on disambiguation of user drawing, they focus on
placing predefined 3D objects into the scene. Assuming that the
user can correctly place a virtual object in the current view, they
initially place it at a predefined depth along the ray from the cur-
rent view. After a view shift, users can adjust the depth by sliding
the object along the cast ray. They showed that this results in a
more efficient placement technique than object placement locked
to a pointing device. Fuvattanasilp et al. [10] expanded on SlidAR,
allowing efficient orientation control.

Although several works suggested the use of multi-view content
creation for remote collaboration [26, 40], they did not evaluate the
performance of such systems or how users engage with them in a
collaboration scenario.

3 System overview

Our system consists of an application running on an OST-HMD
(HoloLens 2) for the worker and an application running on a desktop
machine for the helper (Figure 2). We implemented both applica-
tions in Unity 2019.4.40f1 and used MixedReality-WebRTC! for
network communication. We support three methods for annotation
placement inspired by existing scene annotation methods:
(1) ViewAR shows only an annotated snapshot.
(2) DepthAR places a chevron on the estimated, low-quality
surface reconstruction.
(3) SlidAR allows for depth adjustments of the chevron position
after initial placement.
In the following, we describe the base system and implementation
of the annotation placement methods.

3.1 Worker application

Our system streams the live view of the worker’s HMD camera
(Locatable Camera in HoloLens 2) tagged with the HMD pose at
frame capture. To ensure a sufficiently high frame rate, we capture
the image in a resolution of 960x540 pixels at 30 frames per second.
As it is not possible to access the HMD camera pose while streaming
the images, we determine the offset between the camera and the
tracked pose of the HMD through an offline calibration. This was
done by placing the HMD on a flat surface and recording the de-
vice’s pose and frames containing scene camera’s pose. The average
offset between the poses was used as a static offset during runtime.
Furthermore, we empirically synchronize the tracked camera pose
and frame timestamps. Hereby, we identified onsets of movement
in the streamed camera frames and device poses to determine the
offset between the two and visually verified the result. To reduce
network load, we do not stream the depth data or environment
model captured by the HMD. Instead, we use the SLAM map built
by the HoloLens 2 to query the distance from the camera to the
surrounding surfaces to place an annotation by the helper.

When the worker receives instructions in ViewAR, we place a
static image viewer in front of them. The image viewer rotates to
always face the worker; however, its position may not be adjusted.

!https://github.com/microsoft/MixedReality- WebRTC
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Figure 2: All systems consist of an application running on a HoloLens 2 and a desktop computer. The HoloLens 2 shares frames
captured by the world-facing camera and its poses. The desktop interface consists of a ribbon of captured snapshots that store
views in time, as well as a static live view in the bottom right position. The main screen displays an enlarged version of the
selected view. Helpers can capture snapshots and place and edit annotations from both the live feed and captured snapshots. The
adjustment ray allows the helper to adjust the depth of the placed annotation, thus enabling accurate annotation placement.

Using DepthAR and SlidAR, the systems display two types of
annotations. The first is a camera annotation that appears as a 3D
camera glyph indicating the position and orientation where the
helper has taken a snapshot. The second type of annotation is the
chevron annotation that appears as the helper places them. These
chevron annotations initially appear as the helper places them in
the scene. They slowly spin for two seconds to indicate the newest
annotation. The color of the annotation cycles through five distinct
colors (red, green, cyan, yellow, and magenta) as it is placed before
repeating. Workers cannot interact with any of the annotations or
add additional annotations.

3.2 Helper application

On the desktop computer, the helper is presented with the main
screen and five snapshot placeholders (Figure 2, right). The right-
most view continuously displays the video from the live view, while
the other four thumbnails show snapshots, with the leftmost being
the oldest and the rightmost being the newest.

While the live view is shown on the main screen, the helper can
take a snapshot with a hotkey, which shifts all stored snapshots.
The new snapshot is automatically displayed on the main screen.
The helper can return to the live view by pressing the hotkey again
or can click on any thumbnail to switch the main screen to that
view. The helper can remove all annotations or delete all snapshots
and annotations using two buttons on the right of the main screen.

With ViewAR, helpers may add a chevron annotation by left-
clicking on the desired location on the main screen. These annota-
tions may only be placed on snapshots. After the annotation was
placed, helpers can enter the edit mode by selecting the annotation
and adjusting its size with the mouse, or the plus and minus keys
on the keyboard. Finally, the annotated snapshot can be shared
with the worker by pressing a send button.

With DepthAR, the helper may create a 3D chevron by clicking
the desired location on the main screen. The chevron is created at
a distance d along the ray cast from the selected pixel. Here, d is
determined by the HMD worn by the worker by intersecting the ray
with its coarse reconstruction of the scene. If the cast ray does not
intersect a surface, d is set by default to 1.5 m; otherwise, it is set to

the distance to the surface. Please note that, for the purposes of this
study, all objects are aligned to gravity, and helpers cannot adjust
their orientation. A new annotation is automatically shared with
the worker and is shown in all snapshots in the desktop application.
The helper may enter the edit mode by selecting the annotation and
adjust the size of the chevron or delete it. helpers were also able
to shift the position of the object with the mouse. This interaction
keeps the depth of the virtual object fixed in the current view.
With SlidAR, the helper creates an annotation the same way as
with DepthAR. However, in the edit mode, a ray from the object to
the position of the snapshot from which it was created is shown. The
helper can move the object along this ray with the mouse scroll-
wheel. The adjustment is replicated in real time for the worker.
Helpers can manipulate the annotation in the same way as for
DepthAR. If the helper shifts the annotation, the system computes
anew ray from the object position towards the center of the current
view, which serves as the new reference for future adjustments.

4 User study

Our goal was to study how participants approach spatial snapshot
remote collaboration systems and what their engagement with
the three placement methodologies is in a common scenario. We
designed an assembly task that should prompt them to utilize the
different features offered by the three annotation methods. Our
user study thus had only one independent variable, the method
(ViewAR, DepthAR, SlidAR).

4.1 Task

The task aimed for participants to collaborate and complete the
assembly quickly and accurately. Participants were tasked with the
selection of the correct Duplo pieces and their assembly. Utilizing
the taxonomy defined by Ghamandi et al. [16] this task would be
considered an active selection and manipulation task. This is a
common task due to participants’ familiarity with Duplos, large
variability, and ease of access that supports replications [19, 29, 65].

These Duplo blocks were preassembled into pieces containing 1
to 3 Duplo blocks glued together and placed on a grid. This created
unique pieces that need to be rotated and placed specifically in the
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Figure 3: Layout of the user study. The helper on the right
places annotations according to the assembly instructions
on the desk. The worker on the left selects a Duplo assembly
piece indicated by the helper.

assembly process. There were 23 pieces in total, with the pieces
placed in a 5x5 piece grid with each piece spaced 5 cm apart, with
the two rows furthest from the worker consisting of only 4 pieces.
Additionally, 6 Duplo block pieces utilized for the training. These
were separated from the study assembly pieces, being placed on
the opposite end of the 1.6X.6 meter table. The training assembly
consisted of three steps and was repeated for all conditions.

The helper was given a set of assembly instructionsthat demon-
strate how to assemble the Duplo blocks. They consisted of a front
and top view of each step with arrows indicating the correct ro-
tation and placement location of the piece. Each assembly in the
study consisted of selecting and assembling six Duplo blocks. A
base plate was provided for the worker to build upon.

To reduce latency, both participants were in the same room
during the experiment (Figure 3). The room was divided into two,
which prevented eye contact. On one side of the room divider was
the helper who saw the system interface on a 24” monitor connected
to a desktop computer (i7-12700K CPU, 64GB RAM, Nvidia RTX3090
Ti). They were also provided with task instructions and an overview
of the system controls printed on A4 paper. The worker wearing
a HoloLens 2 was placed on the other side of the divider and was
given a chair; however, they were allowed to move as they pleased,
barring they did not cross the divider.

To understand how participants engaged with the interface, we
recorded all helper input, the poses of the HoloLens 2, and the
participants’ communication. We transcribed the communications
utilizing Whisper [42], which was run offline, and synchronized
the transcripts with the remaining data for further analysis.

To ensure consistency between workers, we used a fiducial
marker that was detected with the Vuforia library? as the origin of
the working space. Once the system detected the marker, workers

Zhttps://developer.vuforia.com/
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saw a red outline to confirm the detection accuracy. They con-
firmed the alignment and initiated the connection to the desktop
computer by stating "connect." This disabled the marker tracking.
Furthermore, we placed the image viewer for ViewAR 10cm above
the detected fiducial marker.

4.2 Procedure

The participants were welcomed by the experiment supervisor and
received an explanation of the objective of the experiment and the
task, as well as a brief overview of all three systems. The partici-
pants then filled out a consent form and were asked to decide if
they wanted to start as the helper or worker. If no consensus was
reached, these roles were assigned by the experiment supervisor.
After calibrating the HoloLens 2, participants received a detailed
explanation of the first interface. The pair of participants was then
given a practice assembly consisting of three steps. During this
practice assembly, they were given as much time as they needed to
familiarize themselves with the system and utilize all the functional-
ity before continuing. They were also not allowed to move beyond
the training task until the experiment supervisor was satisfied that
they understood the system’s capabilities.

After the training, the participants performed the main assembly.
They initialized the time measurement by pressing a start button
covering the main screen and completed the task by selecting a
"save and exit" button shown in the top left corner of the screen.
After the task was completed, the participants filled in a System Us-
ability Scale (SUS) [5] and NASA Total Load Index (NASA-TLX) [20]
questionnaire and provided free-form feedback. After repeating
the process for all three interfaces, participants could take a short
break. Then, they switched roles and repeated the process.

At the end of the experiment, participants filled out a demograph-
ics questionnaire. To avoid learning effects, six distinct models were
selected so that no model was seen more than once. The order of
the interfaces and the assignment of models to interfaces were
counterbalanced to avoid order effects. The experiment took about
two hours (one hour per role). The participants received a bar of
chocolate as a token of gratitude. In addition, participants who were
not employed at our institution received 20EUR. The experiment
did not require a review by the institutional review board.

4.3 Participants

We recruited 24 participants (14 male, 10 female; mean age 26.6
years, range 21-33) from the student and staff population at our
university through word of mouth and email elicitation. Two partici-
pants rated their English skills as limited working proficiency, while
the others reported professional working proficiency or higher. All
participants had normal or corrected-to-normal vision (12 with
corrected vision). On average, participants rated their familiarity
with XR at 2.83 on a 1-5 scale, with 5 indicating very familiar.

We excluded three tasks (2 SlidAR, 1 ViewAR) where partici-
pants stopped the task before restarting and completing the study.
Additionally, four tasks (1 SlidAR, 1 DepthAR, 2 ViewAR) were ex-
cluded from the analysis of Errors and Confusions due to corrupted
recordings.
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Figure 4: Objective results for time taken (a) and the number
of errors (b) and confusions (c).

5 Results

A Shapiro-Wilk test indicated that our data did not satisfy the nor-
mality assumption. We thus used nonparametric tests for all our
evaluations. Because we had to remove some of the objective mea-
surements from our data, we used a Skillings-Mack test that is
robust to missing values. We used multiple Wilcoxon tests with
Bonferroni correction as a post hoc evaluation. For our subjective
data, we did not exclude the responses from participants for trials
that were excluded from the objective analysis because participants
engaged with the system and could provide feedback on their ex-
perience. We thus analyzed this data with a Friedman test with
the Nemenyi post hoc test with Bonferroni correction. We used a
threshold of & < 0.05 to determine statistically significant differ-
ences. All tests were performed in R using the rstatix (v0.7.2) and
PMCMRplus (v1.9.12) packages.

5.1 Assembly time

On average, participants completed the assemblies with DepthAR
in X = 217.63s, SD = 82.93; SlidAR: X = 266.20s, SD = 112.90;
ViewAR: X = 287.27s, SD = 114.89 (Figure 4). The Skillings-Mack
test indicated a significant difference between the three methods
(x?(2) = 13.21, p < 0.01). A post hoc Wilcoxon test showed that
DepthAR was significantly faster than ViewAR (p<0.01, r = 0.66,
medium effect). No significant differences were detected between

SlidAR and ViewAR (p=0.73) and SlidAR and DepthAR (p=0.12).

5.2 Errors

In general, the workers made few errors and had little confusion
(Figure 4). A Skillings-Mack test did not show statistically signifi-
cant differences in the overall number of errors (y%(2) = 1.74, p =
0.42). We also considered if the phase when errors occurred had an
effect. We differentiate between errors made during part selection
and errors made during the assembly. An error in part selection
was defined as selecting an incorrect part, and an error in assem-
bly was defined as having an error in the completed assembly.
The errors made during part selection are as follows. DepthAR:
X = 0.00, SD = 0.00; SlidAR: X = 0.14, SD = 0.36; ViewAR:
X =0.05, SD = 0.22. The errors made during assembly are as fol-
lows. DepthAR: X = 0.00, SD = 0.00; SlidAR: X = 0.14, SD = 0.36;
ViewAR: X = 0.14, SD = 0.36. Overall, the workers made few
errors in both part selection and assembly. A Skillings-Mack test
did not show statistically significant differences in the number of
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part-picking errors (y?(2) = 0.44, p = 0.80) or assembly errors
(¥?(2) = 0.68, p = 0.71).

5.3 Confusion

A Skillings-Mack test did not show statistically significant differ-
ences in the overall number of confusion events (y?(2) = 2.86, p =
0.24). We also considered if the phase has an effect on confusion
events. We categorized confusion events into two types: confusion
during part selection and during assembly. Confusion during part
selection occurred when workers were uncertain about which part
to choose and asked for clarification. Additionally, during video
reviews, confusion was identified if workers exhibited behaviors
such as reaching for multiple parts before making a selection or
hovering over a part prior to receiving clarification. Confusion
during assembly was characterized by instances where workers
assembled a piece incorrectly and quickly corrected it or when they
needed to ask clarifying questions. The confusion events occurring
during part selection are as follows. DepthAR: X = 0.43, SD = 0.73;
SlidAR: X = 0.38, SD = 0.59; ViewAR: X = 0.05, SD = 0.22.
The confusion events occurring during assembly are as follows.
DepthAR: X = 0.74, SD = 0.92; SlidAR: X = 0.95, SD = 1.12;
ViewAR: X = 0.57, SD = 0.68. Overall, there were few confusion
events in both part selection and assembly. A Skillings-Mack test
did not show statistically significant differences in the number of
confusion events during part selection (y%(2) = 3.58, p = 0.17) or
assembly (y%(2) = 0.95, p = 0.62).

5.4 Movement

As two of the methods (SlidAR and ViewAR) require multiple views
to effectively utilize the features, we analyzed the amount of move-
ment the worker underwent during the assembly process. The move-
ment (in meters) for the various systems is as follows. DepthAR:
X = 641, SD = 3.57; SlidAR: X = 8.10, SD = 5.57; ViewAR:
X = 7.13, SD = 2.87. A Skillings-Mack test showed significant
differences (y%(2) = 8.53, p < 0.01). A post hoc Wilcoxon test
showed that in DepthAR moved significantly less than in SlidAR
(p=0.02, r=0.56, medium effect).

5.5 Snapshot Use

We also analyzed how much the helpers utilized the snapshots.
We found that helpers tended to utilize the live view and a single
snapshot (Table 1). Preferring instead to replace an initial snapshot
as opposed to utilizing multiple simultaneous viewpoints. With less
than half of the helpers utilizing 2 or more snapshots.

The number of snapshots taken by helpers was DepthAR: X =
2.75, SD = 4.30; SlidAR: X = 3.50, SD = 4.11; ViewAR: X = 5.70,
SD = 3.76. A Skillings-Mack test shows significant differences be-
tween the three methods (y?(2) = 12.90, p < 0.01). A post hoc
Wilcoxon test indicated that DepthAR p=0.02, r=0.58, medium ef-
fect) and SlidAR (p=0.02, r=.59, medium effect) utilized significantly
fewer snapshots than ViewAR. No significant differences were de-
tected between DepthAR and SlidAR (p=0.57).

We also investigated if there was a correlation between number
of snapshots taken and task completion time. Spearman’s rank cor-
relation test resulted in a strong positive correlation for DepthAR:
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Figure 5: Timelines of actions taken by different groups, highlighting the various strategies employed. For each method, verbal
communications are shown at the top and actions taken by the helper are shown at the bottom. Group 12 relied mainly on
verbal instructions, while Group 4 used few instructions with a higher system engagement. Group 5 utilized the system heavily

with many back-and-forth discussions.

p =0.60,p < 0.01 and SlidAR: p = 0.60, p < 0.01. No significant
correlation was found for ViewAR: p = 0.43, p = 0.06.

5.6 Engagement with the system

Participants engaged with the system in a multitude of ways. As
seen in Figure 5, participants devised differing strategies to complete
the assembly tasks. Some groups, like group 12, utilized the system
to assist in the part-picking portion of the task but then found
verbal instructions sufficient to complete the task. Other groups,
such as group 5, employed the system to its full capacity while
also extensively talking about each action. Group 4 used verbal
instructions with moderate engagement with the system.

Skillings-Mack test did not show statistically significant differ-
ences in the number of annotations utilized (y?(2) = 1.29, p = 0.52):
DepthAR: X = 16.6, SD = 4; SlidAR: X = 16, SD = 4.11; ViewAR:
X = 15.2, SD = 3.58. Spearman’s rank correlation test resulted
in a strong correlation for DepthAR: p = 0.50,p = 0.02; SlidAR:
p =0.65,p < 0.01; and ViewAR: p = 0.58, p < 0.01.

Overall, we did not find significant differences in the number
of verbal instructions given for different methods: DepthAR: X =
16.78, SD = 3.97; SlidAR: X = 16.29, SD = 3.9; ViewAR: X =
14.81, SD = 3.4. Participants utilized similar numbers of verbal
instructions for all three systems. A Skillings-Mack test did not show
statistically significant differences in the number of instructions
provided (x%(2) = 1.75, p = 0.42).

Table 1: Number of helpers utilizing different viewpoints.

View | DepthAR | SlidAR | ViewAR
Live 24 22 23
Snap 0 14 16 23
Snap 1 6 11
Snap 2 4 5 6
Snap 3 2 4 3

Spearman’s rank correlation test resulted in a significant positive
correlation for DepthAR: p = 0.61,p < 0.01 and ViewAR: p =
0.60,p < 0.01. No significant correlation was found for SlidAR:
p=0.32,p=0.16.

5.7 Subjective measures

Using the interpretation of Bangor et al. [3], all systems can be
considered "usable" with scores above 68. The usability of DepthAR
and SlidAR can be considered "good" with scores above 71. (Fig-
ure 6¢). For helpers, we find DepthAR: X = 75.52, SD = 19.10;
SlidAR: X = 71.88, SD = 22.51; ViewAR: X = 68.75, SD = 16.81.
A Friedman test did not reveal significant differences (F(2)=3.98,
p=0.14) between the overall scores. For individual questions, the
test revealed significant differences in the perceived encumber-
ment of helpers (DepthAR: X =2.00, SD = 1.19; SlidAR: X = 2.21,
SD = 1.04; ViewAR: X = 2.83, SD = 1.28) (F(2)=6.43, p=0.04),
however post hoc analysis did not reveal significant differences.
Workers rated all methods as "good," with all scores above 71
(DepthAR: X = 78.54, SD = 18.61; SlidAR: X = 75.42, SD = 19.12;
ViewAR: X = 73.65, SD = 18.64). A Friedman test did not reveal
significant differences (F(2)=4.16, p=0.12). This suggests that all
systems met the base condition of usability. For the individual
questions, Friedman tests did not find any significant differences.
When analyzing the raw NASA-TLX [20] responses, we excluded
the performance section of the questionnaire, as several participants
mentioned during the interview that they had answered the ques-
tion incorrectly, i.e., unintentionally rated their success as a com-
plete failure. This is supported by the large variance in responses for
helpers X =44.45, SD = 42.98 and workers X = 49.44, SD = 44.26.
This is further supported by the low number of assembly errors
across all systems, suggesting that the groups successfully com-
pleted the task. This was the only NASA-TLX item that participants
reported answering incorrectly. The remaining NASA-TLX items
exhibited substantially lower variance, providing no indication that
similar misunderstandings affected the other questionnaire items.
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Although the workload across all systems was low (Figure 6),
Friedman tests showed that workers reported significantly differ-
ent temporal demands (F(2)=6.62, p=0.04). However, the post hoc
test did not reveal any differences between the methods. No other
differences were detected.

5.8 User feedback

We collected qualitative feedback after each assembly during the
participant surveys. Participants were asked what they liked and
disliked about the system, as well as what they found the most and
least helpful. Lastly, they were asked about any changes they would
make to the system before being given the opportunity to provide
any freeform feedback they wanted.

Helpers appreciated the simplicity of DepthAR, with fewer op-
tions to augment annotations. With one helper stating:

P5: "Very intuitive, easy to use, only minimal set of functionalities
you need to remember."

However, some helpers noted challenges in precise annotation
placement expressing a desire for better control. They instead found
the additional functionality of SlidAR beneficial. With some stating:

P2: "It was more difficult to assign the hologram to the correct posi-
tion than with the other systems; more misunderstandings occurred.”

P21: "a real-time updating system was easier to control and ex-

plain.”

Some helpers found adjusting the depth of annotations in SlidAR
cumbersome and preferred replacing misplaced annotations rather
than repositioning them. For example,

P11: "I didn’t use the mode to change the depth of the hologram, I
found it pretty complicated"

This could be due to difficulties to capture suitable viewpoints

P7: "Sometimes it was hard to define a good view angle that per-
ceived the depth "correctly""

To mitigate this, some groups adopted alternative strategies, such
as utilizing a top-down viewpoint to minimize the need for depth
adjustments, essentially reverting to DepthAR.

Helpers also found certain aspects of ViewAR helpful. Its similar-
ity to ubiquitous screen sharing and paper-based instructions made
it both familiar and easy to understand, with one helper remarking:

P8: "When sending screenshots, the other user sees my 2D screen,
better capturing my intentions”

Overall, helpers found all systems usable and provided them with
the tools needed to accomplish the assembly.

Workers generally found positive aspects for all methods. DepthAR

was seen as interactive:

P19: "I really like to have the interaction directly on the fly so i do
not have too much waiting time"

For SlidAR, workers appreciated the improved accuracy that can
be achieved by adjusting the viewpoint:

P2: " liked the simple starting point, if you change the viewpoints
more often then the holograms are positioned more correctly."

P16: "It was very easy to use, as the markers were directly on top
of the needed piece"

Anderson et al.

For ViewAR, workers highlighted the familiarity with the visual-
ization it offered:

P6: "The instructions are more similar to conventional instructions
(images on a piece of paper), so it seems more comfortable to work
with this system compared to DepthAR, which seems more fancy. In
between screenshots, the user can relax and does not need to focus on
the task until further instructions are sent."

In terms of complaints, the most common complaints from work-
ers were related to the HoloLens 2 device. workers noted that the
camera’s position above the eyes caused them to look farther down
than expected, and they also expressed frustration with the limited
field of view. With workers stating:

P13: "I didn’t like having to look so far down to give the person
with the PC the correct view"

6 Discussion

In regard to RQ1, our findings show that helpers utilized only a
few snapshots, opting to primarily work with the live view. This
is somewhat surprising, as different snapshots could in principle
be used to provide instructions for different areas, e.g., the part
picking and assembly. Prior work by Lin et al. [30] showed that
live-view tethering in AR remote collaboration can negatively affect
the helper experience and that a stabilized view, e.g., offered by a
snapshot, could be preferable.

Contrary to that we found helpers preferred working with the
live view. This is in line with Choi et al. [9] who showed that helpers
preferred working with the live view in a dynamic environment
due to challenges in maintaining consistent spatial understandings
across the changing viewpoints. In our system, all snapshots were
persistently available in the interface alongside a continuously up-
dated live view. The snapshots were intentionally taken by the
helper as opposed to being shared by the worker and their view-
points were explicitly indicated to workers via camera glyphs. Our
findings thus show that live view preference persists even when
snapshots provide improved spatial stability. This suggests that fac-
tors beyond environmental dynamics, such as workflow continuity
and interaction speed, influence viewpoint selection in practice.

As expected, all three methods showed a strong postive correla-
tion between the number of snapshots taken and an increase in task
completion time. However, the correlation was stronger in SidAR
and ViewAR than in DepthAR. This suggests that participants using
these methods were more likely to engage in extensive planning,
leading to a greater impact on task completion time. In scenarios
where high accuracy is not necessary, DepthAR will likely be suf-
ficient to successfully complete the task and could be faster than
methods requiring more engagement.

We also found that helpers sometimes had difficulties navigating
the worker to a novel viewpoint from which they could adjust the
position of the annotations with SlidAR. Workers moving signifi-
cantly more in SlidAR than DepthAR indicates that they searched
for a suitable viewpoint from which to adjust the annotation place-
ment. Overall we find that snapshot adoption was limited even
under conditions where they are theoretically beneficial.

In response to RQ2, our findings demonstrate that across all three
conditions, participants made few errors and had little confusion.
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Figure 6: Subjective feedback from users. All methods were rated as "good" with low demand.

In terms of task completion time DepthAR was faster than ViewAR.
No significant differences were detected between DepthAR and
SlidAR and SlidAR and ViewAR. This result was unexpected, as our
pilot studies showed faster task completion times and fewer errors
and confusions when utilizing SlidAR. Participants in our pilot
studies found the additional placement features beneficial in placing
accurate annotations, leading to better performance and usability.
This may be because the pilot study participants had extensive
familiarity with XR technologies and annotations placed in 3D
space. Additionally, as we did not restrict the user’s viewpoints,
participants found ways to mitigate the limitations imposed by
the technique. For instance, utilizing top down viewpoints that
required little to no depth adjustments. In scenarios where the depth
discrepancies cannot be mitigated or where the depth information
is missing, the adjustment may become more important resulting in
performance differences. More importantly, these findings indicate
that participants can adapt their interaction strategies to mitigate
differences between techniques, effectively reducing the impact of
intended design variations on task performance.

Concerning RQ3, our findings show that the number of provided
instructions remained stable between the three methods. This is
somewhat unexpected, as prior work suggests that communication
effort in remote collaboration can be influenced by the accuracy
of annotations, where more precise annotations can reduce the
need for verbal instruction [31]. The amounts of verbal instructions
given across the three conditions were not found to be significantly
different. However, both DepthAR and ViewAR showed positive
correlations between the number of verbal instructions provided
and task completion time, with ViewAR exhibiting a particularly
strong correlation. This suggests that participants relied more heav-
ily on verbal communication while using ViewAR, likely to describe
and discuss the authored instructions. The strong correlation may
reflect a greater need for verbal clarification or collaborative discus-
sion when utilizing this method. A moderate positive correlation
was also detected with the instructions provided when utilizing
DepthAR and task completion time. This is likely due to the impre-
cise nature of the annotations. Requiring helpers to provide more
detailed instructions to compensate for the decreased accuracy of
the annotation. Even when annotation quality and visualization
differ, collaborators do not reduce the amount of verbal instructions,

indicating that verbal communication serves a stable coordination
function that is largely independent of the visualization technique.

In regard to RQ4, our findings demonstrate that user experience
did differ across the three methodologies. Helpers found ViewAR
the least usable, citing difficulties annotating the snapshot while
the worker performed actions out of view. For workers, all systems
were considered "good" for usability; however, feedback showed
that the real-time annotation systems, DepthAR and SlidAR, were
preferred as opposed to ViewAR’s visualization. With several work-
ers finding looking back and forth between the assembly space and
the instruction viewer frustrating. Between SlidAR and DepthAR,
most helpers enjoyed the simplicity of DepthAR. Finding it easier
to use, without the need to position the worker to provide specific
viewpoints to adjust the annotations, instead preferring to place
the annotation and clarify their intent. This suggests that reducing
interaction overhead can have a stronger impact on user experi-
ence than providing more options for annotation placement. This
preference could be explained by the findings of Kim et al. [27] who
observed that helpers asking workers to change their viewpoint
was perceived as troublesome by both parties. Placing the snapshot
locations into a 3D map and allowing helpers to draw on it, similar
to the work of Mohr et al. [35], could simplify the guidance. Overall,
these findings indicate a trade-off between annotation placement
options and usability in spatial snapshot systems, with helpers
preferring simpler interaction designs when task demands do not
require fine-grained spatial control.

7 Design Guidelines

These design guidelines, informed by our findings, aim to enhance
the future development of spatial snapshot remote collaboration
systems, improving both their efficiency and user experience.

Design for selective snapshot use. Helpers primarily relied on
the live view and only occasionally captured snapshots. This sug-
gests that snapshots are used opportunistically rather than as a
structured collection of viewpoints. Snapshots should therefore be
treatedFuture systems should therefore treat snapshots as light-
weight, on-demand references rather than as a library of stored
viewpoints, avoiding designs that implicitly encourage users to
construct large or structured snapshot collections.
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Support snapshot management. While helpers generally used
only a small number of snapshots, they expressed a need to retain
particularly useful viewpoints for later use. Future systems should
therefore support management mechanisms, such as pinning or
grouping viewpoints. Providing spatial overviews of snapshot
locations may also help identify a suitable snapshot to use.

Initial placement is critical. Several participants opted to replace
the instructions and to communicate verbally rather than adjust
them to account for placement errors. This suggests that users tend
to avoid refinement of annotations, likely due to the interaction cost
involved (time, effort). Future systems should therefore prioritize
enabling accurate initial placements and reducing the need for
subsequent adjustments or corrections.

Support different workflows. We observed that different groups
approached the task and system features differently, some opting
to verbalize most instructions, while others focused on the features
offered by each method. This suggests that users naturally adopt
different coordination strategies depending on user preference and
task interpretation. Future systems should therefore support flex-
ible combinations of methodology and annotations rather than
assuming one dominant workflow.

8 Limitations

This study was conducted in a controlled laboratory setting, which
may limit the generalizability of our findings to more diverse real-
world scenarios. The first limitation is that our participants were
recruited from the local university. While we attempted to balance
the gender of the participants, we were unable to achieve a perfectly
balanced sample size.

While participants rated themselves as somewhat familiar with
XR, more experienced users could lead to different results. Addi-
tional training and expertise of participants could have an effect.
The helpers were not true experts in the assembly procedures but
instead were given the assembly instructions just moments prior to
the assembly task. This could potentially lead to increased assem-
bly time, as the helper needs to first comprehend the instructions
before relaying that information to the worker. Finally, both partic-
ipants were not true experts with the system. While they had time
to familiarize themselves with the interfaces, increased training
and experience could potentially change the way they utilize the
systems. More extensive training on specific features could mitigate
this shortcoming and lead to different results.

Our choice of displays could have had an impact as well. The
scene camera of the HoloLens 2 is positioned above the worker’s
eyes, requiring the worker to look further downward than expected
to capture the work area. Several workers commented on the camera
placement feeling unnatural. Evaluations with different camera
placements or devices, such as a video see-through head-mounted
display (VST-HMD), could lead to different user behavior.

Another limitation is our focus on the placement of annotations
as 3D objects. Natural drawings can create more expressive in-
structions, potentially reducing the need for oral instructions. By
limiting the helper to a single 3D object to place, we potentially
removed further avenues for virtual instructions to be given.

Anderson et al.

Our study also utilizes a simple Duplo assembly task with large
pieces and limited mechanical complexity, which may not fully re-
flect real-world collaborative scenarios. In addition, the simplicity of
the task resulted in low error and confusion rates across conditions,
suggesting a potential ceiling effect that may have reduced sensitiv-
ity to performance differences between the techniques, particularly
for detecting differences involving SlidAR.

Finally, this study was conducted in the same room, which is
a common experimental approach in AR remote collaboration re-
search to control for network latency and ensure stable and clear
communication conditions [2, 15, 19]. While this improves com-
munication clarity, it may also lead to more efficient verbal coordi-
nation and does not fully capture the constraints of truly remote
collaborative environments. In such scenarios helpers may utilize
more snapshots and annotations to supplement delayed, or unclear
verbal communication.

9 Conclusions and future work

In this paper, we presented an empirical evaluation of three spa-
tial snapshot remote collaboration systems: DepthAR, SlidAR, and
ViewAR. Through a within-subjects user study with 24 participants,
we investigated how different annotation placement methodologies
affect user behavior and interaction during remote collaboration.
We found that all methods were effective for collaboration, and
helpers generally preferred the simple methodology of DepthAR
over the more complex approaches used by SlidAR and ViewAR.
The simplicity provided by DepthAR allowed helpers to combine
verbal communication with sufficiently accurate annotations to
complete the task efficiently.

There are many opportunities for future work, such as imple-
menting feedback from participants to further improve the usability
of the systems. For instance, some suggested changes to the system
include the ability to pin a snapshot for future use. Allowing the
helper to keep beneficial snapshots. Another suggestion is to visual-
ize the adjustment ray to the worker. This visualization would allow
the worker the potential to infer where the helper intends to place
the annotation before the adjustment is made. Finally, we could
add additional functionality such as mouse gestures [28] and addi-
tional annotation methods such as the ability to draw. Additionally,
workers could send information back to the helpers.

Another opportunity for future work is varying the collaboration
scenario, e.g., targeting a scenario where the precision of the an-
notation is paramount to task success or where verbal instructions
would either be impossible or difficult to deliver. Such a scenario
could consist of the assembly of electrical components, which could
potentially alter the user behavior, system preference, and usability
scores of DepthAR, SlidAR, and ViewAR. Exploring a broader range
of tasks could therefore help identify the situations in which the
additional complexity of more advanced annotation techniques
provides tangible benefits.
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