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ARTICLE INFO ABSTRACT

MSC: Workspace awareness is critical for remote assistance with physical tasks, yet it remains difficult to facilitate.
68U35 For example, if the remote helper is limited to the single viewpoint provided by the worker’s hand-held or
Keywords: head-mounted camera, she lacks the ability to gain an overview of the workspace. This may be addressed by
Remote assistance granting the helper view-independence, e.g., through a multi-camera system. However, it can be cumbersome
Augmented reality to set up and calibrate multiple cameras, and it can be challenging for the local worker to identify the current

Workspace awareness

viewpoint of the remote helper. We present CueCam, a multi-camera remote assistance system that supports
Awareness cues

mutual workspace awareness through a flexible ad-hoc camera calibration and various Augmented Reality cues

Calibration that communicate the helper’s viewpoint and focus. In particular, we propose visual cues presented through a
head-mounted Augmented Reality display (Virtual Hand, Color Cue), and sound cues emitted from the cameras’
physical locations (Spatial Sound). Findings from a lab study indicate that all proposed cues effectively support
the worker’s awareness of helper’s location and focus, while the Color Cue demonstrated superiority in task
performance and preference ratings during a search task.

1. Introduction [1-4], in particular for large workspaces, which may require a worker

and helper to troubleshoot multiple areas in order to identify and

Remote assistance is the interactive process by which a remote user, solve a problem. For example, a service technician’s interactions with
typically called the “helper”, assists a local user, often referred to as a human-machine interface (e.g., a button push) may result in the
the “worker”, in performing a physical task. In this paper, we will movement of mechanical parts at a different location on a large ma-
refer to the helper as female (“she”) and the worker as male (“he”) chine (e.g., a robot arm with a tool that moves up or down). In such
solely for the benefit of readability and easier understanding. In an a scenario, the helper may act like a second on-site worker by using
industrial scenario, the worker may use a standard video communica- multiple cameras to monitor machine movements that are beyond the

tion application, like Skype, to convey information about a machine
problem to the helper. In this case, information about the workspace
is provided from the worker’s point of view, and the helper is limited
to this viewpoint. In other words, the helper may not be aware of
the overall spatial layout of the workspace and cannot, for example,
independently move to inspect another area of a large industrial ma-
chine. In contrast to the conventional phone-based remote assistance,
multi-camera remote assistance involves the use of two or more cameras
that are mounted in the environment to capture different areas and
perspectives of a workspace. This offers a degree of view independence,
since the helper can quickly “teleport” from one area of a workspace to
another by simply looking through a different camera, without needing
to negotiate the view with the worker. In previous research, view
independence has been shown to be beneficial for remote assistance

technician’s field of view (FoV).

However, a critical challenge of multi-camera remote assistance
systems is introduced by the helper’s freedom to navigate between
cameras: due to the disjointed camera views, spatial and gestural
information that is naturally available between co-located people is
lost [5]. Importantly, the worker lacks awareness of the helper, in-
cluding information about the helper’s location (i.e., which camera the
helper is currently viewing), what parts of the workspace the helper
can see (i.e., the cameras’ FoV), and what part of the scene the helper
is focusing on (e.g., foreground or background objects). We address
this issue by proposing the use of Augmented Reality (AR) cues for
improving the worker’s awareness of the helper’s location and focus
in a large workspace that is accessed through multiple cameras. To this
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Fig. 1. We present a multi-camera remote assistance system, CueCam, through which a remote helper can guide a worker with annotations and pointing in a large workspace.
The worker sees these annotations through an AR HMD (A). Critical areas of the workspace are captured by multiple cameras (B), and the helper can view and annotate these
individual video feeds on a PC (C). To aid the worker in locating the helper in the workspace (i.e., find the camera viewed by the helper), our system supports three awareness
cues. We evaluate these in a user study with the following conditions: (D) Virtual Hand Only, (E) Virtual Hand + Spatial Sound, (F) Virtual Hand + Color Cue.

end, we present our multi-camera remote assistance system, CueCam,
that supports three AR awareness cues, as illustrated in Fig. 1: (D)
Virtual Hand, (E) Spatial Sound, and (F) Color Cue. The visual cues,
Virtual Hand and Color Cue, are perceived by the worker through an
AR head-mounted display (HMD), while Spatial Sound is emitted from
the cameras’ integrated speakers. As described further in Section 3.4,
these cues make use of the visual and auditory modalities and thereby
support different strategies for identifying the helper’s location and
focus. We evaluated the effectiveness of our awareness cues in a user
study, comparing the following awareness cue combinations (1) Virtual
Hand Only, (2) Virtual Hand + Spatial Sound, and (3) Virtual Hand
+ Color Cue. The Virtual Hand is a basic tool for remote assistance,
allowing the helper to point at objects. Thus, we assume this as the
baseline and compares it to combinations, where the Virtual Hand is
supplemented by either Spatial Sound or a Color Cue. Our findings
reveal that all awareness cues are effective, but the addition of a Color
Cue or Spatial Sound is beneficial. Further, the Color Cue led to overall
best performance in locating the helper and was the preferred cue in
most cases.

An additional challenge with multi-camera systems is the setup and
calibration, which can be cumbersome and time consuming [6]. Similar
to earlier work by Rasmussen et al. [7], we address this by proposing
the use of off-the-shelf camera devices, such as regular webcams,
smartphones, and tablets, and describe a novel AR-based ad-hoc camera
calibration procedure in Section 3.2, which facilitates quick and flexible
(re)configuration of multiple scene cameras (i.e., adding, moving, or
removing cameras) during use of our CueCam system.

In addition to the awareness cues and camera calibration procedure,
CueCam also supports elementary functionalities for remote assistance:
Using a WIMP (windows, icons, menus, pointer) interface on a PC,
the helper can point and draw on the video feed of each camera.
The pointer position and drawings are then projected into the 3D
reconstruction of the workspace and visualized to the worker through
AR.

In summary, aiming to support mutual workspace awareness, our
contribution is two-fold: (1) For the local worker, we reveal the remote
helper’s location and focus in a large shared workspace through AR
awareness cues. We propose the use of three distinct visual and auditory
cues and share insights about their effectiveness and applicability based
on a lab study. (2) We enable quick and flexible configuration of a
multi-camera setup in a large workspace through an AR-based ad-
hoc camera calibration procedure. This is intended to facilitate the

helper’s independent workspace exploration and ability to negotiate an
appropriate view of the workspace.

In the following sections, we first review related work on multi-
camera remote assistance and awareness cues. Then, we describe
and discuss the design of our multi-camera remote assistance system,
CueCam, including core functionality, ad-hoc camera calibration, and
awareness cues. This is followed by a report of our evaluation of the
awareness cues. We conclude with a discussion of design implications,
system and study limitations, and future work.

2. Related work

As we present a remote assistance system that establishes a shared
visual space for the remote helper and local worker through multiple
cameras, we begin by discussing existing research on multi-camera
systems. We then proceed to review work on mixed reality (MR)
awareness cues for remote assistance, as a basis for discussing our
proposed AR awareness cues. Note that various visual communication
cues, such as sketch cues [8,9], hand gestures [10,11], and pointers [8],
have previously been explored for giving explicit remote instructions. In
contrast to such cues for explicit communication, we focus on implicit
awareness cues that convey information about a collaborator’s location
and activities in a shared visual space.

2.1. Sharing a visual space through multiple cameras

Multi-camera approaches have been explored to address a number
of challenges, such as to support view independence of remote col-
laborators [7,12] or provide visual information at various levels of
detail [5,7,12-14]. For example, Gaver et al. [5] aimed to support
collaboration on physical tasks across remote office spaces. Multiple
scene cameras captured both a contextual overview of the workspace
and detailed views of task-related artifacts in each office. Among others,
the researchers uncovered the following challenges for multi-camera
remote assistance:

1. The worker lacks awareness of the helper’s focus of attention,
i.e., which camera she is viewing and what she is focusing on in
the camera feed. This makes it difficult for the worker to know
whether the helper can see his gestures and actions without
constant verbal confirmation. To address this, we propose three
AR awareness cues (see Section 3.4).
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2. Referencing objects using a multi-camera setup lacks the ease
of interpreting pointing and gaze direction during co-located
collaboration. Our remote assistance system supports remotely
pointing at an object by projecting the helper’s mouse cursor into
the workspace as a Virtual Hand in AR (see Section 3.3).

3. The camera views are presented to the helper in a disjointed
manner, without conveying the spatial relationship between
cameras, work areas, and the worker. This issue is addressed by
research on focus-in-context systems [7,13,15-18] that provide a
contextual overview of how the different work areas are spatially
connected, while additional cameras offer focus views of the
worker’s manipulations in the areas.

Besides the above challenges, Aschenbrenner et al. [18] showed that
permanently installing scene cameras in an industrial workspace can
be problematic for obtaining the right view of a problem. We aim to
address this challenge in CueCam with an AR-based calibration method
that supports flexible ad-hoc configuration and movement of scene
cameras (see Section 3.2).

Beyond regular RGB cameras, related research has also proposed
the use of multiple RGB-D cameras to stitch together live 3D recon-
structions of the worker’s space. The remote helper can independently
navigate this reconstructed space on a desktop [2,6], or in MR for
increased sense of immersion and co-presence [19-21]. Lately, the use
of 360-degree cameras for remote assistance in MR has also received
increased attention [21-27]. When worn by the worker, a 360-degree
camera can provide the helper with a panoramic view of the workspace,
which technically corresponds to multiple camera perspectives and
can be explored independently of the worker’s orientation. Despite the
appeal of using multiple RGB-D cameras to reconstruct the workspace
or using a 360 camera to support full view independence, we in-
tentionally focus on multi-camera remote assistance with plain RGB
cameras, (i.e., no depth data is assumed available) to reduce hardware
and processing demands. RGB multi-camera systems are less dependent
on high network speeds, bandwidth, and computational power since
depth data and live 3D reconstructions are omitted. They can therefore
more easily be run on mobile devices (tablets/smartphones). Further,
detailed high-resolution views of the workspace can be achieved by
using commodity RGB cameras, whereas commodity RGB-D cameras
only generate comparably low-resolution 3D reconstructions, which
may not fulfill the users’ needs: previously conducted interviews with
real-world service technicians and remote experts from the manufac-
turing industry reveal that mobility and detailed high-resolution views
of a workspace are important to the helper, due to urgent, nomadic
problem-solving needs and the desire to make detailed comparisons
between an industrial machine and its schematics [28].

More recent technological advances have enabled the use of a single
camera to create a static 3D reconstruction [29-31] or light field [32]
by panning the camera over the workspace to capture multiple images,
before initiating the remote assistance session. Such approaches are
ideal for scenarios that involve few structural changes in the workspace.
However, they become cumbersome in dynamic scenarios, such as
assembly or maintenance, where the state of task objects changes fre-
quently, as updating the representation (i.e., 3D reconstruction or light
field) after each change requires time-consuming manual camera work.
In comparison, a multi-camera system provides a view independent live
representation of the workspace, thus capturing dynamic changes to
task objects.

2.2. Awareness cues for remote assistance

Gutwin et al. [33] introduced the concept of workspace awareness,
which they regard as a specialization of situation awareness [34] and
define as an “up-to-the-moment understanding of another person’s interac-
tion with the workspace” during collaboration. They categorized sources
of workspace awareness information into consequential communication
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(body movement), feedthrough (object manipulations), and intentional
communication (e.g., pointing). Since these sources of information are
lost during remote assistance, awareness cues must be consciously
designed and mediated by the system. Awareness cues that convey body
movement as a consequence of a collaborator’s interactions in a visually
shared workspace are often used as an implicit source of information
on location and focus of attention.

With the advent of AR/MR (mixed reality) for remote assistance,
awareness cues for visualizing location and attention in 3D space have
received increased interest. For instance, visual awareness cues, includ-
ing the users’ head pose, view frustum and eye-gaze ray, have been
found to be helpful for a remote helper and a local worker to maintain
awareness of each other’s attention within a shared 3D reconstruction
of a workspace in MR [29-31,35]. Such cues also have relevance
when using 360-degree cameras for remote assistance, to address the
challenge of communicating the collaborator’s viewing direction in the
shared panoramic view [22,24]. For example, Lee et al. [22] added
an MR view frame in the form of a colored rectangle to indicate the
collaborator’s current perspective within the panoramic view. Their
results indicate that this improved the collaborators’ awareness of each
other, helped reconcile perspectives and served as a pointer. Further,
an additional arrow showing the direction to the collaborator’s view
frame was perceived as useful by the workers.

The Virtual Hand awareness cue supported by our system shares
an important characteristic with the cues for head pose, view frustum,
head gaze [29-31], and view frame [22,24] from related work: it must
be in the worker’s FoV to allow identification of the helper’s location
and focus of attention, and will otherwise require a visual search. We
compare this to an awareness cue that relies on the auditory sense
(Spatial Sound), similar to the recent work by Yang et al. [36], and an
awareness cue that is visually persistent (i.e., always in the user’s FoV)
and depends on spatial memory and color mapping (Color Cue) to lo-
cate the helper. To enable the latter, we assume that remote assistance
takes place in a discrete number of areas, which are captured by the
scene cameras in our multi-camera setup (see details in Section 3.4).

The comparison of different guidance modalities for remote assis-
tance is not novel in itself. For example, Gunther et al. [37] compared
visual, auditory, and tactile communication cues. Similar to how we
study the effect of combining awareness cues, Kim et al. [38] explored
the combination of pointer, hand, and sketch. The most important
distinction to our work is that they both explore guidance in a small
desk-sized workspace covered by a single camera, while our system
serves to study awareness cues in a room-sized workspace covered by
multiple cameras. We found such remote assistance scenarios involving
large workspaces, which require the worker and helper to navigate
to multiple areas while maintaining awareness of each other, to be
under-explored. We thus aim to contribute to this field by proposing
a multi-camera remote assistance system that supports AR-based ad-
hoc calibration of cameras, and evaluating three types of awareness
cues that allow the local worker to adopt different search strategies for
locating the remote helper in a large workspace.

3. Cuecam: AR multi-camera remote assistance

Our goal is to support mutual workspace awareness during re-
mote assistance through a (re)configurable multi-camera system that
allows the remote helper to “move” through a large workspace, while
supporting the worker’s awareness of the helper’s location and focus
through a variety of AR cues. In this section we describe the design
and implementation of this AR multi-camera remote assistance system,
CueCam, including its core functionality, support for ad-hoc calibration
of cameras, and AR awareness cues.
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Fig. 2. System architecture of CueCam: A Collaboration Server coordinates the transmission of communication cues, by passing 2D annotations and the current camera selection
from the Helper’s Web App on to the Worker’s Camera Apps and AR App. Live video and audio are shared through a peer-to-peer connection between the Helper’s Web App and

the Worker’s Camera Apps.

3.1. Core functionality

The presented system supports remote assistance through a Web
App for the helper and an AR App for the worker. Fig. 2 shows an
overview of the different components of both applications, and the
communication flow between them. In the following, each is described
in more detail.

3.1.1. The worker’s AR App and Camera Apps

In our particular implementation, the AR App is developed in
Unity3D.! and runs on a head-mounted display, a Microsoft Hololens
(version 1)? The Hololens, which relies on inside-out tracking, creates
and continuously updates a virtual surface mesh reconstruction of the
workspace. This allows the AR App to calibrate the cameras in the
workspace (see Section 3.2), and supports projection of the helper’s cur-
sor and drawings into the worker’s environment in 3D (see Section 3.3).
The AR App further supports voice communication with the helper, by
sending and receiving audio. Finally, it also enables presenting a range
of awareness cues that indicate the location of the helper’s viewpoint
and focus (see Section 3.4).

Apart from the Hololens, the worker relies on several camera de-
vices (so-called “scene cameras”), which he places throughout the
workspace to capture relevant parts of the environment. Each of these
camera devices runs a Camera App, which is a web application de-
veloped in JavaScript (ECMAScript 6+). This Camera App fulfills two
purposes: (1) it transmits live video from the worker to the helper
and audio both ways; (2) it is capable of displaying an AR marker
on camera devices that include displays (e.g., smartphones, tablets),
which are used for calibration. Importantly however, the Camera App
is not an AR application: it is agnostic of its environment and leaves
all surface reconstruction and tracking to the AR App. This allows the
worker to use nearly any kind of computer device with an RGB camera
as a scene camera, as long as it supports wireless connectivity and is
browser compatible (e.g., smartphone, tablet, PC + webcam).

3.1.2. The helper’s Web App

On the helper’s side, the Web App runs in the internet browser,
e.g., on a PC or tablet. This application is developed in JavaScript
(ECMAScript 6+). Its main function is to receive live video and audio
from the worker’s cameras and present these to the helper, as well as to
transmit the helper’s audio stream and 2D annotations (i.e., cursor and

1 https://unity.com/
2 https://docs.microsoft.com/en-us/hololens/hololens1-hardware

drawings) to the worker. The Web App offers the helper simultaneous
access to different views of the worker’s space through each of the
camera video feeds, which are presented as thumbnail previews on the
right side of the interface (see Fig. 1, C). Upon clicking on a thumbnail,
the selected video is shown in the large central video window, on
which the helper can then make pointing gestures and drawings that
are shown to the worker in AR. The helper’s audio is transmitted to
the selected camera device in the worker’s space.

3.1.3. Communication protocols

The helper’s Web App and the worker’s multiple instances of the
Camera App act as peers in a network, and transmit video and audio us-
ing WebRTC.® Further types of live information are exchanged between
the worker and helper applications using a Node.js collaboration server
and websockets. For example, the Web App transmits the helper’s 2D
annotations and information about the currently selected camera to the
worker’s AR App. The AR App then uses this information for projecting
the annotations into the 3D workspace (see Section 3.3).

3.2. Ad-hoc calibration of cameras

Generally, cameras of AR remote assistance systems require cali-
bration, i.e., calculation of the camera’s intrinsic and extrinsic param-
eters, to enable correct augmentations in the workspaces they capture.
When using CueCam the worker places multiple scene cameras in the
workspace to provide the helper with views of different work areas
that are relevant to the remote assistance task. To ensure correct
presentation of the AR awareness cues and the helper’s 2D annotations
in the worker’s 3D environment, the scene cameras must be calibrated:
The intrinsic parameters and distortion coefficients of each camera are
obtained through a standard calibration procedure before use,* while
the extrinsic parameters are computed ad-hoc through the following
calibration process, as also illustrated in Fig. 3.

1. The worker approaches each scene camera in the work space
and scans a unique image target (marker) on the camera using
the AR App on the HMD (see Fig. 3). This is achieved with
the voice command “Scan Marker”, which triggers capture of
the marker with the front-facing camera integrated in the HMD.
When using tablets or smartphones as scene cameras, the marker

3 https://webrtc.org/
4 OpenCV Documentation:
tutorial_py_calibration.html.

https://docs.opencv.org/master/dc/dbb/
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Fig. 3. Calibration process. (Left) Top-down view illustrating the worker’s path through the workspace when populating the space with virtual cameras by scanning an image
target on each real camera. (Right) View of the workspace after calibration, with the aligned virtual cameras superimposed on the real cameras as colored wireframes.

Fig. 4. Markers on the camera devices are used for calculating the extrinsic camera parameters and aligning virtual camera to physical camera. (Left) Physical marker on webcam.

(Right) Virtual marker on screen of smartphone.

can simply be displayed on the device’s screen, while regular
cameras require attachment of a physical marker (e.g., printout
on paper attached to webcam; Fig. 4). The AR library Vuforia is
used for marker tracking.

2. Upon scanning the marker, its pose and the associated camera
ID are extracted.

3. The pose of the associated camera is computed based on the
tracked marker pose. For this, a rigid transformation between
the marker and camera lens must be determined a priori and
entered into the system programmatically. This is usually a
simple translation due to the offset between marker and camera
lens.

4. A virtual camera is created with the same extrinsic and intrinsic
parameters as the physical camera. The virtual camera appears
to the worker as a wireframe model that is superimposed on the
physical camera (see Fig. 5), providing visual feedback for the
achieved calibration.

5. As the worker moves about the workspace, the HMD continues
to keep track of the virtual cameras in the scene through its
inside-out tracking capabilities.

This process must be done for any camera that is added to, moved,
or removed from the workspace. Hence, if a single camera in the setup
is moved, only that particular camera must be recalibrated by simply
re-scanning its marker with the HMD, while existing calibrations are
maintained for the remaining (unchanged) scene cameras. This facil-
itates easy reconfiguration of the camera setup, allowing the worker
to add and move scene cameras ad-hoc during remote assistance. In
contrast, in related work the placement of scene cameras is usually
assumed to be fixed after initial calibration, which must be done before

remote assistance commences and often involves tracking of one central
marker with known placement in the workspace [4,6]. Importantly, our
approach enables the helper and worker to negotiate appropriate views
of the workspace throughout their remote assistance session, which
may contribute to the helper’s workspace awareness. Furthermore, in
comparison to using a central marker in the workspace for calibration
that favors an outside-in multi-camera configuration with overlapping
FoVs, our approach is agnostic to the particular spatial configuration
of cameras: The calibration procedure works the same regardless of
whether the cameras cover separate areas, or whether their views over-
lap. See Fig. 8 for examples of spatial camera configurations supported
by our procedure.

3.3. 3D interpretation of 2D annotations

From knowing the pose (extrinsic parameters) and the intrinsic
parameters of the scene cameras (see Section 3.2), the AR App can
interpret the helper’s 2D cursor position and drawings on a camera’s
video feed as 3D annotations. For this 3D interpretation, we currently
make use of the spraypaint technique [39], where a 2D pixel position in
screen space is projected into the world along a ray from the camera’s
focal point. The resulting 3D position of the pixel is at the intersection
point of the ray with the reconstructed surface mesh of the workspace.
Consequently, as is shown in Fig. 1 (A), the helper’s cursor appears as
a Virtual Hand that moves along the reconstructed surface of the 3D
workspace. Similarly, when the helper makes drawings, the projection
from screen space to world space is done for every drawn pixel. Hence,
to the worker the drawings appear mapped onto the reconstructed 3D
surfaces in the workspace. Precise 3D interpretation of 2D annotations



T. Rasmussen et al.

AN

o L

Journal of Visual Communication and Image Representation 89 (2022) 103655

1

. -

~

Fig. 5. From the point of view of the worker’s Hololens in AR after calibration: The four scene cameras are augmented with the wireframes of their corresponding virtual cameras.
In the Virtual Hand + Color Cue condition, the wireframe of each camera has a distinct color, while in the other awareness cue combinations all wireframes are green. (The
misalignment of wireframes is a result of the screen capture method. Alignment is accurate, when seen through the HMD).

requires that we model the scene cameras with accurate values for
camera extrinsics, intrinsics, and distortion coefficients. We achieve this
through the calibration procedure described previously.

3.4. Augmented reality awareness cues

From the worker’s point of view, a helper, who switches between
multiple camera views in the Web App to access different areas in the
workspace, appears to “teleport” from one location to another. Through
his AR App, the worker might see the helper pointing at a component
in one area of the workspace, and in the next instant sees her drawing
in a completely different area. Thus, it can be difficult for the worker to
remain aware of the helper’s location and activities. We aim to address
this issue with three different AR awareness cues: (1) Virtual Hand, (2)
Spatial Sound, and (3) Color Cue, which are described in more detail
below.

The design of these AR awareness cues was motivated by the aim to
systematically explore multiple output modalities and different search
strategies (see Section 4), thereby extending on the related work.
Initially, a guiding AR arrow was designed as a fourth cue, based
on the Hololens design guidelines from Microsoft. This arrow was
persistently visualized next to the Hololens AR cursor and indicated the
direction to the helper’s viewpoint. However, in a pilot study the arrow
was perceived as misleading and hampered participants’ performance.
Hence, this variant was not explored further.

Virtual Hand: The Virtual Hand is the helper’s User Representa-
tion [40] in the physical workspace and serves as an explicit com-
munication cue, as it represents the helper’s mouse cursor and allows
pointing and drawing within the worker’s 3D space: When the helper
moves her mouse cursor around on a live video from the currently
viewed camera, the 2D cursor position is projected into the worker’s
space and shown as a 3D Virtual Hand (see Fig. 1, A and C). The
pose of the Virtual Hand is determined by the direction of the vector
from the focal point of the currently viewed camera to the intersection
point with the reconstructed surface mesh. Hence, the Virtual Hand
implicitly acts as an awareness cue, informing the worker about the
helper’s location (i.e., the location of the camera currently viewed by the
helper) and focus (i.e., the object of interest according to the position of
the Virtual Hand in the workspace). Further, when the helper draws on
a video by dragging the mouse during left click, the helper’s 2D drawing
is projected into the worker’s space as a 3D drawing. Hence, to identify
the helper’s location and focus, the worker can visually search the work
areas for the Virtual Hand or an annotation that is being created.

Spatial Sound: Loudspeakers integrated in, or co-located with, the
camera devices can emit Spatial Sound to provide feedback about
the helper’s location. For this awareness cue we propose that during
conversation the worker hears the helper’s voice from the camera that
is currently being viewed (illustrated in Fig. 1, E). Further, the viewed
camera device emits continuous white noise when the helper moves
her cursor over the video window, and the sound of a pencil on paper
when drawing. The latter is inspired by the concept of consequential
communication: co-located collaborators see and hear each other as a

consequence of their activities in the workspace without the need for
constant verbal communication [33]. In similar manner, Spatial Sound
can provide continuous information about the helper’s location and
activities and may also be used in a call-and-response fashion when
needed (e.g., worker: “Where did you jump to now?”; helper: “I'm over
on this side”.). Thus, Spatial Sound can inform the worker about the
helper’s location and activities through an auditory search.

Color Cue: With this cue type the worker perceives a persistent
Color Cue in his FoV-in our particular implementation we use the
Hololens AR cursor, a colored disc located at the intersection between
a ray cast from the head of the worker in gaze direction and the mesh-
reconstruction of the environment. For the purpose of Color Cue, each
of the cameras is assigned a unique color (green, blue, red, or pink),
and the color of the cursor then reveals which camera the helper is
viewing (see Fig. 1, F). The assigned camera colors are made evident
by coloring the corresponding camera wireframes in the worker’s AR
view (Fig. 5). Thus, when a change in the Color Cue indicates that the
helper has switched camera, the worker can locate the helper’s new
viewpoint by mapping the color of Color Cue to that of the cameras.
This may require a visual search strategy, but is likely also supported by
the worker’s spatial memory of the camera-color mapping. Color Cue is
inspired by the realization that the number of locations (or viewpoints)
the helper can “navigate to” in a multi-camera remote assistance system
are limited; in contrast to remote assistance systems that make use of
shared 3D reconstructions [30,31] or 360-degree views [22,24], where
the helper can navigate with 6DOF or 3DOF respectively and hence
must be located in a continuum. The fixed number of locations in a
multi-camera system makes it possible to represent these with colors
or to use other symbolic representations.

The three proposed cues differ in the type of information they
convey, the modality this information is conveyed by, and the search
strategies they require from the worker. While Virtual Hand provides
information both about the helper’s location (i.e., currently viewed
camera) and focus in the camera view (position of cursor), Spatial
Sound and Color Cue only indicate the helper’s location. The latter
may not suffice, when a camera covers a large work area, or an area
with a multitude of components that cannot easily be identified by
verbal descriptions. Therefore to ensure that both the location and
focus of the helper is available, and because the ability to point and
draw annotations in the worker’s space has become a common feature
in remote assistance solutions, we propose to apply Virtual Hand in
combination with Color Cue and Spatial Sound.

4. Evaluation of AR awareness cues

To evaluate the effectiveness and experience of the awareness cue
combinations in our multi-camera remote assistance system, we con-
ducted a controlled lab study with participant pairs, who took turns
acting as worker and helper. Aiming to explore how the proposed the
AR awareness cues contribute to the worker’s awareness of the helper
in a large workspace, the worker was tasked with repeatedly identifying
the helper’s location and focus in the workspace.
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4.1. Study design

In a within-subjects design we compared the following three aware-
ness cue combinations (conditions) in counterbalanced order:

1. Virtual Hand Only (VH; baseline condition): When the helper
points to something in the live video feed with her mouse cursor,
the worker sees this cursor projected into his workspace as a 3D
virtual hand.

2. Virtual Hand + Spatial Sound (VH+SS): In addition to the
Virtual Hand, a continuous sound is emitted from the camera
device that the helper is currently viewing, while she moves her
cursor on the video feed.

3. Virtual Hand + Color Cue(VH+CC): In addition to the Virtual
Hand, the color of the worker’s AR cursor changes to reflect the
unique color assigned to the camera currently viewed by the
helper.

For the worker, the default color of his circular AR cursor and
the virtual outlines of all cameras is green; the cursor and outline
colors only differ in the Virtual Hand + Color Cue condition. To aid
understanding, Fig. 1 (D-F) provides an illustration of these three
conditions.

To locate the helper in both the Virtual Hand Only and Virtual Hand
+ Spatial Sound conditions, the worker must search the workspace to
find the hand or the sound source. In the first case a visual search for
the virtual hand is needed. In the latter the helper’s new location is
advertised by a shift in sound source, which may be beneficial when
the virtual hand is beyond of the worker’s FoV or occluded by physical
obstacles. The Virtual Hand + Color Cue condition further provides a
persistent cue of the helper’s location in form of the Color Cue, which
is always in the worker’s FoV. The worker can identify the helper’s
view, by matching the color of the cue cursor to the correspondingly
outlined camera. Spatial memory may aid the recall of colors and
camera locations, so that no visual search is needed.

Note that we do not compare to any no-cue condition, in which
no aid is given for finding the helper’s location. This is due to the
Virtual Hand being elementary for enabling explicit remote assistance
(i.e., guiding a worker through a physical task by pointing out compo-
nents and demonstrating actions), which implicitly provides informa-
tion about the helper’s location and focus. Hence, this study evaluates
the benefit of adding further awareness cues (Spatial Sound, Color
Cue) to the baseline condition (Virtual Hand Only). The study design
consists of one independent variable with three levels (awareness cue
combinations) about which we have made the following hypotheses:

H1 Workers perform better at locating their helper with Virtual Hand
+ Color Cue, compared to the other awareness cue combinations.
We reason that spatial memory facilitates the mapping of Color
Cue to scene cameras with unique colors, thereby reducing the
need for the worker to perform a visual or auditory search for
the helper.

H2 Workers perform better with Virtual Hand + Spatial Sound than
with Virtual Hand Only, since sound can be perceived and located
without facing it directly. In contrast, the Virtual Hand can only
be located when it is in the worker’s FoV and a visual search for
it may require more time.

H3 Workers prefer Virtual Hand + Spatial Sound over the other con-
ditions, since it does not require a visual search for the Virtual
Hand, nor memorizing the location and color of cameras for
interpreting the Color Cue.

For H1 and H2 we evaluated the workers’ Task Performance in
the search task by counting the number of helper locations that were
correctly identified with each awareness cue combination. To test
H3, we evaluated the workers’ Preference as a ranking of awareness
cue combinations (from best to worst) in a post-study questionnaire.
Further, after each trial, workers were asked to indicate the Ease of
Use for each awareness cue combination on a 5-point Likert scale.
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4.2. Experimental task and apparatus

To compare the effectiveness of our cues, we designed a search task
in which the worker (AR user) was asked to repeatedly locate the helper
(PC user) in a large, room-sized workspace for the duration of two
minutes. It should be noted that this search task does not reflect the
complexity of an authentic remote assistance scenario, but was chosen
with the intention to limit confounding factors. This task was repeated
for each awareness cue combination.

The worker’s setup was constructed in the following way: Three
tables and a whiteboard were distributed in a 3 x 4-meter workspace,
as illustrated in Fig. 3. These represent different work areas. Four scene
cameras (2 x iPad 6 with Safari 12, 1 x iPad Mini 4 with Safari 12, 1 x
Galaxy s9 smartphone with Chrome) were mounted on the tables and
whiteboard, such that their front-facing cameras captured a specific flat
surface in the respective work area (i.e., tabletop/whiteboard surface).
Importantly, the workspace was designed to warrant the use of multiple
cameras, as is illustrated in Fig. 8 (Config 1). Therefore, the work
areas were spatially configured such that it was not practical to capture
the workspace in its entirety and in detail from the perspective of a
head-worn camera or single mounted camera alone. Further, simulating
scenarios that require fine grained manipulations, the cameras were
mounted such that they capture a high-detail view of their respective
work areas. As a result, the distance between the helper’s viewpoint
(camera location) and focus (location of Virtual Hand on work area) is
small, allowing the worker to identify the helper’s focus based on each
camera location.

The helper was seated at a desk adjacent to the worker’s lab space.
To better emulate remote assistance, a wall divider ensured that par-
ticipants could not see each other. The helper interacted with the Web
App on a laptop computer (Dell XPS with an Intel Core i7 2.80 GHz
CPU) and was instructed to move her mouse cursor around on the
active video view of a work area. To the worker, the helper’s cursor
appeared as a Virtual Hand moving on the reconstructed surface mesh
of the respective work area. Upon identifying the helper’s location and
focus, the worker indicated this by placing his palm on the surface
where the Virtual Hand was projected. The helper then immediately
“moved” to another work area by selecting another camera thumbnail
in her Web App. A colored icon in the Web App indicated, which of
the four color-coded camera views to select next. Worker—participants
were instructed to correctly locate the helper in as many work areas as
possible, without running. The number of successfully identified helper
locations was visualized to the worker after each trial, to motivate high
performance.

To ensure fair comparisons between participants, the order of con-
secutive camera views/work areas was pre-computed for each condi-
tion as a random sequence, while ensuring the same level of difficulty
and same overall minimum path length for all participants. Each of
these sequences consisted of 200 entries, referring to one of the four
installed scene cameras. The same camera view never appeared twice
in a row (i.e., there was always a change of work area/camera view).

4.3. Participants

We recruited 12 voluntary participants (2 female, 10 male), rang-
ing from 23 to 34 years of age (avg. age: 27). They were primarily
recruited from our university campus, via email and online groups.
English language proficiency and normal or corrected-to-normal vision
were acceptance criteria for participation. Participants were paired up
in 6 groups, whereby 5/6 pairs knew each other before the study.
Participants were compensated for their time with treats. Based on 7-
point Likert scale ratings (“never” to “very often”), 8/12 participants
had never or very rarely used AR, 3 indicated often or very often, and
one participant was undecided. One participant, P11, was red-green
color blind, thus the colors of the cameras and Color Cue used in the
Virtual Hand + Color Cue condition had to be adjusted for his session.
He was asked to confirm before the experiment, that four new camera
colors (white, blue, red, pink) were easily distinguishable.



T. Rasmussen et al.

4.4. Procedure

The workspace with the scene cameras was calibrated by the ex-
perimenter before the study. Participants arrived in pairs, received
information about the experiment together, and then each gave their
informed consent and completed a pre-study demographics question-
naire. They then received a detailed introduction to the multi-camera
remote assistance system and took turns trying out the worker’s AR
App and the helper’s Web App. To help them attain the right mental
model of how the system worked, we pointed out that 2D annotations
made on the video window by the helper were converted into 3D AR
annotations in the worker’s space. Furthermore, in a small training
task, they each practiced locating the respective helper with the three
proposed awareness cues. Participants were then randomly assigned
the role of worker or helper for the first part of the study, in which
they performed the 2-minute search task described above for each
awareness cue combination in counterbalanced order. Before each trial,
the current awareness cue combination was again explained to the
participant in the worker role. During the trials, participants were
asked not to communicate verbally during trials, but to rely solely
on the awareness cues. After each trial, the participant in the worker
role was asked to fill out a brief questionnaire, rating the Ease of
Use and their qualitative experience with the respective awareness cue
combination. After conclusion of all trials, the worker filled out a post-
study questionnaire, ranking the awareness cues from best to worst and
providing additional qualitative feedback. Then followed the second
part of the study, in which participants repeated the above procedure
in swapped roles.

5. Results

We report on the results of our controlled study with three de-
pendent variables, i.e. the different awareness cue combinations. Task
Performance, Ease of Use, and Preference data as well as qualitative
feedback was collected. For statistical analysis in R,> we define an
a-level of 0.05.

5.1. Task performance

Fig. 6 shows the collected Task Performance data for the search
task for each condition. Mauchly’s test shows no violation of sphericity
W) = 0.72,p = 0.19). With one-way repeated-measure ANOVA,
we found a significant effect of awareness cue combination on Task
Performance (F(2,22) = 15.34, p<0.01, #* = 0.58 with CI = [0.18,0.63]).
Post-hoc comparisons using paired t-tests revealed the significant dif-
ferences between all conditions: On average, participants correctly
identified 34.33 (S D = 7.46) helper locations with Virtual Hand + Color
Cue, thereby performing significantly better than with Virtual Hand
Only with 25.17 locations (SD = 5.86; p < 0.01), as well as Virtual Hand
+ Spatial Sound with 30 locations (SD = 4.97; p < 0.05). This lends
support to HI1. Also Virtual Hand + Spatial Sound led to significantly
better Task Performance than Virtual Hand Only (p < 0.05), supporting
H2.

According to Kendall’s rank correlation test, participants’ Task Per-
formance did not correlate with their indication of prior AR experience
(z(31) = 0.13,p = 0.34).

5 R-Project: https://www.r-project.org/.
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5.2. Ease of use and user preferences

After each trial we asked the worker to rate their agreement with
the statement “It was easy to use [awareness cue condition] to locate
the helper” on a scale from 1 (“strongly disagree”) to 5 (“strongly
agree”). The results are visualized in Fig. 6. A Friedman test revealed
a significant effect of awareness cue combination on ratings of Ease of
Use (X?%(2) = 8, p < 0.05). Posthoc pairwise comparisons using Wilcoxon
rank sum test with Bonferroni correction showed that participants
found the Virtual Hand + Color Cue significantly easier to use than the
Virtual Hand Only (p < 0.05,r = 0.54). No significant difference were
found between Virtual Hand Only and Virtual Hand + Spatial Sound
(p = 0.22), or Virtual Hand + Spatial Sound and Virtual Hand + Color
Cue (p =0.22).

After the Virtual Hand + Color Cue-trial we asked participants to rate
their agreement with the statement, “Instead of locating the helper by
the color of the cursor, I looked for the helper’s virtual hand”: 8 out
of 12 participants rated the statement with a 1 (“very rarely”) and 1
participant rated it with a 2 (“rarely”). So, the majority of participants
did not rely on the Virtual Hand, when the Color Cue was available.
However, some participants had issues with the Color Cue as is evident
from the qualitative results below.

Participants were asked to rank the awareness cue combinations
by indicating their first (rating: 1), second (rating: 2) and third choice
(rating: 3). Pairwise Fisher’s exact tests revealed that preference signifi-
cantly differed by awareness cue combination (VH vs. VH+SS: p < 0.05;
VH vs. VH+CC: p < 0.01; VH+SS vs. VH+CC: p < 0.01). As can be seen
from the visualization of these results in Fig. 7, Virtual Hand + Color
Cue was predominantly the first choice (ranked 1st by 9/12 and 2nd by
3/12 participants). Virtual Hand + Spatial Sound achieved second place
ranked 1st by 2/12, 2nd by 7/12 and 3rd by 3/12 participants, while
Virtual Hand Only was consistently least preferred ranked 1st by 1/12,
2nd by 2/12 and 3rd by 9/12 participants. Thus, H3 is not supported.

5.3. Qualitative results

In the post-study questionnaire, the worker was asked to explain
their indicated preference of awareness cue combination. Most partic-
ipants responded that they preferred the Color Cue for locating the
helper, because it was easy to remember the colors and positions of
the different cameras. Participants explained that, “Knowing that the
color of the cursor could be matched to the color of a camera, I just had
to remember the position of the colors” (P2); “I think the strength of the
color cursor is that you learn, which color is where in the room, so you
do not have to rely on looking through the narrow field of view” (P4);
and “After memorizing the colors’ location, it was the easiest cue” (P9).
This is also reflected by additional data collected after the Virtual Hand
+ Color Cue-trial: all participants rated the statement “After a while I
had remembered the colored cameras” either with a 4 (“agree”) or 5
(“strongly agree”). P3 mentioned that he liked the color cursor better,
because “moving your head is not required”. P4 and P8 justified their
dislike of the Virtual Hand as follows: “I liked the moving hand the least
because every time the helper moved, you might have to look around at
all the other locations” (P4); “You have to look for the hand all the time”
(P8). These statements align with observations of the experimenter that
the worker would often continuously move their head in search for the
cursor in the Virtual Hand Only condition. Only one participant, P11,
who was color blind, preferred the Virtual Hand. To summarize, the
Color Cue was preferred, since with it the worker did not have to search
for the helper, in contrast to both Spatial Sound and the Virtual Hand.

While most people performed best with and preferred the Color Cue,
this cue still posed some challenges. One issue mentioned was visibility:
“It is difficult to see the color (of the cursor), if the background is not
white” (P3) and “The red and pink color are too similar” (P8). Similarly,
P11 had difficulties distinguishing between the white and pink color of
the cursor and virtual cameras, so he would rely on the virtual hand
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Fig. 6. (left) The worker’s performance was significantly affected by awareness cue combination. Performance was lowest in Virtual Hand Only condition (VH) and highest for
Virtual Hand + Color Cue (VH+CC). Y-axis shows number of areas visited within a 2-minute period. (right) Participants rated their agreement with the statement “It was easy to
use [awareness cue condition] to locate the helper”. Virtual Hand + Color Cue (VH+CC) was the easiest to use, while Virtual Hand Only (VH) was the least easy to use.
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Fig. 7. Participants ranked the awareness cue combinations, indicating their 1st, 2nd,
and 3rd choice. Virtual Hand + Color Cue (VH+CC) was the first choice for 9/12
participants, while 3 rated it as second choice. Only 2 participants preferred Virtual
Hand + Spatial Sound (VH+SS), while most named this as their second choice. Almost
all participants named Virtual Hand Only (VH) as their least preferred (10/12).

to locate the helper in those situations. The issues with Color Cue is
also evident from data collected after the Virtual Hand + Color Cue-
trial: 2 out of 12 participants rated the statement, “Instead of locating
the helper by the color of the cursor, I looked for the helper’s virtual
hand”, with a 4 (“often”). A further challenge was the projection of the
Hololens cursor onto the surface reconstruction of the environment: P9
volunteered that “If the marker was stationary instead of disappearing into
the room, it would have been easier” and suggested to display the Color
Cue as head-stabilized information, instead of using an AR cursor.

P1 and P7 preferred the Spatial Sound, even though they performed
better with the Color Cue: “Sound is the most intuitive. Looking for the
color requires me to focus more on the task of searching” (P1). Similarly,
P7 preferred sound, because it provided him with a cue for what
direction to move in, unlike the other awareness cues. “I could locate
next position while looking for ways to move there” (p7). This meant that
he could start moving in the general direction of the helper right away,
without knowing the exact location. P3 suggested to improve Spatial

Sound, by making the sound of each camera unique, thereby giving it
similar properties as Color Cue, which supports memorization.

6. Discussion

In the following, we discuss design implications of our awareness
cues and reflect on the sensory modalities involved. We further discuss
the camera configuration chosen for our study, and present pros and
cons of our camera calibration procedure.

6.1. Design implications of our AR awareness cues

While our results show that all awareness cues were effective, we
found that workers were significantly faster at locating the helper in the
Virtual Hand + Color Cue condition compared to the other conditions.
The majority of workers explained that they could easily memorize the
color mappings, which enabled them to perform faster in this condition.
This lends support to our first hypothesis (H1). Thus, our study suggests
that a Color Cue, which is always in the worker’s FoV, is efficient
and easy to use for identifying a small and memorizable set of helper
locations. While other persistent indicators for the helper’s location,
such as arrows or a compass [41], share some qualities with the Color
Cue, the latter may have an advantage in leveraging remembered infor-
mation in addition to interpreting visual information in the world. We
recommend the use of a Color Cue in industrial scenarios, in particular
when the noise from machines makes Spatial Sound impractical to use.

However, some study participants experienced difficulties in per-
ceiving the color of the cursor or distinguishing the colors of the virtual
cameras with Virtual Hand + Color Cue. Particularly the colors pink
and red sometimes looked quite similar. Due to the optical see-through
HMD, these perception issues were further exacerbated by lighting
conditions in the environment. Color blindness may be an additional
factor to consider. We therefore wish to highlight the importance of
carefully choosing contrasting colors and designing a Color Cue that
can be clearly distinguished, for example by also varying the cursor’s
shape and using symbolic representations for work areas.

Another design implication refers to the violation of depth cues
when persistently displaying awareness cues that are behind an object.
This choice to NOT occlude the Virtual Hand and virtual cameras was
made consciously to ensure visibility of these cues, even when the
worker’s line of sight to the helper’s location may be obstructed. For
example, in our experimental setup, a scene camera was attached to
the whiteboard in the middle of the room, providing a view of the
whiteboard’s front surface. A worker pointed out that it was confusing
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Fig. 8. Config 1 depicts the camera configuration evaluated in the presented study. Configs 24 show alternative examples of camera configurations. Notably, Config 3 involves

capturing only one work area, and Config 4 relies on the use of only a single camera.

to still see the Virtual Hand through the whiteboard when moving
behind it. The lack of occlusion briefly gave the misleading impression
that the helper was viewing the back side of the whiteboard. However,
the worker was quickly able to correct this interpretation, based on
knowledge of which work areas were covered by the scene cameras.
While we argue that visualizing information about a thing or person
that is occluded by a physical obstacle can be useful for maintaining
workspace awareness, we recommend to represent occluded cues dis-
tinctly to support correct depth interpretation, e.g., using an “X-ray”
mode as in [42].

6.2. Sensory modalities and attention

In our experiment, participants were given an artificial search task
that allowed direct comparison of three different awareness cue com-
binations. In this controlled study, no other tasks competed for the
participants’ attention. This was desired to avoid confounding factors,
but is not faithful to a real remote assistance scenario, where a local
technician may be simultaneously engaged in the tasks of repairing a
machine, monitoring its status, and communicating with the remote
helper. Thus, their visual and/or auditory attention is divided between
the physical domain task and maintaining awareness of the helper.
According to the multiple resource model of Wickens [43], tasks can be
performed better when distributed across sensory modalities, because
they compete to a lesser degree for the same cognitive resources. This
implies that a redundant use of awareness cues - e.g. simultaneous
use of Spatial Sound and Color Cue - may be worth considering in a
real remote assistance scenario. For example, if the worker’s auditory
attention is occupied during conversation with a remote helper, the
Color Cue may be most useful for locating the helper. Vice versa, if
the worker’s visual attention is occupied during an assembly/repair
task, it may be best to use Spatial Sound for conveying the helper’s
location. The work of Yang et al. [36] supports this in demonstrating
that combination of a visual awareness cue (the helper’s view frustum)
with spatial sound improved the worker’s feeling of social and spatial
presence compared to using spatial sound alone. It even seems reason-
able to assume that a combination of all three awareness cues (Virtual
Hand, Spatial Sound and Color Cue) might be most advantageous,
since it allows workers to resort to various strategies for locating the
helper depending on their situation. However, we refrain from making
assumptions about whether redundant cues could impact the worker’s
cognitive load. As future work it would be interesting to conduct a
controlled study with the dual tasks of completing physical manip-
ulations of task objects while maintaining awareness of the helper.
This would allow us to better understand the benefits and challenges
of simultaneous, redundant awareness cues and the user’s reliance
on visual and auditory modalities when awareness cues and physical
domain tasks compete for the worker’s attention.

It should be noted that our awareness cues are limited to the
visual and auditory modalities, and including the haptic modality may
provide obvious benefits over sound, especially if the objects in a search
task are close to each other [37]. Nevertheless, this supposition remains
for future work to verify.
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6.3. Camera configurations

For the experimental search task we distributed the scene cameras
such that each covered its own separate work area within a large space.
However, our system also allows the exploration of other scene camera
configurations. Some examples are illustrated in Fig. 8. We chose the
current configuration (Config. 1 in Fig. 8), since it facilitated that the
worker had to search for and navigate to the helper’s location, enabling
us to better study the effectiveness of our awareness cues in a large
space. Furthermore, this configuration reflects a potential workspace
layout in an actual remote assistance scenario in industry, e.g., when
troubleshooting a large manufacturing machine that consists of multi-
ple areas of interest with both vertical and horizontal surfaces. Config.
2 in Fig. 8 similarly describes a large workspace, with each camera
covering a distinct area on a large object, e.g., a machine. However,
all cameras are arranged in an outside-in manner, pointing at differ-
ent sides of the object. While such a scenario would have supported
a comparison of our awareness cues, the regular and homogeneous
layout was deemed an unreasonable simplification. Conversely, Config.
3 would not have been useful for our evaluation of awareness cues.
In such a configuration, a change of the helper’s view point leads to
a change in perspective, but the area of attention remains the same,
thereby strongly reducing the need for awareness cues. Finally, Config.
4 shows a single camera on one side of a room, providing the helper
with a wide view of multiple work areas at various distances. This
scenario serves nicely to discuss some limitations of Spatial Sound and
the Color Cue, since these cues only provide information about the
helper’s location in terms of the viewed camera. Thus, there can be no
clear mapping between the helper’s location (camera position) provided
by the cues and the helper’s focus of attention. Nevertheless, Color Cue
and Spatial Sound could be modified to be useful in such a scenario.
For instance, Spatial Sound could be implemented as a spatial 3D sound
emanating from the position of the Virtual Hand, by playing it through
the HMD instead of the scene cameras. Furthermore, the Color Cue
could map to particular areas in the task space instead of mapping
to cameras, for instance by presenting cues as colored virtual arrows
hovering over each area (see Fig. 9). This would require, however, that
the areas can be identified from one camera view — either predefined
by a user or identified by a computer vision algorithm.

6.4. Calibration of multi-camera remote assistance systems

Calibration processes for multi-camera AR remote assistance com-
monly require that camera devices track the pose of one central marker
on the physical surface that is to be augmented [4,6,44]. This marker
must therefore be visible to all scene cameras, enforcing an outside-
in camera configuration with overlapping FoVs. This approach may
cause difficulties, for example during maintenance of a large injection
molding machine, where there may be no obvious way to attach a cen-
tral marker to the machine, while ensuring that multiple disconnected
areas can be observed. Further, using multiple fixed cameras without
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Fig. 9. Improving Color Cue by mapping color of cursor to areas instead of to cameras.

the option to move them arguably reduces the usefulness of the multi-
camera setup [18]. Finally, altering such multi-camera setups during
remote assistance can be challenging, as maintaining the overlap of
FoVs limits the possibilities for camera placement or requires moving
markers around, and recalibration of the entire workspace can be time
consuming.

To overcome these challenges, our approach involves a marker
attached to each camera, either virtually on tablets/smartphones or
physically on webcams (see Fig. 4). This enables the worker to add,
move, and recalibrate cameras in the workspace in an ad-hoc manner,
by simply re-scanning individual markers with the HMD. Our camera
calibration process thereby differs from and extends on related work
in two important respects: Firstly, it supports configurations where
cameras cover distinct, non-overlapping areas, as the need for plac-
ing markers in the workspace and ensuring that they are within the
camera’s FoV is eliminated entirely. Secondly, our approach supports
ad-hoc reconfiguration of the setup, when adding, moving, or removing
individual cameras during remote assistance. Our work also presents an
alternative to the approach demonstrated by Piumsomboon et al. [26],
who track the pose of a movable 360-degree camera with an outside-
in tracking system (HTC Vive). In comparison, our calibration process
only relies on the inside-out tracking of the AR-HMD to keep track of
camera poses and is thus not restricted to a space with an installed
tracking system. Using CueCam, multiple cameras can flexibly be set
up in any space that has suitable features for inside-out tracking.

However, off-loading the calibration process onto the HMD also has
some disadvantages. First, a rigid transformation must be calculated for
each marker and camera lens pair. A current limitation of our AR App is
that these transformations (translations in our case) must be measured
and input manually, once per camera, prior to calibration. Future work
involves may address the intuitive definition of these transformations,
e.g., by aligning a virtual camera lens with its physical counterpart
through direct manipulation in an AR application. An additional limi-
tation of our calibration process is the possible drift over time due to
the inside-out tracking of the HMD. Over extended use, this causes the
virtual camera poses to deviate from their physical counterparts and
therefore the 3D interpretation of 2D annotations and visual awareness
cues to become slightly offset from their true positions. However, the
performance of inside-out tracking is ever improving and we plan to
migrate the AR App to Hololens v2, to alleviate this issue in future
work.
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7. Limitations and future work

We wish to mention a number of additional limitations of the
presented work, which have not yet been addressed. Most importantly,
our findings relate to our specific experimental setup and our partic-
ular implementation of each awareness cue. Future observations may
therefore differ for alternative designs or hardware.

First of all, visual search for the Virtual Hand was likely affected by
the narrow FoV of the supported AR-HMD (Hololens version 1) [45].
This may have especially impacted search performance in the Virtual
Hand Only condition. It remains for future work to explore whether a
larger FoV improves the worker’s awareness of visual cues. In addition,
a better implementation of a guiding arrow, such as the one in [3], may
have led to an improved visual search.

In respect to the design of our Spatial Sound, a participant suggested
improvement by adding a uniquely identifiable sound to each camera
device, thus enabling the worker to use both recognition and recall, as
in Virtual Hand + Color Cue. Further, one participant commented that
the continuous sound of Spatial Sound might annoy and distract the
worker in a real-word setting. In a real industrial application requiring
prolonged use, more attention needs to be paid to the audio design.
The continuous sound might also be avoided, by allowing the worker
to query the system about the location of the helper, for instance by
issuing a voice command “Locate viewpoint” upon which a sound is
played once at the location of the helper. This is similar to a co-located
scenario, where one collaborator yells out “Where are you?” upon
which the other collaborator responds, “Over here!”. While CueCam
implicitly supports workspace awareness through voice communication
with localized sound (i.e., the worker can orient himself based on the
direction from which the remote helper’s voice is heard), the study
presented in this paper involved only artificial sound cues and no voice
communication. This was done to avoid confounding sound cues, since
study participants were physically co-located in the same room and
merely separated by a screen. This aspect warrants further exploration
in a study with non-co-located users.

Furthermore, in our system the worker perceives the helper as
teleporting from one work area to another when switching between
scene cameras. Thus, the direction and position of AR awareness cues
changes abruptly, which makes the Virtual Hand particularly difficult
to use for quick location of the helper. In contrast, in a co-located
collaborative scenario, a worker walking from one work area to another
continuously provides information about their location. Even when
they have left a co-workers FoV, the direction in which they walked
and the layout of the facility will support locating them. Future work



T. Rasmussen et al.

could aim at recreating such continuous information about the helper’s
change in location, e.g., by presenting an animation of a virtual char-
acter navigating from one area to another or by displaying movement
trajectories [46], and by playing spatial sounds through the worker’s
AR HMD instead of the camera devices. This would allow systematic
comparison of teleportation and animation tweening of awareness cues.
Directional arrows, as proposed by [22,47], might further support the
visual search for the Virtual Hand. It remains for future work to explore
such arrows as awareness cues in comparison to the ones proposed in
this paper.

Lastly, we made the deliberate choice to inform study participants
about the number of visited areas after each condition, because we
wished to create a gamified, competitive experience that would en-
courage them to perform their best. This may introduce a confounding
variable when evaluating preferences, since participants might be in-
clined to favor the condition in which they performed best. Yet, some
participants performed best with Virtual Hand + Color Cue but preferred
Virtual Hand + Spatial Sound, indicating that objective performance
measurements and subjective preferences do not always align.

We aim to explore the usefulness of add-hoc reconfiguration of
scene cameras during AR remote assistance in a future field study in
the manufacturing industry. We thereby hope to gain a better under-
standing about the number of cameras and configurations needed for
particular workspaces, and how camera work unfolds in real use cases.
This research area is yet under-explored and important for improving
remote assistance in large workspaces.

8. Conclusion

This paper presents a multi-camera remote assistance system that
aims to support shared workspace awareness between the local worker
and remote helper. The worker places multiple cameras in the
workspace, enabling the helper to independently explore multiple
perspectives. To allow for ad-hoc reconfiguration of the cameras by
the worker (e.g., upon request of the helper during the task), we
developed a novel AR-based camera calibration procedure. Further,
to help increase the worker’s awareness of the disembodied helper’s
current viewpoint and focus throughout the collaboration, we propose
three AR awareness cues. In particular, we implemented a Virtual
Hand, indicating the location of the camera viewed by the helper and
her assumed focus, as well as a Spatial Sound cue and a Color Cue,
which allow the worker to locate the helper’s point of view using
different strategies. We propose to apply the latter cues in combination
with Virtual Hand, and evaluated these in a user study comparing
three awareness cue combinations. While we find that all implemented
cues were effective, the combination of Virtual Hand + Color Cue
was superior to Virtual Hand + Spatial Sound and Virtual Hand Only
regarding performance and preference, and both Virtual Hand + Color
Cue and Virtual Hand + Spatial Sound were more performant than
Virtual Hand Only. With these new insights on AR awareness cues and
our proposed ad-hoc calibration method, we aim to contribute to the
design of future remote assistance solutions.
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