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A B S T R A C T

Remote assistance is a research area focusing on how to digitally sup-
port remote collaborative problem solving among workers in a given
domain, often supported by video and audio communication and
non-verbal guidance techniques. Remote assistance aims to save in-
dustrial companies the time and travel expenses of sending experts to
a remote location, and can support inexperienced employees on-site
in solving problems in collaboration with remote experts. The Covid-
19 pandemic has revealed even more urgent needs for remote assis-
tance as a way to protect employees and their scarce expert knowl-
edge.

My dissertation contains three overarching contributions: 1) identi-
fication of important tailorable aspects of remote assistance and how
they are applied in a manufacturing industry context; 2) awareness
techniques for improving workspace awareness during remote assis-
tance in large task spaces; 3) design space for remote assistance.

The first contribution comes from aspirations to meet real world
needs: more research attention must be paid to industry specific re-
quirements and challenges for remote assistance, since the majority of
research on remote assistance is conducted in the lab detached from
real-world settings. Increased attention is important because employ-
ees in the manufacturing industry such as machine operators and
field service technicians, who are faced with complex physical tasks,
stand to benefit greatly from advancements in remote assistance tech-
nology that addresses their needs. Therefore, in this dissertation, I
investigate manufacturing employees’ requirements to remote assis-
tance through interviews and observations. These investigations re-
veal a rich variety of requirements depending on the context of work,
including size and material properties of the industrial task space
and perceived urgency of assistance. It is therefore clear that a one-
size-fits-all approach doesn’t work, and tailorability is crucial for ef-
fectively supporting remote assistance in manufacturing. Thus, the
needs and requirements of employees were synthesized into a tai-
lorable component-based toolkit for remote assistance called Remote-
AssistKit (RAK), which supports tailoring aspects of interface mo-
bility, guidance format, guidance location, and task space capturing
with one or multiple cameras. A user evaluation of RAK was con-
ducted in a manufacturing setting to investigate how users tailor re-
mote assistance in various realistic scenarios.

This user evaluation led to a series of new findings on requirements
and challenges for remote assistance in the manufacturing industry,
including the challenge of maintaining workspace awareness between
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collaborators in large task spaces. This inspired the exploration of
two Augmented Reality (AR) multi-camera remote assistance sys-
tems, SceneCam and CueCam, which make up the second contri-
bution of the dissertation: new techniques for improving workspace
awareness during remote assistance with multiple cameras in large
task spaces.

Additionally, the variety of a needs and approaches to remote as-
sistance that were uncovered in my empirical studies and literature
studies inspired the third contribution: a formulation of a remote as-
sistance design space that can be used to understand both current
system contributions and future needs for research.

My contributions have led to new concepts for remote assistance
that fit the rich and challenging context of the manufacturing indus-
try.
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R E S U M E

Remote assistance ("fjernsupport") er et forskningsområde, som fokuserer
på digital understøttelse af kollaborativ problemløsning imellem ar-
bejdere indenfor et givent domæne, ofte understøttet af lyd- og videokom-
munikation og non-verbale teknikker til at yde support. Med remote
assistance kan industrielle virksomheder spare tid og rejseudgifter
ved at undlade at sende eksperter til en fjern lokation, og remote as-
sistance kan hjælpe uerfarne medarbejdere med at løse problemer i
samarbejde med eksperterne. Covid-19 pandemien har ført til yderligere
behov for remote assistance som en metode til at beskytte medarbe-
jdere og deres specialiserede ekspertviden.

Min afhandling indeholder tre overordnede bidrag: 1) identifika-
tion af vigtige tailorable ("konfigurerbare") aspekter af remote assis-
tance, og hvordan disse aspekter anvendes i en produktionsindustri-
kontekst; 2) digitale teknikker til at forbedre workspace awareness
("opmærksomheden") imellem de samarbejdende parter; 3) et design
space ("designrum") for remote assistance.

Det første bidrag stammer fra en ambition om at adressere be-
hov fra den virkelige verden: Der kræves mere fokus på forskning
i industri-specifikke krav og udfordringer til remote assistance, fordi
størstedelen af den nuværende forskning indenfor emnet bliver ud-
ført i laboratorier løsrevet fra de realistiske omgivelser fra den virke-
lige verden. Dette forøgede fokus er vigtigt, fordi ansatte i produk-
tionsindustrien, såsom maskinoperatører og serviceteknikere, hvis ar-
bejde er at løse komplekse fysiske opgaver, kan opnå store fordele
ved udviklingen af remote assistance teknologi, som imødekommer
deres behov. Derfor udforsker jeg produktionsmedarbejderes krav til
remote assistance igennem interviews og observationer in min afhan-
dling. Denne udforskning viser en rig mængde krav afhængig af ar-
bejdskonteksten, hvilket inkluderer størrelsen og de materielle egen-
skaber af det industrielle arbejdsområde og vigtigheden af tidslig re-
mote assistance. Det er derfor klart, at en "one-size-fits-all" tilgang
ikke fungerer, og tailorability ("konfigurerbarhed") er vigtig for at
understøtte effektiv remote assistance i produktionsindustrien. Der-
for blev produktionsmedarbejderes behov sammenfattet i ét konfig-
urerbart komponentbaseret remote assistance værktøj ved navn Re-
moteAssistKit (RAK), som understøtter at brugere kan konfigurere
forskellige aspekter af remote assistance, inklusiv interface mobility
("brugergrænseflade-mobilitet"), guidance format ("support-format"),
guidance location ("support-lokation") og task space capturing ("videoop-
tagelse af arbejdsområde") med en eller flere kameraer. En brugereval-
uering af RAK blev gennemført i produktionsindustrien for at under-
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søge, hvordan arbejdere bruger fjernsupport i forskellige realistiske
scenarier.

Denne brugerevaluering førte til ny viden omkring krav og ud-
fordinger til remote assistance i produktionsindustrien, inklusiv ud-
fordringer i forhold til at establere workspace awareness imellem de
samarbejdende personer i store arbejdsområder. Dette førte til ud-
forskningen af to Augmented Reality ("udvidet virkelighed") multi-
kamera remote assistance systemer, SceneCam og CueCam, der udgør
afhandlingens andet bidrag: nye digitale teknikker til at forbedre
workspace awareness under remote assistance mere flere kameraer
i store arbejdsområder.

De forskellige behov og tilgange til remote assistance som blev
identificeret i mine empiriske studier og litteratur studier inspirerede
det tredje bidrag: en formulering af et remote assistance design space,
som kan bruges til at forstå både nuværende system bidrag og frem-
tidige behov for forskning.

Mine bidrag har ført til nye koncepter indenfor remote assistance,
som passer til den rige og udfordrende kontekst i produktionsindus-
trien.
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Part I

O V E RV I E W





1
I N T R O D U C T I O N

Figure 1: Example illustration of remote assistance. A worker (left), who
wears an AR-HMD, sends a live view of the task space from his
perspective to a helper (right). The helper uses a PC to annotate
this view with an arrow. From the worker’s perspective in AR, the
arrow is visualized directly in the taskspace. The arrow is an exam-
ple of a non-verbal guidance technique often used in combination
with verbal communication.

The research area, Remote Assistance, focuses on how to digitally
support remote collaborative solving of physical tasks. A remote as-
sistance system typically enables the helper to communicate with
the worker verbally through bidirectional voice communication and
a shared view of the worker’s physical taskspace. Additionally, it
often supports the helper in the use of non-verbal communication
through various guidance techniques, which is demonstrated in Fig-
ure 1. Non-verbal guidance techniques include using a pointer, draw-
ings, or hand gestures on/in the shared view.

I define and scope remote assistance as: One or more persons re-
ceive computer-mediated assistance from one or more remote per-
sons in order to carry out a physical task. It is the assistance on a
physical task that sets remote assistance apart from the more general
topic of remote collaboration, which can involve purely virtual collab-
oration on abstract tasks. Throughout my dissertation, I use the term
"worker" for the assistance-receiving person, and the term "helper"
for the remote assistance-giving person, thus assuming a one-to-one
relationship between the helper and worker, unless explicitly stated
otherwise. Additionally, I choose to use the gender pronoun "he" for
the worker and "she" for the helper, to aid understanding. The space
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in which the physical task is carried out is referred to as a "task space".
A large task space is defined as a space that requires the worker to
walk between individual work areas, which is commonly the case in
manufacturing scenarios, e.g., on a large machine in production. I
also refer to the scale of a large task space as "room-sized", while a
task space of which the worker can reach all areas from a fixed posi-
tion is described as "table-sized", because a lot of research, especially
from the 90’s and 00’s, has focused on remote assistance on physical
tasks that were carried out with the worker seated at a table [23, 26,
44, 61, 62, 96].

Industrial applications of remote assistance has the potential to
save companies the expenses of sending workers on location to solve
problems, while they are saved the potentially time consuming trip.
In particular, the healthcare and manufacturing industries will ben-
efit from the development of new remote assistance interfaces and
interactions, because these will allow to make scarce expert knowl-
edge available on a global scale and workers in carrying out com-
plex physical tasks with confidence. This includes tasks such as re-
motely diagnosing patients and conducting physical examinations in
the healthcare industry [111] and remotely assisting with the instal-
lation, maintenance and repair of complex machines in the manufac-
turing industry [7, 16, 20]. Furthermore, due to the recent COVID-19

pandemic, remote assistance and remote virtual meetings are more
relevant than ever before for maintaining production and service lev-
els while protecting employees that are especially at risk.

Research within the area of remote assistance can be divided into
two threads. The first thread of research focuses on precise measure-
ments and statistical correlations between independent and depen-
dent variables in a controlled setting. Such research typically focuses
on concepts of general importance for remote assistance (e.g., guid-
ance format, guidance location, and view dependency) and system-
atically studies their effect on remote assistance. Often the remote
assistance systems used for such studies consist of advanced state-of-
the art interface and camera technology. These are evaluated in lab
studies, where study participants are commonly university students
with little to no experience with remote assistance and are therefore
novice users. The second thread of research focuses on requirements
and challenges specific to particular field settings and industries, and
thus the experimenter must sacrifice control for realism [77]. The re-
mote assistance systems are state-of-the art, but typically less so than
the systems in the first thread of research, due to greater requirements
to system reliability in a field setting than in a lab setting. Study par-
ticipants are usually domain experts within a particular industry and
represent current or potential future users of remote assistance.

Based on a comprehensive survey of 125 remote assistance papers,
which is described in related work (see Chapter 2), Figure 2 shows
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Figure 2: Distribution of surveyed papers with respect to the user evaluation
method. Some papers use more than one evaluation method.

a distribution of research wrt. the user evaluation method (labora-
tory experiment / experimental simulation / field experiment / field
study). This clearly indicates that the majority of existing research be-
longs to the first thread, which involves a laboratory setting that often
excludes feedback from domain experts, whereas research in various
field settings with domain experts is sparse. As a result, an under-
standing of industry-specific requirements and challenges for remote
assistance is lacking within the research area. This is problematic, be-
cause users of remote assistance for instance in the healthcare and
manufacturing industries stand to benefit from solutions that cater to
their needs and use context.

It was my aim to contribute with an understanding of industry
specific requirements and challenges for remote assistance. Hence, I
strove to conduct studies in the field, more specifically in the man-
ufacturing and field service settings offered by the Manufacturing
Academy of Denmark (MADE) 1 partner companies. However, due
to various external factors, the pandemic being one of them, my re-
search ended up consisting of studies both conducted in various field
settings at the MADE partner companies (Chapter 4) and in a labo-
ratory setting (Chapter 5). These studies therefore bring new knowl-
edge to both threads of research and focus on supporting tailorability
and awareness for remote assistance in large industrial task spaces. In addi-
tion, I have worked towards a design space for remote assistance that
is based on the knowledge gained from these studies.

In the following, I will briefly discuss my specific research contri-
butions on tailorable remote assistance in the manufacturing industry,
support for workspace awareness in large task spaces, and a design
space for remote assistance. More detailed discussions of these re-
search contributions can be found in the subsequent chapters of the
dissertation.

1 MADE leads the Danish innovation network for advanced manufacturing and in-
cludes the membership of 200+ companies and 5 universities.
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1.1 tailorable remote assistance in the manufactur-
ing industry

My motivation for pursuing tailorable remote assistance as a research
topic stems 1) from my own empirical studies in the manufacturing
industry and 2) from an analysis of related work indicating that most
remote assistance systems do not support tailoring.

In regards to the first point, my own observations and interviews in
the manufacturing industry revealed heterogeneous requirements for
remote assistance [97]. More specifically, I found that task spaces in
manufacturing have various scales and layouts, which poses hetero-
geneous requirements to the camera technology used for task space
sharing. Also, the perceived urgency of assistance is different from
workplace to workplace, which poses heterogeneous requirements to
the mobility of the remote helper’s interface and desired level of im-
mersion. Hence, I hypothesized that tailorable remote assistance, i.e.
systems that can be adapted to various use contexts and user prefer-
ences, is useful in the manufacturing industry, and I set out to further
identify tailorable aspects of remote assistance in [100].

With respect to the second point, recently the majority of research
has focused on creating immersive remote assistance experiences that
share an increasing amount of visual sensory qualities with co-located
collaboration by using advancements in depth cameras for 3D recon-
struction [1, 28, 91, 113, 118], 360 degree cameras [72, 107, 119], and
virtual reality (VR) and augmented reality (AR) interfaces [19, 31, 91,
94]. However, imitating the co-located collaboration experience with
information rich VR and AR mediums can be problematic [40], when
this imitation does not address the needs of users from the manufac-
turing industry. For example it is desirable for a remote helper to be
mobile and less immersed in the assistance experience in some ev-
eryday scenarios, such as when shopping in a supermarket, whereby
a smartphone is acceptable but a fully immersive VR headset is not.
This real-world example, which I uncovered during an interview with
a manufacturing employee [97], implies that it is important to support
tailoring of interface mobility and level of immersion.

My research on tailorable remote assistance, which is discussed in
more detail in Chapter 4, involved interviews and observations in the
manufacturing industry, the design and development of a component-
based tailorable remote assistance system, RemoteAssistKit (RAK),
and an experimental simulation with RAK in industry. The work re-
sulted in two publications on supporting tailorable remote assistance
in the manufacturing industry:

• Publication 1: Rasmussen T., Grønbæk K. (2019) Tailorable Re-
mote Assistance with RemoteAssistKit: A Study of and Design
Response to Remote Assistance in the Manufacturing Industry.
In: Nakanishi H., Egi H., Chounta IA., Takada H., Ichimura S.,
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Hoppe U. (eds) Collaboration Technologies and Social Comput-
ing. CRIWG+CollabTech 2019. Lecture Notes in Computer Sci-
ence, vol 11677. Springer, Cham.

https://doi.org/10.1007/978-3-030-28011-66

• Publication 2: Rasmussen T., Grønbæk K. (2020) RemoteAssistKit:
A User Evaluation of Tailorable Remote Assistance in the Man-
ufacturing Industry. In submission.

Link to video of RAK.

With this work, I addressed three research questions:

• Which aspects of remote assistance need to be tailorable?

• How do users from the manufacturing industry tailor remote assis-
tance?

• What are the requirements and challenges for remote assistance in the
manufacturing industry?

By answering these questions, my work contributes with new in-
sights on important tailorable aspects of remote assistance, and presents
new requirements and challenges for remote assistance in the manu-
facturing industry.

1.2 workspace awareness support for remote assistance

in large task spaces

When multiple persons collaborate on a physical domain task, e.g., in-
stallation of an injection molding machine, they need to be aware of
the relevant elements of the domain task, e.g., location of available in-
dustrial components, their installation order, and the tools needed for
the task. However, because they collaborate, they additionally need
to be aware of the relevant elements of the collaboration task, e.g., in-
formation about the location, activities and gestures of collaborators
required to coordinate actions. This combined awareness of both the
domain task and collaboration task was defined by Gutwin et al. as
workspace awareness [36]. Chapter 2 elaborates further on the con-
cept of workspace awareness. In regards to remote assistance, good
awareness of a collaboration task means that the worker is aware of
the helper’s location, focus of attention, and non-verbal communica-
tion such as pointing gestures and drawings, and that the helper is
aware of the worker’s location, focus of attention, physical object ma-
nipulations (e.g., machine components and tool), and gestures. Natu-
rally, the ability to obtain good workspace awareness is important for
the quality of the collaboration between worker and helper. However,
workspace awareness information is lost unless consciously designed
and mediated in remote assistance systems. It is especially important
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to support workspace awareness in view independent systems that
enable the helper to move freely in a large task space, the reasons for
which I will explain below.

According to existing research on remote assistance, collaborators
benefit from view independence [23, 70, 72, 113], namely the possibil-
ity of the helper to visually access a workspace independently of the
worker’s location and movements in the space. When the helper is
able to roam freely, she can obtain good awareness of all the relevant
elements of a domain task independently of the worker’s position
and view in the space. Thus, a high degree of view independence
can increase the helper’s awareness of a domain task. Conversely, a
high degree of view independence, particularly in large task spaces,
increases the probability of the worker’s object manipulations and fo-
cus of attention not being visible to the helper at all times and hence
reduces her awareness of the collaboration task. The worker faces the
same problem: He cannot see the helper’s guidance and focus of at-
tention at all times, if they move around in the space independently
of each other. Therefore, the addition of view independence in turn
requires an understanding of how to design awareness cues that enable
remote collaborators to maintain good collaboration task awareness
of each other. In this context, awareness cues are defined as virtual
information of different modalities that one person conveys to one
or more collaborators about his activities, location and/or identity
in a workspace. So far, lab studies have shown that view awareness
cues improve remote assistance by enabling collaborators to quickly
establish a joint focus in large task spaces [71, 90, 91].

Improving workspace awareness for one specific category of view
independent systems, multi-camera remote assistance systems, is largely
unexplored in related work. Hence, there are some unaddressed chal-
lenges in regards to maintaining awareness between collaborators
during multi-camera remote assistance in large task spaces [32]. Ad-
ditionally, empirical data from my visits to the industry partners
revealed challenges of maintaining awareness in large task spaces,
in particular challenges pertaining to the helper’s awareness of the
worker’s location when troubleshooting large machines [100]. Fur-
thermore, my empirical data suggested that helpers considered mul-
tiple cameras useful for remote assistance [97, 99]. In my research, I
therefore aimed to improve workspace awareness for multi-camera re-
mote assistance in large task spaces. This research, which is discussed
in further detail in Chapter 5, involved the design and development
of two AR multi-camera remote assistance systems, SceneCam and
CueCam, and a lab experiment with CueCam. It resulted in two pub-
lications:

• Publication 3: Rasmussen T., and Huang W. (2019) SceneCam:
Improving Multi-camera Remote Collaboration using Augmented
Reality, IEEE International Symposium on Mixed and Augmented
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Reality Adjunct (ISMAR-Adjunct), Beijing, China, 2019 pp. 28-
33.

https://doi.org/10.1109/ISMAR-Adjunct.2019.00023

Link to video of SceneCam.

• Publication 4: Rasmussen T., Feuchtner T., Huang W., Grøn-
bæk K. (2020) CueCam: Augmented Reality Awareness Cues
for Multi-Camera Remote Assistance. In submission.

Link to video of CueCam.

With this work, I addressed the research question:

• How can we design for awareness between worker and helper during
multi-camera remote assistance in large task spaces?

In answering this question, my work offers new techniques and
cues for improving workspace awareness between worker and helper
in large task spaces.

1.3 towards a design space for remote assistance

Based on the knowledge gained from my empirical studies in indus-
try and a comprehensive survey of 125 papers from related work (see
Section 2.4), I have created a design space for remote assistance that
spans these five important dimensions.

1. Guidance format

2. Interface immersion

3. Task space sharing

4. Guidance location

5. Awareness scope

The dimensions are illustrated in Figure 3, where each dimension
is a continuum. Figure 4 shows the dimensions with example imple-
mentations positioned in the continuums.

The dimensions guidance format, interface immersion and task
space sharing make up the helper’s experience of remote assistance,
while task space sharing and guidance location make up the worker’s
experience. Task space sharing is a dimension of both the worker’s
and helper’s experience, because the underlying camera technology
affects the way the helper is able to view a task space and give guid-
ance, and the way the worker perceives guidance, and the work he
needs to do to establish a correct view of a problem. Awareness scope
relates to both collaborators’ workspace awareness [36] of each other.
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Figure 3: Design dimensions of remote assistance.

Figure 4: Design dimensions of remote assistance with examples.

These dimensions are important to designers of remote assistance sys-
tems, because they can combine categories in the dimensions to inten-
tionally shape the remote assistance experience and cater to different
user needs and problem scenarios.

I arrived at the dimensions during my empirical studies in the man-
ufacturing industry: I investigated what aspects of a remote assis-
tance systems need to be tailorable, which gave rise to the tailorable
design dimensions: guidance format, interface immersion, task space
sharing, and guidance location [97, 100]. Additionally, my survey on
remote assistance shows that a large portion of related work focuses
on comparing the performance and user satisfaction of different guid-
ance formats [26, 46, 56, 62, 82] and ways of sharing the task space
[13, 23, 70, 72, 95, 113, 118], which further emphasizes the importance
of these dimensions.

The guidance format dimension ranges from ephemeral to persistent.
An ephemeral guidance format disappears from a location or object
quickly, so its lifespan and usefulness is short. A persistent guidance
format is retained over the course of a physical task and its lifespan
and usefulness is thus long. As an example, hand gestures and point-
ers are ephemeral in nature, while drawings are persistent. Different
formats are suitable for different communicative purposes. Pointers
are good for pointing at objects or locations in a task space, hand
gestures are good for illustrating manipulations of objects, and draw-
ings are good for illustrating intermediary or end states of physical
tasks [19]. A designer of remote assistance must take into account
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these natural strengths and weaknesses of a guidance format and en-
able the helper to use different formats depending on the purpose of
communication.

The interface immersion dimension ranges from low level immersion to
high level immersion. Remote assistance interfaces that have a low level
of immersion include smartphone and PC interfaces, where informa-
tion about the worker’s task space is consumed in 2D. Conversely,
interfaces that have a high level of immersion include head-mounted
AR/VR interfaces and VR caves, where information about the task
space is consumed in 3D stereo and more senses are involved includ-
ing spatial audio cues and haptic feedback etc.

The task space sharing dimension ranges from completely view depen-
dent to completely view independent. Task space sharing is closely tied to
the enabling camera technology on the worker’s site, and affects the
helper’s view of the task space and ability to provide guidance. Thus,
the choice of task space sharing influences both the helper and worker.
In a completely view dependent system the worker and helper sees
the exact same view of the task pace. It is possible to implement such
a system with a head-mounted camera on the worker. In a completely
view independent system, the helper can freely navigate the space
and obtain a view of the task space that is completely independent of
the worker’s view. Such a system can be implemented using optical
depth cameras and 3D reconstruction technology. Task space sharing
approaches on the continuum also exists. In a partially view dependent
system, the helper is dependent on the worker’s movements and lo-
cation, but able to orient herself independently of the worker’s orien-
tation. Such a system can be implemented using either a 360 degree
camera or remote controlled camera mounted on the worker. Another
example are event-controlled scene cameras that change the helper’s
view based on events in the task space, such as the worker’s prox-
imity to a particular camera. In a partially view independent, the move-
ment of the helper in the task space is restricted due to the camera
setup, but a view of the space can be obtained independently of the
worker’s location. Examples of partially view independent systems
include multi-camera systems and remote controlled robots, which
movement is restricted due to physical limitations of the robot itself.

The guidance location dimension ranges from guidance location com-
pletely combined with task space to guidance location completely separated
from task space. When guidance location is completely combined with
the task space, the worker perceives the helper’s guidance as situated
directly in the physical task space. Augmented Reality (AR) systems
can create this experience of guidance situated directly in the task
space by using either a head-mounted display or projections. This
combines communication and task space, which has been shown to
lead to more natural collaboration with digital content [11]. When
guidance location is completely separated from the task space, the
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helper’s guidance is displayed on a screen that is spatially separate
from the camera capturing the task space. Guidance locations on the
continuum also exist. A remote assistance augmented reality app on
a smartphone is an example of a system that partially combines guid-
ance location with the task space. It differs from guidance that is
perceived as completely combined with the task space, because the
worker is able to alternate between looking at the space through and
over the phone, and because the camera feed displayed on the phone
is not aligned with the worker’s eyes, so hand eye coordination can
be challenging when manipulating physical objects. Another example
system with guidance location partially separated from the task space
is a standard video communication app on a smartphone with screen-
stabilized pointer and drawing functionality. From the worker’s per-
spective, the helper’s guidance is seemingly placed correctly on the
video of the task space, but upon moving the phone, the guidance
is no longer aligned to the task space, because the system lacks the
spatial tracking and registration functionality of an AR system.

The awareness scope dimension ranges from collaboration task to do-
main task and is based on the definition of workspace awareness by
Gutwin et al. [36]. A trade-off between collaboration task awareness
and domain task awareness is closely tied to the choice of task space
sharing and guidance location. In Chapter 6, I expand the awareness
scope dimension and elaborate on how the task space sharing and
guidance location dimensions affect the level of collaboration task
and domain task awareness achievable.

Figure 5: RAK mapped in design space.

The remote assistance systems developed over the course of my
PhD are mapped in the design space in the following manner. Re-
moteAssistKit (RAK) spans most continuums, as shown in Figure 5,
because it can be tailored. Thus, it supports both persistent use of
drawings and ephemeral use of hand gestures. Interface immersion
is fairly low, because the helper uses a tablet/smartphone or PC to
receive 2D video from the task space. Complete view dependence can
be realised with a handheld tablet/smartphone camera. Partial view
independence can be achieved by installing multiple fixed cameras in
the environment that gives the helper visual access to the task space
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independently of the worker’s location. Guidance can be located on
a tablet/smartphone completely separate from the task space or pro-
jected into the task space. Depending on the configuration, RAK sup-
ports awareness of the collaboration task or domain task. For instance,
a view dependent shoulder-worn camera makes it easy for the helper
to follow the worker’s object manipulations and gestures and thus
maintain awareness of the collaboration task. In comparison, a par-
tially view independent multi-camera setup enables the helper to
maintain domain task awareness, because she can get an overview
of the relevant elements for the domain task at her own pace, how-
ever limited by the perspectives from the fixed cameras. The different
configurations of RAK are explained in more detail in Chapter 4.

Figure 6: CueCam mapped in design space.

Figure 7: SceneCam mapped in design space.

CueCam and SceneCam, which are multi-camera remote assistance
systems, support both the use of an an ephemeral pointer and persis-
tent drawings. See the mapping of these systems to the design space
Figure 6 and Figure 7. Interface immersion is low, since the helper
uses a PC to receive 2D video from the worker’s space. CueCam and
SceneCam are partially view independent, because they each consist
of a multi-camera setup, thus potentially covering a large task space.
Guidance location is completely combined with the task space, be-
cause the helper’s guidance is viewed by the worker through an AR-
HMD. CueCam and SceneCam differ only on the implementation
of awareness scope. CueCam implements various cues for making
the worker aware of the helper’s location and activities and there-
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fore focuses on supporting the worker’s collaboration task awareness.
SceneCam implements techniques for making the helper aware of
the worker’s location and object manipulations and thus supports
the helper’s collaboration task awareness. Both systems support the
helper in maintaining domain task awareness to some degree limited
by the perspective from the fixed scene cameras. Hence, in compari-
son to RAK, the focus of these multi-camera systems is on improving
workspace awareness through various awareness techniques, which
are further explained in Chapter 5.

Figure 8: Contemporary research mapped in design space.

As previously mentioned, a lot of contemporary research focuses
on imitating the co-located experience, so emphasis is on (almost)
complete view independence, a high level of interface immersion
and a completely combined guidance location with the task space,
as shown in Figure 8. In comparison to this research, my research
systems are less focused on complete view independence and a high
level of immersion. The reasons for this are based on requirements
and challenges from the manufacturing industry detailed in Chap-
ter 4.

In general, a designer of remote assistance needs to be aware that
when creating a system by combining categories in the different di-
mensions, the helper’s and worker’s experience of remote assistance
is affected. Different combinations result in different experiences that
have various strengths and weaknesses and addresses different user
needs. As such, a combination that works well for one remote assis-
tance problem, may not work very well for another problem, which
is why the ability of the users to tailor design dimensions is consid-
ered useful by domain experts [100]. In summary, I have now used
the design space to describe and compare my existing remote assis-
tance systems. Later in Chapter 6, I use the design space to explore
the relationship between tailorability, workspace awareness in large
task spaces, and multi-camera remote assistance. I also explain how
different combinations of categories are suitable for different manu-
facturing scenarios. Finally, in Chapter 7, I use the design space to
point to future systems and field research contributions.
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The remainder of this dissertation is structured as follows. Related
work is covered in Chapter 2. The methodology used to acquire new
knowledge and answer the research questions is explained in Chap-
ter 3. Chapter 4 discusses my research contributions on supporting
tailorable remote assistance in the manufacturing industry. Chapter 5

discusses my research contributions on supporting workspace aware-
ness in large task spaces. Chapter 6 establishes the relationship be-
tween my research on tailorability and workspace awareness in large
task spaces by using the presented design space. Chapter 7 discusses
future systems and user studies required to answer my remaining re-
search questions on the topic of remote assistance in the manufactur-
ing industry. Finally, Chapter 8 concludes the work with a summary
of how the research questions were addressed.
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2
R E L AT E D W O R K

In this chapter, I first explain some theoretical concepts - situation
awareness, workspace awareness and conversational grounding - which
are often used for discussing and comparing remote assistance sys-
tems. Then, I will discuss results from related research on AR instruc-
tions and remote assistance, before I zoom into remote assistance for
industrial applications, which is closely related to my own work. Fi-
nally, I present trends and patterns in related work based on a quan-
titative survey of 125 remote assistance papers, thereby identifying
underexplored areas of research and positioning my work with re-
spect to these patterns.

2.1 theoretical background : the role of visual infor-
mation in supporting collaboration

Collaboration is defined in Computer Supported Cooperative Work
(CSCW) research as a combination of three activities: communication,
coordination and information sharing in a group. Such collaboration
may take place synchronously or asynchronously with people in the
same space or distributed across multiple spaces [48]. Remote assis-
tance is a type of distributed-synchronous collaboration, where one
remote person or group of people help another local person or group
solve a problem with a physical task.

Visual information plays a large role in remote assistance, because
it supports workspace awareness and conversational grounding, which
are discussed in the following.

2.1.1 Situation and workspace awareness

In CSCW and human factors literature the concept of awareness in
work settings has received a lot of attention. According to Endsley et
al. [17, 18], who created a theoretical model of situation awareness,
"situation awareness is the perception of (relevant) elements in the environ-
ment, the comprehension of their meaning, and the projection of their status
in the near future" [17]. The concept of situation awareness was origi-
nally used in human factors research for the design of complex inter-
faces in the aviation industry and focused on the relationship between
one man and one computer, as opposed to computer-supported col-
laborative work.

Later, Gutwin et al. appropriated the concept of situation aware-
ness to CSCW research. They regarded workspace awareness as a
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specialization of situation awareness and defined it as an "up-to-the-
moment understanding of another person’s interaction with the workspace"
[36]. According to Gutwin et al., workspace awareness includes the
traditional situation awareness of a domain task and awareness of
another person’s interactions with the workspace needed for collabo-
ration, i.e. the collaboration task awareness. Thus, by using Endsley’s
definition of situation awareness, workspace awareness is defined as
the perception of the relevant elements of a domain task and the rele-
vant elements of a collaboration task including the comprehension of
these elements and projection of their status in the near future. This
definition of workspace awareness is used throughout the disserta-
tion. Gutwin et al. listed three main sources of workspace awareness
information: 1) consequential communication through body move-
ments, 2) feedthrough from the manipulation of artifacts, and 3) inten-
tional communication via conversation and gestures. Consequential
communication is awareness information conveyed by a collaborator
as a consequence of his movements in a workspace, for instance the
movements of his hands when operating a machine interface or body
when walking from one location to another. Feedthrough stems from
a collaborator’s manipulation of physical artifacts, for instance tools
and machines make distinct sounds when manipulated, which can
be used as a source of information for collaborators. Machine move-
ments caused by an operator’s interactions with an interface is yet
another example of feedthrough. Finally, intentional communication
is a source of workspace awareness information in several ways. First,
intentional communication unfolds as explicit conversations between
collaborators, where they tell each other about their activities in the
workspace. These explicit conversations are potentially supported by
gestures and body language. Secondly, a person may pick up on other
people’s conversation or running commentary.

In remote assistance research, workspace awareness is an impor-
tant concept and equals an ongoing awareness of the domain task,
such as the state of an assembly process. To ensure that the helper
is aware of the domain task, a live view of the task space is com-
monly shared with her, which can be accomplished in a myriad of
ways using a head-mounted camera or scene camera [23, 53], remote
controlled camera [33, 103], a 3D reconstruction [105], or multiple
scene cameras [98]. Additionally, workspace awareness equals an on-
going awareness of the worker’s/helper’s location, focus of atten-
tion, gestures, guidance and interactions with physical task objects,
which are needed for the collaboration task. To support collaboration
task awareness, non-verbal cues, which are naturally available dur-
ing collocated-synchronous collaboration, must be artificially added
to the interface of a remote assistance system. Recent examples of
visualizing various non-verbal view awareness cues (i.e. head pose,
gaze direction, and view frustum) in mixed reality (MR), where the
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worker is in AR and the helper is in VR, have shown that these help
them establish a joint focus in large task spaces [71, 90, 91].

In Chapter 5, I further discuss techniques for improving workspace
awareness between the worker and helper during remote assistance
with multiple cameras.

2.1.2 Common ground and conversational grounding

Conversational grounding is an important concept in communication.
It is the process of establishing common ground, namely a mutual
understanding between collaborators. This is an interactive process,
where collaborating participants exchange evidence of what they each
understand through verbal utterances and non-verbal communica-
tion [15]. It is important to understand how to enable, not inhibit,
conversational grounding between worker-helper pairs for the design
of remote assistance systems. First, a shared view of the task space
enables a mutual understanding of its current state without the need
for lengthy verbal descriptions. Secondly, the helper can monitor the
worker’s understanding of instructions by assessing his actions and
object manipulations in a shared live view of the task space. The
worker’s actions (or lack thereof) are evidence of his current level of
understanding of a task. Furthermore, a shared view makes commu-
nication more efficient, because a shift happens in who acknowledges
when a task is completed [63]. Hence, using a shared visual view, the
helper can say to the worker, "Yes, you’re done", whereas using only
an audio-link the worker may have to describe the state of the task
space to the helper before collectively concluding that the task is com-
pleted. Support for non-verbal guidance in a shared view of the task
space (see Section 2.3.2) further enables conversational grounding, be-
cause deictic references such as "do you mean this object?" accompa-
nied with a pointing gesture provide evidence of understanding. To
further assist grounding in modern MR interfaces, a worker-helper
pair can be made mutually aware of each other’s field of view to
show what they each can see in the space [28, 71, 90, 91, 94].

The workspace awareness concept and the theory of conversational
grounding are used for modelling user behaviour and constructing
hypotheses of how remote assistance systems perform. For example,
in a well cited paper by Fussell et al. [23] these concepts were used to
derive hypotheses for how worker-helper pairs would perform on a
collaborative assembly task, when the task space was shared through
a scene camera, head-mounted camera, or both.
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2.2 the benefits of using augmented reality for guid-
ance

Procedural step-by-step instructions on how to accomplish a physical
task can be overlaid directly on the task space and physical objects us-
ing AR, thus combining communication and task space. Instructions
can also be displayed next to the task space on a screen, thus separat-
ing communication and task space. Research shows that interactive
procedural AR instructions overlaid on the taskspace have benefits
over other instructional media [38, 101, 117]. According to Tang et
al. [117], when communication space and task space are combined
in AR, attention switching, head movements, and the amount of in-
formation to be retained in working memory are reduced. This in
turn should make it faster and easier for a user to follow AR instruc-
tions compared to other instructional media. The researchers backed
up their hypothesis by showing that the total number of errors de-
crease significantly during an assembly task, when AR is used as the
instructional medium compared to paper instructions, instructions
on a screen, and head-stabilized instructions on an HMD. Similarly,
Robertson et al. [101] found that AR instructions outperformed other
instructional media on completion time during a placement task.

Interestingly though, in two separate studies on remote assistance,
Fakourfar et al. [19] and Gauglitz et al. [31] did not find any perfor-
mance benefits, when they compared the use of AR guidance (draw-
ings [19] and markers [31]) to guidance that was not registered in
the task space. They did however discover that the workers showed
preferences for receiving guidance in AR. The missing performance
benefits may have to do with the ephemeral, short-lived nature of
a lot of guidance. For example, pointing to objects and explaining
quick object manipulations are types of short-lived guidance that do
not need to be registered in the task space to be effective [19].

2.3 important findings from remote assistance research

Arguably, the remote assistance topics that have received most atten-
tion are non-verbal guidance formats [19, 26, 31, 56, 61, 62], which
also go by the name guidance techniques or visual communication
cues, and different methods of sharing the taskspace [23, 70, 72, 113,
118]. However, early research was mainly interested in understanding
the effects of shared video on remote assistance, as discussed in the
following.

2.3.1 The effects of shared video on remote assistance

Early work by Fussell and Kraut [22, 23, 63, 65] compared the ef-
fects that shared video of a taskspace (plus duplex audio communica-
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tion), duplex audio communication only, and a co-located setup had
on collaboration between a helper and worker. The results indicated
no significant performance benefits of sharing video with the helper,
when compared to the audio only condition, but being co-located
during collaboration was of great value. The researchers’ controlled
decompositional approach for studying effects of visual information
on remote assistance also showed that shared video is most useful
when the physical task is complex and users do not have a shared
vocabulary for describing the task space [64].

2.3.2 Guidance formats for remote assistance

Remote assistance systems typically support non-verbal communica-
tion by enabling the helper to make gestures and/or annotations in a
view of the worker’s task space. Non-verbal guidance formats (point-
ers, markers, drawings, hand gestures, object models, view awareness
cues etc.) and guidance locations (guidance on a display separated
from the taskspace vs. guidance visualized directly in the task space)
have been systematically compared to understand their effects on col-
laboration [19, 26, 31, 56, 62]. All of the systems that I developed
throughout my PhD included one or more guidance formats. How-
ever, as I will explain in Section 4.4, these were not always particularly
useful for supporting collaboration between domain experts.

A discussion of important guidance formats is provided below.

Pointers and markers: To enable deictic communication between
the helper and worker, it is necessary to provide the helper with some
means of pointing to objects and locations in a view of the worker’s
task space. In early research on guidance formats, the helper used
a mouse cursor to point in a shared video of the task space. This
research showed that the cursor was used extensively by the helper
and rated favorably [9, 25, 26], but did not appear to facilitate the
efficiency of task performance when compared to a system without
one [26]. This indicates that guidance formats supporting a larger
repertoire of more expressive gestures, such as drawings and hands,
may be needed to improve task performance.

Pointers situated directly in the task space, as opposed to being
visualized on shared video, have been implemented in many different
ways using handheld AR [31], body-worn laser pointers [103, 114],
remote controlled robots with laser pointers or projectors [33, 67–70,
125], and stationary projectors [89, 111].

Markers are placed in a view of the worker’s task space and re-
mains there until they are deleted or moved [31, 33, 81, 107]. Gauglitz
et al. [31] compared the use of markers in shared video, where the
marker’s remain in screen space, to AR markers that are continuously
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tracked and registered to fixed locations in the task space. They found
that participants preferred the AR markers to the markers in screen
space, but no performance benefit was found. This is likely due to de-
ictic gestures generally being transient and ephemeral within collabo-
ration [19]. Since location indications are only needed briefly during
communication, their need to be stabilized to a location is also brief.

Drawings: The ability of the helper to draw in the task space in-
creases the expressiveness of gestural information compared to using
a pointer and has been shown to improve performance [26, 56].

Fakourfar et al. [19] identified three types of drawing annotations:
referential, procedural, and deictic. Referential annotations were com-
monly used to depict end-states of object configurations and were re-
tained over the course of a task. Procedural annotations were used to
indicate transformations to be enacted on task objects to change their
state and were removed once the action was performed. Deictic an-
notations were even more ephemeral and included dots, arrows, and
circles to point to objects.

Guidance location comparisons of drawings displayed on a screen
separate from the task space and located directly in the task space us-
ing projections [62] or head-mounted/handheld AR [6, 19] indicate
that performance benefits of situated drawings are sparse. However,
in work by Aschenbrenner et al. [6] projected drawings were shown
to lead to more efficient remote assistance and a lower task load than
drawings presented through other media, such as head-mounted and
handheld AR. One possible explanation for the unexpectedly poor
performance of AR drawings in head-mounted interfaces is that it can
be useful to the worker that the guidance information is ephemeral
to avoid problems with occlusion. For instance, in some remote guid-
ance scenarios the helper will use drawings to point to and illustrate
actions on objects that the worker must attend to immediately [19].
In these cases, there is no point in showing long-lived, situated draw-
ings in an AR-HMD, because they may occlude the worker’s vision
of the objects.

Drawings have also been combined with other guidance formats
such as a pointer [16, 89, 111], or hand gestures [46, 62]. Huang et al.
[46] showed that a combination of hands and drawings in a shared
video feed led to better task performance but also a higher task load
for the users.

Interpreting a helper’s 2D drawings in 3D and presenting them to
the worker in AR poses a specific technical challenge, because the 2D
drawings must remain intelligible and representative of the helper’s
intentions in 3D. This is problematic, if the 2D drawings are inter-
preted by projecting the pixels of a drawing from image space to
camera space. This challenge have been tackled by Gauglitz et al. [30]
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and Nuernberger et al. [75, 82] by placing 3D points, belonging to a
drawing, on the same plane orthogonal to the viewing direction of
the camera, or on a dominant plane calculated from the 3D points.
Additionally, classifiers have been used to detect common drawings,
such as arrows and circles, and execute an appropriate algorithm for
beautifying the annotations in 3D [82].

Hand gestures: The use of hand gestures in a view of the task space
presents a natural way for the helper to convey guidance. Kirk et al.
[60] described 6 types of hand gestures that were used to indicate
task-specific actions (e.g., search for object, action to take) and to fa-
cilitate conversation (e.g., establish shared visual perspective, conver-
sational turn-taking). Wickey et al. [122] added additional gestures to
this list and categorized them as conveying either awareness, instruc-
tions, or manipulations. They recommend that systems support hand
gestures for controlling the view (e.g., a pointing gesture may pan/-
zoom the camera to focus on a located object) and that the helper’s
gesture input should be located where objects in the worker’s task
space are displayed. For instance, if the objects are displayed on a
screen, they recommend that the helper’s gestures should also be
made on the screen.

Whilst the types of gestural information that may be conveyed are
the same for hands as for drawings, hands are potentially more lim-
ited for conveying iconic gestures, i.e. it is easier to draw some shapes
than it is to fold ones hands into the same shapes. On the contrary,
hands are useful for conveying kinetic gestures, i.e. it is easier to use
hands to demonstrate how to manipulate an object in 3D than to draw
it. Kirk et al. [62] compared the format of hand gestures to drawings
for a model building task and found that hand gestures performed
significantly better than drawings, although there was no preference
for one or the other format. As for comparing the location of hand
gestures, Kirk et al. [62] compared showing the helper’s hands on a
display next to the task space to projecting the hands directly into the
taskspace, and found no performance benefits of the projected hands.

With regards to the implementation of hand gestures, research has
explored both 2D representations of hands on shared video [4, 41, 42,
66, 74, 122, 124] or projected into the taskspace [59, 62], and more
recently 3D representations of the helper’s hand gestures in VR/AR
[5, 27, 44, 45, 72, 105, 119].

Object models: By providing a remote helper with a virtual object
model of important task objects (e.g., engine parts), the helper is able
demonstrate complex and intricate steps of a process that can be diffi-
cult and time consuming to explain with hand gestures or drawings.
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For instance, in a system by Oda et al. [83], the helper could manipu-
late virtual 3D replicas of machine components in VR/AR with 6DOF,
and the system displayed these manipulations to the worker in AR
on the real machine components. The worker could then follow the
demonstration using the real objects.

Comparisons to other guidance formats, such as drawings, show
great promise for using object models [3, 83], yet very few research
papers have demonstrated or studied objects models, which is evi-
dent from Figure 10 (left). This leaves room for future work on this
topic.

Empathic cues: Emphatic cues are used to communicate the emo-
tional state of collaborators during remote assistance, which is im-
portant for estimating a collaborator’s comprehension of instructions
and to create a feeling of empathy between collaborators. Computer
mediated face-to-face communication (i.e. ordinary video communi-
cation) [74] and the transmittance, interpretation and visualization of
physiological cues [115] represent two ways of mediating the emo-
tional state of remote collaborators.

In general, there has been a deliberate focus away from showing a
visual feed of the remote collaborator’s face due to a perception of
this information contributing little to improve conversational ground-
ing when collaborating on physical tasks (e.g., see [22, 24]). Yet, a
study by Li et al. [74] indicated that users appreciated a view of their
remote collaborator’s face during collaboration on physical tasks, sug-
gesting that it helped to see whether the worker had understood the
helper’s guidance.

In this context, Billinghurst et al. [10] evaluated a system that de-
tected the facial expressions of the worker and shared an emoticon
emoting the facial expressions with a helper. While the participants
in their study rated the emoticon poorly, it still enabled the helper to
monitor the worker’s comprehension of instructions.

Going beyond facial expressions, Tan et al. [115] visualized physio-
logical cues in a video conferencing system, including galvanic skin
response, blood pressure and respiratory rate. However, they found
that there was no significant difference in empathy between face-to-
face video communication and visualization of physiological cues
and ascribed the result to users’ unfamiliarity of associating visual
representation of physiological cues to emotions.

Huang et al. [43] explored the concept of streaming head-mounted
video in combination with electrocardiogram (ECG) data from a mine
operator (the worker) to a helper. The idea was that the helper should
be able monitor the worker’s cardiac state and stress level and adjust
her assistance based on this information. This was hypothesized to be
important for safe operation inside a mine, where sleep deprivation
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of operators due to long shifts can lead to accidents. The authors did
not report on a user evaluation involving ECG data.

2.3.3 Task space sharing for remote assistance

In remote guidance, a view of the worker’s task space must be shared
with the remote helper, enabling her to make gestures in this view
[53]. I categorize taskspace sharing according to whether the view
is dependent or independent of the worker’s movements. Each ap-
proach has advantages and disadvantages, which are discussed in
the following.

2.3.3.1 Dependent View

Having a dependent view of a task space means that the worker and
helper share an (almost) identical view from the worker’s perspective,
which is controlled by and dependent of the worker’s movements. Be-
cause of the way the dependent view is captured with head-mounted
or handheld cameras, it often has the benefit of WYSIWIS (What You
See Is What I See) [110]. Since collaborators have a near identical view,
it increases the level of workspace awareness of the shared activities.
Hence, collaborators do not need to spend any effort on aligning their
viewpoints during the collaboration [34], which is required with an
independent view. Yet, in the design of a WYSIWIS system care must
still be taken to make the worker aware of the helper’s field of view
to avoid that he interacts with the workspace outside her field of view
[22].

However, the dependent view also has a downside, because it lim-
its individual activities of the helper and worker. For instance, they
may want to look at different locations or objects in the task space to
better understand the domain task. Also, it is difficult for the helper
to give guidance efficiently in a moving camera feed [19, 55]. Con-
versely, the worker wants to move naturally without worrying about
affecting the helper’s ability to give guidance [34, 53]. Moreover, sud-
den movements of the worker lead to viewpoint changes and can
cause motion sickness for the remote expert [53].

Event-controlled cameras can alleviate some of the above issues,
as they are mounted in the environment and provide a stable view,
which move according to events caused by the worker or sensors in
the environment [13, 96, 123]. An example includes an event-controlled
scene camera that automatically follows the worker’s hands and zooms
into the areas visited by his [13, 96]. This was found to perform bet-
ter than a fixed camera that provided an overview of the entire task
space.
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2.3.3.2 Independent View

To solve the issues of dependent views, multiple researchers have
investigated providing the helper with an independent view of the
task space. Thereby, the helper can navigate the worker’s task space
independently. Comparisons of dependent and independent views
have shown that an independent view results in more efficient [23,
70, 113] and immersive [72] collaboration. View independence can be
achieved in several ways.

In its simplest form a partially independent view can be achieved
using a scene camera, i.e. a camera mounted in the environment [13,
23, 26, 53, 62, 95, 96]. In early work on view independence Fussell
et al. [23] compared a head-mounted camera and scene camera dur-
ing remote guidance on an assembly task. They found that worker-
helper pairs performed better with the scene camera than with the
head-mounted camera. While their user study did not reveal the ex-
act reasons, they speculated that the improved performance with the
scene camera was due to the helper not having to continuously men-
tally re-align her model of the task to the view of the worker, and the
ability to focus on a work area independently of the worker’s focus
of attention. A study by Kim et al. [53] corroborated this finding and
showed that the benefits of using a view independent scene camera
are most pronounced, when a problem requires mutual collaboration
between the worker and helper. Problems that require mutual collab-
oration are often open-ended, and the helper does not have a solution
in the form of step-by-step instructions.

A related way for achieving partial view independence is to use
multiple scene cameras that the helper can switch between [8, 21,
23, 32, 37, 89, 123]. Such a multi-camera setup causes problems for
establishing workspace awareness, due to difficulties understanding
the spatial relationship between disjointed camera views, establish-
ing a shared focus, and understanding the visual scope of gestures
[32, 37]. In my work, I mitigate some of these problems and improve
workspace awareness by exploring focus-in-context views with multi-
ple scene cameras, automatic selection of optimal camera view based
on contextual information [98], and AR awareness cues [99]. These
awareness techniques are discussed in further detail in Chapter 5.

Research by Aschenbrenner et al. [8] on multi-camera remote as-
sistance suggests that a combination of a static overview camera and
a camera that captures the point of view of the worker is preferred
in a large industrial task space over multiple scene cameras, because
the workers actions are not visible to the helper at all times from the
scene cameras.

Researchers have also developed robot systems with which the
helper can control the position of a camera in the worker’s environ-
ment [33, 67–70, 95, 103, 104, 114]. For example, Lanir et al.[70] com-
pared a remote controlled camera view to a view controlled by the
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worker during an assembly task. They found that the benefits of a re-
mote controlled camera are most noticeable, when the helper knows
more about the assembly task than the worker.

Other researchers have supported an independent view by enabling
the helper to take snapshots of or automatically "freeze" live video
from a local worker’s camera [4, 9, 14, 16, 19, 55, 56, 113]. Fakourfar
et al.[19] showed that making drawing annotations on a frozen video
frame from a handheld tablet camera was surprisingly effective com-
pared to making annotations on live video without the freeze func-
tion. The method of using still images from live video was further
advanced by researchers, who stitched images together to construct a
virtual representation of the task space, which the helper could navi-
gate independently of the worker’s viewpoint. [31, 79]. However, the
stitching of images has a limitation: a remote helper will not be able
to see temporal changes in an area where a new frame has not yet
been captured [105]. To overcome this limitation, some researchers
have instead used a 360-degree panoramic real-time view, enabling a
remote helper to freely look around the view [52, 71, 72, 94, 107, 116,
118, 119, 127]. For example, Lee at al. [71] investigated the benefits
of providing the helper with a 360-degree view from a camera on the
worker’s head. They compared a 360-degree camera view that was in-
dependent of the worker’s orientation to a 360-degree view that was
dependent on the worker’s orientation and found that most users
preferred the independent view.

While, with the 360-degree view a helper can look in a different
direction than the worker, she can not move around a task space in-
dependently of the worker. The view remains tied to the position
of the camera, which is either worn by the worker or mounted in
the environment. In contrast, sharing a 3D reconstruction allows the
helper an independent view of the task space, which she can navigate
freely [47, 85, 90, 91, 93, 113, 118]. Tait et al. [113] demonstrated the
benefits of view independence with a 3D reconstruction by compar-
ing different levels of view independence in a remote assistance task,
where worker-helper pairs had to collaborate on object placement. In
the condition with the highest level of view independence, they pro-
vided the helper with a 3D reconstruction of the worker’s task space
that she could navigate freely on a PC using mouse and keyboard.
The helper could move virtual models of real objects in the 3D re-
construction, and the worker would see these virtual models aligned
to his task space in head-mounted AR. Their study showed that in-
creased levels of view independence led to faster completion times
and less time spent communicating verbally. Further, Teo et al. [118]
developed a system combining 3D reconstructions with 360-degree
video of the task space. A helper could transition between freely nav-
igating a static 3D reconstruction of the task space with 6 DoF and
looking around a 360-degree live panorama view tied to the worker’s
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head position. They found that participants performed better in an
object search task with the 360-degree live view than with the static
3D reconstruction. Qualitative feedback from participants suggested
that being able to navigate the 3D reconstruction freely was valued,
but also exacerbated the problem of maintaining a joint focus between
worker and helper pairs.

2.3.4 Industrial applications of remote assistance

So far, most research on remote assistance are conducted as lab exper-
iments (see Figure 2), where a helper must guide a worker through
an artificial task, for example assembly of abstract LEGO models in
2D and 3D [26, 56, 96]. Comparatively few research papers focus on
industrial applications of remote assistance and conducting experi-
mental simulations, field experiments, or longitudinal field studies in
industry. Research on industrial applications for remote assistance in-
clude remote maintenance of equipment at a waste water treatment
plant [16] or in mines [4], remote maintenance of industrial equip-
ment in manufacturing [20], remote investigations with policemen
[76], tele-mentoring with remote surgeons [78], and remote medical
examination of patients [111]. However, the realism of some of these
studies suffers, because the tasks are not true simulations of real tasks
and do not take place in an industry setting [4, 111], or the study par-
ticipants are not domain experts from said industry [111]. Invented
tasks may not reflect the true complexity of actual industry tasks, a
lab environment does not reflect the challenges found in an actual
workspace (e.g., noise levels in a factory), and layman-users do not
possess the necessary domain knowledge and may therefore face dif-
ferent challenges than domain experts. So, while findings of such
studies are relevant and interesting, the gained knowledge may not
directly apply to actual scenarios in the intended domain.

Notable exceptions include the work by Domova et al. [16] and As-
chenbrenner et al [6–8, 21]. These studies by Domova et al., in which
employees at a waste water treatment plant collaborated on a series
of realistic maintenance scenarios, and by Aschenbrenner et al., in
which technicians collaborated on repairing an industrial robot, re-
semble the level of realism in my own user evaluations in the manu-
facturing industry. In the next chapter, Chapter 3, I elaborate on the
methodology of my user evaluations.

2.4 quantitative survey of remote assistance research

Over the course of my PhD, I composed a survey, which includes
a collection of 125 remote assistance papers categorized along eight
system and user evaluation dimensions. See Figure 9 for an overview
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of the dimensions. The purpose of the survey is to reveal research
patterns in related work.

Figure 9: Dimensions of survey. Remote assistance researchers often focus
on developing systems for the purpose of studying non-verbal
guidance or methods of task space sharing. In doing so, they
need to decide on a user evaluation, which involves considerations
about method, focus, realism of task, helper’s role, and collabora-
tion relationship.

This collection of papers was mainly gathered using the search key-
words "remote assistance", "remote collaboration" and "remote guid-
ance" on Google Scholar. The collection includes papers published be-
tween the early 90’s and current time, predominantly in HCI journals
and conferences by ACM, IEEE, and Springer. The inclusion criteria
for a paper was that it should contain a description of one or more
new remote assistance systems (developed by the authors), and that
the systems should match my definition of remote assistance, i.e. a
system that supports collaboration on a physical task between two
or more persons, who are not physically present in the same space.
Hence, papers with systems that support remote collaboration purely
in a virtual environment were exluced. Three of the dimensions in the
survey, Guidance format, Guidance location and Task space sharing, con-
cern the remote assistance systems presented in the papers. A remote
assistance system has one or more guidance formats, one or more
guidance locations and one or more approaches for sharing the task
space. Through empirical research and related work, I have identified
that these system dimensions are essential for the remote assistance
experience as previously mentioned in the discussion of the design
space in Chapter 1.

Five dimensions, User evaluation method, User evaluation focus, Helper’s
role, Artificiality of task, and Collaboration relationship, concern the user
evaluations presented in the papers. User evaluation method is based
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on a categorization of research methods by McGrath [77], while User
evaluation focus is based on a categorization of usability measures for
CSCW systems [35]. The remaining three user evaluation dimensions:
Helper’s role, Realism of task, and Collaboration relationship are based
on my own knowledge of remote assistance evaluations and serve to
distinguish papers with user evaluations of various levels of realism.
Of course, the user evaluation dimensions only apply to papers that
include a user evaluation of one or more systems.

In the following, I present the categories in each dimension. These
are not mutually exclusive, meaning a research paper can belong to
multiple categories at the same time. This is for instance the case, if a
paper presents multiple remote guidance systems, which each belong
to different categories on the task space sharing dimension, or if one
system uses more than one guidance format.

Guidance format. The helper uses one or more guidance formats
to communicate non-verbally in the worker’s task space. The term
format is reused from [62]. I categorize guidance formats into: Draw-
ings, Pointer, Hands, Markers, Object models, View awareness cues, Em-
bodiment, Empathic cues and Other. Figure 10 (top) shows the distribu-
tion of guidance formats in the surveyed papers. The vast majority
of systems make use of pointers, drawings, and/or hand gestures. In-
terestingly, despite the proven performance benefits of using object
models [84], this format is not used frequently. Figure 10 (bottom)
shows the development of the most popular guidance formats over
time. Research on systems with no guidance formats focusing solely
on other aspects of remote assistance, such as task space sharing, has
decreased over time, since non-verbal guidance support is expected
in modern implementations.

Guidance location. I distinguish between guidance located on a
screen separate from the task space and guidance situated directly in
the task space, thus combining communication and task space. This
yields the categories Separate screen and Situated guidance. The former
refers to a screen showing guidance on live video or images of the
task space. The latter refers to guidance displayed directly in the task
space using light projections, AR, or robotics. Figure 11 shows that
the development of guidance locations over time is skewed towards
systems with situated guidance, which may be explained by the in-
creasing number of systems that use handheld or head-mounted AR
for the worker’s interface [19, 31, 71, 72, 91, 94, 118–120].
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Figure 10: Data on guidance formats in the surveyed papers. (Top) Distri-
bution of guidance formats. (Bottom) Development of guidance
formats over time. A paper can include more than one guidance
format.

Figure 11: Distribution of surveyed papers with respect to the guidance lo-
cation. A paper can include more than one guidance location.

31



Task space sharing. Generally, the helper’s shared view of the
task space can be Dependent or Independent of the worker’s move-
ments as previously explained. According to Figure 12 (top) the ma-
jority of systems are view independent. Figure 12 (bottom) shows the
distribution of systems according to the method for achieving view
(in)dependence.

Figure 12: Data on the task space sharing approaches in the surveyed pa-
pers. (Top) Distribution of systems that use a view dependent or
view independent approach for taskspace sharing. (Bottom) Dis-
tribution of systems according to the method for achieving view
dependence or view independence. A paper can present more
than one way of sharing the task space.

I divide methods for achieving view dependence into three cate-
gories handheld camera, head-mounted camera, event controlled camera. As
is evident from Figure 12 (bottom), the worker typically wears a head-
mounted camera or uses a handheld camera (e.g., tablet/smartphone
camera) for capturing the taskspace [2, 4, 19, 22, 23, 29, 30, 41, 49, 56–
58, 73], while systems that make use of event controlled cameras are
less common [13, 86–88, 96, 98, 123].

Methods for achieving view independence are plentiful and in-
clude, but are not limited to, single scene camera [23, 26, 96], multiple
scene cameras [7, 21, 32], remote controlled camera [68–70, 103], 360 degree
camera [72, 94, 107, 118], and 3D reconstruction [47, 85, 90, 91, 93, 113,
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118]. Recent developments show a move towards using depth cam-
eras for creating a static or live 3D reconstruction of the task space,
which aligns with the increased use of VR interfaces allowing the
helper to freely navigate such a reconstruction.

User evaluation method. The categories in this dimension is de-
rived from [77] and include Lab experiment, Experimental simulation,
Field study, Field experiment, and Pilot study + no study.

A lab experiment is a controlled experiment conducted in a lab set-
ting. Two or more conditions (independent variable), which for exam-
ple can be levels of view independence or different guidance formats,
are compared systematically on various parameters (dependent vari-
ables), for example assembly completion time, assembly errors, user
satisfaction, or sense of co-presence. This allows for statistical analy-
sis of the correlation between independent and dependent variables.
Typical strengths of a lab experiment are precise measurements, con-
trol, and replicability.

In an experimental simulation, a real use scenario is simulated. This
means that the experimenter does not wait for a phenomenon, for ex-
ample a problem that requires remote assistance, to occur naturally,
but simulates it as realistically as possible. This may take place in a
real-world setting or in the lab. In regards to remote assistance re-
search, an experimental simulation is a simulation of one or more
problems that must be solved collaboratively using a remote assis-
tance system. The experimental simulation is similar to the field ex-
periment in the sense that both user evaluation methods focus on
achieving a combination of realism and control, however an impor-
tant difference is that the studied phenomenon must occur naturally
in the field experiment.

A field study is a study of the effects of implementing a system in
a real-world setting, like the effects of implementing a new remote
assistance system in a manufacturing company, taking place over the
course of weeks or months. The studied problems, for which the re-
mote assistance system is used, must occur naturally. The strength of
a field study is realism of the context in which empirical data is col-
lected. Alternatively, a field study may also focus on collecting empir-
ical data about current practices with technology, such as collecting
data about manufacturing employees’ current practices with video
communication technology through interviews and observations.

A field experiment, as the name implies, combines the precision
and control of a lab study with the realistic setting of a field study,
which means that two or more conditions, e.g., two variations of a re-
mote assistance system, are systematically compared in a real-world
setting. However, a field experiment is generally more uncontrolled
than a lab experiment, because it is difficult to account for unex-
pected events in the real world. As mentioned above, the studied
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phenomenon, such as a remote assistance problem, must occur natu-
rally.

Pilot studies are small proof-of-concept studies in the lab with little
to no control of independent variables, and involving only few par-
ticipants, which does not allow a statistical analysis to be performed.

Figure 2 shows the distribution of user evaluation methods in the
surveyed research papers. It shows a clear preference for using con-
trolled lab experiments, while experimental simulations are used less
frequently. Field experiments and field studies are almost non-existent.
Conducting either of the latter two studies is challenging, because it
requires researchers to wait for a problem, which requires remote as-
sistance, to occur naturally. Alternatively, researchers have to leave
the remote assistance system in the hands of the participants for days
or weeks, which requires the system to be highly reliable.

User evaluation focus. According to Gutwin et al. [35], an exper-
imenter can measure three aspects of collaboration: product, process,
and satisfaction measures that relate to taskwork or teamwork. Prod-
uct measures concern the taskwork during collaboration and the out-
come (product) in terms of quality and completion time. Process mea-
sures concern the teamwork during collaboration and looks at be-
havioral and verbal patterns of the collaborators that may influence
efficiency and satisfaction. Satisfaction measures concern the collabo-
rators’ perceived experience of the collaboration and are by definition
subjective. For example, satisfaction measures include such measure-
ments as perceived quality of collaboration and sense of co-presence.
I see a clear pattern that the focus of user evaluations from remote
assistance research always involves at least one of these categories,
with most papers focusing on product and satisfaction measures, as
shown in Figure 13.

Figure 13: Distribution of surveyed papers with respect to the focus of user
evaluations. Most papers have more than one focus.

Realism of task. The tasks that workers and helpers go through
during a user evaluation of remote assistance system can be Artifi-
cial or Realistic. Artificial tasks involve problems that are stylized, but
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should maintain the properties of real tasks. Constructing abstract
LEGO pieces is an example of an artificial task, which requires ob-
ject identification and manipulation similar to realistic tasks. Realistic
tasks involve problems that can occur in real-world remote guidance
scenarios, such as a remote helper guiding a worker in replacing a
tool inside a large machine, repairing a PCB or laptop, or diagnosing
a patient, some of which are difficult to recreate in a lab setting.

An advantage of an artificial assembly task is that the worker can-
not predict the intermediate states or end state of the piece based on
prior knowledge, and thus must fully rely on the helper’s ability to
convey the solution from an instruction manual. Thus, artificial tasks
are suitable for lab studies where one or more variables are controlled
systematically. On the other hand a realistic task demonstrates better
how a remote guidance system will fare in a real-world context, and
which challenges and requirements to address to make it useful to
real users.

Figure 14 shows that most user evaluations from existing research
make use of artificial tasks.

Figure 14: Distribution of surveyed papers with respect to the realism of
remote assistance task.

Helper’s role. The helper can take on the role of Novice with manual,
Expert helper or Mutual collaborator. Novice with manual is defined as
a helper, who has no prior knowledge of the remote assistance prob-
lem in the user evaluation, and possesses a manual of sorts contain-
ing instructions for solving the problem. Typically, participants are
randomly assigned to play the role of the novice with manual. Ac-
cording to Figure 15, the role of the helper in most user evaluations is
a novice with manual, who alone has the solution manual to an artifi-
cial task and, due to the typically controlled nature of the evaluation,
is not allowed to show this manual to the worker.

An expert helper is defined as a helper, who has domain knowl-
edge and experience and thus knows a solution to the domain-specific
problem presented in the user evaluation. For instance, Fussell et al.
[22] involved bicycle repair specialists in their study.

35



Figure 15: Distribution of surveyed papers with respect to the helper’s role
in user evaluations.

A mutual collaborator is a helper, who engages in mutual collab-
oration with a worker. She does not have a solution to the problem
presented in the user evaluation and therefore must collaborate with
the worker to find one. Sometimes they must collaborate on an open-
ended task that does not have a clear solution, such as design tasks
[32, 108].

Figure 16: Distribution of surveyed papers with respect to collaboration re-
lationship between helper and worker.

Collaboration relationship. This describes the relationship between
helpers and workers synchronously participating in remote assistance.
Relationships can take the form of One-to-one (one helper guides on
worker), One-to-many (one helper guides multiple workers), Many-to-
one (multiple helpers guide one worker) and Many-to-many (multiple
helpers guide multiple workers). By far, most existing research has
focused on evaluating systems with a one-to-one collaboration rela-
tionship, as shown in Figure 16. An exemplary exception is the user
evaluation by [107], where all collaboration relationships, except one-
to-one, were explored.
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Based on the survey data of all user evaluation dimensions, the
parallel set in Figure 17 illustrates the two most common patterns
for evaluating remote assistance systems. The user evaluation dimen-
sions are applied in Chapter 3 to describe the user evaluations in my
own research and to position them with respect to common patterns
in related work.

Figure 17: Parallel set visualization of common user evaluation patterns in
related research.
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3
R E S E A R C H M E T H O D O L O G Y

In this chapter, I categorize the research methodology in each of my
four publications according to three conceptual apparatus:

• 1) the steps included in the design process,

• 2) McGrath’s wheel of research strategies,

• 3) the user evaluation dimensions from the survey of related
work presented in Chapter 2.

The steps of a classic design process include identifying user re-
quirements, prototyping, evaluating prototypes with users, and ana-
lyzing findings, which may be used to further identify user require-
ments in an iterative process [102].

Figure 18: PhD publications mapped to the sequential steps of a design pro-
cess.

Figure 18 shows the mapping of publications to these steps, which
serves to establish a relationship between publications by explain-
ing how findings from one publication are considered in subsequent
publications. The research method in publication 1 on tailorable re-
mote assistance [97] involves the first two steps of the design process:
1) identifying user requirements and 2) prototyping. The research
method in publication 2 on tailorable remote assistance [100] involves
the latter three steps: 2) prototyping, 3) evaluating prototype, and 4)
analyzing findings. The research in publication 3 on multi-camera re-
mote assistance [98] involves prototyping and overlaps slightly with
the evaluation step, because an initial design for a lab experiment
including hypotheses were proposed. Finally, the research in publica-
tion 4 on multi-camera remote assistance [99] also includes the latter
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three steps. While publication 2 and 4 cover the same steps in the de-
sign process, the research methodology used during evaluation and
analysis of findings differ.

I have mapped the research methodology applied in each of my
publications to McGrath’s wheel of research strategies [77], which
can be seen in Figure 19. McGrath explains how an experimenter
must consider trade-offs between generalizability, precision, control
and realism upon selecting a research strategy and places strategies
in a two-dimensional space with respect to how obtrusive/unobtru-
sive they are on the first dimension, and how particular/universal the
studied phenomena/setting are on the second dimension. Mapping
my own publications to McGrat’hs wheel of research strategies is use-
ful for discussing and comparing trade-offs of the chosen methodolo-
gies. For example, the lab experiment from publication 4 focused on
control and precision in a universal setting, which made it possible
to identify statistical correlations between variables. On the contrary,
the experimental simulation in publication 2 took place in a particular
setting, the manufacturing industry, and therefore sacrificed control
for realism. Both studies were obtrusive in the sense that scenarios
and tasks were concocted for the study participants.

Figure 19: Mapping publications to McGrath’s research strategies.

Finally, I have categorized the user evaluations of RemoteAssistKit
from publication 2 and CueCam from publication 4 along the user
evaluation dimensions from my survey, which is seen in the parallel
set visualization in Figure 20. The purpose is to position my user
evaluations in relation to these patterns and identify possible future
work. Figure 20 shows that publication 2 uses a common pattern for
conducting a user evaluation, whereas publication 4 does not.
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In the following, I elaborate on the design process, research method-
ology, and user evaluation applied in each publication.

Figure 20: The user evaluations of RemoteAssistKit and CueCam positioned
according to the user evaluation dimensions.

3.1 method of publication 1

Publication 1 presents a field study of current remote assistance prac-
tices in the manufacturing industry comprised of semi-structured in-
terviews with employees and observations of production facilities.
Thus, the research methodology is mapped to McGrath’s definition
of a field study. The goal was to study a particular setting, the manu-
facturing setting, to better understand current remote assistance prac-
tices and requirements and challenges for remote assistance in manu-
facturing.

I interviewed two employees in each of three manufacturing com-
panies, LEGO, TRESU and Vestas, which provided insights on the
type of problems that require remote assistance, technology used for
remote assistance at the time, the educational background of receivers
and givers of assistance, and requirements to new remote assistance
technology.

Additionally, I was given a tour of the production facilities at all
three companies, during which I received an introduction to their ma-
chinery and the employees working there and took note of problems
that, according to the domain experts, would benefit from remote
assistance support. I did not directly observe employees giving or
receiving remote assistance, because situations for remote assistance
occur sporadically and are far between. The qualitative data from in-
terviews and observations of production facilities were divided into
themes and synthesized into a set of requirements to remote assis-
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tance that led me to propose a tailorable remote assistance solution,
RAK. For details on the findings see Chapter 4.

The prototyping of RAK involved the use of various web technolo-
gies, including ECMAScript 6+ and p5.js for the front-end clients
in the browser and Node.js for the back-end server. Video and au-
dio communication between worker and helper clients were imple-
mented using webRTC, a framework for the web that enables real-
time peer-to-peer communication, while transmission of non-verbal
guidance between clients was handled by Node.js.

The field study methodology, i.e. collecting empirical data through
interviews and observations in the field to identify a set of require-
ments, is atypical for remote assistance research. Most related work
starts in the prototyping phase and conduct lab studies, which is evi-
dent in my survey of related work. However, it is important to collect
data in the field to gain insights on the needs of real users in real
settings. As an example, through an interview with a manufacturing
employee, I identified the need for giving remote assistance on a mo-
bile, non-immersive interface, because of the employee’s perceived
urgency of assisting with problems and the myriad of everyday use
contexts he would find himself in when receiving calls for assistance
[97].

The findings from the interviews and observations at the manu-
facturing companies, reported in publication 1, supported the idea
of using multiple scene cameras for remote assistance presented in
publication 3 and 4. In particular, two findings supported the idea of
using multiple scene cameras for simultaneously covering different
areas in a large task space and pushed me to explore and address
challenges of multi-camera remote assistance. The first finding came
from an interview with an employee at LEGO, who stated that mul-
tiple scene cameras may be useful for remote assistance on a large
washing machine used for cleaning mold parts, because they can
provide an overview of important areas on the machine and make
recordings that can be used for troubleshooting. The second finding
was that an operator at Vestas used a scene camera to monitor an
industrial robot arm and to remotely assist colleagues with program-
ming the robot.

3.2 method of publication 2

In publication 2, work on RAK was continued. The prototype was
developed further to a fidelity that allowed for an experimental sim-
ulation with domain experts in the manufacturing industry.

Twelve domain experts, plastic manufacturing technicians with an
average of 11 years of industrial experience, used RAK in three sim-
ulated, realistic remote assistance scenarios, corresponding to Mc-
Grath’s definition of an experimental simulation. The purpose of the
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experimental simulation was to create a realistic setting for the techni-
cians while maintaining some level of control and precision allowing
comparisons between scenarios. The scenarios were concocted in col-
laboration with plastic manufacturing teachers from a technical col-
lege, Den jydske Håndværkerskole (DjH). Prior to the experimental
simulation, the teachers were involved in a workshop with the pur-
pose of selecting the scenarios for the experimental simulation. They
were asked to collaboratively brainstorm on problems in manufactur-
ing that would benefit from remote assistance using various configu-
rations of RAK. This workshop gave insights into the preferred RAK
configurations for the different scenarios as well as requirements to
remote assistance that have to do with the auditory and olfactory
senses. For further details on the scenarios and a discussion of the
findings from the experimental simulation and workshop, see Chap-
ter 4.

Before each scenario the participants were asked to configure RAK.
They were also allowed to tailor RAK during a scenario. Then, using
video observations of the participants and a closed coding scheme,
tailoring patterns for RAK were identified and compared between
scenarios. Specifically, when coding videos, I counted occurrences of
RAK configurations, the helper’s guidance format (drawings, hands,
or verbal descriptions), the helper’s gestures (pointing, kinetic, or
iconic [26]), the worker’s camera work (handheld or mounted cam-
era(s), close-up view, overview, moving camera in relation to object,
moving object in relation to camera), and unexpected tailoring work
or interface challenges. Post-scenario questionnaires were used to col-
lect quantitative likert scale ratings of RAK configurations and qual-
itative statements on why specific configurations were preferred. A
post-study questionnaire was used to collect qualitative statements on
how RAK could be improved to better support the technicians’ work.
With the experimental simulation, I aimed to answer two hypotheses
in regards to 1) the perceived usefulness of RAK and 2) the tailoring
of RAK configurations to the heterogeneous requirements of the sce-
narios. However, instead the study turned out to be more exploratory
than hypothesis-testing in nature, because the unpredictability of the
field setting and number of participants made it difficult to show any
statistical correlations in the quantitative data.

Further categorizing the experimental simulation with RAK along
the survey’s user evaluation dimensions of method, focus, realism of
task, helper’s role and collaboration relationship, we see in the paral-
lel set visualization, Figure 20, that it falls into an uncommon pattern
of categories (orange threads). Most notably, the evaluation focus was
on user satisfaction and patterns of use, i.e. tailoring patterns, and
the helper’s role depended on the experience of the participants in a
given scenario and is therefore seen belonging to multiple categories.
The visualization makes it clear that the evaluation of RAK is uncom-
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mon in comparison to evaluation patterns from related work and the
lab study of CueCam.

3.3 method of publication 3

Publication 3 covers the implementation of a multi-camera system,
SceneCam, and techniques for improving awareness between worker
and helper during remote assistance with multiple cameras. The tech-
niques include egocentric and exocentric focus-in-context views and
automatic camera selection based on contextual information about
the worker. For details on the specific techniques see Chapter 5.

In this publication, I formulate hypotheses about how remote assis-
tance with multiple cameras is affected by the presence and absence
of the different techniques. For instance, I hypothesize that a worker-
helper pair will collaborate more effectively on an assembly task in
a large task space (faster completion time and fewer errors) using
a multi-camera remote assistance system with an exocentric focus-
in-context view than with a system without a focus-in-context view.
This hypothesis is based on the idea that a helper can use the exocen-
tric focus-in-context view to select the right camera view based on
the worker’s projected path or spatial deixis (”look at the area to the
right of me”), and can more easily point the worker to areas using
spatial deixis (”go to the area in front of you”).

In publication 3, I proposed to test the hypotheses in a lab study
as future work, and therefore I have positioned this work on the "lab
experiments" research strategy in McGraths wheel of research strate-
gies.

3.4 method of publication 4

Publication 4 presents work on a multi-camera system, CueCam, and
AR awareness cues for improving the worker’s awareness of the helper’s
location and view in a large task space. This work follows a common
pattern for evaluating remote assistance systems: Different AR aware-
ness cues of CueCam were compared in a within-subjects controlled
lab study with participants, who are not domain experts within the
manufacturing industry. Study participants in the role of the worker
were given a stylized target location task, where they had to locate
their helper’s view point in a large task space as quickly as pos-
sible. Quantitative objective measurements of the workers’ perfor-
mance, i.e. the number of times they located the helper within a given
time frame, and subjective satisfaction measurements of their prefer-
ences for the different awareness cues were collected after each condi-
tion. The satisfaction measurements were collected using likert scale
questionnaires. The measurements were subjected to statistical anal-
yses, i.e. a repeated measures ANOVA and dependent t-tests were
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performed on the performance measurements, and Friedman and
Wilcoxon signed rank tests on the satisfaction measurements. The
goal of the study was to answer a series of hypotheses in regards
to performance and user satisfaction of the various AR awareness
cues. For a summary and discussion of the findings, see Chapter 5.

Clearly, the user evaluation method belongs to McGraths’s defini-
tion of a lab experiment. User evaluations in most related research
follows the same pattern as the user evaluation of CueCam: They are
also conducted in the lab with novice participants, who are assigned
a stylized artificial task and have to collaborate in a one-to-one rela-
tionship. This pattern is evident from the survey data presented in
Figure 17. The blue threads in the parallel set visualization Figure 20

show this same pattern for the user evaluation of CueCam in relation
to the user evaluation of RAK and clearly highlights their differences
and similarities, such as different user evaluation methods (lab vs.
experimental simulation) and focuses (performance measures vs. pat-
terns of use).

3.5 method of design space for remote assistance

In addition to the contributions in my publications, this disserta-
tion presents my work towards a design space for remote assistance,
which was introduced in Chapter 1 and will be elaborated on later
in Chapter 6. The methodology for creating the design space fits Mc-
Grath’s definition of formal theory: "formal theory is a strategy that
does not involve the gathering of any empirical observations. Rather, the re-
search focuses on formulating general relations among a number of variables
of interest, although it be accompanied or preceded by much study of past
empirical evidence." In creating the design space, I also formulate a re-
lation between variables of general interest, namely by establishing
a relationship between the concepts of task space sharing, guidance
location and workspace awareness, and this work is preceded by em-
pirical studies in both the manufacturing industry and the lab.

In summary, I have discussed my design process, methodology and
user evaluations (where applicable) for each publication. In the next
two chapters, Chapter 4 and Chapter 5, the findings from the user
evaluations of RAK and CueCam are discussed.
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4
TA I L O R A B L E R E M O T E A S S I S TA N C E I N T H E
M A N U FA C T U R I N G I N D U S T RY

Figure 21: Three different example configurations of RAK used by partic-
ipants during the experimental simulation. d) A remote helper
draws on live video of a whiteboard captured by a scene camera
(not in view) in the worker’s space, and a) the drawings are pro-
jected onto the worker’s whiteboard. b) A worker captures the
internals of a machine with a tablet camera, e) a remote helper’s
drawings on a whiteboard are merged with live video of the ma-
chine, and b) the helper sees the merged result on the tablet. f) A
helper uses hand gestures in a shared view of the worker’s task
space, and c) the worker sees the helper’s gestures in the shared
view.

In this chapter, I will discuss my research contributions on tai-
lorable remote assistance in the manufacturing industry.

In general, systems that support collaboration must be tailorable
due to individual differences of users with different experiences and
preferences and due to the requirements of different collaborative
tasks [51, 112]. In this regard, remote assistance is no different and
must also be tailorable - "no one size fits all". For example, later in
this chapter I will argue that making the location of guidance tai-
lorable to the worker, thus enabling him to select from non-AR to AR
options depending on the collaborative task, is desirable. Yet, it seems
that the assumption in recent related work [71, 91, 94, 118, 126] is that
a key property of AR, merging communication space (the location of
guidance) and task space (the physical task objects), is preferable to
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the alternative of separating the location of guidance from the task
space. Settling on the merits of tailorable remote assistance brings us
to some interesting research questions:

• Which aspects of remote assistance need to be tailorable?

• How do users from the manufacturing industry tailor remote assis-
tance?

Due to the research on tailorable remote assistance taking place in
the manufacturing industry, I also explore the research question:

• What are requirements and challenges for remote assistance in the
manufacturing industry?

In publication 1 [97] and 2 [100], on tailorable remote assistance
in the manufacturing industry, I aim to answer these questions. As
mentioned previously in Chapter 3, publication 2 follows as a natural
next step from publication 1 in a design process. Also, see Figure 22

for an overview of publication contributions.

Figure 22: Overview of publications on tailorable remote assistance and
their main contributions and shared contributions.

First, in Section 4.1, I describe the component-based design of Re-
moteAssistKit (RAK) from a technical perspective. Figure 21 shows
RAK configurations in different realistic scenarios from the plastic
manufacturing industry.

Next, in Section 4.2, I discuss my research on identifying tailorable
aspects of remote assistance, which is reported in publication 1 [97].
The section summarizes the results of interviewing employees from
the manufacturing industry about their current remote assistance
practices and requirements for remote assistance. The interviews re-
vealed heterogeneous user needs and informed the tailorable aspects
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of RAK. To my knowledge, few researchers within the HCI commu-
nity have attempted to understand and empathize with users of re-
mote assistance technology from a specific domain and based the de-
sign of a remote assistance system on their needs, which highlights
the relevance of this research contribution.

In Section 4.3, I discuss my research on how domain experts from
the manufacturing industry tailor remote assistance, which is reported
in publication 2 [100]. To explore how remote assistance is tailored, I
conducted an experimental simulation with RAK at a technical col-
lege for plastic manufacturing, DjH. This research differs from the
sparse related work on remote assistance in manufacturing by focus-
ing on how domain experts tailor remote assistance to different man-
ufacturing scenarios with various requirements and physical scales,
while related work on the other hand has focused on evaluating rigid
(non-tailorable) remote assistance systems designed for specific in-
dustrial machines [8, 21] and comparing the effectiveness of systems
[6, 7]. In regards to tailorable remote assistance, Speicher et al. [107]
also recently studied the use of a configurable remote assistance sys-
tem, but the configurable aspects of their system and RAK are differ-
ent. Besides, I carried out an experimental simulation with domain
experts in the manufacturing industry, whereas they conducted an
experimental simulation with university students in an office setting,
so the studies differ in realism and industrial relevance. To my knowl-
edge, my work on RemoteAssistKit and the work by Speicher et al.
are the only research on tailorable remote assistance.

As a result of the uncontrolled nature of my empirical studies, in-
teresting new findings, which were not part of my original research
questions on tailorability, were uncovered about user requirements
and challenges for remote assistance in manufacturing. These find-
ings concern user requirements for non-verbal guidance (Section 4.4),
sharing of machine sounds (Section 4.5), and high-resolution views
for remote quality control (Section 4.6), and the challenges of 3D
reconstructing a task space composed of metallic components (Sec-
tion 4.7), and establishing workspace awareness in large industrial
task spaces requiring the use of multiple cameras (Section 4.8).

4.1 component-based design of remoteassistkit

RemoteAssistKit (RAK) is a component-based system that enables
users - one helper and one worker - to tailor important aspects of re-
mote assistance. A helper can tailor interface mobility and guidance
format, and a worker can tailor task space capturing and guidance lo-
cation. These tailorable aspects of remote assistance were identified in
publication 1 and are described below in Section 4.2. Users tailor their
desired remote assistance solution by combining function-oriented
software components through a selection of hardware devices and
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apps. RAK consists of three apps, the helper’s Helper App and the
worker’s Worker App and Supplementary Worker App, that run on a
PC or tablet/smartphone device. The software components, of which
the apps are composed, depend on the choice of hardware device, as
shown in Figure 23. From the users’ perspective, they need to be pri-
marily concerned with the choice of hardware devices and mounts
for devices without knowing about the underlying software compo-
nents. See Figure 24 showing the tailorable aspects of RAK from the
users’ perspective.

Figure 23: Relationship between hardware devices, apps and software com-
ponents of RAK. A user’s selection of hardware device and app
automatically configures the underlying function-oriented soft-
ware components of which the app is composed.

Figure 24: Tailorable aspects of RAK from the users’ perspective. A RAK
configuration is composed of hardware components (devices and
mounts) or software components (guidance formats) for each tai-
lorable aspect, i.e. interface mobility, guidance format, task space
capturing and guidance location. The numbers of the components
are concatenated and used to uniquely describe a configuration
as demonstrated with the example configuration "11223".

Helper App: To provide guidance to a worker, a helper uses the
Helper App on a PC or tablet/smartphone device. The Helper App
will detect the hardware device and select the correct software com-
ponents to run. If the hardware device is a PC, the Helper App will
be composed of a drawing (mouse cursor) component and hand ges-
tures (external camera) component, which are guidance format com-
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ponents, and a display component, which is a guidance location com-
ponent. If the hardware device is a tablet/smartphone, the Helper
App will be composed of a drawing (touch) component and hand
gestures (integrated camera) component and one display component.

A guidance format component enables a helper to provide non-
verbal guidance. The difference between the two guidance format
components, drawings or hand gestures, is the strategy for captur-
ing input from the helper. With the drawing component, a helper can
use mouse input on a PC and touch input on a tablet/smartphone to
make freehand drawings on video of a worker’s task space, as in [19,
26]. With the hand gestures component, a helper can use an external
camera on a PC or internal back facing camera on a tablet to make
hand gestures on video of the task space, as in [42]. Drawings or hand
gestures are then sent to the Worker App and optionally the Supple-
mentary Worker App and displayed in shared video of the worker’s
task space or projected into the task space (depending on choice of
guidance location component). It is possible to select between the two
guidance format components during runtime, which is indicated by
the rotating arrow between these components in Figure 23.

A guidance location component is responsible for displaying a helper’s
guidance in a representation of a worker’s task space. Both the Helper
App and the worker’s apps contain guidance location components.
There are two guidance location components: a display component
and projector component. A display component is necessary in the
Helper App, as it merges live video from the Worker App’s task space
capture component and guidance from the internal guidance format
component and displays the result on a tablet/smartphone or PC dis-
play. Similarly, a display component is necessary in the Worker App,
as it merges live video from the internal task space capture compo-
nent and guidance from the Helper App’s guidance format compo-
nent and displays the result on a tablet/smartphone or PC display.
Thus, the display components in the Helper App and Worker App
are responsible for creating a shared view between worker and helper
and follows the "What You See Is What I See" (WYSIWIS) interface
paradigm, as illustrated with two examples in Figure 25.

A projection component can only be used in the Supplementary
Worker App (see details below).

Worker App: To receive a helper’s guidance, a worker runs the
Worker App on a PC or tablet/smartphone. The Worker App will
detect the hardware device and select the correct software compo-
nents to run. If the hardware device is a PC, the Worker App will be
composed of an external camera(s) component, which is a task space
capture component, and a display component. If the hardware device
is a tablet/smartphone, the Worker App will be composed of an inte-
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Figure 25: Two examples of WYSIWIS interface. (Left) Helper’s WYSIWIS
interface on tablet: Shared view of worker’s task space with
helper’s hand gestures on top. (Right) Worker’s WYSIWIS inter-
face on tablet: Shared view of worker’s task space with helper’s
drawings on top.

grated camera component, which is a task space capture component,
and a display component.

The purpose of a task space capture component is to live stream
video of a worker’s task space to the display components of the
Helper App, Worker App, and Supplementary Worker App. The dif-
ference between the external camera(s) component on PC and inte-
grated camera component on tablet/smartphone is the strategy for
capturing the worker’s task space. With the external camera(s) com-
ponent a worker can setup multiple webcams, which are connected
to the same PC, in the environment to cover different areas of a task
space or multiple perspectives of an area. Live video from the web-
cams and audio from the PC microphone are streamed to the display
components of the different apps, where the video feeds can be se-
lected between from a list. The webcams provide the helper with a
degree of view independence, because they give her visual access to
areas and perspectives of a task space independently of the worker’s
whereabouts. With the integrated camera component, a worker uses
the back facing camera of a tablet/smartphone to live capture and
stream video from his task space to the different display components.
In comparison to the setup with the webcams, capturing the task
space with a tablet/smartphone gives untethered mobility.

Supplementary Worker App: Optionally, a worker runs the Sup-
plementary Worker App on a PC or tablet/smartphone, whereby the
Supplementary Worker App will detect the hardware device and se-
lect the correct software component to run. If the hardware device is
a PC, the Supplementary Worker App will be composed of a projec-
tion component. If the hardware device is a tablet/smartphone, the
Supplementary Worker App will be composed of a display compo-
nent. The difference between the projection and display components
is the location of a helper’s additional guidance. The display compo-
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nent in the Supplementary Worker App works in the same way as the
display components in the other apps, i.e. it merges video from the
Worker App’s task space capture component and guidance from the
Helper App’s guidance format component and displays the result on
an additional tablet/smartphone display. The projection component
in the Supplementary Worker App projects guidance from the Helper
App’s guidance format component directly into the task space. There-
fore, the projection component requires a PC with a projector. The
projections are experienced as spatial augmented reality similar to
the system presented in related work by Adcock et al. [1]. The bene-
fits of showing guidance directly in the task space using projections
as opposed to showing instructions on an external display physically
separated from the task space has been demonstrated in related work
on augmented reality instructions [6, 38, 101, 117] and is due to re-
duced attention switching, reduced head movements, and an reduced
amount of information to be retained in working memory.

Tailoring mounting equipment: Users of RAK can use a multitude
of mounts like gorillapods, gooseneck mounts, tripods, and magnetic
mounts to mount hardware devices in the environment. See Figure 24

for an overview of mounting options. The choice of mount is im-
portant because it influences the helper’s interface mobility, i.e. the
helper must decide whether the tablet or external camera of the PC
must be handheld or mounted in the workspace, thereby affecting
her mobility and ability to give guidance with one or two hands. Sim-
ilarly, the choice of mount influences the worker’s ability to share the
task space, i.e. he must decide whether the tablet/smartphone or we-
bcam(s) connected to a PC must be handheld, worn or mounted in
the workspace. With a handheld camera, the worker can only use one
hand for manipulating objects in the task space, the helper’s view of
the task space is constantly moving and unstable, and many possible
perspectives on task space objects are possible. In comparison, with
one or more cameras mounted in the environment, the worker can
use two hands for manipulating objects in the task space, the helper’s
view is stable, however the possible perspectives on task space objects
are limited. The worker also has to consider mounting possibilities in
the environment and make sure that the view of cameras cover the
relevant task space areas effectively, which requires additional and
potentially continuous camera work throughout a remote assistance
session.

4.2 identifying tailorable aspects of remote assistance

The tailorable aspects of RAK were identified through empirical stud-
ies in the manufacturing industry. Six employees (E1 - E6) at three dif-

53



ferent manufacturing companies (TRESU, LEGO and Vestas) were in-
terviewed using a semi-structured interview strategy. As part of their
job, the employees supported remote problem solving on various ma-
chines: mold washing machine (E1), CNC machines for milling molds
(E2), inline printing machines (E3-4), industrial robot arm for lubing
bolts in a wind turbine production (E5), and turbines (E6). See Fig-
ure 26 for an overview of the relationship between companies, em-
ployees and machines and publication 1 [97] for further details on
the employees’ roles. The interviews lasted between 21 - 49 minutes,
with an average of 27 minutes. Interview questions concerned the em-
ployees’ daily work routine, current remote assistance practices, prob-
lems at work that required remote assistance, video communication
technologies currently used for remote assistance, potential needs for
being mobile, and requirements to a future remote assistance solu-
tion. All six employees had prior experience in the role of the remote
helper assisting colleagues, for example field service technicians, or
customers on site. At least four employees (E2-4, E6) also had prior ex-
perience as field service technicians, and E5 would sometimes receive
guidance over the phone from the robot manufacturer. Since arrang-
ing meetings with employees at the companies was a time consuming
process, the interviews took place over the course of a year. During
the visit to each company and before the interviews took place, I re-
ceived a tour of the production facilities, and problems that might
benefit from remote assistance support were discussed with the em-
ployees.

Figure 26: Overview of people involved in my studies in the manufactur-
ing industry. Manufacturing employees (E1-6) from company A
(LEGO), B (TRESU) and C (Vestas) that participated in interviews,
teachers (T1-4) from the technical college that participated in a
workshop, and manufacturing experts (S1-12) that participated
in an experimental simulation with RAK.

From the interview study, it was clear that the employees’ require-
ments to interface mobility and task space capturing aspects of re-
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mote assistance were heterogeneous. For instance, E1 wanted to give
guidance in nomadic use contexts due to the perceived urgency of
a problem, "I prefer helping them (the machine operators) right away, be-
cause it is very important that the machine is running [...] Often I am in the
supermarket or picking up the kids (from school), when they (the machine
operators) call me". In comparison, E6 preferred a PC with a large mon-
itor for giving guidance, "On the PC I have the (technical) drawings and
I can show them (his remote colleagues) the drawings [...] it will be too diffi-
cult to do it on the phone, I think". Furthermore, E5 wanted an overview
of a robot arm and thus installed a fixed webcam, which he could
access remotely, while E6 needed to be able to see close-up views
of the wiring on a turbine and thus were piloting a solution, where
live video of the turbine was streamed from a handheld/head-worn
camera. E1 suggested to use fixed cameras to make video recordings
that could be used for troubleshooting, "A bunch of cameras in the pro-
duction that one could log into and use to go back in time, because many
of the errors are related to persons making mistakes”. Due to these hetero-
geneous user needs, it was decided to support the helper’s interface
mobility on PC and tablet/smartphone and the worker’s task space
capturing with a tablet/smartphone camera or one or more webcams.

However, it was less clear from the interviews, how making the
aspects of guidance format and guidance location tailorable would
benefit users. The interviewees did not exhibit a good understanding
of the pros and cons of different guidance locations, and they were
mostly concerned with the presence of non-verbal guidance, not the
specific format of it (see Section 4.4 on non-verbal guidance). This
was likely because they did not have prior experience using special-
ized remote assistance apps with support for non-verbal guidance
techniques. Yet, I decided to make guidance format and guidance lo-
cation tailorable in the final implementation of RAK. I was inspired
by related work that compared guidance formats [26, 56, 62, 74] and
guidance locations in non-AR and AR [19, 31, 62]. The comparisons
of guidance formats have demonstrated some strengths and weak-
nesses of the drawing and hand gesture formats. Drawings on shared
video are good for showing the end-state of an assembly step or pro-
cess, which can be used for reference by the helper and worker [19],
whereas this is difficult to achieve with hand gestures. In comparison,
hands are good for making short-lived ephemeral gestures, such as
pointing gestures, while pointing with drawings by making arrows
or circling objects is not ideal, because they clutter the worker’s in-
terface, unless automatically deleted after a short period of time [26].
The combination of hand gestures and drawings have been shown
to improve remote assistance over just using one of the formats [46].
Thus, it makes sense to be able to alternate between the two formats
during runtime, which I made possible in RAK.
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The benefits of using a specific guidance location, namely AR guid-
ance visualized directly on the task space or non-AR guidance sepa-
rated from the task space, will depend on the nature of the collabo-
rative task, which I will demonstrate with two possible RAK configu-
rations in two scenarios. Therefore, it was decided that RAK should
support tailoring of the guidance location. In the first scenario (see
RAK configuration in Figure 27), a worker, who is doing maintenance
of water pipes under a sink, has placed a smartphone camera under
the sink in an area that is difficult to reach and outside the worker’s
field of view. The smartphone live streams video of the area to a tablet
held by the worker and to a helper. The helper uses a PC and mouse
as input to provide guidance with freehand drawings on the video
feed. These drawings are displayed on top of the video feed on the
worker’s handheld tablet. Hence, from the worker’s and helper’s per-
spective this RAK configuration follows the "What You See Is What
I See" (WYSIWIS) paradigm. The RAK configuration is convenient
to the worker, because it provides him with extra eyes on the water
pipes and prevents him from having to do continuous manual cam-
era work in a physically straining body pose. The scenario is a good
example of how separating the task space (the water pipes under the
sink) and communication space (tablet display in the worker’s hands)
can actually benefit the worker.

Figure 27: RAK configuration in scenario 1 from the users’ perspective.

Figure 28: RAK configuration in scenario 2 from the users’ perspective.

In the second scenario (see RAK configuration in Figure 28), a
worker needs help with injection mold maintenance at a workbench.
He uses a semi-fixed setup with an overhanging web camera and
projector mounted on a gorillapod. The webcam and projector are
connected to the same laptop PC placed on the workbench. The we-
bcam’s top-down view of the workbench is live streamed to a helper.
The helper uses a tablet mounted in a gooseneck to make gestures
with both hands on the video of the workbench. The hand gestures
are projected directly onto the workbench using the overhanging pro-
jector. Since the helper and worker sees the guidance in the task space
from different perspectives, this configuration does not follow the
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WYSIWIS paradigm, which can cause problems (see Section 4.3.2).
On the other hand, the projected guidance combines task space and
communication space on the workbench, which has been shown to
have positive advantages for quick consumption of instructions [38,
101, 117], because it reduces head movements and the amount of in-
formation to be retained in working memory in comparison to view-
ing instructions on a separate display. The benefits of a combined task
space and communication space is one of the major reasons that AR
technology is often used in recent remote assistance research [71, 91,
94, 118, 119, 126].

In regards to the separation or combination of task space and com-
munication space the configurations in the two scenarios represent
polar opposites with each their strengths and weaknesses. Impor-
tantly, I believe that the scenarios illustrate why "one size does not
fit all", and why designers should not blindly use AR technology for
remote assistance.

In summary, the tailorable aspects of interface mobility and task
space capturing were identified through the interviews with man-
ufacturing employees, whereas tailorability of guidance format and
guidance location was based on related work and the envisioned user
scenarios.

4.3 how users tailor remote assistance

To study how users tailor remote assistance an experimental simu-
lation was conducted with RAK at a technical college, DjH, with ex-
perts in plastic manufacturing. Four teachers (T1-4) from the technical
collage participated in a workshop to design and prepare scenarios
for the experimental simulation. Later, twelve plastic manufacturing
technicians (S1-12) took part in the experimental simulation, which
consisted of three realistic remote assistance scenarios: 1) trigonome-
try exercises ("trigo"), 2) troubleshooting running injection mold ("in-
jection"), 3) maintenance of mold ("tool"). See images of the scenarios
in Figure 29. The experts were arranged into 6 worker-helper pairs
and had to collaborate through each scenario by configuring RAK
before and/or during a scenario. The experts were students at the
technical college at the time of the experimental simulation, but had
an average of 11 years of professional experience in the plastic manu-
facturing industry, as mentioned previously.

For scenario 1, the experts had to collaboratively solve two trigonom-
etry exercises by calculating the values for the missing sides and an-
gles of a triangle. They were allowed to use pen and paper and/or a
whiteboard for the calculations, and only the helper had the trigonom-
etry formulas (law of sines and cosines). This scenario is relevant,
because knowledge of trigonometry is needed when designing injec-
tion molds. Scenario 2 had experts collaborate on troubleshooting a
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Figure 29: Three realistic remote assistance scenarios. a) trigonometry exer-
cise, b) troubleshooting of running injection molding machine, c)
tool maintenance.

running injection mold by fixing an issue with the quality of the man-
ufactured plastic parts. In scenario 3, they had to collaborate on dis-
assembling and reassembling and injection mold. All scenarios were
physical in nature for the worker. For more details on the study see
publication 2.

In the following, I will discuss the results of the experimental sim-
ulation.

4.3.1 Users tailored guidance format and task space capturing to the re-
quirements of scenarios

With the experimental simulation, I aimed to explore the research
question: How do users tailor remote assistance to different problems with
varying requirements? I expected to see some patterns in the use of
RAK configurations, which from the users’ perspective are composed
of selection of hardware devices and mounts. See Figure 24 for a list
of components for each tailorable aspect of RAK. The numbers of
the components are concatenated and used to uniquely describe a
configuration.

Figure 30: Configurations that were used two or more times in any of the
scenarios. (Left) Worker-helper pairs’ combined configurations.
(Middle) Helpers’ configurations. (Right) Workers’ configuration
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Figure 30 illustrates the preferred use patterns, while Figure 31

shows all configurations used by the worker-helper pairs in each sce-
nario. For the combined-configurations it is clear that there was no
preference for a particular configuration in any of the scenarios. I
speculate that this has to do with worker-helper pairs not negotiating
the use of a configuration and thus one user’s choice of components
did not affect the other user’s choice of components.
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Figure 31: All configurations used by the worker-helper pairs (G1-G6) in
each scenario.
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Some helper-configurations, "111" and "121", were preferred in the
"trigo"-scenario, and the configuration "123" was slightly preferred in
the "injection" and "tool"-scenarios. The defining difference between
helper-configurations was the use of the guidance format drawings
in the "trigo"-scenario and verbal guidance only in the other two sce-
narios, which likely had to do with the participants’ high experience
rating of the "injection" and "tool"-scenarios and shared terminology
for task objects, thus reducing the need for pointing, in comparison to
their low experience rating of the "trigo"-scenario and need to draw
formulas and annotate triangles to establish common ground.

There was not a clear preference for a specific worker-configuration
in the "trigo"-scenario, but there were clear preferences for "11" (5/6

workers) in the "injection"-scenario and "23" (5/6 workers) in the
"tool"-scenario, which likely had to do with the difference in size be-
tween the workspaces in the two scenarios. The workspace in the
"tool"-scenario was table-sized, thus warranting the use of a webcam
(connected to a PC) on a small gorillapod, which was occasionally
picked up in one hand to show close-up details of the mold but oth-
erwise used as an easy to move scene camera. In comparison, the
workspace in the "injection"-scenario was larger, as the remote assis-
tance revolved around a large injection molding machine, thus war-
ranting a mobile solution with a tablet on a tripod. In both the "tool"
and "injection"-scenarios a common denominator was that configura-
tions supported hands-free use. This need was further corroborated
by qualitative statements from the post-scenario questionnaires, were
multiple participants stated that hands-free use was appreciated.

A common pattern in all scenarios was that workers used a scene
camera most of the time (i.e. it was mounted in the environment),
since it offered hands-free use, but every now and then picked up the
camera to move it to another location or provide a close-up view of
an object. I will refer to this pattern as movable scene cameras.

In summary, we see that users tailored guidance format and task
space capturing aspects of remote assistance to the distinct require-
ments of the problem scenarios and some agreement was observed
regarding suitable configurations for the problem scenarios. This is
an important finding, because it points to the usefulness of tailorable
remote assistance, confirms that tailorability is needed due to the
varying requirements of collaborative tasks (e.g., different sizes of
task spaces), and implies that remote assistance configurations that
have been shown to be particularly suitable for a given collabora-
tive task can be recommended to users in advance to speed up the
configuration process and ensure a suitable configuration for a task.
Furthermore, the pattern of using movable scene cameras is interest-
ing, because it points to new research, where AR guidance is given
through the perspective of one or more movable scene cameras, as in
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the work by Piumsomboon et. al. [94]. This is in fact one of my own
contributions discussed in Chapter 5.

I was not able to gain any insights on how users tailor guidance
location to the requirements of different tasks and scenarios, because
AR guidance was only used by two pairs in the "trigo"-scenario. How-
ever, their use of spatial AR revealed an interface challenge, mainly
that the helpers found it difficult to annotate the shared view of
the worker’s whiteboard in adequate detail, which lead to the pro-
jected mathematical formulas taking up too much space and pollut-
ing the worker’s whiteboard. A simple solution would be to add
zoom functionality to the helper’s video feed, allowing for annota-
tions in zoomed-in areas of the task space.

4.3.2 Awareness of the collaborating partner’s composition of components
is important

During the "trigo"-scenario in experimental simulation, two worker-
helper pairs used a configuration that included a projector, meaning
the helper’s guidance was projected onto the worker’s space, a white-
board. One helper was observed to draw outside of the whiteboard
and onto the surfaces in the background, which led to unintelligible
drawings from the worker’s perspective, as shown in see Figure 32.
To the helper however, the drawings looked perfectly understandable
on the shared video on his tablet device.

Figure 32: Helper draws outside of whiteboard and consequently the pro-
jected drawings appear unintelligible to the worker. The helper is
not aware of this.

This is a good example of how important it is that the composition
of a component-based tailorable remote assistance system is made
clear to the collaborating partners to avoid misunderstandings. For
example, making the helper aware of the worker’s choice of guidance
location component should help avoid the above situation, where the
helper applies the wrong mental model of how their guidance is vi-
sualized and perceived in the workspace. Furthermore, making the
worker aware of the helper’s choice of interface mobility component
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should help adjust their expectations. For instance, the worker may
infer that certain resources, be it personnel or documents, is not eas-
ily available to a helper using a tablet/smartphone interface, because
this interface is indicative of a nomadic mobile use context.

Generally, an important design consideration for tailorable CSCW
systems is the ability to tailor systems during run-time, to avoid shut-
ting down a system for all users because one user is tailoring parts of
the system [112]. However, as is supported by my observation, run-
time tailorability of a CSCW system, such as RAK, can pose a chal-
lenge, if a tailoring step by one user affects the collaborating partners.
To remedy this problem, Herrmann et al. [39] implemented a feature
in their tailorable CSCW system that allowed users to reject, accept
or modify a tailoring step made by a collaborator. Likewise, features
must be implemented in tailorable component-based remote assis-
tance systems that make users aware of their collaborating partner’s
composition either through a similar negotiation feature or persistent
awareness cues in the interface, for example in RAK’s case by display-
ing icons for the hardware devices used by the collaborating partner.

4.4 the importance of non-verbal guidance depends on

the knowledge relationship

The interviewed employees from the manufacturing industry had lit-
tle to no experience with specialized remote assistance solutions and
current practices involved image sharing with email or chat apps and
video calling using FaceTime or Skype. Still, when they were asked
about the ability to use non-verbal guidance, (e.g. a pointer or draw-
ings) in shared video, it was considered useful in situations, where
the helper and worker did not share the same technical terminology,
which was sometimes the case during communication with workers
in other countries. E3-4: "At the same time you (the worker) show me
something with the camera, you are able to see something on your screen,
where I’ve added a layer of information. Often the OEM technician (Original
Equipment Manufacturer) does not know the technical name of the mechanic
components [...] their English is primitive [...] I don’t always understand
what he says".

Additionally, in the experimental simulation the non-verbal guid-
ance of RAK (drawings or hands) was used sparsely in the "tool"-
scenario and "injection"-scenario. In those scenarios it was clear that
due to the participants’ expert knowledge, pointing to task objects
and making deictic references were rarely necessary for establishing
common ground, because they shared the same technical jargon. For
instance, they shared the technical terms for the different parts of the
injection mold in the "tool"-scenario and were able to use the terms
to effectively refer to the parts.
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In conclusion, it seems that non-verbal guidance is most useful for
situations where no community co-membership within a field [15]
can be assumed and there is an asymmetric knowledge relationship
between the worker and helper. A good example is the asymmetric
knowledge relationship between an expert technician and machine
operator with different primary languages and educational backgrounds.
Still, I agree with Fussell et al. [22] that a systematic comparison of
the remote collaboration unfolding between expert workers and ex-
pert helpers to the remote collaboration between novice workers and
expert helpers is needed to better understand the benefits of non-
verbal guidance for different knowledge relationships.

4.5 sharing of machine sounds is important for remote

troubleshooting

It was revealed during the workshop with the teachers that sharing
of machine sounds is perceived as important for the remote helper
during troubleshooting of a running manufacturing machine, because
an expert helper is trained in listening to the manufacturing process
and can potentially hear when the process is faulty. T1: "You typically
listen for uniform process sounds and react on sounds that sounds off [...]
It will be difficult for a remote helper to give guidance unless he can hear
the process sounds and see the process at the same time, because you use all
senses in troubleshooting mode".

Furthermore, workshop participant T1 also considered other senses
useful for troubleshooting a manufacturing process. For example, he
considered it useful to be able to distinguish between the necessary
smell of heated plastic from the production process and the erroneous
smell of burned plastic from a control cabinet. So, the accounts of T1

provided interesting insights on the importance of using both the
auditory and olfactory senses for troubleshooting machines in man-
ufacturing and understanding the "full picture" of a problem. This
is an interesting finding, because research on task space sharing has
predominantly focused on methods for sharing visual aspects of a
task space [1, 23, 69, 70, 72, 95, 113] and cancelling out sounds from
the environment perceived as noise to support clear verbal communi-
cation.

The concept of interactive machine sound enhancement, where sounds
from machines are seen as useful auditory information rather than
noise that must be cancelled out, is an interesting future research di-
rection discussed in Section 7.2.
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4.6 high-resolution views are important for remote prod-
uct quality optimization

A prevalent pattern in the "injection"-scenario was that all workers
would show a close-up view of the imperfections on the manufac-
tured plastic pieces to the helpers by slowly rotating the pieces near
the tablet camera, which is shown in Figure 33, a. This observation im-
plies that high-resolution close-up views are needed for remote prod-
uct quality control during on-site manufacturing, which was further
corroborated by a worker participant’s feedback in the post-study
questionnaire, S4: "if the personnel on site does not have the required know-
how to do quality control, you could do it remotely, but it must be possible
(for the helper) to see small details". This findings raises the questions:
What amount of detail must the helper be able to see to do remote quality con-
trol in a real-world setting and what camera setup is best suited for remote
quality control? For instance, the use of depth cameras for creating 3D
geometric reconstructions have become popular in remote assistance
systems from recent research [47, 90, 91, 118], but it remains to be
seen whether they are useful in a manufacturing setting for captur-
ing intricate details of small objects and small irregular motions of
machine components - the devil is sometimes in the detail.

Figure 33: Tailoring patterns. a) Workers show helpers a close-up view of
imperfections in the manufactured plastic pieces by rotating the
pieces close to the tablet camera. b) Workers show close-up view
of their interactions on the HMI. c) Workers show close-up view
of machine internals with the mold part. Workers alternated be-
tween b) and c), and the helper’s workspace awareness suffered,
whenever the worker forgot to bring the camera with him.

4.7 the manufacturing context poses a challenge for

creating 3d reconstructions with depth cameras

As mentioned above, creating a static 3D reconstruction of a task
space with one depth camera by panning over it [28, 90, 91, 118] or cre-
ating a live 3D reconstruction with multiple fixed depth cameras [47,
85] has become popular in recent remote assistance research, because
it allows the helper to navigate the worker’s space and give guid-
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ance in 3D. Yet, to the best of my knowledge, no remote assistance
research has explored the challenges caused by the metallic material
properties of industrial task objects, which is an obstacle to unleash-
ing the full potential of depth sensors and reconstructions for remote
assistance in manufacturing.

The interviews with manufacturing employees showed that remote
assistance is needed on various machines, such as CNC machines and
washing machines at LEGO, industrial robot arms and wind turbine
engines at Vestas, and inline printing units at TRESU. Additionally,
the experimental simulation added the injection molding machine,
which is crucial for the production at LEGO, to the list of machines.
Observations at the companies confirm that these machines consist
of metallic components, some of which have specular, mirror-like
surfaces, for example a mold inside an injection molding machine
or the drill bits inside a CNC machine, as can be seen in Figure 34,
left and middle picture. However, it is challenging to use an optical
depth camera to accurately measure the depth of such metal compo-
nents with specular surfaces. This observation is supported by related
work [50], where industrial objects with metal surfaces were inaccu-
rately reconstructed with a time-of-flight depth sensor, because the
light emitted by the sensor was multiply reflected in the metal sur-
faces as shown in Figure 34, right picture. Polished mirror-like metal-
lic surfaces are even more problematic to measure accurately with
an optical depth sensor without additional equipment [121]. Inaccu-
rate depth measurements in turn lead to an inaccurate 3D reconstruc-
tion, which is problematic for multiple reasons. First, it makes it diffi-
cult for the helper to visually inspect imperfections in manufactured
metal objects or misalignment of assembled components. Secondly,
it makes it difficult for the helper to accurately annotate the recon-
struction. This challenge illustrates why it is worthwhile to conduct
research on alternative approaches of achieving view independency
that do not make use of depth cameras, for example further research
on multi-camera (RGB) remote assistance systems.

Figure 34: It is a challenge to 3D reconstruct metallic surfaces using optical
depth cameras. (Left) Metal injection mold with polished mirror-
like surfaces. (Middle) Metal drill bits with specular highlights in
tool changer of CNC machine. (Right) Poor 3D reconstruction of
metallic industrial object from time-of-flight depth data by Kahn
et al. [50].
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4.8 multiple cameras support workspace awareness in

large industrial task spaces

The two most important areas on the injection molding machine dur-
ing troubleshooting were the HMI and the machine internals includ-
ing the mold, which became clear from the observation that 5/6 work-
ers continuously moved a scene camera, a tablet camera on a tripod,
to provide the helper with a view of one of the two areas. See Fig-
ure 33, b) and c) for pictures of this use pattern and Figure 35 for an
overview of the important parts of an injection molding machine.

Figure 35: Areas on injection molding machine (without additional equip-
ment). (Left) An image of an injection molding machine at DjH.
(Right) Illustration of injection molding machine. The HMI and
mold unit are of interest during remote product quality optimiza-
tion, whereas the additional clamping and injection units are of
interest during remote repair.

The view of the HMI displayed information about adjustable pro-
duction parameters, while the view of the machine internals showed
the movements of the clamping unit and mold, which were controlled
by these parameters. Thus, workers would move the camera back and
forth between areas to show cause and effect of HMI user interac-
tions. This use pattern of moving the scene camera from one area
to another rarely occurred in the other scenarios, likely due to the
smaller workspaces that could be covered in adequate detail from
one view. Interestingly, it was observed that helpers lost awareness,
when workers forgot to bring the scene camera as they moved to an-
other area on the machine, of which an example is shown in Figure 36.
A worker changed his attention from the HMI to the mold inside the
machine, but did not bring the camera with him, i.e. did not adjust the
helper’s viewpoint, and therefore the helper expressed doubt about
the worker’s location. This observation shows that the helper may
benefit from independent access to views of multiple areas, in partic-
ular views of the HMI and machine internals, for instance through
the use of multiple cameras each providing a close-up view of an
area. Another possible RAK multi-camera configuration that could
have prevented the helper from loosing awareness of the worker’s lo-
cation was to mount one camera as an overview camera and another
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camera on a movable tripod. Furthermore, the need for simultaneous
views of the HMI and mold was brought up by the teachers at the
workshop and by the helper, who was paired up with the worker in
Figure 36. This helper stated the following when asked about miss-
ing features in RAK, S9: "In the injection scenario, it would have been
nice with a view of both the mold (inside the machine) and the HMI at the
same time". Obviously, simultaneous views of different areas on an in-
jection molding machine can only be achieved with multiple cameras.
I have observed a general pattern that large machines, be it injec-
tion molding machines, inline printing units, or specialized washing
machines, grant the worker access to an HMI with which a worker
can control and affect other areas on the machines, including move-
ments of machine parts and the appearance of manufactured prod-
ucts. Thus, I generalize my finding that multiple cameras are consid-
ered useful for remote assistance on injection molding machines to
include other large industrial machines as well.

Figure 36: Worker forgets camera as he moves his attention from one area on
the machine to another and leaves the helper wondering, where
he is.

Additionally, during the interview with manufacturing employees
the idea of using recordings from multiple scene cameras to aid with
remote assistance was brought up by E1: "It would be interesting with
constant surveillance of the machines [...] A bunch of cameras in the pro-
duction that one could log into and use to go back in time, because many
of the errors are related to persons making mistakes [...] I know who used
the machine last (because of digital logging of id) [...] but they used the ma-
chine in a different way (than intended) and we don’t know why a certain
error occurred and how the situation was (at the time the error occurred)
[...] or when the error occurred, because they left the machine to itself”. The
idea of the helper using video recordings of the worker’s space for
remote assistance is curiously absent from related research, although
in the system by Speicher et al. [107] users could rewind a live stream
by 10 seconds. This is interesting, because typically the research fo-
cus has been on supporting the helper in navigating the worker’s
space dimension by means of view independency [70, 113, 118], but
not the time dimension. Thus, a potentially interesting direction for
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future research is the topic of time independence, i.e. a helper re-
motely accessing a workspace at a point in time independently of
the worker’s presence, which enables functionality such as annotat-
ing video recordings during synchronous remote assistance and asyn-
chronous remote assistance with annotated video messages. However
concerns about surveillance of employees need to be taken seriously.

In summary, multiple cameras for remote assistance can offer the
helper view and time independence on large industrial machines,
compared to using one movable scene camera or head-mounted cam-
era. However, instilling workspace awareness between the worker
and helper during multi-camera remote assistance in large task spaces
is challenging for several reasons. It is important that these challenges
are addressed by using techniques for improving workspace aware-
ness, which is the topic of Chapter 5.

69





5
S U P P O RT I N G W O R K S PA C E AWA R E N E S S D U R I N G
M U LT I - C A M E R A R E M O T E A S S I S TA N C E I N L A R G E
TA S K S PA C E S

Figure 37: Illustration of AR multi-camera remote assistance. a) Helper’s
drawing on how to manipulate task object as seen from the
worker’s perspective in AR. b) Third-person perspective of
worker manipulating task object. c) Helper’s screen-based inter-
face on PC with which he has access to multiple cameras and can
draw in the selected camera view. The drawings are interpreted
in 3D and shown to the worker in a).

In this chapter, I will discuss my research contributions on multi-
camera remote assistance and techniques for improving workspace
awareness in large task spaces.

As explained in theory in Chapter 2 and supported with empirical
findings from my studies in the manufacturing industry discussed
in Chapter 4, it is important to support ways in which helpers and
workers can maintain awareness of each other in large industrial task
spaces, because they need to keep track of where their collaborator is
and what activities he/she is carrying out to collaborate well. I pre-
viously explained in Section 4.8, that an interview with an employee
at LEGO about remote assistance on a large washing machine and
video observations + questionnaire data from the "injection"-scenario
supported the idea of using multiple cameras for remote assistance
in industrial task spaces with large machines, because such camera
setup gives the helper view and time independence compared to us-
ing one movable scene camera or a head-mounted camera.

Using multiple cameras for remote assistance has some benefits.
First, the helper can retrieve information about the state of a work
area independently of the worker. Secondly, by using a particular
multi-camera configuration, the helper is able to achieve both de-
tailed views of the worker’s object manipulations in a work area and
an overview of the relationship between multiple work areas in the
task space. This overview+detail has been shown to be beneficial for
workspace awareness [13]. Furthermore, multiple cameras also allow
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the helper to immediately view the consequences of the worker’s
actions in one area on another area, for example the consequences
of the worker’s interactions with an HMI on the movements of the
machine internals. On large machines, this can be potentially time
saving, because it reduces the need for the worker to walk between
the HMI and machine internals. Additionally, permanently installed
scene cameras can make recordings, allowing workers and helpers
to rewind and identify human errors that caused a particular prob-
lem. Addressing the question of why it is worthwhile to use multiple
scene cameras instead of a head-mounted/body-worn camera on the
worker, research has shown that collaboration works better with a
scene camera than with a head-mounted camera, as explained previ-
ously in Section 2.3.3.2, and has to do with the ability of the helper
and worker to focus their attention on different work areas at their
own pace. Furthermore, research has shown that it is challenging for
the helper to give guidance in a moving camera feed from a head-
mounted camera [19].

Despite the benefits, multiple cameras also represent some inter-
esting challenges for establishing workspace awareness, especially in
large task spaces where the cameras are distributed over multiple
work areas. Therefore, I aim to answer the research question: How can
we design for awareness between worker and helper during multi-camera
remote assistance in large task spaces?

Figure 38: Possible views of the task space. Scene camera view 1 and 2 illus-
trates the problem with spatial discontinuities in a multi-camera
system when performing a distal pointing gesture. In scene cam-
era view 1, the helper points to a distant task object in a work
area, but the task object is only visible in scene camera view 2.
An overview is provided to show the actual spatial relationship
between work areas. A head-mounted camera view is provided
to demonstrate one of its strengths compared to the other views:
it is clear to which object the worker points.
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Challenges for establishing workspace awareness in multi-camera
remote assistance is illustrated in Figure 38. The helper lacks an un-
derstanding of the spatial relationship between scene camera views
and the worker [32], since the views are presented to her in a dis-
jointed manner. These spatial discontinuities can make it difficult for
the helper to determine where the worker is in relation to other work
areas, or predict where he is about to go, and thus makes it time
consuming to obtain the optimal camera view. Due to spatial discon-
tinuities, it is furthermore difficult for the helper to infer, which task
object or location the worker points at, when the worker’s distal point-
ing gesture is visible in one scene camera view, but the task object/lo-
cation is visible in another scene camera view. Thus, referencing ob-
jects in a multi-camera setup lacks the ease with which two co-located
persons can reference objects by simply pointing or gazing in the di-
rection of an object, or the ease with which a worker can point to a
task object in a head-mounted camera view [106]. Additionally, it is
difficult for the worker to know which camera the helper views, and
where her focus of attention is. This in return makes it difficult for the
worker to know whether the helper can see his gestures and actions
without verbal confirmation. Even if the worker knows which camera
the helper views, he may not know the field of view of this camera,
which can cause him to reference objects outside the helper’s field of
view. These are the issues that stand in the way of high workspace
awareness during remote assistance with multiple cameras in large
task spaces. I combat these issues in my multi-camera remote assis-
tance systems by using AR visualization and tracking technology.

My first publication on multi-camera remote assistance and aware-
ness (publication 3 [98]) covers the design and implementation of
a multi-camera AR system, SceneCam, with techniques for making
the helper aware of the worker’s location and actions in a large task
space. To this end, interactive focus-in-context views and context-
aware camera selection techniques are introduced as means of mak-
ing the helper aware of the worker’s location and actions. Vice versa,
the second publication (publication 4 [99]) covers the design, imple-
mentation and user evaluation of another multi-camera AR system,
CueCam, that uses three AR awareness cues to make the worker
aware of the helper’s location, focus of attention and actions in a
large task space.

Figure 39 illustrates how SceneCam and CueCam are responsi-
ble for the workspace awareness information flowing in both direc-
tions between the helper and worker. The design of SceneCam is
mostly concerned with communicating workspace awareness infor-
mation about the worker to the helper, while the design of CueCam
is mostly concerned with communicating workspace awareness in-
formation about the helper to the worker, but the distinction is not
clear cut. For example, the helper can use her cursor in the focus-in-
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Figure 39: How SceneCam and CueCam are responsible for the workspace
awareness information communicated between the helper and
worker.

context views to communicate with the worker through deictic pro-
nouns (this, that, there etc.)

For the remainder of the chapter, I will discuss the most impor-
tant research contributions of my work on multi-camera remote as-
sistance and awareness in relation to existing work on the topic. This
includes a discussion of focus-in-context views (Section 5.1) and auto-
matic camera selection of optimal view based on contextual informa-
tion (Section 5.2), AR awareness cues (Section 5.3) and ad hoc camera
calibration (Section 5.4). See Figure 40 for an overview of the main
contributions and shared contributions of my publications on multi-
camera remote assistance.

Figure 40: Overview of publications on multi-camera remote assistance and
their main contributions and shared contributions.
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5.1 focus-in-context views for improving the helper’s
awareness of the worker

Publication 3 [98] contributes the design and implementation of in-
teractive exocentric and egocentric focus-in-context views for mak-
ing the helper aware of the worker’s location and actions in a large
workspace. Briefly described, an interactive focus-in-context view is
an overview (the context) of a workspace augmented with detailed
(focus) views of multiple work areas at their locations in the overview.
See Figure 41 and Figure 42 for screenshots of the helper’s interface
showing the exocentric and egocentric focus-in-context views, and
publication 3 [98] for further details about their interactive behaviour.
Here, the context view serves to make the spatial relationship be-
tween cameras, work areas and the worker explicit in a multi-camera
system, thus improving the helper’s ability to orient herself, while the
focus views are needed to see details of the worker’s objects manipu-
lation. Research has shown that a combination of a detailed view and
overview improves remote assistance over just having access to either
one of them [13]. Further, by making the focus views accessible from
the context view, the helper can more quickly find the appropriate
focus view, rather than having to look for it in a list.

Figure 41: Screenshot of helper’s screen-based interface. (Left) Exocentric
focus-in-context view with a top-down view of virtual icons
showing the live movements of the worker (the dark pink head
icon) and (camera, work area)-pairs (the three orange rectangles
connected to the light pink circles with a line). Upon hovering
over a work area icon with the mouse cursor, the focus view of
the area is shown in a thumbnail. Upon clicking on a work area
icon, the focus view of the area is selected as the primary view.

75



Figure 42: Screenshot of helper’s screen-based interface. Egocentric focus-
in-context view shows live video feed from an overview camera.
The video feed is augmented with circles at the location of work
areas. Upon hovering over a circle with the mouse cursor, the
focus view of the area is shown in a thumbnail. Upon clicking on
a circle, the focus view of the area is selected as the primary view.

Figure 43: How the different views contribute to the sources of workspace
awareness information.
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For details of how the focus views and exocentric and egocentric
context views contribute to the different sources of workspace aware-
ness information (consequential communication, feedthrough, and
intentional communication) see Figure 43. In regards to consequen-
tial communication the exocentric and egocentric context views can
be used to observe the worker’s path in a workspace and thus pre-
dict his next location, and the focus views can be used to see the
worker’s hands, which may indicate that he is searching for a task
object, or his facial expression, which may show confusion or com-
prehension. Concerning feedthrough, focus views can be used to ob-
serve the worker’s object manipulations. Object manipulations may
also be observed from the egocentric context view, but is not ideal
for the purpose, because it serves as an overview. Since the exocen-
tric context view is purely virtual and object manipulations are not
modelled, it does not support communication of feedthrough infor-
mation. Finally, intentional communication is supported in all types
of views. In the exocentric view, the helper can see the worker point
with his head to distant work areas combined with deictic pronouns
(e.g. "this area over here"). Similarly, in the egocentric view, the helper
can observe the worker point with his head or his outstretched hand
and index finger to distant areas, however the helper may have dif-
ficulties interpreting distal pointing gestures correctly [106]. In focus
views, the helper can observe the worker’s proximal pointing to task
objects and iconic hand gestures representing shapes or distances.

Existing research on focus-in-context views for remote collabora-
tion in face-to-face office meetings include [80, 81, 123]. In compar-
ison, the focus-in-context views presented in my work [98] are for
remote assistance on physical tasks in large room-sized workspaces,
and thus the focus views are oriented towards work areas with phys-
ical task objects. Furthermore, in comparison to the related work [80,
81, 123], where focus views are captured from the same angle as the
context view due to the way cameras are configured, the implementa-
tion of my focus views supports capturing multiple work areas that
may be fully or partially occluded from each other by making one
scene camera responsible for each focus view. In principle, this makes
it possible to create an exocentric focus-in-context view of multiple
rooms separated by walls, which is not possible with the related sys-
tems.

In a recent system by Teo et al. [118], a static 3D reconstruction of a
room-sized workspace is combined with a 360 degree live view from
the worker’s perspective. Thus, the helper can transition between the
3D reconstruction, an egocentric context view, and the 360 degree
live view, a focus view. Besides being based on 360 degree and 3D
camera technology, the main differences between this work by Teo
et al. and mine is that with my focus-in-context views, the helper
has access to multiple focus views independent of the worker’s loca-
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tion and perspective, which can be helpful for establishing situation
awareness [17], whereas they give the helper access to only one fo-
cus view from the worker’s perspective. For example, this view inde-
pendency allows the helper to see the consequences of the worker’s
actions in one area on another area, such as the consequences of pa-
rameter adjustments on an HMI on the movements and output of
a manufacturing machine or the results of pulling cables through a
large machine from one end to the other during installation. Further-
more, while their helper interface is VR, I went with a screen-based
interface for PC and tablet/smartphone - a more traditional but also
a more mobile and accessible choice.

5.2 context-aware camera selection for an optimal view

of the worker

Publication 3 [98] contributes the design and implementation of au-
tomatic selection of focus and context views based on contextual in-
formation about the worker. For details on the context-aware algo-
rithm see publication 3. The idea behind automatic camera selection
is to always ensure that the helper has the optimal focus view of the
worker’s actions and does not miss important object manipulations
or gestures. Additionally, previous research has shown that automatic
view selection improves remote assistance [96].

There is only a handful of research papers on automatic, event-
controlled view selection for remote assistance, where the helper’s
view of a workspace is selected based on events in the worker’s
space [13, 86, 88, 96, 123]. Some of the research uses computer vi-
sion to make a pan-zoom-tilt camera follow the hands of the worker
from one area to another in a table-sized workspace [13, 96], while
other work uses machine learning to predict the helper’s optimal
view based on task properties and actions of the worker [86]. In
comparison, I contribute a context-aware camera selection technique,
where the contextual information used for inferring the optimal cam-
era view is the proximity of the worker (or rather his AR-HMD) to a
work area in a room-sized workspace. Thus, my work is most closely
related to that of [13, 96], the main difference being that they use one
camera to follow a worker’s moving hands between areas on a table,
whereas I use multiple cameras to follow the worker’s head in a large
space that requires the worker to walk between work areas. This is
an important distinction, because I thereby extend their research to
work in a large multi-camera setting.
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5.3 augmented reality awareness cues for improving the

worker’s awareness of the helper

Publication 4 [99] contributes three augmented reality awareness cues,
Virtual Hand, Spatial Sound, and Color Cue, for making the worker
aware of the helper’s location, focus of attention, and actions in a
large workspace accessed through multiple cameras, and a controlled
lab study comparing three awareness cue combinations. See Figure 44

for an illustration of awareness cue combinations and publication 4

for a detailed description of their interactive behaviour. The table in
Figure 45 shows an overview of how the different awareness cues
contribute to the sources of workspace awareness information.

Figure 44: AR awareness cue combinations. a) Virtual Hand Only, b) Virtual
Hand + Spatial Sound, and c) Virtual Hand + Color Cue. The illustra-
tion shows the virtual wireframes of cameras and the Color Cue
in AR from a third person perspective.

Figure 45: How the different cues contribute to the sources of workspace
awareness information.

Related work has covered various view awareness cues for MR re-
mote collaboration, including head pose, eye-gaze ray and view frus-
tum of the collaborating partner, which have been found to support
awareness between a helper and worker [28, 90, 91, 105]. Recently,
Yang et al. [126] used spatialized voice and auditory beacons to make
a worker aware of the helper’s location during a search task in MR.
The spatialized voice is similar to CueCam’s functionality of emitting
the helper’s voice from the speaker of the currently viewed camera
device, and the auditory beacons are similar to the white noise emit-
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ted from the speaker of the viewed camera device as the helper moves
her cursor over the camera view. The difference is that their sounds
were spatialized by using the 3D speakers of an AR-HMD worn by
the worker, whereas the sounds in CueCam are emitted from actual
speakers placed in the workspace. The novel contribution of CueCam
is the awareness cue, Color Cue which is based on an assumption
- inspired by observations in the manufacturing industry - that a
workspace can be separated into a fixed number of work areas. For
instance, I observed that there is a fixed number of areas of interest
during remote troubleshooting of an injection molding machine, i.e
the HMI and injection mold. In a lab study, I showed that by map-
ping Color Cue, which is persistently available in the worker’s field
of view, to the color and location of the camera currently viewed by
the helper, workers could efficiently find their helper’s viewpoint and
focus of attention, and that Virtual Hand + Color Cue outperformed Vir-
tual Hand + Spatial Sound and was preferred by the workers, as shown
in Figure 46. This finding thus contributes to the body of research on
awareness cues for remote assistance in large workspaces. The find-
ing is interesting, since Color Cue is applicable in a manufacturing
context, where it may be difficult for the worker to use spatial sound
to localize the helper because of loud noises from the production or
the need to carefully listen to the sounds from the machines as part
of inferring their state [100].

Figure 46: Users’ performance with and preferences for the AR awareness
cue combinations.

5.4 ad hoc camera calibration for supporting various

camera configurations

A contribution is the procedure for ad hoc camera calibration, which
is a prerequisite for the core remote assistance functionality of SceneCam
and CueCam to work. Briefly described, the core functionality en-
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ables the helper to select between views from multiple scene cameras
in a screen-based interface and make 2D annotations in the selected
camera view. Then, the worker sees these annotations in 3D in his
workspace through an AR-HMD. See Figure 47 for screenshots of
the helper’s and worker’s interfaces with the core functionality and
publication 4 for a more detailed description. The ad hoc camera cal-
ibration procedure is responsible for the precise alignment of virtual
cameras to physical scene cameras, i.e. obtaining the camera pose,
which supports the correct 3D interpretation of the helper’s 2D point-
ing gestures and drawings on video from the scene cameras. See Fig-
ure 48 for an illustration of the calibration process and publication 4

for a detailed description.

Figure 47: Core functionality of SceneCam and CueCam. a) Helper’s screen-
based interface on a PC, b-e) Worker’s AR interface from point of
view. The helper’s drawings on live video from a scene camera in
a) are interpreted in 3D and visualized in AR on the work area, a
whiteboard with a tangram puzzle, in e).

Figure 48: (Left) Top-down view of camera calibration process, where
worker walks from scene camera to scene camera and scans a
marker on each camera by issuing the voice command "Scan
marker". (Middle) Worker scans marker on a scene camera to
align virtual model and physical camera. (Right) Four screenshots
from the perspective of the AR-HMD, an MS Hololens, showing
virtual wireframe models aligned to the physical camera devices,
which in this case are three tablets and a smartphone.

The ad hoc camera calibration procedure is considered a contri-
bution, because it does not require that the scene cameras use one
central marker for pose estimation as in related work on 3D interpre-
tation of 2D annotations for remote assistance [19, 54]. The problem of
using one central marker for pose estimation is that it forces outside-
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Figure 49: Examples of different large workspace setups and potential cam-
era configurations to support multi-camera remote assistance.

in camera configurations, where the central marker is visible from
all scene cameras. Instead, the proposed ad hoc camera calibration
procedure requires that one marker on each camera device must be
tracked by the worker’s AR-HMD. This procedure supports all kinds
of camera configurations, such as configuration 1 in Figure 49 where
scene cameras cover non-overlapping areas, and quickly adding, mov-
ing and removing individual cameras during remote assistance. In a
recent study, Piumsomboon et al. [94] track the pose of a 360-degree
camera with an outside-in tracking system (HTC Vive), so their sys-
tem also supports moving a scene camera during remote assistance.
However, they are confined to the space of their outside-in tracking
system, whereas my calibration procedure offers more flexibility, be-
cause it uses the inside-out tracking of the AR-HMD and thus allows
for setting up a multi-camera system in any space with good enough
features for inside-out tracking.

The ad hoc camera calibration allows the worker to tailor the place-
ment and number of cameras to meet his needs, which aligns well
with the idea of tailorable remote assistance from Chapter 4. In Chap-
ter 6, I further establish a relationship between my research on tai-
lorable remote assistance, workspace awareness in large task spaces,
and multi-camera remote assistance by using my design space for re-
mote assistance, introduced in Chapter 1. For designers or researchers
of remote assistance it is important to understand this relationship,
because it enables them to rationalize about the level of workspace
awareness achievable in a system, and whether it meets the needs of
a remote assistance problem scenario.
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6
I N T E G R AT I O N O F R E S E A R C H O N TA I L O R A B L E
A N D M U LT I - C A M E R A R E M O T E A S S I S TA N C E .

In Chapter 6, I discuss the synthesis of the research presented in
the two previous chapters by envisioning the architectural integra-
tion of the tailorable remote assistance system, RemoteAssistKit, and
the multi-camera remote assistance systems, CueCam and SceneCam,
into one ideal tailorable system for remote assistance in the manufac-
turing industry, which I denote xRAK (extended RemoteAssistKit).

In Section 6.1, I explain the component architecture of xRAK and
discuss how it expands on my system contributions by using the de-
sign space introduced in Chapter 1. Then, I use xRAK and the de-
sign space to explore the conceptual relationship between tailorabil-
ity and workspace awareness in Section 6.2, and the conceptual rela-
tionship between tailorability and multi-camera remote assistance in
Section 6.3. Additionally in Section 6.4, I reflect on the applicability
of the awareness cues and techniques of xRAK to real manufacturing
scenarios.

6.1 xrak : architectural integration of cuecam , scenecam ,
and rak

RAK is a function-oriented component-based system. Hence, integrat-
ing CueCam and SceneCam with RAK means synthesizing the func-
tionality of CueCam and SceneCam into software components and
hardware devices that can be integrated with the existing landscape
of RAK software components and hardware devices introduced in
Chapter 4 and revisited in Figure 50.

Figure 50: RAK revisited: Components of RAK and relationship between
hardware devices and apps.

Specifically, head-mounted AR, which is core functionality of Cue-
Cam and SceneCam, the three awareness cues of CueCam (Virtual
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Hand, Spatial Sound, Color Cue), and the awareness techniques of
SceneCam (exo/ego-centric focus-in-context views and automatic and
nudging camera selection) must be turned into components and inte-
grated in RAK.

To implement head-mounted AR, obviously a new hardware de-
vice, the HMD, needs to be integrated in xRAK. Additionally, a new
guidance location component is introduced simply called AR, which
runs in the Worker App and Supplementary Worker App on a tablet/s-
martphone or an HMD. This can be seen in the expanded table of soft-
ware components and hardware devices in Figure 51 and Figure 52.

Figure 51: Additional software components and hardware devices, circled in
red, added to RAK, thereby integrating functionality of CueCam
and SceneCam. RAK becomes xRAK.

Figure 52: xRAK, integrating functionality of CueCam and SceneCam.

The functional responsibility of the AR component is to spatially
register the helper’s guidance format (drawings or hand gestures)
to the task space, such that the guidance remains positioned in the
task space when the worker moves the camera of the hardware de-
vice. Thus, the AR component must implement computer vision al-
gorithms for tracking the worker and environment and for interpret-
ing the helper’s 2D guidance as 3D AR guidance. For the helper
to perceive her own guidance in AR, the display component in the
Helper App must be replaced with an AR mirror component that re-
ceives and displays the visual end-result of the Worker App’s AR
component. When the AR component is part of the Worker App,
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the AR guidance is provided by the helper and perceived by the
worker from the same perspective of the camera of the hardware de-
vice (tablet/smartphone or HMD) running the Worker App. However,
when the AR component is part of the Supplementary Worker App,
the helper’s AR guidance is provided from the perspective of the cam-
era of the hardware device running the Worker App, but perceived
by the worker from the perspective of the camera of the hardware de-
vice running the Supplementary Worker App. It is envisioned that the
worker is able to switch between the two guidance location compo-
nents, the mutually exclusive AR component and display component,
in both Worker App and Supplementary Worker App during runtime
as indicated by the two rotating arrows between the components in
Figure 52. Running the display component on an HMD instead of the
AR component turns the device into a virtual display showing head-
stabilized video of the task space with guidance (hands/drawings)
on top.

To implement the awareness cues of CueCam and awareness tech-
niques of SceneCam as components in xRAK, a new type of optional
awareness components are introduced that can be turned on/off dur-
ing runtime. The awareness components, exocentric and egocentric
focus-in-context views and automatic and nudging camera selection,
run in the Helper App. The awareness components, Color Cue and
Spatial Sound, run in the Supplementary Worker App.

To illustrate the use of the new components in Figure 52, I will
explain how to configure xRAK to mimic the combined functionality
of CueCam and SceneCam. Figure 53 shows the xRAK configuration
encompassing the combined functionality of CueCam and SceneCam.

Figure 53: xRAK configuration of the combined functionality of CueCam
and SceneCam.

The Helper App runs on a PC and consists of the components:
drawing, display, exocentric and egocentric focus-in-context view, au-
tomatic and nudging camera selection. It is optional to turn on the
exocentric and egocentric focus-in-context view components during
runtime, and they are mutually exclusive as indicated by the rotating
arrows between the components in Figure 53. The same is the case
for the automatic and nudging camera selection components. Multi-
ple instances of the Worker App each runs on a tablet/smartphone
mounted in the environment as a scene camera and are therefore re-
sponsible for capturing the task space. An instance of the Worker App
consists of the components: integrated camera and display. Video
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from each of the tablet/smartphone cameras are live streamed to the
Helper App, where the helper can draw on them. Finally, the Supple-
mentary Worker App runs on an HMD. It consists of the components:
AR, Color Cue and Spatial Sound, of which the latter two are optional
during runtime. The AR component receives the 2D drawings from
the Helper App and interprets them in 3D.

Figure 54: xRAK mapped in design space.

Figure 54 shows how xRAK is mapped to the design space for re-
mote assistance and how it expands on the guidance location and
awareness scope dimensions. In comparison to RAK, xRAK offers
fully combined guidance location and task space using the HMD de-
vice and AR guidance location component. Also, in comparison to
RAK, xRAK improves collaboration task awareness of both worker
and helper thanks to the awareness components. Most notably, in
comparison to RAK, the AR guidance location can be turned on/off
during runtime, which is useful in manufacturing contexts, where
AR, for various reasons, may fail to work well enough to enable ef-
ficient collaboration. One such example is a manufacturing context
with industrial metallic components that can be challenging to accu-
rately reconstruct using the optical depth camera on an AR-HMD, as
previously explained in Section 4.7, whereby the precision of the 3D
interpretation of the helper’s 2D annotations suffer. Using xRAK, a
possible future direction of research is even to explore functionality
that automatically turns the AR guidance location on/off depending
on the material features of the local areas in a task space. For exam-
ple, imagine a mold maintenance scenario at a workbench, where the
guidance location component on an AR-HMD automatically switches
between showing guidance in AR and on a virtual head-stabilized
video display depending on whether the worker looks directly at the
mold (AR OFF, display ON) or at the set of tools next to the mold
(AR ON, display OFF).

6.1.1 Status of xRAK implementation

Currently RAK, CueCam, and SceneCam exist as separate systems
that I have developed over the course of my PhD. Early on in de-
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velopment, measurements were taken to standardise the communi-
cation protocol for transmitting data between users. This means that
RAK, CueCam and SceneCam uses the same WebSocket-based pro-
tocol for supporting non-verbal communication between worker and
helper via a server, and all systems use the same WebRTC protocol for
peer-to-peer video+audio communication. The helper’s app is solely
built on web technologies and runs in the browser in both RAK, Cue-
Cam and SceneCam. In fact, the helper’s apps in all three systems
are almost identical with respect to code base and interactive behav-
ior. Thus, integrating these apps into one web-based xRAK Helper
App running on both PC and tablet/smartphone in a way that sup-
ports communication with all of the different hardware devices and
apps of the worker is relatively easy.

The landscape of hardware devices and apps on the worker’s side
is more complex, because CueCam and SceneCam uses an AR-HMD
(Hololens v1) running Unity apps instead of web apps. Therefore,
to integrate RAK, CueCam and SceneCam on the worker side, the
Worker App and Supplementary Worker App must run in the browser
on tablet/smartphone and as a Unity app on the HMD, which re-
quires that some components, such as the AR component, must be
developed in two programming languages. Hence, this integration is
time consuming. Yet, it is perfectly feasible given the standardized
communication protocol between apps.

6.2 conceptual relationship between tailorability and

workspace awareness

The architectural integration of CueCam and SceneCam in xRAK pro-
vides users with more flexibility to move between categories in the
tailorable dimensions of the design space for remote assistance. This
tailoring affects workspace awareness. Hence, in this section the con-
ceptual relationship between tailorability and awareness is explored
with starting point in the design space for remote assistance and
xRAK. This exploration is important to designers and users of remote
assistance, because it illustrates how a designer of remote assistance
can select certain categories in the design space to control awareness
of users, or how users can tailor remote assistance in ways that affect
their own awareness when equipped with a system like xRAK.

To recap, the four tailorable dimensions of the design space are:
1) Guidance format, 2) Interface immersion, 3) Task space sharing, and 4)
Guidance location. They are independent of each other, meaning a de-
signer of remote assistance can select categories in one dimension in-
dependently of categories in the other dimensions. However, the last
dimension, Awareness scope, is dependent on the task space sharing
and guidance location dimensions, which is illustrated in Figure 55

and Figure 56. For the purpose of illustrating the relationship be-
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tween task space sharing and awareness scope, the awareness scope
dimension is expanded: The two polar opposites of the continuum,
collaboration task and domain task, have each been assigned their own
dimension with values from low to high.

Figure 55: Tailorable design dimensions’ effect on helper’s awareness

Figure 56: Tailorable design dimensions’ effect on worker’s awareness

First, it is explained how task space sharing affects the helper’s
domain task awareness and collaboration task awareness as illustrated
in Figure 55. When task space sharing is view dependent, the helper
perceives the task space from the worker’s point of view. Therefore,
the helper’s domain task awareness is low, because she cannot get a
view of the relevant elements in the task space at her own will and
must first negotiate an appropriate view with the worker. Conversely,
her collaboration task awareness is high, because the worker’s object
manipulations are always in view (see Figure 55, green line) and his
pointing gestures are unambiguous from a point of view perspective.
An example of an xRAK configuration for view dependent task space
sharing is the Worker App running on an HMD, where the Integrated
camera component captures and transmits the worker’s point of view
to the Helper App on a tablet.

When task space sharing is view independent, the helper’s domain
task awareness is high, because she can perceive elements in the space
at her own will and pace. Conversely, her collaboration task aware-
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ness is low, because the worker’s object manipulations and gestures
are not always in view, and his pointing gestures may be misinter-
preted when perceived from an angle [106] (see Figure 55, yellow
line). An example of a view independent xRAK configuration, akin
to the core functionality of CueCam and SceneCam, is one where mul-
tiple instances of the Worker App run on each a tablet/smartphone
mounted in the environment, the Supplementary Worker App runs
on an HMD, and the Helper App runs on a PC.

Next, it is explained how task space sharing and guidance location
affect the worker’s collaboration task awareness as seen in Figure 56.
Four combinations on the task space sharing and guidance location
dimensions result in different low/high levels of collaboration task
awareness:

1. Combination 1: View dependent task space sharing and guid-
ance location combined with the task space results in the worker
having high collaboration task awareness (see Figure 56, blue
line).

2. Combination 2: View dependent task space sharing and guid-
ance location separated from the task space results in the worker
having low collaboration task awareness (see Figure 56, red line).

3. Combination 3: View independent task space sharing and guid-
ance location combined with the task space results in the worker
having low collaboration task awareness (see Figure 56, green
line).

4. Combination 4: View independent task space sharing and guid-
ance location separated from the task space results in the worker
having high collaboration task awareness (see Figure 56, yellow
line).

Note, it makes no sense to discuss how the worker’s domain task
awareness is affected by the tailorable remote assistance dimensions,
because he is physically present in the task space and, contrary to the
helper, sees an unmediated representation of the domain task. Thus,
the remote assistance system design should not affect the worker’s
perception of the relevant elements of the domain task, regardless of
the choice of values on the tailorable dimensions.

Combination 1: When task space sharing is view dependent, and
guidance location is combined with the task space, the worker’s col-
laboration task awareness is high (see Figure 56, blue line), because
the helper’s activities such as pointing and drawing are always in
view. Combination 1 is advised for small table-sized task spaces, where
the worker’s movement is limited and the space can be covered from
one perspective, because it enables the helper to obtain high domain
task awareness without requiring view independency. To combine
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guidance location and task space using xRAK, the worker must se-
lect a configuration with either a projection or AR guidance location
component, for instance by running the Worker App on an HMD.

Combination 2: When task space sharing is view dependent, and
guidance location is completely separated from the task space, the
worker’s collaboration task awareness is very low (see Figure 56, red
line). The reason for the low collaboration task awareness is best ex-
plained with an example. A view dependent solution requires the
camera to be either worn or held by the worker. Additionally, if the
helper’s guidance is completely separated from the task space, the
worker must alternate between looking at the domain task in the task
space and the display, where the guidance is visualized on a shared
view (e.g., shared live video) of the task space. This implies that when-
ever the worker wants to see the helper’s guidance, he has to turn to
the display, but this in turn changes the shared view of the task space,
because the camera is mounted on / held by the worker. This is not
an ideal solution in large task spaces, unless the live view of the task
space can be "freezed" before turning to the display, for instance by
taking a still photo as in [19]. It is advised against using combination
2, because there are no real industrial use cases, where it makes sense
or is superior to the other combinations.

Combination 3: When task space sharing is view independent, and
guidance location is combined with the task space, the worker’s col-
laboration task awareness is low, because the helper can be located
anywhere in the space, and thus her activities and guidance is not
always in the worker’s view (see Figure 56, green line). Still, combi-
nation 3 is advised in large task spaces, because it provides the helper
with the means to achieve high domain task awareness, and the prob-
lem with the worker’s and helper’s low collaboration task awareness
can be alleviated by implementing various awareness cues and tech-
niques [71, 90, 91, 98, 99] that inform the worker/helper of their col-
laborator’s activities and location, even when the collaborator is not
in direct view. Such awareness cues include Color Cue and Spatial
Sound from CueCam, which inform the worker about the helper’s
location and activities, and the awareness techniques of SceneCam,
which inform the helper about the worker’s location.

Combination 4: Finally, when task space sharing is view indepen-
dent, and guidance location is separated from the task space, the
worker’s collaboration task awareness is high (see Figure 56, yellow
line), because he has visual access to the helper’s gestures and guid-
ance in her area, even if they are located and occupied with work
in different areas. Using troubleshooting of an injection molding ma-
chine as an example, the worker is able to see the helper’s pointing
gestures on the clamping unit, even when he is interacting with the
HMI at a different location on the machine, because he has visual
access to a display showing the helper’s guidance on the clamping
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unit. Combination 4 is advantageous for remote assistance on large
machines. For example, it allows the worker to observe how changes
to production parameters on the HMI affect the movements of the
clamping unit without leaving the HMI. Generally, combination 4 is
suitable for remote assistance in use cases, where actions in one area
immediately affect events in other areas. Further, combination 4 is
generally suitable for use cases, where a camera must be mounted
in a difficult to reach area outside the worker’s view. One such use
case was previously described in the water pipe maintenance scenario
from Section 4.2, where a camera was mounted under the sink, while
the helper’s guidance on the video from the camera was seen by the
worker on a handheld tablet. xRAK can be configured to support
the above scenario of the injection molding machine by mounting a
smartphone running the Worker App and acting as a scene camera
at the clamping unit and by using a handheld tablet running the Sup-
plementary Worker App at the HMI.

In summary, combination 1 is generally preferable for small table-
sized task spaces, and combination 3 is generally preferable for large
room-sized task spaces. They have in common that guidance location
and task space is combined. However, combination 4, which separates
task space and guidance location, is superior, whenever two specific
use cases occur: 1) worker’s actions in one area affect events in other
areas, which requires coordination between worker and helper, and
2) remote assistance is required in a difficult to reach area. Such use
cases for remote assistance do occur in industry, illustrated by the in-
jection molding machine and water pipe maintenance scenarios. So,
different combinations cater to different sizes of task spaces and dif-
ferent use cases. This is important for a designer or user of remote as-
sistance, since they may benefit from selecting the right combination
of categories on the tailorable dimensions to ensure high workspace
awareness. In the next section, I take a closer look at how tailoring of
multi-camera remote assistance spans multiple categories in the task
space sharing dimension, and how it affects awareness of users.

6.3 conceptual relationship between tailorability and

multi-camera remote assistance

The task space sharing dimension of the design space for remote as-
sistance is revisited to explore the conceptual relationship between
tailorability and multi-camera remote assistance. Figure 57 shows the
different levels of view (in)dependency: view dependent, partially
view dependent, partially view independent, and view independent,
and technical implementations for all levels.

My current multi-camera systems, SceneCam and CueCam, are par-
tially view independent and cannot be tailored to support different
levels of view (in)dependency. However, upon integrating the func-
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Figure 57: Task space sharing dimension. Levels of view (in)dependency
on the left side and possible implementations on the right side.
Multi-camera remote assistance can be tailored to different levels
of view (in)dependency shown in bold green text.

tionality of CueCam and SceneCam in xRAK, the tailorability of its
multi-camera system configurations increases, thereby enabling the
worker to move between categories in the task space sharing dimen-
sion. The tailoring span of xRAK’s possible multi-camera configura-
tions is highlighted in Figure 57 using bold green text, and shows
how the worker can move between the categories partially view in-
dependent, partially view dependent and view dependent. Adjust-
ing the view (in)dependency affects collaboration and domain task
awareness of workers and helpers negatively or positively according
to the relationship between tailorability and awareness established
above in Section 6.2. Partial view independency, i.e. where the helper
can navigate to different areas of a large task space independently of
the worker, while her view of the space is restricted due to physical
limitations of the camera placement, can be configured using multi-
ple scene cameras in xRAK. Specifically, this entails using multiple
smartphones as cameras running the Worker App and watching the
output of the cameras on the Supplementary Worker App and Helper
App.

Furthermore, xRAK can be tailored to use event-controlled, auto-
matic camera selection based on proximity of the worker to a work
area, which was previously explained as one of the features of SceneCam
in Chapter 5. Hence, the helper can transition from a partially view
independent system, like the system presented above, to a partially
view dependent system during runtime by turning event-controlled
camera functionality on in the user interface. Event-controlled cam-
eras have been shown to be beneficial for remote assistance and col-
laboration [13, 96, 123], because the time needed by the helper to con-
trol a camera or switch between views is eliminated [13, 96], and they
enhance the helper’s workspace awareness of the task space [123].
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Additionally, multi-camera system configurations of xRAK allow
for cameras to be mounted in the environment and on the user, for
instance by using one smartphone as a scene camera and the HMD
as the head-mounted camera, thereby creating a mix of a view de-
pendent and partially view independent system and potentially com-
bining advantages of both levels of view (in)dependency in regards
to obtaining high collaboration and domain task awareness. For ex-
ample, one possible advantage is that a helper can switch between a
scene camera providing an overview of a large machine (i.e. domain
task awareness) and a head-mounted camera providing details of an
assembly task or HMI interactions (i.e. collaboration task awareness).
However, more research is needed on the advantages of combining
view dependency and independency in one remote assistance system
as opposed to just going with one or the other view, because current
research is inconclusive. In early research by Fussell et al. [23], the
helper was provided with two views of the task space: an indepen-
dent view from a scene camera and a dependent view from a camera
mounted on the head of the worker. In their study, they found that
switching between views caused helpers to perform worse than when
they simply used the scene camera view, because of an attention over-
head. Recent research by Teo et al. [118] mixed a partially view depen-
dent 360 degree live view with a completely view independent static
3D reconstruction. A user evaluation of their hybrid system showed
that participants only slightly preferred the ability to switch between
a 360 degree view and 3D reconstruction, because it allowed them to
use the view that worked best for a given task.

The above examples show how multi-camera system configura-
tions of xRAK can be tailored by users to various levels of view
(in)dependency by customizing functionality during runtime. Future
research is required to understand the potential benefits of such a
tailoring span and how the tailoring work will unfold in practice in
various real-world industry scenarios.

In the next section, I reflect on the applicability of xRAKs multi-
camera configurations and awareness techniques in real manufactur-
ing scenarios.

6.4 multi-camera xrak configurations applied to man-
ufacturing scenarios

A potential for using multi-camera remote assistance in manufactur-
ing was identified in my empirical studies reported in Section 4.8.
However, the potential was identified from qualitative statements of
manufacturing employees, who have yet to experience a multi-camera
system first hand. Therefore, further empirical studies are needed to
understand the potential benefits of multi-camera remote assistance
in comparison to more traditional remote assistance systems, such
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as a handheld or head-mounted camera systems. Here, I reflect on
the potential benefits and challenges for applying the AR technology
and awareness techniques of my multi-camera systems, SceneCam
and CueCam, discussed in Chapter 5, to the plastic manufacturing
scenarios, discussed in Section 4.3. Additional plans for two empiri-
cal studies on multi-camera remote assistance in the manufacturing
industry are described as future work in Section 7.2.2. The scenarios
are:

• Remote repair of injection mold at a workbench.

• Remote optimization of product quality of a running injection
molding machine.

In a real-world production, the molds and the injection molding
machines are often much larger and heavier than was the case dur-
ing experimental simulation at Jyske Håndværker Skole. Therefore,
the above scenarios have been adapted to take the large scale of a
real production into account. For each scenario, an xRAK AR multi-
camera configuration is chosen that is believed to be particular suit-
able. The two configurations differ only on the use of AR awareness
cues and techniques, whereas other tailorable aspects such as guid-
ance format, task space capturing and guidance location remain the
same for both. By envisioning the xRAK configurations in use, I wish
to illustrate the usefulness of being able to tailor awareness cues and
techniques to the requirements of different manufacturing scenarios.

6.4.1 Multiple cameras for remote repair of injection mold at a workbench

An injection mold does not produce the desired result. Therefore it
must be disassembled, its parts must be repaired and replaced, before
the model is then re-assembled. An inexperienced worker needs help
with some of the steps in the assembly process and therefore calls up
a remote helper. The task takes place at a workbench.

Figure 58: xRAK multi-camera configuration for remote repair of injection
mold.

An xRAK AR multi-camera configuration (see Figure 58) for the re-
mote assistance scenario includes three scene cameras and an HMD
on which the worker perceives a helper’s AR guidance given from
the perspective of the scene cameras. Two of the scene cameras pro-
vide views of the mold from different sides, and one scene camera
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Figure 59: Camera setup for remote repair of injection mold at a workbench.

provides a view of the worker’s tools next to the mold. See Figure 59

for an illustration of the envisioned camera setup and scenario. One
might argue that one scene camera is enough to capture the details
of the mold. However, some of these molds are large and very heavy
and so are their individual parts. Therefore, the ability of the helper
and worker to walk around the mold to view it from different angles,
rather than requiring the worker to manually turn the mold by force,
is important for work safety. If movability is important, one could
also argue for using the camera of the HMD worn by the worker
instead of using multiple scene cameras, but the benefits of using
a view independent scene camera compared to a dependent head-
mounted camera has already been demonstrated in related work [23,
53] described in Section 2.3.3.

Poses of the three scene cameras are estimated by tracking a mark-
ers on each camera with the worker’s HMD. Thus, when the worker
makes annotations, i.e. drawings and pointing gestures, in a live
video feed from one of the cameras, the annotations are interpreted in
3D and visualized correctly on the mesh reconstruction of the mold
in AR. Performance wise this is better than showing guidance on a
separate display next to the task space, according to research compar-
ing situated AR instructions to non-AR instructions [6, 38, 101, 117].
However, the metallic properties of the mold and the surrounding
metal parts inside the machine may represent a challenge for the 3D
interpretation of 2D annotations, because it relies on an accurate 3D
reconstruction of the mold. This challenge is explained in Section 4.7.

In regards to awareness cues, Virtual Hand + Spatial Sound is used to
make the worker aware of the helper’s location and focus of attention.
Color Cue is not advantageous in this scenario, because Virtual Hand
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is visible in the worker’s view most of the time regardless of where
on the mold they each choose to focus their attention due to the com-
paratively small size of the task space. However, the supplementary
Spatial Sound will help the worker stay aware of the helper’s view-
point in situations where it is not apparent from the position of the
Virtual Hand, because Spatial Sound and the helper’s voice is emitted
from camera devices that are near the worker and therefore easy to
hear, yet far enough apart that they can be distinguished from each
other. In regards to awareness techniques, due to the small size of
the task space, it is not likely that the helper will loose sight of the
worker’s whereabouts, and therefore it is not necessary to use a focus-
in-context view. However, turning on automatic camera selection for
an optimal view of the task space may save the helper some time that
she would otherwise spend on manually selecting between the three
camera views in the screen-based interface.

6.4.2 Multiple cameras for remote product quality optimization of a run-
ning injection molding machine

A new plastic production is in its initial phase. The first batch of plas-
tic pieces contains imperfections. Therefore, production parameters
on the HMI must be adjusted iteratively to optimize the quality of
the output from the machine until it meets the required standards.
An inexperienced worker is not sure what parameters on the HMI
to adjust to achieve the desired product optimizations and therefore
calls a remote helper. An injection molding machine consists of three
parts: the clamping unit, mold unit, and injection unit as can be seen
in Figure 35. Parameter adjustments on the HMI affect the mechani-
cal motion of the clamping unit, on which the mold is attached, and
the screw of the injection unit, which in turn affects the appearance
of the resulting injection molded plastic pieces. The mold and some
of the clamping unit are visible to the worker through a window on
the machine. Since there is a causal relationship between parameter
adjustments on the HMI and the visible motion of the mold, these ar-
eas are subjects of troubleshooting on a running machine. Thus, for a
remote helper to be able to assist a worker, she needs a close-up view
of the mold inside the machine, and the HMI, which can be achieved
with two scene cameras. Additionally, sometimes a robot arm, which
is responsible for removing the plastic pieces from the mold and sort-
ing them and/or placing them on a conveyor belt, is mounted on the
side of the machine opposite the side of the HMI to prevent it from
getting in the way of the machine operator. Therefore, an additional
scene camera can be mounted to provide the helper with a detailed
view of the sorting area and plastic pieces. In summary, an xRAK
AR multi-camera configuration for remote optimization of product
quality (see Figure 60) is envisioned to use three scene cameras dis-
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tributed around the large injection molding machine to eliminate the
need for the worker to move one camera around the machine. By us-

Figure 60: xRAK multi-camera configuration for remote optimization of
product quality on running injection molding machine.

ing multiple cameras, the helper can quickly alternate between views.
For instance, by alternating between views of the HMI and sorting
area, the helper can get an understanding of how the worker’s inter-
actions with the HMI affect the physical appearance of plastic pieces,
thus enabling the helper to provide advice on how to improve the
pieces without the worker having to spend time on walking back and
forth between the sorting area and HMI.

In regards to awareness cues, Virtual Hand + Color Cue is used to
make the worker aware of the helper’s location and focus of attention.
The addition of Color Cue is advantageous in this scenario, because
of the large size of the task space. The Virtual Hand alone is not
enough to make the worker aware of the helper’s location, because
it can be outside the worker’s field of view, and Spatial Sound is not
ideal because of the continuous sounds from the running machine
that presumably drowns out the Spatial Sound from the camera(s) on
the opposite side of the machine. This leaves Color Cue as an efficient
way to indicate when the helper "jumps" from one side of the machine
to the other. In regards to awareness techniques, due to the compara-
tively large size of the task space, an exocentric focus-in-context view
is useful for making the helper aware of when the worker walks from
one side of the machine to the other. For instance, the helper can
use the exocentric focus-in-context view in combination with nudg-
ing camera selection to be alerted when the worker walks from the
HMI towards the sorting area, thus allowing the helper to change
her focus of attention from the HMI to examining the quality of the
pieces in the sorting area.

Summarizing this chapter, through the use of my design space,
I have established a relationship between the concepts of tailorabil-
ity, workspace awareness in large task spaces, and multi-camera re-
mote assistance. First, a conceptual relationship between tailorability
and workspace awareness was established, then a conceptual relation-
ship between tailorability and multi-camera remote assistance. Fur-
thermore, a connection between multi-camera remote assistance and
the manufacturing setting was created, by envisioning the applica-
tion of multi-camera remote assistance and awareness techniques in
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various realistic manufacturing scenarios. xRAK was used through-
out the chapter to exemplify how specific tailoring choices can affect
workspace awareness. A study of multi-camera remote assistance in
manufacturing is left for future work presented in Chapter 7.

98



7
F U T U R E W O R K

In this chapter, I discuss future work, which includes future systems
research on the AR multi-camera systems, SceneCam and CueCam, in
Section 7.1, and proposals for future field research in manufacturing
in Section 7.2.

7.1 future systems research

7.1.1 Improving focus-in-context views to support better awareness

In this subsection, I discuss two proposals for improving the focus-in-
context views of SceneCam, in turn improving the collaboration task
awareness, i.e. collaborators’ awareness of each other.

Supporting accurate distal pointing in exocentric focus-in-context
view: The focus-in-context views of SceneCam are interactive. The
helper can hover over a work area to see a detailed (focus) view of
the area in a thumbnail (see Figure 41) and click on the area to access
a large version of the detailed view. In the future, additional inter-
activity can be added to the focus-in-context views to improve the
worker’s intentional communication with hand gestures. SceneCam
already supports that a worker can point to a distant work area with
his head (supported by the head pose tracking of Hololens v1) in a
context view. The area to which he points is easy to infer from the
exocentric context view because his head direction is clearly visu-
alised. However, distal pointing gestures with an outstretched hand
and index finger are a common and natural way of creating a deictic
reference and are currently not supported in the exocentric context
view, and while supported in the egocentric view can lead to misin-
terpretations, because the view is not from the worker’s perspective
[106]. The location of a distal pointing gesture with a hand can easily
be visualized in either context views using a dedicated hand tracker
(e.g., Leap Motion) or an AR-HMD with built-in hand tracking (e.g.,
Hololens v2). This added ability of the worker to use one hand to
clearly point to an area in a context view increases the opportuni-
ties for intentional communication, and the worker is therefore less
constrained in the way he communicates. Moreover, the worker may
want to make a pointing gesture with higher precision by pointing to
a specific task object in a distant work area. His pointing accuracy can
be improved by visualizing the focus view of the area in the AR-HMD
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at close proximity, so he can easily point to a specific task object in the
focus view. At the same time the focus view appears as a thumbnail in
the helper’s context view (identical behaviour to when hovering over
an area with the mouse cursor) with a 2D pointer visualized on top
of the task object being pointed to. This idea of emphasising the ob-
ject that the worker points to is similar to the work by Oda et al. [84],
where a 3D reconstruction of a distant area is brought closer to the
worker so he can more easily point to objects in the area. Their aug-
mented reality pointing technique performed more accurately than
existing AR referencing techniques at the time. Therefore, I believe
that my proposed pointing technique, which takes advantage of the
available focus views and is conceptually similar to their technique,
will also improve accuracy of the worker’s pointing gestures.

Modelling the environment in exocentric focus-in-context view:
Research systems that implement egocentric and exocentric views for
collaboration in VR/AR/MR [12, 92, 93, 109] often support transi-
tions between AR views of the physical 1:1 scale world and minia-
ture miniature/giant VR views. The VR user can scale himself down
to become a miniature avatar in relation to the AR user, whereby the
AR user and physical environment appear giant to the VR user, or
the VR user can scale himself up to become a giant avatar in rela-
tion to the AR user, whereby the AR user and physical environment
appear miniature to the VR user. Such systems need to model the
physical environment to support collaboration tasks, like picking an
placing of physical objects. However, a current limitation of the exo-
centric context view of SceneCam is that it is purely virtual, which
means that only the 2D position and orientation of the worker, cam-
eras and work areas are visualized (see Figure 41). Hence, the exocen-
tric context view provides a clear overview of the spatial relationship
between worker and (camera, work area)-pairs, but omits potentially
important information about the physical environment, e.g., layout of
machines. Modelling the physical environment in the exocentric con-
text view, possibly on the fly using the depth camera of the worker’s
AR-HMD, is important, because it will support collaboration tasks in
areas not already covered by the focus views. For instance, it supports
negotiation of where to move a scene camera to add or change a fo-
cus view. Furthermore, a model of the environment will presumably
make it easier for the helper to predict the worker’s path from one
work area to another and will also avoid misinterpretations of point-
ing gestures, where the worker intends to point at a structure, e.g., a
machine, in front of him, but to the helper it mistakenly looks as if he
points to a work area behind the structure.
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7.1.2 Automatic camera configuration detection for adaptive AR multi-
camera remote assistance

Automatic camera configuration detection is the idea that the spa-
tial arrangement of multiple cameras can be automatically detected
based on their geometric relationship to each other. Specifically, in
an AR multi-camera remote assistance system like SceneCam or Cue-
Cam, an automatic camera configuration detection algorithm can be
based on the tracked poses of the scene cameras and positions of work
areas. I know of no related research that focuses on detecting the spa-
tial arrangement of cameras for the purpose of remote assistance or
for other application purposes. Automatic camera detection can be
helpful for adapting the interactive behaviour of an AR multi-camera
system. For example, the logic of the context-aware camera selection
algorithm of SceneCam can change based on camera configuration. If
configuration 1 or 2 in Figure 49 is detected, then the current algo-
rithm, which is based on proximity of the worker to a work area, will
suffice for selecting an optimal view of the worker, whereas if config-
uration 3 is detected, then a more sophisticated algorithm is needed,
which takes the similarity between camera perspectives and the per-
spective of the worker into account. Furthermore, automatic config-
uration detection can be used to detect use cases, where one scene
camera acts as an overview capturing multiple work areas that are
captured in detail by other cameras, whereby the overview camera
can be turned into an egocentric focus-in-context view automatically.

Automatic camera configuration detection can be implemented, due
to the the core functionality of my AR multi-camera systems collect-
ing (camera, work area)-pairs, i.e. three-dimensional geometric infor-
mation about the pose of each camera and position of the work area
captured by the camera. In short, a work area is paired with a camera
by finding the intersection between the ray with origin in the focal
point of the camera and direction along its z-axes and the mesh re-
constructed environment. The intersection point is the center position
of the work area paired with that camera. The reader is referred to
publication 3 [98] for details on the algorithm for collecting (camera,
work area)-pairs. A vector starting in the position of the camera and
ending in the center of the work area can be retrieved for each (cam-
era, work area)-pair. These vectors and camera positions can be used
to detect how the (camera, work area)-pairs are spatially arranged
and thus detect the configurations in Figure 49. A simple example
implementation that can distinguish between configuration 3 and all
other configurations is one, where the distances between work area
centers are calculated. Work areas, which are at a distance to each
other below a certain threshold value, are captured by cameras that
belong to configuration 3, whereas any other work areas are captured
with cameras that belong to either configuration 1 or 2.
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7.1.3 Improving Color Cue to ease mapping of helper’s location

In an AR multi-camera system, the awareness cue Color Cue works
by mapping the color of a virtual cursor in the worker’s field of view
to the colors of the cameras’ virtual models. A limitation of Color
Cue is that it can be used to locate the helper’s camera/viewpoint,
but contains no information about the helper’s focus of attention on
its own. Therefore, Color Cue is combined with Virtual Hand to ease
the search for the helper’s focus of attention. Still, the usefulness of
Virtual Hand + Color Cue presumably only holds for camera configura-
tions, where the cameras are configured to capture close-up detailed
views of work areas, similar to configuration 1 and 2 in Figure 49,
thereby ensuring that the helper’s Virtual Hand and focus of atten-
tion is close to her viewpoint. In comparison, for camera configura-
tions, where a camera covers multiple areas of interest at a distance,
similar to configuration 4 in Figure 49, Virtual Hand + Color Cue is a
less attractive solution given the current design of Color Cue, because
the location of the helper’s viewpoint and Virtual Hand are too far
apart as illustrated in Figure 61. Consequently, the Color Cue may
even have a misleading effect on the worker, when he searches for
Color Cue instead of Virtual Hand. To combat this issue, I propose
to improve Color Cue by color coding the 3D reconstructed mesh of
work areas instead of the virtual camera models.

Figure 61: (Left) Current way of mapping Color Cue to color of camera.
(Right) Proposed way of mapping Color Cue to color of work
area to accurately identify the helper’s focus of attention in this
specific camera configuration.

With this improvement of Color Cue, the worker’s search task changes
from mapping Color Cue to the location and color of cameras to map-
ping Color Cue to the location and color of work areas. A strategy for
controlling the extent of coloring could be to only color the triangles
of a surface mesh of a work area inside a radius proportional to the
distance between camera and work area. Alternatively, color coded
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arrows can be positioned to hover over or next to the work areas,
depending on whether they are comprised of a mostly vertical or hor-
izontal surface mesh. See Figure 61 for an illustration of this concept.

7.2 future field research

In the following, two proposals for future user studies in the field
are presented based on my findings. The first proposal is related to
the finding that sharing of machine sounds is important during trou-
bleshooting of a running machine. The second proposal concerns a
systematic study, a field experiment, on the strengths and weaknesses
of using multiple cameras for remote assistance in the manufacturing
industry.

7.2.1 Study of the effects of sound sharing on remote assistance in manu-
facturing

Research on remote assistance has predominantly focused on sharing
visual aspects of a task space, for instance different methods of achiev-
ing view independence [1, 23, 69, 70, 72, 113] and focus-in-context
views [81, 96, 98] and their effect on collaboration. In comparison,
the study of duplex audio transmission, which enables verbal com-
munication between worker and helper, and its effect on collabora-
tion is not treated as a research topic anymore. In early research, du-
plex audio transmission was compared to shared video of workspace
+ duplex audio transmission to understand the benefits that shared
video had on collaboration [22, 23]. Nowadays, it is simply assumed
that audio transmission is a natural part of a remote assistance sys-
tem, because verbal communication would be difficult without it. In
lab experiments, the system implementation of audio transmission is
sometimes not even needed, because the worker and helper partici-
pants are in the same room separated by a wall divider or with the
back to each other [31].

Commercial video communication apps used for face-to-face com-
munication, such as Skype, have implemented noise cancellation, which
cancels out background noises and consequently makes the voices of
the collaborators more audible. This is a good example of how the
quality of audio for verbal communication is taken seriously. How-
ever, while noise cancellation is useful in face-to-face communication,
it may not be desirable to treat informative machine sounds as noise
that needs to be cancelled out. Actually, in my video observations
of the experimental simulation with RAK, I found evidence of the
need for both noise cancellation and sound enhancement. Noise can-
cellation was needed during verbal conversations between the worker
and helper as evidenced by the fact that some workers struggled to
hear their helper over the loud sounds from the injection molding
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machine and therefore would move the tablet speaker close to the
ear. On the other hand, sounds from the injection molding machine
were perceived as important for both worker and helper for infer-
ring the state of a manufacturing process and thus should be shared
with the helper to support her during remote troubleshooting. I pro-
pose the idea of transitioning between enhancing the collaborators’
verbal communication and machine sounds via 3D interactions in
the workspace. A specific AR manifestation of this idea could look
like this: When the worker looks at a specific area on a machine,
sound from a microphone placed in that area is transmitted to the
worker’s headphones at a high volume, while the helper’s voice is
turned down to a low volume. On the contrary, when the worker
looks at a virtual avatar / scene camera of the helper, the volume of
the helper’s voice is turned up to a high volume, while sound from
microphones in the workspace are turned down to a low volume.
When the worker neither looks at a machine area equipped with a
microphone or the helper’s avatar, the worker can hear a mix of the
helper’s voice at a medium volume and the sound from microphones
at a medium volume. Similar to the way enhancement/cancelling of
the helper’s voice and machine sounds is implemented on the worker
site, the helper can use a screen-based interface or VR to point/look
at a specific work area on a machine to receive enhanced sounds from
the attached microphone, or she can point/look at the worker to ac-
tively enhance audio from his wearable microphone.

This leads to the topic of designing for interactive sound sharing.
What I hope to show with the above example is that a designer of
a remote assistance system can benefit from actively thinking about
the important sources of auditory (and olfactory) information dur-
ing remote assistance, and how to support the interactive selection
and sharing of these sources. To my knowledge, no research has stud-
ied the effects of interactive sound sharing on remote assistance, for
instance whether it will benefit the helper or cause an information
overload. Interactive sound sharing is thus an interesting topic for fu-
ture field research with seeming applicability to the manufacturing
industry.

7.2.2 Study of multi-camera remote assistance in the manufacturing indus-
try

During my PhD, I conducted two user evaluations, an experimental
simulation with RAK and a controlled lab experiment with the multi-
camera system CueCam.

In the experimental simulation, I observed a use pattern where
workers frequently moved a scene camera in the form of a tablet
mounted in a tripod back and forth between multiple areas on the
injection molding machine. It required conscious effort, camera work
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and time by the workers that could have been avoided, had they
instead used a head-mounted/shoulder-worn camera or two scene
cameras, where one camera captured the HMI and the other camera
captured the machine internals. Both a shoulder-worn camera and
multi-camera configuration were technically supported by RAK, but
were not explored. I hypothesise that the added tailoring work was
partly the reason for the workers not exploring these configurations.
Specifically, a shoulder-worn camera configuration required workers
to mount a webcam on their shoulder with a gorillapod and con-
nect it with an extension cable to a PC to ensure mobility. A multi-
camera configuration with two cameras required workers to connect
two webcams to a PC with extension cables and mount them in the
environment while ensuring a correct view of the areas, or mount
one webcam as an overview camera and use the other as a handheld
camera. Consequently, I did not get the chance to collect empirical
data on the actual use of multiple cameras for remote assistance in
the manufacturing industry, nor did I get to compare a multi-camera
system to other camera systems, which could have highlighted the
strengths and weaknesses of multi-camera remote assistance in real-
istic industrial scenarios.

For future work, I therefore plan to conduct a study where I com-
pare an xRAK AR multi-camera configuration, consisting of multiple
scene cameras and the PoV camera from an AR-HMD, to an AR-
HMD only xRAK configuration. I plan for the comparison to take
place in a realistic manufacturing scenario that requires a worker to
troubleshoot an injection molding machine by first identifying a prob-
lem with it and then shutting it down to solve the problem by disas-
sembling and reassembling machine internals. This problem can be
considered more complex and time consuming than the problem par-
ticipants faced during the experimental simulation, which required
adjusting machine parameters on the HMI without shutting it down.
By making this comparison, it is my hope to contribute to an under-
standing of the benefits and challenges of providing the helper with
simultaneous access to multiple dependent and independent views
in a large and realistic manufacturing setting.

Furthermore, using the manufacturing scenarios from Section 6.4,
I plan to make a comparison between an xRAK AR multi-camera
configuration with no deliberately designed sources of awareness
information and an xRAK multi-camera configuration with added
AR awareness cues (e.g., Virtual Hand + Color Cue) and techniques
(e.g., exocentric-focus-in context view and automatic camera selec-
tion). The goal of the study is to identify whether there are any bene-
fits of using awareness cues and techniques in real industrial scenar-
ios, since my previous study in the lab suggests there is [99]. Specifi-
cally, I want to conduct a within-subjects field experiment, where the
two xRAK configurations have been chosen for the participants by the
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experimenters. Participants in the field experiment will go through
the troubleshooting of injection molding machine and mold repair
scenarios from Section 6.4 using the configurations with and without
awareness cue and techniques. Qualitative data on the participants’
satisfaction and opinion of awareness cues and techniques will be
collected through post-condition interviews, while use patterns will
be video recorded.

7.3 design dimensions of future work

In this section, I use the design space for remote assistance to map
and analyze future work, including future systems research and fu-
ture field research. Figure 62 illustrates the mapping of future work
to the design space.

Figure 62: Future systems and field research mapped to design space for
remote assistance.

The future systems research is mainly concerned with improving
workspace awareness by improving the exocentric focus-in-context
view and awareness cues and therefore falls on the awareness scope
dimension. More specifically, systems support for distal pointing in
the exocentric focus-in-context view is about improving the helper’s
awareness of the worker and thus collaboration task awareness. Work
on improving accuracy of distal pointing also falls on the ephemeral
side of the guidance format dimension. Systems support for mod-
elling the physical environment in the exocentric focus-in-context
view can be argued improves both collaboration task awareness and
domain task awareness. Collaboration task awareness is improved by
allowing the helper to better predict the worker’s path in the environ-
ment, while domain task awareness is improved, because the helper
can use the model of the environment to get an overview of elements
in the task space that may be of relevance to the domain task. Im-
provements to Color Cue is intended to better support the worker’s
awareness of the helper and thus collaboration task awareness.

The future field research on interactive sound sharing falls on the
view independent side of the task space sharing dimension, because
the concept is to grant the helper access to important sounds in a
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task space based on her interactions with a view of the task space
and independently of the worker’s proximity to sound sources. For
instance, a helper can be granted access to a sound source emanating
from an object by selecting it in a view of the task space. Interactive
access to sounds from the task space can be helpful for improving the
helper’s awareness of the domain task and obtaining the "full picture"
of a problem, which was pointed out by one of the workshop partici-
pants at DjH. The field research on multi-camera remote assistance in
the manufacturing industry primarily deals with the task space shar-
ing and awareness scope dimensions, because it is concerned with
questions of mixing view dependency and independency and ben-
efits of awareness cues and techniques for improving collaboration
task awareness.

As for a more general discussion of future research on remote assis-
tance, recent research trends include research on awareness cues for
remote assistance in MR, where the worker is in AR and the helper is
in VR, and experimentation with the VR users’ perceived scale in the
task space [71, 90, 91, 93, 94, 118, 120]. This trend deals predominantly
with the task space sharing and awareness scope dimensions. By posi-
tioning my own systems in the design space, it is clear that in compar-
ison to recent trends, which score high on interface immersion due to
the use of VR and three-dimensional representations of the task space,
my own systems score low on interface immersion (for example com-
pare Figure 6 and Figure 8). Addressing why I decided not to work
with VR, the main reason is that I wanted the helper’s interface to be
mobile and useful in a myriad of everyday use contexts, where VR
may not be socially acceptable or desirable. This is important, since
according to some of the interviewed manufacturing employees [97],
they would remotely assist colleagues when they were in the super-
market, spending time with family, or sick in bed. For example, one
of the interviewees had shoulder surgery and thus needed to stay in
bed. Therefore, I focused on designing cross-platform interfaces and
interactions for PC and tablet/smartphone.

Additionally, I believe there is still work to be done on identifying
industry specific requirements and challenges for remote assistance,
including but not limited to the manufacturing and health care indus-
tries. Finally, task space sharing using the whole plethora of human
senses - vision, auditory, olfactory and gustatory senses - is still an
immature research field with a lot of exciting work ahead.
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8
C O N C L U S I O N

Remote assistance is gaining an increased interest in industry and
beyond, amplified by the current covid-19 pandemic. However, re-
mote assistance research on industry-specific user requirements and
challenges for remote assistance is sparse. Through empirical studies
in the manufacturing industry, this dissertation has contributed new
knowledge on:

• Important tailorable aspects of remote assistance and how users
tailor remote assistance in a manufacturing industry setting.
This is important, because users’ requirements vary depending
on the size and material properties of the task space, perceived
urgency of assistance etc. In the process of studying remote as-
sistance in manufacturing, requirements and challenges for re-
mote assistance were identified, such as the need to involve the
auditory and olfactory senses during troubleshooting of a man-
ufacturing process, and challenges of maintaining workspace
awareness on large industrial machines.

• Awareness techniques and cues for improving workspace aware-
ness during remote assistance in large task spaces. Specifically,
I focused on improving workspace awareness during remote as-
sistance with multiple cameras by using focus-in-context views,
context-aware camera selection and AR awareness cues.

• A design space for remote assistance, based partly on empiri-
cal data and partly on a thorough survey of related work on
remote assistance. I have worked towards a design space for re-
mote assistance with multiple dimensions and positioned my
own work in this space. The design space proposes a set of
tailorable dimensions each with multiple categories, and shows
how the collaboration and domain task awareness of the worker
and helper are affected by the choice of categories in the task
space sharing and guidance location dimensions. Thus, the de-
sign space can be used as a tool for system designers or users for
considering trade-offs between domain and collaboration task
awareness. Similarly, it can also be used for analysing a fit be-
tween a system design and specific use patterns occurring in
industry, for instance the pattern where a worker’s actions in
one area affect events in other areas. This is important to ensure
high workspace awareness.

To summarize the main contributions, I once again return to the
research questions that were posed in Chapter 1.
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8.1 addressing the research questions

Which aspects of remote assistance need to be tailorable?
The interview study with manufacturing employees revealed that

manufacturing employees have heterogeneous user needs in regards
to interface mobility of the helper’s interface and task space capturing.
The interviews also indicated that non-verbal guidance techniques
for supporting verbal communication is perceived as useful in sit-
uations, where the helper and worker do not share technical jargon
and have an asymmetrical knowledge relationship. This latter finding
was further corroborated in the experimental simulation with RAK.
User preferences for a specific guidance format, drawings, was iden-
tified for the "trigo"-scenario in the experimental simulation, whereas
a guidance format was rarely used in the "tool"-scenario, presumably
because of the shared technical jargon. User preferences for locating
guidance in a communication space separated from or combined with
the task space were not identified in the interviews, nor in the exper-
imental simulation. Thus, the empirical data from both studies show
that it is important that interface mobility, task space capturing and
guidance formats are tailorable.

In the process of identifying user requirements for remote assis-
tance in the manufacturing industry, I additionally uncovered inter-
esting requirements concerning the importance of sharing machine
sounds or smells from the task space with the helper when trou-
bleshooting running machines and the importance of high-resolution
views for remote quality control and product optimization. The for-
mer requirement resulted in an idea for a study on interactive sound
sharing as future work in Chapter 7.

How do users from the manufacturing industry tailor remote assistance?
Patterns of how users configured RAK during the experimental simu-
lation showed that they tailored remote assistance to the requirements
of the three realistic problem scenarios before a remote assistance ses-
sion, but they did not however explore the configurations much dur-
ing remote assistance. There seems to be a trade-off between invest-
ing time on tailoring work before the beginning of a remote assistance
session and coping with the deficiencies of the chosen configuration
during remote assistance. Participants in the experimental simulation
went with the strategy of coping with the deficiencies. It is possible
that a longitudinal study of RAK would see participants explore mul-
tiple configurations before settling on configurations that are known
to work well for them in particular scenarios.

Specifically in the experimental simulation, it was observed that
5/6 workers used a tablet camera on a tripod to cover two separate
work areas, the mold and HMI, on a running injection molding ma-

110



chine. They continuously moved the camera back and forth between
areas to make sure the helper maintained awareness of the movement
of the mold and the worker’s interactions with the HMI. Workers for-
getting to move the camera hampered the helpers’ awareness, thus
prompting the need for a view independent solution, such as a multi-
camera system.

When offering users the option to tailor aspects of remote assis-
tance, it was observed that conveying information about the collab-
orating partner’s composition of a tailorable system is important to
avoid applying the wrong mental model of how guidance is visual-
ized.

What are requirements and challenges for remote assistance in the manu-
facturing industry? Through studies in the manufacturing industry, a
set of requirements and challenges for remote assistance were identi-
fied:

• Non-verbal guidance is not crucial, when collaborators share a
technical jargon.

• Sharing of machine sounds is important for remote troubleshoot-
ing.

• High-resolution views are important for remote product quality
optimization.

• The manufacturing context poses a challenge for creating 3D
reconstructions with depth cameras.

• Multiple cameras support workspace awareness in large indus-
trial task spaces.

The experimental simulation in a plastic manufacturing factoring
context revealed that non-verbal guidance is not crucial, when col-
laborators share a precise technical terminology that allows them to
make quick references to components in the task space. However, non-
verbal guidance is useful for situations where there is an asymmetric
knowledge relationship between the worker and helper, such as the
case between service technicians and machine operators with differ-
ent educational backgrounds and language barriers.

It became evident during the workshop with the teachers at DjH
that sharing machine sounds from the worker’s task space with the
helper is considered useful during troubleshooting of a running injec-
tion molding machine, because it enables the helper to obtain a rich
picture of the problem, which requires a combination of visual and
auditory impressions. While the finding is specific to injection mold-
ing, it is expected that the usefulness of sound sharing and listening
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to process sounds is generalizable to other machines and processes in
manufacturing.

During the "injection"-scenario from the experimental simulation,
workers would often show close-up views of the manufactured plas-
tic pieces to the helper, enabling her to see imperfections in the pieces
and give instructions on how to optimize production parameters to
eliminate imperfections. As was pointed out by a participant in the
experimental simulation, to ease the task of correctly identifying im-
perfections a high-resolution view of the pieces is required.

From observations of the metallic specular surfaces of industrial
components that are part of injection molding machines and CNC ma-
chines at LEGO, it became clear that the manufacturing context poses
a challenge for using depth cameras to create 3D reconstructions of
the task space, which is a popular approach in research for creating
immersive remote assistance experiences. This is interesting, because
it motivates further research on task space sharing approaches that
do not make use of depth cameras, for instance further research on
multi-camera (RGB) remote assistance systems or light fields [79] for
achieving view independency in manufacturing contexts.

Multiple cameras (not depth depth cameras) for remote assistance
can be used to support awareness in large industrial task spaces by
achieving view independency, i.e. the helper can navigate multiple
important areas on a large machine, for example areas on an injection
molding machine or inline printing unit, independently of the worker.
Thereby, she is able to observe cause and effect of the worker’s ac-
tions in other areas. Another advantage of multiple cameras were
also discussed during an interview with a manufacturing employee:
the ability to obtain time independency, since permanently mounted
cameras will allow helpers to use video recordings to find the cause
of a problem.

How can we design for awareness between worker and helper during
multi-camera remote assistance in large task spaces? Various techniques
for improving the worker’s and helper’s awareness during remote as-
sistance with multiple cameras were implemented in two AR multi-
camera remote assistance prototypes, SceneCam and CueCam.

SceneCam implements the exocentric and egocentric focus-in-context
views and the context-aware camera selection techniques, nudging of
optimal camera view and automatic selection of optimal camera view.
These awareness techniques are intended to improve the helper’s
awareness of the worker during multi-camera remote assistance and
focuses on combining the 3D tracking and visualization possibilities
of the worker’s AR interface with the 2D visualization possibilities of
the helper’s screen-based interface for PC and tablet/smartphone.
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CueCam, which shares the core multi-camera functionality with
SceneCam, implements three AR awareness cues, Virtual Hand, Spa-
tial Sound, and Color Cue. A lab experiment compared the following
awareness cue combinations: Virtual Hand Only, Virtual Hand + Spa-
tial Sound, and Virtual Hand + Color Cue. These awareness techniques
are intended to improve the worker’s awareness of the helper, and
the results of the lab experiment indicates that the addition of the
AR awareness cues Spatial Sound and Color Cue to Virtual Hand
improved awareness compared to the baseline. Furthermore, Virtual
Hand + Color Cue was the superior awareness cue combination in re-
gards to performance and user preference.

As previously discussed in Chapter 7, I have yet to conduct a user
study that will help answer the research question: What are the bene-
fits and challenges of multi-camera remote assistance in large industrial task
spaces? Furthermore, a study is needed to understand how the aware-
ness cues of CueCam can be applied in a manufacturing setting. This
study is important, because the manufacturing setting and lab set-
ting differ in terms of context (e.g, noisy industrial environment vs.
quiet lab) and users (e.g., expert users with domain knowledge vs.
users without domain knowledge), which may affect the preferences
of awareness cues. Lastly, I have worked towards a design space for
remote assistance. Still, more conceptual work needs to be done to
describe and visualize relationships between dimensions or expand
dimensions. For example, I believe more work is needed to describe
the relationships between interface immersion and guidance format
and between interface immersion and task space sharing.

Understanding how to design remote assistance for various indus-
tries, where such systems can have great impact on the future work
of employees, is important. Therefore, it is my hope that the research
contributions of this dissertation can be useful both conceptually for
researchers seeking to study remote assistance in industry and for
future design and software development of remote assistance.

113





B I B L I O G R A P H Y

[1] Matt Adcock, Stuart Anderson, and Bruce Thomas. “Remote-
Fusion: real time depth camera fusion for remote collaboration
on physical tasks.” en. In: Proceedings of the 12th ACM SIG-
GRAPH International Conference on Virtual-Reality Continuum
and Its Applications in Industry - VRCAI ’13. Hong Kong, Hong
Kong: ACM Press, 2013, pp. 235–242. isbn: 978-1-4503-2590-
5. doi: 10.1145/2534329.2534331. url: http://dl.acm.org/
citation.cfm?doid=2534329.2534331 (visited on 02/04/2020).

[2] Matt Adcock and Chris Gunn. “Using Projected Light for Mo-
bile Remote Guidance.” In: Computer Supported Cooperative Work
(CSCW) 24.6 (2015), pp. 591–611. url: https://doi.org/10.
1007/s10606-015-9237-2.

[3] Matt Adcock, Dulitha Ranatunga, Ross Smith, and Bruce H.
Thomas. “Object-based touch manipulation for remote guid-
ance of physical tasks.” In: Proceedings of the 2nd ACM sympo-
sium on Spatial user interaction. SUI ’14. Honolulu, Hawaii, USA:
Association for Computing Machinery, Oct. 2014, pp. 113–122.
isbn: 978-1-4503-2820-3. doi: 10.1145/2659766.2659768. url:
https : / / doi . org / 10 . 1145 / 2659766 . 2659768 (visited on
02/04/2020).

[4] Leila Alem, Weidong Huang, and Franco Tecchia. “Support-
ing the changing roles of maintenance operators in mining: A
human factors perspective.” In: The Ergonomics Open Journal
4.1 (2011).

[5] Judith Amores, Xavier Benavides, and Pattie Maes. “ShowMe:
A Remote Collaboration System that Supports Immersive Ges-
tural Communication.” en. In: Proceedings of the 33rd Annual
ACM Conference Extended Abstracts on Human Factors in Com-
puting Systems - CHI EA ’15. Seoul, Republic of Korea: ACM
Press, 2015, pp. 1343–1348. isbn: 978-1-4503-3146-3. doi: 10.
1145/2702613.2732927. url: http://dl.acm.org/citation.
cfm?doid=2702613.2732927 (visited on 02/04/2020).

[6] D. Aschenbrenner, M. Rojkov, F. Leutert, J. Verlinden, S. Lukosch,
M. E. Latoschik, and K. Schilling. “Comparing Different Aug-
mented Reality Support Applications for Cooperative Repair
of an Industrial Robot.” In: 2018 IEEE International Symposium
on Mixed and Augmented Reality Adjunct (ISMAR-Adjunct). Oct.
2018, pp. 69–74. doi: 10.1109/ISMAR-Adjunct.2018.00036.

115

https://doi.org/10.1145/2534329.2534331
http://dl.acm.org/citation.cfm?doid=2534329.2534331
http://dl.acm.org/citation.cfm?doid=2534329.2534331
https://doi.org/10.1007/s10606-015-9237-2
https://doi.org/10.1007/s10606-015-9237-2
https://doi.org/10.1145/2659766.2659768
https://doi.org/10.1145/2659766.2659768
https://doi.org/10.1145/2702613.2732927
https://doi.org/10.1145/2702613.2732927
http://dl.acm.org/citation.cfm?doid=2702613.2732927
http://dl.acm.org/citation.cfm?doid=2702613.2732927
https://doi.org/10.1109/ISMAR-Adjunct.2018.00036


[7] Doris Aschenbrenner, Florian Leutert, Argun Çençen, Jouke
Verlinden, Klaus Schilling, Marc Latoschik, and Stephan Lukosch.
“Comparing Human Factors for Augmented Reality Supported
Single-User and Collaborative Repair Operations of Industrial
Robots.” English. In: Frontiers in Robotics and AI 6 (2019). Pub-
lisher: Frontiers. issn: 2296-9144. doi: 10.3389/frobt.2019.
00037. url: https://www.frontiersin.org/articles/10.
3389/frobt.2019.00037/full (visited on 02/25/2021).

[8] Doris Aschenbrenner, Felix Sittner, Michael Fritscher, Markus
Krauß, and Klaus Schilling. “Cooperative Remote Repair Task
in an Active Production Line For Industrial Internet Telemain-
tenance**funded by the Bavarian Ministry of Economic Af-
fairs, Infrastructure, Transport and Technology in its R&D pro-
gram ‘Information and Communication Technology’.” en. In:
IFAC-PapersOnLine. 4th IFAC Symposium on Telematics Ap-
plications TA 2016 49.30 (Jan. 2016), pp. 18–23. issn: 2405-8963.
doi: 10.1016/j.ifacol.2016.11.116. url: https://www.
sciencedirect.com/science/article/pii/S240589631632554X

(visited on 02/25/2021).

[9] Martin Bauer, Gerd Kortuem, and Zary Segall. “"Where Are
You Pointing At?" A Study of Remote Collaboration in a Wear-
able Videoconference System.” In: Proceedings of the 3rd IEEE
International Symposium on Wearable Computers. IEEE Computer
Society, pp. 151–151. url: http://dl.acm.org/citation.cfm?
id=519309.856501.

[10] Mark Billinghurst, Kunal Gupta, Masai Katsutoshi, Youngho
Lee, Gun Lee, Kai Kunze, and Maki Sugimoto. “Is it in your
eyes? Explorations in using gaze cues for remote collabora-
tion.” In: Collaboration Meets Interactive Spaces. Springer, 2016,
pp. 177–199.

[11] Mark Billinghurst and Hirokazu Kato. “Collaborative augmented
reality.” In: Communications of the ACM 45.7 (July 2002), pp. 64–
70. issn: 0001-0782. doi: 10.1145/514236.514265. url: https:
//doi.org/10.1145/514236.514265 (visited on 04/20/2021).

[12] Mark Billinghurst, Hirokazu Kato, and Ivan Poupyrev. “The
MagicBook: a transitional AR interface.” en. In: Computers &
Graphics. Mixed realities - beyond conventions 25.5 (Oct. 2001),
pp. 745–753. issn: 0097-8493. doi: 10.1016/S0097-8493(01)
00117- 0. url: https://www.sciencedirect.com/science/
article/pii/S0097849301001170 (visited on 04/13/2021).

[13] Jeremy P. Birnholtz, Abhishek Ranjan, and Ravin Balakrish-
nan. “Providing Dynamic Visual Information for Collabora-
tive Tasks: Experiments With Automatic Camera Control.” In:
Human-Computer Interaction (2010). doi: 10.1080/07370024.
2010.500146.

116

https://doi.org/10.3389/frobt.2019.00037
https://doi.org/10.3389/frobt.2019.00037
https://www.frontiersin.org/articles/10.3389/frobt.2019.00037/full
https://www.frontiersin.org/articles/10.3389/frobt.2019.00037/full
https://doi.org/10.1016/j.ifacol.2016.11.116
https://www.sciencedirect.com/science/article/pii/S240589631632554X
https://www.sciencedirect.com/science/article/pii/S240589631632554X
http://dl.acm.org/citation.cfm?id=519309.856501
http://dl.acm.org/citation.cfm?id=519309.856501
https://doi.org/10.1145/514236.514265
https://doi.org/10.1145/514236.514265
https://doi.org/10.1145/514236.514265
https://doi.org/10.1016/S0097-8493(01)00117-0
https://doi.org/10.1016/S0097-8493(01)00117-0
https://www.sciencedirect.com/science/article/pii/S0097849301001170
https://www.sciencedirect.com/science/article/pii/S0097849301001170
https://doi.org/10.1080/07370024.2010.500146
https://doi.org/10.1080/07370024.2010.500146


[14] Henry Chen, Austin S. Lee, Mark Swift, and John C. Tang.
“3D Collaboration Method over HoloLens™ and Skype™ End
Points.” en. In: Proceedings of the 3rd International Workshop on
Immersive Media Experiences - ImmersiveME ’15. Brisbane, Aus-
tralia: ACM Press, 2015, pp. 27–30. isbn: 978-1-4503-3745-8.
doi: 10.1145/2814347.2814350. url: http://dl.acm.org/
citation.cfm?doid=2814347.2814350 (visited on 02/04/2020).

[15] Herbert H. Clark and Susan E. Brennan. “Grounding in com-
munication.” In: Perspectives on socially shared cognition. Wash-
ington, DC, US: American Psychological Association, 1991, pp. 127–
149. isbn: 978-1-55798-121-9. doi: 10.1037/10096-006.

[16] Veronika Domova, Elina Vartiainen, and Marcus Englund. “De-
signing a Remote Video Collaboration System for Industrial
Settings.” en. In: Proceedings of the Ninth ACM International
Conference on Interactive Tabletops and Surfaces - ITS ’14. Dres-
den, Germany: ACM Press, 2014, pp. 229–238. isbn: 978-1-
4503-2587-5. doi: 10.1145/2669485.2669517. url: http://
dl.acm.org/citation.cfm?doid=2669485.2669517 (visited on
02/04/2020).

[17] Mica R. Endsley. “Toward a Theory of Situation Awareness in
Dynamic Systems.” en. In: Human Factors: The Journal of the Hu-
man Factors and Ergonomics Society 37.1 (Mar. 1995), pp. 32–64.
issn: 0018-7208, 1547-8181. doi: 10.1518/001872095779049543.
url: http://journals.sagepub.com/doi/10.1518/001872095779049543
(visited on 11/14/2018).

[18] Mica R. Endsley. “Situation Awareness Misconceptions and
Misunderstandings.” en. In: Journal of Cognitive Engineering
and Decision Making 9.1 (Mar. 2015). Publisher: SAGE Publica-
tions, pp. 4–32. issn: 1555-3434. doi: 10.1177/1555343415572631.
url: https://doi.org/10.1177/1555343415572631 (visited on
10/15/2020).

[19] Omid Fakourfar, Kevin Ta, Richard Tang, Scott Bateman, and
Anthony Tang. “Stabilized Annotations for Mobile Remote As-
sistance.” In: Proceedings of the 2016 CHI Conference on Human
Factors in Computing Systems. ACM, pp. 1548–1560. url: http:
//doi.acm.org/10.1145/2858036.2858171.

[20] Francesco Ferrise, Giandomenico Caruso, and Monica Borde-
goni. “Multimodal training and tele-assistance systems for the
maintenance of industrial products.” In: Virtual and Physical
Prototyping 8.2 (June 2013). Publisher: Taylor & Francis _eprint:
https://doi.org/10.1080/17452759.2013.798764, pp. 113–126. issn:
1745-2759. doi: 10.1080/17452759.2013.798764. url: https:
/ / doi . org / 10 . 1080 / 17452759 . 2013 . 798764 (visited on
10/15/2020).

117

https://doi.org/10.1145/2814347.2814350
http://dl.acm.org/citation.cfm?doid=2814347.2814350
http://dl.acm.org/citation.cfm?doid=2814347.2814350
https://doi.org/10.1037/10096-006
https://doi.org/10.1145/2669485.2669517
http://dl.acm.org/citation.cfm?doid=2669485.2669517
http://dl.acm.org/citation.cfm?doid=2669485.2669517
https://doi.org/10.1518/001872095779049543
http://journals.sagepub.com/doi/10.1518/001872095779049543
https://doi.org/10.1177/1555343415572631
https://doi.org/10.1177/1555343415572631
http://doi.acm.org/10.1145/2858036.2858171
http://doi.acm.org/10.1145/2858036.2858171
https://doi.org/10.1080/17452759.2013.798764
https://doi.org/10.1080/17452759.2013.798764
https://doi.org/10.1080/17452759.2013.798764


[21] Michael Fritscher, Felix Sittner, Doris Aschenbrenner, Markus
Krauß, and Klaus Schilling. “The Adaptive Management and
Security System for Maintenance and Teleoperation of Indus-
trial Robots**This work was funded by the Bavarian Ministry
of Economic Affairs, Infrastructure, Transport and Technol-
ogy as part of the R&D program “Information and Commu-
nication Technology”.” en. In: IFAC-PapersOnLine. 4th IFAC
Symposium on Telematics Applications TA 2016 49.30 (). issn:
2405-8963. doi: 10.1016/j.ifacol.2016.11.114. url: https:
//www.sciencedirect.com/science/article/pii/S2405896316325526

(visited on 02/25/2021).

[22] Susan R Fussell, Robert E Kraut, and Jane Siegel. “Coordina-
tion of communication: Effects of shared visual context on col-
laborative work.” In: Proceedings of the 2000 ACM conference on
Computer supported cooperative work. ACM, pp. 21–30. isbn: 1-
58113-222-0.

[23] Susan R Fussell, Leslie D Setlock, and Robert E Kraut. “Effects
of head-mounted and scene-oriented video systems on remote
collaboration on physical tasks.” In: Proceedings of the SIGCHI
conference on Human factors in computing systems. ACM, pp. 513–
520. isbn: 1-58113-630-7.

[24] Susan R. Fussell, Leslie D. Setlock, and Elizabeth M. Parker.
“Where do helpers look?: gaze targets during collaborative
physical tasks.” In: CHI ’03 extended abstracts on Human factors
in computing systems. ACM, pp. 768–769. url: http://doi.acm.
org/10.1145/765891.765980.

[25] Susan R Fussell, Leslie D Setlock, Elizabeth M Parker, and Jie
Yang. “Assessing the value of a cursor pointing device for re-
mote collaboration on physical tasks.” In: CHI’03 Extended Ab-
stracts on Human Factors in Computing Systems. ACM, pp. 788–
789. isbn: 1-58113-637-4. doi: 10.1145/765891.765992.

[26] Susan R. Fussell, Leslie D. Setlock, Jie Yang, Jiazhi Ou, Eliz-
abeth Mauer, and Adam D. I. Kramer. “Gestures over video
streams to support remote collaboration on physical tasks.”
In: Hum.-Comput. Interact. 19.3 (2004), pp. 273–309. issn: 0737-
0024. doi: 10.1207/s15327051hci1903_3.

[27] Lei Gao, Huidong Bai, Gun Lee, and Mark Billinghurst. “An
oriented point-cloud view for MR remote collaboration.” en.
In: SIGGRAPH ASIA 2016 Mobile Graphics and Interactive Ap-
plications on - SA ’16. Macau: ACM Press, 2016, pp. 1–4. isbn:
978-1-4503-4551-4. doi: 10.1145/2999508.2999531. url: http:
//dl.acm.org/citation.cfm?doid=2999508.2999531 (visited
on 02/04/2020).

118

https://doi.org/10.1016/j.ifacol.2016.11.114
https://www.sciencedirect.com/science/article/pii/S2405896316325526
https://www.sciencedirect.com/science/article/pii/S2405896316325526
http://doi.acm.org/10.1145/765891.765980
http://doi.acm.org/10.1145/765891.765980
https://doi.org/10.1145/765891.765992
https://doi.org/10.1207/s15327051hci1903_3
https://doi.org/10.1145/2999508.2999531
http://dl.acm.org/citation.cfm?doid=2999508.2999531
http://dl.acm.org/citation.cfm?doid=2999508.2999531


[28] Lei Gao, Huidong Bai, Rob Lindeman, and Mark Billinghurst.
“Static Local Environment Capturing and Sharing for MR Re-
mote Collaboration.” In: SIGGRAPH Asia 2017 Mobile Graph-
ics &amp; Interactive Applications. ACM, 17:1–17:6. url: http:
//doi.acm.org/10.1145/3132787.3139204.

[29] Lei Gao, Huidong Bai, Thammathip Piumsomboon, G Lee,
Robert W Lindeman, and Mark Billinghurst. “Real-time vi-
sual representations for mixed reality remote collaboration.”
In: (2017).

[30] Steffen Gauglitz, Benjamin Nuernberger, Matthew Turk, and
Tobias Höllerer. “In touch with the remote world: remote col-
laboration with augmented reality drawings and virtual navi-
gation.” en. In: Proceedings of the 20th ACM Symposium on Vir-
tual Reality Software and Technology - VRST ’14. Edinburgh, Scot-
land: ACM Press, 2014, pp. 197–205. isbn: 978-1-4503-3253-8.
doi: 10.1145/2671015.2671016. url: http://dl.acm.org/
citation.cfm?doid=2671015.2671016 (visited on 02/04/2020).

[31] Steffen Gauglitz, Benjamin Nuernberger, Matthew Turk, and
Tobias Höllerer. “World-stabilized annotations and virtual scene
navigation for remote collaboration.” en. In: Proceedings of the
27th annual ACM symposium on User interface software and tech-
nology - UIST ’14. Honolulu, Hawaii, USA: ACM Press, 2014,
pp. 449–459. isbn: 978-1-4503-3069-5. doi: 10.1145/2642918.
2647372. url: http : / / dl . acm . org / citation . cfm ? doid =

2642918.2647372 (visited on 02/04/2020).

[32] William W. Gaver, Abigail Sellen, Christian Heath, and Paul
Luff. “One is Not Enough: Multiple Views in a Media Space.”
In: Proceedings of the INTERACT ’93 and CHI ’93 Conference on
Human Factors in Computing Systems. CHI ’93. New York, NY,
USA: ACM, 1993, pp. 335–341. isbn: 978-0-89791-575-5. doi:
10.1145/169059.169268. url: http://doi.acm.org/10.1145/
169059.169268 (visited on 07/23/2018).

[33] Pavel Gurevich, Joel Lanir, Benjamin Cohen, and Ran Stone.
“TeleAdvisor: a versatile augmented reality tool for remote as-
sistance.” In: Proceedings of the 2012 ACM annual conference on
Human Factors in Computing Systems. ACM, pp. 619–622. url:
http://doi.acm.org/10.1145/2207676.2207763.

[34] Carl Gutwin and Saul Greenberg. “Design for individuals, de-
sign for groups: tradeoffs between power and workspace aware-
ness.” In: Proceedings of the 1998 ACM conference on Computer
supported cooperative work. 1998, pp. 207–216.

[35] Carl Gutwin and Saul Greenberg. “The effects of workspace
awareness support on the usability of real-time distributed
groupware.” In: ACM Transactions on Computer-Human Inter-
action (TOCHI) 6.3 (Sept. 1999), pp. 243–281. issn: 1073-0516.

119

http://doi.acm.org/10.1145/3132787.3139204
http://doi.acm.org/10.1145/3132787.3139204
https://doi.org/10.1145/2671015.2671016
http://dl.acm.org/citation.cfm?doid=2671015.2671016
http://dl.acm.org/citation.cfm?doid=2671015.2671016
https://doi.org/10.1145/2642918.2647372
https://doi.org/10.1145/2642918.2647372
http://dl.acm.org/citation.cfm?doid=2642918.2647372
http://dl.acm.org/citation.cfm?doid=2642918.2647372
https://doi.org/10.1145/169059.169268
http://doi.acm.org/10.1145/169059.169268
http://doi.acm.org/10.1145/169059.169268
http://doi.acm.org/10.1145/2207676.2207763


doi: 10.1145/329693.329696. url: https://doi.org/10.
1145/329693.329696 (visited on 02/20/2020).

[36] Carl Gutwin and Saul Greenberg. “A Descriptive Framework
of Workspace Awareness for Real-Time Groupware.” In: Com-
put. Supported Coop. Work 11.3 (Nov. 2002), pp. 411–446. issn:
0925-9724. doi: 10.1023/A:1021271517844. url: https://doi.
org/10.1023/A:1021271517844 (visited on 11/14/2018).

[37] Christian Heath, Paul Luff, and Abigail Sellen. “Reconsider-
ing the Virtual Workplace: Flexible Support for Collaborative
Activity.” In: Proceedings of the Fourth Conference on European
Conference on Computer-Supported Cooperative Work. ECSCW’95.
event-place: Stockholm, Sweden. Norwell, MA, USA: Kluwer
Academic Publishers, 1995, pp. 83–99. isbn: 978-0-7923-3697-6.
url: http://dl.acm.org/citation.cfm?id=1241958.1241964
(visited on 05/12/2019).

[38] S. J. Henderson and S. Feiner. “Evaluating the benefits of aug-
mented reality for task localization in maintenance of an ar-
mored personnel carrier turret.” In: 2009 8th IEEE International
Symposium on Mixed and Augmented Reality. Oct. 2009, pp. 135–
144. doi: 10.1109/ISMAR.2009.5336486.

[39] Thomas Herrmann. “Workflow management systems: ensur-
ing organizational flexibility by possibilities of adaptation and
negotiation.” In: Proceedings of conference on Organizational com-
puting systems. COCS ’95. New York, NY, USA: Association
for Computing Machinery, Aug. 1995, pp. 83–94. isbn: 978-0-
89791-706-3. doi: 10.1145/224019.224028. url: https://doi.
org/10.1145/224019.224028 (visited on 09/07/2020).

[40] Jim Hollan and Scott Stornetta. “Beyond Being There.” In: Pro-
ceedings of the SIGCHI Conference on Human Factors in Comput-
ing Systems. CHI ’92. New York, NY, USA: ACM, 1992, pp. 119–
125. isbn: 978-0-89791-513-7. doi: 10 . 1145 / 142750 . 142769.
url: http://doi.acm.org/10.1145/142750.142769 (visited
on 11/14/2018).

[41] Weidong Huang and Leila Alem. “Gesturing in the air: sup-
porting full mobility in remote collaboration on physical tasks.”
In: Journal of Universal Computer Science 19.8 (2013), pp. 1158–
1174. issn: 0948-695X.

[42] Weidong Huang and Leila Alem. “HandsinAir: a wearable sys-
tem for remote collaboration on physical tasks.” In: Proceed-
ings of the 2013 conference on Computer supported cooperative work
companion. CSCW ’13. San Antonio, Texas, USA: Association
for Computing Machinery, Feb. 2013, pp. 153–156. isbn: 978-
1-4503-1332-2. doi: 10.1145/2441955.2441994. url: https://
doi.org/10.1145/2441955.2441994 (visited on 02/20/2020).

120

https://doi.org/10.1145/329693.329696
https://doi.org/10.1145/329693.329696
https://doi.org/10.1145/329693.329696
https://doi.org/10.1023/A:1021271517844
https://doi.org/10.1023/A:1021271517844
https://doi.org/10.1023/A:1021271517844
http://dl.acm.org/citation.cfm?id=1241958.1241964
https://doi.org/10.1109/ISMAR.2009.5336486
https://doi.org/10.1145/224019.224028
https://doi.org/10.1145/224019.224028
https://doi.org/10.1145/224019.224028
https://doi.org/10.1145/142750.142769
http://doi.acm.org/10.1145/142750.142769
https://doi.org/10.1145/2441955.2441994
https://doi.org/10.1145/2441955.2441994
https://doi.org/10.1145/2441955.2441994


[43] Weidong Huang, Leila Alem, Surya Nepal, and Danan Thi-
lakanathan. “Supporting tele-assistance and tele-monitoring
in safety-critical environments.” In: Proceedings of the 25th Aus-
tralian Computer-Human Interaction Conference: Augmentation, Ap-
plication, Innovation, Collaboration. OzCHI ’13. New York, NY,
USA: Association for Computing Machinery, Nov. 2013, pp. 539–
542. isbn: 978-1-4503-2525-7. doi: 10.1145/2541016.2541065.
url: https://doi.org/10.1145/2541016.2541065 (visited on
08/25/2020).

[44] Weidong Huang, Leila Alem, and Franco Tecchia. “HandsIn3D:
Supporting Remote Guidance with Immersive Virtual Envi-
ronments.” en. In: Human-Computer Interaction – INTERACT
2013. Ed. by Paula Kotzé, Gary Marsden, Gitte Lindgaard,
Janet Wesson, and Marco Winckler. Lecture Notes in Com-
puter Science. Berlin, Heidelberg: Springer, 2013, pp. 70–77.
isbn: 978-3-642-40483-2. doi: 10.1007/978-3-642-40483-2_5.

[45] Weidong Huang, Leila Alem, Franco Tecchia, and Henry Been-
Lirn Duh. “Augmented 3D hands: a gesture-based mixed real-
ity system for distributed collaboration.” In: Journal on Multi-
modal User Interfaces 12.2 (2018), pp. 77–89. issn: 1783-7677.

[46] Weidong Huang, Seungwon Kim, Mark Billinghurst, and Leila
Alem. “Sharing Hand Gesture and Sketch Cues in Remote Col-
laboration.” In: Journal of Visual Communication and Image Rep-
resentation (2018). issn: 1047-3203.

[47] Michal Joachimczak, Juan Liu, and Hiroshi Ando. “Real-time
mixed-reality telepresence via 3D reconstruction with HoloLens
and commodity depth sensors.” In: Proceedings of the 19th ACM
International Conference on Multimodal Interaction. 2017, pp. 514–
515.

[48] R. Johansen. “Teams for tomorrow (groupware).” In: Proceed-
ings of the Twenty-Fourth Annual Hawaii International Conference
on System Sciences. Vol. iii. Jan. 1991, 521–534 vol.3. doi: 10.
1109/HICSS.1991.184183.

[49] Steven Johnson, Madeleine Gibson, and Bilge Mutlu. “Hand-
held or Handsfree?: Remote Collaboration via Lightweight Head-
Mounted Displays and Handheld Devices.” In: Proceedings of
the 18th ACM Conference on Computer Supported Cooperative Work
&amp;38; Social Computing. ACM, pp. 1825–1836. url: http:
//doi.acm.org/10.1145/2675133.2675176.

[50] Svenja Kahn, Harald Wuest, and Wolf-Dietrich Fellner. “Time-
of-Flight Based Scene Reconstruction with a Mesh Processing
Tool for Model Based Camera Tracking.” English. In: VISI-
GRAPP 2010. Proceedings; International Conference on Computer
Graphics Theory and Applications (GRAPP). INSTICC Press, 2010,
pp. 302–309. url: https://graz.pure.elsevier.com/en/

121

https://doi.org/10.1145/2541016.2541065
https://doi.org/10.1145/2541016.2541065
https://doi.org/10.1007/978-3-642-40483-2_5
https://doi.org/10.1109/HICSS.1991.184183
https://doi.org/10.1109/HICSS.1991.184183
http://doi.acm.org/10.1145/2675133.2675176
http://doi.acm.org/10.1145/2675133.2675176
https://graz.pure.elsevier.com/en/publications/time-of-flight-based-scene-reconstruction-with-a-mesh-processing-
https://graz.pure.elsevier.com/en/publications/time-of-flight-based-scene-reconstruction-with-a-mesh-processing-


publications/time-of-flight-based-scene-reconstruction-

with-a-mesh-processing- (visited on 10/06/2020).

[51] Simon M Kaplan and Alan M Carroll. “Supporting collabo-
rative processes with Conversation Builder.” en. In: Computer
Communications 15.8 (Oct. 1992), pp. 489–501. issn: 0140-3664.
doi: 10 . 1016 / 0140 - 3664(92 ) 90028 - D. url: http : / / www .

sciencedirect.com/science/article/pii/014036649290028D

(visited on 09/07/2020).

[52] Shunichi Kasahara and Jun Rekimoto. “JackIn: Integrating First-
person View with Out-of-body Vision Generation for Human-
human Augmentation.” In: Proceedings of the 5th Augmented
Human International Conference. AH ’14. Kobe, Japan: ACM,
2014, 46:1–46:8. isbn: 978-1-4503-2761-9. doi: 10.1145/2582051.
2582097. url: http://doi.acm.org/10.1145/2582051.2582097.

[53] Seungwon Kim, Mark Billinghurst, and Gun Lee. “The Ef-
fect of Collaboration Styles and View Independence on Video-
Mediated Remote Collaboration.” In: Computer Supported Coop-
erative Work (CSCW) 27.3 (2018), pp. 569–607. issn: 1573-7551.
doi: 10.1007/s10606-018-9324-2. url: https://doi.org/10.
1007/s10606-018-9324-2.

[54] Seungwon Kim, Mark Billinghurst, and Gun Lee. “The Ef-
fect of Collaboration Styles and View Independence on Video-
Mediated Remote Collaboration.” In: Comput. Supported Coop.
Work 27.3-6 (Dec. 2018), pp. 569–607. issn: 0925-9724. doi: 10.
1007/s10606-018-9324-2. url: https://doi.org/10.1007/
s10606-018-9324-2 (visited on 11/22/2018).

[55] Seungwon Kim, Gun A. Lee, Sangtae Ha, Nobuchika Sakata,
and Mark Billinghurst. “Automatically Freezing Live Video
for Annotation During Remote Collaboration.” In: Proceedings
of the 33rd Annual ACM Conference Extended Abstracts on Hu-
man Factors in Computing Systems. CHI EA ’15. Seoul, Republic
of Korea: ACM, 2015, pp. 1669–1674. isbn: 978-1-4503-3146-3.
doi: 10.1145/2702613.2732838. url: http://doi.acm.org/10.
1145/2702613.2732838.

[56] Seungwon Kim, Gun A. Lee, and Nobuchika Sakata. “Compar-
ing pointing and drawing for remote collaboration.” In: 2013
IEEE International Symposium on Mixed and Augmented Reality
(ISMAR). 2013, pp. 1–6. doi: 10.1109/ISMAR.2013.6671833.

[57] Seungwon Kim, Gun Lee, Weidong Huang, Hayun Kim, Woon-
tack Woo, and Mark Billinghurst. “Evaluating the Combina-
tion of Visual Communication Cues for HMD-based Mixed
Reality Remote Collaboration.” In: Proceedings of the 2019 CHI
Conference on Human Factors in Computing Systems. 2019, pp. 1–
13.

122

https://graz.pure.elsevier.com/en/publications/time-of-flight-based-scene-reconstruction-with-a-mesh-processing-
https://graz.pure.elsevier.com/en/publications/time-of-flight-based-scene-reconstruction-with-a-mesh-processing-
https://graz.pure.elsevier.com/en/publications/time-of-flight-based-scene-reconstruction-with-a-mesh-processing-
https://doi.org/10.1016/0140-3664(92)90028-D
http://www.sciencedirect.com/science/article/pii/014036649290028D
http://www.sciencedirect.com/science/article/pii/014036649290028D
https://doi.org/10.1145/2582051.2582097
https://doi.org/10.1145/2582051.2582097
http://doi.acm.org/10.1145/2582051.2582097
https://doi.org/10.1007/s10606-018-9324-2
https://doi.org/10.1007/s10606-018-9324-2
https://doi.org/10.1007/s10606-018-9324-2
https://doi.org/10.1007/s10606-018-9324-2
https://doi.org/10.1007/s10606-018-9324-2
https://doi.org/10.1007/s10606-018-9324-2
https://doi.org/10.1007/s10606-018-9324-2
https://doi.org/10.1145/2702613.2732838
http://doi.acm.org/10.1145/2702613.2732838
http://doi.acm.org/10.1145/2702613.2732838
https://doi.org/10.1109/ISMAR.2013.6671833


[58] Seungwon Kim, Gun Lee, Nobuchika Sakata, and Mark Billinghurst.
“Improving co-presence with augmented visual communica-
tion cues for sharing experience through video conference.”
In: 2014 IEEE International Symposium on Mixed and Augmented
Reality (ISMAR). 2014, pp. 83–92. doi: 10.1109/ISMAR.2014.
6948412.

[59] David S Kirk and Dana Stanton Fraser. “The effects of remote
gesturing on distance instruction.” In: Proceedings of th 2005
conference on Computer support for collaborative learning: learning
2005: the next 10 years! International Society of the Learning
Sciences, pp. 301–310. isbn: 0-8058-5782-6.

[60] David Kirk, Andy Crabtree, and Tom Rodden. “Ways of the
hands.” In: ECSCW 2005. Springer, pp. 1–21.

[61] David Kirk, Tom Rodden, and Danae Stanton Fraser. “Turn it
way: grounding collaborative action with remote gestures.” In:
CHI ’07: Proceedings of the SIGCHI conference on Human factors in
computing systems. ACM, pp. 1039–1048. url: http://portal.
acm.org/citation.cfm?id=1240782#.

[62] David Kirk and Danae Stanton Fraser. “Comparing remote
gesture technologies for supporting collaborative physical tasks.”
In: Proceedings of the SIGCHI conference on Human Factors in com-
puting systems. ACM, pp. 1191–1200. isbn: 1-59593-372-7. doi:
10.1145/1124772.1124951.

[63] Robert E. Kraut, Susan R. Fussell, and Jane Siegel. “Visual in-
formation as a conversational resource in collaborative phys-
ical tasks.” In: Hum.-Comput. Interact. 18.1 (2003), pp. 13–49.
url: http://portal.acm.org/citation.cfm?id=1466530.
1466532&coll=GUIDE&dl=GUIDE&CFID=89767976&CFTOKEN=

14424108#.

[64] Robert E Kraut, Darren Gergle, and Susan R Fussell. “The use
of visual information in shared visual spaces: Informing the
development of virtual co-presence.” In: Proceedings of the 2002
ACM conference on Computer supported cooperative work. ACM,
pp. 31–40. isbn: 1-58113-560-2.

[65] Robert E. Kraut, Mark D. Miller, and Jane Siegel. “Collabora-
tion in performance of physical tasks: effects on outcomes and
communication.” In: Proceedings of the 1996 ACM conference on
Computer supported cooperative work. ACM, pp. 57–66.

[66] Hideaki Kuzuoka. “Spatial workspace collaboration: a Shared-
View video support system for remote collaboration capabil-
ity.” In: Proceedings of the SIGCHI Conference on Human Fac-
tors in Computing Systems. CHI ’92. Monterey, California, USA:
Association for Computing Machinery, June 1992, pp. 533–
540. isbn: 978-0-89791-513-7. doi: 10 . 1145 / 142750 . 142980.

123

https://doi.org/10.1109/ISMAR.2014.6948412
https://doi.org/10.1109/ISMAR.2014.6948412
http://portal.acm.org/citation.cfm?id=1240782#
http://portal.acm.org/citation.cfm?id=1240782#
https://doi.org/10.1145/1124772.1124951
http://portal.acm.org/citation.cfm?id=1466530.1466532&coll=GUIDE&dl=GUIDE&CFID=89767976&CFTOKEN=14424108#
http://portal.acm.org/citation.cfm?id=1466530.1466532&coll=GUIDE&dl=GUIDE&CFID=89767976&CFTOKEN=14424108#
http://portal.acm.org/citation.cfm?id=1466530.1466532&coll=GUIDE&dl=GUIDE&CFID=89767976&CFTOKEN=14424108#
https://doi.org/10.1145/142750.142980


url: https://doi.org/10.1145/142750.142980 (visited on
02/12/2020).

[67] Hideaki Kuzuoka, Jun’ichi Kosaka, Keiichi Yamazaki, Yasuko
Suga, Akiko Yamazaki, Paul Luff, and Christian Heath. “Me-
diating dual ecologies.” In: Proceedings of the 2004 ACM confer-
ence on Computer supported cooperative work. ACM, pp. 477–486.
isbn: 1-58113-810-5.

[68] Hideaki Kuzuoka, Toshio Kosuge, and Masatomo Tanaka. “Ges-
tureCam: A Video Communication System for Sympathetic
Remote Collaboration.” In: Proceedings of the 1994 ACM Con-
ference on Computer Supported Cooperative Work. ACM, pp. 35–
43. url: http://doi.acm.org/10.1145/192844.192866.

[69] Hideaki Kuzuoka, Shinya Oyama, Keiichi Yamazaki, Kenji Suzuki,
and Mamoru Mitsuishi. “GestureMan: a mobile robot that em-
bodies a remote instructor’s actions.” en. In: Proceedings of the
2000 ACM conference on Computer supported cooperative work -
CSCW ’00. Philadelphia, Pennsylvania, United States: ACM
Press, 2000, pp. 155–162. isbn: 978-1-58113-222-9. doi: 10.1145/
358916.358986. url: http://portal.acm.org/citation.cfm?
doid=358916.358986 (visited on 02/04/2020).

[70] Joel Lanir, Ran Stone, Benjamin Cohen, and Pavel Gurevich.
“Ownership and Control of Point of View in Remote Assis-
tance.” In: Proceedings of the SIGCHI Conference on Human Fac-
tors in Computing Systems. ACM, pp. 2243–2252. url: http :

//doi.acm.org/10.1145/2470654.2481309.

[71] Gun A Lee, Theophilus Teo, Seungwon Kim, and Mark Billinghurst.
“Mixed reality collaboration through sharing a live panorama.”
In: SIGGRAPH Asia 2017 Mobile Graphics & Interactive Applica-
tions. 2017, pp. 1–4.

[72] Gun A. Lee, Theophilus Teo, Seungwon Kim, and Mark Billinghurst.
“A User Study on MR Remote Collaboration Using Live 360

Video.” In: 2018 IEEE International Symposium on Mixed and
Augmented Reality (ISMAR). ISSN: 1554-7868. Oct. 2018, pp. 153–
164. doi: 10.1109/ISMAR.2018.00051.

[73] Gun Lee, Seungwon Kim, Youngho Lee, Arindam Dey, Tham-
matip Piumsomboon, Mitchell Norman, and Mark Billinghurst.
“Mutually Shared Gaze in Augmented Video Conference.” In:
Adjunct Proceedings of the 2017 IEEE International Symposium on
Mixed and Augmented Reality, ISMAR-Adjunct 2017. Institute of
Electrical and Electronics Engineers Inc. 2017, pp. 79–80.

[74] Jane Li, Anja Wessels, Leila Alem, and Cara Stitzlein. “Explor-
ing Interface with Representation of Gesture for Remote Col-
laboration.” In: Proceedings of the 19th Australasian Conference on
Computer-Human Interaction: Entertaining User Interfaces. ACM,

124

https://doi.org/10.1145/142750.142980
http://doi.acm.org/10.1145/192844.192866
https://doi.org/10.1145/358916.358986
https://doi.org/10.1145/358916.358986
http://portal.acm.org/citation.cfm?doid=358916.358986
http://portal.acm.org/citation.cfm?doid=358916.358986
http://doi.acm.org/10.1145/2470654.2481309
http://doi.acm.org/10.1145/2470654.2481309
https://doi.org/10.1109/ISMAR.2018.00051


pp. 179–182. url: http://doi.acm.org/10.1145/1324892.
1324926.

[75] Kuo-Chin Lien, Benjamin Nuernberger, Tobias Hollerer, and
Matthew Turk. “PPV: Pixel-Point-Volume Segmentation for Ob-
ject Referencing in Collaborative Augmented Reality.” In: 2016
IEEE International Symposium on Mixed and Augmented Reality
(ISMAR). Merida, Yucatan, Mexico: IEEE, Sept. 2016, pp. 77–
83. isbn: 978-1-5090-3641-7. doi: 10.1109/ISMAR.2016.21. url:
http://ieeexplore.ieee.org/document/7781769/ (visited on
02/04/2020).

[76] Stephan Lukosch, Heide Lukosch, Dragoş Datcu, and Marina
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Abstract. In this paper we present our findings from interviewing man-
ufacturing employees about their remote assistance practices and require-
ments to remote assistance technology. We found that their needs were
rather heterogeneous regarding mobility, camera setups and location of
guidance. We built the prototype RemoteAssistKit (RAK) as a design
response to their heterogeneous needs. RAK is a tailorable remote as-
sistance solution, where different mobility modes, camera setups and lo-
cations of guidance can be explored and interchanged using a graphical
user interface. RAK thus moves some of the design responsibility from
the designer to the users, who are empowered to tailor remote assistance
to their needs and preferences.

Keywords: Remote assistance · Interview study · Augmented reality ·
Tailorability

1 Introduction

In an industrial context remote assistance is required in situations, where a
”worker” - typically a machine operator or machine technician - experiences a
problem with a machine or piece of equipment and thus calls a ”remote helper”
- typically an experienced colleague. The problem solving activity between the
worker and helper is mediated by a communication system, which is either a
dedicated remote assistance system or a more general purpose system, such as
a video calling application.

In this paper we present our qualitative, empirical findings on remote assis-
tance practices and needs of employees in the manufacturing industry. This is a
rare view into the real world practices and needs of a specific group of users of re-
mote assistance technology. Most research on remote assistance make use of lab
controlled studies that rarely involve the perspectives of manufacturing employ-
ees, who we argue are lead users of remote assistance technology, because they
benefit greatly from advances in the technology. Next, we present our design and

? The work reported here is funded by MADE Digital (Project 6151-00006B).
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implementation of RemoteAssistKit (RAK), which enables users to tailor remote
assistance to their needs and personal preferences. RAK lets the users (the work-
ers and helpers) explore mobility (mobile vs stationary user interface), different
camera setups (scene camera, mobile camera or a combination), and guidance
locations (on display separate from the task space, on heads-up display or in AR
directly in the task space) without the need for any programming knowledge
by making available a graphical user interface with which they can tailor RAK
using modular, (mostly) web-based software components that represent the dif-
ferent levels of mobility, camera setups and guidance locations. The motivation
behind RAK is twofold. First of all, from interviewing industrial employees at
three different manufacturing companies, it is evident that the employees have
heterogeneous requirements to remote assistance technology, because of their
diverse roles, tasks and environments - no one-size-fits-all. The motivation be-
hind the modularity of RAK is to support their heterogeneous needs. Secondly,
the use of camera setups, for instance scene cameras or scene and mobile camera
combinations, and the location of guidance, including AR guidance, has not been
adequately explored in a real setting outside the lab. Thus, we know little about
the adoption of different camera setups and AR for remote assistance in the
wild, including the manufacturing industry. RAK enables users to easily explore
different configurations of camera setups and guidance locations trial-and-error
style, and thus can be used as a research tool to better understand the usabil-
ity and usefulness of different camera setups and guidance locations in various
situations in the wild.

After describing the findings from interviews and RAK, we conclude the
paper with a discussion of the limitations of and future work on RAK and its
intended use as a tool for further scientific inquiry into remote assistance in the
wild.

2 Related Work

In this section we present related work on remote assistance and heterogeneous
user needs.

2.1 Remote Assistance

Different interfaces and interactions for remote assistance are typically compared
with respect to how well the worker-helper pairs collaborate and perform on a
given physical task. This includes comparisons of camera setups [5,8], guidance
techniques [6, 9] and the location of guidance [2, 9].

Different camera setups have different strengths and weaknesses. With a
handheld/head-mounted camera the worker can capture close-up machine de-
tails from various angles, but the video the helper receives is unsteady and hard
to annotate [2]. With a scene camera (camera mounted in the environment)
the video is steady and easy to annotate, but at the cost of loss of detail. Re-
searchers have compared a head-mounted camera to a scene camera and found
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that worker-helper pairs performed best using the scene camera [5]. A combina-
tion of scene- and head-mounted camera, where the helper can select between
the videos from the two cameras, might seem like the best of both worlds, but
so far research on camera combos have not shown any performance benefits over
just using a single scene camera [5]. Researchers have also compared different
ways of remote controlling the movement of a camera, thus providing the helper
with a degree of view independence [10, 11]. Lately the use of 360-degree live
video for remote collaboration has received some attention [12, 14], because it
can provide the helper with a view of the task space independent of the workers
orientation. However, the challenge is knowing where other people direct their
attention in the 360-degree video.

Early work on remote assistance suggests that providing the remote helper
with the ability to use a pointer on shared video of the task space is ineffective,
whereas sketching on the video is beneficial, because sketches are representa-
tional, ie. can express complex 3D object manipulations [6]. Kirk et al. [9] com-
pared freehand sketching to unmediated hand gestures on video and found that
unmediated representations performed the best. In the same study, Kirk et al.
also compared the output locations of the helper’s gestures - external monitor
vs. projecting gestures on the table surface of the task space - and did not find a
significant difference in performance between the locations. In recent years, the
helper’s guidance techniques have increasingly been explored using augmented
and virtual reality [1, 2, 7, 12]. A common approach to AR remote assistance is
that the helper uses a PC or tablet to make 2D annotations on live video / im-
ages of the task space, and then the worker’s AR device interprets and registers
the annotations in 3D task space [2, 7].

2.2 Heterogeneous user needs

Tailorability of component-based groupware has received interest within the
CSCW community, because the inter- and intra-individual differences consti-
tute the need for system designs, which can [...] exhibit different behaviour in
different usage situations, and accommodate individual and group needs and
preferences [15]. According to Hippel et al. one strategy for addressing hetero-
geneous user needs is that the manufacturer of a product or service provides the
users with a ”user innovation toolkit” [16]. A user innovation toolkit partitions
product or service development into solution-information-intensive subtasks and
need-information-intensive substasks. This allows the users to focus on need-
information-intensive subtasks - they know what they want - while the man-
ufacturer focuses on solution-information-intensive subtasks - they know how
to produce the users’ individual designs. We argue that RAK can be described
as a user innovation toolkit with a sparse solution space, because RAK allows
users to explore different remote assistance configurations trial-and-error style
until they find a configuration that works for them. Providing the users with the
means to innovate and customize a product using an innovation toolkit has been
shown to improve user satisfaction of products, including security software [3]
and consumer watches [4].
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The work closest to ours is that by Speicher et al. [14], who created a mod-
ular, customizable remote assistance system, 360Anywhere, providing support
for multiple collaborators, 360 degree cameras, projectors, sketching in the 360
degree video, session persistence and rewind of video features. Their argument
for creating the system is similar to ours: they wanted to cater to users’ hetero-
geneous collaboration and augmentation needs. But the challenges they address
with the system and the intended use scenarios are different. Their major con-
cern are the challenges of using 360 degree video and the intended use scenarios
are primarily set in an office environment and includes brainstorming and an
online lecture. In our work we focus on making the camera setup and location
of guidance tailorable to the specific needs of manufacturing employees during
remote assistance on physical tasks.

3 Interviews with Manufacturing Employees on Remote
Assistance

Over the course of a year we visited three manufacturing companies in Den-
mark. Company A CNC mills metal molds for internal use in the process of toy
manufacturing. Company B manufactures, sells and services large inline print-
ing machines, which can print on a variety of product packaging. Company C
manufactures, sells and services wind turbines. We interviewed two employees
from each company. Our contact persons inside the companies selected the em-
ployees based on their experience with remote assistance. The interviews were
semi-structured and lasted between 21 minutes - 49 minutes, with an average
of 27 minutes. All employees were male between 25 and 50 years old, and one
of the interviews took place on Skype. The employees from company B were
interviewed together, hence they are referred to as E3-4. During the interviews,
we asked questions about their daily work, current remote assistance practices,
problems that required remote assistance, technologies used for remote assis-
tance, mobility needs, and requirements to a remote assistance solution. With
these interviews we hope not to generalize, but to show the diversity of tasks
that require remote assistance in industry and the heterogeneous requirements
to the design of remote assistance technology. For a quick overview between the
relationship between employees and companies refer to figure 1.

Fig. 1. Overview of company-employee relationship
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Employee 1 - The Mobile Helper E1 was responsible for managing the pur-
chase, implementation and maintenance of CNC machines and additional equip-
ment used in the process of manufacturing metal molds at company A. During
the interview he focused on a very important machine, a washing machine spe-
cially designed to clean the mold parts between each step in the manufacturing
process. Importantly, he described how this was the only washing machine of its
kind in the mold factory and thus it was costly whenever it stopped working.
He was the main responsible for helping the machine operators fix any problems
with the washing machine and he needed to do so quickly. Remote assistance
involved remotely accessing the human machine interface (HMI) of the wash-
ing machine and video calling the machine operators using FaceTime to see the
current state of the machine. The machine operators were not expected to as-
semble/disassemble parts of the machine, only to be able to operate the machine
interface.

Employee 2 - The CNC Software Unicorn E2 was responsible for the robot-
control software on the CNC machines at company A, and globally responsible
for remotely helping with software problems on the machines. He was the only
person in the company in this position. Thus, if a machine operator in China or
Mexico experienced software-related problems with a CNC machine he would call
E2. Remote assistance involved remotely accessing the human machine interface
(HMI) and video calling to see how the robotic parts of the machine behaved as
he executed different software programs. According to E2 most problems could
be solved by simply accessing the HMI and talking to the machine operator
on the phone (no video communication required), because E2 was very familiar
with the software and behaviour of the machine. However, sometimes he would
benefit from seeing live video of the machine. Again, the machine operators were
not expected to assemble/disassemble parts of the machine, only to be able to
operate the machine interface.

Employee 3 and 4 - The Printer Technicians E3-4 worked for company B,
the manufacturer of inline printing machines. These machines are large (several
meters long, wide and high) and can print on practically any type of product
packaging. E3-4 had experience as service technicians, responsible for installing
and servicing printing machines at the customer factories, and as remote experts,
which were called upon by either the customers or colleagues, when machines
needed to be troubleshooted. Example problems with the machines included
leakages and undesirable artifacts on the printed material. Sometimes the solu-
tion was as simple as cleaning a sensor, and at other times parts of the machine
had to be disassembled and reassembled. As remote experts E3-4 helped col-
leagues, the service technicians, visually troubleshoot the mechanics of a machine
to see if everything was mounted or aligned correctly down to every bolt. E3-4
stand out from the pool of interviewees by being the only ones who remotely
assisted with problems on their customers’ printing machines, whereas the other
interviewees provided remote assistance on internal machines/equipment. So,
pressure was on to find the right solution to a problem with a printing machine
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as quickly as possible, because downtime of a machine in production was costly
for their customers.

Employee 5 - The Robot Responsible E5 worked for company C and was
hired as a skilled worker on the production floor. He recently became responsible
for a robot that lubricates bolts for the windmills, but had 8 years of prior
experience with robots in manufacturing from a previous job. The robot was
the only one of its kind in the company worldwide and, according to E5, he was
currently the only one internally with the competencies to program the robot.
The robot was popular among the people on the production floor, because it
relieved them from having to lube the bolts by hand, which was painful for their
hands and shoulders. Sometimes his colleagues wanted to use the robot, when
he was not present, for instance he might have a sick day. Because they did not
have the same experience and competencies as E5, he had to remotely assist
them in the use of the robot, which he accomplished using two separate software
programs. E5 could remotely access and control the software on the computer
connected to the robot using TeamViewer and send robot programming files
to his colleagues on the production floor. He could not however remote control
the movements of the robot. Additionally, E5 had installed a webcam in the
environment that provided an overview of the robot and could be accessed from
a program on his phone.

Employee 6 - The Turbine Tester E6’s job was to test the turbines for
faulty electrical circuits and mechanics before they left the factory at company
C. He had 8 years of experience as a turbine tester, and before his current job,
he worked as an ordinary electrician. E6 used a ”test player”, a specialized com-
puter, that he connected with cables to a section on the turbine to run tests.
The test player contained a program for running tests on different sections on
the turbine and would throw an error message if something was wrong with the
electrical circuits or mechanics of the section being tested. The error messages
did not always explain the exact cause of the error and so it was the tester’s job
to hunt for the cause of the error by checking that cables had been connected
correctly and the mechanics were working as expected. Due to E6’s experience
as a turbine tester, he was tasked with remotely assisting colleagues in other
countries, whenever they encountered an error message they did not understand
or could not find a cause for. He made use of a video calling app (he used a PC,
while his remote colleagues used a smartphone), because he needed to see the
turbine to be able to investigate the causes of a particular error message. Often
troubleshooting an error involved comparing a schematic of the electrical wiring
to video of the actual wiring.

A limitation of our interview study is that the interviewed employees had
most experience in the role of the remote helper and primarily answered ques-
tions from their perspective as helpers. However, E5 would sometimes take on
the role of the worker, when he needed help from the robot manufacturer. Fur-
thermore, E3-4 had previously held job positions as service technicians, but now
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Fig. 2. Machine operators / technicians at company A, B and C need remote assis-
tance to solve problems with different machines, including large printing machines at
company B (left), special washing machine for cleaning molds at company A (middle),
and bolt-lubricating industrial robot at company C (right).

- due to their extensive experience - held management level jobs, and thus would
primarily take on the role of the remote helper. This means that these employees
should be able to understand the remote assistance needs from the perspective
of the worker. In future studies, we would acquire more participants with more
extensive experience as the worker.

4 Interview Findings

The interviews with employees from manufacturing companies revealed that they
had heterogeneous needs for remote assistance, but also some needs in common.
Below we describe their needs and possible design and research implications.

Need support for existing remote communication equipment First of
all, despite the employees’ different tasks and working environments, all em-
ployees had in common that they used software to remotely access the machine
interface (VNC Connect, TeamViewer etc.). This granted them access to status
information on the machine, sensor data, and in some instances the ability to
control certain parts of the machine. Additionally, they all used video communi-
cation software, like FaceTime or Skype, on their smartphones or PCs to obtain
live video of the current state of the task space. The video feed contains informa-
tion not available in the machine interface, and vice versa the machine interface
contains information not available in the video feed. A design implication may
be to combine the two software programs into one program by augmenting the
video feed with manipulable sensor data and other status information using aug-
mented reality. Further research is needed to understand which is beneficial to
the remote helper: an augmented view of the task space in which he can consume
status information and control machine parameters, or the traditional separation
between the abstract representation of the machine and video feed.

Need support for varying degrees of mobility In E1s case the need for
mobility was a result of the importance of a particular machine, the washing
machine, and the urgency of reacting to requests for help anywhere at anytime.
E1: I prefer helping them (the machine operators) right away, because it is very
important that the washing machine is running, because parts (of a mold) in the



8 Troels A. Rasmussen and Kaj Gronbak

washing machine risk getting destroyed, if they stay in there for too long E1:
Often I am in the supermarket or picking up the kids (from school), when they
(the machine operators) call me. E5 seemed to enjoy the mobility of the smart-
phone, because he enjoyed checking the status of the robot at his convenience.
He was proud of being in charge of the robot as the only one in company C.
Thus, his preference for using a smartphone seems more emotional than ratio-
nal. E5: In the morning when I wake up, I have to check the status of the robot
(from his phone). For E6 remote assistance involved comparing a schematic of
electrical wiring to live video of the actual wiring. E6 believed it was easier to
access schematics on the PC than on the phone and thus preferred to use a PC
for remote assistance. E6: On the PC I have the drawings and I can show them
(his remote colleagues) the drawings [...] it will be too difficult to do it on the
phone, I think.

Generally, employees whose main purpose it is to give remote assistance can
be expected to be in an office where stationary, powerful hardware for remote
assistance is available, including VR and advanced tracking equipment. How-
ever, employees that take on remote assistance tasks sporadically throughout
their work week, as is the case for all of the interviewed employees, cannot be
expected to always be in their office upon a request for help and thus need mobile
alternatives. E1’s situation at work describes this best. At the time of the inter-
view, he would regularly take part in project meetings at company A. E1: My
current situation at work requires me to be in two places, about 2km apart, and
I would like to have it (remote assistance functionality) on the phone, because I
don’t bring my computer (to project meetings 2km from his office)

As the above accounts show, some employees require to be mobile due to spe-
cific circumstances, while others do not. The implications of the mobile helper
for the design of remote assistance is the need to explore guidance techniques
on tablets/smartphones by taking into account their limited screen real estate,
multi-touch and sensory capabilities. Another important thing to consider are
the seamless transitions between mobile solutions and stationary solutions with
comparatively more computational power, which have not received much re-
search attention. Our prototype RAK handles the transition between a mobile
and stationary solution by making use of a device agnostic web application run-
ning on both smartphones, tablets and desktops. Furthermore annotations, ie.
the sketches made on a device, is persisted, so when the helper transitions from
one device to another, sketches will re-appear.

Need support for a variety of camera setups Some of the interviewees
had considered or were already using specific camera setups. E5 for instance
had taken the initiative to install a scene camera in the robot cell, which he
could access remotely from his phone. E5: I have mounted a web camera inside
(the robot cell), so I can see how the robot is positioned right now (from his
smartphone). Thus, E5 could remotely check on the status of the robot, even
when no workers were present locally. Upon showing us around on a printing
machine in their test facility, E3-4 told us that they had considered to use a
small wireless camera by placing it on the printing unit adjacent to the unit
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undergoing maintenance, while showing the helper’s guidance on video from the
camera on a tablet/smartphone placed in front of the worker. Thereby, their idea
was to make use of the industrial environment to provide the helper and worker
with a shared over the shoulder view of the printing machine. E1 mentioned that
with a few scene cameras he could capture the most crucial areas on the washing
machine, and suggested to use the scene cameras to both live transmit video and
record activities in the task space, thereby supporting him in identifying how
mistakes were made after the fact. E1: It would be interesting with constant
surveillance of the machines [...] A bunch of cameras in the production that one
could log into and use to go back in time, because many of the errors are related
to persons making mistakes [...] I know who used the machine last (because of
digital logging of id) [...] but they used the machine in a different way (than
intended) and we dont know why a certain error occurred and how the situation
was (at the time the error occured) [...] or when the error occurred, because they
left the machine to itself At the time of the interview, E6 was planning to use a
commercial remote assistance solution, where the camera was part of a heads-up
display or smartphone, thereby providing the helper with a view through the
eyes of the worker. E6: I am participating in a project right now, which involves
the use of a commercial remote assistance solution. We are implementing this
in Russia now so I can support them (the turbine testers in Russia). The plan is
that I use a laptop and they use glasses (heads-up display) or a phone, whatever
they prefer. E6 would remotely troubleshoot the electrical wiring of turbines, so
sometimes he required close-up views of the wiring to compare it to schematics,
and therefore using a head-worn/handheld camera made sense. It is evident that
many of the employees had already considered and some experimented with the
benefits of particular camera setups. Interestingly most of the solutions that were
considered or in use included scene cameras, while most commercial solutions
today include wearable cameras that capture video from the point of view of the
worker either through a handheld smartphone or a head-worn solution. The use
of scene cameras in industry raises some questions that have not been answered
in current research on scene cameras. Those questions include: ”How feasible
is a solution, where one or more scene cameras are mounted ad hoc in the
environment?”, ”How time consuming it is to mount one or more cameras ad hoc
in the environment?”, ”How feasible it is to permanently mount scene cameras
that covers specific areas of a machine and are the workers concerned about video
recording of their activities?”, ”Does scene cameras capture the areas of the task
space in enough detail that the helper can give feedback on the worker’s object
manipulations, or is a scene camera + mobile camera combo needed?”. In RAK
we aim to support the experimentation of camera setups by letting the worker
choose between a scene camera (webcam), mobile camera (tablet/smartphone
camera) or scene+mobile camera setup.

Need support for visual guidance and a variety of visual guidance
locations The helper’s ability to provide visual guidance to the worker was
believed to be useful, especially to avoid misunderstandings of employees with
poor English skills that did not share terminology with the helper. This feature
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was brought up by both E2 from company A, E3-4 from company B, and E6
from company C. They all remotely assist colleagues in other countries.

E2: There is this communication barrier which limits how well you commu-
nicate (with people from China and Mexico) [...] I see some benefits of remote
assistance technology, because I can see what you (the machine operator) are
looking at, and I can draw something on a screen or show you where to locate
something.

E3-4: At the same time you (the worker) show me something with the cam-
era, you are able to see something on your screen, where I’ve added a layer
of information. Often the OEM technician does not know the technical name
of the mechanic components [...] their English is primitive [...] I don’t always
understand what he says.

The employees expressed different ideas on where to locate the guidance in
the worker’s task space. E2 talked about the possibilities of AR, where guidance
is located directly in the workers task space, but without any notion of the bene-
fits of using AR. Upon showing us around on a printing machine, E3-4 explained
that they considered to show the guidance on live video on a tablet/smartphone
placed in front of the worker, while the camera, responsible for capturing video
of the printing machine, was mounted on the adjacent printing unit behind the
worker. E6 was piloting a commercial solution, where guidance was shown on
live video on either a handheld smartphone or heads-up display. While they
agreed on the usefulness of visual guidance, none of the employees reflected on
the benefits and drawbacks of using different guidance locations, for instance
by comparing AR guidance to guidance on video. It is clear from the empirical
research on remote assistance - dominated by controlled lab studies - that visual
guidance in live video of the task space is helpful during remote assistance, how-
ever a clear advantage of using AR guidance has yet to be demonstrated [2, 7],
especially in the wild. RAK enables users to experiment with different guidance
locations and compare non-AR guidance on video and AR guidance during real
remote assistance. Hence, in future work we hope RAK can be used to iden-
tify the characteristics of real remote assistance tasks, where AR guidance is
preferred over non-AR guidance and vice versa.

Create ownership of solutions among super users Some employees (E2
and E5) had in common that they got to modify machines and technology for
their work and thus had become the in house experts or super users.

E2: I developed the software for the machines [...] I am responsible for the
machines globally, so if somebody has a problem in Mexico, they call me.

E5: I have mounted a web camera inside (the robot cell), so I can see how
the robot is positioned right now (remotely from his smartphone) [...] I have
numbered each door on the computers (the computers on the robot) [...] I can
tell them (his colleagues) ”go to door number 1 and take out the controller” [...]
I dont have to use the technology (remote assistance solution), but I want to [...]
I keep going until it works

The above accounts provide examples of employees in the manufacturing in-
dustry trialing remote assistance solutions on their own premises, and some even
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create their own remote assistance solutions. E2 and E5 were clearly proud of
their position in the companies and the responsibility they had been trusted
with to choose, create and modify technology for internal use, including remote
assistance technology. This bottom up approach to innovation in the manufac-
turing industry is exactly what we intend to support on a smaller scale with the
tailorability of RAK - rather than have management impose a specific remote
assistance solution on the employees. This should make actual users of the tech-
nology more accepting of it and increase the likelihood of successful adoption,
because of a sense of responsibility and ownership for the technology.

5 Design of RemoteAssistKit

From our interviews with manufacturing employees it became clear that one
specific remote assistance solution might not satisfy their heterogeneous needs
for mobility, camera setups and guidance locations. That is how we were inspired
to design RemoteAssistKit (RAK).

Fig. 3. The modules of RemoteAssistKit. The helper modules, camera modules and
guidance location modules can be interchanged and combined in different ways.

With RAK we provide the users with the flexibility and power to design
their own remote assistance solution by mixing modular, interchangeable soft-
ware modules to match their task requirements and preferences without the
need of any programming knowledge. Thus we move the need-intensive-subtasks
of developing a remote assistance solution to the users [16]. RAK consists of
three types of modules: helper modules, camera modules and guidance location
modules. See figure 3 for a conceptual overview. The modules can be combined in
different ways and make up different design configurations of RAK, as illustrated
in figure 4.

The interviewed employees had varying needs for mobility. Some helpers were
able to answer calls from a worker using the computer in their office, while oth-
ers, due to the urgency of the call, needed to be able to give help on the go. RAK
supports these varying needs for mobility. Currently, two different helper mod-
ules are included in RemoteAssistKit. 1) A mobile helper module, which allows
the helper to provide remote assistance on the go using a tablet/smartphone. 2)
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Fig. 4. Two example configurations of RAK seen from a top view. a) The helper uses a
laptop to sketch on live video from a web camera mounted in the worker’s task space,
while the worker wears and AR-HMD to see the sketches registered in 3D to the task
space. b) The helper is on the move and uses a smartphone to sketch on live video
captured from a tablet in the worker’s task space, while the worker sees the sketches
on the tablet. The tablet is either mounted on a tripod or held by the worker

A stationary helper module, with which the helper can use a desktop/laptop PC
to provide remote assistance. Both modules make use of a pointer and freehand
sketching as the means to provide visual guidance in a shared live video feed of
the worker’s task space. The interactions for pointing and sketching vary only
slightly between the tablet/smartphone and PC implementations due to varia-
tions in the input method - touch on mobile device and mouse on PC. Transitions
from PC to mobile device or vice versa is supported as annotations are persisted,
meaning sketches made on one device will reappear on another device, as long as
the same ”virtual room” on the server is shared between the worker and helper.

The interviewed employees had varying needs for the camera setup. Some
helpers wanted to be able to check on equipment, when no workers were around
locally or to view recordings of machine failures, which required the use of scene
cameras. Some needed detailed views of a task space area, thus they used a head-
worn/handheld camera. In RAK we wish to support the employees’ varying
needs for and experimentation with camera setups. Therefore, three different
camera modules are included in RAK. 1) A web camera module which uses one
or multiple web cameras to capture the task space. The web cameras must be
mounted as scene cameras in the environment. 2) A mobile camera module,
which uses a handheld mobile device (smartphone/tablet) to capture the task
space from the front facing or back facing camera. The handheld device may
be held by the worker, mounted on a tripod or attached to a machine in the
environment, thus acting as a scene camera. 3) A combined webcam+mobile
camera module. All camera modules have in common that they live stream
video to the selected helper module.

The interviewed employees expressed different ideas on where to locate the
helpers guidance in the worker’s task space, but did not reflect much on the
benefits and drawbacks of different guidance locations. We believe that by getting
them to experiment with different guidance locations, it will teach them about
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their requirements to the location of guidance and how it may differ depending on
their remote assistance tasks. Therefore, four different guidance location modules
are included in RAK of which two have AR capabilities: 1) An external display
module, which shows the helpers guidance (transmitted from the helper module)
on live video of the task space (transmitted from the camera module) on an
external display. This external display module runs on a smartphone/tablet, so
the worker can quickly and easily bring it with him and place it in a way that
makes the helper’s guidance viewable, while he executes some task on a machine.
2) A heads-up display module, which shows the helper’s guidance on live video of
the task space on a heads-up display. We used the Mira headset, a head-mounted
frame in which a smartphone can be mounted to create a head-mounted display,
and we created an application for the headset, which shows video hovering in the
left corner of the eye, similar to the experience of using a heads-up display. 3) A
projector module, which uses a projector to project the helper’s guidance directly
onto the task space, as long as the task space is (approximately) a planar surface.
The worker is required to follow a calibration procedure to align helper’s guidance
to the real task space before remote assistance can commence. 4) An AR-head-
mounted display module which - as the name implies - uses an AR-head-mounted
display (MS Hololens) for displaying the helper’s guidance directly in the task
space. We make use of the rather simple spray-paint technique [13] to interpret
the helper’s 2D guidance in 3D, which leaves room for future improvement. The
AR-HMD module makes use one or more scene cameras (tablet camera or web
camera), and it is the helper’s 2D pointing and sketching in the video feed(s) of
the scene camera(s) that is interpreted in 3D on the worker’s AR device. The
interpretation works by aligning a virtual camera to the real scene camera by
scanning a marker on the real camera with the AR device. See figure 5 for an
example of the AR-HMD module combined with the mobile camera module and
the stationary helper module.

The helper must select the helper module, and the worker must select the
camera and guidance location modules using a graphical user interface. See figure
6 for a screenshot of the web based user interface for selecting modules. The user
interface connects helpers and workers using the concept of virtual rooms - one
helper and one worker per room. A helper/worker can join an existing room or
create a new one to start communicating with each other. The helper joins a
room with a helper module on a smartphone/tablet or PC, while the worker
joins a room with a camera module and possibly a guidance location module
on his devices. They select which modules to use in the drop down menus and
click the join button next to the modules, upon which they are redirected to the
selected module applications.

5.1 Technical Implementation

RAK consists of a distributed set of applications running on the helpers and
workers devices. The two helper modules (mobile and stationary), the cam-
era modules (web camera, mobile camera, combo) and the guidance location
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Fig. 5. Example configuration of RAK. a) Screenshot of the helper’s interface. He uses
a PC to sketch on live video from a smartphone in the worker’s task space. b) The
worker wears an AR-HMD to align a virtual camera to the front-facing camera of a
smartphone. c) Because of this alignment, the worker can see the helper’s sketches in
AR directly on the task space, in this case the annotations point to some puzzle pieces
on a whiteboard.

Fig. 6. User interface which connects helpers and workers using the concept of rooms.
In the example the rooms are named after the problems that require assistance

modules (external display, projector, head-up display) are single page web ap-
plications written in ECMAScript 6 and transpiled to pure JavaScript. Thus,
these modules are device agnostic in that they can run in a browser on both a
desktop/laptop PC or on a tablet/smartphone. The modules make use of the
p5 javascript library for drawing the user interface. Additionally, the AR-HMD
guidance location module runs on an MS Hololens and is a Universal Windows
Platform (UWP) app written in C-sharp. The helper, camera and guidance loca-
tion modules need to communicate during setup and when certain events, such
as sketching events, occur. This communication is implemented using websock-
ets and a Node.js server. The Node.js server also works as a signalling server for
setting up WebRTC video streaming between the helper and camera modules
and between the camera and guidance location modules (the latter only applies
to the external display and head-up display modules).

6 Discussion of System Limitations and Future Work

Previous work on ”user innovation toolkits” has shown that making need-intensive
tasks the responsibility of the user leads to greater user satisfaction [3,4]. How-
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ever more research is needed, where RAK is put in the hands of the manufactur-
ing employees, to understand whether they will take on the need-intensive tasks
of configuring RAK, or whether they regard it as time consuming work in an
already tight schedule. In future work we put RAK to the test through a design
workshop, where manufacturing employees (machine operators, service techni-
cians and remote supporters) explore the different configurations of RAK in a
real, familiar industrial use context on real machine problems. By completing
this workshop it is our hope that the participants will reflect on their current
remote assistance practices, design future practices that matches their needs,
and generate knowledge about the feasibility and usefulness of the different de-
sign configurations in a real industrial use context - hence answering some of
the questions related to remote assistance in the wild, for instance ”How feasible
is a solution, where one or more scene cameras are mounted in the environ-
ment?” and ”Are there any industrial tasks where AR guidance is particularly
well/ill-suited?”.

An imortant aspect of remote assistance that we did not yet modularize in
RAK is the content of the visual guidance. RAK currently only supports pointing
and sketching. In a possible future implementation we would like to modularize
the content of the visual guidance providing the helper with the option to choose
between sketching or using natural hand gestures. The natural hand gestures
have been shown to lead to better performance between worker-helper pairs in
controlled studies [9].

7 Conclusion

We have presented our findings from interviewing manufacturing employees
about their remote assistance practices and needs. Furthermore, we have pre-
sented the design and implementation of the tailorable remote assistance pro-
totype, RAK, which serves as a design response to the at times heterogeneous
needs of employees. Especially, employees exhibited heterogeneous needs and
preferences for mobility and camera setups due to differences in the problems
they assist with and the task environment of the worker. In the future, we plan
to use RAK as a tool for further scientific inquiry into questions regarding the
helper’s need for mobility, and the feasibility and usefulness of being able to
configure camera setups and guidance locations during remote assistance in the
wild.
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RemoteAssistKit: A User Evaluation of Tailorable Remote Assistance in the
Manufacturing Industry

TROELS RASMUSSEN, Department of Computer Science, Aarhus University

KAJ GRØNBÆK, Department of Computer Science, Aarhus University

Fig. 1. Participants using different configurations of RAK. d) A remote helper draws on live video of a whiteboard captured by a scene
camera (not in view) in the worker’s space, and a) the drawings are projected onto the worker’s whiteboard. b) A worker captures
the internals of a machine with a tablet camera, e) a remote helper’s drawings on a whiteboard are merged with live video of the
machine, and b) the helper sees the merged result on the tablet. f) A helper uses hand gestures in a shared view of the worker’s task
space, and c) the worker sees the helper’s gestures in the shared view.

Research on remote assistance in real-world industries is sparse, as most research is conducted in the laboratory under controlled
conditions. Consequently, little is known about how users tailor remote assistance technology at work. Therefore, we studied
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tailoring activities and the usefulness of tailorable remote assistance by conducting a user evaluation with employees from the plastic
manufacturing industry. The employees configured a component-based remote assistance prototype, RemoteAssistKit (RAK), to solve
real-world problems in three collaborative scenarios: 1) troubleshooting of running injection molding machine, 2) tool maintenance, 3)
trigonometry problem. Our results show that the tailorability of RAK was perceived as useful, and users were able to succesfully tailor
RAK to the distinct properties of the scenarios. Additionally, requirements to remote assistance specific to the manufacturing industry
were uncovered, one example being the importance of sharing machine sounds between the local operator and remote helper.

CCS Concepts: •Human-centered computing→ Field studies; Collaborative interaction; Pointing; User interface toolkits; User
studies.

Additional Key Words and Phrases: remote assistance, industry 4.0, tailorable remote assistance, experimental simulation, awareness,
task space sharing, guidance format, guidance location, hand gestures, drawings
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1 INTRODUCTION

Employees from the manufacturing and field service industries are lead users [43] of remote assistance technology,
because they and their organizations expect to benefit greatly from its implementation. More specifically, remote
assistance technology promises to save companies the travel expenses of sending their employees on location and
eliminates the need for employees to spend time away from their families. Yet, little is known about how real-world
users from industry adapt and tailor remote assistance technology during work, since most research on the topic
is conducted in the laboratory under controlled settings. This paper covers the topic of tailorable remote assistance
and is motivated by the lack of research taking place in an industrial context and previous learnings about remote
assistance practices in the manufacturing industry [anonymized reference] that indicate that users will benefit from
tailorable remote assistance due to their heterogeneous needs for interface mobility and ways of capturing the task space.
Therefore, in this paper we study users’ (remote helpers’ and local workers’) tailoring work with a component-based
remote assistance solution, Remote Assist Kit (RAK). Users can compose RAK configurations from function-oriented
components. Helpers can tailor interface mobility (PC or tablet/smartphone) and guidance format (drawings or hand
gestures) dimensions of remote guidance, while workers can tailor guidance location (on display or projected into the
task space) and task capturing (tablet/smartphone camera or external camera(s)) dimensions. We seek to understand 1)
whether users in a manufacturing industry context find tailorable remote assistance useful, 2) whether they will tailor a
remote assistance solution, such as RAK, to the distinct properties of problem scenarios, and 3) how they tailor.

To answer these questions, we conducted a user study,an experimental simulation [28], with three realistic scenarios
using our tailorable remote assistance prototype RemoteAssistKit (RAK) as the vehicle for experimentation. The setting
for our user study was a craftsmen school for toolmakers in the plastic manufacturing industry, and the participants
were the school’s students. Our methodology differs from that of most research on remote assistance, because our study
took place in the field, and hence precision and control were sacrificed for realism. Thus, instead of systematically
controlling an independent variable, which oftentimes in remote assistance research is the functionality offered by the
prototype (e.g. guidance format), we offered our study participants all of RAK’s functionality at once and had them
select and use the functionality that they deemed useful in a given scenario, similar to the approach in [6, 37, 38].
Manuscript submitted to ACM
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The results of our user studies are divided into two categories: results that concern tailoring of remote assistance
and results that originated as a consequence of the uncontrolled manufacturing industry context within which data
was gathered. First, we found that participants perceived the tailorability of RAK as useful, and oftentimes would
use the same configurations in the same scenarios. Thus, we identified some patterns in their tailoring work, which
was mostly concerned with guidance format and task space capturing. We also observed unexpected tailoring work
beyond the intentional designed tailorability of RAK, and discovered that awareness of the collaborating partner’s
functional composition of RAK was important. Additionally, as an example of a requirement to remote assistance in the
manufacturing industry we found that the sharing of machine sounds between a worker and remote helper is regarded
as important by manufacturing employees, because machine sounds are crucial for effective troubleshooting of running
machines in the production.

The rest of the paper is structured as follows: First, we discuss related work on remote assistance, tailorable systems
and the combination hereof. We then describe the design and implementation of RAK, its different components and the
type of tailorability that it offers. We then move on to discuss the methodology and procedure for our experimental
simulation. Finally, we present and discuss our results, the limitations of our study and future work.

2 RELATEDWORK

RAK is tailorable by the end-users, and we therefore describe related work on end-user tailorability and tailorable
CSCW systems. We then proceed to describe related work on remote assistance, including research on guidance formats,
guidance locations and task space sharing, because this research acted as an inspiration for the design of the component
types of RAK. Finally, we conclude this section with a collection of previous work on remote assistance studies in
industry.

Tailorable CSCW systems: End-user tailoring of software applications has been explored extensively. Component-
based tailoring is the idea of end-users composing applications from reusable software components. Components can be
categorized as function-oriented or business object-oriented [41]. RAK is composed of function-oriented components.

Mørch [29] divided end-user tailoring of software applications into three levels: customization, integration and
extension with ascending tailoring power. In the context of component-based tailoring, customization means configuring
the infrastructure that contains the components or making a change once that is propagated to all components,
integration means to compose an application from a set of existing components, and extension means to extend an
application with new programming code added to either the infrastructure or by developing an entirely new component
[41]. The tailorability of RAK is an example of pure integration, i.e. the remote assistance application is composed
from a set of components and no information is required to specify how the components are connected to each other.
Whether end-users are able to take advantage of the tailoring power offered by the three levels depends on their skills,
since tailoring techniques with more tailoring power require proportionally better tailoring skills [27].

The ability of users to tailor CSCW systems have been found to be important, because of individual differences of the
collaborating users, i.e. they have different preferences, experiences and skills, and because different collaborative tasks
pose different requirements to functionality [15, 39, 41]. Important design considerations for tailorable CSCW systems
concern the ability to tailor the system during run-time, to avoid having to shut down a system for all users because
one user is tailoring parts of the system, tailoring rights, and scoping the tailoring activities to individual and group
scopes [39]. Run-time tailorability of CSCW systems poses a challenge, if a tailoring step by one user affects other users
(depending on the scope of the activity). To remedy this problem, Herrmann et al. [12] proposed the design principle
negotiability. Specifically, they implemented a feature in their tailorable CSCW system that allowed users to reject,
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accept or modify a tailoring step made by another user. RAK can be perceived as a tailorable CSCW system, where
tailoring (integration) work can happen during run-time, for instance a helper can choose to replace one guidance
format with another during a remote assistance session. In our user evaluation we observed how the tailoring work of
one user affected their collaborating partner, which we will explain in section 5. To our knowledge, only one research
example of tailorable remote assistance exists: the work by Speicher et al. [37], where they evaluated a component-based
tailorable remote assistance system. Through the use of non-tailorable rigid core functionality and function-oriented
components, which could be selected and deselected in a graphical user interface, the system provided support for
multiple collaborators, 360-degree cameras, projected guidance into the task space, drawing in the 360 degree video,
session persistence and rewind of video features. Similarly, RAK also supports projected guidance. However, RAK
differs as it offers different guidance formats, drawing or hand gestures, and different ways of capturing the task space
with a tablet/smartphone camera or one or more external cameras.

Guidance techniques and task space sharing for remote assistance: A remote guidance technique allows a
remote helper to provide instructions to a worker in their shared visual view or space. Guidance techniques have a
format (e.g. pointer, drawings, or hand gestures) and location (e.g. non-stabilized drawings on an external monitor
separate from the task space, or augmented reality drawings registered to specific locations in the task space). Research
on remote guidance techniques often compares the guidance format [10, 14, 17, 18, 25] or the location of the guidance
[7, 11, 18] with respect to how well the worker-helper pairs collaborate and perform on a given physical task. For
instance, Kirk et al. [18] had worker-helper pairs go through an assembly task as they compared freehand sketching
to unmediated hand gestures and found a significant difference in model completion, concluding that there were
performance gains from using an unmediated representations of hands. In the same study, Kirk et al. also compared
the output locations of the helper’s gestures - external monitor vs. projecting gestures on the table surface of the task
space - and did not find a significant difference in performance between the locations. Benefits of combining drawings
and hand gestures in a shared view have also been demonstrated [14]. Some researchers have also investigated how
drawings [7, 10] or hand gestures [45] are used by categorising them in terms of their communicative function. RAK
supports components for changing the guidance format (drawings or hands) and guidance location (on external display
or projected into the task space).

The setup of cameras in a task space and the camera technology determines how the worker’s task space is captured
and shared with the helper. An important concept to consider in the design of task space sharing is view independency,
i.e. the helper’s ability to access a task space independently of the worker’s movements. Several research projects have
shown that view independency of the helper is beneficial to collaboration [1, 9, 16, 20, 22, 24, 40]. This is the case,
because the remote helper can more easily understand a problem at his own pace and provide guidance, when access
to the task space is independent of the worker’s movements. Through the task space capturing components, RAK
supports both view dependence and view independence, with the webcam(s) offering a view independent option and the
smartphone/tablet offering both a view dependent and independent option, depending on whether the smartphone/tablet
is handheld or mounted in the environment.

In research by [37, 38], they investigated for what purpose and in which scenarios different remote assistance
functionality was used, including when and how collaborators used different guidance techniques, when they could
freely choose from all the functionality in one solution. Our work is related in that our user study also focuses on
exploring the full functionality of a remote assistance solution, RAK, rather than systematically comparing guidance
techniques or ways of sharing the task space as is often the case in remote assistance research. With the tailorability of
RAK, we aim to investigate whether users find different functionality useful in different problem scenarios.
Manuscript submitted to ACM
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Industrial remote assistance: The majority of research on remote assistance involves laboratory studies, where a
remote helper must guide a worker through a stylized task, for instance assembly of abstract LEGO models or tangram
puzzles. In comparison, remote assistance studies in industry, be it short field experiments, experimental simulations or
longitudinal field studies, are surprisingly sparse. A few research papers have documented case studies, where a remote
assistance solution was designed and sometimes evaluated with the requirements of a specific industry in mind, such as
the manufacturing, [6], office [32], healthcare [33, 38], mining [4] or security [26] industry. For instance, Domova et al.
[6] evaluated their remote assistance system with real-life technicians and control room operators in a waste water
treatment plant by going through simulated maintenance scenarios that their participants had previously identified. At
the level of realism their user study is similar to ours, because we also had our study participants, toolmakers from the
plastic manufacturing industry, go through simulated realistic scenarios, which were previously identified by their
peers.

3 DESIGN OF REMOTEASSISTKIT

Remote Assist Kit (RAK) is a tailorable remote assistance solution with which users - a remote helper and local worker
- can configure interface mobility, guidance format, guidance location, and task space capturing to their needs and
preferences.

RAK consists of three web apps written in JavaScript: the Helper App, Worker App, and Supplementary Worker
App, which all run on both PC and tablet/smartphone. The communication between them, i.e. two-way streaming of
video and audio and one-way guidance, is implemented using WebRTC. With the Helper App, a helper can tailor 1)
interface mobility by selecting to provide guidance in video of the worker’s task space on a PC or tablet/smartphone,
and 2) guidance format by selecting drawings or hand gestures. The choice of guidance format determines the required
guidance input devices on PC and tablet/smartphone. The helper uses a mouse to draw on a PC and touch to draw on a
tablet/smartphone, and she uses an external webcam to capture hand gestures on a PC, while the integrated back-facing
camera is used on a tablet/smartphone.

With the Worker App, a worker can tailor task space capturing by using one or more webcams connected to a PC
or a tablet/smartphone camera. By using multiple webcams, the worker can cover different areas of a task space or
multiple perspectives of an area. Live video from the webcams and audio from the PC microphone is shared with a
helper, who can select which camera to view from a list. The webcams thus provide the helper with a degree of view
independence, because she can view areas and perspectives of a taskspace independently of the worker’s whereabouts.
In comparison, using a tablet/smartphone camera for capturing and sharing a task space allows for untethered mobility.
The interface of the Helper App and Worker App follows the "What You See Is What I See" (WYSIWIS) paradigm, i.e.
helper and worker see a shared view of the worker’s task space with the helper’s guidance on it. More specifically, the
helper’s drawings are visualised on top of live video of the task space, and her hands are cut out of her own video feed
and superimposed on top of the live video using a "green screen" (a uniformly colored background) and alpha blending,
similar to in [13] (see Figure 2).

With the Supplementary Worker App, a worker can optionally tailor guidance location by selecting to view a helper’s
guidance on an additional tablet/smartphone display or projected into the task space with a projector connected to a PC.
The interface of the Supplementary Worker App on tablet/smartphone follows the WYSIWIS paradigm, i.e. it shows
a shared view of the worker’s task space with the helper’s guidance on it. However, helper and worker see the task
space and guidance from different perspectives when guidance is projected into the task space, and thus the projection
interface does not follow the WYSIWIS paradigm. The projected guidance is experienced as spatial augmented reality,
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Fig. 2. Interface of Helper App and Worker App follows "What You See Is What I See" (WYSIWIS) paradigm. a) Shared view in the
Helper App interface showing a helper’s hand gestures on video of a worker’s task space. This view is shared with the Worker App
(not pictured here). b) Shared view in the Worker App interface showing a helper’s drawings on video of the task space. This view is
shared with the Helper App (not pictured here).

similar to in [1]. Note that the helper’s guidance is always located in a shared view of the task space in the Worker App,
regardless of whether the Supplementary Worker App is running or not.

Importantly, these tailoring dimensions (interface mobility, guidance format, task space capturing, and additional
guidance location) are independent of each other, i.e. a helper’s choice of interface mobility and guidance format is
independent of a worker’s choice of task space capturing and additional guidance location.

Users of RAK have access to a variety of mounts such as gooseneck mounts, gorillapods, tripods, and magnetic
mounts. The use of these mounts creates tailoring possibilities for the helper within the interface mobility dimension:
the interface, more specifically the tablet or external camera of the PC, must be handheld or mounted in the workspace,
which affects her ability to use one or two hands for guidance. Likewise, the mounts create tailoring possibilities for the
worker within the task space capturing dimension: the tablet/smartphone or webcam(s) connected to a PC must be
handheld or mounted in the workspace. With a handheld camera, the worker can only use one hand for manipulating
objects in the task space, the helper’s view of the task space is unstable, and many possible perspectives on task space
objects are possible. In comparison, with a mounted camera, the worker can use two hands for manipulating objects in
the task space, the helper’s view is stable, and the possible perspectives on task space objects are limited. If workers
decide to mount one or more external webcams in the workspace, they also have to take into account the array of
surface mounting possibilities in the environment and make sure that the view of cameras cover the task space areas
effectively. In both the handheld and mounted situations, camera work, which we regard a special type of tailoring
work, is required to ensure that the helper has an appropriate view of the task space.

The combinatorial landscape of components, i.e. devices, guidance formats, and mounts, available in RAK ends up
looking like Figure 3, which totals 324 ways that components can be combined into unique RAK configurations. A helper
must select one device and mount option from the interface mobility dimension and drawings or hand gestures from
the guidance format dimension. A worker must select one device and mount option from the task space capturing
dimension. Selection of device in additional guidance location dimension is optional. Selection of components in one
dimension is independent of selection of components in another dimension. The numbers of the components are
Manuscript submitted to ACM
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Fig. 3. Hardware (devices and mounts) and software (guidance formats) component-based tailorability of RAK. Table shows the
components in RAK’s tailoring dimensions. A RAK configuration consists of a component from each column (unless it is optional). The
numbers of the components are concatenated and used to uniquely describe the configurations as demonstrated with the example
configuration "11223".

concatenated and used to uniquely describe the configurations. During our experimental simulation, we studied users’
tailoring work, including their choice of configuration, camera work and guidance formats (see section 5).

3.1 Motivation

The motivation behind RAK is based on research on tailorable products and services. A benefit of tailorable products is
that it allows users to tackle need-information-intensive subtasks, while manufacturers take care of solution-information-
intensive subtasks [44]. It is based on the underlying idea that users know best what functionality and/or appearance
they need from a product (need information) and therefore should be responsible for their design, while - in the world
of software - developers know best what programming languages, networks protocols and so on (solution information)
to use and therefore should be made responsible for the technical platform to the extend that it supports the required
end-user tailorability. Providing the users with the means to innovate and tailor a product to their needs has been
shown to improve user satisfaction of products, for instance security software [8]. We believe that this idea applies
to remote assistance solutions too based on a previous interview study on practices in the manufacturing industry
showing that users expressed various needs for interface mobility and task space capturing [anonymized reference].

To illustrate this, we compare the needs of two participants from the interview study, Bob and Charlie, who work at
different companies. Bob, who works as a turbine tester and remotely assists colleagues in Russia, requires a close-up
look of the remote turbine to compare the actual wiring inside the turbine to technical drawings. Therefore his remote
colleagues has to use either a handheld or head-mounted camera to capture the insides of the turbine. Bob expects
to be in his own workspace while giving remote assistance. He prefers a desktop PC interface with a large monitor
to a tablet/smartphone interface, because the PC is perceived as superior for making side-by-side comparisons of
technical drawings and live video of the turbine. We compare this to the needs of Charlie, who is responsible for the the
purchase, implementation and maintenance of CNC machines for internal use. When particularly important machines
stop working while he is not on site, he wants to use a mobile interface for giving remote assistance due to the perceived
urgency of problem solving. He reported getting calls for help on his phone in everyday situations, e.g. while at the
supermarket or picking up his children from school, which further emphasizes the need for a mobile interface and
interactions that do not attract other people’s attention, thus excluding mobile VR interfaces. Additionally, he suggested
to mount multiple cameras in the workspace to capture the most crucial areas of an important washing machine
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(used for cleaning CNC milled metal parts) with the purpose of supporting both synchronous remote assistance and
recordings for later retrieval and troubleshooting. Based on the accounts of these two employees, it is clear that they
have different needs for interface mobility and task space capturing, and RAK can be configured to support both of
them. In terms of exemplary RAK configuration, Bob in the role of helper uses a PC with mouse input to make drawings
on top of shared live video captured by a worker with a handheld smartphone (configuration "20114", where the "0"
describes that there is no mounting option for the PC). Charlie, also in the role of helper, holds up his smartphone and
uses hand gestures on shared live video captured by multiple webcams mounted with gorillapods in the worker’s space
(configuration "14233").

In conclusion, the tailorability of RAK along the given dimensions is based on the above empirical findings about
heterogeneous needs for interface mobility and task space capturing and a large body of related research focusing
on comparing categories within the guidance format, guidance location and task space capturing dimensions (see
section 2).

4 USER STUDY OF RAK IN THE PLASTIC MANUFACTURING INDUSTRY

We conducted a user study with RAK to understand whether users will tailor remote assistance solutions to the distinct
properties of problem scenarios, and how they tailor remote assistance. The user study was an experimental simulation
[28], meaning that RAK was used by professional toolmakers from the plastic manufacturing industry in simulated
realistic problem scenarios.

4.1 Hypotheses

We had six pairs of toolmaker students from a craftsmen school explore the tailorability of RAK with the aim of
addressing the following hypotheses:

1) Users perceive the tailorability of RAK as useful for remote assistance tasks
2) Users will tailor remote assistance to the requirements of a problem. Therefore, with respect to the preferred

configurations there is little variation within each of the remote assistance scenarios, but large variation between
scenarios due to their distinct requirements. Our null hypothesis is that they converge towards the same configuration
regardless of the problem scenario.

4.2 Scenarios

To get the students to explore the tailorability of RAK, we had them go through three realistic remote assistance
scenarios, which we hypothesized would pose varying requirements to remote assistance due to their distinct properties
and thus bring the different configurations of RAK in play. In collaboration with the main responsible teacher, who is a
specialist in plastic manufacturing, we identified these three scenarios: 1) Trigonometry exercise, 2) Troubleshooting of
running injection molding machine, 3) Tool maintenance (see Figure 4). The teacher crafted the problem-solution space
for each scenario and was therefore responsible for preparing locations, tools and machines. To make it easier for the
teacher to design scenarios, we made sure that he had experience with RAK by conducting a workshop with him and
some other teachers, where they got to play around with the tailorability of RAK on the school’s machines.

4.2.1 Scenario 1 - Trigonometry exercise. A worker must solve two trigonometry exercises in collaboration with a
remote helper. For the first exercise the worker is provided an illustration of a right-angled triangle, where one angle
and the opposite side is given. The worker must find the remaining angles and sides of the triangle in collaboration
Manuscript submitted to ACM
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Fig. 4. The three scenarios picked in collaborationwith a teacher from the craftsmen school: a) trigonometry exercise, b) troubleshooting
of running injection molding machine, c) tool maintenance.

with the helper. For the second exercise, the worker is provided a written description of a triangle, where two sides and
one angle is given. It cannot be assumed that the triangle is right-angled. Again, the worker must find the remaining
angles and sides of the triangle in collaboration with the helper. For both exercises only the helper has access to a sheet
with trigonometry formulas. We henceforth call the scenario by the name "trigo"-scenario.

4.2.2 Scenario 2 - Troubleshooting of running injection molding machine. A running injection molding machine produces
plastic pieces that contain imperfections. A worker therefore needs to troubleshoot the machine in collaboration with a
remote helper. The problem is solved when the pieces look as expected without any imperfections. The solution, not
provided to the worker or helper, is to adjust input parameters on the human-machine interface. We henceforth call the
scenario by the name "injection"-scenario.

4.2.3 Scenario 3 - Tool maintenance at the workbench. A mold (used inside an injection molding machine) at the
workbench needs maintenance. A worker needs to disassemble the mold, lubricate parts inside of the mold, and
reassemble the mold. A helper guides the worker through the disassembly and reassembly process. The task is solved,
when the mold is correctly reassembled. We henceforth call the scenario by the name "tool"-scenario.

4.3 Participants

We recruited twelve toolmaker students aged between 21 and 43 (average was 33 years) from a craftsmen school. They
were all from the same top-up education, the plastic manufacturing specialist education, and the same class. These
twelve students made up the entire class. All of the students worked as professionals in the plastic manufacturing
industry and had an average of 11 years of work experience. The students were grouped in six pairs for the evaluation.
The worker-helper pairs were created by the main responsible teacher, who also helped setting up the scenarios, and
were based on the groups they would normally use for class work. Thus, the pairs were used to working together.
The participants would rate their prior experience with a scenario after its completion. A pairwise comparison of the
worker-helper pairs’ experience with the scenarios (see Figure 5) reveals that workers and helpers rated themselves
as having approximately the same experience in the "injection" and "tool" scenarios. Half of the workers had little
perceived experience with the "trigo"-scenario compared to their helper (G2, G3, G4), while both parties in G1 had little
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experience. Additionally, the helper-participants were given a sheet with trigonometry formulas (but not the exact
solution to the trigonometry problems) to ensure an asymmetrical knowledge-relationship

Fig. 5. Workers’ and helper’s perceived prior experience with each scenario

4.4 Setup and Equipment

The experimental simulation with RAK required various equipment, including smartphones, tablets, web cameras, a
laptop, a projector, and various smartphone/tablet/camera/projector mounts to support the different configurations.
The worker and remote helper were each provided a large bag with equipment. The worker’s bag contained one tablet,
one smartphone, one laptop, three webcams, one small portable projector, two gorillapods for the webcams or projector,
one gorillapod for the tablet, one tripod for the tablet, one gorillapod for the smartphone, and one flexible gooseneck
mount for the tablet/smartphone. The helper’s bag contained one tablet, one laptop, one webcam, one tripod for the
tablet, and one gorillapod for the webcam.

Besides the equipment required to use RAK, the worker and helper required pen and paper for writing calculations
in the "trigo"-scenario, the "injection"-scenario required an injection molding machine, and the "tool"-scenario required
a mold and various tools (hammer, screwdriver, Allen key and wrench) for disassembling and reassembling it.

The setup required the remote helper to sit or stand (depending on choice of configuration) in an office space separate
from the worker. Three working areas were created in the office space: green pieces of carton were placed on the surface
of a meeting table and on a TV and acted as green screens, in case a helper choose hand gestures as guidance format.
Additionally, a whiteboard next to the TV was used as is. The setup for the worker depended on the scenario. In the
"injection"-scenario he would do work standing at an injection molding machine. In the "tool"-scenario, he would sit at
a workbench in the school’s workshop space. In the "trigo"-scenario he would sit at a table or stand at a whiteboard in
an office space that was similar to the space occupied by the remote helper. It was part of the participants’ tailoring
work to decide on a setup for the task space capturing devices (external webcam(s) / integrated tablet camera) on
the worker’s site and the guidance input devices (touch display / external webcam / integrated tablet camera) on the
helper’s site by using the mounting equipment before and during remote assistance.
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4.5 Procedure

Students arrived to the meeting point, an office space at the craftsmne, in pairs. First, they filled out a short pre-study
questionnaire about their age, work experience in the plastic manufacturing industry, and previous experience with
remote assistance in the role of either the local worker, remote helper or both.

Then, RAK and the three experimental scenarios were explained to the pairs using a slideshow presentation. The
tailorable dimensions of RAK (guidance input, guidance format, task space capturing, and guidance location) and its
different configurations were illustrated with a system diagram. Special attention was paid to explaining that they had
two tasks: one was of course to solve the problem in each scenario, but an equally important task was to find the most
useful configuration for a given scenario, rather than solving the problem as quickly as possible. They were told that
they were not timed and they would not be judged based on whether they solved a problem correctly or not, as the
correct solution was irrelevant to the focus of the study.

Next, some of the configurations of RAK was demonstrated to the pairs by an experimenter, after which the
participants could shortly explore the configurations to their liking in an open remote assistance scenario that required
assembly of LEGO bricks on a table. In this small training session, the helper and worker were still in the same room,
the helper’s office space The purpose of the training session was to familiarize students with the functionality of RAK.
Afterwards, the pairs assigned themselves roles as helper and worker based on prior experience with the first scenario.
We explained to them that they had to assign the helper role to the person, who they perceived to have the most
experience with the scenario.

Using RAK, they went through the three realistic remote assistance scenarios presented earlier. The order of the
scenarios were randomized and counter-balanced. The worker was taken to the workspace involved in the scenario,
while the helper stayed in the office space. The pair were no longer able to see or hear each other directly.

For each scenario the pairs were asked to solve a problem and collaboratively explore configurations to identify
the most useful ones. To aid the exploration, the content of the equipment bags were laid out on the floor in their
respective workspaces. They were allowed to change configurations as many times as they wanted during a scenario.
This procedure thus differed from that in the evaluation by Speicher et al.[37] in which study participants (university
students) had to specify one configuration of a remote assistance prototype and the reasons why they believed the
particular configuration was useful, before beginning a remote assistance scenario. A maximum of 30 minutes were
provided for each scenario, but the pairs were allowed to opt out before the 30 minute mark, if they had explored all the
configurations they wanted and solved the problem.

After each scenario, the helper andworker filled out a post-scenario questionnaire. Theywould then assign themselves
new roles as either helper or worker based on prior experience with the next scenario.

At the end of all scenarios, they filled out a post-study questionnaire. Finally, we asked participants to think of other
scenarios, where they would find RAK useful, and how the would configure RAK to support these scenarios.

4.6 Measurements

Video cameras recorded the pairs. The camera at the worker’s location was placed strategically covering both the
task space, the worker’s manipulations and actions in the space, and the interface of RAK. The camera at the helper’s
location covered his interactions with the RAK interface. We coded the video recordings to identify common and
outlier usage patterns. Specifically, we looked for patterns in the helper’s guidance format (drawings, hands, or verbal
descriptions), the helper’s gestures (pointing, kinetic, or iconic [10]), the worker’s camera work (handheld or mounted
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scene camera(s), close-up view, overview, moving camera in relation to object, moving object in relation to camera),
and unexpected occurrences of tailoring work or interface challenges.

Post-scenario questionnaires were provided to the worker and helper after each scenario to measure and rank the
perceived usefulness of the RAK configurations. They also wrote additional explanations of why they preferred one or
more configurations. A post-study questionnaire was provided at the end to measure the perceived usefulness of the
tailorability of RAK.

To systematically analyse the number of occurrences of configurations, we gave each configuration a unique number
based on its composition of components. For example, a helper selecting a tablet on a tripod and the option to use hand
gestures gives a helper-configuration with the unique number "112" due to the position of the components in the lists
in Figure 3. Now, if the worker chooses to share his task space using a single webcam (connected to a PC) mounted on a
gorillapod, then this worker-configuration has the unique number "23". The combined configuration has the unique
number "11223".

5 RESULTS OF USER STUDY

In this section we present the results of our experimental simulation. First we analyse the participants’ configuration
preferences in subsection 5.1. Then we investigate the perceived usefulness of configurations in subsection 5.2. The
tailoring work of participants unfolded beyond the choice of configurations and included tailoring of guidance formats
and camera work, some of which was surprising and unexpected (see ?? and subsection 5.4). Finally, we discuss some
requirements specific to remote assistance in the manufacturing industry that were identified from observations during
the user study and during an interview with the main responsible teacher at the craftsmen school.

5.1 Analysis of configurations

A total of 324 configurations were available. We observed worker-helper pairs used 19 unique configurations (5.9 pct.).
However, keeping the low sample size in mind (6 groups), even if each group had explored two unique configurations
per scenario, it would only have amounted to 36 unique configurations (6*2*3=18), which is still well below 324
configurations. Consequently, a large portion of the configurations were never used, such as configurations with
multiple cameras, and some were used very rarely, for instance configurations that included hardware for extra
guidance. Groups typically used one configuration per scenario. They were encouraged to explore the configurations
of RAK to identify the one(s) that they perceived as most useful for each scenario during a scenario, as described in
subsection 4.5. We did observe one helper explore different mounts, first gooseneck then tripod, during a scenario,
however none of the helpers ever changed device during a scenario. Also, contrary to what we expected, the workers
didn’t explore different camera devices and mounts during a scenario, however one worker did add a guidance display
device during a scenario. This means that helpers and workers most often settled on a RAK configuration and completed
most tailoring work before a scenario began. Therefore, iterative ongoing tailoring work during remote assistance
manifested mostly as camera work, where workers would pick up a camera device with a mount and move it or hold
it. We speculate that a plausible reason for the limited ongoing tailoring work was that participants tended to highly
prioritize and be engaged in the task of problem solving as indicated by some of the participants’ disappointment, when
they didn’t solve a problem, be it a trigonometry exercise or a machine issue, within the time frame.

To investigate H2:With respect to the preferred configurations there is little variation within each of the remote assistance

scenarios, but large variation between scenarios due to their distinct properties, we visualize and look at all configurations
that were used two or more times in any of the scenarios (see Figure 6). Making use of statistical tests to investigate
Manuscript submitted to ACM



RemoteAssistKit: A User Evaluation of Tailorable Remote Assistance in the Manufacturing Industry 13

H2 makes no sense due to the small sample size (N=6 groups). Instead, from the visualization of configuration us (see
Figure 6) we see signs of support of H2, when we look at the workers’ and helpers’ configurations, but not for the
combined configurations. Below, we check for the support of H2 in all combined configurations of worker-helper pairs,
helpers’ configurations, and workers’ configurations.

Fig. 6. Configurations that were used two or more times in any of the scenarios. (Left) Worker-helper pairs’ combined configurations.
(Middle) Helpers’ configurations. (Right) Workers’ configurations.

Combined configurations: Looking at the worker-helper pairs’ combined configurations (see Figure 6, a), there
is no clear preference for a configuration in any of the scenarios, so there is no support for H2 for the combined
configurations.

Helpers’ configurations: The helper’s configurations (see Figure 6, b) were concerned with different guidance
formats and mounts, since the interface mobility device, a tablet, remained the same across all scenarios and participants.
In the "trigo"-scenario, 3/6 helpers used the tablet with a tripod and drawings on whiteboard ("111"), and 4/6 helpers used
the tablet on a gooseneck with drawings ("121"). None of the groups used verbal guidance only. There was a preference
for these two configurations ("111" and "121") only in the "trigo"-scenario. In the "injection"-scenario, 3/6 helpers used
the tablet on a gooseneck with verbal guidance only ("123"), indicating a slight preference. Most notably, variance
within the "injection"-scenario came from the choice of guidance format, because every helper chose to use a tablet on a
gooseneck. Also in the "tool"-scenario there was a slight preference for tablet on a gooseneck with verbal guidance only
("123"), which was used by 3/6 helpers. There is no support of H2 for the helpers’ configurations. However, the results
indicate that the categorically different tasks and the difference in the participants’ experience with the "trigo"-scenario
on one side and the "injection" and "tool"-scenarios on the other side led to different preferences for guidance formats,
with drawings dominating the "trigo"-scenario and verbal guidance dominating the other two scenarios.

Workers’ configurations: The worker’s configurations (see Figure 6, c) were concerned with devices and mounts
for task space capturing and additional guidance location. When we examine the workers’ configurations in the
"trigo"-scenario, we see no clear preference for a configuration. 5/6 workers chose tablet on a tripod ("11") in the
"injection"-scenario, while no other configurations were used multiple times. Moreover, this configuration ("11") was
not used in any of the other scenarios, so it was clearly preferred only for the "injection"-scenario. In the "tool"-scenario,
5/6 workers used a single webcam on a gorillapod ("23") and no other configurations were used multiple times. The
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same configuration was used two times in the "trigo"-scenario, which indicates that it was preferred only for the
"tool"-scenario. In conclusion H2 is only supported for the worker’s configurations if we isolate the "injection" and
"tool"-scenarios. These two scenarios had distinct properties, namely the size of the task space which was large in
"injection"-scenario and small in the "tool"-scenario and therefore resulted in different preferences for how the task
space was captured.

With respect to the preferred configurations, there is more variance within each scenario for the combined configu-
rations than for the worker’s and helper’s configurations. This implies that a worker’s choice of configuration does not
affect a helper’s choice of configuration and vice versa. This is supported by the video observations, where no evidence
was found that participants would negotiate the use of a particular configuration.

5.2 Perceived usefulness of configurations

The participants answered questions regarding the usefulness of the tailorability of RAK in the post-scenario and post-
study questionnaires. In the post-scenario questionnaires they rated the statement "RAK had one or more configurations
that supported the scenario well", with an average rating of 5.5 in the "trigo"-scenario, 5.8 in the "injection"-scenario, and
5.9 in the "tool"-scenario. Thus, the participants perceived one or more configurations as useful in each scenario. AMann-
Whitney U test showed no difference between the workers and helpers in how well they perceived the configurations to
support the scenarios. Additionally, a Friedman test showed no difference in ratings between scenarios. Combined with
the previous insight that helpers and workers tailored configurations to the different scenarios, the overall positive rating
of the above statement supports H1: Users perceive the tailorability of RAK as useful. In the post-study questionnaire (see
Figure 7) they rated statement 1, "The configurations of RAK support a variety of scenarios", with an average of rating
of 5.8. They rated statement 2, "I used different configurations for the different scenarios", with an average rating of 5.2.
6/12 participants rated statement 2 with a 6 or 7 (strongly agree), which indicates that the tailorability was perceived
as useful and it thus further lends support to H1. However, we did not only use questionnaire data to measure how
well (or ill) suited the chosen configurations were in the scenarios. Video observations and participants’ suggestions
for improvements show how they coped with and tailored the chosen configurations, which is the subject of the next
section.

Fig. 7. Participants’ average ratings of statements in post-study questionnaire.

5.3 Tailoring of guidance formats

We observed that helpers tailored their non-verbal guidance formats (drawings and hand gestures) and verbal commu-
nication to the distinct properties of the scenarios.

Drawings were predominantly used in the "trigo"-scenario. Referential iconic drawings [10] were used a lot by the
helper to recreate the triangle described in the worker’s exercise in her own space or to annotate shared video of the
Manuscript submitted to ACM



RemoteAssistKit: A User Evaluation of Tailorable Remote Assistance in the Manufacturing Industry 15

triangle in the worker’s space with formulas and calculations. Half of the helpers drew on top of video of the worker’s
task space, while the other half drew on a whiteboard. Pointing to the sides of the triangle with either the hand or using
an arrow was done less frequently, likely because the shared video of the triangle allowed effective communication by
just referring to the angles and sides with the names A, B and C.

In comparison to the "trigo"-scenario, in the "injection" and "tool"-scenarios, the pairs already shared a view of
the task space and therefore did not have to spend the same effort establishing common ground [5] using drawings.
Furthermore, the "tool"-scenario did not warrant much use of the non-verbal guidance formats, because the pairs mostly
communicated verbally by using technical terms to refer to the different parts of the mold as they shared the same
technical vocabulary. For this reason, we speculate that in the "tool"-scenario verbal communication required less
communicative effort of helpers than using the non-verbal guidance formats, indicated by the observation that some
helpers would make a conscious attempt at using drawings or hand gestures, but then quickly either decided to revert
to verbal communication or simply forgot to use non-verbal guidance. The "injection"-scenario led to different cases:
half of the helpers used one of the guidance formats frequently throughout the scenarios, while the remaining helpers
used verbal guidance only. Specifically, the guidance formats, both drawing and hands, were used more frequently for
pointing in the "injection"-scenario than in the "tool"-scenario. We speculate that this has to do with the objects being
referred to in the "injection"-scenario, oftentimes similarly looking buttons on the human-machine interface, being
more difficult to describe verbally than the mold parts, which looked distinct and had technical names. If this is the
case, this observation is related to the finding by Kraut et. al. [19] that a shared view is more useful when users have no
precise vocabulary for describing the task space.

In the "trigo"-scenario, a worker-helper pair setup a configuration with a projector, which revealed an interesting
interface challenge and requirement to tailorable remote assistance. The helper’s drawings were projected onto a
whiteboard in the worker’s space. However, the helper was not aware of how his guidance looked, as he would write
formulas that covered both the whiteboard and the wall behind the whiteboard (see Figure 8). To the helper the
formulas where shown in 2D on top of video of the task space from a fixed perspective and therefore looked fine. But,
unbeknownst to him, the projections on the wall were warped and therefore not readable for the worker. This case
illustrates well the importance of having the right mental model of how the projection component visualizes guidance
and its limitations, and that the helper needs to be made aware of the worker’s selection of additional guidance location
component through information in the interface. This problem also exemplifies the importance of worker-helper pairs
negotiating how to compose their RAK configuration.

Some participants tailored drawings in an unexpected way in the "trigo"-scenario. Rather than focusing on a shared
view of the worker’s task space, which RAK supports intentionally, they solved the trigonometry exercises by focusing
on a shared view of the helper’s task space, a whiteboard on which the helper drew the exercises (see Figure 9, a).
Thus, the camera work was inversed, leading the worker to ask the helper to make adjustments to the camera view.
Participants took advantage of the hand gesture component’s algorithm for segmenting the helper’s hands: the algorithm
regards everything, which does not fall inside the range of a user-selected background color, as foreground. Since the
user-selected background color was green at the time, the whiteboard, the black drawings on the whiteboard, and the
helper’s hands were all considered foreground objects and hence became the shared view. Our observations indicated
that since the helper was more knowledgeable about trigonometry and had access to formulas and a calculator, it was
useful for the worker to observe the helper solve the problem in the helper’s own space and then replicate the solution.
We believe this idea can be successfully applied to industrial assembly scenarios, like the "tool"-scenario, if the helper is
equipped with a 1:1 or miniature model of the machinery/tool on-site. We leave this as an interesting future direction
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Fig. 8. Helper draws formulas that are partly outside the worker’s whiteboard, but is not aware of how unintelligible it looks to the
worker.

of research to investigate the usefulness of manipulating real physical objects or replica scale models in comparison to
using virtual object models [3, 31] for remote assistance.

Fig. 9. Unexpected tailoring work.

5.4 Camera work

We define camera work as the effort by the worker to move and position the camera with the purpose of communicating
with the helper and regard it as a specialization of tailoring work.

Interestingly, we observed a pattern across scenarios, where workers typically used a scene camera most of the time
(i.e. it was mounted in the environment), because it offered hands-free use, but occasionally picked up the camera in
one hand for short periods of time to provide a close-up view of an object or move the camera to another location. This
pattern was used occasionally with a webcam on a gorillapod in the "trigo" and "tool"-scenarios, but was particularly
prevalent in the "injection"-scenario, where workers moved the tablet camera on a tripod back and forth between
human machine interface and window to machine internals (see Figure 10, b and c). However, this use of movable

scene cameras led to a challenge in the "trigo"-scenario during the use of a projector in combination with a webcam
on a gorillapod. A worker wanted to pick up the webcam and move it closer to the whiteboard to provide a closer
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Fig. 10. Tailoring patterns in "injection"-scenario. a) Workers provide close-up view of plastic pieces with imperfections. b) Workers
capture human machine interface. c) Workers capture window to machine internals.

view of some calculations. However, he was prevented from doing so, because that would require a re-calibration of
the projection mapping. He voiced his frustrations to the experimenters afterwards stating that he preferred another
configuration without the projector because of this issue. We discuss this limitation of the projection component in
section 6.

Another pattern observed in the "injection"-scenario was that workers often needed to show a very detailed view of
the manufactured plastic pieces to helpers so they could evaluate the quality of the pieces. Workers would therefore
move a piece close to the camera - about 5 cm from the lens - and rotate it in all directions for their helpers to get a
good view of the imperfections in the piece (see Figure 10, a). In the post-study questionnaire, one of the participants
explicitly expressed the need for a high quality video feed for remote quality control.

One of the workers, who used the webcam on a gorillapod in the "tool"-scenario, unexpectedly curled the legs of the
gorillapod around his neck and left shoulder, thus providing a shoulder view from his perspective (see Figure 9, b). Our
observations show that this setup provided the helper with a stable view of the worker’s task space in terms of being
able to provide guidance with hands gestures. Another worker found a cardboard box, placed it on the workbench and
put the camera on top of it to capture an overview of the available tools and mold (see Figure 9, c). These are good
examples of how technology is tailored in unexpected ways by the users.

5.5 Findings specific to the manufacturing context

Sharing of sound: We found evidence during the workshop with RAK that sound is regarded as an important source
of information during remote troubleshooting of a running machine in the production. The main responsible teacher at
the craftsmen school explained how important it is to listen to the machines to get information about the injection
molding process. More specifically, he listens to process sounds on two sides of the machine: the "clamping side" with
the shape forming mold that outputs plastic pieces and the "injection side", where the raw material is input, heated up,
plasticized and transported to the mold. According to him, there is a rhythm to the process and rhythms that sound off
can indicate various problems in the process that need to be addressed. He further emphasized that "it will be difficult

for a remote helper to give guidance unless he can hear the process sounds and see the process at the same time, because

you use all senses in troubleshooting mode". He also considered other senses, as he perceived it as useful to be able to
distinguish between the necessary smell of heated plastic from the production process and the erroneous smell of
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burned plastic from a control cabinet. Future research directions for the sharing of task space sounds are considered in
the next section (see section 6).

Multi-camera setup on machines: As previously mentioned, we observed how workers moved the camera back
and forth between human machine interface and window to machine internals in the "injection"-scenario. A problem
occurred, when a worker forgot to do so, as it was clear from one of the helper’s utterances that she lost awareness of
the worker’s whereabouts, when the worker moved to another location on the machine without bringing the camera
and verbally articulating his transition. In agreement with this observation, the same helper expressed the need for
simultaneous views of the human-machine interface and machine internals of the injection molding machine because
the two areas are connected, i.e. changes to parameters on the interface affects how the machine internals behave,
which points to the usefulness of using multiple movable scene cameras to maintain workspace awareness. Machines
usually have at least three distinct areas of interest during troubleshooting, the "injection side", "clamping side" and
human machine interface. Multiple webcams are already supported in RAK, but the helper was unfortunately not aware
of this.

6 DISCUSSION

6.1 Design Implications

One design implication for the finding that users tailor remote assistance, including task space capturing and guidance
format, to the distinct properties of scenarios, is the idea of recommended configurations, i.e. based on a given scenario
RAK recommends a specific configuration proven to be useful in the scenario. For instance, given a scenario that
entails troubleshooting a human-machine interface, RAK could remind the worker that using a configuration with a
combination of overview and detailed cameras is likely to improve a remote helper’s workspace awareness.

An implication for the finding that awareness of the collaborating partner’s composition of components can be
important, exemplified by the importance of the helper’s mental model of guidance location, is the explicit design
of persistent awareness cues in the remote assistance interface letting users know of their collaborating partner’s
configuration and notifying them about changes to the configuration during run-time. In the case of RAK, this means
that a helper must be made aware of the worker’s choices for task space capturing and additional guidance location
choices in the Helper App’s interface. Vice versa, the worker must be made aware of the helper’s choices for interface
mobility and guidance format in the Worker App and Supplementary Worker App.

The finding that many workers would move a scene camera around a workspace to cover different areas and
sometimes pick it up to zoom into areas has implications for the design of remote assistance with augmented reality.
Advanced state-of-the-art remote assistance typically uses augmented reality (AR) head-mounted displays [23, 42], and
the workspace is thus captured from the worker’s field of view and the helper’s guidance is given from this perspective.
Alternatively, we propose to study the combined benefits of movable scene cameras and head-mounted AR, where
the helper’s guidance originates from a movable scene camera, but is perceived by the worker on an AR-HMD. We
know of two systems that combine movable scene cameras and head-mounted AR [34, 36], but their research focus was
not on industrial applications. We propose to study the benefits and drawbacks of combining movable scene cameras
with head-mounted AR in industrial applications such as remote quality control, where close-up views are particularly
important to a helper.
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6.2 Sharing of sounds from the task environment

It was regarded as important for the remote helper to be able to clearly hear the sounds from the running injection
molding machine, because it enabled them to tell important information about its state. This shows that the sharing of
audio from the worker’s task space, including not only the voice of the worker but also the sounds from the machinery,
is important to the helper’s situational awareness in some cases. Still, there is no denying that research on remote
assistance has predominantly focused on visual aspects of a task space sharing, for instance different methods of
achieving view independence [1, 9, 21, 22, 24, 35, 40] and focus-in-context views [30, 36, 46]. Research-based remote
assistance systems typically implement audio communication as an afterthought, because it is not the focus of the study,
and in some lab studies the system implementation of audio sharing is not even needed, because the worker and helper
participants are in the same room and can hear each other. In remote assistance scenarios from the manufacturing
industry, such as the "injection"-scenario, it seems that the concept ofmachine noise enhancement can be used to support
the collaboration between a worker and helper. Thus, we believe that careful design of how task space audio is shared
and enhanced is an interesting and industrially relevant area for future research. For example, the concepts of interactive
noise cancellation and noise enhancement can be implemented using remote assistance in mixed reality: Multiple
microphones are distributed in an industrial environment. A remote helper in virtual reality points at or approaches
a sound generating task space object in the environment (this could be the "closed side" or the "injection side" of an
injection molding machine), whereby the microphone closest to the object turns on, while the remaining microphones
turn off. When the helper turns his attention to the worker in augmented reality by looking at him, the worker’s
wearable microphone turns on instead of the microphones in the environment. As a result, noise from machinery or
clear verbal communication with the worker can be interactively selected.

6.3 Limitations and Future Work

In regards to future improvements of the RAK system, some helpers found it challenging to draw at the small scale
required when workers used projected guidance. This usability problem was caused by a combination of the limited
screen real-estate of the helpers’ tablet and the fixed scene camera view needed for projecting guidance correctly onto
a planar surface in the workers’ space. However, the projector component can be improved by using the camera, which
is normally used for task space capturing, to track the pose of the planar surface, causing the homography needed for
correctly warping a helper’s guidance to be continuously recalculated and ensuring correct projection of guidance
when the camera is moved, as demonstrated in [2]. Hence, with this improvement, a worker will be able to pick up a
camera and move it closer to a planar surface, thus supporting movable scene cameras, which was a common pattern in
camera work, and making it easier for the helper to draw details on the surface.

As for future evaluation with RAK, the next step is a longitudinal field study of how its configurations are used in the
manufacturing industry. In this paper we collected data about how configurations were used after a short period. We
expect new insights from a field study, because we expect the use of RAK to change with the users’ increased mastery
and understanding of the strengths and drawbacks of its configurations in different scenarios.

7 CONCLUSION

We conducted an experimental simulation with a tailorable remote assistance system, RAK, with professionals from the
plastic manufacturing industry. Findings related to tailorable remote assistance and requirements to remote assistance
in the manufacturing industry were uncovered, including 1) users do tailor remote assistance to the properties of
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problem scenarios and perceives this as useful, 2) movable scene cameras was a dominating camera work pattern in
the "injection"-scenario caused by the need for close-up views of different machine areas, 3) the importance of being
aware of the collaborating partner’s tailoring work, exemplified by the helper’s lack of awareness of guidance location
component and its effect on the intelligibility of guidance in the worker’s space, 4) the importance of sharing machine
sounds for remote troubleshooting of a running machine, and 5) multi-camera setup at manufacturing machines may
improve awareness.
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ABSTRACT

Systems for remote collaboration on physical tasks generally use
AR/VR technologies to create a shared visual space for collaborators
to perform tasks together. The shared space often comes from a
single camera view. Prior research has not reported on the benefits
of using multiple cameras for remote collaboration. On the contrary,
there seems to be some usability issues, which must be addressed,
when designing remote collaboration systems that use multiple cam-
eras to capture different areas and perspectives of a task space. To
be usable, a multi-camera remote collaboration system must indicate
to the local user which camera the remote user is looking at and
vice versa, the system must make it fast and easy for the remote user
to obtain the right camera view for a given collaborative task. We
present SceneCam, an AR prototype with which we explore differ-
ent techniques for improving the usability of multi-camera remote
collaboration by making camera selection easier and faster. Specifi-
cally, SceneCam implements two camera selection techniques. The
first technique nudges the remote user to manually select an opti-
mal camera view of the local user’s actions. The second technique
automatically selects an optimal camera view of the local user and
shows it to the remote user. Additionally, SceneCam implements
two focus-in-context views (exocentric and egocentric views) that
provide the remote user with a spatial overview of the local user’s
whereabouts in relation to the multiple task space areas and direct
visual access to the camera views of said areas. Camera selection
techniques (manual point-and-click, nudging, automatic), and focus-
in-context views (no focus-in-context view, exocentric, egocentric)
make up the two dimensions in a design space for multi-camera
remote collaboration. We describe how SceneCam spans this design
space. Lastly, as part of future work we discuss some hypotheses
regarding the effects of the proposed camera selection techniques,
focus-in-context views and combinations hereof on the usability of
multi-camera remote collaboration.

Index Terms: Remote collaboration—Augmented reality—
Multiple cameras—Usability;

1 INTRODUCTION: MULTI-CAMERA REMOTE COLLABORA-
TION ON PHYSICAL TASKS

In some remote collaboration scenarios the physical task space can
be separated into areas. For instance, our own observations of how
service is carried out on machines in the manufacturing industry,
specifically service on CNC machines and large inline printing ma-
chines, indicate that there are often multiple areas on a machine
that the service technician must troubleshoot in collaboration with
a remote helper, and sometimes the work carried out in one area is
interdependent on work done in another area. A different scenario
with similar characteristics is that of a researcher, who divides up
his work space into smaller areas on the whiteboard and on his desk,

*e-mail: troels.rasmussen@cs.au.dk
†e-mail: weidong.huang@uts.edu.au

while he collaborates with a remote researcher on a design problem
or mathematical problem etc.

One approach to sharing multiple task space areas with a remote
collaborator is to use multiple cameras - one or more cameras per
task space area - which we will call multi-camera remote collab-
oration on physical tasks. Importantly, we want to make it clear
to the reader that from hereon we refer to ordinary RGB cameras
streaming video of the task space from the local user/worker to the
remote user/helper. In this paper we are not dealing with RGB-D
cameras, such as the Kinect, which has the ability to reconstruct
the task space in 3D. It is important to make this distinction, be-
cause the interaction and usability challenges differ between the two
technologies.

The research on multi-camera remote collaboration is sparse and
discouraging, as multiple scene cameras seem to cause usability
issues for the collaborators. Manual selection of the correct camera
view is time consuming for the remote user, the remote user struggles
to understand and remember the spatial relationship between task
space areas, the scope of the shared visual resources is not clear, and
finally the local user does not know which camera the remote user is
looking at [3, 5].

We present the AR prototype SceneCam, a multi-camera remote
collaboration system, which addresses some of the above usability
issues using of a variety of camera selection techniques and focus-
in-context views. To our knowledge, very few researchers have
explored camera selection techniques and focus-in-context views
for improving multi-camera remote collaboration and few have used
AR technology as the means for the exploration.

SceneCam implements a context-aware algorithm that collects
contextual information about the local user (location, orientation,
gaze etc.) in relation to the task space areas and uses this information
to predict the optimal camera view of the local user’s actions in a
task space. SceneCam implements two camera selection techniques,
which rely on the context-aware algorithm: 1) nudging of camera
selection, where the system uses the result of the context-aware
algorithm to nudge the remote user to select the optimal camera
view from a list, 2) automatic camera selection, where the system
uses the result of the context-aware algorithm to automatically select
the optimal camera view to show the remote user. In a nutshell, we
hypothesize that these camera selection techniques will make the
task of selecting an optimal camera view of the local user’s actions
less mentally demanding and faster than manually selecting between
cameras from a list.

Poupyrev et al. [11] described virtual reality manipulation tech-
niques using metaphors divided into two categories, exocentric and
egocentric, which are two fundamentally different views for user
interaction with a virtual environment. With the exocentric view, the
user interacts with the virtual environment from the outside, as if
he is looking down on it from a bird’s eye view, whereas with an
egocentric view the user interacts from a point of view inside the
environment. Inspired by these metaphors, SceneCam implements
exocentric and egocentric focus-in-context views in the remote user’s
interface. The purpose of a focus-in-context view is to show the
spatial relationship between task space areas and the local user’s
movements in relation to them (context), while giving access to
detailed views of the areas (focus). We hypothesize that a focus-



in-context view will make camera selection easier and faster than
manually selecting between cameras from a list. For instance, if
the local user refers to an area relative to his own point of view
(”look at the area to the left of me”), the remote user can use the
focus-in-context view to recognize the area and select a view of the
area rather than have to recall the spatial relationship of the task
space areas from memory.

Figure 1: Design space for multi-camera remote collaboration

The camera selection techniques (manual point-and-click, nudg-
ing, automatic), and focus-in-context views (no focus-in-context
view, exocentric, egocentric) make up the two dimensions in a
design space for multi-camera remote collaboration (see figure
1). SceneCam spans the entire design space. We describe how
SceneCam implements the techniques in more detail in section 3.

Finally, we discuss the limitations of SceneCam and future plans
of conducting controlled experiments with SceneCam to understand
the effect of the proposed camera selection techniques and focus-in-
context views on multi-camera remote collaboration.

2 RELATED WORK

Different approaches to sharing a task space with a remote user has
been proposed, from using a handheld or head-mounted camera,
thus capturing the task space from the point of view of the local
user [3], to freezing the video from the handheld/head-mounted
camera making it easier to annotate [1, 2], to using scene cameras,
i.e. sharing views of the task space from one or more cameras
mounted in the environment [5, 8], to sharing a 3D reconstruction
of the task space [14], sometimes viewed by the remote user in VR
[4,15]. Given that our focus is multi-camera remote collaboration on
physical tasks, we dedicate the remainder of this section to related
work on this topic.

2.1 Shared visual space from multiple camera views
Researchers have investigated the usefulness of providing the remote
user with views of the task space from multiple cameras [3, 5, 7].

For instance Gaver et al. [5] build an early task oriented media
space, Multiple Target Video (MTV), where multiple scene cameras
were pointed at objects and the task environment. The aim of MTV
was to support focused collaboration on physical tasks across two
office spaces. Gaver et al. found that their pairs of participants
experienced difficulties using the multiple scene cameras, including
difficulties establishing a shared frame of reference, understanding
which parts of a space was visually accessible to the remote user, and
switching between camera views. Similarly, Fussell et al. [3] found
that simultaneously providing helpers with a view of a task space
from a head-mounted camera (close-up view) and a scene mounted
camera (over-the-shoulder view) did not improve collaboration per-
formance of worker-helper pairs in comparison to just using the
scene camera, possibly because the helpers spend too much time
deciding what view to pay attention to.

So, using multiple cameras might seem like an unsuccessful path
to pursue. However, in none of the above examples did the re-
searchers make use of a focus-in-context view to simultaneously
visualize the spatial relationship between and give access to the
camera views. Nor did they make use of automatic selection of the
optimal camera view. Rather, the helper ”jumped” from a view of

one task space area to another by manually selecting a camera from
a list of cameras, thus experiencing spatial discontinuities. Work
addressing this issue include [9, 12, 16]. Ranjan et al. [12] compared
a static scene camera that provided a wide-shot context view of the
entire task space to a scene camera that automatically zoomed in on
the task space area, where the worker’s hands were, and at the same
time provided a contextual overview showing the relationship be-
tween task space areas, whenever the worker moved his hands from
one area to another. They found substantial performance benefits
for the automatic system. Similarly, Norris et al. [9] implemented a
focus-in-context video system, where zoom-functionality enabled
the remote user to view multiple zoomed-in high-resolution areas in
a low-resolution wide-angle view of the local user’s entire task space.
They found that the spatially connected detailed views embedded in
the contextual overview helped with view reconciliation, i.e. made
it easier to collaborate using multiple views.

With the SceneCam prototype we also wish to embed detailed
views of task space areas in a contextual overview of the task space,
and we enable automatic selection of the optimal view based on the
worker’s whereabouts. However, by using multiple cameras we are
not limited to obtaining detailed views from one viewpoint as in
previous work.

2.2 Egocentric and exocentric views in AR/VR

Examples of a user with an exocentric view of an environment
collaborating with another user in an egocentric MR view of the
same environment can be found in [6, 13]. In [13] researchers
used a 2D map on a tabletop as an exocentric view of an outdoor
environment. They demonstrated a technique where an indoor user
could place his hands and other three-dimensional props on the 2D
map. Hands and objects were then 3D reconstructed and visualized
to an outdoor AR-user at the corresponding location in the real
environment. This technique was used for navigation and layout
planning.

SceneCam is to our knowledge the first prototype that demon-
strates the use of exocentric and egocentric views to navigate be-
tween a contextual overview of a task space and detailed views of
task space areas captured by multiple cameras.

3 SCENECAM: MULTI-CAMERA AR REMOTE COLLABORA-
TION

3.1 The core functionality of SceneCam

We present SceneCam, a multi-camera AR remote collaboration
prototype. Scene cameras - i.e. tablet cameras, smartphone cameras
or webcams mounted in the environment of the local user’s task
space - provide a remote user with multiple views of the task space
in the form of live video feeds. Using a 2D screen interface (PC /
tablet), the remote user can select between video feeds and point
and sketch on the currently selected video feed. The 2D pointing
gestures and sketches are interpreted in 3D, placed directly in the
task space and shown to the local user on an AR-HMD (in our case
a Microsoft Hololens with inside-out tracking). Thus, SceneCam
gives AR capabilities to ordinary RBG scene cameras. This works
by getting the local user to track the pose of an AR marker on a
scene camera thereby aligning a virtual model of the scene camera
to the real camera. See figure 2 showing four scene cameras with
virtual models aligned to them. From knowing the intrinsics of the
scene cameras and pose of the corresponding virtual cameras in the
world coordinate system of the Hololens, it is possible for the AR
application to interpret 2D annotations made on the video feeds in
3D using using the spraypaint technique [10]. Audio communication
is bidirectional. See figure 3 and 4 for screenshots of the remote
user’s 2D screen interface and local user’s AR interface. See figure
5 for an illustration of where the core functionality of SceneCam is
placed in the design space.



Figure 2: Screenshot from point of view of AR-HMD. Four scene
cameras of different kinds with virtual camera models aligned to them.
From left to right: iPad, Logitech 270p webcam, iPhone 10, Logitech
webcam.

Figure 3: Core elements of remote user’s 2D screen interface. Live
video from each of the scene cameras capturing the local user’s task
space are made available as thumbnails in a vertical list in the remote
user’s 2D screen interface (on desktop/tablet). SceneCam currently
supports up to five scene cameras at a time, and in this case four
scene cameras are connected. The remote user can click on a video
in the list of thumbnails to select it as the primary view. The remote
user can make 2D annotations (pointing gestures and sketches) on
the primary view. In this case the remote user draws two arrows and
a circle to point to some puzzle pieces on a whiteboard. The AR
application running on the local user’s AR-HMD interprets the remote
user’s 2D annotations as 3D annotations and places them on the
whiteboard using the spraypaint technique (see figure 4 for the result).

SceneCam spans the design space for multi-camera remote col-
laboration in figure 1 and thus contains example implementations of
nudging of manual camera selection, automatic camera selection and
exocentric/egocentric focus-in-context views for camera selection.
Below we describe the example implementations in more detail.

3.2 Context-aware camera selection algorithm

An algorithm running on the local user’s AR-HMD collects contex-
tual information about the pose of the local user’s head in relation
to the pose of the task space areas and scene cameras. The algo-
rithm uses this information to make inferences about a local user’s
engagement in a task space area and to decide which one of the
scene cameras, if any, captures the optimal view of his actions. The
resulting optimal view is then used by either the automatic camera
selection technique, which as the name implies selects the optimal
view to be the primary view, or by the nudging camera selection
technique, which visually emphasizes the optimal view in the list of
views to nudge the remote user to select it as the primary view.

Figure 4: SceneCam interface from the point of view of the local AR
user. a) A 3D model of a virtual camera is aligned to a real camera, in
this case a smartphone, by tracking a marker on the phone once. We
use the standard Vuforia markers. b) Annotations, drawn by a remote
user, are interpreted in 3D and shown to the local user in AR directly
on the whiteboard.

Figure 5: Position of core functionality in the design space.

Here is how the algorithm works. A task space area is described
geometrically as a 3D point, where a virtual scene camera ray inter-
sects the mesh reconstruction of the task space. Thus, there is one
task space area associated with each virtual scene camera - a (scene
camera, task space area)-pair. See pseudo-algorithm 1 for detailed
steps on finding (scene camera, task space area)-pairs. These steps
are executed whenever a virtual scene camera is aligned to a real
scene camera.

foreach scene camera do
create a ray with origin in the focal point of the scene

camera and direction along the z-axis of the scene camera;
if ray intersects the mesh reconstruction of the task space

then
create task space area defined as (position at

intersection point, surface normal at intersection
point);

visualize task space area in AR;
add (scene camera, task space area)-pair to list of pairs;

end
return list of (scene camera, task space area)-pairs;
Algorithm 1: Finding (scene camera, task space area)-pairs.

After collecting a list of (scene camera, task space area)-pairs, the
algorithm runs through the list to find the optimal view of the local
user’s actions. Either one of the scene cameras is currently capturing
the optimal view of the local user’s actions or the focus-in-context
view is (if any). See pseudo-algorithm 2 for detailed steps on finding
the optimal view. These steps are executed continuously as the local
user moves around the task space and the optimal view changes.

The occlusion score of a scene camera is simply calculated as the
proportion of the camera’s view taken up by the local user’s head:
(area of head in screen space / area of camera video).

In figure 6 we have illustrated three different situations the local
user can find himself in which influence the algorithm of the context-
aware camera selection.



foreach (scene camera, task space area)-pair do
calculate distance between focal point of scene camera and

position of task space area;
create semi-sphere with center in the position of the task

space area, facing in the direction of the surface normal of
the task space area and with radius proportional to the
distance between focal point of scene camera and position
of task space area;

if local user is inside the semi-sphere then
add (scene camera, task space area) to list of

candidates for optimal view;
end
if list of candidates has size 0 then

return focus-in-context view;
else if list of candidates has size 1 then

return the scene camera of the candidate;
else if list of candidates has size larger than 1 then

foreach candidate do
calculate occlusion score;

end
return the scene camera of the candidate with the lowest

occlusion score;
Algorithm 2: Finding the optimal view.

Figure 6: Three situations of the local user influencing the algorithm of
context-aware camera selection (seen from above). a) The local user
is inside the semi-sphere of a task space area. The scene camera
associated with the task space area captures the optimal view of the
local user’s actions. b) The local user is not inside the semi-sphere of
any task space areas, because he is transitioning from one area to
another. The optimal view is the focus-in-context view, if any. c) The
local user is inside multiple semi-spheres, because multiple scene
cameras capture the same task space area from different perspectives.
The optimal view must be decided using an occlusion score.

3.3 Nudging and automatic camera selection
The context-aware camera selection algorithm passes its estimate of
the optimal view of the local user to either the nudging or automatic
camera selection techniques. The nudging technique implemented
in SceneCam is to simply highlight the optimal view in the list of
camera view thumbnails using a red colored border. While this
implementation leaves room for aesthetic improvement, it should
make it clear to the remote user, which camera view is recommended
by SceneCam. See figure 8 showing a screenshot of the nudging
technique as implemented in the SceneCam prototype.

Automatic camera selection mimics the behaviour of a remote
user selecting a camera view from the list of thumbnails. Hence,
the camera view selected as the optimal view by the context-aware
camera selection algorithm is automatically made the primary view,
and its thumbnail is highlighted using a white border. See figure 7
showing the position of the nudging and automatic camera selection
techniques in the design space.

3.4 Exo- and egocentric focus-in-context views
A context view of a task space provides the remote user with a spatial
overview of the task space areas, cameras and the whereabouts of
the local user in relation to them. A focus view is a close-up camera
view of a task space area and the local user’s object manipulations in

Figure 7: Position of nudging and automatic camera selection tech-
nique in the design space.

Figure 8: Nudging camera selection technique. Zoomed-in view of
camera view thumbnails in remote user’s interface, where the optimal
view - according to the context-aware camera selection algorithm - is
highlighted using a red border, while the currently selected camera
view is highlighted using a white border.

the area. When a task space consists of multiple spatially distributed
areas, the idea of a multi-camera setup is to capture at least one
focus view of each area, and possibly two or more focus views from
different perspectives. A focus-in-context view is an interactive
context view with focus views mapped to the locations of the task
space areas in the context view. It is used by the remote user to
manually select and navigate between focus views. The aim of a
focus-in-context view is to make it easier for the remote user to
understand the spatial relationship between task space areas and the
local user, while enabling quick and easy navigation between focus
views. A focus-in-context view addresses the usability issues that
arise from presenting camera views side by side in a list. A list of
camera views, in comparison to a focus-in-context view, contains
no information about the spatial relationship between the task space
areas and the local user and thus makes the decision process of
selecting an appropriate camera view more mentally demanding of
the remote user.

SceneCam contains an implementation of both an egocentric
and exocentric focus-in-context view in the remote user’s interface.
See figure 9 for an overview of the multi-camera setup used to
demonstrate the implementation of the focus-in-context views. The
exocentric view is a virtual bird’s eye view of the position and orien-
tation of the scene cameras, task space areas and the local user. See
figure 10 for a screenshot of the exocentric view in the remote user’s
interface. The (scene camera, task space area)-pairs, represented by
rectangular and circular icons respectively, are dynamically added
to the exocentric view, whenever a virtual scene camera is aligned to
a real scene camera by scanning a marker on the camera. The local
user’s position and orientation, represented by a triangular icon, is
live updated in the exocentric view. Hovering over an icon of a task
space area with the mouse reveals a thumbnail of the view from the
associated scene camera, and clicking on the task space area selects
the view from the scene camera as the primary view.

For the implementation of the egocentric view a wide-shot scene
camera is assigned by the local user to capture an overview of the



Figure 9: Overview of multi-camera setup used to demonstrate the
implementation of exo- and egocentric focus-in-context views. Cam-
era 1 is a phone camera pointed at the whiteboard on which some
magnetic puzzle pieces have been placed. Camera 2 is a webcam
pointing to an area on the desk with some LEGO bricks. Camera 3
is a webcam pointing to another area on the desk with some LEGO
bricks.

Figure 10: Screenshot of exocentric focus-in-context view. The posi-
tion of the local user (the pink head icon) is updated live in relation
of the task space areas (circles with red center) and scene cameras
(orange squares). Upon hovering over the center of a task space area,
a thumbnail of the camera view of the area is shown. Upon clicking on
a task space area, the camera view of the area is made the primary
view.

task space, and thus must be placed in such a way that it captures the
task space areas and the local user. The egocentric view is augmented
with interactive pinpoint needles on the task space areas. Upon
hovering over a pinpoint needle on a task space area, a thumbnail
shows the view from the associated scene camera. By clicking on a
pinpoint needle, the remote user makes the view of the associated
scene camera the primary view, and he is now able to point and
sketch on the view. See figure 11 for a screenshot of the egocentric
view in the remote user’s interface, and figure 12 for the position of
the exo- and egocentric views in the design space.

3.5 Combining camera selection techniques and focus-
in-context views

As is evident from the design space (see figure 13), SceneCam
combines the behaviour of nudging and automatic camera selection
with the focus-in-context views. When nudging is combined with
either an ego- or exocentric focus-in-context view, SceneCam will
nudge the selection of the focus-in-context view, whenever the local
user is not inside any of the task space areas (i.e. not inside any semi-
spheres). When automatic camera selection is combined with either
an ego- or exocentric focus-in-context view, the focus-in-context
view will automatically appear, whenever the local user is not inside
any of the task space areas. This view selection behaviour is similar
to how the pan-zoom-tilt camera would zoom out when the local
user’s hand transitioned from one area to another in [12].

Figure 11: Screenshot of egocentric focus-in-context view. A video
feed (in this case from an iPad camera) provides an overview of the
task space augmented with ”pinpoint needles” at the positions of the
task space areas. Upon hovering over a pinpoint needle, a thumbnail
of the camera view of the area is shown. Upon clicking on a pinpoint
needle, the camera view of the area is made the primary view.

Figure 12: Position of exo- and egocentric views in the design space.

4 FUTURE WORK AND DISCUSSION

Most important to us, we plan to conduct a controlled study on the
effects of camera selection techniques and focus-in-context views
on multi-camera remote collaboration. We will compare alterna-
tive versions of SceneCam on collaboration performance and user
satisfaction. The conditions in the study are:
1. Manual camera selection with no focus-in-context view (core).
2. An exo-centric focus-in-context view with manual camera selec-

tion (exo).
3. Automatic camera selection with no focus-in-context view (auto).
4. Automatic camera selection with exo-centric focus-in-context

view (auto+exo).
We will have pairs of participants (one local user and one remote

user) go through an assembly task in a task space with multiple
areas, where subtasks in one area are interdependent on subtasks
in another area. We make the following hypotheses. Participants
will perform better (faster completion time and fewer errors) in
the exo, auto and auto+exo-conditions than in the core-condition.
Participants perform better in the exo-condition than in the core-
condition, because a remote user more easily can use the exocentric
focus-in-context view to select an appropriate camera view based
on the local user’s projected path or descriptions of relative position
(”look at the area to the left of me”), and more easily can point the
local user to areas using descriptions of relative position (”go to the
area behind you”). Participants perform better in the auto-condition
than in the core-condition, because a collaborating pair spends less
time negotiating the camera view, and the remote user has to spend
little to no time on the meta-task of selecting the optimal view of
the local user’s actions. Participants perform better in the auto+exo
condition than in all other conditions, because it combines the best
of both worlds from the auto and exo-conditions.

One important limitation of the current SceneCam prototype is
the accuracy (or lack thereof) of the 3D interpretation of 2D annota-
tions. This inaccuracy may lead to misunderstandings between the



Figure 13: Combinations of camera selection techniques and focus-
in-context views in the design space.

local user and remote user, for instance the local user may see the
remote user point to an object which is different from the object the
remote user is actually pointing to. Five factors contribute to the
(in)accuracy of the 3D interpretation of 2D annotations:
1. Accuracy of the pose of the virtual camera.
2. Distance between real camera and task space.
3. Accuracy of the intrinsics of the real camera.
4. Accuracy of the inside-out tracking of the AR device.
5. Accuracy of the surface reconstruction of the AR device.

The virtual camera has a slight tendency to drift from the pose
of the real scene camera. In the future we imagine using an inter-
section technique, such a natural hand gestures, to quickly re-align
the virtual camera to the real one. Besides, we can improve the
accuracy with which we acquire the intrinsics of the scene cameras
by using a more systematic calibration procedure than is currently
the case. The accuracy of the inside-out tracking and the surface re-
construction of the AR device is to a large extent outside our control
as AR application designers and developers. Another limitation is
the simplicity of the context-aware camera selection algorithm. The
current algorithm uses ”if-else” rules to infer the optimal camera
view of the local user’s actions. The context-aware camera selection
technique, while an indispensable component that nudging and au-
tomatic camera selection depends upon, is not the sole focus of the
paper, and thus a decision was made to keep it simple. It thus makes
sense to conduct a separate study on different context-aware algo-
rithms comparing how accurate they are at identifying the optimal
camera view. It is desirable to be able to evaluate the accuracy of
a context-aware camera selection algorithm, because the efficiency
of the automatic camera selection and nudging techniques depends
on it. An imprecise context-aware algorithm that produces many
false positives, i.e. passes on the wrong camera view to the auto-
matic camera selection or nudging techniques, will not be efficient,
because it will force the remote user to spend time on manually
undoing the camera selection.

5 CONCLUSION

In this paper we have presented SceneCam, a multi-camera AR
remote collaboration prototype. To address some of the known us-
ability issues of using multiple cameras for remote collaboration
on physical tasks, we have presented different techniques and com-
binations thereof in a design space: nudging of camera selection,
automatic camera selection and exo- and egocentric focus-in-context
views. These techniques rely on the tracking capabilities of an AR
device worn or held by the local user. We hypothesize that the
techniques will improve usability of multi-camera remote collabora-
tion by making it easier and faster to select the right camera view
for a given collaborative task and plan to test our hypotheses in a
controlled experiment in future work.
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Fig. 1. We present a multi-camera remote assistance system, through which a remote helper can guide a worker with annotations
and pointing in the workspace . The worker sees these annotations through an AR HMD (A). Critical areas of the large workspace are
captured by 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.

Workspace awareness is critical for remote assistance with physical tasks. Yet, research has shown that collaborators’ awareness
of each other suffers, in particular with multi-camera systems. For example, the local worker may struggle to identify the current
viewpoint of the remote helper. To address this, we present a multi-camera remote assistance system with augmented reality cues,
which aim to improve the worker’s awareness of the helper within a large shared workspace. We propose visual cues presented
through a head-mounted display (Virtual Hand, Color Cue), and sound cues emitted from the cameras’ location (Spatial Sound).
In a controlled lab study, we explored the effectiveness of these awareness cues in the following combinations: Virtual Hand Only,
Virtual Hand+Spatial Sound, and Virtual Hand+Color Cue. Our findings demonstrate that all our proposed cues effectively support the
worker’s awareness of helper’s location and focus. Further, workers performed best in locating the helper when aided by the Color
Cue, which users also preferred over the other cues.
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1 INTRODUCTION

Remote assistance is the interactive process by which a remote user, typically called the "helper", assists a local user,
often referred to as the "worker", in performing a physical task. The worker may use a standard video communication
app like Skype to convey information about a 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 cannot,
for example, independently move to inspect another area of a large industrial machine. 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: 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 found beneficial for remote assistance [12, 14, 15, 29], in particular when servicing large machines, which
may require a worker to troubleshoot multiple areas in order to identify and solve a problem. For example, a service
technician’s interactions with a human-machine interface (e.g., a button push) may result in the movement of mechanical
parts at a different location on the machine (e.g., a robot arm with a tool that moves up or down). In such a scenario,
the remote helper may act like a second on-site worker, using multiple cameras to monitor machine movements that
are beyond the technician’s field of view (FoV). However, the helper’s freedom to navigate between multiple cameras
comes at a price: due to the disjointed camera views, information that is naturally available between co-located people
is lost [7]. In particular, the worker lacks awareness of the helper, including 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).

In this paper we address the above-mentioned 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 end, we have developed a multi-camera remote assistance system, which supports three AR
awareness cues (Virtual Hand, Spatial Sound, and Color Cue) that make use of the visual and auditory modalities and
support different strategies for identifying the helper’s location and focus. The visual cues, Virtual Hand and Color Cue,
are perceived by the worker through a head-mounted display (HMD), while Spatial Sound is emitted from the cameras’
integrated speakers. The system also supports basic functionalities for remote assistance: Using a WIMP interface on
a PC, the helper can point and draw on the video feed of each camera. The pointer position and drawings are then
interpreted in 3D and visualized to the worker in AR. Additionally, the system supports ad hoc camera calibration for
flexible reconfiguration of the multi-camera setup (i.e., adding, moving, or removing cameras) during the remote assist
session.

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 assumed this as the baseline
and compares it to combinations, where the Virtual Hand is supplemented by either Spatial Sound or a Color Cue.
Manuscript submitted to ACM

https://doi.org/10.1145/nnnnnnn.nnnnnnn


Augmented Reality Awareness Cues for Multi-Camera Remote Assistance 3

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.

The main contributions of this paper are the prototype architecture for multi-camera remote assistance with ad-hoc
camera calibration, the awareness cue designs, and insights from the user study. 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, including core functionality, ad-hoc camera calibration and awareness
cues. This is followed by a report of our user study and results. We conclude with a discussion of system and study
limitations, design implications and future work.

2 RELATEDWORK

As we present a remote assistance system that provides a shared visual space through multiple cameras, we begin
by discussing existing research on multi-camera systems. We then proceed to describe work on mixed reality (MR)
awareness cues for remote assistance, as a basis for discussing our proposed AR awareness cues.

2.1 Shared visual spaces through multiple cameras

Multi-camera approaches have been explored for a number of challenges, such as to support view independence [4, 26]
or provide visual information at various levels of detail [4, 7, 21, 26, 35]. For example, Gaver et al. [7] built an early
task-oriented media space, where multiple scene cameras captured both a contextual overview of a workspace, as well
as a detailed view of task-related artifacts, in two remotely connected office spaces. Among others, the researchers
uncovered the following usability challenges for multi-camera remote assistance:

(1) The worker lacks awareness of the helper’s focus of attention, i.e. which camera he is viewing and what he is focusing
on in the camera feed. This makes it difficult for the worker to know whether the helper can see her gestures and
actions without verbal confirmation. To address this, we propose AR awareness cues (see subsection 3.2).

(2) Referencing objects in a multi-camera setup lacks the ease with which two co-located persons can reference objects
by simply interpreting pointing and gaze direction. Our remote assistance system supports remotely pointing at an
object by projecting the mouse cursor into the workspace as a Virtual Hand in AR.

(3) The camera views are presented to the helper in a disjointed manner, so he lacks understanding of the spatial
relationship between cameras and the worker. This issue is addressed by research on focus-in-context systems
[17, 18, 25, 26, 35], which provide a contextual overview of how the different workspace areas are spatially connected,
while presenting a detailed view of the worker’s manipulations.

In recent research, multiple RGB-D cameras have been used to stitch together live 3D reconstructions of the worker’s
space, which the remote helper can independently navigate on a desktop [1, 29] or in MR for increased sense of
immersion and co-presence [10, 20]. Similarly, using a head-mounted 360 degree camera, which is technically multiple
cameras, the helper can also benefit from a panoramic view that is independent of the worker’s orientation [15].
Despite the appeal of using multiple RGB-D cameras to reconstruct the workspace and enjoy full view independence,
we intentionally focus on multi-camera remote assistance with plain RGB cameras, (i.e., no depth data is assumed
available) to reduce hardware requirements. 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 can be used to create comparably
low-resolution 3D reconstructions. Previously conducted interviews with real-world service technicians and remote
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experts from the manufacturing industry support that mobility and detailed high-resolution views of a workspace are
important, due to urgent nomadic problem-solving needs and the desire to make detailed comparisons between the real
machine and schematics [anonymized reference].

Instead of using multiple cameras to achieve view independence, one camera can be used to create a static 3D
reconstruction [5, 22, 23] or light field [16] before the remote assistance session by panning the camera over the
workspace and capturing multiple images. In comparison to a multi-camera system (RGB or RGB-D), these approaches
of creating a static view independent representation of a workspace is presumably not ideal for dynamic tasks, such as
assembly, where the state of task objects changes frequently, because of the time-consuming camera work required to
update the representation after each change.

2.2 Awareness Cues for Remote Assistance

Gutwin et al. [8] introduced the concept of workspace awareness, which they regard as a specialization of situation
awareness [2] and define as an "up-to-the-moment understanding of another person’s interaction with the workspace"

during collaboration. They categorized sources of workspace awareness information into consequential communication
(body movement), feedthrough (object manipulations), and intentional communication. Since such information is lost
during remote assistance, awareness cues must be consciously designed and mediated.

With the advent of AR/VR/MR for remote assistance, awareness cues have received an increased interest. For instance,
awareness cues, including the head pose, view frustum and eye-gaze ray of collaborators, have been found to help
a remote helper and worker maintain awareness of each other within a shared 3D reconstruction of a workspace
in MR [5, 22, 23, 27]. Lately, the use of 360-degree cameras for remote assistance in MR has also received attention
[11, 15, 24, 28, 30–32, 32]. When worn by the worker, a 360-degree camera can provide the helper with a panoramic
view of the workspace independent of the worker’s orientation. However, this introduces the challenge of knowing
the collaborator’s viewing direction in the shared panoramic view [15, 32]. In exploring a collaborative scenario
between a worker in AR and helper in VR, Lee et al. [15] added a view frame in the form of a colored rectangle, to
indicate the collaborator’s current perspective within the 360-degree view. Their results indicated that this improved
the collaborators’ awareness of each other, helped reconcile perspectives and served as a pointer.

The MR awareness cues for head pose, view frustum and head gaze [5, 22, 23] and view frame in [15, 32] share
some similarities with the Virtual Hand awareness cue supported by our system: they all need to be in view to allow
identification of collaborator’s location and focus of attention, and will otherwise require a visual search. In this respect,
we aim to extend the research in this field by studying an awareness cue in another modality that relies on spatial
hearing (Spatial Sound), and an awareness cue that relies on memorization and color mapping (Color Cue) to locate the
helper. In contrast to related work, assume that remote assistance takes place in a discrete number of areas within a
workspace, which are defined by the FoV of the scene cameras in our multi-camera setup. This is necessary for our
design of the Color Cue, which depends on the mapping of colors to areas (see details in subsection 3.2).

In a study by Gunther et al. [9], they also compared three communication cues with different modalities: visual,
auditory, and tactile. The most important distinction to our work is that they explore guidance through explicit
communication cues 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.

To our knowledge research on AR awareness cues in remote assistance is still young, and particularly scenarios in a
large workspace, which requires the worker and helper to navigate to multiple areas, are under-explored. Our research
contributes to the field by comparing the effectiveness of three AR awareness cues with different modalities.
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Fig. 2. System architecture: 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 MULTI-CAMERA REMOTE ASSISTANCEWITH AR

The goal of our work was to build a multi-camera remote assistance system that offers a variety of AR cues to support
the worker’s awareness of the remote helper’s location and focus in a large workspace. Thereby we define the helper’s
location as the location of the camera viewed by the helper in a multi-camera setup, and the helper’s focus refers to
the object or area in the workspace that the helper places his attention on. In this section we describe the design and
implementation of this AR multi-camera remote assistance system, including its core functionality, support for ad-hoc
calibration of cameras, and AR awareness cues. The latter are also the focus of our user study (see section 4).

3.1 Core Components and Functionality

The presented system supports remote assistance through a Web App for the helper and an AR App for the worker.
Figure 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 Unity3D1

and runs on a head-mounted display, a Microsoft Hololens (version 1)2. The Hololens, which relies on inside-out
tracking, creates and continuously updates a virtual surface reconstruction of the workspace. This allows the AR App
to calibrate the cameras in the workspace (see 3.1.5), and supports projection of the helper’s cursor and drawings into
the worker’s environment in 3D (see 3.1.4). The AR App further supports presenting a range of awareness cues that
indicate the location of the helper’s view point and focus (see subsection 3.2).

Apart from the Hololens, the worker relies on several camera devices (so-called "scene cameras"), which she 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 developed 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 of the workspace
(see 3.1.5). Importantly however, the Camera App is not an AR application: it is agnostic of its environment and leaves

1https://unity.com/
2https://docs.microsoft.com/en-us/hololens/hololens1-hardware
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all surface reconstruction and tracking to the AR App. This allows the worker to use almost any kind of computer
device with an RGB camera as a scene camera, as long it supports wireless connectivity and is browser compatible (e.g.,
smartphone, tablet, webcam connected to a PC).

3.1.2 The helper’s Web App. The Web App is developed in JavaScript (ECMAScript 6+) and runs in the helper’s internet
browser, e.g., on a PC. The main responsibility of this application is to 1) receive live video and audio from the worker’s
cameras and present these to the helper, 2) transmit the helper’s audio to the worker, and 3) transmit the helper’s 2D
annotations, i.e. cursor and drawings, to the worker. The Web App thereby offers the helper access to different views of
the worker’s space through each of the camera video feeds. The helper can switch between the video feeds by clicking
on the respective thumbnail previews on the right side of the interface (see Figure 1, C). The selected video is shown in
the large central video window, on which the helper can create pointing gestures and drawings that are shown to the
worker in AR.

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 using WebRTC. Further, other types of live information are exchanged
between the worker and helper applications using a Node.js 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 3.1.4).

3.1.4 3D Interpretation of 2D Annotations. From knowing the pose (extrinsic parameters obtained during calibration,
see subsubsection 3.1.5) and the intrinsic parameters of the scene cameras, 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 [19], where a 2D pixel position in screen space is projected along a ray from the
camera’s focal point into the world. 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 Figure 1 (A), the helper’s cursor position,
which is defined by one pixel in the video, appears as a Virtual Hand that moves along the reconstructed surface of the
workspace. Similarly, when the helper makes drawings, defined by multiple pixels in the video, the projection from

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. (Middle) View of the workspace after calibration, with the
aligned virtual cameras superimposed on the real cameras as colored rectangles. (Right) From the point of view of the worker’s
Hololens in AR: 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 both other awareness cue combinations all
wireframes are green. (The slight misalignment of wireframes is a result of the screen capture method. Alignment is accurate, when
seen through the HMD.
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screen space to world space takes place for every drawn pixel. Hence, to the worker the drawings appear mapped onto
the surfaces in the workspace. Other techniques for interpreting 2D annotations in 3D space make use of invisible
planes [3, 16, 19]. Precise 3D interpretation of 2D annotations requires that we model the scene cameras with accurate
values for camera extrinsics, intrinsics, and distortion coefficients through a calibration procedure, which is described
in the following section.

3.1.5 Ad hoc calibration of cameras. As mentioned, the worker places multiple scene cameras in the workspace, to
provide the helper with a view of different areas that are relevant to the task. To enable correct projection of the helper’s
2D annotations into the worker’s space in 3D, these cameras must be calibrated before use. The intrinsic parameters
and distortion coefficients of the cameras are obtained through a standard calibration procedure3. Further, the following
calibration process, illustrated in Figure 3, is repeated for each camera to compute its extrinsic parameters:

(1) The worker uses her AR App on the HMD to scan a unique image target (marker) on the camera. When using tablets
or smartphones as cameras, the marker can simply be displayed on the device’s screen, while regular cameras (e.g.,
webcam) require attachment of a physical marker (e.g., printout on paper).

(2) Upon scanning the marker, the associated camera id and the marker’s pose are extracted.
(3) The marker’s pose allows computation of the associated camera’s pose.
(4) A virtual camera is created with the same extrinsic and intrinsic parameters as the physical camera. This virtual

camera appears as a wireframe model that is superimposed on the physical camera (see Figure 3, right).
(5) The HMD continues to keep track of the virtual cameras in the scene through its inside-out tracking capabilities.

Importantly, the calibration process is completed solely by the AR App on the HMD. It alone is responsible for placing
the virtual cameras and keeping track of their poses in the workspace. Consequently, the worker can add, move, and
remove cameras in a workspace, or even move cameras between spaces in an ad-hoc manner, by simply re-scanning
their marker.

3.2 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. In her AR App, the worker might
see the helper pointing at a component in one area of the workspace, but in the next instant she sees him 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 address this issue by implementing 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 on awareness cues.

Virtual Hand: The Virtual Hand is actually an explicit communication cue, since it primarily represents the helpers
mouse cursor to allow pointing and drawing within the worker’s space: when the helper moves his 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 Figure 1 (A)). 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 projected location of the Virtual Hand. Additionally,
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 his Virtual

3OpenCV Documentation: https://docs.opencv.org/master/dc/dbb/tutorial_py_calibration.html
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Hand in the workspace). To identify the helper’s location and focus, the worker must visually search for the Virtual
Hand across the workspace areas that are captured by the cameras.

Spatial Sound: Loudspeakers integrated in or co-located with the camera devices emit Spatial Sound, to provide
feedback about the helper’s location: the worker hears the helper’s voice from the camera that is currently being viewed
(illustrated in Figure 1, E). Further, when the helper moves his cursor on the video window, the viewed camera device
emits continuous white noise, and when making a drawing, it generates the sound of a pencil on paper. Thus, Spatial
Sound can inform the worker about the helper’s location and activities through an auditory search. Spatial Sound is
inspired by the concept of consequential communication, i.e. co-located collaborators see and hear each other as a
consequence of their activities in the workspace without the need for verbal communication [8]. Similarly, Spatial
Sound provides continuous information about the helper’s location and activities, without necessarily requiring a verbal
articulation of a question or instruction to the worker. Spatial Sound can 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.").

Color Cue: For this cue type the virtual cameras are color coded in the worker’s AR view, and a persistent Color
Cue is presented in the workers FoV, indicating the color of the camera that the helper is currently viewing (see Figure 1,
F). Thus, a change in the Color Cue indicates to the worker that the helper has changed camera. She can then locate the
helper by mapping the Color Cue to the color of corresponding virtual camera, allowing her to rely on her memory of
the colors and positions of cameras. In our particular system implementation, we use the Hololens’ AR cursor as Color
Cue, by visualizing it as a colored disc at the intersection between a ray cast from the head of the worker in the face
direction and the mesh-reconstructed environment. We represent the virtual cameras in clearly distinguishable colors
to allow quick color matching and support spatial memory of the mapping. Color Cue is inspired by the realization
that the number of locations the helper can navigate to in a multi-camera remote assistance system like ours are fixed
in comparison to remote assistance systems that make use of shared 3D reconstructions [22, 23] or 360-degree views
[15, 32], where the helper can navigate with 6DOF or 3DOF respectively and hence must be located in a continuum.
The fixed number of locations makes it possible to represent them as colors, or to use other symbolic representations.

The three presented cues differ in the type of information they convey, the modality this 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. current camera) and focus (position of cursor), Spatial Sound and Color Cue only indicate the helper’s
location. This may cause challenges when a camera covers a large workspace area, or an area with a multitude of
components that cannot easily be identified by verbal descriptions. The ability to point and draw annotations in the
worker’s space using the Virtual Hand addresses this issue and has become a common feature in remote assistance
solutions. Therefore, we have chosen to treat the Virtual Hand as a baseline condition, and evaluate the Spatial Sound
and Color Cue in combination with the Virtual Hand (see section 4). This allows us to explore the added benefit of
these explicitly designed awareness cues.

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 conducted a controlled lab study with pairs of participants - one acting as the worker and the other as the
helper. The worker was tasked with repeatedly identifying the helper’s location and focus in the workspace. It should
be noted that the study was scoped to focus solely on exploring the AR awareness cues, and how these contribute to the
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worker’s awareness of the helper’s location and focus in a large workspace. It does therefore not reflect an authentic
remote assistance scenario.

4.1 Study Design

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

(1) Virtual Hand Only (baseline):When the helper points to something in the live video feed with his mouse cursor,
the worker sees the mouse cursor as a 3D virtual hand projected into the workspace through her AR App. The
virtual cameras all share the same green color.

(2) Virtual Hand + Spatial Sound: In addition to the Virtual Hand, sound is emitted from the camera device that the
helper is currently viewing, when he moves his cursor on the video feed. The virtual cameras all share the same
green color.

(3) Virtual Hand + Color Cue: In addition to the Virtual Hand, the color of the worker’s AR cursor, which is always
in her FoV, reflects the color of the camera currently viewed by the helper. Thus, the virtual cameras have different
distinguishable colors.

Figure 1 (d-f) provides an illustration of these conditions. This study evaluates the benefit of adding additional
awareness cues (Spatial Sound, Color Cue), compared to the baseline condition Virtual Hand Only. Note that we do not
compare to any condition that offers no cue to the helper’s location at all (i.e., lack of a no-cue condition). The Virtual
Hand is elementary for enabling explicit remote assistance (i.e. guiding a worker through a physical task by pointing
out components and demonstrating actions) and implicitly provides information about the helper’s location and focus.
Therefore, it is supported in all 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. However, while in Virtual Hand Only a change of the
helper’s location forces a visual search for the virtual hand, in the Virtual Hand + Spatial Sound condition the new
location is advertised by a shift in sound source. Since sound is omnidirectional, the worker can more easily tell in
which direction to search for the helper’s new location. In contrast to both, the Virtual Hand + Color Cue condition
provides a persistent cue of the helper’s location in form of the Color Cue, which is always in the worker’s FoV. This
requires mapping of the cue to the color of a virtual camera, which requires a visual search for a camera with matching
color, unless the mapping of colors and camera locations was previously memorized.

These conditions were evaluated based on the worker’s Task Performance in locating the helper, her indicated
Preference, and subjective assessment of Ease of Use. Task Performance was measured as the number of helper’s
locations that were correctly identified within a two-minute period. Ease of Use was rated on a 5-point Likert scale
and Preference was given as subjective ranking of the awareness cue combinations (from best to worst) in a post-
study questionnaire. Thus, the study design consisted of one independent variable with three levels (awareness cue
combinations) and three dependent variables. We made the following hypotheses about the awareness cue combinations:

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 scene cameras to unique colors, 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
user’s FoV and a visual search for it may require more head movements and time.
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H3 Workers prefer the Virtual Hand + Spatial Sound over the other conditions, since it does not require a visual search
for the Virtual Hand resulting in more head movements, and it does not require memorization of the location and
colors of cameras to interpret the Color Cue.

4.2 Experimental task

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 in a large, room-sized workspace. The helper was prompted to visit a series of workspace
areas by switching between scene cameras in a randomly generated sequence. After each switch, the helper was
instructed to move his mouse cursor around on the video window, until the worker located him. To the worker, the
helper’s cursor appeared as a Virtual Hand moving on the reconstructed surface mesh of the respective workspace area.
Upon locating the helper’s location and focus, the worker indicated this by placing her palm on the surface where the
Virtual Hand was projected. Once successfully located, the helper moved on to the next camera. In the list of thumbnails
in the Web App, each camera view was color-coded, and a color icon indicated which scene camera had to be selected
next. To allow comparisons, the random sequence of scene cameras was pre-computed for each condition, ensuring
that all participants experienced the same level of difficulty and minimum path length. Each sequence had 200 values,
with 4 possible colors (for 4 cameras). The same color did not appear twice in a row.

We told participants that the goal of the search task was to correctly locate the helper in as many workspace areas as
possible, within a two-minute period (without running). Since, in our experience, knowing how well they do, motivates
participants to perform their best, we visualized the number of successfully identified areas.

4.3 Participants

We recruited 12 voluntary participants (2 female, 10 male), ranging from 23 to 34 years of age (avg. 27). We paired them
up in 6 groups; 5/6 pairs knew each other before the study. Participants were primarily recruited from our university
campus, via email and online groups. Participation was rewarded with edible treats. English language proficiency and
normal or corrected to normal vision was required for study participation. In a pre-study questionnaire, participants
rated how frequently they used AR on a 7-point Likert scale from "never" to "very often". 8/12 participants responded
with never or very rarely, 3 said they used AR often or very often, one participant was undecided. A scatter plot showed
no correlation between familiarity and performance. One participant, P11, was red-green color blind, thus the colors of
the cameras and Color Cue had to be adjusted for his session. He was asked to confirm before the experiment, that he
could distinguish between the four camera colors (white, blue, red, pink).

4.4 Equipment and materials

The worker’s setup was constructed in the following way: Three tables and a whiteboard were distributed in a 4x4
meter lab space, the workspace, as illustrated in Figure 3. Four scene cameras (2 x iPad 6 and 1 x iPad Mini 4 with Safari
12, 1 x Galaxy s9 smartphone with Chrome) were mounted on each of these, and oriented such that their front-facing
cameras captured specific flat surface areas in the workspace. These were the workspace areas. It was important to
us, that the workspace was constructed such, that it warranted the use of multiple cameras. I.e., due to its size and
spatial layout it was not practical to capture it, in its entirety and in detail, from the perspective of a head-worn camera.
We also deliberately chose a camera configuration, such that all the cameras were close to their captured workspace
areas, as is schematically illustrated in Figure 5 (Config 1). Thereby, the distance between the helper’s location (camera
location) and focus (location of Virtual Hand on workspace area) remains small, making information about the helper’s
Manuscript submitted to ACM
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camera location useful for identifying the helper’s focus. The helper was seated at a desk with a laptop computer (Dell
XPS with an Intel Core i7 2.80GHz CPU) adjacent to the worker’s lab space. A wall divider was placed between the
participants, so they could not see each other.

4.5 Procedure

The workspace with the scene cameras was calibrated by the experimenter before the study. Participants arrived in
pairs, received information about the experiment, and gave their informed consent. They then completed a pre-study
demographics questionnaire and received a detailed introduction to the multi-camera remote assistance system. Both
participants 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, they each got to experience the three awareness
cues in a small training task, where they were asked to practice locating the respective helper.

Participants were then randomly assigned the role of worker or helper for the first part of the study. Before each
trial, the current awareness cue combination was again explained to the participant in the worker role. The pairs
then performed the search task described above for each trial. Importantly, participants were told 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 post-condition questionnaire, rating the Ease of Use and their qualitative experience. 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
swapped roles and repeated the above procedure.

5 RESULTS

We report on the results of our controlled study regarding Task Performance, Ease of Use, and Preference of the
different awareness cue combinations, as well as qualitative feedback. We analyzed the parametric Task Performance
data with a one-way repeated measures ANOVA and Tukey HSD for post-hoc pairwise comparisons. Non-parametric
data (Ease of Use, Preference) was analyzed with a Friedman test and Wilcoxon-Pratt signed-rank test for post-hoc
pairwise comparisons. We used an alpha level of 0.05, and adjusted it using Bonferroni correction for the Wilcoxon-Pratt
signed-ranks tests.

5.1 Task performance

Figure 4 shows the average performance of workers with each awareness cue combination. Mauchly’s test shows
no violation of sphericity (𝑊 (2) = 0.72, 𝑝 = 0.194) and we find a significant effect of condition on Task Performance
(𝐹 = 15.33518, 𝑝 = 0.000068). Pairwise comparisons reveal that participants performed significantly better with Virtual

Hand + Color Cue (𝑀 = 34.33, 𝑆𝐷 = 7.46), compared to both Virtual Hand Only (𝑀 = 25.7, 𝑆𝐷 = 5.86, 𝑝 = 0.00004) and
Virtual Hand + Spatial Sound (𝑀 = 30.00, 𝑆𝐷 = 4.97, 𝑝 = 0.0402). This lends support to H1. Participants also performed
significantly better with Virtual Hand + Spatial Sound than with Virtual Hand Only (𝑝 = 0.0209), supporting H2

5.2 Ease of use and user preferences

After each trial we asked theworker to rate their agreementwith 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"). Analysis reveals a significant difference
in ratings by awareness cue combination (𝑋2(2) = 8, 𝑝 = 0.01832). Pairwise comparisons show that participants found

Manuscript submitted to ACM



12 Rasmussen et al.

Fig. 4. (left) The worker’s performance was significantly affected by condition. Performance was lowest in Virtual Hand Only condition
and highest for Virtual Hand + Color Cue. Y-axis shows number of areas visited within a 2-minute period. (right) Participants ranked
the awareness cue combinations, indicating their 1st, 2nd, and 3rd choice. The box sizes and numbers reflect the number of times
each awareness cue combination was ranked accordingly. Virtual Hand + Color Cue (VH+CC) was the first choice for 9 out of 12
participants, while 3 rated it as second choice. Only 2 participants preferred Virtual Hand + Spatial Sound (VH+SS), while most named
it as their second choice. Almost all participants named Virtual Hand Only (VH) as their least preferred (10/12).

the Virtual Hand + Color Cue significantly easier to use than the Virtual Hand Only (𝑍 = 2.6202, 𝑝 = 0.004883, with
adjusted 𝛼 = 0.05/3 = 0.0167). No significant difference was found between the other conditions.

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 a few participants had some issues with the
Color Cue as is evident from the qualitative results below.

At the end of the study, the worker was asked to rank the three awareness cue combinations from best to worst. The
results, visualized in Figure 4, show a significant effect of condition on ranking (𝑋 2 (2) = 13, 50, 𝑝 = 0.00117). Adjusting
alpha for multiple pairwise comparisons (𝛼 = 0.05/3 = 0.0167), we find a significant preference of Virtual Hand + Color

Cue over Virtual Hand Only (𝑍 = 2.9728, 𝑝 = 0.001221). Furthermore, participants significantly preferred Virtual Hand +

Color Cue over Virtual Hand + Spatial Sound (𝑍 = 2.3238, 𝑝 = 0.0166). Thus, H3 is not supported. Rankings for Virtual
Hand + Spatial Sound and Virtual Hand Only were not significantly different (𝑍 = 1.897, 𝑝 = 0.03906).

5.3 Qualitative results

In the post-study questionnaire, the worker was asked to explain their indicated preference of awareness cue combination.
Most participants 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 don’t 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);
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"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 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 look in, unlike the other awareness cues. 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 the design implications of the findings from our user study, reflect on the sensory
modalities involved in the proposed awareness cues, and review the chosen camera configuration in comparison to
other configurations that are commonly supported by multi-camera systems.

6.1 Design implications of our results

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 both other conditions. The majority of
workers explained that they were able to remember the color mappings, which enabled them to perform best 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. We
recommend the use of a Color Cue in industrial scenarios, in particular where the worker must rely on visual information,
since the noise from the machines makes it impractical to use spatial sound as an awareness cue. Nevertheless, some
workers experienced difficulties in perceiving the color of the cursor or distinguishing the colors of the virtual cameras
in Virtual Hand + Color Cue. For instance, the colors pink and red sometimes looked quite similar. With an optical
see-through HMD, these perception issues are exacerbated by lighting conditions in the environment. In addition, color
blindness may be an influencing factor. We therefore wish to highlight the importance of choosing contrasting colors
and designing Color Cues that can be clearly distinguished, for example by also varying the cursor’s shape and using
symbolic representations for workspace areas.

Another design implication refers to the violation of depth cues when persistently displaying awareness cues that
are behind an object and should therefore be occluded. This choice was made to ensure visibility of cues, even when

Manuscript submitted to ACM



14 Rasmussen et al.

Fig. 5. Config 1 depicts the camera configuration evaluated in the presented study. Config 2-4 show alternative examples of camera
configurations. Config 3 and 4 differ from our configuration in that they involve capturing only one work space area, or use only a
single camera.

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, who had moved behind the whiteboard, pointed out that it was confusing to see the Virtual Hand through
the whiteboard. 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 workspace areas were covered by the scene cameras. We argue that visualizing information about a thing or
person that is hidden from direct view through a physical obstacle can be useful for creating awareness during remote
collaboration. However, we recommend visualizing occluded communication and awareness cues distinctly to support
correct interpretation, e.g., using an "x-ray" mode.

6.2 Sensory modalities and attention

In our experiment, participants were given an artificial search task that would allow comparison of three different
awareness cue combinations. In this controlled study, no other tasks competed for the participants’ attention, which
was desired to avoid confounding factors. However, in a real remote assistance scenario, a local technician may be
simultaneously engaged in the task of repairing a machine, monitoring its status, and conversation with the remote
helper about how to repair said machine. Thus, their visual and/or auditory attention is divided between the domain task
and maintaining awareness of the helper. According to Wickens multiple resource model [34], tasks can be performed
better, when they are distributed across sensory modalities, because they compete to a lesser degree for the same
cognitive resources. This implies that redundant use of awareness cues - e.g. simultaneous use of Spatial Sound and
Color Cue - is 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 best for the task of locating the helper, and
vice versa, if the worker’s visual attention is occupied during a repair procedure, it may be best to use Spatial Sound.
Therefore, as future work it would be interesting to conduct a controlled study similar to the current one, but with
added physical tasks (e.g., assembly) that the worker must complete, while maintaining awareness of the helper. This
would allow us to better understand the benefits of simultaneous, redundant use of awareness cues and the reliance on
visual and auditory modalities under circumstances, where the physical domain tasks and awareness cues 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 [9] may provide further benefits. Nevertheless, this supposition remains for future work to verify.
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6.3 Camera configuration and calibration procedure

For the experimental task we distributed the scene cameras such, that each covered its own separate workspace area
within a large space. However, using our system we could also have explored other scene camera configurations. Some
examples are illustrated in Figure 5. We chose the current configuration (Config. 1 in Figure 5), 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 work space layout in an
actual remote assistance scenario in industry, e.g., when troubleshooting a large manufacturing machine. Config. 2 in
Figure 5 similarly describes a large workspace, with each camera covering a distinct area. Here all cameras are arranged
in an outside-in manner, pointing at different sides of a single, central machine. 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 (Figure 5), 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 slight change in perspective, but their focus of
attention remains the same, thereby strongly reducing the need for awareness cues. Finally, Config. 4 in Figure 5, shows
a single camera on one side of a room, providing the helper with a wide view of multiple areas or objects at various
distances. This scenario serves nicely to discuss some limitations of Spatial Sound and the Color Cue, since these only
provide information about the helper’s location in terms of the visited camera. However, since there is no clear mapping
between the helper’s location (camera position) and potential objects of interest, the helper’s focus remains ambiguous.
Nevertheless, Color Cue and Spatial Sound could be modified to be useful in such a scenario. For instance, the Color Cue
could map not only to cameras, but to particular areas in the task space. Further, 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.

The camera calibration process presented in this paper is tightly linked to the camera configuration that was explored.
Therefore, it addresses the challenge of supporting configurations, where cameras cover distinct, non-overlapping areas
by using the AR-HMD to track markers attached to the camera devices themselves. In contrast, camera calibration
processes for AR remote assistance commonly require that cameras track one central marker on the surface that is to
be augmented with annotations [3, 12]. In multi-camera systems, this marker must therefore be visible for all scene
cameras, so the cameras’ FoV overlap. Further, our approach supports ad-hoc recalibration when adding, moving, or
removing individual cameras. This extends on related work, where systems do not have built-in support for movable
scene cameras [12]. Our work also presents an alternative to the approach demonstrated by Piumsomboon et al. [24],
who track the pose of a movable 360-degree camera with an outside-in tracking system (HTC Vive). In comparison,
our system relies only on the inside-out tracking of the AR-HMD and is thus not restricted to a space with installed
tracking system and can quickly be setup in any space with good enough features for inside-out tracking.

7 LIMITATIONS AND FUTUREWORK

The presented work has several limitations that should be addressed in future work. Arguably our findings relate to our
specific experimental setup and our particular implementation of each awareness cue. Observations may well differ for
alternate 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) [33]. This may have especially affected search performance in the Virtual Hand Only condition. It
remains for future work to explore whether a larger FoV affects the worker’s awareness of visual cues.
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In respect to the design of our Spatial Sound, a participant suggested that it might be improved 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. This might be addressed by allowing 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!". However, such an approach may entail further challenges,
like poor audibility when the helper accesses a scene camera that is distant from the worker. Awareness is directly
supported by voice communication with localized sound, so that a worker can orient themselves based on the direction
from which the remote helper’s voice is heard. However, the study presented in this paper involved only artificial sound
cues and no voice communication to avoid confounding sound cues, since participants were 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 workspace 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 workspace 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
facilities will support locating them. Future work could aim to recreate this continuous transmission of the helper’s
change in location, e.g., by presenting an animation of a virtual character navigating from one area to another or by
displaying movement trajectories [13], 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 [6, 15], 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.

In regards to the user study, we made the deliberate choice to inform the participants about the number of visited
areas after each condition, because we wished to create a gamified, competitive experience that would encourage them
to do their best. Besides, nothing could stop participants from mentally counting the number of visited areas, so we
chose to instead make this explicit. However, this may introduce a confounding variable when evaluating preferences,
since participants might be inclined to prefer the condition in which they performed best, which may have contributed
to participants preferring Virtual Hand + Color Cue over the other conditions.

8 CONCLUSION

This paper proposes three AR awareness cues in a multi-camera remote assistance system, to help increase the worker’s
awareness of the helper’s location and focus during collaboration. In particular, we implemented a Virtual Hand,
reflecting the location of the camera viewed by the helper and his assumed focus, as well as a Spatial Sound cue and a
Color Cue, which help the worker locate the camera viewed by the helper. We evaluated these cues 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 insights on awareness cues we aim to inform the design of future remote assistance solutions.
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