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Abstract Augmented Reality (AR) reduces the technicians’ cognitive effort mainly resulting
in both time and error rate reductions. Still, its application in remote assistance has not been
fully explored yet. This paper focuses on understanding the benefits of providing assistance to
a remote technician through AR. Augmented Reality for Remote Assistance (ARRA) has been
designed and developed for local novice maintainer to request assistance and communicate
with aremote expert. The remote expert can manipulate virtual objects, which are then overlaid
on the real environment of the novice maintainer. ARRA has been tested with the help of 60
participants. This involved performing an assembly/disassembly operation on a mock-up of a
piping system. The participants were remotely assisted through ARRA or video-call.
Quantitative spatial referencing error data has been collected. The results showed a 30%
improvement in terms of spatial referencing when utilising ARRA as remote assistance support
as opposed to video-call. Future studies should investigate into quantifying the improvements

due to other factors involved in remote assistance, especially language barriers and connectivity
Issues.
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1 Introduction

The increasing complexity of industrial machinery due to the constant push for improvements
in productivity and reliability of industrial facilities has provided a flourishing ground for
research and innovation [1]. Internet of Things, Digital Engineering, Smart Factory, Virtual
Reality, Digital Twins, Augmented Reality (AR) are only a few of the words utilised today for
describing approaches and technologies which could enhance and support the fourth industrial
revolution and take us to the nowadays well-acknowledged Industry 4.0 [2]. In this study, we
explore the utilisation of AR for Remote Assistance (RA) applications in maintenance. Several
definitions of AR are provided in the academy. The first and most widely recognized one has
been provided by Azuma in 1997 [3] and restated in 2001 [4]: “AR supplements the real world
with virtual (computer-generated) objects that appear to coexist in the same space as the real
world”, moreover an “AR system has the following properties: combines real and virtual
objects in a real environment, runs interactively and in real-time, registers real and virtual
objects with each other’s”.

Maintenance, Repair, and Overhaul (MRO) operations have a big impact on the lifecycle of
industrial equipment [5] and strongly rely onthe maintenance technician’s expertise [6]. In this
scenario, AR technology for remote assistance (RA) can potentially allow the “de-skilling” of
the remote maintenance operations and, at the same time, improve flexibility and costs of



maintenance [7]. The flexibility in the maintenance scenario is the capability of performing
MRO operations without specific skill-requirements, location constraints, and effective with
unexpected events [8]. The cost would be directly affected by avoiding the need for time
consuming and expensive maintenance training as well as traveling [9]. It is not uncommon
that machinery vendors are required to provide assistance in remote locations because their
technicians are better trained to perform MRO on the vendor’s product (industrial machinery,
tooling, instruments). Similar maintenance dynamics may occur also within different
departments of the same company. To provide such benefits, the ARRA tool should overcome
three main limitations of current RA technologies based on voice and video call support as
follows [10]:

1) Spatial referencing — identifying the correct location and orientations of the object in space
2) Communication barriers — language describing actions can be vague and ambiguous

3) Connectivity issues — relying on 4G or Wi-Fi internet connection can affect RA

This paper focuses on improving spatial referencing through the utilisation of AR for RA. The
authors developed an AR approach that puts in communication two technicians situated in
different locations: the expert and the novice. The novice here refers to the maintainer who
does not sufficiently know how to perform the maintenance task and requires support from the
expert (e.g. from the vendor). The AR approach has been callkd ARRA: Augmented Reality
for Remote Assistance. It is based on the assumption that the AR system can recognise and
track the objects in the Field of View (FOV) of the novice and that the CAD models of the
objects for MRO are available. ARRA allows in execution-time order: 1) the novice to request
assistance, 2) the expert to visualise virtually on his real environment, the objects to be MRO,
3) the expert to manipulate the virtual object to build a step-by-step MRO procedure 4) the
novice to visualize the step-by-step MRO procedure and 5) the expert to monitor the progress
of the MRO procedure. This paper is structured as follows. Section 2 provides the research
background and motivation. Section 3 describes ARRA: how it works and its technical
development. The detailed methodology for ARRA’s validation is described in Sect. 4. It
includes the description of the case study utilised (Sect. 4.1) and the quantitative test design
(Sect. 4.2). Analysis and results are reported in Section 5. Finally, the discussion of the results
and the conclusions and future works are proposed in Section 6 and 7, respectively.

2 Background

AR for MRO applications has been widely explored by academics and the benefits that AR
technology could bring to the industrial environment are mainly: time reductions, error
reductions, cognitive load reduction, training reduction, cost reduction [11-13]. AR
applications specific for RA in maintenance, on the other side, have been investigated and
proposed only by the 8% of the academic studies of AR in maintenance [11]. It is worth to
mention that some studies, rather than talking about “remote assistance”, utilise the words
“tele-presence”, “tele-assistance” or “tele-maintenance” to indicate the capability of providing
support to remote operators through the utilization of AR or other technologies (VR, the Cloud,
Computer) [14-16]. Reference [17] in 2014, proposed a client-server AR system which allows
the remote expert to overlay symbols and written instructions over the real internal combustion
engine where a remote novice maintainer is carrying out the maintenance operation. This
application has been designed for increasing customer satisfaction, cut costs, and allow rapid



intervention always considering low connectivity. Reference [18] in 2015, attempted to utilise
Mobile Internet Devices (MIDs) such as smartphones to remotely acquire data on a machine
(equipped with its electronics and monitoring sensors) and apply corrective actions if required.
The corrective actions can be suggested by the remote manufacturer or maintainer by means of
AR annotations and/or directly modifying the machine parameters. This method requires a
gateway architecture that is not always available and applicable only on heavily electronics
equipped machinery. Reference [18] in 2015, developed and compared three remote support
systems: Sketch3D, Point3D, and Demo3D. The utilisation of Demo3D resulted in the shortest
completion time of the assembly task selected in the study. The system enabled the remote
expert to manipulate a virtual object through the utilisation of a Head-Mounted Display (HMD)
and atracked mouse. The final configuration of the virtual replica was then overlaid onthe real
environment of the novice remote maintainer who could take advantage of the invariant spatial
referencing of AR and verify the proper alignment of the real objects. Nevertheless, it did not
consider this solution applicable to complex maneuvers. In 2017, another example of RA
through AR that connects the cloud-based system to the assembly plant was demonstrated
[19]. The MTBF of the machines to be maintained was calculated through an automated
analysis of the maintenance logs and sensors data. If there is a requirement for preventive
maintenance, the technician on the plant can then request assistance. The maintenance
department is able to build a maintenance report which includes AR scenes, animations, and
structions. These are generated through a “smart dis/assembly algorithm”. More specifically,
the animations were built through the analysis of the physical constraint on CATIA. For
instance, once the object to be maintained has been identified, the CAD model was
automatically analysed on CATIA and the components’ DOF were evaluated. If a component
can move in at least one direction without colliding with other components, it can be
disassembled. This solution overcomes communications barriers and provides an interesting
attempt to automate, and hence, solve one of the main issues of the imple mentation of AR in
maintenance: the AR contents creation [20-22] . Still, we believe it is slightly too simplistic.
The solution was not only unable to provide different solutions for the same problem, but also
it did not consider unpredicted events and did not take advantage of the human experience
which is essential in maintenance [6].

The AR solutions for RA described testifying the effort in pushing forward the utilisation of
AR. Still, it is not clear how much benefit could we expect from its implementation. For this
reason, in this paper, the authors will attempt to quantify the expected spatial awareness
benefits resulting in the utilisation of AR for RA.

3 ARRA

Augmented Reality for Remote Assistance (ARRA) is our proposed approach for overcoming
spatial referencing issues, which affect current RA technologies: video/voice all support, VR,
and AR. As anticipated, ARRA is based on two assumptions:
1) The system can recognise and track the object in the FOV of the remote novice
maintainer
2) The CAD models of the objects to be maintained are available.

The authors consider the assumptions plausible due to the recent advancement in image
processing, depth sensors, and CAD modelling [11, 23]. Figure 1 reports a schematic concept



of how ARRA works, what is the data flow, and what are the main processes involved. On the
left, the remote novice maintainer carries out a maintenance operation without having the
required knowledge. The initial current status (components positions and orientations) of the
object to be maintained is sent to the remote maintainer. The remote maintainer can visualise
the objects and virtually manipulate them. He performs the maintenance operation on the
virtual objects. This is sent back to the novice maintainer that visualises it overlaid on the real
objects. The novice can then follow the steps of the procedure while the expert is monitoring
the movements of the objects (3*) since the system is continuously sending the objects' current
status. At any stage of the assistance, both the expert and the novice can request to restart from
process 1*. This may occur in two main occasions:

1) The novice is not able to follow the overlaid procedure (2*)

2)  The expert has noticed something wrong in the movements of the object real-time (3*)
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Fig. 1. ARRA schematic concept and functionalities

The key to improving the spatial referencing with respect to video/voice supports lies in the
AR technology and the utilisation of the relative positions of the objects with respect to the
anchor marker located in both the novice and the expert environments. In order to provide a
better understanding of how ARRA works, the following sections will show a practical
example in Sect. 3.1 and the technical development details in Sect. 3.2.

3.1 ARRA: A Practical Example

This section reports a practical example of how ARRA works. The pictures utilised for
explaining ARRA have been taken during the validation tests and are utilised here to better
explain to how ARRA allows AR communication between the novice and the remote expert
maintainer, what information is transferred and how the novice maintainer becomes able to
perform a maintenance operation through ARRA. The validation tests and the case study will
be described in detail in Sect. 4.1. Two different environments are considered, for instance: the
novice’s shop-floor (Fig. 2a) and the expert’s desk (Fig. 2b). The novice environment includes:
1) an RGB camera facing the working area, 2) a laptop/display 3) the object to be maintained
and 4) the anchor marker. The image is taken from the novice’s point of view. Four markers
have been placed on the object to be maintained for easing the four components recognition
for testing purposes. The expert environment includes: 1) an RGB camera facing the same
direction as the expert, 2) a laptop, 3) the anchor marker and 4) the virtual manipulator tool.
The latter is a real object which, once recognised as the virtual manipulator through its marker,



allows to move and rotate virtual objects. It is worth to mention that, in both environments, the
RGB camera and laptop could potentially be substituted with an HMD. The description of the
example will now progress following the actual operation time sequence.

(b)

Fig. 2. Novice and expert environments when utilizing ARRA

Firstly, the novice approaches the object to be maintained and understood he is lacking the
knowledge necessary to carry out the maintenance operation, and thus, requests assistance
through the UI of the ARRA application on the display.

Uploading Procedure -
Completed

Server ||

Fig. 3. Expert scenario since receiving the request for assistance

The remote expert accepts the request for assistance and visualises the CAD models of the
object to be maintained. More specifically, the four objects recognized by the novice’s camera
(Fig. 2a) and their position and orientation with respect to the novice’s anchor marker, are



reproduced virtually on the experts’ screen maintaining the same relative position with the
maintainer’s anchor marker (Fig. 3a). The expert understands what maintenance operation has
to be carried out based on his/her expertise and places the virtual manipulator owver the virtual
component that has to be moved (Fig. 3b). Once he presses “Grab” (bottom left on Fig. 3Db),
the virtual component starts following the virtual manipulator movements. In Fig. 3c and Fig.
3d respectively, it was shown that the expert rotating the virtual manipulator and the virtual
component rotating as well. Also, on the top left of the expert’s screen (Fig. 3d), it is possible
to see the current action performed by ARRA: “Recording”. Please note, ARRA is not
recording the video information but only the object positions and orientations through time by
storing them locally. Once the expert has moved the object as required by the maintenance
operation, he can select “Release” (bottom right in Fig. 3d) and the information recorded was
uploaded on a cloud server database. The remote expert can now keep monitoring the
movements of the real novice’s objects through the virtual components on his/her display.

On the top left of the novice’s display, the statement “Playing Procedure x” is shown (Fig. 4Db).
All the objects that are positioned and orientated correctly will be overlaid with its own CAD
model colored in green. The component that has to be moved will be overlaid by its own CAD
model in red. The latter is animated owver the real one and moves as the expert has indicated
previously (Fig. 3). The novice can now proceed and move the real object as indicated by the
animation (Fig. 4c). Inthis specific case, the component has to rotate counterclockwise. Once
the position and orientation indicated by the expert are reached by the real component, the
overlaid CAD becomes green as shown in Fig. 4e. Both the novice and the expert can stop the
procedure at any time through the specific Ul button. For instance, the novice can stop it if, for
any reason, he is not able to follow the animation; the expert should stop it if, while monitoring
the movements of the virtual objects, he identifies an issue/mistake. It should be noted that
independently from the orientation and position of the anchor marker with respect to the
maintainer (novice and expert), the animations will always overlay on the correct object and
move through the correct directions since these are “recorded” referencing to the anchor marker
rather than the operator point of view. The novice should always address the correct component
to be maintained and move it towards the correct direction and therefore we expect the spatial
referencing to improve with respect to voice/video support technologies.

Playing Procedure 112

Stop Assistance 2 5

(b) (©)

Playing

Stop Assistance

(d
Fig. 4. Novice receives the remote supportthrough ARRA

3.2 Technical Development
ARRA schematic concept (Fig. 1) and practical example have been described in the previous



sections. ARRA approach formalises in an AR system constituted by hardware and software.
The hardware utilised is commercially available and can vary from one application to another
as long as suitable for allowing the actions described in Figure 1. The software has been
developed specifically for this study and the hardware utilised in this study.

Hardware

A G
Qumty

Software

Fig. 5. ARRA System Architecture

Figure 5 shows the system architecture utilised in this project. The novice maintainer is onthe
left and the expert remote maintainer is on the right. Both of them were equipped with an RGB
camera Logitech 1080, a laptop, and an anchor marker (3*, also described in sec 3.1). It is
worth to mention that the RGB cameras’ installation is different. The novice has it placed on
his forehead through a strip while the remote expert has it installed facing the whole desk from
a height of about 1.5 meters. This is because the novice should intuitively face the object to be
maintained (1*) while the expert does not know a priori where the object is located with respect
to the anchor marker and therefore, the whole desk needs to be in the FOV of the camera.
Moreover, the remote maintainer also needs to have the virtual manipulator tool (2*): an object
on which is placed the virtual manipulator marker. A different hardware solution utilising
HMD and hand gesture sensors could have been used to improve the AR experience and take
rid of the virtual manipulator hardware since the manipulation of the virtual objects could have
been done directly through the recognised hands. Unfortunately, the use of HMD would have
obstructed the validation tests by not letting the tests observers understanding what the tests
participants were experiencing. The hand gesture recognition, on the other side, would have
made easier the manipulation of the virtual object but required a more complex development
without providing any advantage in quantifying the spatial awareness which is the scope of the
study. The software for carrying on this study has been dewveloped in Unity 3D and takes
advantage of the Vuforia SDK for allowing the markers recognition. Rather than directly
recognising the objects the authors decided to place markers (10x10 cm) on the objects for
easing the validation test. The Unity application has been deployed for both Android and
Windows. It has two user login kinds: 1) requesting assistance (novice maintainer), 2)
providing assistance (remote expert). It is worth to mention that the software does not allow
video communication. The two maintainers communicate only using AR as described in the
practical example in Sect. 3.1. The server has been firstly located on a local machine by
utilising XAMPP: open-source cross-platform web-server solution. Then it has been moved to
a cloud server. The communication speed has not been affected due to the relatively small
amount of information required to be exchanged to run ARRA. Only two tables of 8 columns
are located on the server: 1) the Real Object DOF (RODOF), and 2) the Virtual Object DOF



(VOROF). Quantitatively, the novice writes only about 70 Bytes per half-second, per object in
RODOF. It corresponds to 6 numbers: 3 for the position and 3 for the orientation of the object
with respect to the anchor marker. The expert reads these 70 Bytes and writes about the same
amount of data on VOROF when manipulating the virtual object. In summary, considering 5
objects, the uploaded data goes from about 140 Bytes to 1.5 KB per second which is low
compared to video-call support (300 KB/s for no HD). The architecture proposed in this
section/project is the one utilised for carrying out the validation tests and therefore complies
with the test observation requirements.

4 TestDesignand Methodology

ARRA has been described in Sect. 3, both schematically and through a practical example.
Among the expected benefit in the utilisation of ARRA compared to video-call support for
remote maintenance, the author intended to validate the improvement in terms of spatial
referencing.  To validate ARRA, the authors proceeded with the following three steps:

1) Quantification of the spatial referencing errors occurring when performing a
maintenance operation supported through ARRA. The errors have been divided into
three Kkinds:

a. Component identification
b. Component moving direction (for both translations and rotations)
c. Components coupling

2) Quantification of the spatial referencing errors occurring when performing the same
maintenance operation as Step supported through “video-call support”.
3) Comparison between 1 and 2.

The case study and therefore the maintenance operations utilised for testing purposes are
reported in Sect. 4.1. The validation steps 1 and 2 have been calculated utilising the test
described in the following Sect. 4.2. The results have then been compared (step 3) and are
shown in Sect. 5.

4.1 Validation Case Study

This section describes the case study utilised for validation purposes. The quantitative
validation process is then described in detail in sec 4.2. The authors decided to utilise, as a case
study, an operation that presents symmetries and difficulties in spatial referencing due to the
resemblance of its component. Moreover, the case study had to comply with the following
requirements:

1) Hard-copy manuals availability

2) Sufficient task complexity

3) Suitable dimensions for the available lab

4) Low occurrence maintenance hence suitable for the application of AR [11]

5) 3D printed simplified mock-up manufacturability

Therefore, it has been chosen to utilise complex hydraulic/pneumatic piping systems. These
kinds of assemblies are common in the oil & gas industry, pharmaceutical plants, energy
factories but not only.



Fig. 6. Examples of piping systems in the industry

Fig. 6 shows two examples of piping systems in the industry. On the left (a), the piping system
of a chemical tanker [24], on the right (b) a UPW Installation using PVDF Piping [25]. For
performing ARRA’s validation test and quantify the improvements in terms of spatial
referencing, the mockup shown in Figure 7 was 3D printed and assembled.

(©) (d)
Fig. 7.3D printed mock-up of piping system for validation purposes

Starting from Fig.7a, the mock-up consists of a piping system built utilizing '2” PVC pipes
connected through 90 degrees elbows and tees. The piping path has been designed to have
symmetries with respect to the two main piping directions. This has been done to add
complications in terms of spatial referencing. Five “boxes” are visible in the figure. The four
green ones will be called “locks” from now on. Each lock has a bottom component and a top
component. These have been 3D printed and simulate any component which needs to be
disassembled in order to be dismounted from its respective pipe. Each one of the four locks (A,
B, C, and D) has a different locking system for coupling the top component with the bottom



one. The grey box in the middle is the anchor marker support. In Fig. 7b, the markers for
allowing object recognition has been applied. Moreover, lock C is opened (top and bottom
component are separated) and it is possible to see its internal path. The latter is better shown in
Fig. 7c. Locks C and A are opened and laid on the table (on the right). Locks B and D are
closed and vertically shown on the left. Similarly, to the shaft-hole coupling, in this mock-up,
the authors have designed the locks to have keys (indicated as Ckl1and Ck2 for lock C, as Akl
and Ak2 for lock A) and paths/holes (indicated as Cpl and Cp2 for lock C, as Apl and Ap2
for lock A). There is only one possible way to assemble the two components of each lock. For
instance, Ck1 diameter can only get into Cpl. Finally, in Fig. 7d showed an example of a defect
that has to be fixed and lies under lock D. The locks have been designed in CATIA V5 and 3D
printed in PLA utilising the Ultimaker 2 printer. A material depositing head of 0.8mm and
layers of 0.6mm is utilised.

4.2 Quantitative Validation Test Methodology

This section describes the method utilised for quantifying the spatial referencing error
reduction due to the utilisation of ARRA in comparison with video-call support.

Firstly, the quantification of the spatial referencing errors has been carried out separately for
ARRA and video-call support utilising respectively the method schematically described in Fig.
8 and Fig. 9. Then the results were statistically analysed and compared for calculating the
spatial referencing reduction. Following the timeline, on the top left, the participant is asked to
read and sign the consent form as well as providing demographical data. The latter is used only
for a qualitative analysis of the sample and does not affect the test results. The participant was
then identified as a “novice” and was positioned in front of the assembly to be maintained (as
in Fig. 4a) and introduced to ARRA by the observer. He could then request for assistance
through ARRA, receive the procedure remotely built by an expert, and carry out the
maintenance operation. The possible maintenance operations were eight and consisted of the
assembly and disassembly of the four locks.
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Fig. 8. Schematic representation of spatial referencing errors quantification test for ARRA
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During maintenance operations, the observer will collect the spatial referencing information.

The spatial referencing errors collected in this test can be of three kinds:

1)  Worong object identification
2)  Wrong object direction

3)  Wrong lock coupling (only applies assembly operations)



The first one occurred when the participant, after receiving the procedure, puts his hands on
the wrong lock. The second one occurred when the component of the lock was moved towards
an incorrect direction or rotated in the opposite sense. The last one consisted of associating the
chosen top component of a lock with the bottom component of a different lock (only applies to
assembly operations). The observer collected the data by filling a specifically designed form
with a fixed multiple choice. For each of the spatial errors mentioned above, the observer can
also choose among two descriptors: “opposite” and “other”. The “opposite” was utilised when
the participant:

1)  Identifies the opposite component (with respect to the axis of symmetry), or

2)  Moves the object in the opposite direction

3)  Couples the top component with the bottom component of the opposite lock

The “other” was utilised when the participant made a different kind of spatial referencing error.
The “correct” was used when no spatial referencing error was made by the participant. The test
was completed once the maintenance operation was carried out. The novice participant can
now become a remote expert and provide assistance to the next novice participant. Taking
advantage of the knowledge the first novice acquired during his test, providing him with more
information about the assembly though a hardcopy manual, and showing him how the remote
expert interface of ARRA works he is now able to virtually manipulate the locks as a remote
expert. The spatial errors collected were compared with the one occurring when the same
maintenance procedures were performed through video-call support. In this case, a new
participant was placed in front of the assembly and was provided with an RGB camera for
video-calling support. The orientation of the camera and the position of the participant with
respect to the assembly were random. The randomness was eased by the utilisation of a round
table as a working area. On the other side, the expert was a participant that has already done
the test as a novice who, moreover, was provided with the hardcopy manual. The observer
collects the same data collected for quantifying the spatial errors considering ARRA support.
The data collected in both scenarios were compared to calculate the final spatial errors
reduction due to the utilisation of ARRA vs. video-call support. Table 1 is provided as an
extract of the complete table of data collected during the tests.

Table 1.Exract of the complete datasettable utilised for further analysis

‘ Participant ID Remote Assistance Operation ID Spatial Error Kind

. Reference
1 ARRA 4 Correct Identification
1 ARRA 4 Opposite Direction
32 VIDEOCALL 3 Other Coupling
32 VIDEOCALL 5 Correct Coupling
34 VIDEOCALL 7 Other Coupling
3 ARRA 1 Correct Identification
4 ARRA 8 Correct Direction
45 VIDEOCA LL 1 Opposite Identification
15 ARRA 6 Correct Coupling

In agreement with the methodology described in this section, Table 1 presents five columns.
The first one lists the participant 1D. The second column lists the method utilised for RA. The
third column represents the operation carried out by the participant. These have been divided
in 1-4 for disassembly and 5-8 for assembly of the four locks. The “spatial reference” and “error



kind” columns report the data collected by the observer. For instance, in the first row,
participant “1” correctly identified the object to be maintained in performing operation “4”.
The same participant has then wrongly moved the object in the opposite direction as reported
in the second row. Participant “1”” has been supported remotely through ARRA. The analysis
of the data and the results are reported in Sect. 5. The test aimed to quantify the improvement
in terms of spatial referencing when performing a maintenance operation remotely supported
by ARRA vs. video-call. A total of 60 participants (42 male /18 female) took part in this study.
These included students and research staff from Cranfield University with higher education
and/or engineering backgrounds as well as not academic people with no engineering
background in a 50/50 ratio. Half of them performed the maintenance operation supported by
ARRA; the other half were supported by videocall The average age was 27.9 (M=21, 33,
SD=3.48). Half of them performed the maintenance operation supported by ARRA,; the other
half were supported by video-call. On average, each participant carried out 3 of the 8
operations/tasks available. Each participant test took from 30 to 60 minutes for completion and
all the data collected has been stored in compliance with Cranfield University research ethics

policy.

5 Analysis and Results

The data has been collected utilising the methodology described in Sect. 4.2, and transcribed
in a dataset shown in Table 1. The full table comprises of 450 rows. This number can be also
calculated as reported in Equation (1); where N is the number of rows, P is the number of
participants, O is the operation performed by the participant, and E is the average number of
error Kinds.

N=PxOxE Q)

From the equation abowve, the number of participants is 60, the operations performed by each
participant for testing purposes were 3 and the average number of error kinds was 2.5. The
latter was because, as already explained, for disassembly operations 1-4,the error kinds were
2: identification and direction. For assembly operations 5-8, the error Kkinds were 3:
identification, direction, and coupling. Therefore, considering that each operation has been
tested the same amount of time, the average is (2+3)/2 = 5.

To examine if a significant association exists between the RA methods utilised (ARRA vs.
video-call) in terms of the amount of spatial referencing errors, it is required to perform a
statistical test. Due to the nature of the sample, the authors decided to perform Pearson’s chi-
squared test. The sample is in fact, complies with the two test required assumptions:

1) The two variables should be measured at an ordinal or nominal level

2) The two variables should consist of two or more categorical, independent groups.

The first assumption is verified since ARRA and video-call variables are measured ata nominal
level through three categories that do not have an intrinsic order: correct, opposite, and other.
The second assumption is verified since the two variables ARRA and video-call are two
independent groups since the utilisation of one excludes the utilisation of the other. The result
of Pearson’s chi-square test is that there is a statistically significant association between ARRA
and video-call, ¥2(2) = 72.68,p <0.05. The overall significant effect ofthe utilisation of ARRA
considering all the operations is shown in Fig. 10.
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Fig. 10. Overall percentages of spatial referencing errors

Figure 10 shows that, when utilising ARRA, 96.43% of the tests resulted in “correct” spatial
referencing. Only a small percentage of them resulted in other spatial referencing errors. On
the other side, about 66% of the tests supported by video-call were performed correctly. About
20.5% of the tests resulted in presenting the spatial error defined as “opposite”.
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Fig. 11. Spatial referencing errors by kind: (a) identification, (b) directional, and (c) coupling
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Fig. 12. Spatial referencing errors collected for disassembly and assembly operations

It occurred when the participant:
1) identified the lock located in the opposite position with respect to the assembly
symmetry,
2) moved the component in the opposite direction to the one he was expected to,
3) intended to couple the top component of a lock with the opposite bottom of another lock.

Moreover, about 14% of the tests resulted in other kinds of spatial referencing errors. Overall
ARRA results in a30% (correct-correct) improvement in terms of spatial referencing compared
to video-call. For further understanding of the correlation between the errors and the operations,
it has been found useful to plot the bar-chart of each “error kind” separately. These are shown
in Fig. 11. It is worth to notice that ARRA performed perfectly (100% correct spatial
referencing) for the identification of the objects (a) and the coupling (c) between the top and
bottom components of the locks. About 9% of spatial errors were made in terms of moving
directions (b). Furthermore, the authors investigated if the kind of operation (assembly or
disassembly) affected the spatial referencing results (Fig. 12). Even though there is not a huge
difference for ARRA in supporting an assembly or a disassembly operation, we can notice that
video-call support results in slightly different outcomes. More specifically, for the disassembly
operations, video-call support resulted in more “opposite” spatial errors than “other” (33% vs
8.7%). For assembly operations the percentages are inverted: 12% “opposite” vs 17% “other”.
Finally, each of the 8 operations has been plotted separately. Figure 13 reports the 4
disassembly operations.
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In Fig. 13, the test, which utilised ARRA for disassembly operations (1-4) resulted in near-zero
spatial errors. Only operation 2 (b) presents “other” spatial errors. Figure 14 reports the 4
assembly operations, each with the associated percentage of errors. As already shown also by
Fig. 12, ARRA performed worst for assembly operations never reached the 100% correct
spatial referencing

6 Discussion

This section reports the discussion about the study methodology and results. The authors’ intent
in developing ARRA was to provide augmented reality support for RA. Moreover, the study
focuses on quantifying the improvement in terms of spatial referencing due to the utilization
of ARRA vs video-call support for maintenance. ARRA is based on two assumptions:
1) The system is able to recognise and track the object in the FOV of the remote novice
maintainer.
2) The CAD models of the objects to be maintained are available.

The participants have been remotely assisted through ARRA or video-call support.
Quantitative spatial referencing errors data has been collected. The results have shown a 30%
of improvement in terms of spatial referencing when utilising ARRA as remote assistance
support vs video-call support. These improvements have been found to be due to an increase
of spatial awareness. The AR system efficiency, in fact, is invariant with respect to the
technician Point Of View (POV) since it relies only on the real environment configuration. The
video-call support, on the other side, relies on the ability of the technicians to communicate
and to understand each other’s POV.

The authors consider these assumptions plausible due to the recent improvements in image
processing, object tracking and recognition, and hardware (processors and sensors) [11, 23].
ARRA has been described in Sect. 3 through a practical example and technical development.
Even though in this study the authors utilised some specific hardware and software solutions,
ARRA can be developed and implemented differently. Considering the fast advancement of
the technology related to AR it could be useful to exploit the utilisation of depth sensors for
the recognition of the objects. Moreover, an HMD would be more suitable for industrial
applications. It could not be utilised in this study only for validation reasons. The observer of
the empirical tests that have been carried out needed to clearly understand the evolvement of
each test for collect the data required for assessing the spatial referencing improvements.

This study focuses on quantifying the spatial referencing errors occurring when utilising ARRA
vs. video-call support for RA. The methodology utilised for the empirical tests took inspiration
from similar studies [26][27][28]. The case study utilised, even though apparently might not
seem complex, hides several challenges. First of all, the full assembly presents symmetries and
similitudes. All the components have the same external shape and color and, therefore, are
difficult to be identified through voice indications or hard-copy manuals. Moreover, every one
of the 4 locks has a different unlocking system. All together comprise X, Yy, and z translations
and z rotation. The tests were planned carefully and the small space was given to subjectivity.
The observer was provided with multiple-choice forms and a detailed schematic process for
carrying on the tests. Regarding the results, ARRA performed always better than video-call
support in terms of spatial referencing. This is because AR relies on the spatial references
recognised by the software and is invariant with the orientation of the camera. Video-call



support, on the other side, relies on the voice communication between the expert and the novice.
The reference system, which is in the expert mind might be different from the one of the novice.
For instance, if the expert indicated to grab “the object on the right”, the novice might have
grabbed the object, which was at his right. Sometimes this resulted in grabbing the correct
object, but sometimes not. This is the reason why, for all the operations (see Fig. 13 and Fig.
14), video-call support always presented an unneglectable percentage of spatial referencing
errors of the kind “opposite”. Furthermore, from the types of errors: identification, direction,
and coupling (Fig. 11), we can see that ARRA only resulted in spatial errors within the direction
category. It means that, when ARRA support indicated a direction of movement for any object
i any operation, it resulted in a 10% error of the kind “other”. In other words, the participant
did not move the object towards the correct direction and not even the opposite direction. He
moved the object towards a completely different direction. The authors found a plausible
justification thanks to Fig. 13b. The latter shows that within the 4 disassembly operations, only
operation ‘2” presented directional spatial errors when utilising ARRA. Operation ‘27
consisted of the disassembly of the top component of lock B (see Fig. 7a). It was done by
rotating the top component around the “Z” axis and was also reported in the practical example
in Fig 4. Due to the inclination of the camera with respect to the assembly, the rotation was
sometimes (10% of the time) confused with a pulling movement and therefore resulted in a
spatial referencing error.

7 Conclusion and Future Work

This study proposes Augmented Reality support for Remote Assistance: ARRA. ARRA allows
a remote expert to visualise in real-time the novices’ maintenance problem and guide him
through the solution. The remote expert can build step by step procedures through the virtual
manipulation of the virtual objects and overlay the procedures into the real novice’s working
environment. Among the challenges in remote assistance, ARRA attempts to overcome the
spatial referencing issues. These can be seen as the difficulties the remote expert has in
explaining the novice what he has to do without knowing his spatial references and having full
control of the maintenance environment. Therefore, ARRA has been tested and validated
considering three spatial referencing errors: 1) the identification of the objects, 2) the
movements of the objects, and 3) the coupling of two objects. The case study utilised was a
mock-up of a piping system. The comparison of ARRA was made with remote assistance
through video-call. The results indicated an overall improvement of 27% in terms of correct
spatial referencing operation when utilising ARRA in comparison with the video-call.
Moreover, ARRA performed perfectly when considering identification and coupling errors.
The tests regarding the direction of the objects, on the other side, showed an unneglectable
percentage of errors of about 10%. Further research needs to investigate if the utilisation of
HMD and a more advanced Ul in ARRA could overcome directional spatial referencing errors
and close to 100% of correct operations for similar assemblies.

Acknowledgements

This research is sponsored by HSSMI — High Speed Sustainable Manufacturing Institute
available at https//www.hssmi.org.



References

1.

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

Zhu, J., Ong, SK., Nee, A.Y.C.: A context-aware augmented reality systemto assist the maintenance
operators. Int. J. Interact. Des. Manuf. 8, 293-304 (2014). https://doi.org/10.1007/s12008-013-0199-7.
Masoni, R., Ferrise, F., Bordegoni, M., Gattullo, M., Uva, A.E., Fiorentino, M., Carrabba, E., Di Donato,
M.: Supporting Remote Maintenance in Industry 4.0 through Augmented Reality. Procedia Manuf. 11,
1296-1302 (2017). https://doi.org/10.1016/j.promfg.2017.07.257.

Azuma, R.T.: A survey ofaugmented reality. Presence Teleoperators Virtual Environ. 6, 355-385 (1997).
https://doi.org/10.1162/pres.1997.6.4.355.

Azuma, R. et al.: Recent Advances in Augmented Reallity. IEEE Comput. Graph. Appl. 34—47 (2011).
Abramovici, M., Wolf, M., Adwernat, S., Neges, M.: Context-aware Maintenance Support for Augmented
Reality Assistance and Synchronous Multi-user Collaboration. Procedia CIRP. 59, 18-22 (2017).
https://doi.org/10.1016/j.procir.2016.09.042.

Neumann, U., Majoros, A.: Cognitive, performance, and systems issues foraugmented reality applications
in manufacturing and maintenance. Proc. - Virtual Real Annu. Int. Symp. 4-11 (1998).
https://doi.org/10.1109/vrais.1998.658416.

Haritos, T., Macchiarella, N.D.: A mobile application of augmented reality for aerospace maintenance
training. ~ AIAA/IEEE Digit. Avion.  Syst.  Conf. - Proc. 1, 1-9  (2005).
https://doi.org/10.1109/DASC.2005.1563376.

Mura, M.D., Dini, G, Failli F.: An Integrated Environment Based on Augmented Reality and Sensing
Device for Manual Assembly Workstations. Procedia CIRP. 41, 340-345 (2016).
https://doi.org/10.1016/j.procir.2015.12.128.

Funk, M., Kritzler, M., Michahelles, F.: HoloCollab: A shared virtual platform for physical assembly
training using spatially-aware head-mounted displays. ACM Int. Conf. Proceeding Ser. (2017).
https://doi.org/10.1145/3131542.3131559.

Oda, O., Elvezio, C., Sukan, M., Feiner, S., Tversky, B.: Virtual replicas for remote assistance in virtual
and augmented reality. UIST 2015 - Proc. 28th Annu. ACM Symp. User Interface Softw. Technol. 405—
415 (2015). https://doi.org/10.1145/2807442.2807497.

Palmarini, R., Erkoyuncu, J.A., Roy, R., Torabmostaedi, H.: A systematic review of augmented reality
applications in  maintenance. Robot. Comput. Integr. Manuf. 49, 215-228 (2018).
https://doi.org/10.1016/j.rcim.2017.06.002.

Nee, A.Y.C,, Ong, S.K., Chryssolouris, G, Mourtzis, D.: Augmented reality applications in design and
manufacturing. CIRP Ann. - Manuf. Technol. 61, 657-679 (2012).
https://doi.org/10.1016/j.cirp.2012.05.010.

Van Krevelen, D.W F., Poelman, R.: A Survey of Augmented Reality Technologies, Applications and
Limitations. Int. J. Virtual Real. 9, 1-20 (2010). https://doi.org/10.20870/ijvr.2010.9.2.2767.

Wang, X., Love, P.ED., Kim, M.J., Wang, W.: Mutual awareness in collaborative design: An Augmented
Reality integrated telepresence  system.  Comput. Ind. 65, 314-324 (2014).
https://doi.org/10.1016/j.compind.2013.11.012.

Wang, M.J., Tseng, C.H., Shen, C.Y.: An easy to use augmented reality authoring tool for use in
examination  purpose. IFIP  Adv. Inf. Commun. Technol. 332, 285-288  (2010).
https://doi.org/10.1007/978-3-642-15231-3 31.

Bottecchia, S., Cieutat, .M., Jessel, J.P.. T.A.C: Augmented reality system for collaborative tele-
assistance in the field of maintenance through internet. ACM Int. Conf. Proceeding Ser. (2010).
https://doi.org/10.1145/1785455.1785469.

Bordegoni, M., Ferrise, F., Carrabba, E., Donato, M. Di, Fiorentino, M., Uva, A.E.: An application based
on Augmented Reality and mobile technology to support remote maintenance. Conf. Exhib. Eur. Assoc.
Virtual Augment. Real. 1, 131-135 (2014). https://doi.org/http://dx.doi.org/10.2312/eurovr.20141351.
Cologni, A.L., Fasanotti, L., Dovere, E., Previdi, F., Bonfanti, S., Owen, F.C.: Smartphone based video -
telemetry logger for remote maintenance services. IFAC-PapersOnLine. 28, 822-827 (2015).
https://doi.org/10.1016/j.ifacol.2015.06.185.

Mourtzis, D., Vlachou, A., Zogopoulos, V.: Cloud-based augmented reality remote maintenance through
shop-floor monitoring: A product-service systemapproach. J. Manuf. Sci. Eng. Trans. ASME. 139, 1-11
(2017). https://doi.org/10.1115/1.4035721.

Erkoyuncu, J.A., del Amo, LF., Dalle Mura, M., Roy, R., Dini, G.: Improving efficiency of industrial
maintenance with context aware adaptive authoring in augmented reality. CIRP Ann. - Manuf. Technol.
66, 465-468 (2017). https://doi.org/10.1016/j.cirp.2017.04.006.

Csurka, G., Kraus, M., Laramee, R.S., Richard, P., Braz, J.: Computer Vision, Imaging and Computer



22.

23.

24.

25.

26.

27.

28.

Graphics — Theory and Applications. Springer Berlin Heidelberg (2012).

Knopfle, C., Weidenhausen, J., Chauvigné, L., Stock, L.: Template based authoring for AR based service
scenarios. Proc. - [EEE Virtual Real. 237-240 (2005). https://doi.org/10.1109/vr.2005.1492779.

Yu, L., Ong, SK., Nee, A.Y.C.: A tracking solution for mobile augmented reality based on sensor-aided
marker-less tracking and panoramic mapping. Multimed. Tools Appl. 75, 3199-3220 (2016).
https://doi.org/10.1007/s11042-014-2430-3.

Wikikart99: Piping ystem on a chemical tanker,
https://commons.wikimedia.org/wiki/File:A UPW Installation_using PVDF Piping.png, last accessed
2020/09/03.

Cozanet, H.: A UPW Installation using PVDF Piping,
https://commons.wikimedia.org/wiki/File:Piping_system on_a chemical tanker.jpg, last  accessed
2020/09/03.

Tang, A., Owen, C., Biocca, F., Mou, W.: Experimental evaluation of augmented reality in object
assembly task. Proc. - Int. Symp. Mix Augment. Reality, ISMAR 2002. 265-266 (2002).
https://doi.org/10.1109/ISMAR.2002.1115105.

Fiorentino, M., Uva, A E., Gattullo, M., Debernardis, S., Monno, G.: Augmented reality on large screen
for interactive ~ maintenance instructions.  Comput. Ind. 65, 270-278 (2014).
https://doi.org/10.1016/j.compind.2013.11.004.

Henderson, S., Feiner, S.: Exploring the benefits of augmented reality documentation for maintenance
and repair. IEEE Trans. Vis. Comput. Graph. 17, 1355-1368 (2011).
https://doi.org/10.1109/TVCG.2010.245.



BIOGRAPHIES

Riccardo Palmarini completed his PhD from Cranfield University in 2019 and currently works as an Instrument
and Automotion Engineer at TechnipFMC. Riccardo also completed an MSc at Cranfield University in Aircraft
Vehicle Design. His PhD project focused on developing Augmented Reality (AR) based visualisation system to
support with thedelivery of maintenance and\or manufacturing.

Iiiigo Fernandez del Amo completed his PhD at Cranfield University in 2020 in Augmented Reality for
Maintenance. His primary interest is in how Augmented Reality systems can capture knowledge from maintainers
to provide sustainable efficiency improvements. Ifiigo graduated last year from a double-degree in Industrial
Engineer and Manufacturing Consultancy between the Polytechnic University of Madrid (UPM) and Cranfield
University. He has won the Cranfield Vice-Chancellor’s Prize 201 7 for the most outstanding M Sc student.

Dedy Ariansyah completed his PhD from Politecnico di Milano in 2018 in methods and tools for product design
and held a post-doctoral position in Augmented Reality (AR) and Virtual Reality (VR) development for
manufacturing and maintenance until 2019. He currently holds a research fellow position at Cranfield University
since 2019 in AR for Through-life Engineering. His current research is funded by EP SRC under Digital T ookkit
for optimization of operators and technology in manufacturing partnerships (DigiTOP) project. His work is focused
on the integration of Digital Twin and AR, including the Human Factors aspect.

John Ahmet Erkoyuncu completed his PhD from Cranfield University in 2011 in uncertainty modelling for
maintenance and completed and MSci degree in Applied Statistics from Imperial College London. Since 2020, John
is a Professor of Digital Engineering in Digital Service Engineering at Cranfield University. John is active with
Innovate UK and EPSRC funded projects in the UK around research topics: digital twins, augmented reality,
digitisation (of degradation assessment), and simulation of complex manufacturing and maintenance procedures.
Prof. Erkoyuncuhas published over 100 conferenceandjournal papers in intemationally leading venues. John isa
Chartered Engineerand a Member of IET.

Professor Rajkumar Roy is the Dean of School of Mathematics, Computer Science and Engineering at City,
University of London. He joined City, University London from Cranfield University, where he was Director of
Manufacturing. Professor Roy holds a PhD in Computing from the Univ ersity of Plymouth (UK) and BEng and
MEngdegrees in Production Engineering from Jadavpur University in India. He started his career as an engineer
at Tata Motors; pioneered research in Through-life Engineering Services (TES) with Rolls-Royce, BAE Systems,
Bombardier Transportation, the Ministry of Defence and Babcock International; and established an
internationally known TES Centre. Professor Roy's cost engineering and obsolescence research has transformed
contemporary understanding of the engineering effort required to design, make and support high-value products,

resulting in tools used by BAE Systems, Airbus, the Ministry of Defence, Rolls-Royce, and Ford Motor Company. Professor Roy is a Founding

Editor-in-Chief ofthe Elsevier Applied Soft Computing journal and a Fellow of the CIRP (Intemational Academy for Production Engineers),
the Institution of Engineering and Technology (IET), the Institute of Engineering Designers (IED), and the Higher Education A cademy (HEA).



