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Abstract. Augmented reality-based digital assistance systems have proven their
potential to support with instructions considering numerous application scenarios
in the product life cycle. For the maintenance of machines and plants, however,
their use becomes particularly efficient if the diagnosis at the operator's site can
be effectively supported, so that the service provider and his experts can make
accurate diagnoses for this maintenance job, plan the execution including the
spare parts logistics precisely, and document as well as billing the maintenance
case with low effort. For this purpose, a modular digital assistance system is pre-
sented that provides support adapted to the process phases.
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1 Introduction and Motivation

Performing maintenance and repair work with efficient processes and tools is a key
success driver for their providers and users. For ship maintenance, for example, there
are usually only short time intervals available when the ship is in port for loading and
unloading. If not all the required spare parts are available in this narrow time window,
a further journey by the service technician becomes necessary, as delays lead to increas-
ing costs and decreasing customer satisfaction with the service [1]. An early assessment
of the defect enables the service technician to plan the work in detail in advance and to
schedule the necessary spare parts. In addition, all the relevant information must be
readily available on site and subsequently documented in a structured way with mini-
mum effort. This increases transparency for the customer and enables internal evalua-
tions to improve service quality control loops.

Digital assistance systems represent an established means of process optimization in
the described field. A special form of assistance systems are augmented reality-based
systems, which are being intensively developed in research both for assembly [e.g. 2,
3, 4] and for maintenance [e.g. 5, 6]. Remote support receives a particular emphasis in
numerous industrial applications, as it supports inexperienced users through contact
with experts in the control center, leveraging visual cues and audio instructions during
maintenance execution [e.g. 7, 8].

The following section presents a more comprehensive end-to-end approach that sup-
ports the entire order processing, from diagnosis to work documentation, and is based



on the assumption that it will be carried out by experienced service technicians, thus
setting different priorities compared with "classic” remote support solutions. The hard-
ware primarily used for this purpose are tablets and smartphones, as they are familiar
to potential users and in this case offer greater potential than hardware found in the
hands-free environment. The article firstly clarifies the individual phases of the mainte-
nance process using a ship engine as example and presents the necessary system archi-
tecture to support them. Subsequently, the implementation for the individual phases is
explained and the economic potential is demonstrated.

2 System Architecture

Different stakeholders on the customer and the service provider side are involved in
processing a maintenance order and they must be supported in different ways according
to their activities in the overall process. Those activities therefore give rise to require-
ments for the development and design of a holistic assistance environment, which
should be characterized by precise issue localization and continuous information flows
without media discontinuities.

2.1  Maintenance Order Processing and its Requirements

Figure 1 shows the exemplary processing of a maintenance order. The order is triggered
by the occurrence of a defect on the maintenance object, in this example a marine en-
gine. To do this, the service provider must first be supplied with symptoms presented
as extensively as possible.
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Fig. 1. Maintenance Order Processing

Then a diagnosis must be carried out so that corrective measures can be determined
correctly. At the same time, a maintenance order is generated to reference processing
and billing down the line. The service provider's technicians then organize the spare
part logistics and travel arrangements. Using the customer's symptom survey and the



maintenance history, the service technician carries out the case-specific work plan for
the maintenance task and documents working times, work results and special features.
Based on this, an activity log is created and confirmed by the customer as an elementary
part of the invoicing for the order and further case evaluation by the service specialist.
Numerous process reviews with service technicians and interviews with operations
managers have resulted in the following requirements with respect to the process above:

e Symptom recording. The less experienced onboard technician requires extensive
support in symptom recording by means of a predefined symptom hierarchy, if nec-
essary with example images or sounds. Furthermore, it must be possible to locate the
symptoms for unequivocal identification.

e Guidance. If this support is not sufficient, support of the onboard technician in the
form of remote support by experts from the service provider may be necessary. Nav-
igation instructions and guidance are required, e.g., to perform certain measure-
ments.

e Expert dialog. For the preparation of the maintenance execution, the location-spe-
cific knowledge of the symptoms is helpful. In difficult cases, the definition of re-
medial activities is already organized today via internal groups in relevant messen-
gers. This expert dialog can be further optimized by a joint case review in the 3D
model.

e Connection to spare parts catalog and maintenance history. The integration of
the assistance system into the corresponding corporate IT (in particular the spare
parts catalog and the maintenance history) is indispensable for end-to-end order pro-
cessing.

e Automated documentation and report generation. Today, the effort required to
log maintenance work is characterized by handwritten notes, photos and subsequent
the time-consuming compilation of the report. At the same time, this leads to high
expenses and a high error potential when preparing future maintenance measures on
the same machine. Hence, a reduction in effort must be achieved through partial
automation and structuring.

2.2 Platform Components

Augmented reality (AR) can be used for a location-based representation of work in-
structions, leveraging a digital assistance system that overlays real environments with
virtual content while maintaining a constant positional reference between those two and
allowing the user to interact with this virtual content in real-time [9]. The main reason
for using augmented reality in this context is to provide an intuitive and highly produc-
tive [4] environment for on-board technicians to perform diagnostic activities. How-
ever, for holistic process support, the system needs to be integrated into the corporate
IT, and needs to be optimized regarding the user interaction for the specific sub-pro-
cesses of maintenance. This applies in particular a diagnosis assistant, communication
via cooperation modules and extensive automation of reporting and documentation.
The overall system (Figure 2) for end-to-end maintenance assistance can be configured
in three main components for this purpose [10]:



o Creator. A desktop-based authoring system for effortless creation of augmented re-
ality-capable maintenance instructions. The creation of textual information is based
on templates, geometrical animations can be created automatically by the system but
as well individually with the help of an additional virtual reality (VR) module [11].

e Visualizer. An augmented reality-based diagnostic assistant for on-board techni-
cians to easily capture symptoms. Furthermore it serves as a digital service document
for service technicians to provide information during the execution as well as auto-
matic documentation for later reporting. At the same time it performs as a commu-
nication tool for live collaboration with a remote expert.

o Director. The server backend for the storage, provision and processing (especially
of collaborative real-time sessions) of both diagnostic and maintenance runs, that
serves as a connector to the company's internal spare parts management, mainte-
nance history and business order processing. It provides extended functions for the
conversion of existing documents as well as for the preparation of 3D models for the
Creator and Visualizer (especially VR / AR specific).
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Fig. 2. DIA Platform [10]
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3 Diagnostic Assistant for On-Board Technicians

In order to provide the service technician with a precise view of the maintenance
task as comprehensively as possible in advance, the on-board personnel must be ena-
bled to describe the problem with the highest feasible accuracy. Therefore the diagnos-
tic assistant (Figure 3 right) can be supplied directly with the corresponding component.
A classic aid for this purpose are fault or symptom catalogs [12], which can be linked
to the underlying geometry as possible component attributes for the assistance system
and can then be selected in the assistance system via selection menus, if necessary en-
riched with example images or typical noise samples. In addition, it is possible to create
photos or sound recordings of the respective case using the assistance system, whereby
the exact location of the recordings / measurements / photos are documented due to the
(AR) tracking of the system. This diagnosis from the on-board personnel can be sup-
ported through predefined work instructions displayed by the assistance system in the



AR display. If this form of support is not sufficient, it is possible to switch to the coop-
eration mode of the assistance system, in which the supervising expert sees the infor-
mation recorded by the on-board personnel on his terminal and can provide further in-
structions. These can be navigation instructions (e.g. supported by directional arrows)
for finding specific measurement points or further supplementary instructions for action
that can be generated ad-hoc. Since the target group is usually familiar with
smartphones (also from the private sector), an adapted smartphone interface was also
created in analogy to [13], which is particularly contributory to acceptance. This can
further simplify symptom recording and make diagnosis by the expert correspondingly
more precise.
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Fig. 3. Localized Diagnostic Measurements

4 Assistant for Service Technicians

On the service technician side, the process is divided into the three phases of prepa-
ration, execution and documentation. The following sections describe the approach for
each phase.

4.1  Preparation

After the maintenance order has been placed, the symptom report generated by the
customer (if necessary with the help of an export from the service provider) can be
assigned to the order in the assistance system environment, thus ensuring the link to the
service provider's billing systems. This is done using the corresponding functions of the
Director module, which provides the interfaces to financial accounting, the spare parts



catalog and the maintenance history of the defective device, where it is managed as an
additional entry or case. The history includes and combines all maintenance events in
a chronological order (starting from the past) as well as the detailed maintenance logs
recorded by means of the digital assistance system. The maintenance tasks can then be
prepared either on the PC or on the tablet, since both systems generate the same data
format for later use on tablet or smartphone. The result is an instruction manual adapted
to the specific case [14], which is generated from available templates. If the service
expert wants to consult with his colleagues on difficult diagnoses, this is also supported
by the system's collaboration mode, as the entire scope of information from the assis-
tance system is then immediately available to the colleagues and does not have to be
posted in a messenger group at great expense. Both direct communication and time-
delayed annotations can be used here.

4.2  Execution

The execution of maintenance work is usually characterized by the use of the CAD
view of the assistance system as well as the supplementary case-specific text infor-
mation such as, for example, tightening torques of individual screws that deviate from
the standard [15]. The reason lies in the service technician's basic familiarity with the
subject matter, as observation of numerous cases of use has shown. The acknowledge-
ment of individual steps (and the recording of new settings made during maintenance)
(Figure 4) also makes it easy to document how the work was carried out. Supplementary
photos are captured by the assistance system (again, correctly located) and automati-
cally assigned to the work step.
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Fig. 4. Visualizer Ul for Service Technicians [15]

4.3 Documentation

With the selection of a work step the recording of the start time takes place and with
the finished message the total duration is recorded (Figure 5). This log report helps in



the subsequent calculation of the time spent on the work as well as the optimization of
internal cost calculations. At the same time, the scope and type of activities are also
recorded via the work step recording.

If consumables or spare parts are stored for a work step, these are also booked with the
confirmation of a work step and listed in the session log for billing later on.

In the previous report generation, both the formulation of handwritten notes and the
naming and assignment of photos take up a lot of time. In order to avoid this high effort
of a manual report creation, the assistance system was extended by an automatic report-
ing feature. The entries described in 4.2 are automatically summarized in a digital
maintenance log. This includes all work performed, tools used and associated photos
or sound recordings. This data record can then be formatted and forwarded depending
on its intended use.
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Fig. 5. Automatic Maintenance Report

5 Economic Efficiency and Acceptance

The benefits of the use of assistance systems were extensively investigated at several
maritime component manufacturers which also provide service, with regard to their
productivity increase and user acceptance. Exemplary for one engine manufacturer,
savings potentials for the creation of work instructions of 51% [6] were found. The test
took place in a laboratory environment where the test subjects had to create the same
maintenance instructions with a conventional system and the DIA Creator solution.



When it comes to the processing of the maintenance order savings the visualizer solu-
tion was used on a test basis in a two-day maintenance operation on control cabinets
(see Figure 6). In order to examine the productivity increase, the working process was
recorded to find the distribution of working time across the different phases of order
processing. Afterwards the key users estimated the savings per phase. Especially in the
phases of condition analysis (50%), function check (20%) and action documentation
(40%) a high potential for increasing productivity could be demonstrated in this way.
Supplementary expert interviews in the field of engine maintenance have even shown
that the documentation phase could be shortened by up to 80%.
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\ \50% J 20% / 40%
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Fig. 6. Economic Efficiency [15]

In addition, a second evaluation of the visualizer component was carried out together

with service technicians from the engine repair division, which performed an exchange
of a gas valve. Time was measured for the execution both with the help of conventional
paper documents and the visualizer. It has been shown that the proportion of time spent
on information-related activities could be reduced by 35% [16].
Since profitability and customer satisfaction for the system operator depend directly on
accurate symptom recordings, the acceptance of a tablet or smartphone application (al-
ways at hand) is crucial for their (on-board) personnel, which was rated positively in
another survey [16].

6 Outlook

It is precisely the integration into the overall process with diverse support for sub-
tasks characterized by different challenges that demonstrates the benefits of digital AR-
based assistance systems. Nevertheless, implementation in real processes is a major
challenge due to the large number of interfaces to company IT systems. In particular,



use across company boundaries makes operation and use of the solution more difficult.
For further dissemination in other holistic process chains with several companies in-
volved, further development into a web-based solution with reduced deployment effort
can open up new potential uses.
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