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The air compressor of a railroad vehicle is an important equipment that produces
compressed air used in braking systems. New visual interaction techniques were proposed
and evaluated to develop effective augmented reality content for maintenance support and
training of this device. To this end, modeling techniques capable of fast animation,
storyboard production to support light maintenance, and visualization algorithms that
implement fluid flow have been developed. In the case of air compressors using compressed
air, 2D-3D line matching distance calculation algorithm and modified flow generation
algorithm were proposed to implement fluid flow for visualization. If two algorithms are
used at the same time, the educational effect can be enhanced by visualizing the air flow in
the 3D object simultaneously on a 2D air pipe diagram. In addition, the use of flow
generation algorithm alone can visualize fluid flow or quantity control, such as air discharge
or lubricant supplementation. As a result of usability evaluation of 100 users of the
developed air compressor augmented reality content, the system usability scale score was
76.65, which was good. Similarly, the user experience score using six questionnaires was
very good with an average of 4.12. Therefore, it was found that this training content could

be used very effectively for air compressor maintenance support and training at the site.

1. Introduction

Since railway vehicles are a means of mass transportation, it is
important to perform reliable maintenance to avoid causing traffic
congestion to many passengers if a failure occurs during train
operation. Therefore, vehicle failures have been prevented through
periodic preventive maintenance, and the lifespan of important
parts has been managed and maintenance cycles have been
extended through Reliability-Centered Maintenance (RCM) based
on failure statistics analysis [1]. Modern railway vehicles have
developed into a complex system in which various technologies
are fused with the development of electronic and control
technologies. In order to fully carry out the maintenance of railway
vehicles with such modern advanced technology, not only the
improvement of maintenance technology but also the educational
techniques of maintenance personnel need to be innovated.
Recently, with the development of sensor technology and
communication technology and Artificial Intelligence (AI)
technology, the maintenance of railway vehicles has rapidly
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developed into predictive maintenance by Condition-Based
Maintenance (CBM) and smart maintenance [2]-[4].

Most railway vehicles remained at the level where vehicle
computers installed in intermediate vehicles and driver cabins, but
event recording and information on major devices during train
operation were displayed with driver front monitors and vehicle
computers. Recently, however, more than 2,000 sensors have
been installed and monitored to switch to a level that utilizes
condition monitoring and Al technology during train operation
to perform failure diagnosis as well as failure prediction and
residual life prediction [5,6]. The core of this change is data-based
analysis technology according to the development of computer
and communication technology. Since these technologies
essentially utilize Al and Internet of Things (IoT) technology
using ground and onboard servers, it is expected that there will be
a major change in the maintenance of the conventional human-
dependent experience base. The Korean railway industry is also
conducting a research project for smart maintenance of railway
vehicles to overcome these technological changes as follows: (1)
Predictive maintenance based on CBM by increasing the capacity
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of new sensors and data communication, (2) Automation of the
acquisition of railway vehicle light maintenance data when a
vehicle in operation through a large scale vehicle scanner installed
on the ground passes through a specific point such as a deposit
entrance or terminal station, (3) Digitization and automation of
inspection and repair records for digitization of maintenance data
and connection with mobile devices, and (4) Augmented
Reality(AR)-based maintenance training to replace existing
computer-aided electronic manuals and mobile device-linked
maintenance education contents. Research to apply AR
techniques in the industry was initially a study related to the
development and production of automobiles and aircraft, which
was intended to be used for crash analysis, assembly optimization
of batch products, and assembly production technology of
complex systems [7,8]. In the automobile industry, driving
support using head-up displays, assembly, design, assembly,
maintenance, and manufacturing were reported as examples in the
fields of in-car systems, design, maintenance, and manufacturing,
such as marker-based or markerless graphic modeling using head
mounted displays and AR glasses [9]-[12].

Research which applies AR technology to maintenance is also
gradually expanding in the field of automobiles, starting with the
maintenance of specific devices of aircraft and ships with high
operational safety priorities, and railway vehicles [13]-[15]. These
technological advances can be confirmed through various
research survey papers [16,17].

For more than a decade, the railway sector has tried to apply
AR technology to the maintenance and repair of railway vehicles
using mobile devices, but it has remained at a very slow
development due to the complexity of railway vehicles and
limitations of IT technology [18]. The main reason for this was
that the method of training many people at the same time in
theoretical education and vehicles without a special education
system was simple and the cost of education was low. However,
this field practice is suitable for disassembling and assembling at
the level of looking at and explaining the physical appearance, but
there was a clear limit to education to understand the specific
operating principles of complex equipment consisting of many
wiring pipe checkpoints and to train complete maintenance. In
addition, there is a problem that on-site classes have a high risk of
safety-related accidents. Therefore, research on alternative
education using video or virtual reality has been continuously
conducted because the actual effect of education and training
cannot be high except for education and training performed with
expensive practical equipment. Recently, AR technology has also
developed rapidly, such as virtual simulation of automobiles,
visual design, virtual protection, and AR self-serving to reduce
development costs, with the development of high-performance
CPUs and graphic cards, 3D scanners, and the development of the
game industry where animation technology is important [19,20].
In addition, active research is being conducted by expanding not
only building infrastructure but also various manufacturing
industries [21,22]. Nevertheless, the development of AR
technology in the maintenance field of railway vehicles led by
railway operators was very limited.

Recently, most of the AR application cases for maintenance in
the railway vehicle sector have been developed mainly on main
mechanical equipment such as boogie and braking devices
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conducted by the research group of the National University of
Transportation in Korea [23,24]. In the case of the air compressor
conducted in this study, only some applications have been
reported to manufacture industrial screw-type air compressors
[25]. Therefore, this study aims to make it easy to use for train
fleet maintenance by gradually converting important railway
vehicle equipment, a collection of complex technologies such as
mechanical engineering, electrical, communication, and
electronic engineering, over several years to innovate existing
manual-based maintenance methods in the railway industry.

Unlike previous studies such as object search and maintenance
point search using head-ware devices and cameras, which are
many AR research fields, this study aims to create a 3D AR model
and connect this model with a database related to maintenance and
a storyboard to enable reliable maintenance support and to
effectively perform maintenance training with realistic content in
3D space with touch function on mobile devices [26]-[28]. This
study aims to achieve the research objectives for supporting on-
site maintenance of major railway vehicle equipment and effective
education and training at low cost as follows: (1) Development of
mobile-based maintenance support and educational training
contents using AR technology, replacing the existing training
methods of limited and inefficient document-based theory
education and field practice, virtual reality video or Internet-based
e-learning, (2) The development of contents that increase work
efficiency by raising detailed information of major equipment and
sub-components to the same level as actual field work. Therefore,
the sub-component system is based on the part procurement BOM
of the operator. Development of contents connected to tools for
disassembly and assembly of parts, measuring devices or
instruments for inspection, special equipment, and work
procedures based on the maintenance manual,
(3) Development of algorithms that enhance learning effect by
implementing fluid or electric flow simultaneously with 3D AR
models for operating principles and functions of equipment
learned in 2D space from piping, wiring, and circuit diagrams to
enhance maintenance support and education and training effect,
(4) Analyze maintenance tasks to extend the user interface to
inspect, measure, repair, and, Expanding practical education and
training areas to provide a sense of immersion through physical
equipment and interfaces, such as similar tools, etc., and
(5) It increases the effectiveness of safety work through warnings
related to safety work based on the operator's disaster database,
such as serious injuries or deaths that may occur at the maintenance
site.

The usability of AR contents developed for railway vehicle air
compressor maintenance training was evaluated in two ways. The
results of the System Usability Scale (SUS) survey and the User
Experience (UX) experiment of 100 college students who are
beginners in railway vehicle maintenance were as follows. The
average SUS score of AR contents was 76.65, which was "Good."
In addition, the results of the UX survey shows that the average
usability score for six questionnaires was excellent at 4.12 out of
5. Therefore, AR content developed for Android-based mobile
devices is expected to be conveniently used for maintenance
training on a platform for maintenance efficiency for beginners in
railway vehicle maintenance.
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2. AR Contents and Developed Algorithm
2.1. Smart Maintenance Platform for Railway Vehicle

The Smart Maintenance Research Consortium Group, which
includes the Korea Railroad Corporation, the Korea National
University of Transportation, Hyundai Rotem, a railroad vehicle
manufacturer, Seoul Metro, and Al software development
companies, has been carrying out the railway vehicle smart
maintenance research project with the support of the Korean
government since 2019. Figure 1 shows the architecture of the
final stage, the smart maintenance platform. The basic strategy is
to install sensors on the main components of Electric Multiple
Unit (EMU) and implement CBM and data analysis-based
predictive maintenance in combination with Al In addition, to
improve maintenance efficiency, a maintenance decision-making
system is established to support maintenance decisions in
conjunction with CBM data by automating inspection and
measurement and digitizing data. Finally, it is to establish a
Mobile Maintenance Efficiency System (MMES) that promotes
new innovation in automating maintenance records to support the
implementation of new maintenance strategies and training
employees using AR in mobile systems. This study introduces the
development of AR contents that replace or support existing field
training along with this MMES AR manual, and specifically
relates to the process of developing AR contents for air
compressors and the result of the user evaluation.

Predictive Maintenance — TCMS + Edge Server + Ground Server
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Figure 1: Architecture of Smart-maintenance platform for Railway vehicle

Train configurations vary from country to country due to
population density, urban traffic characteristics, and traffic
congestion. In the case of urban railroads in Seoul, a metropolitan
city, 3 to 4 cars are built into one unit, and two units of 6 cars and
3 units of 10 car trainset is generally operated. Most of the major
trunk lines are mass commuter transported by EMUs composed
of 10 car trainset. The type of vehicle is also divided into a motor
car with a propulsion device, a trailer car without power, a trailer
car with cabin, and a motor car with cabin if there is a driver's
room. However, most of the main equipment is installed in one
unit, and when the number of unit increases, the device overlaps,
but since it is the same equipment, AR contents can be
manufactured for each major equipment. Most urban rail vehicles
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are direct current EMUs using DC 1500V, while long-distance
trains operated to the suburban lines are AC EMUs using 25kV
AC [29,30]. In addition, in the case of AC-DC multiple EMU, a
converter is added to the propulsion system, including the main
transformer, making the vehicle complicated by installing ultra-
high voltage power devices and switches. Table 1 shows the AR
manuals and contents of major equipment for EMU developed as
a Korean government-funded research project until recently.

Table 1: Developed AR manual and contents

Equipment EMU AR manual | AR training
Pantograph AC/DC o o
Main transformer AC o

Air compressor common o o
Propulsion system AC/DC o

Traction motor common o

Auxiliary power common o

Battery box common o

Bogie common o

Wheelset common o

Axle box common o
Access door common o o
HVAC common o

Brake operating | common o o
unit

Wheel brake system | common o
Disk brake system common o
Air spring common o
Front connector common o
Inter connector common o

The reason why AR manual and AR contents differ on the
MMES platform is that different small groups have different
development objectives and different intellectual property
owners. Therefore, some equipment is developed and compared
with each other, and some equipment has been developed
independently, but plans to optimize in the future through
upgrades.

2.2. AR contents for Mobile Maintenance Efficiency System

Figure 2 shows the MMES installed on the mobile phone and
the drive screen. The left side shows the app screen installed on
the mobile phone and the screen consisting of maintenance work,
maintenance manual, maintenance record, and AR content in the
center. The picture on the right shows the developed AR manual
screen by pushing the menu. The MMES platform was developed
for the main purpose of digitizing maintenance records for smart
maintenance, and when users perform maintenance and move to
designated routes, and store maintenance history on digital
workbooks according to maintenance guidelines, data is
transmitted to ground servers, and AR manuals were produced to
support maintenance in this process.
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Figure 3 shows the screen of AR contents developed by the
KNUT research team for educational and training purposes. It
can be used by using a separate AR contents app on the upper
left side of the left screen of Figure 2.
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Please Select menu
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Figure 2: The AR manual screen for MMES
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Figure 3: The AR training APP screen for MMES
3. Development of AR contents for Air Compressor

The air compressor of a railway vehicle is one of the essential
equipment for starting, operating, and stopping trains. When
starting an electric railway vehicle, compressed air is used to raise
the current collecting pantograph to supply high-voltage electricity
by contacting the power wire. During train operation, air is
supplied to the braking device to stop the train at the station, and
compressed air is supplied to the door system to enable passengers
to get on and off the train. In the case of the 10-car electric vehicle
of the Korea Urban Railroad, three sets are installed on the lower
floor of the body, as shown in Figure 4. At least one air compressor
is required for each train configuration unit. Modern air
compressors are mainly reciprocated or screw types. In the
operation, the motor is rotated to compress atmospheric pressure
air to high pressure, store compressed air in the main air reservoir,
and use compressed air to automate the brake system and opening
and closing doors of the train. In the case of long-distance
passenger trains, it is also used to supply water to the toilet or to
provide water for handwashing. Thus, as with braking systems, air
compressor maintenance training is important.
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Figure 4: Air compressor of the Electric multiple unit

3.1. AR Contents Development Process

To produce AR content for maintenance, it is necessary to

select and model equipment for content and organize and design
content. Figure 5 shows the planning and design procedure of AR
content.

Y
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Figure 5: Procedures of AR contents planning and design

Modeling of an equipment assembly of a railway vehicle takes

time and cost to model because the assembly is relatively large
size and the number of parts is large, and there are typical methods
as follows. (1) Using the parts manufacturer's 3D drawings to
convert to a format for an AR production program: It uses 3D
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CAD files, which is the most convenient method. (2) 3D scanning
and measurement methods: 3D scanning parts are modeled by
using scanners, and the rest are modeled by making cad drawings.
(3) Model with similar dimensions: less precision, but with
reference to drawings and real objects modeled with similar
dimensions.

Figure 6 shows a 3D modeling technique that uses the Geom
etric Design X and Unity program to convert air compressor larg
e CAD raw files into FBX to read reduced capacity files and con
vert them into APK format models, small files that run fast on m
obile devices [31]. Depending on the type of equipment, 3D CA
D format file formats are mostly large in capacity and cannot be
used directly on mobile devices. It is also important to use a 3D s
canner to create an initial device model file, since 3D CAD files
are the most accurate models.

a) b)  Unity model

c) Bogie 3D scanner file d)  Unity model

Figure 6: 3D modelling for AR contents

Figure 7 shows an example of modeling an air compressor by
acquiring external coordinate data using a 3D scanner. It is
essential to read and check it in the CAD program, then convert it
to FBX format so that Unity programs can import and work on
AR content.

a)  Scanning b) Data acquisition

Figure 7: Process of using a 3D scanner
Table 2 shows a comparison of file size of among the air

compressor, a railway vehicle bogie and brake operation unit. The
bogie case is a small capacity CAD-compatible file STP format
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using a 3D scanner, despite being a large structure. As shown in
Table 2, 3D scanner files are only 6.8 M, which is advantageous
for fast animation. Of course, the CAD program SolidWorks
drawing file increases the file size to about 168MB only for the
bogie frame.

Table 2: 3D modelling and file size

. cad file/3D scanner file | Unity import file
Equipment . i
size size (fbx)
68MB
Compressor | 288MB (3D cad file) (77% reduced)
168BM sdlprt file
. (frame only)
Bogie 6,497KB stp file/3D PATKB
scanner
22MB
BOU HISMB 3D cad file) | ¢10/ oduced)

Therefore, for single structures that do not require disassemble,
the dimensional information file of the 3D scanner is very
efficient in creating AR models. This seems to be due to the fact
that the welding structure of the truck frame is perceived as a part
on the scanner, unlike the 3D CAD file, whereas the air
compressor 3D CAD file consists of many subsystems, and the
complexity of the structure increases the size of the CAD file.

3.2. Creating Storyboard for Maintenance

Storyboards are an important process of determining the
overall structure of content and determining the hierarchy of
objects to be implemented as unity, and determining the validity
of training to determine information to be delivered to users. (1)
Basic menus such as device general information, level
determination of sub-components of the device, and maintenance
classification are defined through the content major classification
of the selected equipment assembly. (2) In order to avoid unity
hierarchy complexity in content production, sub-menus are
defined by integrating the middle and sub-classification levels.
Design various levels of administration that describe objects and
other functions in drawings of device sub-parts at the level
required by the manual or implement the operation. At this stage,
various scripts are prepared in conjunction with databases related
to parts and sub-parts. (3) Maintenance defines the scope of
development of the AR manual implemented by the operating
company and MMES, and various scenarios such as
assembly/disassembly, measurement and inspection taking into
account other tools, equipment, and special instruments in the
degree of exchange repair, and the contents related to training,
maintenance support, and safety work.

In this way, storyboard creation determines the quality and
system efficiency of the entire content, so it should be written in
collaboration with maintenance experts to understand the level
that can be implemented with development programs or
algorithms in a systematic approach and implementation virtual
space, and to have a high training effect. Figure 8 shows basic
architecture of storyboard of air compressor.

Table 3 shows that classifies detailed tasks that are frequently
repeated in railway vehicle maintenance work by category, and
classifies training purposes by type and methods implemented as
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AR contents. A storyboard should be created by focusing on such
work content and reviewing the maintenance manual database and
maintenance regulations.

T ing of the target

[ Devicename |
—{ General k General informaton
Specification

Und. T

of the device sub ip

r_ Pupose |

Meau output

Select target [ Detailed structure
component Operation / Flow chart
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Select i
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—‘ Hierarchy
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lanati to each

process

Maintenance explanation text
| aimensaee |2
Select M text

process Auniation for

action |

Figure 8: Storyboard creating for AR contents

Figure 9 is an example of a storyboard created during the
development process. The left part of Figure 9(a) shows the screen
configuration interface and text, sand the right part shows the
content scenario that the user needs to learn. Figure 9(b) is an
example of a visualized storyboard, and the progress of the
animation, the setting by time, and the additional functions that
appear on the screen are written in detail. The detailed storyboard
is continuously updated and managed if a change is needed.

Scenario

1 4.1 Lubrictaing ol level check

Screen

Maintenance > Lubricating oil level check

Select button

‘Check whether the ol

Animation play
Maintenance

A Lbngoiiseieiest [k A compressor porl B
Vst nspactinocation
piping part ex e Lubricating oil
=
each piping part 4 - lect button
e—— e
a)  Detailed storyborad
Animation
Maintenance > Lubricating oil level check

Learning the work process through detailed animations at each
step and the user's touch

1. Animation : Pan rotation animation
1.Aircompress Thermometer highlights(3S)

or operation

2. Air compressor power off button appears

2. Tum off Full exhaust confirmation button appears

Aircompressor

w

. Animation : Lubricant level visual inspectior
animation
Maximum value Median value Minimum value
Bar appears
Full exhaust confirmation button appears

3. Lubricant oil
level check

Lubricant replenishment button appears.

b)  Animation storyborad
Figure 9: Example of storyboard

3.3. Algorithm Development for Flow Expression

The main algorithm used in the air compressor training conte
ntis as follows. Algorithm 1 is the 2D-3D Line Matching Distance
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Calculation (2D-3D LMDC) algorithm that calculates basic coor
dinates and travel distances to implement electricity or fluid flow
at the same time. The original purpose of this algorithm was dev
eloped as a streamline matching variable calibration algorithm to
make it easy to understand education and training of complex
devices including circuit diagrams or pipes by displaying many
2D drawings widely used in railway vehicles in 3D space from

real devices.

Table 3: Maintenance work definition for AR contents

Painting, oiling

lubricating

Work Detail task Training target Implementation
Assembly Bolt, nut fastening loosening | How to use tools, wrench and jig Animation, scripts, button,
disassembly remove, insert pins torque measurement movable window, Interaction

seal order procedure requires
Piping, wiring disconnecting | Connector fastener, How to use special | Animation, Scripts, movable
tools, hazard understanding window
Cleaning Air filter, oil filter, How to clean the polluted filter or contam | Select the appropriate range
washing case cleaning, painting, inated parts, How to select proper lubric | of contents based on manuals

ant and control quantity etc.
safety from electric shock or injury

due to the diversity of work

manipulation of switch and

Repair PCB, switch, breaker, relay, | Remove dust, how to repair relay or swit | Select the appropriate range

exchange brake shoes, ch contact of contents based on manuals
consumable part how to o parts due to the diversity of work

Inspection Gauges, display panel, warni | How to read temperature, pressure gaug | Animation,

Measurement ng lamp, gap or clearance es, how to measure voltage, current and | Interaction algorithm requires

ion resistance to use tester,

Drawings Piping, wiring, electric and Understanding piping, wiring and circuit | Interaction algorithm requires
electronic circuit diagrams

Treble shooting | Device function, operation Understanding function and operation Animation, scripts, markers,

manipulation of the parts. the reason of

Interaction algorithm requires

reset switch the failures and faults of the equipment

When used with Algorithm 2, Flow Generation (FG) algorith
m, this algorithm can simultaneously display the electrical wirin
g diagram of the control circuit and the display of electrical flow
from the actual wire, or the 2D air flow diagram of the brake syst
em and the flow of compressed air or control air from the actual
3D pipe. An animation duration is obtained by calculating the dis
tance from spatial coordinates with different dimensions and calc
ulating the position that can display the same flow in space at the
same time. Figure 10 shows the same flow matched to each othe
r in the 2D drawing and 3D model. Because it passes through the
same location value, it is easy for users to learn by comparing ea
ch other.

Algorithm 1: Code of the 2D-3D Line Matching Distance
Calculation algorithm

Result: LD; = Animation Duration Distance;

}

TotalDistance

Animation Duration 4D,

Vector3 Position List P[Py, P2. .. Pxl;
Produce List of Distance D;

for 1=0,P —1,it++)

//Calculate Distance and Di(P;i- Pi+1) ...Di
D;=Distance(P;, P;,41))=

VPir1x = Po)? + (Piy1y — Py)? + (Pipaz — Pi)?
LD;=AD - —2L
TotalDistance

end

Algorithm 2: Code of the Flow Generation algorithm

Result: Particle System Quantity-Control

Object Prefab;
float Qcontrol; / Quantity-Control
for i=0,P —1,it++)

Instantiate Object Prefab As a on P;
Rotate a to look P+
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Set a.Particle System. Lifetime, Speed,
Qcontrol, Emission.rate Over Time
Lifetime = L;

Speed = %
Emission Rate over Time = Start Speed

Qcontrol += Qcontrol

end

a) 2D drawing
Figure 10: Flow displayed in 2D drawings and 3D models

The FG algorithm is an algorithm that makes it easy to express
the flow of fluid in AR. This algorithm was originally developed
to support the LMDC algorithm, allowing electricity or fluid to
display the flow on the drawing by continuously flowing objects
represented by dots. Since then, in the development of air
compressor AR content, it has been expanded to display oil or air
exhaust at the valve outlet. This called Prefab of Unity to enable
the repetitive use of objects with specific attributes [32]. In order
to express the pneumatic flow in 3D at the time of need, it is a
method of instantiating the particle prefab with the properties of
the particle system input. The module of the particle system was
automatically modified once each attribute was entered to avoid
the complexity of using a variable containing 24 properties that
affect the entire system. When entered into the modified particle
prefab, the prefab is instantiated, releasing the particles
continuously, which has the effect of displaying the flow. It can
also show arbitrary discharged airflow using random numbers and
particles emitted by property changes. Figure 11 shows the detail
process of the FG algorithm. It is released by each phase that
increases the particles, giving a visual effect of creating a moving
flow of electricity or compressed air.

Phase 1

c) Phase3 d)

Phase 4

Figure 11: The process of generating a flow as particles increase using the FG
algorithm
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Figure 12 shows a flow chart of the algorithms that combine
two developed algorithms to display electricity or fluid flows
simultaneously in a 2D drawing and a real 3D object on one
screen, or to control the flow of fluid using a single fluid flow
generation algorithm to generate a screen such as air discharge.

[ 2D-3D Line matching algorithm ] [ Flow Generation Algorithm ]

it ! TI——"
E Animation Duration i i Pe.trtul:le system prop.ert}es i
E Object transform position i i (lifetime, s.peed, emission i
| \/f/_— i ! ratio, etc.) i
i b i
! | Distance, duration ration | | i | Instantiate object | i
i calculation E ! T i
1 1

i - : - i i | Particle system Quantity | |
i 2D-3D line matching ! | control H
! ration calculation ! E ) E
i ) | ! i
1 1 . 1

i | line matching distance | | i Flow generation/overlap i
i —  E—— ! [E——  —— i

i
2D-3D line marching flows . .
[ display ] [ Single flow display J

Figure 12: Flow chart of the algorithms for AR contents

Figure 13 shows the exhaust air at the outlet of the air
compressor in a three-dimensional space using the FG algorithm
alone. In this way, by showing the flow of fluid in various ways
through Q-control, various functions of maintenance such as
pressure control and exhaust air control can be actively shown to
the trainee, thereby enhancing the training effect.

5w PorticleSystem

Figure 13: Fluid flow expression with quantity control for AR contents
3.4. Development of Menus for User Interaction

When the storyboard is completed, it is necessary to develop
user menus to implement AR content on mobile device screens.
In particular, menu arrangements that require using a limited
narrow space were allocated in consideration of space use so that
other menus were not pushed.

Figure 14 shows an example of menu configuration in a User
Interface (UI) of air compressor AR content. The menu used for
the content is located on the left and right sides of the screen so
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that the device is displayed in the center. The menu consists of
three types.

/\ 2 yAivcompressorhierar

X Hide menu

VG

2. Hierarchy™
2.1. Airend
module

areassembledin
one body.
The oil filter filters impurities
in the oil circulating from the
air/oil tank to the air-end unit

2.2. AirFilter

2.3. Suction valve to circulate clean oil
'y Sy

2:4.0ilicontrol < “Thermostatic valve P
valve — - [E] specification

ﬁ Structure
2.5.. Cooling fan

Side Navigation Bar ——

oil flow/(Bypass)
2.6. Safety valve

™ Local Navigation Bar oilflow (Cooler)

2.7. Exhaust valve

Figure 14: Menu design for sub-parts of air compressor

Figure 15 shows a detailed example of the three types of
menus. The Global Navigation Bar (GNB) on the left, as shown
in (a), is the main menu. This is a large category menu in GNB
format, consisting of General, Hierarchy, Operation, and
Maintenance, which are the highest levels of keywords for the
maintenance process. When one of the GNB menus is touched,
the Local Navigation Bar (LNB), a sub-menu of the GNB,
appears, as shown in (b). Each LNB menu consists of maintenance
process and necessary related information. The LNB is placed on
the left side of the screen, and at the same time, a Side Navigation
Bar (SNB) as shown in (c) is displayed on the right side. SNB is
displayed with detailed information such as text and photos in a
separate pop-up window [33]. In addition to this, there is "Hide
menu" and "Open Scheme".

@ 2. Air co

2.3. Suction valve

The temperature controlvalve

detects the temperature of

filtered oil and circulates to

the air-end unit if

Main menu

2.4. Oil control
valve

1. Device general

2. Hieararchy
2.5.. Cooling fan

& Cperaiien 2.6. Safety valve

4. Maintenance 2.7. Exhaust valve

2.8.Vaccum
indicator

2.9. Oil/Air cooler

E Specification

2.10. Coupling

Structure

2.11. Exhaust
solenoid valve

2.12. Electric

a) GNB b) LNB

Figure 15: Detailed examples of menu types

In the early development version, GNB and LNB were placed
on the left and right sides, but in the upgraded version, when the
GNB is touched, the GNB menu disappears and the screen space
can be used widely with a screen configuration replaced by LNB.

Figure 16 shows the enlarged screen space by moving the
original right LNB to the left. Therefore, even a mobile phone
with a small screen can use the screen widely for device screen.
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2.1. Airend
module

2.2. Air Filter

2.3. Suction valve Air/0il

2.4. 0il control

valve
Thermometer

2.5.. Cooling fan

2.6. Safety valve

2.7. Exhaust valve

Figure 16: Enlarged screen space by moving the original right LNB to the left
3.5. Subcomponent Display Techniques

The developed model is assembled into sub-components,
which are based on the maintenance manual and the replacement
part procurement system using hierarchy and can identify
individual parts from the assembly. It allows for a perceptive
effect, and when a particular part is selected in the assembly, the
assembly status can be easily identified by using a different color
or by inserting an outline at the boundary between the equipment
and sub-components. When the structure menu of SNB is touched
at the component level, the sub-part is unfolded, and the name of
the component is displayed with animation and buttons to make it
easier for the user to understand the complex component, and if
necessary, a separate SNB can be used to show the procurement
product number of the component. This process is already detailed
in the hierarchical design stage, but missing and insufficient
functions or animations can be inserted additionally during use
through content editing to increase completion. Therefore,
through this content design, users can check the connection of
device components and open the detailed structure between
components in the center of the screen in detail, making it
convenient to understand the entire device without disassembling
the actual components one by one as shown in Figure 17.

2. Airicompressorhierarchy

2. Hierarchy

E Specification

Structure

Figure 17: Subcomponent display screen of air filter assembly

The SNB-type menu on the right side of the window is mainly
installed at the bottom of the movable window that can display
detailed descriptions and other information about components.
The SNB menu is used to show sub-parts in a disassembled
structure, deliver operational information related to sub-parts, or
animate compressed air, electricity, oil flow, etc. to help trainers
understand and improve the convenience of maintenance training.
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3.6. Maintenance Instruction Implementation for User Training

In the GNB menu, the maintenance menu mainly implements
the maintenance items, contents, duration, procedures, inspection,
repair and replacement methods of equipment by maintenance
level required by the manufacturer in the manual approved by the
vehicle operator, and the pre-learning support function for the
replacement of spare parts and consumable parts. Sub-component
contents such as oil amount, supplemental level, and exchange
cycle related to the oil filter may be implemented as text in a pop-
up window. In this way, the important information of the
component is displayed visually to the user.

Figure 18 is a case screen showing lubricating oil filters and
lubricating oil replenishment work among maintenance items.
There is a maintenance support window built with a movable
window that shows the process of replacing the lubricant filter.
This content can train users by clearly presenting replacement of
consumables, replacement of lubricating oil, supplementation
procedures or criteria.

Maintenance AR content includes the ability to effectively
pre-learn the replacement process of parts that have reached the
replacement cycle. In the figure, the scene where the valve is
opened and the lubricant is replenished from the lubricant plastic
container to the refueling hole is realized as if it were real by
algorithms that show fluid flow. The animation is also
implemented with detailed procedures in the pop-up window,
allowing wusers to effectively understand lubricating oil
replenishment and learn how to do it.

4. Maintenance

) separated as it
passes through the ai
separator element.

2) Oil oil stored in the air/oil 8

| separation partisi
returned to

“

differential pr
compressed i
through the exhaustvalve .

through the air/oil cooler,
passes through the post- §
processing device, and flows

Figure 19: Implement fluid flow simultaneously in 2D pipe drawings and 3D
model.

Figure 19 shows the function of implementing fluid flow
simultaneously in a 2D pipe drawing and a 3D model. The
algorithms described in the previous section are used to provide
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effective theory education as well as to allow users to easily
understand the operating principles of complex devices.

3.7. Safety Warning Function for Hazardous Maintenance Work

The maintenance work of railway vehicles includes various
danger and hazard factors, which can lead to serious injury or even
death of workers. Therefore, AR content needs to include the
ability to proactively train these risks.

Figure 20 shows examples of safety warnings displayed in this
content. (a) is a warning message to avoid burn hazard caused by
touching hot areas during air compressor maintenance. (b)
indicates a warning against body or other contact with cooling
fans, coupling rotating parts, etc. (c) shows a safety warning to
ensure that the air is exhausted in the pipe before starting work and
to prepare for an unexpected situation where compressed air is
ejected from the valve. This content reminds workers of things to
pay attention to before and after starting work, and also makes
workers aware of unexpected situations that may occur.

In addition, various risk factors such as electric shock caused
by high-voltage electricity or serious injury caused by vehicle
rolling are warned using appropriate warning text and sound
effects. In particular, you can use red or yellow visually to
highlight the hazard with highlights. Additionally, various pop-up
windows can provide detailed explanations of maintenance
hazards, such as handling toxic substances and pollutants.

@ 4. Maintenanc

X

__Message to avoid hazard caused b

“aus fiChec cationfflowl \E

touching hot
. ru e

Message for unexpected
situation

b)  Message on rotating parts c)

Figure 20: Caution and warning messages for safety
3.8. Finger Gestures on Mobile Device Touchscreen

This content can use a manipulation gesture that can control the
location, size, and rotation of the 3D model using the mobile
device's touch screen method. Table 4 shows the detailed functions
of the 3D model manipulation interaction as an example [34].
Maintenance content users can open the app on the mobile device

99


http://www.astesj.com/

G.H. Kang et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 9, No. 1, 91-103 (2024)

screen, use the menu to load content on the screen, and use touch-
type manipulation technology to perform training and maintenance
work [35].

Table 4: Touch gesture for touchscreen manipulation

Value to change Corresponding Touch gesture
.. . .\\\‘
Position swipe O
Scale inch/spread s Sy
PIEASP 10
Rotation twist \

Figure 21 is a photograph showing the inspection and work in
front of the air compressor of a railway vehicle using the AR air
compressor content of a mobile phone. The produced content is
compatible with various screen sizes based on Android first. Using
AR content, it overcomes the shortcomings of time, space, and
manpower management, which are obstacles to existing
document-based manual education, receives database information
of a separately developed maintenance server, and is effectively
digitized in conjunction with actual digital maintenance work
records.

Figure 21: A photo of using mobile phone apps on the side of the vehicle at
depot

4. Usability Evaluation

The usability of the developed AR content can be performed
using various methods. A commonly used technique is to use the
content developed by the user group, then conduct a survey and
analyze the results. These techniques include the SUS, the
Computer System Usability Survey (CSUQ), and the Usability
Indicator for User Experience (UMUX) [36]-[38].

In order to evaluate the usability of the developed AR content,
a SUS survey and a survey on UX techniques were conducted on
100 college students who majored in railway vehicle systems,
respectively. Table 5 show the participants of the usability
evaluation experiments [39].

Table 5: The participants of the experiments

Experiment participants 100 students

Average age 23.8 years
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Male 73

Female 27

4.1. SUS

The SUS, as a quick and dirty usability scale is reliable tool
for measuring the usability, originally created by John Brook in
1996 [40]. SUS survey consists of a 10 item questionnaire with 5
response options for participants of a scale of 1 to 5. Scale score
1 means strongly disagree and scale score 5 means strongly agree.
Table 6 shows the modified SUS survey questions in this study
[41]. The survey was carried out after using the AR contents.

Table 6: The modified SUS statements used in this study

No. Questions
Q1 | I think that I would like to use this AR content
product frequently

Q2 | I found the AR content unnecessarily complex

Q3 | I thought the AR content was easy to use

Q4 | Ithink that I would need the support of a technical
person to be able to use this AR content

Q5 | I found that the various functions in This AR content
were well integrated

Q6 | I thought that there was too much inconsistency in
this AR content

Q7 | I would imagine that most people would learn to use
this AR content very quickly

Q8 | I found the AR content very awkward to use

Q9 | I felt very confident using the AR content.
Q10 | I needed to learn a lot of things before I could get
going with this AR content

The SUS score can be calculated using the following 3
equations [42].

Scoreg,03,05,07,00 = Scale Score — 1 (1)
Scoreg; ga06,08,010 = 5 — Scale Score 2)
SUS Scores = Sum of Scores X 2.5 3)

Equation (1) is used to get the odd number question scores. The
even number question scores are calculated by (2). Equation (3)
is used to obtain the final value of the SUS survey. The scores
have a range is from 0 to 100. It can also be mapped to the
following adjective ratings. Figure 22 shows a comparison of
mean SUS scores by quartile, adjective ratings and the
acceptability of the overall SUS score [43].

NOT ACCEPTABLE MAGINAL ACCEPTABLE

ACCEPTABILITY
RancEs | | _Low IHiGHI I
GRADE
SCALE [ b [T ] B ]
WORST BEST
eyctiie maGiNABLE  FOOR oK GOOP  EXCELLENT imaGINABLE
NI N I A IO - A T A |
o 10 20 30 40 50 60 70 80 90 100

SUS SCORE

Figure 22: A comparison of mean SUS scores by quartile, adjective ratings, and
the acceptability of the overall SUS score.

4.2. User Experience Experiment

Another technique, UX assessment, was conducted on AR
contents. Six items related to usability were selected that were
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reviewed as suitable for content evaluation for maintenance of
specific equipment, such as air compressors. The survey tool
referred to the UX evaluation, and the detailed survey contents of
the survey are shown in Table 7 [44]. An experience survey using
a questionnaire tool developed after the user used AR content for
air compressors was conducted and analyzed.

Table 7: Indicators of Usability assessment

Cat ized
ategorize Questionnaire details
Items
T Appearance of AR content, function
Simplicity . S
provision method, simplicity of procedures.
o User should be able to access AR content
Accessibility
smoothly.
It should be possible to derive accurate
Efficiency results without unnecessary time
consumption.
. User should be able to obtain the necessary
Informativen | . . .
information through appropriate means and
ess
methods.
. User should be able to handle the interface
Learnability .
of AR content proficiently
User User should be able to respond well to
Support problems that arise when using AR content.

4.3. SUS Survey Results

Figure 23 is a graph showing the score for each SUS question
of the AR contents of the air compressor. The threshold reference
value for the usefulness of SUS is 68 points. The results of this
survey are as follows. The items that were relatively better than
other questions were Q3 "ease of using content” (87.2) and Q1
"intention to use content" (87). On the other hand, Q4 "needs for
technical helpers" (68.3) and Q10 "needs for pre-learning" (69)
questions scored relatively lower than other questions. This seems
to be because survey participants are not familiar with the use of
AR content in the screen touch manipulation method, as shown in
Table 3. The average score of 10 SUS questions for this content
was 76.65, which was higher than the overall threshold of 68
points for each question. In addition, the usefulness rating is
“B(Good)”.

SUS scores for each question

100
83.7582.25

72-70.25 70

87
80 76.75
6
4
2

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10

=

(=)

(=]

(=]

Figure 23: SUS score of the air compressor AR contents

WWwWw.astesj.com

Therefore, this content will be useful for beginners in railway
vehicle maintenance. Therefore, it is considered suitable for use
in the maintenance and repair training of air compressors for
urban railway vehicles.

4.4. UX Survey Results

Figure 24 is a graph showing the UX evaluation results. This
is the result of a survey after using AR contents developed four
times. The overall average of the six questions was 4.12 points,
and the score for the sense of reality item was the highest at 4.38
points. On the other hand, the score of the convenience item was
3.92, the lowest among the four items.

Usability evaluation by user experience survey

5 442 418 40
4
3
2
1
0
\ \ ‘5\\ ~\
@Qo 0@%%‘\ é&@ . \,\a@@ < S @@QQ
rb'e \@ &

Figure 24: UX score of the air compressor AR contents

Table 8 shows the results of sub-items for each item of UX
evaluation. The reason for the highest simplicity is that the
maintenance procedure is simply and clearly structured to make it
easier for even beginners to understand (4.58). It is presumed that
various learning functions are also clearly organized based on
keywords (4.41). The second highest informativeness item score
is considered to be because the entire scenario of the content was
systematically structured (4.38), and the text was written to make
the maintenance procedure easier to understand (4.22). In
comparison, the reason why the user support item is the lowest
was that the description of the possible technical problems was
insufficient (3.85), and the response method in case of an error
was not described in detail (0.395).

Table 8: Scores of detail Questionnaire for UX

Calcconed Questionnaire details score
Items
Smooth output of content 4.27
o Simple configuration of various 441
Simplicity learning functions )
Simple and clear explanation of 458
maintenance processes )
Ease of running content 4.09
Accessibility Compatlblht}{ with mobile 420
devices
Clarity of description and usage 4.31
Comparison of efficiency with 399
Efficienc existing manuals )
Y Quickly acquire the information 413
you want )
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Cateeontacd Questionnaire details score
Items
Increased actual work efficiency 4
Provides accurate maintenance 418
information )
Informativen Understand the entire 492
ess maintenance process '
Systematicity of the entire 438
scenario
Seamless model touch availability 3.96
- Compatibility of UI and
Learnability additional buttons 3.97
Ease of screen transition 3.95
Description of response when 3.95
error occurs
User Adequacy of help and error
3.96
Support examples
Examples of problems that may 385
occur

4.5. Discussion

Two evaluation techniques, SUS and UX, were used to
identify problems and derive improvements of developed AR
content. As a result of the two experiments, a common issue is
that participants have some difficulty using the content and take
time to learn how to use it. They experienced some errors in the
content during the experiment and expressed lack of help or
countermeasures. The content was produced in consideration of
the use of novice maintenance workers in the design stage, so this
part was highly evaluated, but it is also considered that the use of
maintenance workers who are relatively unfamiliar with digital
content should be considered. In future contents, it will be
necessary to produce it by receiving feedback from maintenance
workers who have not been exposed to AR technology in the
design stage. If additional functions such as inserting help for each
function, producing tutorial version, and voice guidance are
produced, high-quality content can be produced.

5. Conclusion

This study is a case of applying AR technology to the
maintenance of railway vehicles and employee education and
training as one of the smart maintenance research projects. AR
contents that can be easily used in mobile devices for maintenance
and training of air compressors for commuter electric vehicles
have been developed. Two algorithms were developed and used
to express fluid flows such as pressure air. In addition, in order to
verify the usability of the developed content using a SUS survey
and UX survey. The conclusions obtained from this study are as
follows.

(1) By reducing the file size from 3D scanners or CAD
original files, it is possible to implement fast animation on
Android-based mobile devices. It was developed by linking
training AR contents with the AR manual of the MMES, which is
a high-level platform. Therefore, maintenance work and training
are possible while watching actual equipment in the field depot,
and maintenance support can be provided along with other
equipment contents already developed or under development.
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(2) The 2D-3D LMDC algorithm, which can implement flow
simultaneously on a two-dimensional drawing or piping diagram
and a three-dimensional equipment screen, was applied. In
addition, the FG algorithm, which can control the flow rate of the
fluid flow, was used to implement the movement or exhaust of
compressed air, thereby enhancing the learning effect of the
content.

(3) A simplified menu is placed on the left and right sides of
the display screen, and the device is operated by user-friendly
menu bar and touch screen operation technology on the central
screen. In addition, through a systematic hierarchy structure when
developing a storyboard, users can easily understand the operating
principles and operations of the entire equipment, and perform
reliable work by receiving detailed support for disassembly
procedures and specific work methods

(4) The developed content can display components and sub-
components according to the standardized BOM system of
manufacturers and operators. This enables support for
maintenance work using part hierarchies. In addition, through
information on the replacement cycle and replacement process of
spare parts based on the manufacturer's manual, it is possible to
effectively train the replacement and process of spare parts and
perform necessary inspections or repairs.

(5) Due to the nature of railway vehicle parts, there is a lot of
heavy equipment, and there are maintenance tasks that involve
workers' risks such as high voltage and high-pressure air. In order
to eliminate safety accidents during work, safety items were
visualized on a text display to generate a warning message, and a
red highlight was applied to each inspection part for worker safety.

(6) The average SUS score for AR content of this air
compressor content is 76.65, and the rating is “Good”. In addition,
the results of the UX test showed that the average usability score
for the six-item questionnaire was excellent at 4.12 out of 5 score,
and this content is estimated to be quite useful for training
beginners in railway vehicle maintenance.

Future research will need to expand content that has not yet
been developed in the vehicle system, further develop algorithms
for efficient content production, and continue to improve usability
in conjunction with the AR manual of the maintenance efficiency
system.
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