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Abstract: Today's industry is increasingly characterized by the integration of Intefmet
Things (IoT) devices and the rapidly spreading digitization trend, which acekalown as

the foundations of Industry 4.The industrial revolution characterizes our everyday life,
as a result of which the integration of smart devices is gaining more and more Bpace i
industry as well. As a result of the introduction of Industry 4.0, the implatienof the
automation of production processes also becomes an important issue, as well as the
continuougcollection of data and their storage in the clodd. a result of these integration,

the method of collecting data, the usability of clwaded gstems,the feasibility ®
artificial intelligencebased data analysis, the visualization of massive amounts of collected
data, g/bersecurity issues, etc. have become everyday issudss article, weprovide a
detailed overview of a general lldIndustrial 10T) systemits various cloud servickased
implementations, angresent our opgsourcealternative solution At the sare time, we
presentthe study othe security aspestand the integration ofCBC into an IloT system
Taking these aspects inaxcount we present tweampleapplications that try to &ér

ready to usesolutions to certain problems of today's industry.
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1 Introdu ction

In the last decade, the state of the industry's digital development and the impact of
the fourth industrial revolution oneal production processes have become central
topics in the fild of industry. But what does this actually mean for industry and
factoies? We can put it simply that we can be everyday observers of the
"smartening" of industry, that is, the developmenntélligent industry.

With the beginning of the fourth industrial revolution, it has become very
important for industry to sucssfully compete with the rapid development of
technology by adapting autonomous, sgltjanizirg resources, cybgyhysical
manufaturing systems, and retime communication. To achieve thisbecame
necessary to introduce industrial 10T (Industrial inét of Things- 110T) devices,
artificial intelligence (Al) based softwareloud-basedsystems for example
databases)large amouns of data (BigData) and the use of cybsecurity and
automation. With the beginning of the fourth industrial revolutjoindwstry is
undergoing a major transformation. The main feature of the industryawe h
known so far was the use ofjid stamlards and rules, which provided companies
with a high degree dfecurity. The new industrial revolution is trying to transform
these igid norms and reform the existing production methods, thereby providing
new opportunities for the integration oftelligent devices and innovative
solutions. The fundaental element ofthe fourth industrial revolution is the
intertwining of information ednology, data and automation, that is, digitization
[22].

The digitized indusy, which can also be called a smart éagt is characterized

by the fact that it uses intelligent devices in the processes amfugtion,
warehousing, and transpothroughwhich it is able to collect large amounts of

data in a short time (using variogensors or entire sensor netwgrksore and
process. Emphasis must be placed on the fact that the storage of large amounts of
data has concrete value if it isliztéd, if this data is also processed arhlysed

which can be realized by machine leamiand artificial intelligenceUsing the
analyseddata, we are able to create user interfaces and dashboards where we can
continuously display and monitor, even ieaktime, all the processes in the
factory. It is possible to model and optimize the adriaeration of the system,

and atthe sane time, byanalysingthe data, system anomalies cardbeectedand

even unwanted failures can be predicted. All of these ha inpact on correct
decisionmaking, optimization of production processes, the utilization of machines
can be increasedr wecan even predict the service life of parts, which results in
predictive maintenandd.6].

Due to the lloT, anmportant feature otodays snart factories is that the
equipment continuously sends data to databases, coicetes with controllers,
software systems and data analysis applications. This continuous multi
directional communication makes units compatibith industrialloT devices an
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integral part ofintelligent processesBy using various 10T hubs, any type of
device can transmit data to the cloud, database or any other unit cdriioectse.

We can storemanageand process the locally collected dating private or

public cloud g/stems in the fastest and most eeffective way[15]. Thereare

many providers on the market who can provide these services for a fee, such as
Amazon, Micro®ft, Google, etc., or its posible to ug a sekhosted system.

Their architecture isusudly very dmilar, butit can be implemented by using
various technologies and softwd#g.

It is important toconsiderthat the increasing spread of ttigital development of

the industy doesnot only generate positive results, so it is necesgargxanine

its negative side as well. Increased digitization alsults in problems that have

not been emphasized in the industry so far, specifically inateka of cher
security.Systen security topics need to be treated as a priority, because df smar
devices builtinto industrial systems can appear as attack points, and the use of
cloud services and remote access can also be treated as potential vulnerabilities.
When designing traditional industrial syster{fer exampe, communication
network), cybesecuity was matly not a priority, as they were closed systems,
the system was only available on the site, in the factory area, and was no
available from the outside. With the spread of the industrial iniegraf 10T
devices, the consideration of thppr@riate searity aspects must also play a role
during planning, but for this the industrial cyber security teams must have the
approprate knowledge, which was not needed in the industry until now.

In the emaining p#s of thepaper a generalrchiecture is presated, which
takes the collected datarbugh the stages of storage, processing, analysis and
display through 4 different technological implementations. We will present the
three besknown and masused serices on the market (Amazdieb Sevices
MicrosofW $]XUH DQG *RRJOH &@IRaX Guro@ippehBodrbe DV
system, which also results in a system that conforms to the general anchitect
Then the security issues caused by the intégnaof [l0T devices will come into
focus, asit will receivespecial attention for the industry to properly know its own
devices, their parameters afmbhaviour as well as to have a cykecurity
protocolor strategy to protect its entire system. In orttepresent such a sigm,

we createdind pesenta descrifive architecture that takes into account the basic
security regulations. Finally, in order to prove the viability of the system, two
sampleapplications usingpensourceimplementations are algesented.

We would like to give a aoprehasive pcture ofhow the use of 110T devices can
be implemented and utilized for industry, and how it will be a key player in
Industry 4.0.
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2 Application of Cloud Systems inlndustry

The I0oT systems integrated in the industry we arm@resing can genatly be
descibed with the following self-architecture (Figure 1) and contain four
important parts: data collection, data storage, data processing and execution.

Data collection consists of environmental data measured by various sensors, or by

using data provided byother industrialmachinesthrough 6&$'$ 6XSHUYLVR U\
&RQWURO DQG 'DWIENHRBTE LV IRNUP@PDEOH /RJLF &RQWUF
'&GB(DIStULEXWHG &R@WURO 6\VWHP

Data Acquisition Data Storage Data Processing Execution
[ 10 10 1T 1

bata rotpatn [N )

Source =| Analitycs

A4

Advanced Operations
Analitycs

Y
cold path

Edge Device Transmission Storage
Figure 1

Endto-end da& flow architecturen lloT

loT-Hub

The collected da is transmittd from the deviceto a highe-order unit using

YDULRXV QHWZRUN SURWRFROV VXFKHRQV3IOHWIRWRPY &
&RPPXQLFDWLRQV OHVVDIJH 4XWXH47A0HPGWILRIFAGD Q\
0477 $0477 +773 +7736 &RQVWUBURWRBRBRE O&RBWLR
Through network pratools, the data is transmitted to an 4bllib, which acts as a

gateway between theadice and the cloud.

Due to the versatile operation of th@ltHub, the incoming dat& forwarded in
several directions in acateince with the syem requiremers. The most common
solution is to transfer these data to the database for immediate storage. It
possible toanalysethese stored data at a later dategig@n algorithm basedno
artificial intelligence. This type of dafarocessing is chdd the cold path. But as
another solution, an IeHub also provides the possibility of immediate data
processing, which can praie realtime results, this is known gsocess analysis,
that is the hot path of data processi#s a resit of, this type ofanalysis, the
collected data can be used with the help of the obtained calculated data, for
example, these data can provide valuable information. Based on these @dlculat
data, it is possibléo visualize data, create reports and alentsl detect anortias
using various algorithmig].

In the following, we will examine the genemaichitecture described above in the

case of Micosoft Azue, Amaon Web Sendes and God OH &ORXG 3ODWIRUP
well as in the case of a system developed Iy thd uses openrsource

technologes. In each case, the system is built on the basis of the same

—-10-
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architecture, but with the help of technologicguévalentsprovided by the gien
service provider.

2.1 Microsoft Azure

The figure below (Figure 2) showsettechnological compnents providedy the
Microsoft Azure service provider for the creation and deployment of an lloT
system.

Data Acquisition Data Storage Data Processing Execution

hot path
Data Source (OPC- pa Stream

UA/DA) Analytics

I Data Lake Storage
or Data Lake Analytics

Time Series Insights or
(@] 8 Azure ML
Azure loT . "ﬁiﬁ Data Lake
— M 7 N - —_
Edge AN 7 =J {22b Storage

Power Bl

10T Hub = o
; r
| cold path P Custom
Device Management : Application
‘ Data Data Lake Analytics
: Lake or
[=1=]= ‘ Storage Azure MR
Device [
Manager
Figure 2

Azure lloT architectire [20]

Data iscollected from sensors and other industrial devices through Azure IoT

Edge using various protocolach asHT 73A043 0477 23& 8% HWF 7KLV
forwards the data to Azure IoT Hub. The ibllib is an intermediate layer used

for device reistration and manageent. From there, the data is processiey

Stream Analytics, which forms the hot path of the ansly8zure Stream

Analytics is a reatime analytics and complex event processing engine designed

to analyseand process large voluss offast data streams sinftaneously from

multiple sourcesThH UHVXOW RI WKH DQD Gk¥ Bidrage/ IMMVRUHG LQ
possible to gire this data in two types of databases, one is Time Series Insight and

WKH RWKHU LV $]XUH 'D\8die/ DIt iSitBHIEDISOring,L P H

visualizing and queryiglarge VFDOH WLPH VHULH VkeCSkde is$]XUH 'DW|
a highly scalable data store that you can use to store data for latesiaratyl

visualization. The stored daftis cold pathanalyse by Data / DNH $QDO\WLFV RU
AzuUH 0/ ODFKLQH /HD/BE Aqpltics'iD W ihlg data service for

processing huge amountsf data. 0/ $ @lytics is an environment in which we

can conduct advanced machine learddaged analytics for predictivaodelling.

Finally 3 R ZHU east®nUapplicatiéns can be useddisplay the data.

—-11-
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3RZHU %, LV Daliaigsse@ite \vEvprovigles insights and tracks viewing
realworld data.

2.2 Amazon Web Service (AWS)

Using the services provided by Amazon, tidlexted data is sent by €engass

to the unit corresponding tihe I0T-Hub, as shown in Figure 3. Green€sas
software thaextends the apabilities of the cloud to the local device and allows
the device to collect and analyze data closer to the sotincformation.

Data Acquisition Data Storage Data Processing Execution

AWS Lambda
Green

or AWS loT
GTSS Analytics
hot path
n "1
. =l

Acts 53 %
Ed L —
Dev%:e :I?: 4‘ DynamoDB o —
1 Elastisearch QuickSight
10T Core  © or
@ Kibana
i cold path ===
Device Management : P AWS ML —aa
\ i or
i * SageMaker
ikl ! s3 Athena
Device Enforce H .
Manager ~ Security N ----
Figure3

AWS lloT architecturg30]

AWS loT &RUH FRUUHYVSR@GYtoWRichth& Hevides’ send ¢h

colected daD XVLQJ YDULRXV SURWRFROV VXFK DV 0477
for storing data here as well, depending on tijpe of dada we want to tere.
DynamoDB can be used to store d¢irseries, or the S3 database can be used to

store object datdn orde to pr RFHVY WKH GDWD TXLFNO\ ZH FDQ
serverless platform or AWS loT Analyticor more advanced analysi&Ws

provides the ger wthsevHUD O RSWLRQV $:6 Aillen&Thé re8ulN H U

of the analyzes of fastnd advanced algithms are usu#@) stored in S3 or
Elastisearch type database storage. It is also possible to éstabldirect
FRQQHFWLRQ SRt dV Kiblana XikUalation services that provide
immedide visualization.

2.3 Google Cloud Platform GCP)

7K

XV

The serviceprovided by GRJOH &ORXG 3O0ODWIRUP DOORZ WKH LPSC
architecture shown inthe fdlZLQJ ILIJXUH )LJXUH *RRIJOH ,R7 &F
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Acta Polytechnidangarica Vol.21, No4, 24

the 0477 DQG +7736 SURaMR&aR®IYbe Wahsritted ¢ the
processing system vthese protocols.

Data Acquisition Data Storage Data Processing Execution
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Cloud
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Figure 4
* & 31qT architecturg20]

*RRJOH ,R7 &RUH FR tHub WBiehQa&ty/ asvaRcenRal hub for

connecting remote devicesaG XVHV WKH *RRJOH 3XE@WE VHUYLFH
& OdRDAéta Flow or & O R Xr&tigns service cabe used to quicklproaess data

anG FUHDWH 6WUHDP $QDO\WLFV &ORX® ¥HIMBEORUFDQ
HYHQW W\SH GDWD DQG &ORXG 6WRUDWDFRQREXHE XVHG
% L J 4 XaAdJ& O R X Gsefvices can be usddr batch analysis oflata. Google

DataStudo is respasible for data visualization.

2.4 Open-Source Implementations

&RQVLGHULQJ WKDW LQ PDQ\ FDVHV ZHmbrtldheXQDEOH WR
service providers, ot is simplynot allowed fo the data to be managed by a

external serviceprovider, we ato need systems that are built from our own
components. In the following, we will examine the IloT system designed and
implementedby us usingopensource componentswhich implenents simlar

functiondity to the systemsnesented above with smilar arclitecture.Figure 5

shows that the sensor data is provided, thahieur casggenetUDWHG E\ D 3\WKRQ
program, which in reality can be replaced by any sensors.isnctdse, the

generated enr data (relative humidity, anbient pressure antenperature,

pressure, and electrical energy) are generated based on the analysis of an existing

data set, which is presented in detail in a previous aftide

The data transf was realied by anopen-sourceimplementation of the0 47 7
protocol callel Mosquitto [9], which transmits the data to the NeRED [21]
framework. The Mosquitto implementation we use iKOn RQH RI WKH PDQ\ 0477
protocol implementations, as it is possilib ch@se fom several ptions ad

—-13-



K.Ferencet al. Cloudntegration of Industrial 89$tems
Architectur&ecurityAspects anSampldmgenentations

implementationsas needed32]. NodeRED ads as an open source loT edge,
which can fulfill several roles due to its versatile functionality. The dataveste
by NodeRED can be analyzed and displayed immediately thith helpof the
Dashboad (User Inerface) nedule using various builh node diagrams (clrts).
This forms the s@alled hot path of data processing.

Data Acquisition Data Storage Data Processing Execution
1T 1T 1T 1

hotpath | Noge-RED

y
cold path Node-RED
py file (((("Ji» APy Dashboard
mosavuitto cassandra

Node-RED
Apache Apache Spark
Cassandra

Figure 5
The architecture of the lloT system developed bysisgopenrsource components

The data isstored n a duster buit in the No64/ W\SH $&DWVWNBEGUD

opensour® datdase sysm for postprocessing and data analysis. In addition to

WKH $SDFKH &DVVDQGUD GDWDEDVH ZH FDQ DOVR FKF
&RXFKEDVH R bask WykteMdlegpdVvdditde for the purpose[1].

The data processing can belima bythe pensoure Apache Spark framework

developed for analysis, which usesti SDUN ODFKLQH /HDU@I.QJ 0/ OLE
[10], [23]. A detailed description of the implemented system can bedin

previowsly published coferene paperq11], [12], [13]. Using the possillities

prRYLGHG E\ WKH 6SDUN ODFKLQH /HDUQLQJ OLEUDULF
DQDO\WLYV XVLQJ VR-Pased 0libraBasw Kprspark.ml.features,
pyspark.ml.regression, pyak.ni.evaluaton, etc.).

NodeRED and its accompanying Dashboarffer powerful tools for developing

IoT solutions, but they do come with seMfOLPLWDWLRQVY 2QH OLPLWDW
NodeRED may require additional configurati@mnd setup to work with certain
hardware or protocols, which can be challenging for users imiited technical
expertise. Additionally, while NodBED provides a visual programming
interface, complex applications may require extensive flows and can become
difficult to manage and debug. Ake NodeRED Dashboardffers basic data
visualization capalties it is possiblethat may not meet the advanced data
visualization reqinements of more complex industrial applications. Despite these
limitations, NodeRED has fond utility in industrial environments, wheits ease

of use, extensibility, and vetddy make it a valuable tool for process automation,
data acquisition and monitoring, predictive maintenance, and remote control of
industrial system$2€], [4]. In this way Node RED is being utilized inndustrial
settings to strearnme operations, en&binnovation in 10T solutions, and enhance
productivity and automatiof1.8].

_14-
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2.5 Other Options for Implementation of Smilar Systems

In addition to the globally widespread and wealown platorms (Azure, AWS,
*& 3 D Q Gsousélltions presented abey manyother targeted platforms
and systems are available on the market.

Kuzzle,thehingsi2 D QG 7ik hr@ thr¢&notable platforms that offer Internet
of Things (IoT) solutions for developers, businesses, and industries. Kuzzle
provides aflexible, opensource backend solution for building loT applications
with realtime mmunication and data synchronization featurégizzle's
advantages include high scalability, réadle communicatn, and advanced
security features, whilestdisadvantages maycludea steeper learning curve and
limited community suppoifi2Q]. Thethingsi 2 offers a clouebasedEnterprisdoT
platform for managing and visualizing data from connected devicesg whil
Thingerio provides a endto-end loT platfom with cloudbased dta
management, device connectivity, and application development tools.
Thethingsi 2 Yfreeand paid plansadvantages include easy integration with loT
devices, a usdriendly dashboard, @ah comprehensive analytics, while its
disadvatages may includenhited customization options and potential scalability
challenges for largecale deployment$27]. Thingerio (free and paid plas)
offers benefits such as robust security measures, compredesupport for
diverse loT protocols, and a thriving user coamity, but it may pose challenges

in terms of user onboarding and scalabilday extensive 10T deploymenf2§].

In terms of dat visualization, we already have many options and solutioiiseon
market.Grafana[6] is a popular and veatile data visualization dnmonitoring
platform that empowers users to create dynamic and interactive dashboards for
reattime data analysis. With its rich set of features and customizable options,
Grafana offes a powerful solution for visualizing complex data from various
sources However, like anyother software tool, Grafana also has limitatipns
including a potential learning curder beginners and the possibility of lacking
some enterprisgrade featuresr support that certain organizations may require.
NeverthelessGrafang strengths lie in its flexibility, ease of use, and ability to
deliver actionable insights through visually appealing dashboards.

These platforms are widely used in various industries for developing loT
solutions, ranging from smattome and heticare ¢ logistics andindustrial
automation, offering powerful tools andatees for building modern IoT
applications.

—15-
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3 Security Issues of lloTSystems

In general, the indusal systens pesented above must always be operational and
in a @nstantly adve, workng state, so minor or major shutdowns caused by
unexpected attacks are not allowasad shoul definitely be avoidedTaking all
these into account, industrial companies intéggatntelligent nanufacturing
methodgealize that theeper knowledge and ptection of tkeir systems, as well

as the analysis of their data, sbie an area to be treat as an important priority
[24].

In order to manage or even pretvére various atzksarising from the integration

of the technolgical innovations ofindustry 4.0, a cybessecurity protocol or

stratey and the development of a new kind of security apph are needed.

In the management WKHVH WKUHDWYV W K Hites (bR playd/a 2SHUDWLR
prominent role, which monitors the \ees around the cbck and entralzes the

security supervision and control of the devices. @pplLFDWLRQ RI1 s62& HQDEO'
reakttime threat detection and response to security incidents. In additidnthes

hHOS RI ve2d&n provide rapid security detiea in order to iantify,

investgate, prioritize and solve security problems. a result, it is possible to

detect theats early and alert the relevant security teams, who can fix security

problemsin ashat time without interrupting production processthus educing

the impacbf afuture attack.

o Stream Analytics.

Figure 6
3 UR SRV H @dustdd 3yktén architectufeith S2& LI@IEd)

An industrial environment can use a variety of devices such as loT devices,
microcontrollers, sensors, enterprise computers, iatemetworks, vimal
environmerts, manufacturing equipment, etc. (Figure 6). An important opeiti

—16-
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parameter of all these devices is that these can generate and transmit various type
of data to a cerdl unit. These data can be structuataand unstuctured data,

which can beanalysedo obtain upto-datesysteminformation about the state and
operation ofthe entire system, which igssential tqrotectthe systenoperation.

The procssing of the allected data igssentiglsince based on them, a ded of

the sysenis normaloperation can be prepared, and based on this model, it is
possible to filter out abnormalitiemé anomalies that cabe detected in the
system, as thescan evenresult in sytem failure or be signs of unwanted
interventions.

At the lowest (shofiloor) of industrial systers ae operational tdmologies that

is, 27 2SHUDWLRQDO ocserél&iQ Rddritby andZiidanage the tools
of industrial proFHVVHYV 27 HMQ(HOaeNavhine Interface)6 & $'$
3/ & pumps, sensors,robots, etc.Baged on theoperating principle of these
devices itegrated into the system, they can connect to the internal network of the
factory environment. All kinds of communication are themried out through
these networks, that is, these devicarsreceive or tansmit déa and commands
to higher decisiormaking levels.From the shop floor, the data is tsamitted to a
more proécted netwdt (for exampleusingD 9LUWXDO 3U)by&Vesi 1HWZRUN
protacols for example, 0 4 7 7 Fieldbus, Modebus, 1 3 Ethernet 3ofinet).
Here, a unit serving as a gateway transmits this data to a hub, such eRE®de
can actassuch a loT-hub, or AWS IoT, or Azure 10T Hub,etc. This particular
hubis able totransmit datan specified directionsso at thisarchitecturallevelthe
datais transmittedo thedatabase, wbhhcould EH D o4 éxample,066 4
OLFURVRIW /1 RBpe/of database builis asplit cluster, ach as the
$SDFKH &DV\bB&spditbwhidd WA beon-premisesor can be reted as
Softwareasa-Service Depending on the quality and characteristics ofcth@sen
storage method, it is possible create advanced analytics bsing algorithms
base on artificial intelligence (th cold path of data processing). The Iefub
providesthe oportunityto implementa realtime dataprocesig, which is called
Stream Analytics (the hot route of dateogessing).This analysis mode can
provide results describing the current state ofsysten anduseable information
can be obtaed basedn the results ahe anafses[17], [19].

3.1 Vulnerabilities of Industrial Systems

It is critical for any industriesystemto know what features and vulnerabilities the
integratel devices havelhe mpartance of this lies in the fact that an attackhe
absence of tki knowledge can make the entirgroduction o pat of the
production lines inoperable, which, depempon the industry, can even cause
personal injuryor property damage.

Systems desited before the spread of the fourth industrial fetion were
designedn such a way that the entire system woulddmated from théoutside

—-17-
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world” (not connected tinternetor any public network), so external attackgere
not postble. It shaild be nentionel here tlat a prominent part of thdevices in
WKH 27 QRcertiblével obtheir own security systear protaol (blocking

of ports usernameyasswod, etc.), but most of them argwitched off during
commissioning in ordeto ensuretha the system is put into operatiomeh its
operdion should le implemented s soon aspossible, such as not having to
constantly use passwords when configg the nachines.Thus, as a result, these
devices can becomesasy targets for malicios attackes, due to the
aforementionedrifegligencé Taking tis into accountthe gpeaance of mart
devices in the &ld of industry may question the security of the eystueto the
fact that 0T devices are devices that can be easily connected to the Jrteraet
creating a critical vulnerable iatface onthe internal networkin mary cases
inadequatel protectedl. Another possible point of vulnerability is incomplete
testhg or code review during the design of various software, which can also
generate newisk fadors, such as forgotten authentication datsername and
password) in the soure cock.

Dueto some bthe previously presented incomplete security protectiorisalypf
27 G HY liHe ITteam is responsible for ensuring adequate protectioneof th
commurcation network, thus guaranteeing the protection of th@&eesystem.

& R P P Xaoh Fprotocols linkendpoints back to the shop floor or controller,
making them the most vulnerable parts of industrial systétasan additional
attack surface, we naalso onsider the inseca Intgnet connection, hich also
entails unsafeenmote access. These enable eaaykingof industial systems, in
the event thatunsafe and mtected protocols are usedesides that the
appropriatebehaviourof employeesis dso a citical ard at thesame time a very
common afety issuelt is also impotant to treat this factor withhigh prioity,
since they can be connected to the machiméise factory with USB, laptops and
other portable devices, and in the eviat these devices werergviouslyinfected

in an outsidejnsecure network, and thewrrectedto the industrial systm can
cau® serious damage to your machines.

3.2 Types of Atacks

In the field of industry, it is increasingly seen that the transformed maartifagt
technologies increase the attack surfaceg furpose of which is usugll
industial espionage or sabotage. Typically, these targeted attacks can have
complex consequences, such as economic loss, production loss, downtime, and
machine damage or ihé worstcase, human injury. With these in mind, mest
prepare risk managemeso wecan build a proactive protection system.

Systems using smart devices are mostndfiieby denial of service (DoS) attacks,
access conttaattacks, authentication atts, prdocol and application integrity
attackg[25].

—18-
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Several categories of threats candistinguished31]:

X 'DWD [HDembext tevices capture large amounts of dataanalysis,
monitoring, and logging purposes. In “closed" industrial systeresetidata
are transmitted without encryption via tlternal network to the databa
designatd for storagelf packet capture devices are placedhie immediate
vicinity of these routes for maliciouspurposs, valuable operational
information, usernames or even passwords can fall into unauthorized hands.

X Unauthorized accestf:the ddault usernanes and psswords of the software
and machines are hohanged (typically not), then as soon as the loTadevi
is connected to the Interndt,becomes an easily attackedvide. In order to
avoid this, the bestrptectionprotocolcan be theise of stongauthentication,
even twastep settings.

x Denial of Srvice (DoS):This is one dthe most common types of attacks in
the digital world. However, a particular farof it is Distributed Denial of
Services (DD8), which works by essentially observing loT epdgs that
have been compromised and are easily ssibke for some reason, atiten
creates a "botnet". It will receive and forward commands to the specified
erdpoints. Asa result, an attacker can easilyedoad the internal network,
causirg the device intended to be used by the real user to become
unreponsive or a complete netwkocrad.

x Faked data output: In this category, the attacker managed to get énto th
system ad, with the aim of creating a vulnerability, places foreign code in
the software ofa specific device so that the device (for example, a sensor)
transnits false, mnipulated data to the centénat is implements false data
entry. Furthermorethe atacke can create &baclkdoor’ that allows him to
communicate remotely, so he can transwuiditional commiads to the
seleteddevices.

Since the spread of the fouitidustral revolution, there have been many attacks
on large industrial companies and plantdiich should serve as a warning to
everone that special attention muee paid tolie cybesecurity of air systens.

4 10T Devicelntegration Solutions

Through two sample practical examples, we will show how, thanks to today's
advanced technolgg (smart, bT devices), we haveéhe options to ster the
collected da on demandpo use different lloT communication protocols (in our
FDVH 0477 DV ZnddppOraeDthe fohRtiohalities provided by the
increasingly widespread Me-RED (IBM develomnent).We will provide insight
into how, through innovative IT developments, thatadof certainindustrial
systems can be stored, displayed andlysedvith simple implenentations.
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The architecture of both systems is structured similarly, just likegémeral
architecture presented ighapter2, ard the"reattime" sensodata is pruided by

D 3ow code, the ldg of which tries to simulate the operating principles of
somH VHQVRUV RI WKH &RPELQH g[7& TReOddtaBRcribing 3SODQW &
the operation will communicate with the Me-RED deelopment environment by
using the MoV T X L W W Rroket, Whclewill act as an loJHub. From there, the
data continues its journey in two directions: it is entered into the Apache
& Dandfra database cluster danlisplayed mn reattime using the NoetRED
Dastboad. Also, on the NoddrRED Dashboard, we providbe possibilityto read,
display and modify the values of the sensors, thus resulting in the use-whiwo
FRPPXQLFDWLRTOrékerWKH 047

4.1 SensorData (Generic Plant Equipment) Collection and
Monitoring Application

We created an agphtion for maitoring a general factory machine and its
environment, the architecture of which is shown in Figure 7. Using various
simulated sense, we record the data m®eired dumg operaion of a generic
machine (sped,revolutions,status working hairs, etc.) anthe changes aftting

its environmenparametes (temperaturelight conditinsandhumidity).

c.
% MQTT-

o )
- 1

) broker
¢ — = | . i
; — - > ']
mosaultto Node-RED
& / 7 s A

[/ & ;
, &
) 4
&
&
//’.

paleguesy|
oy
™,

cassandra

Figure 7
Block diagram of theamplesystem

These data ra transmittedto NodeRED in realtime by a Mosquito 04TT
broker and displayednoa gaphical interfae, as well as stored in &DVVDQGUD
No 6 4/ database. & R Q V L GthkU holsibities offered by the NodeRED
Dashboard, we createth easyto-understandiserinterface(Figure 8), as welas
an assoated logc, where we us¢he data,we con&er it importarn in reattime,
and we can also manipulate some selected parameters onntdréce.
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The possibility of changing the parameters is implemented on the Cadhéo
that we can intervene in reilne, thereby simulating the real operatiorsaime
level. Realing and writing to the database is also done using the -R&de
platform.

With WKH KHOS RI D 3\WKRQ FRGH ZH FUHDWIHRDQ RLPXODW
a general indstrial machine and its environmetitys creating a sufficient ant

of sensor dataJsing this code, we camenerateVHQVRUY DQG SXW WKHP LQ
(JavaSct S We@ Ndation)object, as well as giveach of tlem an initial vale.

Dueto WKH GDWD SURYLGHG E\ WKHbilty that theJdddeHU DQG Wi
generatinghe sensor dataat only transmits the data to the broker, but can also

receive it, we camveride the value as desired. We want torstthis geerated

data and @play iton the interface in redime.

= Dashboard

o i a Macting rame Machine_o

smns MalnTenEnEE  warding bimo EOmO0 B

Mamber of rokations fokfs) W Maitmance D00

it . E e 10 . ‘r

Schucd et duswrtiers 08000 Fi

current humidity Rotation spocd 1 Unscheduled dowekime OUDIOD  Machine rotation T I

Standas Pl Lot

ALL PRODUCTS Martonance 050800

Luhtng an Schedueed downtie DE00D

Chart Enviranment Chart Equipment tincchaet dad dowetima reees)
Envirenment temperature Machine temperabure 1de

o ™

arder ame axise4 Finishad B

(TSt carm Ve S -

Figure 8
User Interfacecreated using Node Ré&hstboard

In the basic case, the sensors created by the simulation atatassenders &

regsWHU RQ WKH 0477 EURNHU 7KH LG DVHKIHH \&\W W \GDROEUMDL t
NR64/ GDWDEDVH QR GREDDIgsBhosvK dlemER Hhese will

subscribe tathe broker. TheseL QW HUHVWHG SDUWLHYV WHOO WKH 04
what chta these are tierestedn. When we change the value of a parameter on the

interface, it will alreag behave as a data send&he above-mentionedNode

RED Dashboard can be createdhahe help of thedashboard elements in the

node panel, which can be displayed on the inteffgcplacing them in the flow

panel.We have to confjurethese elemnts basean the information that defines

the operation of the system, and if the operatibthese elementss related to

each other, we can connect them, so that they receive theyz@uitput value as

an input parameter. Writing pragn cale is necssary if we want to proces the
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data of the Dashboard elemeim the background (function de), or if we want
to write them to a database, or if we want to perform any other operation with the
data managed by the given element.

:H XVH WKH 1R64/ $SD RidbhsektD ¥tor® QI&idd3 oBdata. We

chose Apache& DVV D QG UD E H F D Kfvtridata\Wonh M deRi&:R thattieQ

storage system is scalable, always available and-tfdefant. Also, with
&DVVDQGUD LW LV HDV\ WR L P SOHPRIQEN & BARWIDQ E UDQ D
store data i multiple nodes to provide enhanced security igth availability

Taking this into account, we built arbde system, ensuring that our dataot

lost even in the event of a more critical shutdown. We were thertabisplay

statistical information using the storddta.

In order to simulate regdroduction, a sim{g NodeRED process can be used to
create products with different ratings agular intervals dvery 10 minutes):
defective, recyclable and good; therebgdeling areal prodiction proces.

4.2 Partial Simulation of the CCPP Operation

By analyzing the WWRULFDO GDWD RI WKH SUHYLRXVO\ PHQWL
using them, we emated a partial siulation of the operation of theower plant
(Figure9).

Dashboard
\ @: E
creating sensors

// mosauitto
and generating

- ﬂ data
e N A pgthOﬂ
| ST

cassandra
Apache Cassandra
Database

>
I |

UBUNTU LINUX
SERVER 1 %

/ DATABASE \«

7 CLUSTER 5
Yus® Vs

cassandra . cassandra

UBUNTU LINUX UBUNTU LINUX
SERVER 2 SERVER 3

Figure 9
Block diagram of the syste built to simulate & & 3
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Starting from the datde<ribing the mosimportant system presented in Tufekci's

article [19], we wrote the historical data s WR WKH $SDFKH &DVVDQGUD
using an applicatiomreated in3\WKRQ ZH FUHDWHG VHQVRU YDOXH
historical data by simulatiobue to the efficiencyof the simulationthere is no

need for physical device& reduces the timénterval for its reproduction, and

enables simulation. We generated theusbbP D WHG VHQVRU GDWD XVLQJ \
code, ad using WKH O0RVT XL vdRer0wWe'tiansnitted the data o the

database via NodBRED and, if necessary, vean modify the values of ¢hsensors

on the user interfacén addition to storing the created data, using NB&D's

user interface (dashboard), we camtowously display and even mdgdithe

currentvalues of sensors. Figure 10 shows the user intedfspdaying the sensor

dataand the possibility to modify the data.

Relative Humidity Electrical Energy Output Ambient Temperature
745 - 4 16.2
2% 5 100.16 431.59 1: C 37.11
2020 cm Hg 495.76
. & Set ambient i
Set relative humidity v 745 temperature v 16.2
i . Electric Energy Output X
Relative Humidity ’ Ambient Temperature
18 9 “
50 4729 0
643 —//—/ s 450 2
“ 270 e g i— 10 e
24 410 a
1004:14 10:04:44 100314 10:00:13 1004:14 10:04:44 100914 106:00:13 10:04:13 10.03:13 10:00:14
Ambient Pressure Exhaust Stream Pressure
1017 46.2
nbar 10333 = € 8156

Set exhaust stream

Set ambient pressure v 1017 A pressure v 462 A~
Ambient Pressure Exhaust Stream Pressure
1.000 82
1,033 Ll
1.020 1 or
1.008 l’-JL l'[ W a2
890 ‘.F:‘:i
135600 16:00-:00 16:07:00 10.04:13 10:03:13 16:00:14
Figure 10

Geneated sensor datm the dshboard

To import the historical data s€9568 data points from 5 semspinto the
databas, we created a data flow in NeB&D, with the help of which the system
cansimply write the contents dhe excel file into the database. There were
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able to display these data using the N&teD Dashbard module. As a result, we
caninterpret 6 yearsfesensor data changes.

An important part of our work is that we were ablecteate a model in Node
RED by analysingthe historical data and with the helpf the correlations
provided by Tufekci, thus creating real data describing tleeadpn of our plan
system.

4.3 Application of Apache Spark for Statistical Processing of
Collected Data

With the builtin functionality of ApacheSpark, we canxamire bag descriptive
statistical analysesby running a few commands. The following degtve
statistics wee examined during the research:

X Mean, Standard deviation, minimum and maximalues:
f count—number of items in that camhn;
f mean-arithmetic mearfsanple mean), undistoett
f estimate of expected value;
f

stddev — standard déation, the mean squaredeviation from the
arithmetic mean how much our values deviate from the average

f min. and max-determination ofninimum andnaximum véue;
f 25%, 50%,75%— approximate percentage gfiatiles;

X Median— the meanvalue of the data set, givearobustestimateand is not
sensitive to extreme values.

X Variance: it is used to describe tfiectuation of thedata around thenean,
tha is, the value of the vaamnceis small when our data move around the
mean. The wdancecorresponds to the squarkthe standard deation.

x Skewness: determines the offset of the peakedistribution from thecenter
position.

x Kurtosis: anndicator that desdres the shpe @ the data set vertically.
X &RYDULDQFH -ndavemidny oo Hiffere@ntariables.

X & Relaion: it gives the magnitude and directiafi the linear redtionship
between two vales, that is it defiestheir relatonship to esh other.

Furthermore, wewere able to perform outlier detection with the help safme
functions and commands witthe functionality & Apache Spark.With this
architecture system, we performed the various descriptive data processing
statistics indicated above, which were preed inthe[14] article
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Conclusions

Basedon the various solutions of the presentied systems, it can be seen that
we can "easily" implement the samgstem using cloudbased cmponents
developed by various service providers (Artd $:6  *f&3varying fees
The preparation of these implentetions in the tyen field requires approjate
professional (industal) andtechnical knowledge.

In the case oMicrosoft, Amazon and Google, the services used are included in
the product family they dtributions are included, in most cases without
compatibilty problems. Using the products ahultinaional companies, bHata

and analysis logic end up in the afjwnthe service providés servers,

The system wa<reated as an Hmouseimplementation howeverit usesopen
source, free servicegnd implements the same system as the previous three.
In this casewe alsoneed the right knowledge, bittis not so akar how to use one

or another serice, sincetheseare notfrom the same service provider&eaing

your own systermopensourcerequires thecreation and administration gour

own hardwareénfrastructure.

Even new algorithms can be developed and tested in the own data analysi
section. In ader to achieve this, haver,consideable human ®ources are ab
required.

The industrial integratin of loT or industial 10T devices isunavoidablefor any
industrial rg@resentive who wants tostay competitive in today's digitized
iNnGXVWU\ & hahk,Ht iR a serious claigeto continuoust maintain
security without risking availability. Industry representatives create ever more
connectedsmall worlds arand hem, so it is necessary to prepare for protection
against the thies and vulneralities associated with ditization. & RPSDQLHV
integating the priciples of Industry 4.0 must he to datein the field of cyber
security and must mige it possible toquickly detect and respond to threats.

The SURYHQ 62& V\VWak foveka@d, SIEM)\Wovide a solution for

this, but it is ale important to educateuman resources on seityrawareness

It should also be taken into account thatow can fully potect against attyber
attacks but it is possible to prepa for them by dking precations and in the
event of anattack, reduce possible negative effects and minimize system
downtime.

The presented implemextions properly refict that withthe telp of the open
source NodeRED development environmenit is easy to implementhe
communication of diffeent IoT technologies wit each other. In this way, it can
provide cost and timeefficient solution options for those representss of the
industy who want to test the effectiveness of a new smadtam.At the same
time, Noe-RED has a distinct advantagethe fidd of datavisualization as well
DV WKH 0477 SURW ROR&NY udedy hdustivellU $IGtiowg,L since
spectaclar results an beachieved by applying simple logic, so it proves to be
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much more #icient in ternms of cost and time. Thanks this, the interface can be
easily expanded as needed, in order to be able to monitor all sensor or machine
data that we deemmpportant.

In industy, the ug of loT devices mostly receives special dttendueto the
optimizaton of processes, the det®n of errors and the mplementation of
predictive maintenance, since cost rdthrccan be achieved with the help of their
integration, andiy andysing and using the collected data, we can get to koomw
systens better.

Basedon the above implementations,ewcan evaluate thdevelopment and
integrability of today's technology in such a way that it is properly applied for use

in the industrial fiadl, for theuse of 1loT. But it is not necessary to ligiburself

to the use ofyst one of these servicesjenif they ae paid lage open source, but

they can be integrated and used together, and in many cases their combined use is
recommended, geendirg onwhat task we want to use them for.
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Abstract: The high level obtandardization within the automotive industry may support
avoiding the occurrence of common and ue$een risks. There are sevemsk
management methods available, but effective actions need to understiamht
challenges. Automotive risk managememrigures a comprehensive measure and
evaluation approach. Theesearch aim to map the risk factors ofnanaging the
automotve industy for preparing a decision support mod#irough a pilot study

The analysis used a list of risk factors based on theafite ard idiographic data
collection among 22 experts in 2023. The study used tmeetQodology to create
characteristic pttems d opinions. Three factors were separated and entitled based on
their expressed opinions Factor 1 “Follow Standards!”, Fac®“Take Control!” and
Factor 3 “Be Flexible!”. Factor 1 respects mostly the automotive standards, (ATF,
VDA, andFMEA). Factor 2 consists of opions to support actions that can increase
overall control. Factor 3 supports every aspect to increéesdbility. There is consensus
amongthe three factors on the high importance of Total Productive Maintenance (TPM)
and proper supplier selection aman the respondents. Relative opinions in the field may
contribute to developing compatgvel risk mitigatbn grategies and understanding supply
chainlevel challenges. The study confirms the applicability -wh&hodology taliscower
opinion groupsand,therebre, can be considered novel contribution to the research figld
from a methodological perspective.

Keywords: Automotiveindustry, Q-sort, Risk management

1 Intro duction

Happenings in the automotive industry have an extensivecinopahe economy
since it is oe of the most globalized industries [2]. The Global, Europeamand
Hungarian vehicle ingstly has ecovered after the COVHD9 pandemic and
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lockdowns and the growth has continued in 2022 8] A lesson learned from

the situation is rethinking risk management in the field. Due to the complexity of
the automotive supply chain, important asees havebeen taken to organize
necessary activities on the topic of Supply Chain Risk Management (SCRM) [5].
There is a growingansuner expectation for vehicles, including product quality
[6], sustainability [7], and technological innovation [8]. Témmpetition and the
increasing pressure of legal regulations result in a challenging entrepreaedrial
technological environment. hE clanging environment raisesew forms and
sources of risks that require updated solutiohstomotive supply chains are
chamging rapidly and becoming more complex over time. As a result, the
emphasis on the proper approach to risk management is valedudy deals

with the practical opportunities of the-iQethodology for this purpose and
contribites to renewing the kmdedge base bautomotive risk management by
exploring the relative importance of risk factdog expertopinions.The analysis
uses e Q-methodology to establish a ranking. The fundamental goal of this study
is to exploit possibilitiesin order to supprt risk managment actionswithin the
industry, to foster financial growth anthe secure sde introduction of new
products.

2 Literature Review

2.1 Automotive Supply Chain Risks

A wide range of information is available regarding the definition of risiek
management, ahits relation to projecnmanagement [9]. The early studies on risk
management started in the 1980s and continued tdopewethe past decades.
A database from the 1980s showed that “many projects met theitaiget- the
averageslippage was 17% but there was a clear oveun on cost - the average
overspend was 88%". Williams' article [10] shows a comprehensiveeneoi
the bpic.

Brustbauer [11] analyzed the risk management practices of ShSed on a
questionnaire in 2014He suggests that companies should apply a passive
(defensive strategy) or active (offensive strategy) risk managementdrnéthjo

The chosemmethod shold be basedmainly on company size, sector affiliation,
and ownership structure. Risk management mmagor issue for SMEsmostly
because of the lack of resources for this activity, and abouthinds of the
analyzed companies have a passhisk managenent gproach. The author
interprets that applying risk management increases competitivenessi@ass.

A key factor for €fective risk management is the awareness of the company
regarding possible risks. If a company is not able to definagken itself and its
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surroundings, it is not possible to create an effective action plan for itiglation
[11].

A study across Bzl [12]in 2017was performed in two stages (first: fatoeface
interviews, second: online survey) regarding the riskragementbehavor of
startupsPearsots correlation wasisedto explore patterns of risk management at
the canparies. 1SGB1000 procedure is recommended by the author, which
standard offers a simple and easyimplement procedure.

Automotive rik man@ement has extensive litature, including supply chain
risks. Regardless of the qualitative or quantitative neatd the suggested
procedures, there is an agreement on the main knowledge areas covering risk
classification, risk factor analysis, kismangemet methods, and risk gap
identification [13]. The researchers emphasize the importance of supply ahain ri
managment (SCRM) [14].

The general approach to the risk management process consists of foue\staps
for supply chais[14]:

1. Risk identificdion

2. Risk assessment

3. Risk management decision and implementation
4. Risk monitoring

There are competing models aagproaches to risk management. Some authors
focused on empirical analysis; others argued in favor of litertased,
theoretical model créi@mn followed by empirical confirmation [259]. A case
study investigated two Hungarian supply chains in 2@®6understand the
dynamts of cooperation where the connection between corporate strategy and
supply chain management has been confirmed (2&hstering the effects of the
2008 economic crisis, a study proposed policy recommendations to support risk
mitigaton of suppliers [21]. A comprehensive review of the Hungarian
automotive industry compared to the V4 countries was performed in 2017 with
histarical intent. The study proposed two possible future development paths for
V4 countries with recommendatiots support the intenses development of the
vehicle industry [22]. A current case study from 2022 categorized the risks
according to their effd on the company into five groups, entitled Operational,
Process, Suppliers, Secyriand Labor Rights, and grided a probabilitimpact
matrix for the investigated companies. The broadly accepted Analytic Hierarchy
Process (AHP) was used for a systBmaweight calculation; the results
highlighted the bad quality of the final product as the most significanf28k

Huang et al. [24focused on the disruptions of automotive supply chains based on
the literature review of 866 journal articles. Accoglio the results, automotive
supply chain risk management has attracted increasingly more attention from
societyandscholars over the past decades.
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KPMG [25] also stated that supply chains are highly vulnerable. 78%obéigl
automotive executives ratethat recent volatility in commodity prices would
impact their business, and 80% believed that labor shortagdd imapact their
business Material shortages, demand uncertainties, increasing environmental
regulations, labor market scarcity, disruptiong ttuthe globalized nature of the
automotive industry, and increasing complexity of tariffs and trade regulatiens
considered the maiaulnerability factors. To ease the effect of such risks, it is
recommended to regionalize the supply chain, ensurghysuhain diversity,
establish a task force to manage critical commodities, establish strategic
partnerships orojnt ventures and ensuithe appropriate level of transparency
[25].

The risk mitigation activitiesin automotive supply chaintend toward tectiod

ard financial risk management actions; however, the studies in the field
emphaize more attention to thetrategic and methodologal tools for risk
mitigation. The ultimate goal is to develop effective risk mitigation strategies.
Methodological devepment suggests considering muttiiteria decisiormaking
(MCDM), multi-objective decisioimaking (MODM) [26]and ISO 31000 [27],

and probability and impact analysis [28]. The experience of the German
automotive industry [29] provides professional suppact the efforts.

The categorization of risks has been investigated, and it is the basis ofilie init
concepffor grouping, as presented in Table 1 [30].

Table 1
Input data for risk mitigation actions and statement list

Risk mitigation category Risk mitigation action

Insurance

Forward of futures contracts

Real options approach

Dropping specifiproducs/ geographical
markets/supplier or customer organizations
Delay new market entry

Vendor selectiometioddogies

Vertical integration

Horizontal mergers and acquisitions

Inventory systemkncreased stockpilg ard the use of
bufferinventay

Control Maintaining excess capacity in production, storage,
handling and/or transport

Imposingcontractual obligatinson suppliers and
customers

Gain market power

Long-term contractual agreements and commitment
with sumpliers and customers

Financial risk
management

Avoidance
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Collaborative relationship management (e.g.,
partnerships, alliances, or jowgntures

Joint efforts to impree visibility, transparency,
information transmission/sharing, and understanding

Coaperation within supply chain
Risk staring
Aligning incentives and revenue sharing policies in a
supply chain
Joint efforts to prepare supply chain continuity plans
Imitation Imitation of product and process technologies
Follow other firms in moving into new markets
Produt diversification
Geogaphic dversification
Increase overall flexibility

Flexible inputsourcing (e.g., Dual sourcing and
multiple sourcing

Back-up supplier

Localized sourcing

Flexible workforce size and skills, plants, and
equipment

Multinational production

Posponemenh

Flexible supply contracts
Flexiblemanufacturing

Flexible distribution

Flexibility

2.2 Q-methodology

Evaluation of tle relative importance of risk factors cannot be uniform by the
activity, size, or othr company and supply dima characteristics.Individual
evaluations may be available, and exploring opinion patterns may promote
establishing effective risknitigation stategies. Due to the subjective aspects of
the topic, it is necessary to apply a methaat ttan objectify opiions. Although

using a seof questions evaluated on a Likert scale offers results that are easy to
interpret, dstortions of the evaluation care bmisleadng [31]. A direct or paired
ranking method is relatively more expedient; however, the huge number of
consderable risk fact@ makes the workload unreasonably difficult for the
respondents. gnethodology offers an optimal solution to rank a highenberof
factors and effectively create opinion groups by statistical evaluatiormétied

was developedby physicist and psychologist William Stephenson in the 1930s
and widely used in several areas like marketirsycpology, or any study which
analyzes subgctive opinions [32].
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Q-methodology is a combination of qualitative and quat#a analysis.

The responcents are asked to press their opinions by sortirsgset of statements
whetherthey agree or disagreagccording to a specified questidbataprocessing

can beperfaomedmanually onsitebut onlinesupport is available Thetraditioral
process usegrepared cards with the statements, which must be placed on a board
to represent the ordered opinions individually. After gathering data, araide

of software is available for evaluation [33]. The main steps-ofi€hodology can
besummarized a®llows (kased on [346]):

X Making theinitial data matrix of the evaluations
X Calculating the correlations

x Selecting the number of factors

x Calculatirg rotated factors loadings

x Determining factor weights and scores

X Analysis of distinguishing statements

X Presenting patterns of opinions by the final factors

Least well. How well can be used to reduce automotive risks? Extremely well.

1 3

Finanial pianning
Involve back-up Achieve high and forecast
supplers market share (forecast,
budgeting)

Detailed supplier
selection and
evaluation

Define and strictly
follow corporate
prioriiese

Improve
communication
with partners

ximize the
Tlocation of
>roduction
capacities

CE=7 EQ Web Sort [ repmet IRSEEY - | + JSETEEN - | + | =

Prefer local

ropty oA
Ipﬁﬁgm“ Sandire

Conclude future
contracts

Perform process
audits

Certified ISO
9001 system

Build flexible
logistic systems

Muli-channel

roduction
procurement e

systems

Conclude Conciude long
insurances term contracts

Figure 1
Q-sort pattern

The question for evaluation asked thespondents to sort the itenby their
importance in their opinion. The forced sort pattern assures normal distribution of
the evaluatios d the participants [32]Figure 1 shows the design for evaluations

in the original language. A supplementary questionnaire is proposed faticgile
additional data for further groupings and evaluations.
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3 ResearchDesgn

3.1 Research Goal

The need fo effective risk mitigationstratedes raises the question of what risk
factors are remarkable in the autormetindustry. However, considering ththe
individual challenges of the companies are inevitable, a core set of factors must be
identified to supprt syply chains. The stydaims b explore the characteristic
patterns of expert opinion to contribute to a common understanding of automotive
risks. Moreover, based on experts’ opinions offer an initial point for developing
risk mitigation strategies. ¥consder the results a pilot stydregardles®f the
opportunities of the methods.

3.2 Research Method

A preliminary list of risk factors based om anternational literature review was
refined and supplemented by interviews with Hungarian automotigestity
experts for the analysis. The next step was preparing the statements for @valuati
by the Qmethodolog [37]. Theprocess configuration isimmarized in Table 2,
including support tools and steps.

Table2
Data collectio and analysis process

Main Activity Steps & tools
Risk factors Confirmation
1. Topic Interview with from the of risk factors
selection industry experts literature (Google
Forms)
2. de\?;kr)ver?]ent Programming Survey Data Collection Data Data output
P (EQ Web publishing (link via e management P
and data ) ; ) ) (JSON format)
) Configurator) (Netlify) mail) (Firebase)
collection
Varimax Output tables:
Princinal rotation fora Factor
3.  Q-sort KADE input Calculate compo'rjent selected loadings,
analysis correlations analysis number of Z-scores,
Y factors based Factor
on scre-plot visualizations
4. Further Cross-
analysis and Factor tabulatbn Developing
presentation presentation Rank orders new surveys
of results

The statement list of the questionnaire used an item collection by Ceryno [17], and
additiond catgyories were definedincluding common automotive tools and
standards (Table 1). The study was designed for a voluntary online survey
managed ¥ the software EQ Web Sort version 2.0.0, and data processing was
performed wih the free KerQ Analysis Dektop Hlition (KADE) softwae
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version 1.2.1. The factors were defined by considering the scree plot by
eigenvalies, and pricipal component analysiwith Varimax rotation was for
maximizing the sum of the variances of the squared correlations betweetegariab
ard factors. The software also allows centroid factors and other types of gnalysis
but this explorative slution was selectedsince preliminary knowledge of the
possible factor numbers and contengsmissing

3.3 SampleCharacteristics

Data was co#taed online from respondés between 20 January 2023 and 27
January 2023. An invitation was sent to 38oawtive experts at tee different
intemational Tierl supplierlevel automotie companies located in Hungary.
The research sample consists df @valations. Sample characteristics are
summarized in Table 3.

Table3
Sample composon

Grouping factors Number % sample

< 5years 2 9.1%
Total work 5 years- 10years 10 45.5%
experiencen the 11 years- 15 years 6 27.3%
automotive industry 16yeas_ 20 years 4 182%

HR, administration 3 13.6%

Engineering | 4 18.2%

(production, maintenance, flity, IT)

Engineering Il 4 18.2%
Area of current job  (development, testing, project

management)

Quality, supplier quality assurance 5 22. 7%

Production 3 13.6%

Swply chain (logistics, procurement) 3 13.6%

Furthermore, respondents were asketeratompletion of @at to rate six
guedions related to current challenges of automotive risks on gpbirg scale
(higher values mean highgsk). They were asked taiflge how much they think
automotive depends on these factors. The highest avextiyg was received for
supply issuesalaed to microchips, while the lowest average rating was received
for local political decisions (Figure 2).
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4.29 4.43

W

\8)

3.95
3.52 3.67
] I I
1 I

local politcal COVID-19 environmental  lack of international  chip supply
decisions pandemic policies workforce economic issues
trends
Figure2
Average ratings of risk factors

4 Results

4.1 Demarcation ofthe Factors

The principal component analysis effd a maximum of eight factors based on
the 22 responses, seven of which were at a greater eigenvaluk (ffigare 3).

The variance explained is 32% for the first factor, and the total variaptared

is 43% for two factors and 52% rfdhree factorsThe scree plot (Figure 3)
suggested establishing three factors. It is worth noting that the total variance
explained is a maximum of 726 with eight factors, but the differences between
the further &ctors are notemakable. Factor characteristics are soatzed in

Table 4.

Eigenvalues
N

o
Te——

1 2 3 4 5 6 71 8
Factor number

Figure3
Scree plot (KADE output)
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Tabled
Factor characteristics

Factor 1 Factor 2 Factor 3

Eigenvalues 71415 25047 19244

% explained variance 32 11 9

Total % explained variance 32 43 52

% explained variance &r VARIMAX rotation 21 19 12
Number of members (% of total respondents 8 (40%) 8 (40%) 4 (20%)
The ratio of flagged witin thefactor 88.89% 10000% 80.00%
Correlation with Factor 1 1 0.5255 0.2201
Correlation with Factor 2 0.5255 1 0.3347

Correlaton with Factor 3 0.2201 0.3347 1

4.2 Factor Scores

The zscore is a weighted average of the values that tHsert3 most closgl
relaed to the factorigen to a statement, and it is continuous [38]. It is calculated
as a mathematical pression of the distee between a picular absolute score
and the mean average score of the measured sample [36]. Based eroitbe z
analysis significant similarities and differerces can be found between the factors
(Table 5). Most significant differaces in z-scores were discovered with
statementsin “Flexible andwell-trainedemployees”, “Apply IATF standard” and
“Use FMEA method! Most significant similarities of smreswere discovered
with statements in “Total Productive Maintenance (TPM)” anddet planning
and forecast"The anaysis d z-coresmainly supports the recognition of patterns
of opinions in Factors.

Table5
Facor scaesfiltered on threkold levelP< 0.0001

Factor Threshold  Q Sort Value Statement
Factor1 P <0.0001 4 Use FMEA nethod
P <0.0001 5 Apply IATF standad
P < 0.0001 3 Apply 1ISO 9001 standard
P < 0.0001 4 Apply LEAN principles
P <0.0001 1 Flexible production systems
P < 0.0001 5 Apply VDA standard
P <0.0001 4 Process audit
Factor2 P <0.0001 -5 Aim for high market share
P <0.0001 -2 Flexible production systems
P <0.0001 5 Standardized production
P <0.0001 -4 Build wide rangeof productportfolio
P < 0.0001 4 Maximize allocation of production capacitie:
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Factor 3 P <0.0001
P < 0.0001

Flexible and wekltrained employees
Flexible production systems
Flexible logistics systems

P <0.0001
P < 0.0001 Avqld too muchexpanson by rejecting new
projects

P <0.0001 -3 System audit

N W o1 o

4.3 Patterns of Opinions in Factors

The ranking orders byhé three factors are represented-igures4-6. Based on

the results, there are several consensus statements (marked with bire unagk

like “Total Productive Maintenare (TMP)”, “Strong coperation with customers
and suppliers”, and “Copy technologies and processes of competitors”.
The dstinguishing statements are displayed in the figures at a maximum p=0.05
threshold value. Thee satements show the items of the evatiion that draw the
idiographic patterns. According to Factor 1, 23 of 38 statesremet listed; in the
cases of Fetor 2and Factor 3, 18 and 20 items are listdthe figuressuggest
characteristic opinion patins.It is to note that the distinguishingasements are
focused on the leftmost and rightstsides othe evaluations.

Composite Q sort for Factor 1

| s [ = R 7 2 FI 5
* Build Tonclude Acquire | Concludelong |  Define and Financial Detailed | Welltrained | Cbrified ISO | Apply LEAN | “Apply IATF
tidocational future similar term strictly planning and | _ supplier and flexible | 9001 system | = principles standard
production contracts | companies | contracts Tollow forecast | selectionand | ‘employees

sites. corporate (forecast evaluation
prioritiese |  budgeting)

Avoid too Apply Fair risk Prefer local Detail international | Cooperate Perform | Perform Total | ~Use FMEA Kppwy VDA
muc financial sharing confracts effectively process Productive method standard
expansion by | _incentives between sources | with concrete | of production ith audits | Maintenance
rejecting now | for suppliers | - business liabilties plants  |customers and (TPM)
projects (etc. bonus partners supplie
Copy Conclude | Miltichannel |~ Improve Continous | Standardize | Perform
flexible production | Continous
and processes | supplier with partners | of stock Improvement
of confracts levels actions
competitors
Achieve high | Buildawide | Operatea Build Perform
market share | range of customer flexible System audit
product relationship | production
portfolio systems
Maximize the |~ Conclude Involve
aliocation of | insurances |  back-up
production suppiiers
capacities

Build

logistic
systems

Legend

Figured
Factor 1 raking order
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Composite Q sort for Factor 2
-5

[ 4 3 2 A [) 1 2 3 4 5
“Avoid too Certified ISO Acquire Conclude "Fair risk Involve Detail Improve . Well trained *Perform S’tandardize
much 9001 system | similar flexible sharing back-up contracts  |communication | and fiexible process production
expansion by companies supplier between suppliers with concrete | with partners employees audits
rejecting new contracts business liabilities
projects partners
‘Adhieve high "Blild a wide Ooi)y L Conclude long Build Ap{)ly IATF Prefer local | bperats a Multi-channel | Perform Total o >Perfprm
marketshare | rangeof | technologies ‘term ti-locational standard | procurement | customer | procurement | Productive Continous
product and processes contracts production sources relationship Maintenance | Improvement
portfolio of management (TPM)
competitors system
Conclude I “Conclude | Cooperate | Apply VDA | Apply LEAN | _Perform
insurances _ﬁregr?p?lal future aﬁegl?vely g&%dard r[;mclp!es System audit
incentives contracts wil
for suppliers customers and
(etc. bonus suppliers
" Buid Build International | _ Financial Detailed
flexible flexible cooperation | planning and supplier
production logistic of production forecast selection and
systems systems plants (forecast, evaluation
budgeting)
Defineand | Use FMEA | Continous
strictly method optimization
follow of stock
corporate levels
prioritiese
Maximize the
allocation of
roduction
capacities
Legend
* Distinguishing statement at P< 0.05
** Distinguishing statement at P< 0.01
» z:Score for the statement is higher than in all other factors
« 2-Score for the statement is lower than in all other factors
[ Consensus Statements
Figure5
Fador 2 ranking order
Composite Q sort for Factor 3
-5 -4 -3 2 -1 0 1 2 3 4 5
‘Aoquire cas)y . “Perform N Build Operate a Continous | Multi-channel "Avoid too " Build Perform Total Wel trained
similar technologies | System audit | ti-locational customer optimization | procurement much flexible Productive and flexible
companies |and processes production relationship of stock expansion by logistic Maintenance employees
of management levels rejecting new | systems (TPM)
ccompetitors system
" Fair risk Conclude Conclude International | Conclude long " Perform Financial Improve Detailed "M’aximi_ze the | Build
sharing insurances flexible ccooperation term process planning and |communication sugpller allocation of flexible
between sup{;llsr of production contracts audits oI with partners | selectionand | production production
business contracts plants (forecast, evaluation capacities systems
partners budgeting)
Certified ISO | Achieve high | Apply LEAN | Cooperate | Perform | Conclude Detail
9001 system | marketshare | principles effectively Continous ure contracts
Wit Improvement contracts with concrete
customers and actions liabilities
suppliers
“Involve UssFMEA | Apply IATF | Preferlocal | Standardize
back-up method standard procurement production
suppliers sources
Appl! Define and Apply VDA
% ﬁnarﬁ;‘r’al strictly s&rymard
' ! follow‘
for suppliers | corporate
(etc. %%nus ptiopr?tiase
Build a wide
range of
product
portfolio
Legend

* Distinguishing statement at P< 0.05

** Distinguishing statement at P<0.01

» z-Score for the statement is higher than in all other factors
< 2-Score for the statement s lower than in all other factors.
[ Consensus Statements

Figure6
Factor3 ranking order
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4.4 Dependency of theAutomotive Industry on somelssues

An additional questionn the survey askedbtevaluate the dependence the
automdive industry on some issues. The respondents were askedatheir
opinion on a fivepoint scale (1: not dependent on it, 5: extremely dependent on
it). Figure 8 shows the issues and the mealnes of the esluatons by factors as

a simplified visuakation.

5

45

| galldi

international COVID local political ~ chip supply ~ environmental lack of
ds ds issues policies workforce

trends

m Factor 1: “Follow Standards!” Factor 2: “Take Control!”  ® Factor 3: “Be Flexible!”

Figure7
Crosstabulation results

The COVID-19 pamlenic and local political deisions were not considered the
most relevant issues regarding thepzhdence of the automotive industry.
The impact of environmental policies is high amahg respadents of Factor 3.
Chip supply and international trends are tae top of the list, but igible
differences exist between the factors. The lack of a workfraonsidered a
more serious issuedh the COVID19 pandemic or local politics.

The ronparametic KruskatWallis H test was used to check the significante o
the differences (Tabl@).

Table6
KruskalWallis H-test results by factors
Survey item Kruskal-Wallis H di  Asymp. Sig.
internationheconomidrends 1.683 2 0.431
COVID pandemic 0.132 2 0.936
local political decisions 1.446 2 0.485
chip supply issues 2341 2 0.310
environmental plicies 3.341 2 0.188
lack of workforce 0.726 2 0.696

Despite tle visual differences, the variance analysis did not findstatistically
significant diffeences betwan the factors. The detailed analysis confirmed a
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significant difference between Factor 8nd Factor 3 regarding the role of
environmental policieKruskd-Wallis H=4.158, ¢=1, sig.=0.041).

5 Discussion

The maintarget of the study is to diseer opinionsin the field that may
contribute to developing compatgve risk mitigation strategies and
understanding supply chalevel challenges. To definmitigation strategies, we
need to show and understand the difees betweetthe discovered opinion
groups. According to the most and least preferred items of theysstatemats
(Table 7), the thre opinion groups about the relative importance of féskors
can be entitled as follows:

x Factor 1-“Follow Stardardg”
x Factor 2-“Take Control!”

x Facta 3-"Be Flexible!”

Table7

Summary tablef factor statements i mitigation categories

Factor 1 Factor 2 Factor 3
“Follow Standards!” “Take Control!” “Be Hexible!”
Apply IATF standard Standardized production FIewbIgsﬁ(\)/;eelggamed
(AUT) (CTRL) (FLEX)

Apply VDA standard Contiruous Improvement actien Fle><|bsl;clsrt)é(r);j;1ctlon
significant Total Roductive
statements Apply LF(EA/:\LIJ\JT[))rmmpIes Pr(()é?r;sl_:;ludlt Mainterance(TPM)

(AUT)
Total Poductive Maintenance Maximize allocation of
Use F&Eq_;nethod (TPM) production capabilities
(AUT) (FLEX)
. . ; Avoid too much expansion by Acquisition ofsimilar
Muli 'IOCE(‘EES)WO(‘UC“D rejectng new projects companies
(AVOID) (CTRL)
Avoid too much expansion by . . Fair risk sharing between
rejeding new projects Aim for high market share customers and suppliers
Least (AVOID) (CTRL) (coop)
significant Copvtechnolodi q
statements  Conclude futures contract Apply 1ISO 9001 standard opytec PO ogies an
(FIN) (AUT) processesf competitos
(IMIT)
Financial incentive for Build wide range of product |
: 4 nsurance
suppliers portfolio (FIN)
(FIN) (CTRL)
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The Qmethodology suggestssking for reasoning about the most and least
preferred selectianTaking the qualitative informatioand the respnses into
consideration, we can define the most sigaift characteristics of the grps.
Risk mitigation categories (based on Table 1) hiasen alded to Table7 for
better visualization.

Factor 1 “FollowStandards!” can be described as augr of indivduals with a
strong belief in wellestablished automige standards and tools. They think that
avoiding most of the risks is possible by faliog the rules and strongly reject
anything related to expansi@s they see high risk in any expamsiactivities.
They do not prefer local suppliers or even maltennd procurement; probably,
theybelievethatif we apply the right standards in the plypchain, we can avoid
risks. They rate low #h efficiency of finan@l risk mitigation actions. This gup
rated loved the importance of communication (but still oneumal level).

Factor 2 “Take Contl!” can be described as a group of individualthvei grong
belief in selfdriven standardizain activities. They it& the importance of general
automotve standardsather low/neutral. They would like to have risks“their
own hands” rather than rebn systems. Conscious prevention and controkeye
factors for them. They refuse high market share and wide predutblio as it
increases the uncontltable actvities. Flexibility is rated low, except for
employeeflexibility, which is rated highethan Factor 1, which shows they rely
on people’sgpabiities rather than general standards.

Factor 3 “Be Flexible!”can be described as a group of indidls with astrong
belief in actions to increase overall flexibi, especially regarding production and
employee flexibility. They think people, guiuction, and logistics should all be as
flexible as possible. Maximized allocation of available capacifiseferredby
them. They prefer future contracts, which are asorm to support financial
flexibility. The highest rejection rate towards compamguistions was observed
within this group.Only this opinion grouprated the application of LEAN
principles lower tlan neutral. Continuous Improvement (Cl) actions weated
lower than those rated by Racl or Factor 2 groups.

Consensus statements shihatthe experts agree about the statememtisg and
therefore epresent the opinion of all respontierstatistially. The highrated
statements mean that most regpes agree on the greater effiodgnof the item
in reducing risks compared to lowetedones. Neutrafated statements covar
medium level. Consensugtatements represent the items watthigh agrement
among the respondents regardless of which thedgnb. An interesting future
reseach question is the reason for the consensus stateratings and their
possible effect on risk mitigation. Maybe arrigase in the usage of some actions
from neutral statements could increase the efficiency of an omgion to
mitigate risks, but it agabe judged after objectively understanding tHectfof the
applied actions.
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The Hghestratedconsensus statements:
x Total Productive Maintenance (TPM)
x Detailed supplier selection and evaluation
Neutral consensus statents:
X Budgetplanning and forecast
x Continuous optimization of stocks
X Strong coopetion with customers and suppliers
x Define entergse priorities and strictly follow them
X International coopration of poduction plants
X Long term contracts
The bwestrated caisensus statemtsn
x Copy technologies and processes of competitors
x Financal incentivesfor suppliers
x Flexible supplier contracts

Although the mean values of the evaluation & itmpact ofsome genetaopics
affecting the economy and society show \ssilpatterns by the factors, the
Kruskal-Wallis analysis of variance test could noonfirm those. The high
variance of the evaluatis can be in line witlthe variety of the compéas in
products or the level of contribution. The result suggests the reratbinpany
level risk evaluations,ui the common trends can provide valuable input

Conclusiors

This study aimed to explore the chateristic patterns oxpert opinion on risk
factors in heautomotiwe industry for a current understanding. AsQrt evalaton
separated three distinct ofmn groups as factors. Factor 1, called I'Bawv
Standards!”, respects mostlyhe automotive stardds (e.g., IATF, VDAand
FMEA) and rejects flexible reions. Factor 2, called “Take Control”, consists of
opinions to spport actions that can increase overall control. Factor 3, called “Be
Flexible!”, supports ever aspect to increase flexibility, ihming people,
producton, and logistics, but the effectimess of coscious development activities

at a lower rate.

Although there are three opinion groupspéored, some remarkable similarities
are eflecied in consensus statements. There is consensile drigh importance
of Total Productive Maintenance (TPM)d proper supplier selection among the
respondents. Budget plang and customesupplier relationsip management
activities were rated newaty which might rase attention to these areas as the
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literature highlightsheir importance [1216][19]. Finarcial risk management and
competitor imitation actions were rdtéeast efficient, suggesting thaiperts
prefer actions and systems thategihem the power to handle risks internally.

The analgis of general risk factors in the automotive industrywshdifferenaes

in the perception of the respondents regarding diseuption in chip supply,
environrental policies, and the lack of workforc€he experts agreedn the
moderate impact levelfdghe COVID-19 pandemic on automotive supply chains
compaedto otherissues.

A theoretical implication is the applicabilitpf Q-methodology to discover
charateristic patterns of expert opinion imetaubmotive industry; therefore, it is
recommended taontinue further research in the field. However, supplgirch
integraton has been measured bys@rt, but it is not diregfl relevant to risk
management [3233]. The measurement of opinions abthe risk factors in the
autonotive industry by the @nehodology can be consided a theoretical
contribution to hefield.

The findings can be used to enhance risk managemestatodlprovide input for
more effedive risk management. Based on the weidhdpirions, it is intended to
provide input to establisltomplex risk mitigattn strategies. As an output,
organiations can dfine actions for their risk management practice ardoger
areas that could require strategic management attention and resbepée the
thorough design of the survey and the combination of variotisatie during the
research, there asame limitations to the generalization of the results.

The studyis limited to Hungary; future research could consist of a broader range
of respordents, including experts from various European téesiand a more
focused approachbased on the opinion aups reveald in this study,
concentrating on a systematic selectf samples.
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Abstract: As technical security solutions are far from being enough to praliéferent

kinds of information and communicatiosystems, due to the human elemeitt was
necessary to involve psychologists and define this problem as an interdisciplinary one
A validated questionnaire can be a good instrument for measwsegs’ information
security awareness, knowledge on privacydssand risk invola in online behavior, so
conclusions gathered through empirical studies based on those kinds of questionnaires
should be helpful in designing educative training prografhe aim of this paper was both

to present the validated Behaviti@ognitive InterneSecurity Questionnairand prove its
suitability for international usage as well as to present general conclusions ragardi
information and communicatiosystem users gathered through its development process.
In this study were included participants from 41 different countrig, while English,
Croatian, Slovenian and Hungarian language versions of questionnaireuseteResults

have shown thatlevelopedjuestionnaire can be used eéntationally and the sum of the
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conclusions is thausers believe themselves to act more safely than they actually do;
awareness has been rising over the years, but risk in online behavior has not been
mitigated. Consequently, many users will still revéadir password, mostly under the
influence of friadship or authority. Therefore, seeing as existing solutions are not good
enough to resolve this global problem further studies should focus on developagisdm

of an interactive platform that will beased on the results of empirical studies. It sdoul

not be based on restrictions, but rather on educational trginpreferably personalized,

and expanded with reglme warning solutions in order to keep up with constant changes
in this field.

Keywords: ICT users information securitysecurity awarengs BCISQquestionnaire

1 Introduction

Nowadays there is finally a consensus among engineers and information security
managers that technical security solutions are far from being enough to protect
variousICT systems, due to the human element. This talse however good
security procedures and hardware and software are, the impact of the user on the
overall system security remains significafit-4]. Once this problem was
identified, it was necessary todlude psychologists and define the problem as an
interdisciplinary ond5], focusing on (misspehavior and crossultural research

with data collection and measurement is§6¢s

Authors of this paper began their research into the users’ impact ba@R9f72

8] and published their first validated cgiennaire in 2014. The first published
questionnaire was the UISAQ (Users' Information Security Awareness
Questionnaire), which was validated in the Croatian langy8yeand then
translated into English1Q] in order to reach a broader audience. Aftet fhist
questionnaire, other scientifically validated security awareness {gnd anline
behavior, knowledge) questionnaires followed. The SeBIS (Security Behavior
Intentions Scale) was developed in the USA and published in [2016In the

same yearthe FMS (Four Measurements Scales) was designed and validated in
Turkey [12]. The HAIS Q (Human Aspects of Information Security) was
developed in Australia, with a vatlited version published in 201¥3] and some
preliminary reslis published earlier, 2014 [14]. Further development of the
UISAQ questionnaire ensued, based on an international, short and efficient
version of the questionnaire. To the best of our knowledge, there are currently
those four sentifically validated questionnaires for users’nokledge,
(information security) awareness and online behavior examination. In scientific
literature there have been many other attempts to test and partly measure online
users’ behavior regarding security and privacy issues, but through statistical
proces d validation, a questionnaire becomes a measurementrimstt with
defined reliability 5, 164. So, it is of great importance to first undergo the
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scientific validation process or to use other already validated questionnaires.
Today’s version of the @&avior Cognitive Information Security Questionnaire
(BCISQ) presented in this paper has been validated in several languages, but
primarily in English, andhas been used internationally [17].18

The aim ofthis paper is both to present the validated BCti@stionnaire and

prove its suitability for international usage as well as to present general
conclusions regarding online ICT system users’ information securityeaess,
knowledge on privacy issues and risk of online behavior based on data gathered
through its development process. The rest of the paper is organized as follows:
next section describes the questionnaire, examinees and some properties of the
statistical data analysis, then the following setipresents a detailed theoretical
background andistory of the BCISQ's development. After results combined with
discussion, the paper ends with the most important conclusions of this paper.

2 Overview of theDevelopment ofConstructs,
Participants and Applied Data Analyses

The validated part of the BSD questionnaire comprises 17 items grouped into
four scales, where two scales make a subgroup of the Behavioragriéeand

two other scales make a subgroup of the Cognitive Elements. Under the
Additional Questions there are two subgroups: Demographiesigns and
Questions about Experience (&ig1).

' Behavioral Elements

BCISQ

Cognitive Elements (self-assessment)

Additional Questions

Figure 1
Schema of the BCISQ questionnaire
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Demographic questions examine age, gender, level of education, field of sxperti
and current country of residence. Three questioamine the level of knowledge

and experience regarding security and privacy on the Internet and two questions
examine time spent online (Table 1).

Table 1
Questions regarding security, privacy and time speliri®n

Questions Possible answers
Level of knowledge and experience regarding security and privacy

How would you rate your knowledge abg Poor/ Good/ Excellent
information security and privacy?

How would you rate your general technical knowleq Poor/ Good/ Excéért
about computers and the Internet?

Have you ever had some training or other experiend Yes/ No
regarding security and privacy on the Internet?

Consumption of time on the Internet

How long have you been using the Internet? A couple of years/ Half of
life/ As long as | remember
Onadaily basis, how often do you use Internet? Less than 1 hour/ 2 to 3 hou

daily/ 4 to 5 hours daily
between 6 to 10 hours daily
more than 10 hours daily

S

The 17 questions of the validated section rafgrto BS, BA, Cl and CR are
explained in the tade (Table 2). Answers to the questions in the Behavioral
Simulation scale are actually participant's action or lack of action in giving
particular information, while answers to the questions in other Huaes that are
based on the seHfssessment pressrepresent scoring answers on the Likert scale
from zero to four (Table 2).

In the Behavior Simulation scale participants can score up to 4 points (either based
on answering Yes or filling in-mail addres or password), where a higher score
means rislaér behavior. In the Behavior Sedfssessment scale each of the four
questions has answers scored up to 4 points (answer Not very important gives
zero, and answer Very important gives 4 points) and the aiibmmean of those

four answers gives the totatose of the scale, where a higher score also means
riskier behavior.

In the Cognitive Elements scale, sudlsc of Importance, each of the four
questions haansvers scored up to 4 points (answer Never gives zero, and answer
Always gives 4 points) and the arithmetic mean of those four answers gives the
total score of the scale, where a higher score means a higher level of awareness.
While in the Cognitive Eleentsscale, subscale of Risk
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Table 2

List of items constructing each of the four scales of 8658 questionnaire

Items (questions) |

Proposed answers

Behavior scalgBS): risky behavior Simulation

Would you like b receive notifications from thirgharty
partners about studies that investigate human beha
marketing, Internet security or other related topics?

Would you like to receive free antirus softvare from third
party partners on yourmail?

Yes/ No

If you would like to receive notifications and our fr
promotion material, please leave youmail:

For checking the quality of your password security plg
write down your most used password:

empty space for writing
in (can be left empty)

Behavior gale (BA): risky behavior Seassessment (Frequency of your behavior:)

How often do you lend your-mail login and password t
your friends or relatives?

How often do you lend your private debit or credit carg
and associated PIN(s) to anyone?

How often do you reveal your PIN (by nooncealment o
saying it out loud) when you pay by card?

How often do you reveal the password of youmal account
to others?

Never/
Rarely/
Sometimes/
Often/
Always

Cognitive scale (Cl): Importance

How would youratethe importance of maintaining protectiq
of your computer equipment, laptop, smartphone
periodic updates of antispyware and antivirus software)?

How would you rate theniportance of logging off from
different information systems when you finish your wg
(e.g. from social network -mail system, your laptop, etc.)?
How would you rate the importance of checking removg
media for viruses before usage?

How would you rée the importance of periodical changing
your passwords with new ones, at least for frequently

services?

Not very important/
Rather important/
Not sure/
Important/

Very important/

sed

Cognitive scale (CR): Risk

How would you rate the risk of someone stealing V|
identity onthe Internet (ébanking, Facebook;mail)?

How would you rate the risk of someone stealing the mg
from your bank account when using mobile or Inter
banking?

How would you rate the rislof someone hacking youy
personal computer, lagi@r smart phone?

How would you rate the risk of losing your private pho
and videos?

How would you rate the risk of someone misusing your d

or credit card?

Not very risky/
Somewhat risky/
Not sure/

Risky/

Very risky/
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Each of the five questions has answers scored up to 4 points (answer Not very
risky gives zero, and answer Very risky gives 4 points) and the arithmetic mean of
those five answs gives the total score of the scale, wheréghdr score means

also a higher level of awareness. After submitting their answers, pantigiget a

short explanation with some recommendations for more secure behavior on the
Internet.

There were in tota®60 examinees included in the study, with medigeof 22
years (with interquartile range from 20 to 28, and total range from 18 yeaf2

of age). More than twthirds (71.2%) were female examinees and most were
examined during year 2000 (42.6%). Mestaminees were from Croatia (614,
64.0%) and Sdvenia (192, 20.0%), then from Hungary (18, 1.9%), Czech
Republic (15, 1.6%), Germany (12, 1.3%), Portugal (10, 1.0%) and USA (8,
0.8%). In total, the examinees were from 41 different countries around tiee glo

Model fit has been analyzed during validatiof different versions of the
questionnaire, and it did turn out to be good, including the previous version in
German[17]. As a result, in this analysis, answers to alidfated versions were
included [L9, 20, in which context the English language sien was considered

the original versiorj21]. Moreover, participant groups overlappaeecause many
examinees filled in the English version even though they had a versioniin thei
own language available.

Standard statistical methods were used for datelysis, specifically
nonparametric ManfVhitney U test for two and KruskalVallis H test for three

or more independent samples of numerical data. The significance level was set at
0.05 and all P values were dvtailed, while the snowball sampling methags

used for data collectiofL6]. The online version that was used in this research is
available on the following url: http://securityidnr/.

3 Theoretical Background and History of
Development

Earlier studis on the subject of ICT system users’ awassyonline behavior and
knowledge regarding information security issues mostly examined passwor
quality and frequency of revealing passwords among users. Resultsdstiate
around 50% of the examined users reveal their passwords in sonfd Qyay
while te proportionamongchildren and adolescents is much higher, reaching
approximately 7% [22]. With some simpler technical methods (e.g. dictionary
attack) it is possible to break around2®f used passwds [23-25] and more
than 50% of thdCT systen users prefer to use the same password for different
systemg26]. On the other hand, ¥8of ICT system users assess their information
security skills as goofR7].
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When determining ICT system users’ significant influence on the information
searrity as a interdisciplinary problem, scientists integrated knowledge from
behavioral and computer science fields. Maybe most important solutions existing
nowadays for measuring that significant influence are statlgte@entifically
validated questionaires asneasurement instruments. A validated questionnaire is

a much more serious measurement instrument than a simple list of questions in a
poll, because validity implies the degree to which a questionnaingally
measures what it is supposed to measure. Ad vquestionnaire, as any
measurement instrument, involves a specific development procedure. The first
step is establishing content validity, i.e. choosing items adequate for the problem
intended for measuremiernn other words, content validitseflects he experts’

view of whether the questionnaire contains items which cover padices of the
construct being measured. The second step is conducting a pilot study using a
sample questionnairenvhich is at least %0 8 times bigger than the initial
questionnae. The third step is a test of construct validity, done by using principal
component analysis on underlying components that are being measured by
guestionnaire items. This way it is possible to identify itéinas have low factor
loadings andshould be emoved. In step four, the goal is to analyze reliability
using the Cronbach’s Alpha test for internal consistency and remove items that
violate overall reliability. In step five, a new study is conducted irmtal check

again for construct vality and eliability, confirm overall construct validity of the

new questionnaire and additionally check for external validity. Externalityal
shows the extent to which the results of a study can be generalized dorass

other situations and peoplee. ageand gender differencefl5, 28]. In order to

test the BCISQ questionnaire internationatlye snowball sampling method for
recruiting participants has been used. Existing subjects from diffeoemiries,
authors' acquaintances and colleagupsovided eferals to recruit samples
required for this research stuflyg].

To the best of the authors’ knowledge, there are four validated questionnaires that
have been developed for this purpose so far, even thoeghahe many empirical
studies trjng to exarmme and measure ICT users’ online behavior and their
information security awareness and knowledge.

The Users' Information Security Awareness Questionnaire (UISAQ) wsts fi
developed and validated in the Croatian language and later translated into English
language[10]. Validation was published in year 2015, with the final version
consisting of 33 items grouped into two scales: Scale of Computes' us
potentially risky behavior (k=17) and Scale of Informatioeusity knowledge
(k=16). Both of he two scalg ae divided into three subscales, which makes six
scales in total. The questionnaire has demographic questions and two control
questiong9].

A year later, scientists from the USA developed and validatedeatigaonaire
titted Security Behavior IntentienSale (SeBIS)11]. The SeBIS comprises 24
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items and measures the computer security attitudes afisnd. It has four scales
measuring awareness and relevant computer security behaviors.

The same year, scidists from Turkey developed a neoelaborateguestionnaire

called the Four Measurements Scales (FMS). It has a total of 89 items measuring
risky and conservative behavior, exposure to violation and risk perception of ICT
system’s usergl2].

The Human Apects of Information Security (H&l Q) is themog recently
validated questionnairgl3]. It was developed by Australian scientists and the
final version comprises a total of 63 items. Those questions are grouped into seven
large domains (password management, email use, Internet usé nsedia use,

use of mobile devices, information management and reporting about incidents).
Each of the seven domains is divided into 3 smaller domains (knowledge, attitudes
and behavior), which in the end means that the questionnaire consists of 21
subscales.

Other réated work is a study presenting development of an instrument that
measures the security and privacy habits/practices of end users, specifically
students. It seems that it is still in the development pf2&ie

Some drawbacks of the existingestionnaire ae as follows: the UISAQ has not
been validated in the English language, all questionnaires have too many
items/questions (except the SeBIS), they are based only on thessetsment
process and do not mmae the level of actual behavioAll of those
guestionnaires were used only in their countries of origin, but not abroad or
internationally.

All those drawbacks are confronted with the proposed new international
questionnaire presented in this paper. The BCISQ has been developed and
validated primaily in the English language, it has only 17 items/questions
grouped into four scales, measures actual behavior with simulation and has very
good statistical parameterf21]. In the development phases, the BQIS
questionnaire even had a versianGermanwhile now it has validated versions

in Croatian and Slovenian and an additional version in the Hungarianalgsmgu
The BCISQ questionnaire was used abroad with intention to be used g[diFally

18].

Some general conclusions gathered so faasmeng ICT uses’ knowledge,
awareness and risk of their behavior are:

x Children with the average age of less than 8 are starting to use Internet in EU
countries. They are the most vulnerable group of the Internet[@8efX]]

x Female users are slightlyame cautiou®nthe Internef22, 33

x In developing countries with both a large sample size and large age span,
gender differences were not significg@t 22, 33
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x Older and less experienced users are also more cautious and more careful
when using InterndB1, 34

x Electical engineers (generally more technically experienced users) are
unexpectedly less cautious and their behavior is rigRzr31, 35.

X Some users tend to note that privacy protection is important, bbehaeing
risky. This is also know asthe privacy paradox36-39].

x Over the last decade, users have generally shown higher knowledge (i.e.
higher level of risk awareness), but behaved in a way that was [i8&jer

X We did not get any correlation betweearalrand setassessed risk behavi
among ICTuserg21].

Those conclusions listed above have been confirmed, but also expanded, by the
results gained in this study. Results that are gained in this study are explained and
discussed in the next section.

4 Questionnaire’sReliability and Current Resultsby
Countries and Total Results

Perhaps the most interesting and most intriguing result was connected with
revealing one’s password. Almost half of the participants (439, 45.7%) seemed t
have provided their real password. Although this figtlich repreented a trick
question about the supposed examination of quality of the password could have
been left unfilled, some participants provided passwords that were cleleelydr

wrote “I will not” or “I do not give my password,” and those passigowvere left

out. But, if only half were the real passwords, they are still too many. From
experience, it has been observed that in workshops or presentations dealing with
this topic, students, but also colleagues, give away their passwords out of a sense
of collegialty, trust or authority. Interestingly, in workshops where they received
postits and were asked to reveal their password, purportedly to check their
strength, more than 70% of the participants revealed it, Alsring conferences,
when the online versioaf the questionnaire was used and participants answered
by mobile phones, again almost 70% provided their pass{d@id As already
indicated, these proportions are veryhigiowever,it is not possible to vdy

with great certaity whether the answeesecorrect, because it is possible that the
password provided could be false, outdated or changed immediately after the
filing in of the questionnairebecause the participants got some cautionary
informationand additional advicat the end of the quéstnaire.

Also, this question regarding the password affects the reliability of the isctile
last validated version, the one in Slovenian. When this question is excluded,
Cronbach’s alpha improves significaW O\ . 3). TdseyHently,
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owing to the inability to verify the accuracy of the answers to this question, the
plan is to substitute it by a new question in the next version of the questionnaire.

A part of this study applied in Slovenia has shown that users fratrctiuntry

exhibit somewatworse behavior compared to other users (Krugkallis H test,

p = 0.002), but they also give themselves worse scores in thassesment
regarding the risk of their behavior (Krusk&flllis H test, p < 0.00).
Neverthelessthe overall results ohis study give no correlation between real and
selfassessed risk behavior among ICT users (Table 6). There was no correlation
between real and sedfssessed risk behavior among ICT users in the previous
study eitker [21]. This group of users (the Sloveniaangple) is somewhat
unusual, as they also reduce the Cronbach’s alpha for those two scales, but the
authors have not managed to identify the reason.

Overall mean values of scoring answers are not (yet) refenaalaes for the
BCISQ questionnaire, but itme future, once an upgraded version is made, with
the unstable question regarding password eliminated, the authors plan to define
normed reference values, as it was donetlier earlier UISAQ questionnaire
Howeer, those mean uwads can be used for coanson between some specific
group of users and the sample of users analyzed in this study (Table 3).

It seems that ICT users using Unix OS, which represents mostly Android on
mobile phones, give themselves betseores regarding risk in their behavior
(KruskatWallis H test, p = 0.003). However, they are not better in real behavior,
so this may mean that they have an unjustified higher opinion of their online
behavior (Table 3). Better sedfsessment of risk in TCusers’ onlinebehavior
does not haverg correlation with any of the other three scales (Table 6).

When examining scores over the feugar period it is possible to conclude that
ICT users were significantly more careful (Kruskiallis H test, p < 0.001)
during the peod of the Covidl9 pamernic. Examinees selissessed their online
behavior better and better identified risky behavior presented in some risky online
situations (Table 3). However, results collected during the first six mon232@af

are fiowing that tlere is no promising treh especially not in ICT users’ real
online behavior (Table 3). One previous study did show increased knowledge and
security awareness among middle aged ICT users, but also a tendency toward
risky online behavior thahcreases witlage[35].

Female users are significantly more cautious (Mdfimitney U test, p < 0.007)
than male 1T users (Table 4)This result is in line with previous studigz2, 3]
However in developing countries with both a large sample size and large age
span, gender diffenees were not significapB3].
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Table 3
Conpaiisons by versions and years
[Bst [p* [BAr [p+ [co  [pr [CcR [p
Cronbach’s Alpha per version for each scale
English 0.615 0.725 0.791 0.901
/n=159
Croatian | 0.685 0.640 0.729 0.925
/In=594
Slovenian | 0.582% 0.396 0.727 0.880
/n=173
Hungarian| 0.717 0.677 0.836 0.929
/In=34
Overall 0.654 0.620 0.750 0.917
Mean (SD) values of scoring answers per version for each scale
English 0.90 0.002 | 0.27 <0.001| 2.81 0.17| 2.16 <0.001
/n=159 (1.12) (0.42) (0.93) (1.22)
Croatian 1.12 0.22 2.99 2.81
/n=594 (1.23) (0.40 (0.74) (1.12)
Slovenian | 1.36 0.31 2.94 2.61
/n=173 (1.23) (0.37) (0.77) (0.99)
Hngarian | 0.88 0.26 271 2.64
/n=34 (1.23) (0.40) (0.97) (1.18)
Overall 1.12 0.25 2.94 2.66
/n=960 (1.22) (0.40) (0.79) (1.13)
Mean (SD) valuesf scoring answers regarding used OS when accessing questionn
Unix 1.17 0.08 | 0.22 0.003 | 2.99 0.07 | 2.72 0.44
/n=482 (1.25) (0.37) (0.76) (1.08)
Windows | 0.98 0.27 2.94 2.62
/n=317 (1.14) (0.46) (0.78) (1.14)
Macintosh | 1.21 0.29 2.81 2.57
/n=161 (1.25) (0.37) (0.86) (1.25)
Differences in mean (SD) values of scoring answers regarding years
2019 1.18 0.54 | 0.27 <0.001| 2.89 0.39| 2.35 <0.001
/In=202 (1.31) (0.40) (0.85) (1.112)
2020 1.03 0.22 3.00 2.80
/n=409 (2.17) (042) (0.74) (1.13)
2021 1.18 0.24 2.94 2.76
In=222 (1.22) (0.39) (0.79) (1.13)
2022 1.18 0.32 2.86 2.54
In=127 (1.25) (0.37) (0.83) (1.06)

*Kruskal-Wallis H test tafter removing the question regarding the password,b@airs Alpha
bemmes much étter(.=0.71) tlower nean values represent less risky behavior

Used &breviationsareBS: Behavior scale of Simulation, BA: Behavior scale of-8sfessment, Cl:
Cognitive scale of Importance, CR: Cognitive scaleiskR
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Table 4
Comparison by demographic elemts
[BSt |p* [BAr [pr [C [pr [CR [p*
Differences in mean (SD) values of scoring answers regarding gender
Male 1.01 | 0.11|0.23 |0.69|2.84 | 0.007| 2.35 | <0.001
In=276 (1.15) (0.37) (0.81) (1.19)
Female 1.16 0.25 2.98 2.79
/n=684 (1.24) (0.41) (0.78) (1.08)
Differences in mea8D) values of scoring answers regarding education
Secondary 129 | 0.07|0.28 |0.12| 2.88 | 0.003| 2.87 | <0.001
school only (1.27) (0.47) (0.79) (1.07)
/n=179
High school 1.00 0.22 2.91 2.74
/In=426 (1.12) (0.39) (0.77) (1.16)
Bachelor’s 1.23 0.27 3.08 2.52
degree (BSc) (1.22) (0.41) (0.80) (1.12)
/n=136
Master’s degree| 1.16 0.25 3.07 2.46
(MSc) (2.37) (0.35) (0.70) (1.112)
/n=164
Poggraduate 1.09 0.28 2.63 2.36
(PhD) (1.25) (0.35) (1.02) (0.98)
/n=55
Differences in mearD) values of scoring answers regarding participants’ profile
Students 1.10 |0.84|024 |0.11]295 |0.51 |275 | <0.001
/In=670 (1.18) (0.40) (0.74) (1.13)
Others 1.14 0.27 2.92 2.46
/n=290 (21.30) (0.40) (0.89) (1.10)
Differences in mean (SD) values of sngranswers regaidg area of expertise
Natural sciences 1.20 | 0.43| 0.25 | 0.43|2.81 | 0.13 | 255 | 0.03
In=51 (1.22) (0.43) (0.87) (1.13)
Technical 0.98 0.30 2.83 2.31
In=87 (1.16) (0.41) (0.86) (1.17)
Biomedicine 1.14 0.22 2.98 2./
and Health (2.17) (0.36) (0.74) (1.09)
In=407
Biotechnical 0.57 0.14 3.18 2.86
In=7 (0.79) (0.24) (0.51) (0.93)
Social sciences | 1.17 0.27 291 2.68
/In=270 (1.28) (0,43) (0.77) (1.14)
Humanities 1.13 0.24 3.05 2.74
In=75 (1.36) (0.41) (0.78) (1.18)
Art 0.57 0.38 2.34 1.99
In=14 (0.76) (0.56) (1.20) (1.22)

—60-



ActaPolytechniddungarica Vol.21, No4, 24

Interdisciplinary| 1.02 0.22 3.03 2.64
/n=49 (1.25) (0.38) (0.90) (1.15)

*Mann-Whitney U test for two, ad KruskatWallis H test for more than two groupslower mean
values represent less risky laeior

Used &breviationsareBS: Behavior scale of Simulation, BA: Behavior scale of-8s#fessment, Cl:
Cognitive scale of Importance, CR: Cognitive scaleigkR

Regarding results there is a certain connection deteducation and awaness,

but not between the level of education and risk involved in online behavior (Table
4). This result is in line with the results of a previous study wklubwed that

more knowledgeable users behave more casually, with a hgheof risk when

online. For example, electrical engineers, who are mdigemore technically
experienced users, are unexpectedly less cautious and behave in a way that is
riskier [22, 31, 35]. Generally, some users tend to note that privacy protextion i
important, but are behaving riskily, in line with the-caled privacyparadox
phenomenoii36-3§].

It also seems that students are more aware (Mehitney U test, p < 0.001) of
online risks (Table 4), but there is also low but significant negativeleéon of
awarenessvith age of the ICT user (Table 6), implying the remafar this result.

Also, in some previous studies, older and less experienced users were also more
cautious and more careful when onl[34, 34.

Generally, ICT system users withigher level of knowledge about information
security and privacy are sigrifintly better in both real and setfssessed online
behavior and have significantly higher awareness regarding the importance of
behaving carefully while online (KruskaVallis H test,p < 0.007). Howeer,

users that had some kind of training regarding isigcand privacy on the Internet

are significantly better (Manwhitney U test, p < 0.001) only in terms of the
awareness regarding the importance to behave carefully while ¢hhke 5). It
seemghat existing training programs ondffect awareness of importance and are
not enough to correct user behavior. Existing training programs require evaluation
of their effectiveness and adaptation in order to transform new knowlatige i
practical behaviof41, 43. Also, personalized user training programs carobe
possible solution43, 44. Training programs are only part of the education
process which should start as early as possible in a person[g¢3ifebecause
children ofno mae than eight yaa of age are starting to use the Internet in EU
countries And the young are the most vulnerable group of ICT yS€fs

Users that have excellent general technical knowledge about computers and
Internet score their own behavior bstte compared to otrs, to a statistically
significant extent (KruskalVallis H test, p < 0.001) (Table 5). They also have
somewhat better scores regarding real behavior, which is in line with another
empirical study on selissessing information seayrskills [27].

Again, a more experienced ICT user is more nonchalant in the assessment of risky
online situations, probably thinking that such a situation cannot happen to them
(Table 5).
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Table 5
Questions regarding security, privacy and f time speline
|Bst [p* |BAt [pr  Ja [pr Jcr [p

Differences in meanSD) values of scoring answenegarding knowledge about informatio
security and privacy issues
Poor 154 | 1.33 0.004 | 0.33 0.003 2.73 <0.001 | 2.63 0.48

(1.30) (0.45) (0.85) (1.09)
Good 667 | 1.12 0.24 2.94 2.70

(1.21) (0.39) (0.77) (1.09)
Excellent | 0.88 0.19 3.19 2.52
139 (1.12) (0.37) (0.77) (1.32)
Differences in mearSQ) values of scoring answers regarding general techrikoalwledge about
computers and the Internet
Poor 1.19 0.52 | 0.36 <0.001 | 2.87 0.20 2.72 0.23

(1.26) (0.49) (0.89) (1.09)
Good 1.12 0.24 2.94 2.69

(1.22) (0.39) (0.76) (1.11)
Excellent | 1.04 0.19 3.01 2.50

(1.18) (0.31) (0.82) (1.23)
Differences in mearsQ) values of scoring answers regarding some training austy
No 587 1.13 0.26 | 0.25 0.87 2.87 <0.001 | 2.67 0.99

(1.19 (0.40) (0.80) (1.12)
Yes 373 | 1.10 0.24 3.05 2.65

(1.27) (0.40) (0.76) (1.14)
Differences in mearsQ) values of scoring answers regarding period of usingriret
A couple 1.26 020 | 0.3 0.79 291 0.93 2.94 <0.001
of years (1.29) (0.55) (0.88) (1.01)
/In=120
Half of my | 1.13 0.24 2.95 2.68
life (1.23) (0.39) 0.77) (1.11)
/n=655
As long as | 0.97 0.21 2.92 241
| (1.12) (0.30) (0.82) (1.22)
remember
/n=185
Differences in mearSQ) values of scoring ansers regarding frequency of Internet usage
Less than 1| 1.24 048 | 0.34 0.32 2.94 0.96 2.66 0.44
hour (1.41) (0.55) (0.92) (1.19)
/n=29
1to3 1.18 0.25 2.97 2.72
hours daily | (1.25) (0.40) (0.76) (1.06)
/n=243
4t05 1.15 0.26 2.94 2.70
hours daily | (1.23) (0.39) (0.78) (1.13)
/n=370
Between 6 | 1.04 0.23 2.95 2.60
and 10 (1.18) (0.42) (0.78) (1.18)
/n=253
More than | 0.94 0.19 2.84 2.48
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10 hours (1.10) (0.33) (0.92) (1.14)
/n=65
*Mann-Whitney U test for two, and Kruskalvallis H test for morghan two groupstlower mean
values represent less risky behavio

Used dbreviationsareBS: Behavior scale of Simulation, BA: Behavior scale of-8sffessment, Cl:
Cognitive scale of Importance, CR: Cognitive scaleiskR

As already dbcussed earlienithis chapter, the main result of correlation analysis
between each scale is that there is no correlation (rho = 0.036) between real and
selfassessed risk involved in online behavior (between BS and BA, Table 6), as
usersthink they behae more securelthan they do (e.g. means of overall scoring
values in Table 3). Even though there is statistically significant correlation f
some pairs of the examined variables, the coefficient of correlation islaxery

and close to valke zero @ne isthe highest cosglation coefficient). There is low
positive correlation (rho = 0.244) between the importance of online security and
back up, including the rating of risky online situations (Cl and CR scales), as these
two scales basically measureotuelaed elements of user’ awareness (Table 6).
There is also significant negative, but very small correlation (rhe).£18)
between users’ age and users’ rating of risky situations, possibly connected to
knowledge about security issues, as plagers hve sonewhat less expince in

these situations (Table 6).

Table 6
Correlations between age and individual scale

Correlation between coefficient of 95% Confidence | p*
variables correlation: interval of rho
rho
Age BSt -0.013 -0.076 to 0.050 0.68
BAT 0.044 -0.020 to 0.107 0.18
Cl 0.070 0.006 to 0.132 0.03
CR -0.118 -0.180 t0-0.055 <0.001
BSt BAt 0.036 -0.028 to 0.099 0.27
Cl -0.018 -0.081 to 0.046 0.59
CR 0.086 0.023 t0 0.148 0.008
BAt Cl -0.135 -0.197 t0-0.073 <0.001
CR -0.084 -0.146 t0-0.021 0.009
Cl CR 0.244 0.184 to 0.303 <0.001

*Spearman's correlation testower mean values represent less risky behavior
Used &breviationsareBS: Behavior scale of Simulation, BA: Behavior scale of-8sfessment, CI:
Cognitive scale of Importanc€R: Cognitive scale oRisk

Conclusions

Results presented here show thaeviously validatedBCISQ is a good
measurement instrument and can be used worldwide to examine any particular
group of users or to make comparisons among different groups in tordiest
differences between, for example, countries and cultures or to analyze employees
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of a company or some government institut[@d]. Previous research has shown
how important it is to malyze ICT user behavior and their impact on overall
security[6].

There have been seval key conclusions so far. Specifically, there is no
correlation between real and sa¥sessed behavif##l]. There is also significant,

but surprisingly negative correlation between the level of knowledge and safe
behavior[31, 35. Moreover, risky behgior in real life is mirrored in the digital
world, with women, for example, behaving more cautiously compared to men,
both in digital and real world22, 32]. Also, a higher level of knowledge @n
awareness does not imply less rigkyline behavior, and en though it seems
that awareness has been rising over the years, riskiness of online behavior has not
been improved35. More than two thirds of users will reveal their password,
mostly under the influence of friendship or authgriard at the same tim a
similar percentage assess their information security skills as good.

Therefore, future studies should answer the question of how to educate the users,
how to make them more cautious and how todase their awareness of these
highly important issue$36, 37. Restrictions and controls over ICT system users
should not be among the solutions for this major problem, on the other hand,
education alone is clearly not enough. The scientific community, ipecation

with professioals from the real seot, the practitioners, should find models that
could lead to some new solutions that will succeed in influencing risky user
behavior by raising their awareness of this probj@gn4Q].

Changes in the field of information security, paticular protectia of privacy,

are happening constantly and daily (“Change is the only constant in life”).
Because of that, solutions regarding security awareness need to be adjusted
frequently through time in order to improve usabiltyd sustainabiy [41]. In

this seise, by the time the process of validation of the questionnaire is completed,
the final version becomes outdated very soon, requiring corrections.

The authors' main goalasto develop a global and short questionnaire tiif
measureboth real and selasessed behavior and the level of knowledge and
awareness among all kinds of ICT users. But, much more challenging is to
develop a model or a platform that will be of help to ICT users in terms of
teaching them about onk threats, toaise their awarenessand to inform about
risky behavior in reatime, but not to restrict the users’ use of Internet services.

Oneof the limitations ofour studyis thatproposed BCISQuestionairdocuses
on the general worlavide population, bt dees not include specificlCT users

Also, we had majority of examineersoifn Croatiaand only severalexaminees
from some of the 41 included countiy. that way although the samplsizeis

relatively large(n =960), it should be significantly largén thefuture studies.

So regarding pointed limitations, géential future work could involve the use of
the proposed BCISQ in different countries in order to ewamndifferences
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between cultured~urthermore some more detailed comparison between existing
and new quesionnaires could resulin a new, betterand more universal
international questionnairéAdditionaly, focusing on specific gops of users
would be a great benefit to developmenheWw versions of this questioaire. As

the ICT field is rapidly gswing and evolving, encompassing the rapid
development of new technologies and applications, new research will réugiire
inclusion of additional items in the questionnaire to cover the entire scope of
applicationsCertainly some seléducational solutios shold be devebped based

on the mentioned questionnaires, like the one developed based on the UISAQ
[46]. All future scientific efforts and educational attempts should focus on
increasinginformation security awarenessnong ICT system users in order t
redue risky onine activities
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Abstract: In our research we investigated the possihiftgffering a viable alternative for
internal FRPEXVWLRQ HQJLQHYV ffterS RXABiKW  infdyliddéeH low
characterization methods, we derived a computer model of the basept@nd a special
swinging valve arrangement. The flow characterization of both armaegés has been
completed using numerical fluid dynamics software. To minimize numerical different
mesh scenarios were investigated and evaluated. From our research actilébr picture
has been drawn on the qualities of the proposed system. The swialyi@grrangement
improves the efficiency of the gas exchange process. Also, theddiong the intake
process is more structured and has less local vorticity. The results havehalsa a very
favourable charge movement pattern that is ideal for GDI engiA#of these findings
produce an appropriate platform for a stratified charging, extra ldamning engine
concept. The construction concept lends itself to be flawlessiratee in a throttle-less
engine control environment as well. With these qualities thevabw arrangement may be
the ideal solution to produce fuel efficient, high specific outpogines, for those
transportation systems that will still need to rely on fossil fuels in the future

Keywords: IC engine; swinging valve; poppet valve; flow test; OD/1Dnergimulation

1 Introduction

In the case of gasoline, diesel or gas-powered internal combustion engines
currently in series production, almost without exception, a straight-line valve
located in the cylinder head is used. In valve timing systems with alternating
movement, it is a difficult task to reduce the energy required for itsatiper
(reduction of mechanical losses), provide good gas exchange process anagdesig
reliable, less service-demanding construction. The volumetric efficiency an engine
can achieve with traditional poppet valves is limited. The valve heads thleck
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flow of gases and their choking effect decreases the efficiency of the gasigech
process. This present research concentrates on the examination of the peEssibilit
of a novel design of a valve using swaying motion to better utilize the pitiesib

in engine downsizing, as shown in [1].

1.1 Introducing the Novel Valve Concept

In engines equipped with poppet valves, the incoming fresh mixture needs to get
around the valve head which can be seen in Figure 1. This hirfldevs
capabilities of the intake port. Mass flow is reduced that in turn limits the power
delivery in general. On the exhaust side, the situation is about the sathis. In
case, the spent gases face a flow condition that delays the emptyingyfritier

that results in greater pumping loss and fuel consumption.

Figure 1
Flow vectors around the valve head

The devised solution uses a pivoting valve element for both the intake andtexhau
ports to quickly open large cross-sections for the flowing gases, withakihgn

them to change direction. The familiar valves, cams, rockers, valve spgings,

from the previously used control systems are eliminated. An important agpect o
the construction is that the parts could be manufactured using known and
widespread technology, so that the production problems and costs are as small as
possible. The layout of the swinging valve system is shown in Figured2han
details of the valve system are discussed in [1] [3].
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Figure 2
Swinging valve arrangement

2 Objectives of the Project

Thermodynamically the poppet valve engines must make a compromise between
efficient combustion chamber shape and suitably sized valves with adequate flow
capability. To reach a given performance level, the f@lwe arrangement is the

best compromise but the space required by the valves in the cylindeebdeads

the squish area. Increasing squish area would otherwise improve combustio
efficiency and fuel consumption but on the contrary, valve size or int wase

the number of valves should be decreas®dh the new swinging valve design
high compression ratio can be reached and the squish area can be nuaiomize
increase the speed of combustion and decrease the danger of detonation.
In comparison to poppet valve designs an engine equipped with the new valve
system may have the following features:

Reduced flow losses
Reduced power requirement to operate valves and valve gear

The value of the force to open the exhaust valve is independent of the
combustion chamber pressure

A more complete purging of combustion chamber
Possibility to apply greater ports

Improved volumetric efficiency

Better power, ideally over a wider range of engine speeds
Higher possible maximum engine rpm
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Greater squish area

Piston face without valve pockets to improve combustion efficiency and
reduce the formation of HC emission

Higher possible compression ratio because of the absence of the hot
exhaust valve heads

Better burning characteristics and lower emissions due to improved
combustion

Higher tumble ratio due to the positioning and flow pattern of the valve
Higher combustion speed due to increased squish and tumbling action

Due to increased tumble, burn rates are improved therefore less pre-
ignition is required

Enhanced stratified combustion

With electronic valve drive Miller and Atkinson cycles can be applied in
different speed regimes of the engine

Better powerto-weight ratio due to the improved volumetric efficiency and
lighter valve system

3 Literature Review: Historical Background of Non-
Conventional Engine Valves

As described in [4], the most important development from the early daystof
industry until the era just after WW Il. Lot of detail information cangbaéhered
from [5] and [6] as well. The common feature of all is that they rotate
continuously at a speed directly proportional to the crankshaft rotatioml.spee
These can be divided into four groups:

Mixed (radial/axial) flow rotary valves:

In these designs there is a single valve that contains both the intake and
exhaust passages. The flow must have an approximately 90 delgnege of
direction within the valve body. Most recent practical development was the
Bishop Rotary Valve designed and tested to operate in a Formularik ¢Api

[8].
Side ported valves:

There may be a single common valve for both the intake and exhaust flow
control. The flow path is formed by the cutaways machined into the sitie of
valves. Constructors have been using this solution since th&€dstury and

this kind of assembly even reached Formula 1 beside other car applications [8]

[9].
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Radial cross flow rotary valves:

The cutaway breaks through the valve body forming a symmetrical part.
The flow of gases passes through the valve body. Due to the constanhyotatio
there are strong vortexes at the opening and closing edges limiting its flow
capability. Information on examples can be found in [10], thougloiking
sample of this principle was createddbuda University in 2002 by Z. Boruzs.

Rotating cylinder head type valves:

In these systems the cylinder head had one or two channels that lined up with
their respective ports during its rotation. The timing of the rotation exactly
matched the requirements of the four-stroke working principle. ddnisept

was proved to be successful earlieraimorpedo engine and in a world speed
record motorcycle[5] [6].

4 Materials and Methods

4.1 Research Completed so far

In previous stages of our reseam@ieylinder head fitted with the novel pivoting
valves had been designed and manufactured to establish its flow parameters.
The information gathered had been compared to the relevant data obtamed fr
the samenJLQH TV R U lddrlh@dd hatused. iggpvalves. The engine data
used for the research can be found in Table 1.

Table 1
Parameters of the base engine

Configuration: 4-stroke, 4 valve, 90-degree V
Bore x Stroke: 81 x 62.6 mm

Swept volume: 0.645 litre

Maximum Power: 60.5 kW /9000 rpm

Maximum Torque: 68.2 Nm/ 7500 rpm

Highest engine speed: 11000 rpm

The previously mentioned flow test had been carried out using a Sup&H600

flow test bench. Swinging valves produced better flow rates: 14.5% improvement
for the intake valve and 11.36% improvement for the exhaust valge the
poppet valves with the same flow cross sectional areas. Description of the flow
test and the equipment used can be found in [11]. The resultstivegrdurther
processed in a OD/1D engine modelling environment where both engines were
recreated and the base engine had been validated against performance
measurements obtained using a dynamometer (Figure 3
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Figure 3
Dynamometer test of the base engine

Results from the engine simulation exposed engine performance improvements
beyond expectation. This is best illustrated by the performance curve shown in
Figure 4 in [12].

=——Base eng. Swinging v. eng.

Power [KW]
3

10
3000 4000 5000 6000 7000 8000 9000 10000 11000

Engine speed [tpm]

Figure 4
Comparison of simulated engine power obtained usimtipg valve system and the poppet valve
base engine
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4.2 Core Idea behind the Research: Stratified Charging and
the Swinging Valve

Before combustion is started by the spark plug a suitable air-fuel mixdsar® lbe
produced in the combustion chamber. In the past carburettors servpdrfiose

but with advancements in technology Direct Fuel Injection (DFI) has been
developed. In this latter case the fuel injector is placed in the cylinder and injects
fuel during the compression stroke where it evaporates. The specific padition
the injector and the in-cylinder air movement prevents the formation of a
homogenous cylinder charge and assists that most of the injected fuel reaches the
spark gap by the end of compression stroke. By the time ignition takes place a
cloud of easily ignitable fuel rich mixture surrounds the spark gihg.remaining
combustion chamber volume consist much less, if any, fuel. The avkralge
content across the combustion chamber is far from stoichiometric, resulting in
lambda values in the range of 1.6-2. This improves fuel efficiency amdades

CO2 emission. To facilitate the uneven distribution of fuel in the combustion
chamber, the tumbling motion of the fresh mixture within the cylinder nedas to
improved. Tumble is a rotational motion of the fresh charge arourakib¢hat is
perpendicular to the cylinder symmetry plane and normally parallel with the crank
shaft (Figure 5). It is also enhanced by the inclination of the intake pgtplmet

valve engines shallower port angl@soduce greater tumble effect but sacrifice
volumetric efficiency.

Figure 5
Formation of in-cylinder tumble vortex flow

The swaying valve, that our research is focused on addresses this problein since
directs the incoming intake flow in a path that enhances tumble while keeping
volumetric efficiency high. So far, vortices required for tumble have been
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generated by intake port flow deflectors. As is stated in [13] these devices
constrain engine efficiency and add to structural complexity that in turn increases
system failure possibility.

5 Numerical Simulation

Since the intake process has a substantial effect on the complete working cycle of
the engine, we made a comparative test regarding the original and the newly
devised valve systems. To follow the process with dedicated measuripgeqt

would have required an apparatus that is very difficult to obtain and isdeywon
technical possibilitiesHence, we used CFD technique for the examination of the
delicate flow structures within the cylinder of a working engine. This solution
yielded more accurate results than could héneen achieved by measurements. In

the current phase of preliminary design, the CFD simulation proved td be o
suitable accuracy to pinpoint the significant differences between engines equipped
with swinging valves and poppet valves while also appropriately identifies the
strengths of our construction even without validation. Certainly, it is goitg to
inevitable to use high tech measuring techniques in the upcoming phases of
development.

5.1 Creating the Flow Space

Therefore, the purpose of the numerical model was to simulate the intake flo
entering the cylinder in the case of both valve systems thereforeDar@del of

the poppet valve cylinder head was generated. In order to get the exactfshape o
the ducts to be modelled in the cylinder hemdulds of the intake and exhaust
ports were modelled in a two-component silicone rubber. The detailed description
of the process can be found in [14].

5.2 Model Refinement and Meshing

Using the above methods, the CAD model was transferred to the Ansys
SpaceClaim software, where it was prepared for the flow simulation. This
included eliminating any model errors in the created 3D geometry that arise due to
data transfer irregularities between the two program packages. These errots are n
visible to the naked eye and cause "leakage" of the model and fail to #treate
closed flow space required for numerical simulation. This task was completed
with a built-in function of the software.

In order to simplify the geometry small surface elements, that are diffult
mesh, were eliminated and a vertical plane of symmetry was cré&aisdvay the
size of the model was halved, and the time required for the simulation was also
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significantly reduced, although it still took several days. It is important that the
model was not only simplified by using the plane of symmetry, but was divided
into suitable volumes in preparation for meshing. This was necessary due to the
flow modelling [14].

From the refined poppet valve model, volumes consisting of tetrahedral and
hexahedral cells were created. The yellow-coloured part in Figure 6 must consist
of hexagonal elements, because this is the only way to properly modelttire pis
movement. Since the cylinder, the combustion chamber and the intake plpe can
considered static, we used the traditional tetrahedral mesh in these volumes.

Figure 6
Poppet valve flow space divided into sub-volumes ifmutation (left) and the resulting grid (right)

The same procedure was utilised with the swinging valve cylinder fibadlow
volume was divided into several separate parts, in which the most suitable method
could be used for the calculations (Figure 7). Tetragonal mesh was applied in the
intake pipe and valve body, while predominantly hexagonal mesh in the
combustion chamber, and swept hexagonal nreshe cylinder. Near the piston

only swept cells, could be used as only this solution enables the piston to be
simulated as a moving wall.

Figure 7
Sub-volumes created for the swinging valve simulatieft) @nd the resulting grid (right)
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5.3 Grid I ndependence Test

Finding the right grid spacing presented the greatest challenge: it took
considerable time to achieve a stable simulation. The difficulty was caused by the
edges of the poppet valves that prevented a uniform cell size to be fomibd
moving face symbolizing the piston. Based on data found in [16], the qudlity
meshing has a significant impact on the results obtained, therefore several cell
sizes were tested during meshing. For this purpose, we used the swingmg valv
3D model By refining the mesh beyond the cell size absolutely necessary for the
stability of the calculation, the flow values changed only in the vicinity of the
walls and only the location of the stagnant gas mass changed. It was oltisatved
the cell size needed to be smaller than a critical value to avoid the distorting effect
of the valve edges, and enable stable simulation. Further reducing the mesh cell
size over the necessary minimum dimension resuttedhchanged flow values
(Figure 8) Based on tis observaton, the poppet valve cylinder head model was
created using 0.5 mm cell siz@n the grounds of keeping every possible detalil
identical between the different models, the samesh sizing had been adopted for

the simulation of the swinging valve system. The meshing parameters, as well as
the time characteristics of calculations for different mesh densities, are included in
Table 2.

Flow profile in the swinging valve equipped cylinder with different meshing

S

Figure 8
Flow results obtained using different mesh sizes

Table 2
The main characteristics of the mesh types usedferent valve arrangements

Cell size on Calculation Number of | Length of
. Number of | Number of S ; s .
the piston time: time steps: | time steps:
nodes cells
surface
3 mm 4.85h 500 1.33 x 16°
(swinging 169580 563825 sec
valve)
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1 mm 602538 2224769 20.21 h 500 1.33 x 16°
(swinging sec
valve)
0.5 mm
(poppet 4731812 1517663 6.66 x 10°
valve/swingingl 415367 1460337 64.7 h 1000 sec
valve)
6 Results

6.1 Simulation Set up

The calculations were targeted at an engine speed of 7000 rpm. Tte ahihis
specific engine speed was made using the results presented [b2]3Where it

was demonstrated, using extensive 0D/1D simulation, that this was the speed that
corresponded to the highest delivery ratio. Parameters used for the calculations
can be found in Table 3.

Table 3
Parameters used in the 0D/1D engine simulation
Engine speed of the greatest delivery ratio 7000 rpm
Crank angle for the greatest piston speed 75 ATDC
Value of greatest piston eed 23.5m/s

Ansys Fluent was utilized to complete the simulation. Dynamic meshing was

exploited and user defined functions (UDF) were created for both valve systems

model the poppet valve and swinging valve motions. The only opeaitige

atmosphere was a pressure outlet where flow direction was kept undefined. This

way in-cylinder pressure variations could determine the actual particle movement

while in the same time, a more robust solution stability could be achieved.

The piston movement was replicated by implementing the layering technique. All

PRYLQJ ERXQGDULHYV ZHUH WUHDWHG ihMué wasILG ERGLH"
used around the valves, plus surfaces adjacent to the pivoting valveneoely
WUHDWHG DV 3GHIRUPLQJ ZDe®up s trardfedt with BetaldD WLRQ ZD'
already mentioned in Table 2. Turbulence was modelled by using shear stress

transport (SST) using the & V F H hat islaBle to capture wall turbulence a

well as flow phenomenon in the free stream [15]. Second Order Upwind solver

was used whereas relaxation factors needed to be decreased appr. 20% to achieve
converging results during subsequent time steps.
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6.2 Calculation Results

To analyse the results of the calculation, it was necessary to display the rotating
gas masses. This could be done by representing the flow vectors and the
unidirectionaly moving surfaces togetheFigure 14). This image shows that by

the end of the induction stroke, several centres of rotation have famrtresl flow

space. Their location is chaotic, which does not help directing the fuel inasuch
way that it is focused in the vicinity of the spark plug at the end of the
compression stie.

To get numerical values on the degree of vorticity in the poppet valvepegluip
cylinder heagda plane passing through the axis of the valve was created. With the
combined use of vector and contour representatham rotating gas masses and
the stationary portions could be identified. As can be clearly seen in Figure 9
despite the closing valve and the piston stopping at the bottom dea€| temt
inflow into the cylinder takes place at a speed d&M). Using a graphical
representation of the obtained results, it could be deduced that the flow with the
traditional valve is chaotic. The centres of rotation producing the most intense
vorticity were selected to lay measuring lines across them. Using 1000
measurement points per line numerical reswltwe obtained, which were
represented in a diagram shown in Figloe

The same procedure was repeated using the swinging valve system. From the
graphical results a more coherent flow structure emergedontrary to the
chaotic streams of the poppet valve, a very orderly flow pattern was etiserv
which resembledh curved torus. The direction of the swirl padttowards the

spark plug, which would be ideal for a stratified charge engine to be gedeio

the future. The rotating ring of air is directed towards the cylindadwhich is

really beneficial in the context of stratified charging, lean burning engineséFigu
11).

Figure 9
Representation of chaotic flow structures (left) &mmeasuring lines used to determine numerical
values in the plane of the valve stem (right)
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Measuring finc; 1 —— Measuring line: 2

Figure 10
Flow profiles along different measuring lines in th@pet valves equipped cylinder model

In order to extract numerical results from the swinging valve model, a display
plane was created that coincided with the symmetry plane of the cylinder (Figure

11). Then as was shown at the poppet valve systemeasuring line consisting
of 1000 data points, was laid across the esmf the vortegsthat, in this case,
could be easily identifiedThe results were displayed in a graph showing
distinctly different flow distribution than the one obtainiedthe poppet valve
model (Figure 1p

0.070 (m)

Figure 11
Torus like flow structurés formed in the swinging valve equipped cylinder mqgkdt) and the
measuring line used to determine numerical valuesinligplay plane (right)

+81 -



L. .RYidt¥l. AComplex Comparatrive Study of Two Dissimilar Eadlunstauctions
for the In-Cylinder Flow Behaviour of a HighCSBrgihe

Flow profile in the swinging valve equipped cylinder

Figure 12
Flow profile along in the display plane along the sueang line in the swinging valve equipped
cylinder model with 0.5 mm mesh size

7 Discussion

As can be found in [17], the flow field in the cylinder can be examined as
rotating solid body which centre of rotation is the stationary mass in the oéntre
the vortex. Using this reasoning, the rotation speed of the vorticesbean
determined according to the well-known calculation:

o (1)

Tir
Where:

Nrg =

Trr: tumble rotational speed [rpm]
v: vortex peripheral speed [m/s]
r: vortex radius [m]

With the help of equation No. 1, the Tumble Ratio (TR) can be deternmned
relation to the engine speed according to [18][1]:

Nrp
TR = 2
ek (2)
Where:

TR: Tumble Ratio
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Tirr: Tumble rotational speed [rpm]

ek Engine crank shaft rotational speed [rpm]

As is stated in [1]Jtumble is defined by the tangential component of the incoming
charge. Since all possible steps were taken to keep the swaying valve parameters
identical to the poppet valve specifications both valve systems share the same
inclination angle of 12 degrees measured from the symmetry axis ofliheecy
Therefore, the calculation methods presented in the aforementioned literature
would not produce meaningful results in our case.

Since the primary goal of our research is to determine the differences béeen
traditional valve system and the rocker valve system, we have therefore introduced
the Relative Tumble Rate, with which we @bget information not only about the

ratio of the vortex spaces and the crankshaft speed, but also about thetk&ze o
gas mass involved in the movement:

TR
RTR=— (3)
Rzr

Where:
RTR: Relative Tumble Rate

Rgr: Relative Flow Radius

The relative flow radius can be expressed as the ratio between the instantaneous
tumble radius and a characteristic size of the cylinder space, which in this case is
ideally the radius of the bore. The instantaneous radius can be calculatatidro
graphical analysis of the numerical data (Figure 8), while the radius oflthéezy

is obvious.

instl (4)

Where:
Rinse: Instantaneous Tumble Radius [m]

Ry: Radius of cylinder bore [m]

Using the above relationships, we determined the Relative Tumble Rate for both
valve systems. The calculations showed that in the swinging valve cylinder head,
the Relative Tumble Rate is 36.69% higher on the side above the exhbuest v
and 10.45% on the side closer to the cylinder wall. The detailed resulte of th
calculations are summarized in Tables 5 and 6.
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Table 5
Flow parameters of poppet valve equipped cylinded hea
Parameter Tumble direction: right Tumble direction: left
Rins: [mm] 6.288 9.759
v [m/s] 114.114 134.191
g [rpm] 173283.5 131304.7
RTR 3.751 4.411
Table 6
Flow parameters of swinging valve equipped cylindexdhe
Parameter Tumble direction: right Tumble direction: left
R:’nsr [mm] 51.047 19.192
v [m/s] 155.991 148.25
Nrg [rpm] 29180.857 73766
RTR 5.127 4.873
Conclusions

From the outcomes of our research, it is obvious that the swinging valgepton
provides more favorable tumble properties, that may be ideal for stratified enixtur
formation, in GDI engines. The slower rotating greater mass of fresh gas, that
revolves opposite to the crank shaft rotation, creates a situation where the fuel
being injected, will not be broken up by the fast spinning vortices, stidobof

the valve edges. Therefore, fuel can be concentrated around the spawkitblug
more ease and that may assist the production of more sophisticated Iean bur
engines. It has been demonstrated that engines employing valves performing
swaying motios, surpass poppet valve cylinder head equipped engines. Swinging
valves offer simpler solutions, to achieve the required performance chatmsteris
with a reduced engine displacement, thus, perfectly fitting into currenmhesng
downsizing concepts.
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Abstract:Due to the short range of pure electric vehicles, considering attgmghe number

and the location of electric charging stations, especially the distance between consecutive
charging stationsis a basic question, because the discharged battery must be recharged
quite frequently. Today, the network of electric charging stations is uns#igfaburing

the construction of new and expansion of existietyvorks, the load of roads and the
utilization of existing or imagined charging stations must be taken into account. For the
estimation of these features, a perfect mathematicalitothie theory of absorbing Markov
chains. In this article a possible mathematical model, using Machains, extended by the
logit regression model will be presented.

Keywords: electric car; charging station; absorbing Markov process; logistideh

1 Introduction

The longdistanceroute for an electric vehicle requires lots of possibilities for
recharging its battery, becausmnsideing recent technology, the range of an
electic car is mt satisfactory for longlistancetransport. The battery must be
recharged frequently, therefore along roads, for example at road junctions lots of
new charging stations must be kuiThe locationthe number, the density, and the
capacity of these charging stations are basic questions, because on the one hand
there is an expectation from the perspectifehe drivers, on the other hand
providing charging service for vehicles is a businenterprise for providers. These
characteristic valueand the utilization of chargg stations strongly depend on the

load of road sectiongia road network.
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In this article a mathematical model will lpgoposed, that can be applied to
estimating the abovmentioned characteristic values. The point is, that this problem
can becharacterized by probabilitiesnce in this process there are lots of random
variables, for examplehow does a driver select a new road section at a road
junction, how many charging stations must be used for reaching the destination, etc.

Two mathematical too)swill be presented for examining the abawentioned
problem. On one handhe logistic regression/decisignaking model will be
applied for givihg probaliities that are associated with thead sectionandon the
other handit will be proven, that for estimatingsomefundamentahuantity, the
theory of absorbing Markeghains can be used efficiently.

In the litarature several concepts can be found relatedytigstion First, this
problem is considered as an optimization problehiZ]L For optimization authors
propose for example the very efficient genetic algorit®cond,several other
perspectives can be emphasized, like topography of the road network, and the
battery lifetime [3]. Modelling the traffic of vehicles by graphs is commapblied

tool in the litarture [46]. And finally, the probabilistic point of view is also arises,

the MonteCarlo simulation process can be a possible mathematical tool too [7].

In this paper the author proposes a different procedure for modelling the traffic.
Instead of handling it as an optimization problem a probabilistic model is presented,
which is based on the very efficient and widely applied theory of Mapkogess,

thatis combined with a probabilistic model. The advantage of this procedure is that
the Markov chain is basicly independent to the specific probabilistic model. In the
article one probabilistic approach is presented but any other method can be chosen
by the user, it doesn’t affect the structure of the Markov process. Furthermore this
method requires a small amount of calculations, even if the network is great, only
powers of matrices and some eigenvectors must be determined.

The rest of the paper is organised as follolusSection 2 a simple example is
examined, illustrating basic problems and challengeSetion 3 one possible
probabilistic model igproposed for choosing road sections,Sactions 46, the
proposed application of the theory of absorbing Marklo&ins is demonstrated, in
these sections the construction procedure of Markov matrices and numerical result
also can be found. I8ection 7 the proposed algorithm is applied for a more general
road network which has more terminal points. FinafiySection § conclusions are
summarized.

2 A CaseStudy

As an introduction, the road network, depicted inrfiggli. will be studied in detall
As it can be seen, ¢ne is one initial point, node {1}, and one terminal
point/destination, which is node {6}This graphillustrates the road network by
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edges, whib can be considered as road sections, and nodes that illustrate road
junctions.This graph is called transition diagramtire theory ofMarkowchains.
Charging stations can be at road junctions, or along any road sections.

Ci2; p21

Ci3; p31

Figure 1
Transition diagram: The graph afoad networkwith edges between nodg$ : ~i} that are
possible routeshe cost of the road sect®(C;) and transition probabilitieg;)

The point is that at some nodes in this example at nodes {2af@H4}, there is
more than one possibility for the further route, the driver has to select one following
road section, by some probability, therefore, from the initial point {1} to riztHin

{6} there are several possibilities for choosing a route. The list below gy e
possible route

Ri:{1} : {2} : {4} : {6}

R {1} : {2} : {5} : {6}

Rs: {1} : {3} : {6} : {6}

Ra: {1} : {2} : {4} : {5} : {6}

Rs: {1} : {3} : {2} : {4} : {6}

Re: {1} : {3} : {2} : {5} : {6}
Rx{1} : {3} : {2} : {4} : {5} : {6}

Considering the choice of possible routes, esal questions arise. Since a
probability model will be presented, the most important and basic problem is the
probability that can be attached to one specific route, if at ode mothe road
network there isa possibility for choosing a further road section, because it is a
fundamental decisiomaking process for the driver. In other wqrdsfrom the
node{j} there is a direct route to nodé&, these are consecutive nodes in the
network then thetransition probabilityp; must be determined by a plausible and
reasonable method
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In the following sectionit will be demonstrated in detail, that the first reasonable
assumption is that this transition probability depends on the "cost" of the road
section, whichs denoted byZ; N | O W \Sevanal differendefinitions can be given

for this "cost"it depends on expectations, demands, drivers, etc. In this antecle
assume that the co€} is proportional to the time that is required for the travel
along the roadj} : “i}, but instead of time that quantity could be the fuel
consumption toolf the length of the road section $, then the cost of the road
section can be defined by the following formula

Ci T @)
wherev is the average velocity of the vehicle considering the whole rantH is

the average charging time of the accumulakbis quantity is naturally taken into
account only imodes{2,3,4,5} and we assume that at nddé¢ the vehicle starts
with afully chargedbattery This cost must be used if the probability of the choice
of the road section is determined. The cost is the basis of thétidaf of the
probability distribution which is defined by the logistic decisioraking model
This model will be presented Bection2 in detail

3 The Logistic Model of Transition Probabilities

The logistic probability model8] [9] first of all defines the ratio of two
probabilities, the quantity that is called "odds", and not the probability itdgl. T
model is widely used in decisienaking processes, like the process that is being
studied in this article. This model can also be used for giving a probability
distribution, the method is as follows.

First of all assume, that there are only two choi@é® probability of choosing
option one isp, and naturally in this case the probability of option twd.is p.
According to the logistic model, the natural logarithm of the ratio of these
probabilities "the odds, are approximated by a firatrder polynomial by the
following formula

Ini-éabx:'x 2

1 pe *1

where x can be an'explanatory variablein a linear regression modeThis
definition is the reason for the "logistic regression" nafar simplicity, we
LOQWURGXFH for tQeRighEnevidl Bid@ which is, by assumption, a linear
function of the cost, defined in formula (1Jolving this equation fop, the
following probability distribution is obtained for the two option case
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Thanks to the shape of the graphhad function defined by (3)the obtained curve
is calleda sigmoid curveg(Figure?2).
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Figure 2
The graph of the function defined by (3), the "sigmaidse”

The obvious and clear advantage of the application of fornfBllais that
independenof WKH YDOXH RI WKH FRGRPDLQ RI WKH IXQFWI
[0LJWKHUHIRUH IRU DQ\ WKH YDOXH RISURHE DEQPWWRQ F

In practice, in real life generallyhere are not only two options for choice but more
than two. Consequentlthe probability distribution that is defined by formula (3)
must be given irmmore general form. Assume that thereK options, and one
option must beselected. The question iepw can be modified the previously
presented simple procedure?

The process is the followir[@]. One specific option is chosen as a reference, it can
be any, for exampjdet it be the choic&, and every odds is defined as a ratio of
optionp; andpk, for every possible= 1, 2, 3,...K —1, similarly to (2)

In nS u»in P2 g 2;---'3” Bea K 1 )
Pk © P © R

from which it follows that
B kel P R®... R, RET (5)

and naturally
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K1 K1 K1
1 B o1 ke 1 g F; (6)

ri rl r 1

from where by some rearrangement, the follogv probability distribution is
obtained

1 ek
Pk —1— P —7— k 12..K L (7)
1 er 1: &r
r 1l r 1

Formula (7) defines the probability distribution of a decigimaking process fdk

options. The only disadvaae of this result is that the distribution in this form

seems pretty strange because for ogfidprovides a different formula as if option

K would be specific. Since in general théseo discrimination between options,

giving this distribution ina symmetric form would be expedient. Using a linear

parameter transformation, the distribution can be modified. Introducing parame
r according to formulas as follows

E ,J@12..K L, E (JoO (8)

insteed of S D U D P Htké Hdisthbution can be given using "new" parameters. On
the one hand

eﬁ ek] K‘-J e‘?( ek‘]
P K 1 K 1 K 1
1 ef 1l el k) 1 exld g I
| |
ri r i r 1
o Ji 3 )
1 K k 1,2,..K 1.
eK ér | er '
rl | r 1 !
and on the other hand
1 1 1
Pk K 1 K 1 K 1
1 ef 11 el k) 1 edJ g
I |
ril r il r 1
oK Jx 3 (10)
K 1 K ’
eK ér I er '
ri ! ril !
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Consequentlya symmetric form of the probability distribution in a decision
making model is obtained férchoices, according to the logistic probability model.
Summarizing results, the distribution is as follows

P «— k 12,..K (12)

This distribution will be applied when the traffic of electric vehicles will be
examined. Naturally WKH EDVLF TXHVWLRQ LV WKH GHILQLWL
A plausible and reasonable definition can be the following

J G 12K (12)
whereC; is the cost of route. Using this definition, the probability distribution for
the problem, thiais being examined in this article, is the followif&j [9]:

e &

Pk pk 1,2,...K (13)
e
ri

The obvious benefit of the application of this model is that thanks to the negative
exponent, the exponential function is strictlyc@ssing, the probability of the
choice of "expensive" routes is highly, "exponentially" reduced, and conversely, the
probability of the choice of "cheapbutes are highlighted, emphasizing thence

of inexpensive road sections. In the following segtibis probabity model will

be used for modeling the traffic using Markcohvains.

4 Modelling the Traffic by Marko v-Chains

Considering the roadetwork, depicted in Figure, basically two problems must
be examined. The first drbasic question is the probability of the event that a
vehicle is at one specific node (road junction). In mathematictheitheory of
Markov-chainsthese are "stategpi, i = 1,2,...,6) These probabilities that form a
discrete distributiomreusually summarized in a state vector

aT
& p.Ln’pZn’p?,n'p4n’%n1an«| ; n Q0L2,.. (14)

The notation '(Eis commonly used in the theory. The supersanipefers to the
fact, that in every junction/nodehere is a challenge for the driver, a new road
section musbe selected, and after everystie probability distribution changes.
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In formula(14) N highlights that tk given distribution is valid afterstepsFinally
T superscript stands for the transpose of the vditoause the vector must be a
column vector

The initial state vector, the initial prokidity distribution in case, depicted in Figure
1. is obviously the following

G ,0,0,0,0,0@ (15)

The second fundamental questiothisprobability of the choice of the routg ~ :

{i} which isp; if {j} and {i} are consecutive nodes along the riotehis order
Considering the order of subscripts, the explanation of the notation is the following.
This probability, p; is a conditional probability, the probability of the event that the
vehicle is at the nodf}, using the language of the theory of Marahains[10-

13, itis inthestate{i} now, assuming that its previous state was the Agdd his
probability, whichis called transition probability, is denoted by the syniol j)

in probability theory for which thenotationp; is only asimplification.

The matrix, that contains every transition probability for the road network, ddpict
in Figure 1., which is called the "transition probability matrj20, 13, is the
following:

From
O 0 O 0 00
Py O pp3 O Oi Qﬁ
A P O 0 0 0nE (16)

Considering the structure of the matrix the role of rows and columns must be
clarified. Column (j) is the former state the "old" node/junction/position of the
vehicle, where the vehicle comes from, and rowig the latter state, the "new"
node/junction/position where the vehicle goes to. Every transition probadilgy
obviously zero if there is no immede connection between junctiofi$ and {i},

in other words there is no edge in the graphtween nodes j} and {i}.
Furthermoreit is also obvious thaipes = 1 since from state {5}here is only one

route to state §}, there is no possibility for clme between nodes {5} and {6}
therefore, the probability of selecting route * : ~ is 1 Finally, since the goal

is reachingnode {6} the vehicleremainsin this state by probabilitpes = 1. This
stateplaysa particular role because this state can be accessed from every other state,
but from this stateno other nodes can be accessed. If a vehicle reaches this state it
remains in that state. This kind of state is caledabsorbing state". It must be
emphasized that despite thmt = 1 state{5} is not absorbing, because thésea
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transition fromthe state {5} to state {6} According to this obseation, the
examined stochastic process is an absorbing Mackain. Thecommonly applied
partition[11] [12] can be seen ithe trang&ion probability matrix(16).

The matrixA, defined by the formulél6) is a columnastochastidViarkov-matrix,
which means that the sum of entries in every column sum up to one

6

: oL 12..6 (17)
il
According to the theory dflarkov-chains L0-13], the state vectofter some steps
can be calculated by the following matsigctor products

E $E,E, $&; $ € ,E*$E ,$ E, E,.. (18)

Considering (18) it is clear, that state vectors basically depend on transition
probabilities. Our goal in the following &#on, usingthelogistic probability model
presented in section Zleterminingtransition probabilities so that answers can be
given to the questions asked in the introduction.

(In someliterature the role of rows and columns are interchangtee matrix (16)
In this casethe stée vector(14) must be a row vectothe state transition matrix is

row-stochasticand multiplications in (18) are ithe opposite order , &, ;1 ,
etc Weuse the abovgiven definition and consequences exclusively in this article.)

5 Determination of Transition Probabilities

In this section transition probabilities will be calculafgp[2], which are entries of
matrix A in (16), using the logistic decisiemaking modepresented irSection 2
for the road network, illustrated in FigureRrobabilities will be calculated using
the formula(13) for every node, considering reasonable modificatidine most
important consequence &ection 2. is that fom route {} : {i} the transition
probability is proportional texp—C;), so the only remaining problem is finding the
normalizing factor such th&t 7) would be fulfilled If the question is the transition
probability p; from the statqj} to state{i} then the answer will be the following

; (19)

where s denotes the set of every possible route fthestate{i} to state{6}.
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Simply to say, the transition probability is computed by multiplying the exponential
factor by a normalization factor. This normalization factor is simpltia od the

sum of weight factors considering every route frilranode {} to thenode {6}
andthe sum of weight factors considering every route frilv@node{j} to node

{6} . It will be clear, that these probabilities form a discrete distribution in every
column

lllustrating the procedure, we determine the distiin in the first column ahatrix
A in detail Usingtheformula(19)the following is obtained

I e ck

pay € %2 I ok

| € (20)

Re: 16

Caa6 Cas6 Co456
e Cio e e e

e C1246 o Ci2s6 g Ci2456 gC1356 oC 13246 oC 13256 oC 132456

where the co<t;._sin the exponent of the expartal function denotes the total cost
of the routefj ~ : . “no matter how long it isSTo make it clear assume first,
that for every rout§j = : 41} the cosCj is one unitin this caseit is clear, that the
total cost is proportional to the length of the route. For example for the foute:
{4} : {6} the costis 2 unitdor the route® ~ : * N N T theM
total cost is4 units, etc

For the sake okimpler formulasthe notation D= exg-1) is introduced. In this
casethe formula 20)is equivalent to the following

B b ®D 23 o
P18 % “p: O ‘bSD ‘p 4 D

The other nofzero probability in the first column can be obtainedabsimilar
procedure

(21)

o, |§D“D2D$D32[51 51

' B % 4D O b ’p 4 D
It is clear that the requiremepb: + p31 = 1is fulfilled, so a probability distribution
is obtained

(22)

Repeating the previous process, every probability distribution can be computed in
columns of matriXA. The results are as follows
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0 B 3D 0 23%D* D . 2
2 2B 3 2 2ps3 p p ™ 2’ p
(23)
2 D 2
—_— Pss —5—a—— p ;
P2 5B 3 ¥ 2p3 ¥ p ™ 2’ p

It is clear that in every column a discrete distribution is obtained, in other words
the matrix A is columnstochastic Therefore theMarkov-matrix A has been
constructedUsing the abowgiven definition of D the Markovmatrix, filled up

with numerical data is the following

o o 0o 0 oo
05586 0 04656 0 0D
04414 0 0 0 de
0 05777 0 o 479 @9
0 04223 05344 02689 0
0 0 0 0731 14

The commonly applied and suitable partition of matkixhas been @served.
Compare matrix (16) and (24). The benefit of this partition will be clarifigtién
following section. h Section 5the application of Markownatrix will be presented,
and it will be demonstrated that the theory can be efficiently applied to the
examination opublic transport.

6 Properties of Absorbing Markov-Chains

Considering (18) and (24) the probability of any state can be calculated for every
integern. The probabity distribution of states can be seen belowrfer 1, 2, 3
etc

O a o] 0 a 0 o
< » « »
0.5586 > 0.2055 « 0 -
0.4414 , > _0 a_ <0 »
E : E* $»E : E _;....ete 25
E RE ¢ 2E oWF 3 B G e @9
0 « »0.4718 «(,1736 »
« » « »
0 « y, O «D.7077 »

A bit more interesting questiaswhatthe powers of matriA look like. The powers
of A can be seen below for every positive integer exponent.
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0 2 0 0 000 0°0 0 ®O00O
0.2055, 0 0 000 0>0 0 0500
. 0 « 0 0 000 g 0»0 0 0«00
A « A » « ;
03227, 0 02689 0 0 O 011/ 0 0 Q 00
0.4718¢ 0.1554 0.1966 0 0 0 0.1736 0 0.0723 €0 0
0 408446 05344 1 1 1 0.70%; 1 09277 & 1 (26)
0 00 0200 0000009
0 00000 00000¢q
4 0 000« 0 5 00000%®
A « ; A » A,n 5
0 00 040 0 00000
0.0319 0 0 0“0 0 00000
09681 1 1 141 1 1111 1)

The result must be underlined, that fos 5 thenth power ofA stays the same, in
other words it becomes stableand it won't change if the exponent increases.
A "stable matrix" or a "limitmatrix" [3-6] is obtainedwhich is generally defined
by the following limit

H Enif (27)
a\’

In this specific illustrating example the limit is reached# 5. This valuelepends

on theshape and sicture of the transition diagram, it can be less and also greater.
This stable matrix can be computed in general, the form of the limit matrix can be
given by the sitable partition that has abidy been applied earlier {16) and (24).

In generalthe partitioned fan of A is the folbwing:

J(a?px(a?p Qa?px Ph
Thx(a?p Ux b

m= (28)

in which the meaning opartitions is clear according t16) és (24), but we
emphasize thal is the zero matrix, andis the identity matrix,k is the number of
absorbing statef@n the examined example= 1),andnis the total number of states

(in this casen = 6). Using this partition calculations that are necessary for powers
of A andthe stable matrix can be carried out easily. For some specific exponents,
and for anyn integer exponent the power Afcan be found below

nf= 8 UC}B C-d}6 Uy

m= d }6 hh J(.}:-+d~ U}7 U,
~}+ ;7 ~}%+ ~}+ ~ }lé N
_ U
nf= d~}6+ ~}+ ~ uhE uc; OI~}7+ ~}18+ ~}+ ~ uh
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}e v
d~}é?5+,,,+~-}7+ ~}8+ -1+ ~ uh .
_ }e v
BRGNS S L R

nt =
h

(29)

The stable matrix is obtained fif : Since matrixQ is one partition of the
Markov-matrix, every entry is less thah(see24), therefore the sequence of powers
of matrix Q tends to the zero matrix, according to the propertighefeometric
sequenceThe sum in the lower left corner, using again the properties of the
geometric series, can be given in the following simple form

w }+ 3%+ } 7+ +33%% = (uF)?° (30)

which sum exists if in some positive integer poweQogEvery entry is less thah
[10, 11, 13 In this exampleit is valid for Q itself. Summarizing observations, the
stable matrix can be given &general form

. U ¥
HEM= | F)os N (31)
Using this limit matrix, on the basis of the theoryMdrkowchains, the traffic, the

public transport can be characterized numeric@e load of road sections and the
utility of charging stations can be estimated by probabilities

The justification of this statement is, that some parts and partitions of the limit
matrix have fundamental meanifi3-13].

1) The entry in théth row andth column of the matrig —Q)is the expected
value of the random variabtbat the noddi} is reached exactly frorthe
node{j}, in other wordsthe average number of vehicles along the road
section{j = : 1.

2) The sum of columns dhe matrix(I — Q)™ which is the row vectot™(l —
Q) has also fundamental meaning. ftiecoordinate of this vectas the
average number of steps, in other vgttie expected value of steps from
the statqj} to the absorbing stagtthe average number of road sections for
a vehicle fronthenode {} to the destination

3) The §,j) entry in the matrixR(l — Q) is the probability of the eventhat
the absorbing statg} is reached through the stdté. In other words, the
probability of the event that the vehicle reachesltstinatio{i} and before
it attains noddj}, for examplecharges its battery at that road junction

For the road network, depicted in Figure 1, and for the transition pripabétrix
that is given by (24) these matrices are as follows
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o1 0 0 0 0,
0.7641 1 0.4656 0 0%

(u F)?°= D4414 0 1 0 0 (32)
04414 05777 0.2689 1 oK

06773 05777 08034 02689 10

In this matrix for example the ent(g,3)is 0.4656 which means that froithenode

{3} to node{2} the eypected number of selecting thead section i9.4656,etc
These numbers characterize the whole road networkihe load of various road
sections can be comparethe ndired consequence of these data is that the
utilization of charging stations at the nodes can be concl&igdming columns of
the previous matrix, the following row vector is obtained

U(u F)?5=[33242 21554 25379 1.2689 1.0000] (33)

As we describe earlier, themeaning of these vector components is the average
number of steps from a specific node to the destination. For exaniplebviously

1 at the node {5pecause from this nodevehicle can only go to node {&hd the
"distance" is only one step. But the frahe node {2} the arerage number of steps

to node {6}is 2.1554.

Finally the result
~u F)?5=[1.0000 1.0000 1.0000 1.0000 1.0000] (34)

is trivial in this case, because there is only one destination/target in this network
therefore independenf nodes, the vehicle aehes node {6}y probability 1

7 A CaseStudy for Two Absorbing States

lllustrating the proposed method, we present one more exaniptd is a bit more
generalthan the previouslgtudiedexample Let the road network bthe graph
depicted in Figure:3

Figure3
Transition diagram: The graph afoad networkwith one initial point, two absorbing states and
different raod costs
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The obvious difference between tiscondllustrating example and the previous
one, on the one hand is that in this road network there are two terminal nodes, in
other word two absorbing states {4} and {&nd on the other hand, road costs are
not units and are not the same. In this section the application gfrdpesed
mathematical tools will be presented for this more general case.

The cdumn stochastic Markematrix for this casds as folows and he necessary
partition is alsanarked

0 0 0 i 0O 6
Q 0q £ Pa1 0 0 i OoQi
A R s ‘P 0100 (35)
Ras a2 'E)g’]'-'JE)gg ----- P -ba
O "Paz Pazi 1 G

0 Pps; Ps3i 0 X

Due to the fact that in this network there are 5 nodes, the transitibakylity
matrix is a 5x5 matrix. Furthermore, since in this network there are twobatxgor
statesk = 2, in the partition of the matrix the identity matrix in the lower right corner
is a 2x2 matrix, therefore matr@@ in the upper left corner is a 3x3 matrix.

The probability étributions in the columns ofA can be given by following the
same logic. Using the sanienotation for expfl), columns ofA are as follows:

;ps b) 3D,
- 524 3p°> |f523D2’D.IO D
Pr TH5 e p3 ol p 5 . ° b
3 ®Ps2 733 (36)
B 3 - B3 23 D, g
P31 %3 2 233, °°p D |j" . 53 D Zb
< "3 23 2'p
since for example
I o CR
Re:
P21 eC_LZ I2V CE
P © (37)
R:lV
Cia e Cu gCms gC2s gCass D24p3
e .

e C2a Q25 gCr2ss gCi235 gC134 gC1s 3z 4 P

because€Cios=1 + 2 + 2 = 5, etc. It is clear that these columns sum up to one, so
the matrix is indeed columstochastic Markov-matrix filled up with humerical
values can be seen below
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0 0 0

i i 0 0 n
05777 0 0 10 0 &
m= 04223 0.2689 0 10 0 < (38)
.1 .0 . 01966__ 07311 ;1.0000 0 N
"0 05344 0.2689 i 0 1.00000
State vectors
|‘1n i 0 n i 0 n
P o PSTTT . 1 0y
E,= 0% Es= mE= 04223% Es= mE= nfE,= 0.1554 R
(I i o KN 04223 K
bO (I) o O 0.42230
P 0q
E;= mE= mE,;= 17 0 RAP? (39)
10,5359 Ki
0,4641 O
and powers oA for different exponents aiblustratedbelow,
.0 0 0 0 0_
05777 0 0 0 04
m= 04223 0.2689 0 0 OR
T 0 0.1966 07311 1 0N
I 0 05344 02689 0 10
.0 0 0 0 0,
; 0 0 0 0 04
nf= 0.1544 0 0 0 0O
04223 03932 07311 1 ON
04223 06068 02689 0 10
.0 0 0 0 0
; 0 0 0 0 04
m=1 0 0 0 0 Orr nf= nf...= HEW (40)
05359 03932 07311 1 ON al
04641 06068 02689 0 10

The first observation is that the stable matrix is reachecdh for3. Finally, the
partitions of the stable matrix must &eamined

1) The expected number dfoad section choicéscan be seen in the matrix
(I-Q)*
1 0 0
(uF)?%= @5777 1 Oi (41)
05777 02689 1

2) The average number of steps to absorbing states are provided by the row vector
11 -Q)™
U(u F )?5=[21554 12689 1] (42)
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3) The probability of the event that one absorbing state is reached from a specific
node, is given by the matrR(I — Q)™

,s_ 05359 03932 07311
{UF Y= Busa1 06068 02689

In this casea great and basic difference can be realized between the first and the
second example. In this matrix there are two rows, and the reason is clear, there are
two absorbing states, so from any state both absorbing states resthhed there

are two options for any intermediate state, the probability for reaching one or the
other absorbing state can teeindin the matrix. It must bemphasisedhat inall
columrs, probabilities form a distribution!

C (43)

Conclusions

In thiswork, amethod has begresente@n how the theory obsorbingviarkov-
chains can be used for modelithg traffic of vehicles along a given road network.
The basis of this mathematical model is the logistic regression model, which is a
sophisticated method for giving a probability of any decision in a deefsaking
process. The possible application of this logistic model is reasonable, balmgse

a road network in every road junctighere is an expectati@ygainsthe driver for
choosing a following road section, so in every ndtere is a decisiemaking
process.

It has been shown that the combination of these two theories can be used for
estimating the load of road sectioangdthe utilization of charging stationisecause

these quantities can be characterized by data that can be found in the limit of the
Markov-matrix. The process was illustrated by two examples. The first example
contained only one initial point and one destinatiath the sameand unitroad
costsln the second examplthere is more than one destination in the road network
theroadcosts ae different and not urst

Further studywill possiby includemodifying the nmber of initial pointsandfor a
greater network/graphan efficient and simpler method must be developed for
giving the Markovmatrix.

Calculations hee been performed usirthe softwareMATLAB.
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Geometric and Tooth Contact Analysis of the
Areas and Perimeterson the Archimedean
Worm Wheels depending on the Modification of
the Axial Module

Sandor Bodzas, Gyongyi Szany#

I'HSDUWPHQW RI OHFKDQLFDO (WHUBAHQLQJ 8QLYHUVLW

2’HSDUWPHQW RI %DVLF 7THFKQLFDO 6WXGLHV 8QLYHUVL
'"HEUHFHQ XWHRN®JIDU\

"(-PDEPRG]DVVDQGRU#RAWYDROL GHRE KX #VFLHQFH XQLGHE

Abstract: The goal of this study is to determine the correlation between the modification of
the axial module and the received mechanical parameters on theafetith worm geaWe
analyzethe areas and perimeters of the impressions on the teeth of the worm gear comparing
the module changingSix types of Archimedean worm gear drives are designed by the
modification of the axial module to analyze the mechanical parameters between the
connecting teeth of the pinion and the gear. After, tmhputer aided models are generated.
These pairs are loadedith the same torquéo analyze the mechanical parameters on the
tooth contact zone. Due to the geometric establishment, three teeth of the wolsnanghee
connected with the worm surfaa the same timehat is why these teeth are analyzed
continuously. We approach the kinematic impressions on the surface of the wornbwheel
polygon methodto get percentage ratiobetween the areas and perimeters of the overall
profile and the tooth contact zgren the worm whegfor each connecting tooth. We also
determine the correlation between the axial module and the analyzed mechanical
parametersassumingaverage valugon the contact surfaces.

Keywords: worm worm wheelmodule teeth stress deformation

1 Introduction

WRUP JHDU GULYHV DUH ZLGHO\ XVHG LRQVWKHHUHQW |
SURYHIGIK WUDQVPIDWYE RSH UDMQRLF X O EW WXHDHW B/RWL W L
HOHPHQWYVY ORUH WHHWK DUHWKR®Y @K F \WHIX BW WRKWT X B PR
EH WUD QWKB QUEREAMKRY \\NDMWG EHWHO JHDU @

7KH DLP RI WKH 7&$ LV WR DQDO\]H WKHSPHBK D@L AMK® S D
WRRWK FRQQHFWLRQ EDVHG RQ GLIIHRH@W DRDG\W L YW
ZKHUH WKH WRRWK FRQQHFWLRQ FDQ ER DOQOPOOHMVEH &R Q
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WKH ZRUNLQJ FRQGLWLRQV RIUWTKXLUHIGUUSD/IXOW VI ZW 1N
WR PHWIKHHWEHVLIQHIRBAHWKH UHDO PDQXIDFWXULQJ D

ZRUNLQJI'BH® QV

S$OWKRXIK WKH PDQXIDFWXULQJ SURFHVW FRDYKEH ZRUP
JHQHUDWHG E\ GLUHFW PRWLRQ PDSSPQGH | MWQPINDWKHW K}
FXWWLQJ WRRO ZKLFK LV FDOOHG KREH ZRUFK 2ALCHHAD F!
> - @ *HRPHWULFDOO\ WKH ZRUP DQGUW®HHKRE DU}
EHWZHHQ WKHP DUH WKH DGGHQGXPURYGEGOGOMHKHOW R R I/® FAH
GXULQJ WKH WRRWK FRQQHFWLRQ-WR® DYRLG KHDW GHIR

F./ /ILWYLQNIRBEW&HPDWLFQBHBMGEGHWHYPLQH DQG RSWLF

WRRWK FRQWDFW DUHDV LQ FDVH RG GILYIHHW HRWGIH DHJWH Q

FRPSDQLHY +LV UHVHDUFK JURXS GHYHOWSHG FRPSX

JHRPHWULFDO GHVLIJQLQJ DQG WKH OREDIHODWLERQ RI V
@

$ )XHQWHYV $]QDU DQG KLV UHVHDUFKQ\W BNB PGIHDUOL Z LW |
GHVLJQ &$' DQG )(0 IRUVWDQGDUGL]HG HEBBHIQUNLYHV D
> @ 7KH DLP RI WKH 7&$ LV WR GHWHR® L\Q K HWK R RRAHKF K |
FRQWDFWLIRQUHEMWMGORDG IRUFHY DQG WRUTX@YV GHSHQG
[ @

, 'XGiV UHVHDUFKHVY WKH PDQXIDFWXUZRUPGH¥YMHORSPH
GULYHVY +H DOVR DQDO\]HV WKHVH HOHPWRNM ¥ RJ LPHDRWK H
FRQQHFWLRQ DQG PDOQXIDFWXULQJ SURFHWAKIHRU WKHP
JULQGLQJ SURFHVVHY DUH LPSRUWDQRAWIRRIQWIKHGDW M M U I
UHGXFWLRQ RI WKH ZHDULQJ EHWZHHQ WKH NLQHPDWLF

7 %YHUFVH\ DQDO\]HG WKH FRQQHFWLRQ RIUWEK® JORERL
WKH RWKHHUSKIIRYGIG WKH DSSOLFDWLRQ RI WKH NLQHPDW

JHD U @

, 6] .ULYHQNR LQYHQWHG WKH F\O ID@BUAKH® FZWRRIR AGH D
LQVKHLDO VHFWLRQ %DVHG RQ KLV H[SHULH®FH KH UF
SURFHVV IRU WKLV FRQVWUXFWLRQ FRBWRIYADYWDJIH RI
WHHWK FRIKQIF R WUHKEDN W/ U FR QW DVWKDIQQ HY BIGH DRIH L
OLQHDU SURILOH > @

9 *ROGIDUE ZRUNV RQ WKH JHRPHWUQLG DFROOG R GHQRBOH
ZRUP JHDUV E\ PDWKHPDWLFDO DQG FRQVWDKWWLRQDC
PHFKDQLFDO SDUDPHWHUV E\ )(0 IRU@KH JHRPHWULFDO

PDSHU > @ SUHVHQMAWRKHDODMOM KHPDWLFDO PRGHO RI
IDFH JHDU ZLWK F\OLQGULFDO ZRUP DEDS/ IBGIRRQSWKHD O
VSHFLILF JHRPHWULFDO FKDUDFWHULVWLFNVBFFRPSOL
,QYHQWRU ' PRREHDPLQJ
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PDSHU > @ SUHVHQWY D FRPSXWDWLRQ MHWBEKRG RI ZRL
LOQYROXWH ZRUPV ZKHQ HQJDJHPHQW FRUUHWWLRQ LV
SUHVVXUHYV DQG ZHDU RI WRRWK RUIM IDH) @ KWK VDY GAH]
VSHHG LQ WKH HQJDJHPH

PDSHU O @XVONBD MKW LQJ PHWIKRIG RVNCAMBIH FDO ZRUP .
ZLWK 1LHPDQQ SURILOHV XVLQJ D FRAFXUGHQ JQKHPGIW HED (
LV LQWURGXFHG 7KH WRRWK FRQVRD oM/ BJIHEWHRWP DQG V
JHDU SDLU ZLWK 1LHi mINOP\IHRIEGHRVUBIUPDFKLQLQJ RI W
ZRUP ZKHHO $IWHU WKDW WKH PDFKLQURLIQHRBQB\LW LR
FDOFXODWLQJ HDFK RIIVHW GLVWDQFH EWWZIHMHHWKH Z
HQG PLOO DQG WKHQ WKH ZRUP LV FDFK POHE LEXL\DZD U |
E\ WKH VLGH VXUIDFH RI WKH HQG PLOO

PDSHUGH\@ WIKEHHWYHVXOWV Rl WKH PDFKLQH WRRO VHWW|
KREELQJ DQG LWV HIIHFWV RI WKH VKW IWHWLRQOWKGPH
LQWHUIHUHQFH

PDSHU > @ SUHVHQWY WKH LQYHVWPLYRDR/G KHGVKE& PHYV
ZRUP GULYH 7KH FRQWDFW HQGSRLQWW VQ VWKB QGDDNXYR Bk
FROQWDFW SRLQWY DUH DOO GHWHUPLQHGHEXDRARIQQJ W
VHWJIDRDWLYHO\ 7KH QXPHULFDO UHVXOWM RWKHH UHC
WUDQVPLVVLRQ HUURU DQG WKH GWUH YDHO ODR\EVRDH QUBIREU |

PDSHU > @ SUHVHQWY WKH JHRPHWULFEBIGEOINIRBBEBBWLF
ZRUP JHDUV SODQHWDU\ JHDUV DQG IOBWM URMDWKHLYH
JHRPHWULF GHVLJQ DQG UHFRPPHQGVIMHDUXSDEWXULQJ \

PDSHU > @ SUHVHQWY WKH JHRPHWUHP U @WH Y HVUX\QLFH] F
DQ RYHUVL]HG KRE WR FXW WKH ZRUP RHDM IX&EB\LQVW
FROQMXJDWHG JHDU VHW EHFRPHYVY DQ LQVWO XWBEQHRXYV !
LV XVHG

PDSHU > @ SUHVHQWYV WKH LQBUHBVY QR Q BDXGLKHPKH G WE
FDSDFLW\ LQ LQGXVWULDO URERW DQG FRIQWODFSDFH W
KRXUJODVV ZRUP GULYH FRQVLVWLQJ RIWQQ® VRO X W H
REOLTXH SODQDU HQYHORSLQJ 23( KRXUJODVV ZRUP

PDSHU > @ SUHVHQWY D PHWKRGRORJ\ FRQ KBVYWHRUVHO\ |
F\OLQGULFDO ZRUP JHDUW QZKU AR WINGHW\BROBD GRIGP JHDU L
WKH WRURLGDO VXUIDFH HQYBOR®SYDP FOBLQ&UV FPIHAVKR
FDOFXODWH WKH WRRWK WKLFEFNQHVYV U@ DW\FQUR LW VLH/F!
XQLYHUVDO IRU F\OLQGULFDO ZRUP JHDUV

PDSHU > @ SUHVHQWY DQ RYHUDOO BOQ® FHWH/ \RW 8 R UIR
WKH LGHD WR WKH ILQDO SURGXFW DUH,WHIMRUPHG LQ
LPSRUWDQW WR UHGXFH WKH G\QDPLF QRHGWDVELRXQLIIHU
LQ $XWRELHMMWRU 3URFHKRWHRQD@DDOM WKH G\QDPLF RS
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FRQGLWLRQV RI D SURMHFW LQ D FRW$BBWIHI RSHEIDW L
DQDO\VLV WRROV WKDW DOORZ WKH HYDOXDWLRQ RI
HQYLURQPHQW

PDSHU > @ SUHVHQWY D PHVKLQJ SHUIREPMHQWR RXYBO\V
WKH SODQH PHVKLQJ WKHRU\ DQG WKH VQNRK XWH HOR
ZRUP DQG KHOLFDO JHDU GULYH 7KHLBRHNMROXMWHUHRODAN LF
DQG WKHSBRWQWMHRN DV ZHOO DV WKH FRXQWHUSDUW U
VKRZQ DQG WKH FRPSXWDWLRQDO PRGHW®W RUHFRQWDF
REWDLQHG WKURXJK WKH FRXQWHUSDUW UDFN

2 Mathematical Approach of ArchimedeanWorm

7KH ZRUP VXUIDFH LV JHQHUDWHG EVUNWEGHRX WD GH WR
7KLV FXWWLQJ HGJH LV VLWXDWHG LQ WKH @[LDO VHFW
7KH JHQHUDWLQJ OLQHV @ UBKLF K R R UFGRLAXDHFRV WG/ W IR PW K
WKH WRRO 7KLV FRRUGLQDWH V\VW HDRVGRKIH WIRRAHD W L RI®
ZKLFK JHQHUDWHYV WKH KHOLFDO VXU®@ RHCRVKMKH ZRUF
FRRUGLQDWH M\VWKIP WUDXQWHRUPDWLRGEG PQ@WUL] EHWZH|
VA\VWHPV LV

?KO&FOEJI® 0 5

OBJ ?KD 0 0 g
N
0 0 1 :Lom
N
0 o o 1 O
,Q FDVH-RDQGJERUP 6XUIDFH VLGH , FDQ EH FDOFXODWH
Te s B ®KB @ KD
Ue s R ®KIB @ B

Ves FR @ EBs @MNP=UyF

7KH JHOQHUDWH GCi¥VXKRRDBH RWMKWVWHP LV DIWHU JLYLQ
IRUWERKRRUGLQDWH Y\KRWHP )LJXUH

NERA = /sex(d ®N&
%DVHG RQ MWEXUKQLW QRUPDO YHFWRU LV > @
B4R Y= hx EE

—_) =) =) —\

I sga=

—_——) —)

. E Q.
%@‘SNL®
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Xp VIR Y p
D«
P | 4 X1R
My YMe ) 77 7 %e
Nt N1 P4 //4
Surface Surface /
side I side I o \ /
Zn A Op B Ok "0p Zp ZIR

YLJIXIWUH
*HRPHWU\ RI WKH FXWWLQJ HGJH D DQG FRRUGLQDWH WUD

7KH VXUIDFH XQLW QRUPDO YHFWRU RF WKWV6XWURIEHKH WL (
B:hRYd=(L ©OFEH R OHBKY ® &
FL ®KORR ® HY @ EJ ®+&R ®KB ;@G

,Q FDVH-RDQ@BUMWKH 6XUIDFH VLGH ,, FDQEH FDOFXODWE
Teaz B ®KE @ KO

Az R ®KUW G0 RJ
N i Lt F Qs
Veaz B @ BYF @'@P—UoéFTN L®
7KH VXUIDFH XQLW QRUPDO YHFWRMKRI WKH BXVIDERGMXF
ReAf3d = (L ©OEAF ROHY KO ® &
HL ®KOaR @ BB @ EJ ®+&R ®Kl§géonl
TS WKH HTXDWLRQV Rl WKk WZRQGBHEWLRQV DUH |

T5E= B@Kl:%e
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Ve= B ©EB,F @6 =h,Fro %A
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=0
e L F Qs
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7KH FRQWDFW SRLQWYV EHWZHHQ WKH FRQ®HFWLQJ HO
&RQQHFWLRQ @@ DWHPHQW >

J5 E® 5= 0

7KH IRUPXOD FDQ DOVR EH XVHG WRKHHOHUIPW®&B W H
ZRUP VXUIDFH LV NQRZQ > @ 7KH GHWDLOHG IRUPXC
SURJUDPHG LI ZH GR QRW KDYH JHDU GHVODQU VRIWZI
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SURFHVV 8VLQJ RI WKH GHWDLOHG IRQPEHOPYEHORRZQ G|
DQ DUELWUDU\ SURJUDPLQJ ODQJXDJHRWR SQKSWKH WK}
ZRUP ZKHHO

3 Design andModelling Process

%DVHG RQ WKH UHFRPPHQGDBDWLRQV RI WKH UH@HWHRFH\
W\SHV Rl $UFKLPHGHDQ ZRUP JHDU GUR®HRRGMXI® HW VL JC
$00 WKH RWKHU LQSXW D DRHMIHWV,PUH XQFKDQJHG

F DVVHPEOHG PRGHO

7KH JHRPHWULFDO SDUDPHWHUV RI WKH ZRUP DQG WKH ZR
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7DEOH
7KH FDOFXODWHG SDUDPHWHUV RI WKH GHVLJQHG ZRUP JlI

The parameters of the worm

: I II. M. V. V. VL.

gear drive

$[LDO PR&GXOPP @ 7 9 10 11

'LDPHWUD® SRW®)| 3.907 2.309
1I1RUPDO GLDPHW

SPP@® 4.022 3.314 2712 | 2.497

IRUPDO PRGXPMH@

RUP OHDG RI xW
SPP@ 94.2 103.7

&LUFXODU SLWEFH
ZKHHO>PWP @
/HDG DQJGRP@ 13.7 | 14.7 22.4
$GGHQGXP FRHIIL 1

&OHDUDQFH FRHI 0.2

JLOOHW FRHIILFL 0.3

IXPEHU RI WKUHTI 3

IXPEHU RI WHHW
ZKHHO ]
'LUHFWLRQ RI WK ULJKW KDQG
SLWFK GLDPHWHU
Q@ >PP@
BLWFK GLDPHWHU
ZKHHD >GPP@

2XWVLGH GLDPHW
G >PP@ 93 94 100 102

2XWVLGH GLDPHMW

20.4 22 31.4

224

ZKHHO >BP @ 214.9

&HQWHU GLVWDQ| 131 194
)DFH ZLGWK RAKWM

E >PP@

'RUP OHQJWK / 200

3UHV VXU b DI H | | | 21 [ 212 ]
1RUPDO SUHVVX¥ 20

$GGHQGXP RI WK

PP 7 9 10 11
$GGHQG X Z RYBKK

% ~PP® 7 9 10 11
'"HGHQGXP RI WK

SPP@® 93 | 10 | 117
'"HGHQGXP R I- WH

K >PP@ 9.3 11.7
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7TRRWK WKLFNQH
6 >PP@

7TRRWK WKLFNQH
ZKHHQ $PP@

JLOOHW UDGLXYV 1.9 2.1 2.4 2.7 3 3.3
%DFNODVK M >P 1

7UDQVPLVVLRQ U
'LDPHWHU UDWLR 10 11

10.2 11 141 17.3

9.2 10 13.1 14.7

4 Analysis of theContact Surfaces of theWorm
Wheel by TCA

D PHVKLQJ E WKH WKUHH FRQQHFWHG WHHWK
YLIX3UH
7RRWK FRQQHFWLRQ RI WKH HOHPHQWYV

A: m=6.5 mm_kozep
Static Structural
Time: 1, s

2023.05. 26. 22:12

JA Fixed Support
B Remote Displacement
& Moment: 3,e+005 N-mm

0,00 100,00 200,00 (mm)

50,00 150,00

YLIXUH
7RRWK FRQQHFWLRQ RI WKH HOHPHQWYV

%DVHG RQ WKH JHRPHWULFDO IDFWV WEXKIUWMK WRHP ZKH
ZRUP DW WKH(IVPK IF RMLPHFWHG WRRWK LV DQDO\HG 7Kt}
HOHPHQWYV LV VWUKG WK PHY MWHHY BSBOLHG RQ WKH D
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DUHD )3JXUH KH GLPHQVLRQ ®RIH WHWHKRG QWH Pt
WHWUDBKEMEBRQWLF PHVKLQJ LV VHOKHWHGE R IQUWRIHWROHW
QRGHV LV 7KH QXPEHU RI TKKH I HDHWHRQW V¥R ILFLI
LV RQ WKH FROQWDXSSRMHHORZ IULFWLRQ EHWZHHQ WK
ZRUP DQG ZRPCOIWBIUUHHY RI IUHHGRP DUH IL[HG RQ

7KH URWDWLRQ DURXQG WKH D[LV RRWRWWD W HRQ HH VWRKIH
I[IUHHGRP DUH DOVR IL[HG 7KH ZRUP LV ORPD.GZHEI E\ 1
URWDWLRQ 7KH VDPEOORLDN®WHIXVHG IRU

4.1 Normal SressAnalysis

JLIXUH
1RUPDO VWUHVWWRRWEWY RQ WKH

7KH QRUPDO VWUHVV LV LQWHU S U HRV HABK B HARSHRQ BK A KO D
[19@ @ :H DQDO\]H WKH DYHUDJH VWUHVV IUWNKKOWY DQ
LPSUHVVLRQV RQ WKH VXUIDFHV RI WKRRIMHV EBWHOV IR
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RQ WHRHRRWK FDQ EH VRAKIK WRKFHLWHGE FROQRMD MK H PSUHV
WHHWK RI WK®BDZHRWDLESUHRDVNKHG E\ D ORW RI SHULSKHU
LPSRUWHG WR WKH *HR*HEUD P DW K HHP[DR\DLW R © P\DRN WZIDQ) H
VRIWZDUH RYYRDRPHODWLRYQLYR VK/IL RAKOSARYVRMR/ @B U H
ZHUH LQVWHWH® SRIWUWSER UGW VD HV X BDWV W 3 10@H®D U
ILIXUHRK/DW DKUIHYDH/ DQG SHULPHWHKURN OFREHDMUATNDK H H
FRPSROQMVIXWKRZV WKHVH SRO\JRQV

[mm]

YLIXUH
7KH VWUXFWXUH RI WKH VWRRWKLPSUHVVLRQV RQ WKH

YLIXUH
7TKNWUXFWXUH RI WKH VWOWMRRWRSUHVVLRQV RQ WKH

[mm]

YLIXUH
7KH VWUXFWXUH RI WKH VWRHRWKLPSUHVVLRQV RQ WKH

EHVXOW RI WKH QR YWRER W W & B QVER QVM K K UROR)ZM X U H
WKH UHVXOWV RI QRWRRWKWUHVV RQ WKH
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Area percentage of normal stresses
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YLIXIOH
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Axial Module - Normal stress
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15211

Normal stress (MPa)
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Axial module (mmz
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YL J X1 H
7KH DYHUDJH QRUPDO VWUHVV UHVXOWY LQ WKH IXQFWLRQ
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7KH JHRPHWULFDO DUHDV RI WKH VXUIDGH®G EMN WKH ZF
SROVUJRQ PHWXRIGR2QYIWKH FRPSDULVRQ RI WKH FRQWDFW
DUHDV RI WKH VXUIDFHV RI WKH ZRUP ZKHHOV LQ SHUFH

JLIXWOWKRZVY WKH SHULPHWULFDO SHUFHQWDJHV IRU Wt
ZKHHOV DV D UHVXOW RI WKH QRUPBKW VYWHIUD/IM QRN FFIRQ
VWUHVYVY DQG WKH D[LOO)PRGXHOH FDQ EH VHHQ

4.2 Normal Deformation Analysis

YLJIXIIH
5HVXOWYV Rl QRUPDO WHRRWAKDWLRQ RQ WKH

7KH QRUPDO GHIRUPDWLRQ LV DQDO\|HEHSEBBRQGLFXO
ZKHH@>@ ,W ZDV DOVR DFRRIMAHHGVLRU WRRKWK RI WKH ZF
7KH HIITHFWV Rl WKH GHIRUPDWLRQ J]RRHNVWZDUH VBYHG L
DSSURDFK WKH VKDSH RI WKH JRQHV E\ OLQYKWY ZKLFK F
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GHIRUPDWLRQ JRQHV 6BRIOODREDWHINY K RME HAHY LDHFHO WWH
SROVJRQV RI ZKLFK DUHD DQG SHUVYPHDWIKBY KHDA) EH FDO|

JLIXBH
7KH UHVXOWHG VWUXFWXUH RWRRWRUPDWLRQ LQ FDVH RI

z[mm]

JLIXWH
7KH VWUXFWXUH RI WKH GHIROPDRWIRQ LPSUHVVLRQV RQ V

z[mm]

YLIXUH
7KH VFKHPH RI WKH GHIRUPD'MWRRWKPSUHVVLRQV RQ WKH
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JLIXUWKRZV WKH UHVXOW RI WEHVERBRWBEXGHIRUPDWLR
VKRZV WKH UHVXOW RIQQRWPBRPPWKHIRUPDWLRQ

Area percentage of normal deformations
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'LWK WKH NQRZO @ Dk HDXM KHRUBIR XPWO GHIRUPDWLRQ D
VXUIDFHV Rl WKH WHHWK Rl WKH ZRUPHZ&HW®\ P WEHGD U
)LIXUH

JLIXITWWKRZV WKH SHULPHWULFDO SHUFHQWDJHV EHWZ]
QRUPDO GHIRUPDWLRQV RQ WKH ZKROH VXUIDFHV RI WK

7KH DYHUDJH QRUPDO GHIRUPDWLRQPHEBYWROWMER WKH |
ZRUP ZKHHOEH VHHQ.RQ )LIXUH

4.3 Axial- and Radial Deformation Analysis

7KH DYHUDJH GHIRUPDWLRQV RQ WKH FRQWR MYLRO WHF
DQG UDGLDO GLUHFWLRQV RQ WKHWXDM@MFHV Rl WKH ZR!
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Conclusions

7KH PDLQ SURSHUW\ RI WK $WKHK LG HGHDIJF KZ RRJIR. O H
JHQHUDWHG RQ WKH D [LEDDV W H-EDNIQRNTE FEIOWIGH ZRKIPVY JHRP
LV ZLGHO\ XVHG IRU GLIIHUHQW JHDU ERQHNVQSURYLIGLQJ
WUDQVPLVVLRQ UDWLR 7K DIW RYRIKMNGHAFRAZSIKH V H D U F K
JHRPHWULFD O KHQ PEFPKDQLFDO SDUDPHWHUV FDQ EH C
PDQXIDFWXULQJ DQG WKH UHDO DSSOLFDWLRQ

7KH ZRUP LV ORDGHG E\ 1P WRUTXH DURXQG WKH D]
$QDO\]LQJ WKH DUHD SHUFHQW DY HR/I RV KW K®RIUPPDUCH V WLLR-
WKH IROORZLQJ FRQFOXVLRQV FDQ EH GHWHUPLQHG

X 7KH DUHD SHUFHQWDJHV DUH FRQWLQXRXVO\ GHFU
HQKDQFHPHQW RI WKH D[LDO PRGXOH IURP P PP D

X 7KH KLIJKHVW SHUFHTQWRRWYK MU RQLWKEH WRWDOO\
X 7KH UHVXOYWWRRQVWIOHIH WKH ORZHVW XQWLO WKH P

X $IWHU P PP D[LDO PRGXO%WWW R M K HDHO M\I KREQU WNKHKAIL
WKWRRWK P PP DQG P PP

$QDO\]LQJ WKH SHULPHWULFDO SHUFMQMYDWH RI WKH
IROORZLQJ FRQFOXVLRQV FDQ EH GHWHUPLQHG

Xx 7KH UHVXOWY DUH FRQVWDQWO\ GHHURIDWIK®MJ DV D
D[LDO PRGXOH

7KH KLIJKHVW SHUFHQWRRWWK XQNVRQ RVKRP D[LDO PR
$IWHU P PP D[LDO PRGXOH WKDW Y{MHHRNKKHVW UL
7KH ORZHVW UHVSXO@RRWXUKQRMQLW KH PP D[LDO PRGX
$IWHU P PP D[LDO PRGXOH WKHWRBAMMNKW UHVXOWYV

%DVHG ROQL)WKWHWYHUDJH QRUPDO VWUHVV QBIVXOWYV DU
GHSHQGLQJ RQ WKH LQFUHDVLQJ Rl WKHUMLDO PRG
DSSUR[LPDWYROR RWKWRKH KLJKHD\WIMWNNOW\D R DVXKZED \V
IOXFWXDWLQJ GHSHQGLQJ RQ WKH D[LDO PRGXOH

$QDO\]LQJ WKH DUHD SHUFHQWDJHV RII WKKH QRSPBUVL
GHIRUPDWLRQV WKH IROORZLQJ FRQFOXVLRQV FDQ EH G

X 7KH KLJKHVW UH VX0 WYWRRWKHE X H WHIE R QHWKDH L P X P
7KLV UHVXOW GHFUHDVHV XQWLO WKHW VWD WDWL\D C
LQFUHDVLQJ

Xx 7KH UMRUMIEKMD QEWHHWK DUH FRQWLAXKRKYGL QO XFW X
RQ WKH D[LDO PRGXOH

x 7TKH SHUFHQWDJH DUHDV RI WKH P PP DQG P P
KLIKHU R RRWK W KSDQPRRYKVKHWHU WKDW WKH UH
3YW RRWK DUH WKH VHFRQG KLJKHVW

X X X X
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$QDO\]LQJ WKH SHULPHWULFDO SHUFH@WWKHVORIURRI LF
GHIRUPDWLRQV WKH IROORZLQJ FRQFOXVLRQV FDQ EH G

X 7KH KLJKHVW UHVX\YWRAMKFK R FPUKIHDVHY XQWLO P
D[LDO PRGXOH $IWHU WKDW WKHHIDAL@QBHWHU RI W

x 7KH SHULPHWHU SHUFHQWDJHV Rl WKHX®OH RRP DQG P
ZRUP ZKHHOV DUH?H\R RWKKD R QRRHRW K $IWHU WKDYV
WKH UHVXOW R RRMDK VISHHHI MVHK\HW

X 7KH UHVXOWAWRRONWKHIH FRQWLQXRXVO\ IOXFWXDWI
D[LDO PRGXOH

X 7KH UHVXOYWWRRQWWWHH LQFUHDVLQJ GHSHQGLQJ R

7KH DYHUDJH QRUPDO GHIRUPDWLRQ YDOXH&HDUH DOV
IROORZLQJ FRQFOXVLRQV FDQ EH GHWHUPLQHG

X 7KH KLJKHVW UHVXO0OWVWDRIRAKK A K H3 WHGHWR @ HR K H
PP D[LDO PRGXOH $IWHU WKDW WKHWSE DKHWPWW H U
UHVXOWWRQRMWKHLY LQ FDVH RI P PP DI[LDO PRGX(

X 7KH UHVXO MW RRROV K 1D RESVRK@WIL Q XRXVO\ LQFUHDVLC
ORZHU WKDQ W KYWURHRWKIO W\F RWWIK FDVH R1 P D[

X 7KH UHVXOWWRRNVWHKHIH FRQWLQXRXVO\ LQFUHDVLC
D[LDO PRGXOH EXW LW LV DOZD\WRRAHKJ WKDQ WK

%DVHG RQ WKH-D[LDO® BREXEWLRQDO GHBRUWIKDHNVLRQ FK
IROORZLQJ FRQFOXVLRQV FDQ EH GHWHUPLQHG

X 7KH ORZHVW UHVXODWRWKH WQAWEKRQWLQXRXVO\ LQ
P PP D[LDO PRGXOH

X 7KH UHVXOWYWRRWWKMHUH LQFUHDVLQJ XQWLO P P
$IWHU WKDW WKH\ DUH GHFUHDVLQR 7KMH KLJKHVW
D[LDO PRGXOH

X 7KH UHVXOWAWRRVWHKHIH FRQWLQXRXVO\ LQFUHDVLC
D[LDO PRGXOH

X 7KH UHVXOYWAWRRQVWIKHIH DOZD\V YAWVRRHWKWKDQ RQ W

%DVHG RQ WKH-DDRGODPRGXWOHFWLRQDO GHIRKMHDWLRQ F
IROORZLQJ FRQFOXVLRQV FDQ EH GHWHUPLQHG

X 7KH KLJKHVW UHVY0WRWKXUH R WKHFWLRQ LV IOXF
KLIKHVW UHVXOW LV LQ FDVH RI P PP D[LDO PRG

X 7KH UHVXOYYWRRWXKBIUH DOVR IOXFWXDWLQJ 7KH K
FDVH RI P PP D[LDO PRGXOH

X 7KH UHVXOWXW RRWKHDUH FRQWLQXRXVO\ GHFUHDVLQ.
PRGXOH

X 7KH ORZHVW UHVYX@RRWXUH RQ WKH
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$IWHU WKH HYDOXDWKHIR Q HR P\W WHDIGHEKE B/MG RDQ ZRUP

JHDU GWLYWHU\ FRPSOH[ WDVRHDQDWWIE VHVDHEWYV RI WKH
PRGLILFDWLRQ RI WRKWH WDKIHD PHFER G RQIRAD O 1§ 1B WDHPHIWKH BV W |
ZRUP ZKHHM®WOVR VREEQ WE&E SHULPHWRW ADIOF § MAURERI\@ W D
RI WKH ZRU® WHIHUIXQFWLRQ R2XWHK B DD LDR PRGHOML JD W
WKH PRGLRLADKH. PRQLDRUPREKOMRRWK FRQWDFW JRQH DQ
GLPHQRLRMKH WRRWK FRQWDFW JRQH 7K@ VG MW HHWK R
WRRWEK FRQQWMEK M IERIQV YRHIH W K HaSVRE H WWHWR VP LVVLRQ
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Abstract: The pre-alarm detection is a novel method for ensurigh hvailability of
operational traffic in corporate telephone network of Electric Power Utibsside usage
of redundant elements and alternate routing. In this paper, is exdrswféwvare solution
for pre-alarm detection in network management domain. After the anafysgie domain
characteristics was proposed solution based on analysis of traffdirent links between
telephone exchanges. In order to find when high priority Integratedic8eDigital
Network (ISDN) or Internet Protocol (IP) links are faulty, calls overhigltage power
lines are analysed in two step process, using data retrieved from Call Retadrds of
telephone exchanges. Increased accuracy of detection characterizeslutisn compared
with the previously proposed, because there are no false negativesdetection process.
In this research was verified that proposed solution can be implemastad additional
layer in network management hierarchy without change of existingork management
system software or infrastructure.

Keywords: Electric power utility High availability; Network management; Telephone
network Call detail record

1 Introduction

Telecommunications network in Electric Power Utility (EPU) is used to enable
communication between its employees [1]. The role of telephone network in
telecommunications network of EPU is to enable communication between Power
Grid operators, and even in some countries its design is required by the
government regulations, as explained in [2]. Frequency bands and power levels for
communications over power line systems are defined in international
recommendations [3]. The main objective of building separate network is
achieving high availability because on emergency on power facility information
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exchange between operators must be possible. The reliable and prolonged life
the subject of analysis for each implemented network type. For example, the same
problem as in the case of telecommunications network in EPU may be also found
in wireless sensor network implementatioh [4

The telephone network in EPU differs from the public telephone network by
introduction of prioritized traffic (operator traffic is with priority), usadehagh
voltage power lines like communications resources and solutions for maintaining
high availability. It is demonstrated [5] that these methods can be improyed,
using so-called pre-alarm detection, which is based on telephone traffic statistics.
In the previous research was analyzed call statistics, defined efficiency parameters
and proposed hardware implementation of detector as solution. In tieis pap

are examining software solution in network management domain, as an extension
of our research presented in [5-7].

After this introduction, in the Section 2 are summarized known methods for
achieving high availability in telephone network of EPU, and process of
occurrence of pre-alarm state. In the Section 3 is presented previoushesear
parameters used to measure detection efficiency.

In the Section 4 are analysed required characteristics of solution in network
management domain, as well as their influence on detection process. In the
Section 5 is provided detailed proposal of the pre-alarm detection softwage usin
information stored in Call Detail Record (CDR) of telephone exchange.
The proposed algorithm is described, as well as its Impact on efficiency
parameters. In Section 6 is described verification of the proposal. Beha¥iour o
implemented pre-alarm detection software is described together with symbolic
presentation of the traffic process. At the end, the conclusion is in the Section 7.

2 Known Methods for Achieving High Availability in
the Telephone Network of EPU

Availability of telephone network of EPU represents the portion of time when it is
working correctly. By high availability is considered availability of at least
99.999%.

Methods for increasing availability of the telephone network in EPU are alternate
routing and redundant elements usage. In contrast to public telephoneknetwo
which is hierarchically organized, telephone network of EPU is built in one layer
to enable usage of alternate routing. This procedure enables usage of patither
when the first order route is not available. Alternate routing is used in two
occasions: link failure (when the link is not available) and congestion on priority
link. When the network operates without failures, calls are established according
to the routing plan, using direct or shortest paths, and best quality links.
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Redundant resources are used to improve the system availability, and engphasis
on redundant links.

Telephone network of EPU may be represented by nodes (telephone exchanges)
and links. Despite electrical grid is built for electrical energy delivery, its complex
interconnected structure can be used in communication netwqrl8[1Power

Line Carrier Communication (PLCC) is a technology used for voice and data
communication over high voltage power lines (over 50 kV) [9]. This tdolggo
operates using modulated carrier signals on the power[liG¢sand it is used in

the design of telephone network in EPU. Priority of links between two nodes is
based on their characteristics (connection set-up time, speech quality. etc.) and
therefore PLCC link is with the lowest priority. Since existing power lines make
alternative networking infrastructurd0-11], PLCC links are widely used as
telephone network of EPU.

The nodes, which are telephone exchanges when considering EPU telephone
network, are in fact huge transformer stations with its engaged personnel.
The primary personnel duty is to keep reliable electric power delivery and high
telephone network availability. In order to achieve it, the personnel presence in
network nodes is mandatory, which allows prompt reaction to each incident
situation related to telephone network operation. The solution presented in this
paper is based on software analysis. It is relatively simple procedure whsddb
locally, on each node, system behaviour for traffic sources seizdrechrase.
Since it is performed locally, the local personnel can provide immediate reactio
in order to repair the network. Summary information if the pre-alarm exists
local link can be transferred to the network operations center. This can be
achieved in different ways, of which one is explainefiLRj.

Since it is performed locally, time for network repair is shorter or same as if
centralized management system is applied as the one presefit8fifor mobile
operator networks supervision. Besides the possibility for faster react®n, th
advantages of such a concept of local supervision are that there ischéonee
complex data mining over the numerous often non-useful alarms to debéct r
cause using specifically developed algorithms ag[1l4). High accuracy of
detection and quick response of local personnel are reason why it isclso
necessary to use build complex software systems based on machine learning fo
analysis of data in order to enhance responsiveness in managing a large set of
alarms[15].

Simplified model of links between two nodes in the network of EPU is presented
in Figure 1. It was demonstrated []] that detection on one direct connection
between two nodes is possible, without the need for information of céitigan

the network. Since pre-alarm detection is performed locally, detection is not
affected neither by network topology nor number of nodes in the network.

+129:



M. 6 W QL (A Network Management Solution for Pre-Alarm DeERitiarelecommunications Network

Telephone network of EPU

Alternate route between Node1 and Node 2

Link to rest
of network

Link to rest
of network

ISDN/IP (High priority link)

PLCC (Low priority link}

Figure 1
Model with two network nodes connected with one IS®NP link, and one PLCC link between two
nodes

In this model, there are two direct links between nodes. Link of hightgrioay
be Internet Protocol (IP) or Integrated Service Digital Network (ISDN) realized on
optical cables, and PLCC link is of low priority.

The low priority link can be used in two ca$26]:
1) traffic is increased over the capacity of the other direct link (traffic love)f

2) there is a failure on high priority link, therefore, the only direct nithout
failure between two nodes is low priority link.

The pre-alarm state means that high priority link is with failure and that lower
priority link is used [5-7]. Direct traffic between two nodes still exist dupnegr

alarm state because decreased amount of traffic is carried over lower prigrity lin
and availability is not affected. Such unwanted situation, which may precede
alarm situation and complete link failure, is possible to be detected during initiated
call by using statistically determined time duration of its dialing phase. Thare
difference in the called party number selection on the old PLCC linkerantbre
modern ISDN or IP links: the slowest pulse dialing is applied on PLCC link, while
faster address messages are used in two other cases. This difference is used in the
solution presented in [6] to implement test calls generation from a central point
and to measure the time to ring-back tone. The problem solved i f1¢ same

as in this paper, but in this paper are used different specific parameters of
telephone call. As a conclusion, it may be said that detection is localized on single
link in [7] and in this paper, i.e., test is performed separately forledch

Since telephone traffic is still carried during pre-alarm state between two nodes,
pre-alarm state is not detected in telephone network of EPU, nor it can be
recognized by degradation of telephone service [5]. If the pre-alarmtis no
recognized, the failure might affect low priority link, and alarm state might

become.
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Alarm state in the network occurs when all links between two nodes are with
failure, and there is no direct traffic between them. If the alternate routes are used
for direct traffic, there is no traffic between two nodes which is not addepta
means that during alarm state the availability is affected.

3 Detector Efficiency Parameters

This chapter summarize results on research on efficiency parameters definition
and provides formulas for multiple steps détac[5], [7].

It is demonstrated [5] that in telephone network of an EPU the analysis of
telephone traffic can be used for pre-alarm detection using so-called detector
The detector is hardware system that locally monitors state of PLCC link.
In detection is used characteristic of PLCC link that its state can be fourgd usin
simple algorithms based on short seizures that are undetected by the detector [5]
It is more complex to determine state of high priority link, especially &f th
problem is in the switching systems (for example, in the signalization pratocol)
The principles of faulty link detection, presented in this paper, are univecsal an
may be implemented in various types of netw§tkg.

The detection process can be performed in multiple steps. In thetéipstos
detection, it is recognized that PLCC is seized (start of the call). After its release
(end of the call), the timer is turned and it ticks during so-called detectionahter

If the PLCC is used during that interval (the next call starts), the system goes to
the next step. In the last step, upon the seizure of PLCC, pre-alarm is declared.

Possible detection results and their corresponding probabilities are presented in
Table 1 for detector withk steps. As indicated, detection can be wrong in two
cases: when non-existent pre-alarm is detected (false pre-alarm, false positive) and
when the existent pre-alarm is not detected (miss in detection, false negative).

The state of traffic in whole network can affect the behaviour of the meditor
link, which is still operational, if serious accident happens in distant part of the
network. It would be the case when multiple links are not functional (or PLCC is
used for traffic) and it is not possible to use alternate routing. In ypistietical
situation the observed link will be used to transit large number of conneatidns
then it would be possible that pre-alarm or alarm state occurs on this link,
although the locally generated traffic is not increased. As in normal operation false
pre-alarm state is extremely rare, practically impossible, experimental verification
of the developed solution in praxis is only possible by the test guogavhich
would include artificially stopping the data flow over the great number of
carefully selected links in the network and thus causing the great traffichmver
observed link.

+131:



M. 6 W QL (A Network Management Solution for Pre-Alarm DeERitiarelecommunications Network

Table 1
Detection results and their probabilities
link state | pre- pre-alarm
(ISDN/IP | alarm state
N characte- .
link) state (Detector) | result ristic probability
(ISDN/IP ISt
link)
Inactive Correct| - -
Correct | Inactive . False
Active Wrong | pre- Ptpak
alarm
Inactive | Wrong Miss in Pmk
Failure | Active detection| ' "
Active Correct | - -

The probability of false pre-alarax is the product of two probabilities:

1) For first step probability that call arrives on PLCBoeLcd due to the
oveflow traffic;

2) From steps 2 to K probability that at least one new call arrives on PLCC
during timer intervalTk . This implies that call from previous step must be
finished, in order that PLCC can accept new call. The value of this probability
for single step iPca(Tk), S0 forK-1 steps it isPca“(Tk). The probabity
Pcai(Tk) presents excluded probability of interval without call arrivals from
probability of all possible call arrivals:

T*KEn A§§K !
Poak  Poprcc Peal * Tk |Enp A1 eTa € 1)
©

whereEq(A) is Erlang formula - the blocking probability (call congestion) in the
group withn channels on ISDN or IP link with offered traffi&g En+1(A) is the
blocking probability in the group with n channels on ISDN or IP lind ane
channel that exists on the PLCG; is the mean inter-arrival time between calls,
andTk is detection interval. This is our original equation and it follows from [7].

The probability of miss in detectioRn; is calculated in system with failure on
link with priority. It is the probability that after the end of call, during theetim
LQWHUYDO QH[W FDOO GRHVQYW DUULYH RQ 3/&&
K 2 _
P Pl 1 Po )
[ Io
wherePn. is probability of miss in detection for two steps detector and it is:

T2

I:>m2 | € Tia (3)
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The third important parameter is meantime from failure to detection edlans
state, Tgpax. It is the sum of mean inter-arrival time after the failure occurs and
mean call duratiot, and mean inter-arrival time before next call arrives for each
step:

poaK Ti tm Tia K1 K Tia K1 tim (4)

It is concluded [5] that in most cases two steps detector can be usedebdta
increased number of test steps provide small improvement of detectiomandiss
false pre-alarm probability, but gradually degrades detection time.

4  Analysis of Network Management Domain for IRe-
Alarm Detection

The network management is used for the establishment of services in the
telecommunication network of EPU. The operation includes interaction of

software system used for network management with software systems on the

network element. Full spetcLFDWLRQ Rl WKRVH PDQDJHPHQW V\VWE
and their implementations can be proprietary or based on various starddrds |

Management of telephone network of EPU is complex due to the diversification of
vendors and adding new generation of equipment without discarding exisgng
When the equipment of various vendors is used, various informatiatels and

even various communication protocols are used, which are mostly propiietary
the older generations of equipment. Previously telephone exchanges were
designed specifically for EPU, but now the equipment used in Public Switched
Telephone Network (PSTN) is the first choice for network upgrade. Eneravo
reasons for this change: increased availability compared with the previous
generations of device4J] and economic benefit of using solutions from PSTN.

As mentioned in Section 2, there is no specification of pre-alarm detection, bu
using management systems some of its side-effects can be recognizkd. |
network management systems single link is not treated as network element. Its
monitoring is performed by collecting information from network elementboth

sides of the link. These network elements can be transmission systems or
switching systems. Failures on the transmission system can be detected atiut not
the failures on the switching system.

The objective of this paper is the design of a solution for pre-alarm detastian
management information from one network element. To apply the mopos
solution necessary information must exist on the network element, and
management system must have access to that information, which shall include:

1) identification of used link for the call, and
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2) start of the call time
3) end of the call time

One example of a record which contains call parameters may be foliad].in

In this example is necé&DU\ WR LQFOXGH VRXUFH 3FKDQQHO" RU
SGVWFKDQQHO" WR GHWHUPLQH WKH XVHG FDOOLQJ SI
SVWDUWVZHU *DNVR GHWHUPLQH WKH WLPH RI WKH FDOO
determine the time of call end.

In the case when described necessary information does not exist on the network

element, the modification of the software system on element is needed, which is
XQZDQWHG FRQVHTXHQFH B5HDVRQ IRU WBKIOLYWUWKDW
programming code of software systems, so only they can make modifications

existed systems, which makes price of this operation higher. There are furthe

problems: various hardware and software versions make maintenance difficult,
VRPHWLPH YHQGR UymoRHatqQ Phvicipally, \adin® @on-existing
IHDWXUHY RQ WKH GHOLYHUHG QH&edRUN HOHPHQWYV VKF

Another important consideration is the organisation of data access to necessary
information. Instead of direct access to network element, this paper progeses u
of Northbound (integration) interface of the network management sysiéhiss

can localize the knowledge of information models and network protocols on the
existing network management systems. Further, this proposal leads to ane mor
important characteristic: it can be implemented as the additional layer in the
network management hierarchy.

5 Pre-Alarm Detection Software Solution Proposal

Recently there were various efforts for usage of data stored in CRdbysis of

users behaviour in mobile communications netwW@k-22] and in this paper is
accepted the same approach. In mentioned papers are analysed systems with
generated large amount of data, which is collected during long period. In this
system, the small portions of data should be collected in short intervals.

In classic telephony, CDR information is used for accounting, and ipduped

by telephone exchanges. Since the objective of the telephone network of EPU is to
provide telephone calls between dispatchers, presence of accounting information
is not mandatory in telephone exchanges. Therefore, major of telephone
exchanges specialized for telephone network of EPU is not storing accounting
data. When telephone exchanges from PSTN are used, accounting information is
stored on them, including CDR.

Format and structure of CDR are not standardized, and therefore their
implementation is vendor specific. This paper uses assumption that information
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that should be stored in CDR contains information on used channels #mel of
start of the call, because it is mandatory for determining rates between aperator
It is also considered that this information can be accessed immediately after the
start of the call.

Collecting information from any network element can be performed in two
possible ways: by sending events or by polling. Call arrival is not treategtent

in the existing system specification. Changes on software system of network
element would be needed for the event-based mechanism, which is not an
acceptable option (Section 4). Therefore, polling principle was selected.

The system performs in two steps, presented in Figure 2. The solultiaseid on

the concept of two step detector [5]. The principal difference from theiolin

[5] is that in this solution is used timer that is active during the wholgrgmo
execution and that system behaviour is initiated by timer ticks. The pre-slarm
detected if the second call arrives on PLCC during the detection interval. Step 1
begins after the system is initialized and timer is started. After timer tick,
information from CDR between two successive polls is processed. If the
information of the start of the call on PLCC is found in processed dansy
goes to step 2. Otherwise, system waits next timer tick to repeat the same steps.

Step 2 starts with the timer tick, and the end of call (started in step 1) is awaited.
After this event information about calls between two consequent timer ticks is
polled from CDR and processed. The arrival of the first call is awaited. \tiileen

call arrives, the route of the call is analysed. If no call arrived on PLCC, it is
assumed that the first call arrived due to the increased traffic, and the detector
returns to the first step. If the call arrived on PLCC, pre-alarm state is detected.

System presents prBEODUP GHWHFWLRQ X @kidawledygement XfVHU TV DFW
pre-alarm), and then returns to step 1.

It is enough to have single detection software on any of two nodes td pietec
alarm in the model with two directly connected nodes, presented in Figure 1.
7KH WUDIILF GRHVQ§l&vmMViNeiefSre GtXadrl keJdefelctét! on any
node.

There are changes in the efficiency parameters of this solution, companeddo
of two steps detector [5]. Software timer inter\alis used as detection interval
length.

The probability of the occurrence of false pre-alarm upon (1) is:

Lis

E, A38
Poa Eni A1 e '@

(5)
©
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Read Info from CDR
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Read Info from CDR
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No
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Yes

A

Pre alarm detected

Acknowledgement

Figure 2
Algorithm of system behavior

The important improvement is that described solution cannot create the miss in
detection because the second step is extended until the call arrives, and its
probability Pn, is:

P O (6)
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Since detection is executed in discrete intervals of the Iéhgtmean detection

time Tgpa can be presented as integer number of those intervals. It is assumed that
length of timer interval is at least equal to inter-arrival time between two calls
(Tia). The mean call duratioty, can be presented as the integer number of timer
intervals increased by one. The resulting formula is:

§n ) 1 S %5
m 2M
Tpa 2Tr tp 2Ty 20 1T, oD 73 T (7)
S ¥ o1 &S v
25} 5 i) tn u n o] A [Erlang]
M = WO ~ o O o oo W0 a - &N s
ﬂﬂﬂﬂﬂ RAAAIRT I
—o-=Ti— 10001
e Al 2
A P
S s y
,;j : 1.00E-02 - ppal
"/ E Pfpa2 for T2/Tia=9.0
7
’ 7 -+ Pfpa2 for T2/Tia=7.0
Pfpa x e
z = 1.00E-03 Pfpa2 for T2/Tia=5.0
— - = Pfpa2 for T2/Tia=3.0
/
g 1.00E-04
,!
- 1.00E-05
Figure 3

Probability of false pre-alarm {B) as the function of offered traffic (A) for two-gteletector in the
system with 30-channel ISDN liffR3]

Figure 3 presents the values of false pre-alarm probaliy) és the function of
offered traffic @) calculated according to formula (1). These values are presented
for two-step detector=2 in (1)) and for the 30-channel ISDN system (primary
ISDN interface) as the link of the first choice. The graphs are presented for 4
various ratios of detection time and mean calls inter-arrival tirs&4). The fifth

graph for probability of false pre-alarm for one-step detedggi) is presented

for the comparison. It is important to emphasize which traffic values arénreal
EPU network. As transformer station personnel is not huge (surely metthan

10 people), it is not possible to have more than 10 simultaneous local tonsiec
This means that the locally generated traffic may not be over 10E. ksgfmto

have also several transit connections due to the specific structure of EPU
telephone network which is not hierarchical, but the number of these connections
is not more than 5. Therefore, the total traffic in EPU network nodes is less than
15E. It means that the typical values gf.Bre lower than 18 according to the
graph from the Figure 3, or in other words practical valuesgefaRe very small.

Even more important is that detection algorithm is adjusted to reach the
probability of detection miss equal to 0 according to (6).
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The improvement in detector performances compared with other solutions is
related first to [7]. In [7]Ppa has been determined in the same way as in this
paper, but the second step in the detection period has not been spike#tbu
next call arrival. This is the significant improvement beca@saccording to the
detection procedure in [7] has a low value, but typically higher than it is the valu
of Prpa.

The second comparison is made to the solution from [6]. When cansidbe
values ofPspa and P, obtained according to the algorithm presented in this paper
and the solution from [6], it can be concluded that the presentdibraseibetter.

It is possible to reach the valt®g=0 according to [6], but the correspondifga

may be higher than 101t is possible to decrea®., but then it becomeR;>0.

The other difference is that it is necessary to generate test calls to realize the
analysis according to [6]. For the procedure realization according toeihés it is
enough to keep track of the existing traffic flow.

6 Proposal Verification

Verification of the proposed solution is made by implementing a Java application
as the pre-alarm detection software. The diagram on Figure 4 presents the
organization of the implemented system.

Existing system includes Telephone exchange and its Network Management
System. Both systems were developed by IRITEA.

Pre-alarm detection software creates new layer in the system. It was added on top
of the existing system (Figure 4), without influence on Telephombdhge, and
without modification in network management system software organization or in
its infrastructure. In order to detect the pre-alarm, information from CDR o
network management system was analysed. The application was accessing it in
eXtensible Markup Language (XML) data format, which can encapsulate any
other format - including proprietary one.

List of events from CDR are analysed in each timer tick. Timer tick initiates
collection of events list between two successive ticks. Events in the list are
analysed, and detection is made upon information on: time of occurisnbés

call on PLCC, and if this is start or end of the call.

+138:



Acta Polytechnica Hungarica Vol. 21, No. 4, 2024

New Pre-alarm Detection Software

Layer
Network ¥
Management CDR
System

Existing

System

Telephone Exchange

Figure 4
Organization of the implemented system

The state transition diagram of the detector is presented in the Figure 5:

1)

2)

3)

4)

5)

Detector is in the inactive state in the start.

On each timer tick is collected data from CDR generated between last
two ticks.

Detector remains in this state until the call arrives on PLCC, when it
starts waiting the end of this call.

Pre-alarm detection software needs to discover which new calls arrived
in the collected events list, and to recognize link where the call is routed.
When the call is routed on PLCC, its end is awaited.

After the call ended, detector waits start of the next call.

On timer tick, data generated between last two ticks is collected from
CDR, and then analysed if new call arrives.

If the call arrived, but not on PLCC, the system goes to Inactive state,

This means that in collected data between last two ticks from CDR call is
recognized on high priority link. Detector concluded that previous call on
PLCC was due to the overflow traffic.

If the call arrived on PLCC, the system goes to the pre-alarm detected
state, where it remains until the user acknowledges pre-alarm.

This means that pre-alarm is detected by finding next call on PLCC, in
data collected from CDR between last two ticks.
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No call on
PLCC / [tick]

Call on

Call on PLCC / [tick]

PLCC / [tick]

Wait end of
Call

No call on
PLCC / [tick]

No call on
PLCC / [tick]

Wait for call

Call on
PLCC / [tick]

Acknowledgement

Pre-alarm
detected

Figure 5
Pre-alarm detector state transition

Correct system behaviour is illustrated in Figure 6. Symbolic presentation of the
traffic process on PLCC is based on detection diagrams introduced fatapo
detector [5] which consist of) carried traffic of the systenh) call arrival in the
system,c) call arrivals on ISDN or IP linkd) call arrivals on PLCC link and)

traffic process on PLCC. Timer ticks are presented using dashed lines, and each
timer interval is numbered. Moments of the occurrence of fatluaed detection

tq are presented.

In illustrative example in Figure 6, during interval 1, calls arrive only doripr

link, and system resides in the step one. In interval 2 there is a call on, PLCC
which will cause end of step 1 of detection. During interval 3, detectorsiten

two, but there are calls on priority link, and therefore system returstepoone.
Interval 4 is analogue to interval 1, and system resides in step 1. During the
interval 5, failure on priority links occurs. The next call arrives on PL&1@, step

1 of the detection ends. Since there are no calls in the system in the interval 6,
system resides in step two, waiting for next call arrival. In the interval 7 calls
arrive on PLCC, and pre-alarm is detected.

It is interesting to consider what pre-alarm detector efficiency depends on.
According to the Figure 6, the time between a failure on ISDN/IP link and failure
detection depends on the time between successive calls on PLCC link. This time i
shorter with the increase of the offered traffic.
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(4 Carried traffic Ty

(b) Call arrival | | | | | | |

\J

(c) Call arrival on
ISDN/IP link

(d) Call arrival on
PLCC link

\J

(e) Traffic process on 4
PLCC link

\

[0 tdpa td
Description:  Failure 0 Conversation

Pre-alarm detectionT

Call arrival

Figure 6
Detection diagrams for pre-alarm

Therefore, it may be concluded that detection rate is as higher when tres offe

traffic is greater. Unfortunately, too large increasement of the offered teddb

leads to the false alarm probability increase. Let us consider one correct ISDN link

in the intervals of great offered traffic. Let us, further, suppose tghaehpriority

ISDN link is completely busy in time intervals tB. There is a (low) probability that

two successive calls are generated on PLCC link during this time interval tB.

These two calls may cause the state of detected pre-alarm, i.e. faulty ISDN link,

which is incorrect information. The probability that all ISDN links are busy is

YHU\ ORZ 7KDW({V ZK\ WK Hal@rohRnBybE hegleatétl. R1 IDOVH SUH

Generally, there is a small number of solutions dealing with supervision of
telecommunication network of EPU and these solutions are cited throughout this

paper. Especially there are no solutions satisfying two important advantages over

usual solutions: 1) only software based solution without need of additional

specific hardware and 2) solution where software management is realized
completely independently, without need to change &x@tJ VRIWZDUH 7KDWY{V ZK
would be hard to perform some additional efficiency parameters comparison

besides the ones presented in this paper.
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Conclusions

Telephone network of EPU primary objective is to provide high availability. Two
standard methods for achieving high availability are: adding redundant elements
and usage of alternate routing. In this paper, is proposed software rsdtutio
usage of network management in pre-alarm detection, a novel method for
achieving high availability in telephone network of EPU. The solution is realized
in two steps for collection and analysis of data stored in CDR. Stepspnottess

are invoked on timer tick. In the first step is awaited call on PLCC. In thedecon
step, after the end of the call started in the first step, pre-alarm is detexcted|
arrives on PLCC during the detection interval.

Description of the system behaviour is provided, and an example of ¢edll arr
process is demonstrated. Efficiency parameters of the proposed sauntion
compared with those previously defined in the literature. It is concluded that ther
is no miss in detection in the proposed solution. The probabilitgisd pre-alarm

is not changed compared with the solution in [5]. The exact valuetheof
probability of false alarm in the EPU network are significantly lower thahdL@

WR ORZ RIIHUHG WUDIILF 7KDWYV ZK\ LW LV GLIILFXC
conditions. It is necessary for testing purposes to artificially stop thé toafér

the ISDN (IP) part of the considered link to verify detector behavioprdaralarm
conditions. The character of discrete domain influences that the meantime to
detection is slightly longer in the existing solution.

Solution can be implemented without changes in existing network infrastructure if
existing management systems have stored data in CDR and if they have
integration (Northbound) interface. The detection procedure is perforroaltly|o

and local personel can make necessary equipment repairment. If the
telecommunications network management is centralized, only the summary
information about pre-alarm should be transferred, and there is naneadsfer

large amount of data for analysis, nor is required complex root cansgsis
software in network operations center.

In literature is described pre-alarm detector usage to locally monitor PLCC link

between two telephone exchanges. Additional hardware system for each link was

required in detector implementation. In this paper, is proposed solw#gad on

ngdZRUN PDQDJHPHQW DQG ZKLFK LPSOHPHQWDWLRQ C
hardware. It was demonstrated during verification that the described solution can

be implemented as additional network management layer in the system, without

change in existing network management system software or infrastructure.
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A New Thermal Model of an Angular Contact
Ball Bearings, ina Standard Arrangement,
subjected to Radial Loadsbased on State
Variables and Control Volumes

SebastianCabezas, Gyorgy Heged3? and Péter Bencs

12 QVWLWXWH RI ODFKLQH 7RROV DQG OHFKDWURQLFV )L
(QILQHHULQJ DQG ,QIRBPDWH RIQDMN REREH.O/MRLR O F
(J\HWHPYiURV +XQJDU\

E-PDsL @] JW V F DEBXINR &H KHKG XV J\RRLMMROIE K X

3 QVWLWXWH RI (QHUSK H® DERKHQHY) D)@EXOW\ Rl OHFKD
(QILQHHULQJ DQG ,QIRUPDWLRQ 7HBKQROMRUROEQLYHUVL
(J\HWHPYiURV (PR EIHWHNU E HRLRARRX@A K X

Abstract:Permanent or temporary failurés bearing systemare oftencausedy excessive

or prolonged heat generatipmvithin an angular contact ball bearingluring operatios
arising fromexternal loads. Considering the complexity of getting experimental thermal
measurementin an angular ball bearing arrangement, analytical techniques must be
utilized in order to predict the thermal behavibereof taking into account variables such

as rotational speed, the type of load and the operational conditions. The aim of this study
the development of a thermal model applying the Sjaéee approachable to predict
thermal characteristics of an angular contact ball bearing in standard arrangeme
subjected to radial loads. For this purpose, an angular ball beammgdel 7203BE, in
standard arrangementwas treated as the representative model. The arrangement was
divided irto three independent control volumes, these are, the -rawer, the ball and the
outerrace/housing. Thereafter, the energy equation and the theory of rolling contact heat
transfer are utilized to determine heat fluxes and temperature varidigngen theontact
regions.The thermal resistances developed between the ibabf-race, outerrace/ ball,
inner-race/ shaftand outerrace/ housingwere calculated as variables depending on the
rotational speed, wherewith the thermal analysis is performed. Space variablading,
temperature of the innelmce T, , temperature of thealls T, and temperature of the outer

race/ housingr, were calculated and the results were compared by Finite Element Analysis

simulations using Ansys transient thermal softwdree findings hereinshow that the
maximum value of mean deviation of temperature obtained with the proposed thermal model
and the Finite Element Analys{FEM) simulations was less thasd , hence

indicating that the model is in good agreement with the numerical solutiorss im&nner,
the presented thermal model can be utiljzesdan observeto predict the thermal behavior
in different types of angular contact ball bearintigat undergo radial loads. Furthermore,
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the thermal model provides relevant information for further stydieated to thermal
distribution in machine components.

Keywords: Angular ball bearingthermal modelthermal resistangestatespace approach;
statevariables

Nomenclature

a (OO LPDOMIRUW P R, 7KHUPDO U HEAWWZ\MIMCBF H
A 6XUIDFH DUHDPRI WKH EpobQ M HWDREHGD 1 W -
A 6XUIDFH DUHDURIFWKH L@@ﬁﬁHUPDO UHVLVWDQFH EHWZHH
R X WWIDE HADKHGE p 0.0
A 6XUIDFH DUHDUPRIFFFKH RXWHU
R, 7TKHUPDO  UHWRLVWDIQH H
b (OOLPNRILVYP RXWHBEH KRXVLQJ
c, 6SHFLILF/ NHDW t 7TLPHV
d, OHDQ GLDPRWHU T, THPSHUDWXUH"RI WKH EDOO
R
&
F ([ WHUQDNIORDG
T, 7THPSHUDWXUH Rl WKH KRXVI
FF $SSOLHGNRUFH Rg
FF 5DGLDO NRUFH T 7HPSHUDWXUH RUDMHKH LQQHU
G, %HDULQJ W\SH DQG ORDG IBRWRU
hl /XEULFBQ'\NLFL’F@W. T, .QLWLDO WHPSHUDWXUH RI WK
UDFH&
k 7KHUPDO FRQGKFWLYLW)\
"~ ,QLWLDO WHPSHUDWXUH RI WK
m O0DVV RI WHRH EDOO R g
ODVV Rl WHKHF HU
m R Q T 7HPSHUDWXUH RI WKH OXEUL
m, ODVV RI WK B FRIX VKRRV L Q J Rg
M, 5ROOLQJ IULFW DO PRP
fr Q L@ F H¥S HUDWXUH RUDRMIKH RXWHU
n 5RWDWLRQDS® VSHHG Rg
IXPEHU RI EDOOV T, .QLWLDO WHPSHUDWXUH RI
Q, +HDW JHQHUDWHG IURP WROHWEBFGIO KW MQH

LQQFH T. 7HPSHUDWXUH R& WKH VKDIW
V 7DQJHQWLD®D VSHHG

R1as A



Acta Polytechnidangarica Vol.21, No4, 24

Q, +HDW E\ FRQYHFWLRQ EHWZQNPWRBREBYo
DQWKH OXEULFDQW Q 7KHUBDOXVLYAW\

Q, 7RWDO IULFWLRQ:kHDW JHORUDURAKIY VDWLR
F *HRPHWULF 5BFWR®@

Qp JULFWLRQDO KHDW LQWR Wikl EDFP@QW NLQHPDWLF YLVF]

PPZ\;
Q, JULFWLRQDO KHDWUD@WR WKH LQQHU
: L "HQVLNA P
{ oSDGLL RI FORPYDWXUH
QfO)ULFWLRQDO KHDWUDRBKVR  WKH RXWH
Vv *HRPHWULF IDFWRU 5HI > @

) \QOHW VKHDU KHDWLQJ UHGX
Q +HDW E\ FRQYHFWULR®EBHWZRAYW Rk HPHI > @

UDFH DOG OXEULFDQW ).6WDUYDWLRQ UHGXFWLRQ II
5HI > @
Q,, +HDW JHQHUDWHG WKURXJK WKH RXWHU
UDFH KRXVLQJ Subscripts
b %DOO
Q, +HDW E\ FRQYHFW IRRQVERW Z H B Q WK H
UDFH DQG OXEULFDQW 0 2 XWUHIF H

R 7KHUPDO UHYLVWDQFH Oh 2XWHDKRXVLQJ
R, 7KHUPDO UHEWWZEEB®RH DQG
W K 1@ QUDLF H

1 Introduction

7KH SHUIRUPDQFH RI URWDU\ PDFKLQHVQDHDIK}X RQ G
DSSURSULDWH WKHUPDO FROQIGH WER QD VR RIQRIDD E Q $ HEOLHOA
EHDWPLQKW EH DIIHFWHG E\ D VXGGHQ LQFUGII®EH Rl WHP
E\ IULFWLRQ DPRQJ WKH HOHPHQWSYORRKRSXUIKV LR O LURJ
EHDULQJV KDYH -EHHRWERQOBMGHOROHQWY > @ LW LV ZHC
FRQWDFW SURGXFHV [ULFWLQRHDION B R B HQKAHY S MHKGIRIFMHEQ T
WUDQV KW sWE®HUPDO HIILFLHQF\ RI D EHDULWYJ DUUDQJI
FDSDFLW\ WR GLVVLSDWH KHDW DPRQHQWH BHPHQIIVFR
JULFWLRQDO PRPHQWY GHSHQG RQ VXQGEG\ OYPNGDEOHYV
RSHUDWLQJ VSHHGV OXEULFDQW W\SH @HDULQJ DL
HQYLURQPHQWDO FRQGLWLRQV > @ DQG WKV GHWHUP
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VXEVWDQWLDWHG E\ WKH +HQWR U@ UF RAQRV B DWW DY R H RW K
DQDO\VLV LQ EHDULQJV DQG NQRZOHG RH MPSHRWHRD QMR U ¢
LQYHVWLIJDWLRQV KDYH EHHQ FRQGXFWH® RQFOXGLQ.
FRPSXWDWLRQDO WRROV WR SUHGLFW DQGH WK SHUI
GHYHORSPHQW RI PDWKHPDW L FDSR BEESURW VB € ¥ LU HR /WS
RI EHDULQBRVPH@WLRQ VRPH UHPDUNDEOH LQYHVWLJDW
EHKDYLRU LQ EHDUD@JY @ GHYWBRGHMD G\QDPLF PDWK
DV WKH EDVLV RI DQ REVHUYHU VRRYDKDW ERQUWRUHQW
EDVHG RQ HDV\ WR PHDVXUH VSLQGOH R/SWWHB W XX QWL
DQG VSUSHHIBL]XWD HW DO > @ VWXGLHG KHDW WUDQVI
WKH LQQHU DQG RXWHU UL QW Bl VXIUHBWH RS HRDLP®I\D \D B C
FDUULHU ZDV FDOF X0 BWEHG® WK HRUB® LF @ GFRPSDUHG D
PRGHO DQG D ILQLWH H PSHAUH.@\W QRSRIEEMNX MRKHD QKB IW E D (
EHDULQJ DQG KRXVLQJ LQ RUGHU WR SHBNWXH HVWHPGE O
KHDW WUDQVIHU IRU D Y D% L-H\Q JRH VEVSIIUR. W HPGR GWHKGIU P D
SHUIRUPDQFHV ZLWK DQ RSWLPL]HG WRKHNW FE® UUQ BV PR
PRXQWHG -VG HHELYBKBIS\DHOWY VKRZ WKDW WKH GHYLDW
FDOFXODWLRQ DQG H[SHULPHQWDO PHDVKLHP HROWY ZD)\
RSHUDWLQJ DFFXUDF\ DQG VHUYLFH OLIRUMFEHDHGQJ V
> @KH FRQVWUXFWLRQ RI H[SHULPHQWD OQFIOINGSQB VHQ
WKH ORFDWLRQ RI WHPSHUDWXUH DFAHFMWR/UW ¥ LIOQ W\R W R WA
LQQHU SDUWV Rl WKH EHDULQJ DUUDQGHPIBQW[LWRHORDE
RU PPELQDWLRQ RI ERWK E\ HIWHU QD O WIRRKQ@ FHM L WHKH D
ZKHUHZLWK WKH EHTKHWHIRWH WWKWHBWLOL]DWLRQ RI
FRPSXWDWLRQDO DQDO\WLFDO DQG QXPHOLBDO WHFK
DSSURDFKHV WR GHWHUPLQH VROXWLRQWHDWHR®U DV
FRPSDSWGSUHVHQW EHDULQJ PDQXIDFWXUHUV KDYH ¢
PDWKHPDWLFDO H[SUHVVLRQV WR FBXEXOQF®HLN\KMGE R Q
RUGHU WR IDFLOLWDWH WKHLU XWLOLJDWRRQHG\ HQJ
LQIRUPDWRIRQ QVEH URX® GALQ >

+DYLQJ VDLG WKIUMVWEWY PDWHKBHUPDO PRS&BIFOH XWLOL]L
PHWKRG DQG FRQWURO YROXPHV FDSDEOMHQRIQREVHUYL
DQJXODU FRQWDFW EDOO EHDULQJ WAWEHD&N '% %(3 PRX
DUUDQJHPHQW ZKLFK LV VXEMHFWHG WR UDGLDO ORDG)

US WDNQ®R DRMFRIKQBHHG OLPLWYV

RI FRQYHQWLR QD G D-sS@HEENFUNERIRRGVRQ EHDULQJ H[SHUL
WHVWLQKHUQGY QJV REWDLQHG ZLWK WKW IS FRESDHE GV K H
ZLWK )LQLWH (OHPHQW $QDO\VLV )($ HKERADGBQV\V WU
GHYLDBHWQHHQ )($ VLPXODWLRQV DIQGH WHKHO FAXIOHDWAPHD®
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sd IRU WK IRFERKVYLQJ WHPSHUDWRUHVKH
EDOO WHRIHMO WX URU WK-H DRH MH PrS HOPQAMXIWEHULQJ

WKDW WKH YDOXHV RI PHDQ GHYLDWLRRR DG B QOFR{Z Z WAKKA
QXPHULFDO VIMPHKGDWVYRQW ZRUN DLPV WR SURYLGH D S
WRRO ZKHUHZLWK WKH WKHUPDO EHKDYLRU RI WKH EI
HOHPHQWY WKHUHRI DUH REVHUYHG KHIRREDBWERYLGLQ
PHWKRGRORJ\ WKDW FDQ EHWKSYQPHGDWRJHRMPHM QUMYV
PHFKDQREBPKVY DOLNH

2 Materials and Methods

)LJI X WHD O X WWAKUHD DAHWH PEQ I P REBHFIYPRK)Z R1 D -WHREDFN
EDFN EHDULQJ DUUDQJHPHQW VXEMHFQBG WRXUBKBLDO (

IR Ft 0.98-9.81 (kN)

4P pr0.75.75 (KN)
Quler-race
Ball

Inner-race

(D Bearing 7203

BEP
(@ Lock-nut

() shaft

o _ ) A
Section A-A @ Housing £ =0-4000 (rpm)

JLIXUH
6FKHPH RI DQ DQJXODU FRQWDFW EHDHILEXWIQRVWDQGDUG DUUD

7KIBVVHRFRQVLVWW®GRHPREWN KRXOKLGKKH EHDULQJV DUH
SDFNHG DQG WKH H[WHUQRM.ORDG FIX® EW PRRGWDRW® EIL
EHDULQ@JZKHBKW LV CGWKHWLBRALGEK IDVWHQV DQG VXSSRL
DVVHPEO\ DQBKWIGHYHKORBPHQW RI WKH WKHUPDO PRG
IRXU VWDJHV ORDG PRGHO IULFWLRQD®DFBRGHO KHDW
YDULDEOHV PRGHO

2.1 Load Model

$QJXODU FRQWDFW EDOORERIDBINXQ GH WD WGH | VKU WOQWOW\S H
ORDIQFOXGLRO® ORDGYV UDGLB® DRDGVD & PEDRG DM FOGR |
SUHORDG LQ WKH D[LDO GLUHFW L RXQ DU HRUFBY >Q UDGL
FRQVHTXHQWO\ WKLV W\SH RI EHDSHBG P\DFKLEH@Q\J X
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DSSOLFDWLRQPSRUWDQW WR FRQVLGHU WIKDW QM FK W\S
HIITHFWV ZLWK UHJDUGVY WR KHDW WUEBQUB WIRYYG RWKH
UHVHDUFK |R FMX/HHWMR BHF MXKAHH G EADSX. DG W RDBNVQLQJ
WKIBBHSHQGY RQ WKH DSSOLHG IRUFH E\ WKH H[WHUQDO
DQJOH KHQFH WK REGUIDLA) KIBWRNMEQE) (T

F F FRE

r

2.2 Frictional Model

+HDW WUDQVIHU LQ DQJXODU FRQRDFWZEW®CP E WD B QD ¥
WHKHKHUPDO SK\VWLFDO SURSHUWLHV RI WKBIFERBQEYV XQC
EDOO-UFDAMHDQEXEDWIO WKH VL]H DQG VKDSH RI WKH FR
ORUHRYHU DFFRUGLQJ WR +HUW]LDQ FW Q@R BIFWD WWKLHR U\
ERGLHV LQ FRQWDFW ZLOO [LRYDRREL.Q RIIOD$ WK REZ®DMR U

LQ XUWIH ZKLFK FDQ E K \FLITNMXYRIRDE G

Contact ellipse outer-race/ ball @ External load distribution

Contact ellipse inner-race/ ball @ F
)
Fry, a =40, AN
O~ F U@ b
EX1 £

EX1:Expanded view
a: Ellipse major axis
b: Lllipse minor axis

YLIXUH
JRUFH GLVWULEXWLRQ DQG RRQWDFW UHJLRQ 6RXUFH ¢
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$VGHILQHG LQ WKH ,QWURGXFWLRQ QRZDGD\V EHDU
PDWKHPDWLFDO PRGHOV WR GHWHUP LQ H HKIDFM. RRQPIO P
WKH EHDULQJW KR Q WLDGFFAUMDRLEE I HDWQEED O DREWRUAVH U QD O
,QDVPXFK DV LQ WKLV SDSHU D EHDULQJ WRBH®R6GQLQJ %
IULFWLRQDO PRPHQW ZDV GHWHUPLQHREGX\WS LILLY|HQJEL W V
(XDWERQ @

G, d, © F Ty FVIRQ
Mfr i) rs)srr @

(TXDWLRQHODWHYVY WKH HIIHFW RI UDGLDO DQG D[LDO
JHRPHWULFDO VSHFLILFDWLRQV RI WXG \IR B XFOCHU B WD QLU
YLVFRVLW\ RI MVRKHGOXEDJULFH@ WQIRUPDWLRQ RQ WKH FDO
UHIHUHQFH > @ 7KH UHODWLRQ RIVWDKMHL RQIDFAW VB G EG B
GLIITIHUHQW UDGLDO ORDBY LV SUHVHQWHG LQ )LJ

Effects of the Radial Force in Friction

£ '09TRadwl Force F, (kN)

% | n (rpm) 4000

=, 80 M, (Nmm) 95.3282

s i i

T 60f :

£

(E:J E

= 40§

oy

2 g

g 20

[ E . ) ) X X )

1000 1500 2000 2500 3000 3500 4000

Speed n,(rpm)
YLIXUH

JULFWLRQDM PRPHRWDWRLRQDO VSHHG

JLIXUHKRZYV WKDW WKH N LIFQWIRHIDO+PR@HR W EEKDYLR U

ZKHQ WKH URWIOWERE@DYHWVSHHKG&Y HIIHFW ZLOO GLUHFW(
JHQHUDWLRQ WKURXJKRXW WKH EHDULQJ DQG LWV DGM|

2.3 Heat Transfer Model

$V LQ DOO SKHQRPHQD RI KHDW WUD@QIDHU EWEKBLQLVVL
KDSSHQV IROORZLQJ WKH SULQFLSOHV RQ®& IGWMUWRXW LR
VSDWLDO WHPSHU@V®UHD GG AFDUHERHPDWKHPDWLFDOO\ [
KHDW WUDQWRNW ®R GHMMUDWHG E\ IULFWLRQ GXH WR |
EHWZHHQ -WHEFHLRQQG LEDDPH DRGWEDOOV %\ FRQGXFWL
GLVVLSDWHG EHWZHHQ W-KJHD FFHR Q EVCDJEGDMW U R IR QUUQ Q H
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%\ FRQYHFWLRQ KHDW LV GLVVLSDWHBRBHWYHRQOIOXL
OXEULFDQW -DXE UKD WD MR PH VSHFLDO EHDULQJ DSS
VXFK DV DHURWSTPRSHBDWXUK DSSOLFDWLRQV PLJKW EH
WUDQVIHU E\ UDGLDWLRQ 2QFH WKHW WNVF@HRRBDWOD R R RH
GLYLGH WKH VWUXFWXUH PUKNID® JH FXQ WREIDRIHEDLAQ )L J
DYRLWKMHISUHFRQHEKXQNQRZQ YDULDEOHY WKDQ HTXDWL
7KLV DSSURKAEKEMNMEGHOHFWLQJ DSSURSULDWH FRQWURO
VHOHFWLQJ D UHJLRQ RI VSDFH ERXQGHG EV D FRQWUF
IORZLQJ > @ 2Q WKLV DSSOLFDWLRQ WEWRE WKWIHH DL
SDUWV WIODHFH QODKHIFKWDWLER@UW H[FKDQJHV KHDW ZL
OXEULFDQW DQG WKH VKDIWWD/\WHFE®DWW DAKE A AXWHY DH(
WKH -WUDEHUEULFD QW DIFGIG WKM ARKWKHRXVLQJ ZKLFK LV D
SDUW DQG HI[FKDQJOOKHOXMEDLWBOWKB E® WKH VXUURXQ
WKDW WKH DSSOLHG ORDG LV FDUULBDGMEFRXKAFHKRNHELQJ
LV LOOXVWUDWHG LQ )LIJXUH

o,
Qf Qf Outer-race/
N housing
Qo b QOl

Q;b Roller
oo @ |(aly

Q'bi ¢Q'lb1
4Q;
Qﬁ & Inner-race
O—h
¢Q.is
JLIXUH

+HDW WUDQVIHU EORFN GLDJUDP 6RXUFH $XWKRU

7KH WRWDO IULRWLRBY REDMW LIQRE XWLOL]JLQJ WKH SRZE
ZKLFK UHODWHYV WK B QUGN ERFERIHINES @H G

Q Mi n
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$ IXOO\ OXEULFDQW ILOP EBW®NHQY WER SUHR JVHMFE WK S
WKH VXUIDFHVY DQG DOORZLQJ WKH IXRPYWXRFMXUWHUR I
VSHFLILFDWLRQV +HDW E\ IULFWLR®HERLXUFLNW WLEK W R

WR WKHDEH NBKAUDYG RXDGHHY @LQFH WKH UROOLQJ HOH

DUH GHVLIJQHG WR DEVRUE PRVWHRWW KM K®KHWGULEXWHG

RI WKH WRWDO SRZHU ORVVHV E\ I ULRWBERQQAW DWKRUEH
UHVW LV GLYLGHGUBHWZBRG RWKWHIRD WKH WRWDO SRZHL

ORVWWHWWDWHGHL® @T XDWLRQ

be Qf -
in Qf
Qo Q

7KH UHODWLRQ EHWZHHQ WKH SRZHU IODRVNRBWLD@G WKH
ORDGV LV VKRZQKH ITWIXUHH VKRZV WIQD IMQ WAKHHD WHRW D O |

HISROQHQWLDOO\ ZLWK UHJhUBYGWRKW KWHD G R V@ \@ RGD O \

' 'Heat gelneratiorl'n by Fricltion
40f  Radial Force F, (kN)
: Fr=7.5‘l
: Fr=4.50
:F=3.75
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:F =150 5 4
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2
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YLJIXBU H
+HDW QRVVHURWDWHRLRQDO VSHHG
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35r
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W
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T
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Heat Losses Qf,(W)
&

-
o
T

&)
T

+HDW E\ FRQGXFWLRQ LV WUDQVIHUUBGHE HQUZHB Q WKH
UDFH DQG QVKRXWKBIEINV DQ GQYBRIBUWNKURXJKDWK HD @B W H U
KR XVQ,Q¥ @
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7KH IRUPXODV DUH

;b T
R
0 T T
Is Rs
N T, T
Qo [¢] b
"Ry
Q" T, T,
oh R)h

7TKH WKHUPDORURY ILRWDMNRMHIYWLQJ HOHPHQWY GHSHQG

VSHHG WKH +HUW]LDQ FRQWDFW DUHD WEBRE WKHUPD
GLIIXVLYLQWG MEEID L Q HTX XW L R 0@

5,5b
NDbk aVve

JLXUHLOOXWHKIHDWHWDWLRQ RI WKH WKHUPDO UHVLVWD
URWDWLRQDOWRRWEFHDEOUHWKD®WIBWEHMWOKWKPDIOR QWD
UHILROWK GHFUHDVH ZLWK UHVSHFW WR QWHH KIHRDWD W L

GLVVLSDWLRQ E\ FRQGXFWLRQ EHWZHHQ WKH FRQWDFW

Thermal resistances

08 '52/_ Rbi:BaII/inner-race
g R . :Outer-race/Ball
ob

&:0.6 | & Ris:inner—raceIShaft
8 % R, :Outer-race/hou.
c oh
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R
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©
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7KHUPDO URVIVWDQFHV
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+HDW E\ FRQYHFWLRQ LV G LV E SARNHED XEIWEBHDOW W KH L G

D QWK H ox@luommwmm@m@gDm@\e DUH PDWLRXIODWH G
(TXDWLR@

Q hATT
Q@ nATT
Qi h A T T

7KH WHPSHUDWROR QD WIKIHW WK @ MUKFHEBRD T D Q G
RXWHBRXVIL,QWH FDOFXODWHG DSSO\LQJ WKH HQHUJ\ F
FRQWURO YROXPHY DV IROORZV

MG W Q Q Q

MoLo qQ Q Q

-
mapWN

I'T]Oh Cp wh Qfo Q)b Q)I Qh

2.4 State-SpaceModel

(TXDWLRG®DQQRW EH VROYHG E\ FRQYHQWLRQDO DOJHEU
EH PRUH XQNQRZQ YDULDEOHV WKDQ HBYBHWHR@W RQ W
VWHDSDFH DSSURDFK ZKHUHZLWK PRGHOOLQJ DQG REVE
VHOHFWLQJ DSSDREDEDWW DVQMEDEBSXW XIILFLHQW WR G}
FRPSOHWH EHKDYLRKHRYWIXMIVE®WWHDUH WKH WHPSHUL
LQQUDFHVKH WHP S H IEEIDW)O/E GRWWKHVHP SHUDVKHUH RI WK

KRXVI,QOKH LQSXW YDULDE O HW WD ¥ MNERRMGWVHOMR VRIEE®/ D L
DSSURSULDWH UHVXOWYVY 7KH LQSXWOMDBR\L BIEWHYV QmXOV W
VHQVRUV RU FDOFXODWHG E\ PDWKHPDWIRFURLM[ SWKH/V L
SUREOHFKHUBIRUH WKH SRZHY DRIMKHGHSHQGNWNWR® QVK

DSSOLHG ORDG URWDWJIHRIQAPE WSRHHG KBIXEDLW B WALHRRS H L
RXWHWEHEHUH FKRVHQDDV DLEXBEKW +HQFH WKH GHVFULSWL

XVLQJFIWSDIFWHD SSURPERERWLRQ
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1 1 § 1 8
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My €, Toe » 1 » Tors§ Y, ) &
K L a a« « E hpbé“»
3 i
a 7 a o
« « ~»
y « -I)») « »
< TR oG,

$OWKRXJIJK WKH VA\VWHP PDWKHPDWLFD GOH{PDIMM FPMRIQDWYU RO C
WKH SURSRVHG PRGHO RQO\ VHUYHWDWWHRQ CREEO/HW D MU
t t FDQ EH H[DFWO\ GHWHUPLQHG IURP REWHUWDRDWHRQ F

LQWHUYDO )XUWKHU GHWDLOV DERXW HWRERUNLERGOIDELO
UHIHUHQFH > @

3 Results

,Q WKLV VHFWLRQ WKH GHWHUPLQWWHRWKR H MV KR QYHUPF
YROXPHV-UDLRH HEDT O R X WHRH KRXVLQY SUHVHQWHG

7KH VROXWLRQV ZHUH DQDO\]HG XWLOL]J(LDQYDMLHRSURSR\
( DQG ILQLWH HOHPHQW DQDO\VLV VLPXODWLRQV

3.1 SateSpaceM odel Solution

7KH VWIDFH VIVWHP ZKH U H LTQ TYWKIGVDAUAWIHQ DY LHE OADNV
GHWHUPLQHG XVLQJ 0$7/$% 7KH WKBORDORBE BBWIUWLH
WKH DQJXODU EHDULQJ WKH LTQL\REDQWALKREEHEHD W X U H V
T, EDQONQG RIXMWHIRIXVL,QJ DUH JLYHOQKH QHRPEWUWLF
VSHFLILFDWLRQV RI WKH DQJXOD U HDF®THDIUR QY RBE H
EH IRXQG LQ WKH PDQXIDFWXUHUfV UHIHUHQFH > @

7KH LOQOWHU LD OXIBWPGIWLO UHNRKLVQH FROGGWLRQV 7KH I
WLPH RI WKH WKHUP D QUDE B OD BEEEWR UXY & ¥WDHV 1sQ Q H U
JRU WK-HRKMVKE X VDI ZWVsVAWH UHVSRQVNSIRAHWKH VW

WKHUPDO PRGH@y DUHRWKWER® BRHXHWH RU BKEBQG
JgXUHRU WKHDEXWKHRIXVLQJ
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7DEOH
7KHUPDO SURSHUWLHY DQG LQLWLDO FRQGLWLRQV
Thermal Property Initial Condition
7TKHUPDO FRQGXFV k /P
3RLVVRQYV UDW J
6SHFLILF KHDW c, # NJ
"HQVLW\ U N/J °P
2LO PLVW FRQYHFWL h ;/PZ,
,QLWLDO WHPSHU| T CT sC T, C
T CT fC
$SSOLHG UDGLDO F N:
SRWDWLRQDO VS n us

'XH WR UDGLDO ORDGV IULFWLRQDO LRRPHEWBW\WD Q@EH GHY
WKH EDOO 3DUW RI WKH KHDWUDFHUDQ GVSDEWR UE KGE L\Q
WR WKH OXEMUERQW KIHOP® W HsU YD®S \URH) WKH RSHUDWI
FRQGLWWRBD/GIFOW IRUFH DQG URWDWLRQDO VSHHG JLYH
LQFUHAFHQWYT RFFXUV LQUWMKH DY QHKRALH L Q

32

' ' : ' ' S
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£ 289689“)%@@6-@@C
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time,(s)
YLIXUH

7THPSHUDWXUH GLVWWUDERXWLRQ RI WKH LQQHU

$Q LPSRUWDQW IXQFWLRQ RI WKH EDOOWKURXNR & IKWHW U L
EHDULQJ FRPSRQHQWYV &RQVLGHULQJ WE\DRW PRGVE\R| Wk
WKH EDQ@®W HARKBW\D KLJK WHPSHUDW XU B XWQIFUHPHQW

t s RFFXUN VK R)ZQXWH
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JLIXUH

7THPSHUDWXUH GLVWIYJLEXWLRQ RI WKH EDOOV
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FRPSDUHG WR WEGHEBHE OV MRVGWHPSHUDWXUH LQFUHPH
t s&ERQVHTXHQWO\ PRUH WLPH LWWMHWKLBRQGQGWWLRAI

$ WHPSHUDWXUH LQF&HPRFXWY DIWDGHSLE@YHG
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~
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YLIXUH
7HPSHUDWXUH GLVWWIDEXW KRX WRIQUKH RXWHU

3.2 Finite Element Analysis

7TRGHPRQVWUDWH WRMNMKBSSWORFRPEHGLWKHRUPDO PRGHO ) (!
ZHUH SHUSiRgBABE6 WUDQVLN@RWWBRHHHIDRX RI WKH FRQW
YROXPKN LQLWLDO FRQGLWLRQV IRU WKHWXHPWHBBW XU I
VHW XS IRU WKH DQDO\VLV LV WKHFWDRP® DISSRLWIGHLDLW |
REWDLQ PRUH DFFXUDWH YDOXHYV asNérahelrdng it HOHPHQ W'V

UUUUU size for the innerrace and spheresDV V KR XIQ X \®QH DQG
)L J X U,Hnd tetrahedrons of UU U  size for the outerrace/housing D V
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VKRZQLIRUHQ WKH FDVH WRDPAMK K RXW.IKU WKH PHVK FDQ |
FRQVLGHULQJ WKDW LW LV D IL[HG RQWWH P& OLQD @ & HX WLZF
RWKHU FRQWURO YROXPHV LV QRW UHOHYDQW

YLIXUH
)($ WKHWRPEODWLRQURFWKH LQQHU

IEMpErarUre
Type: Temperature
Unit; °C

Time: 30

50.177 Max
43388
48,599
47.81

47,021
46232
45,444
4,655
43,866
3,077
42,288
41.499 Min

JLIXIWWH
J($ WKHUPDO VLPXOﬂ)—bWLRQ R1 WKH EDOO

JLIXUHOOXVWUDWHY D FOHDU WHPSHUDW XWMHUGL\QWV UL E X\
IURP WKH KHDW GLVVLSDWLRQ LQ WEMNWLHUIWWKH) KAHROQWV
WKURXHBRONKH

JLIXUHOOXVWUDWHY WKDW WK HUDRHWKIRXY WG CBVDVUHP RO \
WKH UHJLRQ RI FRQWDFW EHWDRHH Q) WWK\MisBHDUOXBRNH 1D Q8 KW K
DOVR GHSLFWV WKDW WKH KRXVL®EOV WKH OHDVW KHD
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I
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YLIXIAH
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7KAVHPSHUDWXUH GLVWULEXWLRIDQBVWEH WLKQH \8 H REEGRN P
DQDO\VLV VLPXODWURQVUHY SUHVHQWHG LQ
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time,(s)
JLIXIBH

$V GHSLFWHG LQ )LJXUH

7THPSHUDWXUH GLVWULEXWLRQ 7KHUPDO PRGHO DQG )($ VI

WKH WKHRHPQG EXWBYLRU |

UDFH KRXVIHQDUGLQJ WKH )($ VLPXODWLRQV DQG WKH
VLPLODU WKHUPDO EHKDYLRU DQG WREIOW \FIOH® $EIUVYREAEJ

WLPH WKH

ILQDO PHDQ YDOXHV GRHQRIWNE HI IHODWR RALK

WKHUPDOTEHRADKH RU$ VLA KDEMORQHDU EHKDYLRU DV FRI

WR WKH EHKDYLRU REWD L-QRHZH VRAHV KLH) VX FY D PDXG WP D GVH WD
Rl WKH VSHFLILHG WLPH GR QRW GLIIHU SURPLQHQWO\
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7DEH SUHVHQWY WKH UHVXOWYV RI WEW QFIOKWGAMA PRGH
WKH SHUFHQWDJH RI GHYLDWLRQ EHWZBW@UWERWRAIHV XC
WKH WHPSHUDWXUH LQFUHPHQW IURP WKH LQLWLDO WHE

7DEOH
7KHUPDO ORGHO DQG )($ $QDO\VLWSFRPSDUNVRQ DW

Control $() | Thermal FEA Temp. Temp. Dev.
Volume Model sim. difference | increment ™ g

40) 40) 40) ¢80

, Q QBIDA
% DO Q0 5

2XWHU
UDFH KH

Conclusions

$ WKHUPDO PRGHO WR SUHGLFW WHRSHEQWREBW ¥EDOID
EHDUL@EWRDFN D U UDUXEWPHRMH G sV R WULIGL\DSY\W B VG

DSSURDBKHVHQWHG LQ WKLV SDSHU 7KH DVVHPEO\ ZDV
YROXPHW LEDGQG RIOWHRXVLQJ 7ZR EHWW UWDOOLBMHHE LQS:

IRU WKWS\DWBWHR GHO ZIHWKHY HO HFM[FEBEDBPKKEBIHQGV RQ

WKH DSSOLHG ORDG URWDWLRQDO VSHEMBUNQGE ULFDWLF
WKH WHPSHUDWXDBEHRV WR XORSX BN KMIKHHIQ PADKOD WH VLV WD QF
EHWZHHQ WWHK HDL@EHDOEG EHW ZH HODWH B @ERWHKIH EDOO

GHFUHRMB WKH URWDVMOIFRUHDY WS HIA®EB M/ KIEND WH&MHV LS D W |
UBWGFUHDVH 7KH WKHUPDG UDHKHR X VRDAIE W BREHW KH R XW

DQG VKDIW UHR.D LAK F RRMMBIXQED, H.YZKLFK UHSUHVHQW Wk

WHPSHUDWXUH RI WKUHH FRQWURO YRQREBHWIZHUH \
WHPSHUDWXUH UHVSRQVHY ZLMWK WVOH M3 HDWOD MRXQGIL &/IL\RWY V

RI WKHUDFRHHEWDD OQ G RIXDNHKHRIX VI, QIHUH GHWHUPLQHG E\ W
SURSRAKHH® PDO PRGHO DQG ZWURXKRPVEDRIGG E\ )($

7KH PD[LPXP PHDBHOWHHDQVWK® WKHUPDO PRGHO DQG W
$QDO\VLV VIZDXOIRXQREIMDQUWEKEDY )RWKH FDVH RI WKH

L Q QIHDLF HRX@UBDWF H K RW WHHYSHH D QsG UHVSHFWLYHO\
6LQFH WKH YDOXHV RI WKH PHDQ WHKMWL\WWHBPDDUPRGRID
LPIRRG DJUHHPHQW ZLWK QXPHULFDO PRGHOV DQG FD(
EHKDYLRU LQ DQJXODU EHDULQJV

7KH SUHVHQWHG PRGHO LV FRQWUROO VEIOW FXQ GVREV H U
PRGHO V LPSRUWDQFH OLHV LQ LWV mREVHFDQDEHOLW)\
SUHGLFWHG DK S UMMVADIDVOKN G PHW KRG RIORD WLR/ EFHR & M H IGY
iQ WKH DFDGHPLF DRQGHD@EREVBI MO WL IBQG RWKHU W\SH
PDFKLQ@HKWWUHLQ WKH WKHURQ R URIFPMRUWDGFARH G

FR QW LEDQXERX V
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Abstract: A highly dynamic competitive environment leads industrial companies to
constantly reevaluate their processes and strategies. Globalization, strong competition, as
well as everevolving trends are putting pressure on businesses to increase their flexibility
to respond immediately to these trends and to develop the ability to produce products based
on consumer demands. Continued efforts for greater flexibility are supported by the Lean
concept, which is considered one of the most efficient production concepts. Lean methods
are a recognized traditional approadb eliminating waste and streamlining production
processes.In recent years, a newndustry 4.0 paradigm has been defined. As a
counterpoint to the usual methods, it brings new technological approaches. By integrating
these two philosophies, it is possible to achieve strategic goals, reduce costs, increase
competition, etc. The aim of the paper is to point out the possibilities of applying lean tools
to eliminate waste in the assembly process. With the help of lean tools, the identified
shortcomings and waste are eliminated, bottlenecks and inefficient flows in the production
process are identified. In this paper, we point out the importance and need for the
application of lean methods in industrial enterprises, in order to identify the causes of
unnecessar waste of resources.(ematerial, human resources, financial resources, etc.).

Keywords: Assembly//aste EliminationLean Tools Values Stream Mapping

1 Introduction

,Q UHFHQW \HDUV D QHZ SDUDGLJP RKHQ&V WU\ KD
fourth industrial revolution with the potential to take production processt®eto
next levelll@ ,QGXVWU\ DV D FRXQWHUSRLQW WR WKH

technological approaches for companiBg integrating these two philosophies,
especially intamanufacturing companigeg is possible to achieve strategic goals,
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reduce co¥ V. DQG L QFUHDYV H]. ORPE &l\WwdsHbllitiesl i@ the/Ivar>
manufacturingstrategy. Lean manufacturing aims to reduce costs by removing
value-added activities. Basl on the Toyota manufacturing system, many lean
manufaturing tools (eg. Just in Time, Value Stream épping —VSM, etc.) are
widely used in industrial manufacturing, including the automotive induslry [3

,QGXVWU\ LV FKDUDFWHUL ]ha&og¥ thad bluBSOtheQ GLQJ RI
ERXQGDULHY EHWZHHQ GLJLWDO SK\WWLFDONDY®G ELROR.
shift in the manufacturing industry for digitization and decentralization of

premises from production halls to office spaces and across enterprisgksetw

> @he digital transformation of manufacturing is also affected by such tesnds

,R7 ,QGXVWU\ GDWD DQG DQDO\WUFYH DUWUIQEQD O |
> @ also enables the creation of a smart network of machines, products,
componats, properties and systems throughout the value chain, thus forming a

smart factory. Both of these approaches aim to increase productivity and

flexibility [1]. ,QG XV WU\ LV D QHZ FRQFHSW WKDW IRFX!
collaboration between humans andafiaes. The goal is to create sustainable

products and servicés].

2 Theoretical Review—Lean Tools and Waste
Elimination

Lean manufacturing is currently a manufacturing paradigm. The goal of lean
manufacturing is to improveptimize production process in various areas,

including reducing production costs][ improving the quality of production

processes [@ LPSURYLQJ VKRUWHQ L,Qntre@sth@ flexibiitih WLPHV >
[10], avoiding waste in processes [14fc.Lean manufacturingmphasisesisual

control and transparency, which makes it easier to identify gurobin the process

[ ]

The paper focuses on the elimination of waste in the production process by
identifying unnecessary activities, streamlining the process using leanatod|
teFKQLTXHV LQ DFFRUGDQFH ZLWK WKH UHTXLUHPHQWYV R

2.1 Waste — Characteristics, Types of Waste

Waste (loss) is any activity (process, cost) that is performed in tugigiron of
products or in the implementation of a service, and which doeadl value to

the product and ineases its cos{43]. Wastage is very wide and can occur in a
variety of activities. Seven main types of waste are most frequently mentioned i
the literature, under the acronym TIMWOOD [. A more detailed description of
eah type of waste can be found in Table 1.
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Tablel

Description of individual types of wastedsedon: 1, 16, 1]

Types of waste

Description

Transportation

It includes any movement of materials that does not add any val
the product. Transportation between processing stagsults in
prolonging production cycle times, the inefficient use of labour
space.

Inventory

It means having unnecessarily high levels of raw materials, viork
process and finished product&xtra inventory leads to highe
inventory financing costs, higher storage costs and higher defect

h

=

Motion

It includes any unnecessary physical motions or walking by wo
which divert them from actual processing work. This might incl
walking around the factory floor to look rfoa tool, or even
unnecasary or difficult physical movements, due to poorly desig
ergonomics, which slow down the workers.

Waiting

It is idle time for workers or machines due to bottlenecks or ineffig
production flow on the factory floor. It includes small delays betw
processing of units. This waste occurs whenever goods are not m
or being worked on.

ient
een
oving

Overproduction

It is unnecessary to produce more than the customer deman
producing it too early before it is needddhis increases #risk of
obsolescence and the risk of producing the wrong thing.

Overprocessing

It is unintentionally doing more processing work than the custq
requires in terms of product quality or featusech as polishing o
applying finishing in some areas of product that will not be see
the customer.

n by

Defects

In addition to physical defects which directly add to the costs of g
sold, this may include late delivery, production according to inco
specifications, use of too much raw materials or gicer of

rect

unnecessary sap.

In addition to these types of waste, waste also includes untapped human potential.
This wasteoccurs when organizations separate the role of management from
employees 1 ]. It follows from the above that the cause of waste bane.g.
clutter, insufficient communication, poor planning, etc. This problem can be
avoided by using various tools and methods such as VSM, Spaghetti diagram, or
process analysis.

2.2 SelectedLean Methods

Lean manufacturing methods are a widely accepteditibral approach to
eliminating waste and streamlining praction processef ]. The methods that
have been selected for the purposes of research and publication form an active part
of the everyday life of the researched industrial enterprises (see tigesaf

research).Industry

DV D FRXQWHUSRLQW WR WK

H XVXDO

technological approaches for companies. To realize the full potential of qpdust
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FRPSDQLHV Qthahd GevwWNdRhnoQdiekl &hd their opportunities. To
take advaww DJH RI DOO WKH RSSRUWXQLWLHYV RADRWWHG E\ ,Q
the various systems are fully integrated with each other, otherwise it is possible
WKDW R@OAf their potential value will be captured [1 Preliminary
research shows that G X VW U\ WHFKQRORJLHYVY FDQ EH LQWHJUL
manufacturing methods in order to make them more efficient.

2.2.1 SpaghettiDiagram

Spaghetti diagrams are Lean tools that can be tsedentify wasted motion.

A Spaghetti diagram is a visual tahlat shows the physical movement of a “work
object” such as a product, an employee or document, through the processes in a
value streanf ]. Fig. 1 shows an example of Spaghetti diagreean Enterprise
Institute defines Spaghetti diagram as diagram ep#th taken by a product as it
travels through the steps alomgvalue stream. Scelled because in mass
production organization ghproduct’s route often looks like a plate of spaghetti

[ 1].

Figurel
Example of Spaghetti diagrami]

This type of éagram allowsa use different colours for various products, workers

or technical means and track the movement at different times. After thysiana

we can identify the movement lengths, number of movements, overlapping and
crossing movements and their abacteristics accordin to the chosen
classification ]. It is a quick and easy way to track distances of parts and people
on the shop floor. Please note that the spaghetti diagram is, by itself, not an
optimization method. It only gives you the curretate data of thdistanceg 1.
Applying the result of the Spaghetdiagram, we can identify inefficient
movements and ineffective areas, eliminate the number of staff, and make changes
in the work organisation or workstation layout]|.
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2.2.2 VSM —Value Stream Mapping

Value Stream Mappin@/SM) or Value Stream Analysis an analyticaléchnique

that is one of the basic methods of lean manufacturing philos&#sed on
Abdulmalek and Rajgopal [] this map is used to identify sources of waste and to
identfy lean tools for reducing the wast¥alue stream mapping is a Lean
management method that allowsu to visualize, analyze and improve all the
steps in a product delivery process. A value stream map displays all the important
steps of your work process necessary to deliver Vedne start to finish. It allows

you tovisualize every sk that your team works on arptovides single glate

status reportabout each assignment's progres$. [

Information E—

Flow m «— Control

—— b
4 s k1

Material - -mm—-m
Flow
00-a= bOO-E
BN = ,1; LI I

3 Hours 1 Hour 3 Hours: 10 Min 30 Min

Figure
Exampleof Value StreanMaping [ ]

Value stream mapping an analytical tool that is considerede of the most
effective in optimizing production. It monitors all activities that add and do not
add value for the customer. When creating a map of the flow of values, it is
essential to state the parameters characterizing the individual procElsese
parameters serve as performance indicators, based on which we can @etermin
whether the process is ing desired stafe ].

,QGXVWU\ OHDGVY WR DQ LQWHUFRQQHFWHG SURGX
possible to monitor and share data in real time. By applying Auto-ID technology it

is possible to immediately identify an objegtith the help of Big Data it is

possible to analyze a large amount of data, which facilitates thesoledation

[ 1. VSM, which constantly receives new data and information from the receipt

of the order through the production process to the sending of the order, can
effectively guide the entire flow and constantly identify waste. Such intelligent

process control lays the foundation for optimizing production processes, thus

enabling the flow of values of several posstllernatives to be mappéd|.

V60 ZKLFK LV EDVHG RQ WKH VXSSRUW RI ,QGXVWU\
transparency thanks to constant monitoring of the value chain itimeglwhich
leads to greater flexibility in the decisiamaking process @

Value stream mapping helpgentify possible instead oflosses bottlenecks,
weaknesses and reasons for inefficient flows anywhere in the ent§Bprise
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The benefits of value stream mapping arg:[
X With the help of VSM, you can identify wasteful activities.

X VSM provides a clear view of the work process - where value-adding and
non-valueadding stages form. A good practice is also to visualize how
long it takedor work items to go through them.

X VSM highlights the current workflow and brings the focus on future
improvement.

2.2.3 Yamazumi Chart

To achieve a customer driven value stream it is important to design the production
or manufacturing system to be consistent with the pace at which the customer is
demanding a part or product. This pace is often referred to as the “Tak{&me”

]. Takt time or clock time is the basic indicator of lemanufacturingTakt
Time may be defined based on the market demand and the time available for
production, that isit is about the pace of production necessary to answer the
demand. It is the resuttf the ratio of work time available by slot and the number
of units for production ]. Yamazumi chart is a Japanese method designed to
visualize the time data of activities identified in the analyzed process. Thédat
displayed in the form of a bar graph with a color resolution of activities based on
their inclusion in the iderfted categorie$3]. According to Semjon & Evind(],
the Yamazumi chart isa folded column graph showing the balance of the load
cycle time between several operators on theembly line. It may be made for one
or more assembly line productsSabadka et all 3] characterize theYamazumi
chart as a bar chart that shows the total cycle time for each operator when
performing their process in the production flow.

3 Data and Research Methodology

In the previous chapters, selected methods of lean manufacturing used in
automotive companies operating in the Slovak Republic were presained (

they are multinational corporations with representation in several countrigsda

the world). Thepresented results are based on research tasks performed in
industrial companies belonging to the automotive segment and their supply chains.
The survey was conducted on a sample of 13 companies selected at random.
The aim of thesurvey was to determine the level of application of lean methods in
order to eliminate waste in the production process in order to increase the
efficiency of the investigated procedse 7KH UHVXOWY DUH VKRZQ LQ )L
findings were obtained duringohgterm analysis and coperation within the
frame ofcooperation with these companies in research projects.
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Selected Lean Tools

Just in time
c

Value Stream..

Pareto Analysis Kanban

Ishikawa diagram Yamazumi diagram

65 resp. 55 5 It is used throughout the company on a regular basis.
4 It is used regularly in the selected department.
3 Used in part. insufficiently, without planning. evalation.
2 Used in the past. now no longer.
1 Not used at all and never used.

Standardization

Spaghetti diagran

JLIXUH
Lean manufacturing methods usage in Automotive (source: own processing based on seggsal su

JURP WKH JUDSK )LJXUHMH that mithdd® Sudh ¥KRhkawa
Diagram, Pareto Analysis, JIT, 6S and Kanban are used in the automotive industry
sufficiently, which may either be their simplicity of application, or relation to the
requirements of standards that are obligatory on thevantiee industry. Method
Andon and Standardization is used in enterprises, but in some cases only in
selected workplaces. The VSM method as well as the Yamazumi and Spaghetti
diagrams are poorly utilized in the enterprises surveyed. Based on an extensive
review of the existing literature and authors' evaluations, Tabl®ws a matrix

WR LOOXVWUDWH ZKLFK , WRROV FDQDEH \WRIEOWR V:
analyzed. The toolsere selected based on a review of academic and corporate
SXEOLFDWLRQV > @

Talde
/HDQ PHWKRGV DQG ,QGXVWU\ WRROV OLQNLQJ PDWUL][ >E

Lean JIT VM
methods / Kanban VS
14.0 tools JIS M 5S | Andon
Humancomputerinteraction X X X X
(HCI)
Digital object memory X
Digital WZLQ VLPXODO x X X X
Cloud computing X X
Realtime computing X X X X
Big data & datanalytics X X

In the case study, we point out the importance and need for the application of the
examined methods in companies, because they make it possible to identify the
causes of unnecessary waste of resources. The VSM, Yamazumi chart and
Spaghetti chart helps identify losses, bottlenecks and inefficient flows in the
production process.
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4 Lean Tools Application for Waste Elimination —
Company CaseStudy

This part of the paperilvdeal with the systematic identification and elimination
of waste and inefficiency by the application of selected lean manufacturing

PHWKRGY LQ WKH FRQWH[W RI ,QGXVWU\ WHFKQRC

requirements of lean manufacturing and to be able to produce efficiently and at the
lowest cost, we chose to use lean manufactumethods in the analysis of the
selected assembly process and based on the results of the analysis propose
solutions to eliminate waste and streamline the process of lslgsdie selected
assembly process is characterized as manual, no machines are used in the
assembly process. The analysis was performed using the method of predefined
times MOST, from which we gathered the necessary data. The collected data were
interpretel using the YAMZUMI graph, the lean production methods: VSM, and

the spaghetti diagna

The analysis was executed on the project of the assembly line, which consists of
lines A and B. Figure shows a map of the value flow (VSM) of the selected
assembly ine (B). The VSMmap will allow us to identify wastes in the process,
monitor VA activities (with added value) and NVA activities (without added
value), and identify opportunities for improvement (kaiz&$M representshe
assembly process of line B, wiic FRQVLVWYV RI SDUWYV %[ %\
are assembled separately, which fdha finished product with the product from

line A. The complete product, which is created by combining products from lines
A and B is paired at the marriage statibnthe valuestreammap, a data box is
assigned to each assembly station. This box contains information:

x CT-_Cycle Time, x Utilization — Operator
X TT —Takt Time utilization (%),
x CTT- Company Takt Time, X WIP—Work in Progress.

CT represents the time within which it is possible to complete all process steps a
the workplace and is calculateding predefined time methoddMOST. TTis a
manufacturing term to describe the required product assembly duration that is
needed to match the demanth order to meet atomer requirements.
The selected assembly line does not work with 100% efficiency, butvatily

. This (measured) parametés reflected in the time at which the assembly
line must produce. This time is called the Company Takt Time (CTT). The goal of
lean manufacturing is to synchronize CT and CTT as much as possible by
balancing, greatly reducing the waste caused by waiting. Utilization refleets
percentage utilization of individual operators at the respective assetatibyns.
WIP records inventy expectations in the process. WIP is the minimum number
of materials in stock gbrocess which an employee needs to complete the process
without undue waiting. However, the aim is to minimize these stocks so there
won't be unnecessary material (wastenientory.
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Losding 30 min
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Figure
Identified kaizens in the VSM of the current state of tha@ |

The lower part of the VSMFigure ) shows the time axis. The beginning of the
WLPHOLQH FR QwdterlalQd®liveridgrhardradl receipt, material storage,

and material consumption in supermarkets. The timeline further contains the

assembly times for thexBind B line, individually. The total assembly time of the

Bx line is equal to the assembly time used to calculate the total lead time.

Operators work at ations either directly on the line (online) or at stations near the

assembly line (dfine). This line does not contain offline stations and each station

is served by only one operator. Opn BW KHVH WLPHYV DUHyGLIIHUHQW \
off station operads in parallel, at the same time as theB station. Each station

By 01 off, B, 03 and B (2/ LV RSHUDWHG E\ WZR RSHUDWRUV Z
into account when calculating the total assembly time. In the calculation, we also

took into account the backup stations on thé&rig 03 The timelinealsodisplays:

x CTT time at Marriage sti@n (station where products from line A and B
are paired),

x the time required to move the finished set to the warehouse of the
finished products,

x the time of holding inventory in the warehouse of finished products (in
case of problems in production, these stocks provide time to eliminate
errors without endangering deliveries for the customer),

X loading of finished products into the truck for dispatch,
x the time required toansport the finished products to the customer.
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At the end of the timeline is a datae®t illustrating
x total number of operators onthe line B - 114B % ODUULDJH
X 9% RSHUDWLRQV PLQ
X 19% RSHUDWLRQY
x VAl index of operatioQ V
x /HDG 7LPH GD\V K PLQ

By adding the CT of station Marriage, the stations on both line8/Bstations
where two operators work are added twice), we obtained the sum value fer value
added (VA) processes.

The value for NVA operations is obtainadthe difference of the total assembly
time with VA operations. NVA is asged by the wasteithin the processedhe
VAl value-added index is obtained with use of the formulat= "9$ 19$

Lead time is the result of adding the times defined on the timeline, excepefor t
assembly time of the,Bine. Since bottassembljlines produce the same product
reference in parallel, the assembly timfeline B, is used to calculate the ad
Time.

The output of VSM is a graphical representation of the value stream andithe m
indicator is the valuadded index (VAI), which we obtain as a proportion of
activities that add value to the customer with those that have no added value for
them.

The VSM of line B provided us with a comprehensive view of how the project
works from the order, across production to the final shipment. Through VSM, we
received a comprehensive analysis of the entire project, and we did not approach
the processes individually, but as a set of all processes that are interednnect

The Yamazumi graf is a visual tool that helps in finding an effective employee
cycle in the process. By interpreting the data obtained using the MOST method
and their subsequent application he tVSM method for the purpose of a more
detailed analysis, we compiled a Yamazumi grapbufe §. In addition to VA
(value added - green) and NVA (non value added - red) operations, the Yamazumi
chart also takes into account BVA (business value adgetiow) operations and
untapped potential (waste caused by waitirgray). Although these operations
(BVA) have no value for the customer, they are necessary in the assembly
process. The Yamazumi graph clearly shows the current utilization of operators in
relation to the takt time and shows in detail the process operations and their
distribution with respect to VA, NVA, BVA and untapped potential. The most
common waste is the waste caused by scanning, for this reason it is dpecifica
marked in the graph (NVA scanning - pink).

The graph of Figure 6 shows the utilization of operators at individual stations of
line B. It is clear from the graph that at several stations the opemt®raot
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utilized effectively, mostly at the station, B D QG 0D dtgn, vligde VW

WKHUH LV D ZDVWH FDXVHG E\ ZDLWLQJ PRUH WKDQ Y
by waiting is also at the B01 off station, but these stations are ergonomically

very demanding for operators. At the offline statign B R11 $ % WKH RSHUD

is utilized above the Company Takt Time, and therefore there is a risk of slowing

down the entire production process of the B line. At present, this anomaly is

covered by employees who are best trained and able to work more efficiently than

the time reult of the MOST analysis. By compiling a value stream map and

interpreting the predefined time data using a Yamazumi graph, we were able to

identify the wastes that occur in the assembly process on line B.

Figure 6
Yamazumi chart showing waste including scanning on the B line

The spaghetti diagramidentifies and highlights wasteaused bythe excessive

motion of operators and, compared to VSM, is only created for a specific section

of the layout. Organizations tend to ignore the importance of woskfdgout and

operators movements within the layout. The biggest waste tdmwe identified

using VSM analysis and Yamazumi graph regarding CTT occurs on the backline

at B 01, B, 03, and B (2/ 7R YLVXDOO\ LOOXVWUDWH WKH
motion, wecreated a spaghetti diagram by observing the assembly process and the
RSHUDWRUV )LJXUH

Figure
Spaghetti diagram applied on a selected part of the Balymeit
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5 Results and Discussion

The most frequently identified wastes based on the anawsiing, motion,
overprocessingWIP), opportunities for improvement are also marked on the
value stream mapF{gure ) using the “Kaizen” symbol. The most significant
opportunities to eliminate the identified waste are:

X assembly line optimizatiomeduction of stocks in the process,

X reduction of waste in assembly processes by optimizing, reducing
overprocessing,

x changing the layout of workplaces to reduce waste caused by excessive
motion of operators.

After adding up the waste that occurs when scanningnenB, we reached a

YDOXH RI VHFRQGY 7KH EDUFRGH VFDQQWLQJ SURFH)
calculation. At present, organizations mostly use a wireless barcode stamner

scanning purposes(HH )L JXS¢&hneholders, which also serve as chargers,

are located at operators' distances at all assembly stations.

Figure Figure
ZEBRA wirelessscannef ] *ORYHV 0$tandard33]

The German company ProGlove is a relatively young company that has been
SUHVHQW RQ WKH (XURSHDQ PDUNHW VLG@GRHRYHSWHPEH
streamline work processes with regard to ergonomics through the application of
GLIJLWL]DWLRQ DQG WKH IRXUWK LQGXVWULDO UHYRO:
manufactures and distributes gloves that include a detachable scanner holder.

There are severalaviants of gloves to choose from. The best choice for the

selected analyzed assembly process according to the authors of the paper is the
YDULDQW RI JORYHV 0$5. Figu DQGDUG VKRZQ LQ

7KH DGYDQWDJHV RI WKH 0%$5. 67%$1'$5" JORYHV LQFOX

X higher safety of operators due to the adhesion of ghahésh allows a firmer
grip of the material,

X simple process documentation (digitization of collected data from scanning

X increased efficiency of processes and reduction of errors due to verification of
parts,

x elimination of motion waste caused by retrieving and returning the scanner t
the holder, improved ergonomic conditions of employees.
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By implementing this technology across Line B, it is possible to eliminate the
waste caused by picking up and returning the scanner during the scanning process.
The expected streamlining of assembly processes at individual stations wher
scanning is used is shown in the updated Yamazumi charts (Figure 10).

Figure 10
Yamazumi chart after iplementation of a new scanning technology

Figure 11 shows the current layout of a selected part of thiad3 stations B03,
By RIl DQG $W VWPORaR®YV %ZH XVHG WKH <DPD]XPL JU!
(Figure 6) to identify high wastes caused bytimat

X By 03 - VHFRQGYV
x By - VHFRQGY SHU RSHUDWRU
Figure 11 Figure
Current layout of the selected part sele Proposed layout of treelectedpart of the B
of theBlne—- VWDWLRQ %\ DQG line— VWDWLRQ %)\ DQG %\

Figure shows the new proposed layout, which was designed based on
rebalancing the original one (Figuld). By moving the flow racks, which are
necesary for assembly, and relocating the supermarkets to the other side of the
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assembly line so that they are in direct access to the flow racks, itsiblpds

merge the B03 station withthe 8 VWDWLRQ 7KH <DFRWDAPL JUDSKYV
D Q G representhe time requiretio perform all station assembly processes with

relation to the CTT before and after the optimization design. With the new layout

proposal, it is possible to increase the percentage utilization, df3Bstation

operators from the origina WR DQG DW WKH VDPH WLPH
required number of Line B employees by one operator.

Figure 13 Figure 1
Yamazumi graph before proposal on Yamazumi graph after proposal on station
VWDWLRQ %\ DQG %\ %\ DQG %\

Based on the analysis using the spaghetti diagFégure ), we identified waste
caused by excessive motion. By interpreting the data using the Yamazumi graph
(Figure 10), we identified the waste caused by waiting at stations:

X Bx01l- VHFRQGV x By (2/ - VHFRQGV
X Bx03 - VHFRQGYV X Marriage station- VHFRQGV

Based on these findings, we can streamline assembly stations by changing the
layout and balancing assembly processes between stations. We suggest changing
the layout according toifure 1.

Most important step is to move the &sembly line closer to the Marriage station,

and therefore also to thec Back. This layout change, can reduce the excessive

motion of the B 03 station operator when insertitige product into the rack by

3,6 seconds. By relocating the Bssembly line, a new free space will be created

behind the line. This space can be used to create a new supermarkttatone

would be at a more acceptable distance from the(B/ VWDWLRQV %\
relocating supermarkets, we can reduce the waste caused by the motjd&Oif B

V vhDpErators by an average of YV HFRQ GV
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Figure 1
Proposed laydwf the selected part of the B line supplemented by a sfiadiagram

Due to high waste of waiting, it is possible to rebalance the assqrdigsses

between the statior8, 01, B 03, and Marriagstationby moving selected parts

of the assembly pcess activities dhe B 03 station (inthe dUDWLRQ R VHF RI
a total 13, VMHte the B 01 station. The next balancing step is to remove the

Marriage station operator and move all his assembly processes out tp @Be B

station.

Yamazumi graphs(Figures ® and 1) representthe outcome of process
rebalancing even though the graphs also take into account the streamlining of the
VFDQQLQJ SURFHVYVY E\ LPSOHPHQWLQJ WKH QHZ ,QGXVW

Figure 16 Figure 1

Yamazumi graph before proposal on Yamazumi graph proposal on station Bx

station Bx 01, Bx 03, Marriage station a 01, Bx 03, Marriage station and By EOL
%\ (2/  DQG %\ DOG %\

The utilization of operators on they Bine would increase after balancing.
The utilization of the operator ofxB)1 station wald change from the original
WR DQGxRI WKBHWALRQ IURP WR 7TKH XW
of the operators of the,B( 2 / VWDWLR @ageRer® G G H¥F RD1%
due to the streamlining of the layout and the reduction of motion waste.
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By implementing the proposal, we would be able to remove the operator of the
Marriage station.

As a result of Value Stream Mapping (Figurg we identified waste of
overproduction. Work in progress (WIP) is located on the racks for finished
products of the Band B lines. The minimum stock (3 pcs defined as a standard
of organization) is necessary in case of errors in the assembly process. However,
there is a maximmu stock of 3 pcs in the rack of, Broducts and maximum stock

Rl XS WR SFV L Qlind/aotiutid) WithRiedres a disparity between
them.The creation of excess stockdaused by different assembly times of the
assemblyines A — P L& BW- P Li€3 .8, — PLQXWHYV

The reduction of stocks in thBy rack is ensured by changing the BT printing

(orders). BT is not printed at station 8L at the time of receipt of orders, but only

DIWHU VFDQQLQJ %7 DW V \prbNidsRacéto asséiilevtheé KD Q JH
required product (B only when {'s needed due to shorter line assembly time.

It also contributes to reducing work in progress.

BT is printed at the moment of receiving the order on thdirig (B, 1 off).

The same referepcof the main product is mounted in parallel on line A and line
By in spite of different assembly times of the lines. By proposing to use the same
principle of BT printing on the Bline, and K line, it would bepossible to reduce
WIP. Whereas there islanger time of B line compared to Bine, authors of the
paperpropose to print BT on station By 01 off at the moment of scanning BT on
V W D W L ByQor@posing a change of BT printing on the RSB line, we would be
able to reduce stocks inthg BickV TlURP SFV WR SFV

YLIXUH
VSM map of B line after implementing proposals
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JLIXUH thekflRUZEY alue StreanMap for line B after the implementation
of eachproposal.

By implementing proposalsbalancing assembly stations, changing layoansl
LPSOHPHQWLQJ VHOtechnwibh@es,, Qecokgednizatibn would be able
to:

UHGXFH WKH QXPEHU RI RSHU E2tNieeUAROrRGIOLQH % IURP

X
X reducettH WLPH RI 9% RSHUDWLRQV IURP PLQXWHYV WI
X reduce the value of ¢hVAl index from 1, W,

x eliminate identified wastestreamline assembly processes,

X improve the ergonomic conditions of employees,

x reduce WIPpptimize the peragtage utilization of operators.

Conclusion

The link between Lean production and Industr LPSOHPHQWDWLRQ FDQ
identified at a glance. Lean production is considered an important building block

of digitalization of organisations. Comparing obtained mean values of lean

production utilisation with results of surveys using same scale and instrument for

examining management tools utilisation, reveals that lean production is not

amongop ten used management tools in Central Euriopelying a relative low

readinesfor IQ G XV WU\ L P S O HiPisirigdE3akyLtdRrEalize ti@iet

implementation of lean manufacturing aell as the principles and methods of
,QGXVWU\ LQWR EXVLQHVV LV D VWUDWHJILF GHF
PDQDJHPHQW %DVHG RQ WKH ILQGLQJYVY WILN LV SRVVLE
technologies and Lean Manufacturing methods can be integrated. This integration

can multiply the effect of their use streamlining production, improving

processes, working conditionsdall activities that lead tleaner production.
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The Effect of the Ball-Track C onnection on the
Energy Behavior of theRoller Gearing Gearbox

Polak J6zsef Laszl6

Széchenyi Istvan UniversitR 1 *\ U 'HSDUWPHQW RI 5RDG DQG 5DLO
(J\HWHPO®RGt\ U+XQJIRWPDLIRODNM#ID V]H KX

Abstract: In this paper, | present an energetic study of thker gearing gearboxby
investigating the friction phenomena at the Hedick contact. The novelty of the subject is
that thegearboxunder investigation is a Hungarian invention, the energetic investigation
of which has not been dealt with before. The study was carried out using a atithkem
model based on analytical principles, in the course of which the principles and maatéls us
for ball bearings and ball screw drives were adapted and applied accordingly. It is
important to mention that the study does not cover the complete gearbox, so losdes outsi
the ballrace contact, e.g. bearing friction, seal friction, oil friction, air friction, ettave

not been considered in this paper

Keywords: roller gearing gearbox ball-track connection rolling friction; coefficient of
friction

1 Introduction

,Q WKLV SDSHU , SUHVHQW DQ HQHUJHIVULERYVEXG\ RI
LQYHVWLIJDWLQJ WKH IULFWWROQFSIKRRQRIDGW DIK HN K@ F
EHKDYLRXU RI JHDUER[ XVHG LQ HQJLQHHRILQYH DQG L
LQGXVWU\ LV Rl JUHDW LPSRUWDQFHFDWIGR®\RLRDIOHD \
VRXUFHV RI HQJLQH ORVVHV DQG WHKIRISKR P\ DQMN XG M K7
FDVH Rl HOHFWULFDOO\ SRZHUHG YHKLFQWEDBW WRHVH
WKH YHKLFOH V UDQJH KHQFH WKH LRBRYWNGEHLRI ZK
WKH GHVLJQ RI DQ HOHFWULFDOOWSRZBWHBIRSHWHHKULF O M HD (

7KH QRYHOW\ RI WKH WRSLF OLHV LQWL.KBWDR® MKDW
+XQJDULDQ LQYHQWLRQ WKH HQHUJHWLF ZWKVWLJIDW]
EHIRUHURG®HU JHDODY JLQBIQERY{G E\ D 4 @QKRULDQ SK\V
ZDQWHG WR XVIHF WKRPMUSGIVRLW DQG PRGLI\ URWDU\ PI
EHDULQJV RQO\ IXQFWLRQ DV RULHQWLQJ EHGGLQJ FF
FDSDEOH RI PRGLI\LQJ WKH URWDU\ PRM LVRSQ Q\GKIHN SDV

-185-



J. LPolak TheEffect of thBall TrackConnection on tBaergyBehavior of tiollerGearingsearbox

EDOO GULYHV W\SLFDOO\ FRQYHUW URWDPRQOH RWLRQ L
WKHP LV GLUHFWO\ VXLWDEOH IRU WUWDQVPLWWLQJ DQG

JLIXUH VKRZV WKH SK\WWLFDO PRGHO RU WKH/WROOHL
7KH JHDU FDQ EH GHILQHG DV D G\QDPHHGRNFWHRFZAH WK
WKH EDOOV LQ WKH FRQQHFWLRQ DWR DY WXKH G QR EBIO
FRRUGLOQDWHWW FDQ EH XVHG WR GHILQH WKH SK\VLFD

7KH HVVHQFH RI WKH RSHUDWLRQ RIBDIOH WR ®QHUXIHIOEU
DV WUDQVPLVVLRQ HOHPHQWYV WR WWHMH®V WHKUH WKUH. P IRQYYH
DQG GULYHQ ZKHHOV

7KH EDOO HQWHUV WKH GULYH DW RQWSHHBLIQF SRRRYWHD
RQ WKH VXUIDFH RI WKH WZR GLVFV 7WHKH WRARNYHHQVUD
ZKHHO WR WKH GULYH ZKHHO WKUR X KWW KHHWAKH®O WHVH \
EDOO WUDYHOV DORQJ WKH JURRYHWBMW HMXHIRU WEW H |
JURRYHVY WKH EDOO OHDYHV WKH FRW QHW WILUIRHY J X BEOHAS
EDFN WR WKH HQWU\ SRLQW RQ D OHDGLQJ SDWK

Figure 1
3K\WVLFDO PRGHO RI WKH JHIRLERR R PRYHE RWWKIHWIRIV EDYQ O

7TKH VWXG\ ZDV FDUULHG RXW XVLQJ D PWWHHPDWLFD
SULQFLSOHV LQ WKH FRXUVH RI ZKLFY RMKXGOSEHDBLQOW
DQG EDOO VFUHZ GULYHV ZHUH DSSURKHVYBWWHALOR DGDS
PDFKLQH HOHPHQWY D YHU\ ODUJH OLWRBBWRQH KDV
HQHUJHWLF EHKDYLRXU DQ Ghekéfolé L JKDMMGCGUWKHB UDPKHD
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+RZHYHU LW LV LPSRUWDQW WR QRWH PKRHWIHR QVKDW W
UHODWLRQV RI WKH WZR PDFKLQH WE®&HEBH @PWW B PIDWHU\C
PRGHOOLQJ LV EURDGO\ WKH VDPH EZ&ILAOHDQEWK W K VI
ED@WODFN UHODWLRQ LV YHU\ VLPLODU WR WKH SUH
FKDUDFWHULVWLFV ZLWK UHVSHFWHWR HDKIKFR W KH X LOJHH
D PRGLILFDWLRQ RI WKH UHODWLRQV DSSOLHG WR WKH

,Q DQ\ FDVH LW VKRXOG EH PHQWLRQHG WAKNDHIN WKH V!
JHDUWR[ ORVVHV RXWVDLDEMN WKHREVRIOS H J EHDULQJ Il
IULFWLRQ RLO IULFWLRQ DLU IUHFRNLRWKHWFSDREYH Q

,Q WKH FDVH RWIOH)V BHORNEWRHY DUH RI JUHDW LPSRUWDRQI
LQ GHWHUPLQLQJ W KIHH DWREARRDW O RYNVH \L R VWAMIOW D UWLFOH
FROQOWDFW LV LQYHVWLIJDWHG WKHVH ORVVHV KDYH EHH

7KH WRWDO |UUFRORQUORMW QB IDIGPYBERKH VOLGLQJ DQ
IULFWLRQ ORWVDKNWRHWDGE®W DQG WKH IULFWLRQ ORVV
LV FUHDWHG EHWZHHQ WKH EDOOVRNVNYGL & KHK H HMWXW € PV
FDQ EH ZHOO GHVFULEHG E\ VRPH HPSQW IWDNHUIHIDVDRY L F
DFFRXQW WKH LPSRUWDQW SDUDPHWHVUXFW KDDMWORDKE JH C
URWDWLRQ VSHHG OXEULFDQW VXHWH H7 KR XJKQBWYR Q
GHVFULELQJ WKLV SKHQRPHQRQ UHTXEWHR® IBEBFXWYD W |
DQG WRUTXHYV DFWLQJ RQ WKH GULYHNRQG SRILQWEY URO!

,Q UHFHQW \HDUV +XSHUW KDV GHYHORSRHDO/LPSOH
SURFHGXUHV LQ WKH ILHD@ RIQGRDOILDX HWDLQ QKD Y>H G
DQDO\WLFDO PRGHOV WR GHWHUPL QI MWWHK H LR.SHUIRVY LDROX
RI EDPUHE@7KH DXWKRU KDV DWWHPSWHG WR GHYHORS
WR GHWHUPLQH WKWRIQQ AW LIR® BDRYNG MORJIER[FWLRQ PRC
RI UROOLQJ HOHPHQW EHDULQJVY DQG EDOO VFUHZ V\VW

,Q WKH ILUVW SDUW RI WKH SDSHW U IFREWROWHNYUBFW
SUHVHQWHG IROORZHG E\ WKH WDGEKBPQWEN® URWWHKVDI
WKH URIOOHQJ WKDWE RHW H U P I0RN WHKWH RIWMEFRHOARQ J H D

WKH OLJKW RI WKHVH DQ DQDO\WLFDOWRDBWKWRDWLFD
HQHUJHWLF EHKDYLRXU RI WKLV JHDUER[ WKURXJK D VS
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2 Determination of the ForcesActing on the Ball

2.1 Determination of the ForcesActing on theBall at the
Contact Surface of theBall Track

Figures 3 VKREKH IRUFHV DFWLQJ R QK I ED@OW LQ WKH
ORRNLQJ DW WKH IRUFH V-WRWLRLIQ RQRW KK I DADUOD B W FW/IR|
VHHQ WKDW EHWZHHQ WKH JURRYH ZDO® URFIHWLKH VBKUH. Y L
QRUPDO GEUHBWUBGBQGLFXODU WR WKH WUDMHFWRU\ Z
WDQJHQWLEFO GSRIHPWLRIQLQ WKH GLUHFWLRQ WDQJHQW
JHQHUDWHG GXH WR WKHF@ U LYV QUK RRBGUH: @& IWKKH GLVF
QRUPDO GLUHFWLRQDO IRUFH FDQ EHVR(MRWKHU GHFRPSI
7KH GULYLQJ IRUFH RQ WKH JURRYH ZD®B RD®@ KEH GHW
GULYLQMRRWRG WKH GLVWDQFH RI WKH BBBO IURP WKI
IRUFH FDQ EH FRPSXWHG E\ UHODWLRQVKLS

1)

.QRZLQJ WKH GULYLQJ IRUFH WKH QR REDBFRUFH EHW
GHWHUPLQHG RiquraM I VEID WLKHRIROORZLQJ UHODWLRQ

2)

,QGH[LQJ L DORQJ WKH WUDMHFWRUWNKN DHIFHVLODWKEHF
\ SODQH WKH UDGLXDWEIWKBDWDEOXYVY RI FXUYDWXUH R
GHSHQG RQ WKH SRVLWLRQ RI WKH EDOOKBFEOGWHKHUHIR
Rl UROOLQJ EHDULQJVY RU EDOO EHDDOROVY WKHUHQWKUI
WUDMHFWRU\ RI WKH PRWLRQ
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Figure2
JRUFHVY DFWLQJ RQ D EDO® PRYLQJ LQ WUDFN LQ WKH [

Figure3
JRUFHVY DFWLQJ RQ D EDO-® PRYLQJ LQ WUDFN LQ WKH [
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Figure4
'"HWHUPLQDWLRQ RI WKH, VEBBPWIL@D RWRW R B CE DFROWOF H

2.2 Determination of Tangential Force at theContact Surface
of the Ball Track

7KH IRUFHV DFWIWQUD PN ARQW EPWODUH KV\GURG\QDPLF |
IRUFRH WKH IRUFH RI SUWVDXBHFRY WBKHHWRDEB® RI VOLGL
Ff WKH IRUFH RI SUHVVKUH EHWZHHQ WKH EDOOV

7KH K\GURG\QDPLF UROOLQJ IRUFH JHQHUDWHV DQ
OXEULFDWLQXBIHHAPWMLRQ FRQGLWLRQ DW WKH FRQWD
SRLVHXLOOH IORZ WKURXJK WKH OXEULFDDW ZKLFK F

UHODWLRQ > @
3)

“ZKHBRB*3D@ LV WKH HTXLYDOHQW PRGXOXW RI HODVW
PRGXOXV RI HODVWLFLW\RR}PEK HW WE B WHTX LIPYCONDHHWQLWD QAD
GLUHFWLRQ@[-RF@ UROWXKIHQ UDWLR ®IUWK I URPGIQQILRQ GHY V
PDWHULDO SDUDPHWHUY VSHHG SDUDPHWHUYV DQG ORD

,Q WKH FDVIG IREMDO®UEREBQHFWLRQ
4)

,Q WKH FDVGURI BEGQO

5)
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'"HWHUPLQDWLRQ RIl WKKH WRDAMLIRQJ UDGLL
6)

'"HWHUPLQDWLRQ RI WKH WWRPQVYHUVH HTXLYDOHQW UD(

“ZKHUBIGDUH WKH FXUYDWXUH SDUDPHWHUYV IRU WKH GL
UHVSHFW HYIHOWKHQGLDPHW D \RHGVREB EDDOBPWLFDO H[SHU
YDOXHHQIHWYDOOHY EHWZH H3) «

'"HILQLWLRQ RI WKH BDWHULDO SDUDPHWHU

8)
3Zde ,>*3D@ LV WKH SLH]RYLVFRVLW\ FRHIILFLHQW
'"HWHUPLQDWLRQ RI WKH VSHHG SDUDPHWHU

9)

7R GHWHUPLQH WKH VSHHG GLIIHUHQFH QHWZHHQ WK
SDUDPHMNWIFHY LV QRWKKLDQ VEXWQE ®@ XWHWD LE-H DVBERURG XFHG
TKHQWHUQDO JHDU tMKSRZKHKW D IP@WIH UtuehBadDitBe PDNHYVY SHU
GULYH7&HVGEHWIHRPIRQDVWKH LQWHNQ EH IHDWHUPWQRG DV
TXRWLHQW RI WKH V&HHEQ R | WWKH VEGEWHYGH REILWKH EDOO

10)

7KH VSHHG RI WKH GULYH GLVF FDQ HE8 ROMIKIHOENGEFL
PXVW EH GHWHUPLQHG 7R GHWHUPLQH VRKHVKSHEDORI| \
do WKH OHQJWK RI WKH SDWK WUDYH®O®BBGEE\WKH ELC
HIWUDFWLQJ IURF WRKGHIOHRAHWOHQJIWK RIQE SDKMHK VHJ
DQJXODU URWDWLRQ RY WRKH DBVWH G HZ IGW KIFWMKUIHHSDWK VHJP

8VLQJ WKH SDUDPHWHUV GHW® U DREX HX VIW RIR UV KH GRHRW H U
QXPEHUNKRR| Dmi DBTOXMWMRHEDNH D VHFWLRQ RI WUDFN
IROORZLQIBO®HODWLRQ >

11)
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Figure5
/HQIWK RWDEBDNDOQG DVVRFLDWHG URWDWLRQ DQJOH RI WK

2QFH WKH EDOO VSHHG UHTXLUHG WR BRIRMSGOHVURHGVHF
WKH BEBEG $HU VSHHG RDWIKEH GUHMYHHUBLYNG E\ GLYLGLC
FRUUHVSRQGLQJ WR RQH VHFWLRQ E\WUWTKXLWHGEXWRU L
FRPSOHWH RQHf @H DQIRY KXV WKH YDOXH REWDLQHG VK
QXPEHU RI WXUQV RI WKH EDOO UB®XLUHG WR PDNH D V

12)

| WKH EDRQOLWSSHRBMHRMHRG W& HR QH MWKH GIOWHUQDO JHI
UDWLR LV HTXDQVKHR EDRAL DS HWMIGHRIL Q W H U Q WO RW WKV P L \
URWDWLRQ RI WKH EDOO FDQ EH GHWHUPLQHG E\ WKH I}

13)
Nmotis the VSHHG RI WKH GULYH PRWRU L H WKH VSHHG R

SDUDPHWHUY GHILQHG DERYH WKH V3K VEU DIFHN HQ BRH
DOUHDG\ EH GHWHUPLQHG

14)

7KH ORDG SW UHLPHWHWHWHUPLQHG E\ WKH IROORZLQJ U
19
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3 Torques at theBall-Track Connection

7KH PRDMQWKH FRQWDFW HOOLSVH FDQU PHHGEAXHOMRS LQ
HODVWLF GH)PWIONWERQWDFW VXUIDFH RI WKH EDOO WL
PRPHQWEHWZHHQ WKH EDOO WUDFN DQG WKH EDOO

7KH IULFWLRQ MARUG XM WR WKH EGIREBHQ WKHI DR QML
VXUIDFHV ZKLAKP EQBGEEHGRWBORZLQJ UHODWLRQ > @
16)

SZKHYPHV WKH GLVWDQFH EHWZHHQ WKH OL®H RI FOHDQ
VKHDU YWUHWKH ORFDO FRHIILHLrHQW RH IQRFI/Q RER QDAY
SUHVVXUH

$VVXPLQJ D +HUW] SUHVVXUH GLVWULEXWMRRQQG D FR
eTXDWLRQ FDQ EH DSSUR[LPDWHIG@E\ WKH IROORZLQJ

)

“ZKHROHLV WKH UD@WPOWRR G HIR UHOW WD RN "WIRQ & KA-D @ DEHC
GHWHUPLQHG DV IROORZYV

18)

LQ FRQWHLWUH@BWUDYPHWHU WKDWEMHANYZ HH Q. @M H UFSQJHHDNC
UROOLQJ SRLQW DQG WKH FHQWHU RI WKH FRQWDFW HO!

7R GHWHUPLQH V4KH @G WPRIQBODYJRD [WKH FRQWDFW HOOLS
OHQIJWK RDWKHPXM®WIEH GHWHUPLQHG ZLWK2WKH IROOR
3@

19)

20)

SZKHGWHY WKH PRPHQW RI HODVWLF UHVEVAKREKH LQ WKI
FDQ EH GHWHUPLQHG EV2W&K® UHODWLRQ RI 6QDUH >

21)
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4  Friction Forces andMoments inBall Track
Contact

7KH WRWDO WDQJHQWLDO IRUFH LV RVGWDFOJHEUPHY V&
WKH UROOLQJ Gl WHBRKRDEY WKNEBGWULYH GLVF

22)

JULFWLRQDO WRUT X HWMIUHIDAHNU B RVGHIVE DIFW R K MW IED G LYH GL
23)
“ZKHRILYV WKH UROOL Q JoWMDGR KN RR WKHF B/D & Q

24)

“ZKHdJHLY WKH PHDQ YDOXH VRU BN KUHD G RV WRAGWK H
SODQH

7TKH WRWDRORPHGFWURQ Q EDOOV LV GHILQHG DV WKH VX
RI WKH EDOOV XQGHUORDG

29)

7KH WRWDO WDQJHQWLDO IRUFH LQLYHQOBWUNVRQF /@ BEWK
GHWHUPEQHGOBHEUPDW VRBURHY LQ WKH UROOLQJ GLUHF

26)
JULFWLRQ WRUTXH JHQHEDBWREN®HIBODYW.Q@ G MR WK H
)
“ZKHREHV WKH UROOLQ 3toWDGRRN RR QWKHF WD & Q
28)

“ZKHddH V WKH PHDQ YDOXHVWUBFNMKUDGUWU XY HR)I GIKH LQ W
SODQH

7TKH WRWDO IURRWWRE GWRUTHEK® 1GC BeeNEWOQOY¥NWDQ EH
GHWHUPLQHG DV WKH VXP RI WKH IUGFWLRQ WRUTXHV R

29)
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5 Estimation of Efficiency in the TestedGearbox

KHQ HVWLPDWLQJ WKH HIILFLHQF\ VOXGH QR OOIFQULRYY
DVVXPHG DQG WKH HIILFLHQF\ FDQ ER@GHVFULEHG E\ W

30)

6 The Results of theStudy

$ QXPHULFDO SURJUDP KDV EHHQ GHYHORFHEWR@®QDO
IULFWLRQ WRUTXH DQG HIILFLHQF\ ZLWK GULYH PRWRU

7KH JHRPHWULFDO SDUDPHWHR )V DXWHH G LIRHEEOWHDQV WK J WK

7TDEOH
7KH JHRPHWULFDO SDUDPHWHUV XVHG IRU WHVWLQJ WKF

1R | 3DUDPHWHUYV 9DOXHV
EDOO GLDPHWHU dw PP
DYHUDJH UDGLXV RI WKH WU®GNY dnl PP
DYHUDJH UDGLXV RI WKH W-U [SFOND dm2 PP
WRWDO QXPEHU RI EDOOV z SFV
QXPEHU Rl FRQQHFWHG EDOOV z SFV
FRQWDFW DQJOH . f
VXUIDFH URXJKQHVV Rl WKH EDO{ Rg —P
6XUIDFH URXJKQHVV RI WKH WUD| R —P
FRHIILFLHQW RI IULFWLRQ EHWZH| pb
OXEULFDQW YLVFRVLW\ 3DV

JRU WKH SDUDWNWKPHG WR EH Y
GULYH GLVF DQG WKH GULYHQ Gl
WKH FXUYDWXUBEDRDPMKHH GV LY | 1, f2
GULYHQ GLVN DUH > @

7KH GULYH PRWRU WRUTXH ZDV YDOWdH&G EHWZHHQ « 1
1P

Figure6 VKRZV WKDW WKHUH LV D VPDOO LQFUMDVH LQ H
dMm § 1P G8§ ZKLFK VKRZV D PRQRWRQLd&welGHFUHDVH
dm § 1P: G8§ Figure VKRZV WKDW WKH IULFWLRQ WRU
VOLIKWO\ HISRQHQWLDOO\
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7 Investigation of Some Geometrical Parameters of
the Roller Gearing Gearbox

,Q WKH FDWRIO QRHWHDMEIR}I LW LV ZRUWKZKLOH WR GHIL
SDUDPHWHUV WKDW DIIHFW WKH HQHUJKMWLIKEMHKDYLR
RSHUDWLQJ UDEBHHOQOQMXR/QHDRKDOMDUHG JHDUER[HYV

'KHQ FRQVLGHULQJ WKH JHRPHWULF SDUDPHWHUYV RI
SDUDPHWHUV VHHP WR EH RI LQWHUGLVMW BWBOQFPGERUWDQ
WKH RWKHU LV WKHUDGHLXMY HO BWVRKRHDY WKHVH DUH WKI
SDUDPHWHUV WKDW W\SLFDOO\ GHWHUPIRQHWWKH PRWL
DVVRFLDWHG FRPSRQHQWY ,Q DGGLWLRY WWRKHWKH W
YLVFRVLW\ RI WKH OXKFWLEDWIDQU RIOOVR EH RI1 LQMW
VLIQLILFDQW HIITHFW RQ WKH IULFWLRQ@HKHRK UD VOHRGV G X
QHJOLJLEOH IURP DQ HQHUJ\LBRLQYW QRYRY ZR B W\ KLHQUYHH R\
WKH OXEULFDWLQJ RLO YLVFRVLW\

7TKXV SWKIBDPHWHWKHFWRAWORU JHDQ LEH) ZUDWWRI[Q DV VK|
LQ WKH IROORZLQJ ILIJXUH

] b

'LWK WKH HQJLQH PRGHO DQG WKH VHOH¥IWHG SDUDP
DQDO\WVLY FDQ EH SHUIRUPHG

,Q WKH ILUVW WHVW WKH EDOO @ LIMRHMDNW EZDO/O Y ® UL P I\
WR LQYHVWLJIJDWH WKH YDULDWLRQ LQQHQUDQHHHIILFLEF
7KH EDOO GLDPIRWPR VPPH PH

7KH UHVW&W BRXQ LVFi¢gWée8Z QUIRP WKKH REWDLQHG HIILFLHQ
LW LV FOHDU WKDW WKH RSWLPXP EWROW DK BER[ @QRWKHI
VPDOO GLDPHWHU BIPOXWDVGEZ JRRG HIILFLHQF\ LQ WKH |
EXW LW GHWHULRUDWHY VWHDGLO\ ZLVWWIHQQRDHDDERJ C
DUHD ORDG WUDQVIHU DQG WKH UHVXOWLQJ RYHUORDG

$V WKH EDOO VE|HPPQFWHKEVHYLFA HQF\ RI WKH JHDUER][ L
LQLWLORDGRYWDJH EXW LPSURYHV VLIJQLILFDQWO\ LQ V
PHDQV WKDW WKH HQHUJHWLFDOO\ RS\WDRDLQR @HKOFLRX
REWDLQHG LQ WKH KLIJKHU ORDG UDQJHV

‘LWK D IXUWKHU LQFUHDVRMPR I WWH FED OPXWPLHHILELHQF\ C
QRW LQFUHDVH EXW WKH ORVVHV L\@HWKH QR\L R/IL VX IS k
RSWLPDO EDOO VL]H L H WR EH VPQBGHUNRRXOWUJIHU
DOZD\V EH GHWHUPLQHG DFFRUGLQJ WR WKH VSHFLILF ¢
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Figure8
7KH HIITHFW RI EDOO VL]H YD Ul-RMO0RQDS R@r QILQHPHIILFLHQF\
EOXH @1RPUHG Q30AP BWHHQ SLRAHSXUSOHEDRPRH

,Q WKH VHFRQG WHVW WKHN QPRI RW KK B CE®LOXY W Q DWIKH
YDULHG E\ H[DPLQLQJ WKH YDULDWLRQ R$SHUKHVHQJILQH
UDQJH IRU IRXU GLITHUHQW WUDMHPWRWWPUDGLL 7KH R

PP PP

Efficiency [%]
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M
mot (Nm]

Figure9
(ITHFW Rl YDULDWLRQ LQ WKH W\DS30R@HM KWK IEFQ B QFRYIRIWWIKH WKB UER

1IPEOXH ©ID@A UHG Qb@MP JUHH Q=000®@R SXUSOH
OLQu50 PP

1000 US PBrw «
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7KH UHVXOW Rl WKH UXQ @V )VRRZ®QKIHQ HWMHK AL HQK\WU A X U
REWDLQHG LW LV FOHDU WKDW WK LRSWWLPRPJRQ B UW QU
VLQFH DSDUW IURP WK RPDAOBVW UWDIGHXW LV QR VLJ
YDULDWLRQ LQ WKH HIILFLHQF\ RI WKR YH{D WKR{ ZR B OMK
RSHUDWLQJ UDQJH VR WKH RSWLPXP RLWKHADQREB GHYV
FRQGLWLRQV

,Q WKH WKLUG WHVW WKH G\QDPLFGYZMVRYWDLWIAHRGEI BMKH

WHVWLQJ WKH FKDQJH LQ HQJLQH HIILFLWRFANRRYHU WK

GLITHUHQW YLVFRVLWLHV RI RLO 7KRIOOREAMPBWHG RLO Y
3bVv 3DV 3DV

7KH UHVXOW RI WKH UXQ LV VKRZQICQ)WKMHROORZLQJ
(I[IDPLQLQJ WKH ILUVW GLDJUDP JOM MHISHDHQ M VF XU WH Hr
WKH GLDJUDP VR LW ZDV QHFHVVDURKWRRBRMZQVRE VHI
WKH-RRDURQWDO VHFWLRQ RI WKH GLDJUWKHIURP ZKL
FKDQJH LQ OXEULFDWLQJ RLO YLVFRVLOM KORW YDHYH UD\QRSL
WKHUHIRUH IXUWKHU LQYHVWLIJDWLRQ LV QHJOLJLEOH |

1

Rl
.

Efficiency [%]

0.7

Mmo‘[Nm]
Figure 10
(ITHFW RI OXEULFDWLQJ RLO G\QILBLH HILYVBERYERM\UYSPG P WLRQ RQ HQ
« 1PEOXH OLQBIDWHG OLQBDMHHQ OLQEBXUSOH OL3IIH
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0.9822

0.98215

Efficiency [%]

0.9821

0.98205

0.982

0.98195

0.9819

45.94 45.96 45.98 46 46.02 46.04

M [Nm]

mot

Figure 11
(I'THFW RI OXEULFDWLQJ RLO G\QIDL®IH HILVRIBFAERMV\UYSPPGEPWLRQ RQ HQ
« 1PEOXH OLQBDUVUHG OLQHMDMHHQ OLRMBYXUSOH OLBHV

Conclusion

%DVHG RQ WKH EDODQFH RI IRUFHV DR WRUMNXHW DR/
IRUFHVY EHWZHHQ WKH GLVFV DQG WKHUHNOOINWDWHK HEHYV
FROQWDFW VXUIDFHV 7KH WMKIHFWRRQD Q JI RWIFAHWIL@ RO MRGIHFH
GHWHUPLQHG E\ FRQVLGHULQJ WZR FRPSRQHQWYV W
GHIRUPDWLRQ DQG WKH IULFWLRQDOMPNRPHQW EHWZHHQ

%\ VXPPLQJ WKH VOLGLQJ DQG UROOLZH REWDVWDMDEH R
IRUFH DQG WRUTXH DFWLQJ RQ WKH GLWRQ GRQJWKKHF D
FRQWDFW RI RQH EDOO WR DOO EDOOV TXH FRR® WKFHW JL
GLVFV

7KH UHVXOWY REWDLQHG E\ WKH PRGKUHHRDMH WHDBOILLY W
WKH OLWHUDWXUH RQ VI\VWHPYVY RSHUDWLQJ RQ VLPLODU

6HYHUDO VLPSOLILFDWLRQV KDYH EHRQWOHPHO WQFWRH |
PRGHO FUHDWHG WKHVH VLPSOLILFOWLRQRQZHRUH RPHQ!
JHRPHWULF SDUDPHWHUYV VXFK DV WKHWIKHWHGDIMLQODGL>
DQG GULYHQ c\L$PVQKY WKHFK QHIJDWLYHO\ DIIHFWV WK
PRGHO WWHUWBHPRGH O QHHGHP HEKMWHKHDLOWI EH FDUULHG |
WKH QHDU IXWXUH

7KH DQDO\WLFDO SURFHGXUH XVHG LROHWHRGEGH®DMIKY LV
SURFHGXUH XVHG E\ RXU GHSDUWPHQMWBILQ SUHYLRXV SLC
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Review ofMethods for Determining the
Moment ofl nertia and Friction T orque of
Electric M otors

GusztavAron Sziki, Attila Szanto, Eva Adamké

8QLYHUVLW\ Rl '"HEUHFHQ )DFXOW\ Rl (QJLQHHULQJ
TWHP M2 '"HEUHFHQ +XQJDU\
VILNLIJ#HQJ X\ D®MER KXW W L OOHGIRRNRQHE B EHR J XQLGHE |

Abstract:Our research groupat the Faculty of Engineering of the University of Debrecen
has extensively studied the dynamic modelling and simulation of electoc snover the

past ten years. Many simulatigmogramshave been developed for various motor types.
The technical parameters and characteristics of the motors are used as inpubrddta f
abovementionedprograms Among these data, important dynamic characteristics are the
moment of inertia andriction torque of the rotor. Thériction torque includes windage,
ventilation, bearing and brush friction losses. In many cases, however, the mararfdoag

not provide these data in the datasheet, so they must be determined experimentadly. Se
methods exist in the scientific literatumr the above purpose. Our research group has also
developed and applied such methods in recent years. This publication reviewsethegis m

by presenting the applied experimental setups and procedures. In addition, considering t
available literature data and our previous experience, we give the accuracies that can be
achieved by the methods and any difficulties that may arise during the experiments and the
related computational procedures.

Keywords: electric motor dynamic characteristigsnoment of inertiafriction torque

1 Introduction

$W WKH )DFXOW\ RI (QJLQHHULQJ RI WHWHS®QEXHUWRX\S F
KDEHGLADWHBIIRUWY WR VWXG\LQJ HOHFWUVYF YHKLFOH
7KH PDLQ WRSLF RI WKH UHVHDUFK RSWLRHRPRGRQOLQJ
GLITHUHQW HOHFWULF YHKLFOH GULYHRWHALMRK WKIHR RW L J
GHVLJQ RI WKH SURWRW\SH UDFH FDUV 7RRDBHKEH YW X G H(
WKLY JRDO D YHKLFOH G\QDPLFV VLPXODWLRQ SURJ
0$7/%% 6LPXBOQINURQPHA@W ZKLFK FDQ FRPSXWH WKH G
IXQFWLRQV RI D YHKLFOH IURP LWV WMARK Q/KHD & HHXD BD F
WKH DERYH SURSWRPHEURFIHDEOXUH WKH PRVW DGYDQWDJ
GDWD DQG FKDUDFWHULVWLFV RI D YHKILMOHR @ DIQDEM G HV
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7KLV SURJUDP LQFOXGHV WKH VLPXODWIHOHRWWKH GU
PRWRUV@ 7KH LQSXWV RI WKH PRWRU VLAEXIQHWLEQ PRG.
DQG G\QDPLF FKDUDFWHULVWLFV RI WKH WPHRWRKH 7KH

PRPHQW RI LQUHBEWIRBIDXH> RI WKH URWRU 7KHVH G\QDPL
serve DV LQSXWYVY DOVR IRU RWKHU VLPXODWLRQ SURJUDI
&RQWURO 'HVLJQ DQG FE@XDO® RRUKBERGLGH O\ XVHG SUR
DV $Q0DVYZHOO 50[SU@&V $GGLWLRQDOO\ WKH\ DUH DOVR |
DFFXUDWH G\QDPLF PRGHOOLQSHMOBUWBQWH PIRRIRVDER G
VWUDW@JLHV >

7KLY SDSHWOGE YR®IZVVLILHY WKH IEDIPENECRGW[ERIULPFE
VFLHQWLILF OLWHUDWXBHQWR RLGEHHI V& L Q\D WIKH HXERNH W
SUHFLVHO\ DV SRVVLEOH

2 Review andClassification of Methods for
| dentifying the Dynamic Characteristics

7TKH PHWKRGV IRU LGH®W W LIRQIH & KB QDEHRMWMAHU LVWLFV FD (
FODVVLILHG LQWR WKUHH JURXSV 7KHVH JURXSV DUH

7TKH GLUHFW PHDVXUHPWORWIRH WKQG DIWHU WKD
LGHQWLILFDWLRQ RI WKH PRPHQW RI LQHUWLD

7KH GLUHFW PHDVXUHPHQW RI WKH PWRHQW RI LC
LGHQWLILFDWLRMRRERTYWHKH IULFWLRQ

7TKH VLPXOWDQHRXV LGHQWLILFDWLRQVRRQVKH PRF

WRUTXH
OHWKRGV EHORQJLQJ WR WKH WKUHH JIUGR %S ¥ VPIHRQWL R Q |
DQG UHVSHFWLYHO\

2.1 Methods based on thédirect M easurement of the-riction
Torque

,Q WKHVH PHWKRVCERRXKIHRI WKH URWRU LV GLUHFWO\ Pt
Rl WKH DQJXODUVKRZNGD MLIUXWHD O H[SHULPHQWDO VHWX

'XULWEH H[SHUDPBQMRWB/KW LV GULYHQ E\ DQ LQGXFWLRQ
E\D-SKDVH $& YROWDJH WKURXJK D IUHTXHQF\ FRQYHUW!|
IUHTXHQF\ WKH DQJXODU VSHHG Rl WKHDRO®XJFHELRQ PR
PRWRU LVOHDWYIXHWGEQJ WKKHDRW TROHWGERMER D UR W D U\
WRUTXH DRMWEGHUIHUHQW DOt© JX¥ 0 PWLARWFHGEODU VSHHG
FKDUDFW bl MIGHWHUPLQHG 7KH DFFXUDWH YDOXH R
LV PHDVXUHG E\ DQ RSWLFDO /(' VHQVRU
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optical
torque led

meter sensor

analysed lutch
motor clutc 3-phase
induction motor frequency

converter

NI 9239

NI USB-9162 PC
YLIXUH

7\SLFDO H[SHULPHQWDO VHWXSI|URE WBRRHD ¥ BA KIIF WXRHINORUWHRHQ IR DD
VSHHG

$IWHWMKWHXUHPHGWRIPGXH WKH URWRU V PRPHQW RI LQ
JRU WKH LGHQWLILFDWLRQ GLIITHUHIQR) PHW KERXGW WBRIQ E
VLPSOHVW ZD\ LV WR SHUIRUP D UHWDKH W WROQ GVCHV MR (
test WKOHQ D OPIRIVERU LV ITUHHO\ UXQ RXW QX)XXWDQ W$ H/HGR EV
PHDVXUHG )W WRRVMPKH DQJXODU VSHHEGWDIYVQWGPH FX UWYKH
UHWDUGPWKRQ@@@YPHMWU DFFHOHUDWLRQ YV DQJXODU VS|
JLYHQ )URP WKH DQJXOXDQDDREMDBEG G WAW RRQX B QY
DQJXODUY/ ¥:3EBHGFXUYHY WKH PRPHQW RI LQHUWLD RI
FDOFXODWHG DW GLIITHUHQW DQJXODU VSHHGV DV

.= Aviob)

()

,Q UHIHUBQAMHKEY PHWKRG LV-ZRSPGE H& I6RU& D PRHWRH YV
DQGIWKHWRRJXH YV DRKRODPRMHEMNMAWVWIFFWRU WRJIHWKHU
UHVXOW RI D URHQVIDUBG BIWH R &/ MG VW JI XU H

YJLIXUH
7KHULFWRRIGXH YV DQJXO D URV S/ CBRIEGPREWRULWRIAWKHU ZLWK WK
UHVXOW RI D UHWDUGDWLRQ WHVW SHUIRUPHG RQ LW
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+RZHYHU @ QWKH REWDLQHG YDOXH IRU WKHLMHRPHQW R |
RI WKH PHOVKWH&EI XHYV DUH QRW SUHVHQWHG IXUWKE
DFFXUDF\ LV QRW UHSRUWHG ,WH\WHKDXXUB® HQRV (RR WAHK
IULFWRRIQXH FDQ RQOXWHORRWRBIYTIXG PHWHU ZLWK ORZ
WRUTXH DQG KLJK DFFXUDF\ FODVV DOYDLEDE OB GHINW FR
WKDW FDQ EH DSSODH 1RUDQ@FL VUBIX¥ SEHRWH YHO\ 6LQFH
IULFWRRIQ XH RI HOHFWULF PRWRUV L® VRPH MKWHNVDQFH
UHOMHWIRRHW RUT XH P HD VX39%HRWQLW RHDIXEWW EHFDXVH RI
WKH LQDFFXUDF\ RI WKH WRUTXH PHWBEFWRRYV MEKIH L Q
DERMHURDW BH I LILFD QWA XMHLQKH UW KHUURRQDYWHY H
PRPHQW RI LQHUWLD REWDLQHG IRU WEHHURMWR QW VHN R
WKH DQJXODU DFFHOHUDWLRQV FRPLQURIURP WMIKGH UHYV
UHODHWUILRRHUWKH PRPHQW RI LQHWY RID IGIHWHIUCPAH) DWLRQ
DSSO\LQJ WKLV PHWKRG

2.2 Methods based orthe Direct M easurement of thavloment
of Inertia

,Q WKLV PHWKRG WKH PRPHQW Rl HQHXWH®G FIWHKYH WRD
WKH IWLRWIRE® LV LGHQWLILHG DV.QRZXIQFWWRE RRPBQXO
RI LQHBWHDHQW P HW K R GVRF DWERHV DISSRW EESAN W K H
VLPSOHVW ZD\ LV WR SHUIRUP D RIPWDKIHG DO 1 RQDW HWIM I
YV WLPH REWYVHQHG IURP W KHV ¥ HWDQUXDW UR QF WHI® MU D V
DQJXODU VSHHG FXUYH RI WKH URWRU FID/MQK EWMKHLY HQ
SWHRXVO\ PHDVXUHG PRIRHGW ERIQXH YW DI JWBBU VSHHC
RI WKH URWRU FDQ EH REWDLQHG

,Q>@ GLIIHUHQW H[SHULPHQWDO WHRRE QM RR UQCHWW EW
RD ULJILOERGHVFULEHG DQG FKH WWLED\OLAR QD@D DG G X O
WRUVLRQDO SHQGXOXP PHWKRGV DUH XWRQNOWKHWRQVLG
RVFLOODWRU\ PHW@DR G N & DURE W@ VMo WK DIHSRDWHG IRU
WULILODU WRUVWRRDWY R E3XBRBKDVLIHG WKDW WKH P
GXULQJ WKH PHDVXUHPHQWYV ERWHKVDI PK® WLK HOLDQD 5 FHXQU
SRVLWLRQEBQMHIWBNLW\ R,QW@H W R A RIWGI G W/LKYH
SK\VISFD@G XOXP PHWKRG IRU WKH GHWHUPLDIOBWLRQ RI W
ERGLHV LV SUHVHQWHG DV WKH | XTQKFHNU R © RRIWHIGH Y\DXOWXS-
YDU\ EHABDHHR $FFRUGLQJ WR WKH FRQFOXVLRQ RI WKH
GLVWDQFH FRUUHVSRQGLQJ WR WKH PLQH B XPKDIMOWHK HR |
GLVWDQFH DW ZKLFK WKH WRWDO PRQHRIRKRM SPX\GW O
EH SODFHG WKDW W MH RDHV SO GQYD P W KHPPHQW R LG
VDPH DV WKH RQH RI WK @7RKDM LLYD GVIBMIRIBIOK P >
SK\WLFDO SHQGXOXP PHWKRG FDQQRW EH OHVV WKDQ

2VFLOODWRVL FPLHOMDKIRWR WKH SK\WLFDO SHQGXOXP PHWK
GHWHUPLQH WKH PRPHQW RI LQHAHKHN VD PRSIOHHY MF WI\L WV R RC
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WKLV LV WR HFFHQWOILRKB CEQRRGD \R\WERAKWIBHERRYWRU DW D J
GLVWBQBRP WKH D[LV RI URWDWLRQ )LJXUH DQG W
SK\WLFDO SHQGXOXP

JLIXUH
([SHULPHQWDO GHWHUPLQQWUWUWRQDRKWIQH MRPHOM \RIFDO SHQGXO X!

$IWHU WKDW WKH PRPHQW RI LQ HUWNLWKRW KH HRIDROWRE UG
IRUP%DD

s
4= )s® = S-@A 2

,Q (TXDWIBRY WKH SHWR\VRERVIRDRW@KW WKH PDJQLWXGH RI \
JUDYLWDWLRQD® VKRKODHGUEWDRRWKB HUURU FDXVHG »
OLQHDUL]JHG HTXDWLRQ RI PRYZLIRQ @HKHQ BHEWLHY L Q ID(@ & D
LI WRAVH LO O P B/QRMXIGMH OHVA).IWMKIDE®QG LW FDWNBE® OHVV
1% UHODW LY WWHHURMFLOODWL R@ DPGOLWXGH LV EHORZ

,Q DGGLWLRQ |IWKFWRRFXHUDWKWH QJ RQ WKH URWRU WK}
WKMFROODWLRQ WLP H%FHNYQGHEY PW RN XREAMER OHDG WR
FRQVLGHUDEOH LQDFFXUDFLHWDODQFKE URWMR W W VL\Q KW
FKDOOHQJLQ FMQRVIHIN® YLMNA R UF WQW S @ W TRGIKHV O \

Y D O XW KB4 O AW LRRWK H P i W K RGBL | LEEIDIQWHIOD Q WKH UHSRUWH
PLQLPXP YDOXH LQ > @

JLIXUH VKRZV WKH PHDVXUHPHQW D U WDAH HHRUYWRR) D
RWKH SUHYLRXVO\ SUHVHQWMKGE \R F AMNOKIRIRAR B U RN WSKORDG- |
RQ WZRKIRGHD®RQWDO DQG SDUDOOHO HGJHV

%\ GLVSODFLQJ WKH V\VWHP IURP LWV HORILQLEULXP ¢
7KH PRPHQW RI LQHUWLD RI WKH URWRU FDQ EH FDOFXC

4= )s® =B & S AG (

o®euU
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fﬁ\ﬁ

e 3

YL JI XU H
([SHULP HQWKBOIRRIGW KK G RV F L G\IRD WHRIMAKPUHPIR RRGW RI LQHUWLD RI WKF

,Q (TXDWERW WKH GLVW DH) 5 RQEIMNA ZEHRIGK M@UAHAHK IR |
WKH WRWRWKH UDG L\ \RIWLKMVSHULIRG R WKW \RKALOODW

PDIJQLWXGH RI JUDYLWDW KPR BN RKERHYHOGC WWWRE HUURU
FDXVHG XVLQJ WKH OLQHDUL]HG HTXDWLRQLWRI PRWLRQ
QHJOLJLEOH LWKHRBRVEQOD DW)LRWQ MO WWBDRIE LW

FDXVHV AQ®WWWH WKW ORQYWKHUBRBLOIODWLRQ@.HBBALWXGH LV
KDV WR EH DOVR PHQWLRQHG WKDWVXKH RIRW RHWL YD ZAHXOX
EDODQFHG DQG WKH HGJHVY DQG WKHIDKBEBBGNV DUH LGHDO

)XUWKHUPRUH WKH Y-DIDQIG K/ DR IHSW R DEF-H WKIRIWWHQ RSWLPD
JLYHQ URWRU ZLWK WKBIQRER B R QWNRIIQEHRIMAMX UVH DO-C
WKH TXDQWLWLHYV LQ WKH IRUWK®\D PXVW EH PHDVXUHG

L D QRWHKMWKR@G WKH URWRIUWK PRONURDOVGCERYQ RQ DQ
LQFOLQH ZLWKLD®BUBIQJOH

\

G,

YLIXBU H
([SHULPHQWDO VHWXS IRU WKH PHDVXWKH W@WRY WKH PRPHQW
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JURP D YLGHRKDUHFRWIBG LEN VIR B X W-RW KFD 8 RWIDMWH. R Q
I X Q FW MRKH BJRVORWHRODWWFDQ EH JLYHQP JMRPWLIRH) WKH
YHORWLWHA IXQFWLRQ DQG ILQDOO\ WXKH FOIREHPINOWHUDW LR G
FDQ EH FDO®XOMHWB&\VH WKH UROOLQJ IULFWLRQ EHWZH]
LV QRW QHJOQRAIECOHXWDRURGEULPHQWY PXVW EH SHUIF
GLIITHUHQW LQyDDQ® HKHQYOBXH BQERWHK W\SLFDOO\ EHOR
2f WKXV UROOLQJ ZLWKRXWR V Q\LISIS BEZIRODHIGEAHU D ¥ M ¥ MH/G
WKH IROVQRYQOMRBLFY HTXDWLRQV FDQ EH ZULWWHQ

| ® CsR U F (5= | ® 35

| ® Cc@® UL F (45=0 (5
(g5® N Réser ®5Y 6
| ® Csi@ U F (6= | ® 35 (
| ® Cc@® Us F (436=0 8
(@6® N Rz ®6Y 9

,Q WKH DERY{ LNTWHW LIRQFYDLGR®M UR UFKH D RFHOHUIDWLRQ
FHQRIHPDVY DQG DQJXODU DFFHQHNUDWHRQRR D MWXH | URMN
WRUTXH ZKLFK LV FDOFXODWHG DV

| sams B &4 / saps B ®&¢

,Q WKH DERYH HTXDWHRQ O LYIZNWHHWMWMEBR@EH DOVR H[SUH
ZLWK WKH UROOLQJ ) DMFEWLERRY FRHIILFLHQW

6LQFH WKW WROMRHKRIXW VOLSSLQJ

JURPTXDWARQWKH PRPHQW RI LQHUWLD RI WKH URWRU F

Jp=mr Ryl F1G (

LW KDV WR EAVREQYVBDRKSD ULWKBWHORFLW\ RI WKH FHC(
PDVV Rl WKH URWRU LV D@RXNY EBNGHRRI ONBRIWRU ZLWK D
UDGLDB¢NTRY @ WKH DQJXODU YHORFLWARM XKH URWRU L
7KH QRUPDO ORDG RQ WKH VK DIRWN RS QW Kt WIKF-H DUEFRRW RIU
FRQGLWLRQV EDVHG RQ WKH UHOWWHGDVPLRQWROGLQL
UHVLVWDQFH LV FRQVWDQW ZLWK D JRRG DSSUR[LPDWL|

W PXDWMNRSKDWLKHBW P XQLRYHV DFFXUD®Q@E R®@ODQW

WKH TXDQWLRHMHWXUHG YHU\ SUHFLVHO\ ADDWVYY IXOILO
/DZ RI (UURU 3URYDADGO\W DRMQRSH DW X B HIPHOQIRR/U S HR Y H
WKH PHW DRERXYS @
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,Q JHQHUDO LW FDQ EH FRQFOXGHG RIKIDOH G WU B FRM ON KH
URWRU ZLWK VXIILFLHQW DFFXUDBHBRVWRK® \I LBRR/ VALKEKD H
PRWRHPRXQWLQJ WKH URWRU FDQ EH GHVWUXFWLYH \
WKHUHIRUH LW LV QRW UHFRPPHQGHG

2.3 Simultaneousl dentification of the Moment of | nertia and
Friction Torque

7KLV VHFWLRQ SUHVHQWYV PHWKRGV IRUFILEEBYWDRMHRXYV
DQEGLFWRRQXH ZLWKRXW GHPRXQWLQJ WKH URWRU IURF
HILVW IRU VLPXOWDQHR X022l@5 HEHFWLRQWLRQJ:YHV H[DP
IRU WKH LGHQWLILFDWLRQ E\ GLUHFW FHADYXQHPHQW
PHWKRGV

2.3.1 Identification by Direct Measurement

, Q2@ SWRFHGXUH IRU VOQ&XO0MD/QMHRXN DY X WIRQJIT WHKH IULF
DQG PRPHQW RI LQHUWLD RI HOHFWULFEPRMRWKRW LV JL
UHWDUGDWLRQ WHVWYV RQ WKH PRMWHOQ GISBOALYY DGGLW
URWRU ZLWK GLIITHUHQW PRPHQWYV BRI L/EHUGLNF YD @G HH T >
DWWMWKWEH VWHH® FED\WQJ IRXU F&D MK Y DR W\SH

(4)/ (5‘) D D

4 il

)LJ XU H
([SHULPHQW D OW.HRWIRRBXNRGIMIKIW H P H Q FVH R MWK IHDLE® IUFMLIDR Q
WR URIXWKH2Q RWRU >

7KH HTXDO PDVVHVYUSEBE WRREEK HHM XPOWKH VXSSRUWLQJ E}
'XULQJ WKH H[SHULPHQWY D GULYHPPRWRDIW WKW BWIKD
D FOXWHK YROWDJH LV DSSOLHG WR WKRAW®WLH HURRPW R U
D VWDQGVWLOO XQWLO7KWQU WMDKFHK H5\WU IL IVEYCRARIRKSR WU\ K 1 IGV

DUH GLVFRQQHFWHG FDXVLQJ WKH URMDHN LKRIPADWRH YV
D KDOW :KLOH WKH V\VWHP VORZV GGEAQ QKR8 WLFIX® DU
/(" VHQVRUGLPXOWDQHRXVO\ WHH W BRIV H R NW KB HUDW X
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EHDULQY REVHUYHIBVXVIM@PIBHS7HPSHUD WKH HH QW IHW R U
H[SHULPHQW LQYROYHV IRXU PHDVXURBKQILW K LGJVWF ZL

DQGC DWMOHOPIRWR U WKLUG RQIGWW KGLBRMRAN]|HD@Q@ G ODV WO\
ZLWK RQO\ GLVF FRQQHFWHG WRKWREMVBBENPF WRWRU
DQJXODU VSHHG YV WLPH IXQFWLRQ JDLQHG IURP
7KH FRQQHFWLRQ LV UH®sHDVHG DW WKH PRPHQW

YLIXUH
$QJXODU VSHHG YV WLPH IXQFWLRQKPIQW R PIRNE R W HRJ B KFHRID Q H¥ W H G DAY
WKH GULYH PRWRU 7KH FRQQHAWORQ LV UHOHDVHG DW WK

7KH URWDWLQJ V\VWHPV DQJXODU DFFMNOBWBWLRWQ YV
GHULYDWLRQ IURP WKH ILWWHG DQUXWRDW SWKIiE DY IWQOI
DFFHOHUDWLRQ LV JLYHQ DV D IXQPRMIORNMV RRID/QKN AR X U
HISHUWRHQUH IRXU DQJXODU DFFHOHUDRW RMX KN VRXQYIXOL
H[SHULEZHORMW ZULWH WKH IROORZLQJ IRXU HTXDWLRQV

I 85654 5+ 09 H

/8505"@/ Oé@lﬂ:d st !p+ v(‘)x@)' hik 4
I 8a05d 6+ ox9- H 5
I Saode! a0 6+ pt 0x8 - Hi 6

,Q (TXDWLRQV5 DQ&

0x8= 20Ut 2" oraR2" aUaU

Ox8= =0UE2" 0rFR2" AUaD ORGO 8

,Q WKH HTXD)\/\()I;,BPQQ,SIDEJ_R-NWIKFHWRRJQ'XH DQG PRPHQW RI1 LC
RIWKH URWRQDRIPARBRY oLV WKIR P HGL F WIRRUR X H

VXSSRUWLQJIDEHD Ul Qd¥c.orazoreamaval® WHKH PRPHQWYV RI
LQHUWLD RI GLVF GLVF R Q HF O/X\D A DRIGH W OB RKC
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ULQJ RI D VXSSRUWIZRUFHEBXODWHAKXKLERP WKHLU PHDVXLU
GDWD DQ@Oee®BWHY H DUH WKH DQJXODU DFFHOHUDWLR
URWDWLQJ VAIVWHPYV G X U)IWRIP W K XK DUWHBR BKE DIVR ORO@R ZNLIDV W \
HTXDWLRQV FDQ EH GHULYHG I|RIW LW WHRREORPH (RW WKH Q
D QD OPRWER U

_ A-Hc ?AHc

P Cneong) | 0% (
H: ®
/ééélﬁa(:GFQ%F(ﬁ*' Ox9 " H (20
,QVWHDG RI (TXDWLRQ WKH IULFWLRRHWMRQFXW. RQ R E

WKH PRPHQW RI L QK DM@ RW KHIH SDRMDRBWHUV 8VLQJ W
GHWHUPLQHG FRQVWDQW YDOXH RI W KH \PRPHE) WDRIJHQ H |
LQ WRUFX\CKH HUURUV RI WKH H[SHULPHQWDOO\ GHWHUP
IXUWKHU PHGERQPHGEIORZ ,W KDV WR EH QRWHG

DGYDQWDJH RI WKH GLUHFW PHDVXUHFPHFQW RRQ WKH UL
DIJDLQVW WKLV PHWKRG WKDW LWULV SAHHH OIFGXUDWH L

7KH DFFXUDF\ RI WKH SUHVHQWHG PHWKRG VWURQJO\
FRQGLWLRQV DQG SURFHGXUH ,Q WK $OM A HR\WDKML RSV
RI WKH PHDVXUHPHQW FRQGLWLRQV DRGHEURRPAIGIAWH W
RI LQHUW L BDWRRE X H E Q QPEARIGIMize W K URKRIOORZLQJ
VKRXOG EH GRQH

ORPHQWYV R4 DQHKDIWIHEM RKRVHQ RSWLPDOO\

7KH PHDVXUHPHQW WLPHYV WKXVKWKHEWHRDWLQJ R
PLQLPLIHG

7KH GHWHUPLQDWLRQ RIsWRIE PSW LZPKOIOF K DW XKV HRU U R U
H[SHULPIBOWBIOGLQHG PRPHQW RI LQHUWLDHLNIFHLRXLP XP
RI WKH KHDWLQJ RNKWKBIFENXD D EQ RV GRA IF XPVHWHIGR IGQ D& W D
LQ 6HFIML B@ | H2OH®FEHU RSWLPDO PHDVXUHPHQW FRQGLV
UHODMWIRRHUVKH PHWKRG IRU WWKH FPHRIPHQUM BB QW HRIW LD L
53% ZKLOH IRU WKH PWRMXUHMRQTRERILVQ WKH
[30;120] rad s°®> DQJXODU VSHHG3WU&QPHD QIIXG®BW VSHHG WK
H[SHULPHQWDO HUURUV DUH VLJQLKLBEBAWOXWOLQJ&EUG
GHYLDWLRQV RI WKH DQJXODU DFFHOHHBWLRN BW WH
VSHHEXV REB\20]rads’5DQJIXO0ODU VSIQHE JXWGIH ZKHUH
WKH PRPHQW RI LQHUWLD LW D FH RKNMIPE WIRMX DMRGRQN D ¢
7KH DYHUDJH YDOXH Rl WKH PRPHQWRRNLQHUWGDDVQLW ¥
H[SHULPHQWDOO\ GHWMNBANQHB GKRROWKH H[SHULPHQWD
GHWHUPLQHG PRPHQW RI LQHUWLD DQG EWHDNILRY WR L
PRWRU

R12A



Acta Polytechnidangarica Vol.21, No4, 24

YLJIX8UH
7KH H[SHULPHQWDOO\ GHWHUPLQHG W E & XHBWIARN LRI HUGKERA W R | LQH U\
PRWHRIU >

YLJIXU H
7KH H[SHULPHQW DO DK VG RRAG-HUP RQ FIKTHX URVERDGRRIFIML BOD PRWRU >

2.3.2 Identification by Offline Methods

7KH JRDO RI RITOLQH SDUDPHWHU WGPIQWH Y BDWRRY PRW
SDUDPHWHUV ZKLFK FDQ LQFOXGH HOHFWWWEBW PHFKL
7KHVH SDUDPHWHUYV DUH H8$YHQRMWLFDDOY FRHU DRIFRD/ORVLFR @W G
RSWLPLIDRVERQU\ RXW RIIOLQH SDUDPHWHU LGHQWLILF
PHDVXUHPHQWY DUH SHUIRUPHG RQ WWKKHRRMNRIO\DHG W
DQRG SURFHVVHG WR HVWLPDWH WKH GHWWOMHG/BBUDPHW
RINTOLQH SDUDPHYHPUWWEGRQWURWVF HWOHFEWULF PRWRUV
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/IRENHRBWRU 7HVW |, QUR WRRVIWKHVIIWVR WREHK DQLFD O O\
SUHYHQWHG IURP URWDWLQJ ZKLOH DY WDWRWULFD
ZLQGLQJV %\ PHDVXULQJ WKH UHVXOWKBHK FXUUHQ!
DV ZLQGLQJ UHVLVWDQFH OHDNDJH LQGXFWDQFF
HVWLPDWHG

1R/RDG 7HVW 7KLV WHVW LQYROYHV UXQQLQJ W
PHFKDQLFDO ORDG DSSOLHG WR WKHORDWS XW VKL
FXUUHQRD®R ROWDJH DQG URWDWLRQDO VSHHG S
IULFWLRQ DQG ZLQGDJH ORBVVHV FDQ EH GHWHUPL

/IRDG 7HVW /RDG WHVWYV DUH FRQGXPWHRXE\ VXEN
PHFKDQLFDO ORDGV ZKLOH PHDVXULQJ WKH LQSXYV
URWDWLRQDO VSHHG %\ DQDO\]LQJ WKHVH PHDVX!
WRUTXH FRQVWDQW PRVORBHI I ORIWHGR FDQ GE A HFRXH
>5]

7TKHUPDO $QDO\WLY 7KHUPDO DQDO\WMVXUBYROYHYV
ULVH RRRWRH GXULQJ RSHUDWLRQ XQGHU GLIIHUH
PHDVXULQJ DQG DQDO\LQJ WKH WHPSHUDWXUH G
WKHUPDO UHVLVWDQFH KHDW WUDQWMWDORRWIILFLI
FDQ EH HWBLPDWHG

6RPHWLRHYBBWDPMWBWXUHPHQWY DUH DIOQYRZKAGHKVVLILH
FHUWDLQ PRWRU SDUDPHWNWULQ D VS HFH D OXYHEES KT XILHSRWHQ

7KH DFTXLUHG GDWD IWR®LMKHOAHSWRFMNWNV BGHXVLQJ PD
PR@HLQJ FXUYH ILWWLQJ WHFKQLTXHVY RLNQGGYDQFHG
DOJRULWKPNQHWLF DPD¥¥R®MWRKAVWLPDWH WKH PRWRU S
DFFXUDWHO\ 7KH DFFXUDF\ DQG UH OWXKHL @&/IHVWRY HKXIS
GDWD TXDOLW\ DQG W KHQ & DDAOKIHRRII WY IKFPD/OXIVRIGRIKRY D QD C
SDUDPHWHU LGHQWLILFDWLRQ PHWKRGVPRWRUYDOXDE
LQIRUPDWLRQ ZLWKRXWWLRAHKRSHUHDGVIRYQ BHDORQWURO
LQVLIKWY LQWR PRWRU FKDUDFWHULWWWHW BEHE IHI@D E O
DQG SHQFRUR®WLPL]DWLRQ

,Q > 22@ H[SHULPHQWDO RIIOLQH PHWKRGM RY WKH SD
LQGXFWLRQ PRWRU GULWH WHKH 8HMWKHRGUWHKMNHVXY BHW G

REWDLQHG GXULQJ WKH UHWDUGDW L RRR @/H& WRROMWKKH C
PHFKDQLFDO ORVVHV DQG WKH PHDQ VTHGURG MHUURU

JHQHWLF DOJRULWKP DSSURDFK WR REWDLQKWKH XQNC
WHVWHG GULYH 7KHRUHWLFDOO\ HVWNVSHWBBHDQG HI[S
FXUYREBAWDLQHG DURIFRQHWHBMBRPSDUHG EXW WKH DFFXU
LGHQWIDUBBHWHUY DUR2QRW JHEAQMWHES DSSURDFK WR
LGHQWLI\LQJ WKH SDUDPHWHRNER QD Q JL IQGHF BV RHO P D) KA
GHFHOHUDWGR® BV U D GKIHHIHRBEFHKE QH LV LQ VWDQGVWLO!
PHFKDQLFDO G8PBVHMWRHA SWKIHHLY DSSOLHG WR WKH VW
WKH IUHH DFFHOWWBHD VX Q FPUHIQW RH QWKH VWDWRU OLQH °
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LV UHTXLUHG RQO\ 7KH IUHH DFRNOXWHGV WRRQ LVE R Q WXAH\ F
PRPHQW RI LQHUWLD RI WKH URWRU DRGPLWHZLMIKIRUL
KLIJKHU DFFXUDF\ 7KH LGHQWLILFDWLRSDUBRNK®WWVVDUH
GHWHWP LR P- O RWRKHIGDRIG QRHVWY DQG WKH REWDLQHG |
LYV DBERX®WKKH SDUDPHWHUV RI WKH GLITHUHQW.IREBFKDQLFELC
,Q@® D PHWKRG LV GHVFULEHG IRH M/&HFRMURIPQH Q IGW DRV
PHFKDQLFDO SDUDPHWHUV RI D PDWKHPDWIL®DO PRGHC(
JHQHWLF DOJRULWKPY ,GHQWLILFDVELBQUL\Q S HDU WRHINPWM (
FRQVLVWLQJ RI D WUDQVLHQW IURP VXWHFHFNVNQY WV WLIDKD
PRWLRQ WROAVDQGLQJ VWL

Conclusiors

OHWKRGMG HOWWIKHQBRPHQW RI LQHURMLDX Bsid URWRUWURQ
HOHFWU LEDFFRIWERHMODHKZAHHUE LOQ7&HWROORZLQJ FRQFOXVLR
EH GUDZQ

X 7KH GLUHFW PHDVXUHPHQW RI WKHAPRPHQUWD R LQH
LV XVXDOO\ RQO\ SRVVLEOH LI WKH KRWRDVIHY UHPR
VHYHUDO PHWKRGR BKLWVFW WWMURRQONKFHHEHQBFWLRQG
Rl WKH YDOXH RI WKH PHD®QBKHHRMQ WH B DX D HP P AHW
XQFHUWDKQMBHWDWY EH DFKLHYHG E\ XVLQJ D WUL
SHQGXOXP ZKLFK LV DSSUR[LPDWHO\

X 5HPRYLQJ WKH URWRU LV ODERULRXYVY DOQW FDQ OHD
LV XVXDOO\ QRW UHFRPPHQGHG

x ,] WKH URWRU LV QRW UHPRYHG IURP WKH¥ PRWRU F
LV UHFRPPHQGHG

* 'LUHFW PHDVXUHRPHWRRBIXWKHLQJ D URWDU\ WRU
WKHQ GHWHUPLQLQJ WKH PRPHQW RI LQHUWLD
$SSO\LQJ D FRPPHUFLDOO\ DYDLODEOH WRUTXH P
R 1P DQG DFFXUDF\ FODVYV UW®& B WHIWWHAL P D W
HURRULFWRRIQOXH DQG PRPHQW RI LOQHUWLD GHWH

UHVSHFWLYHO\

« 'LUHFW VLPXOWDQHRXMPFWRRJNXHAHXQG PIREKBW F
LQHUWLD 7KH DVHW ZR@IKEWHKH REWWRBGHSUHVHQW
SXEOLFDWLR@®GLVUHVSHFWLYHO\

« $SSO\LQJ DQ RIIOLQH SDUDPHWHU LGHQWLILFD)
DGYDQWDJH Rl WKHVH PHWKRGV LV WKDW D OF
SDUDPHWHUV RI DQ HOHFWULF PRWRKHADQ EH LG}
GUDZEDFNV DUH WKHLU FRPSOH[LWS®IHE WKH L
PRGHOV DQG DOJRULWKP FDQ UHVXWWUHGVLIQLI
SDUDPHWHUV ,Q DGGLWLRQ D XQLTXH PRGHO KI
PRWRU W\SH
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Abstract Companies constantlgeeksolutiors for complex technical and economic tasks
and this is especially difficult for small and medisipal enterprises. Fothis, we provide

an example in the barcogeocessingarea. By looking at several versions at one corgpan
we will show how much it costs to introduce a barebdsedwarehouse management
system.Our specific task was to pmalculate he expansion of thexisting ERP
(EnterpriseResource Planningdystemwith a barcode warehouse management system. To
this end, we have looked at good practicerecent yearsas part ofvariousfield surveys

with several companiesacross Hungary The cost of building a barcode warehouse
managemensystem is HUF 2837559. It can be implementash its own or with support.
The barcoé warehouse management system can be extended to all employees, but a
version that is only extended office employeegan also be analyzed. Accordingly, four
cases werezxaminedIn one of theseases, we setup the theorythat in the structure of the
barcode system, we extend the project management module in the expansionR#® the E
system oyl among office employees, and thie investment pays off in 5 yeafisom
existingresaurces. The NPV is HUF 220000, the IRR is 434%, the profitability index is
1.71,DPB is 292 yearsThe logic othecalculations can be used in many atheecas.

Keywords: warehouse management systdBRP, barcode pre-calculation NPV; DPB;
IRR
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1 Introduction

Providing adequatand accuratenformation is increasingly valued by companies.
Developing the information system requires specific efforts consglddcal
characteristics, the available technology and the business enviromnerib the
large number & companies and their various activities, case studies are
appropriate to explore tHeest practices in the field. European trends count on the
incressing importance of mediwsized companies in the case of small, open
economies like Hungaryl]. In the cairse of our work, a Hungarian company in
the area of the city Szegedas selected to present how to implement a new
barcode warehouse management esystwhich will facilitate the dayo-day
operation of the business.

Enterprise Resource PlannindERP) sysems are statef-the-art enterprise
management technologies that integrate and enassnfhecompany’sinternal
operational functions with high effency. In this way, they facilitate the support
of managerial decisions and the provision of infation, and at the same time lay
the foundations for the development of besis intelligence?].

When asked what ERP is, the following text gives a nuanced overweghat"“is

the simplest ERP definition? Think about all the core processes needed to run a
company:finance, HR, manufacturing, supply chain, services, procuremedt, a
others. At itamost basic level, ERP integrates these processes into a yisigle s

But new ERP systems are anything but basic. They provide vigildlialytics,

and efficiency acrasevery aspect of a business. Using rbeenttechnologies,

ERP sytems facilitate the flow of redlme information across departments, so
businesss can make daté#riven decisions and manage performantiee.” [3].

According to this, based dhe text let’s think under the definition of the simplest
ERP for all the basic processeguied to run a company, such as finance, HR,
manufacturing, supply chain, services, procurement and others. At the simplest
level, ERP integrates these proceda&s a sngle system. But new ERP systems
are anything but basic. In all asys of the company provides transparency,
analysis and efficiency. The most maaéechnologies ERP systems facilitate the
reattime flow of information between certain departngersio bginesses are able

to make dataentric decisions and to perform. The maturity oEampany’s
management system is determined by how well the comgamymplement and

use information technology in its management system. A mature company that
continuously applies information technologies can use them much faster to
achieveits goals and thereby increase its competitivendgslijformation and

time becone the decisive factors of productioh company can be considered
successful if its business (maeanent,executive and administrative) activities
and processes are supported by informatmhriologies, eg., management and
execution procedures and methods that require computer support at the given time
level [5]. The quality information system shautherebre be part of the logistics
management systerf][
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Nowadays, &ritical competencyor the successful work managers is the ability to
work with large amounts of data, to know them, to draw relevant conclusions from
them and to make further decispbasedn them[7] Information systems help
them in this activity, which fundamentally in#nce the way of working with data
and information, as well ab¢ ways of decisiomaking and communicatior8]f

The information system is a set of informatioreople, $ed information
technologies, work organization, business managerasniell as technical tools
and methods for the collection, transmission, stragd further processing of
data for the purpose of creating and providing information. The meétisdus
what we have to do in a certain stage of development or oper@fion [

Information gstems are currently an essential part of successful business
management. When we talk about information systems for business process
support and decision suppone mearbusiness applications that are collectively
known as enterprise rasrce planning systemsERP.

An ERP category information systetan be defineds an effective tool that can
cover the planning and management of the main internal businessspaéth
levels, from operative to strateg[@0]. ERP is a packaged business software
sysem that enables the automation and integration of most bugireEssses and

the sharing of business data within the entire company. The most important
internal pocessesovered by ERP systems are production, internal logistics, HR
and economics. The main purpose of these systems is the integration of individual
bushess functions at the level of the entire company, tte integration of
various applications esl in the company that ensure the information needs of
individual departments and divisions into a unit working on a unified database,
and thus reduces thisk [11].

The expectations of ERP systems cdexibility, expandability and modularity.
Flexibility mears that the system must be able to work in harmony even when
installed on different platforms, and communicate with personal computers as well
as other electronic devices, such as robotic arms on production lines ortadtoma
material handling equipment in warehouses. Within extensibility, we can
distinguish between vertical and horizongabwth, in both cases the expectation

is that the system is abte continue to function even in the eventinfreagng
product volume or widening product rangad to & able to perform its tasks
even during the introduction of new pesse$12].

As a result of integration, the efficiency of the internal operatipgstem of
companies is improved, the time spent on work processes is reduced, thus their
costs andisks ae reduced and customer satisfaction is significantly improved.

The concept of lean management has been in focus for recent years. It aims to
learn he sources of various losses inherent in operational processes and eliminate
them [13]. Undoubtedly the baefits are available if related data is adequately
managed. An advantage of standard corparsteagemeninformation systems
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over custorrdesigned itegrated corporatemanagemensystems is that they are
ready to purchase and a much more-effgdive solition [14].

The lean approach is based on the triple unity of purpose, processpedt ffler
people. Its main question is how to produce the highest value for the customer
using the least possible resources, time, energy effoit [15. A lean
organizaton recognizes what value means to its customers and strives to
congantly increase it in key procesdés]. The ultimate goal i® provide perfect
value to the customer through a perfect vaitesating process, in which the rate

of loss is zeroln order to achieve this, the lean approach shifts the focus of
management from the optimizan of isolated technologies, devices and
departments to the optimization of the flow of products and services, wHase va
processes flow through technologiegvides ad departments all the way to
customers. The power inherent in people is one of the driving forces behind lean.
It builds on the employees and thaeas, which is why this is also its critical
point [17]. How do we get them to do it in a societjere itis not natural to
“idea” at the level of operatord §] [19]?

Beyond the great opportunities of developing a corporate information system,
some limtations must be considered. A remarkable issue issthatlard systems

are built according to a geral caoporate structure, and as a result, they cannot be
adapted to each company so easily. In this case, we need to rethink whether we are
adapting the system itself to the business or the business to tm.syistboth

cases, these appear as a cagbfanthecompany’s budget.

Another disadvantageoussue maybe the burdenplacedon the employeeto
learnthe new systeminitially, employees may be afraid to use the new system
As the learning phase can take many months, ithial® a costin the budget.
Moreover, thedata migrationfrom apredecessor systeto the new architecture
can be difficult or inpossible As a result, a source of error arises during the
transfer of data, and in some cases functional achievementsusagesmay
occur between the two structures.

2 The Case of aSpecific Corporate Management
I nformation System

2.1 The Corporate and the Corporate Management
Information System ofcompany called ‘P@rtner”

The company was founded 30 years agthe Szeged are&urrerly, 14 people
work at the company. Thegre producedspecial vehicles and machines based on
individual customer ragrements For example,“smart” fertilizer spreader with
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GPS communication, snow plow, special trail@itse purpose of our research is to
plan a financial precalculation for the company regarding the purchase of the new
barcode warehouse management system. After that, the compaayagers
decide whether to buyor not.If they bought the warehouse management system,
what would be the payback period for theestment?Ne are looking for answers

to these questions.

We present the most important infation related to product identificaticafter

the presentation of the specific corperatanagement system. We present the
barcode identifiation method most uitable for the company. We are also
described the parameters of the selected barcode datataroléet barcode
printer. Then we will make the economic adétion of theseThe process of our
research can be seen in fiigure 1.

Figurel
The process adur research

The corporatananagemeninformation system of P@rtneERP is the standard
corporate managemenystem designed by Rose Software Kft., The predecessor
system of which is the Helix corporateanaementinformation system is still
operating at the examinedompany The standard corporatenanagement
information system is a modular architecture built around a framewaakleT1l
showsthe modules of the P@rtner corporat@anagemergystem.

Table 1
P@rtner. ERRorporatemanagemenhformation system modules
Framework
Trading module Tangible asset
Manufacture \Wages and labor
CRM Stock registry
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Project management Controlling, Business intelligence
Document management \Vehicle andmplement registration modulg
Proces management EKAER module

\Web portal, ERP on the web mobile. P@RTNER

\Web sh@ mobile.sales (PDA)

Banking relationship Additional features

2.2 Product I dentification, Visual | dentification

We present the important things aboptoduct identification and visua
identification, as we alluded to in the previous chapiierstindustrial companies,
including tourism[20] [21] and food supply compani¢22], have realized that it

is essential to use product identification and tracking systbotsat the same
time, the implementation of the system requires joint work of technical, tassine
and legal expertiseBeyond a logistic approachmanagement researchers and
economistsalso aredealing with the probleni23]. The inclusion of information
from customers and cligégsiin the system is becoming more and more important in
order to improvelogistics processes. Competitivenagsjuires coseffective
production and services from businesses, the key to which can be the proper
identification and tradkg of productg24].

A highlighted task within the supply chain is product identification adking
[25]. Visual identification, which requires person, does not meet today’s
logistical requirementslue to its excessive slowness and highrerate 6.

By using product identification systems, products can be tracked, procésd con
and inventory management can be improved. In the long run, this allows for
automatic product identification and traceability, thus improving supply chain
strategies. It increasethe overall redesignability of the entire supply chain by
removing a nurber of barriers that limit the structure of thepply chain [Z].

Today, science and technology bkabecome very dominan with human
knowledge and skills as th@rimary resource 10]. Within this, project
management [ is of increasing importance, including the inclusion of
information in the system, which may come from customers and clients, possibly
in the field of logistics [2].

Several categories of idefitation are known, the best known of which is
automatic identification. This identificationndludes the procedures and
technologies that make it possible to obtain information about an atifhciut
human intervention and transform it for further u8€].[] Automatic product
identification systems can provide companies with a lot of informatimwuta
different operations in the supply chain. However, it is important to collect
reliable informatiorcontinuously Theultimategoal is to find the appropriatiata
collection techology [31].
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In the increasing corporate competition, the -@fctive production of products
and the provision of services, warehousiBig],[ special storage and transpare
important, thekey to which may be the appropriate idécation. In practical life,

we can encounter two types of product identification. Thes¢haréwo types of
tactile and no#actile identification. One identifies the product using tactile
(mechanical) holes and cams. Unlike contactless forms of ideitiin, there is a
physical contact here. For naontact identification systems, four typesn be
distinguished. The chip card or RFID chip the electronic one uses to carry the
data.In the gtical solution, prodcts are identified using a barcode. tie tase of
magnetic i@ntification, you can track the products with the help of a magnetic
stiipe, while on a satellitbased GPS, you can track the products using an on
board computer.

2.3 Contactlessl dentification Flow by Barcodes

A simple but widely effective optical solutiororf product identification and
checking product flow is a barcode syst A barcode is a square or rectangular
shape that contains analog black lines with white spaces of varipes. si
The black lines and spaces in a barcode represent a maehdable cde in the
form of numbers and characters. It follows thdiarcoa is the wayto encode
information into a pictographic patterthat carthenbe reagdby a machine33].

A barcode isan identifier consisting of a combination of numbers #etters,

which is a coded form that can be read without any touch by machines. A barcode
is just an identifier, a reference number that points to a specific element in a
database. All other information is stored in the curretdtese.

There are two maitypes: onalimensional and twadimensional barcodes. A en
dimensional barcode is a defined alternation of vertical dark lines and light gaps of
different thicknesseshat provide information to theeader. In contrast, two
dimersional barcodes can carrynuch more information than their 1D
counterparts. Twalimensional identifiers use different geometric shapes for
identification.

The most common barcode is EAN13 (G7TIN), but in the database of the
examined company, theorporaé managemeninformation system generates a
barcode from the item numbers, although in some cases this has to be overwritten,
but it is very useful. Article numbers consist of numeric and alpmaric
characters. Therefordyeé most appropriate encodingdsde 128.

Code 128 is a rapidly expanding barcode system. The Code 128 barcdde has
modulewide characters, each consisting of three lines and three spaces. This
barcode system includes 2 types of verification codes for increased security.
The main featres of this barcode typare: it can display high information
densities and alphameric character sets, it can be continuous aneckeléking,

and it can be of variable length and its vasioises are standardized.
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The scaning itself is done by barcodsanners. Sensors must hble to read
black and white lines on products quicklydagfficiently. At the same time, they
must transmit the acquired information to a computer or terminal, which can
immediately identify them with the help of the biittproduct database3f.

2.4 Technical Support: BarcodeData Logger

The company needs fourchase datéoggersand a barcode printer for barcode
product identification. We will calculate the return on these. We describe the
properties of the specific barcodatdlogger The aquisition d 4 barcode data
loggers is required during the investm. In the selection process, we aimed to
provide the company with a data collector that is very powerful and, last but not
least, industrial.

For this purpose, we proposed two types of terminals fitee of which is a
Honeywel EDA61K mobile barcode da acquisition terminal, and the second is
the newest member of the MC3000 series made by Zebra Symbol. In terms of
value for money, the two products fall into almost themes category.

During the selection, the Zebra MC3300 was chosen by the investoZehna
MC3300 barcode mobile handheld data collection terminal is part of Zebra's
highly successful MC3000 series, which dates back 15 years. The Zebra MC3300
barcode datdogger runs on the Android epating system and is alsougoped

with a huge 4nch color touch screen. Developed for warehousing and
manufacturing environments with the following parameters (Table 2).

Table 2
Developed for warehousing and manufactugngironments with the folloing parameters

Component Parameters
CPU type QualcommB056 1.8 Ghz hexaore 64 bit
RAM 2GB, 16GB Flash (Standard)
Operating system |Android 7.0 Nougat AOSP GMS operating system
Keyboard 29-key keyboard
Screen WVGA 4-inch color toeh screen (480 x 800 pixels)

Roaming,Bluetooth [EEE 80211 a/b/dgn/ac/d/h/1/k/r/w fast
roaming, Bluetooth 4.1, 2.1 + EDR

1P IP54,-20 ° C to + 50 ° C, can be dropped from 1.5 me
Barcode scanner [1D laserimager barcode scanner, normal distance

2.5 Introducing a BarcodePrinter

The third pillar of tle system is the barcode printer, with which the barcodes
generated by the ERP system can be converted into physical form. The label
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printer is also a device designed and manufactured by Zebra Symbol that listens to
the ZD220. Its predecessor is the Zeb@4G0 label printer.

The Zebra ZD220 is an enttgvel model among 4’printers. More specific
parameters are (Table: 3)

Table 3
More specific parameters
Component Specific parameters

Type of prirting Direct thermal or thermal transferipting
Resolutbn 203 dpi / 8 dots per mm
Print speed 102mm / sec
Memory 256 MB Flash; 128 MB SDRAM
Program language support [EPL, ZPL
Maximum print width 4.09 in. / 104 mm
Firmware(basic software) |ZPL II; EPL 2; XML

3 Calculation of Return for a BarcodeWarehouse
ManagementSystem

Besides the technical and technological evaluation, the implementation of the idea
requires financial approval. The returm the investment may influence the
selected solutioror the services added to the systéhe cost of séing up a
barcode warehouse management system is H@B73%9(data based on 203

It can be implemented only on its own or with the help of support. The barcode
warehouse management system can be extended to all employees, wibra ver
that is only etended to office emplyees can also kenalyzed Accordingly, four

cases were examined. In case of A, we make the cost calculation for debarco
warehouse system paid for with our own capital, in whiehpttoject management
module is builfor theentire workforce.

In case of B, in addition to our own capital, we pay the costs from refundaiele sta
support, in which we want to expand the project management module to the full
number of employees.

In case Cwe pay with own capital, in whictihe progct management module is
extended only to office worker In case of D, we are combined C and B.

A summary of our results is shown in TableTéhe economic evaluation of the
investment is checked by some indica{®5], including:

NPV: NetPreseat Value[36]
IRR: InternalRate ofReturn[37]
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Pl:  Profitability Index
DPB: DiscountedPaybackPeriod[38] [39]

Table4
Summary of our calculation results
Case A [Case B Case C Case D
NPV (HUF) | 5991000 | 2886000 | 13220000 | 10115000
IRR (%) 18.05 11.49 43.24 32.56
Pl 1.23 1.11 1.71 1.54
DPB (year) 4.06 4.50 2.92 3.24

Based on the results obtained

CaseA, with the introduction of the barcode warehouse management information
system will show areturn within 5 years,using only thecompany’s own
resources. The net present value (NPV) received is FAI9BOBO, which is higher

than HUF 0, so the investment is expected to increase the value of the company
[40] and result in a positive net income in theyegar period unar review.

The calculatedniternal rate of return is 18.05%, whiis higher than the expected
return of 6%. The profitability index was 1.23 in the calculation, which is greate
than 1. The discounted payback period is 4.06 years, based on which tleg proje
will pay for itself in year 5. As the calculated and expected values are the same,
thisindicator also meets the expectations. Overall, Alternative A can be accepted.

Case Bassumes that thmtroduction of the barcode warehouse management
information ystem wouldreturnwithin 5 years by involving equity and repdya

state support. The net present value obtained during the investigatipositas

2886 HUF; therefore an investment is expected to increase the value of the
company.As a seond indicator, we examineithe internal rate of return, which
was 11.49%. As this value is higher than the expected return of 6%, this indicator
is also considered acceptable. Next, we examined the profitability indeh ish

1.11. As greater #n 1, itis considered acceptableinglly, we calculated the
discountedpayback period, resulting in 4.50 years. The return on investment is
also expected within the expected 5 years. In summary, option B is also acceptable
for all indicators.

Case Cassumed that we will extend the projectnanagement module in the
expansion of the ERP system only among office emploiyet® structure of the
barcode systenand thus the investment witkturnin 5 yearsNPV for the case is

HUF 1320000. This value is rgater than zero and is thereforensidered
acceptable. The internal eabtf return was 43.24%. The present result shows a
higher return than the expected 6%. The profitability index was 1.71, which is
higher than 1. The last time the discounted paybaciog wascalculated, and the
resultwas 2.92 years, which means that the investment pays off in the third year.
The project must therefore be approved. In the case of C, all the calculatesl valu
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deviated in the positive direction coamed to the set onsp we can accept this
alternative as well.

Case Dassumed that with thextended project management for office staff, the
barcode warehouse management system wetltnin 5 years, financed from its
own and repayable state support. The first indicatas the nepresent value
(NPV), forwhich we received HUF 1 5000. We then examined the internal rate

of return, which gave a value of 32.56%. This result is higher than the expected
6% yield, so we also accept tfiisal result. The profitability indeis calcdated at

1.54, which is grater than 1. The discounted paybackipd is 3.24 years. In
summary, in the case of D as well, all indicators showed a corresponding value.

Conclusions

The case example showed that the problem must be dealt with amplex
manner. We know that theexistmore modern technologies and there are many
possibilities within them, but integration into the system is mongontant than

the device. That is why we chose the tool described above. We made economic
calculatons for four investment alternatigeAs the four investment alternatse

met the exam requirements. Howewareneed to choose the one that is best for
ones company.

Comparing all the indicators, we can see tiase C providesthe highest net
present vala, profitability index and internal rate of return. In additithrg return
on the investment is the best in this case compared to the .otBershis
alternative is best suited for a business ttatsiss of nothing more than the
introducton of a barcode warehouse management system with an estpraject
management module for office employees involving only equity.

But if we also take into account the subjective fadtmat this system does not yet
fully cover the possibilities of an tegrated corporatenanagmentinformation
system, e.g.a record of the working time associated with the bar code system to
be introduced at a later date. Then, in that case, the best solution wabhle be
first, CaseA, which does not bring aauch revenue to the businessCase C, but
provides a more proising opportunity for further development for the company

According to the research questi@s towhether it is worth implementing the
warehouse management system, the caseiestunf this paper provides
confirmation. The rirn on the investment is within folyears which can be
considered positive. Th case study can serve as a sample for similar projects,
includinganyevaluation methods
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Improving Multiagent Actor -Critic
Architectures, with Opponent Approximation
and Dropout for Control

Gabor Paczolay, Istvan Harmati

'HSDUWPHQW RI &RQWURO (QJLQHHULQJ %XGDSHVW 8Ql
(FRQRPLFV t 0B/ RNRBW 4117 % XGDSHVW +XQJDU\
SDF]ROD\#LLWIEPRDMX. #LLW EPH KX

Abstract:In the domain of reinforcement learning, solution proposals to multiagent problems
are evolving We propose a new algorithm, MADDPGX, to handle the problem of higher
uncertainty created by other agents’ actions by an enemy actor approximator, and we
investigate the most efficietgchnique of estimations. This approximation wornksinga
neural networkwhich has the inpubf the state and the output as the action (probably
preferred by the enemy agent). We also experimented with dropout, a tool dgrmsex

for neural networksbut has not been used efficiently for reinforcement learning until.now
We have also found that in multiagent actearitic scenarios it can improveoverall
performanceGeneraly, our contribution is the use of actiapproximation of adversaries
and the dropout usage in actoritic systems, with a conclusion that the newly proposed
methods il perform better in zersum multiagent robot system scenarios. The experiments
were conductedh a multiagent predateprey environment.

Keywords: reinforcement learningmultiagent learningdropout MADDPG, MADDPGX

1 Introduction

SHLQIRUFHPHQW OHDUQLQUHIOWG DQDWWHHEGRPDLQJRI DL
LOQWHOOLJHQFH 'XH WR WKH LQRNMHINVHHRR WLKH AR B DWW
WR VROYH PRUH FRPSOH[ FRQWURO SUREOQHANXIHIH. FLHQ
D YHU\ I[IUDJLOH DQG SUHFLVH PDWKH RDLSIOFD D IMRGHO L G
WKH HQYLURQPHQW PDNHV LW PWBRKRKKDUIBGIW WRWIRAYXH
KLIJK XQFHUWDLQW\ UHODWHG WR WKHMW SAHSHHRWEBF SRO
WKHLU RZQ DFWLRQ WKH OHDUQLQIHBURWBFLAKKRPMV-EHOQRC
LW LV KDUGHU WR GHDO ZLWK W KHRIDF W QA\RKNDRNH W DR WH. D
LQ WKH VDPH VLWXDWLRQ GXH WR WKHLU IOHDUQLQJ |
DGGUHVVHGGR\PWKGE RXPXOWLDIJHQW UHLERRVEGRHQW OH
WKH PXOWLWXGH RI WKH DIJHQWYV DRSS R QW QMAY YW D E WV RAC
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WKLY EUDQFK LV FDOOHmIBY VD VRIPGB WILLRV LM WX OMN W R
DFWLRQ HQVHPEOH ZKLFK OHDGV WR IWKRRRMMNMWHYZD U
PXODNHQW VFHQDULR 2XU SURSRVHG DSDIRHUUL W RN WKD
WHFWR ERWK WKH FRRSHUDWLYH DQG WKH FRPSHWLWLY
ZH XVH DQG DV LW ZLOO ODWHU EHVFOWHKB LEBXW WRHW KLH/
XVHG RQ WKH FRPSHWLWLYH GRPDLQ GKXADWRRNKH ORZH

KHQHYHU ZH KXPDQV WU\ WR ILJXUH RGWFWKRXEHVW |
RSSROQHQWTV KRVWLOH EHKDYLRU ZH FDQ OBWN RXUVHO
LQ WKLV VLWXDWLRQ" 7KHQ ZH WDNH WEKRVWHIGVRVQ PDWLI
LW GHFLGLQJ WKH DFWLRQ ZKLFK KIRH0 GW ZKDW KAHH EXHWHN
LQ RXU SURSRWHH/OUIRROWHK RV K HD R B/3 R Q HIWWAL P Q/ RNHDQMH
DFWRUWLF DOJRULWKPV LW LV WKH WFUWR UV IDINHY WKD V
HVWLPDWIURM ROVLB/V LQSXW 7KH FULWLF LR@WVR WUDL
PDGH E\ WKH DSSUR[LPDWLQJ PRGHO

/IDWHU LQ WKLV SDSHU ZH H[DPLQH WKH HUHLFGNRIRI D
UHLQIRUFHPHQW OHDUQLQJ ,W LWDEGW IGYHHOW R VIHAGV LK)I | H
Rl GHFUHDVLQJ WKH SRVVLELOLW\ RI RZDHURISBRVEE E XV
IRUHLQIRUFHPHQW OHDUQK®QJK HHY SYHDRULLEDOQCAH E H\F BORMA U H
VLQDOHQW UHLQIRUFHPHQW OHDUQLQJ GKIH GURIRXW |
GRPDLQ RI PXOWLDJHQW UHLQIRUFHPHOQW ROHDBDRERAU ZH
2XU UHVXOMWKDWKBURSRXW KDV LWV FHUWBRHQNIODFH LQ
WR JLYH DV SUHFLVH LQIRUPDWLRQ RQ LWV SRVVLEOH D

ILWWEPZDV WKH ILUVW-W RDXNHYRLRX®PWLDIJHQW UHLQIRUT
OHDUQLQJ DOJRULWKP DQG KH DSSOLH® YW R@PHYWP SO
ODWHU +X D Q4] HORPIKWGW K IRVKWKP WR WKH ZRUOG
XWLOL]HG LQZRW®PG D YUUBQPHQW WR VKRZ WKH DOJRL
%RZOYGQUBHG XS WKH WUDLQLQJ SURFHVV ZKLOH HQVXU|
WKH OHDUQLQJ UDWH /DWHU KH DSSQQDN® RHWKRRERFORD
WR DQ DOJRULWKP EMMHGLARY\DWHPFWRUKDYH EHWWH
SHUIRUBIDQFH

5HLQIRUFHPHQW OHDUQLQJYV KXJH OHDSIIBHWAHBUG KDS S
QHXUDO QHWZRUNV ZDV LPSURYHG DQG RQHKFRWOG XVH
DR5]LQYHQWHG-WHKWZRUHIS 441 DOJRULWKP DQG LWV LQY]
WR SOD\ $WDUL JDPHV ZLWK VXFFHWWLE) PKSOHNLLSH@H HU L
UHSOD\ IRU EHWWHU FKDQFH IRU FRQYHUBISQFH 7KH{(
UHLQIRUFHPHQW OBDHQWQV\DWBPRXQWN PRVW VLPSOH
LQGHSHQGHINN W XOMLIQ | R Q B H PRIMUAY VB]HHD[\$HBU IDFCH Q W H G

ZLWK VWDELOL]JLQJ H[SHULHQFH UHZODG\D EXG! Qb [RV VW
WR LPSURYH FRQYHUJHQGHD URUW QD G HA HEFDHMB G LQJ V.
ILQJHUSULQWY B5HVHDUFKHUV KDYH D&WROBEBH PXOWL
FHQWUDOL]HG OHDUQLQJ DQG GHFHQWUD®H®G H[HFXV
YRHUVWHUFHWDDVHG &RXQVWSHHDWVBRDOQFOXQWGLHQWY ZK
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SUREOHP-BIHFPXWWUHGLW DVVLIQPHQW ZDV VROYHG E\ V
FRPSDULQJ LWV DFWLRQV WR RWKHU DAMWLDRMMGLW FRXO
9DOXH 'HFRPSRVLWLRQ 1HWZRUNV ZLWK D FRPPRQ L
GHFRPSRVLWLR{14 MRXGHHW DURYHPHQWY WR WKH 'HHS
3ROLF\ *UDGLHQW DOJRULWKP E\ D FKDRQVQRI W IO RU LWL
DIHQWYV WKLV FKDQJH WKXV WKH DOJRMNIMNXWY ZRXOC
HQYLURQPHQWY ZLWK EHWVWIB]WP BIGHFDE QB Q FEKLHKXXW \H W R
SUHYLRHWFULEHE DOJRULWKP E\ DOWHULQJ LW WR LC
SHUIRUPDQFH LQ HQYNVXRQFPHEWVEY XWKQHORPHWKRG ED\
OLQLPDOHDUQLQJ DOJBUDSWKPLHG® YD HORGHO 2SSRQHQW /
DOJRULWKP WR WKH SUHYLRXVO\ PHQWLR@BHG 0$''3* P
PRGLILHG OQLKNWHRIBSNADOJRULWKP E\ XVLQJ PHWKRG
HTXLOLEULD ZKLFK PDGHJIMQWED@YWBRCRPMHYHVFXO WL

7R LQVSHFW WKH SHUIRUPDQFH RI WXR LRD B 6 JRWY. MKPY
EHQFKPDUNV HYHQ IRU PXOWLDJHZWVR@XLWR 8 PPN V
RI 6WDUFUDIW ,, DQG PDGH LW WR EBJBQOW ME B QO U LHROW |
6DPYHO\DQ[I$IWDOD/®R XWLOL]HG 6WDUFUDIW DV D PXO\
HQYLURQPHQW EXW LQ WKLV FDVH WR®B LOQLP HIDRK PLE LR
VHSDUDWH Q18] FIUH BBWHBSOD PXOWLDJHQW FRRWH® XRXV VI
VRFFHU HQYLURWPRQMDGHDKEIM DGYDQFHDRHQWY RI PX
OHDUQLQJ ZLWK WKH +DQDEL JDPH EHQFKWBWNWAKHUH V
HDFK RWKHU LQ SDUWLDOO\ REVHUYDEOH VFHQDULRYV

2WKMULQ GV RI FRQWURO DQG OHDUQLQJ DOJRULWKPV PD\
HW IPEORPSDUHG 03& DQGSRZHRQMOMHFA URQLF GHYLFHV +
9] FUHDWHG D WHVW SO DWIRKPWIEIHWHROY | 6 OT XCRIRDMW L
SURJUDPPLQJ LQ IRYUMNXEMHWAMEG JHQHULF '2) OLQHDU
IX]]\ FRQWUROOHUYV |RYHIPQBW JIDDXOWS ORFHA/ MHM G SRLQ
LWHUDWLRQ LQ VLQJOH YDULDEDMH LMHAFRGIGHREG AU V\VW
DQ DFWRWLF 5/ VROXWLRQ IRU VHUYR V\VWQHWYXH2XU PH\
PHWKRGY OLVWHG LQ WKH SDUDJUDSK

2XU ZRUN DOVR EXLOGV XSRQ WKH 0$"'13*UB & WHI IR KW KIHQ
ORGHO 2SSRQHQW /HDUQLQJ DOJRULWKP EXW UHOL
DSSUR[LPDWLRQ RI WKH DFWRUV XVLQMH DVGHX\\DDWHIW 2
DQG WKH RXWSXWV DUH WKH DJHQW VLV RNV SPWDREDE O +
FRQWULEXWLRQ LQ WKLV SDSHU DQG LWWADQQLPSURY
FRPSHWLWLYH HQYLURQPHQWYV $0VRKEZW HFAW XUGINHSE
DOJRULWKP UHDOL]DWRRIOPD WIL RVE H, Q FMARIQVDB U ZH DS
XVDJH Rl GURSRXW LQ ZD\V WKDW ZHQH QRBPWLRKGREH IR
LWV XVDJH DV ZH FDQ 7KLV FRQWULERWMRG XWQOL]JHV
RWKHU GRPDLQV RI GHHS OHDUQQQG HMHBGUSIW R YRIWF WHRH |
OHDUQLQJ DV ZHOO
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2XU QHZ PHWKRGRORJLHYV KDYH WKHLULFDVWARIQY PRV LW
ZHOO 7KH RSSRQHQW DSSUR[LPDMRUP-PEWERGCURE KWD E (
VIVWHPYV VXFK DV FROOLVLRQ PKRUSB DWKH RYWKHW B OMDIM
EH FRQVLGHUHG QYG: WXHPREMHFWLYH LV WR PLQLPL]H W
LV DIO/®RPDQQHG $HULDO 9HKURODKD URE LR W KOHU DU \D I D L
LOQOWUZXZBHWWRSRXW FRQWULEXWLRQ LV DOVR XWLOH XQ
DOVR EHL@VIHQ X ®XHODQWL. V AHRIDVUULREY SUREDKHIPNZLQFOXGHC
LGHDV RI WKLV SDSHU DUH WKH 0$""XWIDOOJRWIWRP DQG

,Q WARWNLUVW ZH WDNH D ORRN DW WKH WKRRUHIWWHLFDO
XVHG EHQFKPDUNV IRU RXU WHVWV WKHOBVXOWNMODLQ
REWDLQHG E\ WKHP $W WKH HQG ZH FRIRAOWEHHRXU ZR|
UHVHDUFK SRVVLELOLWLHYV

2 Theoretical Background

2.1 Markov Decision Processes

ODUNRY '"HFLVLRQ 3URNFIHPH SWREFHKMWHARHVEHHFLVLRQ PDNL
J)LIXUH VKRZV WKH EDVLFV RI WKLV WIOHRVKRI®O RAIFQID |
HOHPHQWY VWDWHV RI WKH ZKROHMKHYD URQWH QYWD QN OW
SUREWEHWILEHWZHHQ WKH VWDWHY ZLWHELYHQSWRWVWKR W k
DIH@WMYHU\ WLPHVWHS WKH SURFHVV KNM$H¥FKHLNDPH P
VWODWHW KDV DQ DYDLODEOH DFWLRQ VIDFAMWWL RQRP WKDW
DOQEBDVHG RO DFRH R/ BWHU LW ZLNO OWKHIEH L WHDL WIHYZDW G
QHZ VODWWWRFKDVWLF SURFHVYVY LV FDOOHG ODUNRYLD((

A= Yol M= A15= 4 (1

ZKLFK FDQ EH GHVFULEHG VXFK DV VW DWWDW U DIMYEW LR
WKH FXUUHQWO\ VHOHFWHG DFWLRQSRXN MRV WKL W KRG
GHFLVLRQ RI WKH IROORZLQJ VWDWH

7KH SROLFADMWVR@WHWVLIQPHQW LV YHU\ LPSRUWDQW
BURFHVVHYVY $JHQWYV DUH WU\LQJ WR VHHRLIRUWIK® RS W
UHWXUQ WKH VXP RI GLVFRXQWHG H[SAARWEOG WKRBWUGYV
DIJHQWYV SUHIHU DQ LPPHGLDWH UHZDDG-®HDLONVMQWRQH
GHWHUPLQHY KRZ EHWWHU D UHZDUGRLWHAFZWYKGUHY SAHKRHV
QH[W VWDWH 7R ILQG D JHQHWKD® R/ RGKWLRQ [RU WIGHSSRI
RI WKHOOPDQ MIRDMNMRQPDWLYH VHDUFK 7KH %HOOPDG
IROORZLQJ IRUP

R™Y= 1=T{ N™)+ OAnn( ™ R &) (2
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ZKHYB3 LV WKH UHZDUG JDLQHG=IURP ®BDWHPAWLIOJ DFW
FRHIILFLHQW GHFLGLQJ KRZ PXFK PRUHHYRRWWQRQW D
FRPSDULVRQ ZLWK WKHAIKXOHXUWH WKEDWGNQWDLQME. RQ SUR
IXQFWLRQ ,W LV FRQFOXGHG IURP WXADNO HD X DA MRKQ WAKKH
G\QDPLFV RI WKH HQYLURQPHQW LW FDQ ILQG WKH RSW

YLJI XU H
ODUNRY 'HFLVLRQ 3URFHVV

2.2 Reinforcement Learning

S5HLQIRUFHPHQW OHDUQLQJ LV D VXESUREQHPHRJ WHKWBINR"
HLWKHU UHZDUGV RU WKH VWDWH & UDQWKWYRKD SHREDE
KDV WR VHHN WR FUHDWH D SURSHUVEBRIGHO R IDWW HRKYY
DQG @HPWUIURP WKH UHZDUGY DQG WKH HUURUYV

7KHUH DUH WZR PDLQ NLQG WaRib-haset Q Qalitybased QW OHDUQ
UHLQIRUFHPHQW OHDUQLQJ

,Q WKH VFHQ-EDMH R IUVHRLQXRUFHPHQW OHDUQLQJ DJHQW
WR WKH VWDWHV RU WR WKH DFWLRQVDWHKDBW DUH
7KH DIRUHPHQWLRQHG YDOXHV FRLQFLGHKHZDWHQWKH HI[S
VHOHFWV D FHUWDLQ DFWLRQ LQ D VSHFLILF VWDWH

7KH PRVW JHQHUDOO\-EWVEGC]HGE INLIRE RH PHROXKHDUQLQ
learnng ,W LV DQ DOJRULWKIPOXKBPIWHY R @/ PFWH R@QOXHV DUH
DOO RI WOKRWNRDWB LUV RI WRKH BIQXHVR-EDBDQWE 74K H
FRUUHVSRQG WR WKH YDOXH HTXDO WR WKRJIDPRXQW R
FHUWDLQ DFWLRQ LQ D FHUWDLQ VHWHWBOXHKW HW X\DKWL R |
IROORZLQJ

(MY Z@F Y, E M+ U (N O maxd Q=) @

ZKHUFRUUHVSRQGV WR WKAR OUBVRR QG \WU BDAMRHWIXBIGG LV FR
UHZRTYGLY D@MROILF\ 7' WHPSRUDO GLIIHUHQFH FRQWURDO
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LV WR FKRRVH WKH DFWLRQ WKDWXRRX LR FAQUWRK MW GUPL
VWDWH

,Q SRBD¥HG UHLQIRUFHPHQW OHDUQLQJ WIKWKHWLRQV
VWDWH 21 WKLV W\SH WKHpd&lity\ghadiehRE8P R@ HVMQHWIKGIL T X H L
SROLF\ LV JLYHQ E‘%W WXHG SWK B PHWIQUW WULHY WR UHDF
H[SHFWHG UHZDUG IRUND V&BKHAL UULFY MU XM HWEFRVIRW \W K H FR'
EDVHG RQ WKH SDUDPHWHUYV LV WKLY HTXDWLRQ

CERNLY “

7KH WXQLQJ RI WKH SDUDPHWHUV LV SWURR WPKHS FZRVWK
IXQFWLRQ

AD>}5: A;"' U (AQ 5

SROE®P\WHG PHWKRGY KDYH WKHLU RZQ DGYDEROWMDJIHYV D Q(
WR PDS HQYLURQPHQWY ZLWK JUHDW (RUOKRQMNAXXKR XV
EDVHG PHWKRGY FDQQRW PDS KXJH DFWWREONHSVEHYV GXF
SROEB\WHGWKRGY DUH DOVR HIILFLHQW IRURWKRBDULRYV Z
KDQG WKH\ DUH PRUH SURQH WR JHWIVWREN QN WKEIRFI
RSWLPDO SROLF\

2.3 Multi -Agent Systems, Markov Games

7R IXOO\ XQGHUVWDQG WKH ODUNRY JDPHWVLEQH KDV
IUDPHZRUN RI PDWUL[ JDPHV ,Q VDKFDAA RIQ U W HHD WHK HD\J Bl
WKHLU FXUUHQW UHZDUG 7KLV UHZDFG LRQE IIKHE HRQ
VFHQDULRY FDQ EH GHVFULEHG LQ BFMDMWWKHIBRP EDKHU
RQ LWV DFWLRQ DQG WKH RWKHU PAHIORAEF W R QWKIHL @ R OXXI
UHZDUG IRU HDFK DJHQW 7KHVH JDPHV FDQ RQO\ FRQWI

$ PXWDWH DXJPHQWDWLRQ RI PDWUL[ JDIPGHRWLKR/HRID O O H ¢
ZRUGLQJ 6WRFKDVWLF JDPH $QRWKHU D DURDEW LFDQ E
DIJHQW H[WHQVLRQ RI ODUNRY 'HFLVLRQ WKRFWWWDNM YV, Q
FRQWDLQ D VSHFLILF PDWUL[ FDOOHG FDRRDIVPWKWHIL[ Z
PDWUL[ LQ ODWUL[ JDPHV 7KXV WKH JHYZDRG RN WKH L C
DIJHQWYV DQG WKLV FDQ EH DOVRWNDG® WRXEH VO K NRIY W
LLW DGKHUHV WR WKH IROORZLQJ

A== 10 WY = A= 1 ®

ZKLFK PHDQV WKDW WKH XSFRPLQJ VWDWHVIH DUR®OHO\ G
WKH SUHVHQW DFWLRQV VHOHFWHG E\ DOO RI WKH DJHQ
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2.4 Deep Reinforcement Learning

'HHS UHLQIRUFHPHQW OHDQLQJ LV D ¥KEFIODRVWRGHGELQ
E\ D QHXUDO QHWZRUN

$Q DUWLILFLDO QHXUDO QHWZRUN LVWEBLWYXEDWMMW RMKPD
IXQFWLRQ DSSUR[LPDWLRQ LV SHUIRUPHG E\ D QHWZR!
DUWLILFLDO QHXURQV $UWLILFLDO M@ WRHL U HE\HHKDEYQ R
LV GHWHEURLIQHGROORZLQJ HTXDWLRQ
U= #2(Aez+ @
,Q WKLV HFRDWHRSQRQGV WRSWWK KV K8 OH IXKMFWREWRU  Zt
WDNHQ ZIHWOKHMHBW SURGXFW Rl WKH SUHYSLIRXVO\ PHQV
FDOOHG ELDV DV LW LV D YDULDEOH KLRQNWN® @\ VIRG B Hi ¢
GHVFULEHG DV D UHJXODU ZHLJKW FRQQHBWHG WR WK
FRUUHVSRQGV WR WKH DFWLYDWLRQ IXQFRWHRWQ ZKLFK
QRQOLQHDU E\ LQWURGXFLQJ QRQOLQHWDKER W\S WHKGX\F\G H'
QRQOLQHDU UHODWLRQV 7KB DM DOH RSIHWKRHJ BH® DER H
EDFNSURSDJDWLRQ ZKHUH WKH SDUWR. MK K HQISKDWLED H
FDOFXODWHG VWDUWLQJ IURP WK URGDODNUHIR & DB R BDW
WKURXJK SUHYLRXV OD\HUV XS XQWLO WKH LQSXW YHFW

2QH PXVW WDON DERXW WKH GLIIHUHQ® H DEHN.DHHIMQW U D
GHHS UHLQIRUFHPHQW OHDUQLQQ X PRI UDIBW WO W OKIIHW D F
VXFK DV DEDQGRQLQJ WKH VWDWH W D E OGHEM ZIRSSNMR [L P D
ZKLFK LV PRUH UREXVW WKDQ JHQHUNOX®LWRDRD®SSUF
VFHQDULRYV ZLWK KXJH RU HYHQ FRQWLQXRKIV VWDWH \
PHPRU\ QHHG Rl WKH ZKROH VWDWH VSDFHQM) WKH R\
OHDUQLQJ FRQYHUJHV LQ OHVV VLWXDWLUIRYH EMWHIV D P
PDGH WR HQVXUH FRQYHUJHQFH Rl WKH OHDUQLQJ LQ P]

2.5 Actor-Critic

$Q DPDOJDPDWERQHR DOEDSRGLFMLQIRUFHPHQW OHDUQL
DQ DFWRWLF DOJRULWKP 7KLVGRENIDFAWK B HORWDDADD QW |
7KH ILUVW LV FDOOHG &U LVEDRN HZK URKL Q IRRVUHFEPGIHW Y DX
DSSUR[LPDWLQJ D YDOXH IXOFPOWREA $FQ®R IWKZK VFHER Q G
SROGEPVHG UHLQIRUFHPHQW OHDUQLQJ UHBGHUV DQ |
7Kt QHWZRUNBEDNVWE RHGEWKH GLUHFWLRQ VXJIJHVWHG E
IROORZV DQ DSSUR[LPIDWH SROLF\ JUDGLHQW

1 (3 Ngl[l HKQ Q3 3( ™]
a= Ul HKeQ 03 3s( ™) (8
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7KH ODWWHU HTXDWLRQ LV WKH PRWLHHEUDW LLAAD O LINUHRWP XDV
WKH GLUHFWLRQ RI WKH SDUDPHWRWUWWBGERQEW WR WKK
OHDUQLQJ UDWH D VFDODU ZKLFK GHWH UPKI) RWWHKBH DP
SDUWV VKRZ WKDW WKH GLUHFWLRGRULFAYWOPBY WWKH
YDOXH IXQFWLRQ

7KH SROLF\ JUDGLHQW DSSUR[LPDWLRQRUWKGHKFH\DWIILFI
LOQOWURGXFHG DQG WKLVOHLDYLLED Q7 KHD NYHD GRXH I XQFW I
DSSUR[LPDWLRQ KDV WR EH FKRVHQ ZLWK JUHDW FDUH

,Q FRPSDULVRQ ZLWK UHJXODU GHHBUUWLMLYI ®OBRRH QYW PO
DFKLHYH EHWWHU SHUIRUPDQFH % \NWKHKNKXWLOWHPNEBQ
DYRLG EHLQJ VWXFN LQ D ORFDO H[WQHWXRUDNQ & HBN WHKW
FRQYHUJHQFH FDQ EH DFKLHYHG LQ DGGLMWYRQ WR PDS
FROQOWLQXRXV DFWLRQ VSDFHV

2.6 MADDPG Algorithm

0$''3* OXOWLDJHQW 'HHS 'HWHUPLQLVWLF QWROLF\ *UD(
HIWHQVLRQ WR WKH ""3* '"HHS '"HWHUPLWKF WZKLEFROLLW\ *L
DQ DFWRWLF DOJRULWKP IRU FRQWLQXRXV DFWLRQ VSDEF

J)LUVW RI DOO ERWK 0$''3* DQG ''3* XVH DR BHEBOIOHQF
SUHY LR XD/F WIMKRIMHGW VWDWH WXSOHV ,W VWRUHV DQ
(T"=NTHY %\ LWV XWLOL]DWLRQ WKH VIVWHPHZLOO XWLO
HIILFLHQWO\ DV LW ZLOO OHDUQ WKH W[3HDQ HRRHY A KO
ZLWK D KLJKHU VXFFHVV UDWH GXHHWR HOFFHWY QRW RQC

/HW{V WDNH D FORVHU ORRN DW @HKWARUNVQ L7TGKH RFIUWW H F
XSGGENHPLQLPL]LQDWHKHUBR YV V

da)= SA(UF 3TN ) ©

WKHUH

V= N+ O Yo o o= )
7KLV ODWWHU HTXDWLRQ VKRZV WKDMDURHW RAWRUW \
FRPSXWH WKHP OHDQZKLOH WKH DFWRUGLSRGGEDWHG X
JUDGLHQW

i ONCAGT Al K Tas (T . = =D .
Fo NAT AR T T0 =% =)l g 60§ 11
,Q WKLV HTXDWLRQ ZH VHH WKDW ZRi WSBHWHR WKH JUDC
SDUDPHWHUV ZLWK WKH KHOS RI D FHQWUDO FULWLF
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2.7 Dropout

'URSRXW LV PRVWO\ XVHG WR UHGXFH RWHULWMWKQQJILVQ
D FDVH ZKHQ WKH IXQFWLRQ DSSUR [ I[RRUINW RIW QLEH WK MUK L
SDUDPHWHUV WR WKH WUDLQLQJ GDWWKXNOWKHXW F
DSSUR[LFDIQMRW EH XWLOL]JHG IRU DQ\ XVHIXGWHDVN DSI
LQSXW YDOXHV DUH D VXE[VIH®1] Rl MWK H WD @G WEROX I§
QHWZRUN RU UDWKHU WR D OD\HU X WRKQHVQ DWIKIHRQIOW Z |
SUHVHQW SURBKDBLOLW\ GXULQJ WKH WUDLQLQJ SURFHYV
WUDLQLQJ VWDJH LQGLYLGXDO QHXURQYLWHKHDHLWKH !
SUREDIERDRWWHSW ZLWKLDVSBREDEDRHLRQO\ D UHGXFHG
OHIW ,Q WKH WHVWLQJ LQIHUHQFHUSIWRIBNY V7 KLR/ZWYUIBU Q
PHWKRG PDNHV WKH WUDLQLQJ SURFHVQ\QRDYNH FRRUFLQ.
PRUH RU OHVV UHVSRQVLEKSLGHWR B UMKV LQRSW WKW HEV | X
WKH WUDLQLQJ SURFHVV LQYWMBG D YXGMHW RW ZARUH
UHTXLUHG IRU OD\HUV ZLWK GURSRXWHWXDWHORRI RQH
UHSUHVHQWDWLRQ 7KH PRVW XVHG DM\GURWXD CROA WK H
GURSRXW LV

3 Experiments

$vV D EHQFKPDUN ZH XVHG WKH OXOW[LDOHEWDYIDUWLE®H
D PXOWLDJHQW HQYLURQPHQW HQVHPEOM HLWKHWHYHU|
FRPPXQLEDWHRBQRU DU PERK® FLHWGWOM PRYLQJ LQ D FRC
ZRUOG WIPRERBSWRVK VSHFLILF WDVNV W LWHZULWWHQ
UHVHPEOHV DQG LV EXMWDVM) XBRQ LWWHUIBBHWLRI 2SHQ
HQYLURQPHQWYV ZKLFK PDNHV FRQOQHFWHQZHHE QWW HD
LQWHUIDFH DQG *\WKW DDHWGWHKHDMR *\P GRHV QRW VXSS
HQYLURQPHQWY XS XQWLO WKH ZULWLQMURDWIKRQSYDSHU
DQG DFWLRQV DUH OLVWHG LQ D XQLTXH VEKMVY HDVLO\
HQYLURQPHQW HQVHPEOH RI-IBI H8 YYY\WUHRE MHKHW VIRIS\D H
SUHGPWHRURU BXKDWXR® HQYLURQPHQW ZLWK SUHGDWR
WKH ODWWHU LV IDVWHU DQG DOVR KREW WBWWHNM RDF FHK
SODQH WKDW FDQQRW EH FURVVHG 7KHVDIRTXONRPRYHPH(
(F lu.aUu @YV (12

ZKHUHY WKH DJIJHOWWIONW\DIHQW DFFHOHUDWLRQ LI LW F
RWKHUZLVH LWLW WWH IDFVMQW \D WWKHRQRLDYB LI H[LVWYV

I[URP WKH IRUFHV D YHORFLW\ LV FDOFXODWHG

_ cd57%

= R »@P (13
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ZKHO@HY WKH GDPSLQJ 7KH KHUH XQQHFHVVDU\ SURGXFV
DSSOLHG GXH WR WKH SRVVLEOH DGGLWQRQLRNVNHQYLUI
JLQDOO\ WKH SRVLWLRQ LV FDOFXODWHG VXFK DV

T= Tot Rj,@Q@P (14

7KH SUHGDWRUV KDYH WR FDWFK WKH SDUG DBRHQW DC
FDWFKLQJ WKH DJHQW ZKLOH EHLQJIDREX KW HWKH: BQ H\
WKH SUREOHP RI VSDUVH UHZDUGYV ZKUUFKHPSDKWHW WD W
RQO\ RO D VPDOO VXEVHW RI WKH HOYWXYROPE RO VVRH S
WKLY FDVH WKH SUH\ JHWV ELJIJHRP WHKZHD SGVW AR W EWHVY
SRVVLEOH DQG WKH SUHGDWRUV JHW QWWDWEWXYWHWRHZDU
WKH SUH\ DVKBWHWBXYS LV UHODWLYHO\ ELH\AHU LI RQH D
7KH H[DFW UHZDUG IXQFWLRQ IRU WKH SUH\ LV DV IROO

N= ? (FL0)+0.1 ¥A( TaagiF hap

(15

ZKHNIW WKH MHZWHE FROOLVIBRQHEWRB RYLWQBQV 7KH
IXQFWLRQ IRU WKH SUHGDWRU LV WKH IROORZLQJ

NE 2 30 FO.1,1EJomag¥A(ToF hag® 16

,Q RXU HQYLURQPHQW VHWWLQJV DV WKHUW LV RQO\
GLVDSSHDUV DQG WKH ODWWHU SDUWWVKH EQWK HTXD
GLIIHUHQFH BMIBHZB®QFWH RQSIDWUWKBAKLOH IRU WKH SU
PHDQV D ERROHDQ RU IRU WK IR GG EHOVXMR QVWKM F
SUHGDWRUV DQG WKH SUH\ WKXV UHDFKLRRUWKH SUH\
UHZDUG

7KH HSLVRGHV DUH WHUPLQDWHG DRWEH{UZ H YOV E 5D DY R H
UHJDUGLQJ WKH WUDLQLQJ EHLQJ PHDQLQOIR@IDQG WK
IRU WKH WUDLQLQJ SURFHVV DQG RWXMWURFIDOFX DG WLKRDQ
WKSLMRGHYV ZRXOG VWDOO ZLWK WKH SUHV DRHQW JHW\
ORQJ WLPHV PRGLI\LQJ WKH UHZDUGV E\ WK J DPRXC
HQYLURQPHQW FDQ EH VHHQ RQ )LMKH SUBRIGHWR WK HWI
JUHHQ RQH\ LD QBKWISHUELJIJHU EODFN FLUFOHV DUH WKH
WUDYHUYRDBO 7RIHWKH HQYLURQPW QWR IFRLLD MPKLHGIS W K 8 DML
ZKLFK LW DUULYHV WKH FORVHVW WR WRHPSULR L JBIOW KR
GLVWDQFH EWMZIHBIQG.WKH SUHGDWRUYV

)LUVW ZH WULHG WR LPSURYH WKH QWWDT EHXD EL D S 0OR
WKLY FDVH WKH DJHQW REVHUYDWLRQY¥WLRQ DXKPMWQW I
VRPH RWKHU DJHQWYV WKH HQHPLHY RRVIWOOURWREOH JF
DFWLBAHDEK RSSRQHQW LV DSSUR[LPDWHG E\ D QHXUD!
REVHUYDWLRQ DV LQSXW DQG RXWSXWYV D WDROXWVWKH
DFWLRQ7KBDWHDLQLQJ RI WKLV QHXUDO QHWZRUN FRQV
VHOHFWHG DFWLRQ WR WKH SUHVHQW REVHUYDWLRQ
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YLIXUH
SUHGBWRUWHQYLURQPHQW RI WKH OXOWIDDWHQW 3DUWLFOH (QYL

7KLV WUDLQLQJ FDQ KDSSHQ RQOLQHL HIVF H D IS O\IL\P HY W
FROQMXQFWLRQ ZLWK WKH WUDLQLQWJRRI Q\RZH UMFTW R U M \D @
PRVW SUREDEOH DFWLRQV DV ZHOO DMKQHWH BRDRHAHNVR E|
7K FULWLF WUDLQLQJ ZDV QRW PRGLIWKGVI DROR RAUKLIW &P ' 3

$OJRULWKFRPZY WKH 0$''3*; DOJRULWKP $V LWH®Q EH VHF
RQ WKH 0$''3* DOJRULWKP ZLWK VRPH GGLIHUHQFHY 7KI
LV WKDW WKH VHOHFWHG B W IJREXWYDiY HI YO RAK HFUDKD F X O D W
| LV WKH HQVHPEOH Rl WKH DSSUR[LPDOBONG=DFWLRQV D
0fT 7KH RWKHU GLIIHUHQFH EHWZHHQ RXWRDH 8 D W IGP
WR WKH IRUPHU LW LV WKDW WKW LIRRQVR U VLK HX S G B WLH-RG
0f T YDOXHV ,QEB\ZHWBRR WNAHDUH DOVR XSGDWHG VXFK
DSSUR[LPDWH WKH HQHP\ DFWLRQV EFKWHEUDQ QLIOH RR U
WKH QHXUDO QHWIZRNSINGHEBG@BEOLY JLYHQ MXVW DV
0$''3* EXW ZLWK WKH RSSRQHQWYV DGGHG

i SRo i ag K % T I 5 s
[ o NAYI oa{grgogglgj))|OO3U(T,T,...,_U...,_p)%@éég’%ég)
7KH FRPSXWDWLRQDO FRPSOH[LW\ RI RXU DOJRULWKP LV

1(4 39

WKHUWHLY WKH QXPEHU RI Q HMUHR QW CLEL @/KWA\ QRH WVZRHU IR Q \
WKH VDPH DV WKH VW IVRL OW GFADWRF DISEBWDEOH EXW QRW L
VLWXDMHRQWWHP FRQYHUJHV EXW WKH RSWLPDOLW\ L
VLWXDWLRQV DV LQ DOO RWKHU VLPLODU VFHQDULRYV

7KH DOJRULWKP ZDV FUHDWHG ZLWK BHQKRQZBIQG 3XQUF
RQ D *RRIJAKRKRWDOEH GXH WR WKH YDU\LQJ VSHHG RI W
UXQQLQJ WLPHV FRXOG QRW EH XVHIXOOM WKNWDFWHC
LQIRUPDWLRQ LV UDWKHU RPLWWH® D\HUH QWWR KU IG\G I €
OD\HUV DQG RQH RXWSXW OD\HU 7KH KLGGKI)Y OD\HUVT
OHYHO RI QHWZRUN FRPSOH[LW\ VHHP H3 WHQEH HR B XJK
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DOO RI WKH DOJRULWKPV 7KH DFWLYDDMM RB® /8XQFWLRC
SHFWLILHG /LQHDU 8QLW ZKLOH |IRBWLRH RODW SIXIG O M\a
$V QRWHG WKH DFWRUVY GLPHQVLR @ ZPNQWTLRIDOSW R W K
WKH VGUDFNMWYVY DFWLRQ VSDFH GLPHQVLRQRDQG WKH F
WKH DIJHQWYTV DFWLRQ VSDFH GLPHQVLRIQQ VIKRQDIFW LR Q
HTXDO WR WKH WUDFNHG DJHQWYTV REVBENB® LIRY ¥'\E D ¥
DFWLRQ VSDEMLFENHZHUH WKH VDPH DV LQ WKH 0$''3* Di
LQSXW GLPHQVLRQ EHLQJ HTXDO WR WKHQVX®DRHDOO DJ
GLPHQVLRQ DQG WKH RXWSXW LV  WKHGIDADD®B R$Q $
WKH QHXUDO QHWZRUN RSWLPL]HUNG H{UHU RULOWR\FVORYSE ¥
DFWRU ORVV ZDV WKH VDPH DV LQ WKH HE[BFWIS W B R ®* \DIOD R
IRU WKH DFWRU ORVV WKH DSSUR[LPDWAWRIQRQDUH Qf
DSSUR[LPDWRU ORVV ZDV &H SHRMGLHFRDWVES Q AMK HRW\ & H VRFIUA
VSDFHVHOWRANRS\ ORVV ZDV XVHG ZKLOH IRU FRQWLQXF
VIXDUHG HUURU ZDV XVHG ,Q ERWIKIIFHRNHHOF HWEKHHWQT R VD
WKH DSSUR[LPDWHG DQG WKH W BINHBHDFMWL RQK H KOHDXUE
UDWH DV WKH EDWFW KRH W XMW QBIQWRUN FRHIILFL
0ZDV VHW WKHWM{ YDOXHV DUH VHOHFWHG WR SURYLGH
FRQYHUJHQFH DQG OHDUQLQJ VSHHG

,Q D ODWHU H[SHULPHQW ZH FKHFNHG KWEKHDSSO\LQ.
SHUIRUPDQFH RI WKH DJHQWYV $V LRVLEB$HDOWHRY FKRIEN Y D
ZDV WKH H[SHFWDWLRQ RI ILQGLQJ PRSH WHADQNMHGJ 1LC
ZLWK WKH DESURSRXMR@ R WKH DFWRU DQG WKH FULWLI
KDYH VHHQ ZKLFK RQH LV FDSDEOH RI LPSWKRIYLQJ WK
H[SHULPHQWY WKH GURSRXW OD\HUWWIRWKHSIUREWEDQG
VHFRQG IX00\ FRQOHEMWMBRODNW UV RI WK

Initialize Models &y % Og
for HSLV R GMRIo
,QLWLDOL]H D GDROGRPFWURRHYMORUDWLRQ
5HFHLYH LQLWLDO VWDWH
for 1 PK=TF ALE O R @AJTd®
JRU HDFKE DMBIMW WKH VXEVHWRI RSSRQHQW DJHQWYV
FDOF K& D K
l gLV WKH PRVW SUREDEOH DFWLRQ RI WKH HQHPLHV
Of KLV WKH DFWRU DSSUR[LPDVQREX W& LMKGWPKRH/ W ES/HRJEIDENLHR Q FY
RXWSXW
IRU HDFE DUHIOGIWW- BRWLEQ e, Z U W WKH FXUUHQW SROLF\ DQG H[S
(I[HFXWH BFWH. REY DQG REVHUNIHQGHZBI' G WD W H
6WRUHN JyLQ UHSOD\ EXIIHU
z v
for DJHB WP Kdo o
6DPSOH D UDQGRPVDIPEEHEINF R RURIP
8SGCMYBAHWZRUNYV
/IRVV LV 06( IRU FRQWLQRRXMBFWIIRGVYVEURWW
JRU AOWUDLQLQY WQDXWLIQE RXWSXW LV
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8SGDWH FULWLF E\ R+ P AjKEB WKYF%O.R%WG
8SGDWH DFWRU XVLQJ WKH VDPSOHG SROLF\ JUDGLHQW

PONET A6 K 0gf K9 TaBol TV = 5= 20 g a8
o Vg 16 o3 T T T e 623 e ad)
Y
end for
8SGDWH WDUJHW QHWZRUNESDUDPHWHUV IRU HDFK DJHQW

a7 a1 F)as
end for
end for

$OJRULWKP
0$''3*;

)LIXWB®BGOG/KRZ VRPH HI[DPSOHV RI WKH HQYLURQPHQW ZI

ZH FDQ VHH WKH IOHHLQJ DJHQW ERRX M KIHV UMG\ IDJH Q/\R \F
7KH H[DPSOHV ZHUH WDNHQ DIWHU WKH K WIKPHSLVRGH

WR OHDUQ WKH HQYLURQPHQW

YLJI XU H

YLIXBU H
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,Q DOO RI WKH WKUHH H[DPSOHV ZHSWHIN BVIKIOQW ¥ RWD K HW
VXFFHVVIXOO\ OHDUQHG WKH HQYLUWRRKRRHEUW\ DIVOQW KW K3
SUH\ LV WU\LQJ WR IOHH IURP W RKANHZ B USHUGHEG/D RURW V) LDIXKHK) KV
WR VXUURXQG WKH SUH\ DQG D WKWHG W®&H DD WKL @
FORVH WKH SUH\ ILQGV D ZD\ WR KBEM WKRPWWEKRIZDWHER
DIJHQWY DUH FKDVLQJ WKH SUH\ GLUHMH¥FO\L D@ & RADH SV
WV VWDUWLQJ SRLQW WR HYDGH WKHWKHM @GWM\ DR & KH
WKH WZR SUHGDWRU DJHQWY DUH ILYKXQQV H\ERONS MWK H C

4 Results

$00 H[SHULPHQWYV ZHUH UXQ IRU HIRLWY REBYQWERLV V
WKH HQYLURQPHQW DQG WKH RSSRQHQW DQEG\WKH UHV.
IXUWKHU LQFUHDVLQJ WKH HSLVRGH QKEBMGV7IRUQDZA |
DIHQWWHSOSQVRGHY )RU WKH HDVLHU GLJHZWURY Rl WKH
WR H[WUDFW XVHIXO GDWD RXW R W IGHWPZHRD B DH/SHILOARIGHY L
WR EH FREBDUWGKH QXPEHU RI HSLVRGHV ZKHUH WKH S
ZDV DERR HDIGI® WKW WWHHQUXPEHU RI HSLVRGHV ZKHUH V
PHDQ UHZDUG LV KLJKHU WKDQ WM VRPUREZ DAKG R WKWK
EDVHOLQHV ZHUH FKRVHQ DUELW UDHILIR\U FEDXQ\F WV R H \WAKWM |
DOJRUDWKPXDWHO\

7TDEOH VKRZV KRZ PDQ\ WLPHV WKH SUHWURIRQWKIHRW D
HSLVRGHV 7DEOH VKRZV WKH QXPEHD@®I RFFXUU
UHZDUG ZDV KLJKHU WKDQ WKH UHZDUG VXP RI WKH WKl

J)LUVW  OHWYV FKHFEN KRZ WKH DFWLRQ DMSHR[LPDWL
0%$''3* YV 0%$'"'3* FRQWHVWYV 2XW RI GLIGHDIHWKY VLWXI
XQLYRFDO GRPLQDQFH IRU RXU DOJRULWKWKHUBZDWKHRQYV
SUHGDWRU RU WVEHWVSWHHN YILWHK RRY DOJRULWKP EXW WKF
DIWHU WKDW DQG RQH HQGHG ZLWKIGHD DQD &/HI\ LZARIPWH
7KLV UHVXOW FOHDUO\ VKRZV WKDWVKRULP &SGR WH & QVWH
SHUIRUPDQFH RI WKH DJHQWYV

1RZ OHWSYV FKHFN WKH GLITHUHQW YHOUMRIQVKRI YWRKH D
WKHVH H[SHULPHQWYV WKH UHVXOWYV RADKHEIRWHHO LQ
H[SUHVVHV WKH QXPEHU Rl HSLVRGHWHKHWHKDQKHH SR H\
DQG LQ WKWIDEDWWWKH SUHGDWRU VXP LV EREMSDUHG M
VHHQ WKDW IURP DOO WKH FRPSDUDGRQR[LDPDWRW RNV
XSGDWHG RQOLQH ULJKW DIWHU WKH DHWHEWVRQ RI
VXSHUVHGHV WIRH WKHIRURQ@YFHKHUH WKH DFWLRQ DSSU
IURP WKH H[SHULHQFH UHSOD\ WRBRHWKH® ¥ KW KF WLKWL © |
WKH JHQHUDO 0$''3* DOJRULWKP ,WH RDHD PR R ZKH § HMHICH
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DFWLRQ DSSUR[LPDWRU LV XVHG QRW RO ZROMHQHPLH
WKH SHUIRUPDQFH RI WKH V\VWHP VHYEBHIMHW®M G WRS ¥ H 7K
XVHG RQO\ IRU PRGHOLQJ WKH HQHPLHV WQRMWQ JRWRPRGH
ILQG D IULHQGO\ 1DVK HTXLOLEULXP XVLILHVWEW RESUR
GLYHUJHQFH GXH WR WKH KLJKHU YDULDQIFWRRIVWKH V\\
DV LW LV PXFK KDUGHU WR ILQG DIQONTRUELEYIXR[ZRBQ LL
HDFK RWKHU

7KH HIIHFW Rl WKH GURSRXW FDQ NODAR WK H{ FDPLH BB H Q
GURSRXW LV DGGHG WR WKH $FWRU QHWDREEN LWV UHV
DOO WKH FRPSDULVRQV DFFRUGH®ZRWN 7D80KH G URG R
VXSHUVHGHG WKH RQH ZLWKRXW LW VPHY QEKHOEHMNAF R U
ZLWK GURSRXW WKDQ ZLWKRXW LW 7KLV \Z®RIZAA WKDW D
mMQ JHQHUDOO\ \LHOG EHWDNHQ B FHRYPDIGRRH LQ PXOWL

7DEIOH
1XPEHU RI HSLVRGHV ZKHUH WKH SUH\{V WH®LQ H HVAORIZG/ 2V ZIKERKH ]
DIJHQW V RXU DOJRULWKPV ZHUH XVHBGDRGHLKEHKBD X EBW\HGDXDRU L DS,
PHDQV $FWRU

No. Pred Pred Normal Prey Prey
Dropout A Dropout A
1 31 43 70 11502 12854
2 11 11 20 2426 3352
3 5590 21685 49 26 27
4 15690 17882 21 27 23
5 18052 20519 20575 20 33
6 38 44 2314 22 40
7 86 17 436 45 51
8 28 39 1646 7039 9959
7DEOH

1XPEHU RI HSLVRGHV ZKHUH WKH SUH\TV i LG @HERUS 12PN DIE R ¥ A DI
7KH ILUVW OLQH VKRZV LQ ZKLFK BJH@W ZKRKK DXOBEBWRUIWEBV ZASGHP\
3UHG PHDQV SUHGDWRU DQG $ PHDQV $FWRU

No. |Pred Dropout A Pred Normal Prey Prey Dropout A
1 2276 2792 3405 12729 14463
2 1652 1651 1675 4128 4415
3 8307 22458 2903 1871 1820
4 17582 19461 1928 1545 1039
5 19024 21368 20827 1356 2298
6 2198 2567 4444 1894 2580
7 2939 1569 5003 2298 2299
8 2196 2603 2861 10600 11082
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‘H DSSOLHG GURSRXW WR WKH FULWIDRQBEHVYRHQ DY ZH
TDEVOQG 21 WKH FDVHV RQO\ LQ FDVHVY WKLV PHV
WKDQ WKH VA\VWHP ZLWKRXW LW $GUYRSRKMQZWYH QWWH
XVXDOO\ WKH VFRUH GLG QRW LPSURYHZRX6K RRZHYHU
DOJRULWKP LV RQ WKH SUHGDWRU VLKEANKWMKH V¥EPRUEHL P
VRPH FDVHV ZKHQ DSSO\LQJ GURSRXWXWR Q\LKAH RU MWWKLH |
GURSRXW SRVVLELOLWLHV LQ WKH FOGLWLF QHWZRUN FR

7KH UHVXOWY VKRZ WKDW RXU FRQWULEXRW\R@YV DUH D
DYDLODEOH PHWKRGYV

7DEXOH
1XPEHU RI HSLVRGHV ZKHUH WKH SUH\{V WH®LQ H HVAORIZG/ 2V ZIKERKH ]
DIJHQW V RXU DOJRULWKPV ZHUH XVHBGDRGHZTKEHKBD X EBW\WHGDXDRU L DS,
PHDQV &ULWLF

No. Pred Pred Normal Prey Prey
Dropout C Dropout C
1 4088 43 70 11502 60
2 32 11 20 2426 14
3 46 21685 49 26 35
4 20065 | 17882 21 27 43
5 21036 | 20519 | 20575 20 34
6 38 44 2314 22 39
7 18920 17 436 45 47
8 4285 39 1646 7039 32
7DEOH

1XPEHU RI HSLVRGHV ZKHUH WKH SUH\TV P IS @BHEBUE 120 M ZIDERGY H7 K\
ILUVW OLQH VKRZV LQ ZKLFK DJHQW KL FRRX ¥ XEEQWU\FSWBIL WIK\P V. PZSHIUHHP K Q MVGH C
PHDQV SUHGDWRU DQG & PHDQV &ULWLF

No Pred Pred Normal Prey Prey Dropout C
Dropout C
1 7639 2792 3405 12729 1602
2 2661 1651 1675 4128 1142
3 2267 22458 2903 1871 1918
4 21040 19461 1928 1545 1971
5 21812 21368 20827 1356 2221
6 2542 2567 4444 1894 2406
7 19913 1569 5003 2298 2344
8 7684 2603 2861 10600 1380
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7DEOH
1XPEHU RI HSLVRGHV ZKHUH WKH SUH\fV WHDILQQ H HVZAORIZG/ 2QVZIKERKH ]
DIJHQW V RXU DOJRULWKPV ZHUH XVHBGDRGHLKEHBD X EBW\WGDIDRUL @
PHDQV WKDW WKH YHUVLRQ ZKHUH RXOHHRSQDIWHAIE LD @CRQ B Q@ @ HDGK WW
DSSUR[LPDWLRQ IRU FRRSHUDWLYH DJHQWYV LV DOVR LPS

No. | Pred VAI PredV Pred Normal Prey Prey V
1 17936 46 43 70 11502 19441
2 18858 11 32 20 2426 38
3 18799 21685 49 26 27

7DEOH

IXPEHU RI ZEHWURIGWKH SUH\fV PHDQ UHZDUG ZDV DERYH WKH VXP RI \
7KH ILUVW OLQH VKRZV LQ ZKLFK BJH@W ZKRKK DXOBEBWRUIWEBV ZASGHP\
3UHG PHDQV SUHGDWRU 9 PHDQV WK DM W@WNHK VY R@ ZEHRIHHQW KIKE X S

DQG DOO PHDQV WKDW WKH DSSUR[RPIDRSICRHP HROWHRRSHUDWLYH

No. | Pred V All Pred V Pred Normal Prey Prey V
1 19606 2614 2792 3405 12729 20741
2 20594 1652 2661 1675 4128 2775
3 19878 22458 2903 1871 1907

Conclusionsand Future Work

$FFRUGLQJ WR RXU UHVXOWV RXU SURRRWR B W XDNHPNO
ZLWKRXW LW $SSUR[LPDWLRQ RI WKH DPFWRWHEW Rl RWHk
SHUIRUPDQFHLWRZHRO®\ EHQHILFLDO LQ WKH V\VWHP
FRPSHWLWLYH HOHPHQWYV Rl WKH QY VUREQRR EMVRPQOWW
ZKHQ XVLQJ LW IRU FRRSHUDWLYH HBHW®WGWVWRWRQQ\
DSSUR[LPDWH WKH HQWKIHHNWEBRDWLIRQ LW IRU WKH DS
IULHQGO\ DJHQWVY DFWRUV 'URSRXKHDROMR LD X VAHGH DRIU
WKH DFWRU IRU WKH FULWLF LW LMDRE@®\ UHDOO\ EHQHI

5HIDUGLQJ WKH DFWWWHDSHBRBRWVHDGVURMHD LV IDYRUDE
DOJRULWKPV GXH WRKWKHLQ¥W WKDMDQW ORVV RQ GDW|
UHFHPXFEKHWWHU SHUIRUPDQFH RQ WKH ORQJ UXQ $V D I
VIVWHPY DQG RWKHU W\SHV -RUERWQWUROQDRURMHEWEWYVO
DOJRULWKPYV DUH PRUH YHUVPEDDANGH D (DG GRGUMRHE UK \TAD WVIK D
VROXWLRQV

7TKHUH DUH VWLOO VRPH FKDOOH®JBW MR HRSORSHRIPQ QN
UHVHDUFKHV )XUWKHU WHVWLQJRIHQWRSRXQYI RQFWRHQ
OHDUQLQJ VWLOO DZDLWV XV WR RGRKHWNLY KWHWHKIHY XRL
GURSRXWKH FULWLF LV XQXVDEOH IRW IRXQ RIHWK &8 W\R V
VWDWHG ZKLFK DUH WKH VLWXDWLRWVOZAK H,QHDW K H W-LUR(
IXUWKHU WHVWLQJ RI WKH GURSRXWIUBPMAKNF\FRQ VEKHL Q
DOURWKP FDQ EH H[DPLQHG ZKHQ WKH HEBRALMWYHRKREVHU
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LQ D 3DUWLDOO\ 2EVHUYDEOH ODUNRY 'HFIRWLRQ 3URF
H[DPSOH ZLWK WKH-RHOB BHPRQY 6BRUW\VWHPV ZKHU
QHXUDO QHWZRUN SUHVHUYHV D V\W DAVRH KEDHW ZB{ 1P €@ PARLLAH
$OVR D YDUQDEOH/DWB FRXOG EH XWLOL]JHG IRU IXUW
OHDUQLQJ VIVWHPV VXFK DV %RZO L9 @HWHKRGR UWWD U Q
XVDJH IRU GHHS UHLQIRUFHPHQW OHDUQLQJ FRXOG EH |
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MassReduction of Upright of a Racing Car
with Innovative Methods

Csanyi Mihaly, Molnar lldiké

TEXGD 8Q L% HUNVIL WRDFWOW\ Rl OHFKDQQFD@HBIQG QD | W
1pSV]tQKi] XWFD % XFSEINS 18 VAN WRERY BMUK X
PROQDU L ORBEN®RE XXL

This article deals with the team's examination of a suspension component of theiraFormul
racecar, theupright,usingvariousdevelopmemnnethodsTheoriginal componentvasmade

of 6061 aluminum alloy andveighed530 grams. In addition to weight reduction, we
examined the resistance and structural strength optimization of the uprigigt wesiious
methodsTheredesigns were done usifSION 360 andANSY $rograms."The vehicle's
performance characteristics are influenced by the material, the load cap&eitgnsure
competitiveness, severatudiesand publications have been carried oimt terms of
compliance with mass addtigue strength criteria.

Keywords: generative desigtopology optimizationshape optimizatignmassreduction
FormulaStudentupright, suspension development

1 Introduction

7KH WDVNV Rl WKH XSULJKW LQFOXGHURDGWNRLWWLQJ
Y HK L F OFHU MDRXIVIL I IUHSSYR WK DIAMBH G WHGH Q DR WUHVVH V

Rl WKH YHKLFOHYV FRPSRQHQWYV LOSEHNDMN MRKHLU
V\V WHRS H LLIWKBFS SUR S UE D MAB IQRVXX YR L @ HOJFLWDWLRQ
SKHQRPHQRQ DQG HQVXULQJ FRPIRUW DEDWHWE®NG OLQJ
VXV SHBNQ RIFMRQ W GWRE RDKUHT V & WLDYELIQQIL W\

7DNLQJ LQWR FRQVLGHUDWLRQ GV & H7HDPS N WELXVL DRVQ DU H J )
GRXEDWKERQH VXVSHQVLRQ ZKLFK LV HDV\ WR LQVWD
DGMXVRSPMIQRYYV 7KLV FRQVWUXFWLRQ FRQVLVWYV RI D O
SDLUFD/ROHEPS$ DQG DQROWKHY WARSRQVLEOH IRU VXVSHC
IRUWHHULQJ - 2WHMKH @ R DU D[LV WKH VWHHULQJ EDU L
>)IXUKB7KH EDUV DUH FRQQHFWHG WR WKH IXBULJKW DW
GLIIHUH\QR\L TBOKBQ LM M R W KKV S HDK/HBERPSRQHQW YV
DWARXQWKHHEZKHHO VKDIWGARXEQHGEADWK Q@ FHQWHU RI W
2Q WK HVR BWKEHUH B OPYD W W DVFAKHEHG H KO K L IE K H @ GV K H

A253A



M. Csant al. MassReduction ddpright of RacingCar withnnovativéethods

XSULZGWH VLGH Rl WKH XSULJKW 2 ISR EQW NS 2Q MWK BV C
VLGHVXWKIHQVLRQ HOHPHQWY FRQWURO DUWRNHDQG VWF
XSULZIKWMK EDOO MRLQWYV ,I ZH ZDQW WR HPHDWXUH WKH
D QI R U DWW W K H YZKUHHROX\W F\DE@P R QW H G FRRIQ M RO Wi Y

7KH VXVSHQVLRQ HOHPHQWY FRQYHUJH CBW WKW XSULJK
ZH FDQ KDYH DQ HIIHFW RQ KRZ WR DG MK/DNQ WIH GULY I
WKH OHQJWK RI WKH VXVSHQVLRQ BD UM FFODQQ DA DHNFHW W k
F K D QR @WED P EFHDJVDVQHILD ENEL Q JI3Q DT K MD BHH Y ISRVYO L E O H
PRXQWRQQW W MRIHW K @ U G\ERU KEDBMWKWVHHUH U L @ J2RBEW L R Q

YLIXUH
*HRPHWULF DUUDQJHPHQW

7TKHDWHYV L IBXHEVY VHP EOWIGMHD@NHNMGR HHWR PHHULR XV
UHTXLUHPHQWY MXVW OLNH LQ )RUPXODKH KXKXIBWYLIKW:'
FUHEWMWXHDQL]DWLRR), RURPXQDWLRQDO

-9 A 7 KHH K LPRXOKID ¥ HX OROS H U D WXO\RSHOZDW/IVRHDMV K R F N

D EVRUBPRIEH 2 U K D E DGIL P2ZXPHW O RY Hin, ZLWE&ULYHU
VHDWHG ~

-9 A$00 VXVSHQVLRQ PRXQWLQJ SRQODIMHFWXRY EH
E\GLUHFW YLHZ RU E\ UHPRYLQJ DQ\ FRYHUV ~
-9 A$00 VSKHULFDO URG HQGV D@ MSKHWGEDO E

VWHH U LEHR @RY VW
cORXQW@RBXEOH VKHDU

«&DSWXUHG E\ KDYLQJ D VFUHZ EROW KHDGWKD VZDL\WKH U
ODUIKDQ V FEHHWLLRIIOK R XA/ALOPIHMOHAL G H

-9 A7KH VWHHULQJ V\VWHP P XVWDKD 8H HYRMLW LW KH
VWHHULQJ OLQNDJHV IURP ORFNLQJ X WNKAHLRIY WIHKWL R (
SLYRWYV 7KH VWRSV PD\ EH SODFHG RQ WYXHQXSULJKWYV

WKH ZKHHOV DQG WLUHV IURP FRQWDFW L@@ WKRISHQVLR
WUDFN H@HQWV ~’
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2 ForcesActing onthe Upright

'XULQJ UDFLQJ WKHUH DUH FRQVHEXWXYFHNDG E U BFW DR\
FKDQJHV DQG VWURQJ EUDNLQJ GXH WR[ERY®HULQJ 7
FULWLFDO IRUFHV WKDW FDQ DIIHFWWSKHGY HRLRQM ZK|
GLUHFWLRQ 7KH YDOXHV VKRZQ RQ 7DBMHRQYVUHKEDVHG
F D O F X G\DDMOHR/ERN R QR R QMG UV W U R BWRML\RW[ S H F W H G

WRH- LQIOXHQFH G PR X\Q MM IQDHIU

7DEOH
0D[LPXRURFF X G XQLOLIKMANGH @

287(53$572) 7+LEFT )5217:+((/
6WD| %UDJ] 7XUQ| $FFHOH %UDNLQJ | $SFFHOHUDW

)[>1
N> 1@ -
)1>1

,11(53$57 2) 75(*+7)5217:+((/
6WD| %UD] 7XUQ| $FFHOH %UDNLQJ | $FFHOHUDW L
)[>1 ; - -256
N\>1 -
)1>1

,11(5 3$5%) 7+6(3$5
. HEEL

6WD| %UDI 7XUQ| $FFHOH %UDNLQJ | $FFHOHUDWL

)[>1
)\>1 -
)1>1@

287(53%$572) 7+G,*+75($5:+(//
6WD| %UDJ] 7XUQ| $FFHOH %UDNLQJ | $SFFHOHUDW
)[>1 - 256
N> 1@ -
)1>1

7K AU L WR B BMHUNHD N 1B @VFRF RGOQUAVEID P L Q DMAGHIRIQL Q H G

ZLWK D NJ UDFLQJ FDU IPQUWKBHXADWKWRQ DW D VSHHG
GXULQJ DFFHOHUDWLRQ DQG EUDNLQJ 7KB P®YLPXP DFI
WKH UDFH WLUHV VHOHFWH @ FEAHVE K B WM IDIPV FIDFF IEE@ H U D W
DGKHVLRQ FDQQRW EH JXDUDQWHHG DQGRWYH WLUH I
Z HX V RVGRHD [ L P KRR U RHKFDRAXFORF R @V KKK H M @ @V 1D RB U LI K W

WXUQ IRUFHV RQ WKH RXWHU VLGHVKHWIQH DU IW. G K HR
WKH ULJKW ZKHHO DQG WKH RXWHUVYGEHRR MWW KHUQ HKW
ZKHROWHKIDWDOH )2 JIXUH
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YLJIXU H
3UHVH RWDUHL R D [IIRFUXEMW 2 IEHQH HDAMVE KUKR D G

'XULQJ EUDNLQJ WKH EUDNH FDOLSHU BNHV&HWFWKH E
VORZLQJ WKH YHKLFOH GRZQ )RUFHV DQGVMRUTXHV DI
ZKLFK PXVW EH HQGXUH E\ WKH XSULJKWKH BWHHGH G W
FDOLSHU DWWDFKPHQW SRLQWYV 7RYGHWKN PQIDHH WAKIDWA
EUDNLQJ WRUTXH 7KH EUDNLQJ WRUTXHDMD @ KH XVHG
DWW D FBKRRALH@®RN QIR Z WKW KH DUP OHYHU

3 Simulation of the Initial Upright

'LWK WKH NQRZOHGJH RI WKH IRUF MNP X®D MMLRIDWRIGWX H
FXUUHQW JHRPHWU\ 7KH PD[LPXP IRURH\G DFR/LEH] GLII
H[DPLQ®&G& S DVIDPXKD D,WAHKQ'G R Q M/QV K/HD PVHL P X O DWKIHR Q
IRUFHV LQ RSSRVLWH GLUHFWLRQV ZRX®GE ®BWLEROWH VK
ZDV QRW GHVLJQHG LQ WKLV SURJUDP VRURRVW ZH K|
DQRWKHU SURJUDP 7KH PDWHULDOGRDWSHKM6KSIWOLIKW ZK
DOXPLQXP DOOR\ GXULQJ WKH GHVLJQ ZDWUMGSODFHG Z
WR EH XWH®HEDPNK KLY PDWHULDO LV PRUH HRVLO\ DYDL
W KRS W L P LS D W L BYANG

7KH SUHSDUDWLRQ RI DQ DSSURSHEREQW PRIY KO BEHGSWIVEL
DQG XVDEOH FRPSXWDWLRQDO UHVX@QMS/ WK W HRUFWND W
WRUTXHVY DQG SRLQWVY RI DSSOLFDWLRQ REBWQRAS ML I\
FKREWMWZHHQ GLVWULERQSRE QUBRUGHDWLRQDO
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7 K HR U FEHHWV 2VM RAQDUQNG KUHR D GMHU D Q VW K W RMHEEK D UW'E K\H
XSULJKW EXW RQO\ LQ UDGLDO GLUHFWLRQMRRQRWKH [
WIS RJUBP SRV VWRA 8 D WIHGHEF\Y UR QI H HFRMBUR JU D P

K D@GRRS H U\ YOHD GWH W D@V R K BAHM RAKEHE D U\HQWAK I R V V
GLUHFWLRQDO IRUFHV KDG WR EHKHSMRUIIDHG DQ & RDWIDL
Z L WVKEHH D WIL@H GOW H U ZZHS G B P BIGW HIRQUBEB MM UD G L X V

RQ WKH EUDNH FDOLSHU DWWDFKPHQWZSRH[HUW HXR GH
IRURE WWHHULQJ OLQN DWKRIZKPROW SRLQW

YLIX3UH
"HILQLQJ WKH IRUFH HIIHFWV LQ $16<6

'XULQJ WKH PHVKLQJ SURFHGXUH RI WKH QWUYLJKWYV 7
7KH PD[LPXP RI QRGHV SUORFKOB R GFB\OWBKMXEH\QW Y H
SURYHG WR EH VXIILFLHQW IRU WKMVGUHNWFMOOHG PR VHKQ\OX
DFFXUDWH UHSUHVHQWDWLRQ RI WKH UHMEOWW ORFD
QHFHVVDU\ ORFDWLRQV 4XDGUDWLF RREHPHOINWFWRURBEIU Z

7KH VXVSHQVLRQ DUPV ZHUH FRQQ HFFW AIBUHL WWW WMXKAK K &
WR W-KKBIHG SDUWV RI WKH) X®URRRB/L QIDWH QV EFUWRK WK
R1IDV W HZLHD®BIS CBLLWMH Q ZIKRRGNKKWHV U XB O'KRERLWKVWDQG
7TKRDIJQLWXGHVW HQQWHR GU®J IRUFH ZDV DSSUR[LPDWHO\
HISHULRIRFFWKWHDRFYXHPD[LPXPHRPHWHLRU P DMRYVRIO

'"HIRUP DWQRKRNY U BV WRW/ER GATXLY BO/HN@MWHHDPLQHG

DV D UHVXOW RI WKH VSHFLILHG IRUFRF DRERQERQVWUD L
7 D E20\W R/WV D X U [RIBMBR/HH O HFFDAWWHHGLURR BPOH RWHUSHFW DWLRQV
$OWKRXIK RXU GHIRUPDWLRQ YDOXWWDHWVLODWEKH \D B L
WKH VDIHW\ IDFWRUV GHULYHG |URKS WK$HUMNLHH \Q R Q 7HH
DFKLHYHG LOQEWXYRQ@DDBVVWURQJHUZR DMKHUH Q & UNDHOADH FWHLRX
WR DQ LQFUHDVH LQ PDVV RUVENWPPUBDWUIYY D PRUH IDYF
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8 S U L IRKWMOHH DARZAXWA H O 8SULIKWKH ULRKW HO

8 S U LURWMOH IWZKHIBO 8SULURWKH UHDKWHO

YLIX3UH
7KBRQLVMNW GHYW URBXQQLRG D IGIHKWL $Q 616
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7DEOH
6LPXODWYR@W D R QIKVE <6
$16<q Category | Mass | Material Max. Min. safty | Deformation
[g] stress factor [mm]
[Mpa]

Initial ITHIW U

upright ZKHRYOWHU $OXPt(C

Initial 5LIJKW

upright ZKHH@QQHU $OXPt(C

Initial /HIW U

upright ZKHRYOWHU $OXPt(C

Initial 5LIKW

upright ZKHH@QQHU $OXPt(

3.1 Massand Sructural Optimization

'XULQRSWLPL]DWLRQ ZH VWULYH WR DFXQWYEDWKB EHV
RQ@ SYUGHWHUPUQWE QWRE K @LLFBHN Q RZH Y HW T5M® V
RSWLPLM:XWOWRKMHSWLPLRIANEBRG X BWRRBY\E HP R U H

FRPP RMQKRHS W L P L RIBWALRRRS R Q AQWWIWU X P BEHWL VWR Q FH
HIWHHQBPWYH ZROM)RBIULQJ WKH GHYHORSPHQW RI D
ODVV UHGXPEWMLBBKEB®HG E\ UHGXFLQJ YROXPH RU XVLC
GHQVLW\ PDSHHURNOMBUD D OWKRKE@W LQWR LQ GHWDLC
QR2 @

2Q0H Rl WKH RSWLPL]DWLRQV ZH FDUULHGHRXWQZDV HI}
J)LUVWO\ ZH UDQNHG WKH REWDLQHG ERXIVHHY REAUPDVV

JRZOWRH G R P MRS W LW KMV U X FQV & G HWMIR. IRI® VAHD O VR

KDG WROWRNBFFRXQW WKH SURGXFWLRQ PHWKRG DQG V
PDEHWR[IPDFKL®DGHNLWBA)LXPD W HAULMND | HMRAW R U

R D VR M™HOLORKIW J

7KLV W\A\SH RI DOOR\ LV D PXFK GH®WHOHVWDWWIHALL@W LWK 2
XVHG VR WKDW LW FDQ EH FRQVLGHGKBWLREFHMMWWY Q M C
SDUWO\ GXH WR WKH PHFKDQLFDO DYVQWWHHR U WK HR H YWAKHHU R)[D
HITHFWYV RQ WKH ERG\ DQG WKH VWUXPVDXOXDOW M & ZH QKW
WKHOS RI VLPXODWLRQ SURJUDPYV

'XULQJ WKH VHFRQG RSWLPL]IDWLRQ PHWGEGRNMGR WEBH VKDS
HPSKDVLVY RQ WKH SUHVHQWDWLRQ RIROKRIGNKIHH RIOGF H \
DQG WKH QHZ ERGLHV VR ZH FKRVH DOXWHQLXP DV
&RPSDUHG WKH LQLWLDO XSULJKW ZH PDQPDINAMG WR DFK
UHGXFWLRQ

'LWK GHVLJQ PHWKRGV VXSSRUWHG E\ $K DHVXWVRY WLP
FDQ EH DFKLHYHG ZKLFK ZRXOG EH LPXRWAM EOHNZLWK
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VXUSULMMIPRUHHT X B QMIIOH PWBRH GRB M- X Q JD U\

PRUH UDFLQJ WHDPV KDYH XVHG LW IRVLZRUNLQJ SU|
VXVSHQVLRQ SDUW E6DVKFHID®( )RQPX®DLIKW DQG D U
$UUDERQD BDFLOQY FDQ ILQG PRUH H[DPSORHV$RI WKH DF
LQWHUQDWLRQDOO\

%HVLGHV WKH SXEIQIPWHTFANERM.QBHWLRIQF WKH ULVH LQ Wi
20 RW HEDPS.OMN K& L Q JH& K\ S HU ERIUFRKD ¥ U H DAN. W&
JHQHUDWLYH GHVLIJQ DQG DGGLWLYH PDQXIDFWXULQJ P
W KYHH K MAOBU W H ® Q QI MUKWHAE LFEDE) M DEG \ > @

3.2 Static Finite Element Simulation Results of theDesigned
Uprights

7KHR SW L PE RHGGZHHUHH[ D P L QUIRE® VW U HRRIMRKW L H Z L W K

FRQVW D R QUV\D QMLEHKGVD VQLORPQEWF | H E MUK Q REJHHREDWY K H
UHJXODWLRQV IRU WWKWIL EWF H KHWBIF MDDWR XV XQHYHQQH
O R DGOV O R XM GW ¥H D P L Q DAY R BMIVRF R VWM L W L D O
JHRPHWULHYV KDG WR EH LQ WKH VDP RAKS$OWDIGHK © Q WRLLRIH L
UXQV ZHUH FKHFNHG W@ X®RWSRUHGKWR QMKMHMLDO ERG\ 6
P D G/ WHVD MR Q Q HFDURRAK. 1 L WH FOROHWK@WH @/ERID H UM H

IRU VLPXODWLRQ SXUSRVHV ZHUH LQ FRQWWDKMW ZLWK
Y HKL EQMHRE® D G RIRVMHFIRI) Q HF RULRUBRAK D Q JW KM R

VDPH IRUFHG DQG FRQVWUDLQWYV ZHKH ISQVFHIBORER WK H
$IWHU WKH VLPXODWLRQV KDG EHHQ UXQWW H[WRLQHC
UHVROWWHBRG O

8 S U L IRAWMOHH WARRAKH H O 8 S U L IRAWWKUHL JI KI'\RIZKWA H O
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8 S U L IRAMWMOHHU WDKUH H O 8 S U L IRKAUWMUHL JWKKWIDKUH H O

YLIXUH
7KH 9RQ OLVHV VWUHVV GLVIWQHBX MR RK [DSH X9 R W IBMIVR Q ZKLO
GHIRUPDWLRQ

TDE®DH
7TKHHVR@MWM VLPROMKXKWMLRGWILHEBHE6<6EBURIUDP

$16<6 Catergory Mass | Material Max. Min. Deformation
[a] stress safety [mm]
[Mpa] factor
Generative| /HIW UR( 7TLWI
design RXVEBUW Al6- 9
Generative 5LIKW | 7TLWI
design ZK HH@QEGHDW W Al6- 9
Generative| /HIW UHD 7TLWI
design RXVEBUW Al6- 9
Generative| 5LJKW UH 7TLWI
design RXVVMBUW Al6-9
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8 S U L IRWMOHHU WDKUH H O 8 S U L IRAWWUHL JKWDKUH H O

8 S U L IRAWMOHH WARRAKH H O 8 S U L IRAWWKUHL JI KI\RIZKWA H O

YLJIXBU H

7KH 9RQ OLVHV VWUHVV GLVMWQHEXMWIKQ RK IDSH XRSSM.URW BMIVRQ ZKLO
GHIRUPDWLRQ

, QR U GMBRH MR ULHD | R U P D BVRVRIGHR Q V W URX\W WGBRIQ. 2 K@ G
W U D QV L PHOODWR. K Q Y QWKW U D QV L PHQOVIZWM HIRIDP L QUKGH
DFFHOHUDWLRQ SURFHVV IROORZHG E\ SRDWLBOHLQ D

DFFHOHUDWLRQ GXH WR WLUH DGKHMWERQV H: HH 6 HPMHLQOM G
VLPXODWHERRQGDU\ FRIREF\M ERGNQD E O H
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7DEOH
7KHHVRONWN P X O RWHRQM/I DO WH6<EB URJIJUDP

$16<6 Category Mass| Material Max. Min. | Defromation
[a] stress safety [mm]
[Mpa] factor
Shape /HIWJRQW
optimization | ZKHHO SDUOMHU| $OXPL
Shape 5LIHWRQ
optimization | ZKHHO S BQUQMU| $OXPL
Shape /HIW UHD
optimization RXVEBUW $OXPL
Shape SLIKWD
optimization | ZKHHO SWMU| $OXPL

4 Results

2YHUDOO ZH FDQ VD\ WKDW WKHUH ZBDW/QRUPWKRYHPF
ERGLBWMED RHERWHKGHVXIQHIBKWXH@WUS HV MW IHD O X H

ZIVUHG XWR GJ U D DWQBL WWKHH @ 8V R S R ORRS WH [P Q LIV VR Q
SRVWULEQHHGXFH LW, WARH PDIUDIRMG WR DFRUHFRIUBIHD U O\
PDVWHG X A\@IL BQ IRWKH K L ZBIAR XOMHP SURY BN B @/
FRQVXOB@QIRWKH FKDUGBWWHILQY W \ZFHPRIFV DV

'XULQJ WKH RSWLPL]DWLRQ ZH ZHUH DQWM® IDEIH WR DF
HY HQFUHWRKMQUX ¥ W XK BRQ@NIKQ VW BRXFRAIE R I K WIVLKWH
PDVWHGXFWLRQ WKXV SUHVHUWRIHMWRYBRIHYHQ LQFUHDVLQ

$FFRUGLQJ WR )XVLRQ D SPOWWVFPRFEHQRMAEH EXLW KV
UHVXOW IURP JHQHUDWLYH GHVLJIQ ZRXQGBWVH ' SULQWF

Conclusions

7 K BHF KR RAHIS U IRISOML P LU BARIEFDWIR S R ORRSIWE B D]DW LR Q
7KH JHQHUDWLYH GHVLJQ LV QRW S HHQMRR B GWIRORMXKURK J
2QH EHQHILW RI WKH WRSRORJLFDO R®WHREL JDLWMLKR @/ KMV \
PHWKRG KDV EHWWHU GHIRUPDWLRQ YDOXWYYWKDQ WK
GHVLH®D QD WWRE MSGH | R UPDDA\D®E DU ®P , QN KD RH

WKH JHQHUDWLYH GHVLJQ FRQWUROOHEBDB\ D\ WHIDWY D (
ZH GLG QRW VXFFHHG LQ PDNQQW K/ FKHD\G ERU HODNWW KWHRGK
ZLWK WKH WRSRORJLFDO GHVLJQ DV ZVWHK WKHGHQHUD
UH O LBEQ@WW U R BVKLERUQ BVF IEQ.R |W KW H DFPY H UM RNBK D S H
RSWLPLRABWKRG LVFWRKIHFHGHDO
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7TKHHVHDPDEHKR QW EZQWNCGSBWIRWWKLP2HUVBWHFKQRORJ\

FDQ EH XVHG LQ D QXPEHU RI RWKHURLGERVFWUYHV ERBL
EH LQFUHDVHG E\ PDVV UHGXFWLRQ VHHFMARWH WKH BBV
PDQXIDFWXUBGORGXBWHRIK) LQ D VLPLODU ZD\ GR QRW X\
SURGXFWLRQ ,I WKHUH ZDV D WHFKQRORGX FHQLDRED RQ J \
WKHE/RIGLHYV WKHKIBSHMPIQW K /YY) WKRZARBX &XK® YIHRU H
LPSRUWDQFH

, QW KIKWX2AHD LRVRRQ GXRWM KHU P R G \I@M®XBEQDPLFV
VLPXODWURBHWPWRR HHWSRUWDQW BQILRUWDWLRQ DERXW
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