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Developmentof a Viscosity Modeland an
Appli cation, for the Filling Process Calculation
in Visco-Dampers
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Abstract:The lifetime and thermal management of torsional vibration damyerking with
silicone oils begin at the design and development phasfahis damping produgctvith help

of properly developed material and CFD simulation models. Dynamic viscosity
measurements have been carried out on ABO@000 STAB silicone oil samplesith a
high-precision rotational rheometeto quantify the temperature and shear rate dependence
of the mentioned silicone oil's ndfewtonian viscoubehavior Eight commonly used
pseudoplastic nehlewtonian viscositynodelshave been selected fonodel parameter
estimation and comparisoto developa reliable, accurate andasyto-implement viscosity
model valid in-40°C-200°C temperature and 0 11900 1/s shear rate rangdsased orthe
expectedoperational range of thdluid. The filling process of an existing, smaized
torsional vibration dampethas been thoroughlgnalyzedunder eight different filling
conditions and filling time comparisoffilling masscharacteristics maximal allowed oil
inlet temperatureandmaximaloil fil ling velociieshave beeeterminedor each casevith

help of 3D, transient, multiphase, coupled fluid dynamic and heat transfer calculations.

Keywords:torsional vibration dampersilicone oit rheology; pseudoplastidscositymodel;
multiphase simulationCFD; Carreau-Yasudanodel

1 Introduction

'XH WR WKH YHDYRUBKDEMRDDODQ GKHPLFDO DQG PHFKDQLF
RI VLOLFRQH RLOV WKH\ DWHDAUHINO R XOH CGH L Y VDWW N ®/J
PHGLFDO IRRG DQG XWRWRPHAGVWUXPHQW WHFKQRORJ\
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WHFKQRORJ\ D@Y&HRRMHQPWIDOFUHVHDUFK XS WR PDFKI
DHURVSDFH DSSOLFDWLRQV

'LWKLQ WKH YHKLFOH LQGXVWWW\HQMROBBRQ H: RRONQ $ ORI\
KDUPIXO WRUVLR@DBHRR@LY K B WLUFDERWIZHWDIIRW RD KA K
LQWHUQDO FRPEXVWLRQ HQJLQHV WRRXYWWRGVWKGDBQ
YLEUDWLRQ GDPSHGDPYRBWUMOXLYOIO/ARHPDLQ WKH SULF
ZRUNLQJ GHY L-FH D Q HD D@WMNILRIRO HERVEDHEY ZKHUH WK H
JHQHUDWLRQ PDLQWHQDQFH DQG UHJXADIVQIRRD BRH WKF
VROYHG LQ DQ HIILFLHQW DQG HFRQRIPLEDED SAH IRU W
RSHUDWLQJ RQ WKH PDJQHWRIKHR OBRRPFWRHSYHREESEH.
XW L OV DVAIGRERS HUSYU B BHYRWGRQO\ LQ WKH HQHUJHWLF |
VHFWERUWW WKH\ DUH DOVR DSSOLHG LQ WKHHBDUNHWYV F
LQGXVWULDO PDQXIDFWXULQJ SURHAH\W/ LBURIJIDYHDQGD
DJULFXOWXUH

6LQFH-EDVBSRHUV DUH FR-QQICXWWHG BRAPSRWHQW RI KLJK L
IURP WKH VDIHW\ SRLQW Rl YLHZ WKHWR®@RRHEHFD VWU
EDFNJURXQG :KLOH WKH LQWHN®WOL ¥ RPVEXEROW IQGHW RL E

86" PLOOLRQ E\ &RPSRXQG $QQXDO *URZWI
WKHGRWSRU PDUNHW LV HVWLPDWHG WR EH 86"
DYHUDJH JURZWK UDWH BHWZHHQ DQG

TKIBXUDRIODWGDPBRHU LV GEGHNWHUH OQHGWLPH RI WKH VLO
VWRUHG LQ LW 7KH RLOYfV ZHDULQRW (R®Q GHGXDG Q W MRK
RSHUDWLRQ RI WKH GDPSLQJ GHYLFH YUHEWKDRWKHRQ GDF
WKHUPDO VWURQJ RPGBKNWQQRDBK B EIGAMD ® QHIVMADANNV Y D W
SURGXFWLRQ SKDVH RI WKH GDPSGDP&KHEH)) WKH RLO LV |

7KH DLP RI WRGYLHNVWSLD BWHJ) WIKFA FIRQWVIL@K US QPR FW XY
PLQLPDOO\RLRDOORHZHEDGC/DWIRQXLG IORZ DQGIWKHUPDO FLC
VDYLQJ FRVW WLPH DQG FDSDFLMOWIIRK) G HVIDR KR B\ HPV DHP Al
JRDOV GXULQJ WKH SURGXFWLRQ SURFHVWKHHQNHF RIROOC
GDPSHUV DQG WKHLU GDPSLQJ PHGLXMRIDW KMIM UHRBRH W L
LVSWRHVHQW WKH GHYHORSPHQWY RI DDWHQLLIDEO A RIH® D
WR EH WKH PRVW VXLWDEOH IRW BLO LQ RWBGHY WIRODBERO
' WUDQVLHQW PXOWLSKDVH FRXSOHGFERXDMIGRQDPL
VXLWDRBGIWNWRIQPJ DQG RSWLPL]LQJ-WHEKRSHOW LQJI ISW RFRIY V
1HZWRQLDQ YLVFRVLW\ PRGHOV DUH X\KH& WHWWUHBY DQ
RI EHVW SDUDPHWHU LGHQWLOHFIMWLODRQWKQIGPRVRAXDBBWUF
YLVFRVLW\ PR[GRXP WOMWMWRZDEOH ILOOLQPHQWHWQMIGP SH U
VLOLFRQH RLO LV WRNMNRIHGHQW LILAGL ORULQOHW RYHUSU

3b 13D 13D DQG 3DFDOFXODWHGR®@X PHY R BEHEDO \
YLYVGBPSHU JDS JHRPHWOLQJ WLPH UHTXLUHG WR SXVK
RLO J LOQWR WKH GDPSHU LV BDO¥NXPHMUHIBN XOUHE DAUKIH

GHWHUPLQHG IRU HDFK LQYHVWLIJDWHG ILOOLQJ FDVH
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1.1 Visco-Dampers in the Vehicle Industry

7KH FUDQNWYXHBOXKWURRIWLDPDQFH LQWHUQDO FRPEXVWLRQ H(
D[LDO WUDQVYHUVH DQG WRUVLRQDO KM QRPHDMWLRQV

WKH PRVW GDQJHURXYV DUH @ZKKH MKRENMQRBWOEHLEH U RUE
WKH FUDQNVKDIWIV VXSSRUW EHDULIXD/ WRUNKRQIDUMHT
RVFLOODWLRQV DSSHDULQJ RQ WKHIBHDROHMYKDRW WRM F|
FUDQNVKDIW DQG WKH GULYHQ SDUWDFWKVRQ@RFERKH\GHY

7R DYRLG WEKHOWERYHG XQGHVLUDEOH SKHQRPHQRQ

DPSOLWXGH RI KDUPIXO WRUVNVRDOL\WY HNM MRV SRRWH
FUDQNVKDIW ZLWK D WRUV LERMMSL L EBEHYWERQ G DRSS MWD O
RQ WKH IUHH HQG RI WKH FUDQNYV K D7AKHR D UH WHIY I D V31 C
W\SHV RI GDPSHUV VXFK DV IULFWLRQDYHVSURQJILRUNIK}
VLPSOHVW LQ VWUXFWXUH DQG FRUXGLWHVWRKH JIOHIDHY W \R
YLYGBPSHU LV HVVNQWEBDOG FORVH® IV SBREEHK BPRXRQDRG LG
ULQJ LtWQWHUWWEDQ PRYH IUHHO\ DQG LV JXLGBOHH VOLGH
EHWZHHQ WKH KRXVAUQD D QRSL & KD SL QIHMIWLIITPRINGL WL WK K
VLOLFRQH RLO

N
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BWUXFWXUH DQG RSPEPBWURQ RI D YLVFR

7KH KRXVLQJ LV DWWDFKHG WR WHKHMVIKUWDIKQHN VIKDIW IDW G
HYHQ D VPDOO WRUVLRQDO RVFLOWKHWLRQVDGS$ HEMU VYV QR/Q
UHODWLYH PRYHPHRQW IWIRQE KAKHQRUWM L WWKHRLO JDS
tangHQWLDO GKHHRVPLRQWKH WDQJHQWLDO VIKHDW IRUFHV
UHVXOWY LQ D GDPSLQJ HIITKEW LB I ABOWHIA/RMIENY LR QD |
KRXVLQJ LV GHFHEOHVDWIHROQHZRIIRDRLYVDIQRODG VHH GHW
VIMHRY) WKH WDQJHQWLDO VKHDUGUWHNWIGW EQ JEIRW P HM K
WKH KRXVLQJ bl @ WR G QHKHHWWBIPSHUDWXUH GXULQJ H
DQPSDFW RQ WKH YLVFRVLW\ RI WKHPGLQUFRORIFRVNY DQ
WDNLQL@AOAKHHIOXLG 7KH WRUVLRQDKH RRUAL@NOVCKDL R/Q WD U
FROQOYHUWHG LQWR WKHUPDO HQHUJ\UKHDWK B\GDHIEHW R
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ZKLOH WKH VLOLFRQH RLO WAOUHWFDOOURPKNUPQIO LFQQ W K
ZHDU

7TKHUHHDYHW WO UHVHDUFK SURMHFWY DUH GHDOLQJ ZLW|
RSHUDBURRHDWY RIGWRBEB HYWULWHRU VDYLQJ WLPH FRVW DQ(
GHVLIQ DQG GHYHORSPHQW SKDVHYV

,Q SLVWHI® HRFOPWVWHG RQ WKH PDWKHRDWRIIPOWHGHV F
UKHRORJLFDO FKDUDFWHULVWLFMNMGRAP S\FHKLHV &L VKL QM K HO
DSSOLFDWLRQ RI WHRH @&/HW G DWAHRMD ® RBKOWXQG ZLWK W
JHQHUDO UKHRORJLFDO PRGHO 7KH RSWLKIHDWLRQ SU
ZDV XVHG W PRDWVWRPSXWDWLRQDO WRRO IRQJDOFXODW
FRHIILFLHQWV-SOUWRHWRMXOWKHRORJLFDO PRGHO 7KH
VRSKLVWLFDWHG G\QDPLEDKPREOGDIWHAIGR 8 D &/ PQRGRHIFCH W U L
PHDVXUHPHQWY DW WKH FUDQN SLQ

, Q +RPLN [6I@ WDROSRVHG-D\GUKRHBURBR PLF GDPSHU PRGHC
SURYLGHV D JRRG DSSUR[LPDWLRQ RI WKRHVEFRHUDWLQ.
GDPSHKH LOQOWURGXFHG GDPSHU PRGHO LV DWBORQWR FRQ
I[IURP WKH GULYH XQLW JHRPHWULF NIDQUIDRFPWHUDQOBV
G\QDPLF SURSHUWLHYV RI WKH GDPSRGHDKH/ &R BEXIWF®DUWD
WKH DQJXOD R WEKRIFGWBPEHU SDUWV DQG WKH JHRPHWU
Rl WKH GDPSHU ZHUH REWDLQHB QRLPYR 6 HWHEF MH EH Q AKQ A N (
WKH $QGRULD & HTXLSSHG ZLWK D IDRWRWDPSRUVLRQI
VXUIDFH RSHUDWLQJ WHPSHUDWXUHWDXWXGHGQZEWG&HID
ODVHU S\URPHWHU

7KHVH PDW RHREMDVF DGHVFULEHSWRABXEP BWQUV KDUG WF
LOQYHVWLIDWH WK HR L @KHHUWIQOQ FRQRIRUEDMM YD U\ ' JHRP HW

&RQFHWXHMHOLFRQ RLIOWERPSWHSMH@GLQJ RQ WKH GHJUHFE
OHQJWK RI WKH IOXLG V SHULR GLAFDROUDW U MVVF RQLHV F DG
ZKLFK LV D SODQQHG VWDWH RI W KHDERXS\L Q@ JSHUWRPHHHQ
YLVFRVLW\ ORVV ZIGLFW LIRQ F Z ® DFHIG \GKHRIXUDG EH DYRLGHC
LW UHVXOWV LQ D VLJQLIRRMHQM XCLHFIWHO VILH LIPG WIKGIGV D
WLPH WKH HQWLUH 79' 7KH ZHDU BQQ WWDUW QRFMH R\
GXULQJ WKH HQJLQHYYV RSHUDWLRQ EKXKWM WV GVUR GRFWK R Q
SURFHVV ZKHQ WKH GHYLFB LVHH CCRHWG GHWMKD VOV LRR QYK
SURFHWFWQR Q

7KH DVOMPWYWLRQHSD UQJWEGKHWKBHUHDVRQV ZK\ LW |
QHFHVVDU\ WR PBGHDDO®QEKE XIRMMOLQJ SURFHVV RI D 7
LGHQWLI\ WKH ERXQGDU\ FRQGLWLRQAXRHWKIRLQOPDRQJ
GHJUDGDWLRQ IURP D WKHUPDO SRLOYWRRHYHKWZ WRHNKH
ILUVW DQG PRVW LPSRUWD QMY N®/RISPRQ W KLIV DWDNG L DE
DFFXUDWH VLOLFRQH RLO YLVFRVLW\URRBEAW® VEDWHIHE R (
VXEVHFWLRQ % XW EHIRUWHKW B R/&XS B S/SIOH. HGD ¥ R U MDLHY
MHGLXP LQ WYXHFQH[RWQV XE

A0 A



Acta Polytechnidangarica Vol.20 No7, 2@3

1.2 Silicone Oils with Wide Application Ranges

6LOLFRQH SRO\PHUV H[LVW IRXPBPDEDLOGLNICHUHQWXFKUPV O
JUHDVHV UXEEHUV DQG UHVLQQ®HDKLYRIUY @/LLAIDW KGE D IOWR
3'06 ERWVADWKH VLOLFRQH RLO VXRBRMRHIFGWH R4 SWKIL W KOLUWV
PDWHULDO

3'06 LV D VIQWKHWLF SRO\PHULF R UJDWQR \LIQO QMRAQX UBIX L (
8QGHU QRUPDO DPELHQW FRRERQRRGHRWAGIOBOIG/ D FOHL
YLVFRXV OLTXLG ZYWERYWYVEWUWHIF WRSEOME RORGLFD OO\
LQHUWRQRR FKHPLFDOO\ QHXWUDO DQGRKD®HYQRJIPDUN}
RUJDQLVPV LQ WKH @QYLURQPHQ

&RQVLGHULQJ WKH VLOLFRQFKRUO VW HIE FDADREQ EXDRAD V F R X
EHKDYLRU WKH\ DUH SULPDU\ ZRUNLQ XL RQ¥WL @XWQRYLEU |
WKH DOUHDG\ PHQWLRQHG DS S\KH VWQ RER/QLRLONKDRE B H F
PDQ\ GLIIHUHQW GDPSHUV ZIQGHDU WX RSDINRK S QR/WID W HF
EXLOGLQJV ZHDSRQV -¥$BFHFIURDQW REKLQHUVRQG LQVW
WR DYRLG UEPEDWIWRQ GDPDJH E\ DEVRUELQJ HQHUJ\ RI Y
VXSSUHVV WKH UHVRQDQFH RU DOOHYLDWH WKH VKRFN

$Vv IDU DV WKH WKHUPDO SURSHH® LWKHDKROBERGH RL(
KHBMWDQVIHU FKDUDFWHULVWILFVOZ Y W\RFHD €0 HIWO V@ VY HO\ K|
DUH SHUIHFW WKHUPLF OXEULFDQW\GVWUBDRWI RUPDWRI
HIFHOOHQW HOHBWDQEDOXQQVXBODWRUW FDUERQ DQDOI
IODPPDEOH 7KHLU WHPSHUDWWUB QMY E LEYIMUDEF @G UIRR
PDNH WKHP ZLGHO\ XVHG LQ MWHKRR ODREOKNAM G RRIQ KWMB 8V L
RI ' SPWWH VWLUUHUV-COMHAWO O VDV HIQ LILHHHI WY 6LOLF
FRPPRQO\ XVHG DV WKH ZRUNLQJ IOXLG LADLGDWIGSRWYV

KHDWHUV ,Q HOHFWURQLFV-WHKYL\DWBHAW HWIBUWBMD RARHPRSEH
URWWEDQW DQWLFRYURRLVDHGPEBXVWSISURRI0LRYXODWLQJ
HOHFWULF PRWRUV HOHFWULFDO DSHODLRXGE WRQEHHO
WKH EHVW LPSUHJQDWLQJ DJHQWD RV FROBMHULWRUY DQG 7

,Q WHUPV RI| VAEIOHFRFIHORIORNFHUWLHY WKH\ DUH K\GUR!
ORZ VXUIDFH WHQVLRQ DQG WKV ZHW DOPRYGHDBQW R/
PDQ\ FRRNLQJ RLOV DV DQ DEQ@W RLPOLYS D®IWRWM U VG L
FRRNLQJ SURFHVV 3'06DIQ®@ZY &HDRCODMIXLQV DV DGGLW
,Q DHURVSDFH LW LV XVHGKDQ NV WS i RVDVUKDSGIARISKHILVE LRI IV
7KH\ DUH DOVR XVHG LQ KHDOWKFD WH 3W DGKB WM WRDV
UHJXODWH LQWHVWLQDO JDWISURGXWWHRWQLW U HRX \D L\QX
UHPRYDO VXODGHWMHWVR D SRSXODU WHVW PDWHULDO
WKHRULHV DQG IRU QRYHO PHDVXULQJ RWWWKRGV DC
PDQXIDFWX$GWRQ 3DDU XVH 3'06 DOVWRIPV FDOLEUDWLR
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2 Rheology of Fluids

5KHRORJ\ LV SDUWLDOO\ UHOIDW@®G S\ORJWK B PIORDW RHQR D(
SK\VLFV DQG DLPLQJ WR EHWWHU XQGHUIXW®BDQ ® QWKH |0
VRIW VROLGY GXH WR HIITHFWQRUDNWHEWHADY @ QRVIKHW D W

7KH VFLHQFH RI UKHRORJ\ LV FDSDEOH WKHKEBNUNFWDQ
QDWXUH RI WKH PDWWHU DOV QO BNWHBEDWVBUWORDJ PDW!L
GHIRUPDWLRQ SURSHUWLHYV 7KH I XQ INCHZW DDV WA KOHD W
FRQVWLWXWLYH RU PDWHUULPO HTXDWLRQ LV ZULWWHQ |

iz R®U06

ZKHUNKHDUPIWIBMKE MDY WEXYKH YHORFLW\ JUDGLHQW DVV
WKH GLVSODFHPHQW EHW ZH HQG B&\I) DREIMF-DEIBNAVRA OWL G Ol
WKH UHVLVWDQFH RI WKH IIOKH G WIRQ &/HHIRQ P O WU IRFQN IWRKOH E
DGMDFHQW IOXLG OD\HUYV

7KH DFWXDO YDOPRNBBSHQER/VRY\WHPSHUDWXUH SUHVYV
DQWLFKH PRVW LPSRUWDQW D RROQMANDWQNIRHFRIDYWY R B V KH
Rl YLHZ ,I| WKH VKHDU VWUHVV DU KWL K HRUWKHVIFD B MG W
JLYHQ WLPH WKHQ RQH FDQZWIDMHN LOE R YW HOU VALIP\GHD\H LI @Y X
YLVFRHODVWLF IOXLG 6LOLRG8EWVHHXEBRE ANV YA VER HG RU
WKLQQLQJ IOXLG ZKHUH WKH VKHRDAL WD & H FIULGHAWHD B A FRRJ
WR D JLYHQ2JXQRQYIWMRIQORXJK VLOLFRQH RLO® DDWH YLVFRH
WKHLU FRPASCMRRKRDYVYRAW XDOO\ GHVFULEHG ERWK ZLW
HODVWLF WHUPVILEROQWUIG § U REEDWKRU W IDAFB® UHODWLYH
IOXLG G\QDPLF SUREOHP LQYROYLQJ VEZBEOHFWKIHNLHYV
IORZ WLPHY DUH PHDWXJ\WRRIP &G PV WHWKRUY IRXQG WKH
RI HODVWLF WHUPV QHJOLJLEOH LQ WHVNUZBWNRIX B! IF
YLVFREKK/DYLRU

1.3 Rheological Measurement Methods

,Q RUGHU WR IDFLOLWDWH DQG W RWSHEGREWHU RIKGIL QB HR C
WKH EDVLF UKHRORJLFDO TXDQWIWLMHV DQIGHWRB B D WHi Wi
UHVXOWY PRUH UHOLDEOH DQG HD V ILKML RURV HXWDHD K R RAHH G
IRU WKH PHDVXUHPHQW 7ZR EDVLFGWBHRMBUK HRORJILF
SUDHRM|LFH

X &DSLOODU\ ¥UYRREPHWBUWFKDQQHO ZLWK D VLPSOH X
FURMAFWLRQ

X S5SRWDWLRQDG IWRZAEAMEHHY SDUDOOHO SODWHYV 3.
EHWZHHQ FRQH DQG SODWH &3 JHRPHWU\ RU IC
F\OLQGHUV && JHRPHWU\
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7KH JUHDW DGYDQWDJH RI URWDWHRBQW& ® HW\FHRUPMHLIVDHHU WL
IRUFHY DFWLQJ SHUSHQG L EXKHMXWH W R WPKHD | O\WR D HBM\NUHHVF WA
WKHVH WKH IOH[LELOLW\ W L\YWOD UOXMGIBDIHEH TXDQWL)

,Q FDVH RI 33 JHRPHWU\ WKH VDPSOHSIODQ®RNDDWH® @H'
DGMXVWDEOH GLVWDQFH IURP HDFK RWKHUWRERBRHSE@RWWF
URWDWHYV 'XULQJ PHD\WOMRIQUWD @GVMWHRDNGKHUPDO IOR
KRZHYHU WKH VKHDU UDWH LQKWKEGNDXQWDUW QRW K-
DUUDQJHPHQW LV WKH VLPSKISRWALEL ODW S5 WHR GIRVGOQ L
VL]H RI WKH JDS EHWZHHQ WKH SOWDN N ¥ HDQUG VWHKIHH \B\RW W/
WKH RERUPLUHFWLRQ

,Q RUGHU WR GHYHORS D V XQWAREYHA R DG XPOMNAHLLLD O KPHR G
SURFHVV-BDHENBR UPRPKHPORKDHND OWR EH FDUULHG RXW
LQFOWERASHUDQMX UWKHOHSHRDWHQW YLVFRVLW\ PHDVXUH
SVWWGRSODVWLVFFRMUWY KOHTXS & U S RV H RI' WKH P H
GHWHUPLQH WKH EDVLF UKHRORJIQHDZARN TXO® WUWY AV LEIHY
WHPSHUDWXUH DQGVWKHWIBU RUDRQEMFULELQJ WKH FRPSO
EHKDRLAMMKH RLO LW LV HQRXJK RQOR MRKMRGLHIL MRKM RYLLC
IRU WKH ILOOLQJ SURFHVW /O WMAR/ER O AHKM/NBMHWDIBOH D
IRU SHUIRUPLQJ FRQVWDQW WHDW WHRQW VIDIR)XBWYV VRSO H
PHDQV WKDW RQH SDUW RI WKH HOIWL$RB8 Q WRZRWSIHWM IGV Tk
PHWKRG LV XVHG WR GHWHUPLQHVWRK E Y WKHDKHRDVWRA LD
VKHDU VWUHVY DQG WKH YLVFRVLADVWVWDRIEWLBEBOH XKD W |
WHVW WKH VKHDU UDWH RHGWKKILOVHKHWKHVRWKNUY T X DLC
PHDVXMHGQJ WKH ILOOLYJ WHRFPHMM L RRQH RLO LV H[SRV!
DQG WKRU® IHZ PLQXWHY ORQJ WWR HWDW UX RRKW RW KIQOQH
DQG FUHHS WHV WY@ .UNXYWD OVZWKN PBDFW WKDW WKH QHF
IRU WKLV W\SH RI VLOLFRYQHDRL @HWRHDYWXUWH GW\ VKR B W
WLPH GHSHQGHQFH DQDO\WLYWRXWORFKAMSRR OFV YLVFR

1.4 Rheological Measurement Results of AK 1 000 000 STAB
Silicone Ol

7KH UKHRORJLFDO PHDVXQDH P H6@ $2UWIVXICARY IR IRE.O SUHYV
LQ WKH FXUUHQW VHFWLRQ DUH YBDVREQDEHEWPER WEKHH O
Rl SUHEMEHWGOGHWFRVLW)\ DQDO\VLVHUIVHWWKD W KKV UKHDRH Q W.
LQYHVWLODW®GE SURFHVY RSHUDWH\S DMW BRERRNDVW S UH V\
GLDJUDP DYDLODEOH LQ VEKR RMLPWMKDOH SRIGRMGISIVR G X F
LQIRUPDWLRQ DERXW WKH SUHVVXUH GHBRIMKQFH RI
GLDJUDP DOO W\SHV LK) WIKGIL ¥ R/@RHSRIHY \UHDHHRK D Q JH V

WKRWXH YLVFRVLW\ RI WKH VL®XBR QK RUBDMHA HOD\DHV R

DUH PXFK OH VS UHQAKUML ¥ K DWQR H V, OV KIBFEMPLL\QFHRW/D. @/ R L O V
H[SHULHQFHG XQGHU D P& ILN Q3R & R QIS GR&[L R@ V
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7KH UKHRORJLFDO PHDVXUHPHQ@$%W RIOLKER@H RLO FKRYV
WKH VXEMHEW Rl WKH VBAXG\$QWRBB BDDULBIG\VRFW 0&5
URWDWLRQDO UKHRPHWHU ,Q RUGHUQ® RUHVRQWIL]GIJ W
LQDFFXUDF\ GXDWQRQ RH WRH PHDVXULQJ KHDG WKH L
ZLWK D ILQH SRURXV FDUERQ FR BI\W S 6 UBIRXBHIROIOHG Z LV
HOHFWURQLFDOO\ FRPPXWDWHG SHUPPEW®RW PZIYKW V\
DQ LQWHJUDWHG QRGE ZD & KRDHRHRIBN QNLRQ RGWLFDO HQFF
PRGXODU FRPSDFW UKNRFBWRRMUEVAYHIBZKEKFHRPHWHU
PHDQWKDW WKH UKHRPHWHU FDOFXODWHE WHKMSOKHDU V
IURP WKH LQVWDQWD®RWXVF BRWR RIWHXUHHQW WKDW
SDUW RI WKH PHDVXULQJ JHRPHWUQW Q8 PRQWKR VORGE
VXFK D ZD\ WKDW WEKH SHQHI/HFQWEMEHDURBJ LV UHDOL]I
VDPSOH EDVHG RQ W K HXGDW DURMDKH RS W HEDR D PR X Q W
D[LV DV WKH PRWRU 7KH WRUTXH UQQWH X\PKDQW ADQ EH
nNm- P1P ZKLFK KDV DQ DQJXODUUWMHDRFEBO UDQJH RI
DQG WKH WDUJHW WHPSEUWDPSPHEWRI NI H RI WKH 10X

7KH PDLQ FRPSRQHQWYV R argVXlHY BADWK®&ILQJ) VIXWH P

x 0&5 UKHRPHIMHAWK FRROLQJ KHDWLQJ DLU YROX
UHJXODWRG IDXWG FLUFXO DWHXG 3330 WR-HHDV X \WLWVDH P
KHDG JHRPHWU\

x &RPSUHVWRUNHHS WKH YROXPH IORZ UDWH RI WKF
JXLGHG WHR WHWXDODWHG SHOWLHU HOHPHQW DW D FR

X 7TKHUPRVWDW DQG KHDWHH] FAKMNWKIHKUGUDXOLF IOXLG
WKH WHPSHUDWXUH RQ G RRRARICALIQK HKOWVDWALIQD LD 0L G

X +\GUDXOLF SXPS IRU FLUFXODWLQJ WKH FRRO
PHDVXULQJ VI\VWHP

Xx 'HVNWRS FRPSXWHU IRU FRQWUROMmLQJ WKH F
SKHR&RPSDVV VRIWZDUH

X $GGLWLRQDO FRPSRQHQWYV VXFK DUHWWDOLEUDW
VDPSOH KDQGOLQJ DQG UHPRYDO VSRRQV DFHWRQ

%DVHG RQ D SULYDWH FRPPXQLFDWLRQ ZQWIOVWVWKRI$SQWHF
KLIWLVFRVLW\HVDAROAHRQH RLO ZLWK DQ LQLWLDO YLVFI
3DV HPVXUHPHQWY DERYH WKH VKHDU UDWHR BRRU V D
WKDQ PHDVXUHPHQWY EHORZ WKLV WHK K RAMKHRDOJG UYDDADHEK H
UDQJH V DOUHDG\ IDOOV ZH DMK MWH WW VDU BIQIIUR YWIG
PRUH DFWKDDWNFLOODWLRQ WHYVWHNQ WKIHV DFFXIUHG RV RV

IRU && JHRPHWU\ DQG IRU 33 DQG &3 JHRPHWULHYV

7KH WKHRUHWLFDO FRQVLGHUDWLRQ@HZH LWINN\NHD LD W RE
FRQVLGHUDWLRQV DV ZHOOWLR @K R ISWR 8§ HUYDLFHOD BQB P
LQVWUXPHQW $FFRUGLQJ WR WKLV EDBNMHPRIMQGHGVKH |
WKH IROORZLQJ PHDVXUHPHQW SODQ
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YLIXUH
OHDVXULQJ VIVWHP ZLWK WKH PDLQ FRPSROH®DWAW XVHG LQ WKH L

7KH JRDO RI WKH UKHRORJLFDO DQYVIOANRYV LIW\ W R UFYHHD/V R
WKH $. 67$% OLFRQH RLO ZLWK WKH $QWRQ 3DDU 3
URWDWLRQDO UKHRPHWHU DW SRYQDMMGLQ WKWH VKHD
EHWZHIAQ DQG f& DW GLIITHUHQW WHP¥NXUBWXUHV |
DSSO\LQJ D 33 PHDVXULQJ KHDG JHRPHR¥FBROWDFREHGLQJ
KDV WR ZRUN ZLWK D IOXLG VDP 888 VDXRRXPGHEY W I PO IR

ODLQ VWHSV RI WKH PHDVXUHPHQW SODQ

., 7KH ILUVW VUWHBORJIWKHNMO WR IBMHWHWUPLQH WKH DFFX
SUHFLVLRQ RI WKH PHDVXULQJ LQVWUDRHQW ZLWK
WR GHWWKHP IPQLPXP UHTXLUHG QXPEHU RI PHDVXU
PHDVXUHPHQ@ FWYHUKRRUDWQ\ WLPHV WKH YLVFF
PHDVXUPRWB@WHSHDWHG DW D JLYHQ WHPSHUDWXU
VXLWDEO\ FKRVHQ FRQILGHQFH OHYHO

. 7KH VHFRQG VWHS3S FOIOWK@V OWRRORWHUPLQH WKH
UHTXLUHG IRU WKH HQWLURQ/ MWKH RE B \RUWDL § D BSSOMH
UHDFK WKH GHVLUHG WDUJHW WHPSHKHDOWXWH DMK UR
YLVFRVLW\ DW WKH SUHVFULEHIGY DG VR HUHRWM GVHY

1. 7KH WKLUG VWHS RI WKHYVUWR RECRIW ¥ RX VWD QNDKCH VG
YLVFRVLW\N PHDVXUHPHQWY LQ WKH VXHDVW DOWH UI
GLITHUHQW WHPSHUDWXUHYVY UHSEWDWHG WKH UHT)

'"HWDLOV RI WKH PHDVXUHPHQW VWHSYV

,Q WKH ILUVW VWHS FRQVWDQWWILKRHHDW DUND IV HY MVHHD/W Y [V
V D&WQGE ZLWK D JDS VLIKIRM KDSURRFRGHG WKH PRVW
DFFXUDWIHRWKN XGW)DIFL® FARVLWKH VDPSOHV DW f& DFF
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WR WKH SURGXFWKHURENROKXWH YDOXH RI WKH GHYLDW|
PHDQ RI WKH PHDVXUHG DQG UHHMRRH@XH® Y EYDRMRD/Q RVAXHL
YDOXH JLYHV WKH DFFXUDF\ R# WKHBDPHD YEKHKH LKRIU UGIVWUY }
HPSLULFDO VWDQGDUG GHYLDWLR® HD QVK®GRIFD WHYH & Ky
SUHFLVLRQ RI WKH PHDVXULQ@GDVQVWWXMHHRRWILGHQFH C
FKRVHQ WR EH WKLYV PHDQV WKDW LRV WKHNKH St
PHDVXUHG UHVXOW PXVW IDOO ZLRDMOQU MWKIH LIQRFAXWHDRHN Q
L ZLWKLQ WKH HUURU OLPLW RI WKHGLRNV® BXPIREWG WK
I[IURP WKH VWDQGDUG QRUPDO GLVWULEKKYHWRILWDEOH |

F D GH 7KH PLQLPXP UHTXLUHG QXRANHILYRH@® EDYIX UHP |
2) EDVH® HRHODVXUHPHQW WHFKQLTXHYV
1= 16 Bp = 1196 @19%6—0404 2)
= 1Ggp = 1196 Bzg=—p =0

S5RXQGLDJ XS/ JDLQHG WKHUHIRUH LWRL P HDR/KR BHRVQE D C
RQFH LQ HDFK PHDVXUHPHSWHFDWLIR @ LMD WKUHL &L JIKQ V \
SUHVHQWHG DW WKH EHJLQQLQJ RI @H® QXEFHEWHBBK 5
PHDVXUHPHQW BDV WHPHRUERYHGPRRVXUHPHQW LV QR
PHDVXUISRHQWLSOH

,Q WKH VHFRQG VWHS DIWHU GLIIHKHYH@WQRRRDQ QY JVAKHD
UDWH PHDVXUHPHQWY ZHUH FDUULK® RXW BWH RMKKID U

PP IRU PRLOYXMOHK LQYHVWLIDWHG WHPABSHUDMMXHH 7
GLDJUDPV ZHUH VHOHFWHG K& XPRIPSKO MV KUHH YD IVERG LBVO |
FRQVWDQW GXULQJ WKH PLQXWHYV R/IXWHKRAHRHDW XWHKHAH
IDUWKHU WKH PHDVXUHRR@W WMHBERBDWKRISFHEUDWXUH P
ZDV QHHGHG IRU DOO UHJLRQV RI WHHBDWDPEO B Q\CR | B H DY
LQLWLDO YLVFRVLW\ YDOXH WR UHPDLQLR@EKDQJIHG GX
PLOQXWSHIMRYWG WR EH WKH QHFRMVMWHU\ZKILE@ KPK@ VZJIHVL W K
UHJLRQV RI WKH VDPSOH Z XA W0Q NDH O K YWDWA HID WHE S/
FDVHV 7KH LQLWLDO YLVFRVLW\ YDMXHP/SIRYHDWXWHGDDW
OLVWHG LQ 7DEOH

,Q WKH WKLUG VWHS VLPSOHGVBWDDOWH YW\ ZH\\ML Sk
WHPSHUDWXUHV ZLWK D JDS VORI RRK KHDWR QZ LANDK \I LK)
RI PLQXWHV UHSHDWHG WLPHV VQD@&H VKHDU UD
ORJDULWKPLFDOO\ LQFUHDVEQW BRO® W VG LY /& LEXMK RD
VKHDULQJ WLPH LQWHUYDO EHWZHH® OOV ®EUHD W QAL
YDOXH GLVWULEXWLRQ ,Q WKLV VXWHSG ¥ IWRRWIOVR IG D
ZHUH VWRUHG DQG HYDOXDWHG 7&HAQRPIEHEZ WQ P HRD QW L
PHDVXUHPHQW >V@ 7HPSHUDWXUH >HB@® UDQBIPEF W@ VF
6KHDU VWUHVV >3D@ 6KHDU VWWDDLRYF® YR TXH >1P@

$W HDFK LQYHVWLIJDWHG WHPSHUDWX WL WW KH XKHDU V
UHFRUGHG DW WKH VDPH VKHDU UDWHJPXUHHSLEMWG WLP]
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WKH PHDVXUHG SRLQWYV RI WKH UKHRORJH¥ROWWXWDQHV R
SUHVHQW ZHBDWRIQH MJIRE NBKOHY DRIBOL. FRQH RLO

7DEOH
OHDVXUHG LQLWLDO G\QDPLEGOOWLVERYHLWALYDEGREW RLS.

Temperature | Dynamic viscosity [Pas] | Temperature Dynarr[lllaca\él]scosny
[°C] at 0.1 1/s shear rate [°C]
at 0.1 1/s shear rate
- 80
-20 100
0 120
20
160
180
60 200

7KH UKHRORJLFDO PHDVXUHPHQW UH ¥ X@MWWXEEGHDIUWK K H
MOLFRQH RLO 7KH VKHDU WV UG KNYHDH/MHNVUDIWHGC W KHWLKH
VKHDU UDWH EXW LWV DFWXDO G\QDPLF YLVFRVLW
7KH PHDVXUHPHQW UHVXOWY DOWIRLFR@QHURLWKIHY |ID
WKHUPRUKHRORJLKXDOLWOWVP B/BH MPHG7HPSHUDWXUH 6XS|
VLQFH LWV RKMHROMDARWHEDOYWLFY EHKDYH LQ WKH VDPH ZD'
UKHRORJLFDO FKDUDFWHULVWLF F>XGUWYHVF W URIQREDX MK RI
WKH WHPSHUDWXUH

1.5 Commonly Used Viscsity Models for Pseudoplastic Fluids

%DVHG RQ WKHL ORWWHW COWMHXAG RSODVWLF YLVFRVLW\ PR
VHOHFWHG IRU FRPSDULVRQ 7<DWMKGBGDH&WRNVEDBRUKD R (
OHWHU 0°QVWIH\GWQ J3DAHDIARBHUKH IRURKX D FK
LQYHVWLIDWHG YLVFRVLWY PRGHQQLVDSERMMNH@WBG E\ (-
UHJUHVVLRQV ZHUH DSSOLHG IRU HRFKGPAR®HO\ WKSDU
XQNQRZQ SDUIIERMHRPASINUHY WKH ILWWLQJ DFFXUDF\ RI H
PHDVXUHPHQW GDWD ED¥%HNGVFR WHYWREIQHBV IB¥E WK W H G
E\ WKH DXWKRUV WKDW LV IREQ®E WR BH' WRBD PRODWDRQ
YLYGRPSHUTV ILOOLQJIHSDRXBWMHEFIWMHG RQ

7KHRUPXODV RI WKHVYDRRRVLENPRGHY D ILWWLQJ IXQF
DYHUDJHG PHDVXUHG G\QDPLF YLV¥FRNDLWH XDB&HWRSUH
SHUIRUP WKH P RIGHHID Y/REFASBORDQJ OHDVW VTXDUHV PH'
QRQOLQHIHZWRRVYDQ UHJUHVVLRQ WUDFLQJ EDFN WKH \
VHDUFK LQ LWKHDWQ¥MWILZDQDO PLQLPXP LV JDLQHG E\ P
GHULYDWLYHV Rl WKH IXQFWLRQDO HTXDO WR JHUR
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7DEOH
,QYHVWLJIDMZMGR QRDQ YLVFRVLW\ PRGHOV
Model Formula Eq.
R F
&DUUHDX R606 R(O+ 9 Bﬂ(?nn
[1+ (46 ®@6 6
&DUUHDX [g 06 B(§+— 40 FHO
<DVXGD R L)
[1+ (46 ®08] @D
R(O F (O
&URVV K606 %0+ T x5 ®)65T
5
-RKQVR n —r
21 gave (s @ AETEET 0%
R(O F (9
OHWHU 1608 &6+ o ¢
1+ Fa G

&0

, 06 46+ %0 & KE %9 ©HKIB+ &9
0-QVwHEHH ©HKIB+ (9 ©H KB

B3RZHOQ O M0 46 ®)U§
(\ULQD X606 (6 + k6 F&(@o@—lmG
Al K606 -(9 @UFS

7KH PROGUHOPSHIWHUY HDFK YLVFRVLW\ PRGHO IRUPXOD (
temSHUDWXUH WKXV D PRGHO SDUDPHWH-WRWDHU EH DSS
SRO\QRPLDO

7KH FRUUHFW YDOXH RI WKL S DHDFPK\8 RO\GRHA LID 6L HRUW
YLVFRVLW\ PRGGHO SRIOJQR®HDO UHJUHVVLRQ 7R HQKDQF
GXULQJ WKH LWHUDWLRQ WKH X QR R 2@QMHIB®/Q YSHD UD P -
YDOXHV $\U Q@ HHWK QW VWION X®D WK OSRO\QRPLDOV IRU \
WHPSHUDWXUH GHSHQ®HUGIW RR BPKMH T DKEDAMHH WBIW LV ILHG

WKH VLJQ FRQVWUDLQW DQG SURY L GHD WXUHH G H\DRHD V T
UDWH UDQJH

%DVHG RQ MDEEPOWKH KLIKHVW DEVROXWH GIHIHUHQFHYV
<DVXGD YLVFRVLW\ PRGHO LV IRXRG RARKEHKWYW PBRDOW WI
GLITHUHQFH WKH &URVV PRGHO ZRUMNYV RHHWHMWOHDUN L&RIQ V
GLITHBNQ WKH 0 QVWHGW PRGHO SURYLGHWXPHD®OHU (
YLVFRVLW\ YDOXHV

,W LV DOVR LPSRUWDQW WRLYERWNVNW\LPBRW H K E A KIRHV OH
PHDVXUHG VKHDU UDWH UHJLRQ DER¥RVLW\ YDOXHWKHE
GLYHUJH WR LQILQLWH RU IPKHBWHDAW H U WKW \GKDJQ QRID WK
VSHFLILF OLPLWHUYV
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7DEOH
,GHQWLILHG PRGHO SDUDPHWHU SRO\QRPLDOV IRU WKH VHOHTF

ORGH( SRO\QRPLDOV RI VGKIIS MVHE S QI W DRARXGH-D

(6 0

R{ 6 =3.55208 '-14 ® BF3.04511'-11 ® 6+ 1.06686 '-08 ® 6F
1.98312'-06 ® %+ 2.15475 '-04 ® BF1.48606'-02 ® 6+

0.77383 ® BF38.54805 ® 61662.14402

& D U U H|D&6) =2.97570 '-19 ® ©F3.44028'-16 ® 6+ 1.49141 '-13 ® 6F
<DV XG[3.26433'-11 ® B+ 4.06031 '-09 ® BF3.17045'-07 ® 6+
1.84093'-05 ® BF9.51978'-04 ® 63.99458 '-02

£ 6 =1.20867 '-08 ® BF5.12543'-06 ® B+ 7.77623 '-04 ® 6
0.84655

X 6 =5.18491'-06 ® BF1.19737'-04 ® 6 6:35822"'-03

%HFDXVH RI WKLV IDFW 0+QVWHGW RRGHO WK HH PRISHIH C
ZRXOG UHVXOW GLYHUJHQFH DQG QXBNUDEDRVWUURU DV
PRGHO LV FRQFHUQHG QRW RQO\ WKHKHJEWNMWDD BVRIO X
UHODWLYH GLIITHUHQFHV LV -KDJKHED ARPGH® HW KXK' &D U L
<DVXGD YLVFRVLW\ PRGHO LV VHOHPWHDGHRYLWKRV PR V'
PRGHMWKH &)' FDOFXODWLRQV WKDW 6<BQ)/BHIZPSOHPHQ\
HQYLURZQLMHKRXW OLPLWHUVHLQQIHRE PXRIFV XR @ U

JLIXUH VKRZV QRW RQO\ WKH DYHUDOMKXS8 W HDRAMXY HEX®A C
DOVR WKH G\QDPLF YLVFRVLW\ FXUYXWD VXIGODHFRGEBOFXO
IRU $000 67$% VLOLFRQH RLO DW HDFK PHDVXUHG W
LOQYHVWLIJDWHG VKHDU UDWH UDQJH

7TDEOH
&RPSDULVRQ RI WKH LQYHVWLIJDWHG YLVFRVLW\ PRGHOV EDVH

Highest Highest Average of
absolute relative relat%/e Model behavior at higher
Model difference to | difference to di shear rates (above 1000
ifferences
the the (deviation) 1/s)
measurement| measurement
YLVFRVLW\ PRQ
&DUUHDX spbv GHFUM®R HWUR
&DUU 3D YLVFRVLW\ PRQ
<DVX GHFUHDVHV WR
YLVFRVLW\ PRQ
&URVV 3bv GHFUHDVHV WR
YLVFRVLW\ FRQ
-RKQVROQ 3DV YDOXH EHWZHHQ DQG
3DV
YLVFRVLW\ PRQ
OHWHU 3pv GHFUHDVHV WR
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0 QVWHGW 3DV YLVFRVLW\ SLYHUJHV WR
3RZH 3plv YLVFRVLW\ PRQ
(\ULQ GHFUHDVHV WR
3RZH 3DV YLVFRVLW\ PRQ
/IDZ GHFUHDVHV WR

AK 1 000 000 STAB
10000

1000 PEEtTrErrrrrEstesrrtteesrrreseeess:

100

e 200°C ® 180°C s 160°C e 140°C 120°C 100°C s 80°C

* 60°C * 40°C 25°C * 20°C e 0°C * -20°C ® -40°C
+——200°C Calc ——180°C Calc ——160°C Calc —140°C Calc 120°C Calc 100°C Calc —80°C Calc
——60°C Calc ——40°C Calc 25°C Calc 20°CCalc ——0°CCalc ——-20°C Calc ——-40°C Calc

Dynamic Viscosity [Pas]

10
0 1 10 100 1000

Shear Rate [1/s]

YJLIXUH
OHDVXUHG GRW-MWDV®GDEBDORREDWHG OLQHV G\QDPLF YLVFRVL

3 Computational Fluid Dynamic Analysis of the
Filling Process of a Viscdbamper

,Q GHVLJQ DQGSKBDYH®GRSPHDWVYWLPDWLRQ DQG FDOFXOI
IORZ WKH WKHUPDO FRQWURWLRIQVRDLERQHQR LWL PMK B
PDQDJHPHWIQW.RRQH RLOYYV GHIJUDGDWWRQ Q8 FHBDVWLE L P ¢
WKH OLIHWLPH RILYKBHDWYWR G X PMWK BaQU@ F 8§ Q KIRB@&EE Q F H
VLIHG QDUURZ GDPSBY EBH QHRPHWWR LQYHVWLIDWH W
DW GLIIHUHQW GLVFKDUJH SUHVVXUHV

7KHLUOOLQJ LV FDUULHG RXW RQ D VSHRL DFQ HIDAOLLQRIJ CE H
near Y DFXKR QG LLVQL REIDHP SHIE DURXQG 3D UHPDLQLQJ D
SUHVVXUH DY WKHUNDGOG/ WKS Q L-GMRFWLPRHIE DPRXQW R
RLO LQWRHWKR@ BROVWD QW BV JK B FHR/GVE KWHYIHSG

DQG ODWWHYXWHISV ZHOGHG LQWR WKH YL@BRAWWKROH 7KF
DOORZHG WR XQGHUJR PLQLPDO GHJUDVGHURYRGHURP W
PD[LPXP VHUYLBHRROHUDWQGH FRQGLWLRQV )RU WKLV UH
NQRZ WKH PD[LPXP RLO WHPSHUDWXUH YIDFOMHUHHFRPPH
DW ZKLFK WFKOHQ RELFO X\AWKIQEB@DU HRB\H UD W LR Q
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67$% WKHUPDOO\ VWD B/AHOB JIHKGE 8Kl OR.F R@GIFRILO L
:DFNHU &KHPLH $* ZKLFK

YLVERPSHUV PDQXIDFWXUHG E\

KHDGTXDUWHUHG LQ OXQLFK DQG LV WKHXRPBWNHW OHD

SURGXFLQJ VLOLFRQH RLOV $FFRUBGLLFPIOWED@ B H/ RBBW I E
67$% VLOLFRQH RLO FDQ EH XVBIGWDK\DRSHUDWL

$.
f& $FFRUGLQJ WR WKH :DFNHU &KHPI$SH WK BLUHRG XFW |

VLOLFRQHNKLY W\SWHRAHOLONOWKREKPDW UHVLVWDQFH XS
f & HKURPDHMHQAW YLVFRVLW\ FKDQJ

$.

LQ WKH SUMMH GER RH

GXH WR WKH R[LGDWLRQ LQ WKH IOXLG

%DVHG RQ WKHKHVWBVNDERWHR W[DPLQH VBIOWP SHRWOLQJ S

JDS JHRPHWBDPWMOMEVERPSHU E\ XVLQJ D UHOLDEOH DC

W HP S H IDINVEXWHHE W SHINEM DRW LV BHFRORSHG LQ VXEVHFWL

DQG XWBPSHGH\SEN@HHOM W\ PRGHO IRXQG LQ WKH SUR

[l @ ZLWK VSHFLILF KHDW W KDHWPWY 8 GRRLGRGX FAW HYILLVW@\OR Q G

LV FODWXG DW IRXULG (B NSWHY WXIROW L Pd 1

PaDQGI Pa DQG WKH PD[LPXP LDQOWHRE SIBURWRUBJIRI WKH R

GHWHUPLQHG IRU DOO SUHV\HUHLGOVBAY SUR MK DWWV & N

WHPSHUDWXUH ZI00DQQ® RSVR LHY WHRKIGIW K il & @MXQAGE WKH PLQLP

GHJUDGDWLRQ RI WKH RLO LV HQVXUHG

7KH DXWKRUV ZHUR URRUHPYHGDWRRS\NILL KLIJKHVW SRVV

RLO WHPSHUDWXUHV IURP WKMWKL®ODFW S UR FHIVFVK %G FB'

ILOOLQJ FDVH WKH KHDW WHRRMWL 8 B UBIE DWVKLH 2D @\O R X V'

QR FRROLQJ HIIHFW RQ WKH GDPSHU KRXVLQJ
WUDQVLBGWW KPHKWDRDIOS K D

TKBERFHQWLUIRQMHB VHY ZHUH&RFHOORWOIBWH\RQV EDVHG F
VLPXODWLRQ PRGHO LV GHYHORSHG LQ WHGAGWR16<6 )/8(1

ILQLWH YROXPH PHWKRG
DQD(W(](I-H ILOOLQJ SURFHVV RI WKH GDPSHU

B0

JLIXUH
O0DLQ GLPHQVLRQV -O/MIRW LDRYG RW KAHK A ULBQDWABHAIL ZDWK GV K HVGEBPSHU JD €
KLIKOLJKWHG ULJKW

A1 A
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Reference pressure: 10° Pa : Multiphase model:
I Volume of Fluid (VOF) method
: Implicit body force

1 Surface tension (oil in air): 0.0215 N/m

Flow physics:
Laminar flow

Total energy equation
Viscous heating

Solver settings:

Transient simulation
y . Time step size: 0.1s
Heat transfer: adiabatic sacond order equations

Adhesion: oil-air contact angle 10°

Thermal conductivity: 0.15 W/m/K

Thermal conductivity: 0.0242 W/m/K : Pflowfield = - 99900 Pa
Specific heat capacity: 1550 J/kg/K

Specific heat capacity: 1006.43 J/kg/K 1

Qil phase ! nir phase 7 Initialization of the flowfield:
Molecular weight: 109,910 kg/kmol | Molecular weight: 28.966 kg/kmol | VFoil=0
Density: user-defined function : Density: ideal gas : VFair=1
Viscosity: user-defined function | Viscosity: 1.789e-05 Pas 1 Thlowfield = 25°C
1
1
1

YJLIXUH
&)' VL P XOMR\GLERIW K PRXQGDU\ FR @SISWLRIGVVBIQIGYLQJV

1.6 Geometryand the Boundary Conditions for the Filling
Simulation

$ VPPVOIQHG-BEDWBSRHU KDV EHHOKRYHOBBPWHVA VRWKDW LV VKI
RQ WKH OHIWUVAIGMKRUWNIPDLQ GLPHQVLRQVOIRZ PP 7KH \
ILHOG GDPSHU JDS LV KLIJIKOLJKWKE E)' VK@ RWYLRKQH
VHWXS RI WKH GDPSHUfV ILOOLQJ SURPKHY\D IS WIKH @&/ KH
PRGHOV DUH GHSHFWHBFDYHLIWKH ILOOLQJ SURFHVV LV
ORQJ DWPRXQW RI VLOLFRQH RLO LV ILOOHG LQWR WKH

1.7 Numerical Results and Discussion

TKRDIRXWPAMRPMKH QXPHULFIIRQW HDI-KX D@ W BBYIHD W H G
are FROOHWHE OKPGTXDOLWDWLYH UHVXOW [PARXW WKH W
LQOHW PWHKVDYPXWH f& LQOHWKWH SRHWHMKUKILIKHVW
DOORZDEOH RLO LQOHW WHPSWWLWRXWH GY DIOKGNVQ IJRED ¥
KLJKOLJWWHIG ERXVHR QR LO LQOHW WHPSHUDWXUHY UR:

7TKHUH LV D WHPSHUDWXUH LQFUHDWH QI SUKRH WV D LLER B H
LOQYHVWLIDWHG VLPXODWLRQ FDVH 7XHOWRSPWWRW EHKLC
H[SODLQHG DV IROORZKLWRHMKIHO RYHI KD@HG LQWR WKH C
JDS RQHDDKWIKHLOOLQUQSWUHMYXWHULFWLRQ RFFXUV DP
OD\HBVV PHFKDQLFDO HQHUJ\ LV FRQYHUWWRW.IMAVR KHD
WHPSHRRQWXKIHH RWKHU KDQG DV WKH RLO VS UHDGV LQ W
DLU UHGXFHVY DQG LWV WHPSHUBWMKYVMLRFUHDVHV VXII

B2 A



Acta Polytechnidangarica Vol.20 No7, 2@3

7DEOH
&) VLPXODWLRQ UHVXOWYVY RI WKH LQYHVWLJIJDWHG ILOOL

2LO LQO
RYHUS yray V x u K%

2LO LQO
WHPSHUDW,
2LO SHD
WHPSHUDW,
OD[LPDO F
YHORFLWE
JLOOHG DPR
[g]
JLOOLQJ WL
>V@

$ SDUWDRHGAMH RQDO WKHUPDO HQHUJ\ RULJLQDWHG IUR
DLU WUDQVIHUV LOQWR WK-D VU QIQAVRKUH REKDVWKURXJIK WKFE

7KH ILOOLQJ SURFHVV LV WRKQ G DMROREML BAVSKUHH W\NOXRZHH \L V
VHOHFWHG&6DIRG WKHWRHWSHUDWXUH LV VHW AR URRP WHF
,Q WKLV FDVH VLV QHHGHG WRMILOIOF R QHRRIOO LQXA RH \
RQO\f&WRWDO WHRFHUBBMMHUH WKH ILOOLQJ SURFHVV
RYHUSUHVVXUH P¥DWQHONWKR ILOOLQJ WHPRRHWRM XUH LV
VKRUWHVW ILOVLGEDF ERMHUHDFKHG IRU WKH VDPH DPRXC(
EH ILIOWXRK D ZD\ W RDRMPEBEKHN RWRPYWYW GRHV QRW H[FHHG W
DOORZA&DOXHDQ\ SRLQW RI WKH RQPWEW IR SHDUIB RVEXIJLHY
LQFUHDN&EAXULQJ WKH ILOOLQJ SURFHVYV
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JLIX&BLVSOD\V WKH ILOOHG DPRXQRURDWH GRYFHRW MV RRI
FRQVLGHUHG DV WKH ILOOLQJ P®N R SHKID ULHMDHNUH & WWLFE \

67$% VLOLFRQHWDLO®IBDQGONN SUWKH FDOFXODWHG
ILOOLQJIBURFR&RLO LQOHW RYHUSRIHVVEOHVD QWGP SH& DV
VLPXODW ILRQ WFZRV K5 L | | H WHEQ WF RVDIRRUM MQERMIBOZ R P D L Q
DFFRUGLQJ WR WKH RLO T VRWRKW DAD VWRHPISGIW DA X UR-R B H QWL
ZKHQ H\WKWO| Rl WEPRXQWHQWH@WBKH GDPSHU JDS ZKL(
W VLV WKH ODVW PRPHQW R | DWHOILDORRDQIWS BR ROV 2
LBXVKHMWR WKH GIVPEKH WLPH SDVVHV GXULQJ WKH ILC
SUHVVXUH GLIIHUH Q-FoH. E D\ BH W@ AW K@DHAWE K K
SUHV\RQUMBEVYHLQ@LWDH 8 MOKH RLO VORZV GRZQ JUDGXDO
WR OHVVHU VKHDU WKXV WKWKRZ/D B LFU D G\KERDYL W F WRH DW,
PD[LPXP LQLWLDO YDOXH LDOFDYOXRRYVHfWRVKLEDL\DEWV
RQ 7DEOH $W WKH HQG RI WKH WIK®ORRDO SKBWH VAR RDK
UHDFKHV WKH PLQLPDO YHORFLW\ RYVQRZA LWHGYF DHDG L\
EDFN WR WKH LQLWLDO YLVBERXUWM\ LYQCFQXHHD VHK A DRIL @ HWRI
PDLQO\ DORLUWIQWRUODFHY DGGLWLRQDO KHDW WUDQ\
gapDLU DQG DORQJ WKHZQD @NLFKWHH LRYXH UWEZBI OO LQ V)
RLO FRYHU

Total Temperature Filled oil mass = 0.0125 [ kg ] Filled oil mass = 0.0250 [ kg ]
Time = 18.4[s]

Time=35[s]

YJLIXUH
7RWDO WHPSHUDWXUH GLVWULEXWLRQ LQ WRaH VWOWRRQH 8 HOV DWR WK
WHPSHUDMWXDGIGVDW OHIW DQG DWAL KW

Conclusions

"\QDPLF YLVFRVLW\KPHDBIVEHH®HRDUW DB0G RKVERQ $.
VLOLFRQH RLQ WHBIB ORIP S\OKHH D IV XWH DWKLSIBHFLVLRQ
URWDWLRQDWRUKMRPWWINWKH WHPSHUDWXUWKEQG VKHD
PHQWLRQHG VLOLFR®RQRD®IYLYRRXKVWEHRRKPRFRRO\ XVHG
SVHXGRSODMWWRQQARQ YLVFRVLW\ PRGHO KDYH EHHQ
SDUDPHWHU HVWLPDWLRQ D Q& CFLRIPESBMULY R-GV /@GG H D ¥\O |
LPSOHPHQW YLVFRV-LVWEWR GE OVHPOHE LWYWRH DQG Y
V VKHDU UDRWH &)D GDHOWF XD Q VOREY IWROLQJ SURFHVV R
H[LVWLQVLMPDBDWPBRU XQGHU HLJKW GLIEBUHEBIXILOOLQ
<DVXGD YLVFRVLW\ PRGHO W \DSBX®SG UM RWIHH WK HGARFU |
Y LV FRREKK/D R L RIQHD OKJHMBLVFRVLW) VLOLFRQH RLO LQ &)' VL

R4 A



Acta Polytechnidangarica Vol.20 No7, 2@3

7KH RXWFRPH RI WKH \QRKHPPHNK DD DQDRMVHWYKH VLOLFRQH
LOQWR WKH @DWP KHUKHDESAPSEOBWHKE H LA WVWKHHD . RO L QJ
WLPH FDQ EH VKRUWHQHG

xatl0 Pa LQOHW RYHUSUHVVXUH E\

xat T PaLQOHW RYHUSUHXYVXUHHBDDW R& W R&
xat T PaLQOHW RYHUSUHVVXUHHB\DY0H&BNR&
xat T PaLQOHW RYHUSUHMVXUHHB\DYO & WR&

,Q WKH DERYH S WHRAHIJWER BEDUDDW X UH LQFUHDVH UHPDL
DOORZHE& QG SHRIPDQHQWHY KB RRBIVAIRD VLBEFRQM RLO
7KH QH[W VWHS RIRWIQW UBRBKEIHILBURFHVYV FPOFXODWLR(
QHXWURQ UDGLRJUDSK\ PHDVXUHPHQWVYHQYWR GOPISWHWLJI
DVVHPEO\ FRQFKXYDWURWKH SRVLWLRQ RI EHDULQJ JDS
RI WK H-MO@®QPWVKH |LO®URILGUPAHRUH ILOOLQJ PDVV FKDU
ILOOY.PORFLW\ FKDBDFWHUHUWQRW DVVHPEDE MRRQILIXUI
RSWLPL]H WKH IIRDGICLINVE B R PHWGXE MQURKLLFPFD O RLO
GHJUDGDWLRQ
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Cybersecurity Attack Detection Model Using
Machine Learning Techniques

gV D Ban&Kurat Koca?

!Department of Computer Engineeririgaculty of Engineering<arabuk
8QLYHUVLW\ .00DYX]ODU ODKDOOHUV NafabuRNDN 1R
Turkey, isaavc@ NDUDE XN HGX WU

2Department of Computer EngineeringD FXOW\ RI (QJLQHHULQJ 9DQ <X]X
University, Kampus 7 X 0,&/8n, Turkey, muratkoc@yyu HG X WU

Abstract: Millions of people use theveb every day in this age d technology and the
internet. Protecting the privacy and security of these users is a signifibafienge for
cybersecurity developers. Wittremendous technological advancensenthere is a
noticeable improvement in theyberattackers'capabilities. Atthe same time, traditional
Intrusion Detection Systems (IDS) are no longer effective at detectingansugfter the
tremendouscompetenceschieved by Artificial Intelligence (Al) techniques in all fields,
great interest haslevelopedin its use in thdield of cybersecurity. There have been many
studies that use Machine Learning (Mb3dsed intrusion detection systems. Despite the
strong performance of ML techniques in detecting malicious activities, some chsllenge
still reduceaccuracy of performanc&nowing the proper technique, as well as knowing
the features, is essential for effective intrusion detection. Therefiisesttidy proposes an
effective network intrusion detection system based on ML and featuréosetetitiniques.
The performance dbur ML techniquesthe Random Forest (RF), KlearestNeighbors
(KNN), Support Vector Machine (SVIdnd the Decision Tree (DTpystemdor intrusion
detectionare explored. In addition, feature selection teefuesare employedfor the
selecton ofimportant features. Among the techniquesed, the RF technique achieved the
best performanceoutperforming other techniquesith an accuracy of 99.72%his study
elaborates orthe detection ofmalidous and benigrtyberattacks with a newlevel, high
accurag.

Keywords: cybersecurity intrusion detegon; DDoS attacks machine learning feature
selection techniques

1 Introduction

$00 WHFKQRORJLFPOL Q66 X eV RpuBPMHBKNRQ H V FRPSXWH
commurcation systemsDQG ,R7 GHYLFHV OHDG Wkm&KH GHYHOT
networks WKURXJKRXW @KHBGIFR VWX GLHY HVWLPDWH PRUH
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VPDUW GHYLFHV DQG ELOOLRQ ,QWHUWXODOW XY HUK/L ¥ RIUX
XVH Rl ,QWBkrkMQHRAD\QVLYH DPRXQWY RI GDWD DUH JHQHL
ZKLAKGOWR WKH FUHDWLRQ RO GHOQ HN AMDR) \& INRHNFEX R\ WG DRAK
PDQ\ FKDOOHQJHV IDFLQJ F\EHUVHFXULWUV RGNHHHVOR SHU
FRPSXWHU V\VWHPVMiaGN @ R WIZIMENM FIRHRVY > @ &\EHUVH
backbone for all typeR | FRPSDQLHVY JRYHUQPHQWY DQG HYHQ S
DQG PDLQWDLQ SULYDF\ 3HRSOH WHU® BW G 2AKH F K LY DIQGH
KDFNHG DQG PDQLSXODWH-GttateNWWQDQJHWDWWKWH® GIEDBUH
of $5 billion DQ G anlyOrereaseLQ WKH IXWXUH IRUWIEDPSOH GDI
HV W L P W B&GtKOR, annually E \ > @

'LVWULEXWHG 'HQLDO RI BHUYLFH ''RGcomWWDFNV DUF
cybersecuW\ DWWDFNV '""R6 LV D OHWKDO ZHDSRQ WKDW
network by s GLQJ ODUJH DPRXQWV RI SDFNHAWFDXXHNK IORR
WKH VHUYLFH WR VWRS > @ ,Q UHEGHQWHEHDQVD O'R6 PDL Y\
increase ,Q )HEUXDWD]RQ $HE 6HUYLFHV $:6 FXVWRPHUYV
VHYHUH FUDVK ZKH®QDL JHVE HBNV#WPDARQ 6LPSOH 6WRUDJH
VHUYLFHV NWERK)XOREQQIRWHKSSUR[LPDWHO\ KRXUV > @ )\
VLIJQLILFDQW '"'RE DWRMDFNVHWERPRWHY $HU VHFRQG $FF
WR D 6HFXULW\ :HHN DUWLFOH UHVHDHFKXHREHKDRIH GLV
VHSDUDWH '""R6 DVWWKH NQWBUMHW GDLO\ LV DERXW

WKHUH ZDV D QHHG WR/WHIRD\RH M3 BUAAOANFBQM W\ DW WD F
&\EHUVHFXULW\ GHYHORSHUV BLWK®DR/ FFDHD WEHHDR @/ IHLINE
DQG QHZ DWWDFNV DQG WKUHDWYV ZLIDWK KIDW HD FFX@JDF\
$OWKRXJK PDQ\ PHWKRGV D UHWHMLDOPE OW R RWIKEHD WHIDXWH
HITHFWLYHQHVV RI UHFHQW DWWDFNR/G&@GalwKH HYROX
""R6 DWWDFNV UHTXLUHV HIITHFWLWHFMQ WHKE 6L JKAWHPN
WUDGLWLRQDO ,'6V DUH QR ORQJHU @IIHFWLYH LQ LQWU

7KH XVH RIODUQM/HFQODIJHQFH WHFKQLTXHV LQ WKH ILH¢
EHFRPH PDQ@GWWRWHDW VXFFHWY DRDQGHYHWHHAKDLA XHV
SURYLGH D WUHPHQGRXV DELOLW\ WR GIQRERQH WKEBHQ
WR KHOS-NGHLRLVLR/QWHFKQBTGHWHFHW DQG PRQLWRU D
QHWZRUN WUDIILF DFWLYGWMVHOBQW VOV X\BHAKQXVNBY WF
LQWUXVLRQ +RZHYWRPHMWNKKEHWARRPVQINVNOQQFOXGLQJ GH
DSSURSULDWH 0/ WHFKQLGNKWHRW LR ® @ABAHKY QfQ

HITHFWLYH IHDWXUHV KDYH EHHQ VHOHEWBG WR LPS
WHFKQLTXHV LQ WKH GHWHPWIGRQ Rl XQDXWKRUL]JHG LQS

TKIWWXG\ DLPHG WR FUHDWH DQ HIITHFWLG HHDBWEWWHHG R C
selection HFKQLTXHYV S/ADORURMAHKZ FULWLFDO IHDWXUHV V
classification result are selddtG DV D EDVLV IRU D PRUH DFFXUDW
SURFHVVY 7KH SHUIRUPDQFH RI IRXU GXHWWBBQW RFPD FKLC
JRUHVW -BHDUHVW VHLIKERIQG OKEWRWWODFKLQH 690

DUH FRPSDUHG WR ILQG WKH DWISRI®R SSUHHVDMAHNVWRIG K Q Q HXRI
most effective ways to select featureswsR XVH D '7 WHFKQLTXH WR GHW
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IHDWXUH V LPSRUWDQFH 7KH IHDWXUH TePV&@RUWDQFH It
IRXQG XVHIXO WR GHWHUPLQH WKH LASRRBWWXHH RI HE
FODVVLILFDWLRQ UHVXOW 7KL Ves® ddicoRsvorliengw XG\ LV G}
WUDIILF LQ -DRBWDENY ZLWK D QHZ KRQK VDKH XRXDNFOLHY D
tKkH GDWD V QRUPDOL]DWLRQ VWHSV EHUWKRAWD QBWUGL]
UREXVWQHVY DQG FRQILGHQFH LQWHUYDOV ZHUH DOVR

TKH UHVHDUFK DUWLFOH LWHODWAG]NWG/ DFLHRODBRAVGL Q!
6HFWLRWHVFULEHQHWBKYW PHWKRGRORJ\ SUHSURFHVVLQ
DSSOLFDWLRQ RIJPWRRKKQBHHNILGREEYLRQ GHDOV ZLWK
UHVXOWVDRBEBWDK B HGEHRPMF BSRIRLYR.G HYV F BRIQE IBRXAMLIRGAH
H[SHULPHQWVHDBUXVEQ U-MRRGED&VDVHW WR GHWHUPLQH ZK
DFWLYLW\ LV LOQQRFXRXDWH® WHKH \P R WG \WVHYBDWIR UPDQF
FRQIXVLRQ PDWUL[] 7KH SHUIRUPDQ PHDW R IGW.KQHWH PR\G R (
accuracy, precision, sensitivity, spfegity, DQG 6F RUH

2 Related Work

7KH VLIJQLILFDQW GHYHORSPHQW LQIWHRKQRHRILFBYG ,
OHDGV WR LQFUHDVLQJ XVH RI ,QWHUIXHWH\D HHWIZHFWNVY |
protetFWLRQ PHWKRGV WR SURWHFW WKWHSULMDFLIDRLD O/ |
inteOOLJHQFH LV RQH RI WKH PRVW SURPEWHIUQYHBPSSUWRDF|
WKUHDWYVY O0DQ\ VWXGLHYVY KDYH XVHGHDBYLEBDVHIG RQ 0
WHFKQLTXHV 7KIKWMMAWVRY RLWAWXGLHVY WKDW XVH 0/
W Bte@ cybersecurity@ WD F NV

%LQOQDB 6RRG H[SORUHG 0/ WHFKQLTXHV DRRG11 5) 1%
/JLQHDU 'LVFULPLQDQW $QDO\VLVHFKRQLWRHLUGG BXW H¥FKW
""R6 DWWNMBFRN WHFKQLTXHV ZHUH WHVWHG RQ WKH &,& ,'
WHFKQRORHGDWKHHEHVW SHUIRUPDQFH ZLWKRDQ DFFXUD
WKH UKN W HRA KW L RKDW DD MR/ W& HVSHUGRHBDQFH RI IRXU
WHFKQLTXHV .11 690IR'U GIHWGHFBV L QJ>''R@ DAW WDDOFON W K H
WHFKQWVHHV/5X DFKLHYHG WKH EHVW DFF>QUD®\KHALWK
UHVW 7KH HQVHPEOH PHWKRG RIWHQ SURGXHHV D EH
FODVVLILHU 7KHUHIRUH 'DV 6DLNDWOHMKD® FSRIFRESLRMH
EDVH PDFKLQH OHDUXHDJ X0 WHFIMBIRIQ3 HUF 690
.11 DQG '7 > @ 7KH SHUIRUPDQFHRB[ SWKUHDPEH/QWYV ZHUH
GDWD VHW ZKHUH WKH HQVHPEOH KID® WHHLHQGR FK G}
clasVLILHUV XVHG LQ WKH VDPH VWXG\

Kas P VXJIJHVWHGBUXYQRR DBQPHWKRG IRU VHOHFWLQJ IHDV
UHGXFLQJ GLPHQVLRQVtffkR HII@KM $Y O\ XAOHIEY WIR\L G H QW
HVVHQWLDO IHDWXUHYV DQG WKH 690 DBPOWDWH/RENLHU W
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SHUIRUPDQFH H[SHULPHQWV ZHWUH ®PHRMWRIDIPHG RQ &,&
@WDVHWY DQG WKH UHVXOWYV VKRZMGI\WEH WBBHO V H
%KDUGZDM HW DO LQWURGXFHGV\W DFFHN\WM KRGS VKD MY $HRIFR
feature learning uspa 'HHS 1HXUDO "IHWWRUSHWHFW SRWHQWLDC(
attacks> @ 7KHRBRDQFH RI $( DQG '11 ZDV WXQHG E\ DGMX
WR LPSURY® ODHAMMXHWBWLR3HUIRUPDQFH H[SHULPHQWYV ZHI
&,&,'6 DQG.'16DWDVHWY 7RHBAHGEGHWXOWVSYK '11 ZDV
VXSHULRU WR $(XGb 2o WK YWIMHEDAMWD VHW ZKLOH WKH U]
were competitveZKHQ XVLQJ &,&,'6

7KH KHOKFLHQF\ '/ WHFKGQLQX®IW PRKHHY @lbeEn GDWD KL
PDQ\ HIIRUWV WR H[G®G RU H \BM ANHPAXGHLW\W DO H[SORUH
W K Ifor@bince of' / WHERKQHE®RQYROXWLRQDO 1HXUDO 1HWZRUN
SHEFXUUHQW 1HXUDIQ 1HRWZRHNWZREN LQWHUXFLRQ GHW
7KH SHUIRUPDQFH H[SHULPHQWYV VKRXHBH RUKDMR WKH &1
511 WHFKQLTXH ZKHQ VKBIDY\® B ® [RWH W KBOABR D & B0

DQG -SHIEQD WWRS R&/IHG WHFKQRTUXH QWUXVLRQ @HWHFWLR
3HUIRUPDQFH H[SHULPHQWYV ZHUH FRQGOHUMHG \R RHW K H

&11 WHFKQLTXH DOAKLWLYIHEDWLRQ DFFXUDF\ RI IR
GHWHRQ 7KH SRUIRUPQ@®FHWHFKQLTXHV LV KLJKO\ GHS|
TXDOLW\ 7KHWHURBHWRNYEPHW DO H[SORUHG YDULRXV ¢
WHFKQLTXHV WR FODVVLI\ WUBH I F@X VLKLY WK G) 1VWR EK
WKDW E\ XVLQQJSWHFHKRERENYWIRXDBF XM LPSURYHG E\ XS

3 ProposedMethodology

7KLV VWXGX BQRSIRWFHWLYH QHWZRUN LQWUXVLRQ GHWHF
DQG IHDWXUH VHOHFWLRQ c&/PIFBQX U XN VD UUF SO G X WRHX
0/ WHFKQLTXHYV 690DDIF for QWUXVLRQ GHWHFWLRQ ,Q
IHDWXUH VHOHFWLRQ VHIQRMKLQ L HX/HW\H QW HDXOV HED W R UGV

3.1. Research Design

ODFKLQH OHDUQLQJ DOJRULWKPVUHMBGOLQV WKRNYUSDHW® R
,Q DGGLWLRQ LQ fathiahoe cvittrRWHBQLBSHWFKLQH OHDUQL
DOJRULWKPV DUH JLYHQ

3.1.1 Decision Tree (DT)

7KBT isanorSDUDPHWULF VXSHUYLVHG OHDUQLQJ WHFKQL
LOQIOXHQWLDO FODWWVWUKEBDKVERQ WHRPKVMHA XRU ERWK FOD

—-32-
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reJUHVVLRQ SKHREWHFRYLRQ WUHH VWUXFWXUH LV OLNH W
top to bottom ZKHUH WKH KLJKHVW QRGH LQ WKWHWQBK® UHSU
QRGH UHSUHVHQWY D WHVW RQ D |HDW RU MW KHD AKHEWD QF
eDFK OHDI Qés@GHllatsQabdl 2@ $ &ODVVLILFDWLRQ DQG 5HJU
&$57 LV WRH&EHWHFW F\EHUDWWDFNV WKDW JHQHUDWH
LQGH[ IXQFWLRQ DV D P ¢tiiov KR GassRi¢ationH ppobliésHn VHOH
(TXDWLRQ

n
Gini =1 —Z(pi)z 1
i=1

3.12 Random Forest (RF)

5) LV D VXSHUYLVHG 0/ WHFKQLTXH W KCAD WIDR)Q EIMQ BV H
regbHVVLRQ 6LQFH LW JURZV PBQQ@HVLQLPEG b H FHIHWL R D W
WKH PRGHO 5) LV DQ HQVHPEOH OH Dridrat¢sd mow PHDQV PF
UREXVW FODVVLILHU 5) JHQHUDW MU NH YLH/UW O DELSBH G LRYX
UDQGRPO\ VHOHFWHG VXEVHW RI| WRH DROUL JX QD @ KSFLW D R
WUHHV JHQHUDWHG ZLWKLQ WKH IRUWWKWSsiBiGVDJJUHJIDW
GHFLVLRQ RI PR¥YW RI WKH WUHHV

3.1.3 Support Vector Machine (SVM)

690 LV RQH RI WHKH WRHWU YSIRMMIEQ0/ PRGHOV XVHG IRU FO
regression problemsE XW LW LV FRPPRQO\ XVHG LQ FODVVLILFDYV
690 WHFKQWRXHODWVLI\ GDWD E\ GHILQLQJ D K\SHUSOD (
WZR FODVVHV ZLWKLQ D GDWD VHW WRH LODBWWKIBIBHV!
FDOFXODWAMM QVidH EGHMVWRAHHMY VRKHWEH WZR GLITHUHQW |
GHWHUPLQHVY WKH SRAL\GWY SFOORMHV@WDWR HXEKK DUH FD
YHFWRUV ZKHUH WKH PRVW VLJQLILRBDIHN DROGU WKH VHS
VXSSRUW YHFWXRUYV DUH FKRVHQ

3.14 K-Nearest Neighborg KNN)

7KH11 LV RQH Rl WKH PRVW VWUDLJKW)IRZBGG U WHFK!
ERWK FODVVLILFDWLRQ DQG UHJUHNKH P VXPRIE/O WK\D W7
FRQYHUJHQW REMHFWYV DUH WKH VYW AHJ H, F GRRWKH W R RADG
RWKHU 7R FODVVLI\ D QHZ FRQGLWHRGL VMW DWHRAKEHWXH H
WKH WWHEPH FODVVLILHG DQG DOO WKHYWORHQRIQ.J LG/DWD
GHWHUPLQHG ZKLFK LV WKH QXPEHUPRRWHWRHVA QH
classifLHZ @ 8V XdvedaDvalu¥sDUH WULHG WR GHWHUPLQH WKH R
N 7KH PDWRRWH VR WKH QHLJKERUV GHWHUPWQR® WKH U]
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7R PHDVXUH WKH GLVWDQFH EHWZHHQM QVZRFORGHWQ W Kk
GLVWQ QFWDRQ

Euclidean distance(i, j) = J(xil —x1)2 + o+ (X — X0)? 2

3.1.5 Performance Measurements

7KH SHUIRUPDQFH RI 0/ WHFKQLTXHYWD R HDWXQXDNM KD X\
DUH $FFXUDF\ 3UHFLVLRQ 6HQWRMIHY LOMD\O I6BIHFEAVLEDR WS O
are FRQVIHGH SRURWMLYHSUHVHQWHG E\ p T :KLOH EHQL.
FRQVLGHUHG QHJDWLYH T QIGAIUptBdimkhxtel @abdde E\

formulas are given®@ (TXBW-LRQ

Xx 7UXH 3RVLWLYHV 73 ODOLFLRXV 6DP®POHYV KDYH I
maliciR XV

X TrXH 1HIJDWLYH¥HQLJQ 6DPSOHYV KDYH DOUHDG\ EH
EHQLJQ

x )DOVH 3RVLWLYHV )3 %HQLJQ 6DPSOHV KDYH DC
PDOLFLRXV

X )DOVH 1HJDWLYHV )1 ODOLFLRXV 6DPSOHV KDYH |
EHQLJQ

(TN4TP)
(TN+TP+FN+FP)

TP
(TP+FP)

6HQV LWL LW\ 6

(TP+FN)

6SHFLIIFEWA

(TN+FP)

Accuracy =

Jecision =

) 6FR U‘ZﬂPrecision * Sensitivity)
E T

Precision + Sensitivity)

3.2. Data

,Q WKLV VWXG"\ G\ WHYVSEEKWHG ZKLFK LV D FOHDQ DQG UHIL
RI WKH 8QLYHUVLW\ RI 1HZ %UXQVZDFRX.QW R3 DQNHDAWZHRNW N¢
WUDIILF ZzDV FROOHFWHG WR]FUKHDONVH' VBEIOMEt.'' GDWDVH
FRQVLVWYV RI I HD W X U HtYesEf€aiGres aregivenhDr RO H V
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Tablel

'"HVFULEHV WKH IHDWEBDMAD RAHWKH 16/

No | Features Names | No | Features Names No | Features Names

1. | GXUDWLRQ| 15.| VX DWWHPSV 29.| sameBVU¥BUDW

2. | protocoBW\SH| 16.| QXPBURRW 30.| GLIIBVUYBUDWH
3. | service 17.| QXPBILOHBF|31.| VUYBGLIIBKRVW
4. | flag 18.| QXPBVKHOOY32.| GVWBKRVWBFR X
5. | VUFBE\WHW 19.| QXPBDFFHVYV| 33.| GVWBKRVWBVUY,
6. | GVWBE\WH] 20.| QXPBRXWER] 34 | GVWBXRYV D PdtB V
7.1 ODQG 21.| LVBKRVWBOGHR 35.| GVW KRVWBGLII
8. | wrong fragment | 22. | LVBJXHVWBQ 36.| GVW KRVW VDPH
9. | urgent 23. | count 37.| GVWBKRVWBVUY,
10. | KRW 24.| VUYBFRXQW|38.| GVWBKRVWBVHLU
11. | nXPBIMBBXOR| 25. | sHUURUBUDW 39.| GVWBKRVWBVUY,
12.| ORJJHGBL(Q 26.| VUYBVHUURY 40.| GVWBKRVWBUHU
13.| QXP FRPSU| 27.| UHUURUBUDV\ 41.| GVW KRVW VUY
14.| URRWBVKH|28.| VUYBUHUURY 42.| FODVV PDOLFLH

EHQLJQ

7KH 6" GDWIFRHQWDLQV PRUH WK BWRNIH W\EN VR IWRKEW Z R
IRFXVHVY RQO\ RQ ZKHWKHU UWEKHQWL® IUQF''IR6 2DMVONLBERX YV )
VKRZV WKH QXPEHU RI VDPSOHV IEHQLKR F®DNVNIOA S\WM K L
proposeG VW X G\ KD&/REBHHKEQWEGHGHWHFW PDOLFLRXV RU EHQL
attacks

= Benign(0)

= Malicious(1)

Figure 2
7KH SHUFHQWDJH RI HDFK FODVYV
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3.3. Proposed Methods

DatapreSURFHVVLQJ LV DQ LPSRUWDQW VWDUB ZI G \WDW HF

RIWHQ WHQGV WR ERILVQBR@NMaMMLIVYWQD QBHGXQGDQW D

LUUHOHYDQW GDWD 7KH HIILFLHQR QR RQ WHFHK QXD RHW\C

@ 6R WR EXLDGGDIRRGHO ZL
7 K HoroBessiH) R | -KBD

WKH GDWD SURY

D FF X U D F\-pro¢dssingSnlbkt baccurat
GDWD LQ WKLV VWXG\ LV VXPPDUYLJHGHLQ WKRH VI RRDIOHR Z

LGHG >

SURSRVHG IUDPHZRUN

NSL-KDD
Dataset

A

—

Pre-processing ]—\

v

Label Encoding

v

Data Normalization

v

Future Selection Techniques

h

Y

ML Technigues

DT

SVM

KNN RF

v

Detection

Benign

G

Figure 1

7KH SURSRVHG IUDPHZRUN
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3.3.1 Label Encoding

/IDEHO HQFRGLQJ FRQYHUWY FDWHJR KDBDED YWWHIDVWHW HV W
7KH kD' GDWDVHW FRQWDLQV WKUHH FDWHBRULFDO IHD
DQG IODJ WKDW DUH FRQYHUWHG WRQD @ MRAEBHIG ¥XVLQJ W

3.3.2 Data Normalization

7KH PRQ[ QRUPDOL]DWLRQ PHWKRG iZaboglud raesW R WXUQ W
iQ WKHK16GDWDVHW WR D VWDQGDUG VFDOKWJI EHWZHHQ
WKH YDOXH UDQJHV %\ ®VLQJ (TXDWLRQ

Y = a — min (a)/max (a) — min (a)
:KHUH < UHSUHVHQWYV WKaEQURRNHDERAIMHW. IHD @ X'HD O X H

3.33 Identifying Outliers in Regression(Cook’s Distance)

5HJUHVVLRQ DQDO\VLV KHOSV WR XEXGHW Y@ DQ® XSR/Z RMD
LQGHSHQGHQW @ BBLDEOHR| >V WDQGDUGLIALRQ LV W
GLVWOAEWWH WRQXRHXU GDWD VHW LV VIPPHWULFDO 7KH!
WR GHWHFW ZKHWKHU WKH OHDQ ORGH MRQWDFMGLDQ G|
RWKH@ :H XVHG &RRN V GLVWDQFH D VXFFHVVIXO PH
F K D Qid Kitwalues, WK L FsKuseful IRU LGHQWLI\LQJ RXWOLHUV REV
SUHGLFWLYH YDULDEOHV RI YDOXHYVKHYHRX®RRANWDVH
GLVWDQFH LV JUHDWHU WKDQ WK UH H BWL PHWH V&IRHR RF\D Q
GLVWDQFH RILREMKDLWR QR Q

210 — y0)?

D; = pMSE

: KHUH

X yiLV WKKIILWWHG UHVSRQVH YDOXH

X yj@i) LV MMWMK ILWWHG UHVSRQVH YDOXH ZKHUH WKH
observation

Xx 06(LV WKH PHDQ VTXDUHG HUURU
X pLV WKH QXPEHU RI FHRIHJHMAMVIHRONVFRICH W KH U

3.3.4 Feature Seékction Techniques

7KH SURSRVHG vibsl D/ KRGBIMORBHA. " GDWDVHWSZKLFK KD
featuresDQG RQH FODVV DWWULEXWH $IWHU EBWKUPLQLQ.

IHDWXUH LQ'VBIOWD&/HW WKHVXRSRUINEGYEWDIWEBEO WKDQ
ZHUH HYDOXDWHG DV VKRZQ LQ 7DEOH

—-37-
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Table2
7KH IHDWXUH LPSRUWODOMDRHWKH 16/

No | Features Names ::niggitr:rsme No | Features Names ::niggitr:rsme
1. GXUDWLRQ 22.| LVBIXHVWBORJL
2. |pURWRFROBYV 23. | count

3. | service 24.| VUYBFRXQW

4. | flag 25.| VHUURUBUDWH
5. VUFBE\WHYV 26.| VUYBVHUURU UL
6. GVWBE\WHYV 27.| UHUURUBUDWH
7. ODQG 28.| VUYBUHUURU UL
8. | wrong fragment 29.| VDPHBVUYBUDW
9. | urgent 30.| GLIIBVUYBUDWH
10. | KRW 31.| VUYBGLIIBKRVW
11.| QXPBIDLOHG 32.| GVWBKRVWBFRX
12.| ORJJHGBLQ 33.| GVWBKRVWBVUY
13.| QXP FRPSUR 34.| GVWBKRVWIrBt¥ D F
14.| URRWIBOO 35.| GVW KRVWBGLII
15.| VX DWWHPSYV 36.| GVW KRVW VDPH
16.| QXPBURRW 37.| GVWBKRVWBVUY
17.| QXPBILOHBF 38.| GVWBKRVWBVHU
18.| QXPB¥KHOO 39.| GVWBKRYWYV HUU
19.| QXPBDFFHVYV 40.| GVWBKRVWBUHU
20.| QXPBRXWER 41.| GVWBKRVWBVUY,
21.| LVBKRVWBOH

7KH FULWLFDO IHDWXUH VHOHFWdsiRt@ assémidr &1 ITHFWV WK
more acc DWH FODVVLILFDWLRQ SURFHVV 208 HFAWWKH PR
IHDWXUHV LV WR XVH D '7 WHFKQLTXHWIRFGHHWHUPLQF
7KH IHDWXUH LPSRUWDQFH SURSHUWRRB IGHKGH WPW@ FKQL
WKH LPSRUWD @t @G HMWAK HHBFW RQ WKS, [F(PDVVLILFDW
7KLV VW X&eh KBYHORSHG WR GHWHFW PDOLFLRXV RU E}
DWWDKWM\WE6/ GDWDVRWQAHOMWHG IURP WKH .'* GDWDVHW

4 Results and Discussion

7KHX® 0/ 5) '7 [OQ6E90 WHFKQLTXHV DUH EXLOW XVLQJ
/HDUQ OLEUDU\ RQH RI WKH SRZHULRSOGIPHODMNLOHV XV
WHFKQLTXHV DQG GDWD SUHSURFHVWMWIQIE® PWMIRRG :L
WKH GDWD IRXQG PRHHWWXHKBQKR GGNRPEO BWKHE D QG
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Tue label

QHFHVVDU\ DGMXVWPHQWY ZHUH P DLGH QFFRU GAIQH G3 D YL
ZDV WHVWHG XVWQYWRMWKDWKVIWLF DQG FDOFXODWLQJ W
,W KDV EHHQ REVHUYHG WKDW RXUYYDWD DUH ZLWKLQ W

TKH WDVHW XVHG LQ WKLV VWXG\ ZDV @®RGAHGHG OLQGVR
IRU WHVWLQJ 7KH SHUIRUPDQFRMRIDVUKIG IRZWRYEBIFKQ
IHDWXUHV IURP WKH VHOHFWHG GDWDXHWongVLQJ WKH |
WKH WHKFISKHET XWKH 5) WHFKQLTXH DFKLHYHG WKH KLJ
VXSHULRU WR WKH UHVW RI WKHXYWHFROHTKEYV
VHFRQG ZLWK IROORZHG E\ WKHFRAAXUWHFRQLTXH
ZKLOH WKH 690 DWFHKEKQ HGXadutad\ @ R WHKYV
Table VKRZV WKH SHUIRUPDQFH FRPSDULVR@WHWZHHQ Wi
GLIITHUHQW SHUIRUPDQFH PHDVXWHKM FROMRV)LIRIXPBW U
RI WKH IRXU 0/ WHFKQLTXHYV
3USIURFHVVLQJ DQG IHDWXUH VHOHFWLRQRWHFKQLTXH
LPSOHPHQWLQJ 0/ WHFKQLTXHV $QQ H[RPISODBUD WPSOH
procesing DOQ®HVWLQJ RI FULWLFDO IHDWXUHVY ZRXOG LQ
DFFXUDF\ WR DSSUR[LPDWHO\ WKKH 8 H RRSLRV HIGQ PR & HV
DFKLHYHG SURPLVLQJ UHVXOWYV DWEXHOQHOQREWHQ IV ¥XWKH
DQG WH@QHFWKH DSBERSOLDWH

7DEOH

SHUIRUPDQWHR{Y BOBRDWHFKQLTXH
ML Accuracy | Precision | 6 HQV L\ Specificity | F1-Score
Techniques (%) (%) (%) (%) (%)
DT
SVM
KNN
RF

14000 14000

Negative 12000 Negative 12000

10000 10000

BOOD BOOO

Tue label

G000 EOO0

Positive 4000 Positive 4000

2000 2000

Negative Positive

Negative Positive
Predicted label

Predicted label

JLIXUH Figure
ConfusionmDWUL[ RI '7 &RQIXVLRQ PDWUL[ RI 690
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Tue label

14000 14000

Negative 12000 MNegative 12000

- 10000 - 10000

BOOO BOOO

Tue label

6000 6000

Positive 4000 Positive 4000

2000 2000

Negative Positive Negative Positive
Predicted label Predicted label

Figure 5 Figure 6
&RQIXVLRQ PDWUL[ F &RQIXVLRQ PDWUL[ RI .11

7TKH 5) WHFKQLTXH XVHG LQ WKIHW XO\W G \REDWD E WG HUWR\R
5) WHFKQLTXH XVHG LQ RWKHU VWXGLBWYG,Q7 DGGLWLI
WHFKQLTXHYV RI WKLV VWXG\ SHUIRQBH'G BHNWF WG IUT WHKD Q
7KH UHFRPPR@GGHAsHBIGP RQ IHDWXUH VHOHFWLRQ WHFKC
FODVVLILFDWLRQV KDV DFKLHYHG SURPAUKHQIXWRGBHUWR
FUHDWH LGHQWLWLHY EDVHG RQ 0/ W HEHRAQ/L A XHW K D@ \DXOF
VWXGLHV P HWKH R/Q\HGS dipsH &V IR S USOVR D KLIKHU DFFX
UDWLR ZDV REWDLQHG WKDQ DOO WKH VWXGLHYV PHQWLF

Table
&RPSDULQJ WKH SHUIRUPDQFHK RIHRMW I3G RZRRMHG PRGHO ZLW

Ref. | Year Dataset ML Techniques BestML Best
Technique | Accuracy
5) /5 1% .1
[15] &,&'6 /LQHDU 690/ DQG)
/'$
(QVHPEOH
[16] 16 /KDD 0/3 690 .11 E“;%mg'ﬁc
DQG '7
&,&,'6
[ @ DQOG -KBD $( 690 $( 690
&,&,'6 ' .
> @ DOG -KBD $('11 $('11
16 /KDD &11 @G 511 &11
16 /KDD &11 &11
&11 /670 D
[11] 16 KDD &/6701HW &/6701HW
8*5 DQG
[21] 816:-1% ‘11 ‘11
DQG ."
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.11 690 '7 O

[16] 16 /KDD e /5
Our Study NSL-KDD RF, KNNE')TSVM' and | oe | 99,7206
Conclusiors

7KHUH KDV EHHQ D VL JgbetttadQWDUQAWHRQVHRUQDQL]DW I
institutions DQG HYHQ LQGMYK GMX®N WUHPHQGRXV WHFKC
GHYHOR SWHK 8 WANHyGt@ckers KDV LDQFbGW U D & L, VW§lcanQ

QR ORQJHU GHWHFWDWRSEKENW LFROMHGHADEEMBIGFIHLQ GLQJ
WRROV WR GHWMEYFEWEKHHMOMQYBFNY $IWHU WKH JUHDW \
0/ DQG '/ WHFIKQRUXRXV |LH BEGY HWHKHILY PDQseVWXGLHV W
0/ WHFKQLTXHWGLIQQEX,'6 VI\VWHPV 7KLV VWXG\ S
IHDWXUH VHOHFWLRQ WHFKQLTRU W QDX VA/R QW HFH\G HF)
7KH SURSRVHG PRGHO DFKLH Y H)G WSHIFRCQ LT G DIFHK/LXHOWHA V
DFFXUDF\ Rl orto WBHULWHFKQLTXHV LQ WKLV ZRUN D¢
+DYLQJ DQ LQWHOOLJHQW V\VWHHKIFOSDBEAH QU | GAHDAQHNF O
PDLQWDLQLQJ WKH SUUSED F\QDW & L Vel IBRu I \WY R

ZKHWKHU WKH WUDIhén Q V)RR UFRRRGNEWH GHYHORSHG
FODVVLI\ WKH GLITHUHQW W\SHV RD W\ DHFFXUDW\ B D/
DOVR EH LESURNIPE HQVHP BOKD\WHMRCEGYH PRUH WKDQ
LQGLGXDO FODVVLILHU
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Pilot Signal Remova] Digital Signal Processing
Algorithm and it’ s Practical Implementation

Tibor Wihrl

Obuda University, Kandé Kalmé&raculty of Electrical Engineering
Bécsi Ut 96, H-1034 Budapestiungary
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Abstract:In this paperan algorithnic developmentusing an efficient wayeligital signal
processing methqgds presented. The developed algorithm can also be used inceract
The algorithm is obtained by transforming a passive reference network, the passive
reference network is described by voltage waves. After the theoretical sumrassigph

of design and design review are presented through a concrete practical example
The algorithm is guaranteed to be stable and leyitle free.

Keywords: UIC pilot signal; DSP algorithmpigital Signal Processing; Wave Digital
Filtering

1 Introduction

The International Union of Railways (UIC) defines the specifications.ihumber
of railway communication systems and constituents.

The UIC codex 7513, 4" edition 2005 [1] gives the "Technical specifications for
analogue train radio systems in international service". The specificafiamslog
systems cannot be called new, but duedmpatibility requirements, old system
specifications must also be taken into account when designing ystens
components.The new system components are preferably made with digital
solutions at the technical level of our time and thus also in the afasealog
systems. Circuits implemented in digital circuits operating in analogamgnts
take a smple from the analog sign#ien quantize and encode them, i.e., digitize
them. Output samples are calculated from the digital samples accordihg to
signal processing algorithm in real time [2]. The DSP algorithm defthes
calculations and their order. The creation of DSP algorithms is a matbainaaid
electrical engineering task, during which several mathematical tramegions are
required.
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In evey step of the design of the signal flow diagram, we have todates of the
stability, i.e., that the developed algorithm does not excite and is free of limit
cycles [3]. This can be guaranteed by maintaining passivity throu¢dloln the
case of wawvaligital filter design, our reference circuit is composed of passive
components (resistor, capacitor, inductance, and lossless interconnect
components) [3], but the stability conditions can only be met if the
implementatioris not included any faultdVe wse a linear model throughout the
design of the signal flow diagram, however, all of the componentseirmodel

are lossless. In the implementation of the algorithm (FPGAijgmal processing
processor designthe operating environment is not linear due to the finite number
of bits. | treat the granular nonlinearity resulting from quantizagionvell as the
overflow separately. MATLAB® simulatiors used to handle problems and detect
individual faults [5].

1.1 Transformation System DesignStepsof DSP Algorithm

The DSP algoriim is built on different plane§ransformations give connections
between each plane. The mathematical relationships between the planes are
important elements of the design stef.of this is summarized in the following
figure:
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MMM \\
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7
A LI
77777 //

1
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HJ Q=tg(@ T/2)
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Figure 1
System of Domains aritransformations
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The step marked ‘1’ in the figure above is to specify the requiremerthe

complex frequency plane. In the quagtionary case, the real part of the complex

frequency is zero, so the requirement is defid ZLWK UHY&H#AW WR M&
independent variable.

Figure 2 shows the requirement for a low pass filter. Hugirement for high
pass, bandtop, and bangass filters can be converted to a {pass requirement
after saecalled typetransformation [6], that will nadetailedin this article

acs 4 [dB]
GZmefmmmcmemamanan. A
7
2
7
aazzﬁ %
= Z .
l £ l £ l FlkHz]
pass band stop band
transition
Figure 2

Low-pass filter criteria in frequency domain

In the next step, we select a sampling frequency for the digitadlgigacessing
system that matches the spectrum of the signal to be proc&bsedalue of the
sampling frequency is given in the Sannon's theorem:

fm t 2 “f max 1)

Asthe UHVXOW RI VDPSOLQJ WKH puVT FREIJHY IEJHARXKMH F\ ¢
periodic. The alias components are displayed. This means that the memqdiia

J)LIXUH DOVR EHFRPHV SHU WRAIRE ha@d YeKddicity” D QG
makes it impossible tase wellproven mathematical methods in the design of

circuits and algorithmsStep 3 of Figure 1 eliminates periodicity with the

following relationship:

1 eST
<1 @
e
(TXDWLRQ PDNHVY WKH SODQH | LBHHFY HRIID S K\&% 3. FD O

literatures[7] use a different transformation and define the plangenoted as a
distorted but physically dimensional plane. Exemption from the physical
dimension has a number of advantages that are an advantage in the design steps

7KH S O D Qniplex eqgRengh&ure, the real part of thatV GHQRWHG E\
ZKLOH WKH FRPSOH[ FRPSRQHQW LV OGMEFRWEGHE\ \Y,
variable is as follows:
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< 0Oj: 3)

Important features of the transformation (2) are that it transfonmsst plane
RULJLQ LQWR WKH p T SODQ He&idd tidngfornianonZittQ O DV DQ

PRYHVY WKH M& DRWIWR WWKHO @VIRUPDWLRQ ZLOO KD
form (4):
N

Of course, as we have established thesfrallack of GLPHQVLRQV LQ WKH SODC(
WKLV LV QRZ DOVR WUXH IRU WRHPLQDWH VY WDKH IRHIWPIDRAC
that became periodic after sampling (Figure 3) (3rd step of Figure 1):

aCSJI[dB]
Ea i i ////////4.\\\\\\\\ Z /
2 : N % e
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Ca Ll_.lz t
Figure 3

Elimination the periodicity of requirement

Figure 3 shows that half of the sampling frequency is transfoifneed the ‘s’
plane WR WKH ' SRLQW LQ SODQH

7KH IRXUWK VWHS LQ )LJXUH LV GOIWHIQLQIWXM D GRE®BL
In this domain we can use allell-known analog passive fiér design methods.
These are not intended to be presented in this article.

The fifth step in Figure 1 is more complex.

Before beginning the transformation, it is advisable to redraw the areitygmce
circuit. The following figure shows an example ofwhto connect théndividual
components per gate.

Based on Figure 4, the individual building elements were highlightedssévpa
components, as well as the passive network components that cohestt t
Passive connections can be parallel or serial.
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Figure 4
Redrawing the reference filtdt Q 3 ~ G RdnBxa@ple)

The transformation of the cgronents related to the gate coupling [ddiscussed
in the next subsection due to its significance.

1.2 Transformation of Componentswith Voltage Waves

As described in the pvous sectionthe reference circuit is composed of passive

components onlyBy separating these passive components from each other and

coupling them as gates, we can obtain separately transformable eléhergsal

LV WR WUDQVIHU WKHVH FRPSRQHQWDQ WIR WAPKOHN £]JR (B OFDX
will be taken to maintain passiyi Each building block is described by voltage

waves (5).

att) u(t) i(t) R
b(t) u(t) i(t) R

In the context of (5) above, a (t) is the voltage wave passing througiatbe
ZKLOH E W LV WKH UHIOHFWHG ZDYH W5/ SHF IWKH WBW
the IDWH 7KH 3" SODQH GRHV QRW FRQWDILWSK\VLFDC(
UHVLVWDQFH SDUDPHWHUY DUH MXVW 3RHUPKE QXPEHUYV LC
3; 7KH WUDYHOLQJ DQG UHIOHFWHG G Y'HY FD@ WRKIHF R
planes defined in Figure IRU H[DPSOH LQ WKH 3~ SODQH

A(<) U(<) I(9R

B(<) U(<) I(9R

Thus, we interpreted propagating and reflected waves between the gates, and
assigned a gate resistance to the gates.

,Q GHVFULELQJ WKH WUDQVIRURMHW L RW\freSaXD YH VKR Z
physical dimensions. We will also take advantage of this, since theagmstance

5 KDV RQO\ D QXPHULFDO YDOXH 7KHH @6 PH G¥XPWDXH HR
3/

()

(6)
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/HW XV H[DPLQH KRZ WKH FDSDFLWRUH:&UGMMIRHE® LQ W
LQWR WKH SODQH 3]

I\

w | 8 2 L.
9«%7

Figure 5
3& componentsRQ 3~ GRPDLQ

The relationkip between current and voltage the capacitor can be determined
by the following equation:

~ 1
MORIOES=
(7)

The voltage and current can be described by the voltage propagation and reflected
ZDYHV LQ WKH SODQH ZKLFK DUH GHULYHG IURP

ocry AD_BO)
0y A B()
2R 8)

Substituting the current and voltage values expressed by voltages (@&vimto
the Equation (7), we get:

ACl) B(1) A(l) B(I).1
2 2R I T

(9)

$IWHU FKRRVLQJ WKH JDWH UHVUVWHDQFWLRROGLWLAQ K|
the following form:

1
B(I) A(l) T
Applying the relatio marked in step &t (Figure ) of our transformation system
we get the folbwing:
B(z2) A2 z"* (1)
Equation (11) gives the building element trandf@HG WR WKH 3]")SODQH )LJ>
Here we must not forget that this result was obtained in connesiibnthe
FKRLFH RI WKH JDWH UHVLVWRU 5 &
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R=1/C

Figure 6
TransformiQJ WKH 3&" &RPSRQHQWYV WR 3]" GRPDLQ ZLWK YROWDJ|

/JHW XV H[DPLQH KRZ WKH LQGXFWD QFHH W UDHIV (RUP HQ V
LQWR WKH SODQH 3] :LWK D VLPLQD W RHQH \RH WHDAMR
5 / WKH UHVXOW ZLOO EH

A(2)
O— 2'1
B(z) 1
R=L
Figure 7

7UDQVIRUPLQJ WKH 3/° &RPSRQHQWYV WKR)&]H G RRDGQVZILRWK 5 ROWD J

The parallel connecting network part can be described using the Kirchoffs law

In the simplest case, two components are connected in parallel, but of ceurse th
connect RQ FDQ DOVR EH GRQH E\ FRQQHFWLQJ D 3Q" JD
components are called adaptors[pl]

Figure 8
Parallel connection model

Excluding derivations, the general wave equation for the paraleention is as
follows [3]:

b, (Ja Ja2 .. Ja) ac 12

In the context of (12), G is the gate conduction parameter which is theodip
RI WKH JDWH UHVLVWDQFH 5 ,Q WHKH FIRIDWHW DBQGLWK
LQGH[ ® " LV WKH QXPEHU RI WKH JDWH WR EH FKDUDFW#F
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With the gate guidare parameter, the reflection factor of a given gate is given by
the following relation [3]:

2 GC
JQ -
| Gk
k1 (13)
The initial figure for the serial connection is illustrated in the followingriigu

b4 |aZ .

R i.z...
1 tjij T“"q____
w1 ul
R
Ay Lo
anf ‘Lbn
Figure 9

Serial connection model

Excluding derivations, thgeneral reflected wave of the series connection at the
th gate is as follows [3]:

b, a, J°@ a2 .. a) (14)

The reflection factor of equation (14) with the gate resistance paranfateit be
as follows[3]:

2RC

J n
IR (15)
kll

Q

It can be seerirom (12) (13) and (14) (15) that the adaptor components are
memory- free, the interconnection of the components is togee, and can be
considered passive under linear operating conditions.

1.3 Simulation Method before Realization of Algorithm

AlineDU PRGHO Rl WKH '63 DOJRULWKP ZDMVMHYHUDMAWHG L
suited for thinking in the frequency range.

The operation of the DSP algorithme., the input pattern at the sampling

intervals (T) and the state variables storing the previolextef determine the

output pattern of the given phase. The signal flow diagram to Herimepted will

WKXV EH D WDVN VFKHGXOHG DW 37’ QRXFKWDYUDN G UDKZIQV
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in the time range. For the above reasons, the simulation and the dffect o
nonlinearities are investigated in the time dom@bservation and model creation

in the timedomain are used in many fields also [T®]do this, the DSP algorithm
JHQHUDWHG LQ WKH 3] SO @ kheMlinRkdomah Bde RMUDQVIRUPH

step 7).

The tests are performed in the time domain VWATLAB ® simulation, the
advantage of which is that it can give results close to the actual imyksioa.
The purpose of the primary results is to support the fulfilment of the filte
requirement. The, within the limits of the number representation accuracy
provided byMATLAB ® [9], The simulation environment and the obtained result
are considered as a study under lirearditions.The purpose of this simulation is

to shed light orpossible design avrs. The Kronecker delta signal as the input,
excitation signalvas usedThis signal assumes a value“df at the time of first
sampling, so that the spectrum of the signallis for all possible spectral
FRPSRQHQWY DOWKRXJK IRdd, the 8&drhineR fdteRnoéliied/ = 21 FR
the amplitude and phase position of the spectral compopéike input signal
according to its transmission functiofibhe applied simulations are even used in
the time domain analysis of mechanical system$tap

In the time domain, the response to the Kronecker delta signal will be the weight
function, by whose spectral analysis we can determine the transfeiofuriir

the simulation result, wasxpect that the transfer function fulfills the expectation
for all paameters of the filter requirement given for thdiahicondition (see in
Figure 3. If this was not the case, then we made a mistake in one of the foint

to 7 of the design (see in Figurg,Iso it is necessary to check and correct the
individual stes.

After the successful simulation in the environmemisidered as linear conditions,
wasconsider it necessary to investigate the nonlinear effects caused finyitthe
number representation. This also requires running\MA&LAB ® time domain
simulation [5]. Two types of tests should be performed with a test signal that
matches the typical conditions of use of the algorithm.

The first aspect of the study is the overflow analysis. Here, it must esile¢d
whether there are points in the implementation (FPGA or microconjriikrthe
algorithm contains overfloyprone nodes for the available number representation
(case of given bit number and representation mode). Based on the resghéts of
discovery of such nodes, the control of these points caedeed by saalled
scaling [10]. During scaling, the risk of overflow can be eliminatecdduced by
replacing some network component with a linear equivalent [10]. This
intervention ultimately improves the dynamic range of the algorithm.

The second noirlearity test assumes a more accurate knowledge of the actual
algorithm implementation. Now we need to know exactly the quantizationsp

that are forced to be used in the algorithm during implementation. Typesally

occur at the output of multiplisy since in the case of a fix@adint representation,
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the result swells to 2 times "n" bits by multiplying the-Bits" represented
numbers with each other. Bit count truncation (rounding, truncation) ocsuas a
noise generating generator. In addition signatto-noise degradation, excess
signal energy appears in the algorithm, compromising the passivéyianit

2 Pilot Signal Remover Filter

After the theoretical introduction, the design and feasibility are predenrough

a specific taskin formulaing the requirement, the goal is to remove a pilot carrier

signal mixed to an audio frequency sigfglL A bandstop filter with a sufficient

slope is suitable for this. The stop band of the band should be as narrow as

possible in terms of the speechrsf) but the unpleasant effect of the components

resulting from the frequency inaccuracy of the pilot signal and possifitehsoff
SKHQRPHQD LV FRQWUDU\ WR WKLRD UG WDLWHDB HE WO D\WQ AF
in the requiremeniThe LWDF structure was chosen to solve this problejt0].

2.1 Structure of Lattice Wave Digital Filter []

The LWDF filter consists of two branches, a lower branch and an tpgech.
A Figure 1Q in the illustrated structure, S'D Q G a6 calledthe “all-pass
components

Figure 10
Applied LWDF structure

The absolute value of the transmissionction of the alpass componeris a

constant one regardless of the complex frequency. This means thaetheseld

not change their gain as a function of frequency, but do phaseshiftAt the

frequencies at which the phase shifts cdirg! S” are the same and the two signals

are summed, a passband is obtained. At frequencies where the phase difference

between the phase rotations of the twepalls parts outputs is 180 °, a closing

EDQG LV REWDLQHG GXH WR VLJQDO XRBA QFKLWD R I 2W KW X
UHVXOW RI 3E ~

For example, a firsbrder altpass function can be formed with a circulator and a
capacitive element:
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Figure 11
Firstorder altlpasscomponentD W 3 ~ G Wifh Bilc@ator and capacitor

In practice, an alpass componeran be made by connecting a tgate adaptor
and a reactant componerthese components were described in the previous
chapter.

i)
al Eno l
()—J Y bl

Figure 12
First order alpasscomponenat tLPH"~ GRPDLQ ZadaprorsVZR SRUW

The input of the firsbrder altpass section is now the input of the forward wave
(al) of gate number 1, while the output is the reflected wave fimln of the
same gateThe D multiplication factorof adaptor is nowot calculated from the
indicated gate resistances, but is defined by the following relatign (12

3 1 B,

1 B, (12)
Figure 13 illustrates the i degree LWDF structurebuilt from allpass
components.

2.2 Pilot Remover LWDF

According to UIC Code 758, 4" edition of 2005 [1], the audio frequency speech
signal broadcast on the radio sits on a 2B@0harmonic pilot carrier. The pilot
carrier is in the audible range during reception, so it is akepluecessary to
remove ifin order to understand the transmitted speech.

Samplesare available from the analog signal at intervals of 1bi.e., the
sampling frequency is 8004z.
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il &

al

2]l
g

Figure 13
n® order LWDF struture

At the frequency of 2800 Hz, the minimum requirement is 30 dB attenuati
therefore a starting demand of 40 dB is assumed for the approximation (This
means an attenuation margin of 10 dB.). The approximation tasks aed sotia

the MATLAB ® program. Using theMATLAB toolbox [11], the specified
parameters are as follows withtaexplaining the execution steps:

-1V +]
-&HQWHU IUHTXHQF\ UHODWLYH IURP IV
- Bandwidth UHODWLYH IURP IV

- Filter type band stop
The gproximationmethod is Butterworth.

The reflection factors of the individual adapters are given the followingerioal
values:

1 -0.88701
2 -0.58779 (13)

The above filter coefficients can be directly applied to thpadls components
shown in Figure 12 and Figutd.
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: =
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- 3—|>—) bandpass
Input _ ’
i S

Outputs

3—|>% bandstop
12

Figure 14
UIC pilot signal rerover LWDF structure, desigd withMATLAB ® [11]

Under linear conditions, this would give a satisfactory result, but dutheto
quantization and overflow problems caused by the finite number of bés, th
scaling of the structure [10] becomes necessary.

2.3 Scaling of the PiloRemoverLWDF

When scahg WDFs, we use the linear equivalents of each building block. In
linear conditions, this has no effect. In a firii¢ implementation environment,
the linear equivalents], on the other hand, behave differently.

High-frequency theoretical foundatiofts4] are often used in LWDF design.
After scaling, the filter coefficientwerechanged (14):

J J 0.11299

J J (14)
After scaling thdilter, we shouldcheck thait is workng properly.

The detailed signal flow diagram of the smhIDSP algorithmsi illustrated in
Figure15.

For verification, a timelomain simulation was performed on tNATLAB ®
platform.

A lot of literature deals with the descripgtiand simulation of time serig$2],
[13]. The planned algorithm is also now expediently simulated in the time domai

In Figure 15, the nodes calculated in the titoenain simulation are marked with
capital letters A G.
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l_"\-\.
Input

Kif

Kia

Figure 15
Detailedalgorithmof UIC pilot signal remwer - optimized

The order of the timelomain snulation fits well with the implementation with
the signal processingrocessor;therefore the "m" source code has also been
published It canbedownloaddfrom this link https://bit.ly/UIC _filterl

After runningthe code, one of the results is shown in Figure 16.

Based on Figure 16, it can be seen that the response (weight function) to the
Kronecker delta excitation signal has a stateay. This result confirms the

stability of the filter.Algorithm stability is also highly significant in the field of

sound and 2D image processifiy]. The Fourier transform of the Kronecker

GHOWD LV D FRQVWDQW 3*RQH" 7@&d@néeuhib@salyWwKDW GXUL
SGW’ DOO VSHFWUDO FRPSRQHQWY DWZHWXUKQHW LQ
amplitude. For this reason, it is also advisable to examine the spettgaE df the

response function, which in this case is the transfer functioheoflter circuit.

See Figure 17.

It can be seen from the transfer function that the filter has wignifattenuation
at a frequency of 280Blz. According ¢ the result, the 28081z harmonic pilot
signal will be attenuated by approximately @. This value is much better than
expected in the requirement.
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Figure 16
UIC pilot signal remwer filter simulationresult in timedomain

Figure 17
UIC pilot signal rerover filter simulationresult in frequency domain (Transfer function)

2.4 Questions oRealization

We kept the passivity in some steps of the design, thereby ensuringhgato i
signal stability of the DSP algorithm. The algorithm was also scaledislistdp,
the absolute value of the constant multiplier value of the multiplier elsnign
kept below 0.5. The use of linear equivalents in the algorithm doesdahger
its stalility, but gives better dynamic range.
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For better dynamics, the output 0.5 multiplier is also moved in &btite adding
element (copare Figure 14 with Figure 15)

Figurel8
Outputnode conversioof UIC pilot signal remeer

The linear equivalence in Figure 18 can also be seen mathematically.

When implementing DSP algorithms, numbers are represented usiimitea f
number of bits. The effect of the finite number of bits becomes apparenttiva
algorithm is implemented cosffectively, that is, by inerporating the actually
necessary hardware components. Fortiesd DSP solutions, we often use fixed
point number representation, for example according to the IEEE1.15 or EEEE].
format. In the case of such solutions, the loss of even a few hitstfr® useful
operation results in a loguality solution. The finite number of bits means a
perceptible quantization error arfust error affects the operation of the algorithm

in a nonlinear manner. In addition to the appearing quantization noise, a bigger
problem is that the value of the sample at certain nodes of the algoritithes
increased or decreased by the quantima@ffect. With this DSP algorithm, the
pseudo energy of the signal represented by the patterns generated indeachmo
also increase. An increase in energy threatens passivity. In case of loss of
passivity, we lose the guarantee of zero input stability

An example of this is presented, in which mathematical rounding is dpplibe
output of the multiplier components of the scaled UIC filter based on the
IEEEL1.15 representation in the simulation. After multiplicatitime number
represented by IEEEI13is converted to IEEE1.15 format by mathematical
rounding. Rounding in the simulation is done with the following MATLAB®
code:

function [q]=g1(x,n)
g=(round(x*2”n))/2"n ( 15)

The"n" represents the number of bits between the radix point and the LSB, "x
the number to be rounded, which must be entered in decimal form. The ffunctio
UHWXUQV W Welcadhe&rXhe impulsesponsén Figure 19.

The weight function of the algorithm containing mathematical roundieg gao
an infinite limit cycle from the 100th beat, marked with red linghe Fig 19.
With the mathematical rounding, we violated the passivation consmrvale, so
we lost thezeroinput signal stability guarantee.
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Weight function

e —

Figure 19
Infinite limit cycle in weight function

Of course, this penomenon is also present in the case of flogibigt number
representation using a high number of bits, but the hardware, which is
significantly oversized for the task, masks the errors. &tistence of the error
carries a source of danger, since nothing guarantees when asiphiude limit
cycle will degenerate into an uncontrolled, highplitude excitation.

The passivity can also be maintained in the implementation of the D&ftham,

if the quantization is performed with absolute value truopatin this case, the
samples representing the signal are pushed towards the zero point at each
quantization point, that is, the signal energy is reduced in each case.

Conclusions

This papeiillustrates the processfficiently desiging an effective DSPalgorithm
and how to guarantees’ stable operationThe UIC pilot filter presented herein,
can besuccessfullymplementedwith minimal hardwarerequirements
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Abstract: Historically, vehicle safetyreflects the curent state of the artand rew
innovationswill continue to make our cars even safethe future. Since its invention, the
car has enjoyed a uniqudriumphal procession. Safety plays a central role in the
development of a car modelday. The number of eiclents has also riseim line with the
growth in traffic. In addition to carelessness or distraction at the whieelptost common
causes of accidents are excessive speed, risky maneuvers and disregardcafutesfi
The introduction othe speed limit on rural roads and the obligation to wear seat,belts
were particularly importanipositive milestones. Two different methods are also used to
check the effect of the individual technical options and safetthe event of accidents.
First are the cash tests. Here, an accident situation is simulated in practioder
realistic conditions.The other solution is the simdlan. The Finite Element Method
behind this termlies the virtual calculation of variousonsequences of an accidem the
basis of mathematical differential eqtians. The degree of deformation of various
components or the entire ¢ars a wholeis examined by calculation.

Keywords: crash test occupant safety finite element methodelectric vehicles
autonomous driving

1 Introduction

Safety technology playedrabst no role in the first automobiles that rolled down
our streets at the beginning of the™2Century However, the increase in the
power of engines with higher speeds and tleecise in traffic have gradually led
to the factthat cars are becoming moamd more extensively equipped in this
area. From the beginning to the present day, vehicle safety also reflectaré¢imé cur
state of the art. New innovations should continue t&e@ur cars even safer in
the future.Since itsinvention, the car has enje¢ a unique triumphal procession.
Not only the vehicles themselves, but also the necessary infrastyu@skeen
consistentlydeveloped Safety plays a central min the development of a car
model today.
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Today, the number of aidents is declining irmany places, despite the steadily
increasing volume of traffic. In addition to restrictions due to legalletions, the
modern safety equipment of the vehicles Isoaresponsible for thidVhile the
vehicles did not have a propbody at the beginninghis aspect became more
important from around 1920. In addition to greater comfort and a wide range of
options for shaping the appearance of the car, the body vwassald specifically

to improve stability. Above all, the protectiofithe occupants wasitially in the
foreground Different systems emerged. From floor plates or frames on which the
body is built, to lattice frames and ttspace framg from AUDI to the self
supporting body (monocoque), these are still used today, depending on the vehicle
type. In the postwar period, the bodies were increasingly produced by the car
manufacturers themselves and the principle of thessgiporting body gradusl
prevailed in passenger cars. The chassis and body form a singlendnthe
overall structure offers great stability to various loads (shearmgprsional
loads). A body with a crumple zone was used for the first time in ®85he
Mercedes Benz W11 It ensured that the impact energy in the event of an
accident wasnitially absorbed by the bodyso that the forces on the occupants
were lessToday, the crumple zone in a vehicle has different tasks. First ofall, th
bumpers, for example, ensure ttihe energy can be absorbed in very small
collisions and other veHie parts are spared damageatidition, the front part of

the vehicle in particular is designed in such a way that the impact energy is
reduced at medium speeds and the rear of theeoains as intact as possible.
The latter in particular is designed the particularly stable in order to minimize
the risk of injury.

The number of accidents has also risen for a long time in line with oettgin

traffic. In addition to carelessness or distraction at the wheel, the owshan
causes baccidents are erssve speed, risky maneuveasd disregard of traffic

rules. Technical defects are also a reason. Due to the consistent upgrading of
vehicles with the appropriate safety technology, the number of accluEntseen
declining since arouh 1970, despite th&urther increase in trafficln addition,

new rules and regulations gradually began to have an effect. The introdoiction
the speed limit on rural roads and the obligation to wear seat belts were
particularly important milestones.

Two different methodsra also used to check the eff®f the individual technical
options and safety in the event of accideRisst are the crash tests. Here, an
accident situation is simulated in practizeder realistic conditions. The vehicles
are equipped with extensisensor technology and the crash is documented on
video from a wide variety of perspectivésCrash Dummie$ are used ashe
vehicle occupant. They areequipped with senssrand can fvide information
about the degree of an injuryn 1996, the testing companiuro NCAP
(European NevCar Assessment Programas founded by the British Department
for Transport and other European organizations quickly followeit. s
The inceasing pubtation of results from crash tests to inform consumers has led
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to vehicle safly becoming a greater focus in the development of new vehicles.
Every year there are innovations in the assessment, so that the resultsyare onl
really comparable witin a year.The other solution is simulation. FiniEdement
Method (FEM), behind ths term lies the virtual calculation of various
consequences of an accidem the basis odlifferential equations. The degree of
deformation of varias componentsrahe entire car as a wholis examined by
thesecalculatiors.

The possibilities of irmproving safety through driver astnce systems are
becoming more and more extensive. By monitoring the traffic area arbend t
vehicle with the help o& wide variety of senss, they can be used to prevent
accidents and driving errors caused by fatigue or carelessness. The musaexte
the technology becomes, the more the vehicle approaches autonomous Asving.
more and more modern technology is atlsd in vehicles, theyhave become
heavierin recent years. To counteract this, innovative materials are increasingly
being used for awstruction. Aluminum, magnesium, but also fiber composite
materials help to reduce the weight. Dependinghenintended use andpty of
component, the best possible material can be selected and, in the bgbeidf
construction, assembled into a bodyeTmodular design that is predominantly
common today ensures that each individual part offers maximum shadetys to

its specificdesign and contributes to the overall stability of the body.

The progressive elrelopments in the field of artificial intejience and the first
practical projects are currently testing the use of-gming vehicles in road
traffic. The current state ¢déchnology already makes this possible, but completely
different questions ase here. In various emergency situations, the vehicle system
may have to make decisions that affect people's lives. The example here is a
situation in wheh the vehicle is movitowards two people and only one of them
could be savedby an evasive maneuver. In order to take the various security
aspets into account, there are also ethical criteria that are difficult to implement
with the automatic contralf artificial intelligence. The question of liability in the
event of a simple accident has also not yet been clarifiedlegetfing systems
and ncreasingly sophisticated mathematical calculation models stenddre
maximum security here. Before automous driving can be iagrated into
everyday life, however, a number of open questions must first dréiexd.
Adequate protection against unauihed access to the systems from outside is
also not yet fully developed.

2 Vehicle Occupant Safety

Vehicle occupantsafety refers to the combination of active and passive vehicle
safety. Whileactive vehicle sa&ty helps to avoid accidents, passive vehgdéety
deals with measures to minimize the consequences of an accident.
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Active safety systems record driving conditions using sensorsrded/éne to
support driving operations. A distancauise contol (Adapive Cruise Contrdl
recognizes the vehicle ifront and simultaneously determines its driving speed.
This allows it to maintain a desired distance through targetednhgrakd engine
interventions. The active safety systems also incleaeergency braking
assstants. These detect imminent collisionda integrated cameras and
environment sensors and, depending on the configuration teénjigtial or full
braking. Another driver assistance system is the Electronic Stabititgram
(ESP) which recognizegmminently dangerous situations such as yawof the
vehicle and then brakes individual wheels in a targeted manner to counteract thi
rotation. Under certain circumstances, this will prevent the vehiabe $merving.

In addition to canfort and performate citeria, as well as environmental
friendliness, passive safety is of great importance in the development efrmod
and innovative automobile concepts. In particular, crash simulatidhs iswrea of
occupant protection and partneofaction (pedestrigs, cyclists or occupants of
other vehicles) are essential in an early development phase for the detig
vehicle structure. In doing so, it is important to meet both legal requiteraad
countryspecific consumer protection regeiinents. This conderdion leads to a
large spectrum of differg calculations and tests. With the help of passive safety
systems, the occupants of a vehicle in particular are to be protected frous serio
or even fatal injuries in the event of an accidémielligent systms, consisting of
seat belts and airbags, amimportant part of passive safety.

In principle, the seat belt is the restraint system that actsifirthe event of an
accicent. The belt ensures that the occupants are in the intended seating positio
while driving and that they are restrained in the event of an accident. Thistsreve
vehicle occupants from coming into contact with hard interior péttseovehicle.

If an impact can no longer be avoided in a more severe accident, the seat belt
system engres that the impact speed is reduced. Phisciple becomes clear in
Figure1 W LV QRWLFHDEOH KHUH WKDW Z&HQ. WXH
significantly smaller than is the case without a seat belt. This means #hat th
occupant is braked much more gently by the seat belt and is already being adapted
to the vehicle accelation at time t1, at the start of the locking effect of the belt.
This can possibly prevent an impact with parts of the interior andedatie stress

on the occupants. In the case of an unbelted case, the occupant continues to mov
due to his inertia fronthe point in time of the crash t0 at a constant speed v until

he hits the steering wheel or dashboard at point in time t2 and is severely
decelerated

In order to brake the occupants even more gently, the seat sl e
coordinated with other systems. For example, the seat belt is ofignaetkto be

very soft in order to keep chest compression below the critical value, and contact
between thdody and vehicle parts is then prevented by an airbag. In addition to
the seat belt, airbags thus help to avoid impacts with interior parts.
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Comparison of the vehicle and occupant accelerations a) witbailitedt and b) with seatb§l]

In the event of an accident, the airbag is automatically opened and the occupant is
specifically picke up. The ida of this type of restraint arose back in the 1960s.
However, airbags were considered problematic and unreliable because of the shor
inflation time required for the air cushion, the high weightd ahe large
construction volume due to the higressure gacylinders used. The necessary
filling time could only be achieved with the development of solid gasrgéors

in the 1970s. Initially, airbags were offered at extra cost in luxury lshic
whereas nowadays airbags are standard equipmalmast all hicles.

A large number of sensors detect acceleration and forward these sigtiads to
control unit for processing. When dangerous situations are detectedjath
generator is activated. The ignition pulse, which is generated by thgertrig
electronicsjgnites a pyrotechnic propellant charge. A gas mixture is released and
unfolds the airbag. The time required for this is betweem8@nd 40mson the
driver's side and between #fs and 60mson the passenger's side. A schematic
structure of an airbag sgm is shown inFigure 2. The airbag is in a folded state
here.

The energy dissipation of the airbag is determined by the dimensionirg of t
outflow openings, saalled "vents", and the air permeability of the membrane
fabric. The speciallydesigned "vets" ensure that the gas mixture flows out
precisely and regulates the pressure in the airbag. This preventstpamtcfrom
being thrown back into the seat backrest. In addition, the pressgutation
serves to ensure that the vehicle garu gently mmerses into the airbag and thus
the targeted energy absorption of the occupant kinematics. The outfloimgpe
are always integrated on the back of the air cushion and thus face amathéro
vehicle occupants. When the relative speed ofiéiecle occpants to the body is
reduced, the air bags collap3éis happens about 120safter the impact.

Due to the larger installation space on the passenger side and the lack of a steering
whed, the passerg airbag hasda fill a significantly larger vlume than the
driver's airbag.
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Figure 2
Structure of an airbag modulg]

In addition, the volumes differ due to the different legal situation in thepearo

countries and the United Statdaurthermore, the pressures when the occupant

enters the airbg are designedifferently. The immersion pressure on the driver's

VLGH LV XVXDOO\ S EDU DQG RQIi WKHEBDVVHQ
A significant difference can also be observed regarding the size of the aitimags

typical size of the driver airbags 45-60 liters, while the passenger airbags are

much larger, between 8180 liters.[3]

Not only the size of the airbag, but also the shape of the air cushiopastamt.

The driver's airbag is rotationally symmetrical and circular. It il integragd

in the steering wheel. This shape enables the driver airbag to behave in the same
way at every possible steering angle. In contrast, prismatic, rectasbalees are
preferred for a passenger airb&nordination of the head is an impartaspect

of the design of the airbags on the passenger side. To this erthutiberfly”,
shaped passenger airbabave appeared in recent years, which thanks to their
design, are able to direct the head towards the center of the airbaglacidge
the loads on thénead in case of oblique collisionBriver airbags and front
passenger airbags, alongside the seat belt, are nowokthteart technology
from restraint system. Basically, airbags can be designed as-shagteber or
multi-chambe systems and also offexr great deal of leeway in the overall design
of the passive safety systems.
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3 Desciiption of the EuroNCAP Side Crash Load
Cases

In order to be able to evaluate the safety of the occupants equally for rdiffere
scenarios, both fraal ard side impacts araken into account in the EuroNCAP
crash tests. There are two frontal load cases, one with a ddfleriparrier and

one with a rigid wall. In the side load cases, a pole and a deformable barrier are
used as crash partners for thehicle Various loads orthe structure and the
dummy used are measured. The greatest challenge of all side loadsctsts
compared to frontal load cases, there is almost no vehicle saumtween the
crash partner and the occupant that can alréakly alot of energy outof the
system through deformation before the impulse reaches the occupant.
Consequently, severe injuries often occur in these crash situationslemto be

able to estimate the risk of injury, key figures were introduced awer. j#]

For example, a very important value for assessing the severity of anjads

the Head Injury Criterion (HIC). The acceleration a(t) is measured here in the
center of gravity of the head and is included in the criterion as a multiple of th
gravitaional acceleratiog. The time interval considered [t1, t2] is eithemi$or

36 ms long, which is why HIC15 and HIC36 are often also written fanare
precise distinction. Furthermore, there are also several valudki$pisince the
time intervals considered are usualbnber than 18nsor 36 ms. In this case, the
maximum occurring value must be taken. The importance of this critenoheca
seen inFigure 3, for example an HIC value of 1000 means that there is a 50%
probability of irreverible injuriesoccurring in the oagpant's head area.

The Maximum Abbreviated Injury Scale has a scale from 1 to 6, wherellasel
minor (superficial laceration), level 2 is moderate (fractured sternleng| 3 is
serious (open fracture of humerus),db4 is severdperforated trachgalevel 5 is
critical (ruptured liver with tissue loss) and level 6 is maximum (totalraece of
aorta) injurys means.

100
80
60

40

20

Percent Life-Threatening Injuries

0 500 1000 1500 2000 2500
Injury Threshold (HIC)

Figure 3
Maximum Abbreviated Injury Scal&]
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Other measurement points in the dummy, such asdimpression othe chest or

the force on the hips, are also used for the evaluation. Points are then thsfribu
according to a prescribed point system, which then go into an evaluationesche
for the Adult Occupant Protection section of EuroNCAP. Thkisdian describes

the test executionna evaluation for test cases with adult occupants. Overall, the
ratings from this sularea and other swdreas, such as test cases for underage
inmates, are combined in a star rating. These overall ratings are theshguliby
EuroNCAR

3.1 PoleTest

The idea behind the pole impact is to simulate a load case in which a vehicle
crashes sideways into a tree at low speed. In the test setup ahigitspole with

a diameter of 254 mm and a height that is greater thamtine eehicle.The test
vehicle iscrashed onto this pole at a speed of 32 + 0.5 km/h urkfeto7the
longitudinal axs of the vehicle (seeigure 4). The target line runs exactly through
the center of gravity of the dummy head. For the crash testydhiele is
posiioned on a platformhut in the simulation, this problem can be solved simply
by applying the appropriate boundary conditions.

vertical plane through vehicle longitudinal
the centre of gravity centreline
of the head of the dummy ——»/

/

Impact Reference Line *»/ — dummy head centre of gravity

Figure 4
Point of impact of the poleest[6]

In order to be able to estimate the loads and the behavior of the systenpusumer
simulations are@lready caried out before the first tests. This is particularly useful
because this test setup depicts a situation that is as critical as possiblées T
because the accelerations here are lower than in the case of a barrier iotpact, b
the deformatioror intrusion is significantly higher. Since the head is close to the
action here, this is always more threatening to the occupant.
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3.2 Mobile Deformable Barrier Test

Most real side impacts can be classified as being either aovidenarow crash
partner The narrowcrash partner is to be represented by the pole load case,
whereas the wide crash partner is represented by the mobile deformalade barr
The Advanced European Mobile Deformable Barrier used by EuroNCAP is a
further developmat of the originalmobile defamable barrier. It consists of a car
with four tires and a deformable honeycomb structure at the froig.structure
shown inFigure 5 serves to absorb energy and is intended to represent the front of
a larger car. The exteal dimensions athis structue are around 1700 560 mm.

Bumper

Honeycombs

——Area covered
by Expanded
Polyester i

Back Plate ™ Upper
e Front Plate

——Bumper
Rear Plate

/ b | “—Bumper
Lower / [ f Front Plate

| Front Plate— | |
Ared covered | | [
/ —Bumper
by Expanded / ! H
Figure 5

Exploded view of the Advanced European Mobile Deform&aleier front honeycomb structufd

Overall, the barrier should have a mass of 1400 kg. The barrierhttethe
vehicle in the a¥aof the two doors at a speed of 60 + 1 km/h after it has been
accelerated to the corresponding speed. The vehicle stands still inatthisdse.
Due to the greater width, less deformation or intrusion occurs snldhd case
compared to the gle load ase whereasthe acceleration is greater due to the
greater difference in speed.

In this research, | examined the pole test because this means moreostthes f
passengers. Caody protection is minimal and defoations are larg. During the
examination of the siderash,| used the experience and knowledge gained during
the examination of the frontal crash.
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4 Desciiption of the Simulation System

4.1 Finite ElementMethod in General

With the help of the FEMfinite element metht), complex assemblies cde
examing with regard to their static and dynamic behavior. FEM is used in
particular in the areas of structural mechanics, heat transfer and figiganics.

The basic idea is to divide the structure to be examined into éileiteents, which

are coupékd to eachother via nodes. For each of these elements, equations are
defined that describe the physical problem. Taking into accoertidhndary and
initial conditions, these can be solved with suitable algorithms. Thet exa
procedure of such aumericalcdculation is divided into the three areas of pre
processing, solving and pestocessingseeFigure 6).

:>§

Modeling Calculation Result Display

Figure 6
Simulation step$8]

The model for the respective solver is set up ingroeessing. First, epmetry
data is mported or generated directly from the preprocessor. Furtheymor
components with a finite number of finite elements and their nodessaretilied.

The material properties are also defined in this process stepsaighed to the
respedve components.nl addition, contacts, boundary comglits and initial
conditions must be defined in order to be able to subsequently carry out a model
check and transfer the model to the solifére solver serves as an equation solver
and, taking the boutary conditions nto account, determines the displaesis of

the individual nodes, whereupon other variables such as stress&sa@mslcan be
calculated for each element with this informati®@uring postprocessing, the
focus is on evaluating the resgive finite element calculation. Here the results
are checked with the previously defined evaluation criteria using suitable post
processing tools and presented visually. The results are then doedraedtthe
model improved if necessary.

In order to cay out this actiity and to model the necessary atijusnts, the
ANSA preprocessor from BETA CAE Systems used in this work. rAtte
boundary conditions and the model have been transferred, the soblae ito
determine and solve the differential eqoas and save tie in an output file for
each time s The LSDyna solver from Livermore Software Technology
Corporation is used for the simulations set up to calculate the FE modesirgy
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the postprocessor Animator 4 from GNS mbH and in combinatiom ANSA
META, the results in this work are evaluatadd made available graphically.
ANSA META is a postprocessor developed explicitly for ANSA. Analysssiits
include deformations and movements over time, as well as streshemtamal
frequencies cabe displayed[9]

4.2 Basics ofOccupantProtection Simulation

In principle, solvers can solve systems of equations implicitlyxpliatly. With
the implicit time integration, the following equation of motion becomes

M U+CT U+KT U ey

t+'t

evaluated at the unknown poin time t+ 't. M represents the mass matr,

the damping matrix,K the stiffness matrix,uthe acceleration vectorythe

velocity vector, uthe displacement vector andr  the acting external forces.
With linear relationships of the gradient matriogd ,C,K), a solution can be

determined by solving the differential equatigrstem once. The taulation of
non-linear systems, on the other hand, is carried out incrementally with siveces
equilibrium iterations. Strongly nelinear structures can lead to convergence
problems with implicit time integration, which is why no saatcan be found.
Therefoe, themettod of implicit time integration is suitable for linear dynamic or
static tasks[10]

In the case of explicit time integration, on the other hand, the equdtimotimn
is evaluated at the known point in time t:

M U+C U+K' U Fy

t

Assuminga diagonalied mass matrix and thus the simplification that the masses
at the nodes are understood as point masses, the system of equatidres can
converted into Newton's second axiom and decoupled

Eint (Q,Q, Q) Eext O

with Eint @’g’g) M U+g y+£ TJ

g (Eext Eint(g!g)) M '
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This means that each equation can be evaluated independently, which an why
overall faster solution is found compared to the implicit method. Siregses are
generated as pressure waves (sound waves) in the materiasjeéideoound c

E
c|/—
U

propagate, it is essential to select the calculation time step in such hav#yig
always smaller than the greatest possible information propagation (sound
propagation in the component) ovéetsmallest eleménength If this sability
criterion is met, each discretization point can be calculated separatedyw{3th

there is a loss of information, which means that the solver cambafsuitable
solution using the explicit method.

The citical time step't can therbe

't< Imin\/z
E

to calculate. As a result of plastic deformation, it is possible for some retietoe
become very small. As a result, these very small elements are used to rietermi
the critical tme step. This wodlincrease theompuing time extremely and lead

to calculations that could not be carried out. Therefore, during the iexplic
calculation, these elements are deleted or the density of theseetenadints is
increased. This artificial ating of the masss called "massscaling” and allows

the time step to be increas¢ll]

Compared to the implicit calculation, rdinear influences mean only a small
additional effort. However, a dynamic calculation must be carri¢dapustatic
problens. The explicit cleulation methodis therefore suitable for very shert
lasting dynamic processes such as crash, explosion, impact and puncture
simulations. Furthermore, explicit solvers can be used for contaclepr®las

well as for calculations of highl discontinuous stictures in which no
corresponding result can be found with implicit methods.

4.3 SatPosition Definition

In the earlier stage of my researete examined injuries that occur in frontal
crashes. In the event of a ftehcrash, we examineda total of five rotated
positiors, these were 39 60, 9¢°, 135, 18C and, of course, the normal ron
rotated state. It is absolutely necessary to narrow down the seasitign®mto be
analyzed when examining the effect of swivel seats on masafety systems.
The process of rotatinthe gat 5 completely identical to the method used in
frontal crashes. Rotating the driver's seat is impossible withodifymg the
interior of the vehicle, so | took all previous modifications from toatl crash.
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In the case of a frontal crashwas dsened that the maximum value of HIC15 is
reached in the simulation model already at a rotation angle of 30°. There was a
risk of serious head injuries due to the changed impact point of the heat,isvhi

no longer in the center of the airbag, theotedive effect of the airbag is
significantly reduced. The test head does not optimally reach the centeg of t
airbag for all angle variations. In the 60° version, the steering whbildgectly.

The seat with an angle of 60° is the worst for dirtbagand he highest damage
values occur here, see will examine this case in the case of a side impact.

Figure 7
Representation of the examined angles of rotdBaurce: Author’s plot)

The frontal crash investigation showed that, as a result ofmtigified seating
positions, the driver's movement kinematics changes radicatheirvent of an
accident. We found that the effectiveness of the passive protectitamsyss
greatly reduced and the risk of fatal injuries is greatly increased in the case of
inverted seating positions. This is especially true for head and neck injurfes, b
the value of chest compression and the extent of leg injusesbacome more
severe. In this research, we examine the effect of this on side crashes.

5 Results of the Sinmulations

In the following chapter, an overview of the results of all examined angles o
rotation during a side pole crash test is presented. Only ther dhile position

was examined during the simulations. On the basis of this preliyninar
investigation,cettain trends can be established for certain properties of the angle
of rotation.

In general, all necessary side crash restraint systems are deployed fér the 0
variants. This includes thédg airbag and the head airbag. The airbags used here
are had orcurtain airbags, which are primarily intended to protect the head area
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of the occupants of the first and second row of seats. It is installez timel
interior from the Apillar to behind the second row of seats along the entire side
and, when it igriggered, unfolds like a protective curtain between the heads of the
occupants and the vehicle structurae side airbag is also intended to prevent the
occupant from coming into direct contact with the vehicle structure,rbits
position it preventon@ct between the trunk area and the door panel or the
paneling of the Bpillar. Due to its location in the first row of seats, this airbag is
often referred to as a frostde airbagseeFigure 8).

Non-deployedside airbag Deployedside airbag

Figure8
Relevant airbagjin side impac{Source: Author’s plot)

A conflict between the created headrest and the head aiibegjfrom a rotation
angle of 60° or greater, since the effective range of thesedsitaint system
overlaps. From a rotation angle of 60°, the head airbag can no longer unfold
correctly and completely and thus loses its protective effect. By rothngat,

the proportion of the side crash changes with increasing angle in thodiref a
rearend crash during the impact. Since the most important restraint sf@tem
rearend collision is the headrest, the head airbag is reat f the 60° rtation

ande. Therefore, for good comparability, not used the head airbag in the 0°
version eitherTable 1shows the values determined for the angles of rotation 0°
and 60°.

It should be noted that there is no centersote due to the geometric adjustments
to the vehicle model. In a conventional vehicle, the seat is supported bgriter
console, among other things, in the event of a side impact. This redmasnot
exist in the fitted simulation modérhe trendof falling head values can be clearly
explained with the impact point of the pole in the side structure of theleeh
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Table 1
Results gerview

Criteria Limit | Unit | Simulation | Simulation
value 0° 60°
Head (HIC15) 700 [1 592 141
Head (a3ms) 80 [a] 77.6 417
Head (BrIC) 105 | [] 101 0.89
Neck (Nij) 085 | [] 041 0.69
Chest 60 | [mm] 27.4 37.1
(Compression)
Abdomen 88 | [mm] 537 61.2
(Compression)

The orientation of the pole is adjusted to the 0° seating posdied no
realignment takes place for the selected seating positiorthéopurpo® of
comparability. According to this, the point of impact changes from the Wwith
increasing angle degrees. For the THOR dummy in the side crash, the head value
in the 60° position are significantly reduced compared to the uprighttieighs

ahead #ting position. In particular, the HIC values are reduced by almostt80%
141. In addition to the changed point of impact, the seat has a damping effec
It should also be added that the position of the seat has been pushedifuc

the inerior with a translation. As a result, the distance between the head and the
post is too great, so that no serious consequences can be seen.

The turning angle of 60° changes the character of the side crash to a rear crash
This can be seen from the slightpaextersion of the neck, which is evidenced

by the increase in the Nij value. There is also an increase in icldesitations

with decreasing HIC values, because the protective effect of the seat back does not
provide sufficient stability to respond toe intrusons from the pole. It should be
added that due to the rotation of the seat, the side airbag integrated a@s itat
provide sufficient protection for the selected rotating seat scenarids thue lack

of support. For illustration, the mamum intrusons of the pile at the rotation
angles of 0° and 60° for theHDR dummy are shown iRigure 9.

= = e B —':'”"__—:”"‘—:- W) R 3 "t

Figure 9
Pole impact on the THOR dummy 0°(left) and 60°(rigBurce: Author’s plot)
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6 Validation of the Simulations

It is absolutely neasmary © use areal test to validate the simulations.
The simulations were based on the 2008 model of Honda Accord, therefore
requisite to use the real test of this model as a basis for validatawewvdr,
before validation a first way of checking the ysébility of the calculations is to

look at the crash simulation visually. This can be found for the pole sisle fma
selected points in time ifrigure 1Q This visual inspection should be done
together with an inspection of the energy flows.

Simulation at éhs Simulation at 3fhs

Simulation at 6fhs Simulation at 11ths

Figure 10
Selected points in time during a side pole ci@ilurce: Autha’s plot)

During an inspection of the energy flows a distinction is made betweaea th
different types of energy. The kinetic energy of the system, the intemaayy and
third the hourglass energy. One can see very well that at thenb® he total
energyconsists purely of the kinetic energy. After that, the kinetic enemgysdo

a plateau and the internal energy also increases to an almost constanipviaue
about10 ms This is the case because the engine block is very teal deflets
laterally, which is also the reason for the fluctuations in the total energy at the
beginning. The initial contact with the stake happens just béfores From this
point on, the kinetic energy of the vehicle is gradually convertedimésnal
enegy through plasti deformation until the vehicle is almost stationary after
around 110ms Since undeintegrated elements are used here, the hourglass
energy with which the elements are provided increases over time in torder
prevent thenourglassing e#fct(seeFigure 11).
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Figure 11
Course of the energy at the pole side c{&slurce: Author’s plot)

The tested model of the Honda Accord introduced in 2008 was released in
Australia. It also included dual front airbags, side airbags and head jmotect
airbags as part ofhe sandard equipment. In terms of active safety, -koatk
brakes system (ABS), electronic brake distribution (EBD) and eféctetability
control (ESC) were also standard equipment. In addition to all of this, an
intelligent seabelt reminder is instked on every seat. In the front row, the seat
belt buckles are mounted on the seats and the upper anchorage points are
adjustable. These features greatly improve the effectiveness of the seat belt,
thereby increasing safety. Bedinsimers were installedn the seat belts in the

first row of seats, so that in the event of a collision, they are able toerede

slack in the belt. The middle rear seat is equipped with a-puoie¢ seat belt. This

can providebetter protetion thana conventional twgoint sea belt.[12]

The Accord scored the maximum 8 out of 8 in the side pole crash test (5 Stars).
The passenger compartment held its shape well. Airbags and setdbeit the
timing and the degree of restraint to sui gize ofthe occupant and the\ssity

of the impact. In this case, both the driver and passenger were well @dotect
The Honda Accord scored maximum points in the car side impact tesé ol

side impact, the chest was adequately protected arel wees god protection of

all othe body regions. The head restraint provided good protection against
whiplash injuries.

The car includes a passenger airbag deactivation function so that ttfiechegr
child seat can be used safely in this position. Howethhe driver does not have
enoudn information about the current state of the airbag. In any case, a warning
label clearly warns of the danger of using a+faang child seat in the passenger
seat without first deactivating the airbag. Unfortunatelys thformdion is not
available inall European languages. The existence and exact location of the
ISOFIX points on the rear outer seats is not clearly marked, which can algo caus
confusion.
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Figure 12
Hondaaccord 2008 EUNCARide pole cashtest[12]

Table2
Results of the base model and the modifiedlehan comparison wh the crash test

o vimit | crash Simulation 0° Simulation 0°
Criteria Unit valuel teg Base mod_gl w!thou Fitted m_o_del_with
any modifications | all modifications
Head (HIC15) [-] | 700 | 541 575 (+6%) 592 (+9%)
Head (a3ms)| [g] | 80 714 729 (+2%) 77.6 (+8%)
Head (BriIC)| [-] | 1.05| 0.86 0.93 (+8%) 1.01 (+17%)
Neck (Nij) [[] {085]| 0.62 0.44 (-29%) 041 (34%)
( Conf;fesision mm]| 60 | 258 27.0(+5%) 27.4 (+6%)
( Cﬁii?;i?on mm]| 88 | 589 552 (-6%) 537 (-9%)

Table 2 bowsthe results of the basic model, the version without modifications,
and the modified model compared to the results of the crash test. The besic m
is validated, it can be seen that all deviations indinmeulation resultgemain
within the appropriee limits. The situation is similar with the modified model,
because the modifications mainly affect the frontal collision only. Tiye major
difference is in the values of the neck, the main reason for bihiisg the
replacemat of the seat belt attachmertdipt. The modified model must be used
for comparison with the rotated seat versions, as these modificatioms thk
driver's seat to be rotatdd.3]

Conclusiors

The aim ofthisreseath was to investigate a pole side craslthe case of a full
selfdriving vehicle. In order to do thiswe used as a basis the computer
simulation model used in the frontal collision investigatidfe have created the
necessary definitions of side iaqt from the point of view of passive passenge
safety.We validated the completed computer model with a real crash test and then
transformed it so that it is suitable for testing the rotated seating posiltiothe

case of a side impadtye examined e most critical rotation angle in the case of a
frontal impactWe examined to what extent the seating position of the passengers
affects their injuries in the event of a side pole collision. During thelations

and the evaluationyjye compared the mailts of the injuries that occurred in the
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case of sdgpositions tuned by 60° with the case of the driver's seat in the normal
basic position. As a resuliye received that although the kinematics of the driver's
movement changes radically during anident due to the modified seating
positions, the degreef injuries s still greatly reduced. Exceptions to this are
injuries to the chest and abdomen area. This decrease in injuries can be explained
primarily by the damping effect of the driver's seat, because in the case of the
driver's seat turned by 60° eldriver's sat protects the passenger from the direct
load and deformation coming from that si@ased on the results, although the
damage values only partially increase in the case of side aré&shktill necessary

to expand the passive safety syst&axt goal & theresearch is the creation of a
protection system capable of providing protection even in a seat posititedrata

any angle. This system must be able to provide sufficient giaten both frontal

and side collisions. In order to achée this goal the possibilities of further
developmerd for the driver's seabeed examination. The seat must be able to
coordinate the movement of passengers in the event of any accident and mus
participate in the prevention of serious injuries and the absorptiolargé
deformationsa model to test and verify thiwill be built. In addition to the
possibilities for further development of the driver's sesamirationis neededor

future new possibilitiesf the ug of airbags in seltdriving vehicles. The fure
development of the airbagss known today will be inevitable in a vehicle
without a steering wheel. The aimtbi researctwill be to define thechallenges

that affect airbags and to defireny possible solutions. It will certainly be
necessary to exanethe new position, shape and size of the airbags known,today
in order to achieve the desired goal.
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A New Method of Robot Propulsion?

aXNDVW] FFID3\DZHa )DN OLFKDa 6WDURVWD

Institute of Machine Tools arfdroductionEngineering, Lodz University of
Technology Stefanowskiego 1/15, %P4 Lodz, Poland
lukag.fracczak@p.lodz.ppawel.zak@p.lodz.pmichal.starosta@dokt.p.lodz.pl

Abstract: Currently, numerous studies are conducted on diagnostic devices for the
digestive system. To correctly design such a device, it is necessary to fully dpecify t
parametes of the environment in which the device is supposed to operate. Most of the
research conducted on the intestines focuses on mechanical and tribological parameters
connected to work with diagnostic capsules. Yet, to simulate the work of the robot moving
with a snakdike motion it is necessary to estimate the level of energy dissipated by the
intestine deformatioms it serves as a main driving factor, which is proven in the paper

Keywords: intestine mechanical parameteenergy dissipationrobot propulson

1 ,QWURGXFWLRQ

The development in the field of mobile robotics is determined by the kdgele
of the work environment. The same goes for robots prepared to move inside the
human body. One good example of such a tasethe field of robotics focused
on the diagnosis and treatment of the human digestive system. Thsidiel
extremely important, as it aids doctors in the treatment of digestisensy
disease, including intestinal cancer, therefonany studies are being conducted
on developing the mosiniversal tool.The mostcommonly used method is the
capsule endoscopy [1], which utilises a savalume capsule that trawshrough
the digestive system, taking photos or picking tissue samples in the préeess
there ishardly any control ovesud capsule mton. An interestingexampleof a
different solutionis a robot able to move inside the intestines using a dilake
motion [2]. In Figure 1 an actual model afnamed robot is presented. Thigen
picture showshe robot’s motion capabiiies. It is worth mentiming that because
of its construction, it is able to generate sine motion, which is necessargke
its motion possible in any given position or configuration tbé body.
The dimensions of the presented model currently arenrbSof diameter and ca.
1.5 m of length.The remaining question is: will it be able to move inside
human body according to the assumptions?
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*

Figure 1
Actual model of the robot moving with snakiee motion

This type of motion is difficult in this enanment as it acts like a vigeelastic
body [3]. Assume that a robot moving using a snbk& motion (close to sine)
would deform the intestines in a direction perpendicular to its own bogy2)Fi

intestines wall

a) b)

robot body

Figure2
Deformation of the intestine by the robaj:bebre deformation, b) after deformation

In this case, a 2D static model of the refimtestine systemshows reaction forces
between the robot and the intestines, without internal forcessimahjll take the
form shown in Fig.3. The additionalassumptionmade was that theobot's
deformation will take a shape close to a circle.

Figure3
Reaction forces between the robot and the intestines

For this assumption, the work needed to be done to deform the intestines can be
given by the following egation:
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W=E, +AE (1)

Where W-work done to deform the intestines,— potential energy accumulated

LQ WKH GHIRUPH G ehapgy tHat Wels @issipated in the intestines and
cannot be reclaimed

With the assumption that the intestines being defamed perpendiculaylto the
robot’s surface, the deformation energy of the intestines can be given as:

l n
E, = Ez F, = Ar,
= (2)

Where: Fis the force with which the robot deformed the intestines in -the i

contact pointar, —the intestine defrmation ina direction normato the robot’s
surface.

Equation (2) is true for symmetrical deformatidre., for the robot moving
perpendicularly to the intestinal wall. In thmse of the robot generatirsy
propulsion wave along its body, the pafttioe intestinesn front of the wae is
being deformed while the part located after the deformation wave reattte to
robot with the force generated by its elasticity. In this case, the geonfigtrg o
system can be presented as in Big.

Figure4
Thedistribution ofdeformation geomegrfor the robot moving with a snafi&e motion

The equations of deformation energy can be defined as:

n
1
w, = EZFM =Ary,; + AE;
i=1

®3)
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n
1
W, = EZ Fp; * Arg; + AEg
i=1

(4)

Where: W, is the workthat need to be done to deform the intestineg, i$\the
work done bythe intestinesagaining their origial shape, k- is the ith force
acting ontheleft side of the robot, k—is the jth force acting on the right side of

the robot,Ar,,;, Arp; —are the ith and jth deformation of the intestines done by

the robotat the left and rilgt side.AE; = f(a,D,T,t) andAE; = f(3,D,T,t)
are the energies dissipated during the deformation during the elongatiomaged s
regaining phases of the intestines.

In case of respectively small increaseg\f,; and ﬂrgj equations (3, 4) takthe
following form:

1 w
W, = —f F(a) =r(a)da + AE;
0

- ®
1 rF
we =5 | F8)«r(B)ap + oy o

For symmetrical deformations (case of the robot moving perpendicuiarl
intestines wall) and for peHFW O\ HODV W L F (&tah& U R=D)WtlcBQ V
be stated that W= Wr. Yet, in the case when the robot moves with a stik&e
motion, the work done by the intestines regaining their shape is equiaé to t
potentialenergy accumulated in the intestines and can be given with equation:

Eu =W, —AE;, = Wy 7)

By including equations {5(6) in (7) the following is obtained:

& B
%f F(a)*r(cc)dfx=%£ F(B) » r(B)dB + AE, "

It must be stated that the total deformations on the left and riglstcfiggjuation
(8) must be equal. Otherwise, the intestines woeidain permanently deformed
which is unacceptable. Therefore, the following equation is true:

J:r(a)da: = er(ﬁ’]dﬁ ©)

By comparing equations (8) and (9), it can be seen that energy loss is bitund w
the reaction forces that caused the deformation. By assuminghthatystem
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shown in Fig. 2 is static and by projecting all the forces onto the direatitive
wave, the following is obtained:

n
F, = E F.. *cosa;
i=1

(10)
F, = Z Fg; * cosﬁj
i=1 (11)
and from (7) and (8) it is known thBt>Fr
It can be stated that:
F,—T=F —F (12)

Where: k is the total force of intestinal reaction on the robot in the direction of
wave propagation, F is the friction force, F Fr are the forces respectively
before and after the deformation wave.

Equations (12) and (8) show that thecks needed to be used to deform the
intestines are greater than forces generated by the intestines regaining their
original shape, therefordy generating the snaltdke motion force Fc is
generated. It is directed along with the robot and reverses tirtdation of the

wave of displacements. Equation (8) clearly shows that propulsionsfovitie
increase proportionally to the volume of Energy dissipated during irgestin
deformation. It shows the necessity of checking how much of the energy is
dissipatedduring intestine deformation. The proposed research will provide data
necessary to estimate the volume of force possible to be generated by a robot
moving with a snakdike motion.

Increasing understanding of the mechanical characteristics of tdsgines took

on particular importance in the context of the development of new medical
instruments€.g, capsule robot, intellectualized endoscopy). A significant element
of this understanding is gaining information about the mechanichleide
between thentestinal tissue and the instrument.

To obtain information about the stresses and strains (and their relatibit$)
accompany the biomechanical changes during functional loading koatling of

the human gastrointestinal (Gl) tract, a reference was neadians Gregersen’s
research4]. As a basis for 3D anatomical models, digital images gained through
ultrasound, using computer tomography (CT) or magnetic resonariRp (dre
used. Models were analyzed using different mathematical algorithings finite
elements method (in this particular example of the mucosal foldedlgyered
esophagus) and assuming that it is a-thétled isotropic structure (e.g. stomach
antrum wall surface model). The finite element method providepdhksibility to
overcomethe major shortcoming connected with the thin wall assumption.
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The research, focused on gaining information about the mechanical chaiesterist
of the intestines, included two aspects of influence between the medical
instrument and the intestinal tisstilee "frictional force" and the biomechanics of

Gl tract tissue.

The rest of the paper is organised as follo8ectiors 2 and 3 focus ostateof-
the-art clarification, while Sections4-6 describe tests done on actual tissues
includingadescription of a éstsstand, used methods and drawn conclusions.

2 YULFW)LRQMDHD

The frictional resistance force includes the nominal frictional fos§eafd the
visco-adhesive force and it depends on the size, material, mass, shape, contact
surface cotour, and the Mecity of the potential instrument (e.g. capsule robot)

[6] [7]- The nominal frictional force is related to the elastic restororgdf, the

real frictional force, and the contact angle; the cohesive force is determined by the
contact area and the contacigk [7]. Ex-vivo experiments were carried out in the
porcine small intestine with fifteen capsule robots (capsule endoscadfie) w
different shapes and dimensior@. [The friction increased accordingly with the
speed and capsule dimensions, especiallthbylimensions perpendicular to the
moving direction. To predict the behavior of the capsule robot in clinidsl the
analytical friction model of the capsule robot in the small intestine has bee
researched9]. In addition, the restd of a similarexpeimental investigation
proved that the Coefficient of Friction (COF) did not chargignificantly
concerning the apparent area of contact between the capsule and the intestine.
The COF decreased with an increase in the normal load aiedti\from 0.080

0.2 [1Q]. In the case of capsule robots with their locomotive mechanism e st

of the capsule also influences the friction forc#][During consideration of the
self-propelled robotic endoscope concept, it is extremely important to keep in
mind thatlocomotion in the small intestine is further complicated by the fact that
the intestine is not a rigid pipe and is susceptible to dama&jeTte presented
analysis states that the friction coefficient between the intestinestland
erdoscope capsuler robot takes an important role in moving the device inside the
intestine, but the research has been conductdg on the motion of the
endoscope capsulén the case of the drive of a device moving with sHide
motion, the key Wi be the mechanicglaraneters of the intestines in addition to
friction forces.
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3 Intestines OHFKDQLFDO ([DPLQDWLRQ

An example of mechanical tests of research on the viscoelasticitiesfies was
obtained by the use of a Dynamical Mechanical Analy{pEvA) [4]. In this
work, it was proven that the dynamic mechanical parameters of the intestinal
tissues are not always steady, especially when forced oscillation kappen
In practice, this means that the movement of the medical instrunoahd work

in a changing environmengndduring the modeling of the intestine, the variation
should be taken into account. Based on the sheer measurement of the DMA and
the stress relaxation measurement, a -@ilanent model describing the
viscoelasticity of intestines ag obtained. Additicadly, the DMA tests indicate
that the storage modulus descends with the increasing shear stiigim,vdans

the hyperelasticity of the small intestine can be measured numerically. As a
consequence, the obtained data could be the basis for numeric#tmaisuand

the relaxation modulus could be also calculat&. [1

Similar experimental investigations of stress relaxation #Hrel stresstrain
relations have also proven that the small intesthm@ws the typical behavior of a
viscodastic material [4]. Dynamic testing results show that the storage modulus

of the intestine decreases first and then increases when the frequency is raised
within the range of RO Hz [14].

Results of an experimental study of the in vivo and ex vivo compressigoabf

large intestine revealed a significant difference between the results at tlee low
and higher rates in inivo tests (at the lower rates, the tissue appeared sdier) [
What is also important, there was a difference between the restitts f vivo

and in viro tests. In vitro results showed less dependence on the compression
rates, when the in vivo results were strongly dependent on the coiopreses.
There is a risk of using only in vitro data in numerical simafegiof modeling
tissue 6]. An analogos exerimental study of the in vitro compression of dog
intestine presents very comparable results. The shape and parameters ofethe curv
obtained were very close to the analysis of goat tissues.nthemental elastic
modulus of theduodenum of the dowaslarger than that of the jejunum under
particular pressure §l.

The tensile properties of the human Gl tract tissues (including tak @nd large
intestine) generated for cadaveric and surgically removed specimendéave
also examined in severalxpelimental investigations. The values of maximal
stress and destructive strain were the following: for small ineedtansversal
specimens 0.9MPa and 140% and for large intestine transversal specinAs
MPa and 180%. [ The submucosa and museul layers condition the
mechanical strength of the intestine wall; serosa and mucosa showed
significant strength.

As shown, tests on the intestines’ mechanical parameters are nahinlylast of
the research has been conducted $owy on elected deviceypes, mainly a
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Capsule Robot (CR). Yet, to date, no research had been done to test threemtesti
with a snakdike motion. It will be crucial to test viscoelasticit][and damping

[13] factors, friction forces and to estimate the energy dissipatée iintestines.

The parameters mentioned at the end are definitive for the use of the phenomena
that while deforming the intestines the force applied to deform tisegneater

than the force generated by intestines returning to tbeiginal shape.

The difference in forces can be used to propel the device moving inside the
digestive tract. The interaction between selected parts of the intestihdse w
important along with the energy dissipated during the intestioagation.
Another important task coreced to the determination of the intestines’
mechanical parameters is the possibility to implement them into simulatio
software. The more accurate the parameters are, the more accurate the obtained
simulation results will be.

4 Materials and Methods

Teds o the dynamic parameters of the intestines were made usngu#tora
made test stand presented in Figdrelt consists of a linear drive with a
positioning accuracy of 0.0thm and regulated feed in the range from 0 to 100
mm/s. On the carrier of therive, a 6axis force sensor has been placed along with
a diagnostic probe.

>
{:’ clamps for holding the
_~ iftestines

6-axis force Sensor

/-

Figure5
A test stand

The stand has been used to perform numerous tests the purpose of which wa
estimate the intestines’ elasticity curve and to estirttegevolume of the esrgy
dissipated during their deformation. The intestines were takengigsnust after
beingslaughteed During transport, they were kept at a temperature 6f 3ext
they were initially cleaned and placed in saline. Before thgeréxent, the
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sampleswere heatedo the ambient temperature of ca®Z3 The time between
taking the sample and the test ranged from 40 minutes for theafinples up to 90
minutes for the last one. The tests were made with forces not causiagel®o

the samples. During the prelimiyatest phase, ten repeats were done to specify
minimal breaking force, which was estimated at caN20Therefore, the tests
were made keeping the forces undeNL5

Figure6
A fixed intestines sample

The sample was plad in holders (the diance betwen them was 87.8m) on

the stand presented in FiguBeThe intestines were initially stretched with a force
of ca. 3N magnitude. Next, the diagnostic probe was moved toward the iefestin
while keeping the force sensor level oNO After that, the tesprobe was moved

in a direction perpendicular to the intestinal axis stretching them, andttivas
moved back to the initial position. The displacements and forces genemted
recalculated into displacements in a longitudinal directiarchSdisplacments
were made five times for five simples with three different elongateath time.
The results of the sample tests can be seen in Figlirshows that the forces of
stretching the intestines (right direction) areajer than the forcex the intestine
acting on the sensor during the release motion (left direction). Thengodbd
force dissipated in this system is the difference of the surface areas heder t
diagram of stretching and releasing, therefore it can be expressed with th
following equdion:

i 1 i
AE=| Fhdl— | Fr(Ddl = | (F() - F(D)dl
J foa=] roa=] go-ro -
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where: f(I), f() are the stretching and release force curvesthe maximum
length of the intestine in maximum elongation for which motionctime change
occurred, d - preliminary elongatio of the sample.

8
7

6

f
5
— 4
w3
2 PR
0
87 89 91 93 95 97
-1
I[mm)]
Figure7
Forcecurve for longitudal elongation of the intestines by® (10%) and return tilve preliminary
position

5 Results

To check how much energy is dissipated in intestines deformatioase Were 18
intestines samples testecheTsamples were eloaigd with diferent values: 7; 10;
13% of their lengthThree other samples were tested with different elongation
with changing elongation speed fron3 30 833 mm/s.

The calculation results are summarized in Tables 1 and 2. Tasthews the
results offive samplesnd five elongations of the intestines and Table 2 shows the
average values of five elongations for each of the five samples. In additiee
different test series with variating elongation values are showisitatbe.

Table 1
Value d dissipatecenergy and maximum forces in intestines elongation by 9mm (10%)

6WUHWFKLQJ

1 2 3 4 5 Average
6DPSO OD[ IRU|[N] | 7.3 68 |65 |63 |61 |66
1 AE N |168 |83 |84 |70 |66 |94
6DPSO OD[ IRU|[N] | 7.1 66 |63 |61 |60 |64
2 AE M (162 |77 |68 |73 |57 |87
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6DPSO OD[ IRU[[N] [ 7.9 72 |69 [66 [65 |70
3 AE N 175 |89 |80 |76 |60 |96
6DPSO OD[ IRU|[N] | 7.8 71 |68 |66 |64 |70
4 AE M (172 |90 |61 |60 |69 |90
6DPSO OD[ IRU|[N] | 7.6 70 |67 |65 |63 |68
5 AE M [166 |68 |73 |58 |53 |83
Average | OD[ IRU| [N] | 7.6 70 |66 |64 |63 |68

AE ] | 16.8 81 |73 67 |61 |90

Table2

Mean values of energy dissipation and maximum force for varyingtimeeelongation

7 mm elongation (7%)

3 VWUHWFKLQJ
2 3 4 5 average
0D[ IRY [N] 4.8 45 4.3 4.2 41 4.4
AE [J] 10.1 6.0 5.0 4.8 4.4 6.1
9 mm elongation (10%)
2 3 4 5 average
0D[ IRY [N] 7.6 7.0 6.6 6.4 6.3 6.8
AE [J] 16.9 8.1 7.3 6.75 6.1 9.0
11 mm elongation (13%)
2 3 4 5 average
0D[ IRY [N] 10.9 100 9.5 9.1 8.9 9.7
AE [J] 28.2 115 10.1 9.6 8.8 13.6

Table 3 shows the percentage decrease of maximum forces and energy dissipated

for the first and last stretching of the intestine. Figure 7 shows a sarmagtard
of forces and elongation percentagetfe first and fifthongitude éongation.

The next phase of the research focused on intestines’ behavior undegates gr
velocity of stretching and releasing. To do so, the sample was stretchatbatv

veloctities. The tesstarted with a stretching (and releasing) velocity ofr8r8/s
and then it was increased by 8&8®/s until it reached a value of 8318n/s.
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10
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0 . 5 Elongation % 10

a)

Force[N]

b) 83 = = =833 Elongation[%]
Figure8
Diagram of intestine elongation by 10%: a) for elongationl and 5 with 3.81m/s velocity; b) with
8.3mm/s and 83.83nm/s velocity

Table3
Mean values of energy dissipation and maximum force fgfing intestine elogation
7 mm elongation (7%)
Elongation no. "LITHUHC(
1 5 [%]
OD[ IRUF| [N] 4.8 4.1 14.6
AE [J] 10.1 4.4 56.4
9 mm elongation (10%)
Elongation no. ‘LITHUH(
1 5 [%]
OD[ IRUF| [N] 7.6 6.3 171
AE [J] 16.9 6.1 63.9
11 mm eongation (13%)
Elongation no. "LITHUHC(
1 5 [%]
OD[ IRUF| [N] 10.9 8.9 18.3
AE [J] 28.2 8.8 68.8
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6 'LVFXVVLRQ

The obtained results clearly show that the maximum forces of intestiietching

are greatest during the first stretching and get lower with successhgagtms—

the lowest values are measured during the fifth elongationlaBiresults were
obtained for the total energy dissipated in the intestities greatestreergy value

is being lost during the first stretching of each sample and for the longest
elongation.

Table 3 and Figur8a show that for a series of elongations, stretching forces and
dissipated energy get smaller. In addition, the results in Table 3 ttadvior
longer elongation, theedrease of dissipation and maximum forces get larger.
The presented results indicate that for dynamic interactions, danmoiperfies of

the intestines will cause a decrease in the force necessary for another atongatio
This can be explainebly the decrasing elasticity of samples taken pastrtem,

yet this needs to be confirmed duringvino experiments.

The next phase of the research focused on intestines’ behavior undeeater gr

velocity of stretching and releasingo do so, the sartgwas stretoed atvarious

velocities. For each velocity, two elongations of the intestines were made an
PHDVXUHG YDOXHV PD[ IRUFH DQG "( ZHUH DYHUDJHC
velocity change there was a break lasting cas, 18e purpose of which was to let

the intesting regain their original shape. This interval was selected based on

research presented in4]l in which the forces in the intestines stabilized after

ca.10 s (after the elongation). The results of this experiment are presented in

Figure9.

An example diagram for various velocities is presented in Figluré shows that
for increasing velocity, the maximum force drops. The decreaserad in the
subsequent repeats of elongations was analogical as in previoud tddés (13
and Figureda).

This phenomenon can be explained by the low ability of samples taken post
mortem to regain their natural shape. This comes with permanenimadétor of

the samples without causing any actual damage to them. Yet, as a resdtgyf
dissipation increasing with the increase in velocity, it can be sthwdthese
permanent deformations are made at a minimal scale. These are hypothetical
theseshat need to be confirmed duringvivo tests. Additionally, the tests show

that energy dissipation is greater for faster intestine elongation. Thismpkeon

can be used to increase the effectiveness of device motion. In summary, the
dissipated energy igreater for bigger intestinal elongation and for faster
elongationwhich is presented in Figue.
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Theresults of intestine elongation for variety of velocities: a) maximenee§, b) value of dissipated
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Energy dissipated in the intestines in function of eldogadnd elongation velocity

&RQFOXVLRQV

The performed experiments show that a sesfegtestines elongations cause the
decrease of forces necessary for subsequent elongations and the decrease of
dissipated energy. Tests show that this phenomenon is repeatable, get it i
impossible to state what causes these changes without performing itests.
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Nevertheless, results show that it is possible to use dissipated enéngysaake
like robot propulsion method.

Another important conclusion is that during the intestine stmggchind release,
part of the energy is dissipated. Tests shbat its value ranges from 4 to 21
depending on the length and velocity of elongation. It is still nepess@heck if

the intestines can regain their natural shape during tests with a higlityeloc
between the series. If so, it will result in a lackeakrgy dissipation. This feature
can be used to propel a device that could move inside the intestings shake

like motion. The phenomenon of energy dissipation by the intestinegadhgir
elongation can hypothetically be a drive for a device nwinside them.

Future works will be focused on ctem of the next versions of the robot. It is
planned to further increase its length and while decreasing the dia@btamned
tissues deformation results are to be used as an entry point to perfiitionat
simulations of robot motion inside the intestines. The obtainedtsesfunamed
actions will be the content of future publications.

$FNQRZOHGJIJHPHQW

The presented research wasfioanced by The National Centre for Research and
Development, undeLIDER Programme, for 2012019, LIDER/20/0106/L
7/15/NCBR/2016

SHIHUHQFHV

[1] )UDFF]DN / .RELHUVND $ .RWHU . )DD 8 &]INZLDQL
Nowak A, Socha- % DQDVLDN $ O ]DN - 7KH 'LDJQRVWLF *D
Needs in Relation to Exisiting Toolsggearch and Design Work on a New
Tool in Endoscopy Field, Methods and Models in Automation and Robotics
(MMAR), 2017 19 International Conference On, pp. 7050

[2] )J)UDFF]DN / 20HMQLF]DN 0 3&ge\snakdikezobdtL / /RQJ
powered by pneumati McKibben muscles, Archive of Mechanical
Engineering, Vol. 66 Nr. 2, pp. 257267, 2019, DOL:
10.24425/ame.2019.128447

[3] L. Fracczak, B.BrylDJyUVND 3 )DN $ VLPXODW-LRQ H[SHUL
like robot module, 2018 1BInternational Conference on Meittonics -
Mechatronika (ME), Brno, 2018, pp. 3326

[4] Liao D, Frokjaer JB, Yang J, Zhao J, Drewes AM, Gilija OH, Gregefken
Threedimensional surface model analysis in the gastrointestinal tract.
World J Gastroenterol 2006; 12(18): 282875

[5] Xiaona Wang and M. Q-. Meng, Study of Frictional Properties of the
Small Intestine for Design of Active Capsule Endoscope, The First
IEEE/RASEMBS International Conference on Biomedical Robotics and
Biomechatronics, 2006 BioRob 2006, 2006, pp. 12¥&9, doi:
10.1109/BIOROB.2006.1639071

—97-



a rtkaletal Energy.ossesluring Intestine DeformatidNewMethoafRobot Propulston

(6]

[7]

(8]

(9]

(10

[11]

[12]

[13]

[14]

Kim JS, Sung IH, Kim YT, Kim DE, Jang YHAnalytical Model
Development for the Prediction of the Frictional Resistance of psula
Endoscope inside an Intestine. Proc. Inst. Mech. End2607) 221 (8),
837-845

Kim JS Sung IH, Kim YT, Kwon EY, Kim DE, Jang YH. Experimental
investigation of frictional and viscoelastic properties of intestine for
microendoscope application. Tribology Letters, Vol. 22, No. 2, May 20086,
DOI: 10.1007/s1124906-90730

Zhou H, Alici G, Than TD, Li W. An investigation into biomechanical
properties of a real intestine for design of a sgiypé robotic capsule.
2013 |EEE/ASME International Conference on Advanced Intelligent
Mechatronics, Wollongong, Australia, Julyl?, 2013

Chen B, Zhou Y, Mu X. Biomechanical behaviour study of dog's small
intestines. ISSN 1009095 Journal of Zhejiang University SCIENCE 3/.
No. 5,pp. 549552, Nov:Dec., 2002

Accoto D, Stefanini C, Phee L, Arena A, Pernorio G, Menciassi A,
Carrozza MC, Dario P. Measurements of the frictional properties of the
gastrointestinal tract. Scuola Superiore Sant'Aand®iTech Lab, via
Carducci, 40 56127 Pisa, Italy

Tan R, Liu H, Su G, Zhang Ch, Li H, Wang Y. Experimental Investigation
of the Small Intestine's Viselasticity for the Motion of Capsule Robot.
Proceedings of the 2011 IEEE, International Conference on Mechatronics
and Automation, August-T0, Beijing, China

Kwon J, Park S, Kim B, Park J@io-Material Property Measurement
System for Locomotive Mémanism in Gastréntestinal Tract. Proceedings

of the 2005 IEEE, International Conference on Robotics and Automation,
Barcelona, Spain, April 2005

Zhang Ch, Liu H. Analytical Friction Model of the Capsuleb®t in the
Small Intestine. Tribol Lett (2@) 64:39, DOI 10.1007/s112491 607748

Higa M, Luo Y, Okuyama T, Takagi T, Shiraishi Y, Yambe T. Passive
mechanical properties of large intestine under in vivo and in vito
compresion. Medical Engineering & Physics 29 (2007)-8440

—08-



Acta Polytechnidangarica Vol.20 No7, 2@3

Mathematical Description of the Universal IDM
- someComments and Application

TamasPéter!, Andras Hary?, Ferenc Szaute?, Krisztian Szabd,
Tibor Vadvari 5, Istvan Lakatos®

! Department of Control for Transportation and Vehicle Systems, Budapest
Universityof Technology and Economics; Stoczek u. 2L H 1 Budapest,
Hungary;peter.tamas@mail.bome.hu

2 ZalaZONE; Industrial Park Ltd., Dr. Michelberger P&l uH33900
Zalaegerszedjungary; andras.hary@apnb.hu

8 Széchenyi Istvan UniversitAudi Hungaria Faculty of Automotive Engineering,
Department of Road and Rail Vehigl&gyetem tér 1H- *\ U +XQJDU\
szauter@sze.hlakatos@sze.hu

4 Institute for Computer Science a@ntrol (SZTAKI), E6tvos Lorand Research
Network (ELKH); Kende u. 147, H1111 Budapest, Hungary;
szabo.krisztian@sztaki.hu

5 University of Pannonia; Gasparich Mark u. 18/A8BI00 Zalaegerszeg,
Hungary;vadvari.tibor@zek.uapannon.hu

Abstract: The aim of the study is to define and mathematically describe the universal IDM.
An important result of this research is that the model assigle system of differential
equations. It is able to simultaneously describe the dynamic operations of the IDMssyste
for all different vehicle sequences. The aim of the study is to support thegdoivin
autonomous vehicles by taking into account dhgamic variations in the state
characteristics of traffic processes. The approach used is motivated by intgestaes in
current modelling techniques that address significant economic prolirtetne application

of large-scale ITS network models. This also points to a new opportunity in the key area of
vehicle traffic management, in the related targeted fundamental research ufzalyidn

the analysis of traffic processes in largeale dynamic networks

Keywords: Universal IDM; differential egations system;dynamicsbased approach;
autonomous vehicte
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1 Introduction

The Intelligent Driver Model (IDM) belongs to the family of adaptiveisgu
control (ACC) system models. It was developed in 2000 by Treiber, Hemneck
and Helbing at the Transpdtaboratory of the Technical University of Dresden
and used by the car manufacturer BMW. For the amttdel open source road
traffic simulator, Treiber and Helbing [10] use the IDM to simulate the
longitudinal motion of the vehicle and this simulator gisesents a lane change
strategy with a software solution. The inhomogeneity of mbeséd singldane
traffic was investigated by Treiber et al. [13]. Treiber et al. [14], é@xasnthe
stability of vehicle traffic and the parameter sensitivity of the IDM.tikgset al.

[16] propose the extension of the driver parameters of the IDM model.
The authors investigate the impact of IBaquipped vehicles on traffic flow and
travel time. Jerath [4] also uses the IBivid studies the effect of adaptive cruise
contol on traffic processes. The results of the above works show that imgreasi
the proportion of AC@quipped vehicles leads to an increase in traffic efficiency
by reducing travel time. Treiber and Kesting I5] investigated the instability of
congested traffic using IDMThe classic IDM is a chain modie microscopic
model consisting of n vehicles that describes the longitudinal dgsaafi the
vehicles, Figure 1 and Figure 2. Each driver looks only forward and tries to
maintain an appropriate followindistance. There is no overtaking in the model,
i.e. the vehicles maintain their order. The first vehicle in the groupsénd
moving vehicles also play a key role in the modéie longitudinal dynamics of
the vehicle traffic system are determined by fferameters and relationship
functions of the system, and this allows the vehicles to atiept speed to the
environment (1).

L1k Do

< > < >

Xk Xk-1

Sc =(Xer Takr) - et T = Kiea- %) - (opeat Tok) = ez %) - T

Figure 1
The distanceetween successive vehicles
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Regarding the longitudinal dynamics, we followed the classic dynarimicigle
for all vehicles when creating the model. The coordinategkx1,2, ..., n)
describe the longitudinal movement of the vehicle's centers of gramitthe
model defined by us, the length of eacthlkvehicle can be obtained from the sum
of lykand by, (Lk = lik+ l2). If we use the simplifying conditionthat the center
of gravity is at the geometric center of the length of each vehicle, then ratds
0.5 Lk =l k(k=1,2, ...,n) and &= (Xk-1- Xk) - 0.5( L1+ Ly).

8 * 2
v s (v, Av
1 (_f;)  (lhey ] @
For each vehicle, the motions according to their position arendegd by the
following system of differential equations (2) for vehicle groups 1, 2,n...
Derbel, O.; Peter, T.; Zebiri, H.; Mourllion, B.; Basset, M. 2]., The following

Derbel, O.; Peter, T.; Zebiri, H.; Mourllion, B.; For the Basset, M2]1;nodel,
we have already taken into account the more precise correlation using s*.

'l?'k = aj

g (i _q =

s (xk,(xk_l—xk)) :So‘l'ka"‘ 24/ab ;(k:1,2,...,n).

This can be found in the material of Treiber, M and Kesting, A [17], which
discusses the varioussearch areas of transport processes in great detail.

Lo . 2
. %y (kg — %)
x'.l_l_(ffl)a_l_ Sotal+ 2+/ab

=1
a 17? (xo—x1)— 14
(%, — 1)\
. 2\ — X
E_l_ Es—l_ 5\;-}-}(2'1"4-72\/E .,
a, 9 (xq—x2)— L,

L. . 2

. X, (1 — %)

5 [so+ %, T+l _—no
0 " 2+ ab

X'_n + (X_n) + =1
Ay vy (xn-1—x0) — Iy

(2
Wheremeaning of the parameters:
axis the maximum acceleration of tkeh vehicle

Xk is the position of thék-th vehicle,

Xr = Vk is the speed of theth vehicle,
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¥ is the acceleration of tHeth vehicle,
V6 isthe desired speed of tkeh vehicle

Xr-1— Xk is the distance between the centre of gravity of (lag)-th andk-th
vehicles,

& is the distace between the {k)-th and kth vehicles(the vehicle length, in the
case of our article, varies by vehickggure 1.

Avyp=v,_q- vy is thedifference between the speed(lofl)-th andk-th

T Safe time headway

athe Maximum acceleration

b Comfortable deceleration

/ Acceleration exponent

S Minimum distance

Modeling and research work covers a complex field and includes both
microscopic and macroscopic modeling approaches, Treiber et al2]]1as well

as, e.g., the Gendized Velocity-Density Model based on microscopic traffic
simulation, Derbel, O., Peter, T., Mourllion B., and Basset M.R&parding the
complex macroscopic traffic environment, the generation of the -tngje
network model is the important task, for example, Péter T. and BokQrgj 9.

In these studies [12, 3, 6], we already applied one (3) generalized, structural
method to the IDM. At the same time, this is only an IDM in which the wehicl
positions and vehicle numbers are the same (in the first positionicsevghin the
second position is vehicle 2 and in the nth position is the nth vehicle ).

In our article, the procedure presented below is, how to write down amdadto
possible sequential IDMs in a single mattiikference system?

(8) %) V) L) () 1 ®

Where:

s K - R P

,Q WKH IRUPXODV WKH YDOXH RI WKHWIRFFHOHUDWLRQ |
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S S(XI 1’Xi) (i:1!2! 1n)
_r
(xp—x1 — 11)°

%' © T a o

%2 AeD)=| t-m-L)y 9>

Rx®) ; 1 <

2 The Universal IDM

The model presented in this article, a mathematically, it is a complaelmo
containing n different vehicles in every possibtder. In the model, the parameter
structure can be fixed, but the parameters can also be stochastic if this is yecessar
in connection with further investigations.

This allows for a very efficient, automatic model generation in conneuetittna
large nunber of differential equation systems belonging to different IDMs.

The Universal IDM will be, a generalization of classic IDM, which still iezgi
certain further research.

In this case, this generalization means that in a single complex naditem
modd, vehicle elements i = 1,2, ..., n can freely implement overtakiagesfies,
on a network sector.

In our case, since we used a mathematical construction, it is advisable hueonti
further mathematical investigations based on this.

3 Relationship betwesn the IDM Model and the
Network Domain

For a given vehicle, the speed and the tracking distance are determined by the
driver. Your decision depends on both your own perceptions and the signals sent
by your vehicle from the physical environmeatl of this has a crucial impact on
network traffic. Accordingly, the quality of the road and thegital effects of
meteorological and visual conditions determine the selectable spegs foana

given vehicle densityThe IDM can be used to describe the effectdghamic
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relationships between successive vehicles in a given se8titime same time, the
dynamics of the motion of the IDMgroup is not only selfegulating, but is also
determined by the control speeds of the lesgale network and network sectors

[18,19,20,21,22,23,24,28].
Lo L L

Xn Xn-1 X2 X1 X0

Vv

Figure2
n elements, n! possible ordgtise control function t)

The vehicles slow down when congestion occurs, stop when the tiglffidurns
red, but accelerate to the maximum speed limit after a reaction time détay if t
road section ahead is clear. This is indicated in Fig. 2 by the control fume(t
which is determined by the largeale macroscopic network processes of each
trajectory

Based on the above, the IDM groups of all sectors are also continuously bei
reorganized. On this basis, it is important to emphasize that in eatdr, se
according to reality:

1) The number of vehicles changes dynamically.
2) The order of the vehicles changes dynamically.
3) The composition of vehicles changes dynamically.

4) Overtaking manoeuvres are carried out in accordance with the parameters of
the vehicles in the system taking into account the actual conditions.

5) These processes can be controlled according to the needs of the different
vehicles and the traffic situation

The usage of the model:

1) Each sector independently controls the addition and deletion of continuous
input and output flows to and from the IDM operating on it.

2) Each sector independently controls and manages the input and outmubflow
the IDM sysem operating on it, andlso takes into account the regulations and
prohibitions resulting from the management of network traffic.
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4 Mathematical Approach and Modelling Procedure

In the model, a fixed initial state is described by the vautevhere, forexample,
for n = 3, the default state is the following: p[1] = 1, p[2] = 2, p[3] = 3.

As we move forward, of course, positions may change and the valoe wéctor
coordinate pwill be, for example, k.

The meaning ofip= k is that thek-th vehicle isin thei-th position in the queue at
the giventime (i=1,2,...,n; k=12, ..., n)).

In the model, the existence of a direct relationship between two veligcles
determined by the values of the elements of matridefined by us. The existence

of a relationship is represented by the value 1, while the fact that theoe is n
relationship between them is defined by the value 0.

Consequently, these relationships are contained in the matrix wfji=4],2, ..., n;
k=1,2, ..., n), in which in eadhth row, ony uli, p[i]] = 1, thus u[i, k] = 1 and the
other elements of theth row are zero (i=1,2, ..., n).

In the system of differential equations of the universal IDM, the eleménke o
matrix u[i, k] are used by the matricésandB. Matrix A takes into acaant the
maximum acceleration af thei-th vehicle, while matriB takes into account the
desired speed of thei-th vehicle.

In the case of the system of differential equations ttar@nsional matrix K[j, p,

i] is used in the vectdr. The vectoff determines the relations for the quotients of
the squared distances between the two vehicles or determines tbgistence of
these relations.

Let us consider first the first equation of the system of differentiadteams. Then
the value of the matrix[k p, i] will be 1 only in the case (4) when:
k[0, p[1],1]=1 4)

Namely, it is the value of p[1] that determines whieth vehicle is at the front of
the queue and follows the control sigrgt).

Accordingly, the value of the other elements inghen is zero.

Next, let us examine the values of the elements of the matrix K[j, p, the
second equation of the system of differential equations.

Here, a value of 1 only applies to vehicles with serial numbers atquasjii and
p2, according to théollowing conditions:

if ((p[1] < p[2])) then k[p[1], p[2], 2] =1 (5)
if ((p[1] > p[2])) then k[p[2], p[1], 2] =1
the other elements in the sum are zero, and so on.
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In the last line of the system of differential equations, 1 value a@sar® in only
two cases. Exactly, only for vehicles with serial numbers at positiornand p,
under the following conditions

if ((p[n-1]<p[n])) then k[p[r1],p[n],n] =1; (6)
if ((p[n-1]>p[n])) then k[p[n],p[r1],n] =1
the other elements in the sum are zero.

Oneresult of this method is that the IDM for all permutationghd nelement
vehicle group can be summarized in a single model. Based on this, the IDM for
any vehicle sequence can be written by appropriately setting the elemeinés of
matrices u[i, k] andk[j, p, i]. This model definition thus allows for complex
modeling of definitively formed sequences based on a single model.

Another important result of the method is that it integrated all possiblement
IDMs into a single complex model.

In this way it also prepares the possibility of a mathematical analysis of s@uctur
changes occurring during system transitions.

5 The Systemof Differential Equations of the
Universal IDM for n Vehicles

The requirements are described by the following system dfixndifferential
equations:

AX BX f(x) et) ()

,Q WKH IRUPXODV WKH YDOXH RI WKW WRFH A BDWXW DRXD \
FDQ EH UHSODFHG ZLWK / DQG WKH DFRHOBPODWLRQ H[SF

Where, on the left side of the above system of matrix differential eqeation
productsare column vectors. The elements of the maticasdB comprise the
matrix elements;ydiscussed above, as follows:

A= [u;j1/g]; B= [uij 1/v4

In mathematics, this is théladamard product, also known as theschur
product, which is the product ahe elements in the same place in two matrices,
resulting in a matrix of the same dimension as the two matricesndinied after

the French mathematician Jacques Hadamard and the German mathemadician Iss
Schur. The vectdrcontains the matrix elemerksy, i.

Where:
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X e f"is the state characteristic vector of the vehicle positions, wherehe is t
number of vehicles,
n n
Xe f , X f" are the vectors of vehicle speeds and accelerations
A, Be fnxn fee fn

In a more concise notation, the matrices and vectors in the system abes|gah
be summarized as follows:

a a
« «
A Ui « B i « a o
a. « V-4 « f (?_ P
J « J « «P o
. « €y

(i=1,2,...,n;j=1,2, ..., h
for i=1:
rll kO,p,l ~SO,p2
i X 1)?
Where:
. (e . 2
Zp = (0 + 2,7 +20)) o= 0y,

2vab
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fori>1:

Where:

5 = (s0+ %, T+ﬁ1ai) (=1,2,..,01;p=j+1,...0);
\-

The total number of all IDM is n! Let us consider,aasexample, the collective
system of differential equations containing all sequences for n = 3:

i Mo Mis 2 1 B fie fis d 4
— xI(t 4 4 4 d
a, a, as d7 vy v,y V3 (dt xl(t))
Uy 1 Uy o Uy a2 Uy 1 Uy, Upj d 4
— x2(1) |+ 4 4 4 (_XZ(Z))
4 a as d? v Vv, vy dt
u u u d? u u u d N
3,1 3,2 3.3 5 x3(1) 3,1 3,2 3.3 (ij(t))
a a a d 4 4 4 !
! 2 3 vy V) V3
k K k 52 k s
or1fo.1 0.2,1%.2 0,3,150,3
-1 -1y -5y
(Yo—=x —4h) (Yo =% —h) (X% =% —h)
2 2 2 e(t)
k1,2,251,2 ky 32573 ky 3255 3
M R TR Tt [
X X, X X Xy — X7 —
1 2 T h 1 37 2 T4
e(1) (8)
2 2 2
ky 23512 n ky 33513 " ky 3355 3
e 1\ o — 12 e — 12
(X1 =% 2) (xl X3 3) (=% — k)

In total, six sequences can be generated for each initial case. All dseticascan
be automatically generated by computer algebra aided below.

Case No.1: where the order of the vehicles is 1, 2, 3, contained in thepector
pl= 1, p2=2, p3=3
In this case, the calculated values gfame as follows for uli,p[i]]:=1; (i = 1,2,3):

1,1 2,2 3,3
u=1u =1,u =1

The following algorithm isused to calculate the values dfj,p,i],
k[O,p[1],1]:=1:

—108-



Acta Polytechnidangarica Vol.20 No7, 223

if ((p[1] <p[2])) then K[p[1],p[2],2]:=1; end; if ((p[1]>p[2])) then
k[p[2],p[1],2]:=1; end if;

if ((p[2] <p[3])) then K[p[2],p[3],3]:=1; end; if ((p[2]>p[3])) then
K[p[3],p[2],3]:=1; end if;

The values of i calculated using the algorithm are as follows:

(9)

0,1,1 2

K1, K21, 10

Based on the above, the following final system of differential @ong was
determined in case Na.(10):

2 4
%xl(z) (%xl([)) P
0,1
a] V? (XO xl _ 11)2
& d 4 2
S |, (EXZ(I)) N 2,
a, vg (x1—=x— 12)2
2 4 9 =e(t 10
L300 (% x3(t)) 5 :ﬁ Ly &0 (10)
as V§

Following the abovealgorithm, the computer algebraic method automatically
provides the further results.

Case No2: the order of the vehicles is 1, 3,The calculated values ofjand k;,
are:

2 4
%xl(i) [%xl(t)] 2
e _— 0,1

(ll VA]‘ (XO _ xl _ 11)2

& d 4 2

T | (w=0) |, G
a v (1=~ h)

2 4 2 =gt 11
2 [ixz(t)] — &0 (11)
dr dr (’2 X3 13)

a4 ";
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Case No3: the order of the vehicles is 2, 1,The calculated values ofjand k;,
are:

0,2,1

K221, Ko%=, K%

In case No3, the final system of differential equations is as follows:

2 4
%xZ(t) (%XZ(I)) P
= _— "0,2

a4 ‘/21 (xo — X, — 12)2
< <o) $2
a2’ + ( a ) + 12—

a, Vi (¥1 =%~ h)

2 —

2 d 4 51 3 =et) (12)
—5 *3(t) priciU) Y
dr ( - ) (xl X3 13)

a3 V3

are:

0,2,1

K221, K%, K

In case No4, the final system of differential equations is as follows:

2 4
%xZ(Z) (%xﬂt}) 2
P, _— 0,2
a, v (fo—% —h)
< 0 4 3(1))4 2
ay v§ ("2 X 13)
2 4 2 =et)
) (ixz(:)) LI E—_—
d (1 7%= 5) (13)
4 "?

Case Nob: the order of the vehicles is 3, 1,The calculated values ofjand k;,
are:

plz 3, p2: 1, p3: 2
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1,3 2,1 3,2
u =1u =1,u =1

0,3,1 2

K¥=1, k=1, K =1

In case Nob5, the final system of differential equations is as follows:

2 4
%x.?(t) (%x.?(t)) 2
= —_— 0,3
a, v§ (xo —x, 13)2
& d 4 2
T | (Exl(t)) N 3,
a, v‘: (xl X 13)2 = e(t) (14)
2
d2 d 4 5‘172
d? *2() ( dr XZ(t)) (xl —x, — 12)2
) "3

Case No6: the order of the vehicles is 3, 2,The calculated values ofjand k;,
are:

plz 3, p2: 2, p3: 1

1,3 2,2 3,1
u=1u =1,u =1

0,3,1 2

K321, 1%, KR

In case No6, the final system of differential equations is as follows:

2 4
%xﬂt) [%xm)] 2
dar ~a 7 0,3
as Vg (xo —xy = [3)2
< L0 4 o) &
a v (=3~ k) = ¢e(t) (15)
& d 4 S?,z
S| | (gl | |5y
a4 V1

The above system of equations therefore describes an already formed aadtconst
series over a certain period ahg.

Conclusions

It can be concluded that the application of IDM chain models in itself has
provided and is currently providing opportunities for many usefustigations
related to traffic processetn this regard, the automatic generation of a large
number of these models provides a very useful additional contributiorege th
studies model studies have been carried out, e.g., [30], [34]. The specified,model
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mathematically, it is a complex model containing n different vehiclesvery
possible orde In the model, the parameter structure can be fixed, but the
parameters can also be stochastic, if this is necessary in connecticurthién
investigations.The (7) is suitable for generating IDMs for differenelement
vehicle linessince the ent& connection system is located and stored in a single
complex system of differential equations. This allows for eayvefficient,
automatic model generation in connection with a large number of difi@ren
equation systems belonging to different IDMs.

Ba=d on the formulation of the principles, it is important to determine which
objectives should be applied under the given traffic conditions. These can be:
optimal proceeding through intersections, optimal energyuropson in traffic
processes and the agdd optimal CO2 emissions, optimal environmental impact,
and rapid transfer of vehicle convoys through the network domair2@2y, 29,

31, 32, 33].In a more general approach, the parameters of the IDM system are
transport system parametefdie vehicledynamics parameters of the IDM can be
investigated by an appropriately chosen rewriting of the mathematiodkl.

The chosen model structure is also suitable for the analysis of thenmaski
vibrational dynamics model, using purely vibration theory epts[6].

In the field of algorithms and programming related to overtaking and lane
changes, there are indeed many excellent procedorear case, since we used a
mathematical construction, it is advisable to continue further maitieah
investigationdased on thisThe change in structure during system transitions is a
very interesting problem and it really requires further important relseeuy. [35].
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Abstract: Operations research is now in the renaissance because organizations are
optimizing their processes using analytical methods and different research appsaac
improve the managing of processes/tgaikdilems. Operationsresearch, requiring
analytical, systems thinking, the ability of abstract thinking, so it is coresidby its
complexity and the scope of required knowledge to be a subject that is a chatlenge t
master for students of higher technical education. The objective of the papemnis\tpea

and compare the situation in the teaching of operatiesearch, identify the prerequisites

for the development of analytical thinking of future graduates, and predict the goessibil

for improvng the education of operatiomesearch during distance learning. Part of the
paper deals with the description and comparison of areas and methods of operations
research taught at technical higher education institutions (HEIs) and urtiesrsin
Slovakia and the Czech Republic, including the use of software support for calculating and
learning the curriculum. The analysis considers results about teaching sulgatedrto

the operations research, comparison of the form, methods, research areas, amdesoft
used for teaching at Slovak and Czech HEIs and universities, andssentured
interviews/surveys among students about the quality of education process wlemé&fie
where there is potential for improvement. Aetsame time, the results dfstance
education were analyzed the degree of student satisfaction, awareness, compeaksasiv

to conduct the new possibilities and threats of distance education. Thacstegigaluation

of data indicates strong relationship between the two variables: satisfactiordehstiand
awareness of students about online education.

Keywords: operations research; quantitative methodshigher technical education
educationprocess;awarenessonline learning
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1 Introduction

The precision of operationeesearch methodbrings to the decisiormaking
certainty and substantiation of the decisions by measuanglyzing and
interpreting the data. Graduates of technical disciplines need to mastdrcahaly
systems thinking, anthastering methods of operatioresearchfurther OR) can

help them. The acquired knowledge and competencies are used by engineers and
maragers in decisiomaking tasks [1].

Nevertheless, according to research findings, there are several issues imthe fo
of teaching methqadusing software and contemf teaching ORand related
subjects, and therefore the role of the paper is to examine the situation &ldhe fi
of technical higher education. Identification of possibilities in thetioeed area
enables prediction of the future challenges in improvihgeation inOR.

Several authors, including?, 3, 4, 5, 6]claim that the use of ICT in teaching
subjects includinddR, significantly helps students to understand concepts, basic
principles,and procedures for solving assigned tasks/defined problems.

Information andcommunicatiortechnology (ICT)meansan important source of
innovatiors and improvements for many sectors around the wild.can say
that in the field of technical educatid@€T applications are a strategic component
of the success and enhanment of the education process of higher education
institutions and universitiey, 8]. Therefore,governmentand stakeholdersave
invesedover the last two decadesthe ICT adoptionin the education system, as
statedby the authorg4, 5]. Most universities that have fully adopted ICT have
madesignificant progresi the application of ICT to improve learning methods,
education, research and developniéht

Education has been one of the major areas disrupted by the CCpANndemic.

[9] The rapidtransition of courses to an emergency remote teaching and learning
format at the onset of the COVAD® pandemic in early 2020 created challenges
across the university landscape for faculty and students and, ineyviaébbts the
future of higher educatio [10, 11] Studies from the pr€ovid period and also
studies conducted during the pandemic [12, 13, 14, 1bafigrove the wide
application of ICT as support tools for teaching in higher education. Anstilndy

[17] provides evidence that students preiCT-based learning and (they?) believe
that knowledge and general learning skills acquired through use of6QIH not

be achieved by traditional teaching.

Today's learners expect educators to effectively use informaamalogies in

the classroom[18, 19] Educatorsand students had to addptshort time to the

new reality and learn to work with negligital toolsand technologies including
Blackboard, Moodle, Canvas, Adobe Connect, Zoom, MS Teams and Panopto
Teaching and learning activitiesed in new virtual environment included online
lectures and teamwork, the use of a virtual whiteboard, provif¢iadback to
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students in redime, also recording the lecture, adding comments to the
presentation for many academif20, 21, 22]

2 Theoretical Background - Operation Research

As early as 1968DR was defined by Jakff andaSienio as follows: "Operations
research can be considered the application of a scientific method by
interdisciplinary teams to problems involving the control of organizedh{ma
mechine) systems to provide solutions that best serve the purpose of the
organization as a whole[23]

At present, OR is a discipline focused on solving management problems using
mathematical models and methods, while ICT is used to solve "prdblemnke
United States, it is often referred to directly as "management sciencéié In
article, the term OR will be understood as a scientific disciplime,subject of
which is the study and analysis of operations and processes thatade&ephre
plannedin a particular organizational unit (enterprise, plant, workshiye study

and analysis of these operations are most often carried out using mathemat
modelling" [24]

According to R5], Operations Research (OR) is a branch of applied mathematics
and thanks to its interdisciplinary nature, OR finds applicatiosdwueral areas,
such as logistics, production and equipment planning, marketing amddind/e

also agree with the authors that; “OR can show the possible connectionsrbetwee
mathematics anthe real world, which can support the students’ learning process,
helping them to reason and develop probiaiving and analytical skills.
Moreover, a positive attitude towards mathematics could foster $sudguursue

a career in scientific disciplireeor to continue the study tite university levél

OR has a broader scope, using methods and techniques from other rtiathema
sciences, such as statistical analysis, mathematiodelling predictive analysis,
and mathematical optimization, makes it possible to indicate optimal salution
complex decision problem®ue to its comprehensive and practical focus on
practical application, OR has overlapped with other discipline$, asigndustrial
engineering, logistics, and operations management.

3 Methodology

The research aimed to find out the specifics of teacBiRgat an institution of
higher technical education, to describe the issues and situation irelthisiith a
focus onOR as a key subject of the master study, to evaluate the relationship
between satisfaction, awareness, and fullness during online teaching.
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The contribution of this paper is to identify opportunities for improvemedtiae
challenges/potential risks of online education in the field of OR. Ti@eaaims

to analyze the spé#ics of online teaching with a focus on OR at higher technical
education institutions, including technical universities.

Theoretical backgrounebnalysis ofiterature

Research questions

N
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Figure 1
Analytical framework— methodology(drawn by authors)
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The theoretical background has been introduced by a revietlvecdvailable
literature regardind@R, online teaching, and competenci&ibsequently, after
identifying the gapthe research questions were claimed as foll@ig 1):

Which arethe key methods and key areas in @R
Whatkind of software is used to teach OR?

What is the quality of education and the satisfaction of theéests who
are enrolled in subject OR?

Can be expectedthe same value in online teaching as faeéace
teaching?

Whataffectsstudents' learning satisfaction in online teaching most?

First, we focused specifically dBR as akey subject of study at theaculty of
Materials Science and Technology in Trnava, the Slovak University of
Technology in Bratishea, Slovakia (further MTF STU). The findings from online
surveys (years 2018019) about the quality of the educational process at MTF
STU with a focus n OR were revised.

Another important source oésearch was secondary data for compatiRtareas
of OR and the use of software in teaching OR at other universitieg i@zéch
and Slovak RepublicTherefore,several online questionnaire surveys and also
semistructured interview were used in the data collection.

The third source was focused on the education of students during tlseircrisi
20202022(COVID), with a sample of bachelor's and master students studying at
the two biggest and most impantainstitutions of higher technical education in
Slovakia — the Slovak University of Technology in Bratislava (STU) and the
Technical University in KoSice (TUKE).

4 Teaching Operation Research at Universities
Slovakia andthe Czech Republic

Theresults of surveys considering thebject OR at universitida Slovakiaand

in Czech were analyzed and the interconnections using both primary and
secondary dataNot onlythe Slovak but also th€zechRepublic has been chosen
due to the common history of education in the years -19P4, linguistic
proximity, and continuingurrentscientific and pedagogical experation

4.1 Operation Research at Universities in Slovakia

Analysis of current state in teachingtbé subject Operational Research in tertiary
educationat Slovak universities was carried out using the questionnaire method i
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year2015. As a supporting tool of tlamalysisuniversity websites wasarried out

to determinethe level of e¢aching of the subject RO (or related subjects) at
universities in Slovakiangentionedmethodwasimplemented also igear2019).
The survey focused on economic and technical higher education iossfut
therefore higher education institutions with atisic, medical, social focus were
excluded from the sample, and foreign higher education instituti@me wot
approached eithetJsing introducedpattern12 public universities, 2 statdEls
and 4 private universities were addressed by the questionddireompleted
guestionnaires were returned, which represents a 77% retujnesfionnaires.
To compare teaching issues, 50 OR areas were selfectelde questionnairg
covering the areas of linear, nonlinear, and dynamic programming, decision
theory, game theory, stochastic and simulation models, graph theory and project
management methods, inventory models, collective service, recamtysome
other associated areas. Based on the questionnaire and infororatioiversity
websites, we find out the nurar of subjects related to the monitored area, if
subjects are compulsory for bachelor or madtrdies, and especially the
educational content of subjects. The scope of teaching OR at some tiewersi
may be larger than indicated in the survey, as some areas of OR exterttiento o
disciplines (mathematics, statistics, logistics, project management, &x),
results from the questionnaire survesievant to the focus of the artickre
presented.

The results stated that OR is taught at a doctorasten and bachelor degree as
follows: 64% of the respondents answered that it is taagl master's degree,
36% at a bachelor’'s degree and 21% at third (doctoral) degree.

The key areas taught from OR are linear programming (LP) (79%); tthe
formulation of models and the graphical solution of LP problems (64%); preblem
solving using software is mentioned by 57% of respondents and 50% of
respondents mentioned numerical solution of LP problems, the ydwdlit P
tasks, traffic problem and assignment pesbl The least taught are tfwlowing
areas: parametric and quadratic programming, Markov chains, nevarks,
multicriteria and target programming, group decision making, and producti
planning(Fig. 2). We assume that areas that are less represintee subject of

OR are taught at universities in other subjects, such as logistics, fioaduc
management, pject maragement, statistical methods, and others.

In another question, 14% of respondents confirmed the interconnectioa OR
issues with other subjects such as game theory, logistics, progeetgement,
systems to support mathematical modeling, quantitative methodsonomics,
methods and models of efficiency evaluation, optimizatidie key areas of OR
taught in other subjects at universities are network analysis method® daagks.

As software used in OF64% of respondents reported Microsoft Excel.
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introduction to operational research (history, use of...
extremes of functions
formulation of models
compilation of mathematical models in LP
graphical solution of LP tasks
numerical solution of problems LP- Simplex method
duality of linear pregramming tasks
solving tasks using SW
post-optimization analysis and sensitivity analysis
transportation problem
assignment problem
distribution tasks
nonlinear programming
recovery models
inventory models
network analysis- CPM, PERT
cost, resource analysis
risk decision-making
multicriteria evaluation of variants
Monte Carlo simulation
simulation of queuing
game theory

0

&

10% 20% 30% 40% 50% 60% 70% 80% 90%

Figure 2
Areas taught within Operation reseasttbject(drawn bytheauthors)

Online resources have beddentified asthe main study material for ORIt is
positive for students, mainly because the study material is availableu2s a day
7 days a weeland inevery place where there is thddrnet.

4.2 Operation Research at Universities in Czechia

In the Czech Republic, a survey was conducted in the previous period, (2008
2010 to compare the teaching of the OR subject and subsequently a comparison
of the teaching at universities in the Czech Republic using methods of
multicriteria evaluation of variast[26, 27 (The conducted results of the survey
were revised and confirmed in years 2015, 2018 and 2019 using surveys in the
final theses under the supervision of Kunca@, 29, 30], who was also involved

in the realization of previous survey in 2008 &910).The survey was conducted

on a selected sample of 18 public universities and was carried out badathon
presented on the websites of individual universitidscording to researcigl

topics were gradually selected for comparison of teaching (covering thecdreas
linear, nonlinear, integer, quadratic and dynamic programming, dediséory,

game theory, etc.) At the end of the comparison, it was found that 11 auea$ (

81 monitored) are taught at all compared universities:

introduction - prectical use ofmodels, formulationof models,LP problems-
mathematical models, solution options, gragtésign, dualitynumericalsolution
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- simplex, software solution, pesptimization analysis, traffic problems (tasks),
models of collective servigaimulation- Monte Carlo method.

Based on the results of the questionnaire suateyiversities in Slovakiand the
results of the survey in the Czech Republic,oeacludedhat 11 areas (out of 81
monitored in the Czech Republic and out of 50 meeddn the Slovak Republic)
are taught at all compared universities.

Also, software support for teaching the subje& i® comparatively provided at
universities in the Slovak Republic and in the Czech Republic, thefragsently
used are Microsoft Excd, Microsoft Project, LINDQ LINGO, WITNESS
Surveys also show thatFOmethods are taught in both economics and technical
fields and most ofteare used for online learnirgscripts, elearningplatforirs,
PowerPoint presentationsgcensultationsetc

5 Comparison of TeachingOR Before and During
Covid Crisis

The authors compared the teaching of the OR subject before and during the
Covid-19 crisis. The subject OR is taught &t year of Master study at MTF STU

in the winter term for following study programs: industrial engimggrand
management; personal policy, production technologies and production
management; process automation and informatization in industry. Itatindasd
(contact) way of teaching, students had lectures and exercises in thefrémge
hours per week, while they could hasa appointment for facéo-face or via
email consultations. In the standard situation, students can borroatureifor

free (textbooks, lecture books, and books) in the academic library ahdigrits

in study room of the MTF STU during its opening hours or use the online
textbook “Operation research” by authors Hi. Chovanova, P. Sakal, A. Strpka
and others. Students have three textbooks with lectures (scryis)f them are
available as well as-scripss, and three scripts with instructions for practicing
calculations, which are also available escapts.

The survey about the quality of the educational process used for ichrifi of
the needs of students was analyzed from time period-2019. Theaverage
number of students studying OR is about 319 students. Participatioa survey
varies between 2% and 16% of the enrolled students.

Recommendations for improvement were as follows:

X Need to calculate moexamples withirkey areas oOR;

X The time intensity of the curriculum (cannot be adapted to the
individuality of the student)
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x Dislike ofthe manual calculatioim OR;

X “Lack” or not enough possibilities of calculatiarsing software SW:
POM QM for Windows is used within theubject,and it isalso possible
to use MS Excehddds Solver

During the Covidl9 pandemic, teaching conditions changed significantly,
changing toward distance learning through GSuite and/or Microsoft STeam
Lectures and calculations are conducted only online using amadtite
whiteboard- eBeams Edge, while lecture is recorded, and recordings are freely
provided to students as mp4 files

Studentsusing GSuite and/or Mrosoft Teams carbe active andespond to the
teacher's questionsr ask questions to the teacher. Among the identified
shortcomings of online teaching, students included technical prshiemsing
online application (audio, video dropouts and connection difficultidsording

to semi structured interviews with students the following positive® f@urd
during the online teaching as follovthe possibility to view the lesson more than
once from the recording (the student can adapt the speed of the downloaded
curriculum to his / her individual needs), the teacher has the opportunégdr

more compehensive videos and thus explain more in detail. Some students have
stated as an advantage that they can now to follow the lesson for lowger a
without interruption; thus understanding is better.

If we summarize what contact and distance education f@dse similarities,
because all lectures are provided asfigs via the Academic Information System

at MTF STU (AIS), students have access to thébrary", where they have-e
scripts available 7 days a week and 24 hours a day, subjecant onlinefiles

that help to master the curriculum are uploaded to AIS as well as in clouds
(MSTEAMS). It is possible to consult with teacher online using TEAMS or Gsuite
platform or via email.

6 Teaching During Crisis-Survey at STU and TUKE

The Student Council of Higher Education and the Slovak Adetézh Agency
for Higher Education conducted a comprehensive analysis of educatiog thei
pandemic situation in 2020 through a joint questionnaire syBiy

The joint questionnaire survey of the Student Gduaf Universities and the
Slovak Accreditation Agency for Higiher Education took place fromt"1.€ 22
June, 2020. The online questionnaire was placed on the websites ainlabized
institutions and was disseminated using social networks and abffici
communication with individual universities. In total, 3490 respondenis 23
universities, representing 105 different faculties, answered thetianges
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The analyzed data about education of students during the crisis in 2020D(CO
include a sample of bachelor's and master students studying at the &b tard
most important institutions of higher technical education in Slovakiee Slovak
University of Technology in Bratislava (STU) and the Technical Uniyeiisit
KoSice (TUKE).The article wil only focus on the results of the two already
mentioned universities with a technical focuSlovak University of Technology

in Bratislava (STU) and Technical University in KoSice (TUKE). Frdme
respondents participating in the survey studied 892 at STU and 612 at TUKE.
The sample obtained, which represents both genders, each faculty aral sever
study programs, correspond to the population.

When comparing the satisfaction, awareness and comprehension of online
education at technical universities STU and TUKE, we can state that there exist
many similarities in exanimated areadlithin used five- point Likert scale
(strongly agree, mostly agree, not sure, mostly agree and strongtyredisa
students confirm that they are satisfied with online educé#titime study program

with 61.92% at STU (strongly agree 26.91% and mostly agree 28.8%) and with
57.58% at TUKE (from them 32.68%trongly agree)Only 8.9% of students
strongly disagree with online education satisfaction at Safid, 13.066 strongly
disagre at TUKE. Mostly disagree with this online form.89% at STU, 12.42%
mostly disagree at TUKE. Regarding awareness, most of studengsl agnengly

or mostly to be informed enough tandle distance (online) learning namely
almost 62% of STU students ar8.57% of TUKE studentsThe results of
comprehensiveness of online lessons compared teddaeeteaching showhat
16.48% fully agree and 31.17% partially agree with STU, whil@24 strongly
agree with TUKE and 192% partially agree.Dissatisfacton with the
comprehensiveness of online teaching compared totfefeee teaching was
indicated by 15.47% completely and mostly 24.44% at STU, this is also codifirme
by the results at TUKE where 25.65% mostly disagree and 30.23% of survey
respondents stngly disagree.

Important finding in area of technical higher education is that online édudat
regarding respondents not comprehensive 15.47%, mostly not compvehsitki
24.44% from STU and confirmed by respondents from TUKE strongly not
comprehensie 32.97% and mostly not comprehensive 24.33% @igig. 4).

In second part of the survey was analyzed which methods of ordicleirig were

used the most at STU and TUKE, (online lectures, video conferentssning,
shared presentations, work on seminar papers angtadlf of scripts and study
literature). The most preferred were the presentation shared by the teadder (ST
23.65%, TUKE 27.94%), the study of literature (STU 23.21%, TUKE 37.75%)
and least used were claimed from archive (not in real time) 8.30% at STU and the
lectures online 8.72% at TUKE.
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strongly agree

STU 35,00

strongly disagree mostly agree

mostly disagree not sure

S atistfaction (%] s Awareness [%) = Comprehensivness [%)]

Figure3
The data visualizationcomparing satisfaction, awareness and comprehensivehestne education
at STU (drawn by authors)

Third, after visualization and comparing satisfaction, rawass and
comprehensiveness in radar chart for both analyzed institutions (Fag. 31), it
indicates the relationship between awareness and their satisfactionnitd o
teaching.Therefore, it is very important to inform and make familiar studertts
new possibilities in education process and their specifics, and sor&ase their
awareness and interest to be satisfied.

strongly agree
TUKE o

30 %

strongly disagree ", mostly agree

mostly disagree not sure

s Catistfaction [%] e Awareness [%] - Comprehensivness [%]

Figure4
The data visualizationcomparing satisfaction, awareness and comprehensivehestne education
at TUKE (draw by authors)
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Conclusions

Following the results and materials that the readiness of universitiethdo
distance form of teaching we can conclude that teaching at the beginrting of
pandemicwas chaotic and new challenge for both students and teabhbeis, a
short time most of them were able to adapt to the situation so thqualigy of

the teaching process for students was sectuatcation is a process during which
new knowledge, skills and attitudes are acquired and devel[33d.he need fo
better technical support for teachers and education also emdtdedrning
proved to be a powerful tool for education, it made it possible to continue the
educational proces®igital transformation of education is required in tertiary
educatiorto male the learning more attractive and easier for studi&8k.

This also confirmed thatformation communication technology is among the
latest innovations that have revolutionized various operations in the [8034],
including education and enables the enhancement of learning in the online
environmen{35].

On the other hand, based on survey regitlis confirmedfrom the students' point

of view that Elearning methods cannot fully replace proper face to ddceation
process andto bring advantages of both it is best to esenbiration of both
methodsto achieveoptimal results and improvemenin our opinion the new

crisis experience will help in the modernization of teaching and learaing
universities especially in technical educatioNe agee with [4] that it is
particularly important ICT in the field of education sincéndts recently created
such platforms and opportunities that have facilitated to some extent the
acquisition of knowledge.

An interesting trend is emerginas the possibilly of switching to a combined
teaching method with the use of online methods and modern information
technologies.

During the first wave of the pandemic (March 2020), the nesearch project
KEGA “The implementation of innovative educational methods and MM guide for
decision making area and application of analytical methods in the teaching
process of selected subjects in the field of Industrial engineernimgler the
Slovak ministry of educatiowas submitted by Institute of Industrial Engineering
and Management at MTF STU. The projecas approvedn January 2021.
The main goal of the project is the creation of a portal fleaening, a pilot for

the three core subjects OR, Statistical methods and Business logistilesthe
portal will contain, amongther things, presentations of the core subjects of the
subjects, solved examples (also with video support), electronicssatptAs part

of research project results, a survey is planned for students to spexifythe
content and 4earning portal sticture helped to acquire new knowledge and skills
in mentioned areas. The new study will comprise andlyze the results of
students before, during, and after the end of the pandemic including thenacade
years 2022/2023 and 2023/2024 the future, th portal will represent support for
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students' selétudy and also an opportunity for professional and lay faithful to
learn about the methods, procedures and models that the given sulfercts of
In the future, it is planned that other subjects taughtbeilgradually added to the
portal. The recent past and current situation confirms the ttetduniversities
will have to be prepared for similar circumstances, as was dind #iie Covid19
pandemic Therefore further researchwill analyz the possihlity of creating
virtual laboratories and supporting education using the tools of virtual
/augmented/mixed realitf.he main aim of further research will be to azelthe
effectiveness of implementing innovative methods o in higher educati
including: Using virtual reality technology, Blended learning, Projemsed
learning, Cloud computing teaching, Flipped Classroom.
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Abstract: The paper proposes the design of an enhanced cruise control system for automated
vehicles. The control strategy has three components, such as a predictive optimal control, a
robust Linear Parameter-Varying (LPV) control and an optimization-based supervisor. In the
design process of the control, primary performances (safety and speed limitation requirements)
and secondary performances (economy and traveling time criteria) are considered. These
performances are guaranteed through the different control components. The enhanced cruise
control is able to provide solution to complex cruise control scenarios with a guaranteed
performance level. The effectiveness of the method is illustrated through various simulation
examples, in which the loss of the performance level is avoided by the proposed control.

Keywords: automated vehicle cruise control; LPV control design; performance speci cations

1 Introduction and Motivation

Various safety, economy and comfort requirements against automated vehicles pose
complex decision and control challenges for research teams in the eld of vehicle
control design. A possible solution to the adaptation to the environment of the vehicle
is to use increased number of information on the road and traf c through vehicle to
vehicle (V2V) and vehicle to infrastructure (V2I) communication. The information

is used in different layers of the longitudinal control in automated vehicles, such as
perception, navigation, design of the route and the speed pro le [1].

In the recent years several design methodologies in the eld of enhanced energy
ef cient driving systems on several vehicle control tasks have been developed. An
overview about the principles of the energy ef cient cruise control has been proposed
in [2]. The consideration of forthcoming terrain characteristics has been handled
by using a receding horizon control in real experiments8]jnThe work of 4] has
presented a deep learning-based eco-driving solution to electric vehicles, in which
information about the surrounding vehicles has also been incorporated. Eco-cruise
control system for automated vehicles in intersection scenarios has been implemented
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in [5]. Systematic design and analysis methods for predictive cruise control systems
with the consideration of road and traf c information have been presented in [6].

Due to various external information sources the achieved performance level of the of
automated vehicle control can depend on the quality of the communicatedHata [
The source of the information might be static datasets, e.g., terrain characteristics
or speed limit rules on the road. Nevertheless, some important information can
vary dynamically, such as variable speed limits on high-speed roads, trafc ow
information and actual motion information of the surrounding vehiclgsAlthough

these information can be important to provide energy-ef cient and comfortable
motion for automated vehicles, the degradations in the communicated data, and
thus, a challenge is to build reliable architectures, which are less dependent on the
degradation of the communicated data and thus, the prede ned performances can be
guaranteed.

The performances of enhanced cruise control systems can be classi ed based on their
priorities. There are primary performance requirements in safety-critical systems,
especially in cruise control systems, which must be guaranteed by the control during
the entire operation of the closed-loop system. Primary performances are related to
keeping safe distance, i.e. from the preceding vehicle and from the follower vehicle
in the case of a lane change maneuver. Moreover, a primary performance is to keep
vehicle speed in a bounded range of the speed limit, with which the violation of
the speed regulations or the dangerously slow motion of the vehicle in a high-speed
road can be avoided. Moreover, the performances of the cruise control systems may
have another group, the secondary performances, which are requested to consider
by the control system, e.g. comfort criteria, energy consumption minimization or
traveling time requirements. These performances are requested to maintain due to
the expectations of the users, but they can be violated in critical situations, e.g. if
a collision is predicted. The presented various performance requirements demand
increased number of information sources, especially communicated data.

The goal of the paper is to propose a design framework for enhanced cruise control
systems, with which guarantees on the primary performances are provided. In the
framework two controllers are designed. It is designed a controller based on the
robust Linear Parameter-Varying (LPV) control theory, which uses on-board sensor
information and limited number of external information. The controller is able
to provide guaranteed primary performances together with a supervisory strategy.
The minimum performance level of the enhanced cruise control on the primary
performances is equivalent to the performance level of the robust LPV control on
the primary performances. Furthermore, a predictive optimal cruise control is also
designed, in which several external information is incorporated. The proposed
predictive control system is able to maintain primary and secondary performances
effectively, but the primary performances cannot be guaranteed for all scenarios. The
design of the predictive cruise control is based on the method, which is presented
in [6]. During the cruising of the automated vehicle both controllers compute their
control signal parallel. The control intervention based on the two signals is computed
by a supervisory strategy.

The enhanced cruise control for automated vehicles is composed of the robust LPV
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control, the nonlinear predictive optimal control and the supervisor. Interconnection
between them is created by scheduling variables and known uncertainties, which are
taken part of the robust LPV control design. The motivation behind the robust LPV
formalism is exibility, which can be achieved by the adaptation capability of the
controller through the selection of the scheduling variable.

The contribution of the paper is an enhanced cruise control system, which is able
to solve the complex cruising problem with several performances for automated
vehicles. The novelties of the proposed method are summarized as follows. First,
the proposed method provides theoretical guarantees on the performance level of
the primary performances. Second, the guaranteed performance level of the system
is less dependent on the degradation of the communicated data from the external
information sources, which can provide an improved level of safety for automated
vehicles.

The paper is organized as follows. The strategy of the nonlinear predictive optimal
control, which considers various information sources is presented in Section 2. The
robust LPV-based framework for modeling and control design is proposed in Section
3. Section 4 proposes the supervisory strategy, and than, the design of the robust LPV
controller in an iterative framework is presented in Section 5. Section 6 illustrates
the effectiveness of the proposed method. Finally, the consequences of the design
method are summarized in Conclusions.

2 Design of Predictive Cruise Control for Automated
Vehicles

The role of the section is to present the design method of the predictive cruise control
brie y. The aim of the description is to provide an overview about the formulation of
the performances and the incorporation of the external information in the predictive
control problem. A thorough discussion of the method is found in [6].

The predictive cruise control can use various information sources, i.e., in this paper
four different information sources are considered to be available. First, the automated
vehicle has information from topography database, which provides altitude and
road curvature information. The road section ahead of the vehicle is divided into
number of segments, where the lengths of the segments are selected to have constant
inclinations. Second, the vehicle has information about speed limitations on the road
segments. Since speed limitations can also depend on the actual road construction
works and variable speed limit signs in high-speed roads, it can require information
from static road map and V2| communication. Third, information about the average
traf c speed on the forthcoming road section and the state of the traf c lights expect
communication with the traf c control system. Fourth, information about the actual
speed and the positions of the surrounding vehicles can require V2V communication
and on-board sensors, e.g. radar measurements.

The performances of the predictive cruise control are formed as follows. A primary

performance of the vehicle is to keep safe distance from the preceding vehicles in the
own lane and from the follower vehicles in the case of a lane change maneuver on
the entire horizon. As an assumption, it is considered that the vehicles move in the
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same directions on the road. Moreover, motion information about the surrounding
vehicles are considered in a prede ned region of interest, which leads tmmber

of preceding vehicles and; number of follower vehicles. Formally, it leads to the
conditions

i
ekp+ é. hlkp Xj dsafé 8J 2f 1 ..... ,Ng; 8kp 2f 1 """ g (1a)
i=1

i

i+ é_ Xi hikf dsate 8j2f1;:;ng; 8ks2f 1;:::Nfg (1b)
i=1

wherekp; ks represent the indexes of the preceding and follower vehigfeskr are

the actual distance between vehiklgks and the automated vehicle adgseis the

j
requested safe distance. Indesepresents the road segment and; is the predicted
i=1

longitudinal displacement of the automated vehicle until stapd a h ; a h

=1
are the predicted displacements of vehigleindk;. Relations |r(1) represent that

the predicted distance between the automated vehicle and a surrounding vehicle until
horizon j cannot be smaller then the prede ned safe distance. If the relations are
guaranteed, the safe distances from all surrounding vehicles on the entire horizon are
kept.

Further primary performance of the control is keeping vehicle speed in a limited
range around reference speggk.i in segment. Vet iS selected based on the speed
limitation, road curvature, average traf c speé 9]. The performance is formed as

Xi 2 VminiiVmaxi 3 8i2f 1;:;ng; (2)

wherex is the speed of the automated vehicle afgli; vmaxi Values are the limits
(minimum and maximum) of the speed range, in which the vehicle speed can vary.
Performancé€2) guarantees keeping speed limitations. Furthermore, it guarantees the
avoidance of the dangerously slow motion of the automated vehicle. The values of
Vmini; Vmaxi are derived from the value of the speed referangg on each segment,

e.g. 20% + 5% related to/ef:i.

One of the most important secondary performance in the cruise control problem is to
achieve minimum control intervention on the road horizon ahead of the automated
vehicle, which leads to the criterion

n
& iRt min 3)
i=1
whereFR; represents traction/braking force on segmevitthe horizon.
Another secondary performance is to minimize traveling time of the vehicle. Since

the shortest traveling time is equivalent with the maximum speed motion of the
vehicle, it can be transformed to the speed objective as

jVmaxi  Xij! minm  8i2f1;::;ng: 4)

- 136 -



Acta Polytechnica Hungarica Vol. 20, No. 7, 2023

The motions of the automated vehicles can have impact on the characteristics of the
traf ¢ ow, because the speed pro les of the automated vehicles can differ from the
speed pro les of the human-driven vehicles. This impact has increasing importance
through the increase of the traf ¢ density and the ratio of the automated vehicles in
the traf ¢ ow. A further secondary performance of the control is that motion of the
automated vehicles must have advantageous impact on the traf ¢ ow. It means that
the output ow of the traf ¢ networkge,; must be maximized, such as

CQout! mMax %)

The relationship betweem,;, the speed selection strategy of the automated vehicles,
the ratio of the automated vehicles and the traf ¢ density is characterized in [6].

Formulation of the Optimization Process

The computation of the actual control inpt; is based on a predictive optimal
control strategy, which considers the previously de ned performance speci cations
[6]. It leads to a hierarchical optimization structure. In the low level of the structure
a solution to the secondary performance problem is found, while in the high level
the priority performance criteria are incorporated. The interconnection between the
levels is provided by a parameteywhich is interpreted below.

In the low level of the optimization, weight3;g,i 2 f 1;::;ng are de ned to all the
segments on the horizon. Their role is to de ne the importance of each segments in
the design of the current speed. Wei@htletermines the tracking requirement of the
prede ned actual reference speggk.o, which is related to the current segment of
the vehicle. The road inclinatiorzgg and the reference speeds on the segments of the
horizon ahead of the vehicle are considered through the wejghtbe result of the
predictive control is a reference spdedor the vehicle, which is characterized by
the weight€Q; g, such as

q
I = J 2s(1 Q)(xo+ gsim); (6)

wherexq is the longitudinal acceleratios; is the length of rst road segment ardd
incorporates force and reference speed components of the forthcoming road sections:

n 2 n n
J = Qberot & Veri* — A SFair & Oi; (7
i=1 Mi=1 =i

where the known longitudinal force resistariGg; contains the road inclination in
segment.

The selection 0f); g values are based on the secondary performance criteria. Actual
control force can be expressed in a form, which depend3 andg. Through the
transformation of3) to a quadratic criterioﬁl;z1 I min, the following optimization
problem is yielded

bo(Q)+ b1(Q@+ :::+ bo(Qg >! min ®)
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with the constrain® Q;g landQ+ &g = 1. Q;g are the solutions of8)
andbo(Q); b;(Q) are matrices. Objectivg) is nonlinear inQ, but for a xed Q
value it leads to a quadratic optimization problengimvith constraints. Secondary
performancd4) is transformed to the minimization of the difference between the
current speed and the reference speed, such as

jVref:0  Xoj ! min: 9)

The solution of(9) is achieved by selecting the weiglgs= 1 andg = 0;i 2 [1;n],
because in this case the automated vehicle tracks the actual reference speed value.
The balance between the secondary performances is created through the selection of
parameter0 R Rnax 1,suchas

Q=RQ+(1 RQ=1 R1 Q (10a)
g=Rg+(1 Rg=Rg; i2f1:;ng: (10b)

If Ris selected for a high value, the minimization of the control force of the automated
vehicle is preferred. It can lead to a reduced speed for the vehicle, which considers
the forthcoming road and traf ¢ information in the computatiorFpf. But, if R has

a low value, the speed of the vehicle is close .o, which means that minimum
traveling time is preferred. Thus, the selectiorRdfas a high impact on the balance
between the performances traveling time and control force, and consequently, on
the speed pro le of the automated vehicle. The valudgfx is determined by
performancg5), which is related to the maximization of the traf c ow. The actual
value ofRnax Whose selection can result in high;, depends on the actual traf ¢
density and the ratio of the automated vehicles in the traf c. The relationship is
characterized by a nonlinear function, which is based on scenario-based studies [6].

In the high level of the optimization architecture the goal is to calcufateith

which the primary performances can be considered. The purpose of the optimization
is to maximizeR, which leads to an energy-ef cient motion with advantageous
impact on the traf c ow. Nevertheless, in the high level optimization the primary
performance$¢l)-(2) are handled as constraints of the optimization process. Fhus,
must be selected as high as possible, but the resulted speed pro le must guarantee
primary performances. The resulted high-level optimization problem is

max R (12)
[0;Rmax
such that the constrainf$)-(2) are guaranteed. The result of the optimization on
the high-level isR, which is used in the computation @& ¢, see(10). Furthermore,
Q; g are applied in(6), which induces a speed tracking problem, whose result is the
actual control forcds.1. Through the values of andx; in the constraint§l)-(2),
the result of the low-level optimization has an impact on the high-level. Thus, the
maximization ofRis an iterative process, until the appropriate value is achieved.

The presented optimization process can provide excellent control force for the vehicle,
which considers several performance requirements. However, it is dif cult to verify
the result of the optimization through in theory due to the following limitations of
the method.
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* The control strategy requires several communicated data, whose safety and
security challenges have been presented in Section 1.

» The maintenance of several performances requires complex control structure,
which contains a hierarchical nonlinear optimization process. Moreover, the
optimization problem depends on the actual traf ¢ scenario, e.g., the number
of constraints depends on the actual number of vehicles. Thus, it is dif cult
to nd a compact, of ine solution of the optimization process, which can
be examined, e.g., from the aspect of the parameter sensitivity. Instead, the
method can be veri ed through simulations and experimental scenarios.

 Constraintg1)-(2) depend on the prediction of the preceding/follower vehicle
motion. It presupposes a vehicle motion model for the vehicles in the local
surroundings, whose difference from the real vehicle motion can degrade the
primary performance.

Therefore, the resulted nonlinear predictive optimal control strategy cannot be used
alone in the automated vehicle cruise control system. It is requested to nd a
control strategy, with which the primary performances can be guaranteed, while the
advantages of the predictive cruise control can be preserved in most of the vehicle
cruising. It leads to the concept of the enhanced cruise control, as proposed in the
rest of the paper.

3 Architecture of the Enhanced Cruise Control System

The basic idea of the control strategy is to design a robust LPV controller and a
supervisory strategy, which can modify the control input of the predictive cruise
control if the primary performances are violated.

The output of the predictive cruise control is represented as
up = F (yp) (12)

whereup = R1 denotes the control input of the predictive cruise congolector
contains the inputs of the controller withp elements ané represents the predictive
cruise controller itself. Moreover, the control sigingl is the output of a robust LPV
controller, such as

uk = K (rp;yk) (13)

whereK represents the robust LPV controller andis the vector of the measured
signals withmk elements. I{13)r p 2 r p vector contains the scheduling variable of
the controller, which is derived from the following control rule.

The most important assumption of the proposed method is that the actual value of the
control signalu can be expressed in a linear formwyf. If the primary performances

are not violated byip, thenu = up is selected. Thus, under the consideration that the
primary performances are not violated, the relationship betwgeandup with the
conditions is formed as

Up=rpuk+Dp; if rp2rp; Dp2Lp; (14)
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wherer  andD;, are time-dependent weighting signalg.= [ pmin; I pmax, Lp =
[Demin; Depmax represent domains iL4), wherer pmin, I Pmax DPmin, Dpmax are
scalars. The sets of the domains are denotedbbi.p. In (14) the conditions are
guaranteed, if the primary performances are not violated. Thus, it can be, g,

pair andu = up. But, if r , 62 p or D, 64 p, the variables , Dy are limited with

the boundaries afp andL p during the computation of the control signalin this
caseu can signi cantly differ fromup. The previous cases lead to a control strategy,
which contains all scenarios as

U= rpug + Dp; (15)
where

re=min max rp;fr pmax ;f Pmin ; (16a)
Dp = min max Dp; Dpmin ; Dpmax : (16Db)

Thus, the concept of providing guaranteed primary performances is based on the
bounding ofr p; Dp, the relations if16) result inrp 2 r p andDp 2 Lp. Therefore,

if it is possible to design a robust LPV control with the scheduling variap|®p

and the uncertaintir 2 L p, the primary performances can be guaranteed through
the appropriate selection of; Dp values. In the control architecture the supervisor

is responsible for the selection i0f; Dp values.

The architecture of the proposed enhanced cruise control strategy is shown in Figure
1. In the control process anduk are computed simultaneously. The role of the
supervisor is to selectp, Dp and to generata based on the rule (15).

u_,vehicle and traf ¢
environment

Up nonlinear yp
redictive
X cruise control
supervisor
Uk [robust LP! Yk
controller
L e  f
Figure 1

Scheme of the enhanced cruise control strategy

In the proposed enhanced cruise control architecture the selectiops® and

r p;Lp have high in uence on the operation of the system. If the ranges of the
domains are selected smalj is often saturated due to the limitations of domain
boundarieg16). But, if the ranges p; L p have insuf ciently high values, the resulted
robust LPV controller can be conservative because of the increased robustness
requirements. The objective bp;Dp, r p; L p Selections is to provide, with which

up is approximated, while the primary performances are guaranteed. The objective
results in the maintenance of the secondary performances, wdygproximatesip.
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It might be suggested to nd a joint control design and supervisor design algorithm,
whose result is the selection op;Dp andr p;Lp simultaneously and thus, the
optimization problem

; 2
rP:DIZ:I;:F[‘FI’;LP(u ue) 17

is performed. However, the design of the robust LPV control is an of ine process,
which requires the preliminary selectionraf; L p, while the selection of p; Dp is

in uenced by the actual control interventions. Instead of the joint degighan
approximation of the optimization is presented, in which the design of the robust LPV
controller with the selection afp; L p is divided from the design of the supervisor
with the selection of p; Dp. The objectives of both design processes are the same, i.e.
the minimization of the difference betwearandup. Although the design processes

are separated, both of them in uence the achieved performance level of the enhanced
cruise control.

4 Design of the Supervisory Strategy

The purpose of the supervisor is to provide control force actuatibmough the
selection ofr p; Dp, with which the primary performances during the cruising of the
vehicle are guaranteed. The selection is based on the signalg, which are the
inputs of the supervisor. The output of the supervista constructed througfl5),
and moreover, the resulteg is used in the operation of the robust LPV control.

The design of the supervisor is based on the simpli ed longitudinal model of the
vehicle:

mx=F Fy (18)

wherem is the mass of the vehicle. The state vectoris x x T, wherex
represents the longitudinal motion of the vehigles Fy contains the longitudinal
disturbances and = R involves the longitudinal control force. The state-space
representation of the system is formed as

Xx= Ax+ Byw+ Byu; (19)

wherex represents the state vector aid;; B, are matrices in the representation of
the system.

The state-space representation of the system is reformulated using the prede ned
control strategy(15), the control input of the robust LPV controllek is used in the
expression = r puk + Dp. Therefore, the state-space representation of the system
(19) is reformulated through the relationship betwaemduk as

X= Ax+ Biwi + Ba(r p)uk; (20)

where the disturbance vectak in the state-space representat{@f) is composed
aswg = w Dp T and the matrices a® = B, B, andBy(r p) = B,r p. Thus,
the system is transformed into a robust LPV representation.
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Speci cation of Conditions to Provide Guarantees on Primary
Performances

The conditions to provide primary performances through the supervisor are speci ed
based on the derived system formulation (20).

Performancél) in the supervisor design process is focused on keeping safe distance
from the closest preceding vehicle and from the closest follower vehicle of another
lane, which leads tdl, = 1;Nf = 1. The goal of this simpli cation is to use less
communicated data in the computatiornr f Dp. The selection of the closest vehicles

is performed continuously during the operation of the supervisor based on on-board
sensor measurements. If a vehicle in the region of interest of the sensors is not
found (e.g., the lane of the automated is empty ahead or behind), a virtual vehicle is
considered to be on the bound of the region.

The prediction of the forthcoming distand¥ between the preceding vehicle and the
automated vehicle is formulated based on their accelerations. The time-dependent
function ofd*r is based on (18) as

O, B,

de(t) = R'e(t) x(t) = fi**() -

(21)

Through the integration q®1) the forthcoming speed difference in tirfiecan be
derived as
z 7z
do(T)=  de(t)dt=  Rke(t)
0 0

RO, RO 22)
m m

The integration requires knowledge about the functiblt) andFy(t). But, it

can be dif cult to predict the forthcoming acceleration command of the preceding
vehicle and the forthcoming road disturbances. In case of a safe control strategy,
these functions are substituted by constant values, which are resulted by worst-case
scenarios. Itis considered thafin  Fike(t)+ Fd—rs) whereanmin represents the worst

case scenario, when the preceding vehicle has maximum deceleration and the road
disturbance has minimum value. The valuagi, is a design parameter, which can

be selected based on preliminary experimental results. giRg(22)is computed

as

do(T)= aaT 1T+ d%(0)= amaT T+h%(0) x(0); 23)

wheredk?(0)= h(0) x(0) is the speed difference at tihe 0 andF (t) is assumed

to be constant betwedhandT. The predicted distance between the vehicles is
resulted by the integration of (23), such as

aminT? RT?

L+ h*(0)T x(0)T + €; (24)

do(m) = =5 2m

wheree® is the measured distance between the preceding vehicle and the automated
vehicle in timeT = 0. The prediction in(24) requires measurement of the actual
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distanced and the relative speed between the automated vehicle and the preceding
vehiclehk»(0) x(0), which can be performed through on-board sensors, e.g., radar.

Similarly, the predicted distance between the automated vehicle and the follower
vehicleks can be derived from the second derivative of the distance between them as
dk(t)= x(t) FKi(t). The worst-case scenario is characterized by the acceleration
amax through the expressiot'ikf (t)+ Fd—r[g) amax Which leads to the predicted
distance

RT2  amad?

d(T)= =—
(M) 2m 2
The formulation of the primary performances, which means that safe distances from

the preceding vehicle and the follower vehicle must be kept, are written as inequalities

+x(0)T h*(0)T + efe: (25)

T2 2
BminT" BT° o) T x(O)T+e®  dearg (26a)
2 2m
T2 TZ
AT amad® )T hk()T+eP  dere (26b)
2m 2
Sinceu= K andu = r puk + Dp (15), the inequalities (26) are rewritten as
. TZ + TZ
T (RS DRI i) T x(O)T + € dlars (272)
2 2
ey (rPUKZ’LmDP)T +X(OT hOT+eP  dsare (27b)

Thus, it is necessary to seleqt; Dp for givenuk to guarantee the inequaliti€®7),
with which the primary performance of keeping safe distance is guaranteed.

Performance of keeping vehicle speed in a given speed (@) gealso based on the
simpli ed motion model of the vehicl€l18). The predicted speed of the vehiclelin
is resulted through the integration of the acceleraxias

zr FF
d .

x(T) = o m dt: (28)

0
Similarly to the derived conditions of keeping safe distance, the worst-case scenario
is considered a$y] Fy:max WhereFymaxis considered to be the upper bound of the
unknown disturbance. Fq > 0, which means that the disturbance has accelerating
effect, (28) is transformed aﬁﬂl + W + x(0), wherex (0) is the actual speed of
the automated vehicle arglis considered to be constant.Rf < 0, (28) results in
% W + x(0), which means thd&; decelerates the vehicle. The condition for
keeping vehicle speed in the given ranggino; Vmaxo IS formed as

(rpuk + Dp)T | FamaxT .

m + m +X(0)  Vmaxo; (29a)
rpug + Dp) T Fymax!
et DRI Famad 4 3(0) Vino (29b)

in which relationau = R is transformed to pux + Dp (15). Thus, it is necessary to
selectr p; Dp, with which conditions in (29) together with (27) are guaranteed.
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Optimization in the Supervisor Strategy

The selection strategy of andDp is based on the optimization, which is presented
in (17). In the supervisory proces$; Dp are selected during the operation of the
enhanced cruise control system.

The objective of the supervisor is to provide a control inguhich is as close as
possible taup:

u uPZ! min; (30)

Through(30) the control force intervention of the enhanced cruise control system
approximates the output signal of the predictive cruise control. Moreover, during the
selection of p; Dp the criteria of(27) and(29) must be guaranteed and the constraints
rp2rp,Dp2 Lp must also be satis ed.

The objective (30) using (15) is rearranged to a quadratic form as

(U U)2= rpT U% Uk TI'p " 2UPUKT rp +U2
i Dp u 1 Dp 2up  Dp P
T
= g;’ b;ng;w%; (31)

in which u% is independent from p; Dp and thus, it can be eliminated during the
minimization process (30).

The strategy of the supervisor is to computeDp during the operation of the cruise
control. In each step the following constrained optimization problem must be solved,
which is yielded from(31) and the constraint®7), (29) together with the bounds on

rp; Dp:

min E; b E; +w' E; . subject to (32a)
e

n 2 T2

(et DT, 200D (T X(OT+ e duars (520)
2 2

et DITZ - 8naly (T he(O)T+e®  dsass (320)
FpUk + Dp)T . Famad

( P KmDP) + d,nr;ax + X(O) Vimaxo + S (32d)
rpuk + Do) T Famax!

( P KmDP) d,rrr;]ax +X(O) Vimino S; (326)

re2rp; Dp2Lp: (32f)

In (32d)}(32€)Sis a slack variable. The role &is to set a hierarchy in the constraints
and to ensure that the optimization problem returns a feasible solut@hnfor
example, if the automated vehicle must be stopped to avoid the collision with a
preceding vehicle andyino > 0, the constrain{32e)cannot be guaranteed. It leads

to the infeasibility of the optimization problem ¢(82). It must be avoided by setting
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Sto a high value. Since the avoidance of the collision has higher priority than
keeping the speed is the prede ned range, the following process must be performed
for the selection ofS. S= 0 is selected as a default value. (82) has feasible
solutionsr p; Dp, control inputu = r pux + Dp is computed. 1{32) is not feasible

with S= 0, Sis selected for a high value to guarantee the feasibility. T(&2),with

the new value o§is solved. The resulteds; Dp are applied to provide control input

u= rpug + Dp.

5 Design of the Robust LPV-based Cruise Control
System

The aim of the robust LPV control is to providg control input signal for the
supervisor. The robust LPV control has importance in the situations, when the output
of the predictive cruise control can violate the primary performances. Nevertheless,
in most of the operation of the enhanced cruise contiolimight be acceptable.
Thereforeux has importance mainly in critical situations, and in these scenarios
the maintenance of the secondary performances has low priority. Consequently,
it is enough to use the simpli ed control-oriented mod#8) for the robust LPV
control design, with which the objective of the main functionality in cruise control,
such as speed tracking can be speci edas Viet:0 X; jzj! min: Moreover,

the minimization of the control inputk must be considered as an objective of the
robust control desigrz, = uk; jzj! min: The consideration afix has the role

to guarantee the quanti cation @f through the balance between the objectives.
Furthermore, through, the insuf ciently high longitudinal control force is avoided.
The objectives,; z, are composed in a vector of objectives, suckkas z1 2z T

Using the state-space formulation of the sys{@), z is formed asz = Cix+

D11wk + D1ouk, wherewg is extended agk = Fs Dp Vref:0 T, Ci1;D11;Dpp are
matrices.

The measurement equation for the robust LPV control design is formegd as

Vief:o X = Cox+ Doiwk, whereCy; Dog are matrices. INP = 0, e, is get from

static map database of speed limits and the camera-based traf ¢ sign recognition
system of the vehicle. NP > 0, the speed information of database and the speed
information of the recognition system are limited by radar measurement aBout
Thus, in the robust LPV control low number of external information is incorporated
and most of the information is based on own sensors.

Finally, the plant for the robust LPV control design is formed as follows:

X= Ax+ Biwk + Ba(r p)uk; (33a)
z¢ = Cyix+ Dygwi + D1l ; (33b)
Yk = Cox+ D21wk; (33¢)

in whichr p is the scheduling variable of the system.

The control design is based on the resulted control-oriented nf88gIScaling of
wg and providing a balance between the elementzx akquire a weighting strategy
in the control design method. The closed-loop interconnection structure is presented
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in Figure(2). The interconnection structure contains several weighting functions. The

o o

Figure 2
Closed-loop interconnection structure for robust LPV control design

weightW, is related to the sensor characteristics on the velocity error measurement,
wheren represent sensor noiséyy scales the longitudinal disturbance fofgge
The bound ofy has also role in the supervisor design. WeMtis characterized

asW = %‘T"f{ whereTy is a tuning parameter, which represents the dynamics of

Fq variation. Similarly W, scales the uncertain®r. This weight is selected in

—  Max(Dpminj;iDrmax) . : ;
the form of\Wp, = # whereT,; Tps are design pqrameters, which
represent the dynamics of the signal. The role of weijfat.o is to scale the

reference signaler.o. It is considered as a constant parameter with the supreme of

W.1;W,» are the weights on the control performances, which provide a balance
between them. Weight,1 has important role from the aspect of the minimum
performance level of the cruise control, because it scales the tracking/grrgr x.

The form of the weight i$\,.1 = %, whereT; is a design parameter argdis the
expected maximum tracking error. The selected form guarantees that the tracking
error isey in steady state. The selectionefmust guarantee thay, Vmaxo Vief:0

ande, V.o Vmino t0 avoid the degradation of performan@. WeightW;.,
scales the control inputk. Its value is selected as a constant parameter, which
represents the supremejagj.

The quadratic robust LPV problem is to choose the parameter-varying controller
K (rp;yk) in such a way that the resulting closed-loop system is quadratically stable
and the inducedl , norm from the disturbancsk to the objectivezk is less than

the valueg [11, 12]. The minimization task is the following:

. kz k
inf  sup  sup 2.
K (reyk) rp2rp kwgk, 6 0; kWKkz
Wk 2 Lo

(34)

The existence of a controller that solves the quadratic robust LPV problem can be
expressed as the feasibility of a set of LMIs, which can be solved numerically. Finally,

the state-space representation of the robust LPV colitr@ip; yk) is constructed

[11, 13], which leads to the control inpug. The input signal is incorporated in

the computation ofi together with the selection of, Dp. The control strategy results

in that the minimum performance level of the closed-loop system is determined by
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K (rp;yk). The computation of the robust LPV controller through the Matlab tool

of [17] can be ef ciently performed. Moreover, in the application-oriented papers
[18, 19 further details on the computation and implementation of the robust LPV
control can be found.

The optimization probleni34) shows that the resulting controller depends on the
domainsr p; L p, which demonstrates that the selection processaf p and the
robust LPV design are not independent from each other. During the control design it
is necessary to nd a balance in the selection of the domain, which is based on an
iteration process.

The goal of the iteration is to nd domains;L p, with which u approximatesip
(17). It provides that the enhanced cruise control system operatesiwih most as
possible, without the violation of primary performances. The following optimization
is based on scenarios, which are performed in each steps of the iterations:

N N
mn & u(j) ue()) = min & re(iu(+ De(j) up(j) %
Ig::mfnz rDEmax =1 E)szn: r&P;max =1
o o (35)

wherej expresses the time step aNds the length of a given scenario.

The solution of the optimization proble(85) begins with domains with high ranges,
which are reduced through the following iteration process.

1. The domain of the scheduling variasle = [ pmin; F pmay and the domain of
the uncertainty p = [ Dpmin; Dpmax are selected high in the rst step, which
can result in a conservative robust LPV controller.

2. The robust LPV control with the selected domains is designed using (34).

3. The closed-loop system with the incorporation of the desidgted p; yx) and
the domaing p, L p are analyzed through various scenarios. It yields in the
signalsl andx, from which the cost in (35) for the scenario is calculated.

4. Due to the results of the scenarios the boundaries are modi ed to reduce the
cost function of the optimization proble(85). The setting of the variables in
the optimization can be performed through e.g., simplex search or trust region
re ective methods, see [14, 15].

5. The robust LPV design, the scenarios and the evaluation (see steps 2-4) are
performed until the cogt35) is higher thare, wheree > 0 is a previously
selected parameter.

The results of the entire iteration process are the robust LPV contkollgrp; yk)
and the domainsp, L p.

6 lllustration of the Enhanced Cruise Control Strategy

The effectiveness of the enhanced cruise control method is demonstrated in simulation
examples. Two simulations are presented, which focus on the avoidance of primary
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performance degradation in various scenarios.

6.1 Cruising on a Congested Highway

In the rst simulation example the automated vehicle travels on a section of the hilly
Hungarian M1 highway, which interconnects the capital cities Budapest and Vienna.
In the example there is an accident on the highway &8¥m segment point in
Figure 3(a)), which results in a congestion. The traf c control system provides
information about the reduction of the traf ¢ speed betw88A0m 5000m, see
Figure 3(a).

The automated vehicle incorporates the traf ¢ speed information in its enhanced
cruise control strategy through:; (see Section 2). Since the automated vehicle has
1000m prediction horizon in the example, the information about the reduced traf c
speed is considered fro#500m. It results in the reduction of the vehicle speed (see
Figure 3(b)), with which an energy-ef cient motion can be achieved through the
approaching to the acciderf][ Moreover, there is a preceding vehicle ahead of the
automated vehicle, which stops3800m, when the congestion is reached, see its
speed pro le in Figure 3(b). The goal of the enhanced cruise control is to provide
minimum control force in the cruising, while the safe distadgge= 20mfrom the
preceding vehicle is guaranteed, especially at the stop of the preceding vehicle. The
distance between the vehicles is illustrated in Figure 3(c). It can be seen that the
safety distanc0m is guaranteed in the given example. The control sigreshd

the values of p; Dp are illustrated in Figure 3(d)-(f). At the end of the simulation,
when the distance is reduced is set to zero anp is also reduced. It results in

the tracking of the preceding vehicle speed (close to zero) through the control input
of the robust LPV control.

Speed (kmih)

0 1000 2000 3000 4000 0 1000 2000 3000 4000
Position (m) Position (m)

(a) Altitude of the road sec-  (b) Vehicle speed (c) Distance of vehicles
tion

1 v’ 8 5000

0.5| 5| 0|
. 0 4 ~ -5000
2 = B
= -0.5 3 o -10000

1 2] -15000

5 o 1000 2000 3000 4000 10 1000 2000 3000 4000 20000 0 1000 2000 3000 4000

Position (m) Position (m) Position (m)
(d) Control signal (e) Scheduling variablep () UncertaintyDp
Figure 3

Simulations of lane change scenario
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6.2 Overtaking Scenario with Degradation
in the Communication

The second simulation example presents a lane change scenario, in which the vehicle
in the inner lane of a two-lane road overtakes a slower vehicle. There is also
a preceding vehicle in the inner lane, which has higher speed, compared to the
automated vehicle. In this situation the automated vehicle cannot change lane due to
the overtaken vehicle, which is in the outer lane. Moreover, the vehicles in the inner
lane also cannot be forced to reduce their speed, which means that the automated
vehicle must be accelerated. The goal of the cruise control is to minimize the control
force of the automated vehicle, while the safe distance between the vehicles is
guaranteed.
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Figure 4

Simulations in overtaking scenario

In the example three scenarios are illustrated. In all scenarios the automated vehicle
has information about the longitudinal acceleration, the speed and the position of
the preceding vehicle through V2V communication, which is used in the predicted
cruise control system to compue see(11). In Scenariq the time delay related to
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the communication i8:05s, which is considered to be the nominal time delay value,
while in Scenarig and inScenarig the V2V communication has a degradation

in the time delay, which is increased @®bs. In Scenarig and inScenarig the
automated vehicle uses the presented predictive cruise céatrolp), while in
Scenarig the enhanced cruise control structure is in the loop, which also uses
onboard distance measurement about the distance between the vehicles. The purpose
of the simulation examples is to illustrate that the proposed enhanced cruise control
method is able to guarantee the safe distance, even if the V2V communication delay
is degraded.

Figure 4(a) shows vehicle speed and Figure 4(b) illustrates the distance between
the vehicles in each scenarios.Snenariq the predictive cruise control is able to
guarantee the safe distan®@m, which is resulted by the increase of its speed to
10km=h. The increase of the speed is resulted by the reductiéh(Bfgure 4(c)),

which is computed based on the reduction of the predicted distances, see e.g., section
0:::200m of Scenariq in Figure 4(d). It induces sharp increasau) see Figure

4(e). Thus, the predicted cruise control is able to guarantee the safe distance, if the
signals in the communication have low time delay value.

If time delay is increased, the predictions of the distanc&cinarig signi cantly

differ from the predictions irscenariq, see Figure 4(d). Due to the increased time
delay the preceding vehicle is predicted to have signi cantly smaller acceleration,
which means that the automated vehicle focuses on the minimization of the control
force. The increaseR (Figure 4(c)) leads to reduces (Figure 4(e)), which results

in reduced speed pro le (Figure 4(a)). Consequently, the safe distance between the
vehicles is not kept (Figure 4(b)), which can force the preceding vehicle to unwanted
braking intervention.

The resulted speed pro le iScenarig is illustrated in Figure 4(a). Since the
supervisor uses the onboard measurement about the distance between the vehicles,
the reduction irxg hg is perceived. It leads to the reductionrgf andDp, with

which the tracking ofse+. is highlighted. The resulted control signabf Scenarig

(Figure 4(f)) is close to thep of Scenariq@, which results in keeping safe distance
(Figure 4(b)). Thus, the enhanced cruise control system is able to guarantee safe
distance, even if the time delay in the communication is signi cantly increased.

Conclusions

The proposed enhanced cruise control strategy is able to provide guarantees on the
speci ed primary performances for automated vehicles. The consequence of the
proposed method is that in most of the cruise control operation, requirements against
the secondary performances (e.g., energy-ef cient motion of the automated vehicle)
can be maintained, while the primary performances are guaranteed in the entire
operation of the control. The effectiveness of the control strategy is illustrated by
simulation scenarios.

The proposed enhanced cruise control strategy is independent from the internal
structure of the predictive optimal cruise control. Therefore, the future challenge
of the method is its application to provide guarantees for further cruise control
algorithms, e.g., learning-based cruise control methods.
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Analyzing Narratives of Patient Experiences
A BERT Topic Modeling Approach

Matyas Osvath, Zijian *\ ] <D & JKarolina Késat!

I'"'"HSDUWPHQW RAF®HHRKBM VR ¥M@Eiohe W\ R
8QLYHUDMdbiderR |

1DJ\HUGHL #D32®ebrecen + XQJD U\

RVYDWK PDW\DV#MNRY X QDGR KAD#PHG XQLGHE KX

24 XQJDULDQ 5HVHDUBEKX&NQWEW IRU
%HQF]~U X %XGDSHVW +XQJDU\
\DQJ JLMLDQ J\R]JR#Q\WXG KX

S6LJIKWVSRW 1HWZRUN /WG
9iJyKtG %4034 'HEUHFNMQJDU\
\DQJ JLMLDQ J\R]JR#Q\WXG KX

Abstract: Due to healthcare systems increased focus on healthcare quality and -patient
centered carethe patients’ perspective afeliveredhealthcare has become an important
part of healthcare service evaluat®fPatient experiences can be used to improve the quality
of care as they reveal important information about health care encounters. An increasing
number of organizations systeficatly collect andanalyzepatient experience data. The aim

of our study was to identify major topics in narratives of patients’ healthcaleted
experiences andnalyzethe reactions of readers of patient experiences. 1663 blogs and
298806 textual commes were extracted on nesolicited patient experiences from a
Hungarian online forum during a gear period. Topic modeling with stadéthe-art BERT
embeddings were used dnalyzethe data and extract meaningful patterns and concepts.
Sentiment analysis was utilized to categorize the emotional valence of thtveanritings.

The huBERT and HHSBERT models identified 326 and 200 topics in terms of patient
experiences and 508 and 728 topics regarding the reactions to these experighoes wi
human supervision. Conceptually similar topics were integrated into major categmith
manual analysis. 94.4% of the experiences and 77.5% of comments weréedlassif
negative, reflecting the same annual tenden@rthe decade. Our study uses a ddtaven
approach for extracting patterns of healthcare related patient opiniaridungary. Topic
modeling based on BERT embeddingsould provide useful information on patient
perceptios and perspective that could improve healthcare quality and safety.

Keywords: NLP; topic modeling; sentiment analysis; patient experi¢madth care quality
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1 Introduction

2QH RI WKH LQGLFDWRUV RI KHDOWKXD\WMN\P SHILLFIIR WR'D (
KLJK SULRULW\ IRU WKH KHDOWK SRDWHER QN FIMRPU @I B W
patent FHQWHUHG DQG TXDOLW\ FDUH AAREVUDOWWEHRUHW
YDULBGVFIBMIRYHW EHHQ GHYHORSHG IRU PHDVXULQJ KHDO
$YHGLV 'RQDEHGLDQ SXEOLVKHG MO DWRNEIQD UDBWHDR DN
TXDOLW\ Rl KHDOWKFDUH ZLWK L QGMKDMHR G\ PHQDAN REDQ
QDPHO\ VWEXR®KXWH DQG RXWFRPH IR® (FRQRPUFDHR ]DW
RSHUDWLRQ DQG 'HYHORSPHQW 2(&H-®UWXUHG DL PHIP H Z R
WR PHDVXUH WKH KHDOWKFDUH V\VW HPQSH H IRLADIYF H

TXDOLW\ RI FD U Hmatri@sHMYH @WMWXMH GLPHQVLRQ LV SDWLF
ZKLFK LQFOXGHV HYHU\ LQWHUDFW LR @& HDHOMZKADQ H5 D W |
LQIOXHQFLQJ WKH SDWLHQWVY RSLQHRQY DERWWHEWD C
experience FRPSULVHY WKH FRPPXQLFDWLRQ EHWZHHQ SDWL]
DFFHVV WR FDUH DWQGVDPERYQWWQWHWR GLVWLQJIXLVK 3¢
IURP D GLIIHUHQW LQGLFDWRU FDOWIHE \# SRV LSHDQW HVIDW!
HYDOXDWLRQ RI WKHLU FDUH FRPSDUM@a WR ZKDW WKH\

$ORQJ ZLWK WKHt®URW HIHYHDW LRIODRILQJ H[SHULHQFHV R
KHDOWK VHUYLFHV KDYH 3VN\URFNHW P®GLRORRKHQWYP |
3DWLHQW RQOLQH UHSRUWYV 325 DQIEOSRE LXHCHU WU KSR |
UHYMHKZHLU RU RWKHUV KHDOWK FDUH HQWRXQWHP\RIUHH
TXDQWLWDWLYH UDWLQJ\6@ Q&EQRD \W EWBGORIMR KUHHGE I/FHN W
DQG UHYLHZV FDQ FRQWULEXWH WR WX B Q® SURYHPHO W
LQ SHEWEBG PHBE@XUHYMOEQH UHYLHZV DQG FRPPHQWYV F
DWWLWXGHV DQG SHUFHSWLRQV RI RQ KHWDQIHBY DQG
SDWLH@ WKHQ VHOHFWLQJ SK\VLFLDQ DQG KHDOWKFDU
+XQJDULDQ VWXG\ DW IDHPRYGHRWWKHKRVHQ D SK\VLFLDQ
LQIRUPDWLRQ DQG RI WKHP UHJX@ROG@ MHHN PHGLFD
QXPEHU LV LQFUHDVLQJ

2UJDQL]DWLRQV LQFUHDVRQIL\QFRODWPWO RAG\PRRDOHZ
DQG ZHE VFUDSLQJ WHFKQLTXHV ,Q REHUB®SH YHEHUD
DSSOLFDWLRQV 5DWHO' +HDOWKJUDGHSYDWLHIBNVWR F
TXDQWLWDWLYH UDWLQJV DQG T XD QUKD WHL I iHi L W/ Hi GWRIDUOH
LQ D FHUWDLQ KRVSLWDOVKQIDWHE QD W PHI@\W WKK & KR UE M
PDLQWDLQV DQ RQOLQH SRUWDO @R U U KXWIRU\Q B WX D WH.
PRVWO\ XVHG VXFK VXUY H\D WH W RSRH HAGRS WD/ GAHHNAY
VXJIJHVWV DQ DVVRFLDWLRQ EHWZHW® SRVNW U XSHDYWN KX
Rl VHFRQGDU\ DQG WHUWLDU\ FDUH HWLUVVLKRYSLWDO
FRQVXOWIBNLRSVRY¥HG DGKHUHQFH ORZHU PRUWDOLW\
DQG VKRUWHU LQSDWLHQW VWD\V SEWU B QW WUIRIGLW KR V
VFRE@V >
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$OWKRXJK WKH DSSOLFDWLRQ RI TRDRHDMXDWQ Y 5 IP\M KR
VDWLVIDFWLRQ DQG H[SHULHQFHV WKHWH RWHRVKRGV |
LQIRUPDWLRQ ORVV DQG OHVV LQWEBOV RIGEDIH B SUDI
DO FRQFOXGHG GLVFUHSDQF\ EHW ZHKHIK O DMKVQL JL
WKH SRVVLEOH FRQWUDVW EHWZHHQ WX@YHWHMWFRUHV I
DQDO\VLV DOORZ D PRUHDGAWG LOWRSF I\QVA QUL QEXW UHT >
FRPSOLFMFWEBGTXYHY O0DQXDO FRQWHQW DQDO\VLV DQG I
VWDQGDUBGQDIRMMRIDWLYHV L@PR@I3@ R EXMWQ SUDFWLFDOC
LPSRVVLEOH WR H[WUDFW LQIRUPDW L\RRHI $RK W DEUHRD GXI
SURJUHVVLRQ LQJHD WXRPKVYRQJIXDL/3 PDGH WKH DQDO\
YROXPHV RI WH[W QRW RQO\ SRVVLEDGWIHKWQ URALYBEWR
XVHG IRU LQIRUPDWLRQ H[WUDFWL RQ QVQGUR B HORQ I\LQ
VWUXFWXUHG WH[WV

1.1 RelatedWork

$SSOLFDWRRIQMQRI/HDUQLQJ 0/ DQG 1DWXUDO /DQJXDJF
WR GDWD UHODWHG SDWLHQW H[SH WIH@DFAHH W KIF ¥ R\OHYPHHU
W\SH Rl FRUSXV FODVVLILFDWLK@® PREHDWVEDAHME DQ G>R
XWLOL]HG VHQWLPHQW DQDO\VLV DWIGHPWRKL 6 RP®H QWL
DQG 0/ DOJRULWKPV WR SUHGLFW G%ILMWD6 QAR HIDWHIRH!
ZKHWKHU SDWLHQWYV ZHUH WUHDWHG ZIRQK RHQSHFW D
+DUULV 16@& WOVUDFWHG ODWHQW WRSLFV LQ SDWLHQW
VHUYLFHV XVLQJ D PDFKLQH OHDUQLQWKIDMH ®RIVS\S UR L
IUHTXHQW FDWHJRULHYV ZHUH UHODWHGSWR @®B\8RRQWPH
/L H®@DAHYKBORSHG DSWANLFQRP\LOFVIXGANQJ GRPDLQV
UHODWHG WR SK\WVLFLDQV SDW.LHQWWJIRULG W \$WPH.RPN GD V
PHWKRG DSSURDFK ZDV XVHG LQF QXER\YD W@ L R UDGK WHR :
PRGHOLQJ

,Q D VIVWHPDWLF UHYLHZ VXPPDLQGHTE VRRGHBV WKI
WR SDWLHQW H[SHULHQFH WRWGHIWKI2®GC WA FVIOYV |UR
ZHUH FDWHJRUL]JHG EDVHG RQ V-XXI$b U\ NEEDG/XH@X ®SH U Y |
RU GLFMEDRODBUDSSURDFKHY $V WKH VWXG\ KLJKOLJKW
XWL]HG LV VHQWLPHQW DQDO\VLV ZIKQRK AN KNSHIG WWRH G |
E\ WKH ZULWHU LQ WKH WH[W FDIDAVMYH\ IRQJI QWKW DLOD IRV
$00 VWXGLHV ZLWK XQVXSHUYLVHG ORYURDAKHWR Q

GLVFRDMHQW VHPDQWLF VWUXFWXUH D QRGO ONP\RPR@ LFD
RI GRFXPHQWYV DQG WH[WV 'LIIHUMFR IMALJR WBLDMKP M UFD\Q
JLYH QHZ LQVLJKWY ZLWKLQ GDWDRQ REWWHHQW PLRM\F K\DWM
$OORFDWLR@QJRWLWKP IRU WRSIDF PRGGIOQRWRZEQFKORY >
AKDV VHYHUDO GLVDGYDQWDJHV LQFOXREILWRSVLKN QHHG
SULRUL DQG GLVUHJIJDUGLQJ ZRUG V HIiP DRRQIWN[W: XD L Q C
LQIRUPDWLRQ IURP FO LAYIXFFIXODW HJ WWH R M B DWHLYHHQM/ W\ W L
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AZHUH H[WUDFW H®IE\DXIW. Qu(VWBRMEHGGLQJV 7KHLU H[S
UHVXOW DFKLHYHG KLJKHU DFFXUDF\@WDWH WKDQ ZLWK

$FFRUGLQJ WR RXU NQRZOH@GDH\ WKIODIW | RFNXWHK HR
DEQDOVYDQYUDWLYH SDWLHQWVY H[SHULHQFIHHWVQBMVZHOO D
E\ RWKHU UHDGHUV

1.2 Objective

‘H K\SRWKHVL]W®E UKEDWK DHRG® EORJV DQG XVHUVY UHVSRQ
RI FRPPHQWYV SURYLGRPMDRQ ®RIQXSDWQHQW H[SHULHQFH
H[WUDFWHG E\ 1/3 WHFKQLTXHV JHWWYE&UWIQ WH[KWY U
7KH DLP Rl WKH VWXG\ ZDV WR L@HQMRDI\FS WG HIIOWL B G
H[SHULHQFHV DERXW +XQJDULDSQ WKR{ DBOQV KRRDOLHY H/ \ MRAUKKF
)XUWKHUPRUH UHDGHUVYT FRPPHQW\S RQL WEFHH V SRHUMD Q
H[DPLQHG WR XQGHUVWDQG WKH LQMWRHHQ F /G R QWK HQWM K\
RI WKH FRPPH Q Rie DWAR FRADMWHW XDOL]HG % HST PRGHOV
DQG XQVXSHUYLVHG PDFKLQH OH D UFRDLQUWBO®I RIKIHWKIR VXK
$GGLWLRQDOO\ VHDRWDHLHMWQBGD®(8IXPRGH/MI G WR

FDWHJRUL]JH WKH YDOHQFH SRV LWIMYWHX FQMIDIMG YHH [ VY G

2 Methods

2.1 Data Source

'DWD ZHUH H[WUDFWHG IURP DQ RXLQB H®&UKPW K& WR\
VKDULQJ SDWLHQW H[SHULHQFHYV 1.QD ¥ WQ DX DRQHHD DMEK
ZDV HVWDEOLVKHG LQ DQG WKHURPLO\ QWRPEHU R YL
6SRQWDQHRXV GHVFULSWLRQV RI KHDMDI K EADSIHWH. G DRK\Q
RU WKHLU UHODWLYHY DUH SRVWHG IRIUWKR KW ORGVWL Q.
&RQWHQWVY RQ WKH ZHEVLWH DUH RUBDQLARBGPENQIHHN |
XQGHUSRMMKDQG DQVZHU WR D FRPPHQW ZFRORIV DQG FI
OLPRADRJIV DUH XSORDGHG YROXQWDULOWDRGWIQRQ\PR:
ZULWHU RU SHUVRQV GHSLFWHG $RSWRMDEDR D G L@QQRWP B
FRQVHQW ZHUH QRMW ZHEPHWWHD UU PR ZKLFK EORJV ZHUH ¢
DFFHVVLEOH WR DQ\RQH DQG -FR® PEN AU B\X XSRS HNR L
UHIHUHQFLQJ WKH VRXUFH DF FRLEGEaR] WX WDKH &&HDWLY
%<1&1" +8> @

2XU UHVHDUFK IRFXVHV RQ WKH EORJV EQRIVMRBPREBQWYV
FRPPHQWY RQ SDWLHQW H[SHULHQFHBNWIRVWHG E
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ZHUH H[WUDFWHG E\ D :HE FUDZOHU DG WZHRGBOHWHC
LGHQWLW\ RU VHQVLUWQYE BOMDQHG GDWDVHW FRPSUL!
FRPPHQWYV

2.2 Data Analysis

RUG HPEHGGLQJV ZHUH XVHG WR FR@WWJW KRWPH HDQWYV
YHFWRU UHSUHVHQWDWLRQ RI ZRUWGW D Q FX\W HYW P RADKSIMAX
VLPLODHM/WAFY FDQ EH FDOFXODWHG XVLQJFGLVWDQFH P
'"HHS OHDUQLQJ PRGHOV VXFK DV :RUQJ9HFDWXH RVWHIG X
FDSWXULQJ FRQWH[W IURP FRUSKVYJKEXW SHREIQHRPAR BRBHI
% LGLUHRWYREEHWOSHSUHVHQWDWLRQV @ RAHYBDYWMR WKHY
LVVXH E\ OHDUQLQJ WKH FRQWH[WXD @@ J HDQWRJHV EHW
FRQWLQXRXVY YHFWRU VSDFH UHDGLQUHQWXBWQWE HIWIWHT
WBLIJKW % (57 PREMOMEQRCER@GODUJH FRAXSRHED WVRR WHIV
EH XVHG LQ GLIITHUHQW FRQWH[WV

2XU VWXG\ EXLOGV RQ WK H7@®UZRIUF B ROBNR-@é BBQWHCDRAYH >
7UDQVIRUPHU EDVHG ZRUG HPEHGGLQJV IRU WRSLF

FRQWH[WXDOLBHG GAGIVHWR HQFRGH WKH WH[W RI WKH F
% (57 PRGHO QDPHO\ KX% (57 SUHSUREH\QR\Y JQRIIFWKWDLQ
H[FHSW IRU WRNHQL]DWLRQ DV WKB -PRGWBENIDY WUDLOC
+XQJDULDQ :HEP®U RXRWPHYIY RWKHU % (57 PRGHOV LQ YL
WDWPN®& >7KH DUFKLWHFWXUH RI KX% (57 LVLWKH VDPH DV
7UDQVIRUPHU OD\HUV ZLWK KHO®R® DRGGLWKR@BBOQ\GL
ILOMXQHG% (b7 PRB®X®DYV DOVR D86 LHG LROF WHIRQD ZK L FK
EDVHG RQ-BHRMHEQFAH PRGLILFDWLRQ RI %(57 PRGHO DLP
high TXDOLW\ VHQWHQFH HPEHGGLQJV

7R LPSURYH WKH UHVXOWV RI XQVX8H® YILRAH GN RS W
LGHQWLILFDWLRQ GLPHQWGRBHRI XWHIQJGDWH EQVIRUP C
$SSUR[LPDWLRQ DQG 3URMHFWLRQ IRURWPMKNLRQ 5H G X
1H[W WKH +LHUD%WBKHRD OSTYNVDW\&OXVWHULQJ RI $SSOL
+'%6&%$1 DOJRA@ VERN ®SSOLHG WR WKIR QDG RGHG PR Z
UHSUHVHQWDWLRQ WR FDSWXUH WKHWKWWXKFWXLPHRRI W
JURXSLQJ ZRUGV WR IRUP WRSLFEDVH®6KISHUDW FXLG B
FOXVWHULQJ DOJRULWK PGW KIDQH G ROH\P BRIV RJ HFTO W\ HSUW
RSWQPMROXWLRQ IRU WKH UHGXFWLRRQQRS BRREXOWMP W ZR @/
FRVWV ORGH-OWXQHGHWMR QD Y H ZRUGV SHU WRSLF &O:
OHPPDWL]NM®R S QARIUS\D FW XDW LZRQ P PR YHG IRU HDVL
LOQWHUSUHWDIMWLIR @ XDROSEZAVL.JKWY DQG GXSOLFDWHG WRS
WKH RXWSXW )RU LQWHUSUHWLQJF WEKMVAGXYYWHUHG UH
97@ ZHUH XVHG IRU DXWRPDWHFI MWRSL R X \® B QW LR L DKWL B
ZHUH FOXVWHUV ZRR GV LYN&hdKORDWHLLD W ZDXVHWDW LR Q
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WR DVVLIQ ODEHOV IRU WKH WRSLFWRDQRUPHWRIWHKE VR
LOWHUSUHWDEOH FDWHJRULHYV

BHQWLPHQW DQDO\VLV ZDV XWLOL]MWGRW R KB HFG®W® P H QWKH
7R [L\VPXQH eWKIHDSQHG KX% (57 PRGHO WKH +@QJDULDQ 72
FUHDWHG E\ 3 @AZRRIUQRHS 7ZR VXEFRUSRUD ZHUH FUHD\
WKH LQWHUQDW LORED D Q & DG SIOR.BIGEVIR VR O B B B BWQWK/H

2-class: &ODVV OD@BEO ZHUH FRQYHUWHGDWR QNI WLYH
SRVLWLYH LJQRULQJ IRU DPELJXLWLHY 7UDLQ

7THVW FRUSXV VHIPHQWYV

3class: &ODVV OD@EGEO ZHUH FRQYHUWHGDWR QR WLYH
SRVLWLFODW@PRS QH XWID@PLQJ FRUSXV VHIPHQV
FRUSXYV VHIPHQWYV

5-class: &ODVAHHWVH ODEHOOHG DV LQ WKH RULJLQDO /LN
QHIJDWLYH WR YHU\ SRVLWLYH

JLQWXQLQJ ZDV SHUIRUPHG ZLWK WKIHWRIOURJH QJ A& HU S
*HRUFH *7; 7L OHDUQMHIXUDWH OHQJWK RI DQG
PRGHOV ZLWK EHVW SHUIRUPDQFH ZHUKUWDMGRI 7KH PF

IRU WKH ELQDU\ -FODVIRIBRWIKSHKKY DQG-FODVIRU WKH
YDULDQW

3 Results

3.1 Topics Modelingusing Patient Experiences

$QDO\WLY UHYHDOHG WKDW WHKHXQHEX &\WSL7Q P FOKEYW HRWY
VHPDQWLFDOO\ DGHTXDWH WRSLFV 7KH BHQWKEBHG SDW
KX% (57 DQ&%KH7 PRGHOV UHVXOWHBVLQ@HY DHFNLY WR\S % |
PRGHOV RQO\ XVH SDUW RI WKH FRB3XDBQG VHEAWHQFH
+,F6% (57 PRGHO FOXVWHULQJ WKH UHWW»%DIY7 QRLVH KX

'LPHQVLRQDOLW\ UHGXFWLRQO2OMVBISSIR G B WKR W/ \
VKRZ WKH UHSUHVHQWDWLRQ RI FRPPHQWY LQ FRQWLQX

IR TXDQWLWDANVLXHUPMHM XQG WR HYDOXDWH WKH XQVXSH
UHVXOWY ZHUH LOQWHMUHSRKWHRGP RDRIXRROWB{57 PRGHO KD
LQWHUSUHWD WHRGEOWRUH LQWHUSUHWDEOH DQG VHPDC
FDWHIJRULHV6%ZGLIORREGHO KDG PRUH QRLVH LQ WKH UH
GXULQJ WKH UBWMW RHWKH® WMROWRSLFV LGHQWLILHG E\
,ZUUHOHYDQW WRSLFV ZHUH GLVFDUWHIGS UIHHRPDWKIRQV WHF
DSSOLHG WR PHUJH WRSLFV LQWR KLDKRHUD X OWKROVFDW
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GLVFXVVHG WRSLFV LW3DWMMWALQW CGH\[ SHHUQW R BRHRMWD UG KLJIK
WR WKH VSHFLILF VLWXDWLRQ LQ KHOQ OWKH DSJHW DIQGWV
H[SHULHQFH DV D QDUUDWLYH FRXOIXQ FRWHIVW CROURBIQ
QXPEHU RQO\ WKH ILYH PRVWGGR WWDIERHG FEMORR UL 8 R (Z1

WRSLFV PDUNHG LPSRUWDQWEGWKH PRGHO VHH 7DE

Diagnosis,Symptomsand llinesses

7KLV FDWHJRU\ FRPSULVHV SDWLH QRSWRPY WIOHLQHY M 8 1
DORQJ ZLWK WKHLU GLDJQRG LWR @ P%WR PD/QEBHEKURIDQ B W
UDQJLQJ IURP LQIOXHQ]D WR FDQFHIQ WXOWE®OH WRRIS L D
WKH PRGHO UHFRJQL]JHG PXOWLSOH ROPW\VELFWWILRG R
GHQWDO VSLQH DQG RSKWKDOPIGF GIWEOHPAN D @B[$DOV
VXUJHU\ ([SUHVVLRQV UHODWHGXWR/\SRL @ RIDL U & DD
DQG FRSLQJ ZLWK SDLQ 2QH SDWLHRDWDEORW B WWEW\ Gt
QRW DQHVWKHWL]H PH«® DQRWKHU ZDWDHQW FLFQRQRQ
RI SXUXOHQW PHQLQJLWLYV SUREDEO\ FRUUHFWO\«’

Birth and Gynecology

([SHULHQFH\V\DHFRWKGMWEELUWKY DQG ELUWK ZHUH ZHO
WKH % (57 PRGHO S5HFXUULQJ RFFXUWHKRB FH\R RS LR SR.IFV
WRSLFVH GWWHIRU\ &DWHJRU\ LQF O XGHG ROKI LIIRD®D R Z
H[DPLQDWLRQV FKLOGELUWK SUHRQQQFDFFERDWLRQ 0L
SURWHFKRH.RRRGHO DOVR LGHQWLILHG WRSLF UHODWHG
(ISUHVVLRQV LQ QFAXGHBWWHRWHRFHY OLNH 3DUDGRJ[L
SHULRG GRHVQ W EULQJ KDSSLQHWYUYEGUMR RRW KIOU \Z HQL
VPRRWKO\ WKH GRFWRU ZDV IDLU

Family and Children

7KLV FDWHJRU\ UHIHUUHG WR WKH WR@KHVOEZXHNFKRZHU I
IDPLOLHVY LQFOXGLQJ KRVSLWDOL]DMWMILAR® RDPUROM TFRGOC
SDUHQWLQJ UROHV YDFFLQDWLRQ HO/QG WV KK RKROGG EW L
KLIKOLJKWHG WKDW VHYHUDO EOR Y BKRR/RO/MEDS Z LUMHKS R
VFKRROfV SK\WWLFLDQ 7KH UHDVR@ I\R K HY HRSWDRHUN L) WK B
WKH IRUPHU IRFXVHV RQ WKH PRWWKHWH ODKW OYHH X RIVGE RIKHLC
DSSHDU PRUH IUHTXHQWO\ LQ WKHVYBD\EWHURKRCGGFRX\2 C
EH WUHDWHG ZLWK SDWLHQFH DQG DWWHQWLRQ HVSHFI

Structure

3DWLHQWYVY GLVFXVVHG PXOWLSOH WRBWKW K KLOFW HIRQ \E
IRUPLQJ WKH EDVLV RI WKH KHDOWKWBKU'R YDEW & PDDJ 8
GLPHQVLRQ Rl VWUXFWXUH 7RSLFVHLSHRRQHIPNGZEW W
SURIHVVLRQDOLW\ ODFN Rl KXPDQ WHDRXWKFHDWHUBQBV
SROLWLFV DQG WKH PDOIXQFWLRRQKYJIUR | HKHDYF\M K F DRI
PDGH UHJDUGLQJ WKH EQDBHPI\XDWHFHKWYJIILKQM KH KRVS
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GHSDUWPHQWY 2QH SDWLHQW DUWLNXODWER G WKLNR @ DW b
\RX EHFDXVH QRZ WKHUH LV FKDRVHEDQWHKKXEWF\ ODFN

Outcomes

% R \WOKY R UD@®GQH D Y RW[SEGINVLRQ UHODWHG WR RXWFRPHYV
WKLV FDWHJIRU\ X QHDYRREFBHB/ARPS UEMH)J GHDWK DQG
PRXUQLQJ DQG WKH XQFHUWDLQW\ RI VHFRYBO\ 7Kt
LQDXVSLFLRXV RXWFRPHV RI KHDOWKBD U H KM H PH®DW L
EHOLHYHV WKHUH ZDV DQ RPLVVLRDRIQPWE& HF DRWM.RLQV O B (
WR WKH GHDWK R)IDRRWBRRWARP RQWMQFOXGHG H[SUHVVLR
WRSLFV OLNH KHDOLQJ DQG JUDWLWRWGIHGHGU BY HWHKWBIH Q F
KHDOMVBFADWRQQHO 2QH SDWLHQW H[SRWWN\ZHK® B W KR X
KXPDQ GHVSLWH DOO WKH GLIILFXOWLHV ~

7DEOH
OHDQLQJIXO FDWHJRULHV Rl SDWLHQW H[SHULHQFHV
# | Category Keywords
1[{'LDJQRVLVY V\PFVSLQH ZDLVW WRSDNIQD FKIHV FK
diseases LQIXVLRQ FRPSODLQW VFOHURVLV QXPEQ
PXVFOH SDLQ
2| 6WUXFWXUH ODFN RI QXUVHV GLVRUJDQL]LO
FDUH V\VWHP XQIDLU SURIHYVLRQDO KH
degree,
3| 2XWFRPH ZRUN FODX¥Y® ORDWHRXUVH ZH}
PRXUQLQJ PDQ PRXUQLQJ GHDWK GHDG
4| %LUWK\Q®WEBROR| PRP J\QHFRORBUY® FKLOGEL
DERUWLRQ VOXW YDFFLQDWLRQ SURWHFV
5|)DPLO\ DQG FKYWRGGOHU EHG LQWHOOLJHQ
IDWKHU UROH PRWKHU WRQJ

7DEOH
.H\ZRUGY DQG WKHLU FODVVLILFDWLRQ

# | Topic Keywords

1 OHGLFDO 2DW 2DWK +LSSRFUDWLF LI PHGLF
UHFRJQLWLRQ 1XOILO

2 OHGLFLQH DQ )URQWRQ@PRQH HVFLWLO LQJU
LEXSURI WDEOHW SDUDFHWDPRO DJHQW W
3 9DFFLQDWLR(9DFFLQDWLRQ YDFFLQDWLRQ I
YDFFLQDWLRQ SKDUPDF\ DGPL
4 %ORRG %ORRG EORRG GRQDWDRQ@ B@®I
EORRG SUHVVXUH
5 $OWHUQDWLY ODIJQHWHU ORQJ HIIHFW LQLW
FXUH YDULRXV XQH[SHFWHG
6 *RG DQG VFLI *RG HVR VFLHQFH H[WUHPH P
7 3ODVWLF LQW3ODVWLF KRUULEOH VXUJHU\
FP SDLU VXUJHRQ EUHDVW DX
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2WKHU KHDO\
services

6RRWKLQJ GLVSDWFKHU DPEX(

FDU VRRWKH QXUVH SURIHVVLRQDO

+ROLGD\V DQ

"UHDWB&YHQW FDQGOH VWRYH
P\WKRORJ\

10

+HDOWK\ OLI}

'LHW IRRG GLHWDU\ YDULHG

PDIJQHVLXP VWUHVV ZRUNSODFH ERG\

GHILFLHQF\ E VWUHVVIXO

11

"RUNRXW

"RUNRXW PRYHPHQW DPSOLILY
ILWQHVVY URRP PXVFOH JURXS

12

6LGH HIIHFW

6LGH HIIHFWV WUX[DO JHQHUD
SDUDQRLG DQ[LRXV

13

6PRNLQJ

6PRNLQJ DFW H[SHULHQFH DQ
XVHG WR DGGLFWLRQ

14

&RPPXQLFDW
KHDOWK FRQ

'RFWRU FRQGLWLRQ FRPPXQLH
GD\

GHFRUDWH SLQH W|UHH

ERG\ DZDNH(

15 | 5BHIHUUDO 'DWH H[DPLQDWLRQ UHTXHVW
GRFWRU

16 | 6KDULQJ H[SH6WRU\ ORYH VKDUH H[SHULHQ
describe

17 | ORQH\ 7E SD\ IW WD[ GLVDELOLW\ E
PRQH\

'DLWLQJ WLP
DSSRLQWPHQ

7TKUHH VHYHQ GD\V DIWHU KH
WHVW DOVR WDNHV ZDLWLQJ

$GGLWLRDD® WHRSKRZQ LQ 7DEOH 3DWLHPIA DQG WKH
WRSLFV LQ UHODWLRQ WR KHDOW K DW GRKQH IPGME K FALOUHH D\C
WKHLU VLGH HIIHFWV DOWHUQDWLY®JF XOUWHNV WM. DLRG
ZRUNRXW UBRKWHDKHAK LV QHHGHG WR DQVZHU WKH YDULR>
RI WKH XQLTXHQHVV RI WKHVH QRSLFY ¥XEK \D VOW KHV WRC
WKH FRQQHFWLRQ UHJDUGLQJ WKH UROH RI UHOLJLRQ L

3.2 Topics Relatedto Users’ Reaction(comments)

,Q FRQWUDVW WR WKH EORJ SRVW SRSLIF Y VED \RHG URIQ@ DWH
XVHUVY UHDFWLRQ WR H[SHUHEGRMFWK R IF B Q W HI\@ WAL PIXLL
FKDUDFWHULVWLFV UHIOHFWHG LQ FRPWHR@VIRARQWD
GHWHUPLQLQJ WKH WRSLF RI IHHGEDBR\D/\G WIKH. @FHOD
WKH VDPH WRSLF PRGHOLQJ SLSHOIZQWRHUHRISSOLHG IR
DXWRPDWLF WRSLF LGHQWLILFDWLRW DULRF KXPD@JILQWH L

7KH WRSLFV RI FRPPHQWY UHVXOWHGLQJIRXRSWRPY FD
HWKLFDO LVVXHV DGGUHVVLQJ IHB\®PISWKRPNQ G LRRHDWRIQ/L
DQG GLDJQRVLYVY FDWHJRU\ ZHUH RDHGOrFDNWPUBDYU AL R KV K
VDPH QDPH UHRRPPHIQMNVWIRFNQRZOHGJIJLQJ WKH VLJQLIL
VIPSWRPV RI EORJJHUV DQG FRPPAWHWRUYV FRRON LWWK/L RL
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VHYHUDO VXEMHFWYV Rl HWKLFDO UBQI6YDDEH U QFHOHDLA
D JURZLQJ LQWHUHVW LQ WKH FRQVHUXHDHFFHW LRI QIS S
DYDLODEOH DRWLRQRRDE®BRE HD FKH FDWHJRU\ RI DGGUH YV
FDSWXUHV FRPPHQWHUV IHHOLQJV D[GG UHLPRWHRQLNQ WR
KHDOWKFDUH $V GLIIHUHQW VFHQRQLWWH BR WRH.Q WHU &
WKH\ PD\ UHSO\ ZLWK DQJHU WR VBKIH F D XSO K\ W R WRUW
WKH SDWLHQW UHFHLYLQJ LQDSSURS®DMWLVRKY FHUWH.JFRHU \ (
PDLQO\ FRQWDLQLQJ XQ@&D0VRENDLIGRE QQBOIHMWMLRQ DQG
FRQGROHQFHV 8VHUV PD\ VKRZ HPSDWHKQ\D QAKX RVPSDW ¥
HQFRXQWHU FRXOG HQG LQ XQVDWLVIDFWRU\ RXWFRPH

7DEOH
OHDQLQJIXO FDWHJRULHV RI FRPPHQWYVY WR SDWLHQW H[SH

# | Category Frequent words

1| 6\PSWRPV YLVLROQOWDO GLVRUGHUV FKHVW
EDFWHULD FDQFHU ERQH NQHH L
2| (WKLFDO LV| LPSULVRQPHQW SROLFH DFFXVI
SURWRFRO SDWLHQW UHSUHVHQWDWLYH LQI
SK\VLFDO \HDUV SXEOLF LOQWHURH/W LQVXOW
QHJOLJHQFH UHSRUW FDOO OHJPpO VXPPRQFG
FULWLFL]H RQ SHUVRQDO JURXQGV KRXVH L
UHTXLUHG ODZ

3| $GGUHVVLQ| ORYH JULHI DQJHU VDGQHVV
RXWUDJHRXV JDV VFDQGDO XQSOHDVDQW
DQQR\LQJ RIIHQGHG EDFN RXWUDJHRXV DWYV
WHUULEOH EDG GLVJIJXVWLQJ UXGH

5] &RQVRODWLY 6\PSDWK\ JHW ZHOO FRQGROHQFH
DFFHSW |IHHO WRJHWKHU GRQH KIDSSHQHG G|
LQ SHDFH VHWWOH GRZQ PHGLWD

3.3 Sentiment Analysis

Patient Experiences

&DWHJRUL]DWLRQ RI SDWLHQVD HGS K X% HFIMMAKBMEN OVKRU I L Q
\HDU SHULRG UHYHDOHG WKDW WKH YDQHOQPWLRHVHQV

LQ WKFHODIWMW YDULDQW 6LPLODU SDWWHUQV ZHUH
YDULDQWYVY-FQDWXKHPRGHO WKH VFRUH QHRKWUDO VFRU
SRLQW IRU GHFLGLQJ WKH SRODULW\ RQJQHFEBPRHEBAWW SR
H[SHULHQFH FRXOG FRQWDLQ PXOWLS0OHHRRWLRHDFOVN .
DQG SURFHVVHV RI FDUH PD\ OHDG D/@GGLWHWHRW 8 DE\C
WKDW WKH /O FBD KRWDLA\WIHVXOW LQ D SRVLWIDYH H[SHULI
QHJDWLYH H[SHULHQFH IRU DQRWKHUH YKHQWIHG WHKIHD G H
DQDO\WVLV RI WKH H[SHULHQWHUES HHDLIARKG\ HW KDWY IWK HP R V
SDWLHQW H[SHUDWOR¥HV)EHUH QHJ
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YLIXUH
6HQWLPHQW DQDO\VLV\HBIVXSHUY RIGX URQ BB EHHQW H[SHULHQFH\

7UHQG DQDO\VLV ZHUH XVHG WR FDSWSXWWHMKID W KDQ J
SDWLHQWVY H[SHULHGMPHV SGHULIRE) WKH VHQWLPHQW V
FODVVLILHG VHQWHQFHV ZHUH DYHUDYVHKRB ZMQIGQY)LMXDOL]

WKH PDMRULW\ RI EORJV UHIOHBWWHUOQ V¥DYH EVHH QMH.@
yLJ ZKLFK VKRZV WKH GLVWULE XWIWR/QRR IWKHKHFDXORPDU
sentHQFHV SORWS/RILGY WQ/ IDNHUW VFDOH

YLIXUH
‘LVWULEXWLRQ RI EORJ SRVWV EHDBDQED YWDV H VHQWLPHQW V

YLIXUH
2YHUDOO GLVWULEXWLRQ RI WRHVEORJ SRVWV{ FODVVLII

R163A



M.Osvatlet al. Analyzintylarratives &atient ExperiencABERTTopic Modeling Approach

Comments

6LPLODUO\ WKH UHVXOWV RI WRWHR @R QRO Z-QW K/ KRZH GL
WXQHG KX% (57 PRGH® IRUUWKE LQ WKH FDWHJRUL]DWLRC
WR H[SHULHQFHVY UHYHDOLQJ GRPLQID®DW&H EHHDWL Y H
FODVV YDULDQW $QDO\VLVHBU HOHAKL RKED U KIRZ HBK M K H  V
SDWWHUQ WKDW LV WKH PDMRULWM RIHJB@WYRAHQWYV LQ
&RPPHQWHUV H[SUHVVHG PL[HG HPRUN PQV HHSU H DR YK HD
IHHOLQJV DQ® HPRGWLWEH SXWDWLYH IDFWRUV RU SHUV?F
QHJDWLYH SDWLHQW H[SHULHQFH QRVQWHEKVNID ®DO\ WF
H[SODLQ RXU UHVXOWYV

YLIXBUH
6HQWLPHQW DQDO\VLY UHVXOWYV VHIJPHQWHG E\ \HDU IRU W|

4 Discussion

2XU H[SORUDWRU\ UHYVXO MWW \SLUWHWH® \B QDION V LLW RW QD3J L
SDWLHQW H[SHULHQFHYV DQG UHDFW LHRFPE RD WL UQR XO\WQ SH L
UHIOHFWLQJ PRVWO\ QHJDWLYH H[SH WIDHOQW¥HKI VF ORUFHE X U U
8QGHUVWD QGBLVQUWWEHY DQG RSLQLRQV RI SDWLHQWV |
UHIOHFWY KHDOWKFDUH TXDOLW\ DGBFRUL QI HHW LRW K |
UHODWHG WR WKH XVH RI KHDOWK FDRQHRWDWURDQFM\KH)X L
LQWHUQHW DUH JURXLEZ\D QG RSOW KHQWWK FDUH VHUYLF
OLNH RWKHU SD\LQJ VHUYLFHYV
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&DWHJIJRULHY DQG WRSLFV LGHQWIUHARHQ@QVOK IR FFXUWUD
SUREOHPV KHDOWKFDUH FRQVLGHUMG UIRSRDWD® W KD \8 O
FDWHJRMUBNGHRURP WKH DQDO\VLY QDPHORWXRS$SWRPV D
RXWFRPH RI FDUH IDPLO\ DQQQHKRIZRIBOD\UB GERELBIW KD D |
UHODWHG WR WKH FODVVLFDO WK H RW HW DFODAOK FIDIJAHH E R L
$YHGLV 'RQDEMEKIBQ WHFHDUFK KDV VKRZQ WKDW VDWL
ZLWK V\VWHP DQG PDQDJHPHQW LVRNHWBOG FRREBLEYDE
WLPH DFFHVV WR FDUH K\@L HZEH AXQGOQNR Q RQ R B RW H> W
H[SHULHQFH LI WKH VHUYLFH LV XQVDRVLFDDMHWRHUUH7KH
DOVR UHOHYDQW LQ RXU DQDO\VLEMHFWIVY HPS IR W RHSQW. R\
FDUH PD\ GLIIHU EHWZHHQ SDWLHQMWAVWRN W@ H 5D AH. G\ \
VXERSWLPDO ZKLOH KWK Y DRP\M KW U HIDDAY RHDQWAH WD W LV ID FW R |
RWKHU-JBRAMKRDY SUHYLRXV LOOQHYVVHVFRXKIIBVW\OH IDF\
DQ LPSDFW RQ WKH RXWPRPIR RW XODMIBMRMG ZE8 UMHKH EOR.
SRVWYV

7KH FDWHJRU\ RI V\PBQVWRB\LDGQRNDVHAHUH SURPLQHQW
SRVWV DQG FRPPHQWY UHIHUULQJQRLWRBFAHF RQRZA8HAIGI.
VIPSWRPV DQG GLVHDVHV ,GHQWIPISMWRIPY QG 5EO®MVHDW K
LQ QDUUDWLYHV EDVHG RQ QEXWBOWRHWER UN\S FRXOBH
&OLQLFDO 1DPHG (QWLW\ 5HFRJQLWYRRGISWRERVIAB UM |
IUDPHZRUN WR XQGHUVWDQG WKH FRQWH@YWD®\LGIRUP
KHDGDFKH WR SUHGLFW RWKHU V\PSWRRYEWEKDUDFW!
DFKLHYLQJ VXSHULRU SHUIRRIAREDLAKM PREHQWW RWKHU VV

&RPPHQWYV DUH PDLQO\ UHODWHG W R WIKH RXSW HILL FVIRR
ZKLFK WKH\ DUH UHODWHG E2\L GHIW XOMBW R RR ZD W & DG \
FDWHJIJRMWKWUHH RWKHU FDWHJRULHV HPHUJHG IURP WKH
H[SHULHQFHVY )JLUVW DGGUHVVLQJ IHHPRWIRQNDWHJR
$FFRUGLQJ WR 7DEOH WKHUH ZHUHDRQIG\UZRQG W DE QB W
7KH DFFXPXODWLRQ RI XOPGR KRN RHZBUBYRMNLQJ IDFWR
EHKLQG QHJDWLYH H[SHULHQFHV DQG GRIFHNOLRS R@RUH
QHJDWLYH SDWLHQW IHHGEDFNV 6HFRWE&H W KR GDWLIRI® U
RI SDWLHQWYTV ULJKW DUH IRWRWR GHKFHURRVW HVW HQ\W E
7KH FDWHJRU\ FRQVLVWYV RI FRPPHEWWXNGE &K DWW 37RM¥ KR
KDYH WR JR EDFN ZLWK D ODZ\HU D QW DE®HRU HYHU\ GF

BHYHUDO WRSLFV LGHQWLILHG E\ WRSIERFRRHFVMOL QD G H O S
QXDQFHV Rl SDWLHQW H[SHULHQFHVDBGR® LKRPPHQW \D Q6
FDUH GHOD\HG RSHUDWLRQV DQG GO0 FRQWWUR E EW R N L\
QHIJDWLYH H[SHULHQFHV $FFRUGLRQDLWRQHWQPEESHWR W
heDOWKFDUH VHUYLFHV GLIIHUV LQ “XQHDH\VMWHK® PIDWIKRLLLL
D ZHHN E\ IDPLO\ GRFWRU SXEOLB OWIS\H¥ LD Q GVRQ RURD I$ U
Rl SDWLHQWYV ZDLWHG PRUH WKDQ RHGIL PRQN B Q% DAMHGGH
HIIWN ZHUH LPSRUWDQW W R&ieris AFRRX © B WKLIHYGHV VL N/ HPID IR
DIWHU WY WD WRMHMERYHU PRQLWRULQJ SDWLHQWVY IHHGE
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HITHFWYVY DQG ZKDW WR GR LQ FDVORILQFHHDOVH SDRVEGIH
VDWWLIPDE (VWDEOLVKLQJ D UHOPWHRW ERXWIZG HEQ® GQROIOWX
LQ IXWXUH UHVHDUFK

2XU UHVXOWYV UHYHDOHG WKDW WRB®BFRRPHQYWR | ZH[SH |
QHJIJDWLYH 7KH VDPH WHQGHQFHQNRIZ E2\KHD W H [V
WH )LJ DQG FRQWUDU\ W RIIRB@KBU W WWGNHQJIILQC
DGYDQWDJH RI SUHYLRXVO\ FUHDWHG E-XIQQ DIUEDI) WRL W\
ILOWXQH WKH % (57 PRGHO DQG XVH PRHH OHBHQLRI VH
DFFXUDF\ &RPPHQWHUV H[SUHVVHG VIPZODWLIQUH/OLQJ\
UHIOHFWLQJ WKH QHJDWLYH H[SHULH QFH X \LIQUKHD@® W K F
UHDFW ERWK SRVLWLYHO\ DQG QH JDWAH HO\YW®R W KBM A
FRXOG FRPSULVH PXOWLSOH KHD O WGKLFIDIUHX ®I\@ FIRXQ W K H
VHQWLPHQW DOJRULWKP WR SURYLGH DFFXUDWH UHVXO

7R RXU NQRZOHGJH RQH SUHYLRXV +HQBDUHDE@ HAWKG \DD \
QDWLRQDO UHSUHVHQWDWLYH VDPSOBHRWY RI AOUFHK LC
KLIKOLJKWHG E\ WKH 2(&' 1UDPIBRFWR WU QFFRORFGL@LIF B /WK
VKDUHG -EBNILWURQ@WLPH VSHQW ZLWK SDWLHQWYV DQG JL
TXHVWLRQV $FFRUGLQJ WR WKHLU UBWODUFKY LDWOLY HD
! EXW ORQHREEBUHG WR RWKH®@ &' FRXQWULHV >

2XU DQDO\VLV VKRZHG D PXFK KLJKHD GWRBSRUM VRO YRUFFH
H WWUXFWXUH DQG ZDLWLQJ WLPHW VINHZ KIBEXWIR RXWGWR |
XQVDWLVILHG DQG IUXVWUDW WE H\DWJILHH GWR GRS DERR BBV
WKH TXDOLW\ RI FDUH LQ +XQJDW\LRIQVNVRXR ¥HGD W
HPSKDVL]HV WKH FDWHJRULHY DQGOVRSLFV ZKLFK SDWL

$ SV\FKRORJLFDO SKHQRPHQRQ QDPHOHSWWIOH @QEABKDWLY H
SDWLHQWYV ZLWK XQVDWLVILHG H[RKWL MQKAHL D U bl XFR/RWUHD O
1HJDWLYH H[SHULHQFHV DUH SHUFHLYHGHWRDE&B PRUH I
WKHUHIRUH UHVXOW LQ PRUH FRPSOM[GFRRQERNIYWLYHS
RQHV 6LQFH QHJDWLYH VWLPXOL FDUWWYHJIJVYBIOXH W KDOQR L
SRVLWLYH VWLPXOL SDWLHQWYV VSHRW KMHRIU W K\DLGP H LGVHD
SRVLWLYB4@WIZRKORDMRULW\ Rl QHIJDWLYH KRI\DMWLPHQWYV
SDWLHQW SRVW RQ WKLV RQOLQHWRUXPEW KWW FRPGG MLR
WR SDWLHQWYV UHSUHVHQWDWLYE8WHKRDWHK H 1GIE HUQV K B O
QHJDWLYH H[SHULHQFHV SURYLGH JUHDSWRMLWOQYRIORDW L
YDOHQFHG RU QHXWUDO H[SHULHQFHV EHFDXVH LQIH
LPSURYHPHQW Rl KHDOWK FDUH TXDOLW\

$V WR WKH OLPLWDWLRQV LW LV LPSR&DIWDI)WVW®RWHQ
UHSUHVHQWDWLYH RI WKH +XQJDULDQ LK/HO DRIKFDE H W K
GUDZLQJ FRQFOXVLRQV 8QVROLFLWHGREQELQHWUYHRVLH Z
VHOHFWLRQ ELDV DV XQVDWLVILHG SDWRHBRNHDUH PF
DFFRXQWLQJ IRU WKH PRUH WKDQORQOSPIVOLHERY IDFWU DL G
+XQJDWY WRWD ZLWK PRVWO\ QHIJDWLYH SDHMDUHQW H[SH

Ri66 A



Acta Polytechnidangarica Vol.20 No7, 2@3

SHULRG FRXOG EH 3RQ \SLORINKIHU VPIDRAVBWLRQ LV KXPD
XVHG WR HYDOXDWH PRGHOVYT SHUIRHBPBQRKX @F IRRI TAKIOK
XQVXSHUYLVHG PRGHOV 'LIITHUHQRSLB W LRQWEKHWEGIRID SR
SRVHV FKDOOHQJHV DV D SDWLHQW R} FEHORW L BQ G RIQ
SUREOHP FRXOG VSUHDG DFURVV VHBD/WRX HYV Q8B G
WR FODULI\ PHWKRGRORJLFDO GHWDL®AR SAXPK QG WK H
GLIIHUHQWLDWLRQ EHWZHHQ WRSLFV$®®RLSURFDG®\PR!
SHQWLPHQWZRRIUDBSOLR GV HP SR UD OL MDBAO-RIRU DI\G

FRPPHQWY GLYLGHG E\ \HD UWK HPXAM CQYRIWV W R UW/KKHH W R © DF
QHHGHG WR DVVHVV WKH SRODULWURHWKH LGHQWLILHG

7KH +XQJDULDQ KHDOWKFDUH V\VWHPW DROLIGMY KIVDIO)W ¢
EDVHG RQ XQLYHUVDO KHDOWK LQWXLYBQFKD ®RZAH R MUK HILW
FRXQWULHVY > @ DQG RI WKH SRSHBOGW IGR(® WHS R U\
YDULRXV GIHILAXQMWEHBO ZDLWLQJ OLVW GLVWDQFH W
ZKLFK LV EHORZ WKH (8 DYHUDJH U VR WWM IFXFF VR® V F D (
GHFLVLRQ PDNLQJ ZKLFK FRXOG LQEFUGWYVHS5XRH VS RRAY L
LQYHVWLIJDWLQJ SDWLHQW FRPSODQQW VUB UXODBHRIQ LR
KHDOWKFDUH SURYLGHUV WKDW DUW B30WR H®W M UHDGE B R
FRPSODLQWY ZLWK WKH UHSUHVHQRAUDMRLYHY $& FRUBLRQ
WR WKH RIILFLDO ZHEVLWH VWXG L HW G DBEGXRWLRDIWID W
VDWLVIDFWLRQ UDWHV DURXQG BEANV K Q FRQ QK DDAWL W
RXU QIMGL+RZHYHU ODFN RI LQIRUPDWH FO® IRV IWARRLZ®H U t
FRPSODLQW DQG RU ODFN RI WUXVWRPB BDWEHDWS$AD W
FRPSODLQLQJ IRUPDOO\ 6HYHUDO SDM\VLWQMWR PUMWKRUW
UHSUHVHQWDWLYH RI SDWLHQW WDIKMY VHHOR XY QWK D WL
ERWK SURYLGHUV DQG SDWLHQWYV PW\D CH B3l @RQW KT X H Q
UHSRUWLQJ FRPSODLQWY DQG UHVSIRD GLEORUMRGWHHPWR
RSHQ FRPPXQLFDWLRQ DOORZLQJ SURLASOHUPHQWR EH |
QHFHVVDU\ VWHSVY WR E®SURYH WKHLU VHUYLFHV >

7KH YDOXH RI RXU UHVHDUFK LV WMPDWVRXUSD\Q®HYDN I
WRSLFV LQ SDWLHQW H[SHULHQFHV D Q@GNLRQHEIWV DV
VSRQWDQMRRVFQRVMG QDUUDWLYHV SURYLGLWJ DQ RSSR
DQG HQFRXQWHUV WKDW SUREDEOWBBLYHDWWHRRR DWRIQ
SDWLHQWY ORVW RI WKH WRSLFV DUW G® W HLGF MRV CLLC
KHDOWMIBBUFHY 7KH DQDO\VLYVEIHFRWO B Q WQHPDHIU HH QR
- FRXOG SURYLGH DQ LPSRUWDQW D GDGJLHN LR H © LIDROSAARLY!
WKH DQDO\VLV FRXOG EH HIWHQGHG WR QDPHV DQG ORF

2XU H[SORUDWRU\ UHXYXOMO QMKRZHGE WKH WRSLF PRG
DXWRPDWLFDOO\ SURFHVYV SDWLHQWRQGHVYDARY DY RW LKH
SDWLHQW RQOLQH UHYLHZ ZHE DSSOQAWBRWLRKE WR/B\HHGRG WE
SURYLGH HIIHFWLYH DQG FRQWIRXORRX W RRRWQU WERUN I IW R
LPSURYHPHQW RI KHDOWKFDUH TXDOLW\
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Conclusions

2XU UHVHDUFK DLP ZDV WRD Q %WHRRMOWDIERMD GOW WRI@WHR
H[SHULHQFHV D®OGHRROHQWWN H[SHURNBREHVF REHBDWLHQ
7RSLF PREHWKQ%% (57 HPEZHHEGLQSBOLHG WR LGHQWLI\ |
RFFXUULQJ WRSLFV DQG FDWHJRULHWVURPYEHRMXMROR J
FDWHJRULHV ZHUH UHODW HG® IVRHQD UWVD WX.FW X U M DR ® IRV
FDWHARHUWH LQ FRQVRIGDRYW ZWWKRSIHWLFDO IUDPHZRUN\
FDUH DQG IRXU FDWHJRULHV HPHUJH$ QDROPWLKHZBRPPH (
DXJPHQWHG E\ KXPDQ LQWHUSUHW DMQRD SHR IIRUPOXQIFN H
DQG WR PHUJH VLPLODU WRSLFW DQWR\VDW ZHRIBIL XV H €
FDWHJRUL]JHG WH[WV E\ SRODULWYK$SIRFDMWRYHWQ R J DLW
ZHUH FODVVLILHG QHJDWLYHO\ E\ WKMWRR G HCOH OLP\E R \EQ U
HQFRXQWHUV 7R XQSBWYVWDW GH S K RKEBWBICF DAQRSS ISFMR RO
KHDOWKFDUH VHUYLFHV 1/3 PHWKRGV DQGHWHFKQLTXI
+RZHYHU WKH PHWKRGV DRS\OW HEEH LWOH RDQMH, OME/GI® WPHKS U R
VWUHQJIJWKHQ WKH YD Qth@e®HR V RPOR X B B XIOQWHDQGHWD W
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Abstract:In the present research we deal with the questions of what responses, solutions
and practicedHungarianorganisations usetb mitigate the impaatf the pandemic and the
changes caused by it, with particular attention to the area of Human Resource
ManagementDo they typicallyview the current crisis as a problem or an opportunity?
This study hadheen divided into two papers In this article, the authors reviewthe
international and Hungarian literature to reveal the most important negative and pgositiv
effects and aspects of epidesafcom the theoretical as well as the practicaspect

The findings supporthat the typical measures and solutions of previous crises in history
are partially a fully recurring. However, the current crisis has a very peculiar
characteristic: the application of lockdowns. After tlescription of the general
international context based on literature, developempirical hypothese anddescribethe
methodology of the conducted countrywide questionraireey. Thesurvey resultaand

the conclusionof the analysisare presented in a second articlen our opinion, the
pandemic has reminded us of the extraordinary degree of interconnectedness of the world.
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Thus, studies from individual countriessuch as Hungary- and regions can provide
important local insights in finding global solutions

Keywords: COVID-19; pandemigrisis; human resource managemehome office

1 Introduction

The COVID19 pandemic had drastic consequences for the entire society. It can
be generally stated that the poor and vulnerable people in the [WoP[ as well

as those who are more exposed (young people, migamdsthe elderly) have
become even more $8, 4]. For the purpose of stopping the spread of the yvirus
the governments of numerous countries in the world ordered unpreckdente
intervention, which in most cases resulted in the lockdowns of entire regidns
countries [5, 6, 7]. The suspension of economic activities had serious
consequences for employmd8t 9 and the income of employees as well as the
revenue of companies. Drastic changes became necessary on every level of
society to protect health and secufify)]. Companies could not stay out of the
pressure of this fast reaction either, they had to retadir imost important
resource, human capital. It represented a particularly great challewge lassist

their employees to adapt and overcome the changes that occurred in warkplace
and social life. For example, how to create a home offickowt violating the
interests of either the employer or the employee? How can the separation between
work and private life be ensurétll, 12]? In the present researchie deal with the
questions of what responses, solutjcssd practices organisations used against
the appearance of the pandemic and the changes caused by it, in, gedenath
particular attention to the area of Human Resource Management (HRMhdy

view the current crisis as a problem, challengepossibly as an opportunity?
The results and conclusions of our work are contained in our second article.
According to Budhwar and Cummingl3], the COVID19 crisis has drawn
attention to the importance of an international perspecf¢ we wrote earlier, in

their opinion, the pandemic reminded us of the extraordinary degree of
interconnectedness of the world. Thus, studies from individual courdrids
regions can provide important local insights, e.g. in relation to the organikti
HRM management of the epidemic, they can also help us find global solutions
[14).

As we presented in the abstract, thain contributions of thdirst part of our
study are the empirical hypotheses derived frditerature analysisand the
description ofthe methodologyfor testing these hypothesékhe results will be
reported and the conclusions will be discussed in the secacld.art
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2 Literat ure Review

In human resource management, which was considered one of the most
problematic areas of the management of EEasttralEuropean companies in the
first decade after the transitioji5, 16, 17],“by the beginning of the new
millennium, considerable positive changes had occurred at Hungarian
companies”[18]. In Hungary the total number of employees is 4.5 million, and
13.33%[19] of them are employed by multinational companies thateskitl the
country, where the modern HRM principles and methods of parent companies
were quickly adopted by Hungarian companies into their everyday [26kk
Because of rising market competition, an increasing numbeHuwfgarian
(domestically) ownedorganisations apply innovative HR knowledge and
professionals with this type of knowledfl]. Initially, the expert supporters of

the development that commenced in the area of human resourcgemama were
large— also international HR consultancy companieshich were later joined by
more and more Hungarian consultancy compd@igs Nowadays, in the Bologna
systembachelor'sand master's degree programmesn increasing number of
colleges and universities offenigh-quality HRM programmes Before the
breakout of the coronavirus epidemic, in Hungargimilar to other Eastern
European countrigl23, 24, 25, 26] -substantial workforce shortage developed in
certain sectorg27], which to a certain degree ‘was alleviated’ during the
epidemic. But during the second watke first signs of the previous situation
started to show. By today the rate of employment has reached and exceeded the
70% level[28].

First wave: On March 11, 2020, the Hungarian governrdentareda state of
emergency for the entire territory of the counffiae repayment of principal and
interest ratewas suspendedntil the end of the year 2020. In the sectors with
serious problems (tourism, hospitality, entertainmgambling, film, performing
arts, event managememtnd sports); by 30 June, employ&rsre released from
the obligation to pay public chargf9]. According to analystghe first wave of
the pandemic affected the Hungarian labour market more severely thaedrsap
from official statistics [28, 30], partially, for instance because workhour
reductions are not indicated in the data and partially because of wvaitut’
and informal solutions that are characteristicathtsided31].

Second wave: From September 2081 reintroduction of emergency measures
andmorerigorousmask wearingbligationsoccurred. The government extended
the credit moratorium for 6 months. Administrative burdeesefurther reduced,
from the second half of 2020 the tax offipeepareda draft VAT return for each
company. Business suppgmtogramfor enterprises: up to half a million forints
per job seekewas introduced. Employment is picking up again, and the wage
supportprogramsestablished in the economic protection action ptdhprotected

for more than a quarter of the total number of 280,000 beneficiaries. From
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November, the attendance regulations for mass events as well as théorules
wearing a maslveretightened again.

The effect of the COVIEL9 pandemic caused broad and great challenges to
employees, organisations, communities, nations as wetleasntire world32].
During previous economic crises the lockdown miode nevebeenapplied[33].
However, the world dicknow its effects in connection with the Nipah virus
epidemic in Vietnam, which was more dangerous than CQ$4h The currently
applied methods, government intervention methods, anlilateral solutions
greatly differ from the crisis management measures egbjii 2008[35]. Unlike
previous crises[36, 37} coronavirus led to a recessjomot because of
overproduction or loss of confidence, it rather endangered humanraesdhat
represent the foundation for the growth of modern econdi®®39,40, 41, 42].

With this, the protection of human resources and an increase in their significance
gained new momentum. The study [#38] points out that during an economic
downturn those who are still employed may experience workplace uncertainty
caused by reductioria salary andvork hours deteriorating physical and mental
health, long forced vacatiorasnd challenging conditions.

Worldwide COVID-19 has a yet unpredictable effect on social and economic
actors, and here the questions of work organisation during the ghigial (and

after it) can be identified as a serious research trend. Specifically, it eredsh
interest of employers and employees to achieve undisturbed businesssgsoce
during the pandemic, for the employers to continually employ the employees who
thus receive their salary, to avoid mass layoffs and downsjitlg The legal
political reactions[45, 46], restrictive measuresand limitations of mobility
introduced as a consequence of the pandemic considerably transformed the HR
practices generally applied in the labour market. The majority ofnima@kions

took the following important measures as a response: stopped busmeds
company events, provided disinfectants andsksat workplaces, furthermore
permitted or orderedvork-from-home and flexible work performancg47].
During decisionmaking processes management had to consider two important
issues: 1Which things are the most important to employees, and along with this
2) What is important for HR?

From the aspect of companies one of the greatest problems was retaindity liqui
and within that particularly paying salaries. Despite fact, more than half of all
companies considered it extraordinarily important toimetheir prepandemic
headcount, either by work organisation or workhour and pay reductions, or by
remote work, and in theorstcasescenario by forced unpaid vacations instead of
layoffs [48]. Based on[49], the social distancing effect of the pandemic weighs
more heavily on working women, the elderbnd immigrants. The loss of jobs
and the reduction of income can have an effatticularly on temporary workers
and those with lowegualifications[50].
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From the aspect of employedise most important factor the loss of income or
the fear of it. Financial troubles among the populatiéralb member states
worsened,and a loss of income was felt by over 30% of respondents in 21
member states, in other countries people were more concerned abgufobesd

to spend savingfsl]. The crisis intensified inequalities (e.g. jobs, salaréesl
workplace opportunitiesespecially in the case of young people and less qualified
employeeg$37, 50].

The other challenge was creating a balance between work and private life.
Researchers discovered a number of challenges in connection vgitiietdi
increased stress, loneliness, increased oveetrheme merging of worktime and
private life, etc.]52, 53] Although according to the latest forecasts, instead of the
creation ofa work-private life balance, integrated wléing design is emerging.
According to the experts ¢54], these two areas of life can only function well if
they are integrated. During the pandemie have witnessed phenomena such as
the development of social isolation, segregation, uncertaamty sense of fear.

In this situationorganisations must be more flexible and innovative in unexpected
HR related issues that affect employees. The coronavirus has fogaetisations

to introduce new and radical methods in the area of work performance, these
processes had started earlier, but the pandemic greatly accelérate{bs].
According to theabovementionedresearch by[54], the future of work is
influenced by three factors that are closely related to each other. The finst i
type of work, as a result of increasing automation certain job positoms
eliminated or transformed and in parallel with this newes are created.
The second is the issue tfe workforce who will perform the work? New
combined talent models and diverse workfestecks are established. The third
factor is the site of work performance, the experience of the past year laifi
definitely established the basis for the ldargn application of flexible work
strategies.

The COVID-19 pandemic moved millions of employees from offices to their
homes worldwide, for the purpose of isolating themselvesnBuhie quarantine a
considerable number of articles were published in the press aboutfibigtait

of remote work,and the suggestions of business consultants regarding how to
organisework and cooperatiofi56, 57} through the recommendations of HR
consultants regarding how to maintain the produgtieft employeeg58, 59] to
comments by psychologist regarding the balance of work and prifate lia
situation where work and private life go on simultaneously without leaving home
[60]. At the same time, it is important ®mphasisehat thepandemierelated
advice and suggestions of experts and consultants were basieel kmowledge

that had been accumulated before the pandemic.

Based or[61], employees are more concerned about their financial secamdy,
personal and family health than the financial situatiod possible instability of

their employers, thus the HR strategy must consider the concerns of employees
According to Hungarian research experierjé@], the greatest challenge to
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employers is effective internal communication, informirand maintaining
contact. This is followed by the difficulty of workforceetention, the
introduction/operation oh home office and remote work, as well as compliance
with health protection and hygiene regulations. Ealtipoints are maintaining
motivation, wage management, panic managenaeutthe development of digital
processes. In the futyréhey must strive to develop strategies where practical
application contributes to balancing the relationship between the worldocte
the changed labour market conditions, and it is necessaffacititate the
development of effective learning methodsutiising the opportunities provided
by digital transformationThe above train of thought was supplemented6y;

the engine of organisational development and HR are creativity and innovation,
which human resource possesses as human capital, thus its role i®dxpect
grow exponentially in the near futur®y [64], despite the current era of
innovation and automation, the human factor iplaeeable.

As it can be seen from the above, the coronavirus epidemiplalgoa significant

role in the HR activities of organisations. According@b], the biggest challenge
for HR professionals is how to contribute to the survival of companies in this
challenging situation. In order to adapt to rapidly changing market ntegs,
need to incorporate the tools of agile methods into their operationgdinthes
restrictive measures and mobility restrictions impleteénas a result of the
pandemic have significantly transformed HR practices that haenie
commonplace in the labour market.

The state supplements the role of HR with social and economic assistance
measures- including fiscal incentives and the expansion of socidtganets—

which are essential to prevent the further rippling ef éffects of the pandemic
[66]. Of course, money is required to solve the economic problems caused by the
pandemic, but that should not be invested into production, it rathelidste spent

on the protection and development of human capital. It is not a coincidemce tha
governmemevel measures primarily serve the protection of healthjabs[67,

68]. On the company levethese same measures are in the range of tasks of HR.
So far, Hungarian experts have processed the experiences of the pandeshic’s f
and second waveBroadranging comparyevel surveys were conducted about
the issue during the spring and autumn waves as[6@lIBased on the research
reports it can be stated that on top of the usual measures new solltions
appeared, moreover were given central roles, which HR professionatsgypr
adapted to the pandemic as the root cause.
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3 Hypotheses

We would like to contribute to thaboveintroducedliterature in the areaf HR
crisis managemerity testingthe following two hypothesesmpirically. The first
one is derived from the findings pf0, 71]:

H1: The typically occurring crisis management meas[ifésin the area of HRM
caused by the effects of the pandemic are primarily related to headcount
management/workforce requirementsriqg freeze,downsizing downsizing of
temporary staffreducinglabour requirements by automation/technical solutions
and the innovative handling of work houlige reduction of working hours,
enablingdirecting home officesglaboration/replanning of replacement plans)
[71].

Our second hypothesisbuilt on the previosresearch by72, 73, 74, 75, 76, 55]:

H2: In the samplethe most frequently applied HR crisis management measures
are correlated with the organisation’s revenue and headcount: Enablingidirect
home offices[72], New occupational health and safety measuv&3, hiring
freeze andlownsizingareconsiderablymore frequent at larger compantbanat
smaller one§75, 76].We supplemented the hypotheldia with subhypotheses.

H2a: In the samplethe most frequently applied HR crisis management
measures are correlated with the organisation’s two main indicatmenue
and headcount.

H2b: Enabling/directing home officesiew occupational health and safety
measures, andeducingthe risks of the pandemic HR crisis management
measureg55] are correlated with the organisation’s two main indicators:
revenue and headcoyid].

H2c: The"No task” attitude is mainly typical at organisations taat smaller
according to revenue and headcount.

4 Material and Methodology

We tested ouabovespecifiedhypotheses on the databases of the first two phases
of our Covid19 HR research. The research team was established with the joint
effort of the professors of 14 Hungarian universities and 1 Slovakiaersity.

The nationwide online survey startatthe beginning of May 2020, a few months
after the first European infections caused by COY®To examine the topic, we
conducted benchmaitgpe research, which allows us to monitor and compare the
changes in the selected indicators over tirBach studies are typicallyun
regularly (monthly, quarterly, annuallydnd evaluate how the experienedgth a
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particular issuechange over timg77, 78]. In the emergency caused by the
pandemic, employers had to face daily changes, an uncertain, unpredictable
situation. Benchmarking allows us to track the progress of the changes and
revisions, therefore we conducted our research several times in aetglatiort
period so that the changes in HR solutions during the coronavirus crisis could be
monitored.

1) The first phase of the data collection was conducted between 12ddine
31 July 2020 with a questionnaire survey, where the number of
respondent organisations was 508.

2) The second phase of data collection was conducted between 1 August
and 15 November 2020 by an online questionnaire survey, where we
received 1,041 useful resps®s from various organisations.

The survey is fundamentally go0st[79] type, thus it examinethe effect of the

crisis caused by Cowitl9 on the human resource management practices in the
Hungarian company/institutional sector based on opinions and factual ldéed re

to the surveyed time period. Figure 1 describes the research model in connection
with the hypothesis.

il

Figure 1
Research concept

The results of the two phases of the research are not direstfyacable, since the
range of respondents did not remain unchanged, thus in the prasfntwst
analyse them separately.

Figure 2 summarises the distribution of respondents according to theoform
ownership. In the two phasea considerable portion of the respondents were
Hungarian private organisationg58.7% and 46.9% respectively and
approximatelyonequarterof them werén foreign or mixed ownership.
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Figure 2
Distribution of respondents according to form of ownership during the first and second phase

We conducted the examination of organisation size based on two aspects,
employee headcount and revenue (according to the practice 80heamong
others). For the interpretation of thelowpresentediata and results, we describe
some Hungarian data abasis for comparison.

Figure 3
Distribution of respondents according to headcount during the first and second phase
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Based on the 2019 data of [19], regarding the number of enterprises, the
overwhelming majority (91.4%) have an employee headcount1 fdeople

3.8% of all enterprises have an employee headcount-db p@ople Employee
headcount of 5@49 peopleis at 0.6% of companies, and over 25€ople at

0.1%, while at 4% of registered companies, there are no emplatyaksin 2020,

in Hungary, the number of budgetary organisations and organisations managed
according to budgetary rules was around 12,800, which is 0.7% of rediste
business organisations [81]. Based on employee headcount, the bigttesttage

of respondents (in the first phase 72.1%, in the second phase 63.6%) Were

SME category (Figure 3).

Another widely applied indicator imategorisingorganisation size (sef80])
describes samples according to revenue (Figure 4). Based on KSkhdz49

the average revenue of business organisations was around HUF 141.6 million
[19]. From among the respondents in the first ph83e4% fell in the category
under this revenue, while in the second phase 32.4%, thus the proportion of
respondents witHower-thanaveragerevenue decreased by 5% in the sample.
The proportion of respondents with higher than the national average revesiue wa
45.5% at the first data collection, and it ros&®®% by he second phase (i.e. by
5.4%).

Figure 4
Distribution of respondents according to revenue during the first and second phase
* 1 EUR = 351.1 HUH80]

The same questionnaire was used during both phases of the survey (in original
language: http://limesurvey.szie.hu/index.php/44678?lang=ltlhe authors will
provide the English translation electronically) and the questions highligbted f

the present study“Annual budget/revenue in 2019” Average number of
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employees in 2019", “Please indicate if your firm praeticthe following crisis
management HR measures for your organisatiom&ye unchangedhe applied
questionnaire were discussed with academic experts and then witlcipgabtiR
executives to ensure understanding and validity. The instrument was finalize
afterseveral rounds dfyoutand correction

We have conducted the following statistinsthods to test our hypotheses.

We conduct the examination of the H1 hypothesis by the analysis of fréegienc
andrelative frequenciesf respones to questions about the use of 19 HR crisis
management measuri@sboth waves (separately)

We inspect the H2 hypotheglsroughits subhypotheses. For the examination of
the H2a, H2band H2c hypothesessince revenue (12), headcount (Iand the
question related to HR measures (14) can be coded as sequential vasidbées
analyses wereperformed with Spearmas rank correlation (which does not
require ratiescale variables or normality). The examinatiestsif there is a
correlation betweesize variables (headcount or revenue) and the use of the 19
HR crisis management measurdhe analyses were performed with pairwise
method, thus theample sizdaliffer by the tested variablpairs Samples from the

two surveys are examined separately.

In the first round we examine the correlations between the HR measlithean
revenue variable as well as the headcount variable, then to examine H2a we
checked if among the measures showing a significant correl#tienre are some

that were found to be the most typical at the examination of H1, for the
examination of H2b we checked the significance of the “Enabling/directingg h
offices”, “New occupational health and safety measures”, and “Reducingkke ris

of the pandemic through training” questions, while for H2c we inspectedré the

is a correlation between the “No tasks” measure and the revenue varigl®@é as

as the headcount variable, and if yes, whether the coeffisiaegative.

We also analysed the H2c shippotheses witlhe chi-square test (by calculating
Cramérs V). For this we transformed tHeur-value“No task” variable into three
dummy variables:

i No task at all its value is 1 if the respondent somewhat or more agreed
that there is no task, otherwise O.

i Medium level no taskf the respondent intermediately or more agreed
that there is no task, otherwise O.

i Very much no taskf the respondent strongly agreed that there is no task,
otherwise 0.

In this way we can determine if we can find a significant divergence between
each headcount and revenue category as well as combined categories (&gy. w
create two headcount categories ef3peopleand over 5(eopl§. The Results
chapter— in the second part of our papedescribes the formation of categories
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because that is based on the preceding survey results, thus it beoaltly to
show them here.

As it was mentioned abovénse the two samples are structured differently, and
there may be overlaps between respondents, theghwagsanalysed separately.
This is otherwise also justified by the time that passed between theotlatdion
and the different pandemic situations.

5 Summary of theFirst Part

In the presented part of ostudy,we have reviewd the literature background of
the possible negative and positive effects and aspetite €OVID-19 pandemic

on HRM practice. As the main output of this paper, based oritérisite analysis
we have drawn two empirical hypotheses and described the methodolagy to t
them.

The presentation and discussiofh the empiricalresults are presented in the
second part of this study, whiéh titled “Characteristics of Crisis Management
Measures in the HR Areduring the Pandemic in Hungary Reflected in a
Nationwide Empirical Research’In that article we reportthe results of testing
the hypothesesve draw ourconclusions andliscusdimitations of our research
as well as possible future research directions
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Hungary — Results ofa Countrywide Survey of
Organizations

Krisztina Dajnoki

S8QLYHUVLW)\ RDFWERHRARQRPLFV, BvQ\G] |% R QOQH ¥ W
H- 'HEUHFHQ +KDQUOUGDMQRNL NULV]WLQD#HFRQ XQLG

JozsefPoor

6HO\H 8QLYMWUWIWFRODRPLFV D Q@ DY RWUWPDYWNiIVFHYVWD
.RPIUPRP RY®OPLERRERXMYV VN

Akos Jarjabka

8QLYHUVLW)\ RV\3RFW% XDERHVV ,BQNGy FFR GIRPLFV
3pFV +XQPDUD WMDUMDEND DNRV#NWN SWH KX

Botond GézaKalman

%XGDSHVW OHWURSROLWDQ 8QLYHUVLW\ ,QVWLWXWH RI
1DJ\ I DMRO\NMHWMD %XGMHSEBHWT#LQVWUXFWRU PHWURSR(

Zsolt Sdndor . PeYHV

+XQJDULDQ 8QLYHUVLW\ RI $JU.IDFSFOMN XIDH ®XQ\G FLIXIED6 F L H C
6iQGRU XWFD .DSRVYiU +PQLDRPXHHYV =VROW 6DQGRU#X
PDWH KX

BeataPato 6 ] & FV

(JWY|V /RUIQG 8QLYHUVLW\ )DEXGWHRIWRFELDO 6FLHQFH\
%XGDSNQWD-WPDIHO V]XFV EHDWD#VHN HOWH KX

A193 A



K.Dajnoket al. Characteristics of Crisis Management Measures int he HR Area
during the Pandemic in HuregRReflected in a Nationwide Empirical Research

Katalin Szabé

+XQJDULDQ 8QLYHUVLW\ RI $JU1 BXO@W XD DHOGC BLVWHEF LH C
.IURO\ XWFD *|G|OO +X@bO\ GIDER .PADIH @XXQL

Szilvia Szab6

%XGDSHVW OHWURSRU W VG V8 B LRCHI X DMKRANVNLUIO\ ~WMD
H- %XGDSHVW-PIXIQIDW\W]BPER#PHWURSROLWDQ KX

ZsuzsannaSzeiner

- 6HO\H 8QLYMUWIWFRDRPLFV D&® DQRWPDYWNVFHV WD
.RPIUQR MORPHEOLO V]JHLQHU]JV#XMV VN

Arnold Téth

% XGDBNHVWQHVY 6FKRRO )DFXOW\ RI%XOPIIEOM XOWIED$SFFR X
- H- % XGDEXQYIW-PDIHO WRWK-BIHQRO G#XQL

Imola Csehné Papp

(]WY|V /RUIQG 8QLYHUVLW\ )® BXYOMKRROIRDBXFBM DFEP XQ
H- %XGDSHVW -PHXCEIDEL LI ROWHSISN HO

Andrés Istvan Kun

8QLYHUVLW\ RI I'WE RH RARQRMBXBAMVLQHVV %|V][UPPpQ\L ~W
H- '"HEUHFHQ +KDRUOUNXH) DQGUDV LVWYDQ#HFRQ XQLC

Abstract: The current paper is the second part of the sti@iaracteristics of Crisis
Management Measures in the HR Area During the Pandemic in Huadi#tarature Review

and Methodology Based on two waves of a questionnaire survey conducted during the first
and second waves of the COVID pandemic, this artielpresents prevalent HRM reactions

of Hungarian organisations (companies and institutions) and tests if these reaatie
connected to the@rganisation'ssize (employee headcount and revenue), ownership and
sector (main field of activity). The testingdsnducted separately on two relatively large
nonrepresentative samples (N1 > 300, N®00) employing statistical (rar&orrelation,
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rank-sum and association)analyses. One of the characteristic changes the pandemic
triggered in the companies and institutions is that the functions of HRM have been expande
with new activities (e.g. home office, health protection). The responditated
considerable new efforts, especially after the second wave, suchpkging plans,
providing new employees, amddressingemployeessocial problems. Our research also
highlighted that smaller SMEs regardai$less important to maintain and operate an active
HRM function even during the pandemic. With the increaseganisationalsize (employee
headcount and revenue) home office, the new workplace safety and occupatiotial heal
measures, the hiring freeze and downsizing are substantially more frequanrget
companies as opposed to smaller ones. We are aware of the facttipaattices applied

by a country of 10 million people during the pandemic have no substantial gifibehce

at the same timehe experiences gained and presented here can expand and diversify the
methods and toolkits applied in this area.

Keywords COVID-19; pandemigcrisis, human resource managemgenome officesurvey

1 Introduction

7KH FXUUHQW DUWLFOH LV WKH VHERINUED FMASBWIM W DBV SF
&ULVLY ODQDJHPHQW OHDVXUHV LQ WKIH +5X®UBD\'XULQJ
/LWHUDHWXHHE DQG OHWIKHRSEBRURXV SDSHU FRQVLVWHG R
UHYLHZ WKDW SURYLGHG D EDFNJURXQRK\SR W KMHK/HH W H V|
GHULVYR® WKH papifUMZDIGG WKH @HSHFW RBREILRR) RVMK H
VXUYH\V DQG WWHI\KWERWKHRUN ZH RQO\ SURYLGH D EU
KHUH

7KH UHVHDUFK WKésWE&B STHAH VY YYRQW LRIDZK D WQWHY SRQV H\
SUDFWLFHYVY RUJDQLVDWLRQV XVHG DJBED@QWH MLKEHDISSS HD
ZKDW NLQG RI FKDQJHV LW KDV LQGWEMXOD UE RMMKKLQ WNHK
ILHOGXRD® 5HVRXUFH ODQDJHPHQW +50

,Q WKH ILUVW ,S2HU 8W RY ROWHGWIX GLYWHUDWXUH UHYLHZ
HITHF WYV R | W K H LUV W IWOEIMRLPW Q G HPL
pariFXODUO\ RQ +50 FROQWH[WY DQG SUDFRWEKHWYHYKH HP
SUHVHQWHG LQ WKH ILUVW SIHJWPRQ HRHBQEXS\@UH EDV
7R EXLOG D EHWWHU FRQQHFWLRQ WNWZHRPQ@HVKHX GL\U VW
UHSHXWSWWHKHYHWHBERBHBERVDLOHG FRQQHFWLRQV RI WKH K
OLWHUDWXUH DV ZHOO DV WKH GHYBVMWS®DBW RI WKH FW

+ TKH W\SLFDOO4A5RFRXWUNQBDQDJIJHPHQW PHDVXUHV FD
HIITHFWV RIR2IWKHSDQGHPLF DUH SULPDULO\ UHODWHG
PDQBEHPHQW ZRUNIRUFH UHTXLUHPHQWWVZQKLWL@WJ RUHH]H
WHPSRUDUWGXWIDQU ODERXU UHTXLUHPHQWY E\ DXWRPDYV
DQG WKH LQQRYDWLYH KDWQGOBHWGERQRIRZRARUNIRI KRXU
eQDEOLQJ GLUHFWdMERRMBOERFUHYI RI UHSODFHPHQW S
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+ $PRQJ WKH UHVSRQGMWXH RRRWW LNJHWXRQWO\ DSSOLH
PDQDJHPHQW PHDVXUHV D UH URR QU NOMNHRIDK MZ LIMG WK |
KHDGFRXMBEMLYJ GLUHFWhEZ RRFXSPWLRQODO KHDOWK D
PHDVXUHM QJ IUHH]H D QG BRQRZIGARIDEDDOYHXHQW DW ODL
FRPSDWKB®W VPDOOHU RQHYV

7TKH K\SRWHKHEFURNHQ GRAQRWKMHRVHMXE

+ D$PRQUKH UH VBRIDGILOKWMLRRWW IUHTXHQWO\ DSSOLH
PDQDJHPHQW PHDVXUHV DRMJPRUWEDR PHIEOZLWK WK
LOQGLFDMRUQXH DQG KHDGFRXQW

+ E OQEOLQJ GLUHFWLQJ KRPH RIHP&WK QMHZGRY B Xs\W W
PHDVXUBWGXFUQJ WKH ULVNV RI WKH SDQGHPLF +5 |
PHDVXUHV DUH FRURYIDQM® IRV KHQGLFDWRUYV
UHYHQXH DQG KHDGFRXQW

+ F  7WHR W IDWNW LW X G A DLLVD@M RUFIDLVDWLRQV WKDW D
DFFRUGLQUXWP QEYWHDGFRXQW

‘H GLYLGHG WKH UHSRUWL QY RF WLKRQ V HEAX\D MWH L\Y VR KN E R
,Q ERWK SDUWV ZH IROORZ WKH PHWKBRGBPWHWUGWWEBY
&ULVLY ODQDJHPHQW OHDVXUHV LQ WKIH +5X®UBD\'XULQJ
/JLWHUDWXUH 5HYLHZ DIQE&TXRHQKR GRRERINDOPWLRQ DQG
DVVRFLDWLRQDO - @BBD/AHY FRQG XUDWOHG

7KH GDWD ZHUH FROOHFWHG LQ WZRUSRDWHKHRIILD VY HA/ZN

ZDYRWKH SDQGHPLF-XEHWEZABQ -XO\ DQG EHWZHHQ
DQG 1RYHPEWHVXDWLQ®DG UHVISRWHWLYHO\ 6LQF

WKH VDPSOHV G XULSXIDWRHMQW AR PDWFKK\WKH UHVXOWYV DI
FRPSDUDEOH WKXV ZH DQDOH{HW VWWMWERSDIU® WM BN S U
7KH GHPRJUDSKLFV RI WKH VDPSOHVRD RKX W BVMULAEHSG |
7KH VDPH TXHVWLRQQDLUH ZDV XVHGLGKQDQJOCERW K D/HJ®
KWWS OLPHVXUYH\ V]U'I® XKQILK&H[IBXWMKRUV ZLOO SURY
(QIOLVK WVRUDRUBPWURQLFDOO\ RQ UHTXHVW

7KH PHWKRGV RI DQD OV ELMDD H HNBREWHNVINBDIAIHR XU K\SRWKH'
IRU WKH GRWBWIHHRRWKH ODWHULDO DQG PHWKRGRORJ\
SDUW RI RXU DUWLFOH

&RQFOXVLRQV DQG WKH GLIVFLAWBRCARNAKEVDW MWH. VA\HX G\ 'V

2 Results from Two Questionnaire Survey Waves

,Q WKH FXUUAH WUHHEWHRIQOWLQIJ WKH WHVWYV RI WKH W
K\S RW K AWZHRV FIRE V H-AXW WMLHR @ X E
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2.1 Examination of the First Hypothesis

,Q WKH ILUVW SKDVHKLUFRXAR P S H\DHMN KR K WV K HD PLLLOWDAW L R
ZDYRd WKH SPDMEBFPHN VZKDDWHBFULVLY PDQDJHPHQW PHD
LQWURGXFHG E\ WKH UHVSRQGHQW RNQB®LRDWIEKRQV F
FRURQPMMGHRVYF )LGMVHAULEHV WKH W\SLFDO FULVLV PDQ
LGHQWLILHG E\ WKH UHVHDUFK UHVXOWYV

$Q RYHUZKHOPLQJ PDMRULW\ RI WKHFRIQ¥F® KX G Gl I QDM RW K E
ILUVW ZDYH RI WKH SDQGHPLF WKDWWRHAH+® HHOMXOUHYV Z
ZKLOH RQO\ LQGLFDWHG WKDW DWKH D RK 8 DW BAHNUM. V V
at WKHLBHROQ WKH FULVLY VLWXDWLRQ

1HZ RFFXSDWLRQDO KHDOWK DQG ZR UNWKMHI KW J KPHMWY X U
SURSRUWLRQ DV D WDVN WKDW DSERQVHGHWRECRP
SHUFHQWDJH RI UHVSRQGHQWYV AIQEEULINDWMHAG W K D W
(QDEOLQJ GLUHFWLQJ KRPH RIILFHK EBYFHQAANBPIIHNV LQ D
LQ WKH SUDFWLFH RI WKH RUJDQLKDWMLRQWKH® VXFK D
VHOHFWHG WKH KLJKO\ FKDUDFWHULVWLF FDWHJRU\

,Q WKH VDPSOH-SODERUBSVERHOHBHQW SODQV DQG DG
HPSOR\HHV VRFLDO SUREOHPV DS S HDBUHBNW K M QR LURGQ I
ZLWK VLPLODU SHUFHQWDJHYV

TKQH[W WZR SODFHV DPRQJ VRPHZKDWJIWSBUNRQD/ARO XV
GHYHORSPHDWG KLUHAKJIH $W WAKKH IRUPKHQ\ WASLFDC
PDUNLQJ LV ZKLOH DW WKH ODWWHU LW LV KLIJIKHU

W FDQ EH HVWDEOLVKHG WKDW DARBIRYGEHQMWAMXBDHG HC
D GRIHQ-BM\QRH)QW LQ WKHLU SUDFWLFBO RAHAJHUDUH |
UHYLVLQJ WKH HTXDO RSSRUWXQLVGEHWMMUDWHILF S

GRZQVL]LQJ RI WHPSRUDU\ VWDII QWVUWMBXEQQRQJODER:
GHYHORSPHQW UHGXFLQJ O DERDARQUMARKQHPBIQW R &
WKFLQJ IULQJH EHQHILWYV UH YWD/Q Q/AMWWKHP SHU |
GRZQVL]LQJ UHYLVLQJ WKSIDLQBHEWLYH VFKHP
UHGXFWLRQ RI ZRUNLQJ KRXUYV U HE XK QR XWKH UL
WUDLQLQJ

In the survg of the second wave of the pandenZi¢] DOVR H[DPLQHG ZKDW +5 F
PDQDJHPHQW PHDVXUHV ZHUH LQWURBQVH® EVIMXBE\UHV
WKH DSSHDUDQFH RIGHKPHFRURQDYLUXYV SDQ

JLIXUH VXPPDULVHYV WKH GDWD RI WWH+¥HRRQYGEVZDYH
PDQDIJHPHQW PHDVXUHV FKDUDFWHULDIOG WIRHZKBWSR Q
SURSRUWLRQ RI WKH RUJDQLVDWLRQV WKH PHDVXUHV H

$ VXEVWDQWLDO SHUFHQWDJH RI RHDWQ45/ KWGRWB VNV
UHODWHG WR WKH HIIHFWV RI-WKHUSD QG WKIHP G HG @HRWY
UHDVRQ IRU LQWHUYHQWLRQ E\ WEK HBWHONMD WIRWX DY
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RI UHVSRQGHQWY YHU\ VWURQJO\UGHICGED WRR/QVWR WK
SDQGHPLF

YJLIXUH
7\SLFDOPPQIDVIHPHQW +5 PHDVXUHV LQ WKH ILUVW SKDVH

YLIXUH
7\SLFDO FULVLV P D Q D JG PUNINH NEHFRQEX UH V
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7KH PHDVXUHV PDUNHG E\ PRVW UHV S\RRQ G HORVZ VH PW HRQ\® U
"1HZ RFFXSDWLRQDO KHDOWK D QUE@DLIIHG L PHHDWIXQHKRP |
RIILFHV "(ODERUBDSMUR@QUAJ RI UHSODFHMHQBW SODQV
"$GGUHWRSOR\WRINLDO SUREOHBXW IRU QHDUO\ RI
RUJDQLVDWLROXSSRUWLQJ SHUVRQROLQHYIBORSH HQW
"SHGXFLQJ WKH ULVNV RI WK H vADIEE\HP MF\ S\LEDRX KWW U D L
RI RUJDQLYHDYNVRQY WKH LQFHHGWLYHQYFXWKAHSHUIRUPDC
DSSUDLVDO V\VWHP° WKH VFRUH Rl WKRRE EHI1QJIDRGRYV
PD\ VXJJHVW DQ LRMKHWRDWKBVIHSEHRB XOFMWHIIRQ R1 ZRUNLQ.
KRXUV" WR VRPH H[WHQW /HVV WIGHE® G X FRIQU HOSRRYAH Q
UHTXLUHPHQWYV E\ DXWRPD®H ®RQFWQF IOQERXQ WRHT X WU R BF
WUDLQGHYHORSPHDW JLRHYLVLQJ WKH HTXDO RSSRUWXQL
SODORZQVL]LQJ RI WHPSRIHGNXNFYWD IULMQAB EHQHILWV 7
ODVW SODFHV ZLWK*30QGIWWH]H3DRQWHGXFWLRQ ™ 7KHVI
SHUFHQWDJHV VKRZ WKDW DW OHDORD GED YWY RIU VB FHWIL
D QIR U ZIRR VIRDXWLRQV WKRVH VHHLQJ WKH UHPHG\ LQ
IUHTXHQW ,W PD\ EH VHSDUDW H GQJIKW KKIOH DIKRW MGL W KW G
WR SURYLGH SURGXFWLRQ FDSDFLW\ EVWSRRWLFDO R
WHFKQRORJLFDO GHYH®R S FRIDID RRHMDRPXWIRQV HYHQ
ZLWKRXW WKH SDQGHPLF VLWXDWLR®H EXLWHWY KW KFXU U H
PRPHQWXP

.| ZH RQO\ FRQVLGHU WKH KLJKO\ WFRIQF® @ DPYCHJ RL QUKH
SDEBLF WKH PRVW IUHTXHQW +5 PHDVXUHWQ@GBUH A1HZ
VDIHW\ PHDVXUB@GUHVVLQJ HPSOR\HHVY VRFLDO SUR
“(ODERUDVMLR@QUBJ RI UHSODFHPHQW, PODQAMG ) X UW

ZHUHDEOLQJ GLUHFMAM@X SSSFRRHVR QIS HUVRQDO GHYHC
“SHYLVLQJ WKH LQFHQWLYH MBKMBMLQJ WKH SHUIRUPDC
DSSUDLVDO VS5WWHPFL@Q®WKH ULVNV RI WKH SDQGHPLF \
$W WKLV OHYHRRIKHRSRYWRQRWLRQV ZHUH XQGHU

2.2 Examination of theSecond Hypothesis

$FFRUGLQJ WR WKH GHVFULSWLRQ MR RRIQHG R HWH® GJRD@AN
FRUUHODWLRQ VWXGLHVY VSHFLILFDO QJRRR HDHAK /O P S (
RUGHU

7KH UDQN FRUUHODWLRQ ZLWK WKH KMLDVKARXQRW @ B U LDIE
VWUHQJWK LQ 7DEOHLJIRRLWW QW YDKH RR@H SDLUV

7TDEOH
5DQN FRUUHODWLRQ EHWZHHQ +5 PHDVXUHY DQG KHDGFRXQ

Measures N Spearman’s rho
1HZ RFFXSDWLRQDO KHDOWK DQ

(ODERUBSMIIRIQUBJ RI UHSODFHP
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'RZQVLILQJ RI WHPSRUDU\ VWDI

No tasks

339

—0.250***

(QDEOLQJ GLUHFWLQJ KRPH RIIL

$GGUHVVLQJ HPSOR\HHVY VRFLD

+LULQJ IUHH]H

5HGXFLQJ ODERXU UHTXLUHPHQ
VROXWLRQ

5HGXFLQJ ODERXUWUWDI X@UPO®

5HGXFLQJ WKH ULVNV RI WKH S

p p p< UDQN FRUUHODWLRQ FDVHV ZLWK RYHU
ZLWKUH\ EDFNJURXQG QHJIJDWLYH YDOXHV ZLWK LWDOLFV

DE

7KH UDQN FRUUHODWLRQ ZLWK WKHLQHYKIQXH RADGH.D ERO +
VWUHQJWK LQ 7DEOHLJREMBDDE K B DQRY

7TDEOH

5DQN FRUUHODWLRQ EHWZHHQ +5 PHDVXUHV DQG UHYHQXH |

OHDVXUHV N Spearman’s rho
1HZ RFFXSDWLRQDO KHDOWK DQ
(ODERUBSMIRINQUAJI RI UHSODFHP

'RZQVLILQJ RI WHIPISRUDU\

1R WDVNV

(QDEOLQJ GLUHFWLQJ KRPH RIIL 334 —0.233***

$GGUHVVLQJ HPSOR\HHVY VRFLD

+LULQJ IUHH]H

5HGXFLQJ ODERXU UHTXLUHPHQ
VROXWLRQ

5HGXFLQJ ODERXUWUWDI X@UPO®

5HGXFLQJ WKH ULVNV RI WKH S

p p p UDQN FRUUHODWLRQ FDVNDQXW R RYMUWG
ZLWXUH\ EDFNJURXQBO XQH\V XWWXHLWDOLFV

DE

7KH UDQN FRUUHODWLRQ ZLWK WKH IKHDGKRRIXQRW & B U LDIE

VWUHQJIJWK LQ 7DEOHVLJIRRLMAB QW YWDKH QR@QH SDLUV

7DEOH

5DQN FRUUHODWLRQ EHWZHHQ +5 PHDVXUHY DQG KHDGFRXQWV

Measures

N

Spearman’s rho

(QDEOLQJ GLUHFWLQJ KRPH RIIL

1HZ RFFXSDWLRQDO KHDOWK DQ

S5HGXFLQJ WKH ULVNV RI WKH S

(ODERUBSMIIRIQUBJ RI UHSODFHP

5HGXFLQJ ODERXUWUWD XGHPOR

$GGUHVVLQJ HPSOR\HHVY VRFLD
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'RZQVL]LQJ RI WHPSRUDU\ VWD

+LULQJ IUHH]H

5HGXFLQJ ODERXU UHTXLUHPHQ
VROXWLRQ

S5HYLVLQJ WKH HTXDO RSSRUWX

5HYLVLQJ WKH SHUIRUPDQFH DS

6XSSRUWLQJ SHUVRQDO GHYHOH

No tasks

926

—0.096**

S5HYLVLQJ WKH LQFHQWLYH VFKH

3D\ IUHH]H

'RZQVL]LQJ

p p p UDQN FRUUHODWLRQ FDVNYQXW R RYKMHG
ZLWKUH\ EDFNJURXQG QHJIJDWLYH YDOXHV ZLWK LWDOLFV

DE

7TKH UDQN FRUUHODWLRQ ZLWK WKHLQHYKRQGHUYDRILDEOF

VWUHQJIJWK LQ 7DEOHLJIRRLWW QW YDKH RRQH SDLUV

7TDEOH

5DQN FRUUHODWLRQ EHWZHHQ +5 PHDVXUHY DQG UHYHQXH

Measures

N

Spearman’s rho

(QDEOLQJ GLUHFWLQJ KRPH RIIL

1HZ RFFXSDWLRQDO KHDOWK DQ

(ODERUBSMIIRQUBJ RI UHSODFHRA

$GGUHVVLQJ HPSOR\HHVY VRFLD

5HGXFLQJ WKH ULVNV RI WKH S

'RZQVLILQJ RI WHPSRUDU\ VWDI

5HGXFLQJ ODERXUWUWDI X@UPO®

+LULQJ IUHH]H

5HGXFLQJ ODERXU UHTXLUHPHQ
VROXWLRQ

S5HYLVLQJ WKH SHUIRUPDQFH DS

6XSSRUWLQJ SHUVRQDO GHYHOH

No tasks

906

—0.083*

Pay cuts

955

—0.082*

3D\ IUHH]IH

S5HYLVLQJ WKH LQFHQWLYH VFKH

p p p UDQN FRUUHODWLRQ FDVND@ZXW R RYMHMG
ZLWKUH\ EDFNJURXQG QHJIDWLYH YDOXHV ZLWK LWDOLFV

Chi-square (crosdable) analyses for the H2¢c hypothesis

DE

$W WKH DFWXDO DQG UDQGWW KL KWD GERWQ R/QFDMWAHRIRGILL
H[SHFWHG IUHTXHQFLHV IRU WKH ILUVW VDPSOH DUH VK
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7DEOH
&RQVLGHULQJ WKH 31R WDVNV’" PHDNRGRRPKDW FEWHIURWWHF DIEERWG Y
How characteristic is the | Headcount categories (person) Total
No task opinion? 0 1-9 | 10- | 50- | 251- | 501 | over
49 250 | 500 | 2000 | 2000
No task | 1R | $FWXI 44
at all ([SHF
Yes| $FWXI 7

([SHF
Medium | 1R| $FWXI
level no ([SHF
task Yes | $FWX 7 |4 |4 |4 |76

([SHF
Very 1R| $FWXI 77
much ([SHF
notask "yesT $FW X I 4 4

([SHF

$FFRUGLQJ WR WKH 7DEOHYY GDWD URHWKHDMDAR ORZHYV
WKH UHFHLYHG IUHTXHQFLHY DUH DOZD\WKEH/®O RZK W KH
VPDOOHVW RUJDQLVDWLRQV LQ FRP®NVZHWRHEG WRUWDQ
I[UHTXWEDOR® H{fWHQW WKH\ DJUHH WKDW WKH\ KDYH 1F
1R WDVN DW DOO WKH YD®XH RI &WKPOW WHU HWKH FRUUFE
LV VLIQLILFDQW ,Q WKH FDVH RUOWPEEXPQ&®HWD U NQ |
HI[SHFWHG FHG®RWDWHKMHAWKGLGVKXY KHUH WKH WHVW FRX
7R UHPHG\ WKLY ZH FUHDWHG D GXPP\ YDWKDW®H EDVF
YDOXH LIl WKH RUJDQLVDWLRQTV KHMDKGCARKQWO GRHV QIR
LV KLJKHU %\ WKH DSSOLFDWLRQ RMKW KWW VWD UFIRDXEDGEH ER
SHUIRUPHG LQ WKH FDVH RI OHGLXP OHFMRG QWK HVODNWBI
PXFK QRVWDV M ZLWK D VLIQLILFDQW UHVXOW LQ E
GDWD GXSOLFDWLRQ ZHDG DE \Q RW GBEXHE WLKMHK\ WK HVWHOHDU |
7TDEOH

$W WKH DFWXDO DQG UDQGWR IGH VWHLY HEXXML R Q WIHRIFRRRJUW G
H[SHFWHG IUHTXHQFLHY DUH VKRZQ LQ 7DEOH

7DEOH
&RQVLGHULQJ WKH 31R WDVNV’™ PHDWVNXYHIBWHJIBEWHWY L VIWLNFNVD¥BREGH

How characteristic | Annual budget/revenue in 2019 Total
is the No task| ynde | 51 -| 101 |501 | 251 | 25.1 | over
opinion? r 50| 100 | - millio | - 25 - 100

milli millio | 500 | n billi 120 | billion

on n milli | HUF - | on billi HUF

HUF | HUF on 2.5 on
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HU billion | HU HU
F HUF | F F
No N $FW] 40 60
task | o ([SH
at WHG
al el sFw 6
S ([SH
WHG
Me N $FW 70
diu | o ([SH
m WHG
:e‘r’f) Ye | $FwW 6 4 76
task s ([SH
WHG
Ver | N $FW
y 0 ([SH
muc WHG
h no
task Ye | $FW 6 7 4
S ([SH
WHG
Total $FW 76
([SH
WHG
(85 +3) @

7KH OHVVRQV Rl GLVW®IKBEX WHR 8 QXFF RO@/IHJRULHV DUH
VWXG\ FRQGXFWHG EDVHG RQ KHDGRR XQWH QQV VDK H HFHDR/HHC
WKRVH ZLWK UHYHQXH XQGHU +8) P\ PYLODUIIDREB MMV WKH R
ZLWK UHYHQXH XQGHU +8) |UPIXE QR D MKHDHG ZRRWH ZR ;
H[SHFWHG ZLWKRXW FRU U HODHW SRIG F R@ GALKAH. RIQU RW &RLDD/
FDOFXODWLRQ LV PHWWBEBGREBROGMQARY Z WK VY JQLILFL
p 6LPLODUO\ WR WKH VR ®RXVKIHOWG PESQWH @ H. @ DAGKH-
[ PDWUL[ KHUH DV ZHO O UHKYHEVRMEBHGR WeRe WK FW®& H Z
LQGLFDWHG UHYHQXH ZDV XQGHU +83U WKIDWO DRP® X Q /G
7KH WHKQW WKLV ZD\ KDG D VLJQLILFDQMW FIDR\HXBW LQ E
PHGH&® DIUHHPHQW p DKLJXH YH O p

Thus, in the first samplave found evidence that H2¢ cannot be disregarded.

$W WKH DFWXDO DQG UDQGRP GLVWW BFXOMHIR WIFH\R UG K
HISHFWHG IUHTXHQFLHY DUH VKRZQ LQ 7DEOH
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&RQVLGHULQJ WKH 31R WDVNV " PHDNBRGRRXXDW FEWHURWWHN DWFHFRRIGGE (

7DEOH

How characteristic is the | Headcount categories (person) Total
No task opinion? 0 1-9 |10 |50 | 251 | 501 | over
49 250 500 | 2000 | 2000
No task | No | $FWXI
at all ([SHF
Yes| $FWXI 7 66

([SHF
Medium | No $FWXI 770
level no ([SHF
task Yes| SFWXI

([SHF
Very No | $FWXI
much ([SHF
notask yesT sFWX 6 76

([SHF
Total SFWXI

([SHF

,Q FRPSDULVROQLIZVW KVIDWKSHOMH D FRQVSLFXRXV GLIITHUHQ
RUJDQLVDWLRQV HMESJORH®@ IWKBHRRBOM IUHTXHQWO\ WKL
XQQHFHVVDU\ WKDQ ZKDW ZRXOG EH H[GHEXWHIRQQ WK
PRUHRYHU HYHQ OHVV IUHTXWORQ@A HARSABRHRPBIORIUID QL YV
VKRZHG FKDUDFWHULVWLFV VLPLODQ YW ROM/KWY WRDQLHU
SHRBKHPHG WR AMRLQ™ WKHP 7KH &UDRREBOHILBRDOFXC
WKH FDVH RI WKW ILUVVW YDULDEDKLAK VADQLILFDQW
‘H WUDQVIRUPHG WKH KHDGFRXQW Q@B LDEOH. LKW R
WKH QHZ WDVNV ZH GYHRY®MHK HOUL (VKD , WK& WKLV ZI
FRUUHODWLRQ ZDV VLIJQLILFDQW IMDWKH FPVH RI WKH 0
DV ZHOO DV WKH ¥HU\ PXFK QR WIDX\W LQ VXPPDU\
ZH DUH ZLWQHVVLQJ D SKHQRPHQRQUY DR LWBHK W BWW ADXI
ZLWK WKH GLIIHEUHKDARL RAK DIVQWKIHW LRQV ZLWK QR HPSO
PDWEKK WUHYLRXVY DQG WKH KHDGFRXQW OLPLW ZDV SXVK

$W WKH DFWXDO DQG UDQGWR IGH VWHY HEXXML R Q WIHRIFRRRJUW G
HISHFWHG IUHTXHQFLHY DUH VKRZQ LQ 7DEOH

R204 A



Acta Polytechnidangarica Vol.20 No7, 203

7DEOH
&RQVLGHULQJ WKH 31R WDVNV’™ PHDVMNYHQRKD BDWW BRIWU VMAL FVIHFRRQUES V Q

How Annual budget/revenue in 2019: Total
characteristic iS | ynd | 51 - | 101 - | 501 2.51 | 25.1 | over
the No task|er | 100 |500 | milio |- 25]- 100
opinion? 50 milli | millio | n billi | 120 | billion
milli | on n HUF - | on billi HUF
on HU | HUF |25 HU | on
HU |F billion | F HU
F HUF F
No N $FW 66
task | o XD
at ([S
all HFWH
G
Y $FW
es | XD(
([S
HFWH
G
Med | N $FW 77 76
ium | o XD
level (IS
no HFWH 7
task G
Y $FW
es | XDO
([S
HFWH
G
Ver | N $FV 64
y 0o | XD¢(
muc (IS
h no HFWH
task G
Y $FW 4
es | XD
([S
HFWH
G
Total $FV
XD (
([S
HFWMH 0
G
(85 +3) @
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7KHHVXOW -RT WIXBHMKRIERWY DQDO\WHY SHUIRUPHG RQ UH"
VKRZHG PDUNHG GLIIHUHQFHV EHWZH H/M MRCHGWEZW ZDVYH
RQO\ WUXH IRU WKH ORZHVW UHKHYBN H FOMHRIRQW LYD W KD
WKDWURRASIRQGHQWY PDUNHG WKH SURSHODIHWMWO RI W
RUJDQLVDWLRQV %XW, D@/ DO FDAHHD RW KLIIR RUDMND LV D W L R

PLOOLRQ DJUHHG PRUH ZLWK QR7 IOH V&P pUKYD @ WK
FDOFXODWLRQ WKW $SRWWLROBQA®Q WKUHH YDUDDEOH SDLU
VLIQLILFDQW FRUUHODWLRQ LQWHKH B HWHK®R®H $ BUHLLD B/QIE
GXPPLHV ZH ZHUH DEOH WR VKRZ VLJMRILWADYQHD XL I 1HL

FDWHJRULHV ,Q WEW BIDVHVRKH R WDWN¥YDV +8) PLOOL
p +8) PLOOLRQ ZLWK ONGLXPpPpPOHYHODQR WDVN
9HU\ PXFK R WDWNN

Conclusions

$FFRUGLQJ WR RXU ILUVW K\SRWKH D VXKBW KW FULV
WV\SLFDOO\ RFFXU LQ WKH +5 VHFWHRL G OH RV B UL R B ULION
UHODWHG WA R B DISFFRQW WHRTNLUBHFEHQWY ,Q WKH ILUVW !
UHVHDUFK UHVSRQGHQWY LQGLFDWHWGHWK HP H B XRIFFX S L
DV WKH KLJKH DWW G MK QWEH. QJ GLUHFWLQJ KRPH RII
WKH SUDFRUBBQRIVWWHRBQBFWLFDOO\ VLPLODU SURSRUW
ZHUH FOHDUO\ QHFHVVDU\ DV WKH FDO®/M RW WIXFHNEQ 1V
KXPDQ FHVRMWKH FRURQDYLUXV $GGUHVVLOJILYPSOR\HH"
WKLUG ZKLFK LQ WXUQ FOHDUO\WQGQFDXWHE D GRRNME DI
WHPSODWH LQ WKH PDQDJHPHQW RI VBKH YLRX W FHQL V€ W2
IUHTXHQF\ UD@PMIDQWIXBHWKHDPLQHG ,QVWHDG 3D\ IUHH
DQG 5HGXFLQJ ZRUNLQJ KRXUV ZHUH FHKRVHXLEA MAKKH RU
UHODWHG ERWK WR DGGUHVVLQJ DRF ER® SDUREHWHR U YDIC
UHDOWYHGGDQJHU RI ORV\ RVRN ORZDHGUBJIJGX%R KHDGF!
PDQDJHPHQW ZDV UHDOO\ LPSRUWD @D VHEBWRO®5DKRW ZD O |
SDUDGLJP 7KH JURZLQJ LPSRUWD QM KRIUK)OR BQFDSLW D
ZLWK LQWHUQDWLRQDO H[SHULHQFH >

,Q WKH FULVLV FDXVPHE RDYKGLSRBX RS RQ WKH VDIHW
KHDDOQ®-EHQQJ RI HP S& RAKHY WULHG WR UHVSRQG WR W]
ZLWK WKRXJKWIXO SODQQLQJ BPSORAKNIBEYHDRGPHQ
FRPSHWW Q® >71@H IUHTXHQF\ RI UHPRWH ZRUN KDV LQFU
ZRUOGZL@KLY ZDV DOVR WKH PRVW FRPPRQ @HDFWLRQ |
WKH IUHTXHQF\ RI WKLV ZDV VLJQ@LIWKDRRUM K P $IOHRYHLIHY |
HVSHFLDOO\ LQ WKRVHVELWK ZIRULAKL1LY BDYR FRQVLVWH
OLWHY BRXUMBUWKH ILUVW SKDUW RDW SKH HFLIMVGIHOR LW K H «
FRPSDQLHV WKDW LQWURGXBH@KURRRWHVXBERUWH/G/ R\
UHVXOWYV RI RXU VWXG\

$FFRUGLQJ WR RXU VHFRQG UHVHDURKQR\SRWHE VBV +
FULVLVY PDQDJHPHQW PHDVXUHYV IRQYU WKH WY HKFR UUHC
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DQG KHDQFREK@MW)J GRPHFRMLI@GIHZ RFFXSDWLRQDO DQG KI
VDIHW\ PHO@#XUH®J IUHH]H DQG 'RZQVL]LQJ DUH VLJQLILF
LQ ODUJHU ILUPV WKOB K WPQR FRWBRHETWLRQ DQDO\VLV
E\ D FFMRDVE/XODWLRQ DQDGKXBRWKMHWKH MRKQILG FEKE W KD W
WKH UHODWQWH K D ®RRE UHY RQIBE Q& VKRIRBU H SURQH

LW LV WR SUDFWLFDOO\ DOO Rl WKHD@BDVKWYHWHBGWW H
EHFDXVH 'RZQVL]LQJ VKRZHG D VL HPSREDQW ZRRUNHLUO/D W

7KH YHU\ ZHDN FREHWZBWERVDERMRNNVQ BWWLWXGH DQG WKH
FDWHJRU\ DQG WKH UHYHQXH FDWRRRU\ WXRZFD QVKRBW
VPDOROHIWD QLVRWRWOEKXKODWLRQ DQDO\WHYVY KDYH FRQILUP
LQGLFDWH WKDW LQ WKLV UHVSHFWUWK®L®DMNMIVREHWZH
KDYH EHHQ GLIIHUHQW DW HDFK SKPREVRVWHKQW ZQE K PW
UHVXOWY RI LOWH@QDWLRQDO VWXGLHYV

$FFRUGLQJ WR RXU UHVXOWY QHDUO\WKIRIFERNED @AV
DOO ,QWHUQDWLRQDO GDWD R QKWHKHKI IRWHK PRI UKD RGP AVRK®&
LQ RXU VDPSOH UHVSRQGHG PRUH TXIRFNDUDKG SUR
FRPSDRQI@ADWYG WKHLU HPSOR\HHV ZHUH PRUH@VDWLVILHG

$PRQJ WKH W\SLFDO +5 PHDVXUHV ZDJH VRORPWLRQV
FRPSDQLHV GRZQVLILQJI>PEBARWIKRUZDIBIUBKWRQE®RG GRZQ'
ZHUH PRUH W\SLRRQHKI FREBVYIWKDQ GRPHVWLF FRPSDQ
REVHUYHG WKDW ERWK SUHYLRXVO\ QQGLFDWHG PHDVXIL

$V WKH FRUUHODWLRQ LQ RXU UHRXOW®W VEHVQHEHDGM G| X\WR
VXEVWDQWLDWH WKLV VWDWHPHQW

Limits and Future Plans

,Q WKH ILHARM) 6 BK VVHV RIHR XWKZMRHZ/BINDHM R1 D TXHVWLRQ
VXUYHRKLFK URXJKO\ FRLQFLGHG ZLW KKBAKGHIRIUR/W DQG
ZH UHYLHZHG WKH DFWLYLWLHV R @MDULO\QRERP BQGLBE \K
DQG LQVWLWXXNQABQNZDW D WKDW RXU VDPBDHYHW QRW UH
LW LV UHODW LKYHVON UGRD bl DRI BW KXY LVDWLRQV SDUWLFL
represerd G L I lHEBIQWW RI WKH +XQJDULDQ HFRQRP\

$FFRUG 4@ X\GRXZDU DQG &XPPLQJ - FULWKM BORXJIKW

DWWHQWLRQ WR WKH LPSRUWDQFH RIKBRQU LQWHZU Q\DRAHL |
SDQGHPLF UHPLQGHG XV RI WKH LQWHWGF RTKHUHVRGI H V
VWXGLHV IURP FNUYWIDIDY WHUH RAQIDULDQ-HP[DWPSOH LQ W
SURYLGH DQ LPSRUWDQW ORFDO SHUUSYBMLRQHDORQ
PDQDJHPHQW DQG PD\ KHOS XV ILQG DOQRNEDQFOURGMKWLR
H[SDQGLQJ WKH VWXG\ LQ DQ LQWH XQ DUHMHDLF G XRH QY
DQ RQOLQH VX UDWHNHQRMIGH BEHQWUDO (XURSHDQ FRXQW
6ORYDNLDD @®\GRPD QLD ,W FDQ EH VWDWHG WKDW RUJL
SDQGHPLF PXVW DO VRUIDPQVVEMILRPMWLRROWXUDO GLIIH
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panGHPLFV PWKH UHDO W KV HDRWWSR RN @ YW VIIDW W Bl W LER Q
FOLPDWH FKDQJH H][PDGYNWLREDWHVRKTUFBI®LWLHV
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Water 4.0 in Hungary: Prospects and
Cybersecurity Concerns

Tamas Szadeczky

'HSDUWPHQW Rl ,QVWUXPHQWDWLR@WDRQGQLFXW@REDWLRQ

&RPPXQLFDWLRDRAMWPE PDFXOW\ RI (OHFWULFDO (QJLQH!
OEXGRLYHBAFWN E % X GIXSHDW \

VIDGHF]N\ WDRB¥XMEDNKXQ L

%XGDSHVW 8QLYHUVLW\ RI THFKQRORQRPQOE GREQRPLFV
6RFLDO 6FLHQFHY 'HSDUWPHQW RI OFDIJHPHQW DQG %
O0&HI\HWHB % X G DEXQYID U\

VIDGHF]N\ WDPDV#JWN EPH KX

Abstract: This paper discusses the increasing significance of smart water management
within the context of the fourth industrial revolution ahé associated cybersecurity risks,
particularly in Hungary and Central Europe. By examining the current state of sratet w
management and analyzirtfe various cybersecurity threats, ishstudy seek to raise
awarenessaround the need for enhanced security measutiasthis critical sector.

The research methodology is primarily based ¢iraughliterature review and secondidy,
onrelateddata analysis. The paper identifies several cybersecurity challendgsosential
solutionsfor smart water management afiidally suggestsuture research directiongo
ensure the safe and sustainable development ofritical infrastructure.

Keywords: Control system security; Critical infrastructurprotection Cybersecurity;
Digital transformation; Wateutility

1 Introduction

7KH UROH RI ,7 LQ HYH®IEOWRUM. VXWE&HQLDEOH 7HFKQR
RXU OLYHV PRUH FRQYBQWHKQWH DY G HSHWLMWQWH ZRUN O
HITHFWLYHO\ DXWRPDWH SURF HHOHBN WeRHS IKAKIQRIO R J L |
RQ ,7 DW WKH OHYHO RI WKH LQGLHWL\G MO WWHK H R Y BIDQR |
LQGLYLGXDO WKH YDVW URDIMR U HWW\KRIP M \DWLXRG QRR Z

FRPSXWHU :H FDQ GR RXU ZRUN |UR PWKR BH WRZRRQJQIH ¥ MDH C
D931 FSHUKRSW XU ZKRDBBHW WWLQJ RQ WKH SODQH :H SR
*RRJOH VHDBBKODRBUHEXVLQHVYV SDUWQHUV SUHIHUDE(
DQG HQFU\SWHG :H UHDFK RXU UHPRWH GRPBMG RQHV
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DSSOLFDWLRQV :H XVHG WKHVWXLOLRLIOWWHHRHDQ R XU XS/DV
HIWHQVLYHO\

"KHQ ZH WKLQN RI DQ RUJDQL]DWLRQYV RFHLHMG HW FHL W (
YLUWXDOO\ DQ\ EXVLQHVV UHFRUW DRUY BFOZP NI WF XK@\
FXVWRPHU UHODWLRQVKLS PDQDJHPHBRWU G5 M UM VDADH/RY
VWRRIHERPSXWHUV-HEWON VEPRREWLQJ FDVK ERRN FDQ
SDSHU IRMQMRXEMAFRXQWLQJ WKLY QRZ VHHPW FRPSOHW
PHGLXP VL]H LW LV FRPPRQ IRU RWHDIQD\W WGE R B3/ W\ R VIO
VXFK DV 6$3 RU OLFURVRIW '"\QRWLRQ OXKREKWEWDFWHGJ FR
DOV®&KH SURGXFWLRQ SURFHVV

1.1 Industrial Revolutions

7KH W HUGPX WBHMARMXWLRQY LV WKH EHVW ZD\ WR GHVFUI
SURGXFWLRQ DQG PDQXIDFWXULQJ 6MHFEKGYBDQREXWLRQV
WHFKQRORJ\ DQG VLJQLHFRQRM\DLE®S DFRW¥FH E VER W K

YLIXUH
,QGXVWULD@JUHYROXWLRQYV

‘H FRXQW WKH ILUVW LQGXVWULDO WWHIYRP XVQUR QHI URKL W
ZDV VWURQJO\ OLQNHG WR WKH ER XL IRV WH HR IGIVE DR
VIVWHP WKURXJKRXWKHXWRBKQBORJLFDO OHYHO LW ZDV
PHFKDQL]DWLRQ RI WK H S\RZ[FULHOIH VIKQ. G X V WW H D\WPWUHDIL Z D\ \
XVH Rl VWHDP HQJLQHKV@KHPHPROEWRGXYWULDO UHYRO
HPHUJHQFH RI PDV@HS WRGREWHRRI WKLV ZDV WKH )RU(
PDVV SURGXFWLRQ RI PRWRU YHKISPOIQW RR ZWHKYHH U U B QWIKG
VWHHO LQGXVWU\ WKH XVH RI H®REWWHFEIRQ\H WKHKHLQ Y |
FKHPLFDO LQGX\VDU\GHYHARI®MEMWH PLOLWDU\ LQGXVW
XQGHUZHQW VLJQLILFDQW WHFKQLFDY GHDMHOR®SPMHQ WG
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E\ WKH HPHUJHQFH RI PRQRSROLHV D®@GPIMRGQHCA\D EY V
DQG WKH GLITHUHQWLDWLRQ RI WWHN IZRQ NIBQWKAIR WY R Q7 K
DGYHQW RI FRPSXWHU WHFKQRORJHDQKBYWKKMWWIKQH DA WHR
DXWRQRPRXV UHIJXODWLRQ DQG FROAMRIRRG IXESWVY.RBH IRLU
WKH LQGXVWULDO FRQWURO V\VWHMRPSER Q#EQ WXHH RI &
SURJUDPPDEOH ORJLF FRQWUROOHW ZAAWNKZKHBRK RWVLRQ
DFWXDWRUV LQWHJUDWHG LQWR W KAPWYBRROFRCHMW ERCL@ JE |
LOQOWHUFRQQHFWHG RYHU D VU XLWRDEGBH\ QG BXRW N L DFROU PRNKJ
OHDVXUHPHQW GDWD FDQ EH FROOHFWWMGR ORD QH5 BEFOBD B
DFTXLVLWLRQ 6&%$'$ V\VWHP RU GLVRHQWHKWHEBE\ FRQW
GLVWULEXWHG FRQWURO VA\VWHPV '&6

7KH IRXUWK LQGXVVW\LR QU HIBHYRIEEMIBRAQIQ G X V VRWL D O
,QWHUQHW RI ZRXQUW QW YW EPDWANHG E\ WKH FRQYHUJF
GLJLWDO SK\WLFDO DQG ELRORJLFDQFW\\RWHPWZ DV Z
WHFKQRORJLHV VXFK DV WKHS$UQWHOFYBWORIHRERIVS, ,R
URERWLFV DQG E[BY GRMWDLDGXYWUYO UHYROXWLRQ L
WHFKQRORJLHV EXW XVHV GLIIHUHQWULRFEGBOEVLQIRGAP
PHWKRGV DQGULY HDQGIDAW® QHWZRUNHG 04 SKRDFK WR PDC
WRROV R% MWD FROOHFW DQG DQDO\]H SUHYLRXVO\ X
Rl GDWD ZKLFK LV ZKDW GDWD VFLHQFGGR W LGOIQW DV KL |
PDVVLYH XVH RI WKH ZHE ARYMORSWEH QQWKHIQHW D XE
aQG T-XEVLTXLWRXV WRRALVRDOV®ROVEBKO MLYHRYHU LQWR F
DQG SURFHVV PDQDJHPHQW 7KLV ZLOOHRDRIH®WQXIDF
$W DQ\ JLYHQ PRPHQW ZH FDQ RSWLLFPH |B\ DK G\JIREH V
PLOOLRQV RIFEDWBDWR®J PRUH HIILFLHQW XVH RI KXP
EHFRPLQJ PRUH HIIHFWLYH DW JHW\WO®A WK D M R © GHRUQWHL
UHYROXWLRQ ZLWK HFRQRPLF DQG /&R FLDDWL PSIDFMY RQ
RQ VDOHVSHUVRQVEHIBHWHBPRQRGQONRP D KLVWRULFL
+RZHYHU ZKDW LV FHUWDLQ LV \BWRWHW®KHGH\SH QG HQRH
,7LV D VHHPLQJO\ XQVWRSSDEOH SURFHVYV

+RZHYHU VRPHGWSRQWKH H[LVWHQFH RI WKH ILIWK LQ
, Q GV ZKLFK LV D FRQWURYQRRWLB[® MRBEHLE LQ WKLYV

6PDUW ZDWHU PDQDJHPHQW DRIDQGHADOL]HG @YSRSOL
XVLQJ DGYDQFHG GLJLWDGUWYH & QCRCBRIR.BIFVK B @ GV & DRASDV
SODQQLQJ RGHRIMWMRHQDMFH RI ZDWHU UHVRXUFHV DQ
LPSWRWKHIILFLHQF\ VXVWDLQDELOLW\ DQG UHVLOLHQF
HFRV\WWHPMFHQW \HDUV VPDUW ZDWHU PDQDJHPHQW
DWWHQWLRQ DQG® RQRNWVW O PRWWWOR & 8 YZHDROS HG VWDWH YV
XWLOLWLHV LORESPEHWBHIDHM K DIQBVWLWXWLRQV ZRUOGZLG
JURZLQJ FKDOOHQJHV RI ZDWHU VFBIUFR@G SRMIXWLF
LQIUDVWUXFW X W F D WENEEEWDWWEROY RIHBRQBWRHLY DQC
VWDNHKROGHUV IRU EHWWHU TXDOLONW)\DLI®UGDEHOL\

PDQDJHFHQW
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+RZHYHU WKH HOHDQKFBRPLWDO WHFKQRORJLHV DXWR
FRQQHFWLYLW\ LQ VPDUW ZDWHU PDQWRLP RN QBAVR F
F\EHUVHFXULW\ WKUHDWYV Z¥OMQMN QR EQ OLLQK KHMWKH B RIGL WL \
FDQ KDYH VLJQLILFDQW FRQVHTXHQRBY DRUOWWN R/IDFi)WW
ZDWHU LQIUDVWUXFWXUH DQG V H UWK HUHRG@YLVQEW ODDQ BV | F
WKH HFRQRP\ 7KH LQFUHDVLQJ LQWHUGWSMHPYVQFH DQ
FRPELQHG ZLWK WKH UDSLG SDFHGRISWRFIGRMKRILFD O
HYROYLQJ QDWXUH RI F\AEHU WKUHIVWSUBBWHWMRBWUNQY
PROLF\PDNXBGW WRVDQEVEHNVWWBQG PDQDJH WKH HPHUJLQ.

FKDOOHQJHV DVQG \R S S RMQABHHIL PO DJHPHQW

1.2 Objectives, Researctand Methodology

7€ SDSHU DLPV WR FRQWULEXWH WR WKH JBRZLQJ ERG
F\EHUVHFXULW\ DQG VPDUW ZDWHU PHQWI NPBYW KN YPDF
ZDWHU PDQDJHPHQW LQ +XQJDU\ DQG &HYDMULERXV(XURS!
F\EHUVHFXULW\ WKUHDWV YXQ@HEDBLOHMWRY DO DY
SURSRVHW BRI UHVHDUFK TXHVWLRQV DQGHVHF@®BPHQGD)
DFWLRQV WR HQKDQFH WKH F\EHZDMAXU PW QD DHGP H & WL DC
WKH UHJLRQ

7KH UHVHDUFK TXHVWLRQV DGGUHVVHG LQ WKLV VWXG\
x :KDW DUH WKH GULRHUNVQIRVKEB LDWBO MBMILRU"

x :KDW DUH WKH PDLQ F\EHUVHF XU LYWD\WDLREQ R U DE WG LUW
PDQDJHPHQW LQ +XQJDU\"

x :KDW SURWHFWLRQ VROXWLRQV DUH FXUUHQWO\
YXOQHUDELOLWLHV™

x :KDW IXWXUH UHVHDUFK GL® MARVYRQWH G DWKEIKD MEHO \
RI FULWLFDO ZDWHU LQIUDVWUXFWXUH LQ +XQJDU\"

7KH UHVHDUFK PHWKRGV LQYROYH D FRPBGHRHRBVLYH
DUWLFOHV ERRNV UHSRUWV DQGLRUWKBOLS$X®QRBDRILR
PDQDJHPHQH¥EXBWEMUWYVXHY DQG WKH +XQJDULDQ FRQWI

7KH PDLQ REMHFWLYH RI WKLV SDSHIUWLAVL WARX HY YIHWIWIL -
IURP WKH GLIJLWDOL]DWLRQ RI ZDWSURPDLGHIHPWIQWWQ B!
UHFRPPHQGDW IDFSCEWORV R /W KU X HRSHIIDQ FRXQWULHYV IDFLC
FKDOOHQJHYV

7KH UHPDLQGHU RI WKH SDSHU LV RYLGGLV D® RWY HRIORZ
RI WKH GLJLWDO WUDQVIRUPDWLRROQRWEKBWHUY PR QDBHHR/R
DQG WHFKQRORJLHV DVVRFLDWHG ZLWWKHOWBUOQ 6 H
F\YEHUVHFXULW\ LVVXHYVY DQG FRQFHUBW LLR)QV PDW \V EARDWWH
WKH NQRZHDWYV LQ WKH ILHOG DQG SRVVLEOH FRXQW
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OLWHUDWXUH UHVHDUFK DQG DQD G VWHF R RPEHFGLOW DR Q W
DUH GLVA WK WGSDUWLFXODU HPSKDVD RYWKHKH @XQ ROV L
Rl WKH UBVYRQDIHEBRW LRIQHUY FRQFOXVLRQV DQG UHFRPPH
IXWXUWHDUFK

2 Smart Water Management

‘KHQ VRPHRQH WKLQNV RI LQGXVWWH LW EIKWK DL IKWO DU DW
RU VRPH VSDFH WHFKQRORJ\ FHQWMRR @R ZBHEH GV \iR IPB|
LW KDSSHQ EHFRPH DYDLODB®HL®Y RVE H HE R QR JBIQRS BRIR
WKHLU SULFH KDV IDOOHQ GUDPDW LFIDMMIR QW RV X\DHRX\ K
LQVWDOOHG VPDUW KRPH VROXWWR® XV PRUG IZR OQDHWWW B H
DXWRPDWHFR@WYRDFRXU 1D P LIG\QKRIFPE VAWKEIDQGRD FORXG

SHUVRQDO DVVLVWDQW )XUWKHUPRRIHUVE BLMG RSX EVOK IF

VHUYLFHV LQ WKH PXQLFLSDOLW\ FIR@LEHK\WROWLPQHHGXBR
VROXWLRQ FRXOG EH WKH LQWURGXRWY RHP RH /@B G W (5 DU
FXUEVLGH SDVV GDWD RQ WR WXRIZGWKMAUWRE QBM
DYDLODEOH SDUNLQJ VSDFHV FORVEHMM \WE SWKE GUWKKWV
PLQLPL]H WKH WLPH VSHQW VHDUFKLQJ IRU D SDUNLQJ VS

2.1 Digitalization Drivers of Water Management

,Q UHFHQW \HDUV PRUH FRXQWULHV DDHHPHDOLQJ WR
ZKLFRXQWAHI W D U L-RY\O ZWWE FKDOOHQJHV DQG RSSRUYV
ZDWHU VFDUFLW\ SROOXWLRQ FOLPRQWHLGERDBDMLQ@UL
GHPDQG {RXDIOLM\ DIIRUGDEOH DQG VXVWDLQDEOH ZD\
DQG LPSOHPHQWDWLRQ RI VPDG&WQADWIHI (RD QB BIDRH QMJI
KDYH EHHQ LQIOXHQFHG DQG VKDSHG EQD®WERXV IDF
LQWHUQDWLRQDO SROLFLHV UHJXODWLRAYLFDQG LQL\
RUJDQL]DWLRQDO DQG PDUNHW GHYHORSPHQWYV DQG WI

YRU ZDWHU XWLOLWLHV WKLV P DUWR BXBDIZUKWR SW KW LFFX LRU
WHFKQLFDO DQG IXQGLQJSHYHD WERRUIGY GH Q\R UDICH ( XRIRH
tKkH ZDWHUZRUNV LQIUDNWU®RFIWKUHKD® GHQUBIBEBLDWHG VWL
WR D SUHVHQWDWLRQ E\ WKH 'HB/OWQ BIEPWHH'WPHO R 5 BWQW H
OLQLVWU\ Rl ,QQRYDWLRQ D[@G 7HRK@GRPRMW R QIDIUQ N LC
ZDWHU SLSHOLQH V- DIWNN FIDDG V L | DVGS BYIGRP LDIOL@WMO\ DW

Rl ZDVWHZDWHU SLSHOLQHVNDD®GF O DDAV LS M G RIPY. D) W O \
'XULQJ WKH UHVHDUFK LW ZDVYVGRMWQ ERRUVPD\EORQVRQFW& B F
Rl DXWRPDWLRQ ,Q D RDKIHFWWX®\VDGIROOVLVL Q WKH F
+XQJDULDQ FLW\ Rl %DMD QR FHQ®H DW SURH E\DW AR QWXS
RI D LQKDELW D QMU RAES OW KHJ HFIW H RIR YHDUDP H Q W
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PRGHUQL]JHG WKLV WRZQYV LQIUD VWKLXFRVKRWA Q P L OO RRC
HXURV EXW VWLOO QR UHPRWH EPLROQ W\ RADNMREDOLDGV L @ WHH U
ZD\ Rl PRQLWRULGRFRYU WKOWURKOHHTXLSPHQW 3/& VHQGYV
RSHUDWRUV YLD WH[W PHVVDJHV L QWX EZADHWHKER RAMLLGDIL \
FDUULHG RXW ZLWK WKH LQWRJY B PHQW WH PKIQHR GIRHFAMU R
PDQDJHU )DXOW UHFWLILFDWLRWHUY LWAHHS RZK\WMH 8 W R HVAKDW
GHDOW ZLWK ZLWKRXW DQ\ SURFHN g VD XOMR PIDWRLIRIX WXR-P D
LQ IDFW WKH VROXWLRQV DUH WK N \D I QIGKIW KMHUFHK R B B
VLIJQLILFDQW SDUBORRWKKH. RIS MUKDMRIMNK H LLWVXHUWR IDU [UR
+XQJDULDQ SUDFWLFH +RZHYHU LQFRUSRRBBALQJ WKH
WHFKQRORJ\ PDNHV LW SRVVLEOH W RWDIFEL HDH IPXHF W HPLRY
ZLWK D ORZ LQYHVWPHQW YROXPH 'B6BQELBIPRQWKH FX
LQIUDVWUXFWXUH RI D JLYHQ FRPER®AV \RK LW WAHRKEHFRPH T
RI GDLO\ SUDFWLFH :H VKRXOG FHUWRSRBQW W [56 FWK MAH F
GLUHFWLRQ LQ WKH FRPLQJ \HDUV

'"HVSLWH WKH SURDUHRWVEDW IS B \PHD@K BMHDWH VWLOO YD
EDUULHUV DQG FEDRDBEGRISWLW@ D@8 LPSDFW VXFK DV
DZDUHQHVV NQRZOHGJH DQG K/QRORYLHEERXWG VEF-DQUHN LEADW
GHFL:VDREOUV VWDNHKROGHK \FRDQF XWHUNN VWDKHG KLQ FH U W
LQYHVWLQJ LQ VPDUW ZDWHU SYRMMHFEL\D D\VQ\GDIMG/ B WRH W/
RI GDWD LQIRUPDWLRQ DQG WRROVPDRULQZDWEAG PDQI
SHUIRUPDQFH HYDOXDWLRQ WKBE QGDRIPRHSDVOLELRQWK RW Al
JRYHUQDQFH DQG PDQDJHPHQW VWUXGW XWKN QSHHGF HRV H
PRUH FRUDOERUDWLRQ FRRUGLQDWLRQ DIFGVRRRPXQLF
DQG VHFRVRYHGLIQY VPDUW ZDWHU PDQDJHPHQW

2.2 Practical Advantages ofWater 4.0

Q 9,78., FDUULHG RXW D ZRUO @& WKKIQYRIO RD KRZX¥RBS
ZDWHU DQG VHZHUDJH XW L [BL W IKHHVPIDQ. G ID UHHIDHVOIMG F R XV WL
JHRJUDSKLF LQIRUPDWLRQ V\VWHP DBGDJBMBBERILFDWLRQ
RSHUDWLRQV ZDWHU WDULII ELHGHQWDQ S WHE L PYSHOP! R
D VPDOO +XQJDULDQ ZDWHU XW L QLHAFIKV SRIDVHDL PID JFH QB LB
WZR DQG D KDOI GHFDGHV DJR +R M@ UQ RWX FIXQ GRIYIHIR.S
MDUNHW GHYHORSPHQW EXW D JRYHQQWHQ WV GRIFVEDRQ D
LQIRUPDWLRQ WHFKQRORJ\ W K BLYWRHHNVVRR) BIQG FOMME R Q ER
LV ZHOO NQRZQ LQ WKH LQGXVWUV H7EH UHIW KR WLQ\) E5Q\T C
eOHFWURQLF IRUP ZKLFK VLJQLILFX@WOLW\ BOOIQQHQ IV
RSHUDWLRQ 1HYHUWKHOHVV EH\RQRG WKRWVP WIK¥HH QPW KW
PHWHUV EHPRZHGZNBRZOHGJH EDVH V\VWHPVNDQ EH EXL
Rl ALY HQJLQHHUV LQ WKH FRQVWUXHOWLRQ RI ZDWHUZRUN\
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7KH FRPSOH[LW\ RI ZDWHU DQG ZDD/MAIRHDQWH 8 UWR B H D WHP\F
UHTXLUHV WKH XVH RI PDQ\ VHQVYRQVFD ®BEB EX)/ AWDRNR UV
IROORZLQJ SURFHVVHV

QXDQRDIWILRQ DQG RSWLPL]DWLRQ RI UDZ ZDWHU LQW!|
(QHUJ\ HIILFLHQF\ LQ SXPS RSHUDWLRQ
ORQLWRULQJ RI UHVHUYRLU ZDWHU TXDOLW\
QXDQWLILFDWLRQ RI ZDWHU WR BHWAUHDWHG DQG DG

2SWLPL]DWLRQ Rl WKH ZDWHU WUHDWPH\QW SURFF
XVHDOXPLQD GRVLQJ

W FRXOG EH SRVVLEOH WR GHWHUPUWQHSRKIQWSWLP)
RI GHOLYHU\ WR WKH QHWZRUN PRIMWWR GIHOILRHWKE
WR WKH QHWZRUN

DHWHFWLRQ RI SLSH EXUVWY DQG OHDNYV
SHBMLPH DVVHVVPHGWPRIQOKRQV XPHU

PUHVVXUH ERRVWLQJ LQ WRZHU EORFNYV
PURWHFWLRQ RI ZDWHUZRUNV LQIUDVWUXFWXUH

'"HVSLWH KDYLQJ QXPHURXV GDWD VRKIUWHKW KI&HDMNCLBTFH
QHWZRUN ZKLFK FDQQRW EH PHDVPHQE YRU WXRY NV HZIH RU
IRUP DtULPHDG\QDPLF K\GUDXOLF PRGHX]IRU ZDWHU ORVV U

7KH RSHUDWRU FDQ RSWLPL]H WKH RHZHHWDW H RQ VRNV FSRX\\WP S V
DVVHVV RGRU HIIHFWV DW VHZDJHZW UHH BAW P 1D QMR FE@W GW R F
IORZ 7KH XWLOLPRLH RXIOHG RSWDWLRQ RI ZDVWHZDWHU
VWUHDPOLQH WKH VOXGJH WUHDWPHIQH SBURIFEVRJ DD XWHi
DQG PHDVXUH WKH TXDOLW\ RI WUHRBWWCH ZINDAMHYHD WHU |
$OVR VOXGJIH VWRUDHGE PG HH RBKH. FDVH RI FRPELQHG
DQ\ E\SDVVLQJ SURFHVVHV FDQ EH VFKMEXOHG ZIWKVH S
SUHFLVLRQ LUURJE@BVRLBBRKVWYHHPWRUH HIILFLHQW DQG RS\
ORDG RQ WKH DTXLIHU RU ZDWHU EDVH

7KH ORZMYIQJ IUXLW RI GLJE RIDORPOML PG WM UW K HRXV Z K
QXPHURXV WHFKQRORJLHV DUH DY GDO DECH LRD WK HZ DXWHRL
PHWHU FDQ EH L Q\QMD-ORIBHYEH HRU VEDR/ IPPH QW ZKLFK FDQ FR
ZLWK WWHJ 2ONVLOLW\TV VA\VWHPV IURP D\ D FRIWKMHHIY L R X \
UDGLR PHDQV DW ORZ VSHHG E A\RZ LW/ FKLQKORIO ISURLYQIG/
E\ WKH WHOHFRPPXQIBF b AR RY VP R S/HIWYWIRBIOIRZ DN VIOV R |

ZDWHU FRRY XSTBMW-EHEPY Q@ ® RMXVWPHQW RI ZDWHU WUHI
WHFKQRORJ\ WR PHHYW PHOMNXQRO WKADDBWHU ELOOLQJ SLU
HIILFLHQW WKDQ WUDGLWLRQDO VREDWHREQRQ DIV/F WXBIO E
FRQVXPSWLRQ GDWD 7KH VXSSOLHU BDBWLRSRW IR @ DAVKHHU
FXVWRPHU ZVMWKRXM)VRIQUYHQWLRQ 'DWD FDQ EH DFFHV
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RSHUDWLRQDO SURFHVV LQ D ELGGLWYWHRNBR\LW W/HI FBRW
DQG ELOO LVVXLQJ OEJLWWKEQ D YBISHUDPLIHMYHEXW DXWKHQ
HOHFWURQLFDOO\ VLIQHG 3")V

7KH LQGXVWU\ FDOOV WKHVH VR CBPWURQ VD VDRUH LD QG ', IQIW W
Rl :DWHU ,R: 7KH DIRUHPHQWLR Q HGHVROPXWXROQNLZDOO
ZDWHU PPQWJNP HQWLUH LQIUDVWUXFWXUH DQG RSHU
HFRQRPLFDOO\ HIILFLHQW RSHUDWLRQ WRNIZPWIHRIQ XWL
HQYLURQPHQWDO SURWHFWLRQ SU PRWWH RISQWHP L POVEL F
UHJXODWRU\ FRPSOLDQFH )RIRFLEZILQBEFHD®RORKMARQ
FKDUDFWHUL]JHG E\ ORZHU RSHUDWLQR¥RVWRH Q®/(;D QBH \
KLJKHU UHYHQXHV ZKLOH DOVR LQF YBDXHQ ) WKWK ARPKRD®
LQ WHUPV RI RSHUDWLRQDO VHFXUR® \PRUHK$WHGHFWOE QA
KXPDQ UHVRXUFH PDQDJHPHQW FDQ EH DFKLHYHG

3 Security Considerations

7R JDLQ D GHHSHU XQGHUVWDQGLQD Q3 WESIRFNE N QY WEXWY
VPDUW ZDWHU PDQDJHPHQW WKLVDQW®XGH FRIQES DU O IGMRW
DQDO\VLYV IRFXVLQJ RQ DFDGHPLF XXGLWLF QH\D D WH SR UWE
F\EHUVHFXULW\ LQFLGHQWV WUHOWRUDER WK DOYREBDD QQD
+XQJDU\ DQG &HQWUDO (XURSH 7KHPPWKQVIDXDLMINV\D QG
VXPPDULQRG EH

'LJLWDOL]DWLRQ KDV PDQ\ SRVLWR@H]EWQR QW \D QRU VIRFG L
WKDMV SHUFHMWBDGDARZHYHU ZH PXVW QRW IRUJHW WKH
YXOQHUDEOH WR WHFKQRORJ\ ,@LEDWWR®XODYG WKH YQR M
DXWRPDWLRQ RI SURFHVVHV DRQ® KWMKFR®SIOL KW RH W\ WL
PXVW EH WDNHQ LQWR DFFRXQW

3.1 Cybersecurity Threats

7KH QHZ F\EHUVHFXULW\ WKUHDVIWL YXIOQ HD QKGN LDV LHHFWW L
VDIHW\ VHFXULW\ DQG UHO L XEMNWH BRCOBQIXNIOALIF V D W H
KHDOWK WKH HQYLURQPHQW DNHSEMWKH'HFRQRW\ BRPO ORH (
DQG WKUHDWYV LQ VPDRWKRZWHHOBRQRDIHPHQW

3.1.1 Cyber-Physical Attacks
7KHVH DUH DWWDFNV WKDW WDXWRROMNRRHHFDVFRIPERWHQ

VIVWHPYV VXFK DV SXPSV YDOYNHYEXYWHRDY R H N RSUONDVQ WK
WKH PDQLSXODWLRQ RU GLVUXSWHRY KXAMKBDMWMW VXISHWDLY
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FRQWURO DQG GDWD DFTXLVLWLRQ O6&HWEWHRWHERE GLV\
SURJUDPPDEOH ORJLF FRQWUROOHNYLWMVBIOQG UHPRW
G\EHSK\VLFDOPDWB)OVFHN\ S K\VLFDO GDPDJH PDOIXQFWLRQ |
LQIUXVW XUH OHDGLQJ WR ZDWHU VRQYLFHDNQWHHURX S W
IORRGLQJ ZLWK SRWHQWLDOO\ VBIWHKUW KR GI\QH T XHR@PHH\Q V¥
WKH HFRQRP\

3.1.2 DataBreaches

'DWD EUHDFKHV DUH XQDXWKR U R]JIHGHRQNEMMWY HGR ¥ FRRRMX G |
GDWD VXFK RV EXMWYIR@BWHIPDWLRQ ILQDQFLDO WUDGQ
RSHUDWLRQDO GDWD VWRUHG RU WUWARPLWWHIG D) ZI
FXVWRPHU ELOOLQJ V\VWHPV DVVHWRRQ@DEROWQWROV\VW
VI\VWHFV ' DWD EUHDFKHV FDQ UHVXOWJDQ $BQWHA\XMQFE K
LGHQWLW\ WKHIW ILQDQFLDO IURRG H RRALKHIGIKWNXWWL D O

UHSXWDWLRQ DQG FRPSOLDQFH Rl ZDWHU XWLOLWLHV DQ

3.1.3 Denial of Sevice (DoS)Attacks

TKHWAWD FN\G DL XS R R YHUZKPWEHH RRYDLODELOLW\ SHUIRI
RU IXQFWLRQDOLW\ RI ZDWHU PRQDVYHRMQMHV\\BWHPRRQL
WKHP ZLWK H[FHVVLYH GDWD WURTXWMK LMD RKOWW DHY FDR G
WHDNQHVVHYV RUSGHREIJIDWWDEWMY FDQ FDXVH WHPSRUDU\ R

RI DFFHVV FRQWURO RU FRPP XD QBDMULHRI)V HQVAKIHWARU RD®
FRVWV DQG®\SWOBP\VHARYHU\ DQG UHVWRUDWLRQ

$V LQ WKIBFNREW PHQWERQREHQVHFXULW\ LQFLGHQWYV D(
LQ WKH ZDWHU VHFWRU ZDWHUWWQOMKN VN bQMW HRY WK |
RI VRPH RWKHU FULWLFDO LQIUDYWW KR YW UHHOH©WRH B MW \
SXPSV GR QRW RSHUDWH WKHUHIROBEGHLQNY8 U VZRWGIR\
HYHQ WRHLORWHUQHW VHUYLFH FRXOG DO VZRVER\W SUREOH!
RI FRPPXQLFDWLRQ UBMPHRANHRARECDVWIROF TXQBLWLRQ 7KH |
SUREOHPV FDQ EH WUDFHG EDFNVWRBDWO\SKHP RPHGD LD EWO |
W\SLFRXORDQ EHLQJV SRVH WKH JUHDWHVW WKUWHID/O 7KL\
DWWDFNHU ZKR ZDQWV WR GVWW SRV WKKU R & GR \FWELH DR [E
F\EHUZDUIDUH ,QGXVWULDO DXW PPDARLRQUIG® FRQWURD
F\EHU RSHUDWLRQV IRU H[DPSOHDMW &G YDQFHG 3HUVL

3.1.4 Insider Threats

7KHVH DUH F\EHUVHFXULW\ ULVNV RPAAKDW LRDWLIRED WEK HK RC
HPSOR\HHV FRQWUDFWRUV RU SBIWW @HUGS/ NRRKRRE &KHDE HH ORH
ZDWHRDQPIJHPHQW V\VWHPV SROLFLHV RRQIURFHEBNUHV
XQLQWHQW UR QHERRIOXWH DEXVH RU FRPSURPLVH WKHP GX

JUHHG UHYHQJH R% R@\KHH B RWKRKHBOND\WVERDIGHEMH F W
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SUHYHQWRDQGRNBRHRSWHQHLYYRDWNMYW DXWKRULW\ RU IDF
DQG FDQ E\SDVVWHFRUUPXAFFRHQW ROV DQG PHDVXUHYV

,QWHUQDO VWDIlI DOVR SRVHV DXW REMWYW 7EK\LYHIDAOKGH M
GHIDXOW SDVVZRUGV ILEK ,%B HAVWHP\EHZE WULYLDO PLVV
KDSSHQV IUHTXHQWO\ EHFDXVH RI, &8 KW W IWAHNPMVILRRE®Y B KINY
L QWHUQHW

W WKHUHIRUH RI SDUDPRXQW LPSRUWREHNWRLWXSSRU
DSSURSULDWH F\EHUVWKXUUW V XUHWVH@LU R SBOHEF H QWD WLR((
LQIRUPDWLRQ VHFXULWUHFEGRDWHE® ®@PHDV XUHH/G WR HPSOR
KLIJKHU OHYHO RI FA\AEHUVHFXULW\W [3YWLMWILD/HEO H KIQF B DLW HIW
VHZHUDJH XWLOLWLHV

3.1.5 Supply Chain Risks

7KHVH DUH F\EHUVHEXULW\ ULVNW®MAMHV DQGVHHOB® LVRIQH
EHWZHHQ GLIIHUHQW DFWRUV DQGRFRZIMIRH @ ¥ Y DLIGI RAIHKHN!
VI\VWHPKHVH DFWRUYHRDGREW WKSSOLHUV LQWHJUDWRU
PDLQWDLQHUV ZKR SURYLGH SURXGXFH XBGDMARERBUGQ@D Y
VRIWZDUH ILUPZDUH RU VHUYLFHVOLXKLHK D\ HRQW DR
EDFNGRRUV RU ZKLFK PD\ EH VXEMHBW HUSHRMOP SHULQJ

SURFHVVYRRBHUDKWJIKO\ GHSHQGHQW RQ WOHVRXD\WF WILR® D O L
WKH FRQWURO V\VWHP WKH OLNH®IOKB R B VRIQA/RIZ\D WILPKH G X
LQ WUDGLWLRAMDDKN\V@MRYVQHW RI 7KLQJV ,R7 WKH FC
LQIUDVWIXEVEOWD SURFHVVLQDPWHDNQOER HIENFARW WLV N

FDQ RQO\ EH HIIHFWLYHO\ PLWLJDWHW®W R DBRMSHPH[ LQW
ORUHRYHU WKH IDLOXUH RI RQH V\VRRIPS &8 WPHDNU ¥ DRH |
RXWBX$SKKDLQ ULVNV FDQ FRPSURPLVH WHMVWRFXULW\
ZDWHU PDQDJHPHIBYHDWWHPYSRUWXQLWLHYV IRU DWWDF
PDQLSXODWH WKHVH VIVWHPV WKURXJFKYQQHROXNV HQWU\ S

3.2 Cybersecurity Incidents and Trends in the Water Sector

6HYHUDP®URLIK®H F\EHUVHFXULW\ LQFLGHQWM FVDRW IEHHQ L
UHFHQW \HDUV GHPRQVWUDWLQJ DWKHUY X \O/QHHPD/E IWGRL WAEL
WKUHDWV BQGHDW®@\DRANW SOH LVDWKIFVED® FMNRX W RAKDKAH D
8QLWHG 6WDWHV DQG FHQWY D@7 &P QRG D QI BEHIKR\Y/G

EODFNRXW DIIHFWHG PLOOLRQ SH®SPMRXQ/GIRH DNAR O \
DQG DEQRUPDO VHUYLFH OHYHOV IRRUWXWR L2H KNAD W7 KWK H
LQFLGHQW VWDUWHG ZLWK D VRIWZQGHWIOH OXUBGXDW DQV
RWKHUZLVH UHGXQGDQW V\VWHP VSUWKE WRQRWRWU G/\\
VI\VWHPV PRUZHM@®®SOH LQ D ZDWHU W GHDMPMIQW SOD
ZDV FRPSURPSKAMLGEDE \DVDW FANE HZKLFK PDQLSXODW!
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GLVLQIHKMRIEFPOV XVHG LQ WKH ZDWHU WUWHBWPRDW SUF
SXEOLF KHDJWw]Ks$bREBUGCDRIHIWWR WKH ,VUDHOL JRWHUQPHQW
DWWHPSWHMWMEGPMW RVFBKURULQH SRLVRQLQJ DW RQ@ ,VUDHOL .
WKH FKORULQH GLVWULEXWLRQ V\VWHP VLXLESIHWHG

7KH SDOHVWLQLDQ VLGH GEWNKIHU WHKRHK D H X VFBDWILR QW K D W
S /YWUXPHQWHG 6\VWHP 6,6 ZKLFK URORSHVDMH @D DIOBRY BI
WKH DWWDFN ,QFLGHQWDOO\ 6,6HNXDONRHDWRQWURO V\

5HFHQW H[DPSOHYNUDWEH BXPHUIGDFRQIOLFW VKRZHG XV P)
'XULQJ WKW FROQQOKBFNHU JURXSV KDYH EHHQ DWWDFNLQ
RQ ERWK VLGHYV DV VKRZQ LQ )DMWHDFWLYE WDDWM
GHVSLWH EHLQJ FULWLFDO LQIUBRWHENLRRUIEN WKXDOKBY H
WKDQ HOHFUMLRFQW\ SUR

7KHVH LQFLGHQWY VKRZ WKH QHHGHRW L QBGHDNWICO Y HILF)
WKH ZDWHU VHFWRU DJDLQVW F\EHUVHFXULW\ WKUHDWV |

7KH OLWHUDWXUH UHYLHZ DQG VHFR{QUDIU\HEBBWI QDQDC
F\AEHUVHFXULW\ WUHQGV LQ WK H] ZDVPHE Y IV IRF W R 8 R UXAKGDRA |
LQFLGHQWY WKH LQFUHDVLQJ VR SEKHLY WLEDHMDIRY Q& HF X
$37V KWIWH[SDQGLQJ DWWDFN VXUIDFH DIQRQ YRIFWRRUV G Xt
GHYLFHV WKH HYROYLQJ UHJXODW RUK H @G VARR SIZ DQHF & H
DQG LQYHVWPHQW LQ F\EHUVHFXULKHVMHHYUXQHEW QG LEFH
WKDW F\EHUW HFARPLQJ D FULWLFDO FRQFHWQHNQG SULT
DXWKRULWLHV DQG VWDNH K R/O GHIY\H OIR\S  H'® ODIM\G | & U RWYHL
VPDUW ZDWHU WHFKQRORJLHY DQG VROXWLRQV

YJLIXUH
8QYHULILDEOH LQIRUPDWLRQ RI D VXGFHBYY'IXU\BWWEBRYQ DIJDLQVW D Z
UHSRUWHG E\ &\EBMUBKUHDW 5HSRUW
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YLIXUH
8QYHULILDEOH LQIRUPDWLRQ RI D VXGFH¥YIX U \UWWHSRQ DIDLQVW D Z
UHSRUWHG E\ &\EBMUBKUHDW 5HSRUW

3.3 Cybersecurity Measuresin the Water Sector

7KH UH\LIBBIWAKLILHG VHYHUDO F\EHUVHF XW KWW PHIDAHX U H V
EHHQ SURSRVHG RU LPSOHPHQWHG LLQVWXHNHDMH B UWR-LAMLR
MFXULW\ ULVNV DQG YXOQHUDEL®NWRAYH 7PN & WPVH DD/
DQG FHURQVLRKWFK KHOS WR LGHQWLI\HAXDDWD WIH NDWQ G
DQG FRQWUROV VHFXULW\ SROLFLHVFK URFHGQXUB®G D
FRPPXQLFDWH F\EHUVHFXULW\ URWBW LRIQWS R/GIV XELLO\VWA b
HG X FDW IDRZ® UDPBIVVZKQBEK GHYHORS DQG PDLQWDLQ F\EH
NQRZOHGJH DQG FXOWXUH WHFKQ DRDOL FRQXW ROQF UM X A
DQG DFFHVV FRQWUROV ZKLFK SURWHFW DQGE PRWYEZRRN\
DQG LQFLGHIQWHRRW¥SRQVDQG FRQWLQXLW\ SODQV ZKLF
RUJDQL]DWLRQV LQ KDQGOLQJ DQG UWGHMEWMU RQE HIRP F\E}
WR PLQWRH]MLVNSRANFLEBO DM WIOBFQY GHWHUPLQH WKH FUL
WR VW UHQ I/RKNHHF WBFRQV Bl WKH ULVNV DQG FRXQWHUPHDYVX
QHWZRUNV DQG VI\VWHPV DSSO\ WR/ IMIGHKVINIH. BE DDRRIGW § RR
FROQWUWR®E®H UHVWULFWLRQ RI DFFHVV WR ,DXWHERULWG & X \
LW LVHPBUREOHPDWLF LQ ,&6 7KH UHDFVFRE VR F RV RIOV
FDSDELOLWLHV LQ $IDQ\Q)\&E @K M LIEQ WIRGHUWW WK Q HIRWM @ GWEHH
ZHGOVLIQHG DFFHVV>F REQ WH XSG /DWW EDWFKLQJ VRIWZD
,&6 DUMDQBUHUHJIXODU LQ FRQWGDWWRWBOD\VLQWEE®VIXQF
VDIHW\ LV D SULRULW\ RYHU D QU RQWKHIBRIMEOFWH/G 3D W F
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LQGXVWULDO FRQWURO V\VW H PHLPXDFSIS IXQHFGWL R Q D QU VD INHIW
OLNH MIVWHPV $OWKRXJK LQ WK-H6 HAV VIQW B PS/DW K I UFHR QW
SURFHVV ZLWK FHQNVIDQGRIYDIHPHYWSSGDWH 6HUYLFH\
UROOEDFN IXQFWLRQV WHVW V\VWHPY DRIV ZDMFK S
GHYHORSPHQW SUDG \R BEFHH\D WILLRNG! 'DWD ([HFXWLRQ 3UHYHQ
6SDFH /D\RXW 5DQGRPL]DWLRQ $6/5 QFDQ@RROGNLWWLJID
(0(7 DQG &RQWURO )ORZ (QIRUFHBHWR P&)JL PILIHK W KEHH DL
RI H[SORLWLQJ VRIWZDJU,l® YWKCH H&BD ZL\OLMWRWVWKRVH PHW
WRROV GR XRW KH[U BRMMPIHNVLFDO DSSIOLREWLRQMHERRW |
DOORFZHWZEDNHG S URBMHEG MW IBR@ W® LRIQ JWEEK\VLFDO
GLVFRQQHFWLR€L \RW RGN BRUDBAVKHFW FRQQHFWLRQ EHWZ
,7 QHWZRUN DQG WKH RSHUDWLRQ WHBKCQRWRWKH7 &DHW
VA\VWHRWUHWKIH QHWZRUN SURWHFWLRQ ZWHORWHEHV VD!
SURE QWRAKHDS UH Y L R XADB\S B IGU Q HQIRZ\WR UMMR YW ZRUN  EXW

, QW HRRXIQWH EWABXVH RI LQGXYW@OVRIEBWZERBN VHFXULW\
WHFKQRORJLHV PLJKW EH RQO\ S DV WOQ PWIDREQH [RUH VPRI \2
WLPFHLWLFDO WKHUH LV QR GHOD\ FD/DIRREIHSES OVFE DAMIIR/QH |
OHYHO ILUHZDOOV MW KRV EIR®GENMRIPVG ,36 PLIJKW GLVUX
UHIX®RPP XQLEZEWQRRURSSLQJ SDFNHWV VR WKH\ PLIKW E
FDXWLRQ

4 Discussion: Implications and Recommendations

%DVHG RQ WKH ILQGLQJV DQG LQYLDRW W HFRR) GMXUH G DWH
DQDO\VLV DV ZHOO DV WKH FRQWHMNGWEBQWE UIR® GXURRH) VW
IROORZLQJ LPSOLFDWLRQV DQG UHFRPKIPDQGD®.LRKH FDC
F\EHUVHFXULW)\ DQ GVUZDM 8 UHREF@QIDR KA PMMW LR QDO OHYHO
LQ WKH UHJLRQ

4.1 Strategies,Policies Governanceand Cooperation

*RYHUQPHQWY DQG DXWKRULWLHV LQ G X3HDHO O G QBGH Q W
LPSOHPHQW FRPSUHKHQVLYH MEKKNWYHG WU LDEETEE WR B WEHLIQ
SROLFLHV RU DSSO\ WKH FXUUH@GW BGEVHVR WKH ¥B WL
ULVNV FKDOOHQJHV DQG RSSRUWX@WW DI\G RZIK VP WDV HZ
DOLJQHG ZLWK DQG VXSSRUWHG EFW®WHEH\EBWYROBDOLW)I
IUDPMER VWDQGDUGYV DQG JXLGHOLQHYV

6RPH FRPSRQHQWYV RI PXQLFLSDO FWWW UFRIDQDQ HPMQW R B
LQ +XQJDU\ DV VSHFLILHG LQ $FWDW IR @RI 'HV LRQ DWKIHR GG B
3URWHFWLRQ RI RQGW DFD OBWEWWPARYHUQPHQW 'HFUHH

- RQ WKH &ULWLFDO :DWHU 0 D@5 HPW B W ) FMIHRV (G
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LQ +XQID@YKHUHIRUH ZDWHU VXSSO\ LV LKDZBDAWHUSXEOLF
FROOHFWLRQ DQCEWUUHRWPOQW LOVXHSXKDOO DOVR EH FF

JUHVKZDWHU LV D VWUDWHJILF LVVROQM DPGDIHOPDIQEHWR JU
.DVKPLU 1LOH 9DOOH\ WKH XVH RL\W EXIUW HQ@ WOHN \FKO2OAM! §
DUPHG FRQ@UWEWWHU VFDUFLW\ WKH FRXQWU\ LV KLIJKO\ Y
FRXQWULHV LI LW GRHV QRW KDYHW DG BTKOWH § W RINDRIEOR
PRVW RI WKH &HQWUDO (XURSHDQDNFRRMHI/DQBVXWDLQO\

6WRUDJH LV LPERWWDDQQVHRR@PRPLF SURWHFWLRQ FRVWYV
VWUDWHILF LQGLUHFW VBEXULW\ ULVNV SRLQW RI YLHZ

‘DWHU XWLOLWLHY DXWKRULWLBG SOHBWM DNEHKRGE HWURR
HVWDEOLVK DQG VWUHQJIJWKHQ W& HLOS B FEAMU VENF B U VW3 QIR
FOHRUJDQL]DURRHM O UHVSRQVLELOLWLHY DQG UHVRXU
PDQDJHPHQW LQWHJUDWLQJ F\EHUMHF>RULMQ [EJRQA IR
FXOWXUH SURFHVVHV DQG V\VWHPV D@HDUEQLADIDJILG
LBURYHPHQW DQG LQQBIYWWSE QAVQLFHWIBQFWHFKQRORJ

*RYHUQPHQWYV XWLOLWLHV L GREXW W@ L4HXQ IJDQE DU HIHDAY
(XURSH VKRXOG SURPRWH DQG | NELDLRVD \I B G \EGIRWHPDXN
VKDULQH LIZDWHU VHFWRU WKURXJK YDULRXWWHFKDQLVF
SDUWQHUVKLSY QHWZRUNV FRQIHUHEREFK HIRENDK RIK\H
H[FKDQJH Rl NQRZOHGJH H[SHULHQFHVHFXE LVQO\WWM OOH. D MQ
YXOQHUDELOLWLEHR X QYFHLGCHPWEWG® DV WKH LGHQWLILF
GLVVHPLQDWLRQ RI EHVW SUDFW IFRHM I Q B DA\ VAR & D \© HDI
UHVHIIYFK

3URIHVVLRQDO SURFHVVHV ZHUH LQWW RDWHEQ WHRU RQ DU HA
HOHFWXASQWD®G GLVWULEXWLRQ LQIUDVWQRKEGHKQWY SDU
DQG SDUWO\ EHFDXVH RI WKH KIQHKHLW OBWHR @ V W DH\E R GXI
DJR LQ WKH 8QLWHG 6WDWHV EX\RZMXYWW LIV UHF H @ W RHS
ZLWW OHJLVODWLYH LQWHQW ZH FDQ HJXHFWHB®Q RILQ FURH D
F\EHUDWW@ FNV

$V WKLV LVVORRRIRQIWBREOHP RI FRXQWULHV WKH (XURSHD
GHDOLQJ ZLWK WKLV SUREOHP ZLWK \GH VI FAUKHD WWIJDSAHRIL
DVSHFW DQG XUJHV WKH SUHSDUDSHWRIWRR BN PEW D \GWDW
GLPHQVLRQ RI|ZOUDGHDOV PRUH ZLWK WKH RSHUDWLYH
&\EHUVHFXB4WRGHWH[DFW DSSOLFDWLRQ -I\WHGXMHIGQIRUP
FHUWLILFDWLRQ RI ,&6 FREBWQRQWVIRLU
,PSOHPHQWDWLRQ RI WKH ,GE&RWURICD G\\$WW RV D&RFASR Q
&\EHUVHFXULW\ &HUWLILFDWLRQ 6FIRIPPHVVERE® ERMDKH (
5HVHDUFKRB5%HQWUH

6LQFH WKH GLJLWDOL]DWLRQ GHVEQL&EHMGWIERY KXIAR §M LIO\
DGYLVDEOH WR XVH D RBUWHRQY MWRGHH\WQ LK) WKLV GLUH
H[DPSOH FDQ EH WKH *HUPDQ PDURBOW 3BKERK D &WR aKLDW
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*HUPDQ UHJXODWRUYV DUH DOUHDG\ZDWGEWUHXWLQILWLKH/ FYE
WKH .5,7,6 VWUDWHJ\ DQG W K/H WIWHNVXD RIXGI RO HHBILY YBDIW.
UHVSRQVLELOLWLHV IRU WKH H@®LUH *HUPDQ FULWLFDO

,Q +XQJDU\ D SLRQHHULQJ LQLWRBSVIRYHSUR IWKWLRQDOVE
UHJXODWRUV ZRUNLQJ WRJHWKH U R WKH EEHD WHE X BW
7KH &\ EHUVHFXULW\ +DQGERRN RQ ,JOGM¥W[BMBOW&E&RQWUR
SURGXFHG ZLWKLQ WKLV IUDPHZRWKDWVSD FPYLIVI/H Q I SILE B
IRU GHYHORSLQJ SURWHFWLRQ D VR QIX® O YMOERRUD GGEH V
FDVH VWXGLHV FDQ EH IRXQG LQ XWKHH R«QX QUIDH LAHY IDFD ®
DGHTXDWH F\EHU SURWHPBSLRQ LQ WKH SRZHU VHFWRU

4.2 Research, Developmentand Innovation

*RYHUQPSDEBMWA OLWLHY LQGXVWULHV RQGDUHWDIBUFK L (
&HQWUDO (XURSH VKRXOG HQFRXUDJH B QG HWXSIFRIPM GWE -
DQG LQQRYDWLRQ LQ WKHRAD V$ISJIONKPIWRELEF LSQGQQU\ D
FROODERUDWLYH UHVHDUFK SURMHEMXW BQRMDKEPEH\DIQ G
HYDOXDWLRQ DQG GHSOR\PHQW RRUWKAXVYHAD UM VIDWHQ
WHFKQRORJLHV V\VWHPV DQG \RSUPHLIWM \D 3/ DL BPYWRLJ
DGYDQFHG F\EHUVHFXULW\ PHWKRGDN WRWRN\D VU BGVWHE W
WKUHBGWOPRJ YXOQHUDELOLW)\ DQDO\VGMQWQWHNYRAQHG
[15]

$OWKRXJIJK ODJJIJLQJ EHKLQG WKH RIDUMBHWWRD QD WMH U
VIVWHPY DQG WKH UHVXOWLQWKNEVWDFH FSOM KW \DV LW
WKH HOHFWULFLW\ VHFWRU 7KH DGIMD Q@ H YRIWDLEIQ W DKL
DOVR LQYROYHV WKH HPHUJHQFH WRH QMEHWR S H V¥ HRQ W XAQWW
JHRSROLWLFDO VLWXDWLRQ PDNHV FRRWH AFGS RQWDIDWWY U
,Q RUGGUHWRUH RSHUDWRUYV OHJLVOBWYRUWLOQYKBOWHHIXK O |
LW LV HVYVHQWLDO WR VHW XS (XURBWDDRQWLU/RIW WWR RIGD/C
WKH LVVXH H[WHQVLYHO\

8QLYHUVLW\ UHVHDUFK KDV DOVR WWKOHA @s:E7 (5Q WKLV DU
1$72 $GYDQFHG 5HVHDBRIGKEBWNVHORIFK XQGHU WKH OHDGI
+DUVKD 5D WORDIABMRBRUIH HILDQ 8QLYHUVLBA RI /LIH 6FLHQ

Conclusions

7KLV SD@BPIOWKE LQFIUASRURDYPBUW ZDWHUELRABODJIHPHQW
WKH FRQWH[W RI WKH IRXUWK L Q0 WWHW®UREEG WWHYRAMX WL RL
SDUWLFXODUO\ LQ +XQJDU\ DQG &HQWHOW YWIREH Rb\VIF[DL
ZDWHU PDQDJHPHQW DQG DQDO\]LQJ OQHUREVCGLWHHVHBX
ULVNV LQ WKLYV FULWLFDO VHHWRDU MGEHVYWWIXER XKD W KR XQ
HQKDQFHG VHFXULW\ PHDVXUHV DQG SN DFW EZHOWO LV WPR L
SURYLGH DFRXURMH DXMEXUH UHVHDUFK
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7KH UHVHDUFK WE\O DWPILWMWX WRDQG WKH VRXUFHV OLVWH
WKH DSSOLFDWDRQEBVHRS @R R QIR ZHOLWAM KHXY\BKRY KD G
RSHUDWLR QB ORGMMWIHDOIIM K$ ZLWK PRUH XWLOLWLHV LQFOX
VWUHQJIWKHQ WKH ILQGLQJV

)JXWXUH UHVHDUFK GLUHFWLR QW U Q@ b (EHHIWHWPHHFQW IPI\ D Q & O
WKH IROORZLQJ

x CRQGXFWLQJ HPSLULFDO DQG FRPSDUWNMWLMRGVWXGLI
HITLFLHQF\ RI GLITHUHQW F\EHU QIBFWHIFWWQ RB BRY XKV \L (
WKH ZDWHU VHFWRU

x (([SORULQJ WKH HWKLFDO OHJDO D@GHVRRLDO LPS
F\EHUVHFXULW\ DQG SULYDF\ LQ VPDWRWADWHU PI
RZQHUVKLS FRQVHQW DQG DFFRXQWDELOLW\

%\ DGGUHVVLQJ WKHVH DQG RWKH W KM \DHFIDGAHP LTFX HDVQ/GL |
SURIHVVLRQDO FRPPXQLWLHV FDQ ARNQRZAEXKGIH DR GV K|
SUDFIWQFNEHUVHFXULW)\ DQG V PTKUWKZEIEMWUR PHD@\DXIWIHP FQAE
WKH EHQHILWY DQG RSSRUWXQLW LRIWD RULGB QYMRN BD WU D Q\
VXSSOHFVWRW UHDOL]JHG DQG VXVWDLQHG ZLWKRXW FRF
UHVLOLHQFH DQG WUX\\@ | B D \AMUKIEROIZIDVW\ &HQWUDO
(XURSH DQG EH\RQG
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Analysis of the Soil Selective Potassium Content,
using Multifrequency EC Sensors

Janos Horvatht, LaszI6 Kéatai, Istvan Szabad

I'RFWRUDO 6BARRRQORDQHHULQJ +XQJDULDQ 8QLYHUVLW\
DQG /LIH 6FLHQFHV 3iWHUYG.|ORO\+X\@BDU\
+RUYDWK -DQRPD®HSKE&XXQL

L, QVWLWXWH RI 7THPIQ@QRIRUWLWQRDBILULFXOWXUH DQG /L
3iWHU . XUWWRFD\ +|G|O0 +XDRWDUW\ /D V-]FOIR M QKX
6]DER ,VWYD-@PDBWRIKXQL

Abstract:The relative salinity of soil is an important issue in today’s sustainablesséteific
Precision Agricultural practice. The need to replasalt has an enormous impact on
production costs, regarding current input prices. The standard method for nrepshe
salinity of a soil, based on a laboratory test method, is expensive and somigeand only
the total salinity content can be determin&towers need to get data faster and cheaper.
With the usage of ethe-go soil sensors, this process can be significantly improved. This
article presents the first step of developing a quick;saging and easto-use measurement
method for determining the selective potassium content on the spot, in reahtimewlork,

we developed a new measurement and calculation method using the analyticzltiwpli

of multifrequency conductometry, to determine selective salinity. It is prinagdthe
electricd conductivity (EC) develops according to different functions, by applyingswut
containing K ions with a defined concentration, by saturating the soil with a continuously,
but reasonably varying measuring frequency. Based on this recognition,agbtveesalinity

of soil can only be determined by interpolation from a frequaecigs of EC measurements,

in soils containing only one electrolyte.

Keywords: digital agriculture; electrical conductivity; soil salinity; vale frequency;
interpolation

1 Introduction

1.1 Digital Farming Concept

1RzZDGD\V WKHUH LV D FRQVWDQWOLQVRAL QWKEHRRQGOW
DV SRVVLEOH DQG WKH SUHFLVLRQW H®KRKRD R D\F WIRGRHOW
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SURYLGHV HIIHFWLYH VXSSRUWHAXRBURNKYVW PO UDND O RDAD
SUHFLVLRQ $JULFXOWXUH RQERDUG DQG RIIERDUG WKH

'LILWDO DJULFXOWXUH LV VWLOO DDWRHKK ®@J WFIRFXFHSXW H\ Q
VPDUW IDUPLQJ RU SUHFLVLRQ IDUPIHQFRQKHGBHBHGVKH
HYROXWLRQBDULODWWHU WHUP KDV LWV RUWRXIVQV EDF
*ULHSHQWURJ GLIITHUHQWLDWHM: EHWZHHQ WKH WHUPV D

Precision Farming IRFXVHV -ROQHV¥LWH SURFHVVLQJ LQ ZKlL

JURZWK FRQGLWLRQV DUH RSWLPIYSHGLEDWHD@V R
WHFKQRORJ\

Smart Farming DGGV D OHYHO RI GHFLVLRQ VXSSRUW \
DQDO\WVLV RI LQIRUPDWLRQ

Digital Farming RU $JULFXOWXUH RU )DUPLQJ LQFO:
Rl 7KLQJV DV ZHOO DV &0RXG &RPSXWLQJ DQG %LJ

YLIXUH
7KH GRIFPKQW Rl 3UHFLVLRQ WR 'LJLWDO )DUPLQJ > @

,Q WKH XQLYHUVH RI GLILWDO DBYSHFXOW XRMQ WIKHP IE Q WL
DIJULFXOWXUDO LQSXWV LV WR LREXMAWYRQVKHLP ISR R YL
WKH TXDOLW\ RI RXWSQWLDRQ BR@W HFKVH. QU RKKHVY RI JHV
R XU VRLO DV Lv WKH )DUP GBQ@DJIERBC
FRQVLGHULQJ WKH EHQHILWYV RI GDGVE\SGRANMM DL BPQ C
IXQFWLRQV DV D XQLW RI SURFHVVHYV > @

Data acquisiion PBBEVXUHPHQW DQG UHFRUGLQJ RI GDWD
ILHOGYV

Data collection and storage FROOHFWLQJ GDWD RQ D VSHFLILF
ORFDWLRQ ZLWKLQ D ILHOG

Data processing SURYLGLQJ XVHIXO LOQPOINLMWLRQ IRU GF

Decisionmaking GHILQHV WKH FXOWLYDWLRQ WHFKQROF
GRZQ IRU HDFK RSHUDWLRQ DV ZHOMULIHWOQWKH G

UHSOHQLVKPHQW SODQWLQJ DQG RWDKHWHREWWD W L
SDUDPHWHUY DQG VHWXS
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Executing the operation WXUQLQJ WRBRGHFHVXR®YV LQWR
SUDFWLFH

$V D ILUVW VWHS RI WKH UHFRJQLREWRLSURB WDV R Q WV b
YDULDELOLW\ RI WKH SDUDPHWH UWW & HY FUKIE L1 QH O\GK HR UR:
SRVLWLRQLQJ :LWK WKH FRUUHFWERJEG VBIDQRHED H XY H
EHWWHU XQGHUVWDQG WKHLU FURSWFHIVQISQER D O/VWHKH. V1D
WLPH VDYLQJ UHVRXUFHV DQG UHGXFQWJI>WEHLUZHPSRFV
QRW KDYH DFFHVV WR WKH QHFHVVDW@WPDRIG DAI®HYDQW
WKH SHUIRUPDQFH RI WKH RSHUDW L RX DQHVD IRH PAWKHG  E
FROOHFWHG GDWD ZKLFK GHWHUPHIQHNFWLRKH QBWH RY M
LQWHUYHQWLRQ RQ WKH ILHOG

1.2 Testing Soil Properties with Sensors

7RGD\ VWEOVRQRORJ\ LV RQH Rl WKH IDVWHVW JURZLC
$ VHQVRU LV D GHYLFH WKDW FDQ GHWREMD® FKDQJ!
HQYLURQPHQW ZKLFK WKHQ FRQY HUMHF WW LLFQ XU H B & B
YROWDJH 7KH SUHF IPDLRYD D UHKRXHOM RAR QHWRULQJ RI V
FRQGLWLRQV XVLQJ LQIRUPDWLRQ WHFKQR3BRJI\ DQG
WHFKQRORJ\ DQG WKHQ DQDO\M B B DRUED PDYIDULDE L\VD K W WV
DQG ILHOG FURSV 7KHVH LQURQPROWEREFKLWOR P DSHOGIFE
FURS LQSXWV LQFOXGLQJ ZDWHU BQGFILHHOQFL®LQB UUH & XF
WKH ORVVHV RI ZDWHU DQG IHUWLOL]JHU > @

7KH HYYQFWHDVLQJ SULFHV Rl IHUWLOL]JHU DQG JURZLQ
FKHPLFBO URRMRIFHYV RI GULQNLQJ ZDWHU KDR® EURXJKW
DJULFXOWXUWS HDFRQGL FV LRDHQDJHPHQW WR WE&HB\ IRUHIURQ
WHFKQRORJLFDO GHYHORSPHQW ZLRKILQF D HDMHN WX WK I
FRVW RI IHUWLOL]HSSHRBREQDRY QQOKWYDWH 1 SKR\
SRWDVVLXP . WKRVH LQ DJULFRGWXBH]P 50 DERWNLE O GR]
PLQLPL]LQJ WKH DSSOLFDWLRQ D QFF H RIQR/KWIS WPLIRFQ RR |
QXWULHQWYV YDU\ HYHQ RQ D ¥RDWQ YDRMDHOG! IWIKO & X JIR
UHVHDUFKHUV KDYH DW WW®BWHG WW.R GBS SDRB WX/ ROK D\
WKH SUHVHQFH RI WKHVH FKHPLFDOR YIHY D MWX ALRNV KV K
SDUDPHWHUV VXFK DV S+ HOHFWULFBPHFRQGKFIQYLW\
SURSHUWLHYV RI WKH VRLO FDQSINWFD LSSUMLFR.® H RS DHAULVE
DSSOLFDWLRQ > @

7KH JOREDO $JULFXOWXUDO 6HQVRUV PIOUNHRQ ZDV Y DO X
DQG H[SHFWHG WR UHDFK 86" DRV O RIRRFRG EX Q'K QB X D
*URZWK 5DWH &$*5 RI 6 P D UWWBRH ® B RUP\L ]BIO\Q R D GIVU
XVLQJ PLQLPDO UHVHUYHV VXFK DXWHOWLQU]MHQYBWW WD
PDSSLQJ ILHOGV IDUPHUV FDQ FRPPHQRNRFDIMOLILQJ \
FRQVHUYH UHVRXUFHV DQG OHVVHQ DRDQUQRXQWHKWV HR & DV}
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URRWV PRYLQJ EDFN WR WKH V ZKHQ "8BH *OREDO
FDSDELOLW\ EHFDPH DFFHVVLEOH IRU FPDISOWK® LW H 2C
FURS IDAPXUDWHO\ WKH\ FRXOG PRQLWRDWRHQWWH IHU
RQO\ WR SDUWV WKDW UHTXLUHGVLVR QDU UQ F XDRNHX U H VX \
LPSOHPHQWHG FURS \LHOG PRQLWRULQUUWRWER®DWH
VXJIJHVWLRQV $W FRXI®O G EH.PEORXODWHG DQG HQWHUH
PRUH DFFXUDWH UHFRPPHQGDWLRQV DRUGIHYWQOIHBN DS
\LHOG KDUYHVWLQJ FRXOG EH PDGH 7KH LGMWLFH FDS
LQIRUPDWLRQ OLNH WHPSHUDMDXWHU RRBMIHLQW  SIWHV VXU
VLIQDOV ,W JDWKHUV WKH G D WHH DEDGV N HVQ\GD/W IL\R Qv
DQDO\WHV WKH GDWD DQG FDUULHW HQVIRW QXWWZRKWN \B KR
D EDVH VWDWLRQ NQRZQ DVQALRWMVDW & R/ HZ KIUFDKO \RINKVHU IVEI C
WKH VLIQDOV DORQJ ZLWK VHQGLRWKBURVWDWLRQ \WRURA
FRQWDLQHG XQLWV SODFHG DW Y DGR XV KWHMMH VWD KVLARX
KDYH D PLWXUH RI VHQVRUV VXLW B E OHVIIR ¥V X\FKHD® RIFIDUD
WHPSHUDWXUH VRLO WHPSHUDWXUHS HDWDWRUHR X\ Q&H S
GLUHFWLRQ UHODWLYH KXPLGLW\O URLQGD®®H HG] DV RZGID\
UDGLDWLRQ DQG DWPRVSKHULF SUHVVMKWH WDRLH PE DV X L
LQWHUYDOV > @

JRU VHQVRU PHDVXUHPHQW WKH IROQRBZLQJFVURGVRU

SURGXFWLRQ FURS VHQVRUV HQYLURGPN@WWB QS RARL C
VHQVRUV )URP WKH JURZWK RIQNRRIUHFEDWN MR U X WIRR Q V

UHFRJQL]H WKDW -WEBHFIXWKFH RS SUREBXFWLRQ LV PRY
VHQERVHG DSSURDFK EHFDXVH REWDLQLENOQ\PBR&GWDQW
FKHDSO\ LV VWLOO RQH RI WKH ELULFY®WKKIHO QHRGIH\V
$ QXPEHU Rl UHVHDUFKHUV DQG PDQXIDWIWRXYRUDY DUH W
VHQVRUV WR GLUHFWO\ PHDVXUH WHKHO PSHFROHU WD BV K
WKH VRLO 7KH GLVDGYDQWDJH RI\WKIG SVUDFMILE DO KXNPIG
VHQVRMKDMW WKH\ DUH OHVV DFFXUDWH DWKRQ\ WM W VG X I
EXW WKH DGYDQWDJH LV WKDW WHKIH\WD DB G/ OLIWVHDE & HUR L
FKHDSHU LQ SUDFWLFH > @ ,Q WK IQX\WUHH @W FRDIE 8
VROXWLBQVEBFRPH ZLGHO\ DYDLODEOHHXWLFQWULYBIVWHU
PHDVXUHPHQW WRROV 7R LPSOHPHQ@WY MXRQIH@WEO H

PDQDJHPHQW D EHWWHU XQGH U Y \WDHAL @B 0RO HWK IHV V@RHL B
&RQYHQWLRQDO VRLO VDPSOLQJ DQGVE& D¥E R QDRWRPLD WLGRDX
EHFDXVH WKH\ DUH VORZ DQG H[SHQVLYH > @

1.3. Proximal Topsoil Sensors

3UR[LPLW\ GHWHFWLRQ LV GHILQHGLBID G WLR RE WOV RUWL I
IURP WKH JURXQG ZLWK WKH VHQVRUURQQW LDLWKQ®YDFW
P >@ 7KH IROORZLQJ PHDVXUHPHQ®/LSWLQBXS5WDKNGD KX
SUDFWLFH > @
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(OHFWULFDO &RQGXFWLYLW\ (& 6HQVRUV
*URXQG 3HQHWUDWLQJ 5DGDU DQG 5HIOHFWRPHWH

9LVLEOH- N8, QIUDUHG- OLL.GQIUDUHG 0,5 'LIIXVH
SHIOHFWDQFH 6HQVRUYV

ODIJQHWLF 6XVFHSWLELOLW\ 6HQVRUV
Gamma5D\ VHQVRUV
X-UD\ 6HQVRUV

2WKHU 3UR[LPDO 6RLO 6HQVRUV OLNHHBKRWRDFR
LQGXFHG EUHDN GR Z QLQSHF WM GRNPFRI HOFHFE H VSHF
DQG LQYBINWMERRY) VFDWWHULQJ OHFKDQLFDO VHQ\
SHQHWUDWLRQ UHVLVWDQFH KDYH DIO& R LIBMK Q XV H (
RWKHU VHQVRUV LQ VRLO VFLHQFMSSQIGFB WH RIQWLR |
UDQJLQJ IURP VRLO FRPSDFWHRQ@IDQNRVVRHQVD DR |

2 FRXUVH WKH GLITHUHQW VHQVRUM kDY EHH IERMESL QNG
X¥QJ D PXOWLVHQVRU\ PHDVXUHPHQW

1.4 Conductometry -Measurement of Electrical Conductivity

6RLO SURSHUWLHV RIWHQ YDWQWW ROQHLRD W \FEIDWIOHD .
SUHFLVLRQ DJULFXOWXUH LV FROOHFGH®MLUQH Q RX¥J KV KR\
YDULDELOLW\ 6RLO HOHFWULFDO FRQGXFHBELWRRO (& UK
PDSSLQJ VRLO YDULDELOLW\ ZLWKLQ HLMWOSLM DORLO (&
FRUUHODWHG ZLWK VRLO WH[W X WHH [P\R D\DWLXPLSHR UDAQDEQ WD I
IRU FURS \LHOGV EHFD X VHKRIONG LUHIO B DVSHHVE BKE Q\BHBHV £ B O H
FDSDFLW\ URRWLQJ GHSWKV GUDEQRQIHWSO@BRBWKHU ¢
SURGXFWLRQ > @

7KH JRRG FRQGXFWDQFH RI SDUWV LV FKBMYDFWHUL]H
&RQGXFWRPHWU\ LV DQ DQDO\WLF D ORP HWKKIR 16 OBHIFWHLG. IR
FRQGXFWLYLW\ RI VROXWLRQV ,QLPm® GRMFOOWEKHP LV
HOHFWURO\WH VROXWLRQV LV PHDVXQEGD&D GFR\QGOOW
LQIRUPDWLRQ LV GHULYHG IURP WKLW¥DDQGHDWW LRKD/Q.
7KH FRQGXFWLYLW\ Rl PDWHULDOV DMIPERKD WHWKHIREODD
WKHLU HOHFWULFDO RKPLF UHVLVWDQE®HFWBERDOS5

FRQGXFWLRQ UHTXLUHV WKH SUHVHQRW PIQERDWYJE QD U |
FDWLRQV WKDW DUH DEOH WR PRYGH XRB HR QVRHIDDWILRG
LQ WKH BROXWRROKH HOHFWULF ILHOG LV WKH UHDVRQ |
WKH VROXWLRQV %DVHG RQ WKLV WRONFWUHFD/® ERQ
GLVWLQJXLVKHG 3XUH GLVWLOOHG\ YPWHW FYXDYRH LW
FDUULHUV LQ WY @GRQFEQSVUPRMG PRUUHVSRQGLQJ WR
DXWRSURWHRO\WLY FRQGXFWV HOMFWKHBHM RDOW VER q
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FRQVLGHUHG DV DQ LQVXODWRU +RZHYHU DQYKRIQNRQF H
DTXHRXV VROXWLRQV \RIJOQ HFW QRO \RDHWV. G D @ EHP PRV WO
GHSHQGLQJ RQ WKH GHJUHH RI HOHWWH RGROWWLRLY PR RI-
VRPH FRQWULEXWLRQ WR WKH FRQGXRWIRR®E XBWRAHWH
LV QRW VXLWDEOH IRU WKH VHOHFWLMH PWDMXQRRMHRD® LF
VSHFLILF PHWKRG > @ 7KHUHIRUPLWWGE QDKW L\FDOGD
VI\VWHPV WKDW

&RQWDLQ RQO\ D VLQJOH HOHFKHI REOD WNI WRRX Y&'H F
LV QHJOLJLEOH

&KHPLFDO UNDRMOIRFHVLWDWKHP GXULQJ ZKLFK WKH
LRQV WKDW PDNH XS WKH VA\VWHP FKDORDEIHR VLJIQLILF
SEDFNJURXQG™ > @

1.5 Principles of Soil Electrical Conductivity

'KDW DERXW VSHFLDO VROXWLRQV W R HDIVXIGH MDKMV V R L
RQO\ SURYLGH LQIRUPDWLRQ R IR B\ RO /W WDE OWK HR
VHOHFWLYH PHDVXUHPHQWV" 7KH PHDV )DSISE RO B WHW L\
LQIRUPDWLRQ > @ )LIJXUH VKRZVS@KXFHHBREWLROH GLL
FKDUJHG SDUWLF®KDNVBXXRYDWXWHDWHG VRLO FRQGXFWI
7KH DLU DFWV DV DQ LQVX@® DWUQHHPSIBWKEDAV @RI FXUUF
FRQWULEXWH WR WKH (& RI D VRLO

L $ OLTXLG SKDVH SDWKZzZD\ YLD GLW/WR®YAGBWRDOLG)\
RFFXS\LQJ WKH ODUJH SRUHYV

LL$ VROLGEXLG SKDVH SDWKZD\ SULPDULO\ YLD HJI
DVVRFLDWHG ZLWK FOD\ PLQHUDOYV

LL& VROLG SDWKZD\ YLD VRLO SDUWLP®RQWIXPW DUH
ZLWK RQH DQRWKHU > @

7TKHVH WKUHHFSDWKQ2MM\VYORRZ DUH LOOXVWUDWHG LQ )L
LQ ZKLWH WKH OLTXLG LQ JUD\ D@G WKH VRLO SDUW

YLIXUH
'LUHFWLRQ Rl HOHFWSKBDB ¥RIQW® %F \@LRQ@LQ
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IHYHUWKHOHVY WKH H[SORVLYH VSWHDGE RDQ@&EPHDYV XL
DWWULEXWHG WR UHDVRQV 2Q WKHRRQWHHKEQRK O RUW KWW
VLIH RI FRQGXFWLYLW\ PHDVXULQHGNFHBHNQKD D LEHH BQ W
DYDLODEOH DV PRELOH GHYLFHV DOWALRR@® WYWHPNVKHU |
KDYH EHFRPH D SDUW RI RXU OLYHWDYN@G CFERAEHE XKHFDWIL X U W \

1.6 Chemical Composition of Soil Moisture (Soil Solution)

9DULRXV LQRUJDQLF VDOWV RRDYHE PO WWHW R QG BR M\
'LVVROYHGVBD@WUDOH GLVVRFLDWHG LQWR SRVLWLYHO\
DQG WKH LRQV DUH VXUURXQGHG E\L RQK\®WBHWRD V@B C
SUHVHQW LQ WKH VRLO VROXWLRQ

&D 0J I'D*Y 1+DQG LQ VRPH WRUD YHSMWLRQV
+&2 &2- &062 12 +32 +32 DQLRQV

ORVW RI WKH GLVVROYHG RUJDQLF FRPSRRX@GAXODH RU
ZHLIJKW KXPLF VXEVWRGRRPHLQILWKHEPRVW VLIJQLILFDQW
JDVHV G6ROXEOH VXEVWDRIGFMWY RQZWKXWKNRLGE@I DQGE
IRUPDWLRQ EXW VDOWYVY DOVR HQRIMMUHW KFHO R R HOWRR & X
VXUIDFH ,Q DGGLWLRQ IHUWLOL]HUWVDIML® QF ZDIRKD G Y
DJULFXOWXUDO DUHDV PRGLI\ WKH VDOLQLW\ RI WKH VR

1.7 Hydrated lons

7KH LQWHUDFWLRQ EHWZHHQ VROYDWH® HBRQ VLD YE ZIDW
GXH WR LWV LPSRUWDQFH LQ YDULRQ®MHRKMPQFDWOR FEH\ROH
> @ 9DULRXV H[SHULPHQWDO D®G H\GK B R X HRW\F IVE O/ XWKIC
RI LRQV ERWK LXQ @KMHQOEBXDW £ Q@HUIDFHV >

7KH VL]H Rl WKH K\GUDWH VKHOO LQLO@TXHRMM VROXW
7KH VPDOOHU WKH GLDPHWHU RI WKW\GHKDOUUBWNG \WE W
WKLFNHU WKH KOSTKBWRN W SROUMWILRQ LV 7KLV DOVR DIIF
K\GUDWHG LRQV 3RWDVVLXP LV WIKHPR&Z/W\WREERH HDE I
DYDLODEOH WR SODQWYV KRZHYHU FDRMWPRN W KE-H YV IS IRV ©
JRQH RI WKH VRLIOLEK PRELID IRV\LWV@ ([SODQDWLRQ IRU F

YJLIXUH
7KH VL]H Rl WKH DTXHRXV K\GUDWH FR@&HU IRU HDFK HOHPHQ
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,Q IDFW WKH FRPPRQ FDWLADHY RIQVLRHLY PNYWKBRZZL GO Y
5HQJDVDP\ DQG 6XPQHWKH @ MKRZWG WHKBWHFW RI 1D LV
WKDW Rl . DQG WKDW WKH IORFFXDDWWEDW IRHFO RI
&RQYHQWLRQDOO\ WKHVH FDWLRIRW KIDYH FOMH@® @D GO X
+\GUDWHG UDGLL DUH FULWLFDO WR WKH FRPSRVLWLRQ

YLIXUH
7KH LRQLF DQG K\GUDWHG UDGLL \HRPHF RILWH ¥V IF|RIFP RQ DRQV W U &P\

1.7 Electrical Conductivity Sensors

%HFDXVH VRLO VDOLQL]DWLRQ LV RWKURIDWHKE LFUL @D BE
SURGXFWLYLWVRLG KDOH@EHHQ UHSRUWHG IURP PRUH
DURXQG WKH ZRUOG DQG FRYHUV PRUMQWKDQ@ ,WPL®O
LQFUHDVLQJ DWYBBRXMDU DQG LV HVWLPDWHG WKDW

DUDEOH ODQGYV FDQ EMVDEHFW HXX 6\ 2RRLAGVHROMKID VHUL |
WR WKH VXVWDLQDEOH GHYHORSPHQW RI JOREDO DJULF

W LV REYLRXV WKDW WKH PHDVXUHPIHN WORI -RIIOW KW WICF C
VLWX WRROV IRU VRLO WHVWLQ& WDHFRIOGHW KIRWHSIUMH BL V
ODWHDOH OLWHUDWXUH RQ WKH GHYHORWPRSIW RO\(& GH
DQG WUDGLWLRQDOOY K@ Y AKH H® U B &/KNRGBHNVD-OH F MRXUIH Q W
HOHFWURGH PHWKR®LWK PHW WXWL QLWDIQE D RRHGQDW GH'
VLWX VRLO (& GHWHFWRU ZLWK ORZXSBHPHWHB VYV H RIS\HILRX
LOQWHJUDO FRQWURO SURFHGXUHV DQ&SGCODMPWSVUREG VYV
HOHFWULFDO FRQGXFWLYLW\ LV RRHORPMXHX V HP & QMM
REWDLQ XVHIXO LQIRUPDWLRQ DERXW YRWO OF KNRWHF W |
SUHFLVLRQ DJULFXOWXUH > @

7KH DLP RI WKLV SDSHU LV WR SUHVHQWHWHKHWEDMLF |
SRWDVVLXP FRQWHQW RI WKH VRLO EVWMWYAWLIUHT X
PHDVXUHPHQWY EDVHG RQ SULQFLSOHWQWI| FAKQEXKHAWRPF
EHLQJ GHYHORSHG ZLWKLQ WKH IUDP#HIZRUAK BWXXEQJIDQGD
/[LIH 6FLHQFHY ,QVWLWXWH Rl 7THRARORRBB®R QW 7R XPHW KR!
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KRZ WR UHSODFH VORZHU PRUH FRRS®H[ODBRUWWRW\U
GHWHUPLQDWLRQ RI VDGR \PH Z VWK HPWH@WY\DR'QSRVVLE
QRWHG WKDW WR WKH EHVW RI RXW HAVXWW H QW KNDRLZAD N €
DORQH DUH QRW VXIILFLHQW WR LQUHYH@KH HDDLQL
7KH PHDVXUHPHQW LV DIIHFWHG EGLWKHK K@M TXOW UG HD\
GLIIHUHQW S+ FRQGLWLRQV GLIIHHGEWY SDY RUIDKY LFR
PDWWHU FRQWHQW RU HYHQ WHPSHUDWXUH > @

2 Methods and Materials

2.1 Specification of Solution

7KH PHDVXUHPHQWY ZHUH SHUIRUPHG QRORKYM /DE RI
+XQJDULDQ 8QLYHUVLW\ RI $JULFXOWXURUD WGH PLS H USTFW B C
ZDV VHW DW D FRGWMCROOWK W L RQ ¥ HIUHG XW K6 VRU WKH PHDV)
D We

'XULQJ WKH PHDVXUHPHQW ZH ZDQWHGR®\R RIWWE&H WK H
GLVVROYHG VDOWYV LQ WKH VRIQO/ PREKN W KO KW IGE UF MW MR
* EHFDXVH WKH UHDVRQDEOHPWFS QB DHPHQW R L @ KX XW
SODQWYV LV D EXUQLQJ DQG H[SHQVLYRQV WO R HVKIGVW E
VROXWLRQ LQ WKRARBEO®HRVEDWMU7KH VDOWY DQG FKOR!
LQ ZDWHU VR ZH FKRVH W KdatLFRK@® RRIW QMK Y DIO[\S M UR.IP W& W
SUHSDUHG 0 FRQFHQWUDWVYWRFN W ROXRRIRGW IURP 3R

FKORULGH $&6 5HDJH&W - - 7TKHVH VROXWLRQV ZH
IXUWKHU GLOXWHG ZLWK WKH GLOXWDRIQGHEBELWWLOO
ZDWHU L H 0 zDV WKH UHIHUHQFH PHBYWYHPHQW %

DOZD\V ZDVKHG WKH VA\VWHP ZLWR\VOWWI QROHW KZHD WE H F W
GXULQJ WKH SUHYLRXVY PHDVXUHPH@®W GR QRW FDXVH D

2.2 Specification of Soll

$V D PRGHO VRLO IRU RXU LQY¥HVWRLUO WICRQ ¥ H WK H K/RD\PH
ZKLFK KDG QR GHWRIGWBRQUWH &R IWHVW VRLO ZDV FROOHI
LQ *|G|OO0O WRZQFRXWMHUYV RI DUDEOH ODQG f 1

| 6RLO W\SH EDVHG RQ ,866 :RUNLQULFWRXS :5%
$UHQRVRO $HROLF $ULF 2FKULKP BDBK MFH[WRPHHBRIHYDE
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2.3 Hardware Specification

(OHPHQWYV RI WKH PHDVXULQJ FLUFXLW DV LQ )LJIXUH

1.
2.

o 0~ w

6285&(7521,& 67 & SUHFLWHW ZEW KIB6% VWLFN

6285&(7521,& 67 % 7HVW )L[WXUH WKH UHVRO
LOQVWUXPHQW LV Q6 WKH EDWEFJI DFKNMUDF\ L
PHDVXUHPHQW WKH YROWDJH RI WKHXWHFWURGI
LPSHGDQFH RI WKH LQVWUXPHQW ZDV

.63() $RVLQJ 3XPS
OHDVXULQJ FXS PO PO LQFUHPMIQRMQY WR VWR
OHDVXULQJ1F\OR® ¢ Hrim

OHDVXULQJ HSFH¥EWRR GHYQ JWK PP IXO0 OHQJWK L
XQLQVXODWHG SDUW OHQJWK PP OSIWUMBDWEELVWDQF
VWHHO

3LSLQJ tLQRPHU

7UD\ ZLWK UDLVHU

YJLIXUH
7KH PHDVXULQJ FLUFXLWYV

7KH /&5 PHWHU PHDVXUHG DQG UHFR U GHHHGQ WAKKIH HV HRE W U |
VWDLQOHVV VWHHO HOHFWURGHV SOUFWKULRVWIXKW DUR
SUHGHWHUPLQHG SURJUDP IUHTXHQF\ DQGHQEUWDWWHC
F\FOH XSRQ FRPSOHWLRQ RI WKH PHONXYBBMWNRBW XNHTXH C
IRU WKH PHDVXUHPHQWY ZHUH UHFRWIGHG LQ WKH UDQJt

(DFK QHZ PHDVXUHPHQW ZQJY WKHHD SWH IGY BADIODAMOLLFE BRI 7
GHOLYHU\ RI WKH S$XPXJLQDWKHWHDVMRXUHPHQWY W
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VROXWLRQ ZDV SXVKHG LQWR WKH WWOH GE&MW RRJIXKIUWK'
PHDVXULQJ F\OLQGHU ZKHUH WKH ¥RIDQGIHROY WIRPWYRIXQ@W WD
GLVWULEXWLRQ SOXJ PDGH Rl ' SOLQWHQJIFRK OMX b Y WAXKJ
HYHQO\ 7KH VROXWLRQ OHIW WKH WHR XIRIUPH 6\ O MQ B/HL
WRS RI WKH F\OLQGHU DQG FROOHHAVWRDEREHWKH RRUD\
ZKLFK WKH XVHG RXWSXW OLTXLG ZDV FRQWLQXRXVO\ HF

YLIXUH
7KH PHDVXULQJ F\OLQGHU DQG FRQQHFWLQJ SDUWV

%YHIRUH VWDUWLQJ HDFK QHZ PHDVXWHRKQ &L VAHL @ D WIGH
ZDWHU LQ WKH PHDVXULQJ F\OLQGHWHVRWW K DU FWKLHR XL\F
PHDVXUHPHQW GLG QRW DIIHFW WKHPPRRRIWX ZHRHHQW U
UHSHDWHG WKUHH WLPHV ZLWK HDFKPPLRH GVK® SIXW5 X\ O ;
VROXWLRQ DQG HDFK ILOOLQJ ZDV |IRP® RIWG B HBH XWU
ZDWHU I WKH VRLO SDVWH ZDP6 @GRXW LWHGW KH & WK IOGIV \
DGGLWLRQDO ZDVROQRIZGWKWLOOHG ZDWHU ZDV SHU
PHDVXUHPHQW ZDV UHSHDWHG WKUHH WLPHYV

3 Results and Discussions

3.1 Reference Functions to Detanine the K Content

JURP WKH UHIHUHQFH PHDVXUHPHQWYV ZH WGKIMWVHUPLQH
PHDVXUHG (& YDOXHV IRU HDFK FRQFBRMURWLRROHDQG
DGMDFHQW YDOXHV DQG DYHUDJLQJ WKHEBLIGJRRWKH YL
H[FHHG 7KHUHIRUH WX HSHIQIGNEWFDYHUDJHV IRU D
PHDVXUHPHQW ZHUH GHWHUPLQHG $UIW HAD 'S FSWRIRWIPH@QH
WR UHFRUG WKH PHDVXUHPHQW U H VDRV \F RRF MK UDDACLFF
DQG PHDVXUHPHQW IUHTXHQF
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YLIXUH
(& YDOXHV IRU GLIITHUHQW FRQFH@QGDWGRG@N YRID VEIORQYR O X W L R G

KHQ H[DPLQLQJ WKH TXDOLW\ RI WKHJG HOUHWIHGNG R R IW
WKH PHDQ HVWLPDWH )LJXUH SORWPXKHKESPRDGIJHQLRU
RI WKH VROXWLRQV RI WKH LQYHWRWLRBD WHKG PRQPHQWKDP
IUHTXHQF\ )LJIXUH QRW RQO\ VKRZV WKRDLDWJIWKH (&
FROQFHQWUDWLRQ EXW LW LV DGVRHQ@HDLWY W R P WHLO WHIKSH
PHDVXUHG (& YDOXH DOVR LQFUHDVHV

YLIXUH

(& DV D IXQFWLRQ RI WKH ORJDULWKIMLFHBMD ¥R Q AR B QW D WH RQNQEN .|
VROXWLRQV

3O0RWWLQJ WKH PHDVXUHPHQWYV LIPDVKRZADER )WIHI HFROO
FDQ EH GUDZQ
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YLIXUH
(& DV DWMXRFMRRQFHQWUDWLRQ DQG IUHTXHQF\

J)LQDOO\ ZKHQ SORWWLQJ WKH IUHTYWHMIRQJRWKE O&L QHI
PHDVXUHPHQW UHVXOWV RI WKH VRDXMR QVWRLGLIIH L

IXQFWLRQ WR WKH REWDLQH!G SRTRMIW UFHRFWL BHUFWVDLIR W
RI WKH GERBEWHR®Y FRQFHQWUDWLRQV DUH LOOXVWUDWH

YLIXUH
(& VDWXUDWLRQ FXUYH IRU VROXWQR QRQZD VO W& X U B O HQ WT.X HFQRR\F\HR
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3.2 How to Determine the Concentration of an Unknown
Sdution Based on our Experiments

5HODWLYH (& LV PHDVXUHG EXW WKMHXVWOHH W RQYHUVWHG
7KH VROXWLRQ UHTXLUHYV LQWHUSRODROW §J MKKIHVREVX BVLL(
LV WR GHWHUPLQH WKH FRQFHQW UDDNDRHY EB U B IHEMHSR O |

7KH DQDO\WLFDO DSSOLFDWLRQ RI FRQBRXFWRPHW
VI\IVWHPYV WKDW FRQWDLQ RQO\ DLEXKQIRK HRO HNFK\HJ R
SEDFNJURXQG ™ LV QHJOLJLEOH

$ FRPSOHWH PHDVXUHPHQW LV D PHREWUHPHQW S
IUHTXHQF\ UDQJH

WLV QHFHVVDU\ WR XVH WKH VDPH IUHTXHQFLHV

3.3 The Application of the Following Notations for Deduction

X5<Xg<..<X; WKH SUHOLPLQDU\ PHDVXUHPHQW IUHTXF

25<2¢<..<2, (& YDOXHV IRU WKH PHDVXUHPHQW IUHT X
Rl PHDVG@WNPH

$FFRUGLQJ WR )LJIXUH DWs RMKWKHH YHIHYURXXBOQMPHD V)
UHIHUHQFH (& uyh@XEHN WKHWUHIHUHQFH YDOXHV ZKLFK
PHDVXUHGzIDB XH R

us Qzs Qvsg (1
DQG VR(ROW LBMQYGWKDW HQFORYH WKBIWD®XH RI
u; Qz; Qv

YLIXUH
'"HWHUPLQDWLRQ RI FRQFHQWUDWLRIY E\ LQWHUSRODWLRQ R

6XSSRVH WKXWzp@®®CSRHEHMWAMHHQ WKH VDPH WZR DGMDFH
8V H
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i=1,2,...,nILHG

DQG WKHVH WZR FXUYHV FRUUWHNV@RLPG WR WKH FRQFHQV
‘H DUH ORR)NQIDQ),]].]I‘RDJO[XH WR ZKLFK

Z@mx Pgt (1 Fxgvyg

IURP

X 8 ZKHUH

t 2l

i=1,2,...,n

XgLV WKHUDJH RI LQWHUSRODWLRQ FRQVWDQWYV
>$:T5A|91@Xf>g

7KLV LQWHUSRPD@GEW BHWIHHMH FRQFHQWUDWLRQV
&= xE; + (1 F¥cis5

(UJR WKH HVWLPDWHG FRQFHQW UDWURG RALW B HE K QWM QI
DYHUDJH RQFMHQIVUDWLRQV WKDW LQWHUSROMDKMHG EHWZ
UHIHUHQFH PHDVXUHPHQWV DW WKH PHDRQMHPHQW
PHDVXUHPHQW

Conclusions

‘LWK WKH FXUUHQW GHYHORSPHQWLEDMRALR RHRVRWA VIF
SURSWUWW-MWHPKW VR JURZHUV FDQ QRZ JHW LPPHGLDWH

VWDWH Rl WKH PRVW LPSRUWDQW UWHVYRXUFH VWIQHE VRHLG;
WKH LPSDFW RQ WKH HQYLURQPH®W WIX$L &V i PRPIHGR DOV |
DQG FRVW WHWLVQUOVBLD@G QXWULHQW PDSSLQJ VROXWL

,Q RXU FXUUHQW UHVHDUFK ZH ZHUKH@RRQHQRI| I RWKHNK
VLPSOHVW DQG FKHDSHVW PHDVXURPHRWRHFWMBDR&VL Q JH
WKH HOHFWULFDO FRQGXFWVRLW\ RMHL\VS DMKIH IS\WHM VUL RL
PHDVXUH VHOHFWLYH VDOLQLW\ LQHWRKBVODERW IB® R D
WKHUH LV D VLIQLILFDQW FRUUHORQWRR®KEHWRHE Q WKKH
PHDVXUHPHQW IUHTXHQF\ DQG WKH IPHEWXQHIX F&J HD/NVW &
WKH PHDVXUHG (& RI WKH VRLO VDWXUYB ¥ H® ZEMEW. & DW
FKDQJHG DQG LQFUHDVHG DFFRUGLQ UWWRXWWH IXQFWLRC

‘H KDYH DOVR GHYHORSHG D FDOFXODWHRRQRRRGHO W
FDOWXQD WKH VHOHFWLYH VDOLQLW\QRIWKRH ® QQOOWERDC
DSSOLFDWLRQ RI FRQGXFWRPHW UL VTAKHQ RROG HFX VB RLZQYJ Wy
PHDVXUHPHQW IUHTXHQFLHV WKH \FIDQHEM IGYHVWD @ L Q H\E
E\ (& PHPRHKQW XQGHU ODERUDWRU\ FRQGIDAURRQY %HFD;
* LRQV Rl WKH VDPH FRQFHQWUDWLR® RWXH | H& HYWV D\
IXQFWLRQV GHSHQGLQJ RQ WKH PHDVXUHPHQW IUHTXHQF

Roas A



J.Horvattetal. Analysis of tt8oilSelective Potassi@ontenbyMultifrequen&CSensors

$V ZH DGYDQFH RXU UHVHDUFK RQ B OHNAHWRHBYRUYF
RXU WKHVLVY E\ WHVWLQJRRLORQWD W XW E /\M GNAHMWK \&B C
UHVXOWY ZH ZLOO UHILQH RXU PRGHO XQGHU DFWXDO
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Abstract: Despite the many readyade LMS solutions, there is a problem of creating LMS
systems with a flexible architecture and meeting all user requirements. Vaingrsuch
systems, it is difficult to take into account all the requirements for the functioohlitye
system. This paper proposes an approach to the formation of a senénted LMS based

on modules. At the same time, depending on the functionality, the user can form the
necessary functionality based on services, processes and objects. A clustaxchppr

used to form a finite set of modules.

Keywords: learning management system; online education; sewi@nted approach;
clustering; information technology; semantic proximity

Introduction

The use of modern information technologies in the educational process has led to
the emergence of a special category of information systemkearning
management systems (LMS learning management system). This category
provides a certain set of services that are focused on ensuring the implementation
of the educational process at various le{&|2].
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Over the past few years, the most interesting approach to seftleaelopment
has been based on user preferences and experience-dhkedouseroriented
design[3-5]. This method is gaining more and more popularity among software
developers, including those intended for trainiélg [

Recently, a new type of-learning system has appeared, based on automatic
recognition and prediction of user preferences, and-asklptation to user
requirements. This type of system is called adaptive learning management. Some
researchers base training on the use of social networks and communication
between trainees (students) and trainers (teadi7eg$)

Some of current LMS systems are clduased and do not require a system
administrator with experience in installing and maintaining software; however,
there are also systems in which deep knowledge of programming languages such
as PHP, JavaScript, knowledge of database management and administration, such
as MySQL, Microsoft SQL Server is absolutely necesshty [

Currently, the development and implementation of modern information and
communication technologies in the educational process entails the trangformat
and search for new approaches to the implementation of LMS. One of these
approaches is a serviceiented approach based on building a system from
heterogeneous, loosely coupled parts, based on services as components with
stationary interfaces and performing certain functions.

The study proposes a serviggented architecture (SOA) approach that loosely
connects various system components to reduce development time and @osts

In addition, a prototype of a training application with an API ecosystem is
proposed, which takes into account the attractiveness and checks the functional
and nonfunctional requirements for the system.

In this study, the authors determined which main categories of services are
available in the LMS and proposed a reference model of LMS services. During the
study, LMS services are divided into modules that implement simila
functionality. On the basis of dedicated services, LMS modules of a specific
educational institution are formed based on the requirements that areietderm

by this educational institution.

1 Materials and Methods

The methodology of this study consists in defining a set of services, forming a
reference model, combining LMS services into modules based on the principles of
semantic proximity and visualization of the results obtained.
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1.1 Types of LMS Services

The functionality of LMS systems for a particular educational institution can solve
various tasks depending on the features of the educational process in the
educational institution. To solve problems, the LMS must provide a specific set of
services that provide various aspects of the system.

The main LMS services can be classified into one of the following categories of
serviceq12]:

1) Services for monitoring and controlling users. The services of this category are
focused on fixing and evaluating the activity of various categories of users in
various sections: user activity on a separate course and in the system as a whole,
conducting various forms of control, evaluating various tasks performed by
students on the course and forming the final grade for the course, etc.

2) Content monitoring and control services. Services of this category aredocuse

on the support and control of methodological support of training courses based on
a given set of requirements that are determined by the requirements of the
educational process in a particular educational institution. These services can
evaluate content formally (for example, the presence of certain educational
components in a training course), and on the basis of expert evaluation.

3) Operational management and administration services. Services of this gategor
are designed for operational management of work processes in the system.
Services of this category can be divided into 2 subgroups:

e Services of operational management of the educational process. This
subgroup of services is focused on the prompt response of problems that may
arise during the educational process based on the control of certain parameters
information about the availability of courses for training, registration of
students for courses, the occupancy of courses with various educational
materials, etc.

» Hardware and software control services. This subgroup of services allows
you to monitor and respond to problems that may arise in the operation of
LMS software or hardware based on the collection and analysecloital
information about the activities of these components.

4) Analytics services. This category of services is aimed at carrying out analytical
processing of various information contained in the LMS, as well as building
various analytical reports and recommendations.

Based on the presented categories of LMS services and to impléheent
requirements for LMS systems, the authors propose a reference modeiadsser
for LMS systems.

—-251-



S. Kumargazhan@taal. Modulafype ofearnindanagemer@ystentervicesormation
based oSemanti®roximity

1.2 ReferenceModel of LMS System Services

The reference model of LMS services is shown in FigUte]L

Figurel
Reference model of LMS services

As can be seen from the diagram shown in Figure 1, LMS servieedivaded
into 3 groups:

1) Hardware and software services. These services are represented by hardware
and software components on the basis of which the LMS operates. These services
are divided into the following levels:

» Hardware level. This level includes various types of hardware necessary for
LMS operation (network equipment, telecommunication data transmission
lines, servers, etc.)

 Software level. This level includes a variety of software that is involved in
the operation of the LMS (operating systems, application servers, web
services, Database Management Systems, etc.)

2) Basic services. These services are designed to provide the main function of
LMS systems training. These services are divided into the following levels:

» The level of content. This level includes services related to the supipor
working with various educational materials, conducting control activities, e

» User level. This level includes services related to the work of various
categories of users in the LMS (user registration in the system, sharing access
to various types of educational resources, logging user actions, etc.)

3) Management and analysis services. These services are designed to monitor the
operation of the LMS system and conduct analysis based on data that accumulates
during the operation of software and hardware services and basic services. These
services are divided into the following levels:
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« Administrative level. At this level, services aimed at operational managemen
of the educational process are presented.

« Analytical level. At this level, services are provided for conducting analytic
analysis based on data that was collected during the operation of the LMS.

The division of LMS services into the groups and levels listed above allows you to
split services based on their functionality and combine them into functional
modules that can be presented in LMS systems.

1.3 Combining LMS Services intoModules

Combining LMS services into modules will solve the following tg4/63:

1) Determine the list of services that should be provided in the LMS, depending
on the requirements of a particular educational institution.

2) Manage changes to LMS requirements. Changing the LMS requirements in this
case can be solved in one of the following ways:

* by including and/or excluding modules from the LMS;
« inclusion of a new service in an existing module;
« creating a new module and including it in the LMS.
The following principles will be used to split the services:
1) The module is a specific set of services similar in their characteristics

2) The module has the possibility of expansion, which allows you to include new
services in the existing module that are similar in their characteristics to the
services available in the module

3) Extensibility of the module system. In case of new LMS services, the list can be
revised by including new models and redistributing services between modules.

4) The presence of dependencies between modules. This principle assumes that
any service of one module may depend on one or more services of other modules
and, accordingly, the inclusion of some module in the LMS requires the inclusion
of dependent modules.

1.4 Methodology of @mbining LMS Services intoModules

As was mentioned in sectidn3, modules should be combined into services with
similar characteristics. That is, the integration of services into modulefshe
carried out on the basis of their semantic proximity. In this study, eimarstic
proximity of services is determined by the following formild 3, 14}
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SI(f. f,) | wS| (1)
il

where, S| —is a measure of theconnection between two services, —is the
weighting factor for theé-link.

To determine the semantic proximity of services, the following measures of
connections and weight coefficients for them were used (Talple3,114}

Table 1
Link measures and weighting factors

Weight

Designation Link measure description e
coefficient

The ratio of the cardinal set of processes using
Slgp services to the cardinal number of the set 0,5
processes using at least one service

The ratio of the cardinal set of entities that are r
Sl in both services to the cardinal number of the segt of 0,27
services that are read by at least one of the serv

The ratio of the cardinal set of entities that cha
S| in both services to the cardinal number of the set of

EW services that change the essence of at least one of
the services

0,23

To conduct a study based on the proposed model of combining LMS services into
modules, it is necessary:

« define a list of LMS services;
« determine the list of processes that are carried out in the LMS;
« determine the list of objects that operate in the LMS;

 determine which services are involved in the implementation of a certain LMS
process;

« determine which objects are used in the service to read their data;
« determine which objects are being created or modified in the service;
* based on the similarity of services, combine them into modules.

Combining services based on their semantic proximity can be done using the
clustering method. To implement clustering, the FOREL algorithm is used since
the number of clusters can be calculated duthegyoperation and is a priori
unknown[15, 16]. The scheme of operation of the clustering algorithm is shown
in Figure2.
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Figure 2
The scheme of the clustering algorithm Forel

2 Results

2.1 Approbation of the LMS Service Pooling Model

The study was conducted on the basis of the educational portal of D. Serikbayev
East Kazakhstan Technical Universigi], which has an LMS of its own design
[17, 18].

Initially, the list of services that are available in the LMS on the educational porta
and the dependence of the service on other services was determined (Table 2)
[20].
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Table2
List of LMS services

Depends
Code Service name on Service description
services
student progress data is available. The re
. is equipped with filters by semester, a sea
S01 | Academic progress| S30, S32 system by discipline, by group, bshe
student's full name
S02 Unverified  works S23, S30 formatlon_of a report on unverified work
and appeals and submitted appeals on tests
Task completion| S07, S13,| uploading evaluated tasks and distal
S03
schedule S23 course tests
Control of students
and teaching staf . . . .
S04 | in accordance wit S33, S34 storing mformatlon_ about the educatior
the schedule o process for a long time
classes
S05 | Active tests S13, S30 contains data on students with acti
incomplete tests
. export of students' progress by control poi
S06 Export of academi¢ S23, S30, of controls to the database of the educatiq
progress S31, S32
portal
Fle>_(|b|I|ty of S01, S03, _
setting up a system allows you to set up the evaluation of tg
S07 ! S30, S31, . . -
for evaluating tasks in accordance with the training syste
. S32
students' work
allows you to verify (confirm) the identity o
the test taker, as well as observe
behaviour and what is happening on
S08 | Proctoring S18, S30 | computer screen to make sure that stud
are not cheating, does not resort to the h
of other people, does not search for answ
on the Internet
. S30, S32,| combining several discipline groups into o
S09 | Managing groups 533 course
S01 S30 uploading tests for automatic control
S10 | Testing 5132 '| students; control of the educational proce
traditional, remote
generating a report that allows you to vig
S31 S33 the activity of teachers in the distan
S11 | Teachers : '| learning system. Equipped with filters &
S34 . - ;
semester, and inactivity of teaching staff
day, by full name of the teacher
- S24, S30, | the history of student visits allows you to g
S12 | Student activity S31, S32 | the log of user activity

rch

nal

pSt

eNnts

elp
ers
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generating a report on uploaded tests

S23. 530, | courses, equipped with filters by semester,
S13 | Test tasks ! '| only distant learning-generating a report by
S31, S32 . 8
groups of students with the use of distance
learning technologies by teachers
generating a report with quantitati
S30, S31,| 2. .
S14 | Courses by type S32 S33 |nd|9ators on loaded resources in the coyrse
: '| section of the semester, form of stug
S34
school, department
generating a report with data on all cour:
on filling courses with content in accordance
S10, S23,| . . L
s15 | All courses S30. S31 wnth. the pa.ramc.eters of technical expertise,
' '| equipped with filters by semester, schoals,
S32, S33
departments and a search system
Discipline, teacher, group
Technical and S10. S23 conducting methodological expertise
S16 | methodological ! | course content and technical expertise
h . S31, S33 R
expertise service quantitative indicators of course resources
S01, s10,
Course academi{ S23, S30,| viewing the progress of students, by group of
S17 4
progress S31, S32,| a certain course
S33
a file sharing service that provides the use
S18 | File Storage a distance learning system with a place [for
his files and roundhe-clock access to them
allows you to upload a video greeting of t
$19 | Video greeting s18 teacher Wlth_ brief |nformat|on_ about t_r
course, requirements, wishes in any vidg
format
S24, S30, . . .
S20 | Course Forum S32. S33 allows you to discuss course topics offline
S21 | Chat 83&3332, allows you to discuss course topics online
S22 | Private messages 81213230’ allows you to receive user messages
S18, S30, allows you to upload a task for twea
S23 | Tasks S31, S32, you 1o up y
communication
S33
based on the data of the log of user action
S13, S21,| the LMS, a diagram of activity in the
S24 | User activity S23, S30,| Monitoring system is built, analyticg
S32, S33 | diagrams are formed on the activity
various categories of users in the LMS
Examination Formation of an analytical diagram based
. S01, S30, S -
S25 | session - | 531 s32 the results of the examination session

Qualitative analysis

students in the E Monitoring system
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Examination Formation of an analytical chart on ti
. .| S01, s30, h
S26 | session Academic progress of students in the context of cournses
S31,S32 | | s
progress in the E Monitoring system
Examination Formation of an analytical diagram on t
. . S01, S30,| . . .
S27 | session - missed missed assignments of students in the
; S31, S32 N
assignment monitoring system
S28 | Video stream S18 allows video conferencing
$29 | Virtual boards s18 atool_that allows you to visualize the traini
material
S30 Contlngt_ant Accounting of the contingent of students
accounting
s31 | Trainina proarams taking into account the list of trainin
g prog modules to study in any educational progrg
- - Accounting of training modules for studen
Individual training - . :
S32 lan to study according to a certain educational
P program
Teacher's work Accounting of training modules conducts
S33
plan by the teacher
S34 Personnel S33 Personnel accounting service
accounting

Next, a list of processes that go to the LMS and the services involved in each
process is defined (Tab®.

Table3
List of processes in the LMS and the services involvedamt
Code | Process name Services Description of the process
courses formation process: creati
Formation of| S03, S07,S10,S13,| a course, uploading trainin
P1 | the course| S14, S15, S18, S19, | materials, uploading training taskis,
content S23, S28, S31, S32 | distributing points for each tas
etc.
Assessment 0 S03, S14, S15, S16, conducting an examination of th
P2 | the course course content based on forn
S23, S31 ;
content parameters and expert evaluation
S01, S02, S03, S05,
The  learnin S08, S09, S11, S12,
P3 r0CESS 9 S17, S20, S21, S22, | Conducting training courses
P S28, S29, S30, S31,
S32, S33, S34
S01, 502, S05, S06, Carrying out various forms o
P4 Assessment o| S10, 517, S20, S21, cont?lol ’ measures  within  th
knowledge S24, S25, $26, S21, framework of training courses
S31, S32 9
System Conducting an analysis of th
P5 | operation S01, S04, S05, S11, system in order to identify proble
: S12, S16, S24 )
analysis areas in the work
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At the next stage, the list of objects that are involved in the project is determined
and for each object it is determined in which services the object data is read, and
in which services the object is changed (Table 4).

Table4
List of objects

Object
name

Change Description of the

Code Services object

Reading Services

S01, S02, S04, S05, SO
S08, S09, S10, S12, S13,
Ol | Student S17, S18, S19, S20, S21, S22, S30
S22, S24, S25, S26, S27,

S28, S29, S30, S32

The objects represe
the student who g
being trained in the
courses

S02, S03, S04, S09, S10, the object represents |a
S11, S13, S14, S15, S18,S22, S33,| teacher who create
S20, S21, S22, S24, S28, S34 courses in the syster

S29, S33, S34 and conducts classes

02 | Teacher

the object represent

S03, S04, S07, S09, S10, 3% 200" | various  types  of
O3 | Content S13, S14, S15, S16, S20, ' '| materials that can b
S20, S21,
S21, S23, S24, S31 presented at coursq
S23,S31| 7. .
(files, assignments, etc
the object is a set g
Academic information abput
04 performance S30, S31, S32 S32 progress on variou
types of tasks in
courses
S08, S10,| the object is a log of th
o5 User 2(1)5 ggg gg? g%g gélk'szo, S21,| user's activity in the
activity ’ ,833 ’ ’ 'S23, S28,| system and the artifacts
S29, S33 | generated by it
S01, S04, S14, S15, S1 the object represents
06 | Curriculum | S17, S25, S26, S27, S31, S31, S32| list of disciplines to
S32, S33 study
o7 File storage S18, S30, S33 S18 File storage

At the final stage, a list of software modules has been determined into which the
services presented in Table 2 will be combined. To do this, afligtedefined
modules was first defined (Table 5):

Table5
Predefined modules
Code Module name Services
MO01 Personnel accounting module S34
M02 Contingent accounting module S30
MO03 Module of training programs S31
M04 Curriculum Module S32, S33
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The remaining unallocated modules are formed based on formula 1. Semantic
similarity of services is determined for the distribution.uré& shows a matrix of
semantic proximity of services.

Figure3
Matrix of semantic proximity of services

After determining the semantic proximity matrix, a computational experiment wa
carried out with the following search radii:

- R= 0.5 - this radius corresponds to half of the maximum distance between
services (Table 6)

Table6

Modules obtained by clustering with a radius of 0.5
Code Module name Services
MO05 The module of accounting of progress S01, S06, S17, S25, S26, S2
MO6 User Activity Module S02, S05, S11, S12, S24
MO7 Module of training tasks S23
M08 Testing Module S10
M09 Online communication module S08, S09, S22, S28, S29
M10 Course content Control module S03, S13, S14, S15
M11 Communication on the course module S20, S21
M12 Course Examination Module S16
M13 ;Zia?r?;iltszfoélzr;s%:?nng the conduct ¢ S04
M14 Course Setup Module S07, S18, S19
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- R= 0.34 - this radius corresponds to the average value of all elements of the
semantic proximity matrixTable7)

Table7
Modules obtained by clustering with a radius &40.

Code Module name Services
MO05 User Activity Module S04, S05, S24
MO06 Task Module S23
. . S01, S06, S17, S25

Mo7 Academic Progress Monitoring Module 526, S27
M08 Module of Test Tasks S13

M09 Proctoring Module S08

M10 Testing Module S10

M11 Examination Module S16

M12 Visit Control Module S11, S12
M13 Course Occupancy Control Module S03, S14, S15
M14 Video Stream Module S28

M15 Communication Module S09, S22, S29
M16 Task Control Module S02, S20, S21
M17 Module for Configuring Data Storage for the Courg S07, S18, S19

As a result, 14 modules were obtained for a search radius of 0.5 and 17 modules
for a search radius of 0.34 for the initial list of services. The graptistaibution
of services by modules for different search radii is shown in Fig. 4.

Figure 4
Distribution of LMS services by modules

After distributing the services by modules, you can determine the dependencies
between the received modules based on the dependencies between the services.
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For this study, the dependencies between the obtained modules are shown in
Figure 5.

Figure 5
Distribution of LMS services by modules

The results of the experiment showed:

1) services similar in semantics were included in one cluster (module), for
example, services S03, S13, S14, S15 were included in the module "Course
content control module" at $R = 0.5%, at $R = 0.34$ services S03, S14, S15 were
included in the module "Course content control module";

2) loosely coupled functions, regardless of the radius used to search for
neighboring elements, are allocated to a separate cluster (service), for example,
service S10;

3) the distribution of services with a high degree of connectivity depends on the
clustering parameters, which makes it possible to identify these services in
subsequent attempts, varying the radius of the search for neighbouring elements.

3 Software Implementation

To solve the above tasks, the authors have designed an information system
database. The logical scheme of which is shown in Figure 6.

The developed database architecture of this study was implementtdt in
Mircosoft SQL Server 2019 database management system in the form of a
physical LmsModules database.
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Figure 6
Logic diagram of the LMS modular construction database

At the final stage of this part of the study, a web application has been developed to
work with the specified database. The architecture of the web application is shown
in Figure 7. The web application is developed on the platform ASP.NET and it is
divided into several levels:

1) The "DB Manager" component is located at the lower level. This component is
responsible for interacting with the database described above in this section.

2) At the next level there is a "Module for working with database elements”. This
module contains components that allow you to extract data from our database and
edit them.

3) The Forel Clusterer component implements mechanisms for distributing
services across modules using the Forel clustering algorithm. To determine
clusters, an assessment of the semantic proximity of services is usediractor

the model described tBection 1.
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Figure 7
Web Application architecture

3) The "Project List Editor" page. On this page there is an option to create a new
project, delete a project or copy an LMS project (Fig. 8).
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Figure 8
Web application appearance

4) The project editing page. On this page, the main work is done to create an LMS
project (Fig. 8). Let's look at working with this page in more detail. This page
contains the following elements:

« Project editor. This component of the page displays the name of the project,
and also in this part we can adjust the name of the project.

« Service editor. This component of the page contains a list of services for the
project and it is possible to add, delete or change data on the service.

» Process editor. This component of the page contains a list of processes that
go on in the project and it is possible to add, delete or change process data

» Object editor. This component of the page contains a list of objects that are
being worked with in the LMS project, and it is also possible to create, delete
or modify data on objects.

« Link editor. This component of the page presents the possibility of setting the
use of services in processes and the use of objects for reading and writing in
services.

» Adjacency matrix. This component of the page displays a matrix of
adjacency of services, which is based on the methodology preseSextion
1.

» Module editor. This component contains a list of modules that include project
services. In this part, you can create, delete or modify a module. The page al
presents the possibility of generating modules. When generating modules, all
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previous modules are deleted, except the predefined ones. To generate
modules, you can specify the cluster radius for Forel clustering.

< A graph of module dependencies. This component of the page displays a
dependency graph between modules based on dependencies between services.

« Distribution of services by modules. This component of the page presents a
graphical distribution of services according to the created models.

The developed web application allows you to form LMS modules based on the
proposed clustering model.

The resulting software modules will increase the efficiencyheir support and
expansion, and also, based on the dependencies between the modules, it will allow
you to predict how the expansion of functionality may affect other modules.

Conclusions

Within the framework of this study, a methodology for combining LMS services
into modules based on semantic proximity is proposed. The integration of services
is based on the processes in which the services are involved and onettts obj
with which the services work. As a clustering method, the Forel method was used,
which allows clustering without a predefined number of clusters.

Based on the proposed methodology, a web application has been developed that
allows the user to develop a unique LMS configuration based on its own
preferences or requirements.
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Abstract The current research work aims to generate the dynamically balanced gait for the
16-DOF biped robot while crossing the ditch by using the concetbeaero moment point
(ZMP). Initially, forward kinematicsvasestablished to obtain the position and orientation
of the biped robot while crossing the ditch. The various joint angles offlkd bbbotwere
estimated by deriving the inverse kinematics. Further, the dynamics of the dljptd/as
obtained using the Lagrangguler formulation. A cubic polynomial equatisrmasassigned

for the smooth motion of foot and wrist trajectories in the sagittal plane and higtoaje

in the horizontal planeThe obtained cubic polynomial trajectory for the fa@s compared

with the seconarder and fifthorder polynomial trajectdesin terms of dynamic balance
margin (DBM). A simulation studwasconducted to verify the dynamically balanced gait
while crossing the ditch. Finally, the generated gait anglesetested on a real 2®OF

biped robot. It has been found that the generated gait is more dynamically balanced whil
crossing the ditch.

Keywords: Biped robot; gait generation; ditch crossing; DBM; ZMP; Lagrarigaer
formulation

1 Introduction

Bipedal robots have many advantages over atheeledobots due to their similar
characteristics to human beings. That similarity creates complexity for tguddin
biped robot and enabling it to perform human actions due to the very complex and
multi-degrees of freedom (DOF) mechanisiihe most crucial and significant
requirement fordevelopingbiped robotsis the ability to move across various
terrains Around the world, manyesearcherare working onthe dynamically
balanced gait generation of the lipebot on various uneven terrains. The gait
cycle consists of two phases thattie single support phase (SSP) ahddouble
support phase (DSPYhe dynamictability of the biped roboduring the gait ycle
can beobtainedfrom the concept othe zero momenpoint (ZMP)[1]. Chow and
Jacobsor2] applied the Lyapunov functiothe linear feedback principle, and an
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on-off perturbation to generate the gait afflat surface.Townsend and Ts4B]
generateda variety of gaitson both SSP and DSP by using varidogial
parameterdn addition,Katoh andMori [4], [5] presented a control method for-a 4
DOF biped robot by using Van Der Pol's equatiod obtained stable limit cycles.
Mita et al.[6] generatedhe Chiba Walker 1 (C¥l) mechanismwhich requires
one secondo complete each step with a step length of less than 2@ urther,
Hirmozlu and Moskowit7] developed anathematical model based on LIPM
(linear inverted pendulum model) to address the impact of periodic force on the
stability of biped locomotionTakanishi et al[8] stabilizedthe gait patterns while
walking under the influence of a known external unbalanced force produced by a
DD (direct drive) motorfor the WL-12R biped robotThen the researchers
proposed a control method that recognizes the geometry of the temtdoh
allowedthe biped robot WLL2RIII to walk on stairs witta 0.1-meter step height
and +10° inclined trapezoidal terraif9]. Moreover, Zhendg10] discussed an
autonomous gaigeneratiorfor biped robots to walk on complex terrains with the
help of a central pattern generator (CPG) and the concapwfl network (NN).
Later on,Thomas Miller[11] proposed dierarchical control for a X@xis biped
model using a PID controller and a cerebellar model arithmetic computer (CMAC)
NN learning systemAlso, Arakawa and Fukuda?2] establishedn ideal gait for a
13-DOF biped robot by reducing energy consumphignising theconcept oZMP
and genetic algorithm (GAY.0 generatehe stable gaitor the 6-link biped robot,
Magdalena and Monastettduelin [13] developed a learning mechanismusing
GA andafuzzy logic controller (FLC)GA helgsto modify the fuzzy rules and their
functions relevant to the human information datab@dsha & Chaillet[14],
established idirectional dynamianodeling by using the features of the epicyclic
gear train, and computed torque control (CTI€)15], the authors usea V-HRP
(Virtual Humanoid Robot Platformgimulator to verify the robot simulation
virtually before going to tesh a realtime environment. The said robot consists of
26-DOF and a height of 540 mm equipped with a CCD camera, foot seasors
posture sensor, and a USEhestnutt et a[16] proposedan architecture foan H7
humanoid robot to walk on uneven grouabbng with obstacles.In addition,
Sabourin and Brunedd7] discusseddh CMAC-NN-based control stratedgr fast
walking of a virtual undeactuated biped robotfter learning the NN first
generates the passive and active gditbe biped robotPuga et al[18] obtaineda
distributed control scheme that consists of a fractiondér PID controller
optimizedby a GA.The control parameters were tested on -®DEZF smallsized
humanoid robotFurther Ghorbani et al[19] developed a control scheme using a
general regression NN (GRNN) feedback control and a PID feedbadloltamt
with Lyapunov exponents tetabilize the LIPB-based biped modeA Genetic
algorithm is used toptimizethe GRNN controller to reduaenergy consumption
and create a closddop learning controller.

Vundavilli and Pratihaf20] suggested raanalyticalmethod for a fDOF biped
robotwith the help of the inverse dynamics trained neural network {dldgnerate
the gait on staircases, sloping surfaces, and dit¢hesher h [21], [22], they
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discussed the optimal online gait generation of the biped robot N&irgnd FL-
based gait planners whigtastrainedby GA. In addition, Fattatand Fakharj23]
established trajectory planning algorithfior a sevedink planar biped robowith
variable step lengths on level grouatbng with ditches.Sudheer et al[24]
suggested a framewofkr an eightlink biped robot to solve the kinematics and
dynamics based on the ZM#Bnstraint and optimized using a simulated annealing
approachA cycloidal trajectorywasassigned for thewing foot andhe modified
Cartesiancycloid trajectory for thdip. Kalamian and FarrokHi25] proposeda
nonlinear model predictive contr@NMPC) algorithmto generate the gait while
crossng theobstacleat aspeed of 1 m/dvioreover,Lathan et al[26] suggested an
analyticalmethod ofa -DOF biped robot to generagéadynamically balanced gait
while crossing and stepping over the obstaRleKkumar et al[27] developedhe
neural network (NN) based gait planners for a biped robot for crossing obstacles.
The weights othe NN algorithmwereoptimized byGA anddifferential evolution
(DE) algorithns. Later,Mandava and Vundavil[28]{30] developed framework

for generating wholkeody motions of an X®O0F humanoidrobot using the
concepbf inverse kinematicBai et al.[31] discusse@ dynamically balanceghit
generation of the humanoid robot while crossing @lstacles with the help of a
pulsing type joint. Thesaidhumanoid robot isapableof squatting and displacing
heavy objects from one place to anothBurthermore Anh and Huan[32]
establisheda method for optimizing the gait generationaof3DOF biped robat
The modified Jayalgorithm wa used taptimizethe distance between the ZMP
and the foot centdhensaid approach was tested ldiBOT-4. Also, Tsuru et al.
[33] proposed a structure of an autonomous humanoid robot for finding and holding
objecs in unknown surroundingg he proposednethodologywasexperimentally
applied to HRPZKAI and validated its efficiencyyang et al[34] discusse@nNN
estimator with an incremental learning mechanighile obtaininga new online
walking controller forbiped robots.The proposedmethod controlsthe ZMP
stability while compensatinfpr the yaw moment_ateron, researchers developed
variousmethodologiego generate thgait for avoiding obstacles, stepping over
them, and crossing ditchdsashyap et al[35] developedan Improved Modified
Chaotic Invasive Weed OptimizatioiMCIWQ) algorithm to navigat the
humanoid robotind avoid obstaclesThe authors conducted a simulation thre
NAO humanoid robot iIWEBOT software. IN36], establishe@ model predictive
controller (MPC)for NAO humanoid robot while walking aimeven terrainin an
unknown environmenand stepping over obstacle§anardharand Kumar [37]
proposech multibody dynamics framework for gait generationh&f5-DOF biped
robotwhile crossing the ditches. The width of the ditch is greater than the length of
the leg.Gupta and Dutt§38] developeca trajectory and navigation planner for a
12-DOF biped robowhile walking on uneven terraglongwith obstacles.

Apart from the above discussion, some researchers have developed various
techniques for generating a dynamically balanced gait for the biped robot as it
crosses thditch. To generate the systematic gait a cubic polynomial trajectory was

assigned forthe foot in the sagittal plane andhe hip in the horizontal plane.
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In addition, an inverse kinematics approach is established for obtaining the various
joint angles of the biped robatong with foot trajectoryMoreover, the balancing

of the biped robot is calculated using the concept of ZMP and measured in terms of
DBM. Further, the dynamics of the biped robot is obtained by usinigatir@nge

Euler formulation which is useful to determine the torque required for eanthofoi

the robot. Additionally, it has been notibét only a few researchers haleeloped
reattime biped robots for verifyinghe gait while crossing a ditcin the present
research workthe authorshave developed a real biped robtited AZAD-16,

which consists of 1@OF for verifying the simulations iareattime environment.

The rest of the article is organized as follo®sction2 explains the mathematical
modelling of the biped robot, which includes the physical dimensions of AZ&D
trajectory generation for the foot, hip, aadn, forward and inverse kinematics,
DBM as fundamental stability criteria, and the LagraBgéer (LE) algorithm for
estimating the dynamicBurther, the results and discussions of the current research
work arediscussed in Sectio® Finally, Sectior provides the conclusions tife
proposedesearch work.

2 Mathematical Modelling

AZAD-16is a tinybipedrobotthatwas built in our labratorywhich is shown in
Figure 1(a). Thetrunk and various brackets for holding the servo materemade
by 3D printing. All the joints of thel6-DOF biped robot consisif rotatory joints
whichareshown inFigure 1(b) Theweight and height of the robot is 5 kg a#&D
mm. Each leg of thdiped robotconsists ol6-DOF mobility which contributes 2
DOF for hip joint, 2DOF fortheankle joint and ADOF fortheknee jointHowever,
each arm has-BOF mobility, which contributes-DOF for the shoulder and -1
DOF for the elbow joint The joints of the legs are attached with 60ckg rated
servo motors and the joints of the arms are attached wittg@pn rated servo
motors.Variousinputparametersuch as power rating, type of actuation, link length
and masselated tahe AZAD-16 biped robotare shown in Table. 1

Tablel
Various input parameteo§ the “AZAD-16"

Joint Power T f Link Link Link

AZAD-16 YOS Rating ype o Ink's Length Mass
Name Actuation Name

(Kg-cm) (mm) (K9)

Hi 60 Yaw - 35.12 0.15

P 60 Pitch Thigh 9387  0.25

Right Leg Knee 60 Pitch Shank 67.00 0.25

Ankle 60 Pitch - 35.24 0.15

60 Yaw - 42.50 0.15

52725



Acta Polytechnidangarica Vol.20 No7, 2@3

i 60 Yaw - 35.12 0.15
P 60 Pitch Thigh 9387  0.25
Left Leg Knee 60 Pitch Shank 67.00 0.25
60 Pitch - 35.24 0.15
Ankle
60 Yaw - 42.50 0.15
ioh Shoulder 60 Pitch - 33.00 0.25
E:?n t 35 Yaw Arm 93.76 0.1
Elbow 35 Pitch Forearm 93.76 0.1
Shoulder 60 Pitch - 33.00 0.25
Left Arm 35 Yaw Arm 93.76 0.1
Elbow 35 Pitch Forearm 93.76 0.1
Height 17500
Front
Trunk - - - width 18500 g3
Side
wigth /000
(@) (b)
Figurel

Schematic diagram showing tres (eal biped robot that is AZA6 and (b)kinematic model
displaying the positioning and coordinate franfer various joints
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2.1 Trajectory Generation for Foot, Hip, and Arm

The foot, hip, and arm of the robot AZATHb follow a polynomial trajectory while
crossing the ditch. The terms z and x have loeasideredhe height and length of
the polynomial ata particular time intervalWhere &, &s &... ... & have been
takenascoefficients of the polynomial equation, respectivelfe initial and final
positiors of the foot have been considerfg Tsand T. In the present research
problem, the foot trajectory of the robot is considered quadratizic @and fifth
ordered polynomial equations and compared the results in terms of dynamic balance
margin. Further, hip trajectory inorizontalplane and wrist trajectory in sagittal
planehave been assignad cubic polynomial trajectory. The distances between the
trunk and wrist end at initial and final instances of wrist trajecaoeyT, sand T, 5
respectively. The height of the hip joint and width of the ditch are representéd as
and @. The boundary conditions for generativayious polynomial trajectories for
the foot, hip and wrist are shown in TaBle

Table2
Boundary conditions fadifferenttrajectories of wrist, hip and swing foot in various jglan

f Wrist Trajectory (Sagittal View)

Cubic Polynomial, = Ag+ Agz+ Agz9+ Az

X z

Tus D
Tast (@) Dt (@%8)
T4t (3@ ) Dt (@%8)

T, D

f Hip Trajectory (Top View / Horizontal Plane)

Cubic Polynomial, = Ag+ Agz+ Agz9+ Az

X z
Ts 0
T+ (@®) @ 40
T+ (3@ @90
T 0
f Swing Foot Trajectory (Sagittal View)
Quadratic Cubic Polynomial Fifth Order Polynomial
= Mg+ Al ) = A+ Az A0+ A
= A+ Ay &Y + mIV+ BEP
+ A2V
X z X z X z
Ts 0 Ts 0 Ts 0
THRB2 @2 T+(@w) Qs Ts+(2 @) Q=
T 0 TB+(3 @) @8 Ts+(4 @) Q2
T 0 Ts+(6 @) @2
Ts+(8 @) Q@
T 0
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2.2 Forward & InverseKinematics of theBiped Robot

The main aim of this research is to genemB® smoothgait while crossing the
ditch in both sagittal and frontal planes. Figure 2 shows the schematic diaigram
the biped robot while crossing the ditch in both sagittal and frontal planes,
respectivelyTo generat¢hegait cyclesystematicallya forwardkinematic analysis

is essential. Initially, the coordinate frames are assigned at each jointtmpdiae
robot and DenawiHartenberg (BH) notation is used for obtaining the position and
orientation of the end effector. Table 2 shows thHd parametersadr two legs and
two handof AZAD-16.

(@) (b)
Figure2
Schematienodel ofAZAD-16 demonstrating thearious revolute joint angles in the (a) sagittal plane
and (b) frontal plane

Table 3
DH parameters oAZAD-16

Frames Link Joint Angle Twist Angle Link Length Joint Offset
(A (») (an) (bi)

X Right Leg
Otol 1 % 90 5 0
1to2 2 3 0 6 0
2t03 3 & 0 . 0
3tod 4 3% -90 8 0
4105 5 3 0 9 0

52755



M. SKharet al. Design of Dynamically Balanced Gait for the Biped Robot Whileltcissing the

x LeftLeg
Otol 6 a 90 0
1to 2 7 a 0 . 0
2t03 8 a 0 < 0
3to4 9 a -90 . 0
4105 10 %4 0 .54 0
x Right Arm
Oto1l 11 %5 90 .55 5
1to2 12 %6 -90 .56 0
2t03 13 %7 0 .57 0
X Left Arm
Otol 14 %3 90 .58 5
1to2 15 %9 -90 .59 0
2t03 16 EE 0 .5 0

Once thepolynomial trajectoriesireassigned fothe foot and wrist inthe sagittal
plane andhe hip in the horizontalplane, the gait generated from the various limbs
of the biped robot is calculated from the concept of inverse kinematics. The initial
joint angles of the upper and lower limbs of the swing légK D \W DLQ/ are
obtained by usin@ closed form of inverse kinematic equations given in Eqn. (1)
and Eqgn. (2)

N A A qgk>b(A>A0aes

&= OE?"*{"MAoaae»(Aan)é-#z‘ (1)
L os A >D 2R A

6= ?KO ik A (2)

Where *5 is the height of the hip from thewingfoot whichcan becalculatedoy
usingthe relation*s= .;? K&+ .? K& and 9;is thedistance measurdtbm
theswing foot tathehipin ‘X’ direction which can becalculated from the following
relation thatis 95= .;0 EBg+ .50 Eg Further the joint angledg obtained from
the following relation that isgs= & F 6

Similarly, the joint angles (that isg sand & ) of the swing hand in sagittal plane
is obtained by following Eqgn. (3) and Eqn. (4).

A= P2KOLAO RO PA PRI\ 3)
6A 8Ay>by

Where * is height of the hand in wrist position to should&gp €& . 56? K&+
.57? K&); and 9 is width of the hand in wrist to trunk9 = .50 Bgs*
.5 7(E Js&. Moreovet the valueUis calculated by using the following relation (that

is, U= P = @;gA
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Further, thevariousjoint angles(thatis, & ag &, 354 3¢ = J @ 9 of the biped
robot in frontal planaregiven below.

%= a= P=P@"A (5)
égz %4: P:?J5 Al\/zA (6)
b6= &o= P=FPE A (7)

Where *g= ..? K@D+ ..?KQ height of the arm * = .57 K&g+
5.2 K&, 9p= bwg 94is distance between shoulder joinend 94 is the
distancebetween both legs

2.3 Dynamic BalanceMargin

In the current studythe stability of the biped robot while crossing the ditch is
obtained by the concept of ZMP. The ZMPtlme x and y directionis calculated
by using the following Eqn8j and Eqn. ), respectively

| Sd2 b 2 361E 9> adoo

Tore L 22 6169 ®)
) N
o _ e ?hBaddiEe>andd
g I 58 6189 9)

Where Ty U, and \{jndicatethe lumped mass coordinategepresent the moment
of inertia of the link in (kgm?), figdenotes angular acceleration in (&84 | g
represents the mass thfe link kg), Cindicates the acceleration due to gravity
(m/s9), and Ty, 7= J @fyepresent accelerationxny andz directionfor E Yink in
(m/s).

(@) (b)

Figure3
Schematic diagram showing (a) relation between ZMP and QBMop view of foot support showing
ZMP region enclosed under DBMgion
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If the ZMP is falling neareto the center of the foot, then the robot is more
dynamically balanced. Suppose the ZMPBesnot fall inside the foot support
polygon then move all the links and joints of the biped robot systeatiptiowards

the center of the foot. Therefore, the ZMP pushes inside the foot support polygon
Figure 3 shows the regions of ZMP @HM in x and y directiosalong with ZMP.

The DBM of the biped robot is calculated by following relations.

Ty 4= AQéUéUQusﬂéégeééééEi TO/ElE (10)
_ bUxtaUcU@aageasas
Uy 4= - H W ale (11)

2.4 Dynamic Analysisof the Biped Robot

The dynamics othe 16DOF biped robot is useful to estimate the torque required
at each joint. In the current research work, the autiere consideretihe Lagrange
Euler (L-E) formulation for calculating the dynamicEhe torque required {) at
each joint is calculated hlefollowing equations.

= Al ohbuld ol A o8 o Ryvafl+ )y (12
Where EFE1,2,3.........16; 3 a=J@/ are represented as angular

displacement, angular velocity and angular acceleration at various joints.rFurthe
the expanded terms of inerfiarces(/ y)y centrifugal/Coriolisforces (Q;y9=nd

gravity forces () ) are provided below.
Inertia term,/ o7 Alg, wy 6N=C@% @@ (13

Centrifugal/ Coriolis acceleration term,

v Aok _wy 6N:ﬁ"?‘%§”5@@ (14)
Gravity term,) ;= F A% o1 sC @3N § (15)

Where +, il}!@ﬁd Cindicate the moment of inertia (kg/seg), the center of mass
location (m) and acceleration due to gravity (mPgeespectively.

The amount of average power required ddr6-DOF biped robot tgenerate the

gait while crossing the ditch is determined by the estimated torque andrangula
velocity of each joint. The equation required for caldnathe average power is as
follows.

Power Consumption, = A :@i{M& pagp+@P (16)

Here, B and R represent the initial and final times, respectivalg. achieve the
desired angular displacement, it is necessary to determine the @ewsat of
joint acceleration that needs to be delivered to the actuator. The equatiomtfor joi
acceleration §/can be obtained by solving Eqn. 12, which is shown in Egn. 17.
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&= Tpooce A @b uld “°c FF AS o 4% o B @089 (17)
Whereips o cedal oA @b ud ?5 represatstheactualamount of torqueequired
at each individual joint or servo actuatorrotateit by augad: anwavcuonr

3 Results andDiscussions

Once the mathematical modeldeveloped the performance of the biped robot is
measured in terms of dynamic balance margin while crossing the ditch in terms of
computer simulations as well gereal biped robot that is, AZAD6.The designed

gait generation algorithm requires the initial positiorihe&f upper and lower links

of the swing leg and hand. The neeegint anglesof theswing legare 3= 40,

and & = F30’; similarly, the initial joint angles of the; swirigandare & ,= 40’

and & ,= F40° respectivelylnitially, the DBM of the biped robot is tested in terms

of swing foot trajectory In this research, the authors assigned three varieties of
swing foot trajectories which arderived from quintic, cubic and quadratic
polynomial equationas shown irFigure 4 (a) The initial boundary conditiorof

the swing footvas taken gsT; = 0 over a step length of 0.1382 m. The horizontal
distance, or step size and time restriction the gait cycleare constant for all
situations.The wrist trajectory of both hands whielere obtained from the cubic
polynomial equations ithe sagittal planeas shown irFigure 4(b). Furthermore,
Figures 4 (c) and 4 (d) depict the hip trajectory of the biped robdhétop or
horizontalplaneand sagittal plane which were derived as cubic polynomial and
straightline trajectories respectivelyt is to be noted that the execution of the
generatedlitch crossing gait results a straightline horizontal hip trajectory or
constant hip height throughout the gait which helps to maintain the dynamic
balancing of théipedrobot while performing the gait.
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Figure4
Graph showing (a) various foot trajectories in sagiiahe, (b) cubipolynomial trajectory of wrist
end in sagittal plane, (c) cubic polynomial hip trajegia top plane and (d) straight line hip trajectory
in sagittal planeepresenting locus of hipeigh along X’ direction

The resultsrelated tothe swing foot trajectorare compared with theuadratic
(second orderandquintic (fifth orden polynomial swing foot trajectories in terms
of ZMP and DBM. Figures 5 (a) and (b)illustrate the variation of the ZMP
measurement for all swing foot trajectories in ¥i@nd Y directiors where the
center of the stance footiisdicatedby the zero value of theerticalaxis Furthe,
Figures 6 (a) and (b) show the variation of DBM in X and Y direction.
The investigation reveathat the cubic polynomial swing foot trajectqrgrforms
more dynamically balanced gaits when compared withdigtia and quintic
polynomials Because the ZMP is falling closer to the center of the fotitdnase

of cubic polynomial swing foot trajectory when compared with thedraia and
quintic polynomial trajectory. In additiorkigures 7 (a) and (bfepictthe average
DBM of the biped robot while crossing the ditch after assigninguiagratic, cubic
andquintic polynomialtrajectoriedn both Xand Y directionslit has been observed
that the cubic polynomial swing foot trajectory is more dynamically balanced when
compared to qudraticandquintic polynomial trajectories.

Figure5
Variation ofZMP (a) X-directionand (b)Y- direction
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Figure6
Variation of DBM (&) *direction and (b) Ydirection

Figure7
The bar chart shows the average DBM (a) in the x directidr(la) in the y direction as a consequence
of various polynomial trajectories of the swing foot

Figure 8 (a) shows the variation of joint angles obtained from various joints of the
biped robot only for the case of cubic polynomial swing foot trajectdnile
crossing the ditch in both SSP and DSP. The variation in the joint aiglés g

a, &, & &5 857 and & .causes the pitch motion of servo actuators and variation

in the joint angless;, ay &, &4 35 ¢and & gcauses yaw motion in servo actuators

for both SSP and DSP cases. It has been observed that the variation of joint angles
in SSP is high. Whereas in DSP, the variation of joint angles is very less due to short
time intervag of time. It has also been observed that the hip joints 2 and 6 are
producing the pitch motion that is necessary to generate the ditch crossiagdyait

is showing ahuge variation adepictedin Figure 8 (a), the joints-8, 4-9, 1114,

and 1316 are obtaining the similar tren&imilarly, Figure 8 (b) shows the
variation of angular velocity for all joints of the biped robot while crostirditch.

It has been observed that the corresponding revolute joints 11 and 14 detmanstra
significantly higher variation in the angular velocity (rad/s) followed by joints 13
and 16 in DSP. DSP phases. The angular velobdyngsfrom positive to negative
which indicates the acceleration and deceleration within the gait range during the
DSP phase.
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Figure8
Variation ofthejoint parametertn SSP compared with its variation in DE&) joint angles and (b)
joint angular velocity
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Schematic diagram showing the variation of torque reduitevarious joints of the biped robot.

The cyclicvariations in the magnitude of the actuator torque produced at each joint
of the biped robot at various gait phasesshown in Figure 9. Frorfigure 9, it

can be seen that the torque requiredhathip joint is more than other joints.

The magnitude of required joint torque is highest for yaw (joints 1 and 6) and pitch
(joints 2 and 7) motions for both swing and stance legs. Because while exchanging
the leg support, the hip joint of the leg carries the weight of the lower links and
joints of the swing leg. It has been found that the hip joint of the stance leg consumes
more torque when comparedthe hip joint of the swing leg. Because the hip joint

of the stance leg supports the whole body without falling on the ground. Further,
figure 10 shows the average power consumption at various joints of the biped robot
while crossing the ditch. It is important to note that, the power consumption is the
product of individual joint torque and angular velocity. Despite, the highest torque
obtained at joints 1 and 6, it has been observed that the power consumption is
comparatively smaller than joint 7 due to lower angular velocity tandleast
variation of the joint angles throughout the gait cycle. Whereas joint 7 experiences
the higher variation gpint angles and consequently consumes the highest power
individually.

Figure 11 shows the simulation results of theDIBF biped robot in both sagittal
and frontal plane. The investigation shows that the swing foot of the biped robot
while crossing the ditch is following the cubic polynomial trajectory. It has also
been observed that all the links and joint anglesepasiper gait without any fail

and generatdynamically balanced gaits while crossing the ditch in both sagittal
and frontal planes.
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Schematic diagram showing the variatioraeérage power consumptiandifferent joints

Figure 11
Stick diagram showing simulation #6-DOF biped robot whilerossirg the ditch(a) sagittal plane
and (b) frontal plane
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Finally, the obtained gait angles from the simulations are fed into theipea b
robot (that is, AZAD16) developed itheRobotics Lab at MANIT Bhopal is shown
in Figure 12. Fronfigure 12 it can be seen that the AZAB biped robot genetes
adynamicallybalanced gait while crossing the ditch in real time.

AZAD-16 performing the ditch crossing gait in teagittal plane ahfrontal plane
Conclusion

In the present investigation, the authors successfully attempgedéoate a gait for
crossingditch in bothsagittal and frontal planehitially, the polynomials suchs
quadratic (second order), cubighird order)andquintic (fifth order are assigned

for the swing foot while crossing the ditch. The result showstihéc polynomial

of the swing foot trajectorperforminga more dynamically balanced gait when
compared to gqudratic andquintic polynomial trajectoriesThe concept of inverse
kinematics has been adopted for obtaining the various joint angles. The dynamics
of the 16DOF biped robot is calculated by using thegtangeEulerformulation

which helged in determinng the torque at each joint of the biped robot. The hip
joints of the swing and stance foot required more torque while crossing the ditch
when compared to other jointstmfththeswing and stance leg. Moreovegsearch
alsorevealsthat the torque required at the hip joint of #wing leg is hig as
comparedwvith the stance legFurther, the knee joint of the biped robot consumes
less torque than the hip joint but generates the highest torque among the rest of the
other joints A simulation stugt has been conducted in MATLAB=inally, the
obtained joint angles are fed into the real biped robot that is, AZ&Bnd verified

the simulation study with the real biped robot walking in terms of dynamic balance
margin(DBM).
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