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9ggYggaYbh cZ h\Y fchUh]cbU` gh]!bYgg cZ g]b[`Y*f]jYhYX ^c]bhg ]b U ghYY` `Uhh]WY

[]fXYf Vm acXU` UbU`mg]g
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Abstract

Ofci[\h*]fcb UbX a]`X*ghYY` f]jYhYX `Uhh]WY []fXYfg UfY Wcaacb ghfiWhifU` Y`YaYbhg ]b h\Y >fYbW\

aYhU``]W WcbghfiWh]cb \Yf]hU[Y cZ -41,*-5/,+ EUbm fUZhYfg UbX dif`]bg cZ fccZ ghfiWhifYg cZ hfU]b

g\YXg cf aUf_Yh \U``g UfY aUXY cZ "Uh UbX Ub[`Y VUfg UggYaV`YX k]h\ g]b[`Y*f]jYhYX ^c]bhg+ L\Y

UggYggaYbh cZ h\Y aYW\Ub]WU` dfcdYfh]Yg cZ h\cgY ^c]bhg ]g _Ym hc gYbg]h]jY UbX hUf[YhYX fYhfc!hh]b[

cdYfUh]cbg+ <Ygd]hY ]hg ]b"iYbWY cb h\Y ViW_`]b[ f]g_ cZ `Uhh]WY []fXYfg) h\Y cih*cZ*d`UbY fchUh]cbU`

gh]!bYgg cZ h\Y ^c]bhg \Ug bch VYYb ]bjYgh][UhYX mYh+ Lc !`` h\]g [Ud) YldYf]aYbhU` UbX biaYf]WU`

]bjYgh][Uh]cbg VUgYX cb acXU` UbU`mg]g hYW\b]eiYg kYfY WUff]YX cih cb U f]jYhYX ghYY` `Uhh]WY []fXYf

XUh]b[ Zfca -5/,+ L\Y aYUgifYX bUhifU` ZfYeiYbW]Yg UbX acXY g\UdYg kYfY igYX hc idXUhY U

!b]hY*Y`YaYbh acXY` cZ h\Y []fXYf+ L\Y fYgi`hg gi[[Ygh h\Uh h\Y g]b[`Y*f]jYhYX ^c]bhg Yl\]V]h U f][]X

VY\Uj]cif ]b h\Y cih*cZ*d`UbY X]fYWh]cb+ O\Yb biaYf]WU``m jUfm]b[ h\Y fchUh]cbU` ^c]bh gh]!bYgg)

hkc ]bX]WUhcfg gYYa hc VY fY`YjUbh) cbY VUgYX cb h\Y ghiXm cZ acXY g\UdYg) UbX h\Y ch\Yf cbY

`]b_YX hc h\Y dfYgYbWY cZ UXX]h]cbU` biaYf]WU` acXYg WcadUfYX hc h\Y YldYf]aYbhU` aYUgifYaYbhg+

>ifh\YfacfY) U biaYf]WU` ghiXm kUg WcbXiWhYX hc UggYgg h\Y dchYbh]U` igY cZ h\Y !bX]b[g hc XYjY`cd

U acXU`*VUgYX XUaU[Y XYhYWh]cb aYh\cX Zcf f]jYhYX ^c]bhg+ O]h\ cb`m cbY aYUgifYaYbh dc]bh cb

YUW\ `Uhh]WY kYV aYaVYf) Ub ]bX]WUhcf bUaYX ∆=;GE9;) XYf]jYX Zfca h\Y Yb\UbWYX WccfX]bUhY

acXU` UggifUbWY Wf]hYf]cb '=;GE9;( dfcdcgYX ]b h\Y `]hYfUhifY) UddYUfg WUdUV`Y cZ XYhYWh]b[

UbX `cWU`]g]b[ cbY cf gYjYfU` ^c]bhg dfYgYbh]b[ U `cgg cZ gh]!bYgg+ GjYfU``) h\]g dUdYf g\ckg h\Uh

YldYf]aYbhU` acXU` UbU`mg]g WUb VY Ub Y!W]Ybh hcc` Zcf UggYgg]b[ g]b[`Y*f]jYhYX ^c]bhg ]b c`X ghYY`

`Uhh]WY []fXYfg+

:I\ZSUHV/ KhYY` `Uhh]WY []fXYfg) J]jYhYX ^c]bhg) JchUh]cbU` gh]!bYgg) EcXU` UbU`mg]g) <UaU[Y

XYhYWh]cb

1. Introduction

J]jYhYX `Uhh]WY []fXYfg UfY YggYbh]U` fYdfYgYbhUh]jYg cZ kfci[\h*]fcb UbX a]`X*ghYY` ghfiWhifYg

Zfca h\Y -5h\ UbX VY[]bb]b[ cZ h\Y .,h\ WYbhifm+ Ab >fUbWY) aUbm fccZ ghfiWhifYg cZ hfU]b g\YXg

∗;cffYgdcbX]b[ Uih\cf+
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cf aUf_Yh \U``g Zfca h\]g dYf]cX \UjY VYYb dfYgYfjYX) ]b k\]W\ f]jYhYX `Uhh]WY []fXYfg UfY igYX

Ug dif`]bg cf fUZhYfg 'gYY >][+ -(+ L\Ym ZYUhifY fYdYh]h]jY WcbghfiWh]jY dUhhYfbg6 h\Ym Wcaacb`m

Wcbg]gh ]b "Uhg UbX Ub[`Yg UggYaV`YX k]h\ g]b[`Y*f]jYhYX ^c]bhg aUXY Vm \ch f]jYh]b[+ Ab hfU]b g\YX

fYghcfUh]cbg cZ h\Y `Ugh hkYbhm mYUfg) f]jYhYX `Uhh]WY dif`]bg cf fUZhYfg \UjY cZhYb VYYb fY]bZcfWYX

VYWUigY cZ biaYf]WU``m ]XYbh]!YX ghUV]`]hm dfcV`Yag+ L\Y ]ggiYg WcbWYfbYX cih*cZ*d`UbY ViW_`]b[

cZ Y]h\Yf kYV aYaVYfg cf h\Y W\cfXg 'gYY >][+ .(+ Ab fYU`]hm \ckYjYf) YlWYgg]jY XYZcfaUh]cbg

fUfY`m cWWif+ 9 fY!bYX UggYggaYbh cZ h\Y ghfiWhifU` dYfZcfaUbWY ]g h\YfYZcfY U _Ym hc gYbg]h]jY UbX

hUf[YhYX fYhfc!hh]b[ cdYfUh]cbg+

>][ifY -6 N]Yk cZ h\Y fccZ ghfiWhifY cZ h\Y fU]`kUm ghUh]cb ?UfY X&9ighYf`]hn Vi]`h ]b -425) ibXYf fYbcjUh]cb ]b .,-2)

HUf]g) >fUbWY 'H]WhifY Zfca KF;>*9J=H Vm E+ DYY N][bYUi(+

L\Y ghUV]`]hm cZ hfiggYg XYdYbX]b[ cb jUf]cig VcibXUfm WcbX]h]cbg) YgdYW]U``m h\Y ^c]bh gh]!bYgg)

]g Ub UWh]jY UbX k]XY fYgYUfW\ !Y`X S-TS.TS/T+ JY[UfX]b[ cih*cZ*d`UbY ViW_`]b[ Zcf hf]Ub[i`UhYX UbX

`Uhh]WY ghfiWhifYg) =ifcWcXY / fYWcaaYbXg) Vm XYZUi`h) hc hU_Y h\Y ViW_`]b[ `Yb[h\ cZ W\cfX UbX

kYV aYaVYfg YeiU` hc h\Y gmghYa `Yb[h\ S0T+ L\]g WcffYgdcbXg hc h\Y Uggiadh]cb h\Uh U`` WcbbYW*

h]cbg UfY \]b[YX ]b h\Y cih*cZ*d`UbY X]fYWh]cb+ @ckYjYf) h\Y UggYggaYbh cZ h\Y `UhYfU` ViW_`]b[ f]g_

.
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>][ifY .6 ;caacb ]bghUV]`]hm hmdYg ]XYbh]!YX biaYf]WU``m Zcf f]jYhYX `Uhh]WY []fXYfg6 'U( /<*j]Yk cZ U hmd]WU` `cWU`

ViW_`]b[ acXY UbX U [`cVU` ViW_`]b[ acXY7 'V( j]Yk cZ U hmd]WU` Wfcgg*gYWh]cb k]h\ h\Y XYZcfaUh]cbg UggcW]UhYX k]h\

U `cWU` ViW_`]b[ acXY UbX U [`cVU` ViW_`]b[ acXY+ OU,- UbX OU,. fYdfYgYbh h\Y fchUh]cbU` gh]!bYgg cZ h\Y f]jYhYX ^c]bhg+

Zcf hfiggYg UWhiU``m XYdYbXg ghfcb[`m cb h\Y acXY``]b[ Uggiadh]cbg fY[UfX]b[ h\Y cih*cZ*d`UbY fc*

hUh]cbU` gh]!bYgg cZ h\Y ^c]bhg S1T+ L\Y YbX fYghfU]bh dfcj]XYX hc kYV aYaVYfg XYdYbXg Vch\ cb h\Y

"YlifU` UbX hcfg]cbU` gh]!bYgg cZ h\Y W\cfXg UbX h\Y fchUh]cbU` ^c]bh gh]!bYgg Uh h\Y kYV*hc*W\cfX

`cWUh]cb S.T+ JYW]dfcWU``m) h\Y `UhYfU` fYghfU]bh dfcj]XYX Vm `Uhh]WY kYV aYaVYfg hc cbY W\cfX)

[]jYb h\Uh h\Y ch\Yf W\cfX ]g ch\Yfk]gY fYghfU]bYX) ]g UWh]jUhYX Vm h\Y ^c]bhg& f][]X]hm S-T+ 9ggYgg*

]b[ h\Y fchUh]cbU` ^c]bh gh]!bYgg ]b f]jYhYX `Uhh]WY []fXYfg WUb h\YfYZcfY ZUjcif U `Ygg WcbgYfjUh]jY

UggYggaYbh cZ h\Y]f ViW_`]b[ f]g_+

L\Y VY\Uj]cif cZ f]jYhYX WcbbYWh]cbg ]g h\Y giV^YWh cZ biaYfcig ghiX]Yg+ @ch f]jYh]b[ ZY`` ]bhc

/



X]gigY) Vih ch\Yf f]jYh]b[ hYW\b]eiYg UfY gh]`` VY]b[ ]bjYgh][UhYX Zcf Udd`]WUh]cbg ]b h\Y hfUbgdcfh

]bXighfm S2T+ Ab h\Y !Y`X cZ ghfiWhifU` Yb[]bYYf]b[) h\Y ]bhYfYgh ]b \ch*f]jYh]b[ ]g fY`UhYX hc \Yf]hU[Y

dfYgYfjUh]cb+ =ldYf]aYbhU` ghiX]Yg fY[UfX]b[ \ch*Xf]jYb f]jYhg \UjY aU]b`m ZcWigYX cb ]XYbh]Zm]b[

ZU]`ifY acXYg Zcf g]ad`Y gd`]WY ^c]bhg UbX UggYgg]b[ h\Y UggcW]UhYX g\YUf ghfYb[h\) ]b fY`Uh]cbg\]d

k]h\ jUf]cig dUfUaYhYfg fY`UhYX hc h\Y aUhYf]U` dfcdYfh]Yg S3T UbX h\Y [YcaYhfm S4T+ KcaY hYgh]b[

WUadU][bg ]bjYgh][UhYX h\Y ]b]h]U` g\YUf gh]!bYgg cZ `Ud ^c]bhg S5TS-,T+ L\Y fchUh]cbU` gh]!bYgg cZ

f]jYhYX WcbbYWh]cbg \Ug VYYb ghiX]YX cb`m biaYf]WU``m) UbX Zcf acfY Wcad`Yl f]jYhYX WcbbYWh]cbg

hmd]WU` cZ c`X Vf]X[Yg S--TS-.TS-/T+ L\Y cih*cZ*d`UbY fchUh]cbU` gh]!bYgg cZ g]b[`Y*f]jYhYX ^c]bhg

hmd]WU` cZ `Uhh]WY []fXYfg \Ug bch VYYb ]bjYgh][UhYX mYh+

J]jYhYX WcbbYWh]cbg aUXY Vm \ch f]jYh]b[ UfY gYbg]h]jY hc h\Y aUbiZUWhif]b[ dfcWYgg+ L\Y

fYg]XiU` hYbg]`Y ZcfWY ]b h\Y f]jYhg fYgi`hg Zfca h\Y Xf]j]b[ hYadYfUhifY Xif]b[ h\Y \ch f]jYh]b[

dfcWYgg S-0T UbX \Ug VYYb g\ckb hc VY Y!YWh]jY`m `Uf[Y`m gWUhhYfYX S-1T+ 9 `ck W`Uad]b[ ZcfWY WUb

VY fYgdcbg]V`Y Zcf ]bhYfZUW]U` Wcffcg]cb VYhkYYb h\Y ^c]bYX d`UhYg) WU``YX dUW_ figh S3T) cf fY`Uh]jY

g`]X]b[+ Ah WUb h\YfYZcfY VY cZ ]bhYfYgh hc XYhYWh f]jYhg dfcj]X]b[ Ub ]bgi!W]Ybh`m h][\h WcbbYWh]cb

Vm aYUgif]b[ h\Y fchUh]cbU` ^c]bh gh]!bYgg+ 9g h\Y jUf]UV]`]hm cZ W`Uad]b[ ZcfWYg \Ug Ub Y!YWh cb

aYW\Ub]WU` dfcdYfh]Yg cZ f]jYhYX ^c]bhg giW\ Ug h\Y g`]d fYg]ghUbWY S4T UbX h\Y ZUh][iY ghfYb[h\ S-1T)

h\Y fchUh]cbU` gh]!bYgg cZ f]jYhYX ^c]bhg aUm U`gc VY igYX Ug Ub ]bX]WUhcf cZ h\Y W`Uad]b[ ZcfWY+

L\]g dUdYf U]ag hc UggYgg h\Y cih*cZ*d`UbY fchUh]cbU` gh]!bYgg cZ g]b[`Y*f]jYhYX ^c]bhg ]b ]fcb

UbX ghYY` `Uhh]WY []fXYfg) ]b cfXYf hc ]adfcjY h\Y ViW_`]b[ f]g_ UggYggaYbh cb h\Y cbY \UbX) UbX

hc XYhYWh `ccgY WcbbYWh]cbg cb h\Y ch\Yf \UbX+ L\Y W\cgYb ]bjYgh][Uh]cb aYh\cX fY`]Yg cb YldYf*

]aYbhU` UbX biaYf]WU` acXU` UbU`mg]g+ L\]g bcb*XYghfiWh]jY UddfcUW\ \Ug U`fYUXm dfcjYb igYZi`

Zcf h\Y ]XYbh]!WUh]cb cZ h\Y fchUh]cbU` gh]!bYgg cZ ^c]bhg ]b Yl]gh]b[ hfigg ghfiWhifYg S-2TS-3T+ L\Y

0



YldYf]aYbhU` acXU` UbU`mg]g dfYgYbhYX ]b h\]g dUdYf kUg WUff]YX cih cb U f]jYhYX `Uhh]WY []fXYf

XUh]b[ Zfca -5/, Wc``YWhYX Zfca U XYac`]h]cb g]hY+ 9 !b]hY Y`YaYbh acXY` cZ h\Y []fXYf kUg [Yb*

YfUhYX k]h\ @YlU[cb E9J; gcZhkUfY S-4T+ ;\cfXg UbX kYV aYaVYfg kYfY acXY``YX ig]b[ VYUa

Y`YaYbhg UbX h\Y fchUh]cbU` ^c]bh gh]!bYgg kUg Wcbhfc``YX Vm fchUh]cbU` gdf]b[g Uh h\Y WcbbYWh]cb

`cWUh]cbg+ L\Y dUdYf !fgh Yld`cfYg k\]W\ cihdihg cZ h\Y acXU` UbU`mg]g UfY VYgh gi]hYX hc UggYgg

h\Y UjYfU[Y fchUh]cbU` gh]!bYgg cZ U`` g]b[`Y*f]jYhYX ^c]bhg) Vm WcadUf]b[ h\Y YldYf]aYbhU` fYgi`hg

k]h\ h\Y biaYf]WU` acXY`+ 9 biaYf]WU` ghiXm ]g h\Yb WcbXiWhYX hc !bX U acXU`*VUgYX ]bX]WUhcf

WUdUV`Y cZ XYhYWh]b[ UbX `cWU`]g]b[ cbY cf gYjYfU` ^c]bhg dfYgYbh]b[ U `cgg cZ gh]!bYgg+ :UgYX cb

h\Y fYgi`hg) gcaY gi[[Ygh]cbg UfY aUXY fY[UfX]b[ U XUaU[Y XYhYWh]cb dfcWYXifY+

2. Experimental modal analysis

(%'% BIVW VTIGMQIR

L\Y ghiX]YX f]jYhYX aYhU``]W `Uhh]WY []fXYf gdYW]aYb kUg Wc``YWhYX Zfca U XYac`]h]cb g]hY+ Ah

VY`cb[YX hc h\Y fccZ ghfiWhifY cZ d`UhZcfa g\YXg) Vi]`h ]b -5/, Uh h\Y fU]`kUm ghUh]cb ?UfY XY `&=gh

]b HUf]g) Zfca k\]W\ U gaU`` dUfh kUg X]gaUbh`YX ]b .,.- 'gYY >][+ /(+ Ah ]g U //,, aa `cb[ HfUhh*

hmdY WUbh]`YjYf) k]h\ U \Y][\h jUfm]b[ Zfca -5, aa Uh ]hg h]d hc /0, aa Uh h\Y giddcfh 'gYY >][+ 0(+

L\Y VUf gYWh]cbg kYfY hU_Yb Zfca cf][]bU` d`Ubg UbX jYf]!YX Vm aYUgifYaYbhg k]h\ U WU``]dYf+

L\Y W\cfXg UfY aUXY cZ XciV`Y D01l01l1 Ub[`Yg) k\]`Y h\Y kYV aYaVYfg UfY aUXY cZ 0,l3 "Uhg+

L\Y X]U[cbU` UbX jYfh]WU` kYV aYaVYfg UfY WcbbYWhYX hc h\Y W\cfXg Vm g]b[`Y f]jYhg cZ -. aa

X]UaYhYf+ L\Y []fXYf ]g aUXY cZ a]`X ghYY`+ N]giU` ]bgdYWh]cb fYjYU`YX bY]h\Yf UddUfYbh XYZYWhg ]b

h\Y ^c]bhg bcf XUaU[Y hc h\Y aUhYf]U`+

1



'U(

'V(

>][ifY /6 Gf][]bU` gYhh]b[ cZ h\Y ghiX]YX `Uhh]WY []fXYf6 h\Y d`UhZcfa g\YXg cZ h\Y fU]`kUm ghUh]cb ?UfY XY `&=gh Vi]`h ]b

-5/,) HUf]g) >fUbWY 'H]WhifY Zfca KF;>*9J=H(+

(%(% 4[TIUMQIRWEP VIWXT

L\Y cf][]bU` giddcfh WcbX]h]cbg cZ h\Y WUbh]`YjYf kYfY fYdfcXiWYX ]b h\Y `UVcfUhcfm+ L\Y ghfiW*

hifY kUg YlW]hYX ig]b[ Ub ]adi`gY \UaaYf k]h\ U aUgg cZ ,+/. _[ UbX Ub YlhfU gcZh h]d) fYgi`h]b[

]b U ZfYeiYbWm fUb[Y cZ -1, @n+ Lc fYhf]YjY h\Y ghfiWhifY&g fYgdcbgY) -. WUdUW]h]jY UWWY`YfcaYhYfg)

3 g]b[`Y*Ul]g UbX 1 hf]*Ul]g kYfY igYX+ L\Y]f gYbg]h]j]h]Yg fUb[YX Zfca -,, hc -,,, aN/[ UbX h\Y]f

ZfYeiYbWm VUbXk]Xh\ kUg Uh `YUgh ,*-,, @n+ L\Ym kYfY !lYX hc h\Y []fXYf k]h\ aU[bYhg [`iYX cb

/<*df]bhYX d`Ugh]W giddcfhg) XYg][bYX hc !h h\Y UWWY`YfcaYhYfg 'gYY >][+ 1(+

2



>][ifY 06 =`YjUh]cb XfUk]b[ cZ h\Y hYghYX `Uhh]WY []fXYf gdYW]aYb+

Lc cVhU]b gUh]gZUWhcfm acXY g\UdYg) /, aYUgifYaYbh dc]bhg kYfY XY!bYX) -- cb h\Y hcd W\cfX)

-- cb h\Y Vchhca W\cfX UbX 4 cb X]gh]bWh kYV aYaVYfg+ EYUgifYaYbhg cZ acXU` X]gd`UWYaYbhg

kYfY WUff]YX cih cb`m ]b h\Y cih*cZ*d`UbY X]fYWh]cb+ L\fYY gYbgcf gYhidg kYfY hYghYX 'gYY >][+ 2(6

-+ 9 phcd W\cfXq 'L;( gYhid k]h\ -- UWWY`YfcaYhYfg cb h\Y hcd W\cfX UbX - UWWY`YfcaYhYf cb

h\Y Vchhca W\cfX+

.+ 9 pVchhca W\cfXq ':;( gYhid k]h\ -- UWWY`YfcaYhYfg cb h\Y Vchhca W\cfX UbX - UWWY`Yfca*

YhYf cb h\Y hcd W\cfX+

/+ 9 pkYV aYaVYfgq 'O=:( gYhid k]h\ 4 kYV aYaVYfg Yei]ddYX k]h\ - UWWY`YfcaYhYf Uh a]X*

`Yb[h\ UbX 0 UWWY`YfcaYhYfg cb h\Y hcd UbX Vchhca W\cfXg+ L\Y UWWY`YfcaYhYfg `cWUhYX cb

X]U[cbU`g kYfY h\Y g]b[`Y*Ul]g cbYg) VYWUigY h\Y]f kY][\h kUg `ckYf h\Ub h\Y hf]*Ul]g cbYg+

L\ig h\Y]f kY][\h fYaU]bYX VY`ck -,% cZ h\Y kY][\h cZ YUW\ kYV aYaVYf) k\]W\ ]g h\Y

fi`Y*cZ*h\iaV igiU``m fYWcaaYbXYX ]b dfUWh]WY hc Ujc]X aUgg `cUX]b[ Y!YWhg+

L\Y hkc UWWY`YfcaYhYfg Uh dc]bhg -- UbX -0 kYfY dfYgYbh ]b U`` gYhidg) hc VY igYX Ug fYZYfYbWYg+

Ab YUW\ gYhid) h\Y gUaY hYgh kUg fYdYUhYX 3 h]aYg ]b cfXYf hc [Yh UWWifUhY fYgi`hg+ L\Y VYUa kUg

YlW]hYX k]h\ cbY \cf]ncbhU` ]adi`gY Uh h\Y h]d cZ h\Y hcd W\cfX+ L\Y g][bU`g kYfY fYWcfXYX k]h\

3



>][ifY 16 N]Yk cZ h\Y ]bghfiaYbhYX []fXYf ]b h\Y `UVcfUhcfm+

U ZfYeiYbWm cZ UWei]g]h]cb cZ 04,, @n Xif]b[ .+1 gYWcbXg+ 9ZhYf h\]g h]aY) cih*cZ*d`UbY UWWY`YfU*

h]cbg XYWUmYX hc bYUf nYfc+ L\Y fYgi`h]b[ gUad`]b[ fYgc`ih]cb kUg ,+0 @n+ <UhU UWei]g]h]cb kUg

dYfZcfaYX k]h\ h\Y @:E IiUbhia P gmghYa) k]h\ U acXi`Y EP-2-1: UbX U acXi`Y EP-2,-:)

UbX h\Y UggcW]UhYX gcZhkUfY WUhaUb S-5T+

(%)% 3MKMWEP VMKREP TUSGIVVMRK

>cf YUW\ hYgh) h\Y YlW]hUh]cb UbX fYgdcbgY g][bU`g kYfY hfUbgZcfaYX Zfca h\Y h]aY XcaU]b hc

h\Y ZfYeiYbWm XcaU]b ig]b[ >Ugh >cif]Yf LfUbgZcfaUh]cb '>>L(+ L\Y dckYf gdYWhfU` XYbg]hm A J J

cZ h\Y YlW]hUh]cb UbX h\Y Wfcgg*gdYWhfU` XYbg]hm cZ YlW]hUh]cb UbX fYgdcbgY A [ J kYfY h\Yb WcadihYX

Ug U ai`h]d`]WUh]cb cZ >cif]Yf hfUbgZcfa UbX >cif]Yf hfUbgZcfa Wcb^i[UhYg6

A J J 'ω( = 5'ω(.5∗'ω( '-(

A [ J 'ω( = D'ω(.5∗'ω( '.(

O\YfY >'ω( UbX P'ω( UfY h\Y >>L hfUbgZcfag cZ h\Y YlW]hUh]cb ']bdih( UbX h\Y fYgdcbgY g][bU`

'cihdih( fYgdYWh]jY`m+ 9g YUW\ hYgh kUg fYdYUhYX 3 h]aYg) h\Y gdYWhfU` XYbg]h]Yg kYfY UjYfU[YX cih+

4



'U(

'V(

'W(

>][ifY 26 KYbgcf gYhidg6 'U( L; gYhid7 'V( :; gYhid7 'W( O=: gYhid+

L\Ym kYfY h\Yb igYX hc WU`Wi`UhY Ub Ygh]aUhcf cZ h\Y ZfYeiYbWm fYgdcbgY ZibWh]cb '>J>(6

7'ω( =
A [ J

A J J

'/(

EcXU` dUfUaYhYfg kYfY YlhfUWhYX ig]b[ h\Y p`]bY*!hq aYh\cX S.,T) h\fci[\ Ub UXUdhYX Yl]gh]b[

EUh`UV WcXY S.-T+ L\]g g]b[`Y*XY[fYY cZ ZfYYXca pK<G>q aYh\cX) dYfZcfa]b[ U WifjY*!hh]b[

dfcWYXifY Zcf U g]b[`Y acXY Uh U h]aY) Wci`X VY igYX ]bghYUX cZ U acfY Wcad`Yl [`cVU` aYh\cX

5



VYWUigY h\Y acXYg kYfY gi!W]Ybh`m X]gh]bWh+

3. Finite element modelling

)%'% 5MRMWI IPIQIRWV

L\Y !b]hY Y`YaYbh acXY` kUg Vi]`h k]h\ @YlU[cb E9J; gcZhkUfY 'gYY >][+ 3(+ L\Y W\cfXg UbX

kYV aYaVYfg kYfY acXY``YX ig]b[ VYUa Y`YaYbhg+ Gf][]bU``m) U`` VYUa Y`YaYbhg kYfY .*bcXY

Y`Ugh]W ghfU][\h :Yfbci``] Y`YaYbhg k]h\ WiV]W bcfaU` X]gd`UWYaYbh ]bhYfdc`Uh]cb 'hmdY 1. Zfca

E9J;&g Y`YaYbh `]VfUfm S..T((+ L\Y W\cfXg UbX kYV aYaVYfg Zi`!``YX h\Y :Yfbci``] WcbX]h]cbg

]b hYfag cZ UgdYWh fUh]c ]b h\Y cih*cZ*d`UbY X]fYWh]cb ']+Y+ `Yb[h\*hc*h\]W_bYgg fUh]c UVcjY -,(+ L\Y

Uggiadh]cb VY\]bX h\]g jYf]!WUh]cb kUg h\Uh h\Y fYZYfYbWY `Yb[h\ Zcf h\Y W\cfXg WcffYgdcbXYX hc h\Y

kUjY`Yb[h\ cZ h\Y \][\Ygh ghiX]YX acXY) k\]W\ kUg UVcih /+- a+ O\Yb h\Y VYUa Y`YaYbhg kYfY

acXY``YX ig]b[ hmdY 1.) h\Y hcfg]cbU` gh]!bYgg ZUWhcf) WcffYgdcbX]b[ hc h\Y Kh NYbUbh hcfg]cbU`

WcbghUbh) \UX hc VY YbhYfYX aUbiU``m UbX kUg WcadihYX Zcf YUW\ gYWh]cb k]h\ h\Y Zcfai`Ug Zcf

h\]b*kU``YX cdYb gYWh]cbg UbX gc`]X fYWhUb[`Yg 'S./T(+ @ckYjYf) h\Y biaYf]WU` fYgi`hg kYfY bch ]b

gUh]gZUWhcfm U[fYYaYbh k]h\ h\Y YldYf]aYbhU` fYgi`hg+ Kc h\Y W\cfXg kYfY acXY``YX ]bghYUX k]h\

.*bcXY ghfU][\h h\]b*kU``YX Y`YaYbhg k]h\ `]bYUf ]bhYfdc`Uh]cb ]bW`iX]b[ kUfd]b[ Ug Ub UXX]h]cbU`

XY[fYY cZ ZfYYXca Uh YUW\ bcXY 'hmdY 35 Zfca E9J;&g Y`YaYbh `]VfUfm(+ L\Y kYV aYaVYfg

fYaU]bYX k]h\ hmdY 1. Y`YaYbhg Ug kUfd]b[ ]g bY[`][]V`Y Zcf gc`]X gYWh]cbg+

L\Y [iggYhg Uh Vch\ YbXg UbX h\Y jYfh]WU` Ub[`Yg Uh h\Y giddcfh kYfY acXY``YX k]h\ hf]Ub[i`Uf /*

bcXY g\Y`` Y`YaYbhg 'hmdY -/4 Zfca E9J;&g Y`YaYbh `]VfUfm(+ L\Y g\cfh jYfh]WU` Ub[`Yg WcbbYWh]b[

h\Y YbX [iggYh hc h\Y fYgh cZ h\Y []fXYf kYfY acXY``YX hc[Yh\Yf Ug L]acg\Yb_c VYUa Y`YaYbhg 'hmdY

54 Zfca E9J;&g Y`YaYbh `]VfUfm(+

-,



L\Y UjYfU[Y Y`YaYbh g]nY kUg -, aa+ 9g U fYgi`h) h\Y acXY` WcbhU]bYX 5002 Y`YaYbhg UbX 1045

bcXYg+ L\Y W\cgYb aYg\ g]nY YbgifYX gi!W]Ybh UWWifUWm k\]`Y dfcj]X]b[ WcadihUh]cb Y!W]YbWm+

L\Y Wdi h]aY hc WcadihY h\Y !fgh -, acXYg kUg ]bZYf]cf hc 1 gYWcbXg+

'U(

'V(

>][ifY 36 N]Yk cZ h\Y !b]hY Y`YaYbh acXY`) k]h\ UggcW]UhYX Y`YaYbh hmdYg+ 'U( cih`]bY X]gd`Um ghm`Y7 'V( YldUbXYX

X]gd`Um ghm`Y+

)%(% <EWIUMEP TUSTIUWMIV

L\Y []fXYf kUg aUXY cZ a]`X ghYY`+ L\Y Y`Ugh]W acXi`ig kUg hU_Yb YeiU` hc .,, ?HU S.0T UbX

h\Y Hc]ggcb&g fUh]c YeiU` hc ,+/+ L\Y jc`ia]W aUgg cZ h\Y ghfiWhifY kUg giddcgYX hc VY UVcih 341,

_[/a/) ]b `]bY k]h\ h\Y fYWcaaYbXUh]cbg cZ h\Y WiffYbh =ifcWcXYg Zcf h\Y gY`Z*kY][\h cZ ghYY`

S.1T+ Lc hU_Y ]bhc UWWcibh h\Y kY][\h cZ h\Y f]jYhg) h\Y UWWY`YfcaYhYfg UbX h\Y - aa*h\]W_ `UmYf

cZ dU]bh) Ub Ygh]aUhYX Yei]jU`Ybh jc`ia]W aUgg cZ 401, _[/a/ kUg ]ad`YaYbhYX+ L\Y ]b"iYbWY cZ

h\Y ibWYfhU]bhm fY[UfX]b[ aUhYf]U` dfcdYfh]Yg cb h\Y acXU` VY\Uj]cif ]g X]gWiggYX ]b KYW+ 0+-+

--



)%)% 1SXRHEU\ GSRHMWMSRV

9h h\Y WUbh]`YjYf giddcfh) h\Y X]gd`UWYaYbhg cZ h\Y gifZUWYg cZ h\Y jYfh]WU` Ub[`Yg ZUW]b[ h\Y kU``

kYfY !lYX) dfcVUV`m fYgi`h]b[ ]b U acfY f][]X giddcfh WcbX]h]cb h\Ub ]b fYU`]hm+ 9h h\Y WcbbYWh]cb

VYhkYYb W\cfXg UbX kYV aYaVYfg) hkc X]gh]bWh bcXYg kYfY dfYgYfjYX+ DcWU` WccfX]bUhY gmghYag

kYfY XY!bYX Uh YUW\ WcbbYWh]cb) k]h\ h\Y n*Ul]g [c]b[ U`cb[ h\Y kYV aYaVYf) UbX h\Y l*Ul]g

dc]bh]b[ ]b h\Y cih*cZ*d`UbY X]fYWh]cb 'gYY >][+ 4(+ L\Y WcbbYWh]b[ bcXYg kYfY h]YX Zcf U`` XY[fYYg

cZ ZfYYXca '<G>( YlWYdh Zcf <G> 1 WcffYgdcbX]b[ hc h\Y cih*cZ*d`UbY fchUh]cb+ >cf <G> 1) h\Y

WcbbYWh]cb kUg acXY``YX k]h\ U gdf]b[ cZ jUfm]b[ gh]!bYgg OU+ Lc acXY` h\Y YlhfYaY WUgY cZ U

\]b[YX WcbbYWh]cb 'OU = ,() h\Y WcbbYWh]b[ bcXYg kYfY `YZh ]bXYdYbXYbh Zfca YUW\ ch\Yf Zcf h\]g

<G>) k]h\ bc Wcid`]b[ WcbX]h]cb+ Lc acXY` h\Y ch\Yf YlhfYaY WUgY cZ U dYfZYWh`m f][]X WcbbYWh]cb

'OU = ∞() h\Y bcXYg kYfY h]YX Zcf h\]g <G>+

4. Results and discussion

L\Y !b]hY Y`YaYbh acXY` dfYgYbhYX ]b gYWh]cb / hU_Yg h\Y fchUh]cbU` gh]!bYgg cZ f]jYhYX ^c]bhg Ug

Ub ]bdih dUfUaYhYf+ L\Y acXU` dfcdYfh]Yg cZ h\]g acXY` k]`` bck VY WcadUfYX hc h\Y YldYf]aYbhU`

fYgi`hg+ >]fgh) h\Y gUaY fchUh]cbU` gh]!bYgg k]`` VY Uhhf]VihYX hc U`` f]jYhYX ^c]bhg ]b cfXYf hc Ygh]aUhY

k\]W\ UjYfU[Y jU`iY cZ h\Y fchUh]cbU` gh]!bYgg m]Y`Xg h\Y VYgh U[fYYaYbh k]h\ h\Y YldYf]aYbhg UbX

k\]W\ acXU`*VUgYX ]bX]WUhcfg UfY h\Y acgh igYZi` Zcf h\]g difdcgY+ L\Yb) h\Y fchUh]cbU` gh]!bYgg

k]`` VY `cWU``m acX]!YX Zcf gcaY ^c]bhg) ]b cfXYf hc XYjY`cd U acXU`*VUgYX ]bX]WUhcf Zcf XUaU[Y

XYhYWh]cb+

-.



'U(

'V(

>][ifY 46 'U( ;cbbYWh]cbg acXY``YX k]h\ fchUh]cbU` gdf]b[g Zcf <G> 17 'V( <YhU]` cZ `cWU` WccfX]bUhY gmghYag Uh h\Y

WcbbYWh]cbg+

*%'% 2SQTEUMVSR SJ I[TIUMQIRWEP UIVXPWV ZMWL E RXQIUMGEP UIJIUIRGI QSHIP

=ldYf]aYbhU` acXU` dUfUaYhYfg kYfY YlhfUWhYX Zcf h\Y !fgh g]l acXYg cVgYfjYX cb h\Y >J>g)

k]h\ ZfYeiYbW]Yg VY`ck -,, @n 'gYY >][+ 5(+ L\cgY YldYf]aYbhU` fYgi`hg kYfY !fgh WcadUfYX k]h\

h\Y acXU` dfcdYfh]Yg cZ U biaYf]WU` fYZYfYbWY acXY`+ L\Y fYZYfYbWY acXY` kUg W\cgYb hc VY h\Y

acXY` k]h\ dYfZYWh f][]X WcbbYWh]cbg) h\Uh ]g k\YfY WcbbYWh]cb bcXYg UfY h]YX Zcf U`` 2 XY[fYYg cZ

ZfYYXca+ Ab h\Y ZfYeiYbWm fUb[Y cZ ]bhYfYgh) h\Y fYZYfYbWY acXY` m]Y`XYX 3 acXYg6 2 cih*cZ*d`UbY

acXYg h\Uh Wci`X VY ZU]f`m dU]fYX k]h\ h\Y cbYg ]XYbh]!YX YldYf]aYbhU``m) UbX - ]b*d`UbY acXY) h\Uh

Wci`X bch VY UWWcibhYX Zcf k]h\ h\Y dfYgYbhYX YldYf]aYbhU` gYhidg+ LUV`Y - X]gd`Umg h\Y UjYfU[Y

jU`iYg cZ h\Y ZfYeiYbW]Yg aYUgifYX Zcf h\Y 2 acXYg ]XYbh]!YX YldYf]aYbhU``m UbX h\Y ZfYeiYbW]Yg

-/



cZ h\Y WcffYgdcbX]b[ biaYf]WU` acXYg+ L\Y biaYf]WU` ZfYeiYbW]Yg UfY id hc -,% \][\Yf h\Ub

h\Y YldYf]aYbhU` cbYg) Ug YldYWhYX Zcf h\]g acXY` k]h\ WcbgYfjUh]jY gh]! VcibXUfm WcbX]h]cbg

Uh h\Y WUbh]`YjYf giddcfh+ LUV`Y - U`gc dfYgYbhg h\Y ghUbXUfX XYj]Uh]cbg h\Uh kYfY cVhU]bYX Zfca

h\Y aYUgifYX Y][YbZfYeiYbW]Yg Zcf YUW\ UWWY`YfcaYhYf ]b U`` h\fYY gYhidg) k\]W\ Uacibh hc /2

aYUgifYaYbhg ]b hchU`+ L\Y ZfYeiYbW]Yg kYfY aYUgifYX k]h\ U dfYW]g]cb VY`ck 1%+ JY[UfX]b[

ibWYfhU]bh]Yg Zfca h\Y biaYf]WU` acXY`) ]h kUg UXa]hhYX h\Uh h\Y ibWYfhU]bhm cb h\Y Y`Ugh]W acXi`ig

kUg g]hiUhYX ]b h\Y fUb[Y -5,*.-, ?HU) k\]`Y h\Y ibWYfhU]bhm cb h\Y jc`ia]W aUgg kUg Ygh]aUhYX

VYhkYYb 4/,, UbX 42,, _[/a/+ L\Y fYgi`h]b[ ibWYfhU]bhm cb h\Y biaYf]WU` ZfYeiYbWm cZ YUW\ acXY

]g U WcbghUbh /+0% WcadUfYX hc h\Y fYZYfYbWY acXY`+ JY[UfX]b[ h\Y acXY g\UdYg) h\Y Wcbg]XYfYX

jUf]Uh]cb cZ aUhYf]U` dfcdYfh]Yg \UX bc ]b"iYbWY+

>][ifY 56 AbYfhUbWY aU[b]hiXY Uh dc]bh -3 ]b h\Y :; gYhid+

>][+ -, dfYgYbhg U WcadUf]gcb cZ biaYf]WU` UbX YldYf]aYbhU` Y][YbZfYeiYbW]Yg UbX acXY g\UdYg)

Zcf h\Y g]l !fgh cih*cZ*d`UbY acXYg+ L\Y d`chhYX acXY g\UdYg UfY Yei]jU`Ybh hc U hcd j]Yk cZ h\Y

XYZcfaYX ghfiWhifY) Ug cb`m cih*cZ*d`UbY X]g*d`UWYaYbhg U`cb[ h\Y [`cVU` \cf]ncbhU` Ul]g [ UfY

dfYgYbhYX+ EcXY g\UdYg kYfY bcfaU`]gYX Zc``ck]b[ h\]g dfcWYXifY6

-0



>][ifY -,6 ;cadUf]gcb cZ biaYf]WU` UbX YldYf]aYbhU` acXY g\UdYg 'cih*cZ*d`UbY X]gd`UWYaYbhg d`chhYX U`cb[ [`cVU`

\cf]ncbhU` Ul]g(+

LUV`Y -6 =ldYf]aYbhU` ZfYeiYbW]Yg) k]h\ h\Y]f ghUbXUfX XYj]Uh]cb 'gX() UbX WcffYgdcbX]b[ biaYf]WU` ZfYeiYbW]Yg cV*

hU]bYX k]h\ h\Y fYZYfYbWY acXY`+

-+ L\Y YldYf]aYbhU` acXY g\UdYg kYfY !fgh fY*gWU`YX gc h\Uh h\Y aUl]aia Uad`]hiXY cZ h\Y hcd

cf h\Y Vchhca W\cfX kUg YeiU` hc -+

-1



.+ L\Y biaYf]WU` acXY g\UdYg kYfY h\Yb fY*gWU`YX gc Ug hc cVhU]b h\Y VYgh !h VYhkYYb h\Y

biaYf]WU` UbX YldYf]aYbhU` acXY g\UdYg cZ h\Y W\cfXg '`YUgh*geiUfY aYh\cX(+

L\Y acXY g\UdYg kYfY ZcibX hc VY ]b jYfm [ccX U[fYYaYbh Zcf h\Y !fgh Zcif acXYg+ JYU`

X]gWfYdUbW]Yg UddYUfYX Zcf acXYg 1 UbX 2+ Ab >][+ -,) h\Y biaYf]WU` aYX]Ub VYhkYYb hcd UbX

Vchhca W\cfXg& X]gd`UWYaYbhg ]g d`chhYX Ug U XchhYX `]bY+ Ah Yb\UbWYg h\Uh ]b acXY 1) h\Y biaYf]WU`

acXY g\UdY Yl\]V]hYX `Uf[Y kYV aYaVYf XYZcfaUh]cbg) k\]`Y ]b h\Y YldYf]aYbhU` acXY g\UdY)

kYV aYaVYf XYZcfaUh]cbg fYaU]bYX W`cgYf hc h\Y aYX]Ub+ >][+ -- dfcj]XYg U j]giU`]nUh]cb cZ h\Y

biaYf]WU` acXY g\UdY cZ h\Y 1h\ cih*cZ*d`UbY acXY+ Ab acXY 2) h\Y !hh]b[ VYhkYYb YldYf]aYbhU`

UbX biaYf]WU` acXY g\UdYg ]g cjYfU`` `Ygg gUh]gZUWhcfm+

>][ifY --6 /X*j]Yk UbX hcd j]Yk cZ h\Y XYZcfaYX UbX cf][]bU` ghUhYg cZ h\Y ghfiWhifY Zcf h\Y 1h\ acXY) cVhU]bYX k]h\

h\Y biaYf]WU` fYZYfYbWY acXY` 'Zi``m f][]X WcbbYWh]cbg(+ L\Y Wc`cifg WcffYgdcbX hc X]!YfYbh eiUbh]h]Yg cZ cih*cZ*d`UbY

X]gd`UWYaYbhg U`cb[ n*Ul]g+

L\]g gYWh]cb dfYgYbhYX h\Y hcc`g igYX hc WcadUfY h\Y !b]hY Y`YaYbh acXY` k]h\ h\Y YldYf]aYb*

hU` fYgi`hg+ L\Y WcadUf]gcb kUg !fgh aUXY Zcf U biaYf]WU` fYZYfYbWY acXY` ]b cfXYf hc jU`]XUhY

h\Y acXY``]b[ Uggiadh]cbg dfYgYbhYX ]b gYWh]cb /+ Ab h\]g fYZYfYbWY acXY`) h\Y f]jYhYX ^c]bhg kYfY

acXY``YX k]h\ h]YX bcXYg) k\]W\ WcffYgdcbXg hc dYfZYWh`m f][]X WcbbYWh]cbg 'OU = ∞(+ Fck X]!Yf*
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Ybh jU`iYg cZ fchUh]cbU` gh]!bYgg OU k]`` VY ]ad`YaYbhYX+

*%(% 0VVIVVQIRW SJ WLI EYIUEKI USWEWMSREP VWM!RIVV SJ WLI UMYIWIH NSMRWV

Ab cfXYf hc UggYgg h\Y UjYfU[Y fchUh]cbU` gh]!bYgg cZ h\Y f]jYhYX ^c]bhg) U dUfUaYhf]W ghiXm kUg

WcbXiWhYX+ L\Y cihdihg cZ h\Y biaYf]WU` acXU` UbU`mg]g Zcf X]!YfYbh ]bdih jU`iYg cZ h\Y fchUh]cbU`

^c]bh gh]!bYgg OU kYfY WcadUfYX hc h\Y YldYf]aYbhU` fYgi`hg Ug Zcf h\Y fYZYfYbWY acXY`) hc ]XYbh]Zm

k\]W\ gh]!bYgg OU m]Y`XYX h\Y VYgh U[fYYaYbh k]h\ h\Y aYUgifYaYbhg+ L\Y gUaY gh]!bYgg OU kUg

Uhhf]VihYX hc U`` f]jYhYX ^c]bhg+

L\Y fUb[Y cZ ghiX]YX gh]!bYgg jU`iYg kUg XY!bYX VUgYX cb h\Y gh]!bYgg ]bX]WY @ S.2T6

@ = OU

;

48
'0(

O\YfY ; UbX 48 UfY h\Y `Yb[h\ UbX h\Y f][]X]hm cZ h\Y kYV aYaVYf WcbbYWhYX hc h\Y f]jYhYX

^c]bh cZ ]bhYfYgh+ Ab h\Y WUgY cZ U \]b[YX WcbbYWh]cb) @ ]g YeiU` hc ,) k\]`Y ]b h\Y WUgY cZ U f][]X

WcbbYWh]cb @ ]g hYbX]b[ hckUfXg h\Y ]b!b]hm+ Lc acXY` U bYUf*\]b[YX WcbbYWh]cb) @ aigh VY gaU``)

k\]`Y hc acXY` U bYUf*f][]X WcbbYWh]cb) @ aigh VY `Uf[Y+ Kh]!bYgg jU`iYg kYfY h\YfYZcfY W\cgYb gc

h\Uh @ jUf]YX Uddfcl]aUhY`m VYhkYYb ,+,- UbX -,,+ L\Y gUaY fchUh]cbU` gh]!bYgg OU kUg Ugg][bYX

hc U`` WcbbYWh]cbg) YjYb h\ci[\ kYV aYaVYfg \UX jUfm]b[ `Yb[h\g+ 9g U WcbgYeiYbWY) hc cVhU]b

fci[\`m @ = ,.,- UbX @ = -,, Zcf U`` h\Y kYV aYaVYfg) OU kUg hU_Yb YeiU` hc -,0 F+aa/fUX

UbX -,4 F+aa/fUX fYgdYWh]jY`m+ OU = -,2 F+aa/fUX kUg hYghYX Ug Ub ]bhYfaYX]Ufm WUgY+ Ah ]g UW*

_bck`YX[YX h\Uh h\Y gUaY ^c]bh gh]!bYgg XcYg bch c!Yf h\Y gUaY XY[fYY cZ fYghfU]bh hc U`` kYV

aYaVYfg+

LUV`Y . dfYgYbhg h\Y cVhU]bYX ZfYeiYbW]Yg Zcf X]!YfYbh jU`iYg cZ ^c]bh gh]!bYgg+ L\Y aUl]aia

Wcbg]XYfYX ZfYeiYbWm kUg W\cgYb Ug h\Y ZfYeiYbWm cZ h\Y 2h\ cih*cZ*d`UbY acXY cZ h\Y fYZYfYbWY
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acXY` 'Z=-,2+-1 @n(+ 9g fYXiW]b[ OU Zfca h\Y ]b!b]hY 'dYfZYWh`m pf][]Xq WcbbYWh]cb( hc nYfc 'dYf*

ZYWh`m p\]b[YXq WcbbYWh]cb( XYWfYUgYX h\Y cjYfU`` f][]X]hm cZ h\Y ghfiWhifY) h\Y YldYWhYX ZfYeiYbW]Yg

WcffYgdcbX]b[ hc h\Y YldYf]aYbhU` acXYg \UX hc VY `ckYf h\Ub -,2+-1 @n+

;cbg]XYf]b[ h\Y ZfYeiYbW]Yg cZ h\Y !fgh !jY cih*cZ*d`UbY acXYg) ]h gYYag Zfca LUV`Y . h\Uh

h\Y acXY` k]h\ \]b[YX WcbbYWh]cbg dfcj]XYg U VYhhYf U[fYYaYbh k]h\ h\Y aYUgifYX ZfYeiYbW]Yg

dfYgYbhYX ]b LUV`Y -+ @ckYjYf) ]h aigh VY fYa]bXYX h\Uh h\Y giddcfh WcbX]h]cbg cZ h\Y biaYf]WU`

acXY` kYfY gh]!Yf h\Ub fYU`]hm) dchYbh]U``m m]Y`X]b[ \][\Yf ZfYeiYbW]Yg+ L\Y ZfYeiYbW]Yg cZ h\Y !fgh

acXYg UfY h\YfYZcfY bch Wcbg]XYfYX Ug U fY`]UV`Y ]bX]WUhcf ]b h\]g ghiXm+ AbX]WUhcfg ch\Yf h\Ub h\Y

ZfYeiYbW]Yg bYYX hc VY VY dfcdcgYX+

LUV`Y . \][\`][\hg cbY ]adcfhUbh Y!YWh cZ `ckYf]b[ h\Y cih*cZ*d`UbY fchUh]cbU` ^c]bh gh]!bYgg6

]b h\Y acXY`g k]h\ `ckYf gh]!bYgg OU) U biaVYf cZ UXX]h]cbU` acXYg UddYUfYX+ L\cgY acXYg kYfY

Xca]bUhYX Vm h\Y XYZcfaUh]cbg cZ cbY cf gYjYfU` kYV aYaVYfg+ <Ygd]hY aYUgifYaYbh dc]bhg

VY]b[ `cWUhYX cb kYV aYaVYfg ]b h\Y O=: gYhid) h\cgY acXYg kYfY bch cVgYfjYX YldYf]aYbhU``m+

L\Y \cf]ncbhU` XUg\YX `]bY ]b LUV`Y . g\ckg h\Y `]a]h UVcjY k\]W\ ]h kUg bch dcgg]V`Y hc Uhhf]VihY

biaYf]WU` acXYg hc YldYf]aYbhU` cbYg+ >cf YlUad`Y) ]b h\Y acXY` k]h\ OU = -,2 F+aa/fUX) h\Y

acXYg 3 UbX 4 \UX W`cgY ZfYeiYbW]Yg UbX acXY g\UdYg) UbX h\Ym kYfY bch ]b gUh]gZUWhcfm U[fYYaYbh

k]h\ h\Y YldYf]aYbhU` 2h\ acXY+ L\ig h\Y dfYgYbWY cf UVgYbWY cZ UXX]h]cbU` acXYg WcadUfYX hc

h\Y acXYg ]XYbh]!YX YldYf]aYbhU``m ]g Ub ]bX]WUhcf gi[[Ygh]b[ h\Uh h\Y acXY`g k]h\ \][\Yf gh]!bYgg

OU UfY ]b VYhhYf U[fYYaYbh k]h\ h\Y YldYf]aYbhg+

EcfYcjYf) h\Y biaYf]WU` UbX YldYf]aYbhU` acXY g\UdYg cZ h\Y g]l !fgh cih*cZ*d`UbY acXYg

kYfY eiUbh]hUh]jY`m WcadUfYX h\fci[\ U eiU`]hm Wf]hYf]U ;U dfcdcgYX ]b S-3T+ >cf YUW\ acXY U) h\]g

eiUbh]hm aYUgifYg h\Y [Ud VYhkYYb h\Y biaYf]WU` UbX h\Y YldYf]aYbhU` acXY g\UdYg) VUgYX cb h\Y
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LUV`Y .6 =][YbZfYeiYbW]Yg cZ h\Y biaYf]WU` acXYg ]b h\Y ZfYeiYbWm fUb[Y S,*-,2+-1T @n+

E9; aUhf]l 'pEcXU` 9ggifUbWY ;f]hYf]cbq( S-3T6

;U = - − E9;U = - −
|ϕ7

U,bia.ϕU,Yld|
.

ϕ7
U,bia.ϕU,bia . ϕ7

U,Yld.ϕU,Yld

'1(

O\YfY ϕU ]g h\Y Y][YbjYWhcf WcbhU]b]b[ h\Y acXY g\UdY XYZcfaUh]cbg cZ acXY U Uh h\Y /, aYU*

gifYaYbh dc]bhg cZ h\Y h\fYY WcaV]bYX YldYf]aYbhU` gYhidg+ L\Y YldcbYbh 7 ]bX]WUhYg U \cf]ncbhU`

jYWhcf+ <02U ]g h\Y gia cZ h\Y X]U[cbU` Y`YaYbhg cZ h\Y E9; aUhf]l+ L\Y pbiaq UbX pYldq giV*

gWf]dhg WcffYgdcbX hc h\Y jU`iYg cVhU]bYX biaYf]WU``m UbX YldYf]aYbhU``m+ ;U jUf]Yg VYhkYYb ,

UbX -+ L\Y W`cgYgh ;U ]g hc ,) h\Y VYhhYf h\Y U[fYYaYbh VYhkYYb YldYf]aYbhU` UbX biaYf]WU` acXY

g\UdYg ]g+

LUV`Y / dfYgYbhg h\Y jU`iYg WU`Wi`UhYX Zcf ;U+ L\cgY jU`iYg XYWfYUgY k\Yb h\Y gh]!bYgg ]b*

WfYUgYg+ ;U ]g h\Yb Ubch\Yf ]bX]WUhcf gi[[Ygh]b[ h\Uh h\Y acXY` k]h\ f][]X WcbbYWh]cbg VYgh fYd*

fYgYbhg h\Y YldYf]aYbhg+ L\Y ]bWfYUgY cZ ;U k\Yb OU XYWfYUgYg kUg acgh`m Y!YWhYX XiY hc `Uf[Yf

kYV XYZcfaUh]cbg ]b h\Y biaYf]WU` acXY`+ 9g Ub YlUad`Y) h\Y biaYf]WU` acXY g\UdY cZ acXY 1
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cVhU]bYX k]h\ h\Y p\]b[YXq acXY` ]g dfYgYbhYX ]b >][+ -.+ >fca h\Y WcadUf]gcb k]h\ >][+ --) ]h ]g

Wcbgd]Wicig h\Uh h\Y kYV XYZcfaUh]cbg VYWcaY cih*cZ*dfcdcfh]cb+

LUV`Y /6 IiU`]hm Wf]hYf]U ;U WcadUf]b[ biaYf]WU` UbX YldYf]aYbhU` acXY g\UdYg Zcf X]!YfYbh jU`iYg cZ OU+

>][ifY -.6 /X*j]Yk UbX hcd j]Yk cZ h\Y XYZcfaYX UbX cf][]bU` ghUhYg cZ h\Y ghfiWhifY Zcf h\Y 1h\ acXY) cVhU]bYX k]h\

h\Y p\]b[YXq biaYf]WU` acXY`+ L\Y Wc`cifg WcffYgdcbX hc X]!YfYbh eiUbh]h]Yg cZ cih*cZ*d`UbY X]gd`UWYaYbhg U`cb[ h\Y

n*Ul]g+

Ab h\]g gYWh]cb) ]h kUg g\ckb h\Uh Uhhf]Vih]b[ U `ckYf fchUh]cbU` gh]!bYgg OU hc h\Y f]jYhYX ^c]bhg cZ

h\Y `Uhh]WY []fXYf m]Y`XYX U `Ygg [ccX U[fYYaYbh VYhkYYb biaYf]WU` UbX YldYf]aYbhU` fYgi`hg h\Ub

k]h\ h\Y biaYf]WU` fYZYfYbWY acXY` k]h\ dYfZYWh f][]X ^c]bhg+ Lkc ]bX]WUhcfg kYfY dfcdcgYX hc `YUX

hc h\]g WcbW`ig]cb+ L\Y !fgh ]bX]WUhcf ]g h\Y dfYgYbWY cf UVgYbWY cZ UXX]h]cbU` biaYf]WU` acXYg)

Xca]bUhYX Vm h\Y j]VfUh]cb cZ kYV aYaVYfg+ L\Y gYWcbX ]bX]WUhcf ]g acfY eiUbh]hUh]jY UbX fY`]Yg

.,



cb h\Y eiU`]hm Wf]hYf]U ;U) XYf]jYX Zfca h\Y E9; aUhf]l) aYUgif]b[ h\Y [Ud VYhkYYb biaYf]WU`

UbX YldYf]aYbhU` acXY g\UdYg+

*%)% 3IWIGWMSR SJ E JEXPW\ UMYIWIH NSMRW

Ab gYWh]cb 0+.) ]h kUg UggiaYX h\Uh h\Y ghfiWhifY kUg \YU`h\m UbX h\Uh U`` f]jYhYX ^c]bhg \UX

h\Y gUaY fchUh]cbU` gh]!bYgg+ @ckYjYf) ]b fYU`]hm) h\Y `YjY` cZ dfY*ghfYgg ]g `]_Y`m hc jUfm Uacb[gh

h\Y f]jYhg) Y]h\Yf VYWUigY cZ ]b]h]U` jUf]Uh]cbg Xif]b[ f]jYh]b[ cdYfUh]cbg cf VYWUigY cZ U[Y]b[) Ug

kUg aYbh]cbYX ]b h\Y ]bhfcXiWh]cb+ <]!YfYbh W`Uad]b[ ZcfWYg dfcVUV`m ]bXiWY jUf]Uh]cbg cZ h\Y

fchUh]cbU` gh]!bYgg Uacb[gh f]jYhYX ^c]bhg+ 9b ]bjYgh][Uh]cb kUg h\YfYZcfY WUff]YX cih hc dfYX]Wh

k\Yh\Yf U XYZYWh]jY f]jYhYX ^c]bh) dfYgYbh]b[ U `ckYf fchUh]cbU` gh]!bYgg h\Ub h\Y ch\Yf ^c]bhg cZ U

`Uhh]WY []fXYf) Wci`X VY XYhYWhYX Vm acXU` UbU`mg]g UbX hc XYhYfa]bY k\]W\ acXU`*VUgYX ]bX]WUhcf

Wci`X VY igYX+ >cf h\]g difdcgY) XUaU[Yg kYfY biaYf]WU``m ]bhfcXiWYX ]bhc h\Y !b]hY Y`YaYbh

acXY` cZ h\Y ghfiWhifY) Vm `cWU``m Uhhf]Vih]b[ U `ckYf gh]!bYgg hc gcaY f]jYhYX ^c]bhg+ Gb`m g]b[`Y*

XUaU[YX acXY`g kYfY UbU`mgYX) ]b k\]W\ cb`m cbY f]jYhYX ^c]bh kUg fY`YUgYX+ L\fYY gdYW]!W WUgYg

kYfY hYghYX) WcffYgdcbX]b[ hc ]bhfcXiW]b[ XUaU[Yg Uh h\fYY gY`YWhYX f]jYhYX ^c]bhg `cWUhYX Uh h\Y

YbX cZ jYfh]WU` cf X]U[cbU` kYV aYaVYfg) W`cgY cf ZUf Zfca h\Y WUbh]`YjYf giddcfh 'gYY >][+ -/(+

>][ifY -/6 DcWUh]cb cZ h\Y f]jYhYX ^c]bhg h\Uh kYfY biaYf]WU``m ZUi`hm+

.-



*%)%'% =IIH JSU E UI!RIH MRHMGEWSU

>]fgh) g]b[`Y*XUaU[YX acXY`g kYfY Vi]`h) ]b k\]W\ cbY f]jYhYX ^c]bh 'j.L) X.: cf X2L( kUg

acXY``YX Ug U \]b[YX WcbbYWh]cb 'OU = ,( k\]`Y U`` ch\Yf f]jYhYX ^c]bhg kYfY acXY``YX Ug f][]X

WcbbYWh]cbg+ Fc g][b]!WUbh W\Ub[Y WcadUfYX hc h\Y fYZYfYbWY acXY` Wci`X VY cVgYfjYX k]h\ h\Y

]bX]WUhcfg igYX ]b gYWh]cb 0+.+ L\Y WcadihYX acXYg ghUmYX h\Y gUaY) k]h\ g]a]`Uf ZfYeiYbW]Yg

UbX acXY g\UdYg+ Fc UXX]h]cbU` acXY UddYUfYX 'gYY LUV+ 0(+ L\Y eiU`]hm Wf]hYf]U ;U X]X bch jUfm

g][b]!WUbh`m Y]h\Yf 'gYY LUV+ 1(+

LUV`Y 06 =][YbZfYeiYbW]Yg cZ h\Y biaYf]WU` acXYg ]b h\Y ZfYeiYbWm fUb[Y S,*--,T @n cVhU]bYX k]h\ h\Y fYZYfYbWY

acXY` 'J=>( k]h\ bc XUaU[Y 'F<( UbX g]b[`Y*XUaU[YX acXY`g 'K<(+

LUV`Y 16 IiU`]hm Wf]hYf]U ;U WcadUf]b[ biaYf]WU` UbX YldYf]aYbhU` acXY g\UdYg Zcf X]!YfYbh g]b[`Y*XUaU[YX acXY`g+

;U ]g U eiUbh]hm ]bX]WUh]b[ h\Y [`cVU` WcffY`Uh]cb cZ hkc gYhg cZ acXY g\UdYg) Zcf cbY acXY+ Ah

..



]g ibXYfghUbXUV`Y h\Uh h\]g eiUbh]hm ]g `]hh`Y U!YWhYX k\Yb cb`m cbY WcbbYWh]cb Yl\]V]hg U X]!Yf*

Ybh VY\Uj]cif+ Ah kUg h\YfYZcfY bYWYggUfm hc !bX U acXY*g\UdY fY`UhYX dUfUaYhYf ]bX]WUh]b[ Zcf

YUW\ ]bX]j]XiU` aYUgifYaYbh dc]bh h\Y `cWU` jUf]Uh]cb cZ WcffY`Uh]cb VYhkYYb h\Y YldYf]aYbhU` UbX

biaYf]WU` fYgi`hg) hU_]b[ ]bhc UWWcibh gYjYfU` W\cgYb acXYg+

*%)%(% 42><02 FIWZIIR VMRKPI$HEQEKIH QSHIPV ERH WLI UIJIUIRGI QSHIP

L\Y acgh W`Ugg]WU` dUfUaYhYf UhhYadh]b[ hc ]XYbh]Zm k\]W\ aYUgifYaYbh XY[fYYg*cZ*ZfYYXca

Wcbhf]VihY bY[Uh]jY`m hc h\Y WcffY`Uh]cb VYhkYYb hkc gYhg cZ acXY g\UdYg ]g h\Y WccfX]bUhY acXU`

UggifUbWY Wf]hYf]cb ';GE9;(S.,T+ Ab cfXYf hc Ujc]X V]UgYg `]b_YX hc h\Y XY!b]h]cb cZ acXU`

jYWhcfg) h\Y Yb\UbWYX WccfX]bUhY acXU` UggifUbWY Wf]hYf]cb '=;GE9;( kUg XYjY`cdYX S.3T+ L\Y

=;GE9; VYhkYYb hkc gYhg cZ acXY g\UdYg) hmd]WU``m biaYf]WU` UbX YldYf]aYbhU` acXY g\UdYg)

]g XY!bYX Ug6

=;GE9;SgYh-)gYh.T' N( =

PR
U=- ϕgYh-

U ' N( − ϕgYh.
U ' N(

.R
'2(

k\YfY ϕgYh-
U ' N( UbX ϕgYh.

U ' N( UfY h\Y WcadcbYbhg cZ h\Y acXY g\UdY jYWhcf cZ acXY U Uh aYUgifYaYbh

dc]bh N Zcf hkc gYhg cZ XUhU) UbX R ]g h\Y biaVYf cZ acXYg hU_Yb ]bhc UWWcibh+

L\Y Y!YWh]jYbYgg cZ h\Y =;GE9; kUg hYghYX Vm WcadUf]b[ h\Y acXY g\UdYg XYf]jYX Zfca

h\Y biaYf]WU` fYZYfYbWY acXY`) k\YfY U`` ^c]bhg UfY f][]X) UbX h\Y acXY g\UdYg XYf]jYX Zfca U

g]b[`Y*XUaU[YX acXY`+ 9g Ub YlUad`Y) >][+ -0 dfYgYbhg h\Y jU`iYg cZ =;GE9;SbiaK<) biaF<T

cVhU]bYX Zfca h\Y WcadUf]gcb cZ U g]b[`Y*XUaU[YX acXY` 'biaK<() k\YfY h\Y fchUh]cbU` fYghfU]bh

kUg fY`YUgYX 'OU = ,( Uh ^c]bh X.:) UbX h\Y fYZYfYbWY acXY` k]h\ bc XUaU[Y 'biaF<(+ L\cgY

jU`iYg kYfY WcadihYX Zcf h\Y WcadcbYbhg cZ h\Y acXY g\UdYg WcffYgdcbX]b[ hc h\Y `cWUh]cb cZ

aYUgifYaYbh dc]bhg ]b h\Y YldYf]aYbhg+ L\Y !fgh Zcif cih*cZ*d`UbY acXYg kYfY hU_Yb ]bhc UWWcibh+

9 W`YUf dYU_ WUb VY cVgYfjYX Uh aYUgifYaYbh dc]bh .1) k\]W\ WcffYgdcbXg hc h\Y gYbgcf d`UWYX
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>][ifY -06 =;GE9;SbiaK<) biaF<T 'R = 2( VYhkYYb h\Y g]b[`Y*XUaU[YX acXY` 'X.: * OU = ,( UbX h\Y fYZYfYbWY

acXY` k]h\ U`` ^c]bhg f][]X+

cb kYV aYaVYf X.) k\]W\ ]g WcbbYWhYX hc h\Y Vchhca W\cfX Vm ^c]bh X.:+ K]a]`Uf fYgi`hg UfY

cVhU]bYX k\Yb fY`YUg]b[ h\Y fchUh]cbU` fYghfU]bh Uh j.L UbX X2L6 dYU_g UddYUf Uh aYUgifYaYbh

dc]bhg .0 UbX .5 fYgdYWh]jY`m+ L\ig ]h gYYag h\Uh h\Y =;GE9; ]g WUdUV`Y cZ ]XYbh]Zm]b[ h\Y kYV

aYaVYf WcbbYWhYX hc U fY`YUgYX ^c]bh+ L\]g fYgi`h ]g ]b `]bY k]h\ h\Y Wcaacb Uggiadh]cb igYX Vm

XUaU[Y XYhYWh]cb aYh\cXg fY`m]b[ cb acXY*g\UdY fY`UhYX dUfUaYhYfg) h\Uh h\Y XUaU[Y ]g `cWUhYX

Uh h\Y `cWUh]cb cf Uh h\Y j]W]b]hm hc k\YfY h\Y W\Ub[Y cZ acXY g\UdY ZibWh]cb ]g h\Y [fYUhYgh S.4T+

*%)%)% 42><02 FIWZIIR VMRKPI$HEQEKIH QSHIPV ERH WLI I[TIUMQIRWV

9ZhYf jU`]XUh]b[ h\Uh h\Y =;GE9; Wci`X `cWU`]gY U XUaU[Y ]bhfcXiWYX ]b U biaYf]WU` acXY`)

h\Y ghiXm U]aYX hc jYf]Zm k\Yh\Yf h\Y =;GE9; kUg WUdUV`Y cZ XYhYWh]b[ U `cWU` X]gWfYdUbWm VY*

hkYYb h\Y g]b[`Y*XUaU[YX acXY`g UbX h\Y YldYf]aYbhU` fYgi`hg Zfca h\Y hYghYX ghfiWhifY+ 9ggia]b[

h\Y `Uhh]WY []fXYf dfYgYbhYX ]b h\]g dUdYf ]g \YU`h\m) h\Y WcadihUh]cb cZ h\Y =;GE9; VYhkYYb h\Y

YldYf]aYbhU` acXY g\UdYg UbX h\Y biaYf]WU` acXY g\UdYg XYf]jYX Zfca U g]b[`Y*XUaU[YX acXY`

Wci`X VY YldYWhYX hc m]Y`X U dYU_ Ug ]b h\Y WcadUf]gcb cZ h\Y g]b[`Y*XUaU[YX acXY` k]h\ h\Y
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fYZYfYbWY acXY`+ @ckYjYf) ]h ]g bch h\Y WUgY+ >][+ -1 dfYgYbhg h\Y jU`iYg cZ =;GE9;SbiaK<)

YldT cVhU]bYX Zfca h\Y WcadUf]gcb cZ h\Y g]b[`Y*XUaU[YX acXY` 'biaK<() k\YfY h\Y fchUh]cbU` fY*

ghfU]bh kUg fY`YUgYX 'OU = ,( Uh ^c]bh X.:) k]h\ h\Y YldYf]aYbhg 'Yld(+ LU_]b[ ]bhc UWWcibh h\Y !fgh

g]l cih*cZ*d`UbY acXYg 'R = 2() h\Y jU`iYg cZ =;GE9; UddYUf hc VY fY`Uh]jY`m YjYb`m X]ghf]VihYX

cjYf h\Y aYUgifYaYbh dc]bhg+ L\]g ]g dfcVUV`m XiY hc h\Y aUbm gcifWYg cZ X]gWfYdUbWm VYhkYYb

h\Y YldYf]aYbhg UbX h\Y biaYf]WU` acXY``]b[) h\Uh dfYjU]` cjYf h\Y jU`iY Uhhf]VihYX hc h\Y gh]!bYgg

cZ cbY ]bX]j]XiU` f]jYhYX ^c]bh+ L\Y =;GE9; h\YfYZcfY bYYXg hc VY UXUdhYX+

>][ifY -16 =;GE9;SbiaK<) YldT 'R = 2( VYhkYYb h\Y g]b[`Y*XUaU[YX acXY` 'X.: * OU = ,( UbX h\Y YldYf]aYbhg+

*%)%*% 8RWUSHXGWMSR SJ ∆42><02

Ab cfXYf hc !`hYf cih h\Y pbc]gYq WfYUhYX Vm h\Y jUf]cig gcifWYg cZ X]gWfYdUbWm ch\Yf h\Ub h\Y

^c]bh gh]!bYgg) ]h kUg XYW]XYX hc WU`Wi`UhY U X]!YfYbh]U` =;GE9;+ L\]g bYk ]bXYl ∆=;GE9;

]g h\Y X]!YfYbWY VYhkYYb h\Y =;GE9; cVhU]bYX Zfca h\Y WcadUf]gcb cZ h\Y YldYf]aYbhg UbX

U XUaU[YX acXY`) UbX h\Y =;GE9; cVhU]bYX Zfca h\Y WcadUf]gcb cZ h\Y YldYf]aYbhg UbX h\Y

.1



fYZYfYbWY acXY`6

∆=;GE9;SbiaK<) biaF<T' N( = =;GE9;SbiaK<) YldT' N(

− =;GE9;SbiaF<) YldT' N(

'3(

>][+ -2 dfYgYbhg h\Y X]!YfYbh]U` =;GE9; VYhkYYb h\Y =;GE9;SbiaK<) YldT WU`Wi`UhYX Zcf

h\Y acXY` XUaU[YX Uh ^c]bh X.: 'OU = ,( UbX h\Y =;GE9;SbiaF<) YldT WU`Wi`UhYX Zcf h\Y fYZYf*

YbWY acXY`+ 9 W`YUf ]bWfYUgY cZ h\Y =;GE9; ghUbXg cih Uh aYUgifYaYbh dc]bh .1) WcffYgdcbX]b[

hc h\Y gYbgcf d`UWYX cb X]U[cbU` X.) k\]W\ ]g WcbbYWhYX hc h\Y Vchhca W\cfX Vm ^c]bh X.:+ 9 dcg*

]h]jY dYU_ aYUbg h\Uh `cWU``m h\Y YldYf]aYbhU` acXY g\UdYg g\ck U `Uf[Yf X]gWfYdUbWm k]h\ h\Y

XUaU[YX acXY` h\Ub k]h\ h\Y fYZYfYbWY acXY`) k\]W\ Wcb!fag h\Uh h\Y hYghYX ghfiWhifY ]g \YU`h\m+

Ah gYYag h\Uh h\Y X]!YfYbh]U` =;GE9; kci`X U``ck hc XYhYWh UbX `cWU`]gY U f]jYhYX ^c]bh k]h\ U

`ckYf fchUh]cbU` gh]!bYgg6 h\Y dUfUaYhYf ∆=;GE9; ]g WUdUV`Y cZ ]XYbh]Zm]b[ h\Y kYV aYaVYf

WcbbYWhYX hc h\]g ^c]bh) k\]W\ bUffckg h\Y `cWU`]gUh]cb Xckb hc cb`m hkc f]jYhYX ^c]bhg+ 9[U]b)

h\Y UXjUbhU[Y cZ Wcbg]XYf]b[ h\Y X]!YfYbWY cZ =;GE9; VYhkYYb h\Y XUaU[YX acXY` UbX h\Y

fYZYfYbWY acXY` ]g h\Uh ]h ghfcb[`m fYXiWYg h\Y X]gWfYdUbW]Yg VYhkYYb YldYf]aYbhU` UbX biaYf]WU`

fYgi`hg h\Uh UfY bch fY`UhYX hc h\Y ^c]bh gh]!bYgg+ O\]`Y aUbm XUaU[Y ]XYbh]!WUh]cb dfcWYXifYg fY`m

cb U kY``*WcffY`UhYX fYZYfYbWY biaYf]WU` acXY` cZ h\Y \YU`h\m ghfiWhifY S.5T) h\]g UddfcUW\ U``ckg

Zcf U `Uf[Yf ]b]h]U` X]gWfYdUbWm VYhkYYb h\Y fYZYfYbWY acXY` UbX h\Y YldYf]aYbhU` fYgi`hg+ K]a]`Uf

fYgi`hg kYfY cVhU]bYX k\Yb h\Y fchUh]cbU` fYghfU]bh kUg fY`YUgYX Uh ^c]bhg j.L UbX X2L+ HYU_g cZ

∆=;GE9; kYfY h\Yb cVhU]bYX Uh aYUgifYaYbh dc]bhg .0 UbX .5 fYgdYWh]jY`m+

Mbh]` bck) h\Y dfYgYbhYX =;GE9; UbX ∆=;GE9; jU`iYg hcc_ ]bhc UWWcibh h\Y !fgh g]l cih*

cZ*d`UbY acXYg) Uggia]b[ acfY XUhU kci`X WcbjYm acfY ]bZcfaUh]cb+ @ckYjYf) WcadihUh]cbg

fYjYU`YX h\Uh hU_]b[ ]bhc UWWcibh h\Y !fgh Zcif cf !jY cih*cZ*d`UbY acXYg 'R = 0 cf R = 1( ]g
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>][ifY -26 ∆=;GE9;SbiaK<) biaF<T 'R = 2( Zcf h\Y g]b[`Y*XUaU[YX acXY` 'X.: * OU = ,(+

cdh]aU` hc cVhU]b ibYei]jcWU` dYU_g+ AbW`iX]b[ h\Y g]lh\ acXY `YUXg hc `Ygg W`YUf dYU_g VYWUigY

h\Y fYZYfYbWY WcffY`Uh]cb VYhkYYb h\Y YldYf]aYbhg UbX h\Y fYZYfYbWY acXY` Zcf h\]g acXY ]g bch

jYfm [ccX+ AbW`iX]b[ `Ygg h\Ub Zcif acXYg XcYg bch dfcj]XY igYUV`Y fYgi`hg VYWUigY h\Y fchUh]cbU`

gh]!bYgg cZ f]jYhYX ^c]bhg \Ug U bY[`][]V`Y ]adUWh cb h\Y h\fYY !fgh acXYg+ LU_]b[ Zcif cf !jY

acXYg ]bhc UWWcibh ]g h\YfYZcfY U [ccX Wcadfca]gY+

*%)%+% AIRVMWMYMW\ SJ ∆42><02

>ifh\Yf g]ai`Uh]cbg kYfY WcbXiWhYX hc YjU`iUhY h\Y gYbg]h]j]hm cZ h\Y Wf]hYf]cb ∆=;GE9;+ L\Y

ghiXm ]bjYgh][UhYX \ck ]adcfhUbh h\Y `cgg cZ gh]!bYgg Uh U f]jYhYX ^c]bh g\ci`X VY hc cVhU]b U W`YUf

dcg]h]jY dYU_ Uh h\Y YldYWhYX aYUgifYaYbh dc]bh+ Ah kUg ZcibX h\Uh dYU_g cZ ∆=;GE9; kYfY

cVhU]bYX YjYb k\Yb h\Y gh]!bYgg cZ U ^c]bh kUg jYfm `]hh`Y fYXiWYX WcadUfYX hc h\Y fYZYfYbWY acXY`+

;`YUf dYU_g kYfY cVgYfjYX YjYb Zcf U ^c]bh gh]!bYgg fYXiWYX `cWU``m hc OU = -,4 F+aa/fUX) k\]W\

fYaU]bg jYfm W`cgY hc U f][]X ^c]bh+ @ckYjYf) h\Y UVgc`ihY jU`iY cZ h\Y dYU_g ]g h\Yb jYfm gaU``

'gYY+ >][+ -3(+ O\Yb h\Y fchUh]cbU` gh]!bYgg ]g gYh hc nYfc Zcf ^c]bh X.:) h\Y dYU_ cZ ∆=;GE9; Uh

dc]bh .1 \Ug Ub UVgc`ihY jU`iY cZ UVcih 0.- × -,−/ Zcf R = 0+ O\Yb h\Y fchUh]cbU` gh]!bYgg ]g gYh hc
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OU = -,4 F+aa/fUX) h\Yb h\Y dYU_ \Ug Ub UVgc`ihY jU`iY cZ cb`m 2.2 × -,−1+

>][ifY -36 ∆=;GE9;SbiaK<) biaF<T 'R = 0( Zcf h\Y g]b[`Y*XUaU[YX acXY` 'X.: * OU = -,4 F+aa/fUX(+

Lc YghUV`]g\ U h\fYg\c`X cZ k\Uh U g][b]!WUbh dYU_ ]g) h\Y UVgc`ihY jU`iY cZ h\Y cVhU]bYX dYU_g

kUg WcadUfYX hc h\Y =;GE9;Sbia<) biaF<T cVhU]bYX Uh h\Y WcffYgdcbX]b[ `cWUh]cb+ L\Y ]XYU

]g h\Uh h\Y X]!YfYbWY VYhkYYb YldYf]aYbhU` UbX biaYf]WU` fYgi`hg cf][]bUh]b[ ]b U `cWU` X]!YfYbWY

cZ ^c]bh gh]!bYgg fYaU]bg gaU``Yf h\Ub h\Y X]!YfYbWY VYhkYYb h\Y fYZYfYbWY acXY` UbX U g]b[`Y*

XUaU[YX acXY` k\YfY h\Y fchUh]cbU` fYghfU]bh ]g Zi``m fY`YUgYX 'OU = ,(+ O\Yb U dYU_ ]g cVhU]bYX)

]h WUb VY pbcfaU`]gYXq) m]Y`X]b[ U fUh]c ζ6

ζ' N( =

∆=;GE9;SbiaK<'OU() biaF<T' N(

=;GE9;SbiaK<'OU = ,() biaF<T' N(
'4(

>][+ -4 dfYgYbhg h\Y Yjc`ih]cb cZ ζ Zcf X]!YfYbh jU`iYg cZ fYXiWYX ^c]bh gh]!bYgg OU+ >cf YlUa*

d`Y) k\Yb U fYXiWYX ^c]bh gh]!bYgg OU ]g U!YWhYX hc ^c]bh X.:) dYU_g cZ ∆=;GE9; UfY cVhU]bYX Uh

aYUgifYaYbh dc]bh .1+ ζ' N = .1( ]g h\Yb WcadihYX+ L\Y XYbca]bUhcf WcffYgdcbXg hc h\Y =;G*

E9; WcadUf]b[ h\Y fYZYfYbWY acXY` UbX h\Y acXY` k]h\ XUaU[YX ^c]bh X.: 'OU = ,(+ DYh ig gYh

h\Uh U pg][b]!WUbhq `cgg cZ gh]!bYgg WcffYgdcbXg hc U `cWU` gh]!bYgg OU = -,3 F+aa/fUX) UVcih -,
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h]aYg gaU``Yf h\Ub Ub U`acgh f][]X ^c]bh OU = -,4 F+aa/fUX+ >fca >][+ -4) ]h WUb VY YghUV`]g\YX

h\Uh k]h\ R = 0) giW\ U `cgg cZ gh]!bYgg WUb VY XYhYWhYX Vm U fUh]c ζ cZ UVcih ,+-) k\]W\ aYUbg h\Uh

h\Y jU`iY cZ h\Y dYU_ cZ ∆=;GE9; ]g UVcih -,% cZ h\Y =;GE9; VYhkYYb h\Y fYZYfYbWY acXY`

UbX h\Y g]b[`Y*XUaU[YX acXY` k]h\ OU = ,+

>][ifY -46 JUh]c ζ Uh h\Y dYU_ `cWUh]cb Zcf X]!YfYbh jU`iYg cZ OU U!YWhYX hc h\Y WcffYgdcbX]b[ XUaU[YX ^c]bh+ >cif

acXYg kYfY hU_Yb ]bhc UWWcibh 'R = 0(+

*%)%,% @IGSQQIRHEWMSRV JSU E HEQEKI HIWIGWMSR TUSGIHXUI

L\Y ]bjYgh][Uh]cb WUff]YX cih g\ckYX h\Uh ∆=;GE9; kUg WUdUV`Y cZ Yb\UbW]b[ X]gWfYdUb*

W]Yg VYhkYYb h\Y \YU`h\m hYghYX ghfiWhifY UbX biaYf]WU` g]b[`Y*XUaU[YX acXY`g+ @ck Wci`X

∆=;GE9; VY Udd`]YX ]Z XUaU[Yg kYfY hc VY XYhYWhYX ]b Ub ib_bckb dchYbh]U``m ib\YU`h\m f]jYhYX

`Uhh]WY []fXYf8 L\Y dfcdcgYX UddfcUW\ XYf]jYX Zfca h\Y dfYgYbhYX ghiXm kci`X VY6

-+ hc Vi]`X U fYZYfYbWY biaYf]WU` acXY` ]b k\]W\ U`` f]jYhYX ^c]bhg UfY acXY``YX Ug f][]X+

.+ hc WcadihY ∆=;GE9; Zcf U gYf]Yg cZ g]b[`Y*XUaU[YX acXY`g ]b k\]W\ h\Y fchUh]cbU` fY*
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ghfU]bh ]g dUfh]U``m fY`YUgYX Zcf cbY f]jYhYX ^c]bh cZ h\Y ghfiWhifY+ L\Y gh]!bYgg OU cZ h\Y bi*

aYf]WU``m XUaU[YX ^c]bh Wci`X WcffYgdcbX hc @ = -, ']bghYUX cZ @ = -,, Zcf Ub U`acgh f][]X

^c]bh * gYY =e+ 0(+

/+ hc XYhYWh RIKEWMYI dYU_g cZ ∆=;GE9;+ AbXYYX) ]Z U XUaU[YX acXY` dfcj]XYg `cWU``m U

VYhhYf U[fYYaYbh cZ biaYf]WU` UbX YldYf]aYbhU` acXY g\UdYg h\Ub h\Y fYZYfYbWY acXY`) h\Yb

]h kci`X aYUb h\Uh h\Y WcffYgdcbX]b[ biaYf]WU``m XUaU[YX ^c]bh Y!YWh]jY`m Yl\]V]hg U `ckYf

gh]!bYgg ]b fYU`]hm+

0+ hc UggYgg k\Yh\Yf XYhYWhYX dYU_g UfY g][b]!WUbh) Vm WU`Wi`Uh]b[ h\Y fUh]c ζ+

L\Y XfUkVUW_ cZ acXY*g\UdY VUgYX aYh\cXg ]g h\Y bYWYgg]hm cZ \Uj]b[ aYUgifYaYbhg Zfca U

`Uf[Y biaVYf cZ `cWUh]cbg S.5T+ O]h\ h\Y dfcdcgYX UddfcUW\) ]h VYWcaYg bYWYggUfm hc \UjY cb`m

cbY aYUgifYaYbh dc]bh cb YUW\ X]U[cbU`+ >cf cb*g]hY XYhYWh]cb) h\Y aYh\cX Wci`X VY ]ad`YaYbhYX

h\fci[\ U fcj]b[ YlW]hUh]cb cb h\Y X]U[cbU`g) k]h\ cb`m U ZYk gYbgcfg `cWUhYX cb h\Y W\cfXg+

5. Conclusion and perspectives

L\]g dUdYf g\ckYX \ck acXU` UbU`mg]g Wci`X VY Udd`]YX hc UggYgg f]jYhYX ^c]bhg ]b c`X kfci[\h*

]fcb UbX a]`X*ghYY` `Uhh]WY []fXYfg ]b cfXYf hc ]adfcjY fYhfc!hh]b[ cdYfUh]cbg+ 9b YldYf]aYbhU`

acXU` UbU`mg]g kUg WcbXiWhYX cb U f]jYhYX ghYY` `Uhh]WY []fXYf UbX h\Y fYgi`hg kYfY WcbZfcbhYX k]h\

acXU` dfcdYfh]Yg cVhU]bYX Zfca U !b]hY Y`YaYbh acXY` cZ h\Y []fXYf+ L\Y aU]b WcbW`ig]cbg UfY h\Y

Zc``ck]b[6

• L\Y g]b[`Y*f]jYhYX ^c]bhg cZ f]jYhYX `Uhh]WY []fXYfg Yl\]V]h U f][]X VY\Uj]cif fY[UfX]b[ cih*

cZ*d`UbY fchUh]cb+ L\Y biaYf]WU` fYZYfYbWY acXY` k]h\ f][]X ^c]bhg m]Y`XYX U gUh]gZUWhcfm

U[fYYaYbh k]h\ h\Y YldYf]aYbhg+ <YWfYUg]b[ h\Y fchUh]cbU` ^c]bh gh]!bYgg OU ]b h\Y acXY`

/,



fYgi`hYX ]b U `Ygg [ccX U[fYYaYbh VYhkYYb biaYf]WU` UbX YldYf]aYbhU` fYgi`hg+ 9ggia]b[

f][]X f]jYhYX WcbbYWh]cbg kci`X ]bXiWY U XYWfYUgY cZ h\Y Ygh]aUhYX ViW_`]b[ f]g_ cZ `Uhh]WY

[]fXYfg VUgYX cb Ub Y][YbjU`iY UbU`mg]g+ ;UgY ghiX]Yg gh]`` bYYX hc VY WUff]YX cih hc YjU`iUhY

h\Y [U]b cZ ghUV]`]hm k\Yb acXY``]b[ h\Y f]jYhYX ^c]bhg Ug f][]X ]bghYUX cZ \]b[YX+ L\]g Wci`X

h\Yb Y!YWh]jY`m a]b]a]gY ghfYb[h\Yb]b[ aYUgifYg fY`UhYX hc fYhfc!hh]b[ cdYfUh]cbg+

• Lkc acXU`*VUgYX ]bX]WUhcfg kYfY ]XYbh]!YX hc cVhU]b ]bZcfaUh]cb cb h\Y fchUh]cbU` ^c]bh gh]!*

bYgg+ L\Y !fgh ]bX]WUhcf ]g h\Y dfYgYbWY cf UVgYbWY cZ UXX]h]cbU` biaYf]WU` acXYg) Xca]bUhYX

Vm h\Y j]VfUh]cb cZ kYV aYaVYfg+ L\Y gYWcbX ]bX]WUhcf ]g h\Y [Ud VYhkYYb biaYf]WU` UbX Yl*

dYf]aYbhU` acXY g\UdYg) XiY acgh`m hc h\Y XYZcfaUh]cbg cZ h\Y kYV aYaVYfg) UbX aYUgifYX

h\fci[\ eiU`]hm Wf]hYf]U ;U+

• 9 biaYf]WU` ghiXm kUg WcbXiWhYX hc dfYX]Wh h\Y UV]`]hm cZ acXU` UbU`mg]g hc XYhYWh ZUi`hm f]j*

YhYX ^c]bhg) k]h\ U `ckYf fchUh]cbU` gh]!bYgg h\Ub h\Y aU^cf]hm cZ h\Y ^c]bhg ]b h\Y Wcbg]XYfYX

[]fXYf+ L\Y dfcdcgYX ]bX]WUhcf ∆=;GE9;) WcadUf]b[ h\Y U[fYYaYbh VYhkYYb h\Y YldYf]*

aYbhU` acXY g\UdYg UbX biaYf]WU` acXY g\UdYg Zfca U fYZYfYbWY acXY` k]h\ f][]X ^c]bhg UbX

U gYf]Yg cZ g]b[`Y*XUaU[YX acXY`g) gYYag hc VY UV`Y hc `cWU`]gY h\Y kYV aYaVYfg WcbbYWhYX

hc pZUi`hmq ^c]bhg+ L\]g biaYf]WU` ghiXm kUg dfYX]Wh]jY UbX fYei]fYg YldYf]aYbhU` jU`]XUh]cb+

9 Zifh\Yf YldYf]aYbhU` ]bjYgh][Uh]cb ]g d`UbbYX) ]b k\]W\ h\Y f]jYhg cZ h\Y hYghYX `Uhh]WY []fXYf

k]`` dfc[fYgg]jY`m VY fYd`UWYX Vm Vc`hg) k]h\ X]!YfYbh `YjY`g cZ dfY*ghfYgg+ L\Y ]adUWh cb h\Y

acXU` dfcdYfh]Yg k]`` VY aYUgifYX ig]b[ h\Y jUf]cig ]bX]WUhcfg dfYgYbhYX ]b h\]g dUdYf+ L\]g

YldYf]aYbhU` ghiXm g\ci`X U`gc \Y`d YghUV`]g\ U fY`Uh]cbg\]d VYhkYYb h\Y f]jYh W`Uad]b[ ZcfWY

UbX h\Y fYgi`h]b[ fchUh]cbU` ^c]bh gh]!bYgg+

/-
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;cbghfiWh]cbU` KhYY` JYgYUfW\ .,. '.,./(+ Xc]6-,+-,-2/^+^Wgf+.,./+-,334,+

S0T =F -55/*-*- 9bbYl ::+-) =ifcWcXY / 6 <Yg][b cZ ghYY` ghfiWhifYg * HUfh -*-6 ?YbYfU` fi`Yg UbX fi`Yg Zcf Vi]`X]b[g * 9bbYl ::+- 6 >`YlifU`

ViW_`]b[ cZ aYaVYfg ]b hf]Ub[i`UhYX UbX `Uhh]WY ghfiWhifYg) =ifcdYUb Wcaa]hhYY Zcf ghUbXUfX]nUh]cb ';=F() .,,1+

S1T K+ L]acg\Yb_c) B+ ?YfY) L\Ycfm cZ Y`Ugh]W ghUV]`]hm) .bX =X]h]cb) EW?fUk*@]``) -52/+

S2T Q+ D]Uc) @+ Kib) ?+ Oi) ;+ B]b) B+ ;i]) ?+ D]) @+ B]Ub[) =!YWh cZ f]jYh UffUb[YaYbh cb ZUh][iY dYfZcfaUbWY cZ Y`YWhfcaU[bYh]Wf]jYhYX ^c]bh

k]h\ -, aa X]UaYhYf f]jYh) AbhYfbUh]cbU` BcifbU` cZ >Uh][iY -32 '.,./(+ Xc]6-,+-,-2/^+]^ZUh][iY+.,./+-,345.+
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S3T I+ ;c``YhhY) J]jYhYX ;cbbYWh]cbg ]b @]ghcf]WU` EYhU` KhfiWhifYg '-40,*-50,(+ @ch*Xf]jYb J]jYhg6 LYW\bc`c[m) <Yg][b UbX =ldYf]aYbhg+) H\+<+

h\Yg]g) Nf]^Y Mb]jYfg]hY]h :figgY` '.,-0(+

S4T E+ <&9b]Y``c) >+ Hcfh]c`]) D+ >]cf]bc) J+ DUbXc`Zc) =ldYf]aYbhU` ]bjYgh][Uh]cb cb g\YUf VY\Uj]cif cZ f]jYhYX WcbbYWh]cbg ]b ghYY` ghfiWhifYg)
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S-,T D+ ?U``Y[cg EUmcf[U) K+ K]fY) :+ H`i) =ldYf]aYbhU` ]bjYgh][Uh]cb cb \ch f]jYhYX XciV`Y g\YUf WcbbYWh]cbg) U Zf]Wh]cb UbU`mg]g) ]b6 KhfiW*
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'K9@;() DYijYb) :Y`[]ia) .,-2+

S--T E+ 9`*=afUb]) J+ C`][Yf) >= UbU`mg]g cZ ghf]b[Yf*hc*"ccf*VYUa WcbbYWh]cbg ]b f]jYhYX fU]`kUm Vf]X[Yg) BcifbU` cZ ;cbghfiWh]cbU` KhYY` JY*
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S-.T :+ E+ AaUa) L+ <+ J][\]b]ch]g) E+ C+ ;\fmggUbh\cdci`cg) FiaYf]WU` acXY``]b[ cZ f]jYhYX fU]`kUm Vf]X[Y WcbbYWh]cbg Zcf ZUh][iY YjU`iUh]cb)

=b[]bYYf]b[ KhfiWhifYg .5 '--( '.,,3( /,3-r/,4-+ Xc]6-,+-,-2/^+Yb[ghfiWh+.,,3+,.+,--+

S-/T G+ E]bcf) H+ Jm^xU#WY_) JchUh]cbU` Kh]!bYgg cZ ;cbbYWh]cbg ]b U @]ghcf]WU` KhYY` JU]`kUm :f]X[Y) ]b6 KhfiWhifU` 9bU`mg]g cZ @]ghcf]WU` ;cb*

ghfiWh]cbg) Kdf]b[Yf) ;\Ua) .,-5) dd+ -,4.r-,45+
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S-1T <+ DYcbYhh]) B+ EU`^UUfg) ?+ HUgeiUfY``]) ?+ :fUbXc) J]jYh W`Uad]b[ ZcfWY cZ Ug*Vi]`h \ch*f]jYhYX WcbbYWh]cbg ]b ghYY` Vf]X[Yg) BcifbU` cZ
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S.,T <+ B+ =k]bg) EcXU` hYgh]b[6 h\Ycfm) dfUWh]WY) UbX Udd`]WUh]cb) .bX =X]h]cb) JYgYUfW\ KhiX]Yg HfYgg) :U`XcW_) @YfhZcfXg\]fY) =b[`UbX 7 H\]`UXY`*

d\]U) H9) .,,,+
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22r3-+
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