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1XPHULaND�VLPXODFLMD
HIHNWD�JUDYLWDFLRQLK�VRaLYD

&LOM� UDGD� MH�ELR�UD]YLMDQMH�QXPHULaNLK�PHWRGD�]D
GRELMDQMH�SRORCDMD�OLNRYD�REMHNDWD�L�QMLKRYRJ�VMDMD
SULOLNRP� SURODVND� VYHWORVWL� SRUHG� JUDYLWDFLRQRJ
VRaLYD�� 5D]PDWUDQL� PRGHOL� REMHNDWD� NRML� SUHG�
VWDYOMDMX� JUDYLWDFLRQR� VRaLYR� VX� WDaNDVWR� VRaLYR�
L]RWHUPDOQD�VIHUD�VD�L�EH]�MH]JUD�NRQDaQH�PDVH�L
UDGLMXVD��NDR�L�VOXaDM�NDGD�VH�X�MHGQRM�UDYQL�QDOD]L
YL^H� WDaNDVWLK� VRaLYD�� .DR� QDMVORCHQLML� VOXaDM�
VLPXOLUDQL� VX� OLNRYL� NRML� VH� IRUPLUDMX� SUL� WURGL�
PHQ]LRQDOQRM�UDVSRGHOL�WDaNDVWLK�VRaLYD��5D]YLMHQD
VX� GYD� RVQRYQD� DOJRULWPD�� MHGDQ� ]D� GRELMDQMH
SRORCDMD�L�GUXJL�]D�GRELMDQMH�VMDMD�OLND��NRML�VX�VH�X
SURXaDYDQLP�VOXaDMHYLPD�SRND]DOL�NDR�HILNDVQL�

8YRG
0DVLYQL�REMHNWL�NRML� VYRMLP�JUDYLWDFLRQLP

SROMHP�L]D]LYDMX�]DNULYOMHQMH�SURVWRUD�L�WLPH�VDYL�
MDQMH�VYHWORVQLK�]UDNRYD�NRML�SUROD]H�X�QMLKRYRM�EOL]�
LQL��SR�DQDORJLML�VD�RSWLaNLP�QD]LYDMX�VH�JUDYLWDFLRQD
VRaLYD��3URXaDYDQMD�JUDYLWDFLRQLK�VRaLYD�GDOD�VX
]QDaDMDQ�GRSULQRV�X�UH^DYDQMX�IXQGDPHQWDOQLK�SL�
WDQMD�NRVPRORJLMH��SRSXW�RGUH_LYDQMD�VWDURVWL�9D�
VLRQH�L�YUHGQRVWL�+DEORYH�NRQVWDQWH��=ERJ�HIHNWD
NRML�L]D]LYDMX�PRJX�VH�NRULVWLWL�L�NDR�SULURGQL�WHOHVN�
RSL�]D�SRVPDWUDQMH�REMHNDWD�PDORJ�VMDMD��3UYL�GLUHN�
WQL�VQLPDN�JUDYLWDFLRQRJ�IRNXVLUDQMD�GRELMHQ�MH
������JRGLQH�NDGD�MH�VQLPOMHQ�OLN�NYD]DUD�462�����
������&RRSHU�������

8�FLOMX�UD]XPHYDQMD�SULQFLSD�IRUPLUDQMD�OLNRYD
QHRSKRGQR�MH�SUDYLWL�QXPHULaNH�VLPXODFLMH�SURODVND
VFYHWRVQLK�]UDNRYD�NUR]�JUDYLWDFLRQR�VRaLYR��&LOM
RYRJ�SURMHNWD�MH�UD]YLMDQMH�HILNDVQLK�DOJRULWDPD�]D
PRGHOLUDQMH�OLNRYD�QD�RVQRYX�]DGDWLK�IL]LaNLK�SDUD�
PHWDUD�VLVWHPD�VRaLYD��SRVPDWUDaD�L�OLND�

7HRULMVNR�UD]PDWUDQMH�SUREOHPD
)L]LND�SUREOHPD

,]�MHGQDaLQD�$MQ^WDMQRYH�RS^WH�WHRULMH�UHOD�
WLYQRVWL�VOHGL�GD�DNR�QDMEOLCH�UDVWRMDQMH�QD�NRPH�MH
]UDN�SUR^DR�SRUHG�QHNRJ�WDaNDVWRJ�REMHNWD�PDVH�0
L]QRVL�RQGD�`H�]UDN�VYHWORVWL�ELWL�VNUHQXW�VD�SRaHWQH
SXWDQMH��SUHORPOMHQ��]D�XJDR�NRML�L]QRVL�

α(ξ)�=���*�0F��ξ
����

8�VOXaDMX�YL^H�WDaNDVWLK�VRaLYD�X�MHGQRM�UDYQL
XNXSDQ�XJDR�VNUHWDQMD�]UDND�UDaXQD�VH�SUHNR�GRSUL�
QRVD�VYLK�SRMHGLQDaQLK�L]YRUD��=D�UDaXQDQMH�XNXS�
QRJ�XJOD�VNUHWDQMD�]UDND�NRG�VOXaDMD�YL^H�WDaNDVWLK
VRaLYD�X�MHGQRM�UDYQL�NRUL^`HQD�MH�YHNWRUVND�DGL�
WLYQRVW�SRPHQXWRJ�XJOD�RSLVDQD�MHGQDaLQRP�

α(ξ�L�=���…�Q)�=�∑�
L�=��

Q
α�(ξ�L)

���

1D�VOLFL���REHOHCHQH�VX�QDMELWQLMH�YHOLaLQH�NRMH
NDUDNWHUL^X�RSWLaNL�VLVWHP�SRVPDWUDa�VRaLYR�L]YRU�
5DYQL�NRMH�VDGUCH�L]YRU�L�VRaLYR�VX�QRUPDOQH�QD
SUDYX�NRMD�VSDMD�SRVPDWUDaD�L�L]YRU�

-HGQDaLQD�NRMD�RGUH_XMH�XGDOMHQRVW�WDaNH�X�UDYQL
L]YRUD�L]�NRMH�NUH`H�]UDN�X�IXQNFLML�UDVWRMDQMD
L]PH_X�SRVPDWUDaD�L�VRaLYD�L�L]YRUD��1HZEXU\��6SLW�
HUL��������X�DSURNVLPDFLML�PDOLK�XJORYD�MH�

η�=�'V
'G�ξ�−�('V�−�'G)�α�(ξ) ���

8�UDGX�MH�UD]PDWUDQ�L�SRYU^LQVNL�VMDM�OLND�NRML�VH
GRELMH�SUL�SURODVNX�VYHWORVWL�NUR]�JUDYLWDFLRQR
VRaLYR��3UHWSRVWDYLPR�GD�SRVPDWUDa�GHWHNWXMH�VYHW�
ORVW�IOXNVD�GΦ��VD�GHOL`D�SRYU^LQH�G6��NRML�SULSDGD
UDYQL�OLND��2YD�VYHWORVW�SRWLaH�VD�GHOL`D�SRYU^LQH
G6��QD�UDYQL�QD�NRMRM�MH�L]YRU�VYHWORVWL�L�NDUDNWHUL^H
MH�IOXNV�GΦ���*UDYLWDFLRQR�VRaLYR�]DGUCDYD�SRYU^LQ�

0DUNR�3DYORYL`���������3LURW��'ULQVND�EU�����
XaHQLN����UD]UHGD�*LPQD]LMH�X�3LURWX
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VNL�VMDM�REMHNWD��WDNR�GD�YDCL�MHGQDNRVW��1HZEXU\�
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)RUPXOD�]D�IDNWRU�SURPHQH�VMDMD�NRML�MH�MHGQDN
RGQRVX�HOHPHQWDUQLK�IOXNVHYD�GΦ��L�GΦ���L]UDCHQD
SUHNR�SDUDPHWDUD�VLVWHPD�MH��:DPEVJDQVV�������
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8�UDGX�VH�NRULVWL�LVNOMXaLYR�SR]LWLYQL�IDNWRU��MHU
VH�SRVPDWUD�VD�VWUDQH�VD�NRMH�MH�XJDR�θ�SR]LWLYDQ�
JGH�YDCL�VPHQD�ν�=�β���θH��D�θH�MH�$MQ^WDMQRY�UDGLMXV
GHILQLVDQ�NDR�
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9UVWH�VRaLYD
1D�RVQRYX�SURVWRUQRJ�UDVSRUHGD�PDVH�VRaLYD�X

UDGX�VX�UD]PDWUDQL�VOHGH`L�VOXaDMHYL��WDaNDVWR�VRaLYR�
YL^H�WDaNDVWLK�VRaLYD�X�MHGQRM�UDYQL��L]RWHUPDOQD

VIHUD�VD�L�EH]�MH]JUD�NRQDaQH�PDVH�L�UDGLMXVD��D�NDR
QDMRS^WLML�VOXaDM�MH�UD]PDWUDQ�RGUH_HQ�EURM�SRMHG�
LQDaQLK�WDaNDVWLK�VRaLYD�SURL]YROMQR�UDVSRUH_HQLK�X
SURVWRUX�

=D�UD]OLNX�RG�WDaNDVWRJ�VRaLYD��L]RWHUPDOQD�VIHUD
SUHGVWDYOMD�REMHNDW�VD�PDVRP�UDVSRUH_HQRP�X�SURV�
WRUX�SR�IXQNFLML��:DPEVJDQVV�������

0(ξ)�=� ��*�σ
�

ξ
���

JGH�MH�σ�PDVHQL�SDUDPHWDU�NRML�]DYLVL�RG�IL]LaNLK
NDUDNWHULVWLND�REMHNWD��.DR�JUDYLWDFLRQR�VRaLYR�MH
NRUL^`HQD�L�L]RWHUPDOQD�VIHUD�VD�MH]JURP�SURL]YROMQH
PDVH�L�UDGLMXVD�

0HWRG
6YL�L]YRUL�L�OLNRYL�VX�UD]PDWUDQL�NDR�PDWULFH

RGUH_HQLK�GLPHQ]LMD��SUL�aHPX�YUHGQRVWL�SROMD�PD�
WULFH�SUHGVWDYOMDMX�VMDM�SLNVHOD��

3URJUDP�UHGRP�DQDOL]LUD�VYDNL�SLNVHO�PDWULFH
OLND�L�SUL�WRPH�RGUH_XMH�SLNVHOH�QD�REMHNWX�VD�NRMLK
VX�SR^OL�]UDFL�VYHWORVWL��8�VOXaDMX�WDaNDVWRJ�VRaLYD
SRORCDM�SLNVHOD�VD�NRJD�MH�SR^DR�]UDN�VYHWORVWL�VH
RGUH_XMH�WULYLMDOQR�NRUL^`HQMHP�MHGQDaLQH������D�VMDM

6OLND����2SWLaNL�VLVWHP�SRVPDWUDa�VRaLYR�L]YRU�L�YHOLaLQH�NRMH�NDUDNWHUL^X�RYDM�VLVWHP

)LJXUH����2SWLFDO�V\VWHP�REVHUYHU�OHQV�REMHFW�DQG�SDUDPHWHUV�LQ�WKLV�V\VWHP
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SLNVHOD�]D�NRML�VH�LVSRVWDYL�GD�MH�YLGOMLY�L]�WDaNH�X
NRMRM�MH�SRVPDWUDa�RGUH_XMH�VH�SR�IRUPXOL������6OXaDM
YL^H�WDaNDVWLK�VRaLYD�SURL]YROMQR�UDVSRUH_HQLK�X
SURVWRUX�MH�NRPSOLNRYDQLML�L�SURUDaXQL�XJORYD�VNUH�
WDQMD�L�VMDMD�VH�QH�YU^H�SR�XQDSUHG�L]YHGHQLP
DQDOLWLaNLP�MHGQDaLQDPD��=D�RGUH_LYDQMH�VMDMD�UD]YL�
MHQ� MH� DOJRULWDP� �VOLND� ��� ]D� QXPHULaNR
L]UDaXQDYDQMH�SURPHQH�VMDMD�X�VYDNRM�WDaNL��3LNVHO
OLND��NRML�MH�NYDGUDWQRJ�REOLND��VH�SRG�XWLFDMHP
VRaLYD� WUDQVIRUPL^H� X� aHWYRURXJDR� GUXJDaLMH
SRYU^LQH� L� VMDM� VH� UDaXQD� NRUL^`HQMHP� ]DNRQD
RGUCDQMD�IOXNVD�GDWRJ�MHGQDaLQRP�����

2VQRYQD�LGHMD�NRG�RGUH_LYDQMD�XJOD�VNUHWDQMD
]UDND�NRG�RYLK�VLVWHPD�VRaLYD�]DVQLYD�VH�QD�YHNWRU�
VNRM�DGLWLYQRVWL�XJOD�RSLVDQRM�MHGQDaLQRP������3X�
WDQMD�]UDND�VH�SUDWL�NUR]�UDYQL�VYLK�VRaLYD��1D�WDM
QDaLQ�MH�QD�RVQRYX�WDaNH�SUHVHND�SXWDQMH�]UDND�VD
UDYQL�QDMEOLCRP�SRVPDWUDaX�PRJX`H�XWYUGLWL�WDaNX�L]
NRMH�MH�]UDN�NUHQXR��3XWDQMD�]UDND�VH�SUDWL�X�VPHUX
RG�SRVPDWUDaD�ND�UDYQL�L]YRUD�NRUL^`HQMHP�WUL�SR�
GDWND��SROD]QH�NRRUGLQDWH�QD�SUHWKRGQRM�UDYQL�
SUHVHaQH�NRRUGLQDWH�VD�VOHGH`RP�UDYQL�NDR�L�XJOD
VNUHWDQMD�]UDND�SRVOH�SURSDJDFLMH�NUR]�QDUHGQX
UDYDQ��8NXSDQ�IDNWRU�SURPHQH�VMDMD�VH�PRCH�GRELWL
NDR�SURL]YRG�IDNWRUD�SURPHQD�VMDMD�]D�VYDNR�VRaLYR�
3UL�WRPH�VH�RYL�SRGDFL�®DCXULUDMX¯�SULOLNRP�SUHODVND
QD�QRYX�UDYDQ�aLPH�VH�SRVOH�NRQDaQRJ�EURMD�NRUDND
�WDaDQ�EURM�NRUDND�MHGQDN�MH�EURMX�UDYQL��GROD]L�GR
UDYQL�QD�NRMRM�VH�QDOD]L�VYHWORVQL�L]YRU�D�NRRUGLQDWH

WDaNH�VD�NRMH�MH�SR^DR�]UDN�VX�NRRUGLQDWH�SURERMQH
WDaNH�QD�WRM�UDYQL�

2SLVDQL�DOJRULWPL�VX�UHDOL]RYDQL�NRUL^`HQMHP
SURJUDPVNRJ�SDNHWD�0DWODE������

5H]XOWDWL�L�GLVNXVLMD
.UDMQML�UH]XOWDW�VYDNRJ�L]YU^DYDQMD�SURJUDPD�MH

VOLND�REMHNWD�QDNRQ�GHMVWYD�JUDYLWDFLRQRJ�VRaLYD�
/LNRYL�VX�SULND]DQL�QD�VOLFL���X�±±ODCQLP�ERMDPD±±�
SUL�aHPX�SODYD�ERMD�RGJRYDUD�QDMQLCHP�LQWH]LWHWX��D
FUYHQD�QDMYL^HP�

,]YRU�VYHWORVWL�X�VYLP�VOXaDMHYLPD�MH�HOLSVD�UDY�
QRPHUQRJ�VMDMD��/LN�QD�VOLFL��D�SUHGVWDYOMD�W]Y�
$MQ^WDMQRY�SUVWHQ��NRML�VH�GRELMD�NDGD�VH�L]YRU�VYHW�
ORVWL��VRaLYR�L�SRVPDWUDa�QDOD]H�QD�LVWRM�SUDYRM��1D
VOLFL��E�MH�OLN�GRELMHQ�SRVOH�SURODVND�VYHWORVWL�SRUHG
WDaNDVWRJ�VRaLYD�SUL�aHPX�SRPHQXWL�REMHNWL�QH�OHCH
QD�LVWRM�SUDYRM��1D�VOLNDPD��F�L��G�VX�OLNRYL�GRELMHQL
XVOHG�SRVWRMDQMD�YL^H�WDaNDVWLK�VRaLYD�X�MHGQRM�UDYQL�
1D�VOLNDPD��H�L��I�VX�OLNRYL�HOLSWLaQRJ�L]YRUD�GHIRU�
PLVDQL�SRVOH�SURODVND�VYHWORVWL�SRUHG�YL^H�WDaNDVWLK
JUDYLWDFLRQLK� VRaLYD� UDVSRUH_HQLK�X� UD]OLaLWLP
UDYQLPD�

8RaHQD�MH�VOLaQRVW�GRELMHQLK�OLNRYD�VD�OLNRYLPD
UHDOQLK�REMHNDWD�DOL�]ERJ�QHSR]QDYDQMD�VWYDUQLK
SDUDPHWDUD�VLVWHPD�QLMH�ELOR�PRJX`H�NYDQWLWDWLYQR
XSRUH_LYDQMH��$OJRULWPL�RSLVDQL�X�UDGX�VX�SULPHQ�
OMLYL�NRG�LQYHU]QLK�SUREOHPD�JGH�VH�QD�RVQRYX

6OLND����>HPDWVNL�SULND]�QRYRJ�PHWRGD�]D�UDaXQDQMH�SURPHQH�VMDM�X�VOXaDMX�DVLPHWULaQLK�VRaLYD

)LJXUH����6FKHPDWLF�GLVFULSWLRQ�RI�WKH�QHZ�PHWKRG�ZKLFK�ZDV�XVHG�IRU�FDOFXODWLQJ�PDJQLILFDWLRQ�IDFWRU�IRU
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NDUDNWHULVWLND�OLNRYD�GRELMHQLK�SRVPDWUDQMHP�PRJX
L]YHVWL�]DNOMXaFL�R�IL]LaNLP�RVRELQDPD�REMHNDWD�NRML
SUHGVWDYOMDMX�JUDYLWDFLRQR�VRaLYR�

���=DNOMXaDN
1XPHULaNL�PHWRGL�UD]YLMHQL�X�RYRP�UDGX�SULPH�

QMLYL�VX�]D�^LURNRP�RSVHJX�IL]LaNLK�PRGHOD�VRaLYD�L
QMLKRYD�HILNDVQRVW��RGQRVQR�EU]LQD��MH�GRYROMQD�]D
NRQVWUXNFLMX�OLNRYD�X�UHDOQRP�YUHPHQX�SUL�aHPX�VH
PRJX�GRELWL�VOLNH�VDVYLP�GRYROMQH�UH]ROXFLMH�]D
GRQR^HQMH�QHNLK�]DNOMXaDND�R�SULQFLSLPD�IRUPLUDQMD
OLNRYD�

=DKYDOQRVW��=DKYDOMXMHP�VH�UXNRYRGLRFX�VHPL�
QDUD�DVWURQRPLMH�X�,VWUDCLYDaNRM�VWDQLFL�3HWQLFD�
,JRUX�6PROL`X�NDR�L�VDUDGQLFLPD�$QGUHMX�0HVDUR^X
L�0LKDLOX�aXEURYL`X�NRML�VX�VYRMLP�SUHGOR]LPD�L
VXJHVWLMDPD�]QDWQR�GRSULQHOL�L]UDGL�SURMHNWD��=D�
KYDOMXMHP�VH�L�'U��0LODQX�@LUNRYL`X�QD�GRVWDYOMHQRM
OLWHUDWXUL��=DKYDOQRVW�GXJXMHP�L�0U��'UDJL^L�1LN�
ROL`X�L]�3LURWD��QD�YHRPD�NRULVQLP�VXJHVWLMDPD�L�IL�
QDOQRM�UHFHQ]LML�

/LWHUDWXUD
&RRSHU�5��/��������+LVWRU\��RYHUYLHZ�DQG�EDVLFWKHRU\�RI�JUDYLWDWLRQDO�OHQVLQJ��8QLYHUVLW\�RI,OOLQRLV
1HZEXU\�3��5���6SLWHUL�5��-���������,QYHUWLQJJUDYLWDWLRQDO�OHQVHV��&DPEULGJH
:DPEVJDQVV�-��������*UDYLWDWLRQDO�OHQVLQJ�LQDVWURQRP\��3RWVGDP��$VWURSK\VLFDO�LQVWLWXW3RWVGDP��*HUPDQ\

0DUNR�3DYORYL`
1XPHULFDO�0RGHOLQJ�RI�*UDYLWDWLRQDO
/HQVLQJ�(IIHFW

*UDYLWDWLRQDO�OHQVLQJ�SURYLGHV�D�SRZHUIXO�WRRO�WR
VWXG\�D�QXPEHU�RI�IXQGDPHQWDO�TXHVWLRQV�LQ�DVWUR�
SK\VLFV��,Q�WKLV�SDSHU�ZH�JLYH�DQ�RXWOLQH�RI�WKH�EDVLF
FRQFHSWV�DQG�PDWKHPDWLFV�EHKLQG�JUDYLWDWLRQDO
OHQVLQJ�DQG�QXPHULFDO�PRGHOLQJ��$Q�HPSKDVLV�ZDV
SXW�RQ�GHYHORSLQJ�WKH�QXPHULFDO�PHWKRGV�DQG�FRP�
SXWHU�VLPXODWLRQ�RI�WKHVH�HIIHFWV��1XPHULFV�ZDV�XVHG
IRU�VWXG\LQJ�WKH�HIIHFWV�ZKLFK�EHFRPH�REVHUHYDEOH
ZKHQ�OLJKW�UD\V�SDVV�QHDU�VRPH�REMHFW�ZLWK�VWURQJ
JUDYLWDWLRQDO�ILHOG��:H�VWXGLHG�GLIIHUHQW�SK\VLFDO
PRGHOV�RI�JUDYLWDWLRQDO�OHQVHV��SRLQW�OHQV��LVRWKHUPDO
VSKHUH�ZLWK�DQG�ZLWKRXW�FRUH�ZLWK�GHILQLWH�PDVV�DQG
UDGLXV�DQG�DV\PHWULF�OHQV�LQ�SODQH��:H�DOVR�VWXGLHG
HIIHFWV�RI�OHQVHV�ZLWK���GLPHQVLRQDO�PDVV�FRQILJXUD�
WLRQ��7ZR�EDVLF�DOJRULWKPV�ZHUH�GHYHORSHG��ILUVW�IRU
GHWHUPLQDWLRQ�RI�LPDJH�SRVLWLRQ�DQG�VHFRQG�WR�GHWHU�
PLQH�WKH�DPRXQW�E\�ZKLFK�OLJKW�LV�PDJQLILHG�DIWHU
SDVVLQJ�WKURXJK�WKH�OHQV��$OJRULWKP�IRU�GHWHUPLQD�
WLRQ�RI�LPDJH�SRVLWLRQ�LV�EDVHG�RQ�UD\�WUDFLQJ�DQG
WKHUHIRUH�LW�VHDUFKHV�IRU�SL[HOV�ZKLFK�VDWLVI\�EDVLF
PDWKHPDWLFDO�FRQGLWLRQV�WR�EHFRPH�REVHUYHDEOH��$O�
JRULWKP�ZKLFK�ZDV�XVHG�IRU�FDOFXODWLQJ�PDJQLILFD�
WLRQ�IDFWRU�IRU�VLPSOH�OHQV�PRGHOV�LV�EDVHG�RQ
PDWKHPDWLFDO�IRUPXOD�IURP�UHIHUHQFH�ERRN�ZKLFK
JLYHV�WKLV�YDOXH��)RU�PRUH�FRPSOLFDWHG�OHQVHV��OLNH
DV\PHWULF�OHQVHV��ZH�GHYHORSHG�QHZ�DOJRULWKP�
EDVHG�RQ�SK\VLFDO�SULQFLSOH�WKDW�JUDYLWDWLRQDO�OHQVLQJ
SUHVHUYHV�WKH�VXUIDFH�EULJKWQHVV�RI�WKH�OLJKW��7KHVH
DOJRULWKPV�SURYHG�WR�EH�HIILFLHQW�IRU�VROYLQJ�SURE�
OHPV�XQGHU�FRQVLGHUDWLRQ�

6OLND����QDVSUDPQD�VWUDQD��
/LNRYL�L]YRUD�VYHWORVWL�GRELMHQL�SRVOH�L]YU^DYDQMDLPSOHPHQWLUDQH�VLPXODFLMH�]D�]DGDWH�SDUDPHWUH

)LJXUH����RSSRVLWH�SDJH��
'LVWRUWHG�LPDJHV�RI�EDFNJURXQG�OLJKW�VRXUFH�REWDLQHGDIWHU�H[HFXWLRQ�RI�LPSOHPHQWHG�FRPSXWHU�VLPXOODWLRQIRU�FHUWDLQ�SDUDPHWUHV
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