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MH�PRGHOLUDQD�OLQHDUQLP�VLPSOHNWLaNLP�LQWHJUDWRURP��X�NRML�MH�XNOMXaHQ�3R\QWLQJ�
5REHUWVRQRY�HIHNDW�L�SULWLVDN�]UDaHQMD��.RUL^`HQL�PRGHO�QLMH�GRYROMQR�SUHFL]DQ�]D
GHWDOMQX�DQDOL]X�VHSDUDFLMH�SR�PDVL��DOL�RPRJX`DYD�DQDOL]LUDQMH�RS^WLK�NDUDNWHU�
LVWLND�VWUXMH� L�XWLFDMD�JXVWLQH�NRPHWH� L�PDVH�PHWHRURLGD�QD�QMHQR� IRUPLUDQMH�
8WYU_HQR�MH�SRVWRMDQMH�VHSDUDFLMH�SR�PDVL��QD�NRMX�XWLaX�PDVD�L�JXVWLQD�aHVWLFD�
GRN�XWLFDM�RYLK�YHOLaLQD�QD�GLVSHU]LMX�aYRURYD�QLMH�]QDaDMDQ��

8YRG
0HWHRUVNL�URMHYL�NRML�SRWLaX�RG�+DOHMHYH�NRPHWH�VX�(WD�DNYDULGL

�(7$�¬�SRaHWDN�PDMD��L�2ULRQLGL��25,�¬�VUHGLQD�RNWREUD���1D�RVQRYX
YL]XHOQLK�SRVPDWUDQMD��NRQVWDWRYDQD�MH�SHULRGLaQRVW�X�DNWLYQRVWL�RYLK�UR�
MHYD�VD�SHULRGRP�RG�SULEOLCQR����JRGLQD�NRML�MH�VDPHUOMLY�VD�UHYROXFLMRP
-XSLWHUD��'XELHWLV��������DOL�SHULRGLaQRVW�X�SRSXODFLRQRP�LQGHNVX��NRMD�EL
XND]DOD�QD�SHULRGLaQRVW�X�VHSDUDFLML�SR�PDVL�PHWHRUVNLK�aHVWLFD��QLMH
XWYU_HQD��3UL�WRPH�WUHED�QDSRPHQXWL�GD�DQDOL]LUDQL�SRVPDWUDaNL�PDWHULMDO
REXKYDWD�QHSXQH�WUL�GHFHQLMH��^WR�MH�QHGRYROMQR�GD�EL�VH�XRaLOH�ILQLMH
SUDYLOQRVWL��3ULVXVWYR�VHSDUDFLMH��XVOHG�NRMH�VMDMQL�L�PDQMH�VMDMQL�PHWHRUL
LPDMX�UD]OLaLWH�PDNVLPXPH�DNWLYQRVWL��PRCH�VH�XRaLWL�L�QD�RVQRYX�DQDOL]H
YL]XHOQLK�SRGDWDND��0DUMDQRYL`�L�?RNRYL`�������

=ERJ�SURPHQD�RUELWH�NRPHWH��aHVWLFH�NRMH�NRPHWD�RWSX^WD�SUL
UD]OLaLWLP�SURODVFLPD�QHPDMX�SRWSXQR�LVWH�RUELWH��7R�GRYRGL�GR�IRUPLUDQMD
ILODPHQDWD��NRML�SUHSOLWDQMHP�aLQH�VWUXNWXUX�URMD�NRPSOLNRYDQRP��7DM�VFH�
QDULR�IRUPLUDQMD�VWUXNWXUH�PHWHRUVNH�VWUXMH�VH�QD]LYD�VKHOO�PRGHO��+DMGXN
	�0F,QWRFK��������5RWDFLMD�NRPHWH�L�UD]OLaLWL�SRORCDML�DNWLYQLK�UHJLRQD�QD

0LODQ�'DULMHYL`
��������%HRJUDG�
9ODGHWLQD�������
XaHQLN����UD]UHGD�3HWHEHRJUDGVNH�JLPQD]LMH
9ODGLVDY�-HOLVDYaL`
��������2EUHQRYDF�
9RMYRGH�3XWQLND������
XaHQLN����UD]UHGD
2EUHQRYDaNH�JLPQD]LMH
1DWDOLMD�-RYDQRYL`
��������9DOMHYR�
%LUaDQLQRYD����
XaHQLFD����UD]UHGD
0DWHPDWLaNH�JLPQD]LMH
X�%HRJUDGX�
0(1725�
0LKDLOR�AXEURYL`�
VWXGHQW�)L]LaNRJ
IDNXOWHWD�X�%HRJUDGX

=%251,.�5$'29$����� $6752120,-$��• ����



QMRM��GRYRGH�GR�UD]OLaLWLK�RVNXODWRUQLK�HOHPHQDWD�aHVWLFD�X�WUHQXWNX�RGYD�
MDQMD�RG�NRPHWH��,SDN��WH�UD]OLNH�QLVX�YHOLNH�L��VWDWLVWLaNL�JOHGDQR��aHVWLFH
LPDMX�VOLaQH�SRaHWQH�RVNXODWRUQH�HOHPHQWH�NDR�L�NRPHWD�X�GDWRP�WUHQXWNX�

*UDYLWDFLRQL�XWLFDML�-XSLWHUD�L�6DWXUQD�VX�QDM]QDaDMQLML�]D�SURPHQH�RU�
ELWD�aHVWLFD�VWUXMH��8WLFDM�-XSLWHUD�MH�]QDaDMQLML��NDNR�]ERJ�YH`H�PDVH��WDNR
L�]ERJ�WRJD�^WR�PHWHRUVND�VWUXMD�SULOD]L�EOLCH�RUELWL�-XSLWHUD�QHJR�6DWXUQD�
7RNRP�MHGQH�VYRMH�UHYROXFLMH��-XSLWHU�VH�GYD�SXWD�SULEOLCL�PHWHRUVNRM
VWUXML��.DNR�VH�L�aHVWLFH�NUH`X��-XSLWHU�X�VYDNRP�SURODVNX�XWLaH�QD�GUXJX
JUXSX�aHVWLFD��0F,QWRFK�	�-RQHV�������

0HWHRUVNH�URMHYH�(7$�L�25,�RGOLNXMH�XPHUHQD�]HQLWQD�aDVRYQD
IUHNYHQFLMD��=HQLWK�+RXU�5DWH�¬�=+5���������]D�2ULRQLGH�L�������]D�(WD
$NYDULGH��NDR�L�YHOLND�EU]LQD�PHWHRUD��,SDN��MDVQR�MH�XRaOMLY�PDNVLPXP
DNWLYQRVWL�]D�RED�URMD��3RUHG�JODYQRJ�PDNVLPXPD��SRVWRMH�L�GYD�VSRUHGQD�
NRMD�VX�XRaHQD�UDGLR�SRVPDWUDQMHP��ZZZ�LPR�QHW���

6MDM�PHWHRUD�X�SULQFLSX�]DYLVL�RG�PDVH��KHPLMVNRJ�VDVWDYD��EU]LQH
aHVWLFH�L�XSDGQRJ�XJOD��0H_XWLP��aHVWLFH�MHGQH�VWUXMH�VX�LVWRJ�SRUHNOD�L
VOLaQLK�RUELWDOQLK�HOHPHQDWD��SD�UD]OLND�X�VMDMX�SRMHGLQLK�PHWHRUD�X�VWUXML
SUDNWLaQR�SRWLaH�VDPR�RG�PDVH�aHVWLFH��'DNOH��X�RNYLUX�MHGQRJ�URMD�
PRJX`H�MH�XWYUGLWL�RGQRV�PDVD�aHVWLFD�QD�RVQRYX�UD]OLND�X�VMDMX��$NR�X
RNYLUX�VWUXMH�SRVWRML�VHSDUDFLMD��RQGD�VH�PDNVLPXPL�]D�PDQMH�L�YH`H�aHV�
WLFH��RGQRVQR�VMDMQLMH�L�PDQMH�VMDMQH�PHWHRUH��YUHPHQVNL�UD]OLNXMX��

0RGLILNDFLMRP�PHWRGD�NRMHJ�MH�NRULVWLR�$XGULXV�'XELHWLV��������
SUYR�VPR�SRNX^DOL�GD�DQDOL]RP�UDVSRORCLYLK�SRGDWDND�L]�,02�90'%�ED]H
�ZZZ�LPR�QHW��XWYUGLPR�SRVWRMDQMH�SHULRGLaQRVWL�L]PH_X�PDNVLPXPD�DN�
WLYQRVWL�VLWQLMLK�L�NUXSQLMLK�PHWHRUVNLK�aHVWLFD�QD�RVQRYX�YL]XHOQLK�SRVPD�
WUDQMD�(7$�L�25,�]D�SURWHNOLK����JRGLQD��0H_XWLP��LVSRVWDYLOR�VH�GD�MH
WDM�LQWHUYDO�VXYL^H�NUDWDN�GD�EL�VH�XRaLR�ELOR�NDNDY�SHULRG�VUD]PHUDQ�SHUL�
RGX�UHYROXFLMH�-XSLWHUD��0RJX`H�MH�GD�SHULRGLaQRVW�X�VHSDUDFLML�SRVWRML��DOL
GD�QLMH�XRaOMLYD�VD�=HPOMH��7R�XSX`XMH�QD�QXPHULaNR�PRGHOLUDQMH�NDR�QD�
MSRJRGQLML�SULVWXS�]D�DQDOL]X�VWUXNWXUH�URMHYD�+DOHMHYH�NRPHWH��SD�WLPH�L
VHSDUDFLMH�aHVWLFD�SR�PDVDPD��,GHMD�MH�GD�VH�HYROXFLMD�URMD�PRGHOLUD�LQWH�
JUDFLMRP�WUDMHNWRULMD�YHOLNRJ�EURMD�aHVWLFD�L�WDNR�LVSLWD�SURPHQD�XGDOMHQRVWL
aYRURYD�JUXSD�VLWQLK�L�NUXSQLK�aHVWLFD��2YR�MH�SRWUHEQR�GD�EL�VH�XWYUGLOR
GD�OL�VH�UD]OLND�X�YUHPHQX�QMLKRYH�DNWLYQRVWL�SHURGLaQR�PHQMD�

0RGHO�L�VLPXODFLMD
=D�LQWHJUDFLMX�MH�NRUL^`HQ�VLPSOHNWLaNL�LQWHJUDWRU��+ROPDQ�L�:LVGRP

������VD�PRGLILNDFLMDPD�NRMH�VX�SUHGORCLOL�6DKD�L�7UHPDLQH���������2V�
QRYQD�LGHMD�RYRJ�DOJRULWPD�MH�SRGHOD�VYDNRJ�YUHPHQVNRJ�NRUDND�QD�GYD
QH]DYLVQD��MHGDQ�X�NRPH�VH�WHOD�NUH`X�SR�QH�SHUWXUERYDQLP�.HSOHURYLP
RUELWDPD�L�GUXJL�X�NRPH�VH�RGUH_XMH�JUDYLWDFLRQL�XWLFDM�SODQHWD�L�NRULJXMH
LPSXOV�VYDNRJ�WHOD�SUL�aHPX�NRRUGLQDWH�RVWDMX�QHSURPHQMHQH��7R�VH�IRU�
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PDOQR�PRCH�SUHGVWDYLWL�NDR�SRGHOD�KDPLOWRQLMDQD�VLVWHPD�QD�LQWHJUDELOQL
�.HSOHURY��L�SHUWXUEDWLYQL�GHR�

H = HKep + Hpert ���
6LPXODFLMD�MH�SRGHOMHQD�QD�GYD�GHOD��SUYR�VH�L]YU^DYD�LQWHJUDFLMD�SX�

WDQMH�NRPHWH��D�]DWLP�LQWHJUDFLMD�aHVWLFD�NRMH�NRPHWD�L]EDFL��9UHPHQVNL�LQ�
WHUYDO�UDGD�RED�GHOD�MH�LVWL��NDR�L�YUHPHQVNL�NRUDN��NRML�L]QRVL�����GDQ��.wG
RED�LQWHJUDWRUD�MH�QDSLVDQ�QD�SURJUDPVNRP�MH]LNX�&�

5H]XOWDW�SUYRJ�GHOD�VLPXODFLMH�VX�RUELWD�NRPHWH��QMHQL�aYRURYL�L
SRaHWQL�SRGDFL�R�aHVWLFDPD�NRMH�NRPHWD�RWSXVWL��8�RYRP�PRGHOX�
YHURYDWQR`D�L]EDFLYDQMD�aHVWLFD�MH�]DGDWD�IXQNFLMRP�NRMD�RSLVXMH�VXEOLPDFLMX
YRGHQRJ�VQHJD��X]�DSURNVLPDFLMX�GD�VX�VQHJ�L�SUD^LQD�GREUR�L]PH^DQL��2YD
YHURYDWQR`D�]DYLVL�VDPR�RG�UDVWRMDQMD�RG�6XQFD��0DUVGHQ�HW�DO��������

Z = Zo ⋅ g(r) ���
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JGH�MH�=�IOXNV�LVSDUDYDQMD��=R� ��⋅�����FP¬�V¬���UR� �������$8��GRN�EH]GL�
PHQ]LRQL�SDUDPHWUL�L]QRVH�P� �������N� ���������Q� ��������α� ��������
-HGQDaLQD�����RSLVXMH�VOXaDMHYH�PDOH�RVYHWOMHQRVWL��.RQVWDQWH�=R��L�α�VX
RGDEUDQH�WDNR�GD�]D�MHGLQLaQR�KHOLRFHQWULaQR�UDVWRMDQMH�VXEOLPDFLMD�NRPHW�
VNRJ�VQHJD�L]QRVL�=R�

,QWHJUDFLMRP�VX�GRELMHQL�LQLFLMDOQL�SRORCDML�aHVWLFD�]D�NRMH�MH�X]HWR�GD
VH�SRNODSDMX�VD�SRORCDMHP�NRPHWH�X�WUHQXWNX�QMLKRYRJ�L]EDFLYDQMD��

,QWHQ]LWHW�SRaHWQH�EU]LQH�aHVWLFH�X�RGQRVX�QD�NRPHWX�MH�UDaXQDW�NDR
X�:KLSSOH�RYRP�PRGHOX��
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JGH�MH�9H�SRaHWQD�EU]LQD�aHVWLFD�X�FP�V��5F�UDGLMXV�NRPHWH�X�NLORPHWULPD�
��Q�MH�NROLaLQD�6XQaHYRJ�]UDaHQMD�]D�VXEOLPDFLMX�OHGD��Q� ����NDG�MH
SUHaQLN�NRPHWH���NP��D�XGDOMHQRVW�RG�6XQFD���$8���U�MH�XGDOMHQRVW�NRPHWH
RG�6XQFD�X�$8��ρ�MH�JXVWLQD�X�J�FP���D�E�SROXSUHaQLN�aHVWLFH�X�FP��:KLS�
SOH� �������8�QD^HP�PRGHOX�� MH]JUR� NRPHWH� MH� VIHUQRJ�REOLND�� D
YHURYDWQR`D�L]EDFLYDQMD�aHVWLFH�MH�LVWD�]D�VYDNX�WDaNX�RVYHWOOMHQRJ�GHOD
MH]JUD��9HNWRUL�SRaHWQLK�EU]LQD�aHVWLFD�VX�QRUPDOQL�QD�SRYU^LQX�NRPHWH�

�AHVWLFH�VX�SRGHOMHQH�X���NODVH�SR�PDVDPD����¬�����¬�����¬��L���¬��NJ�
5DVSRQ�PDVD�QLMH�NRQWLQXDODQ��^WR�SRMHGQRVWDYOMXMH�GHILQLVDQMH�MDVQH�JUD�
QLFH�L]PH_X�VLWQLK�L�NUXSQLK�aHVWLFD�L�DQDOL]X�SUREOHPD�VHSDUDFLMH�SR�PDVL�
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7DNDY�SULVWXS�RODN^DYD�GHWHNFLMX�RYRJ�IHQRPHQD��LDNR�RGVWXSD�RG�UHDOQLK
RVRELQD�PHWHRUVNH�VWUXMH��*XVWLQD�aHVWLFD�MH�YDULUDQD�L]PH_X����� L����
J�FP���$OEHGR�aHVWLFD�L�NRPHWH�VX�MHGQDNL��������̂ WR�MH�XRELaDMHQD�YUHGQRVW
]D�KRQGULWQX�SUD^LQX��

8�GUXJRP�GHOX�MH�YU^HQD�LQWHJUDFLMD�WUDMHNWRULMD�aHVWLFD��9UHPH�LQWH�
JUDFLMH�WUDMHNWRULMH�VYDNH�aHVWLFH�MH�RGUH_HQR�WUHQXWNRP�L]EDFLYDQMD�WH�aHV�
WLFH�L�NUDMHP�UDGD�VLPXODFLMH��,]OD]QL�SRGDFL�RYRJ�GHOD�VLPXODFLMH�VX�RUELWH
aHVWLFD��8�VLPXODFLML�MH�RVWDYOMHQD�PRJX`QRVW�]D�LQWHJUDFLMX�VDPR�RGUH_HQH
JUXSH�aHVWLFD��NDNR�EL�VH�GRELOL�SUHFL]QLML�SRGDFL�]D�aHVWLFH�RGJRYDUDMX`H
VWDURVWL��WDNR�GD�MH�PRJX`H�X�LQWHJUDFLMX�SXVWLWL�YH`L�EURM�aHVWLFD�L]�GDWRJ
LQWHUYDOD��D�RVWDOH�]DQHPDULWL�

3RUHG�JUDYLWDFLRQRJ�XWLFDMD�VYLK�SODQHWD�6XQaHYRJ�VLVWHPD��SULOLNRP�LQ�
WHJUDFLMH�RUELWH�NRPHWH�XUDaXQDWL�VX�HIHNWL�NRML�SRWLaX�RG�L]EDFLYDQMD�PDWHUL�
MDOD�VD�NRPHWH�WDNR�^WR�MH�YU^HQD�NRUHNFLMD�YHOLNH�SROXRVH���6LWDUVNL��������

3ULOLNRP�LQWHJUDFLMH�aHVWLFD�XUDaXQDW�MH�L�SULWLVDN�6XQaHYRJ�]UDaHQMD�
NDR�L�3R\QWLQJ�5REHUWVRQRY�HIHNDW�X�QHUHODWLYLVWLaNRM�DSURNVLPDFLML
�.ODaND�������
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JGH�MH�Y�YHNWRU�EU]LQH��µ�SURL]YRG�JUDYLWDFLRQH�NRQVWDQWH�L�PDVH�WHOD��U
XGDOMHQRVW�aHVWLFH�X�RGQRVX�QD�6XQFH��6�SRYU^LQD�aHVWLFH��F�EU]LQD�VYHWORVWL�
β�RGQRV�JUDYLWDFLRQH�VLOH�L�SULVWLVND�VYHWORVWL���=DQHPDULYDQMH�UHODWLYLVWLa�
NLK�HIHNDWD�PRCH�VH�VPDWUDWL�RSUDYGDQLP�QD�QLYRX�SUHFL]QRVWL�QD^LK�LQWH�
JUDFLMD��NDR�L�]DQHPDULYDQMH�HIHNWD�<DUNRYVNRJ�NRML�MH��]D�VXEPLOLPHWDUVNH
aHVWLFH��]DQHPDUOMLY�X�RGQRVX�QD�3R\QWLQJ�5REHUWVRQRY�HIHNDW��

�=ERJ�GLVNUHWQRVWL�QXPHULaNH�VLPXODFLMH��aYRU�WM��SUHVHaQD�WDaND�RUELWH
aHVWLFH�L�UDYQL�HNOLSWLNH��GRELMD�VH�LQWHUSRODFLMRP�GYD�SRORCDMD�aHVWLFH�QD�
MEOLCD�HNOLSWLaNRM�UDYQL�

AHVWLFH�NRMH�EL�WRNRP�LQWHJUDFLMH�X^OH�X�+LORYX�VIHUX�QHNH�RG�SODQHWD
QLVX�L]X]LPDQH�L]�GDOMH�LQWHJUDFLMH��]DWR�^WR�MH�YUHPHQVNL�NRUDN�X�VLPX�
ODFLML�YH`L�RG�PLQLPDOQRJ�YUHPHQD�SRWUHEQRJ�GD�aHVWLFD�SUR_H�NUR]�+LORYX
VIHUX�QHNH�SODQHWH�

8�FLOMX�SURFHQH�QXPHULaNH�JUH^NH��WHVWLUDQR�MH�RGUCDQMH�HQHUJLMH�X�LQ�
WHJUDFLML��8]HWD�MH�X�RE]LU�XNXSQD�HQHUJLMD�SODQHWD��MHU�VH�NRPHWD�L�aHVWLFH
WUHWLUDMX�NDR�REMHNWL�]DQHPDUOMLYH�PDVH��.DNR�VLPSOHNWLaNL�LQWHJUDWRU
LGHQWLaNL�RGUCDYD�HQHUJLMX�GR�QD�JUH^NX�]DRNUXCLYDQMD��URXQGRII�JUH^NX��
GHWHNWRYDQH�YDULMDFLMH�HQHUJLMH��RNR������SURFHQWD��SUHGVWDYOMDMX�SURFHQX
RYH�JUH^NH��VOLND����

3UHPD�WRPH��PRCH�VH�WYUGLWL�GD�JODYQL�L]YRU�QHSUHFL]QRVWL�LQWHJUDFLMH
MHVWH�OLQHDUQRVW�LQWHJUDWRUD��WM��RGVHFDQMH�aODQRYD�YL^HJ�UHGD�X�MHGQDaLQDPD
NUHWDQMD��GRN�JUH^ND�]DRNUXCLYDQMD�QLMH�]QDaDMQD�
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5H]XOWDWL�L�GLVNXVLMD
=D�SRaHWQH�SRGDWNH�XVYRMHQL�VX�RUELWDOQL�HOHPHQWL�NRPHWH�L]�HSRKH���

���������JRG��SUH�QRYH�HUH��6LWDUVNL��������
6WDUWQR�YUHPH�UDGD�LQWHJUDWRUD�MH��������������SUH�QRYH�HUH��.RPHWD

MH�GR�������JRGLQH�QDSUDYLOD�SULEOLCQR����UHYROXFLMD��̂ WR�]QDaL�GD�MH�VUHGQML
SHULRG�NRPHWH������JRGLQD��.RPHWD�MH�X�RYRP�LQWHUYDOX�LVSXVWLOD�SULEOLCQR
������aHVWLFD��SURVHaQR�����SR�SURODVNX��UDVSRUH_HQLK�X���NODVH�SR
PDVDPD��

6OLND����5HODWLYQD�SURPHQDHQHUJLMH�SODQHWD�XWRNX�LQWHJUDFLMH�

)LJXUH����5HODWLYH�HQHUJ\FKDQJH�GXULQJ�WKH
LQWHJUDWLRQ�

6OLND����
3ULND]�aYRURYDNRPHWH�L�aHVWLFD�XHNOLSWLaNRM�UDYQL�X
RGQRVX�QD�RUELWX=HPOMH��AYRURYLNRPHWH�VX�NUVWRYL��D
aHVWLFD�WDaNH��2VH�QDJUDILNX�VX
NDUWH]LMDQVNHNRRUGLQDWH�XHNOLSWLaNRM�UDYQL�

)LJXUH�����
&RPHW�QRGHV��FURVVHV�DQG�SDUWLFOH�QRGHV�GRWV��LQ�WKH�HFOLSWLF
SODQH��(OOLSVH�LV�WKH(DUWK±V�RUELW��7KHD[HV�RI�WKH�ILJXUH�DUH
&DUWHVLDQ�FRRUGLQDWHVLQ�WKH�HFOLSWLF�SODQH�
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AHVWLFH�QDVWDOH�X���������L�����SURODVNX�VX�QDM]DVWXSOMHQLMH�X�URMX�(WD
DNYDULGD��D�aHVWLFH�QDVWDOH�X�����L�����SURODVNX�NRPHWH�aLQH�JODYQL�GHR
VWUXNWXUH�GDQD^QMLK�2ULRQLGD��VOLND�����3URPHQD�SRORCDMD�aYRURYD�aHVWLFD
VH�XRaDYD�QD�VOLNDPD���L����DOL�QMHQD�SHULRGLaQRVW�QLMH�LVSLWDQD��]ERJ�NUDW�
NRJ�YUHPHQVNRJ�LQWHUYDOD�LQWHJUDFLMH��2YD�DQDOL]D�MH�VSURYHGHQD�]D�aHVWLFH
VYLK�]DVWXSOMHQLK�NODVD�PDVH��3ULPHWQR�MH�GD�SRVWRMH�QHMHGQDNL�UD]PDFL
L]PH_X�JUXSD�aYRURYD��NRML�VX�SRVOHGLFD�SUH�VYHJD�JUDYLWDFLRQLK�SHUWXU�
EDFLMD�RUELWH�NRPHWH��X�WUHQXFLPD�L]EDFLYDQMD�WLK�aHVWLFD��,VWL�IHQRPHQ�MH
XRaOMLY�NRG�aYRURYD�aHVWLFD�QDVWDOLK�X�MHGQRP�SURODVNX�NRPHWH��VOLND����
DOL�MH�RQ�SRVOHGLFD�QHJUDYLWDFLRQLK�SUHWXUEDFLMD�aHVWLFD�UD]OLaLWH�PDVH��MHU
QHJUDYLWDFLRQH�SUHWXUEDFLMH��]D�UD]OLNX�RG�JUDYLWDFLRQLK��]DYLVH�RG�PDVH

6OLND����
8YH`DQL�SULND]�X]OD]QLKaYRURYD�aHVWLFD�NRMH�VXQDVWDOH�WRNRP��
SUROD]DND�NRPHWH�aYRURYL�SULND]DQLSXQLP�NUXJRYLPD�VX�L]
SHULRGD����������JRGLQH��SUD]QLP
NUXJRYLPD�����������D��WURXJORYLPD�L]SHULRGD������������2VH
QD�JUDILNX�VXNDUWH]LMDQVNH�NRRUGLQDWHX�HNOLSWLaNRM�UDYQL�

)LJXUH����
0DJQLILHG�YLHZ�RI�WKH
UHJLRQ�FRQWDLQLQJ�WKHSDUWLFOH±V�DVFHQGLQJ
QRGHV�IURP�ILYHDSSDULWLRQV�RI�WKHFRPHW��)LOOHG�FLUFOHV
UHSUHVHQW�WKH�QRGHVIURP�WKH�LQWHUYDOEHWZHHQ������DQG
������EODQN�FLUFOHVWKRVH�IURP����������
DQG�WULDQJOHV�WKRVHIURP������������

6OLND����
AYRURYL�aHVWLFDQDVWDOLK�X�MHGQRPSURODVNX�+DOHMHYH
NRPHWH�NRMLRGJRYDUDMX�URMX2ULRQLGD��=HPOMLQD
SXWDQMD�MH�OLQLMD�/HJHQGD�MH�LVWD�NDR�]D
VOLNX���

)LJXUH����
1RGHV�RI�2ULRQLGHSDUWLFOHV�IURP�D�VLQJOHDSSDULWLRQ�RI�WKH
+DOOH\±V�FRPHW��7KH(DUWK±V�SDWK�LVUHSUHVHQWHG�ZLWK�D
OLQH��WKH�OHJHQG�LV�WKHVDPH�DV�IRU�)LJXUH���
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aHVWLFD���8RaOMLYR�MH�GD�aYRURYL�QDVWDOL�X�UD]OLaLWP�SHULRGLPD��GDMX�UD]OLaLWR
YUHPH�QDMYH`H�DNWLYQRVWL�URMD��VOLND�����1D�LVWRM�VOLFL�VH�YLGL�GD�VH�QDMJX^`L
GHR�VWUXMH�QDOD]L�GDOHNR�RG�=HPOMLQH�SXWDQMH��

AYRURYL�aHVWLFD�L]�SUHWSRVOHGQMHJ�SURODVND�NRPHWH��VOLND����JRUH��VX
MDVQR�SRGHOMHQL�X�GYH�JUXSH��RG�NRMLK�MHGQX�aLQH�QDMVLWQLMH�aHVWLFH��D�GUXJX
QDMNUXSQLMH��6D�GUXJH�VWUDQH��SRVWRML�JUXSD�VWDULMLK�aHVWLFD��aLML�VX�aYRURYL
L]PH^DQL�L�QH�SRVWRMH�MDVQH�JUDQLFH�L]PH_X�JUXSD�aHVWLFD�UD]OLaLWLK�PDVD
�VOLND����GROH���-DVQR�MH�GD�MH�MHGLQD�UD]OLND�X�RYD�GYD�VOXaDMD�GXCLQD�SH�

6OLND����
3ULPHUL�aYRURYDaHVWLFD�UD]OLaLWLK�PDVDL]�GYD�SURODVNDNRPHWH�X�SHULRGX�RG�����GR������JRGLQH�*RUH��aYRURYL�aHVWLFDQDVWDOLK�X�SUYRP�GUXJRP�L�WUH`HP
SURODVNX�NRPHWH�'ROH��aYRURYL�aHVWLFDL]�SUHWSRVOHGQMHJ
SURODVND�NRPHWH�7URXJORYLSUHGVWDYOMDMX�aYRURYH
aHVWLFD�PDVH���¬��NYDGUDWL���¬��SUD]QLNUXJRYL���¬���D�SXQLNUXJRYL���¬��NJ��

)LJXUH����
1RGHV�RI�SDUWLFOHV�RIYDULRXV�PDVVHV�IURP
WZR�DSSDULWLRQV�RI+DOOH\±V�FRPHWEHWZHHQ�WKH�\HDUV
�����DQG������$ERYH�DUH�WKH�SDUWLFOHQRGHV�IURP�WKH�ILUVW�VHFRQG�DQG�WKLUGDSSDULWLRQ��%HOORZ�DUH
WKH�QRGHV�WKDWDSSHDUHG�GXULQJ�WKH�Q���WK�DSSDULWLRQ�RI
WKH�FRPHW��RXW�RI�QDSSDULWLRQV��
7ULDQJOHV��VTXDUHV�EODQN�FLUFOHV�DQGILOOHG�FLUFOHV�UHSUHVHQW
WKH�PDVVHV�RI���¬����¬�����¬��DQG���¬�NJ��UHVSHFWLYHO\��
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ULRGD��WRNRP�NRMHJ�VX�GYH�JUXSH�aHVWLFD�ELOH�L]ORCHQH�LVWLP�XWLFDMLPD��JUDYL�
WDFLRQLP�L�QHJUDYLWDFLRQLP���,]�WRJD�VOHGL�GD�MH�JUDYLWDFLRQLP�HIHNWLPD�SRWUH�
EQR�YL^H�YUHPHQD�GD�L]PHQH�VWUXNWXUX�VWUXMH��QHJR�QHJUDYLWDFLRQLP��

8�FLOMX�LVSLWLYDQMD�RVRELQD�PHWHRUVNH�VWXMH�L�QDODCHQMD�SRaHWQLK�XV�
ORYD��XUD_HQD�MH�DQDOL]D�UDVSU^LYDQMD�aYRURYD�X�]DYLVQRVWL�RG�PDVH�L�JXVWL�
QH�aHVWLFD��2YH�GYH�YHOLaLQH�XWLaX�QD�EU]LQX�NRMRP�aHVWLFD�QDSX^WD�MH]JUR
NRPHWH��NDR�L�QD�SUHaQLN�aHVWLFH��^WR�MH�MHGDQ�RG�SDUDPHWDUD�SUL�L]UDaX�
QDYDQMX�QHJUDYLWDFLRQLK�HIHNDWD�

,QWHJUDFLMD�MH�YU^HQD�WUL�SXWD��VD�YUHGQRVWLPD�]D�JXVWLQX�NRPHWH�L�aHV�
WLFD����������L�����J�FP���$QDOL]LUDQR�MH�SULEOLCQR������aHVWLFD��UDVSR�
GHOMHQLK�X���NODVH�PDVD����¬�����¬���L���¬��NJ��,]�RYLK�SRGDWDND�GRELMHQH
VX�WDaNH�WHCL^WD�aYRURYD�aHVWLFD�L�WR�VYLK�aHVWLFD�]DMHGQR�L�]D�VYDNX�NODVX
PDVH�SRMHGLQDaQR��7HCL^WD�aYRURYD�aHVWLFD��GDOMH��WHCL^WD��VX�GRELMHQD�NDR
VUHGQMH�YUHGQRVWL�QMLKRYLK�NDUWH]LMDQVNLK�NRRUGLQDWD��[�� \��X�HNOLSWLaNRM
UDYQL��=DWLP�VX�L]UDaXQDWD�RGVWXSDQMD�WHCL^WD�VYDNH�NODVH�RG�]DMHGQLaNRJ
WHCL^WD�VYLK�aHVWLFD��5H]XOWDW�MH�SULND]DQ�QD�VOLFL���

1D�VOLFL�VH�RGPDK�XRaDYD�GD�aHVWLFH�QDMYH`H�JXVWLQH������J�FP���LPD�
MX�XWROLNR�YH`H�UDVSDQMH�WHCL^WD�XNROLNR�LP�MH�PDVD�PDQMD��.RG�SUHRVWDOH
GYH�NODVH�JXVWLQH��RYD�]DYLVQRVW�MH�REUQXWD�

8UD_HQD�MH�L�DQDOL]D�UDVLSDQMD�aYRURYD�]D�aHVWLFH�UD]OLaLWH�JXVWLQH��1D
VOLFL���MH�GDWD�UDVSRGHOD�aYRURYD�X�UDYQL�HNOLSWLNH��NRMD�SRND]XMH�GD�aHVWLFH
UD]OLaLWLK�JXVWLQD�SRND]XMX�VOLaQR�SRQD^DQMH��aYRURYL�QD�VOLFL���RGJRYDUDMX
VWDULMLP�aHVWLFDPD��NRG�NRMLK�MH�VHSDUDFMD�VODER�L]UDCHQD��^WR�MH�SRVOHGLFD
JUDYLWDFLRQLK�HIHNDWD��,]�RYRJD�SURL]LOD]L�GD�VH�VHSDUDFLMD�SR�PDVL�L�JXVWLQL
YUHPHQRP�JXEL��SD�VH�PRCH�RaHNLYDWL�GD�QLMH�RSVHUYDELOQD�NRG�VWDULMLK
aHVWLFD��

6OLND�����
=DYLVQRVW�UDVWRMDQMDWHCL^WD��MHGQH�NODVHaHVWLFD�RG�WHCL^WD�VYLK
aHVWLFD�]DMHGQR�X]DYLVQRVWL�RG�PDVH��]DWUL�UD]OLaLWH�JXVWLQH��8
RE]LU�VX�X]HWH�aHVWLFHQDVWDOH�X�LVWRPSURODVNX�NRPHWH�

)LJXUH����
0DVV�VHJUHJDWLRQ�IRUWKUHH�GLIIHUHQWGHQVLWLHV�RI�WKH
PHWHRULWLF�SDUWLFOHV�6HJUHJDWLRQ�LVTXDQWLILHG�DV�WKH
GLVWDQFH�RI�WKH�FHQWHURI�JUDYLW\�RI�WKHSDUWLFOH�IURP�RQH�PDVFODVVV�IURP�WKHFRPPRQ�FHQWHU�RIJUDYLW\�RI�DOO�WKHSDUWLFOHV��2QO\�WKHSDUWLFOHV�IURP�RQH�DQGWKH�VDPH�DSSDULWLRQDUH�WDNHQ�LQWR�DFFRXQW�
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=DNOMXaDN
1DMYDCQLML�]DNOMXaDN�NRML�VOHGL�L]�QD^LK�UH]XOWDWD�MH�GHILQLWLYQR

XWYU_HQD�HJ]LVWHQFLMD�VHSDUDFLMH��.YDQWLWDWLYQD�SUHGYL_DQMD�YDULUDMX�VD
SDUDPHWULPD�PRGHOD��DOL�VH�PRCH�SUHGSRVWDYLWL�GD�EL�]D�VYH�QMLKRYH�YUHG�
QRVWL�GR^OR�GR�VHSDUDFLMH��7DNR_H�MH�XWYU_HQR�GD�JUDYLWDFLRQL�HIHNWL�PH^DMX
aHVWLFH�UD]OLaLWLK�PDVD��=DWR�RYLP�PHWRGRP�QLMH�PRJX`H�XWYUGLWL�XWLFDM
-XSLWHUD��L�GUXJLK�GXJRSHULRGLaQLK�IDNWRUD��QD�PHWHRUVNX�VWUXMX�

8RaOMLYR�MH�YHOLNR�UDVWRMDQMH�aYRURYD�aHVWLFD�QDVWDOLK�X�UD]OLaLWLP�SUR�
ODVFLPD��^WR�MH�SRVOHGLFD�RGDEUDQLK�SRaHWQLK�XVORYD��,]�WRJD�VOHGL�GD

6OLND����
AYRURYL�aHVWLFDUD]OLaLWLK�PDVDUDVSRUH_HQLK��X�WUL
JUXSH�SR�JXVWLQL��JRUH(7$��GROH�25,��.UXJRYLPD�VX
SUHGVWDYOMHQH�aHVWLFHJXVWLQH�����WURXJORYLPD�aHVWLFHJXVWLQH������DNYDGUDWLPD��FUQR��
����J�FP���

)LJXUH����
1RGHV�RI�SDUWLFOHV�ZLWKGLIIHUHQW�PDVVHV�DQGGHQVLWLHV��DERYH�(7$�
EHOORZ�25,���&LUFOHV�WULDQJOHV�DQG�EODFNVTXDUHV�FRUUHVSRQG�WRGHQVLWLHV�RI���������DQG�����J�FP���
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SRaHWQL�SRORCDML�aHVWLFD�LPDMX�YH`L�XWLFDM�QD�QMLKRYX�SXWDQMX�QHJR�NDVQLMH
SHUWXUEDFLMH��MHU�X�PRGHOX�JRWRYR�QLJGH�QHPD�PH^DQMD�aHVWLFD�L]�UD]OLaLWLK
SUROD]DND�NRPHWH��8WYU_HQR�MH�GD�NRUL^`HQL�PRGHO�L]EDFLYDQMD�aHVWLFD�XWLaH
QD�REOLN�PHWHRUVNH�VWUXMH��DOL�QLMH�SRND]DQR�GD�SURPHQRP�SRaHWQLK�SDUD�
PHWDUD��PDVH�L�JXVWLQH�NRPHWH��aHVWLFD��GROD]L�GR�PH^DQMD�ILODPHQDWD�VWUX�
MH��7DNR_H�VH�PRCH�]DNOMXaLWL�GD�EU]LQH�L]EDFLYDQMD�aHVWLFD�WUHED�GD�EXGX
QHNROLNR�SXWD�YH`H�QHJR�^WR�RYDM�PRGHO�GDMH��GD�EL�GR^OR�GR�PH^DQMD�ILOD�
PHQDWD��7R�QHNL�QRYLML�PRGHOL�L�X]LPDMX�X�RE]LU��9DXEDLOORQ�HW�DO��������

.RQDaQR��XVWDQRYOMHQR�MH�GD�SRVWRML�NULWLaQD�YUHGQRVW�JXVWLQH��L]PH_X
����L�����J�FP���=D�JXVWLQH�YH`H�RG�NULWLaQH�UDVLSDQMH�MHVWH�RSDGDMX`D�IXQN�
FLMD�PDVH��=D�JXVWLQH�PDQMH�RG�NULWLaQH�YUHGQRVWL��VOXaDM�MH�REUQXW��8N�
ROLNR�VH�SRNDCH�GD�MH�RYR�RSVHUYDELOQL�HIHNDW��ELOR�EL�PRJX`H�SURFHQLWL
JXVWLQX�aHVWLFD�QD�RVQRYX�UDVSRGHOH�SRVPDWUDQLK�PHWHRUD�SR�PDVL��VMDMX��

'RELMHQL�UH]XOWDWL�VX�QDVWDOL�LQWHJUDFLMRP�SULEOLCQR�������aHVWLFD��^WR
QLMH�GRYROMDQ�X]RUDN�GD�EL�VH�L]YU^LOD�DQDOL]D�SHULRGLaQRVWL�VHSDUDFLMH�aHV�
WLFD�SR�PDVL�X�RNYLUX�URMD��8WYU_HQR�MH�GD�VH�QXPHULaND�JUH^ND�VPDQMXMH
VD�VPDQMHQMHP�YUHPHQVNRJ�NRUDND��GR�YUHGQRVWL�RG�GYDGHVHWRJ�GHOD�GDQD�
3RVOHGLFH�QXPHULaNH�JUH^NH�VX�QHSUHFL]QR�RGUH_LYDQMH�WUHQXWND�SURODVND
NRPHWH�NUR]�SHULKHO��VUHGQMHJ�SHULRGD�NRPHWH�L�QHSRNODSDQMH�WUHQXWND
PDNVLPXPD�DNWLYQRVWL�URMHYD�VD�SRVPDWUDaNL�XWYU_HQLP�WUHQXFLPD�

8�GDOMHP�UDGX�`H�ELWL�RGUH_HQL�L�NRUL^`HQL�UHDOLVWLaQLML�PRGHOL�+DOH�
MHYH�NRPHWH�L�WDaQLML�PRGHO�]D�UDaXQDQMH�SRaHWQLK�EU]LQD�aHVWLFD��7DNR_H
WUHED�UHDOL]RYDWL�L]X]LPDQMH�aHVWLFD�NRMH�X_X�X�+LORYX�VIHUX�QHNH�RG
SODQHWD�L]�GDOMH�LQWHJUDFLMH��2YD�SREROM^DQMD�WUHED�GD�RPRJX`H�GHWDOMQLMX
DQDOL]X�VHSDUDFLMH�SR�PDVL�NDR�L�WHVWLUDQMH�SRVWRMH`LK�PRGHOD�L]EDFLYDQMD
aHVWLFD�L�QMLKRYRJ�XWLFDMD�QD�IRUPLUDQMH�VWUXMH�

=DKYDOQRVW��=DKYDOMXMHPR�VH�QD�YHOLNRM�SRPR`L�%UDQLVODYX�6DYL`X�
PHQWRUX�0LKDLOX�AXEURYL`X��,JRUX�6PROL`X�L�RVWDOLP�VDUDGQLFLPD�SUR�
JUDPD�DVWURQRPLMH�X�,VWUDCLYDaNRM�6WDQLFL�3HWQLFD��SRVHEQR�1LNROL�%RCL`X�
YR_L�RYRJ�SURJUDPD��6YRMLP�VDYHWLPD�VX�SRPRJOL�L�3HWHU�-HQQLVNHQHV
�-3/��1$6$��L�*DOLQD�5\DERYD��7RPVN�8QLYHUVLW\���=DKYDOMXMHPR�VH
(OHNWURWHKQLaNRP�IDNXOWHWX�8QLYHU]LWHWD�X�%HRJUDGX�QD�XVWXSOMHQRP
SURFHVRUVNRP�YUHPHQX�

/LWHUDWXUD
'XELHWLV�$��������/RQJ�WHUP�DFWLYLW\�RI�PHWHRU�VKRZHUV�IURP�&RPHW�3�+DOOH\��:*1��WKH�-RXUQDO�RI�,02��������������
+DMGXN��%�$�0F,QWRVK��������&RPHW�+DOOH\�PHWHRU�VWUHDP��D�QHZPRGHO��0RQWKO\�1RWLFHV�RI�WKH�5R\DO�$VWURQRPLFDO�6RFLHW\�����������
.ODaND�-���:LOOLDPV�,��3��������7KH�3R\QWLQJ�5REHUWVRQ�HIIHFW�DQG�UHOH�YDQFH�RI�UDGLDWLRQ�IRUFH�WR�PHWHURLG�VWUHDPV��,6%1���������������
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���¬�����'RVWXSQR�QD�KWWS���DUWLFOHV�DGVDEV�KDUYDUG�HGX�FJL�ELQ�QSK�LDU�WLFOHBTXHU\
0DUMDQRYL`�$���_RNRYL`�1��������6HSDUDFLMD�aHVWLFD�X�PHWHRUVNLP�UR�MHYLPD��3HWQLaNH�VYHVNH���������
0DUVGHQ�%��*���6HNDQLQD�=���<HRPDQV�'��.��������&RPHWV�DQG�QRQJUDYL�WDWLRQDO�IRUFHV�9��$VWURQRPLFDO�-RXUQDO����������
0FLQWRVK�%��$���-RQHV�-��������7KH�+DOOH\�FRPHW�PHWHRU�VWUHDP��QXPHUL�FDO�PRGHOOLQJ�RI�LWV�G\QDPLF�HYROXWLRQ��0RQWKO\�1RWLFHV�RI�WKH�5R\DO$VWURQRPLFDO�6RFLHW\�����������
6DKD�3���7UHPDLQH�6��������/RQJ�WHUP�SODQHWDU\�LQWHJUDWLRQ�ZLWK�LQGLYLG�XDO�WLPH�VWHSV��$VWURQRPLFDO�-RXUQDO��������������
6LWDUVNL�*��������2Q�WKH�QRQJUDYLWDWLRQDO�PRWLRQ�RI�&RPHW�3�+DOOH\�$FWD�$VWURQRPLFD����������
9DXEDOOLRQ�-���&RODV�)���-RUGD�/��������$�QHZ�PHWKRG�WR�SUHGLFW�PHWHRUVKRZHUV��$VWURQRP\�	�$VWURSK\VLFV�����������
:KLSSOH�)��/��������$�&RPHW�0RGHO��,,��3K\VLFDO�5HODWLRQV�IRU�&RPHWVDQG�0HWHRUV��$VWURSK\VLFDO�-RXUQDO�����������
:LVGRP�-���+ROPDQ�0��������6\PSOHFWLF�PDSV�IRU�WKH�Q�ERG\�SUREOHP�$VWURQRPLFDO�-RXUQDO�������������

0LODQ�'DULMHYL`��9ODGLVDY�-HOLVDYaL`�DQG�1DWDOLMD�-RYDQRYL`
(YROXWLRQ�RI�+DOOH\�&RPHW�0HWHRU�6KRZHUV

,Q�WKLV�SDSHU�ZH�JLYH�D�FUXGH�SLFWXUH�RI�WKH�VWUXFWXUH�DQG�HYROXWLRQ
RI�WKH�+DOOH\�FRPHW�PHWHRU�VKRZHUV��REWDLQHG�IURP�D�QXPHULFDO�VLPXOD�
WLRQ��7KH�EDVLF�PRWLYDWLRQ�RI�RXU�ZRUN�LV�WKH�UHFHQWO\�HVWDEOLVKHG�HYLGHQFH
IRU�WKH�PDVV�VHJUHJDWLRQ�DQG�SHULRGLF�=+5�YDULDWLRQV�LQ�WKHVH�VKRZHUV�
:H�XVH�D�OLQHDU�PL[HG�YDULDEOH�V\PSOHFWLF�LQWHJUDWRU�FRUUHFWHG�IRU�WKH�UD�
GLDWLRQ�SUHVVXUH�DQG�WKH�3R\QWLQJ�5REHUWVRQ�GUDJ��:H�ILQG�RXU�PRGHO�LV
QRW�DFFXUDWH�HQRXJK�WR�DOORZ�D�GHWDLOHG�DQDO\VLV�RI�WKH�VHJUHJDWLRQ��EXW�ZH
JLYH�GHILQLWH�HYLGHQFH�IRU�WKH�H[LVWHQFH�RI�WKH�HIIHFW��7KH�SRVLWLRQV�RI
QRGHV�RI�WKH�PHWHRURLGH�SDUWLFOHV�GHSHQG�FULWLFDOO\�XSRQ�WKHLU�PDVV�DQG
GHQVLW\��7KH�GLVSHUVLRQ�RI�QRGHV�LV��KRZHYHU��LQVHQVLWLYH�WR�WKHVH�SDUDPH�
WHUV�DQG�UHPDLQV�DOPRVW�FRQVWDQW�LQ�WKH�ZKROH�SDUDPHWHU�VSDFH��:H�FRQ�
FOXGH�WKDW��DVLGH�IURP�WKH�QXPHULFDO�DFFXUDF\�RI�WKH�LQWHJUDWRU��RXU�PRGHO
LV�QRW�FDSDEOH�WR�UHSRGXFH�WKH�SHULRGLFLW\�RI�WKH�PDVV�VHJUHJDWLRQ��DQG�WKDW
PRUH�UHILQHG�PRGHOV�DUH�QHFFHVVDU\�WR�VKHG�PRUH�OLJKW�RQ�WKLV�LVVXH�
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