
6DQGUD�5DQNRYL`

-HGQRVWDYDQ�PRGHO
PH_XJDODNWLaNLK�LQWHUDNFLMD
¬�RGUH_LYDQMH�EU]LQH
$QGURPHGLQH�JDODNVLMH

1XPHULaNLP� VLPXODFLMDPD� MH� RGUH_HQD� WDQJHQFL�
MDOQD� EU]LQD� $QGURPHGLQH� JDODNVLMH�� NRUL^`HQMHP
YUHGQRVWL�EU]LQH�L�SRORCDMD�JDODNVLMH�0���GRELMHQLK
9/%$� �9HU\� /DUJH� %DVHOLQH� $UUD\�� PHUHQMHP�
0RGHO�XNOMXaXMH�JDODNVLMH�0����0���L�0OHaQL�SXW�
=DGDWL�VX�QMLKRYL�WUHQXWQL�SRORCDML�L�EU]LQH��=DWLP�MH
VLPXOLUDQR�NUHWDQMH�RYLK�JDODNVLMD�RG�GDQDV�GR�SUH
���PLOLMDUGL�JRGLQD��.DR�UH]XOWDW�VX�X]LPDQH�YUHG�
QRVWL�WDQJHQFLMDOQLK�EU]LQD�$QGURPHGH�GRELMHQLK�X
VLPXODFLMDPD�X�NRMLPD�VX�]DGRYROMHQL�XVORYL�GD�QLMH
GR^OR�GR�VXGDUD�JDODNVLMD�0���L�0���L�GD�VX�JDODN�
VLMH�0���L�0OHaQL�3XW�ELOH�]QDWQR�EOLCH�SUH����PLOL�
MDUGL� JRGLQD�� (OLPLQLVDQMHP� EU]LQD� $QGURPHGLQH
JDODNVLMH�NRMH�QH�]DGRYROMDYDMX�SUHWKRGQD�GYD�XV�
ORYD��RGUH_HQ�MH�LQWHUYDO�X�RNYLUX�NRMHJ�MH�GDQD^QMD
EU]LQD�JDODNVLMH�0���

8YRG
-HGDQ�RG�DNWXHOQLK�SUREOHPD�X�GLQDPLFL�/RNDOQH

*UXSH�MH�SURFHQD�WDQJHQFLMDOQH�EU]LQH�$QGURPHGLQH
JDODNVLMH�X�RGQRVX�QD�0OHaQL�SXW��0OHaQL�SXW�L�$Q�
GRPHGLQD�JDODNVLMD�QDOD]H�VH�QD�XGDOMHQRVWL�RG�RNR
����NSF�L�NUH`X�VH�UHODWLYQRP�EU]LQRP�RG�����NP�V
MHGQD�ND�GUXJRM��%LQQH\�	�7UHPDLQH��������1RYLMD
9/%$��9HU\�/DUJH�%DVHOLQH�$UUD\�� SRVPDWUDQMD
GYD�PDVHUD�YRGH�QD�VXSURWQLP�VWUDQDPD�JDODNVLMH
0���VX�SRPRJOD�RGUH_LYDQMX�QMHQRJ�UDVWRMDQMD�RG
�������NSF�L�XNXSQH�EU]LQH�������NP�V�X�RGQRVX�QD
0OHaQL�3XW��%UXQWKDOHU��������0H_XWLP��XSUNRV�EUR�
MQLP�SRNX^DMLPD��WDNYL�PDVHUL�QLVX�QD_HQL�X�$Q�
GURPHGLQRM�JDODNVLML��WDNR�GD�WDQJHQFLMDOQD�EU]LQD
0���X�RGQRVX�QD�0OHaQL�3XW�MR^�QLMH�RGUH_HQD��5DGL�
MDOQD�EU]LQD�SR]QDWD�MH�L]�'RSOHURYRJ�HIHNWD��1D�RV�

QRYX�LVSLWLYDQMD�VWDURVWL�]YH]GD�X�$QGURPHGLQRM
JDODNVLML�L�0OHaQRP�SXWX�GR^OR�VH�GR�]DNOMXaND�GD�VX
QMLKRYL�GLVNRYL�QDVWDOL�SUH�RNR����PLOLMDUGL�JRGLQD�L
GD�QLMH�GR^OR�GR�ELWQLMHJ�PH_XVREQRJ�XWLFDMD�RG
WDGD��NDR�QL�]QDaDMQLMHJ�XWLFDMD�$QGURPHGLQH�JDODN�
VLMH�QD�REOLCQMX�JDODNVLMX�0���NRMD�MH�QDVWDOD�QH^WR
NDVQLMH��:\VH�������*LOPRUH��:\VH�	�1RUULV������
3HORVR��GH�6LOYD��$UDQL�3UDGR�������7RWK��2VWULNHU
������

&LOM�RYRJ�UDGD�MH�SURFHQD�WDQJHQFLMDOQH�NRPSR�
QHQWH�EU]LQH�$QGURPHGLQH�JDODNVLMH�NRU^`HQMHP�MHG�
QRVWDYQRJ�PRGHOD�NRML�NRULVWL�HPSLULMVNH�SRWHQFLMDOH
L�UDSRGHOH�]YH]GD�X�GLVNX��L�QH�XNOMXaXMH�XRELaDMHQL
]DKWHY�]D�VDPRXVDJOD^HQR^`X�SRWHQFLMDOD�L�UDVSRGHOH
PDVH��3UHGQRVW�RYRJ�PRGHOD�MH�X�QMHJRYRM�MHGQRV�
WDYQRVWL�L�QXPHULaNRM�QH]DKWHYQRVWL��NRMH�RPRJX`D�
YDMX�REDYOMDQMH�YHOLNRJ�EURMD�LQWHJUDFLMD��VD�^LURNLP
VSHNWURP�UD]OLaLWLK�SRaHWQLK�XVORYD��2YD�SUHGQRVW
aLQL�QD^�PHWRG�NRULVQRP�GRSXQRP�UHDOLVWLaQLMLK�
VDPRXVDJOD^HQLK�PRGHOD�

0HWRG
3RaHWQL�XVORYL�L�PRGHOLUDQMH�JDODNVLMD

.DR�SRaHWQL�XVORYL�VLPXODFLMH�VX�NRUL^`HQH
GDQD^QMH�YUHGQRVWL�EU]LQD��YHOLaLQD�L�PH_XVREQLK
SRORCDMD�JDODNVLMD��=D�UDVWRMDQMH�JDODNVLMD�0���L
0���RG�0OHaQRJ�SXWD�X]HWH�VX�YUHGQRVWL�����NSF�L
����NSF��0F&RQQDFKLH��������������=D�0��
SR]QDWD�MH�XNXSQD�EU]LQD�X�RGQRVX�QD�0OHaQL�SXW��DOL
]D�0���MH�RGUH_HQD�VDPR�UDGLMDOQD�NRPSRQHQWD�
9HNWRUL�WDQJHQFLMDOQH�EU]LQH�0���]DGDYDQH�VX�NDR
XOD]QL�SDUDPHWDU�VLPXODFLMD��%U]LQH�VX�ELUDQH�L]RW�
URSQR��X�VYLP�SUDYFLPD��VD�LQWHQ]LWHWLPD�EU]LQH�L]
LQWHUYDOD��¬�����������NP�V�VD�NRUDNRP����NP�V��L
YUHGQRVWLPD�RGJRYDUDMX`HJ�XJOD�RG���GR���π����UDG�
8NXSQR�MH�SX^WHQD�����VLPXODFLMD�

6DQGUD�5DQNRYL`���������%HRJUDG��0LOL`D�5DNL`D
�������XaHQLFD����UD]UHGD�0DWHPDWLaND�JLPQD]LMH
0(1725�
0DUNR�6LPRQRYL`��VWXGHQW�)L]LaNRJ�IDNXOWHWD�X
%HRJUDGX
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*DODNVLMH�VX�PRGHOLUDQH�WDNR�GD�LPDMX�SR����
]YH]GD� X� VYRP� GLVNX�� 5DVSRGHOD� ]YH]GD� X
JDODNWLaNRP�GLVNX�MH�UDYQRPHUQD��=YH]GH�VH�QDOD]H
X�MHGQRM�UDYQL�RNR�FHQWUD�JDODNVLMH�X�SUVWHQX�XQX�
WUD^QMHJ�SROXSUHaQLND���NSF�L�VSROMD^QMHJ����NSF�X
VOXaDMX�0���L�0OHaQRJ�SXWD��RGQRVQR�����L�����NSF
X�VOXaDMX�JDODNVLMH�0����

3UREQH�aHVWLFH�VH�QD�SRaHWNX�QDOD]H�X�MHGQRM
UDYQL��LQNOLQDFLMH�VX�QXOD��L�NUH`X�VH�SR�NUXCQLP�SX�
WDQMDPD��HNVFHQWULFLWHWL�VX�QXOD���=YH]GH�X�FHQWUX�L
EOL]X�FHQWUD�JDODNVLMH�QLVX�XOD]LOH�X�PRGHO�GLVND��MHU
VX�VXYL^H�EOL]X�MH]JUX�JDODNVLMH�NRMH�LPD�GRPLQDQWDQ
XWLFDM�QD�QMLK�
.UHWDQMH�]YH]GD�

=YH]GH�VX�SUHGVWDYOMHQH�NDR�SUREQH�aHVWLFH�NRMH
VH�NUH`X�X�VXSHUSR]LFLML�SRWHQFLMDOD�VYH�WUL�JDODNVLMH
L�QH�LQWHUDJXMX�PH_XVREQR��2YDNDY�SULVWXS�MH
SRND]DR�GREUH�UH]XOWDWH�SUL�UDQLMLP�LVWUDCLYDQMLPD
�5HLG��%UXQWKDOHU��������

3RWHQFLMDO�VYDNH�JDODNVLMH�UDaXQDW�MH�NDR�]ELU�SR�
WHQFLMDOD�FHQWUDOQRJ�RYDOD��GLVND�L�KDORD�JDODNVLMH��=D
$QGURPHGLQX�JDODNVLMX��0OHaQL�SXW�L�0���NRUL^`HQ
MH�DQDOLWLaNL�PRGHO�L]�UDGD�*HHKDQ�L�VDUDGQLND��*HH�
KDQ�HW�DO���������

3UHPD�NRUL^`HQRP�VIHUQR�VLPHWULaQRP�PRGHOX
SRWHQFLMDO�FHQWUDOQRJ�RYDOD�ΦE�X�]DYLVQRVWL�RG�UDVWR�
MDQMD�RG�FHQWUD�JDODNVLMH�U�L]QRVL�

ΦE(U)�=�−�*�0E
UE�+�H ���

JGH�MH�*�JUDYLWDFLRQD�NRQVWDQWD��0E�XNXSQD�PDVD
FHQWUDOQRJ�RYDOD�D�UE�MHGLQLaQL�SROXSUHaQLN�RYDOD�

3RWHQFLMDO��JDODNWLaNRJ�GLVND�RGUH_HQ�MH�SUHPD
IRUPXOL�

ΦG(U)�=�−��π�*�ΣR�5G����−�H
−� U5G
U ���

JGH�MH�ΣR�FHQWUDOQD�SRYU^LQVND�JXVWLQD�GLVN�D�5G
MHGLQLaQL�SROXSUHaQLN�GLVND�

3RWHQFLMDO�ΦK�KDORD�JDODNVLMH�PRGHOLUDQ�MH�QD
VOHGH`L�QDaLQ�

ΦK(U)�=�−��π�δFρFUK��UKU �OQ�



U�+�UK
U



 ���

JGH� MH�δF�SDUDPHWDU�JXVWLQH�KDORD��ρF�GDQD^QMD
NULWLaQD�JXVWLQD�D�UK�MHGLQLaQL�SROXSUHaQLN�KDORD�

1D�NUHWDQMH�SUREQLK�aHVWLFD�XWLaH�VDPR�SROMH�
NRMH�MH�UDaXQDWR�NDR�QHJDWLYQL�JUDGLMHQW�XNXSQRJ�SR�
WHQFLMDOD�

3(U)�=�−∇ (ΦE(U)�+�ΦG(U)�+�ΦK(U)) ���
1XPHULaNH�YUHGQRVWL�XSRWUHEOMHQLK�SDUDPHWDUD

]D�0���L�0OHaQL�3XW�X]HWH�VX�L]�UDGD�*HHKDQ�L
VDUDGQLND��X]�SUHWSRVWDYNX�GD�VX�$QGURPHGLQD
JDODNVLMD�L�0OHaQL�SXW�LVWLK�YHOLaLQD��2GJRYDUDMX`H
YUHGQRVWL�SDUDPHWDUD�]D�0���GRELMHQH�VX�VNDOLUDQ�
MHP�WLK�SDUDPHWDUD�X]�NRUL^`HQMH�]DNRQLWRVWL�GD�MH
RGQRV�PDVD�VMDM�SULEOLCQR�MHGQDN�]D�JDODNVLMH�0���L
0����WDEHOD�����9DCH�VOHGH`L�RGQRVL�

<�=�0�[0R]
/�[/R] ����

JGH�MH�<�RGQRV�PDVD�VMDM��0�PDVD�REMHNWD�L]UDCHQD
X�PDVDPD�6XQFD��/�VMDM�REMHNWD�L]UDCHQ�X�VMDMX
6XQFD�

/�∝ �0�� ���
0P���=�0P���



/P��
/P��




�� ���

�
7DEHOD����9UHGQRVWL�SDUDPHWDUD�]D�PRGHOH�
JDODNVLMD
3DUDPHWDU 9UHGQRVW�X

PRGHOX�0���L0OHaQRJ�SXWD
9UHGQRVW�X
PRGHOX�0��

0E ���⋅�����0© �����⋅�����0©
Σ�R �����⋅����0©�NSF �����⋅����0©�NSF
5G ����NSF �����NSF
δF ���⋅��� ���⋅���
5K �����NSF ����NSF
ρF ������⋅��¬�0©�NSF� ������⋅��¬�0·�NSF�
5E �����NSF ������NSF

,QWHJUDFLMD�L�XVORY�VXGDUD�JDODNVLMD
.UHWDQMH�JDODNVLMD�QXPHULaNL�MH�VLPXOLUDQR�5XQ�

JH�.XWWD�PHWRGRP�aHWYUWRJ�UHGD��3UL�UDaXQDQMX�PH�
_XVREQRJ�XWLFDMD�JDODNVLMD��UDGL�RGUH_LYDQMD�QMLKRYLK
SXWDQMD��VYDND�JDODNVLMD�MH�SRVPDWUDQD�NDR�SUREQD�aHV�
WLFD�VD�SRORCDMHP�X�VUHGL^WX�WH�JDODNVLMH��1D�NUHWDQMH
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VYDNH�JDODNVLMH��NDR�L�QD�]YH]GH�XQXWDU�QMLK��XWLaH
VDPR�SROMH� XNXSQRJ� SRWHQFLMDOD� VYH� WUL� JDODNVLMH�

.DR�NULWHULMXP�]D�RGEDFLYDQMH�RQLK�YUHGQRVWL
WDQJHQFLMDOQH�EU]LQH�$QGURPHGLQH�JDODNVLMH�NRMH�QH
RGJRYDUDMX�UHDOQRP�VLVWHPX��GHILQLVDQ�MH�XVORY�QD
RVQRYX�NRJD�VH�PRCH�]DNOMXaLWL�GD�OL�MH�GR^OR�GR
VXGDUD�JDODNVLMD�0���L�0����7R�MH�XaLQMHQR�SRPR`X
RGUH_LYDQMD�XNXSQRJ�RGVWXSDQMD�]YH]GD�RG�UDYQL
GLVND�JDODNVLMH�QDNRQ�]DYU^HWND�VLPXODFLMH��>WR�MH
YH`H�SRPHQXWR�RGVWXSDQMH��D�WLPH�L�®UD]YHMDQRVW¯
JDODNVLMH��YH`D�MH�YHURYDWQR`D�GD�MH�GR^OR�GR�VXGDUD�

9HNWRU�PRPHQWD�LPSXOVD�]YH]GH�NRMD�VH�NUH`H�X
UDYQL�GLVND�JDODNVLMH�QRUPDODQ�MH�QD�UDYDQ�GLVND��,]
YHNWRUD�PRPHQWD�LPSXOVD�VYLK�]YH]GD�GRELMHQ�MH
YHNWRU�VUHGQMHJ�PRPHQWD�LPSXOVD��5DYDQ�GLVND�MH
QRUPDOQD�QD�QMHJD�L�VDGUCL�FHQWDU�JDODNVLMH��8NROLNR
VH�]YH]GD�SRPHULOD�L]�UDYQL�GLVND��QMHQ�PRPHQW�LP�
SXOVD�UD]OLNXMH�VH�SR�SUDYFX�RG�VUHGQMHJ�PRPHQWD�
=DWR�MH�]D�VYDNX�]YH]GX�UDaXQDW�XJDR�L]PH_X�QMHQRJ
PRPHQWD�LPSXOVD�L�VUHGQMHJ�PRPHQWD�LPSXOVD
JDODNVLMH��,]�RYRJ�XJOD�L�UDVWRMDQMD�]YH]GH�RG
VUHGL^WD�JDODNVLMH��GRELMHQR�MH�UDVWRMDQMH�]YH]GH�RG
GLVND�G�

FRV�ϕ�=�/�⋅�/V
/�/V ����

G�=�U�VLQϕ ���
JGH�MH�/V�VUHGQML�PRPHQW�LPSXOVD��/�PRPHQW�LPSXOVD
]YH]GH��D�U�UDVWRMDQMH�]YH]GH�RG�VUHGL^WD�JDODNVLMH�

�=DYLVQRVW�EURMD�]YH]GD�QD�UDVWRMDQMX�∆�G�RG�FHQWUD
JDODNVLMH�RG�UDVWRMDQMD�G�RG�FHQWUD�MH�GREUR�RSLVDQD
*DXVRYRP�UDVSRGHORP��=D�PHUX�UDVWXUDQMD�JDODNVLMH
X]HWD�MH�VWDQGDUGQD�GHYLMDFLMD�RYH�UDVSRGHOH�

�.DGD�RYD�GHYLMDFLMD�SUH_H�JUDQLaQX�YUHGQRVW�
RGUH_HQX�SRPR`X�SRUH_HQMD�L]JOHGD�JDODNVLMD�]D
UD]QH�SRaHWQH�XVORYH��NRQVWDWXMHPR�GD�MH�GR^OR�GR
VXGDUD�� (OLPLQLVDQMHP� EU]LQD� ]D� NRMH� MH
RGJRYDUDMX`H�VLJPD�YH`H�RG�JUDQLaQH�YUHGQRVWL
RVWDMH�QDP�RSVHJ�X�RNYLUX�NRJ�VH�QDOD]L�GDQD^QMD
WDQJHQFLMDOQD�EU]LQD�$QGURPHGLQH�JDODNVLMH�

5H]XOWDWL
1D�VOLFL���SULND]DQ�MH�PRGHO�JDODNVLMH�0���QD

SRaHWNX�VLPXODFLMH��=YH]GH�VX�UDVSRUH_HQH�VDPR�X
UDYQL�GLVND�JDODNVLMH��1D�VOLFL���SULND]DQR�MH�NUHWDQMH
WUL�JDODNVLMH�]D�LQWHUYDO�RG�QHNROLNR�PLOLRQD�JRGLQD�

9UHGQRVW�VWDQGDUGQH�GHYLMDFLMH�X�]DYLVQRVWL�RG
SRaHWQLK�EU]LQD�$QGURPHGLQH�JDODNVLMH�SULND]DQD�MH

QD�VOLFL����JGH�VH�SULPH`XMH�GD�SRMHGLQH�YUHGQRVWL
SUHOD]H�L�PLOLRQ�SDUVHND��=D�����]YH]GD�NROLNR�MH
NRUL^`HQR�X�VLPXODFLML��RYD�YUHGQRVW�SUHGVWDYOMD�SUR�
VHaQR�RGVWXSDQMH�RG������SF�RG�UDYQL�GLVND�SR
]YH]GL��^WR�MH�]D�GLPHQ]LMH�GLVND�������������SF�
L]X]HWQR�YHOLND�YUHGQRVW��NRMD�SRND]XMH�GD�MH�GR^OR
GR�VXGDUD�JDODNVLMD�]D�RGJRYDUDMX`X�YUHGQRVW�WDQ�
JHQFLMDOQH�EU]LQH�0���

1DNRQ�REUDGH�L�XSRUH_LYDQMD�GRELMHQLK�YUHGQRVWL
VWDQGDUGQH�GHYLMDFLMH�]D�VYH�WUL�JDODNVLMH��NDR�XVORY

6OLND����0RGHO�$QGURPHGLQH�JDODNVLMH

)LJXUH����0RGHO�RI�$QGURPHGD�JDOD[\

6OLND����3ULPHU�NUHWDQMD�WUL�JDODNVLMH�X�VLPXODFLML
)LJXUH����$Q�H[DPSOH�RI�WKH�PRYHPHQW�RI�WKUHHJDOD[LHV�LQ�WKH�VLPXODWLRQ
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SUL�NRP�]DNOMXaXMHPR�GD�MH�GR^OR�GR�VXGDUD�X]HWR�MH
GD�YUHGQRVW�VWDQGDUGQH�GHYLMDFLMH�SUHOD]L������SF�]D
$QGURPHGLQX�JDODNVLMX�������SF�]D�0���L������SF
]D�0OHaQL�3XW��=D�$QGURPHGX�L�0OHaQL�SXW�VX�X]HWH
UD]OLaLWH�JUDQLaQH�YUHGQRVWL�VLJPD�SR^WR�MH�X�VLPX�

ODFLMDPD�SULOLNRP�VXGDUD�GR^OR�GR�YH`HJ�UDVLSDQMD
]YH]GD�0OHaQRJ�SXWD��SD�MH�X]HWD�L�YH`D�JUDQLaQD
YUHGQRVW�XNXSQRJ�RGVWRMDQMD�]YH]GD�RG�GLVND��9UHG�
QRVWL�EU]LQH�$QGURPHGLQH�JDODNVLMH�NRMH�VX�XOD]LOH�X
UD]PDWUDQMH�]D�GDQD^QMX�YUHGQRVW�WDQJHQFLMDOQH�EU�
]LQH�VX�RQH�]D�NRMH�MH�VUHGQMH�RGVWXSDQMH�SR�]YH]GL
RG�UDYQL�GLVND�PDQMH�RG����SF��

9UHGQRVWL�EU]LQD�]D�YH`�SRPHQXWH�RGJRYDUDMX`H
YUHGQRVWL�VWDQGDUGQH�GHYLMDFLMH�SUL�NRMLPD�QLMH�GR^OR
GR�VXGDUD��SULND]DQH�VX�QD�JUDILNX����L�VD�QMHJD�VX
RGUH_HQH�QDMYHURYDWQLMH�EU]LQH�JDODNVLMH�0����6D
JUDILND�PRCHPR�YLGHWL�GD�VX�GYH�YUHGQRVWL�XJOD
L]PH_X�[�NRPSRQHQWH�EU]LQH�L�XNXSQH�EU]LQH��QD�
M]DVWXSOMHQLMH��RGJRYDUDMX�LP�SR�aHWUL��RGQRVQR�WUL
EU]LQH�$QGURPHGLQH�JDODNVLMH���GRN�MH�MHGQD�YUHG�
QRVW�XNXSQH�EU]LQH�0���GRPLQDQWQD�

1DMYHURYDWQLMH�RGJRYDUDMX`H�GDQD^QMH�EU]LQH
$QGURPHGLQH�JDODNVLMH�VX��

Y� �����±�����¬��SF�JRG�
GRN�MH�XJDR�RG�SUDYFD�ND�0OHaQRP�SXWX��

ϕ� ������±������UDG�LOL�ϕ� ��¬����±������UDG�
2GUH_LYDQMH�SUHFL]QLMHJ�RG�RYD�GYD�GRELMHQD�UH�

]XOWDWD�]D�YUHGQRVW�XJOD��RVWDMH�NDR�SUHGPHW�]D�EXGX�
`D�LVWUDCLYDQMD�

'RELMHQH�YUHGQRVWL�XNXSQH�EU]LQH�L�XJOD�RGJRYD�
UDMX�NRPSRQHQWDPD�EU]LQD��

Y[� ����±���⋅��¬��SF�JRG
Y]� ��¬���±���⋅��¬��SF�JRG�

]D�XJDR�ϕ� �����UDG��RGQRVQR�YUHGQRVWLPD�
Y[� �����±���⋅��¬��SF�JRG
Y]� ����±���⋅��¬��SF�JRG�

]D�XJDR�ϕ� �¬����UDG��
9DCQR�MH�QDSRPHQXWL�GD�MH�QD�JUDILNX����NDR

UH]XOWDW�XVYRMHQ�LQWHQ]LWHW�EU]LQH�NRML�RGJRYDUD�QD�
MYH`HP�EURMX�EU]LQD�SX^WDQLK�X�VLPXODFLML��QDOD]H�VH
QD�LVWRP�NUXJX���

=DNOMXaDN
6LPXODFLMRP�NUHWDQMD�JDODNVLMD�0����0���L�0:

RG�GDQDV�GR�¬���PLOLMDUGL�JRGLQD�X]�SRVWDYOMHQH�XV�
ORYH�GD�GLVN�0���QLMH�ELR�SRUHPH`HQ�XWLFDMHP�0��
L�GD�VX�JDODNVLMH�SUH������JRGLQD�ELOH�]QDWQR�EOLCH�
RGUH_HQ�MH�RSVHJ�YUHGQRVWL�X�RNYLUX�NRJD�VH�QDOD]L
WUHQXWQD�EU]LQD�$QGURPHGLQH�JDODNVLMH��

'RELMHQL�VX�UH]XOWDWL�
Y[� ����±���⋅��¬��SF�JRG�
Y]� ��¬���±���⋅��¬��SF�JRG�

6OLND����=DYLVQRVW�VWDQGDUGQH�GHYLMDFLMH�UDVWRMDQMD�RGFHQWUD�JDODVNLMH�RG�SRaHWQLK�EU]LQD��]D�JDODNVLMX�0��
)LJXUH����'HSHQGDQFH�RI�WKH�VWDQGDUG�GHYLDWLRQ�RI�WKHJDODFWRFHQWULF�GLVWDQFHV�RQ�WKH�LQLWLDO�YHOLRFLW\��IRU�WKH0���JDOD[\

6OLND����9UHGQRVWL�NRPSRQHQDWD�EU]LQH�0���NRMH�QHGRYRGH�GR�VXGDUD�VD�0OHaQLP�SXWHP��]D�PLQLPDOQXGHYLMDFLMX�
)LJXUH����9DOXHV�RI�YHORFLW\�FRPSRQHQWV�RI�WKH�0��JDOD[\�FRQVLVWHQW�ZLWK�WKH�QR�FROOLVLRQ�FRQGLWLRQ��IRUPLQLPDO�VWDQGDUG�GHYLDWLRQ�
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]D�XJDR�ϕ� �����UDG��RGQRVQR��
Y[� �����±���⋅��¬��SF�JRG
Y]� ����±���⋅��¬��SF�JRG�

]D�XJDR�ϕ� �¬����UDG��3UL�WRPH�QLMH�UDaXQDW�XWLFDM
RNROQLK�WHOD�QD�/RNDOQX�JUXSX��QLWL�SULUD^WDM�PDVH
WLK�REMHNDWD�QD�PDVX�/RNDOQH�JUXSH��NDR�QL�XWLFDM�L
XGHR�WDPQH�PDWHULMH�X�XNXSQRM�PDVL��

,VWUDCLYDQMH�VH�PRCH�SUR^LULWL�L�SRYH`DWL�SUHFL]QRVW
UH]XOWDWD�XYR_HQMHP�UHDOLVWLaQLMHJ��FLOLQGULaQR�VLPH�
WULaQRJ�XPHVWR�VIHUQR�VLPHWULaQRJ�SRWHQFLMDOD��UDaXQDQ�
MHP�NRVPROR^NLK�HIHNDWD�NDR�^WR�MH�UHVNDOLUDQMH
SDUDPHWDUD�LWG��2SVHJ�EU]LQD�0���MH�GRELMHQ�VD�UHOD�
WLYQRP�GLVSHU]LMRP�RG�RNR������^WR�MH�WUHQXWQR�GR�
YROMQR�SUHFL]DQ�UH]XOWDW�]D�SULPHQX�X�QDUHGQLP
LVWUDCLYDQMLPD�

'RELMHQL�UH]XOWDWL�PRJX�ELWL�NRULVQL�X�EXGX`LP
LVSLWLYDQMLPD�/RNDOQH�JUXSH�JDODNVLMD��SRJRWRYX�QML�
KRYH�HYROXFLMH��NDR�L�GDOMHJ�SRORCDMD�L�PH_XVREQRJ
XWLFDMD�

=DKYDOQRVW��=DKYDOMXMHP�VH�0DUNX�6LPRQRYL`X
L�*RUDQX�5DNL`X�]D�YHOLNX�SRPR`��RGYRMHQR�YUHPH
L�VPHUQLFH�WRNRP�L]UDGH�SURJUDPD��,JRUX�6PROL`X�QD
XVPHUDYDQMX�L�WHRULMVNRM�SRPR`L�L�1LNROL�%RCL`X�QD
XND]DQLP�VXJHVWLMDPD�L�VWUSOMHQMX��=DKYDOMXMHP�VH
0LODQX�@LUNRYL`X�L�(GLMX�%RQX�VD�2SVHUYDWRULMH�QD
=YH]GDUL�]D�XND]DQH�VXJHVWLMH�SUL�L]UDGL�UDGD�L�YHOLNX
SRPR`�L�L]GYRMHQR�YUHPH�SUL�SX^WDQMX�VLPXODFLMD�
7DNR_H�VH�]DKYDOMXMHP�0LKDLOX�AXEURYL`X�QD�NRUHN�
FLMDPD�]DYU^QH�YHU]LMH�RYRJ�UDGD�

/LWHUDWXUD
/RHE�$���5HLG�0��-���%UXQWKDOHU�$���)DOFNH�+�������&RQVWUDLQWV�RQ�WKH�SURSHU�PRWLRQ�RI�WKH$QGURPHGD�JDOD[\�EDVHG�RQ�WKH�VXUYLYDO�RI�LWV

VDWHOOLWH�0����7KH�$VWURSK\VLFDO�-RXUQDO����������
*HHKDQ�-�-���)DUGDO�0�$���%DEXO�$���*XKDWKDNXUWD3��������,QYHVWLJDWLQJ�WKH�$QGURPHGD�VWUHDP��,�6LPSOH�$QDO\WLF�%XOJH�'LVN�+DOR�PRGHO�IRU�0���0RQ��1RW��5R\��$VWURQ��6RF������������
1DDE�7���2VWULNHU�-��3���������$�VLPSOH�PRGHO�IRUWKH�HYROXWLRQ�RI�GLVF�JDOD[LHV��7KH�0LON\�:D\�0RQ��1RW��5R\��$VWURQ��6RF�������������
1DYDUUR�)���)UHQN�6���:KLWH�'�0���������$XQLYHUVDO�'HQVLW\�SURILOH�IURP�+LHUDUFKLFDO&OXVWHULQJ��7KH�$VWURSK\VLFDO�-RXUQDO�����������

6DQGUD�5DQNRYL`
$�6LPSOH�0RGHO�RI�,QWHUDFWLRQ
%HWZHHQ�*DOD[LHV��(VWLPDWLRQ�RI
$QGURPHGD�*DOD[\�6SHHG

%\�QXPHULFDO�VLPXODWLRQV��DQG�XVLQJ�UHFHQW
9/%$��9HU\�/DUJH�%DVHOLQH�$UUD\��PHDVXUHPHQWV
RI�PDVHUV�LQ�0����WKH�LQWHUYDO�RI�$QGURPHGD�WUDQV�
YHUVH�VSHHG�KDV�EHHQ�IRXQG��*DOD[LHV�0����0���DQG
0LON\�:D\�ZHUH�PRGHOOHG�DQG�WKHLU�SRVLWLRQV�DQG
YHORFLWLHV�JLYHQ��7KHLU�PRWLRQ�IURP�WRGD\��RYHU�WKH
SDVW����ELOOLRQ�\HDUV��ZDV�VLPXODWHG��&RQGLWLRQV
ZKLFK�ZHUH�XVHG�IRU�GLVWLQJXLVKLQJ�$QGURPHGD±V
SRVVLEOH�VSHHGV�ZHUH�WKDW�WKHUH�ZDV�QR�FROOLVLRQ�EH�
WZHHQ�DQ\�RI�WKRVH�WKUHH�JDOD[LHV�RYHU�WKH�SDVW���
ELOOLRQ�\HDUV��DQG�WKDW�WKHVH�WKUHH�JDOD[LHV�ZHUH
FORVHU�WR�HDFK�RWKHU����ELOOLRQ�\HDUV�DJR��%\�HOLPL�
QDWLQJ�$QGURPHGD±V�YHORFLWLHV�WKDW�DUH�QRW�LQ�DF�
FRUGDQFH�ZLWK�WKHVH�WZR�FRQGLWLRQV��ZH�JDLQ�WKH
LQWHUYDO�RI�WRGD\±V�$QGURPHGD�WUDQVYHUVH�VSHHG�
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