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6LPXODFLMD�KDRVD�X�5/'�NROX

3URXaDYDQD�MH�SRMDYD�KDRVD�X�5/'��RWSRUQLN�]DYRMQLFD�GLRGD��NROX�QDL]PHQLaQH
VWUXMH��3RMDYD�SUHGKDRWLaQRJ� L�KDRWLaQRJ�VWDQMD�HOHNWULaQRJ�NROD��GRND]DQD� MH
NYDOLWDWLYQLP�L�NYDQWLWDWLYQLP�SRND]DWHOMLPD�GHWHUPLQLVWLaNRJ�KDRVD��1D�RVQRYX
QMLK��REMD^QMHQD�VX�VWDQMD�HOHNWULaQRJ�NROD�L�RGUH_HQL�NDUDNWHULVWLaQL�IHQRPHQL
YH]DQL�]D�SRMDYX�KDRVD�X�5/'�NROX��2YLP�UDGRP�SRND]DQR�MH�GD�L�SURVWL�HOHN�
WULaQL�VLVWHPL�PRJX�LVSROMDYDWL�KDRWLaQD�VYRMVWYD��D�NRUL^`HQH�PHWRGH�PRJX�VH�NRU�
LVWLWL�L�]D�SURXaDYDQMH�KDRVD�X�VORCHQLMLP�HOHNWULaQLP�VLVWHPLPD�

8YRG�
'HWHUPLQLVWLaNL�KDRV�R]QDaDYD�QHUHJXODUQR��QHSUHGYLGLYR�SRQD^DQMH

QHNRJ�VLVWHPD�L]D]DYDQR�GHWHUPLQLVWLaNLP��XQDSUHG�RGUH_HQLP��WDaQR�GH�
ILQLVDQLP��SURFHGXUDPD��RGQRVQR�MHGQDaLQDPD��%HOL`��������'D�EL�VH�X�QH�
NRP�VLVWHPX�SRMDYLOL�SRND]DWHOML�KDRVD��QHRSKRGQR�MH�GD�VH�WDM�VLVWHP�RSLVXMH
GLIHUHQFLMDOQLP�MHGQDaLQDPD��QDMPDQMH�GUXJRJ�VWHSHQD��NRMH�VX�REDYH]QR
QHOLQHDUQH��/LQHDUQL�VLVWHPL�QLNDGD�QH�LVSROMDYDMX�KDRWLaQD�VYRMVWYD�

�5H^HQMD�RYDNYLK�MHGQDaLQD�QH�SRVWRMH�X�DQDOLWLaNRP�REOLNX��YH`�VH
RQH�UH^DYDMX�RGUH_HQLP�QXPHULaNLP�PHWRGDPD��7R�MH�XMHGQR�L�MHGDQ�RG
UD]ORJD�]DVWR�VH�WHRULMD�KDRVD�QLMH�UD]YLOD�UDQLMH��RGQRVQR�SRMDYD�RYH�WHR�
ULMH�GLUHNWQR�MH�SRYH]DQD�L�VD�SRMDYRP�SUYLK�UDaXQDUD�NRML�VX�VH�NRULVWLOL
]D�QXPHULaNR�UH^DYDQMH�RYDNYLK�MHGQDaLQD��*OHLFN��������

�+DRV�VH�PRCH�MDYLWL�X�VLVWHPLPD�NRML�VH�RSLVXMX�DXWRQRPQLP�LOL
QHDXWRQRPQLP�GLIHUHQFLMDOQLP�MHGQDaLQDPD��D�WDNR_H�VH�PRCH�MDYLWL�L�NRG
LWHUDWLYQLK�SUHVOLNDYDQMD��8�IL]LaNLP�VLVWHPLPD�KDRV�VH�PRCH�MDYLWL�NRG
GLVLSDWLYQLK�VLVWHPD�NRG�NRMLK�REDYH]QR�PRUD�GD�GHOXMH�QHND�VSROMD^QMD
SREXGD�L�NRG�NRQ]HUYDWLYQLK��KDPLOWRQLMDQVNLK��VLVWHPD��.RQNUHWQR�X
RYRP�UDGX�SRVPDWUDQD�MH�SRMDYD�KDRVD�NRG�GLVLSDWLYQRJ��RWSRUQLN��VLVWHPD
VD�VSROMD^QMRP�SREXGRP��QDSRQVNL�JHQHUDWRU��

9ODGLPLU�*OLJRULMHYL`��������0LKDMORYDF
�NRG�6PHGHUHYD��
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*LPQD]LMH�X�6PHGHUHYX
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�3UYX�VLPXODFLMX�KDRVD�QD�UDaXQDUX�L]YU^LR�MH�PHWHRURORJ�L�PDWH�
PDWLaDU�(GYDUG�/RUHQF������JRGLQH��,VSLWXMX`L�MHGQDaLQH�GLQDPLNH�IOXLGD�
D�X�FLOMX�EROMHJ�UD]XPHYDQMD�SURFHVD�X�DWPRVIHUL��RQ�MH�UHGXNRYDR�1DYLMH�
6WRNVRYH�MHGQDaLQH�QD�WUL�RELaQH�GLIHUHQFLMDOQH�MHGQDaLQH�SUYRJ�UHGD��NRMH
MH�SRYH]DR�X�VLVWHP�L�UH^DYDR�QXPHULaNL��/RUHQF�MH�RWNULR�QL]�LQWHUHVDQWQLK
RVRELQD�RYRJ�VLVWHPD�NDR�^WR�VX�RVHWOMLYRVW�QD�SRaHWQH�XVORYH��SRMDYD�aXG�
QRJ�DWUDNWRUD…��NRMH�`H�ELWL�SRND]DQH� L�X�RYRP�SURMHNWX��7UHED
QDSRPHQXWL�GD�VX�UDGRYL�RYRJ�PHWHRURORJD�SUYL�UDGRYL�L]�WHRULMH�KDRVD��D
GD�VH�JRGLQD�������X]LPD�NDR�JRGLQD�QDVWDQND�WHRULMH�KDRVD��,QDaH�IL]LND
KDRVD�VSDGD�X�QRYLMH�JUDQH�IL]LNH�

�3UYD�QHOLQHDUQD�HOHNWULaQD�NROD�NRG�NRMLK�MH�SURXaDYDQD�SRMDYD�KDRVD
VX��NROR�/HRQD�AXH��NRG�NRJD�MH�SRMDYD�KDRVD�QH�VDPR�VLPXOLUDQD�QD
UDaXQDUX��YH`�L�SRND]DQD�HNVSHULPHQWDOQR�L�GRND]DQD�PDWHPDWLaNL��]DWLP
9DQ�GHU�3RORY�RVFLODWRU��NRML�SUHGVWDYOMD�UHGQX�YH]X�NRQGHQ]DWRUD��]DYR�
MQLFH�L�QHOLQHDUQRJ�RWSRUQLND�SULNOMXaHQLK�QD�L]YRU�VLQXVRLGQRJ�QDSRQVNRJ
JHQHUDWRUD��L�QD�NUDMX�5/'�NROR�aLMH�`H�NDUDNWHULVWLNH�ELWL�SULND]DQH�X
RYRP�UDGX�

�3UL�SURXaDYDQMX�KDRVD�X�HOHNWULaQLP�NROLPD�WUHED�YRGLWL�UDaXQD�R�GYD
XVORYD��3UYL�MH�GD�X�NROX�PRUD�SRVWRMDWL�HOHPHQW�VD�QHOLQHDUQRP�8�,�NDUDN�
WHULVWLNRP��D�GUXJL�MH�GDW�X�REOLNX�3RHQNDUH�%HGLNVRQRYH�WHRUHPH�NRMD
NDCH�GD�MH�]D�RSLVLYDQMH�KDRWLaQRJ�HOHNWULaQRJ�NROD�SRWUHEQD�QDMPDQMH
MHGQD�GLIHUHQFLMDOQD�MHGQDaLQD�GUXJRJ�UHGD�VD�VSROMD^QMRP�SREXGRP��LOL
VLVWHP�RG�WUL�DXWRQRPQH�GLIHQFLMDOQH�MHGQDaLQH�SUYRJ�UHGD��%HOL`�������

�&LOM�RYRJ�UDGD�MH�ELR�GD�VH�VD�VWR�YH`RP�QXPHULaNRP�WDaQRVFX
RGUHGL�VWR�YH`L�EURM�NYDOLWDWLYQLK�L�NYDQWLWDWLYQLK�SRND]DWHOMD�KDRVD�X�5/'
NROX�L�GD�VH�RGUHGH�NULWLaQL�SDUDPHWUL�SUL�NRMLPD�NROR�VD�RYDNYRP�NRQ�
ILJXUDFLMRP�PRCH�LVSROMDYDWL�KDRWLaQD�VYRMVWYD��

2SLV�5/'�NROD
>HPD�HOHNWULaQRJ�NROD�NRUL^`HQRJ�X�VLPXODFLML�SULND]DQD�MH�QD�VOLFL���

8�RYRP�NROX�GLRGD��'�1������LPD�XORJX�HOHPHQWD�VD�QHOLQHDUQRP�8�,
NDUDNWHULVWLNRP��'LRGD�MH�SROXSURYRGQLaNL�HOHPHQW�NRML�VH�VDVWRML�L]�MHGQRJ
GHOD�NRML�MH�S�WLSD�L�GHOD�NRML�MH�Q�WLSD��1HOLQHDUQRVW�RYRJ�NROD�SRWLaH�RG
VDPH�QHOLQHDUQRVWL�S�Q�VSRMD��6LPXODFLMD�GDWRJ�HOHNWULaQRJ�NROD�YU^HQD�MH
X�SURJUDPX�36SLFH�

2S^WL�REOLN�MHGQDaLQH�NRMD�RSLVXMH�RYR�NROR�PRCH�VH�L]YHVWL�QD�VOHGH`L
QDaLQ�
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JGH�MH�8'�,��¬�QHOLQHDUQD�IXQNFLMD��HNVSRQHQFLMDOQD���RGQRVQR�LQYHU]QD
IXQNFLMD�IXQNFLMH�QDSRQVNR�VWUXMQH�NDUDNWHULVWLNH�GLRGH�NRMD�VH�DQDOLWLaNL
PRCH�SUHGVWDYLWL�VOHGH`RP�IRUPXORP�

,�=�,]� H
T�8
N�7 �−��

JGH�MH�,]�¬�LQYHU]QD�VWUXMD�]DVL`HQMD��T�¬�QDHOHNWULVDQMH�HOHNWURQD��N�¬�%RO�
FPDQRYD�NRQVWDQWD��7�¬�DSVROXWQD�WHPSHUDWXUD�

�,DNR�MHGQDaLQD�NRMD�RSLVXMH�GDWR�HOHNWULaQR�NROR�]DGRYROMDYD�JRUH
SRPHQXWH�XVORYH�]D�KDRWLaDQ�VLVWHP��MHGQDaLQD�GUXJRJ�UHGD��LPD�QHOLQHDUQL
aODQ��LPD�VSROMD^QMX�SREXGX���NROR�L�GDOMH�QH�PRUD�SRND]LYDWL�KDRWLaQH
NDUDNWHULVWLNH��2GQRVQR�HOHNWULaQR�NROR�MH�X�KDRWLaQRP�UHCLPX�VDPR�SUL
RGUH_HQLP�YUHGQRVWLPD�SDUDPHWDUD�GDWH�MHGQDaLQH��6DORP��������=D
SURXaDYDQMH�SRMDYH�KDRVD�GRYROMQR�MH�GD�VH�VDPR�MHGDQ�SDUDPHWDU�PHQMD
D�GD�RVWDOL�EXGX�ILNVLUDQL��.RQNUHWQR�X�RYRP�VOXaDMX��ILNVLUDQL�SDUDPHWUL
VX��5� �����Ω��/� ����P+�L�ω� ����N+]��D�NRQWUROLVDQL�SDUDPHWDU�aLMD
MH�YUHGQRVW�PHQMDQD�WRNRP�VLPXODFLMD��MHVWH�DPSOLWXGQL�QDSRQ�QD�JHQHU�
DWRUX��8R���

�8�RYRP�SURMHNWX�MH�X]�SRPR`�UD]QLK�SRND]DWHOMD�KDRVD�SRND]DQR�]D
NRMH�VH�YUHGQRVWL�NRQWUROQRJ�SDUDPHWUD�NROR�SRQD^D�UHJXODUQR��]D�NRMH
YUHGQRVWL�RQR�RVFLOXMH�VD�YL^H�SHULRGD��NYD]LSHULRGLaQR�VWDQMH���D�]D�NRMH
YUHGQRVWL�NRQWUROQRJ�SDUDPHWUD�VH�NROR�QDOD]L�X�KDRWLaQRP�VWDQMX�

0HWRG�
8�SURJUDPX�36SLFH�VDVWDYOMHQD�MH�^HPD�HOHNWULaQRJ�NROD�SULND]DQD�QD

VOLFL����36SLFH�X�VHEL�SRVHGXMH�VSHFLMDOQH�ELEOLRWHNH�]D�UH^DYDQMH
QHOLQHDUQLK�HOHNWULaQLK�NROD�NRULVWH`L�1HZWRQ�5DSKVRQRY�X�PHWRGX��2YD
PHWRGD�VH�NRULVWL�]D�UH^DYDQMH�QHOLQHUDQLK�GLIHUHQFLMDOQLK�MHGQDaLQD�NRMH
RSLVXMX�GDWD�NROD��9HOLND�QXPHULaND�WDaQRVW�VLPXODFLMD��LVNRUL^`HQD�MH�L�]D
L]UDaXQDYDQMH�RGUH_HQLK�NYDQWLWDWLYQLK�SRND]DWHOMD�GHWHUPLQLVWLaNRJ�KDRVD�

6OLND���
>HPD�5/'�NROD��X36SLFH�X��NRUL^`HQD�XVLPXODFLML

)LJXUH���
6FKHPH�RI�WKH�5/'
FLUFXLW��PDGH�LQ3VSLFH��XVHG�LQ�WKHVLPXODWLRQ
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�3RGH^HQH�VX�EURMQH�YUHGQRVWL�ILNVLUDQLK�SDUDPHWDUD��9UHPH�UDGD�HOHN�
WULaQRJ�NROD�L]QRVLOR�MH���PV��DOL�VX�UH]XOWDWL�VLPXODFLMH��QDSRQL�QD�GLRGL�
RWSRUQLNX��]DYRMQLFL��JHQHUDWRUX�L�VWUXMD�NUR]�NROR��]DSLVLYDQL�X�IDMO�QDNRQ
�PV�UHODNVDFLMH�HOHNWULaQRJ�NROD��2YR�YUHPH�MH�SRWUHEQR�GD�EL�VH�XVWDOLOH
RVFLODFLMH�HOHNWULaQRJ�NROD��RGQRVQR�GD�EL�X�NROX�QDVWXSLOD�UH]RQDQFLMD��1X�
PHULaNH�YUHGQRVW� L]�GDWRJ�IDMOD�XaLWDYDQH�VX�X�0DWODE� L�JUDILaNL
REUD_LYDQH��3RUHG�JUDILaNH�REUDGH��0DWODE�MH�NRUL^`HQ�L�]D�GUXJH�YUVWH�QX�
PHULaNLK�SURUDaXQD�X�RYRP�SURMHNWX�

5H]XOWDWL
=D�UD]OLaLWH�YUHGQRVWL�NRQWUROQRJ�SDUDPHWUD�SULND]DQL�VX�QXPHULaNL

UH]XOWDWL�X�YLGX�GLMDJUDPD��1D�RVQRYX�QMLK�L�RGUH_HQLK�NYDQWLWDWLYQLK
SRND]DWHOMD�KDRVD��L]YU^HQD�MH�NODVLILNDFLMD�VWDQMD�X�NRMLPD�VH�NROR�QDOD]LOR�
2GQRVQR��RGUH_HQH�VX�YUHGQRVWL�NRQWUROQRJ�SDUDPHWUD�]D�NRMH�VH�NROR
QDOD]L�X�UHJXODUQRP��SUHGKDRWLaQRP�L�KDRWLaQRP�VWDQMX��
)D]QL�GLMDJUDPL�L�YUHPHQVNL�VLJQDOL

'DWR�NROR�MH�VLPXOLUDQR�]D�YUHGQRVWL�NRQWUROQRJ�SDUDPHWUD�X�LQWHUYDOX
8�� ∈ � [���������]�9��8RaHQH�VX�WUL�YUVWH�VWDQMD�5/'�NROD�NRMD�VH
PH_XVREQR�VPHQMXMX�SUL�SURPHQL�NRQWUROQRJ�SDUDPHWUD��WDEHOD�����

7DEHOD����6WDQMD�X�NRMLPD�VH�VLVWHP�QDOD]L�X�]DYLVQRVWL�RG�NRQWUROQRJSDUDPHWUD
UE 8R�[9] 6WDQMH�X�NRMHP�VH�VLVWHP�QDOD]L
� ��������� 5HJXODUQR��MHGQD�SHULRGD�
� ��������� ELIXUNDFLMD��GYH�SHULRGH�
� ��������� NYD]LSHULRGLFQR�VWDQMH��YLVH�SHULRGD�
� ��������� UHJXODUQR��MHGQD�SHULRGD�
� ��������� ELIXUNDFLMD��GYH�SHULRGH�
� ��������� NYD]LSHULRGLFQR�VWDQMH��YLVH�SHULRGD�
� ��������� +$26
� ��������� NYD]LSHULRGLFQR�VWDQMH��YLVH�SHULRGD�
� ��������� +$26
�� ��������� UHJXODUQR��MHGQD�SHULRGD�
�� ��������� NYD]LSHULRGLFQR�VWDQMH��YLVH�SHULRGD�
�� ��������� +$26

9UHPHQVNL�VLJQDOL�L�ID]QL�GLMDJUDPL�VH�NRULVWH�]D�RSLVLYDQMH�HYROXFLMH
VLWHPD�X�YUHPHQX��9UHPHQVNL�VLJQDOL�JUDILaNL�SUHGVWDYOMDMX�YUHGQRVWL
QDSRQD�QD�SRMHGLQLP�HOHPHQWLPD�GDWRJ�NROD��LOL�MDaLQD�VWUXMH�NUR]�NROR��X
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]DYLVQRVWL�RG�YUHPHQD��8�RYRP�UDGX��]D�RSLVLYDQMH�GDWRJ�HOHNWULaQRJ�NROD
FUWDQL�VX�YUHPHQVNL�VLJQDOL�QDSRQD�QD�GLRGL��VOLND����]D�NDUDNWHULVWLaQH
YUHGQRVWL�NRQWUROQRJ�SDUDPHWUD��

�)D]QL�GLMDJUDPL��ID]QL�SRUWUHWL��SUHGVWDYOMDMX�VNXSRYH�WDaDND��LOL
VDPR�MHGQX�WDaNX��NRMH�QDP�GDMX�FHORNXSQX�LQIRUPDFLMX�VWDQMD�X�NRMHP�VH
VLVWHP�QDOD]L�X�MHGQRP�WUHQXWNX�YUHPHQD��=D�RSLVLYDQMH�QHNRJ�VLVWHPD
PRJX�VH�NRULVWLWL��'�LOL��'�ID]QL�GLMDJUDPL��SUL�aHPX�WURGLPHQ]LRQDOQL
ID]QL�GLMDJUDPL�SUHQRVH�YL^H�LQIRUPDFLMD�R�VWDQMX�X�NRMHP�VH�VLVWHP�QDOD]L�
=D�RSLVLYDQMH�HOHNWULaQLK�NROD��NRRUGLQDWH�ID]QRJ�GLMDJUDPD�PRJX�ELWL
MDaLQD�VWUXMH��QDHOHNWULVDQMH��QDSRQ���NRQNUHWQR�X�RYRP�UDGX�]D�FUWDQMH
ID]QLK�GLMDJUDPD�NRUL^`HQH�VX�YUHGQRVWL�QDSRQD�QD�RWSRUQLNX��]DYRMQLFL�L
GLRGL��85��8/��8'���1D�VOLFL���SULND]DQL�VX�ID]QL�GLMDJUDPL�]D�NDUDNWHU�
LVWLaQH�YUHGQRVWL�NRQWUROQRJ�SDUDPHWUD��1D�VOLFL��$�SULND]DQD�MH�SRMDYD
JUDQLaQRJ�FLNOXVD��NUXJD���RGQRVQR�VLVWHP�RVFLOXMH�XVWDOMHQRP�SXWDQMRP�X
ID]QRP�SURVWRUX��=D�WDNYR�NUHWDQMH�NDCH�VH�GD�MH�UHJXODUQR��,]JOHG�ID]QRJ
SURVWRUD�SULND]DQRJ�QD�VOLFL��&�RGJRYDUD�KDRWLaQRP�NUHWDQMX��RGQRVQR�WR

$ %

&

6OLND����
9UHPHQVNL�VLJQDOL�QDSRQD�QD�GLRGL
$�¬�UHJXODUQR��SHULRGLaQR��VWDQMH
%�¬�SRMDYD�SUYH�ELIXUNDFLMH
&�¬�KDRWLaDQ�UHCLP
)LJXUH���
'LRGH�YROWDJH�VLJQDO�GHSHQGDQFH�RQ�WLPH
$�¬�5HJXODU��SHULRGLFDO��FRQGLWLRQ
%�¬�7KH�ILUVW�ELIXUFDWLRQ�RFFXUHV
&�¬�&KDRWLF�UHJLPH
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MH�VNXS�SXWDQMD�NRMH�VX�PH_XVREQR�UD]OLaLWH�DOL�VH�JUXSL^X��WM��NRQYHUJLUDMX
ND�RGUH_HQRP�REOLNX�L�QLNDGD�VH�QH�VHNX��7DNDY�REOLN��]RYH�VH�aXGQL
DWUDNWRU�L�MHGQD�RG�QMHJRYLK�RVQRYQLK�L�QDM]DQLPOMLYLMLK�RVRELQD�MH�GD�MH
QMHJRYD�JHRPHWULMVND�GLPHQ]LMD�QHFHOREURMQD� �RYR�`H�ELWL� NDVQLMH
SRND]DQR���
%LIXUNDFLRQL�GLMDJUDP�

%LIXUNDFLMH�SUHGVWDYOMDMX�NYDOLWDWLYQH�LOL�NYDQWLWDWLYQH��WRSROR^NH
SURPHQH�QD�DWUDNWRULPD�GLQDPLaNLK�VLVWHPD�NRMH�VH�GH^DYDMX�WRNRP
SURPHQH�NRQWUROQRJ�SDUDPHWUD��2QH�VH�GH^DYDMX�SUL�SURODVNX�NRQWUROQRJ
SDUDPHWUD�NUR]�RGUH_HQH��ELIXUNDFLRQH��YUHGQRVWL��=D�RGUH_HQH�YUHGQRVWL
NRQWUROQRJ�SDUDPHWUD�VLVWHP�VH�QDOD]L�X�VWDELOQRP�VWDQMX��3RYH`DQMHP�HQ�
HUJLMH�VLVWHPD��SRYH`DQMHP�YUHGQRVWL�NRQWUROQRJ�SDUDPHWUD���SRMDYOMXMX�VH
GYD�PRJX`D��PHWD�VWDELOQD��VWDQMD�GDWRJ�VLVWHPD��NDNR�HQHUJLMD�VLVWHPD
UDVWH��SRYH`DQMHP�NRQWUROQRJ�SDUDPHWUD��UDVWH�L�EURM�PHWD�VWDELOQLK�VWDQMD
X�NRMLPD�VH�VLVWHP�PRCH�QD`L��RGQRVQR�GROD]L�GR�ELIXUNDFLMH�WM��XGYDMDQMD
VWDQMD�VLVWHPD���WUHQXWDN�NDGD�VLVWHP�GRELMD�EH]EURM��NRQDaQR�PQRJR��]ERJ

$ %

&

6OLND����
)D]QL�GLMDJUDPL��85��8/��8'��
$�¬�UHJXODUQR�VWDQMH��SRMDYD�JUDQLaQRJ�NUXJD�
%�¬�SUYD�ELIXUNDFLMD��XGYDMDQMH�OLQLMH�
&�¬�KDRWLaDQ�UHCLP��SRMDYD�aXGQRJ�DWUDNWRUD�
)LJXUH���
3KDVH�GLDJUDPV��85��8/��8'�
$�¬�5HJXODU�FRQGLWLRQ��D�FLUFOH�ERUGHU�RFFXUHV�
%�¬�7KH�ILUVW�ELIXUFDWLRQ��D�OLQH�EHFRPHVGRXEOH�
&�¬�&KDRWLF�UHJLPH��VWUDQJH�DWUDFWRU�RFFXUHV�
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QXPHULaNH�VLPXODFLMH��PHWD�VWDELOQLK�VWDQMD��R]QDaDYD�WUHQXWDN�SUHODVND�X
KDRV��.RQNUHWQR��X�5/'�NROX�RYDM�SURFHV�VH�SRQDYOMD��RGQRVQR�VPHQMXMX
VH�UHJXODUQD��SUHGKDRWLaQD�L�KDRWLaQD�VWDQMD�YL^H�SXWD��WDEHOD�����

�*UDILaNL�SULND]�XGYDMDQMD��ELIXUNDFLMH��SHULRGD�]RYH�VH�ELIXUNDFLRQL
GLMDJUDP�L�SULND]DQ�MH�QD�VOLFL����'LMDJUDP�MH�GRELMHQ�WDNR�̂ WR�VX�YU^HQH�VLPX�
ODFLMH�]D�YUHGQRVW�NRQWUROQRJ�SDUDPHWUD�X�LQWHUYDOX�8R�∈ �[���������]�9��VD
NRUDNRP�RG������9��=D�VYDNX�VLPXODFLMX�RGUH_LYDQL�VX�GRQML�HNVWUHPL
QDSRQD�QD�GLRGL��=D�MHGQX�YUHGQRVW�NRQWUROQRJ�SDUDPHWUD�QD�JUDILN�VX
QDQR^HQH�YUHGQRVWL�GRQMLK�HNVWUHPD�QDSRQD�QD�GLRGL��

2YD�YUVWD�ELIXUNDFLMH�]RYH�VH�YLOMX^NDVWD�ELIXUNDFLMD��7UHED�QDSRPH�
QXWL�GD�VX�GR�VDGD�X�WHRULML�KDRVD�REMD^QMHQH�aHWLUL�YUVWH�ELIXUNDFLMD��=D
RYX�YUVWX�ELIXUNDFLMH�NDUDNWHULVWLaDQ�MH�WDNR]YDQL�)DMJHQEDXPRY�VFHQDULR
SUHODVND�X�KDRV��%HOL`��������0H_XWLP��VDPR�SRVWRMDQMH�SHULRGLaQLK�SUR�
]RUD�SULND]DQLK�QD�ELIXUNDFLRQRP�GLMDJUDPX��VOLND����QLMH�NDUDNWHULVWLaQR
]D�GDWX�YUVWX�SUHODVND�X�KDRV��2GQRVQR��RYDNYH�YUVWH�ELIXUNDFLMD�QLVX�X
SRWSXQRVWL�REMD^QMHQH��%HOL`��������,QWHUHVDQWQR�MH�QDSRPHQXWL�GD�X
VLVWHPX�SURXaDYDQRP�X�RYRP�SURMHNWX�SRUHG�RVQRYQLK�SUR]RUD��NRG�NRMLK
GROD]L�GR�XGYRVWUXaDYDQMD�EURMD�SHULRGD���SRVWRMH�L�SUR]RUL�NRG�NRMLK�GR�
OD]L�GR�XWURVWUXaDYDQMD�EURMD�SHULRGD��NRQNUHWQR�RYR�VH�PRCH�YLGHWL
XYH`DQMHP�GHOD�ELIXUNDFLRQRJ�GLMDJUDPD�X�LQWHUYDOX�NRQWUROQRJ�SDUDPHWUD
8R�∈ �[����������]�9�

$XWRNRUHODFLRQD�IXQNFLMD
-HGDQ�RG�NYDOLWDWLYQLK�SRND]DWHOMD�KDRWLaQRJ�VWDQMD�MH�DXWRNRUHODFLRQD

IXQNFLMD��GHILQLVDQD�VOHGH`RP�IRUPXORP�

6OLND���
%LIXUNDFLRQL�GLMDJUDP�JUDILN�]DYLVQRVWLGRQMLK�HNVWUHPDQDSRQD�QD�GLRGL�X]DYLVQRVWL�RGDPSOLWXGQRJ�QDSRQDQD�JHQHUDWRUX�

)LJXUH���
%LIXUFDWLRQ�GLDJUDP�ORZ�H[WUHPH�YDOXHVRI�WKH�GLRGH�YROWDJHGHSHQGDQFH�RQDPSOLWXGH�RI�WKHJHQHUDWRU�YROWDJH�
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[_(W)�[_(W�+�P)�GW

[_(W)�=�[(W)�−�[_(�))
JGH�SRVOHGQML�L]UD]�SUHGVWDYOMD�RGVWXSDQMH�RG�VUHGQMH�YUHGQRVWL��$XWRNRUH�
ODFLRQD�IXQNFLMD�PHUL�NRUHODFLMX��VOLaQRVW��VLJQDOD�VD�VDPLP�VRERP�X
UD]OLaLWLP�YUHPHQVNLP�LQWHUYDOLPD�NRML�VH�PH_XVREQR�UD]OLNXMX�]D�SDUD�
PHWDU�P��3RND]XMH�VH�GD�MH�DXWRNRUHODFLMD�RVFLOLUDMX`D�]D�UHJXODUQD�NUH�
WDQMD��GRN�]D�KDRWLaQD�NUHWDQMD��SUL�YHOLNLP�YUHGQRVWLPD�SDUDPHWUD�P��RQD
EU]R�RSDGD�QD�QXOX��

�2EUDGRP�YUHPHQVNRJ�VLJQDOD�QDSRQD�QD�GLRGL��GRELMHQRJ�VLPXODFL�
MRP�]D�NDUDNWHULVWLaQH�YUHGQRVWL�NRQWUROQRJ�SDUDPHWUD��GRELMHQL�VX�JUDILN�
RQL�SULND]DQL�QD�VOLFL���

6SHNWDU�VQDJH�
)RUPDOQD�GHILQLFLMD�VSHNWUD�VQDJH�MH�VOHGH`D��VSHNWDU�VQDJH�SUHG�

VWDYOMD�NYDGUDW�PRGXOD�)XULMHYRJ�WUDQVIRUPD�GXC�WUDMHNWRULMH��YUHPHQVNRJ
VLJQDOD���%HOL`��������2GQRVQR��PDWHPDWLaNL�

1D�RVQRYX�L]JOHGD�VSHNWUD�PRCH�VH�YLGHWL�X�NRP�VWDQMX�VH�VLVWHP
QDOD]L��8�VSHNWUX�SHULRGLaQRJ�NUHWDQMD��RVFLORYDQMD��XRaDYD�VH�VDPR�MHGQD
IUHNYHQFLMD��VOLND��$���.RG�SRMDYH�ELIXUNDFLMH�XRaDYDMX�VH�GYH�QHVDPHU�
OMLYH�IUHNYHQFLMH��VOLND��%��GRN�VH�NRG�NYD]LSHULRGLaQRJ�VWDQMD�PRCH�XRaLWL
YL^H�UD]OLaLWLK�IUHNYHQFLMD�QD�NRMLPD�VLVWHP�RVFLOXMH��8�KDRWLaQRP�VWDQMX�X
VLVWHPX�VH�MDYOMD�NRQDaQR�PQRJR�IUHNYHQFLMD��]ERJ�NRQDaQRJ�YUHPHQD
VLPXODFLMH��QD�NRMLPD�VLVWHP�RVFLOXMH��VOLND��&���RGQRVQR�SUHRYODGDYD
^LURN�UDYDQ�NRQWLQXXP��2EUDGRP�YUHPHQVNRJ�VLJQDOD�QDSRQD�QD�GLRGL��GR�
ELMHQL�VX�JUDILFL�SULND]DQL�QD�VOLNDPD����$��%��&���1D�JUDILFLPD�VH�PRCH
XRaLWL�GD�SRYH`DQMHP�NRQWUROQRJ�SDUDPHWUD�GROD]L�L�GR�SRYH`DYDQMD�^XPD�

6OLND����
,]JOHG�DXWRNRUHODFLRQHIXQNFLMH
$�¬�UHJXODUQR�VWDQMH�I�MD�MH�RVFLOLUDMX`D�
%�¬�KDRWLaDQ�UHCLP
�I�MD�RSDGD�QD�QXOX��

)LJXUH���
7KH�IXQFWLRQ�RIDXWRFRUUHODWLRQ
$�¬�UHJXODU�FRQGLWLRQ�WKH�RVFLODWLQJ
IXQFWLRQ�
%�¬�FKDRWLF�UHJLPH�WKH�IXQFWLRQ
GHVFHQGHV�WR�]HUR�

$ %
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�,QWHUHVDQWDQ�MH�L�JUDILN�SULND]DQ�QD�VOLFL��'��NRML�VH�aH^`H�NRULVWL�]D
SUHGVWDYOMDQMH�VSHNWUD�KDRWLaQRJ�UHCLPD��%HOL`��������2GQRVQR�QD�QMHPX
VH�YLGL�NDNR�YUHGQRVW�ORJDULWPD�VSHNWUD�VQDJH�SRVWHSHQR�RSDGD�QD�QXOX�
^WR�MH�MR^�MHGDQ�RG�NYDOLWDWLYQLK�SRND]DWHOMD�GHWHUPLQLVWLaNRJ�KDRVD�

6OLND����6SHNWUL�VQDJH
$�¬�UHJXODUQR�VWDQMH��SRMDYD�MHGQH�IUHNYHQFLMH�
%�¬�SUYD�ELIXUNDFLMD��SRMDYD�GYH�QHVDPHUOMLYH�IUHNYHQFLMH�
&�¬�KDRWLaDQ�UHCLP��SRMDYD�NRQWLQXDOQRJ�VSHNWUD�
'�¬�]DYLVQRVW�ORJDULWPD�VSHNWUD�VQDJH�RG�IUHNYHQFLMH��RSDGDQMH�YUHGQRVWL�ORJ3�Z��QD�QXOX�
)LJXUH����3RZHU�VSHFWUD
$�¬�5HJXODU�FRQGLWLRQ��RQH�IUHTXHQF\�RFFXUHV�
%�¬�7KH�ILUVW�ELIXUFDWLRQ�RFFXUHV��WZR�QRQ�FRPSDUDEOH�IXQFWLRQV�RFFXU�
&�¬�&KDRWLF�UHJLPH��FRQWLQXRXV�VSHFWUXP�RFFXUHV�
'�¬�/RJDULWKP�RI�WKH�SRZHU�VSHFWUD�GHSHQGDQF\�RQ�IUHTXHQFH��GHVFHQVLRQ�RI�WKH�ORJ3�Z��WR�]HUR�

$ %

& '
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3RHQNDUHRYL�SUHVHFL�
-R^�MHGQR�VUHGVWYR�NRMH�VH�NRULVWL�]D�NYDOLWDWLYQX�SURFHQX�KDRVD�L

XRS^WH�X�DQDOL]L�GLQDPLaNLK�VLVWHPD�MH�3RHQNDUHRY�SUHVHN��2EMD^QMHQMH
3RHQNDUHRYRJ�SUHVHND�GDWR�MH�VOHGH`RP�GHILQLFLMRP�

3RVPDWUDMPR�QHNX�WUDMHNWRULMX�X�P�GLPHQ]LRQDOQRP�ID]QRP�SURVWRUX
L�SUHVHFLPR�MH�QHNRP��P�¬����GLPHQ]LRQDOQRP�KLSHUSRYU^L�NRMD�MH�WUDQV�
YHU]DOQD�QD�WRN��6NXS�WDaDND�X�SUHVHNX��SUL�aHPX�VH�X�RE]LU�X]LPDMX�VDPR
XOD]QH�WDaNH�WUDMHNWRULMH�VD�MHGQH�VWUDQH�SRYU^L��]RYH�VH�3RHQNDUHRY�SUHVHN
�%HOL`�������

�8�QD^HP�VOXaDMX��3RHQNDUHRY�SUHVHN�VH�GRELMD�WDNR�^WR�VH�ID]QL�GL�
MDJUDP�SUHVHaH�SR�SURL]YROMQRM�RVL�X�SURL]YROMQRM�WDaNL�UDYQL�NRMD�MH
SDUDOHOQD�UDYQL�NRMX�REUD]XMX�SUHRVWDOH�GYH�RVH�L�SUL�WRPH�VH�EHOHCH�WDaNH
QD�PHVWLPD�X�NRMLPD�WUDMHNWRULMD�XYLUH�X�GDWX�UDYDQ��

1D�RVQRYX�L]JOHGD�3RHQNDUHRYRJ�SUHVHND�PR]HPR�GD�XRaLPR�X�NRP
VWDQMX�VH�VLVWHP�QDOD]L��$NR�SRVPDWUDPR�ID]QL�GLMDJUDP�SULND]DQ�QD�VOLFL
�$��XRaL`HPR�GD�EL�SUHVHN�GDWRJ�ID]QRJ�GLMDJUDPD�ELOD�MHGQD�WDaND��RG�
QRVQR�JUDQLaQL�FLNOXV�JHQHUL^H�VDPR�MHGQX�WDaNX�X�3RHQNDUHRYRP�SUHVHNX�
&LNOXV�XGYRMHQH�SHULRGH��VOLND��%��JHQHUL^H�GYH�WDaNH��D�NYD]LSHULRGLaQR
VWDQMH�JHQHULVD`H�YL^H�WDaDND�

�8�KDRWLaQRP�UHCLPX�3RHQNDUHRY�SUHVHN�aLQL�EHVNRQDaQR�PQRJR
WDaDND��RYR�MH�QXPHULaNL�QHL]YRGOMLYR��]DWR�^WR�VX�VLPXODFLMH�YU^HQH�X
NRQDaQRP�YUHPHQVNRP�LQWHUYDOX��NRMH�VH�JUXSL^X�L�REUD]XMX�REOLNH�NRML�VH
]RYX�IUDNWDOL��1DMLQWHUHVDQWQLMD�RVRELQD�IUDNWDOD�MH�GD�RQL�LPDMX�QHFHOREUR�
MQX�GLPHQ]LMX��

�3RHQNDUHRY�SUHVHN�ID]QRJ�GLMDJUDPD�X�KDRWLaQRP�UHCLPX��VOLND��&�
SULND]DQ�MH�QD�VOLFL����'RELMHQ�MH�WDNR�^WR�VX�L]�QL]D�WDaDND��NRMH�PRJX

6OLND����
,]JOHJ�3RHQNDUHRYRJSUHVHND�]D�DWUDNWRUSULND]DQ�QD�VOLFL��&

)LJXUH���
3RHQFDUH�LQWHUVHFWLRQ
IRU�WKH�DWWUDFWRUVKRZQ�LQ�)LJXUH��&
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ELWL�SUHGVWDYOMHQH�QD�VOHGH`L�QDaLQ�7Q��85Q��8/Q��8'Q���X]LPDQH�GUXJH�GYH
NRRUGLQDWH�WDaNH�aLMD�SUYD�NRRUGLQDWD�SULEOLCQR�]DGRYROMDYD�XVORY�85Q�≈���
2GQRVQR��X�RYRP�VOXaDMX��3RHQNDUHRY�SUHVHN�VH�GRELMD�X�SUHVHNX�WUDMHN�
WRULMH�L�UDYQL�NRMD�VHaH�[�RVX�X�WDaNL�QXOD�L�SUL�WRPH�MH�SDUDOHOQD�VD�GUXJH
GYH�RVH��7UHED�QDSRPHQXWL�GD�MH�XVORY�85� ���QXPHULaNL�QHL]YRGOMLY��RG�
QRVQR�QDSRQ�QD�RWSRUQLNX��X�WRNX�VLPXODFLMH��QLNDGD�QLMH�WDaQR�MHGQDN�QXOL
L]�UD]ORJD�]DWR�^WR�MH�]DSLVLYDQ�QD�VYDNX���¬��VHNXQGX��=DWR�VX�X�RYRP
VOXaDMX�X]LPDQH�WDaNH�NRMH�VX�QDMSULEOLCQLMH�UDYQL�SUHVHND��D�QH�QD�VDPRM
UDYQL�SUHVHND��0H_XWLP�]ERJ�PDORJ�RGVWXSDQMD��UHGD���¬���RYR�VH�aDN�L
QH�SULPH`XMH�QD�3RHQNDUHRYRP�SUHVHNX��

�,QWHUHVDQWQR�MH�QDSRPHQXWL�GD�GDWL�3RHQNDUHRY�SUHVHN�LPD�YUOR�ILQX
VORMHYLWX�VWUXNWXUX�NRMD�GRND]XMH�QMHJRYX�JHRPHWULMVNX�VORCHQRVW��
/MDSXQRYOMHYL�HNVSRQHQWL�L�±HIHNDW�OHSWLUD®

-HGQD�RG�RVQRYQLK�NDUDNWHULVWLND�KDRWLaQLK�VLVWHPD�MH�L]X]HWQD
RVHWOMLYRVW�QD�SRaHWQH�XVORYH��0HWHRURORJ�(GYDUG�/RUHQF�MH�RYX�SRMDYX
QD]YDR�®HIHNDW�OHSWLUD¯��2GQRVQR��DNR�VH�SRVPDWUDMX�GYH�EOLVNH�WDaNH��LOL
WUDMHNWRULMH��X�ID]QRP�SURVWRUX�KDRWLaQRJ�VLVWHPD��XRaL`H�VH�GD�SRaHWQR
UDVWRMDQMH�L]PH_X�QMLK�WRNRP�HYROXFLMH�HNVSRQHQFLMDOQR�UDVWH�GD�EL�SRVOH
RGUH_HQRJ�YUHPHQD�WR�UDVWRMDQMH�LPDOR�SURL]YROMQH�YUHGQRVWL��=D�GLVLSD�
WLYQH�VLVWHPH�VLWXDFLMD�MH�REUQXWD��3RaHWQR�UDVWRMDQMH�L]PH_X�WUDMHNWRULMD�X
ID]QRP�SURVWRUX��HNVSRQHQFLMDOQR�`H�VH�VPDQMLYDWL��RGQRVQR�WUDMHNWRULMH�`H
VH�WRNRP�HYROXFLMH�SULEOLCDYDWL�MHGQD�GUXJRM��

�'D�EL�VH�LVSLWDOD�RYD�NDUDNWHULVWLND�KDRWLaQRJ�VLVWHPD�YU^HQH�VX�VLPX�
ODFLMH�]D�UD]OLaLWH�SRaHWQH�YUHGQRVWL�MDaLQH�VWUXMH�X�5/'�NROX��5D]OLND
L]PH_X�SRaHWQLK�YUHGQRVWL�ELOD�MH�YHRPD�PDOD��3UH�SRNUHWDQMD�VLPXODFLMH�
NROR�MH�SRGH^HQR�WDNR�GD�SRaHWQD�YUHGQRVW�VWUXMH�NUR]�]DYRMQLFX�L]QRVL�,�� 
 ������P$��D�X�GUXJRP�VOXaDMX�,�� ���������P$��6D�RYLP�SRaHWQLP�XV�
ORYLPD�NROR�MH�SX^WHQR�GD�RVFLOXMH��3RVPDWUDQD�MH�SURPHQD�SRaHWQH�UD]OLNH
MDaLQH�VWUXMD��NRMD�X�SRaHWNX�L]QRVL��∆�,�� ��,���¬��,�� ���¬��$��X�]DYLVQRVWL
RG�YUHPHQD�]D�UD]OLaLWH�YUHGQRVWL�NRQWUROQRJ�SDUDPHWUD�5/'�NROD��1D�RV�
QRYX�WLK�UH]XOWDWD��NYDOLWDWLYQR�MH�XWYU_HQR�X�NRP�VH�VWDQMX�NROR�QDOD]L�
RGQRVQR�GD�OL�MH�X�UHJXODUQRP�LOL�KDRWLaQRP�VWDQMX�

�,QWHUHVDQWQR�MH�SRND]DWL�L]JOHGH�YUHPHQVNLK�VLJQDOD�MDaLQD�VWUXMD�NUR]
NROR��]D�LVWX�YUHGQRVW�NRQWUROQRJ�SDUDPHWUD��VD�SRaHWQLP�XVORYLPD�NRML�VH
YHRPD�PDOR�UD]OLNXMX��∆�,� ���¬��$���7L�YUHPHQVNL�VLJQDOL�SULND]DQL�VX�QD
VOLFL����0RCH�VH�XRaLWL�GD�VH�]ERJ�PDOH�SRaHWQH�UD]OLNH�RYH�GYH�OLQLMH�X
SRaHWNX�SRNODSDMX��GD�EL�VH�SRVOH�����PV�XRaLOD�UD]OLND�X�RVFLORYDQMX�HOHN�
WULaQRJ�NROD��

3URPHQD�WH�UD]OLNH�VH�PR]H�EROMH�XRaLWL�QD�GLMDJUDPLPD�SULND]DQLP
QD�VOLFL����.DGD�MH�NROR�X�UHJXODUQRP�VWDQMX�PRCH�VH�XRaLWL�GD�VH�WD�UD]OLND
VD�YUHPHQRP�VPDQMXMH�L�GD�NDVQLMH�LPD�YHRPD�PDOH�XVWDOMHQH�YUHGQRVWL�
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3RND]XMH�VH�GD�MH�WD�UD]OLND�VUD]PHUQD�VD�H[S�W/���JGH�MH�W�YUHPH��D�/
/MDSXQRYOMHY�HNVSRQHQW��8�RYRP�VOXaDMX�XVOHG�VPDQMHQMD�UD]OLNH�
/MDSXQRYOMHY�HNVSRQHQW�LPD�QHJDWLYQX�YUHGQRVW��/�������

�'LMDJUDP�SULND]DQ�QD�VOLFL��$�SRND]XMH�SURPHQX�UD]OLNH�VWUXMD�X
]DYLVQRVWL�RG�YUHPHQD�]D�NROR�NRMH�MH�X�KDRWLaQRP�UHCLPX��8R� ���9��WD�
EHOD�����8RaDYD�VH�HNVSRQHQFLMDOQL�UDVW�UD]OLNH�VWUXMD��SUL�aHPX�MH
/MDSXQRYOMHY�HNVSRQHQW�X�RYRP�VOXaDMX�SR]LWLYDQ���/�!�����=ERJ�HNVSR�

6OLND���
9UHPHQVNL�VLJQDOMDaLQH�VWUXMH�NUR]�NRORNRMH�MH�X�KDRWLaQRP
UHCLPX�]D�UD]OLaLWHSRaHWQH�YUHGQRVWL�SRaHWQH�YUHGQRVWL�VH
UD]OLNXMX�]D
∆�,� ���¬��$���

)LJXUH�
7LPH�GHSHQGDQFH�RI
WKH�FXUUHQW�LQWHQVLW\LQ�WKH�FLUFXLW�ZKLFK�LVLQ�FKDRWLF�UHJLPH��IRU
GLIIHUHQW�VWDUWLQJYDOXHV��VWDUWLQJ�YDOXHVGLIIHU�IRU��
∆�,� ���¬��$�

6OLND����$�¬�=DYLVQRVW�UD]OLNH�YUHGQRVWL�MDaLQH�VWUXMD�RG�YUHPHQD��KDRWLaDQ�UHCLP�
%�¬�=DYLVQRVW�ORJDULWPD�UD]OLNH�YUHGQRVWL�MDaLQH�VWUXMD�RG�YUHPHQD��UDVW�IXQNFLMH�

)LJXUH����$�¬�'LIIHUHQFH�RI�WKH�FXUUHQW�LQWHQVLW\�YDOXHV�GHSHQGDQFH�RQ�WLPH��FKDRWLF�UHJLPH�
%�¬�/RJDULWKPLF�GLIIHUHQFH�RI�WKH�FXUUHQW�LQWHQVLW\�YDOXHV�GHSHQGDQFH�RQ�WLPH

$ %
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QHQFLMDOQH�SULURGH�SRYH`DQMD�UD]OLNH�YUHGQRVWL�MDaLQD�VWUXMD��aHVWR�VH�]D
NYDOLWDWLYQR�L]XaDYDQMH�KDRWLaQLK�VLVWHPD�NRULVWL�GLMDJUDP�SULND]DQ�QD�VOLFL
�%��1D�QMHPX�VH�PRCH�XRaLWL�GD�NDGD�MH�NROR�X�KDRWLaQRP�UHCLPX�YUHGQRVW
ORJDULWPD�UD]OLNH�VWUXMD�UDVWH�

1D�RVQRYX�]QDND�/MDSXQRYOMHYRJ�HNVSRQHQWD�PRCH�VH�XRaLWL�GD�OL
VLVWHP�X�KDRWLaQRP�LOL�QHKDRWLaQRP�VWDQMX��D�QD�RVQRYX�NYDQWLWDWLYQH�YUHG�
QRVWL�WRJ�HNVSRQHQWD��PRCH�VH�RGUH_LYDWL�KDRWLaQRVW�VLVWHPD��2GQRVQR�
/MDSXQRYOMHY�HNVSRQHQW�MH�PHUD�KDRWLaQRVWL�QHNRJ�VLVWHPD��^WR�MH�HNVSR�
QHQW�YH`L�WR�MH�VLVWHP�KDRWLaQLML��WM��EU]LQD�JXEOMHQMD�SUHGYLGOMLYRVWL�VLVWHPD
MH�YH`D���3UDYD�GHILQLFLMD�/MDSXQRYOMHYRJ�HNVSRQHQWD��SULPHQMHQD�]D�QD^
VOXaDM��PRCH�VH�REMDVQLWL�QD�VOHGH`L�QDaLQ�

�/MDSXQRYOMHY�HNVSRQHQW��/�HNVSRQHQW��PHUL�UD]GYDMDQMH�GYHMX�EOLVNLK
SRaHWQLK�WDaDND�WRNRP�YUHPHQD��LWHUDFLMD���8NROLNR�VH�SRaHWQR�UDVWRMDQMH
PHQMD�SR�]DNRQX�∆�,�H[S�1/���JGH�MH�1�EURM�SULPHQMHQLK�LWHUDFLMD��X
QD^HP�VOXaDMX�WR�MH�XNXSQR�YUHPH�UDGD�VLPXODFLMH�SRGHOMHQR�VD�NRUDNRP
VLPXODFLMH���D�∆�,�SRaHWQD�UD]OLND�L]PH_X�WDaDND��X�QD^HP�VOXaDMX�UD]OLND
L]PH_X�SRaHWQLK�YUHGQRVWL�MDaLQD�HO��VWUXMH���RQGD�MH�SR�GHILQLFLML
/MDSXQRYOMHY�HNVSRQHQW�GDW�IRUPXODPD�

/1�=� �1�∑�
L�=��

1
�OQ�∆�,L

∆�,

/�=�
�

OLP
�1�→∞

�/1
JGH�MH�/1�¬�YUHGQRVW�/MDSXQRYOMHYRJ�HNVSRQHQWD�X�]DYLVQRVWL�RG�EURMD�LWH�
UDFLMD��D�∆�,L�¬�SRMHGLQDaQD�YUHGQRVW�UD]OLND�HO��VWUXMD�WRNRP�YUHPHQD�UDGD 6OLND����

=DYLVQRVW/MDSXQRYOMHYRJHNVSRQHQWD�RG�EURMD
LWHUDFLMD�1��.DGD�1SRVWDQH�GRYROMQRYHOLNR�YUHGQRVWHNVSRQHQWD�VHXVWDOMXMH�QD�RGUH_HQX
YUHGQRVW�

)LJXUH����
9DOXH�RI�WKH/\DSXQRY�H[SRQHQWGHSHQGDQFH�RQ
QXPEHU�RI�LWHUDWLRQV1��:KHQ�1�EHFRPHVELJ�HQRXJK��WKH�YDOXH
RI�WKH�H[SRQHQW�LVVWDELOL]HG�RQ�D
FHUWDLQ�YDOXH�
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VLPXODFLMH��WRNRP�LWHUDFLMD���1D�RVQRYX�RYH�GHILQLFLMH�UDaXQDWL�VX
/MDSXQRYOMHYL�HNVSRQHQWL�]D�KDRWLaQL�L�QHKDRWLaQL�UH]LP�5/'�NROD��1D�VOLFL
���MH�SULND]DQ�JUDILN�]DYLVQRVWL�/1�1��

=D�YUHGQRVW�NRQWUROQRJ�SDUDPHWUD�8R� �����9�YUHGQRVW�/�HNVSRQHQWD
MH�QHJDWLYQD�L�L]QRVL�/� �¬���������GRN�MH�]D�YUHGQRVW�8R� ���9�/� 
 ����������SRUHG�JRUH�QDYHGHQH�IRUPXOH��RYD�YUHGQRVW�VH�PRCH�RaLWDWL�L
VD�JUDILND�QD�VOLFL������

�8�WDEHOL���PRCH�VH�XRaLWL�GD�SRVWRMH�WUL�LQWHUYDOD�NRQWUROQRJ�SDUD�
PHWUD�]D�aLMH�YUHGQRVWL�VH�SRMDYOMXMH�KDRV�X�RVFLORYDQMX�HOHNWULaQRJ�NROD�
=D�SURL]YROMQH�YUHGQRVWL�NRQWUROQLK�SDUDPHWDUD�L]�GDWLK�LQWHUYDOD�L]UDaXQDWL
VX�/�¬�HNVSRQHQWL�L�RQL�L]QRVH��/�� ����������8R� ������9����/�� ��������
�8R ����9���/�� ����������8R� ���9���

�,QWHUHVDQWQR�MH�MR^�QDSRPHQXWL�GD�XNROLNR�VH�SRVPDWUD�GXJRYUHPHQ�
VNR�SRQD^DQMH�VLVWHPD�X�KDRWLaQRP�UHCLPX�]D�EOLVNH�SRaHWQH�XVORYH�PRCH
VH�XRaLWL�QDL]PHQLaQR�UD]GYDMDQMH�L�VNXSOMDQMH�WUDMHNWRULMD�YUHPHQVNRJ�VLJ�
QDOD��7DNR_H�WUHED�QDSRPHQXWL�GD�MH�RYR�QDML]UDCDMQLMH�X�LQWHUYDOX�NRQWURO�
QRJ�SUDPHWUD�8R� ∈ �[����������]�9��RGQRVQR�NRG�SUYH�SRMDYH�KDRVD��D
PR]H�VH�XRaLWL�L�]D�YUHGQRVW�QDSRQD�8R� ���9��2YD�SRMDYD�SRND]DQD�MH
QD�GLMDJUDPX�SULND]DQRP�QD�VOLFL��$��'LMDJUDP�SRND]XMH�UD]OLNX�VWUXMD�X
]DYLVQRVWL�RG�YUHPHQD�]D�GXCL�YUHPHQVNL�SHULRG��1D�QMHPX�VH�XRaDYDMX
QDL]PHQLaQH�VPHQH�UDVWD�UD]OLNH�MDaLQD�VWUXMH��3RYH`DQMHP�YUHPHQD�RYH
VPHQH�VX�VYH�aH^`H��=D�RYX�SRMDYX�QLMH�SURQD_HQR�REMD^QMHQMH�
1HFHOREURMQH�GLPHQ]LMH�DWUDNWRUD

=D�NYDQWLWDWLYQR�GRND]LYDQMH�SRMDYH�KDRVD�SRUHG�/�HNVSRQHQDWD�NRU�
LVWH�VH�L�QHFHOREURMQH�GLPHQ]LMH��2QH�SUHGVWDYOMDMX�MHGDQ�YLG�NYDQWLWDWLYQH
PHUH�aXGQLK�DWUDNWRUD��1HFHOREURMQH�GLPHQ]LMH�UDaXQDWH�VX�]D�aXGQH�DWUDN�
WRU�SULND]DQ�QD�VOLFL����2YGH�`H�ELWL�GHILQLVDQH�L�RGUH_HQH�WUL�YUVWH�GL�
PHQ]LMD�NRMH�NDUDNWHUL^X�aXGQH�DWUDNWRUH�L�WR�VX��

���'I�¬�JHRPHWULMVND��PHWULaND��IUDNWDOQD��+DXVGRUIRYD��GLPHQ]LMD
���'L�¬�LQIRUPDFLRQD�GLPHQ]LMD
��'F�¬�NRUHODFLRQD�GLPHQ]LMD
3RVPDWUDMPR�QHNL�DWUDNWRU�XURQMHQ�X�P�GLPHQ]LRQDOQL�ID]QL�SURVWRU�

1HND�MH�{[L�|�L� ������…��1}�QL]�WDaDND�GXC�QHNH�WUDMHNWRULMH�QD�DWUDNWRUX
�1�¬�MDNR�YHOLNR���,]GHOLPR�SURVWRU�X�P�GLPHQ]LRQDOQH�`HOLMH�YHOLaLQH�OP
�O�¬�UH]ROXFLMD���1HND�MH�0�O��XNXSDQ�EURM�`HOLMD�NRMH�VDGUCH�QHNX�WDaNX�L]
QL]D�{[L}��L�QHND�MH�SN� �1N�1��JGH�MH�1N�EURM�WDaDND�NRMH�VX�XSDOH�X�`HOLMX
N�WRNRP�YUHPHQD�SRVPDWUDQMD��SN�¬�SULURGQD�PHUD�̀ HOLMH���*HRPHWULMVND�GL�
PHQ]LMD�GHILQL^H�VH�IRUPXORP��
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0(O)
SL�OQ�SL �¬�LQIRUPDFLRQL�NDSDFLWHW��$�NRUHODFLRQD�GL�

PHQ]LMD�
'I�=�−�
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OLP
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�OLP

�1�→�∞
�OQ�&(O)

OQ�O
JGH�&�O��SUHGVWDYOMD�NRUHODFLRQL�LQWHJUDO��NRML�EURML�NROLNR�MH�SDURYD�WDaDND
QD�DWUDNWRUX�QD�PH_XVREQLP�UDVWRMDQMLPD�|[L�¬�[M|�PDQMLP�RG�O�

6OLND�����
2GUH_LYDQMH�GLPHQ]LMH�DWUDNWRUD
$�¬�RGUH_LYDQMH�IUDNWDOQH�GLPHQ]LMH
%�¬�RGUH_LYDQMH�NRUHODFLRQH�GLPHQ]LMH
&�¬�RGUH_LYDQMH�LQIRUPDFLRQH�GLPHQ]LMH
)LJXUH����
)LQGLQJ�WKH�GLPHQVLRQ�RI�WKH�DWWUDFWRU
$�¬�)LQGLQJ�WKH�IUDFWDO�GLPHQVLRQ
%�¬�)LQGLQJ�WKH�FRUUHODWLRQ�GLPHQVLRQ
&�¬�)LQGLQJ�RI�WKH�LQIRUPDWLRQ�GLPHQVLRQ

$ %

&
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JGH�MH�θ�+HYLVDMGRYD�MHGLQLaQD�IXQNFLMD��%HOL`�������
�1D�RVQRYX�QXPHULaNLK�YUHGQRVWL�NRRUGLQDWD�WDaDND�aXGQRJ�DWUDNWRUD

SULND]DQRJ�QD�VOLFL��&�]D�UD]OLaLWH�YUHGQRVWL�UH]ROXFLMH�O�FUWDQL�VX�JUDILFL
]DYLVQRVWL��OQ0�O��X�IXQNFLML�RG�OQO��,�O��X�IXQNFLML�RG�OQO�L�OQ&�O��X�IXQNFLML
RG�OQO��1D�RVQRYX�QMLK�UHGRP�VX�RGUH_HQH�IUDNWDOQD��LQIRUPDFLRQD�L�NRUH�
ODFLRQD�GLPHQ]LMD��7L�JUDILFL�VX�SULND]DQL�QD�VOLFL�����2GUH_LYDQMHP
RGJRYDUDMX`LK�NRHILFLMHQDWD�VD�SULORCHQLK�JUDILND�GRELMDMX�VH�VOHGH`H�YUHG�
QRVWL��'I�� ���������'L� ���������'F� ���������

�.RULVQRVW�UD]OLaLWLK�GLPHQ]LMD�RJOHGD�VH�X�WRPH�̂ WR�VX�RQH�LQYDULMDQWH
GLQDPLaNLK�VLVWHPD�L�QMLKRYLK�DWUDNWRUD��NRMH�VH�QH�PHQMDMX�WRNRP�ELOR�ND�
NYLK�JODWNLK�WUDQVIRUPDFLMD�X�ID]QRP�SURVWRUX��7R�VX�QHSURPHQOMLYH�NYDQ�
WLWDWLYQH�NDUDNWHULVWLNH�KDRWLaQLK�VLVWHPD��

�7UHED�MR^�QDSRPHQXWL�GD�MH�IUDNWDOQD�GLPHQ]LMD�PDQMD�RG�GYD�^WR
]QDaL�GD�VH�aXGQL�DWUDNWRU�SULND]DQ�QD�VOLFL��&�PRCH�VPHVWLWL�L�X�GYRGL�
PHQ]LRQDOQRP�SURVWRUX��2GQRVQR�]D�RSLVLYDQMH�VWDQMD�HOHNWULaQRJ�NROD
PRJX�VH�NRULVWLWL�QSU��VDPR�VWUXMD�NUR]�NROR�L�QDSRQ�QD�MHGQRP�HOHPHQWX�

=DNOMXaDN
1D�RVQRYX�GRELMHQLK�UH]XOWDWD�SRWYU_HQD�MH�SRMDYD�KDRVD�X�5/'�NROX�

'RELMHQL�UH]XOWDWL�VH�VODCX�VD�YH`�GR�VDGD�REMD^QMHQLP�SRMDYDPD�X�5/'
NROX��%HOL`��������1LMH�SURQD_HQR�REMD^QMHQMH�SRMDYH�QDL]PHQLaQRJ�UD]PL�
FDQMD�L�SULEOLCDYDQMD�WUDMHNWRULMD�YUHPHQVNRJ�VLJQDOD�X�KDRWLaQRP�UHCLPX
]D�GXJRYUHPHQVNR�SRVPDWUDQMH��2YDM�IHQRPHQ�PRCH�ELWL�WHPD�QHNRJ�GUX�
JRJ�QDXaQRJ�UDGD��7DNR_H�VH�PRCH�UDGLWL�L�QD�REMD^QMHQMX�YUVWH�ELIXUNDFLMD
NRMH�VH�MDYOMDMX�NRG�5/'�NROD��2YDM�SURMHNDW�]ERJ�VYRMH�RS^LUQRVWL�L�QHNLK
QHREMD^QMLYLK�UH]XOWDWD�RWYDUD�SURVWRU�]D�GUXJD�GDOMD�LVWUDCLYDQMD��3UHGQRVW
RYRJ�UDGD�RJOHGD�VH�X�YHOLNRM�QXPHULaNRM�WDaQRVWL�36SLFH�D�NRML�MH
RPRJX`DYDR�L�L]UDaXQDYDQMH�RGUH_HQLK�NYDQWLWDWLYQLK�SRND]DWHOMD�GHWHUPLQ�
LVWLaNRJ�KDRVD��NRML�VH�YHRPD�WH^NR�GRELMDMX��

/LWHUDWXUD
%HOL`�0��������'HWHUPLQLVWLaNL�KDRV��%HRJUDG��,QVWLWXW�]D�IL]LNX��6YHVNHIL]LaNLK�QDXND
*OHLFN�-��������+DRV��%HRJUDG��1DURGQD�NQMLJD
(WLQVNL�0���>DUNL`�7��������,VWUDCLYDQMH�KDRVD�X�HOHNWULaQRP�NROX�3HWQLaNH�VYHVNH����������
6DORP�6�������+DRV�SUL�SREX_HQRP�L�SULJX^HQRP�NUHWDQMX�IL]LaNRJNODWQD��3HWQLaNH�VYHVNH���������
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=YLaHU�?��������)DUNWDOL�L�KDRV��1HSXEOLNRYDQL�GLSORPVNL�UDG��3ULURG�QRPDWHPDWLaNL�IDNXOWHW�X�1RYRP�6DGX
0LFKDHO�%���6WHSKHQ�'��������&KDRWLF�'\QDPLFV�DQG�IUDFWDOV��$FDGHPLFSUHVV�
%UDG�$���6WHSKDQ�/��������&KDRWLF�FLUFXLW�DQG�HQFU\SWLRQ��1HXURSK\VLFV/DE
0LFDQ�5���'LDQH�:��������&KDRWLF�G\QDPLFV�RI�5/'�RVFLOODWRU��%LRSK\VL�FDO�0HDVXUPHQW�/DE

9ODGLPLU�*OLJRULMHYL`
6LPXODWLRQ�RI�&KDRV�LQ�5/'�&LUFXLW

7KH�FKDRV�LQ�5/'�HOHFWURQLF�$&�FLUFXLW�ZDV�H[SORUHG��7KH�SUH�FKD�
RWLF�DQG�FKDRWLF�VWDWH�RI�WKH�HOHFWURQLF�FLUFXLW�ZDV�SURYHQ�E\�TXDOLWDWLYH
DQG�TXDQWLWDWLYH�LQGLFDWRUV�RI�GHWHUPLQLVWLF�FKDRV��%DVHG�RQ�WKHVH�UHVXOWV�
GLIIHUHQW�VWDWHV�RI�5/'�FLUFXLW�DUH�H[SODLQHG�DQG�SKHQRPHQDV�FKDUDFWHULVWLF
IRU�WKH�SUHVHQFH�RI�FKDRV�LQ�LW�DUH�GHWHUPLQHG��:H�SURYHG�WKDW�HYHQ�WKH
VLPSOH�HOHFWURQLF�V\VWHPV�PD\�LQGLFDWH�FKDRWLF�EHKDYLRXU��DQG�PHWKRGV
XVHG�LQ�WKLV�SURMHFW�DUH�\HW�WR�EH�XVHG�LQ�PRUH�FRPSOLFDWHG�HOHFWURQLF�FLU�
FXLWV�
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