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5V RWSRUQRVW�VWDWRUVNRJ�QDPRWDMD

5U RWSRUQRVW�URWRUVNRJ�QDPRWDMD

5U

 RWSRUQRVW�URWRUVNRJ�QDPRWDMD�X�PRGHOX�URWRUVNRJ�NROD

/[\ PH_XVREQD�LQGXNWLYQRVW�L]PH_X�QDPRWDMD��[��L��\�

/[[ VRSVWYHQD�LQGXNWLYQRVW�QDPRWDMD��[�

/V LQGXNWLYQRVW�VWDWRUVNRJ�QDPRWDMD

/U LQGXNWLYQRVW�URWRUVNRJ�QDPRWDMD

0�/P PH_XVREQD�LQGXNWLYQRVW�VWDWRUD�L�URWRUD

/γV LQGXNWLYQRVW�UDVLSDQMD�VWDWRUVNRJ�QDPRWDMD

/γU >LQGXNWLYQRVW�UDVLSDQMD�URWRUVNRJ�QDPRWDMD

α − β VWDFLRQDUQL�NRRUGLQDWQL�VLVWHP

G − T URWDFLRQL�VLVWHP�NRRUGLQDWD�YH]DQ�]D�URWRUVNL�IOXNV

ΨD�E�F IOXNVQL�REXKYDWL�ID]D�D��E��F

Ψα�β NRPSRQHQWH�IOXNVD�X�VWDFLRQDUQRP�NRRUGLQDWQRP�VLVWHPX

ΨG�T NRPSRQHQWH�VWDWRUVNRJ�IOXNVD�X�G−T�VLVWHPX

Ψ'�4 NRPSRQHQWH�URWRUVNRJ�IOXNVD�X�G−T�VLVWHPX

LD�E�F ID]QH�VWUXMH�PRWRUD

Lα�β NRPSRQHQWH�YHNWRUD�VWUXMH�X�α−β�NRRUGLQDWQRP�VLVWHPX

LG�T NRPSRQHQWH�YHNWRUD�VWDWRUVNH�VWUXMH�X�G−T�VLVWHPX

L'�4 NRPSRQHQWH�YHNWRUD�VWUXMH�URWRUD�X�G−T�VLVWHPX

XD�E�F ID]QL�QDSRQL�PRWRUD

Xα�β NRPSRQHQWH�YHNWRUD�QDSRQD�X�α−β�NRRUGLQDWQRP�VLVWHPX
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ω
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∆θ SR]LFLRQD�JUH^ND
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9α� RIVHW�QDSRQ�LQWHJUDWRUD�QDSRQD�XαV

9β� RIVHW�QDSRQ�LQWHJUDWRUD�QDSRQD�XβV

I IUHNYHQFLMD

ω �πI XJDRQD�XaHVWDQRVW

P LQGHNV�PRGXODFLMH

+ KLVWHUH]LV

K GXELQD�COHED�URWRUD

Z ^LULQD�COHED

ωV XaHVWDQRVW�NOL]DQMD
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3UHGPHW� QDXaQH� UDVSUDYH� X� GLVHUWDFLML� MH� SUHGORJ� SURMHNWRYDQMD

VWUXNWXUH� UHJXODWRUD� ]D� XSUDYOMDQMH� EU]LQRP� L� SR]LFLMRP� SRJRQD� VD� DVLQKURQLP

PRWRURP�X�XVORYLPD��GHORYDQMD��SURPHQOMLYRJ�RSWHUH`HQMD�L�SDUDPHWDUD��'D�EL�VH

RSWLPL]LUDOL�EU]LQD�UHDJRYDQMD� L� NYDOLWHW� SUHOD]QRJ�SURFHVD� L�PLQLPL]LUDOD� JUH^ND

VWDFLRQDUQRJ� VWDQMD� X� SUD`HQMX� VSRURSURPHQOMLYLK� VLJQDOD�� QHRSKRGQR� MH� SRVWL`L

UDVSUHJQXWR� XSUDYOMDQMH� PRPHQWRP� L� IOXNVRP� DVLQKURQRJ� PRWRUD�� 3RJRQ� VD

DVLQKURQLP� PRWRURP� VH� PRCH� UD]ORCLWL� QD� HOHNWULaQL� L� PHKDQLaNL� SRGVLVWHP�

(OHNWULaQL�SRGVLVWHP�MH�aHWYUWRJ�UHGD�L�X�QMHPX�VH��NDR�SURPHQOMLYH�VWDQMD��PRJX

XRaLWL� YHNWRU� PDJQHWRSREXGQH� VLOH� VWDWRUD� L� YHNWRU� URWRUVNRJ� IOXNVD�

(OHNWURPDJQHWQL� PRPHQW� MH� RGUH_HQ� YHNWRUVNLP� SURL]YRGRP� PDJQHWRSREXGQH

VLOH�L�IOXNVD��SD�DOJRULWDP�XSUDYOMDQMD�PRUD�RPRJX`LWL�NRQWUROX�QDG�DPSOLWXGRP�L

SRORCDMHP� RED� YHNWRUD�� 3RUHG� VWUXNWXUQLK� L� DGLWLYQLK� QHOLQHDUQRVWL�� HOHNWULaQL

SRGVLVWHP� LPD� L�SURPHQOMLYH�SDUDPHWUH�NRML� ]DYLVH� RG� WHPSHUDWXUH�� XaHVWDQRVWL� L

QLYRD� IOXNVD�� 7DNR_H�� SUHNR� PRPHQWD� L� PHKDQLaNH� EU]LQH� SRVWRML� VSUHJD

HOHNWULaQRJ�L�PHKDQLaNRJ�SRGVLVWHPD��SD�]DKWHY�]D�QH]DYLVQRP�NRQWURORP�IOXNVD�L

PRPHQWD�QDPH`H�VORCHQX�VWUXNWXUX�UHJXODFLMH��NRMD�`H�XNOMXaLYDWL�SRYUDWQX�VSUHJX

SR��VWDQMX��PHKDQL]DP�]D�SURFHQX�VWDQMD��PHKDQL]DP�]D�NRPSHQ]DFLMX�SURPHQH

SD��UDPHWDUD�L�HOHPHQWH�DGDSWDFLMH�X�RGQRVX�QD�UDGQL�UHCLP�

,]ERURP� VWUXMQR� UHJXOLVDQRJ� QDSRQVNRJ� LQYHUWRUD� NDR� SUHWYDUDaD� ]D

QDSDMDQMH�DVLQKURQRJ�PRWRUD�L�SULPHQRP�DGHNYDWQLK�VWUXMQLK�UHJXODWRUD��SRVWLCH

VH� XSUDYOMDQMH� YHNWRURP� PDJQHWRSREXGQH� VLOH� VWDWRUD� SUDNWLaQR� QH]DYLVQR� RG

RVWDOLK� SURPHQOMLYLK� VWDQMD�� 'D� EL� VH� RYR� SRVWLJOR�� SRMDaDQMD� VWUXMQLK� UHJXODWRUD

PRUDMX�ELWL�WDNR�SRGH^HQD�GD�X�MHGQDaLQDPD�VWDWRUVNRJ�NROD�VSUHJQXWRJ�VLVWHPD�

SRYUDWQD�VSUHJD�SR�VWUXML�]D�UHG�YHOLaLQH�QDGPD^XMH�VSUHJH�VD�RVWDOLP�VWDQMLPD�

3RGDWDN� R� DPSOLWXGL� L� SRORCDMX� URWRUVNRJ� IOXNVD� GRELMD� VH� QD� L]OD]X

PDWHPDWLaNRJ�PRGHOD� URWRUVNRJ�NROD��2YDM�PRGHO�� X� WRNX� UDGD�SRJRQD�� VLPXOLUD

SURFHVH�NRML�X�URWRUVNRP�NROX�VDPRJD�PRWRUD�GRYRGH�GR�JHQHUDFLMH�IOXNVD��0RGHO

]DKWHYD� SR]QDYDQMH� RWSRUQRVWL� L� LQGXNWLYQRVWL� URWRUVNRJ� NROD�� SD� MH� QHRSKRGQR

NRPSHQ]RYDWL�SURPHQH�RYLK�SDUDPHWDUD�NDNR�EL�VH�RGUCDOH�SHUIRUPDQVH�SRJRQD�

.RPSHQ]DFLMD�SURPHQH�SDUDPHWDUD�URWRUVNRJ�NROD�UHDOL]XMH�VH�WDNR�^WR

VH� DPSOLWXGD� YHNWRUD� URWRUVNRJ� IOXNVD�� L]UDaXQDWD� SUHNR�PRGHOD� URWRUVNRJ� NROD�

SRUHGL� VD� UH]XOWDWRP� HVWLPDFLMH� IOXNVD�� (VWLPDWRU� NDR� XOD]QH� SRGDWNH� LPD



352-(.729$1-(�$'$37,912*�0,.52352&(6256.2*�835$9/-$1-$����352-(.729$1-(�$'$37,912*�0,.52352&(6256.2*�835$9/-$1-$����

�

WHUPLQDOQH� QDSRQH� L� VWUXMH� L� GR� SRGDWND� R� IOXNVX� GROD]L� VLPXODFLMRP� SRMDYD� X

VWDWRUVNRP�NROX��2YR�]QDaL�GD� MH�VDP�HVWLPDWRU�RVHWOMLY�QD�SDUDPHWUH�VWDWRUVNRJ

NROD��PH_XWLP��DGHNYDWQRP�VLQWH]RP�HVWLPDWRUD��]DYLVQRVW�RG�RWSRUQRVWL�VWDWRUD

ELYD�HOLPLQLVDQD�

5HDOL]DFLMD� SR]LFLRQRJ� UHJXODWRUD� RVODQMD� VH� QD� aLQMHQLFX� GD� YHNWRUVNL

NRQWUROHU� DVLQKURQRJ� PRWRUD�� X]� NRUHNWQR� � SRGH^HQH� SDUDPHWUH�� RPRJX`XMH

XSUDYOMDQMH�HOHNWURPDJQHWQLP�PRPHQWRP�X�^LURNRP�RSVHJX�EU]LQD��XNOMXaXMX`L� L

VOXaDM�NDGD�MH�EU]LQD�MHGQDND�QXOL��8]�]DQHPDUHQMH�WUHQMD��PHKDQLaNL�SRGVLVWHP�MH

GYRVWUXNL� LQWHJUDWRU�� SD� VH� ]D� SR]LFLRQL� UHJXODWRU� X]LPD� 3'� VWUXNWXUD� VD

SURSRUFLRQDOQLP�GHMVWYRP�SR�JUH^FL�L�GLIHUHQFLMDOQLP�GHMVWYRP�SR�PHUHQRM�SR]LFLML�

.DR� NULWHULMXP� ]D� SRGH^DYDQMH� SDUDPHWDUD� X]HWR� MH� YUHPH� VPLUHQMD� L� NUXWRVW� X

XVORYLPD� �PDOLK� � SRUHPH`DMD� �SRUHPH`DMD� SUL� NRMLPD�PRPHQW� QH� GRVWLCH� OLPLW��

3URPHQH�PRPHQWD�LQHUFLMH�XWLaX�QD�UDVSRUHG�SRORYD�L�RG]LY�SR]LFLRQRJ�VLVWHPD��SD

MH�X�FLOMX�RaXYDQMD�NYDOLWHWD�SUHOD]QRJ�SURFHVD�SRWUHEQR�X�WRNX�UDGD�SRJRQD�YU^LWL

SURFHQX� PRPHQWD� LQHUFLMH� L� SULODJR_DYDWL� SRMDaDQMD� SURSRUFLRQDOQRJ� L

GLIHUHQFLMDOQRJ�GHMVWYD�UHJXODWRUD��3UL�GHMVWYX�YHOLNLK�SRUHPH`DMD��QHOLQHDUQRVW�X

YLGX�RJUDQLaHQRJ�PRPHQWD�PRCH�SURX]URNRYDWL�SUHEDaDM�L�RVFLODWRUDQ�RG]LY��aDN�L

X�VOXaDMX�NDGD�MH�VLVWHP�]D�PDOH�SRUHPH`DMH�DSHULRGLaDQ��2YDM�SUREOHP�VH�UH^DYD

WDNR� ^WR� VH�XPHVWR�EORND� VD� SURSRUFLRQDOQLP� SRMDaDQMHP� SR]LFLRQH� JUH^NH� XYRGL

QHOLQHDUQL�SRMDaDYDa��1HOLQHDUQR�SRMDaDQMH�SR]LFLRQH�JUH^NH�VH�PRCH�SRGHVLWL�WDNR

GD�VH�X�XVORYLPD�GHMVWYD�YHOLNLK�SRUHPH`DMD�GRELMH�YUHPHQVNL�RSWLPDODQ�RG]LY��=D

PDOH�SRUHPH`DMH��SR]LFLRQL�UHJXODWRU�RVWDMH�OLQHDUDQ��SD�YUHPH�VPLUHQMD�QH�]DYLVL

RG�YHOLaLQH�SRUHPH`DMD�

.RG�SRJRQD�DVLQKURQRJ�PRWRUD�VD�UHJXODFLMRP�EU]LQH��MDYOMD�VH�SRWUHED

SULODJR_DYDQMD� QLYRD� IOXNVD� X� RGQRVX� QD� UDGQL� UHCLP�� NDNR� EL� VH� PLQLPL]LUDOL

JXELFL� LOL� VPDQMLOD� EXND�� 5D]UD_HQ� MH� PHKDQL]DP� NRML� YU^L� RSWLPL]DFLMX� VWHSHQD

NRULVQRJ�GHMVWYD�QD�RVQRYX�UD]OLNH� L]PH_X�PHUHQH�XOD]QH�VQDJH� L� L]OD]QH� VQDJH�

SURFHQMHQH� NDR� SURL]YRG� PHKDQLaNH� XJDRQH� EU]LQH� L� NRPDQGRYDQRJ� PRPHQWD�

3RVHEQD� SDCQMD� MH� SRVYH`HQD� SUREOHPX� RSWLPDOQH� UDVSRGHOH� VWUXMH� � QD

PDJQHWL]DFLRQX� L� DNWLYQX� NRPSRQHQWX�� UDGL� SRVWL]DQMD� RSWLPDOQRJ� RG]LYD� QD

SRUHPH`DM��NRML�PD^LQX�]DWLaH�SRGSREX_HQX�

8� RNYLUX� UDGD�� GHWDOMQR� VX� DQDOL]LUDQL� SUREOHPL� PDWDPDWLaNRJ

PRGHORYDQMD� DVLQKURQRJ� PRWRUD� X� UD]OLaLWLP� UHCLPLPD� UDGD�� SUREOHPL� PHUHQMD

WHUPLQDOQLK� QDSRQD�� XJDRQH� EU]LQH� L� SR]LFLMH�� SUREOHPL� UHJXODFLMH� VWUXMH� NDR� L

SUREOHPL� XYDCDYDQMD� QHOLQHDUQRVWL� L� SURPHQH� SDUDPHWDUD�� 5H]XOWDWL� UDGD� VX

SUH]HQWLUDQL� X� YLGX� PHWRGD� DQDOLWLaNRJ� SURMHNWRYDQMD�� VLPXODFLMRP� UH^HQMD� QD

GLJLWDOQRP�UDaXQDUX�L�HNVSHULPHQWDOQRP�YHULILNDFLMRP�QD�SURWRWLSX�
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5DG�X�REODVWL�UD]YRMD�HOHNWURQVNL�NRQWUROLVDQLK�HOHNWURPRWRUQLK�SRJRQD

LQLFLUDQ� MH� SRWUHERP� GD� VH� DXWRPDWL]XMX� SURL]YRGQL� SURFHVL� X� LQGXVWULML�� SRYH`D

SRX]GDQRVW�� VPDQML� SRWUHED� ]D� RGUCDYDQMHP� L� PLQLPL]LUDMX� JXELFL� HOHNWULaQH

HQHUJLMH��3RaHY^L�RG�SHGHVHWLK�JRGLQD�L�UD]YRMD�WLULVWRUD��UDG�X�RYRM�REODVWL�WUDMH�VD

QHVPDQMHQLP� LQWHQ]LWHWRP�� 3DUDOHOQR� VH� RGYLMD� LVWUDCLYDQMH� QRYLK� UH^HQMD

SUHWYDUDaD� ]D� QDSDMDQMH�PRWRUD�� UDG� QD� XVDYU^DYDQMX� SRVWRMH`LK� L� UD]YRMX� QRYLK

PRWRUD�NDR�L�UD]YRM�XSUDYOMDaNLK�NROD�L�DOJRULWDPD�XSUDYOMDQMD�

9L^H� RG� ����HOHNWULaQH� HQHUJLMH� SURL]YHGHQH�X� LQGXVWULMVNLP� ]HPOMDPD

VH� SUHNR� HOHNWURPRWRUQLK� SRJRQD� NRQYHUWXMH� X� PHKDQLaNX�� SUL� aHPX� RNR� ���

SRJRQD� UDGL� VD� NRQVWDQWQRP� D� RNR� ���� VD� SURPHQOMLYRP� EU]LQRP� [���]�� 8
SRJRQLPD� SURPHQOMLYH� EU]LQH� L� SRJRQLPD� VD� VHUYR� ]DKWHYLPD�� XJODYQRP� MH

NRUL^`HQ�MHGQRVPHUQL��'&��PRWRU��]ERJ�YUOR�SRYROMQLK�UHJXODFLRQLK�NDUDNWHULVWLND�

UDVSUHJQXWR� XSUDYOMDQMH� PRPHQWRP� L� IOXNVRP� RPRJX`HQR� MH� RUWRJRQDOQLP

SRORCDMHP�SREXGQRJ�IOXNVD�L�PDJQHWRSREXGQH�VLOH�LQGXNWD�L�GLUHNWQRP�NRQWURORP

QDG�VWUXMDPD�X�URWRUX� L� VWDWRUX�� ^WR� REH]EH_XMH�PHKDQLaNL� NRPXWDWRU�� -HGQD� RG

VODERVWL� '&� PRWRUD� MH� XSUDYR� NRPXWDWRU� NRML� ]DKWHYD� UHGRYQR� � RGUCDYDQMH� � L

VPDQMXMH�SUHRSWHUHWOMLYRVW� �PRWRUD��RJUDQLaDYDMX`L�PDNVLPDOQX�GR]YROMHQX�VWUXMX

DUPDWXUH�� =D� UD]OLNX� RG� '&� PRWRUD�� DVLQKURQL� PRWRU� MH� ]QDWQR� VORCHQLML� ]D

XSUDYOMDQMH�� MHU� VH� URWRUVNH�VWUXMH� L� IOXNV�QH�PRJX�GLUHNWQR�PHULWL��.RG�QMHJD� VH

SURFHV� NRPXWDFLMH� REDYOMD� YDQ� PRWRUD�� X� HQHUJHWVNRP� SUHWYDUDaX�� 0RWRU� MH

NRQVWUXNWLYQR� MHGQRVWDYQLML�� � UREXVQLML� L� QH� ]DKWHYD� RGUCDYDQMH�� .UDWNRWUDMQD

SUHRSWHUHWOMLYRVW� � DVLQKURQRJ� �PRWRUD� RGUH_HQD� MH� NDUDNWHULVWLNDPD� SUHWYDUDaD� L

PRCH�GRVWL`L�RVPRVWUXNX�YUHGQRVW�QRPLQDOQRJ�PRPHQWD�[��]��3UHGQRVW�SRJRQD�VD
DVLQKURQLP�PRWRURP�MH�L�QLCD�FHQD�X�RGQRVX�QD�'&�SRJRQ��2NR�����FHQH�SRJRQD

VD�DVLQKURQLP�PRWRURP�OHCL�X�XSUDYOMDaNLP�NROLPD�L�HQHUJHWVNRP�SUHWYDUDaX��.RG

'&� SRJRQD� RYDM� L]QRV� MH� ���� � [��]�� � SD� VX� L]JOHGL� GD� `H� GDOMD� XVDYU^DYDQMD
IDYRUL]RYDWL� SRJRQH� VD� DVLQKURQLP�PRWRURP��8�REODVWL� VHUYR� SRJRQD� JRGL^QMH� VH

����PRWRUD� MHGQRVPHUQH� �'&��VWUXMH�]DPHQL�PRWRULPD�QDL]PHQLaQH� �$&�� VWUXMH

[���]�

,]ERU� PRWRUD� QDL]PHQLaQH� VWUXMH� ]D� SRJRQ� YLVRNLK� SHUIRUPDQVL� MH

XJODYQRP� RJUDQLaHQ� QD� DVLQKURQL� PRWRU� L� VLQKURQL� PRWRU� VD� SHUPDQHQWQLP

PDJQHWRP� QD� URWRUX� [��]�� 0RWRU� VD� SHUPDQHQWQLP� PDJQHWRP� LPD� GHILQLVDQX

SREXGX�� SD� L]RVWDMH� SRWUHED� ]D� PDJQHWL]DFLRQRP� NRPSRQHQWRP� VWUXMH� VWDWRUD�

(ILNDVQRVW�RYRJ�PRWRUD�MH�YH`D�RG�HILNDVQRVWL�DVLQKURQRJ��MHU�L]RVWDMX�JXELFL�XVOHG
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PDJQHWL]DFLRQH�NRPSRQHQWH�VWUXMH�VWDWRUD�L�QHPD�JXELWDND�X�URWRUX��8SUDYOMDQMH

VLQKURQLP�PRWRURP�VD�SHUPDQHQWQLP�PDJQHWRP� MH� MHGQRVWDYQLMH�� MHU� MH� URWRUVNL

IOXNV� RGUH_HQ� SR]LFLMRP� URWRUD�� GRN� VPHU� URWRUVNRJ� IOXNVD� DVLQKURQRJ� PRWRUD

]DYLVL�RG�VWUXMD�URWRUVNRJ�NROD��NRMH�VH�QH�PRJX�GLUHNWQR�PHULWL��3ULPHQD��PRWRUD

VD� � SHUPDQHQWQLP� PDJQHWRP� MH�� LSDN�� RJUDQLaHQD� QD� SRJRQH� NRG� NRMLK� VH� QH

]DKWHYD�VODEOMHQMH�SROMD� L�UDG�L]QDG�QRPLQDOQH�EU]LQH��6PDQMHQMH�IOXNVD�NRG�RYLK

PRWRUD� ]DKWHYD� XYR_HQMH� GHPDJQHWL]DFLRQH� NRPSRQHQWH� VWDWRUVNH� VWUXMH�� ^WR

SRYH`DYD�JXELWNH�L�QDUX^DYD�RUWRJRQDOQRVW�URWRUVNRJ�IOXNVD�L�PDJQHWRSREXGQH�VLOH

VWDWRUD��3UREOHP�VLQKURQLK�PRWRUD��VD��SHUPDQHQWQLP��PDJQHWRP��MH��PRJX`QRVW

GHOLPLaQH�GHPDJQHWL]DFLMH�XVOHG�HNVFHVQLK�VWUXMD�VWDWRUD�X�VOXaDMX�NYDUD��SRYH`DQH

WHPSHUDWXUH�LOL�YLEUDFLMD��.DUDNWHULVWLNH�PRWRUD�VH�SREROM^DYDMX�]DPHQRP�IHULWQLK

PDJQHWD� � NYDOLWHWQLMLP� �RELaQR� VDPDULMXP�NREDOWQLP��� 3ULPHQX� RYLK� PRWRUD

RJUDQLaDYD�L�SUREOHP�DVHPEOLUDQMD�URWRUD�NDR�L�FHQD�SHUPDQHQWQRJ�PDJQHWD��1D

VDGD^QMHP�QLYRX�UD]YRMD��VLQKURQL�PRWRUL�VD�SHUPDQHQWQLP�PDJQHWRP�SULPHQMXMX

VH�X�SRJRQLPD�NRML�QH�]DKWHYDMX�UDG�X�REODVWL�VODEOMHQMD�SROMD�L�NRML��XVOHG�RWHCDQRJ

KOD_HQMD�� ]DKWHYDMX� PLQLPL]LUDQMH� JXELWDND� X� URWRUX� [�]�� [��]�� .DGD� VH� ]DKWHYD
UREXVWDQ� SRJRQ� VD� ^LURNLP� RSVHJRP� UHJXODFLMH� EU]LQH�� SULPHQMXMH� VH� DVLQKURQL

PRWRU�

5DVSUHJQXWD�NRQWUROD� IOXNVD� L�PRPHQWD� DVLQKURQRJ�PRWRUD� VH� SRVWLCH

YHNWRUVNLP� XSUDYOMDQMHP�� RGQRVQR� RULMHQWDFLMRP� YHNWRUD� PDJQHWRSREXGQH� VLOH

VWDWRUD�SUHPD� � URWRUVNRP� � IOXNVX�� � 3RMDP� SURVWRUQRJ� YHNWRUD� X� DQDOL]X�PD^LQD

QDL]PHQLaQH� VWUXMH� XYRGL� .RYDa� [�]�� 3RG� QD]LYRP� �7UDQVYHNWRU��� SULQFLSH

YHNWRUVNRJ�XSUDYOMDQMD� L]ODCH�%ODVFKNH� [�]�� [�]��8�RYLP� UDGRYLPD�GDWH� VX� RVQRYH

GLUHNWQRJ�YHNWRUVNRJ�XSUDYOMDQMD��NRG�NRJD�VH�SRORCDM�L�DPSOLWXGD�IOXNVD�RGUH_XMX

PHUHQMHP� X� YD]GX^QRP� ]D]RUX� PD^LQH�� (OHPHQWH� LQGLUHNWQRJ� YHNWRUVNRJ

XSUDYOMDQMD� � GDMH� � +DVVH� � [�]�� � 3RG� � LQGLUHNWQLP� XSUDYOMDQMHP� SRGUD]XPHYD� VH

YDULMDQWD�X�NRMRM�VH�YHNWRU�IOXNVD�GRELMD�SURFHVLUDQMHP�EU]LQH�L�VWUXMH�X�VWUXMQRP

PRGHOX�URWRUVNRJ�NROD�PD^LQH��.RG�REH�YDULMDQWH�YHNWRUVNH� �NRQWUROH��QH]DYLVQR

XSUDYOMDQMH� PRPHQWRP� L� IOXNVRP� VH� SRVWLCH� PDQLSXODFLMRP� YHNWRUD� VWDWRUVNH

VWUXMH�[�]��[�]�LOL�QDSRQD�[�]��[�]��[�]��WDNR�GD�VH�QH]DYLVQR�NRQWUROL^X�NRPSRQHQWD

PDJQHWRSREXGQH� � VLOH� � VWDWRUD� QRUPDOQD� QD� IOXNV� L� NRPSRQHQWD� SDUDOHOQD� VD

IOXNVRP��8� VOXaDMX� RULMHQWDFLMH� SUHPD� URWRUVNRP� � IOXNVX�� � DPSOLWXGD� � IOXNVD� � MH

MHGQR]QDaQR� RGUH_HQD�SDUDOHOQRP�NRPSRQHQWRP� D�PRPHQW� QRUPDOQRP� [�]�� [�]�
[��]�� .RG� RULMHQWDFLMH� SUHPD� VWDWRUVNRP� IOXNVX� LOL� IOXNVX� X� YD]GX^QRP� ]D]RUX�

L]PH_X�RYLK�YHOLaLQD�SRVWRML�VSUHJD��[��]��[��]��[��]�SD�VH�PRUD�SULPHQLWL�GRGDWQR

UDVSUH]DQMH�� ED]LUDQR� QD� SR]QDYDQMX� SDUDPHWDUD� PD^LQH�� 2VQRYQL� SUREOHP

YHNWRUVNRJ�XSUDYOMDQMD�MH�DNYL]LFLMD�SRORCDMD�L�DPSOLWXGH�URWRUVNRJ�IOXNVD�NRML�QLMH

GLUHNWQR�PHUOMLY��/DQJZHLOHU�[�]�SUHGODCH�RGUH_LYDQMH�URWRUVNRJ�IOXNVD�QD�RVQRYX
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PHUHQMD� IOXNVD� X� YD]GX^QRP� ]D]RUX� L� NRPSHQ]DFLMH� IOXNVD� UDVLSDQMD� URWRUD�

3UYRELWQL�PHWRG�RGUH_LYDQMD�IOXNVD�X�]D]RUX�ELR�MH�XPHWDQMH�+DOO�RYLK�HOHPHQDWD

[�]��.DNR�+DOORY� HOHPHQW� ]DSUDYR� YU^L� ORNDOQR�PHUHQMH�� UH]XOWXMX`L� VLJQDO� VDGUCL

SXOVDFLMH�XVOHG�COHEQLK�KDUPRQLND�SROMD��SD�VH�SRMDYOMXMX� L�SXOVDFLMH�PRPHQWD�SUL

YHNWRUVNRM�NRQWUROL�ED]LUDQRM�QD� RYDNYRP�PHUHQMX� IOXNVD� [��]��'HWHNFLMD� � IOXNVD
SXWHP� � LQWHJUDFLMH� � QDSRQD�� LQGXNRYDQLK� X� � QDPRWDMLPD� � PD^LQH�� XVOHG� HIHNWD

SURVWRUQH� LQWHJUDFLMH� [��]� QLMH� RVHWOMLYD� QD� COHEQH� KDUPRQLNH�� 2GUH_LYDQMH

RULMHQWDFLMH�IOXNVD�QD�RVQRYX�WHUPLQDOQLK�QDSRQD�PD^LQH�GDMH�GREUH�UH]XOWDWH�SUL

YH`LP� EU]LQDPD� [��]�� [��]�� SUL� NRMLPD� MH� SDG� QDSRQD� QD� VWDWRUVNRP� RWSRUX

]DQHPDUOMLY��.RPSHQ]DFLMRP�RYRJ�SDGD� RPRJX`HQ� MH� UDG� SUL� EU]LQDPD� YH`LP� RG

��� QRPLQDOQH� [��]�� 8NROLNR� VH� X� PD^LQX� XJUDGH� SRVHEQL� QDPRWDML�� QDPHQMHQL

GHWHNFLML�IOXNVD��RYD�JUDQLFD�VH�PRCH�VSXVWLWL�QD����[�]��[��]��'D�EL�L]EHJDR�GRGDWQH
QDPRWDMH��/LSR�[��]�SUHGODCH�GD�VH�QDSRQL�LQGXNRYDQL�X�GHORYLPD�QDPRWDMD�VDPH

PD^LQH� RGDEHUX� L� VDEHUX� WDNR� GD� X� ]ELUX� QH� ILJXUL^H� SDG� QDSRQD� QD� VWDWRUVNRM

RWSRUQRVWL��5H]XOWDWL�VX�HNYLYDOHQWQL�XJUDGQML�SRVHEQLK�QDPRWDMD��DOL� MH�SRWUHEQR

QDaLQLWL�YL^H�L]YRGD�QD�QDPRWDMLPD�VDPH�PD^LQH�

9HNWRUVND� NRQWUROD� ED]LUDQD� QD� LQWHJUDFLML� LQGXNRYDQLK� QDSRQD� LPD

GHJUDGLUDQH� SHUIRUPDQVH� SUL� PDOLP� EU]LQDPD� [�]� L� QH� RPRJX`XMH� UD]YLMDQMH

PRPHQWD� SUL� EU]LQL� MHGQDNRM� QXOL�� ^WR� MH� QHRSKRGQR� NRG� SR]LFLRQRJ� VLVWHPD�� 8

SRJRQLPD� YLVRNH� SHUIRUPDQVH�� NRML� ]DKWHYDMX� UDG� X� REODVWL�PDOLK� EU]LQD�� YHNWRU

URWRUVNRJ� IOXNVD� VH� L]UDaXQDYD� REUDGRP� VLJQDOD� VWUXMH� L� PHKDQLaNH� EU]LQH� X

PRGHOX�URWRUVNRJ�NROD�PD^LQH�[��]��[��]��[��]���7DaQRVW��RGUH_LYDQMD��RULMHQWDFLMH��L
DPSOLWXGH� IOXNVD� WDGD� QH� ]DYLVL� RG� PHKDQLaNH� EU]LQH�� ^WR� RYDM� SULVWXS� aLQL

DWUDNWLYQLP� ]D� VHUYR� DSOLNDFLMH�� 1HRSKRGQR� MH�� PH_XWLP�� � SR]QDYDWL� SDUDPHWUH

PD^LQH� NRML� ILJXUL^X� X� PRGHOX� URWRUVNRJ� NROD�� SUL� aHPX� MH� RG� SRVHEQRJ� XWLFDMD

URWRUVND�YUHPHQVND�NRQVWDQWD�[��]��*UH^NH�X�PRGHOX�GRYRGH�GR�]DYLVQRVWL�VWUXMH

PDJQHWL]DFLMH� RG� RSWHUH`HQMD� L� QHCHOMHQLK� RVFLODFLMD� PRPHQWD� X� SUHOD]QLP

SURFHVLPD� [��]�� 2YDNDY� QDaLQ� XSUDYOMDQMD� DVLQKURQLP�PRWRURP� aHVWR� VH� QD]LYD

LQGLUHNWQRP�YHNWRUVNRP�NRQWURORP�[�]�
5HDOL]DFLMD�YHNWRUVNRJ�XSUDYOMDQMD�]DKWHYD� � WUDQVIRUPDFLMX�NRRUGLQDWD�

VORCHQD�L]UDaXQDYDQMD�IOXNVD�L�XSUDYOMDQMH�HQHUJHWVNLP�SUHWYDUDaHP�]D�QDSDMDQMH

PRWRUD�� SD� MH� SUDNWLaQD� SULPHQD� ELOD� XVORYOMHQD� UD]YRMHP� GLJLWDOQLK� NRQWUROHUD

[��]�� [��]� � SRWUHEQH� EU]LQH� L� WDaQRVWL�� 8SUDYOMDaNH� IXQNFLMH� VH� PRJX� SRGHOLWL� QD

YUHPHQVNL� NULWLaQH� IXQNFLMH� QLCHJ� QLYRD� RGOXaLYDQMD� L� VORCHQH� IXQNFLMH�� SD� VH� L

NRQWUROHU�RELaQR�JUDGL�WDNR�GD�VDGUCL�GYD�PLNURSURFHVRUD�[��]��LOL�VH�IXQNFLMH�QLCHJ
QLYRD� RGOXaLYDQMD�� NRMH� VH� aHVWR� SRQDYOMDMX�� L]GYDMDMX� X� SRVHEDQ�� QDPHQVNL

GL]DMQLUDQ�VNORS� 9HNWRUVNR� XSUDYOMDQMH� VH� RVWYDUXMH�PDQLSXODFLMRP� VWDWRUVNRJ

QDSRQD�LOL�VWUXMH��2KQLVKL�[��]�DQDOL]LUD�PRJX`QRVW�QDSDMDQMD�L]�QDSRQVNRJ�L]YRUD
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L�SRND]XMH�GD�VH�]DGDYDQMHP�SDUDOHOQH�L�QRUPDOQH�NRPSRQHQWH�QDSRQVNRJ�YHNWRUD

QH�SRVWLCH�UDVSUHJQXWR�XSUDYOMDQMH�IOXNVRP�L�PRPHQWRP��8�LVWRP�UDGX��SUHGODCH

VH� � XSUDYOMDaND� VWUXNWXUD� NRMD� VH� RVODQMD� QD� SR]QDYDQMH� SDUDPHWDUD� VWDWRUVNRJ

NROD� L� RPRJX`DYD� UDVSUHJQXWR� XSUDYOMDQMH�� 3UHGQRVW� QDSRQVNRJ� QDSDMDQMD� MH

PDQMD� RVHWOMLYRVW� QD� SURPHQH� URWRUVNH� YUHPHQVNH� NRQVWDQWH� [��]�� [��]�� GRN� VH
QHGRVWDWDN�RJOHGD�X�RVODQMDQMX�QD�SDUDPHWUH�VWDWRUD��'LQDPLND�VWUXMQR�QDSDMDQRJ

PRWRUD� RSLVDQD� MH� URWRUVNLP� MHGQDaLQDPD� L� SDUDPHWUL� VWDWRUD� QHPDMX� XWLFDMD� QD

RG]LY� [�]�� [��]�� 1RYRWQ\� [�]� L� /LSR� [��]� SUHGODCX� VWUXMQR� QDSDMDQMH� L]� VWUXMQR
UHJXOLVDQRJ� QDSRQVNRJ� LQYHUWRUD� X� VYLP� VOXaDMHYLPD� NRML� ]DKWHYDMX� EU]� RG]LY

PRPHQWD�� 1DSRQVNL� LQYHUWRU� VD� DGHNYDWQLP� VWUXMQLP� UHJXODWRULPD� RPRJX`DYD

EU]H� SURPHQH� SRORCDMD� L� DPSOLWXGH� YHNWRUD� PDJQHWRSREXGQH� VLOH� VWDWRUD�� ^WR� MH

SUHGXVORY�]D�^LURN�SURSXVQL�RSVHJ�SUL�UHJXODFLML�PRPHQWD�

2SVHJ�VQDJD��SUL�NRMLPD�MH�SULPHQOMLYR�YHNWRUVNR�XSUDYOMDQMH��RGUH_HQ�MH

XJODYQRP��UD]YRMHP��WHKQRORJLMH��SROXSURYRGQLaNLK�SUHNLGDaD���6DLWR��[���]��QDYRGL
SULPHU��SULPHQH��YHNWRUVNL�NRQWUROLVDQLK�SRJRQD�VD�DVLQKURQLP�PRWRULPD�GR����

N:� X� LQGXVWULML� SDSLUD� L� aHOLND�� /HRQKDUG� � [���]� GDMH� � SULPHU� � VSRURKRGQRJ

YDOMDRQLaNRJ� SRJRQD� VD� DVLQKURQLP� PRWRURP� RG� �� 0:�� QDSDMDQRJ� L]

FLNORNRQYHUWRUD��3ULPHQRP�YHNWRUVNRJ�XSUDYOMDQMD��SRVWLCH��VH�UHJXODFLMD�EU]LQH�VD

YUHPHQRP�VPLUHQMD�RG����PV��6QDJD�PRWRUD�RGUH_XMH�WLS�SUHNLGDaD�L�NRQILJXUDFLMX

HQHUJHWVNRJ� SUHWYDUDaD� NRML� QDSDMD� PRWRU� [�]�� [��]�� [���]�� =DKWHY� ]D

VHUYRSHUIRUPDQVDPD� VH� XJODYQRP� MDYOMD� X� RSVHJX� GR� ���� N:� [���]�� JGH� VH
XRELaDMHQR� NRULVWL� WUDQ]LVWRUVNL� QDSRQVNL� LQYHUWRU� VD� ELSRODUQLP� LOL� ,*%7

WUDQ]LVWRULPD�

=D� QH]DYLVQR� XSUDYOMDQMH� IOXNVRP� L� PRPHQWRP� DVLQKURQRJ� PRWRUD

SRWUHEQR�MH�SR]QDYDWL�SDUDPHWUH�PD^LQH��,QGXNWLYQRVWL�VWDWRUVNRJ�L�URWRUVNRJ�NROD

]DYLVH� RG� QLYRD� ]DVL`HQMD�� GRN� VH� RWSRUQRVWL� PHQMDMX� VD� WHPSHUDWXURP� L

XaHVWDQR^`X�[��]��3RMDYOMXMH�VH�YL^H�UDGRYD�NRML�DQDOL]LUDMX�RVHWOMLYRVW�QD�SURPHQH

SDUDPHWDUD� L� SUHGODCX� PHWRGH� � ]D� � LGHQWLILNDFLMX�� � 2GOXaXMX`L� � XWLFDM� � QD

NDUDNWHULVWLNH� SRJRQD� VD� � LQGLUHNWQRP� � YHNWRUVNRP� � NRQWURORP�� QDSDMDQRJ� L]

VWUXMQR� UHJXOLVDQRJ� QDSRQVNRJ� LQYHUWRUD�� � � LPD� YUHPHQVND� NRQVWDQWD� URWRUVNRJ

NROD�[��]��2YD�NRQVWDQWD�]DYLVL�RG�VRSVWYHQH�LQGXNWLYQRVWL� L�RWSRUQRVWL�URWRUVNRJ
QDPRWDMD�� /RUHQ]� [��]� SRND]XMH� GD� MH� SR]QDYDQMH� YUHPHQVNH� � NRQVWDQWH� � URWRUD

QHRSKRGQR�UDGL�NRUHNWQRJ�SRGH^DYDQMD�UHJXODWRUD�IOXNVD��PRPHQWD�L�NDONXODWRUD

NOL]DQMD�� .R\DPD� [��]� DQDOL]LUD� XWLFDM� SURPHQD� RYH� NRQVWDQWH� QD� VWDFLRQDUQD

VWDQMD� L� SUHOD]QH� SURFHVH�� .XPDPDWR� [��]� SUHGODCH� GD� VH� XWLFDM� RGVWXSDQMD
YUHPHQVNH� NRQVWDQWH� URWRUD� QD� UHJXODFLMX� EU]LQH� NRULJXMH� SULODJR_HQMHP

NRHILFLMHQDWD� X� UHGQRM� L� SRYUDWQRM� JUDQL� EU]LQVNRJ� UHJXODWRUD�� 1RUGLQ� � [��]
VSURYRGL� GHWDOMQX� DQDOL]X� NYDQWLWDWLYQLK� HIHNDWD� L� SULPHURP� SRND]XMH� GD� VX� QD
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SURPHQH� YUHPHQVNH� NRQVWDQWH� URWRUD� RVHWOMLYLML� PRWRUL� YH`H� VQDJH� L� YH`H

HILNDVQRVWL��2Q� WDNR_H� QDYRGL�PRJX`QRVW� GD� VH� XWLFDM� RYLK� SURPHQD� QD� NYDOLWHW

SUHOD]QLK� SURFHVD� VPDQML� DGHNYDWQLP� GL]DMQRP� EU]LQVNRJ� LOL� SR]LFLRQRJ

UHJXODWRUD�� DOL� VPDWUD� GD� MH� QDMQHSRYROMQLMD� SRVOHGLFD� SURPHQD� YUHPHQVNH

NRQVWDQWH� � URWRUD� RGVWXSDQMH� IOXNVD� L� PRPHQWD� X� VWDFLRQDUQRP� VWDQMX�� NRMH

VPDQMXMH� PDNVLPDOQL� PRPHQW�� � RJUDQLaDYD� REODVW� VWDWLaNH� VWDELOQRVWL� L� ]QDWQR

SRYH`DYD�JXELWNH��,GHQWLILNDFLMD�YUHPHQVNH�NRQVWDQWH�URWRUD�MH�RODN^DQD�X�VOXaDMX

OLQHDUQRJ� [��]� LOL� VSRURSURPHQOMLYRJ� [��]� RSWHUH`HQMD�� NDR� L� X� VOXaDMX� NDG� VH
PHUHQMD�YU^H�QD�PD^LQL�YDQ�SRJRQD�[��]��[��]��$OJRULWDP�]D�LGHQWLILNDFLMX�VH�RELaQR

RVODQMD�QD�PHUHQMH� EU]LQH� [��]�� [��]� LOL� WHUPLQDOQLK�QDSRQD� [��]�� [��]�� [��]�� [��]�
[��]��[��]��[��]��0RJX�VH�XRaLWL�UH^HQMD�NRMD�VH�ED]LUDMX�QD�PHUHQMX�RG]LYD�PRWRUD

QD� LQMHNWRYDQL� WHVW� VLJQDO� [��]�� [��]�� [��]� L� UH^HQMD� NRMD� VH� RVODQMDMX� QD�PHUHQMH

YHOLaLQD� X� UDGQRP� VWDQMX� [��]�� [��]�� [��]�� /RHVHU� [��]� SUHGODCH� PHWRG� ]D

NRPSHQ]DFLMX� SURPHQD� URWRUVNRJ� RWSRUD� XVOHG� SURPHQH� WHPSHUDWXUH�� 0HWRG� VH

]DVQLYD� QD� PHUHQMX� VWDWRUVNRJ� QDSRQD�� VWUXMH� L� XaHVWDQRVWL�� 5RWRUVNL� RWSRU� VH

L]UDaXQDYD� DQDOL]RP� PRGHOD� PRWRUD� ]D� VWDFLRQDUQD� VWDQMD�� 0DWVXR� L� /LSR� [��]
YU^H��RGUH_LYDQMH��URWRUVNRJ��RWSRUD��SR��PHWRGL�SHUWXUEDFLMH��8�VWDWRUVNH�VWUXMH�VH

XWLVNXMX� WHVW� VLJQDOL� NRML� IRUPLUDMX� LQYHU]QR� REUWQR� SROMH�� 0HUL� VH� LQYHU]QD

NRPSRQHQWD� WHUPLQDOQLK� QDSRQD� L� L]� QMH� RGUH_XMH� URWRUVND� RWSRUQRVW�� .DNR

LQYHU]QR� SROMH� SURX]URNXMH� MDNH� SXOVDFLMH� PRPHQWD�� DXWRUL� SUHGODCX� SHULRGLaQX

DNWLYDFLMX�LGHQWLILNDFLRQRJ�PHKDQL]PD��0HWRGD�*DEULHOD� L�/HRQKDUGD� [��]� VDVWRML
VH� XWLVNLYDQMX� SXOVDFLMD� X� PDJQHWL]DFLRQX� NRPSRQHQWX� VWUXMH�� .DR� � UH]XOWDW

XWLVNLYDQMD� � WHVW� � VLJQDOD� SRMDYOMXMX� VH� SXOVDFLMH� PRPHQWD� L� RGVWXSDQMD� EU]LQH�

2GVWXSDQMH�URWRUVNH�YUHPHQVNH�NRQVWDQWH�VH�RGUH_XMH� L]UDaXQDYDQMHP�NRUHODFLMH

WHVW�VLJQDOD�L�L]PHUHQLK�SXOVDFLMD�EU]LQH��6OLaDQ�SULVWXS�LPD�6XJLPRWR�[��]��NRML�]D
WHVW� VLJQDO� X� PDJQHWL]DFLRQRM� NRPSRQHQWL� X]LPD� VLQXVRLGDOQL� QLVNRIUHNYHQWQL

���+]��VLJQDO�X�L]QRVX�RG������QRPLQDOQH�VWUXMH��8�PD^LQX�VH�XJUD_XMX�QDPRWDML

]D�GHWHNFLMX�IOXNVD��$QDOL]RP�QDSRQD�LQGXNRYDQLK�X�RYLP�QDPRWDMLPD�XWYU_XMH�VH

RG]LY�URWRUVNRJ�NROD�QD� WHVW� VLJQDO� L�RGUH_XMH�YUHPHQVND�NRQVWDQWD�URWRUD�� =DL� L

/LSR�[��]�UD]YLMDMX�DOJRULWDP�]D�LGHQWLILNDFLMX�NRML�NRULVWL�PHWRGX�SHUWXUEDFLMH��DOL

QH�XQRVL�QHCHOMHQH�SXOVDFLMH�PRPHQWD�LQMHNFLMRP�WHVW�VLJQDOD��YH`�SRVPDWUD�RG]LY

PRWRUD�QD�^XP�NRML�JHQHUL^H�HQHUJHWVNL�SUHWYDUDa�

6RSVWYHQH� L� PH_XVREQH� LQGXNWLYQRVWL� QDPRWDMD� � DVLQKURQRJ� PRWRUD

PHQMDMX� VH� VD� QLYRRP� IOXNVD� XVOHG� ]DVL`HQMD� PDJQHWQRJ� NROD�� 9DV

[��]� SRND]XMH� GD� MH� XWLFDM� QHOLQHDUQRVWL� PDJQHWQRJ� NROD� QD� RG]LY� YHNWRUVNL

NRQWUROLVDQRJ�SRJRQD� QDMYH`L� NRG� VWUXMQR� QDSDMDQRJ�PRWRUD� X� UHCLPX� VODEOMHQMD

SROMD��1L]� UDGRYD� DQDOL]LUD�XWLFDM� ]DVL`HQMD� QD� UDG� DVLQKURQRJ�PRWRUD� [��]�� [��]�
[��]�� /LSR� [��]� VPDWUD� GD� VH� ]DVL`HQMHP� SURX]URNRYDQH� SURPHQH� GLQDPLaNH
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LQGXNWLYQRVWL� X� RVL� QRUPDOQRM� QD� IOXNV� PRJX� ]DQHPDULWL�� /HYL� [���]� GDMH
PDWHPDWLaNL�PRGHO� SRJRQD� VD� ]DVL`HQLP�PRWRURP�]DVQRYDQ� QD� HNVSHULPHQWDOQR

RGUH_HQRM� NDUDNWHULVWLFL� PDJQH`HQMD�� .KDWHU� [��]� XWLFDM� ]DVL`HQMD� NRPSHQ]XMH

SUHNR� GYRSDUDPHWDUVNH� DSURNVLPDFLMH� NULYH� PDJQH`HQMD�� 7DaQLMH� XYDCDYDQMH

SURVWRUQR� � UDVSRGHOMHQRJ� ]DVL`HQMD� PRCH� VH� SRVWL`L� DQDOL]RP� SUHNR� HNYLYDOHQWLK

PDJQHWQLK�NROD�[��]��[��]�
2WSRUQRVW�L�LQGXNWLYQRVW�URWRUVNRJ�QDPRWDMD�PHQMDMX�VH�VD�XaHVWDQR^`X

XVOHG� HIHNWD� SRWLVNLYDQMD� VWUXMH� X� SURYRGQLFLPD� URWRUD� �VNLQHIHNDW�� [��]�� [��]�
3RWLVNLYDQMH� MH� XJODYQRP� L]UDCHQR� NRG� PRWRUD� VD� GXERNLP� COHERYLPD�� 'RQFNHU

[��]� DQDOL]LUD� IUHNYHQWQX� ]DYLVQRVW� URWRUVNLK� SDUDPHWDUD� L� SUHGODCH� PHWRG� ]D

VLQWH]X� PRGHOD� URWRUVNRJ� NROD� NRML� XYDCDYD� RYDM� HIHNDW� L� RPRJX`DYD� YHNWRUVNX

NRQWUROX�DVLQKURQRJ�PRWRUD�VD�GXERNLP�COHERYLPD�

2G]LY�DVLQKURQRJ�PRWRUD�SRG�YHNWRUVNRP�NRQWURORP�]DYLVL�RG�EU]LQH�L

WDaQRVWL� XSUDYOMDQMD� PDJQHWRSREXGQRP� VLORP� VWDWRUD�� 2YH� NDUDNWHULVWLNH

RGUH_HQH� VX� NRQILJXUDFLMRP� HQHUJHWVNRJ� SUHWYDUDaD�� YUVWRP� SROXSURYRGQLaNLK

SUHNLGDaD� L� SUHNLGDaNLP� DOJRULWPRP� NRML� XSUDYOMD� VWDWRUVNLP� VWUXMDPD�� 'RVDGD

SULPHQMHQD� UH^HQMD� VWUXMQLK� UHJXODWRUD� VH� PRJX� � SRGHOLWL� X� aHWLUL� JUXSH� �

KLVWHUH]LVQL� UHJXODWRUL� [��]�� [��]�� [��]�� SXOVQR�^LULQVNL� PRGXODWRUL� VD� SULURGQLP

RGDELUDQMHP� [��]�� [��]�� UHJXODWRUL� VD� SUHGLNFLMRP� �IHHG�IRUZDUG�� [��]�� [��]� L
UHJXODWRUL� X� URWDFLRQRP� NRRUGLQDWQRP� VLVWHPX� [��]�� [��]�� 8SRUHGQD� DQDOL]D

OLQHDUQLK� L� QHOLQHDUQLK� SUHNLGDaNLK� DOJRULWDPD� [��]� SRND]XMH� GD� VX� QHOLQHDUQL
UHJXODWRUL�VXSHULRUQL�X�SRJOHGX�GLQDPLNH�DOL�GD�]D�QHGRVWDWDN�LPDMX�SURPHQOMLYX

XaHVWDQRVW� NRPXWDFLMD�� ,PD� SRNX^DMD� GD� VH� RYDM� QHGRVWDWDN� RWNORQL� XSRWUHERP

ID]QR� VSUHJQXWH� SHWOMH� ]D� VLQKURQL]DFLMX� NRPXWDFLMD� [��]�� [��]� X]� QH]QDWQR
GHJUDGLUDQMH� RG]LYD�� 3UREOHP� � GLVORFLUDQMD� � VWUXMQLK� UHJXODWRUD� L]� � HNVWHUQRJ�

DQDORJQRJ� � KDUGYHUD� � X� � GLJLWDOQL� PLNURNRQWUROHU� MR^� XYHN� QLMH� GR� NUDMD� UH^HQ�

1DSRQ� PRWRUD� VH� XVOHG� SURPHQD� QDSRQD� MHGQRVPHUQRJ� PH_XNROD�� PUWYRJ

YUHPHQD� L� SDGD� QDSRQD� QD� SUHNLGDaLPD� UD]OLNXMH� RG� QDSRQD� NRML� ]DGDMH

PLNURNRQWUROHU��.DR� SRVOHGLFD�� SRMDYOMXMX� VH� SXOVDFLMH�PRPHQWD� L� QHVWDELODQ� UDG

[��]�� [��]�� [��]�� [��]�� [��]�� .D^QMHQMD� SURX]URNRYDQD� RJUDQLaHQRP� EU]LQRP

SURFHVLUDQMD� VLJQDOD� X� NRQWUROHUX� UH]XOWXMX� ID]QLP� ND^QMHQMHP� UHJXOLVDQH� VWUXMH

[��]��/HRQKDUG�[��]�VPDWUD�GD�VH�XWLFDM�RYLK�SRMDYD�QD�UDG�SRJRQD�PRCH�WROHULVDWL

XNROLNR�MH�XaHVWDQRVW�RGDELUDQMD�VWUXMQRJ�UHJXODWRUD�YH`D�RG���N+]��6XNHJDZD�[��]
GDMH� SULND]� SRJRQD� VD� GLUHNWQRP� GLJLWDOQRP� NRQWURORP� L� PHKDQL]PRP� ]D

NRPSHQ]DFLMX�XWLFDMD�ND^QMHQMD�L�PUWYRJ�YUHPHQD�LQYHUWRUD��'LYDQ�[���]�SUHGODCH
L]PHQX� NRQILJXUDFLMH� HQHUJHWVNRJ� SUHWYDUDaD� XYRGH`L� UH]RQDQWQR� PH_XNROR�

/RUHQ]� [��]� GDMH� DOJRULWDP� ]D� UHJXODFLMX� VWUXMH� VD� UH]RQDQWQLP� LQYHUWRURP� NDR

DNWXDWRURP��5D]YRM�QRYLK�YUVWD�SUHNLGDaD�[��]�RPRJX`XMH�SREROM^DQMH�SHUIRUPDQVL
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SRVWRMH`LK�SUHWYDUDaNLK�NRQILJXUDFLMD�L�SULPHQX��QRYLK���XNOMXaXMX`L��L�9HQWXULQLMHY

PDWULaQL�SUHWYDUDa�]D�GLUHNWQX�$&�$&�NRQYHU]LMX�[��]�
9HNWRUVNL� NRQWUROLVDQ� DVLQKURQL� PRWRU� MH� SR� UHJXODFLRQLP

NDUDNWHULVWLNDPD� HNYLYDOHQWDQ� '&� PRWRUX�� SD� VH� SUL� � VLQWH]L� EU]LQVNRJ� LOL

SR]LFLRQRJ�UHJXODWRUD�PRCH�SR`L�RG��VWUXNWXUH�UHJXODWRUD�]D�GLJLWDOQR�XSUDYOMDQMH

'&�PRWRURP� [��]�� [���]�� [���]�� .RG� REH� YUVWH� PRWRUD� SRVWRML� VWUXMQLP� OLPLWRP

RJUDQLaHQL� PDNVLPDOQL� PRPHQW� NRML� RJUDQLaDYD� EU]LQX� RG]LYD�� 3ULURGD� RYRJ

RJUDQLaHQMD� ]DYLVL� RG� YUVWH� PRWRUD�� .RG� '&� PRWRUD� DNWLYQD� L� PDJQHWL]DFLRQD

NRPSRQHQWD� � VWUXMH� � WHNX� � NUR]� � GYD� � RGYRMHQD� QDPRWDMD�� .DUDNWHULVWLNDPD

NRPXWDWRUD� RJUDQLaHQD� MH� DNWLYQD� � NRPSRQHQWD� VWUXMH� �VWUXMD� DUPDWXUH��� .RG

DVLQKURQRJ�PRWRUD� MH� VWUXMQLP� NDSDFLWHWRP� SUHWYDUDaD� RJUDQLaHQ� YHNWRUVNL� ]ELU

PDJQHWL]DFLRQH� L� DNWLYQH�NRPSRQHQWH� VWUXMH��.RG�SR]LFLRQRJ� � VHUYR� � SRJRQD� � VD

DVLQKURQLP�PRWRURP�PRUD�VH�SRVHEQD�SDCQMD�SRVYHWLWL�WHUPLFL�[��]��MHU�MH�SULURGQR
KOD_HQMH�SUL�PDOLP�EU]LQDPD�]DQHPDUOMLYR�

1H]DYLVQD�NRQWUROD� IOXNVD� L�PRPHQWD� DVLQKURQRJ� �PRWRUD�� RPRJX`XMH

SULODJR_HQMH� DPSOLWXGH� IOXNVD� PRPHQWX� RSWHUH`HQMD� L� EU]LQL�� NDNR� EL� VH

PLQLPL]LUDOL� XNXSQL� JXELFL� HQHUJLMH� � X� SUHWYDUDaX� L� PRWRUX� [���]�� [���]�� [���]�
[���]�� [���]� LOL� VPDQMLOD� EXND� [���]�� [���]��.LUVFKHQ� [���]�PLQLPL]DFLMX� JXELWDND

SRVWLCH�XVSRVWDYOMDQMHP�SRYUDWQH� VSUHJH� SR� XOD]QRM� VQD]L� SUHWYDUDaD�� $PSOLWXGD

IOXNVD� VH� SRGH^DYD� VYH� GRN� VH� QH� SRVWLJQH� PLQLPXP� XOD]QH� VQDJH� ]D� GDWR

RSWHUH`HQMH�

1DYHGHQL� UDGRYL� SRND]XMX� GD� DNWLYQRVWL� QD� UD]YRMX� DOJRULWDPD�

XSUDYOMDaNLK� NROD� L� SUHWYDUDaD� ]D� XSUDYOMDQMH� DVLQKURQLP� PRWRURP� WUDMX

QHVPDQMHQLP� � LQWHQ]LWHWRP�� 3UREOHP� � LGHQWLILNDFLMH� SURPHQOMLYLK� SDUDPHWDUD

DVLQKURQRJ� PRWRUD� L� GDOMH� WUDCL� DGHNYDWQR� UH^HQMH�� 8� DOJRULWDP� WUHED� XJUDGLWL

PHKDQL]DP� ]D� DXWRPDWVNR� SULODJR_HQMH� XVORYLPD� SRJRQD�� NDNR� EL� VH� LQLFLMDOQD

SRGH^DYDQMD� SDUDPHWDUD� PRJOD� REDYLWL� EH]� XaH^`D� aRYHND�� 2G]LY� EU]LQVNH� L

SR]LFLRQH� SHWOMH� VH�PRCH� SREROM^DWL� NRPSHQ]DFLMRP� SURPHQD� PRPHQWD� LQHUFLMH� L

XEU]DWL� SUDYLOQRP� UDVSRGHORP� UDVSRORCLYH� VWUXMH� QD� PDJQHWL]DFLRQX� L� DNWLYQX

NRPSRQHQWX�

������6758.785$�5$'$������6758.785$�5$'$

5DG� VH� EDYL� SURMHNWRYDQMHP�PLNURSURFHVRUVNRJ� XSUDYOMDQMD� EU]LQRP� L

SR]LFLMRP�SRJRQD�VD�DVLQKURQLP�PRWRURP�X�XVORYLPD�SURPHQOMLYRJ�RSWHUH`HQMD� L

SURPHQOMLYLK� � SDUDPHWDUD� � PRWRUD�� $NWXDWRU� EU]LQVNH� L� SR]LFLRQH� SHWOMH� MH

DVLQKURQL�PRWRU�QDSDMDQ� L]� VWUXMQR� UHJXOLVDQRJ�QDSRQVNRJ� LQYHUWRUD� L� XSUDYOMDQ
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SR�PHWRGX� LQGLUHNWQH�YHNWRUVNH�NRQWUROH��.RQWUROD� IOXNVD� L�PRPHQWD�X� ^LURNRP

RSVHJX�EU]LQD�]DKWHYD�XVSRVWDYOMDQMH�SRYUDWQH�VSUHJH�SR�YHNWRUX�URWRUVNRJ�IOXNVD�

NRML� VH� QH� PRCH� GLUHNWQR� PHULWL�� YH`� VH� L]UDaXQDYD� X� PRGHOX� URWRUVNRJ� NROD�

7DaQRVW�RYRJ�PRGHOD�ELWQR�XWLaH�QD�SHUIRUPDQVH��8�RNYLUX�RYRJ�UDGD�MH�SULND]DQ

DOJRULWDP� ]D� DXWRPDWVNX� NRUHNFLMX� SURPHQD� SDUDPHWDUD� URWRUVNRJ� NROD� X� WRNX

UDGD� SRJRQD�� 0HKDQL]DP� ]D� SULODJR_HQMH� SDUDPHWDUD� VH� RVODQMD� � QD� HVWLPDFLMX

DPSOLWXGH�YHNWRUD�URWRUVNRJ�IOXNVD��(VWLPDWRU�VH�ED]LUD�QD�PHUHQMX� WHUPLQDOQLK

QDSRQD��'D�EL�VH�PRJDR�SULPHQMLYDWL�L�X�REODVWL�PDOLK�EU]LQD��VLQWHWL]RYDQ�MH�WDNR

GD�HVWLPLUDQD�YUHGQRVW�IOXNVD�QH�]DYLVL�RG�RWSRUQRVWL�VWDWRUVNRJ�QDPRWDMD��8�UDGX

VH� GDMH� UH^HQMH� DOJRULWPD� ]D� SULODJR_HQMH� IOXNVD� RSWHUH`HQMX�� NDNR� EL� VH

PLQLPL]LUDOL� JXELFL� X� SRJRQX�� 8JUD_HQ� MH� L� PHKDQL]DP� ]D� RSWLPDOQX� UDVSRGHOX

RJUDQLaHQRJ� � VWUXMQRJ� � NDSDFLWHWD� � SUHWYDUDaD� � QD� PDJQHWL]DFLRQX� L� DNWLYQX

NRPSRQHQWX� YHNWRUD� VWDWRUVNH� VWUXMH��'DW� MH� L� SUHGORJ�SURMHNWRYDQMD� EU]LQVNRJ� L

SR]LFLRQRJ�UHJXODWRUD�X�XVORYLPD�RJUDQLaHQRJ�SRJRQVNRJ�PRPHQWD�L�SURPHQOMLYRJ

PRPHQWD�LQHUFLMH�

8�GUXJRP�SRJODYOMX�GDW� MH�PDWHPDWLaNL�PRGHO� SRJRQD��'HR������ VDGUCL

PRGHO� DVLQKURQRJ� PRWRUD� X� URWDFLRQRP� NRRUGLQDWQRP� VLVWHPX�� 'HR� ����� L]ODCH

SULQFLSH� LQGLUHNWQH� YHNWRUVNH� NRQWUROH� NDR� PHWRGD� ]D� UDVSUHJQXWR� XSUDYOMDQMH

IOXNVRP�L�PRPHQWRP�PRWRUD��8�GHOX������DQDOL]LUD�VH�XWLFDM�SURPHQH�SDUDPHWDUD

PRWRUD� L� GLVNXWXMH� RSUDYGDQRVW� ]DQHPDUHQMD� XRELaDMHQLK� SUL� PRGHORYDQMX

DVLQKURQRJ� PRWRUD�� 'HR� ����� DQDOL]LUD� XWLFDM� JUH^NH� X� SRGH^DYDQMX� YUHPHQVNH

NRQVWDQWH� � PRGHOD� � URWRUVNRJ� � NROD� � QD� � WDaQRVW� � LQGLUHNWQRJ� RGUH_LYDQMD

RULMHQWDFLMH�URWRUVNRJ�IOXNVD��3URXaDYD�VH�QHJDWLYDQ�XWLFDM�JUH^NH�X�RULMHQWDFLML�QD

UHJXODFLMX�IOXNVD�L�PRPHQWD�L�UDG�SRJRQD�

7UH`H� SRJODYOMH� EDYL� VH� � NRQILJXUDFLMRP� � SUHWYDUDaD� � ]D� QDSDMDQMH

PRWRUD��PHUHQMHP�YHNWRUD�PDJQHWRSREXGQH�VLOH�L�VLQWH]RP�SUHNLGDaNRJ�DOJRULWPD

]D� QMHQX� UHJXODFLMX�� %U]LQD� XVSRVWDYOMDQMD� PRPHQWD� ]DYLVL� RG� GLQDPLNH

XSUDYOMDQMD� PDJQHWRSREXGQRP� VLORP�� 3RND]XMH� VH� GD� MH� � QDMSRJRGQLMD

NRQILJXUDFLMD� HQHUJHWVNRJ� SUHWYDUDaD� ]D� QDSDMDQMH� PRWRUD� QDSRQVNL� LQYHUWRU� VD

VWUXMQRP�UHJXODFLMRP��3URMHNWRYDQL�SUHNLGDaNL�DOJRULWDP�RUJDQL]RYDQ�MH�WDNR�GD�VH

QD� RVQRYX� YHNWRUD� VWUXMQH� JUH^NH� VHOHNWXMH� QDMSRJRGQLML� PH_X� UDVSRORCLYLP

QDSRQVNLP�YHNWRULPD�LQYHUWRUD��8�DOJRULWDP�MH�XJUD_HQ�PHKDQL]DP�]D�UHGXNFLMX

VWUXMQLK� SXOVDFLMD� SUL� PDOLP� EU]LQDPD� L� PDOLP� NRQWUDHOHNWURPRWRUQLP� VLODPD

PD^LQH��0HUHQMH�VWUXMH�MH�RUJDQL]RYDQR�WDNR�GD�VH�GLUHNWQR�RaLWDYDMX�NRPSRQHQWH

VWUXMQRJ�YHNWRUD�X�VWDFLRQDUQRP�'HNDUWRYRP�NRRUGLQDWQRP�VLVWHPX�

8�SRJODYOMX������RSLVDQ�MH�PHWRG�PHUHQMD�EU]LQH�L�SR]LFLMH��.DR�VHQ]RU�VH

NRULVWL� LQNUHPHQWDOQL� RSWLaNL� HQNRGHU�� 5H]ROXFLMD� SUL� RGUH_LYDQMX� EU]LQH� VH

SRYH`DYD� NRPELQRYDQLP� PHUHQMHP� ^LULQH� L� EURMD� LPSXOVD�� 3RJODYOMH� ����� GDMH
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SUHGORJ� VLQWH]H� HVWLPDWRUD� DPSOLWXGH� IOXNVD� URWRUD�� (VWLPDWRU� VH� RVODQMD� QD

LQWHJUDFLMX� WHUPLQDOQLK� QDSRQD�� SD� VH� SRVWDYOMD� SLWDQMH� XWLFDMD� SDGD� QDSRQD� QD

RWSRUQRVWL� VWDWRUD� L� XWLFDMD� RIVHWQDSRQD� LQWHJUDWRUD� QD� UH]XOWDW� HVWLPDFLMH�

3UHGORCHQL� HVWLPDWRU�� SRUHG� � WHUPLQDOQLK� � QDSRQD�� NRULVWL� L� SRGDWDN� R� YHNWRUX
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.RHILFLMHQWL� /[\� X� PDWULFL� LQGXNWLYQRVWL� VX� SURPHQOMLYL� L� [�]� ]DYLVH� RG
XJDRQRJ�SRPHUDMD� L]PH_X� VWDWRUD� L� URWRUD� �θU� QD� VO������ �� L�PDJQHWQRJ� ]DVL`HQMD�
-HGQDaLQD� ����� RSLVXMH� HOHNWULaQL� SRGVLVWHP� DVLQKURQRJ� PRWRUD� L� VDGUCL� ^HVW

GLIHUHQFLMDOQLK� MHGQDaLQD�� 3RVWRML�� PH_XWLP�� PH_X]DYLVQRVW� IOXNVHYD�� QDSRQD� L

VWUXMD�WURID]QH�PD^LQH��6WDWRUVNL�QDPRWDML�VX�YH]DQL�X�]YH]GX��SD�]ELU�VWUXMD�PRUD

ELWL�QXOD��LD � LE�� LF� ����.RQVWUXNFLMD�PDJQHWQRJ�NROD� MH�WDNYD��GD� MH�PDJQHWQL

RWSRU�]D�DNVLMDOQL�IOXNV�QHXSRUHGLYR�YH`L�QHJR�]D�UDGLMDOQL�� SD�MH�ψD � ψE � ψF  �

ψ$ � ψ% � ψ&  ���8�VYDNRP�RG�QDPRWDMD�SRVWRMH�VDPR�GYH�QH]DYLVQR�SURPHQOMLYH

VWUXMH� L� GYD� QH]DYLVQR� SURPHQOMLYD� IOXNVD�� SD� MH� PRGHO� HOHNWULaQRJ� SRGVLVWHPD

]DSUDYR� aHWYUWRJ� UHGD�� ^WR� ]QDaL� GD� VH� WURID]QD� PD^LQD� PRCH� SUHGVWDYLWL

HNYLYDOHQWQRP�GYRID]QRP�

3UHVOLNDYDQMHP� VWDWRUVNLK� L� URWRUVNLK� YHOLaLQD� QD� �α � β�� NRRUGLQDWQL
VLVWHP� RVD� YH]DQLK� ]D� VWDWRU� �L]UD]� ������� MHGQDaLQH� HOHNWULaQRJ� SRGVLVWHPD

DVLQKURQRJ�PRWRUD�SUHOD]H�X�REOLN�GDW�L]UD]RP������[�]��[��]��[��]��

6OLND�������,OXVWUDFLMD�URWDFLRQH�WUDQVIRUPDFLMH�
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DVLQKURQRJ�PRWRUD��0HKDQLaNL� SRGVLVWHP��NRML� NRPSOHWLUD�PRGHO�� GDW� MH� VOHGH`LP

L]UD]RP��.
W
�MH�NRHILFLMHQW�WUHQMD��7

/
�PRPHQW�RSWHUH`HQMD��D�-�PRPHQW�LQHUFLMH��

-
G

GW
7 7 .

U

H / W U

ω ω= − − ⋅ � ������

�����5$635(*1872�835$9/-$1-(�)/8.620�,�020(1720�����5$635(*1872�835$9/-$1-(�)/8.620�,�020(1720

$6,1+5212*�02725$$6,1+5212*�02725$

8SUDYOMDQMH�IOXNVRP� L�PRPHQWRP�DVLQKURQRJ�PRWRUD�VH�PRCH�RVWYDULWL

NRQWURORP� DPSOLWXGH� YHNWRUD� VWDWRUVNH� VWUXMH� L� QMHJRYH� RULMHQWDFLMH� X� RGQRVX� QD

YHNWRU�URWRUVNRJ�IOXNVD��8SUR`HQL�SULND]�RYDNYRJ�XSUDYOMDQMD�GDW�MH�QD�VOLFL�������

0RWRU� VH� QDSDMD� L]� VWUXMQR� UHJXOLVDQRJ� QDSRQVNRJ� LQYHUWRUD�� NRML

RPRJX`DYD�PDQLSXODFLMX�VWUXMQLP�YHNWRURP�QH]DYLVQR�RG��EU]LQH�L�RSWHUH`HQMD��=D

NRQWUROX�PRPHQWD�L�IOXNVD��QHRSKRGQR�MH�SR]QDYDWL�RULMHQWDFLMX�YHNWRUD�URWRUVNRJ

IOXNVD��8JDRQL��SRPHUDM�θ
H
��L]PH_X�YHNWRUD�URWRUVNRJ�IOXNVD�L�RVH�α�VWDFLRQDUQRJ

NRRUGLQDWQRJ� VLVWHPD�α−β� ]UDaXQDYD� VH� X�PDWHPDWLaNRP�PRGHOX� URWRUVNRJ� NROD

�6O��������1D�RVQRYX�PHUHQMD�VWUXMD�VWDWRUD�L�XJDRQH�EU]LQH�URWRUD��PRGHO�VLPXOLUD

SRMDYH� NRMH� X� URWRUVNRP� NROX� UH]XOWXMX� JHQHUDFLMRP� IOXNVD� �X� GDOMRM� DQDOL]L�� X

RNYLUX�RYRJ�SRJODYOMD�� VPDWUD`H�VH�GD� MH�PRGHO� URWRUVNRJ�NROD� LGHDODQ� L� GD�QHPD

JUH^DND� SUL� RGUH_LYDQMX� RULMHQWDFLMH� IOXNVD��� 8]� SRPR`� VWUXMQR� UHJXOLVDQRJ
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LQYHUWRUD��X�PRWRU�VH� LQMHNWXMH�VWDWRUVND�VWUXMD�RGUH_HQH�DPSOLWXGH� L�SRPHUDMD�X

RGQRVX�QD�YHNWRU�IOXNVD��.RPSRQHQWD�RYH�VWUXMH�SDUDOHOQD�VD�YHNWRURP�URWRUVNRJ

IOXNVD� � RGUH_XMH� � DPSOLWXGX� � IOXNVD�� � GRN� NRPSRQHQWD� QRUPDOQD� QD� IOXNV� GDMH

PRPHQW�� $QDOL]D� UDGD� VLVWHPD� QD� VOLFL� ����� MH� RODN^DQD� WUDQVIRUPDFLMRP

SURPHQOMLYLK�QD��G�T�URWDFLRQL�VLVWHP�NRRUGLQDWD�RGDEUDQ�WDNR�GD�VH�G�RVD�SRNODSD

VD�YHNWRURP�URWRUVNRJ�IOXNVD��aLPH�VH�QH�JXEL�QD�RS^WRVWL���

ψ ψ ψU ' 4G T
→ → →

= ⋅ + ⋅ ⇒ =� � � ������

6WUXMH� URWRUD� L� IOXNV� VWDWRUD� VH�PRJX� L]UD]LWL� X� IXQNFLML� IOXNVD� URWRUD� L

VWUXMD�VWDWRUD�
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⋅

⋅ + ⋅ + ⋅ − ⋅



 =

0
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;

; ; ������

6OLND�������3ULQFLSLMHOQD�^HPD�XSUDYOMDQMD�IOXNVRP�L�PRPHQWRP�PRWRUD�
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L
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⋅ + ⋅ =
− ⋅
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D
e q

q s q
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D

= ⋅ + ⋅ + ⋅ − ⋅ ⋅

= ⋅ + ⋅ + ⋅ ⋅ + ⋅ ⋅

σ σ

σ σ

ψ
ω

ω ω ψ

;
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u
R

L

d

dt
R

M

L
i

u R
M

L
i

D
r

r
D

D
r

r
d

Q r
r

q e r D

= = ⋅ + − ⋅ ⋅

= = − ⋅ ⋅ + − ⋅

0

0
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ψ

ω ω ψ

;

;
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,]UD]�]D�HOHNWURPDJQHWQL�PRPHQW�X� IXQNFLML� VWUXMD�VWDWRUD� L�� URWRUVNRJ

IOXNVD�VH�GRELMD�L]�L]UD]D��������

( )T
p

i i
p M

L
ie d d q d

r
D q= ⋅ ⋅ ⋅ − ⋅ = ⋅ ⋅ ⋅ ⋅

3

2 2

3

2 2
ψ ψ ψ � ������

'LQDPLND�VWUXMQR�QDSDMDQRJ�YHNWRUVNL�NRQWUROLVDQRJ�PRWRUD�MH�SRWSXQR

GHILQLVDQD� URWRUVNLP� MHGQDaLQDPD� ������ �� ������ L� ������� -HGQDaLQH� VX� LOXVWURYDQH

EORN�GLMDJUDPRP������

9HNWRUVNL� NRQWUROLVDQ� DVLQKURQL� PRWRU� VH� SR� UHJXODFLRQLP

NDUDNWHULVWLNDPD� L]MHGQDaDYD� VD� PRWRURP� MHGQRVPHUQH� VWUXMH�� -HGQDaLQH� G� RVH

DVLQKURQRJ�PRWRUD�DQDORJQH�VX�MHGQDaLQDPD�SREXGQRJ�QDPRWDMD�'&�PD^LQH��GRN

6OLND�������,OXVWUDFLMD�UHJXODFLRQLK�NDUDNWHULVWLND�YHNWRUVNL

NRQWUROLVDQRJ�DVLQKURQRJ�PRWRUD�
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VWUXMH� T� RVH� RGJRYDUDMX� VWUXML� DUPDWXUH�� 5DVSUH]DQMH� UHJXODFLRQLK� NRQWXUD

RPRJX`HQR� MH� ]DKYDOMXMX`L� SR]QDYDQMX� SRORCDMD� YHNWRUD� URWRUVNRJ� IOXNVD�� 0RGHO

URWRUVNRJ� NROD�� QD� VOLFL� ����� �� SRORCDM� URWRUVNRJ� IOXNVD� L]UDaXQDYD� QD� RVQRYX

SRGDWDND�R�VWDWRUVNLP�VWUXMDPD�L�EU]LQL�URWRUD��.DGD�VH�VWUXMH�URWRUD�L]UD]H�SUHNR

VWUXMD�VWDWRUD�L�URWRUVNRJ�IOXNVD��MHGQDaLQH�URWRUVNRJ�NROD���������SRSULPDMX�VOHGH`L

REOLN��

�
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= ⋅ − ⋅ ⋅ + + ⋅

= ⋅ − ⋅ ⋅ + − ⋅
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ψ ψ ω ψ

ψ
ψ

ω ψ

α α
α

β

β β
β

α

�������

.RPSRQHQWH� URWRUVNRJ� IOXNVD� �ψαU
�� ψβU�� VH� PRJX� RGUHGLWL� UH^DYDQMHP

MHGQDaLQD� ������ QD� RVQRYX� SR]QDWLK� SDUDPHWDUD�� EU]LQH� URWRUD� L� NRPSRQHQDWD

VWUXMH� VWDWRUD� LαV
� L� LβV�� %ORN� GLMDJUDP�PRGHOD� URWRUVNRJ� NROD� X� VWDFLRQDUQRP�α�β

NRRUGLQDWQRP�VLVWHPX�GDW�MH�QD�VO��������

3DUDPHWUL� URWRUVNRJ�NROD�QHRSKRGQL� ]D� L]UDaXQDYDQMH� SRORCDMD� YHNWRUD

URWRUVNRJ� IOXNVD� VX� LQGXNWLYQRVW�PDJQHWL]DFLMH� L� YUHPHQVND� NRQVWDQWD� URWRUVNRJ

NROD� �RGQRVQR�NDUDNWHULVWLND�PDJQH`HQMD�PD^LQH� L� YUHGQRVW� RWSRUQRVWL� URWRUVNRJ

6OLND��������2GUH_LYDQMH�RUMHQWDFLMH�θ
H
�URWRUVNRJ�IOXNVD�SUHNR�PRGHOD�URWRUVNRJ�NROD

X�VWDFLRQDUQRP�NRRUGLQDWQRP�VLVWHPX�
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QDPRWDMD���6WUXMH�Lα�L� Lβ� VH�RGUH_XMX�QD�RVQRYX�PHUHQMD�ID]QLK�VWUXMD�PRWRUD��2YR

PHUHQMH� MH� PRJX`H� L]EH`L� X� VOXaDMX� QDSDMDQMD� L]� VWUXMQR� UHJXOLVDQRJ� QDSRQVNRJ

LQYHUWRUD� VD�NDUDNWHULVWLNDPD�EOLVNLP� LGHDOQLP��5D]OLNH� L]PH_X� NRPDQGRYDQLK� L

DNWXHOQLK��VOLND��������YUHGQRVWL� ID]QLK�VWUXMD�VH�WDGD�PRJX�]DQHPDULWL��SD�VH�NDR

XOD]QH� YHOLaLQH� PRGHOD� URWRUVNRJ� NROD� X]LPDMX� NRPDQGRYDQH� YUHGQRVWL� VWUXMD�

,PDMX`L�X�YLGX�GD�VH�UHIHUHQFH�ID]QLK�VWUXMD�L]UDaXQDYDMX�WUDQVIRUPDFLMRP�VWUXMQRJ

YHNWRUD� X� G�T� NRRUGLQDWQRP� VLVWHPX� �VO�� ����� ��� PRCH� VH� ]DNOMXaLWL� GD� VH

L]UDaXQDYDQMD� SRMHGQRVWDYOMXMX� DNR� VH� PRGHO� URWRUVNRJ� NROD� IRUPLUD� X� G�T

NRRUGLQDWQRP� VLVWHPX�� -HGQDaLQH� URWRUVNRJ� NROD� X� G�T� VLVWHPX� GDWH� VX� L]UD]RP

��������%ORN�GLMDJUDP��NRML�LOXVWUXMH�RYH�MHGQDaLQH��GDW�MH�QD�VOLFL��������8�VOXaDMX�NDG

VH�NRPSRQHQWH�LG� L� LT�RGUH_XMX�PHUHQMHP�ID]QLK�VWUXMD��LVSUHNLGDQH�OLQLMH�QD�VOLFL

����� ��� VLVWHPL� QD� VOLNDPD� ����� L� ����� VX� HNYLYDOHQWQL�� =D� L]UDaXQDYDQMH� SRORCDMD

URWRUVNRJ� IOXNVD�� SRWUHEQR� MH�� NDR� L� NRG� PRGHOD� X� α�β� NRRUGLQDWQRP� VLVWHPX�

SR]QDYDWL�NDUDNWHULVWLNX�PDJQH`HQMD�PD^LQH�L�YUHGQRVW�URWRUVNRJ�RWSRUD�

2ULMHQWDFLMD� URWRUVNRJ� IOXNVD� θH�� L]UDaXQDWD� PRGHORYDQMHP� URWRUVNRJ

NROD��X�YHNWRUVNRP�NRQWUROHUX�LPD�XORJX�SRYUDWQH�VSUHJH�SR�VWDQMX�L�RG�YHOLNRJ�MH

]QDaDMD� ]D� NRUHNWQR� L]UDaXQDYDQMH� RULMHQWDFLMH� YHNWRUD� VWUXMH�� 3HUIRUPDQVH

YHNWRUVNL�NRQWUROLVDQRJ�SRJRQD�VD�DVLQKURQLP�PRWRURP�]DYLVH�RG�WDaQRVWL�PRGHOD

URWRUVNRJ�NROD��8WLFDM�RGVWXSDQMD�SDUDPHWDUD�PRGHOD�RG�SDUDPHWDUD�PRWRUD�`H�ELWL

DQDOL]LUDQ�X�SRJODYOMX������L�������

6OLND�������0RGHO�URWRUVNRJ�NROD�X�VLQKURQRP�G�T�NRRUGLQDWQRP�VLVWHPX�
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2G]LY�YHNWRUVNL�NRQWUROLVDQRJ�DVLQKURQRJ�PRWRUD��QDSDMDQRJ�L]�VWUXMQR

UHJXOLVDQRJ�QDSRQVNRJ�LQYHUWRUD��X�SRWSXQRVWL� MH�RGUH_HQ� MHGQDaLQDPD�QDSRQVNH

UDYQRWHCH�URWRUVNRJ�NROD�����������L� L]UD]RP�]D�HOHNWURPDJQHWQL�PRPHQW�����������

3DUDPHWUL�NRML�ILJXUL^X�X�RYLP�MHGQDaLQDPD�VX�RWSRUQRVW�URWRUVNRJ�QDPRWDMD�5U� �

LQGXNWLYQRVW�URWRUVNRJ�QDPRWDMD�/U� L�PH_XVREQD�LQGXNWLYQRVW�VWDWRUD�L� URWRUD�0

�LQGXNWLYQRVW�PDJQH`HQMD��� ,QGXNWLYQRVW�/U� VH�PRCH� L]UD]LWL� NDR� ]ELU�PH_XVREQH

LQGXNWLYQRVWL� 0� L� LQGXNWLYQRVWL� UDVLSDQMD� URWRUVNRJ� QDPRWDMD� /σU�� 5RWRUVND

RWSRUQRVW�]DYLVL� RG� WHPSHUDWXUH�QDPRWDMD� L� QMHQH� UHODWLYQD�SURPHQD� MH� SULEOLCQR

���� � � R&�� 1D� YL^LP� XaHVWDQRVWLPD� GROD]L� GR� HIHNWD� SRWLVNLYDQMD� VWUXMH� X

SURYRGQLFLPD�URWRUD�NDSHULIHULML��^WR�UH]XOWXMH�SRYH`DQMHP�HNYLYDOHQWQH�RWSRUQRVWL

QDPRWDMD� L� VPDQMHQMHP� LQGXNWLYQRVWL� UDVLSDQMD�� 0H_XVREQD� LQGXNWLYQRVW� L

LQGXNWLYQRVWL� UDVLSDQMD� QDPRWDMD� ]DYLVH� RG� HIHNWD� ]DVL`HQMD� PDJQHWQRJ� NROD

JODYQRJ� IOXNVD� L� ]DVL`HQMD� QD� SXWX� UDVLSQRJ� IOXNVD�� .DUDNWHULVWLNH� YHNWRUVNL

NRQWUROLVDQRJ� SRJRQD� ]DYLVH� RG� WDaQRJ� RGUH_LYDQMD� DPSOLWXGH� L� RULMHQWDFLMH

URWRUVNRJ� IOXNVD�� SD� MH� RG� LQWHUHVD� XWYUGLWL� NDNDY� MH� XWLFDM� QDYHGHQLK� SURPHQD

SDUDPHWDUD�QD� WDaQRVW� L]UDaXQDYDQMD�X�PRGHOX� URWRUVNRJ�NROD� �VO�� ��� ��� ���8WLFDM

VNLQHIHNWD� DQDOL]LUDQ� MH� X� �������� XWLFDM� ]DVL`HQMD� X� �������� GRN� VH� XWLFDM

WHPSHUDWXUQLK�SURPHQD�RWSRUQRVWL�URWRUVNRJ�QDPRWDMD�UD]PDWUD�X�SRJODYOMX�������

�������87,&$-�()(.7$�327,6.,9$1-$�6758-(�8�������87,&$-�()(.7$�327,6.,9$1-$�6758-(�8

35292'1,&,0$�52725$35292'1,&,0$�52725$

3URYRGQLFL� URWRUD� VX� RELaQR� L]OLYHQL� RG� DOXPLQLMXPD� LOL� IRUPLUDQL

XODJDQMHP�SXQLK�EDNDUQLK�^LQD�X�COHERYH�URWRUD��.DNR�LP�MH�SRSUHaQL�SUHVHN�YH`L

RG� SUHVHND� SURYRGQLND� VWDWRUD�� VNLQ� HIHNDW� MH� L]UDCHQLML� NRG� SURYRGQLND� URWRUD�

5DGL�XWYU_LYDQMD�SULURGH�SURPHQH�RWSRUQRVWL�L�LQGXNWLYQRVWL�UDVLSDQMD��L]YU^HQD�MH

XSUR^`HQD�DQDOL]D�HOHNWURPDJQHWQRJ�SROMD�X�SURYRGQLNX�SRORCHQRP�X�SUDYRXJDRQL�

RWYRUHQ� COHE� L� L]YHGHQL� VX� L]UD]L� ]D� SRGXCQX� RWSRUQRVW� L� UDVLSQX� LQGXNWLYQRVW

RYDNYRJ�SURYRGQLND��3UHWSRVWDYOMHQR�MH�GD�VH�UDVLSQL�IOXNV�X�COHEX�SURVWLUH�WDNR�GD

VX�OLQLMH�PDJQHWQRJ�SROMD�QRUPDOQH�QD�ERaQH�VWUDQLFH�COHED��GD�VH�HOHNWULaQR�SROMH�L

YHNWRU� JXVWLQH� VWUXMH� SURVWLUX� SR� X]GXCQRM� RVL�� GD� MH� X� COHEX� SXQL� EDNDUQL

SURYRGQLN��NRML�JD�VDVYLP�LVSXQMDYD�� L�GD� MH�XaHVWDQRVW� VWUXMD�ω� ]QDWQR�PDQMD�RG

RGQRVD�σ�ε���8�L]YR_HQMX��������K�SUHGVWDYOMD�YLVLQX�COHED��Z�^LULQX��σ�SURYRGQRVW
EDNUD���ε��L�µ��GLHOHNWULaQX�NRQVWDQWX�L�PDJQHWQX�SHUPHDELOQRVW� L� Mω�NRPSOHNVQX

XaHVWDQRVW� VLQXVRLGDOQH� VWUXMQH� SREXGH� ,�� 5H^DYDQMHP� GLIHUHQFLMDOQLK� MHGQDaLQD

SROMD�� QD� RVQRYX� JUDQLaQLK� XVORYD�� GRELMDMX� VH� L]UD]L� ]D� SROMH� +�[�� L� (�[��
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,]UDaXQDYDQMHP�SRGXCQLK�JXELWDND�X�EDNUX� L� SRGXCQH� HQHUJLMH�PDJQHWQRJ�SROMD�

GRELMDMX�VH�L]UD]L�]D�SRGXCQX�RWSRUQRVW

L�UDVLSQX�LQGXNWLYQRVW�
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   (2.20)

8� REODVWL� QLVNLK� XaHVWDQRVWL�� IUHNYHQWQD� ]DYLVQRVW� SRGXCQH� RWSRUQRVWL

SURYRGQLND�URWRUD�VH�PRCH�SULEOLCQR�SUHGVWDYLWL�MHGQDaLQRP��������NRMD�VH�GRELMD�QD

RVQRYX� UD]YRMD� ������ X� UHG�� X� RNROLQL� D⋅K ��� 9LGL� VH� GD� MH� RWSRUQRVW� SUL� QLVNLP
XaHVWDQRVWLPD� NYDGUDWQR� ]DYLVQD� RG� XaHVWDQRVWL�� 8� REODVWL� YLVRNLK� XaHVWDQRVWL

�DK!!���SULEOLCDQ� L]UD]�]D�SRGXCQX�RWSRUQRVW� GDMH� MHGQDaLQD���� �����3UL� YLVRNLP

XaHVWDQRVWLPD��RWSRU�VH�PHQMD�VD�NRUHQRP�XaHVWDQRVWL�
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,]UD]L�]D�SRGXCQX�RWSRUQRVW�L�LQGXNWLYQRVW�UDVLSDQMD�������VH�RGQRVH�QD

SUDYRXJDRQL�REOLN�COHED��.RG�GUXJDaLMHJ�REOLND�COHED��WDaQR�RGUH_LYDQMH�IUHNYHQWQH

]DYLVQRVWL� SDUDPHWDUD� ]DKWHYD� GHWDOMQLMX� DQDOL]X� SROMD�� GRN� VH� L]UD]L� ������PRJX

XSRWUHELWL�]D�SULEOLCDQ�SURUDaXQ�SURPHQH�RWSRUD�L�LQGXNWLYQRVWL�UDVLSDQMD�]D�GDWX

GXELQX�COHED��3ULEOLCDQ�SURUDaXQ�SURPHQH� RWSRUD� URWRUVNRJ�QDPRWDMD�XVOHG� VNLQ

HIHNWD�L]YU^HQ�MH�]D�GHVHW�PRWRUD�UD]OLaLWLK�VQDJD��5H]XOWDWL�VX�GDWL�X�WDEHOL��������

0RWRUL� ���� VX� VWDQGDUGQL� QLVNRQDSRQVNL� aHWYRURSROQL� DVLQKURQL� PRWRUL

SURL]YRGQMH� 
6HYHU
�� =D� PRWRU� ����� HIHNDW� SRWLVNLYDQMD� VWUXMH� X� URWRUVNLP

SURYRGQLFLPD�MH�GHWDOMQR�DQDOL]LUDQ�X�VWXGLML�[���]��8�VOXaDMX�PRWRUD�������REOLN
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COHERYD� MH� DSURNVLPLUDQ�SUDYRXJDRQLP�COHERP� MHGQDNH�SRYU^LQH� L� GXELQH�� QDNRQ

aHJD�MH�]D�L]UDaXQDYDQMH�RWSRUQRVWL�SULPHQMHQ�L]UD]�������

7DEHOD��������)UHNYHQWQD�]DYLVQRVW�URWRUVNRJ�RWSRUD

R]QDND�PRWRUD
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7DaQRVW�PRGHOD�URWRUVNRJ�NROD�]DYLVL�RG�YUHGQRVWL� URWRUVNRJ�RWSRUD�QD

XRELaDMHQLP�XaHVWDQRVWLPD�VWUXMD�X�SURYRGQLFLPD�URWRUD��3UL�UDGX�VD�QRPLQDOQLP

IOXNVRP� L� QRPLQDOQLP� RSWHUH`HQMHP�� VWUXMH� URWRUD� LPDMX� XaHVWDQRVW� QRPLQDOQRJ

NOL]DQMD�� 8� REODVWL� VODEOMHQMD� SROMD�� PRWRU� VH� QDSDMD� SULEOLCQR� NRQVWDQWQLP

�PDNVLPDOQLP�� QDSRQRP� SD� XaHVWDQRVW� X� URWRUX� QH� SUHNRUDaXMH� YUHGQRVW

SUHYDOQRJ� NOL]DQMD�� GYD� GR� WUL� SXWD� YH`X� RG� QRPLQDOQRJ�� 5H]XOWDWL� SULEOLCQRJ

SURUDaXQD�X�WDEHOL�������SRND]XMX�GD�MH�SRYH`DQMH�URWRUVNRJ�RWSRUD�QD�XaHVWDQRVWL

QRPLQDOQRJ� NOL]DQMD� L]UDCHQLMH� NRG� PD^LQD� YHOLNH� VQDJH�� =D� PD^LQH� GR� ��� N:�

SURPHQD� MH� SUL� QRPLQDOQRP� UHCLPX� UDGD� PDQMD� RG� ��� ���� ^WR� MH� HNYLYDOHQWQR

SURPHQL�RWSRUQRVWL�XVOHG�SRUDVWD� WHPSHUDWXUH�]D�������&��SD�VH�NRG�RYLK�PD^LQD

XWLFDM�VNLQ�HIHNWD�QD�WDaQRVW�PRGHOD�URWRUVNRJ�NROD�PRCH�]DQHPDULWL��0D^LQH�YH`H

VQDJH������L�����N:��SUL�QRPLQDOQRP�UHCLPX�UDGD�LPDMX�URWRUVNL�RWSRU�XYH`DQ�]D

PDQMH�RG�������X�RGQRVX�QD�RWSRU�SUL�MHGQRVPHUQRM�VWUXML��6OLaQR�SRYH`DQMH�RWSRUD

LPD�VH�L�NRG�YLVRNRQDSRQVNRJ�DVLQKURQRJ�PRWRUD�������VQDJH������0:��8NROLNR�EL

VH�PD^LQH�������L]ODJDOH�RSWHUH`HQMLPD�����SXWD�YH`LP�RG�QRPLQDOQRJ�LOL�UDGX�VD
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SUHYDOQLP� NOL]DQMHP�� URWRUVNL� RWSRU� EL� VH�� SUHPD� L]UD]X� ������� PRJDR� SRYH`DWL

SULEOLCQR�]D����������� �� ,]� RYH� DQDOL]H� VH�PRCH� ]DNOMXaLWL� GD� MH�XWLFDM� IUHNYHQWQH

]DYLVQRVWL� SDUDPHWDUD� QD� WDaQRVW� PRGHOD� URWRUVNRJ� NROD� X� QDMYH`HP� EURMX

VOXaDMHYD�]DQHPDUOMLY��,]X]HWDN�SUHGVWDYOMDMX�PRWRUL�VQDJH�QHNROLNR�VWRWLQD�N:�X

SRJRQX�aLML�]DKWHYL�L]LVNXMX�XaHVWDQRVW�URWRUVNLK�VWUXMD�EOLVNX�SUHYDOQRP�NOL]DQMX�

(IHNDW� NRML� VH� QH� PRCH� ]DQHPDULWL� MH� SRYH`DQMH� RWSRUQRVWL� QD� YL^LP

XaHVWDQRVWLPD��,]�WDEHOH������VH�YLGL�GD� MH�URWRUVNL�RWSRU�QD�XaHVWDQRVWL��N+]��^WR

PRCH� ELWL� NRPXWDFLRQD� XaHVWDQRVW� SUHWYDUDaD�� ]QDWQR� SRYH`DQD� L� NRG� PDOLK

PRWRUD�

���������3520(1$�3$5$0(7$5$�86/('�=$6,@(1-$���������3520(1$�3$5$0(7$5$�86/('�=$6,@(1-$

0$*1(712*�.2/$0$*1(712*�.2/$

0DJQHWQL�RWSRU�QD�SXWX�]DMHGQLaNRJ�IOXNVD�VWDWRUD�L�URWRUD�VH�VDVWRML�RG

RWSRUD� SUL� SURODVNX� NUR]� YD]GX^QL� ]D]RU� PD^LQH� L� RWSRUD� X� IHURPDJQHWLNX�

0DJQHWQL� RWSRU� X� YD]GX^QRP� ]D]RUX� MH� NRQVWDQWDQ� GRN� MH� NDUDNWHULVWLND

PDJQHWL]DFLMH�IHURPDJQHWLND�QHOLQHDUQD��SD�VH�VWUXMD�PDJQHWL]DFLMH�PRCH�UD]ORCLWL

QD� NRPSRQHQWX� SURSRUFLRQDOQX� IOXNVX� L� NRPSRQHQWX� QHOLQHDUQR� ]DYLVQX� RG

IOXNVD�� .RG� YHNWRUVNL� NRQWUROLVDQRJ� DVLQKURQRJ� PRWRUD� QDSDMDQRJ� L]� VWUXMQR

UHJXOLVDQRJ�SUHWYDUDaD��NRQWUROD�IOXNVD�VH�SRVWLCH�]DGDYDQMHP�VWUXMH�PDJQHWL]DFLMH

L�� SD� MH�QHRSKRGQR�SR]QDYDWL� LQGXNWLYQRVW�PDJQH`HQMD� /
P
 Ψ

P
� L
P
�� 3UL� UDGX� VD

NRQVWDQWQLP� IOXNVRP� LQGXNWLYQRVW� /
P
� VH� QH� PHQMD�� MHU� MH� QLYR� ]DVL`HQMD

PDJQHWQRJ� NROD� NRQVWDQWDQ�� %ODVFKNH� [��]� GDMH� PHWRG� ]D� LGHQWLILNDFLMX
LQGXNWLYQRVWL�PDJQH`HQMD� X� LQWHUYDOLPD� NDGD� MH� SRJRQ� UDVWHUH`HQ�� $NR� MH� SRJRQ

SUHGYL_HQ� ]D� UDG� X� REODVWL� VODEOMHQMD� SROMD�� LOL� VH� DPSOLWXGD� IOXNVD� SULODJR_DYD

RSWHUH`HQMX� UDGL� PLQLPL]DFLMH� JXELWDND�� LQGXNWLYQRVW� /
P
� L� QLYR� ]DVL`HQMD� VH

PHQMDMX��0HWRGD� LGHQWLILNDFLMH�/
P
� [��]� QH�PRCH� SUDWLWL� EU]H� SURPHQH� ]DVL`HQRVWL

PD^LQH��8�WDNYLP�XVORYLPD�SRWUHEQR�MH�UDVSRODJDWL�HNVSHULPHQWDOQLP��SRGDFLPD�R

NDUDNWHULVWLFL� PDJQH`HQMD� LOL� SULEOLCQRP� IXQNFLRQDOQRP� ]DYLVQR^`X� VWUXMH� L
P
� L

IOXNVD� Ψ
P
�� 'YRSDUDPHWDUVND� DSURNVLPDFLMD� NDUDNWHULVWLNH� PDJQH`HQMD� GDWD� MH
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.KDWHU�[��]�SRND]XMH�GD�DSURNVLPDFLMD�������SRND]XMH�GREUR�VODJDQMH�VD
HNVSHULPHQWDOQLP� UH]XOWDWLPD�� .RG� VWDQGDUGQLK� PRWRUD� QHOLQHDUQRVW

NDUDNWHULVWLNH� PDJQH`HQMD� MH� QDJOD^HQLMD� QHJR� X� VOXaDMX� PRWRUD� VD� YLVRNLP
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VWHSHQRP� NRULVQRJ� GHMVWYD�� NRML� VH� GLPHQ]LRQL^X� WDNR� GD� UDGH� VD� QLCLP

YUHGQRVWLPD� LQGXNFLMH�� 7LSLaQH� YUHGQRVWL� [��]� SDUDPHWDUD� IXQNFLMH� ������ VX� ]D
VWDQGDUGQH�PRWRUH�β ����� L� V ���D�]D�PRWRUH� YLVRNH� HILNDVQRVWL�β ����� L� V ����
2GQRV�PDJQHWL]DFLRQLK� LQGXNWLYQRVWL�/

P
� ]D����� L������QRPLQDOQRJ� IOXNVD� � NRG

VWDQGDUGQRJ� PRWRUD� �������� 8� VOXaDMX� PRWRUD� VD� YLVRNLP� VWHSHQRP� NRULVQRJ

GHMVWYD�� LQGXNWLYQRVW� /
P
� MH� SUL� ���� IOXNVD� VYHJD� ����� YH`D� RG� QRPLQDOQH�

.DUDNWHULVWLND�PDJQH`HQMD�X�]QDWQRM�PHUL�]DYLVL� L�RG�VWUXNWXUH�URWRUD�� ,ULVD� [��]
YU^L�PHUHQMD�SDUDPHWDUD�DVLQKURQLK�PRWRUD�VD�]DWYRUHQLP�L�RWYRUHQLP�COHERYLPD

URWRUD��.RG�PRWRUD�VD�]DWYRUHQLP�COHERP�GROD]L�GR�QDJOD^HQRJ�ORNDOQRJ�]DVL`HQMD

X]� SRYU^LQX� URWRUD� aDN� L� SUL� UHODWLYQR� PDOLP� QLYRLPD� IOXNVD�� (NVSHULPHQWDOQL

UH]XOWDWL� NRMH� GDMH� ,ULVD� SRND]XMX� GD� MH�� X� VOXaDMX� PRWRUD� VD� RWYRUHQLP� COHERP�

LQGXNWLYQRVW�PDJQH`HQMD�]QDWQR�PDQMH�]DYLVQD�RG�IOXNVD�QHJR�X�VOXaDMX�PRWRUD�VD

]DWYRUHQLP�COHERP��GRN�VH�UDVLSQD�LQGXNWLYQRVW�PRCH�VPDWUDWL�QHSURPHQOMLYRP�

8� VOXaDMX� OLQHDUQRJ� RGQRVD� VWUXMH� L� IOXNVD� �MHGQDaLQD� ������ VWUXMD

PDJQHWL]DFLMH� G� RVH� L
P
� QHPD� XWLFDMD� QD� IOXNV� T� RVH� ΨPT� REUDWQR�� MHU� VX� RVH

RUWRJRQDOQH� L� YDCL� WHRUHPD� VXSHUSR]LFLMH��.RG� QHOLQHDUQH� ]DYLVQRVWL�ΨP�LP�� YH]D

VWUXMD� PDJQHWL]DFLMH� L� IOXNVQLK� REXKYDWD� G� RVH� L� T� RVH� GDWD� MH� L]UD]RP� �����

$PSOLWXGD� UH]XOWDQWQRJ� IOXNVD� ΨP� ]DYLVL� RG� VWUXMD� PDJQHWL]DFLMH� REH� RVH�

,QGXNLYQRVWL�PDJQH`HQMD�/PG  /PT  ΨP � LP  ΨPG � LPG  ΨPT � LPT�������QD�WDM

QDaLQ� ]DYLVH� RG� YHOLaLQD� REH� RVH�� SD� VH� WDNR� XVSRVWDYOMD� VSUHJD� VWUXMD� L� IOXNVQLK

REXKYDWD� RUWRJRQDOQLK� RVD�� 6SUHJD� G� L� T� RVH�� SURX]URNRYDQD� QHOLQHDUQR^`X

PDJQHWQRJ� NROD�� SURXaDYDQD� MH� RG� VWUDQH� YL^H� DXWRUD� [��]�� [��]�� [��]�� [���]�
3URUDaXQ� PDJQHWQRJ� SROMD� FLOLQGULaQH� PD^LQH� [��]� SRND]XMH� GD� MH� RYDM� HIHNDW
LVWDNQXW�SUL�SULEOLCQR�MHGQDNLP�DPSOLWXGDPD�IOXNVD�RUWRJRQDOQLK�RVD��8YDCDYDMX`L

VSHFLILaQRVWL� YHNWRUVNL� NRQWUROLVDQRJ� SRJRQD�� SRWUHEQR� MH� XWYUGLWL� NROLNL� MH� XWLFDM

RYRJ� HIHNWD� QD� WDaQRVW� L]UDaXQDYDQMD� RULMHQWDFLMH� IOXNVD� X]� SRPR`� PRGHOD

URWRUVNRJ�NROD�QD�VOLFL�������-HGQDaLQH�QDSRQVNH�UDYQRWHCH�URWRUVNRJ�NROD��������]D

VOXaDM�QHOLQHDUQRJ�RGQRVD�VWUXMD�L�IOXNVQLK�REXKYDWD������X]LPDMX�REOLN�
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0RGHO�URWRUVNRJ�NROD��QD�VOLFL�������QD�RVQRYX�RYLK�MHGQDaLQD�L]UDaXQDYD

DPSOLWXGX� L� RULMHQWDFLMX� URWRUVNRJ� IOXNVD� θH�� .RRUGLQDWQL� G�T� VLVWHP�� X� NRPH� VH
]DGDMH� YHNWRU� VWUXMH�� NRUHNWQR� MH� RULMHQWLVDQ� XNROLNR� MH� T� NRPSRQHQWD� URWRUVNRJ

IOXNVD� MHGQDND� QXOL� �Ψ4 ���� 8JDR� θH� �VOLND� ������ VH� RGUH_XMH� LQWHJUDFLMRP� VXPH
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XJDRQLK� EU]LQD� URWRUD� �ωU�� L� NOL]DQMD� �ωV  ωH� ωU��� SD� MH� ]DKWHY� ]D� NRUHNWQLP

RGUH_LYDQMHP� RULMHQWDFLMH� IOXNVD� HNYLYDOHQWDQ� ]DKWHYX� ]D� NRUHNWQLP

L]UDaXQDYDQMHP�NOL]DQMD�ωV�NRRUGLQDWQRJ�G�T�VLVWHPD�X�RGQRVX�QD�URWRU��.OL]DQMH

�ωV  ωH� ωU���X� MHGQDaLQL�T�RVH�URWRUD��������PRUD�EDODQVLUDWL�DNWLYQL�SDG�QDSRQD

�5U ⋅ L4 ≅ �5U ⋅ LT��� 8� SURWLYQRP�� GROD]L� GR� XVSRVWDYOMDQMD� IOXNVD� Ψ4� L� JUH^NH� X

RULMHQWDFLML�YHNWRU� URWRUVNRJ� IOXNVD� VH� YL^H� QH� SRNODSD� VD� G�RVRP��� 8VORY� ]D

NRUHNWQR�RGUH_LYDQMH�SRORCDMD�IOXNVD�URWRUD�GDW�MH�MHGQDNR^`X��������
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3RWUHEQR�MH�DQDOL]LUDWL�NDNDY�MH�XWLFDM�]DVL`HQMD�L�VSUHJH�RUWRJRQDOQLK�RVD

QD� YHOLaLQH� X� JRUQMHP� L]UD]X�� =D� NRUHNWQR� L]UDaXQDYDQMH� NOL]DQMD� SRWUHEQR� MH

UDVSRODJDWL� SRGDWNRP� R� IOXNVX� Ψ'�� =ERJ� QHOLQHDUQRVWL� PDJQHWQRJ� NROD�� QD

XVSRVWDYOMDQMH�IOXNVD�X�G�RVL�XWLaH�L� IOXNV�T�RVH�ΨPT��.RG�YHNWRUVNL�NRQWUROLVDQRJ

SRJRQD��Ψ4�MH�MHGQDN�QXOL��SD�MH�ΨPT�RGUH_HQ�UDVLSQRP�LQGXNWLYQR^`X�URWRUD�/γU�L

DNWLYQRP�NRPSRQHQWRP�VWUXMH� LT�ΨPT ≅ /γU ⋅ LT���=D�VWDQGDUGQH�DVLQKURQH�PRWRUH
L]� WDEHOH� ������ UHODWLYQD� YUHGQRVW� URWRUVNRJ� UDVLSDQMD�X]LPD�YUHGQRVWL� RG� ����� GR

����� S�X��� .YDQWLWDWLYQL� HIHNWL� XWLFDMD� IOXNVD�ΨPT� QD� XVSRVWDYOMDQMH� IOXNVD� ΨPG

SULND]DQL�VX�X�WDEHOL������
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7DEHOD� GDMH� SURFHQWXDOQR� RGVWXSDQMH� Ψ
P � X� ]DYLVQRVWL� RG� VWUXMH� LT� ]D

VWDQGDUGQH�DVLQKURQH�PRWRUH�VQDJH�����:�L�����N:��PRWRUL����L����L]�WDEHOH�������

3RGDFL� X� WDEHOL� VX� L]UDaXQDWL� QD� RVQRYX� UHODFLMD� ������ NDWDOR^NLK� SRGDWDND� ]D

PRWRUH� L� IXQNFLRQDOQH� DSURNVLPDFLMH� HNVSHULPHQWDOQR� PHUHQLK� NDUDNWHULVWLND

PDJQH`HQMD�X� UDGX� [���]�� 6PDWUD� VH� GD� MH� VWUXMD�PDJQHWL]DFLMH� LPG� NRQVWDQWQD� L

RGUH_HQD� WDNR�� GD� MH� IOXNV� Ψ'�� X� RGVXVWYX� VWUXMH� LT�� MHGQDN� NRPDQGRYDQRM

YUHGQRVWL�Ψ
'


 ��3UHNR�UHODFLMD������RGUH_XMH�VH�RGVWXSDQMH�RYRJ�IOXNVD�SRG�XWLFDMHP

VWUXMH�L
P
�

5H]XOWDWL�SULND]DQL�X�WDEHOL������SRND]XMX�GD�MH�XWLFDM�SURPHQOMLYLK�T�RVH

QD�XVSRVWDYOMDQMH�IOXNVD�X�G�RVL��SURX]URNRYDQ�QHOLQHDUQR^`X�PDJQHWQRJ�NROD��RG

PDUJLQDOQRJ� ]QDaDMD� NRG� RSWHUH`HQMD� NRMD� QH� SUHOD]H� GYRVWUXNX� QRPLQDOQX

YUHGQRVW�� 3RWUHED� ]D� XYDCDYDQMHP� XWLFDMD� T�RVH� QD� ]DVL`HQMH� PDJQHWQRJ� NROD

SRMDYOMXMH� VH� WHN� X� VOXaDMX� NDGD� DNWLYQD� NRPSRQHQWD� VWUXMH� L� RVPRVWUXNR

QDGPD^XMH�QRPLQDOQX�YUHGQRVW�

8WLFDM�IOXNVD�ΨPT�QD�SURFHVH�X�G�RVL�MH�RG�VHNXQGDUQRJ�]QDaDMD��MHU�VH�X

XVORYLPD� YHNWRUVNH� NRQWUROH� RGUCDYD�Ψ4  �� �� SD� IOXNV�ΨPT� ]DSUDYR� SUHGVWDYOMD

IOXNV� UDVLSDQMD� URWRUVNRJ�QDPRWDMD� L� ]QDWQR� MH�PDQML� RG� IOXNVD�� ,]� LVWRJ� UD]ORJD�

IOXNV�ΨPG� LPD� RGOXaXMX`L� XWLFDM� QD� LQGXNWLYQRVWL� T�RVH� [��]�� ,QGXNWLYQRVWL� /PT� L
/γUT�NRULVWH�VH�X�PRGHOX�URWRUVNRJ�NROD��NDNR�EL� VH�QD�RVQRYX�SR]QDWH�VWUXMH� LT� L

XVORYD� Ψ4  �� L]UDaXQDOD� VWUXMD� URWRUD� L4�� 8� L]UD]X� ������ ILJXUL^H� NROLaQLN

LQGXNWLYQRVWL� PDJQH`HQMD� L� URWRUVNH� LQGXNWLYQRVWL� T�RVH�� .ROLaQLN� VH� PHQMD� X

]DYLVQRVWL� RG� /PT /P� L� UDVLSQH� LQGXNWLYQRVWL� URWRUD� /γU�� .DNR� MH� LQGXNWLYQRVW

UDVLSDQMD� URWRUD� ]QDWQR� PDQMD� RG� PDJQHWL]DFLRQH� LQGXNWLYQRVWL�� YUHGQRVW

NROLaQLND�MH�EOLVND�MHGLQLFL��SD�VX�L�SURPHQH�RGQRVD�/P � � /P � /γU ��VD�]DVL`HQMHP

PDQMH�LVWDNQXWH��1D�SULPHUX�PRWRUD�RG�����N:��SURPHQD�PDJQHWL]DFLRQRJ�IOXNVD

VD� ����QD� �����QRPLQDOQH� YUHGQRVWL� SURX]URNXMH� SURPHQX� RGQRVD� /PT � /UT� VD

������QD�������
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1D� RVQRYX� QDYHGHQLK� UD]PDWUDQMD� VH� PRCH� ]DNOMXaLWL� GD� VH�� NRG

YHNWRUVNL� NRQWUROLVDQRJ� DVLQKURQRJ� PRWRUD�� VSUHJD� RUWRJRQDOQLK� RVD� XVOHG

QHOLQHDUQRVWL�PDJQHWQRJ� NROD�PRCH� ]DQHPDULWL�� *UH^ND� NRMD� VH� SUL� WRPH� aLQL� MH

LVSRG�XRELaDMHQRJ�[�]�QLYRD�UH]ROXFLMH�SR]LFLRQRJ�VHQ]RUD�L�UH]ROXFLMH�NRQYHUWRUD�]D
]DGDYDQMH� VWUXMQRJ� YHNWRUD��8]� QDYHGHQR� ]DQHPDUHQMH�� L]UDaXQDYDQMH� NOL]DQMD� X

PRGHOX�URWRUVNRJ�NROD�VH��SUHPD�L]UD]X��������PRCH�NRUHNWQR�L]YHVWL�DNR�MH�SR]QDW

URWRUVNL�RWSRU�L�]DYLVQRVW�IOXVD�Ψ
'
�RG�VWUXMH�L

G
��0RGHO�URWRUVNRJ�NROD�QD�VOLFL������VH

PRUD��X�VOXaDMX�UDGD�VD�SURPHQOMLYRP�DPSOLWXGRP�IOXNVD��PRGLILNRYDWL�WDNR�GD�SUL

VLPXODFLML�SRMDYD�NRMH�GRYRGH�GR�JHQHUDFLMH�IOXNVD�Ψ
'
��XYDCDYD�QHOLQHDUDQ�RGQRV�Ψ

PG
�L
PG

��� 3RWUHEQR� MH� UDVSRODJDWL� WDEHODUQR� ]DGDWRP� NDUDNWHULVWLNRP� Ψ
P
�L
P
�� LOL

IXQNFLMRP�NRMD�NDUDNWHULVWLNX�DSURNVLPLUD�[��]��[���]��,]PHQH�NRMH�WUHED�L]YHVWL�QD

PRGHOX�URWRUVNRJ�NROD��VOLND�������GDWH�VX�QD�VOLFL������

8YR_HQMHP�NRUHNFLMH�QD� VOLFL� ����� X�PRGHO� URWRUVNRJ�NROD� VD� VOLNH� �����

RPRJX`XMH� VH� NRUHNWQR� L]UDaXQDYDQMH� RG]LYD� IOXNVD� Ψ
'
� QD� SURPHQH� NRPDQGH

IOXNVD�L
G
�

3RUHG� XWLFDMD� QD� NDUDNWHULVWLNX� PDJQH`HQMD� PD^LQH�� QHOLQHDUQRVW

PDJQHWQRJ�NROD�SURX]URNXMH�L�]DYLVQRVW�UDVLSQLK�LQGXNWLYQRVWL�RG�VWUXMD�VWDWRUD�L

URWRUD��2GVWXSDQMD�LQGXNWLYQRVWL�UDVLSDQMD�RG�QMLKRYLK�QRPLQDOQLK�YUHGQRVWL�VX�RG

VHNXQGDUQRJ�XWLFDMD�QD�WDaQRVW�PRGHOD�URWRUVNRJ�NROD�VWUXMQR�QDSDMDQH�PD^LQH��8

PRGHOX� VH� SRMDYOMXMH� MHGLQR� LQGXNWLYQRVW� UDVLSDQMD� URWRUD� /γU�� L� WR� NUR]� RGQRV

/
P
� � /

P
� /γU ���NRML�MH�XYHN�≅���3RGDWDN�R�LQGXNWLYQRVWLPD�UDVLSDQMD�]QDaDMDQ�MH

SUL� VLQWH]L� HVWLPDWRUD�SDUDPHWDUD� L� VWDQMD�� XNROLNR� VH� RYH� VWUXNWXUH� RVODQMDMX�QD

WHUPLQDOQH�QDSRQH�PD^LQH��3URPHQH�/γV�L�/γU�VX�L]UD]LWLMH�NRG�DVLQKURQLK�PRWRUD

VD�]DWYRUHQLP�COHERP� [��]�� GRN� VH� ]D� VOXaDM� RWYRUHQRJ� COHED� RYL� SDUDPHWUL�PRJX

VPDWUDWL� NRQVWDQWQLP�� 2GUH_LYDQMH� UHDNWDQVH� NUDWNRJ� VSRMD� [���]� PD^LQH� VD

6OLND�������8YDCDYDQMH�XWLFDMD�]DVL`HQMD�PDJQHWQRJ�NROD�QD

XVSRVWDYOMDQMH�IOXNVD�Ψ'��XWLFDM�IOXNVD�T�RVH�QD�]DVL`HQMH

IHURPDJQHWLND�MH�]DQHPDUHQ��
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8aHVWDQRVW� NOL]DQMD� ωV� G�T� NRRUGLQDWQRJ� VLVWHPD� �� X� NRPH� VH� ]DGDMH

YHNWRU� VWUXMH� L G L T LG T

→ → →
= ⋅ + ⋅ �� RGUH_XMH� VH� QD� RVQRYX� YHOLaLQD� X�PRGHOX� URWRUVNRJ

NROD� �VO�������� 3UHPD� UHODFLML� ������� NOL]DQMH� MH� SURSRUFLRQDOQR� YHOLaLQL� URWRUVNRJ

RWSRUD� 5U�� SD� MH� MHGDQ� RG� XVORYD� ]D� NRUHNWQR� RGUH_LYDQMH� RULMHQWDFLMH� URWRUVNRJ

IOXNVD� SR]QDYDQMH� WDaQH� YUHGQRVWL� RWSRUQRVWL� URWRUVNRJ� QDPRWDMD�� 8� SRJODYOMX

������� MH�DQDOL]LUDQD�IUHNYHQWQD�]DYLVQRVW�5U�� L�XWYU_HQR�GD�VH�RWSRU�]DQHPDUOMLYR

PHQMD� QD� XRELaDMHQLP� XaHVWDQRVWLPD� URWRUVNLK� VWUXMD�� 3URPHQH� 5U� VD

WHPSHUDWXURP�VX�]QDWQR�YH`H��8RELaDMHQR�SRYH`DQMH�WHPSHUDWXUH�URWRUD�X�RGQRVX

QD�DPELMHQW�GRVWLCH�≅��� &� [��]��8�VOXaDMX�EDNDUQLK�SURYRGQLND�� UHODWLYQL� SRUDVW
RWSRUD�L]QRVL��� ���3DUDPHWDU�5U�PRGHOD�URWRUVNRJ�NROD�VH�PRCH�SRGHVLWL�WDNR�GD

RGJRYDUD�YUHGQRVWL�RWSRUD�QD�SRORYLQL�WHPSHUDWXUQRJ�RSVHJD�L�WDGD�UD]OLNH�L]PH_X

5U
PRGHOD� L� 5U

QDPRWDMD� X� QDYHGHQRP� WHPSHUDWXUQRP� RSVHJX� L]QRVH� ��� ����� 2YD

RGVWXSDQMD� VH� GLUHNWQR� RGVOLNDYDMX� QD� L]UDaXQDYDQMH� NOL]DQMD� ωV� SURX]URNXMX

JXELWDN� NRQWUROH� QDG� XJORP� L]PH_X� URWRUVNRJ� IOXNVD� L� YHNWRUD�PDJQHWRSREXGQH

VLOH�� 3RWUHEQR� MH� DQDOL]LUDWL� XWLFDM� SURPHQH� URWRUVNRJ� RWSRUD� � QD� XVSRVWDYOMDQMH

IOXNVD� L�PRPHQWD� DVLQKURQRJ�PRWRUD��8� DQDOL]L� NRMD� VOHGL�� SUHWSRVWDYOMHQR� MH� GD

YHNWRUVNL� NRQWUROHU� ]DGDMH� NRQVWDQWQX� YUHGQRVW� IOXNVD� Ψ'��� RGUH_HQX� VWUXMRP

LG LG���5D]OLND�L]PH_X�RWSRUD�QDPRWDMD�URWRUD�5U�L�SDUDPHWUD�5U
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6LVWHP�MHGQDaLQD�������RSLVXMH�SRQD^DQMH�RGVWXSDQMD�IOXNVD�∆Ψ'�L�∆Ψ4�X�]DYLVQRVWL

RG�RGVWXSDQMD�URWRUVNRJ�RWSRUD�∆5��.DR�SRVOHGLFD�QHSRGH^HQRVWL�PRGHOD�URWRUVNRJ
NROD���MDYOMD�VH�RVFLODWRUQL�RG]LY�PRPHQWD�L�IOXNVD��L]UD]L���������.RUHQL�SROLQRPD�X

LPHQLRFX�L]UD]D�������LPDMX�QHJDWLYDQ�UHDOQL�GHR�NRML�QH�]DYLVL�RG�∆5��SD�MH�VLVWHP
VWDELODQ��)DNWRU�SULJX^HQMD�ξ�GDW� MH� L]UD]RP��������2VFLODFLMH�IOXNVD�L�PRPHQWD�VX
SULJX^HQLMH�XNROLNR�MH�RGQRV�VWUXMD�LT � LG�PDQML��2YR�]QDaL�GD�RVHWOMLYRVW�YHNWRUVNL

NRQWUROLVDQRJ� SRJRQD� QD� SURPHQH� URWRUVNH� RWSRUQRVWL� UDVWH� VD� RSWHUH`HQMHP�

,PDMX`L�X�YLGX�GD�DVLQKURQL�PRWRUL�YH`H�VQDJH�LPDMX�QLCX�UHODWLYQX�YUHGQRVW�VWUXMH

PDJQH`HQMD�� PRCH� VH� ]DNOMXaLWL� GD� VX� SRVOHGLFH� SURPHQH� URWRUVNRJ� RWSRUD� VD
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8VOHG� SURPHQH� RWSRUD� URWRUVNRJ� QDPRWDMD�� PRPHQW� L� IOXNV� RGVWXSDMX� RG

NRPDQGRYDQLK� YUHGQRVWL� X� WRNX� SUHOD]QLK� SURFHVD� NDR� L� SUL� XVWDOMHQRP� VWDQMX�

2QHPRJX`HQR�MH�UDVSUHJQXWR�XSUDYOMDQMH�PRPHQWRP�L�IOXNVRP��,]�MHGQDaLQD�������

������L�������VH�YLGL�GD�REH�NRPSRQHQWH�VWUXMQRJ�YHNWRUD��LG�L�LT��XWLaX�QD�IOXNV��NDR

L�WR�GD�MH�UHODFLMD�L]PH_X�PRPHQWD�L�NRPDQGH�PRPHQWD�LT�QHOLQHDUQD��2VFLODWRUQD

SURPHQD�PRPHQWD��QHJDWLYQR��XWLaH��QD��RG]LY��NRG�UHJXODFLMH�EU]LQH�LOL�SR]LFLMH��8

L]YHVQLP� VOXaDMHYLPD� �NDGD� VX� YUHPHQVNH� NRQVWDQWH� PRWRUD� ]QDWQR� YH`H� RG

YUHPHQVNLK� NRQVWDQWL� UHJXODWRUD� EU]LQH�� RYDM� SUREOHP� VH� PRCH� XEODCLWL

SRGH^DYDQMHP� SDUDPHWDUD� VSROMQH� SHWOMH� [��]�� 3UREOHP� RGVWXSDQMD� IOXNVD� L

PRPHQWD� X� VWDFLRQDUQRP� VWDQMX� VH� QD� WDM� QDaLQ� QH�PRCH� UH^LWL�� 8WLFDM� SURPHQH

URWRUVNRJ� RWSRUD�QD� � VWDWLaNH� � NDUDNWHULVWLNH� YHNWRUVNL� NRQWUROLVDQRJ� DVLQKURQRJ

PRWRUD�MH�GHWDOMQR�DQDOL]LUDQ�RG�VWUDQH�YL^H�DXWRUD� [�]�� [��]�� [��]�� [��]�� [��]�� [��]�
1HNH�RG�SRVOHGLFD�UD]OLaLWH�YUHGQRVWL�URWRUVNH�RWSRUQRVWL�5U�PD^LQH�L�SDUDPHWUD�5

U




X�PRGHOX�URWRUVNRJ�NROD�VX�SRYH`DQL�JXELFL�L�QHGR]YROMHQR��SRYH`DQMH��WHPSHUDWXUH

PRWRUD��SUL��QRPLQDOQRP�RSWHUH`HQMX��]DYLVQRVW�DPSOLWXGH�IOXNVD�RG�RSWHUH`HQMD�

QHOLQHDUQD� ]DYLVQRVW� HOHNWURPDJQHWQRJ� PRPHQWD� RG� NRPDQGH� PRPHQWD� L
T
� L

UHGXNFLMD�PDNVLPDOQRJ�PRPHQWD�NRML�SRJRQ�PRCH�UD]YLWL�X�XVORYLPD�RJUDQLaHQRJ

VWUXMQRJ� � NDSDFLWHWD� � HQHUJHWVNRJ� � SUHWYDUDaD�� =D� VWDQGDUGQL� DVLQKURQL� PRWRU

VQDJH� ����� N:�� L]YU^HQ� MH� SURUDaXQ� DPSOLWXGH� IOXNVD� X� VWDFLRQDUQRP� VWDQMX�� X

XVORYLPD� YHNWRUVNH� NRQWUROH� VD� QHNRUHNWQR� SRGH^HQLP�PRGHORP� URWRUVNRJ� NROD�
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3URUDaXQ�MH�L]YU^HQ�X]�XYDCDYDQMH�HIHNWD�]DVL`HQMD��PDJQHWQRJ��NROD��5H]XOWDWL�VX

VDGUCDQL�X�WDEHOL������

7DEHOD�������8WLFDM�RGVWXSDQMD�SDUDPHWUD�5�U�PRGHOD�URWRUVNRJ�NROD�QD�DPSOLWXGX

IOXNVD�X�VWDFLRQDUQRP�VWDQMX
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3UL� SRORYLQL� QRPLQDOQRJ� IOXNVD�� UH]XOWDWL� RGJRYDUDMX� MHGQDaLQL� ������� GRN� VX

RGVWXSDQMD� SUL� QRPLQDOQRP� IOXNVX� XQHNROLNR� XEODCHQD� ]DVL`HQMHP�� 1HOLQHDUQD

]DYLVQRVW� HOHNWURPDJQHWQRJ� PRPHQWD� L� NRPDQGH� PRPHQWD� LT�� SURX]URNRYDQD

SURPHQRP� URWRUVNRJ� RWSRUD� VD� WHPSHUDWXURP�� SULND]DQD� MH� QD� SULPHUX� LVWRJ

PRWRUD�X�WDEHOL������

7DEHOD��������8WLFDM�SURPHQH�RWSRUD�URWRUVNRJ�QDPRWDMD�QD�RGQRV

HOHNWURPDJQHWQRJ�PRPHQWD�L�NRPDQGH�PRPHQWD� LT�
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8�VOXaDMX�NDGD� MH� VWUXMD� LT� MHGQDND�SRORYLQL� VYRMH�QRPLQDOQH� YUHGQRVWL�� UHODWLYQR

RGVWXSDQMH�HOHNWURPDJQHWQRJ��PRPHQWD�7H�RGJRYDUD�UHODWLYQRM�SURPHQL�URWRUVNH
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RWSRUQRVWL�� 3UL� RSWHUH`HQMLPD� YH`LP� RG� QRPLQDOQRJ�� ]D� L
T
 �⋅,

T
� LOL� ���⋅,

TQ
�

HOHNWURPDJQHWQL� PRPHQW� SRJRQD� VD� QHSRGH^HQLP� PRGHORP� URWRUVNRJ� NROD� VH

VPDQMXMH�� NDNR� ]D� SR]LWLYQH�� WDNR� L� ]D� QHJDWLYQH� YUHGQRVWL� ∆5�� 8� XVORYLPD
RJUDQLaHQRJ� VWUXMQRJ� NDSDFLWHWD� SUHWYDUDaD� ]D� QDSDMDQMH� PRWRUD�� UD]OLND� ∆5
L]PH_X� RWSRUQRVWL� QDPRWDMD� URWRUD� 5

U
� L� SDUDPHWUD� 5

U


 �� VD� NRMLP� RSHUL^H� PRGHO

URWRUVNRJ��NROD�� �SURX]URNXMH� � UHGXNFLMX�PDNVLPDOQRJ�PRPHQWD�NRML�SRJRQ�PRCH

UD]YLWL�

$QDOL]D�� VSURYHGHQD� X� RYRP� SRJODYOMX�� SRND]XMH� GD� VH� XWLFDM� SURPHQD

URWRUVNRJ�RWSRUD�QD�RGUH_LYDQMH�RULMHQWDFLMH� URWRUVNRJ� IOXNVD�X�PRGHOX�URWRUVNRJ

NROD� QH� PRCH� ]DQHPDULWL�� MHU� SURX]URNXMH� GHJUDGLUDQMH� SHUIRUPDQVL� SRJRQD�

3URPHQH� 5
U
� VD� WHPSHUDWXURP� MH� QHRSKRGQR� NRPSHQ]RYDWL� SULODJR_DYDQMHP

SDUDPHWUD�5
U


 �X�PRGHOX�URWRUVNRJ�NROD��NDNR�EL�XSUDYOMDQMH�IOXNVRP�L�PRPHQWRP

ELOR�UDVSUHJQXWR�X�SXQRP�RSVHJX�WHPSHUDWXUD�L�RSWHUH`HQMD�



352-(.729$1-(�$'$37,912*�0,.52352&(6256.2*�835$9/-$1-$����352-(.729$1-(�$'$37,912*�0,.52352&(6256.2*�835$9/-$1-$����

��

���35(.,'$A.,�$/*25,7$0�=$�835$9/-$1-(���35(.,'$A.,�$/*25,7$0�=$�835$9/-$1-(

1$3216.,0�,19(5725201$3216.,0�,19(572520

9HNWRUVNR� XSUDYOMDQMH� DVLQKURQLP� PRWRURP� VH� ]DVQLYD� QD� NRQWUROL

DPSOLWXGH� PDJQHWRSREXGQH� VLOH� PD^LQH� L� XJDRQRJ� SRPHUDMD� L]PH_X� YHNWRUD

PDJQHWRSREXGQH�VLOH�L�IOXNVD��3URVWRUQD�UDVSRGHOD�PDJQHWRSREXGQH�VLOH�]DYLVL�RG

VWUXMD� X� QDPRWDMLPD� PD^LQH�� 8NROLNR� MH� PRJX`H� NRQWUROLVDWL� VWUXMH� VWDWRUVNRJ

QDPRWDMD��PDJQHWRSREXGQD�VLOD�VH�PRCH�XVPHULWL�X�SURL]YROMDQ�SRORCDM�X]�CHOMHQX

DPSOLWXGX�� 3R^WR� HOHNWURPDJQHWQL� PRPHQW� ]DYLVL� RG� YHNWRUVNRJ� SURL]YRGD

PDJQHWRSREXGQH� VLOH� L� IOXNVD�� EU]LQD� XVSRVWDYOMDQMD� PRPHQWD� ]DYLVL� RG� EU]LQH

SURPHQH� RULMHQWDFLMH� L� DPSOLWXGH� YHNWRUD�PDJQHWRSREXGQH� VLOH�� =DWR� MH� MHGDQ� RG

]DKWHYD�� NRML� SUHWYDUDa� ]D� QDSDMDQMH� PRWRUD� WUHED� GD� LVSXQL�� PRJX`QRVW� EU]H

L]PHQH� DPSOLWXGH� L� ID]H� VWDWRUVNLK� VWUXMD�� 6WUXMQL� LQYHUWRU� RPRJX`DYD� EU]X

NRQWUROX� QDG� ID]QLP� VWDYRP� VWDWRUVNLK� VWUXMD�� DOL� MH� EU]LQD� SURPHQH� DPSOLWXGH

VWUXMH� RJUDQLaHQD� YHOLaLQRP� SULJX^QLFH� X� MHGQRVPHUQRP� PH_XNROX� SUHWYDUDaD�

=DWR� VH�� ]D� QDSDMDQMH� DVLQKURQLK� PRWRUD�� X� SRJRQLPD� YLVRNLK� SHUIRUPDQVL�

XRELaDMHQR� [�]�� [��]�� [��]� NRULVWL� QDSRQVNL� LQYHUWRU� NRML�� X]� DGHNYDWQH� VWUXMQH
UHJXODWRUH�� RPRJX`DYD� EU]H� SURPHQH� DPSOLWXGH� L� RULMHQWDFLMH� YHNWRUD� VWDWRUVNH

VWUXMH�

.DUDNWHULVWLNH�VWUXMQLK�UHJXODWRUD�ELWQR�XWLaX�QD�SHUIRUPDQVH�YHNWRUVNL

NRQWUROLVDQRJ�SRJRQD��3RUHG�GLQDPLNH�� VWUXMQL� UHJXODWRUL�PRUDMX� REH]EHGLWL� L� ^WR

PDQMX� JUH^NX� VWDFLRQDUQRJ� VWDQMD�� 1HCHOMHQD� MHGQRVPHUQD� NRPSRQHQWD� VWUXMH� X

L]QRVX�RG������ [�]��SURX]URNRYDQD�QHLGHDOQR^`X�VWUXMQLK�UHJXODWRUD��SURX]URNXMH
SXOVDFLMH�HOHNWURPDJQHWQRJ�PRPHQWD�X�UHODWLYQRP�L]QRVX�RG�����)D]QR�ND^QMHQMH

VWDWRUVNLK�VWUXMD� [��]�GRYRGL�GR�QHNRUHNWQH�RULMHQWDFLMH�YHNWRUD�PDJQHWRSREXGQH

VLOH��^WR�UHPHWL�RG]LY�SRJRQD�L�XWLaH�QD�VWDFLRQDUQH�YUHGQRVWL�IOXNVD�L�PRPHQWD�

8� VOXaDMX� LGHDOQRJ� QDSRQVNRJ� L]YRUD� L� SURSRUFLRQDOQRJ� UHJXODWRUD

VWDWRUVNLK� VWUXMD�� XVSRVWDYOMDQMH� RYLK� VWUXMD� X� VWDFLRQDUQRP� �α�β�� NRRUGLQDWQRP
VLVWHPX�RSLVXMX�MHGQDaLQH������L������
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2GQRV� SURSRUFLRQDOQRJ� SRMDaDQMD�.� L� LQGXNWLYQRVWL� UDVLSDQMD� /σ� PRUD

ELWL� GRYROMQR� YHOLNL� GD� HOLPLQL^H� ]DYLVQRVW� VWUXMD� RG� URWRUVNRJ� IOXNVD�� EU]LQH� L

SDUDPHWDUD�PRWRUD�� 8� XVORYLPD� NDGD� VH� WDNR� YHOLND� SRMDaDQMD� QH� PRJX� SRVWL`L�

QDSRQL� XαV� L� XβV� PRUDMX� ELWL� RGUH_HQL� WDNR� GD� NRPSHQ]XMX� XWLFDM� NRQWUD�

HOHNWURPRWRUQH�VLOH��LQGXNRYDQH�X�QDPRWDMLPD�

.RQILJXUDFLMD� HQHUJHWVNRJ� NROD� SUHWYDUDaD� ]D� QDSDMDQMH� DVLQKURQRJ

PRWRUD� SULND]DQD� MH� QD� VOLFL� ������ 3UHNLGDaNRP� DNFLMRP� WURID]QRJ� WUDQ]LVWRUVNRJ

PRVWD�� MHGQRVPHUQL� QDSRQ� 8F� VH� NRQYHUWXMH� X� WURID]QL� VLVWHP� QDL]PHQLaQLK

QDSRQD� 9D�� 9E� L� 9F�� 2VQRYQD� UD]OLND� L]PH_X� QDSRQVNRJ� LQYHUWRUD� L� LGHDOQRJ

QDSRQVNRJ� L]YRUD� MH� GLVNUHWDQ�NDUDNWHU� L]OD]QLK� QDSRQD� LQYHUWRUD��8SUDYOMDQMHP

SUHNLGDaLPD�4���4���L]OD]QL�QDSRQL�9D��9E�L�9F�VH�SR�SRWHQFLMDOX�PRJX�L]MHGQDaLWL�VD

SR]LWLYQRP�LOL�QHJDWLYQRP�REORJRP�NRQGHQ]DWRUD�&��/LQLMVNL�QDSRQL�9DE��9EF�L�9FD

SUL� WRPH� X]LPDMX� YUHGQRVWL� � 8F�� � 8F� LOL� ��� 3ROXSURYRGQLaNL� SUHNLGDaL� LPDMX

NRQDaDQ� SDG� QDSRQD�� ^WR� SURX]URNXMH� ]DYLVQRVW� L]OD]QLK� QDSRQD� RG� DPSOLWXGH� L

SRODULWHWD� VWUXMH�� 3UHOD]QL� SURFHVL� X� SROXSURYRGQLaNLP� SUHNLGDaLPD� ]DKWHYDMX

PDQMX� LOL� YH`X� SDX]X� L]PH_X� YR_HQMD� JRUQMHJ� L� GRQMHJ� SUHNLGDaD� X� VYDNRM� RG

YHUWLNDOD��4� � 4���4� � 4�� L�4� � 4����SD�SRVWRMH� LQWHUYDOL���PUWYR�YUHPH���NDGD�VX

L]OD]QL�QDSRQL�YDQ�NRQWUROH��8�QHLGHDOQRVWL� LQYHUWRUD� VH�XEUDMD� L� NRQDaQR� YUHPH

ND^QMHQMD� L]PH_X� SURPHQH� VWDQMD� XSUDYOMDaNLK� VLJQDOD� %� � %�� L� SURPHQH� VWDQMD

SUHNLGDaD� LQYHUWRUVNRJ� PRVWD�� *HQHULVDQMHP� XSUDYOMDaNLK� VLJQDOD� %� � %��

SUHNLGDaNL�DOJRULWDP�WUHED�GD�RPRJX`L�XSUDYOMDQMH�VWDWRUVNLP�VWUXMDPD�WDNR�GD�VH

PLQLPL]LUD�XWLFDM�QHLGHDOQRVWL� LQYHUWRUD�L� ]DYLVQRVW� VWUXMD�RG�VWDQMD� L�SDUDPHWDUD

PRWRUD��$OJRULWDP�VH�PRCH�L]YU^DYDWL�X�SRVWRMH`HP�PLNURNRQWUROHUX��QHRSKRGQRP

]D� YU^HQMH� IXQNFLMD� YHNWRUVNRJ� XSUDYOMDQMD�� GRGDWQRP� PLNURNRQWUROHUX� ]D

UHJXODFLMX� VWUXMH� LOL� SRVHEQRP� VNORSX� ED]LUDQRP� QD� DQDORJQLP� NROLPD

�NRPSDUDWRULPD�L�SRMDaDYDaLPD�

3ULVWXS� VLQWH]L� DOJRULWPD� ]D� XSUDYOMDQMH� QDSRQVNLP� LQYHUWRURP� PRCH

ELWL�QHOLQHDUDQ��]DVQRYDQ�QD�GLVNUHWQRP�NDUDNWHUX� L]OD]QLK�QDSRQD�� LOL� OLQHDUDQ�

]DVQRYDQ�QD�OLQHDUL]DFLML�UHJXODFLRQLK�NDUDNWHULVWLND�LQYHUWRUD�SULPHQRP�WHKQLNH

PRGXODFLMH�^LULQH�LPSXOVD�[��]�
.RG� QHOLQHDUQRJ� SULVWXSD�� VWDQMH� SUHNLGDaD� X� LQYHUWRUVNRP� PRVWX� VH

RGUH_XMH� GRYR_HQMHP� JUH^NH� UHJXOLVDQH� YHOLaLQH� QD� XOD]� NRPSDUDWRUD� VD

KLVWHUH]LVRP� LOL�YUHPHQVNLP�ND^QMHQMHP� [��]��0XUUD\� [��]� L�*DLR� [��]� DQDOL]LUDMX
UDG�KLVWHUH]LVQLK�UHJXODWRUD�VWUXMH��8VOHG�EHVNRQDaQR�YHOLNRJ�SRMDaDQMD��SRMDaDQMH

LQWHJULVDQRJ� NRPSDUDWRUD��� EU]LQD� XVSRVWDYOMDQMD� VWUXMH� MH� RJUDQLaHQD� MHGLQR

PDNVLPDOQLP� UDVSRORCLYLP� QDSRQRP� L� LQGXNWLYQR^`X� UDVLSDQMD� PRWRUD�� GRN� MH

XWLFDM� SDUDPHWDUD� L� VWDQMD� PRWRUD� QD� UHJXODFLMX� VWUXMH�� SUHPD� MHGQDaLQL� �����

SUDNWLaQR� HOLPLQLVDQ�� $PSOLWXGQD� L� ID]QD� JUH^ND� VX� ]DQHPDUOMLYH�� MHU� VH� VWUXMH
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PRWRUD� XYHN� QDOD]H� X� X]DQRP�� KLVWHUH]LVRP� GHILQLVDQRP� SRMDVX� RNR� UHIHUHQWQH

YUHGQRVWL�� 1HGRVWDWDN� QDYHGHQLK� UH^HQMD� MH� ]DYLVQRVW� XaHVWDQRVWL� NRPXWDFLMD� RG

YHOLaLQH� NRQWUDHOHNWURPRWRUQH� VLOH� LQGXNRYDQH� X� QDPRWDMLPD�PRWRUD�� 3UL�PDOLP

EU]LQDPD��NRPXWDFLRQD�XaHVWDQRVW�UDVWH�L�XYH`DYD�JXELWNH��1HGRVWDWDN�SUHGVWDYOMD

L� SULPHQD� WUL� QH]DYLVQD� UHJXODWRUD� ]D� WUL� VWDWRUVNH� VWUXMH� SRYH]DQH� XVORYRP

LD � LE � LF  ���^WR�MHGDQ�RG�UHJXODWRUD�aLQL�UHGXQGDQWQLP��6�GUXJH�VWUDQH��DNR�VH

PHUH� L� UHJXOL^X� GYH� VWDWRUVNH� VWUXMH�� RGVWXSDQMD� WUH`H� GRVWLCX� GYRVWUXNL� L]QRV

KLVWHUH]LVD�NRPSDUDWRUD�

'LVNUHWDQ� VSHNWDU� L� NRQVWDQWQD� XaHVWDQRVW� NRPXWDFLMD� SRVWLCH� VH

XVYDMDQMHP� OLQHDUQRJ� SULVWXSD� XSUDYOMDQMX� LQYHUWRURP� [��]�� 3ULPHQD� WHKQLNH
PRGXODFLMH�^LULQH�LPSXOVD�RPRJX`DYD��X�LGHDOQRP�VOXaDMX��NRQWUROX�QDG�VUHGQMRP

YUHGQR^`X�L]OD]QRJ�QDSRQD�X�WRNX�MHGQH�SHULRGH�NRPXWDFLRQH�XaHVWDQRVWL��8NROLNR

VH� X� VSHNWUX� L]OD]QRJ� QDSRQD� ]DQHPDUL� NRPSRQHQWD� QD� XaHVWDQRVWL� NRPXWDFLMD�

QDSRQVNL� LQYHUWRU� VH� PRCH� SRVPDWUDWL� NDR� OLQHDUQL� SRMDaDYDa� VQDJH�� 5HJXODFLMD

VWUXMH� VH�YU^L� WDNR�^WR�VH� VWUXMQD� JUH^ND�GRYRGL�QD�XOD]�EORND� VD�SURSRUFLRQDOQR�

LQWHJUDOQLP�GHMVWYRP��,]OD]�RYRJ�EORND�SUHGVWDYOMD�PRGXODFLRQL�VLJQDO�PRGXODWRUD

^LULQH�LPSXOVD�[��]��[��]��3,�UHJXODWRU�VWUXMH�VH�PRCH�L]YU^DYDWL�L�X�URWDFLRQRP��G � T

6OLND�������6WUXMQR�UHJXOLVDQL�QDSRQVNL�LQYHUWRU�]D�QDSDMDQMH�DVLQKURQRJ�PRWRUD�
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NRRUGLQDWQRP� VLVWHPX� [��]� LOL� X� NRRUGLQDWQRP� VLVWHPX� YH]DQRP� ]D� URWRU� [��]�
.DNR� VLQKURQL� PRGXODWRU� ^LULQH� LPSXOVD� ]DSUDYR� SUHGVWDYOMD� RGDELUDa�� DQDOL]D

QMHJRYH�SULPHQH�X�]DWYRUHQRM�SHWOML��VSURYHGHQD�MH�X�]�GRPHQX� [��]� L�SRND]XMH�GD
VWDELODQ� UDG� QDODCH� RJUDQLaHQX� YUHGQRVW� NUXCQRJ� SRMDaDQMD�� RGUH_HQX

NDUDNWHULVWLNDPD� RSWHUH`HQMD� L� XaHVWDQR^`X� NRPXWDFLMD� SUHWYDUDaD��2YR� ]QDaL� GD

NRHILFLMHQW�.� ��X� MHGQDaLQDPD������ L������ LPD�RJUDQLaHQX�YUHGQRVW��.DR�SRVOHGLFD�

MDYOMD�VH�QHCHOMHQD�]DYLVQRVW�VWUXMD�VWDWRUD�RG�SDUDPHWDUD�VWDWRUVNRJ�NROD�L�VWDQMD

PRWRUD��+ROW]�[��]�L�/RUHQ]�[��]�SUHGODCX�PHWRG�]D�UHJXODFLMX�VWUXMD�]DVQRYDQ�QD

SUHGLNFLML�NRQWUDHOHNWURPRWRUQH�VLOH�LQGXNRYDQH�X�QDPRWDMLPD��8NROLNR�VX�SR]QDWL

SDUDPHWUL� VWDWRUVNRJ� QDPRWDMD�� EU]LQD� L� IOXNV� PRWRUD�� PRJX`H� MH� L]UDaXQDWL

YUHGQRVW�SUYD�GYD�aODQD�VD�GHVQH�VWUDQH�MHGQDNRVWL�������6DELUDQMHP�RYLK�YUHGQRVWL

VD� VLJQDORP� QD� L]OD]X� 3,� UHJXODWRUD� VWUXMH�� RPRJX`XMH� VH� QH]DYLVQR� XSUDYOMDQMH

VWUXMRP� SUL� UHODWLYQR� QLVNLP� SRMDaDQMLPD�� 3UREOHP� NRG� SULPHQH� RYRJ� PHWRGD

SUHGVWDYOMD�RVHWOMLYRVW�QD�SURPHQH�RWSRUQRVWL� L� LQGXNWLYQRVWL�UDVLSDQMD�VWDWRUVNRJ

QDPRWDMD�L�SRWUHED�]D�NRPSOHNVQLP�L]UDaXQDYDQMLPD��NRMD�SURX]URNXMX�ND^QMHQMD�L

RJUDQLaDYDMX�EU]LQX�UHDJRYDQMD�

/LQHDUQL�UHJXODWRUL�VWUXMH�VH�PRJX�SRGHOLWL�QD�UHJXODWRUH�X�VWDFLRQDUQRP

�α � β�� NRRUGLQDWQRP� VLVWHPX� L� UHJXODWRUH� X� URWDFLRQRP� NRRUGLQDWQRP� VLVWHPX
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%ORN� GLMDJUDP� 3,� UHJXODWRUD� VWUXMH� X� VWDFLRQDUQRP� NRRUGLQDWQRP

VLVWHPX�SULND]DQ�MH�QD�VOLFL�������6PDWUD�VH�GD�MH�PRWRU��NDR�RSWHUH`HQMH�LQYHUWRUD�
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^LULQH� LPSXOVD� RPRJX`DYD� WUHWLUDQMH� QDSRQVNRJ� LQYHUWRUD� NDR� OLQHDUQRJ

SRMDaDYDaD�

6OLND�������3,�VWUXMQL�UHJXODWRU�X�α�β�NRRUGLQDWQRP�VLVWHPX�
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EHVNRQDaQR�YHOLNRM�YUHGQRVWL�SRMDaDQMD�.L� LOL�.S��7R�]QDaL�GD�3,�UHJXODWRU�VWUXMH�

LPSOHPHQWLUDQ� X� VWDFLRQDUQRP� NRRUGLQDWQRP� VLVWHPX�� QHPLQRYQR� XQRVL� ID]QL

SRPHUDM� X� VWUXMH� VWDWRUD�� 3UDNWLaQH� YUHGQRVWL� SRMDaDQMD� UH]XOWXMX� ID]QLP

ND^QMHQMHP�[��]�NRMH�VH�QH�PRCH�]DQHPDULWL�
3UHPH^WDQMHP�3,�UHJXODWRUD�X�G�T�NRRUGLQDWQL�VLVWHP��UHJXOLVDQH�VWUXMH

�LG� L� LT�� VX�X� VWDFLRQDUQRP�VWDQMX� MHGQRVPHUQH��$OJRULWDP� VWUXMQRJ� UHJXODWRUD� VH

L]YU^DYD�X�PLNURNRQWUROHUX��6WUXMH�PRWRUD�VH�$�'�NRQYHU]LMRP�SUHYRGH�X�GLJLWDOQH

UHaL�� D� ]DWLP� WUDQVIRUPL^X� X� G�T� NRRUGLQDWQL� VLVWHP�� 3,� UHJXODWRU� L]UDaXQDYD

QDSRQH�XG� L�XT��NRML� VH� WUDQVIRUPL^X�QD]DG�X�α�β�NRRUGLQDWQL� VLVWHP� L� GRYRGH�QD
XOD]�PRGXODWRUD�^LULQH�LPSXOVD��8VOHG�LQWHJUDOQRJ�GHMVWYD��VWUXMQD�JUH^ND�VD�NRMRP
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SROMD�ωH��8WLFDM�ND^QMHQMD�7G�MH�QDURaLWR�L]UDCHQ�SUL�UDGX�SRJRQD�L]QDG�QRPLQDOQH

EU]LQH��X�REODVWL�VODEOMHQMD�SROMD��5DGL�LOXVWUDFLMH��]D�YHNWRUVNL�NRQWUROLVDQ�SRJRQ�VD

DVLQKURQLP�PRWRURP�RG�����:��=.����%����NRML�MH�RSWHUH`HQ�QRPLQDOQRP�VQDJRP

SUL� GYRVWUXNRM� QRPLQDOQRM� EU]LQL�� ND^QMHQMH� 7G  �� µV� UH]XOWXMH� UHODWLYQLP
RGVWXSDQMHP�PDJQHWL]DFLRQH�NRPSRQHQWH�VWUXMH�RG�≅ � � �

=DMHGQLaNL� SUREOHP� OLQHDUQLK� SULVWXSD� UHJXODFLML� VWUXMH� MH� QHVDYU^HQRVW

LQYHUWRUD�VD�PRGXODFLMRP�^LULQH�LPSXOVD�NDR�OLQHDUQRJ�SRMDaDYDaD�VQDJH��6WUXMD�VH

UHJXOL^H� SRVUHGQR�� NRQWURORP� VWDWRUVNRJ� QDSRQD�� 8VOHG� SDGD� QDSRQD� QD

SUHNLGDaLPD�� SXOVDFLMD� MHGQRVPHUQRJ� QDSRQD� QDSDMDQMD�� QHRSKRGQRJ� PUWYRJ

YUHPHQD�L�ND^QMHQMD�VLJQDOD�]D�XSUDYOMDQMH�SUHNLGDaLPD��L]OD]QL�QDSRQ�VH�UD]OLNXMH

RG� YUHGQRVWL� NRPDQGRYDQH� VLJQDOLPD�%� � %��� 3RVOHGLFH� RYLK� QHVDYU^HQRVWL�PRJX

ELWL� QHCHOMHQH� RVFLODFLMH� HQHUJLMH� L]PH_X� PRWRUD� L� SUHWYDUDaD�� [��]�� [��]�� [��]�
SXOVDFLMH�PRPHQWD�[��]�L�SRMDYD�YL^LK�KDUPRQLND�VWUXMH�L�QDSRQD�X�REODVWL�L]PH_X
ED]QH�L�NRPXWDFLRQH�XaHVWDQRVWL��3HUIRUPDQVH�OLQHDUQLK�UHJXODWRUD�VWUXMH�VH�PRJX

SREROM^DWL� NRPSHQ]DFLMRP� QHVDYU^HQRVWL� QDSRQVNRJ� LQYHUWRUD�� 6XNHJDZD� [��]

6OLND�������8WLFDM�ND^QMHQMD�QD�3,�VWUXMQL�UHJXODWRU�X�G�T

VLVWHPX�
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SRND]XMH� GD� VH� XWLFDM� PUWYRJ� YUHPHQD� �GHR� NRPXWDFLRQRJ� SHULRGD� NDGD� VX� VYL

SUHNLGDaL� LVNOMXaHQL�� PRCH� NRPSHQ]RYDWL� QD� RVQRYX� ]QDND� ID]QLK� VWUXMD� X� WRNX
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UDGH�QD�SULQFLSX�+DOORYRJ�HIHNWD�

6OLND��������2GUH_LYDQMH�YHNWRUD�VWDWRUVNRJ

QDSRQD�QD�RVQRYX�VWUXMQH�JUH^NH�X�α�β
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-H]JUR�GHWHNWRUD�Lα�NRPSRQHQWH�VWUXMH�REXKYDWD��X�SR]LWLYQRP�VPHUX��GYD�QDYRMND

VD�VWUXMRP�LD��8�QHJDWLYQRP�VPHUX�GHWHNWRU�REXKYDWD�SURYRGQLNH�VD�VWUXMDPD�LE�L

LF��'HWHNWRU�Lβ�NRPSRQHQWH�VWUXMH�REXKYDWD�SURYRGQLN�VD�VWUXMRP�LE�X�SR]LWLYQRP��L
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3UREOHP�NRML� VH�SRMDYOMXMH�NRG�SULPHQH�NRPSDUDWRUD� VD�KLVWHUH]LVRP�RJOHGD� VH�X

SRYH`DQMX� NRPXWDFLRQH� XaHVWDQRVWL� X� REODVWL� PDOLK� EU]LQD�� JGH� NRQWUD�

HOHNWURPRWRUQD� VLOD� PRWRUD� LPD� PDOX� YUHGQRVW�� 2YDM� SUREOHP� VH� PRCH� UH^LWL

XQR^HQMHP� RIVHW�QDSRQD� X� NRPSDUDWRUH� SRPR`QLK� SURPHQOMLYLK� .� � .��� 2IVHW

MHGQDNRJ� SRODULWHWD� L� DPSOLWXGH� SURX]URNXMH� SHULRGLaQX� SRMDYX� 
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YR_HQMD�SUHNLGDaD�4���4�� L�4�� �VOLND������� L� VNUD`HQMH�YUHPHQD�YR_HQMD�SUHNLGDaD

4��� 4�� L� 4��� MHU� SURX]URNXMH� SHULRGLaQX� SULPHQX� 
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VWUXMD� MHGQDN� QXOL�� XQR^HQMH� QHJDWLYQRJ� RIVHW�QDSRQD� MHGQDNH� DPSOLWXGH� X
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3URPHQD� ID]QLK� QDSRQD� 9D�� 9E� L� 9F� ]D� LVWL� L]QRV� QH� XWLaH� QD� UDG� PRWRUD�� MHU

PH_XID]QL�QDSRQL�RVWDMX�QHSURPHQMHQL��9HULILNDFLMD�RYLK� UD]PDWUDQMD� L]YU^HQD� MH

VLPXODFLMRP� QD� UDaXQDUX�� 6LPXOLUDQ� MH� UDG� WURID]QRJ�� VWUXMQR� UHJXOLVDQRJ

QDSRQVNRJ� LQYHUWRUD� XSUDYOMDQRJ� SUHPD� RSLVDQRP� SUHNLGDaNRP� DOJRULWPX�� L

RSWHUH`HQRJ� WURID]QLP�DVLQKURQLP�PRWRURP�UDVLSQH� LQGXNWLYQRVWL�/σ �����S�X�� �

3RVPDWUD� VH� UDG�PRWRUD�SUL� EU]LQL�ωU ≅ ���+LVWHUH]LV� L]QRVL� ���QRPLQDOQH� VWUXMH
PRWRUD��6OLND������SULND]XMH�UH]XOWDWH�VLPXODFLMH�]D�VOXaDM�NDGD�NRPSDUDWRUL� UDGH

EH]� RIVHW�QDSRQD�� 7UL� GRQMD� WUDJD� SUHGVWDYOMDMX� L]OD]QH� QDSRQH� LQYHUWRUD�� GRN

JRUQML�WUDJ�SUHGVWDYOMD�VWUXMQX�JUH^NX��6OLND������SULND]XMH�UH]XOWDWH�VLPXODFLMH�]D

VOXaDM� NDGD� NRPSDUDWRUL� LPDMX� QHJDWLYDQ� RIVHW�QDSRQ�� MHGQDN� KLVWHUH]LVX� +�

2GVWXSDQMD�VWUXMH� LPDMX� LVWX�DPSOLWXGX��NDR� L�SUL� UDGX�EH]�RIVHWD�� L�QH�GROD]L� GR

SRMDYH� MHGQRVPHUQH� NRPSRQHQWH� VWUXMH�� GRN� MH� NRPXWDFLRQD� XaHVWDQRVW� YLGQR

XPDQMHQD�

3ULND]DQL� SUHNLGDaNL� DOJRULWDP� ]D� XSUDYOMDQMH� QDSRQVNLP� LQYHUWRURP

RPRJX`XMH� GD� VH� YHNWRU� VWDWRUVNH� VWUXMH�
&

Lαβ � RGUCDYD� X� KLVWHUH]LVRP� RGUH_HQRM

REODVWL� RNR� UHIHUHQWQH� YUHGQRVWL�� 6LPXODFLMRP� QD� UDaXQDUX� MH� XWYU_HQR� GD

KLVWHUH]LV� X� L]QRVX� RG� ��� QRPLQDOQH� YUHGQRVWL� VWUXMH� UH]XOWXMH� VUHGQMRP

NRPXWDFLRQRP� XaHVWDQR^`X� RG� ≅ �� N+]�� )D]QR� ND^QMHQMH�� SURX]URNRYDQR
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XQR^HQMHP�KLVWHUH]LVD�X�NRPSDUDWRUH��QD�XaHVWDQRVWL�VWDWRUVNLK�VWUXMD�RG���� +]

�SUL� GYRVWUXNRM�QRPLQDOQRM� EU]LQL�� L]QRVL� �������� GRN� MH� DPSOLWXGD� VWUXMD� ������

PDQMD�RG�UHIHUHQWQH�YUHGQRVWL�

7DaQRVW� X� UHJXODFLML� VWDWRUVNLK� VWUXMD� VH� RGUCDYD� VYH� GRN� LQYHUWRU� LPD

GRYROMQX� QDSRQVNX� PDUJLQX�� RGQRVQR�� GRN� HOHNWURPRWRUQH� VLOH�� LQGXNRYDQH� X

QDPRWDMLPD��QH�GRVWLJQX�YUHGQRVW�PDNVLPDOQRJ�UDVSRORCLYRJ�QDSRQD��3UL�UDGX�VD

EU]LQDPD� L]QDG� QRPLQDOQH�� PRUD� VH� VPDQMLWL� IOXNV� PD^LQH�� NDNR� EL� LQYHUWRU

UDVSRODJDR� GRYROMQRP� QDSRQVNRP�PDUJLQRP� ]D� UHJXOLVDQMH� VWDWRUVNLK� VWUXMD�� 8

SURWLYQRP��SRMDYOMXMX�VH�]QDWQH�UD]OLNH�L]PH_X�NRPDQGRYDQH�L�DNWXHOQH�YUHGQRVWL

VWUXMD�VWDWRUD�

=D�L]UDaXQDYDQMH�RULMHQWDFLMH�URWRUVNRJ�IOXNVD��YHNWRUVNL�NRQWUROHU�WUHED

GD� UDVSRODCH� SRGDWNRP� R� VWDWRUVNLP� VWUXMDPD�� 7DaQRVW� SULND]DQRJ� DOJRULWPD� ]D

UHJXODFLMX� VWUXMD� RPRJX`XMH� GD� VH� L]EHJQH� PHUHQMH�� ILOWULUDQMH�� $�'� NRQYHU]LMD� L

WUDQVIRUPDFLMD�VWDWRUVNLK�VWUXMD�X�G−T�NRRUGLQDWQL�VLVWHP��L�GD�VH�QD�XOD]�PRGHOD

URWRUVNRJ� NROD� GRYHGX� NRPDQGRYDQH� YUHGQRVWL� VWUXMD� LG

� L� LT


�� VD� NRMLPD

PLNURNRQWUROHU� YH`� UDVSRODCH�� 8VORY� ]D� SULPHQX� RYDNYRJ� UH^HQMD� MH� SRVWRMDQMH

QDSRQVNH�PDUJLQH�LQYHUWRUD�X�VYLP�UHCLPLPD�UDGD�
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VWUXMQL�L]YRU�EH]�RIVHW�QDSRQDLD

6OLND�������5DG�UHJXODWRUD�VWUXMH�EH]�RIVHWD�NRPSDUDWRUD

��� ����WLPH
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�

VWUXMQL�L]YRU�VD�RIVHW�QDSRQRPLD

6OLND�������5DG�UHJXODWRUD�VWUXMH�VD�RIVHWRP�MHGQDNLP

KLVWHUH]LVX
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8�PLNURSURFHVRUVNL�NRQWUROLVDQLP�HOHNWURPRWRUQLP�SRJRQLPD�SRWUHEQR

MH�UDVSRODJDWL�GLJLWDOQRP�YUHGQR^`X�EU]LQH�L�SR]LFLMH��UDGL�XVSRVWDYOMDQMD�SRYUDWQH

VSUHJH� L� SULND]LYDQMD� QD� GLJLWDOQRP� GLVSOHMX�� 3RGDWDN� R� EU]LQL� MH� PRJX`H� GRELWL

NRQYHU]LMRP� DQDORJQRJ� VLJQDOD� EU]LQH�� GRELMHQRJ� SRPR`X� NODVLaQRJ� WDKRPHWUD�

.ODVLaQL� WDKRPHWDU� LPD� GREUH� GLQDPLaNH� NDUDNWHULVWLNH�� DOL� PX� MH� WDaQRVW

RJUDQLaHQD�� 7DKRPHWDU� QD� L]OD]QLP� SULNOMXaFLPD� JHQHUL^H� DQDORJQL� VLJQDO

SURSRUFLRQDODQ�EU]LQL��2GUH_LYDQMH� SR]LFLMH� EL� ]DKWHYDOR� LQWHJUDFLMX� RYRJ� VLJQDOD�

^WR� NODVLaQL� WDKRPHWDU� aLQL� SUDNWLaQR� QHSULPHQOMLYLP� ]D� SUHFL]QD� SR]LFLRQD

PHUHQMD��3RUHG�XWLFDMD�QD� WDaQRVW�X�UHJXODFLML�EU]LQH� LOL�SR]LFLMH�� WDaQRVW�PHUHQMD

EU]LQH�L�SR]LFLMH�URWRUD���NRG�YHNWRUVNL�NRQWUROLVDQRJ�DVLQKURQRJ�PRWRUD��XWLaH�L�QD

UHJXODFLMX� IOXNVD� L� PRPHQWD�� MHU� VH� PRGHO� URWRUVNRJ� NROD�� SUL� RGUH_LYDQMX

RULMHQWDFLMH�URWRUVNRJ�IOXNVD��RVODQMD�L�QD�SRGDWDN�R�XJDRQRM�EU]LQL�ωU�LOL�SR]LFLML�θU
URWRUD�

.DR� SR]LFLRQL� VHQ]RU�� X� YHNWRUVNL� NRQWUROLVDQLP� SRJRQLPD� VH� RELaQR

NRULVWL� LPSXOVQL� GDYDa� �RSWLaNL� HQNRGHU�� LOL� UH]ROYHU� [�]�� [��]�� 5H]ROYHU� MH�� SR
NRQVWUXNFLML�� VOLaDQ�REUWQRM�PD^LQL��8�RVQRYQRP� L]YR_HQMX�� UH]ROYHU� JHQHUL^H� GYD

DQDORJQD� VLJQDOD�� RG� NRMLK� MH� MHGDQ� VLQXVQD�� D� GUXJL� NRVLQXVQD� IXQNFLMD� SR]LFLMH�

3RWUHEQR�MH�L]YU^LWL�NRQYHU]LMX�RYLK�VLJQDOD�X�GLJLWDOQH��D�]DWLP��SRPR`X�SR]LFLRQRJ

GHNRGHUD�� L]UDaXQDWL�SR]LFLMX��5H]ROYHUL�VX�UREXVQLML�RG�RSWLaNLK�GDYDaD�L�SRGQRVH

YL^H� WHPSHUDWXUH�� DOL� LP� MH� SULPHQD� VORCHQLMD�� 2SWLaNL� GDYDaL� JHQHUL^X� GLJLWDOQH

VLJQDOH�� NRML� VH� XYRGH� X� GLJLWDOQL� NRQWUROHU� EH]� GRGDWQLK� SULODJRGQLK� NROD�

6FKXPDFKHU� [��]� SUHGODCH� UH^HQMH� SR]LFLRQRJ� VHQ]RUD� NRMH�� X]� L]YHVQD

XVORCQMDYDQMD� NROD� ]D� REUDGX� VLJQDOD�� NRPELQXMH� GREUH� RVRELQH� HQNRGHUVNRJ� L

UH]ROYHUVNRJ�SULVWXSD�GHWHNFLML�SR]LFLMH�

.DR� SR]LFLRQL� VHQ]RU�� X� HNVSHULPHQWDOQL� SURWRWLS� MH� XJUD_HQ

LQNUHPHQWDOQL�RSWLaNL�HQNRGHU� VD� ����� LPSXOVD�SR� REUWDMX��$SVROXWQD�SR]LFLMD� VH

RGUH_XMH�QD�RVQRYX�
PDUNHU
�VLJQDOD��NRML�VH�SRMDYOMXMH�MHGDQSXW�SR�REUWDMX��,PSXOVL

ID]H�$�L�ID]H�%�HQNRGHUD�VX�ID]QR�SRPHUHQL�]D������GD�EL�VH�RPRJX`LOR�RGUH_LYDQMH

VPHUD� REUWDQMD�� 'HWHNFLMRP� SR]LWLYQLK� L� QHJDWLYQLK� LYLFD� ID]QLK� LPSXOVD� L

NRPELQDFLMRP�RYDNR�GRELMHQLK�LPSXOVD�VD�ID]QLP��UH]ROXFLMD�HQNRGHUD� MH�XYH`DQD

aHWLUL�SXWD��2YDM�SRVWXSDN�MH�LOXVWURYDQ�VOLNRP������



352-(.729$1-(�$'$37,912*�0,.52352&(6256.2*�835$9/-$1-$����352-(.729$1-(�$'$37,912*�0,.52352&(6256.2*�835$9/-$1-$����

��

8�]DYLVQRVWL�RG�VPHUD�REUWDQMD��JHQHUL^X�VH�
83
�LOL�
'2:1
�LPSXOVL��L�WR

VD� aHWLUL� SXWD� YH`RP� XaHVWDQR^`X� RG� ID]QH�� .RG� HQNRGHUD� VD� ����� LPSXOVD� SR

REUWDMX��UH]ROXFLMD�VH�SRYH`DYD�QD��π � ������3UL�EU]LQL�RG������R�PLQ��� LPSXOVL�VH

SRMDYOMXMX� VYDNLK� � µV�� 3UHNLGDQMH� SURJUDPD� PLNURNRQWUROHUD�� UDGL� XYDCDYDQMD

LQNUHPHQWLUDQMD� SR]LFLMH� ]D� MHGDQ� SRGHRN� EL� ELOR� QHSUDNWLaQR� �X� NRQNUHWQRM

UHDOL]DFLML� QHL]YRGOMLYR��� SD� VH� 83�'2:1� LPSXOVL� GRYRGH� QD� ]DVHEDQ� XS�GRZQ

EURMDa��%URMDa� MH� L]YHGHQ� WDNR�GD�PX� MH�RVQRYD�EURMDQMD� MHGQDND�EURMX� LPSXOVD�X

WRNX�MHGQRJ�REUWDMD��1D�RYDM�QDaLQ��VDGUCDM�EURMDaD�X�VYDNRP�WUHQXWNX�SUHGVWDYOMD

XJDRQL�SRORCDM�URWRUD�RG���GR��π��0LNURNRQWUROHU�X�WUHQXWFLPD�RGDELUDQMD�RaLWDYD

VDGUCDM� EURMDaD� L� QD� WDM� QDaLQ� UDVSRODCH� VD� SRGDWNRP� R� SR]LFLML� VD� WDaQR^`X� RG

���������%URM�SURWHNOLK�SXQLK�REUWDMD�VH�RGUH_XMH�EURMDQMHP�
PDUNHU
�LPSXOVD��NRML

SURX]URNXMX�SUHNLG�SURJUDPD�NRQWUROHUD�L�UH�LQLFLMDOL]XMX�XS�GRZQ�EURMDa�

6LJQDOL�LQNUHPHQWDOQRJ�HQNRGHUD�VH�NRULVWH�L�]D�PHUHQMH�XJDRQH�EU]LQH�

%U]LQD� VH� PRCH� RGUHGLWL� EURMDQMHP� LPSXOVD� SURWHNOLK� X� L]YHVQRP� YUHPHQVNRP

LQWHUYDOX��LOL�PHUHQMHP�^LULQH�ID]QRJ�LPSXOVD��3ULPHU�L]UDaXQDYDQMD�EU]LQH�QD�RYD

GYD�QDaLQD�GDW�MH�MHGQDaLQDPD������L������

D�� RGUH_LYDQMH� EU]LQH� PHUHQMHP� EURMD� LPSXOVD� 0� X� YUHPHQVNRP�

LQWHUYDOX�7V��EURM�LPSXOVD�HQNRGHUD�SR�MHGQRP�REUWDMX�MH�1�

6OLND�������2EUDGD�ID]QLK�LPSXOVD�HQNRGHUD�



���0(5(1-(�,�(67,0$&,-$�67$1-$�02725$���0(5(1-(�,�(67,0$&,-$�67$1-$�02725$

��

Q R
1 7

0

V

PLQ =
⋅
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E�� RGUH_LYDQMH� EU]LQH� PHUHQMHP� YUHPHQD� 7L� SURWHNORJ� L]PH_X� �� GYD

X]DVWRSQD�ID]QD�LPSXOVD��

Q R
1 7

L

PLQ =
⋅
��

�����

0HUHQMH�EURMD� LPSXOVD�GDMH�GREUH�UH]XOWDWH�SUL�YHOLNLP��D�PHUHQMH�^LULQH� LPSXOVD

SUL� PDOLP� EU]LQDPD�� 1LMHGQD� RG� RYLK� PHWRGD� QH� RPRJX`DYD� PHUHQMH� EU]LQH� X

^LURNRP�RSVHJX��3UL�PHUHQMX�EU]LQH�EURMDQMHP� LPSXOVD��EURM� LPSXOVD�X� LQWHUYDOX

RGDELUDQMD�7� RSDGD� VD�EU]LQRP��=D� HQNRGHU� VD� ����� LPSXOVD�SR� REUWDMX� L� YUHPH

RGDELUDQMD� RG� ���PV�� MHGDQ� LPSXOV�� SUHPD� MHGQDaLQL� ������ RGJRYDUD� EU]LQL� RG� ���

R�PLQ���^WR�SUHGVWDYOMD�L�UH]ROXFLMX�RYDNYRJ�QDaLQD�PHUHQMD�EU]LQH��0HUHQMHP�^LULQH

LPSXOVD�VH�GRELMDMX�]DGRYROMDYDMX`L�UH]XOWDWL�SUL�PDOLP�EU]LQDPD��DOL�]DWR�WDaQRVW

RSDGD�VD�SRYH`DQMHP�EU]LQH��3UL�EU]LQL�RG������R�PLQ��YUHPHQVNL�LQWHUYDO�L]PH_X

GYD� X]DVWRSQD� ID]QD� LPSXOVD� �� NRG� LVWRJ� HQNRGHUD�� L]QRVL� �� µV�� 8NROLNR� VH� RYR

YUHPH�PHUL�SRPR`X�EURMDaD�VD�XaHVWDQR^`X�WDNWD�RG��0+]��EU]LQD�VH�RGUH_XMH�VD

UH]ROXFLMRP�RG����� R�PLQ�

3UHFL]QLMH� PHUHQMH� VH� PRCH� SRVWL`L� NRPELQDFLMRP� GREULK� RVRELQD� REH

PHWRGH��3RWUHEQR�MH�L]PHULWL�EURM�LPSXOVD�HQNRGHUD�X�LQWHUYDOX�RGDELUDQMD���YUHPH

SURWHNOR� RG� SRaHWND� LQWHUYDOD� GR� SRMDYH� SUYRJ� LPSXOVD� L� YUHPH� SURWHNOR� RG

SRVOHGQMHJ� LPSXOVD� GR� NUDMD� LQWHUYDOD�� 1D� WDM� QDaLQ� MH� PRJX`H� RGUHGLWL� VUHGQMX

^LULQX�LPSXOVD�VD�]QDWQR�YH`RP�WDaQR^`X�QHJR�X�VOXaDMX�NDG�VH�PHUL�^LULQD�MHGQRJ

LPSXOVD��2YDM�QDaLQ�PHUHQMD�MH�LOXVWURYDQ�VOLNRP������L�MHGQDaLQRP������

6OLND�������0HUHQMH�VUHGQMH�^LULQH�LPSXOVD�X�RNYLUX�LQWHUYDOD��7
V



352-(.729$1-(�$'$37,912*�0,.52352&(6256.2*�835$9/-$1-$����352-(.729$1-(�$'$37,912*�0,.52352&(6256.2*�835$9/-$1-$����

��

[ ] ( )
( )

T

M

T T T

M

n o
M

N T T T

s

s

3 1 2

1 2

1 1
60 1

−
=

− −
−

=
⋅ −

⋅ − −

   (srednja {irina impulsa)
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0HUHQMH� EU]LQH�� SULPHQMHQR� QD� HNVSHULPHQWDOQRP� SURWRWLSX� YHNWRUVNL

NRQWUROLVDQRJ� SRJRQD�� YU^L� VH� RGUH_LYDQMHP� VUHGQMH� ^LULQH� LPSXOVD� X� YUHPHQX

RGDELUDQMD� 7V  �� PV�� 9UHPHQD� 7�� L� 7�� VH� PHUH� SURJUDPDELOQLP� EURMDaHP� VD

XaHVWDQR^`X� WDNWD� RG� � 0+]�� )D]QL� LPSXOVL� HQNRGHUD� VH� REUD_XMX� QD� QDaLQ

LOXVWURYDQ� VOLNRP� ������ SD� MH� XNXSQL� EURM� LPSXOVD� SR� REUWDMX� MHGQDN� ������ %URM

LPSXOVD� 0� X� LQWHUYDOX� RGDELUDQMD� 7V� VH� RGUH_XMH� QD� RVQRYX� SURPHQH� VDGUCDMD

XS � GRZQ� EURMDaD�� NRML� VH� NRULVWL� ]D� RaLWDYDQMH� SR]LFLMH� URWRUD�� =D� EU]LQH� L]QDG

��� R�PLQ�� SRVWRMH�QDMPDQMH� GYD� LPSXOVD�X� LQWHUYDOX�7V�� SD� VH� EU]LQD� L]UDaXQDYD

SUHPD�MHGQDaLQL�������1DMPDQMH�PRJX`H�YUHPH�7���NRMH� VH�X�RYLP�XVORYLPD�PRCH

SRMDYLWL�� MH� WUH`LQD� YUHPHQVNRJ� LQWHUYDOD� 7V�� 0DNVLPDOQD� JUH^ND�� NRMD� VH� PRCH

QDaLQLWL� SUL� PHUHQMX� YUHPHQD� MH� � µV�� SD� MH� UHODWLYQD� JUH^ND� PHUHQMD�� X
QDMQHSRYROMQLMHP�VOXaDMX����� ���VYHGHQR�QD�PHUHQX�EU]LQX���$SVROXWQD�JUH^ND�SUL

PHUHQMX� EU]LQH� RG� ���� R�PLQ� L]QRVL� ���� R�PLQ�� 3UL� EU]LQDPD� PDQMLP� RG

��� R�PLQ��SRMDYOMXMX�VH�LQWHUYDOL�7V�X�NRMLPD�MH�EURM�LPSXOVD�0 ���7DGD�VH�^LULQD

LPSXOVD� �L� EU]LQD�� RGUH_XMH� QD� RVQRYX� YUHPHQD� 7�� L]� SUHWKRGQRJ� LQWHUYDOD� L

L]PHUHQRJ�YUHPHQD�7���3UL�EU]LQDPD�PDQMLP�RG�����R�PLQ��SRMDYOMXMX�VH�LQWHUYDOL

7V�X�NRMLPD�MH�0 ���7DGD�VH�X]LPD�GD�MH�EU]LQD�MHGQDND�QXOL�

3UL� VLQWH]L� UHJXODWRUD� EU]LQH�� WUHED� LPDWL� X� YLGX� GD� RSLVDQL� PHWRG

PHUHQMD�GDMH� � SUL�7�!!7V� L�7�!!7V �� VUHGQMX� YUHGQRVW� EU]LQH� X� WRNX� LQWHUYDOD

RGDELUDQMD�

�����(67,0$&,-$�)/8.6$�,�020(17$�1$�%$=,�0(5(1-$�����(67,0$&,-$�)/8.6$�,�020(17$�1$�%$=,�0(5(1-$

7(50,1$/1,+�1$321$�,�6758-$7(50,1$/1,+�1$321$�,�6758-$

.DUDNWHULVWLNH�SRJRQD�VD�LQGLUHNWQRP�YHNWRUVNRP�NRQWURORP�]DYLVH�RG

WDaQRVWL�RGUH_LYDQMD�RULMHQWDFLMH� URWRUVNRJ� IOXNVD�� ,]UDaXQDYDQMH�URWRUVNRJ� IOXNVD

VH� YU^L� X� PRGHOX� URWRUVNRJ� NROD�� QD� RVQRYX� XJDRQH� EU]LQH� URWRUD� L� YHNWRUD

VWDWRUVNH� VWUXMH�� 7DaQRVW� RYLK� L]UDaXQDYDQMD� ]DYLVL� RG� SR]QDYDQMD� URWRUVNH

RWSRUQRVWL�5
U
��NRMD�MH�SURPHQOMLYD�VD�WHPSHUDWXURP��3ULODJR_HQMH�PRGHOD�URWRUVNRJ

NROD�SURPHQDPD�RWSRUQRVWL�URWRUD�PRJX`H�MH�L]YU^LWL�QD�RVQRYX�SRUH_HQMD�IOXNVD�X

PRGHOX�L�IOXNVD�PD^LQH��(VWLPDFLMX�URWRUVNRJ�IOXNVD�PD^LQH�PRJX`H�MH� L]YU^LWL�QD

RVQRYX�WHUPLQDOQLK�QDSRQD�L�VWUXMD�
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8�SRJRQLPD�NRG�NRMLK�VH�QH�]DKWHYD�UHJXODFLMD�EU]LQH��YH`�XVORYL�SRJRQD

]DKWHYDMX�NRQWUROX�PRPHQWD�QD�L]OD]QRM�RVRYLQL��SRWUHEQR�MH��XVOHG�SDUDPHWDUVNH

RVHWOMLYRVWL� LQGLUHNWQH� YHNWRUVNH� NRQWUROH�� UDVSRODJDWL� SRYUDWQRP� LQIRUPDFLMRP� R

UD]YLMHQRP� PRPHQWX�� 3URFHQX� HOHNWURPDJQHWQRJ� PRPHQWD� MH� PRJX`H� L]YU^LWL

REUDGRP�VLJQDOD�WHUPLQDOQLK�VWUXMD�L�QDSRQD�

8�VOXaDMX�QDSDMDQMD�PRWRUD�L]�VWUXMQR�UHJXOLVDQRJ�QDSRQVNRJ�LQYHUWRUD�L

UHJXODWRUD� VWUXMH� VD� RGJRYDUDMX`RP� WDaQR^`X�� UD]OLNH� L]PH_X� VWDWRUVNLK� VWUXMD� L

QMLKRYLK� UHIHUHQWQLK� YUHGQRVWL� VH� VDVWRMH� MHGLQR� X� SXOVDFLMDPD� QD� XaHVWDQRVWL

NRPXWDFLMD�� 7DGD� VH� X� SURFHVX� HVWLPDFLMH� IOXNVD� L� PRPHQWD� PRJX� NRULVWLWL

UHIHUHQWQH� YUHGQRVWL� VWUXMD�� Lα
∗ � L� L β

∗ �� NRMH� VX� YH`� SULVXWQH� X� PHPRULML� GLJLWDOQRJ

NRQWUROHUD��3RWUHEQR�MH�L]YU^LWL�MHGLQR�PHUHQMH�WHUPLQDOQLK�QDSRQD��=D�UD]OLNX�RG

VWUXMD�� NRMH� VH� SUL� UDGX� SRJRQD� PRJX� NUHWDWL� X� RSVHJX� RG� SULEOLCQR�� �����

IXQGDPHQWDOQD�NRPSRQHQWD�VWDWRUVNRJ�QDSRQD�MH�]DYLVQD�RG�EU]LQH� L�PHQMD�VH�X

]QDWQR� ^LUHP� RSVHJX�� 3RUHG� WRJD�� SUREOHP� $�'� NRQYHU]LMH� VWDWRUVNLK� QDSRQD� MH

]QDWQR�YH`L�QHJR�SUREOHP�NRQYHU]LMH� VWUXMD�� MHU� VX� VWUXMH� SUDNWLaQR� VLQXVRLGDOQH�

GRN�VX�QDSRQL�GLVNUHWQRJ�NDUDNWHUD��XVOHG�SULURGH�QDSRQVNRJ�LQYHUWRUD��3UREOHP

SUHGVWDYOMD� L� SRWUHED� ]D� JDOYDQVNLP�RGYDMDQMHP�XSUDYOMDaNLK� NROD� RG� SULNOMXaDND

PRWRUD�L�LQYHUWRUD�

(VWLPDFLMD�IOXNVD�L�PRPHQWD��SULND]DQD�X�RYRP�SRJODYOMX��ED]LUD�VH�QD

LQWHJUDFLML� Xα� L� Xβ� NRPSRQHQWL� VWDWRUVNLK� QDSRQD�� 3UREOHP� MHGQRVPHUQH

NRPSRQHQWH�QD�L]OD]X�LQWHJUDWRUD�UH^DYD�VH�L]ERURP�VWUXNWXUH�HVWLPDWRUD�NRMD�QLMH

RVHWOMLYD�QD�RIVHWQDSRQ��,QWHJUDFLMRP�WHUPLQDOQLK�QDSRQD�VH�SRWLVNXMH�NRPSRQHQWD

QDSRQD�QD�NRPXWDFLRQRM�XaHVWDQRVWL�L�RODN^DYD�SUREOHP�NRQYHU]LMH��,]OD]QL�QDSRQL

LQYHUWRUD� �9D�� 9E� L� 9F�� VOLND� ������ VX� GLVNUHWQRJ� NDUDNWHUD�� PRJX� ELWL� MHGQDNL

QDSRQX�QD� �−�� VDELUQLFL� LOL� QDSRQX�QD� ���� VDELUQLFL��$NR� MH�QDSRQ� MHGQRVPHUQRJ

PH_XNROD� (� NRQVWDQWDQ�� GRYROMQR� MH� UDVSRODJDWL� SRGDWNRP� R� SRODULWHWX� L]OD]QLK

QDSRQD�� 0HUHQMH� WHUPLQDOQLK� QDSRQD� PRWRUD� VH� RYLP� VYRGL� QD� JHQHULVDQMH� WUL

ELQDUQD� VLJQDOD� NRML� GHILQL^X� VWDQMH� SUHNLGDaNRJ� PRVWD�� 3UREOHP� JDOYDQVNH

L]RODFLMH�UH^DYD�VH�RSWLaNLP�SUHQRVRP�VLJQDOD�
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(OHNWURPDJQHWQL� PRPHQW� VH� PRCH� L]UD]LWL� SUHNR� VWDWRUVNRJ� IOXNVD� L

VWDWRUVNLK�VWUXMD�X�α�β�NRRUGLQDWQRP�VLVWHPX�
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5H]XOWDW�LQWHJUDFLMH�QDSRQD�Xα�L�Xβ�GDW�MH�MHGQDaLQDPD������L�������QDSRQL�9α��L�9β�

VX�SULVXWQL�XVOHG�QHVDYU^HQRVWL�LQWHJUDWRUD��

u dt R i dt Vs s s sα α α αψ= ⋅ + +∫∫ 0 �����

u dt R i dt Vs s s sβ β β βψ= ⋅ + +∫∫ 0 �����

0QRCHQMHP�UH]XOWDWD�LQWHJUDFLMH�VWUXMDPD�LαV�L�LβV�
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i u dt i u dt R i i dt i i dt
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6WUXMH� L�QDSRQL�X�α�β� NRRUGLQDWQRP� VLVWHPX� VX�QDL]PHQLaQH� YHOLaLQH�XaHVWDQRVWL

ωH��-HGQRVPHUQL�QDSRQL�9α��L�9β���NRML�VH�SRMDYOMXMX�QD�L]OD]X�L]�LQWHJUDWRUD�XVOHG

RIVHWD��X�SURL]YRGX�VD�VWUXMDPD�LαV�L�LβV�GDMX�UH]XOWDW�aLMD�MH�VUHGQMD�YUHGQRVW�QXOD�

8NROLNR�VH�VXPLUDMX�RGELUFL�IXQNFLMH�)��X�WRNX�MHGQH�SHULRGH��π � ωH��L�QD�WDM�QDaLQ

L]UDaXQD� VUHGQMD� YUHGQRVW� RYH� IXQNFLMH� X� WRNX� SHULRGH�� UH]XOWDW� QH`H� ]DYLVLWL� RG

RIVHWD��(OHNWURPDJQHWQL�PRPHQW�VH�PRCH�SURFHQLWL�NDR��
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p

F u u i i R i i dt i i dte s s s s s s s s s≈ ⋅ ⋅ − ⋅ ⋅ − ⋅ ∫∫3

2 2 1 α β α β β α α β, , , �����

8NROLNR� MH�SR]QDWD�RWSRUQRVW� VWDWRUVNRJ�QDPRWDMD��PRJX`H� MH�� SUHPD� L]UD]X������

UDVSRODJDWL� SUHFL]QRP� LQIRUPDFLMRP� R� VUHGQMRM� YUHGQRVWL� HOHNWURPDJQHWQRJ

PRPHQWD� X� WRNX� SHULRGH� �π � ωH�� $NR� VH� X� L]UD]� ������ XPHVWR� VUHGQMH� YUHGQRVWL

IXQNFLMH� )�� XYHGH� WUHQXWQD� YUHGQRVW�� UH]XOWDW� L]UDaXQDYDQMD� `H� ELWL� WUHQXWQD

YUHGQRVW� PRPHQWD�� DOL� `H� UH]XOWXMX`L� VLJQDO� VDGUCDWL� SXOVDFLMH� XaHVWDQRVWL� ωH�

]DYLVQH�RG�YHOLaLQH�QDSRQD�9α��L�9β��

2G� LQWHUHVD� MH� XWYUGLWL� NROLND� VH� JUH^ND� aLQL� ]DQHPDUHQMHP� VWDWRUVNRJ

RWSRUD��8�VWDFLRQDUQRP�VWDQMX�VH�VWUXMH�VWDWRUD�PRJX�L]UD]LWL�SUHNR�DPSOLWXGH�,V�L

XaHVWDQRVWL�ωH�� 'HVQD� VWUDQD� L]UD]D� ����� X� VWDFLRQDUQRP� VWDQMX� LPD� NRQVWDQWQX

YUHGQRVW�
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cos ; sin ;
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,]UD]������SUHGVWDYOMD�NROLaQLN�VWDWRUVNLK�JXELWDND�X�EDNUX�L�XJDRQH�EU]LQH�REUWQRJ

SROMD�� $VLQKURQL� PRWRUL� YH`H� VQDJH� LPDMX� PDOH� UHODWLYQH� YUHGQRVWL� VWDWRUVNH
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RWSRUQRVWL��SD�VH�]DQHPDUHQMHP�GHVQRJ�GHOD� L]UD]D������ SUDYL�PDQMD� JUH^ND�QHJR

NRG�PRWRUD�PDOH�VQDJH��7DaQRVW�RGUH_LYDQMD�PRPHQWD�SUHPD�L]UD]X������RSDGD��D

RVHWOMLYRVW�QD�SURPHQH�VWDWRUVNRJ�RWSRUD�UDVWH�]D�PDQMH�YUHGQRVWL�XJDRQH�EU]LQH

REUWQRJ�SROMD�ωH�
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5H]XOWDW� LQWHJUDFLMH� VWDWRUVNLK� QDSRQD� VH� PRCH� L]UD]LWL� X� IXQNFLML

VWDWRUVNLK�VWUXMD�L�URWRUVNRJ�IOXNVD�
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aODQ� SURSRUFLRQDODQ� HNYLYDOHQWQRP� UDVLSDQMX� /γ�� 2aLJOHGQR� MH� GD� MH� L]UD]� �����

QHSRJRGDQ�]D�RGUH_LYDQMH�WUHQXWQH�YUHGQRVWL�URWRUVNRJ�IOXNVD��0RCH�VH��PH_XWLP�
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1D� RVQRYX� SRGDWDND� R� WHUPLQDOQLP� VWUXMDPD� L� QDSRQLPD� PRWRUD�� DPSOLWXGD

URWRUVNRJ� IOXNVD� PD^LQH� VH� PRCH� L]UDaXQDWL� L]� MHGQDaLQH� ������� ,]UDaXQDYDQMHP

VUHGQMH�YUHGQRVWL�IXQNFLMH�)���LOL�SURSX^WDQMHP�NUR]�QLVNRSURSXVQL�ILOWDU��GRELMD�VH

VUHGQMD� YUHGQRVW� NYDGUDWD� URWRUVNRJ� IOXNVD� L� SRWLVNXMH� XWLFDM� QHVDYU^HQRVWL

LQWHJUDWRUD�L�VWDWRUVNRJ�RWSRUD�QD�UH]XOWDW�HVWLPDFLMH��6WDWRUVND�RWSRUQRVW� L�RIVHW�

QDSRQ�LQWHJUDWRUD�QHPDMX�XWLFDMD�QD�VUHGQMX�YUHGQRVW�IXQNFLMH�)���aLPH�VH�RWYDUD

PRJX`QRVW�SULPHQH�RYDNYRJ�HVWLPDWRUD�X�XVORYLPD�PDOLK�XJDRQLK�EU]LQD�URWRUD�L

REUWQRJ�SROMD�

3ULND]DQL� PHWRG� HVWLPDFLMH� IOXNVD� ]DYLVDQ� MH� RG� SDUDPHWDUD� /σ� L� /U

DVLQKURQRJ�PRWRUD��,QGXNWLYQRVW�/U�MH�SUHNR�NDUDNWHULVWLNH�PDJQH`HQMD�SRYH]DQD

VD� VDPLP� IOXNVRP�� SD� MH� SURPHQH� RYRJ� SDUDPHWUD� MHGQRVWDYQR� NRPSHQ]RYDWL�

3UREOHP�PRCH�SUHGVWDYOMDWL�SURPHQOMLYD�YUHGQRVW�LQGXNWLYQRVWL�UDVLSDQMD�/σ��.RG

SRMHGLQLK�UH^HQMD�NRQVWUXNFLMH�URWRUD�[��]��UDVLSQD�LQGXNWLYQRVW�VH�PHQMD�X�WDNYLP

JUDQLFDPD� GD� GRYRGL� X� SLWDQMH� WDaQRVW� HVWLPDFLMH� ������� 7DGD� MH� ]D� NRUHNWQX

HVWLPDFLMX�QHRSKRGQR�SR]QDYDWL�L�]DYLVQRVW�/ V� L V ��
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,QGLUHNWQR� YHNWRUVNR� XSUDYOMDQMH� DVLQKURQLP� PRWRURP�� RSLVDQR� X

SRJODYOMX� ���� RPRJX`DYD� UDVSUHJQXWR� XSUDYOMDQMH� PRPHQWRP� L� IOXNVRP� X]

PLQLPDOQL�EURM�SRWUHEQLK�PHUHQMD��3RWUHEQR�MH�UDVSRODJDWL�LPSXOVQLP�GDYDaHP�QD

RVRYLQL�PRWRUD�L�REH]EHGLWL�PHUHQMH�VWDWRUVNLK�VWUXMD��UDGL�ORNDOQH�SRYUDWQH�VSUHJH

X�RNYLUX�VWUXMQR�UHJXOLVDQRJ�QDSRQVNRJ�LQYHUWRUD��9HNWRUVNR�XSUDYOMDQMH�]DKWHYD

SRGDWDN�R�SURVWRUQRM�RULMHQWDFLML�YHNWRUD�URWRUVNRJ�IOXNVD��NRML�VH�QH�PHUL�GLUHNWQR�

YH`� L]UDaXQDYD�X�PRGHOX�URWRUVNRJ�NROD��8�SRJODYOMX������ MH� SRND]DQR�GD� WDaQRVW

RYLK� L]UDaXQDYDQMD� L� NDUDNWHULVWLNH� YHNWRUVNL� NRQWUROLVDQRJ� SRJRQD� ]DYLVH� RG

SDUDPHWDUD�PRWRUD��2G�SRVHEQRJ� MH�XWLFDMD� ]DYLVQRVW� RWSRUD� URWRUVNRJ� QDPRWDMD

RG�WHPSHUDWXUH��8�DOJRULWDP�XSUDYOMDQMD�SRJRQRP�SRWUHEQR�MH�XJUDGLWL�PHKDQL]DP

NRML� `H� YU^LWL� SULODJR_HQMH� SDUDPHWDUD� 5
U

∗ �� X�PRGHOX� URWRUVNRJ� NROD�� SURPHQDPD

URWRUVNRJ� RWSRUD� PRWRUD� 5
U
�� 8� RYRP� SRJODYOMX� MH� GDW� DOJRULWDP� SULODJR_HQMD

]DVQRYDQ�QD�SRUH_HQMX�DPSOLWXGH�URWRUVNRJ�IOXNVD��L]UDaXQDWH�X�PRGHOX�URWRUVNRJ

NROD�L�UH]XOWDWD�HVWLPDFLMH�URWRUVNRJ�IOXNVD�PRWRUD�QD�RVQRYX�WHUPLQDOQLK�QDSRQD�L

VWUXMD�� 6WUXNWXUD� HVWLPDWRUD� GDWD� MH� X� SRJODYOMX� ������ 'RGDWQR� PHUHQMH�� NRMH� MH

SRWUHEQR�L]YU^LWL�UDGL�SULODJR_HQMD�SDUDPHWUD�5
U

∗ ��MH�PHUHQMH�WHUPLQDOQLK�QDSRQD�

3UREOHP� SDUDPHWDUVNH� RVHWOMLYRVWL� YHNWRUVNL� NRQWUROLVDQRJ� SRJRQD

DQDOL]LUDQ�MH�RG�VWUDQH�YH`HJ�EURMD�DXWRUD��3UHGORCHQR�MH�YL^H�UH^HQMD�SULODJR_HQMD

XSUDYOMDaNRJ� DOJRULWPD� SURPHQL� SDUDPHWDUD�� 1HGRVWDWDN� SULND]DQLK� UH^HQMD� MH�

XJODYQRP��QHSULPHQOMLYRVW�X�REODVWL�PDOLK�EU]LQD��LOL�XQR^HQMH�SXOVDFLMD�PRPHQWD

XVOHG� LQMHNFLMH� WHVWVLJQDOD�� NRG� UH^HQMD� ]DVQRYDQLK� QD� PHWRGL� SHUWXUEDFLMH�

3RMHGLQD�UH^HQMD�VX�L�VDPD�SDUDPHWDUVNL�RVHWOMLYD�

:DQJ�[��]�L�%RXVVDN� [��]�GDMX�PHWRG�PHUHQMD�URWRUVNRJ�RWSRUD�NDGD�MH

DVLQKURQL� PRWRU� YDQ� SRJRQD�� 7LPH� MH� REH]EH_HQR� LQLFLMDOQR� SRGH^DYDQMH

SDUDPHWDUD��DOL�QH�L�NRPSHQ]DFLMD�SURPHQH�RWSRUQRVWL�URWRUD�X�WRNX�UDGD�SRJRQD�

2GUH_LYDQMH�URWRUVNRJ�RWSRUD�PRWRUD�X�SRJRQX�PRJX`H�MH�L]YHVWL�PHUHQMHP�RG]LYD

QD� LQMHNWRYDQL� WHVW� VLJQDO�� 5H^HQMD� RYH� YUVWH� SUHGODCX� 0DWVXR� [��]�� *DEULHO� L
/HRQKDUG�[��]�[��]��6FKPLGW�[��]�L�6XJLPRWR�[��]��,QMHNFLMD�WHVW�VLJQDOD�VH�YU^L�WDNR
^WR�VH�UHIHUHQWQH�YUHGQRVWL�VWDWRUVNLK�VWUXMD��NRMH� L]UDaXQDYD�YHNWRUVNL�NRQWUROHU�

VDELUDMX� VD� VLQXVRLGDOQLP� LOL� LPSXOVQLP� VLJQDORP�� 6WUXMQR� UHJXOLVDQL� QDSRQVNL

LQYHUWRU� RPRJX`XMH� GD� VWDWRUVNH� VWUXMH� RGJRYDUDMX� RYDNR� PRGLILNRYDQLP

NRPDQGRYDQLP�YUHGQRVWLPD��3XOVDFLMH�VWUXMD�SURX]URNXMX�SXOVDFLMH�IOXNVD��NRMH�VH

PRJX� GHWHNWRYDWL� SUHNR� WHUPLQDOQLK� QDSRQD� [��]� �� NDR� L� SXOVDFLMH

HOHNWURPDJQHWQRJ�PRPHQWD��NRMH�VH�PRJX�PHULWL�SUHNR�SXOVDFLMD�EU]LQH�[��]��[��]�
2GUH_LYDQMH�URWRUVNRJ�RWSRUD�VH��NRG�QDYHGHQLK�UH^HQMD��]DVQLYD�QD�L]UDaXQDYDQMX
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NRUHODFLMH�WHVW�VLJQDOD�L�RG]LYD��NDR� L�SR]QDYDQMX�VWUXNWXUH�PDWHPDWLaNRJ�PRGHOD

DVLQKURQRJ� PRWRUD�� 1HGRVWDWDN� NRG� RGUH_LYDQMD� URWRUVNRJ� RWSRUD� SRPR`X� WHVW

VLJQDOD� MH� SULVXVWYR�SXOVDFLMD� HOHNWURPDJQHWQRJ�PRPHQWD��.DUDNWHULVWLNH� SRJRQD

VH� GHJUDGLUDMX� XVOHG� RVFLORYDQMD� EU]LQH� L� SRYH`DQMD� EXNH�� 3UL� RGUH_HQLP

XaHVWDQRVWLPD� SXOVDFLMD� PRPHQWD�� PRJX`D� MH� L� SRMDYD� PHKDQLaNH� UH]RQDQFLMH

YUDWLOD�� $PSOLWXGD� SXOVDFLMD� PRPHQWD�� SURX]URNRYDQLK� WHVW� VLJQDORP�� ]DYLVL� RG

DPSOLWXGH� WHVW� VLJQDOD� L� RG� PDQMHJ� MH� XWLFDMD� QD� IOXNWXDFLMH� EU]LQH� SUL� YL^LP

XaHVWDQRVWLPD� WHVW� VLJQDOD�� 2YD� XaHVWDQRVW� MH� RJUDQLaHQD� SURSXVQLP� RSVHJRP

VWUXMQLK�UHJXODWRUD�L�SRWUHERP�]D�PHUHQMHP�RG]LYD�PRWRUD�X�IUHNYHQWQRP�RSVHJX

VLJQDOD� SHUWXUEDFLMH�� $PSOLWXGD� WHVW� VLJQDOD� PRUD� ELWL� ]QDWQR� YH`D� RG� SXOVDFLMD

VWUXMH�QD�NRPXWDFLRQRM�XaHVWDQRVWL��SD�MH�QHL]EHCQR�SULVXVWYR�SXOVDFLMD�PRPHQWD�X

SURSXVQRP�RSVHJX�EU]LQVNRJ�UHJXODWRUD��0DWVXR�[��]�RSHUL^H�VD�WHVW�VLJQDORP�aLMD

MH�XaHVWDQRVW�≅ ���+]��GRN�6XJLPRWR�UDGL�VD�XaHVWDQR^`X�RG���+]�

6UHGQMD�XaHVWDQRVW� WHVW� VLJQDOD� MH� RJUDQLaHQD� QHVDYU^HQR^`X� LQYHUWRUD�

RJUDQLaHQRP� UH]ROXFLMRP� L� RJUDQLaHQRP� XaHVWDQR^`X� RGDELUDQMD� PHUQH� RSUHPH�

2WNODQMDQMHP� RYLK� RJUDQLaHQMD� VH� XaHVWDQRVW� WHVW� VLJQDOD� PRCH� XYH`DWL�� D

DPSOLWXGD�VPDQMLWL�� aLPH�VH�XPDQMXMH�XWLFDM� LQMHNFLMH� WHVW� VLJQDOD�QD� UDG�SRJRQD�

3UREOHP�NRML�VH�QH�PRCH�RWNORQLWL�XVDYU^DYDQMHP�RSUHPH�RJOHGD�VH�X� WRPH�GD�VH

LQMHNFLMRP�WHVW�VLJQDOD�PHUL�YUHGQRVW�URWRUVNRJ�RWSRUD�QD�XaHVWDQRVWL�WHVW�VLJQDOD�

9UHGQRVW�URWRUVNRJ�RWSRUD�MH�IUHNYHQWQR�]DYLVQD��=D�SRGH^DYDQMH�PRGHOD�URWRUVNRJ

NROD�� SRWUHEQR� MH� UDVSRODJDWL� RWSRURP� URWRUD� QD� XaHVWDQRVWL� NOL]DQMD�� $QDOL]D

SURPHQD� URWRUVNRJ� RWSRUD� VD� XaHVWDQR^`X�� GDWD� X� SRJODYOMX� ������ SRND]XMH� GD� VH

RWSRUQRVW� QD� XaHVWDQRVWL� NOL]DQMD� QH]QDWQR� UD]OLNXMH� RG� RWSRUD� MHGQRVPHUQRM

VWUXML��9H`�SUL��� +]��HNYLYDOHQWQD�URWRUVND�RWSRUQRVW�VH�PRCH�L�GR���SXWD�XYH`DWL�

3UL� �� N+]�� RWSRU� PRCH� ELWL� SUHNR� ��� SXWD� YH`L�� ]DYLVQR� RG� GLPHQ]LMD� COHED� L

SURYRGQLND� URWRUD��8VOHG� IUHNYHQWQH� ]DYLVQRVWL�� RGUH_LYDQMH� URWRUVNRJ� RWSRUD� SR

PHWRGL�SHUWXUEDFLMH� MH�PRJX`H�X]�XVORY�GD�XaHVWDQRVW� WHVW� VLJQDOD� EXGH�X� REODVWL

XaHVWDQRVWL� URWRUVNLK� VWUXMD�� D� WDGD� MH�XWLFDM� LQMHNWRYDQRJ� VLJQDOD� QD� UDG� SRJRQD

QHL]EHCDQ�

=DL� L� /LSR� [��]� SUHGODCX� GD� VH�� XPHVWR� LQMHNFLMH� WHVW� VLJQDOD�� XSRWUHEL

NRPXWDFLRQL�^XP�LQYHUWRUD��1HGRVWDWDN�RYH�PHWRGH�RJOHGD�VH�X�aLQMHQLFL�GD�VH�QD

NRPXWDFLRQRM�XaHVWDQRVWL� HOHNWULaQR�NROR�PRWRUD� QH�PRCH� WUHWLUDWL� NDR�PUHCD� VD

VNRQFHQWULVDQLP�SDUDPHWULPD�

(YDQV� [��]� L� 2KQLVKL� [��]� GDMX� UH^HQMH� ]D� SRVHEDQ� VOXaDM� VSRUR
SURPHQOMLYRJ�L�OLQHDUQR�SURPHQOMLYRJ�RSWHUH`HQMD�SRJRQD��2YD�UH^HQMD�VH�QH�PRJX

SULPHQLWL�X�RS^WHP�VOXaDMX�

2GVWXSDQMD� RWSRUQRVWL� X� PRGHOX� URWRUVNRJ� NROD� RG� RWSRUQRVWL� URWRUD

DVLQKURQRJ�PRWRUD��SUHPD�DQDOL]L�X�SRJODYOMX�������GRYRGH�GR�SURPHQH�DPSOLWXGH



352-(.729$1-(�$'$37,912*�0,.52352&(6256.2*�835$9/-$1-$����352-(.729$1-(�$'$37,912*�0,.52352&(6256.2*�835$9/-$1-$����

��

URWRUVNRJ� IOXNVD�� 3URPHQH� IOXNVD� VH� PRJX� GHWHNWRYDWL� PHUHQMHP� WHUPLQDOQLK

QDSRQD� PRWRUD�� 1D� RYDM� QDaLQ� VH� LQGLUHNWQR� XWYU_XMX� WHPSHUDWXUQH� SURPHQH

RWSRUQRVWL�QDPRWDMD�URWRUD�L�RPRJX`XMH�SULODJR_HQMH�SDUDPHWDUD�PRGHOD��5H^HQMD

NRMD�SUHGODCX�/RHVHU� [��]��*DUFHV� [��]� L�9HWWHU� [��]�NRPSHQ]DFLMX�YU^H�QD�RVQRYX

RGVWXSDQMD� IOXNVD�� GHWHNWRYDQLK� PHUHQMHP� WHUPLQDOQLK� QDSRQD�� 3UL� PDOLP

XJDRQLP�EU]LQDPD�REUWQRJ�SROMD�� WHUPLQDOQL�QDSRQ� VH� XJODYQRP� VDVWRML� RG� SDGD

QDSRQD� QD� VWDWRUVNRP� RWSRUX�� SD� MH� SULPHQD� RYLK� PHWRGD� PRJX`D� MHGLQR� ]D

XaHVWDQRVWL� L]QDG� ≅ � +]�� 1D� RVQRYX� WHUPLQDOQLK� VWUXMD� L� QDSRQD�� PRJX`H� MH

SURFHQLWL� VQDJX� REUWQRJ� SROMD� L� HOHNWURPDJQHWQL� PRPHQW�� ^WR� WDNR_H� PRCH� ELWL

RVQRYD�]D�GHWHNFLMX�QHNRUHNWQRJ�SRGH^DYDQMD�SDUDPHWDUD��5H^HQMD�RYH�YUVWH�GDMX

/RUHQ]� [��]� L� 'DODO� [��]�� 3UHPD� LVNXVWYLPD� RYLK� DXWRUD�� UH^HQMD� VH� QH� PRJX

SULPHQLWL�SUL�EU]LQDPD�PDQMLP�RG������QRPLQDOQH�EU]LQH�PRWRUD�

8� RYRP� SRJODYOMX� MH� SULND]DQ� DOJRULWDP� ]D� SULODJR_HQMH� PRGHOD

URWRUVNRJ�NROD��]DVQRYDQ�QD�SRUH_HQMX�HVWLPLUDQRJ� IOXNVD� L� IOXNVD� L]UDaXQDWRJ�X

PRGHOX�URWRUVNRJ�NROD��$PSOLWXGD�URWRUVNRJ�IOXNVD�PRWRUD�VH�RGUH_XMH�SULPHQRP

HVWLPDWRUD� aLMD� MH� VLQWH]D�GDWD�X�SRJODYOMX� ������ 6WUXNWXUD� HVWLPDWRUD� MH� L]DEUDQD

WDNR� GD� UH]XOWDW� HVWLPDFLMH� QH� ]DYLVL� RG� RWSRUQRVWL� VWDWRUVNRJ� QDPRWDMD� L

RIVHWQDSRQD� LQWHJUDWRUD�� SD� VH� RWYDUD� PRJX`QRVW� ]D� UDG� NRPSHQ]DFLRQRJ

PHKDQL]PD� SUL� YUOR� PDOLP� EU]LQDPD�� 2GVWXSDQMD� URWRUVNRJ� RWSRUD� VH� RGUH_XMX

LQGLUHNWQR�� QD� RVQRYX� IOXNWXDFLMD� DPSOLWXGH� URWRUVNRJ� IOXNVD�� %ORN� GLMDJUDP

SRJRQD�VD�SUHGORCHQLP�PHKDQL]PRP�]D�NRPSHQ]DFLMX�SURPHQH�SDUDPHWDUD�GDW�MH

QD�VOLFL������

8VOHG� SURPHQD� WHPSHUDWXUH� URWRUD�� X� WRNX� UDGD� SRJRQD� GROD]L� GR

RGVWXSDQMD� SDUDPHWUD� 5
U

∗ �� X� PRGHOX� URWRUVNRJ� NROD� �� RG� RWSRUQRVWL� URWRUVNRJ

QDPRWDMD� PRWRUD� 5
U
�� *UH^ND� ∆5  5

U

∗ − 5
U
� SURX]URNXMH� QHWDaQR� RGUH_LYDQMH

RULMHQWDFLMH�URWRUVNRJ�IOXNVD�θ
H
��3UHPD�DQDOL]L��VSURYHGHQRM�X�RNYLUX�SRJODYOMD������

MHGQD�RG�SRVOHGLFD�MH�RGVWXSDQMH�DPSOLWXGH�URWRUVNRJ�IOXNVD�PRWRUD�RG�YUHGQRVWL�VD

NRMRP�RSHUL^H�PRGHO�URWRUVNRJ�NROD��
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3R]LWLYQH� YUHGQRVWL�∆5� SURX]URNXMX� VPDQMHQMH� IOXNVD�PRWRUD� X� RGQRVX� QD� IOXNV
L]UDaXQDW� X�PRGHOX� URWRUVNRJ� NROD�� 1D� L]OD]X� L]� GLVNULPLQDWRUD� JUD^NH�� QD� VOLFL

������SRMDYOMXMH� VH� WDGD�SR]LWLYQD�YUHGQRVW�∆ψ
U
�� =DGDWDN� DOJRULWPD�SULODJR_HQMD� MH

NRUHNFLMD� SDUDPHWUD� 5
U

∗ �� ,]MHGQDaDYDQMHP� JUH^NH� ∆ψ
U
� VD� QXORP�� SRVWLCH� VH
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MHGQDNRVW� L]PH_X� RWSRUQRVWL� URWRUVNRJ� QDPRWDMD� PRWRUD� L� RWSRUQRVWL� VD� NRMRP

RSHUL^H�PRGHO��2VHWOMLYRVW�DPSOLWXGH�IOXNVD�QD�SURPHQH�URWRUVNRJ�RWSRUD�GDMH�L]UD]

�����

6OLND�������0HKDQL]DP�]D�NRPSHQ]DFLMX�WHPSHUDWXUQLK�SURPHQD�RWSRUQRVWL

URWRUVNRJ�QDPRWDMD
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2VHWOMLYRVW�MH���X�UHDOQLP�XVORYLPD��XYHN�QHJDWLYQD��1D�RVQRYX�MHGQDNRVWL������L�����

VH� PRCH� ]DNOMXaLWL� GD� MH� NRPSHQ]DFLMX� SDUDPHWUD� 5
U

∗ � PRJX`H� YU^LWL

SURSRUFLRQDOQLP�LOL�LQWHJUDOQLP�GHMVWYRP�SR�JUH^FL�∆ψ
U
��.DG�SRJRQ�UDGL�X�SUD]QRP

KRGX��VWUXMD�L� LT� MH�EOLVND�QXOL��3UHPD�MHGQDNRVWL�������RVHWOMLYRVW�]DYLVL�RG�RGQRVD

LT � LG� L� L]MHGQDaDYD� VH� VD� QXORP� SUL� LT ��� 7DGD� MH� DPSOLWXGD� URWRUVNRJ� IOXNVD

SUDNWLaQR�QH]DYLVQD�RG�∆5�L�URWRUVNH�RWSRUQRVWL��5RWRUVNH�VWUXMH�VH��NRG�PRWRUD�X
LGHDOQRP� SUD]QRP� KRGX�� L]MHGQDaDYDMX� VD� QXORP�� SD� QMHJRYL� SDUDPHWUL� QHPDMX

XWLFDMD� QD� WHUPLQDOQH� QDSRQH�� 3UL� UDGX� VD� DNWLYQRP� NRPSRQHQWRP� VWUXMH� LT

EOLVNRP� QXOL�� RVHWOMLYRVW� IOXNVD� QD� RGVWXSDQMD�∆5� MH� VPDQMHQD�� aLPH� GR� L]UDCDMD
GROD]H� JUH^NH�SUL�PHUHQMX� L� ^XP�XVOHG� QHVDYU^HQRVWL� REUDGH� VLJQDOD�� =DWR� MH� UDG

NRPSHQ]DFLRQRJ�PHKDQL]PD�SRWUHEQR�]DXVWDYLWL�XNROLNR�MH�PRWRU�X�SUD]QRP�KRGX

L�RGQRV�LT � LG�LVSRG�XQDSUHG�RGUH_HQH�PLQLPDOQH�YUHGQRVWL�

=D� PHKDQL]DP� SULODJR_HQMD� 5
U

∗ � XVYDMD� VH� LQWHJUDOQR� GHMVWYR� SR� JUH^FL

∆ψU��9UHPHQVND�NRQVWDQWD�LQWHJUDFLMH�VH�RGUH_XMH�WDNR�GD�MH�]D�UHG�YHOLaLQH�YH`D�RG

URWRUVNH�YUHPHQVNH�NRQVWDQWH��3RVWRML�QHNROLNR�UD]ORJD�]D�RYDNDY�L]ERU�

��LQWHJUDOQR�GHMVWYR�SR�JUH^FL�∆ψU�RPRJX`XMH�QXOWX�JUH^NX�∆5�X�
VWDFLRQDUQRP�VWDQMX��SUL�NRQVWDQWQRM�WHPSHUDWXUL�URWRUD��

��EU]LQD�SURPHQH�WHPSHUDWXUH�URWRUD�RJUDQLaHQD�MH�WHUPLaNRP�

YUHPHQVNRP�NRQVWDQWRP��SD�VX�L�SURPHQH�RWSRUD�UHODWLYQR�VSRUH��

'LQDPLND�SULODJR_HQMD�SDUDPHWUD�5
U

∗ �]DWR�QLMH�NULWLaQD��SD�MH�

SULKYDWOMLYD�EU]LQD�NRQYHUJHQFLMH�GDOHNR�YH`D�RG�URWRUVNH�YUHPHQVNH�

NRQVWDQWH�

��VUHGQMD�YUHGQRVW�VLJQDOD�QD�L]OD]X�HVWLPDWRUD��RSLVDQRJ�X�SRJODYOMX�

������QH]DYLVQD�MH�RG�VWDWRUVNRJ�RWSRUD�L�RIVHWD�LQWHJUDWRUD��7UHQXWQD�

YUHGQRVW�RYRJ�VLJQDOD�PRCH�VDGUCDWL�SXOVDFLMH�aLMD�XaHVWDQRVW�RGJRYDUD�

XJDRQRM�EU]LQL�REUWQRJ�SROMD��GRN�LP�MH�VUHGQMD�YUHGQRVW�MHGQDND�QXOL��

3RWUHEQR�MH�YU^LWL�XVUHGQMDYDQMH��NDNR�VH�RYH�SXOVDFLMH�QH�EL�RGUDCDYDOH�

QD�SURFHQX�5
U

∗ ��2YX�IXQNFLMX�QD�VHEH�SUHX]LPD�LQWHJUDWRU�JUH^NH�∆ψU��

XNROLNR�MH�YUHPHQVND�NRQVWDQWD�LQWHJUDFLMH�GRYROMQR�YHOLND�
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��QHNRUHNWQD�YUHGQRVW�5
U

∗ �SURX]URNXMH��SUL�SUHOD]QLP�SURFHVLPD��

RVFLODFLMH�IOXNVD�VD�XaHVWDQR^`X�L�YUHPHQRP�VPLUHQMD�RGUH_HQLP�

YUHPHQVNRP�NRQVWDQWRP�URWRUVNRJ�NROD��%U]LQD�NRQYHUJHQFLMH�5
U

∗ �PRUD

ELWL�]D�UHG�YHOLaLQH�PDQMD�RG�UHFLSURaQH�YUHGQRVWL�URWRUVNH�YUHPHQVNH�

NRQVWDQWH��NDNR�EL�VH�L]EHJOD�VSUHJD�PHKDQL]PD�NRPSHQ]DFLMH�L�

SUHOD]QLK�SURFHVD�X�URWRUVNRP�NROX�

%ORN�NRPSHQ]DFLMH�5
U

∗ �QD�VOLFL������GHWDOMQLMH�MH�SULND]DQ�VOLNRP�������3UH

XODVND�X�LQWHJUDWRU��VLJQDO�RGVWXSDQMD�IOXNVD�∆ψ
U
�SUROD]L�NUR]�OLPLWHU��2JUDQLaHQMH

OLPLWHUD� L�YUHPHQVND�NRQVWDQWD� LQWHJUDFLMH� GHILQL^X�PDNVLPDOQX�EU]LQX�SURPHQH

SDUDPHWUD� 5
U

∗ �� /LPLWHU� MH� XYHGHQ� NDNR� EL� VH�� SUL� YHOLNLP� RGVWXSDQMLPD� IOXNVD�

VSUHaLOH� EU]H� SURPHQH� 5
U

∗ � L� WLPH� XVSRVWDYLOD� VSUHJD� SURFHVD� NRPSHQ]DFLMH� L

SUHOD]QLK�SURFHVD�RVWDOLK�UHJXODFLRQLK�NRQWXUD�SRJRQD��,]OD]�LQWHJUDWRUD�MH�WDNR_H

OLPLWLUDQ��L�RYH�JUDQLFH�RGJRYDUDMX�PLQLPDOQRM� L�PDNVLPDOQRM�YUHGQRVWL�URWRUVNRJ

RWSRUD�NRMH�VH�PRJX�SRMDYLWL�X�UDGX�SRJRQD��0HKDQL]DP�NRPSHQ]DFLMH� VH�EORNLUD

XNROLNR� MH� RGQRV� LT � LG� LVSRG� PLQLPDOQH� YUHGQRVWL� NRMD� JDUDQWXMH� GRYROMQX

RVHWOMLYRVW��MHGQDaLQD�������

9UHPHQVND� NRQVWDQWD� LQWHJUDWRUD� RGUH_HQD� MH� WDNR� GD� PDNVLPDOQD

EU]LQD�SURPHQH�SDUDPHWUD�5
U

∗ �L]QRVL��� ��QRPLQDOQH�YUHGQRVWL�X�VYDNRM�VHNXQGL�

1D�VOLFL������ VX�SULND]DQL� UH]XOWDWL�GLJLWDOQH�VLPXODFLMH�DOJRULWPD�]D�SULODJR_HQMH�

9HNWRUVNL�NRQWUROLVDQ�DVLQKURQL�PRWRU��QDSDMDQ�L]�VWUXMQR�UHJXOLVDQRJ�QDSRQVNRJ

LQYHUWRUD� NRPXWDFLRQH� XaHVWDQRVWL� ���� N+]�� UDGL� X� QRPLQDOQRP� UHCLPX�� 1DNRQ

��� VHF� VLPXODFLRQRJ� YUHPHQD�� RWSRUQRVW� URWRUVNRJ� QDPRWDMD� VH� XPDQML� ]D� �� ��

*RUQML�WUDJ�QD�VOLFL������SUHGVWDYOMD�RGVWXSDQMH�∆5 5
U

∗ � 5
U
��'RQML�WUDJ�MH�OLPLWLUDQD

UD]OLND�∆Ψ
U
� L]PH_X� IOXNVD� Ψ

U

∗� � L� HVWLPLUDQRJ� IOXNVD��1DNRQ� ��� VHF� VLPXODFLRQRJ

YUHPHQD�� RWSRUQRVW� URWRUVNRJ� QDPRWDMD� VH� SRYH`DYD� ]D� LVWX� YUHGQRVW�� 0RCH� VH

6OLND������3ULODJR_HQMH�PRGHOD�URWRUVNRJ�NROD�QD�RVQRYX��RGVWXSDQMD�URWRUVNRJ

IOXNVD�
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XRaLWL�GD�UDG�PHKDQL]PD�]D�SULODJR_HQMH�REH]EH_XMH�L]MHGQDaDYDQMH�SDUDPHWUD�5
U

∗

VD�RWSRUQR^`X�URWRUVNRJ�QDPRWDMD�QDNRQ�≅ �−� VHF�

3ULND]DQD� GLJLWDOQD� VLPXODFLMD� RSUDYGDYD� L]ERU� NRPSHQ]DFLRQRJ

PHKDQL]PD�RSLVDQRJ�X�RYRP�SRJODYOMX��6LPXODFLMD�QH�X]LPD�X�RE]LU�VYH�RNROQRVWL

NRMH�X�UHDOQRP�SRJRQX�RWHCDYDMX�PHUHQMD�L�HVWLPDFLMX��SD�VX�GHWDOMQLMD�LVSLWLYDQMD

SUHGORCHQRJ�DOJRULWPD�SULODJR_HQMD�L]YU^HQD�QD�RVQRYX�HNVSHULPHQWDOQLK�UH]XOWDWD

�SRJODYOMH����

6OLND� ������ 5 � DOJRULWPD� ]D� SULODJR_HQMH� PRGHOD

URWRUVNRJ� NROD� WHPSHUDWXUQLP� SURPHQDPD� RWSRUQRVWL� URWRUVNRJ� QDPRWDMD�

8NXSQR� YUHPH� VLPXODFLMH� L]QRVL� ��� VHF�� 9H^WDaNL� XQHVHQD� RGVWXSDQMD� URWRUVNRJ

RWSRUD� L]QRVH� ��−�� ��� *RUQML� WUDJ� SUHGVWDYOMD� RGQRV� RWSRUQRVWL� URWRUVNRJ

QDPRWDMD� L� RWSRUQRVWL� VD� NRMRP� RSHUL^H�PRGHO� URWRUVNRJ� NROD� XQXWDU� YHNWRUVNRJ

NRQWUROHUD��GRN�GRQML�WUDJ�SUHGVWDYOMD�UD]OLNX�L]PH_X�IOXNVD�PRGHOD�L�HVWLPLUDQRJ

IOXNVD� PRWRUD�� 6LPXOLUDQ� MH� UDG� HNVSHULPHQWDOQRJ� SRJRQD�� 3RGDFL� R� PRWRUX� L

LQYHUWRUX� VH� QDOD]H� X� SRJODYOMX� ���� 6LPXODFLMD� VH� RGQRVL� QD� UDG� SUL� QRPLQDOQRM

EU]LQL�L�QRPLQDOQRP�PRPHQWX�

�

���

���

���

���

���

���

���

���

���

�

�����WLPH ����

SULODJR_HQMH�5UU
�U
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$OJRULWDP� XSUDYOMDQMD� DVLQKURQLP� PRWRURP�� RSLVDQ� X� SRJODYOMX� �����

RPRJX`XMH� QH]DYLVQX� NRQWUROX� URWRUVNRJ� IOXNVD� L� HOHNWURPDJQHWQRJ� PRPHQWD�

%U]LQD� XVSRVWDYOMDQMD� PRPHQWD� ]DYLVL� RG� NDUDNWHULVWLND� UHJXODWRUD� VWDWRUVNH

VWUXMH�� 8� VOXaDMX� HNVSHULPHQWDOQRJ� SURWRWLSD�� PRWRU� VH� QDSDMD� L]� VWUXMQR

UHJXOLVDQRJ�QDSRQVNRJ�LQYHUWRUD��3UHNLGDaNL�DOJRULWDP�]D�XSUDYOMDQMH�LQYHUWRURP�

GDW�X�RNYLUX�SRJODYOMD�����RPRJX`DYD�XVSRVWDYOMDQMH�QRPLQDOQH� VWUXMH� L�PRPHQWD

]D�≅ ��� PV��.D^QMHQMH�L]PH_X�WUHQXWND�RGDELUDQMD�L�XVSRVWDYOMDQMD�NRPDQGRYDQLK

YUHGQRVWL� VWUXMD� L� PRPHQWD� MH� XYH`DQR� ]D� ≅ ��� PV�� ]ERJ� QHRSKRGQLK

L]UDaXQDYDQMD� X� GLJLWDOQRP� PLNURNRQWUROHUX�� %U]LQD� XVSRVWDYOMDQMD� VWUXMH� L

PRPHQWD� MH� ]D� GYD� UHGD� YHOLaLQH� PDQMD� RG� YUHPHQVNH� NRQVWDQWH� PHKDQLaNRJ

SRGVLVWHPD��$VLQKURQL�PRWRU��QDSDMDQ�L]�VWUXMQR�UHJXOLVDQRJ�QDSRQVNRJ�LQYHUWRUD

L� XSUDYOMDQ� SR� DOJRULWPX� YHNWRUVNH� NRQWUROH� PRCHPR� SRVPDWUDWL� NDR

SURSRUFLRQDOQL� L]YU^QL� RUJDQ� VD� ]DQHPDUOMLYLP� WUDQVSRUWQLP� ND^QMHQMHP�

0RJX`QRVW� GLUHNWQRJ�XSUDYOMDQMD�PRPHQWRP�RODN^DYD� VLQWH]X� UHJXODWRUD� EU]LQH�

MHU� VH� SUHQRVQD� IXQNFLMD� REMHNWD� VYRGL� QD� SUHQRVQX� IXQNFLMX� PHKDQLaNRJ

SRGVLVWHPD�SRJRQD��NRMD� MH�SUYRJ�UHGD��5DGL�SRVWL]DQMD�QXOWH�JUH^NH�VWDFLRQDUQRJ

VWDQMD�� XVYDMD� VH� SURSRUFLRQDOQR−LQWHJUDOQR� GHMVWYR� UHJXODWRUD�� .RPDQGRYDQD

YUHGQRVW�HOHNWURPDJQHWQRJ�PRPHQWD��NDR�XSUDYOMDaNH�SURPHQOMLYH�� L]UDaXQDYD�VH

QD� RVQRYX� UHIHUHQWQH� L� PHUHQH� EU]LQH�� 5HJXODWRU�� L]YU^QL� RUJDQ� L� SURFHV� VX

SULND]DQL� X� YLGX� EORN� GLMDJUDPD�� QD� VOLFL� ������ 'D� EL� VH� L]EHJDR� QDJOL� VNRN

XSUDYOMDaNH� SURPHQOMLYH� �PRPHQWD�� X� WUHQXWNX� GHORYDQMD� SRUHPH`DMD� QD� XOD]X�

SURSRUFLRQDOQR�GHMVWYR�VH� L]PH^WD� [���]� X�NROR� ORNDOQH�SRYUDWQH� VSUHJH��0RPHQW

NRML�VH�PRCH�UD]YLWL�MH�RJUDQLaHQ�VWUXMQLP�NDSDFLWHWRP�LQYHUWRUD��SD�EORN�GLMDJUDP

����� VDGUCL� OLPLWHU��3UHQRVQD� IXQNFLMD�+�V�� RGUH_HQD� MH� QDaLQRP�PHUHQMD� EU]LQH�

0HWRG� PHUHQMD� EU]LQH� SRPR`X� LPSXOVQRJ� GDYDaD�� RSLVDQ� X� SRJODYOMX� �����

RPRJX`XMH�RGUH_LYDQMH�VUHGQMH�YUHGQRVWL�EU]LQH�X�WRNX�LQWHUYDOD�RGDELUDQMD��^WR�VH

PRCH� SULEOLCQR� PRGHORYDWL� NDR� ND^QMHQMH� X� L]QRVX� RG� SRORYLQH� LQWHUYDOD

RGDELUDQMD�

6OLND�������3URSRUFLRQDOQRLQWHJUDOQL�UHJXODWRU�EU]LQH
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3RVWXSDN�RGUH_LYDQMD�SDUDPHWDUD�UHJXODWRUD�L]YHGHQ�MH�]D�GYD�UD]OLaLWD

VOXaDMD��8NROLNR� MH�PRPHQW� RSWHUH`HQMD� SURSRUFLRQDODQ�EU]LQL�� SUHQRVQD� IXQNFLMD

PHKDQLaNRJ�SRGVLVWHPD�:P�V��VH�PRCH�SUHGVWDYLWL�NDR�. � ���V⋅7����$NR�MH�WUHQMH
]DQHPDUOMLYR���D�PRPHQW�RSWHUH`HQMD�QH]DYLVDQ�RG�EU]LQH��SRWHQFLMDOQL��SXOVDFLRQL

LWG���� SUHQRVQD� IXQNFLMD� PHKDQLaNRJ� SRGVLVWHPD� MH� :P�V� � � �V⋅7��� 7DGD� VH
RSWHUH`HQMH� 7/� WUHWLUD� NDR� VSROMQL� SRUHPH`DM�� 2GUH_LYDQMH� SDUDPHWDUD� ]D� SUYL� L

GUXJL� VOXaDM� MH� GDWR� X� SRJODYOMLPD� ����� L� ������ 3ULOLNRP� L]YR_HQMD� NRULVWH� VH

QRUPDOL]RYDQH�YUHGQRVWL�PRPHQWD��EU]LQH�L�SR]LFLMH�
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'LQDPLND� PHKDQLaNRJ� SRGVLVWHPD� MH� RSLVDQD� MHGQDaLQRP� �����

3UHODVNRP�QD� QRUPDOL]RYDQH� YHOLaLQH�� SUHQRVQD� IXQNFLMD�ω�V� � 7H�V�� X]LPD� REOLN
�����

-
G
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7 .
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( )W s
s
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K
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K

K
T

T

Km
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m

f
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+ ⋅
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ω

1
1
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9UHPHQVNH�NRQVWDQWH�PHKDQLaNRJ�SRGVLVWHPD�VX�]D�MHGDQ�LOL�GYD�UHGD�YHOLaLQH�YH`H

RG� ND^QMHQMD� XVOHG� L]UDaXQDYDQMD�� PHUHQMD� EU]LQH� L� XVSRVWDYOMDQMD� PRPHQWD�

,]YU^QL� RUJDQ� MH� SURSRUFLRQDODQ�� 8NROLNR� VH� CHOL� SRVWL`L� DSHULRGLaDQ� RG]LY� VD

YUHPHQRP� VPLUHQMD� τ � � λ�� SRGH^DYDQMH� SDUDPHWUD� SURSRUFLRQDOQRLQWHJUDOQRJ
UHJXODWRUD�EU]LQH�VH�PRCH�L]YU^LWL�SR�'DKOLQRYRP�DOJRULWPX�[���]�[���]��3UHQRVQD
IXQNFLMD�UHJXODWRUD�GDWD�MH�L]UD]RP�������3DUDPHWUL�.

S
�L�7

L
�VH� L]UDaXQDYDMX�SUHPD

L]UD]LPD������L������
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%URM� 1� SUHGVWDYOMD� PDNVLPDOQL� FHR� EURM� LQWHUYDOD� RGDELUDQMD� VDGUCDQLK� X

WUDQVSRUWQRP� ND^QMHQMX� 7
G
�� .D^QMHQMH� XVOHG� L]UDaXQDYDQMD� L� XVSRVWDYOMDQMD

PRPHQWD�YHNWRUVNL�NRQWUROLVDQRJ�DVLQKURQRJ�PRWRUD�MH�]QDWQR�PDQMH�RG�LQWHUYDOD

7�� $NR� VH� EU]LQD� PHUL� NDR� VUHGQMD� YUHGQRVW� X� WRNX� LQWHUYDOD� 7�� HNYLYDOHQWQR

ND^QMHQMH�L]QRVL�≅ 7����SD�MH�1 ��

��������

$VLQKURQL� PRWRU� VQDJH� � N:�� XSRWUHEOMHQ� NDR� SRJRQVNL� PRWRU� X

HNVSHULPHQWDOQRP� SURWRWLSX�� LPD� JXELWNH� XVOHG� WUHQMD� L� YHQWLODFLMH� NRML� SUL

QRPLQDOQRM� EU]LQL� RSWHUH`XMX� PRWRU� VD� ≅ ��� QRPLQDOQRJ� PRPHQWD�� 0HKDQLaND
YUHPHQVND� NRQVWDQWD� JUXSH�� NRMX� aLQH� DVLQKURQL� PRWRU� L� RSWHUHWQL� JHQHUDWRU�

L]QRVL� ���� VHF�� 8NROLNR� EL� SUHQRVQX� IXQNFLMX� PHKDQLaNRJ� SRGVLVWHPD� SRJRQD

SUHGVWDYLOL�NDR�:
P
�V�  . � � � � V⋅7

�
����NRHILFLMHQW�.�L�YUHPHQVND�NRQVWDQWD�7

�
�EL

LPDOL�YUHGQRVWL�. ���L�7
�
 ����VHF��2YR�]QDaL�GD�EL�LGHDOL]RYDQL�PRWRU��SRJRQMHQ

QRPLQDOQLP� PRPHQWRP�� GRVWLJDR� EU]LQX� ��� SXWD� YH`X� RG� QRPLQDOQH� X]

HNVSRQHQFLMDOQL�RG]LY�VD�YUHPHQVNRP�NRQVWDQWRP�RG������VHF��.RQVWDQWH�.�L�7
�
�QH

QRVH� LQIRUPDFLMX� R� NDUDNWHULVWLNDPD� SRJRQD� X� REODVWL� QRPLQDOQH� EU]LQH�� SD

SUHQRVQD�IXQNFLMD�:
P
�QLMH�SRJRGQD�NDR�SROD]QD�RVQRYD�]D�RGUH_LYDQMH�SDUDPHWDUD

UHJXODWRUD��8�XVORYLPD�NDGD�PRPHQW�RSWHUH`HQMD�QLMH�GLUHNWQR�RGUH_HQ�EU]LQRP�

SUHQRVQD� IXQNFLMD� PHKDQLaNRJ� SRGVLVWHPD� MH�� SUDNWLaQR�� � � �V⋅7
P
��� 0RPHQW

RSWHUH`HQMD�SUHGVWDYOMD�VSROMQL�SRUHPH`DM�

.DR� NULWHULMXP� ]D� SRGH^DYDQMH� SDUDPHWDUD�� XVYDMD� VH� SRVWL]DQMH

NULWLaQRJ�RG]LYD�X]�^WR�^LUL�SURSXVQL�RSVHJ��3RVPDWUDQR�X�]�UDYQL��SRORYL�IXQNFLMH

VSUHJQXWRJ�SUHQRVD�WUHED��SR�PRJX`VWYX��GD�EXGX�QD�SR]LWLYQRP�GHOX�UHDOQH�RVH��L

WR� ^WR� EOLCH� NRRUGLQDWQRP� SRaHWNX�� >LURN� SURSXVQL� RSVHJ� UHJXODWRUD� EU]LQH

RPRJX`XMH� SRWLVNLYDQMH� IOXNWXDFLMD� EU]LQH� XVOHG� SXOVDFLMD� PRPHQWD� RSWHUH`HQMD�

^LULQRP� SURSXVQRJ� RSVHJD� MH� XVORYOMHQ� L� L]ERU� XaHVWDQRVWL� RGDELUDQMD�� 3HULRGD
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RGDELUDQMD� EU]LQVNH� SHWOMH� HNVSHULPHQWDOQRJ� SRJRQD� MH� 7 ��� PV�� ^WR� MH� ]QDWQR

PDQMH�RG�YUHPHQVNH�NRQVWDQWH�7P�

7UDQVSRUWQR� ND^QMHQMH� XVOHG� L]UDaXQDYDQMD� L� RJUDQLaHQH� EU]LQH

XVSRVWDYOMDQMD� VWUXMD� MH� ]D� UHG� YHOLaLQH�PDQMH� RG� SHULRGH� RGDELUDQMD�� SD� VH�PRCH

VPDWUDWL� GD� YHNWRUVNL� NRQWUROLVDQL� PRWRU� WUHQXWQR� XVSRVWDYOMD� NRPDQGRYDQX

YUHGQRVW� HOHNWURPDJQHWQRJ� PRPHQWD� L� RGUCDYD� JD� NRQVWDQWQLP� GR� QDUHGQRJ

WUHQXWND�RGDELUDQMD��1H�PRCH�VH��PH_XWLP��]DQHPDULWL� aLQMHQLFD�GD�VH�PHUHQMHP

EU]LQH�SRPR`X� LPSXOVQRJ�GDYDaD� L�PHWRGH� L]� SRJODYOMD� ����� ]DSUDYR�PHUL� VUHGQMD

YUHGQRVW�EU]LQH�X�WRNX�SURWHNORJ�LQWHUYDOD�RGDELUDQMD�

8]�]DQHPDUHQMH�JXELWDND�XVOHG�YHQWLODFLMH�L�WUHQMD�X�OHCDMHYLPD��UHODFLMX

L]PH_X� HOHNWURPDJQHWQRJ� PRPHQWD� 7H�� PRPHQWD� RSWHUH`HQMD� 7/� L� EU]LQH� GDMX

L]UD]L������L�������=ERJ�NDUDNWHULVWLND�L]YU^QRJ�RUJDQD��HOHNWURPDJQHWQL�PRPHQW�MH

NRQVWDQWDQ�X�RNYLUX�SHULRGH�RGDELUDQMD��3RG�YHOLaLQRP�7/�VH�SRGUD]XPHYD�VUHGQMD

YUHGQRVW�PRPHQWD�RSWHUH`HQMD�X�LQWHUYDOX�7�
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VX�SULND]DQL�UH]XOWDWL�VLPXODFLMH�HNVSHULPHQWDOQRJ�SRJRQD���0DNVLPDOQL�PRPHQW�

NRML� PRWRU� PRCH� UD]YLWL�� RJUDQLaHQ� MH� SURJUDPVNL� QD� YUHGQRVW� NRMD� RGJRYDUD

GYRVWUXNRP� QRPLQDOQRP� PRPHQWX�� *RUQML� WUDJ� QD� VOLFL� ����� SUHGVWDYOMD

XSUDYOMDaNX�SURPHQOMLYX� �HOHNWURPDJQHWQL�PRPHQW�� L�PRPHQW� RSWHUH`HQMD��'RQML

WUDJ�SULND]XMH�UHIHUHQWQX�X�DNWXHOQX�EU]LQX��7UDMDQMH�VLPXODFLMH�MH���� PV��1DMSUH

VH� UHIHUHQWQD� EU]LQD� VNRNRYLWR� SURPHQL� ]D� ���� S�X��� D� QDNRQ� VPLUHQMD� SUHOD]QRJ

SURFHVD�� GRJD_D� VH� VNRN� PRPHQWD� RSWHUH`HQMD� ]D� � S�X��� 6OLND� ����� SULND]XMH

UH]XOWDWH�VLPXODFLMH�EU]LQVNRJ�UHJXODWRUD�]D�YHOLNH�SRUHPH`DMH��5HIHUHQWQD�EU]LQD

VH�PHQMD�VD���QD���S�X���0RPHQDW�NRPDQGRYDQ�RG�VWUDQH�3,�UHJXODWRUD�SUHYD]LOD]L

GYRVWUXNL�QRPLQDOQL�� SD� MH� DNWLYLUDQR�SURJUDPVNR� RJUDQLaHQMH�PRPHQWD��8� WRNX

UDGD�X�REODVWL�RJUDQLaHQMD�PRPHQWD��GROD]L�GR�DNXPXODFLMH�JUH^NH�X�LQWHJUDWRUX�3,

UHJXODWRUD�� SD� GROD]L� GR� SUHEDaDMD� L� RVFLODWRUQRJ� RG]LYD�� XSUNRV� aLQMHQLFL� GD� VX

SRORYL�VSUHJQXWRJ�SUHQRVD�UHDOQL��2YD�QHUHJXODUQRVW� MH�SRVOHGLFD�SULPHQH�]DNRQD

XSUDYOMDQMD�X�SR]LFLRQRM�IRUPL��3UREOHP�VH�X�SRWSXQRVWL�UH^DYD�XNROLNR�VH�SULPHQL

LQNUHPHQWDOQD�IRUPD�3,�UHJXODWRUD�[���]��8�WUHQXFLPD�RGDELUDQMD��L]UDaXQDYDMX�VH
LQNUHPHQWL� XSUDYOMDaNH� SURPHQOMLYH�� YU^L� VDELUDQMH� VD� SUHWKRGQRP� YUHGQR^`X� D
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]DWLP� OLPLWLUD�UH]XOWDW��6OLND������ SULND]XMH� VLPXODFLMX� UDGD� RYDNR�PRGLILNRYDQRJ

UHJXODWRUD�EU]LQH�

3UHGORJ�VLQWH]H�EU]LQVNRJ�UHJXODWRUD��GDW�X�RNYLUX�RYRJ�SRJODYOMD��SROD]L

RG� ]DKWHYD� GD� VH� PLQLPL]LUD� XWLFDM� SXOVDFLMD� L� VUHGQMH� YUHGQRVWL� PRPHQWD

RSWHUH`HQMD� QD� UHJXOLVDQX� SURPHQOMLYX�� EU]LQX�� 3XOVDFLMH� RSWHUH`HQMD� X� RNYLUX

SURSXVQRJ�RSVHJD�UHJXODWRUD�`H�ELWL�NRPSHQ]RYDQH�SXOVDFLMDPD�HOHNWURPDJQHWQRJ

PRPHQWD�� 8NROLNR� VX� XVORYL� SRJRQD� WDNYL� GD� WROHUL^X� IOXNWXDFLMH� EU]LQH� D� QH

GR]YROMDYDMX� SXOVDFLMH� PRPHQWD�� WUHED� RGXVWDWL� RG� JUDGQMH� EU]RJ� UHJXODWRUD�

VPDQMLWL�SRMDaDQMD�L�XYH`DWL�SHULRGX�RGDELUDQMD�

'HWDOMQLMD� LVSLWLYDQMD� NDUDNWHULVWLND� UHJXODWRUD� EU]LQH� L]YU^HQD� VX

HNVSHULPHQWDOQR�� 7DODVQL� REOLFL� VQLPOMHQL� SUL� UDGX� UHJXODWRUD� EU]LQH�

LPSOHPHQWLUDQRP� QD� HNVSHULPHQWDOQRP� SURWRWLSX� SRJRQD�� GDWL� VX� X� RNYLUX

SRJODYOMD����

3UL� RGUH_LYDQMX� SDUDPHWDUD� UHJXODWRUD� ]DQHPDUHQL� VX� JXELFL� XVOHG

WUHQMD�L�YHQWLODFLMH��(NYLYDOHQWQL�NRHILFLMHQW�WUHQMD��NRML�RGJRYDUD�RYLP�JXELFLPD�MH�

≅ ������ 2YR� ]QDaL� GD� SURPHQD� EU]LQH� ]D� � S�X�� SURX]URNXMH� SURPHQX� PRPHQWD

WUHQMD�]D����� S�X���3URSRUFLRQDOQR�GHMVWYR�UHJXODWRUD�MH�WDNR�SRGH^HQR�GD�SURPHQD

EU]LQH� RG� �� S�X�� SURX]URNXMH� SURPHQX� NRPDQGH�PRPHQWD� ]D�≅ ���� SD� MH� JUH^ND�
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3UHQRVQD� IXQNFLMD� PHKDQLaNRJ� SRGVLVWHPD�� X]� PRPHQW� NDR� XOD]QX� L

SR]LFLMX� NDR� L]OD]QX� YHOLaLQX�� GUXJRJ� MH� UHGD�� ,]� UD]ORJD� L]QHWLK� X� SUHWKRGQRP

SRJODYOMX�� JXELFL� XVOHG� IULNFLMH� L� YHQWLODFLMH� VH� PRJX� ]DQHPDULWL�� SD� PHKDQLaNL

SRGVLVWHP� SRJRQD�� X� SHWOML� UHJXODWRUD� SR]LFLMH�� SUHGVWDYOMD� GYRVWUXNL� LQWHJUDWRU�

6WUXNWXUD�UHJXODWRUD�PRUD��L]�UD]ORJD�VWDELOQRVWL��VDGUCDWL�GLIHUHQFLMDOQR�GHMVWYR�SR

SR]LFLML�� $VWDWL]DP� SUHQRVQH� IXQNFLMH� VD� XOD]D� QD� L]OD]� MH� REH]EH_HQ� SULURGRP

VDPRJ� SURFHVD� �LQWHJUDFLMRP� X� RNYLUX� REMHNWD� XSUDYOMDQMD��� 1D� RVQRYX� RYRJD�

LQWHJUDOQR�GHMVWYR�QLMH�QHRSKRGQR��SD�VH�VWUXNWXUD�SR]LFLRQRJ�UHJXODWRUD�RGUH_XMH

NDR� SURSRUFLRQDOQR−GLIHUHQFLMDOQD�� 5HJXODWRU� L� REMHNDW� VX� SULND]DQL� EORN

GLMDJUDPRP� QD� VOLFL� ������ ,]� LVWLK� UD]ORJD� NDR� L� NRG� EU]LQVNRJ� UHJXODWRUD� [���]�
GLIHUHQFLMDOQR� GHMVWYR� MH� L]PH^WHQR� X� NROR� ORNDOQH� SRYUDWQH� VSUHJH�� 3UHQRVQD

IXQNFLMD� REMHNWD� X� ]−GRPHQX� GDWD� MH� L]UD]RP� ������ 3UL� RGUH_LYDQMX� SUHQRVQH

IXQNFLMH� X]HW� MH� X� RE]LU� QDaLQ� PHUHQMD� EU]LQH� L� SR]LFLMH�� NDR� L� NDUDNWHULVWLNH

YHNWRUVNL� NRQWUROLVDQRJ� DVLQKURQRJ� PRWRUD� NDR� L]YU^QRJ� RUJDQD�� 3UL� VYLP

L]YR_HQMLPD�RSHUL^H�VH�VD�QRUPDOL]RYDQLP�YHOLaLQDPD��2VQRYH�]D�QRUPDOL]DFLMX�VX

GDWH�X�SRJODYOMX�����-HGQDaLQH�PHKDQLaNRJ�SRGVLVWHPD�VX��
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1D� RVQRYX� L]UD]D� ]D� VWDFLRQDUQX� YUHGQRVW� SR]LFLMH�� PRCH� VH� ]DNOMXaLWL� GD� X

RGVXVWYX�PRPHQWD�RSWHUH`HQMD�QHPD�JUH^NH�VWDFLRQDUQRJ�VWDQMD��3RMDYD�PRPHQWD

RSWHUH`HQMD�SURX]URNXMH�SR]LFLRQX�JUH^NX�NRMD� MH�REUQXWR� VUD]PHUQD�NRHILFLMHQWX

SURSRUFLRQDOQRJ� SRMDaDQMD�� 5HFLSURaQD� YUHGQRVW� .S� ]DSUDYR� SUHGVWDYOMD� NUXWRVW�

3UL� RGUH_LYDQMX� SDUDPHWDUD� UHJXODWRUD�� WUHED� LPDWL� X� YLGX� GD� YH`H� YUHGQRVWL

SURSRUFLRQDOQRJ� SRMDaDQMD� UH]XOWXMX� YH`RP� NUXWR^`X�� RGQRVQR� PDQMLP

RGVWXSDQMLPD�SR]LFLMH�XVOHG�PRPHQWD�RSWHUH`HQMD��.DUDNWHULVWLaQL�SROLQRP�VLVWHPD

GDW�MH�MHGQDNR^`X������

6OLND�������6WUXNWXUD�UHJXODWRUD�SR]LFLMH�
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LVWH� NDR� L� X� L]UD]X� ������ X� SRJODYOMX� ����� 1D� RVQRYX� RYLK� NRHILFLMHQDWD�� SHULRGH

RGDELUDQMD� L� PHKDQLaNH� YUHPHQVNH� NRQVWDQWH� SRJRQD�� RGUH_XMX� VH� NRHILFLMHQWL

SURSRUFLRQDOQRJ�L�LQWHJUDOQRJ�GHMVWYD�UHJXODWRUD��MHGQDNRVWL�������
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5DG� SR]LFLRQRJ� UHJXODWRUD� VD� RYDNR� SRGH^HQLP� SDUDPHWULPD� VLPXOLUDQ� MH� QD

GLJLWDOQRP� UDaXQDUX�� 5H]XOWDWL� VLPXODFLMH� VX� SULND]DQL� QD� VOLNDPD� ����� L� �����

7DODVQL�REOLFL�QD�VOLFL������SUHGVWDYOMDMX�RG]LY�VLVWHPD�QD�PDOH�SRUHPH`DMH��*RUQML

WDODVQL�REOLN�SUHGVWDYOMD�PRPHQW��VUHGQML�WUDJ�EU]LQX�D�GRQMD�GYD�WUDJD�UHIHUHQWQX

L� DNWXHOQX� SR]LFLMX�� 6LPXOLUDQ� MH� YUHPHQVNL� SHULRG� RG� ��� PV�� X� RNYLUX� NRJD

UHIHUHQWQD�SR]LFLMD�LPD�VNRN�RG���S�X���aHWYUWLQX�REUWDMD���1D�VOLFL������SULND]DQ�MH

RG]LY�QD�YHOLNL�SRUHPH`DM��SRUHPH`DM�SUL�NRPH�VH�DNWLYLUD�OLPLWHU�PRPHQWD�L�VLVWHP

SUHVWDMH� GD� EXGH� OLQHDUDQ��� 2G]LY� MH� RVFLODWRUDQ� L� SRUHG� DSHULRGLaQRJ� NDUDNWHUD

SRORYD� VSUHJQXWRJ� SUHQRVD�� 3UREOHP� VH� QH�PRCH� UH^LWL� SULPHQRP� LQNUHPHQWDOQH

IRUPH�]DNRQD�XSUDYOMDQMD��NDR�^WR�MH�WR�ELR�VOXaDM�VD�UHJXODWRURP�EU]LQH��5HJXODWRU

SR]LFLMH� MH�� ]D� UD]OLNX� RG� EU]LQVNRJ�� SURSRUFLRQDOQR−GLIHUHQFLMDOQL� L� QH� VDGUCL
PHPRULMX�X�YLGX� LQWHJUDWRUD��SD�GR�RVFLODFLMD�SUL�YHOLNLP�SRUHPH`DMLPD�QH�GROD]L

]ERJ�DNXPXODFLMH�JUH^NH�X�LQWHJUDWRUX�UHJXODWRUD��YH`�]ERJ�RJUDQLaHQRJ�PRPHWQD

NRaHQMD� L�QHEODJRYUHPHQRJ�]DXVWDYOMDQMD� SUL� GRVWL]DQMX�NRPDQGRYDQH�SR]LFLMH��8

RGVXVWYX� RJUDQLaHQMD� PRPHQWD�� RG]LY� EL� ELR� GHILQLVDQ� SRORYLPD� VSUHJQXWRJ

SUHQRVD� SUL� VYLP� YUHGQRVWLPD� XOD]QRJ� SRUHPH`DMD�� 7DGD� WUDMDQMH� SUHOD]QRJ

SURFHVD�QH�EL�]DYLVLOR�RG�YHOLaLQH�SRUHPH`DMD��GRN�EL�DPSOLWXGH�EU]LQH�L�PRPHQWD

ELOH� OLQHDUQR� VUD]PHUQH�SRUHPH`DMX��.RG� UHDOQRJ� SRJRQD�� UDVSRORCLYL�PRPHQW� MH

RJUDQLaHQ�VWUXMQLP�NDSDFLWHWRP�SUHWYDUDaD��L�]D�HNVSHULPHQWDOQL�SURWRWLS�MHGQDN�MH

GYRVWUXNRM� YUHGQRVWL� QRPLQDOQRJ� PRPHQWD�� -HGQD� RG� SRVOHGLFD� RJUDQLaHQRJ
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PRPHQWD� MH� ]DYLVQRVW� YUHPHQD� GRVWL]DQMD� NRPDQGRYDQH� SR]LFLMH� RG� SRaHWQH

JUH^NH��'UXJD�SRVOHGLFD� MH�SUHEDaDM� L�RVFLODWRUDQ�RG]LY�SURX]URNRYDQ�RJUDQLaHQLP

PRPHQWRP�NRaHQMD�L�QHEODJRYUHPHQLP�]DXVWDYOMDQMHP�
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3UREOHP� VH�PRCH� UH^LWL� RJUDQLaHQMHP� EU]LQH� X� ]DYLVQRVWL� RG� SR]LFLRQH

JUH^NH�� 8NROLNR� VH� EU]LQD� SULEOLCDYDQMD� NRPDQGRYDQRM� YUHGQRVWL� SR]LFLMH

EODJRYUHPHQR� VPDQML�� PRJX`H� MH� HOLPLQLVDWL� SUHEDaDM� L� RVFLODFLMH�� 3RWUHEQR� MH

XWYUGLWL� ]DYLVQRVW� PDNVLPDOQH� GR]YROMHQH� EU]LQH� RG� SR]LFLRQH� JUH^NH� L� SURQD`L

QDaLQ� GD� VH� RYR� RJUDQLaHQMH� SULPHQL�� 3UL� UDGX� VD� NRQVWDQWQLP� �OLPLWLUDQLP�

PRPHQWRP�� SURPHQH� EU]LQH� L� SR]LFLMH� GDWH� VX� MHGQDNRVWLPD� ����� L� �����

(OLPLQDFLMRP�QH]DYLVQH�SURPHQOMLYH� W�� GRELMD� VH� ]DYLVQRVW� EU]LQH� L� SR]LFLMH� ������

2JUDQLaHQMH�PRPHQWD�REHOHCHQR�MH�VD�7PD[�

( ) ( )( )ω ωt
T

T
t

m

= ⋅ =max ; usvojeno je 0 0 �����

( ) ( )( )θ θt
T

T

t

Tm

= ⋅
⋅

=max ;
2

2
0 0usvojeno je �����

( )ω θ θ=
⋅

⋅ ⋅
2 T

T
T

m
max ������

-HGQDaLQH� ����� L� ����� RSLVXMX� EU]LQX� L� SR]LFLMX� SUL� ]DOHWDQMX� VD� NRQVWDQWQLP

PRPHQWRP�7PD[�L�SRaHWQLP�YUHGQRVWLPD�ω�L�θ�MHGQDNLP�QXOL��,VWL�L]UD]L��X]�VPHQX
W
 WHQG−W��RSLVXMX�NRaHQMH�VD�NRQVWDQWQLP�PRPHQWRP�7PD[�L�NUDMQMLP�YUHGQRVWLPD
ω�WHQG� ��L�θ�WHQG� ���-HGQDNRVW�������GDMH�PDNVLPDOQX�YUHGQRVW�EU]LQH�SUL�NRMRM�
X]� RJUDQLaHQ� NRaLRQL�PRPHQW�� QH`H� GR`L� GR� SUHEDaDMD�� 6DGD� WUHED� QD`L� QDaLQ� ]D

SULPHQX�RJUDQLaHQMD�EU]LQH���������X�VOXaDMX�3'�UHJXODWRUD�SR]LFLMH��SULND]DQRJ�QD

VOLFL������

'HR�SUHXUH_HQRJ�EORN�GLMDJUDPD�VD�VOLNH������GDW�MH�QD�VOLFL������

�7�SHULRGD�RGDELUDQMD�

�7PD[�PDNVLPDOQL�PRPHQW�

7P -⋅ωQ � 7Q�

6OLND�������$OWHUQDWLYQR�SULND]LYDQMH�3'�UHJXODWRUD�SR]LFLMH�
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3UHPD� VOLFL� ������ SURSRUFLRQDOQR� GLIHUHQFLMDOQL� UHJXODWRU�PRCHPR� SRVPDWUDWL� NDR

UHJXODWRU� EU]LQH� VD� SURSRUFLRQDOQLP� GHMVWYRP� SR� EU]LQL� .G� L� UHIHUHQWQRP

YUHGQR^`X�EU]LQH�ω
  .S � .G ⋅ ∆θ��2JUDQLaHQMH�������PRCH�VH�SULPHQLWL�QD�VLJQDO
ω
�� 8PHVWR� EORND� OLQHDUQRJ� SRMDaDQMD� .S � .G �� WUHED� XYHVWL� QHOLQHDUQL� EORN� NRML

VLJQDO�ω
�RGUH_XMH�QD�RVQRYX�SR]LFLRQH�JUH^NH�∆θ�L�MHGQDNRVWL��������1D�RYDM�QDaLQ
VH�� ]DSUDYR� �� QH� YU^L� RJUDQLaHQMH� EU]LQH� ω� YH`� UHIHUHQWQH� YUHGQRVWL� EU]LQH� ω


HNYLYDOHQWQRJ�SURSRUFLRQDOQRJ�UHJXODWRUD�EU]LQH��,PDMX`L�X�YLGX�SULEOLCQX�SURFHQX

RGVWXSDQMD�∆ω ≅ � � .G��RJUDQLaHQMH�������VH�PRCH�PRGLILNRYDWL�

( )ω θ θmax max∆ ∆=
⋅

⋅ ⋅ ⋅
+

2

1

T

T
T

K

Km

d

d

������

=DPHQRP�SRMDaDYDaD�SR]LFLRQH�JUH^NH��SRMDaDQMD�.S � .G� ��VD�QHOLQHDUQLP�EORNRP

aLMD� MH� SUHQRVQD� IXQNFLMD� ������� SRUHPHWLR� EL� VH� UDG� UHJXODWRUD� X� REODVWL� PDOLK

SRUHPH`DMD�� 3DUFLMDOQL� L]YRG� IXQNFLMH� ������ X� RNROLQL� QXOH� LPD� YUHGQRVW� NRMD� WHCL

EHVNRQDaQRVWL��^WR�]QDaL�GD�EL�SRMDaDQMH�X�RNROLQL�QXOWH�SR]LFLRQH�JUH^NH�ELOR� MDNR

YHOLNR��0RCH� VH� RaHNLYDWL� GD� EL� SRVOHGLFD� ELR� QHVWDELODQ� UDG� L� RVFLODFLMH� SR]LFLRQH

JUH^NH�RNR�QXOH��=DWR�MH�SRMDaDYDa�JUH^NH�∆θ�L]YHGHQ�WDNR�GD�MH�IXQNFLMD�ω
�∆θ���X
RNROLQL� QXOH�� SUDYD� OLQLMD� VD� QDJLERP� .S � .G�� GD� EL� VH� SRVWLJDR� RG]LY� ]D� PDOH

SRUHPH`DMH� LGHQWLaDQ�RG]LYX�VLVWHPD�VD� OLQHDUQLP�3'�UHJXODWRURP��QD� VOLFL� ������

/LQHDUQL�GHR�NDUDNWHULVWLNH�ω
�∆θ��SURVWLUH�VH�X�SR]LWLYQRP� L�QHJDWLYQRP�SUDYFX
GR� SUHVHND� VD� NULYRP� ������� =D� QHJDWLYQH� YUHGQRVWL�∆θ�� MHGQDaLQD� ������ SRYH]XMH
−∆θ��.RQDaQL�REOLN�UHJXODWRUD�SR]LFLMH�GDW�MH�VOLNRP������L�L]UD]RP��������8NROLNR�VH
UHIHUHQWQD� SR]LFLMD� PHQMD� X� VNRNRYLPD� PDQMLP� RG� ∆θ ≅ � S�X�� �RG� aHWYUWLQH
REUWDMD��� UDG� UHJXODWRUD� VH� RGYLMD� X� OLQHDUQRP� GHOX� NDUDNWHULVWLNH�ω
 I �∆θ��� SD
QHPD�QLNDNYH�UD]OLNH�X�RG]LYX�RYRJ�UHJXODWRUD�L� OLQHDUQRJ�3'�UHJXODWRUD�QD�VOLFL

������ 5D]OLNH� VH� XRaDYDMX� X� RG]LYX� QD� YHOLNH� XOD]QH� SRUHPH`DMH�� 2G]LY

PRGLILNRYDQRJ�VLVWHPD�QD�VNRN�UHIHUHQWQH�SR]LFLMH�RG���� S�X���≅ ����REUWDMD��GDW
MH�QD�VOLFL������

6OLND�������0RGLILNRYDQL�3'�SR]LFLRQL�UHJXODWRU�SULODJR_HQ�UDGX�X�XVORYLPD

RJUDQLaHQRJ�PRPHQWD�
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( ) ( )
( ) ( )f

K Kp d∆
∆ ∆ ∆

∆ ∆ ∆
θ

θ θ θ

θ θ θ
=

⋅ = ⋅ <

⋅ ⋅ ≥







01731 115

01856 115

. .

. sgn .
������

( )limiter brzine : f ∆θ ω
max max . .= = 1 p u ������

*RUQML�WUDJ�QD�VOLFL������SUHGVWDYOMD�SRJRQVNL�PRPHQW��VUHGQML�EU]LQX�D�GRQMD�GYD

UHIHUHQWQX�L�DNWXHOQX�SR]LFLMX��3RUHG�EORND�QHOLQHDUQRJ�SRMDaDQMD� ���������XYHGHQ

MH� L� OLPLW� EU]LQH� ��������� 9LGL� VH� GD� VX� HOLPLQLVDQL� SUHEDaDM� L� RVFLODFLMH� SR]LFLMH� L

EU]LQH��0RWRU�QDMSUH�XEU]DYD��NRULVWH`L�VH�PDNVLPDOQLP�UDVSRORCLYLP�PRPHQWRP�

1DNRQ� WRJD� �� GRVWLCH� PDNVLPDOQX� GR]YROMHQX� EU]LQX�� 2YD� EU]LQD� VH� RGUCDYD� GR

SULODVND�NRPDQGRYDQRM�SR]LFLML��0RWRU�]DWLP�NRaL��NRULVWH`L�PDNVLPDOQL�UDVSRORCLYL

PRPHQW�� L� EODJRYUHPHQR� VH�� EH]� SUHEDaDMD�� ]DXVWDYOMD�� 2YDNDY� RG]LY� JDUDQWXMH

PDNVLPDOQX� EU]LQX� GRVWL]DQMD� UHIHUHQWQH� SR]LFLMH� X� XVORYLPD� RJUDQLaHQRJ

PRPHQWD�L�EU]LQH�SRJRQD��9HULILNDFLMD�SULND]DQRJ�]DNRQD�XSUDYOMDQMD� L]YU^HQD� MH

LVSLWLYDQMHP� QD� HNVSHULPHQWDOQRP� SURWRWLSX� SRJRQD�� 5H]XOWDWL� VX� SULND]DQL� X

RNYLUX�SRJODYOMD����

2GUH_LYDQMH� NRHILFLMHQDWD� .
S
� L� .

G
�� NRML� RGUH_XMX� RG]LY� ]D� PDOH

SRUHPH`DMH�� L� IXQNFLMH� I�∆θ��� GDWH� L]UD]RP� ������� ]DKWHYD� SR]QDYDQMH� PHKDQLaNH

YUHPHQVNH�NRQVWDQWH�SRJRQD�7
P
��8NROLNR�MH�7

P
�SURPHQOMLYR��PHQMD�VH� L�NDUDNWHU

RG]LYD�SR]LFLRQH�SHWOMH�

�����WLPH
0

80

160

240

320

400

480

560

640

720

800

���

RG]LY�PRGLILNRYDQRJ�UHJXODWRUDWHWD

6OLND��������2G]LY�PRGLILNRYDQRJ�3'�UHJXODWRUD�SR]LFLMH�
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$NR�PRPHQW� RSWHUH`HQMD� QH� VDGUCL� SRWHQFLMDOQX� NRPSRQHQWX�� SURFHQD

YUHPHQVNH�NRQVWDQWH�7P�VH�PRCH�L]YU^LWL�QD�RVQRYX�SUYLK�1�RGELUDND�SR]LFLMH�QD

SRaHWNX� SUHOD]QRJ� SURFHVD�� NDGD� MH� EU]LQD� UHODWLYQR� PDOD� L� PRPHQW� WUHQMD

]DQHPDUOMLY��$NR�PRWRU�SROD]L�L]�VWDQMD�PLURYDQMD�L�DNR�MH�VNRN�UHIHUHQWQH�SR]LFLMH

WDNDY�GD�SURX]URNXMH�UD]YLMDQMH�PDNVLPDOQRJ�PRPHQWD� �NDR�QD�VOLFL��������PRWRU

XEU]DYD� VD� NRQVWDQWQLP�� PDNVLPDOQLP� UDVSRORCLYLP� PRPHQWRP�� =ELU� SUYLK� 1

RGELUDND�SR]LFLMH�GDW�MH�L]UD]RP��������3UHWSRVWDYOMHQR�MH�GD�MH�θ��� ��

( ) ( )
θk

k

k N

m

N N N T

T
T

=

=

∑ =
⋅ + ⋅ ⋅ +

⋅
⋅

⋅
1

1 2 1

6 2 max ������

1D�RVQRYX�PHUHQMD� SUYLK�1� RGELUDND� SUL� UDGX� X� UHCLPX� RJUDQLaHQMD�PRPHQWD� L

SR]QDYDQMD� 7� L� 7PD[�� PRJX`H� MH� RGUHGLWL� NRQVWDQWX� 7P�� %URM� 1� MH�� X� SUDNVL�

YDULMDELODQ��L�]DYLVL�RG�WRJD�NROLNR�GXJR�WUDMH�UDG�X�UHCLPX�RJUDQLaHQRJ�PRPHQWD�

8NROLNR�MH�GR^OR�GR�SURPHQH�7P��YUHGQRVW�L]PHUHQD�QD�SRaHWNX�SUHOD]QRJ�SURFHVD

VH� PRCH� XSRWUHELWL� ]D� NRUHNFLMX� .S�� .G� L� I�∆θ�� WDNR� GD� VH� SUL� GRVWL]DQMX
NRPDQGRYDQH� SR]LFLMH� RPRJX`L� EODJRYUHPHQR� NRaHQMH�� 3ULODJR_HQMH� ]DNRQD

XSUDYOMDQMD� ]DKWHYD� VXPLUDQMH� RGELUDND� L� L]UDaXQDYDQMH� 7P� �MHGQDaLQD� �������

REDYOMDQMH� GYD�PQRCHQMD�� UDGL� NRUHNFLMH�.S� L� .G� �MHGQDaLQD� ������ L� L]UDaXQDYDQMH

NRUHQH�IXQNFLMH�UDGL�SULODJR_HQMD�I�∆θ���MHGQDaLQD��������
8WLFDM� SURPHQH� PRPHQWD� LQHUFLMH� SRJRQD� QD� NYDOLWHW� RG]LYD� PRCH� VH

YLGHWL�L]�HNVSHULPHQWDOQLK�UH]XOWDWD�X�RNYLUX�SRJODYOMD���
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9HNWRUVNL� NRQWUROLVDQL� DVLQKURQL� PRWRU� VH� SR� UHJXODFLRQLP

NDUDNWHULVWLNDPD� L]MHGQDaXMH� VD� PRWRURP� MHGQRVPHUQH� VWUXMH�� 8� XVORYLPD

NRUHNWQR� SRGH^HQLK� SDUDPHWDUD� PRGHOD� URWRUVNRJ� NROD�� NRMH� MH� GHR� YHNWRUVNRJ

NRQWUROHUD�� PRJX`H� MH� QH]DYLVQR� SRGH^DYDQMH� PRPHQWD� L� IOXNVD� PRWRUD�

(OHNWURPDJQHWQL�PRPHQW� MH�GHILQLVDQ�SURL]YRGRP�DNWLYQH�NRPSRQHQWH� VWDWRUVNH

VWUXMH� L� IOXNVD��3UL�UDGX�VD�NRQVWDQWQLP�IOXNVRP��PRPHQW�VH�PRCH� L]UD]LWL�SUHNR

SURL]YRGD�DNWLYQH��LT�� L�PDJQHWL]DFLRQH� �LG��NRPSRQHQWH�YHNWRUD�VWDWRUVNH�VWUXMH�

0RCH�VH�XRaLWL�GD�]D�VYDNX�YUHGQRVW�PRPHQWD�RSWHUH`HQMD�SRVWRML�QHEURMHQR�PQRJR

SDURYD� �IOXNVDNWLYQD� NRPSRQHQWD� VWUXMH� LOL� VWUXMD� L� VWUXMD� L� �� NRML� GDMX� LVWL

HOHNWURPDJQHWQL�PRPHQW�L�REH]EH_XMX�UDYQRWHCX�PHKDQLaNRJ�SRGVLVWHPD�SRJRQD�

2YL� SDURYL� VX� HNYLYDOHQWQL� VD� VWDQRYL^WD� JHQHUDFLMH�PRPHQWD�� DOL� QH� L� X� SRJOHGX

JXELWDND�X�LQYHUWRUX�L�PRWRUX��*XELFL�VH�PRJX�JUXER�SRGHOLWL�QD�JXELWNH�X�JYRC_X�

NRML�VX�RGUH_HQL�DPSOLWXGRP�IOXNVD�L�XaHVWDQR^`X��L�JXELWNH�X�EDNUX��NRML�]DYLVH�RG

HIHNWLYQH� YUHGQRVWL� VWUXMH�� 3RYH`DQMHP� DPSOLWXGH� IOXNVD� VH�� SUL� NRQVWDQWQRP

PRPHQWX� RSWHUH`HQMD�� PRCH� VPDQMLWL� DNWLYQD� NRPSRQHQWD� VWUXMH�� aLPH� MH

UHGXNRYDQD� L� HIHNWLYQD� YUHGQRVW� VWUXMH� VWDWRUD� L� JXELFL� X� EDNUX�� DOL� VH� ]DWR

SRYH`DYDMX� JXELFL� X� JYRC_X�� 3UREOHP� PLQLPL]DFLMH� JXELWDND� VH� VDVWRML� X� L]ERUX

SDUD�YUHGQRVWL� LT − LG�NRML� ��X]�NRQVWDQWDQ�SURL]YRG� LT ⋅ ψG�� GDMH�QDMPDQMH�XNXSQH

JXELWNH��3UREOHP� VH�PRCH� IRUPXOLVDWL� L� NDR� L]ERU� RSWLPDOQH� DPSOLWXGH� IOXNVD� ]D

GDWL� PRPHQW� RSWHUH`HQMD� L� GDWX� EU]LQX�� .ULWHULMXP� RSWLPDOQRVWL� ]DYLVL� RG

NRQNUHWQH� SULPHQH�� $NR� VH� CHOH� PLQLPL]LUDWL� JXELFL� HQHUJLMH�� SRWUHEQR� MH

PLQLPL]LUDWL�]ELU�JXELWDND�X�PRWRUX� L�SUHWYDUDaX� �LQYHUWRUX���8NROLNR� MH�NULWLaQR

]DJUHYDQMH�PRWRUD��WDGD�MH�FHOLVKRGQR�DPSOLWXGX�IOXNVD�SRGHVLWL�WDNR�GD�VX�JXELFL�X

PRWRUX� PLQLPDOQL�� 8� RGUH_HQLP� SULPHQDPD�� DPSOLWXGD� IOXNVD� VH� PRCH

SULODJR_DYDWL�RSWHUH`HQMX�UDGL�PLQLPL]LUDQMD�EXNH�

-HGDQ�RG�SUYLK�UDGRYD�X�NRPH�VH�SUHGODCH�PLQLPL]DFLMD�JXELWDND�SXWHP

SULODJR_HQMD� DPSOLWXGH� IOXNVD� GDR� MH�1ROD� [���]�� 5DG� VH� EDYL�PUHCQR� QDSDMDQLP

DVLQKURQLP�PRWRURP��8aHVWDQRVW�PUHCH� MH�NRQVWDQWQD��SD�VH�SURPHQD�DPSOLWXGH

IOXNVD��X�FLOMX�PLQLPL]DFLMH�JXELWDND��PRCH�SRVWL`L�SRGH^DYDQMHP�QDSRQD�SRPR`X

UHGQR�YH]DQLK�JUXSD�DQWLSDUDOHOQLK�WLULVWRUD��3ULPHQD�RYRJ�UH^HQMD�LPD�RJUDQLaHQL

HIHNDW�� XVOHG� L]REOLaHQMD� VWUXMD� L� QDSRQD�� SURX]URNRYDQLK� UDGRP� WLULVWRUVNLK

SRGH^DYDaD�QDSRQD��3RUHG�WRJD��UH^HQMH�MH�RJUDQLaHQR�QD�PUHCQR�QDSDMDQH�PRWRUH�
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3RMDYRP� WHKQLNH� YHNWRUVNRJ� XSUDYOMDQMD� L� LQYHUWRUD� VD� PRGXODFLMRP

^LULQH� LPSXOVD�� VWYRUHQD� MH� PRJX`QRVW� SRGH^DYDQMD� DPSOLWXGH� IOXNVD� X� ^LURNRP

RSVHJX�EU]LQD��0XWRK�[���]�DQDOL]LUD�PRJX`QRVW�VPDQMHQMD�EXNH�L�SRND]XMH�GD�VH

VPDQMHQMHP�DPSOLWXGH�IOXNVD�QHRSWHUH`HQRJ�PRWRUD�QD�����QLYR�EXNH�VPDQMXMH�]D

��� GE��0RJX`QR^`X� VPDQMHQMD� JXELWDND� YHNWRUVNL� NRQWUROLVDQRJ� SRJRQD� EDYH� VH

.LP� [���]�� .LUVFKHQ� [���]�� [���]�� 3HDN� [���]� L� .KDWHU� [���]�� $QDOL]H� JXELWDND� X
PRWRUX� L� LQYHUWRUX�� GDWH� X� RYLP� UDGRYLPD�� SRND]XMX� GD� MH� RSWLPDOQD� DPSOLWXGD

IOXNVD�VORCHQD�IXQNFLMD�EU]LQH��RSWHUH`HQMD��SDUDPHWDUD� L� WHPSHUDWXUH�PRWRUD��SD

QLMH� PRJX`H� XVSRVWDYLWL� MHGQR]QDaQX� YH]X� L]PH_X� RSWHUH`HQMD� L� RSWLPDOQH

YUHGQRVWL�IOXNVD�

5H^HQMH� NRMH� MH� SUHGPHW� GLVNXVLMH� X� RYRP� SRJODYOMX� RPRJX`XMH

PLQLPL]DFLMX�JXELWDND�SRJRQD�QD�RVQRYX�PHUHQMD�XOD]QH�VQDJH��6OLaDQ�SULVWXS�LPD

.LUVFKHQ� [���]�� $PSOLWXGD� IOXNVD� VH� PHQMD� X� NRQDaQLP� NRUDFLPD�� ]DGDYDQMHP

UD]OLaLWLK� YUHGQRVWL� VWUXMH� LG�� .LUVFKHQ� XRaDYD� GD� SURPHQH� XOD]QH� VQDJH�� SUL

NRQVWDQWQRP�PRPHQWX� RSWHUH`HQMD� L� NRQVWDQWQRM� EU]LQL�� SUHGVWDYOMDMX�PHULOR� ]D

SURPHQH� JXELWDND� X� SRJRQX�� 6WUXMD� LG� VH� PHQMD� X� VPHUX� NRML� SURX]URNXMH

VPDQMHQMH�XOD]QH�VQDJH��^WR�QDNRQ�NRQDaQRJ�YUHPHQD�UH]XOWXMH�DPSOLWXGRP�IOXNVD

NRMD� GDMH� PLQLPDOQH� JXELWNH�� 1D� RYDM� QDaLQ� VH� SRVWLCH� RSWLPDOQR� SRGH^DYDQMH

IOXNVD� QD� QDaLQ� NRML� QH� ]DKWHYD� SR]QDYDQMH� SDUDPHWDUD�PRWRUD�� QLWL� SR]QDYDQMH

WHPSHUDWXUQH� ]DYLVQRVWL� UDVSRGHOH� JXELWDND��1HGRVWDWDN�.LUVFKHQRYRJ� UH^HQMD� MH

SUHWSRVWDYND� R� NRQVWDQWQRM� EU]LQL� L� PRPHQWX� RSWHUH`HQMD�� 8� VOXaDMX� NDGD� VH

EU]LQD�PHQMD��LOL�PRPHQW�RSWHUH`HQMD�VDGUCL�SXOVDFLMH��SURPHQH�XOD]QH�VQDJH��NRMH

VX� RVQRY� ]D� RGUH_LYDQMH� VWUXMH� LG�� QH� RGUDCDYDMX� YHUQR� SURPHQH� JXELWDND�� MHU

VDGUCH� L� SURPHQH� VQDJH� QD� L]OD]QRM� RVRYLQL� SRJRQD�� 7LPH� VH� XVSRVWDYOMD� VSUHJD

DOJRULWPD� RSWLPL]DFLMH� L� EU]LQVNH� SHWOMH�� ^WR� PRCH� XVSRULWL� LOL� RQHPRJX`LWL

NRQYHUJHQFLMX�ND�RSWLPDOQRP�IOXNVX�

'LJLWDOQL� PLNURNRQWUROHU�� NRML� YU^L� IXQNFLMH� YHNWRUVNRJ� XSUDYOMDQMD�

UDVSRODCH� SRGDWNRP� R� EU]LQL� L� NRPDQGRYDQRM� YUHGQRVWL� HOHNWURPDJQHWQRJ

PRPHQWD�� $NR� DOJRULWDP� XSUDYOMDQMD� UDVSRODCH� WDaQRP� YUHGQR^`X� URWRUVNRJ

RWSRUD��HOHNWURPDJQHWQL�PRPHQW�MH�SURSRUFLRQDODQ�NRPDQGRYDQRM�YUHGQRVWL��SD�VH

PQRCHQMHP�RYH�YHOLaLQH�VD�EU]LQRP�PRCH�SURFHQLWL�L]OD]QD�VQDJD�SRJRQD��3URFHQD

JXELWDND�VH�YU^L�RGX]LPDQMHP�RYRJ�SURL]YRGD�RG� L]PHUHQH�XOD]QH�VQDJH��1D�RYDM

QDaLQ� VH�� X� VOXaDMX� NRUHNWQR� SRGH^HQLK� SDUDPHWDUD� LQGLUHNWQRJ� YHNWRUVNRJ

NRQWUROHUD��YU^L�UDVSUH]DQMH�RSWLPL]DFLRQRJ�DOJRULWPD�L�EU]LQVNH�SHWOMH��5H^HQMH� MH

LOXVWURYDQR�VOLNRP������

$OJRULWDP�MH�RUJDQL]RYDQ�WDNR�GD�VH�VWUXMD� LG�PHQMD�X�HNYLGLVWDQWQLP�WUHQXFLPD�

GRYROMQR�XGDOMHQLP�GD�EL� VH�RPRJX`LOR� VPLUHQMH� SUHOD]QRJ�SURFHVD�XVSRVWDYOMDQMD

QRYH�YUHGQRVWL�IOXNVD�ψ'�L�VWUXMH�LT��8VSRVWDYOMDQMH�IOXNVD�MH�RGUH_HQR�YUHPHQVNRP
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NRQVWDQWRP� URWRUVNRJ� NROD�� GRN� EU]LQD� XVSRVWDYOMDQMD� VWUXMH� L
T
� ]DYLVL� RG

YUHPHQVNLK� NRQVWDQWL� UHJXODWRUD� EU]LQH�� 3HULRGD� RGDELUDQMD� XOD]QH� VQDJH� PRUD

ELWL� � � �� SXWD� YH`D� RG� RYLK� NRQVWDQWL�� NDNR� EL� RGPHUHQL� JXELFL� RGJRYDUDOL

NRPDQGRYDQRM� YUHGQRVWL� IOXNVD� L� NDNR� EL� VH� �� DNFLMRP� EU]LQVNRJ� UHJXODWRUD�

SURL]YRG�NRPDQGRYDQRJ�PRPHQWD�L�EU]LQH�L]MHGQDaLR�VD�L]OD]QRP�VQDJRP�

8NXSQL�JXELFL�HQHUJLMH�VH�PRJX�SULEOLCQR�SRGHOLWL�QD�JXELWNH�]DYLVQH�RG

HIHNWLYQH�YUHGQRVWL�VWUXMH�L�JXELWNH�]DYLVQH�RG�DPSOLWXGH�IOXNVD�L�XaHVWDQRVWL�

3 5 , * 5 *
HT HT HT HTγ ω ψ≅ ⋅ + ⋅ ⋅ > >� � � � �� � �����

8� XVORYLPD� NRQVWDQWQRJ� PRPHQWD� L� X]� SUHWSRVWDYNX� GD� MH� GRSULQRV

PDJQHWL]DFLRQH�NRPSRQHQWH�VWUXMH�HIHNWLYQRM�YUHGQRVWL�PLQRUDQ�

7 , ,
7

H

H≅ ⋅ ⇒ ≅ψ
ψ

� �����
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*
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HT
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HTψ ψ
ω ψ

ψ
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� �

�

� ��

∂
∂ψ ψ

γ
�

� �
� � �

3
%

$= ⋅ + ⋅ > �����

-HGQDNRVW� ����� SRND]XMH� GD� MH� ]DYLVQRVW� JXELWDND� RG� DPSOLWXGH� IOXNVD� NRQNDYQD

IXQNFLMD�� )XQNFLMD� 3γ�ψ�� LPD� MHGLQVWYHQ� PLQLPXP�� SD� MH� RGUH_LYDQMH� RSWLPDOQH

6OLND�������0HKDQL]DP�SULODJR_HQMD�IOXNVD�PRPHQWX�RSWHUH`HQMD
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YUHGQRVWL� IOXNVD� PRJX`H� L]YU^LWL� JUDGLMHQWQRP� PHWRGRP�� $OJRULWDP� RSWLPL]DFLMH

WUHED�GD�RPRJX`L�RGUH_LYDQMH�YHOLaLQH�L�VPHUD�VXNFHVLYQLK�SURPHQD�VWUXMH�LG��NDNR

EL�VH�REH]EHGLOD�NRQYHUJHQFLMD�IOXNVD�ND�RSWLPXPX�

$PSOLWXGD� IOXNVD� VH� NRQWUROL^H� NUR]� VXNFHVLYQR� LQNUHPHQWLUDQMH� LOL

GHNUHPHQWLUDQMH� NRPDQGH� IOXNVD� LG� QD� RVQRYX� JXELWDND�� SURFHQMHQLK� X� VYDNRP

NRUDNX��.RUDN� RG� ��� PV� MH�� X� VOXaDMX� HNVSHULPHQWDOQRJ� SRJRQD�� GRYROMDQ� GD� VH

VWDELOL^X�SUHOD]QL�SURFHVL��SURX]URNRYDQL�SUHWKRGQRP�SURPHQRP�VWUXMH�LG��3RaHWQL

VPHU�SUHWUDCLYDQMD�MH�SURL]YROMDQ��D�QD�GDOMH�VH�RGUH_XMH�SUHPD�L]UD]LPD������

( ) ( ) ( ) ( )
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6OLND�������3UHGORCHQL�PHWRG�SULODJR_HQMD�DPSOLWXGH

IOXNVD�
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.RQVWDQWDQ�VPHU�SURPHQH�VWUXMH�LG�XND]XMH�QD�VXNFHVLYQR�VPDQMHQMH�JXELWDND��SD

MH�WDGD��UDGL�SRYH`DQMD�EU]LQH�NRQYHUJHQFLMH�SRWUHEQR�SRYH`DWL�NRUDN��3URPHQOMLYL

VPHU� XND]XMH� QD� EOL]LQX� RSWLPXPD�� L� WDGD� MH� SRWUHEQR� VPDQMLWL� NRUDN� X� FLOMX

SUHFL]QLMHJ� SRGH^DYDQMD� L� VPDQMHQMD� DPSOLWXGH� RVFLODFLMD� VWUXMH� LG� RNR� RSWLPDOQH

YUHGQRVWL�� 9HULILNDFLMD� SULND]DQRJ� DOJRULWPD� L]YU^HQD� MH� GLJLWDOQLP� VLPXODFLMDPD

�VOLNH� ����� L� ������ L� HNVSHULPHQWRP�� aLML� VX� UH]XOWDWL� GDWL� X� SRJODYOMX� ��� 6OLND� ����

SULND]XMH� SURFHV� SULODJR_DYDQMD� DPSOLWXGH� IOXNVD� SURPHQDPD� RSWHUH`HQMD�

2SWHUH`HQMH�VDGUCL�SXOVDFLMH�DPSOLWXGH�����GRN�PX�VH�VUHGQMD�YUHGQRVW�PHQMD�VD

���� QD� ������ 6WUXMD� LG� �GRQML� WUDJ�� UDVWH� RG� ≅ �� �� QRPLQDOQH� YUHGQRVWL�� SUL

RSWHUH`HQMX�RG��������GR�������QRPLQDOQH�YUHGQRVWL��SUL�QRPLQDOQRP�RSWHUH`HQMX�

1DNRQ�aHWLUL�VXNFHVLYQD�NRUDND�LVWRJ�]QDND��VWUXMD�LG�VH��QD�GDOMH��PHQMD�X�L]QRVX

RG������S�X���3UL�SUYRM�SURPHQL�VPHUD��NRUDN�VH�UHVHWXMH�QD������S�X���1D�VOLFL�����

GDWL� VX�UH]XOWDWL� VLPXODFLMH�SURFHVD� RSWLPL]DFLMH� IOXNVD�SR�SRVWXSNX�NRML� SUHGODCH

.LUVFKHQ� [���]�� 0RCH� VH� XRaLWL� QHJDWLYDQ� XWLFDM� SXOVDFLMD� RSWHUH`HQMD� QD� EU]LQX

NRQYHUJHQFLMH�

�����WLPH
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����

���

����

�

����

���

����

�

����

���

����

.LUVFKHQRY�PHWRGIOXNV�S�X�

6OLND�������.LUVFKHQRY�PHWRG�SULODJR_HQMD�DPSOLWXGH

IOXNVD�
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'LQDPLND� SURPHQH� DPSOLWXGH� IOXNVD� MH� RGUH_HQD� YUHPHQVNRP

NRQVWDQWRP�URWRUVNRJ�NROD��8VSRVWDYOMDQMH�IOXNVD�PDOLK�PD^LQD�]DKWHYD�QHNROLNR

GHVHWLQD� PLOLVHNXQGL�� GRN� VH� YUHPH� XVSRVWDYOMDQMD� IOXNVD� QDMYH`LK� PHUL

VHNXQGDPD��8NROLNR�MH��QDNRQ�GXCHJ�UDGD�X�SUD]QRP�KRGX��IOXNV�UHGXNRYDQ�UDGL

VPDQMHQMD� JXELWDND�� L]QHQDGQL� SRUDVW� PRPHQWD� RSWHUH`HQMD� QH`H� PR`L� GD� VH

NRPSHQ]XMH� JHQHUDFLMRP� DGHNYDWQRJ� HOHNWURPDJQHWQRJ� PRPHQWD�� 0RPHQW� MH

RGUH_HQ� SURL]YRGRP� IOXNVD� L� DNWLYQH� NRPSRQHQWH� VWUXMH�� 5HDODQ� SUHWYDUDa� LPD

RJUDQLaHQ� VWUXMQL� NDSDFLWHW�� SD� MH� DNWLYQD� NRPSRQHQWD� VWUXMH� XYHN� RJUDQLaHQD�

8NROLNR� VNRN� RSWHUH`HQMD� ]DWLaH�PRWRU� VD�PDORP� DPSOLWXGRP� IOXNVD�� SRMDYL`H� VH

SURSDG�EU]LQH�� MHU� EU]LQVNL� UHJXODWRU�QD� UDVSRODJDQMX� WDGD� LPD� QHGRYROMQR� YHOLNL

HOHNWURPDJQHWQL�PRPHQW��'D�EL�RYDM�SURSDG�ELR�^WR�PDQML��SRWUHEQR�MH�XSRWUHELWL

PDNVLPDOQX� UDVSRORCLYX� DNWLYQX� NRPSRQHQWX� VWUXMH� L
T
�� -DYOMD� VH� L� ]DKWHY� GD� VH

SRYH`D�DPSOLWXGD�IOXNVD�X�^WR�NUD`HP�YUHPHQX��SXWHP�SRYH`DQMD�PDJQHWL]DFLRQH

NRPSRQHQWH�VWUXMH�LG��2YD�GYD�]DKWHYD�VX�RSUHaQD��MHU�VX�DNWLYQD�L�PDJQHWL]DFLRQD

VWUXMD�SRYH]DQH�RJUDQLaHQMHP�LG
� � LT

�  L�
PD[

��3UHGPHW�UDVSUDYH�RYRJ�SRJODYOMD�MH

XWYU_LYDQMH� RSWLPDOQH� GLQDPLaNH� UDVSRGHOH� VWUXMH� QD� PDJQHWL]DFLRQX� L� DNWLYQX

NRPSRQHQWX�� NRMD� RPRJX`DYD� GD� VH� X� XVORYLPD� RJUDQLaHQRJ� VWUXMQRJ� NDSDFLWHWD

SUHWYDUDaD�PLQLPL]LUD�SURSDG�EU]LQH�SUL�VNRNRYLWRP�SRYH`DQMX�RSWHUH`HQMD�PRWRUD

VD� RVODEOMHQLP� SROMHP�� 8� OLWHUDWXUL� SRVWRMH� [���]�� [���]� SDUFLMDOQD� UH^HQMD

QDYHGHQRJ� SUREOHPD�� 2YD� UH^HQMD� QH� XYDCDYDMX� SURPHQX� IOXNVD� XVOHG� ]DVL`HQMD

PDJQHWQRJ� NROD�� LOL� VPDWUDMX� GD� MH� NDUDNWHULVWLND�PDJQH`HQMD� OLQHDUQD� X� REODVWL

LVSRG�QRPLQDOQRJ�IOXNVD��GRN�GDOMD�SRYH`DQMD�VWUXMH�PDJQH`HQMD�QHPDMX�XWLFDMD�QD

IOXNV��5D]PDWUDQMD�R�XWLFDMX�]DVL`HQMD�PDJQHWQRJ�NROD�QD�SDUDPHWUH�PRWRUD��GDWD

X� RNYLUX�SRJODYOMD� ���� SRND]XMX�GD� VH�NRG� VWDQGDUGQLK� DVLQKURQLK�PRWRUD�� QDJLE

NDUDNWHULVWLNH�PDJQH`HQMD�X�REODVWL�RG��� ��GR���� ��QRPLQDOQRJ�IOXNVD�PHQMD�≅�
SXWD�� 5H^HQMH� SUHGORCHQR� X� RYRP� SRJODYOMX�� RPRJX`XMH� GD� VH� SUL� RGUH_LYDQMX

RSWLPDOQH�UDVSRGHOH�VWUXMH�XYDCDYD�QHOLQHDUQRVW�NDUDNWHULVWLNH�PDJQH`HQMD�

5HJXODFLRQH� NDUDNWHULVWLNH� YHNWRUVNL� NRQWUROLVDQRJ� SRJRQD� VX

LOXVWURYDQH�VOLNRP������

$PSOLWXGD�YHNWRUD�VWUXMH�MH�RJUDQLaHQD�VWUXMQLP�NDSDFLWHWRP�SUHWYDUDaD��8�GDOMRM

DQDOL]L��RYDM� OLPLW� `H� ELWL� R]QDaHQ� VD� ,
P
��3UL� VNRNRYLWRP�SRYH`DQMX� RSWHUH`HQMD�X

XVORYLPD� PDOH� DPSOLWXGH� IOXNVD�� SRWUHEQR� MH� PDNVLPDOQR� LVNRULVWLWL� VWUXMQL

NDSDFLWHW�SUHWYDUDaD��SD�VH�PRCH�VPDWUDWL�GD�MH�
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3UREOHP�RSWLPDOQH�UDVSRGHOH�VWUXMH�VH�VYRGL�QD�RGUH_LYDQMH�SURPHQH�XJOD�θ�X�WRNX
SUHOD]QRJ� SURFHVD�� .ULWHULMXP� ]D� RSWLPL]DFLMX� MH� SRVWL]DQMH� ^WR� PDQMHJ� SURSDGD

EU]LQH�∆ω�
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H
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[
�� D� ]DWLP�SRaLQMH� GD� UDVWH�ND�SROD]QRM� YUHGQRVWL�

,]UD]������VH�PRCH�L]UD]LWL�SUHNR�VXPH��^WR�YL^H�RGJRYDUD�UHDOQRVWL��MHU�`H�L�SULPHQD

RSWLPDOQH� VWUDWHJLMH� XSUDYOMDQMD� ELWL� YUHPHQVNL� GLVNUHWQD�� 1HND� MH� SHULRGD

RGDELUDQMD�7�
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3UREOHP�RGUH_LYDQMD�RSWLPDOQRJ�VHWD�YUHGQRVWL�θ
N

[ N  � ��� 1 ]� VH�RJOHGD�X� WRPH
^WR�LQWHUYDO�W

[
�QLMH�XQDSUHG�SR]QDW��3RUHG�WRJD��X�VXPL������ ILJXUL^H�IOXNV�ψ

N
��NRML

QD�QHOLQHDUDQ�QDaLQ�]DYLVL�RG�SUHWKRGQLK�YUHGQRVWL�VWUXMH� L
G
 ,

P
⋅FRV�θ���3UREOHP

VH� UH^DYD� WDNR� ^WR� VH� VXPLUDQMH� ����� REDYOMD� SR� IOXNVX� XPHVWR� SR� YUHPHQX�� NDR

QH]DYLVQRM� SURPHQOMLYRM��8�SURFHVX�XVSRVWDYOMDQMD� IOXNVD��ψ� MH�PRQRWRQR� UDVWX`D
IXQNFLMD��8�WRNX�SRUDVWD�IOXNVD�RG�SRaHWQH�ND�NUDMQMRM�YUHGQRVWL��PRCH�VH�XRaLWL�1

6OLND������%ORN�GLMDJUDP�UHJXODFLRQH�NDUDNWHULVWLNH�YHNWRUVNL

NRQWUROLVDQRJ�SRJRQD�
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HNYLGLVWDQWQLK� WDaDND�� XGDOMHQLK� ]D� ∆ψ�� 2YH� WDaNH� QH� PRUDMX� ELWL� YUHPHQVNL
HNYLGLVWDQWQH�� 3UHOD]DN� VD� VXPH� ����� QD� VXPLUDQMH� SR� HNYLGLVWDQWQLP� WDaNDPD
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3UREOHP�RSWLPL]DFLMH�UDVSRGHOH�VWUXMH�MH�VDGD�]QDWQR�SRMHGQRVWDYOMHQ��.RUDN�∆ψ�MH
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M
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M
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2SWLPDOQH�YUHGQRVWL�XJOD�θ�� L]UDaXQDWH�SUHPD� L]UD]X�������� GDWH� VX�X� WDEHOL� �����
3RGDFL�VH�RGQRVH�QD�DVLQKURQL�PRWRU�aLML�VX�SDUDPHWUL�GDWL�X�RSLVX�HNVSHULPHQWD�

3RVPDWUD�VH�VOXaDM�NUDWNRWUDMQRJ�RSWHUH`HQMD�GYRVWUXNLP�QRPLQDOQLP�PRPHQWRP�
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3UYD� NRORQD� MH� L]UDaXQDWD� X]� SUHWSRVWDYNX� GD� MH� NDUDNWHULVWLND� PDJQH`HQMD

OLQHDUQD�� ψ  0 ⋅ Lµ ���8�GUXJRM�NRORQL�VX�GDWL�SRGDFL�L]UDaXQDWL�QD�RVQRYX�PHUHQH
NDUDNWHULVWLNH�PDJQH`HQMD�PRWRUD�NRML�MH�NRUL^`HQ�X�HNVSHULPHQWLPD��SRJODYOMH�����

5D]OLNH� XND]XMX� GD� MH�� SUL� RGUH_LYDQMX� RSWLPDOQH� UDVSRGHOH� VWUXMH�� QHRSKRGQR

XYDCDYDWL�HIHNDW�]DVL`HQMD�PDJQHWQRJ�NROD�

1D�VOLNDPD������������L������VX�GDWL�UH]XOWDWL�GLJLWDOQH�VLPXODFLMH�RG]LYD�QD

VNRNRYLWR�SRYH`DQMH�RSWHUH`HQMD�SUL�PDORM�LQLFLMDOQRM�YUHGQRVWL�IOXNVD��1D�VYDNRM�RG

VOLND� GRQML� WUDJ� SUHGVWDYOMD� IOXNV�� WUDJ� L]QDG� QMHJD� EU]LQX�� WUH`L� WUDJ

HOHNWURPDJQHWQL�PRPHQW�L�aHWYUWL�PRPHQW�RSWHUH`HQMD��,QLFLMDOQD�YUHGQRVW�IOXNVD

MH�����RG�QRPLQDOQH�YUHGQRVWL�

2SWHUH`HQMH�VH�PHQMD�VD��� ��QD���� ����^WR�SURX]URNXMH�SURSDG�EU]LQH

XVOHG�NRQDaQRJ�YUHPHQD�XVSRVWDYOMDQMD�IOXNVD�

UHODWLYQD�DPSOLWXGD

IOXNVD

RSWLPDOQR�θ�X]
]DQHPDUHQMH�]DVL`HQMD

RSWLPDOQR�θ�X]
XYDCDYDQMH�]DVL`HQMD

� �� ��

���� ����� ������
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��� ����� ������
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� ������� �������

7DEHOD�������2SWLPDOQH�YUHGQRVWL�XJOD�θ�

3UHWSRVWDYOMHQR�MH�GD�VH�PRWRU�QDSDMD�L]�SUHWYDUDaD�NRML�PRCH�GDWL�GYRVWUXNR�YH`X

VWUXMX� RG� QRPLQDOQH�� 6OLND� ����� GDMH� RG]LY� ]D� VOXaDM� RSWLPDOQH� UDVSRGHOH� VWUXMH�

6OLND� ����� SULND]XMH� RG]LY� X� VOXaDMX� NDGD� VH� VWUXMD� LG�� SUL� SRUDVWX� RSWHUH`HQMD�
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UHVHWXMH�QD�QRPLQDOQX�YUHGQRVW��1D�VOLFL������ MH�VLPXOLUDQ�RG]LY�]D�VOXaDM�NDGD�VH

VDY� UDVSRORCLYL� VWUXMQL� NDSDFLWHW� SUHWYDUDaD� SRVYH`XMH� XVSRVWDYOMDQMX� IOXNVD�� D

PRPHQW�UD]YLMD�WHN�SUL�GRVWL]DQMX�QRPLQDOQRJ�QLYRD�IOXNVD��,]�UH]XOWDWD�VH�YLGL�GD

VH� QDMPDQML� SURSDG� EU]LQH� GRJD_D� X� VOXaDMX� NDGD� VH� SULPHQMXMH� RSWLPDOQD

VWUDWHJLMD��VOLND������

�����WLPH

�

���

���

���

���

���

���

���

���

���

�

����

RSWLPDOQR�WHWD

�

�

�

�

6OLND��������2G]LY�QD�VNRN�RSWHUH`HQMD�SUL�RSWLPDOQRP

XSUDYOMDQMX�
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(NVSHULPHQWL�VX�YU^HQL�QD�JUXSL� WURID]QL� aHWYRURSROQL�DVLQKURQL�PRWRU

PRQRID]QL�VLQKURQL�JHQHUDWRU��VD�DVLQKURQLP�PRWRURP�NDR�SRJRQVNLP�L�VLQKURQLP

JHQHUDWRURP� NDR� NRaQLFRP�� 1RPLQDOQD� VQDJD� DVLQKURQRJ� PRWRUD� MH� �� N:�

1RPLQDOQL� ID]QL� QDSRQ� L� VWUXMD� VX� ���9� L� ���$�� 1RPLQDOQD� VQDJD� VH� UD]YLMD� SUL

EU]LQL�RG������R�PLQ�� ,VSLWLYDQMH�DVLQKURQRJ�PRWRUD� MH�YU^HQR�PHUHQMHP�YHOLaLQD

SUL� QRPLQDOQRP� RSWHUH`HQMX�� SUD]QRP� KRGX� L� NUDWNRP� VSRMX�� 1RPLQDOQD� VWUXMD

PDJQH`HQMD�L]QRVL������$��,]PHUHQD�NDUDNWHULVWLND�PDJQH`HQMD�VH�PRCH�SULEOLCQR

SUHGVWDYLWL� L]UD]RP� ������ �SRJODYOMH� ���� X]� SDUDPHWUH� β ������ L� V ������ X]
RGVWXSDQMD� PDQMD� RG� ���� 1RPLQDOQD� LQGXNWLYQRVW� PDJQH`HQMD� MH� 0 ���P+�

2WSRUQRVW� VWDWRUVNRJ�QDPRWDMD� MH� ���Ω�� ,]UDaXQDWD� RWSRUQRVW� URWRUD� L]QRVL� ���Ω�
(NYLYDOHQWQD� LQGXNWLYQRVW� UDVLSDQMD� PRWRUD� MH� /γ ��P+�� .DR� RSWHUH`HQMH� VH

NRULVWL� VLQKURQL� PRQRID]QL� JHQHUDWRU� VD� GYD� SDUD� SRORYD�� 1RPLQDOQD� VQDJD

JHQHUDWRUD� MH� �N:�� QRPLQDOQD� EU]LQD� ����� R�PLQ�� 1RPLQDOQL� QDSRQ� VWDWRUD� MH

���9��6WUXMD�SREXGQRJ�QDPRWDMD�MH��$��2WSRUQRVW�VWDWRUVNRJ�QDPRWDMD�JHQHUDWRUD

MH� ���Ω� GRN� UDVLSQD� LQGXNWLYQRVW� L]QRVL� ���P+�� 1H]DVL`HQD� YUHGQRVW� VLQKURQH
UHDNWDQVH� MH� ����S�X��� ,VSLWLYDQMHP� JXELWDND� VLQKURQH� PD^LQH� MH� VWYRUHQD

PRJX`QRVW� GD� VH� VQDJD� QD� YUDWLOX� DVLQKURQRJ� PRWRUD� SURFHQL� QD� RVQRYX

RSWHUH`HQMD� VWDWRUVNRJ� NROD� JHQHUDWRUD�� 0HKDQLaND� YUHPHQVND� NRQVWDQWD� JUXSH

PRWRU� JHQHUDWRU� MH� ≅�����V�� 0RWRU� VH� QDSDMD� L]� VWUXMQR� UHJXOLVDQRJ� QDSRQVNRJ
LQYHUWRUD��,QYHUWRU�MH�L]YHGHQ�VD�ELSRODUQLP�WUDQ]LVWRULPD�VQDJH�NDR�SUHNLGDaLPD�

SRYH]DQLP�X� WURID]QL�SUHNLGDaNL�PRVW��.RQWUROD�VWDQMD�SUHNLGDaD� VH� YU^L� SRPR`X

SRMDaDYDaD� LPSXOVD�� SUL� aHPX� MH� SUHQRV� XSUDYOMDaNLK� VLJQDOD�� NRMH� JHQHUL^X

XSUDYOMDaNL� VNORSRYL�� UH^HQ� SULPHQRP� RSWR−L]RODWRUD�� -HGQRVPHUQL� QDSRQ
PH_XNROD�VH�GRELMD�LVSUDYOMDQMHP�PUHCQRJ�QDSRQD�SRPR`X�GLRGQRJ�LVSUDYOMDaD��8

VYUKX� GLVLSDFLMH� HQHUJLMH�� NRMD� SULWLaH� X� PH_XNROR� SULOLNRP� NRaHQMD� SRJRQD�

SUHGYL_HQ� MH� RWSRUQLN�� NRML� VH� SR� SRWUHEL� SULNOMXaXMH� QD� VDELUQLFH�� 3UHNLGDaNL

DOJRULWDP� ]D� XSUDYOMDQMH� LQYHUWRURP� MH� RSLVDQ� X� SRJODYOMX� ���� 3UHGYL_HQD� MH

PRJX`QRVW� SRGH^DYDQMD�KLVWHUH]LVD�NRPSDUDWRUD�SRPR`QLK�SURPHQOMLYLK�.���.�� L

.��� NDNR� EL� VH�PRJOD� SRGH^DYDWL� VUHGQMD� XaHVWDQRVW� NRPXWDFLMD��'HWHNFLMD� Lα� L� Lβ

NRPSRQHQWH�VWUXMQRJ�YHNWRUD�YU^L�VH�+DOO�RYLP�GHWHNWRULPD�50<−����SURL]YRGQMH
6LPHQV��'HWHNFLMD�EU]LQH�L�SR]LFLMH�VH�YU^L�LPSXOVQLP�GDYDaHP�VD������LPSXOVD�SR

REUWDMX�� 6YL� XSUDYOMDaNL� DOJRULWPL�� RVLP� SUHNLGDaNRJ� DOJRULWPD� ]D� XSUDYOMDQMH

LQYHUWRURP�� LPSOHPHQWLUDQL� VX� SRPR`X� GLJLWDOQRJ� XSUDYOMDaNRJ� VNORSD� NRPH� MH

RVQRYD�SHUVRQDOQL�UDaXQDU�3&−;7��3URJUDPL�]D�XSUDYOMDQMH�SRJRQRP�VX�XJODYQRP

QDSLVDQL� QD� SURJUDPVNRP� MH]LNX� 
&
�� 1HNROLNR� MHGQRVWDYQLK�� DOL� YUHPHQVNL

NULWLaQLK� EORNRYD� MH� QDSLVDQR� X� DVHPEOHUX�� .RQWUROLVDQH� SURPHQOMLYH� VX
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SUHGVWDYOMHQH� VD� ��−ELWQRP� WDaQR^`X�� 7UDQVIRUPDFLMH� NRRUGLQDWD� VH� REDYOMDMX

SRPR`X�XQDSUHG� L]UDaXQDWLK� WDEHOD�� UDGL�X^WHGH�X� YUHPHQX��8aHVWDQRVW� SUHNLGD�

NRML� LQLFLUDMX� PHUHQMD�� L]UDaXQDYDQMH� RULMHQWDFLMH� YHNWRUD� VWUXMH�� WUDQVIRUPDFLMX

NRRUGLQDWD� L� ]DGDYDQMH� VWUXMQLK� UHIHUHQFL� MH� �� N+]�� GRN� VH� SUHNLGL� NRML� LQLFLUDMX

RVWDOD�L]UDaXQDYDQMD��XSUDYOMDaNH�IXQNFLMH�UHJXODWRUD�EU]LQH�L�SR]LFLMH��DOJRULWDP�]D

SULODJR_HQMH�SDUDPHWDUD�LWG���SRMDYOMXMX�VD�XaHVWDQR^`X�RG�����+]�

'D�EL�VH�RPRJX`LOR�XSUDYOMDQMH�SRJRQRP�SRPR`X�3&�UDaXQDUD��L]JUD_HQL

VX� GRGDWQL� HOHNWURQVNL� VNORSRYL�� 8� UDaXQDU� MH� XJUD_HQ� VNORS� ]D� SULODJR_HQMH�

L]YU^HQD�MH�RSWLaND�L]RODFLMD�UDaXQDUD�L�LQYHUWRUD��NRQVWUXLVDQL�EURMDaNL�VNORSRYL�]D

PHUHQMH�^LULQH�L�EURMD�LPSXOVD�GDYDaD�L�L]YU^HQL�QHRSKRGQL�]DKYDWL�NRML�RPRJX`XMX

YH]X� UDaXQDUD� VD� $�'� L� '�$� NRQYHUWRULPD�� $QDORJQR−GLJLWDOQD� NRQYHU]LMD� WUDMH
��µV� L� REDYOMD� VH� VD� ��−ELWQRP� WDaQR^`X� �NRQYHUWRURP� $'� ������ 5H]ROXFLMD

GLJLWDOQR�DQDORJQLK�NRQYHUWRUD�MH��−ELWQD��'�$�NRQYHUWRUL�'$&��������3RUHG�'�$
NRQYHUWRUD�QHRSKRGQLK�]D�XSUDYOMDQMH�SRJRQRP��XJUD_HQ�MH� L�SDU�'�$�NRQYHUWRUD

QDPHQMHQLK�SRVPDWUDQMX�SUHOD]QLK�SURFHVD�QD�HNUDQX�RVFLORVNRSD�

8SUDYOMDaNH� IXQNFLMH� ]DX]LPDMX� SULEOLCQR� ���� UDVSRORCLYRJ� YUHPHQD

UDaXQDUD��'HR�SUHRVWDORJ�YUHPHQD�VH�NRULVWL�]D�L]YU^DYDQMH�SURJUDPD�QLCHJ�QLYRD

SULRULWHWD��2YL�SURJUDPL�RPRJX`XMX�]DGDYDQMH�UHIHUHQWQLK�YUHGQRVWL�NRQWUROLVDQLK

YHOLaLQD��SURPHQX�SDUDPHWDUD�XSUDYOMDaNRJ�DOJRULWPD�L�RaLWDYDQMH�SURPHQOMLYLK�QD

WHUPLQDOX�UDaXQDUD�

(NVSHULPHQWDOQL�UH]XOWDWL��SULND]DQL�X�RNYLUX�RYRJ�SRJODYOMD��L]ORCHQL�VX

X�YLGX�RVFLORVNRSVNLK�VQLPDND�WDODVQLK�REOLND�VQLPOMHQLK�X�WRNX�SUHOD]QLK�SURFHVD

L� VWDFLRQDUQRJ� UDGD� SRJRQD�� 3RUHG� YHOLaLQD�PHUHQLK� QD� SUHWYDUDaX� L� PRWRUX�� QD

RVFLORVNRSX� VX� SRVPDWUDQH� L� SURPHQOMLYH� NRMH� X� REOLNX� GLJLWDOQLK� UHaL� ILJXUL^X

XQXWDU�UDaXQDUD��3URJUDP�UDaXQDUD�MH�QDSLVDQ�WDNR�GD�VH�SURPHQOMLYH��NRMH�VH�CHOH

SRVPDWUDWL��XVPHUDYDMX�QD�'�$�NRQYHUWRUH�XJUD_HQH�XSUDYR�]D�RYX�QDPHQX�

7DODVQL� REOLFL� VX� VQLPDQL� SRPR`X� GLJLWDOQRJ� RVFLORVNRSD� 30� �����

SURL]YRGQMH�
3KLOLSV
��2VFLORVNRS�LPD���ELWQX�UH]ROXFLMX�L�PHPRULMX�RG������WDaDND�

6QLPFL� VX� SUHQH^HQL� L]� RVFLORVNRSD� X� UDaXQDU� +3−�� %�� D� ]DWLP� QDFUWDQL� QD

SORWHUX�

6QLPDN�VWDWRUVNLK�VWUXMD�X�VWDFLRQDUQRP�VWDQMX�MH�GDW�QD�VOLNDPD������L

������1D�VOLFL������MH�SULND]DQD�SURPHQD�VWUXMD�X�YUHPHQX��GRN�VOLND������SULND]XMH

NUHWDQMH� YHNWRUD� VWDWRUVNH� VWUXMH� X� α−β� NRRUGLQDWQRP� VLVWHPX�� 8aHVWDQRVW

NRPXWDFLMD� LQYHUWRUD� MH� ����N+]�� DPSOLWXGD� VWUXMH� ��� $� L� XJDRQD�EU]LQD� REUWQRJ

SROMD����UDG�V��.RPSDUDWRUL�SRPR`QLK�SURPHQOMLYLK��.�� .��L�.��X�SRJODYOMX�����VX

SRODUL]RYDQL� QDSRQRP� QHJDWLYQRJ� ]QDND�� SR� DSVROXWQRM� YUHGQRVWL� MHGQDNLP

KLVWHUH]LVX��6OLNH������ L������SUHGVWDYOMDMX�LVWH�YHOLaLQH��X]�UD]OLNX�^WR�NRPSDUDWRUL
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UDGH�EH]�SRODUL]DFLMH��'D�EL�VH�RGUCDOD�LVWD�NRPXWDFLRQD�XaHVWDQRVW��QHRSKRGQR�MH

ELOR�SRYH`DWL�KLVWHUH]LV��^WR�VH�RGUD]LOR�QD�YHOLaLQX�VWUXMQH�JUH^NH�

1D�VOLNDPD������������L������VX�SULND]DQL�WDODVQL�REOLFL�EU]LQH�L�VWUXMH�L
T
�SUL

SURPHQL�EU]LQH�VD�−��� R�PLQ�QD���� R�PLQ��VD�−����R�PLQ�QD�����R�PLQ�L�VD�−����
R�PLQ�QD������R�PLQ��6LQKURQL�JHQHUDWRU� MH�SREX_HQ��DOL�PX�MH�VWDWRUVNL�QDPRWDM

RWYRUHQ��)OXNV� MH�SRGH^HQ�QD�QRPLQDOQX�YUHGQRVW��2JUDQLaHQMH�VWUXMH�SRVWDYOMHQR

MH� WDNR�GD�VH�PRCH�UD]YLWL�GYRVWUXND� YUHGQRVW�QRPLQDOQRJ�PRPHQWD��6WUXMD� L
T
� MH

R]QDaHQD�X��1P���MHU�SUHGVWDYOMD�NRPDQGX�PRPHQWD��1D�VOLFL������MH�GDWD�SURPHQD

VWDWRUVNH�VWUXMH�SUL�UHYHU]LML�EU]LQH�VD�−����R�PLQ�QD�����R�PLQ��,VWL�VQLPDN�MH�GDW

QD�VOLFL�������RYRJ�SXWD�X�α−β�NRRUGLQDWQRP�VLVWHPX�

2G]LY� EU]LQVNH� SHWOMH� QD� VNRNRYLWH� SURPHQH� RSWHUH`HQMD� JHQHUDWRUD� MH

GDW� VOLNRP� ������� 5HIHUHQWQD� YUHGQRVW� EU]LQH� MH� ���� R�PLQ��2WSRU� ]D� RSWHUH`HQMH

JHQHUDWRUD� MH� SRGH^HQ� WDNR� GD� MH� PRWRU� RSWHUH`HQ� QRPLQDOQLP� PRPHQWRP�

8NOMXaHQMHP�L�LVNOMXaHQMHP�RWSRUD�VH�SURX]URNXMX�SXOVDFLMH�PRPHQWD�RSWHUH`HQMD�

3URPHQH� EU]LQH� L]QRVH ≅ �� R�PLQ�� $NFLMRP� UHJXODWRUD� EU]LQH�� NRPDQGRYDQD

YUHGQRVW�EU]LQH�VH�XVSRVWDYOMD�]D ≅����PV�

6OLNH� ����� − ������ SULND]XMX� RVFLORVNRSVNH� VQLPNH� RG]LYD� SR]LFLRQH

SHWOMH�� ]D� UD]OLaLWD� UH^HQMD� UHJXODWRUD� SR]LFLMH� L� UD]OLaLWH� SURPHQH� UHIHUHQWQH

YUHGQRVWL� SR]LFLMH�� 6OLNDPD� ������� ������� ������� ������ L� ������ MH� LOXVWURYDQ� UDG

SR]LFLRQRJ� UHJXODWRUD� SUHGORCHQRJ� X� SRJODYOMX� ���� 3UL� HNVSHULPHQWLPD� VD

UHJXODWRURP� SR]LFLMH�� QDPRWDML� JHQHUDWRUD� VX� ELOL� RWYRUHQL�� 6OLND� ������ SULND]XMH

RG]LY� QD� VNRNRYLWX� SURPHQX� NRPDQGRYDQH� SR]LFLMH� ]D� ������ REUWDMD�� 3UHOD]QL

SURFHV�VH�VPLUXMH�]D�≅ ��� PV��]D����SHULRGD�RGDELUDQMD���3UL�SURPHQL�UHIHUHQWQH

SR]LFLMH�]D������REUWDMD��VOLND��������L�����REUWDM��VOLND���������PRPHQW��NRML�SR]LFLRQL

UHJXODWRU� ]DKWHYD�� SUHYD]LOD]L� SRVWDYOMHQR� RJUDQLaHQMH�� SD� VH� YUHPH� GRVWL]DQMD

NRPDQGRYDQH�SR]LFLMH�SURGXCDYD�QD�≅��� − ����PV�

6OLNH� ������ L� ������ SULND]XMX� RG]LY� SR]LFLRQH� SHWOMH� X� XVORYLPD� YHOLNLK

XOD]QLK�SRUHPH`DMD��3ULPHQMHQ�MH�OLQHDUQL�UHJXODWRU�SR]LFLMH��aLML�VX�SRORYL�SRGH^HQL

WDNR� GD� MH� RG]LY� ]D� PDOH� SRUHPH`DMH� DSHULRGLaDQ�� 2JUDQLaHQMH� PRPHQWD

SURX]URNXMH�SUHEDaDM�L�RVFLODWRUQR�VPLUHQMH�SUHOD]QH�SRMDYH��L]�UD]ORJD�REMD^QMHQLK

X�SRJODYOMX�����5H]XOWDWL�HNVSHULPHQDWD�VD�SR]LFLRQLP�UHJXODWRURP��SUHGORCHQLP�X

LVWRP�SRJODYOMX��GDWL�VX�QD�VOLNDPD�������L��������2VFLORVNRSVNL�VQLPFL�SRND]XMX�GD

VH�� EH]� RE]LUD� QD� RJUDQLaHQMH� PRPHQWD� L� YHOLaLQX� SRUHPH`DMD�� SRVWLCH� RG]LY� EH]

SUHEDaDMD��1D�RVFLORVNRSVNRP�VQLPNX������� VH�PRCH�XRaLWL� GD� VH� VNRN� UHIHUHQWQH

SR]LFLMH�RG����REUWDMD�GRVWLCH�PDNVLPDOQR�EU]R�]D�GDWR�RJUDQLaHQMH�PRPHQWD�L�GDWX

PDNVLPDOQR�GR]YROMHQX�EU]LQX�

=DKWHY�]D�PDNVLPDOQRP�EU]LQRP�GRVWL]DQMD�NRPDQGRYDQH�SR]LFLMH� aLQL

QHRKRGQLP� SR]QDYDQMH� PRPHQWD� LQHUFLMH� SRJRQD�� 2VFLORVNRSVNL� VQLPDN� QD� VOLFL
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������ SULND]XMH� RG]LY� SR]LFLRQH� SHWOMH� VD� QHNRUHNWQR� SRGH^HQLP� UHJXODWRURP�

*UH^ND�X�SURFHQL�PRPHQWD�LQHUFLMH�RG�����SURX]URNXMH�SUHEDaDM�X�RG]LYX�RG�≅���

2VFLORVNRSVNL� VQLPFL� ������ ������ SUHGVWDYOMDMX� UH]XOWDWH� HNVSHULPHQDWD

VD� HVWLPDWRURP� URWRUVNRJ� IOXNVD� L� PHKDQL]PRP� ]D� SULODJR_HQMH� SDUDPHWDUD

PRGHOD� URWRUVNRJ� NROD�� SUHPD� DOJRULWPX� L]� SRJODYOMD� ���� ,VSLWLYDQD� MH� WDaQRVW� L

EU]LQH�NRQYHUJHQFLMH�SDUDPHWUD�5
U


��X�PRGHOD�URWRUVNRJ�NROD��SUHPD�YUHGQRVWL�5
U

�RWSRUQRVWL� URWRUVNRJ� QDPRWDMD� PRWRUD��� ,VSLWLYDQMH� MH� REDYOMHQR� SUL� UD]OLaLWLP

SRJRQVNLP� XVORYLPD�� 1LMH� ELOR� PRJX`H� PHQMDWL� RWSRU� URWRUVNRJ� QDPRWDMD�� SD� MH

SRUHPH`DM� SURX]URNRYDQ� WDNR� ^WR� MH� VNRNRYLWR� SURPHQMHQ� SDUDPHWDU� 5
U


�

,VSLWLYDQMD� VX� YU^HQD� XJODYQRP� SUL� PDOLP� EU]LQDPD� L� RSWHUH`HQMLPD�� MHU� MH� X

RVWDOLP� UHCLPLPD� UDGD� HVWLPDFLMD� IOXNVD� ]QDWQR� RODN^DQD�� 6OLNH� ������ L� �����

SULND]XMX� UD]OLNX� L]PH_X� HVWLPLUDQRJ� IOXNVD� L� IOXNVD� PRGHOD�� NDR� SURPHQH

SDUDPHWUD�5�SUL� EU]LQL� RG� ��� R�PLQ� L�PRPHQWX�RSWHUH`HQMD� RG� ���� S�X���3UL� RED

SRODULWHWD� SURJUDPVNL� XQH^HQH� JUH^NH� ∆5�� WDaQD� YUHGQRVW� RWSRUQRVWL� URWRUVNRJ
QDPRWDMD�VH�GRVWLCH�]D�PDQMH�RG�� V��3UL�EU]LQL�RG��� R�PLQ�L�PRPHQWX�RG���� S�X��

NRQYHUJHQFLMD� MH� ]QDWQR� VSRULMD� �VOLND� �������� 2VFLORVNRSVNL� VQLPFL� �����−�����
SULND]XMX�UDG�DOJRULWPD�SUL�EU]LQL�MHGQDNRM�QXOL��3UL�PRPHQWX�RG�����S�X���VQLPDN

�������� RWSRUQRVW� URWRUVNRJ� QDPRWDMD�� NRMX� DOJRULWDP� SURFHQMXMH�� GRVWLCH� WDaQX

YUHGQRVW� ]D� ≅ ��� V�� 6OLaQR� YUHPH� NRQYHUJHQFLMH� VH� SRVWLCH� L� SUL� PRPHQWX� RG

���� S�X��VQLPDN���������DOL�VH�SULPH`XMX�L�RVFLODFLMH�SURFHQMHQH�YUHGQRVWL�RNR���� Ω�

.RQYHUJHQFLMD� MH� ]QDWQR� XVSRUHQD� SUL� HOHNWURPDJQHWQRP�PRPHQWX� RG� ����� S�X�

�VQLPDN���������2YD�SRMDYD� MH�X� VNODGX� VD� DQDOL]RP�RVHWOMLYRVWL� IOXNVD�QD� WDaQRVW

SDUDPHWDUD� X� PRGHOX� URWRUVNRJ� NROD�� VSURYHGHQRP� X� RNYLUX� SRJODYOMD� ���� 3DG

PRPHQWD�SUHGVWDYOMD� L� SDG� DPSOLWXGH� VWUXMD�� NRMH� SREX_XMX� URWRUVNR� NROR�� SD� VX

RWHCDQL� L� XVORYL� ]D� RGUH_LYDQMH� YUHGQRVWL� RWSRUD� URWRUVNRJ� QDPRWDMD�� .DGD� VH

PRPHQW� VPDQML� QD� ����� S�X�� �VQLPDN� �������� RVFLODFLMH� SURFHQH� SDUDPHWUD� 5
U
� VH

]QDWQR�XYH`DYDMX��7DaQD�YUHGQRVW�VH�QH�GRVWLCH�QL�]D����V��^WR�YH`�]DOD]L�X�REODVW

YUHPHQVNLK�NRQVWDQWL�SURPHQH�WHPSHUDWXUH��1DMQLCD�YUHGQRVW�PRPHQWD��SUL�NRPH

VH�NRPSHQ]DFLMD�SURPHQH�SDUDPHWDUD�]DXVWDYOMHQRJ�PRWRUD�YU^L�X�YUHPHQX�LVSRG

���V�MH������S�X���)UHNYHQFLMD�VWDWRUVNLK�VWUXMD�L�QDSRQD�WDGD�L]QRVL�≅ ����+]�

6OLNH� ����� − ������ SULND]XMX� UH]XOWDWH� HNVSHULPHQDWD� VD� DOJRULWPRP� ]D

PLQLPL]DFLMX� JXELWDND�� GHWDOMQR� UD]UD_HQRP� X� SRJODYOMX� ������ =DGDWD� YUHGQRVW

EU]LQH�MH������R�PLQ��0RPHQW�RSWHUH`HQMD�VH�PHQMD�RG�����S�X��GR�����S�X���6YDNLK

����PV�VH�SURFHQMXMX�JXELFL� L� ]DGDMH�QRYD� YUHGQRVW� VWUXMH�PDJQHWL]DFLMH�� 6QLPDN

������ SULND]XMH� HNVSHULPHQW� VNRNRYLWRJ� SRUDVWD�� D� VQLPDN� ������ VNRNRYLWRJ� SDGD

RSWHUH`HQMD��8�SURFHVX�PLQLPL]DFLMH�JXELWDND��DPSOLWXGD�IOXNVD�VH�PHQMD�RG��� �

GR���� ��QRPLQDOQH�YUHGQRVWL��3UL�SRYH`DQMX�RSWHUH`HQMD� ��������XRaHQ� MH�]QDWDQ

SURSDG�EU]LQH��SURX]URNRYDQ�PDORP�SRaHWQRP�YUHGQR^`X�IOXNVD��NRMD�]D�SRVOHGLFX
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��

LPD� L� RJUDQLaHQ� PRPHQW� NRML� PRWRU� PRCH� UD]YLWL�� $OJRULWDP� ]D� PLQLPL]DFLMX

JXELWDND�VSRUR�SRYH`DYD�VWUXMX�PDJQHWL]DFLMH��WDNR�GD�PRPHQW�RSWHUH`HQMD��X�WRNX

SUYLK�SDU�VHNXQGL�QDGPD^XMH�HOHNWURPDJQHWQL�PRPHQW��SD�EU]LQD�SDGD��2JOHG� MH

SRQRYOMHQ� �VQLPDN� ������� VD� PRGLILNRYDQLP� SURJUDPRP�� NRML� SUL� SRMDYL� YH`LK

SRGEDaDMD� EU]LQH� DNWLYLUD�PHKDQL]DP� XEU]DQRJ� XVSRVWDYOMDQMD� IOXNVD�� 3UREOHPX

RSWLPDOQH� UDVSRGHOH� VWUXMH� QD�PDJQHWL]DFLMX� L� DNWLYQX� NRPSRQHQWX� SRVYH`HQR� MH

SRJODYOMH� ����� L� HNVSHULPHQWL� SULND]DQL� QD� VQLPFLPD� ������ L� ������� 6WUDWHJLMD

SULPHQMHQD�SUL�RJOHGX�������VH�VDVWRML�X�WRPH�^WR�VH�VWUXMD�PDJQHWL]DFLMH��SUL�VNRNX

RSWHUH`HQMD�L�SURSDGX�EU]LQH��UHVHWXMH�QD�QRPLQDOQX�YUHGQRVW��3ULPHQD�RSWLPDOQH

UDVSRGHOH�� L]UDaXQDWH� X� SRJODYOMX� ������ UH]XOWXMH� GYRVWUXNR� PDQMLP� SURSDGRP

EU]LQH�L�EUCLP�XVSRVWDYOMDQMHP�VWDFLRQDUQRJ�VWDQMD���������

6OLND�������2VFLORVNRSVNL�VQLPDN�VWUXMD�Lα��JRUQM�WUDJ��L�Lβ��GRQML

WUDJ��SUL��� ��QRPLQDOQH�VQDJH�L�SUL�XJDRQRM�EU]LQL�REUWQRJ�SROMD

RG����UDG�V�
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6OLND�������.UHWDQMH�YHNWRUD�VWDWRUVNH�VWUXMH�X

α − β�NRRUGLQDWQRP�VLVWHPX�SUL��� ��QRPLQDOQH

VWUXMH�L�XJDRQRM�EU]LQL�REUWQRJ�SROMD�RG����UDG�V�

6OLND�������2VFLORVNRSVNL�VQLPDN�VWUXMD�Lα��JRUQML�WUDJ��L�Lβ
�GRQML�WUDJ��SUL�����QRPLQDOQH�VWUXMH�L�SUL�XJDRQRM�EU]LQL

REUWQRJ�SROMD�RG����UDG�V�
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6OLND�������.UHWDQMH�YHNWRUD�VWDWRUVNH�VWUXMH�X

α−β�NRRUGLQDWQRP�VLVWHPX�SUL������QRPLQDOQH

VWUXMH�L�XJDRQRM�EU]LQL�REUWQRJ�SROMD�RG����UDG�V�

6OLND�������2VFLORVNRSVNL�VQLPDN�EU]LQH��JRUQML�WUDJ��L�VWUXMH�L
T

�GRQML�WUDJ��SUL�SURPHQL�NRPDQGRYDQH�EU]LQH�VD������USP�QD

����USP�L�QDWUDJ�
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6OLND�������2VFLORVNRSVNL�VQLPDN�EU]LQH��JRUQML�WUDJ��L�VWUXMH�L
T

�GRQML�WUDJ��SUL�SURPHQL�NRPDQGRYDQH�EU]LQH�VD������USP�QD

����USP�L�QDWUDJ�

6OLND�������2VFLORVNRSVNL�VQLPDN�EU]LQH��JRUQML�WUDJ��L�VWUXMH�L
T

�GRQML�WUDJ��SUL�SURPHQL�NRPDQGRYDQH�EU]LQH�VD�������USP�QD

�����USP�L�QDWUDJ�
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6OLND�������2VFLORVNRSVNL�VQLPDN�VWUXMD�Lα��JRUQML�WUDJ��L�Lβ��GRQML

WUDJ��SUL�UHYHU]LML�VD������USP�QD�����USP�

6OLND�������.UHWDQMH�YHNWRUD�VWDWRUVNH�VWUXMH�X

α−β�NRRUGLQDWQRP�VLVWHPX�SUL�SURPHQL�EU]LQH

VD������USP�QD�����USP�
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6OLND��������2VFLORVNRSVNL�VQLPDN�EU]LQH��JRUQML�WUDJ��L�VWUXMH�L
T

�GRQML�WUDJ��SUL�VNRNRYLWLP�SURPHQDPD�RSWHUH`HQMD��0RWRU�VH

RSWHUH`XMH�PRQRID]QLP�VLQKURQLP�JHQHUDWRURP�

6OLND��������2VFLORVNRSVNL�VQLPDN�VWUXMH�L
T
��JRUQML�WUDJ��L�SR]LFLMH

�GRQML�WUDJ��SUL�SURPHQL�NRPDQGRYDQH�SR]LFLMH�]D������REUWDMD�

SR]LFLRQL�UHJXODWRU�� ��
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6OLND��������2VFLORVNRSVNL�VQLPDN�VWUXMH�L
T
��JRUQML�WUDJ��L�SR]LFLMH

�GRQML�WUDJ��SUL�SURPHQL�NRPDQGRYDQH�SR]LFLMH�]D������REUWDMD�

SR]LFLRQL�UHJXODWRU�� ��

6OLND��������2VFLORVNRSVNL�VQLPDN�VWUXMH�L
T
��JRUQML�WUDJ��L�SR]LFLMH

�GRQML�WUDJ��SUL�SURPHQL�NRPDQGRYDQH�SR]LFLMH�]D������REUWDMD�

SR]LFLRQL�UHJXODWRU�� ��
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6OLND��������2VFLORVNRSVNL�VQLPDN�SR]LFLMH��JRUQML�WUDJ��L�VWUXMH�L
T

�GRQML�WUDJ��SUL�SURPHQL�NRPDQGRYDQH�SR]LFLMH�VD���QD����REUWDMD

�]D����S�X����OLQHDUQL�UHJXODWRU�SR]LFLMH�

6OLND��������2VFLORVNRSVNL�VQLPDN�VWUXMH�L
T
��JRUQML�WUDJ��L�SR]LFLMH

�GRQML�WUDJ��SUL�SURPHQL�NRPDQGRYDQH�SR]LFLMH�]D����REUWDMD�

OLQHDUQL�UHJXODWRU�SR]LMH�
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6OLND��������2VFLORVNRSVNL�VQLPDN�SR]LFLMH��JRUQML�WUDJ��L�VWUXMH�L
T

�GRQML�WUDJ��SUL�SURPHQL�NRPDQGRYDQH�SR]LFLMH�VD���QD����REUWDMD

L�QDWUDJ��SR]LFLRQL�UHJXODWRU�� ��

6OLND��������2VFLORVNRSVNL�VQLPDN�VWUXMH�L
T
��JRUQML�WUDJ��L�SR]LFLMH

�GRQML�WUDJ��SUL�SURPHQL�NRPDQGRYDQH�SR]LFLMH�]D����REUWDMD�

SR]LFLRQL�UHJXODWRU�� ��
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6OLND��������2VFLORVNRSVNL�VQLPDN�VWUXMH�L
T
��JRUQML�WUDJ��L�SR]LFLMH

�GRQML�WUDJ��SUL�SURPHQL�NRPDQGRYDQH�SR]LFLMH�VD���QD���

REUWDMD�L�QDWUDJ��SR]LFLRQL�UHJXODWRU�� ���-
UHJ
 �� � ⋅-

SRJRQD
�

6OLND��������2VFLORVNRSVNL�VQLPDN�SULODJR_DYDQMD�SDUDPHWUD�5
U

X�PRGHOX�URWRUVNRJ�NROD��5
U
��GRQML�WUDJ���ψHVWLPDWRUD − ψPRGHOD

�JRUQML�WUDJ��UDGQL�UHCLP��EU]LQD�����USP��PRPHQW��� ��
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6OLND��������2VFLORVNRSVNL�VQLPDN�SULODJR_DYDQMD�SDUDPHWUD�5U

X�PRGHOX�URWRUVNRJ�NROD��5U��GRQML�WUDJ���ψHVWLPDWRUD − ψPRGHOD

�JRUQML�WUDJ��UDGQL�UHCLP��EU]LQD�����USP��PRPHQW��� ��

6OLND��������2VFLORVNRSVNL�VQLPDN�SULODJR_DYDQMD�SDUDPHWUD�5U

X�PRGHOX�URWRUVNRJ�NROD��5U��GRQML�WUDJ���ψHVWLPDWRUD − ψPRGHOD

�JRUQML�WUDJ��UDGQL�UHCLP��EU]LQD����USP��PRPHQW��� ��
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6OLND��������2VFLORVNRSVNL�VQLPDN�SULODJR_DYDQMD�SDUDPHWUD�5
U
�X

PRGHOX�URWRUVNRJ�NROD��5
U
��GRQML�WUDJ���ψ

HVWLPDWRUD
− ψPRGHOD

�JRUQML�WUDJ��UDGQL�UHCLP��EU]LQD���USP��PRPHQW��� ��

6OLND��������2VFLORVNRSVNL�VQLPDN�SULODJR_DYDQMD�SDUDPHWUD�5U

X�PRGHOX�URWRUVNRJ�NROD��5U��GRQML�WUDJ���ψHVWLPDWRUD − ψPRGHOD

�JRUQML�WUDJ��UDGQL�UHCLP��EU]LQD���USP��PRPHQW�����
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6OLND��������2VFLORVNRSVNL�VQLPDN�SULODJR_DYDQMD�SDUDPHWUD�5U�X

PRGHOX�URWRUVNRJ�NROD��5U��GRQML�WUDJ���ψHVWLPDWRUD − ψPRGHOD��JRUQML

WUDJ��UDGQL�UHCLP��EU]LQD���USP��PRPHQW�����

6OLND��������2VFLORVNRSVNL�VQLPDN�SULODJR_DYDQMD�SDUDPHWUD�5U�X

PRGHOX�URWRUVNRJ�NROD��5U��GRQML�WUDJ���ψHVWLPDWRUD − ψPRGHOD��JRUQML

WUDJ��UDGQL�UHCLP��EU]LQD���USP��PRPHQW�������
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6OLND��������2VFLORVNRSVNL�VQLPDN�XOD]QH�VQDJH��GRQML�WUDJ��L�VWUXMH

PDJQHWL]DFLMH�LG��JRUQML�WUDJ��X�WRNX�SURFHVD�SULODJR_DYDQMD

DPSOLWXGH�IOXNVD�YHOLaLQL�PRPHQWD�RSWHUH`HQMD�SRJRQD�

6OLND��������2VFLORVNRSVNL�VQLPDN�XOD]QH�VQDJH��GRQML�WUDJ��L

VWUXMH�PDJQHWL]DFLMH�LG��JRUQML�WUDJ��X�WRNX�SURFHVD

SULODJR_DYDQMD�DPSOLWXGH�IOXNVD�YHOLaLQL�PRPHQWD�RSWHUH`HQMD

SRJRQD�
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6OLND��������2VFLORVNRSVNL�VQLPDN�XOD]QH�VQDJH��GRQML�WUDJ��L

VWUXMH�PDJQHWL]DFLMH�LG��JRUQML�WUDJ��X�WRNX�SURFHVD

SULODJR_DYDQMD�DPSOLWXGH�IOXNVD�YHOLaLQL�PRPDQWD�RSWHUH`HQMD

SRJRQD�

6OLND��������2VFLORVNRSVNL�VQLPDN�EU]LQH��GRQML�WUDJ��L�IOXNVD�ψG

�VD�NRMLP�RSHUL^H�YHNWRUVNL�NRQWUROHU���JRUQML�WUDJ��SUL�VNRNX

RSWHUH`HQMD�RG��⋅7Q��SROD]QD�YUHGQRVW�IOXNVD�MH����⋅ψQ�



352-(.729$1-(�$'$37,912*�0,.52352&(6256.2*�835$9/-$1-$����352-(.729$1-(�$'$37,912*�0,.52352&(6256.2*�835$9/-$1-$����

���

6OLND��������2VFLORVNRSVNL�VQLPDN�EU]LQH��GRQML�WUDJ��L�IOXNVD�ψG

�VD�NRMLP�RSHUL^H�YHNWRUVNL�NRQWUROHU���JRUQML�WUDJ��SUL�VNRNX

RSWHUH`HQMD�RG��⋅7Q��SROD]QD�YUHGQRVW�IOXNVD�MH����⋅ψQ�
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1DXaQD� UDVSUDYD� L]ORCHQD� X� GLVHUWDFLML� VH� EDYL� SLWDQMHP� XSUDYOMDQMD

EU]LQRP� L� SR]LFLMRP� DVLQKURQRJ� PRWRUD� X� XVORYLPD� GHORYDQMD� SURPHQOMLYRJ

RSWHUH`HQMD� L� SURPHQOMLYLK� SDUDPHWDUD�� .DR� UH]XOWDW� VSURYHGHQLK� DQDOL]D�� GDW� MH

SUHGORJ�DGDSWLYQRJ�PLNURSURFHVRUVNRJ�XSUDYOMDQMD��NRMH�RPRJX`XMH�NRPSHQ]DFLMX

VWUXNWXUQLK� L� DGLWLYQLK� QHOLQHDUQRVWL�� PLQLPL]LUD� GHMVWYR� SRUHPH`DMD� QD

XSUDYOMDQX� SURPHQOMLYX� L� RSWLPL]LUD� EU]LQX� UHDJRYDQMD� L� NYDOLWHW� SUHOD]QRJ

SURFHVD��8SUDYOMDaND�VWUXNWXUD�XNOMXaXMH�SRYUDWQX�VSUHJX�SR�VWDQMX��PHKDQL]DP

]D� RGUH_LYDQMH� VWDQMD� SRPR`X� L]UDaXQDYDQMD� X� PRGHOX� REMHNWD� L� HVWLPDFLMH�

DOJRULWDP�]D�SUD`HQMH�SURPHQD�NULWLaQLK�SDUDPHWDUD�REMHNWD�L�HOHPHQWH�DGDSWDFLMH

X� RGQRVX� QD� UDGQL� UHCLP�� 'HWDOMQR� VX� DQDOL]LUDQL� SUREOHPL� PRGHORYDQMD

DVLQKURQRJ� PRWRUD� X� UD]OLaLWLP� XVORYLPD� UDGD�� SUREOHPL� PHUHQMD� L� UHJXODFLMH

VWUXMH�� SUREOHPL� PHUHQMD� XJDRQH� EU]LQH� L� SR]LFLMH�� PHWRGH� XYDCDYDQMD

QHOLQHDUQRVWL�L�SUREOHPL�VLQWH]H�HVWLPDWRUD�VWDQMD��5H]XOWDWL�UDGD�VX�SUH]HQWLUDQL

X� YLGX�PHWRGD� DQDOLWLaNRJ� SURMHNWRYDQMD�� VLPXODFLMRP� QD� GLJLWDOQRP� UDaXQDUX� L

HNVSHULPHQWDOQRP�YHULILNDFLMRP��*ODYQL�QDXaQL�GRSULQRV�MH�X�SUHGORJX�RULJLQDOQH

VWUXNWXUH� VLVWHPD� XSUDYOMDQMD� VD� PRJX`QR^`X� SULODJR_HQMD� SURPHQDPD

SDUDPHWDUD�REMHNWD�L�UD]OLaLWLP�UHCLPLPD�UDGD�

3UREOHP�PDWHPDWLaNRJ�PRGHORYDQMD� DVLQKURQRJ�PRWRUD� L� RSUDYGDQRVW

XRELaDMHQLK� ]DQHPDUHQMD� SUL� PRGHORYDQMX� VX� DQDOL]LUDQL� X� GUXJRP� SRJODYOMX�

'HWDOMQR� MH� SURXaHQD� ]DYLVQRVW� SDUDPHWDUD�PRWRUD� RG� IUHNYHQFLMH�� WHPSHUDWXUH� L

]DVL`HQMD� PDJQHWQRJ� NROD�� NDR� L� XWLFDM� RYLK� SURPHQD� QD� VSUHJX� UHJXODFLRQLK

NRQWXUD�PRPHQWD�L�IOXNVD��5H]XOWDWL�DQDOL]H�RPRJX`XMX�SURFHQX�XWLFDMD�SURPHQH

SDUDPHWDUD�QD�VWDWLaNH�L�GLQDPLaNH�NDUDNWHULVWLNH�SRJRQD�

3UHNLGDaNL� DOJRULWDP� ]D� XSUDYOMDQMH� QDSRQVNLP� LQYHUWRURP�� aLMD� MH

VLQWH]D� GDWD� X� WUH`HP� SRJODYOMX�� ]DVQRYDQ� MH� QD� PHUHQMX� L� UHJXODFLML� YHNWRUD

VWDWRUVNH�VWUXMH��XPHVWR�PHUHQMD�L�UHJXOLVDQMD�SRMHGLQDaQLK�ID]QLK�VWUXMD��aLPH�VH

RWNODQMDMX�QHGRVWDWFL� XRELaDMHQR�SULPHQMLYDQLK� UH^HQMD�� 6LPXODFLMH� L� HNVSHULPHQW

SRND]XMX� GD� VH� YHNWRU� VWUXMH� PRCH� NRQWUROLVDWL� X]� ]DQHPDUOMLYX� JUH^NX� X

RULMHQWDFLML�� NRMD� MH� RVQRYQL� QHGRVWDWDN� GRVDGD^QMLK� UH^HQMD�� 8� DOJRULWDP� MH

XJUD_HQ�PHKDQL]DP� ]D� UHGXNFLMX� NRPXWDFLRQH� XaHVWDQRVWL� SUL�PDOLP� EU]LQDPD�

aLPH� MH� RWNORQMHQ� ]QDaDMDQ� QHGRVWDWDN� KLVWHUH]LVQLK� UHJXODWRUD� L� RPRJX`HQR

VPDQMHQMH�JXELWDND�
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3UREOHP� HVWLPDFLMH� URWRUVNRJ� IOXNVD� MH� UH^HQ� L]ERURP� VWUXNWXUH

HVWLPDWRUD� NRMD�� XVOHG� QHRVHWOMLYRVWL� QD� SURPHQH� RWSRUD� VWDWRUD�� RPRJX`XMH

HVWLPDFLMX�IOXNVD�SUL�XaHVWDQRVWLPD�LVSRG�MHGQRJ�KHUFD�

.DUDNWHULVWLNH� SRJRQD� RGOXaXMX`H� ]DYLVH� RG� SR]QDYDQMD� YHOLaLQH

RWSRUQRVWL� URWRUD�� NRMD� VH� PHQMD� VD� WHPSHUDWXURP�� 'RVDGD^QMD� UH^HQMD

LGHQWLILNDFLMH� RYRJ� SDUDPHWUD� VH� QH� PRJX� SULPHQLWL� SUL� XaHVWDQRVWLPD� LVSRG

QHNROLNR�+]��0HKDQL]DP�]D�RGUH_LYDQMH�YUHPHQVNH�NRQVWDQWH�URWRUD� L� URWRUVNRJ

RWSRUD�� SUHGORCHQ� X� RYRP� UDGX�� ED]LUDQ� MH� QD� SRUH_HQMX� IOXNVD�� L]UDaXQDWRJ� X

PRGHOX� URWRUVNRJ� NROD� PRWRUD� L� HVWLPLUDQRJ� IOXNVD�� (NVSHULPHQWDOQRP

YHULILNDFLMRP�MH�XWYU_HQR�GD�MH�NRPSHQ]DFLMD�WHPSHUDWXUQLK�SURPHQD�PRJX`D�L�SUL

EU]LQL�MHGQDNRM�QXOL��X]�PRPHQW�RG�VYHJD������QRPLQDOQH�YUHGQRVWL��^WR�RGJRYDUD

XaHVWDQRVWL�RG�����+]��2YL�UH]XOWDWL�SUHGVWDYOMDMX�]QDaDMDQ�QDSUHGDN�X�RGQRVX�QD

GR�VDGD�SXEOLNRYDQD�UH^HQMD��2WYRUHQD�MH�PRJX`QRVW�RGUH_LYDQMD�URWRUVNRJ�RWSRUD

L� X� VOXaDMHYLPD� NDGD� DVLQKURQL�PRWRU� UDGL� X� SR]LFLRQRM� SHWOML� L� NDGD� VH� YH`L� GHR

YUHPHQD�SURYRGL�X�PLURYDQMX�

$OJRULWDP� ]D� PLQLPL]DFLMX� JXELWDND�� GDW� X� RNYLUX� SRJODYOMD� ���

SUHGVWDYOMD� UD]UDGX� UDQLMH� SUHGORCHQLK� UH^HQMD�� 3REROM^DQMH� VH� RJOHGD� X

HOLPLQLVDQMX� XWLFDMD� SXOVDFLMD� RSWHUH`HQMD� QD� SURFHV� RSWLPL]DFLMH�� 2ULJLQDOQL

GRSULQRV� GDW� MH� RGUH_LYDQMHP� RSWLPDOQH� UDVSRGHOH� VWUXMH� QD� PDJQHWL]DFLRQX� L

DNWLYQX� NRPSRQHQWX� X]� XYDCDYDQMH� QHOLQHDUQRVWL� PDJQHWQRJ� NROD� PD^LQH�� 'R

VDGD� SXEOLNRYDQD� UH^HQMD� ]DQHPDUXMX� ]DVL`HQMH� L� RSWLPL]DFLMX� YU^H� SROD]H`L� RG

PRGHOD�PRWRUD�VD�NRQVWDQWQLP�SDUDPHWULPD�

9HNWRUVNL�NRQWUROLVDQL�DVLQKURQL�PRWRU�MH��SRVPDWUDQ�NDR�L]YU^QL�RUJDQ�

SRVOXCLR� NDR� RVQRY� ]D� VLQWH]X� UHJXODWRUD� EU]LQH� L� SR]LFLMH�� 3ULPHQMHQL� PHWRG

PHUHQMD� EU]LQH� L� SUHGORCHQL� SULVWXS� VLQWH]L� UHJXODWRUD� EU]LQH�� YHULILNRYDQL� VX

GLJLWDOQLP� VLPXODFLMDPD� L� HNVSHULPHQWRP�� 8� SRJODYOMX� ��� MH� L]ORCHQ� PHWRG

DQDOLWLaNRJ� SURMHNWRYDQMD� SR]LFLRQRJ� UHJXODWRUD� NRML� XYDCDYD� UHDOQD� RJUDQLaHQMD�

NDR� ^WR� MH� RJUDQLaHQMH� VWUXMH�� PRPHQWD� L� EU]LQH�� .DR� NULWHULMXP� ]D� RGUH_LYDQMH

SDUDPHWDUD�UHJXODWRUD�MH�XVYRMHQD�PLQLPL]DFLMD�RVHWOMLYRVWL�XSUDYOMDQH�YHOLaLQH�QD

VSROMQL� SRUHPH`DM�� 5HDOL]RYDQL� UHJXODWRU� SR]LFLMH� RPRJX`XMH� PLQLPDOQR� PRJX`H

YUHPH�GRVWL]DQMD�UHIHUHQWQH�YUHGQRVWL�XSUDYOMDQH�YHOLaLQH�X�XVORYLPD�RJUDQLaHQRJ

HOHNWURPDJQHWQRJ�PRPHQWD�L�EU]LQH�SRJRQD�

3UHGORCHQL�XSUDYOMDaNL�DOJRULWPL�RPRJX`XMX�GD�VH�X�SULPHQL�DVLQKURQRJ

PRWRUD� SRVWLJQX� VHUYR� SHUIRUPDQVH�� (NVSHULPHQWL� VX�� PH_XWLP�� YU^HQL� VD
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VWDQGDUGQLP�DVLQKURQLP�PRWRURP�RSWHUH`HQLP�JHQHUDWRURP�YHOLNH�LQHUFLMH��SD�MH

WLPH� XPDQMHQD� QMLKRYD� YUHGQRVW�� 2SWLPL]DFLMD� VWHSHQD� NRULVQRJ� GHMVWYD� QD

HNVSHULPHQWDOQRP�SRJRQX��RG�]QDaDMD�MH�XWROLNR�^WR�RSUDYGDYD�VSURYHGHQH�DQDOL]H

L� VLPXODFLMH�� 3ULPHQD� RSWLPL]DFLRQRJ� DOJRULWPD� LPD� SUDYX� SULPHQX� WHN� NRG

PRWRUD�YHOLNH�VQDJH��VD�NRMLPD�HNVSHULPHQWL�QLVX�YU^HQL�

-HGDQ� RG� QHGRVWDWDND� UD]PDWUDQMD� R� HVWLPDFLML� IOXNVD� MH� QHGRYROMQR

LVWUDCHQ�XWLFDM�SURPHQD�UHDNWDQVH�UDVLSDQMD�QD�UH]XOWDW�HVWLPDFLMH��3URPHQH�RYRJ

SDUDPHWUD�� NRG� PRWRUD� VD� ]DWYRUHQLP� COHERYLPD� URWRUD� PRJX� QDUX^LWL

NDUDNWHULVWLNH�HVWLPDWRUD�

1HGRVWDWDN�UHJXODWRUD�SR]LFLMH� VDVWRML� VH�X� ]DYLVQRVWL� NDUDNWHUD� RG]LYD

RG� PRPHQWD� LQHUFLMH� SRJRQD�� 8� SULPHQDPD� JGH� MH� RYD� YHOLaLQD� SURPHQOMLYD�

SRWUHEQR� MH� UDVSRODJDWL� PHKDQL]PRP� ]D� LGHQWLILNDFLMX� PRPHQWD� LQHUFLMH� L

SULODJR_HQMH� SDUDPHWDUD� UHJXODWRUD�GHWHNWRYDQLP�SURPHQDPD��5H^HQMH�NRMH� MH� X

WX�VYUKX�SUHGORCHQR�X�RNYLUX�UDGD��PRCH�VH�SULPHQLWL�VDPR�X�VSHFLMDOQRP�VOXaDMX�

� 6ORCHQRVW� SULPHQMHQH� XSUDYOMDaNH� VWUXNWXUH� L� NDUDNWHULVWLNH

HNVSHULPHQWDOQRJ� SRJRQD� VX� X� PQRJRPH� RJUDQLaHQH� EU]LQRP� L]UDaXQDYDQMD

GLJLWDOQRJ�PLNURNRQWUROHUD��QHLGHDOQR^`X�SROXSURYRGQLaNLK�SUHNLGDaD�SUHWYDUDaD�

QHVDYU^HQR^`X� VHQ]RUD� L� RJUDQLaHQRP� UH]ROXFLMRP� NRQYHUWRUD�� 9H`� X� YUHPH

]DYU^HWND� HNVSHULPHQWDOQRJ� UDGD�� SRVWRMDOH� VX� NRPSRQHQWH� NRMH� EL� X� PQRJRPH

RODN^DOH� LPSOHPHQWDFLMX� DOJRULWDPD�� SREROM^DOH� SHUIRUPDQVH� SRJRQD� L� HOLPLQLVDOH

SRWUHEX�]D�UD]PDWUDQMHP�SRMHGLQLK�SUREOHPD�

5DG� QD� UD]YRMX� DOJRULWDPD� XSUDYOMDQMD� DVLQKURQLP� PRWRURP� QL� L]

GDOHND�QLMH�RNRQaDQ��5DG�YHOLNRJ�EURMD�VWUXaQMDND�MH�XVPHUHQ�ND�VPDQMHQMX�EURMD

QHRSKRGQLK� VHQ]RUD�� UD]YLMDQMX� PRJX`QRVWL� SULODJR_HQMD� DOJRULWPD� SRJRQVNLP

XVORYLPD�� VLQWH]L� RSWLPDOQLK� ]DNRQD� XSUDYOMDQMD� L� RPRJX`DYDQMX� LQLFLMDOQRJ

SRGH^DYDQMD�SDUDPHWDUD�EH]�XaH^`D�aRYHND�
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