
1LNROD�3HWURYL`

0RQWH�.DUOR�VLPXODFLMD�WUDQVSRUWD
aHVWLFD�NUR]�DSVRUEXMX`X�VUHGLQX

3SUH]HQWRYDQL�VX�UH]XOWDWL�GRELMHQL�X�VLPXODFLML�WUDQVSRUWD�aHVWLFD�X�DSVRUEXMX`RM

VUHGLQL��.RPSMXWHUVND�VLPXODFLMD�QDP�RPRJX`DYD�GD�L]PHULPR�YHURYDWQR`H�GD�`H

aHVWLFD�ELWL�DSVRUERYDQD��UHIOHNWRYDQD�LOL�WUDQVPLWRYDQD��6OHGH`L�NRUDN�SRGUD]X�

PHYD�WUDCHQMH�RYLK�YHOLaLQD�NDR�IXQNFLMD�YHURYDWQR`H�DSVRUSFLMH�SRMHGLQDaQH�aHV�

WLFH�L�GHEOMLQH�PHGLMXPD��NDR�L�SURQDODCHQMH�RGJRYD�UDMX`HJ�PRGHOD�NRML�EL�SUH�

FL]QR� RSLVDR� RYH� ]DYLVQRVWL�� 'D� EL� SURYHULOL� LVSUDYQRVW�PRGHOD�� WHRULMVNL� VPR

GRELOL�YUHGQRVWL�SDUDPHWDUD�]D�HNVWUHPQH�YUHGQRVWL�SDUDPHWUD�D��3RND]DOR�VH�GD

]DYLVQRVWL�NRHILFLMHQDWD�UHIOHNVLMH�L�WUDQVPLVLMH�RGJRYDUDMX�HNVSRQHQFLMDOQR�UDVWX�

`RM��RGQRVQR�RSDGDMX`RM�IXQNFLML�^WR�VH�GREUR�VODCH�VD�UH]XODWLPD�VLPXODFLMH�

8YRG�L�GHILQLFLMD�SUREOHPD

0RQWH�.DUOR�VLPXODFLMD�WUDQVSRUWD�aHVWLFD�X�UD]OLaLWLP�VUHGLQDPD�MH
SRVWDOD�PR`QD�WHKQLND�NRMD�VH�YUOR�aHVWR�NRULVWL�X�QDXFL��+HHHUPDQQ������
%LQGHU�DQG�+HHUPDQQ��������0RQWH�.DUOR�VLPXODFLMH�RPRJX`XMX�IL]LaNL
XYLG�X�IHQRPHQH�NRML�VH�GH^DYDMX��YHOLNX�SUHFL]QRVW�GRELMHQLK�UH]XOWDWD�L
MHGQRVWDYQR�GHILQLVDQMH�NRPSOLNRYDQLK�XVORYD��=DKYDOMXMX`L�YHOLNRP�QDS �
UHWNX�X�VWYDUDQMX�EU]LK�UDaXQDUD��RYH�WHKQLNH�SRVWDMX�VYH�NRULVQLMH�

8�RYRP�UDGX�`HPR�SUHGVWDYLWL�UH]XOWDWH�GRELMHQH�]D�VLPXODFLMX�WUDQV �
SRUWD�aHVWLFD�NUR]�DSVRUEXMX`X�VUHGLQX��3UYR�`HPR�GD�XUDGLPR�MHGQRVWDYQL
PRGHO�RYH�SRMDYH�QD�RVQRYX�NRJD�`HPR�GD�QDSUDYLPR�0RQWH�.DUOR�VLPX �
ODFLMX��1DLPH��aHVWLFH�SURGLUX�X�DSVRUEXMX`X�VUHGLQX��]D�NRMX�`HPR�SUHW �
SRVWDYLWL�GD�LPD�REOLN�]LGD�aLMD�MH�XQLIRUPQD�GHEOMLQD� [�� L�X�QMRM�VH
VXGDUDMX�VD�aHVWLFDPD�WRJ�]LGD��AHVWLFD�NRMD�MH�SURGUOD�X�]LG��SULOLNRP
VXGDUD��PRCH�LOL�GD�VH�RGELMH��X�VYLP�SUDYFLPD�VD�MHGQDNRP�YHURYDWQR`RP
L�EH]�JXELWDND�HQHUJLMH��LOL�GD�EXGH�DSVRUERYDQD��SUL�aHPX�PL�SUHWSRVWD �
YOMDPR�GD�MH�YHURYDWQR`D�GD�VH�aHVWLFD�DSVRUEXMH�SULOLNRP�SRMHGLQDaQRJ
VXGDUD�NRQVWDQWQD�L�L]QRVL� D��2QD�QDVWDYOMD�RYDNYR�NUHWDQMH�VYH�GRN�QH
EXGH�DSVRUERYDQD��GRN�VH�QH�RGELMH��UHIOHNWXMH��QDWUDJ�LOL�GRN�QH�SUR_H
NUR]�]LG��WUDQVPLWXMH���9HURYDWQR`H�GD�VH�aHVWLFD�DSVRUEXMH��UHIOHNWXMH�LOL
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WUDQVPLWXMH�`HPR�RG�VDGD�]YDWL��UHVSHNWLYQR��NRHILFLMHQWLPD�DSVRUSFLMH��UH�
IOHNVLMH�L�WUDQVPLVLMH��

&LOM�RYRJ�UDGD�MH�ELR�GD�VH�QDSUDYL�NRPSMXWHUVND�VLPXODFLMD�NRMD�`H
GD�PHUL�RYD�WUL�NRHILFLMHQWD�X�]DYLVQRVWL�RG�YHURYDWQR`H�DSVRUSFLMH�D�L�GH�
EOMLQH�]LGD�G��GD�VH�XWYUGL�]DYLVQRVW�NRHILFLMHQDWD�RG�RYD���SDUDPHWUD��WR
MHVW�GD�VH�QD_H�GREDU�PRGHO�NRML�RSLVXMH�RYX�]DYLVQRVW�L�GD�VH�SURYHUL
YDOMDQRVW�GRELMHQLK�UH]XOWDWD�L�GRELMHQRJ�PRGHOD��2YLP�`HPR�VWH`L�XYLG�X
WR�NDNR�VH�SURFHV�WUDQVPLVLMH�aHVWLFD�NUR]�DSVRUEXMX`X�VUHGLQX�RGYLMD��

6LPXODFLMRP�EL�GRVWD�GREUR�RSLVLYDOL�YHOLNL�EURM�SRMDYD��6UHGLQD�PRCH
ELWL�QHNL�JDV��WHaQRVW�LOL�DPRUIQR�aYUVWR�WHOR��VD�RE]LURP�QD�WR�GD�VX�DS�
VRUEXMX`H�PHWH�SURL]YROMQR�UDVSRUH_HQH��AHVWLFH�aLML�WUDQVSRUW�SURXaDYDPR
PRJX�ELWL�IRWRQL��QHXWURQL��KHPLMVNL�UDGLNDOL��DQWLaHVWLFH�LOL�QHNL�GUXJL
WLSRYL�QHXWUDOQLK�aHVWLFD��6LPXODFLMD�PRCH�GD�VH�SUR^LUL�GRGDYD�QMHP�HOHN�
WULaQRJ�SROMD��GD�EL�VH�L�QDHOHNWULVDQH�aHVWLFH�PRJOH�DQDOL]LUDWL��LOL�GRGDYDQ�
MHP�VXGDUD�X�NRMLPD�VH�QRYH�aHVWLFH�VWYDUDMX�L�SUD`HQMHP�WLK�aHVWLFD�

.DUDNWHULVWLNH�NRPSMXWHUVNRJ�NRGD

8�NRPSMXWHUVNRP�SURJUDPX�PL�SX^WDPR�aHVWLFH�MHGQX�SR�MHGQX��2QH

VH�NUH`X�SUDYROLQLMVNL�GRN�VH�QH�VXGDUH�VD�aHVWLFRP�L]�DSVRUEXMX`H�VUHGLQH�

'LPHQ]LMH�VX�X�MHGLQLFDPD�VUHGQMHJ�VORERGQRJ�SXWD�L]PH_X���VXGDUD��6OX�

aDMQLP�EURMHYLPD�VH�RGUH_XMH�SRORCDM�VOHGH`HJ�VXGDUD�L�GD�OL�VH�aHVWLFD�SUL

WRP�VXGDUX�DSVRUEXMH��9HURYDWQR`D�GD�VH�aHVWLFD�DSVRUEXMH�SUL�SRMHGLQD�

aQRP�VXGDUX�MH�D�
3R]LFLMD�aHVWLFH�VH�RGUH_XMH�NRULVWH`L�GYD�VOXaDMQD�EURMD��3UYLP�VOXaDM�

QLP�EURMHP�RGUH_XMHPR�UDVWRMDQMH�NRMH�MH�aHVWLFD�SXWRYDOD��X�MHGLQLFDPD
VUHGQMHJ�VORERGQRJ�SXWD���*XVWLQD�YHURYDWQR`H�]D�RYDM�VOXaDMDQ�EURM�RSDGD
HNVSRQHQFLMDOQR��'UXJL�VOXaDMQL�EURM�L]�LQWHUYDOD��¬�����RGUH_XMH�RGQRV
GXCLQH�SURMHNFLMH�QD�;�RVX�L�GXCLQMH�SXWDQMH��WM��NRVLQXV�XJOD�NRML�SUDYDF
NUHWDQMD�aHVWLFH�]DNODSD�VD�;�RVRP���0L�SUHWSRVWDYOMDPR�GD�VH�aHVWLFD�UDVH�
MDYD�L]RWURSQR�L�EH]�JXELWND�HQHUJLMH��DOL�VH�WR�PRCH�PRGLIL�NRYDWL��.DNR
SUHWSRVWDYOMPR�GD�VH�aHVWLFD�RGELMD�X�SURL]YROMQRP�VPHUX�VD�SRGMHGQDNRP
YHURYDWQR`RP��PRCH�VH�SRND]DWL�GD�MH�JXVWLQD�YHURYDWQR`H�]D�RYDM
VOXaDMDQ�EURM�NRQVWDQWD�QD�FHORP�LQWHUYDOX��¬������5DVWRMDQMH�NRMH�MH�aHV�
WLFD�SUH^OD�QD�;�RVL�MH�SURL]YRG�RYD�GYD�EURMD�

AHVWLFH�]DSRaLQMX�VYRMH�NUHWDQMH�QD�SRaHWNX�]LGD��NUH`X`L�VH�GXC�;�
RVH�L�QDVWDYOMDMX�VYRMH�NUHWDQMH�VYH�GRN�VH�QH�DSVRUEXMX��QH�UHIOHNWXMX�QD�
]DG��LOL�QH�SUR_X�NUR]�]LG��DSVRUEXMX`X�VUHGLQX���1DNRQ�RYRJD�SRVWXSDN
SRQDYOMDPR�VD�VOHGH`RP�aHVWLFRP��'RYROMDQ�EURM�aHVWLFD�VH�SX^WD�GD�EL�VH
GRELR�]DGRYROMDYDMX`L�VWDWLVWLaNL�NYDOLWHW�UH]XOWDWD�

1D�VOLFL���VH�PRCH�YLGHWL�QD�NRML�QDaLQ�EURM�SX^WHQLK�aHVWLFD�XWLaH�QD
SUHFL]QRVW�GRELMHQLK�UH]XOWDWD��.RULVWLOL�VPR�L�GR��������aHVWLFD�SR�PHUH�
QMX��^WR�MH�SRND]DOR�]DGRYROMDYDMX`X�SUHFL]QRVW��0H_XWLP��L�PQRJR�PDQML
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EURMHYL�aHVWLFD��QSU�������VX�GDYDOL�GRYROMQR�GREUH�UH]XOWDWH�X]�PQRJR
PDQMH�XWUR^HQRJ�YUHPHQD��0L�VPR��GDNOH��L]�SUDNWLaQLK�UD]JORJD�XJODYQRP
SX^WDOL������aHVWLFD�SR�PHUHQMX�

'HEOMLQD�]LGD��DSVRUEXMX`H�VUHGLQH��MH�GDWD�X�MHGLQLFDPD�VUHGQMHJ�VOR�
ERGQRJ�SXWD�L]PH_X�GYD�VXGDUD��6LPXODFLMD�VH�SRQDYOMD�]D�FHR�RSVHJ�YUHG�
QRVWL�GHEOMLQH�]LGD��8�VYLP�VLPXODFLMDPD�VPR�NRULVWLOL�RSVHJ�RG���GR����

3RVWRMH�GYH�YHU]LMH�NRPSMXWHUVNRJ�NRGD��8�YHU]LML�VD�SRMHGLQDaQLP
aHVWLFDPD��QDNRQ�DSVRUSFLMH�SUHVWDMHPR�GD�SUDWLPR�aHVWLFX�L�SX^WDPR�VOH�
GH`X��AHVWLFD�GDNOH�PRCH�VDPR�ELWL�SRWSXQR�DSURVUREDQD��UHIOHNWRYDQD�LOL
WUDQVPLWRYDQD��.RHILFLMHQWL�DSVRUSFLMH��UHIOHNVLMH�L�WUDQVPLVLMH�VH�UHVSHNWL�
YQR�RGUH_XMX�NDR�RGQRV�DSVRUERYDQLK��UHIOHNWRYDQLK�L�WUDQVPLWRYDQLK�aHV�
WLFD�SUHPD�XNXSQRP�EURMX�PHUHQMD��SX^WHQLK�aHVWLFD��

8�YHU]LML�NRGD�VD�VQRSRYLPD�aHVWLFD��WHCLQD�VQRSD��NRMD�QD�SRaHWNX
L]QRVL����VH�SULOLNRP�VYDNRJ�VXGDUD�VPDQMXMH�]D�YHURYDWQR`X�DSVRUSFLMH
�WM��DNR�MH�WHCLQD�VQRSD�SUH�VXGDUD�ELOD�Z��SRVOH�VXGDUD�`H�ELWL�Z�(��−�D)��
6LPXODFLMD�VH�QDVWDYOMD�VYH�GRN�WHCLQD�VQRSD�QH�GRVWLJQH�QHNL�PDOL�EURM��X
NRP�VOXaDMX�VH�VQRS�VPDWUD�SRWSXQR�DSVRUERYDQLP��LOL�GRN�VH�VQRS�QH�UH�
IOHNWXMH�LOL�WUDQVPLWXMH��.RHILFLMHQWL�VH�WDGD�RGUH_XMX�NDR�DULWPHWLaND�VUHGL�
QD�DSVRUERYDQLK��UHIOHNWRYDQLK�LOL�WUDQVPLWRYDQLK�WHCLQD�]D�VYD�PHUHQMD�
.RG�VD�VQRSRYLPD�aHVWLFD�GDMH�SUHFL]QLMH�UH]XOWDWH�]D�LVWL�EURM�PHUHQMD�
PDGD�PX�MH�SRWUHEQR�QH^WR�YL^H�YUHPHQD�GD�EL�VH�L]YU^LR��*UH^NH�VH�L�X
MHGQRP�L�X�GUXJRP�SURJUDPX�UDaXQDMX�NRULVWH`L�VWDQGDUGQH�PHWRGH��UDaX�
QDQMHP�VWDQGDUGQH�GHYLMDFLMH�SRGDWDND��

'D�EL�QDP�PHUHQMD�ELOD�WDaQD�X�YHU]LML�SURJUDPD�VD�VQRSRYLPD�
NULWLaQD�WHCLQD��QDNRQ�NRMH�VPDWUDPR�VQRS�DSVRUERYDQLP��PRUD�ELWL�GR�
YROMQR�PDOD��8�UDQLMLP�YHU]LMDPD�SURJUDPD�VPR�NRULVWLOL�PDNVLPDOQL�GR]�

6OLND����

.RHILFLMHQW�WUDQVPLVLMH
X�]DYLVQRVWL�RG
GHEOMLQH�]LGD��X

MHGLQLFDPD�VUHGQMHJ
VORERGQRJ�SXWD��
.RULVWLOL�VPR

YHURYDWQR`X
DSVRUSFLMH�D�=������
*UDILFL�]D�����L�����
PHUHQMD�VX�SRPHUHQL
QD�JRUH�]D�����L����
UHVSHNWLYQR�

)LJXUH���
7UDQVPLVVLRQ
FRHIILFLHQW�DV�D

IXQFWLRQ�RI�WKH
WKLFNQHVV�RI�WKH�ZDOO
VKRZQ�LQ�UHODWLYH
XQLWV�QRUPDOL]HG�WR
WKH�PHDQ�GLVWDQFH
EHWZHHQ�FROOLVLRQV���,Q
WKLV�H[DPSOH�ZH�XVH
DEVRUSWLRQ�SUREDELOLW\
RI�D ������*UDSKV�IRU
����DQG�����

SDUWLFOHV�DUH�VKLIWHG
XSZDUGV�E\�����DQG
����UHVSHFWLYHO\��

5$'29,�32/$=1,.$�2%5$=291,+�352*5$0$�±�� ),=,.$��•����



YROMHQ�EURM�VXGDUD��QDNRQ�NRJ�ELVPR�VPDWUDOL�VQRS�DSVRUERYDQLP��XPHVWR
NULWLaQH�WHCLQH��1D�VOLFL���YLGLPR�NDNR�JUDILFL�SRVWDMX�VYH�WDaQLML�VD
SRYH`DQMHP�PDNVLPDOQR�GR]YROMHQRJ�EURMD�VXGDUD��9HURYDWQR`D�DSVRUSFLMH
D�MH�QDPHUQR�SRGH^HQD�QD�PDOX�YUHGQRVW��MHU�PDVD�VQRSD�]D�YH`H�YUHGQRVWL
PQRJR�EUCH�RSDGD��2JUDQLaHQMH�RG������VXGDUD�VH�SRND]DOR�GRYROMQLP�]D
VYH�YUHGQRVWL�D�QD�NRMLPD�VPR�YU^LOL�PHUHQMD��

.RPSMXWHUVNL�NRG�]D�VLPXODFLMX��REH�YHU]LMH��MH�QDSLVDQ�X�SDVNDOX�L
GR]YROMDYD�SX^WDQMH�YHOLNRJ�EURMD�aHVWLFD��5H]XOWDWL�VX�]DWLP�VNODGL^WHQL�X
WHNVWXDOQX�GDWRWHNX�L�GDOMH�DQDOL]LUDQL�X�SURJUDPX�2ULJLQ��5DQH�YHU]LMH
SURJUDPD�VX�SLVDQH�X�7XUER�3DVNDOX�VD�PHPRULMVNLP�RJUDQLaHQMHP��SD�MH
NRG�PRUDR�ELWL�RSWLPL]RYDQ��3URJUDPX�MH�QD�3HWQLMXPX�EU]LQH����0+]�X
SURVHNX�SRWUHEQR�QH^WR�PDQMH�RG�VHNXQGH�]D�VYDNX�WDaNX��NDGD�YU^LPR
�����PHUHQMD���&HR�JUDI�VD�RNR�����WDaDND�]D�UD]OLaLWH�GHEOMLQH�]LGD�VH
JHQHUL^H�]D�SDU�PLQXWD��=D�JUDILNH�JGH�VH�]D�VYDNX�WDaNX�YU^L�UHGD�YHOLaLQH
������PHUHQMD�WUHED�RNR�SROD�VDWD��6LPXODFLMH�VX�L]YR_HQH�]D�YUHGQRVWL
L]PH_X���L���

5H]XOWDWL�VLPXODFLMD�L�SRVWDYOMDQMH�PRGHOD

5H]XOWDWL� VLPXODFLMH� ]D� QHNROLNR� NDUDNWHULVWLaQLK� YUHGQRVWL
YHURYDWQR`H�DSVRUSFLMH�D�VX�GDWH�QD�VOLFL���

(YLGHQWQR�MH�GD�WUDQVPLVLMD�X�VYLP�VOXaDMHYLPD�RSDGD�L�WHCL�QXOL��MHU
MH�QHPRJX`H�SUR`L�NUR]�EHVNRQDaQR�GHEHR�]LG��7DNR_H�PRCHPR�SULPHWLWL
GD�^WR�MH�D�YH`H�WR�`H�WUDQVPLVLMD�EUCH�WHCLWL�QXOL��5HIOHNVLMD�GRVWD�EU]R
UDVWH�X�SRaHWNX��DOL�SRVOH�QHNRJ�YUHPHQD�NRQYHUJLUD�L]YHVQRM�YUHGQRVWL
SUPD[��5D]ORJ�]D^WR�UHIOHNVLMD�SUHVWDMH�GD�UDVWH�MH�WDM�^WR�YHURYDWQR`D�GD

6OLND����

.RHILFLMHQW�DSVRUSFLMH
X�]DYLVQRVWL�RG
GHEOMLQH�]LGD�]D
UD]OLaLWH�PDNVLPDOQD
GR]YROMHQH�EURMHYH
VXGDUD�X�YHU]LML
SURJUDPD�VD
VQRSRYLPD�aHVWLFD�

*UDI�VD�PDNVLPDOQLP
EURMHP�RG�����
VXGDUD�L�JUDILN�EH]

RJUDQLaHQRJ�EURMD
VXGDUD�VH�SUDNWLaQR
SRNODSDMX��*UDILFL�]D
UHIOHNVLMX�L
WUDQVPLVLMX�VH

SRQD^DMX�QD�VOLaDQ
QDaLQ�

)LJXUH���
$EVRUSWLRQ�FRHIILFLHQW

DV�D�IXQFWLRQ�RI�WKH
ZDOO�WKLFNQHVV�IRU
GLIIHUHQW�PD[LPXP

DOORZHG�QXPEHU�RI
FROOLVLRQV�LQ�WKH�EHDP

RI�SDUWLFOHV
WHFKQLTXH���7KH
JUDSKV�IRU�PD[LPXP

RI������FROOLVLRQV
DQG�XQOLPLWHG�QXPEHU
RI�FROOLVLRQV��VLQJOH

SDUWLFOH�WHFKQLTXH�
DUH�LQGLVWLQJXLVKDEOH�
5HIOHFWLRQ�DQG
WUDQVPLVVLRQ�IROORZ�D
VLPLODU�SDWWHUQ�
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aHVWLFD�X_H�GXERNR�X�]LG�L�YUDWL�VH��UHIOHNWXMH�VH��SRVWDQH�]DQHPDUOMLYD�
9UHGQRVW�SDUDPHWUD�SUPD[�HYLGHQWQR�RSDGD�VD�SRUDVWRP�D��NDGD�MH�D� ���
RaLJOHGQR�QHPD�QLNDNYH�UHIOHNVLMH���6YL�JUDILFL�UHIOHNVLMH�L�WUDQVPLVLMH�X
YHOLNRM�PHUL�SRGVH`DMX�QD�JUDILNH�HNVSRQHQFLMDOQRJ�UDVWD��RGQRVQR�RSDGD�
QMD��UHVSHNWLYQR���$SVRUSFLMD��VOLaQR�NDR�UHIOHNVLMD��WHCL��¬�SUPD[�NDNR�UDVWH
GHEOMLQD�]LGD��0RCH�VH�LSDN�GRGDWL�GD�DSVRUSFLMD�WHCL�RYRM�YUHGQRVWL�PQRJR
VSRULMH�L�GD��]D�PDOH�YUHGQRVWL�SDUDPHWDUD�D��YL^H�SRGVH`D�QD�OLQHDUQX�QHJR
QD�HNVSRQHQFLMDOQX�IXQNFLMX�

0RJOR�EL�VH�RaHNLYDWL�GD�VH�YUHGQRVWL�NRHILFLMHQDWD�PRJX�GREUR�GH�
ILQLVDWL�PRGHORP�VD�MHGQLP�HNVSRQHQFLMDOQLP�SDUDPHWURP�E�

UHIOHNVLMD��SU�=�SU�PD[�(��−�H−E[) �����

WUDQVPLVLMD��SW�=�SW�PD[�H−E[ �����

L�DSVRUSFLMD���SD�=�SD�PD[�(��−�H−E[) �����

6OLND����

9UHGQRVWL�DSVRUSFLMH�
UHIOHNVLMH�L�WUDQVPLVLMH
NDGD�VX�YHURYDWQR`H

DSVRUSFLMH�SRMHGLQDaQH
aHVWLFH��D��������E������
F������L�G�������*ODWNH

OLQLMH�VX�ILWRYL�X
GYRVWUXNRP
HNVSRQHQFLMDOQRP
PRGHOX�

)LJXUH����
$EVRUSWLRQ��UHIOHFWLRQ
DQG�WUDQVPLVVLRQ�IRU
DEVRUEWLRQ�SUREDELOLW\�
D��������E�������F�����
DQG�G�������6PRRWK�OLQHV
UHSUHVHQW�ILWV�E\�GRXEOH

H[SRQHQWLDO�PRGHO�

D E
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1D�VOLFL���SULND]DQ�MH�MHGDQ�RG�SRNX^DMD�GD�VH�ILWXMX�UH]XOWDWL�RYLP
PRGHORP��NRML�VH�SUYL�QDPH`H�]DWR�^WR�MH�QDMMHGQRVWDYQLML��0RCH�VH�YLGHWL
GD�PRGHO�QH�ILWXMH�GREUR��1HNL�GHORYL�VX�GREUR��DOL�GUXJL�VX�YUOR�OR^H�LV�
ILWRYDQL��D�NYDOLWHW�YDULUD�VD�GHEOMLQRP�]LGD��YHURYDWQR`RP�DSVRUSFLMH�D�L
UHODWLYQRP�YHOLaLQRP�NRHILFLMHQDWD��7DNR_H��PRGHO�VD�MHGQLP�HNVSRQHQFL�
MDOQLP�SDUDPHWURP�QH�EL�GR]YROMDYDR�GD�NULYD�DSVRUSFLMH�®SUHWLaH¯�NULYX
UHIOHNVLMH��^WR�MH�GRELMDQR�X�VLPXODFLMDPD��YLGHWL�VOLNX����E¬G��

'D�EL�VH�UH]XOWDWL�EROMH�ILWRYDOL�XYHOL�VPR�GYD�UD]OLaLWD�HNVSRQHQWD��]D
UHIOHNVLMX�L�WUDQVPLVLMX��EU�L�EW��NDR�VOHGH`L�QDMMHGQRVWDYQLML�PRGHO��3RGDFL

SRND]XMX�HNVSRQHQFLMDOQR�RSDGDQMH�NRHILFLMHQWD�WUDQVPLVLMH�������L�HNVSR�
QHQFLMDOQL�UDVW�NRHILFLMHQWD�UHIOHNVLMH��������$SVRUSFLMD�VH�PRCH�GREUR�IL�
WRYDWL�NRULVWH`L�XVORY���������1D�JUDILFLPD�VD�VOLNH���DSVRUSFLMD�MH�ILWRYDQD
LVWRP�MHGQDaLQRP�NDR�UHIOHNVLMD��S��¬H¬EW���^WR�VH�SRND]DOR�QHSUHFL]QLP�]D
YH`LQX�YUHGQRVWL�D��3RUHG�RYRJD��]D�QLVNH�YUHGQRVWL�D�EL�SDUDPHWDU�S�WHCLR
RJURPQLP�YUHGQRVWLPD��GRN�EL�E�WHCLR�QXOL��^WR�JRYRUL�R�QHHNVSRQHQFLMDO�
QRM�SULURGL�DSVRUSFLMH��

6LPXODFLMH�VX�L]YU^HQH�]D�YHOLNL�EURM�UD]OLaLWLK�YHURYDWQR`D�DSVRUSFLMD
L�YUHGQRVWL�SDUDPHWUD�NRML�VX�GRELMHQL�ILWRYDQMHP�JUDILND�GYRVWUXNR�HNVSR�
QHQFLMDOQLP�PRGHORP�VX�GDWL�QD�VOLFL���

1LMH�RGPDK�MDVQR�NDNR�EL�SDUDPHWUL�X�PRGHOX�WUHEDOR�GD�VH�SRQD^DMX�
'D�EL�VPR�LK�EROMH�UD]XPHOL��NDR�L�GD�ELVPR�SURYHULOL�YDOMDQRVW�GRELMHQLK
UH]XOWDWD�WUHEDOR�EL�GD�VH�L]UDaXQDMX�X�JUDQLaQLP�VOXaDMHYLPD��WM��]D�PDOH
L�YHOLNH�YUHGQRVWL�NRHILFLMHQWD�DSVRUSFLMH�D��

6OLND����

.RHILFLMHQWL
DSVRUSFLMH��UHIOHNVLMH�L
WUDQVPLVLMH�]D�D ����

3UDYH�OLQLMH
SUHGVWDYOMDMX�ILWRYH
GRELMHQH�X

HNVSRQHQFLMDOQRP
PRGHOX�VD�MHGQLP
SDUDPHWURP�
$SVRUSFLMD�L�UHIOHNVLMD
VX�ILWRYDQH�IXQNFLMDPD
REOLND�S��¬H¬EW��X]
XVORY�GD�MH�E�X�RED
VOXaDMD�LVWR��=DWLP�MH

WDM�SDUDPHWDU�E
NRUL^`HQ�L�]D
WUDQVPLVLMX�

)LJXUH����

3UREDELOLWLHV�RI
DEVRUSWLRQ��UHIOHFWLRQ
DQG�WUDQVPLVVLRQ�IRU

WKH�YDOXH�RI�D ����
'RWWHG�OLQHV�UHSUHVHQW
ILWV�E\�D�VLQJOH

H[SRQHQWLDO�PRGHO�
$EVRUSWLRQ�DQG
UHIOHFWLRQ�ZHUH�ILWWHG
ZLWK�WKH�IXQFWLRQ
S��¬H¬EW���DORQJ�ZLWK
WKH�FRQGLWLRQ�WKDW�E
ZDV�HTXDO�IRU�ERWK�
7KHQ�WKH�SDUDPHWHU�E
ZDV�WKHQ�XVHG�WR
HYDOXDWH�WUDQVPLVVLRQ�
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$VLPSWRWVNR�SRQD^DQMH

6DGD�`HPR�L]UDaXQDWL�JUDQLaQH�YUHGQRVWL�SDUDPHWUD�PRGHOD�]D�YHOLNH

YUHGQRVWL�D��WR�MHVW�]D�D� ���−�ε��SUL�aHPX�MH�ε�PQRJR�PDQMH�RG����'DNOH�
PRCHPR�VPDWUDWL�GD�MH�aHVWLFD�QDNRQ�GUXJRJ�VXGDUD�DSVRUERYDQD��SR^WR�MH

ε��]DQHPDUOMLYR���
1DMSUH�SULPH`XMHPR�GD�VH�SURMHNFLMD�aHVWLFH�QDNRQ�VXGDUD�RGUH_XMH

SURL]YROMQLP�EURMHP�L]PH_X�¬��L����2YDM�EURM�SUHGVWDYOMD�NRML�GHR�NUHWDQMD
VH�SURMHNWRYDR�QD�;�RVX��VDPR�QDP�MH�RYR�NUHWDQMH�ELWQR�X�QD^RM��XJODY�
QRP��MHGQRGLPHQ]LRQDOQRM�VLPXODFLML���3RVWRML�����^DQVH�GD�aHVWLFD�RGH�X
SR]LWLYQRP�VPHUX�L�����^DQVH�GD�aHVWLFD�RGH�X�QHJDWLYQRP�VPHUX��.DNR
MH�JXVWLQD�YHURYDWQR`H�NRQVWDQWQD��PRCHPR�VPDWUDWL�GD�MH�HIHNWLYQD�YUHG�
QRVW�SURMHNFLMH������]D�VYDNL�SUDYDF��'UXJLP�UHaLPD��EH]�RE]LUD�QD�SUDYDF�
X�SURVHNX�`H�aHVWLFH�QDNRQ�QHDSVRUEXMX`HJ�VXGDUD�QDVWDYOMDWL�VYRMH�NUH�
WDQMH�VD�SRORYLQRP�EU]LQH�SURMHNWRYDQH�QD�;�RVX��WM��XJDR�NRML�SUDYDF�NUH�
WDQMD�]DNODSD�VD�;�RVRP�EL`H���R��

$NR�LQWHJUDOLPR�HNVSRQHQFLMDOQX�JXVWLQX�EHURYDWQR`H�RG�[�GR�∞��GR�

EL`HPR�GD�YHURYDWQR`D�GD�aHVWLFD�SUH_H�SXW�YH`L�RG�[�MHVWH�H¬[��9HURYDW�
QR`D�GD�SUH_H�WDaQR�[��WM��GD�MH�GXCLQD�SXWD�X�LQWHUYDOX��[��[�G[���MHVWH
H
¬[G[�SR�GHILQLFLML�JXVWLQH�YHURYDWQR`H��3UH�SUYRJ�VXGDUD�NUHWDQMH�MH�QD�;�
RVL��GRN�VH�QDNRQ�SUYRJ�VXGDUD�VDPR�SRORYLQD�NUHWDQMD�SURMHNWXMH�QD�RYX
RVX��,PDMX`L�VYH�RYH�VWYDUL�X�YLGX�PRCHPR�ODNR�L]UDaXQDWL�JUDQLaQH�YUHG�
QRVWL�NRHILFLMHQDWD�X�PRGHOX��EU��EW�L�SUPD[�

1DMSUH�̀ HPR�L]UDaXQDWL�SDUDPHWUH�]D�UHIOHNVLMX��X]LPDMX`L�X�RE]LU��QD�
UDYQR��VDPR�aHVWLFH�NRMH�VH�UHIOHNWXMX�QDWUDJ�QDNRQ�VDPR�MHGQRJ�VXGDUD�
2VWDOH�PRJX�ELWL�]DQHPDUDQH��NDR�^WR�VPR�YH`�UHNOL��MHU�MH�YHURYDWQR`D�GD

QH�EXGX�DSVRUERYDQH�ε���LVXYL^H�PDOD��3UHWSRVWDYLPR�GD�MH�GHEOMLQD�]LGD
G��D�GD�VH�aHVWLFD�VXGDULOD�QD�UDVWRMDQMX�[��7UHED�GD�VXPLUDPR�VYH�YHUR�
YDWQR`H�]D�VYH�YUHGQRVWL�[�RG���GR�G���9HURYDWQR`D�GD�VH�aHVWLFD�VXGDUL�X
[�MH�H¬[G[��9HURYDWQR`D�GD�VH�aHVWLFD�RGELMH�QDWUDJ�MH������9HURYDWQR`D�GD
VH�aHVWLFD�UHIOHNWXMH�L]�VUHGLQH�SUH�QHJR�^WR�VH�VXGDUL�MH� H¬�[��(IHNWLYQR�
aHVWLFD�PRUD�GD�SUH_H�SXW��[�SR^WR�VH�NUH`H�SRG�XJORP�RG���R��8]HY^L�VYH
RYR�X�RE]LU�L�VXPLUDMX`L�]D�VYH�YUHGQRVWL�[��GRELMDPR�

SU�=�∫�
�

��G

����ε�H−[��×�H−�[�G[�=��
�
�ε�×�(��−�H−�G)� �����

'DNOH��GRELMDPR�

SUPD[�=�
�
�
�ε���L �����

EU�=��� �����
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7DNR_H�PRCHPR�RGUHGLWL�L�EW���PDGD�ELVPR�PRUDOL�GD�L]YU^LPR�GR�

GDWQH�DSURNVLPDFLMH��8]H`HPR�X�RE]LU�L�GLUHNWQX�WUDQVPLVLMX�L�WUDQVPLVLMX

QDNRQ�SUYRJ�VXGDUD��3UYD�L]QRVL�H¬G��D�GUXJD�VH�VOLaQR�NDR�L�NRG�UHIOHNVLMH

RGUH_XMH�SRPR`X�IRUPXOH�

SU�=�∫�
�

��G

����ε�H−[��×�H−��(G�−�[)�G[ �����

�XPHVWR�^WR�VH�RGELMD�QDWUDJ��aHVWLFD�QDVWDYOMD�NUHWDQMH�X�GUXJRP�SUDYFX��
.RQDaQD�IRUPXOD�MH�

SW�=�H−G�+�����×�ε�×�H−G�H−��(G�−�[) �����

'RELMHQL�UH]XOWDW�QHPD�LVWX�IRUPX�NDR�X�PRGHOX�WDNR�GD�PRUDPR�GD

DSURNVLPLUDPR�UH]XOWDW�VD�IRUPXORP�H−EW�G�NRMX�WUHED�GD�GRELMHPR�L�PRUD

GD�QD�SRJRGQL�QDaLQ�RGUHGLPR�EW��.DNR�REH�IRUPXOH�LPDMX�LVWX�YUHGQRVW

NDGD�MH�[� ����QDMEROMD�DSURNVLPDFLMD�EL�WUHEDOR�GD�EXGH�NDGD�REH�IRUPXOH

LPDMX�LVWL�SUYL�L]YRG�]D�[� ����RYR�MH�UHODWLYQR�JUXED�DSURNVLPDFLMD��DOL�]D

PDOH�YUHGQRVWL�ε�RG�RNR������GDMH�GRVWD�GREUH�UH]XOWDWH��V�RE]LURP�QD�WR
GD�IXQNFLMD�QLMH�WROLNR�RVHWOMLYD�QD�NUXSQLMH�SURPHQH�EW��6�GUXJH�VWUDQH�

SDUDPHWDU�EW�VH�PRCH�MR^�SUHFL]QLMH�GRELWL�ILWRYDQMHP�MHGQDaLQH�������NRUL�

VWH`L�SURJUDP�2ULJLQ��2YRP�PHWRGRP�GRELMDPR�UH]XOWDWH�X�VNRUR�SRW�

SXQRP�VODJDQMX�VD�L]PHUHQLP�UH]XOWDWLPD���'LIHUHQFLUDQMHP�MHGQDaLQH

������VH�GRELMD�

−�E�×�HEW�G�=�−�H−G�−�����×�ε�×�(H−G�−���H−�G)� �����

D�DPHQMXMX`L�G� ���

�EW�=���¬�ε���� �����

6YL�RYL�UH]XOWDWL�VX�X�RGOLaQRP�VODJDQMX�VD�JUDQLaQLP�YUHGQRVWLPD�GR�

ELMHQLP�VLPXODFLMDPD��YLGHWL�VOLNX�����3DUDPHWDU�EU�WHCL�ND�WURMFL�GRN�IRU�

PXOH�]D�GUXJD�GYD�SDUDPHWUD�GDMX�MDNR�GREUH�DSURNVLPDFLMH�aDN�L�]D�YHOLNH

YUHGQRVWL�D��3RVWDQH�WH^NR�RFHQMLYDWL�EU�NDNR�SUPD[�WHCL�QXOL�

=DNOMXaDN

0RQWH�.DUOR�VLPXODFLMH�WUDQVSRUWD�VX�L]YU^HQH�]D�GRVWD�JHQHUDOQL�VLV�

WHP�aHVWLFD��QD�NRMH�QLMH�XWLFDOR�HOHNWULaQR�SROMH�L�]D�QDVXPLFH�UDVSRUH_HQH

DSVRUEXMX`H�DWRPH�X�DSVRUEXMX`RM�VUHGLQL��0RGHO�ED]LUDQ�QD�MHGQRP�HN�

VSRQHQWX�QLMH�PRJDR�GREUR�GD�ILWXMH�UH]XOWDWH�GRELMHQH�L]�VLPXODFLMD��0H�

_XWLP��PRGHO�VD�GYD�HNVSRQHQWD�NRML�VH�GRVWD�UD]OLNXMX��YLGHWL�VOLNX����MH

RPRJX`LR�MDNR�GREUR�ILWRYDQMH�SRGDWDND��YLGHWL�VOLNX����E¬G��
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1LMH�ODNR�REMDVQLWL�]D^WR�PRGHO�VD�MHGQLP�HNVSRQHQWRP�QH�XVSHYD�GD
VH�VORCL�VD�SRGDFLPD��,]JOHGD�GD�UHIOHNVLMD�PQRJR�EUCH�WHCL�ND�JUDQLaQRM
YUHGQRVWL��ELYD�VDWXULUDQD���GRN�WUDQVPLVLMD�GRVWD�VSRULMH�RSDGD�L�GD�VX�GYD
HNVSRQHQFLMDOQD�SDUDPHWUD�QHRSKRGQD��7R�REMD^QMHQMH�SRGUCDYD�L�WR�^WR�VX
VYH�WUL�YHOLaLQH�YUOR�GREUR�ILWRYDQH�PRGHORP�VD�GYD�HNVSRQHQFLMDOQD�SDUD�
PHWUD�

7DaQRVW�GRELMHQLK�UH]XOWDWD�L]�VLPXODFLMH�L�SUHGORCHQRJ�PRGHOD�MH�SR�
GUCDQD�L�DQDOLWLaNLP�DVLPSWRWVNLP�IRUPXODPD�NRMH�VX�GRELMHQH�]D�JUDQLaQL
VOXaDM�NDGD�D�WHCL�MHGLQLFL��$VLPSWRWVND�WHRULMD�MDNR�GREUR�SUHGYL_D�JUD�
QLaQH�YUHGQRVWL�SDUDPHWDUD�]D�YHOLNH�YUHGQRVWL�D��D�X�YHOLNRM�PHUL�L�]D�QH^�
WR�PDQMH�YUHGQRVWL��

5H]XOWDWL�GRELMHQL�VX�GRVWD�JHQHUDOQL�L�PRJX�VH�NRULVWLWL�]D�SURXaD�
YDQMH�WUDQVSRUWD��QHXWURQD�X�UHDNWRULPD��IRWRQD�X�DSVRUEXMX`HP�PHGLMXPX�
UHDNWLYQLK�aHVWLFD�X�KHPLMVNL�DNWLYQRM�VUHGLQL��aDN�L�PDNURVNRSVNLK�SRMDYD
NRMH�SRND]XMX�DSVRUSFLMX��6LPXODFLMH�NDR�RYD�SUH]HQWRYDQD�PRJX�aDN�GD
VH�SULPHQH�L�QD�VLVWHPH�L]YDQ�VWDQGDUGQH�IL]LNH��1HNL�ELROR^NL�VLVWHPL�LOL
GUX^WYHQH�SRMDYH�PRJX�GRVWD�GREUR�GD�VH�RSL^X�GHILQLVDQMHP�RVRELQD�NDR
^WR�VX�DSVRUSFLMD�SULOLNRP�VXGDUD��WUDMHNWRULMD�LOL�GHEOMLQD�]LGD�

/LWHUDWXUD

+HHUPDQQ��'�:��������&RPSXWHU�VLPXODWLRQ�PHWKRGV�LQ�7KHRUHWLFDO�3K\V�
LFV��%HUOLQ��6SULQJHU�9HUODJ�

%LQGHU��.��DQG�+HHUPDQQ��'�:��������0RQWH�&DUOR�VLPXODWLRQ�PHWKRGV
LQ�6WDWLVWLFDO�3K\VLFV��%HUOLQ��6SULQJHU�9HUODJ�

6OLND����

3DUDPHWUL�ILWRYDQMD�X
IXQNFLML�RG
YHURYDWQR`H

DSVRUSFLMH�
+RUL]RQWDOQH�OLQLMH
SUHGVWDYOMDMX

VWDWLVWLaNX�JUH^NX
ILWRYDQMD��.UDWNH
OLQLMH�VX�UH]XOWDWL
DVLPSWRWVNLK�PRGHOD�

)LJXUH����

)LWWLQJ�SDUDPHWHUV�DV
D�IXQFWLRQ�RI�WKH
DEVRUSWLRQ
SUREDELOLW\�
+RUL]RQWDO�OLQHV�JLYH
VWDWLVWLFDO�XQFHUWDLQW\�
6KRUWHU�OLQHV�JLYH�WKH

UHVXOWV�RI�WKH
DV\PSWRWLF�PRGHO�
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1LNROD�3HWURYL`

0RQWH�&DUOR�6LPXODWLRQ�RI�3DUWLFOH�7UDQVSRUW�LQ�DQ
$EVRUELQJ�0HGLXP

0RQWH�&DUOR�VLPXODWLRQ�RI�WKH�WUDQVSRUW�RI�SDUWLFOHV�LQ�GLIIHUHQW�PH �
GLXPV�KDV�EHFRPH�D�SRZHUIXO�WHFKQLTXH�ZKLFK�LV�XVHG�YHU\�PXFK�LQ�VFL �
HQFH��,Q�WKLV�SDSHU�ZH�SUHVHQW�RXU�UHVXOWV�REWDLQHG�LQ�WKH�VLPXODWLRQ�RI
WUDQVSRUW�RI�SDUWLFOHV�LQ�DQ�DEVRUELQJ�PHGLXP��7KH�SXUSRVH�RI�WKLV�SDSHU
ZDV�WR�PDNH�D�FRPSXWHU�VLPXODWLRQ�WKDW�ZRXOG�PHDVXUH�WKH�SUREDELOLW\�RI
D�SDUWLFOH�EHLQJ�DEVRUEHG�E\�WKH�PHGLXP��UHIOHFWHG�EDFN�RU�WUDQVPLWWHG
WKURXJK�WKH�PHGLXP��7KH�QH[W�VWHS�LQYROYHG�PHDVXULQJ�WKHVH�SUREDELOLWLHV
DV�D�IXQFWLRQ�RI�WKH�DEVRUSWLRQ�SUREDELOLW\�LQ�D�VLQJOH�FROOLVLRQ�DQG�WKH
WKLFNQHVV�RI�WKH�PHGLXP��IRU�D�ZLGH�UDQJH�RI�YDOXHV��VHH�)LJ�����DQG�ILQG �
LQJ�DQ�DFFHSWDEOH�PRGHO�WKDW�ZRXOG�DFFXUDWHO\�GHVFULEH�WKLV�GHSHQGHQFH
�(T�����������,Q�RUGHU�WR�FKHFN�WKH�YDOLGLW\�RI�WKLV�PRGHO�ZH�FDOFXODWHG
PDWKHPDWLFDOO\��(TXDWLRQV����WKH�YDOXHV�RI�WKH�SDUDPHWHUV�IRU�WKH�H[WUHPH
YDOXHV�RI�D��)LJ������,W�WXUQHG�RXW�WKDW�WUDQVPLVVLRQ�DQG�UHIOHFWLRQ�UHVHPEOH
H[SRQHQWLDO�GHFD\�DQG�JURZWK�DQG�WKDW�WKH�PDWKHPDWLFDO�FDOFXODWLRQV�ZHUH
LQ�ILQH�DJUHHPHQW�ZLWK�WKH�REWDLQHG�UHVXOWV��7KLV�VLPXODWLRQ�PD\�EH�VXF �
FHVVIXOO\�DSSOLHG�WR�D�QXPEHU�RI�SURFHVVHV�RFFXUULQJ�LQ�QDWXUH�
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