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SULPHUX�IL]LaNRJ�NODWQD�VDaLQMHQRJ�RG�PHWDOQH�^LSND�]DQHPDUOMLYH�PDVH�QD�aLMHP

MH�MHGQRP�NUDMX�ELOD�NXJOLFD�PDVH�P��GRN�MH�GUXJL�NUDM�VLQXVRLGDOQR�RVFLORYDR�X

QHNRP�SUDYFX�KRUL]RQWDOQH�UDYQL��7DNR_H��L]YU^HQD�MH�L�SURFHQD�YUHGQRVWL�)DMJHQ�

EDXPRYH�NRQVWDQWH�

8YRG

3URXaDYDQMH�GHWHUPLQLVWLaNRJ�KDRVD�L�IL]LND�KDRVD�XRS^WH�VSDGDMX�X
QRYH�JUDQH�IL]LNH��7R�MH�]DWR�^WR�VH�KDRV�MDYOMD�MHGLQR�NRG�QHOLQHUDQLK�GL�
QDPLaNLK�VLVWHPD��aLMH�MH�GHWDOMQLMH�SURXaDYDQMH�WHN�RGVNRUD�SRVWDOR
PRJX`H��1DLPH��SUH�SRMDYH�NRPSMXWHUD��QLNDNR�VH��LOL�EDUHP�YHRPD�WH^NR�
QLVX�PRJOL�UH^DYDWL�QHOLQHDUQH�GLIHUHQFLMDOQH�MHGQDaLQH��]DWR�^WR�WD�UH^HQMD
L�QH�SRVWRMH�X�DQDOLWLaNRP�REOLNX��WM��QH�PRJX�VH�QDSLVDWL�NDR�NRPSR]LFLMH
HOHPHQWDUQLK� IXQNFLMD� �VWHSHQH�� ORJDULWDPVNH�� HNVSRQHQFLMDOQH�
WULJRQRPHWULMVNH…���=ERJ�WRJD�VX�IL]LaDUL�L�SRNX^DYDOL�GD�VYRMH�WHRULMH
JUDGH�QD�OLQHDUQLP�GLIHUHQFLMDOQLP�MHGQDaLQDPD�L��QD�VUH`X��RQH�VX
XJODYQRP�GDYDOH�GREUH�UH]XOWDWH��QDMXVSH^QLMH�WHRULMH��NDR�HOHNWURGLQDPLND
LOL�NYDQWQD�IL]LND��ED]LUDQH�VX�QD�OLQHDUQLP�GLIHUHQFLMDOQLP�MHGQDaLQDPD��
1R��L�SRUHG�WRJD�SRVWRMDOH�VX�PQRJH�VWDULMH�WHRULMH�EOLCH�VYDNRGQHYQRP
CLYRWX��SRSXW�GLQDPLNH�IOXLGD��NRMH�VX�ELOH�PQRJR�PDQMH�XVSH^QH��SUYHQ�
VWYHQR�]ERJ�WRJD�^WR�VX�ED]LUDQH�QD�QHOLQHDUQRM�GLQDPLFL�

3RMDYRP�NRPSMXWHUD�PQRJR�WRJD�VH�SURPHQLOR��SR^WR�MH�SRVWDOR
PRJX`H�GD�VH�VD�]DGRYROMDYDMX`RP�WDaQR^`X�QXPHULaNL�UH^DYDMX�L�QHOLQ�
HUQH�GLIHUHQFLMDOQH�MHGQDaLQH��0H_XWLP��ED^�]DWR�^WR�MH�SULQFLS�UH^DYDQMD
WLK�MHGQDaLQD�QXPHULaNL��WM��PDQMH�WDaDQ�RG�DQDOLWLaNRJ��aHVWR�VH�XPHVWR
RGUH_LYDQMD�NYDQWLWDWLYQLK�UH^HQMD��YL^H�UD]PDWUDMX�NYDOLWDWLYQL�DVSHNWL
UH^HQMD���VWDELOQRVW�UH^HQMD��SRMDYD�ELIXUNDFLMD�UH^HQMD����-HGDQ�RG�QDMLQWHUH�
VDQWQLMLK�IHQRPHQD�QHOLQHDUQLK�VLVWHPD�MH�PRJX`QRVW�SRMDYH�GHWHUPLQLVWL�
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aNRJ�KDRVD��7R�]QDaL�GD�NUHWDQMH�VLVWHPD�RSLVXMH�YHRPD�NRPSOLNRYDQD�QHSH�
ULRGLaQD�IXQNFLMD�YUHPHQD��NRMD�VH��VYDNDNR��QH�PRCH�DQDOLWLaNL�L]UD]LWL��

6DP�WHUPLQ���GHWHUPLQLVWLaNL�KDRV±±�PRCH�GHORYDWL�YHRPD�]EXQMXMX`H
QD�SUYL�SRJOHG��+DRWLaQR�SRQD^DQMH��LQWXLWLYQR��MHVWH�QHSUHGYLGLYR�L�QD
VOXaDMQRVWLPD�ED]LUDQR�SRQD^DQMH����'HWHUPLQLVWLaNL±±�MH��SDN��VDPD�VXSURW�
QRVW�WRPH�¬�DNR�VX�SR]QDWL�SRaHWQL�XVORYL�L�MHGQDaLQH�NRMH�RSLVXMX�NUHWDQMH
VLVWHPD��RQGD�MH�VWDQMH�VLVWHPD�X�ELOR�NRP�WUHQXWNX�MHGQR]QDaQR�RGUH_HQR�
3D�NDNR�QH^WR�PRCH�ELWL�L�KDRWLaQR�L�RGUH_HQR�LVWRYUHPHQR"�2GJRYRU�QD
WR�GDMH�MHGQD�RG�IXQGDPHQWDOQLK�RVRELQD�GHWHUPLQLVWLaNRJ�KDRVD�¬�YHOLND
RVHWOMLYRVW�QD�SRaHWQH�XVORYH��7R�]QDaL�GD�DNR�QHND�GYD�VLVWHPD�YU^H
KDRWLaQR�NUHWDQMH�NRMH�RSLVXMX�LVWH�MHGQDaLQH�L�DNR�VH�QMLKRYL�SRaHWQL
SRORCDML�X�ID]QRP�SURVWRUX�UD]OLNXMX�SURL]YROMQR�PDOR��WD�UD]OLND�̀ H��QDNRQ
^WR�SUHSXVWLPR�VLVWHP�VDPRP�VHEL��HNVSRQHQFLMDOQR�UDVWL��GD�EL�NDVQLMH��X]
XVORY�GD�MH�ID]QL�SURVWRU�RJUDQLaHQ��PRJOD�LPDWL�ELOR�NRMX�YUHGQRVW�NRMX
YHOLaLQD�ID]QRJ�SURVWRUD�GRSX^WD��2WXGD�L�QHSUHGYLGOMLYRVW�SRQD^DQMD
KDRWLaQLK�VLVWHPD��SRaHWQL�SRORCDM�PRJX`H�MH�]QDWL�VDPR�GR�QD�QHNX
WDaQRVW�¬�X�NUDMQMRM�OLQLML�RQX�WDaQRVW�NRMX�GRSX^WD�+DM]HQEHUJRY�SULQFLS
QHRGUH_HQRVWL�¬�L�VWRJD�RG�QHNRJ�WUHQXWND�GDOMQMH�NUHWDQMH�WRJ�VLVWHPD
SRVWDMH�YHRPD�QHSUHGYLGLYR��LDNR�MH�]DVQRYDQR�QD�GHWHUPLQLVWLaNLP�]DN�
RQLPD��=ERJ�WRJD�GROD]L�L�GR�SR]QDWRJ�HIHNWD�OHSWLUD����GRYROMQR�MH�GD�OHS�
WLU�X�(YURSL�]DOHSU^D�VYRMLP�NULOLPD�L�GD�WR�NUR]�WUL�GDQD�L]D]RYH�WRUQDGR
X�6HYHUQRM�$PHULFL±±�

7DNR_H��GR�KDRWLaQRJ�NUHWDQMD�QH�GROD]L�VDPR�X�VLVWHPLPD�RG�UHGD
YHOLaLQH������PROHNXOD��SD�GD�VX�QHRSKRGQH�VWDWLVWLaNH�PHWRGH�RSLVLYDQMD�
LOL�NRG�VLVWHPD�VD�^XPRP��1DSURWLY��GR�KDRVD�GROD]L�L�NRG�NUDMQMH�MHG�
QRVWDYQLK�PHKDQLaNLK�VLVWHPD�VD�VDPR�MHGQLP�VWHSHQRP�VORERGH��8RVWD�
ORP��L�FLOM�RYRJ�SURMHNWD�MH�LOXVWURYDQMH�QHNLK�RVRELQD�KDRVD�QD�SULPHUX
RELaQRJ�IL]LaNRJ�NODWQD��NRMH�VH�VDVWRML�RG�^LSNH�]DQHPDUOMLYH�PDVH�QD
aLMHP�NUDMX�MH�PDOD�NXJOD�PDVH�P��aLMD�WDaND�YH^DQMD�VLQXVRLGDOQR�RVFLOXMH

X�MHGQRP�SUDYFX�KRUL]RQWDOQH�UDYQL�SR�MHGQDaLQL�[�=�$�VLQ�ωW�

-HGQDaLQH�NUHWDQMD

3R^WR�GR�GHWHUPLQLVWLaNRJ�KDRVD��NDR�^WR�MH�YH`�UHaHQR��GROD]L�VDPR
NRG�QHOLQHDUQLK�VLVWHPD��XPHVWR�NODVLaQLK�OLQHDUL]RYDQLK�MHGQDaLQD�NUH�
WDQMD��RYGH�`HPR�DQDOL]LUDWL�NUHWDQMH�NODWQD�aLML�XJDR�RWNORQD�QH�PRUD�ELWL

PDOL�L�VDPLP�WLP�QH`HPR�NRULVWLWL�DSURNVLPDFLMH�WLSD�VLQ�ϕ�≈�ϕ��$NR�SRV�
PDWUDPR�NODWQR�L]�QHLQHUFLMDOQRJ�VLVWHPD�YH]DQRJ�]D�WDaNX�YH^DQMD�NODWQD�

QD�NODWQR�GHOXMH�LQHUFLMDOQD�VLOD�)L�=�P$ω��VLQ�ωW��JGH�MH�$�DPSOLWXGD
WDaNH�YH^DQMD�NODWQD��ω�NUXCQD�IUHNYHQFLMD�RVFLORYDQMD��D�P�PDVD�NODWQD�
7D�VLOD�X�RGQRVX�QD�WDaNX�YH^DQMD�LPD�PRPHQW�0L�=�PO$�ω

��VLQ�ωW��SUL
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aHPX�MH�O��GXCLQD�NODWQD��7DNR_H�QD�NODWQR�GHOXMH�L�VLOD�SULJX^HQMD��NDR�L
JUDYLWDFLRQD�VLOD��1DNRQ�VUH_LYDQMD��MHGQDaLQD�NUHWDQMD�L]JOHGD�RYDNR�
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SUL�aHPX�MH�γ��NRHILFLMHQW�SULJX^HQMD�

0HWRG�UDGD

8�SURJUDPVNRP�RNUXCHQMX�'HOSKL�����QDSLVDQD�MH�VLPXODFLMD�NUHWDQMD
NODWQD�SR�YH`�QDYHGHQRM�MHGQDaLQL�NUHWDQMD��3RORCDM�NODWQD�UDaXQDW�MH
NRUL^`HQMHP�5XQJH�.XWRYH�PHWRGH�aHWYUWRJ�UHGD��SUL�aHPX�MH�MHGLQLaQL
NRUDN�LPDR�YUHGQRVW�RG���¬���7DNR_H��QDSLVDQ�SURJUDP�RPRJX`DYDR�MH
YL]XHOQR�SUD`HQMH�SRORCDMD�NODWQD��RVFLORVNRSVNL�SULND]�]DYLVQRVWL�XJOD�LOL
XJDRQH�EU]LQH�RG�YUHPHQD��FUWDQMH�SRORCDMD�NODWQD�X�ID]QRP�SURVWRUX��NDR
L�PHQMDQMH��X�ELOR�NRP�WUHQXWNX��QHNRJ�RG�SDUDPHWDUD�NRML�RGUH_XMX
SRORCDM�NODWQD�L�QMHJRYR�NUHWDQMH��XJDR��XJDRQD�EU]LQD��DPSOLWXGD��IUHNYHQ�
FLMD�L�ID]D�SREXGH…���

9U^HQH�VX�VLPXODFLMH�]D�UD]OLaLWH�YUHGQRVWL�XOD]QRJ�SDUDPHWDUD�$��GRN
VH�RVWDOL�SDUDPHWUL�QLVX�PHQMDOL��8�VLPXODFLMDPD�aLML�`H�VH�UH]XOWDWL�DQDOL]�
LUDWL�X�RYRP�UDGX�ELOL�VX�ILNVLUDQL�VOHGH`L�SDUDPHWUL�

�GXCLQD�NODWQD��O� ���P

�NUXCQD�IUHNYHQFLMD�RVFLORYDQMD��ω�=��π⋅����+]�≈������V¬�

�NRHILFLMHQW�SULJX^HQMD��γ� ���V¬�

5H]XOWDWL

1HKDRWLaQL�UHCLP�NUHWDQMD

,DNR�MH�QHNL�GLQDPLaNL�VLVWHP�QHOLQHDUDQ��WR�QH�]QDaL�GD�VH�RQ�XYHN
SRQD^D�KDRWLaQR��+DRWLaQR�NUHWDQMH�SRaLQMH��DNR�XRS^WH�SRaLQMH��SR^WR�SRV�
WRMH�L�QHNL�QHOLQHUDQL�GLQDPLaNL�VLVWHPL�NRML�QLNDGD�QH�SUHOD]H�X�KDRV��WHN
NDGD�SDUDPHWUL�NRML�RGUH_XMX�WR�NUHWDQMH�SUH_X�QHNX�NULWLaQX�YUHGQRVW��8
VOXaDMX�RYRJ�HNVSHULPHQWD��SR^WR�VX�RVWDOL�SDUDPHWUL�ILNVQL��GR�KDRWLaQRJ
NUHWDQMD�GROD]L�WHN�NDGD�$�SUH_H�NULWLaQX�YUHGQRVW�RG�$.��GDOMH�̀ HPR�YLGHWL

NRMD�MH�WR�YUHGQRVW���GRN�MH�NUHWDQMH�]D�PDQMH�YUHGQRVWL�$�SHULRGLaQR�VD

YL^H�SHULRGD��3RQD^DQMH�VLVWHPD�SUL�$�<�$.�L�SUL�$�!�$.�VH�YHRPD�UD]OL�
NXMX��3UYR�`HPR�DQDOL]LUDWL�^WD�VH�GH^DYD�DNR�$�MR^�XYHN�QLMH�SUH^OR
NULWLaQX�YUHGQRVW�

=D�UHODWLYQR�PDOH�YUHGQRVWL�SDUDPHWUD�$��DPSOLWXGD�RVFLORYDQMD�NODWQD
MH�GRYROMQR�PDOD��WDNR�GD�VH�NODWQR�SRQD^D�X�VNODGX�VD�OLQHDUL]RYDQLP
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MHGQDaLQDPD�NUHWDQMD�X�RNROLQL�WDaNH�ϕ�=����WM��VOLaQR�RQRPH�NDNR�VH�XaL
X�^NROL��1DNRQ�SRaHWQRJ�SHULRGD�UHODNVDFLMH��NODWQR�RVFLOXMH�RNR�WDaNH

ϕ�=���VD�IUHNYHQFLMRP�NRMD�MH�MHGQDND�IUHNYHQFLML�RVFLORYDQMD�WDaNH
YH^DQMD��8�ID]QRP�SURVWRUX��NUHWDQMH�NODWQD�RSLVXMH�HOLSVX��NDR�^WR�VH
PRCH�YLGHWL�QD�VOLFL���

6D�SRUDVWRP�SDUDPHWUD�$��UDVWH�L�DPSOLWXGD�RVFLORYDQMD�NODWQD��,QWHU�
HVDQWQD�VWYDU�VH�GH^DYD�NDGD�SDUDPHWDU�$�SUH_H�YUHGQRVW�RG�SULEOLCQR
������P��.ODWQR�L�GDOMH�RVFLOXMH�VDPR�VD�MHGQRP�SHULRGRP�V�WLPH�^WR�YL^H

QH�RVFLOXMH�RNR�WDaNH�ϕR�=����YH`�RNR�QHNH�GUXJH�WDaNH�ϕ′�� |ϕ′|�!���
6YDNDNR��]D�LVWR�$��]ERJ�VLPHWULMH��SRVWRMD`H�GYH�WDaNH�RNR�NRMLK�NODWQR

PRCH�RVFLORYDWL��ϕ′R�L�−ϕ′R��7DNR��QD�SULPHU��]D�$� �����P��NODWQR�PRCH
RVFLORYDWL�X�LQWHUYDOX�ϕ�∈�(−��������������)�L��]ERJ�VLPHWULaQRVWL�RYD�GYD
VOXaDMD��X�LQWHUYDOX�ϕ�∈�(−�������������)��8�ID]QRP�SURVWRUX�NUHWDQMH
NODWQD�YL^H�QH�RSLVXMH�HOLSVX��L�FHQWDU�WH�ILJXUH�NRMX�NODWQR�RSLVXMH�SRPHUHQ
MH�XOHYR�LOL�XGHVQR��X�]DYLVQRVWL�RG�WRJD�X�NRP�LQWHUYDOX�RVFLOXMH���1D�VOLFL
��YLGLPR�L]JOHG�ID]QRJ�SURVWRUD�]D�$� �����P�

'R�MR^�MHGQRJ�LQWHUHVDQWQRJ�IHQRPHQD�GROD]L�VD�GDOMLP�SRUDVWRP

YUHGQRVWL�SDUDPHWUD�$��1DLPH��]D�$�=�$��≈���������GROD]L�GR�ELIXUNDFLMH�
RGQRVQR�GR�XGYDMDQMD�SHULRGH��7DaNX��QD]RYLPR�WDaNRP�ELIXUNDFLMH�SUYRJ
UHGD��2G�WRJ�WUHQXWND��QDNRQ�UHODNVDFLMH��NODWQR�QH�YU^L�YL^H�SURVWR�SHUL�

6OLND���

,]JOHG�ID]QRJ
SURVWRUD�]D�PDOH
YUHGQRVWL�SDUDPHWUD�$

)LJXUH���

/RRN�RI�SKDVH�VSDFH
IRU�VPDOO�YDOXHV�RI
SDUDPHWHU�$�
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RGLaQR�RVFLORYDQMH��YH`�LPD�GYH�SHULRGH��1D�SULPHU��]D�$� ��������RQR�VH

SRPHUD�RG�XJOD�ϕ��≈��������GR�XJOD�ϕ��≈���������SD�RQGD�GR�XJOD�ϕ��≈
≈����������]DWLP�GR�XJOD�ϕ��≈���������L�RQGD�NRQDaQR�SRQRYR�GR�XJOD
ϕ���L�WDNR�X�NUXJ��8�ID]QRP�SURVWRUX�NODWQR�RSLVXMH�ILJXUX�SULND]DQX�QD

VOLFL����

6OLND���

,]JOHG�ID]QRJ
SURVWRUD�]D�$� �����P

)LJXUH���

/RRN�RI�SKDVH�VSDFH
IRU�$� �����P

6OLND���

,]JOHG�ID]QRJ
SURVWRUD�]D�
$� �������P��-DVQR
VH�YLGL�ELIXUNDFLMD�

)LJXUH���

/RRN�RI�SKDVH�VSDFH
IRU�$� �������P�
%LIXUFDWLRQ�FDQ�HDVLO\
EH�VHHQ�
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7DNR_H��DNR�QDVWDYLPR�GD�SRYH`DYDPR�SDUDPHWDU�$�]D�QHNX�YUHGQRVW
$��GR`L�`H�GR�VOHGH`H�ELIXUNDFLMH�L�RG�VYDNH�SHULRGH�GREL`HPR�GYH�QRYH�

WDNR�GD�`H�VLVWHP�YU^LWL�RVFLODFLMH�VD�aHWLUL�SHULRGH��SD�DNR�L�GDOMH�SRYH�
`DYDPR��VD�RVDP��X�QHNRM�WDaNL�$��������X�WDaNL�$��������X�WDaNL�$��…�VYH

GRN�$�QH�EXGH�YH`H�RG�$.��NDGD�VLVWHP�SUHOD]L�X�KDRV��=DQLPOMLY�MH�JUDILN

QD�VOLFL���NRML�SUHGVWDYOMD�]DYLVQRVW�YUHGQRVWL�GRQMLK�HNVWUHPD�XJOD�ϕ��QDM�
QLCH�WDaNH�GR�NRMLK�NODWQR�VWLCH�X�VYRMLP�SRMHGLQDaQLP�SHULRGDPD��RG�YUH�
GQRVWL�SDUDPHWUD�$��7DM�JUDILN�MH�GRELMHQ�WDNR�^WR�MH��]D�VWRWLQDN�UD]OLaLWLK
YUHGQRVWL�SDUDPHWUD�$��VLVWHP�SX^WHQ�GD�UHODNVLUD�RNR������V��]D�QHNH�YUH�
GQRVWL�L�PDQMH���GD�EL�]DWLP�QD�JUDILN�ELOH�QDQHWH�VYH�GRELMHQH�YUHGQRVWL

]D�GRQMH�HNVWUHPH�XJOD�ϕ�X�VOHGH`LK�QHNROLNR�GHVHWLQD�LOL�VWRWLQD�VHNXQGL�
X�]DYLVQRVWL�RG�SURFHQMHQRJ�EURMD�SHULRGD�]D�GDWL�SDUDPHWDU�$��

3ULPHWLPR�GD�VH�QD�SRaHWNX�JUDILND�MDVQR�YLGL�MHGQD�OLQLMD�NRMH�VH
NDVQLMH�XGYRVWUXaXMH��WDaND�$����GD�EL�VH�X�WDaNL�$��REH�OLQLMH�SRQRYR�XG�

YRVWUXaLOH�LWG���RYGH�VH�]ERJ�OR^H�UH]ROXFLMH�WR�VH�QH�YLGL�GREUR��DOL�DNR�EL
VH�RGJRYDUDMX`L�GHR�XYHOLaDR��QRYH�WDaNH�ELIXUNDFLMH�EL�VH�MDVQR�YLGHOH��
GD�EL�]D�QHNX�YUHGQRVW�$�SUHVWDOH�UD]OLNH�L]PH_X�OLQLMD�L�GRQML�HNVWUHPL�EL
X]LPDOL�UD]QH�YUHGQRVWL�EH]�SHULRGLaQRVWL�¬�WM��VLVWHP�MH�SUH^DR�X�KDRV�

,]UDaXQDYDQMH�)DMJHQEDXPRYH�NRQVWDQWH

'HILQL^LPR�VOHGH`H�YUHGQRVW�

GQ�=�$Q�+���−�$Q���L

6OLND���

*UDILN�]DYLVQRVWL
GRQMLK�HNVWUHPD�XJOD
ϕ�RG�SDUDPHWUD�$

)LJXUH���

*UDSK�RI�WKH
GHSHQGHQFH�RI�ORZHU
H[WUHPHV�RI�DQJOH�ϕ
RQ�SDUDPHWDU�$
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δQ�=�
GQ

GQ�+��

3R�WHRULML��YUHGQRVW
�

OLP

��
Q�→�∞�δQ��X�GDOMHP�WHNVWX�δ��MH�NRQVWDQWQD�]D�VNRUR

VYH�QHOLQHDUQH�VLVWHPH�NRML�PRJX�SUH`L�X�KDRV��L�]RYH�VH�)DMJHQEDXPRYD

NRQVWDQWD��1MHQD�YUHGQRVW�MH�δ�≈���������������%HOL`�������
1R��SR^WR�VX�YUHGQRVWL�NRMH�VH�GRELMDMX�QXPHULaNLP�SXWHP�VDPR�GH�

OLPLaQR�WDaQH�L�SR^WR�VH�NRPSMXWHUVNLP�UDaXQRP�PRCH�GRELWL�VDPR�GLVN�

UHWDQ��D�QH�NRQWLQXDODQ�JUDILN��YHRPD�MH�WH^NR�SURFHQLWL�NDGD�SRaLQMH�VWDQMH

VLVWHPD�VD����SHULRGH��D�NDPROL�GD�VH�L]UDaXQD�)DMJHQEDXPRYD�NRQVWDQWD�

-HGLQR�^WR�PRCH�GD�VH�XUDGL�MHVWH�GD�VH�YUHGQRVW�δ�RJUDQLaL�L�WR�VDPR
RGR]JR��(YR�NDNR�MH�WR�XUD_HQR�¬�GRELMHQH�VX�VOHGH`H�YUHGQRVWL��WDEHOD����

7DEHOD����9UHGRVWL�SDUDPHWUD�$�]D�SUYLK�SHW�ELIXUNDFLMD

5HG�ELIXUNDFLMH��Q� $Q ∆�$Q
� ������� ��������
� ������� ���������
� ������ ��������
� �������� ���������
� �������� ���������

0RCH�VH�SRURFHQLWL�GD�KDRV�SRaLQMH�]D�$� ����������±����������P
2VLP�VD�JUDILND�WD�VH�SURFHQD�PRCH�L]YU^LWL�QD�MR^�MHGDQ�QDaLQ��8�IDMORYH

VH�VQLPH�VYL�GRQML�HNVWUHPL�XJOD�ϕ��SRaHY^L�RG�W�� �����V��GD�EL�VH�]D�WR
YUHPH�VLVWHP�UHODNVLUDR���SD�VYH�GR�W��]D�UD]OLaLWH�YUHGQRVWL�SDUDPHWUD�$�

=DWLP�VH�PRCH�YLGHWL�GD�OL�VLVWHP�YU^L�SHULRGLaQR�NUHWDQMH��WDNR�^WR�VH�]D

YUHGQRVWL�EURMD�Q��Q�∈�

������…������


�L]YU^L�VOHGH`D�RSHUDFLMD��RG�SRVOH�

GQMLK��EURMHYD�VH�RGX]PH�RGJRYDUDMX`LK�SUHWSRVOHGQMLK�Q�EURMHYD��L�DSVR�

OXWQH�YUHGQRVWL�GRELMHQLK�YUHGQRVWL�VH�XVUHGQMH��1D]RYLPR�WDM�UH]XOWDW

5(Q)��3R^WR�MH�VLPXODFLMD�UD_HQD�QXPHULaNL��PRJOD�VX�VH�MDYLWL�PDOD�RGVWX�
SDQMD�RG�SUDYLK�YUHGQRVWL��7R�]QDaL�GD��LDNR�VLVWHP�YU^L��QD�SULPHU��NUH�

WDQMH�VD���SHULRGH��VYDNL�aHWYUWL�EURM�X�IDMOX�QH�PRUD�ELWL�LVWL��YH`�`H�VH

UD]OLNRYDWL�]D�QHNX�YUHGQRVW��WDNR�GD�RQR�Q��]D�NRMH�MH�QDMPDQMD�YUHGQRVW

5(Q)��QH�PRUD�ELWL�EURM�SHULRGD�X�WRP�NUHWDQMX��YH`�QHNL�QMHJRY�VDGUCDODF�
1R��SRVPDWUDQMHP�QD�YH`HP�EURMX�IDMORYD�JGH�MH�SHULRGLaQRVW�PDQMH�YL^H

HYLGHQWQD�� SULPH`HQR� MH� GD� YUHGQRVW� 5(Q)PLQ� VSDGD� X� LQWHUYDO

[��−������−�]��GRN�]D�$�=����������P��5(Q)PLQ�QDJOR�UDVWH��L�LPD�YUHGQRVW
UHGD�YHOLaLQH���¬��
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,]UDaXQDMPR�VDGD�SUYLK�QHNROLNR�YUHGQRVWL�]D�δQ��2aLJOHGQR�MH�GD�VD
SRUDVWRP�Q�� YUHGQRVW� ]D� δQ� RSDGD�� 8]� SUHWSRVWDYNX� GD� MH� QL]
�δQ��RSDGDMX`L��^WR�QH`HPR�GRND]LYDWL�RYGH���PRCHPR�GRND]DWL�GD�RQ�LPD
OLPHV��L�GD�WDM�OLPHV�QH�PRCH�ELWL�YH`L�RG������WR�GD�QL]�LPD�OLPHV��VOHGL
L]�SR]QDWH�WHRUHPH�GD�VYDNL�RGR]GR�RJUDQLaHQ�L�PRQRWRQR�RSDGDMX`L�QL]

LPD�OLPHV��D�VYDNR�δQ�PRUD�ELWL�YH`H�RG���MHU�X�VXSURWQRP�QLNDGD�QH�EL
SRaHR�KDRV���3ULPHWLPR�GD�KDRV�SRaLQMH�X�WDaNL�$.��]D�NRMX�PRUD�YDCLWL�

$.�=�$��+�∑�

L=�

∞

GL�=�$O�+�∑�

L=�

∞

GL�

8]�SUHWSRVWDYNX�GD�MH�QL]��δQ��RSDGDMX`L�RaLJOHGQR�MH�GD�

GL+��=�
GL

δL
�<�GL

δ
�

2GDWOH��SDN��VOHGL�GD�MH�∑�

L=�

∞

GL PDQMD�RG�VXPH�JHRPHWULMVNH�SUR�

JUHVLMH�aLML�MH�SUYL�aODQ�GL��D�NRUDN���δ��6DGD�LPDPR�

$.�=�$O�+�∑�

L=�

∞

GL�<�$O�+�
GL

��−��⁄δ
��

3RVOH�VUH_LYDQMD�GRELMDPR�

δ�<�δPD[�=�
$.�−�DO

$.�−�$O�−�GO
�=� $.�−�DO

$.�−�$O�+��
�

8]LPDMX^`L�]D�O�YUHGQRVWL�L]�VNXSD�Q�∈�

����������



��]DPHQRP�YUHG�

QRVWL�GUXJLK�YHOLaLQD�L�L]UDaXQDYDQMHP�JUH^NH�NRQDaQR�LPDPR�

O� δPD[
�� �����±�����
�� �����±�����
�� ����±����
�� ����±����

1D� CDORVW�� RYRP�PHWRGRP� QHPRJX`H� MH� RJUDQLaLWL�δ�RGR]GR�
0H_XWLP��aDN�L�L]�VDPR�RYH�aHWLUL�YUHGQRVWL�RJUDQLaHQMD�RaLJOHGQR�MH�GD
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VD�SRUDVWRP�O�YUHGQRVWL�δ�WHCL�ND�QHNRM�YUHGQRVWL�X�LQWHUYDOX�[��������]�
7UHED�SULPHWLWL�GD�VH�RYDM�UH]XOWDW�VODCH�VD�SUDYRP�YUHGQR^`X�)DMJHQEDX�
PRYH�NRQVWDQWH��%HOL`�������

+DRWLaQL�UHCLP�NUHWDQMD

'R�VDGD�VPR�SRND]LYDOL�VDPR�RVRELQH�VLVWHPD�]D�$�<�$.��6DGD�̀ HPR
YLGHWL�^WD�VH�GH^DYD�NDGD�VLVWHP�SRaQH�KDRWLaQR�GD�VH�SRQD^D��5DGL�LOXV�
WUDFLMH�RVHWOMLYRVWL�KDRWLaQLK�VLVWHPD�QD�SRaHWQH�XVORYH��QD�VOLFL���VX�SUL�
ND]DQH�]DYLVQRVWL�XJOD�RWNORQD��RG�YHUWLNDOH��GYD�UD]OLaLWD�NODWQD�RG
YUHPHQD��2ED�NODWQD�LPDOH�VX�LVWH�SRaHWQH�SDUDPHWUH��$� ��������V�WLP�^WR
MH�SUYR�NODWQR��aLMD�MH�WUDMHNWRULMD�QD�JUDILNX�LVFUWDQD�SXQRP�OLQLMRP�LPDOR

SRaHWQL�XJDR�ϕ�(�)� ���GRN�MH�GUXJR�NODWQR��LVSUHNLGDQD�OLQLMD��LPDOR
ϕ�(�)� �����������

,�SRUHG�WRJD�^WR�MH�UD]OLND�L]QRVLOD�VDPR�∆�ϕ� ���¬���WD�UD]OLND�MH
YHRPD�EU]R�UDVOD��GD�EL�YH`�RNR�W�=����V�NUHWDQMD�NODWQD�SRVWDOD�VDVYLP
UD]OLaLWD��7R�VH�OHSR�YLGL�QD�VOLFL���NRML�SULND]XMH�]DYLVQRVW�∆�ϕ�RG�W��

8�SRaHWNX�UD]OLND�UDVWH�HNVSRQHQFLMDOQRP�EU]LQRP��GD�EL�NDVQLMH�X]�
LPDOD�VDVYLP�VOXaDMQH�YUHGQRVWL��1DJOL�SDGRYL�QD�JUDILNX�SRVOHGLFD�VX�PL�
PRLODCHQMD�RYD�GYD�NODWQD��%ROMX�LOXVWUDFLMX�UDVWD�UD]OLNH�VWDQMD�GYD�NODWQD
GRELMDPR�DNR�SRVPDWUDPR�]DYLVQRVW�YUHGQRVWL�ORJDULWPD�QMLKRYH�XGDOMHQRVW

6OLND���

*UDILN�]DYLVQRVWL
XJOD�RWNORQD�GYD
UD]OLaLWD�NODWQD��aLML
VH�SRaHWQL�SRORCDML
PDOR�UD]OLNXMX��RG
YUHPHQD��6LVWHP�MH�X
KDRWLaQRP�UHCLPX�

)LJXUH���

*UDSK�RI�GHSHQGHQFH
RI�YDOXHV�RI�DQJOHV�RI
WZR�GLIIHUHQW
SHQGXOXPV�ZKLFK
VWDUWLQJ�SRVLWLRQV
GLIIHU�IRU�D�VPDOO
YDOXH��6\VWHP�LV�LQ
FKDRWLFDO�UHJLPH��
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X�ID]QRP�SURVWRUX��SR^WR�MH�WUHQXWQR�VWDQMH�RGUH_HQR�L�VD�Gϕ���GW��RG�YUH�
PHQD��NDR�^WR�MH�SULND]DQR�QD�VOLFL����1D�QMHPX�VX�QDJOL�SDGRYL�YUHGQRVWL
IXQNLFMH�PQRJR�VODELMH�L]UDCHQL��D�WDNR_H�MH�L�XRaOMLYLMD�HNVSRQHQFLMDOQD
SULURGD�UDVWD�WH�UD]OLNH��

6OLND���

*UDILN�]DYLVQRVWL
UD]OLNH�XJORYD
RWNORQD�GYD�NODWQD�RG
YUHPHQD

6OLND���

*UDSK�RI�GHSHQGHQFH
RI�GLIIHUHQFH�RI
DQJOHV�RI�WZR
SHQGXOXPV�RQ�WLPH

6OLND���

*UDILN�]DYLVQRVWL
ORJDULWPD�XGDOMHQRVWL
GYD�NODWQD�X�ID]QRP
SURVWRUX�RG�YUHPHQD�

)LJXUH���

*UDSK�RI�GHSHQGHFH
RI�ORJDULWKDP�RI
GLVWDQFH�RI�WZR
SHQGXOXPV�LQ�SKDVH
VSDFH�RQ�WXPH�
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3RND]XMH�VH�GD�MH�WD�UD]OLND�VUD]PHUQD�VD�H[S(λ�W)��SUL�aHPX�MH�λ
/MDSXQRYOMHY�HNVSRQHQW��RYR�QLMH�HJ]DNWQD�GHILQLFLMD�/MDSXQRYOMHYRJ�HN�
VSRQHQWD��YH`�MHGQD�QMHJRYD�RVRELQD��PH_XWLP��WD�RVRELQD�VOHGL�GLUHNWQR
L]�GHILQLFLMH�/MDSXYOMHYRJ�HNVSRQHQWD��NRMD�MH�PQRJR�NRPSOLNRYDQLMD��D
QHPD�MH�QL�SRWUHEH�RYGH�L]QRVLWL���)DNWLaNL��/MDSXQRYOMHY�HNVSRQHQW�MH
PHUD�KDRWLaQRVWL�VLVWHPD��^WR�MH�YH`L��VLVWHP�MH�KDRWLaQLML���WM��EU]LQH�NRMRP
VH�JXEL�SUHGYLGOMLYRVW�VLVWHPD��7DNR_H��/MDSXQRYOMHY�HNVSRQHQW�]D�QHNL
VLVWHP�PRCH�ELWL�L�QHJDWLYDQ�¬�WR�]QDaL�GD�`H�VH�L�WUDMHNWRULMH�NRMH�VX�QD
SRaHWNX�ELOH�PH_XVREQR�XGDOMHQH�X�ID]QRP�SURVWRUX��YUHPHQRP�GR`L�MHGQD
EOL]X�GUXJH��7R�VH��XRVWDORP��GH^DYD�L�VD�QD^LP�NODWQRP�NDGD�MH�SDUDPHWDU
GRYOMQR�PDOL�¬�EH]�RE]LUD�QD�SRaHWQH�XVORYH��SRVOH�QHNRJ�YUHPHQD�UHODN�
VDFLMH�NODWQR�`H�RVFLORYDWL�QD�LVWL�QDaLQ�

2YGH�YDOMD�SULPHWLWL�MR^�MHGQX�LQWHUHVDQWX�VWYDU��=D�$� ���������X
]DYLVQRVWL�RG�SRaHWQLK�XVORYD��PRJX�VH�GRELWL�GYD�WLSD�NUHWDQMD�NRML�VH�QH
UD]OLNXMX�VDPR�SR�]QDNX��WM��XNXSQR�aHWLUL�WLSD�NUHWDQMD���7DNR��QD�SULPHU�

]D�ϕ�(�)� ����GRELMD�VH����DN�GRQMLK�HNVWUHPD�NRML�VH�QH�XNODSDMX�X�JUDILN
�����GRN�VH�]D�ϕ�(�)� ����GRELMDMX�ED^���GRQMD�HNVWUHPD�NRML�GREUR
RGJRYDUDMX�RVWDWNX�JUDILND��2YD�RVRELQD�QLMH�SULPH`HQD�VDPR�]D�$�  
��������YH`��^WR�MH�L�]D�RaHNLYDWL��L�]D�GUXJH�YUHGQRVWL�SDUDPHWUD�$��L�ELOR
EL�YL^H�QHJR�LQWHUHVDQWQR�LVWUDCLWL�WR�SRQD^DQMH�X�QHNRP�GUXJRP�SURMHNWX�

'REUX�LOXVWUDFLMX�KDRVD�GDMH�L�SULND]�WUDMHNWRULMH�NODWQD�X�ID]QRP
SURVWRUX��1D�VOLFL���VH�YLGL�WUDMHNWRULMD�NODWQD�SUL�$� �������SRVOH�QHNRJ

6OLND���

7UDMHNWRULMD�NODWQD�
NRMH�MH�X�KDRWLaQRP
UHCLPX��X�ID]QRP
SURVWRUX��

)LJXUH���

7UDMHFWRU\�RI
SHQGXOXP�LQ�SKDVH
VSDFH��3HQGXOXP�LV
LQ�FKDRWLF�UHJLPH�
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SHULRGD�UHODNVDFLMH���=D�UD]OLNX�RG�SXWDQMH�NODWQD�X�ID]QRP�SURVWRUX�SUL
SHULRGLaQRP�NUHWDQMX��NRMH�VH�VDVWRML�RG�QHNROLNR�]DWYRUHQLK�NULYLK��X�]DY�
LVQRVWL�RG�EURMD�SHULRGD���X�VOXaDMX�KDRWLaQRJ�NUHWDQMD��NODWQR�RSLVXMH
PQRJR�NRPSOHNVQLMH�ILJXUH��

8RS^WH��L]JOHGD�NDR�GD�SUL�KDRWLaQRP�NUHWDQMX�QH�SRVWRML�QLNDNYD�SUH�
GYLGOMLYRVW�L�QHND�RS^WD�]DNRQLVWRVW��EH]�RE]LUD�QD�SRaHWQH�XVORYH��0H_X�
WLP��QLMH�WDNR��$NR�EHOHCLPR�X�ID]QRP�SURVWRUX�VDPR�RQH�SRORCDMH�NODWQD
NDGD�MH�ID]D�SREXGH�MHGQDND����GREL`HPR�LQWHUHVDQWQX�VOLNX��NRMD�VH�YLGL
QD�VOLFL���

'RELMHQD�VOLND�]RYH�VH�3RHQNDUHRY�SUHVHN��0H_XWLP�SUDYD�GHILQLFLMD
3RQHNDUHRYRJ�SUHVHND�MH�PQRJR�NRPSOLNRYDQLMD�L�VOXaDMQR�X�QD^HP

VOXaDMX�L]JOHGD�NDR�VWURERVNRSVNR�SRVPDWUDQMH�VD�SHULRGRP�τ�=��N�π
ω

��,Q�

WHUHVDQWQD�RVRELQD�3RHQNDUHRYRJ�SUHVHND�MH�GD�RQ�YHRPD�VOLaQR�L]JOHGD
EH]�RE]LUD�QD�SRaHWH�XVORYH��8�VWYDUL��NDGD�ELVPR�PRJOL�GD�SXVWLPR�NODWQR
GD�VH�NUH`H�EHVNRQDaQR�GXJR�YUHPHQD��3RHQNDUHRYL�SUHVHFL�]D�UD]OLaLWH
SRaHWQH�XVORYH�ELOL�EL�LVWL��%HOL`��������

3UL�QHKDRWLaQRP�NUHWDQMX�QD�3RHQNDUHRYRP�SUHVHNX�VH�YLGL�VDPR
NRQDaDQ�EURM�WDaDND��SUHFL]QLMH��RQROLNR�WDaDND�NROLNR�LPD�SHULRGD�WR�NUH�
WDQMH��0H_XWLP��SRND]XMH�VH�GD�VH�X�UHCLPX�KDRVD�QD�QMHPX�SRMDYOMXMH
EHVNRQDaQR�PQRJR�WDaDND�L�ILJXUD�NRMD�VH�GRELMD�LPD�REOLN�IUDNWDOD��)UDN�
WDOL�VX�JHRPHWULMVNL�REOLFL�NRML�QHPDMX�FHR�EURM�GLPHQ]LMD��6YDNDNR��RQL
LPDMX�YHOLNL�EURM�LQWHUHVDQWQLK�RVRELQD��DOL�QMLKRYR�L]XaDYDQMH�QLMH�WHPD
RYRJ�UDGD�

6OLND���

,]JOHG�3RHQNDUHRYRJ
SUHVHND�]D�
$� ������P�

)LJXUH���

/RRN�RI�3RHQFDUH
VHFWLRQ�IRU�
$� ������P�
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8RS^WH��X�KDRWLaQRP�UHCLPX�NUHWDQMD�SRVWRML�NRQDaQR�PQRJR�S�SHUL�
RGLaQLK�SUR]RUD��S� ����������…�X�NRMLPD�VH�WDNR_H�GH^DYDMX�JUDQDQMD�VD

XGYRVWUXaHQMHP�EURMD�SHULRGD��S���S����S��…�L�VD�LVWRP�YUHGQRVWL�NRQVWDQWH

δ��0RJX`D�VX�L�SUR]RUL�X�NRMLPD�VH�MDYOMDMX�XWURVWUXaHQMD�EURMD�SHULRGD

S⋅�Q��XaHWYRURVWUXaHQMD�S⋅�Q��XSHWRVWUXaHQMD�S⋅�Q�LWG��DOL�VX�PQRJR�PDQMH
^LULQH�RG�RVQRYQH�VHULMH�SUR]RUD��,�]D�RYH�SUR]RUH�SRVWRML�)DMJHQEDXPRYD

NRQVWDQWD��DOL�RQD�X�RYRP�VOXaDMX�LPD�YUHGQRVW�δ′�=���������%HOL`�������
2YH�SRVOHGQMH�WYUGQMH�MH�YHRPD�WH^NR�QXPHULaNL�SULND]DWL�L�SRWUHEDQ�MH
PQRJR�VQDCQLML�NRPSMXWHU�GD�EL�VH�WR�LOXVWURYDOR��DNR�EL�VH�XRS^WH�L�WDGD
WR�PRJOR�XaLQLWL���

*UH^NH�VLPXODFLMH

*UH^NH�VLPXODFLMH�VX�SRVOHGLFD�WRJD�^WR�VX�VYD�L]UDaXQDYDQMD�X�VLPX�
ODFLML�QXPHULaND��WH�VDPLP�WLP�LPDMX�JUH^NX��2QH�VX�SURFHQMLYDQH�WDNR�^WR
MH�UD_HQD�VLPXODFLMD��SUL�aHPX�MH�QD�GLVN�]DSLVLYDQ�SRORCDM�NODWQD�QD�VYDNX
VWRWLQNX��VD�SRWSXQR�LVWLP�SRaHWQLP�SDUDPHWULPD�RVLP�^WR�MH�MHGLQLaQL

NRUDN�YDULUDR��X]LPDMX`L�YUHGQRVWL�∆�W�� ��⋅��¬���∆�W�� ���
¬��L�∆�W�� ���

¬��

=D�RQH�YUHGQRVWL�SDUDPHWUD�$�]D�NRMH�VLVWHP�L�GDOMH�YU^L�SHULRGLaQD�NUH�
WDQMD�]D�VYH�WUL�YUHGQRVWL�MHGLQLaQRJ�NRUDND�YUHGQRVWL�XJORYD�VX�L�SRVOH
YHRPD�SULEOLCQH�L�UD]OLND�MH�ELOD�UHGD�YHOLaLQH���¬���0H_XWLP�]D�RQH�YUHG�
QRVWL�SDUDPHWUD�$�]D�NRMH�GROD]L�GR�KDRWLaQRJ�NUHWDQMD��VLWXDFLMD�MH�ELOD
XPQRJRPH�GUXJDaLMD�¬�NUHWDQMD�NODWQD�VX�L]JOHGDOD�SRWSXQR�UD]OLaLWR
�SRaHY^L�RG�QHNRJ�WUHQXWND���1DLPH��SR^WR�MH�KDRWLaQR�NUHWDQMH�YHRPD
RVHWOMLYR�QD�SRaHWQH�XVORYH��D�QXPHULaNR�L]UDaXQDYDQMH�GDMH�VDPR
SULEOLCQR�WDaQD�UH^HQMD��YH`�SRVOH�SUYLK�����PLNURVHNXQGL��^WR�MH�IDNWLaNL

1=6�(∆�W���∆�W���∆�W�)���YUHGQRVWL�XJOD�RWNORQD�UD]OLNRYD`H�VH�PH_XVREQR�X
RYD�WUL�VOXaDMD��7D�UD]OLND�`H�HNVSRQHQFLMDOQR�UDVWL��aDN�L�GD�QHPD�GDOMQLK
QXPHULaNLK�JUH^DND�SUL�L]UDaXQDYDQMX��QMLKRYR�SRVWRMDQMH�MR^�YL^H�XEU]DYD
UDVW�UD]OLNH��L�XEU]R�WD�WUL�NUHWDQMD�XRS^WH�YL^H�QH`H�OLaLWL�MHGQR�QD�GUXJR�
=DWR�VX�X�RYRP�SURMHNWX�L�SURXaDYDQH�VDPR�NYDOLWDWLYQH��D�QH�L�NYDWQLWD�
WLYQH�RVRELQH�KDRWLaQRJ�NUHWDQMD�

>WD�GDOMH"

'DOHNR�RG�WRJD�GD�RYDM�SURMHNDW�WUHED�RYGH�GD�VH�]DYU^L��2VWDOR�MH
GRVWD�WRJD�^WR�MR^�PRCH�GD�VH�XUDGL�L�DQDOL]LUD��DOL��QD�CDORVW��]ERJ�QH�
GRVWDWND�UHVXUVD��SUH�VYHJD�YUHPHQD�L�NRPSMXWHUVNLK�SHUIRUPDQVL��WR�VH
VDGD�QLMH�PRJOR�XaLQLWL��7DNR�EL�VH��QD�SULPHU��PRJOD�L]UDaXQDWL�IUDNWDOQD
GLPHQ]LMD�3RHQNDUHRYRJ�SUHVHND�]D�UD]QH�YUHGQRVWL�SDUDPHWUD�$�L�PRCGD
QD`L�QHND�]DYLVQRW��=DQLPOMLYR�EL�ELOR�L�HNVSHULPHQWDOQR�L]UDaXQDWL�YUHV�
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QRVW�NRQVWDQWH�δ�X�RVQRYQLP�SUR]RULPD��NDR�L�SRNX^DWL�SURQD`L�SUR]RUH�]D
XWURVWUXaHQMHP�EURMD�SHULRGD��7DNR_H��YDOMDOR�EL�PQRJR�GXEOMH�LVWUDCLWL
]D^WR�VH�SUL�$� ��������MDYOMDMX�GYH�YUVWH�SHULRGLaQRVWL��NDR�L�GD�OL�VH
PRCGD�L�SUL�WRP��GUXJRP��WLSX�SHULRGLaQRVWL�MDYOMDMX�ELIXUNDFLMH��6YH�X
VYHPX��LDNR�MH�RYDM�SURMHNDW�UHODWLYQR�RS^LUDQ��RQ�]DLVWD�RWYDUD�SURVWRU�]D
PQRJD�GUXJD�LVWUDCLYDQMD�

/LWHUDWXUD
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KWWS���ZZZ�SK\VLN�XQLEDV�FK�∼HOPHU�SHQGXOXP�LQGH[�KWPO

6WHIDQ�6DORP

&KDRWLF�%HKDYLRU�RI�$�'ULYHQ�3HQGXOXP

7KH�DLP�RI�WKLV�SURMHFW�ZDV�WR�LOOXVWUDWH�VRPH�FKDUDFWHULVWLFV�RI�GH�
WHUPLQLVWLF�FKDRV�RQ�WKH�H[DPSOH�RI�D�GULYHQ�SHQGXOXP�¬�/\DSXQRY�H[SR�
QHQW��ELIXUFDWLRQV��VHQVLWLYLW\�RI�WKH�FKDRWLF�V\VWHP�RQ�WKH�LQLWLDO

FRQGLWLRQV…�$OVR��DQ�HVWLPDWLRQ�RI�)HLJHQEDXP±V�FRQVWDQW�δ�KDV�EHHQ
GRQH��DQG�WKH�UHVXOWV�DFKLHYHG�ZHUH�LQ�FRPSOLDQFH�ZLWK�WKHRUHWLFDO�H[SHF�
WDWLRQV��*UDSKV�R�ILJXUHV�������DQG���VKRZ�WKH�ORRN�RI�WKH�SKDVH�VSDFH�IRU
VRPH�GLIIHUHQW�GULYLQJ�SDUDPHWHUV�RI�V\VWHP��IRU�ZKLFK�LW�VWLOO�EHKDYHV
QRQ�FKDRWLFDO\��7KH�ELIXUFDWLRQV�RI�WKH�V\VWHP�FDQ�HDVLO\�EH�VHHQ�RQ�)LJ�
XUH����ZKLFK�VKRZV�WKH�GHSHQGHQFH�RI�WKH�ORZHU�H[WUHPHV�RI�SHQGXOXP
DQJOH�RQ�GULYLQJ�SDUDPHWHUV��6HQVLWLYLW\�RQ�WKH�LQLWLDO�FRQGLWLRQV�LV�VKRZQ
RQ�)LJXUH����ZKLOH�JUDSKV�RQ�ILJXUHV���DQG���LOOXVWUDWH�/\DSXQRY�H[SRQHQW�
)LJXUH���UHSUHVHQW�WKH�ORRN�RI�SKDVH�VSDFH��IRU�D�GULYLQJ�SDUDPHWHU��IRU
ZKLFK�V\VWHP�KDV�HQWHUHG�FKDRV��)LJXUH���VKRZ�WKH�3RHQFDUH�VHFWLRQ�RI
WKH�FKDRWLF�SHQGXOXP�EHKDYLRU��$QG��ILQDOO\��JUDSK�RQ�)LJXUH����VKRZV
WKH�HQODUJHG�SDUW�RI�JUDSK�RQ�)LJXUH����ZKHUH�D�QRQ�FKDRWLF�ZLQGRZ�LQ
FKDRWLF�QHLJKERXUKRRG�FDQ�EH�VHHQ�

����•��3(71,A.(�69(6.(��� '(2��,


