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/
LPSLDQWR� VSHULPHQWDOH� q�FRVWLWXLWR�GD�XQ�FDQDOH�SHU�PRWR�RQGRVR�ELGLPHQVLRQDOH�
FRQ OH�SDUHWL�GL�FULVWDOOR�H�IRQGR�GL�SOH[LJODVV��VRVWHQXWH�GD�XQD�VHULH�GL�WHODL�LQ�IHUUR�SRVWL�
DG�XQD�GLVWDQ]D�UHFLSURFD�GL�FLUFD����FP�� ,O�FDQDOH�q� ODUJR�����FP��DOWR�����FP�H� OXQJR�
FLUFD����P��6L�YHGD�OD�ILJ���������

/D VWUXWWXUD� q� VXIILFLHQWHPHQWH� UREXVWD� GD� OLPLWDUH� OH� GHIRUPD]LRQL� FRQVHJXHQWL� DO�
ULHPSLPHQWR�H�VYXRWDPHQWR�HQWUR�SRFKL�GHFLPL�GL�PLOOLPHWUR��

,O FDQDOH� q� GRWDWR� GL� XQD� VSLDJJLD� FRVWLWXLWD� GD� XQD� VDEELD� FRQ� JUDQXORPHWULD�
DEEDVWDQ]D�XQLIRUPH�FRQ�G�� �����PP��D�FXL�FRUULVSRQGH�XQD�YHORFLWj�GL�FDGXWD�GL�������
P�V�� /H� GLPHQVLRQL� JHRPHWULFKH� GHO�PRGHOOR� ULSURGXFRQR� OH� FRQGL]LRQL�PHWHRPDULQH� GHO�
0DU�$GULDWLFR� LQ� DQDORJLD� GL� )URXGH� FRQ� VFDOD� GHOOH� OXQJKH]]H�QRQ�GLVWRUWD� GL� ������1HO�
FDQDOH�VRQR�VWDWH�LQGLYLGXDWH�����VH]LRQL�SRVWH�DG�XQD�GLVWDQ]D�UHFLSURFD�GL����FP�FLUFD�XQD�
GDOO
DOWUD��/H�VH]LRQL�VRQR�VWDWH�QXPHUDWH�D�SDUWLUH�GDOOD�EHUPD�GL�ULYD�ILQR�DO�JHQHUDWRUH�GHO�
PRWR�RQGRVR��,O�IRQGR�GHO�FDQDOH�q�RUL]]RQWDOH�GDOOD�VH]LRQH������RYH�VL�JHQHUD�O
RQGD��ILQR�
DOOD�VH]LRQH�����GRYH�LQL]LD�OD�SHQGHQ]D���

3HU OD�UHDOL]]D]LRQH�GHO�PRWR�RQGRVR�VL�q�XWLOL]]DWD�XQD�YHQWROD�SLDQD�SRVWD�DG�XQD�
HVWUHPLWj�GHO� FDQDOH� HG�D]LRQDWD�PHGLDQWH�XQ�RSSRUWXQR�FLQHPDWLVPR�VWXGLDWR� LQ�PRGR�GD�
LPSULPHUH�XQ�PRYLPHQWR�GL�URWRWUDVOD]LRQH�FKH�PHJOLR�VLPXOL�LO�PRWR�RQGRVR�LQ�IRQGDOL�GL�
SURIRQGLWj�OLPLWDWD��

/H� QRUPDOL� SHUGLWH� GL� DFTXD� QHO� FDQDOH� YHQJRQR� DXWRPDWLFDPHQWH� FRPSHQVDWH� FRQ�
O
DSHUWXUD�GL�XQ
HOHWWURYDOYROD�FKH�LQWHUFHWWD�XQ�FRQGRWWR�FROOHJDWR�DOOD�UHWH�GHOO
DFTXHGRWWR�
XUEDQR�� /
HOHWWURYDOYROD� YLHQH� DSHUWD� R� FKLXVD� GD� XQ� VHJQDOH� HOHWWULFR� LQYLDWR� GD� XQ�
WUDVGXWWRUH�HOHWWURQLFR�GL�DOWH]]D�FRQQHVVR�D�XQ
DVWD�LGURPHWULFD��$O�ILQH�GL�SRWHU�ULOHYDUH�LO�
YDORUH� PHGLR� GHO� OLYHOOR� OLTXLGR� QHO� FDQDOH�� HG� HYLWDUH�� FRVu�� XQ� IXQ]LRQDPHQWR�
GHOO
HOHWWURYDOYROD� OHJDWR� DOOH� QRUPDOL� RVFLOOD]LRQL� GHO� SHOR� OLEHUR� LQ� SUHVHQ]D� GL� PRWR�
RQGRVR� O
DVWD� q� LPPHVVD� LQ� XQ� SLH]RPHWUR� FLOLQGULFR� FRPXQLFDQWH� FRQ� OD� YDVFD��&RPH� q�
QRWR�� TXDQGR� LO� GLDPHWUR� GHO� SLH]RPHWUR� q� JUDQGH� VL� UHDOL]]D� XQ� VLVWHPD� FKH� HOLPLQD� OH�
IOXWWXD]LRQL�GHO�SHOR�OLEHUR��

/H�PLVXUD]LRQL�GHO�SURILOR�GHOOD�VXSHUILFLH�OLEHUD�VRQR�VWDWH�HVHJXLWH�PHGLDQWH�O
XVR�
GL XQD�VRQGD�UHVLVWLYD�FROOHJDWD�DG�XQD�FHQWUDOLQD�GL�FRQWUROOR��,O�VLVWHPD�q�VFKHPDWL]]DWR�LQ
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ILJ� ��������/D�VRQGD�q�FRVWLWXLWD�GD�GXH�HOHWWURGL�LQ�DFFLDLR�LQRVVLGDELOH��GLVWDQ]LDWL�GL����
PP��FRQ�GLDPHWUR�GL���PP�H�XQD�OXQJKH]]D�GL����FP��

& RPH �
q Q R W R � L O �
S U L Q F L S L R � G L �
IXQ]LRQDPHQWR�
GL XQD� VRQGD�
G H O � W L S R �
GHVFULWWR�VL�EDVD�
VXOOD� YDULD]LRQH�
GHOOD� UHVLVWHQ]D�
WUD�JOL�HOHWWURGL��
LO YDORUH� GL� WDOH�
UHVLVWHQ]D� q�
LQYHUVDPHQWH�
SURSRU]LRQDOH�DOO
LPPHUVLRQH�GHJOL�HOHWWURGL�H�DOOD�FRQGXFLELOLWj�GHO�OLTXLGR��

(
 QRWR�FKH�XQR�GHL�SUREOHPL�GL�XQD�VRQGD�UHVLVWLYD�q�OD�QRQ�OLQHDULWj�GHOOD�ULVSRVWD�H�
OD GLSHQGHQ]D�GHOOD�PLVXUD�GDO�YDORUH�GL�FRQGX�

FLELOLWj�GHOO
DFTXD��8Q�VLVWHPD�GL�OLQHDUL]]D]LRQH�GHO�VHJQDOH�H�GL�FRPSHQVD]LRQH�GHO�
YDORUH�GL�FRQGXFLELOLWj�GHO�OLTXLGR�LQ�FXL�OD�VRQGD�YLHQH�XWLOL]]DWD�q�RWWHQXWR�DWWUDYHUVR�O
XVR�
GL XQ�FLUFXLWR�HOHWWURQLFR�GL�FRPSHQVD]LRQH�LQ�FXL�q�SUHVHQWH�XQ�SLFFROR�HOHWWURGR�ULOHYDWRUH�
GL FRQGXFLELOLWj��VL�YHGD�OR�VFKHPD�GL�ILJ�����������

/
DSSDUHFFKLDWXUD� FRQVHQWH� GL� VHOH]LRQDUH� TXDWWUR� VFDOH� GL� IXQ]LRQDPHQWR��
FDUDWWHUL]]DWL�GD�YDORUL�GL� IRQGR�FKH��HVSUHVVL� LQ�DOWH]]H�GHOOD� VXSHUILFLH�GHO�PRWR�RQGRVR��
VRQR ULVSHWWLYDPHQWH�GL�����������H����FP��/
HUURUH�GL�QRQ�OLQHDULWj�q�GHOOR������GHO�IRQGR�
VFDOD� VHOH]LRQDWR�� /R� VWUXPHQWR� ULFKLHGH� XQD� FRQGXFLELOLWj� GHO� OLTXLGR�� LQ� FXL� YLHQH�
XWLOL]]DWR�� QRQ� LQIHULRUH� D� �����P6�� FRQ� XQD� LQIOXHQ]D� VXOOD�PLVXUD� LQIHULRUH� DOO
��� SHU�
YDULD]LRQL�FRPSUHVH�WUD�����H���P6��

/D FHQWUDOLQD�GL�FRQWUROOR�q�FDUDWWHUL]]DWD�GD�XQ�VHJQDOH�DQDORJLFR�LQ�XVFLWD�GL�����
9'&��(VVD��LQROWUH��q�DOLPHQWDWD�GD�XQD�FRUUHQWH�DOWHUQDWD�GL�����9$&��������+]�H����9$��
/
LQWHUR�VLVWHPD�GL�PLVXUD�q�FDUDWWHUL]]DWR�GD�XQD�ULVSRVWD�LQ�IUHTXHQ]D�DFFHWWDELOH����

)LJ����������6FKHPD�HOHWWURQLFR�VHPSOLILFDWR�GHOOD�VRQGD�UHVLVWLYD� 
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/D WHPSHUDWXUD�QHO�FDQDOH�q�VWDWD�PLVXUDWD�FRQ�XQ� WHUPRPHWUR�GLJLWDOH� LQ�JUDGR�GL�
YDOXWDUH�LO�GHFLPR�GL�JUDGR�&HOVLXV���
�
����� 6LVWHPD�GL�JHQHUD]LRQH�GHO�PRWR�RQGRVR��

/D JHQHUD]LRQH�GHOOH�RQGH�q�UHDOL]]DWD�PHGLDQWH�XQD�YHQWROD�SLDQD�PHVVD�LQ�PRWR�GD�
XQ SLVWRQH��$�WDO�ULJXDUGR�VL�IDFFLD�ULIHULPHQWR�DOOD�ILJ�����������

/H DSSDUHFFKLDWXUH� SHU� OD� JHQHUD]LRQH� GHO�PRWR� RQGRVR� VRQR� FRVWLWXLWH�� QHOOH� ORUR�

)LJ����������6LVWHPD�GL�JHQHUD]LRQH�GHO�PRWR�RQGRVR��
SDUWL�HVVHQ]LDOL��GD�XQ�VLVWHPD�ROHRGLQDPLFR�FKH�GHWHUPLQD�JOL�VSRVWDPHQWL�GHO�SLVWRQH��H��
DWWUDYHUVR�L�FROOHJDPHQWL�PHFFDQLFL��TXHOOL�GHOOD�YHQWROD��/DPEHUWL�HW�DO����������,O�VLVWHPD�
FRPSUHQGH�XQD�FHQWUDOLQD�FKH�PHWWH� LQ�SUHVVLRQH� O
ROLR� �QRUPDOPHQWH�D�����EDU��� ,O�PRWR�
GHOO
ROLR�q�FRQWUROODWR�GD�XQD�HOHWWURYDOYROD�GL�WLSR�022*��FKH�OR�LQYLD�DOOH�GXH�HVWUHPLWj�
GHO�FLOLQGUR�JHQHUDQGR�OR�VSRVWDPHQWR�GHO�SLVWRQH��

/R VSRVWDPHQWR�GHO�FDVVHWWR�GL�GLVWULEX]LRQH�GHOOD�HOHWWURYDOYROD�q�FRPDQGDWR�GD�XQD�
ERELQD�DOLPHQWDWD�GDO�VHJQDOH�HOHWWULFR�GL�HUURUH��GHILQLWR�FRPH�GLIIHUHQ]D�WUD�LO�VHJQDOH�GL�
FRPDQGR�H�TXHOOR�GL�UHWURD]LRQH��ILJ�����������,O�VHJQDOH�GL�FRPDQGR�q�VWDWR�JHQHUDWR�GD�XQ�
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FDOFRODWRUH� GL� SURFHVVR� GRWDWR�
GL� XQD� VFKHGD� GL� FRQYHUVLRQH�
$�'� H� '�$� GHOOD� 1DWLRQDO�
,QVWUXPHQWV� PRGHOOR� $7�0,2�
���+��,Q�ILJ���������q�ULSRUWDWR�
OR� VFKHPD� GHOOH� FRQQHVVLRQL�
SHU� OH� XVFLWH� DQDORJLFKH� GHOOD�
VFKHGD�� /H� XVFLWH� DQDORJLFKH� VRQR� FRPSUHVH� QHOO
LQWHUYDOOR����� 9�� /D� FDVD� FRVWUXWWULFH�
JDUDQWLVFH�XQD�DFFXUDWH]]D�GL������P9� 

6L� q� UHDOL]]DWR� XQ� DSSRVLWR� VRIWZDUH� SHU� OD� JHQHUD]LRQH� GHO� VHJQDOH� GL� LQJUHVVR� DO�
FLUFXLWR�HOHWWULFR�GL�FRQWUROOR��FKH�q�GL� WLSR�VLQXVRLGDOH�FRQ�IUHTXHQ]D��GHILQLELOH� LQ� LQSXW��
YDULDELOH�WUD�����H���+]�H�DOWH]]D�YDULDELOH�WUD���H���9��
�
������6LVWHPD�GL�JHQHUD]LRQH�GHO�JHWWR��

/
LQGDJLQH�VSHULPHQWDOH�q�VWDWD�HIIHWWXDWD�FRQVLGHUDQGR�JHWWL�SXUL�VRPPHUVL�DG�DVVH�
YHUWLFDOH�HIIOXHQWL�GD�XQD�OXFH�SRVWD�D������FP�GDO�IRQGR�GHO�FDQDOH��7DOH�GLVWDQ]D�FRQVHQWH�

)LJ����������6FKHPD�GHOOH�FRQQHVLRQL�SHU�OH�XVFLWH�DQDORJLFKH�GHOOD�VFKHGD�GL�FRQYHUVLRQH�'�$�

)LJ����������6FKHPD�D�EORFFKL�GHO�VLVWHPD�GL�FRQWUROOR�GHO�JHQHUDWRUH�GL�PRWR�RQGRVR� 
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GL HVVHUH� DO� GL� IXRUL� GHOOR� VWUDWR� OLPLWH� GL� IRQGR� H� FRQVHQWH� GL� HYLWDUH� GL� HIIHWWXDUH� OH�
PLVXUD]LRQL� LQ� XQ� ]RQD� WURSSR�YLFLQD� DO� IRQGR� VWHVVR�� GRYH� OD� FRQFHQWUD]LRQH�GL� VDEELD� q�
WURSSR�HOHYDWD��3HU�TXDQWR�DWWLHQH�OR�VSHVVRUH�GHOOR�VWUDWR�OLPLWH�DO�IRQGR�GHO�FDQDOH�VL�SXz�
XWLOL]]DUH�OD�VHJXHQWH�IRUPXOD�GL�6WRNHV��5DJRQH��������

δ ν π= 2 T  

FKH� IRUQLVFH�XQ�YDORUH�GL������PP�������PP�H������PP�SHU�IUHTXHQ]H�GHO�PRWR�RQGRVR�
ULVSHWWLYDPHQWH�GL�����+]������+]�H�����+]���

3HU� LO� JHWWR� VRPPHUVR� q� VWDWR� DSSRVLWDPHQWH� UHDOL]]DWR� XQ� LPSLDQWR� SHU� OD�
VLPXOD]LRQH� GHOOR� VFDULFR� GL� XQ� LQTXLQDQWH�� 1HOOH� VXH� SDUWL� HVVHQ]LDOL� WDOH� LPSLDQWR� q�
FRVWLWXLWR� GD� XQ� XJHOOR� GL� IRUPH� H� GLPHQVLRQL� FKH� q� SRVVLELOH� YDULDUH� RSSRUWXQDPHQWH��
/
DOLPHQWD]LRQH� GHOOR� VWHVVR� XJHOOR� q� UHDOL]]DWD� XWLOL]]DQGR� XQD� YDVFD� GL� FDULFR�� GL�
GLPHQVLRQL� LQ� SLDQWD� ����[�����P� HG� DOWH]]D������P��GRWDWD� GL� XQ� VLVWHPD�GL� VILRUR� FKH�
FRQVHQWH�GL�PDQWHQHUH�XQ�FDULFR�FRVWDQWH�GL�FLUFD���P�DO�GL�VRSUD�GHOOD�OXFH�GL�HIIOXVVR��8QD�
VHFRQGD�YDVFD��GL�GLPHQVLRQL�LQ�SLDQWD��[��P� HG�DOWH]]D���P��GLVSRVWD�DOOD�TXRWD�]HUR�GL�
ULIHULPHQWR��YLHQH�LPSLHJDWD��GXUDQWH�OR�VYROJLPHQWR�GHOOH�SURYH��SHU�O
DOLPHQWD]LRQH�GHOOD�
YDVFD�GL� FDULFR�H�SHU� OD�SUHSDUD]LRQH�GHOOD�PLVFHOD�GL�DFTXD�H�FRORUDQWH��3HU�HQWUDPEH� OH�
YDVFKH�VRQR�VWDWL�UHDOL]]DWL�GHL�VLVWHPL�GL�VFDULFR�GL�WURSSR�SLHQR�H�GL�VFDULFR�GL�IRQGR��/R�
VFDULFR�GL�WURSSR�SLHQR�GHOOD�YDVFD�GL�FDULFR�LPPHWWH�O
DFTXD�QHOOD�YDVFD�GL�DOLPHQWD]LRQH��

6L RVVHUYD�FKH� O
DVVH�GHO�JHWWR�q�IRUWHPHQWH� LQIOXHQ]DWR�GDO�SRVL]LRQDPHQWR�H�GDOOD�
IRUPD� GHOO
XJHOOR��$� WDO� SURSRVLWR� q� GD� QRWDUH� FKH� LQ� OHWWHUDWXUD� VRQR�PROWR� VFDUVL� L� GDWL�
UHODWLYL�DL�YDORUL�PHGL�GL�YHORFLWj�QRUPDOL�DOO
DVVH�GL�XQ�JHWWR��3HU�HVHPSLR��:\JQDQVNL�H�
)LHGOHU� ������� ULSRUWDQR� XQD� FXUYD� UDSSUHVHQWDWLYD� GHOO
DQGDPHQWR� GHL� SURILOL� GL� YHORFLWj�
RUWRJRQDOL� DOO
DVVH� GHO� JHWWR� GD� ORUR� DQDOL]]DWR�� RVVHUYDQGR�� WUD� O
DOWUR�� FKH� HVVD� q� VWDWD�
RWWHQXWD� DWWUDYHUVR� O
DSSOLFD]LRQH� GHOO
HTXD]LRQH� GL� FRQWLQXLWj� D� SDUWLUH� GDL� ULOLHYL� GHOOH�
FRPSRQHQWL� ORQJLWXGLQDOL� GL� YHORFLWj�� 2VVLD�� OD� FXUYD� QRQ� q� LO� ULVXOWDWR� GLUHWWR� GL� XQD�
PLVXUD]LRQH��*OL�VWHVVL�DXWRUL��SHUz��ULSRUWDQR�L�ULVXOWDWL�VSHULPHQWDOL�UHODWLYL�DOOH�LQWHQVLWj�GL�
WXUEROHQ]D�GHOOH�FRPSRQHQWL�IOXWWXDQWL�GL�YHORFLWj�RUWRJRQDOL�DOO
DVVH�GHO�JHWWR�DQDOL]]DWR��

3DSDQLFRODRX� H� /LVW� �������� RVVHUYDQR� FKH� �XQD� OHJJHUD� LQFOLQD]LRQH� GHO� JHWWR�
GDUHEEH�OXRJR�D�GHJOL�HUURUL�GL�ELDV���
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(
 HYLGHQWH�� DOORUD�� IDFHQGR� ULIHULPHQWR�� SHU� ILVVDUH� OH� LGHH�� DO� FDVR� GL� XQ� JHWWR�
FLUFRODUH��FKH�q�HVWUHPDPHQWH�GLIILFLOH�RWWHQHUH�GHL�ULVXOWDWL�VSHULPHQWDOL�FKH�VL�ULIHULVFDQR�DL�
SURILOL�GHOOH�FRPSRQHQWL�UDGLDOL�GL�YHORFLWj��VH�VL�WLHQ�FRQWR�FKH�OH�FRPSRQHQWL�ORQJLWXGLQDOL�
VRQR GL�JUDQ� OXQJD�PDJJLRUL��%DVWHUHEEH� LQIDWWL�XQ� OHJJHUR�VIDVDPHQWR�QHOOD�SRVL]LRQH�GHO�
PLVXUDWRUH� GL� YHORFLWj� �VL� SHQVL� DO� ILOR� GL� XQ� DQHPRPHWUR� QRQ� SHUIHWWDPHQWH� SRVL]LRQDWR�
ULVSHWWR� DOO
DVVH� GHO� JHWWR�� SHU� SURYRFDUH� GHJOL� HUURUL� DIIDWWR� QRQ� WUDVFXUDELOL� QHOOD�
GHWHUPLQD]LRQH� GL� XQ� SURILOR� GL� YHORFLWj� UDGLDOH�� 3HU� TXDQWR� DWWLHQH�� LQYHFH�� OD�
GHWHUPLQD]LRQH�GHOOH� LQWHQVLWj�GL� WXUEROHQ]D��GHOOR�VNHZQHVV�H�GHO�NXUWRVLV�� LO�SUREOHPD�VL�
SRQH� PHQR�� (
� QRWR�� SHU� HVHPSLR�� FKH� JOL� DQGDPHQWL� GHOOH� LQWHQVLWj� GL� WXUEROHQ]D� GHOOH�
FRPSRQHQWL� ORQJLWXGLQDOL� H� UDGLDOL� GL� YHORFLWj� SUHVHQWDQR�� FLDVFXQR�� GHOOH� SHFXOLDULWj�
�:LJQDQVNL� H� )LHGOHU�� �������PD� LO� ORUR� RUGLQH� GL� JUDQGH]]D� QRQ� q� GLYHUVR�� 3HUWDQWR�� LQ�
TXHVWR� FDVR�� XQD� OHJJHUD� LQFOLQD]LRQH� GHO� JHWWR�� ULVSHWWR� DG� XQD� VXD� SRVL]LRQH� WHRULFD��
GDUHEEH� OXRJR� VROR� D� GHJOL� HUURUL� GL�PLVXUD� FKH� VL� SRWUHEEHUR� GHILQLUH� QRUPDOL� LQ� FDPSR�
VSHULPHQWDOH� 4XHVWR�VSLHJKHUHEEH� OD�UDJLRQH�SHU�FXL�PROWL�DXWRUL�SUHVHQWDQR�L�GLDJUDPPL�
UHODWLYL�DOOH� LQWHQVLWj�GL� WXUEROHQ]D��DOOR�VNHZQHVV��DO�NXUWRVLV��HWF���PD�QRQ�L�SURILOL�GHOOH�
FRPSRQHQWL�GL�YHORFLWj�RUWRJRQDOL�DOO
DVVH�GHO�JHWWR�DQDOL]]DWR���

,O FRQGRWWR�FKH�DOLPHQWD�OD�YDVFD�GL�FDULFR�KD�XQ�GLDPHWUR�GL�������PHQWUH�L�FRQGRWWL�
GHJOL� VFDULFKL� GL� WURSSR� SLHQR� VRQR� GL� �ô��� ,QILQH�� LO� FRQGRWWR� FKH� DOLPHQWD� LO� JHWWR�� D�
SDUWLUH�GDOOD�YDVFD�GL�FDULFR��KD�XQ�GLDPHWUR�GL�������7XWWL� L�FRQGRWWL�GHO�FLUFXLWR�VRQR�LQ�
DFFLDLR� ]LQFDWR�� DG� HFFH]LRQH� GHOOD� SDUWH� WHUPLQDOH� GHO� FRQGRWWR� FKH� DOLPHQWD� O
XJHOOR��
4XHVW
XOWLPR�q�VWDWR�UHDOL]]DWR�FRQ�XQ�WXER�LQ�PDWHULDOH�SODVWLFR�IOHVVLELOH��GL�GLDPHWUR�������
VHJXLWR�GD�XQ�WXER�LQ�RWWRQH�DQFK
HVVR�GL�GLDPHWUR�������/D�SDUWH�WHUPLQDOH�GL�TXHVW
XOWLPR�
q ILOHWWDWD� LQ� PRGR� GD� SRWHU� RVSLWDUH� XQ� XJHOOR� GHOOD� IRUPD� H� GLPHQVLRQH� GHVLGHUDWD�� ,O�
VLVWHPD�PRGXODUH�UHDOL]]DWR�FRQVHQWH�GL�YDULDUH��FRQ�HVWUHPD�VHPSOLFLWj��LO�WLSR�GL�XJHOOR�H�
OD GLVWDQ]D�GHOOR�VWHVVR�GDO�IRQGR�GHO�FDQDOH��,Q�SDUWLFRODUH��QHOOD�SUHVHQWH�ULFHUFD��O
XJHOOR�q�
FRVWLWXLWR�GD�XQ�HOHPHQWR�WURQFRFRQLFR��FRQ�GLDPHWUR�GL�XVFLWD�GL�����PP��

/D YDVFD� GL� FDULFR� q� DOLPHQWDWD� FRQ� O
DXVLOLR� GL� XQD� HOHWWURSRPSD� FHQWULIXJD�
PRQRIDVH�3HQWD[� WLSR�&0���� LQ�JUDGR�GL� VROOHYDUH�XQD�SRUWDWD�PDVVLPD�GL���� O�PLQ��FRQ�
SUHYDOHQ]D�GL����P��SRWHQ]D�GHO�PRWRUH�GL�����+S�H�DOLPHQWDWD�GD�XQD�WHQVLRQH�GL��������
9�
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/D PLVXUD�GHOOD�SRUWDWD� LPPHVVD�q� UHDOL]]DWD�DWWUDYHUVR� O
XVR�GL�XQ� IOXVVLPHWUR�� ,Q�
SDUWLFRODUH��LQ�SUHYLVLRQH�GL�SRVVLELOL�VYLOXSSL�GHOOD�ULFHUFD�ILQ�TXL�FRQGRWWD��VL�q�UHDOL]]DWR�
XQ VLVWHPD�GL�E\�SDVV�FKH�FRQVHQWH�GL�XWLOL]]DUH�XQ�IOXVVLPHWUR�PRG��$���FRQ�WXER�GL�PLVXUD�
7�� R� XQ� IOXVVLPHWUR� PRG�� $��� FRQ� WXER� GL� PLVXUD� 7��� GHOOD� &9&� V�U�O�� GL� &RORJQR�
0RQ]HVH� �0LODQR��� ,� GXH� IOXVVLPHWUL� VRQR� FDUDWWHUL]]DWL� GD� YDORUL� GL� IRQGR� VFDOD�
ULVSHWWLYDPHQWH�GL�����O�K�H�����O�K��3HU�HQWUDPEL�OD�SUHFLVLRQH�q�����VXL�YDORUL�GL�IRQGR�
VFDOD��SHU�XQD�WHPSHUDWXUD�PDVVLPD�GL���°& H�SHU�XQ�YDORUH�GL�SUHVVLRQH�FRPSUHVR�WUD���H�
���DWH��,O�JDOOHJJLDQWH��LQ�DFFLDLR�DO�FDUERQLR��q�GL�WLSR�OLEHUR�H�OD�JUDGXD]LRQH�GHOOD�VFDOD��
HVSUHVVD�LQ�XQLWj�YROXPHWULFKH��O�K���q�LQFLVD�GLUHWWDPHQWH�VXO�WXER�GL�PLVXUD��4XHVW
XOWLPR�q�
LQ YHWUR� ERURVLOLFDWR� FRQ� FXVWRGLD� LQ� DOOXPLQLR� IXVR� YHUQLFLDWR� D� IRUQR� H� JXDUQL]LRQL� LQ�
JRPPD�QLWULOLFD��*OL�DWWDFFKL�VRQR�GHO�WLSR�ILOHWWDWL�JDV�)�YHUWLFDOL� 3HU�
TXDQWR� DWWLHQH� OH� GLPHQVLRQL� VL� IDFFLD� ULIHULPHQWR�DOOD� ILJ���������� LQ�
FXL D ����PP�H�E ���PP��SHU�LO�PRGHOOR�$���H�D ����PP�H�E ���
PP��SHU�LO�PRGHOOR�$���,O�VLVWHPD�GL�E\�SDVV�ULSRUWDWR�LQ�ILJ���������
FRQVHQWH�� D� VHFRQGD� GHOOD� SRUWDWD� GD� LPPHWWHUH�� GL� XWLOL]]DUH� O
XQR�R�
O
DOWUR�GHL�GXH�IOXVVLPHWUL��

/
XJHOOR� q� SRVWR� DG� XQD� GLVWDQ]D� GL� ���P� GDO� JHQHUDWRUH� GHO�
PRWR� RQGRVR� H� GL� ��� P� GDOOD� OLQHD� GL� ULYD�� 7DOH� SRVL]LRQH� q�
FRQVLGHUDWD�RWWLPDOH�VLD�SHU�HYLWDUH�JOL�HIIHWWL� OHJDWL�DOOH�FRQGL]LRQL�DO�
FRQWRUQR�WLSLFKH�GHOOD�VH]LRQH�LQ�FXL�q�SUHVHQWH�LO�JHQHUDWRUH�GHO�PRWR�
RQGRVR� VLD� DO� ILQH� GL� HYLWDUH� XQD� HFFHVVLYD� FRQFHQWUD]LRQH�GL� VDEELD�
YHUVR�OD�]RQD�GL�VKRUH�

/D WHPSHUDWXUD� GHOO
DFTXD� LPPHVVD� q� VWDWD� PLVXUDWD� FRQ� OR�
VWHVVR�WHUPRPHWUR�GLJLWDOH�GL�FXL�VL�q�SDUODWR�QHO�SDU��������

$OFXQH SURYH�VSHULPHQWDOL�FRQVLVWHYDQR�QHOOD�YLVXDOL]]D]LRQH�GHO�JHWWR��&Lz�q�VWDWR�
SRVVLELOH� DWWUDYHUVR� O
XVR� GL� XQD� VROX]LRQH� GL� DFTXD� H� 5RGDPLQD� %� �&��+��&O1�2���� FRQ�
FRGLFH�5������GHO�FDWDORJR�GHOOD�6,*0$�&KHPLFDO�&RPSDQ\��0LVVRXUL��86$��
�
����� 6LVWHPD�/'$��

1HO VHJXLWR� VL� GHVFULYHUj� EUHYHPHQWH� LO� VLVWHPD� /'$� XWLOL]]DWR�� VRWWROLQHDQGR�
VRSUDWWXWWR�OH�VXH�SHFXOLDULWj�H�ULPDQGDQGR�DOOD�OHWWHUDWXUD�VSHFLDOL]]DWD�SHU�LQIRUPD]LRQL�GL�

)LJ����������)OXVVLPHWUR� 
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FDUDWWHUH�JHQHUDOH��'XUVW�HW�DO���������3XOFL�'RULD���������

)LJ�� ��������6FKHPD�GL�XQ�VLVWHPD�/'$�GHO� WLSR�XVDWR�� VL�RVVHUYD�FKH�SHU�HVSHULHQ]H�FRQGRWWH�QHOO·DPELWR�GL�TXHVWD� ULFHUFD� LO� VLVWHPD�HUD�

ELGLPHQVLRQDOH��
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,O�VLVWHPD�/'$�q�GHO�WLSR�ULSRUWDWR�VFKHPDWLFDPHQWH�LQ�ILJ����������(VVR�q�FRVWLWXLWR�
GD XQD� VRUJHQWH� ODVHU�$U�,RQ�&RKHUHQW� ,QQRYD� VHULH����GL�SRWHQ]D���:DWW�� UDIIUHGGDWD� DG�
DFTXD��/
DOLPHQWD]LRQH�HOHWWULFD�q�FDUDWWHUL]]DWD�GD�XQD�WHQVLRQH�GL�����9�WULIDVH�FRQ�WHUUD��
VHQ]D�QHXWUR��H�XQD�SRWHQ]D�GL����.:��,O�VLVWHPD�GL�UDIIUHGGDPHQWR�FRQVHQWH�GL�DYHUH�XQD�
SRUWDWD�GL������O�PLQ�DOOD�SUHVVLRQH�GL���DWP�����

/
LQWHUR� VLVWHPD�GL� DFTXLVL]LRQH�HG�HODERUD]LRQH�GHL�GDWL� q�QRWR�FRPH�)ORZ7RRO
GHOOD�'$17(&�0HDVXUHPHQW�7HFKQRORJ\��

,O VLVWHPD�/'$�q�GHO�WLSR�D�ILEUH�RWWLFKH��LQ�PRGDOLWj�EDFNVFDWWHULQJ� ELGLPHQVLRQDOH�
D TXDWWUR�UDJJL��FRQ�OXQJKH]]H�G
RQGD�GL�������QP�H�������QP���

,O VLVWHPD� RWWLFR� GL� WUDVPLVVLRQH� H� ULFH]LRQH� q� FRVWLWXLWR� GD� XQ� WUDQVPLWWHU� FRQ� ��
PDQLSRODWRUL�RWWLFL��GXH�IRWRPROWLSOLFDWRUL�H�XQ�VHSDUDWRUH�GL�FRORUH��/D�VRQGD�WUDVPLWWHQWH�H�
ULFHYHQWH�q�ELGLPHQVLRQDOH��FRQ�GLDPHWUR�GL����PP�H�FRQ�OHQWH�IURQWDOH�PRGXODUH��FKH��D�
VFHOWD��SXz�HVVHUH�FRQ�GLVWDQ]D�IRFDOH�GL�����PP�R�����PP��,O�FDYR�RWWLFR��OXQJR����P��q�
FRVWLWXLWR�GD�ILEUH�RWWLFKH�VLQJOH�PRGH� DG�DOWR�PDQWHQLPHQWR�GHOOD�SRODUL]]D]LRQH��SHU�RJQL�
UDJJLR�ODVHU�HPHVVR�H�GD�ILEUD�PXOWL�PRGH�SHU�LO�VHJQDOH�GL�ULFH]LRQH��

,O SURFHVVRUH�GL� VHJQDOH�q�XQ���1���)9$�(QKDQFHG�GHOOD�'DQWHF��FRPSUHQVLYR�GL�
XQD VFKHGD�SHU�OD�VHFRQGD�GLPHQVLRQH���

,O VLVWHPD� q� LQ� JUDGR�� DWWUDYHUVR� XQD� VFKHGD� GL� FRQYHUVLRQH� $�'� GHOOD� .HLWKOH\�
0HWUDE\WH�PRGHOOR�'$6� ������ GL� DFTXLVLUH�� FRQWHPSRUDQHDPHQWH� DOOH� GXH� FRPSRQHQWL� GL�
YHORFLWj��OH�XVFLWH�DQDORJLFKH�SURYHQLHQWL�GD�TXDWWUR�WUDVGXWWRUL��/
LQWHUR�VLVWHPD�q�DVVLVWLWR�
GD XQ�FDOFRODWRUH�GL�SURFHVVR�GRWDWR�GHO�VRIWZDUH�GL�JHVWLRQH�)ORZDUH�'DQWHF��

&RPH�q�QRWR�L�VLVWHPL�GL�SURFHVVDPHQWR�GHO�VHJQDOH�'RSSOHU�GL�YHFFKLD�JHQHUD]LRQH��
WLSR�LO�7UDFNHU�R�LO�&RXQWHU��KDQQR�XQD�OLPLWD]LRQH�RSHUDWLYD�GRYXWD�DOOD�SUHVHQ]D�GL�UXPRUH�
GL IRQGR� HYHQWXDOPHQWH� VRYUDSSRVWR� DO� VHJQDOH� 'RSSOHU�� 2JQL� TXDOYROWD� VL� YHULILFD� XQD�
FDXVD� FKH� JHQHUD� R� LQFUHPHQWD� LO� UXPRUH� GL� IRQGR� �YROXPH� GL�PLVXUD� WURSSR� YLFLQR� DOOH�
SDUHWL��PRGDOLWj�GL�PLVXUD�LQ�EDFNVFDWWHULQJ��ULIOHVVLRQL�LQGHVLGHUDWH��HWF���VLD�LO�7UDFNHU�FKH�
LO &RXQWHU�QRQ�VRQR�SL��LQ�JUDGR�GL�LQVHJXLUH�OD�IUHTXHQ]D�'RSSOHU��,�SURFHVVRUL�GL�QXRYD�
JHQHUD]LRQH�FRQVHQWRQR�GL�HVWUDUUH�OD�IUHTXHQ]D�'RSSOHU�DQFKH�TXDQGR�HVVD�q�DQQHJDWD�QHO�
UXPRUH�GL�IRQGR��7UD�TXHVWL�VL�ULFRUGDQR�LO�%6$�H�O
)9$�GHOOD�'DQWHF��O
,)$�PRG������R�
PRG� ����GHOOD�76,�H�LO�'6$�GHOOD�$HURPHWULFV��

,Q SDUWLFRODUH�� SHU� TXDQWR� ULJXDUGD� O
)9$� GHOOD� 'DQWHF�� VL� RVVHUYD� FKH� LQ� TXHVWR�
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VWUXPHQWR�OD�IUHTXHQ]D�'RSSOHU�q�RWWHQXWD�PHGLDQWH�XQ
DQDOLVL��EDVDWD�VXOOD�GHWHUPLQD]LRQH�
GHOOD� IXQ]LRQH� GL� FRYDULDQ]D�� GHO� VHJQDOH� LQ� XVFLWD� GDO� IRWRPROWLSOLFDWRUH�� 7DOH� DQDOLVL� q�
HIIHWWXDWD�VXL�EXUVW�GHL�VHJQDOL�UHODWLYL�DL�VXFFHVVLYL�SDVVDJJL�GHOOH�SDUWLFHOOH�QHO�YROXPH�GL�
PLVXUD��

$QGDQGR�SL��LQ�GHWWDJOLR��VL�RVVHUYD�FKH�TXDQGR�XQD�SDUWLFHOOD�L�HVLPD�DWWUDYHUVD�LO�
YROXPH�GL�PLVXUD��LO�IRWRPROWLSOLFDWRUH�Q�HVLPR�ULOHYD�XQ�VHJQDOH��

( )[ ] [ ]n i ni
2

si ni 0i nir (t + t ) = a - t 1+ ( t + )⋅ ⋅exp cosω γ ω Φ  

GHO� WLSR� ULSRUWDWR� LQ� ILJ�� ��������
LQ�FXL�WL q LO�WHPSR�GL�DUULYR�GHOOD�
SDUWLFHOOD�� DQL� q� XQ� IDWWRUH� GL�
DPSLH]]D� WLSLFR� GHO� ULOHYDWRUH� GL�
EXUVW XWLOL]]DWR��ωVL�q�OD�ODUJKH]]D�
GHO VHJQDOH�� VLFFKq� ��ωVL� q�
SURSRU]LRQDOH� DO� WHPSR� GL�
WUDQVLWR�� γQL� q� XQ� WHUPLQH� GL�
PRGXOD]LRQH�H�ω�L�q�OD�SXOVD]LRQH�
'RSSOHU��1HO� VHJXLWR�VL� LQGLFKHUj�
FRQ $QL�W��OD�IXQ]LRQH�GL�LQYLOXSSR�
GHOOD�����������FRVu�GHILQLWD�

[ ]ni ni ni
2

niA (t) = a - (t ) .⋅ ⋅exp ω γ

/D� IXQ]LRQH�GL� FRYDULDQ]D� LQFURFLDWD�GL�GXH� VHJQDOL�'RSSOHU� UQ�W�� H� UP�W�� q�GHILQLWD�
FRPH�VHJXH�

( ) ( ) ( ) ( ) ( )( ){ }C A t t A t t dtnm n n m mτ ω τ ω τ= + ⋅ + + +∫ cos cos0 0Φ Φ .

/D�SUHFHGHQWH�UHOD]LRQH�SXz�HVVHUH�FRVu�UDSSUHVHQWDWD�

(14.4.1)

)LJ����������7LSLFR�VHJDQOH�GL�EXUVW�OHJDWR�DO�SDVVDJJLR�GL�XQD�SDUWLFHOOD�QHO�YROXPH�GL�

PLVXUD�GHO�VLVWHPD�/'$� 
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( )nm nm 0 nmC ( ) =
1
2

A ( ) + .τ τ ω τcos Φ

6H� VL� VRVWLWXLVFH� LO� VHJQDOH� UHDOH� $Q�W�FRV�ω�W�ΦQ� FRQ� XQ� VHJQDOH� FRPSOHVVR� GHO� WLSR� GL�
VHJXLWR ULSRUWDWR�

[ ]n
i( t+ )

n n nA e = A ( t + )+ i ( t + ) ,n⋅ ⋅ω ω ωΦ Φ Φcos sin  

q SRVVLELOH�GHILQLUH�XQD�IXQ]LRQH�GL�FRYDULDQ]D�LQFURFLDWD�FRPSOHVVD��OD�FXL�SDUWH�UHDOH�q�
( )Rnm nm 0 nmC ( ) = A ( ) t +τ τ ωcos Φ

H OD�FXL�SDUWH�LPPDJLQDULD�q�
( )Inm nm 0 nmC ( ) = A ( ) t + .τ τ ωsin Φ

,O�UDSSRUWR�WUD�OD�SDUWH�LPPDJLQDULD�H�OD�SDUWH�UHDOH�q�

( )Inm

Rnm
0 nm

C
C

= + .tan ω τ Φ

6L�RVVHUYD�FKH�TXHVWR�UDSSRUWR�QRQ�GLSHQGH�$QP�
$O ILQH� GHOOD� GHWHUPLQD]LRQH�GHOOD� IUHTXHQ]D�'RSSOHU��GDOOH� UHOD]LRQL�SUHFHGHQWL� VL�

HYLQFH� FKH� OD� IXQ]LRQH� GL� DXWRFRYDULDQ]D� FRPSOHVVD� q� FDUDWWHUL]]DWD� GDOOD� VHJXHQWH� SDUWH�
UHDOH�

( )Rnm nn 0 RnnC ( ) = A ( ) t +N ( )τ τ ω τcos  

H GDOOD�VHJXHQWH�SDUWH�FRPSOHVVD�
( )Inm nn 0 InnC ( ) = A ( ) t +N ( ).τ τ ω τsin  
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,O WHUPLQH�15QQ�τ��L1,QQ�τ� UDSSUHVHQWD�OD�IXQ]LRQH�GL�DXWRFRYDULDQ]D�FRPSOHVVD�GHO�UXPRUH�
GL IRQGR�GHO�VHJQDOH�ULOHYDWR��

6L RVVHUYD� FKH�� LQ� SUDWLFD�� QHOO
)9$� LO� VHJQDOH�'RSSOHU� DWWUDYHUVD� XQ� ILOWUR� SDVVD�
EDQGD�FKH�FRQVHQWH�GL�ULPXRYHUH� LO�VHJQDOH�GL�SHGHVWDO�H�SDUWH�GHO�UXPRUH��VL�YHGD�OD�ILJ��
����������

1RUPDOPHQWH��SHUWDQWR��O
HIIHWWR�GHO�UXPRUH�q�WUDVFXUDELOH�H�VL�SXz�SRUUH�
Rnn

Inn
0

C ( )

C ( )
= ( ).

τ
τ

ω τtan
 

'DOOD�SUHFHGHQWH� UHOD]LRQH�VL�HYLQFH�FKH� OD�SXOVD]LRQH�'RSSOHU�ω� SXz�HVVHUH�GHWHUPLQDWD�
DWWUDYHUVR�OD�IXQ]LRQH�GL�DXWRFRYDULDQ]D�FRPSOHVVD��ILVVDWR�XQ�RSSRUWXQR�YDORUH�GL�τ�

)DFHQGR� ULIHULPHQWR� DOOD� ILJ�� �������� LO� VHJQDOH� LQ� LQJUHVVR�� GRSR� HVVHUH� VWDWR�
RSSRUWXQDPHQWH� ILOWUDWR�H�DPSOLILFDWR��YLDJJLD�VX�GXH� OLQHH�SDUDOOHOH�� OD�SULPD�FRQVHQWH�GL�
RWWHQHUH�XQ�ULWDUGR�GHO�VHJQDOH�GL�XQ�WHPSR�QRWR�τ� OD�VHFRQGD�q�FDUDWWHUL]]DWD�GD�XQ�FLUFXLWR�
LQ JUDGR� GL� UHDOL]]DUH� XQR� VSOLWWLQJ� GL� IDVH� LQ�PRGR� GD� SURGXUUH� GXH� VHJQDOL� DYHQWL� XQD�
GLIIHUHQ]D�GL� IDVH�GL���°� &LDVFXQR�GHL�GXH� VHJQDOL�GL�XVFLWD�GDO� FLUFXLWR�GL�SKDVH VSOLWWHU�
YLHQH PROWLSOLFDWR� SHU� LO� VHJQDOH� ULWDUGDWR� H� LQWHJUDWR� DO� ILQH� GL� GHILQLUH� OD� SDUWH� UHDOH� H�
LPPDJLQDULD� GHOOD� IXQ]LRQH� GL� DXWRFRYDULDQ]D� LQFURFLDWD�� SUHFHGHQWHPHQWH� GHILQLWD�� ,� GXH�
FLUFXLWL� LQWHJUDWRUL� VRQR� FRQWUROODWL� GD� XQ� VHJQDOH� SURYHQLHQWH� GDO� FRVLGGHWWR� ULOHYDWRUH� GL�
EXUVW�

/D�IUHTXHQ]D�'RSSOHU�q�RWWHQXWD�GLYLGHQGR�O
XVFLWD�GHO�FLUFXLWR�GL�IUHTXHQF\�GHWHFWRU�
�ωτ� SHU�LO�ULWDUGR�τ PROWLSOLFDWR�SHU��π�

)LJ����������'LDJUDPPD�D�EORFFKL�GHO�FLUFXLWR�GL�IUHTXHQF\�GHWHFWRU� 
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0f =
2

=
2

.
ω
π

ωτ
πτ

(
� HYLGHQWH�� GDOOD� SUHFHGHQWH� HVSUHVVLRQH�� FKH� OD� VFHOWD� GHO� WHPSR� GL� ULWDUGR� τ q
IRQGDPHQWDOH� QHOOD� ULVROX]LRQH� GHOOD� PLVXUD� GHOOD� IUHTXHQ]D� 'RSSOHU�� 3L�� JUDQGH� q� LO�
ULWDUGR��SL��SLFFROD�q�OD�GLIIHUHQ]D�GL�IUHTXHQ]D�FKH�SXz�HVVHUH�PLVXUDWD��/
DXPHQWR�GHOOD�
VHQVLELOLWj��WXWWDYLD��ULFKLHGH�XQD�ULGX]LRQH�GHOOD�ODUJKH]]D�GL�EDQGD�GL�IUHTXHQ]D�'RSSOHU��
6L RVVHUYD��LQIDWWL��FKH�SHU�RJQL�GHILQLWR�YDORUH�GL�τ QRQ q�SRVVLELOH�GLVWLQJXHUH�XQD�IDVH�φ
GD φ��Qπ �FRQ Q �����������3HUWDQWR��SHU�RJQL�ILVVDWR�YDORUH�GL�τ� OD�PDVVLPD�IUHTXHQ]D�
'RSSOHU�PLVXUDELOH�q�

0f =
2

<
2
2

=
1

.
ω
π

π
πτ τ

4XHVWR�OLPLWH�YLHQH�VXSHUDWR�GHWHUPLQDQGR�OD�IXQ]LRQH�GL�DXWRFRYDULDQ]D�FRPSOHVVD�
SHU�GXH�GLVWLQWL�YDORUL�GL�τ� 6L�WUDWWD��VRVWDQ]LDOPHQWH��GL�HYLWDUH�FKH�ω�τ VXSHUL�LO�YDORUH�GL�
�π� 8WLOL]]DQGR�GXH�FLUFXLWL� IUHTXHQF\�GHWHFWRU� FRQ�GXH�GLYHUVL�YDORUL�GL� ULWDUGR��τ� H τ��
FRQ τ�!τ�� LO�GHWHFWRU���FRQVHQWLUj�GL�DYHUH�XQD�SL��HOHYDWD�ULVROX]LRQH��PHQWUH�LO�GHWHFWRU���
FRQVHQWLUj� GL� GHILQLUH� LO� OLPLWH� GL� VHQVLELOLWj� UDJJLXQJLELOH�� ,QIDWWL�� IDFHQGR� ULIHULPHQWR� DOO�
ILJ� ��������LO�GHWHFWRU � OLPLWHUj�VXSHULRUPHQWH�τ�� LQ�PRGR�FKH�ω�τ� QRQ�VXSHUL��π� 4XHVWR�

)LJ����������0LVXUD�GHOOD�IUHTXHQ]D�GL�DPELJXLWj� 
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OLPLWH�VXSHULRUH�q�UDSSUHVHQWDWR�GD�ω�τ� �π�
/H�FDUDWWHULVWLFKH�HVVHQ]LDOL�GHOO
)9$�VRQR�FRVu�VLQWHWL]]DELOL��

� UDSSUHVHQWD]LRQH�GLJLWDOH�GHOOD�YHORFLWj�D����ELW��
� EDQGD�GL� IUHTXHQ]D�'RSSOHU�VLPPHWULFD�ULVSHWWR�DO�YDORUH�GL�YHORFLWj�QXOOD�SHU�DQDOLVL�GL�
FDPSL�GL�PRWR�FDUDWWHUL]]DWL�GD�EDVVL�YDORUL�GL�YHORFLWj�PHGLD��
� EDQGD�GL�IUHTXHQ]D�'RSSOHU�DVLPPHWULFD�ULVSHWWR�DO�YDORUH�GL�YHORFLWj�QXOOD�SHU�DQDOLVL�GL�
FDPSL�GL�PRWR�FDUDWWHUL]]DWL�GD�DOWL�YDORUL�GL�YHORFLWj�PHGLD��
� ODUJKH]]D�GHOOD�EDQGD�GL�IUHTXHQ]D�'RSSOHU�ILQR�D����0+]��
� �� FDQDOL� DXVLOLDUL� D� ��� ELW� SHU� FRQWHPSRUDQHH� DFTXLVL]LRQL� GHOOH� XVFLWH� DQDORJLFKH�
SURYHQLHQWL�GD�DOWUHWWDQWL�WUDVGXWWRUL��SHU�HV��WUDVGXWWRUL�SHU�OD�PLVXUD�GHOOD�SUHVVLRQH��GHOOD�
WHPSHUDWXUD��GHOOH�DOWH]]H��HWF����
� EXIIHU�GL�PHPRULD�ILQR�D����0%\WH�SHU�L�GDWL�DFTXLVLWL��
� SURFHVVDPHQWR�ILQR�D��������GDWL�V�SHU�FLDVFXQ�FDQDOH��
� OLPLWH�GL�GHILQL]LRQH�GHL�EXUVW�ILQR�D�XQ�UDSSRUWR�615�GL����G%��
� IUHTXHQF\�VKLIWHU�LQWHUQR��
� SRVVLELOLWj�GL�FRQWUROOR�GHOOD�IXQ]LRQH�KLJK YROWDJH�GHL�IRWRPROWLSOLFDWRUL��
� DFFXUDWH]]D�XJXDOH�DOOR������GHO�YDORUH�GL�IRQGR�VFDOD�GHOOD�EDQGD�GL�IUHTXHQ]D�'RSSOHU�
XWLOL]]DWD��

$ U L J X D U G R �
GHOO
DFFXUDWH]]D�VL�ULFRUGD�FKH�
OD� IRUPXOD� IRQGDPHQWDOH� GL�
IXQ]LRQDPHQWR� GL� XQ� VLVWHPD�
/'$�� IDFHQGR� ULIHULPHQWR�
DOOD�ILJ����������q�

x 0V =
2sen

2

f
λ

θ

LQ�FXL�λ q OD�OXQJKH]]D�G
RQGD�GHO�ODVHU��θ q O
DQJROR�IRUPDWR�GDL�GXH�UDJJL�ODVHU�H�I� q OD�
IUHTXHQ]D�'RSSOHU��&DOFRODQGR�O
HUURUH�PDVVLPR�VLVWHPDWLFR��VL�RWWLHQH�

)LJ����������(OHPHQWL�HVVHQ]LDOL�GHOOD�FRQILJXUD]LRQH�'LIIHUHQWLDO�'RSSOHU�GL�XQ�VLVWHPD�/'$�
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*OL� HUURUL� VXOOD� OXQJKH]]D� G
RQGD� H� VXOO
DQJROR� θ VRQR� QRUPDOPHQWH� WUDVFXUDELOL� �3XOFL�
'RULD�� ������� 3HUWDQWR�� O
XQLFR� WHUPLQH� FKH� SXz� IRUQLUH� XQ� HUURUH� SL�� ULOHYDQWH� q� TXHOOR�
UHODWLYR� DOOD� IUHTXHQ]D�'RSSOHU�� (FFR� SHUFKq� QRUPDOPHQWH� OH� FDVH� FRVWUXWWULFL� IRUQLVFRQR�
O
DFFXUDWH]]D�LQ�WHUPLQL�GL�HUURUH�GL�IRQGR�VFDOD�GHOOD�EDQGD�GL�IUHTXHQ]D�'RSSOHU�XWLOL]]DWD���

6L ULFRUGD��DQFRUD��FKH� LO�VLVWHPD�FRPSUHQGH�DQFKH�XQ�SDFFKHWWR�VRIWZDUH�)ORZDUH�
YHU�� ����� ,O� VRIWZDUH� q� SDUWH� LQWHJUDQWH� GHOO
LQWHUR� VLVWHPD� GL�PLVXUD� H� FRQVHQWH� XQ� VHWXS�
RWWLPDOH�GHO�SURFHVVRUH�GL�VHJQDOH��O
DFTXLVL]LRQH�GHL�GDWL�LQ�PRGDOLWj�PXOWL�FDQDOH��O
DQDOLVL�
GHL�GDWL�DFTXLVLWL�H�XQD�ORUR�UDSSUHVHQWD]LRQH�JUDILFD��

,Q SDUWLFRODUH��WUDPLWH�LO�VRIWZDUH�q�SRVVLELOH�GHILQLUH�OD�OXQJKH]]D�IRFDOH�GHOOD�OHQWH�
IURQWDOH�XVDWD�SHU�OD�VRQGD�WUDVPLWWHQWH�H�ULFHYHQWH��OD�OXQJKH]]D�G
RQGD�GHO�ODVHU�FRQ�FXL�VL�
RSHUD��QHO�FDVR�VSHFLILFR�VL�DYHYDQR�GXH�OXQJKH]]H�G
RQGD�SHU�L�GXH�FDQDOL�GL�DFTXLVL]LRQH�
GHOOH� FRPSRQHQWL� GL� YHORFLWj�� RVVLD� ������ QP� SHU� LO� EOX� H� ������ QP� SHU� LO� YHUGH��� OD�
ODUJKH]]D�GHOOD�EDQGD�GL�IUHTXHQ]D�'RSSOHU��

,O VRIWZDUH�FRQVHQWH��ROWUH�DOOD�UHJLVWUD]LRQH�VX�PHPRULD�GL�PDVVD�GHL�GDWL�DFTXLVLWL��
LO�FDOFROR�GHO�YDORUH�PHGLR��GHOOR�VFDUWR�TXDGUDWLFR�PHGLR��GHO�IODWQHVV��R�NXUWRVLV��H�GHOOR�
VNHZQHVV�GHL�GDWL�DFTXLVLWL��

(
 SRVVLELOH�� LQROWUH�� HIIHWWXDUH� VXFFHVVLYH� HODERUD]LRQL� SHU� RWWHQHUH� L� GLDJUDPPL�
GHOOH�VHULH�WHPSRUDOL��GHJOL�LVWRJUDPPL�H�GHJOL�VSHWWUL�GL�SRWHQ]D��

,Q SDUWLFRODUH��VL�RVVHUYD�FKH�OH�PLVXUH�VRQR�VWDWH�FRQGRWWH�FRQ�XQD�OHQWH�IURQWDOH�GL�
OXQJKH]]D� IRFDOH�����PP�� ,Q� WDO�FDVR�� OH�GLPHQVLRQL�GHO�YROXPH�GL�PLVXUD�VRQR�ULSRUWDWH�
QHOOD�WDE������������
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7DE����������/H FRPSRQHQWL� YHUWLFDOL� GL� YHORFLWj� VRQR� VWDWH� PLVXUDWH� FRQ� L� UDJJL� GL� OXQJKH]]D�
G
RQGD ������QP�H�OH�FRPSRQHQWL�RUL]]RQWDOL�FRQ�TXHOOL�GL�OXQJKH]]D�G
RQGD�������QP��
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/D VRQGD� WUDVPLWWHQWH� H� ULFHYHQWH� q� VWDWD� SRVL]LRQDWD� VX�XQ� VLVWHPD�GL� EUDQGHJJLR��
FRVWLWXLWR� GD� VOLWWH� FKH� FRQVHQWRQR� GL� UHDOL]]DUH� VSRVWDPHQWL� FRQ� XQ
DFFXUDWH]]D� GHO�
YHQWHVLPR� GL� PLOOLPHWUR�� 8QD� VOLWWD� GHOOR� VWHVVR� WLSR� q� VWDWD� XWLOL]]DWD� SHU� HIIHWWXDUH� JOL�
VSRVWDPHQWL�GHOOD�VRQGD�UHVLVWLYD��FKH��SHU� L�ULOLHYL� LQ�SUHVHQ]D�GL�PRWR�RQGRVR��q�VHPSUH�
VWDWD�SRVL]LRQDWD�OXQJR�OD�YHUWLFDOH�SDVVDQWH�SHU�LO�YROXPH�GL�PLVXUD�GHO�VLVWHPD�/'$���

$O ILQH�GL�UHDOL]]DUH�GHOOH�HODERUD]LRQL�VSHFLILFKH�SHU�OD�ULFHUFD�FRQGRWWD��VRQR�VWDWL�
VYLOXSSDWL�GHL�SURJUDPPL�GL�FDOFROR�FKH�FRQVHQWLVVHUR�GL�GHILQLUH�OR�VSHWWUR�GL�DPSLH]]H�R�GL�
SRWHQ]H��OD�IXQ]LRQH�GL�DXWRFRUUHOD]LRQH�H�GL�FRUUHOD]LRQH�LQFURFLDWD��HWF���

&Lz� q� VWDWR� GHWWDWR� DQFKH� GDOO
HVLJHQ]D� GL� FRQRVFHUH� HVDWWDPHQWH� O
DOJRULWPR� GL�
FDOFROR� XWLOL]]DWR�� 4XHVWD� HVLJHQ]D�� FRPH� q� QRWR�� QRQ� q� VHPSUH� GHO� WXWWR� VRGGLVIDWWD�
XWLOL]]DQGR�XQ�VRIWZDUH�FRPPHUFLDOH��

 


