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7HPHOML� WHRULMH� RSWLPDOQRJ� XSUDYOMDQMD� SRVWDYOMDQL� VX� NUDMHP� SHGHVHWLK� JRGLQD
UDGRYLPD�3RQWU\DJLQD�[�]�L�%HOOPDQD�[�]��GD�EL�GR�NUDMD�ãHVGHVHWLK�WHRULMD�SRSULPLOD�VYRM
NRQDþQL�REOLN�[�]��[�]��3DUDOHOQR�V�UD]YRMHP�WHRULMH�UD]YLMDOH�VX�VH�L�UD]OLþLWH�QXPHULþNH
PHWRGH� ]D� UMHãDYDQMH� SUREOHPD� RSWLPDOQRJ� XSUDYOMDQMD�� ,DNR� WHRULMD� RSWLPDOQRJ
XSUDYOMDQMD�SUXåD�XQLYHU]DOQL�RNYLU�]D�VLQWH]X�XSUDYOMDQMD�PXOWLYDULMDELOQLP�GLQDPLþNLP
VXVWDYLPD��RQD�GDQDV�QLMH�]DVWXSOMHQD�X�SUDNWLþQLP�SULPMHQDPD�V�SXQLP�RSVHJRP�VYRMLK
PRJXüQRVWL�� L]X]HY�X�VOXþDMHYLPD�JGMH�SRVWRMH��XYMHWQR�UHþHQR��DQDOLWLþND�UMHãHQMD��NDR
QSU��SUREOHP� UHJXODFLMH� OLQHDUQLK� VXVWDYD� V�NYDGUDWQLP�NULWHULMHP�RSWLPDOQRVWL��5D]ORJ
WRPH� OHåL� X� PDWHPDWLþNRM� NRPSOHNVQRVWL� QXåQLK� XYMHWD� RSWLPDOQRVWL� L� QHRSKRGQRVWL
SULPMHQH� QXPHULþNLK� PHWRGD�� 6� GUXJH� VWUDQH�� X� RGQRVX� QD� QHNH� PHWRGH� VLQWH]H
XSUDYOMDQMD� PXOWLYDULMDELOQLP� GLQDPLþNLP� VXVWDYLPD�� WHRULMD� RSWLPDOQRJ� XSUDYOMDQMD
PRåH�UD]PDWUDWL�L�SUREOHP�RJUDQLþHQMD�YDULMDEOL�VWDQMD�L�XSUDYOMDQMD�

,DNR� MH� WHRULMD� RSWLPDOQRJ� XSUDYOMDQMD� X� SRþHWNX� VYRJ� UD]YRMD� LPDOD� JRWRYR
LVNOMXþLYX� SULPMHQX� QD� SUREOHPLPD� YR HQMD� WHKQLþNLK� VXVWDYD�� SULPMHWDQ� MH� ]DGQMLK
JRGLQD� VYH� YHüL� WUHQG� QMHQH� SULPMHQH� X� HNRQRPLML� L� PHQDGåPHQWX� [�]�[�]�� 3RPRüX
WHRULMH� RSWLPDOQRJ� XSUDYOMDQMD� WUHWLUDQL� VX�PQRJL� SUREOHPL� HNRQRPLMH� L� PHQDGåPHQWD
NDR� QSU�� RSWLPDOQL� HNRQRPVNL� UDVW� L� HNRQRPVNR� SODQLUDQMH�� HNRQRPVND� VWDELOL]DFLMD�
PH XQDURGQD� WUJRYLQD�� UHJLRQDOQD� HNRQRPLMD�� XUEDQD� HNRQRPLMD�� NRQWUROD� SRSXODFLMH�
NRQWUROD� ]DJD HQMD� RNROLãD�� NRQWUROD� QDRUXåDQMD�� GLQDPLþND� WHRULMD� RUJDQL]DFLMH�
&HQWUDOQL� SUREOHP� HNRQRPLMH� MH� RSWLPDOQD� UDVSRGMHOD� RJUDQLþHQLK� VUHGVWDYD� X� QHNRP
YUHPHQVNRP�WUHQXWNX��VWDWLþND�RSWLPL]DFLMD��LOL�WRNRP�RGUH HQRJ�YUHPHQD���GLQDPLþND
RSWLPL]DFLMD��� ,]ERU� L]PH X� PDQMH� SRWURãQMH� VDGD� L� YHüH� SRVOLMH�� L]ERU� L]PH X
NUDWNRURþQRJ� QDSRUD� L� GXJRURþQRJ� SURILWD�� SUREOHP� MH� GLQDPLþNH� RSWLPL]DFLMH�� LWG�
'UXJLP� ULMHþLPD�� SUREOHP� VH� VDVWRML� X� UDVSRGMHOL� LQYHVWLFLMD� SR� UD]OLþLWLP� VHNWRULPD
WLMHNRP�FLMHORJ�SHULRGD�HNRQRPVNRJ�SODQLUDQMD��

6� GUXJH� VWUDQH�� WHRULMD� RSWLPDOQRJ� XSUDYOMDQMD� LPD� NOMXþQX� XORJX� X� IRUPXODFLML
RSüH� WHRULMH� VXVWDYD�� RGQRVQR�� RSüH� WHRULMH� XSUDYOMDQMD�� NRMD� EL� YULMHGLOD� NDNR� ]D
WHKQLþNH��WDNR�L�]D�HNRQRPVNH��ELRORãNH�VXVWDYH�L�OMXGVNH�RUJDQL]DFLMH��'DQDV�VH�SULQFLSL�
PHWRGH�� WHKQLNH� L�SRVWXSFL�RYH� WHRULMH� SRNXãDYDMX� SUHQLMHWL� L� QD� GUXJH�REODVWL�� WDNR�GD
WHKQLþND� WHRULMD� XSUDYOMDQMD� GRELYD� ãLUL� ]QDþDM�� 7D� WHQGHQFLMD� MH� SRVHEQR� L]UDåHQD� X
MHGQRM�JUDQL�RSüH�WHRULMH�VXVWDYD��WHRULML�KLMHUDUKLMVNLK�VXVWDYD�V�YLãH�QLYRD�[�]��2VQRYQD
PRWLYDFLMD� IRUPXODFLMH� WHRULMH� KLMHUDUKLMVNLK� VXVWDYD� SURLVWLFDOD� MH� L]� SRGUXþMD
DXWRPDWL]DFLMH�L�XSUDYOMDQMD�NRPSOHNVQLP�LQGXVWULMVNLP�VXVWDYLPD��GD�EL�NDVQLMH�SUHUDVOD
X� WHRULMX� XSUDYOMDQMD� GUXãWYHQLP� RUJDQL]DFLMDPD�� .OMXþQL� SRMDP� WHRULMH� KLMHUDUKLMVNLK
VXVWDYD� MH� SULQFLS� NRRUGLQDFLMH� L]PH X� UD]OLþLWLK� QLYRD� �HOHPHQDWD�� VXVWDYD�� NDNR
YHUWLNDOQLK� WDNR� L� KRUL]RQWDOQLK�� 6� WH� VWUDQH�� SUREOHP� NRML� UD]PDWUDPR� X� RYRP� UDGX�
NRRSHUDWLYQL�UDG�GYD�URERWD��SUHGVWDYOMD�DQDORJLMX�NRRUGLQDFLMH�GYD�HOHPHQWD�VXVWDYD�QD
LVWRP�KLMHUDUKLMVNRP�QLYRX�
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2VQRYQD�PRWLYDFLMD�RYRJ�UDGD�MH�UD]YRM�QXPHULþNLK�DOJRULWDPD�NRML�EL�RPRJXüLOL
RSHUDWLYQX� SULPMHQX� RSWLPDOQRJ� XSUDYOMDQMD� QD� VORåHQH�� QHOLQHDUQH� PXOWLYDULMDELOQH
VXVWDYH� VD� ]DGDQLP� RJUDQLþHQMLPD� YDULMDEOL� VWDQMD� L� XSUDYOMDQMD�� 3UL� WRPH� MH� QXåQR
SRYODþHQMH� DQDORJLMD� V� SR]QDWLP� DUKLWHNWXUDPD� QHXURQVNLK�PUHåD�� DNR� SRVWRML� QDPMHUD
SULPMHQH�QXPHULþNLK�DOJRULWDPD�RSWLPDOQRJ�XSUDYOMDQMD�QD�YHOLNH��NRPSOHNVQH�VXVWDYH
�VXVWDYH� YLVRNLK� GLPHQ]LMD� YHNWRUD� VWDQMD��� UDGL� LVNRULãWDYDQMD� PRJXüQRVWL� SDUDOHOQRJ
SURFHVLUDQMD�� 8� UDGX� VH� SRG� SRMPRP� QHOLQHDUQRVW� SRGUD]XPMHYD� MHGQR]QDþQD
QHOLQHDUQRVW��RGQRVQR��QH�WUHWLUD�VH�YLãH]QDþQD�QHOLQHDUQRVW�SRSXW�KLVWHUH]H��7DNR HU��VYL
DOJRULWPL� �RVLP� X� VOXþDMX� SRGSRJODYOMD� ����� VX� RII�OLQH� DOJRULWPL�� RGQRVQR�� QH
SULPMHQMXMX�VH�GLUHNWQR�X�SURFHVX�XSUDYOMDQMD�

8� GUXJRP� SRJODYOMX� UD]PDWUDMX� VH� QHNL� HOHPHQWDUQL� UH]XOWDWL� L]� WHRULMH
RSWLPDOQRJ� XSUDYOMDQMD�� V� SRVHEQLP� QDJODVNRP� QD� WUHWLUDQMH� UD]QLK� YUVWD� PRJXüLK
RJUDQLþHQMD�� &LOM� WRJ� SRJODYOMD� MH� GD� VH� LOXVWULUDMX� PDWHPDWLþNL� SUREOHPL� V� NRMLPD� VH
VXRþDYDPR� X� VOXþDMX� GLUHNWQH� SULPMHQH� QXåQLK� XYMHWD� RSWLPDOQRVWL� ]D� QDODåHQMH
RSWLPDOQRJ� UMHãHQMD�� 2JUDQLþHQMD� WLSD� QHMHGQDNRVWL� SR� YDULMDEODPD� XSUDYOMDQMD�� D
SRVHEQR�SR�YDULMDEODPD� VWDQMD�� þLQH�QXåQH�XYMHWH�RSWLPDOQRVWL� JRWRYR�QHXSRWUHEOMLYLP
]D�SULPMHQX�RVLP�]D�QLåHGLPHQ]LRQDOQH�OLQHDUQH�VXVWDYH�

8�WUHüHP�SRJODYOMX�UD]PDWUDMX�VH�QHNH�VWDQGDUGQH�QXPHULþNH�PHWRGH�RSWLPDOQRJ
XSUDYOMDQMD��1XPHULþNR� WUHWLUDQMH�SUREOHPD�RSWLPDOQRJ�XSUDYOMDQMD� MH�QHRSKRGQR�]ERJ
PDWHPDWLþNH�NRPSOHNVQRVWL�QXåQLK�XYMHWD�RSWLPDOQRVWL��1XPHULþNH�PHWRGH�RSWLPDOQRJ
XSUDYOMDQMD� PRJX� VH� SRGMHOLWL� QD� PHWRGH� NRMH� QXPHULþNL� WUHWLUDMX� QXåQH� XYMHWH
RSWLPDOQRVWL� �PHWRGD�NYD]LOLQHDUL]DFLMH��GLVNUHWQR�GLQDPLþNR�SURJUDPLUDQMH�� L�GLUHNWQH
PHWRGH� X� NRMH� PRåHPR� XEURMLWL� 5LW]RYX� PHWRGX� L� PHWRGX� GLVNUHWL]DFLMH� NRMRP
NRQWLQXLUDQL� SUREOHP� RSWLPDOQRJ� XSUDYOMDQMD� VYRGLPR� QD� SUREOHP� QHOLQHDUQRJ
SURJUDPLUDQMD�

8� þHWYUWRP� SRJODYOMX� GDMH� VH� L]YRG� JUDGLMHQWQRJ� DOJRULWPD� ]D� GLVNUHWL]LUDQL
SUREOHP�RSWLPDOQRJ�XSUDYOMDQMD��,]YRG�MH�ED]LUDQ�QD�SULQFLSX�%377��EDFNSURSDJDWLRQ�
WKURXJK�WLPH��DOJRULWPD��RGQRVQR�QD�SULPMHQL� VYRMVWYD�XODQþDQLK�GHULYDFLMD� L� LWHULUDQMD
XQD]DG�X�YUHPHQX��=ERJ�NRPSOHNVQRVWL�L]YRGD�DOJRULWPD�]D�QHOLQHDUQH�PXOWLYDULMDELOQH
VXVWDYH�� QDMSULMH� VPR� L]YHOL� DOJRULWDP� ]D� MHGQRGLPHQ]LRQDOQL� VOXþDM� UDGL� LOXVWUDFLMH
RVQRYQRJ� SULQFLSD� L]YR HQMD� DOJRULWPD�� 7DNR HU� VPR� GDOL� SULND]� DQDORJLMH� L]PH X
GRELYHQRJ�DOJRULWPD�]D�MHGQRGLPHQ]LRQDODQ�VOXþDM�L�DUKLWHNWXUH�GLQDPLþNLK�QHXURQVNLK
PUHåD�� NDR� L� XQDSULMHGQLK� QHXURQVNLK� PUHåD� V� 1��� VNULYHQLK� VORMHYD� �1� MH� EURM
GLVNUHWL]LUDQLK� YUHPHQVNLK� SRGLQWHUYDOD��� =DWLP� VOLMHGL� L]YRG� DOJRULWPD� ]D� RSüHQLWH
QHOLQHDUQH�PXOWLYDULMDELOQH�VXVWDYH�EH]�RJUDQLþHQMD�YDULMDEOL�VWDQMD�L�XSUDYOMDQMD��1DNRQ
WRJD�� X� RVQRYQX� VKHPX� DOJRULWPD� SRVWHSHQR� GRGDMHPR� PRGLILNDFLMH� ]D� VOXþDM
RJUDQLþHQMD� WLSD� UXEQLK� XYMHWD�� WH� RJUDQLþHQMD� WLSD� QHMHGQDNRVWL� L� MHGQDNRVWL� SR
YDULMDEODPD�VWDQMD�L�XSUDYOMDQMD��1D�NUDMX�GDMHPR�SUHJOHG�NRQDþQRJ�REOLND�DOJRULWPD�]D
SUREOHP� RSWLPDOQRJ� XSUDYOMDQMD� X� NRMHJ� VX� XNOMXþHQL� VYL�� JRUH� QDYHGHQL�� WLSRYL
RJUDQLþHQMD�� 'RELYHQL� DOJRULWDP� VPR� WHVWLUDOL� QD� QHNLP� MHGQRVWDYQLP� OLQHDUQLP
SULPMHULPD� �V� SR]QDWLP� DQDOLWLþNLP� UMHãHQMHP�� UDGL� PRJXüQRVWL� GLUHNWQH� XVSRUHGEH
QXPHULþNLK�UH]XOWDWD�V�DQDOLWLþNLP�

8�SHWRP�SRJODYOMX�GDMHPR�SULND]�PHWRGH�NRQMXJLUDQRJ�JUDGLMHQWD��NRMD�VSDGD�X
PHWRGH� GUXJRJ� UHGD� L� LPD� SXQR� EROMD� NRQYHUJHQFLMVND� VYRMVWYD� RG� JUDGLMHQWQRJ
DOJRULWPD� V� NRQVWDQWQLP�NRHILFLMHQWRP�NRQYHUJHQFLMH��0HWRGD� NRQMXJLUDQRJ� JUDGLMHQWD
]DKWLMHYD� GRGDWQX� MHGQRGLPHQ]LRQDOQX� PLQLPL]DFLMX� IXQNFLMH� FLOMD� X� VYDNRP� NRUDNX
LWHULUDQMD� DOJRULWPD� ãWR� SRYHüDYD� YULMHPH� L]UDþXQDYDQMD� MHGQH� LWHUDFLMH� JUDGLMHQWQRJ
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8� ãHVWRP� SRJODYOMX� UD]PDWUDPR� SUREOHP� YUHPHQVNL� RSWLPDOQRJ� XSUDYOMDQMD�
3UYR� SULPMHQMXMHPR� DQDORJQX� SURFHGXUX� NDR� X� þHWYUWRP� SRJODYOMX� X]LPDMXüL� SHULRG
GLVNUHWL]DFLMH� SURPMHQMLYRP�YDULMDEORP� L� UDþXQDPR�GHULYDFLMX� GHILQLUDQH� IXQNFLMH� FLOMD
SR� SHULRGX� GLVNUHWL]DFLMH�� 'RELYHQL� DOJRULWDP� MH� YUOR� JORPD]DQ� L� QHSUDNWLþDQ� ]D
LPSOHPHQWDFLMX�� 1DNRQ� WRJD� SULND]DOL� VPR� GUXJL� DOJRULWDP� NRML� MH� YUOR� MHGQRVWDYDQ� L
]DKWLMHYD�VDPR�L]UDþXQDYDQMH�VXPH�ND]QHQLK�IXQNFLMD�

8�VHGPRP�SRJODYOMX�UD]PDWUDPR�SULPMHQX�DOJRULWDPD�SULND]DQLK�X�SUHWKRGQLP
SRJODYOMLPD�QD�SUREOHP�RSWLPDOQRJ�XSUDYOMDQMD�URERWRP�V�GYD�VWXSQMD�VORERGH��3UYR�VH
UD]PDWUD� YUHPHQVNL� RSWLPDOQR� XSUDYOMDQMH� URERWRP� V� RJUDQLþHQMLPD� YDULMDEOL
XSUDYOMDQMD�� D� ]DWLP� LVWL� SUREOHP� V� XYMHWRP� ]DRELODåHQMD� SUHSUHNH�� 1DNRQ� WRJD
UD]PDWUDPR� SUREOHP� RSWLPDOQRJ� XSUDYOMDQMD� NRRSHUDWLYQLP� UDGRP� GYD� URERWD� WRNRP
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RJUDQLþHQMLPD�YDULMDEOL�XSUDYOMDQMD�
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'D� EL� XVSRVWDYLOL� YH]X� L]PH X� MHGQDGåEH� �������� L� +DPLOWRQRYLK� NDQRQVNLK
MHGQDGåEL�� SRJOHGDW� üHPR� þHPX� MH� MHGQDND� PDOD� SURPMHQD� LQGHNVD� SHUIRUPDQVH
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[� �� � X� RGQRVX� QD� PDOX� SURPMHQX� SRþHWQLK� XYMHWD� L� PDOX� SURPMHQX� SRþHWQRJ

YUHPHQD�� 7DM� SUREOHP� VH� VYRGL� QD� RGUH LYDQMH� SUYH� YDULMDFLMH� L]UD]D� �������� V
QHVSHFLILFLUDQLP�SRþHWQLP�YUHPHQRP��ãWR� MH�HNYLYDOHQWQR�SUREOHPX�V�QHVSHFLILFLUDQLP
NRQDþQLP� YUHPHQRP� X]� QHJDWLYDQ� SUHG]QDN� LVSUHG� LQWHJUDOD� �SRGSRJODYOMH� ������ .DR
UH]XOWDW� GRELYDPR� L]UD]� ������� V� QHJDWLYQLP� SUHG]QDNRP�� 3RãWR� IXQNFLMD� Q � QLMH
GHILQLUDQD�X�SRþHWQRP�YUHPHQX��RGQRVQR�Q = � ��L]UD]��������SRVWDMH
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-HGQDGåED����������RGQRVQR����������QD]LYD�VH�+DPLOWRQ�-DFREL�%HOOPDQRYD�MHGQDGåED�
5DGL�VH�R�QHOLQHDUQRM�SDUFLMDOQRM�GLIHUHQFLMDOQRM�MHGQDGåEL�SUYRJ�UHGD�V�UXEQLP�XYMHWRP
��������� -HGQDGåED� �������� SUHGVWDYOMD�� X� VWYDUL�� GUXJL� SULND]� 3RQWU\DJLQRYRJ� SULQFLSD
PDNVLPXPD��RGQRVQR�PLQXPXPD�X�QDãHP�VOXþDMX���RSWLPDOQL�YHNWRU�XSUDYOMDQMD� $ � �X W
PLQLPL]LUD� +DPLOWRQRYX� IXQNFLMX�� 'UXJLP� ULMHþLPD�� OLMHYD� VWUDQD� L]UD]D� �������
SUHGVWDYOMD�GHVQX�VWUDQX�L]UD]D����������GRN�GHVQD�VWUDQD�L]UD]D���������SUHGVWDYOMD�GHVQX
VWUDQX� L]UD]D� ��������� 2YLP� MH�� QD� QHNL� QDþLQ�� SRND]DQD� HNYLYDOHQWQRVW� L]PH X
3RQWU\DJLQRYRJ� SULQFLSD� PDNVLPXPD� L� %HOOPDQRYRJ� NRQFHSWD� GLQDPLþNRJ
SURJUDPLUDQMD�

$NR�QHPD�RJUDQLþHQMD�QD�YHNWRU�VWDQMD�L�XSUDYOMDQMD�� WDGD� $ � �X W �PRUD�ELWL� WDNDY
GD�]DGRYROMDYD�QXåDQ�XYMHW�RSWLPDOQRVWL��������

1DGDOMH�� DNR� SRPRüX� XYMHWD� RSWLPDOQRVWL� ������� PRåHPR� L]UD]LWL� X� �W � NDR
IXQNFLMX� RG� [� �� � ��W W Wl �� WDGD� X� +DPLOWRQRYRM� IXQNFLML� PRåHPR� HOLPLQLUDWL� YHNWRU
XSUDYOMDQMD�L�GRELWL�MHGQDGåEX���������NRMD�RYLVL�VDPR�R� [� ��W W ��RGQRVQR�VDPR�R� [� �W
XNROLNR�+DPLOWRQLDQ� QH� RYLVL� HNVSOLFLWQR� R� YUHPHQX�� 8� WRP� VOXþDMX�� SRG� XYMHWRP� GD
XVSLMHPR� ULMHãLWL� MHGQDGåEX� ���������PRåHPR�GRELWL� YHNWRU� XSUDYOMDQMD� X� �W � X� IXQNFLML
YHNWRUD�VWDQMD� [� �W ��GUXJLP�ULMHþLPD��GRELOL�EL�UMHãHQMH�SUREOHPD�RSWLPDOQRJ�XSUDYOMDQMD
X� REOLNX� SRYUDWQH� YH]H� SR� YDULMDEODPD� VWDQMD�� 7LPH� EL� XMHGQR� ELR� ULMHãHQ� L� SUREOHP
RSWLPDOQH�UHJXODFLMH�

1HOLQHDUQX�SDUFLMDOQX�GLIHUHQFLMDOQX�MHGQDGåEX���������V�UXEQLP�XYMHWRP��������
RSüHQLWR�MH�YUOR�WHãNR�UMHãLWL�QXPHULþNL��1DMþHãüH�PHWRGH�]D�QMHQR�UMHãDYDQMH�VX�PHWRGD

NDUDNWHULVWLND� L� UD]YRM� X� UHG� SRWHQFLMD��5D]YRMHP�X� UHG� SRWHQFLMD� IXQNFLMH� ( )- W WP [� �� �
GRELYDPR
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$NR�JRUQML� L]UD]�XYUVWLPR�X�MHGQDGåEX��������� WH�NRHILFLMHQWH�X]�VYH�SRWHQFLMH�YHNWRUD
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5LFFDWLMHYLK�GLIHUHQFLMDOQLK�MHGQDGåEL��JGMH�MH�1�VWXSDQM�QDMYLãH�SRWHQFLMH�X�UD]YRMX��1SU�
]D� Q = � �� 1 = � �� WUHEDPR� UMHãLWL� VXVWDY� RG� ��� GLIHUHQFLMDOQLK� MHGQDGåEL� GD� EL� GRELOL
UMHãHQMH�X�REOLNX�SRYUDWQH�YH]H��'REUD�VWUDQD�RYRJ�SULVWXSD�MH�GD�WUHEDPR�UMHãLWL�SUREOHP
V�SRþHWQLP�XYMHWLPD�� GRN� VX� ORãH� VWUDQH� WR� ãWR� QHPD� JDUDQFLMH� GD� MH� VLVWHP� VWDELODQ�� L
GUXJR��EURM�5LFFDWLMHYLK�GLIHUHQFLMDOQLK�MHGQDGåEL�UDSLGQR�VH�SRYHüDYD�V�SRUDVWRP�UHGD
VXVWDYD�Q�L�UHGD�SROLQRPD�1�
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���1XPHULþNH�PHWRGH�RSWLPDOQRJ�XSUDYOMDQMD

8� SUHWKRGQRP� SRJODYOMX� SULND]DOL� VPR� QXåQH� XYMHWH� ]D� SUREOHP� RSWLPDOQRJ
XSUDYOMDQMD�� 7L� XYMHWL� VYRGH� VH� RSüHQLWR� QD� VXVWDY� QHOLQHDUQLK� GLIHUHQFLMDOQLK� L
DOJHEDUVNLK�MHGQDGåEL�V�UXEQLP�XYMHWLPD��.RQNUHWQR��]D�VOXþDM�EH]�RJUDQLþHQMD�YHNWRUD
VWDQMD�L�XSUDYOMDQMD�SUREOHP�VH�VDVWRML�X�SURQDODåHQMX

D���Q�YDULMDEOL�VWDQMD�[� �W �

E���Q�/DJUDQJHRYLK�PXOWLSOLNDWRUD�l� �W �

F���P�XSUDYOMDþNLK�YDULMDEOL�X� �W �

NRML�VLPXOWDQR�]DGRYROMDYDMX

,���VXVWDY�RG�Q�GLIHUHQFLMDOQLK�MHGQDGåEL��]DGDQL�SRþHWQL�UXEQL�XYMHWL��NRML�VDGUåL
YHNWRUH�[� �W L�X� �W ��MHGQDGåED���������

,,���VXVWDY�RG�Q�GLIHUHQFLMDOQLK�MHGQDGåEL��]DGDQL�NRQDþQL�UXEQL�XYMHWL��NRML�VDGUåL
YHNWRUH�[� �W ��l� �W �L�X� �W ��MHGQDGåED���������

,,,���VXVWDY� RG�P� DOJHEDUVNLK� MHGQDGåEL� �XYMHWL� RSWLPDOQRVWL�� NRML� VDGUåL� YHNWRUH
[� �W ��l� �W �L�X� �W ��MHGQDGåED���������

,9���SRþHWQH�L�NRQDþQH�UXEQH�XYMHWH�]D�YHNWRUH�[� �W �L�l� �W ��MHGQDGåED���������

5MHãDYDQMH� WDNYRJ� SUREOHPD� MH� YUOR� QHWULYLMDOQR� þDN� L� ]D� OLQHDUQH� GLQDPLþNH
VXVWDYH��GRN�VH�XYR HQMHP�RJUDQLþHQMD�SUREOHP�GRGDWQR�XVORåQMDYD��=ERJ�WRJD�MH�QXåQR
UD]YLWL�RGJRYDUDMXüH�QXPHULþNH�PHWRGH�]D�UMHãDYDQMH�WRJ�SUREOHPD�

6YH�QXPHULþNH�PHWRGH�NRMH�WUHWLUDMX�WDM�SUREOHP�PRJX�VH�VWDYLWL�X�RNYLU�SULQFLSD
³VXNFHVLYQH�OLQHDUL]DFLMH´��.UHQH�VH�RG�QHNRJ�SRþHWQRJ�UMHãHQMD�NRMH�]DGRYROMDYD�MHGDQ�
GYD�LOL�WUL�RG�þHWLUL��JRUH�QDYHGHQD��NULWHULMD��W]Y��QRPLQDOQR�UMHãHQMH���7DGD�VH�QRPLQDOQR
UMHãHQMH� LWHUDWLYQLP� SRVWXSNRP� PRGLILFLUD� VYH� GRN�� V� RGJRYDUDMXüRP� WRþQRãüX�� QH
]DGRYROML�SUHRVWDOH�XYMHWH�

2YGMH� üHPR� XNUDWNR� UD]PRWULWL� QHNH� NODVLþQH� QXPHULþNH� PHWRGH� RSWLPDOQRJ
XSUDYOMDQMD��[�]��[�]��[�]��[��]��[��]�
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����0HWRGD�NYD]LOLQHDUL]DFLMH

2YGMH� üHPR�GDWL� SULND]� LWHUDWLYQH�PHWRGH� ]D� UMHãDYDQMH� VXVWDYD� GLIHUHQFLMDOQLK
MHGQDGåEL� V� UXEQLP� XYMHWLPD� �QXåQL� XYMHWL� RSWLPDOQRVWL� ,�,9��� 0HWRGRP
NYD]LOLQHDUL]DFLMH�WUDQVIRUPLUDPR�VXVWDY�QHOLQHDUQLK�GLIHUHQFLMDOQLK�MHGQDGåEL�V�UXEQLP
XYMHWLPD�X�VXVWDY�QHVWDFLRQDUQLK�OLQHDUQLK�GLIHUHQFLMDOQLK�MHGQDGåEL�V�UXEQLP�XYMHWLPD�
NRML� MH� ODNãL� ]D� UMHãDYDQMH�� =D� QHVLQJXODUDQ� SUREOHP� YHNWRU� XSUDYOMDQMD� X� �W PRåHPR
SULND]DWL�NDR�IXQNFLMX�RG�[� �W �L�l� �W ��QD�RVQRYL�XYMHWD�RSWLPDOQRVWL
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8� WRP� VOXþDMX�� X� GLQDPLþNLP� MHGQDGåEDPD� VXVWDYD� ������� L� X� MHGQDGåEDPD� ]D
/DJUDQJHRYH� PXOWLSOLNDWRUH� �������� PRåHPR� HOLPLQLUDWL� YHNWRU� XSUDYOMDQMD� L� GRELWL
VXVWDY�PH XVREQR�VSUHJQXWLK�GLIHUHQFLMDOQLK�MHGQDGåEL�]D�[� �W �L�l� �W
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-HGQDGåED� ������ SUHGVWDYOMD�� X� VWYDUL�� VXVWDY� QHDXWRQRPQLK� OLQHDUQLK� GLIHUHQFLMDOQLK
MHGQDGåEL
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'D� EL� UMHãLOL� OLQHDUQL� VXVWDY� ������ V� UXEQLP� XYMHWLPD� PRåHPR� SULPMHQLWL� 5LFFDWLMHYX
WUDQVIRUPDFLMX��NRMRP�SUREOHP�V� UXEQLP�XYMHWLPD�SUHEDFXMHPR�X�SUREOHP�V�SRþHWQLP
XYMHWLPD��'UXJD�PRJXüQRVW�MH�NRULãWHQMH�SULQFLSD�VXSHUSR]LFLMH�NRML�YULMHGL�]D�OLQHDUQH
VXVWDYH��3RVWXSDN�LWHULUDQMD�VH�QDVWDYOMD�VYH�GRN�UD]OLND�L]PH X�GYD�UMHãHQMD

e� � � � � �W W WN N= -+] ]� � ������
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QH�EXGH�GRYROMQR�PDOD�

����'LVNUHWQR�GLQDPLþNR�SURJUDPLUDQMH

� 'LVNUHWQR� GLQDPLþNR� SURJUDPLUDQMH� ED]LUD� VH� QD� YUHPHQVNRM� GLVNUHWL]DFLML
+DPLOWRQ�-DFREL�%HOOPDQRYH�MHGQDGåEH����������$SURNVLPLUDMXüL�YUHPHQVNX�GHULYDFLMX
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-HGQDGåED��������QD]LYD�VH�IXQNFLMVND�MHGQDGåED�GLQDPLþNRJ�SURJUDPLUDQMD��5MHãDYDQMH
JRUQMH� MHGQDGåEH� SURYRGL� VH� XQD]DG� X� YUHPHQX� SRþHYãL� RG� N 1= �� 5H]XOWDW
PLQLPL]DFLMH� X� VYDNRP� YUHPHQVNRP� WUHQXWNX� W N W

N
= D � MH� RSWLPDOQL� YHNWRU� $X

N
� NDR

IXQNFLMD� VWDQMD� [
N
��0H XWLP�� WDNDY� SULVWXS� MH� QHSUDNWLþDQ� ]D� YHOLNL� EURM� YUHPHQVNLK

SRGLQWHUYDOD�1�� D� WDNR HU� L� ]D� QHOLQHDUQH� GLQDPLþNH� VXVWDYH� V� RJUDQLþHQMLPD� YHNWRUD
VWDQMD� L� XSUDYOMDQMD�� =ERJ� WRJD� VX� UD]YLMHQH� UD]OLþLWH� PHWRGH� ]D� UMHãDYDQMH� MHGQDGåEH
�������NRMH�VH�PRJX�QDüL�X�[��]��[��]�

9HüLQD� WLK� PHWRGD� ED]LUD� VH� QD� GLVNUHWL]DFLML� YHNWRUD� VWDQMD� [
N
�� JGMH� VH

GR]YROMHQL� LQWHUYDO� YHNWRUD� VWDQMD� �RELþQR� GHILQLUDQ� RJUDQLþHQMLPD�� SRGLMHOL� QD� 0
GLVNUHWQLK�YULMHGQRVWL��1D� WDM�QDþLQ�� RJUDQLþHQMD� YHNWRUD� VWDQMD� L� XSUDYOMDQMD�� NRMD� NRG
VYLK� RVWDOLK� QXPHULþNLK� PHWRGD� RSWLPDOQRJ� XSUDYOMDQMD� SUHGVWDYOMDMX� YHOLNL� SUREOHP�
RYGMH� SUHGVWDYOMDMX� RODNãDQMH�� 0H XWLP�� WDM� SULVWXS� SRVWDYOMD� YHOLNH� ]DKWLMHYH� QD
SRWUHEQX�PHPRULMX�]D�SRKUDQMLYDQMH�PH XUH]XOWDWD�L]UDþXQDYDQMD��NDR�L�QD�VDPX�EU]LQX
UDþXQDQMD��6�RE]LURP�GD�X�VYDNRP�YUHPHQVNRP�WUHQXWNX� N� WUHEDPR�PHPRULUDWL�YHNWRU

( )I [ X
N N
� �NDR�L� ( )( )- W

N N N N+
+

�
[ I [ X� D � ( )-

N N
[ �SRWUHEQR�MH

G = +� �Q 0 Q� � ������

PHPRULMVNLK�PMHVWD��9LGLPR�GD�SRYHüDYDQMHP�UHGD�VXVWDYD�WDM�EURM�GUDVWLþQR�UDVWH��ãWR
SUHGVWDYOMD�QDMYHüX�PDQX�GLVNUHWQRJ�GLQDPLþNRJ�SURJUDPLUDQMD��1SU��]D�VXVWDY�þHWYUWRJ
UHGD� X]� 0 = ����� SRWUHEQR� QDP� MH� G = ¢� ��� � PHPRULMVNLK� PMHVWD�� RGQRVQR�� RNR
���0E �5$0�PHPRULMH�
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��

,DNR�MH�GLVNUHWQR�GLQDPLþNR�SURJUDPLUDQMH�YUOR�HILNDVQR�]D�WUHWLUDQMH�SUREOHPD�V
RJUDQLþHQMLPD� YHNWRUD� VWDQMD� L� XSUDYOMDQMD�� ]ERJ� QDYHGHQRJ� SUREOHPD�� SULPMHQMXMH� VH
XJODYQRP�]D�VXVWDYH�QLVNLK�GLPHQ]LMD��GR�Q = ���

����5LW]RYD�PHWRGD
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NRHILFLMHQWRP� .
V
��2YLP� VPR�� GDNOH�� SUREOHP� VYHOL� VDPR� QD� JHRPHWULMVNR� XWYU LYDQMH

PH XVREQRJ�SUHVMHND�UXNX�PDQLSXODWRUD�

3UREOHP�NRML�VPR�UD]PDWUDOL�MH�LGHQWLþDQ�SUREOHPX�X�SUHWKRGQRP�SRGSRJODYOMX�V
WRP� UD]OLNRP�GD� VPR� ]D� YUHPHQVNL� LQWHUYDO� X]HOL� W VI = � �� � ]ERJ� WRJD� ãWR� YULMHPH� RG

W VI = ��� � QLMH� ELOR� GRYROMQR� GD� ]DGRYROML�� SRUHG� SUHWKRGQD� WUL� RJUDQLþHQMD�� MRã� L� XYMHW

PH XVREQRJ�L]EMHJDYDQMD�VXGDUD�UXNX�GYD�URERWD�
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9LGLPR� GD� MH� GRGDYDQMH� QRYRJ� XYMHWD� ELWQR� XVSRULOR� EU]LQX� NRQYHUJHQFLMH
DOJRULWPD�� 6OLNH� ����� L� ����� SULND]XMX� YUHPHQVNX� RYLVQRVW� XSUDYOMDþNLK� IXQNFLMD�
RGQRVQR� YDULMDEOL� VWDQMD�� GRN� VOLND� ����� SULND]XMH� YUHPHQVNX� SURPMHQX� PH XVREQH
XGDOMHQRVWL� SULKYDWQLFD�GYD� URERWD� L� RGVWXSDQMH� WH�YULMHGQRVWL� RG�GHILQLUDQH� XGDOMHQRVWL
PH X�KYDWLãWLPD�WHUHWD�NRML�VH�SUHQRVL��9LGLPR�GD�SRVWRMH�PDOH�RVFLODFLMH�RNR�GHILQLUDQH
PH XVREQH� XGDOMHQRVWL� NRMH� VH� PRJX� NRPSHQ]LUDWL� SRPLþQLP� KYDWLãWLPD� WHUHWD� LOL
HODVWLþQRãüX�SULKYDWQLFH�PDQLSXODWRUD��6OLND������LOXVWULUD�EU]LQX�NRQYHUJHQFLMH�XNXSQH
IXQNFLMH�FLOMD�
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URERWD��7DNR HU��SULND]DQL�VX�SRORåDML� WHUHWD�X�UD]OLþLWLP�YUHPHQVNLP�WUHQXFLPD�WRNRP
SULMHQRVD�� D� QD� VOLFL� ����� SULND]DQD� MH� URWDFLMD� WHUHWD� WRNRP� SULMHQRVD� X� QHSRPLþQRP
NRRUGLQDWQRP�VXVWDYX��9LGLPR�GD�WRNRP�SULMHQRVD�L]�SRþHWQRJ�X�NUDMQML�SRORåDM�GROD]L
GR�URWDFLMH�WHUHWD�X�MHGQRP�VPMHUX�]D�NXW�RG� p � � UDG ��D�QDNRQ�WRJD�GROD]L�GR�URWDFLMH
WHUHWD� X� VXSURWQRP� VPMHUX� ]D� NXW� RG� p UDG �� 6YH� VNXSD�� WHUHW� MH� SUHEULVDR� NXW� RG
� �p � UDG ��NDR�X�SULPMHUX�L]�SUHWKRGQRJ�SRGSRJODYOMD��V�WRP�UD]OLNRP�ãWR�QLMH�GRãOR�GR
URWDFLMH� X� MHGQRP� VPMHUX� ]D� NULWLþQLK� � �p � UDG �� NDGD� GROD]L� GR� VXGDUD� UXNX
PDQLSXODWRUD�GYD�URERWD�
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����0RJXüQRVWL�UHJXODFLMH�X�UHDOQRP�YUHPHQX

8� SUHWKRGQRP� SRGSRJODYOMX� UD]PDWUDOL� VPR� SUREOHP� RSWLPDOQRJ� XSUDYOMDQMD� V
SRYUDWQRP� YH]RP��2YGMH� üHPR� UD]PRWULWL� SUREOHP� UHJXODFLMH�� RGQRVQR� VOXþDM� NDGD� MH
EDUHP� MHGDQ� SRþHWQL� XYMHW� UD]OLþLW� RG� QXOH� GRN� VX� UXEQL� XYMHWL� �XYMHWL� X� NRQDþQRP
YUHPHQX��MHGQDNL�QXOL��SUREOHP�RWNODQMDQMD�UHJXODFLMVNRJ�RGVWXSDQMD��

5D]PRWULPR�SULPMHU�L]�SUHWKRGQRJ�SRGSRJODYOMD�X�VOXþDMX�GD�]DPMHQLPR�SRþHWQH
L�UXEQH�XYMHWH��RGQRVQR

[ T UDG
� �
� �

�
� � � �= =

p
� [ W T W UDGI I� �

�� � � �= = �

[ T UDG V
�

�� � �� � & � �= = ¢ - � [ W T W UDG VI I� �

��� � & � �= = ¢ - �

[ T P
� �
� � �� � � �= = � [ W T W PI I�

�� � � �= = �

[ T P V
�

�� � �� � & � �= = ¢ - � [ W T W P VI I� �

��� � & � �= = ¢ - �

1D� VOLFL� ���� SULND]DQD� MH� EU]LQD� NRQYHUJHQFLMH� DOJRULWPD�� 8VSRUHGLPR� OL� MH� VD
VOLNRP� ����� SULPMHüXMHPR� GD� MH� EU]LQD� NRQYHUJHQFLMH� ELWQR� YHüD� X� VOXþDMX� UHJXODFLMH�
RGQRVQR�� SRWUHEQR� MH� SXQR�PDQMH� LWHUDFLMD� ]D� LVWX� UD]LQX� WRþQRVWL� UMHãHQMD�� 5D]ORJ� ]D
WDNYX�UD]OLNX�X�EU]LQL�NRQYHUJHQFLMH�OHåL�X�WRPH�ãWR�X�VOXþDMX�UHJXODFLMH�YDULMDEOH�VWDQMD
LPDMX�HNVSRQHQFLMDOQR�RSDGDMXüH�SRQDãDQMH��WDNR�GD�PDOR�RGVWXSDQMH�X�SDUDPHWULPD�LPD
]D�SRVOMHGLFX�YUOR�PDOR�RGVWXSDQMH�YDULMDEOL� VWDQMD�X�NRQDþQRP�YUHPHQVNRP� WUHQXWNX�
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�1D�RVQRYX� WLK� VYRMVWDYD��PRåH�VH� UD]PDWUDWL�PRJXüQRVW�XSUDYOMDQMD�X� UHDOQRP
YUHPHQX� NRMH� EL� VH� ]DVQLYDOR� QD� L]UDþXQDYDQMX� JUDGLMHQWD� WRNRP� MHGQRJ� SHULRGD
GLVNUHWL]DFLMH� �SHULRGD� VHPSOLUDQMD� VLJQDOD��� 7R� EL� ]QDþLOR� GD� X� VYDNRP� SHULRGX
VHPSOLUDQMD� VLJQDOD� JUDGLMHQWQLP� DOJRULWPRP� GRELYDPR� YULMHGQRVWL� NRHILFLMHQDWD
SRMDþDQMD��RGQRVQR�LPDPR�YUHPHQVNL�SURPMHQMLYH�NRHILFLMHQWH�SRMDþDQMD�
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1D� VOLFL� ���� SULND]DQD� MH� XVSRUHGED� UMHãHQMD� GRELYHQRJ� X� UHDOQRP� YUHPHQX� VD
UMHãHQMHP�V�NRQVWDQWQLP�NRHILFLMHQWLPD�SRMDþDQMD�GRELYHQLP�QDNRQ� 1 = ���� �LWHUDFLMD�
9LGLPR� GD� VX� RGVWXSDQMD� UHODWLYQR� PDOD� L� WR� QD� VUHGLQL� YUHPHQVNRJ� LQWHUYDOD�� GRN
RGVWXSDQMH� QD� NUDMX� YUHPHQVNRJ� LQWHUYDOD� LãþH]DYD� �VOLND� ������ ãWR� RSUDYGDYD
XSRWUHEOMLYRVW� XSUDYOMDQMD� X� UHDOQRP� YUHPHQX�� 1D� VOLFL� ����� SULND]DQD� MH� YUHPHQVND
RYLVQRVW�NRHILFLMHQDWD�SRMDþDQMD�

2VWDMH� MHGLQR� SLWDQMH� L]YUãDYDQMD� SRWUHEQRJ� EURMD� UDþXQVNLK� RSHUDFLMD� WRNRP
]DGDQRJ�SHULRGD�GLVNUHWL]DFLMH��1D� RVQRYL� GRELYHQRJ� DOJRULWPD� ���������������PRåH� VH
YLGMHWL�GD�EURM�RSHUDFLMD��1

23
��LPD�SULEOLåQX�RYLVQRVW�REOLND
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8�QDãHP�VOXþDMX��]D� 1 = ���� �� Q = � �� P = � �� LPDPR� 1
23

� ������ �RSHUDFLMD� WRNRP
SHULRGD�VHPSOLUDQMD�NRML�MH�MHGQDN� 7 V= ������ ��1D�RVQRYX�WLK�SRGDWDND�SURL]OD]L�GD�MH

SRWUHEQR� YULMHPH� ]D� L]YUãDYDQMH� MHGQH� LQVWUXNFLMH� 7 V, � ¢ -�� �� �� �� 7DNYH� UDþXQDUVNH
]DKWLMHYH� ]DGRYROMDYD� SURFHVRU� 706���&��[�� 7R� MH� SURFHVRU� X� DULWPHWLFL� SRPLþQRJ
]DUH]D� VD� �*)/236�D� QD� WDNWX� RG� ���� 0+]�� þLMH� YULMHPH� ]D� L]YUãDYDQMH� MHGQH
LQVWUXNFLMH�L]QRVL�7 V
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3RãWR� VPR� UD]PDWUDOL� SUREOHP� UHJXODFLMH� X� NRQDþQRP� YUHPHQVNRP� LQWHUYDOX� V
IXQNFLMRP� FLOMD� ������� SUREOHP� VWDELOQRVWL� QLMH� SRVHEQR� UD]PDWUDQ� V� RE]LURP� GD
]DGRYROMHQMH�UXEQRJ�XYMHWD��IXQNFLMD� ( )*

% 1
[ �WHåL�QXOL��DXWRPDWVNL�JDUDQWLUD�VWDELOQRVW�X

]DGDQRP�YUHPHQVNRP�LQWHUYDOX��0H XWLP��WR�QH�]QDþL�GD�MH�GRELYHQR�UMHãHQMH�VWDELOQR�X
SURL]YROMQRP� YUHPHQVNRP� LQWHUYDOX� �/\DSXQRYOMHYD� VWDELOQRVW��� 7R� ]QDþL� GD� EL� VH
QDYHGHQL�DOJRULWDP�PRJDR�NRULVWLWL��EH]�SUHWKRGQRJ�LVSLWLYDQMD�VWDELOQRVWL��X�SURFHVLPD
NRG� NRMLK� EL� VH�� QDNRQ� ]DGDQRJ� YUHPHQVNRJ� LQWHUYDOD�� ]QDR� GDOMQML� WRN� XSUDYOMDQMD�
3ULPMHU�]D� WDNDY�SURFHV� MH�SUHQRãHQMH� WHUHWD� URERWRP� L]�SRþHWQRJ� VWDQMD�X�NRQDþQR�X]
XYMHW� PLQLPXPD� YUHPHQD� �SULPMHU� X� SRGSRJODYOMX� ����� L� SRQRYQR� YUDüDQMH� X� SRþHWQL
SRORåDM� X� QDMNUDüHP� YUHPHQX� �SULPMHU� X� SRGSRJODYOMX� ������ 'UXJLP� ULMHþLPD�� QDNRQ
]DGDQRJ� YUHPHQVNRJ� LQWHUYDOD�� WHåLQVND� PDWULFD� ]D� SUREOHP� X� SRGSRJODYOMX� ���
]DPMHQLOD�EL�VH�WHåLQVNRP�PDWULFRP�]D�SUREOHP�X�SRGSRJODYOMX�����

7DNR HU�� QLVPR� UD]PDWUDOL� SRQDãDQMH� VXVWDYD� X� SULVXWQRVWL� VWRKDVWLþNLK
SRUHPHüDMD��ãXP�PMHUHQMD���MHU�EL�WR�SUHPDãLOR�SUHGYL HQL�RELP�RYRJ�UDGD�X�NRMHPX�MH
RVQRYQL�QDJODVDN�QD�WUHWLUDQMX�SUREOHPD�RJUDQLþHQMD�YDULMDEOL�VWDQMD�L�XSUDYOMDQMD�
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1D� RVQRYL� UH]XOWDWD� SULND]DQLK� X� SUHWKRGQLP� SRJODYOMLPD� PRJX� VH� XRþLWL
RGUH HQH� GREUH� VWUDQH� NDR� L� RGUH HQH� VODERVWL� GRELYHQRJ� DOJRULWPD�� 1D� SULPMHULPD
SUREOHPD� V� SR]QDWLP� DQDOLWLþNLP� UMHãHQMHP� GRELOL� VPR� JRWRYR� VDYUãHQR� SRNODSDQMH
QXPHULþNLK�UH]XOWDWD�VD�DQDOLWLþNLP�]D�UHODWLYQR�PDOL�EURM�LWHUDFLMD��.RULãWHQMHP�PHWRGH
NRQMXJLUDQRJ�JUDGLMHQWD�EU]LQD�NRQYHUJHQFLMH�MRã�VH�YLãH�SRYHüDYD��8�VLWXDFLMDPD�JGMH
GRELYHQH� QXPHULþNH� UH]XOWDWH� QH� PRåHPR� XVSRUHGLWL� V� DQDOLWLþNLP�� NDR� X� VOXþDMX
RSWLPDOQRJ� XSUDYOMDQMD� URERWRP�� PMHUD� WRþQRVWL� UMHãHQMD� MH� XNXSQD� VXPD� ND]QHQLK
IXQNFLMD��âWR�MH�WD�VXPD�PDQMD��WR�MH�UMHãHQMH�WRþQLMH�

8VSRUHGLPR�OL�PHWRGX�V�NRQVWDQWQLP�NRHILFLMHQWRP�NRQYHUJHQFLMH�VD�PHWRGRP
NRQMXJLUDQRJ� JUDGLMHQWD�� GROD]LPR� GR� VOLMHGHüLK� ]DNOMXþDND�� 0HWRGD� V� NRQVWDQWQLP
NRHILFLMHQWRP� NRQYHUJHQFLMH� MHGQRVWDYQLMD� MH� ]D� XSRWUHEX�� QLMH� SRWUHEQD� GRGDWQD
MHGQRGLPHQ]LRQDOQD�PLQLPL]DFLMD�IXQNFLMH�FLOMD��0H XWLP��]ERJ�þLQMHQLFH�GD�VWDELOQRVW
DOJRULWPD�RYLVL�R�NRHILFLMHQWX�NRQYHUJHQFLMH��RGQRVQR��SRVWRML�JRUQMD�JUDQLFD�YULMHGQRVWL
WRJ� NRHILFLMHQWD� L]QDG� NRMH� DOJRULWDP� SRVWDMH� QHVWDELODQ�� LPDPR� L� RJUDQLþHQMH� EU]LQH
NRQYHUJHQFLMH� DOJRULWPD�� 0HWRGRP� NRQMXJLUDQRJ� JUDGLMHQWD� UMHãDYDPR� SLWDQMH
VWDELOQRVWL� �NRHILFLMHQW� NRQYHUJHQFLMH� RGUH XMHPR� X� VYDNRP� NRUDNX� LWHULUDQMD�� L� ELWQR
XEU]DYDPR�NRQYHUJHQFLMX�

6�GUXJH�VWUDQH��NDR�ãWR�VPR�YLGMHOL�QD�SULPMHUX�]DRELODåHQMD�SUHSUHNH�L�SULPMHUX
NRRSHUDWLYQRJ� UDGD� GYD� URERWD�� ]ERJ� VORåHQRVWL� L]UDþXQDYDQMD� SDUFLMDOQLK� GHULYDFLMD
ND]QHQLK� IXQNFLMD� SULEMHJOL� VPR��PRåH� VH� UHüL�� JUXELP� DSURNVLPDFLMDPD� WLK� GHULYDFLMD
ãWR� MH� RQHPRJXüLOR� XSRWUHEX� PHWRGH� NRQMXJLUDQRJ� JUDGLMHQWD�� DOL� MH� ]DWR� PHWRGD� V
NRQVWDQWQLP�NRHILFLMHQWRP�NRQYHUJHQFLMH�GDOD�GREUH� UH]XOWDWH��5D]ORJ�]D� QHHILNDVQRVW
PHWRGH� NRQMXJLUDQRJ� JUDGLMHQWD�� X� RYRP� VOXþDMX�� OHåL� X� UDVNRUDNX� L]PH X
DSURNVLPDWLYQH�YULMHGQRVWL�JUDGLMHQWD�IXQNFLMH�FLOMD�L�WRþQH�YULMHGQRVWL�IXQNFLMH�FLOMD��6D
VWDQRYLãWD� PHWRGH� V� NRQVWDQWQLP� NRHILFLMHQWRP� NRQYHUJHQFLMH�� DSURNVLPDWLYQD
YULMHGQRVW� JUDGLMHQWD� ]QDþL� RGUH HQR� VNUHWDQMH� VD� VPMHUD� QDMEUåHJ� VSXVWD�� RGQRVQR�
RGUH HQR�XVSRUDYDQMH�NRQYHUJHQFLMH�

9LGMHOL� VPR�GD�RJUDQLþHQMD�SR�YDULMDEODPD�VWDQMD�PRJX�ELWL�SULOLþQR�VORåHQD��D
GHULYDFLMH� ND]QHQLK� IXQNFLMD� ]D� WD� RJUDQLþHQMD� L]X]HWQR� NRPSOLFLUDQH�� 6WRJD� VH� þLQL
SULOLþQR� ]QDþDMQD� þLQMHQLFD� GD� VH� JUXERP� DSURNVLPDFLMRP� WLK� GHULYDFLMD�PRJX� � GRELWL
GREUL� UH]XOWDWL�� SD� PDNDU� X]� FLMHQX� VPDQMHQMD� EU]LQH� NRQYHUJHQFLMH�� ,PDMXüL� X� YLGX
VSHFLILþQX�JHRPHWULMVNX� LQWHUSUHWDFLMX�JUDGLMHQWQRJ�DOJRULWPD��PRJOL�EL�]DNOMXþLWL�GD� MH
JUDGLMHQWQL�DOJRULWDP�V�NRQVWDQWQLP�NRHILFLMHQWRP�NRQYHUJHQFLMH�PRåGD�MHGLQL�DOJRULWDP
NRML� MH� X� VWDQMX� UMHãDYDWL� SUREOHP� RSWLPDOQRJ� XSUDYOMDQMD� V� QDYHGHQLP� WLSRP
DSURNVLPDFLMD�

3ULPMHQRP� %377� �EDFNSURSDJDWLRQ�WKURXJK�WLPH�� DOJRULWPD� QD� SUREOHP
RSWLPDOQRJ� XSUDYOMDQMD� V� NRQVWDQWQLP� NRQDþQLP� YUHPHQRP� �RGQRVQR�� YUHPHQVNLP
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LQWHUYDORP�XSUDYOMDQMD��GRELOL�VPR�YUOR�HOHJDQWDQ�REOLN�DOJRULWPD�X�NRMHP�VH�]DKWLMHYD
SR]QDYDQMH�VDPR�SUYLK�GHULYDFLMD�RGJRYDUDMXüLK�YHOLþLQD��3ULPMHQRP�LVWRJ�SULQFLSD�QD
YUHPHQVNL� RSWLPDOQR� XSUDYOMDQMH� GRELOL� VPR� YUOR� JORPD]DQ� DOJRULWDP�� QHSUDNWLþDQ� ]D
XSRWUHEX��V�GHULYDFLMDPD�GUXJRJ�UHGD��ýDN�L�NDG�EL�GRELYHQL�DOJRULWDP�LPSOHPHQWLUDOL�
RVWDOR� EL� RWYRUHQR� SLWDQMH� VWDELOQRVWL� DOJRULWPD�� 2VQRYQL� SUREOHP� X� UHDOL]DFLML
YUHPHQVNL� RSWLPDOQRJ� XSUDYOMDQMD� NRMH� MH� ED]LUDQR� QD� VLPXOWDQRP� LWHULUDQMX� YDULMDEOL
XSUDYOMDQMD� L� YUHPHQVNRJ� LQWHUYDOD�� OHåL� X� þLQMHQLFL� GD� ]D� GDQL� YUHPHQVNL� LQWHUYDO
QHPDPR�GRYROMQR�WRþQR�UMHãHQMH�YDULMDEOL�XSUDYOMDQMD��7DM�SUREOHP�VPR�UMHãLOL� WDNR�GD
VPR� YULMHGQRVW� YUHPHQVNRJ� LQWHUYDOD� GUåDOL� NRQVWDQWQRP� VYH� GRN� QH� EL� SRVWLJOL
RGJRYDUDMXüX� WRþQRVW� UMHãHQMD�� GHILQLUDQX� VXPRP� ND]QHQLK� IXQNFLMD�� 7DM� SULVWXS
JDUDQWLUD�VWDELOQRVW�DOJRULWPD�L��NDR�ãWR�VPR�YLGMHOL��GDMH�YUOR�GREUH�UH]XOWDWH�

3RãWR� MH� GRND]LYDQMH� HJ]LVWHQFLMH� UMHãHQMD� SUREOHPD� RSWLPDOQRJ� XSUDYOMDQMD� V
RJUDQLþHQMLPD�YUOR�WHåDN�SUREOHP�X�RSüHQLWRP�VOXþDMX��WUHWLUDQMH�RJUDQLþHQMD�SULPMHQRP
ND]QHQLK� IXQNFLMD� YUOR� MH� NRULVQR� L� NDR� LQGLNDFLMD� UMHãLYRVWL� SUREOHPD�� $NR� ND]QHQD
IXQNFLMD� QH� NRQYHUJLUD� SUHPD�QXOL� �]D� VWDELODQ� DOJRULWDP� V� NRQVWDQWQLP� NRHILFLMHQWRP
NRQYHUJHQFLMH�� WR� MH� VLJXUDQ� ]QDN� GD� SUREOHP� QHPD� UMHãHQMH� X� RNYLUX� ]DGDQLK
RJUDQLþHQMD�� 8SUDYR� WR� VYRMVWYR� ND]QHQLK� IXQNFLMD� MH� LVNRULãWHQR� X� DOJRULWPX� ]D
YUHPHQVNL�RSWLPDOQR�XSUDYOMDQMH�

%U]LQD� NRQYHUJHQFLMH� DOJRULWPD� QH� RYLVL� ELWQR� R� UHGX� VXVWDYD�� NROLNR� R� EURMX
RJUDQLþHQMD��RGQRVQR�ND]QHQLK�IXQNFLMD��SR�YDULMDEODPD�VWDQMD�L�XSUDYOMDQMD��1D�RVQRYL
GRELYHQLK�UH]XOWDWD�PRåHPR�]DNOMXþLWL�GD�MH�RSWLPDOQD�SULPMHQD�DOJRULWPD�QD�QHOLQHDUQH
GLQDPLþNH�VXVWDYH�VD�]DGDQLP�UXEQLP�XYMHWLPD��RJUDQLþHQMLPD�XSUDYOMDþNLK�YDULMDEOL� L
MHGQLP� WLSRP� RJUDQLþHQMD� SR� YDULMDEODPD� VWDQMD�� 9Hü� GYD� WLSD� RJUDQLþHQMD� SR
YDULMDEODPD� VWDQMD�� NDR� ãWR� VPR� YLGMHOL� �PH XVREQR� L]EMHJDYDQMH� VXGDUD� L� RGUåDYDQMH
NRQVWDQWQH� XGDOMHQRVWL� UXNX� PDQLSXODWRUD��� PRJX� ]QDþDMQR� VPDQMLWL� EU]LQX
NRQYHUJHQFLMH�DOJRULWPD�

$QDORJLMD� %377� DOJRULWPD� ]D� RSWLPDOQR� XSUDYOMDQMH� VD� VWUXNWXURP� GLQDPLþNH
QHXURQVNH� PUHåH�� RGQRVQR� XQDSULMHGQH� �VWDWLþQH�� QHXURQVNH� PUHåH� V� 1��� VNULYHQLK
VORMHYD��NRULVQD�MH�]ERJ�PRJXüQRVWL�NRULãWHQMD�VYRMVWDYD�SDUDOHOL]PD�QHXURQVNLK�PUHåD�
ãWR�EL�RPRJXüLOR��SULPMHQRP�SDUDOHOQRJ�SURFHVLUDQMD��ELWQR�VPDQMHQMH�RYLVQRVWL�EU]LQH
UDþXQDQMD�R�UHGX�GLQDPLþNRJ�VXVWDYD�

1D� NUDMX� MRã� QHNROLNR� ULMHþL� R�PRJXüLP� SUDYFLPD� GDOMQMHJ� UDGD� L� LVWUDåLYDQMD�
,QWHUHVDQWQR�EL� ELOR� LVSLWDWL� UD]QH�PRJXüH�PRGLILNDFLMH� GRELYHQRJ� DOJRULWPD�� 3UREOHP
PRGLILNDFLMH� IXQNFLMH� FLOMD� X� REOLNX� LQWHJUDOD� PRåHPR� WUDQVIRUPLUDWL� X� SUREOHP
PLQLPL]DFLMH�GRGDWQH�YDULMDEOH�VWDQMD�X�NRQDþQRP�YUHPHQX��=DWLP��XPMHVWR�GD�ND]QHQH
IXQNFLMH� GRGDPR� IXQNFLML� FLOMD�� PRJXüH� MH� XYHVWL� GRGDWQH� YDULMDEOH� VWDQMD� V� UXEQLP
XYMHWLPD� MHGQDNLP� QXOL��0H XVREQRP� XVSRUHGERP� UD]QLK�PRGLILNDFLMD� XWYUGLOH� EL� VH
YHU]LMH� DOJRULWPD� NRMH� GDMX� QDMEROMH� UH]XOWDWH� SRG� RGUH HQLP� RNROQRVWLPD�� 7DNR HU�
LQWHUHVDQWQR� EL� ELOR� LVSLWDWL� UD]QH� KHXULVWLþNH� JUDGLMHQWQH� DOJRULWPH� V� SURPMHQMLYLP
NRHILFLMHQWRP�NRQYHUJHQFLMH�X�FLOMX�GRELYDQMD�EROMLK�NRQYHUJHQFLMVNLK�VYRMVWDYD�

�$OJRULWDP�]D�RSWLPDOQR�XSUDYOMDQMH�GLQDPLþNLP�VXVWDYLPD�V�SRYUDWQRP�YH]RP
L� V� RJUDQLþHQMLPD� XSUDYOMDþNLK� YDULMDEOL� �VLQWH]D� UHJXODWRUD�� L]YHGHQ� MH� ]D� VOXþDM
VWDWLþNRJ�UHJXODWRUD��1DGDOMH��WUHEDOR�EL�SURYHVWL�DQDOL]X�VWDELOQRVWL�L�LVSLWDWL�RVMHWOMLYRVW
QD� VWRKDVWLþNH� SRUHPHüDMH� �ãXP� PMHUHQMD��� 'DOMQMH� SREROMãDQMH� RVWYDULOR� EL� VH
SULPMHQRP�%377�DOJRULWPD�]D�VOXþDM�GLQDPLþNRJ�UHJXODWRUD��7DNR HU��YDOMDOR�EL�LVSLWDWL
PRJXüQRVWL�SRYUDWQH�YH]H�X�VOXþDMX�RJUDQLþHQMD�SR�YDULMDEODPD�VWDQMD�
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,QWHUHVDQWQD� EL� ELOD� SULPMHQD� GRELYHQRJ� DOJRULWPD� QD� SUREOHP� GLIHUHQFLMDOQLK
LJDUD��8�IRUPXODFLML�SUREOHPD�GLIHUHQFLMDOQH�LJUH�LPDPR�GLQDPLþNL�VXVWDY�V�GYD�YHNWRUD
XSUDYOMDQMD��JGMH�MHGDQ�YHNWRU�XSUDYOMDQMD�QDVWRML�PDNVLPL]LUDWL�RGUH HQX�IXQNFLMX�FLOMD�
GRN� GUXJL� YHNWRU� XSUDYOMDQMD� QDVWRML�PLQLPL]LUDWL� LVWX� IXQNFLMX� FLOMD�� 7DNR� IRUPXOLUDQ
SUREOHP� ELWQR� MH� VORåHQLML� RG� VWDQGDUGQRJ� SUREOHPD� RSWLPDOQRJ� XSUDYOMDQMD�
3URXþDYDQMH�GLIHUHQFLMDOQLK�LJDUD�]D�VDGD�VH�VYRGL�LOL�QD�RSüH�WHRUHPH�LOL�QD�UMHãDYDQMH
MHGQRVWDYQLK� PRGHOD�� 7HãNR� VH� QDOD]L� RSWLPDOQR� UMHãHQMH� NRMH� EL� VOLMHGLOR� L]� RSüLK
SULQFLSD� WHRULMH�RSWLPDOQRJ�XSUDYOMDQMD��3URãLUHQMH�SULPMHQH�JUDGLMHQWQRJ�DOJRULWPD�QD
SUREOHP�GLIHUHQFLMDOQH� LJUH�ELOR�EL� UHODWLYQR�MHGQRVWDYQR��=D�RQH�XSUDYOMDþNH�YDULMDEOH
NRMH�PLQLPL]LUDMX�IXQNFLMX�FLOMD�VWDYLR�EL�VH�QHJDWLYDQ�SUHG]QDN�LVSUHG�JUDGLMHQWD��GRN�EL
VH� ]D� RQH� XSUDYOMDþNH� YDULMDEOH� NRMH� PDNVLPL]LUDMX� IXQNFLMX� FLOMD� VWDYLR� SR]LWLYDQ
SUHG]QDN�� 0RJXüQRVW� UMHãHQMD� GLIHUHQFLMDOQH� LJUH� YUOR� MH� NRULVQD�� MHU� EL� UD]QH
QHRGUH HQRVWL� X� VXVWDYX� NRMH� QH� PRåHPR� PRGHOLUDWL�� SRSXW� VWRKDVWLþNLK� VPHWQML�
SURPMHQMLYLK� SDUDPHWDUD� VXVWDYD�� QHPRGHOLUDQH� GLQDPLNH�� PRJOL� WUHWLUDWL� NDR� GRGDWQL
YHNWRU� VWDQMD� NRML� QDVWRML� PDNVLPL]LUDWL� GHILQLUDQX� IXQNFLMX� FLOMD� �DNR� MH� X� SLWDQMX
SUREOHP� PLQLPL]DFLMH��� 6YH� ãWR� EL� WUHEDOL� XþLQLWL� MH� GD� WH� GRGDWQH� YDULMDEOH� VWDQMD
GRGDPR�QD�RGJRYDUDMXüD�PMHVWD�X�PRGHOX�GLQDPLNH�VXVWDYD�L�GHILQLUDPR�LQWHUYDO�XQXWDU
NRMHJ�VH�WH�YDULMDEOH�PRJX�QDüL��6�GUXJH�VWUDQH��X�HNRQRPVNLP�SULPMHQDPD�RSWLPDOQRJ
XSUDYOMDQMD�UMHãDYDQMH�SUREOHPD�X�REOLNX�GLIHUHQFLMDOQH�LJUH�LPD�L]X]HWDQ�]QDþDM�

3UREOHP�QHPRGHOLUDQH�GLQDPLNH�PRJOL�EL� WDNR HU�ULMHãLWL�SULPMHQRP�QHXURQVNH
PUHåH� NRMD� EL� QD� RVQRYX� RGJRYDUDMXüHJ� EURMD� UD]OLþLWLK� XOD]QR�L]OD]QLK� SRGDWDND
GRYROMQR�GREUR�³QDXþLOD´�GLQDPLNX�VXVWDYD�NRMLP�XSUDYOMDPR�
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Sažetak 
 
 
 U radnji je prikazan izvod numerickog algoritma za optimalno upravljanje nelinearnim 
multivarijabilnim sustavima sa ogranicenjima varijabli stanja i upravljanja. Izvod algoritma 
zasnovan je na BPTT (backpropagation-through-time) algoritmu koji se primjenjuje kao 
algoritam ucenja za dinamicke neuronske mreže. Izveden je takoder algoritam za vremenski 
optimalno upravljanje koji je zasnovan na svojstvima kaznenih funkcija za ogranicenja varijabli 
stanja i upravljanja. Dobiveni algoritmi primijenjeni su na razne probleme optimalnog 
upravljanja robotom s dva stupnja slobode. Najprije je razmatran problem vremenski 
optimalnog upravljanja robotom s ogranicenjima varijabli upravljanja. Zatim je razmatran isti 
problem s dodatnim uvjetom; zaobilaženjem prepreke, odnosno ogranicenjima varijabli stanja. 
Nakon toga razmatra se problem optimalnog upravljanja kooperativnim radom dva robota. 
Problem se sastoji u zajednickom prenošenju krutog tereta s jednog mjesta na drugo uz 
ogranicenja varijabli upravljanja, te uz uvjet medusobnog izbjegavanja sudara i održavanja 
konstantne udaljenosti izmedu prihvatnica manipulatora. Na kraju je prikazan izvod algoritma 
za optimalno upravljanje s povratnom vezom za nelinearne multivarijabilne sustave s 
ogranicenjima varijabli upravljanja. Izvod algoritma takoder je zasnovan na principu BPTT 
algoritma.  
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Summary  
 

“Optimal Control of Nonlinear Systems Using Neural Networks” 
 

The master's thesis presents the derivation of the numerical algorithm for optimal 
control of nonlinear multivariable systems with limited state and control vectors. The 
algorithm derivation is based on the BPTT (backpropagation-through-time) algorithm which 
is used as a learning algorithm for dynamic neural networks. Presented is also the derivation 
of the algorithm for time optimal control which is based on the characteristics of penalty 
functions for constraints of state and control vectors. The derived algorithms are used for 
various problems concerning optimal robot control with two degrees of freedom. The thesis 
first deals with the problem of time optimal robot control with control vector constraints. It 
also considers the same problem with an additional condition - avoidance of obstacles, that 
is, constraint of state vectors. The thesis further deals with the problem of optimal control of  
cooperative work of two robots, that is, of joint transfer of solid material from one place to 
another including control vector constraint and conditions of mutual avoidance of clashes 
and maintaining of  constant distance between the hands of the robot. Derivation of the 
optimal control algorithm with a feedback for nonlinear multivariable systems with control 
vector constraint is presented at the end. This derivation is also based on the BPTT 
algorithm. 
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