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�=iNODG\�/RJLFNpKR�.DONXOX
1D� VW �HGQt� ãNROH� MVWH� VH� VH]QiPLOL� V� NDONXORYiQtP� V� þtVO\� D� WR� QHMG �tYH

S�LUR]HQêPL��GiOH�SDN�UDFLRQiOQtPL��UHiOQêPL�D�SR]G �ML�L�NRPSOH[QtPL��1DXþLOL�MVWH�VH� �HãLW
URYQLFH��MHMLFK�VRXVWDY\�D�S �HYiG�W�VORYQt�~ORK\�QD�NDONXOXV�URYQLF��9 �WãLQD�]�YiV�VH
WRXWR�SUREOHPDWLNRX�]DEêYDOD�QHMG �tYH�]�GRQXFHQt��SURWRåH�MVWH�VH�WR�PXVHOL�YH�ãNROH
XþLW��SR]G �ML�Y�WpWR�SUREOHPDWLFH�QDãOD�]DOtEHQt���WHG\�VStãH�FLWRYê�Y]WDK�� �HãHQt�S �tNODG$
YiP�QDS ���S �LQiãHOR�Y �Wãt�LQWHOHNWXiOQt�XVSRNRMHQt�QHå�� ãSUWiQt��Q �PHFNêFK�VORYtþHN��
0iORNGR�VH�YãDN�DVL�]DP\VOHO�QDG�VLORX�SRXåLWpKR�IRUPDOL]PX�D�QDG�WtP��NROLN�OLGVNpKR
~VLOt�MH�VNU\WR�Y �MHKR��MHGQRGXFKRVWL��D��HOHJDQFL���3URYH �WH�VL�P\ãOHQNRYê�H[SHULPHQW�V
�HãHQtP�VORYQt�~ORK\�EH]�]QDORVWL��NDONXOX��URYQLF� �-H�GRFHOD�SUDYG �SRGREQp��åH�SR�MLVWp
GHOãt�GRE ��]NRXãHQt�GRVD]RYiQtP�U $]QêFK�KRGQRW�MDNR�KOHGDQêFK�YêVOHGN $��GRVS �MHWH�N
Y\FtW�Qt�]iYLVORVWt�SRSVDQêFK�~ORKRX��NWHUp�YiV�GRYHGH�NH�VSUiYQpPX� �HãHQt��'iOH�MH
GRFHOD�SUDYG �SRGREQp��åH�SR�Y\ �HãHQt�PQRKD�VORYQtF K�~ORK�]tVNiWH��FLW��SUR�Y\KOHGiQt
�HãHQt��-DN�MH�YãDN�WDNRYêWR�SRVWXS�LQWHOHNWXiOQ ��QDPiKDYê�YH�VURYQiQt�V�Y\ �HãHQtP
MHGQRGXFKp�URYQLFH��QD�NWHURX�~ORKD�YHGH��1DYtF�Y�S �tSDG��QH �HãLWHOQRVWL�VORYQt�~ORK\
EXGHWH�MHQ�W �åNR�EH]��NDONXOX�URYQLF��Y\KOHGiYDW�S �HVY�GþLYp�DUJXPHQW\�SURND]XMtFt�WXWR
QH�HãLWHOQRVW�� =D� SRYãLPQXWt� VWRMt� URYQ �å� VNXWHþQRVW�� åH� SRþHWQt� NDONXOXV� VL� Y\QXWLO
Y\WYR�HQt�RERUX�UHiOQêFK�D�NRPSOH[QtFK�þtVHO��YH�NWHUêFK�VH�GRE �H�SUDFXMH��DOH�NWHUê
QXWQ��REVDKXMH�VSRXVWX��QHVP\VOQêFK��þtVHO��NWHUp� QLNGR�QLNG\�SRW �HERYDW�QHEXGH�

3RORåPH�VL�Q\Qt�RWi]NX��]GD�VLWXDFH�QHQt�DQDORJLFNi��MVRX�OL�S �HGP�WHP�QDãHKR
]iMPX�U $]Qi��QDS ���PDWHPDWLFNi��WYU]HQt��WHG\�]GD�WDWR�WYU]HQt�PRKRX�KUiW�UROL�þtVHO�Y
G�tYH�XYHGHQpP�RGVWDYFL��0 $åHPH�EêW�QDS ���SRVWDYHQL�S �HG�~ORKX�Y\þOHQLW�]�GDWDEi]H
VRXVWDYX�Y �W�XUþHQêFK�Q �MDNRX�SRP �UQ��NRPSOLNRYDQRX�SRGPtQNRX�D�S �LWRP�SUR�VQD]ãt
Y\KOHGiQt�E\FKRP�XYtWDOL�Y\MiG �HQt�WpWR�SRGPtQN\�MDNR�Q �NROLN�PRåQêFK�S �tSDG$��] �QLFKå
NDåGê�MH�VRXþDVQêP�VSOQ �QtP�Q �NROLND�]iNODGQtFK�SRGPtQHN�

9\SUDFRYiQt�ORJLFNpKR�NDONXOX�P $åH�EêW�SRGREQ ��XåLWHþQp��MDNR�E\OR�Y\SUDFRYiQt
NDONXOX�SUR�SUiFL�V�þtVO\��9\SUDFRYiQt�]iNODG $�WRKRWR�NDONXOX�EXGH�S �HGP�WHP�QDãHKR
]iMPX�

�9êURNRYê�SRþHW�
=DþQ�PH�QHMG �tYH� QHMMHGQRGXããt� REODVWt�� VLFH� ]NRXPiQtP� ORJLFNêFK� VSRMHN� D

YêURN$��NWHUp�MVRX�MLPL�WYR �HQ\�QD�]iNODG ��YêURN$�MHGQRGXããtFK��-H�WR�DQDORJLH�UR]ERUX
VRXY�Wt�� R� VWUXNWXUX� VWDYE\� MHGQRWOLYêFK� Y �W� VH� YH� YêURNRYpP� SRþWX� QH]DMtPiPH�
0DWHPDWLFNi�DQDORJLH�WRKRWR�UR]ERUX�EXGH�SURYHGHQD�S �L�Y\ãHW �RYiQt�SUHGLNiWRYpKR
SRþWX�� - Lå� ]GH� PXVtPH� XSR]RUQLW� QD� RGFK\ON\� RG� E �åQpKR� SRUR]XP �Qt�� NWHUp� S �L
PDWHPDWLFNpP�]SUDFRYiQt�Y]QLNDMt��1D�S �tNODG�S �L�PDWHPDWL]DFL�ORJLFNp�VSRMN\�LPSOLNDFH
�NG\å��SDN��QiV�]DMtPi� MHQ�SUDYGLYRVWQt�KRGQRWD� MHGQRWOLYêFK�VORåHN�YêURNX�D�]FHOD
RGKOtåtPH�RG�S �tþLQQp�VRXYLVORVWL�PtQ �Qp�Y�E �åQpP�MD]\FH��0DUNDQWQ ��VH�WHQWR�UR]GtO
SURMHYt�YH�YêURNX���1HMHOD�WUDPYDM��D�SURWR�MVHP�S �LãHO�SR]G ����3UR�SUDYGLYRVW�WRKRWR
YêURNX�QiP�EXGH�S �L�QDãt�PDWHPDWL]DFL�SRVWDþRYDW�VNXWHþQRVW��åH�MVHP�S �LãHO�SR]G ��
EH]�RKOHGX�QD� WR��]G D�E\OD��QHER�QHE\OD�SRUXFKD�Y�KURPDGQp�GRSUDY ���]DWtPFR�Y
E�åQpP�SRMHWt��NGH�MH�NODGHQ�G $UD]�QD�S �tþLQQRX�VRXYLVORVW��MH�XYHGHQê�YêURN�FKiSiQ
MDNR�QHKRUi]Qi�OHå�Y�S �tSDG���åH�SRUXFKD�Y�GRSUDY ��QHE\OD�
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9\PH]tPH�QHMG �tYH�]iNODGQt�V\PERO\�SRXåtYDQp�Y�REODVWL��NWHURX�VH�EXGHPH
]DEêYDW���6RXKUQ�W �FKWR�V\PERO $�VH�QD]êYi�DEHFHGD�D�VSROX�V �Y\þOHQ�QtP�VSHFLiOQtFK
VORY���W]Y��IRUPXOt���XUþXMH�W]Y��MD]\N��

���9êURNRYp�SURP �QQp��3�4�5����� �� RSDW�HQp�LQGH[\��9�LQGH[DFL�VL�SRQHFKiPH
OLERY$OL��WD�VH�P $åH�P �QLW�SRGOH�]NRXPDQp�VLWXDFH��P $åHPH�SRXåtYDW�þiUN\��NROHþND�
KiþN\��DOH�Wpå�S �LUR]HQi��QHER�UHiOQi�þtVOD��S �tSDGQ��L�MLQp�REMHNW\��EXGH�OL�WR�VLWXDFH
Y\åDGRYDW�

���9êURNRYp�VSRMN\�� ¬��→��&��∨���≡
���3RPRFQp�V\PERO\������
8YiGtPH�]GH�MHQ�]iNODGQt�E �åQ��SRXåtYDQp�ORJLFNp�VSRMN\��3RXåtYDMt�VH�L�PQRKp

MLQp��9H�YêSRþHWQt�WHFKQLFH�VH�L�YH�VWURMRYêFK�LQVWUXNFtFK�E �åQ��Y\VN\WXMH�QDS ���RSHUDFH
UHDOL]XMtFt�QHJDFL�HNYLYDOHQFH��QHER�XYH �PH�6KHIIHURYX�VSRMNX��GLVMXQNFH�QHJDFt���NWHUi
MH�]DMtPDYi�WtP��åH�VH�] �Qt�VDPRWQp�GDMt�GHILQRYDW� RVWDWQt�ORJLFNp�VSRMN\��9�PDWHPDWLFH
VORYHP� QDG� XUþLWRX� DEHFHGRX� REY\NOH� UR]XPtPH� OLERYROQRX� NRQHþQRX� SRVORXSQRVW
V\PERO$� WpWR� DEHFHG\� �S �LWRP� ]iYLVt� QD� SR �DGt�� D� ]FHOD� RGKOtåtPH� RG� SRåDGDYNX
VP\VOXSOQRVWL�NODGHQpKR�Y�E �åQp� �HþL��6ORYD��NWHUi�EXGRX�SUR�QiV �VP\VOXSOQi��EXGHPH
QD]êYDW� IRUPXOH� �QD� VW �HGQt� ãNROH� E\OD� QD]êYiQD� YêURNRYp� IRUP\��� 3R]G �ML�� S �L
Y\ãHW�RYiQt�SUHGLNiWRYpKR�SRþWX��EXGHPH�Y\ãHW �RYDW�L�GDOãt�VP\VOXSOQi�VORYD�W]Y��WHUP\�

'HILQLFH�����.DåGi�YêURNRYi�SURP �QQi�MH�IRUPXOH�
���3RNXG�VORYD� ϕ��D� ψ MVRX�IRUPXOH��SDN�Wpå�VORYD� ¬ϕ��� ϕ → ψ��� (ϕ & ψ��� (ϕ ∨ ψ��

(ϕ ≡ ψ��MVRX�IRUPXOH�
���.DåGi�IRUPXOH�VH�]tVNi�]�YêURNRYêFK�SURP �QQêFK�NRQHþQêP�SRþWHP�DSOLNDFt

SUDYLGHO�XYHGHQêFK�Y����
8YHGHQê�]S $VRE�GHILQLFH�VH�QD]êYi�LQGXNWLYQt�D�MH�Y �PDWHPDWLFNp�ORJLFH�YHOP L

þDVWR�SRXåtYiQ�
ÒNRO���3→ ¬¬�4
∨ ¬�5& ¬ 4����MH�IRUPXOH��GRNDåWH�
����→ QHQt�IRUPXOH��GRNDåWH�
8YHGHQê�]S $VRE�GHILQLFH�Pi�WX�YêKRGX��åH�SURY ��HQtP�NRQHþQ ��PQRKD�S �tSDG$

MVPH�VFKRSQL�SURY ��LW�SODWQRVW�WYU]HQt�R�SRWHQFLiOQ ��QHNRQHþQpP�VRXERUX�S �tVOXãQRX
LQGXNWLYQt�GHILQLFt�Y\PH]HQpP��6WDþt�WRWLå�SURY ��LW�SODWQRVW�WYU]HQt�SUR�VWDUWRYDFt�NURN
�YêURNRYp�SURP �QQp�Y �QDãHP�S �tSDG���D�GiOH�SURY ��LW��åH�MHGQRWOLYi�SUDYLGOD�NRQVWUXNFH
VORåLW�MãtFK�REMHNW $�WYU]HQt�]DFKRYiYDMt��7YU]HQt�SDN�SODWt�SUR�SRWHQFLiOQ ��QHNRQHþQê
VRXERU�YãHFK�VORY��NWHUi�PDMt�WYDU��IRUPX��Y\PH]HQê�S �tVOXãQRX�LQGXNWLYQt�GHILQLFt�

-DNR� S �tNODG� VL�P $åH� þWHQi �� GRNi]DW� QiVOHGXMtFt� Y �WX� R� VXEVWLWXFL� S �L� WYRUE �
IRUPXOt�

9�WD��1HFK "�ϕ, ψ�MVRX�IRUPXOH��-HVWOLåH�Q �NWHUp�YêVN\W\�YêURNRYp�SURP �QQp�3�YH
IRUPXOL� ϕ�QDKUDGtPH�IRUPXOt� ψ��SDN�VORYR��NWHUp�]tVNiPH��MH�RS �W�IRUPXOH�

3UR�SRKRGOt�]iSLVX�EXGHPH�YQ �Mãt�]iYRUN\�X�IRUPXOt�Y\QHFKiYDW��3R]G �ML�EXGHPH
URYQ�å�Y\QHFKiYDW�]iYRUN\��NWHUp�QHRKUR]t�VSUiYQp�FKiSiQt� IRUPXOH��1D�S �tNODG�SR
G$ND]X�DVRFLDWLYQtKR�]iNRQD�EXGHPH�SRXåtYDW� ϕ&ψ&χ�

2EUD"PH�VH�Q\Qt�N�PDWHPDWL]DFL�SUDYG\�Y�QiPL�Y\ãHW �RYDQp�VLWXDFL��9êURNRYp
SURP�QQp�FKiSHPH�MDNR�REMHNW\�X�QLFKå�MH�VP\VOXSOQp�VH�SWiW��]GD�MVRX�SUDYGLYp��QHER
QHSUDYGLYp��3 �LWRP�YãDN�QHPXVtPH�MHMLFK�SUDYGLYRVWQt�KRGQRWX�]QiW��QHER�P $åH�WDWR
KRGQRWD�]iYLVHW�QD�GDOãtFK�RNROQRVWHFK��+OXEãt�DQDOê]RX�VWUXNWXU\�W �FKWR�REMHNW $�VH�Y
UiPFL�YêURNRYpKR�SRþWX�QH]DEêYiPH��3 �tNODGHP�WDNRYêFK�REMHNW $�P$åH�VORXåLW��9HQNX
SUãt�� ��� ��� [��!��� SUR� åiGQRX� þWYH �LFL� S �LUR]HQêFK� þtVHO� [�\�]�Q�� NGH� Q!��� QHSODWt
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[ � �\ �  ] � �� 2KRGQRFHQtP� YêURNRYêFK� SURP �QQêFK� UR]XPtPH� ]REUD]HQt�� NWHUp� NDåGp
YêURNRYp�SURP �QQp�S �L�D]XMH�KRGQRWX���QHER����W\WR�KRGQRW\�FKiSHPH�MDNR�QHSUDYGD�D
SUDYGD� D� QD]êYiPH� MH� SUDYGLYRVWQt� KRGQRW\�� 3UR� VWDQRYHQt� SUDYGLYRVWQt� KRGQRW\
IRUPXOH�YêURNRYpKR�SRþWX�S �L�GDQpP�RKRGQRFHQt�SRXåLMHPH�RS �W�LQGXNWLYQt�GHILQLFH�

'HILQLFH��+RGQRWD�IRUPXOH� ϕ�S �L�RKRGQRFHQt�H��]QDþtPH� ϕ>H@��
��� -H�OL� ϕ� YêURNRYi�SURP �QQi�3�� SDN� ϕ>H@� ]QDþt� KRGQRWX�� NWHUi� MH� YêURNRYp

SURP�QQp�RKRGQRFHQtP�S �L�D]HQD�
���+RGQRW\�IRUPXOt� ¬ϕ� ϕ → ψ�� ϕ & ψ�� ϕ ∨ ψ�� ϕ ≡ ψ��S �L�RKRGQRFHQt�H�]tVNiPH�QD

]iNODG��KRGQRW�ϕ��ψ  SRGOH�QiVOHGXMtFtFK�WDEXOHN�
ϕ ψ ¬ϕ ϕ  → ψ  ϕ  & ψ ϕ ∨ ψ  ϕ  ≡ ψ
� � � � � � �
� � � � � � �
� � � � � � �
� � � � � � �

1HJDFH� WHG\� S �HYUDFt� SUDYGLYRVWQt� KRGQRW\�� LPSOLNDFH� MH� SUDYGLYi�� NG\å
S�HGSRNODG�MH�QHSUDYGLYê�D�WDNp�NG\å�]iY �U�MH�SUDYGLYê��NRQMXQNFH�MH�SUDYGLYi��NG\å�RE �
MHMt�VORåN\�MVRX�VRXþDVQ ��SUDYGLYp��GLVMXQNFH�MH�SUDYGLYi��NG\å�DOHVSR ��MHGQD�]�MHMtFK
VORåHN� MH� SUDYGLYi� D� HNYLYDOHQFH� MH� SUDYGLYi�� NG\å� MH Mt� VORåN\� QDEêYDMt� VWHMQp
SUDYGLYRVWQt� KRGQRW\�� 9]KOHGHP� N� LQGXNWLYQtPX� ]S $VREX� GHILQLFH� IRUPXOH� MVPH� MLå
VFKRSQL� XUþLW� KRGQRWX� OLERYROQp� IRUPXOH� S �L� GDQpP� RKRGQRFHQt� H�� 9� NRQNUpWQtFK
S�tSDGHFK�VH� MHGQi�R� WYRUEX� MHGQRKR� �iGNX�]� WDEXON\�YêURNRYp�IRUP\�SUREt UDQp�QD
VW�HGQt�ãNROH�

'HILQLFH����� �HNQHPH��åH�V\VWpP�IRUPXOt� $�MH�RKRGQRFHQtP�H�VSOQ �Q��MH�SUDYGLYê
S�L� RKRGQRFHQt� H�� �� ]QDþHQt� $>H@ ��� MHVWOLåH� NDåGi� IRUPXOH� WRKRWR� V\VWpPX� MH� S �L
RKRGQRFHQt�H�SUDYGLYi�

��� �HNQHPH��åH�V\VWpP�IRUPXOt� $� MH�VSOQLWHOQê��MHVW OLåH�H[LVWXMH�RKRGQRFHQt�H
WDNRYp��åH� $>H@ ��

��� �HNQHPH��åH�V\VWpP� IRUPXOt� $� MH�SUDYGLYê�� MHVWOLåH� MH� VSOQ �Q�S �L� NDåGpP
KRGQRFHQt�H��7XWR�RNROQRVW�]QDþtPH�_ $��3UR�MHGQX�IRUPXOL�XåtYiPH�_ ϕ �PtVWR�_ ^ ϕ`��

3RVOHGQt�REODVWt��NWHURX�EXGHPH�PDWHPDWL]RYDW�MH�GHGXNFH�
'HILQLFH����� �HNQHPH��åH� IRUPXOH� ϕ� MH� �WDXWRORJLFN\��RGYRGLWHOQi�]H�V\VWpPX

IRUPXOt� $��]QDþtPH� $_  ϕ���MHVWOLåH� ϕ�MH�VSOQ �QD�NDåGêP�RKRGQRFHQtP��NWHUp�VSO �XMH
V\VWpP�� $�

����HNQHPH��åH�V\VWpP�IRUPXOt� %�MH��WDXWRORJLFN\��RGYRGLWHOQê�]H�V\VWpPX�IRUPXOt
$��]QDþtPH� $�_ � %����MHVWOLåH�NDåGi�IRUPXOH� ϕ�]H�V\VWpPX� %�MH�RGYRGLWHOQi�]� �$ �

3R]QDPHQHMPH��åH�V\VWpP�IRUPXOt�MH�RGYRGLWHOQê�]�SUi]GQpKR�V\VWpPX��SUiY �
NG\å�MH�SUDYGLYê��7RPX�RGSRYtGi�L�QDãH�]QDþHQt�

=iNODGQt�YODVWQRVWL��NWHUp�RG�RGYRGLWHOQRVWL�RþHNi YiPH�MVRX�
��� �$⊆%��SDN� %_ �$ �
��� $_ %�D� %_ &��SDN� �$ _ &�
��� $_ %�D� $_ &��SDN� �$� _ % ∪&�
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=�QLFK�O]H�RGYRGLW� �$ �_ � ∅�� �$ _ � $��NG\å� $_ � &�D� %� ⊇��$ ��SDN� %_ &��%⊆�&�D� �$ _ � &�
SDN� �$ _ %�

ÒNRO��'RNDåWH�]iNODGQt�YODVWQRVWL�D�QD�MHMLFK�]iNODG ��SURY��WH�RGYR]HQp�
=GH� RS �W� XSR]RU �XML� QD� VLWXDFL�� NG\�PDWHPDWL]DFH�P $åH� ]NUHVOLW� VNXWHþQRVW�

=DYDOHQt�PQRKD�]E\WHþQêPL�IDNW\�P $åH�Q �NG\�]WtåLW�G $ND]��7DWR�QDUiåND�YãDN�QHFKFH
RGUDGLW�þWHQi �H�RG�VWXGLD��QHER "�QHMKH]þt�REY\NOH�EêYDMt�G $ND]\�SRXåtYDMtFt�IDNW $�]H
]FHOD�QHþHNDQêFK�REO DVWt�

8åLWHþQêP�SR]RURYiQtP�MH��åH�GY ��IRUPXOH� ϕ�� ψ�MVRX�HNYLRGYRGLWHOQp�� ϕ_ ψ�D
ψ_ ϕ���SUiY��NG\å�PDMt�VWHMQRX�WDEXONX�

'DOãt�YODVWQRVWL�_ �VH�MLå�Yiåt�N�ORJLFNêP�VSRMNiP�
3UDYLGOR�RGORXþHQt��0RGXV�SRQHQV�� �ϕ��ϕ→ψ_ ψ
9�WD�R�GHGXNFL� �$_ � ϕ→ψ�SUiY��NG\å� �$ ��ϕ_ ψ�
ÒNRO��3URY��WH�SODWQRVW�SUDYLGOD�RGORXþHQt�D�Y �W\�R�GHGXNFL�
8Y�GRPWH�VL��åH�VH�MHGQi�R�]FHOD�E �åQê�]S $VRE��MDN�VH�Y �PDWHPDWLFH�GRND]XMH

WYU]HQt� WYDUX� LPSOLNDFH�� 3 �HGSRNODG� ]� LPSOLNDFH� S �LGiPH� N� RVWDWQtP� S �HGE�åQêP
S�HGSRNODG$P�D�VQDåtPH�VH�GRNi]DW�]iY �U�

9H�YêURNRYpP�SRþWX�MVRX�SUR�QiV�]YOiãW ��]DMtPDYp�W\�IRUPXOH��NWHUp�EH]�RKOHGX
QD�RKRGQRFHQt� QDEêYDMt� KRGQRW\� SUDYGD�� WHG\� W\� IRUPXOH�� NWHUp� MVRX� RGYRGLWHOQp� ]
SUi]GQpKR�V\VWpPX�IRUPXOt��7\WR�IRUPXOH�QD]êYiPH�WDXWRORJLH��3UR�]MLãWRYiQt��]GD�MH
IRUPXOH�WDXWRORJLt�MVWH�QD�VW �HGQt�ãNROH�SRXåtYDO\�PHWRGX�WDEXOHN��1iVOHGXMtFt�S �tNODG
FKFH�XNi]DW��åH�XYHGHQp�MHGQRGXFKp�Y �W\�PRKRX�]QDþQ ��XVQDGQLW�~NRO�SURY ��LW��åH
Q�NWHUi�IRUPXOH�MH�WDXWRORJLt�

3URY��tPH�_ ��3 →�4→�5→6��� →�5→�4→�3→6����
1D�]iNODG ��Q�NROLNDQiVREQpKR�XåLWt�Y �W\�R�GHGXNFL�]MLVWtPH��åH�PiPH�SURY ��LW

3→�4→�5→6���5�4�3_ 6��3RXåLMHPH�OL�Q �NROLNDQiVREQ��SUDYLGOR�RGORXþHQt��]tVNiPH
SRVWXSQ��3→�4→�5→6���5�4�3_ �4 →�5→6��5→6�6��6URYQiPH�OL�QiPL�S �HGYHGHQê
G$ND]�V�WDEXONRYRX�PHWRGRX��]MLVWtPH��åH�MH�QHMHQ�PQRKHP�HOHJDQWQ �Mãt�D�NUDWãt��DOH�Wpå
PQRKHP�SU $ND]Q�Mãt��9�NRPSOLNRYDQp�WDEXOFH�R���WL� �iGFtFK�MH�WRWLå�]QDþQp�QHEH]SHþt
YêVN\WX�FK\E\��9êKRGRX�WDEXONRYp�PHWRG\�MH�YãDN�WR��åH�SUR�PDOê�SRþHW�YêURNRYêFK
SURP�QQêFK�YåG\�S �LQiãt�UR]KRGQXWt���1DMGH�RKRGQRFHQ t��S �L�NWHUpP�IRUPXOH�QHSODWt�
SRNXG�WDNRYp�H[LVWXMH��

9�WX� R� GHGXNFL� SR]G �ML� UHIRUPXOXMHPH� SUR� SUHGLNiWRYê� SRþHW�� 1\Qt� SRX]H
]G$UD]Q�PH�IDNW��åH�S �L�MHMtP�E �åQpP�SRXåLWt�Y�PDWHPDWLFH��PXVtPH�]DUXþLW��åH�IRUPXOH�
NWHUp�YVWXSXMt�GR�KU\��VH�FKRYDMt�MDNR�YêURN\���WHG\��åH�MHMLFK�SUDYGLYRVWQt�KRGQRWD��R
NWHUp� QHPXVtPH� Y �G�W�� ]GD� MH� SUDYGD� QHER� QHSUDYGD�� VH� E �KHP� ~YDK\� QH]P �Qt�
1iVOHGXMtFt�S �tNODG�MH�YDURYiQtP�

-HVWOLåH�QDStãHPH�URYQRVW�[ ��MDNR�~YRGQt�S �HGSRNODG��UR]XPtPH�WtP�Y�E �åQp
PDWHPDWLFH�� åH� ]D� SURP �QQRX� [� P $åHPH� GRVDGLW� MDNêNROLY� YêUD]� D� XþLQtPH� WtP
VSUiYQRX� GHGXNFL�� 1HVSUiYQp� SRXåLWt� Y �W\� R� GHGXNFL� MH� SDN� Y\MiG �HQR� QiVOHGXMtFt
~YDKRX�� [ �_ � \�� �_ � [��  ��� WHG\� [ � →[�� ��� �=GH� MVPH� SRXåLOL� NRQYHQFH
]�HW�]HQpKR�SVDQt�IRUPXOt�RGG �OHQêFK�_ �PtVWR�VSUiYQ �MãtKR�]iSLVX��YH�NWHUpP�E\�E\O\
IRUPXOH�PH]L�_ ��]RSDNRYiQ\�D�MHGQRWOLYp�FHON\�REVDKXMtFt�V\PERO�_ �RGG �OHQ\�D�WR
QHMOpSH�WH[WHP��7DNRYp�NRQYHQFH�SRXåtYiPH�Y�WH[WX�L�GiOH��3 �L�WRP�VSROpKiPH�QD�WR��åH
S�HVQê�Yê]QDP�EXGH�SDWUQê�]H�VRXYLVORVWL���1HVSUiYQRVW�~YDK \�E\OD�Y�WRP��åH�MVPH�[ �
SRYDåRYDOL� ]D� YêURN�� S �HVWRåH� SUDYGLYRVWQt� KRGQRWD� [ �� MH� RYOLYQ �QD� YROERX� [�� 3 �L
E�åQêFK� PDWHPDWLFNêFK� ~YDKiFK� þHOtPH� XYHGHQpPX� QHEH]SHþt� QDS ��� WDN�� åH
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SURKOiVtPH��QHFK "�[�MH�SHYQp��DOH�OLERYROQp���SDN�]D�SHYQp�[�QHP $åHPH�QLF�GRV DGLW�D
QHVSUiYQRX� ~YDKX� MLå� QHSURYHGHPH�� -LQê� RSUiYQ �Qê� ]S $VRE� MH�� åH� Y\MGHPH� RG
YêURNX��SUR�NDåGp�[��[ ���D�GRVS �MHPH�N�YêURNX��SUR�NDåGp�[��[�� ����SDN�MLå�VSUiYQp
SRXåLWt�Y �W\�R�GHGXNFL�GiYi�YêURN��NG\å�SUR�NDåGp�[�SODWt�[ ���SDN�SUR�NDåGp�[�SODWt
[�� ���D�WRWR�WYU]HQt��W �HEDåH�MH�MHKR�REVDK�SRGLYQê���O]H�MLå�MLVW ��S �LMPRXW�MDNR�SUDYGLYp�
8YHGHQê�GUXK�PDWHPDWLFNêFK�G $ND]RYêFK�~YDK�MH�PLPR�MLQp�]NRXPiQ�Y�SUHGLNiWRYpP
SRþWX�

'DOãt�SUDYLGOR��NWHUp�MH�RNDPåLW ��] �HMPp�]�GHILQLFH�_ �D�XPRå �XMH�QiP�XPRFQLW
VtOX� NDåGp� RGYR]HQp� GHGXNFH� QD� SRWHQFLiOQ �� QHNRQHþQê� V\VWpP� GHGXNFt� �NDåGRX
MHGQRWOLYRX�GHGXNFL�P $åHPH�FKiSDW�MDNR�FHOp�VFKpPD�GHGXNFt��MH�QiVOHGRYQp��3RNXG
$_ %�D� �$ � ��% � �Y]QLNQH�]� $�� %�WDN��åH�Y�NDåGp�IRUPXOL�] �$ �L�]� %�QDKUDGtPH�YãHFKQ\
YêVN\W\�YêURNRYp�SURP �QQp�3�IRUPXOt� ϕ��SDN�RS �W� $ � _ � % � ��6SHFLiOQ ��MH�YKRGQp�VL�WRWR
SUDYLGOR�XY �GRPLW�SUR�S �tSDG�_ ψ�

'iOH�VH�]DP ��tPH�QD�Y\KOHGiYiQt�PDWHPDWLFNêFK�Y �W�R�YêURFtFK��NWHUp�Y\WYR �t
NDONXOXV�PDQLSXORYiQt�V�YêURN\�D�V\PEROHP�_ ��8åLWHþQRVW�WRKRWR�NDONXOX�VQDG�MLå�E\OD
SURNi]iQD�SUYQtP�S �tNODGHP�

3�L� RGYR]RYiQt� VH� Y �WãLQRX� VWDYtPH� GR� SR]LFH�� åH� Y ��tPH� Y �SUDYGLYRVW
S�HGE�åQêFK�S �HGSRNODG$�D�]�QLFK�VH�VQDåtPH�RGYRGLW�XåLWHþQê�]iY �U��-LQê�S �tVWXS
PiPH�S �L� G $ND]X�VSRUHP��)RUPX�G $ND]X�VSRUHP�Y\VWLKQHPH� YH� YêURNRYpP�SRþWX
QiVOHGXMtFt�Y �WRX�

�9�WD�R�G $ND]X�VSRUHP� � �$ _ ϕ�SUiY��NG\å� �$ �� ¬ϕ_ �VSRU���3 �L�WRP�QiP�]D�VSRU
P$åH�SRVORXåLW�QDS ���¬�3→3���QHER�NWHUiNROLY�MLQi�IRUPXOH�QDEêYDMtFt�KRGQRWX�QHSUDYGD
QH]iYLVOH�QD�RKRGQRFHQt��

ÒNRO��3URY��WH�VSUiYQRVW�XYHGHQp�Y �W\�
8åLWHþQêP�SR]RURYiQtP�MH��åH�VSRU�]tVNiPH�QDS ���WHKG\��NG\å�VH�QiP�SRGD �t

RGYRGLW�VRXþDVQ��ϕ�L� ¬ϕ�
3RXåLWt�Y �W\�R�G $ND]X�VSRUHP�GHPRQVWUXMHPH�QD�SURY ��HQt�IDNWX��åH�IRUPXOH

ϕ→ψ���D� ¬ψ→¬ϕ�MVRX�HNYLRGYRGLWHOQp�� ϕ→ψ_ ¬ψ→¬ϕ_ � ϕ→ψ��
3UR�SURY ��HQt� ¬ψ→¬ϕ_ � ϕ→ψ�VWDþt�]D�SRXåLWt�Y �W\�R�GHGXNFL�D�Y �W\�R�G $ND]X

VSRUHP�SURY ��LW� ¬ψ→¬ϕ, ϕ, ¬ψ_ � VSRU��=�XYHGHQêFK�S �HGSRNODG$�]tVNiPH�QD�]iNODG �
SUDYLGOD�RGORXþHQt� ϕ�L� ¬ϕ��FRå�QiP�GiYi�VSRU��3RGREQ ��N �SURY��HQt�GUXKp�YODVWQRVWL
VWDþt�ϕ→ψ, ¬ψ, ¬¬ϕ_ �VSRU��3URWRåH� ϕ�D� ¬¬ϕ�PDMt�VWHMQRX�W DEXONX��MVRX�HNYLRGYRGLWHOQp
D�SDN�MLå�VQDGQR�RGYRGtPH� ψ�D�VRXþDVQ ��¬ψ�

'DOãtP�XåLWHþQêP�SR]RURYiQtP�MH� ϕ&ψ_ � ϕ, ψ_  ϕ&ψ��7R�QiP�XPRåQt�GRNi]DW
DVRFLDWLYQt�D�NRPXWDWLYQt�]iNRQ�SUR�VSRMNX� &�YH�WYDUX� ϕ&�ψ&χ�_ �ϕ&ψ�	χ�_ � ϕ&�ψ&χ��D
ϕ&ψ_  ψ&ϕ_ � ϕ&ψ�

3RVOHGQt� ]i NODGQt� WHFKQLFNRX� Y �WRX� MH� Y �WD� R� G $ND]X� UR]ERUHP� S �tSDG$�
$E\FKRP� WXWR� Y �WX� S �LEOtåLOL�� S �LSRPH�PH�� MDN� GRNiåHPH�� åH� VRXþLQ� GYRX� SR� VRE �
QiVOHGXMtFtFK�S �LUR]HQêFK�þtVHO�MH�þtVOR�VXGp��.G\å�Q�MH�þtVOR�VXGp��SDN�L�Q •�Q����MH�þtVOR
VXGp��NG\å�Q�MH�þtVOR�OLFKp��SDN�Q���MH�þtVOR�VXGp��D�WHG\�L�Q •�Q����MH�þtVOR�VXGp��2GWXG
XVX]XMHPH��åH�MH�OL�Q�þtVOR�VXGp�QHER�þtVOR�OLFKp���WHG\�þtVOR�OLERYROQp��SODWt�Q •�Q����MH
VXGp�

9�WD�R�G $ND]X�UR]ERUHP�S �tSDG$���$ ��ϕ∨ψ_ χ��SUiY ��NG\å� $��ϕ_ χ�D�VRXþDVQ ���$ �
ψ_ χ�

ÒNRO��3URY��WH�SUDYGLYRVW�XYHGHQp�Y �W\�
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6SHFLiOQ��V� ϕ∨ψ_  ϕ∨ψ�]tVNiPH� ϕ_  ϕ∨ψ�D� ψ_  ϕ∨ψ�
1D�]iNODG ��WpWR�Y �W\�P $åHPH�RGYRGLW�NRPXWDWLYQt�D�DVRFLDWLYQt�]iNRQ�SUR� ∨�

0$åHPH� YãDN� RGYRGLW� L� GLVWULEXWLYQt� ]iNRQ\� ϕ	�ψ∨χ)_ �ϕ	ψ)∨(ϕ	χ)_ ϕ	�ψ∨χ)� D
ϕ∨�ψ&χ)_  �ϕ∨χ)&�ϕ∨χ)_ � ϕ∨�ψ&χ).

3URY��tPH� SUYQt� ]� QLFK�� 1D� MHGQX� VWUDQX� PiPH� SURY ��LW
ϕ�ψ∨χ_ �ϕ&ψ�∨�ϕ&χ��� FRå� SRGOH� Y �W\� R� UR]ERUX� S �tSDG$� ]QDPHQi� SURY ��LW
ϕ�ψ_ �ϕ&ψ�∨�ϕ&χ��D� ϕ�χ_ � ϕ&ψ�∨�ϕ&χ��� 3UYQt�GHGXNFL�]tVNiPH�QiVOHGRYQ �
ϕ�ψ_ ϕ&ψ_ �ϕ&ψ�∨�ϕ&χ�� D�GUXKRX�DQDORJLFN\��=�GUXKp�VWUDQ\ �SRXåLMHPH�RS �W�Y �W\
R�UR]ERUX�S �tSDG$�D�RGYRGtPH� ϕ&ψ_ ϕ�ψ_ ϕ�ψ∨χ_ ϕ&�ψ∨χ���V� ϕ&χ�SRVWXSXMHPH
DQDORJLFN\�

'RPQtYiP� VH�� åH� QD� ]iNODG �� XYHGHQêFK� Y �W� D� S �tNODG$� MLå� ]tVNDO� þWHQi �
GRVWDWHþQp�]i]HPt�SUR�WR��DE\�VH�UDGãL�SRNRXãHO�RY ��LW�SUDYGLYRVW�IRUPXOH�YêURNRYpKR
SRþWX� MHMtP� �RGYR]HQtP�� �SURNi]iQtP� SUDYGLYRVWL� QD� ]iNODG �� XYHGHQêFK� Y �W�� QHå
WDEXONRX�

3RVOHGQt�E �åQ��XåtYDQRX�ORJLFNRX�VSRMNRX��NWHURX�MVPH�GRVXG�QHY\ãHW �RYDOL�MH
≡��=GH�MH�YKRGQp�VL�XY �GRPLW�QiVOHGXMtFt�FKDUDNWHUL]DFL�

9�WD��$_ ϕ≡ψ�SUiY��WHKG\��NG\å� $�ϕ_ ψ�D� $�ψ_ ϕ�
1DS���SUYQt�GLVWULEXWLYQt�]iNRQ�SDN�P $åHPH�S �HSVDW�GR�WYDUX
_ ϕ&�ψ∨χ�≡�ϕ&ψ�∨�ϕ&χ��
=NRXPHMPH� Q\Qt�� FR� VH� VWDQH�� NG\å� Y� WDEXONiFK� IRUPXOt� YêURNRYpKR� SRþWX

]DP�QtPH�YãXGH�SUDYGLYRVWQt�KRGQRW\���QD���D���QD����7DEXOND�QHJDFH��NWHUi�MHQ
]DP��XMH� SUDYGLYRVWQt� KRGQRW\� ]D� RSDþQp� ] $VWDQH� ]DFKRYiQD�� WDEXOND� NRQMXQNFH
S�HMGH�QD�WDEXONX�GLVMXQNFH�D�REUiFHQ ���WDEXOND�LPSOLNDFH�S �HMGH�QD�WDEXONX�QHJDFH
REUiFHQp� LPSOLNDFH� D� REUiFHQ ��� WDEXOND� HNYLYDOHQFH� S �HMGH� QD� WDEXONX� QHJDFH
HNYLYDOHQFH�D�REUiFHQ ���7R�QiV�YHGH�N�SRMPX�GXDOLW\�D�MHKR�Y\XåLWt�

'HILQLFH��1DY]iMHP�GXiOQtPL�V\PERO\�MVRX�YêURNRYp�SURP �QQp�D�MHMLFK�QHJDFH�
QHJDFH�MH�VDPRGXiOQt��NRQMXQNFH�D�GLVMXQNFH�MVRX�GXiOQt��LPSOLNDFH�D�QHJDFH�REUiFHQp
LPSOLNDFH�MVRX�GXiOQt��HNYLYDOHQFH�D�MHMt�QHJDFH�M VRX�GXiOQt�

.�IRUPXOL �ϕ�]tVNiPH�GXiOQt�IRUPXOL� ϕ
�
�WDN��åH�YH�VORY ��ϕ�QDKUDGtPH�YêURNRYp

SURP�QQp�MHMLFK�QHJDFHPL�D�ORJLFNp�VSRMN\�VSRMNDPL�GXiOQtPL��3RGOH�WRKR��FR�MVPH
XYHGOL�R� WDEXONiFK�GXiOQtFK�VSRMHN�]MLVWtPH��åH � ϕ

�
�Pi�VWHMQRX� WDEXONX� MDNR� ¬ϕ� D

]tVNiPH�WDN�QiVOHGXMtFt�Y �WX�R�GXDOLW ��
9�WD��_ ¬ϕ�≡�ϕ

� �
6SHFLiOQ��GRVWiYiPH�'H�0RUJDQRYD�SUDYLGOD �¬�ϕ∨ψ�≡¬ϕ&¬ψ�D�¬�ϕ&ψ)�≡

¬ϕ∨¬ψ�� 8YHGHQi�Y �WD�QiP�GiYi�PRåQRVW�QHWULYLiOQt�IRUP\�QHJRYiQt�S �L�SRXåLWt�Y �W\�R
G$ND]X�VSRUHP�

3RGOH�QiPL�SURYHGHQpKR�WULNX�VH�Y]iMHPQR X�]iP �QRX�SUDYG\�D�OåL�VH�]Gi��åH
W\WR�GY ��SUDYGLYRVWQt�KRGQRW\�MVRX�]FHOD�URYQRFHQQp��7R�MH�SUDYGD�MHQ�þiVWHþQ ����SRX]H
Y�QiPL�]DYHGHQpP�NDONXOX��-DNPLOH�YêURN\�Y�VRE ��]DKUQXMt�Q �MDNRX�IRUPX�YêSRY �GL�R
VRE���SDN�VH�WRWR�URYQRFHQQp�SRVWDYHQt�]WUiFt��+H]Nê P�S �tNODGHP�WRKR�MH�WYU]HQt����
%RO]DQRYêFK�3DUDGR[ $�QHNRQHþQD��NGH�DXWRU�WYUGt��åH�H[LVWXMH�Y �WD�SUDYGLYi�R�VRE ��
7tP�UR]XPt�Y �WX��MHMtå�SUDYGLYRVW�QH]iYLVt�QD�Q �MDNêFK�GDOãtFK�RNROQRVWHFK��NWHUp�EX ��MLå
QDVWDO\�� QHER� WHSUYH� QDVWDQRX��3 �tNODGHP� WDNRYp� Y �W\� MH� �([LVWXMH� Y �WD� SUDYGLYi� R
VRE����.G\E\�WRWLå�WDWR�Y �WD�QHE\OD�SUDYGLYi��E\OD�E\�SUDYGLYi�R�VRE ��MHMt�QHJDFH��FRå�E\
RYãHP�]QDþLOR�VSOQ �Qt�SRåDGDYNX�NODGHQpKR�Y�S $YRGQt�Y �W���WHG\�MHMt�SUDYGLYRVW��7DWR
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LGHD�WYU]HQt��MHå�Y\SRYtGDMt�R�VRE ���QHER�UHODFt�� NWHUp�VH�N �VRE��Y]WDKXMt��VH�XNi]DOD
YHOLFH�SORGQRX�SUR� �HãHQt�PQRKD�PDWHPDWLFNêFK�SUREOpP $�

9UD"PH� VH� YãDN� ]S �W� N� S �HGP�WX� QDãHKR� ]NRXPiQt�� YêURNRYpPX� SRþWX�
8Y�GRPtPH�OL�VL��åH�GY ��IRUPXOH�MVRX�HNYLYDOHQWQt��SUiY ��NG\å�PDMt�VWHMQRX�WDEXONX�D
GiOH�VL�S �LSRPHQHPH�YODVWQRVWL�WDEXOHN� & D�∨��GRNiåHPH�VQDGQR��åH�NH�NDåGp�IRUPXOL
QDMGHPH�HNYLYDOHQW��W�M��HNYLYDOHQWQt�IRUPXOL��VSHFLiOQtKR�WYDUX�� �HNQHPH�åH�IRUPXOH�MH
NRQMXQNWLYQt��MHVWOLåH�MH�NRQMXQNFt�YêURNRYêFK�SURP �QQêFK�QHER�MHMLFK�QHJDFt�� �HNQHPH�
åH� IRUPXOH� MH� GLVMXQNWLYQ �� NRQMXQNWLYQt�� MHVWOLåH� MH� GLVMXQNFt� NRQMXQNWLYQtFK� IRUPXOt�
$QDORJLFN\�GHILQXMHPH�GLVMXQNWLYQt�D�NRQMXQNWLYQ ��GLVMXQNWLYQt�IRUPXOH�

3�tNODG\�� ��� IRUPXOH� 3� D � ¬3� MVRX� NRQMXQNWLYQt�� GLVMXQNWLYQt�� GLVMXQNWLYQ �
NRQMXQNWLYQt�L�NRQMXQNWLYQ ��GLVMXQ NWLYQt�

��� IRUPXOH� 3 &¬3� �3 ∨¬3�� MH� NRQMXQNWLYQt� �GLVMXQNWLYQt��� 2E �� IRUPXOH� MVRX
VRXþDVQ��GLVMXQNWLYQ��NRQMXQNWLYQt�L�NRQMXQNWLYQ ��GLVMXQNWLYQt�

��� IRUPXOH � � ¬3 � ∨¬3 � ∨4�&�¬4∨3 � �&�¬4∨3 � ��Y\MDG�XMtFt� �3 � &3 � �≡4�� MH
NRQMXQNWLYQ�� GLVMXQNWLYQt� IRUPXOH� D� IRUPXOH� �3 � &3 � &4�∨�¬4&¬3 � �∨�¬4&¬3 � �
�Y\MDG�XMtFt�RS �W��3 � &3 � �≡4��MH�GLVMXQNWLYQ ��NRQMXQNWLYQt�IRUPXOH�

9�WD� R� QRUPiOQt� IRUP ��� .H� NDåGp� IRUPXOL� QDMGHPH� GLVMXQNWLYQ �� NRQMXQNWLYQt
IRUPXOL�� NWHUi� MH� V� Qt� HNYLYDOHQWQt� D� URYQ �å� N� Qt� QDMGHPH�HNYLYDOHQWQt� NRQMXQNWLYQ �
GLVMXQNWLYQt�IRUPXOL�

'$ND]��3URKOpGQHPH�VL�WDEXONX�IRUPXOH��3RNXG�YH�YãHFK� �iGFtFK�QDEêYi�KRGQRWX
QHSUDYGD��MH�KOHGDQRX�IRUPXOt�IRUPXOH�3 &¬3��.� �iGN$P��YH�NWHUêFK�IRUPXOH�QDEêYi
KRGQRWX� SUDYGD�� S �L�DGtPH� NRQMXQNWLYQt� IRUPXOH� WDN�� åH� MH�OL� YêURNRYi� SURP �QQi
KRGQRFHQD� MDNR�SUDYGD��SRVWDYtPH� ML�GR�NRQMXQNFH�� MH�OL�KRGQRFHQD� MDNR�QHSUDYGD�
SRVWDYtPH�GR�NRQMXQNFH�MHMt�QHJDFL��9ãHFKQ\�WDNWR�]tVNDQp�NRQMXQNWLYQt�IRUPXOH�GiPH
GR� GLVMXQNFH� D� WtP� ]tVNiPH� KOHGDQRX� GLVMXQNWLYQ �� NRQMXQNWLYQt� IRUPXOL�� 3 �L� KOHGiQt
NRQMXQNWLYQ��GLVMXQNWLYQtKR�HNYLYDOHQWX�Y\FKi]tPH�RG�WDEXON\�QHJDFH�YêFKR]t�IRUPXOH�D
SRGOH� Y �W\� R� GXDOLW �� ]MLVWtPH�� åH� GXiOQt� IRUPXOH� N� QDOH]HQpPX� GLVMXQNWLYQ �
NRQMXQNWLYQtPX�HNYLYDOHQWX�QHJDFH�MH�KOHGDQê�NRQMXQNWLYQ ��GLVMXQNWLYQt�HNYLYDOHQW�

3UiY�� XYHGHQi� Y �WD� SRVN\WXMH� QiYRG� QD� �HãHQt� �GDWDEi]RYpKR� SUREOpPX�
]PtQ�QpKR� Y� ~YRGX�� 0QRKG\� YãDN� SRVWXS� Y\KOHGiQt� GLVMXQNWLYQ �� NRQMXQNWLYQtKR
HNYLYDOHQWX� SRPRFt� WDEXON\� MH� QHRKUDEDQê� D� HIHNWLYQ �Mãt� MH� SRXåLWt� DOJHEUDLFNêFK
YODVWQRVWt�ORJLFNêFK�VSRMHN�� DVRFLDWLYQtKR��NRPXWDWLYQ tKR�D�GLVWULEXWLYQtKR�]iNRQD�D�GH
0RUJDQRYêFK�SUDYLGHO���-H�WR�]YOiãW ��Y�S �tSDG���åH�YêFKR]t�IRUPXOH�Pi�MHGQRGXFKRX
VWUXNWXUX�D�S �L�WRP�REVDKXMH�KRGQ ��YêURNRYêFK�SURP �QQêFK�

3�LSRPHQHPH�OL� YêãH� XYHGHQê� W �HWt� S �tNODG�� SDN� S �L� Y\KOHGiQt� GLVMXQNWLYQ �
NRQMXQNWLYQtKR� HNYLYDOHQWX� IRUPXOH� �3 � &3 � �≡4�� SRYDåXMHPH� SRVWXSQRX� WYRUEX
HNYLYDOHQW$����3 � &3 � �→4�&�4→�3 � &3 � �����¬3 � ∨¬3 � ∨4�&�¬4∨�3 � &3 � ���
�3 � &3 � &4�∨�¬4&¬3 � �∨�¬4&¬3 � ��]D�S �tMHPQ�Mãt��QHå�Y\þtVORYiQt�WDEXON\�

9� G $ND]X� S �HGHãOp� Y �W\� MVPH� QLMDN� QHY\XåLOL� IDNW�� åH� WDEXOND� SUDYGLYRVWQtFK
KRGQRW�E\OD�]tVNiQD�MDNR�WDEXOND�Q �NWHUp�IRUPXOH�D�]tVNiPH�WDN�G $ND]�QiVOHGXMtFt�Y �W\�

9�WD��.H�NDåGp�SUDYGLYRVWQt� IXQNFL� I� �]REUD]HQt� ]� ^���` 	 � GR� ^���`�� O]H�QDOp]W
IRUPXOL�YêURNRYpKR�SRþWX� ϕ��GRNRQFH�VSHFLiOQtKR�WYDUX���NWHUi�Pi�]D�WDEXONX�XYHGHQRX
SUDYGLYRVWQt�IXQNFL�

1iVOHGXMtFt�YêþHW�IRUPXOt�SRYDåXMHPH�]D�YHOPL�XåLWHþQê�D�GRSRUXþXMHPH�þWHQi �L�
DE\�VL�MHKR�REVDK�GRE �H�XY �GRPLO�

9ODVWQRVWL�W\SX�XVSR �iGiQt�
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��ϕ→ψ�&�ψ→χ��→�ϕ→χ��WUDQVLWLYLWD�VSROX�V� ϕ→ϕ� D�V���� ϕ→ψ�&�ψ→ϕ��� →�ϕ≡ψ�
QiP�SRSLVX MH��åH� →�Pi�YODVWQRVWL�XVSR �iGiQt�S �L� ≡�FKiSDQp� MDNR� URYQRVW��-HVWOLåH
SRXåLMHPH�)�MDNR�]NUDWNX�]D�QHSUDYGLYRX�IRUPXOL��QDS ��� ¬�3→3���D�9�MDNR�]NUDWNX�]D
SUDYGLYRX�IRUPXOL��QDS ���3 →3���SDN� )→ϕ�D� ϕ→9��WHG\�)�MH�QHMY �Wãt�D�9�QHMPHQãt�SUYHN
]PtQ�QpKR�XVSR �iGiQt��9�WRPWR�SRKOHGX�P $åHPH�MtW�GiOH�D�XNi]DW��åH� ϕ&ψ�D� ϕ∨ψ�KUDMt
~ORKX�VXSUpPD�D�LQILPD�Y �QD]QDþHQpP�XVSR �iGiQt�

$OJHEUDLFNp�YODVWQRVWL
�ϕ&ϕ�≡ϕ� �ϕ∨ϕ�≡ϕ LGHPSRWHQFH
�ϕ&ψ�≡�ψ&ϕ� �ϕ∨ψ�≡�ψ∨ϕ� NRPXWDWLYLWD
��ϕ&ψ�&χ�≡�ϕ&�ψ&χ��� ��ϕ∨ψ�∨χ�≡�ϕ∨�ψ∨χ�� DVRFLDWLYLWD
�ϕ∨�ψ&χ��≡��ϕ∨ψ�&�ϕ∨χ��� �ϕ&�ψ∨χ��≡��ϕ&ψ�∨�ϕ&χ�� GLVWU�]iN�
¬�ϕ&ψ�≡�¬ϕ∨¬ψ�� ¬�ϕ∨ψ�≡�¬ϕ&¬ψ�� GH�0RUJDQ

=D�GDOãt�XåLWHþQp�YODVWQRVWL�SRYDåXMHPH�� ϕ→ψ�≡�¬ψ→¬ϕ���� ϕ→ψ�≡�¬ϕ∨ψ�
D�WHG\� ¬�ϕ→ψ�≡�ϕ&¬ψ���'iOH�SDN� �ϕ 
 →�ϕ � →...�ϕ � →ψ�«��≡��ϕ  &ϕ � «&ϕ � �→ψ��

3UR� LQ IRUPDFL� XYH �PH�� åH� YêURNRYê� SRþHW� O]H� SRVWDYLW� QD� ]FHOD� GHGXNWLYQtP
]iNODG���VLFH�WDN��åH�Q �NWHUp�IRUPXOH�SRYDåXMHPH�]D�D[LRP\�D�MLQp�]�QLFK�RGYR]XMHPH
QD�]iNODG ��RGYR]RYDFtFK�SUDYLGHO�

1DNRQHF� MHãW �� XYH�PH� W �L� IRUPXOH�� QD� NWHUêFK� VL� þWHQi �� P$åH� SURFYLþLW
SURY��RYiQt�SUDYGLYRVWL�IRUPXOt�YêURNRYpKR�SRþWX�

�ϕ→¬χ�→���ϕ&ψ�∨¬χ�→�χ→ξ��
��ϕ∨ψ�&χ�→�¬�¬ϕ→χ�→ξ�
�ϕ&�ψ�→χ��→��ψ&¬χ�→ξ�

3UHGLNiWRYê�SRþHW�
9� GDOãtP� QDãHP� Y\ãHW �RYiQt� S $MGHPH� KORXE �ML� GR� VWUXNWXU\� PDWHPDWLFNêFK

YêURN$�� 1DS ��� YêURN� [����� Xå� SUR� QiV� QHEXGH� ]iNODGQt� QHG �OLWHOQRX� MHGQRWNRX
�YêURNRYRX� SURP �QQRX�� MHMtå� SUDYGLYRVWQt� KRGQRWD� ]iYLVt� QD� RNROQRVWHFK�� DOH� MHKR
VWUXNWXUX�EXGHPH�GiOH�]NRXPDW��3 �LWRP�EXGHPH�KORXE �ML�Y\ãHW �RYDW�Yê]QDP�UþHQt�SUR
NDåGp�[��]QDþtPH�� ∀[���D�H[LVWXMH�[��]QDþtPH�� ∃[���D�QDXþtPH�VH�IRUPiOQtPX�]S $VREX
SUiFH�V�IRUPXOHPL��NWHUp�W\WR�V\PERO\��]YDQp�NYDQWLILNiWRU\��REVDKXMt��%XGHPH�VH�S �LWRP
GUåHW�SRVWXSX�SUiFH�SRXåLWpKR�S �L�UR]YtMHQt�YêURNRYpKR�SRþWX�D�UR]ãL �RYDW�KR�

=DþQHPH�QHMG �tYH�DEHFHGRX��WHG\�YêþWHP�SRXåtYDQêFK�V\PERO $�
���,QGL YLGXiOQt�SURP �QQp��[�\�]�«��S �tSDGQ��RSDW �HQp�LQGH[\��7\WR�SURP �QQp

EXGRX�PtW�]D�RERU�SURP �QQRVWL�LQGLYLGXD�]�NRQNUpWQt�VLWXDFH��NWHURX�EXGHPH�]NRXPDW�
0RKRX�WR�EêW�S �LUR]HQi�þtVOD��NRPSOH[Qt�þtVOD��PDWLFH��PQRåLQ\��S �tPN\��ERG\��URYLQ\
DWG�

���5HODþQt�V\P ERO\��3 � ��5 � ��«���7\WR�V\PERO\�EXGHPH�SRXåtYDW�SUR�R]QDþRYiQt
Y]WDK$��NWHUp�PRKRX�PH]L�LQGLYLGXL�QDVWDW��3 �tNODGHP�P $åH�EêW�QHURYQRVW���EêW�Y �Wãt
QHå���DOH�Wpå��EêW�NODGQê���QHER��OHåHW�PH]L�GY �PD�ERG\�QD�S �tPFH���3UYQt�GYD�Y]WDK\�VH
WêNDO\�GYRMLF� LQGLYLGXt�� W �HWt� SRX]H� MHGQRWOLYêFK� LQGLYLGXt�D� þWYUWê� WURMLF��7R� �NROLNDWLF�
LQGLYLGXt�VH�UHODþQt�V\PERO�WêNi�QD]êYiPH�MHKR�þHWQRVWt��3 �LWRP�VH�QHY\KêEiPH�DQL
þHWQRVWL����MHMtå�SRPRFt�]DKUQHPH�QiP�MLå�]QiPp�YêURNRYp�SURP �QQp�GR�SUHGLNiWRYpKR
SRþWX�
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���)XQNþQt�V\P ERO\��) � �* � ��«���7\WR�V\PERO\�EXGHPH�SRXåtYDW�SUR�R]QDþRYiQt
IXQNþQtFK�]iYLVORVWt��NG\�M�WLFtP�LQGLYLGXt�RGSRYtGDMt�LQGLYLGXD��L�RS �W�R]QDþXMH�LQGH[�
3�tNODG\� PRKRX� EêW� [�\�� [ •\�� 8YHGHQp� S �tNODG\� MVRX� ELQiUQt� IXQNFH�� 3 �L� WRP� VH
QHY\KêEiPH� DQL� þHWQRVWL� ��� FRå� MVRX� NRQVWDQW\�� R]QDþXMtFt� Y �WãLQRX� LQGLYLGXD
VSHFLiOQtKR�SRVWDYHQt��QDS ���������π��

���/RJLFNp�VSRMN\�
���.YDQWLILNiWRU\� �∀[���∃[��PDMtFt�Yê]QDP�SUR�NDåGp�[��UHVSHNWLYH�H[LVWXMH�[�
���3RPRFQp�V\PERO\������
-D]\N�SRXåLWê�SUR�WX�NWHURX�REODVW�PDWHPDWLFNpKR�]NRXPiQt�VSHFLILNXMt�SRXåLWp

IXQNþQt�D�UHODþQt�V\PERO\��3URWR�VH�Wpå�W\WR�V\PERO\�QD]êYDMt�YODVWQt�V\PERO\�MD]\ND�
2VWDWQt�V\PERO\�MVRX�VSROHþQp�SUR�YãHFKQ\�REODVWL�D�QD]êYDMt�VH��NURP ��SRPRFQêFK�
ORJLFNp�V\PERO\�

3�tNODG\� NRQNUpWQtFK� DEHFHG� MVRX�� 3UR� WHRULL� JUXS� •� ��� ��� �� �%LQiUQt� IXQNþQt
V\PERO��XQiUQt����iUQt�IXQNþQt�V\PERO��ELQiUQt�UHODþQt�V\PERO���3UR�WHRULL�XVSR �iGiQt��
� ��3UR�WHRULL�PQRåLQ� ∈�� ��3UR�S �LUR]HQi�þtVOD����6����� •��� ����

.URP��IRUPXOt�MH�MHãW ��GDOãt�GUXK�VP\VOXSOQêFK�VORY��NWHUp�QD]êYiPH�WHUP\��-VRX
WR��WHUPtQ\���NWHUêPL�VH�QD�LQGLYLGXD�]NRXPDQp�VLWXDFH�REUDFtPH��7HUP�RGSRYtGi�QDS ��
DULWPHWLFNêP�YêUD] $P��NWHUp�VH�SRXåtYDMt�Y�SURJUDPRYDFtFK�MD]\FtFK��-H�WR�YODVWQ ��SRSLV
RSHUDFt��NWHUêPL�E\FKRP�]tVNDOL�KRGQRWX�WHUPX��WHG\�LQGLYLGXXP��þ tVOR��PDWLFL�DWG����MVRX�
OL�GiQ\�KRGQRW\�YãHFK�SURP �QQêFK��NWHUp�VH�Y �WHUPX�Y\VN\WXMt��3 �tNODG\� WHUP $� MVRX
�����•���[•] ��� �

3RGiPH�Q\Qt�LQGXNWLYQt�GHILQLFL�WHUPX�
'HILQLFH�����,QGLYLGXiOQt�SURP �QQp�MVRX�WHUP\�
���.G\å�) � ��MH�IXQNþQt�V\PERO�þHWQRVWL�M�D� τ � ��«�� τ� �MVRX�WHUP\��SDN�VORYR�) � �τ � �����

�τ� ��MH�WHUP�
���.DåGê�WHUP�Y]QLNQH�]�LQGLYLGXiOQtFK�SURP �QQêFK�NRQHþQêP�SRþWHP�DSOLNDFt

SUDYLGOD����
ÒNRO��8NDåWH��åH������ •������MH�WHUP��3 �LWRP�SRXåtYiPH�E �åQpKR�]QDþHQt�[�\

PtVWR���[�\��XYiG �QpKR�Y�GHILQLFL��8NDåWH��åH�����QHQt�WHUP�
ýWHQi�L�QHEXGH�þLQLW�SRWtåH�GRNi]DW�Y �WX��-HVWOLåH�W�[ � �������[ � ��MH�WHUP��YH�NWHUpP

VH�Y\VN\WXMt�LQGLYLGXiOQt�SURP �QQp�[ � �������[ � �D� τ � ������� τ � �MVRX�WHUP\��SDN�VORYR��YH�NWHUpP
MVRX�Q �NWHUp�YêVN\W\�[ � �QDKUD]HQ\�VORYHP� τ� � �MH�RS �W�WHUP�

1\Qt�P $åHPH�S �LVWRXSLW�N�GHILQLFL�IRUPXOH��3 �LWRP�SRVWXSXMHPH�RS �W�LQGXNWLYQ��
'HILQLFH�����-H�OL�5 � �M�þHWQê�UHODþQt�V\PERO�D� τ � �������� τ� �MVRX�WHUP\��SDN�5 � �τ � ������� τ� �

MH�IRUPXOH��NWHURX�QD]êYiPH�DWRPiUQt��
���-VRX�OL� ϕ�ψ�IRUPXOH��SDN�� ¬ϕ��ϕ→ψ���ϕ∨ψ���ϕ &ψ���ϕ≡ψ��MVRX�IRUPXOH�
��� -H�OL� ϕ� IRUPXOH�� SDN� � ∀[�ϕ��∃[�ϕ� MVRX� IRUPXOH�� ϕ� VH� QD]êYi� UR]VDK

S�tVOXãQpKR�NYDQWLILNiWRUX�
���9ãHFKQ\�IRUPXOH�Y]QLNQRX�]�DWRPiUQtFK�NRQHþQRX�DSOLNDFt�SUDYLGHO��������
1\Qt� VH� RS �W� YUiWtPH� N� PDWHPDWL]DFL� SUDYG\�� MLå� Y �SRQ�NXG� NRPSOLNRYDQ �Mãt

VLWXDFL��1HMG �tYH�YãDN�PXVtPH�]DYpVW�SRMHP�PDWHPDWLFNp�VWUXNWXU\��SUYQtKR� �iGX��Y
MHMtPå�UiPFL�EXGHPH�SUDYGLYRVW�IRUPXOt�]DYiG �W���-LQp�IRUPXOH�MVRX�SUDYGLYp�Y�UiPFL
þtVHO�S �LUR]HQêFK��MLQp�Y�UiPFL�þtVHO�NRPSOH[QtFK��
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'HILQLFH�� 0DWHPDWLF NRX� VWUXNWXURX� �SUYQtKR� �iGX�� 0� UR]XPtPH� QHSUi]GQRX
PQRåLQX�0��PQRåLQX�LQGLYLGXt��D�PQRåLQX�IXQNFt�GHILQRYDQêFK�QD�0�D�UHODFt�QD�WpWR
PQRåLQ��LQGLYLGXt�

3�tNODG\�VWUXNWXU� MVRX�S �LUR]HQi�þtVOD�V� IXQNFHPL��� •�����D� UHODFt� �� OLERYROQi
NRQNUpWQt�JUXSD��S �LUR]HQi�þtVOD�V�UHODFHPL���� �

9� GHILQLFL� VWUXNWXU\� MVPH� MLå� ~P\VOQ �� 3RXåLOL� VORYD� PQRåLQD�� þtPå� FKFHPH
XSR]RUQLW�QD�WR��åH�VH�QiP�EXGH�S �HYiåQ��MHGQDW�R�VWUXNWXU\��NWHUp�PDMt�QHNRQHþQ �
PQRKR�LQGLYLGXt�D�SUR�PDQLSXODFL�V�QLPL�MLå�SRW �HEXMHPH�Q �MDNRX�IRUPX�WHRULH�PQRåLQ
�W�HED�LQWXLWLYQ t��

3UDYGLYRVW�IRUPXOt�P $åH�Q\Qt�]iYLVHW�MDN�QD�WRP��Y�MDNp�VWUXNWX �H�ML�FKiSHPH��WDN
QD�WRP��MDNi�NRQNUpWQt�LQGLYLGXD�]D�LQGLYLGXiOQt�SURP �QQp�GRVDGtPH�

5HDOL]DFt� MD]\ND�YH�VWUXNWX �H� UR]XPtPH�S �L�D]HQt�� NWHUp� MHGQRWOLYêP� IXQNþQtP
V\PERO$P�D�UHODþQtP�V\PERO $P�MD]\ND�S �L�D]XMH�IXQNFH�D�UHODFH�QD�VWUXNWX �H�WDN��åH
þHWQRVWL� VRXKODVt�� �5HDOL]DFH� S �L�D]XMH� ��þHWQêP� UHODFtP� KRGQRWX� SUDYGD�� QHER
QHSUDYGD�D�WDNWR�MH�]GH�]DKUQXWR�RKRGQRFHQt�YêURNRYêFK�SURP �QQêFK�]NRXPDQp�YH
YêURNRYpP�SRþWX ���,QVWUXNWLYQt�P $åH�EêW�UHDOL]DFH�JUXSRYpKR� •�MDNR���Y �FHOêFK�þtVOHFK�

2KRGQRFHQtP�LQGLYLGXiOQtFK�SURP �QQêFK�H�Y�VWUXNWX �H� 0�UR]XPtPH�]REUD]HQt�
NWHUp�LQGLYLGXiOQtP�SURP �QQêP�S �L�D]XMH�LQGLYLGXD�VWUXNWXU\� 0�

,QGXNWLYQtP� ]S $VREHP� EXGHPH� Q\Qt� GHILQRYDW� KRGQRW\� WHUP $� D� IRUPXOt� S �L
RKRGQRFHQt� Y� GDQp� VWUXNWX �H� �UHDOL]DFH� IXQNþQtFK� D� UHODþQtFK� V\PERO $� VH� S �LWRP
SRYDåXMH�]D�SHYQRX��S �HGHP�XUþHQRX��

'HILQLFH�� +RGQRWD� WHUPX� τ� S �L� RKRGQRFHQt� H� �]QDþtPH� τ>H@�� MH� GHILQRYiQD
QiVOHGXMtFtP�LQGXNWLYQtP�]S $VREHP�

����-H�OL� τ�LQGLYLGXiOQt�SURP �QQi�[��SDN� τ>H@ H�[��
���) � �τ  ������� τ! �>H@ I � �τ  >H@������� τ! >H@���NGH�I � �MH�UHDOL]DFH�) � �YH�VWUXNWX �H�D�M�MH�S �tVOXãQi

þHWQRVW�
3UR�R]QDþHQt�VORYD��NWHUp�Y]QLNQH�]H�VORYD� ϕ�QDKUD]HQtP�YãHFK�SRGVORY� ϕ  ������� ϕ "

VORY\� ψ # �� ���� � ψ " ��EXGHPH �SRXåtYDW�]QDþHQt� ϕ� �ϕ # �ψ $ �� ���� � � ϕ % �ψ % ���3 �HYiåQ��EXGHPH
VXEVWLWXFL�SRXåtYDW�Y�S �tSDG���åH�VORYD� ϕ $ �������� ϕ % �MVRX�LQGLYLGXiOQt�SURP �QQp��%XGH�OL�]
NRQWH[WX� MDVQp�� MDN� VXEVWLWXFH� SUREtKi�� SRXåLMHPH�E �åQpKR�PDWHPDWLFNpKR� ]QDþHQt
�QDS���) & �& ' ��������& ( ��PtVWR�) ) �[ ' �& ' ��������[ ( �& ( ����%XGH�OL�MDVQp��R�NWHUp�SURP �QQp�VH�S �L
VXEVWLWXFL�MHGQi��SRXåLMHPH�Wpå�]QDþHQt�W�[ ) �τ ) ���FRå�EXGH�]QDþLW��åH�YãHFKQ\�SURP �QQp
[ ' �������[ ( �QDKUDGtPH� τ ' ������� τ ( �D�QLNROLY�åH�MHGLQRX�SURP �QQRX�[ ) �QDKUDGtPH� τ ) ��8YHGHQê
]S$VRE�]QDþHQt�EXGHPH�SRXåtYDW�L�SR]G �ML��NG\�Y�S �tSDG��IRUPXOt�Q �NWHUp�VXEVWLWXFH
]DNiåHPH��Y�S �tSDG��VXEVWLWXFH���]D�[�YH�IRUPXOL�[ � ∨�∃[��[����]tVNDQp�VORYR�� � ∨
�∃�������� DVL� QHY\VWLKXMH� WR�� FR� MVPH� P �OL� VXEVWLWXFt� QD� P\VOL��� -LQêP� S �tNODGHP
QDEiGDMtFtP�N�RSDWUQRV WL�MH�� ∃\��[ \��[�\����

9� VRXODGX� VH� ]DYHGHQêP� ]QDþHQtP� SRXåLMHPH� Wpå� H�[ ) �P ) �� SUR� R]QDþHQt
RKRGQRFHQt�� NWHUp� Y]QLNQH� ]� RKRGQRFHQt� H� WDN�� åH� SURP �QQp� [ ' �� ���� �[ * � KRGQRWtPH
LQGLYLGXL� P ' �� ���� �P * �� ,QGXNFt� SRGOH� VORåLWRVWL� P $åHPH� GRNi]DW� QiVOHGXMtFt� Y �WX� R
VXEVWLWXFL�

9�WD��1HFK "�W ' �������W * �MVRX�WHUP\��QHFK "�P ) � �W ) >H@��1HFK "�τ��MH�WHUP��SDN� τ�[ ) �W ) �>H@� 
τ>H�[ ) �P ) �@��3 �LWRP� τ�[ ) �W ) ��MH�WHUP��NWHUê�Y]QLNQH�]� τ�VXEVWLWXFt�WHUP $�W ) �]D�SURP �QQp�[ ) �D
H�[ ) �P ) ��R]QDþXMH�RKRGQRFHQt��NWHUp�Y]QLNQH�]�H�WDN��åH�SURP �QQêP�[ ) �S �L�D]XMH�LQGLYLGXD
P ) �
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3RGHMPH�GiOH�GHILQLFL�SUDYGLYRVWQt�KRGQRW\� IRUPXOH�S �L�RKRGQRFHQt��3 �LWRP��
SRXåtYiPH�SUR�KRGQRWX�QHSUDYGD�D���SUR�KRGQRWX�SUDYGD�

'HILQLFH�����-H�OL� ϕ�DWRPiUQt�IRUPXOH��WHG\� ϕ�MH�5 + �τ , ������� τ- ���NGH�M�MH�þHWQRVW�5 + ��SDN
ϕ>H@ ��MHVWOLåH� 〈τ , >H@������� τ- >H@〉�∈U + ��WHG\��NG\å�LQGLYLGXD�S �L�D]HQi�WHUP $P� τ + �VSO�XMt�UHODFL�U +
UHDOL]XMtFt�UHODþQt�V\PERO�5 + �

���3 �L�LQGXNþQtP�NURNX�SUR�ORJLFNp�VSRMN\�VH� �tGtPH�WDEXONDPL�ORJLFNêFK�VSRMHN�
1DS����ϕ∨ψ�>H@ ���MHVWOLåH�� ϕ>H@ ���QHER� ψ>H@ ��

��� -H�OL� ϕ� IRUPXOH� WYDUX� � ∃[�ψ�� SDN� � ∃[�ψ>H@ �� SUiY �� WHKG\�� NG\å� H[LVWXMH
LQGLYLGXXP�P�WDNRYp��åH� ψ>H�[�P�@ ���-H�OL� ϕ�IRUPXOH�WYDUX�� ∀[�ψ��SDN�� ∀[�ψ>H@ ��SUiY �
WHKG\�� NG\å� SUR� NDåGp� LQGLYLGXXP�P� S �tVOXãQp� VWUXNWXU\� SODWt� ψ>H�[�P�@ ��� 9� RERX
S�tSDGHFK�QH]iYLVt�KRGQRWD�IRUPXOH�QD�WRP��MDN�MH�KRGQRFHQD�SURP �QQi�[�

1\Qt� PXVtPH� XSR]RUQLW� QD� QHEH]SHþt� Y]QLNDMtFt� ]� SRXåLWpKR� IRUPDOL]PX� S �L
VXEVWLWXFL�GR� IRUPXOt�� NWHUp�REY\NOH�þWHQi �L� QHKUR]t�S �L� LQWXLWLYQt�SUiFL� V� NRQNUpWQtPL
PDWHPDWLFNêPL� IRUPXOHPL�� .URP �� G �tYH� XYHGHQpKR� S �tNODGX� PRåQRVWL� Y]QLNX
QHVP\VOQpKR�VORYD��P $åH�EêW�S �L�QHRSDWUQpP�SRVWXSX�SR]P �Q�Q�VP\VO��NWHUê�VXEVWLWXFt
REY\NOH�PtQtPH��1iVOHGXMtFt�S �tNODG�MH�YDURYiQtP�

3RYDåXMHPH�OL� IRUPXOL� � ∀[�ϕ� ]D� SUDYGLYRX�� SDN� SRYDåXMHPH� ]D�SUDYGLYRX� Wpå
IRUPXOL� WDNRYRX��åH�Y� ϕ�PtVWR�[�VXEVWLWXXMHPH� OLERYROQê� WHUP��)RUPXOL� � ∀[��∃\��[ \�
REY\NOH�SRYDåXMHPH�]D�SUDYGLYRX��FRå�VH� MLå�QHGi� �tFL�R� IRUPXOL� � ∃\��\�� \��� NWHUi
Y]QLNOD�]�IRUPXOH�� ∃\��[ \��QDKUD]HQtP�StVPHQH�[�WHUPHP�\����3RGVWDWD�MH�Y�WRP��åH
SURP�QQi�\�Y\VN\WX MtFt�VH�Y�WHUPX�\���MH�Yi]iQD�NYDQWLILNiWRUHP�� ∃\��YH�IRUPXOL��NDP
GRVD]XMHPH�

'HILQXMPH�Q\Qt��FR�MVRX�YROQp�D�Yi]DQp�YêVN\W\�SURP �QQêFK�YH�IRUPXOL�
'HILQLFH�����9ãHFKQ\�YêVN\W\�LQGLYLGXiOQtFK�SURP �QQêFK�Y �DWRPiUQtFK�IRUPXOtFK

MVRX�YROQp�
���9ãHFKQ\�YêVN\W \�YH�IRUPXOL�Y]QLNOp�VSRMHQtP�ORJLFNRX�VSRMNRX�MVRX�YROQp��UHVS�

Yi]DQp���SRNXG�E\O\�YROQp��UHVS��Yi]DQp��Y �S$YRGQtFK�IRUPXOtFK�
���9H�IRUPXOL�� ∀[�ϕ��UHVS��� ∃[�ϕ��VH�YãHFKQ\�YêVN\W\�[��NWHUp�E\O\�Y� ϕ�YROQp�

VWiYDMt�Yi]DQêPL��VWHMQ ��WDN�SRYDåXMHPH�]D�Yi]DQê�YêVN\W�SURP �QQp�[�EH]SURVW �HGQ�
]D�]QDNHP�NYDQWLILNDFH��2VWDWQt�YêVN\W\�SURP �QQêFK�MVRX�YROQp��UHVS��Yi]DQp��SRNXG
E\O\�YROQp��UHVS��Yi]DQp��YH�IRUPXOL� ϕ�

1\Qt�P $åHPH�LQGXNFt�SRGOH�VORåLWRVWL�SURY ��LW�QiVOHGXMtFt�Y �WX�
9�WD��1HFK "� ϕ�MH�IRUPXOH��QDKUDGtPH� OL�Q �NWHUp�YROQp�YêVN\W\�SURP �QQp�[�YH

VORY��ϕ�WHUPHP� τ��SDN�Y]QLNOp�VORYR�MH�RS �W�IRUPXOH�
ÒNRO��3URY��WH�XYHGHQRX�Y �WX�
1DGiOH�S �L�VXEVWLWXFL�WHUPX�YH�IRUPXOL� ϕ�]D�SURP �QQRX�[�YåG\�VXEVWLWXXMHPH�]D

YãHFKQ\�YROQp�YêVN\W\�WpWR�SURP �QQp��7RPX�VH�SRG �L]XMH�L�S �LMDWp�]QDþHQt��7HG\�QDS ��
ϕ�[�τ�� QHR]QDþXMH� VORYR�� YH� NWHUpP� MVPH� ]D� YãHFKQ\� YêVN\W\� [� VXEVWLWXRYDOL� τ�� DOH
IRUPXOL��NWHUi�Y]QLNOD�WDN��åH�MVPH�YH�VORY ��ϕ�VXEVWLWXRYDOL� τ�]D�YãHFKQ\�YROQp�YêVN\W\�[�D
Yi]DQp�YêVN\W\�MVPH�QH]P �QLOL�

'HILQLFH�� )RUPXOH� VH� Q D]êYi� RWHY �HQi�� MHVWOLåH� åiGQi� SURP �QQi� Y� Qt� QHPi
Yi]DQê� YêVN\W�� �1HY\VN\WXMH� VH� Y� Qt� WHG\� ]QDN� NYDQWLILNDFH��� )RUPXOH� VH� QD]êYi
X]DY�HQi��MHVWOLåH�QHPi�åiGQê�YROQê�YêVN\W�Q �MDNp�VYp�SURP �QQp��)RUPXOH�VH�QD]êYi
RERMHWQi��MH�OL�MDN�X]DY �HQi��WDN�L�RWHY �HQi�

ÒNRO��8YH�WH�3 �tNODG�RERMHWQp�IRUPXOH��NWHUi�QHQt�3Ui]GQêP�VORYHP��
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3R]QDPHQHMPH��åH� SUDYGLYRVW�X]DY �HQêFK�IRUPXOt�YH�VWUXNWX �H�QH]iYLVt�QD
RKRGQRFHQt�

=DYHGHQi� VXEVWLWXFH� WHUPX� GR� IRUPXOH� ]DEUD �XMH� Y]QLNX� QHVP\VOQêFK� VORY�
QH]DEUD�XMH�YãDN��3R]P �Q�Qt�VP\ VOX��IRUPXOH��7R�QiV�YHGH�N �GDOãt�GHILQLFL�

�'HILQLFH���HNQHPH��åH�WHUP� τ�MH�VXEVWLWXRYDWHOQê�]D�SURP �QQRX�[�YH�IRUPXOL� ϕ�
MHVWOLåH� VH� åiGQê� YROQê� YêVN\W� [� Y� ϕ� QHY\VN\WXMH� Y� UR]VDKX� åiGQpKR� NYDQWLILNiWRUX
YiåtFtKR�SURP �QQRX�]�WHUPX� τ�

6SHFLiOQ���SRNXG� τ�MH �NRQVWDQWQt�WHUP��QHREVDKXMtFt�åiGQp�SURP �QQp���MH�MLVW �
VXEVWLWXRYDWHOQê��3URP �QQi�VDPD� MH� MDNRåWR� WHUP� URYQ �å�VXEVWLWXRYDWHOQi�]D�VHEH�
.G\å�IRUPXOH�QHREVDKXMH�åiGQê�NYDQWLILNiWRU��MH�WR�RWHY �HQi�IRUPXOH���SDN�NDåGê�WHUP�MH
VXEVWLWXRYDWHOQê� ]D� NDåGRX� SU RP�QQRX�� 6XEVWLWXXMHPH�OL� WHUP� ]D� SURP �QQRX�
SURYiGtPH� WR� MHQ� ]D� YROQp� YêVN\W\� D� MH�OL� WHUP� VXEVWLWXRYDWHOQê�� 3RW �HEXMHPH�OL
VXEVWLWXRYDW� WHUP� D� EUiQt� QiP� SRGPtQND� VXEVWLWXRYDWHOQRVWL�� SRP $åHPH� VL
S�HMPHQRYiQtP�Yi]DQêFK�SURP �QQêFK�

1iVOHGXMtFt�Y �WD�QHQt�SUR�SRUR]XP �Qt�GDOãtPX�WH[WX�SRGVWDWQi��DOH�MHMt�G $ND]
þWHQi�L�SRGPtQNX�VXEVWLWXRYDWHOQRVWL�WHUPX�GiOH�RVY �WOt�

9�WD�� 1HFK "� W . �� ���� �W / � MVRX� WHUP\��2]QDþPH�P 0 W 0 >H@�� 3DN� ϕ�[ 0 �W 0 �>H@ ϕ>H�[ 0 �P 0 �@�
3�LWRP�SRFKRSLWHOQ ��S �HGSRNOiGiPH��åH�W 0 �MVRX�VXEVWLWXRYDWHOQp�]D�[ 0 �

'$ND]��'$ND]�VH�SURYiGt�LQGXNFt�SRGOH�VORåLWRVWL�IRUPXOH�D�P\�]GH�SURYHGHPH
SRX]H�SRGVWDWQê�LQGXNþQt�NURN�SUR�� ∃[�ψ��NGH�[�QHQt�Y�VH]QDPX�[ 0 ��,QGXNþQt�NURN�SUR
�∀[��MH�DQDORJLFNê�D�SRNXG�[�MH�Q �NWHURX�[ 0 ��SDN�YH�IRUPXOL�� ∃[ 0 �ψ�åiGQRX�VXEVWLWXFL�]D�[ 0
QHSURYiGtPH�� QHER "� VXEVWLWXXMHPH� SRX]H� ]D� YROQp� YêVN\W\�� 3RGOH� GHILQLFH
�∃[�ψ�[ 0 �W 0 �>H@ ���SUiY ��NG\å�H[LVWXMH�P�WDN��åH� ψ�[ 0 �W 0 �>H�[�P�@ ���7R�MH�SRGOH�LQGXNþQtKR
S�HGSRNODGX� SUiY �� WHKG\�� NG\å� ψ>H�[�P�[ 0 �P 1 �@ ��� NGH� P 1 W 1 >H�[�P�@�� =� SRGPtQN\
VXEVWLWXRYDWHOQRVWL� WHUPX�YãDN�GRVWiYiPH� P 1 P 1 ��QHER "�Y� W 1 � VH�QHVPt�[�Y\VN\WRYDW�
3RGOH�GHILQLFH�VSO �RYiQt�MH�WR�SUiY ��WHKG\��NG\å�� ∃[�ψ>H�[�P�@ ��

'HILQLFH�� ��� �HNQHPH�� åH� � IRUPXOH� ϕ� MH� �S �L� GDQp� UHDOL]DFL�� YH� VWUXNWX �H� 0
SUDYGLYi��MHVWOLåH�MH�SUDYGLYi�S �L�NDåGpP�RKRGQRFHQt��7XWR�VNXWHþQRVW�]QDþtPH� 0_ � ϕ�

��� �HNQHPH��åH�V\VWpP�IRUPXOt� $�MH�SUDYGLYê�Y� 0��QHER��åH� 0�MH�PRGHOHP� $�
MHVWOLåH�NDåGi�IRUPXOH�V\VWpPX�MH�SUDYGLYi��7XWR�VNXWHþQRVW�]QDþtPH� 0�_ � $�

��� �HNQHPH��åH�V\VWpP�IRUPXOt�MH�VSOQLWHOQê��MHVWOLåH�H[LVWXMH�VWU XNWXUD��NWHUi�MH
MHKR�PRGHOHP�

3URY��HQt��åH�Q �MDNi�IRUPXOH�MH�YH�VWUXNWX �H�SUDYGLYi�SUR�QHNRQHþQp�VWUXNWXU\�MLå
QHPXVt�EêW�QLMDN�VQDGQp��9 �WãLQRX�VH�S �LWRP�RGYROiYiPH�QD� WR�� MDN�E\OD� VWUXNWXUD
Y\EXGRYiQD�D�XYHGHQê�IDNW�SURY ��XMHPH�QDS ���G$ND]HP�Y�WHRULL�PQRåLQ�

2EUD"PH�VH�Q\Qt�N�GHGXNFL�Y�QDãt�QRYp��MLå�NRPSOLNRYDQ �Mãt�VLWXDFL�
'HILQLFH���HNQHPH��åH�V\VWpP�IRUPXOt� %�MH��WDXWRORJLFN\��RGYRGLWHOQê�]H�V\VWpPX

IRUPXOt� $� �]QDþtPH� $_ %��� MHVWOLåH� SUR� NDåGRX� VWUXNWXUX� 0� D� UHDOL]DFL� IXQNþQtFK� D
UHODþQtFK�V\PERO $�] ��$�%�Y� 0�SODWt��NG\å� 0_ $��SDN� 0_ � %��6SHFLiOQ ��_ $�R]QDþXMH��åH
V\VWpP�IRUPXOt� $�MH�SUDYGLYê�Y�OLERYROQp�VWUXNWX �H���-H�SUDYGLYê�]FHOD�REHFQ ����)RUPXOH�
NWHUp�MVRX�SUDYGLYp�REHFQ ���QD]êYiPH�WDXWRORJLH�

ýWHQi��VL�VQDGQR�XY �GRPt��åH�RS �W�SODWt�]iNODGQt�YOD VWQRVWL�_ ����� $⊆%��SDN� %_ $�
���$_ %�D� %_ &��SDN� $_ &�
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���$_ %�D� $_ &��SDN� $_ %∪&�
3�LWRP�XYHGHQp�]iNRQ\�MLå�PDMt��VWULNWQ ��NRQHþQê�FKDUDNWHU�SUiFH�VH�V\PERO\��D

MHMLFK�L�Q �NROLNDQiVREQp�SRXåLWt�O]H�VQDGQR�HYLGRYDW�
3UDYGLYRVW� X]DY �HQêFK� IRUPXOt� ]iYLVt� SRX]H� QD� YROE �� VWUXNWXU\� D� UHDOL]DFH�

QH]iYLVt� MLå� QD�YROE �� RKRGQRFHQt� LQGLYLGXiOQtFK�SURP �QQêFK��3URWR�QD�Q ��P$åHPH
SRXåtYDW� YãHFKQ\� REHFQp� ]iNRQ\� GHGXNFH� ]NRXPDQp� YH� YêURNRYpP� SRþWX�� .DåGi
UHDOL]DFH�GiYi�WRWLå�RKRGQRFHQt�X]DY �HQêFK�SRGIRUPXOt�MDNRåWR�Yê URNRYêFK�SURP �QQêFK
YH�YêURNRYpP�SRþWX�D�SRX]H�VH�P $åH�VWiW�� åH� Q �NWHUi� RKRGQRFHQt� SUDYGRX�QHER
QHSUDYGRX�QHPRKRX�QDVWDW�Y]KOHGHP�NH�VWUXNWXUiOQt�VWDYE ��SRGIRUPXOt��6SHFLiOQ ��S �L
RPH]HQt�QD�X]DY �HQp� IRUPXOH�SODWt�Y �WD�R�GHGXNFL��Y �WD�R�G $ND]X�VSRUHP��Y �WD� R
UR]ERUX�S �tSDG$��MDNRå�L�Y �W\�YiåtFt�VH�NH�VSRMFH�  &�

ÒNRO��3URY��WH�SODWQRVW�YêãH�]PtQ �QêFK�Y �W�L�Y�SUHGLNiWRYpP�SRþWX�S �L�RPH]HQt
QD�X]DY �HQp�IRUPXOH�

'iOH�VH�EXGHPH�]DEêYDW�Yê]NXPHP�V\PEROX�_ �EH]�RPH]HQt�VH�QD�X]DY �HQp
IRUPXOH�

9HOPL�þDVWR�SRXåtYiPH�QiVOHGXMtFt�Y �WX�
9�WD� �R� WDXWRORJLtFK�� � -H�OL� ϕ� WDXWRORJLH� YêURNRYpKR� SRþWX� D� ]D� YêURNRYp

SURP�QQp�GRVDGtPH� IRUPXOH�SUHGLNiWRYpKR�SRþWX�� ]tVNiPH� WDXWRORJLL� SUHGLNiWRYpKR
SRþWX�

1DGiOH�] $VWiYi�Y�SODWQRVWL�SUDYLGOR�RGORXþHQt� ϕ��ϕ→ψ_ ψ�
1DYtF� ]tVNiYiPH� SUDYLGOR� ϕ_ �∀[�ϕ_ ϕ� Y]KOHGHP� N� WRPX�� åH� MVPH� GHILQRYDOL

SUDYGLYRVW� IRUPXOH� YH� VWUXNWX �H� MDNR� MHMt� SUDYGLYRVW� S �L� OLERYROQpP� RKRGQRFHQt
LQGLYLGXiOQtFK� SURP �QQêFK�� 2EHFQ �� YãDN� MLå� QHSODWt� _ ϕ→�∀[�ϕ�� �3 �tNODG�� [ � →
�∀[��[ ��� QHQt� VSOQ �QD� Y� S �LUR]HQêFK� þtVOHFK� S �L� RKRGQRFHQt� [� LQGLYLGXHP� ���� 9
SUHGLNiWRYpP�SRþWX�MH�MLå�SRW �HED�YHOPL�SHþOLY ��UR]OLãRYDW�→�D�_ �

-DNR�S �tNODG�SRXåLWt�GRNiåHPH��åH�_ � ∀[��∀\�ϕ→�∀\��∀[�ϕ�]D�S �HGSRNODGX��åH
�∀[��∀\�ϕ�MH�X]DY �HQi�IRUPXOH��=D�WRKRWR�S �HGSRNODGX�P $åHPH�SRXåtW�Y �W\�R�GHGXNFL�D
VWDþt�SURWR�RGYRGLW� � ∀[��∀\�ϕ_ �∀\�ϕ_ ϕ_ �∀[�ϕ_ �∀\��∀[�ϕ��3RQ �NXG�NRPSOLNRYDQ �Mãt
IRUPXOt��NWHURX�VL�P $åHPH�SURY ��LW�MH�QiVOHGXMtFt�GLVWULEXWLYQt�]iNRQ�

�_ �∀[��ϕ→ψ��→�ϕ→�∀[�ψ��]D�S �HGSRNODGX��åH� ϕ�L�� ∀[�ψ�MVRX�X]DY �HQp�IRUPXOH�
2S�W�P $åHPH�SRXåtW�Y �W\�R�GHGXNFL�D�RGYR]RYDW�QiVOHGRYQ ���� ∀[��ϕ→ψ���ϕ_ ϕ�ϕ→ψ
_ ψ�_ �� ∀[�ψ��7DNp�REUiFHQ ��SODWt�_ � ϕ→�∀[�ψ�→�∀[��ϕ→ψ���]D�VWHMQpKR�S �HGSRNODGX�

7R��FR�MVPH�VL�GRNi]DOL�R�VXEVWLWXFL�WHUP $�]D�SURP �QQp�S �L�RKRGQRFHQt�IRUPXOt�
QiP�XPRå �XMH�RY ��LW�GDOãt�XåLWHþQRX�YODVWQ RVW�� ∀[�ϕ_ ϕ�[�τ��SRNXG� τ�MH�VXEVWLWXRYDWHOQê
]D�[�Y� ϕ�D�WDNp�GXiOQ ��ϕ�[�τ�_ �∃[�ϕ�]D�VWHMQpKR�S �HGSRNODGX�VXEVWLWXRYDWHOQRVWL��7DWR
SUDYLGOD�Y\MDG �XMt�QDãH�FKiSiQt�WRKR��åH�SODWt�OL�Q �MDNi�YODVWQRVW�SUR�NDåGp�[��SODWt�Wpå
SUR�OLERYROQê�NRQNUpWQt�REMHNW�D�SODWt�OL�Q �MDNi�YODVWQRVW�SUR�NRQNUpWQt�REMHNW��SDN�H[LVWXMH
[�WDNRYp��åH�SUR�Q �M�YODVWQRVW�SODWt�

6SHFLiOQ�� QiP� WRWR� SUDYLGOR� XPRå �XMH� S �L� GHGXNFtFK� S �HMPHQRYiYDW
NYDQWLILNRYDQp� SURP �QQp�� 6LFH� � ∀[�ϕ_ �∀]�ϕ�[�]�� SRNXG� LQGLYLGXiOQt� SURP �QQi� ]� MH
VXEVWLWXRYDWHOQi� �QDS ���� NG\å� VH� Y� ϕ� Y$EHF� QHY\VN\WXMH��� ýWHQi �� MLå� DVL� SRFL "XMH
QHS�tMHPQRVW� RPH]HQt� Y �W\� R� GHGXNFL� QD� X]DY �HQp� IRUPXOH�� 1iVOHGXMtFt� Y �WD� WXWR
QHS�tMHPQRVW�RGVWUD �XMH��1HMG �tYH�VL�WYU]HQt�Y �W\�S �LEOLåPH�~YDKRX��NWHURX�Y�PDWHPDWLFH
E�åQ��SURYiGtPH��&KFHPH�OL�GRNi]DW��åH�Q �MDNp�WYU]HQt��QDS ���WYDUX�LPSOLNDFH��SODWt�SUR
NDåGp��[���3URYiGtPH�E �åQ��QiVOHGXMtFt�REUDW�� �HNQHPH��=YROPH�WRWR�[�SHYQ ���DOH
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OLERYROQ���3RNUDþXMHPH�Y�G $ND]X�D�QD�NRQFL�SURKOiVtPH��3URWRåH�MVPH�]YROLOL�[�OLERYROQp�
SODWt�WYU]HQt�SUR �YãHFKQD�[��$QDO\]XMPH�XYHGHQê�REUDW�]�QDãHKR�SRKOHGX�ORJLFNpKR
NDONXOX��7R��åH�MVPH�]YROLOL�[�SHYQp��]QDPHQi��åH�MVPH�VH�S �HVWDOL�QD�[�GtYDW�MDNR�QD
SURP�QQRX��DOH�GiOH�VH�QD�[�GtYiPH�MDNR�QD�NRQVWDQWX��7R��åH�[�YROtPH�OLERYROQ �
]QDPHQi�� åH� NRQVWDQWX� [� QL MDN� QHVSHFLILNXMHPH� Q �MDNêP� QRYêP� D[LRPHP� �QDS ��
QHSRåDGXMHPH�� DE\� WR� E\O� OHYê� LQYHU]Qt� SUYHN��� 7R�� åH� MVPH� ] $VWDOL� X� R]QDþHQt� [
]QDPHQi��åH�NRQVWDQWD�[�MH�PLPR�VH]QDP�MLå�SRXåtYDQêFK�NRQVWDQW��QDS ��� π�H���������3R
XYHGHQpP�S �LEOtåHQt�MLå�EXGH�WYU]HQt�QiVOHGXMtFt�Y �W\�þWHQi �L�QDSURVWR�SRFKRSLWHOQp�

9�WD�R�NRQVWDQWiFK� �1HFK "�& 2 ��������& 3 � MVRX�NRQVWDQW\��NWHUp�VH�QHY\VN\WXMt�Y
V\VWpPX�IRUPXOt� $�DQL�YH�IRUPXOL� ϕ��1HFK"�$_ � ϕ��[ 4 �& 4 ���SDN� $_ � ϕ�

'$ND]��1HFK "�0_ � $��0iPH�GRNi]DW��åH� 0_ ϕ��W�M��åH�SUR�NDåGp�RKRGQRFHQt
LQGLYLGXiOQtFK�SURP �QQêFK�SODWt� ϕ>H@ ���1HFK "�H�MH�OLERYROQp�RKRGQRFHQt��1HFK "�P 4 �MVRX
LQGLYLGXD�WDNRYi��åH�P 4 [ 4 >H@��1HFK "�.�MH�VWUXNWXUD��NWHUi�Y]QLNQH�]� 0�S �LGiQtP�QRYêFK
NRQVWDQW��NWHUp�R]QDþXMt�LQGLYLGXD�P 5 ��GRYROtPH�VL�MH�]QDþLW�VWHMQ ����5HDOL] XMPH�NRQVWDQW\
& 5 �NRQVWDQWDPL�P 5 ��9]KOHGHP�N�WRPX��åH�& 5 �VH�QHY\VN\WXMt�Y� $��SODWt� ._ $��D�SURWR�SRGOH
S�HGSRNODGX� Y �W\� ._ ϕ�� 2GWXG� YãDN� MLå� SO\QH� �QDS ��� SRGOH� Y �W\� R� VXEVWLWXFL� Y
RKRGQRFHQt��ϕ>H@ �Y� 0�

7HFKQLFNp�SRXåLWt�XYHGHQp�Y �W\�MH�MDVQp��9ROQp�YêVN\W\�SURP �QQêFK��NWHUp�QiP
EUiQt�Y�SRXåLWt�Y �W\�R�GHGXNFL�D�RVWDWQtFK�Y �W�]QiPêFK�]�YêURNRYpKR�SRþWX�VL�R]QDþtPH
NRQVWDQWDPL� D� QD� NRQFL� RGYR]RYiQt� RS �W� PtVWR� NRQVWDQW� QDStãHPH� S $YRGQt� YROQp
YêVN\W\�SURP �QQêFK�

-DNR�S �tNODG�RGYR �PH�_ � ∀[��ϕ�[�\�&ψ�[�]��→��∀[�ϕ�[�\�&�∀[�ψ�[�]����NGH� ϕ�L� ψ
PRKRX�REVDKRYDW� L� MLQp� GDOãt� YROQp� SURP �QQp��1HMG �tYH� R]QDþPH� YROQp� SURP �QQp
SRPRFt�NRQVWDQW��QDS ���\�R]QDþPH�&�D�]�R]QDþPH�'��D�SDN�SRVWXSXMPH�QiVOHGRYQ �
�∀[��ϕ�[�&�&� ψ�[�'��_ ϕ�[�&�&ψ�[�'�_ ϕ�[�&��ψ�[�'�_ �∀[�ϕ�[�&���∀[�ψ�[�'�
_ �∀[�ϕ�[�&�&�∀[�ψ�[�'���ýWHQi ��D "�VL�SUR]NRXãt��SURþ�QHO]H�REGREQ ��SRVWXSRYDW�SUR
G$ND]��QHSODWQpKR�WYU]HQt��� ∀[��ϕ�[�∨�ψ�[��→��∀[�ϕ�[�∨��∀[�ψ�[���

'iOH�MH�YKRGQp�VH�YUiWLW�]S �W�D�XY �GRPLW�VL��åH�_ � ∀[��∀\�ϕ→�∀\��∀[�ϕ�]FHOD
REHFQ���_ � ∀[��ϕ→�ψ�→�ϕ→�∀[�ψ��]D�MHGLQpKR�RPH]XMtFtKR�S �HGSRNODGX��åH�Y� ϕ�VH�[
QHY\VN\WXMH�YROQ ��D� ϕ_ ϕ�[�τ��P $åHPH�UHIRUPXORYDW��GR�_ � ∀[�ϕ→ϕ�[�τ��]D�RPH]HQt��åH
τ�MH�VXEVWLWXRYDWHOQê�Y� ϕ�]D�[�

3RVOHGQt� WHFKQLFNRX� Y �WX� R� _ �� NWHUi� QiV� RþHNiYi� S �LEOLåPH� QiVOHGXMtFt
PDWHPDWLFNRX�~YDKRX��3 �L�Q �MDNpP�PDWHPDWLFNpP�G $ND]X�GRVS �MHPH�N�WYU]HQt�� ∃[�ϕ�
3DN� SURKOiVtPH�� =YROPH� SHYQ �� MHGQR� WDNRYp� [�� MHKRå� H[LVWHQFL� MVPH� GRNi]DOL�
3RVWXSXMHPH�GiOH�Y �G$ND]X�D�GRNiåHPH� ψ�[���=�WRKR�X]DY �HPH�� ∃[�ψ�[��

9�WD�R�]DYHGHQt�NRQVWDQW� �1HFK "�$_ �∃[ 6 ������� ∃[ 7 �ϕ�[ 6 �������[ 7 ���S �LWRP�QHFK "�ϕ�MLå
åiGQp�MLQp�YROQp�SURP �QQp�QHå�[ 6 �������[ 7 �QHREVDKXMH��1HFK "�& 6 �������& 7 �MVRX�NRQVWDQW\�
NWHUp�VH�QHY\VN\WXMt�DQL�Y� $��DQL�Y� ϕ���3RNXG� $�ϕ�& 6 ��������& 7 �_ ψ�D� ψ�QHREVDKXMH�& 6 �����
& 7 ��SDN� $_ ψ��

'$ND]��0iPH�GRNi]DW��åH�SUR�NDåGRX�VWUXNWXUX� 0�SODWt��åH�NG\å� 0_ $��SDN� 0_ ψ�
7HG\�SUR�NDåGp�RKRGQRFHQt�H�MH� ψ>H@ ���1HFK "�P 6 �������P 7 �MVRX�LQGLYLGXD�WDNRYi��åH
ϕ>H�[ 5 �P 5 �@ ���7DWR�LQGLYLGXD�PXVt�H[LVWRYDW�SRGOH�S �HGSRNODGX� 0_ �∃[ 6 ������� ∃[ 7 �ϕ��3 �LWRP
MH� P $åHPH� SHYQ �� VWDQRYLW� �QH]iYLVOH� QD� RKRGQRFHQt��� QHER "� QDSRVOHG\� XYHGHQi
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IRUPXOH�MH�X]DY �HQi��3DN�VWUXNWXUD� .��NWHUi�Y]QLNQH�]� 0�S �LGiQtP�NRQVWDQW�P 8 ��������P 9

�RS�W�VL�GRYROXMHPH�OLFHQFL�VWHMQpKR�R]QDþHQt�NRQVWDQW�QRYp�VWUXNWXU\�D�LQGLYLGXt��S �L
UHDOL]DFL�& 8 �� ���� �& 9 � MH�PRGHOHP� $�ϕ�& 8 �� ���� �& 9 ��� D� SURWR� MH� Wpå�PRGHOHP� ψ� SRGOH
S�HGSRNODGX��3URWRåH� ψ�QHREVDKXMH�& 8 �������& 9 ��SO\QH�RGWXG��åH�L� 0_ ψ�

7XWR�Y �WX�SRXåLMHPH�N�SURY ��HQt�_ � ∃[��∀\�ϕ→�∀\��∃[�ϕ��'HGXNFH�EXGH�Y\SDGDW
QiVOHGRYQ��� 9\FKi]tPH� RG� � ∃[��∀\�ϕ�� 9 �WD� R� ]DYHGHQt� NRQVWDQW� Gi Yi� � ∀\�ϕ�[�&�_ 
ϕ�[�&�_ �∃[�ϕ_ �∀\��∃[�ϕ��3 �LWRP�SRVOHGQt�IRUPXOH�QHREVDKXMH�&��D�SURWR�MH�RGYRGLWHOQi
MLå�]�S $YRGQt�IRUPXOH�SRGOH�Y �W\�R�]DYHGHQt�NRQVWDQW��' $ND]�]DNRQþtPH�SRXåLWtP�Y �W\�R
GHGXNFL�S �L�S �tSDGQpP�R]QDþHQt�YROQêFK�SURP �QQêFK�NRQVWDQWDPL�

'DOãt�XåLWHþQp�YODVWQRVWL�MVRX�QiVOHGXMtFt�GLVWULEXWLYQt�]iNRQ\�
ϕ→ψ_ �∀[�ϕ→�∀[�ψ���∃[�ϕ→�∃[�ψ�
3URY��PH�GUXKRX�LPSOLNDFL��0iPH�SURY ��LW� ϕ→ψ��∃[�ϕ_ �∃[�ψ��=D�Y\XåLWt�Y �W\�R

]DYHGHQt�NRQVWDQW�P $åHPH�S �LGDW�QRYê�D[LRP� ϕ�[�&���GiOH�VXEVWLWXFt� ϕ�[�&�→ψ�[�&��
RGWXG� ψ�[�&��D�WHG\�� ∃[�ψ��3 �LWRP�SRVOHGQt�IRUPXOH�MLå�QHREVDKXMH�&��D�SURWR�MH�MLå
RGYRGLWHOQi�]�S $YRGQtFK�GYRX�S �HGSRNODG$�

'DOãtP�S �tNODGHP�SRXåLWt�Y �W\�R�]DYHGHQt�NRQVWDQW�MH�G $ND]
_ �∃[��ϕ∨ψ�→��∃[�ϕ∨�∃[�ψ��

0iPH� SURY ��LW� � ∃[��ϕ∨ψ�_ �∃[�ϕ∨�∃[�ψ�� 9 �WD� R� ]DYHGHQt� NRQVWDQW� SUREOpP
S�HYiGt� QD� ϕ�[�&�∨ψ�[�&�_ �∃[�ϕ∨�∃[�ψ�� 3 �LWRP� SRGOH� Y �W\� R� NRQVWDQWiFK� P $åHPH
SRYDåRYDW�YãHFKQ\�Y\VN\WXMtFt�VH�IRUPXOH�]D�X]DY �HQp�D�WXGtå�P $åHPH�SRXåtW�Y �WX�R
UR]ERUX� S �tSDG$�� 0iPH� ϕ�[�&�_ �∃[�ϕ_ �∃[�ϕ∨�∃[�ψ� D� SRGREQ �� ψ�[�&�_ � � ∃[�ψ_ 
�∃[�ϕ∨�∃[�ψ��WHG\� ϕ�[�&�∨ψ�[�&�_ �∃[�ϕ∨�∃[�ψ��FRå�MH�SRåDGRYDQê�IDNW�SUR�SRXåLWt�Y �W\�R
]DYHGHQt�NRQVWDQW�

=� XYHGHQêFK� S �tNODG$� MLå� MDVQ �� Y\SOêYi� VWUDWHJLH� RGYR]RYiQt� IRUPXOt� V
NYDQWLILNiWRU\�� 6QDåtPH� VH� UR]G �OLW� VORåLWp� IRUPXOH� QD� MHGQRGXããt� SRGIRUPXOH�� 8
ORJLFNêFK�VSRMHN�S �LWRP�SRXåtYiPH�Y �W�]QiPêFK�]�YêURNRYpKR�SRþWX�D�SRPiKiPH�VL
Y�WRX� R� NRQVWDQWiFK�� 3UR� RGVWUDQ �Qt� REHFQêFK� NYDQWLILNiWRU $� SRXåtYiPH
�∀[�ϕ_ ϕ_ �∀[�ϕ� D� SUR� RGVWUDQ �Qt� H[LVWHQþQtFK� NYDQWLILNiWRU $� SRXåtYiPH� Y �WX� R
]DYHGHQt�NRQVWDQW�

1D� UR] GtO� RG� YêURNRYpKR� SRþWX�� NG\� DOHVSR �� SUR� NUiWNp� IRUPXOH� V �PiOR
SURP�QQêPL�PiPH�PRåQRVW�SRXåtW�WDEXON\�SUR�UR]KRGQXWt��]GD�]NRXPDQi�IRUPXOH�MH
SUDYGLYi�� ]GH� MLå� WDNRYRX� PRåQRVW� QHPiPH� D� QHPiPH� ML� GRNRQFH� SRGVWDWQ ��� 3 �L
KOXEãtP�VWXGLX�PDWHPDWLFNp� ORJLN\� VH�XNiåH��åH�QHH[LVWXMH� UR]KRGRYDFt�DOJRULWPXV�
NWHUê� E\� ]FHOD� PHFKDQLFN\�� SRX]H� QD� ]iNODG �� VWUXNWXU\� IRUPXOH�� UR]KRGO�� ]GD� MH
SUDYGLYi��QHER�QH�

9UiWtPH�OL�VH�N�GXDOLW ��]QiPp�]�YêURNRYpKR�SRþWX��XYH �PH�]GH��åH�V\PERO\�� ∀[�
D�� ∃[��MVRX�GXiOQt��7R�QiP�XPRå �XMH�SRXåtW�Y �WX�R�GXDOLW ��S �L�GRND]RYiQt�VSRUHP�L�Y
ORJLFH�V�NYDQWLILNiWRU\�

1DNRQHF�MHãW ��XYH�PH��åH�SRGREQ ��MDNR�YH�YêURNRYpP�SRþWX�P $åHPH�NH�NDåGp
IRUPXOL�QDMtW�HNYLYDOHQW�YH�VWDQGDUGQtP�WYDUX��Y �WD�R�GLVMXQNWLYQ ��NRQMXQNWLYQt�QRUPiOQt
IRUP����P $åHPH�L�Y�S �tSDG��SUHGLNiWRYpKR�SRþWX�YåG\�QDMtW�HNYLYDOHQW�MLVWpKR�W\SLFNpKR
WYDUX��2S �W�WR�YãDN�QH]QDPHQi��åH�E\�WHQWR�HNYLYDOHQW�E\O�VUR]XPLWHOQ �Mãt��P $åH�YãDN
EêW�XåLWHþQê�S �L�VWURMRYpP�]SUDFRYiQt��QHER�]�U $]QêFK�WHRUHWLFNêFK�G $YRG$��1HMG �tYH
SRGiPH�GHILQLFL�
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'HILQLFH��2�IRUPXOL� �tNiPH��åH� MH�Y�SUHQH[QtP�WYDUX�� MHVWOLåH� MVRX�QD�]DþiWNX
XYHGHQ\�NYDQWLILNiWRU\�YiåtFt�U $]Qp�SURP �QQp�D�W\�MVRX�QiVOHGRYiQ\�RWHY �HQRX�IRUPXOt�
3UYQt�þiVWL�VH� �tNi�SUHIL[�D�GUXKp�þiVWL�PDWULFH�S �tVOXãQp�IRUPXOH�

9�WD��.H�NDåGp�IRUPXOL� ϕ��O]H�QDOp]W�IRUPXOL� ψ�Y�SUHQH[QtP�WYDUX�WDN��åH�_ ϕ≡ψ�
'$ND]�VH�SURYHGH�LQGXNFt�SRGOH�VORåLWRVWL�IRUPXOH�]D�SRXåLWt�WYU]HQt�

_ �ϕ→�∀[�ψ�≡�∀[��ϕ→ψ��� _ �ϕ→�∃[�ψ�≡�∃[��ϕ→ψ��� _ �� ∀[�ψ→ϕ�≡�∃[��ψ→ϕ��
_ ��∃[�ψ→ϕ�≡�∀[��ψ→ϕ�� _ ¬�∀[�ψ≡�∃[�¬ψ� _ ¬�∃[�ψ≡�∀[�¬ψ�
_ ��∀[�ψ&ϕ�≡�∀[��ψ&ϕ��� _ �� ∃[�ψ&ϕ�≡�∃[��ψ&ϕ��� _ �� ∀[�ψ∨ϕ�≡�∀[��ψ∨ϕ��
_ ��∃[�ψ∨ϕ�≡�∃[��ψ∨ϕ��� _ ϕ≡�∀[�ϕ��ϕ≡�∃[�ϕ�
YãH�]D�S �HGSRNODGX��åH�[�VH�QHY\VN\WXMH�Y� ϕ�YROQ���'iOH�MHãW ��SRXåLMHPH�_ � ϕ≡ψ�� ≡
��ϕ→ψ�&�ψ→ϕ���

8YHGHQi� WYU]HQt� MLå� S �HQHFKiYiPH� þWHQi �L�� NWHUê�Pi� SUR� MHMLFK� SURY ��HQt� MLå
GRVWDWHþQ��Y\EXGRYDQê�DSDUiW��3 �L�S �HYiG�Qt�QD�SUHQH[Qt�WYDU�MH�Wpå�Q �NG\�SRW �HED
S�HMPHQRYDW�Yi]DQp�SURP �QQp�

.�SUHGLNiWRYpPX�SRþWX�VH�E �åQ��S �LVWXSXMH�D[LRPDWLFN\��3 �LWRP�MH�D[LRPDWLFNê
S�tVWXS�PQRKHP�G $OHåLW�Mãt��QHå�Y�S �tSDG��YêURNRYpKR�SRþWX��QHER "�IDNW��åH�WYU]HQt�MH
RGYRGLWHOQp�Y�UiPFL�D[LRPDWLFNpKR�V\VWpPX�MH��ILQLWQ ��SURY��LWHOQê���FRå�VH��R�SUDYGLYRVWL
IRUPXOH�QHGi�WYUGLW�DQL�Y�UiPFL�MHGQp�QHNRQHþQp�VWUXNWXU\�

$[LRPDWLFNêP�]SUDFRYiQtP�YêURNRYp�D�SUHGLNiWRYp�ORJLN\�VH�Y �QDãHP�~YRGQtP
WH[WX�QH]DEêYiPH��=iMHPFH�RGND]XMHPH�QD�SRNURþLOHMãt�S �HGQiãN\�D�OLWHUDWXUX�

8YH�PH�QDNRQHF�MHãW ��VRXSLV�XåLWHþQêFK�IRUPXOt�
.RPXWDWLYLWD�NYDQWLILNiWRU $�VWHMQpKR�GUXKX�

_ �∀[��∀\�ϕ�[�\�→�∀\��∀[�ϕ�[�\���_ �∃[��∃\�ϕ�[�\�→�∃\��∃[�ϕ�[�\��
3R]QDPHQHMPH��åH�DVRFLDWLYLWD�NYDQWLILNiWRU $�QHPi�VP\VO��QHER "��]iYRUNRYiQt�

MH�S �HVQ��XUþHQR�VWDYERX�IRUPXOH�
'LVWULEXWLYQt�]iNRQ\�

_ �∀[��ϕ�[�→ψ�[��→��∀[�ϕ�[�→�∀[�ψ�[���_ �∀[��ϕ�[�→ψ�[��→��∃[�ϕ�[�→�∃[�ψ�[���
3R]QDPHQHMPH��åH�SRNXG�Q �NWHUi�]�IRUPXOt� ϕ�ψ�QHREVDKXMH�[�YROQ ���MH�PRåQp

S�tVOXãQê�NYDQWLILNiWRU�Y\SXVWLW�D�Y�Q �NWHUêFK�S �tSDGHFK�SODWt�L�REUiFHQi�LPSOLNDFH��YL]
SUHQH[Qt� RSHUDFH���'iOH� SR]QDPHQHMPH�� åH� IRUPXOH� SODWt� L� Y� S �tSDG��� åH� QD� RERX
VWUDQiFK�LPSOLNDFt�SRXåLMHPH�VSRMNX�HNYLYDOHQFH�� ≡��

3R]RU�IRUPXOH�� ∃[��ϕ�[�→ψ�[��→��∃[�ϕ([�→�∃[�ψ�[���� QHSODWt�
'DOãt�GLVWULEXWLYQt�]iNRQ\�

_ �∀[��ϕ�[�&ψ�[��≡��∀[�ϕ�[�&�∀[�ψ�[����_ �∃[��ϕ�[�∨ψ�[��≡��∃[�ϕ�[�∨�∃[�ψ�[���
3UR�GXiOQt�VSRMN\�SODWt�MHQ�MHGQD�LPSOLNDFH��6LFH

_ �∃[��ϕ�[�&ψ�[��→��∃[�ϕ�[�&�∃[�ψ�[���D�_ �� ∀[�ϕ�[�∨�∀[�ψ�[��→�∀[��ϕ�[�∨ψ�[���
2EUiFHQp� LPSOLNDFH� REHFQ �� QHSODWt�� 'iOH� SODWt� _ � ∀[�ϕ�[�→�∃[�ϕ�[�� D

_ �∃[��∀\�ϕ�[�\�→�∀\��∃[�ϕ�[�\���DOH�REHFQ ��Qp�REUiFHQ ���1DS ���Y�QiVOHGXMtFtP�S �tSDG�
YãDN�SODWt�GRNRQFH�HNYLYDOHQFH�

_ � � ∃[��∀\��ϕ�[�→ψ�\��≡�∀\��∃[��ϕ�[�→ψ�\��� �(N YLYDOHQFL� ]MLVWtWH� SRXåLWtP
SUHQH[QtFK�RSHUDFt���3UHQH[Qt�RSHUDFH�E\O\�Y�MHGQRP�FHONX�XYHGHQ\�G �tYH�D�SURWR�MH
]GH�QHXYiGtPH�

'iOH�XSR]RU �XMHPH��QD� ϕ�[�_ �∀[�ϕ�[���DOH�QHSODWt�_ ϕ�[�→�∀[�ϕ�[���6SHFLiOQ �
SODWt�ϕ�[�→ψ�[�_ �∀[�ϕ�[�→�∀[�ψ�[���DOH�QHSODWt�_ � ϕ�[�→ψ�[��→��∀[�ϕ�[�→�∀[�ψ�[���
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3UR� Y\KOHGiQt� SURWLS �tNODG$� YH� YãHFK� VKRUD� XYHGHQêFK� S �tNODGHFK� SRVWDþXMH
GYRXSUYNRYê�PRGHO��QHER�VXGi�D�OLFKi�þtVOD�

'$OHåLWêP�~NROHP��VH�NWHUêP�VH�S �L�SUiFL�V�NYDQWLILNiWRU\�VHWNiYiPH��MH�QXWQRVW
�S�HMPHQRYDW��SURP �QQp�YH�Yi]DQêFK�YêVN\WHFK��3 �L�WRP�VL�PXVtPH�SRþtQDW�RSDWUQ ��
DE\FKRP� QH]P �QLOL� VP\VO� IRUPXOH�� 8UþLW �� QHXG�OiPH� FK\EX�� NG\å� ]YROtPH� SUR
S�HMPHQRYiQt�SURP �QQp��NWHUp�VH�YH�IRUPXOL�QHY\VN\WXMt��)RUPXOH��NWHUp�VH�OLãt�SRX]H
S�HMPHQRYiQtP�Yi]DQêFK�SURP �QQêFK�VH�QD] êYDMt�YDULDQW\��7R��åH�MVRX�GY ��IRUPXOH
YDULDQW\�SR]QiPH�QDS ���WDN��åH�QDMGHPH�SURP �QQp��NWHUp�VH�QHY\VN\WXMt�DQL�Y�MHGQp�]
QLFK��D�SR�YKRGQpP�S �HMPHQRYiQt�Yi]DQêFK�YêVN\W $�]tVNiPH�WXWpå�IRUPXOL��YH�NWHUp
EXGH�QDYtF�NDåGi�SURP �QQi�NYDQWLILNRYiQD�QHMYêãH�MH GQRX�D�åiGQi�SURP �QQi�QHEXGH
PtW�VRXþDVQ��YROQê�L�Yi]DQê�YêVN\W�

3UR�~SOQRVW�GRGHMPH�S �HVQRX�GHILQLFL�WRKR��åH�GY ��IRUPXOH�MVRX�YDULDQW\�
'HILQLFH��)RUPXOH�� ∀[�ϕ�[��D�� ∀\�ϕ�[�\���� ∃[�ϕ�[��D�� ∃\�ϕ�[�\���MVRX�EH]SURVW �HGQt

YDULDQW\��MHVWOLåH�VH�\�QHY\VN\WXMH� Y� ϕ�YROQ��D�MH�Y� ϕ�]D�[�VXEVWLWXRYDWHOQp��'Y ��IRUPXOH
MVRX�YDULDQW\�MHVWOLåH�MHGQD�Y]QLNQH�]�GUXKp�NRQHþQRX�SRVORXSQRVWt�]iP �Q��YH�NWHUêFK
]DP��XMHPH�YåG\�Q �NWHURX�SRGIRUPXOL�EH]SURVW �HGQt�YDULDQWRX�

1HXYiGtPH�MLå�GDOãt�IRUPXOH�N�SURFYLþHQt��QHER "�VH�GRPQtYiPH��åH�SRVWDþXMH�
NG\å�VL�þWHQi ��SURY��t�SODWQRVW�YêãH�XYHGHQêFK�IRUPXOt�

$[LRPDWLFNê�]S $VRE�SUiFH�
'RSRVXG� MVPH� Qiã� GHGXNWLYQt� ORJLFNê� NDONXOXV� ]G $YRG�RYDOL� ]SUDFRYDQêP

SRMPHP�SUDYGLYRVWL�IRUPXOt��=YOiãW ��Y�S �tSDG��Y\ãHW �RYiQt�QHNRQHþQêFK�VWUXNWXU�MVRX
]iNODG\� QDãLFK� GHGXNFt� SRP �UQ�� VQDGQR� QDSDGQXWHOQp�� 3URWR� VH� þDVWR� SRXåtYi
D[LRPDWLFNê�S �tVWXS��NG\�VH�VWDQRYt�]iNODGQt�WYU]HQt��]YDQp�D[LRP\��D�GHGXNþQt�SUDYLGOD�
WHG\�]S $VRE��MDN�RGYR]RYDW�]�WYU]HQt�GDOãt�WYU]HQt��=D�GRNi]DQp��D�WXGtå�SUDYGLYp��VH
SRYDåXMt� WD� WYU]HQt�� NWHUi� O]H� RGYRGLW� ]� D[LRP $� SRVWXSQêP� SRXåtYiQtP� GHGXNþQtFK
SUDYLGHO��ÒYDK\��XåtYDMtFt� SRSLV� SUDYGLYRVWL�� YH� NWHUêFK�XPtPH�DUJXPHQWRYDW� SRX]H
VORY\��WDN�VLWXDFL�UR]XPtPH���MVRX�S �HVXQXW\�QD�VDPê�SRþiWHN��NG\�D[LRPDWLFNê�V\VWpP
VWDQRYXMHPH��=�QDãHKR�G �tY�MãtKR�SRKOHGX�MH�D[LRPDWLFNê�]S $VRE�]tVNiYiQt�SUDYGLYêFK
WYU]HQt� NRUHNWQt�� SRNXG�SURY ��tPH�� åH�D[LRP\� MVRX�SUDYGLYi� WYU]HQt�� D� åH� GHGXNþQt
SUDYLGOD�S �HQiãHMt�SUDYGLYRVW��3RåDGDYHN�SURY ��HQt�SUDYGLYRVWL�WYU]HQt�G $ND]HP�MH�Y
PDWHPDWLFH� MLå� GOR XKR� D� VQDG� VWRMt� X� ]URGX� PDWHPDWLN\�� 3RSUYp� E\O� XSODWQ �Q� Y
(XNOLGRYêFK�(OHPHQWHFK�D�MH�VSRUQp��]GD�G �tY�Mãt��SODWRQVNp�SRMHWt�JHRPHWULH�VH�Pi�MLå
SRYDåRYDW�]D�PDWHPDWLNX��QHER�QH�

9�XYHGHQêFK�GYRX�S �tNODGHFK�D[LRPDWL]DFH��ORJLFNpKR�NDONXOX�D�JHRPHWULH��MH
VQDKD�D[LRPDWLFN\�FR�QHMS �HVQ�ML�Y\MiG �LW�]NRXPDQRX�VLWXDFL��W�M��VQDåLW�VH��DE\�YH�YãHFK
PRåQêFK� VY �WHFK� Y\KRYXMtFtFK� D[LRPDWLFH� SODWLOR� WRWpå�� $[LRPDWLNX� V� WRXWR� VQDKRX
QD]êYiPH�NODVLFNRX�

.URP��WRKR�VL�PDWHPDWLFL�SRYãLPOL�L�GUXKpKR�U\VX�D[LRPDWLFNêFK�V\VWpP $��6LFH�
åH�Y�U $]QêFK�VY �WHFK�Y\KRYXMtFtFK�WêPå�D[LRP $P�SODWt�VRXþDVQ ��YãHFKQD�WYU]HQt�]
D[LRP$� RGYRGLWHOQi��9\KOHGiYiQt� D[LRPDWLN�� NWHUêP�E\� Y\KRYRYDO\�PQRKp� ]DMtPDYp
VWUXNWXU\�MH�YH�]QDþQp�Pt �H�S �HGP�WHP�DOJHEU\�D�WHQWR�S �tVWXS�N�D[LRPDWLFH�VH�QD]êYi
PRGHUQt��-DNR�S �tNODG�XYH �PH�WHRULL�JUXS��NG\�FHOi�þtVOD�V�RSHUDFt�VþtWiQt��VWHMQ ��MDNR
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þWYHUFRYp� UHJXOiUQt� PDWLFH� V� RSHUDFt� QiVREHQt� WYR �t� JUXSX�� UR]KRGQ �� YãDN� QHO]H
RþHNiYDW��åH�E\�Y�W �FKWR�GYRX�PDWHPDWLFNêFK�VY �WHFK�SODWLOR�WRWpå�

8YH�PH�MDNR�S �tNODG�V\VWpP\�D[LRP $�SUR�YêURNRYê�SRþHW��SUHGLNiWRYê�SRþHW�D
WHRULL�JUXS�

-HGHQ� V\VWpP� D[LRP $� SUR� YêURNRYê� SRþHW� MH� QiVOHGRYQê�� 9ãHFKQ\� IRUPXOH
QiVOHGXMtFtFK�WYDU $�MVRX�D[LRP\�

���ϕ→�ψ→ϕ�
���ϕ→�ψ→χ��→��ϕ→ψ�→�ϕ→χ��
���¬ψ→¬ϕ�→�ϕ→ψ�
'HGXNþQtP�SUDYLGOHP�MH�SUDYLGOR�RGORXþHQt��]� ϕ�D� ϕ→ψ�RGYR��ψ��
7R��åH�IRUPXOH�V\VWpPX� %�MVRX�RGYRGLWHOQp�]�IRUPXOt�V\VWpPX� $�SRX]H�]D�SRPRFL

SUDYLGOD�RGORXþHQt�D�ORJLFNêFK�D[LRP $�MH�R]QDþRYiQR�]QDNHP� $_�%��9ãHFKQ\�]iNODGQt
WHFKQLFNp�Y �W\��Y �WD�R�GHGXNFL��VSRU��UR]ERU�S �tSDG$�������MH�PRåQR�SURY ��LW�L�Y�WRPWR
SRMHWt�� 3 �LWRP� MVRX� RVWDWQt� ORJLFNp� VSRMN\� FKiSiQ\� MDNR� ]NUDWN\� ]D� YKRGQp� IRUPXOH
Y\WYR�HQp�]� →�D� ¬��QDS ���ϕ∨ψ�MH�]NUDWND�]D� ¬ϕ→ψ��

-HGHQ�V\VWpP�D[LRP $�SUR�SUHGLNiWRYê�SRþHW�MH�QiVOHGXMtFt�
���ϕ→�ψ→ϕ����ϕ→�ψ→χ��→��ϕ→ψ�→�ϕ→χ�����¬ϕ→¬ψ�→�ψ→ϕ��
���� ∀[��ϕ→ψ�→�ϕ→�∀[�ψ��SRNXG� ϕ�QHREVDKXMH�[�YROQ ���� ∀[�ϕ→ϕ�[�τ��SRNXG� τ�MH

VXEVWLWXRYDWHOQê�
3UDYLGOD�GHGXNFH�MVRX� ϕ��ϕ→ψ_�ψ��ϕ_��∀[�ϕ�
2VWDWQt�VSRMN\� &��∨��≡�D�NYDQWLILNiWRU�� ∃[��MVRX�FKiSiQ\�MDNR�YKRGQp�]NUDWN\�
-DNR�W �HWt�S �HGORåPH�MHGHQ�]�D[LRPDWLFNêFK�SRSLV $�WHRULH�JUXS��)RUPXOH�WHRULH

JUXS�MVRX�Y\WYR �HQ\�REHFQêPL�SUDYLGO\�WYRUE\�IRUPXOt�SUHGLNiWRYpKR�SRþWX�]�MHGQRKR
ELQiUQtKR� IXQNþQtKR� V\PEROX� •� �QiVREHQt� Y� JUXS ��� D� MHGQRKR� ELQiUQtKR� UHODþQtKR
V\PEROX� ��URYQRVW�Y�JUXS ���

$[LRP\�MVRX�MHGQDN�YãHF KQ\�D[LRP\�SUHGLNiWRYpKR�SRþWX�Y]WDåHQp�N�IRUPXOtP
WHRULH�JUXS�

'iOH�REHFQp�D[LRP\�URYQRVWL�Y]WDåHQp�N�V\PERO $P�WHRULH�JUXS��W�M�
���[ [��D[LRP�LGHQWLW\�
����[ :  [ ; &\ :  \ ; ��→��[ :  \ : →[ ;  \ ; ���VXEVWLWXWLYLWD�SUR�URYQRVW�
����[ :  [ ; &\ :  \ ; ��→���[ : •\ :  [ ; •\ ; ���VXEVWLWXWLYLWD�SUR�QiVREHQt��
1DNRQHF�YODVWQt�D[LRP\�FKDUDNWHUL]XMtFt�WHRULL�JUXS��W�M�
����[ : •[ ; �•[ < � �[ = •�[ > •[ < ���DVRFLDWLYLWD�
���� ∃[��∀\��[•\� �\���OHYê�QHXWUiOQt�SUYHN�
���� ∀[��∃\��∀]���\•[�•]� �]���OHYê�LQYHU]Qt�SUYHN��
'HGXNþQt�SUDYLGOD�MVRX�REHFQi�GHGXNþQt�SUDYLGOD�SUHGLNiWRYpKR�SRþWX�Y]WDåHQi

N�IRUPXOtP�WHRULH�JUXS�
-VRX� YãDN� L� MLQp� D[LRPDWLFNp� SRSLV\� XYHGHQêFK� W �t� VLWXDFt� D� GRNi]DW� MHMLFK

HNYLYDOHQFL�QHPXVt�EêW�YåG\�VQDGQp��%\O�WR�P�M��L�WHQWR�G $YRG��SURþ�MVPH�YROLOL�S �tVWXS
]DORåHQê�QD�SRSLVX�SUDYGLYR VWL��NWHUê�MH�MHGLQê�

3�L�D[LRPDWLFNpP�]S $VREX�SUiFH�Y]QLNDMt�W �L�]iNODGQt�RWi]N\�
��� 2Wi]ND� EH]HVSRUQRVWL� D[LRPDWLFNpKR� V\VWpPX�� W�M�� ]GD� QHO]H� Y �V\VWpPX

GRNi]DW�VSRUQp�WYU]HQt�D�WXGtå�]FHOD�OLERYROQp�WYU]HQt�
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���2Wi]ND�QH]iYLVORVWL�D[LRP $��W�M��]GD�Q �NWHUê�]�D[LRP $�QHQt�GRND]DWHOQê�]�MLQêFK
D�]GD�WHG\�QHQt�QDGE\WHþQp�MHM�XYiG �W��WDWR�RWi]ND�MH�]YOiãW ��G$OHåLWi�SUR�PRGHUQt
D[LRPDWLFNp�V\VWpP\��

���2Wi]ND�~SOQRVWL�V\VWpPX�D[LRP $��W�M��RWi]ND��]GD�NDåGp�VP\VOXSOQp�WYU]HQt�MH
D[LRPDWLNRX�UR]KRGQXWR��W�M��]GD� MH�GRND]DWHOQp�WRWR�WYU]HQt��QHER�MHKR�QHJDFH�

=DWtPFR�GUXKRX�RWi]NX�VH�SRGD �LOR�X�PQRKD�]DMtPDYêFK�WHRULt�Y\ �HãLW��MH� �HãHQt
SUYQt�D�W �HWt�RWi]N\�]QDþQ ��REWtåQp�D�.��*|GHO�GRNRQFH�GRNi]DO��åH�NDåGi��UR]XPQi�
WHRULH�SRSLVXMtFt�S �LUR]HQi�þtVOD�Pi�QHUR]KRGQXWHOQRX�Y �WX�D� NRQHþQêPL�SURVW �HGN\
QHO]H�GRNi] DW�MHMt�EH]HVSRUQRVW�

9H� YãHFK� W �HFK� QiPL� XYHGHQêFK� WHRULtFK� MVRX� RGSRY �GL� SRP �UQ�� VQDGQp�
9ãHFKQ\�W �L�WHRULH�MVRX�DEVROXWQ ��EH]HVSRUQp��QH~SOQp�D�SUR�NDåGRX�]�QLFK�SODWt��åH�MHMt
V\VWpP�D[LRP $�MH�QH]iYLVOê�


