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(JDOLVDWLRQ�$XWRGLGDFWH�$GDSWDWLYH���$SSOLFDWLRQ�DX[�6\VWqPHV�
G
$FFqV�0XOWLSOHV�j�5pSDUWLWLRQ�GDQV�OH�7HPSV��
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�
5pVXPp���/
pJDOLVDWLRQ�DGDSWDWLYH��DXWRGLGDFWH�RX�HQWUDvQpH��QpFHVVLWH�HQ�JpQpUDO�XQ�WHPSV�GH�FRQYHUJHQFH�TXL�V
DFFRPRGH�PDO�GHV�V\VWqPHV�
G
DFFqV�PXOWLSOHV� j� UpSDUWLWLRQ� GDQV� OH� WHPSV� �$057��� V\VWqPHV� GDQV� OHVTXHOV� OD� WUDQVPLVVLRQ� V
HIIHFWXH� HQ�PRGH� SDTXHWV�� 3DU� DLOOHXUV� OH�
QRPEUH� G
DSSOLFDWLRQV� XWLOLVDQW� FH� W\SH� G
DFFqV� QH� FHVVH� GH� FURvWUH�� 'H� FH� SRLQW� GH� YXH�� LO� SDUDvW� RSSRUWXQ� GH� UpIOpFKLU� j� GHV� VROXWLRQV�
SHUPHWWDQW�j�XQ�pJDOLVHXU�GH�FRQYHUJHU�VXU�GHV�SDTXHWV��RX�EORFV��FRXUWV��FRPSRUWDQW�TXHOTXHV�GL]DLQHV�GH�V\PEROHV��3DUPL�OHV�DSSOLFDWLRQV�
YLVpHV�RQ�SHXW�FLWHU��GH�PDQLqUH�QRQ�H[KDXVWLYH��OH�*60��OH�'(&7��HWF��'DQV�FKDFXQ�GH�FHV�V\VWqPHV��OH�EORF�FRPSRUWH�XQH�VpTXHQFH�FRQQXH�
GRQW�OD�ORQJXHXU�V
DYqUH�JpQpUDOHPHQW�LQVXIILVDQWH�SRXU�SHUPHWWUH�OD�FRQYHUJHQFH�G
XQ�pJDOLVHXU�DGDSWDWLI�HQWUDvQp��$X�WUDYHUV�GH�FHW�DUWLFOH�
QRXV�DOORQV�PRQWUHU�TXH�O
pJDOLVHXU�DXWRGLGDFWH�DGDSWDWLI�UpFHPPHQW�LQWURGXLW�SDU�/DEDW�HW�DO��SHXW�V
DFFRPRGHU�GH�FHWWH�FRQWUDLQWH��DYHF�XQH�
FRPSOH[LWp�UDLVRQQDEOH��

�
$EVWUDFW���$GDSWLYH�EOLQG�RU� WUDLQHG�HTXDOL]DWLRQ�XVXDOO\� LQYROYHV�D�FRQYHUJHQFH� WLPH�WKDW� LV�QRW�FRPSDWLEOH�ZLWK� WLPH�GLYLVLRQ�PXOWLSOH�
DFFHVV� �7'0$�� V\VWHPV��)XUWKHUPRUH�� WKH�QXPEHU�RI� DSSOLFDWLRQV�XVLQJ� WKLV� NLQG�RI� DFFHVV� LV� VWLOO� LQFUHDVLQJ��)URP� WKLV�SRLQW�RI�YLHZ�� LW�
VHHPV�RI�SULPH�LPSRUWDQFH�WR�OHDG�D�JOREDO�UHIOHFWLRQ�DERXW�VROXWLRQV�DOORZLQJ�DQ�DGDSWLYH�HTXDOL]HU�WR�FRQYHUJH�YHU\�TXLFNO\��WKDW�LV��RQ�D�
IHZ� WHQV� RI� V\PERO� SHULRGV� DQG� HYHQ� OHVV��$PRQJ� WKH� FXUUHQW� DSSOLFDWLRQV�� RQH� FDQ� FLWH�� LQ� D� QRQ� H[KDXVWLYH�ZD\�� WKH�*60� DQG�'(&7�
VWDQGDUGV��,Q�HDFK�V\VWHP��WKH�EXUVWV�FRQWDLQ�D�WUDLQLQJ�VHTXHQFH��WKH�OHQJWK�RI�ZKLFK�LV�JHQHUDOO\�LQVXIILFLHQW�WR�DOORZ�WKH�FRQYHUJHQFH�RI�DQ�
DGDSWLYH�HTXDOL]HU��HYHQ�LQ�D�WUDLQHG�PRGH��,Q�WKLV�FRQWULEXWLRQ��ZH�VKRZ�WKDW�WKH�QRYHO�DQG�YHU\�SRZHUIXO�DGDSWLYH�EOLQG�HTXDOL]HU�UHFHQWO\�
SURSRVHG�E\�/DEDW�HW�DO�FDQ�WDNH�XS�WKLV�FKDOOHQJH�DW�WKH�SULFH�RI�D�UHDVRQDEOH�FRPSOH[LW\���

����,QWURGXFWLRQ�
����/
pJDOLVHXU�UHWHQX�GDQV�FHW�DUWLFOH�D�pWp�UpFHPPHQW�SURSRVp�
GDQV� >�@�� >�@�� HW� GpYHORSSp� GDQV� >�@�� 6D� FDUDFWpULVWLTXH�
IRQGDPHQWDOH� HVW� VRQ� DGDSWDWLYLWp� VWUXFWXUHOOH� HW�
DOJRULWKPLTXH�� &HWWH� SURSULpWp� PqQH� j� GHV� SHUIRUPDQFHV��
UHPDUTXDEOHV�� j� OD� IRLV� VXU� OH� SODQ� GH� OD� YLWHVVH� GH�
FRQYHUJHQFH� HW� VXU� FHOXL� GH� O
HUUHXU� TXDGUDWLTXH� PR\HQQH�
�(40��� (Q� SpULRGH� GH� SRXUVXLWH�� VHV� SHUIRUPDQFHV� VRQW�
SUpFLVpPHQW� FHOOHV�GH� O
pJDOLVHXU� j� UHWRXU�GH�GpFLVLRQ� �(5'��
FRQYHQWLRQQHO�� 'DQV� VRQ� PRGH� GH� FRQYHUJHQFH�� OH� QRXYHO�
pJDOLVHXU�j�UHWRXU�GH�GpFLVLRQV�DXWRGLGDFWH��(5'$���pOpPHQW�
GH�EDVH�GH�QRWUH� FRQWULEXWLRQ�� HVW� OLQpDLUH�HW� UpFXUVLI�HW�SHXW�
rWUH� YX�� SRXU� O
HVVHQWLHO�� FRPPH� OD� FDVFDGH� G
XQ� ILOWUH�
EODQFKLVVDQW��SXUHPHQW� UpFXUVLI��G
XQ� ILOWUH� WUDQVYHUVH�HW�G
XQ�
JDLQ� FRPSOH[H� DVVXUDQW� OD� GRXEOH� IRQFWLRQ� GH� FRQWU{OH� GH�
JDLQ� HW� GH� FRUUHFWLRQ� GH� SKDVH� >�@�� (Q� PRGH� GH� SRXUVXLWH��
O
(5'$� VH� FRQILJXUH� HQ� XQ� pJDOLVHXU� j� UHWRXU� GH� GpFLVLRQ�
FRQYHQWLRQQHO��/D�WUDQVLWLRQ�DXWRPDWLTXH�GH�O
XQH�j�O
DXWUH�GH�
FHV�GHX[�FRQILJXUDWLRQV�VH�IDLW�VXU�OD�FRPSDUDLVRQ��j�XQ�VHXLO�
DSSURSULp�� G
XQ� VLJQDO� pODERUp� HQ� OLJQH� WHO� TXH� O
HUUHXU�
TXDGUDWLTXH�PR\HQQH�HVWLPpH��OH�NXUWRVLV�GX�VLJQDO�GH�VRUWLH��
RX� HQFRUH� O
HUUHXU� DX� VHQV� GH�*RGDUG� >�@�� GH�6KWURP�HW�)DQ�
>�@�HWF��$LQVL��j�FKDTXH�IRLV�TXH�FHOD�HVW�SRVVLEOH��F
HVW�j�GLUH�
W\SLTXHPHQW�GDQV�OH�FDV�G
XQ�UDSSRUW�VLJQDO�j�EUXLW�VXIILVDQW��
O
pJDOLVHXU�VH�FRQILJXUH�HQ�PRGH�(5'��(Q�UHYDQFKH�GqV�TXH�
OH� FDQDO� VXELW� XQH� PRGLILFDWLRQ� EUXWDOH�� GpVDGDSWDQW�
VpYqUHPHQW� O
pJDOLVHXU�� O
(5'$� GpWHFWH� FH� FKDQJHPHQW� HW�
PRGLILH� DORUV� VD� FRQILJXUDWLRQ�� F
HVW�j�GLUH� j� OD� IRLV� VD�
VWUXFWXUH� HW� VHV� FULWqUHV� G
RSWLPDOLWp�� 4XDQW� j� O
pJDOLVHXU�
HQWUDvQp� �(5'(��� LO� HVW� FODLU� TXH�� VXU� GHV� FDQDX[� QRQ�
VWDWLRQQDLUHV�HW�SRXU�GHV�V\VWqPHV�j�IORW�FRQWLQX�GH�GRQQpHV��

VRQ�XWLOLVDWLRQ�SUpVHQWH� GHV� ULVTXHV�PDMHXUV� G
pYROXWLRQ�YHUV�
GHV�SRLQWV�G
pTXLOLEUHV�SDWKRORJLTXHV���
�
�
�
�
1RXV�DYRQV�HQ�HIIHW�H[DPLQp�HW�WHVWp�DYHF�VXFFqV�O
(5'$�VXU�
GHV�ILFKLHUV�GH�VLJQDX[�UpHOV�GH�FRPPXQLFDWLRQV�DFRXVWLTXHV�
VRXV�PDULQHV��$60���HQUHJLVWUpV�SDU�OH�*(60$��'*$��DORUV�
TXH� OH� VRQGHXU� GX� QDYLUH� pWDLW� HQ� URXWH�� VRQGHXU� GRQW� OH�
VSHFWUH�pWDLW�SUpFLVpPHQW� LQFOXV�GDQV�FHOXL�GX�VLJQDO�pPLV�� ,O�
HVW� IUDSSDQW�GH�FRQVWDWHU�TXH� O
(5'(�GLYHUJH� UpJXOLqUHPHQW��
GH� IDoRQ� LUUpPpGLDEOH�� WDQGLV� TXH� O
(5'$�� DX� SUL[� G
XQH�
PRGLILFDWLRQ� GH� FRQILJXUDWLRQ�� V
HQ� VRUW� GH� IDoRQ�
UHPDUTXDEOH��/HV�H[HPSOHV�GRQW�QRXV�GLVSRVRQV� VRQW� OpJLRQ�
HW� OHV� FDQDX[�H[DPLQpV� WUqV� VpYqUHV�� O
pWDOHPHQW� WHPSRUHO�GH�
OD� UpSRQVH� LPSXOVLRQQHOOH� SRXYDQW� DWWHLQGUH� OD� FHQWDLQH� GH�
GXUpHV�V\PEROHV��'H�SOXV��FHW�pJDOLVHXU�D�pWp�LPSODQWp�VXU�XQ�
'63�0RWRUROD�������HW�VRQ�FRPSRUWHPHQW�D�SX�rWUH�REVHUYp�
VXU� GHV� KHXUHV� G
HQUHJLVWUHPHQW�� 6HV� SURSULpWpV� VRQW�
UHPDUTXDEOHV� �� OD�R��XQ�(5'(�pFKRXH�GH�PDQLqUH�UpJXOLqUH��
O
(5'$� VXUPRQWH� OD� GLIILFXOWp� GH� IDoRQ� FODLUYR\DQWH�� FH� TXL�
OpJLWLPH�� DX� SDVVDJH�� OD� UpWLFHQFH� GHV� DXWHXUV� >�@� SRXU� OD�
WHUPLQRORJLH� KDELWXHOOHPHQW� HPSOR\pH� G
pJDOLVHXU� DYHXJOH�
�EOLQG�����

�
'DQV� FHWWH� FRQWULEXWLRQ�� QRXV� DOORQV� QRXV� LQWpUHVVHU� j�

O
XWLOLVDWLRQ�GH�O
(5'$�GDQV�OH�FRQWH[WH�GHV�V\VWqPHV�G
DFFqV�
PXOWLSOH� j� UpSDUWLWLRQ� GDQV� OH� WHPSV�� 3RXU� FHOD�� QRXV�
SURSRVRQV� XQH� VROXWLRQ� TXL� FRQVLVWH�� SRXU� O
HVVHQWLHO�� j�
UpLWpUHU� OH� SURFHVVXV� G
pJDOLVDWLRQ� DXWDQW� GH� IRLV� TXH�
QpFHVVDLUH�� W\SLTXHPHQW� �� j� �� IRLV�� VXU� OH� EORF� FRQVLGpUp��
&RQFHSWXHOOHPHQW� RQ� pFKDQJH� XQH� WDLOOH� GH� EORF�



VXIILVDPPHQW� LPSRUWDQWH� �SRXU� DVVXUHU� OD� FRQYHUJHQFH� GH�
O
pJDOLVHXU�� FRQWUH� XQH� WDLOOH� UpGXLWH� G
XQ� EORF� TXH� O
RQ�
�UHMRXH�� SOXVLHXUV� IRLV��1DWXUHOOHPHQW�� OD� WDLOOH�PLQLPDOH� GX�
EORF� GpSHQG� GX� W\SH� GH� PRGXODWLRQ� XWLOLVpH�� 'H� IDoRQ�
JURVVLqUH��RQ�SHXW�FRQVLGpUHU�TXH�FHWWH�WDLOOH�PLQLPDOH�HVW�GH�
O
RUGUH�GH�����IRLV�OD�GLPHQVLRQ�GH�O
DOSKDEHW��$X�IRQG��GDQV�
FHWWH� DSSURFKH�� O
LGpH� VRXV�MDFHQWH� HVW� TX
j� O
LVVXH� G
XQH�
LWpUDWLRQ� GH� UDQJ� Q�� OHV� SDUDPqWUHV� GH� O
pJDOLVHXU� VRQW�
YUDLVHPEODEOHPHQW�SOXV�SURFKHV�GH�OHXU�YDOHXU�RSWLPDOH��'qV�
ORUV�� LO� VXIILW� GH� GpPDUUHU� O
LWpUDWLRQ�GH� UDQJ�Q���DYHF��SRXU�
SDUDPqWUHV�LQLWLDX[��FHX[�HVWLPpV�j�OD�ILQ�GH�O
LWpUDWLRQ�GH�UDQJ�
Q����

�
/D�VHFRQGH�SDUWLH�GH�FHW�DUWLFOH�UDSSHOOH�VRPPDLUHPHQW�OH�

SULQFLSH� GH� O
(5'$�� WDQGLV� TXH� OD� WURLVLqPH� SDUWLH� GpFULW� OD�
PpWKRGH� XWLOLVpH� DLQVL� TXH� OHV� GLYHUV� VLJQDX[� pODERUpV� HQ�
OLJQH� SHUPHWWDQW� G
HVWLPHU� OH� GHJUp� GH� SHUIRUPDQFHV� DWWHLQW�
SDU� O
pJDOLVHXU�� DILQ� G
HQ� FRQWU{OHU� OD� FRQILJXUDWLRQ�� /D�
TXDWULqPH� SDUWLH� DSSRUWH� XQ� FHUWDLQ� QRPEUH� GH� UpVXOWDWV� GH�
VLPXODWLRQV� j� OD� IRLV� VXU� GHV� VLJQDX[� GH� V\QWKqVH� HW� VXU� GHV�
VLJQDX[�UpHOV�GH�FRPPXQLFDWLRQV�$60��/D�GHUQLqUH�SDUWLH�HVW�
FRQVDFUpH� j� OD� FRQFOXVLRQ� HW� DX[� SHUVSHFWLYHV� G
XQH� WHOOH�
DSSURFKH��
�
����(JDOLVHXU�j�VWUXFWXUH�DGDSWDWLYH��
����(JDOLVHXU�OLQpDLUH�RSWLPDO�HQ�04

�
6RLW� +�]�� OD� IRQFWLRQ� GH� WUDQVIHUW� GX� FDQDO�� 6L� O
RQ�

FRQVLGqUH� GHV� GRQQpHV� G�Q�� EODQFKHV�� FHQWUpHV�� GH� YDULDQFH�
σG�� HW� XQ� EUXLW� G
REVHUYDWLRQ� DGGLWLI� E�Q��� VWDWLRQQDLUH� DX�
VHFRQG�RUGUH��FHQWUp��EODQF�HW�GH�YDULDQFH�σE���RQ�UDSSHOOH�TXH�
O
pJDOLVHXU�OLQpDLUH�RSWLPDO�HQ�04�D�SRXU�IRQFWLRQ�GH�WUDQVIHUW��

&�] � =
σG�+ �� � ]�

σG�+� ]�+�� � ] �+ σE�
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�
/H�GpQRPLQDWHXU�GH�FHWWH�H[SUHVVLRQ�SHXW�VH�IDFWRULVHU�VRXV�OD�
IRUPH�
'�] � = 6*� ]�*�� � ]� ����6 > � ��� ����
6� GpVLJQDQW� XQH� FRQVWDQWH� UpHOOH� SRVLWLYH� GpSHQGDQW� GH� σG���
σE��HW�GX�FDQDO�+���&HWWH�IDFWRULVDWLRQ�HVW�XQLTXH�GqV�ORUV�TXH�
O
RQ� LPSRVH� j� * �]� � �UHVS�� *�� � ]� �� G
rWUH� FDXVDO� HW� j�
SKDVH� PLQLPDOH� �UHVS�� DQWLFDXVDO� HW� j� SKDVH� PD[LPDOH�� HW�
GRQF� G
LQYHUVH� FDXVDO� �UHVS�� DQWLFDXVDO��� 3DU� FRQVpTXHQW�� VL�
O
RQ� GpVLJQH� SDU� ], �L �� L = ���� � � �1 � OHV� 1� UDFLQHV� VLWXpHV� j�
O
LQWpULHXU�GX�GLVTXH�XQLWp��8 � ��RQ�REWLHQW��
* �]� = �− ],�L]−�[ ]

L=�

1
∏ = � + $�] � ����DYHF�� ],�L <� �������

'
DSUqV�����HW������O
pJDOLVHXU�OLQpDLUH�RSWLPDO�HQ�04�SHXW�rWUH�
YX� FRPPH� OD� FDVFDGH� G
XQ� ILOWUH� 5� �� SXUHPHQW� UpFXUVLI� HW�
VWDEOH��GH�IRQFWLRQ�GH�WUDQVIHUW�� � * � ]� �HW�G
XQ�ILOWUH�OLQpDLUH�
WUDQVYHUVH�3��GH�IRQFWLRQ�GH�WUDQVIHUW��

3�]� = ]−/'/ σG� � 6[ ]+�� � ]� *�� � ] �[ ]−� 
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R��'/� LQGLTXH� XQ� GpYHORSSHPHQW� OLPLWp� WURQTXp� j� O
RUGUH�/�
HQ�IRQFWLRQ�GHV�SXLVVDQFHV�SRVLWLYHV�HQ�]��,O�HQ�UpVXOWH�TX
XQ�
pJDOLVHXU� OLQpDLUH� RSWLPDO� DX� VHQV� GH� OD� PLQLPLVDWLRQ� GH�
O
HUUHXU�TXDGUDWLTXH�PR\HQQH�SHXW�rWUH�YXH�FRPPH�OD�FDVFDGH�
G
XQ� ILOWUH� EODQFKLVVDQW� UpFXUVLI� HW� G
XQ� ILOWUH� WUDQVYHUVH� GH�
GLPHQVLRQ� VXIILVDQWH�� 3RXU� GHV� UDLVRQV� G
RUGUH� SUDWLTXH�� XQ�
GLVSRVLWLI� VXSSOpPHQWDLUH�GH�JDLQ�FRPSOH[H��*&��HVW� UDMRXWp��
$� FKDUJH� SRXU� OXL� G
DVVXUHU� OD� GRXEOH� IRQFWLRQ� GH� FRQWU{OH�
�DXWRPDWLTXH�� GH� JDLQ� HW� GH� FRUUHFWLRQ� GH� SKDVH� �SKDVH�
URWDWRU��� $LQVL�� XQH� IRUPH� SRVVLEOH� GH� UpDOLVDWLRQ� GH�
O
pJDOLVHXU�OLQpDLUH�����FRUUHVSRQG�j�OD�FDVFDGH�GH�OD�)LJ�����
�

+

-
X

A(z)

P(z)
s(n) w(n)

g
t(n)

exp(-jθ)

+

R T CP

u(n) v(n) ˆ d (n )

CG
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�
&RPSWH� WHQX�GH� OD� OLQpDULWp�GH� OD� VWUXFWXUH�� LO�HVW�pYLGHQW�

TXH� OH�FRQWU{OH�GH�JDLQ� �&*��SHXW�rWUH� VLWXp�HQ�GLYHUV�SRLQWV�
GH� OD� FKDvQH� HW� QRWDPPHQW� MXVWH� DSUqV� OH� ILOWUH� EODQFKLVVDQW�
UpFXUVLI��&H�GHUQLHU�PLQLPLVH�OD�SXLVVDQFH�GH�VD�VRUWLH��WDQGLV�
TXH�OH�ILOWUH�WUDQVYHUVH�XWLOLVH��SRXU�VRQ�DGDSWDWLRQ��XQ�FULWqUH�
GH� W\SH�*RGDUG� >�@��6KWURP�	�)DQ� >�@��6KDOYL�	�:HLQVWHLQ�
>�@�HWF��/H�FRUUHFWHXU�GH�SKDVH�SHXW��SDU�H[HPSOH��XWLOLVHU�XQ�
FULWqUH� G
HUUHXU� TXDGUDWLTXH�PR\HQQH� HVWLPpH��'qV� ORUV� TX
LO�
HVW�SLORWp�SDU�GpFLVLRQV��LO�HVW�SUpIpUDEOH�GH�OH�VLWXHU�HQ�DYDO�GH�
OD� FKDvQH�� /H� FRQWU{OH� GH� JDLQ� D� SRXU� IRQFWLRQ� G
DGDSWHU� OD�
SXLVVDQFH� GX� VLJQDO� X�Q� � j� FHOOH� GHV� V\PEROHV� pPLV� SDU� OD�
VRXUFH�� /HV� pTXDWLRQV� GH� IRQFWLRQHPHQW� GH� O
(5'$� VRQW�
GpFULWHV�HQ�GpWDLO�GDQV�>�@��
�
����0RGH�GH�IRQFWLRQQHPHQW�QRUPDO��(5'��

�
����/RUVTXH� OD� FRQYHUJHQFH� YHUV� XQH� VROXWLRQ� SURFKH� GH�
O
RSWLPXP� ���� D� pWp� UHQGXH� SRVVLEOH� SDU� O
DSSURFKH�
DXWRGLGDFWH� SUpFpGHPPHQW� GpFULWH�� RQ� PRGLILH�� GH� IDoRQ�
UpYHUVLEOH�� j� OD� IRLV� OD� VWUXFWXUH� HW� OHV� FULWqUHV� G
RSWLPDOLWp�
SRXU�REWHQLU�O
(5'�FRQYHQWLRQQHO��FRQIRUPpPHQW�DX�VFKpPD�
GH� OD� )LJ�� ��� �&HFL� HVW� SDUIDLWHPHQW� OpJLWLPp�SDU� OH� IDLW� TXH��
SRXU�XQ�(5'�RSWLPDO�HQ�04��OH�ILOWUH�DUULqUH�D�SRXU�IRQFWLRQ�
GH� WUDQVIHUW� �VWULFWHPHQW� FDXVDOH�� $�] � = *�] � −� ��(Q�FODLU��
OD� SDUWLH� UpFXUVLYH� GX� ILOWUH� EODQFKLVVDQW� 5� � GX� PRGH� GH�
IRQFWLRQQHPHQW� LQLWLDO� FRUUHVSRQG� H[DFWHPHQW� DX� ILOWUH�
DUULqUH� GH� O
(5'� FRQYHQWLRQQHO� RSWLPDO� HQ�04�� &H� UpVXOWDW�
SDUWLFXOLqUHPHQW�LQWpUHVVDQW�FRQVWLWXH�OD�FOHI�GH�YR�WH�GH�QRWUH�
pJDOLVHXU�� �'H�SOXV�� OH� ILOWUH� WUDQVYHUVH� GH� O
(5'�RSWLPDO� HQ�
04� D� SRXU� IRQFWLRQ� GH� WUDQVIHUW� 3�]��� &H� UpVXOWDW�
UHPDUTXDEOH� OpJLWLPH�� GH� IDFWR�� OD� PRGLILFDWLRQ�
DOJRULWKPLTXH� HW� VWUXFWXUHOOH� GH� QRWUH� DSSURFKH�� (Q� HIIHW��
PrPH�VL� OH�FULWqUH�GH�*RGDUG�QH�PqQH�SDV�ULJRXUHXVHPHQW�j�
OD� VROXWLRQ� 3�]��� RQ� FRQVWDWH�� HQ� SUDWLTXH�� TXH� FHV� GHX[�
VROXWLRQV� VRQW� VXIILVDPPHQW� SURFKHV�� &
HVW� OD� UDLVRQ�
HVVHQWLHOOH� TXL� MXVWLILH� OD� FRPPXWDWLRQ� VWUXFWXUHOOH� HW�
DOJRULWKPLTXH�RSpUpH�GDQV�O
(5'$��/D�)LJ����GpFULW� O
(5'$�
GDQV� VRQ� PRGH� GH� SRXUVXLWH�� /H� &*� HVW� DORUV� LQKLEp��
O
pJDOLVHXU� OLQpDLUH� WUDQVYHUVH� SUHQDQW� HQ� FKDUJH� FHWWH�
IRQFWLRQ��
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),*������(JDOLVHXU�ORUV�GH�VLWXDWLRQV�IDFLOHV��(5'��
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'qV� ORUV�� O
XQLTXH� FULWqUH� GH� FH� PRGH� GH� IRQFWLRQQHPHQW�
FRUUHVSRQG�j�OD�IRQFWLRQ�FR�W��

��
(G = ( Z �Q� − Ö�G��Q� �   

   
�� � ����

TXL� Q
HVW� DXWUH� TXH� O
(40� HVWLPpH�� /
DGDSWDWLRQ� GHV�
SDUDPqWUHV� GH� O
pJDOLVHXU� SHXW� DORUV� VH� IDLUH� FODVVLTXHPHQW�
VHORQ� O
DOJRULWKPH�GX�JUDGLHQW� VWRFKDVWLTXH�RX�GHV�PRLQGUHV�
FDUUpV� UpFXUVLIV� �0&5��� ,O� UHVWH� GpVRUPDLV� j� GpWHUPLQHU� OD�
UqJOH�GH�FRPPXWDWLRQ��UpYHUVLEOH��TXL�SHUPHW�GH�PRGLILHU�j�OD�
IRLV�OHV�FULWqUHV�HW�OD�VWUXFWXUH�GH�O
pJDOLVHXU��(Q�FODLU��LO�QRXV�
IDXW� GpWHUPLQHU� XQ� LQGLFH� GH� SHUIRUPDQFH� DSSURSULp� QH�
QpFHVVLWDQW�DXFXQH�FRQQDLVVDQFH�D�SULRUL�GHV�GRQQpHV�pPLVHV�
G�Q���

�
�����5qJOH�GH�FRPPXWDWLRQ�

/D�FRQYHUJHQFH�GH�O
pJDOLVHXU�SHXW�rWUH�FDUDFWpULVpH�SDU�OD�
YDOHXU� GH� O
(40��0DLV�� SXLVTXH� OHV� G�Q�� VRQW� LQFRQQXHV�� LO�
Q
HVW�JXqUH�SRVVLEOH�GH�OD�PHVXUHU��(Q�UHYDQFKH��HOOH�SHXW��rWUH�
HVWLPpH�� VXU� OD� EDVH� GHV� GpFLVLRQV� Ö�G��Q� �� SDU� O
DOJRULWKPH�
UpFXUVLI�
��(G �Q � = λ (G �Q − �� + �� − λ � Z �Q � − Ö�G��Q � � �� ����
R��λ ∈ ���] ]�HVW�XQ�IDFWHXU�G
RXEOL��&HW�HVWLPDWHXU��SLORWp�SDU�
GpFLVLRQV�HVW�SHUWLQHQW�DX�VHQV�R���j�SDUWLU�G
XQ�FHUWDLQ�VHXLO��LO�
UHQG� HIIHFWLYHPHQW� FRPSWH� GH� O
(40� YUDLH�� 8QH� DXWUH�
DSSURFKH�SRVVLEOH�FRQVLVWH�j�HVWLPHU�OH�NXUWRVLV�GH�Z�Q��VHORQ�
XQ�DOJRULWKPH�DGDSWDWLI�VLPLODLUH�j������R��XQH�IRQFWLRQ�FR�W�
WHOOH�TXH�FHOOH�GH�*RGDUG� (* �>�@��RX�6KWURP�HW�)DQ� (6) �>�@�
�DYHF�S ���T ��HW�ζ ���GpILQLHV�FL�GHVVRXV���
�
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.Z = ( Z�Q� �{ }− �(� Z�Q� �{ }�� � ����
�
'DQV� VD� YHUVLRQ� OD� SOXV� VLPSOH�� OD� UqJOH� GH� FRPPXWDWLRQ�
V
pQRQFH� GH� OD� IDoRQ� VXLYDQWH�� /RUVTXH� O
(40� HVWLPpH��
��(G �Q � ��RX�WRXW�DXWUH�VLJQDO�DSSURSULp���IUDQFKLW��GDQV�XQ�VHQV�RX� GDQV� O
DXWUH�� XQ� VHXLO� QRWp� -� �� DGDSWp� DX� W\SH� GH�
PRGXODWLRQ� XWLOLVpH�� O
(5'$� RSqUH� XQH� PRGLILFDWLRQ�
VWUXFWXUHOOH�HW�DOJRULWKPLTXH���
��
���$GDSWDWLRQ�GH�O
(5'$�j�XQH�VWUDWpJLH�7'0$�
�
����,O� HVW� FODLU� TXH� SRXU� XQH� WHOOH� DSSOLFDWLRQ� OD� YLWHVVH� GH�
FRQYHUJHQFH� HVW� GH� SUHPLqUH� LPSRUWDQFH�� (Q� O
pWDW�� O
(5'$�

HVW� LQDSSURSULp� FDU� PrPH� VL� VD� YLWHVVH� GH� FRQYHUJHQFH� HVW�
pOHYpH� HOOH� GHPHXUH�� HQ� WRXW� pWDW� GH� FDXVH�� ODUJHPHQW�
LQVXIILVDQWH��3RXU�UHQGUH�O
(5'$�SOXV�DWWUDFWLI�GDQV�FH�PRGH�
GH� WUDQVPLVVLRQ�� QRXV� SURSRVRQV� XQH� VWUDWpJLH� LWpUDWLYH��
DXWRGLGDFWH� HW� DGDSWDWLYH�� /
LGpH� IRUFH� TXL� DSSDUDvW� HQ�
ILOLJUDQH�HVW�TX
HQ�VWUDWpJLH�DXWRGLGDFWH��OD�WRWDOLWp�GX�EORF�HVW��
H[SORLWDEOH� SDU� O
pJDOLVHXU� WDQGLV� TX
D� FRQWUDULR�� V
DJLVVDQW�
G
XQH� DSSURFKH� HQWUDvQpH�� VHXOH� OD� VpTXHQFH� G
DSSUHQWLVVDJH�
SHXW� rWUH� H[SORLWpH��0DOKHXUHXVHPHQW�� GDQV� OHV� DSSOLFDWLRQV�
SUDWLTXHV�� OD� ORQJXHXU� GH� FHWWH� VpTXHQFH� HVW� LQFRPSDWLEOH�
DYHF� XQH� DSSURFKH� DGDSWDWLYH��1RXV� DOORQV�PRQWUHU� TX
LO� HQ�
YD� WRXW� DXWUHPHQW� GH� O
DSSURFKH� DXWRGLGDFWH� TXL� XWLOLVH�
XQLTXHPHQW�OD�FRQQDLVVDQFH�D�SULRUL�GH�OD�VWDWLVWLTXH�GX�VLJQDO�
pPLV� HW� TXL� SHXW� DLQVL� WLUHU� SURILW� GH� OD� WRWDOLWp� GX� EORF�
FRQVLGpUp�� 1DWXUHOOHPHQW�� SRXU� TXH� O
(5'$� FRQYHUJH� YHUV�
XQH�VROXWLRQ�YRLVLQH�GH�O
RSWLPDO��LO�HVW�QpFHVVDLUH�TXH�OD�WDLOOH�
GX�EORF�VRLW�VXIILVDPPHQW�FRQVpTXHQWH�SRXU�QH�SDV�ELDLVHU�OD�
VROXWLRQ�� 'DQV� FHW� DUWLFOH�� OD� PpWKRGH� TXH� QRXV� SURSRVRQV�
FRQVLVWH� j� UHMRXHU� OH� EORF� XQ� FHUWDLQ� QRPEUH� GH� IRLV��
W\SLTXHPHQW��� j��� IRLV��'DQV� FHV� FRQGLWLRQV�� j� O
LWpUDWLRQ�GH�
UDQJ�Q�� O
(5'$�HVW� LQLWLDOLVp�DYHF�OHV�SDUDPqWUHV��$��3�HW�θ��
HVWLPpV� j� OD� ILQ� GH� O
LWpUDWLRQ�GH� UDQJ�Q����/
K\SRWKqVH� IRUWH�
PDLV�UDLVRQQDEOH�HVW�TXH��VXU�O
KRUL]RQ�G
XQ�EORF�GH�GRQQpHV��
OH� FDQDO�SXLVVH� rWUH� FRQVLGpUp� FRPPH� VWDWLRQQDLUH� �� F
HVW��GX�
UHVWH�� O
K\SRWKqVH� VXU� ODTXHOOH� UHSRVHQW� OHV� UpFHSWHXUV� *60�
DFWXHOV��
�
����5pVXOWDWV�

'DQV�FH�TXL�VXLW��QRXV�DOORQV�LOOXVWUHU�OHV�SHUIRUPDQFHV�GX�
QRXYHO� pJDOLVHXU� j� OD� IRLV� GDQV� XQ� FRQWH[WH� VWDWLRQQDLUH�� HW�
GDQV�XQ�FRQWH[WH�QRQ�VWDWLRQQDLUH�GH�FRPPXQLFDWLRQV�$60��

�
����&DQDO�VWDWLRQQDLUH�
����/H�FDQDO�TXH�QRXV�SURSRVRQV�HVW�WUqV�VpOHFWLI�HQ�IUpTXHQFH�
>�@�� ,O� D� SRXU� UpSRQVH� LPSXOVLRQQHOOH� K >������� ���������
������� � ������� � ������@��/
(5'$�FRPSRUWH���� FRHIILFLHQWV�
GDQV�VD�SDUWLH�DYDQW�HW���FRHIILFLHQWV�GDQV�VD�SDUWLH�DUULqUH��2Q�
SURFqGH� DX� WLUDJH� DOpDWRLUH� GH� ���� ILFKLHUV� FRPSRUWDQW� ����
V\PEROHV�� FHQWUpV� HW� GH�YDULDQFH�XQLWDLUH��/
HUUHXU�GH�SKDVH��
SRXU�FKDTXH� ILFKLHU��HVW�HTXLUpSDUWLH� VXU� >����π@��/H�VHXLO�GH�
FRPPXWDWLRQ�� HQ� WHUPHV� G
(40� HVW� GH� ��� G%�� /D� ILJXUH� ��
LQGLTXH�O
pYROXWLRQ��DX�ILO�GHV�LWpUDWLRQV�HW�SRXU�XQ�VQU�GH����
G%�� G
XQ� FHUWDLQ� QRPEUH� GH� IRQFWLRQV� LQGLFDWULFHV� SRXYDQW�
HIIHFWLYHPHQW� FRPPDQGHU� OD� FRPPXWDWLRQ� VWUXFWXUHOOH� GH�
O
(5'$��j�VDYRLU�(G �Q � ��(* �Q� ��(6) �Q � �RX�.Z �Q � ���
��
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),*������6LJQDX[�G
HUUHXUV�pODERUpV�HQ�OLJQH��(40�HVWLPpH��
*RGDUG��6WURP�	�)DQ�HW�NXUWRVLV���VQU ���G%����

�
8Q�FHUWDLQ�QRPEUH�GH� UHPDUTXHV�SHXYHQW�rWUH� IRUPXOpHV�VXU�
OD� EDVH� GH� FHWWH� ILJXUH�� /D� SUHPLqUH� HVW� TXH� OH� QRPEUH�
G
LWpUDWLRQV�QpFHVVDLUHV�QH�GpSDVVH�JXqUH���RX����/D�VHFRQGH�
LQIRUPDWLRQ� HVW� TXH� O
HUUHXU� DX� VHQV� GH�*RGDUG� pYROXH�GH� OD�
PrPH�PDQLqUH�TXH�O
(40��j�XQ�GpFDODJH�SUqV�GH�O
RUGUH�GH���
G%��&H�VLJQDO�GRQW�O
pODERUDWLRQ�HQ�OLJQH�UHVWH�GH�FRPSOH[LWp�
PRGHVWH��SHXW��HQ�FRQVpTXHQFH��rWUH�XWLOLVp�SRXU�FRPPDQGHU�
OD� PRGLILFDWLRQ� VWUXFWXUHOOH� GH� O
(5'$�� 2Q� UHPDUTXH� SDU�
DLOOHXUV�TXH� OH�NXUWRVLV�HVWLPp�DWWHLQW�XQ�PLQLPXP�GH�O
RUGUH�
GH� ������ SRXU� XQ� NXUWRVLV� QRPLQDO� GH� ��� �VRXUFH� L�L�G� GH�
YDULDQFH� XQLWDLUH��� /D� ILJXUH� �� GRQQH� O
pYROXWLRQ� GX� WDX[�
G
HUUHXUV� ELQDLUHV� �7(%�� DX� ILO� GHV� LWpUDWLRQV�� SRXU� XQ� VQU�
YDULDQW�GH���� j����G%�� FH�TXL� FRUUHVSRQG�j�XQ� UDWLR� (E � 1� �
FRPSULV� HQWUH� �� HW� ��� G%��/HV� ��� SUHPLqUHV� GpFLVLRQV� Q
RQW�
SDV� pWp� SULVHV� HQ� FRPSWH� GDQV� O
pYDOXDWLRQ� GX� 7(%�� ,O� HVW�
PDQLIHVWH� TXH� O
HVVHQWLHO� GH� O
DSSRUW� OLp� j� QRWUH� VWUDWpJLH� HVW�
REWHQX�DX�ERXW�GH���LWpUDWLRQV��FH�TXL�FRUURERUH�WRWDOHPHQW�OHV�
REVHUYDWLRQV�GH�OD�ILJXUH�����
�
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)LJ������7DX[�G
HUUHXUV�ELQDLUHV�DX�ILO�GHV�LWpUDWLRQV��

��
������&DQDO�$60�

�
����'DQV� FHW� H[HPSOH�� QRXV� DYRQV� FKRLVL� XQ� VLJQDO� UpHO� GH�
FRPPXQLFDWLRQV� $60�� GH� W\SH� 0'3�� �436.��� HQUHJLVWUp�
ORUV� G
XQH� FDPSDJQH� GH�PHVXUHV� HIIHFWXpHV� SDU� OH�*(60$��
DX� ODUJH� GH� %UHVW� �)UDQFH��� /D� VpTXHQFH� pPLVH� HVW� XQH�
VpTXHQFH�SpULRGLTXH��EODQFKH��GH�ORQJXHXU�PD[LPDOH��6%/0�
GH�ORQJXHXU��������/D�IUpTXHQFH�SRUWHXVH�HVW�GH����N+]�HW�OH�
GpELW� QXPpULTXH� GH� ��� NE�V�� /D� UpSRQVH� LPSXOVLRQQHOOH�
V
pWHQG� VXU� ��� GXUpHV� V\PEROH�� /H� EORF� FRQVLGpUp� �ILFKLHU��
FRPSRUWH� ����� pFKDQWLOORQV� SUpOHYpV� j� XQH� FDGHQFH���7��GH�

VRUWH� TXH� VXU� FHW� KRUL]RQ� OH� FDQDO� SXLVVH� rWUH� FRQVLGpUp�
FRPPH�VWDWLRQQDLUH��/D�ILJXUH���LQGLTXH�O
pYROXWLRQ��DX�ILO�GHV�
LWpUDWLRQV�� G
XQ� FHUWDLQ� QRPEUH� GH� IRQFWLRQV� LQGLFDWULFHV�
SRXYDQW� HIIHFWLYHPHQW� FRPPDQGHU� OD� FRPPXWDWLRQ�
VWUXFWXUHOOH� GH� O
(5'$�� j� VDYRLU� O
(40� HVWLPpH�� O
HUUHXU� DX�
VHQV�GH�*RGDUG��GH�6KWURP�	�)DQ�RX�HQFRUH�OH�NXUWRVLV����
��
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),*������6LJQDX[�G
HUUHXUV�pODERUpV�HQ�OLJQH��(40�HVWLPpH��

*RGDUG��6WURP�	�)DQ�HW�NXUWRVLV����
�

/H� WDEOHDX� �� QRXV� LQGLTXH� OH� QRPEUH� G
HUUHXUV� FRPPLVHV� j�
FKDTXH�LWpUDWLRQ��7URLV�FDV�GH�ILJXUHV�VRQW�HQYLVDJpV���VRLW�RQ�
GpWHUPLQH� OH� QRPEUH� WRWDO� G
HUUHXUV� �PRGH� ���� VRLW� RQ� IDLW�
DEVWUDFWLRQ�GHV�����PRGH����RX�GHV������PRGH����SUHPLqUHV�
GpFLVLRQV� SRXU� WHQLU� FRPSWH� GH� O
H[LVWHQFH� G
XQ� pYHQWXHO�
SUpDPEXOH��,O�HVW�FODLU�TXH�JOREDOHPHQW�QRWUH�VWUDWpJLH�V
DYqUH�
SDUWLFXOLqUHPHQW� HIILFDFH�� FRPSWH� WHQX� GH� O
pWDOHPHQW�
WHPSRUHO�GH�OD�UpSRQVH�LPSXOVLRQQHOOH�HW��SDUWDQW��GX�QRPEUH�
GH� FRHIILFLHQWV� GH� O
pJDOLVHXU� ���� FRHIILFLHQWV� SRXU� OD� SDUWLH�
DYDQW� HW����SRXU� OD�SDUWLH�DUULqUH���/HV�SDV�G
DGDSWDWLRQ�VRQW�
GH� ������ HW� OH� VHXLO� GH� ��� G%�� $LQVL� ORUV� GH� OD� GHUQLqUH�
LWpUDWLRQ�� VHXOHV� ��� HUUHXUV� ELQDLUHV� VXU� ����� RQW� pWp�
GpQRPEUpHV� PDLV� VHXOHPHQW� �� VVXUYLHQQHQW� DSUqV� OHV� ����
SUHPLHUV� V\PEROHV�� $X� GHPHXUDQW�� OH� UDWLR� �������� RX�
��������� Q
HVW� HQ� ULHQ� GpUDLVRQQDEOH� DX� UHJDUG� GH� O
DFWXHO�
*60�����������

7$%������1RPEUH�G
HUUHXUV�VXU������ELWV�WUDQVPLV��
�

,WpUDWLRQ� PRGH��� PRGH��� PRGH���
�� ���� ���� ����
�� ���� ��� ���
�� ��� ��� ���
�� ��� ��� ��
�� ��� ��� ��

�
&H� WDEOHDX� UHQG� FRPSWH� GX� IDLW� TXH� OHV� HUUHXUV� VXUYLHQQHQW�
PDMRULWDLUHPHQW�HQ�GpEXW�GX�ILFKLHU��,O�HVW�SDU�DLOOHXUV�XWLOH�GH�
UDSSHOHU�TX
XQH�VWUDWpJLH�GH�UpFHSWLRQ�RSWLPDOH�HVW�WRWDOHPHQW�
LQDSSURSULpH�� HQ� UDLVRQ� GH� OD� ORQJXHXU� GH� OD� UpSRQVH�
LPSXOVLRQQHOOH�����7����
�
����&RQFOXVLRQ�

�
����1RXV� YHQRQV� GH� GpPRQWUHU� O
RULJLQDOLWp� HW� O
LQWpUrW� GH�
O
(5'$� >�@�� GDQV� OH� FRQWH[WH� GHV� V\VWqPHV� GH�
FRPPXQLFDWLRQV�XWLOLVDQW�O
DFFqV�PXOWLSOH�j�UpSDUWLWLRQ�GDQV�OH�



WHPSV� �$057��� /HV� UpVXOWDWV� REWHQXV� VRQW� H[WUrPHPHQW�
HQFRXUDJHDQWV� HW� PRQWUHQW� O
LQWpUrW� G
XQH� WHOOH� DSSURFKH��
FRPSWH�WHQX�GH�OD�IDLEOH�FRPSOH[LWp�FDOFXODWRLUH�DVVRFLpH��3DU�
DLOOHXUV�� FHWWH� SURSULpWp� SHXW� pJDOHPHQW� rWUH� H[SORLWpH� SRXU�
DPpOLRUHU�� DX� SUL[� G
XQ� UHWDUG� GH� UHVWLWXWLRQ�� OD� YLWHVVH� GH�
FRQYHUJHQFH� GH� O
(5'$�GDQV� OHV� DSSOLFDWLRQV� j� IORW� FRQWLQX�
GH�GRQQpHV��(QILQ��LO�HVW�FODLU�TXH�OH�FKRL[�G
XQH�PRGXODWLRQ�
ELQDLUH��0'3���*06.��VHUDLW�HQFRUH�GH�QDWXUH�j�DFFpOpUHU�OD�
FRQYHUJHQFH� HW� j� UpGXLUH�� FH� IDLVDQW�� OD� ORQJXHXU� GH� EORF�
QpFHVVDLUH�j�QRWUH�VWUDWpJLH��5DLVRQQDEOHPHQW��RQ�SHXW�SHQVHU�
TXH�FHWWH�GHUQLqUH��HVW��G
RUHV�HW�GpMj��FRPSDWLEOH�DYHF�O
DFWXHO�
VWDQGDUG�*60���

�
5HPHUFLHPHQWV�

�
1RXV�WHQRQV�j�UHPHUFLHU�OH�*(60$��'*$���O
,)5(0(5�

HW�2UFD� ,QVWUXPHQWDWLRQ� SRXU� OHXUV� FRQWULEXWLRQV� UHVSHFWLYHV�
ORUV�GHV�FDPSDJQHV�GH�PHVXUHV�PHQpHV�DX�ODUJH�GH�%UHVW���
5pIpUHQFHV�
�
>�@� � -�� /DEDW�� &�� /DRW� 	� 2�� 0DFFKL��'LVSRVLWLI� G
pJDOLVDWLRQ�
DGDSWDWLI� SRXU� V\VWqPHV� GH� FRPPXQLFDWLRQV� QXPpULTXHV��� )UHQFK�
3DWHQW��������������VHSWHPEHU������
>�@� � -�� /DEDW�� 2�� 0DFFKL�� &�� /DRW� 	� 1�� /H� 6TXLQ� �,V� WUDLQLQJ� RI�
DGDSWLYH� HTXDOL]HUV� VWLOO� XVHIXOO� "��� 3URF�� *OREHFRP
���� /RQGRQ�
�8.���������1RYHPEHU��YRO�����SS����������
>�@� -�� /DEDW�� 2�� 0DFFKL� 	� &�� /DRW��$GDSWLYH� GHFLVLRQ� IHHGEDFN�
HTXDOL]DWLRQ���FDQ�\RX�VNLS�WKH�WUDLQLQJ�SHULRG�"� ��,(((�7UDQV��RQ��
&RP���9RO������1R����SS�����������-XO\�����
>�@� � '�� 1�� *RGDUG�� �6HOI�UHFRYHULQJ� HTXDOL]DWLRQ� DQG� FDUULHU�
WUDFNLQJ� LQ� WZR� GLPHQVLRQDO� GDWD� FRPPXQLFDWLRQ� V\VWHP��� � ,(((�
7UDQV��RQ�&RP���YRO������������SS��������������
>�@� � 9� 6KWURP� 	� +�� )DQ�� �1HZ� &ODVV� RI� =HUR�)RUFLQJ� &RVW�
)XQFWLRQV� LQ�%OLQG�(TXDOL]DWLRQ��� � ,(((�7UDQV��RQ�63��YRO������1R��
����2FWREHU�������SS��������������
>�@�����6KDOYL�	�(��:HLQVWHLQ���1HZ�FULWHULD�IRU�EOLQG�GHFRQYROXWLRQ�
RI�QRQPLQLPXP�SKDVH�V\VWHPV��FKDQQHOV�����,(((�7UDQV��RQ�,7��YRO��
����1R�����0DUFK�������SS������������


