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LL 6RPPDLUH

6RPPDLUH

5pVXPp GHV SRLQWV IRUWV GpYHORSSpV �

, &XUULFXOXP YLW �(QVHLJQHPHQW �

� &XUULFXOXP 9LW  �
��� 3DUFRXUV $FDGpPLTXH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� 3RVWHV 2FFXSpV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� 3URGXFWLRQ 6FLHQWLILTXH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� 5HYXHV LQWHUQDWLRQDOHV DYHF FRPLWp GH OHFWXUH � � � � � � � � � � � � �
����� $UWLFOHV GH FRQIpUHQFH LQWHUQDWLRQDOH DYHF FRPLWp GH OHFWXUH � � �
����� $UWLFOHV GH FRQIpUHQFH QDWLRQDOH DYHF FRPLWp GH OHFWXUH � � � � � � ��
����� $UWLFOHV GH UHYXH VRXPLV � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� (QFDGUHPHQWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 'RFWRUDQWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 6WDJHV 0� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &RQWUDWV GH 5HFKHUFKH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 5D\RQQHPHQW HW 9XOJDULVDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 5D\RQQHPHQW 1DWLRQDO HW ,QWHUQDWLRQDO � � � � � � � � � � � � � � � � � ��
����� 9XOJDULVDWLRQ HW YDORULVDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 5HVSRQVDELOLWpV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 7UDYDLO G¶H[SHUWLVH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� $FWLYLWpV G¶(QVHLJQHPHQW ��
��� 0RGXOHV GH )RUPDWLRQ &UppV � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� &RXUV 'LVSHQVp HQ '87 �qUH $QQpH � � � � � � � � � � � � � � � � � � � � � � � ��
��� &RXUV 'LVSHQVp HQ '87 �H $QQpH � � � � � � � � � � � � � � � � � � � � � � � � ��
��� &RXUV 'LVSHQVpV DX[ /LFHQFHV 3UR� 5	7 � � � � � � � � � � � � � � � � � � � � ��
��� (QFDGUHPHQW GH SURMHWV WXWHXUpV HW GH VWDJHV � � � � � � � � � � � � � � � � � ��

,, 6\QWKqVH GHV WUDYDX[ GH UHFKHUFKH ��

$YDQW 3URSRV ��

0RQ SRVLWLRQQHPHQW ��

� 3UpYHQLU OD WHQVLRQ DX[ XUJHQFHV SpGLDWULTXHV ��
��� 8Q RXWLO VWDWLVWLTXH VLPSOH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 'LODWDWLRQ G¶RSpUDWHXUV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 3ULQFLSHV WKpRULTXHV�OH F{Wp DFFHVVLEOH� � � � � � � � � � � � � � � � � ��
����� 3ULQFLSHV WKpRULTXHV�OH F{Wp PDWKpPDWLTXHV � � � � � � � � � � � � � ��
����� &RQVWUXFWLRQ GHV PDWULFHV GH 'LODWDWLRQ � � � � � � � � � � � � � � � � ��
����� 8QH LPSOpPHQWDWLRQ SDV j SDV SDU O¶H[HPSOH � � � � � � � � � � � � � ��

��� &RPSDUDLVRQ HW FDUDFWpULVDWLRQ LQWULQVqTXH GHV SURFHVVXV � � � � � � � � � ��
����� ,QGLFDWHXU LQWULQVqTXH SDU O¶HVSDFH GHV IRUPHV � � � � � � � � � � � � ��
����� ,QGLFDWHXU LQWULQVqTXH SDU OD WRSRORJLH DOJpEULTXH � � � � � � � � � � ��

��� 0LVH HQ SODFH GHV LQGLFDWHXUV� � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� /¶LQGLFDWHXU SUpFRFH EDVp VXU OD WRSRORJLH � � � � � � � � � � � � � � � ��
����� /¶DSSOLFDWLRQ ZHE � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 5HWRXU G¶H[SpULHQFH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &RQWULEXWLRQV VFLHQWLILTXHV GH FHWWH SDUWLH � � � � � � � � � � � � � � � � � � � � ��



6RPPDLUH LLL

� $QWLFLSHU O¶HQJRUJHPHQW DX[ XUJHQFHV DGXOWHV HQ GpWHUPLQDQW OH IOX[
GH SDWLHQWV OH SOXV LPSDFWDQW ��
��� &RQWH[WH HW REMHFWLI� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� /H FOXVWHULQJ GH VpULHV WHPSRUHOOHV � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 7UDMHFWRLUHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� /HV YDULpWpV WHVWpHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� /HV GLVWDQFHV HW FDOFXO GH EDU\FHQWUHV VXU OHV YDULpWpV� � � � � � � ��
����� /H EHQFKPDUN � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� $SSOLFDWLRQ DX[ IOX[ GH SDWLHQWV DGXOWHV � � � � � � � � � � � � � � � � � � � � � ��
��� &RQWULEXWLRQV VFLHQWLILTXHV GH FHWWH SDUWLH � � � � � � � � � � � � � � � � � � � � ��

� 6XU O¶RUJDQLVDWLRQ GHV XUJHQFHV DGXOWHV ��
��� &RQWH[WH HW K\SRWKqVHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� /H FDUDFWqUH DXWR�VLPLODLUH GX IOX[ GH SDWLHQW � � � � � � � � � � � � � � � � � � ��

����� /¶DQDO\VH GX IOX[ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 0RGpOLVDWLRQ SDU GHV FDVFDGHV PXOWLSOLFDWLYHV � � � � � � � � � � � � ��

��� /H JURXSH GH UHQRUPDOLVDWLRQ SRXU O¶RUJDQLVDWLRQ � � � � � � � � � � � � � � � ��
����� 3ULQFLSHV JpQpUDX[ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� /¶RSpUDWHXU GH .RRSPDQ � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &RQWULEXWLRQV VFLHQWLILTXHV GH FHWWH SDUWLH � � � � � � � � � � � � � � � � � � � � ��

,,, %LODQ HW SURMHW ��

� 9HUV O¶LQILQL HW O¶DX�GHOj � ��
��� 'DQV OD FRQWLQXLWp � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� /H 3URMHW GH *HVWLRQ GH FULVHV KXPDQLWDLUHV � � � � � � � � � � � � � � � � � � ��

����� 0RGpOLVDWLRQ G¶XQH FULVH � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 5pVHDX WHPSRUHO � 6LJQDWXUH HW 5pVLOLHQFH � � � � � � � � � � � � � � ��

��� /H 3URMHW -XPHDX 1XPpULTXH GHV XUJHQFHV � � � � � � � � � � � � � � � � � � ��
��� 5pVROXWLRQ GH SUREOqPHV GH UHFKHUFKH RSpUDWLRQQHOOH SDU O¶DSSURFKH

GHV IORWV VXU OHV YDULpWpV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

5pIpUHQFHV ���



5pVXPpV
9HUVLRQ )UDQoDLVH
'DQV FH PDQXVFULW� M¶DERUGH OD UpVROXWLRQ GHV SUREOpPDWLTXHV G¶HQFRPEUHPHQW RX GH
WHQVLRQ GDQV OHV VHUYLFHV G¶DFFXHLO GHV XUJHQFHV SDU OD FRQVWLWXWLRQ G¶RXWLOV G¶DLGH j OD
GpFLVLRQ SRXU OH SLORWDJH GHV VHUYLFHV� -H P¶LQWpUHVVH GRQF j SURSRVHU GHV LQGLFDWHXUV
SUpFRFHV HW SUpYHQWLIV GH YHQXHV DQRUPDOHV DX VHLQ GHV VHUYLFHV HW j FDUDFWpULVHU OHV
SUREOqPHV RUJDQLVDWLRQQHOV DX WUDYHUV GHV IOX[ GH SDWLHQWV�
-¶DL WRXW G¶DERUGV WUDLWp OH FDV GHV XUJHQFHV SpGLDWULTXHV HQ SURSRVDQW XQ LQGLFDWHXU
VWDWLVWLTXH VLPSOH� 3XLV� M¶DL SURSRVp GH PRGpOLVHU SOXV ILQHPHQW OH SURFHVVXV GX IOX[
GH SDWLHQWV SDU XQ SURFHVVXV SpULRGLTXHPHQW FRUUpOp� &HWWH PRGpOLVDWLRQ P¶D SHU�
PLV GH SURSRVHU GH QRXYHOOHV UHSUpVHQWDWLRQV GH FHV SURFHVVXV VXU GHV JURXSHV GH
/LH DX WUDYHUV GH OD WKpRULH GH OD GLODWDWLRQ G¶RSpUDWHXUV HW GH SRXYRLU DLQVL XWLOLVHU
OD JpRPpWULH GLIIpUHQWLHOOH HW OD WRSRORJLH DOJpEULTXH SRXU GH OD FODVVLILFDWLRQ� -H
PRQWUH pJDOHPHQW DX WUDYHUV GH FHV UHSUpVHQWDWLRQV O¶H[LVWHQFH G¶XQH LQIRUPDWLRQ
JpRPpWULTXH HW WRSRORJLTXH LQWULQVqTXH j OD FODVVH GHV SURFHVVXV� /D WRSRORJLH DO�
JpEULTXH HVW SDU OD VXLWH XWLOLVpH SRXU OD FUpDWLRQ GH QRXYHDX[ LQGLFDWHXUV SUpFRFHV
GH YHQXHV DQRUPDOHV DX[ XUJHQFHV SpGLDWULTXHV�

8QH IRLV OD TXHVWLRQ GH WHQVLRQ DX[ XUJHQFHV SpGLDWULTXHV WUDLWpH� MH PH VXLV QD�
WXUHOOHPHQW WRXUQp YHUV OD SUREOpPDWLTXH GHV XUJHQFHV DGXOWHV SRXU OHVTXHOOHV� OH
IOX[ GH SDWLHQWV LPSDFWDQW OHV XUJHQFHV Q¶HVW SDV IRUFpPHQW ELHQ GpWHUPLQp� -¶DL
FKRLVL G¶DERUGHU FHWWH SUREOpPDWLTXH SDU O¶DQJOH GX FOXVWHULQJ GH VpULHV WHPSRUHOOHV�
R� OHV VpULHV WHPSRUHOOHV VRQW OHV VpULHV FKURQRORJLTXHV GHV FRGHV GLDJQRVWLFV GHV
SDWLHQWV� ,O HVW PRQWUp GDQV FHWWH SDUWLH TXH OH FOXVWHULQJ GHV VpULHV WHPSRUHOOHV HVW
JUDQGHPHQW DPpOLRUp ORUVTXH OHV VpULHV VRQW UHSUpVHQWpHV GDQV GHV HVSDFHV GH SOXV
JUDQGH GLPHQVLRQ� (Q SDUWLFXOLHU� OD YDULpWp 6WLHIHO HVW OD YDULpWp VXU ODTXHOOH GRLYHQW
rWUH SURMHWpHV OHV VpULHV WHPSRUHOOHV� /H IUDPHZRUN GH FOXVWHULQJ GRQQDQW HQVXLWH
OHV PHLOOHXUHV SHUIRUPDQFHV HVW FHOXL FRPSRVp GH 80$3 SRXU OD UpGXFWLRQ GH GLPHQ�
VLRQ SXLV GH +'%6&$1 SRXU OH FOXVWHULQJ� &HV UpVXOWDWV VRQW YDOLGpV VXU SOXVLHXUV
EHQFKPDUNV GH VpULHV WHPSRUHOOHV�

,O UHVWDLW j WUDLWHU OH FDUDFWqUH RUJDQLVDWLRQQHO GX VHUYLFH G¶DFFXHLO GHV XUJHQFHV HQ
WDQW TXH V\VWqPH FRPSOHW� &¶HVW FH TXL HVW GpYHORSSp GDQV XQH WURLVLqPH SDUWLH� %LHQ
TXH OHV WUDYDX[ QH VRLHQW SDV HQFRUH SXEOLpV GDQV OHXU WRWDOLWp� M¶H[SRVH PD YLVLRQ GH
O¶RUJDQLVDWLRQ DX VHLQ G¶XQ VHUYLFH G¶DFFXHLO GHV XUJHQFHV� /¶DSSURFKH TXH M¶DL FKRLVLH
GH SUHQGUH HVW WRXW G¶DERUGV FHOOH GH OD PRGpOLVDWLRQ GX IOX[ GH SDWLHQWV VRXV OD FDU�
DFWpULVWLTXH G¶DXWR�VLPLODULWp HW GHV FDVFDGHV PXOWLSOLFDWLYHV SXLV GH OD TXDQWLILFDWLRQ
RUJDQLVDWLRQQHOOH SDU O¶pWXGH GHV LQWHUDFWLRQV PDVVLYHV JUkFH j O¶DSSURFKH GX JURXSH
GH UHQRUPDOLVDWLRQ�

3RXU ILQLU� MH GpFULV OHV SURMHWV HQ FRXUV� TX¶LOV VRLHQW VXU OD WKpPDWLTXH GHV FULVHV
KXPDQLWDLUHV VRXV GHV DSSURFKHV GH UpVHDX[ FRPSOH[H PXOWL�FRXFKHV� GH MXPHDX
QXPpULTXH GHV XUJHQFHV HW OD FRPSUpKHQVLRQ RUJDQLVDWLRQQHOOH GX V\VWqPH DX WUDYHUV
GHV V\VWqPHV PXOLW�DJHQWV RX HQFRUH GH UHFKHUFKH RSpUDWLRQQHOOH SRXU OD UpVROXWLRQ
GH SUREOqPHV GH SURJUDPPDWLRQ OLQpDLUH SDU OHV DSSURFKHV GH IORWV GH JUDGLHQW VXU
GHV YDULpWpV HW GH GRXEOH FURFKHW GH /LH�

�



� 6RPPDLUH

9HUVLRQ $QJODLVH
,Q WKLV PDQXVFULSW� , DSSURDFK WKH UHVROXWLRQ RI FRQJHVWLRQ RU WHQVLRQ SUREOHPV LQ
HPHUJHQF\ GHSDUWPHQWV E\ WKH FRQVWLWXWLRQ RI GHFLVLRQ VXSSRUW WRROV IRU WKH PDQDJH�
PHQW RI WKH GHSDUWPHQWV� , DP WKHUHIRUH LQWHUHVWHG LQ SURSRVLQJ HDUO\ DQG SUHYHQWLYH
LQGLFDWRUV RI DEQRUPDO DUULYDOV ZLWKLQ WKH VHUYLFHV DQG LQ FKDUDFWHUL]LQJ WKH RUJDQL]D�
WLRQDO SUREOHPV WKURXJK WKH SDWLHQW IORZV�
, ILUVW GHDOW ZLWK WKH FDVH RI SHGLDWULF HPHUJHQFLHV E\ SURSRVLQJ D EDVLF VWDWLVWLFDO LQGL�
FDWRU� 7KHQ� , SURSRVHG WR PRGHO PRUH ILQHO\ WKH SDWLHQW IORZ SURFHVV E\ D SHULRGLFDOO\
FRUUHODWHG RQH� 7KLV PRGHOLQJ DOORZHG PH WR SURSRVH QHZ UHSUHVHQWDWLRQV RI WKHVH
SURFHVVHV RQ /LH JURXSV WKURXJK WKH WKHRU\ RI GLODWLRQ RI RSHUDWRUV DQG WR XVH GLIIHU�
HQWLDO JHRPHWU\ DQG DOJHEUDLF WRSRORJ\ IRU FODVVLILFDWLRQ� , DOVR VKRZ WKURXJK WKHVH
UHSUHVHQWDWLRQV WKH H[LVWHQFH RI JHRPHWULF DQG WRSRORJLFDO LQIRUPDWLRQ LQWULQVLF WR WKH
FODVV RI SURFHVVHV� 7KH DOJHEUDLF WRSRORJ\ LV WKHQ XVHG IRU WKH FUHDWLRQ RI QHZ HDUO\
LQGLFDWRUV RI DEQRUPDO YLVLWV WR SHGLDWULF HPHUJHQFLHV�

2QFH WKH LVVXH RI WHQVLRQ LQ SHGLDWULF HPHUJHQFLHV ZDV DGGUHVVHG� , QDWXUDOO\
WXUQHG WR WKH SUREOHP RI DGXOW HPHUJHQFLHV IRU ZKLFK WKH IORZ RI SDWLHQWV LPSDFWLQJ
WKH HPHUJHQFLHV LV QRW QHFHVVDULO\ ZHOO GHWHUPLQHG� , FKRVH WR DSSURDFK WKLV SUREOHP
IURP WKH DQJOH RI WLPH VHULHV FOXVWHULQJ� ZKHUH WKH WLPH VHULHV DUH WKH WLPH VHULHV RI
WKH SDWLHQWV¶ GLDJQRVWLF FRGHV� ,W LV VKRZQ LQ WKLV VHFWLRQ WKDW WLPH VHULHV FOXVWHULQJ
LV JUHDWO\ LPSURYHG ZKHQ WKH VHULHV DUH UHSUHVHQWHG LQ KLJKHU GLPHQVLRQDO VSDFHV�
,Q SDUWLFXODU� WKH 6WLHIHO PDQLIROG LV WKH PDQLIROG RQ ZKLFK WKH WLPH VHULHV VKRXOG EH
SURMHFWHG� 7KH FOXVWHULQJ IUDPHZRUN JLYLQJ WKHQ WKH EHVW SHUIRUPDQFHV LV WKH RQH
FRPSRVHG RI 80$3 IRU GLPHQVLRQ UHGXFWLRQ DQG +'%6&$1 IRU FOXVWHULQJ� 7KHVH
UHVXOWV DUH YDOLGDWHG RQ VHYHUDO WLPH VHULHV EHQFKPDUNV�

,W UHPDLQHG WR WUHDW WKH RUJDQL]DWLRQDO FKDUDFWHU RI WKH HPHUJHQF\ VHUYLFH DV D
FRPSOHWH V\VWHP� 7KLV LV GHYHORSHG LQ D WKLUG SDUW� $OWKRXJK WKH ZRUN LV QRW \HW
SXEOLVKHG LQ LWV HQWLUHW\� , SUHVHQW P\ YLVLRQ RI WKH RUJDQL]DWLRQ ZLWKLQ DQ HPHUJHQF\
GHSDUWPHQW� 7KH DSSURDFK , KDYH FKRVHQ WR WDNH LV ILUVWO\ WKDW RI PRGHOLQJ WKH IORZ
RI SDWLHQWV XQGHU WKH FKDUDFWHULVWLF RI VHOI�VLPLODULW\ DQG PXOWLSOLFDWLYH FDVFDGHV� DQG
WKHQ RI RUJDQL]DWLRQDO TXDQWLILFDWLRQ E\ VWXG\LQJ PDVVLYH LQWHUDFWLRQV WKDQNV WR WKH
UHQRUPDOL]DWLRQ JURXS DSSURDFK�

)LQDOO\� , GHVFULEH WKH FXUUHQW SURMHFWV� ZKHWKHU WKH\ DUH RQ WKH WKHPH RI KXPDQ�
LWDULDQ FULVHV XQGHU WKH DSSURDFKHV RI FRPSOH[ PXOWL�OD\HU QHWZRUNV� GLJLWDO WZLQ RI
HPHUJHQFLHV DQG RUJDQL]DWLRQDO XQGHUVWDQGLQJ RI WKH V\VWHP WKURXJK PXOWL�DJHQW V\V�
WHPV RU RSHUDWLRQDO UHVHDUFK IRU WKH UHVROXWLRQ RI OLQHDU SURJUDPPLQJ SUREOHPV E\ WKH
DSSURDFKHV RI JUDGLHQW IORZV RQ PDQLIROGV DQG GRXEOH /LH EUDFNHW�
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� 0DvWUH GH FRQIpUHQFHV �FODVVH QRUPDOH�
� 8QLYHUVLWp -HDQ 0RQQHW �,87 GH 5RDQQH�
� 6HFWLRQ �� � *pQLH LQIRUPDWLTXH� DXWRPDWLTXH HW
WUDLWHPHQW GX VLJQDO

� /DERUDWRLUH 'pFLVLRQ HW ,QIRUPDWLRQ SRXU OHV 6\V�
WqPHV GH 3URGXFWLRQ �',63� ($������

� $GUHVVH 3URIHVVLRQQHOOH � %kW� /pRQDUG GH 9LQFL�
�� $Y� -HDQ &DSHOOH� ������ 9LOOHXUEDQQH

� 7pOpSKRQH � ��� � �� �� �� ��
� $GUHVVH pOHFWURQLTXH � JXLOODXPH�ERXOHX[#^LQVD�
O\RQ�IU� XQLY�VW�HWLHQQH�IU`

� 3DJHZHE � KWWSV���VLWHV�JRRJOH�FRP�VLWH�JXLOODXPHERXOHX[�+RPH
6RPPDLUH

��� 3DUFRXUV $FDGpPLTXH � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� 3RVWHV 2FFXSpV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� 3URGXFWLRQ 6FLHQWLILTXH � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� 5HYXHV LQWHUQDWLRQDOHV DYHF FRPLWp GH OHFWXUH� � � � � � � � � � �
����� $UWLFOHV GH FRQIpUHQFH LQWHUQDWLRQDOH DYHF FRPLWp GH OHFWXUH � �
����� $UWLFOHV GH FRQIpUHQFH QDWLRQDOH DYHF FRPLWp GH OHFWXUH � � � � ��
����� $UWLFOHV GH UHYXH VRXPLV� � � � � � � � � � � � � � � � � � � � � � � ��

��� (QFDGUHPHQWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 'RFWRUDQWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 6WDJHV 0� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &RQWUDWV GH 5HFKHUFKH � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 5D\RQQHPHQW HW 9XOJDULVDWLRQ� � � � � � � � � � � � � � � � � � � � � � � � ��

����� 5D\RQQHPHQW 1DWLRQDO HW ,QWHUQDWLRQDO � � � � � � � � � � � � � � ��
����� 9XOJDULVDWLRQ HW YDORULVDWLRQ � � � � � � � � � � � � � � � � � � � � � ��

��� 5HVSRQVDELOLWpV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 7UDYDLO G¶H[SHUWLVH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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���� 3DUFRXUV $FDGpPLTXH

���������

7KqVH GH GRFWRUDW HQ 7UDLWHPHQW GX 6LJQDO VRXWHQXH OH ����������

7UDLWHPHQW G¶DQWHQQH DGDSWp DX[ PRGqOHV OLQpDLUHV LQWpJUDQW XQH
LQWHUIpUHQFH VWUXFWXUpH� $SSOLFDWLRQ DX[ VLJQDX[ PpFDQLTXHV

(WDEOLVVHPHQW /DERUDWRLUH�V� G¶DFFXHLO 'LUHFWHXU GH 7KqVH
8QLYHUVLWp -HDQ 0RQQHW /66�683(/(&�/$63, )UDQoRLV *XLOOHW

&RPSRVLWLRQ GX MXU\

3UpVLGHQW �
0� -HDQ 3LHUUH 'HOPDV� 3U� ��

5DSSRUWHXUV �
0� 3DVFDO /DU]DEDO� 3U� ��
0� -HDQ�<YHV 7RXUQHUHW� 3U� ��

([DPLQDWHXUV �
0PH� 6\OYLH 0DUFRV� '5�&156
0� 5RODQG %DGHDX� 0&) ��
0� 0RKDPHG (O %DGDRXL� 0&) ��

'LUHFWHXUV �
0� )UDQoRLV *XLOOHW� 3U� ��
0� 5pP\ %R\HU� 0&) ��

��������� '($ 7UDLWHPHQW GHV ,PDJHV HW GX 6LJQDO �7,6��
/DERUDWRLUH (7,6 (16($� XQLYHUVLWp GH &HUJ\�3RQWRLVH

��������� ,QJpQLHXU (16($ � VSpFLDOLWp 6LJQDO WHPSV 5pHO HW &RPPXQLFDWLRQV

��������� &ODVVH SUpSDUDWRLUH $76 � (15($� &OLFK\

��������� '87 *(,,� ,87 GH &DFKDQ



���� 3RVWHV 2FFXSpV �

���� 3RVWHV 2FFXSpV

����� 0&) XQLYHUVLWp -HDQ 0RQQHW� ,87 GH 5RDQQH �
/DERUDWRLUH ',63

����� 0&) XQLYHUVLWp -HDQ 0RQQHW� ,87 GH 5RDQQH �
/DERUDWRLUH /$63,

���� 3RVW�'RF GH � PRLV 8QLYHUVLWp 8SSVDOD� 6XHGH �
'LUHFWLRQ � 3HWUH 6WRLFD

��������� $7(5 PL�WHPSV� ,87 GH 5RDQQH �
/DERUDWRLUH /$63,

���� 3URGXFWLRQ 6FLHQWLILTXH
5HYXHV �

� �� DUWLFOHV GH UHYXH LQWHUQDWLRQDOH DYHF FRPLWp GH OHFWXUH SXEOLpV �GHSXLV GpFHP�
EUH ������

� � DUWLFOHV GH UHYXH LQWHUQDWLRQDOH DYHF FRPLWp GH OHFWXUH VRXPLV�

&RQIpUHQFHV �
� �� DUWLFOHV GH FRQIpUHQFH LQWHUQDWLRQDOH DYHF FRPLWp GH OHFWXUH HW DFWHV SXEOLpV�
� � DUWLFOHV GH FRQIpUHQFH QDWLRQDOH �*5(76,� DYHF FRPLWp GH OHFWXUH HW DFWHV
SXEOLpV�

������ 5HYXHV LQWHUQDWLRQDOHV DYHF FRPLWp GH OHFWXUH
>&%&��@ $XUpOLH &KDUOHV� *XLOODXPH %RXOHX[� DQG &KDQWDO &KpULIL� ³8QGHUVWDQGLQJ WKH VLWXDWLRQ DW

D JODQFH � WKH SRZHUIXO YDOXH DGGHG RI FRPSOH[ QHWZRUNV WR DQDO\VH KXPDQLWDULDQ RSHUD�
WLRQV´� ,Q� ,QWHUQDWLRQDO MRXUQDO RI GLVDVWHU ULVN UHGXFWLRQ �������

>0RU���@ %HQRvW 0RUHO HW DO� ³(YDOXDWLQJ WKH LQFUHDVHG EXUGHQ LQ $GXOW (PHUJHQF\ 'HSDUWPHQWV
RI FDUGLR�UHVSLUDWRU\ LOOQHVV YLVLWV GXULQJ IOX DQG EURQFKLROLWLV RXWEUHDNV LQ WKH SHGLDWULF
SRSXODWLRQ E\ D UHWURVSHFWLYH PXOWLFHQWULF WLPH VHULHV DQDO\VLV´� ,Q� -0,5 3XEOLF +HDOWK
DQG 6XUYHLOODQFH ������� '2,� RyXkRNefk88jk�

>3%&��@ &OpPHQW 3pDODW� *XLOODXPH %RXOHX[� DQG 9LQFHQW &KHXWHW� ³,PSURYHG 7LPH 6HULHV &OXVWHU�
LQJ %DVHG RQ 1HZ *HRPHWULF )UDPHZRUNV´� ,Q� 3DWWHUQ 5HFRJQLWLRQ� (OVHYLHU ������� '2,�
RyXRyRefDXT�i+Q;XkykRXRy39kj�

>%'0��D@ *XLOODXPH %RXOHX[� 0DsO 'XJDVW� DQG (ULF 0DUFRQ� ³,QIRUPDWLRQ 7RSRORJLFDO &KDUDFWHUL�
]DWLRQ RI 3HULRGLFDOO\ &RUUHODWHG 3URFHVVHV E\ 'LODWLRQ 2SHUDWRUV´� ,Q� ,((( 7UDQVDFWLRQV
RQ ,QIRUPDWLRQ 7KHRU\ ����� ������� SS� ����±����� ,661� ��������� '2,� RyXRRyNfhAhX
kyRNXkNkjkRd�

>'XJ���@ 0DsO 'XJDVW HW DO� ³,PSURYLQJ +HDOWK &DUH 0DQDJHPHQW 7KURXJK 3HUVLVWHQW +RPRORJ\
RI 7LPH�9DU\LQJ 9DULDELOLW\ RI (PHUJHQF\ 'HSDUWPHQW 3DWLHQW )ORZ´� ,Q� ,((( -RXUQDO RI
%LRPHGLFDO DQG +HDOWK ,QIRUPDWLFV ���� ������� SS� ����±����� ,661� ��������� '2,�
RyXRRyNfC">AXkyR3Xk33kd93�
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>'%0��E@ 0DsO 'XJDVW� *XLOODXPH %RXOHX[� DQG (ULF 0DUFRQ� ³5HSUHVHQWDWLRQ DQG FKDUDFWHUL]DWLRQ
RI QRQVWDWLRQDU\ SURFHVVHV E\ GLODWLRQ RSHUDWRUV DQG LQGXFHG VKDSH VSDFH PDQLIROGV´� ,Q�
(QWURS\ ���� ������� S� ���� ,661� ��������� '2,� RyXjjNyf2kyyNydRd� 85/� ?iiT,
ffrrrXK/TBX+QKfRyNN@9jyyfkyfNfdRd�

>%%��@ *XLOODXPH %RXOHX[ DQG 5pP\ %R\HU� ³6SDUVH�EDVHG HVWLPDWLRQ SHUIRUPDQFH IRU SDUWLDOO\
NQRZQ RYHUFRPSOHWH ODUJH�V\VWHPV´� ,Q� 6LJQDO 3URFHVVLQJ ��� ������� SS� ��±��� ,661�
��������� '2,� RyXRyRefDXbB;T`QXkyRdXy9XyRy�

>%00��@ *XLOODXPH %RXOHX[� (ULF 0DUFRQ� DQG 2OLYLHU 0RU\� ³(DUO\ ,QGH[ IRU 'HWHFWLRQ RI 3HGLDWULF
(PHUJHQF\ 'HSDUWPHQW &URZGLQJ´� ,Q� %LRPHGLFDO DQG +HDOWK ,QIRUPDWLFV� ,((( -RXUQDO
RI ���� ������� SS� ����±����� ,661� ���������� '2,� RyXRRyNfC">AXkyR9Xkj8yNNe�

>%RX��D@ *XLOODXPH %RXOHX[� ³2EOLTXH SURMHFWLRQ SUH�SURFHVVLQJ DQG 7/6 DSSOLFDWLRQ IRU GLDJQRVLQJ
URWRU EDU GHIHFWV E\ LPSURYLQJ SRZHU VSHFWUXP HVWLPDWLRQ´� ,Q� 0HFKDQLFDO 6\VWHPV DQG
6LJQDO 3URFHVVLQJ ������ ������� SS� ���±���� ,661� ��������� '2,� RyXRyRefDXvKbbTX
kyRjXyeXyR3� 85/� ?iiT,ffrrrXb+B2M+2/B`2+iX+QKfb+B2M+2f�`iB+H2fTBBfay333jkd
yRjyyjyR9�

>%RX��E@ *XLOODXPH %RXOHX[� ³3ULRU .QRZOHGJH 2SWLPXP 8QGHUVWDQGLQJ E\ 0HDQV RI 2EOLTXH 3UR�
MHFWRUV DQG 7KHLU )LUVW 2UGHU 'HULYDWLYHV´� ,Q� ,((( 6LJQDO 3URFHVVLQJ /HWWHUV ���� �������
SS� ���±���� ,661� ��������� '2,� RyXRRyNfGaSXkyRjXkkj3Nk3�

>:LU���@ 3HWWHU :LUIlOW HW DO� ³2SWLPDO SULRU NQRZOHGJH�EDVHG GLUHFWLRQ RI DUULYDO HVWLPDWLRQ´� ,Q� ,(7
6LJQDO 3URFHVVLQJ ��� ������� SS� ���±���� ,661� ��������� '2,� RyXRy9NfB2i@ bT`X
kyRRXy98j�

>%%��E@ 5pP\ %R\HU DQG *XLOODXPH %RXOHX[� ³2EOLTXH 3URMHFWLRQV IRU 'LUHFWLRQ�2I�$UULYDO (VWLPD�
WLRQ ZLWK 3ULRU .QRZOHGJH´� ,Q� ,((( 7UDQV� RQ 6LJQDO 3URFHVVLQJ ���� ������� SS� ����±
����� ,661� �������;� '2,� RyXRRyNfhaSXkyydXNyNj93�

������ $UWLFOHV GH FRQIpUHQFH LQWHUQDWLRQDOH DYHF FRPLWp GH OHFWXUH

>3%&��@ &OpPHQW 3HDODW� *XLOODXPH %RXOHX[� DQG 9LQFHQW &KHXWHW� ³,PSURYHG WLPH�VHULHV FOXV�
WHULQJ ZLWK 80$3 GLPHQVLRQ UHGXFWLRQ PHWKRG´� ,Q� 3URFHHGLQJV � ,QWHUQDWLRQDO &RQIHU�
HQFH RQ 3DWWHUQ 5HFRJQLWLRQ� 0LODQ� ����� SS� ����±����� ,6%1� �������������� '2,�
RyXRRyNfA*S_933yeXkykRXN9RkkeR�

>%%��@ *XLOODXPH %RXOHX[ DQG )UpGpULF %DUEDUHVFR� ³'LODWLRQ 2SHUDWRU $SSURDFK DQG 6TXDUH
5RRW 9HORFLW\ 7UDQVIRUP IRU 7LPH�'RSSOHU 6SHFWUD &KDUDFWHUL]DWLRQ RQ 68�Q�´� ,Q� /HF�
WXUH 1RWHV LQ &RPSXWHU 6FLHQFH �LQFOXGLQJ VXEVHULHV /HFWXUH 1RWHV LQ $UWLILFLDO ,QWHOOL�
JHQFH DQG /HFWXUH 1RWHV LQ %LRLQIRUPDWLFV�� 9RO� ����� /1&6� ����� SS� ��±��� ,6%1�
�������������� '2,� RyXRyydfNd3@j@yjy@keN3y@dn9�

>3%&��@ &OHPHQW 3HDODW� *XLOODXPH %RXOHX[� DQG 9LQFHQW &KHXWHW� ³([WUDFWLQJ PRVW LPSDFW�
LQJ HPHUJHQF\ GHSDUWPHQW SDWLHQW IORZ E\ HPEHGGLQJ ODERUDWRU\�FRQILUPHG DQG FOLQL�
FDO GLDJQRVLV RQ WKH VWLHIHO PDQLIROG´� ,Q� ���� ,((( (0%6 ,QWHUQDWLRQDO &RQIHUHQFH
RQ %LRPHGLFDO DQG +HDOWK ,QIRUPDWLFV� %+, ���� � 3URFHHGLQJV� &KLFDJR� ����� ,6%1�
�������������� '2,� RyXRRyNf">AXkyRNX33j98yd�

>'%0��D@ 0DsO 'XJDVW� *XLOODXPH %RXOHX[� DQG (ULF 0DUFRQ� ³,QIRUPDWLRQ WRSRORJLFDO FKDUDFWHUL]D�
WLRQ IRU QRQ�VWDWLRQDU\ UDQGRP SURFHVVHV´� ,Q� (QWURS\ ���� ±)URP 3K\VLFV WR ,QIRUPDWLRQ
6FLHQFHV DQG *HRPHWU\� %DUFHORQD� �����

>(PL���@ 6LG $KPHG (PLQH HW DO� ³(PHUJHQF\ 'HSDUWPHQW 2YHUFURZGLQJ 'HWHFWLRQ E\ D 0XOWLIUDFWDO
$QDO\VLV´� ,Q� ,)$& 6\PSRVLXP RQ %LRORJLFDO DQG 0HGLFDO 6\VWHPV� 9RO� ��� ��� 6DR SDXOR�
����� SS� ���±���� '2,� RyXRyRefDXB7�+QHXkyR3XRRXe8N�
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>6RO���@ *UHJRU\ 6ROHU HW DO� ³(PHUJHQF\ 'HSDUWPHQW $GPLVVLRQV 2YHUIORZ 0RGHOLQJ E\ D &OXVWHU�
LQJ RI 7LPH (YROYLQJ &OLQLFDO 'LDJQRVHV´� ,Q� ,((( ,QWHUQDWLRQDO &RQIHUHQFH RQ $XWRPDWLRQ
6FLHQFH DQG (QJLQHHULQJ� 9RO� �����$XJXV� ����� SS� ���±���� ,6%1� ��������������
'2,� RyXRRyNf*P�a1XkyR3X38ey838�

>&KR���@ 9LQFHQW &KRTXHXVH HW DO� ³9ROWDJH VDJV HVWLPDWLRQ LQ WKUHH�SKDVH V\VWHPV XVLQJ 8QFRQ�
GLWLRQDO 0D[LPXP /LNHOLKRRG HVWLPDWLRQ´� ,Q� ,&$663� ,((( ,QWHUQDWLRQDO &RQIHUHQFH RQ
$FRXVWLFV� 6SHHFK DQG 6LJQDO 3URFHVVLQJ � 3URFHHGLQJV� 9RO� �����$XJXV� ,(((� �����
SS� ����±����� ,6%1� �������������� '2,� RyXRRyNfA*�aaSXkyR8XdRd39N8�

>:-%��@ 3HWWHU :LUIlOW� 0DJQXV -DQVVRQ� DQG *XLOODXPH %RXOHX[� ³3ULRU�H[SORLWLQJ GLUHFWLRQ�RI�
DUULYDO DOJRULWKP IRU SDUWLDOO\ XQFRUUHODWHG VRXUFH VLJQDOV´� ,Q� ,&$663� ,((( ,QWHUQDWLRQDO
&RQIHUHQFH RQ $FRXVWLFV� 6SHHFK DQG 6LJQDO 3URFHVVLQJ � 3URFHHGLQJV� ����� SS� ����±
����� ,6%1� �������������� '2,� RyXRRyNfA*�aaSXkyRjXeej39y9�

>%.��@ *XLOODXPH %RXOHX[ DQG 7KDPHXU .LGDU� ³7RWDO /HDVW 6TXDUHV DSSOLFDWLRQ IRU GLDJQRVLQJ
URWRU EDU GHIHFWV E\ LPSURYLQJ SRZHU VSHFWUXP HVWLPDWLRQ´� ,Q� �WK ,QWHUQDWLRQDO &RQIHU�
HQFH RQ &RQGLWLRQ 0RQLWRULQJ DQG 0DFKLQHU\ )DLOXUH 3UHYHQWLRQ 7HFKQRORJLHV ����� &0
�����0)37 ����� 9RO� �� ����� SS� ���±���� ,6%1� ��������������

>%.*��@ *XLOODXPH %RXOHX[� 7KDPHXU .LGDU� DQG )UDQoRLV *XLOOHW� ³$Q LPSURSHU UDQGRP YHFWRU DS�
SURDFK IRU (635,7 DQG XQLWDU\ (635,7 IUHTXHQF\ HVWLPDWLRQ´� ,Q� �WK ,QWHUQDWLRQDO :RUN�
VKRS RQ 6\VWHPV 6LJQDO 3URFHVVLQJ DQG WKHLU $SSOLFDWLRQV �:2663$�� ����� SS� ���±����
,6%1� �������������� '2,� RyXRRyNfqPaaS�XkyRRX8NjR9d3�

>:LU���D@ 3HWWHU :LUIDOW HW DO� ³6XEVSDFH�EDVHG IUHTXHQF\ HVWLPDWLRQ XWLOL]LQJ SULRU LQIRUPDWLRQ´� ,Q�
,((( :RUNVKRS RQ 6WDWLVWLFDO 6LJQDO 3URFHVVLQJ 3URFHHGLQJV� ����� SS� ���±���� ,6%1�
�������������� '2,� RyXRRyNfaaSXkyRRX8Nedd8R�

>:LU���E@ 3HWWHU :LUIlOW HW DO� ³3ULRU NQRZOHGJH�EDVHG GLUHFWLRQ RI DUULYDO HVWLPDWLRQ´� ,Q� ,&$663�
,((( ,QWHUQDWLRQDO &RQIHUHQFH RQ $FRXVWLFV� 6SHHFK DQG 6LJQDO 3URFHVVLQJ � 3URFHHG�
LQJV� ����� SS� ����±����� ,6%1� �������������� '2,� RyXRRyNfA*�aaSXkyRRX8N9dyyk�

>%6%��E@ *XLOODXPH %RXOHX[� 3HWUH 6WRLFD� DQG 5HP\ %R\HU� ³$Q RSWLPDO SULRU NQRZOHGJH�EDVHG
'R$ HVWLPDWLRQ PHWKRG´� ,Q� (XURSHDQ 6LJQDO 3URFHVVLQJ &RQIHUHQFH� ����� SS� ���±
����

>(O ���@ 0RKDPPHG 1DELO (O .RUVR HW DO� ³6HTXHQWLDO HVWLPDWLRQ RI WKH UDQJH DQG WKH EHDULQJ XVLQJ
WKH =HUR�)RUFLQJ 086,& DSSURDFK´� ,Q� (XURSHDQ 6LJQDO 3URFHVVLQJ &RQIHUHQFH� �����
SS� ����±�����

>%%��D@ *XLOODXPH %RXOHX[ DQG 5pP\ %R\HU� ³)LUVW�RUGHU DQDO\VLV RI WKH SULRU�EDVHG NQRZOHGJH
PLQQRUP DOJRULWKP´� ,Q� ,&$663� ,((( ,QWHUQDWLRQDO &RQIHUHQFH RQ $FRXVWLFV� 6SHHFK DQG
6LJQDO 3URFHVVLQJ � 3URFHHGLQJV� /DV 9HJDV� ����� SS� ����±����� ,6%1� �����������
'2,� RyXRRyNfA*�aaSXkyy3X98R3R8j�

>%RX���@ *XLOODXPH %RXOHX[ HW DO� ³$ VXEVSDFH�EDVHG UHMHFWLRQ PHWKRG IRU GHWHFWLQJ EHDULQJ IDXOW
LQ DV\QFKURQRXV PRWRU´� ,Q� 3URFHHGLQJV RI ���� ,QWHUQDWLRQDO &RQIHUHQFH RQ &RQGLWLRQ
0RQLWRULQJ DQG 'LDJQRVLV� &0' ����� %HLMLQJ� ����� SS� ���±���� ,6%1� ��������������
'2,� RyXRRyNf*J.Xkyy3X983yk8e�

>%%��D@ *XLOODXPH %RXOHX[ DQG 5pP\ %R\HU� ³$ ORZHU ERXQG IRU VHTXHQWLDO HVWLPDWRUV´� ,Q� ����
�QG ,((( ,QWHUQDWLRQDO :RUNVKRS RQ &RPSXWDWLRQDO $GYDQFHV LQ 0XOWL�6HQVRU $GDSWLYH
3URFHVVLQJ� &$036$3� ����� SS� ���±���� ,6%1� �������������� '2,� RyXRRyNf*�Ja
�SXkyydX99N3yRN�

>%%��F@ *XLOODXPH %RXOHX[ DQG 5pP\ %R\HU� ³=HUR�IRUFLQJ EDVHG VHTXHQWLDO PXVLF DOJRULWKP´� ,Q�
,&$663� ,((( ,QWHUQDWLRQDO &RQIHUHQFH RQ $FRXVWLFV� 6SHHFK DQG 6LJQDO 3URFHVVLQJ �
3URFHHGLQJV� 9RO� �� +DZDL� ����� ,6%1� ����������� '2,� RyXRRyNfA*�aaSXkyydXjee3
88�

>%%��D@ *XLOODXPH %RXOHX[ DQG 5pP\ %R\HU� ³$QDO\VLV RI SULRU�VXEVSDFH HVWLPDWLRQ VFKHPHV´�
,Q� ���� ,((( 6HQVRU $UUD\ DQG 0XOWLFKDQQHO 6LJQDO 3URFHVVLQJ :RUNVKRS 3URFHHGLQJV�
6$0 ����� %RVWRQ� ����� SS� ���±���� ,6%1� ����������� '2,� RyXRRyNfb�KXkyyeX
RdyeR3N�
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>%%��E@ *XLOODXPH %RXOHX[ DQG 5pP\ %R\HU� ³6XEVSDFH�EDVHG HVWLPDWLRQ RI 'LUHFWLRQ�2I�$UULYDO
ZLWK NQRZQ GLUHFWLRQV´� ,Q� (XURSHDQ 6LJQDO 3URFHVVLQJ &RQIHUHQFH� )ORUHQFH� �����

>%%��F@ 5pP\ %R\HU DQG *XLOODXPH %RXOHX[� ³&UDPpU�5DR ORZHU ERXQG IRU SULRU�VXEVSDFH HVWL�
PDWLRQ´� ,Q� ���� ,((( 6HQVRU $UUD\ DQG 0XOWLFKDQQHO 6LJQDO 3URFHVVLQJ :RUNVKRS 3UR�
FHHGLQJV� 6$0 ����� ����� SS� ���±���� ,6%1� ����������� '2,� RyXRRyNfa�JXkyyeX
Reddkk3�

>%%$��@ 5pP\ %R\HU� *XLOODXPH %RXOHX[� DQG .DULP $EHG�0HUDLP� ³&RPPRQ SROH HVWLPDWLRQ ZLWK
DQ 2UWKRJRQDO 9HFWRU 0HWKRG´� ,Q� (XURSHDQ 6LJQDO 3URFHVVLQJ &RQIHUHQFH� )ORUHQFH�
�����

������ $UWLFOHV GH FRQIpUHQFH QDWLRQDOH DYHF FRPLWp GH OHFWXUH
>%'0��E@ *XLOODXPH %RXOHX[� 0DsO 'XJDVW� DQG (ULF 0DUFRQ� ³5HSUpVHQWDWLRQ HW FRPSDUDLVRQ GHV

SURFHVVXV SpULRGLTXHPHQW FRUUpOpV VXU GHV JURXSHV GH /LH SDU OHV RSpUDWHXUV GH 'LODWD�
WLRQ´� ,Q� ;;9,, FROORTXH *5(76,� /LOOH� ����� SS� �±��

>%%��@ *XLOODXPH %RXOHX[ DQG 5pP\ %R\HU� ³$FTXLVLWLRQ &RPSULPpH LQWpJUDQW XQH &RQQDLV�
VDQFH 3DUWLHOOH GX 0RGqOH G¶2EVHUYDWLRQ� $QDO\VH $V\PSWRWLTXH´� ,Q� ;;9 FROORTXH
*5(76,� /\RQ� �����

>:%-��@ 3HWWHU :LUIlOW� *XLOODXPH %RXOHX[� DQG 0DJQXV -DQVVRQ� ³(VWLPDWLRQ GH '2$ VRXV
O¶K\SRWKqVH GH VRXUFHV SDUWLHOOHPHQW FRUUpOpHV´� ,Q� ;;,9 FROORTXH *5(76,� %UHVW� �����

>%6%��D@ *XLOODXPH %RXOHX[� 3HWHU 6WRLFD� DQG 5pP\ %R\HU� ³8QH PpWKRGH RSWLPDOH SRXU
O¶HVWLPDWLRQ GHV GLUHFWLRQV G¶DUULYpHV EDVpH VXU GHV FRQQDLVVDQFHV D SULRUL´� ,Q� ;;,, FRO�
ORTXH *5(76,� 'LMRQ� ����� S� ����

>.RU���@ 0RKDPPHG 1DELO ( / .RUVR HW DO� ³(VWLPDWLRQ VpTXHQWLHOOH GHV SDUDPqWUHV GH ORFDOLVDWLRQ
HQ FKDPS SURFKH j O ¶ DLGH GH O ¶ DSSURFKH =HUR�)RUFLQJ´� ,Q� ;;,, FROORTXH *5(76,� 'LMRQ�
����� SS� �±��

>%%��E@ *XLOODXPH %RXOHX[ DQG 5pP\ %R\HU� ³(VWLPDWLRQ GHV 'LUHFWLRQV ' ¶ $UULYpHV LQFRUSRUDQW
XQ D SULRUL � $OJRULWKPHV HW 9DULDQFHV 7KpRULTXHV DOJRULWKPHV G ¶ HVWLPDWLRQ HW DQDO\VH
DVV\PSWRWLTXH´� ,Q� ;;, FROORTXH *5(76,� 7UR\HV� ����� SS� ��±���

������ $UWLFOHV GH UHYXH VRXPLV
>/LX���D@ <LQOLQJ /LX HW DO� ³$Q DJHQW�EDVHG DUFKLWHFWXUH RI WKH 'LJLWDO 7ZLQ IRU DQ (PHUJHQF\ 'H�

SDUWPHQW´� ,Q� +HDOWK DQG 7HFKQRORJ\ �������

>/LX���E@ <LQOLQJ /LX HW DO� ³+\EULG 6LPXODWLRQ 0RGHOLQJ RI (PHUJHQF\ 'HSDUWPHQWV IRU 5HVRXUFH
6FKHGXOLQJ´� ,Q� +HDO� 6\VW� �������

>3%&��@ &OpPHQW 3pDODW� *XLOODXPH %RXOHX[� DQG 9LQFHQW &KHXWHW� ³8VLQJ D PDQLIROG�EDVHG DS�
SURDFK WR H[WUDFW FOLQLFDO FRGHV DVVRFLDWHG ZLWK ZLQWHU UHVSLUDWRU\ YLUXVHV DW DQ HPHUJHQF\
GHSDUWPHQW´� ,Q� +HDOWK &DUH 0DQDJHPHQW 6FLHQFH �������

https://doi.org/10.1109/SAM.2006.1677228
https://doi.org/10.1109/SAM.2006.1677228


���� (QFDGUHPHQWV ��

���� (QFDGUHPHQWV

������ 'RFWRUDQWV
eWXGLDQWV

&H  FR�HQFDGUHPHQW�
&G  FR�GLUHFWLRQ

'LUHFWHXU�V� )LQDQFHPHQW 'DWH
'pEXW

'DWH
)LQ 3XEOLFDWLRQV

0DsO '8*$67
�&H� ���� (� 0DUFRQ ����� $56 $XYHUJQH�5K{QH�$OSHV�

$33 LQQRYDQWV ���������� ���������� >'%0��D@� >%'0��D@�
>'XJ���@� >'%0��E@

6LG¶$KPHG (PLQH
�&G� ����

(� 0DUFRQ ������
$�+DRXED �����

&R�WXWHOOH
0DXULWDQLH�
0LQLVWqUH GHV
DIIDLUHV pWUDQJqUHV

���������� ���������� >(PL���@

&OpPHQW 3HDODW
�&G� ���� 9� &KHXWHW ����� $33 35(36� '*26�

0LQLVWqUH GH OD VDQWp ���������� ���������� >3%&��@� >3%&��@
>3%&��@� >3%&��@

-RKDQ /H\GHW *� %RXOHX[ ����� %RXUVH (' ,QIR0DWKV ����������

������ 6WDJHV 0�
eWXGLDQWV 0$67(5
&R�HQFDGUpV &R�HQFDGUDQW�V� )LQDQFHPHQW 'DWH

'pEXW
'DWH
)LQ

7KDPHXU .LGDU
������ ,QWHUQH /DERUDWRLUH ���������� ����������

)HUQDQG *LUDUGLQ
�����

$� &KDUOHV ������
&� &KHULIL ����� ,QWHUQH /DERUDWRLUH ���������� ����������

$PLQH )LODOL
�����

$� &KDUOHV ������
&� &KHULIL ����� ,QWHUQH /DERUDWRLUH ���������� ����������

���� &RQWUDWV GH 5HFKHUFKH

-H VXLV OH FR�LQYHVWLJDWHXU DYHF (ULF 0$5&21� G¶XQ SURMHW GH YDORULVDWLRQ SRUWDQW
VXU OD GpWHFWLRQ SUpFRFH GH SKpQRPqQHV pSLGpPLTXHV�SDQGpPLTXHV VDLVRQQLHUV j
SDUWLU GHV GRQQpHV GHV SDVVDJHV DX[ XUJHQFHV� 8QH H[SpULPHQWDWLRQ D pWp ILQDQFpH
j KDXWHXU GH ��.¼ SDU O¶$JHQFH 5pJLRQDO GH OD 6DQWp �$56� 5K{QH�$OSHV� &H SURMHW
D FRQFHUQp HQYLURQ � SHUVRQQHV�

-H VXLV FR�LQYHVWLJDWHXU DYHF (ULF 0$5&21 GX SURMHW © *2 3ODQ KLYHUQDO HQ
SpGLDWULH ª ILDQFp j KDXWHXU GH ��� ���¼ VXU DSSHO G¶RIIUH SURMHWV LQQRYDQWV GH O¶$56
5K{QH�$OSHV� &H SURMHW FRQFHUQH HQYLURQ � SHUVRQQHV� )LQDQFHPHQW G¶XQ GRFWRUDQW�

-H VXLV OH UHVSRQVDEOH VFLHQWLILTXH HW LQYHVWLJDWHXU SULQFLSDO GX SURMHW © ,QGLFDWHXU
PR\HQ G¶DWWHQWHV DX[ XUJHQFHV ª ILQDQFp j KDXWHXU GH ��.¼ SDU OH PLQLVWqUH GH OD
6DQWp� GHV DIIDLUHV VRFLDOHV HW GX GURLW GHV IHPPHV� &H SURMHW HVW HQ FROODERUDWLRQ
DYHF OD VRFLpWp &(5&/+ HW UHJURXSH HQYLURQ � SHUVRQQHV�

-H VXLV OH UHVSRQVDEOH VFLHQWLILTXH GX SURMHW 35(36 �'LUHFWLRQ *pQpUDOH GH O¶2IIUH
GH 62,1� '*26� 35('$)/8 j KDXWHXU GH ���.¼� &H SURMHW FRQFHUQH OHV ODER�



�� &KDSWHU �� &XUULFXOXP 9LW 

UDWRLUHV 9LU3DWK �+&/� /\RQ ��� *,0$3 �&+8 6DLQW (WLHQQH� 8-0� HW ',63 �,16$
/\RQ� HW UHJURXSH HQYLURQ �� SHUVRQQHV� )LQDQFHPHQW G¶XQ GRFWRUDQW HW G¶XQ SRVW�
GRF � VRXV�WUDLWDQFH GH OD SDUWLH LQIRUPDWLTXH j XQH HQWUHSULVH VSpFLDOLVpH GDQV OH
GpYHORSSHPHQW :(%�

���� 5D\RQQHPHQW HW 9XOJDULVDWLRQ

������ 5D\RQQHPHQW 1DWLRQDO HW ,QWHUQDWLRQDO
7LWXODLUH GH OD 3('5 GHSXLV �����

-¶DL FR�RUJDQLVHU HW SUpVLGp XQH VHVVLRQ VSpFLDOH j OD FRQIpUHQFH 026,0 ����
V¶LQWLWXODQW �
© *HVWLRQ GHV VLWXDWLRQV GH FULVHV GDQV OHV V\VWqPHV GH SURGXFWLRQ GH VRLQV ª

-¶DL FR�RUJDQLVp HW SUpVLGp XQH VHVVLRQ VSpFLDO j OD FRQIpUHQFH 026,0 ����
V¶LQWLWXODQW �
© 3LORWDJH GHV V\VWqPHV GH SURGXFWLRQ GH VRLQV HQ PLOLHX LQFHUWDLQ ª

-¶DL FR�RUJDQLVp HW SUpVLGp XQH VHVVLRQ VSpFLDOH j OD FRQIpUHQFH ,((( %+, ����
V¶LQWLWXODQW�
© 'HFLVLRQ�VXSSRUW FRPSXWLQJ E\ GDWD�GULYHQ DQG $,�EDVHG DSSURDFKHV IRU KHDOWKFDUH ª

([SRVp LQYLWp j OD MRXUQpH DXWRPDWLTXH HW VDQWp RUJDQLVpH SDU OH FOXE (($
�JUHJRU\�IDUDXW#HQV�SDULV�VDFOD\�IU� OH -(8', �� 2FWREUH ����

([SRVp LQYLWp j OD MRXUQpH DFWLRQ -XPHDX 1XPpULTXH GX *'5 0$&6 RUJDQLVpH SDU
9LQFHQW &KHXWHW �YLQFHQW�FKHXWHW#LQVD�O\RQ�IU� OH /XQGL �� -XLQ �����

-H VXLV PHPEUH GX FRPLWp WHFKQLTXH GH SURJUDPPH GHV FRQIpUHQFHV +($/7+,1)2
���� HW �����

-H VXLV PHPEUH GX FRPLWp G¶RUJDQLVDWLRQ GH OD FRQIpUHQFH 52$'() ���� j /<21�

-H VXLV PHPEUH GX FRPLWp VFLHQWLILTXH GH OD FRQIpUHQFH *,6(+ �����

������ 9XOJDULVDWLRQ HW YDORULVDWLRQ
8QH :(% DSSOLFDWLRQ HVW PLVH j GLVSRVLWLRQ GHV XUJHQFHV SpGLDWULTXHV GX &+8 GH
6DLQW (WLHQQH� GX &+8 GH *UHQREOH� GX &+ GH 9DOHQFH HW GX &+ GH 9LOOHIUDQFKH VXU
6D{QH DILQ G¶DLGHU j OD PLVH HQ SODFH GX SODQ KLYHUQDO %URQFKLROLWH KWWS���SUHGDIOX�FKX�
VW�HWLHQQH�IU� &HWWH :(% DSSOLFDWLRQ VHUD OD EDVH SRXU O¶DSSOLFDWLRQ FLEOH GX SURMHW
35(36 35('$)/8� SRXU OD PLVH HQ SODFH G¶XQH RUJDQLVDWLRQ DGDSWpH SRXU OHV
XUJHQFHV DGXOWHV ORUV GHV pSLGpPLHV YLUDOHV KLYHUQDOHV�

-¶DL H[SRVp OH SURMHW 35('$)/8 VXU LQYLWDWLRQ j OD 3DULV +HDOWKFDUH :HHN �SRUWH
GH YHUVDLOOHV� HQ �����



���� 5HVSRQVDELOLWpV ��

OH SURMHW 35('$)/8 D IDLW VXMHW G¶XQ UHSRUWDJH )UDQFH � 6DLQW (WLHQQH � KWWSV���
ZZZ�\RXWXEH�FRP�ZDWFK"Y 9<5POS'$�SJ

/H SURMHW 35('$)/8 D IDLW VXMHW G¶XQ DUWLFOH GDQV OH &+8 0DJ GH 6DLQW (WLHQQH �
KWWSV��� IU�FDODPHR�FRP�UHDG����������I�����G�F�I�

���� 5HVSRQVDELOLWpV

(QVHLJQHPHQW
5HVSRQVDEOH GHV VWDJHV GH OD IRUPDWLRQ 5	7 GH O¶,87 GH 5RDQQH GH ���� j
����� $ILQ GH IDFLOLWp OH VXLYL GHV VWDJLDLUHV� OD QRWDWLRQ HW OD FRPPXQLFDWLRQ HQWUH OHV
pWXGLDQWV HW OHV UpIpUHQWV ,87� M¶DL FUpp XQ VLWH ZHE GHV VWDJHV � KWWS������������������

-H VXLV UHVSRQVDEOH HW FRRUGLQDWHXU QDWLRQDO GX QRXYHDX SDUFRXUV 520 �5pVHDX[
G¶2SpUDWHXUV HW 0XOWLPpGLD� SRXU OD PLVH HQ SODFH GX %DFKHORU 8QLYHUVLWDLUH GH
7HFKQRORJLH �%87 H[ '87��

-H VXLV PHPEUH GX FRPLWp GH VpOHFWLRQ SRXU OH GpSDUWHPHQW 5	7 GH O¶,87 GH 5RDQQH�
M¶DL SDUWLFLSp j XQ FRPLWp GH VpOHFWLRQ SRXU XQ SRVWH GDQV OH GpSDUWHPHQW 5	7�

-H VXLV PHPEUH GX FRPLWp GH VpOHFWLRQ ����� GH O¶8QLYHUVLWp -HDQ 0RQQHW� M¶DL
SDUWLFLSp j � FRPLWpV GH UHFUXWHPHQW SRXU GHV SRVWHV G¶$7(5�

5HFKHUFKH
5HVSRQVDEOH GH O¶RUJDQLVDWLRQ GHV VpPLQDLUHV GX /$63, HQWUH ���� HW �����

-¶DL pWp FR�5HVSRQVDEOH GH O¶D[H 3LORWDJH GHV 6\VWqPHV GH 3URGXFWLRQ GH ELHQV HW GH
VHUYLFHV �363� D[H UHJURXSDQW HQYLURQ �� HQVHLJQDQWV�FKHUFKHXUV � GX ODERUDWRLUH
',63 GH ���� j �����

-H VXLV FR�UHVSRQVDEOH GH O¶D[H *HVWLRQ HW 2SWLPLVDWLRQ GHV 2SpUDWLRQV �*��� D[H
UHJURXSDQW HQYLURQ �� HQVHLJQDQWV�FKHUFKHXUV � GX ODERUDWRLUH ',63 GHSXLV �����

-H VXLV 0HPEUH QRPPp GX &RQVHLO GH /DERUDWRLUH ',63 GHSXLV OH �����������

-H VXLV 0HPEUH GX &RPLWp GH 'LUHFWLRQ GX /DERUDWRLUH ',63 GHSXLV OH �����������

���� 7UDYDLO G¶H[SHUWLVH

-¶DL HIIHFWXp O¶H[SHUWLVH G¶XQ GRVVLHU ORUV GH O¶DSSHO j SURMHWV 3+5,3 � '*26 3)� HQ
�����





�
$FWLYLWpV G¶(QVHLJQHPHQW

(QVHLJQHU HQ 5pVHDX[ HW 7pOHFRPV
�5	7� GDQV XQ ,87 GHPDQGH XQH
JUDQGH IDFXOWp G¶DGDSWDWLRQ� (Q
SUHVTXH �� DQQpHV OH SURJUDPPH
SpGDJRJLTXH QDWLRQDOH D GpMj
pYROXp SDU GHX[ IRLV HW QRXV GHYRQV
XQH QRXYHOOH IRLV IDLUH IDFH j JUDQG
ERXOHYHUVHPHQW SpGDJRJLTXH SRXU
OD PLVH HQ °XYUH GX %87 �%DFK�
HORU XQLYHUVLWDLUH GH 7HFKQRORJLH��
/H GpSDUWHPHQW 5	7 GH O¶,87 GH

5RDQQH V¶pWDQW RXYHUW HQ ����� DQQpH GH PRQ DUULYpH j O¶,87 GH 5RDQQH�
M¶DL SDUWLFLSp j OD FUpDWLRQ FRPSOqWH GH FHUWDLQV PRGXOHV�

6RPPDLUH
��� 0RGXOHV GH )RUPDWLRQ &UppV � � � � � � � � � � � � � � � � � � � � � � � � ��
��� &RXUV 'LVSHQVp HQ '87 �qUH $QQpH� � � � � � � � � � � � � � � � � � � � ��
��� &RXUV 'LVSHQVp HQ '87 �H $QQpH � � � � � � � � � � � � � � � � � � � � � ��
��� &RXUV 'LVSHQVpV DX[ /LFHQFHV 3UR� 5	7 � � � � � � � � � � � � � � � � � ��
��� (QFDGUHPHQW GH SURMHWV WXWHXUpV HW GH VWDJHV � � � � � � � � � � � � � � ��

��
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���� 0RGXOHV GH )RUPDWLRQ &UppV

-¶DL DLQVL FUpp �

� XQ PRGXOH &0� 7'� 73 GH ��K VXU OHV WUDQVPLVVLRQV DQDORJLTXHV�

,O V¶DJLW G¶LQWURGXLUH OHV FRQFHSWV GH OD WUDQVPLVVLRQ GH W\SH DQDORJLTXH� ,QWUR�
GXLUH OHV QRWLRQV GH PRGXODWLRQV� TXHOOHV VRLHQW G¶DPSOLWXGH RX GH IUpTXHQFH
HW SURORQJHU DYHF OHV PRGXODWLRQV G¶DPSOLWXGHV HQ TXDGUDWXUH� (Q DVVRFLDQW FH
PRGXOH DX PRGXOH VXU O¶pOHFWURQLTXH SRXU OHV WpOpFRPPXQLFDWLRQV� OH FRXUV DLQVL
TXH OHV 73V VH VRQW HQULFKLV� SHUPHWWDQW DX[ pWXGLDQWV GH WURXYHU XQ OLHQ HQWUH
FHV PDWLqUHV�

� XQ PRGXOH &0� 7'� 73 GH ��K SRXU O¶LQWURGXFWLRQ j O¶DOJqEUH OLQpDLUH HW DX[
JUDSKHV�

/¶LGpH GDQV FH PRGXOH HVW G¶LQWURGXLUH OHV FRQFHSWV GH OLQpDULWpV� SXLV
G¶DSSOLFDWLRQ OLQpDLUH HQ FRQFRPLWDQFH DYHF OHV SUHPLqUHV GpILQLWLRQV VXU OHV PD�
WULFHV � GLPHQVLRQ� RSpUDWHXUV� UDQJ� SRXU OD UpVROXWLRQ GH V\VWqPHV OLQpDLUHV
1 pTXDWLRQV 3 LQFRQQXHV� $X WUDYHUV GH FHV UpVROXWLRQV OD GLDJRQDOLVDWLRQ
HVW SUDWLTXpH HQ 7' �FRPPH SURORQJHPHQW� HW O¶HVWLPDWLRQ GHV GLUHFWLRQV
G¶DUULYpHV �''$� VXU XQ UpVHDX pTXLGLVWDQW GH FDSWHXUV OLQpDLUHPHQW HVSDFpV
SDU O¶DOJRULWKPH 5RRW�086,& HVW UpDOLVpH SDU OHV pWXGLDQWV HQ 73� /HV JUDSKHV
VRQW LQWURGXLWV HW O¶DOJRULWKPH GH UHFKHUFKH GX SOXV FRXUW FKHPLQ 'MLVNWUD VHUW GH
VXSSRUW j OD FRPSUpKHQVLRQ HW j O¶DSSOLFDWLRQ�

� XQ PRGXOH &0� 7'� 73 GH ��K SRXU O¶LQWURGXFWLRQ j O¶DOJqEUH OLQpDLUH HW j OD
UpVROXWLRQ GH V\VWqPHV G¶pTXDWLRQV�

&H PRGXOH HVW XQ PRGXOH DXMRXUG¶KXL REVROqWH G� DX FKDQJHPHQW GX SUR�
JUDPPH SpGDJRJLTXH QDWLRQDO HQ ����� ,O V¶DJLVVDLW G¶LQWURGXLUH OHV PDWULFHV HW
OHV HVSDFHV YHFWRULHOV� /HV pWXGLDQWV UpDOLVDLHQW XQH DSSOLFDWLRQ GH WUDLWHPHQW
GX VLJQDO � OH ILOWUDJH HQ H[SORLWDQW OD FRQVWUXFWLRQ HW O¶DSSOLFDWLRQ GH OD PDWULFH
GH 6\OYHVWHU�

� XQ PRGXOH &0� 7'� 73 GH ��K VXU O¶DFFqV SRXU OHV SDUWLFXOLHUV HW HQWUHSULVHV
DX F°XU GH UpVHDX[ HW VXU OHV WHFKQRORJLHV GHV F°XUV GH UpVHDX[�



���� &RXUV 'LVSHQVp HQ '87 �qUH $QQpH ��

&H PRGXOH HVW HQ UpDOLWp XQH UHIRQWH GX PRGXOH UpVHDX[ RSpUDWHXUV HW UpVHDX[
pWHQGXV GH O¶DQFLHQ SURJUDPPH� -¶DYDLV OD FKDUJH GH ��K VXU OHV WHFKQROR�
JLHV ['6/� $XMRXUG¶KXL MH VXLV GHYHQX OH VHXO VSpFLDOLVWH HW VHXO HQVHLJQDQW
UpIpUHQW�FRPSpWHQW j O¶,87 GH 5RDQQH GDQV OHV WHFKQRORJLHV OLpHV DX F°XU GH
UpVHDX� -¶DL VXLYL XQH IRUPDWLRQ &&1$ GLVSHQVpH SDU OHV FROOqJXHV GH 5	7 GH
1DQF\ SXLV XQH IRUPDWLRQ &,6&2 VXU OH 03/6� -¶DL SHWLW j SHWLW DFTXLV VXIILVDP�
PHQW GH FRQQDLVVDQFH SRXU SRXYRLU UpDOLVHU XQH PDTXHWWH GLWH © RSpUDWHXU ª
GDQV OH GpSDUWHPHQW� &HWWH PDTXHWWH SHUPHW DX[ pWXGLDQWV HQ 7' RX 73 GH
FRQILJXUHU GHV '6/$0 �$'6/� HW 2/7 �))7+�� GH WURXYHU TXHOOHV SHXYHQW rWUH
OHV FDXVHV ORUVTX¶XQ DERQQp Q¶D SOXV GH VHUYLFH )77+ RX $'6/� /HV pWXGLDQWV
V¶LQWpUHVVHQW DX[ ERXFOHV 6'+ HQ FRQILJXUDQW OHV $'0� LOV PHWWHQW HQ °XYUH
OH F°XU GH UpVHDX 03/6 HW OHV 931 /� YLD 95) HW %*3� «� ,O \ D EHDXFRXS
G¶KHXUHV GH WUDYDLO HW G¶DSSUHQWLVVDJH SRXU FH PRGXOH GRQW HQFRUH XQH IRLV� MH
VXLV OH VHXO j PHWWUH HQ °XYUH�

� 8Q PRGXOH &0� 7'� 73 GH ��K VXU O¶pOHFWURQLTXH SRXU OHV WpOpFRPPXQLFDWLRQV�

&H PRGXOH Q¶H[LVWH SOXV GHSXLV OH QRXYHDX SURJUDPPH� F¶HVW XQ PRGXOH D[p VXU
OD 3KDVH /RFNHG /RRS �3//�� ,O IDOODLW PHWWUH HQ SODFH OD WUDQVIRUPpH GH /DSODFH�
OHV V\VWqPHV ERXFOpV� OD VWDELOLWp YLD OHV GLIIpUHQWV FULWqUHV � 1\TXLVW� %RGH�«�
OHV RVFLOODWHXUV VLQXVRwGDX[ SXLV HQILQ GRQQHU OHV SULQFLSHV IRQGDPHQWDX[ GH OD
3//� /HV 73 pWDLHQW YUDLPHQW WRXUQpV YHUV OHV DSSOLFDWLRQV UpHOOHV GHV WpOpFRP�
PXQLFDWLRQV �pPLVVLRQ�UpFHSWLRQ SDU H[HPSOH��

� 8Q PRGXOH &0� 7'� 73 GH ��K G¶DQJODLV WHFKQLTXH SRXU OHV OLFHQFHV SUR 5	7�

/H UHVSRQVDEOH GH OD OLFHQFH SUR 5	7 P¶D GHPDQGp GH SUHQGUH HQ FKDUJH XQ
PRGXOH G¶DQJODLV WHFKQLTXH� &HPRGXOH SHUPHW DX[ pWXGLDQWV GH VXLYUH XQ FRXUV
WHFKQLTXH VXU OH UpVHDX HQ DQJODLV� GH IDLUH GHV 73 DYHF FRPPH XQLTXH FRQ�
VLJQH XQ ILFKLHU DXGLR HQ DQJODLV� &KDTXH pWXGLDQW GRLW FUpHU XQ 73 TX¶LO SUpVHQWH
FRPPH WXWR HQ DQJODLV j O¶HQVHPEOH GHV pWXGLDQWV� /HV pWXGLDQWV GRLYHQW rWUH
HQ FDSDFLWp GH UHSURGXLUH OH 73� LOV SRVHQW GHV TXHVWLRQV ORUVTX¶LOV RQW GHV GLIIL�
FXOWpV�

���� &RXUV 'LVSHQVp HQ '87 �qUH $QQpH

,QWLWXOp GX FRXUV &0 �+� 7' �+� 73 �+�
7UDQVPLVVLRQV
$QDORJLTXHV

� �� ��

$OJqEUH /LQpDLUH � � �
0DWKpPDWLTXHV �
%DVHV

��



�� &KDSWHU �� $FWLYLWpV G¶(QVHLJQHPHQW

���� &RXUV 'LVSHQVp HQ '87 �H $QQpH

,QWLWXOp GX FRXUV &0 �+� 7' �+� 73 �+�
eOHFWURQLTXH SRXU
OHV WpOpFRPPXQL�
FDWLRQV

�� �� ��

5pVHDX[ 2SpUD�
WHXUV

� � ��

$OJqEUH OLQDLUH HW
*UDSKHV

� �� �

$FFqV DX F°XU GH
UpVHDX

� � ��

7HFKQRORJLHV GX
F°XU GH UpVHDX

�� �� ��

���� &RXUV 'LVSHQVpV DX[ /LFHQFHV 3UR� 5	7

,QWLWXOp GX FRXUV &0 �+�
5pVHDX[ DYDQFpV HW UpVHDX[ RSpUDWHXUV ��
$QJODLV WHFKQLTXH ��

���� (QFDGUHPHQW GH SURMHWV WXWHXUpV HW GH VWDJHV

(QFDGUHPHQWV 'XUpHV SRXU
OHV pWXGLDQWV
�+�

+HXUHV DIIHF�
WpHV SDU OD
FRPSRVDQWH
�+�

1E PR\HQ
G¶pWXGLDQWV
VXLYLV

7RWDO KHXUHV
�+�

3URMHWV GH �H
DQQpH

�� � � ��

6WDJHV GH �H
DQQpH

��� � � ��

/LFHQFHV SUR ��� �� � ��



**
6\QWKqVH GHV WUDYDX[ GH UHFKHUFKH
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$YDQW 3URSRV

ASUqV DYRLU VRXWHQX PD WKqVH HQ GpFHPEUH ���� VXLWH j GHX[ DQQpHV
GH WUDYDX[� GHV FROODERUDWLRQV DYHF 3� 6WRLFD �XQLYHUVLWp G¶8SSVDOD�
6XqGH� DLQVL TX¶DYHF 0� -DQVVRQ �XQLYHUVLWp .7+� 6XqGH� VH VRQW
FUppHV� /D WKpPDWLTXH SULQFLSDOH GH FHV FROODERUDWLRQV D FRQ�
FHUQp OH WUDLWHPHQW G¶DQWHQQH� 1RXV DYRQV UHYLVLWp GHV PpWKRGHV
G¶HVWLPDWLRQ GHV GLUHFWLRQV G¶DUULYpHV �''$� SRXU LQWpJUHU GHV
K\SRWKqVHV IRUWHV VXU OH PRGqOH VWDWLVWLTXH GHV REVHUYDWLRQV HW DLQVL

SURSRVHU GHV HVWLPDWHXUV EHDXFRXS SOXV SHUIRUPDQWV� -¶DL pJDOHPHQW SX FROODERUHU
DYHF OH ODERUDWRLUH /66 �XQLYHUVLWp 3DULV ;,� VXSHOHF� YLD 5pP\ %R\HU VXU FHV PrPHV
WKpPDWLTXHV� &HV WUDYDX[ RQW pWp YDORULVpV SDU � DUWLFOHV GH UHYXH LQWHUQDWLRQDOH
>:LU���@� >%RX��D@� � DUWLFOHV GH FRQIpUHQFH LQWHUQDWLRQDOH j FRPLWp GH OHFWXUH HW
DFWHV >%6%��E@� >:LU���E@� >:LU���D@� >:-%��@� � DUWLFOHV GH FRQIpUHQFH QDWLRQDOH j
FRPLWp GH OHFWXUH HW DFWH >:%-��@� >.RU���@� >%6%��D@�
&HV FROODERUDWLRQV pWDQW LVVXHV GH PHV WUDYDX[ GH WKqVH� HOOHV VRQW DXMRXUG¶KXL
UpYROXHV� PrPH VL GH PDQLqUH SRQFWXHOOH� FHUWDLQV RXWLOV FRQQH[HV FRPPH O¶XWLOLVDWLRQ
GH OD WKpRULH GHV PDWULFHV DOpDWRLUHV GH JUDQGHV GLPHQVLRQV SHXYHQW GRQQHU OLHX j
GHV SXEOLFDWLRQV� � DUWLFOH GH UHYXH LQWHUQDWLRQDOH >%%��@ HW � DUWLFOH GH FRQIpUHQFH
QDWLRQDOH j FRPLWp GH OHFWXUH HW DFWH >%%��@ RQW pWp SXEOLpV�
-XVTX¶HQ ���� M¶DL HX pWp PHPEUH GH O¶D[H WUDLWHPHQW GX 6LJQDO GX /$63,� 8-0�6DLQW
(WLHQQH� /D WKpPDWLTXH DIILFKpH SDU FHW D[H FRQFHUQH O¶XWLOLVDWLRQ GH OD SURSULpWp GH
F\FORVWDWLRQDULWp GHV VLJQDX[ j GHV ILQV GH GLDJQRVWLF GH PDFKLQHV WRXUQDQWHV� $X
WUDYHUV GH FHV FRQVLGpUDWLRQV� � DUWLFOH GH UHYXH LQWHUQDWLRQDOH >%RX��D@ HW � DUWLFOHV
GH FRQIpUHQFH LQWHUQDWLRQDOH j FRPLWp GH OHFWXUH HW DFWHV RQW pWp SXEOLpV >%RX���@�
>%.*��@� >%.��@� >&KR���@� &HV WUDYDX[ SURSRVHQW GHV PpWKRGHV HW GHV HVWLPDWHXUV
VWDWLVWLTXHV SRXU O¶HVWLPDWLRQ IUpTXHQWLHOOH GH GpIDXWV� ,OV RQW SHUPLV GH SRXU�
VXLYUH OD FROODERUDWLRQ DYHF 3� :LUIlOW HW 0� -DQVVRQ �8QLYHUVLWp .7+� 6XqGH� HW GH
IDLUH QDvWUH XQH FROODERUDWLRQ DYHF 9LQFHQW &KRTXHXVH �8QLYHUVLWp %UHVW 2FFLGHQWDOH��

/RUV GH PRQ LQWpJUDWLRQ DX ODERUDWRLUH ',63 HQ ����� M¶DL SX P¶LQWpUHVVHU DX
GRPDLQH GH OD VDQWp HW P¶LPSOLTXHU GDQV XQH SUREOpPDWLTXH OLpH DX[ K{SLWDX[ VRXV
WHQVLRQ� -¶DL G� DGDSWHU PRQ FKDPSV GLVFLSOLQDLUH LQLWLDO DILQ GH UpSRQGUH j FHWWH
QRXYHOOH WKpPDWLTXH�

-¶DL WRXW G¶DERUGV pWp VROOLFLWp SDU (� 0DUFRQ SRXU UpSRQGUH j XQH SUREOpPDWLTXH
VRXOHYpH SDU OHV XUJHQWLVWHV SpGLDWULTXHV� (Q HIIHW HQ ���� O¶pSLGpPLH GH %URQFKLROLWH�
FDXVpH SULQFLSDOHPHQW SDU OH 9LUXV 5HVSLUDWRLUH 6\QF\WLDO �956�� D pWp QHWWHPHQW SOXV
SUpFRFH HW G¶XQH WUqV IRUWH DPSOHXU FHWWH DQQpH�Oj� 6L OHV UHVSRQVDEOHV GH VHUYLFH
GHV XUJHQFHV� HW DXWUHV FDGUHV GH VDQWp SLORWDLHQW JURVVLqUHPHQW O¶RUJDQLVDWLRQ�
FHWWH pSLGpPLH VDQV SUpFpGHQW MXVTX¶j ORUV� D FDXVp XQH WUqV IRUWH GpVRUJDQLVDWLRQ�
/HV UHVSRQVDEOHV G¶XUJHQFHV SpGLDWULTXHV RQW DORUV PRELOLVp O¶$JHQFH 5pJLRQDO GH
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6DQWp �$56� DILQ G¶DSSRUWHU XQH VROXWLRQ SRXU SUpYHQLU FHV DUULYpHV PDVVLYHV DX[
XUJHQFHV� &¶HVW GRQF GDQV FH FDGUH TXH M¶DL FRPPHQFp PRQ WUDYDLO FROODERUDWLI
DYHF OH &+8 GH 6DLQW�(WLHQQH HW VHV XUJHQFHV SpGLDWULTXHV� 1RXV DYRQV REWHQX OH
ILQDQFHPHQW GX SURMHW © *2 3ODQ +LYHUQDO HQ 3pGLDWULH �*2 3+3�ª SDU O¶$JHQFH
5pJLRQDO GH 6DQWp $XYHUJQH�5K{QH�$OSHV VXU DSSHO j SURMHW LQQRYDQW G¶XQ PRQWDQW
WRWDO GH ��� .¼ TXL D ILQDQFp OD WKqVH GH 0DsO '8*$67 � /¶pSLGpPLH GH EURQFKLROLWH
pWDQW MXVTX¶HQ ����� XQH pSLGpPLH VDLVRQQLqUH� OH IOX[ GH SDWLHQWV SHXW VH PRGpOLVHU
VRXV XQH IRUPH GH SURFHVVXV SpULRGLTXHPHQW FRUUpOp� 6RQ pWXGH P¶D GRQF SHUPLV
G¶DSSURIRQGLU OD FRQQDLVVDQFH HW OD PRGpOLVDWLRQ GH FHWWH FODVVH GH SURFHVVXV SDU
GHV RXWLOV GH JpRPpWULH GLIIpUHQWLHOOH HW GH WRSRORJLH DOJpEULTXH� HW D FRQGXLW HQ OD
FUpDWLRQ GH SUHPLHUV GpWHFWHXUV SUpFRFHV G¶DUULYpHV DX[ XUJHQFHV� &HWWH SDUWLH VHUD
GpYHORSSpH GDQV OH FKDSLWUH ��

$X FRXUV GHV GLVFXVVLRQV DYHF OH FRQVRUWLXP GHV PpGHFLQV XUJHQWLVWHV HW DXWUHV
YLURORJXHV� QRXV QRXV VRPPHV DSHUoXV TXH OHV UpVXOWDWV REWHQXV SDU OD WKqVH GH
0DsO '8*$67� TXL VH IRFDOLVDLHQW VXU OHV XUJHQFHV SpGLDWULTXHV SRXYDLHQW rWUH
XWLOLVpV SRXU OHV SDWLHQWV GHV XUJHQFHV DGXOWHV� /HV UpIOH[LRQV TXL RQW GpFRXOpV
QRXV RQW SHUPLV GH FRQVWUXLUH XQ QRXYHDX SURMHW HW G¶REWHQLU OH ILQDQFHPHQW GX
SURMHW 35(36�'*26 �0LQLVWqUH GH OD 6DQWp� 35('$)/8� VXU DSSHO j SURMHW
JpQpULTXH G¶XQ PRQWDQW WRWDO GH ��� .¼� &H SURMHW ILQDQFH HQWUH DXWUH OD WKqVH
GH &OpPHQW 3($/$7 � /¶LGpH SULQFLSDOH GH FH SURMHW� HVW G¶XWLOLVHU OHV SUHPLqUHV
DOHUWHV DVVRFLpHV DX IOX[ GH SDWLHQWV HQIDQW SRXU OD SDWKRORJLH GH %URQFKLROLWH HQ
FRQMRQFWLRQ GHV GRQQpHV YLUDOHV GHV ODERUDWRLUHV SRXU OHV YLUXV LQIOXHQ]D �JULSSH� HW
956� 8Q IOX[ GH SDWLHQWV HVW GpWHUPLQp HQ IRQFWLRQ GHV GLIIpUHQWV FRGHV GLDJQRVWLF
REWHQXV HW HVW HQVXLWH PRQLWRUp SRXU XQ PHLOOHXU SLORWDJH GX VHUYLFH� 1RXV DERUGRQV
FHWWH SUREOpPDWLTXH DX WUDYHUV GX FOXVWHULQJ GH VpULHV WHPSRUHOOHV LQMHFWpHV VXU GHV
YDULpWpV GLIIpUHQWLHOOHV DSSURSULpHV HW VHUD GpYHORSSp DX FKDSLWUH ��

&HV UpVXOWDWV IRUWHPHQW HQFRXUDJHDQWV RQW LQLWLp XQ FHUWDLQ QRPEUH GH SURMHWV� (Q
SDUWLFXOLHU� QRXV DYRQV SDUWLFLSp j OD FRQWULEXWLRQ DX WDEOHDX GH ERUG GH OD VWUDWpJLH
QDWLRQDOH GH VDQWp YLD O¶DSSHO j SURMHW GH UHFKHUFKH SRXU OD GpILQLWLRQ HW O¶pODERUDWLRQ
WHFKQLTXH G¶LQGLFDWHXUV V\QWKpWLTXHV� 1RXV DYRQV REWHQX OH /RW Q�� � $QDO\VH GH
O¶LQGLFDWHXU © 7HPSV G¶DWWHQWH PR\HQ GDQV OHV VHUYLFHV KRVSLWDOLHUV G¶DFFXHLO GHV
XUJHQFHVª SRXU XQ PRQWDQW WRWDO GH �� .¼ HW ILQDQFp SDU OH PLQLVWqUH GH OD VDQWp�
/¶pWXGH GX IOX[ GH SDWLHQWV DGXOWHV GHV XUJHQFHV P¶D SHUPLV G¶HQWUHSUHQGUH GHV
UHFKHUFKHV VXU OD PRGpOLVDWLRQ GH FH IOX[ SDU XQ SRUFHVVXV DXWR�VLPLODLUH YRLUH PXOWL�
IUDFWDO HW G¶DERUGHU OD QRWLRQ G¶LQGLFDWHXU G¶DWWHQWH RX GH FRQJHVWLRQ SRXU OHV XUJHQFHV
DX WUDYHUV GHV RXWLOV OLpV DX *URXSH GH 5HQRUPDOLVDWLRQ� &HWWH WKpPDWLTXH VHUD DERU�
GpH GDQV OH FKDSLWUH � HW FRUUHVSRQG DX[ WUDYDX[ GH WKqVH GH 6LG¶$KPHG (0,1( �



0RQ SRVLWLRQQHPHQW

SL OD OLWWpUDWXUH HVW DERQGDQWH FRQFHUQDQW OHV HIIHWV GH OD Gp�
VRUJDQLVDWLRQ GHV VHUYLFHV G¶XUJHQFH HQ $PpULTXH GX 1RUG�
OHV PrPHV HIIHWV VRQW REVHUYpV HQ (XURSH� HW QRWDPPHQW
HQ )UDQFH� ,O VHPEOH pJDOHPHQW TXH OD OLWWpUDWXUH VRLW WUqV
YDJXH TXDQW j OD GpILQLWLRQ GH FHV HIIHWV� $XVVL� SDU VRXFL GH
FODUWp� M¶DL RSWp SRXU OD GpILQLWLRQ GRQQpH GDQV >+RR���@� TXL
FDUDFWpULVH OD UXSWXUH RX OD WHQVLRQ GHV XUJHQFHV FRPPH XQ

© HQFRPEUHPHQW ª� © FURZGLQJ ª RX HQFRUH © RYHUFURZGLQJ ª GDQV OD OLWWpUDWXUH DQ�
JORSKRQH� /D GpILQLWLRQ GX FURZGLQJ SURSRVpH j O¶RULJLQH SDU O¶$PHULFDQ &ROOHJH RI
(PHUJHQF\ 3K\VLFLDQV� HVW OD VXLYDQWH � © ,O \ D HQFRPEUHPHQW ORUVTXH OH EHVRLQ
LGHQWLILp GH VHUYLFHV G¶XUJHQFH GpSDVVH OHV UHVVRXUFHV GLVSRQLEOHV SRXU OD SULVH HQ
FKDUJH GHV SDWLHQWV GDQV OH VHUYLFH G¶XUJHQFH� O¶K{SLWDO� RX OHV GHX[ ª� 8QH UHYXH
GH OLWWpUDWXUH GHV GpILQLWLRQV HW DXWUHV LQGLFDWHXUV VRQW GLVFXWpV GDQV OD WKqVH GH )�
.DGUL >.DG��@� ¬ SDUWLU GH FHWWH GpILQLWLRQ� M¶DL GRQF LQWHUSUpWp OH FURZGLQJ FRPPH XQ
SKpQRPqQH TXL LPSOLTXH O¶LQWHUDFWLRQ HQWUH O¶RIIUH HW OD GHPDQGH� &KDTXH VHUYLFH KRV�
SLWDOLHU D\DQW XQH FDSDFLWp VSpFLILTXH� OH SUREOqPH GH O¶HQFRPEUHPHQW VH UpSHUFXWH
LQVWDQWDQpPHQW VXU O¶RUJDQLVDWLRQ�
$X FRXUV GHV GHUQLqUHV GpFHQQLHV� GH QRPEUHXVHV UHFKHUFKHV VH VRQW SHQFKpHV VXU
OHV PR\HQV GH UpVRXGUH FHV SUREOqPHV G¶RUJDQLVDWLRQ� /¶XQH G¶HQWUH HOOHV FRQVLVWH j
DVVLPLOHU OHV K{SLWDX[ j GHV HQWUHSULVHV FODVVLTXHV GDQV OHVTXHOOHV OHV SDWLHQWV VRQW
FRQVLGpUpV FRPPH GHV SURGXLWV� &HOD GpPDWpULDOLVH OHV SDWLHQWV HW QH SUHQG SDV HQ
FRPSWH WRXWHV OHV FRQWUDLQWHV GHV SDWLHQWV� PDLV FHOD SHUPHW GH PRGpOLVHU HW GH Up�
VRXGUH OH SUREOqPH� 3DU H[HPSOH� OD PRGpOLVDWLRQ SDU pYpQHPHQWV GLVFUHWV >+$��@�
>+XQ���@� >$*0��@� >.HQ���@� >&XE���@� IRXUQLW GH ERQQHV VROXWLRQV SRXU UpGXLUH
OHV WHPSV G¶DWWHQWH GHV SDWLHQWV� DPpOLRUHU O¶RUGRQQDQFHPHQW RX PLQLPLVHU OH QRP�
EUH GH FKDPEUHV� /¶XWLOLVDWLRQ GH FH W\SH G¶DSSURFKH SRXU WUDLWHU OH SUREOqPH SHUPHW
GH WURXYHU GHV VROXWLRQV j GHV VLWXDWLRQV FRPSOH[HV� GDQV OHVTXHOOHV GH QRPEUHX[
SDUDPqWUHV LQWHUDJLVVHQW GH PDQLqUH SRWHQWLHOOHPHQW QRQ OLQpDLUH� 'DQV OH FRQWH[WH
GH OD VLPXODWLRQ� RQ UHWURXYH pJDOHPHQW OHV WUDYDX[ GpGLpV j OD UpGXFWLRQ GX WHPSV
G¶DWWHQWH GHV SDWLHQWV HW DX GLPHQVLRQQHPHQW GHV VHUYLFHV� QDWXUHOOHPHQW WUDLWpV SDU
OH IRUPDOLVPH GH OD WKpRULH GHV ILOHV G¶DWWHQWHV�
3RXU HVWLPHU OD TXDQWLWp QpFHVVDLUH GH UHVVRXUFHV j O¶pWDW VWDWLRQQDLUH G¶XQ VHUYLFH
G¶DFFXHLO GHV XUJHQFHV� OD WKpRULH GHV ILOHV G¶DWWHQWH� FKDvQH GH 0DUNRY HW SURFHVVXV
GH GpFLVLRQ PDUNRYLHQ RQW PRQWUp XQH FHUWDLQH HIILFDFLWp >$+.��@� >334��@� >$&/��@�
>670��@� >7:/��@� >/;/��@� >'*3��@� &HV DSSURFKHV PRQWUHQW TXH OH IOX[ GH SD�
WLHQWV SHXW rWUH DPpOLRUp SRXU XQH PHLOOHXUH SULVH HQ FKDUJH GHV SDWLHQWV� 'DQV FHV
PRGqOHV� OHV DUULYpHV DX[ XUJHQFHV VRQW PRGpOLVpHV SDU XQ SURFHVVXV GH 3RLVVRQ
TXL QRXV OH YHUURQV� Q¶HVW SDV IRUFpPHQW OD PHLOOHXUH PRGpOLVDWLRQ�
(QILQ� FHV PrPHV SUREOpPDWLTXHV VRQW DERUGpHV SDU OH ELDLV GHV V\VWqPHV PXOWL�
DJHQWV ><)��@� >%5$��@� >'DN���@� >6%$��@� >7DE���@ TXL GH SOXV HQ SOXV VRQW PrOpV
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j GHV DOJRULWKPHV G¶RSWLPLVDWLRQ SRXU DXJPHQWHU OD SHUIRUPDQFH GHV V\VWqPHV G¶DLGH
j OD GpFLVLRQ�

/H IOX[ GH SDWLHQWV HVW GRQF XQ SDUDPqWUH HVVHQWLHO� HW ORUVTX¶LO HVW PRGpOLVp j O¶DLGH GH
ORLV H[SRQHQWLHOOHV RX pTXLYDOHQWHV� LO QH UHIOqWH SDV OD UpDOLWp� &¶HVW XQH GpPRQVWUDWLRQ
IDLWH SDU H[HPSOH GDQV >059��@ R� OHV ORLV 3RLVVRQQLHQQH HW /RJQRUPDOH VRQW PLVH
j GpIDXW� &HOD VXJJqUH LPSOLFLWHPHQW TXH OD FRQQDLVVDQFH GX IOX[ GH SDWLHQWV SRXUUDLW
UpHOOHPHQW DLGHU j GpYHORSSHU GHV VROXWLRQV� (Q RXWUH� OH IOX[ GH SDWLHQWV HVW OD FDXVH
HW O¶RULJLQH GHV HIIHWV GH O¶HQFRPEUHPHQW� &HWWH LGpH D pWp LQWURGXLWH SDU >(LW���@
RX >3HF���@� >3HF��@� FH GHUQLHU IDLW UpIpUHQFH DX WUDYDLO SUpFpGHQW GH >+DO���@� GDQV
OHTXHO OH IOX[ GH SDWLHQWV DX[ XUJHQFHV D pWp pWXGLp SRXU SUpGLUH OH QRPEUH GH OLWV GDQV
OHV XQLWpV G¶KRVSLWDOLVDWLRQ� /D SUREOpPDWLTXH GH SUpGLFWLRQ HVW GRQF XQH WKpPDWLTXH
ODUJHPHQW GpYHORSSpH DXVVL >$%%��@� >/LQ��@� (OOH VH EDVH OH SOXV VRXYHQW VXU XQH
PRGpOLVDWLRQ GX IOX[ GH SDWLHQWV SDU XQ PRGqOH $50$� 6$5,0$� RX HQFRUH *$5&+�
/H SUREOqPH RUJDQLVDWLRQQHO GDQV OHV K{SLWDX[ SHXW rWUH DORUV UpGXLW j O¶pWXGH GX IOX[
GH SDWLHQWV DX[ XUJHQFHV� &H SRLQW D pWp LOOXVWUp SDU >6WD���@�

3RXU IDLUH OH SRLQW� OHV SUREOpPDWLTXHV OLpHV j O¶RUJDQLVDWLRQ RX DX SLORWDJH GH V\V�
WqPHV G¶DFFXHLO GHV XUJHQFHV VRQW WUDLWpV SDU XQH PRGpOLVDWLRQ GX IOX[ GH SDWLHQWV
VRXV O¶DQJOH

� GHV V\VWqPHV j pYqQHPHQWV GLVFUHWV DYHF GHV K\SRWKqVHV GH ORL 3RLVVRQQL�
HQQHV SRXU OHV DUULYpHV

� SDU GHV ILOHV G¶DWWHQWHV DYHF JpQpUDOHPHQW OHV PrPHV K\SRWKqVHV SRXU OHV LQWHU�
DUULYpHV

� SDU OHV V\VWqPHV PXOWL�DJHQWV
� SDU PRGpOLVDWLRQ VWDWLVWLTXH GHV DUULYpHV VRXV OD IRUPH GH PRGqOHV DXWR�
UpJUHVVLIV HW GH OHXUV GpULYpV�

$\DQW� GXH j PD IRUPDWLRQ� XQ SHX SOXV G¶DFFRLQWDQFHV DYHF XQH DSSURFKH VWDWLV�
WLTXH GH OD PRGpOLVDWLRQ GX IOX[� M¶DL GRQF DERUGp OD UpVROXWLRQ GHV SUREOpPDWLTXHV
G¶HQFRPEUHPHQW RX GH WHQVLRQ GDQV OHV VHUYLFHV G¶DFFXHLO GHV XUJHQFHV SDU OD FRQ�
VWLWXWLRQ G¶RXWLOV G¶DLGH j OD GpFLVLRQ SRXU OH SLORWDJH �HW QRQ SRXU OH GLPHQVLRQQHPHQW�
YLD O¶DSSURFKH VWDWLVWLTXH� /D GpFLVLRQ SURSRVpH SRXU OH SLORWDJH Q¶HVW SDV LVVXH GH
PRGqOHV PDWKpPDWLTXHV GHV VHUYLFHV� QL GH OD PRGpOLVDWLRQ GX IOX[ VRXV VD IRUPH
VLPXOpH PDLV LVVXV GH OD G\QDPLTXH� RX YDULDELOLWp GH FH GHUQLHU� -H QH FKHUFKH GRQF
SDV j FDUDFWpULVHU OH V\VWqPH PDLV SOXW{W G¶HQ FRPSUHQGUH OHV HIIHWV� HW G¶XWLOLVHU OH
IOX[ GH SDWLHQWV FRPPH XQ LQGLFDWHXU GH OD WHQVLRQ� HW GH GpFLVLRQ�



�
3UpYHQLU OD WHQVLRQ DX[ XUJHQFHV

SpGLDWULTXHV
$ILQ GH UpSRQGUH DX[ VROOLFLWDWLRQV
GHV XUJHQWLVWHV SpGLDWULTXHV VRXKDL�
WDQW DYRLU XQ RXWLO GH GpWHFWLRQ SUp�
FRFH GH YHQXHV PDVVLYHV DX[ XU�
JHQFHV� MH PH VXLV LQWpUHVVp j OD
VWUXFWXUH GX IOX[ GH SDWLHQWV� -H
GpYHORSSHUDL GRQF GDQV FH FKDSLWUH
OD QRWLRQ GH GLODWDWLRQ G¶RSpUDWHXU
SRXU OD UHSUpVHQWDWLRQ GX SURFHV�
VXV VWRFKDVWLTXH DVVRFLpH HW OHV RXW�
LOV GH JpRPpWULH GLIIpUHQWLHOOH HW GH
WRSRORJLH DOJpEULTXH XWLOLVpV� &HV
RXWLOV VHUYHQW G¶XQH SDUW j FDUDF�
WpULVHU GH PDQLqUH LQWULQVqTXH DX

WUDYHUV GHV WUDMHFWRLUHV GHV RSpUDWHXUV GH GLODWDWLRQ VXU XQ JURXSH GH /LH
OH SURFHVVXV OXL�PrPH� HW G¶DXWUH SDUW j SURSRVHU GHV GpWHFWHXUV SUpFRFHV�

6RPPDLUH
��� 8Q RXWLO VWDWLVWLTXH VLPSOH � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 'LODWDWLRQ G¶RSpUDWHXUV � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 3ULQFLSHV WKpRULTXHV�OH F{Wp DFFHVVLEOH � � � � � � � � � � � � � � ��
����� 3ULQFLSHV WKpRULTXHV�OH F{Wp PDWKpPDWLTXHV � � � � � � � � � � � ��
����� &RQVWUXFWLRQ GHV PDWULFHV GH 'LODWDWLRQ � � � � � � � � � � � � � � ��
����� 8QH LPSOpPHQWDWLRQ SDV j SDV SDU O¶H[HPSOH� � � � � � � � � � � ��

��� &RPSDUDLVRQ HW FDUDFWpULVDWLRQ LQWULQVqTXH GHV SURFHVVXV � � � � � � � ��
����� ,QGLFDWHXU LQWULQVqTXH SDU O¶HVSDFH GHV IRUPHV� � � � � � � � � � ��
����� ,QGLFDWHXU LQWULQVqTXH SDU OD WRSRORJLH DOJpEULTXH � � � � � � � � ��

��� 0LVH HQ SODFH GHV LQGLFDWHXUV � � � � � � � � � � � � � � � � � � � � � � � � ��
����� /¶LQGLFDWHXU SUpFRFH EDVp VXU OD WRSRORJLH � � � � � � � � � � � � ��
����� /¶DSSOLFDWLRQ ZHE � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 5HWRXU G¶H[SpULHQFH � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &RQWULEXWLRQV VFLHQWLILTXHV GH FHWWH SDUWLH � � � � � � � � � � � � � � � � � ��

��



�� &KDSWHU �� 3UpYHQLU OD WHQVLRQ DX[ XUJHQFHV SpGLDWULTXHV

���� 8Q RXWLO VWDWLVWLTXH VLPSOH

&RQVWUXLUH XQ GpWHFWHXU SUpFRFH GH YHQXHV PDVVLYHV DX[ XUJHQFHV SHXW V¶DSSDUHQWHU
j OD SUREOpPDWLTXH GX FKDQJH SRLQW GpWHFWLRQ� 6L O¶RQ FRQVLGqUH TXH OHV DGPLVVLRQV
DX[ XUJHQFHV VRQW XQ SKpQRPqQH SUpGLFWLEOH OD SOXSDUW GX WHPSV� ORUV G¶XQH pSLGpPLH�
OHV YHQXHV GHYLHQQHQW QRQ�SUpGLFWLEOHV HW XQ SKpQRPqQH DQRUPDO DSSDUDvW� /D GpWHF�
WLRQ GH FHWWH DQRUPDOLWp UHSUpVHQWH OH FKDQJHPHQW G¶pWDW GX SKpQRPqQH DVVRFLp DX[
DUULYpHV GHV SDWLHQWV HW FDUDFWpULVH OH GpEXW G¶XQH pSLGpPLH� &¶HVW j SDUWLU GH FH FRQ�
VWDW TXH M¶DL GRQF DSSOLTXp GHV PpWKRGHV H[LVWDQWHV SRXU OD GpWHFWLRQ GH FKDQJHPHQW
G¶pWDW� (Q SDUWLFXOLHU� OD PpWKRGH GLWH GX 6HUIOLQJ HVW XQH PpWKRGH HPSOR\pH SDU OHV
RUJDQLVPHV GH VXUYHLOODQFH VDQLWDLUH GHSXLV TXHOTXHV DQQpHV PDLQWHQDQW� ,O V¶DJLW
G¶DSSUR[LPHU SDU XQ SURFHVVXV PXOWL�SpULRGLTXHV OH IOX[ G¶DGPLVVLRQV DX[ XUJHQFHV
GHV SDWLHQWV DYHF O¶LGpH GH FDSWXUHU OD SpULRGLFLWp HW OHV YDULDWLRQV KDXWHV IUpTXHQFHV
VDQV SRXYRLU FDSWXUHU OH FRWp RXWOLHU GDQV OHV GRQQpHV TXL UHSUpVHQWH O¶DVSHFW QRQ�
SUpGLFWLI GH O¶pSLGpPLH� $LQVL� OH PRGqOH SDUDPpWULTXH REWHQXH HVW FRPSDUp j OD
FRXUEH UpHOOH GHV DGPLVVLRQV� /RUVTXH OD FRXUEH UpHOOH GpSDVVH FHOOH GX PRGqOH� LO
HVW FRQVLGpUp TXH O¶pSLGpPLH GpEXWH� /H PRGqOH VLQXVRwGDOH PXOWL�SpULRGLTXH XWLOLVpH
HVW OH VXLYDQW

x̂(t) = β̂0 + β̂1t+ β̂2 FRV
(
2π

T̂1

t

)
+ . . .+ β̂np+2 FRV

(
2π

T̂np

t

)
. �����

'DQV >%00��@ HVW GLVFXWp GH O¶HVWLPDWLRQ GHV GLIIpUHQWV SDUDPqWUHV GX PRGqOH�
&HWWH SURFpGXUH JpQpUDOHPHQW HPSOR\pH SRXU GHV GRQQpHV KHEGRPDGDLUHV QH SHXW
V¶DSSOLTXHU DX[ DGPLVVLRQV DX[ XUJHQFHV VXU OD EDVH GH GRQQpHV TXRWLGLHQQHV GXHV
j GH WURS IRUWHV YDULDWLRQV GHV DGPLVVLRQV� -¶DL GRQF SURSRVp G¶DPpOLRUHU OD GpWHFWLRQ
HQ DQDO\VDQW VWDWLVWLTXHPHQW OD VpULH GHV HUUHXUV GH SUpGLFWLRQ GXPRGqOH� /¶LQGLFDWHXU
VWDWLVWLTXH ODUJHPHQW HPSOR\p HQPDLQWHQDQFH SUpGLFWLYH VXU OHV PDFKLQHV WRXUQDQWHV
HVW OH NXUWRVLV� -¶DL GRQVPLV HQ SODFH XQ GpWHFWHXU EDVp VXU O¶pYROXWLRQ GX .XUWRVLV GHV
HUUHXUV GH SUpGLFWLRQV� /HV UpVXOWDWV VRQW H[SRVpV GDQV >%00��@� &L�DSUqV HQ )LJXUH
���� XQH LPDJH GX IRQFWLRQQHPHQW JOREDO GX GpWHFWHXU DLQVL TX¶XQH LPDJH PRQWUDQW
OH UHWDUG G¶DFWLYDWLRQ GX SODQ KLYHUQDO GHV XUJHQFHV SpGLDWULTXHV GX &+8 GH 6DLQW�
(WLHQQH SDU UDSSRUW j OD GpWHFWLRQ IDLWH SDU O¶RXWLO VWDWLVWLTXH� 6XU FHW H[HPSOH� O¶RXWLO
Q¶pWDLW SDV HQFRUH PLV HQ SODFH� (Q VH SRVLWLRQQDQW GX F{Wp WHPSV UpHO HW RSpUDWLRQQHO�
RQ SHXW QRWDPPHQW V¶DSHUFHYRLU TXH O¶DFWLYDWLRQ GX SODQ KLYHUQDO SDU OD GLUHFWLRQ GX
&+8 D pWp GRQQpH SUHVTXH � VHPDLQHV DSUqV OD GpWHFWLRQ� DORUV PrPH TXH O¶DIIOXHQFH
DX[ XUJHQFHV pWDLW HQ GLPLQXWLRQ HW TXH O¶pSLGpPLH pWDLW SURFKH GH VD ILQ�

&HV UpVXOWDWV SRVLWLIV P¶RQW HQVXLWH DPHQp j PRGpOLVHU SOXV ILQHPHQW FH SURFHVVXV
G¶DGPLVVLRQV� -H PH VXLV DORUV WRXUQp YHUV GHV pOpPHQWV WKpRULTXHV VXU OHV SURFHVVXV
SpULRGLTXHPHQW FRUUpOpV� P¶DPHQDQW GRXFHPHQW j OD WKpRULH GH OD GLODWDWLRQ GHV RSpUD�
WHXUV JUkFH j XQ RXYUDJH GH 7� &RQVWDQWLQHVFX >&RQ��@� PDMHXU GDQV PHV UHFKHUFKHV�



���� 8Q RXWLO VWDWLVWLTXH VLPSOH ��
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Bronchiolitis patient flow

Kurtosis index

Serfling model

Plan activation

The very start
of Bronchiolitis (RSV) 

epidemic

Request for a Plan 
to reduce crowding

�E�

)LJXUH ���� (Q KDXW� OD ILJXUH H[SOLFDWLYH GX IRQFWLRQQHPHQW GX .XUWRVLV VXU OH IOX[ G¶DUULYpHV GHV
SDWLHQWV DYHF GLDJQRVWLF GH EURQFKLROLWH VXU � DQQpH� (Q EDV� LOOXVWUDWLRQ GH O¶LQWpUrW GH O¶LQGLFDWHXU GH

.XUWRVLV SRXU OD PLVH HQ SODFH GX SODQ KLYHUQDO HQ SpGLDWULH�



�� &KDSWHU �� 3UpYHQLU OD WHQVLRQ DX[ XUJHQFHV SpGLDWULTXHV

���� 'LODWDWLRQ G¶RSpUDWHXUV

/¶DQDO\VH HW�RX OD UHSUpVHQWDWLRQ GHV SURFHVVXV QRQ VWDWLRQQDLUHV HVW DERUGpH GHSXLV
TXDWUH RX FLQT GpFHQQLHV j SUpVHQW SDU O¶DQDO\VH WHPSV�pFKHOOH�WHPSV�IUpTXHQFH
>)OD��@� >$XJ���@ RX HQFRUH SDU OD UHSUpVHQWDWLRQ GH )RXULHU ORUVTXH OHV SURFHVVXV
DSSDUWLHQQHQW j OD FODVVH GHV SURFHVVXV SpULRGLTXHPHQW FRUUpOpV �3&� >1DS��@�
>+0��D@� '¶DXWUHV DSSURFKHV� PRLQV FRQQXHV� XWLOLVHQW OHV FRHIILFLHQWV GH FRUUpODWLRQ
SDUWLHOV �SDUFRUV� >/DP��@� >'/��@� /¶XQ GHV DYDQWDJHV j XWLOLVHU OHV SDUFRUV UpVLGH
GDQV OHXU IRUWH UHODWLRQ DYHF OD PHVXUH GX SURFHVVXV SDU OD UHODWLRQ SRLQW�j�SRLQW TXL
OHV OLH DYHF OHV FRHIILFLHQWV GH FRUUpODWLRQV >'HV��D@� ><$%��@� ,OV DSSDUDLVVHQW SDU
FRQVpTXHQW H[SOLFLWHPHQW GDQV OD GpFRPSRVLWLRQ HQ SRO\Q{PH RUWKRJRQDX[ GH OD
PHVXUH >%LQ��@� >6LP��@� HW VRQW OHV pOpPHQWV SRXU OD FRQVWUXFWLRQ GH PDWULFHV GH
GLODWDWLRQ TXL DSSDUDLVVHQW GDQV OHV PDWULFHV &DQWHUR 0RUDO HW 9HOD]TXH] �&09� �
*pURQLPXV� *UDJJ HW 7HSO\DHY �**7� >6LP��@� GDQV OH SUREOqPH GHV IORWV GH 6FKXU
>$*5��@� VRQW pJDOHPHQW YXHV GDQV OD OLWWpUDWXUH HQ WDQW TX¶RSpUDWHXUV G¶pYROXWLRQ
>6LP��@ RX RSpUDWHXU GH GpFDODJH >0DV��@� HW DSSDUDLVVHQW HQILQ GDQV OD UHSUpVHQ�
WDWLRQ G¶HVSDFH�pWDW >&RQ��@� >'HV��@� /HV UpIpUHQFHV GRQQpHV SUpFpGHPPHQW
QH VRQW TX¶XQ pFKDQWLOORQ IDLEOH GH OD GpILQLWLRQ HW GH O¶XWLOLVDWLRQ GH FHW RSpUDWHXU
TXL� QRXV YHQRQV GH OD FRQVWDWHU� DSSDUDvW GDQV XQ QRPEUH LPSRUWDQW GH WKpPD�
WLTXHV GLIIpUHQWHV� /D GpFRXYHUWH HW OD FRPSUpKHQVLRQ GH FHW REMHW PDWKpPDWLTXH
D GRQF pWp XQH WkFKH LPSRUWDQWH WDQW VD GpILQLWLRQ� VRXYHQW WKpRULTXH HVW SOXULHOOH�
/H F{Wp SRVLWLI pWDQW TXH FHW REMHW PH VHPEOH DXMRXUG¶KXL XQ REMHW UHODWLYHPHQW FHQWUDO�

4XHO DQJOH FKRLVLU SRXU SUpVHQWHU FHW REMHW . . . GLIILFLOH GH IDLUH XQ FKRL[ � -H
SURSRVH GRQF XQH H[SOLFDWLRQ VLPSOLILpH HW LQWXLWLYH TXL QH GHYUDLW SDV QXLUH j OD
FRPSUpKHQVLRQ HW XQ SDUWLH SULV EDVp VXU OD UHSUpVHQWDWLRQ GH JURXSH�

������ 3ULQFLSHV WKpRULTXHV�OH F{Wp DFFHVVLEOH
/D WKpRULH GH OD GLODWDWLRQ V¶LQVSLUH GH OD WKpRULH GHV RSpUDWHXUV >6]����@� TXL UHOLH
OD PHVXUH HW OHV RSpUDWHXUV XQLWDLUHV GX SURFHVVXV� 'DQV VD YHUVLRQ OD SOXV VLPSOH�
OD WKpRULH GH OD GLODWDWLRQ FRUUHVSRQG j OD GLODWDWLRQ GH 1DLPDUN >6]����@� HW VWLSXOH
TX¶pWDQW GRQQp XQH VpTXHQFH GH FRHIILFLHQWV GH FRUUpODWLRQ {Ri}i∈N� LO H[LVWH XQH PD�
WULFH XQLWDLUH W WHOOH TXH

Ri ! (1 0 0 · · · )W i(1 0 0 · · · )T

R� ·T GpQRWH OD WUDQVSRVLWLRQ� 2Q V¶DSHUoRLW DX SDVVDJH TXH OHV SXLVVDQFHV VXF�
FHVVLYHV GH O¶RSpUDWHXU GH GLODWDWLRQ FRQGXLVHQW j O¶HVWLPDWLRQ GHV FRHIILFLHQWV GH FRU�
UpODWLRQV� /RUVTXH OH SURFHVVXV Q¶HVW SDV VWDWLRQQDLUH� VD PDWULFH GH FRUUpODWLRQ DVVR�
FLpH Q¶HVW SOXV VWUXFWXUpH 7°SOLW]� XQ HQVHPEOH GH PDWULFHV HVW DORUV UHTXLV >&RQ��@
HW O¶H[SUHVVLRQ SUpFpGHQWH GHYLHQW

Ri,j ! (1 0 0 · · · )Ui+1Ui+2 · · ·Uj(1 0 0 · · · )T

�



���� 'LODWDWLRQ G¶RSpUDWHXUV ��

/HVPDWULFHVUi VRQW WKpRULTXHPHQW FRPSULVHV FRPPH GHVPDWULFHV GH URWDWLRQ FDU
HOOHV WUDGXLVHQW O¶RUWKRJRQDOLVDWLRQ HW OD UHQRUPDOLVDWLRQ GH O¶HVSDFH GH +LOEHUW GDQV
OHTXHO VH UHSUpVHQWH OD PDWULFH GH FRUUpODWLRQ�FRYDULDQFH� (OOHV VRQW WKpRULTXHPHQW LQ�
ILQLHV GRQF PDLV GHYLHQQHQW ILQLHV ORUVTXH OD VpTXHQFH GHV FRHIILFLHQWV GH FRUUpODWLRQ
HVW HOOH�PrPH ILQLH� 'DQV FH FDV SDUWLFXOLHU� OHV PDWULFHV Ui DSSDUWLHQQHQW j SO(n) RX
SU(n)� OH JURXSH VSpFLDO RUWKRJRQDO RX XQLWDLUH� UHVSHFWLYHPHQW� HW OD PHVXUH GX SUR�
FHVVXV HVW WRWDOHPHQW GpFULWH SDU O¶HQVHPEOH GHV Ui� (Q FRQVpTXHQFH� OD PHVXUH GX
SURFHVVXV HVW PDJQLILTXHPHQW FDUDFWpULVpH SRXU OH FDV QRQVWDWLRQQDLUH� SDU XQH WUD�
MHFWRLUH pFKDQWLOORQQpH LQGXLWH SDU OHV PDWULFHV GH GLODWDWLRQ VXU XQ JURXSH GH /LH �VDQV
GpPRQVWUDWLRQ� OHV JURXSHV SO(n) HW SU(n) VRQW pJDOHPHQW GHV YDULpWpV� FRQIpUDQW
DLQVL FHWWH VWUXFWXUH GH JURXSH GH /LH�� /RUVTXH OH SURFHVVXV HVW SpULRGLTXHPHQW FRU�
UpOp� OD VpTXHQFH GH SDUFRUV HVW SpULRGLTXH� DLQVL TXH OD VpTXHQFH GH PDWULFHV GH
GLODWDWLRQ� FH TXL GRQQH XQH FRXUEH IHUPpH VXU OHV JURXSHV GH UHSUpVHQWDWLRQ�

������ 3ULQFLSHV WKpRULTXHV�OH F{Wp PDWKpPDWLTXHV
/H SDUWL SULV TXH MH SURSRVH LFL HVW FHOXL TXL HVW JXLGp SDU O¶DSSURFKH GH >:HU��D@�
'DQV FHW DUWLFOH� OD GLODWDWLRQ GH OD PHVXUH VSHFWUDOH HVW SUpVHQWpH GH OD PDQLqUH
VXLYDQWH� 6RLW {Xt}t∈T XQ SURFHVVXV VWDWLRQQDLUH YLYDQW VXU XQ JURXSH T � LO H[LVWH XQH
UHSUpVHQWDWLRQ XQLWDLUH U GH T VXU HX = sp {Xt, t ∈ T}� DSSHOp OH GRPDLQH WHPSRUHO
>+.)��@� >+XU��@� >+0��D@� >06��@ HW WHO TXH Xt = UtXe� R� e HVW O¶pOpPHQW G¶LGHQWLWp
GX JURXSH T � 'DQV FH FRQWH[WH� O¶RSpUDWHXU U HVW DSSHOp RSpUDWHXU GH GpFDODJH� LO
GpFULW FRPPHQW SDVVHU GH WRXW YHFWHXU Xt−1 GH HX j Xt� $YHF PDLQWHQDQW G OH GXDO
GH T � OD WUDQVIRUPpH GH )RXULHU GH OD PHVXUH VSHFWUDOH F GH {Xt}t∈T HVW GRQQpH SDU

Rτ =

∫

G

[τ, g]F (dg), τ ∈ T �����

R� [τ, g] HVW OD YDOHXU G¶XQ FDUDFWqUH g VXU τ � /RUVTXH T = R� OHV FDUDFWqUHV VRQW OHV
IRQFWLRQV g : x "−→ e2kπx, k ∈ R� G HVW LVRPRUSKH j R HW RQ REWLHQW OD WUDQVIRUPpH GH
)RXULHU KDELWXHOOH� (QILQ� LO H[LVWH XQ HVSDFH GH +LOEHUWH = HX HW XQH UHSUpVHQWDWLRQ
XQLWDLUH Ug WHOOH TXH

Rτ = 〈Xτ , Xe〉 = 〈UτXe, Xe〉

= X∗
eUτXe =

∫

G

[τ, g]X∗
eE(dg)Xe,

�����

R� E HVW OD PHVXUH VSHFWUDOH GH Ug� 3DU O¶XQLFLWp GH OD WUDQVIRUPpH GH )RXULHU� QRXV
DYRQV GRQF

F (∆) = X∗
eE(∆)Xe ∆ ∈ Σ �����

DYHF Σ XQH σ�DOJqEUH IL[pH GH T ∗� &HWWH H[SUHVVLRQ VLJQLILH ILQDOHPHQW TXH OD PHVXUH
VSHFWUDOH GX SURFHVVXV {Xt}t∈T HVW LQFOXVH GDQV XQH PHVXUH VSHFWUDOH SOXV JUDQGH
HW VLWXpH HQ GDQV OD SDUWLH VXSpULHXUH JDXFKH GH FHWWH GHUQLqUH� GH VRUWH TXH

E(∆) =

(
F (∆) ∗
∗ ∗

)
, �����



�� &KDSWHU �� 3UpYHQLU OD WHQVLRQ DX[ XUJHQFHV SpGLDWULTXHV

E(∆) HVW GRQF OD GLODWDWLRQ VSHFWUDOH GH F (∆)� 1RXV UHFRQQDLVVRQV LFL OD GLODWDWLRQ
GH 1DLPDUN� TXL SHXW pJDOHPHQW rWUH IRUPXOpH GX SRLQW GH YXH GHV RSpUDWHXUV SDU OH
WKpRUqPH IRQGDPHQWDO VXLYDQW

7KHRUHP � �'LODWLRQ GH 1DLPDUN� 8QH VXLWH G¶RSpUDWHXUV {Rn}n∈N VXU XQ HVSDFH GH
+LOEHUWH HVW GpILQLH SRVLWLYH� L�H�

∑∞,∞
0,0 〈Ri−jhi, hj〉 ≥ 0 SRXU WRXWHV VpTXHQFHV {hi}∞0

VL HW VHXOHPHQW VL LO H[LVWH XQH LVRPpWULH U VXU K ⊂ H WHO TXH

Rij = PHU
j−i
|H , �����

R� PH UHSUpVHQWH OD SURMHFWLRQ RUWKRJRQDOH VXU H HW |H LQGLTXH XQH UpGXFWLRQ GH GL�
PHQVLRQ j H� (Q RXWUH� VL

KR =
∨

n≥0

UnHn �����

DORUV U HVW XQLTXH j XQ LVRPRUSKLVPH SUqV�

)RQGDPHQWDOHPHQW� ����� LPSOLTXH TXH OD VpTXHQFH GH FRUUpODWLRQ HQWLqUH HVW REWHQXH
SDU SXLVVDQFH VXFFHVVLYH GH O¶RSpUDWHXU GH GLODWDWLRQ XQLWDLUH U � (Q IDLW� HQ UH�
OLDQW ����� HW ������ RQ YRLW TXH O¶RSpUDWHXU GH GLODWDWLRQ XQLWDLUH U Q¶HVW DXWUH TXH
O¶RSpUDWHXU GH GpFDODJH� (Q SDUFRXUDQW OD OLWWpUDWXUH� QRXV DYRQV WURXYp GH QRP�
EUHXVHV UpIpUHQFHV WUDLWDQW GH O¶XWLOLVDWLRQ GX WKpRUqPH GH 1DLPDUN SRXU OD FDUDFWpUL�
VDWLRQ GHV SURFHVVXV VWRFKDVWLTXHV� 3DU H[HPSOH� >6]����@ RX >7<��@ DERUGHQW OD
WKpRULH GH OD GLODWDWLRQ SDU GHV FRQVLGpUDWLRQV GH PHVXUH VSHFWUDOH DORUV TXH >)UD��@�
>))��@� >.%��@� >.DL��D@ XWLOLVH OHV VXLWHV GpILQLHV SRVLWLYHV FRPPH SRLQW GH GpSDUW
SRXU GpYHORSSHU OD GLODWDWLRQ GH 1DLPDUN� (QILQ� OHV OHFWHXUV WURXYHURQW GHV SUHXYHV
H[SOLFLWHV GH OD FRUUHVSRQGDQFH HQWUH O¶RSpUDWHXU GH GpFDODJH HW OD GLODWDWLRQ GH
1DLPDUN GDQV >0DV��@ RX >:HU��E@�
-H ILQLUDL FHWWH SDUWLH HQ GRQQDQW OD VWUXFWXUH GH OD PDWULFH GH GLODWDWLRQ XQLWDLUH
ORUVTX¶XQ SURFHVVXV HVW QRQ VWDWLRQQDLUH� 'DQV FH FDV� OD VpTXHQFH G¶RSpUDWHXUV
GX 7KpRUqPH � Q¶HVW SOXV H[SOLTXpH SDU XQ VHXO RSpUDWHXU XQLWDLUH U � (Q IDLW� LO VXIILW
GH SHQVHU TXH SRXU FKDTXH WHPSV G¶RULJLQH� LO H[LVWH XQH GLODWDWLRQ XQLWDLUH VSpFLILTXH�
&¶HVW OH FRQFHSW GH QRQ�VWDWLRQQDULWp� /HV VWDWLVWLTXHV GX SURFHVVXV QH GpSHQGHQW
SDV VHXOHPHQW GX GpFDODJH PDLV DXVVL GX PRPHQW R� HOOHV VRQW FDOFXOpHV� $ FKDTXH
LQVWDQW� LO H[LVWH XQH FRPSRVDQWH VSHFWUDOH GLIIpUHQWH� TXL GRQQH OLHX j GHV GLODWDWLRQV
XQLWDLUHV GLIIpUHQWHV� (Q JDUGDQW OD PrPH QRWDWLRQ TXH FHOOH DGRSWpH SRXU OD GpILQLWLRQ
GDQV OH GRPDLQH WHPSRUHO GH O¶RSpUDWHXU GH GpFDODJH� LO H[LVWH j FKDTXH LQVWDQW XQ
QRXYHO RSpUDWHXU GH GpFDODJH� $ORUV� Xt = UtXt−1 =

∏t
i=0 UiXe� /D JpQpUDOLVDWLRQ

IRUPHOOH GH OD GLODWDWLRQ XQLWDLUH GH 1DLPDUN HVW GRQF GRQQpH SDU OD GpFRPSRVLWLRQ GH
.ROPRJRURY TXL V¶pFULW

7KHRUHP � �'pFRPSRVLWLRQ GH .ROPRJRURY� 6RLW R XQ QR\DX GpILQL SRVLWLI� $ORUV�
LO H[LVWH XQ HVSDFH GH +LOEHUW H HW GHV DSSOLFDWLRQV Ui, i ∈ Z WHOOHV TXH

Ri,j = PH UiUi−1 · · ·Uj−1 |H ∀i, j ∈ N
KR =

∨

n∈Z

V nHn

DYHF V i =
∏i−1

i=0 Ui� 8QH VpTXHQFH G¶RSpUDWHXUV HVW DORUV REWHQXH SDU OH SURGXLW
GHV GLODWDWLRQV XQLWDLUHV Ui, i ∈ Z�



���� 'LODWDWLRQ G¶RSpUDWHXUV ��

������ &RQVWUXFWLRQ GHV PDWULFHV GH 'LODWDWLRQ
/¶LGpH� SULQFLSDOHPHQW H[SRVpH GDQV >&RQ��@ FRQVLVWH HQ OD SDUDPpWULVDWLRQ GHV PD�
WULFHV GH FRUUpODWLRQV SDU XQH RX GHV VpTXHQFHV GH QRPEUHV� DSSHOpV VpTXHQFH GH
FKRL[� FRHIILFLHQWV GH *HURQLPR RX 9HUEOXQVN\� SDUDPqWUHV GH 6FKXU RX HQFRUH FRHI�
ILFLHQWV GH UpIOH[LRQ SDUWLHOV �SDUFRUV� VHORQ OH FRQWH[WH� 3RXU VLPSOLILHU O¶pWXGH� QRXV
QRXV SODoRQV GDQV OH FDGUH GHV PDWULFHV GpILQLHV SRVLWLYHV� ,O H[LVWH HQ IDLW XQH ELMHF�
WLRQ HQWUH O¶HQVHPEOH GHV PDWULFHV GpILQLHV SRVLWLYHV HW OHV SDUFRUV� FRPPH FHOD j SX
rWUH QRWp SDU /HYLQVRQ� %XUJ� HW SOXV UpFHPPHQW SDU /DPEHUW�/DFURL[ RX %DUEDUHVFR�
GDQV OH FDV GH VLJQDX[ VWDWLRQQDLUHV� &HWWH SDUDPpWULVDWLRQ GDQV VD IRUPH OD SOXV
VLPSOH DVVRFLH OHV FRHIILFLHQWV GH UpIOH[LRQ SDUWLHOV TXH QRXV QRPPHURQV {Γi,j}i<j� j
OD PDWULFH GH FRUUpODWLRQ� $ SDUWLU GHV {Γi,j}i<j RQ IRUPH OHV URWDWLRQV GH *LYHQV �

Gj−k(Γk,k+l) = I ⊕
(
Γk,k+l DΓ∗

k,k+l

DΓk,k+l
−Γ∗

k,k+l

)
⊕ I �����

DYHF I OD PDWULFH LGHQWLWp HWDΓi,j = (I−Γ∗
(i,j)Γi,j) O¶RSpUDWHXU GH GpIDXW GH OD FRQWUDFWLRQ

Γi,j� (Q QRWDQW �

Ui = Gj−i(Γi,i+1)Gj−i(Γi,i+2) . . . Gj−i(Γi,j) �����

RQ SHXW DORUV pFULUH �
Ri,j = P1UiUi−1 · · ·Uj−1 |H1 ������

R� P1 = (1 0 · · · )T F¶HVW�j�GLUH OD SURMHFWLRQ RUWKRJRQDOH VXU OD SUHPLqUH OLJQH� HWH1 HVW
OD UHVWULFWLRQ D OD SUHPLHUH FRORQQH� 2Q UHWURXYH DORUV OD UHODWLRQ pQRQFpH SUpFpGHP�
PHQW Ri,j = (1 0 · · · )Ui+1Ui+2 · · ·Uj(1 0 · · · )T � FRUUHVSRQGDQW j OD GpFRPSRVLWLRQ GH
.ROPRJRURY� /D VWUXFWXUH G¶XQH PDWULFH GH GLODWDWLRQ Ui HVW WHOOH TXH

Ui =





Γ1 D1∗Γ2 D1∗D2∗Γ3 · · ·
D1 −Γ∗

1Γ2 −Γ∗
1D2∗Γ3 · · ·

0 D2 −Γ∗
2Γ3 · · ·

0 0 D3 · · ·
0 0 0 · · ·
0 0 0 · · ·




.

Ui DSSDUWLHQW j OD FODVVH GHPDWULFHV GLWHV +HVVHQEHUJ VXSpULHXUHV j FRHIILFLHQWV VRXV�
GLDJRQDX[ SRVLWLIV� %LHQ pYLGHPHQW� ORUVTXH OH SURFHVVXV HVW VWDWLRQQDLUH� OHV FDOFXOV
VRQW JUDQGHPHQW VLPSOLILpV� $QVL� RQ D U = Ui, ∀i � Γi,j = Γj−i�

������ 8QH LPSOpPHQWDWLRQ SDV j SDV SDU O¶H[HPSOH
$ILQ G¶LOOXVWUHU SOXV SUDWLTXHPHQW FHWWH GpPDUFKH WKpRULTXH� QRXV SURSRVRQV LFL
G¶pWXGLHU FLQT SURFHVVXV SpULRGLTXHPHQW FRUUpOpV GRQW OD SpULRGLFLWp HVW pJDOH j T = 20
pFKDQWLOORQV SRXU FKDFXQ GHV SURFHVVXV� /H SDFNDJH 5 T2`�_J�5 DLQVL TXH OD IRQF�
WLRQ LQFOXVH T2`T�+7VRQW XWLOLVpV SRXU FDOFXOHU HQVXLWH OHV �� VpTXHQFHV GH � SDUFRUV
�FKRL[ DUELWUDLUH LFL� QpFHVVDLUHV SRXU OD FRQVWUXFWLRQ GHV PDWULFHV GH GLODWDWLRQ� 3RXU
UDSSHO� FRPPH Xt+T = UtXe SRXU XQ SURFHVVXV SpULRGLTXHPHQW FRUUpOp GH SpULRGH
T � VHXOHV OHV T VpTXHQFHV DSSRUWHQW O¶LQIRUPDWLRQ VSHFWUDOH� (QILQ� O¶HVWLPDWLRQ GH
WURLV SDUFRUV FRQGXLVDQW j XQH UHSUpVHQWDWLRQ VXU 62���� QRXV QH JDUGRQV TXH OHV



�� &KDSWHU �� 3UpYHQLU OD WHQVLRQ DX[ XUJHQFHV SpGLDWULTXHV

GHX[ SUHPLHUV SRXU XQH YLVXDOLVDWLRQ VXU 62���� /HV T PDWULFHV GH GLODWDWLRQ VRXV�
XQLWDLUHV Ui VRQW HQVXLWH REWHQXHV JUkFH j O¶HQVHPEOH {Γi,j}i=20,j=2

i=1,j=1 GH SDUFRUV HW HQ
DSSOLTXDQW OD UHODWLRQ

Ui =





−Γi,1

√
1− |Γi,1|2√

1− |Γi,1|2 Γi,1

1
1



 .





1
−Γi,2

√
1− |Γi,2|2√

1− |Γi,2|2 Γi,2

1





∀i = 1, . . . , 20 ������

/D )LJXUH ��� FL�DSUqV LOOXVWUH FHWWH GpPDUFKH�



���� 'LODWDWLRQ G¶RSpUDWHXUV ��

)LJXUH ���� 8QH UpDOLVDWLRQ GH FKDFXQ GHV � VLJQDX[ GHV FODVVHV 3$5���� 0RGXODWLRQ G¶$PSOLWXGH�
3$50$����� HW 3$5���� &KDFXQ GH FHV VLJQDX[ HVW FRUUpOp SpULRGLTXHPHQW DYHF XQH SpULRGH T = 20

pFKDQWLOORQV SDUPL OHV ���� pFKDQWLOORQV GLVSRQLEOHV� /HV sig.(b) HW sig.(c) RQW GHV FRHIILFLHQWV
JpQpUDWHXUV GLIIpUHQWV� sig.(e) D OHV PrPHV FRHIILFLHQWV JpQpUDWHXUV TXH FHOXL GH sig.(c) PDLV DYHF
XQH SpULRGH GH T = 54� 8Q H[HPSOH GH WUDMHFWRLUH IRUPpH SDU OHV PDWULFHV GH GLODWDWLRQ GDQV 62���
SRXU OHV VLJQDX[ DVVRFLpV� /D WUDMHFWRLUH HVW UHSUpVHQWpH j O¶LQWpULHXU GH OD ERXOH GH UD\RQ π� 3RXU

WUDFHU OD FRXUEH� QRXV DYRQV G¶DERUG LQWHUSROp DYHF GHV VSOLQHV GDQV O¶DOJqEUH GH /LH HW XWLOLVp HQVXLWH
OD FDUWH H[SRQHQWLHOOH SRXU UHYHQLU VXU 62����



�� &KDSWHU �� 3UpYHQLU OD WHQVLRQ DX[ XUJHQFHV SpGLDWULTXHV

&HWWH ILJXUH QRXV DSSRUWH TXHOTXHV pOpPHQWV VRPPH WRXWH LQWpUHVVDQW� 2Q SHXW
FRQVWDWHU TXH FKDFXQH GHV FODVVHV GH SURFHVVXV JpQpUpV j XQH WUDMHFWRLUH RX XQH
IRUPH GLIIpUHQWH� 2Q GLVWLQJXHUD HQ SDUWLFXOLHU� OD PRGXODWLRQ G¶DPSOLWXGH sig.(d)�
GRQW OD WUDMHFWRLUH GpQRWH XQ SURFHVVXV SUHVTXH VWDWLRQQDLUH HW OH SURFHVVXV $5���
DYHF XQH SpULRGH T = 54 �sig.(e)� TXL SRVVqGH XQ JUDQG QRPEUHV GH FHUFOHV� /HV
SURFHVVXV $5��� JpQpUpV DYHF GHV FRHIILFLHQWV JpQpUDWHXUV GLIIpUHQWV �sig.(b) HW
sig.(c)� SUpVHQWHQW TXDQW j HX[ XQH IRUPH WUqV VLPLODLUH DYHF � FHUFOHV SOXV RX PRLQV
GLVWLQFWV� /¶DSSURFKH GH OD PDWULFH GH GLODWDWLRQ HVW GRQF ELHQ XQH DSSURFKH TXL SRUWH
GH O¶LQIRUPDWLRQ HW VHPEOH�W�LO XQH LQIRUPDWLRQ LQWULQVqTXH j OD FODVVH GH SURFHVVXV� -H
QRWHUDL TXH OD UHFKHUFKH G¶LQIRUPDWLRQ LQWULQVqTXH GHV SURFHVVXV SDU FDUDFWpULVDWLRQ
GH WUDMHFWRLUHV LVVXHV GHV SDUFRUV D pWp GpYHORSSp SUHVTXH HQ SDUDOOqOH SDU $� /H
%ULJDQW >%UL��@ VDQV FRQQDLVVDQFH GH PD SDUW j O¶RULJLQH� 7RXWHIRLV� OHV UpVXOWDWV
REWHQXV GDQV VD WKqVH QH VRQW SDV SUREDQWV HW QH SHUPHWWHQW SDV O¶H[WUDFWLRQ G¶XQH
LQIRUPDWLRQ LQWULQVqTXH� /D PpWKRGRORJLH TX¶HOOH D HPSOR\pH HW GpYHORSSpH SRXU
FRPSDUHU OHV WUDMHFWRLUHV VXU GHV HVSDFHV GH IRUPHV� D pWp HQ UHYDQFKH XQH WUqV
IRUWH VRXUFH G¶LQVSLUDWLRQ HW P¶D SHUPLV GH GpFRXYULU XQ FKDPS WKpPDWLTXH HW XQH
FRPPXQDXWp TXH MH QH FRQQDLVVDLV SDV�

'LVSRVDQW GH WUDMHFWRLUHV �pFKDQWLOORQQpHV� VXU GHV JURXSHV GH /LH �62�Q� GDQV QRWUH
FDV�� OD TXHVWLRQ UHVWDLW GH SRXYRLU PRQWUHU FH F{Wp © LQIRUPDWLRQ LQWULQVqTXH ª� 3RXU
LQLWLHU OD UpSRQVH M¶DL GRQF SURSRVp GH FRPSDUHU OHV WUDMHFWRLUHV HQ WHUPHV GH IRUPH� HW
PRQWUHU OHXU GLIIpUHQFH GRQF� 3XLV SOXV SURIRQGpPHQW HQFRUH� M¶DL GpFLGp GH PRQWUHU
SDU OD WRSRORJLH DOJpEULTXH HW O¶KRPRORJLH SHUVLVWDQWH TXH FKDFXQH GHV WUDMHFWRLUHV
DYDLW ELHQ XQH WRSRORJLH DVVRFLpH j OD FODVVH G¶XQ SURFHVVXV� -H YDLV GRQF DERUGHU
FHV GHX[ SRLQWV PDLQWHQDQW�

���� &RPSDUDLVRQ HW FDUDFWpULVDWLRQ LQWULQVqTXH GHV
SURFHVVXV

������ ,QGLFDWHXU LQWULQVqTXH SDU O¶HVSDFH GHV IRUPHV
1RXV QRXV LQWpUHVVRQV GRQF DX[ FRXUEHV UHSRVDQW VXU XQH YDULpWp� HW SOXV SUpFLVp�
PHQW VXU XQ JURXSH GH /LH� 1RWRQV c XQH WHOOH FRXUEH� c : [0, 1] ∈ SO(n)� 3RXU pWXGLHU
OD VWUXFWXUH JpRPpWULTXH GH FHV REMHWV� FRQVLGpURQV O¶HQVHPEOH GHV FRXUEHV GH SO(n)
GpILQLW SDU M = {c ∈ C∞([0, 1], SO(n)) : c′(t) ,= 0 ∀t}� /RUVTXH QRXV FRPSDURQV GHX[
FRXUEHV� LO HVW QDWXUHO GH GpILQLU XQH GLVWDQFH HQWUH FHV FRXUEHV TXL QH GpSHQGHQW
SDV GH OHXUV SDUDPpWULVDWLRQV RX GH OHXUV URWDWLRQV� &HOD UHYLHQW j UHSDUDPpWULVHU
OHV FRXUEHV SDU XQ GLIIpRPRUSKLVPH FURLVVDQW φ ∈ D : [0, 1] → [0, 1] HW LPSRVH TXH
OD PpWULTXH VXU M VRLW LQYDULDQWH SDU UHSDUDPpWULVDWLRQ� &HWWH SURSULpWp FRQGXLW j OD
UHODWLRQ G¶pTXLYDOHQFH

co ∼ c1 ⇔ ∃ φ ∈ D : c0 = c1 ◦ φ. ������

SRXU GHX[ FRXUEHV c0, c1 GH M� 'H FHWWH UHODWLRQ QRXV REWHQRQV QDWXUHOOHPHQW XQH
GpILQLWLRQ G¶XQ HVSDFH TXRWLHQW GH M� JpQpUDOHPHQW QRPPp O¶HVSDFH GHV IRUPHV HW
V¶pFULYDQW

S = M/ ∼, ou S = M/D. ������



���� &RPSDUDLVRQ HW FDUDFWpULVDWLRQ LQWULQVqTXH GHV SURFHVVXV ��

2Q HQ GpGXLW XQH GLVWDQFH VXU O¶HVSDFH GHV IRUPHV j SDUWLU GH FHOOH GpILQLW VXU M

dS ([c0], [c1]) = LQI
φ∈D

dM (c0, c1 ◦ φ) , ������

R� [c0], [c1] VRQW UHVSHFWLYHPHQW OHV UHSUpVHQWDQWV GHV FODVVHV G¶pTXLYDOHQFHV GH c0 HW
c1�

0pWULTXH HW 'LVWDQFH VXU S SXLV M
1RXV QRXV SURSRVRQV PDLQWHQDQW GH GRQQHU TXHOTXHV LQIRUPDWLRQV VXU OH FKRL[ G¶XQH
PpWULTXH SHUWLQHQWH VXUM DILQ GH FRPSDUHU OHV GLIIpUHQWHV FRXUEHV IHUPpHV� &RPPH
O¶HVSDFH GH EDVH HVW XQ JURXSH GH /LH� QRXV XWLOLVRQV O¶DSSURFKH GH &HOOHGRQL� PDLV
EHDXFRXS G¶DXWUHV WUDYDX[ RQW pWp SURSRVpV SRXU WHQLU FRPSWH GH OD VWUXFWXUH �RX QRQ�
KRPRJqQH GH OD YDULpWp GH EDVH� 'DQV >%%0��@ LO HVW PRQWUp TXH PDOKHXUHXVHPHQW
QRXV QH SRXYRQV XWLOLVHU OD VLPSOH PpWULTXH L2 VXU M RX S FDU HOOH FRQGXLW j XQH
GLVWDQFH QXOOH� ,O HVW GDQV FH FDV LPSRVVLEOH GH GLIIpUHQWLHU � IRUPHV GH FRXUEHV
GLIIpUHQWHV TX¶HOOHV DSSDUWLHQQHQW j M RX S� 3RXU SDOOLHU FHWWH GLIILFXOWp� OD IDPLOOH
GHV PpWULTXHV pODVWLTXHV� GpULYpH GH OD PpWULTXH GH 6REROHY� D pWp pWXGLpH� 'DQV OH
FDV G¶XQ HVSDFH HXFOLGLHQ Rn� HOOH DGPHW O¶H[SUHVVLRQ �

ga,bc (u, v) =

∫ (
a2〈Dlu

N , Dlv
N〉+ b2〈Dlu

T , Dlv
T 〉
)
||c′||dt,

R� Dlu = u′/ || c′ ||� DluT = 〈Dlu, w〉w� DYHF w = c′/ || c′ || DQG DluN = Dlu − DluT �
'DQV QRWUH FDV LO HVW PRQWUp TXH a, b = 1, 1/2 SHUPHW G¶DYRLU XQH pTXLYDOHQFH DYHF XQH
WUDQVIRUPDWLRQ j OD IRLV VLPSOH G¶LQWHUSUpWDWLRQ HW G¶LPSOpPHQWDWLRQ� OD 7659� /D 7659�
DGDSWpH j QRWUH FDV� SDUDPpWULVH OD FRXUEH c SDU VRQ YHFWHXU YLWHVVH HW VRQ SRLQW
G¶DQFUDJH SXLV WUDQVSRUWH OHV QRXYHOOHV FRXUEHV DSSDUWHQDQW DX[ HVSDFHV WDQJHQWV
VXFFHVVLIV SDU WUDQVODWLRQ j GURLWH� WRXV HQ PrPH SRLQW GH UpIpUHQFH� TXL VHUD O¶LGHQWLWp
e GH SO(n)� &¶HVW XQH LVRPpWULH GHM YHUV O¶HVSDFH GHV FRXUEHV OLVVHV� 6D GpILQLWLRQ
HVW

FLie : M −→ SO(n)× L2([0, 1], g) ������

FLie(c)(t) = (e, q(t)) =

(
e,
T c(t)→I
c (c′(t))√
|| c′(t) ||

)
������

R� g HVW O¶DOJqEUH GH /LH� ||·|| XQH QRUPH LQGXLWH SDU XQHPpWULTXH LQYDULDQWH j GURLWH VXU
SO(n)� HW R� T c(t)→I

c FRUUHVSRQG DX WUDQVSRUW GH c(t) YHUV O¶LGHQWLWp VXLYDQW OD FRXUEH c�
$YHF FHWWH WUDQVIRUPDWLRQ� TXL FRUUHVSRQG GRQF j XQHPpWULTXH GH 6REROHY GX SUHPLHU
RUGUH� OD GLVWDQFH YRXOXH HQ ������ FRQGXLW j UpVRXGUH OH SUREOqPH G¶RSWLPLVDWLRQ �

dS([c0], [c1]) = inf
φ∈D

(∫ 1

0

||q0(t)− q1(φ(t))
√
φ′(t)||2

)1/2

, ������

TXL HVW UpVROX SDU XQ DOJRULWKPH GH GHVFHQWH GH JUDGLHQW WUDGLWLRQQHO RX XQH SURJUDP�
PDWLRQ OLQpDLUH G\QDPLTXH >&(6��@� 1RXV REWHQRQV DXVVL XQH H[SUHVVLRQ IDPLOLqUH
SRXU O¶LQWHUSRODWLRQ JpRGpVLTXH HQWUH GHX[ FRXUEHV c0 HW c1� H[SULPpH GDQV OHXU GR�
PDLQH 7659 �

Q(s) = F−1
Lie ((1− s)FLie(c0) + sFLie(c1)) SRXU s ∈ [0, 1].

1RXV DYRQV PDLQWHQDQW WRXV OHV LQJUpGLHQWV SRXU GpFULUH OD SURFpGXUH GH FDUDF�
WpULVDWLRQ HW GH FRPSDUDLVRQ GH SURFHVVXV QRQVWDWLRQQDLUHV �



�� &KDSWHU �� 3UpYHQLU OD WHQVLRQ DX[ XUJHQFHV SpGLDWULTXHV

�� ,QSXW� 8Q HQVHPEOH GH PDWULFHV GH URWDWLRQV {Ui}i�
�� ,QMHFWHU O¶HQVHPEOH GHV PDWULFHV {Ui} GDQV OHXUV DOJqEUH GH /LH UHVSHFWLYHV {Vi}

YLD O¶DSSOLFDWLRQ H[SRQHQWLHO LQYHUVH�
�� )DLUH XQH LQWHUSRODWLRQ SDU VSOLQHV HQWUH OHV PDWULFHV Vi >+3��@� >0DL��@�
�� 5HYHQLU VXU OD YDULpWp GH EDVH SO(n) YLD O¶DSSOLFDWLRQ H[SRQHQWLHOOH �
�� 7UDQVODWHU OD FRXUEH GH PDQLqUH j VDWLVIDLUH OD FRQGLWLRQ c(0) = e SXLV IDLUH OD

WUDQVIRUPDWLRQ 659 GRQQpH SDU ������ �
�� &DOFXOHU OD GLVWDQFH GpILQLH SDU �������

/H SUREOqPH G¶RSWLPLVDWLRQ �QRQ�FURVVLQJ PDWFKLQJ JUDSK� HVW UpVROX SDU XQ SUR�
JUDPPH G\QDPLTXH �

�� 2XWSXW� 'LVWDQFH HQWUH OHV FRXUEHV VXU M� HW LQWHUSRODWLRQ JpRGpVLTXH HQWUH
FHV FRXUEHV�

4XHOTXHV GLVWDQFHV
1RXV DYRQV LPSOpPHQWp OD SURFpGXUH SUpFpGHQWH HW GpWHUPLQp TXHOOHV pWDLHQW OHV GLV�
WDQFHV HQWUH OHV WUDMHFWRLUHV GHV FODVVHV GH SURFHVVXV VXU 62���� 62��� HW 62����
/HV GLVWDQFHV VRQW UDSSRUWpHV j O¶LQWpULHXU GH OD 7DEOH ���� &ODLUHPHQW� OHV GLVWDQFHV
HQWUH OHV IRUPHV GHV FRXUEHV FDUDFWpULVDQW OD PHVXUH VSHFWUDOH GH FKDTXH SURFHVVXV
UpYqOHQW XQH FHUWDLQH SUR[LPLWp VSHFWUDOH HQWUH OHV SURFHVVXV UpIpUHQFpV� /H VLJQDO
LQWpUHVVDQW HVW FHOXL TXL HVW LQGH[p SDU OD OHWWUH �H� HW UHSUpVHQWH XQ VLJQDO 3$5���
DYHF H[DFWHPHQW OHV PrPHV SDUDPqWUHV GH PRGqOH TXH FHOXL GX VLJQDO GH UpIpUHQFH�
PDLV DYHF XQH SpULRGLFLWp GH �� SRLQWV DX OLHX GH ��� /D FRXUEH DVVRFLpH j FH SURFHV�
VXV D GH QRPEUHX[ ODFHWV GDQV VD UHSUpVHQWDWLRQ� FH TXL IDLW TXH VD GLVWDQFH HVW OD
SOXV JUDQGH VXU 62��� � PDLV ORUVTXH OD GLPHQVLRQ DXJPHQWH� VD GLVWDQFH DX SURFHV�
VXV �E� GHYLHQW OD SOXV IDLEOH� &HFL HVW SDUWLFXOLqUHPHQW LQWpUHVVDQW� ,O VHPEOH TX¶XQH
KLpUDUFKLH VH PHWWH HQ SODFH j SDUWLU GH 62��� R� OH SURFHVVXV OH SOXV SURFKH DX
SURFHVVXV 3$5��� VRLW OH SURFHVVXV 3$5��� GH PrPHV SDUDPqWUHV JpQpUDWHXUV PDLV
DYHF XQH SpULRGLFLWp GLIIpUHQWH� VXLYL SDU OH SURFHVVXV PRGXOp HQ DPSOLWXGH� /H SUR�
FHVVXV TXL VHPEOH OH SOXV pORLJQp GDQV FHWWH KLpUDUFKLH VHPEOH rWUH OH SURFHVVXV GH
FODVVH 3$50$������ 'DQV >'%0��E@� QRXV DYRQV pJDOHPHQW FRPSDUp OHV GLVWDQFHV
HQ IRQFWLRQ GH O¶LQWHUSRODWLRQ SDU VSOLQHV GHV WUDMHFWRLUHV� PDLV OHV UpVXOWDWV UHVWHQW
LGHQWLTXHV HW OD KLpUDUFKLH UHVWH FRQVHUYpH� -H SUpFLVHUDL HQILQ TXH OHV LQWHUSRODWLRQV
GH JpRGpVLTXHV HQWUH OHV FRXUEHV IHUPpHV UHSUpVHQWDWLYHV GHV PHVXUHV VSHFWUDOHV
GHV SURFHVVXV VRQW GRQQpHV GDQV >'%0��E@�

'LVWDQFH DX 6LJQDO �E�0RGqOH GH 6LJQDO
DIILFKp GDQV OD )LJXUH ��� 62��� 62��� 62���

�D� ���� ������ ������
�G� ���� ����� ������
�H� ����� ����� ������

7DEOH ���� 'LVWDQFHV HQWUH OHV SURFHVVXV �D���G���H� HW OH SURFHVVXV GH UpIpUHQFH �E� GH OD )LJXUH ���
FDOFXOpHV SDU ������
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������ ,QGLFDWHXU LQWULQVqTXH SDU OD WRSRORJLH DOJpEULTXH
/D EDVH PrPH GH O¶KRPRORJLH HVW GH FDUDFWpULVHU GHV IRUPHV j Q GLPHQVLRQV �GLV�
RQV GHV IRUPHV GLVFUqWHV� SDU OH QRPEUH GH WURXV RX FDYLWpV j N GLPHQVLRQV� k < n�
&RQWUDLUHPHQW j O¶KRPRWRSLH� TXL XWLOLVH OD QRWLRQ GH ERXFOHV� L�H�� XQ FKHPLQ IHUPp TXL
FRPPHQFH HW VH WHUPLQH DX PrPH SRLQW� O¶KRPRORJLH XWLOLVH OD QRWLRQ GH F\FOHV� L�H� XQ
FKHPLQ IHUPp VDQV FRQVLGpUDWLRQ GH VRQ RULJLQH� 3RXU GpWHUPLQHU OH QRPEUH GH WURXV
GLPHQVLRQQHOV G¶XQH IRUPH� OHV SRLQWV VRQW MRLQWV HQVHPEOH SRXU IRUPHU FH TX¶RQ DS�
SHOOH XQH FHOOXOH GDQV OH FRQWH[WH GH OD WRSRORJLH DOJpEULTXH� /RUVTXH OHV FHOOXOHV VRQW
FROOpHV HQVHPEOH� HOOHV IRUPHQW XQ FRPSOH[H� XQH VRUWH GH VTXHOHWWH GH OD IRUPH� ,O
H[LVWH SOXVLHXUV SRVVLELOLWpV SRXU GpILQLU XQH FHOOXOH� HW GRQF XQ FRPSOH[H� 3RXU UpSRQ�
GUH j QRV EHVRLQV� QRXV DYRQV FKRLVL OH FRPSOH[H VLPSOLFLDO TXL UpSRQG DX[ REMHFWLIV
GH VLPSOLFLWp G¶LQWHUSUpWDWLRQ HW GH FDOFXO� /H VTXHOHWWH GH OD IRUPH HVW DORUV GpFULW
SDU GHV FRPSOH[HV VLPSOLFLDX[ �VLPSOH[HV� j SOXVLHXUV GLPHQVLRQV� GRQW OHV IRUPHV
VRQW LOOXVWUpHV SDU OD )LJ� ���� /¶LGpH GHUULqUH O¶KRPRORJLH HVW GH UHFKHUFKHU HQVXLWH OH
FKHPLQ IHUPp FUpp SDU OD FRPSRVLWLRQ GHV FRPSOH[HV VLPSOLFLDX[� 3RXU PHWWUH rWUH
XQ SHX SOXV FRQFUHW� XQ WURX RX XQH FDYLWp j � GLPHQVLRQ� TXH QRXV DVVRFLHURQV j XQ
FHUFOH� HVW FDUDFWpULVp SDU OD VRPPH GHV VHJPHQWV ���VLPSOH[H� GX VTXHOHWWH SRXU IRU�
PHU XQH WUDMHFWRLUH IHUPpH �XQ F\FOH�� 6L PDLQWHQDQW FHWWH WUDMHFWRLUH IHUPpH Q¶HVW SDV
XQH SDUWLH �XQH IURQWLqUH� G¶XQH DXWUH IRUPH FRQVWLWXpH SDU OD FRPSRVLWLRQ GH WULDQJOHV
���VLPSOH[HV�� DORUV RQ DIILUPH TXH OD WUDMHFWRLUH IHUPpH UHSUpVHQWH XQ WURX j � GLPHQ�
VLRQ SRXU OD IRUPH� 'DQV FH FDV� HOOH DSSDUWLHQW DX SUHPLHU JURXSH G¶KRPRORJLH� QRWp
H1 HW O¶LQYDULDQW WRSRORJLTXH DVVRFLp DX QRPEUH GH WURXV XQLGLPHQVLRQQHOV LQGpSHQ�
GDQWV SRXU OD IRUPH HVW GpILQL FRPPH OH QRPEUH GH %HWWL� β1 = rank(H1)� /D IRUPH
HVW ILQDOHPHQW GpFULWH SDU VHV QRPEUHV GH %HWWL (β0, β1, . . . , βk)∀k < n�

a a b ba

c

a b
a

a b
b

c c

∅

)LJXUH ���� 8Q Q�VLPSOH HVW O¶HQYHORSSH FRQYH[H GH �Q��� SRLQWV GDQV XQ HVSDFH j Q GLPHQVLRQV�
&¶HVW OD JpQpUDOLVDWLRQ G¶XQ WULDQJOH� (Q KDXW �GH JDXFKH j GURLWH� � 8Q ��VLPSOH[H HVW XQ SRLQW� F¶HVW
�D� GDQV OH JUDSKH� 8Q ��FRPSOH[H HVW XQ VHJPHQW� F¶HVW �D� E� �R� D HW E VRQW OHV VRPPHWV TXL VRQW j
O¶H[WUpPLWp GX VHJPHQW�� XQ ��FRPSOH[H HVW XQ WULDQJOH (a, b, c) GDQV OH SODQ� (Q EDV �GH JDXFKH j

GURLWH� � OHV IDFHV FRUUHVSRQGDQWHV�

8Q SHWLW H[HPSOH SRXU IL[HU OHV LGpHV
'RQQRQV XQ H[HPSOH VLPSOH SRXU LOOXVWUHU FHV FRQFHSWV� 'DQV OD )LJ� ��� OH WULDQJOH
v = (a, b, c) D GHV IDFHV (ab)� (bc)� HW (ca) TXL OHV VHJPHQWV ���VLPSOH[H� OH FRQVWLWXDQW�
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�D� �E�

)LJXUH ���� �D� SRLQWV UpSDUWLV OH DXWRXU G¶XQ FHUFOH� OHV QRPEUHV GH %HWWL VRQW (β0 = 1,β1 = 1)� �E�
SRLQWV UpSDUWLV DXWRXU G¶XQ WRUH� OHV QRPEUHV GH %HWWL VRQW (β0 = 1,β1 = 2,β2 = 1)�

/D ERUGXUH GX WULDQJOH HVW DORUV (ab)+ (bc)+ (ca) TXL GpILQLW XQ FKHPLQ IHUPp� 3DU FRQ�
VpTXHQW� (ab) + (bc) + (ca) HVW XQ F\FOH� PDLV F¶HVW DXVVL XQH ERUGXUH GX ��VLPSOH[H�
OH WULDQJOH v OXL�PrPH� 1RXV HQ FRQFOXRQV TXH (ab) + (bc) + (ca) QH UHSUpVHQWHQW SDV
XQ WURX�
3RXU WHUPLQHU FHWWH SDUWLH G¶LOOXVWUDWLRQ� QRXV SURSRVRQV DX OHFWHXU G¶REVHUYHU OD
)LJ� ���� &H JUDSKLTXH SUpVHQWH GHX[ IRUPHV GLVFUqWHV PDWpULDOLVpHV SDU OD GLVWUL�
EXWLRQ GH SRLQWV OH ORQJ G¶XQ FHUFOH� )LJ������D� RX G¶XQ WRUH� )LJ� �����E�� 8Q SRLQW
VHXO HVW XQH FRPSRVDQWH FRQQHFWpH HW SRVVqGH GRQF XQ QRPEUH GH %HWWL β0 = 1� /HV
QRPEUHV GH %HWWL DVVRFLpV j OD )LJ� ""��D� VRQW (β0 = 1, β1 = 1)� LO \ D GRQF XQH FRP�
SRVDQWH FRQQHFWpH HW XQ WURX j � GLPHQVLRQ� (QILQ� OHV QRPEUHV GH %HWWL REWHQXV SRXU
GHV SRLQWV UpSDUWLV OH ORQJ GX WRUH GH OD )LJXUH ""��E� VRQW (β0 = 1, β1 = 2, β2 = 1)� L�L�
XQH FRPSRVDQWH FRQQHFWpH� WRXW FKHPLQ IHUPp GHVVLQp VXU OD VXUIDFH SHXW rWUH UpGXLW
j XQ SRLQW� GHX[ FHUFOHV� OHV JpQpUDWHXUV LQWULQVqTXHV� HW XQH FDYLWp�

8QH H[SOLFDWLRQ SOXV WKpRULTXH
&RQVLGpURQV S FRPPH XQ HQVHPEOH GH SRLQWV GH Rn HW IL[RQV k ≤ n� 6RLW SRXU
O¶H[HPSOH σ = (v0, v1, · · · , vk) OH k�VLPSOH[H FRQVWLWXp SDU O¶HQYHORSSH FRQYH[H GH VHV
(k+1) VRPPHWV� $ORUV� XQ ��VLPSOH[H HVW XQ SRLQW GH S� XQ ��VLPSOH[H HVW XQ VHJPHQW
MRLJQDQW GHX[ SRLQWV GH S� XQ ��VLPSOH[H HVW XQ WULDQJOH UHPSOL� XQ ��VLPSOH[H HVW XQ
WpWUDqGUH UHPSOL HW DLQVL GH VXLWH� /HV IDFHV G¶XQ k�VLPSOH[H FRUUHVSRQGHQW DX[ k�
VLPSOH[H GRQQp SDU (v1, · · · , vi−1, vi+1, · · · , vk)� /D )LJ� ��� GRQQH XQH UHSUpVHQWDWLRQ
YLVXHOOH GH FHV FRQFHSWV�

'HILQLWLRQ � �FRPSOH[H VLPSOLFLDO� /¶HQVHPEOH GHV k�VLPSOH[HV GLVMRLQWV RX VH
FURLVDQW VXU XQH IDFH FRPPXQH HVW DSSHOp FRPSOH[H VLPSOLFLDO HW HVW QRWp Ck� ,O
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HVW VRXYHQW FRQVLGpUp FRPPH OD UHSUpVHQWDWLRQ VTXHOHWWLTXH �UHSUpVHQWDWLRQV GH W\SH
PDLOODJH� G¶XQ QXDJH GH SRLQWV GH GRQQpHV�

1RXV UDSSHORQV LFL TXH OD TXHVWLRQ IRQGDPHQWDOH VRXOHYpH SDU OD WKpRULH GH
O¶KRPRORJLH HVW GH GpWHUPLQHU OHV FDUDFWpULVWLTXHV LQWULQVqTXHV GHV WURXV PXOWL�
GLPHQVLRQQHOV GHV QXDJHV GH SRLQWV VRXV�MDFHQWV� ,O V¶DJLW GH GpWHUPLQHU FRPPHQW
FHV WURXV PXOWL�GLPHQVLRQQHOV GRLYHQW rWUH WURXYpV ORUVTXH OH FRPSOH[H VLPSOLFLDO HVW
REWHQX� 1RXV GHYRQV G¶DERUG GpILQLU FRPPHQW OHV k�VLPSOH[HV VH FRPSRVHQW�

'HILQLWLRQ � �k�FKDvQH� /D VRPPH IRUPHOOH GHV k�VLPSOH[HV GDQV Ck� DSSHOpH k�
FKDvQH� HVW GRWpH G¶XQH VWUXFWXUH GH JURXSH ORUVTX¶RQ GpILQLW O¶DGGLWLRQ FRPPXWDWLYH
LQWHUQH i + j = (i ∪ j) − (i ∩ j) SRXU WRXV OHV i, j ∈ Ck� &HFL pTXLYDXW j XQH DGGLWLRQ
GDQV OH FKDPS Z2�

$ILQ G¶LOOXVWUHU FHFL� VL GHX[ ��VLPSOH[HV (a)� HW (b) VRQW GLVMRLQWV� DORUV (a) + (b) =
(b) + (a) DORUV TXH (a) + (a) = (b) + (b) = 0� (QILQ� LO UHVWH j VDYRLU TXDQG XQH k�
FKDvQH SDUWLFLSH RX QRQ j OD GpILQLWLRQ G¶XQ WURX PXOWL�GLPHQVLRQQHOV� 3RXU FH IDLUH�
QRXV DYRQV EHVRLQ GH OD GpILQLWLRQ GH FH TXH O¶RQ DSSHOOH IURQWLqUH RX ERUGXUH HW G¶XQ
F\FOH�

'HILQLWLRQ � �)URQWLqUHV RX ERUGXUHV HW F\FOHV� /D IURQWLqUH G¶XQ VLPSOH[H
σ dansCk HVW OD VRPPH IRUPHOOH GHV IDFHV �GH GLPHQVLRQV k − 1� GH σ� (OOH
GpILQLW XQ KRPRPRUSKLVPH GH JURXSH ∂k : Ck → Ck−1� 8QH k�FKDvQH u HVW DORUV
XQH k�IURQWLqUH V¶LO H[LVWH (k + 1)�FKDvQH v WHOOH TXH ∂k+1(v) = u� F¶HVW�j�GLUH TXH
v ∈ Im∂k+1� 2U XQH k�FKDvQH u HVW XQ F\FOH VL ∂k(u) = ∅� FH TXL VLJQLILH TXH
u ∈ Ker(∂k)�

2Q SHXW PDLQWHQDQW GpILQLU OH k�LqPH JURXSH G¶KRPRORJLH FRPPH pWDQW

Hk = Ker(∂k)/Im(∂k+1). ������

&H VRQW WRXV OHV pOpPHQWV TXL VRQW GHV F\FOHV �WURXV PXOWL�GLPHQVLRQQHOV� PDLV SDV
GHV IURQWLqUHV� (Q XWLOLVDQW j QRXYHDX O¶H[HPSOH GH OD VHFWLRQ ����� PDLV GH PDQLqUH
SOXV IRUPHOOH � RQ REWLHQW TXH O¶DSSOLFDWLRQ IURQWLqUH ∂2 GX WULDQJOH v = (a, b, c) HVW
∂2(v) = (ab) + (bc) + (ca) HW O¶DSSOLFDWLRQ IURQWLqUH ∂1 HVW ∂1((ab) + (bc) + (ca)) = (a) +
(b) + (b) + (c) + (c) + (a) = ∅� /D k�FKDvQH u = (ab) + (bc) + (ca) HVW GRQF XQ F\FOH
SXLVTXH ∂1(u) = ∅ HW HVW pJDOHPHQW XQH IURQWLqUH� HQ HIIHW ∂2(v) = u� $ORUV ∂2 ◦ ∂1 = ∅
HW u Q¶HVW SDV XQ pOpPHQW GX SUHPLHU JURXSH G¶KRPRORJLH H1�

/¶KRPRORJLH SHUVLVWDQWH
$\DQW PDLQWHQDQW XQH PHLOOHXUH LGpH GHV FRQFHSWV PDWKpPDWLTXHV GH O¶KRPRORJLH�
QRXV DERUGRQV OD GLVFXVVLRQ VXU O¶KRPRORJLH SHUVLVWDQWH� /¶KRPRORJLH SHUVLVWDQWH
D pWp DSSOLTXpH SRXU OD FODVVLILFDWLRQ GH VpULHV WHPSRUHOOHV� >8PH��@� OD UHFRQQDLV�
VDQFH GH IRUPHV G¶LPDJHV >&DU���@� OD ELRORJLH >7=+��@� OD SK\ORJpQpWLTXH >&/5��@�
OD VFLHQFH GX ODQJDJH >3RU���@� SRXU OD VXUYHLOODQFH GX FHUYHDX >3LD���@ HW GDQV
GLYHUV DXWUHV GRPDLQHV FRPPH >2WW���@� &RPPH YX GDQV OHV VHFWLRQV SUpFpGHQWHV�
OH JURXSH G¶KRPRORJLH HVW REWHQX JUkFH j OD FRPSDUDLVRQ GH VLPSOH[HV j GLIIpUHQWHV
GLPHQVLRQV� /HV LQYDULDQWV� OHV QRPEUHV GH %HWWL SDU H[HPSOH� GpSHQGHQW GRQF GL�
UHFWHPHQW GH OD GLPHQVLRQ GX FRPSOH[H VLPSOLFLDO� 6L O¶RQ GLVSRVH GH Q SRLQWV HW
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1 2

3

)LJXUH ���� 8QH VpTXHQFH LPEULTXpH GH FRPSOH[HV VLPSOLFLDX[ HVW FUppH HQ DXJPHQWDQW OH UD\RQ
GHV ERXOHV UHSUpVHQWpHV HQ RUDQJH� 'qV TXH GHX[ ERXOHV VH FURLVHQW� OHV SRLQWV HQ OHXU FHQWUH VRQW
UHOLpV� /RUVTXH WURLV ERXOHV VH FURLVHQW� RQ IRUPH OH WULDQJOH� HW DLQVL GH VXLWH� $X VWDGH �� XQ WURX
DSSDUDvW� &H Q¶HVW SDV HQFRUH OD OLPLWH G¶XQ VLPSOH[H� &H WURX GLVSDUDvWUD ORUVTXH VHV TXDWUH

VRPPHWV VHURQW UHOLpV GHX[ j GHX[�

TXH O¶RQ FKRLVLW GH FRQVWUXLUH XQ FRPSOH[H j Q�GLPHQVLRQV� FHUWDLQV LQYDULDQWV FDFKpV
SHXYHQW QH SDV rWUH REVHUYpV FDU OHV F\FOHV VHURQW QpFHVVDLUHPHQW GHV IURQWLqUHV�
$ FRQWUDULR� VL QRXV FKRLVLVVRQV GH GpWHUPLQHU OHV LQYDULDQWV DYHF XQ QRPEUH k < n
GH SRLQWV� GHV LQYDULDQWV GH KDXWH GLPHQVLRQ SRXUUDLHQW rWUH PDQTXpV� &¶HVW SUp�
FLVpPHQW SRXU FHOD TXH O¶KRPRORJLH SHUVLVWDQWH HVW XWLOLVpH� HOOH FDOFXOH O¶KRPRORJLH j
GLIIpUHQWHV pFKHOOHV� L�H� DYHF GHV GLPHQVLRQV GH FRPSOH[HV VLPSOLFLDX[ YDULDEOHV� HW
JDUGH XQH WUDFH GH O¶pYROXWLRQ GHV JURXSHV G¶KRPRORJLH� &HOD FRUUHVSRQG j FRQVWUXLUH
XQ FRPSOH[H ILOWUp DYHF OD VpTXHQFH C1 ⊂ C2 · · · ⊂ Cn� DYHF Cn OH FRPSOH[H VLPSOLFLDO
PD[LPXP� 8QH IRLV HQFRUH� OD OLWWpUDWXUH HVW H[WUrPHPHQW YDVWH VXU OH FKRL[ j IDLUH
SRXU OH SURFHVVXV GH ILOWUDWLRQ� &HOD VRUW ODUJHPHQW GX FDGUH GH FH PpPRLUH HW QRXV
ODLVVRQV OHV OHFWHXUV LQWpUHVVpV H[SORUHU GDYDQWDJH OD OLWWpUDWXUH SRXU OHV FRPSDUD�
LVRQV HW OHV SURSULpWpV GH FKDFXQ GHV ILOWUDJHV� 'DQV QRWUH FDV� QRXV DYRQV FKRLVL
OD ILOWUDWLRQ GH 9LHWRULV�5LSV SRXU VD VLPSOLFLWp GH PLVH HQ °XYUH HW VD UREXVWHVVH�
&HWWH PpWKRGH FRQVLVWH j IL[HU OD GLPHQVLRQ GX FRPSOH[H VLPSOLFLDO SDU XQ QRPEUH ρ�
/HV VLPSOH[HV (v1, · · · , vk) VRQW HQVXLWH IRUPpV GqV TXH ||vi − vj|| < ρ, ; ∀i, j� &HWWH
RSpUDWLRQ HVW UHSURGXLWH DYHF XQ ρ FURLVVDQW MXVTX¶j DWWHLQGUH OH FRPSOH[H VLPSOLFLDO
PD[LPDO FRQWHQDQW WRXWHV OHV GRQQpHV� &HWWH PpWKRGH HVW EULqYHPHQW LOOXVWUpH GDQV
OD )LJ� ���� 3OXV GH GpWDLOV VXU OH FDOFXO SHXYHQW rWUH WURXYpV GDQV >(/=��@� >(0@ HW
>=&��@�

$X FRXUV GH OD FRQVWUXFWLRQ GH OD ILOWUDWLRQ GH 9LHWRULV�5LSV� GHV WURXV DSSDUDLV�
VHQW HW HQVXLWH GLVSDUDLVVHQW HQ UDLVRQ GH OD GLPHQVLRQ FURLVVDQWH GX FRPSOH[H� &H
SKpQRPqQH HVW UHSUpVHQWp GDQV XQ GLDJUDPPH DSSHOp GLDJUDPPH GH SHUVLVWDQFH� ,O
FRGH OH PRPHQW GH OD QDLVVDQFH HW OH PRPHQW GH OD PRUW GX WURX PXOWL�GLPHQVLRQQHO�
3RXU IL[HU OHV LGpHV� QRXV LQYLWRQV OH OHFWHXU j H[DPLQHU OD )LJ� ���� &H WUDFp SHUPHW
GH YRLU SRXU WURLV ρ GLIIpUHQWV O¶pYROXWLRQ GX FRPSOH[H VLPSOLFLDO HW QRXV HVSpURQV TX¶LO
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LOOXVWUH SRXUTXRL FHUWDLQV WURXV DSSDUDLVVHQW j XQH FHUWDLQH GLPHQVLRQ HW GLVSDUDLV�
VHQW HQVXLWH� /H GLDJUDPPH GH SHUVLVWDQFH FRUUHVSRQGDQW HVW pJDOHPHQW IRXUQL GDQV
FH JUDSKLTXH� /¶H[HPSOH MRXHW pWDQW XQLGLPHQVLRQQHO� VHXOV OHV ��VLPSOH[HV HW OHV ��
VLPSOH[HV VRQW FDOFXOpV� &HOD GRQQH OHV WURXV G¶RUGUH � HW OHV WURXV G¶RUGUH � DIILFKpV
SDU OD )LJ� ���� /H UpVXOWDW OH SOXV LPSRUWDQW GRQQp SDU FHWWH ILJXUH HVW O¶H[LVWHQFH G¶XQ
SRLQW VROLWDLUH DX[ FRRUGRQQpHV (0.45, 1.2)� ,O PDWpULDOLVH SRXU ρ = 0.45 OD QDLVVDQFH
G¶XQ WURX j � GLPHQVLRQ� HW OD PRUW GH FH WURX SRXU ρ = 1.2� FHV IDLWV VRQW H[SOLFLWHPHQW
PRQWUpV SDU OD )LJ� ����

)LJXUH ���� 'H JDXFKH j GURLWH� XQH VpTXHQFH FURLVVDQWH GH FRPSOH[HV VLPSOLFLDX[ SRXU GHV SRLQWV
GLVWULEXpV OH ORQJ G¶XQ FHUFOH� /H QRPEUH ρ HVW OD GLVWDQFH SRXU OD ILOWUDWLRQ GH 9LHWRULV�5LSV�

)LJXUH ���� 'LDJUDPPH GH SHUVLVWDQFH GX FHUFOH EUXLWp GH OD )LJ� ���� OHV D[HV FRUUHVSRQGHQW DX[
pWDSHV ρ GH OD ILOWUDWLRQ�

1RXV VRXKDLWRQV FDUDFWpULVHU WRSRORJLTXHPHQW OHV IRUPHV REWHQXHV SDU OHV
PDWULFHV GH GLODWDWLRQ VXU 62�Q�� $ILQ GH FDOFXOHU O¶KRPRORJLH SHUVLVWDQWH VXU FH
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JURXSH GH /LH DYHF OD ILOWUDWLRQ GH 9LHWRULV�5LSV� QRXV DYRQV XWLOLVp OD PpWULTXH
d(A,B) = || ORJ

(
ATB

)
||� R� ||.|| GpVLJQH OD QRUPH GH )UREHQLXV FODVVLTXH >%RX��F@�

&HV H[SOLFDWLRQV WKpRULTXHV IDLWHV� QRXV SURSRVRQV PDLQWHQDQW G¶XWLOLVHU O¶KRPRORJLH
SHUVLVWDQWH HW OH GLDJUDPPH GH SHUVLVWDQFH VRXV�MDFHQW� 1RXV FKHUFKRQV DLQVL j
PRQWUHU TXH VHORQ OHXU QRQ�VWDWLRQQDULWp� OHV SURFHVVXV 3& RQW GHV FDUDFWpULVWLTXHV
WRSRORJLTXHV LQWULQVqTXHV�

-H YDLV PDLQWHQDQW SUpVHQWHU OHV GLIIpUHQWV UpVXOWDWV TXH QRXV DYRQV REWHQXV HQ DS�
SOLTXDQW O¶KRPRORJLH SHUVLVWDQWH VXU OHV WUDMHFWRLUHV GH PDWULFHV GH GLODWDWLRQ� 7RXV OHV
UpVXOWDWV HW DQDO\VHV SURSRVpV VH EDVHQW VXU OHV FLQT SURFHVVXV GpILQLHV HQ ���� 1RXV
DYRQV DIILFKp TXHOTXHV GLDJUDPPHV GH SHUVLVWDQFH GDQV >%%��@ DILQ GH JXLGHU QRWUH
UpIOH[LRQ� /HV UpVXOWDWV REWHQXV QRXV LQGLTXHQW� DX WUDYHUV GH TXHOTXHV UHSUpVHQWD�
WLRQ VHXOHPHQW SDU SURFHVVXV� XQH FHUWDLQH VWDELOLWp GDQV O¶LQIRUPDWLRQ WRSRORJLTXH
VXU 62���� 6XU FHWWH UHSUpVHQWDWLRQ� QRXV PRQWURQV TX¶LO Q¶HVW SDV QpFHVVDLUH GH
UHFKHUFKHU OHV GLDJUDPPHV GH SHUVLVWDQFH GH VHFRQG RUGUH HW FRQFOXRQV TXH GDQV
62��� OD WUDMHFWRLUH GHV PDWULFHV GH GLODWDWLRQ DSSDUWLHQQHQW j XQ SODQ� FHV WUDMHFWRLUHV
VRQW GRQF RULHQWpHV DX VHQV GHV PDWULFHV GH URWDWLRQ� /HV TXHOTXHV GLDJUDPPHV SULV
DX KDVDUG� QRXV FRQILUPHQW pJDOHPHQW TXH OHV FODVVHV GH SURFHVVXV RQW GHV IRUPHV
SUpFLVHV� )RUW GH FHV UpVXOWDWV� QRXV DYRQV ODQFp ��� UpDOLVDWLRQV GH 0RQWp�&DUOR GH
FKDFXQ GHV SURFHVVXV HW PR\HQQp OHV UpVXOWDWV�

,QIRUPDWLRQ GRQQpH SDU OHV QRPEUHV GH %HWWL

�D� �E�

)LJXUH ���� 6pTXHQFHV GH QRPEUHV GH %HWWL PR\HQQpV DVVRFLpHV j �D� XQ GLDJUDPPH SHUVLVWDQW
G¶RUGUH �� �E� XQ GLDJUDPPH SHUVLVWDQW G¶RUGUH ��

'H PDQLqUH VLPLODLUH j O¶DSSURFKH GH >*LX���@� QRXV DYRQV DQDO\Vp OD VpTXHQFH
GHV QRPEUHV GH %HWWL� 1RXV SUpVHQWRQV OHV UpVXOWDWV GDQV OD )LJ� ���� SRXU OH GL�
DJUDPPH G¶RUGUH � )LJ� �����D� HW OH GLDJUDPPH G¶RUGUH � )LJ� �����E�� /HV GLI�
IpUHQWHV FRXUEHV SURSRVpHV VRQW OHV FRXUEHV PR\HQQHV VXU OHV ��� UpDOLVDWLRQV GHV



���� &RPSDUDLVRQ HW FDUDFWpULVDWLRQ LQWULQVqTXH GHV SURFHVVXV ��

0RGHO β0 β1 β2

3$50$����� ≥� � �
3$5���� T = 20 ≥� � �
3$5���� T = 54 ≥ � � �
$PSOLWXGH 0RGXODWHG � � �

7DEOH ���� /HV QRPEUHV GH %HWWL HQ IRQFWLRQ GH OD FODVVH GHV SURFHVVXV�

VpTXHQFHV GH %HWWL� /D )LJXUH �����E�� TXL HVW XQH UpHOOH FRQILUPDWLRQ HW XQ UpVXOWDW
MDPDLV SUpVHQWHU GDQV OD OLWWpUDWXUH� HVW SRXU PRL H[FHSWLRQQHOOH� (OOH PRQWUH WRXW FH
GRQW QRXV DYRQV EHVRLQ SRXU FRQFOXUH VXU OHV FDUDFWpULVWLTXHV WRSRORJLTXHV� 1RXV
DYRQV XQ SURFHVVXV SUHVTXH VWDWLRQQDLUH� OH sig.(d) TXL Q¶D SDU FRQVpTXHQW DXFXQH
ERXFOH GDQV VD UHSUpVHQWDWLRQ VXU 62���� 1RXV DYRQV GHX[ PRGqOHV 3$5��� DYHF
GHV FRHIILFLHQWV JpQpUDWHXUV GLIIpUHQWV� FH VRQW OHV sig.(b) HW sig.(c) TXL DGPHWWHQW OD
PrPH VpTXHQFH GH QRPEUHV GH %HWWL PR\HQQpV� 1RXV DYRQV XQ PRGqOH 3$5���
DYHF OHV PrPHV FRHIILFLHQWV JpQpUDWHXUV TXH FHOXL GH sig.(b) PDLV DYHF XQH SpULRGH
T = 54 DX OLHX GH T = 20� F¶HVW OH sig.(e)� &H SURFHVVXV SUpVHQWH OH SOXV JUDQG QRPEUH
GH ERXFOHV GDQV VD UHSUpVHQWDWLRQ HW HQILQ� QRXV DYRQV OH sig.(a) TXL HVW XQ PRGqOH
3$50$������ 6D VpTXHQFH GH QRPEUHV GH %HWWL PR\HQQpV HVW VDQV DXFXQ GRXWH
GLIIpUHQWH GHV DXWUHV VpTXHQFHV� ,O Q¶\ D GRQF DXFXQH DPELJXwWp SRXU GLVFHUQHU OHV
FODVVHV GH SURFHVVXV� HW PrPH SOXV� VL OHV FRHIILFLHQWV JpQpUDWHXUV VRQW GLIIpUHQWV� OD
VpTXHQFH GHV QRPEUHV GH %HWWL PR\HQQpV GLW TX¶LO V¶DJLW GH OD PrPH FODVVH� (QILQ�
HW SRXU ILQLU DYHF FHWWH SDUWLH� O¶DQDO\VH GH OD )LJ� �����D� PRQWUH OH QRPEUH GH FRP�
SRVDQWHV FRQQHFWpHV� &RPPH RQ SHXW OH YRLU� OH sig.(e) PRQWUH XQ JUDQG QRPEUH GH
FRPSRVDQWHV FRQQHFWpHV� FHFL HVW OLp j OD IRUWH GLVSHUVLRQ GH VHV SRLQWV� 3RXU WRXV
OHV DXWUHV� OH QRPEUH GH FRPSRVDQWHV FRQQHFWpHV� TXL HVW FHUWDLQHPHQW VXSpULHXU j
XQ� HVW OH PrPH � j O¶H[FHSWLRQ HQFRUH XQH IRLV GX sig.(d) SRXU OHTXHO LO Q¶\ D TX¶XQH
VHXOH FRPSRVDQWH FRQQHFWpH� 3RXU UpVXPHU FHV UpVXOWDWV� M¶DL SURSRVHU XQH WDEOH
HPSLULTXH GHV QRPEUHV GH %HWWL SRXU FKDFXQ GHV SURFHVVXV� ,O V¶DJLW GH OD 7DEOH ����

,QIRUPDWLRQ GRQQpH SDU O¶HQWURSLH SHUVLVWDQWH
6L OHV UpVXOWDWV SUpFpGHQWV VRQW SUREDQWV� FHV UpVXOWDWV VRQW LVVXV GH ��� UpDOLVD�
WLRQV PR\HQQpHV� 1RXV QRXV VRPPHV GRQF SRVp OD TXHVWLRQ GH O¶KRPRJpQpLWp GHV
GLDJUDPPHV GH SHUVLVWDQFH VXU OHVTXHOV VRQW EDVpV OHV DQDO\VHV� 7RXMRXUV GDQV OD
PrPH RSWLTXH GH VDYRLU VL XQH LQIRUPDWLRQ LQWULQVqTXH j OD FODVVH GH SURFHVVXV pWDLW
GLVSRQLEOH� O¶LGpH D pWp GH VDYRLU VL OHV PHVXUHV VSHFWUDOHV HW OHV PDWULFHV GH GLODWD�
WLRQ pWDLHQW FRQWUDLQWHV GDQV OHXU WRSRORJLH� 8Q PR\HQ VLPSOH SRXU \ SDUYHQLU D pWp
G¶LPSOpPHQWHU O¶LQGLFDWHXU G¶KRPRORJLH SHUVLVWDQWH QRUPDOLVpH GpILQLH SDU

H(p) = − 1

log(Np)

Np∑

j=1

pjlog(pj) ������

R� pj = lj
L DYHF lj = yj − xj �OD GXUpH GH YLH�� L =

∑Np

j=1 lj� HW Np OH QRPEUH
GH SRLQWV GDQV OH GLDJUDPPH GH SHUVLVWDQFH� HW GH UHJDUGHU HQVXLWH OD GLVWULEXWLRQ
GH FHWWH HQWURSLH VXU O¶HQVHPEOH GH WRXV OHV GLDJUDPPHV� /¶LGpH Q¶HVW SDV WDQW
G¶DQDO\VHU OD YDOHXU GH O¶HQWURSLH SHUVLVWDQWH QRUPDOLVpH SDU GLDJUDPPH� TXL HVW GLI�
ILFLOH G¶LQWHUSUpWDWLRQ PDLV G¶DQDO\VHU OD GLVWULEXWLRQ GH FHWWH HQWURSLH� 3OXV OD GLVWUL�
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EXWLRQ WHQGUD YHUV XQH GLVWULEXWLRQ GH 'LUDF HW SOXV OHV GLDJUDPPHV GH SHUVLVWDQFH
VHURQW KRPRJqQHV� &HOD VRXV�HQWHQG TXH OD VWUXFWXUH WRSRORJLTXH GHV WUDMHFWRLUHV
HVW UpFXUUHQWH HW PRQWUH DLQVL O¶H[LVWHQFH G¶XQH FRQWUDLQWH VWUXFWXUHOOH OLpH j OD FODVVH
GX SURFHVVXV�

9R\RQV PDLQWHQDQW OD GLVWULEXWLRQ GH O¶HQWURSLH SHUVLVWDQWH QRUPDOLVpH SRXU OHV SUR�
FHVVXV pWXGLpV� 1RXV DYRQV UHSUpVHQWp FHV GLVWULEXWLRQV VXU OD )LJ� ���� &RPPH
G¶KDELWXGH MXVTX¶j SUpVHQW� OD )LJ� �����D� HVW DVVRFLpH DX GLDJUDPPH GH SHUVLVWDQFH
G¶RUGUH �� HW OD )LJ� �����E� DX GLDJUDPPH G¶RUGUH �� 3RLQW DVVH] LQDWWHQGX� OHV GLVWULEX�
WLRQV GH O¶HQWURSLH SHUVLVWDQWH QRUPDOLVpH VRQW WRXWHV GLVMRLQWHV SRXU OHV GLDJUDPPHV
GH SHUVLVWDQFH G¶RUGUH �� 3RLQWV SRVLWLIV VXU OH F{Wp VpSDUDEOH GHV SURFHVVXV� PDLV
DXVVL VXU OH IDLW TXH FKDFXQH GHV PDWULFHV GH GLODWDWLRQ VHPEOHQW rWUH FRQWUDLQWHV GDQV
OHXU GLVWDQFH UHODWLYH �FRQQHFWLYLWp�� /¶DQDO\VH GH OD GLVWULEXWLRQ GH G¶HQWURSLH SHUVLV�
WDQWH QRUPDOLVpH DVVRFLpH DX GLDJUDPPH G¶RUGUH � PRQWUH OH IDLW TXH OHV sig.(b) HW
sig.(c) RQW XQ IDLEOH QRPEUH GH SRLQWV GDQV OH GLDJUDPPH HW TXH OD ERXFOH HVW FODLUH�
PHQW LGHQWLILpH SDU XQ VHXO SRLQW DYHF XQH GXUpH GH YLH pOHYpH� &HOD QH VHPEOH SDV
rWUH OH FDV SRXU OH sig.(e)� SRXU OHTXHO LO \ D FHUWDLQHPHQW EHDXFRXS GH SRLQWV GDQV OH GL�
DJUDPPH DYHF SOXV GH YDULDELOLWp� /H sig.(d) D SUHVTXH OD PrPH GLVWULEXWLRQ G¶HQWURSLH
SHUVLVWDQWH QRUPDOLVpH� FH TXL UpYqOH VD JUDQGH YRODWLOLWp HW OD GLIILFXOWp G¶HVWLPHU XQH
WURX RX XQH ERXFOH GDQV OD WUDMHFWRLUH� &H TXH QRXV FRQFOXRQV G¶DSUqV FHV UpVXOWDWV
F¶HVW TXH O¶HQVHPEOH GHV PDWULFHV GH GLODWDWLRQ VXLYHQW XQH pYROXWLRQ �XQH URWDWLRQ�
FRQWUDLQWH SDU OH SURFHVVXV� 3OXV LO \ D GH PDWULFHV HW GH ERXFOHV� SOXV OD WRSRORJLH
DGPHW XQH FHUWDLQH YDULDELOLWp� VDQV GRXWH XQ OpJHU PRUSKLVPH GH OD WUDMHFWRLUH�

�D� �E�

)LJXUH ���� +LVWRJUDPPHV GH O¶HQWURSLH SHUVLVWDQWH QRUPDOLVpH DVVRFLpV j �D� XQ GLDJUDPPH
SHUVLVWDQW G¶RUGUH � HW �E� XQ GLDJUDPPH SHUVLVWDQW G¶RUGUH ��
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���� 0LVH HQ SODFH GHV LQGLFDWHXUV

������ /¶LQGLFDWHXU SUpFRFH EDVp VXU OD WRSRORJLH
8QH IRLV FHV FRQVLGpUDWLRQV WKpRULTXHV VXU OHV FODVVHV GH SURFHVVXV SpULRGLTXHPHQW
FRUUpOpV IDLWHV� MH VXLV PH WRXUQp YHUV OH FRWp DSSOLFDWLI� /¶REMHFWLI pWDQW G¶DPpOLRUHU
OD GpWHFWLRQ SUpFRFH GH YHQXHV PDVVLYHV DX[ XUJHQFHV SpGLDWULTXHV DILQ G¶DPpOLRUHU
OD PLVH HQ SODFH GX SODQ KLYHUQDO GpILQLH SDU O¶$56� QRXV DYRQV FKHUFKp FRPPHQW OD
GHVFULSWLRQ GH OD QRQ�VWDWLRQQDULWp SpULRGLTXH SDU OHV PDWULFHV GH GLODWDWLRQ SRXYDLHQW
QRXV \ DPHQHU� /¶LGpH D pWp GH WURXYHU OD GLVWRUVLRQ GH OD QRQ�VWDWLRQQDULWp SpULRGLTXH
GX IOX[ GH SDWLHQWV j DSSOLTXHU DILQ TXH OH GpSDUW j OD QRQ�VWDWLRQQDULWp VRLW OH SOXV
PDUTXp� &HOD D IDLW VXMHW GH OD SXEOLFDWLRQ >'XJ���@� 8Q QRXYHDX GpWHFWHXU HVW DLQVL
Qp HW EDVp VXU OHV pWDSHV GpFULWHV FL�DSUqV�

�D�

�E�

)LJXUH ����� (Q KDXW� IOX[ G¶DGPLVVLRQV SRXU OHV SDWLHQWV GLDJQRVWLTXpV EURQFKLROLWH SHQGDQW �
DQQpHV� (Q EDV UHSUpVHQWDWLRQ G¶XQ H[HPSOH GH OD YDULDELOLWp GHV DGPLVVLRQV GRQW OD YDOHXU PR\HQQH

HVW QXOOH�
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/D GLVWRUVLRQ GX IOX[ GH SDWLHQWV
'LVWRUGUH OD QRQ�VWDWLRQQDULWp SpULRGLTXH GX IOX[ GH SDWLHQWV D pWp SRVVLEOH JUkFH j XQH
WHFKQLTXH HPSOR\pH SRXU O¶DQDO\VH DXWR�VLPLODLUH GHV SURFHVVXV� OD 'HWUHQGHG )OXF�
WXDWLRQ $QDO\VLV �')$� >'XJ���@� >(PL���@� &HWWH WHFKQLTXH QRXV SHUPHW G¶H[WUDLUH OD
QRQ�VWDWLRQQDULWp SpULRGLTXH HW G¶HQ FRQWU{OHU OD GLVWRUVLRQ� L�H� O¶DPSOLWXGH� HW OD GXUpH
GHV IRUWHV YDULDELOLWpV� 8Q H[HPSOH HVW GRQQp SDU OD )LJXUH ���� R� ILJXUH HQ KDXW XQ
IOX[ G¶DGPLVVLRQV DX[ XUJHQFHV SpGLDWULTXHV SRXU V\PSW{PHV GH EURQFKLROLWH HW HQ
EDV O¶H[WUDFWLRQ GH OD QRQ�VWDWLRQQDULWp SpULRGLTXH�

)LJXUH ����� 7UDMHFWRLUH pFKDQWLOORQQpH GDQV R3 GH OD QRQ�VWDWLRQQDULWp SpULRGLTXH GH OD )LJXUH �����

3RXU FUpHU OH QRXYHDX GpWHFWHXU QRXV DSSUR[LPRQV OD WUDMHFWRLUH G\QDPLTXH GH
O¶H[WUDFWLRQ GH OD QRQ�VWDWLRQQDULWp SDU XQH LQWpJUDWLRQ GH W\SH +DQNHO >%.��@�
>3%&��@� >3+��@� &KDFXQH GHV FRORQQHV GH OD PDWULFH DLQVL REWHQXH HVW DORUV
DVVRFLpH j XQ SRLQW GDQV XQ HVSDFH HXFOLGLHQ� /D FROOHFWLRQ GHV SRLQWV IRUPH OH
QXDJH GH SRLQWV� UHSUpVHQWDWLIV GH OD WUDMHFWRLUH� 3RXU XQH IHQrWUH JOLVVDQWH GH �
pFKDQWLOORQV� QRXV DYRQV WUDFp OD WUDMHFWRLUH pFKDQWLOORQQpH REWHQXH �)LJ� ������ 6XU
FH JUDSKLTXH� QRXV DYRQV FRORUp TXDWUH SpULRGHV SRXU PHWWUH HQ pYLGHQFH GHV IDLWV
PDMHXUV� (Q SDUWLFXOLHU� OHV SpULRGHV GX ���������� DX ���������� HW GX ����������
DX ���������� SUpVHQWHQW GHV SRLQWV D\DQW OH PrPH FRPSRUWHPHQW� ,OV VRQW FRQFHQ�
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WUpV j O¶LQWpULHXU G¶XQH ERXOH HW VHPEOHQW WRXV rWUH SUHVTXH pJDOHPHQW HVSDFpV� &HFL
HVW YUDLPHQW LQWpUHVVDQW FDU FHV GHX[ SpULRGHV VRQW DVVRFLpHV j GHV IDLEOHV DUULYpHV
DX[ XUJHQFHV HW LO Q¶\ D SDV G¶pSLGpPLH GH 956 j FHWWH pSRTXH� $X FRQWUDLUH� SRXU
OD SpULRGH GX ���������� DX ����������� OHV SRLQWV QH VRQW SOXV pJDOHPHQW HVSDFpV
PDLV LOV V¶pWDOHQW GDQV O¶HVSDFH� &HWWH SpULRGH UHSUpVHQWH OH GpEXW GH O¶pSLGpPLH GH
956 HW FRUUHVSRQG DORUV j GHV DUULYpHV DQRUPDOHPHQW pOHYpHV DX[ XUJHQFHV� 3RXU OD
GHUQLqUH SpULRGH� TXL D GpEXWp OH ���������� HW V¶HVW WHUPLQpH OH ����������� FHUWDLQV
GHV SRLQWV RQW GHV FRRUGRQQpHV pOHYpHV HW G¶DXWUHV VRQW FRQFHQWUpV j O¶LQWpULHXU
G¶XQH ERXOH DX[ FRRUGRQQpHV IDLEOHV� &HWWH SpULRGH FRUUHVSRQG j OD GLPLQXWLRQ GH
O¶pSLGpPLH HW LQGLTXH GRQF XQH GLPLQXWLRQ GHV DGPLVVLRQV DX[ XUJHQFHV� 'H FHWWH
UHSUpVHQWDWLRQ QRXV SRXYRQV GRQF HQYLVDJHU OD GpWHFWLRQ GX GpEXW GH O¶pSLGpPLH�

3RXU FH IDLUH� QRXV DYRQV HQ WHPSV UpHO FDUDFWpULVp OD WRSRORJLH GH FH QXDJH GH SRLQWV
SDU O¶KRPRORJLH SHUVLVWDQWH HW GpWHUPLQHU XQ LQGLFDWHXU SULQFLSDO

%DUPD[(k) = PD[
Dk

{li} , i = 1, . . . , Npk ������

������

R� lj = yj − xj UHSUpVHQWH WRXMRXUV OD GXUpH GH YLH GDQV OH GLDJUDPPH GH SHUVLVWDQFH
HW Npk OH QRPEUH GH SRLQWV GX QXDJH j O¶LQVWDQW WHPSRUHO G¶pYDOXDWLRQ k� /¶HQVHPEOH
Dk = {(xi, yi)}

Npk
i=1 UHSUpVHQWH OH GLDJUDPPH GH SHUVLVWDQFH FDOFXOp j O¶LQVWDQW k� 1RXV

DYRQV DSSOLTXp FHW LQGLFDWHXU VXU OH IOX[ GH SDWLHQWV GHV XUJHQFHV HW FRQIURQWp VHV
SHUIRUPDQFHV SDU UDSSRUW j TXHOTXHV PpWKRGHV ODUJHPHQW SOpELVFLWpHV GDQV OH GR�
PDLQH GH OD SURGXFWLRQ GH VRLQV RX GH ELHQV PDQXIDFWXULHUV� /D )LJXUH ���� FL�DSUqV
SHUPHW G¶DSSUpFLHU OHV WUqV ERQQHV SHUIRUPDQFHV GH O¶LQGLFDWHXU TXH QRXV SURSRVRQV
UHODWLYHPHQW DX[ SHUIRUPDQFHV GHV DXWUHV PpWKRGHV�
/H JDLQ DSSRUWp SDU FH QRXYHO LQGLFDWHXU HVW SOXULHO� '¶XQH SDUW LO D XQH SOXV JUDQGH
SUpFRFLWp TXH O¶LQGLFDWHXU LQLWLDOHPHQW SURSRVp �'pWHFWLRQ SDU OH .XUWRVLV� HW G¶DXWUH
SDUW LO IRXUQL XQH DODUPH XQLTXH QH ODLVVDQW DXFXQH DPELJXwWp GDQV OD SULVH GH GpFLVLRQ�
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)LJXUH ����� (Q KDXW� FRPSDUDLVRQ HQWUH O¶LQGLFDWHXU %DUPD[�N� HW OD GpWHFWLRQ GHV SRLQWV GH
FKDQJHPHQW &8680� $X PLOLHX� FRPSDUDLVRQ HQWUH O¶LQGLFDWHXU %DUPD[�N� HW OD GpWHFWLRQ GHV SRLQWV
GH FKDQJHPHQW SDU FDUWH GH FRQWU{OH �6KHZKDUW�� (Q EDV� FRPSDUDLVRQ HQWUH O¶LQGLFDWHXU %DUPD[�N�

HW OD PpWKRGH GX NXUWRVLV ORFDO�
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������ /¶DSSOLFDWLRQ ZHE
/¶HQVHPEOH GHV RXWLOV QpFHVVDLUHV DX VXLYL HW j OD GpILQLWLRQ GHV DOHUWHV D pWp
LPSOpPHQWp VXU XQ VLWH ZHE KpEHUJp SDU OH &+8 GH 6DLQW (WLHQQH j O¶DGUHVVH
KWWS���SUHGDIOX�FKX�VW�HWLHQQH�IU HQ ����� &H VLWH UpFXSqUH FKDTXH MRXU OHV GRQQpHV
QpFHVVDLUHV j O¶DIILFKDJH GHV IOX[ GH SDWLHQWV� /HV LQGLFDWHXUV PLV HQ °XYUH VRQW
FHX[ SXEOLpV GDQV OHV UHYXHV LQWHUQDWLRQDOHV >%00��@� >'XJ���@�
/HV PpGHFLQV DXWRULVpV j FRQVXOWHU OH GDVKERDUG GH O¶DSSOLFDWLRQ� RQW OD YLVLRQ GH
OHXU IOX[ HQ WHPSV UpHO �MRXUQpH� DLQVL TXH WURLV QLYHDX[ G¶DOHUWHV� ILJXUH ���� HW
ILJXUH ����� 8QH DOHUWH WUqV SUpFRFH ���� GH FRQILDQFH� EOHX FODLU VXU OH JUDSKLTXH��
XQH DOHUWH PR\HQQHPHQW SUpFRFH ���� GH FRQILDQFH� EOHX PpGLXP VXU OH JUDSKLTXH�
DLQVL TX¶XQH DOHUWH pSLGpPLTXH ����� GH FRQILDQFH� EOHX IRQFp VXU OH JUDSKLTXH�
PDUTXDQW XQ IOX[ G¶DGPLVVLRQV DX[ XUJHQFHV SpGLDWULTXHV WURS DQRUPDO� /HV GHX[
SUHPLqUHV DOHUWHV VRQW FRQVWUXLWHV SDU O¶KRPRORJLH SHUVLVWDQWH GH OD QRQ�VWDWLRQQDULWp
SpULRGLTXH GX IOX[ GH SDWLHQWV DORUV TXH O¶DOHUWH j ���� HVW GRQQpH SDU O¶DQDO\VH GX
.XUWRVLV GH O¶HUUHXU GH SUpGLFWLRQ GX IOX[� 8QH FRXUEH GH SUpYLVLRQ GH O¶DFWLYLWp HVW
pJDOHPHQW SURSRVpH HW SHUPHW XQH JHVWLRQ ORQJ WHUPH GH O¶XQLWp� HOOH FRUUHVSRQG DX
PRGqOH GH 6HUIOLQJ�

�D�

�E�

)LJXUH ����� ,PDJHV GX WDEOHDX GH ERUG GH O¶DSSOLFDWLRQ 35('$)/8� (Q KDXW� IOX[ TXRWLGLHQ GHV
SDWLHQWV GLDJQRVWLTXpV EURQFKLROLWH� DYHF OD SUpGLFWLRQ� HW OHV � QLYHDX[ G¶DOHUWHV� (Q EDV� WHVWV

TXRWLGLHQ SRVLWLIV j O¶,QIOXHQ]D �JULSSH� DYHF OD GpWHFWLRQ HQ YHUW�
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8Q JUDSKLTXH GH SUpVHQFH GH OD JULSSH SDU DQDO\VH YLURORJLTXH HVW pJDOHPHQW
SURSRVp ILJXUH ������E�� &H JUDSKLTXH GpSHQG GHV FHQWUHV G¶pWXGHV� FHX[ QH
GLVSRVDQW SDV GH ODERUDWRLUH YLURORJLTXH YRLHQW OHXU FRXUEH UHPSODFpH SDU OH IOX[ GH
SDWLHQWV HQIDQWV GLDJQRVWLTXpV JULSSH� &H IOX[ HVW HQVXLWH DMXVWp HQ IRQFWLRQ GHV
LQIRUPDWLRQV YLURORJLTXHV� 3RXU OHV pWDEOLVVHPHQWV D\DQW XQ ODERUDWRLUH HW�RX FHX[
SUDWLTXDQW OHV WHVWV GH GLDJQRVWLF UDSLGHV� OHV GRQQpHV VRQW DIILFKpHV� (Q WHPSV UpHO�
OHV PpGHFLQV SHXYHQW MXJHU GH OD SUpVHQFH GX YLUXV JULSSDO GDQV OHXU pWDEOLVVHPHQW�
XQ LQGLFDWHXU pSLGpPLTXH HVW pJDOHPHQW IRXUQL� GHV ORUV TX¶DX PRLQV � YLUXV ,QIOXHQ]D
SHQGDQW � MRXUV VRQW GpWHFWpV�

(QILQ� XQ JUDSKLTXH GX IOX[ GHV HQWUpHV DX[ XUJHQFHV DGXOWHV SRXU FDXVH GH JULSSH
HVW pJDOHPHQW SURSRVp� &H GHUQLHU JUDSKLTXH WUDFH OH IOX[ GH SDWLHQWV kJpV ���� DQV�
GHV XUJHQFHV DGXOWHV FRUUHVSRQGDQW DX[ SDWLHQWV GRQW OHV V\PSW{PHV VRQW OHV SOXV
SURFKHV GH FHX[ GX YLUXV JULSSDO� /H VHQV GH © DX SOXV SURFKH ª HVW GpILQLW SDU OD
WKqVH GH &OpPHQW 3($/$7 HW VHUD GRQF DERUGp GDQV OH SURFKDLQ FKDSLWUH�
/D '60 PR\HQQH MRXUQDOLqUH GX IOX[ GH SDWLHQWV HVW pJDOHPHQW DIILFKpHV� HOOH SHU�
PHW GpMj G¶DYRLU O¶LQGLFDWLRQ DX[ PpGHFLQV XUJHQWLVWHV GH O¶HQFRPEUHPHQW GH OHXUV
VHUYLFHV� *UkFH DX[ QLYHDX[ GH FRORUDWLRQ FRUUHVSRQGDQW j OD SUpVHQFH GX 956
�EOHX�� j OD SUpVHQFH GH OD JULSSH �YHUW� HW j OD SUpVHQFH FRQMRLQWH GHV GHX[ YLUXV
�URXJH�� OHV PpGHFLQV GX &+8 GH VDLQW (WLHQQH RQW SX QRWHU TXH OD '06 GHV SHUVRQ�
QHV kJpHV DYHF FHUWDLQHV SDWKRORJLHV FDUGLR�UHVSLUDWRLUHV FRPPHQoDLW j DXJPHQWHU
SHQGDQW O¶DFWLYLWp GX 956 FKH] O¶HQIDQW HW SDV QpFHVVDLUHPHQW ORUVTXH OH YLUXV *ULS�
SDO HVW DYpUp� /HV UHFRPPDQGDWLRQV HW SUpFRQLVDWLRQ G¶RUJDQLVDWLRQ VHURQW GRQF Gp�
FOHQFKpHV SUpYHQWLYHPHQW DILQ GH SDOLHU j FHWWH SUREOpPDWLTXH G¶HQFRPEUHPHQW GHV
XUJHQFHV DGXOWHV�

)LJXUH ����� 5HSUpVHQWDWLRQ GX IOX[ TXRWLGLHQ GH SDWLHQWV DGXOWHV GH SOXV GH �� DQV SRXU OHV
SDWKRORJLHV GpWHUPLQpHV SDU OHV DOJRULWKPH GH FOXVWHULQJ GX FKDSLWUH �� 3RXU FHV SDWLHQWV� HVW

DIILFKpH pJDOHPHQW OD GXUpH GH VpMRXU DLQVL TX¶XQ OLVVDJH GH FHWWH GXUpH�



���� &RQWULEXWLRQV VFLHQWLILTXHV GH FHWWH SDUWLH ��

������ 5HWRXU G¶H[SpULHQFH

)LJXUH ����� $UWLFOH GX &+80$* GX &+8 GH 6DLQW�(WLHQQH�

$XMRXUG¶KXL HW GHSXLV VD PLVH HQ SODFH� OD GLUHFWLRQ GX &+8 DFWLYH OH SODQ KLYHUQDO
HQ SpGLDWULH GqV ORUV TXH OD GpWHFWLRQ HVW IDLWH ���� GH FRQILDQFH�� /H SLORWDJH GX
VHUYLFH HQ HVW GRQF DPpOLRUp HW GHSXLV� OHV XUJHQFHV SpGLDWULTXHV IRQW IDFH DX[ DIIOX�
HQFHV PDVVLYHV� &HV ERQQHV SUDWLTXHV RUJDQLVDWLRQQHOOHV RQW WURXYp pFKR SULQFLSDOH�
PHQW DXSUqV GX &+8 GH *UHQREOH HW GX &+8 GH *HQqYH TXL XWLOLVHQW pJDOHPHQW HQ
URXWLQH O¶DSSOLFDWLRQ ZHE 35('$)/8� /HV &+ GH 9DOHQFH HW 9LOOHIUDQFKH�VXU�6D{QH�
VRQW GHV FHQWUHV PRLQV UpDFWLIV TXL QH SLORWHQW SDV FRPSOqWHPHQW OHXU VHUYLFH JUkFH
j O¶RXWLO� PDLV SDUWLFLSHQW QpDQPRLQV j O¶H[SpULPHQWDWLRQ�
6HXOV OHV &+8 GH 6DLQW�(WLHQQH HW GH *UHQREOH RQW XQ UHJDUG VXU OH IOX[ GH SDWLHQWV
DGXOWHV� /¶DUWLFOH >0RU���@ SRVLWLRQQH O¶LQWpUrW GH O¶RXWLO SRXU SUpYHQLU SUpFRFHPHQW OHV
YHQXHV SRXU GpWUHVVH FDUGLR�UHVSLUDWRLUH DX[ XUJHQFHV DGXOWHV PDLV LO UHVWH HQFRUH
XQ ERXW GH FKHPLQ SRXU TXH OHV XUJHQFHV DGXOWHV SLORWHQW WRWDOHPHQW OH VHUYLFH JUkFH
j FHWWH DSSOLFDWLRQ . . . �

���� &RQWULEXWLRQV VFLHQWLILTXHV GH FHWWH SDUWLH

%LODQ VFLHQWLILTXH

ϳ � � $UWLFOHV GH UHYXHV >%00��@� >'%0��E@� >'XJ���@� >%'0��D@
� � $UWLFOH GH FRQIpUHQFH ,QWHUQDWLRQDOH j FRPLWp HW DFWH GH OHFWXUH
>'%0��D@





�
$QWLFLSHU O¶HQJRUJHPHQW DX[ XUJHQFHV

DGXOWHV HQ GpWHUPLQDQW OH IOX[ GH
SDWLHQWV OH SOXV LPSDFWDQW

1RXV O¶DYRQV YX GDQV OH FKDSLWUH
SUpFpGHQW� O¶DSSOLFDWLRQ 35('$)/8
GLVSRQLEOH SRXU OHV VHUYLFHV
G¶DFFXHLO GHV XUJHQFHV FRQWLHQW
XQ JUDSKLTXH UHODWLI DX[ XUJHQFHV
DGXOWHV� /HV YLUXV UHVSLUDWRLUHV
KLYHUQDX[ FRPPH OH 956 HW
O¶,QIOXHQ]D� LPSDFWHQW VpYqUHPHQW
OHV VHUYLFHV G¶XUJHQFHV G¶DGXOWHV�
EHDXFRXS SOXV HQFRUH TXH OHV
XUJHQFHV SpGLDWULTXHV� &KH]
O¶DGXOWH� FHV YLUXV DWWHLJQHQW SOXV

JpQpUDOHPHQW XQH SRSXODWLRQ kJpH ���� DQV� DYHF GHV FRPSOLFDWLRQV
FDUGLR�UHVSLUDWRLUHV� 7RXWHIRLV� O¶HQJRUJHPHQW DX[ XUJHQFHV DGXOWHV SHQGDQW
OD SpULRGH GH FLUFXODWLRQ GH FHV YLUXV� SHXW pJDOHPHQW rWUH SURYRTXp SDU
G¶DXWUHV SDWKRORJLHV� 'DQV FH FKDSLWUH� MH YDLV GRQF GpYHORSSHU OD PDQLqUH
GRQW QRXV DYRQV H[WUDLW OHV FRGHV GLDJQRVWLFV UHODWLIV j OD FLUFXODWLRQ GHV
YLUXV UHVSLUDWRLUHV HW MH P¶DWWDUGHUDL VXU OHV SUpFRQLVDWLRQV PpWKRGRORJLTXHV
j HPSOR\HU�

6RPPDLUH
��� &RQWH[WH HW REMHFWLI � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� /H FOXVWHULQJ GH VpULHV WHPSRUHOOHV � � � � � � � � � � � � � � � � � � � � � ��

����� 7UDMHFWRLUHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� /HV YDULpWpV WHVWpHV � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� /HV GLVWDQFHV HW FDOFXO GH EDU\FHQWUHV VXU OHV YDULpWpV � � � � � ��
����� /H EHQFKPDUN � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� $SSOLFDWLRQ DX[ IOX[ GH SDWLHQWV DGXOWHV � � � � � � � � � � � � � � � � � � ��
��� &RQWULEXWLRQV VFLHQWLILTXHV GH FHWWH SDUWLH � � � � � � � � � � � � � � � � � ��

��



��
&KDSWHU �� $QWLFLSHU O¶HQJRUJHPHQW DX[ XUJHQFHV DGXOWHV HQ GpWHUPLQDQW OH IOX[ GH

SDWLHQWV OH SOXV LPSDFWDQW

���� &RQWH[WH HW REMHFWLI

0rPH VL OHV GLDJQRVWLFV FOLQLTXHV� FRQVpTXHQFH G¶XQ YLUXV UHVSLUDWRLUH VRQW UHODWLYH�
PHQW ELHQ GRFXPHQWpV GDQV OLWWpUDWXUH PpGLFDOH� O¶HQJRUJHPHQW GDQV OHV VHUYLFHV
G¶DFFXHLO GHV XUJHQFHV SHXW rWUH G� j O¶DGMRQFWLRQ G¶DXWUHV SDWKRORJLHV RX G¶DXWUHV
YLUXV PRLQV UHFKHUFKpV� ,O HVW pJDOHPHQW ELHQ GRFXPHQWp >66��@ TXH OHV YLUXV
UHVSLUDWRLUHV KLYHUQDX[ �RX GX PRLQV MXVTX¶HQ ���� . . . HW DQWp�&29,'���� LPSDFWHQW
IRUWHPHQW OH VHUYLFH G¶DFFXHLO GHV XUJHQFHV DGXOWHV DYHF XQH DXJPHQWDWLRQ WUqV QHWWH
GH OD GXUpH PR\HQQH GH VpMRXU SRXU XQH SDUWLH GH OD SRSXODWLRQ� $ OD GLIIpUHQFH GH
O¶HQIDQW� OD FKDUJH YLUDOH FKH] O¶DGXOWH HVW PRLQGUH RX SOXV GpOLFDWH j GpWHFWHU SDU GH
VLPSOHV WHVWV YLURORJLTXHV� 'H SOXV� OHV WHVWV YLURORJLTXHV V\VWpPDWLTXHV RQW XQ FR�W
LPSRUWDQW TXH O¶K{SLWDO QH SHXW SUHQGUH HQ FKDUJH� 6HXOV OHV SDWLHQWV KRVSLWDOLVpV
VRQW WHVWpV DILQ G¶pYLWHU G¶pYHQWXHOOHV FRQWDJLRQV� (QILQ� OHV ODERUDWRLUHV UHQGHQW
OHXUV UpVXOWDWV GLVSRQLEOHV GH PDQLqUH KHEGRPDGDLUH QH SHUPHWWDQW SDV UpHOOHPHQW
G¶DYRLU XQ PRQLWRULQJ ILQ� /¶LPDJH GH OD SUpVHQFH YLUDOH GRQQpH SDU OD YLURORJLH Q¶HVW
GRQF SDV XQH LPDJH H[DFWH GH OD SUpVHQFH GHV YLUXV HW QH SHUPHW SDV G¶LGHQWLILHU OHV
SDWLHQWV GRQW OHV GLDJQRVWLFV SHXYHQW FRUUHVSRQGUH j XQH FRQVpTXHQFH GH O¶LQIHFWLRQ
YLUDOH� 7RXW FRPPH O¶RXWLO 35('$)/8� GHVWLQp GH SULPH DERUGV DX[ XUJHQFHV
SpGLDWULTXHV� LO HVW QpFHVVDLUH GH EDVHU OH SLORWDJH GHV XQLWpV DGXOWHV RX j PLQLPD
GH IRXUQLU XQ GDVKERDUG SUpFLV GH OD VLWXDWLRQ� j SDUWLU GHV GRQQpHV G¶HQWUpHV DX[
XUJHQFHV� ,O IDXW SRXYRLU H[WUDLUH GH O¶HQVHPEOH GHV GRQQpHV G¶HQWUpHV� OH IOX[ GH
SDWLHQW LPSDFWDQW OH SOXV O¶RUJDQLVDWLRQ GHV XUJHQFHV DGXOWHV ORUV GH OD SUpVHQFH GHV
YLUXV KLYHUQDX[�

$ILQ G¶rWUH SUpFRFH GDQV OD GpWHFWLRQ GH YHQXHV DQRUPDOHV DX[ XUJHQFHV DGXOWHV� XQH
K\SRWKqVH VRXWHQXH SDU OHV XUJHQWLVWHV SpGLDWULTXHV HVW TXH O¶LQIHFWLRQ YLUDOH FKH]
O¶HQIDQW HW QRWDPPHQW FHOOH GX 956� LQWHUYLHQW HQ DPRQW GHV FRQWDPLQDWLRQV FKH]
O¶DGXOWH� 2U OD GpWHFWLRQ YLUDOH FKH] O¶HQIDQW HVW ELHQ SOXV VLPSOH HW PRLQV FR�WHXVH�
¬ SDUWLU GHV GRQQpHV G¶HQWUpHV� QRXV GLVSRVRQV G¶XQH EDVH GH PXOWLSOHV VpULHV WHP�
SRUHOOHV DVVRFLpHV FKDFXQH j XQ FRGH GLDJQRVWLF� /RUVTX¶XQ SDWLHQW DUULYH� OH PpGHFLQ
UpIpUHQFH GDQV VRQ GRVVLHU PpGLFDO JpQpUDOHPHQW XQ GLDJQRVWLF SULQFLSDO HW GHX[ RX
WURLV DXWUHV GLDJQRVWLFV VHFRQGDLUHV� 'HPrPH� QRXV GLVSRVRQV GH VpULHV WHPSRUHOOHV
DVVRFLpHV j OD GpWHFWLRQ GX YLUXV FKH] XQ HQIDQW WHVWp�

/¶LGpH UHYLHQW DORUV j XWLOLVHU O¶LQIRUPDWLRQ YLUDOH REWHQXH SDU WHVW FKH] O¶HQIDQW FRPPH
XQH LQIRUPDWLRQ QRQ QpJOLJHDEOH j XWLOLVHU SRXU O¶DGXOWH� 3DUPL WRXWHV OHV DSSURFKHV
SRVVLEOHV� M¶DL FKRLVL O¶DSSURFKH SDU FOXVWHULQJ GHV VpULHV WHPSRUHOOHV TXL SHUPHW IDFLOH�
PHQW GH VH VHUYLU GHV VpULHV WHPSRUHOOHV GHV YLUXV FRPPH DWWUDFWHXU SRXU OHV VpULHV
WHPSRUHOOHV DVVRFLpHV DX[ FRGHV GLDJQRVWLFV GHV DGXOWHV�
/HV HQMHX[ VRXOHYpV SDU FHWWH DSSURFKH VH FRQFHQWUHQW VXU OH FKRL[ GH O¶HVSDFH GH
UHSUpVHQWDWLRQ GHV VpULHV WHPSRUHOOHV HW OD PRGLILFDWLRQ GHV PpWKRGHV GH FOXVWHULQJ
SRXU V¶DGDSWHU j O¶HVSDFH GH UHSUpVHQWDWLRQ� L�H� OD FDUDFWpULVDWLRQ GHV GLVWDQFHV j
XWLOLVHU VXU FHV HVSDFHV SRXU OH FOXVWHULQJ� /D )LJXUH ��� LOOXVWUH O¶LGpH JpQpUDOH� 8QH
IRLV OHV FRGHV GLDJQRVWLFV REWHQXV� LO QH UHVWH SOXV TX¶j FRQVWUXLUH OH IOX[ GH SDWLHQWV
DVVRFLp HW j OH PRQLWRUHU�



���� /H FOXVWHULQJ GH VpULHV WHPSRUHOOHV ��

)LJXUH ���� ,OOXVWUDWLRQ GX SULQFLSH GH FOXVWHULQJ GHV FRGHV GLDJQRVWLFV &,0��� ORUVTX¶LOV VRQW
UHSUpVHQWpV GDQV XQ HVSDFH GH SOXV KDXWH GLPHQVLRQ�

���� /H FOXVWHULQJ GH VpULHV WHPSRUHOOHV

*pQpUDOHPHQW HW OH SOXV VRXYHQW >-/5��@� OH FOXVWHULQJ GH VpULHV WHPSRUHOOHV �XQLYDU�
LpHV� V¶DSSOLTXH GLUHFWHPHQW VXU OHV GRQQpHV EUXWHV >.3��@ DYHF FRPPH GLVWDQFH OD
'\QDPLF 7LPH :DUSLQJ >2)&��@ RX VLPSOHPHQW OD GLVWDQFH HXFOLGLHQQH� %RQ QRPEUH
G¶DUWLFOH GH UHYLHZ GHV PpWKRGHV GH FOXVWHULQJ QH WUDLWHQW SDV G¶DXWUHV DSSURFKHV HW
QRWDPPHQW SDV FHOOHV VH EDVDQW VXU XQ DVSHFW SOXV JpRPpWULTXH� eWDQW GRQQp PHV
DIILQLWpV PDWKpPDWLTXHV� M¶DL UDSLGHPHQW FKRLVL GH UHSUpVHQWHU OHV VpULHV WHPSRUHOOHV
VXU XQ DXWUH HVSDFH TXH FHOXL GH O¶HVSDFH HXFOLGLHQ� 'H PDQLqUH DVVH] QDWXUHOOH IL�
QDOHPHQW� MH PH VXLV WRXW G¶DERUGV LQGLUHFWHPHQW WRXUQp YHUV OH © PDQLIROG OHDUQLQJ ª
HQ UHSUpVHQWDQW OHV VpULHV WHPSRUHOOHV SDU XQ SURMHFWHXU FDU FRQVFLHQW GH O¶HIILFDFLWp
DFFUXH GH FH W\SH G¶DSSURFKHV >/76��@� >7XU���@ HW JXLGp SDU OD PpWKRGRORJLH SUpVHQ�
WpH GDQV >201��@� &¶HVW XQH GpPDUFKH FODVVLTXH ORUVTX¶RQ WUDLWH OHV DOJRULWKPHV
G¶HVWLPDWLRQ HQ VRXV�HVSDFH RX j KDXWH�UpVROXWLRQ� /D PpWKRGRORJLH HVW VLPSOH HW
SRXU UDSSHO� RQ FRQVWUXLW OD PDWULFH GH +DQNHO� RQ DSSOLTXH JpQpUDOHPHQW XQH UpGXF�
WLRQ GH GLPHQVLRQ GH W\SH 3&$ RX .HUQHO�3&$ SXLV RQ UHFKHUFKH XQH EDVH YHFWRULHOOH�
&HOD D FRQGXLW DX[ SUHPLHUV UpVXOWDWV SXEOLpV GDQV >6RO���@� >3%&��@� 5pVXOWDWV HQ�
FRXUDJHDQWV PDLV TXL QpFHVVLWDLHQW G¶DOOHU XQ FUDQ SOXV ORLQ GDQV OD FRPSUpKHQVLRQ
GH O¶HVSDFH GH UHSUpVHQWDWLRQ HW GH VRQ LQIOXHQFH SRXU OH FOXVWHULQJ�

(Q IDLW� OH SURFHVVXV GH FOXVWHULQJ GDQV VD JOREDOLWp HVW SOXW{W FRPSOLTXp� OH OHFWHXU
SRXUUD HQ MXJHU DX ILO GX FKDSLWUH� ,O FRPPHQFH SDU O¶LQMHFWLRQ GH OD VpULH WHPSRUHOOH
XQLYDULpH GDQV XQ HVSDFH DPELDQW GH SOXV KDXWH GLPHQVLRQ� ,O \ D Oj HQ IDLW GHX[
SRLQWV LPSRUWDQWV TXL RQW FRQFHQWUp XQH ERQQH SDUWLH GHV HIIRUWV GH UHFKHUFKH� /H
SUHPLHU UpVLGH GDQV OD FRQVWUXFWLRQ GH OD PDWULFH GH +DQNHO� TXL Q¶HVW SDV DQRGLQH
DORUV TXH OH VHFRQG UpVLGH GDQV OD SURMHFWLRQ GH FHWWH PDWULFH GDQV XQ QRXYHO HVSDFH
TXL IDYRULVHUD OH FOXVWHULQJ�



��
&KDSWHU �� $QWLFLSHU O¶HQJRUJHPHQW DX[ XUJHQFHV DGXOWHV HQ GpWHUPLQDQW OH IOX[ GH

SDWLHQWV OH SOXV LPSDFWDQW

������ 7UDMHFWRLUHV
&RPPH pQRQFp SUpFpGHPPHQW� OD FRQVWUXFWLRQ GH OD PDWULFH GH +DQNHO pWDLW SRXU
PRL XQH FRQVWUXFWLRQ QDWXUHOOH TXL Q¶DYDLW SDV IRUFpPHQW G¶LQWpUrW j UH�TXHVWLRQQHU� /D
PDWULFH GH +DQNHO HVW IRUWHPHQW HPSOR\pH SRXU DSSUR[LPHU OD FRYDULDQFH GH OD VpULH
j pWXGLHU HW SHUPHW G¶DYRLU XQH YLVLRQ VWDWLVWLTXH GH OD VpULH� 0DLV RQ IRXLOODQW XQ SHX
SOXV j SDUWLU GH >%.��@� XQ QRXYHDX PRW FOp HVW DSSDUX� FHOXL GH 7DNHQV¶ 7KHRUHP �
-H VXLV WRXMRXUV SDQWRLV GH FRQVWDWHU TX¶XQ PRW HVW SDUIRLV XQH FOp SRXU RXYULU GHV
SRUWHV MXVTX¶DORUV FDFKpHV RX IHUPpHV� &H WKpRUqPH GH 7DNHQV¶ QRXV D DPHQp j
FRQVLGpUHU GLIIpUHPPHQW OD VpULH WHPSRUHOOH� 1RQ SOXV OD YRLU FRPPH XQ pOpPHQW G¶XQ
HVSDFH GH +LOEHUW PDLV FRPPH XQH UpDOLVDWLRQ G¶XQ V\VWqPH G\QDPLTXH VRXV�MDFHQW�
(W GH YRLU TXH OD FRQVWUXFWLRQ GH ODPDWULFH GH +DQNHO HVW XQPR\HQ GH UHSUpVHQWHU XQH
WUDMHFWRLUH �FRQYHUJHDQW YHUV XQ DWWUDFWHXU� GDQV O¶HVSDFH GHV SKDVHV GX V\VWqPH HQ
TXHVWLRQ� )LQDOHPHQW� OD FRQVWUXFWLRQ GH +DQNHO HVW JpQpUDOLVpH HQ SDUDPpWULVDQW SDU
XQ SDUDPqWUH τ O¶RYHUODSSLQJ GHV IHQrWUHV JOLVVDQWHV� &HOD GRQQH ODPDWULFH WUDMHFWRLUH
Ty G¶XQH VpULH WHPSRUHOOH y(t) >6WD���@

Ty =





y(0) y(τ) · · · y((m− 1)τ)

y(1) y(2 + τ)
���

��� ��� ���
y(k) y(k + τ) · · · y(k + (m− 1)τ)
��� ��� ���

y(l − 1− (m− 1)τ) y(l − 1− (m− 2)τ) · · · y(l − 1)





. �����

3RXU XQH FRQVWUXFWLRQ GH W\SH +DQNHO FODVVLTXH τ = 1�
/D YDOHXU GX SDUDPqWUH τ � HVW ELHQ pYLGHPPHQW HVVHQWLHO HW LQWHUYLHQW IRUWHPHQW GDQV
OHV UpVXOWDWV GX FOXVWHULQJ� 8Q DUWLFOH GH MRXUQDO HVW HQ FRXUV GH ILQDOLVDWLRQ VXU FH VXMHW�
MH GpEkWHUDL GHV FRQVpTXHQFHV GH FHWWH YDOHXU GDQV OD SDUWLH ����� GH FH FKDSLWUH�

6L RQ FRQVLGqUH TXH OD PDWULFH WUDMHFWRLUH Ty HVW XQ pOpPHQW G¶XQ HVSDFH RX G¶XQ
HQVHPEOH� LO \ D GH IRUWH FKDQFH SRXU TXH FHW HQVHPEOH VRLW XQH YDULpWp GLIIpUHQWLHOOH�
2U� WHO TXHO� LO HVW GLIILFLOH GH OH PRQWUHU RX PrPH GH GLVSRVHU HQVXLWH G¶XQH PpWULTXH
TXL VHUD QpFHVVDLUH SRXU OH FOXVWHULQJ� 1RXV DYRQV GRQF IDLW OH FKRL[ GH SURMHWHU OD
PDWULFH Ty VXU GHV HQVHPEOHV FRQQXV� TXL VRQW GHV YDULpWpV HW GRQV OHV PpWULTXHV
VRQW ELHQ GpILQLHV�

������ /HV YDULpWpV WHVWpHV
3DUPL OHV YDULpWpV GLIIpUHQWLHOOHV GLVSRQLEOHV� QRXV DYRQV IDLW OH FKRL[ GH SURMHWHU
VXU OD YDULpWp GH 6WLHIHO� OD YDULpWp 6SKqUH DLQVL TXH VXU OD YDULpWp (XFOLGLHQQH
FODVVLTXH� 1RXV DYRQV WHVWp OD YDULpWp GHV PDWULFHV GpILQLHV SRVLWLYHV DX WUDYHUV
GH OD PpWULTXH GH *UDPP� PDLV SRXU GHV UDLVRQV GH FDOFXOV QRXV Q¶DYRQV SDV SX
DSSOLTXHU FHW SURMHFWLRQ DX EHQFKPDUN UpDOLVp j OD VHFWLRQ ������ /D )LJXUH ��� LOOXVWUH
OHV GLIIpUHQFHV HQWUH OHV FRXUEXUHV GHV YDULpWpV GH SURMHFWLRQ� HW PHWWHQW FODLUHPHQW
HQ pYLGHQFH OHV GLIIpUHQWHV PpWULTXHV VXU FHV YDULpWpV�



���� /H FOXVWHULQJ GH VpULHV WHPSRUHOOHV ��

)LJXUH ���� ,OOXVWUDWLRQ GH WURLV JpRPpWULHV GH YDULpWpV GLIIpUHQWHV� (Q KDXW� OD YDULpWp HXFOLGLHQQH� $X
PLOLHX� OD YDULpWp GHV PDWULFHV VHPL�GpILQLHV SRVLWLYHV HW HQILQ HQ EDV OD YDULpWp GH 6WLHIHO�



��
&KDSWHU �� $QWLFLSHU O¶HQJRUJHPHQW DX[ XUJHQFHV DGXOWHV HQ GpWHUPLQDQW OH IOX[ GH

SDWLHQWV OH SOXV LPSDFWDQW

&H FKRL[ GH SURMHFWLRQ VH MXVWLILH SDU OHV DSSURFKHV SRVVLEOHV YXHV SUpFpGHPPHQW�
8QH FRPSDUDLVRQ GHV VpULHV WHPSRUHOOHV VXU XQH YDULpWp j FRXUEXUH QXOOH GH W\SH
HXFOLGLHQQH� XQH FRPSDUDLVRQ GHV VpULHV WHPSRUHOOHV SDU OHV VWDWLVWLTXHV GX VHFRQG
RUGUH HW OD YDULpWp GHV PDWULFHV VHPL�GpILQLHV SRVLWLYHV HW HQILQ XQH FRPSDUDLVRQ GHV
VpULHV WHPSRUHOOHV SDU OHXU SURMHFWHXUV DVVRFLp HW OD YDULpWp GH 6WLHIHO GHV PDWULFHV RU�
WKRJRQDOHV� /D YDULpWp 6SKqUH pWDQW XQH FRPSDUDLVRQ GHV VpULHV WHPSRUHOOHV ORUVTXH
OHV GLPHQVLRQV GHV SURMHFWHXUV j FRPSDUHU VRQW GLIIpUHQWHV� HOOH HVW LQGXLWH SDU OD
YDULpWp GH 6WLHIHO GRQF�

������ /HV GLVWDQFHV HW FDOFXO GH EDU\FHQWUHV VXU OHV YDULpWpV
1RXV Q¶DYRQV SDV SURSRVp GH QRXYHOOH PpWULTXH VXU OHV YDULpWpV FRQVLGpUpHV PDLV
QRXV SURSRVRQV XQ WUDYDLO GH V\QWKqVH TXL UHJURXSH FODLUHPHQW OHV H[SUHVVLRQV GHV
GLVWDQFHV DLQVL TXH OHV DSSUR[LPDWLRQV GHV H[SRQHQWLHOOHV GH 5LHPDQQ RX /RJDULWKPH
GH 5LHPDQQ j XWLOLVHU�
3DUPL OHV DOJRULWKPHV GH FOXVWHULQJ OHV SOXV SHUIRUPDQWV HW XWLOLVpV� QRXV DYRQV FKRLVL
FRPPH DOJRULWKPH GH FRPSDUDLVRQ O¶DOJRULWKPH GH .�PHDQV� 6L OD UHFKHUFKH G¶XQ
EDU\FHQWUH HVW SOXW{W DLVpH GDQV OH FDV HXFOLGLHQ� HOOH HVW QHWWHPHQW PRLQV LQWXLWLYH
ORUVTXH O¶RQ WUDLWH OHV GpSODFHPHQWV VXU GHV YDULpWpV� ,O H[LVWH QpDQPRLQV XQ DOJR�
ULWKPH TXL SHUPHW OD UHFKHUFKH LWpUDWLYH G¶XQ EDU\FHQWUH VRXV FHV FRQGLWLRQV� F¶HVW
O¶DOJRULWKPH GH © .DUFKHU 0HDQ ª� ,O V¶DJLW G¶XQH GHVFHQWH GH JUDGLHQW VXU OD YDULpWp�
R� OH SRLQW FRXUDQW HVW LQMHFWp VXU O¶HVSDFH WDQJHQW� /H GpSODFHPHQW GH FH SRLQW HVW
HQVXLWH FDOFXOp HQ PR\HQQDQW O¶HQVHPEOH GHV YLWHVVHV GH GpSODFHPHQWV DX[ SRLQWV
GRQW RQ FKHUFKH OH EDU\FHQWUH� /H QRXYHDX SRLQW HVW HQVXLWH UDPHQp VXU OD YDULpWp
SDU OD FDUWH H[SRQHQWLHOOH� /RUVTX¶LO Q¶\ D SOXV GH GpSODFHPHQW� OH JUDGLHQW HVW QXO HW
OH EDU\FHQWUH DWWHLQW� /¶LGpH JpQpUDOH GH OD SURFpGXUH HVW LOOXVWUpH SDU OD )LJXUH ��� HW
O¶DOJRULWKPH GRQQp SDU ��

)LJXUH ���� &RQFHSW GX .DUFKHU PHDQ

$OJRULWKP �� .DUFKHU PHDQ
,QSXW � X1, X2, ...XN ∈ M�
µ0 = X1

ZKLOH µk ,= µk+1 GR
∆µ = 1

N

∑N
i=1 Logµk

(Xi)�
µk+1 = Expµk

(∆µ)�
HQG
2XWSXW � µ



���� /H FOXVWHULQJ GH VpULHV WHPSRUHOOHV ��

/H WUDYDLO GH V\QWKqVH GHV GLVWDQFHV HW GHV GpILQLWLRQV GHV FDUWHV H[SRQHQWLHOOH HW
/RJDULWKPH GH 5LHPDQQ HVW GRQQp SDU OD WDEOH ��� FL�DSUqV�

7DEOH ���� 6\QWKqVH GHV GLVWDQFHV HW FDUWHV ([SRQHQWLHOOH HW /RJDULWKPH

*pRPHWULH 9S(RQ) 6Q RQ×S

'LVWDQFH DOJR� >3%&��@ d(X, Y ) = DUFFRV (XTY ) d(X, Y ) = (
∑n−1

k=0

∑p−1
l=0 (xk,l − yk,l)2)

1
2

.DUFKHU PHDQ 'HVFHQWH GH *UDGLHQW
�DOJR� �� X1, ..., Xn ∈ Rn×p�X = 1

k

∑k
i=1 Xi

([SRQHQWLHOOH GH
5LHPDQQ DOJR�� ExpX(v) = cos(|v|)× x+ sin(|v|)

|v| × y ExpX(v) = X + v

/RJDULWKPH GH
5LHPDQQ DOJR�� LogX(Y ) = d(X,Y )√

1−(XTY )2
(Y − (XTP )X LogX(Y ) = Y −X

1RXV GRQQRQV pJDOHPHQW OHV DOJRULWKPHV TXL SHUPHWWHQW O¶LPSOpPHQWDWLRQ GHV
FDUWHV ([SRQHQWLHOOH HW /RJDULWKPH VXU OD YDULpWp GH 6WLHIHO >=LP��@� >3%&��@�

$OJRULWKP �� &DUWH ([SRQHQWLHOOH VXU OD YDULpWp GH 6WLHIHO
,QSXW� U ∈ Vp(Rn)� ∆ ∈ TUVn,p

'pFRPSRVLWLRQ GH ∆� ∆ = UUT∆+ (I − UUT )∆
'pFRPSRVLWLRQ 45 GH (I − UUT )∆� ∆ = UA+QERE[
M
NE

]
= exp(

[
A −RT

E

RE 0

]
)

[
Ip
0

]

2XWSXW� ExpSU t(∆) = UM +QENE �

$OJRULWKP �� &DUWH /RJDULWKPH VXU OD YDULpWp GH 6WLHIHO
,QSXW� U ∈ Vp(Rn)� U ∈ Vp(Rn)� VHXLO τ �
,QLWLDOLVDWLRQ�
M = UTU
QN = U − UM

V0 =

[
M X0

N Y0

]

log(V0) =

[
A0 −BT

0

B0 C0

]

ZKLOH ‖Ck‖2 ≤ τ GR

φk = exp(−Ck) Vk+1 = VkWk R� Wk =

[
Ip 0
0 φk

]

HQG
2XWSXW� LogStU (U) = UAk +QBk
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SDWLHQWV OH SOXV LPSDFWDQW

������ /H EHQFKPDUN

/D UHSUpVHQWDWLRQ GHV VpULHV WHPSRUHOOHV IDLWHV� OHV GLVWDQFHV GpILQLHV VXU OHV YDU�
LpWpV WURXYpHV HW V\QWKpWLVpHV� QRXV DYRQV SX DGDSWHU OHV DOJRULWKPHV FODVVLTXHV
GH FOXVWHULQJ WUDYDLOODQW VXU O¶HVSDFH HXFOLGLHQ PRQR�GLPHQVLRQQHO� DX[ YDULpWpV GH
6WLHIHO� 6SKqUH HW (XFOLGLHQ PDWULFLHO� /HV DOJRULWKPHV TXL QRXV RQW VHUYL GH *ROG
6WDQGDUG� VRQW OHV DOJRULWKPHV GH .�PHDQV� G¶$JJORPpUDWLRQ +LpUDUFKLTXH� HW +'%�
6&$1� /HV GLPHQVLRQV GHV PDWULFHV GH WUDMHFWRLUH SRXYDQW rWUH JUDQGH� HW DILQ GH
IDFLOLWp O¶LPSOpPHQWDWLRQ GHV GLVWDQFHV GH OD WDEOH ��� LO QRXV D pWp QpFHVVDLUH GH WURX�
YHU XQH PpWKRGH HIILFDFH GH UpGXFWLRQ GH GLPHQVLRQ� DXWUH TXH OHV 3&$ RX .3&$
GHYDQW rWUH DGDSWpHV DX FRQWH[WH GHV YDULpWpV� /RUV GH OD VRXWHQDQFH GH WKqVH GH
0DsO 'XJDVW� OHV pFKDQJHV DYHF 3LHUUH %DXGRW P¶RQW SHUPLV GH GpFRXYULU XQ QRXYHO
DOJRULWKPH GH UpGXFWLRQ GH GLPHQVLRQ EDVp VXU OD FRQVHUYDWLRQ WRSRORJLTXH GX QXDJH
GH SRLQWV LQLWLDO� 1RXV DYRQV GRQF H[SORUp O¶DOJRULWKPH 8QLIRUP 0DQLIROG $SSUR[LPD�
WLRQ DQG 3URMHFWLRQ �80$3� >0+0��@ TXL V¶HVW PRQWUp H[WUrPHPHQW HIILFDFH HW XWLOH�

1RXV DYRQV PRQWUp GDQV >3%&��@ TXH OH FRXSOH 80$3 SRXU OD UpGXFWLRQ GH GLPHQ�
VLRQ HW +'%6&$1 SRXU OD UHFKHUFKH GH FOXVWHUV pWDLW OH SOXV SHUIRUPDQW VXU OD YDULpWp
GH 6WLHIHO HX pJDUG DX[ DXWUHV DOJRULWKPHV GH FOXVWHULQJ� TX¶LOV VRLHQW XWLOLVpV VHXOV RX
HQ FRQMRQFWLRQ DYHF 80$3� 'DQV FHW DUWLFOH QRXV VRPPHV DYRQV XQLTXHPHQW PRQWUp
TXH VXU OD YDULpWp GH 6WLHIHO� FH FRXSOH SHUPHWWDLHQW G¶DYRLU OHV PHLOOHXUV SHUIRUPDQFHV
GH FOXVWHULQJ GH VpULHV WHPSRUHOOHV LVVXHV GH OD EDVH 8&5 7LPH 6HULHV &ODVVLILFDWLRQ
>&KH���@� 1RXV VRPPHV DOOH] XQ FUDQ SOXV ORLQ GDQV OHV WHVWV HQ FKHUFKDQW WRXW
G¶DERUGV j FRQQDvWUH OHV SHUIRUPDQFHV GH FOXVWHULQJ GHV IUDPHZRUN SURSRVpV �DOJR�
ULWKPH GH FOXVWHULQJ� UpGXFWLRQ GH GLPHQVLRQV�FOXVWHULQJ� VXU OHV YDULpWpV GH 6WLHIHO�
6SKqUH HW (XFOLGLHQQH PDWULFLHOOH� ORUVTXH OHV VpULHV WHPSRUHOOHV VRQW REWHQXHV GL�
UHFWHPHQW j SDUWLU GH V\VWqPHV G\QDPLTXHV SXLV QRXV DYRQV WHVWp O¶HQVHPEOH GH WRXV
OHV IUDPHZRUN VXU OD EDVH 8&5 GH VpULHV WHPSRUHOOHV�

&OXVWHULQJ GH VpULHV WHPSRUHOOHV GH V\VWqPHV G\QDPLTXHV

/RUVTXH OD VpULH WHPSRUHOOH HVW LVVXH G¶XQ V\VWqPH G\QDPLTXH� QRXV DYRQV SULV SDU H[�
HPSOH OH V\VWqPH G\QDPLTXH GH /RUHQW]� PDLV GH SDUDPqWUHV JpQpUDWHXUV GLIIpUHQWV�
2Q SHXW YRLU OHV GLIIpUHQWHV WUDMHFWRLUHV VXU OD )LJXUH ���� /H FOXVWHULQJ GHV VpULHV
HVW WRWDOHPHQW SDUIDLW SRXU OH FRXSOH 80$3�+'%6&$1 VXU OD YDULpWp GH 6WLHIHO� /HV
UpVXOWDWV VRQW HQVXLWH PRLQV ERQV SRXU OD YDULpWp VSKqUH� O¶HXFOLGLHQ PDWULFLHO HW FDWDV�
WURSKLTXH SRXU O¶HXFOLGLHQ FODVVLTXH�



���� /H FOXVWHULQJ GH VpULHV WHPSRUHOOHV ��

)LJXUH ���

1RXV DYRQV HQVXLWH WHVWp TXDWUH V\VWqPHV G\QDPLTXHV GLIIpUHQWV� OHV V\VWqPHV
GH /RUHQW]� 5|VVOHU� +HQRQ HW ,NHGD HQ FRQVWUXLVDQW XQH ODUJH EDVH GH ��� VpULHV
WHPSRUHOOHV� 8Q H[HPSOH GHV DWWUDFWHXUV GH FHV V\VWqPHV HVW GRQQp HQ )LJXUH ����

)LJXUH ���



��
&KDSWHU �� $QWLFLSHU O¶HQJRUJHPHQW DX[ XUJHQFHV DGXOWHV HQ GpWHUPLQDQW OH IOX[ GH

SDWLHQWV OH SOXV LPSDFWDQW

'DQV ��� GHV FDV� OH FRXSOH 80$3�+'%6&$1 VXU OD YDULpWp GH 6WLHIHO DUULYH
j VpSDUHU FKDFXQH GHV FODVVHV GH V\VWqPH G\QDPLTXH� ��� GHV FDV SRXU OH FRXSOH
80$3�+'6&$1 VXU OD 6SKqUH� ��� SRXU OH FRXSOH 80$3�+'%6&$1 VXU O¶HXFOLGLHQ
PDWULFLHO HW VHXOHPHQW ��� GHV FDV SRXU O¶HXFOLGLHQ FODVVLTXH�
&HV SUHPLHUV UpVXOWDWV QRXV PRQWUHQW ELHQ O¶XWLOLWp GH UHSUpVHQWHU OHV VpULHV WHP�
SRUHOOHV GDQV GHV HVSDFHV GH SOXV JUDQGH GLPHQVLRQ� 'DQV OH FDGUH R� OHV VpULHV
WHPSRUHOOHV VRQW LVVXHV GH V\VWqPHV G\QDPLTXHV� WUqV FODLUHPHQW OD UHSUpVHQWDWLRQ
VXU OD YDULpWp GH 6WLHIHO SHUPHW GH PLHX[ H[SORLWHU OD JpRPpWULH GHV DWWUDFWHXUV HW
GRQF GH PLHX[ VpSDUHU OHV WUDMHFWRLUHV SRXU XQ PHLOOHXU FOXVWHULQJ� 'DQV FH FDGUH
SUpFLV� QpDQPRLQV� O¶HVWLPDWLRQ GH OD WUDMHFWRLUH GH O¶DWWUDFWHXU GX V\VWqPH GRLW rWUH
SHUIRUPDQWH� &HOD SDVVH SDU O¶HVWLPDWLRQ GX WHPSV GH UHWDUG τ GpFULW HQ ���� &HWWH
HVWLPDWLRQ D pWp UpDOLVpH SDU XQ DOJRULWKPH EDVp VXU O¶LQIRUPDWLRQ PXWXHOOH >*XR���@�
)RUW GH FHV WUqV ERQV UpVXOWDWV� QRXV DYRQV GRQF WHVWp O¶HQVHPEOH GHV IUDPHZRUNV
VXU OD EDVH GH GRQQpHV LQWHUQDWLRQDOH 8&5 WLPHV VHULHV FODVVLILFDWLRQ�

&OXVWHULQJ GH VpULHV WHPSRUHOOHV GH OD EDVH 8&5
/HV UpVXOWDWV V\QWKpWLVpV GH FHWWH H[SpULHQFH VRQW UHSRUWpV GDQV OD 7DEOH ��� FL�DSUqV�
&RPPH GpMj PHQWLRQQp� OD FRQVWUXFWLRQ GH OD UHSUpVHQWDWLRQ G¶XQH VpULH WHPSRUHOOH
VXU XQ HVSDFH GH JUDQGH GLPHQVLRQ HVW UpDOLVpH YLD OH WKpRUqPH GH 7DNHQV¶ R� OD
WDLOOH GH OD IHQrWUH JOLVVDQWH D XQH JUDQGH LPSRUWDQFH� 3RXU FHWWH H[SpULHQFH� QRXV
DYRQV VpOHFWLRQQp OHV PHLOOHXUV UpVXOWDWV GH FOXVWHULQJ SRXU FKDFXQ GHV IUDPHZRUNV
HQ IDLVDQW XQH UHFKHUFKH H[KDXVWLYH GH OD YDOHXU GH τ GDQV ���� &HWWH UHFKHUFKH
QRXV D LQGLTXp TXH SRXU GHV VpULHV WHPSRUHOOHV �HQ WRXW FDV SRXU FHUWDLQV PRGqOHV��
OD UHFKHUFKH G¶XQ τ RSWLPDO pWDLW QpFHVVDLUH PDLV VD YDOHXU Q¶pWDLW SDV YUDLPHQW HQ
DGpTXDWLRQ DYHF OD YDOHXU GX τ GRQQpH GDQV OH FRQWH[WH GH V\VWqPHV G\QDPLTXHV�
&HWWH TXHVWLRQ UHVWH RXYHUWH PrPH VL QRXV DYRQV GpMj TXHOTXHV UpVXOWDWV�
'X SRLQW GH YXH GH OD UHSUpVHQWDWLRQ JpRPpWULTXH� QRXV REWHQRQV TXH �

� OD YDULpWp GH 6WLHIHO HVW OD PHLOOHXUH UHSUpVHQWDWLRQ JpRPpWULTXH SRXU �� � GHV
EDVHV GH GRQQpHV� &HOD VLJQLILH TXH SRXU �� EDVHV GH GRQQpHV SDUPL OHV ���
O¶XQ GHV � DOJRULWKPHV GH FOXVWHULQJ XWLOLVp VXU OD YDULpWp GH 6WLHIHO GRQQH OHV
PHLOOHXUV UpVXOWDWV�

� /D VSKqUH XQLWp HVW OD PHLOOHXUH SRXU ��� GHV EDVHV GH GRQQpHV ��������
� /¶HVSDFH Rn×p HVW OH PHLOOHXU SRXU ����� GHV EDVHV GH GRQQpHV ��������
� /¶DSSURFKH HXFOLGLHQQH VXU OHV GRQQpHV EUXWHV DUULYH HQ GHUQLqUH SRVLWLRQ DYHF
VHXOHPHQW ��� GHV EDVHV GH GRQQpHV ELHQ FOXVWHULVpHV ��������

8QH IRLV OD UHSUpVHQWDWLRQ JpRPpWULTXH GHV VpULHV WHPSRUHOOHV DQDO\VpH� QRXV ODLV�
VRQV OH OHFWHXU VH IDLUH XQH LGpH VXU FH TXL SRXUUDLW rWUH OH PHLOOHXU IUDPHZRUN GH
FOXVWHULQJ j XWLOLVHU VXU OD YDULpWp GH 6WLHIHO� &L�MRLQW� TXHOTXHV pOpPHQWV G¶DLGH �

� 80$3�+'%6&$1 HVW OH PHLOOHXU IUDPHZRUN GH FOXVWHULQJ SRXU ����� GHV
EDVHV GH GRQQpHV ��������

� .�PHDQV HVW FDSDEOH GH ELHQ FOXVWHULVHU OHV EDVHV GH GRQQpHV GDQV ����� GHV
FDV ��������

� O¶DOJRULWKPH KLpUDUFKLTXH HVW SDUYHQX j FOXVWHULVHU ����� GHV EDVHV GH GRQQpHV
��������

� +'%6&$1 VHXO D REWHQX XQ UDWLR GH ��� GH ERQ FOXVWHULQJ ��������



���� /H FOXVWHULQJ GH VpULHV WHPSRUHOOHV ��

7DEOH ���� &DUDFWpULVWLTXHV SULQFLSDOHV GHV SHUIRUPDQFHV GH FOXVWHULQJ VXU OHV �� EDVHV GH VpULHV
WHPSRUHOOHV� /HV LQGLFDWHXUV GH SHUIRUPDQFH XWLOLVpV VRQW OH Y�PHDVXUH VFRUH DLQVL TXH OH $5, VFRUH

LQGLTXp HQWUH SDUHQWKqVHV�

9DULpWp RQ×S

$OJR� GH &OXVWHULQJ .�PHDQV +LHU� +'%� 8��+'%�
0R\HQQH ���� ������ ���� ������ ���� ������ ���� ������

6WG ���� ������ ���� ������ ���� ������ ���� ������
1EU� PHLOOHXU UpVXOWDWV � ��� � ��� � ��� � ���
� PHLOOHXU UpVXOWDWV ���� ����� ���� ����� ���� ����� ����� �����

9DULpWp 6Q
$OJR� GH &OXVWHULQJ .�PHDQV +LHU� +'%� 8��+'%�

0R\HQQH ���� ������ ���� ������ ���� ������ ���� ������
6WG ���� ������ ���� ������ ���� ������ ���� ������

1EU� PHLOOHXU UpVXOWDWV � ��� �� ��� � ��� �� ���
� PHLOOHXU UpVXOWDWV ���� ������ ����� ����� ���� ����� ����� �����

9DULpWp 9S(RQ)
$OJR� GH &OXVWHULQJ .�PHDQV +LHU� +'%� 8��+'%�

0R\HQQH ���� ������ ���� ������ ���� ������ ���� ������
6WG ���� ������ ���� ������ ����� ������ ����� ������

1EU� PHLOOHXU UpVXOWDWV � ��� � ��� � ��� �� ����
� PHLOOHXU UpVXOWDWV ���� ����� ���� ����� ���� ����� ����� �����

9DULpWp (XFOLGLHQ RO

$OJR� GH &OXVWHULQJ .�PHDQV +LHU� +'%� 8��+'%�
0R\HQQH ���� ������ ���� ������ ���� ������ ���� ������

6WG ���� ������ ���� ������ ���� ������ ���� ������
1EU� PHLOOHXU UpVXOWDWV � ��� � ��� � ��� � ���
� PHLOOHXU UpVXOWDWV ����� ������ ���� ��� ���� ��� ���� �����

8QH SDUWLH GH OD FRQFOXVLRQ HVW TXH O¶DOJRULWKPH +'%6&$1 VHXO VHPEOH rWUH OH SLUH
DOJRULWKPH GH FOXVWHULQJ� &HSHQGDQW� VRQ XWLOLVDWLRQ DYHF 80$3 VHPEOH YUDLPHQW
WUqV LQWpUHVVDQWH FDU OHV UpVXOWDWV VRQW JUDQGHPHQW DPpOLRUpV� /¶XWLOLVDWLRQ GH 80$3
FRPPH pWDSH GH SUp�WUDLWHPHQW GH O¶DOJRULWKPH +'%6&$1 VHPEOH GRQF WUqV LPSRU�
WDQWH�

(QILQ� OHV DXWHXUV GH >-/5��@ RQW HIIHFWXp XQ WUDYDLO GH EHQFKPDUN VLPLODLUH HW VXU OHV
PrPHV EDVHV GH GRQQpHV� ,OV RQW WHVWp GHX[ GLVWDQFHV� OD GLVWDQFH HXFOLGLHQQH HW
OD 'LVWDQFH 7LPH :UDSSLQJ �'7:� DLQVL TXH � DOJRULWKPHV GH FOXVWHULQJ� .�PHDQV�
.�PHGRLGV� )X]]\ &�PHDQV� 'HQVLW\ 3HDNV HW $JJORPHUDWLYH� /D PpWKRGH .�PHDQV
DYHF OD GLVWDQFH HXFOLGLHQQH VXU OHV GRQQpHV EUXWHV VHPEOH rWUH OD PHLOOHXUH PpWK�
RGH GH FOXVWHULQJ GH OHXU EHQFKPDUN �YRLU ILJ� � GH O¶DUWLFOH�� 2U QRXV DYRQV PRQWUp
TXH OH IUDPHZRUN 80$3�+'%6&$1 VXU OD YDULpWp GH 6WLHIHO SUpVHQWDLW FODLUHPHQW
GH PHLOOHXUV UpVXOWDWV TXH .�PHDQV VXU OHV GRQQpHV EUXWHV� &H IUDPHZRUN VXUSDVVH
GRQF OH PHLOOHXU SURSRVp GDQV >-/5��@� (Q FRQFOXVLRQ� DXFXQH GHV PpWKRGHV GH FOXV�
WHULQJ SURSRVpHV HW WHVWpHV GDQV >-/5��@ QH VHPEOH PHLOOHXUH TXH OHV IUDPHZRUNV
JpRPpWULTXHV TXH QRXV DYRQV SURSRVp HW pWXGLp�



��
&KDSWHU �� $QWLFLSHU O¶HQJRUJHPHQW DX[ XUJHQFHV DGXOWHV HQ GpWHUPLQDQW OH IOX[ GH

SDWLHQWV OH SOXV LPSDFWDQW

���� $SSOLFDWLRQ DX[ IOX[ GH SDWLHQWV DGXOWHV
(Q RXWUH� XQH VpULH FKURQRORJLTXH DSSUR[LPDWLYH SHXW rWUH UHFRQVWUXLWH j SDUWLU GH FHV
FOXVWHUV� /HV FRGHV &,0��� REWHQXV j SDUWLU GX FOXVWHU SUpVHQWDQW OH 956 HW OD JULSSH�
RQW pWp PR\HQQpV SRXU FRQVWUXLUH XQH QRXYHOOH VpULH FKURQRORJLTXH� TXL UHSUpVHQWH
OD VLJQDWXUH GHV YLUXV� /D QRXYHOOH VpULH WHPSRUHOOH GHV DGPLVVLRQV HVW UHSUpVHQWpH
VXU OD )LJXUH ��� SRXU *UHQREOH� 1RXV DYRQV IDLW GH PrPH DYHF OHV UpVXOWDWV REWHQXV
DYHF .�PHDQV HW XQH GLVWDQFH HXFOLGLHQQH�
$YHF OH IUDPHZRUN .�PHDQV HXFOLGLHQ� LO HVW FODLU TX¶HQ VH UHSRUWDQW DX[ )LJXUH �����D�
HW )LJXUH �����F� TXH OH VFKpPD SDUWLFXOLHU GHV YLUXV Q¶HVW SDV YLVLEOH HW OHV DGPLV�
VLRQV VRQW FRQVWDQWHV VXU O¶DQQpH� /HV FOXVWHUV REWHQXV SDU FHWWH PpWKRGH VRQW SDU
FRQVpTXHQW WURS LPSUpFLV�
$ FRQWUDULR OH IUDPHZRUN 80$3�+'6&$1 VXU OD YDULpWp GH 6WLHIHO YDOLGp WKpRULTXH�
PHQW RIIUH GH ERQV UpVXOWDWV HQ SUDWLTXH pJDOHPHQW� 3RXU O¶K{SLWDO GH 6DLQW�(WLHQQH�
OD UHFRQVWUXFWLRQ HVW LPSDUIDLWH PDLV OHV VpULHV WHPSRUHOOHV REWHQXHV UHIOqWHQW ELHQ OD
SpULRGLFLWp HW XQH SDUWLH GH O¶DPSOLWXGH GHV SLFV GH SUpVHQFH YLUDOH� 3RXU O¶K{SLWDO GH
*UHQREOH� OHV UpVXOWDWV VRQW HQFRUH PHLOOHXUV� (Q SDUWLFXOLHU� OD UHFRQVWUXFWLRQ GH OD
JULSSH HVW WUqV SUpFLVH� )LJXUH �����E�� FHOOH GX 956 )LJXUH �����G� WUqV LQWpUHVVDQWH
FDU F¶HVW OH YLUXV OH SOXV GpOLFDW D GpWHFWp FKH] O¶DGXOWH �DVVH] SHX UHFKHUFKp DXVVL «��

&HOD YDOLGH SUDWLTXHPHQW HW RSpUDWLRQQHOOHPHQW O¶DYDQWDJH DSSRUWp SDU XQH UHSUpVHQ�
WDWLRQ GHV VpULHV WHPSRUHOOHV VXU XQ HVSDFH GH JUDQGH GLPHQVLRQ SURMHWp HQVXLWH VXU
OD YDULpWp GH 6WLHIHO� (Q RXWUH� FHV UHFRQVWUXFWLRQV GRQQHQW XQH UHSUpVHQWDWLRQ MRXU
SDU MRXU GHV FRGHV &,0��� DVVRFLpV j OD SUpVHQFH TXRWLGLHQQH GX YLUXV� /D GpWHFWLRQ
GHV SRLQWV GH FKDQJHPHQW SRXUUDLW rWUH DSSOLTXpH FKDTXH MRXU DILQ G¶DXJPHQWHU OD
FDSDFLWp GH O¶K{SLWDO j pYLWHU OHV FKDUJHV DQRUPDOHV GXHV DX[ YLUXV GH O¶KLYHU�

���� &RQWULEXWLRQV VFLHQWLILTXHV GH FHWWH SDUWLH

%LODQ VFLHQWLILTXH

» � � $UWLFOHV GH UHYXH >0RU���@� >3%&��@
� � $UWLFOH GH UHYXH VRXPLV >3%&��@
� � $UWLFOHV GH FRQIpUHQFH ,QWHUQDWLRQDOH j FRPLWp HW DFWH GH OHFWXUH
>6RO���@� >3%&��@� >3%&��@



���� &RQWULEXWLRQV VFLHQWLILTXHV GH FHWWH SDUWLH ��

�D� )UDPHZRUN .�PHDQV HXFOLGLHQ � YLUXV LQIOXHQ]D

�E� )UDPHZRUN 80$3�+'6&$1 VXU OD YDULpWp GH 6WLHIHO � YLUXV LQIOXHQ]D

�F� )UDPHZRUN .�PHDQV HXFOLGLHQ � 956

�G� )UDPHZRUN 80$3�+'6&$1 VXU OD YDULpWp GH 6WLHIHO � 956

)LJXUH ���� *UHQREOH





�
6XU O¶RUJDQLVDWLRQ GHV XUJHQFHV DGXOWHV

-XVTX¶j SUpVHQW� MH PH VXLV HV�
VHQWLHOOHPHQW FRQFHQWUp VXU
O¶LQIRUPDWLRQ SRUWpH SDU OH IOX[
GH SDWLHQWV� TX¶LO VRLW SpGLDWULTXH
WRXW G¶DERUGV SXLV DGXOWH� SRXU GHV
SDWKRORJLHV ELHQ GpILQLHV� 5LHQ
GDQV FHV WUDYDX[ QH SHUPHW UpHOOH�
PHQW GH GH WUDLWHU OD WHQVLRQ GDQV OH
VHUYLFH GHV XUJHQFHV SDU XQH PRG�
pOLVDWLRQ GX IOX[ WRWDO GHV SDWLHQWV�
&¶HVW HQ UpSRQGDQW j OD VROOLFLWDWLRQ
GX PLQLVWqUH GH OD VDQWp SRXU GpILQLU
O¶LQGLFDWHXU GH WHPSV G¶DWWHQWH DX[
XUJHQFHV GX WDEOHDX QDWLRQDO� TXH

M¶DL SX DERUGHU OD PRGpOLVDWLRQ GH FH IOX[� 6RXV XQH IRUPH VWDWLVWLTXH GDQV
XQ SUHPLHU WHPSV SXLV VRXV VD IRUPH G\QDPLTXH GDQV XQ VHFRQG� /HV
QRWLRQV GH SURFHVVXV DXWR�VLPLODLUH HW JURXSH GH UHQRUPDOLVDWLRQ VHURQW
GRQF GpYHORSSpHV GDQV FH FKDSLWUH�

6RPPDLUH
��� &RQWH[WH HW K\SRWKqVHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� /H FDUDFWqUH DXWR�VLPLODLUH GX IOX[ GH SDWLHQW � � � � � � � � � � � � � � � ��

����� /¶DQDO\VH GX IOX[ � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 0RGpOLVDWLRQ SDU GHV FDVFDGHV PXOWLSOLFDWLYHV � � � � � � � � � � ��

��� /H JURXSH GH UHQRUPDOLVDWLRQ SRXU O¶RUJDQLVDWLRQ� � � � � � � � � � � � � ��
����� 3ULQFLSHV JpQpUDX[ � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� /¶RSpUDWHXU GH .RRSPDQ� � � � � � � � � � � � � � � � � � � � � � � ��

��� &RQWULEXWLRQV VFLHQWLILTXHV GH FHWWH SDUWLH � � � � � � � � � � � � � � � � � ��

��



�� &KDSWHU �� 6XU O¶RUJDQLVDWLRQ GHV XUJHQFHV DGXOWHV

���� &RQWH[WH HW K\SRWKqVHV

'pILQLU O¶DWWHQWH SRXU XQ V\VWqPH GH SURGXFWLRQ� TX¶LO VRLW GH ELHQV RX GH VHUYLFHV�
HVW DERUGp JpQpUDOHPHQW SDU PRGpOLVDWLRQ HQ ILOH G¶DWWHQWH� &HOD VXJJqUH XQ FHUWDLQ
QRPEUH G¶K\SRWKqVHV VXU OHV ORL LQWHU�DUULYpHV HW GH WHPSV GH VHUYLFH� HW GH GLPHQ�
VLRQQHU OD ILOH HOOH�PrPH� /¶DWWHQWH� HVW GH PRQ SRLQW GH YXH XQH FDUDFWpULVWLTXH OLp j
XQH YDULDELOLWp DQRUPDOH G¶XQ IOX[� 6L QRXV SUHQRQV OH FDV GHV XUJHQFHV� XQ SDWLHQW
TXL DUULYH DX[ XUJHQFHV DYHF VD�VHV SDWKRORJLH�V� SDVVHUD XQ FHUWDLQ WHPSV GDQV OH
VHUYLFH� (Q FRQGLWLRQ QRUPDOH� OHV XUJHQFHV YRLHV GRQF XQ IOX[ GH SDWLHQWV SDUFRXULU
OHV XUJHQFHV� /H WHPSV GH SDVVDJH G¶XQ SDWLHQW GDQV OH VHUYLFH GpSHQG DORUV GH VD
FRQGLWLRQ �GLVRQV VD�VHV SDWKRORJLH�V�� HW GHV FRQGLWLRQV GH SULVH HQ FKDUJH �GLVRQV
O¶RUJDQLVDWLRQ DX VHLQ GX VHUYLFH�� (Q FRQGLWLRQ VXSSRVpH DQRUPDOH� L�H� VRXV XQH
RUJDQLVDWLRQ pEUDQOpH RX XQ IOX[ DQRUPDO GH SDWKRORJLHV SDU H[HPSOH� QRXV SRXYRQV
IDLUH O¶K\SRWKqVH TXH OD WUDMHFWRLUH GX WHPSV GH SDVVDJH DX[ XUJHQFHV HVW GLIIpUHQWH�
DYHF XQH YDULDELOLWp LQKDELWXHOOH� &HWWH YDULDELOLWp LQKDELWXHOOH GX WHPSV TXH OHV SD�
WLHQWV SDVVHQW DX[ XUJHQFHV� HVW VRXV FHV K\SRWKqVHV� FDUDFWpULVWLTXH GH O¶DWWHQWH�

(Q SUHQDQW FH SRLQW GH YXH� OH IOX[ GH SDVVDJH HW OH WHPSV GH SDVVDJH DX[
XUJHQFHV� VRQW YXV FRPPH GHV IOX[ RX GHV IOXLGHV VH UDSSURFKDQW GH IOX[ ELHQ
FRQQXV� 2Q SHXW FLWHU� VDQV rWUH H[KDXVWLI� OH IOX[ GH YRLWXUHV RX HQFRUH OH IOX[
GH WUDPHV RX GH SDTXHWV GDQV OHV UpVHDX[� 2U� FHV IOX[ VRQW VWDWLVWLTXHPHQW ELHQ
PRGpOLVpV DXMRXUG¶KXL FRPPH GHV SURFHVVXV DXWR�VLPLODLUHV�

&HWWH K\SRWKqVH IDLWH� DSUqV TXHOTXHV UHFKHUFKHV ELEOLRJUDSKLTXHV� MH Q¶DL WURXYp TXH
WUqV SHX GH UpIpUHQFHV TXL DERUGDLHQW OHV XUJHQFHV� RX HQ UHOD[DQW� OH V\VWqPH GH
VDQWp VRXV FHW DVSHFW >3*:��@� &HW DUWLFOH HVW XQH GHV VHXOHV UpIpUHQFHV WUDLWDQW
OH IOX[ GH SDWLHQWV VRXV O¶DQJOH VWDWLVWLTXH� -H UHYLHQGUDL XQ SHX SOXV ORLQ VXU FHWWH
UpIpUHQFH FDU HOOH D pWp GpFLVLYH SRXU RULHQWHU PHV UHFKHUFKHV YHUV OH JURXSH GH UHQRU�
PDOLVDWLRQ�

���� /H FDUDFWqUH DXWR�VLPLODLUH GX IOX[ GH SDWLHQW

/D WRXWH SUHPLqUH pWDSH D GRQF pWp GH YpULILHU FHWWH K\SRWKqVH G¶DXWR�VLPLODULWp GX
IOX[ GH SDWLHQWV DX[ XUJHQFHV� &HWWH K\SRWKqVH D pWp UHQIRUFpH SDU OH FRQVWDW GX FRP�
SRUWHPHQW TXRWLGLHQ PR\HQ GHV DUULYpHV DX[ XUJHQFHV SDU UDSSRUW DX[ IOX[ TXRWLGLHQ
PR\HQ GH YRLWXUHV HW GX IOX[ TXRWLGLHQ PR\HQ GH FRQQH[LRQ j LQWHUQHW�



���� /H FDUDFWqUH DXWR�VLPLODLUH GX IOX[ GH SDWLHQW ��

)LJXUH ���� 'LVWULEXWLRQ TXRWLGLHQQH GHV IOX[ GH YRLWXUHV j JDXFKH HW GHV SDWLHQWV j GURLWH�
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)LJXUH ���� )OX[ GH WUDIILF LQWHUQHW HQ KDXW HW IOX[ G¶DUULYpHV GHV SDWLHQWV �&+8 GH 6DLQW�(WLHQQH� HQ
EDV�

&RPPH RQ SHXW OH YRLU VXU OD )LJXUH ��� FHV GLVWULEXWLRQV VRQW WUqV VLPLODLUHV� HW
FKDFXQ GH FHV V\VWqPHV VXELW DOpDWRLUHPHQW GHV HIIHWV GH EXUVW FRPPH PRQWUp GDQV
HW SDU OD )LJXUH ����

������ /¶DQDO\VH GX IOX[
/¶K\SRWKqVH IDLWH HVW GRQF TXH OH IOX[ GHV DGPLVVLRQV DLQVL TXH OH WHPSV GH SDVVDJH
DX[ XUJHQFHV VRQW GHV SURFHVVXV DXWR�VLPLODLUHV� 3RXU UDSSHO� XQ SURFHVVXV DXWR�



�� &KDSWHU �� 6XU O¶RUJDQLVDWLRQ GHV XUJHQFHV DGXOWHV

VLPLODLUH X = {X(t), t ≥ 0} HVW XQ SURFHVVXV VWRFKDVWLTXH TXL UHVSHFWH OD UHODWLRQ

X(t)
d
= {cHX(t/c)} SRXU WRXW c > 0. �����

�
↪→ /¶pJDOLWp HVW j FRPSUHQGUH DX VHQV GHV GLVWULEXWLRQV
↪→ /H SDUDPqWUH H SUHQG GHV YDOHXUV HQWUH � HW �� HW FRUUHVSRQG DX

SDUDPqWUH G¶DXWR�VLPLODULWp RX SDUDPqWUH GH +XUVW
↪→ H UHIOqWH XQH FHUWDLQH GpSHQGDQFH �

± SRXU 0 < H < 0.5 OH SURFHVVXV HVW DQWL�SHUVLVWDQW
± IRU 0.5 < H < 1 OH SURFHVVXV HVW SHUVLVWDQW
± IRU H = 0.5 OH SURFHVVXV HVW %URZQLHQ

↪→ /D ')$ SHXW VHUYLU G¶HVWLPDWHXU GX SDUDPqWUH GH +XUVW

'DQV >(PL���@ QRXV DYRQV WHVWp FHWWH K\SRWKqVH HW YDOLGp OH FDUDFWqUH DXWR�
VLPLODLUH HQ UpDOLVDQW GLIIpUHQWV WHVWV� 7RXV RQW PRQWUp TXH OH SURFHVVXV GHV DGPLV�
VLRQV HW OH WHPSV GH SDVVDJH DX[ XUJHQFHV VRQW DXWR�VLPLODLUHV DYHF XQH YDULDWLRQ GX
SDUDPqWUH GH +XUVW HQ IRQFWLRQ GHV pFKHOOHV� ODLVVDQW HQWHQGUH TXH OH SURFHVVXV HVW
GRQF PXOWL�IUDFWLRQQDLUH�

1RXV DYRQV PDLQWHQDQW XQH QRWLRQ GH OD GpSHQGDQFH ORQJ WHUPH HQWUH OHV LQFUpPHQWV
GX SURFHVVXV� PDLV TX¶HQ HVW�LO GH OHXU FRPSRUWHPHQW ORFDO "

/D UpJXODULWp ORFDOH GH OD WUDMHFWRLUH GX SURFHVVXV VWRFKDVWLTXH X = {Xt, t ∈ [0, T ]}
HVW FRPPXQpPHQW pWXGLpH YLD OD QRWLRQ G¶H[SRVDQW GH +|OGHU� &HW H[SRVDQW VH GpILQLH
SDU OD UHODWLRQ

αq(s) = VXS
{
h :

|Xt −Xs|
|t− s|h ≤ C

}
�����

SRXU XQ RUGUH GRQQp q�

�
↪→ 1RWRQV TXH SRXU XQ SURFHVVXV DXWR�VLPLODLUH� OD GLPHQVLRQ IUDFWDOH�

TXL HVW OD GLPHQVLRQ GH +DXVVGRUI� HW O¶H[SRVDQW GH +XUVW VRQW OLpV
SDU OD UHODWLRQ H +D = n+ 1� SRXU XQH VXUIDFH GH GLPHQVLRQ n�

↪→ &¶HVW XQ PR\HQ GH UHOLHU OHV SURSULpWpV ORFDOHV HW j ORQJ WHUPH
↪→ 2Q GLVWLQJXH DX PRLQV GHX[ DSSURFKHV SULQFLSDOHV SRXU FDUDFWpULVHU

OD PXOWL�IUDFWLOLWp

0pWKRGH PXOWL�pFKHOOHV GHV PRPHQWV VWDWLVWLTXHV
XQ SURFHVVXV VWRFKDVWLTXH DXWR�VLPLODLUH Xt HVW PLOWL�IUDFWDO ORUVTX¶LO UHVSHFWH OD UHOD�
WLRQ

E[|Xt|q] = c(q)tτ(q)+1, ∀ t ∈ G DQG q ∈ Q �����



���� /H FDUDFWqUH DXWR�VLPLODLUH GX IOX[ GH SDWLHQW ��

R� 0 < T < ∞� G HW Q VRQW GHV LQWHUYDOOHV RXYHUWV GH [0, T ] ⊂ G HW [0, 1] ⊂ Q� /D
IRQFWLRQ τ(q) HVW DSSHOpH IRQFWLRQ G¶pFKHOOH�

�
↪→ 6L τ(q) YV q HVW XQH OLJQH GURLWH −→ OH SURFHVVXV HVW PRQR�IUDFWDO
↪→ 6L τ(q) YV q HVW XQH IRQFWLRQ FRQYH[H −→ OH SURFHVVXV HVW PXOWL�

IUDFWDO�

/¶DGDSWDWLRQ GH OD PpWKRGH ')$ SHXW rWUH XWLOLVpH VXU OHV PRPHQWV HPSLULTXHV�
F¶HVW OD 0)�')$�

/H VSHFWUH GH VLQJXODULWp
/¶H[SRVDQW GH +XUVW JpQpUDOLVp HVW OD GLPHQVLRQ IUDFWDOH '� 7RXW G¶DERUG� RQ SUHQG OH
VXSSRUW LVR+|OGHU WHO TXH

Eq(h) = {αq : h(t0) = αq}. �����
&RPPH YX SUpFpGHPPHQW� OD GLPHQVLRQ GH +DXVGRUII GH O¶HQVHPEOH GHV SRLQWV

E(h) GRQQH OD GLPHQVLRQ GH +DXVVGRUI� pJDOHPHQW DSSHOpH H[SRVDQW GH +XUVW
JpQpUDOLVp h(q)� WHO TXH

h(q) = D(h) = GLPH(E(h)) �����
TXL GpILQLW

D(q) =
τ(q)

q − 1
=

qh(q)− 1

q − 1
�����

(QVXLWH� OH VSHFWUH GH VLQJXODULWp HVW OLp j O¶H[SRVDQW G¶pFKHOOH SDU OD WUDQVIRUPpH
GH /HJHQGUH�

τ ′(q) = h(q) + qhƍ(q) �����
/RUVTXH O¶H[SRVDQW GH +|OGHU SUHQG XQH YDOHXU XQLTXH H HQ FKDTXH SRLQW t0� OH

SURFHVVXV PXOWL�IUDFWDO GHYLHQW XQ SURFHVVXV PRQR�IUDFWDO�

XQH IRLV HQFRUH OHV WHVWV PHQpV GDQV >(PL���@ DYHF O¶DOJRULWKPH 0)�')$� RQW FRQ�
FOX TXH OHV SURFHVVXV G¶DGPLVVLRQV HW GH WHPSV G¶DWWHQWH pWDLHQW PXOWL�IUDFWDOV� 1RXV
DYRQV pJDOHPHQW SURSRVp GDQV FHW DUWLFOH XQ VXLYL WHPSV�UpHO GH O¶H[SRVDQW GH +XUVW
DILQ GH SRXYRLU FLEOHU OHV PRPHQWV R� OH SURFHVVXV GHV DGPLVVLRQV GHYHQDLW WUqV SHU�
VLVWHQW RX DOpDWRLUH� /¶LGpH VRXV�MDFHQWH HVW TXH SOXV LO \ D GH SHUVLVWDQFH DYHF XQ
SDUDPqWUH GH +XUVW pOHYp HW SOXV O¶H[LVWHQFH G¶XQ SUREOqPH GH FRQJHVWLRQ GDQV OH
VHUYLFH HVW SUREDEOH� VXJJpUDQW XQ G\VIRQFWLRQQHPHQW RUJDQLVDWLRQQHO�
$\DQW PRQWUp HPSLULTXHPHQW OH FDUDFWqUH PXOWL�IUDFDO GHV SURFHVVXV� HW FRPPH FKD�
FXQ G¶HQWUH�HX[ HVW XQ SURFHVVXV SRVLWLI� QRXV QRXV VRPPHV WRXUQpV YHUV OD PRGpOL�
VDWLRQ j EDVH GH FDVFDGHV PXOWLSOLFDWLYHV WRXMRXUV PRWLYpV SDU O¶DQDORJLH IDLWH DYHF OH
WUDILF GH GRQQpHV LQWHUQHW GDQV OHV UpVHDX[�

/HV pOpPHQWV TXL VXLYHQW j SUpVHQW Q¶RQW SDV HQFRUH pWp SXEOLpV� ,OV RQW pWp GpYHORS�
SpV SDU 6LG¶$KPHG (PLQH� RX SDU OHV pOqYHV LQJpQLHXUV GX GpSDUWHPHQW *pQLH ,QGXV�
WULHO� ,16$�/\RQ� YLD OHV LQVWUXPHQWV © ,QLWLDWLRQ j OD 5HFKHUFKH ª �,15� RX © 5HFKHUFKH
HQ *pQLH ,QGXVWULHO ª �5*,�� &H VRQW GHV PRGXOHV GRQW OHV KHXUHV DOORXpHV VRQW DX
SUHPLHU VHPHVWUH GH OD �H DQQpH�



�� &KDSWHU �� 6XU O¶RUJDQLVDWLRQ GHV XUJHQFHV DGXOWHV

������ 0RGpOLVDWLRQ SDU GHV FDVFDGHV PXOWLSOLFDWLYHV
$XVVL ELHQ 6LG¶$KPHG (PLQH TXH FHUWDLQV pOqYHV ,15 HW 5*, RQW SX PHWWUH HQ °XYUH
XQH PRGpOLVDWLRQ GX IOX[ GHV DUULYpHV HW GX WHPSV GH SDVVDJH DX[ XUJHQFHV SDU GHV
FDVFDGHV PXOWLSOLFDWLYHV�

-¶DL GpFLGp GH WHVWHU OH PRGqOH GHV FDVFDGHV PXOWLSOLFDWLYHV ELQRPLDOHV DYHF UpSDUWL�
WLRQ DOpDWRLUH VXU FKDTXH pFKHOOH GH OD FRQVWUXFWLRQ� /H SULQFLSH HVW VLPSOH HW UDSLGH j
PHWWUH°XYUH SRXU XQH SUHPLqUH DSSURFKH� 6RQ SULQFLSH� HVW GH FRQVLGpUHU XQ HQVHP�
EOH I0 VXU O¶LQWHUYDOOH [0, 1] HW WHO TXH OD PHVXUH GH FHW HQVHPEOHm(I0) = 1� /D PHVXUH
m HVW HQVXLWH GLYLVpH HQ � LQWHUYDOOHV I0,0 HW I0,1 DIIHFWpV G¶XQH SUREDELOLWp p HW 1 − p
FKRLVLH DOpDWRLUHPHQW VXLYDQW XQH ORL XQLIRUPH� /D PHVXUH m LQLWLDOH HVW FRQVHUYpH HW
RQ Dm0,0(I0,0)+m0,1(I0,1) = 1� $ O¶pWDSH VXLYDQWH� OHV GHX[ HQVHPEOHV I0,0 HW I0,1 VRQW
j OHXU WRXU GpFRPSRVpV HQ GHX[ QRXYHDX[ LQWHUYDOOHV SRXU IRUPHU TXDWUH LQWHUYDOOHV
I1,0, I1,1, I1,2, I1,3 GH VRUWH TXH OD PHVXUH VRLW SUpVHUYpH� &H SURFpGp HVW UpSpWp k IRLV �
k pWDQW OH QRPEUH G¶pFKHOOH TXH O¶RQ VRXKDLWH FRQVLGpUHU� QRXV QRWHURQV TX¶j FKDTXH
pWDSH OD PHVXUH HVW SUpVHUYpH� $X ILQDO� HQ VH SODoDQW j OD ke LWpUDWLRQ GH OD FDVFDGH�
OD PDVVH WRWDOH LQLWLDOH HVW SDUWDJpH VXU GHV LQWHUYDOOHV G\DGLTXHV [i 2−k, (i + 1) 2−k]�
R� i = 0, . . . , k − 1 HW OD PHVXUH VXU O¶LQWHUYDOOH Ik YDXW

k∏

i=1

= pn0(1− p)n1 �����

DYHF n0 + n1 = k HW n0, n1 OH QRPEUH GH IRLV R� OD PHVXUH HVW DIIHFWpH SDU OHV SURED�
ELOLWpV p HW (1 − p)� 8Q H[HPSOH YLVXHO GH FHWWH SURFpGXUH GH FRQVWUXFWLRQ HVW GRQQp
SDU OD ILJXUH ��� FL�GHVVRXV�

)LJXUH ���� 5HSUpVHQWDWLRQ GH OD GpPDUFKH GHV FDVFDGHV PXOWLSOLFDWLYHV ELQRPLDOHV� DYHF SUREDELOLWp
p FRQVWDQWH SRXU FKDTXH QLYHDX GH OD FDVFDGH�



���� /H FDUDFWqUH DXWR�VLPLODLUH GX IOX[ GH SDWLHQW ��

(Q DQDO\VDQW OHV UpVXOWDWV HW HQ FRPSDUDQW DYHF OH UpJLPH PR\HQ GHV DUULYpHV DX[
XUJHQFHV DX FRXUV G¶XQH MRXUQpH )LJXUH ��� QRXV DYRQV UDIILQp TXHOTXH SHX OD PRGpOL�
VDWLRQ� /D GLVWULEXWLRQ GHV DGPLVVLRQV D\DQW GHVPDVVHV YDULDQW DX FRXUV G¶XQ MRXUQpH�
M¶DL YRXOX WHVWHU XQH GLVFUpWLVDWLRQ GH FHWWH GLVWULEXWLRQ HQ FRQVWUXLVDQW GHV FDVFDGHV
SDU PRUFHDX[� $SUqV GHV HVVDLHV HPSLULTXHV SRXU GpWHUPLQHU OHV SDUDPqWUHV GH
SUREDELOLWp HW G¶pFKHOOH� QRXV DYRQV REWHQX XQ PRGqOH GRQW O¶DGpTXDWLRQ DYHF OHV GLV�
WULEXWLRQV G¶DUULYpHV SDU KHXUH HVW GRQQpH HQ )LJXUH ����

)LJXUH ���� 'LVWULEXWLRQ KRUDLUH GX IOX[ GH SDWLHQWV DX &+8 GH 6DLQW�(WLHQQH j JDXFKH� 'LVWULEXWLRQ
KRUDLUH PRGpOLVpH GX IOX[ GH SDWLHQWV j GURLWH�

&HUWHV OH UpVXOWDW Q¶HVW SDV HQFRUH DX PLHX[� PDLV MH QRWHUDL TXH SDU OH PRGqOH
SURSRVp� OH IOX[ KRUDLUH HVW SURFKH GX UpHO� /D GLVWULEXWLRQ PR\HQQH TXRWLGLHQQH GX
IOX[ GH SDWLHQW HVW HOOH�DXVVL UHVSHFWpH G� j OD FRQVWUXFWLRQ GHV FDVFDGHV� HW HQILQ OD
PXOWL�IUDFWLRQQDOLWp GX IOX[ D pWp YpULILpH� ,O HVW pYLGHQW TXH SOXV G¶LQYHVWLJDWLRQV VRQW
QpFHVVDLUHV� WDQW SRXU O¶HVWLPDWLRQ GHV SDUDPqWUHV� TXH VXU OH PRGqOH GH FDVFDGH OXL�
PrPH� QpDQPRLQV FHV SUHPLHUV UpVXOWDWV HQFRXUDJHDQWV� P¶RQW SHUPLV GH FRQVLGpUHU
FH PRGqOH WKpRULTXH FRPPH YLDEOH SRXU OD VXLWH GHV DQDO\VHV HW SURSRVLWLRQV�

6RXV OH VSHFWUH GHV FDVFDGHV PXOWLSOLFDWLYHV� ERQ QRPEUH GH PpWKRGHV G¶HVWLPDWLRQ
GX SDUDPqWUH GH +XUVW RX GH +|OGHU RQW pWp SURSRVpHV� (OOHV SHUPHWWHQW GH GRQ�
QHU XQH LQIRUPDWLRQ WHPSV�UpHOOH GH O¶pYROXWLRQ GH FH�V� SDUDPqWUH�V� HW DLQVL GRQQHU
XQH LQGLFDWLRQ VXU OD FRQJHVWLRQ SRVVLEOH GDQV OH V\VWqPH� %DVp VXU OD PpWKRGRORJLH
SUpVHQWpH SDU >0*'��@ TXL UHSUHQG O¶DOJRULWKPH :DYHOHW 7UDQVIRUP 0RGXOXV 0D[LPD
�:700� ELHQ FRQQX� QRXV DYRQV UHJDUGp TXHOV SRXYDLHQW rWUH OHV UpVXOWDWV VXU OHV
GRQQpHV VLPXOpHV SXLV FHOOHV GX &+8 GH 6DLQW�(WLHQQH� (QFRUH XQH IRLV� PrPH VL
FHV SUHPLHUV UpVXOWDWV VRQW SHUIHFWLEOHV� LOV Q¶HQ UHVWHQW SDV PRLQV HQFRXUDJHDQWV�

&¶HVW HQ DSSURIRQGLVVDQW OD OLWWpUDWXUH DXWRXU GH OD PRGpOLVDWLRQ IUDFWDOH GX IOX[ GH SD�
WLHQWV RX SOXV JpQpUDOHPHQW GX V\VWqPH GH VDQWp� TX¶HQFRUH XQH IRLV M¶DL pWp DWWLUp SDU



�� &KDSWHU �� 6XU O¶RUJDQLVDWLRQ GHV XUJHQFHV DGXOWHV

XQ FRQFHSW TXL P¶pWDLW MXVTX¶LFL HQFRUH LQFRQQX� ¬ OD VXLWH GH OD OHFWXUH GX GHUQLHU SDUD�
JUDSKH GH OD SDUWLH GLVFXVVLRQ GH >3*:��@� OH JURXSH GH UHQRUPDOLVDWLRQ HVW PHQ�
WLRQQp FRPPH XQ RXWLO SUHVTXH XVXHO SRXU O¶DQDO\VH GHV SURFHVVXV DXWR�VLPLODLUHV�
RX PrPH PXOWL�IUDFWDOV� -¶DL GRQF FRPPHQFp j DSSURIRQGLU FH FRQFHSW DX WUDYHUV
GHV UpIpUHQFHV FLWpHV GDQV >3*:��@ SXLV HQ FKHUFKDQW HQVXLWH j UHOLHU OH FDUDFWqUH
© JpRPpWULTXH HW YDULpWp ª DX JURXSH GH UHQRUPDOLVDWLRQ� M¶DL GpFRXYHUW OHV WUDYDX[
G¶$� /HVQH >/HV��@ SXLV GH 0� 0RUULVVRQ >0RU��@ TXL RQW pWp UpYpODWHXUV HW XQH SRUWH
G¶HQWUpH YHUV FH PRQGH TX¶HVW OD UHQRUPDOLVDWLRQ�

���� /H JURXSH GH UHQRUPDOLVDWLRQ SRXU O¶RUJDQLVDWLRQ

)LQDOHPHQW WRXW V¶HVW WUqV YLWH UHFRXSp� /D PpWKRGRORJLH ')$ SRXU OD UHFKHUFKH GH
GpSHQGDQFH ORQJ WHUPH� OH FRQFHSW PXOWL�pFKHOOHV HW OD FRQVHUYDWLRQ GHV GLVWULEXWLRQV
PR\HQQDQW XQ IDFWHXU GH GLODWDWLRQ HW VXUWRXW OH SULQFLSH PrPH GHV FDVFDGHV PXO�
WLSOLFDWLYHV� 3RXU DUULYHU j FRPSUHQGUH XQ SHX PLHX[ FHV UHODWLRQV� MH SURSRVH GH
SUpVHQWHU OH JURXSH GH UHQRUPDOLVDWLRQ SXLV OHV SLVWHV TXH QRXV DYRQV H[SORUpHV�

������ 3ULQFLSHV JpQpUDX[
/j HQFRUH� OH FRQFHSW QRXV DPqQH YHUV GHV FRQWUpV REVFXUHV� OLpHV LFL j GHV SURE�
OqPHV GH OD SK\VLTXH TXDQWLTXH� 1pDQPRLQV� LO IDXW UHWHQLU O¶LGpH SULQFLSDOH GH
O¶XWLOLVDWLRQ GX JURXSH GH UHQRUPDOLVDWLRQ� ,O V¶DJLW GH SRXYRLU UpGXLUH OHV GHJUpV GH
OLEHUWpV G¶XQ V\VWqPH j IRUWHV LQWHUDFWLRQV� &¶HVW XQH WHFKQLTXH SHUPHWWDQW GH WURX�
YHU OH FRPSRUWHPHQW PDFURVFRSLTXH G¶XQ V\VWqPH FRPSOH[H HQ OH GpFRPSRVDQW HQ
XQH VXFFHVVLRQ GH SUREOqPHV FRPSRUWDQW XQ QRPEUH GpFURLVVDQW GH SDUWLHV PLFUR�
VFRSLTXHV HQ LQWHUDFWLRQ j GLIIpUHQWHV pFKHOOHV� /H GRPDLQH G¶DSSOLFDWLRQ SULYLOpJLp
GX JURXSH GH UHQRUPDOLVDWLRQ HVW GRQF FHOXL G¶XQ JUDQG QRPEUH G¶pOpPHQWV D\DQW XQH
LQWHUDFWLRQ FRPSOH[H HW LPSRUWDQWH� 0rPH VL F¶HVW OD SK\VLTXH TXDQWLTXH TXL D JXLGp
O¶pODERUDWLRQ GH FHWWH WHFKQLTXH� RQ SHXW VHQWLU O¶DQDORJLH DYHF XQ V\VWqPH G¶DFFXHLO
GHV XUJHQFHV� R� FKDFXQ GHV pOpPHQWV GH O¶HQVHPEOH {VRLJQDQWV� SDWLHQWV� VDOOHV�
OLWV� HWF } LQWHUDJLW GH PDQLqUH FRPSOH[H� SURYRTXDQW XQH GpSHQGDQFH VXU OH WHPSV
SDVVDJH GH FKDFXQ GHV SDWLHQWV� ,O VHUDLW GRQF SRVVLEOH G¶DYRLU XQH FDUDFWpULVDWLRQ
WKpRULTXH GH O¶RUJDQLVDWLRQ GX VHUYLFH DX WUDYHUV GH O¶DQDO\VH G¶XQ REVHUYDEOH� OH IOX[
GH SDWLHQWV�

$ILQ GH IDLUH OD FRQQH[LRQ DYHF QRWUH IOX[ GH SDWLHQWV RX GH WHPSV GH VpMRXU HW OHV DS�
SURFKHV G¶DQDO\VH SUpVHQWpHV SUpFpGHPPHQW� SUHQRQV O¶DSSURFKH GH 6LQDL >6LQ��@�
&H GHUQLHU SDUW GH O¶HVSDFH YHFWRULHO GHV UpDOLVDWLRQV HW SURSRVH QDWXUHOOHPHQW XQ
RSpUDWHXU GH WUDQVODWLRQ GDQV FHW HVSDFH TXL SHUPHW GH TXDQWLILHU OD VWDWLRQQDULWp� (Q�
VXLWH LO GpILQLW XQ VHPLJURXS PXOWLSOLFDWLI� TXH MH QRPPHUDLRk� DYHF k ∈ N∗ GRQW O¶DFWLRQ
VXU OD UpDOLVDWLRQ HVW OD VXLYDQWH

RkX = k− 1
2

∑

(i−1)Tk ≤I<iTk
i=1,...,k

XI . �����

-¶DL QDWXUHOOHPHQW VLPSOLILpH O¶H[SUHVVLRQ SRXU XQH REVHUYDWLRQ PRQR�
GLPHQVLRQQHOOH� &HWWH H[SUHVVLRQ VLJQLILH VLPSOHPHQW TXH OD ORQJXHXU GH O¶REVHUYDWLRQ



���� /H JURXSH GH UHQRUPDOLVDWLRQ SRXU O¶RUJDQLVDWLRQ ��

X HVW VXEGLYLVpH HQ SHWLWV LQWHUYDOOHV GH ORQJXHXU k� GDQV FKDTXH LQWHUYDOOH k RQ IDLW
OD VRPPH � j � GHV REVHUYDWLRQV HW OD VRPPH HVW QRUPDOLVpH SDU OD ORQJXHXU GH
O¶LQWHUYDOOH pOHYpH OD SXLVVDQFH 1

2 � /¶RSpUDWHXU Rk DLQVL GpILQLH DJLW VXU O¶HVSDFH GHV
GLVWULEXWLRQV HW OH SURFHVVXV HVW DXWR�VLPLODLUH ORUVTXH VD GLVWULEXWLRQ HVW LQYDULDQWH
SRXU FHW RSpUDWHXU� DXWUHPHQW GLW VL P ∈ D HVW XQH GLVWULEXWLRQ GH O¶HVSDFH GHV
GLVWULEXWLRQV �VWDWLRQQDLUHV� DORUV

R∗
kP = P ∀k ∈ N∗, P ∈ D ������

DYHF R∗
k O¶DGMRLQW GH Rk� /H SURFHVVXV DXWR�VLPLODLUH X GH GLVWULEXWLRQ P HVW DORUV XQ

LQYDULDQW RX HQFRUH XQ SRLQW IL[H SRXU OH VHPLJURXS {R∗
k}k∈N∗ �

/H YHUVLRQ TXH MH YLHQV GH SUpVHQWHU� V¶DSSDUHQWH j OD WHFKQLTXH GH © FRDUVH�JUDLQLQJ
ª HW HVW SOXW{W UHQFRQWUpH GDQV OD OLWWpUDWXUH SRXU OD UHFKHUFKH GH O¶RSpUDWHXU GH UHQRU�
PDOLVDWLRQ Rk VRXV OH FRQWH[WH GH © UHDO VSDFH UHQRUPDOL]DWLRQ ª�
-XVTX¶LFL� OH JURXSH GH UHQRUPDOLVDWLRQ QRXV D SHUPLV GH GpILQLU XQ SURFHVVXV DXWR�
VLPLODLUH FRPPH XQ LQYDULDQW REWHQX SDU LWpUDWLRQ VXFFHVVLYH G¶XQ RSpUDWHXU� ([LVWH�
W�LO G¶DXWUHV LQYDULDQWV " 3HXW�LO \ DYRLU GHV FDV R� OD FRQYHUJHQFH Q¶H[LVWH SDV "
&H VRQW GHV TXHVWLRQV TXL SHXYHQW DYRLU UpSRQVH HQ QH FRQVLGpUDQW SOXV VLPSOHPHQW
XQH VHXOH UpDOLVDWLRQ� PDLV HQ HVVD\DQW GH FRPSUHQGUH O¶DFWLRQ GH OD UHQRUPDOLVDWLRQ
VXU O¶HQVHPEOH GHV UpDOLVDWLRQV SRVVLEOHV HW SURGXLWHV SDU OH V\VWqPH GHV XUJHQFHV�
&HWWH FRQVLGpUDWLRQ P¶D GRQF FRQGXLW j pWXGLHU O¶LQFLGHQFH GH O¶RSpUDWHXU VXU OH V\V�
WqPH VRXV VD IRUPH G\QDPLTXH� 8Q GHV DYDQWDJHV j FHOD HVW GH VH UDSSURFKHU GH
OD WKpRULH RULJLQHOOH TXL FRQVLGqUH O¶RSpUDWHXU GH UHQRUPDOLVDWLRQ FRPPH XQ RSpUDWHXU
G¶pYROXWLRQ GDQV GHV HVSDFHV VLPLODLUHV FRPPH O¶HVSDFH GHV KDPLOWRQLHQV� GHV FRX�
SODJHV� RX HQFRUH GHV WKpRULHV� 'DQV FHV HVSDFHV O¶DFWLRQ GH O¶RSpUDWHXU GpFULW DORUV
XQH WUDMHFWRLUH� XQ IORW GRQW XQH H[SUHVVLRQ SHXW rWUH IRUPXOpH FRPPH

Rb H(0) = H (T n(0)) ������

DYHF OH SDUDPqWUH b XQ IDFWHXU JpQpUDO GH QRUPDOLVDWLRQ HW T � OD WUDQVIRUPDWLRQ G¶XQ
SRLQW GH O¶HVSDFH j XQ DXWUH DSUqV OH FRDUVH�JUDLQHG HIIHFWXp�
3RXU UpVXPHU HW LOOXVWUHU FH TXL YLHQW G¶rWUH GpFULW GDQV FHWWH SDUWLH� MH SURSRVH GH
UHJDUGHU OD )LJXUH ��� LVVXH GH >(9��@ HW TXDVLPHQW UHSURGXLWH HQ O¶pWDW�

)LJXUH ���� 3ULQFLSH GX IORWV GH O¶RSpUDWHXU GH UHQRUPDOLVDWLRQ�



�� &KDSWHU �� 6XU O¶RUJDQLVDWLRQ GHV XUJHQFHV DGXOWHV

/H FKDPS GHV SRVVLEOHV V¶RXYUH DORUV� PrPH VL OHV SRLQWV FOpV SRXU REWHQLU
FHV IORWV VRQW DVVH] GpOLFDWV� (Q FKHUFKDQW FRPPHQW QRXV SRXUULRQV FRQVWUXLUH
FHV HVSDFHV� XQ DUWLFOH LQWpUHVVDQW GH :� 5HGPDQ >5HG��@ QRXV D IDLW GpFRXYULU
O¶RSpUDWHXU GH .RRSPDQ HW VRQ LQWpUrW SRXU OD UHQRUPDOLVDWLRQ�

������ /¶RSpUDWHXU GH .RRSPDQ
3DUWRQV G¶XQ V\VWqPH G\QDPLTXH V¶pFULYDQW

d

dt
X(t) = f(X(t)), ������

R� X ∈ RN UHSUpVHQWH O¶pWDW GX V\VWqPH HW f : RN −→ RN HVW XQ FKDPS YHFWRULHO
pYHQWXHOOHPHQW QRQ OLQpDLUH� /D UHODWLRQ ������ LQGXLW XQH IDPLOOH GH FDUWHV GpSHQGDQW
GX WHPSV {Ft}t∈R+ VDWLVIDLVDQW

X(t) = Ft(X0) ������

HW TXL GRQQH O¶pWDW ;�W� DX WHPSV t HQ IRQFWLRQ GH O¶pWDW LQLWLDO X0� /¶LGpH HQVXLWH
GpIHQGXH SDU .RRSPDQ HW 9RQ 1HXPDQQ UHSRVH VXU OD SRVVLELOLWp G¶H[SULPHU SDU
XQ RSpUDWHXU OLQpDLUH GH GLPHQVLRQ LQILQLH OD G\QDPLTXH GX V\VWqPH QRQ OLQpDLUH�
/¶RSpUDWHXU DJLW HQ FRQVpTXHQFH VXU OHV pWDWV GX V\VWqPHV YLD XQ HQVHPEOH GH IRQF�
WLRQV REVHUYDEOH g GH VRUWH TXH OH VHPLJURXS {Kt}t∈R+

Ktg = g ◦ Ft, ������

R� ◦ HVW O¶RSpUDWHXU GH FRPSRVLWLRQ HW WHO TXH

Ktg(X0) = g (Ft(X0)) = g(Xt). ������

/¶RSpUDWHXU GH .RRSPDQKt IDLW FRUUHVSRQGUH j OD IRQFWLRQ g OHV YDOHXUV TX¶HOOH SUHQGUD
DSUqV TXH OD G\QDPLTXH DLW SURJUHVVp G¶XQ SDV t� F¶HVW ELHQ XQ RSpUDWHXU G¶pYROXWLRQ
VXU O¶HVSDFH GHV REVHUYDEOHV HW QRQ SOXV VXU O¶HVSDFH GHV pWDWV �RX HVSDFH GHV
SKDVHV�� (Q FH VHQV O¶RSpUDWHXU GH .RRSPDQ HVW OH GXDO GH O¶RSpUDWHXU G¶pYROXWLRQ
3HUURQ�)UREHQLXV >..6��@�
5HGPDQ GDQV SDU H[HPSOH >5HG��@ PRQWUH HIIHFWLYHPHQW O¶DQDORJLH HQWUH O¶RSpUDWHXU
GH UHQRUPDOLVDWLRQ HW O¶RSpUDWHXU GH .RRSPDQ� $LQVL� O¶RSpUDWHXU GH UHQRUPDOLVDWLRQ
HVW HVW RSpUDWHXU GH .RRSPDQ PDLV R� OHV REVHUYDEOHV VRQW GHV IRQFWLRQV GHV KDPLO�
WRQLHQV HW QRQ SOXV OHV REVHUYDEOHV GHV IRQFWLRQV G¶pWDWV�
&RQYDLQFX TXH QRXV SRXUULRQV DWWHLQGUH O¶RSpUDWHXU GH UHQRUPDOLVDWLRQ SDU OH ELDLV
GH O¶RSpUDWHXU GH .RRSPDQ QRXV DYRQV WRXW G¶DERUGV FKHUFKp j FRQVWUXLUH SXLV j
XWLOLVHU FHW RSpUDWHXU VRXV OD FRQWUDLQWH GH QH GLVSRVHU TXH G¶XQH REVHUYDWLRQ GH OD G\�
QDPLTXH GX VHUYLFH G¶DFFXHLO GHV XUJHQFHV� &¶HVW HQ SDUWLH HQ FURLVDQW OHV UHFKHUFKHV
DYHF OH FOXVWHULQJ GH VpULHV WHPSRUHOOHV TXH O¶DUWLFOH GH 6� +LUVK >+LU���@ QRXV D SHU�
PLV GH FRPSXWHU O¶RSpUDWHXU GH .RRSPDQ GDQV FHV FRQGLWLRQV� &HW DUWLFOH GRQQH
G¶DLOOHXUV XQH LQWHUSUpWDWLRQ VXSSOpPHQWDLUH GH O¶RSpUDWHXU GH .RRSPDQ FRPPH pWDQW
XQ GHVFULSWHXU JpRPpWULTXH GHV FRXUEXUHV GH OD WUDMHFWRLUH GH O¶DWWUDFWHXU GX V\VWqPH
G\QDPLTXH pWXGLp� 2XWUH FHWWH LQWHUSUpWDWLRQ� LO QRXV D IDLW GpFRXYULU OD '\QDPLF 0RGH
'HFRPSRVLWLRQ �'0'� HW XQH YHUVLRQ GDWD�GULYHQ GH VRQ HVWLPDWLRQ SDU O¶DOJRULWKPH
+DQNHO $OWHUQDWLYH 9LHZ 2I .RRSPDQ �+$92.��
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'0' HW +$92. �HW WRXWHV OHXUV H[WHQVLRQV «�
/¶DOJRULWKPH '0' H[DFW IRQFWLRQQH FRPPH VXLW >.DP���@� 8QH PDWULFH LQVWDQWDQpH
GHV pWDWV GX V\VWqPH X1 HVW FRQVWUXLWH DLQVL TXH VD YHUVLRQ GpFDOpH WHPSRUHOOHPHQW
X2

X1 =




| | |
X1 X2 . . . XM−1

| | |



 , X2 =




| | |
X2 X3 . . . XM

| | |



 ������

X2 ≈ KX1 ������
/¶DOJRULWKPH HVWLPH HQVXLWH XQH UHODWLRQ OLQpDLUH HQWUH FHV PDWULFHV GH GRQQpHV

K = DUJPLQ
K̂

‖X2 − K̂X1‖F . ������

/D QRUPH F HVW OD QRUPH GH )UREHQLXV� HW OD VROXWLRQ GH FH V\VWqPH G¶pTXDWLRQV HVW
FODVVLTXHPHQW REWHQXH SDU

K̂ = X2X1† ������
R� X1† HVW OD 0RRUH�3HQURVH SVHXGRLQYHUVH GH X1� 8QH IRLV OD PDWULFH K̂ REWHQXH�
OHV PRGHV SURSUHV VRQW FDOFXOpV SDU GLDJRQDOLVDWLRQ� GH VRUWH TXH

K̂ = ΦΛΦ−1. ������
/HV YHFWHXU FRORQQHV GH Φ−1 VRQW OHV '0' PRGHV GH Kt �PRGHV GH .RRSPDQ� DORUV
TXH OHV YHFWHXUV FRORQQH GH Φ VRQW XQH DSSUR[LPDWLRQ OLQpDLUH GHV IRQFWLRQV SURSUHV
GH Kt� /HV PRGHV GH .RRSPDQ VRQW JpQpUDOHPHQW UHQRPPpV cj FDU LOV DSSDUDLVVHQW
GDQV OD GpFRPSRVLWLRQ GHV REVHUYDEOHV GDQV OD EDVH GHV IRQFWLRQV SURSUHV

(Ktg)(X) =
K∑

j

cjλiφjX. ������

(Q SUDWLTXH HW GDQV QRWUH FRQWH[WH� QRXV QH GLVSRVRQV SDV GHV pWDWV GX V\VWqPH PDLV
VHXOHPHQW G¶XQ REVHUYDEOH� 1RXV UHWURXYRQV PDLQWHQDQW OH WKpRUqPH GH 7DNHQV YXH
GDQV OH FKDSLWUH SUpFpGHQW TXL SDU OD FRQVWUXFWLRQ G¶XQH PDWULFH GH +DQNHO SHUPHW
G¶HVWLPHU OD WUDMHFWRLUH GH O¶DWWUDFWHXU HW G¶DYRLU DLQVL XQ DFFqV DX[ pWDWV� /¶DOJRULWKPH
+$92. FRPPHQFH GRQF SDU OD FRQVWUXFWLRQ GH FHWWH PDWULFH GH +DQNHO DYHF

H =




| | |

g(X1) g(X2) · · · g(XM)
| | |



 ������

8QH 69' GH OD PDWULFH GH +DQNHO HVW IDLWH HW r YHFWHXUV VRQW FRQVHUYpV� '¶R�

Hr = UrΣrV
T
r . ������

2Q REWLHQW XQH UHSUpVHQWDWLRQ GH OD WUDMHFWRLUH DYHF

V T
r =

(
v1 v2 . . . vn

)
������

¬ FH VWDGH QRXV VHULRQV WHQWpV GH FUpHU OHV PDWULFHV V1 HW V2 SRXU HVWLPHU K̂ PDLV
OHV GLIIpUHQWV UpVXOWDWV RQW PRQWUp TXH O¶HVWLPDWLRQ pWDLW IRUWHPHQW LQFRUUHFWH� ,O HVW
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QpFHVVDLUH GH FRQWUDLQGUH FHWWH HVWLPDWLRQ SDU OD GHUQLqUH FRORQQH GH V T
r VRLW vr� $LQVL

V2 = V T
[1:r−1] HW V1 = V T

r−1 HW O¶HVWLPDWLRQ GH K̂ V¶pFULW GDQV OH FDV GLVFUHW

Kt = K̂ =
(V2V

†
1 − I)

∆t
������

DYHF I OD PDWULFH LGHQWLWp HW ∆t OH SDV HQWUH � pOpPHQWV GH OD WUDMHFWRLUH�
1RXV DYRQV GRQF PLV HQ °XYUH FHW DOJRULWKPH SRXU GpWHUPLQHU OHV PRGHV GH
O¶RSpUDWHXU GH .RRSPDQ DVVRFLpV j XQH VLPXODWLRQ GHV DGPLVVLRQV� /HV SDUDPqWUHV
SRXU FRQVWUXFWLRQ GH OD PDWULFH GH +DQNHO RQW pWp GpWHUPLQpV SDU GHV SURFpGXUHV FODV�
VLTXHV G¶LQIRUPDWLRQ PXWXHOOH HW GH N�SOXV SURFKH YRLVLQV� /D )LJXUH ��� PRQWUH GHX[
WUDMHFWRLUHV REWHQXHV� /D )LJXUH �����D� VHW REWHQXH VXU OHV GRQQpHV GLUHFWHPHQW DORUV
TXH OD )LJXUH �����E� HVW OH UpVXOWDW G¶XQH LQWHUSRODWLRQ GHV GRQQpHV VLPXOpHV� &HV
WUDMHFWRLUHV PRQWUHQW ELHQ OH FDUDFWqUH GH SpULRGLFLWp GDQV OH IOX[ DLQVL TXH O¶DVSHFW
PXOWL�pFKHOOHV�

�D� �E�

)LJXUH ���� 7UDMHFWRLUHV VXU R3 GX IOX[ GH SDWLHQWV PRGpOLVp� ¬ JDXFKH� VDQV LQWHUSRODWLRQ� j GURLWH
DYHF XQH LQWHUSRODWLRQ SDU VSOLQHV�

(QILQ� OD PDWULFH OLQpDLUH GH .RRSPDQ� TXL MH OH UDSSHOOH FRQWLHQW OHV FRXUEXUHV GH
OD WUDMHFWRLUH VXU FHV pOpPHQWV GLDJRQDX[� HVW GRQQpH SRXU OHV GHX[ WUDMHFWRLUHV GH OD
)LJXUH ���� 6RQW DIILFKpV pJDOHPHQW WURLV PRGHV HVWLPpV� )LJXUH ���

�D�

�E�

)LJXUH ���� 2SpUDWHXU GH .RRSPDQ DVVRFLpV DX[ UHSUpVHQWDWLRQV GH OD )LJXUH ���� ¬ JDXFKH �
PRGHV H[WUDLWV� j GURLWH� UHSUpVHQWDWLRQ GH OD PDWULFH GH O¶RSpUDWHXU�



���� /H JURXSH GH UHQRUPDOLVDWLRQ SRXU O¶RUJDQLVDWLRQ ��

8QH IRLV O¶RSpUDWHXU GH .RRSPDQ OpJqUHPHQW GRPSWp� O¶REMHFWLI D pWp GH SRXYRLU
REWHQLU XQ FKDPS GH YHFWHXU GH O¶DWWUDFWHXU JOREDO� 1RXV Q¶DYRQV SDV SX HQFRUH DOOHU
DX ERXW GH FHW REMHFWLI PrPH VL QRXV GLVSRVRQV D SULRUL G¶XQH H[SUHVVLRQ GX JpQpUD�
WHXU LQILQLWpVLPDO AK GX VHPLJURXS {Kt}t∈R+ FRPPH >'7.��@

AKXj = OLP
t→0

(Kt − I)

t
Xj ≈

OQΛ
∆t

Φi(X)cj ������

FH TXL SHUPHW G¶DYRLU XQH DSSUR[LPDWLRQ GX FKDPS GH YHFWHXU SDU

v(X) = OLP
t→0

(Kt − I)

t
Φi(X)C. ������

$YHF C = {cj}j=1,...,k� 5HVWH HQFRUH j SRXYRLU DSSOLTXHU .RRSPDQ VXU OHV REVHUYDEOHV
GHV KDPLOWRQLHQV HIIHFWLIV� 1RXV DYRQV SRXU FHOD H[SORUHU GHV SLVWHV FRPPH OD FRQ�
QH[LRQ HQWUH O¶RSpUDWHXU GH .RRSPDQ HW HW OD VWUXFWXUH V\PSOHFWLTXH GH O¶REVHUYDEOH
RX OD WKpRULH GH O¶LQIRUPDWLRQ HQ OLHQ DYHF OD UHQRUPDOLVDWLRQ�

5HODWLRQ DYHF OHV IRUPHV V\PSOHFWLTXHV
eWDQW GRQQp OD GXDOLWp HQWUH O¶RSpUDWHXU GH .RRSPDQ HW O¶RSpUDWHXU GH 3HUURQ�
)UREHQLXV� LO HVW DVVH] FODLU TXH GHV FRQQH[LRQV H[LVWHQW HQWUH O¶REVHUYDEOH HW OHV
��IRUPH V\PSOHFWLTXH GHV V\VWqPHV KDPLOWRQLHQV� &¶HVW HQ FUHXVDQW FHWWH LGpH TXH
QRXV DYRQV GpFRXYHUW OH OLHQ HQWUH OH KDPLOWRQLHQ GX V\VWqPH HW OH QR\DX GH O¶RSpUDWHXU
GH .RRSPDQ� &H OLHQ HVW H[SOLFLWHPHQW GpYHORSSp GDQV >..%��@ HW GRQW MH UDSSHOOH
LFL OHV JUDQGHV OLJQHV�
3DUWRQV GH O¶REVHUYDEOH g GHV pWDWV� SDUDPpWUpH HQ WHUPHV GH SRVLWLRQV q HW GH PR�
PHQWD p� /¶pYROXWLRQ WHPSRUHOOH GH O¶REVHUYDEOH HVW GpFULWH SDU OD GpULYpH WRWDOH SDU
UDSSRUW DX WHPSV �

d

dt
g =

∂g

∂x

∂x

∂t
=

∂g

∂q

∂q

∂t
+

∂g

∂p

∂p

∂t
+

∂g

∂t
. ������

/H GHUQLHU WHUPH GLVSDUDvW� VL QRXV VXSSRVRQV TX¶LO Q¶\ D SDV GH GpSHQGDQFH WHP�
SRUHOOH H[SOLFLWH� 1RXV SRXYRQV LGHQWLILHU OHV WHUPHV UHVWDQWV DYHF OH FURFKHW GH 3RLV�
VRQ �FDQRQLTXH��

d

dt
g = {g,H}. ������

$LQVL� O¶pYROXWLRQ GH WRXW REVHUYDEOH VDQV GpSHQGDQFH WHPSRUHOOH H[SOLFLWH GDQV XQ
V\VWqPH KDPLOWRQLHQ HVW GRQQpH SDU VRQ FURFKHW GH 3RLVVRQ DYHF OH KDPLOWRQLHQ�
1RXV VDYRQV GH SOXV GpFULUH OD G\QDPLTXH GH O¶REVHUYDEOH SDU O¶RSpUDWHXU GH .RRS�
PDQ

d

dt
g = Kg = {g,H}. ������

3RXU OHV IRQFWLRQV SURSUHV RQ REWLHQW DORUV TXH

d

dt
φ = {φ,H} = λφ. ������

$LQVL� O¶KDPLOWRQLHQ HVW XQH IRQFWLRQ SURSUH GH O¶RSpUDWHXU GH .RRSPDQ DVVRFLp j λ =
0, FH TXL GpFRXOH GH

d

dt
H = {H,H} = λH = 0 ������



�� &KDSWHU �� 6XU O¶RUJDQLVDWLRQ GHV XUJHQFHV DGXOWHV

SRXU φ = H HW R� OH FURFKHW GH 3RLVVRQ GLVSDUDvW HQ UDLVRQ GH OD VWUXFWXUH V\PSOHF�
WLTXH� (Q DSSOLTXDQW GX FRDUVH�JUDLQLQJ LO VHUDLW GRQF SRVVLEOH GH FRQVWUXLUH OHV KDPLO�
WRQLHQV HIIHFWLIV GH FHWWH PDQLqUH� &HOD UHVWH HQFRUH j GpYHORSSHU�

*pRPpWULH GH O¶LQIRUPDWLRQ
(QILQ� OD GHUQLqUH SLVWH H[SORUpH HVW FHOOH GH OD WKpRULH GH O¶LQIRUPDWLRQ� (Q HIIHW� OH
FRQFHSW PrPH GH OD UHQRUPDOLVDWLRQ TXL H[SORUH OHV LQWHUDFWLRQV HW GpSHQGDQFHV �FRU�
UpODWLRQV� HQ VXSSULPDQW FHOOHV QRQ QpFHVVDLUHV ORUV GX SDVVDJH j O¶pFKHOOH� ODLVVH
VXJJpUHU XQH UpIOH[LRQ DXWRXU GH OD TXDQWLWp G¶LQIRUPDWLRQ� /HV DUWLFOHV VXU OHVTXHOV M¶DL
DSSX\p FHWWH UpIOH[LRQ LQWqJUHQW OD WKpRULH GH O¶LQIRUPDWLRQ HW VD YHUVLRQ JpRPpWULTXH
>0DU��@ HQ TXDQWLILDQW OD GLVWDQFH GH VpSDUDWLRQ �GLVWLQJXDELOLWp� HQWUH GHV SDUDPqWUHV
GHV GHQVLWpV GH SUREDELOLWpV GHV pWDWV SRXU FKDTXH DFWLRQ GH O¶RSpUDWHXU GH UHQRU�
PDOLVDWLRQ� &HOD FRUUHVSRQG j OD WKqVH GH $� 5DMX >5DM��@ FRXSOpH j VHV WUDYDX[
LQLWLDX[ >506��@� &HV WUDYDX[ PRQWUHQW HQ SDUWLFXOLHU OH FDUDFWqUH FRQWUDFWDQW GX
FRDUVH�JUDLQLQJ VXU OHV SDUDPqWUHV SHX LQIOXDQW GHV GHQVLWpV SRXU FKDTXH DFWLRQ GH
O¶RSpUDWHXU�
/¶DSSURFKH GpYHORSSpH SDU OHV DXWHXUV GH >%2��@ UHSRVH VXU OD GLVWLQJXDELOLWp HQWUH
OHV pWDWV HX[�PrPHV HW PHW HQ OLHQ OH FKDPS GH YHFWHXU VXU O¶HVSDFH GHV KDPLOWRQLHQV
HW OH FKDPS GH YHFWHXU GHV pWDWV UHQRUPDOLVpV� (Q SDUWLFXOLHU� OHV DXWHXUV PRQWUHQW
O¶H[LVWHQFH G¶XQ RSpUDWHXU Ω �SXVK�IRUZDUG� HQWUH OHV YHFWHXUV WDQJHQWV GH O¶HVSDFH
GHV KDPLOWRQLHQV HW O¶HVSDFH GHV pWDWV TXL DJLW VXU O¶RSpUDWHXU G¶pYROXWLRQ GH W\SH
3HUURQ�)UREHQLXV� 3RXU XQ pWDW ρ = eH/Z GH IRQFWLRQ GH SDUWLWLRQ Z� HW SRXU GHX[
YHFWHXUV WDQJHQWV x HW y HQ ρ

< x, y >ρ=
∂2

∂t∂s
S(ρ+ tx+ sy‖ρ)

∣∣∣
0

������

DYHF S(ρ‖ρ′) = 7UDFH [ρ′(ORJ ρ′í ORJ ρ)] O¶HQWURSLH UHODWLYH TXDQWLILDQW OD GLVWLQJXDELOLWp
GHV pWDWV ρ HW ρ′� /D GLVWDQFH HQWUH GHX[ YHFWHXUV WDQJHQWV V¶DSSUR[LPH DORUV SDU

7UDFH
[
xΩ−1

ρ (y)
]
. ������

'H IDLW OD QRUPH G¶XQ YHFWHXU a GH O¶HVSDFH GHV KDPLOWRQLHQV SHUPHW GH PHVXUHU OD GLV�
WLQJXDELOLWp HQWUH OHV pWDWV UHQRUPDOLVpV� 'HV LQGLFDWLRQV GH FRQVWUXFWLRQ GH O¶RSpUDWHXU
RX GX FKDPS GH YHFWHXUV VXU O¶HVSDFH GHV KDPLOWRQLHQV VRQW HQVXLWH GLVFXWpV� FH VRQW
Oj HQFRUH GHV SLVWHV TXL QpFHVVLWHQW © XQ SHX GH WUDYDLO ª�

���� &RQWULEXWLRQV VFLHQWLILTXHV GH FHWWH SDUWLH

%LODQ VFLHQWLILTXH

 � � $UWLFOH GH FRQIpUHQFH ,QWHUQDWLRQDOH j FRPLWp HW DFWH GH OHFWXUH
>(PL���@



***
%LODQ HW SURMHW

��





�
9HUV O¶LQILQL HW O¶DX�GHOj �

1RXV O¶DYRQV YX WRXW DX ORQJ GH
FH PDQXVFULW� MH VXLV WUqV WUDQVYHU�
VDO DXVVL ELHQ GDQV OHV WKpPDWLTXHV
TXH SRXU OHV RXWLOV HPSOR\pV RX
GpYHORSSpV SRXU PHQHU j ELHQ PHV
UHFKHUFKHV� 'HSXLV PRQ LQWpJUD�
WLRQ DX VHLQ GX ',63� OH FDUDF�
WqUH GH © VHUYLFH SXEOLF ª D ODUJH�
PHQW PRWLYp PHV DFWLRQV� 0RQ SUR�
ILO LQLWLDO GH WUDLWHXU GH VLJQDO SXLV
GH PDWKpPDWLTXHV DSSOLTXpHV PH
SHUPHW G¶DERUGHU OHV WKpPDWLTXHV
G¶DLGH j OD GpFLVLRQ� GH SLORWDJH RX
G¶LQIRUPDWLRQ SRXU OHV V\VWqPHV GH

SURGXFWLRQ� VRXV XQ DQJOH WUqV GLIIpUHQW TXH FHOXL DGRSWp SDU XQH PDMRULWp GH
OD FRPPXQDXWp GH *pQLH ,QGXVWULHO�
-H SHQVH DYRLU PRQWUp PRQ LQWpUrW SRXU OHV TXHVWLRQV IRQGDPHQWDOHV� PD FD�
SDFLWp j UpSRQGUH j FHV TXHVWLRQV� HW VXUWRXW PD FDSDFLWp j WUDQVIpUHU WHFK�
QRORJLTXHPHQW OHV DYDQFpHV WKpRULTXHV� /H WHPSV QH V¶DUUrWDQW SDV� PD FX�
ULRVLWp UHVWDQWH HQFRUH LQWDFWH� MH SDUWLFLSH RX VXLV j O¶LQLWLDWLYH GH QRXYHDX[
SURMHWV GRQW MH YDLV PDLQWHQDQW GpFULUH OD PRWLYDWLRQ DLQVL TXH PRQ SRVLWLRQ�
QHPHQW�

6RPPDLUH
��� 'DQV OD FRQWLQXLWp � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� /H 3URMHW GH *HVWLRQ GH FULVHV KXPDQLWDLUHV � � � � � � � � � � � � � � � ��

����� 0RGpOLVDWLRQ G¶XQH FULVH � � � � � � � � � � � � � � � � � � � � � � � ��
����� 5pVHDX WHPSRUHO � 6LJQDWXUH HW 5pVLOLHQFH � � � � � � � � � � � � ��

��� /H 3URMHW -XPHDX 1XPpULTXH GHV XUJHQFHV� � � � � � � � � � � � � � � � ��
��� 5pVROXWLRQ GH SUREOqPHV GH UHFKHUFKH RSpUDWLRQQHOOH SDU O¶DSSURFKH

GHV IORWV VXU OHV YDULpWpV � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��



�� &KDSWHU �� 9HUV O¶LQILQL HW O¶DX�GHOj �

���� 'DQV OD FRQWLQXLWp

,O HVW pYLGHQW TXH MH YDLV HW GRLV SXEOLHU OHV GLIIpUHQWV UpVXOWDWV GpFULWV GDQV OH FKDSLWUH �
GDQV XQ SUHPLHU WHPSV� (QVXLWH� LO PH UHVWH WRXW GHPrPH j FRQVROLGHU FHUWDLQHV LGpHV�
3DU H[HPSOH� HQ VXLYDQW OD PpWKRGRORJLH GpFULWH GDQV >0*'��@ TXL HVWLPH OD FDVFDGH
PXOWLSLFDWLYH VRXV O¶K\SRWKqVH GH SUREDELOLWp GH FKDQJHPHQW G¶pFKHOOH JDXVVLHQQH HW
QRQ SOXV IL[H� $LQVL� OD SUREDELOLWp p YXH HQ ����� HVW LQWHUSUpWpH FRPPH XQH UpDOLVDWLRQ
G¶XQH ORL j GpWHUPLQHU� 6RXV OH SULVPH GX *DXVVLDQ 0L[WXUH 0RGHO �*00� LO HVW SRVVL�
EOH G¶HVWLPHU SRXU FKDTXH DJUpJDWLRQ �FKDTXH QLYHDX GH OD FDVFDGH� XQH GLVWULEXWLRQ
HPSLULTXH GH OD SUREDELOLWp p TXH QRXV YHUURQV FRPPH XQH YDULDEOH DOpDWRLUH r� 3RXU
FKDTXH QLYHDX GH OD FDVFDGH HW VRXV O¶K\SRWKqVH *00 DORUV OD ORL V¶pFULW

p(r) =
N∑

c=1

πcN (r|µc, σc) �����

R� µc HVW OD PR\HQQH� σc OD YDULDQFH �j HVWLPHU� HW

N∑

i=1

πi = 1 �����

DYHFN OH QRPEUH GH JDXVVLHQQHV FRPSRVDQW OH PRGqOH GHPL[WXUH� 2Q QRWHUD TX¶XQH
GLVWULEXWLRQ GH GLUDF HVW YXH FRPPH XQH JDXVVLHQQH GH YDULDQFH SUHVTXH QXOOH� VRLW

(r) = OLP
σ→0

1√
2πσ

e−
r2

2σ �����

DLQVL� XQH GLVWULEXWLRQ FRQVWDQWH DSSDUDLVVDQW �K\SRWKqVH G¶XQH SUREDELOLWp IL[H� ORUV
G¶XQH pFKHOOH Q¶DXUD DXFXQ HIIHW VXU O¶DOJRULWKPH�
,O HVW DXVVL QpFHVVDLUH SRXU PRL GH WHUPLQHU O¶DSSURFKH OLpH DX JURXSH GH UHQRUPDOL�
VDWLRQ SRXU OD FDUDFWpULVDWLRQ RUJDQLVDWLRQQHOOH GHV XUJHQFHV�

/RUV G¶XQ PRPHQW GH RLVLYHWp� M¶DLPHUDL DXVVL SRXYRLU FRQWLQXHU OHV WUDYDX[ GX
FKDSLWUH �� WDQW GX FRWp GH OD GLODWDWLRQ HW GHV SDUFRUV TXH GX F{Wp GH OD WRSRORJLH
GHV SURFHVVXV�
-H VXLV pJDOHPHQW LPSOLTXp GDQV GH QRXYHDX[ SURMHWV GpEXWDQWV RX HQ FRXUV� -H YDLV
HQ IDLUH pWDW j SUpVHQW�

���� /H 3URMHW GH *HVWLRQ GH FULVHV KXPDQLWDLUHV

&KDTXH DQQpH� LO \ D HQ PR\HQQH ��� PLOOLRQV G¶rWUHV KXPDLQV DIIHFWpV SDU O¶XQH
GHV ��� FULVHV KXPDQLWDLUHV UHFHQVpHV� &HV FULVHV VRQW OH UpVXOWDW GH FDWDVWURSKHV
QDWXUHOOHV WHOOHV TXH OHV WUHPEOHPHQWV GH WHUUH� OHV LQRQGDWLRQV RX HQFRUH OHV VpFKHU�
HVVHV� /HV PRXYHPHQWV GH SRSXODWLRQ G�V j FHUWDLQV FRQIOLWV DUPpV VRQW HX[ DXVVL
FRQVLGpUpV FRPPH GHV FULVHV KXPDQLWDLUHV PDMHXUHV R� ELHQ VRXYHQW OHV pWDWV VRQW
GpPXQLV IDFH j O¶DIIOX[ GH UpIXJLpV�
/HV RSpUDWLRQV ORJLVWLTXHV GDQV OH FRQWH[WH GH OD UpSRQVH j XQH FULVH KXPDQLWDLUH VRQW



���� /H 3URMHW GH *HVWLRQ GH FULVHV KXPDQLWDLUHV ��

WUqV GLIIpUHQWHV GH FH TXL VH IDLW JpQpUDOHPHQW GDQV OH VHFWHXU SULYp� 'LIIpUHQWV DXWHXUV
VH VRQW SHQFKpV VXU OD GHVFULSWLRQ GH FH FRQWH[WH SDUWLFXOLHU >2OR��@� /D FRPSOH[LWp
GH OD VLWXDWLRQ ORUV G¶XQH FULVH KXPDQLWDLUH UHQG VD YLVLRQ JOREDOH GLIILFLOH� 3OXVLHXUV
IDFWHXUV H[SRVpV SDU H[HPSOH GDQV OH *UDQG %DUJDLQ G¶,VWDPEXO HQ ���� RX GDQV
>.XQ���@� H[SOLTXHQW FHWWH FRPSOH[LWp �

� /HV GRQQpHV GLVSRQLEOHV HQ WHPSV UpHO VRQW VRXYHQW LQFRPSOqWHV HW G\�
QDPLTXHV� &H WUDYDLO GH UpFROWH HW GH PLVH j MRXU GH GRQQpHV SUHQG GX WHPSV
HW Q¶HVW GRQF SDV WRXMRXUV WUDLWp HQ SULRULWp �

� /HV DFWHXUV VRQW WUqV YDULpV �GHV SHWLWHV 21* ORFDOHV DX[ DVVRFLDWLRQV LQWHUQD�
WLRQDOHV� O¶DUPpH� OH JRXYHUQHPHQW� OHV WUDQVSRUWHXUV� OHV GRQDWHXUV� HWF�� /HXUV
PR\HQV HW FDSDFLWpV GH FRRUGLQDWLRQ QH VRQW SDV WRXMRXUV DOLJQpV �

� /HV DSSHOV GH IRQGV� HW GRQF OH ILQDQFHPHQW GH OD UpSRQVH� VRQW JpUpV HQ SDUDO�
OqOH GHV RSpUDWLRQV� /D UpSRQVH KXPDQLWDLUH DSSRUWpH DX[ SHUVRQQHV DIIHFWpHV
GpSHQG GH OD GLVSRQLELOLWp GH FHV IRQGV� /H SpULPqWUH GHV DFWLRQV PHQpHV HW OH
QRPEUH G¶DFWHXUV LPSOLTXpV pYROXHQW HQ FRQVpTXHQFH �

� /¶DVSHFW KXPDLQ HVW SUpSRQGpUDQW� 4XHOTXHV MRXUV GH UHWDUG VXU OHV OLYUDLVRQV
SHXYHQW DYRLU XQ LPSDFW HQ WHUPHV GH YLHV KXPDLQHV� 8QH LQpJDOLWp GH WUDLWH�
PHQW HQWUH GLIIpUHQWHV UpJLRQV WRXFKpHV SHXW JpQpUHU GHV PRXYHPHQWV GH SRS�
XODWLRQ� GRQF SOXV GH FDPSV j RXYULU SRXU JpUHU FHV PLJUDQWV�

'H FH IDLW� GHV SUREOqPHV GH FRRUGLQDWLRQ SRXU OD UpSRQVH VRQW VRXYHQW FRQVWDWpV
>&/7��@ FHFL VDQV FRPSWHU VXU OHV FKRL[ G¶DFWLRQV GH SOXV HQ SOXV JXLGpV SDU OD
UHFKHUFKH GH O¶HIILFLHQFH GX UDSSRUW FR�W�YLHV VDXYpHV TXL FRQGXLW PDOKHXUHXVHPHQW
j REVHUYHU GHV VXU�FRQFHQWUDWLRQV HW XQ UHFRXYUHPHQW G¶LQWHUYHQWLRQV GDQV FHUWDLQHV
]RQHV� DORUV TXH G¶DXWUHV VRQW GpODLVVpHV�
$ FHOD V¶DMRXWH OD G\QDPLTXH GX V\VWqPH� (Q HIIHW� DX FRXUV PrPH GH OD UpSRQVH j
XQH FULVH KXPDQLWDLUH� OD VLWXDWLRQ VXU OH WHUUDLQ pYROXH� 2Q SHXW FLWHU HQWUH DXWUHV� OHV
UpSOLTXHV GH WUHPEOHPHQW GH WHUUH TXL SHXYHQW JpQpUHU O¶LPSUDWLFDELOLWp GH FHUWDLQHV
URXWHV RX DXWUHV LQIUDVWUXFWXUHV ORJLVWLTXHV� DYDQW TXH OD VLWXDWLRQ QH VH GpEORTXH SUR�
JUHVVLYHPHQW� 'H PrPH� OHV EHVRLQV GHV SHUVRQQHV DIIHFWpHV SHXYHQW pYROXHU DX
FRXUV GX WHPSV� QRWDPPHQW ORUVTXH OHV FULVHV VH FRPSOH[LILHQW �pSLGpPLHV GH FKROpUD
TXHOTXHV VHPDLQHV DSUqV XQ WUHPEOHPHQW GH WHUUH�� /¶pFRV\VWqPH GHV DFWHXUV HVW OXL
DXVVL VXMHW j pYROXWLRQ DYHF SDU H[HPSOH OH UHWUDLW G¶XQ DFWHXU� OD GHVWUXFWLRQ GH ORFDX[
RX HQFRUH O¶HQGRPPDJHPHQW GX PDWpULHO� 2Q FRPSUHQG DORUV OD GLIILFXOWp G¶DWWHLQGUH
GHV QLYHDX[ G¶HIILFDFLWp HW G¶HIILFLHQFH RSWLPDX[ SRXU OD FRRUGLQDWLRQ G¶XQH UpSRQVH�

'DQV OH FRQWH[WH GH OD UpSRQVH j XQH FULVH KXPDQLWDLUH� TXL QRXV O¶DYRQV YX� IDLW LQ�
WHUDJLU XQ QRPEUH LPSRUWDQW G¶DFWHXUV KpWpURJqQHV DYHF O¶HQYLURQQHPHQW ORJLVWLTXH
FRPSOH[H� XQ LQGLFDWHXU GH YXOQpUDELOLWp GRLW rWUH SURSRVp DILQ GH JDUDQWLU OD PHLOOHXUH
FDUDFWpULVDWLRQ GH OD YXOQpUDELOLWp GH OD SRSXODWLRQ� HW DLQVL SHUPHWWUH OD PHLOOHXUH
UpVLOLHQFH SRVVLEOH� &¶HVW FH TXH O¶pTXLSH GX ',63 SURSRVH HQ DERUGDQW OD TXHVWLRQ
GH OD FDUDFWpULVDWLRQ GH OD YXOQpUDELOLWp HW GH OD FRRUGLQDWLRQ GHV DFWHXUV SDU XQH DS�
SURFKH GH UpVHDX GH UpVHDX[�
/H SURMHW GH UHFKHUFKH V¶DUWLFXOH DXWRXU GH GHX[ JUDQGV D[HV� O¶XQ SRUWp SDU OD PRGpOL�
VDWLRQ G¶XQH FULVH KXPDQLWDLUH SDU O¶DSSURFKH GHV UpVHDX[ GH UpVHDX[ HW GH VRQ H[�
SORLWDWLRQ WRSRORJLTXH� DORUV TXH OH VHFRQG VH FRQFHQWUH VXU OD G\QDPLTXH GX UpVHDX
SRXU OD UHFKHUFKH GH VLJQDWXUHV� GH UpVLOLHQFH HW G¶DLGH j OD GpFLVLRQ�



�� &KDSWHU �� 9HUV O¶LQILQL HW O¶DX�GHOj �

������ 0RGpOLVDWLRQ G¶XQH FULVH
/¶DSSURFKH SDU UpVHDX[ HVW ODUJHPHQW HPSOR\pH GHSXLV PDLQWHQDQW TXHOTXHV GpFHQ�
QLHV SRXU WUDLWHU OHV LQWHUDFWLRQV FRPSOH[HV GHV V\VWqPHV PXOWL�DJHQWV� SRXU OD PRG�
pOLVDWLRQ GHV LQIUDVWUXFWXUHV URXWLqUHV� SRXU OD UHSUpVHQWDWLRQ GHV LQWHUDFWLRQV VRFLDOHV
RX HQFRUH SRXU OHV GLIIXVLRQV pSLGpPLTXHV RX OHV V\VWqPHV ELRORJLTXHV� PDLV ILQDOH�
PHQW WUqV SHX SRXU OD PRGpOLVDWLRQ GX V\VWqPH FRPSOH[H TXH UHSUpVHQWH OD UpSRQVH
j XQH FULVH KXPDQLWDLUH RX O¶HQYLURQQHPW ORJLVWLTXH G¶XQH SRSXODWLRQ >*XW���@�

7UDYDLO SUpOLPLQDLUH
6RXV OH SULVPH GH OD FULVH KXPDQLWDLUH G¶+DwWL HQ ����� XQ WUDYDLO SUpOLPLQDLUH >&%&��@
D SHUPLV j O¶pTXLSH GH FRQVWDWHU O¶LQWpUrW G¶XQH WHOOH DSSURFKH SRXU O¶LGHQWLILFDWLRQ GHV
YXOQpUDELOLWpV� $ WLWUH G¶H[HPSOH GRQF� O¶HQYLURQQHPHQW ORJLVWLTXH GH OD SRSXODWLRQ
G¶+DwWL DSUqV OH WUHPEOHPHQW GH WHUUH D pWp PRGpOLVp� /¶LQIUDVWUXFWXUH URXWLqUH DYHF
VHV YLOOHV� OHV LQIUDVWUXFWXUHV DpULHQQHV� PpGLFDOHV DLQVL TXH OHV 21* SUpVHQWHV VXU
VLWH� RQW pWp FRQVLGpUpHV GDQV XQ SUHPLHU WHPSV HW FHFL GH PDQLqUH LVROpH� &KDFXQ
GH FHV pOpPHQWV UHSUpVHQWHQW XQH FRXFKH SDUWLFXOLqUH� L�H� XQ UpVHDX SURSUH RX XQ
JUDSKH DX VHQV PDWKpPDWLTXH�

/D UHSUpVHQWDWLRQ GH O¶HQYLURQQHPHQW ORJLVWLTXH FRPSOH[H ORUV G¶XQH FULVH KXPDQL�
WDLUH SDU O¶DSSURFKH GHV UpVHDX[ PXOWL�FRXFKHV SHUPHW UDSLGHPHQW GH GpILQLU OHV FRP�
PXQDXWpV� L�H� OHV DFWHXUV RX LQIUDVWUXFWXUHV pWDQW IRUWHPHQW FRQQHFWpV HQWUH HX[
SRXYDQW VLJQLILHU XQH IDLEOH YXOQpUDELOLWp GH OD SRSXODWLRQ KDELWDQW GDQV OHV YLOOHV DVVR�
FLpHV� &¶HVW SDU H[HPSOH OH FDV GH 3RUW�DX�3ULQFH TXL D XQH IRUWH FRQQH[LRQ URXWLqUH�
OD SUpVHQFH G¶LQIUDVWUXFWXUHV DpULHQQHV HW PpGLFDOHV HW R� FHUWDLQV 21* VRQW GpMj
SUpVHQWHV� '¶DXWUHV YLOOHV GX QRUG G¶+DwWL VRQW TXDQW j HOOHV EHDXFRXS PRLQV FRQQHF�
WpHV� HOOHV RQW HQWUH DXWUHV XQ IDLEOH QRPEUH GH VWUXFWXUHV PpGLFDOHV� SDV GH WUDQVSRUW
DpULHQ RX SHX GH FRQQH[LRQV URXWLqUHV� (OOHV DSSDUDLVVHQW GRQF FRPPH LVROpHV HW OD
SRSXODWLRQ HVW FRQVLGpUpH FRPPH SOXV YXOQpUDEOH�

$QDO\VH WRSRORJLTXH GX UpVHDX
'H FHWWH DSSURFKH SDU UpVHDX[ �FRPSOH[HV� PXOWL�FRXFKHV� HW RXWUH O¶DVSHFW YLVXHO�
QRXV SRXYRQV GpMj DSSRUWHU GHV pOpPHQWV G¶DQDO\VH TXDQWLWDWLI GH IUDJLOLWp SDU OH FDO�
FXO GHV FHQWUDOLWpV >1:��@� >*XW���@� /¶HQVHPEOH GH FHV SUHPLHUV pOpPHQWV QRXV
SHUPHWWURQV GpMj GH FRQVROLGHU XQ LQGLFDWHXU �

� 3HUPHWWDQW XQH DQDO\VH QRQ SOXV VHJPHQWpH HW FHQWUpH VXU XQH ]RQH HW VRQ PL�
FURFRVPH DVVRFLp� PDLV HQ SHUPHWWDQW XQH DQDO\VH SOXV JOREDOH HW V\VWpPLTXH�

� 3HUPHWWDQW GH PHWWUH HQ H[HUJXH OHV ]RQHV QRQ FRXYHUWHV SDU OHV 21*�
� 'RQQDQW XQH LQGLFDWLRQ VXU OHV ]RQHV �´H[R�]RQHV´� R� GHV UHVVRXUFHV ORJLV�
WLTXHV GRLYHQW rWUH PLVHV HQ SODFH SDU OHV KXPDQLWDLUHV �VWRFNDJH� WUDQVSRUWHXU
GH OD FDSLWDOH� HWF��

/¶LGHQWLILFDWLRQ GH OD YXOQpUDELOLWp G¶XQH ]RQH HVW GRQF GpWHUPLQpH SDU XQ LQGLFD�
WHXU OLp DX FDOFXO GHV FHQWUDOLWpV� PDLV QH VH OLPLWH SDV XQLTXHPHQW j FH GHUQLHU�
8QH DQDO\VH WRSRORJLTXH SUpFLVH GX UpVHDX SDU GHV DSSURFKHV G¶KRPRORJLHV SHUVLV�
WDQWHV >'XJ���@� >%'0��D@� >00��@ OD GpWHUPLQDWLRQ GH OD FRQQHFWLYLWp GX JUDSKH
SDU O¶DQDO\VH GX QR\DX GH OD PDWULFH /DSODFLHQQH DVVRFLpH� RX HQFRUH OD GpWHUPLQD�
WLRQ HW O¶H[LVWHQFH GH FRPSRVDQWHV JpDQWHV >/L���@ VRXV OH IRUPDOLVPH GHV UpVHDX[
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FRPSOH[HV VRQW DXWDQW G¶LQGLFDWHXUV TXL FRPSRVHURQW OD GpWHUPLQDWLRQ SUpFLVH GH FHW
LQGLFDWHXU GH YXOQpUDELOLWp�

������ 5pVHDX WHPSRUHO � 6LJQDWXUH HW 5pVLOLHQFH
6L QRXV FRQVLGpURQV GH SOXV OHV TXHVWLRQV RSpUDWLRQQHOOHV GH SUpSDUDWLRQ HW
G¶LQWHUYHQWLRQ IDFH j XQH FULVH� XQ HQVHPEOH GH PpWKRGHV GHYURQW rWUH SURSRVpHV
DILQ GH VLPXOHU DX PLHX[ OHV VFpQDULRV OLpV DX[ FDXVHV GH OD FULVH �WUHPEOHPHQW GH
WHUUH� RXUDJDQ� FRQIOLWV DUPpV� HWF�� /HV VLPXODWLRQV VHURQW HQULFKLHV GqV ORUV TX¶XQH
VLJQDWXUH GHV FULVHV VHUD LGHQWLILpH SDU VRQ LPSDFW VXU OH UpVHDX� (Q FRQMRQFWLRQ� GH
QRXYHOOHV PpWKRGHV G¶HVWLPDWLRQ GH OD UpVLOLHQFH GX UpVHDX GHYURQW pJDOHPHQW rWUH
SURSRVpH DILQ GH SHUPHWWUH HQ DPRQW G¶XQH FULVH GH SURSRVHU OHV PHLOOHXUHV SUpFRQ�
LVDWLRQV ORJLVWLTXHV HW DLQVL SUpSDUHU DX PLHX[ OHV LQWHUYHQWLRQV� /D TXHVWLRQ GH OD
VLJQDWXUH G¶XQH FULVH DLQVL TXH VRQ FDUDFWqUH UpVLOLHQW SRXU OD SRSXODWLRQ VRQW GHV SUR�
SULpWpV TXL QpFHVVLWHQW G¶LQWURGXLUH XQH QRWLRQ GH WHPSRUDOLWp GDQV OH UpVHDX OXL�PrPH�
'¶DLOOHXUV� GHSXLV PDLQWHQDQW TXHOTXHV DQQpHV� XQ FHUWDLQ QRPEUH GH UHFKHUFKHV WUDLW�
HQW GHV UpVHDX[ FRPSOH[HV YDULDEOHV GDQV OH WHPSV�

6LJQDWXUH WHPSRUHOOH
/D UHFKHUFKH G¶XQH VLJQDWXUH G¶XQH FULVH� HVW XQ SUREOqPH pYLGHPPHQW SHX DERUGp
GDQV OD OLWWpUDWXUH� HW QRXV SURSRVRQV SDU H[HPSOH GH GpWHUPLQHU FHWWH VLJQDWXUH
FRPPH XQH IRUPH SDUWLFXOLqUH GH WUDMHFWRLUH VXU O¶HVSDFH GHV PDWULFHV V\PpWULTXHV
VHPL�GpILQLHV SRVLWLYHV� UHSUpVHQWDQW XQ F{QH FRQYH[H� &HWWH LGpH GH IRUPH SHXW rWUH
WUDLWpH SDU GHV DSSURFKHV OLpHV DX[ HVSDFHV GHV IRUPHV >'%0��E@ RX FRPPH XQH
WUDMHFWRLUH LVVXH G¶XQ V\VWqPH FRPSOH[H G\QDPLTXH >3%&��@ RX HQILQ FRPPH XQH
PRUSKRORJLH GLUHFWH GH OD FULVH� L�H� HQ FUpDQW XQH UHSUpVHQWDWLRQ LQIRUPDWLYH GH SOXV
KDXW QLYHDX GX UpVHDX GDQV XQ HVSDFH GH PRUSKRORJLH >&DU��@�

5pVLOLHQFH
'HV PpFDQLVPHV GH GpWHUPLQDWLRQ GH OD UpVLOLHQFH G¶XQ UpVHDX RQW GpMj pWp DERUGpV
GDQV OD OLWWpUDWXUH GDQV GLIIpUHQWV GRPDLQHV VRXYHQW OLpV j OD GLVWULEXWLRQ GH VHUYLFHV�
FRPPH OD ORJLVWLTXH� OH WUDQVSRUW DpULHQ� RX HQFRUH OD WpOpSKRQLH PRELOH PDLV WUqV
SHX� HQFRUH XQH IRLV� QH V¶DWWDTXHQW j OD SUREOpPDWLTXH GH UpVHDX[ PXOWL�FRXFKHV
GDQV OH FRQWH[WH G¶XQH FULVH KXPDQLWDLUH� ,FL DXVVL� O¶pTXLSH ',63 VRXKDLWH HQULFKLU OHV
WUDYDX[ SURSRVpV GDQV >/L���@ GDQV OH FRQWH[WH PXOWL�FRXFKHV HQ H[SORLWDQW O¶DVSHFW
WRSRORJLTXH HW pODVWLTXH GX UpVHDX�

0RGpOLVDWLRQ GX EHVRLQ GDQV XQ UpVHDX
)LQDOHPHQW� ORUV GH OD JHVWLRQ RSpUDWLRQQHOOH G¶XQH FULVH� XQ RUJDQLVPH KXPDQLWDLUH
SHXW rWUH DPHQp j FKRLVLU DX PLHX[ OHV TXDQWLWpV GH UHVVRXUFHV j GLVWULEXHU HW ELHQ V�U
j GpWHUPLQHU OHV OLHX[ GH VWRFNDJH HW GH GLVWULEXWLRQ HQ FRQVpTXHQFH� $ILQ GH SHUPHW�
WUH XQHPHLOOHXUH DLGH j OD GpFLVLRQ� OH EHVRLQ GHV SRSXODWLRQV� TXH QRXV WUDGXLURQV SDU
XQH GHPDQGH� GRLW FRQFUqWHPHQW rWUH PDWpULDOLVp� 3DU O¶DSSURFKH UpVHDX FRPSOH[H
PXOWL�FRXFKHV OHV FRPPXQDXWpV HW D FRQWUDULR OHV pOpPHQWV LVROpV VRQW GpWHUPLQpV
SDU XQ FDOFXO WRSRORJLTXH OLp GLUHFWHPHQW DX[ FRQQH[LRQV HW j OD GLVWDQFH GDQV OD
UHSUpVHQWDWLRQ� &HWWH GLVWDQFH HVW GDQV QRWUH H[HPSOH >&%&��@ REWHQXH SDU O¶HPSORL
GH O¶DOJRULWKPH GH )RUFH�OD\RXW $WODV�� '¶DXWUHV DOJRULWKPHV GH IRUFH�OD\RXW RQW GpMj
pWp SURSRVpV GDQV OD OLWWpUDWXUH� PDLV FHV GHUQLHUV QH UHIOqWHQW SDV O¶LQIRUPDWLRQ OLpH
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j OD GHPDQGH RX DX EHVRLQ� 8Q GHV GHUQLHUV REMHFWLIV GH FH SURMHW FRQVLVWH GRQF j
SURSRVHU XQ QRXYHO DOJRULWKPH GH IRUFH�OD\RXW FDSDEOH GH WUDGXLUH OD IRUFH G¶DWWUDFWLRQ
GHV ]RQHV HQ IRQFWLRQ GX EHVRLQ� /D FRQVpTXHQFH GLUHFWH G¶XQH WHOOH PpWKRGH� VHUD
GH SHUPHWWUH OH GLPHQVLRQQHPHQW HQ WRQQH HW YROXPH GHV UHVVRXUFHV j DOORXHU HW
SRXYRLU HQVXLWH GpWHUPLQHU OH SRVLWLRQQHPHQW GHV KXEV ORJLVWLTXHV�

$� &KDUOHV� &� &KHULIL HW PRL�PrPH DYRQV REWHQX XQ ILQDQFHPHQW GH O¶pFROH GRF�
WRUDOH SRXU PHQHU FH SURMHW� -H VHUDL OH GLUHFWHXU GH WKqVH GH -RKDQ /H\GHW GqV PRQ
+'5 REWHQXH�

���� /H 3URMHW -XPHDX 1XPpULTXH GHV XUJHQFHV

&H SURMHW HVW XQ SURMHW HQ FRXUV HW HQ FROODERUDWLRQ DYHF +� %ULO (O +DRX]L� :� 'HULJHQW
GX &5$1 HW 7� 0R\DX[� 9� &KHXWHW� /� 7ULOOLQJ GX ',63� 8QH SDUWLH GH OD UpSRQVH j $$3
$15 JpQpULTXH HVW UHSULVH LFL�

8QH pWXGH PHQpH SDU OH ',63 YLD OH SURMHW +53� GX &OXVWHU *263,� D HX SRXU REMHFWLI
GH WHVWHU HW GH YDOLGHU GLIIpUHQWHV VWUDWpJLHV GH SLORWDJH� DILQ GH PLQLPLVHU OHV GXUpHV
GH VpMRXU HW OHV WHPSV G¶DWWHQWH GHV SDWLHQWV DX[ XUJHQFHV� 3RXU FH IDLUH XQ UHFXHLO GH
GRQQpHV VXU OH WHUUDLQ D SHUPLV G¶DQDO\VHU OHV FDXVHV GHV WHPSV G¶DWWHQWH HQPHVXUDQW
GH IDoRQ SUpFLVH OHV pOpPHQWV VXLYDQWV �

� 7HPSV PR\HQ GH SULVH HQ FKDUJH WRWDO
� 7HPSV PR\HQ DYDQW H[DPHQ PpGLFDO
� 7HPSV PR\HQ GH O¶H[DPHQ PpGLFDO
� 7HPSV PR\HQ DSUqV H[DPHQ DYDQW ILQ GH SULVH HQ FKDUJH
� 7HPSV PR\HQ GH VRUWLH
� 7HPSV PR\HQ GH OD GLVSRQLELOLWp GHV OLWV
� 7HPSV PR\HQ ([DPHQ FRPSOpPHQWDLUH SDU W\SH G¶H[DPHQ �5DGLRORJLH� VFDQ�
QHU� (FKRJUDSKLH�HWF�

� 7HPSV PR\HQ DYLV VSpFLDOLVWH SDU W\SH GH VSpFLDOLWp

/D FRPSOH[LWp RUJDQLVDWLRQQHOOH GX 6$8 DLQVL TXH VD QpFHVVDLUH GpSHQGDQFH j
OD GLVSRQLELOLWp GHV OLWV GH O¶K{SLWDO� QH SRXYDLW VH FRPSUHQGUH QL V¶H[SOLTXHU SDU XQH
WHOOH pWXGH� 6L QRXV SHUFHYRQV ELHQ TXH OH WHPSV GH VpMRXU DX[ XUJHQFHV HVW XQ�
YRLUH PrPH OH SDUDPqWUH j PRQLWRUHU SRXU XQ SLORWDJH HIILFDFH GX 6$8� LO VHPEOH
REOLJDWRLUH GH SRXYRLU PRGpOLVHU FH V\VWqPH VRXV XQH IRUPH G\QDPLTXH SHUPHWWDQW
DLQVL GH PRGpOLVHU OHV GpFLVLRQV SULVHV SDU OHV PpGHFLQV� LQWHUQHV� H[WHUQHV RX DXWUHV
LQILUPLqUHV DLQVL TXH OHXUV LQWHUDFWLRQV�
/H IRQFWLRQQHPHQW DFWXHO GX 6$8 GH 6DLQW�(WLHQQH UHSRVH VXU OD SULVH GH GpFLVLRQ
GpFHQWUDOLVpH FDU FKDTXH VRLJQDQW VpOHFWLRQQH VRQ SURFKDLQ SDWLHQW G¶DSUqV OH WDEOHDX
GH ERUG GX 6$8 �)LJXUH �����

(Q SUHPLqUH DSSUR[LPDWLRQ �GRQF� VDQV GLVWLQJXHU QL LQWHUQHV� H[WHUQHV HW
PpGHFLQV VpQLRUV� QL 6$8 DGXOWH RX SpGLDWULTXH�� FH FKRL[ UHSRVH VXU OH QLYHDX GH
JUDYLWp GX SDWLHQW �
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UF : 11 box simples + 2 box doubles
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UHCD

Local Infirmier

bureau médecins
sénior

1 médecin pour l’Unité d’Hospitalisation de Courte Durée (UHCD)
2 médecins pour l’unité UF (cas 3-5),
2 médecins pour l’unité UG (cas 1,2),

5 à 7 externes
5 internes

Infirmières
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3 Salles d’examen

)LJXUH ���� 8Q LGpH GX VHUYH G¶DFFXHLO GHV XUJHQFHV GX &+8 GH 6DLQW�(WLHQQH�

� 1LYHDX[ GH JUDYLWp � HW � � &HV SDWLHQWV VRQW OHV SOXV XUJHQWV� GRQF O¶,QILUPLHU
G¶$FFXHLO HW G¶2ULHQWDWLRQ GRLW OHXU WURXYHU XQ PpGHFLQ DX SOXV YLWH� 3RXU FHOD�
FHW LQILUPLHU FKHUFKH XQ PpGHFLQ GDQV OHXU EXUHDX RX� V¶LOV VRQW GpMj WRXV HQ
FRQVXOWDWLRQ� GDQV OHV ER[ � GDQV FH VHFRQG FDV� OD FRQVXOWDWLRQ HQ FRXUV VHUD
PLVH HQ SDXVH SRXU TXH OH PpGHFLQ WUDLWH FH FDV SOXV XUJHQW�

� 1LYHDX[ GH JUDYLWp � j � � &HV SDWLHQWV YRQW DWWHQGUH HQ VDOOH G¶DWWHQWH MXVTX¶j FH
TX¶XQ VRLJQDQW OHV SUHQQH HQ FKDUJH HQ IDLVDQW XQ FRPSURPLV �SURSUH j FKDTXH
VRLJQDQW� HQWUH QLYHDX GH JUDYLWp HW UHVSHFW GH O¶RUGUH G¶DUULYpH� 3OXV SUpFLVp�
PHQW� OHV GLIIpUHQWHV FDWpJRULHV GH VRLJQDQWV FRQVXOWHQW WRXWHV OH PrPH WDEOHDX
GH ERUG GDQV OHTXHO HOOHV VpOHFWLRQQHQW OHXU SURFKDLQ SDWLHQW HQ IRQFWLRQ GHV
VRLQV QpFHVVDLUHV� FRQGLWLRQ GX SDWLHQW� HWF�

/¶RSWLPLVDWLRQ GX SDUFRXUV SDWLHQW HVW XQ VXMHW TXL VXVFLWH XQ LQWpUrW JUDQGLVVDQW JUkFH
DX[ DSSURFKHV RULHQWpHV�GRQQpHV FRPPH OH 0DFKLQH /HDUQLQJ �'HHS /HDUQLQJ� 5H�
LQIRUFHPHQW /HDUQLQJ� HWF�� >&XU���@� '¶DXWUHV DSSURFKHV DERUGHQW FHWWH SUREOpPD�
WLTXH HQ LQWpJUDQW GHV V\VWqPHV PXOWL�DJHQWV j GHV ZRUNIORZV >$MP���@� (Q VHFWHXU
KRVSLWDOLHU� RQ DSSHOOH DJHQW WRXWH HQWLWp LQGpSHQGDQWH� LQWHOOLJHQWH HW G\QDPLTXH TXL
HVW DPHQpH j SUHQGUH GHV GpFLVLRQV GDQV XQ FDGUH SDUWLFXOLHU R� V¶DSSOLTXHQW GHV
UqJOHV� /HV PpGHFLQV� LQILUPLqUHV� SDWLHQWV HW PDQLSXODWHXUV VRQW SDU FRQVpTXHQW
TXDOLILpV G¶DJHQWV� 'DQV FH FRQWH[WH� OHV DJHQWV VRQW HQ SHUPDQHQFH DPHQpV j LQWHU�
DJLU HQWUH HX[ HW j DSSUHQGUH GHV H[SpULHQFHV SDVVpHV LQIOXHQoDQW DLQVL OD SULVH GH
GpFLVLRQV� WRXW FRPPH O¶HQYLURQQHPHQW� 'DQV FH FDV GH ILJXUH� LO V¶DJLW GRQF GH WUDLWHU
OH SUREOqPH GH PDQLqUH GpFHQWUDOLVpH� $ FHW pJDUG� XQ 6$8 HVW XQ FDV SDUWLFXOLHU GH
V\VWqPH GH SURGXFWLRQ GH VHUYLFHV TXL FRQWUDVWH DYHF OHV V\VWqPHV GH SURGXFWLRQ GH
ELHQV HW GH VHUYLFHV HQ JpQpUDO� (Q HIIHW� FHX[�FL VRQW WUDGLWLRQQHOOHPHQW FRQWU{OpV
SDU XQ V\VWqPH GH SLORWDJH FHQWUDOLVp� F��j�G� SDU XQH DXWRULWp FHQWUDOH �$&� TXL �L�
UHoRLW GHV LQIRUPDWLRQV GHV DJHQWV �F��j�G�� OHV RSpUDWHXUV G¶XQH OLJQH GH SURGXFWLRQV
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RX� GDQV QRWUH FDV� OHV VRLJQDQWV�� �LL� FKRLVLW TXRL IDLUH SRXU DWWHLQGUH OHV REMHFWLIV GX
V\VWqPH GH SURGXFWLRQ HW �LLL� FRPPXQLTXH FHWWH GpFLVLRQ DX[ RSpUDWHXUV� /¶DYDQWDJH
G¶XQ WHO V\VWqPH GH SLORWDJH FHQWUDOLVp HVW VRQ HIILFDFLWp HQ O¶DEVHQFH GH SHUWXUEDWLRQV�
6RQ LQFRQYpQLHQW HVW VRQ PDQTXH GH UpDFWLYLWp ORUV GHV LPSUpYXV�

'DQV FH FRQWH[WH� O¶REMHFWLI GX SURMHW HVW GH SURSRVHU XQ MXPHDX QXPpULTXH SRXU OH
6$8 SHUPHWWDQW j OD IRLV GH YLVXDOLVHU OH FRPSRUWHPHQW GX VHUYLFH HQ WHPSV TXDVL�
UpHO PDLV DXVVL GH SUpYRLU HW DQWLFLSHU OH FRPSRUWHPHQW HQ DMRXWDQW XQ PRWHXU GH
VLPXODWLRQ FRXSOp j GH O¶RSWLPLVDWLRQ SHUPHWWDQW GH UpSRQGUH DX[ DOpDV LQKpUHQWV j FH
W\SH GH VHUYLFHV� DILQ © G¶DVVHUYLU ª HW GH FRQWU{OHU O¶LQGLFDWHXU WHPSV GH SDVVDJH DX[
XUJHQFHV�

9X OH FRPSRUWHPHQW IRUWHPHQW G\QDPLTXH GX V\VWqPH FRPSOH[H 6$8� XQH pWXGH GHV
FRRSpUDWLRQV� V\QFKURQLVDWLRQV RX FRQVHQVXV HQWUH OHV DJHQWV VXVFLWH WRXMRXUV XQ
JUDQG LQWpUrW� VXUWRXW GX SRLQW GH YXH WKpRULTXH� /¶pWXGH GHV V\VWqPHV G\QDPLTXHV
PXOWL�DJHQWV IDLW DSSHO j GHV EUDQFKHV GHV PDWKpPDWLTXHV GLYHUVHV �WKpRULH GHV
JUDSKHV� WRSRORJLH� SURFHVVXV VWRFKDVWLTXHV� WKpRULH GHV MHX[ «�� %HDXFRXS GH
WUDYDX[ VH VRQW IRFDOLVpV VXU XQH FDUDFWpULVDWLRQ DOJpEULTXH YLD OH SOXV VRXYHQW XQH
pWXGH VSHFWUDOH GH OD PDWULFH /DSODFLHQQH GX JUDSKH UHSUpVHQWDQW OHV LQWHUDFWLRQV HQ�
WUH OHV DJHQWV� -H VRXKDLWH LFL GRQQHU GHV LQYDULDQWV JpRPpWULTXHV HW�RX WRSRORJLTXHV
WHOV TX¶LOV RQW pWp LQWURGXLW SDU H[HPSOH SDU >0XQ��@� >0DU��@ SRXU FDUDFWpULVHU OH V\V�
WqPH FRRSpUDWLI HQWUH OHV DJHQWV GDQV OHXU SULVH GH GpFLVLRQ� &HV DSSURFKHV VRQW
HQ UXSWXUH SDU UDSSRUW DX[ pWXGHV WUDGLWLRQQHOOHV FDU O¶LQIRUPDWLRQ JpRPpWULTXH GHV
LQWHUDFWLRQV HQWUH OHV DJHQWV HVW pWXGLpH DX PR\HQ GH OD JpRPpWULH GLIIpUHQWLHOOH RX
GH O¶KRPRORJLH SHUVLVWDQWH� /H FKDQJHPHQW G¶pWDWV GHV DJHQWV HVW GRQF UpJL SDU OD
VWUXFWXUDWLRQ HW OHV FRQWUDLQWHV LQWULQVqTXHV GHV LQWHUDFWLRQV VXU GHV YDULpWpV GLIIpUHQ�
WLHOOHV�
-¶DL pWp FRPSOqWHPHQW SDVVLRQQp SDU O¶DSSURFKH G¶$� &DUGRQ GDQV >&DU��@ TXL UH�
OLH OH V\VWqPH PXOWL�DJHQWV DX[ V\VWqPHV KDPLOWRQLHQV� &¶HVW XQH VRXUFH UpHOOH
G¶LQVSLUDWLRQ TXL PH SHUPHW GH UHWURXYHU OHV RXWLOV YXV SDU H[HPSOH GDQV OH FKDSLWUH �
DX WUDYHUV GH OD UHQRUPDOLVDWLRQ� $LQVL� GDQV OH SURMHW -XPHDX 1XPpULTXH SRXU OHV
XUJHQFHV� MH PH SRVLWLRQQH FHQWUDOHPHQW HQWUH OD VLPXODWLRQ SLORWpH SDU OHV GRQQpHV
HW OH SLORWDJH K\EULGH DYHF OHV YHUURXV VFLHQWLILTXHV SURSRVpV FRPPH VXLW �
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Modélisation et 
contrôle 

Organisationnel

Simulation 
Pilotée par la 

donnée
Pilotage 
Hybride

Quantification de la différence entre la prise de décision 
préconisée et effective : étude du changement des états des 
agents et de la morphologie organisationnelle

Limite théorique à l’obstruction de la prise 
de décision : impossibilité structurelle de 
trouver une sorte de consensus

Évaluation de l’évolution de l’organisation : 
nécessite de définir les agents d’observations

Limite théorique à l’obstruction de la prise de décision : 
définition des états et des interactions entre les agents

)LJXUH ���

0RGpOLVDWLRQ HW FRQWU{OH RUJDQLVDWLRQQHO

eWDWV GHV DJHQWV HW GH OD PRUSKRORJLH RUJDQLVDWLRQQHOOH

Ĝ
$SSURFKH SDU OHV V\VWqPHV G\QDPLTXHV j LQWHUDFWLRQV PDVVLYHV

↪→ H[WUDLUH XQH LQIRUPDWLRQ WRSRORJLTXH �KRPRORJLH� GpIRUPDWLRQ
WRSRORJLTXH

↪→ H[WUDLUH XQH LQIRUPDWLRQ G¶pYROXWLRQ GX V\VWqPH HW GH VHV UpJLPHV
FRRUGRQQpV RX QRQ

²
2SpUDWHXUV /LRXYLOOH� +DPLOWRQLHQ� YDULpWp V\PSOHFWLTXH�
JURXSH GH UHQRUPDOLVDWLRQ� HQWURSLH

,PSRVVLELOLWp VWUXFWXUHOOH GH WURXYHU XQH VRUWH GH FRQVHQVXV

↪→ eWXGH WRSRORJLTXH HW JpRPpWULTXH GH O¶HVSDFH GHV pWDWV �YXH FRPPH
XQ HVSDFH GHV SKDVHV GX V\VWqPH�

²
+RPRWRSLH� KRPRORJLH� JUDGLHQWV VXU OHV YDULpWpV SRXU
GpILQLU OHV REVWUXFWLRQV DX FRQVHQVXV



�� &KDSWHU �� 9HUV O¶LQILQL HW O¶DX�GHOj �

���� 5pVROXWLRQ GH SUREOqPHV GH UHFKHUFKH RSpUD�
WLRQQHOOH SDU O¶DSSURFKH GHV IORWV VXU OHV YDULpWpV

eWDQW GHSXLV ���� FR�UHVSRQVDEOH GH O¶D[H 3LORWDJH GHV 6\VWqPHV GH 3URGXFWLRQ
�363� G¶DERUGV SXLV *HVWLRQ HW 2SWLPLVDWLRQ GHV 2SpUDWLRQV �*��� HQVXLWH GX ',63�
M¶DL SX GpFRXYULU OHV SUREOpPDWLTXHV GH UHFKHUFKH RSpUDWLRQQHOOH� 3DUPL OHV SUREOp�
PDWLTXHV WUDLWpHV SDU FHUWDLQV PHPEUHV GH O¶D[H� OHV WRXUQpHV GH YpKLFXOHV HW OHV
SUREOqPHV G¶DIIHFWDWLRQ RQW DWWLUp SOXV SDUWLFXOLqUHPHQW PRQ DWWHQWLRQ�
/H SUREOqPH GX YR\DJHXU GH FRPPHUFH HVW XQ SUREOqPH 13�FRPSOHW H[WUrPH�
PHQW FRQQX HW TXL VXVFLWH XQ LQWpUrW PDMHXU GHSXLV GHV GpFHQQLHV� &H SUREOqPH
G¶RSWLPLVDWLRQ DSSDUDvW GDQV GH QRPEUHX[ FKDPSV G¶DSSOLFDWLRQ FRPPH SRXU OD FRQ�
VWUXFWLRQ GH FDUWHV GX JpQRPH� OD JHVWLRQ GHV WpOHVFRSHV� OHV WRXUQpHV G¶LQILUPLqUHV�
HWF� '� j VD JUDQGH FRPSOH[LWp� GH QRPEUHXVHV KHXULVWLTXHV RQW pWp SURSRVpHV SDU
OH SDVVp� 1¶pWDQW SDV YUDLPHQW IDPLOLHU DYHF OHV DOJRULWKPHV GpYHORSSpV HQ SURJUDP�
PDWLRQ OLQpDLUH� M¶DL FKHUFKp j FRPSUHQGUH OH SUREOqPH SXLV j VDYRLU V¶LO Q¶pWDLW SDV
SRVVLEOH GH SRXYRLU XWLOLVHU GHV DOJRULWKPHV FRQWLQXV GH GHVFHQWH GH JUDGLHQW SRXU
UpSRQGUH j FH SUREOqPH� eYLGHPPHQW LO HQ H[LVWH . . . FHV DSSURFKHV SURSRVHQW XQH
UHOD[DWLRQ FRQWLQX GX SUREOqPH GLVFUHW VRXV O¶DQJOH GHV V\VWqPHV G\QDPLTXHV� TXH
QRXV UHWURXYRQV GRQF HQFRUH XQH IRLV GDQV FHWWH WKpPDWLTXH �
-H VXLV UDSLGHPHQW WRPEp VXU OHV WUDYDX[ SUpFXUVHXUV GH5� %URFNHWW >%:��@� >%UR��D@�
G¶ $� %ORFK >%OR��D@� >%OR��E@ SXLV GH :� :RQJ >:RQ��@� >:RQ��@ TXL WRXV IRUPDOLVHQW
OH SUREOqPH GX 7UDYHOLQJ 6DOHVPDQ 3UREOHP �763� VRXV OD IRUPH PDWULFLHOOH

Popt = DUJPLQ
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)
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R� OD PDWULFH D HVW OD PDWULFH GH GLVWDQFH HQWUH OHV YLOOHV� OD PDWULFH A� OD PDWULFH
G¶DGMDFHQFH GX JUDSKH FRPSOHW DVVRFLp DX SUREOqPH HW R� P HVW OD PDWULFH GH SHU�
PXWDWLRQ GHV YLOOHV� $LQVL OD UHFKHUFKH GH OD VROXWLRQ GX SUREOqPH HVW GpSRUWpH j OD
UHFKHUFKH G¶XQH PDWULFH GH SHUPXWDWLRQ P GDQV O¶HVSDFH GHV PDWULFHV GH SHUPXWD�
WLRQ RX HQ FRQFRUGDQFH� GDQV O¶HVSDFH GHV PDWULFHV GH URWDWLRQ 62�Q�� 8QH SLVWH TXH
MH GRLV H[SORUHU FRQVLVWH j LQWpJUHU OHV PDWULFHV GH SHUPXWDWLRQ GDQV O¶HVSDFH GHV
PDWULFHV GRXEOHPHQW VWRFKDVWLTXHV� /HV DYDQWDJHV� GDQV FH FDV� GpFRXOHQW GX IDLW
TXH OHV PDWULFHV GH SHUPXWDWLRQ VRQW OHV SRLQWV H[WUrPHV GH O¶HQVHPEOH GHV PDWULFHV
GRXEOHPHQW VWRFKDVWLTXHV HW O¶HQVHPEOH GHV PDWULFHV GRXEOHPHQW VWRFKDVWLTXHV HVW
O¶HQYHORSSH FRQYH[H GH O¶HQVHPEOH GHV PDWULFHV GH SHUPXWDWLRQ >%:��@� %LHQ HQ�
WHQGX� 62�Q� Q¶HVW SDV XQ SRO\WRSH HW Q¶D SDV GH VRPPHWV� ,O V¶DJLW FHSHQGDQW G¶XQ
JURXSH FRQWHQDQW O¶HQVHPEOH GHV PDWULFHV GH SHUPXWDWLRQ GH GpWHUPLQDQW � FRPPH
VRXV�HQVHPEOH HW VRXV�JURXSH� &¶HVW DXVVL XQH YDULpWp FRPSDFWH VDQV ERUG HW OHV
IOX[ GH JUDGLHQWV GDQV FHWWH YDULpWp RQW WRXMRXUV DX PRLQV XQ SRLQW VWDWLRQQDLUH VWDEOH�
/¶DQDORJLH DYHF OHV V\VWqPHV G\QDPLTXHV SURYLHQW GH OD UHFKHUFKH PrPH GH P VXU
FHWWH YDULpWp� (Q HIIHW� RQ D IDFLOHPHQW TXH

Ṗ = −∇f(P ) �����

DYHF f(P ) = 7UDFH
(
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)
HW Ṗ = OLP

t→0

Pk+1−Pk

t TXL FRQVWLWXH ELHQ XQ V\VWqPH G\�
QDPLTXH� XQ IORW VXU OD YDULpWp 62�Q�� 'H IDLW MH PH VXLV WRXW G¶DERUGV LQWpUHVVp j FH



���� 5pVROXWLRQ GH SUREOqPHV GH UHFKHUFKH RSpUDWLRQQHOOH SDU O¶DSSURFKH GHV IORWV
VXU OHV YDULpWpV ��

JURXSH SRXU UHJDUGHU OHV SHUIRUPDQFHV G¶HVWLPDWLRQ JXLGp SDU OHV WUDYDX[ GH >=3��@�
>6DK���@ PDLV FHOD UHVWH HQFRUH j DSSURIRQGLU FDU OHV SUHPLHUV UpVXOWDWV REWHQXV PRQ�
WUHQW GHV SUREOqPHV GH FRQYHUJHQFH�

2XWUH OHV DVSHFWV GH UHFKHUFKH GH PDWULFH GH SHUPXWDWLRQ SDU GRXEOH FURFKHW GH
/LH FRPPH pQRQFp SDU 5� %URFNHWW GDQV VHV GLIIpUHQWV WUDYDX[� GHV UpVXOWDWV XQ SHX
SOXV UpFHQWV G¶$� %ORFK HW QRWDPPHQW FHX[ GH >%*5��@ P¶LQWpUHVVHQW SDUWLFXOLqUHPHQW�
'DQV FH WUDYDLO $� %ORFK IDLW XQH MRLQWXUH HQWUH OH IORW GH JUDGLHQW GpILQL SDU XQ GRXEOH
FURFKHW GH /LH HW OHV pTXDWLRQV G¶XQ V\VWqPH GH 7RGD� /H V\VWqPH GH 7RGD HVW XQ
V\VWqPH KDPLOWRQLHQ TXL PRGpOLVH OH PRXYHPHQW GH n SDUWLFXOHV D\DQW XQH LQWHUDFWLRQ
H[SRQHQWLHOOH HQ IRQFWLRQ GHV GLVWDQFHV OHV FDUDFWpULVDQWV VXU XQ D[H� /H KDPLOWRQLHQ
HVW FRQQX HW V¶pFULW
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2U LO HVW PRQWUp TXH SDU OH FKDQJHPHQW GH YDULDEOH GH )ODVFKND >)OD��@� OH IORW GpILQL
SDU OH GRXEOH FURFKHW GH SRLVVRQ GHYLHQW XQ IORW GH /D[ GRQW OHV FRHIILFLHQWV UHVSHFWHQW
OHV PrPHV UHODWLRQV TXH O¶HVWLPDWLRQ GHV SDUFRUV YXV DX FKDSLWUH �� /D UHODWLRQ HVW

L̇ = [B,L] = BL− LB �����

R� L,B VRQW GHV PDWULFHV LVVXHV GX FKDQJHPHQW GH YDULDEOH� 6L L ∈ 62�Q� DORUV
OH V\VWqPH HVW FRPSOqWHPHQW VROYDEOH� &H IRUPDOLVPH SHUPHW G¶rWUH XQH SDVVHUHOOH
LPSRUWDQWH DYHF OHV RUELWHV FR�DGMRLQWHV GHV PDWULFHV GH /D[ L HW GRQF QRV PDWULFHV
GH SHUPXWDWLRQV VRXV O¶K\SRWKqVH TXH P ∈ 62�Q��

2Q SHXW YRLU LFL HQFRUH FRPPHQW j SDUWLU GHV DSSURFKHV GHV V\VWqPHV G\QDPLTXHV�
LO HVW SRVVLEOH G¶DERUGHU XQ JUDQG QRPEUH GH SUREOpPDWLTXHV� $\DQW GpMj LQYHVWL SDV
PDO G¶pQHUJLH GDQV O¶DSSUHQWLVVDJH HW OD FRPSUpKHQVLRQ GHV SUREOqPHV OLpV DX[ RU�
ELWHV FR�DGMRLQWHV� OHV ��IRUPH .RVWDQW�.LULORY�6RXULDX� OD PpWKRGH GHVPRPHQWV GDQV
OH FRQWH[WH GH JpRPpWULH GLIIpUHQWLHOOH� M¶DLPHUDLV SRXYRLU PDLQWHQDQW OHV XWLOLVHU j ERQ
HVFLHQW�
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>7XU���@ 3� 7XUDJD HW DO� ³6WDWLVWLFDO &RPSXWDWLRQV RQ *UDVVPDQQ DQG 6WLHIHO 0DQLIROGV IRU ,PDJH
DQG 9LGHR�%DVHG 5HFRJQLWLRQ´� HQ� ,Q� ,((( 7UDQV� 3DWWHUQ $QDO� 0DFK� ,QWHOO� ����� �1RY�
������ SS� ����±����� LVVQ� ���������� ���������� GRL� RyXRRyNfhS�JAXkyRRX8k�

>:LU���D@ 3HWWHU :LUIDOW HW DO� ³6XEVSDFH�EDVHG IUHTXHQF\ HVWLPDWLRQ XWLOL]LQJ SULRU LQIRUPDWLRQ´� ,Q�
,((( :RUNVKRS RQ 6WDWLVWLFDO 6LJQDO 3URFHVVLQJ 3URFHHGLQJV� ����� SS� ���±���� LVEQ�
�������������� GRL� RyXRRyNfaaSXkyRRX8Nedd8R�

>:LU���E@ 3HWWHU :LUIlOW HW DO� ³3ULRU NQRZOHGJH�EDVHG GLUHFWLRQ RI DUULYDO HVWLPDWLRQ´� ,Q� ,&$663�
,((( ,QWHUQDWLRQDO &RQIHUHQFH RQ $FRXVWLFV� 6SHHFK DQG 6LJQDO 3URFHVVLQJ � 3URFHHG�
LQJV� ����� SS� ����±����� LVEQ� �������������� GRL� RyXRRyNfA*�aaSXkyRRX8N9dyyk�

>&/7��@ $XUpOLH &KDUOHV� 0DWWKLHX /DXUDV� DQG 5RODQGR 7RPDVLQL� ³&ROODERUDWLRQ QHWZRUNV LQYROY�
LQJ KXPDQLWDULDQ RUJDQLVDWLRQV � 3DUWLFXODU SUREOHPV IRU D SDUWLFXODU VHFWRU´� ,Q� ,),3 $G�
YDQFHV LQ ,QIRUPDWLRQ DQG &RPPXQLFDWLRQ 7HFKQRORJ\� 9RO� ��� $,&7� ����� GRL� RyXRyydf
Nd3@j@e9k@R8NeR@NnR3�

>(LW���@ ' 5 (LWHO HW DO� ³,PSURYLQJ 6HUYLFH 4XDOLW\ E\ 8QGHUVWDQGLQJ (PHUJHQF\ 'HSDUWPHQW )ORZ�
$:KLWH 3DSHU DQG 3RVLWLRQ 6WDWHPHQW 3UHSDUHG )RU WKH $PHULFDQ $FDGHP\ RI (PHUJHQF\
0HGLFLQH´� ,Q� 7KH -RXUQDO RI (PHUJHQF\ 0HGLFLQH ���� ������� SS� ��±��� LVVQ� �����
�����

>(9��@ *� (YHQEO\ DQG *� 9LGDO� ³(QWDQJOHPHQW UHQRUPDOL]DWLRQ LQ IUHH ERVRQLF V\VWHPV� 5HDO�
VSDFH YHUVXV PRPHQWXP�VSDFH UHQRUPDOL]DWLRQ JURXS WUDQVIRUPV´� ,Q� 1HZ -RXUQDO RI
3K\VLFV �� ������� SS� �±��� LVVQ� ��������� GRL� RyXRy33fRjed@kejyfRkfkfyk8yyd�
DU;LY� y3yRXk99N�

>.3��@ 9� .DYLWKD DQG 0� 3XQLWKDYDOOL� ³&OXVWHULQJ 7LPH 6HULHV 'DWD 6WUHDP � $ /LWHUDWXUH 6XUYH\´�
,Q� ,QWHUQDWLRQDO -RXUQDO RI &RPSXWHU 6FLHQFH DQG ,QIRUPDWLRQ 6HFXULW\ ��� �������

>.LW���@ 7� .LWDJDZD HW DO� ³7RSRORJLFDO FKDUDFWHUL]DWLRQ RI SHULRGLFDOO\�GULYHQ TXDQWXP V\VWHPV´�
,Q� 3K\VLFDO 5HYLHZ % ����� �'HF� ������ DU;LY� ���������� LVVQ� ���������� ��������;�
GRL� RyXRRyjfS?vb_2p"X3kXkj8RR9� XUO� ?iiT,ff�`tBpXQ`;f�#bfRyRyXeRke �YLVLWHG RQ
������������

>2OR��@ 5LFKDUG 2ORUXQWRED� ³$Q DQDO\VLV RI WKH &\FORQH /DUU\ HPHUJHQF\ UHOLHI FKDLQ� 6RPH NH\
VXFFHVV IDFWRUV´� ,Q� ,QWHUQDWLRQDO -RXUQDO RI 3URGXFWLRQ (FRQRPLFV ����� ������� SS� ��±
���� LVVQ� ��������� GRL� RyXRyRefDXBDT2XkyyNXRyXyRj�

>6WD���@ $ 6 6WDQJ HW DO� ³0DUNHUV RI 2YHUFURZGLQJ LQ D 3HGLDWULF (PHUJHQF\ 'HSDUWPHQW´� ,Q�
$FDGHPLF (PHUJHQF\ 0HGLFLQH ���� ������� SS� ���±����

>6]����@ %� 6]��1DJ\ HW DO� +DUPRQLF $QDO\VLV RI 2SHUDWRUV RQ +LOEHUW 6SDFH� HQ� 1HZ <RUN� 1<�
6SULQJHU 1HZ <RUN� ����� LVEQ� ����������������� ������������������ XUO� ?iiT,ffHBMFX
bT`BM;2`X+QKfRyXRyydfNd3@R@99RN@eyN9@3 �YLVLWHG RQ ������������

><$%��@ /� <DQJ� 0� $UQDXGRQ� DQG )� %DUEDUHVFR� ³5LHPDQQLDQ PHGLDQ� JHRPHWU\ RI FRYDULDQFH
PDWULFHV DQG UDGDU WDUJHW GHWHFWLRQ´� ,Q� 5DGDU &RQIHUHQFH �(X5$'�� ���� (XURSHDQ�
6HSW� ����� SS� ���±����

>$%%��@ * $EUDKDP� * % %\UQHV� DQG & $ %DLQ� ³6KRUW�7HUP )RUHFDVWLQJ RI (PHUJHQF\ ,QSD�
WLHQW )ORZ´� ,Q� ,((( 7UDQVDFWLRQV RQ ,QIRUPDWLRQ 7HFKQRORJ\ LQ %LRPHGLFLQH ���� �������
SS� ���±����

>$*0��@ $ - $UHQDV� * *RQ]DOH]�3DUUD� DQG - $ 0RUDQR� ³6WRFKDVWLF PRGHOLQJ RI WKH WUDQVPLVVLRQ
RI UHVSLUDWRU\ V\QF\WLDO YLUXV �569� LQ WKH UHJLRQ RI 9DOHQFLD� 6SDLQ´� ,Q� %LRV\VWHPV ����
������� SS� ���±����

>%DU��@ )� %DUEDUHVFR� ³,QWHUDFWLRQV EHWZHHQ V\PPHWULF FRQH DQG LQIRUPDWLRQ JHRPHWULHV� %UXKDW�
WLWV DQG VLHJHO VSDFHV PRGHOV IRU KLJK UHVROXWLRQ DXWRUHJUHVVLYH GRSSOHU LPDJHU\´� ,Q�
(PHUJLQJ 7UHQGV LQ 9LVXDO &RPSXWLQJ� 6SULQJHU� ����� SS� ���±���� XUO� ?iiT,ffHBMFX
bT`BM;2`X+QKf+?�Ti2`fRyXRyydfNd3@j@e9k@yy3ke@Nne �YLVLWHG RQ ������������

>%6%��D@ *XLOODXPH %RXOHX[� 3HWHU 6WRLFD� DQG 5pP\ %R\HU� ³8QH PpWKRGH RSWLPDOH SRXU
O¶HVWLPDWLRQ GHV GLUHFWLRQV G¶DUULYpHV EDVpH VXU GHV FRQQDLVVDQFHV D SULRUL´� ,Q� ;;,, FRO�
ORTXH *5(76,� 'LMRQ� ����� S� ����
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>%6%��E@ *XLOODXPH %RXOHX[� 3HWUH 6WRLFD� DQG 5HP\ %R\HU� ³$Q RSWLPDO SULRU NQRZOHGJH�EDVHG
'R$ HVWLPDWLRQ PHWKRG´� ,Q� (XURSHDQ 6LJQDO 3URFHVVLQJ &RQIHUHQFH� ����� SS� ���±
����

>(O ���@ 0RKDPPHG 1DELO (O .RUVR HW DO� ³6HTXHQWLDO HVWLPDWLRQ RI WKH UDQJH DQG WKH EHDULQJ XVLQJ
WKH =HUR�)RUFLQJ 086,& DSSURDFK´� ,Q� (XURSHDQ 6LJQDO 3URFHVVLQJ &RQIHUHQFH� �����
SS� ����±�����

>.RU���@ 0RKDPPHG 1DELO ( / .RUVR HW DO� ³(VWLPDWLRQ VpTXHQWLHOOH GHV SDUDPqWUHV GH ORFDOLVDWLRQ
HQ FKDPS SURFKH j O ¶ DLGH GH O ¶ DSSURFKH =HUR�)RUFLQJ´� ,Q� ;;,, FROORTXH *5(76,� 'LMRQ�
����� SS� �±��

>6LP��@ %� 6LPRQ� 2UWKRJRQDO 3RO\QRPLDOV RQ WKH 8QLW &LUFOH 3DUW� DQG 3DUW �� HQ� 9RO� ��� $PHUL�
FDQ 0DWKHPDWLFDO 6RFLHW\� �����

>9%��@ +� /� 9DQ 7UHHV DQG .� /� %HOO� ³&RYDULDQFH� 6XEVSDFH� DQG ,QWULQVLF &UDPU5DR %RXQGV´�
,Q� ������� XUO� ?iiT,ffB222tTHQ`2XB222XQ`;ftTHbf�#bn�HHXDbT\�`MmK#2`48keeykR
�YLVLWHG RQ ������������

>%KR��@ :� %KRVUL� ³*HRPHWULF DSSURDFK WR SUHGLFWLRQ DQG SHULRGLF V\VWHPV´� 3K' WKHVLV� 3XUGXH
8QLYHUVLW\� ����� XUO� ?iiT,ffb2�`+?XT`Q[m2biX+QKfQT2MpB2rfk2k8j#/�8#e3RNe7/kk#3
7Ny999RRej9fR\T[@Q`B;bBi24;b+?QH�`�+#H4R3d8y�/Bbb4v �YLVLWHG RQ ������������

>%%��D@ *XLOODXPH %RXOHX[ DQG 5pP\ %R\HU� ³)LUVW�RUGHU DQDO\VLV RI WKH SULRU�EDVHG NQRZOHGJH
PLQQRUP DOJRULWKP´� ,Q� ,&$663� ,((( ,QWHUQDWLRQDO &RQIHUHQFH RQ $FRXVWLFV� 6SHHFK DQG
6LJQDO 3URFHVVLQJ � 3URFHHGLQJV� /DV 9HJDV� ����� SS� ����±����� LVEQ� �����������
GRL� RyXRRyNfA*�aaSXkyy3X98R3R8j�

>%RX���@ *XLOODXPH %RXOHX[ HW DO� ³$ VXEVSDFH�EDVHG UHMHFWLRQ PHWKRG IRU GHWHFWLQJ EHDULQJ IDXOW
LQ DV\QFKURQRXV PRWRU´� ,Q� 3URFHHGLQJV RI ���� ,QWHUQDWLRQDO &RQIHUHQFH RQ &RQGLWLRQ
0RQLWRULQJ DQG 'LDJQRVLV� &0' ����� %HLMLQJ� ����� SS� ���±���� LVEQ� ��������������
GRL� RyXRRyNf*J.Xkyy3X983yk8e�

>%%��E@ 5pP\ %R\HU DQG *XLOODXPH %RXOHX[� ³2EOLTXH 3URMHFWLRQV IRU 'LUHFWLRQ�2I�$UULYDO (VWLPD�
WLRQ ZLWK 3ULRU .QRZOHGJH´� ,Q� ,((( 7UDQV� RQ 6LJQDO 3URFHVVLQJ ���� ������� SS� ����±
����� LVVQ� �������;� GRL� RyXRRyNfhaSXkyydXNyNj93�

>&DU���@ *XQQDU &DUOVVRQ HW DO� ³2Q WKH /RFDO %HKDYLRU RI 6SDFHV RI 1DWXUDO ,PDJHV´� HQ� ,Q� ,QWHU�
QDWLRQDO -RXUQDO RI &RPSXWHU 9LVLRQ ���� �-DQ� ������ SS� �±��� LVVQ� ���������� �����
����� GRL� RyXRyydfbRRkej@yyd@yy8e@t� XUO� ?iiTb,ffHBMFXbT`BM;2`X+QKf�`iB+H2fRyX
RyydfbRRkej@yyd@yy8e@t �YLVLWHG RQ ������������

>'DN���@ $PDQL 'DNQRX HW DO� ³7RZDUG D PXOWL�DJHQW PRGHO IRU WKH FDUH RI SDWLHQWV DW WKH HPHUJHQF\
GHSDUWPHQW´� ,Q� 3URFHHGLQJV RI WKH ��WK :6($6 LQWHUQDWLRQDO FRQIHUHQFH RQ 0DWKHPDWL�
FDO PHWKRGV� FRPSXWDWLRQDO WHFKQLTXHV DQG LQWHOOLJHQW V\VWHPV� ����� SS� ���±���� LVEQ�
������������������ XUO� ?iiT,ffTQ`i�HX�+KXQ`;f+Bi�iBQMX+7K\B/4R8ekjj9XR8ekj3j�

>+$��@ 1 5 +RRW DQG ' $URQVN\� ³6\VWHPDWLF 5HYLHZ RI (PHUJHQF\ 'HSDUWPHQW &URZGLQJ�
&DXVHV� (IIHFWV� DQG 6ROXWLRQV´� ,Q� $QQDOV RI (PHUJHQF\ 0HGLFLQH ���� ������� ���±
����H��

>+RR���@ 1 5 +RRW HW DO� ³)RUHFDVWLQJ (PHUJHQF\ 'HSDUWPHQW &URZGLQJ� $ 'LVFUHWH (YHQW 6LPXOD�
WLRQ´� ,Q� $QQDOV RI HPHUJHQF\ PHGLFLQH ���� ������� SS� ���±����

>/HV��@ $QQLFN /HVQH� ³5HJXODUL]DWLRQ � UHQRUPDOL]DWLRQ � DQG UHQRUPDOL]DWLRQ JURXSV � UHODWLRQ�
VKLSV DQG HSLVWHPRORJLFDO DVSHFWV´� ,Q� �����

>334��@ -RQDWKDQ 3DWULFN� 0DUWLQ /� 3XWHUPDQ� DQG 0DXULFH 4XH\UDQQH� ³'\QDPLF PXOWLSULRULW\ SD�
WLHQW VFKHGXOLQJ IRU D GLDJQRVWLF UHVRXUFH´� ,Q�2SHUDWLRQV 5HVHDUFK ���� ������� SS� ����±
����� LVVQ� �������;� GRL� RyXRk3dfQT`2XRy3yXy8Ny�

>=3��@ 0LFKDHO 0� =DYODQRV DQG *HRUJH -� 3DSSDV� ³$ G\QDPLFDO V\VWHPV DSSURDFK WR ZHLJKWHG
JUDSK PDWFKLQJ´� ,Q� $XWRPDWLFD ����� ������� SS� ����±����� LVVQ� ��������� GRL� RyX
RyRefDX�miQK�iB+�Xkyy3Xy9XyyN� XUO� ?iiT,ff/tX/QBXQ`;fRyXRyRefDX�miQK�iB+�X
kyy3Xy9XyyN�
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>$UV���@ 9LQFHQW $UVLJQ\ HW DO� ³*HRPHWULF 0HDQV LQ D 1RYHO 9HFWRU 6SDFH 6WUXFWXUH RQ 6\PPHWULF
3RVLWLYH�'HILQLWH 0DWULFHV´� HQ� ,Q� 6,$0 -RXUQDO RQ 0DWUL[ $QDO\VLV DQG $SSOLFDWLRQV ����
�-DQ� ������ SS� ���±���� LVVQ� ���������� ���������� GRL� Ry X RRjd f y8yejdNNe� XUO�
?iiT,ff2Tm#bXbB�KXQ`;f/QBf�#bfRyXRRjdfy8yejdNNe �YLVLWHG RQ ������������

>%%��D@ *XLOODXPH %RXOHX[ DQG 5pP\ %R\HU� ³$ ORZHU ERXQG IRU VHTXHQWLDO HVWLPDWRUV´� ,Q� ����
�QG ,((( ,QWHUQDWLRQDO :RUNVKRS RQ &RPSXWDWLRQDO $GYDQFHV LQ 0XOWL�6HQVRU $GDSWLYH
3URFHVVLQJ� &$036$3� ����� SS� ���±���� LVEQ� �������������� GRL� RyXRRyNf*�Ja�SX
kyydX99N3yRN�

>%%��E@ *XLOODXPH %RXOHX[ DQG 5pP\ %R\HU� ³(VWLPDWLRQ GHV 'LUHFWLRQV ' ¶ $UULYpHV LQFRUSRUDQW
XQ D SULRUL � $OJRULWKPHV HW 9DULDQFHV 7KpRULTXHV DOJRULWKPHV G ¶ HVWLPDWLRQ HW DQDO\VH
DVV\PSWRWLTXH´� ,Q� ;;, FROORTXH *5(76,� 7UR\HV� ����� SS� ��±���

>%%��F@ *XLOODXPH %RXOHX[ DQG 5pP\ %R\HU� ³=HUR�IRUFLQJ EDVHG VHTXHQWLDO PXVLF DOJRULWKP´� ,Q�
,&$663� ,((( ,QWHUQDWLRQDO &RQIHUHQFH RQ $FRXVWLFV� 6SHHFK DQG 6LJQDO 3URFHVVLQJ �
3URFHHGLQJV� 9RO� �� +DZDL� ����� LVEQ� ����������� GRL� RyXRRyNfA*�aaSXkyydXjee388�

>)LO���@ 3� )LOODUG HW DO� ³&OLQLFDO '7�05, HVWLPDWLRQ� VPRRWKLQJ� DQG ILEHU WUDFNLQJ ZLWK ORJ�
(XFOLGHDQ PHWULFV´� ,Q� ,((( WUDQVDFWLRQV RQ PHGLFDO LPDJLQJ ����� ������� SS� ����±
����� XUO� ?iiT , f f B222tTHQ`2 X B222 X Q`; f tTHb f �#b n �HH X DbT \ �`MmK#2` 4 9j8Nyk9
�YLVLWHG RQ ������������

>+XQ���@ * 5 +XQJ HW DO� ³&RPSXWHU PRGHOLQJ RI SDWLHQW IORZ LQ D SHGLDWULF HPHUJHQF\ GHSDUWPHQW
XVLQJ GLVFUHWH HYHQW VLPXODWLRQ�´ ,Q� 3HGLDWULF HPHUJHQF\ FDUH ���� ������� SS� �±���

>+0��D@ +� /� +XUG DQG $� 0LDPHH� 3HULRGLFDOO\ &RUUHODWHG 5DQGRP 6HTXHQFHV� 6SHFWUDO 7KHRU\
DQG 3UDFWLFH� :LOH\ 6HULHV LQ 3UREDELOLW\ DQG 6WDWLVWLFV� :LOH\� ����� LVEQ� ��������������
XUO� ?iiT,ff#QQFbX;QQ;H2X7`f#QQFb\B/4Wd"W8*nWd.hor[qoNtLA*�

>+0��E@ +� /� +XUG DQG $� 0LDPHH� ³5HYLHZ RI +LOEHUW 6SDFHV´� HQ� ,Q� 3HULRGLFDOO\ &RUUHODWHG
5DQGRP 6HTXHQFHV� '2,� ����������������������FK�� -RKQ :LOH\ 	 6RQV� ,QF�� �����
SS� ��±��� LVEQ� ������������������ XUO� ?iiT,ffQMHBM2HB#`�`vXrBH2vX+QKf/QBfRyX
RyykfNd3y9dyR3k3jjX+?jfbmKK�`v �YLVLWHG RQ ������������

>+0��F@ +� /� +XUG DQG $� 0LDPHH� ³6WDWLRQDU\ 5DQGRP 6HTXHQFHV´� HQ� ,Q� 3HULRGLFDOO\ &RUUH�
ODWHG 5DQGRP 6HTXHQFHV� '2,� ����������������������FK�� -RKQ :LOH\ 	 6RQV� ,QF��
����� SS� ��±���� LVEQ� ������������������ XUO� ?iiT,ffQMHBM2HB#`�`vXrBH2vX+QKf
/QBfRyXRyykfNd3y9dyR3k3jjX+?9fbmKK�`v �YLVLWHG RQ ������������

>/76��@ 5XL /L� 7DL�3HQJ 7LDQ� DQG 6WDQ 6FODURII� ³6LPXOWDQHRXV /HDUQLQJ RI 1RQOLQHDU0DQLIROG DQG
'\QDPLFDO 0RGHOV IRU +LJK�GLPHQVLRQDO 7LPH 6HULHV´� ,Q� ���� ,((( ��WK ,QWHUQDWLRQDO
&RQIHUHQFH RQ &RPSXWHU 9LVLRQ� 5LR GH -DQHLUR� %UD]LO� ,(((� ����� SS� �±�� GRL� Ry X
RRyNfA**oXkyydX99yNy99�

>6LP��@ %� 6LPRQ� ³&09 PDWULFHV� )LYH \HDUV DIWHU´� HQ� ,Q� -RXUQDO RI &RPSXWDWLRQDO DQG $SSOLHG
0DWKHPDWLFV ����� �1RY� ������ SS� ���±���� LVVQ� ��������� GRL� RyXRyRefDX+�KXkyyeX
RyXyjj� XUO� ?iiT,ffHBMFBM;?m#X2Hb2pB2`X+QKf`2i`B2p2fTBBfayjddy9kdyeyyejR8
�YLVLWHG RQ ������������

>$&/��@ (OLI $NFDOL� 0XUUD\ -� &{Wp� DQG &KLQ /LQ� ³$ QHWZRUN IORZ DSSURDFK WR RSWLPL]LQJ KRVSLWDO
EHG FDSDFLW\ GHFLVLRQV´� ,Q� +HDOWK &DUH 0DQDJHPHQW 6FLHQFH ��� ������� SS� ���±����
LVVQ� ��������� GRL� RyXRyydfbRydkN@yye@yyyk@9�

>%%��D@ *XLOODXPH %RXOHX[ DQG 5pP\ %R\HU� ³$QDO\VLV RI SULRU�VXEVSDFH HVWLPDWLRQ VFKHPHV´�
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GROSK:� +DOO� 9RO� ��� ,QWHUQDWLRQDO 6HULHV LQ 2SHUDWLRQV 5HVHDUFK 	 0DQDJHPHQW 6FL�
HQFH� 6SULQJHU 86� ����� SS� �±���

>3HQ��@ ;� 3HQQHF� ³,QWULQVLF VWDWLVWLFV RQ 5LHPDQQLDQ PDQLIROGV� %DVLF WRROV IRU JHRPHWULF PHD�
VXUHPHQWV´� ,Q� -RXUQDO RI 0DWKHPDWLFDO ,PDJLQJ DQG 9LVLRQ ���� ������� SS� ���±����
XUO� ?iiT,ffHBMFXbT`BM;2`X+QKf�`iB+H2fRyXRyydfbRy38R@yye@ekk3@9 �YLVLWHG RQ
������������

>3)$��@ ;� 3HQQHF� 3� )LOODUG� DQG 1� $\DFKH� ³$ 5LHPDQQLDQ IUDPHZRUN IRU WHQVRU FRPSXWLQJ´�
,Q� ,QWHUQDWLRQDO -RXUQDO RI &RPSXWHU 9LVLRQ ���� ������� SS� ��±��� XUO� ?iiT,ffHBMFX
bT`BM;2`X+QKf�`iB+H2fRyXRyydfbRRkej@yy8@jkkk@x �YLVLWHG RQ ������������

>7VH��@ 0� &� 7VHQJ� ³&RQWUDFWLRQV� 0DWUL[ 3DUDPDWUL]DWLRQV� DQG 4XDQWXP ,QIRUPDWLRQ´� ,Q�
DU;LY�TXDQW�SK�������� �2FW� ������ DU;LY� TXDQW�SK��������� XUO� ?iiT,ff�`tBpXQ`;f
�#bf[m�Mi@T?fyeRyk8N �YLVLWHG RQ ������������

>75��@ 0� &� 7VHQJ DQG 9� 5DPDNULVKQD� ³'LODWLRQ 7KHRUHWLF 3DUDPHWUL]DWLRQV RI 3RVLWLYH 0DWUL�
FHV ZLWK $SSOLFDWLRQV WR 4XDQWXP ,QIRUPDWLRQ´� ,Q� DU;LY�TXDQW�SK�������� �2FW� ������
DU;LY� TXDQW�SK��������� XUO� ?iiT,ff�`tBpXQ`;f�#bf[m�Mi@ T?fyeRyykR �YLVLWHG RQ
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&RUUHODWHG 3URFHVVHV´� HQ� ,Q� -RXUQDO RI 7LPH 6HULHV $QDO\VLV ���� �0D\ ������ SS� ���±
���� LVVQ� ���������� GRL� RyXRRRRfDXR9ed@N3NkXkyy9Xyy9yNXt� XUO� ?iiT,ffQMHBM2
HB#`�`vXrBH2vX+QKf/QBfRyXRRRRfDXR9ed@N3NkXkyy9Xyy9yNXtf�#bi`�+i �YLVLWHG RQ
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bT`BM;2`X+QKf+?�Ti2`fRyXRyydfy@j3d@kjjN9@enR8 �YLVLWHG RQ ������������
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>+.)��@ +� +XUG� *� .DOOLDQSXU� DQG -� )DUVKLGL� ³&RUUHODWLRQ DQG VSHFWUDO WKHRU\ IRU SHULRGLFDOO\
FRUUHODWHG UDQGRP ILHOGV LQGH[HG RQ =�´� ,Q� -RXUQDO RI 0XOWLYDULDWH $QDO\VLV ���� �$XJ�
������ SS� ���±���� LVVQ� ��������;� GRL� RyXRyRefDXDKp�Xkyy9Xy9XyRy� XUO� ?iiT,
f f rrr X b+B2M+2/B`2+i X +QK f b+B2M+2 f �`iB+H2 f TBB f ayy9dk8Nsy9yyy39j �YLVLWHG RQ
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>3*:��@ 3LHUUH 3KLOLSSH� 0DULD 5� *DUFLD� DQG %UXFH -� :HVW� ³(YLGHQFH RI ´HVVHQWLDO XQFHUWDLQW\´
LQ HPHUJHQF\�ZDUG OHQJWK RI VWD\´� ,Q� )UDFWDOV ���� ������� SS� ���±���� LVVQ� �������;�
GRL� RyXRR9kfaykR3j93sy9yyk9N8�

>&DU��@ $ODLQ &DUGRQ� ³&RQWURO DQG %HKDYLRU RI D 0DVVLYH 0XOWL�DJHQW 6\VWHP´� ,Q� ,QQRYDWLYH &RQ�
FHSWV IRU $JHQW�%DVHG 6\VWHPV� (G� E\ :DOW 7UXV]NRZVNL� 0LNH +LQFKH\� DQG &KULV 5RXII�
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WLRQ RI QRQVWDWLRQDU\ WLPH VHULHV´� HQ� ,Q� -RXUQDO RI 0XOWLYDULDWH $QDO\VLV ���� �2FW� ������
SS� ��±��� LVVQ� �������;� GRL� Ry X RyRe f ayy9d @ k8NsUyj V yyyk8 @ j� XUO� ?iiT , f f
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>($6��@ $� (GHOPDQ� 7� $� $ULDV� DQG 6� 7� 6PLWK� ³7KH JHRPHWU\ RI DOJRULWKPV ZLWK RUWKRJRQDOLW\
FRQVWUDLQWV´� ,Q� 6,$0 MRXUQDO RQ 0DWUL[ $QDO\VLV DQG $SSOLFDWLRQV ���� ������� SS� ���±
���� XUO� ?iiT,ff2Tm#bXbB�KXQ`;f/QBf�#bfRyXRRjdfay3N89dN3N8kNyN89 �YLVLWHG RQ
������������

>+XD���@ 1� (� +XDQJ HW DO� ³7KH HPSLULFDO PRGH GHFRPSRVLWLRQ DQG WKH +LOEHUW VSHFWUXP IRU QRQ�
OLQHDU DQG QRQ�VWDWLRQDU\ WLPH VHULHV DQDO\VLV´� ,Q� 3URFHHGLQJV RI WKH 5R\DO 6RFLHW\ RI
/RQGRQ $� 0DWKHPDWLFDO� 3K\VLFDO DQG (QJLQHHULQJ 6FLHQFHV� 9RO� ���� 7KH 5R\DO 6R�
FLHW\� ����� SS� ���±���� XUO� ?iiT,ff`bT�X`Qv�HbQ+B2ivTm#HBb?BM;XQ`;f+QMi2Mif
`QvT`b�f989fRNdRfNyjX7mHHXT/7 �YLVLWHG RQ ������������

>/HV��@ $QQLFN /HVQH� 5HQRUPDOL]DWLRQ 0HWKRGV � &ULWLFDO 3KHQRPHQD� &KDRV� )UDFWDO 6WUXFWXUHV�
����� S� ���� LVEQ� ��������������

>3$��@ ;� 3HQQHF DQG 1� $\DFKH� ³8QLIRUP GLVWULEXWLRQ� GLVWDQFH DQG H[SHFWDWLRQ SUREOHPV IRU
JHRPHWULF IHDWXUHV SURFHVVLQJ´� ,Q� -RXUQDO RI 0DWKHPDWLFDO ,PDJLQJ DQG 9LVLRQ ��� �������
SS� ��±��� XUO� ?iiT,ffHBMFXbT`BM;2`X+QKf�`iB+H2fRyXRykjf�,Ryy3kdyRRyRNj �YLVLWHG
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