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$FNQRZOHGJHPHQWV�
,�ZRXOG�OLNH�WR�WKDQN�WKH�SHRSOH�ZKR�KDYH�KHOSHG�PH�GXULQJ�WKH�FRXUVH�RI�P\�WKHVLV��
$QG\�)LWFK�DQG�0LFKHOD�%UXQHOOL�IRU�WKH�KHOS�GXULQJ�WKH�GDWD�FROOHFWLRQ�DQG�WKH�GDWD�DQDO\VLV����
-RQ�:ULJKW� IRU� DOO� KLV� DGYLFHV� LQ� WKH�XVH� RI� FRPSXWHU� SURJUDPV�DQG� WKH� WLPH� VSHQW� RQ� WKH� EHDPOLQH� ,'���
SHUIRUPLQJ�WKH�H[SHULPHQWV�ZLWK�PH��
3KLO�3DWWLVRQ�IRU�WKH�WLPH�KH�JDYH�PH�IRU�WKH�H[SHULPHQWV�SHUIRUPHG�RQ�WKH�61%/��
9LQFHQW�)DYUH�1LFROLQ�IRU�DOO�WKH�H[SODQDWLRQV�DQG�KHOSV�ZLWK�WKH�SURJUDP�)2;�
$ODQ�&RHOKR�IRU�DOO�WKH�H[SODQDWLRQV�DQG�KHOSV�ZLWK�WKH�SURJUDP�723$6�
/XNDV�3DODWLQXV�IRU�KLV�KHOS�ZLWK�WKH�0(0�PHWKRG��
'DQLHO�/RXsU�DQG�'DYLGH�9LWHUER�IRU�DOO�WKHLU�DGYLFHV�DQG�FRUUHFWLRQV�PDGH�WR�WKH�LQLWLDO�PDQXVFULSW��
0LFKHO�$QQH�IRU�DFFHSWLQJ�WKH�SRVLWLRQ�RI�3UHVLGHQW�RI�WKH�MXU\�
0LNDHO�%HUWROLQL�IRU�KLV�KHOS�LQ�WKH�)UHQFK�WUDQVODWLRQ�
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&RQWHQWV�
�
$FNQRZOHGJHPHQWV ��������������������������������������������������������������������������������������������� ��
&RQWHQWV��������������������������������������������������������������������������������������������������������������� ��
,QWURGXFWLRQ��������������������������������������������������������������������������������������������������������� ��
,QWURGXFWLRQ��)U� ���������������������������������������������������������������������������������������������������
&KDSWHU��� 7KHRU\ ����������������������������������������������������������������������������������������������
���� 'LIIUDFWLRQ�IURP�D�FU\VWDO ����������������������������������������������������������������������������������
������ 7KH�SKDVH�SUREOHP���������������������������������������������������������������������������������������������

���� 3RZGHU�GLIIUDFWLRQ����������������������������������������������������������������������������������������������
������ 7KH�5LHWYHOG�0HWKRG �����������������������������������������������������������������������������������������
������ $XWRLQGH[LQJ�SURJUDPV �������������������������������������������������������������������������������������
������ ([WUDFWLQJ�LQWHJUDWHG�LQWHQVLWLHV �����������������������������������������������������������������������
�������� 7KH�LWHUDWLYH�/H�%DLO�DOJRULWKP �������������������������������������������������������������
�������� 7KH�3DZOH\�0HWKRG �������������������������������������������������������������������������������

������ 5HDO�VSDFH�VHDUFK�ZLWK�0RQWH�&DUOR�DOJRULWKPV���������������������������������������������
�������� 6LPXODWHG�DQQHDOLQJ��������������������������������������������������������������������������������
�������� 3DUDOOHO�WHPSHULQJ �����������������������������������������������������������������������������������
�������� 723$6�DQG�WKH�FRQVWUDLQHG�FRQMXJDWH�JUDGLHQW�URXWLQH ������������������

������ )RXULHU�PDS ���������������������������������������������������������������������������������������������������������
������ 0D[LPXP�(QWURS\�0HWKRG ������������������������������������������������������������������������������
�������� 35,0$�DOJRULWKP�����������������������������������������������������������������������������������

&KDSWHU��� ,QVWUXPHQWDWLRQ �������������������������������������������������������������������������������
���� 6\QFKURWURQ�VRXUFHV�������������������������������������������������������������������������������������������
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���� +LJK�UHVROXWLRQ�SRZGHU�GLIIUDFWLRQ�EHDPOLQH��,'���%0����������������������� ���
���� 7KH�6ZLVV�1RUZHJLDQ�EHDPOLQHV��61%/��%0�$� �������������������������������������� ���
���� 7KH�PDWHULDOV�VFLHQFH�EHDPOLQH��,'�� ���������������������������������������������������������� ���

&KDSWHU��� 7KH�ORZ�WHPSHUDWXUH�SKDVHV�RI�JOREXODU�RUJDQLF�PROHFXOHV ������ ���
���� 0ROHFXODU�FU\VWDOV �������������������������������������������������������������������������������������������� ���
������ &U\VWDO�SDFNLQJ������������������������������������������������������������������������������������������������� ���

���� 3ODVWLF�FU\VWDOV �������������������������������������������������������������������������������������������������� ���
������ ��R[DELF\FOR>�����@KHSWDQH����������������������������������������������������������������������������� ���
�������� 3KDVH�,��������������������������������������������������������������������������������������������������� ���
�������� 3KDVH�,, ������������������������������������������������������������������������������������������������� ���
�������� 3KDVH�,,, ����������������������������������������������������������������������������������������������� ���
�������� 3KDVH�,9 ����������������������������������������������������������������������������������������������� ���

������ 1RUFDPSKRU����������������������������������������������������������������������������������������������������� ���
�������� 3KDVH�,��������������������������������������������������������������������������������������������������� ���
�������� 3KDVH�,, ������������������������������������������������������������������������������������������������� ���
�������� 3KDVH�,,, ����������������������������������������������������������������������������������������������� ���

������ ��5������QRSLQRQH���������������������������������������������������������������������������������������������
�������� 3KDVH�,�����������������������������������������������������������������������������������������������������
�������� 3KDVH�,, ���������������������������������������������������������������������������������������������������

������ �±���$]DELF\FOR>�����@KHSW���HQ���RQH�����������������������������������������������������������
������ ����HQGR���QRUERUQHRO �������������������������������������������������������������������������������������
�������� 3KDVH�,�����������������������������������������������������������������������������������������������������
�������� 3KDVH�,, ���������������������������������������������������������������������������������������������������

������ �±��HQGR�QRUERUQHRO �����������������������������������������������������������������������������������������
������ �±��H[R�QRUERUQHRO��������������������������������������������������������������������������������������������
�������� 3KDVH�,�����������������������������������������������������������������������������������������������������
�������� 3KDVH�,, ���������������������������������������������������������������������������������������������������

������ (XFDO\SWRO�����������������������������������������������������������������������������������������������������������
������ 8Q�LGH[HG�VDPSOHV ��������������������������������������������������������������������������������������������
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������� *ODVV\�VDPSOHV �����������������������������������������������������������������������������������������������
������� 6XPPDU\ ���������������������������������������������������������������������������������������������������������

&KDSWHU��� 1HXURSHSWLGHV ���������������������������������������������������������������������������� ����
���� 1HXURSHSWLGHV����������������������������������������������������������������������������������������������������
������ 2SLRLG�SHSWLGHV��������������������������������������������������������������������������������������������������

���� *O\FLQH�*O\FLQH�3KHQ\ODODQLQH������������������������������������������������������������������������
���� *O\FLQH�3KHQ\ODODQLQH�/HXFLQH �����������������������������������������������������������������������
���� 7\URVLQH�*O\FLQH�*O\FLQH�3KHQ\ODODQLQH �������������������������������������������������������
���� /HX�HQNHSKDOLQ���������������������������������������������������������������������������������������������������

&KDSWHU��� /RFDOL]DWLRQ�RI�%HQ]HQH�LQ�D�6RGLXP�;�=HROLWH ������������������������ ����
���� %DUH�1D�;�����������������������������������������������������������������������������������������������������������
������ &DWLRQV�ORFDWLRQ �������������������������������������������������������������������������������������������������

���� %HQ]HQH�ORFDWLRQ������������������������������������������������������������������������������������������������
������ )LQDO�UHILQHPHQWV �����������������������������������������������������������������������������������������������

&KDSWHU��� &RQFOXVLRQ ���������������������������������������������������������������������������������� ����
&RQFOXVLRQ�)U� ������������������������������������������������������������������������������������������������� ����
$SSHQGL[����������������������������������������������������������������������������������������������������������� ����
%LEOLRJUDSK\ ����������������������������������������������������������������������������������������������������� ����
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,QWURGXFWLRQ�
7KH� SULPDU\� XVH� RI� ;�UD\� SRZGHU� GLIIUDFWLRQ� XVHG� WR� EH� LQ� LGHQWLILFDWLRQ� RI� FRPSRXQGV��
VLQJOH�SKDVH�RU�PXOWLSOH�SKDVH�PDWHULDOV��YLD�WKHLU�GLIIUDFWLRQ�SDWWHUQ��
0DQ\�VROLGV�FDQQRW�EH�JURZQ�DV�VLQJOH�FU\VWDOV�EXW�FDQ�EH�SUHSDUHG�RQO\�DV�PLFURFU\VWDOOLQH�
SRZGHUV�RU��DV�WKH�FDVH�RI�SKDUPDFHXWLFDO�FRPSRXQGV��WKH\�KDYH�WR�EH�IXOO\�FKDUDFWHULVHG�LQ�
WKH� IRUP� LQ� ZKLFK� WKH\� DUH� XVHG�� 7KHQ� LI� WKH� LQIRUPDWLRQ� WKDW� KDV� WR� EH� GHULYHG� IURP� D�
SRZGHU� GLIIUDFWRJUDP� LV�PRUH� WKDQ� VLPSO\� SKDVH� LGHQWLILFDWLRQ� DQG� VLPLODU� WR�ZKDW� FDQ�EH�
REWDLQHG�IURP�D�VLQJOH�FU\VWDO�H[SHULPHQW��PRUH�VRSKLVWLFDWHG�FRPSXWDWLRQDO�WHFKQLTXHV�PXVW�
EH�GHYHORSHG�DQG�XVHG��7KH�FKDQJH�LQ�GLUHFWLRQ�ZDV�JUHDWO\�LQYLJRUDWHG�E\�WKH�DGYHQW�RI�WKH�
5LHWYHOG�PHWKRG�LQ������DQG�WKH�GHYHORSPHQW�RI�DGYDQFHG�UDGLDWLRQ�VRXUFHV�VXFK�DV�QHXWURQ�
DQG�V\QFKURWURQ�UDGLDWLRQ��ZKLFK�EURXJKW� LPSRUWDQW� LPSURYHPHQWV� LQ� LQVWUXPHQWDWLRQ��DQG�
FRPSXWDWLRQDO� WHFKQLTXHV�� 7KH� 5LHWYHOG� PHWKRG� KDV� WKH� DGYDQWDJH� RI� DYRLGLQJ� WKH�
LQWHUPHGLDWH� VWHS� RI� H[WUDFWLQJ� WKH� LQGLYLGXDO� VWUXFWXUH� IDFWRUV� RU� LQWHQVLWLHV�� DQG� WKHUHIRUH�
WKH�RYHUODSSLQJ�RI�UHIOHFWLRQV�GLG�QRW�UHSUHVHQW�DQ�LQVXUPRXQWDEOH�SUREOHP���
%HIRUH�WKH�LQWURGXFWLRQ�RI�WKH�5LHWYHOG�PHWKRG��LI�D�VLQJOH�FU\VWDO�RI�D�QHZ�SKDVH�FRXOG�QRW�
EH�SUHSDUHG��LWV�VWUXFWXUH�ZDV�OLNHO\�WR�UHPDLQ�D�P\VWHU\��+RZHYHU��HYHQ�WKHQ��LI�D�VWUXFWXUDO�
PRGHO�FRXOG�EH�GHGXFHG�IURP�QRQ�GLIIUDFWLRQ�GDWD��VXFK�DV�FKHPLFDO�DQDO\VLV��,5�89�105�
VSHFWURVFRS\�� HOHFWURQ� PLFURVFRS\�� WKH� FRUUHFWQHVV� RI� WKH� PRGHO� FRXOG� EH� FKHFNHG� E\�
FRPSDULQJ� LWV� FDOFXODWHG� GLIIUDFWLRQ� SDWWHUQ� ZLWK� WKH� PHDVXUHG� RQH�� 8VLQJ� WKH� 5LHWYHOG�
PHWKRG��QRW�RQO\�FRXOG�D�SRVWXODWHG�PRGHO�EH�YHULILHG�ZLWK�WKH�SRZGHU�SDWWHUQ��LW�KDG�DOVR�
EHFRPH�SRVVLEOH�WR�UHILQH�WKH�DWRPLF�FRRUGLQDWHV��,I�WKH�FRPSRXQG�LV�FRPSOHWHO\�XQNQRZQ��
LQ�FDVH�RI�KLJK�RYHUODS��LW�LV�LPSRVVLEOH�WR�H[WUDFW�ZLWKRXW�D�VWUXFWXUDO�PRGHO�WKH�ULJKW�VHW�RI�
LQWHQVLWLHV�DQG�WKHQ�'LUHFW�0HWKRGV�XVHG�IRU�VLQJOH�FU\VWDO�VWUXFWXUH�GHWHUPLQDWLRQ�RIWHQ�IDLO��
7ZR�PDLQ�LPSURYHPHQW�DOORZHG�WKH�SHUIRUPDQFH�RI�DE�LQLWLR�VWUXFWXUH�GHWHUPLQDWLRQ�IURP�
SRZGHU� GLIIUDFWLRQ� GDWD�� WKH� DQJXODU� UHVROXWLRQ� DWWDLQDEOH� IURP� GLIIUDFWRPHWHUV� ZLWK�
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V\QFKURWURQ� ;�UD\� VRXUFHV� KDYH� OHG� WR� VLJQLILFDQW� UHGXFWLRQ� RI� SHDN� RYHUODS�� DQG� WKH�
GHYHORSPHQWV� LQ� WKH� UHDOP� RI� FRPSXWLQJ� SRZHU� WKDW� DUH� UHVSRQVLEOH� IRU� WKH� IDFW� WKDW�
FRPSXWDWLRQDO�DSSURDFKHV�WKDW�ZRXOG�KDYH�EHHQ�XQWKLQNDEOH�RQO\����\HDUV�DJR�KDYH�DOUHDG\�
EHHQ�SXW�LQWR�SUDFWLFH��
,Q�WKLV�WKHVLV�ZH�KDYH�VWXGLHG�WKUHH�GLIIHUHQW�VXEMHFWV��
7KH� ILUVW� LV� WKH� RUGHU�GLVRUGHU� SKHQRPHQD� REVHUYHG� LQ� VRPH� JOREXODU� RUJDQLF� PROHFXODU�
VROLGV��0ROHFXOHV�ZLWK�QHDU� VSKHULFDO� VKDSH�RIWHQ�H[KLELW� D�KLJK� WHPSHUDWXUH� VROLG�SKDVH� LQ�
ZKLFK� WKH� PROHFXOHV� XQGHUJR� UDSLG� UHRULHQWDWLRQ�� ,Q� WKHVH� FLUFXPVWDQFHV� WKH� FU\VWDOV� DUH�
HDVLO\� GHIRUPHG�PHFKDQLFDOO\� DQG� VKRZ� KLJK�V\PPHWU\� FU\VWDO� VWUXFWXUHV�� WUDQVIRUPLQJ� WR�
PRUH�RUGHUHG�DUUDQJHPHQWV�DV� WKH� WHPSHUDWXUH� LV� ORZHUHG��7KHVH�VWUXFWXUHV�ZHUH�XQNQRZQ�
DQG�WKHLU�GHWHUPLQDWLRQ�KDV�EHHQ�GRQH�SHUIRUPLQJ�0RQWH�&DUOR�VLPXODWLRQV���
7KH�VHFRQG�LV�WKH�RSLDWH�IDPLO\�RI�QHXURSHSWLGHV��7KHVH�QHXURWUDQVPLWWHUV�UHJXODWH�VHQVRU\�
IXQFWLRQV�LQFOXGLQJ�SDLQ�DQG�FRQWURO�RI�UHVSLUDWLRQ�LQ�WKH�FHQWUDO�QHUYRXV�V\VWHP��7KH�DLP�RI�
RXU�VWXG\�ZDV�WR�WU\�WR�GHWHUPLQH�WKH�FU\VWDO�VWUXFWXUH�RI�/HX�HQNHSKDOLQ�DQG�VRPH�RI�LWV�VXE�
IUDJPHQWV�� MXVW� VWDUWLQJ� IRUP� WKH�SXUH�SRZGHU� LQ� WKH� FDVH� WKDW� LW�ZDV� DOUHDG\� FU\VWDOOLQH��RU�
MXVW�FU\VWDOOL]LQJ�WKH�VDPSOH�VLPSO\�XVLQJ�ZDWHU��ZLWKRXW�WKH�XVH�RI�DQ\�VROYHQW��LQ�RUGHU�WR�EH�
PD\EH� FORVHU� WR� ELRORJLFDO� UHDOLW\� DQG� VHH� LI� DQ\� VWUXFWXUDO� GLIIHUHQFHV� ZKHUH� SUHVHQW��
FRPSDULQJ�ZLWK�UHVXOWV�IURP�VLQJOH�FU\VWDO�GDWD�IRXQG�LQ�OLWHUDWXUH��7KH�GHWHUPLQDWLRQ�RI�WKH�
FU\VWDO�VWUXFWXUHV�KDV�EHHQ�GRQH�SHUIRUPLQJ�0RQWH�&DUOR�VLPXODWLRQV��
7KH� WKLUG� LV� WKH� ORFDWLRQ� RI� EHQ]HQH� LQ� D� VRGLXP�;� ]HROLWH�� 7KH� ]HROLWH� IUDPHZRUN� ZDV�
DOUHDG\�NQRZQ�DQG�WKH�EHQ]HQH�KDV�EHHQ�ORFDOL]HG�E\�VLPXODWHG�DQQDHOLQJ�DQG�E\�WKH�XVH�RI�
PD[LPXP�HQWURS\�PDSV��
�
�
�
�
�
�
�
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,QWURGXFWLRQ��)U��

�

/·XVDJH� RULJLQHO� GH� OD� GLIIUDFWLRQ� GH� SRXGUH� j� UD\RQ� ;� FRQVLVWDLW� HQ� O·LGHQWLILFDWLRQ� GH�
FRPSRVDQWV��PRQR�RX�PXOWLSKDVpV��YLD�OHXUV�GLIIUDFWRJUDPPHV���
&HWWH�WHFKQLTXH�HVW�G
DXWDQW�SOXV�XWLOH�TXH�EHDXFRXS�GH�PDWpULDX[�QH�SHXYHQW�rWUH�SUpSDUpV�
VRXV�IRUPH�PRQRFULVWDOOLQH�DORUV�TX·LOV�H[LVWHQW�VRXV�IRUPH�GH�SRXGUHV��'H�SOXV��GDQV�OH�FDV�
GHV�FRPSRVpV�SKDUPDFHXWLTXHV��FHX[�FL�GRLYHQW�rWUH�FDUDFWpULVpV�GDQV�OD�IRUPH�DYHF�ODTXHOOH�
LOV�VRQW�XWLOLVpV��VRLW�HQFRUH�XQH�IRLV�XQH�SRXGUH��$ORUV��VL�O·RQ�YHXW�WLUHU�G·XQ�GLDJUDPPH�GH�
SRXGUH� DXWDQW� G·LQIRUPDWLRQV� TXH� G·XQH� H[SpULHQFH�EDVpH� VXU� XQ�PRQRFULVWDO�� SDU� H[HPSOH�
TXHOTXH�FKRVH�GH�SOXV�pODERUp�TX·XQH�LGHQWLILFDWLRQ�GH�SKDVHV��GHV�WHFKQLTXHV�LQIRUPDWLTXHV�
VRSKLVWLTXpHV�GRLYHQW�rWUH�GpYHORSSpHV�HW�XWLOLVpHV��/·DSSDULWLRQ�GH� OD�PpWKRGH�GH�5LHWYHOG��
HQ�������DLQVL�TXH�OH�GpYHORSSHPHQW�GH�VRXUFHV�GH�UDGLDWLRQ�DYDQFpHV�WHOOHV�TXH�OHV��VRXUFHV�
QHXWURQV� HW� OHV� UDGLDWLRQV� V\QFKURWURQV�� RQW� LQGXLW� G
LPSRUWDQWHV� DPpOLRUDWLRQV� HQ� PDWLqUH�
G
LQVWUXPHQWDWLRQ� HW� GH� WHFKQLTXHV� LQIRUPDWLTXHV�� /D� PpWKRGH� GH� 5LHWYHOG� SUpVHQWH�
O
DYDQWDJH�G
pYLWHU�O
pWDSH�LQWHUPpGLDLUH�G
H[WUDFWLRQ�GHV�LQWHQVLWpV�GHV�UpIOH[LRQV�LQGLYLGXHOOHV�
HW�SHUPHW�HQ�FRQVpTXHQFH�GH�VXUPRQWHU�HQ�SDUWLH�OH�SUREOqPH�GH�OD�VXSHUSRVLWLRQ�GHV�UDLHV��
$YDQW� O
LQWURGXFWLRQ� GH� FHWWH� PpWKRGH�� OD� VWUXFWXUH� G
XQH� QRXYHOOH� SKDVH� QH� SRXYDQW� rWUH�
SUpSDUpH�VRXV�IRUPH�PRQRFULVWDOOLQH�DYDLW�GH�JUDQGHV�FKDQFHV�GH�UHVWHU�LQFRQQXH��&HSHQGDQW��
PrPH� VL� XQ� PRGqOH� VWUXFWXUHO� SRXYDLW� rWUH� GpGXLW� GH� GRQQpHV� REWHQXHV� SDU� G
DXWUHV�
PpWKRGHV� FRPPH� O
DQDO\VH� FKLPLTXH�� OHV� VSHFWURVFRSLHV� ,5�89�105�� RX� OD� PLFURVFRSLH�
pOHFWURQLTXH�� OD� YDOLGLWp� GX� PRGqOH� GHYDLW� rWUH� YpULILpH� HQ� FRPSDUDQW� OH� GLDJUDPPH� GH�
GLIIUDFWLRQ�FDOFXOp�j�FHOXL�PHVXUp��(Q�XWLOLVDQW�OD�PpWKRGH�GH�5LHWYHOG��RQ�SHXW�QRQ�VHXOHPHQW�
YpULILHU�OD�SHUWLQHQFH�G
XQ�PRGqOH�GRQQp�HQ�OH�FRPSDUDQW�GLUHFWHPHQW�DYHF�OH�GLDJUDPPH�GH�
GLIIUDFWLRQ� H[SpULPHQWDO�� PDLV� DXVVL� DIILQHU� OHV� FRRUGRQQpHV� DWRPLTXHV�� &HSHQGDQW�� VL� OD�
VWUXFWXUH� GX� FRPSRVp� HVW� LQFRQQXH� HW� OH� UHFRXYUHPHQW� GHV� UDLHV� LPSRUWDQW�� LO� GHYLHQW�
LPSRVVLEOH� G
H[WUDLUH� OHV� LQWHQVLWpV� FRUUHFWHV� HQ� O
DEVHQFH� GH� PRGqOH� VWUXFWXUHO�� &
HVW� SRXU�
FHWWH�UDLVRQ�TXH�OHV�0pWKRGHV�'LUHFWHV�XWLOLVpHV�SRXU�UpVRXGUH�OHV�VWUXFWXUHV�PRQRFULVWDOOLQHV�
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pFKRXHQW� VRXYHQW�� 'HX[� JUDQGHV� DYDQFpHV� WHFKQLTXHV� RQW� UHQGX� SRVVLEOH� OD� UpVROXWLRQ� DE�
LQLWLR� GH� VWUXFWXUHV� j� SDUWLU� GH� GLIIUDFWRJUDPPHV� GH� SRXGUH�� G
XQH� SDUW� O
DPpOLRUDWLRQ� GH� OD�
UpVROXWLRQ�DQJXODLUH�GHV�GLIIUDFWRPqWUHV�LQVWDOOpV�VXU�OHV�VRXUFHV�GH�UD\RQQHPHQW�V\QFKURWURQ�
D� FRQGXLW� j� XQH� UpGXFWLRQ� VLJQLILFDWLYH� GH� OD� VXSHUSRVLWLRQ� GHV� SLFV�� G
DXWUH� SDUW�
O·DXJPHQWDWLRQ�VSHFWDFXODLUH�GH�OD�SXLVVDQFH�GHV�RUGLQDWHXUV�DXWRULVH�O
XWLOLVDWLRQ�FRXUDQWH�GH�
PpWKRGHV�SDUWLFXOLqUHPHQW�FRQVRPPDWULFHV��GH�WHPSV�GH�FDOFXO��FH�TXH�SHUVRQQH�QH�SRXYDLW�
VH�SHUPHWWUH��LO�\�D�VHXOHPHQW�GL[�DQV��
&H�WUDYDLO�GH�WKqVH�V
DUWLFXOH�DXWRXU�GH�WURLV�VXMHWV�SULQFLSDX[���
/H� SUHPLHU� FRQFHUQH� OHV� SKpQRPqQHV� G
RUGUH�GpVRUGUH� REVHUYpV� GDQV� FHUWDLQV� VROLGHV�
PROpFXODLUHV� RUJDQLTXHV� GH� W\SH� JOREXODLUH�� &HV� PROpFXOHV� GH� IRUPH� SUHVTXH� VSKpULTXH�
SRVVqGHQW�HQ�HIIHW� VRXYHQW�XQH�SKDVH� VROLGH�j�KDXWH� WHPSpUDWXUH��'DQV�FH�FDV�� OHV�FULVWDX[�
VRQW� IDFLOHPHQW�GpIRUPpV�PpFDQLTXHPHQW�� HW�SUpVHQWHQW�GHV� VWUXFWXUHV� FULVWDOOLQHV�GH�KDXWH�
V\PpWULH� GRQW� O
RUGUH� DXJPHQWH� ORUVTXH� OD� WHPSpUDWXUH� GpFURvW�� &HV� VWUXFWXUHV� pWDLHQW�
DXSDUDYDQW�LQFRQQXHV��HW�QRXV�OHV�DYRQV�GpWHUPLQpHV�HQ�XWLOLVDQW�GHV�VLPXODWLRQV�GH�0RQWH�
&DUOR���
/H� GHX[LqPH� HVW� FHQWUp� VXU� OD� IDPLOOH� GHV� QHXURSHSWLGHV� RSLDFpV�� &HV� QHXURWUDQVPHWWHXUV�
UpJXOHQW��DX�VHLQ�GX�V\VWqPH�QHUYHX[�FHQWUDO��OHV�IRQFWLRQV�VHQVLWLYHV�WHOOHV�TXH�OD�GRXOHXU�HW�OD�
UHVSLUDWLRQ�� /H� EXW� GH� QRWUH� pWXGH� pWDLW� GH� GpWHUPLQHU� OD� VWUXFWXUH� FULVWDOOLQH� GH� OD� /HX�
HQNHSKDOLQH�� VRXV� VD� IRUPH� FRPSOqWH�RX� IUDJPHQWpH��3RXU� FHOD�� QRXV� VRPPHV�SDUWLV� G
XQH�
SRXGUH� SXUH� ORUVTXH� O
pFKDQWLOORQ� pWDLW� GpMj� FULVWDOOLQ�� RX� DORUV� QRXV� O
DYRQV� FULVWDOOLVp� HQ�
Q
XWLOLVDQW�TXH�GH�O
HDX�FRPPH�VROYDQW��GDQV�OH�EXW�GH�VH�UDSSURFKHU�GH�OD�UpDOLWp�ELRORJLTXH�HW�
GH� PHWWUH� HQ� pYLGHQFH� G
pYHQWXHOOHV� GLIIpUHQFHV� GH� VWUXFWXUHV� DYHF� OHV� UpVXOWDWV�
ELEOLRJUDSKLTXHV�REWHQXV�j�SDUWLU�GH�PRQRFULVWDX[��/HV�VWUXFWXUHV�RQW�pWp�GpWHUPLQpHV�JUkFH�j��
GHV�VLPXODWLRQV�GH�0RQWH�&DUOR��
(QILQ�� OH� WURLVLqPH�VXMHW�G
pWXGH�HVW� OD� ORFDOLVDWLRQ�G
XQH�PROpFXOH�GH�EHQ]qQH�DGVRUEpH� VXU�
GHV�]pROLWKHV�;�DX�VRGLXP�GH�VWUXFWXUH�GpMj�FRQQXH��&H�UpVXOWDW�D�pWp�REWHQX�SDU�VLPXODWLRQ�
HW�O
XWLOLVDWLRQ�GH�FDUWHV�G
HQWURSLH�PD[LPDOH��
�
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&KDSWHU��� 7KHRU\�
&H�FKDSLWUH�GpEXWH�SDU�XQ�EUHI�H[SRVp�GH�OD�GLIIUDFWLRQ�GH�UD\RQQHPHQW�;��1RXV�QRXV�pWHQGURQV�HQVXLWH�SOXV�
ORQJXHPHQW�VXU�OHV�SDUWLFXODULWpV�GH�OD�GLIIUDFWLRQ�GH�SRXGUHV�HW�OHV�WHFKQLTXHV�GH�FDOFXO�XWLOLVpHV�GDQV�O
DQDO\VH�
GH� GRQQpHV�� LQGH[DWLRQ�� H[WUDFWLRQ� GHV� LQWHQVLWpV�� VLPXODWLRQ� GH� 0RQWH�&DUOR�� DIILQHPHQW� GH� 5LHWYHOG��
FDUWRJUDSKLH�GH�)RXULHU�HW�G
HQWURSLH�PD[LPDOH��

����'LIIUDFWLRQ�IURP�D�FU\VWDO��
,Q�DQ�LGHDO�FU\VWDO�WKH�PROHFXOHV�RU�WKH�DWRPV�WKDW�FRQVWLWXWH�LW�DUH�UHJXODUO\�DQG�SHULRGLFDOO\�
GLVSRVHG� LQ� VSDFH�� WKLV� EHLQJ� WKH� FRQILJXUDWLRQ� RI�PLQLPDO� HQHUJ\��7KLV� SHULRGLFLW\� FDQ� EH�
IXOO\�GHVFULEHG�ZLWK�WKH�DLG�RI�WKUHH�QRQ�FRSODQDU�YHFWRUV�D��E�DQG�F�WKDW�GHILQH�D�VHTXHQFH�RI�
SRLQWV�WKDW�IRUP�WKH�FU\VWDO� ODWWLFH��7KHVH�WKUHH�YHFWRUV�GHILQH�WKH�XQLW�FHOO�� LW� LV�SRVVLEOH�WR�
ILQG�DQ�LQILQLWH�QXPEHU�RI�XQLW�FHOOV�DQG�ZH�GHILQH�DV�SULPLWLYH�WKRVH�WKDW�FRQWDLQ�RQO\�RQH�
ODWWLFH� SRLQW�� ,W� FDQ� EH� VKRZQ� WKDW� LW� LV� SRVVLEOH� WR� KDYH� ��� GLIIHUHQW� %UDYDLV� ODWWLFHV� DQG�
FRPELQLQJ� WKRVH�ZLWK� WKH� V\PPHWU\� RSHUDWRUV� LW� LV� SRVVLEOH� WR� KDYH� ���� GLIIHUHQW�ZD\V� WR�
GLVSRVH�LQ�VSDFH�DQ�REMHFW�SHULRGLFDOO\�UHSHDWHG��'XH�WR�WKH�V\PPHWU\��ZH�MXVW�QHHG�D�VPDOO�
SDUW�RI� WKH�XQLW�FHOO�� WKDW� LV�FDOOHG� WKH�DV\PPHWULF�XQLW�� WR�GHVFULEH�D� FU\VWDO� VWUXFWXUH��7KLV�
XQLW�LV�UHSHDWHG�E\�V\PPHWU\�WR�ILOO�WKH�FRQWHQW�RI�WKH�XQLW�FHOO�DQG�WKH�VSDFH�LV�ILOOHG�E\�WKH�
WUDQVODWLRQ�YHFWRUV�WKDW�GHILQH�WKH�ODWWLFH���
:KHQ�;�UD\V�LQWHUDFW�ZLWK�PDWWHU��RQO\�FRQVLGHULQJ�WKH�HODVWLF�LQWHUDFWLRQV��HOHFWURQV�VWDUW�WR�
RVFLOODWH� ZLWK� WKH� IUHTXHQF\� RI� WKH� LQFLGHQW� EHDP� DQG� WKH\� EHFRPH� VRXUFHV� RI�
HOHFWURPDJQHWLF�ZDYHV��,I�ZH�FRQVLGHU�RQO\�WKH�LQWHUDFWLRQ�RI�WKH�;�UD\V�ZLWK�DQ�LGHDO�LVRODWHG�
HOHFWURQ� GHQVLW\� LQ� DQ� DV\PPHWULF� XQLW� ZH� ZRXOG� KDYH� WKDW� WKH� GLIIUDFWLRQ� SDWWHUQ� LV� D�
FRQWLQXRXV�IXQFWLRQ�DV�IRU�WKH�VLPSOHVW�VLQJOH�VOLW�)UDXQKRIHU�GLIIUDFWLRQ�FDVH��
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�
)LJXUH�����)UDXQKRIHU�GLIIUDFWLRQ�IURP�D�VLQJOH�VOLW�
1RZ�WKLQJV�ZLOO�EH�GLIIHUHQW�EHFDXVH�LQ�WKH�DV\PPHWULF�XQLW�LQ�D�FU\VWDO�WKH�HOHFWURQ�GHQVLW\�LV�
QRW� VLPSO\�GLVSRVHG�DORQJ�D� OLQH�EXW� WKH�NLQG�RI� UHDVRQLQJ� LV� WKH� VDPH��:H� VHH�GLIIUDFWLRQ�
EHFDXVH�WKH�ZDYHV�RULJLQDWLQJ�IURP�GLIIHUHQW�SRLQWV�RI�WKH�HOHFWURQ�GHQVLW\�LQ�WKH�DV\PPHWULF�
XQLW� KDYH� GLIIHUHQW� GLVWDQFHV� WR� FRYHU� DQG� WKLV� FDXVHV� D� SKDVH� GLIIHUHQFH� WKDW� FDXVHV� WKH�
GLIIUDFWLRQ��:H�FDQ�VXP�DOO�WKHVH�LQILQLWH�QXPEHU�RI�SKDVHV�DQG�ZH�HQG�XS�ZLWK�DQ�LQWHJUDO�
H[DFWO\�DV�LQ�WKH�VLQJOH�VOLW�FDVH������������
'XH�WR�SHULRGLFLW\�LQ�DQ�LGHDO�FU\VWDO�ZH�KDYH�DQ�LQILQLWH�UHSHWLWLRQ�RI�DV\PPHWULF�XQLWV�DQG�DV�
WKRVH�DUH�RUGHUHG�ZH�FDQ�REVHUYH�LQWHUIHUHQFH�SKHQRPHQD��7KH�ORJLF�EHKLQG�WKLV�LV�WKH�VDPH�
DV�SDVVLQJ�IRUP�D�VLQJOH�VOLW�WR�D�1�VOLW�JUDWLQJ��%HFDXVH�LQ�D�FU\VWDO�WKH�QXPEHU�RI�XQLW�FHOOV�LV�
KXJH�WKH�GLIIUDFWLRQ�PD[LPD�ZLOO�EH�YHU\�QDUURZ��
�
�
�
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�
)LJXUH�����)UDXQKRIHU�GLIIUDFWLRQ�IRUP�1�VOLW�JUDWLQJV�
�
:H�ZRQ·W�GHWDLO�KHUH�DOO�WKH�PDWKHPDWLFDO�GHWDLOV�DV�WKH\�FDQ�EH�IRXQG�LQ�PDQ\�SK\VLFV�DQG�
FU\VWDOORJUDSKLF�WH[WERRNV�>����@�
�
�
�
�
�
�
�
�
�
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7R�VKRZ�WKH�FRQFHSW�GHVFULEHG�DERYH�DQ�RSWLFDO�GLIIUDFWRPHWHU�FDQ�EH�VHW�XS�>�@�$Q�KHOLXP�
QHRQ�ODVHU�LV�FRPPRQO\�HPSOR\HG��7KH�GLIIUDFWLRQ�SDWWHUQ��)RXULHU�WUDQVIRUP��RI�D�PDVN�DW�
2� LV� IRUPHG� DW� '�� WKH� IRFDO� SODQH� RI� WKH� REMHFWLYH� /��� DQG� WKH� LPDJH� �GRXEOH� )RXULHU�
WUDQVIRUP��RI�2�LV�IRUPHG�DW�,��

�
)LJXUH�����%DVLF�DUUDQJHPHQWV�IRU�REVHUYLQJ�RSWLFDO�WUDQVIRUPV�
/HW·V�EHJLQ�XVLQJ�RQ�REMHFW�PDVN��D��FRQVLVWLQJ�RI�D�QRQ�UHSHDWLQJ� LUUHJXODU�JURXS�RI�KROHV��
7KLV�FDQ�EH�WKRXJKW�RI�D�JURXS�RI�DWRPV�LQ�DQ�LVRODWHG�DV\PPHWULF�XQLW�DQG�ZH�FDQ�VHH� LWV�
GLIIUDFWLRQ�LPDJH��E���

��������� �
�����������������������������D�����������������������������������������������������������������������E��
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,I�ZH�WDNH�LQVWHDG�DV�REMHFW�PDVN��F��ZKHUH�WKH�KROHV�DUH�SHULRGLFDOO\�UHSHDWHG�WR�IRUP�D�EL�
GLPHQVLRQDO� JUDWLQJ� �LQ� UHDOLW\� WKHUH� DUH�PDQ\�PRUH�KROHV� WKDQ� WKH�RQHV� UHSUHVHQWHG� LQ� WKH�
ILJXUH��ZH�VHH�WKDW�LWV�GLIIUDFWLRQ�LPDJH��G��LV�GLVFUHWH�H[DFWO\�DV�LQ�WKH�FDVH�RI�LQWHUIHUHQFH�RI��
1�ZDYHV�LQ�WKH�FDVH�RI�1�YHU\�ELJ��

������������������� �
������������������������������F��������������������������������������������������������������������������������������G��
�����������������������������������������������������������������
,I�ZH�WDNH�DQ�REMHFW�PDVN��H��WKDW�LV�WKH�SHULRGLF�UHSHWLWLRQ�RI�WKH�DV\PPHWULF�XQLW�ZLWK�WKH�
VDPH�SHULRGLFLW\�RI�WKH�JUDWLQJ�DERYH�ZH�VHH�WKDW�LWV�GLIIUDFWLRQ��I��LPDJH�LV�D�VDPSOLQJ�RI�WKH�
SDWWHUQ��E��IROORZLQJ��G���DV�ZH�KDYH�VHHQ�LQ�)LJXUH�������

��������������� �
�����������������������������H��������������������������������������������������������������������������������I��
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2WKHU�WZR�H[DPSOHV��

�
����������������������������������������������
�
�
7KH�SRVLWLRQ�RI�WKH�GLIIUDFWLRQ�PD[LPD�ZLOO�EH�LQYHUVHO\�SURSRUWLRQDO�WR�WKH�YHFWRUV�D��E�DQG�
F� WKDW� GHILQH� WKH� FU\VWDO� ODWWLFH��7KH� GLUHFWLRQ� RI� WKH�PD[LPD� RI� LQWHUIHUHQFH� LV� GXH� WR� WKH�
SHULRGLFLW\�SUHVHQW�LQ�WKH�FU\VWDO��,W�LV�WKH�ODWWLFH�WKDW�GHWHUPLQHV�WKH�GLUHFWLRQ�RI�WKH�PD[LPD�
DQG�DFWXDOO\�QRW�HYHQ�DQ�DWRP�QHHGV�WR�EH�ORFDWHG�DW�D�ODWWLFH�SRLQW��,Q�WKH�VLPSOHVW�FDVH�RI�
WKH� LQWHUIHUHQFH� RI�1� VRXUFHV� DORQJ� D� OLQH�� WKH�PD[LPD� ZLOO� RFFXUV� DW� D� SRVLWLRQ� LQYHUVHO\�
SURSRUWLRQDO�WR�WKH�GLVWDQFH�RI�WKH�VRXUFHV�� LQ�WKLV�FDVH��DV�ZH�FRQVLGHU�D�WKUHH�GLPHQVLRQDO�
FDVH�� WKHUH� DUH� WKUHH� FRQGLWLRQV� RI� WKLV� NLQG� WR� EH� IXOILOOHG�� � /HW·V� FRQVLGHU� WKH� IROORZLQJ�
SLFWXUH��

�
)LJXUH�����$�FU\VWDO�ODWWLFH�DV�D���GLPHVQLRQDO�GLIIUDFWLRQ�JUDWLQJV�
�
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DQG�FRQVLGHU�WKH�D�GLUHFWLRQ��/HW�XV�GHILQH�V��DV�WKH�LQFLGHQW�ZDYH�RI�ZDYHOHQJWK�λ�DQG�V�WKH�
VFDWWHUHG�RQH��HDFK�V�ZLOO�EH�LQ�SKDVH�ZLWK�LWV�QHLJKERXU�DQG�ZH�ZLOO�REVHUYH�D�PD[LPXP�LI�
� �A S A S HM¸ � ¸ �

G GK K � ��������
$�VLPLODU�UHDVRQLQJ�PXVW�EH�GRQH�IRU�WKH�RWKHU�WZR�GLUHFWLRQV�DQG�DW�WKH�HQG�ZH�KDYH�WKDW�LQ�
RUGHU�WR�KDYH�D�PD[LPXP�WKHVH�WKUHH�FRQGLWLRQV�PXVW�EH�VDWLVILHG��
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HT�������DUH�FDOOHG�WKH�/DXH�HTXDWLRQV��
�
�
,W�FDQ�EH�VKRZQ�WKDW�WKHUH�LV�D�FRPSOHWH�HTXLYDOHQFH�EHWZHHQ�WKH�/DXH�LQWHUSUHWDWLRQ�DQG�WKH�
%UDJJ�RQH��

�

��

� � ��� 	

���� 


θ �θ

θ θ

�

�
)LJXUH�����%UDJJ·V�FRQGLWLRQV�IRU�GLIIUDFWLRQ��
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�
7KH�VFDWWHUHG�;�UD\V�WKDW�FDXVH�D�PD[LPXP�RI�GLIIUDFWLRQ�DFFRUGLQJ�WKH�/DXH�HTXDWLRQV�DOVR�
FRQVWLWXWH�D�PD[LPXP�LQ�WKH�RSWLFDO�VHQVH��WKH�UHIOHFWLRQ�EHLQJ�DW�ODWWLFH�SODQH�GHILQHG�E\�KNO�
YDOXHV�IURP�WKH�/DXH�HTXDWLRQ��
7KH�GLUHFWLRQV�RI�WKH�;�UD\V·�GLIIUDFWLRQ�PD[LPD�IURP�D�FU\VWDO�DUH�GHWHUPLQHG��IRU�D�JLYHQ�
ZDYHOHQJWK��E\�WKH�GLPHQVLRQ�RI�WKH�FU\VWDO�JUDWLQJV��%\�PHDVXULQJ�WKRVH�GLUHFWLRQV�WKH�ODWWLFH�
JHRPHWU\�FDQ�EH�GHWHUPLQHG�����
7R�FRPSXWH�WKH� LQWHQVLW\�RI�WKH�PD[LPD�ZH�FDQ�GHULYH�WKH�H[SUHVVLRQ�WKLQNLQJ�LQ�WHUPV�RI�
%UDJJ�UHIOHFWLRQ��$V�ZH�DOUHDG\�VDLG�ZH�KDYH�WR�WKLQN�RI�D�FU\VWDO�DV�D�FRQWLQXRXV�GLVWULEXWLRQ�
RI�VFDWWHULQJ�PDWWHU��&RQVLGHU�ZLWK�WKH�IROORZLQJ�ILJXUH�WKH�SURMHFWLRQ�RI�WKH�SODQH�KNO �����

�
)LJXUH�����%UDJJ·V�UHIOHFWLRQ��(GJH�RQ�YLHZ�RI�ODWWLFH�SODQH�
WKH� ILUVW� RUGHU� UHIOHFWLRQ�� ZLWK� WKH� ODWWLFH� VSDFLQJ� G�� FRUUHVSRQGV� WR� WKH� ODWWLFH� FHOO� D�� 7KH�
VFDWWHULQJ�IURP�WKH�HOHFWURQ�GHQVLW\�WKDW�LV�LQ�WKH�SODQH�LV�DOO�LQ�SKDVH�LQ�WKH�GLUHFWLRQ�RI�WKH�
UHIOHFWLRQ� DV� ZH� QRWHG� DERYH�� EXW� ZH� PXVW� WDNH� LQWR� DFFRXQW� WKH� GHQVLW\� EHWZHHQ� WKHVH�
SODQHV��)RU� WKH� ILUVW� RUGHU� UHIOHFWLRQ� WKHUH� LV� D� SDWK�GLIIHUHQFH�RI�RQH�ZDYHOHQJWK� �D�SKDVH�
GLIIHUHQFH�RI� �π�� LQ� WKH� VFDWWHULQJ�RI� WZR� VXFFHVVLYH�SODQHV��7KH� FRQWULEXWLRQ�RI� WKH� VDPH�
UHIOHFWLRQ� IURP� WKH� VFDWWHULQJ� SODQH�3� LV� WKHUHIRUH� RXW� RI� SKDVH� E\� �[�G�� �π� �� LI�ρ�[�LV� WKH�
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DPSOLWXGH�RI�VFDWWHULQJ�IURP�D�OD\HU�RI�WKLFNQHVV�G[�DW�[��WKH�WRWDO�DPSOLWXGH�RI�WKH�UHIOHFWLRQ�
IURP�DOO�VFDWWHULQJ�PDWWHU�LV�JLYHQ�E\�� �
� � � ��� �� 	 � 	
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)RU�WKH�VHFRQG�RUGHU�UHIOHFWLRQ��WKH�KNO �����WKHUH�LV�D�WZR�ZDYHOHQJWK�SDWK�GLIIHUHQFH�LQ�WKH�
UHIOHFWLRQ�IURP�VXFFHVVLYH�SODQHV�DQG�WKH�SKDVH�GLIIHUHQFH�IRU�SODQH�3�ZLOO�EH�WKHQ���[�G���π��
,Q�JHQHUDO�IRU�D�UHIOHFWLRQ�K���WKH�SKDVH�GLIIHUHQFH�ZLOO�EH��K[�G���π��:H�FDQ�WKHQ�ZULWH��
� 
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DQG�JHQHUDOL]LQJ�LQ�WKUHH�GLPHQVLRQV��
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G ��(T������LV�FDOOHG�WKH�VWUXFWXUH�IDFWRU��
,Q�DQDORJ\�RI�WKH�VLQJOH�VOLW�FDVH�ZH�KDYH�IRXQG�WKDW�WKH�ZDYH�)�K��LV�WKH�)RXULHU�WUDQVIRUP�
RI�WKH�HOHFWURQ�GHQVLW\�DQG�ZH�FDQ�ZULWH�DV�ZHOO�WKDW��
�
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WKH�HOHFWURQ�GHQVLW\�LV�WKH�)RXULHU�WUDQVIRUP�RI�WKH�VWUXFWXUH�IDFWRUV���
8VLQJ�LQ�HT�������D�FRQWLQXXP�RI�HOHFWURQ�GHQVLW\�LV�QRW�SUDFWLFDO�IURP�D�FRPSXWDWLRQDO�SRLQW�
RI�YLHZ��7KDW�LV�ZK\�WKH�GHQVLW\�LQWHJUDO�RYHU�WKH�FHOO�LV�WUDQVIRUPHG�LQWR�D�VXPPDWLRQ�RYHU�
DOO�WKH�1�DWRPV�SUHVHQW�LQ�WKH�XQLW�FHOO��,Q�WKLV�ZD\�ZH�LQWURGXFH�WKH�DWRPLF�VFDWWHULQJ�IDFWRU�I�
WR� GHILQH� WKH� VFDWWHULQJ� SRZHU� RI� HDFK� GLIIHUHQW� DWRP�� 7KH� ;�UD\� VFDWWHULQJ� SRZHU� ZLOO�
GHSHQG�RQ� WKH�QXPEHU�RI� HOHFWURQV� LQ� WKH�SDUWLFXODU� DWRP�DQG� LW�GHFUHDVHV�ZLWK� LQFUHDVLQJ�
VFDWWHULQJ�DQJOH�DQG�LV�KLJKHU�IRU�KHDYLHU�DWRPV��)RU�]HUR�VFDWWHULQJ�DQJOH�WKH�YDOXH�RI�I�HTXDOV�
WKH�QXPEHU�RI�HOHFWURQV��,QWURGXFLQJ�WKH�VFDWWHULQJ�IDFWRU�(T��������ZLOO�EHFDPH��
� ) * +
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[��\�DQG�]�DUH�WKH�DWRP�IUDFWLRQDO�FRRUGLQDWHV���
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7KH� VFDWWHULQJ� IDFWRU� FRQWDLQV� DGGLWLRQDO� FRQWULEXWLRQV� IURP� DQRPDORXV� GLVSHUVLRQ� HIIHFWV�
�HVVHQWLDOO\� UHVRQDQFH� DEVRUSWLRQ��� ZKLFK� EHFRPH� VXEVWDQWLDO� LQ� WKH� YLFLQLW\� RI� WKH� ;�UD\�
DEVRUSWLRQ�HGJH�RI�WKH�VFDWWHULQJ�DWRP��
� � � ��F F F IF� � � � ������
$QRWKHU�SRLQW�LV�WKDW�GXH�WR�WKH�WKHUPDO�PRWLRQ�WKH�DWRPV�RVFLOODWH�DURXQG�WKH�SRVLWLRQV�RI�
PLQLPDO� HQHUJ\� DQG� WKLV� ZLOO� PRGLI\� WKH� HOHFWURQ� GHQVLW\� IXQFWLRQ� DQG� FRQVHTXHQWO\� WKHLU�
FDSDFLW\� WR� VFDWWHU�� ,Q� RUGHU� WR� WDNH� LQWR� DFFRXQW� WKLV� HIIHFWV� D� WHPSHUDWXUH� IDFWRU� LV�
LQWURGXFHG��
� � � �� � ��� ��	F F E 
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ZKHUH�8�LV�WKH�PHDQ�VTXDUH�VKLIW�RI�WKH�DWRPV�ZLWK�UHVSHFW�WR�WKH�SRVLWLRQ�RI�HTXLOLEULXP��
)LQDOO\�ZH�FDQ�ZULWH�WKH�VWUXFWXUH�IDFWRU�DV��
� � � �� � � ��� �
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������ 7KH�SKDVH�SUREOHP�
(T� ������ JLYHV� XV� WKH� HOHFWURQ�GHQVLW\�� WKDW� LV� WKH� LQIRUPDWLRQ� WKDW�ZH�ZDQW� WR�REWDLQ� DIWHU�
KDYLQJ�SHUIRUPHG�WKH�H[SHULPHQWV��7KH�UHIUDFWLYH� LQGH[�RI�;�UD\V� LV�YHU\�QHDU�WR�XQLW\�DQG�
IRU� WKLV� UHDVRQ� WKH\� FDQ·W� HDVLO\� EH� IRFXVHG� E\�PHDQV� RI� OHQVHV��:H� FDQ� MXVW� FRPSXWH� WKH�
YDOXH�RI� WKH�GHQVLW\�EXW�QRZ�WKHUH� LV� WKH�PDLQ�FRPSOLFDWLRQ��7KH�GHWHFWRUV�FDQ�RQO\�FRXQW�
WKH�QXPEHU�RI�SKRWRQV�WKDW�DUH�GLIIUDFWHG�DQG�ZH�FDQ·W�KDYH�DQ\�LQIRUPDWLRQ�DERXW�WKH�SKDVH�
RI� WKH� GLIIUDFWHG� ZDYH�� :H� FDQ� FROOHFW� RQO\� LQWHQVLW\� YDOXHV� WKDW� DUH� SURSRUWLRQDO� WR� WKH�
VTXDUH�RI�WKH�VWUXFWXUH�IDFWRUV��-XVW�WR�UHFDOO�DJDLQ�LQ�WKH�FDVH�RI�RUGLQDU\�OLJKW��LW�LV�WKH�SKDVH�
GLIIHUHQFH� WKDW� FUHDWHV� WKH� LPDJH�� EXW� LQ� WKLV� FDVH� D� OHQV� LV� GRLQJ� SK\VLFDOO\� WKH� LQWHJUDO� RI�
HT�������$V� WKH� LPDJH� LV�FUDWHG�GXH�WR� WKLV�SKDVH�GLIIHUHQFH�ZH�FDQ�DOUHDG\� LQWXLWLYHO\� WKLQN�
WKDW� LV� WKH�SKDVH� WHUP� H()π*+,- ./0- .12- 3 LQ�HT� ������ WKDW�SOD\V� WKH� LPSRUWDQW�UROH�� WKH�RQH�WKDW�ZH�
FDQ·W� PHDVXUH�� � %HFDXVH� WKH� HOHFWURQ� GHQVLW\� LV� VHHQ� DV� WKH� VXSHUSRVLWLRQ� RI� DQ� LQILQLWH�
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QXPEHU�RI�ZDYHV�� WKH�SKDVH�GLIIHUHQFH� LV� UHDOO\� LPSRUWDQW� LQ� WKH�VXPPDWLRQ� LI�ZH�KDYH�IRU�
H[DPSOH�D�IXQFWLRQ�OLNH�WKLV�RQH�

�
WKDW�FDQ�EH�REWDLQHG�DV�WKH�VXSHUSRVLWLRQ�RI�WKH�IROORZLQJ�ZDYHV�

������� �
,I�ZH�VKLIW�WKHQ�IRU�H[DPSOH�WKH�ZDYH�$�RQ�WKH�ULJKW��ZH�FKDQJH�LWV�SKDVH��ZH�DUH�QRW�DEOH�
DQ\PRUH�WR�REWDLQ�RXU�VWDUWLQJ�IXQFWLRQ�VXPPLQJ�WKH�IRXU�ZDYHV��
$�PRUH�YLVXDO�H[DPSOH�LV�JLYHQ�ZLWK�WKH�IROORZLQJ�LPDJHV>�@��
�
�
�
�
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��D�FKHHWDK�SLFWXUH�

� WKH� PDJQLWXGH� WUDQVIRUP� RI� WKH� FKHHWDK� SLFWXUH��

�WKH�SKDVH�WUDQVIRUP�RI�WKH�FKHHWDK�SLFWXUH�
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�D�]HEUD�SLFWXUH�

�WKH�PDJQLWXGH�WUDQVIRUP�RI�WKH�]HEUD�SLFWXUH�

�WKH�SKDVH�WUDQVIRUP�RI�WKH�]HEUD�SLFWXUH�
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5HFRQVWUXFWLRQ�ZLWK�]HEUD�SKDVHV�DQG�FKHHWDK�DPSOLWXGHV��

�
�
5HFRQVWUXFWLRQ�ZLWK�FKHHWDK�SKDVHV�DQG�]HEUD�DPSOLWXGHV�� �

�
�
7KH�SKDVHV�SOD\�WKH�PRVW�LPSRUWDQW�UROH��
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*XHVVLQJ� WKH� SKDVHV� LV� QRW� D� JRRG� DSSURDFK� IRU� D� WULDO� DQG� HUURU� DOJRULWKP�EHFDXVH� LI�ZH�
WKLQN� RI� D� FHQWURV\PPHWULF� VWUXFWXUH�ZKHUH� WKH� SKDVH� FDQ� KDYH� RQO\� WKH� YDOXH� �� RU� ���°��
LJQRULQJ� WKH� DQRPDORXV� VFDWWHULQJ�� DQG� LQ� RQO\� RQH� GLPHQVLRQ� WKH� QXPEHU� RI� GLIIHUHQW�
FRPELQDWLRQV�LV�����ZKHUH�Q�LV�WKH�QXPEHU�RI�UHIOHFWLRQV��7KH�SKDVH�FDQ�KDYH�RQO\�WKRVH�WZR�
YDOXHV�EHFDXVH�ZKHQ�ρ�[�� LV� DQ�HYHQ� IXQFWLRQ� LWV�)RXULHU� VHULHV�SUHVHQWV�RQO\� WKH� FRV� WHUPV�
EHFDXVH� WKH� RQHV� ZLWK� VLQ� DUH� HTXDO� WR� ]HUR�� :KHQ� ZH� KDYH� D� KXQGUHG� RU� D� WKRXVDQG�
UHIOHFWLRQV�LV�LPSRVVLEOH�WR�JXHVV�WKH�VROXWLRQ��/HW�XV�VXSSRVH�WR�KDYH�����UHIOHFWLRQV��ZH�ZLOO�
KDYH������SRVVLEOH�FRPELQDWLRQV�WR�VHDUFK�DQG�LI�ZH�FDQ�IRU�H[DPSOH�WHVW������FRPELQDWLRQV�
SHU�VHFRQG�LW�ZLOO�WDNH�DOPRVW�������\HDUV�WR�VROYH�WKH�SUREOHP����
7R�RYHUFRPH�WKLV�SUREOHP��'LUHFW�0HWKRGV>�@�KDYH�EHHQ�LQYHQWHG�WKDW�DWWHPSW�WR�GHULYH�WKH�
VWUXFWXUH� IDFWRU� SKDVHV� E\�PDWKHPDWLFDO�PHDQV� IURP�D� VLQJOH� VHW� RI�;�UD\� LQWHQVLWLHV�� 7KLV�
PHWKRG� ZRUNV� IRU� VLQJOH� FU\VWDO� GDWD� ZKHUH� LW� LV� SRVVLEOH� WR� KDYH� IRU� HDFK� UHIOHFWLRQ� LWV�
LQWHQVLW\�YDOXH��)URP�SRZGHU�GLIIUDFWLRQ�GDWD�WKLV�LV�QRW�VWUDLJKWIRUZDUG�GXH�WR�WKH�RYHUODS�RI�
WKH�SHDNV�DQG�DV� LW·V�GLIILFXOW� WR�REWDLQ�D�JRRG�VHW�RI� LQWHQVLWLHV��'LUHFWV�0HWKRGV�RIWHQ�IDLO�
ZLWK� SRZGHU� GDWD��:H� KDYH� DOVR� RIWHQ� D� WRR� OLPLWHG� UDQJH� LQ� VLQθ�λ� �G� VSDFLQJ� WR� ����c��
:H·OO� LQWURGXFH� LQ� WKH� QH[W� SDUDJUDSK� WKH� PDLQ� SHFXOLDULW\� RI� D� SRZGHU� GLIIUDFWLRQ�
H[SHULPHQW��
�

����3RZGHU�GLIIUDFWLRQ�
$� SRZGHU� RU� SRO\FU\VWDOOLQH� VDPSOH� LGHDOO\� FRQVLVWV� RI� D� YHU\� ODUJH� QXPEHU� RI� UDQGRPO\�
RULHQWHG�PLFUR�FU\VWDOV�ZLWK�GLPHQVLRQV�LGHDOO\�RI�DSSUR[LPDWHO\�����µP��7KH�SULQFLSOHV�WKDW�
JRYHUQ�WKH�GLIIUDFWLRQ�RI�VLQJOH�FU\VWDOV�DOVR�DSSO\�IRU�SRZGHUV��EXW��EHFDXVH�RI�WKH��UDQGRP�
RULHQWDWLRQ� � RI� � WKH� � FU\VWDOOLWHV�� WKHUH� DUH� � PDQ\� SODQHV� � KNO� ²� HDFK� RQH� ZLWK� D� GLIIHUHQW�
RULHQWDWLRQ� FRPLQJ� IURP� D� GLIIHUHQW� � PLFUR�FU\VWDO²� WKDW� VLPXOWDQHRXVO\� IXOILO� %UDJJ·V�
FRQGLWLRQ��WKXV�SURGXFLQJ�D�FRQH�RI�GLIIUDFWLRQ�ZLWK�VHPL�YHUWLFDO�DQJOH��θ� ���
:H�KDYH�D�FROODSVH�RI� WKH� WKUHH�GLPHQVLRQV�RI�FU\VWDOORJUDSKLF� LQIRUPDWLRQ�RQWR�WKH�VLQJOH�
GLPHQVLRQ�RI�WKH�SRZGHU�GLIIUDFWLRQ�SDWWHUQ>����@��
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)LJXUH�����&RPSDULVRQ�EHWZHHQ�D�VLQJOH�FU\VWDO�PHDVXUHPHQW��OHIW��DQG�D�SRZGHU�GLIIUDFWRJUDP��ULJKW��
�

7KLV�FDXVHV�WKH�SUREOHP�RI�SHDN�RYHUODS��:H�FDQ�KDYH�H[DFW�RYHUODS��IRU�H[DPSOH�LQ�D�FXELF�
V\VWHP�WKH�UHIOHFWLRQV�����DQG�����KDYH�WKH�VDPH�G�VSDFLQJ�DQG�RFFXU�DW�WKH�VDPH��θ�DQJOH��
RU� LQH[DFW� RYHUODS� DV� VKRZQ� LQ� WKH� QH[W� SLFWXUH�ZKHQ� WKH� G�VSDFLQJ� RI� WKH� UHIOHFWLRQV� DUH�
VLPLODU��

�
)LJXUH�����3HDNV·�RYHUODS�LQ�SRZGHU�GLIIUDFWLRQ�
�
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��
7KLV�LV�WKH�FDXVH�RI�WKH�WZR�PDMRU�GLIILFXOWLHV�FRPSDULQJ�WR�DQ�H[SHULPHQW�ZLWK�VLQJOH�FU\VWDO�
GDWD��'XH�WR�WKH�RYHUODS��LI�ZH�DUH�GHDOLQJ�ZLWK�DQ�XQNQRZQ�VWUXFWXUH�LW�LV�GLIILFXOW�WR�REWDLQ�
WKH�FU\VWDOORJUDSKLF�FHOO�EHFDXVH�LW�LV�QRW�HDV\�WR�XQGHUVWDQG�KRZ�PDQ\�UHIOHFWLRQV�FRQWULEXWH�
WR� D� VLQJOH� SHDN� DQG� ZKDW� LV� WKHLU� H[DFW� SRVLWLRQ�� 7KH� RWKHU� SUREOHP� LV� WKDW� ZLWKRXW� D�
VWUXFWXUDO�PRGHO�LW� LV�QRW�SRVVLEOH�WR�H[WUDFW�WKH�LQGLYLGXDO�LQWHQVLWLHV��DQG�WKLV�ZLOO�EH�EHWWHU�
H[SODLQHG�ZLWK�WKH�KHOS�RI�D�IHZ�IRUPXODH�LQ�VHFWLRQ���������

������ 7KH�5LHWYHOG�0HWKRG�
,Q� ����� DQG� ������ +�� 0�� 5LHWYHOG� VXJJHVWHG� D� QHZ� DSSURDFK� WR� WKH� DQDO\VLV� RI� SRZGHU�
GLIIUDFWLRQ� GDWD>���@�� ,QVWHDG� RI� XVLQJ� WKH� LQGLYLGXDO� LQWHJUDWHG� LQWHQVLWLHV�� WKH� ZKROH�
GLIIUDFWLRQ� SDWWHUQ� ZDV� LQFRUSRUDWHG� LQWR� WKH� OHDVW� VTXDUHV� UHILQHPHQW�� PLQLPLVLQJ� WKH�
GLIIHUHQFH� EHWZHHQ� WKH� REVHUYHG� SDWWHUQ� DQG� WKH� RQH� FDOFXODWHG� E\� PRGHOOLQJ� WKH�
LQVWUXPHQWDO�� VSHFWUDO� DQG� VWUXFWXUDO� FRQWULEXWLRQV� WR� WKH� SDWWHUQ��7KLV�PHWKRG��ZKLFK�ZDV�
LQLWLDOO\� GHYHORSHG� IRU� QHXWURQ� GLIIUDFWLRQ�� ZDV� H[WHQGHG� WR� FRQYHQWLRQDO� ;�UD\V� DQG�
V\QFKURWURQ�UDGLDWLRQ��
,I� ZH� KDYH� DQ� LQLWLDO�PRGHO�� ZH� FDQ� FDOFXODWH� HDFK� SRLQW� RI� RXU� GLIIUDFWRJUDP�� \�� �� LQ� WKH�
IROORZLQJ�ZD\��
� �

\ \ � 	�� � � � �� ��
�

Y S M , & ' YR� % �� � �������
WKH� VXP�RYHU�N� LV� H[WHQGHG� WR� DOO� WKH� RYHUODSSLQJ� SHDNV� WKDW� FRQWULEXWH� WR� WKH� SRLQW� L�� ,Q�
HT���������
V�LV�WKH�VFDOH�IDFWRU�
P/ LV�WKH�PXOWLSOLFLW\�WHUP��IRU�HJ��LQ�FXELF�V\VWHP�WKH�UHIOHFWLRQV����������DQG�����KDYH�WKH�
VDPH�G�VSDFLQJ�DQG�WKHQ�WKH\�RFFXU�DW�WKH�VDPH�DQJOH�DQG�DUH�UHODWHG�E\�V\PPHWU\��
// LV�WKH�/RUHQ]�SRODUL]DWLRQ�WHUP�
)/ LV�WKH�FDOFXODWHG�VWUXFWXUH�IDFWRU�
*�∆θ����LV�WKH�SURILOH�IXQFWLRQ���\���LV�WKH�EDFNJURXQG�FRQWULEXWLRQ�
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:H�FRXOG�HYHQ�LQVHUW�PRUH�FRUUHFWLYH�WHUPV�IRU�SUHIHUUHG�RULHQWDWLRQ��FU\VWDO�VL]H�HIIHFWV�DQG�
PLFUR�VWUDLQ��,Q�RXU�DQDO\VLV�ZH�ZHUHQ·W�LQWHUHVWHG�DERXW�FU\VWDO�VL]H�HIIHFWV�DQG�PLFUR�VWUDLQ�
DQG�ZH�GHVFULEHG� WKH�SURILOH� IXQFWLRQ� IURP�D�FRPSOHWHO\�DQDO\WLFDO�SRLQW�RI�YLHZ�� ,I� VHYHUH�
SUHIHUUHG�RULHQWDWLRQV�DUH�SUHVHQW� LQ� WKH� VDPSOH� LW� LV� DOPRVW� LPSRVVLEOH� WR� VROYH�D� VWUXFWXUH�
DE�LQLWLR���
7KH�PRGHO�LV�WKHQ�UHILQHG�PLQLPLVLQJ�E\�D�OHDVW�VTXDUHV�SURFHVV�WKH�UHVLGXDO��
� �

\ \� �� ���3 W Y Y� �� � �������
�Z(����LV�WKH�VXP�RI�WKH�VWDQGDUG�GHYLDWLRQV�DVVRFLDWHG�ZLWK�WKH�SHDN�DQG�WKH�EDFNJURXQG�
\(��LV�WKH�REVHUYHG�L�SRLQW�
\(��LV�WKH�FDOFXODWHG�LQWHQVLW\�DW�WKH�L�SRLQW�ZLWK�HT���������
�
$V�HT��������LV�D�QRQ�OLQHDU�IXQFWLRQ��WKH�UHVLGXDO�6�RI�HT�������ZLOO�KDYH�PDQ\�ORFDO�PLQLPD���
,I�WKH�LQLWLDO�PRGHO�;��LV�DOPRVW�FRUUHFW�ZH�FDQ�H[SDQG�LQ�D�7D\ORU�VHULHV�HT��������
� ����
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DQG�ZH�FDQ�RPLW�LQ�WKH�H[SDQVLRQ�WHUPV�ELJJHU�WKDQ�WKH�ILUVW�RUGHU�
�
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LQ� WKLV� ZD\� ZH� FDQ� DSSUR[LPDWH� DV� OLQHDU� WKH� IXQFWLRQ� ������� DQG� SHUIRUP� D� OLQHDU� OHDVW�
VTXDUHV� SURFHGXUH�� ,Q� WKLV� FDVH� ZH� FDQ·W� FRPSXWH� GLUHFWO\� WKH� YDOXHV� RI� RXU� XQNQRZQ�
SDUDPHWHUV�EXW� LQVWHDG�ZH�FDQ�FRPSXWH� WKH� VKLIW�∂[� � WR� DSSO\� WR� WKH� VWDUWLQJ�YDOXHV�RI� WKH�
SDUDPHWHUV�RI�WKH�LQLWLDO�PRGHO��7KLV�VKLIW�LV�FRPSXWHG�XQWLO�FRQYHUJHQFH�LV�UHDFKHG�ZLWK�WKH�
LWHUDWLYH�SURFHGXUH�RI�HT������UHZULWWHQ�KHUH�LQ�PDWUL[�QRWDWLRQ�
�
∆<� �$�∆;���(�����������������;� �;���∆;����
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,Q� )LJXUH� ���� LV� VFKHPDWLFDOO\� UHSUHVHQWHG� D� RQH� GLPHQVLRQDO� VOLFH� RI� WKH� Q�GLPHQVLRQDO�
SDUDPHWHU�VSDFH���

�
)LJXUH�����2QH�GLPHQVLRQDO�VOLFH�RI�WKH�Q�GLPHQVLRQDO�SDUDPHWHU�VSDFH�
,I�RXU�VWDUWLQJ�PRGHO�LV�QRW�ULJKW��IRU�H[DPSOH�ZH�FDQ�VWDUW�ZLWK�D�FRQILJXUDWLRQ�QHDU�WKH�ORFDO�
PLQLPXP� UHSUHVHQWHG� ZLWK� D� VWDU� LQ� WKH� ILJXUH�� WKHUH� LV� QR� ZD\� WKDW� WKH� OHDVW� VTXDUHV�
SURFHGXUH� EULQJV� WKH� PRGHO� WR� WKH� WUXH� PLQLPXP� EXW� LW� FDQ� RQO\� FRQYHUJH� WR� WKH� ORFDO�
PLQLPXP�����������������
,I� WKH�PRGHO� LV�XQNQRZQ�� LQ�RUGHU� WR� ILQG� D�JRRG� VWDUWLQJ�PRGHO�ZH�FDQ� WU\� WR� H[WUDFW� WKH�
LQWHJUDWHG� LQWHQVLWLHV� IURP� WKH�SRZGHU�GLIIUDFWRJUDP�DQG� XVH�GLUHFW�PHWKRGV� DV� LQ� D� VLQJOH�
FU\VWDO�H[SHULPHQW� WR� VROYH� WKH�SKDVH�SUREOHP��RU�ZH�FDQ�SHUIRUP�D� UHDO�VSDFH� VHDUFK�ZLWK�
0RQWH�&DUOR�DOJRULWKPV��
,Q�DQ\�FDVH�LI�WKH�VWUXFWXUH�LV�XQNQRZQ�ZH�QHHG�WR�ILQG�DV�D�ILUVW�VWHS�WKH�FU\VWDOORJUDSKLF�XQLW�
FHOO���
�

������ $XWRLQGH[LQJ�SURJUDPV�
,Q� D�SRZGHU�GLIIUDFWRJUDP�ZH�FDQ�RQO\�GLVFHUQ� UHIOHFWLRQV�ZLWK�GLIIHUHQW�G�VSDFLQJ�EXW�ZH�
ORVH�DOO�WKH�LQIRUPDWLRQ�DERXW�WKH�GLUHFWLRQ�RI�WKH�GLIIUDFWHG�EHDP�WKDW�LV�SUHVHQW�LQ�D�VLQJOH�
FU\VWDO� H[SHULPHQW�� )LQGLQJ� WKH� XQLW� FHOO� GLPHQVLRQV� EHFRPHV� PRUH� GLIILFXOW� DQG� WKH�
IROORZLQJ�UHODWLRQ�EHWZHHQ�WKH�REVHUYHG�G�VSDFLQJV�DQG�WKH�UHFLSURFDO� ODWWLFH�YHFWRUV�IRUPV�
WKH�EDVLV�IRU�D�ODUJH�QXPEHU�RI�SRZGHU�LQGH[LQJ�SURJUDPV��
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� ����1 H A K A L A HKA KLA HLA� � � � � � � �������
)RU�HDFK�REVHUYHG�4�YDOXH�ZH�QHHG�WR�ILQG�WKUHH�FU\VWDOORJUDSKLF�LQGLFHV��KNO����IRU�ZKLFK�
�� � � �

�� �� �� �� �� ����� ���1 H A K A L A HKA KLA HLA 1�% � � � � � � � � % � �������
ZKHUH�∆�LV�WKH�4�� ��HUURU��
7KH�FRQGLWLRQV�RI�HT���������DUH�QHFHVVDU\�EXW�QRW�VXIILFLHQW�IRU�D�SK\VLFDOO\�SODXVLEOH�LQGH[��
,Q�IDFW�HYHU\�SRZGHU�GLIIUDFWRJUDP�FDQ�EH�LQGH[HG�ZLWK�D�KXJH�FXELF�FHOO��ZLWK�D�FHOO�OLNH�WKLV�
LW� LV�DOZD\V�SRVVLEOH�E\�FKDQFH�WKDW�D�FDOFXODWHG�UHIOHFWLRQ�PDWFKHV�DQ�REVHUYHG�RQH��EXW�ZH�
ZLOO� KDYH� DOVR� D� KXJH� QXPEHU� RI� SUHGLFWHG� UHIOHFWLRQV� WKDW� DUH� LQ� IDFW� QRW� REVHUYHG�� 7R�
GLVFDUG�WKLV�NLQG�RI�VROXWLRQ��ILJXUHV�RI�PHULW�KDYH�EHHQ�LQWURGXFHG��7KH�GH�:ROII�ILJXUH�RI�
PHULW>��@�LV�EDVHG�RQ�WKH�IROORZLQJ�H[SUHVVLRQ��
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ZKHUH�0� ��LV�WKH�QXPEHU�RI�FDOFXODWHG�4�YDOXHV�XS�WR�4� ���ZKLFK�LV�WKH�4�YDOXH�IRU�WKH���WK�
REVHUYHG�LQGH[HG�OLQH�� 1 �LV�WKH�DYHUDJH�GLVFUHSDQF\�LQ�4�IRU�WKHVH����OLQHV��7KH�ELJJHU�LV�
WKH� YDOXH� RI�0��� WKH�PRUH� SODXVLEOH� LV� WKH� VROXWLRQ� EHFDXVH� LW�PHDQV� WKDW� WKHUH� DUH� IHZHU�
SUHGLFWHG�OLQHV�WKDW�DUH�QRW�REVHUYHG��0RVW�RI�WKH�WLPH�VRPH�SUHGLFWHG�OLQHV�DUH�QRW�REVHUYHG�
EHFDXVH�RI� WKH� V\VWHPDWLF� DEVHQFHV� RI� WKH� VSDFH� JURXS��+LJK� UHVROXWLRQ� LV� QHHGHG�EHFDXVH�
GHFUHDVLQJ�WKH�SHDNV·�RYHUODS�ZH�FDQ�KDYH�D�EHWWHU�VHW�RI�4�� � DQG�UHGXFH��4! � 7KLV� LV�WKH�
PDLQ�LPSRUWDQW�VWHS�LQ�DOO�WKH�SURFHGXUH��,I�WKH�GDWD�DUH�RI�EDG�TXDOLW\�LW�LV�DOPRVW�LPSRVVLEOH�
WR�ILQG�D�FHOO��,PSXULW\�OLQHV�FDXVH�DOVR�SUREOHPV�EHFDXVH�WKH\�LQWURGXFH�LQWR�HT��������ZURQJ�
YDOXHV��VRPH�RI�WKH�SURJUDPV�FDQ�WDNH�WKLV�LQWR�DFFRXQW�DV�ZHOO�DV�WKH�]HUR�HUURU��
'LIIHUHQW�SURJUDPV�DUH�DYDLODEOH�WKDW�XVH�GLIIHUHQW�DOJRULWKPV�WKDW�FDQ�VXFFHHG�LQ�VRPH�FDVHV�
RU� LQ�RWKHUV��$OO� WKHVH�SURJUDPV�KDYH� DV� RXWSXW� D� OLVW�RI�GLIIHUHQW� FHOOV� OLVWHG� LQ�GHFUHDVLQJ�
RUGHU�RI�ILJXUH�RI�PHULW��/RRNLQJ�DW�WKH�GLPHQVLRQV�RI�WKH�FHOOV�DQG�DW�WKH�FRPSRXQG�GHQVLW\�
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LW�LV�SRVVLEOH�WR�KDYH�D�JXHVV�RQ�ZKLFK�LV�WKH�ULJKW�FHOO�DQG�GHWHUPLQH�WKH�VSDFH�JURXS��2QO\�
ZLWK� D� ILQDO� 5LHWYHOG� UHILQHPHQW� FDQ� ZH� EH� FRPSOHWHO\� VXUH� DERXW� RXU� FKRLFH�� $� OLVW� RI�
SURJUDPV�ZH�XVHG�WR�LQGH[�WKH�SRZGHU�GLIIUDFWRJUDPV�LV�WKH�IROORZLQJ��
��&5<6),5(>��@�WKDW�DFWV�DV�DQ�LQWHUIDFH�ZLWK�WKH�SURJUDPV��
'LFYRO��>��@� �WKH� UHIHUHQFH� LV� WKH� QHZHVW� YHUVLRQ� ��� QRW� LPSOHPHQWHG� \HW� LQ� FU\VILUH���
,WR��>��@��7UHRU��>��@��7DXS>��@��.RKO>��@��/26+)=5)��/]RQ����)-=1>��@�
�0F0DLOOH�>��@�
�7RSDV�69'�LQGH[LQJ>��@�
�

������ ([WUDFWLQJ�LQWHJUDWHG�LQWHQVLWLHV�
2QFH�WKH�XQLW�FHOO�KDV�EHHQ�IRXQG�RQH�FDQ�WKLQN�WR�H[WUDFW�WKH�LQWHJUDWHG�LQWHQVLWLHV�IURP�WKH�
SRZGHU�GLIIUDFWLRQ�SDWWHUQ�DQG�JLYH�WKHP�WR�D�'LUHFW�0HWKRG�SURJUDP�DV�ZLWK�VLQJOH�FU\VWDO�
GDWD�� 7ZR� SULQFLSDO� WHFKQLTXHV� KDYH� EHHQ� GHYHORSHG�� WKH� LWHUDWLYH� /H%DLO�PHWKRG� DQG� WKH�
3DZOH\�PHWKRG��

�������� 7KH�LWHUDWLYH�/H�%DLO�DOJRULWKP�

7KH� /H� %DLO� PHWKRG>��@� LV� D� UHFXUVLYH� YHUVLRQ� RI� WKH� RULJLQDO� 5LHWYHOG� DSSURDFK�� ,Q� WKH�
5LHWYHOG�PHWKRG�LI�D�VWUXFWXUDO�PRGHO�LV�NQRZQ�LW�LV�SRVVLEOH�WR�HVWLPDWH�WKH�VWUXFWXUH�IDFWRU�
PDJQLWXGHV��)RU�RYHUODSSLQJ�SHDNV�LQ�IDFW��WKH�FRQWULEXWLRQ�IRU�D�JLYHQ�UHIOHFWLRQ�LV�ZHLJKWHG�
E\� WKH�FDOFXODWHG�SHDN�FRQWULEXWLRQ�IRU� WKDW�UHIOHFWLRQ�GLYLGHG�E\� WKH� VXP�RI� WKH�FDOFXODWHG�
SHDN�YDOXHV�IRU�HDFK�FRQWULEXWLQJ�UHIOHFWLRQ��7KH�FDOFXODWHG�SHDN�FRQWULEXWLRQ�LV�FRPLQJ�IURP�
WKH�PRGHO�� VR� LI�ZH�KDYH� D�PRGHO� LW� LV� SRVVLEOH� WR� H[WUDFW� WKH� LQWHJUDWHG� LQWHQVLWLHV�� ,I� WKH�
VWUXFWXUH�LV�QRW�NQRZQ�ZH�FDQ�VWDUW�ZLWK�WKH�DVVXPSWLRQ�WKDW�DOO�WKH�LQWHJUDWHG�LQWHQVLWLHV�DUH�
HTXDO� DQG� WKHQ� UHFXUVLYHO\� VROYH� WKH� IRUPXODH� WKDW� JLYH� XV� WKH� LQWHJUDWHG� LQWHQVLW\� LQ� WKH�
5LHWYHOG�FRGH��
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ZKHUH��
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F��L�� FRQWDLQV�/RUHQ]�SRODUL]DWLRQ�� DEVRUSWLRQ� DQG�H[WLQFWLRQ� WHUPV�DQG�*�∆θ���� LV� WKH�SHDN�
VKDSH�� ,Q� WKH� GHQRPLQDWRU� WKH� VXP� RYHU� WKH� 1� WHUPV� LV� H[WHQGHG� RYHU� WKH�1� SHDNV� WKDW�
FRQWULEXWH� WR� WKDW� UHIOHFWLRQ��7KH�PHWKRG� LV� VWDEOH�EXW�SUREOHPV�FDQ�RFFXU� IRU�ZHDN�SHDNV�
IRU�ZKLFK�WKH�EDFNJURXQG�FDQ�EH�RYHUHVWLPDWHG�DQG�WKH�SURFHGXUH�FDQ·W�UHDFK�FRQYHUJHQFH��
,Q�PDQ\�FDVHV�LW�LV�EHWWHU�WR�GHWHUPLQH�WKH�EDFNJURXQG�FRUUHFWO\�DQG�OHDYH�LW�IL[HG���

�������� 7KH�3DZOH\�0HWKRG�

7KH�3DZOH\�PHWKRG>��@� LV� D� OHDVW�VTXDUH� SURFHGXUH�ZKHUH� WKH� YDULDEOHV� DUH� WKH� SHDN� DUHDV�
WKHPVHOYHV��(YHU\�SRLQW�LQ�WKH�SRZGHU�GLIIUDFWRJUDP�LV�FDOFXODWHG�DV��
� � 	 � 	�� � �

�
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�ZKHUH�WKH�V\PEROV�DUH�WKH�VDPH�DV�LQ�HT����������
7KH�LQWHJUDWHG�LQWHQVLWLHV�DUH�HYDOXDWHG�PLQLPL]LQJ�WKH�VXPPHG�ZHLJKWHG�GLIIHUHQFH�EHWZHHQ�
WKH�REVHUYHG�DQG�WKH�FDOFXODWHG�GLIIUDFWRJUDP��
� �
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7KLV� LV� D� VLPSOH�FDVH�DV�HT� ������� WKLV� WLPH� LV� OLQHDU�DQG� WKH� VROXWLRQ�PD\�EH�DFKLHYHG�E\�D�
VLQJOH� PDWUL[� LQYHUVLRQ� LI� WKH� SHDN� VKDSH� IXQFWLRQ� LV� NHSW� IL[HG�� 7KLQJV� DUH� QRW� VR�
VWUDLJKWIRUZDUG� EHFDXVH� WKH� PDWUL[� LV� GHJHQHUDWH� LQ� WKH� FDVH� RI� H[DFW� RYHUODS� DQG� LOO�
FRQGLWLRQHG�IRU�FORVH�SHDN�VHSDUDWLRQ��7R�RYHUFRPH�WKLV�SUREOHP�UHIOHFWLRQV�WKDW�DUH�FORVHU�
WKDQ�D�SDUWLFXODU�FULWHULRQ�VXFK�DV�D�TXDUWHU�RI�D�):+0�FDQ�EH�JURXSHG�WRJHWKHU��&ORVH�SHDN�
VHSDUDWLRQ� OHDGV� WR� WKH� DSSHDUDQFH� RI� QHJDWLYH� LQWHQVLWLHV�� 7R� DYRLG� WKLV�� :DVHU�W\SH�
FRQVWUDLQWV� >��@� FDQ� EH� XVHG� WR�PLQLPL]H� WKH� GLIIHUHQFHV� EHWZHHQ� QHLJKERXULQJ� LQWHJUDWHG�
LQWHQVLWLHV���
�
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������ 5HDO�VSDFH�VHDUFK�ZLWK�0RQWH�&DUOR�DOJRULWKPV�
:KHQ�ZH� WU\� WR� VROYH� D� VWUXFWXUH�� LI� ZH� DUH� DEOH� WR� GHWHUPLQH� WKH� XQLW� FHOO� DQG� WKH� VSDFH�
JURXS��ZH�KDYH�DOUHDG\�D�ORW�RI�LQIRUPDWLRQ�DQG�PRVW�RI�WKH�WLPH�ZH�NQRZ�ZKLFK�DWRPV�RU�
ZKLFK� PROHFXOHV� IRUP� WKH� FU\VWDO�� /RRNLQJ� DW� WKH� YROXPH� RI� WKH� FHOO�� LW� LV� SRVVLEOH� WR�
GHWHUPLQH� KRZ�PDQ\� DWRPV� RU�PROHFXOHV� IRUP� WKH� XQLW� FHOO�� DQG� E\� ORRNLQJ� DW� WKH� VSDFH�
JURXS�LW� LV�SRVVLEOH�WR�VHH�KRZ�PDQ\�DUH� LQGHSHQGHQW�DQG�IRUP�WKH�DV\PPHWULF�XQLW��2QFH�
WKLV�LV�GHWHUPLQHG�LW�LV�SRVVLEOH�WR�VLPXODWH�WULDO�FRQILJXUDWLRQV�RI�RXU�FU\VWDOOLQH�VWUXFWXUH�LQ�
RUGHU� WR� PD[LPL]H� WKH� DJUHHPHQW� EHWZHHQ� WKH� FDOFXODWHG� DQG� WKH� REVHUYHG� GLIIUDFWLRQ�
SDWWHUQ��1R�DWWHPSW�LV�PDGH�WR�H[WUDFW�LQGLYLGXDO�LQWHQVLWLHV�DQG�WUHDW�WKHP�DV�LQ�VLQJOH�FU\VWDO�
GDWD��
:H�FDQ�WKLQN�RI�VROYLQJ�WKH�SUREOHP�XVLQJ�D�JULG�VHDUFK�DOJRULWKP�LQ�ZKLFK�DOO�WKH�DWRPV�DUH�
PRYHG� V\VWHPDWLFDOO\� DURXQG�RYHU� WKH� [�\�]�� VSDFH�RI� WKH� DV\PPHWULF� XQLW� RQ� D� QXPEHU�RI�
GLVFUHWH� JULG� SRLQWV� LQ� VXFK� D� ZD\� WKDW� DOO� WKH� SRVVLEOH� FRQILJXUDWLRQV� DUH� H[SORUHG�� ,I� ZH�
GLYLGH�RXU�DV\PPHWULF�XQLW�LQWR�D��������JULG�ZH�KDYH���� SRVVLEOH�ORFDWLRQV�IRU�HDFK�DWRP�
DQG� LI� ZH� KDYH� D� VLPSOH� VWUXFWXUH� ZLWK� �� DWRPV� ZH� FDQ� KDYH�� LJQRULQJ� WKH� SRVVLELOLW\� RI�
DWRPLF�RYHUODS����� ��DWRPLFV�FRQILJXUDWLRQV��,I�ZH�FDQ�HYDOXDWH������SRVVLEOH�VWUXFWXUH�HYHU\�
VHFRQG� LW�ZLOO� WDNH�DOPRVW������ \HDUV� WR�ILQLVK� WKH FRPSXWDWLRQ��:H�FDQQRW� WKLQN�WR� VROYH�
WKH�SUREOHP�LQ�WKLV�ZD\���
7KH� ILUVW� SUREOHP� LV� WKH� GHVFULSWLRQ� RI� WKH� FU\VWDO� VWUXFWXUH�� :H� VLPSO\� GHVFULEHG� RXU�
VWUXFWXUH�DV�IRUPHG�E\�LQGHSHQGHQW�DWRPV�EXW�LQ�UHDOW\�WKH�DWRPV�DUH�ERQGHG�WR�HDFK�RWKHU��
,I� IRU� H[DPSOH� ZH� WDNH� WKH� ��R[DELF\FOR>�����@KHSWDQH� WKDW� LV� IRUPHG� E\� �� DWRPV� DQG� ZH�
GHVFULEH�WKLV�PROHFXOH�DV�D�ULJLG�ERG\�

��������������������
�
ZH�RQO\�KDYH���SDUDPHWHUV�WKDW�FDQ�YDU\����IRU�WKH�SRVLWLRQV�DQG���IRU�WKH�RULHQWDWLRQV��:H�
RQO\�KDYH�QRZ�����SRVVLEOH�FRQILJXUDWLRQV�WKDW�ZLOO�EH�H[SORUHG�LQ�DOPRVW����PLQXWHV�����
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SDUDPHWHUV�

,I�WKH�VWUXFWXUH�LV�QRW�FRPSOHWHO\�ULJLG�DQG�WKHUH�DUH�DGGLWLRQDO�GHJUHHV�RI�IUHHGRP�GXH�WR�WKH�
WRUVLRQ� DQJOHV�� WKHQ� WKH� SUREOHP�EHFRPHV� DJDLQ�PRUH� FRPSOLFDWHG� DQG� QRW� VROXEOH�ZLWK� D�
JULG�VHDUFK�DOJRULWKP��)RU�H[DPSOH�IRU�D�ULJLG�ERG\�ZLWK����WRUVLRQ�DQJOHV�ZH�PXVW�H[SORUH�
�����GLIIHUHQW�FRQILJXUDWLRQV�DQG�LW�ZLOO�WDNH�������\HDUV�WR�H[SORUH�WKHP�DOO��7KH�JULG�VHDUFK�
LV�QRW�D�JRRG�DOJRULWKP�WR�VROYH�WKLV�SUREOHP��

�������� 6LPXODWHG�DQQHDOLQJ�

$V� VHHQ� LQ� SDUDJUDSK� ������� ZLWK� WKH� 5LHWYHOG� PHWKRG� WKH� VWUXFWXUDO� SDUDPHWHUV� FDQ� EH�
DGMXVWHG�LQ�WKH�GLUHFWLRQ�RI�GHFUHDVLQJ�UHVLGXDO�6��HT��������,I�RXU�PRGHO�LV�ZURQJ�ZH�FDQ�RQO\�
ORFDWH� WKH� ORFDO�PLQLPD��:H�QHHG� D�PHWKRG� WKDW� LV�PRUH� HIILFLHQW� DQG� DOORZV� XV� WR� HVFDSH�
IURP� D� ORFDO� PLQLPXP� DQG� WKDW� LV� DEOH� WR� PRYH� LQ� GLUHFWLRQV� ZKHUH� WKH� UHVLGXDO� 6� LV�
LQFUHDVLQJ��7KH�VLPXODWHG�DQQHDOLQJ>������@�DOJRULWKP�KDV�EHHQ�LQWURGXFHG�WR�WU\�WR�VROYH�WKLV�
SUREOHP���
�
���
�
�
�
�
�
�

)LJXUH������2QH�GLPHQVLRQDO�VOLFH�RI�WKH�Q�GLPHQVLRQDO�SDUDPHWHU�VSDFH�
7R� VHH� LI� WKH� DJUHHPHQW� EHWZHHQ� WKH� REVHUYHG� DQG� WKH� FDOFXODWHG� GDWD� LV� GHFUHDVLQJ� RU�
LQFUHDVLQJ�ZH�QHHG�WR�GHILQH�D�FRVW�IXQFWLRQ��&)���'LIIHUHQW�DOJRULWKPV�XVH�GLIIHUHQW�&)�EXW�
WKH�FRPPRQ�ZRUNIORZ�RI�WKH�VLPXODWHG�DQQHDOLQJ�DOJRULWKP�LV�WKH�IROORZLQJ��
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�
6WDUWLQJ�IURP�DQ� LQLWLDO� UDQGRP�FRQILJXUDWLRQ�WKH�IUHH�SDUDPHWHUV�DUH�UDQGRPO\�YDULHG��7KH�
&)� LV� WKHQ� FRPSXWHG�� LI� LWV� YDOXH� LWV� ORZHU� WKDQ� EHIRUH� WKH� UDQGRPL]DWLRQ� WKHQ� WKLV�
FRQILJXUDWLRQ�LV�NHSW�DQG�DQRWKHU�UDQGRPL]DWLRQ�LV�GRQH�DQG�VR�RQ��,I�WKH�&)�LV�ELJJHU�WKDQ�
WKH� YDOXH� EHIRUH� WKH� UDQGRPL]DWLRQ� WKHQ� WKLV� FRQILJXUDWLRQ� LV� NHSW�ZLWK� D� SUREDELOLW\� 3� �
H[S>�&)��&)���7@���ZKHUH�&)��LV�WKH�FRVW�IXQFWLRQ�RI�WKH�LQLWLDO�FRQILJXUDWLRQ�DQG�&)��LV�WKH�
FRVW� IXQFWLRQ� DIWHU� WKH� UDQGRPL]DWLRQ�� 7KLV� PHDQV� WKDW� WKH� V\VWHP� LV� DOORZHG� WR� SHUIRUP�
PRYHV�XSKLOO�DQG�KDV�WKH�SRVVLELOLW\�WR�HVFDSH�IURP�ORFDO�PLQLPD��7KH�SUREDELOLW\�WR�DFFHSW�D�
ZRUVH�FRQILJXUDWLRQ�LV�SURSRUWLRQDO�WR�WKH�SDUDPHWHU�7�WKDW�LV�FDOOHG�WHPSHUDWXUH��WKH�KLJKHU�
WKH�WHPSHUDWXUH��WKH�KLJKHU� LV�WKH�SUREDELOLW\�WR�NHHS�WKH�FRQILJXUDWLRQ��7KDW�PHDQV�WKDW�DW�
KLJK� WHPSHUDWXUH� WKH� V\VWHP� LV� H[SORUHG� WKRURXJKO\�� 7R� PDNH� WKH� SURFHVV� FRQYHUJH� LW� LV�
QHFHVVDU\�WR�GHFUHDVH�WKH�WHPSHUDWXUH��EXW�LI�WKH�WHPSHUDWXUH�LV�GHFUHDVHG�WRR�TXLFNO\�WKHUH�LV�
WKH� ULVN� WR� WUDS� WKH� V\VWHP� LQ� D� ORFDO� PLQLPXP�� $QRWKHU� LPSRUWDQW� SRLQW� FRQFHUQV� WKH�
UDQGRPL]DWLRQ� RI� WKH� SDUDPHWHUV�� ,I� WKH� IUHH� SDUDPHWHUV� DUH� UDQGRPO\� YDULHG� D� ORW� LQ� HDFK�
UDQGRPLVDWLRQ�� WKHUH� LV� D� YHU\� VPDOO� SUREDELOLW\� WR� ILQG� D� EHWWHU� FRQILJXUDWLRQ� DQG� VR� LW� LV�
SUHIHUUHG�WR�YDU\�WKH�SDUDPHWHUV�ZLWKLQ�D�VPDOO�UDQJH��$�VR�FDOOHG�0DUNRY�FKDLQ�LV�SHUIRUPHG�
ZKHUH�HDFK�SDUDPHWHU� LV�YDULHG�D� OLWWOH� IURP�RQH�UDQGRPL]DWLRQ�WR�DQRWKHU�EXW�DIWHU�KDYLQJ�
SHUIRUPHG�PLOOLRQV�RI�UDQGRPL]DWLRQV�ZH�ORRVH�DQ\�OLQN�ZLWK�WKH�LQLWLDO�FRQILJXUDWLRQ�����
�
�
�
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7KH�IXQGDPHQWDO�SDUDPHWHUV�LQ�WKH�DOJRULWKP�DUH��
¾�WKH�GHILQLWLRQ�RI�WKH�&)�WKDW�GHILQHV�WKH�K\SHUVXUIDFH�WKDW�KDV�WR�EH�H[SORUHG����
¾�WKH�YDULDWLRQ�RI�WKH�WHPSHUDWXUH�GXULQJ�WKH�RSWLPLVDWLRQ��
¾�WKH�DPSOLWXGH�RI�WKH�GLVSODFHPHQWV��
¾�WKH�GHVFULSWLRQ�RI�WKH�PROHFXOH��ZKHUH�XVLQJ�FKHPLFDO�LQIRUPDWLRQ�LW�LV�SRVVLEOH�WR�

GHVFULEH�WKH�VWUXFWXUH�LQ�D�EHWWHU�ZD\�WKDQ�VLPSO\�DV�LVRODWHG�LQGHSHQGHQW�DWRPV��
�
:H�ZLOO�VHH�LQ�GHWDLO�KRZ�WKHVH�SDUDPHWHUV�DUH�GHILQHG�LQ�WKH�SURJUDP�'$6+>��@�WKDW�LV�WKH�
RQH�WKDW�ZH�XVHG�WR�SHUIRUP�WKH�VLPXODWHG�DQQHDOLQJ�RSWLPL]DWLRQ��
,Q�'$6+�D�SUHYLRXV�3DZOH\�ILW�LV�GRQH�LQ�RUGHU�WR�H[WUDFW�WKH�LQWHJUDWHG�LQWHQVLW\�ZLWKRXW�WKH�
VWUXFWXUDO�PRGHO��,Q��'$6+�WKRVH�LQWHQVLWLHV�DUH�QRW�WUHDWHG�DV�LQ�D�VLQJOH�FU\VWDO�GDWD��)URP�D�
3DZOH\�ILW�ZH�REWDLQ�WKH�FRYDULDQFH�PDWUL[�WKDW�JLYHV�XV�WKH�FRUUHODWLRQ�EHWZHHQ�RYHUODSSLQJ�
SHDNV� DQG� WKLV� LQIRUPDWLRQ� LV� XVHG� LQ� WKH� DOJRULWKP�� 7KH� &)� LV� GHILQHG� LQ� WKH� IROORZLQJ�
PDQQHU���
� � � �
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ZKHUH�,����LV�WKH�H[WUDFWHG�LQWHQVLW\�IURP�D�3DZOH\�UHILQHPHQW�RI�WKH�GLIIUDFWLRQ�SDWWHUQ��9�	�LV�
WKH� FRYDULDQFH� PDWUL[� IURP� WKH� 3DZOH\� UHILQHPHQW�� F� LV� WKH� VFDOH� IDFWRU� DQG� )� 
	� LV� WKH�
FDOFXODWHG�VWUXFWXUH�IDFWRU�IURP�WKH�FXUUHQW�WULDO�VWUXFWXUH��,Q�WKLV�ZD\�ZH�WDNH�LQWR�DFFRXQW�
WKH� SHDNV·� RYHUODS� DQG�ZH� LQFUHDVH� WKH� FRPSXWDWLRQDO� VSHHG� EHFDXVH� ZH� DYRLG� FRPSXWLQJ�
HYHU\�SRLQW�RI� WKH�GLIIUDFWRJUDP�DV� LQ� WKH�5LHWYHOG�PHWKRG�� ,I� WKH� VHDUFK�VSDFH� LV�FRPSOH[�
�L�H��FRQWDLQV�PDQ\�ORFDO�PLQLPD���WKH�VWDUWLQJ�WHPSHUDWXUH�PXVW�EH�KLJK�VR�WKDW�WKH�DOJRULWKP�
ZLOO�PDNH�PDQ\� XSKLOO�PRYHV� LQ� WKH� HDUO\� VWDJHV�� 7KLV�ZLOO� HQVXUH� WKDW� WKH� VHDUFK� VSDFH� LV�
H[SORUHG�WKRURXJKO\��'$6+�VHOHFWV�WKH�VWDUWLQJ�WHPSHUDWXUH�E\�SHUIRUPLQJ�D�EULHI�VLPXODWHG�
DQQHDOLQJ� UXQ�DW�KLJK� WHPSHUDWXUH�DQG�PRQLWRULQJ� WKH�YDULDQFH�RI� WKH�&)�YDOXH�DV� UDQGRP�
PRYHV�DUH�PDGH�LQ�SDUDPHWHU�VSDFH��%DVHG�RQ�WKH�UHVXOWV��WKH�VWDUWLQJ�WHPSHUDWXUH�LV�VHW�WR�D�
YDOXH�WKDW�ZLOO�DOORZ�WKH�DOJRULWKP�WR�HVFDSH�GHHS�ORFDO�PLQLPD�DW�WKH�RXWVHW�RI�WKH�VHDUFK��L�H��
WKH�KLJKHU� WKH� YDULDQFH� LQ�&)�� WKH�KLJKHU� WKH� VWDUWLQJ� WHPSHUDWXUH���'$6+� W\SLFDOO\� XVHV� D�
IL[HG��FRQVHUYDWLYH�FRROLQJ�UDWH�RI������.��L�H��WKH�UDWH�DW�ZKLFK�WKH�WHPSHUDWXUH�LV�UHGXFHG��
IRU�WKH�DQQHDOLQJ�SURFHVV��7KH�WHPSHUDWXUH�UHGXFWLRQ�LV�DSSOLHG�DW�WKH�HQG�RI�HDFK�F\FOH�RI�
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DQQHDOLQJ��7KH�FRROLQJ�UDWH�LV�QRW�FRQVWDQW�DV�WKH�DQQHDOLQJ�SURFHHGV��,I�'$6+�GHWHFWV�ODUJH�
IOXFWXDWLRQV� LQ� WKH�&)� �LPSO\LQJ� WKDW� WKH�DOJRULWKP� LV� LQ�DQ� LQWHUHVWLQJ� UHJLRQ�RI�SDUDPHWHU�
VSDFH��LW�DXWRPDWLFDOO\�UHGXFHV�WKH�FRROLQJ�UDWH�WR�HQVXUH�D�WKRURXJK�VHDUFK������
� � � � � � �
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ZKHUH�&�LV�WKH�FRROLQJ�UDWH��7KH�VORZHU�WKH�FRROLQJ�UDWH��WKH�PRUH�H[WHQGHG�LV�WKH�VHDUFK�RI�
SDUDPHWHU�VSDFH�DQG�WKH�JUHDWHU�WKH�FKDQFHV�RI�ILQGLQJ�WKH�JOREDO�PLQLPXP��+RZHYHU��D�VORZ�
FRRO�WDNHV�ORQJHU��
7KH� SDUDPHWHUV� DUH� DGMXVWHG� LQGLYLGXDOO\� DQG� VHTXHQWLDOO\�� 7KH� ILUVW� SDUDPHWHU� LV� DGMXVWHG�
RQFH� IROORZHG� E\� WKH� QH[W� DQG� VR� RQ�� 7KH� SDUDPHWHUV� DUH� VDPSOHG� IURP� DQ� H[SRQHQWLDO�
GLVWULEXWLRQ� � �∆[�∆[
��H[S��∆[�∆[
��ZKHUH�∆[ [±∆[
� ��[� LV� WKH�FXUUHQW�YDOXH�DQG�∆[
� LV�D�
FKDUDFWHULVWLF�GLVWDQFH�WKDW�LV�FDOFXODWHG�WR�HQVXUH�DQ�DFFHSW�UHMHFW�UDWLR�RI�DURXQG��������
7KH�PROHFXOH� LV� GHVFULEHG�ZLWK� D�=�PDWUL[� DSSURDFK�� 5DWKHU� WKDQ� XVLQJ� LQGLYLGXDO� [�� \�� ]�
FRRUGLQDWHV�WR�H[SUHVV�WKH�DWRPLF�SRVLWLRQV��WKH�=�PDWUL[�LV�SDUDPHWHULVHG�LQ�WHUPV�RI�ERQG�
OHQJWKV�� ERQG� DQJOHV� DQG� WRUVLRQ� DQJOHV� EHWZHHQ� DWRPV� LQ� WKH�PROHFXOHV�� ,I� HYHU\WKLQJ� LV�
IL[HG�WKH�PROHFXOH� LV� UHSUHVHQWHG�DV�D�ULJLG�ERG\�DQG�WKHUH�DUH���IUHH�SDUDPHWHUV���� IRU� WKH�
WUDQVODWLRQ� DQG� �� IRU� WKH� URWDWLRQV� DV� TXDWHUQLRQV� DUH� XVHG� WR� GHVFULEH� WKH� URWDWLRQV�� ,V� LW�
SRVVLEOH� WR� PDNH� WKH� PROHFXOHV� PRUH� IOH[LEOH� E\� OHWWLQJ� YDU\� WKH� YDOXHV� RI� WRUVLRQ� DQJOH��
ERQGV�DQJOH�DQG�ERQGV�OHQJWKV�DQG�LW�LV�DOVR�SRVVLEOH�WR�VHW�OLPLWV�WR�WKRVH�YDOXHV��7KH�KLJKHU�
WKH�QXPEHU�RI�IUHH�SDUDPHWHUV�WKH�KHDYLHU�EHFRPHV�WKH�FRPSXWDWLRQDO�FRVW��'HVFULELQJ�WKH�
PROHFXOH�ZLWK�D�=�PDWUL[�FUHDWHV�D�SUREOHP�GXH�WR�WKH�WRUVLRQ�DQJOH�YDULDWLRQ��,I�ZH�YDU\�D�
WRUVLRQ� DQJOH� DW� WKH� EHJLQQLQJ� RI� WKH� PROHFXOH� ZLWKLQ� D� VPDOO� YDOXH� ZH� FDQ� FUHDWH� D� ELJ�
GLVSODFHPHQW�RQ� WKH�DWRPLF�SRVLWLRQ�DW� WKH�HQG�RI� WKH�PROHFXOH� �)LJXUH�������DQG� WKLV�FDQ�
FDXVH�SUREOHPV�EHFDXVH� WKH�SUREDELOLW\�RI�REWDLQLQJ�D�EHWWHU�FRQILJXUDWLRQ� LQ� WKH�FDVH�RI�D�
ELJ�GLVSODFHPHQW�LV�ORZ���
�
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)LJXUH������5HSUHVHQWDWLRQ�RI�WKH�PROHFXOH�DV�D�ULJLG�ERG\�
�
7KH�RWKHU� SUREOHP� LV�� DV�ZH� DOUHDG\� VDLG�� LI� WKH� WHPSHUDWXUH� LV� GHFUHDVHG� WRR� TXLFNO\� WKHQ�
WKHUH�LV�WKH�ULVN�WR�WUDS�WKH�V\VWHP�LQ�D�ORFDO�PLQLPXP��7R�DYRLG�WKLV��PXOWLSOH�RSWLPLVDWLRQV�
DUH�GRQH�DQG�LI�WKH�SURFHVV�NHHSV�FRQYHUJLQJ�WR�WKH�VDPH�PLQLPXP�DIWHU�PXOWLSOH�VLPXODWHG�
DQQHDOLQJ�UXQV��ZH�FDQ�KDYH�LQFUHDVLQJ�FRQILGHQFH�LQ�WKH�VROXWLRQ��
�

�������� 3DUDOOHO�WHPSHULQJ�

7R� DYRLG� WKH� 6$� DOJRULWKP� EHFRPLQJ� WUDSSHG� LQ� D� ORFDO� PLQLPXP� GXH� WR� D� WRR� TXLFN�
WHPSHUDWXUH� GHFUHDVH� DQRWKHU� DOJRULWKP� FDOOHG� SDUDOOHO� WHPSHULQJ� �37�>��@� KDV� EHHQ�
LQWURGXFHG�� ,Q� 37� LQVWHDG� RI� XVLQJ� D� VLQJOH� FKDLQ� RI� FRQILJXUDWLRQV� ZLWK� GHFUHDVLQJ�
WHPSHUDWXUH�� D� VPDOO�QXPEHU�RI�RSWLPLVDWLRQV� DUH�PDGH��HDFK�ZLWK�D�GLIIHUHQW� WHPSHUDWXUH��
3HULRGLFDOO\��HJ��LQ�)2;>��@���WKH�SURJUDP�WKDW�ZH�KDYH�XVHG�����DIWHU�SHUIRUPLQJ�WHQ�WULDOV�LQ�
HDFK� SDUDOOHO� RSWLPLVDWLRQ��� WKH� DOJRULWKP� WHVWV� DQ� H[FKDQJH� RI� FRQILJXUDWLRQV� EHWZHHQ�
SDUDOOHO�RSWLPLVDWLRQV��ZLWK�WKH�VDPH�DFFHSWDWLRQ�UXOHV�DV�ZKHQ�HYDOXDWLQJ�VXFFHVVLYH�WULDOV������
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)LJXUH������(YROXWLRQ�RI�FRQILJXUDWLRQV�WKURXJK�SDUDOOHO�RSWLPLVDWLRQ��
7KHUH�LV�QR�QHHG�WR�GHFLGH�KRZ�PDQ\�WULDOV�PXVW�EH�SHUIRUPHG�DW�HDFK�WHPSHUDWXUH�DQG�DW�DOO��
WLPHV� WKHUH� LV� WKH� SRVVLELOLW\� WR� HVFDSH� IRUP� D� ORFDO� PLQLPXP�� ,Q� )2;� WKLUW\� SDUDOOHO�
RSWLPLVDWLRQV� DUH� SHUIRUPHG� DQG� QR� DWWHPSW� WR� H[WUDFW� WKH� LQWHQVLWLHV� LV� GRQH�� 7KHUH� DUH�
DYDLODEOH� GLIIHUHQW�&)V�� ,Q� SRZGHU� GLIIUDFWLRQ� WKH�PRVW� XVHG�&)� LV� WKH�ZHLJKWHG� SURILOH�5�
IDFWRU��
�
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,Q�WKH�FDVH�RI�EDGO\�GHILQHG�UHIOHFWLRQ�SURILOHV�WKLV�&)�GRHVQ·W�ZRUN�ZHOO�DQG�IRU�WKLV�UHDVRQV�
LQ�)2;� WKH� LQWHJUDWHG�5�� � LV� DOVR� DYDLODEOH� DV�&)��7KLV� LV� FDOFXODWHG�E\� VXPPLQJ� WKH� WRWDO�
LQWHQVLW\�VFDWWHUHG�DURXQG�HDFK�SHDN�SRVLWLRQ� LQ� WKH�UDQJH��θ��I):+0�WR��θ��I):+0��
ZLWK�I ��IRU�D�*DXVVLDQ�VKDSH�DQG�I ��IRU�D�/RUHQ]LDQ��7KLV�UDQJH�DOORZV�WKH� LQFOXVLRQ�RI�
PRUH�WKDQ�����RI�WKH�GLIIUDFWHG�LQWHQVLW\��,I�WZR�UHIOHFWLRQV�RYHUODS�WKH�LQWHJUDWLRQ�VHJPHQWV�
DUH� GLYLGHG� EHWZHHQ� WKH� WZR� UHIOHFWLRQV� DQG� VR� QR� DVVXPSWLRQ� LV� PDGH� DERXW� WKH� DFWXDO�
YDOXHV�RI�WKH�%UDJJ�LQWHQVLWLHV��,W�LV�DOVR�SRVVLEOH�WR�DGG�DQ�DQWL�EXPS�&)�WKDW�DGGV�D�SHQDOW\�
ZKHQ�WZR�DWRPV�DUH�FORVHU�WKDQ�D�PLQLPXP�GLVWDQFH��7KH�DQWL�EXPS�KHOSV�WKH�DOJRULWKP�WR�
DYRLG�LPSUREDEOH�FRQILJXUDWLRQV�EXW�GHFUHDVHV�WKH�FRPSXWDWLRQDO�VSHHG���
$OVR�DOWKRXJK� LQ�37�WKHUH� LV�QR�QHHG�WR�GHILQH� WKH�FRROLQJ�UDWH�� LW� LV� LPSRUWDQW� WR�ILQG�WKH�
UDQJH�RI�WHPSHUDWXUH�EHWZHHQ�WKH�GLIIHUHQW�RSWLPLVDWLRQV��7KH�KLJK�DQG�WKH�ORZ�WHPSHUDWXUHV�
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PXVW�EH�GHILQHG�DQG�DOVR�WKH�DPSOLWXGH�RI�WKH�UDQGRP�GLVSODFHPHQWV� LQ�HDFK�RSWLPLVDWLRQ��
7KHUH�DUH�GLIIHUHQW�SRVVLELOLWLHV�WKDW�WKH�XVHU�FDQ�FKRVH�DQG�WKH�IROORZLQJ�LV�WKH�RQH�WKDW�ZH�
XVHG�� %HWZHHQ� WKH� ��� GLIIHUHQW� RSWLPLVDWLRQV� DQ� H[SRQHQWLDO� GHFUHDVH� RI� GLVSODFHPHQW�
DPSOLWXGH�YDOXHV�ZDV�FKRVHQ��IURP���c�GRZQ�WR������c�IRU�WUDQVODWLRQ��DQG�IURP�����WR������
IRU� DQJOHV�� 7KH� WHPSHUDWXUH� YDOXHV� DUH� WKHQ� DGMXVWHG� VR� WKDW� WKH� VDPH� DFFHSWDQFH� UDWH�
EHWZHHQ�����DQG�����LV�UHDFKHG��
,QVWHDG� RI� GHVFULELQJ� WKH� FU\VWDO� VWUXFWXUH� ZLWK� D� =�PDWUL[�� LQ� )2;� LV� XVHG� D� ´0ROHFXOHµ�
UHSUHVHQWDWLRQ�� $�PROHFXOH� LV� GHILQHG� E\� D� OLVW� RI� DWRPV�ZLWK� WKHLU� [\]� FRRUGLQDWHV� �LQ� DQ�
RUWKRQRUPDO�UHIHUHQFH�IUDPH�LQWHUQDO�WR�WKH�PROHFXOH���ZLWK�WKH�JHRPHWU\�RI�WKH�0ROHFXOH�VHW�
E\�D�OLVW�RI�UHVWUDLQWV��ERQG�OHQJWKV��ERQG�DQJOHV�DQG�GLKHGUDO�DQJOHV��7KH�RULHQWDWLRQ�RI�WKH�
PROHFXOH� LV�GHILQHG� LQWHUQDOO\�E\�D�TXDWHUQLRQ�� VR� LWV�SDUDPHWHUV�DUH�QRW�GLUHFWO\�DFFHVVLEOH��
)R[�ZLOO�DOORZ�DWRPV�WR�PRYH�VOLJKWO\�DZD\�IURP�WKH� 
LGHDO
�SRVLWLRQV�GHILQHG�E\� WKH� OHQJWK�
DQG�DQJXODU�UHVWUDLQWV�DQG�LQ�WKLV�ZD\�LW�LV�SRVVLEOH�WR�RYHUFRPH�WKH�SUREOHPV�RI�WKH�WRUVLRQ�
DQJOH�LQ�WKH�=�PDWUL[�SUHYLRXVO\�GHVFULEHG��)2;�SHUIRUPV�LQWHOOLJHQW�PRYHV�LQ�RUGHU�WKDW�WKH�
VKDSH�RI�WKH�PROHFXOHV�LV�DOZD\V�NHSW��
�
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�������� 723$6�DQG�WKH�FRQVWUDLQHG�FRQMXJDWH�JUDGLHQW�URXWLQH�

7KH�&RQMXJDWH�*UDGLHQW� �&*��PHWKRG>�����@� LV� W\SLFDOO\� DVVRFLDWHG�ZLWK� VROYLQJ� WKH� OLQHDU�
V\VWHP�$�[� �<�IRU�ODUJH�VSDUVH�V\PPHWULF�SRVLWLYH�GHILQLWH�$�PDWULFHV��)RU�VSDUVH�PDWULFHV�
&*�LV�IDVWHU�WKDQ�/8�GHFRPSRVLWLRQ>��@�DQG�DGGLWLRQDO�PHPRU\�XVDJH�LV�PLQLPL]HG��&*�LV�D�
VXFFHVVLYH�DSSUR[LPDWLRQ��LH��LWHUDWLYH��WHFKQLTXH�WKDW�PLQLPL]HV�RQ�������[��$�[�−�<� [��7KH�
&&*� URXWLQH� GHYHORSHG� IRU� 723$6>��@� PRGLILHV� WKH� &*� URXWLQH� WR� LQFOXGH� PLQ�PD[�
FRQVWUDLQWV�� 7KLV� KDV� VLJQLILFDQW� DGYDQWDJHV� RYHU� VLPSO\� OLPLWLQJ� SDUDPHWHU� YDOXHV� DIWHU�
VROYLQJ�WKH�V\VWHP�ZLWK�/8�GHFRPSRVLWLRQ��$OVR�RI�VLJQLILFDQFH�LV�WKH�UHPRYDO�RI�SDUDPHWHUV�
WKDW�DUH�VORZ�FKDQJLQJ�IURP�WKH�&&*�ORRS��7KLV�VLJQLILFDQWO\�LQFUHDVHV�WKH�VSHHG�RI�VROXWLRQ�
IRU�GHQVH�RU�VSDUVH�V\VWHPV�VXFK�WKDW�&&*�LV����WR����WLPHV�IDVWHU�WKDQ�/8�GHFRPSRVLWLRQ�
IRU������YDULDEOHV��:H�ZLOO�QRW�H[SODLQ�KHUH�WKH�GHWDLOV�RI�WKH�&*�DV�LW�LV�WRR�ORQJ�DQG�D�YHU\�
FOHDU�UHSRUW�RI����SDJHV�RQ�WKLV�VXEMHFW�KDV�EHHQ�ZULWWHQ�E\�-RQDWKDQ�5LFKDUG�6KHZFKXN>��@��
:H�ZLOO�H[SODLQ�LQVWHDG�WKH�GLIIHUHQW�DSSURDFK�XVHG�LQ�723$6�IRU�VWUXFWXUH�VROXWLRQ��7KLV�LV�
QRW� VLPXODWHG� DQQHDOLQJ�� JHQHWLF� DOJRULWKPV� RU� GLUHFW� PHWKRGV�� $V� SUHYLRXVO\� VHHQ� ZLWK�
VLPXODWHG�DQQHDOLQJ�QR�LQIRUPDWLRQ�LV�XVHG�RQ�WKH�FXUYDWXUH�RI�WKH�FRVW�IXQFWLRQ��$�VWUXFWXUH�
LV� VLPXODWHG�� WKH� FRVW� IXQFWLRQ� LV� FRPSXWHG�� DQG� WKHQ� WKH� FRQILJXUDWLRQ� LV� NHSW� RU� QRW� DV�
H[SODLQHG� LQ� WKH�SUHYLRXV�SDUDJUDSK��6LPXODWHG�DQQHDOLQJ�ZLOO�KDYH�GLIILFXOW\� LQ� DQ�H[WUHPH�
FDVH�OLNH�LQ�ILJXUH������
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6LPXODWHG�DQQHDOLQJ�ZRXOG�KDYH�GLIILFXOW\�ZLWK�WKLV

�
)LJXUH������.LQG�RI�IXQFWLRQ�ZKHUH�VLPXODWHG�DQQHDOLQJ�ZLOO�KDYH�GLIILFXOWLHV�
6XUYLYDO�RI�WKH�ILWWHVW�ORVHV�VLJQLILFDQFH�DQG�LQ�WKH�FDVH�RI�D�PLQLPXP�ZLWK�D�JUDGLHQW�WKDW�LV�
YHU\�VWHHS�WKHQ�D�0RQWH�&DUOR�RU�SVHXGR�UDQGRP�VHDUFK�LV�DV�JRRG�DV�DQ\��
,Q�723$6�DIWHU�HDFK�UDQGRPLVDWLRQ�WKH�VWUXFWXUH�LV�UHILQHG�DQG�WKHQ�HYHU\�WLPH�LQIRUPDWLRQ�
DERXW�WKH�FXUYDWXUH�LV�XVHG��WKLV�LV�SRVVLEOH�GXH�WR�WKH�&&*�URXWLQH��PXFK�IDVWHU�DQG�VWDEOH�
WKDQ�WKH�/8�GHFRPSRVLWLRQ��,Q�WKH�H[DPSOH�RI�)LJXUH�������VWDUWLQJ�WKH�UHILQHPHQW�IURP�DQ�
LQLWLDO� FRQILJXUDWLRQ� LQ� WKH� UHG�FLUFOH�� DOPRVW� WHQ�GLIIHUHQW� VWDUWLQJ�SRLQWV��ZRXOG�KDYH�EHHQ�
DEOH�WR�SXVK�WKH�FRQILJXUDWLRQ�VWUDLJKW�WR�WKH�WUXH�PLQLPXP��
,Q�723$6�WKHUH�DUH�GLIIHUHQW�ZD\V�LQ�SHUIRUPLQJ�WKH�UDQGRPLVDWLRQ��/HW�XV�VXSSRVH�ZH�KDYH�
D�IUHH�YDULDEOH�[��
[�#�������YDOBRQBFRQWLQXH� �9DO���7�5DQG����������
WKH�FRPPDQG�YDOBRQBFRQWLQXH� �9DO���7�5DQG����������PHDQV�WKDW�DIWHU�WKH�ILUVW�UHILQHPHQW��
WKH�YDOXH�RI�[�ZLOO�EH�WKH�DFWXDO�YDOXH�SOXV�D�UDQGRP�YDOXHV�EHWZHHQ�²����DQG������$IWHU�WKLV�
UDQGRPLVDWLRQ�DQRWKHU�UHILQHPHQW�LV�GRQH��
�



�

� ��

7\SLFDOO\�VRPHWKLQJ�OLNH�WKH�IROORZLQJ�LV�XVHG��
������������WHPSHUDWXUH���
�OLQH���
������������WHPSHUDWXUH���
�OLQH���
������������WHPSHUDWXUH���
�OLQH���
������������WHPSHUDWXUH���
�OLQH���
����������������XVHBEHVWBYDOXHV�
����������������VDYHBYDOXHVBDVBEHVWBDIWHUBUDQGRPL]DWLRQ���������
����������������PRYHBWRBWKHBQH[WBWHPSHUDWXUHBUHJDUGOHVVBRIBWKHBFKDQJHBLQBUZS�
�
7KXV�LI�WKH�χ��GLG�QRW�UHGXFH�LQ�WKH�ILUVW�WKUHH�WHPSHUDWXUHV��OLQHV���WR����WKHQ�DW�OLQH���WKH�
EHVW� YDOXHV� IRXQG� LQ� OLQHV� �� WR� �� LV� UHVHW�� 5DQGRPL]DWLRQ� LV� SHUIRUPHG� ZLWK� D� JUHDWHU�
WHPSHUDWXUH�DW�OLQH���LQ�RUGHU�WR�EUHDN�RXW�RI�WKH�FXUUHQW�SDUDPHWHU�FRQILJXUDWLRQ��/LQH���DOVR�
VDYHV�WKH�QHZ�SDUDPHWHU�FRQILJXUDWLRQ�DV�WKH�FXUUHQW�EHVW�YDOXHV��7KXV�D�JUHDWHU�WHPSHUDWXUH�
DW�OLQH���PLQLPL]HV�WKH�FKDQFHV�RI�WKH�SURFHVV�UHYLVLWLQJ�SUHYLRXV�SDUDPHWHU�FRQILJXUDWLRQV��$�
ORW� RI� WKHVH� F\FOHV� DUH� ODXQFKHG�ZKHUH� WKH� VWDUWLQJ� YDOXH� LV� LPSURYLQJ�XQWLO� WKH� VROXWLRQ� LV�
IRXQG��
,W� LV� RIWHQ� GLIILFXOW� WR� IRUPXODWH� RSWLPXP� YDOBRQBFRQWLQXH� IXQFWLRQV� E\� KDQG�� 7KLV� LV�
HVSHFLDOO\�WUXH�LQ�VWUXFWXUH�VROXWLRQ�XVLQJ�ULJLG�ERGLHV�ZKHUH�RSWLPXP�UDQGRPL]DWLRQ�RI�WKH�
ULJLG� ERG\� SDUDPHWHUV� LV� GLIILFXOW� WR� DVFHUWDLQ�� 5DQGRPL]HBRQBHUURUV� LV� D� PHDQV� RI�
DXWRPDWLFDOO\� UDQGRPL]LQJ� SDUDPHWHUV� EDVHG� RQ� WKH� DSSUR[LPDWH� HUURUV� LQ� WKH� SDUDPHWHUV��
:KHQ�XVLQJ�WKLV�NLQG�RI�UDQGRPLVDWLRQ��LI�WKH�FXUUHQW�SDUDPHWHU�FRQILJXUDWLRQ�LV�VLPLODU�WR�D�
SUHYLRXV�FRQILJXUDWLRQ��WKHQ�WKH�FXUUHQW�UHILQHPHQW�F\FOH�LV�WHUPLQDWHG�DQG�WKH�WHPSHUDWXUH�
LV�PRYHG�RQ�WR�WKH�QH[W�RQH��WKLV�LPSURYHV�D�ORW�WKH�VSHHG�RI�WKH�FRPSXWDWLRQ��0DFURV�DUH�
DYDLODEOH�RU�FDQ�EH�FUHDWHG�E\�WKH�XVHU�LQ�723$6��
�
�
�
�
�
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:LWKLQ� WKH� $XWRB7�W�� PDFURV� DUH� FDOOV� WR� WKH� PDFUR� 7(B��W��� WKLV� PDFUR� FRQWDLQV� WKH�
IROORZLQJ��
�������������WHPSHUDWXUH� ��W���
�������������������PRYHBWRBWKHBQH[WBWHPSHUDWXUHBUHJDUGOHVVBRIBWKHBFKDQJHBLQBUZS�
��������������������RQBEHVWBUHZLQG�
���������������WHPSHUDWXUH���
���������������WHPSHUDWXUH���
���������������WHPSHUDWXUH���
���������������WHPSHUDWXUH���
���������������WHPSHUDWXUH���
���������������WHPSHUDWXUH���
�
W� LV� W\SLFDOO\� VHW�JUHDWHU� WKDQ����7KXV�D�KLJK� WHPSHUDWXUH� LV� LQLWLDWHG� IROORZHG�E\�D� VHULHV�RI�
DQQHDOLQJ� WHPSHUDWXUHV��7(B�� LV�FDOOHG� VL[� WLPHV�ZLWKLQ�$XWRB7�DQG� WKXV� �� OLWWOH� DQQHDOLQJ�
UXQV�DUH�SHUIRUPHG�VWDUWLQJ�DW�GLIIHUHQW�FRQILJXUDWLRQV�GXH�WR�
W
�EHLQJ�ODUJHU�WKDQ�����
7KH�FRPPDQG�RQBEHVWBUHZLQG�LV�D�OLWWOH�FRPSOLFDWHG�EXW�LQ�HIIHFW�LW�UHZLQGV�WKH�WHPSHUDWXUH�
ZLWKLQ�WKH�VL[�DQQHDOLQJ�UXQV�PRYLQJ�DFURVV�WKH�
W
�WHPSHUDWXUHV�DV�ZHOO���
$IWHU�WKH���DQQHDOLQJ�UXQV�FRPHV��
�����������������WHPSHUDWXUH���XVHBEHVWBYDOXHV��
7KLV�VHWV�WKH�FXUUHQW�SDUDPHWHU�FRQILJXUDWLRQ�WR�WKH�EHVW�YDOXHV�IRXQG�ZLWKLQ�WKH���DQQHDOLQJ�
UXQV��7KH�VXEVHTXHQW�WHPSHUDWXUHV�RI���DV�LQ��
�����������������ORDG�WHPSHUDWXUH�^�����������������������������������������������
����������������������������������������������������������������������������������������`�
VLPSO\�DQQHDOV�DURXQG�WKH�EHVW�YDOXHV�IRXQG�LQ�WKH���DQQHDOLQJ�UXQV��
7KH�ODVW�WHPSHUDWXUH�LQ�$XWRB7�RI��
����������������WHPSHUDWXUH� ����W���
����������������VDYHBYDOXHVBDVBEHVWBDIWHUBUDQGRPL]DWLRQ�
����������������PRYHBWRBWKHBQH[WBWHPSHUDWXUHBUHJDUGOHVVBRIBWKHBFKDQJHBLQBUZS�
LQFUHDVHV�WKH�WHPSHUDWXUH�LQ�RUGHU�WR�EUHDN�RXW�RI�WKH�FXUUHQW�FRQILJXUDWLRQ��
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,W� FDQ� EH� VHHQ� WKDW� WKH� UDQGRPLVDWLRQ� IROORZV� D� SUHFLVH� VFKHPH�� LH�� ,W� LV� QRW� FRPSOHWHO\�
UDQGRP��DQG�WKH�SDUDPHWHUV�DUH�DGMXVWHG��VDYHG�DQG�WKHQ�UDQGRPLVHG�DJDLQ�DV�WKH�VLPXODWLRQ�
LV�JRLQJ�RQ���
3HUIRUPLQJ�WKH�UHILQHPHQW�DIWHU�HDFK�UDQGRPLVDWLRQ�LV�WKH�ORQJHVW�SURFHVV�EXW�ZKDW�PDNHV�LW�
FRPSHWLWLYH� FRPSDUHG� ZLWK� VLPXODWHG� DQQHDOLQJ� LV� WKDW� LI� D� FRQILJXUDWLRQ� LV� QHDU� WKH� WUXH�
PLQLPXP��WKH�DOJRULWKP�LV�DEOH�WR�ILQG�WKH�VROXWLRQ��LQ�D�IHZ�VWHSV��,QVWHDG�LI�WKH�WHPSHUDWXUH�
LQ� WKH� VLPXODWHG� DQQHDOLQJ� LV� VWLOO� KLJK�� WKH� DOJRULWKP� ZLOO� FRQWLQXH� WR� H[SORUH� WKH� 1�
GLPHQVLRQDO�VSDFH�VLQFH�LW�LV�QRW�DEOH�WR�VHH�ZKHWKHU�WKH�FRQILJXUDWLRQ�LV�QHDU�WKH�VROXWLRQ��DV�
LW� LV� QRW� VHQVLWLYH� WR� WKH� FXUYDWXUH� RI� WKH� VSDFH� EXW� LW� ZLOO� RQO\� EH� WUDSSHG� LQ� WKH� WUXH�
PLQLPXP�DW�WKH�HQG�RI�WKH�VLPXODWLRQ�ZKHQ�WKH�WHPSHUDWXUH�ZLOO�EH�ORZHU���
�

������ )RXULHU�PDS�
:KHQ�ZH�SHUIRUP�DQ�H[SHULPHQW�ZH�DUH�RQO\�DEOH�WR�FROOHFW�D�ILQLWH�QXPEHU�RI�UHIOHFWLRQV��
:H�FDQ·W�XVH�HT��������WR�GHILQH�WKH�HOHFWURQ�GHQVLW\��EXW�ZH�VKRXOG�ZULWH�LQVWHDG�
� � � ��

� � � 	 � 	
� �� �� �	
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ZKHUH�WKH�VXP�LV�H[WHQGHG�RYHU�DOO�WKH�K��N��O�REVHUYHG�UHIOHFWLRQV��
7KH� GHQVLW\� FRPSXWHG� LQ� WKLV� ZD\� LV� RQO\� DQ� DSSUR[LPDWLRQ� EHFDXVH� WKH� VXP� VKRXOG� EH�
LQILQLWH�� 7KLV� WUXQFDWLRQ� FDXVHV� WKH� DSSHDUDQFH� RI� ULSSOHV� DQG� EXEEOHV� RI� GHQVLW\� DQG�
GHFUHDVHV�WKH�UHVROXWLRQ�RI�WKH�PDS���
7KH�RWKHU� YHU\� LPSRUWDQW�SRLQW� LV� WKDW� WKH�REVHUYHG�PDS�KDV� D� ORW�RI� LQIRUPDWLRQ�FRPLQJ�
IRUP�WKH�VWUXFWXUDO�PRGHO�WKDW�LV�QRW�REVHUYHG�EXW�REWDLQHG�ZLWK�VLPXODWLRQV�RU�ZLWK�'LUHFW�
0HWKRGV�SURFHGXUHV��:KHQ�ZH�GHILQH�WKH�REVHUYHG�HOHFWURQ�GHQVLW\�DV��
� 
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ZH�LQWURGXFH�WKH�REVHUYHG�VWUXFWXUH�IDFWRU�WKDW�LV�GHILQHG�DV��
� � � � �
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%HFDXVH�LW�LV�D�FRPSOH[�QXPEHU��LW·V�GHILQHG�E\�LWV�PRGXOXV�DQG�LWV�SKDVHV��EXW�DV�ZH�DOUHDG\�
VDLG� LV�QRW�SRVVLEOH� IURP�WKH�H[SHULPHQW� WR�REWDLQ� WKH�SKDVHV�DQG�VR�ZH�XVH� WKH�FDOFXODWHG�
RQHV�FRPLQJ�IURP�WKH�PRGHO�
� ? ? � � � 	

? ? � � � 	

�������� ����
IMAGINARY PART & H K L

TG
REAL PART & H K L

K � � �������
WKH�PRGXOXV�LQVWHDG�LV�SURSRUWLRQDO�WR�WKH�LQWHQVLW\�VTXDUH�URRW��
� �\ � � � 	 \

��� ��	��	 � �
)

& H K L
SM ,

� � �������
)URP�D�SRZGHU�WKLQJV�DUH�PRUH�GLIILFXOW�WKHQ�IURP�D�VLQJOH�FU\VWDO�H[SHULPHQW�EHFDXVH�DOVR�
WKH�LQWHQVLWLHV�DUH�PRGHO�GHSHQGHQW�GXH�WR�WKH�SHDNV·�RYHUODS��)URP�D�SRZGHU�GLIIUDFWRJUDP�
ZH�FDQ�H[WUDFW�WKH�REVHUYHG�LQWHJUDWHG�LQWHQVLW\�WKDW�LV�FRPSXWHG�IRU�DQ�LVRODWHG�SHDN�DV���
� 
 � 	�� ��� �� ���) Y Y� �� � �������
ZKHUH�WKH�VXP�LV�H[WHQGHG�RYHU�WKH�L�SRLQWV�WKDW�IRUP�WKH�SHDN���
%XW�LQ�WKH�FDVH�RI�RYHUODSSLQJ�SHDNV�WKH�QHW�GLIIUDFWLRQ�LQWHQVLW\�LV�SURSRUWLRQHG�DW�D�VWHS�L�LQ�
WKH�UDWLR�RI�WKH�FRQWULEXWLRQV�RI�RYHUODSSLQJ�UHIOHFWLRQV���
� �� �

� 	
��� ������� ��� �� �� �� � ����� �

)
) Y Y

)
� �� �

� �������

7KH�VXP�RYHU�N�LV�H[WHQGHG�WR�DOO�WKH�SHDNV�WKDW�RYHUODS�DQG�FRQWULEXWH�WR�WKH�LQWHQVLW\�LQ�WKH�
L�SRLQW��
7KH�H[WUDFWHG�LQWHQVLWLHV�DUH�WKHQ�PRGHO�GHSHQGHQW�EHFDXVH��
� �

� � 	 \ � � � 	 \ � 	�� !" ! #! #$ �� �� !" ! #�� # #) Y Y S M , & H K L ' R� � � %� � � �������
DQG����
� % & '
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ZKHUH�[8�\8�]8��DUH�WKH�IUDFWLRQDO�FRRUGLQDWHV�RI�WKH�DWRPV�LQ�WKH�PRGHO��
8VLQJ� D� GLIIHUHQFH� )RXULHU� PDS� WR� FRPSOHWH� D� SDUWLDO� PRGHO� IURP� SRZGHU� LV� WKHQ� PRUH�
GLIILFXOW�WKDQ�IURP�VLQJOH�FU\VWDO�GDWD�EHFDXVH�WKH�PDSV�WKDW�ZH�FDQ�REWDLQ�DUH�PRUH�PRGHO�
ELDVHG��7KLV�LV�ZK\�LW�LV�EHWWHU�WR�SHUIRUP�VLPXODWLRQV�DQG�ZK\�RIWHQ�ZKHQ�D�VLPXODWHG�PRGHO�
LV�ZURQJ�EXW�LW�ILWV�TXLWH�ZHOO�WKH�GDWD�LW�LV�GLIILFXOW�WR�LPSURYH�LW�GRLQJ�)RXULHU�V\QWKHVLV���
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2QH� WKLQJ� FDQ� EH� LPSURYHG�� ZH� FDQ� LQFUHDVH� WKH� UHVROXWLRQ� RI� WKH� PDS� DYRLGLQJ� WKH�
WUXQFDWLRQ�HIIHFW�RI�WKH�)RXULHU�VHULHV��7KLV�LV�ZKDW�WKH�0D[LPXP�(QWURS\�0HWKRG�LV�GRLQJ�
IURP�ZKLFK� WKH�GHQVLW\� LV�FRPSXWHG� LQ�D�FRPSOHWHO\�GLIIHUHQW�ZD\�ZLWKRXW� LQWURGXFLQJ� WKH�
)RXULHU�VHULHV������
�
�

������ 0D[LPXP�(QWURS\�0HWKRG�
7KH�VWDQGDUG�ZD\�RI�UHILQLQJ�D�FU\VWDO�VWUXFWXUH�IURP�;�UD\�GLIIUDFWLRQ�GDWD�LV�WR�DSSUR[LPDWH�
WKH�HOHFWURQ�GHQVLW\�ρ�U�� LQ�WKH�XQLW�FHOO�RI�WKH�FU\VWDO�E\�D�PRGHO�HOHFWURQ�GHQVLW\��ZKLFK�LV�
SDUDPHWHUL]HG� E\� D� UHODWLYHO\� VPDOO� QXPEHU� RI� SDUDPHWHUV�� 9DOXHV� RI� WKHVH� SDUDPHWHUV� DUH�
WKHQ� GHWHUPLQHG� WKDW� FRUUHVSRQG� WR� WKH� EHVW� ILW� WR� WKH�PHDVXUHG� GDWDVHW�� 7KLV� LV� SRVVLEOH�
WKDQNV� WR� WKH� VPDOO�QXPEHU�RI�SDUDPHWHUV� FRPSDUHG� WR� WKH�QXPEHU�RI�GDWD��8VXDOO\� VRPH�
KXQGUHGV� RU� WKRXVDQGV� RI� UHIOHFWLRQV� DUH� DYDLODEOH� IRU� WKH� GHWHUPLQDWLRQ� D� IHZ� GR]HQ� WR�
KXQGUHGV� RI� SDUDPHWHUV�� 8VXDOO\� RQO\� RQH� RSWLPDO� VROXWLRQ� H[LVWV�� $QRWKHU� FDVH� RFFXUV�� LI�
ρ�U��VKRXOG�EH�GHVFULEHG�E\�LWV�YDOXHV�LQ�DQ�DUELWUDULO\�GHQVH�JULG�LQ�WKH�XQLW�FHOO��
7KH�QXPEHU�RI�YDOXHV� WR�EH�GHWHUPLQHG�FDQ�QRZ�EH�PXFK�KLJKHU� WKDQ� WKH�QXPEHU�RI� WKH�
LQGLYLGXDO�GDWD��,Q�VXFK�D�FDVH�DQ�LQILQLWH�QXPEHU�RI�HTXDOO\�JRRG�VROXWLRQV�H[LVWV��DQG�VRPH�
DGGLWLRQDO� FULWHULRQ� LV� QHHGHG� WR� GLVWLQJXLVK� WKH� EHVW� VROXWLRQ�� 7UHDWPHQW� RI� WKLV� SUREOHP�
OHDGV�WR�WKH�0D[LPXP�(QWURS\�0HWKRG��0(0��>�����@�
/HW�XV�VXSSRVH�WR�GLYLGH�RXU�XQLW�FHOO�LQWR�D�KXJH�QXPEHU�RI�ER[HV�ZLWK�WKH�VDPH�VL]H��$IWHU�
WKLV�ZH�WDNH�RXU�HOHFWURQ�GHQVLW\�DQG�ZH�GLYLGH�LW�LQWR�VPDOO�HTXDO�SLHFHV��:H�VWDUW�WR�WKURZ�
WKHVH� SLHFHV� RI� GHQVLW\� UDQGRPO\� DQG� ZLWKRXW� DQ\� FULWHULRQ� LQWR� WKH� ER[HV�� 7KHUH� LV� QR�
XQGHUO\LQJ�ELDV� LQ� WKH�SURFHGXUH��:KHQ�DOO� WKH�SLHFHV�KDYH�EHHQ�WKURZQ� LQWR�WKH�ER[HV�ZH�
FDQ�VHH�KRZ�PDQ\�SLHFHV�DUH�IRXQG�LQ�HDFK�ER[�DQG�WKLV�JLYHV�XV�D�SRVVLEOH�DVVLJQPHQW�IRU�
WKH�YDOXH�RI� WKH�GHQVLW\� LQ� WKH� L���ER[��6XFK�GHQVLW\�FDQ�WKHQ�EH�DFFHSWHG� LI� LW� LV�FRQVLVWHQW�
ZLWK�WKH�REVHUYHG�GDWD�RWKHUZLVH�LW�ZLOO�EH�UHMHFWHG��$IWHU�PRUH�WKDQ�RQH�SURFHVV�RI�WKLV�NLQG�
KDV�EHHQ�GRQH��ZH�FDQ�HPSW\�DJDLQ�RXU�ER[HV�DQG�VWDUW�DJDLQ�IURP�WKH�EHJLQQLQJ��$IWHU�PDQ\�
VXFK�WULDOV��VRPH�GLVWULEXWLRQ�)�^QL`��ZLOO�EH�IRXQG�WR�FRPH�XS�PRUH�RIWHQ�WKDQ�RWKHUV��WKH�
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RQH�WKDW�PRVW� IUHTXHQWO\�RFFXUV�DQG� LV�FRQVLVWHQW�ZLWK� WKH�REVHUYHG�GDWD�ZLOO�EH�D� VHQVLEOH�
FKRLFH�IRU�WKH�GHQVLW\��7KH�SURFHVV�LV�FRPSOHWHO\�UDQGRP�DQG�ZH�GRQ·W�LQWURGXFH�DQ\�ELDV�LQ�
WKH�SURFHGXUH��:H�FDQ� ILQG� LQ� WKLV�ZD\� D�GHQVLW\� WKDW� LV� FRQVLVWHQW�ZLWK� WKH�REVHUYHG�GDWD�
ZLWKRXW� LQWURGXFLQJ� DQ\� DUWHIDFWV�� :H� ZLOO� VKRZ� LQ� WKH� QH[W� OLQHV� WKDW� WKLV� GLVWULEXWLRQ�
FRUUHVSRQGV�WR�WKH�JUHDWHVW�YDOXH�RI�WKH�HQWURS\�IXQFWLRQ��H[SODLQLQJ�DJDLQ�DOO�WKH�SURFHVV�LQ�
PDWKHPDWLFDO�WHUPV��
:H�QHHG�WR�LQWURGXFH�EHIRUH�D�EULHI�GLJUHVVLRQ�RQ�SHUPXWDWLRQV�DQG�FRPELQDWLRQV����
/HW�XV�FRQVLGHU� LQ�KRZ�PDQ\�ZD\V� LW� LV�SRVVLEOH� WR�DUUDQJH�Q�GLIIHUHQW�REMHFWV� LQ�D�VWUDLJKW�
OLQH��WKHUH�DUH�Q�FKRLFHV�IRU�WKH�ILUVW�LWHP��OHDYLQJ�Q���SRVVLELOLWLHV�IRU�WKH�VHFRQG��WKLV�PHDQV�
WKDW�WZR�RI�WKH�Q�REMHFWV�FDQ�EH�SODFHG�LQ�Q�Q����ZD\V��)RU�H[DPSOH�LI�ZH�KDYH�WKH�QXPEHUV�
��������ZH�FDQ�SODFH�QXPEHU���LQ�WKH�IROORZLQJ�SODFHV��

��B��B��B��RU�B���B��B�RU�B��B���B�RU�B��B��B���
DQG� QXPEHU� �� FDQ� JR� LQ� DQ\� RI� WKH� �� IUHH� SODFHV� LQ� WRWDO� ZH� KDYH� �� ��� GLIIHUHQW�
SRVVLELOLWLHV��
&RQWLQXLQJ�LQ�WKH�JHQHUDO�FDVH�RI�Q�REMHFWV�� WKHUH�DUH�Q���FKRLFHV�IRU�WKH�WKLUG� LWHP�DQG�VR�
RQ��LQ�JHQHUDO�ZH�KDYH�WKDW�WKH�WRWDO�QXPEHU�RI�SHUPXWDWLRQ�LV�REWDLQHG�E\�WKH�SURGXFW��
� � �	 � �	 � �	 ��� � � � �N N N N Nq � q � q � q q q q � � ����������
)RU�H[DPSOH�LQ�WKH�FDVH�RI�QXPEHUV���������ZH�KDYH��� ����FRPELQDWLRQV��

�����������������������������������������������������
�����������������������������������������������������
�����������������������������������������������������
�����������������������������������������������������

$�FORVHO\�UHODWHG�TXHVWLRQ�LV�LQ�KRZ�PDQ\�ZD\V�ZH�FDQ�SLFN�P�REMHFWV�IURP�Q�GLIIHUHQW�RQHV��
,Q�IDFW�ZH�KDYH�DOUHDG\�DQVZHUHG�WKLV�EHIRUH��ZH�MXVW�VWRS�WKH�SURGXFW�RI�HT��������ZKHQ�P�
LWHPV�KDYH�EHHQ�FKRVHQ��
� �

� �	 � �	 � �	 ��� � �	 � �	
� 	�
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:H�KDYH� VHHQ� EHIRUH� LQ� WKH� FDVH�RI� �� QXPEHUV�� WKDQ�SLFNLQJ� MXVW� WZR�RI� WKHP�JLYHV� ����
�� ���SRVVLELOLWLHV��
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,I�ZH�DUH�QRW�LQWHUHVWHG�LQ�WKH�RUGHU��LQ�ZKLFK�WKH�P�REMHFWV�DUH�SLFNHG���L�H��WKH�FRXSOH�����
DQG�����DUH�FRQVLGHUHG�WKH�VDPH�FRPELQDWLRQ���WKLV�FDQ�EH�WDNHQ�LQWR�DFFRXQW�E\�GLYLGLQJ�WKH�
UHVXOW�RI�HT��������E\� WKH�QXPEHU�RI�ZD\V� LQ�ZKLFK�P� LWHPV�FDQ�EH�SHUPXWHG� �� L�H�� DV� VHHQ�
EHIRUH��P����WKLV�UHVXOWLQJ�QXPEHU�LV�GHQRWHG�DV��
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7KH�VHTXHQFH�LQ�IDFW�QRZ�LV��
�������������������������������
/HW�XV�VXSSRVH�QRZ�IRU�H[DPSOH�WKDW�ZH�KDYH�WZR�ER[HV��0 ����RQH�LV�UHG�WKH�RWKHU�LV�EOXH��
DQG�WKUHH�SLHFHV��1 ���WKDW�DUH�UDQGRPO\�WKURZQ�RQH�DW�WKH�WLPH�LQWR�WKH�ER[HV��
,I��WKH�ILUVW�SLHFH���IDOOV�LQ�WKH�EOXH�ER[��

������
7KH�VHFRQG�SLHFH�FDQ�IDOO�LQ�RQH�RI�WKH�WZR�ER[HV�DQG�WKHUH�DUH�WZR�SRVVLELOLWLHV�

�����������������
7KH�WKLUG�SLHFH�FDQ�DOVR�IROORZ�LQ�RQH�RI�WKH�WZR�ER[HV�

�������������������������������������
6LPLODUO\�LI�WKH�ILUVW�SLHFH�KDG�IDOOHQ�LQWR�WKH�UHG�ER[�ZH�ZRXOG�KDYH�REWDLQHG�WKH�IROORZLQJ�
VHTXHQFHV����

�������������������������������������
:H�KDYH�0� �FRPELQDWLRQV�EHFDXVH�HDFK�RQH�RI�WKH�1�SLHFHV�KDV�0�ER[HV�LQ�ZKLFK�LW�FDQ�JR��
,Q�WKH�SUHYLRXV�H[DPSOH�ZH�IRXQG���GLIIHUHQW�FRPELQDWLRQV��WKDW�LV������
,I� WKH�SLHFHV�DUH�QRW�GLVWLQJXLVKDEOH�VR�QRW�DOO� WKRVH�VHTXHQFHV�DUH�GLVWLQFW�� ,Q�RXU�FDVH� WKH�
SLHFHV�RI�GHQVLW\�DUH�QRW�GLVWLQJXLVKDEOH�HYHU\�SLHFH�RI�GHQVLW\�LV�HTXLYDOHQW�WR�DQ\�DQRWKHU��
,Q�WKH���SUHYLRXV�VHTXHQFHV�IRU�H[DPSOH����������������������UHSUHVHQWV�WKH�VDPH�VWDWH�ZKHUH�
LQ�WKH�EOXH�ER[�WKHUH�DUH�WZR�SLHFHV�DQG��RQH�LQ�WKH�UHG��:H�KDYH�WDNHQ���REMHFWV�RXW�RI���
DQG�SXW� WKHP� LQWR� WKH� ILUVW�ER[��7KH�QXPEHU�RI� VHTXHQFHV� WKDW� UHSUHVHQW� WKH� VDPH�VWDWH� LV�
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FRPSXWHG�DV�SUHYLRXVO\�VKRZQ�DV� �&� ��HT������WKDW�JLYHV�WKH�QXPEHU�RI�ZD\V�ZH�FDQ�SLFN�
P�REMHFW�IURP�Q�GLIIHUHQW�RQHV�ZLWKRXW�ORRNLQJ�DW�WKH�RUGHU�LQ�ZKLFK�WKH\�DUH�SLFNHG��
:H�RQO\�KDYH���GLIIHUHQW�VHTXHQFHV��

[[[�������[[�[����[�[[�������[[[�
7KHUH�LV�RQH�ZD\�WR�REWDLQ�WKH�VHTXHQFH�[[[����RU�����[[[��DQG���GLIIHUHQW�ZD\V�WR�REWDLQ��[[�[��
RU� � [� [[�� ,W�ZLOO� WKHQ� EH�PRUH�SUREDEOH� WR� ILQG�RQH� RI� WKHVH� ODVW� WZR� VHTXHQFHV� WKDQ� RQH�
ZKHUH� DOO� WKH� SLHFHV� DUH� LQ� WKH� VDPH� ER[�� 7KH� H[SHFWDWLRQ� IUHTXHQF\� ZLOO� EH� ���� IRU� WKH�
VHTXHQFH�[[[����DQG�����IRU�WKH�VHTXHQFH�[[�[��
�
$V�VHHQ�EHIRUH�ZH�KDYH�GLYLGHG�RXU�HOHFWURQ�GHQVLW\�LQWR�1�SLHFHV�DQG�ZH�KDYH�DOVR�GLYLGHG�
WKH�FHOO� LQWR�0�ER[HV�DQG�WKH�QXPEHU�RI�SLHFHV�1�LV�YHU\� ODUJH��1>>0��6XSSRVH�WKDW�DIWHU�
KDYLQJ�VFDWWHUHG�DOO�WKHVH�SLHFHV�ZH�ILQG�Q��SLHFHV�LQ�WKH�ILUVW�ER[��Q��LQ�WKH�VHFRQG�ER[�DQG�
VR�RQ��WKHQ�WKH�WRWDO�QXPEHU�RI�SLHFHV�LV�GHILQHG�E\��
� �

�
�

�. N
�

� � � �������
7KLV�GLVWULEXWLRQ�RI�^Q�`LV�D�SRVVLEOH�FDQGLGDWH�IRU� WKH�GHQVLW\��6LQFH�HYHU\�SLHFH�RI�GHQVLW\�
FDQ�ODQG�LQ�DQ\�RI�WKH�ER[HV��EHFDXVH�WKH\�DUH�UDQGRPO\�VFDWWHUHG��WKHUH�DUH�0� �GLIIHUHQW�ZD\�
WR�VFDWWHU�WKH�SLHFHV�DPRQJVW�WKHP�DQG�HDFK�LV�DV� OLNHO\�WR�RFFXU��1RW�DOO�WKH�VHTXHQFHV�DUH�
GLVWLQFW�DV�PDQ\�\LHOG�WKH�VDPH�GLVWULEXWLRQ�DV�ZH�KDYH� MXVW�VHHQ�LQ�WKH�H[DPSOH�RI�WKH�WZR�
ER[HV�DQG�WKH�WKUHH�SLHFHV��,I�ZH�ILQG�LQ�WKH�ILUVW�ER[�Q��SLHFHV��DV�VHHQ�EHIRUH�WKHUH�DUH��&� ��
GLIIHUHQW�ZD\V�WR�SXW�Q��SLHFHV�RXW�RI�WKH�WRWDO�QXPEHU�1�LQ�WKH�ILUVW�ER[��:H�DUH� OHIW�QRZ�
ZLWK�1�Q��SLHFHV��:H�ILQG�WKHQ�Q��SLHFHV�LQ�WKH�VHFRQG�ER[��7KHUH�DUH�� �� �&�� GLIIHUHQW�ZD\V�
WR�SXW�Q��SLHFHV�RXW�RI�WKH�QXPEHU�1�Q��RI�SLHFHV�OHIW�DQG�VR�RQ��:KHQ�ZH�ILQG�D�GLVWULEXWLRQ�
^Q�`��WKDW�PHDQV�WKDW�ZH�ILQG�Q��SLHFHV�LQ�WKH�ILUVW�ER[��Q��LQ�WKH�VHFRQG�ER[�DQG�VR�RQ��ZH�
KDYH�WKHQ�WKDW�WKH�QXPEHU�RI�ZD\V�RI�REWDLQLQJ�WKLV�GLVWULEXWLRQ�LV��
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7KH�H[SHFWHG�IUHTXHQF\�GLVWULEXWLRQ�)�^QL`��ZLOO�WKHQ�EH�
� ? ? ? ? ? ? ? ?

�[ ]	
? ? ? ? ? ? ? ? ? ?

�� NUMBER OF WAYS OF OBTAINING A PARTICULAR DISTRIBUTION N
& N

NUMBER OF POSSIBLE WAY IN WHICH THE PIECES CAN BE SCATTERED
� �������

� � �
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? ? ? ? ? ? ? ?
� � ������� �
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NUMBER OF WAYS OF OBTAINING A PARTICULAR DISTRIBUTION N
N N N N

�

�
? ? ? ? ? ? ? ? ? ?

�
NUMBER OF POSSIBLE WAYS IN WHICH THE PIECES CAN BE SCATTERED -� �
7DNLQJ�WKH�ORJDULWP�RI�HT���������ZH�REWDLQ�
� �LOG� 	 LOG� 	 LOG� �	 LOG� �	
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:H�FDQ�VXSSRVH� WR�GLYLGH�RXU�GHQVLW\� LQWR�D�KXJH�QXPEHU�RI� VPDOO�SLHFHV�DQG� VR�ZH�KDYH�
WKDW�Q�→∞��,Q�WKLV�FDVH�ZH�FDQ�XVH�WKH�6WLUOLQJ�DSSUR[LPDWLRQ���
� LOG� �	 LOG� 	N N N N! � � �������
DQG�HT��������ZLOO�EHFDPH��
� �LOG� 	 LOG� 	 LOG� 	 LOG� 	
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� � � �� � �������
6LQFH�WKH�ORJ�LV�D�PRQRWRQLF�IXQFWLRQ��WKH�PD[LPXP�RI�HT��������ZLOO�JLYH�XV�WKH�PD[LPXP�
RI�WKH�H[SHFWHG�IUHTXHQF\�GLVWULEXWLRQ�WKDW�LV�WKH�DVVLJQPHQW�WKDW�EHVW�UHSUHVHQWV�RXU�VWDWH�RI�
NQRZOHGJH��$V�ZH�KDYH�DOUHDG\�VDLG��DIWHU�PDQ\�WULDOV��VRPH�GLVWULEXWLRQ�)�^QL`��ZLOO�EH�IRXQG�
WR� FRPH�XS�PRUH�RIWHQ� WKDQ�RWKHUV�� WKH�RQH� WKDW�PRVW� IUHTXHQWO\�RFFXUV� DQG� LV� FRQVLVWHQW�
ZLWK�WKH�REVHUYHG�GDWD�ZLOO�EH�D�VHQVLEOH�FKRLFH�IRU�WKH�GHQVLW\��
$V� 1� DQG� 0� DUH� FRQVWDQW� WKH� PD[LPXP� RI� ORJ�)�� ZLOO� EH� HTXLYDOHQW� WR� FRPSXWLQJ� WKH�
PD[LPXP�RI��
� � LOG

�
� �

�3 N N
�

� �� � ���������
7KLV�IXQFWLRQ�6�LV�FDOOHG�HQWURS\��
8S�WR�QRZ�ZH�KDYH�FRQVLGHUHG�DOO�WKH�ER[HV�DV�KDYLQJ�WKH�VDPH�GLPHQVLRQ��,I�WKH�ER[HV�KDYH�
GLIIHUHQW� GLPHQVLRQV� WKHUH� LV� D� GLIIHUHQW�SUREDELOLW\� WR�EH�RFFXSLHG�� ELJJHU� DV� ELJJHU� LV� WKH�
GLPHQVLRQ�RI�WKH�ER[��)RU�HDFK�ER[�WKHQ�ZH�GHILQH�D�SUREDELOLW\�P��WR�EH�RFFXSLHG�DQG�WKH�
VXP�RYHU�DOO�WKH�ER[HV�RI�WKH�P� �SUREDELOLWLHV�LV�HTXDO�WR�RQH��
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,Q�WKLV�FDVH�WKHQ�HT��������ZLOO�EHFDPH��
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LI�DOO�WKH�SUREDELOLWLHV�DUH�WKH�VDPH�ZH�REWDLQ�DJDLQ�WKH�WHUP���0� ��
7DNLQJ�WKH�ORJDULWKP�DQG�XVLQJ�6WLUOLQJ·V�DSSUR[LPDWLRQ�ZH�KDYH�WKDW��
�  LOG� 	 LOG� 	 LOG� 	

� �
� � � �

� �& . N M . N N� �� �� � � ���������
:H�KDYH�QRZ�WKDW�WKH�HQWURS\�LQ�D�PRUH�JHQHUDO�ZD\��
� � LOG� 	

� �� ��
N

3 N
M�� �� � �������

/HW·V�QRZ�VHH�WKH�DSSOLFDWLRQ�RI�DOO�WKLV��
:H� KDYH� VHHQ� WKDW� WKH� GLVWULEXWLRQ� )�^QL`�� WKDW� PRVW� IUHTXHQWO\� RFFXUV� LV� WKH� RQH� WKDW�
PD[LPLVHV�WKH�HQWURS\�IXQFWLRQ�DQG�LV�FRQVLVWHQW�ZLWK�WKH�REVHUYHG�GDWD��
/HW�XV�VXSSRVH�WKDW�ZH�RQO\�NQRZ�WKH�QRUPDOL]DWLRQ�FRQGLWLRQ��WKHQ�WKH�QXPEHU�RI�HOHFWURQV�
FRPSXWHG�E\�WKH�0(0�PXVW�EH�HTXDO�WR�WKH�DFWXDO�QXPEHU�RI�HOHFWURQV�SUHVHQWV�LQ�WKH�XQLW�
FHOO��7KH�QRUPDOL]DWLRQ�FRQGLWLRQ�LV�H[SUHVVHG�LQ�PDWKHPDWLFDO�WHUP�DV��
� � �

� ���
��� �� �
� � �

6
# .

.
S!� � �� � �����������

ZKHUH�1"#$�LV�WKH�QXPEHU�RI�SL[HOV�LQWR�ZKLFK�WKH�XQLW�FHOO�KDV�EHHQ�GLYLGHG��9% &�WKH�YROXPH�
RI�WKH�XQLW�FHOO�DQG�ρ' LV�WKH�HOHFWURQ�GHQVLW\�RI�WKH� L()�SL[HO��:H�KDYH�WKHQ�WR�PD[LPL]H�WKH�
HQWURS\�VXEMHFW�WR�WKLV�FRQVWUDLQW��0D[LPL]LQJ�D�IXQFWLRQ�VXEMHFW�WR�D�FRQVWUDLQW�LV�GRQH�XVLQJ�
WKH� PHWKRG� RI� /DJUDQJH� XQGHWHUPLQHG� PXOWLSOLHUV�� WKLV� LV� HTXLYDOHQW� WR� XQFRQVWUDLQHG�
PD[LPL]DWLRQ�ZLWK�UHVSHFW�WR�ρ�DQG�λ*�RI�WKH�/DJUDQJLDQ���
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:H� KDYH� SUHGLFWHG� D� XQLIRUP� GHQVLW\�ρ�� 7KLV� LV� DSSURSULDWH� EHFDXVH� ZH� KDYH� D� FRPSOHWH�
LJQRUDQFH� DERXW� RXU� GHQVLW\� DQG� LQ� IDFW� ZH� KDYH� VWDUWHG� WKH� FRPSXWDWLRQ� ZLWK� RQO\� WKH�
NQRZOHGJH�RI�WKH�QRUPDOL]DWLRQ�FRQGLWLRQ��
,I�IRU�H[DPSOH�ZH�KDYH�����HOHFWURQV�LQ�D�FHOO�RI������c DQG�ZH�GLYLGH�WKH�FHOO� LQWR�������
SL[HOV��ZH�REWDLQ�WKH�YDOXH�RI�ρ'  ������H�c IRU�HYHU\�SL[HO��$V�WKH�SL[HO�KDV�D�YROXPH�RI�
9���1" #$ ������c��LQ�HYHU\�SL[HO��������HOHFWURQV�DUH�ORFDWHG��
,I�ZH�KDYH�PHDVXUHG�VRPH�H[SHULPHQWDO�GDWD�ZH�KDYH�D�QHZ�FRQGLWLRQ�WR�EH�VDWLVILHG��
�
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#
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G G

G � �������
ZKHUH�1��LV�WKH�QXPEHU�RI�REVHUYHG�VWUXFWXUH�IDFWRUV���
7KH� PD[LPXP� HQWURS\� FULWHULRQ� VHOHFWV� RQO\� IURP� WKH� VROXWLRQV� WKDW� ILW� WKH� GDWD� WKDW� DUH�
VXSSRVHG�WR�EH�QRLV\�ZLWK�D�*DXVVLDQ�GLVWULEXWLRQ�RI�WKH�HUURUV��
1RZ�WKH�/DJDUDQJLDQ�LV��
� � 	 � 	 � � � �1 3 # #S S M M� � � � �������
XVLQJ�WKH�PRUH�JHQHUDO�GHILQLWLRQ�RI�HQWURS\�DV�LQ�HT�������� � LOG� 	
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7KLV�JLYHV�DQ�LPSOLFLW�VROXWLRQ�IRU�WKH�0D[(QW�HOHFWURQ�GHQVLW\�ρ��� �LQ�WKH�IRUP��
� EXP� � 	EXP� 	
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#

S U M M
S

s
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s
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8VLQJ�WKH�QRUPDOL]DWLRQ�FRQGLWLRQ�RI�HT��������ZH�REWDLQ��
� � EXP� � 	EXP� 	
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FRPELQLQJ� WKHVH� WZR� ODVW� HTXDWLRQV� HT������� DQG� HT������� �ZH� FDQ� HOLPLQDWH� WKH� /DJDUDQJH�
PXOWLSOLHU�λ� ��
� �EXP� 	� EXP� 	

�� ��
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. . # #&
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S U M U M

S S�
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7KLV�HTXDWLRQ�FDQ·W�EH�VROYHG�DQDO\WLFDOO\�DV�& �GHSHQGV�RQ�ρ!���
� � 	 � 	EXP� � 	"#"

$& ( 6 L I( LS Q� � ¸�
G G G G � �������

6HYHUDO� DOJRULWKPV� KDYH� EHHQ� GHYHORSHG�� WKDW� VROYH� WKH� SUREOHP� LWHUDWLYHO\�� :H� ZLOO�
FRQFHQWUDWH�KHUH�RQO\�RQ�WKH�RQH�WKDW�LV�XVHG�LQ�WKH�SURJUDP�35,0$>��@�WKDW�ZH�XVHG�LQ�WKLV�
WKHVLV�WR�FRPSXWH�WKH�0(0�PDSV��
�

�������� 35,0$�DOJRULWKP�

7R� VROYH� HT��������ZH� QHHG� WR� LQWURGXFH� DSSUR[LPDWLRQV��.XPD]DZD� LQWURGXFHG� WKH� ]HUR�
RUGHU� VLQJOH�SL[HO� DSSUR[LPDWLRQ� �=63$�>��@�� ZKHUH� ZH� H[SDQG� WKH� GHULYDWLYH� RI� & ZLWK�
UHVSHFW�WR�ρ!�LQ�D�7D\ORU�VHULHV��
�
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# # #
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DQG�ZH�QHJOHFW�DOO�WKH�WHUPV�H[FHSW�WKH�ILUVW�RQH��7KLV�OLQHDU�DSSUR[LPDWLRQ�LV�HTXLYDOHQW�WR�
WKH�VLPSOH�UHSODFHPHQW�RI� .

/
#

S

s
s

�ZLWK� .
/

#

U

s
s

��7KH�VHFRQG�DSSUR[LPDWLRQ�LV��
� 0 12 0 23 34 4U S

5
x � �������

7KLV�PHDQV� WKDW� WKH�0(0�HOHFWURQ�GHQVLW\�RI� F\FOH�Q� LV�XVHG� DV� SULRU�HOHFWURQ�GHQVLW\� IRU�
F\FOH�Q����
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:LWK�WKHVH�DSSUR[LPDWLRQV�WKH�IRUPXOD�IRU�WKH�LWHUDWLRQ�LV��
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�EXP� 	� EXP� 	� �� �
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�� 	 
� � �� � �
 
 � � ��� 
 ��

. . # #
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� � �

s s� � �������
7KH�LWHUDWLRQ�LV�VWDUWHG�ZLWK�ρ�� � �� �τ � �
:H� FDQ�PDNH� D� FKRLFH� EHWZHHQ� WZR�NLQGV�RI� SULRU� LQIRUPDWLRQ� DERXW� WKH� HOHFWURQ�GHQVLW\�
GLVWULEXWLRQ��2QH� LV�D�XQLIRUP�GHQVLW\� LQ� WKH�XQLW�FHOO��ZKLFK�FRUUHVSRQG� WR� WKH�PD[LPXP�
HQWURS\� VWDWH� ZKHUH� WKHUH� LV� QR� VWUXFWXUDO� FRQVWUDLQW�� 7KH� RWKHU� FKRLFH� LV� WR� XVH� GHQVLW\�
FRPSXWHG�E\�FRQYHQWLRQDO�)RXULHU�VHULHV��
7KH�ODVW�SUREOHP�LV�WR�GHWHUPLQH�WKH�YDOXH�RI�λ�� ��,W�KDV�EHHQ�VKRZQ�WKDW�WKH�UHVXOW�RI�WKH�
�=63$�� LV� QRW� VHQVLWLYH� WR� WKH� H[DFW� YDOXH� RI� λ��� LI� LW� LV� VPDOO� HQRXJK� WR� DVVXUH� WKH�
FRQYHUJHQFH�IRU�WKH�LWHUDWLRQ��
,QIRUPDWLRQ�DERXW�RYHUODSSHG� UHIOHFWLRQ� LQ�SRZGHU�GLIIUDFWLRQ�GDWD�FDQ�EH� LQWURGXFHG� LQWR�
WKH�0(0�DQDO\VLV�E\�XVLQJ�WKH�*�FRQVWUDLQW��
�
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,Q�HT��������0,� LV� WKH�WRWDO�QXPEHU�RI�JURXSV�FRPSULVLQJ�RYHUODSSHG�UHIOHFWLRQV��*-.� LV� WKH�
VXP� RI� LQWHJUDWHG� LQWHQVLWLHV� RI� RYHUODSSHG� UHIOHFWLRQV� LQ� JURXS� M�� /.� LV� WKH� QXPEHU� RI�
RYHUODSSHG�UHIOHFWLRQV�LQ�JURXS�M�DQG�P�K/�LV�WKH�PXOWLSOLFLW\�RI�WKH�QWK�UHIOHFWLRQ���
�
0(0�JLYHV�D�PDS�RI�KLJKHU�UHVROXWLRQ�DV�FRPSDUHG�WR�D�)RXULHU�PDS��%XW�RQH�KDV�DOVR�WR�
WDNH�FDUH�LQ�LQWHUSUHWLQJ�WKH�0(0�ZKHQ�ORRNLQJ�DW�WKH�ILQHVW�GHWDLOV��DV�ZH�KDYH�VHHQ�WKDW�LQ�
WKH�0(0�PHWKRG�� VRPH�DSSUR[LPDWLRQV�KDYH�EHHQ�PDGH�DQG� WKHUH� LV� D� VHULHV� WHUPLQDWLRQ�
HIIHFW�RQ�WKH�7D\ORU�H[SDQVLRQ�RI�WKH�FRQVWUDLQW�GHULYDWLYH�&0�WKDW�FDQ�FDXVH�DUWHIDFWV�LQ�WKH�
PDS�� $� VXIILFLHQW� LQIRUPDWLYH�� QRQ�XQLIRUP� SULRU� HOHFWURQ� GHQVLW\� FDQ� VXSSUHVV� WKHVH�
DUWHIDFWV�DOPRVW�FRPSOHWHO\��:H�ZLOO�QRW�HQWHU�KHUH�LQWR�WKH�GHWDLOV>������@��WKH�EHVW�SULRU�WKDW�
FDQ�EH�REWDLQHG� IURP�VWDQGDUG� VWUXFWXUH� UHILQHPHQW� LV� WKH� LQGHSHQGHQW� DWRP�PRGHO�ZKHUH�



�

� ��

DQDO\WLFDO�)RXULHU�WUDQVIRUPV�DUH�XVHG�DQG�WHUPLQDWLRQ�HUURUV�DUH�DYRLGHG��EXW�VLQFH� LW�UHOLHV�
RQ�WKH�NQRZOHGJH�RI�WKH�WHPSHUDWXUH�IDFWRUV��ZKLFK�DUH�RIWHQ�LQDFFXUDWH��LW�FDQ�EH�XVHG�RQO\�
IRU� VLPSOH� VWUXFWXUHV��2WKHU� LPSURYHPHQWV� FDQ� EH� REWDLQHG� XVLQJ� JHQHUDOL]HG�)�FRQVWUDLQW�
DQG�SULRU�GHULYHG�)�FRQVWUDLQW��ZKHUH� LQ� WKH� ODWWHU� LQ�DGGLWLRQ� WKH� VWUXFWXUH� IDFWRUV� WKDW�DUH�
QRW�NQRZQ�IURP�WKH�H[SHULPHQW�ZLOO�EH�FRQVWUDLQHG�WR�YDOXHV�FORVH�WR�)� ��-� ��FRPSXWHG�IURP�
WKH�PRGHO��ZKLFK�LV�WKH�EHVW�HVWLPDWH�WKDW�ZH�KDYH���
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&KDSWHU��� ,QVWUXPHQWDWLRQ�
'DQV� FH� FKDSLWUH�� QRXV� SUpVHQWRQV� VXFFLQWHPHQW� OHV� SULQFLSHV� GH� IRQFWLRQQHPHQW� GHV� VRXUFHV� GH� UD\RQQHPHQW�
V\QFKURWURQ�DLQVL�TXH�OHV�GLIIUDFWRPqWUHV�XWLOLVpV�DX�FRXUV�GH�FHWWH�pWXGH��1RXV�GpFULYRQV�QRWDPPHQW�OHV�TXDWUH�
OLJQHV��%0����,'����61%/��%0�$��HW�,'����GH�OXPLqUH�V\QFKURWURQ�GH�O
(65)��*UHQREOH��)UDQFH��VXU�
OHVTXHOOHV� RQW� pWp� HIIHFWXpHV� OHV�PHVXUHV��8QH� LPSRUWDQFH� SDUWLFXOLqUH� HVW� SRUWpH� DX�GLIIUDFWRPqWUH� VXU�SRXGUHV�
KDXWH�UpVROXWLRQ�,'���DYHF�OHTXHO�OD�SOXSDUW�GHV�H[SpULHQFHV�RQW�pWp�HQWUHSULVHV��

����6\QFKURWURQ�VRXUFHV�
�6\QFKURWURQ�UDGLDWLRQ�LV�WKH�HOHFWURPDJQHWLF�UDGLDWLRQ�HPLWWHG�E\�FKDUJHG�SDUWLFOHV�PRYLQJ�
LQ� FLUFXODU� RUELWV� ZLWK� KLJKO\� UHODWLYLVWLF� YHORFLWLHV�� 7KH� HPLVVLRQ� ²� DOVR� FDOOHG� ´PDJQHWLF�
%UHPVVWUDKOXQJµ�²�FRYHUV�D�ZLGH�UDQJH�RI�ZDYHOHQJWKV������WR����

��c��DQG�ZDV�ILUVW�GHWHFWHG�
DV�WKH�XQGHVLUDEOH�E\�SURGXFW�IURP�KLJK�HQHUJ\�SDUWLFOH�DFFHOHUDWRUV>��@��
,Q� D� PRGHUQ� V\QFKURWURQ� UDGLDWLRQ� VRXUFH� HOHFWURQV� �RU� SRVLWURQV�� DUH� DFFHOHUDWHG� DW�
UHODWLYLVWLF�VSHHGV�DQG��ZLWK�WKH�KHOS�RI�GLSROH�EHQGLQJ�PDJQHWV��WKH\�DUH�IRUFHG�WR�FLUFXODWH�
LQ�D�FORVHG�RUELW�LQVLGH�WKH�YDFXXP�FKDPEHU�RI�D�VWRUDJH�ULQJ��7KH�HQHUJ\�ORVW�E\�WKH�SDUWLFOHV�
GXH�WR�HPLVVLRQ�RI�UDGLDWLRQ�LV�UHVWRUHG�SHULRGLFDOO\�E\�D�UDGLR�IUHTXHQF\�FDYLW\�V\VWHP��7KH�
V\QFKURWURQ�UDGLDWLRQ�LV�HPLWWHG�IURP�WKH�EHQGLQJ�PDJQHWV� LQ�D�EURDG�IDQ�WDQJHQWLDO� WR�WKH��
SDUWLFOHV·�WUDMHFWRU\��
$Q� RXWOLQH� RI� WKH� (XURSHDQ� 6\QFKURWURQ� 5DGLDWLRQ� )DFLOLW\� �(65)��� D� GHGLFDWHG� WKLUG�
JHQHUDWLRQ�VRXUFH��LV�VKRZQ�LQ�)LJXUH�����>��@�
,Q� WKLV� PDFKLQH�� KLJK�EULOOLDQFH� ;�UD\V� DUH� SURGXFHG� E\� DFFHOHUDWLQJ� HOHFWURQV� LQ� D� OLQHDU�
DFFHOHUDWRU�SUH�LQMHFWRU� �OLQDF�� DQG� WKHQ� LQ� D� ERRVWHU� V\QFKURWURQ��:KHQ� WKH�SDUWLFOHV� KDYH�
UHDFKHG�D�KLJK�HQRXJK�HQHUJ\�����*H9���WKH\�DUH�WUDQVIHUUHG�WR�D�VWRUDJH�ULQJ�HTXLSSHG�ZLWK�
LQVHUWLRQ�GHYLFHV� DQG� EHQGLQJ�PDJQHWV��7KH� LQVHUWLRQ� GHYLFHV� FRQVLVW� RI� SHULRGLF� DUUD\V� RI�
PDJQHWV�ZKLFK�PRGLI\�WKH�WUDMHFWRU\�RI�WKH�HOHFWURQV�LQ�WKH�VWUDLJKW�VHFWLRQV�RI�WKH�ULQJ��7KH�
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PRGLILFDWLRQ� RI� WKH� WUDMHFWRU\� IURP� D� VWUDLJKW� OLQH� UHVXOWV� LQ� WKH� HPLVVLRQ� RI� V\QFKURWURQ�
UDGLDWLRQ� ZLWK� SDUWLFXODU� FKDUDFWHULVWLFV�� ,Q� WKH� PRVW� FRPPRQ� W\SH� RI� LQVHUWLRQ� GHYLFHV��
ZLJJOHUV� DQG� XQGXODWRUV�� WKH� DUUD\� RI� PDJQHWV� LV� XVXDOO\� GHVLJQHG� WR� SURGXFH� DQ�
DSSUR[LPDWHO\�VLQXVRLGDO�PDJQHWLF�ILHOG�DQG��WKHUHIRUH��WKH�UHVXOWLQJ�SDUWLFOH�WUDMHFWRU\�LV�DOVR�
VLQXVRLGDO��
�

�
)LJXUH�����2XWOLQH�RI�WKH�(65)�DW�*UHQREOH�
�
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2SHUDWLQJ� ZLWK� D� VWURQJ� PDJQHWLF� ILHOG�� WKH� V\QFKURWURQ� UDGLDWLRQ� HPLWWHG� ZLOO� EH� WKH�
FRQWULEXWLRQ� IURP� HDFK� SHULRG� RI� WKH� WUDMHFWRU\� ZLWK� QHJOLJLEOH� LQWHUIHUHQFH� HIIHFWV�� DQG�
WKHUHIRUH��WKH�UDGLDWLRQ�LV�HTXLYDOHQW�WR�WKDW�RI�D�EHQGLQJ�PDJQHW��EXW�PXOWLSOLHG�E\�WZLFH�WKH�
QXPEHU�RI�SHULRGV� LQ� WKH�PDJQHWLF� DUUD\��2SHUDWLQJ�ZLWK�ZHDN�PDJQHWLF� ILHOG�� LQWHUIHUHQFH�
HIIHFWV� DUH� LPSRUWDQW�� SURGXFLQJ� UDGLDWLRQ� ZKLFK� LV� FRQFHQWUDWHG� DURXQG� RQH� RU� D� IHZ�
ZDYHOHQJWKV�DQG�KLJKO\�FROOLPDWHG�KRUL]RQWDOO\��
,Q�)LJXUH�����LV�VKRZQ�WKH�FKDUDFWHULVWLF�UDGLDWLRQ�HPLWWHG�IURP�D�EHQGLQJ�PDJQHW��D�ZLJJOHU�
DQG�DQ�XQGXODWRU�DW�(65)���

�
)LJXUH�����([DPSOH�RI�EULOOLDQFH�DFKLHYHG�DW�WKH�(65)IRU�GLIIHUHQW�W\SHV�RI�LQVHUWLRQ�GHYLFH��
�
�
�
�
�
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7KH�VSHFWUDO�GLVWULEXWLRQ�RI�D�ZLJJOHU�LV�VKLIWHG�WRZDUGV�VKRUWHU�ZDYHOHQJWKV�DQG�WKH�LQWHQVLW\�
JUHDWO\�LQFUHDVHG�ZLWK�UHVSHFW�WR�WKDW�RI�D�EHQGLQJ�PDJQHW��7KH�UDGLDWLRQ�IURP�DQ�XQGXODWRU�
LV� YHU\� EULJKW� DQG� FRQFHQWUDWHG� LQ� D� QDUURZ� EDQG� DURXQG� WKH� IXQGDPHQWDO� ZDYHOHQJWK��
+HQFH��WR�D�ODUJH�H[WHQW��WKH�UDGLDWLRQ�FDQ�EH�WDLORUHG�WR�WKH�QHHGV�RI�WKH�H[SHULPHQW��6RPH�
RI�WKH�RXWVWDQGLQJ�SURSULHWLHV�RI�V\QFKURWURQ�UDGLDWLRQ�DUH�VXPPDULVHG�EHORZ��
+LJK�LQWHQVLW\��EULOOLDQFH��
&RQWLQXRXV�VSHFWUXP�IURP�WKH�89�WR�WKH�;�UD\�UHJLRQ��
9HU\�ORZ�EHDP�GLYHUJHQFH��HVSHFLDOO\��LQ�WKH�YHUWLFDO�SODQH��
/LQHDU�SRODUL]DWLRQ�RI�WKH�UDGLDWLRQ��ZLWK�WKH�HOHFWULF�YHFWRU�SDUDOOHO�WR�WKH�SODQH�RI�WKH�RUELW��
7LPH�VWUXFWXUH�RI�WKH�EHDP��ZLWK�WKH�OHQJWK�RI�WKH�SXOVHV�YDU\LQJ�EHWZHHQ���QV�WR������QV��
�
7KHVH�SURSULHWLHV��HVSHFLDOO\�DOORZ�WKH�GHVLJQ�RI�YHUVDWLOH�DQG�KLJKO\�DFFXUDWH�LQVWUXPHQWDWLRQ��
DQG� WZR� W\SHV� RI� SRZGHU� GLIIUDFWLRQ� H[SHULPHQWV� DUH� DYDLODEOH�� WKRVH� ZKLFK� XVH�
PRQRFKURPDWLF�UDGLDWLRQ�DQG�WKRVH�ZKLFK�XVH�WKH�FRQWLQXRXV�VSHFWUXP��
,Q� WKH� PRQRFKURPDWLF� H[SHULPHQW�� D� VSHFLILF� ZDYHOHQJWK� FDQ� EH� VHOHFWHG� IURP� WKH� ZKLWH�
EHDP� XVLQJ� D� GRXEOH� FU\VWDO� PRQRFKURPDWRU�� %HFDXVH� RI� WKH� KLJK� LQWHQVLW\� DQG� WKH� ORZ�
GLYHUJHQFH��WKH�DQJXODU�UHVROXWLRQ�LV�IDU�VXSHULRU�WR�ZKDW�LV�DWWDLQDEOH�XVLQJ�D�FRQYHQWLRQDO�;�
UD\�WXEH��7KLV�UHVXOWV�LQ�D�VLJQLILFDQW�UHGXFWLRQ�LQ�SHDN�RYHUODS�DQG�WKHUHIRUH��WKLV�W\SH�RI�GDWD�
LV� XVHIXO� IRU� GLUHFW� VROXWLRQ� DQG� UHILQHPHQW� RI� VWUXFWXUHV�� )XUWKHUPRUH�� LQGH[LQJ� WKH�
GLIIUDFWLRQ� SDWWHUQ� LV� DOVR� IDFLOLWDWHG�� EHFDXVH� RI� WKH� EHWWHU� VHSDUDWLRQ� EHWZHHQ� UHIOHFWLRQV�
�HVSHFLDOO\�DW�ORZ�DQJOH��DQG�WKH�DFFXUDF\�LQ�WKH�GHWHUPLQDWLRQ�RI�WKH�SRVLWLRQ�RI�WKH�SHDNV���
�
�
�
�
�
�
�
�
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�����+LJK�UHVROXWLRQ�SRZGHU�GLIIUDFWLRQ�EHDPOLQH��,'���%0���
7KH�EHDPOLQH�%0���ZDV�EXLOW�RQ�D�EHQGLQJ�PDJQHW�DQG�GHVLJQHG�WR�RSHUDWH� LQ� WKH�HQHUJ\�
UDQJH��������NH9��7KH�GLIIUDFWRPHWHU�ZDV�PRYHG�WR�WKH�QHZ�EHDPOLQH�,'���LQ�0DUFK�������
%0���FRXOG�DFFHSW���PUDG�RI�ZKLWH�;�UD\�UDGLDWLRQ�LQ�WKH�KRUL]RQWDO�SODQH�IURP�WKH�EHQGLQJ�
PDJQHW��7KLV�ZDV�LQFLGHQW�RQ�D�FXUYHG�PLUURU��VHW�DW�JUD]LQJ�LQFLGHQFH��ZKLFK�FROOLPDWHG�WKH�
EHDP�LQ� WKH�YHUWLFDO�VHQVH��$IWHU� WKH�PLUURU�� WKH�UHVLGXDO�YHUWLFDO�GLYHUJHQFH�ZDV�DURXQG����
µUDG�):+0��,W�ZDV�WKLV�KLJK�GHJUHH�RI�YHUWLFDO�FROOLPDWLRQ�WKDW�ZDV�XOWLPDWHO\�UHVSRQVLEOH�
IRU�WKH�KLJK�DQJXODU�DQG�HQHUJ\�UHVROXWLRQ�RI�WKH�EHDP�OLQH��$IWHU�WKH�PLUURU�WKH�EHDP�ZDV�
PRQRFKURPDWHG�E\�D�ZDWHU�FRROHG�GRXEOH�FU\VWDO�PRQRFKURPDWRU�XVLQJ�6L����� UHIOHFWLRQV��
%HQGLQJ�RI�WKH�VHFRQG�FU\VWDO�VDJLWWDOO\�JDYH�WKH�RSWLRQ�WR�IRFXV�WKH�EHDP�KRUL]RQWDOO\�RQWR�
WKH� VDPSOH�� $� VHFRQG� PLUURU� DOVR� JDYH� WKH� RSWLRQ� WR� IRFXV� WKH� EHDP� YHUWLFDOO\� RQWR� WKH�
VDPSOH��%RWK�KRUL]RQWDO� DQG�YHUWLFDO� IRFXVVLQJ� OHG� WR� D� ORVV� RI� DQJXODU� UHVROXWLRQ�� IRU� WKH\�
LQFUHDVHG�WKH�YHUWLFDO�GLYHUJHQFH�RI�WKH�EHDP�LQFLGHQW�RQ�WKH�VDPSOH��VR�WKHVH�RSWLRQV�ZHUH�
UDUHO\�H[SORLWHG���
7KH�QHZ�EHDPOLQH�,'���KDV�WKUHH�XQGXODWRUV�ZLWK�D�PLQLPXP�JDS�RI����PP��DOORZLQJ�WKH�
HQHUJ\�UDQJH�IURP���NH9�WR����NH9�������c��WR�EH�FRYHUHG�ZLWKRXW�LQWHUUXSWLRQ��1R�RSWLFDO�
HOHPHQWV�DUH�XVHG�RWKHU�WKDQ�D�OLTXLG�QLWURJHQ�FRROHG�GRXEOH�FU\VWDO�PRQR�FKURPDWRU�ZLWK�D�
FKRLFH�RI�6L�����RU�6L�����FU\VWDOV��7KH�XQGXODWRU�EHDP�LV�KLJKO\�FROOLPDWHG�LQ�WKH�KRUL]RQWDO�
DQG�WKH�YHUWLFDO�GLUHFWLRQV��7KH�D[LDO�GLPHQVLRQ�RI�WKH�EHDP�RQ�WKH�VDPSOH�LV�IURP���PP�WR���
PP��DQG�WKH�UHFHLYLQJ�VOLWV�DUH�IURP���PP�WR���PP��WKXV�UHGXFLQJ�WKH�PDUNHG�DV\PPHWU\�DW�
ORZ� DQJOH� VHHQ� RQ�%0��� DORQJ�ZLWK� WKH� DVVRFLDWHG� SHDN� EURDGHQLQJ� DQG� SHDN� VKLIWV�� 7KH�
GLIIUDFWRPHWHU�� WKH� VDPH�RQH� DV�RQ�%0���� LV�PHFKDQLFDOO\�YHU\� VWDEOH�� DFFXUDWH� �±��DUFVHF��
DQG� SUHFLVH� �VHQVLWLYH� WR� GLVSODFHPHQWV� RI� �×���

�°��� ,W� FDQ� DFFHSW� VSLQQLQJ� FDSLOODU\� RU� IODW�
SODWH� VSHFLPHQV�� ,Q� URXWLQH� RSHUDWLRQ�� D� EDQN� RI� QLQH� GHWHFWRUV� LV� VFDQQHG� WR�PHDVXUH� WKH�
GLIIUDFWHG�LQWHQVLW\�DV�D�IXQFWLRQ�RI��θ��)LJXUH�������7KH�GHWHFWRUV�DUH�≈�°�DSDUW��DQG�HDFK�LV�
SUHFHGHG� E\� D� 6L� ���� DQDO\VHU� FU\VWDO�� 7KH� QLQH� FU\VWDOV� DUH� VFDQQHG� WRJHWKHU�� DV� D� XQLW��
HIIHFWLYHO\�PHDVXULQJ� QLQH� KLJK� UHVROXWLRQ� GLIIUDFWLRQ� SDWWHUQV� LQ� SDUDOOHO�� ZLWK� �°� EHWZHHQ�
WKHP�>��@�
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)LJXUH�����'LDJUDP�RI�WKH�QLQH�FKDQQHO�PXOWLDQDO\VHU�GHWHFWRU��
�

�

�����7KH�6ZLVV�1RUZHJLDQ�EHDPOLQHV��61%/��%0�$��
7KH�EHDP�OLQH�LV�EXLOW�RQ�D�EHQGLQJ�PDJQHW�DQG�LV�GHVLJQHG�WR�RSHUDWH�LQ�WKH�HQHUJ\�UDQJH����
����NH9��7KH�LQFRPLQJ�KRUL]RQWDO�IDQ�RI�UDGLDWLRQ�LV�ILUVW�GLYLGHG�LQWR�WZR�VHSDUDWH�EHDPV��,Q�
WKH� FDVH� RI� WKH� %0�$� VWDWLRQ�� D� �� PUDG� KRUL]RQWDO� IDQ� RI� UDGLDWLRQ� LV� ILUVW� YHUWLFDOO\�
FROOLPDWHG�E\�D�SULPDU\�PLUURU��7KH�ILUVW�FU\VWDO�RI�WKH�PRQRFKURPDWRU�LV�ZDWHU�FRROHG��ZKLOH�
WKH�VHFRQG�FU\VWDO�FDQ�EH�VDJLWWDOO\�EHQW�IRU�KRUL]RQWDO�IRFXVLQJ��$�YDULDEOH�JDS�EHWZHHQ�WKH�
WZR� FU\VWDOV�� FRPELQHG� ZLWK� D� WUDQVODWLRQ� RI� WKH� VHFRQG� FU\VWDO� DORQJ� WKH� EHDP� GLUHFWLRQ��
DOORZV� IRU� D� IL[HG� H[LW� EHDP� KHLJKW�� $Q� LPDJH�SODWH� DUHD� GHWHFWRU� �0$5�� LV� DYDLODEOH� IRU�
PDFURPROHFXODU� FU\VWDOORJUDSK\� DQG� SRZGHU� GLIIUDFWLRQ� ZRUN�� 7KLV� LV� D� ���PP� GLDPHWHU�
LPDJH� SODWH�ZLWK� RQOLQH� UHDGRXW� FDSDELOLWLHV�� 7KH� SL[HO� UHVROXWLRQ� LV� HLWKHU� ����PP�RU� �����
PP�� DQG� IRXU� GLIIHUHQW� UHDGRXW� VL]HV� FDQ� EH� FKRVHQ� ������ ����� ���� DQG� ���� PP��� )RU�
H[DPSOH��FKRRVLQJ� UHDGRXW� VL]HV�����PP�RU�����PP��ZLWK�D� IL[HG�SL[HO� UHVROXWLRQ�RI������
PP��LPDJHV�RI������RU�RI������SL[HOV��UHVSHFWLYHO\��FDQ�EH�REWDLQHG��5HDGRXW�WLPHV��VFDQ���
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HUDVH�� YDU\�EHWZHHQ� ��� VHF� DQG� ���� VHF��7KH� IRFDO� VSRW� DFKLHYHG�ZLWK� WKH� FRPELQDWLRQ�RI�
PLUURU�DQG�FU\VWDO�IRFXVVLQJ�KDV�D�GLDPHWHU�RI�DERXW�����µP��

�����7KH�PDWHULDOV�VFLHQFH�EHDPOLQH��,'���
,'��� LV� D� PXOWLSXUSRVH� EHDPOLQH� FRQFHQWUDWLQJ� RQ� H[SHULPHQWV� LQ� WKH� DUHD� RI� PDWHULDOV�
VFLHQFH��7KH�H[SHULPHQWDO�KXWFK�GHGLFDWHG�WR�GLIIUDFWLRQ�H[SHULPHQWV�KDV�DQ�H[WUHPHO\�KLJK�
IOX[��HYHQ�DW�KLJK�HQHUJLHV��PDNLQJ�LW�VXLWDEOH�IRU�WLPH�UHVROYHG�H[SHULPHQWV��GLIIUDFWLRQ�IURP�
PLFURFU\VWDOV� DQG� IRU� GLIIUDFWLRQ� IURP� FU\VWDOV� LQ� DEVRUELQJ� VDPSOH� FKDPEHUV� VXFK� DV�
IXUQDFHV��KLJK�SUHVVXUH� FHOOV�RU� FU\RVWDWV��7KH�ZDYHOHQJWK� LV� WXQDEOH� LQ� WKH�HQHUJ\� UDQJH���
����NH9�ZLWK�DQ�HQHUJ\�UHVROXWLRQ�FORVH�WR�∆(�(� ����

��XS�WR����NH9��
7KH� PDLQ� RSWLFDO� HOHPHQWV� DUH� D� �� P� ORQJ� 3W�FRDWHG� 6L� SUHPLUURU�� D� GRXEOH� FU\VWDO�
PRQRFKURPDWRU�� DQG� D� VHFRQG� ���� P� ORQJ� 3W�FRDWHG� PLUURU�� 2WKHU� FRPSRQHQWV� DUH� DQ�
DWWHQXDWRU�V\VWHP�LQ�IURQW�RI�WKH�ILUVW�PLUURU�DQG�ZDWHU�FRROHG�VOLW�V\VWHPV�RI�WZR�W\SHV��RQH�
SULPDU\� VOLW� V\VWHP� IRU� EHDP� GHILQLWLRQ�� DQG� IRXU� VHFRQGDU\� VOLW� V\VWHPV� IRU� EHDP�
FRQGLWLRQLQJ��
:H�PDGH�XVH�RI�D�%UXNHU�6PDUW������&&'�GHWHFWRU�V\VWHP�WR�FROOHFW���GLPHQVLRQDO�SRZGHU�
GLIIUDFWLRQ�ULQJV��
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&KDSWHU��� 7KH�ORZ�WHPSHUDWXUH�SKDVHV�RI �JOREXODU�
RUJDQLF�PROHFXOHV�

&H� FKDSLWUH� HVW� FRQVDFUp� DX[� SKpQRPqQHV� G
RUGUH�GpVRUGUH� REVHUYpV� GDQV� FHUWDLQV� VROLGHV� PROpFXODLUHV�
RUJDQLTXHV�GH�W\SH�JOREXODLUH��&HV�PROpFXOHV�GH�IRUPH�SUHVTXH�VSKpULTXH�SRVVqGHQW�HQ�HIIHW�VRXYHQW�XQH�SKDVH�
VROLGH�j�KDXWH� WHPSpUDWXUH��'DQV� FH� FDV�� OHV� FULVWDX[�VRQW� IDFLOHPHQW�GpIRUPpV�PpFDQLTXHPHQW�� HW�SUpVHQWHQW�
GHV�VWUXFWXUHV�FULVWDOOLQHV�GH�KDXWH�V\PpWULH�GRQW�O
RUGUH�DXJPHQWH�ORUVTXH�OD�WHPSpUDWXUH�GpFURvW��&HV�VWUXFWXUHV�
pWDLHQW� DXSDUDYDQW� LQFRQQXHV�� HW� QRXV� OHV� DYRQV� GpWHUPLQpHV� HQ� XWLOLVDQW� GHV� VLPXODWLRQV� GH�0RQWH�&DUOR��
1RXV� H[SOLFLWHURQV� HQ� SUHPLHU� OLHX� OHV� FDUDFWpULVWLTXHV� GHV� FULVWDX[� PROpFXODLUHV�� SXLV� QRXV� H[SRVHURQV� OHV�
UpVXOWDWV�H[SHULPHQWDX[�REWHQXV�VXU�GLYHUV�WHUSHQHV��

����0ROHFXODU�FU\VWDOV�
0ROHFXODU�FU\VWDOV>�����@�DUH�IRUPHG�E\�GLVFUHWH�PROHFXODU�HQWLWLHV�SDFNHG�WRJHWKHU�E\�ZHDN�
GLVSHUVLRQ�RU�SRODU�IRUFHV��,QWHUDWRPLF�GLVWDQFHV�ZLWKLQ�WKH�FU\VWDO�FDQ�EH�JHQHUDOO\�JURXSHG�
LQWR�WZR�GLVWLQFW�GLVWULEXWLRQV��ILUVWO\�RI�ERQG�GLVWDQFHV�ZLWKLQ�WKH�PROHFXOHV�DQG�VHFRQGO\�RI�
PXFK�ORQJHU�FRQWDFW�GLVWDQFHV�EHWZHHQ�DWRPV�RI�GLIIHUHQW�PROHFXOHV��7KH�IRUFHV�GHWHUPLQLQJ�
WKH�SDFNLQJ�LQ�PROHFXODU�FU\VWDOV�DUH�PXFK�ZHDNHU�WKDQ�WKRVH�RI�LRQLF�RU�FRYDOHQW�FKHPLFDO�
ERQGV��7KH�ODWWLFH�HQHUJ\�8�YDULHV�IURP������WR����NFDO�PRO���IRU�QREOH�JDVHV�XS�WR�����WR�����
NFDO� PRO�� IRU� QHXWUDO� PROHFXOHV� RI� VLJQLILFDQW� FRPSOH[LW\�� 2Q� WKH� RWKHU� KDQG� WKH� ODWWLFH�
HQHUJ\�RI�D�FRYDOHQW�FRPSRXQG�VXFK�DV�6L2���IRU�H[DPSOH��LV�������NFDO�PRO����6XFK�ZHDNHU�
LQWHUPROHFXODU�IRUFHV�FDQ�EH�DSSUR[LPDWHO\�FODVVLILHG�DV�IROORZ��
�
5HSXOVLYH�IRUFHV�
0RVW�VWDEOH�PROHFXOHV�KDYH�FORVHG�HOHFWURQ�VKHOOV�DQG�FDQQRW�DFFHSW�RWKHU�HOHFWURQV�ZLWKRXW�
YLRODWLQJ� WKH� 3DXOL� H[FOXVLRQ� SULQFLSOH�� 7KH\� UHSHO� RWKHU� PROHFXOHV� WU\LQJ� WR� FRPH� FORVH��
5HSXOVLYH� IRUFHV� H[HUW� WKHLU� HIIHFW� DW� YHU\� VKRUW� UDQJH�� DSSUR[LPDWHO\� GHFUHDVLQJ� ZLWK� WKH�
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WZHOIWK�SRZHU�RI�WKH�LQWHUDWRPLF�GLVWDQFH�DQG�JURZ�UDSLGO\�ZKHQ�WZR�QRQ�ERQGHG�DWRPV�WU\�
WR� JHW� FORVHU� WKDQ� WKHLU� SURSHU� FRQWDFW� GLVWDQFH�� JLYHQ� E\� WKH� VXP� RI� WKHLU� YDQ�GHU�:DDOV�
UDGLL��
�
'LSROH�GLSROH�LQWHUDFWLRQV�
0ROHFXOHV� KDYLQJ� SHUPDQHQWV� GLSROH� PRPHQWV� H[SHULHQFH� HOHFWURVWDWLF� DWWUDFWLRQ� ZKHQ�
SURSHUO\�RULHQWHG��$QRWKHU�HIIHFW�WR�FRQVLGHU�LV�WKDW�D�SRODU�PROHFXOH�FDQ�LQGXFH�D�GLSROH�LQ�D�
QHLJKERXULQJ�SRODUL]DEOH�PROHFXOH�� ,W�FDQ�EH�VKRZQ�WKDW�WKH� LQWHUDFWLRQ�HQHUJ\�GHSHQGV�RQ�
WKH�LQYHUVH�VL[WK�SRZHU�RI�WKH�GLVWDQFH�EHWZHHQ�WKH�WZR�GLSROHV��
�
'LVSHUVLRQ�RU�/RQGRQ�IRUFHV�
1RQ�SRODU� PROHFXOHV� DWWUDFW� RQH� DQRWKHU� HYHQ� WKRXJK� QHLWKHU� KDV� D� SHUPDQHQW� GLSROH�
PRPHQW��7KH� HYLGHQFH� IRU� WKH� H[LVWHQFH�RI� LQWHUDFWLRQV�EHWZHHQ� WKHP� LV� WKH� IRUPDWLRQ�RI�
FRQGHQVHG�SKDVHV�RI�QRQSRODU�VXEVWDQFHV��VXFK�DV�WKH�FRQGHQVDWLRQ�RI�K\GURJHQ�RU�DUJRQ�WR�
D� OLTXLG� DW� ORZ� WHPSHUDWXUH�� 7KH� LQWHUDFWLRQ� EHWZHHQ� QRQSRODU� PROHFXOHV� DULVHV� IURP� WKH�
WUDQVLHQW� GLSROH� WKDW� DOO� PROHFXOHV� SRVVHV� DV� D� UHVXOW� RI� IOXFWXDWLRQV� LQ� WKH� LQVWDQWDQHRXV�
SRVLWLRQV� RI� HOHFWURQV�� ,I� WKH� HOHFWURQV� LQ� RQH�PROHFXOH� IOXFWXDWH� LQWR� DQ� DUUDQJHPHQW� WKDW�
JLYHV� WKH�PROHFXOH�DQ� LQVWDQWDQHRXV�GLSROH�PRPHQW�µ��� WKLV�GLSROH�ZLOO�JHQHUDWH�DQ�HOHFWULF�
ILHOG�WKDW�SRODUL]HV�DQRWKHU�PROHFXOH�DQG�ZLOO�LQGXFH�LQ�WKDW�PROHFXOH�DQ�LQVWDQWDQHRXV�GLSROH�
µ���7KH�WZR�GLSROHV�DWWUDFW�HDFK�RWKHU�DQG�WKH�SRWHQWLDO�HQHUJ\�RI�WKH�SDLU�LV�ORZHUHG���
�
+\GURJHQ�ERQGLQJ�
7KH�K\GURJHQ�ERQG�LV�WKH�PRVW�LPSRUWDQW�RI�DOO�GLUHFWLRQDO�LQWHUPROHFXODU�LQWHUDFWLRQV>��@��,W�
LV�RSHUDWLYH�LQ�GHWHUPLQLQJ�PROHFXODU�FRQIRUPDWLRQ��PROHFXODU�DJJUHJDWLRQ��DQG�WKH�IXQFWLRQ�
RI�D�YDVW�QXPEHU�RI�FKHPLFDO�V\VWHPV�UDQJLQJ�IURP�LQRUJDQLF�WR�ELRORJLFDO��7KHUH�DUH�GR]HQV�
RI� GLIIHUHQW� W\SHV� RI� $+; ⋅⋅⋅⋅− � K\GURJHQ� ERQGV� WKDW� FRPPRQO\� RFFXU� LQ� WKH� FRQGHQVHG�
SKDVHV�� DQG� LQ� DGGLWLRQ� WKHUH� DUH�QXPHURXV� OHVV� FRPPRQ�RQHV��'LVVRFLDWLRQ� HQHUJLHV� VSDQ�
PRUH�WKDQ�WZR�RUGHUV�RI�PDJQLWXGH��DERXW��������NFDO�PRO� ����:LWKLQ�WKLV�UDQJH�WKH�QDWXUH�RI�
WKH�LQWHUDFWLRQ�LV�QRW�FRQVWDQW��EXW�HOHFWURVWDWLF��FRYDOHQW�DQG�GLVSHUVLRQ�FRQWULEXWLRQV�YDU\�LQ�



�

�

�

��

WKHLU� UHODWLYH� ZHLJKWV�� 7KH� K\GURJHQ� ERQG� KDV� D� EURDG� WUDQVLWLRQ� UHJLRQ� WKDW� PHUJHV�
FRQWLQXRXVO\� ZLWK� FRYDOHQW� ERQGV�� YDQ�GHU�:DDOV� LQWHUDFWLRQV�� LRQLF� LQWHUDFWLRQV� DQG� DOVR�
FDWLRQ��π�LQWHUDFWLRQV��
,Q� D�K\GURJHQ�ERQG� $+; ⋅⋅⋅⋅− �� WKH� JURXS� +; − LV� FDOOHG� WKH�GRQRU� DQG�$� LV� FDOOHG� WKH�
DFFHSWRU��VKRUW�IRU�´SURWRQ�GRQRUµ�DQG�´SURWRQ�DFFHSWRUµ���6LQFH�WKH�K\GURJHQ�ERQG�KDV�D�
ORQJ�UDQJH��D�GRQRU�FDQ�LQWHUDFW�ZLWK�WZR�RU�WKUHH�DFFHSWRUV�VLPXOWDQHRXVO\���
�

�
)LJXUH�����'LIIHUHQW�W\SHV�RI�K\GURJHQ�EULGJHV�

�

7KH�HQHUJ\�RI�K\GURJHQ�ERQGV�LQ�VROLGV�FDQQRW�EH�GLUHFWO\�PHDVXUHG��DQG�WKLV�FLUFXPVWDQFH�
OHDYHV� RSHQ� TXHVWLRQV� LQ� PDQ\� VWUXFWXUDO� VWXGLHV�� ,Q� WKHRUHWLFDO� VWXGLHV� HQHUJ\� YDOXHV� DUH�
FRPSXWHG� IRU� GLPHUV� LQ�RSWLPDO� JHRPHWU\� XQSHUWXUEHG� E\� WKHLU� VXUURXQGLQJV�� ,Q� WKH� VROLG�
VWDWH��K\GURJHQ�ERQGV�DUH�SUDFWLFDOO\�QHYHU�LQ�RSWLPDO�JHRPHWU\��DQG�DUH�DOZD\V�LQIOXHQFHG�E\�
WKHLU� HQYLURQPHQW�� 7KHUH� DUH� QXPHURXV� HIIHFWV� IURP� WKH� QHDU� DQG� DOVR� IURP� WKH� UHPRWH�
VXUURXQGLQJV�WKDW�PD\�FRQVLGHUDEO\�LQFUHDVH�RU�ORZHU�K\GURJHQ�ERQG�HQHUJLHV��´FU\VWDO�ILHOG�
HIIHFWVµ��� +\GURJHQ� ERQGV� GR� QRW� QRUPDOO\� RFFXU� DV� LVRODWHG� HQWLWLHV� EXW� IRUP� QHWZRUNV��
:LWKLQ� WKHVH� QHWZRUNV�� K\GURJHQ� ERQG� HQHUJLHV� DUH� QRW� DGGLWLYH�� 7KH� WRWDO� HQHUJ\� RI� D�
K\GURJHQ� ERQG� FDQ� EH� VSOLW� LQWR� FRQWULEXWLRQV� IURP� HOHFWURVWDWLF�� SRODUL]DWLRQ�� FKDUJH�
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WUDQVIHU�� GLVSHUVLRQ� DQG� H[FKDQJH� UHSXOVLRQ��&KHPLFDO� YDULDWLRQ�RI� GRQRU� DQG�RU� DFFHSWRU��
DQG� SRVVLEO\� DOVR� RI� WKH� HQYLURQPHQW�� FDQ� JUDGXDOO\� FKDQJH� D� K\GURJHQ� ERQG� WR� DQRWKHU�
LQWHUDFWLRQ�W\SH���
7KH�WUDQVLWLRQ�WR�D�SXUH�YDQ�GHU�:DDOV�LQWHUDFWLRQ�LV�YHU\�FRPPRQ��7KH�SRODULW\�RI� +; − RU�
$� LQ� WKH� DUUD\� −+− ⋅⋅⋅⋅− δδδ $+; � FDQ� EH� UHGXFHG� E\� VXLWDEOH� YDULDWLRQ� RI� ;� RU� $�� 7KLV�
UHGXFHV� WKH� HOHFWURVWDWLF� SDUW� RI� WKH� LQWHUDFWLRQ�� ZKHUHDV� WKH� YDQ�GHU�:DDOV� FRPSRQHQW� LV�
PXFK�OHVV�DIIHFWHG��,Q�FRQVHTXHQFH��WKH�YDQ�GHU�:DDOV�FRPSRQHQW�JDLQV�UHODWLYH�ZHLJKW��DQG�
WKH�DQJXODU�FKDUDFWHULVWLF�JUDGXDOO\�FKDQJH�IURP�GLUHFWLRQDO�WR� LVRWURSLF��6LQFH�WKH�SRODULWLHV�
RI� −+− ⋅⋅⋅⋅− δδδ $+; � FDQ� EH� UHGXFHG� WR� ]HUR� FRQWLQXRXVO\�� WKH� UHVXOWLQJ� WUDQVLWLRQ� RI� WKH�
LQWHUDFWLRQ� IURP�K\GURJHQ�ERQG� WR�YDQ�GHU�:DDOV� W\SH� LV�FRQWLQXRXV� WRR��6XFK�EHKDYLRXU��
IRU�H[DPSOH��LV�GHPRQVWUDWHG�IRU�WKH�GLUHFWLRQDOLW\�RI�&�+�2=&�LQWHUDFWLRQV�ZKLFK�JUDGXDOO\�
GLVDSSHDUV�ZKHQ�WKH�GRQRU�LV�YDULHG�IURP�&≡&�+�WR�& &+��WR�&�&+�

�

)LJXUH�����'LUHFWLRQDOLW\�RI�;�+�2=&�LQWHUDFWLRQV�ZLWK�;�+�JURXSV�RI�GLIIHUHQW�SRODULWLHV��
�
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��
7KHUH� LV� DOVR� D� FRQWLQXRXV� WUDQVLWLRQ� WR� FRYDOHQW� ERQGLQJ�� ,Q� WKH� VR� FDOOHG� V\PPHWULF�
K\GURJHQ�ERQG�;�+�;��ZKHUH�DQ�+�DWRP�LV�HTXDOO\�VKDUHG�EHWZHHQ�WZR�FKHPLFDOO\�LGHQWLFDO�
DWRPV��QR�GLVWLQFWLRQ�FDQ�EH�PDGH�EHWZHHQ�D�GRQRU�DQG�DQ�DFFHSWRU��RU�D�´FRYDOHQWµ�;�+�
DQG� D� ´QRQFRYDOHQWµ� +�

�;� ERQG�� ,Q� FU\VWDOV� DOO� WKH� LQWHUPHGLDWH� FDVHV� H[LVW� EHWZHHQ� WKH�
H[WUHPHV�;�+�;�DQG��;�+��;��
7KHUH� LV� D� JUDGXDO� WUDQVLWLRQ� IURP� K\GURJHQ� ERQGLQJ� WR� SXUHO\� LRQLF� LQWHUDFWLRQV�� ,I� LQ� DQ�
LQWHUDFWLRQ� +−+− −⋅⋅⋅⋅− δδδδ +<+; � WKH� QHW� FKDUJHV� DUH� ]HUR�� WKH� HOHFWURVWDWLFV� DUH� RI� WKH�
GLSROH�GLSROH�W\SH��,Q�JHQHUDO�KRZHYHU�WKH�QHW�FKDUJHV�DUH�QRW�]HUR��$OFRKROLF�2�+�JURXSV�
KDYH�D�SDUWLDO�QHJDWLYH�FKDUJH�LQ�DGGLWLRQ�WR�WKHLU�GLSROH�PRPHQW��WKH�DPPRQLXP�JURXS�KDV�D�
SRVLWLYH�QHW� FKDUJH� DQG� VR�RQ��7KLV� VLWXDWLRQ� OHDGV� WR� LRQLF� LQWHUDFWLRQ�EHWZHHQ� WKH� FKDUJH�
FHQWUHV�ZLWK�WKH�HQHUJ\�KDYLQJ�DQ�U���GLVWDQFH�GHSHQGHQFH��,I�WKH�FKDUJHV�DUH�ODUJH�WKH�LRQLF�
EHKDYLRXU�PD\�EHFDPH�GRPLQDQW��
)LQDOO\�WKHUH�LV�D�WUDQVLWLRQ�UHJLRQ�EHWZHHQ�WKH�K\GURJHQ�ERQG�DQG�WKH�FDWLRQ�π�LQWHUDFWLRQ��
,Q� WKH�SXUH�FDWLRQ�π� LQWHUDFWLRQ�D� VSKHULFDO� FDWLRQ�VXFK�DV�.�� FRQWDFWV� WKH�QHJDWLYH�FKDUJH�
FRQFHQWUDWLRQ� RI� D� π�ERQGHG� PRLHW\� VXFK� DV� D� SKHQ\O� ULQJ�� 7KLV� FDQ� EH� FRQVLGHUHG� DQ�
HOHFWURVWDWLF�PRQRSROH�TXDGUXSROH� LQWHUDFWLRQ��7KH�ERQG� HQHUJ\� LV� ������ NFDO�PRO�� IRU� WKH�
H[DPSOH� RI� � .�

�
�EHQ]HQH�� $� SXUH� π�W\SH� K\GURJHQ� ERQG� +− − δδ +; �

��3K� LV� IRUPDOO\� D�
PRQRSROH�TXDGUXSROH� LQWHUDFWLRQ� ZLWK� PXFK� ORZHU� HQHUJLHV� RI� RQO\� D� IHZ� NFDO�PRO� ��� ,I�
FKDUJHG�K\GURJHQ�ERQG�GRQRUV�VXFK�DV�1+�

��LQWHUDFW�ZLWK�π�HOHFWURQV�FORXGV��ORFDO�GLSROHV�
DUH� RULHQWHG� DW� WKH� π� IDFH�� EXW� WKH� HQHUJHWLFV� DUH� GRPLQDWHG� E\� WKH� FKDUJH�TXDGUXSROH�
LQWHUDFWLRQ���
�

������ &U\VWDO�SDFNLQJ�
,Q�D�FU\VWDO�UHODWLYH�PROHFXODU�SRVLWLRQV�DUH�PDLQO\�GHWHUPLQHG�E\�VKRUW�UDQJH�IRUFHV��&DOOLQJ�U�
WKH�LQWHUDWRPLF�GLVWDQFH��WKH�UHSXOVLRQ�HQHUJ\�GURSV�QHDUO\�ZLWK�U�����WKH�DWWUDFWLYH�GLVSHUVLRQ�
HQHUJ\� WHQGV� WR� ]HUR� ZLWK� U���� DQG� WKH� GLSROH�GLSROH� DQG� PRQRSROH�PRQRSROH� DWWUDFWLYH�
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HOHFWURVWDWLF� HQHUJLHV� GHFUHDVH�ZLWK� U��� DQG� U���� UHVSHFWLYHO\�� 6LQFH� YDQ� GHU�:DDOV� IRUFHV� DUH�
ERWK�DGLUHFWLRQDO�DQG�DGGLWLYH��WKH�HQHUJ\�RI�DQ\�VLQJOH�DWRP�LV�ORZHU�WKH�KLJKHU�WKH�QXPEHU�
RI�DWRPV�RI�RWKHU�PROHFXOHV�VXUURXQGLQJ�LW�DW�FRQWDFW�GLVWDQFHV��7KH�PRVW�VWDEOH�FU\VWDO�LV�WKH�
RQH� LQ� ZKLFK� WKH� PROHFXOHV� SDFN� WKHPVHOYHV� ZLWK� WKH� KLJKHVW� FRRUGLQDWLRQ� QXPEHU�� $Q�
H[FHSWLRQ� WR� WKLV� UXOH� LV� UHSUHVHQWHG� E\� WKH� K\GURJHQ� ERQG�� WKDW� UHTXLUHV� GLUHFWLRQDO�
LQWHUDFWLRQV��$� JHRPHWULFDO� DQDO\VLV� KDV�EHHQ� FDUULHG�RXW�E\�.LWDLJRURGVN\�ZKR�KDV� VKRZQ�
WKDW� URZV� RI�PROHFXOHV� VWDJJHUHG� E\� D� JOLGH� ODWWLFH� RSHUDWLRQ� FDQ� SURGXFH� D� YHU\� HIILFLHQW�
FORVH�SDFNLQJ�E\�UHSHDWLQJ�D�PROHFXOH�RI�DUELWUDU\�IRUP�LQ�WKH�VSDFH�JURXS�3���3����3F��3FD����
3QD��� DQG�3������� RU� D� FHQWURV\PPHWULF�PROHFXOH� LQ� WKH� VSDFH� JURXS�3����3���F��&��F�RU�
3EFD��7KHVH�VSDFH�JURXSV�DUH�WKH�PRVW�IUHTXHQWO\�REVHUYHG�IRU�PROHFXODU�FU\VWDOV���
�

�����3ODVWLF�FU\VWDOV�
&U\VWDOV� ZLWK� XQXVXDO� PRELOLW\� ZHUH� ILUVW� UHFRJQL]HG� E\� 7LPPHUPDQV>��@�� 7KHVH� FU\VWDOV��
FDOOHG�SODVWLF�FU\VWDOV��DUH�FRPSRVHG�RI�DOPRVW�VSKHULFDO�PROHFXOHV��´JOREXODUµ��DQG�WKH\�KDYH�
XQXVXDOO\� ORZ�HQWURS\�RI�IXVLRQ�� WKH�YDOXH�EHLQJ�RI� WKH�RUGHU�RI�5��7KLV� IDFW� LQGLFDWHV� WKDW�
RQO\�WKH�FHQWUH�RI�PDVV�RI�WKH�PROHFXOHV�DFTXLUHG�PRELOLW\�RQ�PHOWLQJ��ZKHUHDV�WKH�URWDWLRQDO�
GHJUHHV�RI�IUHHGRP�EHFRPH�PRELOH�DW�ORZHU�WHPSHUDWXUHV��,Q�DOO�VXFK�FDVHV�WKH�PHOWLQJ�SRLQW�
RI�WKH�FRPSRXQG�LV�PXFK�KLJKHU�WKDQ�H[SHFWHG��LQGLFDWLQJ�WKDW�WKH�FU\VWDO�LV�VWDEOH�LQ�VSLWH�RI�
FRQVLGHUDEOH�PRELOLW\�RI� WKH�FRQVWLWXHQW�PROHFXOHV��2ZLQJ� WR� WKHLU� JOREXODU�QDWXUH�DQG� WKH�
DEVHQFH� RI� VWURQJ� GLUHFWLRQDO� LQWHUPROHFXODU� IRUFHV�� WKHVH� PROHFXOHV� KDYH� KLJK�V\PPHWU\��
RULHQWDWLRQDOO\�GLVRUGHUHG�� SODVWLF� SKDVHV� DW� DPELHQW� WHPSHUDWXUHV� DQG�SUHVVXUHV�� IUHTXHQWO\�
ZLWK�FXELF�RU�KH[DJRQDO�V\PPHWU\��7KH�IRUPDWLRQ�RI�WKH�SODVWLF�SKDVH�LV�GXH�WR�WKH�DELOLW\�RI�
WKH�FRQVWLWXHQW�PROHFXOHV��RYHU�D�SDUWLFXODU�UDQJH�RI�WHPSHUDWXUH�RU�SUHVVXUH��WR�JDLQ�HQRXJK�
HQHUJ\�WR�VXUPRXQW�WKH�URWDWLRQDO�HQHUJ\�EDUULHU�EXW�QRW�WR�WKH�H[WHQW�RI�EUHDNLQJ�WKH�ODWWLFH�
VWUXFWXUH��5RWDWLRQ�LQ�SODVWLF�FU\VWDOV�FDQ�EH�GHVFULEHG�LQ�WHUPV�RI�RULHQWDWLRQ�GLVRUGHU�ZLWK�
WKH�PROHFXOHV�YLEUDWLQJ�DURXQG�GLVFUHWH��GLVWLQJXLVKDEOH�SRVLWLRQV�LQ�WKH�FU\VWDOOLQH�ODWWLFH�DQG�
UHRULHQWLQJ�ZLWK�YHU\�KLJK�IUHTXHQFLHV��+HQFH��WKH�VLWXDWLRQ�LV�QRW�URWDWLRQ�LQ�WKH�XVXDO�VHQVH��
EXW�UDWKHU�D�UHVWULFWHG�URWDWLRQ�IURP�RQH�SUHIHUUHG�RULHQWDWLRQ�WR�DQRWKHU>��@���
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$W�WKH�XSSHU�OLPLW�RI�WKLV�WHPSHUDWXUH�RU�SUHVVXUH�UDQJH��PHOWLQJ�RFFXUV�ZLWK�D�EUHDNGRZQ�RI�
WKH� FXELF� RU� KH[DJRQDO� DUUDQJHPHQW� EXW� ZLWK� RQO\� D� VPDOO� LQFUHDVH� LQ� HQWURS\� DQG� OLWWOH�
LQFUHDVH�LQ�YROXPH��2Q�FRROLQJ��WKH�LQWHUQDO�HQHUJ\�RI�WKH�PROHFXOH�VWDUWV�WR�GRPLQDWH�RYHU�
WKH�HQWURS\�IDFWRU�DQG�D�WUDQVLWLRQ�WDNHV�SODFH�WR�D�PRUH��RUGHUHG�SKDVH��FKDUDFWHULVHG�E\�D�
ORZHU�V\PPHWU\�FU\VWDO�VWUXFWXUH�DQG�E\�WKH�SUHVHQFH�RI�ORQJ�UDQJH�RULHQWDWLRQDO�RUGHU��,I�WKH�
WUDQVLWLRQ�OHDGV�WR�D�IXOO\�RUGHUHG�SKDVH��WKHQ�WKH�SURFHVV�LV�XVXDOO\�DFFRPSDQLHG�E\�D�ODUJH�
FKDQJH�LQ�HQWURS\��&RQYHQWLRQDOO\��WKH�IRUP�VWDEOH�DW�WKH�KLJKHVW�WHPSHUDWXUH�LV�GHVLJQHG�,��
ZKLFK� RQ� FRROLQJ� JLYHV� D� IRUP� ,,�� ZKLFK� RQ� IXUWKHU� FRROLQJ� JLYHV� D� IRUP� ,,,�� DQG� VR� RQ��
8VXDOO\�WKH�SKDVH�,�LV�WKH�SODVWLF�SKDVH�DQG�,,�DQG�DQ\�RWKHU�ORZ�WHPSHUDWXUH�IRUPV�DUH�WKH�
RUGHUHG� SKDVHV�� EXW� H[DPSOHV� FDQ� EH� FLWHG� RI� VXEVWDQFHV�� VXFK� DV� WKH� ��
R[DELF\FOR>�����@KHSWDQH�DQG�WKH�FDPSKRU>������@��ZKHUH�WKHUH�H[LVW�WZR�SODVWLF�SKDVHV�,�DQG�
,,��EHIRUH�UHDFKLQJ�RQ�FRROLQJ�WKH�RUGHUHG�SKDVH�,,,���
7HUSHQHV� DUH� ZLGHVSUHDG� LQ� QDWXUH�� V\QWKHVL]HG� LQ� SODQWV� DV� FRQVWLWXHQWV� RI� HVVHQWLDO� RLOV��
0DQ\� WHUSHQHV�DUH�K\GURFDUERQV��EXW�DOFRKROV�� DOGHK\GHV�DQG�NHWRQHV� �WHUSHQRLGV��DUH�DOVR�
IRXQG�� )RU� WKH� K\GURFDUERQV�� WKH� EDVLF� EXLOGLQJ� EORFN� LV� ��PHWK\O�����EXWDGLHQH��
&+� &�&+���&+�&+���IROORZLQJ�WKH�VR�FDOOHG�´LVRSUHQHµ�UXOH�LGHQWLILHG�E\�:DOODFK�LQ������
��7HUSHQHV�DUH�FODVVLILHG�DFFRUGLQJ�WR�WKH�QXPEHU�RI�LVRSUHQH�XQLWV��0RQRWHUSHQHV�KDYH�WZR�
LVRSUHQH� XQLWV�� VHVTXLWHUSHQHV� WKUHH�� GLWHUSHQHV� IRXU�� HWF�� 7HUSHQHV� DQG� WHUSHQRLGV� FDQ� EH�
F\FOLF���H�J��WKH�PRQRWHUSHQHV�α��DQG���SLQHQH��FDPSKRU��&��+��2��DQG�PHQWKRO���DOLSKDWLF��
�H�J�� PRQRWHUSHQRLGV� QHURO� DQG� JHUDQLRO��� RU� FRQWDLQ� ERWK� VWUDLJKW�FKDLQ� DQG� F\FOLF�
FRPSRQHQWV���H�J��WKH�WHWUDWHUSHQH�SURYLWDPLQ�$�����FDURWHQH��ZLWK���LVRSUHQH�XQLWV��&��+�����
7KH�WHUSHQHV�DQG�WHUSHQRLGV�IRUP�D�ZLGH�FODVV�RI�FRPSRXQGV��ZLWK�PDQ\�LVRPHULF�IRUPV�DV�
LVRSUHQH� XQLWV� FDQ� EH� FRPELQHG� ZLWK� WKH� GRXEOH�ERQGV� HLWKHU� FLV� RU� WUDQV�� 0DQ\� KDYH�
ELRORJLFDO� LPSRUWDQFH�� VXFK� DV� ��FDURWHQH�� SK\WRO� �YLWDPLQ�$���� RU� VTXDOHQH�� D� SUHFXUVRU� LQ�
WKH�V\QWKHVLV�RI�FKROHVWHURO��0DQ\�VPHOO�SOHDVDQW�DQG�DUH�XVHG�LQ�D�YDULRXV�SUHSDUDWLRQV��IURP�
EDWK�RLO� WR�FRXJK� OR]HQJHV�� VNLQ�UXEELQJ� ORWLRQV�� DQG�´DOWHUQDWLYH�PHGLFLQHµ��HWF��$V� VHHPV�
VXUSULVLQJO\� RIWHQ� WKH� FDVH� ZLWK� EDVLFDOO\� VLPSOH� FRPSRXQGV� WKDW� KDYH� EHHQ� SDUW� RI� WKH�
JHQHUDO�HQYLURQPHQW��UDWKHU�OLWWOH�LV�NQRZQ�DERXW�WKH�VROLG�VWDWH�EHKDYLRU���
�
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������ ��R[DELF\FOR>�����@KHSWDQH�

�
7KH� FU\VWDO� VWUXFWXUHV� RI� ��R[DELF\FOR>�����@KHSWDQH� &�+��2� �$OGULFK������ LQ� WKH� ORZ�
WHPSHUDWXUH� RUGHUHG� SKDVHV� ZHUH� LQLWLDOO\� XQNQRZQ�� 6WXGLHV� E\� 5DOSK� 0�� 3DUROL� HW� DO�>��@�
XVLQJ� VSHFWURVFRSLF� DQG� GLIIHUHQWLDO� VFDQQLQJ� FDORULPHWULF� WHFKQLTXHV� VKRZHG� WKDW� IRXU�
GLIIHUHQW� VROLG�SKDVHV�PD\�RFFXU��ZLWK�K\VWHUHVLV� LQ� WKH� WUDQVLWLRQ� WHPSHUDWXUHV��7KH\�KDYH�
VHHQ�SKDVH�,,,�DSSHDU�RQO\�RQ�ZDUPLQJ�WKH�VDPSOH�VORZO\��RWKHUZLVH�WKH\�FRXOG�RQO\�REVHUYH�
WKH�SUHVHQFH�RI�WKUHH�SKDVHV��SKDVH�,��,,�DQG�,9��
$W�URRP�WHPSHUDWXUH�WKH�VDPSOH�LV�OLTXLG�DV�DUH�D�ORW�RI�JOREXODU�PROHFXOHV��7KH�VDPSOH�ZDV�
ORDGHG� LQWR� D� ��PP�GLDPHWHU� ERURVLOLFDWH� WKLQ�ZDOOHG� JODVV� FDSLOODU\�� 7KH� HYROXWLRQ� RI� WKH�
VDPSOH�WKURXJK�WKH�SKDVH�WUDQVLWLRQV�IURP�WKH�OLTXLG�SKDVH�WR�WKH�ORZ�WHPSHUDWXUH�SKDVH�ZDV�
LQYHVWLJDWHG�E\�UHFRUGLQJ�RQ�WKH�EHDPOLQH�%0���VKRUW�GLIIUDFWLRQ�SDWWHUQV�RI���PLQ�HDFK��7R�
VHH� LI� K\VWHUHVLV�ZDV� SUHVHQW� LQ� WKH� WUDQVLWLRQ� WHPSHUDWXUHV� ZH� F\FOHG� D� IHZ� WLPHV� XS� DQG�
GRZQ�LQ�WHPSHUDWXUH�DQG�DOVR�ZLWK�GLIIHUHQW�ZDUPLQJ�UDWHV��,Q�WKH�QH[W�WDEOHV�ZH�VXPPDUL]H�
WKH�UHVXOWV�REWDLQHG��
�
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�
�
�
�
�
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7UDQVLWLRQ�� ������� �� ��	

�� � �� ��

� ��� ��� �� ��	

��  � �� ��

������� �� �

�  � �� ��

� ��� ��� �� �

� ��  ��� � �

/LTXLG�SKDVH�,� ����.� ����.� ����.� ����.� �
3KDVH�,���,,� ����.� ����.� ����.� ����.�
3KDVH�,,�,9� ����.� ����.� ����.� ,,�,,,�����.�

,,,�,9����.��

�7DEOH�����7HPSHUDWXUH�DW�ZKLFK�WKH�SKDVH�WUDQVLWLRQ�RFFXUV���LV�WKH�ZRUN�RI�5DOSK�0��3DUROL�HW�DO���
�

:DUPLQJ������.�PLQ���� 7�.��
2UGHUHG��SKDVH�,9� ������
&KDQJH� ���³����
2UGHUHG�SKDVH�,,,� ���³����
&KDQJH�� ���³����
'LVRUGHUHG�SKDVH�,,� ���³����
'LVRUGHUHG�SKDVH�,� ���³�����
%HJLQV�WR�PHOW� ����
/LTXLG� !�����

7DEOH�����'HWDLOHG�WHPSHUDWXUHV�DW�ZKLFK�ZH�REVHUYHG�WKH�SKDVH�WUDQVLWLRQV�
7KH�SKDVH�,,,�DSSHDUV�RQO\�LI�ZH�ZDUP�XS�VORZO\�DQG�LW�ODVWV�IRU�DQ�LQWHUYDO�RI�RQO\���.��7KLV�
LV�LQ�DJUHHPHQW�ZLWK�WKH�'6&�GDWD�RI�3DUROL�HW�DO���
7KH�PHDVXUHPHQWV�ZKHUH�ILUVW�SHUIRUPHG�RQ�WKH�EHDPOLQH�%0���DQG�WKHQ��DV�ZH�ZLOO�VKRZ��
SKDVH�,,,�H[KLELWHG�D�VWURQJ�SUHIHUUHG�RULHQWDWLRQ�HIIHFW��:H�KDYH�DOVR�PHDVXUHG�WKH�VDPSOH�
RQ�WKH�6ZLVV�1RUZHJLDQ�EHDPOLQH���61%/��ZKHUH�D�0$5�LPDJH�SODWH�GHWHFWRU�ZDV�XVHG�LQ�
RUGHU�WR�WU\�WR�RYHUFRPH�WKLV�SUREOHP��
�
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)LJXUH�����3RZGHU�GLIIUDFWRJUDPV�VKRZLQJ�WKH�VWUXFWXUDO�SKDVH�WUDQVLWLRQV�
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�������� 3KDVH�,�

7KH�ODWWLFH�SDUDPHWHUV�RI�SKDVH�,�ZKHUH�REWDLQHG�DIWHU�WKH�PHDVXUHPHQWV�SHUIRUPHG�RQ�WKH�
61%/��7KH�UHVROXWLRQ�ZDV�ZRUVH� WKDQ�RQ�%0���EXW� WKH�VWDWLVWLFV�DUH�PXFK�KLJKHU�DQG�ZH�
FRXOG�VHH� VRPH�SHDNV�DSSHDULQJ� LQ� WKH� ORZ�DQJOH�UHJLRQ�WKDW�ZH�FRXOG�KDUGO\�VHH�IURP�WKH�
%0���GDWD��7KH�FHOO�ZDV�IRXQG�ZLWK�WKH�69'�DXWR�LQGH[LQJ�SURJUDP�SUHVHQW�LQ�723$6��$W�
���.�WKH�FHOO�LV�FXELF�ZLWK�D� ������������c��VSDFH�JURXS�)P�P��
�
�
�
�
�
�

)LJXUH�����3RZGHU�GLIIUDFWLRQ�SDWWHUQ�RI�WKH�GLVRUGHUHG�IDFH�FHQWHUHG�FXELF�SKDVH�,���λ ��������c���
7KLV�EHKDYLRXU�LV�W\SLFDO�RI�D�SODVWLF�FU\VWDO��:H�QRWH�DOVR�WKDW�WKH�VDPSOH�SUHVHQWV�SUHIHUUHG�
RULHQWDWLRQ�HIIHFW��7KH� IROORZLQJ� LPDJH� LV� WDNHQ�ZLWK� D�FDSLOODU\� URWDWLRQ�DURXQG� LWV� D[LV�RI�
��°���

�
�
�

�)LJXUH� ���� 7KH� ��GLPHQVLRQDO� SRZGHU� GLIIUDFWLRQ� SDWWHUQ�
FROOHFWHG�RQ�WKH�0$5�LPDJH�SODWH�RQ�WKH�61%/��
�
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�
�
�
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�������� 3KDVH�,,�

7KLV�SKDVH�ZDV�DOUHDG\�LQGH[HG�PDQXDOO\�DV�FXELF�ZLWK�D ������������c�DW�7 ����.�ORRNLQJ�
DW�WKH�%0���GDWD��EXW�LW�ZDV�GLIILFXOW�WR�GHWHUPLQH�WKH�VSDFH�JURXS�DV�ZH�FRXOG�RQO\�VHH�ILYH�
SHDNV��/RRNLQJ�DW�WKH�GDWD�FROOHFWHG�RQ�WKH�61%/��ZKHUH�WKH�QXPEHU�RI�REVHUYHG�SHDNV� LV�
PXFK�KLJKHU��LW�ZDV�SRVVLEOH�WR�DVVLJQ�WKH�VSDFH�JURXS�DV�3P�P��7KH�FHOO�ZDV�FKHFNHG�DOVR�
ZLWK� WKH�69'�SURFHGXUHV� DQG� � WKH� VDPH�FHOO� DOUHDG\�GHWHUPLQHG�PDQXDOO\�ZDV� IRXQG��7KH�
WUDQVLWLRQ�LV�WKHQ�IURP�SKDVH�,��IDFH�FHQWUHG�FXELF�ODWWLFH��WR�SKDVH�,,��SULPLWLYH�FXELF�ODWWLFH��
$� IHZ� SHDNV� FDQ·W� EH� LQGH[HG�� DQG� DUH� LGHQWLILHG� DV� FRPLQJ� IURP� WKH� LFH� IRUPHG� RQ� WKH�
FDSLOODU\�GXULQJ�WKH�H[SHULPHQW��
�

�

)LJXUH�����3RZGHU�GLIIUDFWLRQ�SDWWHUQ�RI�WKH�GLVRUGHUHG�SULPLWLYH�FXELF�SKDVH�,,���λ ��������c���
�

�
�

)LJXUH�����7KH���GLPHQVLRQDO�SRZGHU�GLIIUDFWLRQ�SDWWHUQ�FROOHFWHG�RQ�WKH�0$5�
LPDJH�SODWH�RQ�WKH�61%/��
�
�
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�������� 3KDVH�,,,�

7KH� GLIIUDFWLRQ� SDWWHUQ� UHFRUGHG� RQ� WKH� EHDPOLQH� %0��� DW� ���� .� ZDV� LQGH[HG� IURP� WKH�
SRVLWLRQV�RI����ORZ�DQJOH�SHDNV�XVLQJ�WKH�SURJUDP�,72��ZLWK�D�ILJXUH�RI�PHULW�0���RI�����LQ�D�
PRQRFOLQLF�FHOO��

D� �����������c��E� ������������c��F� �����������c���β� �����������°�
,W�ZDV�QRW�SRVVLEOH�LQLWLDOO\�WR�VROYH�WKH�VWUXFWXUH�EHFDXVH�RI�VWURQJ�JUDQXODULW\�EXW�RZLQJ�WR�
WKH�KLJK�UHVROXWLRQ�LW�ZDV�SRVVLEOH�WR�REWDLQ�WKH�XQLW�FHOO��
�
�
�
�
�
�
�

)LJXUH�����7KH�KLJK�UHVROXWLRQ�GLIIUDFWRJUDP�RI�WKH�SKDVH�,,,�FROOHFWHG�RQ�%0����
:H� SHUIRUPHG� WKHQ� DQRWKHU� PHDVXUHPHQW� DW� WKH� VDPH� WHPSHUDWXUH� DW� WKH� 61%/� XVLQJ� D�
0$5�LPDJH�SODWH�WKDW�VKRZV�WKH�VWURQJ�JUDQXODULW\�SUHVHQW�LQ�WKH�VDPSOH��

�
�����

�������������)LJXUH� ���� 7KH� ��GLPHQVLRQDO� SRZGHU� GLIIUDFWLRQ� SDWWHUQ�
FROOHFWHG�RQ�WKH�0$5�LPDJH�SODWH�RQ�WKH�61%/�WKDW�FOHDUO\�VKRZ�WKH�
JUDQXODULW\�RI�WKH�VDPSOH�
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$YHUDJLQJ�WKH� LQWHQVLWLHV�RYHU�DOO� WKH�GLIIUDFWLRQ�FLUFOHV�ZDV�HQRXJK�WR�REWDLQ�D�GDWDVHW� WKDW�
ZDV�XVHG�WR�VROYH�WKH�VWUXFWXUH�ZLWK�WKH�SURJUDP�)2;��SDUDOOHO�WHPSHULQJ���7KH�FHOO�YROXPH�
RI� ���������� c�� LQGLFDWHV� ��� PROHFXOHV� SHU� XQLW� FHOO�� 7KH� V\VWHPDWLF� DEVHQFHV� LQ� WKH�
GLIIUDFWLRQ�SDWWHUQV�LQGLFDWHG�WKH�VSDFH�JURXS�WR�EH�3���D��DQG�KHQFH�WKHUH�DUH���LQGHSHQGHQW�
PROHFXOHV�LQ�WKH�DV\PPHWULF�XQLW��
,Q�WKH�IROORZLQJ�SLFWXUH�LW�LV�SRVVLEOH�WR�VHH�WKH�GLIIHUHQW�UHVROXWLRQ�WKDW�FDQ�EH�REWDLQHG�RQ�
%0���DQG�QRZ�RQ�,'���FRPSDUHG�WR�WKDW�RI�DQ�LPDJH�SODWH��

�
)LJXUH������&RPSDULVRQ�EHWZHHQ�WKH�GLIIHUHQFH�RI�UHVROXWLRQ�RI�WKH�LPDJH�SODWH�DQG�WKH�DQDO\VHU�FU\VWDO�
:LWK�)2;�ZH� XVHG� D� JOREDO� RSWLPLVDWLRQ� WHFKQLTXH�ZKHUH� WKHUH� LV� QR�QHHG� WR� H[WUDFW� WKH�
LQWHJUDWHG�LQWHQVLWLHV�DV�H[SODLQHG�LQ�SDU�������VR�HYHQ�ZLWK�D�ORZ�UHVROXWLRQ�GLIIUDFWRJUDP�LW�
ZDV�SRVVLEOH�WR�VROYH�WKH�VWUXFWXUH����
7KH� ILQDO� 5LHWYHOG� UHILQHPHQW� ZDV� GRQH� ZLWK� WKH� SURJUDP� *6$6>��@�� 7KH� SHDNV� ZHUH�
GHVFULEHG�E\�D�SVHXGR�9RLJW�SHDN�VKDSH�IXQFWLRQ>��@�ZLWK�DV\PPHWU\�FRUUHFWHG�E\�WKH�PRGHO�
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RI�)LQJHU��&R[�DQG�-HSKFRDW>��@��2QH�RYHUDOO� WHPSHUDWXUH�IDFWRU�ZDV�UHILQHG��8��- ���������
c���7KH�GLVWDQFHV�DQG�DQJOHV�ZHUH�UHVWUDLQHG�DFFRUGLQJ�WR�WKH�YDOXHV�IRXQG�LQ�WKH�PLFURZDYH�
VSHFWURVFRS\�ZRUN�RI�&UHVZHOO>��@��%RQG�OHQJWK�UHVWUDLQWV�ZHUH�ZHLJKWHG����ZLWK�D�WROHUDQFH�
RI� �� ������ c� DQG� DQJOHV� UHVWUDLQWV� ��� ZLWK� D� WROHUDQFH� RI� �� �°�� 7KH� ILQDO� UHILQHPHQW�
FRQYHUJHG�WR�5�

�  ��������5� �����DQG�χ� �����
�

�
�

)LJXUH������2EVHUYHG����UHG���FDOFXODWHG����JUHHQ��DQG�GLIIHUHQFH�SORW�RI�WKH�ILQDO�5LHWYHOG�UHILQHPHQW�RI�SKDVH�,,,��GDWD�FROOHFWHG�
RQ�WKH�61%/��
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)LJXUH������3DFNLQJ�RI�WKH�PROHFXOHV�LQ�WKH�XQLW�FHOO�LQ�WKH�SKDVH�,,,�
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,Q��7DEOH�����DQG�LQ�7DEOH�����WKH�ILQDO�GLVWDQFH�DQG�DQJOH�YDOXHV�DUH�UHSRUWHG�
�

�

7DEOH�����5HILQHG�ERQG�OHQJWKV�YDOXHV�
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7KH�IRUFHV�WKDW�KROG�WRJHWKHU�WKH�VWUXFWXUH�DUH�GLSROH�GLSROH�W\SH�LQWHUDFWLRQV��
�
�
�
��
�
�
�
�
�
�

)LJXUH������2ULHQWDWLRQ�RI�WKH�GLSROHV�LQ�WKH�SKDVH�,,,�
,Q�)LJXUH������ZH�KDYH�VNHWFKHG�WKH�PROHFXOHV�WR�VKRZ�PRUH�FOHDUO\�WKH�GLSROH�RULHQWDWLRQ��
7KH�GLSROHV�DUH�DOWHUQDWLQJ�XS�DQG�GRZQ�LQ�D�FKDLQ�DQG�WKH�FU\VWDO�VWUXFWXUH� LV�IRUPHG�E\�D�
VXFFHVVLRQ�RI�WKHVH�FKDLQV����

� ��R[DELF\FOR>�����@KHSWDQH�
PROHFXODU�IRUPXOD� &�+��2�
PROHFXODU�ZHLJKW� ������
D�c�� ����������
E�c�� ������������
F�c�� �����������
E�q� ���������°�
VSDFH�JURXS� 3���D�
9�c�� ����������
=�
=·�

���
��

GHQVLW\�J�FP�
�� ������

7�.� ����
O�c�� ��������
5������ �����
5�����
F��

����
����



�

�

�

��

�������� 3KDVH�,9�

7KH� GLIIUDFWLRQ� SDWWHUQ� UHFRUGHG� RQ� WKH� EHDPOLQH� %0��� DW� ��� .� ZDV� LQGH[HG� IURP� WKH�
SRVLWLRQV�RI����ORZ�DQJOH�SHDNV�XVLQJ�WKH�SURJUDP�.2+/��ZLWK�D�ILJXUH�RI�PHULW�0���RI�����
LQ�DQ�PRQRFOLQLF�FHOO��

D� ������������c���E� ������������c��F� ������������c�β� �������������°�
7KH� FHOO� YROXPH� LQGLFDWHV� ��� PROHFXOHV� SHU� XQLW� FHOO�� 7KH� V\VWHPDWLF� DEVHQFHV� LQ� WKH�
GLIIUDFWLRQ�SDWWHUQV�LQGLFDWHG�WKH�VSDFH�JURXS�WR�EH�&��F��DQG�KHQFH�WKHUH�DUH���LQGHSHQGHQW�
PROHFXOHV�LQ�WKH�DV\PPHWULF�XQLW��
7KH�VWUXFWXUH�ZDV�VROYHG�XVLQJ�WKH�SURJUDP�'$6+��VLPXODWHG�DQQHDOLQJ���7KH�ILQDO�5LHWYHOG�
UHILQHPHQW�ZDV�GRQH�ZLWK�WKH�SURJUDP�723$6��7KH�PROHFXOHV�ZHUH�WUHDWHG�DV�D�ULJLG�ERG\�
ZLWK�YDOXHV�RI�ERQG�OHQJWKV�DQG�DQJOHV�UHVWUDLQHG�DFFRUGLQJ�WR�WKH�ZRUN�RI�&UHVZHOO��,Q�WKH�
ILUVW�VWDJH�RI�WKH�UHILQHPHQW�RQO\�WKH�RULHQWDWLRQDO�DQG�SRVLWLRQDO�SDUDPHWHUV�ZHUH�DOORZHG�WR�
YDU\��$W� WKH�HQG� WKH� ULJLG�ERG\�ZDV�DOPRVW�FRPSOHWHO\� UHOD[HG��HYHU\WKLQJ�ZDV� IUHH� WR�YDU\�
H[FHSW�WKH�K\GURJHQ�DWRPV��ZKLFK�ZHUH�NHSW�IL[HG�LQ�WKH�ULJKW�JHRPHWU\��$OVR�LQ�WKLV�FDVH�ZH�
XVH� UHVWUDLQWV� EXW� WKLV� WLPH� RQO\� IRU� WKH� &�&� DQG� &�2� GLVWDQFHV� ZLWK� GLVWDQFHV� ZLWK� D�
WROHUDQFH�YDOXH�RI���������c�DQG�ZHLJKW����7KH�DQJOHV�ZHUH�OHIW�IUHH�WR�YDU\��/RRNLQJ�DW�WKH�
GDWD�FROOHFWHG�RQ�WKH�61%/�ZH�VDZ�WKDW�HYHQ�IRU�WKLV�SKDVH��D�OLWWOH�SUHIHUUHG�RULHQWDWLRQ�LV�
SUHVHQW�� 7KHUHIRUH�ZH� XVHG� SUHIHUUHG� RULHQWDWLRQ� FRUUHFWLRQ� EDVHG� RQ� VSKHULFDO� KDUPRQLFV�
DFFRUGLQJ�WR�-lUYLQHQ>��@�LQ�RUGHU�WR�LPSURYH�WKH�ILW��:H�XVHG�D�����RUGHU�IXQFWLRQ�DQG�LW�ZDV�
HQRXJK� WR� FRUUHFW� LW�� 7KH� SHDNV� ZHUH� GHVFULEHG� E\� D� 3HDUVRQ9,,>��@� �39,,�� SHDN� VKDSH�
IXQFWLRQ� ZLWK� DV\PPHWU\� FRUUHFWHG� E\� WKH� VLPSOH� D[LDO� PRGH� SUHVHQW� LQ� 723$6�� 7KH�
WHPSHUDWXUH�IDFWRUV�ZHUH�UHILQHG�LQGLYLGXDOO\�IRU�HDFK�PROHFXOH�UHDFKLQJ�WKHVH�ILQDO�%�YDOXHV��
%� ���������c��� %� � ��������c���%� � ��������c���7KH� ILQDO� UHILQHPHQW� FRQYHUJHG� WR�5��  �
������5� �����DQG�χ� ����
�
�

�



�

�

�

��

��
)LJXUH������2EVHUYHG����EOXH���FDOFXODWHG����UHG��DQG�GLIIHUHQFH�SORW�RI�WKH�ILQDO�5LHWYHOG�UHILQHPHQW�RI�SKDVH�,9�
,Q�WKH�QH[W� WDEOH�ZH�UHSRUW� WKH�ILQDO�YDOXHV�RI�ERQGV�DQG�DQJOHV�� WKH� ODEHOV�DUH� WKH�VDPH�DV�
XVHG�LQ�7DEOH�����7DEOH������
� ����� � ����	 � ����� � ����	 � ����� � ����	
� 
�� �� 
���� ��� � 
�� �� 
���� ��� �
�� �� 
��� 
���
� 
�� ��� 
��� ��� � 
�� ��� 
��� 
��� �
�� ��� 
���� ���
� 
�� ��� 
�� �� ��� � 
�� ��� 
���� ��� �
����� 
���� ���
���� ��� 
���� ��� ���� ��� 
��� 
��� ���� ��� 
���� ���
���� ��� 
���� ��� ���� ��� 
���� ��� ���� ��� 
���� ���
���� ��� 
�� �� ��� ���� ��� 
���� �
� ������� 
���� �
�
��� ��� 
���� ��� ��� ��� 
���� ��� ��� ��� 
���� ���
���� ��� 
���
��� ���� ��� 
��� ��� ���� ��� 
���� ���

7DEOH�����5HILQHG�ERQG�OHQJWKV�YDOXHV������DQG���������������������������������������������7DEOH�����5HILQHG�DQJOHV�YDOXHV�������
$QJOH� 'HJUHHV� $QJOH� 'HJUHHV� $QJOH� 'HJUHHV�
F�DBF�DBF�D� ��������� F�EBF�EBF�E� ��������� F�FBF�FBF�F� ���������
F�DBF�DBR�D� ��������� F�EBF�EBR�E� ��������� F�FBF�FBR�F� ���������
F�DBF�DBR�D� ��������� F�EBF�EBR�E� ��������� F�FBF�FBR�F� ���������
F�DBF�DBF�D� ��������� F�EBF�EBF�E� ��������� F�FBF�FBF�F� ���������
F�DBF�DBR�D� ��������� F�EBF�EBR�E� ��������� F�FBF�FBR�F� ���������
F�DBF�DBR�D� ��������� F�EBF�EBR�E� ��������� F�FBF�FBR�F� ���������
F�DBF�DBF�D� ��������� F�EBF�EBF�E� ��������� F�FBF�FBF�F� ���������
F�DBF�DBF�D� ��������� F�EBF�EBF�E� �������� F�FBF�FBF�F� ���������
F�DBF�DBF�D� ��������� F�EBF�EBF�E� ��������� F�FBF�FBF�F� ���������
F�DBF�DBF�D� ��������� F�EBF�EBF�E� ��������� F�FBF�FBF�F� ���������
F�DBR�DBF�D� �������� F�EBR�EBF�E� �������� F�FBR�FBF�F� ��������
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,Q�)LJXUH������ZH�VKRZ�WKH�ILQDO�FU\VWDO�VWUXFWXUH��

�
�

)LJXUH������3DFNLQJ�RI�WKH�PROHFXOHV�LQ�WKH�XQLW�FHOO�LQ�WKH�SKDVH�,9�
�



�

�

�

��

�
7KH� IRUFHV� WKDW� KROG� WRJHWKHU� WKH� VWUXFWXUH� DUH�� DV� VHHQ� EHIRUH�� GLSROH�GLSROH� W\SH�
LQWHUDFWLRQV��EXW�WKH�GLVSRVLWLRQ�RI�WKH�GLSROHV�LQ�VSDFH�LV�GLIIHUHQW��&RPSDULQJ�WKH�VWUXFWXUH�
DW�����.��WKH�GLSROHV�DUH�RUGHUHG�LQ�SODQH�DQG�RULHQWHG�LQ�RSSRVLWH�GLUHFWLRQV�IURP�RQH�SODQH�
WR�WKH�QH[W��

�
)LJXUH������2ULHQWDWLRQ�RI�WKH�GLSROHV�LQ�WKH�SKDVH�,9�

�
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� ��R[DELF\FOR>�����@KHSWDQH�
PROHFXODU�IRUPXOD� &�+��2�
PROHFXODU�ZHLJKW� ������
D�c�� �����������
E�c�� ������������
F�c�� �����������
E�q� ������������
VSDFH�JURXS� &��F�
9�c�� �����������
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GHQVLW\�J�FP��� ������
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������ 1RUFDPSKRU�

�
7KH�VROLG�VWDWH�EHKDYLRXU�RI�WKH�1RUFDPSKRU��&�+��2��ZDV�VWXGLHG�E\�+ROGHUQD�1DWNDQLHF�
HW� DO�>��@� XVLQJ� QHXWURQ� GLIIUDFWLRQ� DQG� LQHODVWLF� LQFRKHUHQW� VFDWWHULQJ� LQ� WKH� WHPSHUDWXUH�
UDQJH� IURP� ��� .� WR� ���.�� $7� ���.� WKH� VDPSOH� LV� VROLG� DQG� IRUPV� D� GLVRUGHUHG� SODVWLF�
FU\VWDO��SKDVH�,��7KH\�REVHUYHG�LQ�FRROLQJ�DW�DERXW�����.�D�WUDQVLWLRQ�LQ�WKH�RULHQWDWLRQ�RI�WKH�
PROHFXOHV��SKDVH�,,��DQG�XSRQ�KHDWLQJ��WKH�IRUPDWLRQ�RI�D�QHZ�SKDVH��SKDVH�,,,��WKDW�LV�VWDEOH�
DW� ORZ� WHPSHUDWXUH� XS� WR� ����.��7KH� LQHODVWLF� LQFRKHUHQW� VFDWWHULQJ� VSHFWUD� VXJJHVWHG� WKDW�
SKDVH� ,,,�ZDV�PRUH�GHQVHO\�SDFNHG�WKDQ�SKDVH�,,��)URP�WKH�QHXWURQ�GLIIUDFWLRQ�VWXG\�WKH\�
GLGQ·W�UHSRUW�DQ\�FHOO�FRQVWDQW�DQG�QR�DWWHPSW�WR�VROYH�WKH�VWUXFWXUH�ZDV�PDGH�RZLQJ�WR�WKH�
SRRU�UHVROXWLRQ�RI�WKH�GLIIUDFWRJUDP��
$W�URRP�WHPSHUDWXUH�WKH�VDPSOH��$OGULFK�������LV�VROLG��IRUPLQJ�D�ZKLWH�VWLFN\�SRZGHU��7KH�
VDPSOH� ZDV� ORDGHG� LQWR� D� ��PP�GLDPHWHU� ERURVLOLFDWH� WKLQ�ZDOOHG� JODVV� FDSLOODU\�� 7KH�
HYROXWLRQ�RI�WKH�VDPSOH�WKURXJK�WKH�SKDVH�WUDQVLWLRQV�IURP�WKH�URRP�WHPSHUDWXUH�SKDVH�WR�
WKH� ORZ�WHPSHUDWXUH� RUGHUHG� SKDVHV�ZDV� LQYHVWLJDWHG� E\� UHFRUGLQJ� RQ� WKH� EHDPOLQH�%0���
VKRUW�GLIIUDFWLRQ�SDWWHUQV�RI���PLQ��HDFK��&RROLQJ�DW�WKH�UDWH�RI���.�PLQ�

��ZH�FRXOG�REVHUYH�
RQO\�WKH�WUDQVLWLRQ�IURP�WKH�GLVRUGHUHG�SKDVH�,�WR�WKH�RUGHUHG�SKDVH�,,,��ZLWK�QR�HYLGHQFH�IRU�
WKH�SUHVHQFH�RI��SKDVH�,,��,QVWHDG��VLPLODU�WR�WKH�FDVH�RI�WKH���R[DELF\FOR>�����@KHSWDQH��ZKHQ�
ZDUPLQJ�DW�D�UDWH�RI�����.�PLQ�

��ZH�FRXOG�REVHUYH�WKH�IRUPDWLRQ�RI�SKDVH�,,��,Q�7DEOH�����ZH�
UHSRUW�WKH�WHPSHUDWXUH�DW�ZKLFK�ZH�REVHUYHG�WKH�WUDQVLWLRQV���
�
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:DUPLQJ������.�PLQ�

��� 7�.��
2UGHUHG�SKDVH�,,,� �����
&KDQJH�� ���³����
2UGHUHG�SKDVH�,,� ���³����
'LVRUGHUHG�SKDVH�,� !�����

�
&RROLQJ����.�PLQ�

��� 7�.��
2UGHUHG�SKDVH�,,,� �����
'LVRUGHUHG�SKDVH�,� !�����

7DEOH�����7HPSHUDWXUH�DW�ZKLFK�WKH�SKDVH�WUDQVLWLRQ�RFFXUV�
:H�FDQ�VHH�WKDW�DOVR�LQ�WKLV�FDVH�K\VWHUHVLV�LV�SUHVHQW��

�
)LJXUH������3RZGHU�GLIIUDFWRJUDPV�VKRZLQJ�WKH�VWUXFWXUDO�SKDVH�WUDQVLWLRQV�

�
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�������� 3KDVH�,�

7KLV� SKDVH� ZDV� PDQXDOO\� LQGH[HG� DV� KH[DJRQDO� ZLWK� D ���������� c� F ���������� c� DW�
7 ���.���7KH�FHOO�ZDV�DOVR�FKHFNHG�ZLWK�WKH�69'�SURFHGXUHV�DQG�LW�IRXQG�WKH�VDPH�FHOO�DV�
ZH·YH�DOUHDG\�GHWHUPLQHG�PDQXDOO\��/RRNLQJ�DW�WKH�%0���GDWD�WKH�VSDFH�JURXS�FDQ�EH�DVVLJQ�
DV� 3���PPF� EXW� D�PRUH� DFFXUDWH�PHDVXUHPHQW� LV� UHTXLUHG� WR� FRQILUP� WKLV� K\SRWKHVLV�� DV�
RQO\���SHDNV�DUH�YLVLEOH���
�

�

)LJXUH������3RZGHU�GLIIUDFWLRQ�SDWWHUQ��FROOHFWHG�RQ�%0����RI�WKH�GLVRUGHUHG�KH[DJRQDO�SKDVH�,���λ ��������c���

��������3KDVH�,,�

7KH� GLIIUDFWLRQ� SDWWHUQ� UHFRUGHG� RQ� WKH� EHDPOLQH� %0��� DW� ���� .� ZDV� LQGH[HG� IURP� WKH�
SRVLWLRQV�RI����ORZ�DQJOH�SHDNV�XVLQJ�WKH�SURJUDP�,72��ZLWK�D�ILJXUH�RI�PHULW�0���RI�����LQ�D�
RUWKRUKRPELF�FHOO��

D� �����������c��E� �����������c��F� ������������c����
7KH�FHOO�YROXPH�RI�����������c��LQGLFDWHV���PROHFXOHV�SHU�XQLW�FHOO��7KH�V\VWHPDWLF�DEVHQFHV�
LQ� WKH� GLIIUDFWLRQ� SDWWHUQV� LQGLFDWHG� WKH� VSDFH� JURXS� WR� EH� 3QD���� DQG� KHQFH� WKHUH� LV� ��
LQGHSHQGHQW�PROHFXOH�LQ�WKH�DV\PPHWULF�XQLW��
7RJHWKHU�ZLWK�WKH�SKDVH�,,�DQ�DPRXQW�RI�WKH�KH[DJRQDO�SKDVH�,�LV�VWLOO�SUHVHQW���
�
�
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�
)LJXUH������3RZGHU�GLIIUDFWLRQ�SDWWHUQ�RI�WKH�SKDVH�,,��LQ�EOXH�LW�LV�VKRZHG�WKH�FRQWULEXWLRQ�RI�WKH�VPDOO�DPRXQW�RI�SKDVH�,�VWLOO�

SUHVHQW�WKDW�LV�ILWWHG�SHUIRUPLQJ�D�3DZOH\�ILW�
7KH�SHDNV�LQWHQVLWLHV�RI�WKH�KH[DJRQDO�SKDVH�,�ZHUH�WUHDWHG�DV�YDULDEOHV�GXULQJ�WKH�VWUXFWXUH�
VROXWLRQ�VWDJH�SHUIRUPLQJ�D�3DZOH\�ILW��7KH�VROXWLRQ�ZDV�IRXQG�ZLWK�WKH�SURJUDP�7RSDV��YLD�
WKH�VLPXODWHG�DQQHDOLQJ�SURFHGXUH�ZKHQ��QRW�RQO\�WKH�URWDWLRQ�DQG�WUDQVODWLRQ�SDUDPHWHUV�RI�
WKH�PROHFXOH�ZHUH�RSWLPLVHG��EXW�DOVR�WKH�LQWHQVLWLHV�RI�WKH�KH[DJRQDO�SKDVH��,Q�IDFW�LW�LV�QRW�
SRVVLEOH� WR�NQRZ�D�SULRUL� WKH�ULJKW� LQWHQVLWLHV�RI�RQH�RI� WKH� WZR�SKDVHV�ZKHQ�WKHUH� LV�SHDN�
RYHUODS���

�
)LJXUH������([DPSOH�RI�KRZ�LQ�FDVH�RI�SHDNV�RYHUODS�WKH�SKDVH�,�DQG�SKDVH�,,�FRQWULEXWH�UHVSHFWLYHO\��
�
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�

��

7KH�ILQDO�5LHWYHOG�UHILQHPHQW�ZDV�DOVR�GRQH�ZLWK�WKH�SURJUDP�723$6��,Q�WKH�ILUVW�VWDJH�RI�
WKH�UHILQHPHQW�RQO\�WKH�RULHQWDWLRQDO�DQG�SRVLWLRQDO�SDUDPHWHUV�ZHUH�DOORZHG�WR�YDU\��$W�WKH�
HQG�WKH�ULJLG�ERG\�ZDV�DOPRVW�FRPSOHWHO\�UHOD[HG��HYHU\WKLQJ�ZDV�OHIW�IUHH�WR�YDU\�H[FHSW�WKH�
K\GURJHQ�DWRPV�WKDW�ZHUH�NHSW�IL[�LQ�WKH�ULJKW�JHRPHWU\��:H�XVH�VRIW�UHVWUDLQWV�IRU�WKH�&�&�
DQG�&�2�GLVWDQFHV�ZLWK�D�WROHUDQFH�YDOXH�RI��������c�DQG�ZHLJKW����7KH�DQJOHV�ZHUH�OHW�IUHH�
WR�YDU\��7KH�SHDNV�ZHUH�GHVFULEHG�E\�D�39,,�SHDN�VKDSH�IXQFWLRQ�ZLWK�DV\PPHWU\�FRUUHFWHG�
E\�WKH�VLPSOH�D[LDO�PRGH�SUHVHQW�LQ�723$6��2QH�VLQJOH�WHPSHUDWXUH�IDFWRU�ZDV�UHILQHG�IRU�
WKH�ZKROH�PROHFXOH�UHDFKLQJ�WKH�ILQDO�YDOXH��% ��������c���7KH�ILQDO�UHILQHPHQW�FRQYHUJHG�WR�
5�

�  ��������5� ����DQG�χ� ����
�

�
)LJXUH������2EVHUYHG����EOXH���FDOFXODWHG����UHG��DQG�GLIIHUHQFH�SORW�RI�WKH�ILQDO�5LHWYHOG�UHILQHPHQW�RI�SKDVH�,,�

� �
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�
)LJXUH������3DFNLQJ�RI�WKH�PROHFXOHV�LQ�WKH�XQLW�FHOO�LQ�WKH�SKDVH�,,�

�
�
�
�
�
�
�
�
�
�
�
�
�
�
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�

,Q��7DEOH�����DQG�LQ�7DEOH�����WKH�ILQDO�GLVWDQFH�DQG�DQJOH�YDOXHV�DUH�UHSRUWHG�

�
�

7DEOH�����5HILQHG�ERQG�OHQJWK�YDOXHV�������
9HFWRU� /HQJWK�
&�B&�� ���������
&�B&�� ���������
&�B&�� ���������
&�B&�� ���������
&�B&�� ���������
&�B&�� ����������
&�B2�� ���������
&�B&�� ���������
�
�

����������������������������������������������������������������������7DEOH�����5HILQHG�DQJOHV�YDOXHV�
�
�

$QJOH� 'HJUHHV�
&�B&�B&�� ��������
&�B&�B&�� ���������
&�B&�B&�� ���������
&�B&�B&�� ���������
&�B&�B&�� ���������
&�B&�B&�� ���������
&�B&�B2�� ���������
&�B&�B2�� ���������
&�B&�B&�� ���������
&�B&�B&�� ���������
&�B&�B&�� ��������
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��

$OVR�LQ�WKLV�FDVH�WKH�IRUFHV�WKDW�GHWHUPLQH�WKH�FU\VWDO�SDFNLQJ�DUH�GLSROH�GLSROH�LQWHUDFWLRQV��
,Q�WKH�QH[W�SLFWXUH�ZH�FDQ�VHH�WKH�RULHQWDWLRQ�RI�WKH�GLSROH�PRPHQWV�LQ�VSDFH�

�
)LJXUH������2ULHQWDWLRQ�RI�WKH�GLSROHV�LQ�WKH�SKDVH�,,�

� QRUFDPSKRU�
PROHFXODU�IRUPXOD� &�+��2�
PROHFXODU�ZHLJKW� �������
D�c�� �����������
E�c�� ����������
F�c�� �����������
VSDFH�JURXS� 3QD� ��
9�c�� ����������
=�
=·�

��
��

GHQVLW\�J�FP�
�� ������

7�.� ����
O�c�� ��������
5������ ���
5�����
F��

���
����

�
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��������3KDVH�,,,�

7KH� GLIIUDFWLRQ� SDWWHUQ� UHFRUGHG� RQ� WKH� EHDPOLQH� %0��� DW� ��� .� ZDV� LQGH[HG� IURP� WKH�
SRVLWLRQV�RI����ORZ�DQJOH�SHDNV�XVLQJ�WKH�SURJUDP�.2+/��ZLWK�D�ILJXUH�RI�PHULW�0���RI�����
LQ�D�PRQRFOLQLF�FHOO��

D� �����������c��E� ������������c��F� ������������c�β� �����������°���
7KH�FHOO�YROXPH�RI�����������c��LQGLFDWHV����PROHFXOHV�SHU�XQLW�FHOO��7KH�V\VWHPDWLF�DEVHQFHV�
LQ� WKH� GLIIUDFWLRQ� SDWWHUQV� LQGLFDWHG� WKH� VSDFH� JURXS� WR� EH� &��F�� DQG� KHQFH� WKHUH� DUH� ��
LQGHSHQGHQW� PROHFXOHV� LQ� WKH� DV\PPHWULF� XQLW�� ,Q� RUGHU� WR� VROYH� WKH� VWUXFWXUH� ZH� XVHG�
'$6+��)2;� DQG�723$6��1RQH� RI� WKHVH� DWWHPSWV�ZDV� DEOH� WR� ILQG� D� JRRG� VROXWLRQ��:H�
WKHQ� WULHG� WR� ORZHU� WKH� V\PPHWU\� WR� VHH� LI� ZH� KDG� FKRVHQ� D�ZURQJ� VSDFH� JURXS�� WKHQ�ZH�
SHUIRUPHG� DJDLQ� GLIIHUHQW� FRPSXWDWLRQV� ZLWK� VSDFH� JURXS� &F�� ZLWK� �� LQGHSHQGHQWV�
PROHFXOHV�� 7KH� VROXWLRQ� LPSURYHG� EXW�ZDV� VWLOO� QRW� JRRG� HVSHFLDOO\� LQ� WKH� KLJK� �θ� UHJLRQ���
�ORZ�G�VSDFLQJ�EHWWHU�VSDWLDO�UHVROXWLRQ���7KH�FHQWHU�RI�PDVV�RI�WKH�PROHFXOHV�LV�DOPRVW�ULJKW�
EXW�WKH�RULHQWDWLRQ�LV�VWLOO�QRW�JRRG��:H�WKLQN�WKDW�WKLV�LV�GXH�WR�VWURQJ�WH[WXUH�LQ�WKH�VDPSOH�
WKDW�DIIHFWV�WKH�UHDO�YDOXH�RI�WKH�REVHUYHG�LQWHQVLWLHV��7KH�IDFW�WKDW�WKH�VROXWLRQ�DQG�WKH�ILQDO�
UHILQHPHQW�DUH�EHWWHU�LQ�WKH�VSDFH�JURXS�&F�WKDQ�&��F�FRXOG�EH�GXH�WR�WKH�IDFW�WKDW�WKHUH�DUH�
PRUH� YDULDEOHV� ZKLFK� FDQ� WDNH� LQWR� DFFRXQW� LQ� VRPH� ZD\� WKH� SUHVHQFH� RI� WKH� SUHIHUUHG�
RULHQWDWLRQ��:H�ZLOO� VKRZ�KHUH� WKH�EHVW� ILW� WKDW�ZH�FRXOG�REWDLQ�ZLWK�723$6� LQ� WKH� VSDFH�
JURXS�&F��7KH���LQGHSHQGHQW�PROHFXOHV�ZHUH�WUHDWHG�DV�ULJLG�ERGLHV�ZLWK�ERQG�GLVWDQFHV�DQG�
DQJOH�YDOXHV�IL[HG�IRU�WKH�ILQDO�UHILQHPHQW�RI�WKH�RUWKRUKRPELF�VWUXFWXUH�DW�����.��,Q�RUGHU�
WR� FRPSXWH� WKH� SUHIHUUHG� RULHQWDWLRQ� HIIHFWV� ZH� XVHG� WKH� SUHIHUUHG� RULHQWDWLRQ� FRUUHFWLRQ�
EDVHG�RQ�VSKHULFDO�KDUPRQLFV�DFFRUGLQJ�WR�-lUYLQHQ��YLD�D�IRXUWK�RUGHU�IXQFWLRQ��2QH�VLQJOH�
WHPSHUDWXUH�IDFWRU�ZDV�UHILQHG�IRU�WKH�ZKROH�PROHFXOH�UHDFKLQJ�WKH�ILQDO�YDOXH��% �������c���
7KH�ILQDO�UHILQHPHQW�FRQYHUJHG�WR�5�

�  ��������5� �����DQG�χ� ����
�
�
�
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�
)LJXUH������2EVHUYHG����EOXH���FDOFXODWHG����UHG��DQG�GLIIHUHQFH�SORW�RI�WKH�ILQDO�5LHWYHOG�UHILQHPHQW�RI�SKDVH�,,,�

�
�
�
�
�

)LJXUH������7KH�ILQDO�VWUXFWXUH�RI� WKH�SKDVH�,,,�RI�WKH�
QRUFDPSKRU�� RQO\� WKH� SRVLWLRQ� RI� WKH� FHQWHU� RI�PDVV� RI�
WKH�PROHFXOHV�LV�PHDQLQJIXO�
�
�
�
�
�
�

�
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����

:H�DOVR�SHUIRUPHG�DQ�H[SHULPHQW�RQ�EHDPOLQH�,'���ZHUH�ZH�PHDVXUHG�WKLV�SKDVH�DW����.�
XVLQJ�D�&&'�DUHD�GHWHFWRU��:H�FRXOG�WKHQ�FKHFN�WKH�SRRU�TXDOLW\�RI�WKH�SRZGHU�DIIHFWHG�E\�
JUDQXODULW\� DV�ZH� FDQ� VHH� LQ� )LJXUH� ������ (YHQ�ZLWK� WKLV� GDWD� LW�ZDV� QRW� SRVVLEOH� WR� VROYH�
FRPSOHWHO\�WKH�VWUXFWXUH���

�
)LJXUH������'DWD�FROOHFWHG�RQ�WKH�EHDPOLQH�,'���XVLQJ�D�&&'�GHWHFWRU�

� QRUFDPSKRU�
PROHFXODU�IRUPXOD� &�+��2�
PROHFXODU�ZHLJKW� �������
D�c�� �����������
E�c�� �����������
F�c�� �����������
E�q� ����������
VSDFH�JURXS� &F�"��
9�c�� ����������
=�
=·�

���
��

GHQVLW\�J�FP�
�� ������

7�.� ���
O�c�� ��������
5������ �����
5�����
F��
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������ ��5������QRSLQRQH�

�
7KH�VROLG�VWDWH�EHKDYLRXU�RI�WKH���5������QRSLQRQH��&�+��2���$OGULFK�������ZDV�FRPSOHWHO\�
XQNQRZQ��$W�URRP�WHPSHUDWXUH� WKH� VDPSOH� LV� OLTXLG��7KH�VDPSOH�ZDV� ORDGHG� LQWR�D���PP�
GLDPHWHU� ERURVLOLFDWH� WKLQ�ZDOOHG� JODVV� FDSLOODU\�� 7KH� HYROXWLRQ� RI� WKH� VDPSOH� WKURXJK� WKH�
SKDVH�WUDQVLWLRQV�IURP�URRP�WHPSHUDWXUH�WR�WKH�ORZ�WHPSHUDWXUH�SKDVHV�ZDV�LQYHVWLJDWHG�E\�
UHFRUGLQJ�VKRUW�GLIIUDFWLRQ�SDWWHUQV�RI���PLQ��HDFK�RQ�WKH�EHDPOLQH�,'����&RROLQJ�DW�WKH�UDWH�
RI� ��� .� KRXU� �� ZH� FRXOG� REVHUYH� WKH� WUDQVLWLRQ� IURP� WKH� OLTXLG� WR� WKH� RUGHUHG� SKDVH� ,,�
RFFXUULQJ� DW� 7�  � ���� .�� 1R� HYLGHQFH� ZDV� VHHQ� IRU� DQ\� SODVWLF� SKDVH�� $V� SKDVH� ,,� ZDV�
DIIHFWHG�E\�SUHIHUUHG�RULHQWDWLRQ� HIIHFW�� LW�ZDV�QRW�SRVVLEOH� WR� VROYH� WKH� VWUXFWXUH�ZLWK� WKH�
,'��� GDWD� VR� IXUWKHU� PHDVXUHPHQWV� ZHUH� PDGH� RQ� WKH� 61%/� DQG� ,'���� )URP� WKH�
PHDVXUHPHQW�RQ�WKH�61%/��ZKHUH�ZH�FKHFNHG�DJDLQ�WKH�HYROXWLRQ�RI�WKH�VDPSOH�IURP�57�WR�
ORZ�WHPSHUDWXUH��ZH�FRXOG�GHWHFW�WKH�SUHVHQFH�RI�WKH�SODVWLF�SKDVH�,��
��

&RROLQJ������.�K�
��61%/� 7�.��

/LTXLG� !����
'LVRUGHUHG��SKDVH�,� ���³����
2UGHUHG�SKDVH�,,� ������

7DEOH������7HPSHUDWXUH�DW�ZKLFK�WKH�SKDVH�WUDQVLWLRQV�RFFXU�
�
�
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����

�������� 3KDVH�,�

2EVHUYLQJ� WKH� LPDJHV� FROOHFWHG�RQ� WKH�61%/�ZH�FRXOG�REVHUYH� WKDW� DW� WKH� WHPSHUDWXUH�RI�
����.�D�IHZ�VLQJOH�FU\VWDOV�VWDUWHG�WR�JURZ�LQVLGH�WKH�OLTXLG��

� �
)LJXUH������,PDJHV� FROOHFWHG� RQ� WKH�61%/��RQ� WKH� OHIW� WKH� OLTXLG�SKDVH��RQ� WKH� ULJKW� LV�SRVVLEOH� WR� VHH� VRPH� VSRWV�GXH� WR� WKH�

IRUPDWLRQ�LQ�WKH�OLTXLG�RI�VRPH�FU\VWDOV�RI�WKH�GLVRUGHUHG�FXELF�SKDVH��
/RRNLQJ�DW�WKH�SRVLWLRQ�RI�WKH�GLIIUDFWLRQ�VSRWV�LW�ZDV�SRVVLEOH�WR�LQGH[�WKH�FHOO�DV�FXELF�ZLWK�
D �������c�DW�7 ����.���
�
�
�
�
�
�
�
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��������3KDVH�,,�

7KH�GLIIUDFWLRQ�SDWWHUQ� UHFRUGHG�RQ� ,'��� DW� ����.�ZDV� LQGH[HG� IURP� WKH�SRVLWLRQV�RI� ���
ORZ�DQJOH� SHDNV� XVLQJ� WKH� SURJUDP� ',&92/�� ZLWK� D� ILJXUH� RI� PHULW� 0��� RI� ���� LQ� DQ�
RUWKRUKRPELF�FHOO��

D� �������������c��E� ������������c��F� ������������c�
7KH�FHOO�YROXPH�RI������������c��LQGLFDWHV���PROHFXOHV�SHU�XQLW�FHOO��7KH�V\VWHPDWLF�DEVHQFHV�
LQ� WKH� GLIIUDFWLRQ� SDWWHUQV� LQGLFDWHG� WKH� VSDFH� JURXS� WR� EH� 3�������� DQG� KHQFH� WKHUH� LV� ��
LQGHSHQGHQW�PROHFXOH�LQ�WKH�DV\PPHWULF�XQLW��,Q�RUGHU�WR�VROYH�WKH�VWUXFWXUH�ZH�XVHG�'$6+��
)2;�DQG�723$6��1RQH�RI�WKHVH�DWWHPSWV�ZDV�DEOH�WR�ILQG�D�JRRG�VROXWLRQ��:H�PHDVXUHG�
WKHQ�WKH�VDPSOH�RQ�WKH�61%/�DQG�ZH�VDZ�WKDW�LW�SUHVHQWHG�ELJ�SUHIHUUHG�RULHQWDWLRQ�HIIHFWV���

�
)LJXUH������,PDJHV�FROOHFWHG�RQ�WKH�61%/�RI�WKH�SKDVH�,,��SUHIHUUHG�RULHQWDWLRQV�DUH�SUHVHQW�LQ�WKH�SRZGHU�
7KLV� LPDJH�ZDV� FROOHFWHG� URWDWLQJ� WKH� VDPSOH� DURXQG� LWV� D[LV�E\� ��°��:H�FROOHFWHG� WKHQ�DQ�
LPDJH�GRLQJ�D���°�URWDWLRQ�LQ�RUGHU�WR�WU\�WR�DYHUDJH�WKH�LQWHQVLWLHV�EHWWHU�EXW�ZH�GLVFRYHUHG�
WKDW�HYHQ�ZLWK�VXFK�D�GDWDVHW�LW�ZDV�QRW�SRVVLEOH�WR�VROYH�WKH�VWUXFWXUH���
:H�SHUIRUPHG�WKHQ�DQRWKHU�PHDVXUHPHQW�RQ�,'���ZLWK�D�&&'�DUHD�GHWHFWRU�� ,Q� WKLV�FDVH�
ZH�FROOHFWHG�VHTXHQWLDOO\���LPDJHV�ZLWK�D���°�URWDWLRQ�RI�WKH�FDSLOODU\�DURXQG�LWV�D[LV�DQG���RI�
��°�URWDWLQJ�WKH�FDSLOODU\�DURXQG�DQ�D[LV�LQFOLQHG�DW���°�ZLWK�UHVSHFW�WR�WKH�FDSLOODU\�D[LV���$OO�
WKH�LPDJHV�ZHUH�ILQDOO\�DGGHG�WRJHWKHU����
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�
)LJXUH������,PDJHV�FROOHFWHG�RQ�,'���URWDWLQJ�WKH�FDSLOODU\�LQ�GLIIHUHQW�GLUHFWLRQV�LQ�RUGHU�WR�WU\�WR�DYHUDJH�EHWWHU�WKH�SUHIHUUHG�

RULHQWDWLRQ�HIIHFW��
7KH�VWUXFWXUH�ZDV�VROYHG�ZLWK�WKLV�ODVW�GDWDVHW�DQG�UHILQHG�XVLQJ�WKH�SURJUDP�723$6��,Q�WKH�
ILUVW�VWDJH�RI�WKH�UHILQHPHQW�RQO\�WKH�RULHQWDWLRQDO�DQG�SRVLWLRQDO�SDUDPHWHUV�ZHUH�DOORZHG�WR�
YDU\��$W� WKH�HQG� WKH� ULJLG�ERG\�ZDV�DOPRVW�FRPSOHWHO\� UHOD[HG��HYHU\WKLQJ�ZDV� IUHH� WR�YDU\�
H[FHSW� WKH�K\GURJHQ�DWRPV��ZKLFK�ZHUH�NHSW�IL[HG� LQ� WKH�ULJKW�JHRPHWU\��:H�XVH�UHVWUDLQWV�
EXW�WKLV�WLPH�RQO\�IRU�WKH�&�&�DQG�&�2�GLVWDQFHV�ZLWK�GLVWDQFHV�ZLWK�D�WROHUDQFH�YDOXH�RI���
�����c�DQG�ZHLJKW����7KH�DQJOHV�ZHUH�OHIW�IUHH�WR�YDU\��7KH�SHDNV�ZHUH�GHVFULEHG�E\�D�39,,�
SHDN� VKDSH� IXQFWLRQ�� 2QH� VLQJOH� WHPSHUDWXUH� IDFWRUV� ZDV� UHILQHG� IRU� WKH� ZKROH� PROHFXOH�
UHDFKLQJ� WKH� ILQDO� YDOXH� RI� % ������� c��� 7KH� ILQDO� UHILQHPHQW� FRQYHUJHG� WR� 5�

�  � ������
5� �����DQG�χ� ����

�
)LJXUH������2EVHUYHG����EOXH���FDOFXODWHG����UHG��DQG�GLIIHUHQFH�SORW�RI�WKH�ILQDO�5LHWYHOG�UHILQHPHQW�RI�SKDVH�,,,�
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�
)LJXUH�������3DFNLQJ�RI�WKH�PROHFXOHV�LQ�WKH�XQLW�FHOO�LQ�WKH�SKDVH�,,�
,Q��7DEOH������WKH�ILQDO�GLVWDQFH�DQG�DQJOH�YDOXHV�DUH�UHSRUWHG�

�

� �
�
�

7DEOH������5HILQHG�ERQG�DQG�DQJOH�YDOXHV�
�

$QJOH� 'HJUHHV�
&�B&�B&�� �������
&�B&�B&�� �������
&�B&�B&�� �������
&�B&�B&�� ������
&�B&�B&�� ������
&��B&�B&�� ������
&�B&�B&�� ������
&�B&�B&�� �������
&�B&�B2�� �������
&�B&�B2�� �������
&�B&�B&�� ������

� ����� � ����	

�� � ����� ����

��
� ����� ����

��
� ����� ����

��
� ����� ����

��
� ����� ����

��
� ����� ����

��
 � ����� ����

��
� ����� �� ��

��
� ����� ����

��
 �� ����� ����
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 � ����� �� ��
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�
)LJXUH������2ULHQWDWLRQ�RI�WKH�GLSROHV�LQ�WKH�SKDVH�,,�
7KH� IRUFHV� WKDW� KROG� WRJHWKHU� WKH� VWUXFWXUH� DUH� GLSROH�GLSROH� LQWHUDFWLRQ� EXW� D� ELJ�
FRQWULEXWLRQ�LV�DOVR�FRPLQJ�IURP�UHSXOVLRQ�IRUFHV�EHWZHHQ�WKH�PROHFXOHV�

� ��5������QRSLQRQH�
PROHFXODU�IRUPXOD� &�+��2�
PROHFXODU�ZHLJKW� �������
D�c�� �������������
E�c�� ������������
F�c�� ������������
VSDFH�JURXS� 3� �� �� ��
9�c�� �����������
=�
=·�
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��

GHQVLW\�J�FP�
�� ������

7�.� ����
O�c�� ��������
5������ ����
5�����
F��
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������ �r���$]DELF\FOR>�����@KHSW���HQ���RQH�

�
7KH� VROLG�VWDWH� EHKDYLRXU� RI� WKH� �±���$]DELF\FOR>�����@KHSW���HQ���RQH�� &�+�12��
�$OGULFK������ZDV�FRPSOHWHO\�XQNQRZQ��$W�URRP�WHPSHUDWXUH�WKH�VDPSOH�LV�VROLG��IRUPLQJ�D�
QRUPDO�GU\�SRZGHU�QRW�VWLFN\�DV�RWKHU�SODVWLF�FU\VWDOV��7KH�VDPSOH�ZDV�ORDGHG�LQWR�D���PP�
GLDPHWHU�ERURVLOLFDWH� WKLQ�ZDOOHG�JODVV�FDSLOODU\��7KH�HYROXWLRQ�RI� WKH�VDPSOH�IURP�URRP�WR�
ORZ�WHPSHUDWXUH�ZDV� LQYHVWLJDWHG�E\�UHFRUGLQJ�RQ�EHDPOLQH�,'���VKRUW�GLIIUDFWLRQ�SDWWHUQV�
RI���PLQ�HDFK��1R�SKDVH�WUDQVLWLRQ�ZDV�REVHUYHG��
7KH�GLIIUDFWLRQ�SDWWHUQ�UHFRUGHG�RQ�,'���DW���.�ZDV�LQGH[HG�IURP�WKH�SRVLWLRQV�RI����ORZ�
DQJOH� SHDNV� XVLQJ� WKH� SURJUDP� ',&92/�� ZLWK� D� ILJXUH� RI� PHULW� 0��� RI� ���� LQ� DQ�
RUWKRUKRPELF�FHOO��

D� �����������c��E� ������������c��F� �����������c�
7KH�FHOO�YROXPH�RI�����������c��LQGLFDWHV���PROHFXOHV�SHU�XQLW�FHOO��7KH�V\VWHPDWLF�DEVHQFHV�
LQ� WKH� GLIIUDFWLRQ� SDWWHUQV� LQGLFDWHG� WKH� VSDFH� JURXS� WR� EH� 3�������� DQG� KHQFH� WKHUH� LV� ��
LQGHSHQGHQW�PROHFXOH�LQ�WKH�DV\PPHWULF�XQLW��7KH�VWUXFWXUH�ZDV�VROYHG�DQG�UHILQHG�XVLQJ�WKH�
SURJUDP�723$6�� ,Q� WKH� ILUVW� VWDJH�RI� WKH� UHILQHPHQW�RQO\� WKH�RULHQWDWLRQDO� DQG�SRVLWLRQDO�
SDUDPHWHUV�ZHUH�DOORZHG�WR�YDU\��$W� WKH�HQG�WKH�ULJLG�ERG\�ZDV�DOPRVW�FRPSOHWHO\�UHOD[HG��
HYHU\WKLQJ�ZDV� IUHH� WR�YDU\�H[FHSW� WKH�K\GURJHQ�DWRPV��ZKLFK�ZHUH�NHSW� IL[HG� LQ� WKH� ULJKW�
JHRPHWU\��:H�XVH�UHVWUDLQWV�EXW�WKLV�WLPH�RQO\�IRU�WKH�&�&�DQG�&�2�GLVWDQFHV�ZLWK�GLVWDQFHV�
ZLWK�D�WROHUDQFH�YDOXH�RI��������c�DQG�ZHLJKW����7KH�DQJOHV�ZHUH�OHIW�IUHH�WR�YDU\��7KH�SHDNV�
ZHUH�GHVFULEHG�E\�D�39,,�SHDN�VKDSH�IXQFWLRQ��2QH�VLQJOH� WHPSHUDWXUH�IDFWRUV�ZDV� UHILQHG�
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IRU� WKH� ZKROH� PROHFXOH� UHDFKLQJ� WKH� ILQDO� YDOXH� RI� % �������� c��� 7KH� ILQDO� UHILQHPHQW�
FRQYHUJHG�WR�5�

�  ��������5� �����DQG�χ� �����
�

�
)LJXUH������2EVHUYHG����EOXH���FDOFXODWHG����UHG��DQG�GLIIHUHQFH�SORW�RI�WKH�ILQDO�5LHWYHOG�UHILQHPHQW��
���������������

�
�
�
�
�
�
�
�
�
�
�
�
�
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,Q��7DEOH������7DEOH������WKH�ILQDO�GLVWDQFH�DQG�DQJOH�YDOXHV�DUH�UHSRUWHG�
�
�

�
�

7DEOH������5HILQHG�ERQG�OHQJWKV�YDOXHV�
�
�
�
�
�
�
�
�
�

�
�

����������������������������������������������������������������������7DEOH������5HILQHG�DQJOHV�YDOXHV�
�
�

� ����� � ����	

��
  ���� ���

��
� ���� ���

��
� ���� ���
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� ���� ���
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� ���� ���
� ��
� ���� ���
� ��
� ���� ���
� ��
� ���� ���

��
� ���� ���

$QJOH� 'HJUHHV�
&�B&�B&�� ���������
&�B&�B&�� ��������
&�B&�B1�� ���������
&�B&�B2�� ���������
&�B1�B&�� ���������
1�B&�B&�� ���������
&�B&�B&�� ���������
&�B&�B&�� ���������
&�B&�B&�� ��������
&�B&�B&�� ���������
1�B&�B&�� ���������
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7KH�IRUFHV� WKDW�KROG� WRJHWKHU� WKH� VWUXFWXUH�DUH�K\GURJHQ�ERQGLQJ�W\SH� LQWHUDFWLRQ�EHWZHHQ�
WKH� R[\JHQ� DQG� WKH� QLWURJHQ� DWRPV�� 7KLV� LV� WKH� RQO\� VDPSOH� WKDW� VKRZV� WKLV� NLQG� RI�
LQWHUDFWLRQ�DQG�LQ�IDFW�LV�WKH�RQO\�RQH�WKDW�GRHVQ·W�SUHVHQW�D�SODVWLF�SKDVH��

�
)LJXUH������3DFNLQJ�RI�WKH�PROHFXOHV��WKH�EOXH�GDVKHG�OLQH�VKRZV�WKH�K\GURJHQ�ERQG�EHWZHHQ�WKH�PROHFXOHV���
%HFDXVH�RI�WKH�K\GURJHQ�ERQGLQJ�WKH�GHQVLW\�LV�KLJKHU�WKDQ�WKH�RWKHU�FRPSRXQGV�WKDW�IRUP�
D�SODVWLF�SKDVH��
�
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�
�

� �r���$]DELF\FOR>�����@KHSW���HQ���RQH�
PROHFXODU�IRUPXOD� &�+�12�
PROHFXODU�ZHLJKW� �������
D�c�� ����������
E�c�� ������������
F�c�� ����������
VSDFH�JURXS� 3� �� �� ��
9�c�� ����������
=�
=·�

��
��

GHQVLW\�J�FP�
�� ������

7�.� ���
O�c�� ��������
5������ ����
5�����
F��

����
����

�
�

������ ����HQGR���QRUERUQHRO������

�
7KH�VROLG�VWDWH�EHKDYLRXU�RI�WKH�����HQGR���QRUERUQHRO��&�+	
2��ZDV�FRPSOHWHO\�XQNQRZQ��
$W� URRP� WHPSHUDWXUH� WKH� VDPSOH� LV� VROLG�� IRUPLQJ� D�ZKLWH� VWLFN\� SRZGHU��7KH� VDPSOH�ZDV�
ORDGHG� LQWR� D� ��PP�GLDPHWHU� ERURVLOLFDWH� WKLQ�ZDOOHG� JODVV� FDSLOODU\�� 7KH� HYROXWLRQ� RI� WKH�
VDPSOH� WKURXJK� WKH� SKDVH� WUDQVLWLRQV� IURP� WKH� URRP� WHPSHUDWXUH� SKDVH� WR� WKH� ORZ�
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����

WHPSHUDWXUH� RUGHUHG� SKDVHV� ZDV� LQYHVWLJDWHG� E\� UHFRUGLQJ� RQ� EHDPOLQH� ,'��� VKRUW�
GLIIUDFWLRQ�SDWWHUQV�RI���PLQ�HDFK��&RROLQJ�DW�WKH�UDWH�RI����.�KRXU�	�ZH�FRXOG�REVHUYH�WKH�
WUDQVLWLRQ�IURP�WKH�GLVRUGHUHG�SKDVH�,�WR�WKH�RUGHUHG�SKDVH�,,�RFFXUULQJ�DW�7� �����.��
�

�
)LJXUH������3RZGHU�GLIIUDFWRJUDPV�VKRZLQJ�WKH�SKDVH�WUDQVLWLRQ�

�������� 3KDVH�,�

7KLV�SKDVH�LV�KH[DJRQDO�ZLWK�D �����������c�F �����������c�DW�URRP�WHPSHUDWXUH��WKLV�XQLW�
FHOO�ZDV�IRXQG�XVLQJ�WKH�SURJUDP�69'��7KH�VSDFH�JURXS�LV�3�����
�
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�

�)LJXUH������3RZGHU�GLIIUDFWLRQ�SDWWHUQ�RI�WKH�GLVRUGHUHG�KH[DJRQDO�SKDVH�,���λ ��������c���
,Q� WKLV� FDVH� WKH� QXPEHU� RI� REVHUYHG� SHDNV� LV� PXFK� KLJKHU� WKHQ� XVXDOO\� IRU� WKLV� NLQG� RI�
FRPSRXQGV��:H� WULHG� WKHQ� WR� VROYH� WKH� VWUXFWXUH� WR� VHH� LI� LW� ZDV� SRVVLEOH� WR� GHVFULEH� WKH�
SODVWLF�GLVRUGHUHG�SKDVH��:H�GLGQ·W�VXFFHHG�LQ�WKH�VROXWLRQ�VR�ZH�PHDVXUHG�WKLV�VDPSOH�DOVR�
RQ� WKH� 61%/��$V� FDQ� EH� VHHQ� LQ�)LJXUH� ����� WKH� VDPSOH� LV� DIIHFWHG�E\� VWURQJ� WH[WXUH� DQG�
HYHQ� DYHUDJLQJ� RYHU� DOO� WKH� GLIIUDFWLRQ� FLUFOHV� ZDV� QRW� HQRXJK� WR� KDYH� WKH� ULJKW� VHW� RI�
LQWHQVLWLHV��
�
�
�
�
�
�
�
�
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�
)LJXUH������,PDJH�FROOHFWHG�RQ�WKH�61%/�WKDW�VKRZ�WKH�SRRU�TXDOLW\�RI�WKH�SRZGHU��

��������3KDVH�,,�

7KH� GLIIUDFWLRQ� SDWWHUQ� UHFRUGHG� RQ� WKH� EHDPOLQH� ,'��� DW� ��� .� ZDV� LQGH[HG� IURP� WKH�
SRVLWLRQV�RI����ORZ�DQJOH�SHDNV�XVLQJ�WKH�SURJUDP�.+2/��ZLWK�D�ILJXUH�RI�PHULW�0
��RI�����
LQ�D�PRQRFOLQLF�FHOO��

D� ������������c��E� �����������c��F� ������������c�β� ������������°�
7KH�FHOO�YROXPH�RI�����������c��LQGLFDWHV���PROHFXOHV�SHU�XQLW�FHOO��7KH�V\VWHPDWLF�DEVHQFHV�
LQ� WKH� GLIIUDFWLRQ� SDWWHUQV� LQGLFDWHG� WKH� VSDFH� JURXS� WR� EH� 3�	�� DQG� KHQFH� WKHUH� DUH� ��
LQGHSHQGHQW� PROHFXOHV� LQ� WKH� DV\PPHWULF� XQLW�� ,Q� RUGHU� WR� VROYH� WKH� VWUXFWXUH� ZH� XVHG�
'$6+��)2;�DQG�723$6��1RQH�RI�WKHVH�DWWHPSWV�ZDV�DEOH�WR�ILQG�D�JRRG�VROXWLRQ��$V�IRU�
WKH� SKDVH� ,� WKH� VDPSOH� LV� VWLOO� DIIHFWHG� E\� VWURQJ� WH[WXUH� HIIHFWV� DV� FDQ� EH� VHH� IRUP� WKHVH�
LPDJHV�FROOHWHG�DW�WKH�61%/�
�
�
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�
)LJXUH������3KDVH�,,�PHDVXUHG�RQ�WKH�61%/��
7KHQ�ZH�SHUIRUPHG�DQRWKHU�PHDVXUHPHQW�RQ�,'���XVLQJ�WKH�VDPH�GDWD�FROOHFWLRQ�VWUDWHJ\�DV�
GRQH� IRU� WKH� ��5������QRSLQRQH�� %XW� HYHQ� ZLWK� WKLV� GDWD� LW� ZDV� QRW� SRVVLEOH� WR� VROYH� WKH�
VWUXFWXUH��

�
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����

)LJXUH������3KDVH�,,�PHDVXUHG�RQ�,'���
�
LQ� )LJXUH� ����� ZH� VKRZ� KRZ� WKH� SRRU� TXDOLW\� RI� WKH� SRZGHU� FDQ� GUDPDWLFDOO\� DIIHFW� WKH�
LQWHQVLW\�YDOXHV��WKLV�LV�ZK\�LV�QRW�SRVVLEOH�WR�VROYH�WKH�VWUXFWXUH�

�
)LJXUH������&RPSDULVRQ�EHWZHHQ�WKH�GDWD�FROOHFWHG�ZLWK�D�SRLQW�GHWHFWRU�RQ�,'���DQG�WKH�DUHD�GHWHFWRU�RQ�,'����VRPH�SHDNV�

KDYH�D�GLIIHUHQW�UHODWLYH�LQWHQVLW\��
$JDLQ� LW� LV� LPSRUWDQW� WR�QRWH� WKH�ELJ� GLIIHUHQFH� LQ� UHVROXWLRQ�� WKDW� FDQ�EH�REWDLQHG�RQ� WKH�
,'���EHDPOLQH��WKDW�LV�LQGLVSHQVDEOH�LQ�RUGHU�WR�ILQG�WKH�XQLW�FHOO��
�
�
�
�
�
�
�
�
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������ �r��HQGR�QRUERUQHRO�

�
�
7KH�VROLG�VWDWH�EHKDYLRXU�RI�WKH��±��HQGR�QRUERUQHRO��&�+	
2��ZDV�FRPSOHWHO\�XQNQRZQ��
$W� URRP� WHPSHUDWXUH� WKH� VDPSOH� LV� VROLG� IRUPLQJ� D�ZKLWH� VWLFN\� SRZGHU�� 7KH� VDPSOH�ZDV�
ORDGHG� LQWR� D� ��PP�GLDPHWHU� ERURVLOLFDWH� WKLQ�ZDOOHG� JODVV� FDSLOODU\�� 7KH� HYROXWLRQ� RI� WKH�
VDPSOH� WKURXJK� WKH� SKDVH� WUDQVLWLRQV� IURP� URRP� WHPSHUDWXUH� SKDVH� WR� WKH� ORZ� RUGHUHG�
WHPSHUDWXUH� SKDVHV� ZDV� LQYHVWLJDWHG� E\� UHFRUGLQJ� RQ� EHDPOLQH� ,'��� VKRUW� GLIIUDFWLRQ�
SDWWHUQV� RI� �� PLQ� HDFK�� &RROLQJ� DW� WKH� UDWH� RI� ��� .� KRXU�	� ZH� FRXOG� QRW� REVHUYH� DQ\�
WUDQVLWLRQ���
$W� URRP� WHPSHUDWXUH� WKH� VDPSOH�ZDV� LQGH[HG�PDQXDOO\� DV� KH[DJRQDO�ZLWK� D �����������c�
F �����������c��7KH�FHOO�ZDV� FKHFNHG�DOVR�ZLWK� WKH�69'�SURFHGXUHV�DQG� WKH� VDPH�FHOO� DV�
DOUHDG\�GHWHUPLQHG�PDQXDOO\�ZDV�IRXQG��7KH�VSDFH�JURXS�LV�3���P��
7KH� FHOO� LV� YHU\� VLPLODU� WR� WKH� RQH� RI� WKH� SKDVH� ,� RI� WKH� ����HQGR���QRUERUQHRO� WKH� SXUH�
HQDQWLRPHU�EXW�VXUSULVLQJ�DQ\�SKDVH�WUDQVLWLRQ�RFFXUV��
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����

�

)LJXUH������3RZGHU�GLIIUDFWLRQ�SDWWHUQ�RI�WKH�GLVRUGHUHG�KH[DJRQDO�SKDVH���λ ��������c���
�

������ �r��H[R�QRUERUQHRO�

�
�
7KH�VROLG�VWDWH�EHKDYLRXU�RI�WKH��±��H[RQRUERUQHRO��&�+	
2��ZDV�FRPSOHWHO\�XQNQRZQ��
$W� URRP� WHPSHUDWXUH� WKH� VDPSOH� LV� VROLG� IRUPLQJ� D�ZKLWH� VWLFN\� SRZGHU��7KH� VDPSOH�ZDV�
ORDGHG� LQWR� D� ��PP�GLDPHWHU� ERURVLOLFDWH� WKLQ�ZDOOHG� JODVV� FDSLOODU\�� 7KH� HYROXWLRQ� RI� WKH�
VDPSOH� WKURXJK� WKH� SKDVH� WUDQVLWLRQV� IURP� URRP� WHPSHUDWXUH� SKDVH� WR� WKH� ORZ� RUGHUHG�
WHPSHUDWXUH� SKDVHV� ZDV� LQYHVWLJDWHG� E\� UHFRUGLQJ� RQ� EHDPOLQH� ,'��� VKRUW� GLIIUDFWLRQ�
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SDWWHUQV�RI���PLQ�HDFK��&RROLQJ�DW� WKH�UDWH�RI����.�KRXU�	�ZH�FRXOG�REVHUYH� WKH� WUDQVLWLRQ�
IURP�WKH�GLVRUGHUHG�SKDVH�,�WR�WKH�RUGHUHG�SKDVH�,,�RFFXUULQJ�DW�7� �����.��
�

�
)LJXUH������3RZGHU�GLIIUDFWRJUDPV�VKRZLQJ�WKH�SKDVH�WUDQVLWLRQ�

�������� 3KDVH�,�

7KLV�SKDVH�ZDV�DOUHDG\�LQGH[HG�PDQXDOO\�DV�FXELF�ZLWK�D ����������c�DW�URRP�WHPSHUDWXUH��
7KH�FHOO�ZDV�FKHFNHG�DOVR�ZLWK�WKH�69'�SURFHGXUHV�DQG�WKH�VDPH�FHOO�DV�DOUHDG\�GHWHUPLQHG�
PDQXDOO\�ZDV�IRXQG��7KH�VSDFH�JURXS�LV�)P�P��
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�
�

)LJXUH������3RZGHU�GLIIUDFWLRQ�SDWWHUQ�RI�WKH�GLVRUGHUHG�FXELF�SKDVH���λ ��������c���

��������3KDVH�,,�

7KH�GLIIUDFWLRQ�SDWWHUQ�UHFRUGHG�RQ�,'���DW����.�ZDV�LQGH[HG�IURP�WKH�SRVLWLRQV�RI����ORZ�
DQJOH�SHDNV�XVLQJ�WKH�SURJUDP�)-=21(��ZLWK�D�ILJXUH�RI�PHULW�0
��RI�����LQ�D�RUWKRUKRPELF�
FHOO��

D� ������������c��E� �����������c��F� ������������c��
7KH�FHOO�YROXPH�RI�����������c��LQGLFDWHV����PROHFXOHV�SHU�XQLW�FHOO��7KH�V\VWHPDWLF�DEVHQFHV�
LQ� WKH� GLIIUDFWLRQ� SDWWHUQV� LQGLFDWHG� WKH� VSDFH� JURXS� WR� EH� 3QD�	�� DQG� KHQFH� WKHUH� DUH� ��
LQGHSHQGHQW� PROHFXOHV� LQ� WKH� DV\PPHWULF� XQLW�� ,Q� RUGHU� WR� VROYH� WKH� VWUXFWXUH� ZH� XVHG�
'$6+��)2;�DQG�723$6��1RQH�RI�WKHVH�DWWHPSWV�ZDV�DEOH�WR�ILQG�D�JRRG�VROXWLRQ��$V�LQ�
WKH� FDVH� RI� WKH� ����HQGR���QRUERUQHRO� WKH� VDPSOH� FRXOG� EH� DIIHFWHG� E\� VWURQJ� WH[WXUH� EXW�
IXUWKHU�PHDVXUHPHQWV�PXVW�EH�GRQH�WR�FRQILUP�WKLV�LGHD�DQG�WR�VHH�LI�ZLWK�WKH�GDWD�FROOHFWHG�
ZLWK�DQ�DUHD�GHWHFWRU�LV�SRVVLEOH�WR�VROYH�WKH�VWUXFWXUH��
�
�
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�

������ (XFDO\SWRO�

�
�
7KH� VROLG�VWDWH� EHKDYLRXU� RI� WKH� (XFDO\SWRO� �����&LQHROH��� &	�+	�2�� ZDV� FRPSOHWHO\�
XQNQRZQ��$W�URRP�WHPSHUDWXUH� WKH� VDPSOH� LV� OLTXLG��7KH�VDPSOH�ZDV� ORDGHG� LQWR�D���PP�
GLDPHWHU� ERURVLOLFDWH� WKLQ�ZDOOHG� JODVV� FDSLOODU\�� 7KH� HYROXWLRQ� RI� WKH� VDPSOH� WKURXJK� WKH�
SKDVH�WUDQVLWLRQV�IURP�URRP�WHPSHUDWXUH�SKDVH�WR�WKH�ORZ�RUGHUHG�WHPSHUDWXUH�SKDVHV�ZDV�
LQYHVWLJDWLQJ�E\�UHFRUGLQJ�RQ�,'���VKRUW�GLIIUDFWLRQ�SDWWHUQV�RI���PLQ�HDFK��&RROLQJ�DW�WKH�
UDWH� RI� ���.� KRXU�	� ZH� FRXOG� REVHUYH� WKH� WUDQVLWLRQ� IURP� WKH� OLTXLG� WR� WKH� RUGHUHG� SKDVH�
RFFXUULQJ� DW� 7� � ����.��1R� RWKHU� WUDQVLWLRQV�ZKHUH� REVHUYHG�� �$V�ZH�ZLOO� VKRZ� WKH� ORZ�
WHPSHUDWXUH� VWUXFWXUH� ZDVQ·W� VROYHG� RZLQJ� WR� VWURQJ� JUDQXODULW\� DQG� SUHIHUUHG� RULHQWDWLRQ�
WRR��,W�ORRNV�VLPLODU�WR�WKH�FDVH�RI�WKH���5������QRSLQRQH�DQG�D�PRUH�FDUHIXO�LQYHVWLJDWLRQ�RI�
WKH�EHKDYLRXU�RI�WKLV�VDPSOH�LQ�FRROLQJ�VKRXOG�EH�GRQH�DJDLQ�XVLQJ�DQ�DUHD�GHWHFWRU�WR�VHH�LI�
DQ\�SODVWLF�SKDVH�LV�SUHVHQW��
7KH� GLIIUDFWLRQ� SDWWHUQ� UHFRUGHG� RQ� WKH� EHDPOLQH� ,'��� DW� ���� .� ZDV� LQGH[HG� IURP� WKH�
SRVLWLRQV�RI����ORZ�DQJOH�SHDNV�XVLQJ�WKH�SURJUDP�',&92/��ZLWK�D�ILJXUH�RI�PHULW�0
��RI�
����LQ�D�PRQRFOLQLF�FHOO���

D� �����������c��E� ������������c��F� ������������c�β� ������������°���
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7KH�FHOO�YROXPH�RI������������c��LQGLFDWHV���PROHFXOHV�SHU�XQLW�FHOO��7KH�V\VWHPDWLF�DEVHQFHV�
LQ� WKH� GLIIUDFWLRQ� SDWWHUQV� LQGLFDWHG� WKH� VSDFH� JURXS� WR� EH� 3�	�� DQG� KHQFH� WKHUH� LV� ��
LQGHSHQGHQW�PROHFXOH�LQ�WKH�DV\PPHWULF�XQLW��
,Q�RUGHU�WR�VROYH�WKH�VWUXFWXUH�ZH�XVHG�'$6+��)2;�DQG�723$6��1RQH�RI�WKHVH�DWWHPSWV�
ZDV�DEOH�WR�ILQG�D�JRRG�VROXWLRQ��:H�PHDVXUHG�WKHQ�WKH�VDPSOH�RQ�WKH�61%/�DQG�RQ�,'���
EXW�DOVR�WKLV�GDWD�VHW�ZHUHQ·W�JRRG�HQRXJK�WR�VROYH�WKH�VWUXFWXUH��GXH�WR�D�VWURQJ�SUHIHUUHG�
RULHQWDWLRQ�HIIHFW�DQG�JUDQXODULW\��

�
)LJXUH�������'�SORW�RI�WKH�LPDJH�FROOHFWHG�RQ�WKH�61%/��SUREOHP�RI�JUDQXODULW\�DQG�SUHIHUUHG�RULHQWDWLRQ��
�
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������ 8Q�LGH[HG�VDPSOHV�

������������������������������������������������� �
�
7KH� VROLG�VWDWH� EHKDYLRXU� RI� WKH� ����α�WHUSLQHRO�� &	�+	�2�� DQG� RI� WKH� ����WHUSLQHQ���RO��
&	�+	�2 �ZDV�FRPSOHWHO\�XQNQRZQ��
$W� URRP� WHPSHUDWXUH� ERWK� VDPSOHV� DUH� VROLG� IRUPLQJ� D�ZKLWH� VWLFN\� SRZGHU��7KH� VDPSOHV�
ZHUH� ORDGHG� LQWR�D���PP�GLDPHWHU�ERURVLOLFDWH� WKLQ�ZDOOHG�JODVV�FDSLOODU\��7KH�HYROXWLRQ�RI�
ERWK�VDPSOHV�IURP�URRP�WHPSHUDWXUH�WR�WKH�ORZ�WHPSHUDWXUH�ZDV�LQYHVWLJDWHG�E\�UHFRUGLQJ�
RQ�WKH�,'���VKRUW�GLIIUDFWLRQ�SDWWHUQV�RI���PLQ�HDFK��&RROLQJ�DW�WKH�UDWH�RI����.�KRXU�	�ZH�
GLGQ·W�REVHUYH�DQ\�SKDVH� WUDQVLWLRQ��)RU�ERWK�VDPSOHV� LW�ZDV�QRW�SRVVLEOH� WR� LQGH[�WKH�XQLW�
FHOO�
�

�

)LJXUH������'LIIUDFWRJUDP�RI�WKH�����α�WHUSLHQRO��WKH�RQH�RI�WKH�����WHUSLQHQ���RO�ORRNV�DOVR�VLPLODU�
�
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$OVR� IRU� WKLV� RWKHU� IDPLO\� RI� VDPSOHV�� WKDW� GLGQ·W� VKRZ� DQ\� SKDVH� WUDQVLWLRQ�� LW� ZDV� QRW�
SRVVLEOH�WR�ILQG�WKH�XQLW�FHOO��

�
�

�
)LJXUH������'LIIUDFWRJUDP�RI�WKH�>��6��HQGR@�����ERUQHRO��WKH�����ERUQHRO�DQG�WKH�LVRERUQHRO�RQH�ORRN�VLPLODU�
�
�

������� *ODVV\�VDPSOHV�
:H�DQDO\]HG�WKH�IROORZLQJ�VDPSOHV��OLTXLG�DW�URRP�WHPSHUDWXUH��WKDW�UHIXVH�WR�FU\VWDOOL]H�RQ�
ORZHULQJ�WKH�WHPSHUDWXUH��EXW�VWD\HG�LQ�D�JODVV\�VWDWH��:H�WULHG�GLIIHUHQW�FRROLQJ�UDWH�VFKHPHV�
WR� VHH� LI� VRPH� RI� WKHVH� VDPSOHV� ZRXOG� IRUP� D� FU\VWDOOLQH� SKDVH� EXW� ZH� GLGQ·W� ILQG� DQ\�
HYLGHQFH�IRU�WKLV��$OO�WKHVH�VDPSOHV�DUH�YLVFRXV�RLOV�DW�URRP�WHPSHUDWXUH��
�
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������� 6XPPDU\�
:H�UHSRUW�KHUH�D�VXPPDU\�RI�WKH�UHVXOW�REWDLQHG��
�

��
7KHUH�DUH���SKDVHV��

¾�3KDVH�,����������.���FXELF��)P�P��D� ������������c�DW����.�
¾�3KDVH�,,����������.���FXELF��3P�P��D �������������c�DW�7 ���.�
¾�3KDVH� ,,,� ��������.��� PRQRFOLQLF�� 3���D�� D ���������� c�� E ����������� c�� F ���������� c��

β ���������°�DW�7 ����.�
¾�3KDVH� ,9� ������ .��� PRQRFOLQLF�� &��F�� D ����������� c�� E ����������� c�� F ����������� c��

β �����������°�DW�7� ����.�
7KH�IRUFHV�WKDW�GHWHUPLQH�WKH�FU\VWDO�SDFNLQJ�DUH�GLSROH�GLSROH�W\SH�LQWHUDFWLRQV��
�

�
7KHUH�DUH���SKDVHV��

¾�3KDVH�,��!����.���KH[DJRQDO��3���PPF�"���D ����������c��F ����������c�DW����.�
¾�3KDVH� ,,� ��������� .��� RUWKRUKRPELF�� 3QD���� D ���������� c�� E ���������� c�� F ���������� c�� � DW�

7 ����.�
¾�3KDVH� ,,,� ������ .��� PRQRFOLQLF�� 3���D�� D ���������� c�� E ����������� c�� F ����������� c��

β ���������°�DW�7 ����.�
7KH�IRUFHV�WKDW�GHWHUPLQH�WKH�FU\VWDO�SDFNLQJ�DUH�GLSROH�GLSROH�W\SH�LQWHUDFWLRQV��WKH�VWUXFWXUH�DW���.�KDV�QRW�
EHHQ�FRPSOHWHO\�GHWHUPLQHG�GXH�WR�JUDQXODULW\�SUREOHP�
�
�
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�
7KHUH�DUH���SKDVHV��

¾�3KDVH�,���������.���FXELF��XQNQRZQ�VJ���D �������c��DW����.�
¾�3KDVH� ,,� ������.���RUWKRUKRPELF��3�������� D ������������c��E �����������c�� F �����������c�� � DW�

7 ����.�
7KH�IRUFHV�WKDW�GHWHUPLQH�WKH�FU\VWDO�SDFNLQJ�DUH�GLSROH�GLSROH�W\SH�LQWHUDFWLRQV�
�
�
�
�
�
�
�

�
�
7KHUH�LV���SKDVH��

¾�3KDVH�,��RUWKRUKRPELF��3��������D ����������c��E ���������c��F ����������c���DW�7 ���.�
7KH�IRUFHV�WKDW�GHWHUPLQH�WKH�FU\VWDO�SDFNLQJ�DUH�K\GURJHQ�ERQGLQJ�W\SH�LQWHUDFWLRQV�
�
�
�
�
�
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�
7KHUH�DUH���SKDVHV��

¾�3KDVH�,��!����.���KH[DJRQDO��3����D �����������c��F �����������c�DW�URRP�WHPSHUDWXUH�
¾�3KDVH� ,,� ������ .��� PRQRFOLQLF�� 3���� D ����������� c�� E ���������� c�� F ����������� c��

β ����������°DW�7 ����.�
7KH�PROHFXODU�SDFNLQJ�LV�QRW�GHWHUPLQHG�GXH�WR�VWURQJ�WH[WXUH��
�

�
7KHUH�LV���SKDVH��

¾�3KDVH�,��KH[DJRQDO��3���P��D �����������c��F �����������c�DW����.�
�
�

�
7KHUH�DUH���SKDVHV��

¾�3KDVH�,��!����.���FXELF��XQNQRZQ�VJ���D ���������c�DW�URRP�WHPSHUDWXUH�
¾�3KDVH� ,,� ������ .��� RUWKRUKRPELF�� 3QD���� D ����������� c�� E ���������� c�� F ����������� c���������������

DW�7 ���.�
7KH�PROHFXODU�SDFNLQJ�LV�QRW�GHWHUPLQHG�GXH�SUREDEO\�WR�VWURQJ�WH[WXUH���

�
�
��
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�
7KHUH�LV���SKDVH��

¾�3KDVH� ,� ������ .��� PRQRFOLQLF�� 3���� D ����������� c�� E ������������ c�� F ����������� c��
β ����������°��DW�7 �����.�

7KH�PROHFXODU�SDFNLQJ� LV�QRW�GHWHUPLQHG�GXH� WR�VWURQJ�WH[WXUH�DQG�SUHIHUUHG�RULHQWDWLRQ��PD\EH�WKH�SODVWLF�
SKDVH�H[LVW�EXW�PRUH�DFFXUDWH�PHDVXUHPHQW�LV�QHHGHG�XVLQJ�DQ�DUHD�GHWHFWRU�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
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&KDSWHU��� 1HXURSHSWLGHV��
&H� FKDSLWUH� HVW� FHQWUp� VXU� OD� IDPLOOH� GHV�QHXURSHSWLGHV�RSLDFpV��&HV�QHXURWUDQVPHWWHXUV� UpJXOHQW�� DX� VHLQ�GX�
V\VWqPH�QHUYHX[�FHQWUDO�� OHV� IRQFWLRQV�VHQVLWLYHV� WHOOHV�TXH� OD�GRXOHXU�HW� OD�UHVSLUDWLRQ��/H�EXW�GH�QRWUH�pWXGH�
pWDLW�GH�GpWHUPLQHU�OD�VWUXFWXUH�FULVWDOOLQH�GH�OD�/HX�HQNHSKDOLQH��VRXV�VD�IRUPH�FRPSOqWH�RX�IUDJPHQWpH��3RXU�
FHOD�� QRXV� VRPPHV� SDUWLV� G
XQH� SRXGUH� SXUH� ORUVTXH� O
pFKDQWLOORQ� pWDLW� GpMj� FULVWDOOLQ� RX� DORUV� QRXV� O
DYRQV�
FULVWDOOLVp�HQ�Q
XWLOLVDQW�TXH�GH�O
HDX�FRPPH�VROYDQW��GDQV�OH�EXW�GH�VH�UDSSURFKHU�GH�OD�UpDOLWp�ELRORJLTXH�HW�GH�
PHWWUH�HQ�pYLGHQFH�G
pYHQWXHOOHV�GLIIpUHQFHV�GH�VWUXFWXUHV�DYHF�OHV�UpVXOWDWV�ELEOLRJUDSKLTXHV�REWHQXV�j�SDUWLU�GH�
PRQRFULVWDX[��/HV�VWUXFWXUHV�RQW�pWp�GpWHUPLQpHV�JUkFH�j��GHV�VLPXODWLRQV�GH�0RQWH�&DUOR��

�����1HXURSHSWLGHV�
7KH�WHUP�SHSWLGHV� �GHULYHG�IURP�SHSWRQHV�� IURP�*UHHN�SHSWRV��GLJHVWHG��ZDV� LQWURGXFHG� LQ�
�����E\�(PLO�)LVFKHU��UHIHUULQJ�WR�FXULRXV�SURGXFWV�IURP�WKH�SDUWLDO�GHJUDGDWLRQ�RI�QLWURJHQ�
FRQWDLQLQJ� QXWULHQWV� VXFK� DV� HJJ� DOEXPLQ�� PLON� FDVHLQ� RU� EORRG� ILEULQ�� NQRZQ� WRGD\� DV�
SURWHLQV�� +RZHYHU�� WKH� VLJQLILFDQFH� DQG� ZLGH� UROH� RI� SHSWLGHV� LQ� DOO� OLIH� SURFHVVHV� KDYH�
EHFRPH�DSSDUHQW�RQO\�VLQFH�WKH�����V��RZLQJ�WR�WKH�FRQWLQXRXV�GHYHORSPHQW�RI�LQFUHDVLQJO\�
VHQVLWLYH�DQDO\WLFDO�PHWKRGV��3HSWLGHV�H[HUW�DQ�H[WUHPHO\�ZLGH�YDULHW\�RI� VSHFLILF� IXQFWLRQV��
7KH\� FDQ� DFW� DV� FKHPLFDO� PHVVHQJHUV�� KRUPRQHV� LQ� WKH� VWULFW� VHQVH�� LQWUD�RU� LQWHUFHOOXODU�
PHGLDWRUV�� KLJKO\� VSHFLILF� VWLPXODWRUV� DQG� LQKLELWRUV��1XPHURXV� ELRORJLFDO� DFWLYLWLHV� LQ� WKH�
EUDLQ� DQG�QHUYRXV� V\VWHP� DUH� FDUULHG�RXW�E\� SHSWLGHV��3HSWLGHV�PDNH� XS� D� ODUJH� YDULHW\�RI�
DQWLELRWLFV� DQG�� PRUH� UHFHQWO\�� SHSWLGHV� WKDW� DUH� DFWLYHO\� LQYROYHG� LQ� WKH� UHDFWLRQV� RI� WKH�
LPPXQH� V\VWHP� DUH� DWWUDFWLQJ� LQFUHDVLQJ� DWWHQWLRQ� IURP� ELRPHGLFDO� UHVHDUFKHUV� DQG�
LQGXVWULHV��
7KH�ILHOG�RI�SHSWLGH�KRUPRQHV�DQG�QHXURWUDQVPLWWHUV�KDV�EHHQ�DFWLYH�IRU�RYHU�WKUHH�GHFDGHV��
,Q� LWV� LQIDQF\��WKH�ILHOG�ZDV�FRQFHUQHG�PDLQO\�ZLWK�WKH� LVRODWLRQ�DQG�FKDUDFWHUL]DWLRQ�RI�WKH�
SHSWLGHV�� 6XEVHTXHQWO\�� UHFHSWRU� ELQGLQJ� DQG� VHFRQG�PHVVHQJHU� DVVD\V� ZHUH� GHYHORSHG� WR�
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HVWLPDWH� WKH�SRWHQF\�RI�SHSWLGH� DQDORJXHV��7KLV� UHVXOWHG� LQ� WKH�GHILQLWLRQ�RI�ERWK� UHFHSWRU�
DJRQLVWV� DQG� DQWDJRQLVWV��:LWK� WKH� DGYDQFHV� RI�PROHFXODU� ELRORJ\�� JHQHV� IRU�PDQ\� RI� WKH�
NQRZQ�SHSWLGHV�ZHUH� FORQHG��$JHQWV�ZHUH�GHILQHG� WKDW� DOWHU� WKH�SHSWLGHV� JHQH� H[SUHVVLRQ��
0RUH�UHFHQWO\��WKH�SHSWLGHV�UHFHSWRUV�KDYH�EHHQ�FORQHG�DQG�UHFHSWRU�VXEW\SHV�LGHQWLILHG��
6LJQDOLQJ� LV� D� QHXURQ� FKLHI� IXQFWLRQ�� :LWKLQ� WKH� FHQWUDO� QHUYRXV� V\VWHP� �&16��� QHXURQV�
FRPPXQLFDWH� ZLWK� RQH� DQRWKHU�� LQ� WKH� SHULSKHU\�� QHUYH� FHOOV� DOVR� VLJQDO� WR� JODQGV� DQG�
PXVFOHV�� &RPPXQLFDWLRQ� EHWZHHQ� WKH� YDULRXV� FHOOXODU� FRPSRQHQWV� RI� WKH� RUJDQLVP� LV�
HVVHQWLDO� IRU� FRPSOH[� DQLPDOV�� ,Q� VLPSOHU� DQLPDOV� DQG� GXULQJ� WKH� HDUO\� VWDJHV� LQ� WKH�
GHYHORSPHQW�RI�KLJKHU�IRUPV��FRPPXQLFDWLRQ�LV�PHGLDWHG�E\�KRUPRQHV�DQG�JURZWK�IDFWRUV�
WKDW� GLIIXVH� UHODWLYHO\� ORQJ� GLVWDQFHV� IURP� VHFUHWRU\� FHOOV� WR� WDUJHW� WLVVXHV�� ,Q� WKH� QHUYRXV�
V\VWHP��FKHPLFDO�PHVVHQJHUV�DUH�VHFUHWHG�IURP�VSHFLDOL]HG�SDUWV�RI�WKH�QHXURQV��FDOOHG�QHUYH�
WHUPLQDOV�RU�QHUYH�HQGLQJV��WR�DFW�RQ�UHFHSWRUV�LQ�WKH�PHPEUDQH�RI�QHLJKERULQJ�WDUJHW�FHOOV��
7KH� WDUJHWV� DUH� FORVH� E\�� QRW� PXFK� IXUWKHU� WKDQ� WKH� GLVWDQFH� EHWZHHQ� WZR� DGMDFHQW� FHOOV��
7KHVH�FKHPLFDO�PHVVHQJHUV�DUH�FDOOHG�QHXURWUDQVPLWWHUV��8QWLO�WKH�EHJLQQLQJ�RI�WKH�WZHQWLHWK�
FHQWXU\��PDQ\�SK\VLRORJLVWV� WKRXJKW� WKDW�QHXURQV� LQ� WKH�&16�ZHUH� DOO� FRQQHFWHG� WRJHWKHU��
IRUPLQJ�RQH� JUHDW� FRQWLQXRXV� FHOO�RU� V\QF\WLXP�VLPLODU� WR� FDUGLDF�PXVFOH�� ,I� QHXURQV�ZHUH�
VWUXFWXUHG�LQ�WKLV�ZD\��WKHUH�ZRXOG�EH�QR�QHHG�IRU�FKHPLFDO�WUDQVPLVVLRQ�EHWZHHQ�QHUYH�FHOOV��
EHFDXVH� WKH\�ZRXOG� DOO� EH� FRQQHFWHG� HOHFWULFDOO\��2WKHU� SK\VLRORJLVWV� WKRXJKW� WKDW� QHXURQV�
ZHUH�GLVFUHWH��EXW�PDGH�FORVH�FRQWDFWV�ZLWK�RWKHU�QHXURQV�DW�QHUYH�WHUPLQDOV��6XSSRUWHG�E\�
5DPRQ� \�&DMDO·V�PDJLVWHULDO� KLVWRORJLFDO� VWXGLHV�RI� ERWK� WKH� FHQWUDO� DQG�SHULSKHUDO� QHUYRXV�
V\VWHPV��&KDUOHV�6KHUULQJWRQ�QDPHG�WKHVH�FORVH�FRQWDFWV�V\QDSVHV��IURP�WKH�*UHHN��WR�FODVS���
7KH�GHEDWH�ZDV�QRW� VHWWOHG�XQWLO�PLG�FHQWXU\�ZKHQ� WKH� ILQH� VWUXFWXUH�RI� WKH�QHUYRXV� WLVVXH�
FRXOG�EH�H[DPLQHG��(OHFWURQ�PLFURVFRS\�UHYHDOHG�ERWK�WKH�PDQ\�YDULHWLHV�RI�6KHUULQJWRQLDQ�
V\QDSVHV� ZKHUH� FKHPLFDO� PHVVHQJHUV� DUH� UHOHDVHG�� DV� ZHOO� DV� F\WRSODVPLF� EULGJHV� EHWZHHQ�
VRPH� QHXURQV�� FDOOHG� HOHFWULFDO� RU� HOHFWURWRQLF� V\QDSVHV�� ZKHUH� QHXURWUDQVPLWWHUV� DUH� QRW�
UHTXLUHG�IRU�FRPPXQLFDWLRQ�EHWZHHQ�WKH�FHOOV��
6XEVWDQFHV� XVHG� DV�QHXURWUDQVPLWWHUV�EHORQJ� WR� WKUHH�GLVWLQFW� IDPLOLHV�� DPLQHV��SXULQHV� DQG�
SHSWLGHV��2IWHQ� FDOOHG� FODVVLFDO� RU� VPDOO�PROHFXOH� WUDQVPLWWHUV�� WKH�PHPEHUV� RI� WKH� DPLQH�
IDPLO\�LQFOXGH�DFHW\OFKROLQH��DPLQR�DFLGV�DQG�RWKHU�VXEVWDQFHV�GHULYHG�IURP�FRPPRQ�DPLQR�
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DFLGV� WKURXJK�D� IHZ�HQ]\PDWLF� VWHSV��$OO�RI� WKHVH� WUDQVPLWWHUV� DUH� V\QWKHVL]HG� LQ� WKH�QHUYH�
HQGLQJV� DQG� DUH� WKHQ� WDNHQ� XS� LQWR� YHVLFOHV� IRU� UHOHDVH� ZKHQ� WKH� QHXURQ� LV� VWLPXODWHG��
3HSWLGHV�IXQFWLRQ�DV�QHXURWUDQVPLWWHUV��$OWKRXJK�WKH�QXPEHU�RI�DFWLYH�QHXURSHSWLGHV�LV�QRW�
\HW�NQRZQ��WKHUH�DUH�PRUH�WKDQ�����EXW�SUREDEO\�OHVV�WKDQ������0RVW�RI�WKHVH�SHSWLGHV�FDQ�
EH�JURXSHG�LQWR�D�IHZ�GLVWLQFW�IDPLOLHV�EHFDXVH�WKH\�VKDUH�VLPLODU�DPLQR�DFLG�VHTXHQFHV��/LNH�
DPLQH� WUDQVPLWWHUV� DQG�SXULQHV��SHSWLGHV� DUH� DOVR� UHOHDVHG� DW�QHUYH� WHUPLQDOV� IURP�YHVLFOHV��
1HXURDFWLYH�SHSWLGHV�DUH�TXLWH�VKRUW��XVXDOO\�IURP���WR����DPLQR�DFLGV�ORQJ��FRPSDUHG�ZLWK�
DQ� DYHUDJH� SUHFXUVRU� SURWHLQ� RI� DERXW� ���� DPLQR� DFLGV� LQ� OHQJWK�� 7KHUH� DUH� VHYHUDO�
DGYDQWDJHV� WR� WKLV� DSSDUHQWO\� ZDVWHIXO� SURFHVV�� 2QH� LV� DPSOLILFDWLRQ�� ,Q� VRPH� SRO\SURWHLQV��
PRUH�WKDQ�RQH�FRS\�RI�D�VKRUW�DPLQR�DFLG�VHTXHQFH�LV�SUHVHQW��6HYHUDO�LGHQWLFDO�QHXURDFWLYH�
SHSWLGHV� FDQ� EH� FXW� RXW� IURP� D� VLQJOH� SUHFXUVRU� PROHFXOH�� $QRWKHU� DGYDQWDJH� LV� GLYHUVLW\��
$PLQR�DFLG� VHTXHQFHV� IRU�PRUH� WKDQ�RQH� W\SH�RI�QHXURDFWLYH�SHSWLGH� DUH�SUHVHQW� LQ�RWKHU�
SRO\SURWHLQV��3URFHVVLQJ�RI�WKHVH�SUHFXUVRUV�FDQ�UHVXOW�LQ�WKH�SURGXFWLRQ�RI�VHYHUDO�GLIIHUHQW�
QHXURSHSWLGHV�IRU�UHOHDVH�IURP�WKH�VDPH�YHVLFOH�>�����@�

������ 2SLRLG�SHSWLGHV�
7KH� RSLDWH� IDPLO\� RI� QHXURSHSWLGHV� LOOXVWUDWHV� VRPH� RI� WKH� JHQHUDO� SULQFLSOHV� RI� SHSWLGH�
WUDQVPLWWHUV�� 7KHVH� SHSWLGHV� DOO� FRQWDLQ� WKH� DPLQR� DFLG� VHTXHQFH� 7\U�*O\�*O\�3KH�� 7KUHH�
W\SHV�RI�RSLRLG� UHFHSWRUV� �δ��κ��µ��KDYH�EHHQ� FORQHG��7KH\� DUH� DFWLYDWHG�E\�PRUSKLQH�� WKH�
DONDORLG� IURP� WKH� SRSS\�� WR� SURGXFH� UHOLHI� RI� SDLQ� �QDUFRVLV�� DQG�PDQ\� RWKHU� HIIHFWV� �H�J��
VOHHSLQHVV�� HXSKRULD� DQG�FRQVWLSDWLRQ�� WKDW� DUH�PHGLDWHG�E\� WKH�GLIIHUHQW� UHFHSWRU� VXEW\SHV�
GLVWULEXWHG� RQ� SRVWV\QDSWLF� WDUJHW� FHOOV� WKURXJKRXW� WKH� ERG\�� 3HSWLGHV� GLIIHU� LQ� VHYHUDO�
LPSRUWDQW�ZD\V�IURP�VPDOO�PROHFXOH�WUDQVPLWWHUV��7KHVH�GLIIHUHQFHV�FDXVH�QHXURWUDQVPLVVLRQ�
E\�SHSWLGHV� WR�EH� VORZ� LQ�RQVHW�� WR� DIIHFW� WDUJHWV�RYHU� D� ODUJH� DUHD�� DQG� WR� ODVW� ORQJHU� WKDQ�
WUDQVPLVVLRQ�E\�VPDOO�PROHFXOHV��3HSWLGH�WUDQVPLWWHUV�DUH�UHODWLYHO\�ODUJH��HYHQ�GLSHSWLGHV�RU�
WULSHSWLGHV�DUH�ELJJHU� WKDQ�DQ\�VPDOO�PROHFXOH� WUDQVPLWWHU��DQG�WKH� ODUJHVW� �H�J�LQVXOLQ��KDYH�
PROHFXODU� ZHLJKWV� RI� RYHU� �����'D�� $V� D� UHVXOW�� SHSWLGHV� GLIIXVH� VORZO\�� 3HSWLGHV� DUH� QRW�
WDNHQ�EDFN�XS� LQWR�QHXURQV�RU�JOLDO� FHOOV��QRU� DUH� WKH\�GHJUDGHG�E\�VSHFLILF�HQ]\PHV� LQ� WKH�
V\QDSWLF�FOHIW��'LIIXVLRQ�LV�WKH�FKLHI�PHFKDQLVP�IRU�UHPRYLQJ�SHSWLGH�WUDQVPLWWHUV��



�

�

�

����

,Q�������+XJHV�DQG�.RVWHUOL]>��@�GLVFRYHUHG�WKH�RSLRLG�SHQWD�SHSWLGHV�0HW�HQNHSKDOLQ�DQG�
/HX�HQNHSKDOLQ��ZKLFK�VWDUWHG�H[VWHQVLYH�UHVHDUFK�RQ�WKHLU�ELRORJ\�DQG�FKHPLVWU\��7KH�UDWLR�
RI� WKH� WZR� HQNHSKDOLQV� GHSHQGHG� RQ� WKH� VSHFLHV� LQ� ZKLFK� WKH\� ZHUH� IRXQG�� 7KHVH�
QHXURWUDQVPLWWHU�UHJXODWH�VHQVRU\�IXQFWLRQV� LQFOXGLQJ�SDLQ�DQG�FRQWURO�RI�UHVSLUDWLRQ� LQ� WKH�
FHQWUDO� QHUYRXV� V\VWHP� E\� ELQGLQJ� WR� WKH� *�SURWHLQ� FRXSOHG� µ�� DQG� δ�RSLRLGV� UHFHSWRUV��
UHVSHFWLYHO\��7KH�QRQ�VSHFLILF� UHFHSWRU�DIILQLW\�RI� WKH�HQNHSKDOLQV�KDV�EHHQ�DVVRFLDWHG�ZLWK�
WKHLU�ODUJH�FRQIRUPDWLRQDO�IUHHGRP��7KHUHIRUH��LW�KDV�EHHQ�D�JUHDW�FKDOOHQJH�WR�GHWHUPLQH�WKH�
ELRDFWLYH� FRQIRUPDWLRQ� RI� WKH� HQNHSKDOLQV��7KH� VWUXFWXUDO� GHWHUPLQDWLRQ� RI� WKH�PHPEUDQH�
ERXQG� RSLRLG� UHFHSWRU� LV� H[WUHPHO\� GLIILFXOW� DQG� VKRUW� OLQHDU� SHSWLGHV� DJRQLVWV� DUH� YHU\�
IOH[LEOH�� /HX�HQNHSKDOLQ� KDV� EHHQ� IRXQG� WR� H[LVW�� IURP� FU\VWDOORJUDSKLF� VWXGLHV��
SUHGRPLQDQWO\� LQ� WKUHH� GLIIHUHQW� FRQIRUPDWLRQV�� H[WHQGHG�� VLQJOH�EHQG� DQG� GRXEOH�EHQG�
GHSHQGLQJ�RQ�ZKLFK�ELR�PLPHWLF�PHGLD�ZDV�XVHG�WR�JURZ�VRPH�QLFH�ELJ�VLQJOH�FU\VWDOV��7ZR�
GLIIHUHQW� H[WHQGHG� FRQIRUPDWLRQV� ZKHUH� IRXQG� E\� FU\VWDOOL]LQJ� WKH� VDPSOH� XVLQJ� 1�1�
G\PHWK\OIRUPDPLGH� �'0)$�>��@� RU� HWKDQRO� VROXWLRQV>��@�� 7KH� VLQJOH�EHQG� FRQIRUPDWLRQ�
ZDV�REWDLQHG�FU\VWDOOL]LQJ� WKH� VDPSOH� IURP�DQ�DTXHRXV�PHWKDQRO� VROXWLRQ>��@��7KH�GRXEOH�
EHQG�FRQIRUPDWLRQ�ZDV�REWDLQHG�E\�VORZ�FRROLQJ�RI�DQ�DTXHRXV�VROXWLRQ>��@���'XULQJ�WKH�ODVW�
IHZ�\HDUV�DWWHQWLRQ�KDV�EHHQ�SDLG�WR�WKH�IDFW�WKDW�WKH�DJRQLVW�UHFHSWRU�LQWHUDFWLRQ�WDNHV�SODFH�
LQVLGH�D�K\GURSKRELF�FDYLW\��DQG�WKDW�WKH�DJRQLVW�� LQ�PRYLQJ�IURP�WKH�WUDQVSRUW�PHGLXP�WR�
WKH� UHFHSWRU�� FURVVHV� GLIIHUHQW� SKDVHV� FKDUDFWHUL]HG� E\� LQFUHDVLQJ� RUGHUHG� ZDWHU� �DW� WKH�
PHPEUDQH�ZDWHU� LQWHUIDFH��� GHFUHDVLQJ� GLHOHFWULF� FRQVWDQW� DQG� UHGXFHG� K\GURJHQ�ERQGLQJ�
DELOLW\��$� IHZ�VWXGLHV�KDYH�EHHQ�DOVR�GRQH�RQ�/HX�HQNHSKDOLQ� IUDJPHQWV��7U\�*O\�*O\�3KH��
*O\�*O\�3KH�/HX>��@�DQG�7\U�*O\�*O\>������@��
�
6WDUWLQJ�IURP�WKRVH�UHVXOW�WKH�DLP�RI�RXU�VWXG\�ZDV�WR�WU\�WR�GHWHUPLQH�WKH�FU\VWDO�VWUXFWXUH�RI�
WKH�/HX�HQNHSKDOLQ� DQG� VRPH� RI� WKH� IUDJPHQWV�� MXVW� VWDUWLQJ� IRUP� WKH� SXUH�SRZGHU� LQ� WKH�
FDVH�WKDW�LW�ZDV�DOUHDG\�FU\VWDOOLQH�RU�MXVW�FU\VWDOOL]LQJ�WKH�VDPSOH�VLPSO\�XVLQJ�ZDWHU�ZLWKRXW�
WKH� XVH� RI� DQ\� VROYHQW� LQ� RUGHU� WR� EH� PD\EH� FORVHU� WR� ELRORJLFDO� UHDOLW\� DQG� VHH� LI� DQ\�
VWUXFWXUDO�GLIIHUHQFHV�ZHUH�SUHVHQW�ZLWK�UHVSHFW�WR�WKH�UHVXOWV�IRXQG�LQ�OLWHUDWXUH��7KH�VDPSOHV�
DQDO\]HG�ZHUH�WKH�IROORZLQJ��
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��*O\�*O\�3KH�
��*O\�3KH�/HX�
��7\U�*O\�*O\�3KH�
��/HX�HQNHSKDOLQ�
�

�����*O\FLQH�*O\FLQH�3KHQ\ODODQLQH�

�
7KH� FU\VWDO� VWUXFWXUH� RI� +�*O\�*O\�3KH�2+�� &	�+	�1�2�� ZDV� XQNQRZQ�� 7KH� DV�UHFHLYHG�
VDPSOH��%DFKHP��ZDV�PHDVXUHG�RQ�WKH�EHDPOLQH�,'���DW�URRP�WHPSHUDWXUH��7KH�VDPSOH� LV�
FU\VWDOOLQH� EXW� LW� ZDV� QRW� SRVVLEOH� WR� LQGH[� WKH� GLIIUDFWRJUDP�� 7KH� VDPSOH� VHHPV� WR� EH�
GLVRUGHUHG�DQG�QRW�ZHOO�FU\VWDOOLQH�ORRNLQJ�DW�WKH�EURDGHQLQJ�RI�WKH�SHDNV��7KDW�LV�WKH�UHDVRQ�
ZK\�WKH�LQGH[LQJ�IDLOV��
�
�
�
�
�
�
�
�
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�
)LJXUH�����'LIIUDFWRJUDP�UHFRUGHU�RQ�,'���DW�URRP�WHPSHUDWXUH�RI�WKH�VDPSOH�+�*O\�*O\�3KH�2+�DV�UHFHLYHG��
7KHQ�ZH�UH�FU\VWDOOL]HG�WKH�VDPSOH�XVLQJ�SXUH�ZDWHU�DQG�ZH�REWDLQHG�D�QLFH�SRZGHU�WKDW�ZH�
PHDVXUHG�DJDLQ�DW�URRP�WHPSHUDWXUH��
7KH� GLIIUDFWLRQ� SDWWHUQ� ZDV� LQGH[HG� IURP� WKH� SRVLWLRQV� RI� ��� ORZ�DQJOH� SHDNV� XVLQJ� WKH�
SURJUDP�',&92/��ZLWK�D�ILJXUH�RI�PHULW�0
��RI�����LQ�DQ�RUWKRUKRPELF�FHOO��

D� �������������c��E� �������������c��F� �������������c�
7KLV�FHOO�GRHVQ·W�ILW�WKH�GLIIUDFWRJUDP�RI�WKH�DV�UHFHLYHG�VDPSOH��WKXV�WKH�XQLW�FHOO�IRU�WKH�DV�
UHFHLYHG�FRPSRXQG�LV�GLIIHUHQW��
7KH�FHOO�YROXPH�RI������������c��LQGLFDWHV���PROHFXOHV�SHU�XQLW�FHOO��7KH�V\VWHPDWLF�DEVHQFHV�
LQ� WKH� GLIIUDFWLRQ� SDWWHUQV� LQGLFDWHG� WKH� VSDFH� JURXS� WR� EH� 3�	�	�	�� DQG� KHQFH� WKHUH� LV� ��
LQGHSHQGHQW�PROHFXOH� LQ� WKH� DV\PPHWULF� XQLW�� 7KH� VWUXFWXUH�ZDV� VROYHG�ZLWK� WKH� SURJUDP�
)2;��$V�WKH�VDPSOH�KDV�EHHQ�FU\VWDOOL]HG�IURP�ZDWHU�WKHUH� LV�DOVR�DQ�XQNQRZQ�QXPEHU�RI�
ZDWHU�PROHFXOHV�WR�EH�ORFDOL]HG��ZH�SHUIRUPHG�GLIIHUHQW�VLPXODWLRQV�ZLWK�GLIIHUHQW�DPRXQWV�
RI�ZDWHU��:LWK� VLPXODWLRQ� LW�ZDV� GLIILFXOW� WR� XQGHUVWDQG� LI� WKHUH�ZHUH� �� RU� �� LQGHSHQGHQWV�
ZDWHU� PROHFXOHV� LQ� WKH� DV\PPHWULF� XQLW�� RQO\� LQ� WKH� UHILQHPHQW� VWDJH� LW� ZDV� SRVVLEOH� WR�
XQGHUVWDQG�WKDW�WKHUH�ZHUH�DFWXDOO\����7KH�VWUXFWXUH�ZDV�UHILQHG�XVLQJ�WKH�SURJUDP�723$6��
:H�DOVR�SHUIRUPHG�VLPXODWLRQV�ZLWK�723$6�DQG�IRXQG�WKH�VDPH�VROXWLRQ�DV�ZLWK�)2;��,Q�
WKH� ILUVW� VWDJH� RI� WKH� UHILQHPHQW�RQO\� WKH� RULHQWDWLRQDO� DQG� SRVLWLRQDO� SDUDPHWHUV�ZHUH� OHIW�
IUHH�WR�YDU\��$W�WKH�HQG�WKH�ULJLG�ERG\�ZDV�DOPRVW�FRPSOHWHO\�UHOD[HG��HYHU\WKLQJ�ZDV�IUHH�WR�
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YDU\�H[FHSW�WKH�K\GURJHQ�DWRPV��ZKLFK�ZHUH�NHSW�IL[HG�LQ�WKH�ULJKW�JHRPHWU\��7KDQNV�WR�WKH�
JRRG�TXDOLW\�RI� WKH�GDWD�ZH�GLGQ·W� XVH� DQ\� UHVWUDLQWV��$V� VKRZQ� LQ�7DEOH������RQO\� ��ERQG�
OHQJWK�YDOXHV�VWURQJO\�GLVDJUHH�ZLWK�WKH�YDOXHV�IRXQG�LQ�WKH�ZRUN�RI�(QJK�HW�DO�>��@��DQ�DUWLFOH�
ZULWWHQ� IRU�SURWHLQ� VWUXFWXUH� UHILQHPHQW�ZKHUH�ERQG�OHQJWK� DQG�ERQG�DQJOH�SDUDPHWHUV� DUH�
GHULYHG�IURP�D�VWDWLVWLFDO�VXUYH\�RI�;�UD\�VWUXFWXUH�RI�VPDOO�FRPSRXQGV�IURP�WKH�&DPEULGJH�
6WUXFWXUDO�'DWDEDVH��,Q�WKH�VDPH�WDEOH�ZH�DOVR�VKRZ�WKH�YDOXHV�UHDFKHG�LPSRVLQJ�WKH�YDOXHV�
IRXQG�LQ�WKH�DUWLFOH��DV�UHVWUDLQHG�GLVWDQFHV��ZLWK�D�WROHUDQFH�YDOXH�RI��������c�DQG�ZHLJKW����
7KLV� VWUXFWXUH�ZDV� UHILQHG�DV� LI� LW�ZDV�D� VLQJOH�FU\VWDO� VWUXFWXUH��1R�SODQDU� UHVWUDLQWV�ZKHUH�
LPSRVHG� RQ� WKH� SHSWLGH� ERQGV� DQG� RQ� WKH� SKHQ\O� ULQJ� RI� WKH� SKHQ\ODODQLQH� DQG� WKH� ILQDO�
WRUVLRQ� DQJOHV� FRPLQJ� IURP� WKH� UHILQHPHQW� DUH� VHQVLEOH�� RQO\� WKH� SKHQ\O� ULQJ� LV� D� OLWWOH� ELW�
GLVWRUWHG�

�� � � �� �� �����	
�° ��� � � ��� � � ��
� �� � � �
 �� ��� �� 	�� ° ��� � � ��� � � ��
� �� � �
 ��� � �� ���	�� ° �� �� ����� � ���

7KH� SHDNV�ZHUH� GHVFULEHG� E\� D� 39,,� SHDN� VKDSH� IXQFWLRQ�� 7KH� WHPSHUDWXUHV� IDFWRUV� ZHUH�
UHILQHG� LVRWURSLFDO\� DQG� LQGLYLGXDOO\� IRU� HDFK� DWRP� H[FHSW� WKH� K\GURJHQ� DWRPV� WKDW� ZHUH�
FRQVWUDLQHG� WR� WKH� VDPH� YDOXH�� 7KH� ILQDO� UHILQHPHQW�� ZLWKRXW� WKH� XVH� RI� DQ\� DGGLWLRQDO�
UHVWUDLQWV��FRQYHUJHG�WR�5��  ��������5� �������DQG�χ
 ����
�
�
�
�
�
�
�
�
�
�
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� ��� � ��� �� 	
�� � � �� � ��� 	
��	 �� ��
� � ��� �� ��� ��
�� ��� �� ��� ��
� � � �� �� � �� ��
� � � �� �� � �� ��
� � � �� �� � �� ��
� � � �� �� ��� ��
� � � ���� � �� ��
� � � �� �� � �� ��
� � ��� �� ��� ��
� �� ��� �� � �� ��
� �� ��� �� � �� ��
� �� � �� �� � �� ��
� �� � �� �� � �� ��
� �� ��� �� ��� ��
� �� � �� �� ��� ��
� �� � �� �� � �� ��
� �� � �� �� � �� ��
� �� � �� �� � �� ��
� �� � �� �� � �� ��
� �� � �� �� ��� ��
� � � � �� �� � �� ��
� �� � �� �� � �� ��
� � �� �� ��� ��

7DEOH�����5HILQHG�ERQG�OHQJWKV�YDOXHV�DQG�%� !�YDOXHV�ZLWK�DQG�ZLWKRXW�UHVWUDLQ��
�

" �#�� $ ��� �� 	� � ���%#&��'��� $ ����� 	� � �  ����� � $ ����� 	� � ( %�� � ���� �
� �)�� ����� 	��� ����
 	�� ����� 	��
��)�� ����� 	��� ����� 	��� ����� 	��
��) * � ���� �	��� ���
� 	�� ����� 	��
��)� � ����� 	��� ����� 	�� ����� 	��
� �)�� �����	��� ����� 	�� ����� 	��
��)�
 ����� 	��� + ,-./ 012 ����� 	��
�
) * � ���� �	��� + ,33 4 042 ����� 	��
�
)� � ����� 	��� ����� 	�� ����� 	��
� �)��� ����� 	��� ����� 	
� ����� 	��
� ��)��� ����� 	��� ����� 	�� ����� 	��
� ��)��� ����� 	��� + ,/56 012 ����� 	��
� ��)��� ����� 	� �� ����� 	�� ����� 	��
� ��)��
 ����� 	��� ��� �
 	�� ����� 	��
� �
)��� ����� 	��� ��� �� 	�� ���� �	��
� ��)��� ����� 	��� ����
 	
� ����� 	��
� ��)��� ����� 	��� ����� 	�� ����� 	��
� ��)��� ����� 	� �� ����� 	�� ����� 	��
� ��)��� ����� 	� �� + ,7+3 0+2 ����� 	��
� ��) * �� ���� �	��� ����
 	�� ����� 	��
� ��) * �� ����� 	��� ����� 	�� ����� 	��
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7KH�ILQDO�UHILQHPHQW�XVLQJ�UHVWUDLQWV�FRQYHUJHG�WR�5��  �������5� ������DQG�χ
 �����
�

�
)LJXUH�����2EVHUYHG����EOXH���FDOFXODWHG����UHG��DQG�GLIIHUHQFH�SORW�RI� WKH�ILQDO�5LHWYHOG�UHILQHPHQW�RI� WKH�+�*O\�*O\�3KH�2+��

FU\VWDOOL]HG�IRUP�ZDWHU���XVLQJ�UHVWUDLQWV��
�
��
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�
)LJXUH�����3DFNLQJ�RI�WKH�PROHFXOHV�DQG�LQWHUDFWLRQ�ZLWK�WKH�ZDWHUV�PROHFXOHV�
7KH� IRUFHV� WKDW�GHWHUPLQH� WKH� FU\VWDO�SDFNLQJ� DUH�K\GURJHQ�ERQG� W\SH��7KH� LQWHUDFWLRQ�DUH�
LQWHUPROHFXODU�EHWZHHQ�WKH�ZDWHU�PROHFXOHV�WKDW�FUHDWH�D�EULGJH�EHWZHHQ�WKH�WZR�JO\�JO\�SKH�
PROHFXOHV�DQG�DOVR�GLUHFWO\�EHWZHHQ�WKH�WZR�PROHFXOHV�IURP�WKH�DWRPV�1��2��DQG�1��2���
�
�
�
�
�
�
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�

)LJXUH�����+\GURJHQ�ERQGV�
�
�
�
�
�
�
�
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�

�7DEOH� ���� $WRPLF� IUDFWLRQDO� FRRUGLQDWHV� GHULYHG� IRUP� WKH� ULJLG�
ERG\�
�
�
�
�
�
�
�
�
�
�
�
�

� � � � ������ � � ������ � � ������
�� � � ������ � � �� ���� � � ������
�� � � ������ � � ����� � � � ���� ��
�� � � �� ���� � � ������ � � ��� ���
� � � � ������ � � ������ � � �� ����
�� � � ������ � � ����� � � ������
�� � � ����� � � �� ������ � � ������
� � � � ��� ��� � �� ������ � � ������
� � � � ������ � �� ����� � � � ��� ��
� �� � � ����� � � �� ������ � � ��� ���

� �� � � ������ � �� ������ � � ���� �
� �� � � ������ � �� ������ � � ������
� �� � � ������ � �� ������ � � ������
� �� � � ������ � �� ������ � � ������
� �� � � ����� � � �� ������ � � ������
� �� � � �� ���� � �� ������ � � ���� ��
� �� � �� ����� � �� ������ � �� ������
� �� � �� ����� � �� ���� � � � ������
� �� � �� ����� � �� ������ � �� ������
��� � � ������ � �� ����� � � ������
�� � � � �� ���� � �� ������ � �� ������
��� � � ������ � �� ������ � �� ������
� �� � � ��� ��� � � ������ � � ������
� �� � � ������ � � ������ � �� ������
� �� � � ������ � � ������ � � ��� ���
� �� � � ������ � �� ����� � � �� ������
� �� � � ������ � �� ������ � � ������
� �� � � ������ � �� ������ � � ������
� �� � � ��� ��� � �� ������ � � ������
� �� � � ������ � �� ��� ��� � � �����
� �� � � ������ � �� ������ � � ������
� �� � � ������ � �� ������ � � ��� ���
� �� � � �� ���� � �� ������ � � ������
� �� � �� �� ��� � �� ������ � �� ������
� �� � �� ����� � �� ������ � � ������
� �� � �� ����� � �� ������ � �� ������
� �� � � ������ � �� ������ � �� ����
� �� � � ����� � �� ������ � �� ������
� �� � � ������ � �� ������ � �� ������
� �� � � ������ � �� ������ � �� ������
� � � � � ������ � � ������ � � ������
� �� � � ������ � � ������ � � �� ����
� �� � � �� ���� � � ���� �� � � ������
� �� � � ��� ��� � � ������ � � ������
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)LJXUH�����$QRWKHU�YLHZ�RI�WKH�SDFNLQJ�RI�WKH�PROHFXOHV�
�
�
�
�
�
�
�
�
�
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�����*O\FLQH�3KHQ\ODODQLQH�/HXFLQH�

�
�

7KH� FU\VWDO� VWUXFWXUH� RI� +�*O\�3KH�/HX�2+�� &	�+
�1�2�� ZDV� XQNQRZQ�� 7KH� DV�UHFHLYHG�
VDPSOH� �%DFKHP�� ZDV� PHDVXUHG� RQ� EHDPOLQH� ,'��� DW� URRP� WHPSHUDWXUH�� 7KH� VDPSOH� LV�
FU\VWDOOLQH��7KH�GLIIUDFWLRQ�SDWWHUQ� LQGH[HG� IURP� WKH�SRVLWLRQV�RI� ��� ORZ�DQJOH�SHDNV� XVLQJ�
WKH�SURJUDP�',&92/��ZLWK�D�ILJXUH�RI�PHULW�0
��RI�����LQ�D�PRQRFOLQLF�FHOO��

D� �����������c���E� �����������c��F� ������������c�β� ������������°�
7KH�FHOO�YROXPH�RI����������c�� LQGLFDWHV���PROHFXOHV�SHU�XQLW�FHOO��7KH�V\VWHPDWLF�DEVHQFHV�
LQ� WKH� GLIIUDFWLRQ� SDWWHUQV� LQGLFDWHG� WKH� VSDFH� JURXS� WR� EH� 3�	�� DQG� KHQFH� WKHUH� LV� ��
LQGHSHQGHQW�PROHFXOH�LQ�WKH�DV\PPHWULF�XQLW��7KH�VWUXFWXUH�KDV�EHHQ�VROYHG�DQG�UHILQHG�ZLWK�
723$6��7KH�VDPSOH�LV�GLVRUGHUHG�EXW�DQ�DSSUR[LPDWH�VROXWLRQ�KDV�EHHQ�IRXQG��&RPSDULQJ�
WKLV� GDWD� ZLWK� WKH� GDWD� FROOHFWHG� RQ� WKH� *O\�*O\�3KH� LW� LV� SRVVLEOH� WR� VHH� KRZ� SHDNV� DUH�
EURDGHU��DQ�LQGLFDWLRQ�RI�WKH�GLVRUGHU���
�
�
�
�
�
�
�
�
�
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�
)LJXUH�����&RPSDULVRQ�EHWZHHQ�WKH�JO\�JO\�SKH�VDPSOH�FU\VWDOOL]HG�IRUP�ZDWHU�DQG�WKH�JO\�SKH�OHX�DV�UHFHLYHG�
�
%HFDXVH� RI� WKH� GLVRUGHU�ZH� GLGQ·W� XVH� VWURQJ� UHVWUDLQWV� EXW�ZH� VHW� OLPLWV� LQ� WKH� ERQG� DQG�
DQJOH�YDOXHV�WR�DYRLG�HQGLQJ�XS�ZLWK�D�QRQ�PHDQLQJIXO�VWUXFWXUH��
7KH�ILQDO�UHILQHPHQW�FRQYHUJHG�WR�5��  ���������5� �������χ
 �����$Q�RYHUDOO�WHPSHUDWXUH�
IDFWRUV� ZDV� UHILQHG� IRU� WKH� ZKROH� PROHFXOH� UHDFKLQJ� WKH� ILQDO� YDOXH� RI� % ������� c
�� 7KH�
SRVLWLRQ� RI� WKH� FHQWHU� RI� PDVV� RI� WKH� PROHFXOH� DQG� WKH� FRQIRUPDWLRQ� DVVXPHG� LQ� WKH�
FU\VWDOOLQH� VWDWH� FDQ�EH� URXJKO\� GHWHUPLQHG�EXW�ZH� FDQ·W� KDYH� DQ\� LQIRUPDWLRQ� DERXW�ERQG�
OHQJWKV�DQG�DQJOH�YDOXHV��7KH�GDWD�DUH�ILWWHG�ZHOO�IRU�UHIOHFWLRQV�ELJJHU�WKDQ���c�LQ�G�VSDFLQJ��
UHIOHFWLRQV�RI�ORZHU�G�VSDFH�DUH�LQVWHDG�QRW�ILWWHG�SHUIHFWO\���
�
�
�
�



�

�

�

����

�
)LJXUH�����2EVHUYHG����EOXH���FDOFXODWHG����UHG��DQG�GLIIHUHQFH�SORW�RI�WKH�ILQDO�5LHWYHOG�UHILQHPHQW�RI�WKH�+�*O\�3KH�/HX�2+�
�
�
7R�KDYH�D�UHSUHVHQWDWLRQ�RI�ZKDW�NLQG�RI� LQIRUPDWLRQ�ZH�FDQ�REWDLQ�IURP�WKLV� UHILQHPHQW��
ZH�FRPSXWHG�D�0(0�PDS��)LJXUH������ZLWK� WKH�SURJUDP�35,0$�VWDUWLQJ� IURP�D�XQLIRUP�
SULRU�� MXVW� XVLQJ� WKH� )�

� �� FRUUHVSRQGLQJ� WR� G�VSDFLQJV� ELJJHU� WKDQ� �� c�� � :H� FDQ� GR� WKLV�
FRPSXWDWLRQ�EHFDXVH�LQ�WKH�0(0�FDOFXODWLRQ�WKHUH�LV�QRW�WKH�WUXQFDWLRQ�SUREOHP�WKDW�RFFXUV�
ZLWK� WKH� )RXULHU� V\QWKHVLV��0(0� LV� YHU\� XVHIXO� LQ� UHFRQVWUXFWLQJ� LPDJHV� IURP� LQFRPSOHWH�
GDWD��
�
�
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����

�
)LJXUH�����0(0�PDS�FRPSXWHG�ZLWK�WKH�SURJUDP�35,0$��VWDUWLQJ�IURP�DQ�XQLIRUP�SULRU��MXVW�XVLQJ�WKH�)!� �FRUUHVSRQGLQJ�WR�

G�VSDFLQJ�ELJJHU�WKDQ���c��
,Q�)LJXUH�����LV�UHSUHVHQWHG�WKH�VDPH�UHVXOW�ZLWK�WKH�DWRPLF�PRGHO�VXSHULPSRVHG���

�
)LJXUH�����0(0�PDS�FRPSXWHG�ZLWK�WKH�SURJUDP�35,0$��VWDUWLQJ�IURP�DQ�XQLIRUP�SULRU��MXVW�XVLQJ�WKH�)!� �FRUUHVSRQGLQJ�WR�

G�VSDFLQJ�ELJJHU�WKDQ���c��ZLWK�WKH�DWRPLF�PRGHO�VXSHULPSRVHG��
�



�

�

�

����

:H�WKHQ�SHUIRUPHG�DQRWKHU�0(0�XVLQJ�WKLV�WLPH�DOO�WKH�)�
� ��

�

�
)LJXUH������0(0�PDS�FRPSXWHG�ZLWK�WKH�SURJUDP�35,0$��VWDUWLQJ�IURP�DQ�XQLIRUP�SULRU��MXVW�XVLQJ�DOO�)!� �
�
:LWK�WKHVH�PDSV�PDSV�DOWKRXJK�SURYLGLQJ�DQ�DOWHUQDWLYH�LQ�UHSUHVHQWLQJ�WKH�VWUXFWXUH�ZLWK�DQ�
DWRPLF�PRGHO��WKH�LPSURYHPHQW�ZLWK�UHVSHFW�WR�WKH�LQLWLDO�PRGHO�LV�PLQLPDO���7R�H[WUDFW�WKH�
)�

� ��ZH�QHHG�WKH�DWRPLF�FRRUGLQDWHV�DQG�WKHQ�DOVR�WKH�0(0�PDSV�DUH�PRGHO�ELDVHG��7KLV�LV�
WKH�EHVW�UHVXOW�ZH�FRXOG�REWDLQ�IURP�WKH�GDWD�FROOHFWHG�EXW�LW�LV�WR�EH�WDNHQ�LQWR�FRQVLGHUDWLRQ�
WKDW� WKH�PRGHO� LV� DOPRVW� ULJKW�EXW� VRPH� WRUVLRQ�DQJOHV�FRXOG�EH� VOLJKWO\�GLIIHUHQW� IURP�WKH�
UHSUHVHQWDWLRQ�ZH�SURSRVHG��/RRNLQJ�DW�WKH�GLVSRVLWLRQ�RI�WKH�SKHQ\O�ULQJ�ZH�FDQ�VHH�VRPH�
VLPLODULW\�ZLWK�WKH�*O\�*O\�3KH�VWUXFWXUH��)LJXUH�������
:H�WULHG�WR�XVH�WKLV�PDS�LQ�RUGHU�WR�VHH�WKH�UHJLRQV�ZKHUH�WKH�GHQVLW\�ZDV�ORZHU��D�SRVVLEOH�
LQGLFDWLRQ�RI�WKH�GLVRUGHU��
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�
�
7KH�VLGH�FKDLQV�RI�WKH�OHXFLQH�DQG�WKH�SKHQ\ODODQLQH�KDYH�WKH�ORZHVW�DPRXQW�RI�GHQVLW\��:H�
WKHQ�SHUIRUPHG�GLIIHUHQW� VLPXODWLRQV� LQ�723$6� LQ�RUGHU� WR� WU\� WR�GHVFULEH� WKH�GLVRUGHU� LQ�
WKRVH�UHJLRQV�EXW�ZLWKRXW�VXFFHVV��WKH�ILW�LPSURYHG�EXW�QRW�LQ�D�VLJQLILFDQW�ZD\��
:H�DOVR� WULHG� WR� UH�FU\VWDOOL]H� WKH� VDPSOH� IURP�ZDWHU�EXW� WKH� VDPSOH� LV�QRW� VROXEOH� LQ�SXUH�
ZDWHU�DQG�DIWHU�ZDWHU�HYDSRUDWLRQ��WKH�GLIIUDFWRJUDP�LV�WKH�VDPH�DV�IRU�WKH�SXUH�VDPSOH��
�
�
�
�
�
�
�
�
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�����7\URVLQH�*O\FLQH�*O\FLQH�3KHQ\ODODQLQH�
7KH�SXUH�VDPSOH�ZDV�DPRUSKRXV�DQG�WKH�VDPSOH� LV�VROXEOH� LQ�ZDWHU�EXW�GRHVQ·W�FU\VWDOOL]H��
:H� WULHG� GLIIHUHQW� VROXWLRQ� FRQFHQWUDWLRQV� DQG� GLIIHUHQW� HYDSRUDWLRQ� UDWHV� EXW� ZLWK� QR�
VXFFHVV��
�

�����/HX�HQNHSKDOLQ�
/HX�HQNHSKDOLQ�� +�7\U�*O\�*O\�3KH�/HX�2+�� &
�+��1�2� KDV� EHHQ� IRXQG� WR� H[LVW�
SUHGRPLQDQWO\� LQ� WKUHH� GLIIHUHQW� FRQIRUPDWLRQV�� H[WHQGHG�� VLQJOH�EHQG� DQG� GRXEOH�EHQG�
GHSHQGLQJ�RQ�WKH�FU\VWDOOL]DWLRQ�FRQGLWLRQV��
7KH�SXUH�DV�UHFHLYHG�VDPSOH�LV�DPRUSKRXV��
:H�WKHQ�FU\VWDOOL]HG�LW�VWDUWLQJ�IURP�SXUH�ZDWHU��7KH�ILUVW�DWWHPSWV�ZKHUH�GRQH�E\� OHWWLQJ�D�
VROXWLRQ� IRUPHG� E\� ��� PJ� RI� VDPSOH� DQG� �� PO� RI� ZDWHU� HYDSRUDWH� LQ� D� GHVLFFDWRU�� :H�
REWDLQHG�D�SRZGHU�ZLWK�DOVR�VRPH�PLFUR�FU\VWDOV�� �:H�PHDVXUHG�WKHQ�WKH�SRZGHU�DW� URRP�
WHPSHUDWXUH�RQ�,'���DQG�WKH�PLFUR�FU\VWDOV�RQ�,'����
7KH�FHOO�IRXQG�RQ�,'���PDWFKHG�WKH�RQH�IRUP�WKH�SRZGHU�GLIIUDFWRJUDP�REWDLQHG�ZLWK�WKH�
69'�SURFHGXUHV�SUHVHQW�LQ�723$6��7KH�FHOO�LV�PRQRFOLQLF��

�D� ����������c���E� ������������c��F� �����������c�β� ����������°�
7KH�FHOO�YROXPH�RI���������c� LQGLFDWHV���PROHFXOHV�LQ�SHU�XQLW�FHOO��7KH�V\VWHPDWLF�DEVHQFHV�
LQ� WKH� GLIIUDFWLRQ� SDWWHUQV� LQGLFDWHG� WKH� VSDFH� JURXS� WR� EH� 3�	�� DQG� KHQFH� WKHUH� DUH� ��
LQGHSHQGHQW�PROHFXOHV�LQ�WKH�DV\PPHWULF�XQLW�DQG�DQ�XQNQRZQ�QXPEHU�RI�ZDWHU�PROHFXOHV���
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�
)LJXUH� ����'LIIUDFWRJUDP� RI� WKH� /HX�HQNHSKDOLQ� REWDLQHG� IRUP� D� VROXWLRQ� IRUPHG� E\� ��� PJ� RI� VDPSOH� DQG� �� PO� RI� ZDWHU�

PHDVXUHG�RQ�,'����
7KLV�SKDVH�LV�QRW�UHSRUWHG�LQ�DQ\�ZRUN�LQ�WKH�OLWHUDWXUH��:H�WULHG�WR�VROYH�WKH�VWUXFWXUH�IURP�
WKH�SRZGHU� GDWD� XVLQJ�)2;�DQG�723$6�EXW�ZLWK�QR� VXFFHVV��:H� WKHQ� WULHG� WR� VROYH� WKH�
VWUXFWXUH� IRUP� WKH� VLQJOH� FU\VWDO� GDWD� XVLQJ�GLUHFW�PHWKRGV� DQG� WKH�SURJUDP�6+(/;6�EXW�
ZLWK�QR�VXFFHVV��$�FDXVH�RI�WKH�IDLOXUH�LV�WKH�GLVRUGHU�RI�WKH�VDPSOH��,Q�WKHVH�LPDJHV�FROOHFWHG�
RQ� ,'���ZH� FDQ� VHH� D� IHZ� VWULSHV� RI� UHIOHFWLRQV� WKDW� LQGLFDWH� WKDW� DORQJ� D� GLUHFWLRQ� LQ� WKH�
FU\VWDO�SDFNLQJ�WKHUH�LV�GLVRUGHU��

�
)LJXUH������,PDJHV�FROOHFWHG�RQ�,'��RW�WKH�PLFUR�FU\VWDO�REWDLQHG�IRUP�D�VROXWLRQ�IRUPHG�E\����PJ�RI�VDPSOH�DQG���PO�RI�ZDWHU�
�
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:H� WKHQ� WULHG� WR� FU\VWDOOL]H� WKH� VDPSOH� FKDQJLQJ� WKH� FRQFHQWUDWLRQ� DQG� WKH� DPRXQW�RI� WKH�
VROXWLRQ� LQ� RUGHU� WR� VORZ� GRZQ� WKH� HYDSRUDWLRQ� SURFHVV�� :H� OHW� HYDSRUDWH� LQ� WKH� VDPH�
FRQGLWLRQV�LQ�WKH�GHVLFFDWRU�D�VROXWLRQ�IRUPHG�E\����PJ�RI�VDPSOH�DQG���PO�RI�ZDWHU��7KLV�
WLPH�ZH�REWDLQHG�VRPH�QLFH�FU\VWDOV�WKDW�ZH�PHDVXUHG�RQ�,'�����
7KH� VWUXFWXUH�ZDV� VROYHG� XVLQJ� GLUHFW�PHWKRGV�ZLWK� 6+(/;6� DQG� UHILQHG�ZLWK� 6+(/;/��
:H�GRQ·W�UHSRUW�KHUH�WKH�GHWDLOV�RI�WKH�UHILQHPHQW�EHFDXVH�WKH�VWUXFWXUH�WKDW�ZH·YH�IRXQG�LV�
WKH�VDPH�DV�WKH�RQH�IURP�WKH�ZRUN�RI�*ULIILQ�HW�DO>��@��7KH�VDPSOH�FU\VWDOOL]H�LQ�D�PRQRFOLQLF�
FHOO��

D� �����������c���E� ����������c��F� ����������c�β� ����������°�
VSDFH�JURXS�3�	����OHX�HQNHSKDOLQ�DQG���ZDWHU�PROHFXOHV�LQ�WKH�XQLW�FHOO��7KH�FRQIRUPDWLRQ�
RI�WKH�OHX�HQNHSKDOLQ�LV�H[WHQGHG�DQWL�SDUDOOHO�β�VKHHW���
�
�
�
�
�
�
�



�

�

�

����

�
)LJXUH������&U\VWDO�VWUXFWXUH�RI�WKH�/HX�HQNHSKDOLQ�REWDLQHG�IURP�VROXWLRQ�IRUPHG�E\����PJ�RI�VDPSOH�DQG���PO�RI�ZDWHU�DQG�

PHDVXUHG�RQ�,'����7KH�FRQIRUPDWLRQ�LV�H[WHQGHG�DQWL�SDUDOOHO�β�VKHHW�
�
:H�ZRXOG� OLNH� WR� SHUIRUP� D�PHDVXUHPHQW� RI� WKLV� SRZGHU� RQ� ,'��� WR� VHH� DW� OHDVW� LI� LW� LV�
SRVVLEOH�WR�VROYH�VXFK�D�FRPSOH[�VWUXFWXUH�RQO\�IRUPHG�RI�OLJKW�DWRPV�ZLWK�VLPXODWLRQV��%XW�
DV�WKLV�RQH�ZDV�WKH�ODVW�VDPSOH�DQDO\]HG�WKHUH�ZDV�QR�WLPH�IRU�IXUWKHU�PHDVXUHPHQW��
,W�FRXOG�EH�LQWHUHVWLQJ�WR�WU\�GLIIHUHQW�VROXWLRQ�FRQFHQWUDWLRQV�WR�VHH�LI�LW�LV�SRVVLEOH�WR�REWDLQ�
DQ�RUGHUHG�VDPSOH�RI�WKH�SKDVH�QRW�VROYHG���
�
�
�
�
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����
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�
�
�
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&KDSWHU��� /RFDOL]DWLRQ�RI �%HQ]HQH�LQ�D�6RGLXP�;�=HROLWH�
'DQV�FH�FKDSLWUH�OH�VXMHW�G
pWXGH�HVW�OD�ORFDOLVDWLRQ�G
XQH�PROpFXOH�GH�EHQ]qQH�DGVRUEpH�VXU�GHV�]pROLWKHV�;�DX�
VRGLXP�GH�VWUXFWXUH�GpMj� FRQQXH��&H�UpVXOWDW�D�pWp�REWHQX�SDU�VLPXODWLRQ�HW� O
XWLOLVDWLRQ�GH� FDUWHV�G
HQWURSLH�
PD[LPDOH��
�
6LQFH� WKHLU� ILUVW� VXFFHVVIXO� XVH� DV� FDWDO\VWV� EHWZHHQ� WKH� \HDUV� ����� DQG� ������ V\QWKHWLF�
IDXMDVLWHV�KDYH�EHHQ�XVHG�DV�IXQGDPHQWDO�FDWDO\WLF�FRPSRQHQWV�IRU�PDQ\�LPSRUWDQW�SURFHVVHV�
LQ� WKH� K\GURFDUERQ� WUDQVIRUPDWLRQ� DUHD>��@�� 7KH� FDWDO\WLF� SURSHUWLHV� RI� WKHVH�PDWHULDOV� DUH�
LQIOXHQFHG�E\�PDQ\�IDFWRUV��LQFOXGLQJ�WKH�QDWXUH�RI�WKH�H[FKDQJHDEOH�FDWLRQV��WKH�DOXPLQXP�
FRQWHQW�� DQG� WKH� DFWLYDWLRQ� FRQGLWLRQV�� ,Q� DGGLWLRQ�� WKH� EHKDYLRU� RI� WKH� DGVRUEHG�
K\GURFDUERQV�SOD\V�DQ�LPSRUWDQW�UROH�LQ�FDWDO\WLF�SURFHVVHV�WKDW�WDNH�SODFH�ZLWKLQ�WKH�]HROLWH�
FDYLWLHV��)RU�WKLV�UHDVRQ��WKH�LQWHUSUHWDWLRQ�RI�WKH�FDWDO\WLF�EHKDYLRU�UHTXLUHV�D�NQRZOHGJH�RI�
QRW�RQO\�WKH�FDWLRQ�GLVWULEXWLRQ�ZLWKLQ�WKH�]HROLWH�FDYLWLHV�EXW�DOVR�RI�WKH�LQWHUDFWLRQV�EHWZHHQ�
WKH�FDWLRQV�DQG�WKH�DGVRUEHG�PROHFXOHV��
7KH�IUDPHZRUN�LV�IRUPHG�E\�6L2��DQG�$O2�

−�WHWUDKHGUD�WKH�JOREDO�QHJDWLYH�FKDUJH�RI�ZKLFK�
LV� EDODQFHG� E\� H[FKDQJHDEOH� FDWLRQV� �0���� GLVWULEXWHG� RYHU� VHYHUDO� VLWHV� WKURXJKRXW� WKH�
VWUXFWXUH��7KH�FKHPLFDO�FRPSRVLWLRQ�RI�IDXMDVLWHV�LV��0�����$O��6L	�
 �

�2����ZLWK���[������
,I�6L�$O!����WKHQ�WKH�VWUXFWXUH�LV�RI�´<�W\SHµ�DQG�WKH�6L2��DQG�$O2�

−�WHWUDKHGUD�DUH��ORQJ�
UDQJH��GLVRUGHUHG��ZLWK� VSDFH�JURXS�)G�P�� ,I�6L�$O����� WKHQ� WKH� VWUXFWXUH� LV�RI� �´;�W\SHµ�
DQG�WKH�6L2��DQG�$O2�

−�WHWUDKHGUD�DUH�RUGHUHG��VSDFH�JURXS�)G���
)LJXUH� ���� VKRZV� D� VFKHPDWLF� UHSUHVHQWDWLRQ� RI� WKH� H[WUD�IUDPHZRUN� FDWLRQ� SRVLWLRQV� LQ�
]HROLWHV�;�DQG�<���
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�
)LJXUH�����6FKHPDWLF�UHSUHVHQWDWLRQ�RI�WKH�H[WUD�IUDPHZRUN�FDWLRQ�SRVLWLRQV�LQ�]HROLWHV�;�DQG�<�
�
&DWLRQ�GLVWULEXWLRQV�LQ�IDXMDVLWH�W\SH��)$8�W\SH��]HROLWHV�KDYH�EHHQ�ZLGHO\�VWXGLHG�E\�;�UD\�
DQG�QHXWURQ�GLIIUDFWLRQ>�����@��
7ZR�LPSRUWDQW�DGVRUSWLRQ�VLWHV�IRU�EHQ]HQH�DGVRUEHG�LQ�]HROLWH�1D�<�KDYH�EHHQ�UHSRUWHG�LQ�
D� ORZ�WHPSHUDWXUH� SRZGHU� QHXWURQ� GLIIUDFWLRQ� VWXG\>��@��7KH� ILUVW��ZKLFK� LV� WKRXJKW� WR� EH�
RFFXSLHG�SUHGRPLQDQWO\�DW�ORZ�FRYHUDJHV��H�J��RQH�EHQ]HQH�PROHFXOH�SHU�VXSHUFDJH��LV�IRXQG�
LQ� WKH� VXSHUFDJH�� ZKHUH� LW� LV� IDFLDOO\� FRRUGLQDWHG� WR� WKH� VLWH� ,,� VRGLXP� LRQV�� 7KH� VHFRQG�
EHQ]HQH�VLWH�LV�ORFDWHG�LQ�WKH����ULQJ�ZLQGRZV�WKDW�OLQN�WRJHWKHU�QHLJKERULQJ�VXSHUFDJHV��WKLV�
VHFRQG� DGVRUSWLRQ� VLWH� EHFRPHV� LPSRUWDQW� DW� KLJKHU� FRQFHQWUDWLRQV� RI� EHQ]HQH�� $W� ORZ�
FRYHUDJH� WKH� VLWH� ,,� GRPLQDWHV�� ZKHUHDV� DW� KLJKHU� FRYHUDJHV� WKHUH� LV� D� EHWWHU� EDODQFHG�
EHWZHHQ�WKH�WZR�SRVVLEOH�VLWHV��EXW�ZLWK�VLWH�,,�VWLOO�PRUH�KLJKO\�RFFXSLHG��
,Q�]HROLWH�1D�;� LQVWHDG�DFFRUGLQJ�WR� WKH� VLQJOH�FU\VWDO�;�UD\�GLIIUDFWLRQ�VWXG\�E\�$XEHUW�HW�
DO�>��@� QR� HYLGHQFH� IRU� DEVRUSWLRQ� RQ� WKH� VLWH� ,,� LV� VHHQ�� 7KH\� FRXOG� RQO\� REVHUYH�
GLVSODFHPHQW�RI�FDWLRQV�,,,��EXW�WKH�EHQ]HQH�ZDVQ·W�ORFDOL]HG�DQ\ZKHUH��
7KH�VWUXFWXUH�RI�1D�;�]HROLWH��1D��$O��6L	��2�����FRQWDLQLQJ�FKHPLVRUEHG�GHXWHUDWHG�EHQ]HQH�
KDV�EHHQ�WKHQ�VWXGLHG�IRU�WZR�GLIIHUHQW�FRYHUDJHV�DW����.�DQG�URRP�WHPSHUDWXUH�E\�SRZGHU�
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QHXWURQ�GLIIUDFWLRQ��0HDVXUHPHQWV�ZHUH�SHUIRUPHG�ZLWK�WKH�'�%�GLIIUDFWRPHWHU�DW�WKH�,//�
QHXWURQ�VRXUFH�LQ�*UHQREOH��

�����%DUH�1D�;�
7KH�ILUVW�PHDVXUHG�VDPSOH�ZDV� WKH�EDUH�]HROLWH� LQ�RUGHU� WR�FRQILUP�WKH�SRVLWLRQ�RI� WKH�1D�
FDWLRQV��7KH�FRRUGLQDWHV� IRU� WKH� VWDUWLQJ�PRGHO�ZHUH� WDNHQ� IURP�WKH�VLQJOH� FU\VWDO�ZRUN�RI�
2OVRQ>��@�ERWK�IRU�WKH�IUDPHZRUN�DQG�IRU�WKH�FDWLRQV��7KH�VWUXFWXUH�ZDV�UHILQHG�ZLWK�*6$6��
,QLWLDOO\�ZH�UHILQHG�WKH�IUDPHZRUN�DQG�WKH�FDWLRQV�SRVLWLRQV�DQG�WKHLU�RFFXSDQF\�WKHQ�IRU�WKH�
FDWLRQV�WKH�RFFXSDQF\�ZDV�IL[HG�DQG�ZH�UHILQHG�WKH�WKHUPDO�SDUDPHWHUV��:H�WKHQ�SUHIRUPHG�
GLIIHUHQW�UHILQHPHQWV�ZKHUH�DOWHUQDWLYHO\�ZH�UHILQHG�HLWKHU� WKH�RFFXSDQF\�DQG�WKH�SRVLWLRQV�
RI�WKH�FDWLRQV�RU�WKH�DWRPLF�GLVSODFHPHQW�SDUDPHWHUV�DQG�SRVLWLRQV�RI�WKH�FDWLRQV��$V�DWRPLF�
GLVSODFHPHQW� SDUDPHWHUV� DQG� RFFXSDQF\� DUH� KLJO\� FRUUHODWHG� LQ� WKH� ILQDO� UHILQHPHQW� ZH�
GHFLGHG�WR�IL[�WKH�RFFXSDQFLHV�DW�WKH�VHQVLEOH�YDOXHV�WKDW�ZH�KDG�REWDLQHG�DQG�UHILQHG�MXVW�WKH�
WKHUPDO�IDFWRUV��
7KH� VWUXFWXUH� LV� FXELF�ZLWK� D ������������c�� WKH� VSDFH�JURXS� LV�)G���7KH� ILQDO� UHILQHPHQW�
FRQYHUJHG�WR�5��  ��������5� �������DQG�χ
 �����

�
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)LJXUH�����2EVHUYHG����UHG���FDOFXODWHG����JUHHQ��DQG�GLIIHUHQFH�SORW�RI�WKH�ILQDO�5LHWYHOG�UHILQHPHQW�RI�WKH�EDUH�1D�;�]HROLWH�
,Q�WKH�IROORZLQJ�WDEOHV�DUH�UHSRUWHG�WKH�ILQDO�UHILQHG�IUDPHZRUN�FRRUGLQDWHV��

�DWRP� [� \� ]� RFF�
$O� ������������� ������������ ������������ ������
6L�� ������������� ������������ ������������ ������
6L� ������������� ������������ ������������ ������
2�� ������������� ������������ ������������ ������
2�� ������������� ������������ ������������ ������
2�� ������������� ������������ ������������ ������
2�� ������������� ������������ ������������ ������

�
$QG�LQ�WKH�QH[W�RQHV�ZH�UHSRUW�GLVWDQFH�DQG�DQJOH�YDOXHV�
�
�

%RQG�OHQJWK��c�� 6L�WHWUDKHGUD� $O�6L�WHWUDKHGUD�
7�2�� ��������� ���������
7�2�� ��������� ���������
7�2�� ��������� ���������
7�2�� ��������� ���������
DYHUDJH� ��������� ���������

�
�
�

$QJOH��°�� 6L�WHWUDKHGUD� $O�6L�WHWUDKHGUD�
2��7�2�� ��������� ���������
2��7�2�� ��������� ���������
2��7�2�� ��������� ���������
2��7�2�� ��������� ���������
2��7�2�� ��������� ���������
2��7�2�� ��������� ���������
DYHUDJH� ��������� ���������

�
�



�

� ����

�
�

$QJOH��°�� �
6L�2��$O� ���������
6L�2��$O� ���������
6L�2��$O� ���������
6L�2��$O� ���������
DYHUDJH� ���������

�
�
�

������ &DWLRQV�ORFDWLRQ�
:H�ORFDWHG�WKH�FDWLRQV�LQ�WKH�IROORZLQJ�SRVLWLRQV��
6LWH�,�FDWLRQV�
1D���������� RFFXSDQF\� RI� � ������ �� WKH� VLWH� KDV�PXOWLSOLFLW\� ��� WKDW�PHDQV� WKDW� WKH� VLWH� KDV�
RFFXSDQF\�IRU�XQLW�FHOO�RI��������

1D��������� GLVWDQFH�c��
1D��$O� ���������
1D��2�� ���������

�
6LWH�,·�FDWLRQV�
7KHUH�DUH�WZR�FDWLRQV�1D�LQ�WZR�,·�SRVWLRQV���
1D����[��[��[��[ �����������RFFXSDQF\�RI� ��������WKH�VLWH�KDV�PXOWLSOLFLW\����WKDW�PHDQV�WKDW�
WKH�VLWH�KDV�RFFXSDQF\�IRU�XQLW�FHOO�RI��������
�

1D�������������� �� �� GLVWDQFH�c��
1D��$O� ���������
1D��2�� ���������
1D��2�� ���������

�



�

� ����

1D�·��[ ������������RFFXSDQF\�RI��������WKH�VLWH�KDV�PXOWLSOLFLW\����WKDW�PHDQV�WKDW�WKH�VLWH�
KDV�RFFXSDQF\�IRU�XQLW�FHOO�RI�������
�

1D�·������������� � �� GLVWDQFH�c��
1D�·�$O� ����������
1D�·�2�� ���������
1D�·�2�� ����������

�
:KHQ�ZH�ILUVW�WU\�WR�UHILQH�RQH�VLQJOH�FDWLRQ�LQ�WKH�,·�SRVLWLRQ��ZH�HQGHG�XS�ZLWK�D�WRR�ELJ�
ILQDO�WKHUPDO�SDUDPHWHU�IRU�WKH�1D��DWRPV���
7KH� VLWH� ,·� LV� LQ� WKH� FHQWHU�RI� D� ��ULQJ�� LQ� WKH� XQLW� FHOO� WKHUH� DUH� ��� ULQJV�RI� WKLV� NLQG��7KH�
QXPEHU� RI� $O� DWRPV� LV� ���� 7KLV� PHDQV� WKDW� RQ� DYHUDJH� WKHUH� DUH� ��� VL[�ULQJV� ZKHUH� ��
WHWUDKHGUDO� VLWHV� DUH� VXEVWLWXWHG� ZLWK� DOXPLQXP� DQG� LQ� WKH� RWKHU� ��� VL[�ULQJV� WKHUH� DUH� ��
DOXPLQXP��7KLV�H[SODLQV�WKH�SUHVHQFH�RI�WZR�GLIIHUHQW�FDWLRQV�LQ�WKH�SRVLWLRQ�,·��
7KH�ORQJHU�1D�2�GLVWDQFH�IRU�FDWLRQV�1D�·�LV�FRQVLVWHQW�ZLWK�WKH�ORZHU�$O�FRQWHQWV�IRU�WKHVH�
���VL[�ULQJV��
�
6LWH�,,�FDWLRQV�
7KHUH�DUH�WZR�1D�,,�SRVLWLRQV��IRU�WKH�VDPH�UHDVRQ�H[SODLQHG�IRU�VLWH�,·��
1D���[��[��[��[ �����������RFFXSDQF\�RI��������WKH�VLWH�KDV�PXOWLSOLFLW\����WKDW�PHDQV�WKDW�WKH�
VLWH�KDV�RFFXSDQF\�IRU�XQLW�FHOO�RI��������
�

1D�������������� �� �� GLVWDQFH�c��
1D��$O� ������
1D��2�� ������
1D��2�� ������

�
�
1D�·� �[��[��[��[ �����������RFFXSDQF\�RI�������� WKH�VLWH�KDV�PXOWLSOLFLW\���� WKDW�PHDQV� WKDW�
WKH�VLWH�KDV�RFFXSDQF\�IRU�XQLW�FHOO�RI�������
�



�

� ����

1D�·������������� �� �� GLVWDQFH�c��
1D�·�$O� ������
1D�·�2�� ������
1D�·�2�� ������

�
�
7KH�RFFXSDQF\�YDOXH� LV�WKH�VDPH�DV�IRU�FDWLRQ�VLWH�,·��,Q�IDFW�DV�WKH�WKHUPDO�SDUDPHWHUV�DUH�
YHU\�FRUUHODWHG�ZLWK� WKH�RFFXSDQF\� LQ�D�SRZGHU� UHILQHPHQW� LW� LV�YHU\�GLIILFXOW� WR�GHWHUPLQH�
WKH� H[DFW� YDOXH�� )URP� WKH� ILUVW� UHILQHPHQWV� ZH� VDZ� WKDW� WKH� YDOXH� REWDLQHG� ZDV� QHDU� WKH�
H[SHFWHG�YDOXH�KDYLQJ�����WLPHV�PRUH�GHQVLW\�RQ�WKH�VLWH�1D����WKDQ�1D���·��:H�WKHQ�IL[HG�
WKHP�DW�WKH�ILQDO�YDOXHV�UHSRUWHG�IRU�ERWK�VLWH�,·�DQG�,,����
�

�
)LJXUH�����/RFDWLRQ�RI�FDWLRQV�LQ�VLWH�,·�DQG�,,��
�
�



�

� ����

6LWH�,,,·�FDWLRQV�
7ZR�SRVLWLRQV�ZKHUH�IRXQG�QHDU�WKH�LGHDOL]HG�,,,�VLWH��
1D�� ����������� ���������� ������������ RFFXSDQF\� RI� �������� WKH� VLWH� KDV� PXOWLSOLFLW\� ��� WKDW�
PHDQV�WKDW�WKH�VLWH�KDV�RFFXSDQF\�IRU�XQLW�FHOO�RI�������
�

1D���������������������������������� GLVWDQFH�c��
1D��$O� ��������
1D��2�� ��������
1D��2�� ��������
1D��2�� ��������
1D��1D�� �������

�
1D�� ����������� ���������� ����������� RFFXSDQF\� RI� �������� WKH� VLWH� KDV� PXOWLSOLFLW\� ��� WKDW�
PHDQV�WKDW�WKH�VLWH�KDV�RFFXSDQF\�IRU�XQLW�FHOO�RI�������
� �

1D��������������������������������� GLVWDQFH�c��
1D��$O� ��������
1D��2�� ��������
1D��2�� ��������

�
7KH�VXP�RI�WKH�WRWDO�1D�RFFXSDQF\�IRU�WKH�XQLW�FHOO�LV�������YHU\�QHDU�WR�WKH�H[SHFWHG�YDOXH�
RI�����
�
�
�
���
�
�
�
�
�



�

� ����

�
�

)LJXUH�����/RFDOLVDWLRQ�RI�1D�DWRPV�LQ�WKH�VWUXFWXUH�
�
�
�
�
�
�
�
�
�
�
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� ����

�����%HQ]HQH�ORFDWLRQ�
8VLQJ�WKH�PRGHO�WKDW�ZH�MXVW�GHVFULEHG�ZH�WULHG�WKHQ�WR�ILW� WKH�GDWD�RI�WKH�VDPSOH�ZLWK�WKH�
FKHPLVRUEHG�EHQ]HQH��DQG�NHHSLQJ�HYHU\WKLQJ�IL[HG��)LJXUH�����VKRZV�WKH�ILW�RI�WKH�VDPSOH�
ZLWK���EHQ]HQH�FKHPLVRUEHG�SHU�VXSHUFDJH�DW�URRP�WHPSHUDWXUH��
�

�

�
)LJXUH�����2EVHUYHG����UHG���FDOFXODWHG����JUHHQ��DQG�GLIIHUHQFH�SORW�RI�WKH�5LHWYHOG�UHILQHPHQW�RI�WKH�1D�;�]HROLWH�ZLWK���EHQ]HQH�

FKHPLVRUEHG�SHU�VXSHUFDJH��H[FOXGLQJ�WKH�EHQ]QH�LQ�WKH�PRGHO��7KH�ILW�LV�YHU\�EDG��
�
7KH�ILW� LV�YHU\�EDG�HVSHFLDOO\�LQ�WKH�ORZ�DQJOH�UHJLRQ��7KLV�LV�WR�EH�H[SHFWHG�EHFDXVH�ZH�DUH�
ILWWLQJ�GDWD� IURP�WKH�VDPSOH�ZLWK�EHQ]HQH�FKHPLVRUEHG�ZLWK� WKH�PRGHO�RI� WKH�EDUH� ]HROLWH�
ZKHUH�WKH�EHQ]HQH�LV�QRW�SUHVHQW��:H�WULHG�DV�D�ILUVW�DWWHPSW�WR�XVH�WKH�PRGHO�RI�WKH�1D�<�
]HROLWH�ZLWK� FKHPLVRUEHG� EHQ]HQH� EXW� WKH� ILW� GLGQ·W� LPSURYH�� WKHUH� LV� QR� HYLGHQFH� IRU� WKH�
ORFDWLRQ�RI� WKH�EHQ]HQH� IDFLQJ� VLWH� ,,��:H� WKHQ� WULHG� WR� SHUIRUP� D�GLIIHUHQFH�)RXULHU�PDS�
XVLQJ�WKH�)�

� ��H[WUDFWHG�IURP�WKLV�ILW�DQG��WKH�UHVXOW�LV�VKRZQ�LQ�)LJXUH������



�

� ����

�
)LJXUH�����'LIIHUHQFH�)RXULHU�PDS�XVLQJ�WKH�)REV�H[WUDFWHG�IURP�WKH�ILW�RI�)LJXUH�����
�
ZLWK� QR� HYLGHQFH� IRU� WKH� EHQ]HQH�� 6RPH� UHVLGXDO� GHQVLW\� LV� RQO\� DSSHDULQJ� LQVLGH� WKH�
IUDPHZRUN�EXW�WKHUH�LV�QR�JRRG�UHDVRQ�WR�ILQG�DQ\�GHQVLW\�RYHU�WKHUH��LW� LV�QRW�SRVVLEOH�IRU�
WKH�EHQ]HQH�WR�JR�LQVLGH�WKH�VRGDOLWH�FDJH�DV�EHQ]HQH�LV�WRR�ELJ���
7KHQ�IURP�WKH�VDPH�)�

� ��ZH�FRPSXWHG�D�0(0�PDS�VWDUWLQJ�IURP�D�XQLIRUP�SULRU��ZLWK�WKH�
SURJUDP�35,0$���7KH�UHVXOW�LV�VKRZQ�LQ�)LJXUH������
�
�
�
�
�
�
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�
)LJXUH������0(0�PDS�VWDUWLQJ�IRUP�D�XQLIRUP�SULRU�
�
,W� LV�SRVVLEOH�QRZ�WR�UHFRJQL]H�H[WUD�GHQVLW\� LQ�WKH�]HROLWH�FKDQQHO�DQG�WKLV� LV�ZKHUH��DV�ZH�
ZLOO�VHH��WKH�GLVRUGHUHG�EHQ]HQH�LV�IRXQG��
)RU� FRPSDULVRQ� WKLV� LV� WKH� UHVXOW� WKDW� FRXOG� EH� REWDLQHG� XVLQJ� H[DFWO\� WKH� VDPH� )REV� EXW�
SHUIRUPLQJ�D�)RXULHU�V\QWKHVLV��
�
�
�
�
�
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�
�

)LJXUH�����)RXULHU�PDS�XVLQJ�WKH�VDPH�)REV��
,W�LV�QRW�SRVVLEOH�WR�ORFDWH�WKH�EHQ]HQH�DV�DOUHDG\�VHHQ�IRUP�WKH�GLIIHUHQFH�PDS�LQ��)LJXUH������
(YHQ�IURP�WKH�0(0�PDS�LW�LV�QRW�SRVVLEOH�WR�ORFDWH�PRUH�WKDQ�WKH�JHQHUDO�ZKHUHDERXWV�RI�
WKH�EHQ]HQH��7KHUHIRUH�ZH�WULHG�WR�SHUIRUP�D�VLPXODWLRQ��8VLQJ�WKH�SURJUDP�)2;�DQG�WKH�
SDUDOOHO� WHPSHULQJ� DOJRULWKP� ZH� IL[HG� WKH� VWUXFWXUH� RI� WKH� EDUH� ]HROLWH� DQG� ZH� LQVHUWHG� D�
EHQ]HQH�PROHFXOH� DV� D� ULJLG�ERG\��7KH�RULHQWDWLRQDO� DQG� URWDWLRQDO� SDUDPHWHUV� RI� WKH� ULJLG�
ERG\�ZHUH� OHIW�IUHH�WR�YDU\�DV�ZHOO�DV�WKH�RFFXSDQF\�VLQFH�WKH�QRPLQDO�YDOXH�RI���PROHFXOH�
SDU� VXSHUFDJH� PLJKW� LQ� UHDOLW\� EH� VOLJKWO\� GLIIHUHQW�� ,W� LV� WKHQ� DQ� RSWLPLVDWLRQ� ZLWK� �� IUHH�
SDUDPHWHUV�� 7KH� VROXWLRQ� ZDV� TXLFNO\� IRXQG� DQG� WKH� EHQ]HQH� LV� ORFDWHG� RQ� WKH� ���ULQJ�
ZLQGRZV�� LQWHUDFWLQJ�ZLWK�FDWLRQV�,,,·��7KRVH�FDWLRQV�DUH�GLVSODFHG�DIWHU�WKH� LQWURGXFWLRQ�RI�
WKH�EHQ]HQH�DV�VHHQ�LQ�WKH�ZRUN�RI�$XEHU�HW�DO>��@���)RU�HDFK�GLIIHUHQW�EHQ]HQH�FRYHUDJH��ZH�
UHSHDWHG�WKH�VLPXODWLRQ�IURP�WKH�EHJLQQLQJ�DQG�ZH�DOZD\V�IRXQG�D�VLPLODU�UHVXOW��



�
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������ )LQDO�UHILQHPHQWV�
7KH�ILUVW�VDPSOH�VWXGLHG�ZDV�WKH�1D�;�]HROLWH�ZLWK�RQH�EHQ]HQH�FKHPLVRUEHG�SHU�VXSHUFDJH�
DW�URRP�WHPSHUDWXUH��
�

�
)LJXUH�����2EVHUYHG����UHG���FDOFXODWHG����JUHHQ��DQG�GLIIHUHQFH�SORW�RI�WKH�5LHWYHOG�UHILQHPHQW�RI�WKH�1D�;�]HROLWH�ZLWK���������

EHQ]HQH�PROHFXOHV�SHU�VXSHUFDJH�
7KH� VWUXFWXUH� LV� FXELF�ZLWK�D ������������c�� WKH� VSDFH�JURXS� LV�)G���7KH� ILQDO� UHILQHPHQW�
FRQYHUJHG�WR�5��  ��������5� �������DQG�χ
 �����7KH�DPRXQW�RI�EHQ]HQH�FRPLQJ�IURP�WKH�
ILQDO�UHILQHPHQW�ZDV�DFWXDOO\���������EHQ]HQH�PROHFXOHV�SHU�VXSHUFDJH��7KLV�PHDQV�WKDW�WKHUH�
LV�DQ�DYHUDJH�RI�����RI�VXSHUFDJHV�KDYLQJ���EHQ]HQHV�FKHPLVRUEHG�DQG�����KDYLQJ�D�VLQJOH�
RQH��VXSSRVLQJ�WKDW�WKH�EHQ]HQH�LV�KRPRJHQRXVO\�GLVWULEXWHG�LQ�WKH�VWUXFWXUH��
,Q�)LJXUH������DQG�)LJXUH������WKH�ORFDWLRQ�RI�WKH�GLVRUGHUHG�EHQ]HQH�LV�VKRZQ�
�
�
�
�
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�
�

�
�

)LJXUH������%HQ]QH�ORFDWLRQ�RQ�WKH�RQ�WKH����ULQJ�ZLQGRZV�
�
�
�
�
�
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�
�
�

�
)LJXUH������%HQ]HQH�ORFDWLRQ�RQ�WKH����ULQJ�ZLQGRZV��WKH�R[\JHQ�KDYH�EHHQ�RPLWWHG�LQ�RUGHU�WR�FODULI\�WKH�SLFWXUH�DQG�DOVR�DOO�WKH�

1D�DWRPV�H[FHSW�1D��DQG�1D����
�
�
�
�
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�
�

)LJXUH������=RRP�RI�)LJXUH������
�
&DWLRQV�1D��DUH�GLVSODFHG�DIWHU�WKH�LQWURGXFWLRQ�RI�WKH�EHQ]HQH��7KH\�LQWHUDFW�OHVV�ZLWK�WKH�
IUDPHZRUN�DQG�WKH\�DOVR�LQWHUDFW�ZLWK�WKH�EHQ]HQH���
�
�
�

1D��
1D��
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�

�
)LJXUH������,QWHUDFWLRQ�RI�FDWLRQ�1D��ZLWK�WKH�EHQ]HQH�
�
�
�
�
�
�
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�
7KH�FDWLRQV�LQ�SRVLWLRQ�,,,·�DUH�VLWXDWHG�RQ�WKH����ULQJ�ZLQGRZV��WKH�1D��LQ�EOXH�DUH�LQ�WKH�
SODQH�RI�WKH�ZLQGRZ��1D��VDPSOH�ZLWKRXW�EHQ]HQH��1D�E�VDPSOH�ZLWK�EHQ]HQH���LQ�JUHHQ�WKH�
1D��WKDW�DUH�IDFLQJ�WKH�VXSHUFDJH��1D��VDPSOH�ZLWKRXW�EHQ]HQH��1D�E�VDPSOH�ZLWK�EHQ]HQH��
�

�
)LJXUH������'LVSODFHPHQW�RI�FDWLRQV�1D��DQG�1$��DIWHU�WKH�LQWURGXFWLRQ�RI�WKH�EHQ]HQH�
�
$V� FDQ� EH� VHH� LQ� WKH� IROORZLQJ� ILJXUHV�� WKH� 1D�� FDWLRQV� DUH� ODUJHO\� GLVSODFHG� DIWHU� WKH�
LQWURGXFWLRQ�RI�WKH�EHQ]HQH�DQG�WKH\�LQWHUDFW�ZLWK�WKH�EHQ]HQH��7KH�1D��FDWLRQV�LQVWHDG�DUH�
GLVSODFHG�EXW�QRW�VR�PDUNHGO\��
�
�
�
�
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�
)LJXUH������'LVSODFHPHQW�RI�FDWLRQV�1D��DQG�1D��DIWHU�WKH�LQWURGXFWLRQ�RI�WKH�EHQ]HQH��DQRWKHU�YLHZ�
�
�
�
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�
)LJXUH������/RFDWLRQ�RI�FDWLRQV�LQ�WKH�VLWH�,,,·�EHIRUH�DQG�DIWHU��E��WKH�LQWURGXFWLRQ�RI�WKH�EHQ]HQH�
�
�
���
�
�
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�
�

)LJXUH������/RFDWLRQ�RI�FDWLRQV�LQ�WKH�VLWH�,,,·�EHIRUH�DQG�DIWHU��E��WKH�LQWURGXFWLRQ�RI�WKH�EHQ]HQH�

�
�
�
�
�
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7KH� VHFRQG� VDPSOH� VWXGLHG� ZDV� WKH� 1D�;� ]HROLWH� ZLWK� WKUHH� EHQ]HQH� FKHPLVRUEHG� SHU�
VXSHUFDJH�DW�URRP�DQG�ORZ�WHPSHUDWXUH��
�

�
)LJXUH������2EVHUYHG����UHG���FDOFXODWHG����JUHHQ��DQG�GLIIHUHQFH�SORW�RI�WKH�5LHWYHOG�UHILQHPHQW�RI�WKH�1D�;�]HROLWH�ZLWK���������

EHQ]HQH�PROHFXOHV�SHU�VXSHUFDJH�DW�URRP�WHPSHUDWXUH�
7KH� VWUXFWXUH� DW� URRP� WHPSHUDWXUH� LV� FXELF�ZLWK� D ������������c�� WKH� VSDFH�JURXS� LV�)G���
7KH� ILQDO� UHILQHPHQW� FRQYHUJHG� WR�5��  � ������� 5� � ���� �� DQG� χ
 ����� 7KH� DPRXQW� RI�
EHQ]HQH� FRPLQJ� IURP� WKH� ILQDO� UHILQHPHQW� ZDV� DFWXDOO\� �������� EHQ]HQH� PROHFXOHV� SHU�
VXSHUFDJH�� :H� WULHG� DOVR� WR� SHUIRUP� D� UHILQHPHQW� ZKHUH� ZH� IL[HG� WKH� RFFXSDQF\� RI� WKH�
EHQ]HQH� WR� ����� PROHFXOHV� SHU� VXSHUFDJH�� 7KLV� YDOXH� LV� WKH� RQH� FRPLQJ� IRUP� WKH� ORZ�
WHPSHUDWXUH�PHDVXUHPHQW��DV�ZH�ZLOO�VKRZ�LQ�WKH�QH[W�SDUDJUDSK��%XW�LQ�WKLV�FDVH�WKH�WKHUPDO�
IDFWRU�UHDFKHG�D�KXJH�YDOXH�RI�8��� ���������c
��$W�URRP�WHPSHUDWXUH�WKH�EHQ]HQH�LV�PRUH�
GLVRUGHUHG�DQG�LW�LV�YHU\�GLIILFXOW�WR�ILQG�WKH�ULJKW�RFFXSDQF\�YDOXH��DV�LW�LV�KLJKO\�FRUUHODWHG�
ZLWK� WKH�DWRPLF�GLVSODFHPHQW�SDUDPHWHUV��$V� WKH�EHQ]HQH� LV�GLVRUGHUHG�ZH�FDQ�DFWXDOO\�VHH�
OHVV�EHQ]HQH�FRPSDULQJ�WR�WKH�ORZ�WHPSHUDWXUH�FDVH��7KH�SRVLWLRQ�RI�WKH�EHQ]HQH�PROHFXOHV�
DQG�WKH�FDWLRQV�LQ�WKH�SRVLWLRQ�,,,·�DUH�YHU\�VLPLODU�WR�WKH�SUHYLRXV�VDPSOH���
�
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$W�����.�WKH�VWUXFWXUH�LV�FXELF�ZLWK�D ������������c��WKH�VSDFH�JURXS�LV�)G���
�

�
)LJXUH������2EVHUYHG����UHG���FDOFXODWHG����JUHHQ��DQG�GLIIHUHQFH�SORW�RI�WKH�5LHWYHOG�UHILQHPHQW�RI�WKH�1D�;�]HROLWH�ZLWK���������

EHQ]HQH�PROHFXOHV�SHU�VXSHUFDJH�DW�����.��
7KH�ILQDO�UHILQHPHQW�FRQYHUJHG�WR�5��  ��������5� �������DQG�χ
 ������
)RU�WKLV�VDPSOH� LW�ZDV�QRW�SRVVLEOH� WR�GLVFHUQ�WKH�WZR�GLIIHUHQW�SRVLWLRQV�IRU�WKH�FDWLRQV� LQ�
WKH� VLWH� ,·� DQG� ,,�� 7KH� DPRXQW� RI� EHQ]HQH� FRPLQJ� IURP� WKH� ILQDO� UHILQHPHQW� ZDV� DFWXDOO\�
��������EHQ]HQH�PROHFXOHV�SHU�VXSHUFDJH��7KH�SRVLWLRQ�RI�WKH�FDWLRQV�LQ�WKH�SRVLWLRQ�,,,·�DUH�
YHU\� VLPLODU� WR� WKH� SUHYLRXV� VDPSOH�� ,Q� WKLV� FDVH� IXUWKHU� DWWHQWLRQ� PXVW� EH� SDLG� WR� WKH�
EHQ]HQH� SRVLWLRQ�� ,Q� IDFW� DQ� DPRXQW� RI� �������� EHQ]HQH� SHU� VXSHUFDJH� LPSOLHV�� XQOLNH� WKH�
SUHYLRXV�FDVH��WKDW�WZR�RI�WKH�VL[�EHQ]HQH�SRVLWLRQV�LQ�)LJXUH������DUH�RFFXSLHG�DW�WKH�VDPH�
WLPH����
�
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)LJXUH������'LVSRVLWLRQ�RI�EHQ]HQH�
�
7KLV�LV�SRVVLEOH�DV�WKH�PLQLPXP�GLVWDQFH�EHWZHHQ���EHQ]HQHV�LV�����������c�DQG�WKLV�DOORZV�
WKH�WZR�VLWHV�WR�EH�RFFXSLHG�DW�WKH�VDPH�WLPH���&RPSDULQJ�WR�)LJXUH������LW�FDQ�EH�VHHQ�WKDW�
QRZ�WKH�EHQ]HQHV�DUH�DOPRVW�LQ�WKH�VDPH�SRVLWLRQ��DV�WKH�SUHYLRXV�ORZHU�FRYHUDJH�FDVHV��EXW�
PRUH�VSUHDG�RXW�LQ�VSDFH��
�
�
�
�
�
�
�
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)LJXUH������%HQ]HQH�ORFDWLRQ�RQ�WKH�RQ�WKH����ULQJ�ZLQGRZV��LQ�RUGHU�WR�FODULI\�WKH�SLFWXUH�DOO�WKH�1D�DWRPV�KDYH�EHHQ�RPLWWHG�
H[FHSW�1D��DQG�1D��

�
7R� QRWH� DOVR� LV� WKDW� WKH� XQLW� FHOO� LV� ELJJHU� GXH� WR� WKH� LQFUHDVHG� DPRXQW� RI� EHQ]HQH�
FKHPLVRUEHG�DQG�WKH�UHSXOVLRQ�EHWZHHQ�EHQ]HQH�PROHFXOHV��,Q�WKH�DSSHQGL[�DUH�UHSRUWHG�DOO�
WKH�ILQDO�UHILQHG�GLVWDQFH�DQG�DQJOH�YDOXHV��
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&KDSWHU��� &RQFOXVLRQ�
,W�KDV�EHHQ�VKRZQ� LQ� WKLV� WKHVLV� WKDW�;�UD\�SRZGHU�GLIIUDFWLRQ� LV� D�SRZHUIXO� WRRO� LQ�FU\VWDO�
VWUXFWXUH�DQDO\VLV���
$IWHU� D� EULHI� FU\VWDOORJUDSKLF� LQWURGXFWLRQ� ZH� SUHVHQWHG� WKH�PDLQ� SHFXOLDULW\� RI� D� SRZGHU�
GLIIUDFWLRQ� H[SHULPHQWV� DQG� ZH� HPSKDVL]HG� WKH� GLIILFXOWLHV� GXH� WR� SHDN� RYHUODS�� :H�
GHVFULEHG� LQ�GHWDLO� WKH� UHDO� VSDFH� VHDUFK�0RQWH�&DUOR� DOJRULWKPV� WKDW�ZH�XVHG� WR� VROYH� WKH�
FU\VWDO�VWUXFWXUHV�DQG�WKH�ZD\�LQ�ZKLFK�WKH�PD[LPXP�HQWURS\�PDSV�DUH�FRPSXWHG�VKRZLQJ�
WKH�PDWKHPDWLFDO�VWHSV�DQG��ZH�DOVR�H[SODLQHG�WKH�JHQHUDO�HQWURS\�FRQFHSW���
:H�KDYH� VKRZQ� LQ� FKDSWHU� �� WKDW�ZH�ZHUH� DEOH� WR� VROYH� VHYHUDO� WHUSHQH� VWUXFWXUHV� DQG� WR�
VWXG\� WKH� ORZ� WHPSHUDWXUH�EHKDYLRU�RI� WKRVH�FRPSRXQGV��:H�IRXQG� LQ� WKH� OLWHUDWXUH� VRPH�
LQIRUPDWLRQ� DERXW� ��R[DELF\FOR>�����@KHSWDQH�� VWXGLHV� E\� 5DOSK� 0�� 3DUROL� HW� DO�>��@� XVLQJ�
VSHFWURVFRSLF�DQG�GLIIHUHQWLDO� VFDQQLQJ�FDORULPHWULF� WHFKQLTXHV�� VKRZLQJ� WKDW� IRXU�GLIIHUHQW�
VROLG�SKDVHV�PD\�RFFXU��ZLWK�K\VWHUHVLV�LQ�WKH�WUDQVLWLRQ�WHPSHUDWXUHV��1R�SUHYLRXV�DWWHPSWV�
KDG� EHHQ� PDGH� WR� VROYH� WKH� FU\VWDO� VWUXFWXUHV� RI� WKRVH� SKDVHV�� SUREDEO\� EHFDXVH� RI� WKH�
GLIILFXOWLHV�RI�JURZLQJ�VLQJOH�FU\VWDOV�DQG�WKH�GHVWUXFWLYH�QDWXUH�RI�WKH�SKDVH�WUDQVLWLRQV��DQG�
LQ� RXU� ZRUN� ZH� KDYH� EHHQ� DEOH� WR� LGHQWLI\� DQG� VROYH� WKHP�� 7KH� VROLG�VWDWH� EHKDYLRXU� RI�
1RUFDPSKRU�� &�+	�2�� ZDV� VWXGLHG� E\� +ROGHUQD�1DWNDQLHF� HW� DO�>��@� XVLQJ� QHXWURQ�
GLIIUDFWLRQ�DQG� LQHODVWLF� LQFRKHUHQW�VFDWWHULQJ� LQ� WKH�WHPSHUDWXUH�UDQJH�IURP����.�WR����.�
)URP� WKH�QHXWURQ� GLIIUDFWLRQ� VWXG\� WKH\�GLGQ·W� UHSRUW� DQ\� FHOO� FRQVWDQW� DQG�QR� DWWHPSW� WR�
VROYH�WKH�VWUXFWXUHV�ZDV�PDGH�RZLQJ�WR�WKH�SRRU�UHVROXWLRQ�RI�WKH�GLIIUDFWRJUDPV��7KDQNV�WR�
WKH�KLJK�UHVROXWLRQ�RQ�,'���ZH�ZHUH�DEOH�WR�VROYH�WKHP�HYHQ�LI�VRPH�XQFHUWDLQWLHV�UHPDLQ�
IRU�WKH� ORZHVW�WHPSHUDWXUH�SKDVH�EHFDXVH�RI� WKH�SUHVHQFH�RI�WKH�SUHIHUUHG�RULHQWDWLRQ��7KH�
RWKHU� FRPSRXQGV� DQDO\VHG�ZHUH� FRPSOHWHO\� XQNQRZQ�� 6RPH� RI� WKH� VDPSOHV� FRXOG� QRW� EH�
VROYHG�EHFDXVH�WKH\�SUHVHQW�VWURQJ�JUDQXODULW\�RU�SUHIHUUHG�RULHQWDWLRQ��)RU�VXFK�FRPSRXQGV�
ZH� DOVR� WULHG� WR� VLPXODWH� WKH� SUHIHUUHG� RULHQWDWLRQ� HIIHFW� EXW� ZLWK� QR� VXFFHVV�� 7U\LQJ� WR�
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VLPXODWH� DW� WKH� VDPH� WLPH� WKH�PRGHO� DQG� DQ� HIIHFW� WKDW� FDQ� DOWHU� WKH� DFWXDO� YDOXHV� RI� WKH�
LQWHQVLW\� LV� WRR� FRPSOLFDWHG� EHFDXVH� WKH� WZR� IDFWRUV� DUH� WRR� FRUUHODWHG�� $� *DQGROIL� W\SH�
VSLQQHU�FRXOG�EH�D�VROXWLRQ�IRU�VXFK�FRPSRXQGV��WKH�VDPSOH�VKRXOG�EH�URWDWHG�LQ�WKH�ODUJHVW�
QXPEHU�RI�SRVVLEOH� GLUHFWLRQV�GXULQJ� WKH�GDWD� FROOHFWLRQ��$� FRPSOHWH� UHFDSLWXODWLYH�RQ� WKH�
UHVXOWV�WKDW�ZH�REWDLQHG�KDV�EHHQ�SUHVHQWHG�DW�WKH�HQG�RI�WKH�FKDSWHU��
:H� SUHVHQWHG� WKHQ� LQ� FKDSWHU� �� D� VWXG\� RQ� RSLRLG� QHXURSHSWLGHV�� 7KH� PRVW� FRPSOH[�
VWUXFWXUH�VROYHG�LQ�WKLV�ZRUN�ZDV�WKH�*O\FLQH�*O\FLQH�3KHQ\ODODQLQH��ZKHUH�QR�KHDY\�DWRPV�
DUH�SUHVHQW��DQG�WKH�VLPXODWLRQ�WRRN�D�IHZ�KRXUV�RQ�D�3HQWLXP��������*+]��:H�GLG�QRW�ILQG�
SUREOHPV� LQ� WKH� VLPXODWLRQ�ZKHQ� WKH� TXDOLW\� RI� WKH� VDPSOH�ZDV� JRRG�� EXW� DW� WKH�PRPHQW�
WKHUH�LV�QR�UHDO�HYLGHQFH�RQ�KRZ�FRPSOLFDWHG�WKH�VWUXFWXUH�FDQ�EH�WR�EH�VROYHG�E\�VLPXODWLRQ��
)XUWKHU� H[SHULPHQWV� VKRXOG�EH�SHUIRUPHG�RQ�PRUH� FRPSOLFDWHG� VDPSOHV��2QH� LQ� WKLV� FDVH�
VKRXOG� SD\� DWWHQWLRQ� WR� WKH� IDFW� WKDW� WKH�PRUH� FRPSOH[� WKH� VWUXFWXUH� WR� DQDO\VH� WKH�PRUH�
FRPSOH[�ZLOO�EH�WKH�1�GLPHQVLRQDO�VSDFH�WR�H[SORUH��DQG�WKHQ�LW�ZLOO�EHFDPH�PRUH�GLIILFXOW�WR�
EH�VXUH�DERXW�WKH�REWDLQHG�DQVZHU��7KHUH�FRXOG�EH�PDQ\�VLPLODU�ORFDO�PLQLPD�YHU\�QHDU�WKH�
WUXH�PLQLPXP�DQG�WR�ILQG� LW�FRXOG�EH�YHU\�GLIILFXOW��+HOS�FDQ�DULVH�XVLQJ�SHQDOW\� IXQFWLRQV�
WKDW�ZLOO�KHOS�LQ�ILQGLQJ�WKH�ULJKW�VROXWLRQ�EXW�WKH\�ZLOO�VORZ�WKH�FRPSXWDWLRQDO�SURFHVV����
:H� KDYH� VKRZQ�� LQ� FKDSWHU� �� ZHUH� ZH� GHVFULEHG� WKH� ORFDOLVDWLRQ� RI� WKH� EHQ]HQH� LQVLGH� D�
VRGLXP�;�]HROLWH��WKDW�VLPXODWLRQ�FDQ�UHSODFH�VXFFHVVIXOO\�WKH�FRPSXWDWLRQ�RI�)RXULHU�PDSV�
DQG�WKH�PDQXDO�ORFDWLRQ�RI�PLVVLQJ�DWRPV�LQ�WKH�VWUXFWXUH��HVSHFLDOO\�LQ�WKH�FDVH�RI�GLVRUGHU�
WKDW�LV�YHU\�GLIILFXOW�WR�ILQG�PDQXDOO\��(YHQ�IURP�WKH�VLQJOH�FU\VWDO�;�UD\�GLIIUDFWLRQ�VWXG\�RI�
$XEHUW�HW�DO�>��@�WKH\�FRXOG�QRW�ORFDOL]H�WKH�EHQ]HQH���:H�EHOLHYH�WKDW�LQ�GLIILFXOW�FDVHV�LW� LV�
EHWWHU� WR� SHUIRUP� D� VLPXODWLRQ� WKDQ� WR� XVH� )RXULHU� PDSV�� ,Q� DQ\� FDVH� ZH� WKLQN� WKDW� LI� D�
GHQVLW\�PDS�KDV�WR�EH�XVHG�LQ�RUGHU�WR�FRPSOHWH�D�VWUXFWXUH�LW�LV�EHWWHU�WR�FRPSXWH�PD[LPXP�
HQWURS\�PDSV�WKDW�DUH�RI�EHWWHU�TXDOLW\�DQG�FRPSXWHG�� IRU�WKH�FDVHV�WKDW�ZH�KDYH�VKRZQ�LQ�
WKLV�WKHVLV��LQ�OHVV�WKDQ�D�PLQXWH��3HQWLXP��������*+]���7KHVH�PDSV�DUH�PRGHO�ELDVHG�H[DFWO\�
DV�WKH�)RXULHU�PDSV�EHFDXVH�WKH�VHW�RI�)�

� ��XVHG�WR�FRPSXWH�WKH�PD[LPXP�HQWURS\�PDS�LV�
WKH�VDPH��EXW�WKH�WUXQFDWLRQ�HUURUV�SUHVHQW�LQ�)RXULHU�PDSV�DUH�DYRLGHG��2QH�VKRXOG�VWLOO�WDNH�
FDUH�ZKHQ�ORRNLQJ�DW�WKH�ILQHVW�GHWDLOV�DV�H[SODLQHG�DW�WKH�HQG�RI�WKH�HQWURS\�SDUDJUDSK�DQG�
WKLV�LV�VWLOO�DQ�RSHQ�ILHOG�RI�UHVHDUFK�>������@�
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:H�KDYH� VHHQ� WKDW� DOPRVW� DOO� WKH� VDPSOHV�KDYH�EHHQ� LQGH[HG�RZLQJ� WR� WKH�KLJK� UHVROXWLRQ�
DYDLODEOH�RQ�,'����EXW�DQ\�LPSXULW\�LQ�WKH�VDPSOH�FDXVHV�WKH�PDLQ�SUREOHP�LQ�LQGH[LQJ�WKH�
GLIIUDFWRJUDP�� HYHQ� D� VPDOO� DPRXQW� RI� LPSXULW\� ZLOO� EH� GHWHFWHG�� RZLQJ� WR� WKH� YHU\� KLJK�
VWDWLVWLFDO�TXDOLW\�RI�WKH�GDWD��,QGH[LQJ�SURJUDPV�FDQ�WDNH�WKLV� LQWR�DFFRXQW�EXW�HYHQ�LI�WKH\�
FDQ� ILQG� WKH� VROXWLRQ� LW� LV� VRPHWLPHV� YHU\� GLIILFXOW� WR� GLVWLQJXLVK� LW� IURP� DOO� WKH� SRVVLEOH�
SURSRVHG�FHOOV��
)URP� DQ� H[SHULPHQWDO� SRLQW� RI� YLHZ�� ZH� HQFRXQWHUHG� VRPH� GLIILFXOWLHV�� DW� WKH� EHJLQQLQJ��
EHFDXVH�WKH�RUJDQLF�VDPSOHV�GHJUDGHG�XQGHU�WKH�;�UD\�IOX[�LQ�D�IHZ�PLQXWHV��%HFDXVH�RI�WKLV�
ZH�KDG�FRQWLQXRXVO\� WR� FORVH� WKH� VKXWWHU� HQWHU� LQ� WKH� H[SHULPHQWDO�KXWFK�DQG� WUDQVODWH� WKH�
FDSLOODU\�D� IHZ�PLOOLPHWUHV� LQ�RUGHU� WR� WDNH�D� IUHVK�SDUW�RI� WKH� VDPSOH��7KLV�ZDV�SRVVLEOH�DW�
URRP�WHPSHUDWXUH�EXW�LW�ZDV�YHU\�WHGLRXV�DQG�DOPRVW�LPSRVVLEOH�ZKHQ�WKH�FU\RVWUHDP�ZDV�LQ�
XVH��$�VROXWLRQ�KDV�EHHQ�UHFHQWO\�IRXQG��D�QHZ�FU\RVWUHDP�LV�QRZ�LQ�XVH�ZKHUH�WKH�VDPSOH�
FDQ�JR�LQWR�WKH�QR]]OH�ZLWK�QR�SUREOHP�DQG�D�PRWRUL]HG�VSLQQHU�FDQ�DXWRPDWLFDOO\�WUDQVODWH�
WKH�VDPSOH��$�URERW�KDV�EHHQ�LQVWDOOHG�WRR��DQG�WKLV�DOORZV�DXWRPDWLFDOO\�WKH�FKDQJLQJ�RI�WKH�
FDSLOODU\�ZKHQ�WKH�ZKROH�FDSLOODU\�LV�EXUQHG�RU�ZKHQ�RQH�KDV�WR�SURFHVV�D�VHULHV�RI�FDSLOODULHV�
DW�QLJKW��7KLV�LV�ZK\�ZH�FRXOGQ·W�UHDOO\�WU\��GXULQJ�WKHVH�ODVW�WZR�\HDUV��WR�FROOHFW�PXOWLSOH�GDWD�
VHWV�DW�GLIIHUHQW�WHPSHUDWXUHV��LQ�RUGHU�WR�IROORZ�WKH�VKLIWV�RI�WKH�GLIIUDFWHG�SHDNV�UHODWLYH�WR�
GLIIHUHQW� UHIOHFWLRQV�� H[SORLWLQJ� WKH� DQLVRWURSLF� WKHUPDO� H[SDQVLRQ� RI� WKH� VROLGV�� ,Q� WKLV�
PDQQHU�D� VRUW�RI�´SVHXGR�VLQJOH�FU\VWDOµ�DSSURDFK�PD\�EH�DSSOLHG�WR� WKH�PRVW�GLIILFXOW�WR�
LQGH[� SRZGHU� GDWD� SDWWHUQV�� 7KH� VDPH� SULQFLSOH� PD\� EH� DSSOLHG� IRU� WKH� SDUWLWLRQLQJ� RI�
RYHUODSSLQJ�GLIIUDFWHG�LQWHQVLWLHV�WR�JHW�EHWWHU�UHVROYHG�H[SHULPHQWDO�H[WUDFWHG�LQWHQVLWLHV�IRU�
WKH� GHWHUPLQDWLRQ� RI� PRUH� FRPSOH[� VWUXFWXUHV�� %XW� LQ� DQ\� FDVH� ZH� KDYH� VKRZQ� WKDW� WKH�
VLPXODWLRQ�ZDV�DOUHDG\�JRRG�HQRXJK�WR�VROYH�DOO�WKH�VWUXFWXUHV�WKDW�ZH�DQDO\VHG��PDLQO\�XVLQJ�
WKH�WZR�SURJUDPV��)2;�DQG�723$6���
�
,Q� WKH�IXWXUH� LW�ZLOO�EH�YHU\� LQWHUHVWLQJ� WR�FRQWLQXH�WKH�ZRUN�RQ�QHXURSHSWLGHV�RU�RQ�RWKHU�
ELRORJLFDO�VDPSOHV�FU\VWDOOL]HG�ZLWKRXW�WKH�XVH�RI�DQ\�RUJDQLF�VROYHQW�WR�VHH�GLIIHUHQFHV�ZLWK�
WKH� VLQJOH� FU\VWDO� ZRUN� RU� IRU� VWLOO� XQNQRZQ� VWUXFWXUHV�� :H� VKRXOG� WU\� WR� H[SORLW� WKH�
DQLVRWURSLF�WKHUPDO�H[SDQVLRQ�QRZ�WKDW�PRVW�RI�SUREOHPV�KDYH�EHHQ�IL[HG�RQ�WKH�EHDPOLQH�
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,'���ZLWK�UHJDUG�WR�FRSLQJ�ZLWK�UDGLDWLRQ�GDPDJH��$�IXUWKHU�LPSURYHPHQW�RQ�WKH�EHDPOLQH�
FRXOG�EH�DOVR� WKH�XVH�RI�DQ�DUHD�GHWHFWRU� WR�FKHFN�WKH�FU\VWDOOLQLW\�RI� WKH�VDPSOH�DQG�WR�EH�
VXUH�WKDW�WKHUH�LV�QR�SUHIHUUHG�RULHQWDWLRQ�RU�JUDQXODULW\�LQ�WKH�VDPSOH�WKDW�DIIHFW�WKH�LQWHQVLW\�
YDOXHV�DQG�FRPSOLFDWH�D�ORW�WKH�VWUXFWXUH�VROXWLRQ�VWDJH��$Q�DOWHUQDWLYH�GHYHORSPHQW�PLJKW�EH�
D� RQH�GLPHQVLRQDO� VWULS� GHWHFWRU� IRU� FROOHFWLQJ� GDWD� UDSLGO\� RYHU� D� ODUJH� DQJXODU� UDQJH�� IRU�
VDPSOHV�WKDW�DUH�KLJKO\�UDGLDWLRQ�VHQVLWLYH��RU�IRU�D�GHWDLOHG�LQYHVWLJDWLRQ�RI�WKH�SKDVH�FKDQJH�
EHKDYLRXU�RI�D�VDPSOH��
�
�
�
�
�
�
�
�
�
�
�
�
�
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&RQFOXVLRQ�)U��
,O��D�pWp�GpPRQWUp�GDQV�FH�WUDYDLO�GH�WKqVH�TXH�OD�GLIIUDFWLRQ�GH�UD\RQQHPHQW�;�VXU�SRXGUHV�
HVW�XQ�SXLVVDQW�RXWLO�G
DQDO\VH�GH�OD�VWUXFWXUH�FULVWDOOLQH��
$SUqV� XQH� EUqYH� LQWURGXFWLRQ� JpQpUDOH� j� OD� FULVWDOORJUDSKLH�� QRXV� DYRQV� SUpVHQWp� OHV�
FDUDFWpULVWLTXHV� SULQFLSDOHV� G
XQH� H[SpULHQFH� GH� GLIIUDFWLRQ� ;� GH� SRXGUHV�� j� SURSRV� GH�
ODTXHOOH�QRXV�VRPPHV�UHYHQXV�VXU�OHV�GLIILFXOWpV�OLpHV�DX�UHFRXYUHPHQW�GHV�SLFV��1RXV�DYRQV�
GpFULW� GDQV� OH� GpWDLO� OHV� DOJRULWKPHV� GH� UHFKHUFKH� GH�0RQWH�&DUOR� GDQV� O
HVSDFH� GLUHFW� TXH�
QRXV�DYRQV�XWLOLVpV�SRXU�DWWHLQGUH� OHV� VWUXFWXUHV�FULVWDOOLQHV��'H�SOXV��DSUqV�DYRLU�H[SRVp� OHV�
FRQFHSWV� JpQpUDX[� GH� OD� IRQFWLRQ� G
HQWURSLH�� QRXV� DYRQV� GpWDLOOp� OHV� pWDSHV� VXFFHVVLYHV�
SHUPHWWDQW�G
REWHQLU�OD�FDUWH�G
HQWURSLH�PD[LPDOH��
1RXV�DYRQV�PRQWUp��GDQV�OH�FKDSLWUH����TXH�QRXV�VRPPHV�FDSDEOHV�GH�UpVRXGUH�OD�SOXSDUW�GHV�
WHUSqQHV�HW�G
pWXGLHU�OHXUV�FRPSRUWHPHQWV�j�EDVVH�WHPSpUDWXUH��3DU�H[HPSOH��0��3DUROL�HW�DO�
>��@�RQW�pWXGLp� OH���R[DELF\FOR>�����@KHSWDQH�JUkFH�j�GHV�H[SpULHQFHV�GH�VSHFWURVFRSLH�HW�GH�
FDORULPpWULH�� ,OV� RQW�PRQWUp� TXH� �� SKDVHV� VROLGHV� H[LVWHQW�� HW� TX·LO� \� D� XQH� K\VWpUpVLV� j� OD�
WHPSpUDWXUH�GH� WUDQVLWLRQ��&HSHQGDQW�� YX� OD�GLIILFXOWp� j�REWHQLU�XQ�PRQRFULVWDO� HW� OD�QDWXUH�
GHVWUXFWLYH�GH�OD�WUDQVLWLRQ�GH�SKDVH��LOV�Q·\�D�SDV�HX�GH�WHQWDWLYHV�GH�UpVROXWLRQ�GH�OD�VWUXFWXUH�
GH�FHV�SKDVHV��$X�FRXUV�GH�QRWUH� WUDYDLO��QRXV�DYRQV�pWp�FDSDEOH�G·LGHQWLILHU� OHV�GLIIpUHQWHV�
SKDVHV�HW�GH�OHV�UpVRXGUH��8Q�DXWUH�H[HPSOH�FRQFHUQH�OH�FRPSRUWHPHQW�GDQV�O·pWDW�VROLGH�GX�
1RUFDPSKRU��pWXGLp�SDU�+ROGHUQD�1DWNDQLHF�HW�DO�>��@�HQ�XWLOLVDQW�OD�GLIIUDFWLRQ�GH�QHXWURQV�
HW�OH�VFDWWHULQJ�LQpODVWLTXH�LQFRKpUHQW�GDQV�XQH�SODJH�GH�WHPSpUDWXUH�DOODQW�GH����.�j�����.��
'DQV�OHXU�pWXGH�SDU�GLIIUDFWLRQ�GH�QHXWURQV��OHV�SDUDPqWUHV�GH�PDLOOH�QH�VRQW�SDV�UHSRUWpV�LO�
Q·\� DXFXQH� WHQWDWLYH� GH� UpVRXGUH� OD� VWUXFWXUH�� j� FDXVH� GH� OD� EDVVH� UpVROXWLRQ� GX�
GLIIUDFWRJUDPPH��1RXV� DYRQV� SX� UpVRXGUH� FHV� VWUXFWXUHV� JUkFH� j� OD� KDXWH� UpVROXWLRQ� GH� OD�
OLJQH� ,'����� PDLV� GHV� LQFHUWLWXGHV�� GXHV� D� OD� SUpVHQFH� G·XQH� RULHQWDWLRQ� SUpIpUHQWLHOOH��
SHUVLVWHQW� SRXU� OD� SKDVH� j� SOXV� EDVVH� WHPSpUDWXUH�� (QILQ�� OHV� DXWUHV� FRPSRVpHV� pWDLHQW�
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FRPSOqWHPHQW�LQFRQQXV��/RUVTXH�QRXV�Q
DYRQV�SDV�SX�UpVRXGUH�OHV�VWUXFWXUHV��OHV�SUREOqPHV�
pWDLHQW�LPSXWDEOH�j�OD�TXDOLWp�GHV�O
pFKDQWLOORQV��TXL�SUpVHQWDLHQW�XQH�IRUWH�JUDQXODULWp�RX�XQH�
RULHQWDWLRQ�SUpIpUHQWLHOOH�GHV�JUDLQV���'DQV�FH�FDV��QRXV�DYRQV�WHQWp�GH�VLPXOHU�OD�SUpVHQFH�GH�
O·RULHQWDWLRQ�SUpIpUHQWLHOOH��PDLV�HVVD\HU�GH�VLPXOHU�HQ�PrPH�WHPSV�OH�PRGqOH�HW�XQ�HIIHW�TXL�
YD� FKDQJHU� OD� YDOHXU� GH� O·LQWHQVLWp� V·DYqUH� WURS� FRPSOH[H�� GX� IDLW� GH� OHXU� FRUUpODWLRQ�� 8Q�
VSLQQHU�GH�W\SH�*DQGROIL�SRXUUDLW�FRQVWLWXHU�XQH�VROXWLRQ�SRXU�FHV�FRPSRVpV��� O·pFKDQWLOORQ�
GHYUDLW� DORUV� rWUH� RULHQWp� GDQV� OH� SOXV� JUDQG� QRPEUH� GH� GLUHFWLRQV� SRVVLEOHV� SHQGDQW�
O·DFTXLVLWLRQ� GHV�GRQQpHV��8Q�ELODQ� H[KDXVWLI� GHV� UpVXOWDWV� REWHQXV� HVW� SUpVHQWp� j� OD� ILQ� GX�
FKDSLWUH��
/H�FKDSLWUH���D�pWp� FRQVDFUp�j�XQH�pWXGH� VXU� OHV�RSwRLGHV�QHXURSHSWLGLTXHV��/D� VWUXFWXUH� OD�
SOXV� FRPSOH[H� TXH� QRXV� DYRQV� SX� UpVRXGUH� pWDLW� OD� PROpFXOH� GH� � *O\FLQH�*O\FLQH�
3KpQ\ODODQLQH�� QH� SRVVpGDQW� SDV� G
DWRPHV� ORXUGV�� &HSHQGDQW�� DWWHLQGUH� FH� UpVXOWDW� Q
D�
QpFHVVLWp� TXH� TXHOTXHV� KHXUHV� GH� FDOFXO� VXU� XQ� SURFHVVHXU� � 3HQWLXP� ��� ����*K]�� -XVTX
LFL��
QRXV�Q
DYRQV�SDV�pWp�FRQIURQWp�j�GHV�OLPLWHV�GH�OD�VLPXODWLRQ�GDQV�OH�FDV�R��O
pFKDQWLOORQ�pWDLW�
GH�ERQQH�TXDOLWp��&HSHQGDQW��LO�HVW�LPSRVVLEOH�GH�SUpGLUH�MXVTX
j�TXHO�GHJUp�GH�FRPSOH[LWp�GH�
VWUXFWXUH� OD� VLPXODWLRQ� SHXW� rWUH� HIILFDFH�� GHV� H[SpULHQFHV� VXSSOpPHQWDLUHV� GRLYHQW� rWUH�
UpDOLVpHV��VXU�GHV�pFKDQWLOORQV�SOXV�FRPSOH[HV��,O�FRQYLHQGUDLW�DORUV�GH�VH�UDSSHOHU�TXH��SOXV�OD�
VWUXFWXUH�j�DQDO\VHU�VHUD�FRPSOH[H��SOXV�O·HVSDFH�1�GLPHQVLRQQHO�TX·LO�IDXGUD�H[SORUHU�OH�VHUD��
HW�TX·LO� VHUD�SOXV�GLIILFLOH�G·rWUH�V�U�GH� OD�YDOLGLWp�GX�UpVXOWDW�REWHQX��QRWDPPHQW�SDUFH�TX·LO�
SRXUUDLW� H[LVWHU� SOXVLHXUV� PLQLPD� ORFDX[� WUqV� SURFKHV� HW� GLIILFLOHPHQW� GLVWLQJXDEOHV� GX�
PLQLPXP�JOREDO���'HV�IRQFWLRQV�GH�SpQDOLWp�SHXYHQW�SHUPHWWUH�GH�WURXYHU�OD�ERQQH�VROXWLRQ��
DX�SUL[�G·XQ�DOORQJHPHQW�GX�WHPSV�GH�FDOFXO��
/H� FKDSLWUH� �� WUDLWH�GH� OD� ORFDOLVDWLRQ�GX�EHQ]qQH�GDQV�GHV� ]pROLWKHV�;� DX� VRGLXP��1RXV� \�
DYRQV�PRQWUp�TXH�OD�VLPXODWLRQ�UHPSODFH�DYDQWDJHXVHPHQW�OH�FDOFXO�GHV�FDUWHV�GH�)RXULHU�HW�
OD� UHFKHUFKH�PDQXHOOH� GHV� DWRPHV�PDQTXDQWV�� VXUWRXW�GDQV� OHV� FDV�R�� LO� H[LVWH�GX�GpVRUGUH�
�UDSSHORQV� TXH� PrPH� GDQV� OH� WUDYDLO� GH� $XEHUW� HW� DO�>��@�� VXU� PRQRFULVWDO�� LO� Q·D� SDV� pWp��
SRVVLEOH�GH�ORFDOLVHU�OH�EHQ]qQH�PDQXHOOHPHQW���'DQV�WRXV�OHV�FDV�QRXV�SHQVRQV�TXH��ORUV�GH�
O
XWLOLVDWLRQ�GH�FDUWHV�GH�GHQVLWp�� LO�HVW�SUpIpUDEOH�GH�FDOFXOHU�OD�FDUWH�G
HQWURSLH�PD[LPDOH��FH�
TXL�� GDQV� OHV� FDV� SUpVHQWpV� GDQV� FH� WUDYDLO�� QH� GHPDQGDLW� TX
XQH�PLQXWH� GH� FDOFXO� DYHF� XQ�



�

� ����

SURFHVVHXU�3HQWLXP������*+]���&HV�FDUWHV�VRQW�GpSHQGDQWHV�GX�PRGqOH�GH�OD�PrPH�PDQLqUH�
TXH�OHV�FDUWHV�GH�)RXULHU�FDU�OH�VHW�GH�)�

� � XWLOLVp�SRXU�FDOFXOHU�OHV�FDUWHV�G
HQWURSLH�PD[LPDOH��
HVW�OH�PrPH�PDLV�GDQV�FH�GHUQLHU�FDV�OHV�HUUHXUV�GH�WURQFDWXUH�VRQW�pYLWpHV��,O�IDXW�pJDOHPHQW�
DFFRUGHU� XQH� DWWHQWLRQ� WRXWH� SDUWLFXOLqUH� j� OD� UHFKHUFKH� GHV� GpWDLOV� OHV� SOXV� ILQV�� � FRPPH�
H[SOLFLWp�j� OD� ILQ�GX�SDUDJUDSKH�GH� O·HQWURSLH��&HFL�FRQVWLWXH�XQ� WKqPH�GH� UHFKHUFKH�HQFRUH�
RXYHUW�>�����@�
1RXV�DYRQV�PRQWUp�TXH�SUHVTXH�WRXV�OHV�pFKDQWLOORQV�RQW�pWp�LQGH[pV�DYHF�VXFFqV�JUkFH�j�OD�
KDXWH�UpVROXWLRQ�GLVSRQLEOH�VXU�OD�OLJQH�,'����&HSHQGDQW��OHV�LPSXUHWpV�SRVHQW�GHV�SUREOqPHV�
SRXU� O
LQGH[DWLRQ� FDU�� j� FDXVH� GH� O
LPSRUWDQFH� GX� UD\RQQHPHQW� LQFLGHQW�� WRXWH� WUDFH�
G
LPSXUHWp� VHUD� GpWHFWpH�� /HV� SURJUDPPHV� G
LQGH[DWLRQ� SHXYHQW� SUHQGUH� FHFL� HQ� FRPSWH��
PDLV�LO�HVW�TXHOTXHIRLV�GpOLFDW�GH�GpWHUPLQHU�OD�ERQQH�VROXWLRQ�SDUPL�FHOOHV�DORUV�SURSRVpHV��
/D�UDSLGH�GpJUDGDWLRQ�GHV�pFKDQWLOORQV��TXHOTXHV�PLQXWHV��VRXPLV�DX�UD\RQQHPHQW�;�D�SRVp�
GHV� SUREOqPHV� H[SpULPHQWDX[�� ,O� IDOODLW�� DX� FRXUV� G
XQH� PrPH� H[SpULHQFH�� WUDQVODWHU� OH�
FDSLOODLUH� SDU� UDSSRUW� DX� IDLVFHDX� ;� GH� WUqV� QRPEUHXVHV� IRLV�� DILQ� GH� WRXMRXUV� VRQGHU� XQH�
SDUWLH� QRQ� DOWpUpH� GH� O
pFKDQWLOORQ�� 6L� XQH� WHOOH� PDQLSXODWLRQ� pWDLW� SRVVLEOH�� ELHQ� TXH�
ODERULHXVH��j�WHPSpUDWXUH�DPELDQWH��HOOH�GHYHQDLW�TXDVL� LPSRVVLEOH�WHFKQLTXHPHQW� ORUVTXH�OH�
IOX[�G
D]RWH�FU\RJpQLTXH�DUURVDLW�OH�FDSLOODLUH��
/D�VROXWLRQ�WURXYpH�FRQVLVWH�HQ�XQ�QRXYHO�DSSDUHLOODJH�SHUPHWWDQW�DX�FDSLOODLUH�G
rWUH�WUDQVODWp�
DXWRPDWLTXHPHQW�� \� FRPSULV� MXVTX
j� O
LQWpULHXU� GX� WX\DX� G
DUULYpH� G
D]RWH�� 'H� SOXV�� QRXV�
DYRQV�PLV� HQ� SODFH� XQ� V\VWqPH� URERWLVp� SHUPHWWDQW� GH� FKDQJHU� OH� FDSLOODLUH� VL� FHOXL� FL� HVW�
HQGRPPDJp��&HFL�H[SOLTXH�SRXUTXRL�LO�QRXV�D�pWp�GLIILFLOH��GXUDQW�OHV�GHX[�GHUQLqUHV�DQQpHV�
GH� FH� WUDYDLO�� G
DFFXPXOHU� GHV� GRQQpHV� j� GLIIpUHQWHV� WHPSpUDWXUHV�� DILQ� GH� WLUHU� SDUWLH� GH�
O
DQLVRWURSLH� GH� O
H[SDQVLRQ� WKHUPLTXH�� 'H� FHWWH� IDoRQ�� XQH� DSSURFKH� GH� W\SH� SVHXGR�
PRQRFULVWDOOLQH�SHXW�rWUH�DSSOLTXpH�DX[�GLIIUDFWRJUDPPHV�GH�SRXGUH�SOXV�GLIILFLOHV�j�LQGH[HU��
/H� PrPH� SULQFLSH� SHXW� rWUH� XWLOLVp� SRXU� SDUWLWLRQQHU� OH� UHFRXYUHPHQW� GHV� LQWHQVLWpV�
GLIIUDFWpHV�� DILQ� G
H[WUDLUH� GH� PHLOOHXUHV� LQWHQVLWpV� SRXU� UpVRXGUH� GHV� VWUXFWXUHV� SOXV�
FRPSOH[HV�� &HSHQGDQW�� QRXV� DYRQV� PRQWUp� TXH�� GDQV� WRXV� OHV� FDV�� OD� VLPXODWLRQ� pWDLW� GH�
VXIILVDPPHQW�ERQQH�TXDOLWp�SRXU�UpVRXGUH�WRXWHV�OHV�VWUXFWXUHV�TXH�QRXV�DYRQV�pWXGLpHV��HQ�
SDUWLFXOLHU�JUkFH�DX[�SURJUDPPHV�)2;�HW�723$6��
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3RXU�GHV�pWXGHV�IXWXUHV��LO�VHUDLW�LQWpUHVVDQW�GH�SRXUVXLYUH�FH�WUDYDLO�VXU�OHV�QHXURSHSWLGHV�RX�
VXU� G
DXWUHV� pFKDQWLOORQV� ELRORJLTXHV� FULVWDOOLVpV� VDQV� XWLOLVDWLRQ� GH� VROYDQW� DXWUHV� TXH� O
HDX��
DILQ� GH� FKHUFKHU� G
pYHQWXHOOHV� GLIIpUHQFHV� DYHF� GHV� WUDYDX[� VXU� PRQRFULVWDX[� RX� GHV�
VWUXFWXUHV� LQFRQQXHV�� 2Q� SHXW� pJDOHPHQW� FKHUFKHU� j� H[SORLWHU� O
DQLVRWURSLH� GH� O
H[SDQVLRQ�
WKHUPLTXH�� SXLVTXH� GH� QRPEUHX[�SUREOqPHV� WHFKQLTXHV� RQW� pWp� UpVROXV� VXU� OD� OLJQH��(QILQ��
XQH�DPpOLRUDWLRQ�SURPHWWHXVH�GX�GLVSRVLWLI�VHUDLW�G
XWLOLVHU�XQ�GpWHFWHXU�ELGLPHQVLRQQHO�SRXU�
YpULILHU� OD�FULVWDOOLQLWp�GH� O
pFKDQWLOORQ�HW�V
DVVXUHU�GH� O
DEVHQFH�G
RULHQWDWLRQ�SUpIpUHQWLHOOH�RX�
GH� JUDQXODULWp�� TXL� DIIHFWHQW� OHV� LQWHQVLWpV� PHVXUpHV� HW� FRPSOLTXHQW� OHV� UpVROXWLRQV� GH�
VWUXFWXUHV��2Q�SRXUUDLW�pJDOHPHQW�GpYHORSSHU�XQ�GpWHFWHXU�OLQpDLUH�PRQRGLPHQVLRQQHO��SRXU�
SRXYRLU� FROOHFWHU� GHV� GRQQpHV� UDSLGHPHQW� HW� VXU� XQ� ODUJH� HVSDFH� DQJXODLUH�� SRXU� OHV�
pFKDQWLOORQV� WUqV� � � VHQVLEOHV� DX[� UDGLDWLRQV� ;�� j� GHV� ILQV� G·LQYHVWLJDWLRQ� GpWDLOOpH� GHV�
WUDQVLWLRQV�GH�SKDVHV�GH�O·pFKDQWLOORQ��
�
�
�
�
�
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$SSHQGL[�
)LQDO�UHILQHG�GLVWDQFH�DQG�DQJOHV�YDOXHV�IRU�WKH�]HROLWH�ZLWK�WKH�FKHPLVRUEHG�EHQ]HQH��
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%LEOLRJUDSK\�
�
�
��� *LDFRYD]]R��&���)XQGDPHQWDOV�RI�FU\VWDOORJUDSK\���QG�HGLWLRQ��,8&U�7H[W�LQ�&U\VWDOORJUDSK\��

2[IRUG�8QLYHUVLW\�3UHVV���������
��� 6WHZDUG��(�*���)RXULHU�RSWLFV�DQ�LQWURGXFWLRQ��QG�HGLWLRQ��+HOOLV�+RUZRRG�VHULHV�LQ�SK\VLFV���������
��� 7D\ORU�DQG�/LSVRQ��2SWLFDO�WUDQVIRUP��%HOO��/RQGRQ���������
��� 5HKJ��-���)LOWHULQJ��LQ�ZZZ�FF�JDWHFK�HGX�FODVVHV�$<�����FV����BIDOO�0DWHULDOV����

)LOWHULQJ�B&6����B���������SSW����������
��� -HQNLQV��5��DQG�5�/��6Q\GHU��,QWURGXFWLRQ�WR�;�UD\�SRZGHU�GLIIUDFWRPHWU\��-KRQ�:LOH\�	�6RQV��,QF��

������
��� 'DYLG��:�,�)���HW�DO���6WUXFWXUH�GHWHUPLQDWLRQ�IURP�SRZGHU�GLIIUDFWLRQ�GDWD��,8&U�7H[W�LQ�

&U\VWDOORJUDSK\��2[IRUG�8QLYHUVLW\�3UHVV���������
��� 5LHWYHOG��+�0���/LQH�SURILOHV�RI�QHXWURQ�SRZGHU�GLIIUDFWLRQ�SHDNV�IRU�VWUXFWXUH�UHILQHPHQW��$FWD�&U\VW��

����������S�����������
��� 5LHWYHOG��+�0���$�SURILOH�UHILQHPHQW�PHWKRG�IRU�QXFOHDU�DQG�PDJQHWLF�VWUXFWXUHV��-��$SSO��&U\VWDOORJU��

���������S���������
��� <RXQJ��5�$���7KH�5LHWYHOG�PHWKRG��,8&U�7H[W�LQ�&U\VWDOORJUDSK\��2[IRUG�8QLYHUVLW\�3UHVV�

��������
���� :ROII��3�0���7KH�GHILQLWLRQ�RI�WKH�LQGH[LQJ�ILJXUH�RI�PHULW�0����-RXUQDO�RI�$SSOLHG�&U\VWDOORJUDSK\��

������������S�������
���� 6KLUOH\��5���7KH�&U\VILUH������6\VWHP�IRU�$XWRPDWLF�3RZGHU�,QGH[LQJ��8VHU
V�0DQXDO��������
���� %RXOWLI��$��DQG�'��/RXHU��3RZGHU�SDWWHUQ�LQGH[LQJ�ZLWK�WKH�GLFKRWRP\�PHWKRG��-RXUQDO�RI�$SSOLHG�

&U\VWDOORJUDSK\���������������S�����������
���� 9LVVHU��-���$�IXOO\�DXWRPDWLF�SURJUDP�IRU�ILQGLQJ�WKH�XQLW�FHOO�IURP�SRZGHU�GDWD��-RXUQDO�RI�$SSOLHG�

&U\VWDOORJUDSK\��������������S���������
���� :HUQHU��3��(���/��(ULNVVRQ��DQG�0��:HVWGDKO��75(25��D�VHPL�H[KDXVWLYH�WULDO�DQG�HUURU�SRZGHU�

LQGH[LQJ�SURJUDP�IRU�DOO�V\PPHWULHV��-RXUQDO�RI�$SSOLHG�&U\VWDOORJUDSK\���������������S�����������
���� 7DXSLQ��'���$�SRZGHU�GLDJUDP�DXWRPDWLF�LQGH[LQJ�URXWLQH��-RXUQDO�RI�$SSOLHG�&U\VWDOORJUDSK\��

������������S�����������
���� .RKOEHFN��)��DQG�(�0��+RUO��,QGH[LQJ�SURJUDP�IRU�SRZGHU�SDWWHUQV�HVSHFLDOO\�VXLWDEOH�IRU�WULFOLQLF��

PRQRFOLQLF�DQG�RUWKRUKRPELF�ODWWLFHV��-RXUQDO�RI�$SSOLHG�&U\VWDOORJUDSK\��������������S���������
���� /H�%DLO��$���0F0DLOOH�SURJUDP��LQ�KWWS���ZZZ�FULVWDO�RUJ�0F0DLOOH��������
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���� &RHOKR��$���,QGH[LQJ�RI�SRZGHU�GLIIUDFWLRQ�SDWWHUQV�E\�LWHUDWLYH�XVH�RI�VLQJXODU�YDOXH�GHFRPSRVLWLRQ��-RXUQDO�
RI�$SSOLHG�&U\VWDOORJUDSK\���������������S���������

���� /H�%DLO��$���7KH�5LHWYHOG�PHWKRG�XVLQJ�DQ�H[SHULPHQWDO�SURILOH�FRQYROXWHG�E\�DGMXVWDEOH�DQDO\WLFDO�IXQFWLRQ��
$FWD�&U\VWDOORJUDSKLFD�6HFWLRQ�$�����������V����S��&�����

���� 3DZOH\��*���8QLW�FHOO�UHILQHPHQW�IURP�SRZGHU�GLIIUDFWLRQ�VFDQV��-RXUQDO�RI�$SSOLHG�&U\VWDOORJUDSK\��
�������������S�����������

���� :DVHU��-���/HDVW�VTXDUHV�UHILQHPHQW�ZLWK�VXEVLGLDU\�FRQGLWLRQV��$FWD�&U\VWDOORJUDSKLFD����������������
S�������������

���� .LUNSDWULFN��6���&�'��*HODWW��DQG�0�3��9HFFKL��2SWLPL]DWLRQ�E\�VLPXODWHG�DQQHDOLQJ��6FLHQFH��������
�����������S�����������

���� 0HWURSROLV��1���HW�DO���(TXDWLRQ�RI�VWDWH�FDOFXODWLRQ�E\�IDVW�FRPSXWLQJ�PDFKLQHV��7KH�MRXUQDO�RI�
FKHPLFDO�SK\VLFV���������������S�������������

���� 6KDQNODQG��.���HW�DO���0ROHFXODU��FU\VWDOORJUDSKLF�DQG�DOJRULWKPLF�IDFWRUV�LQ�VWUXFWXUH�GHWHUPLQDWLRQ�IURP�
SRZGHU�GLIIUDFWLRQ�GDWD�E\�VLPXODWHG�DQQHDOLQJ��-RXUQDO�RI�$SSOLHG�&U\VWDOORJUDSK\���������������S��
���������

���� )DOFLRQL��0��DQG�0�:��'HHP��$�ELDVHG�0RQWH�&DUOR�VFKHPH�IRU�]HROLWH�VWUXFWXUH�VROXWLRQ��7KH�-RXUQDO�
RI�&KHPLFDO�3K\VLFV����������������S�������������

���� )DYUH�1LFROLQ��9��DQG�5��&HUQ\��)2;��CIUHH�REMHFWV�IRU�FU\VWDOORJUDSK\
��D�PRGXODU�DSSURDFK�WR�DE�LQLWLR�
VWUXFWXUH�GHWHUPLQDWLRQ�IURP�SRZGHU�GLIIUDFWLRQ��-RXUQDO�RI�$SSOLHG�&U\VWDOORJUDSK\��������

���� 3RODN��(��������&RPSXWDWLRQDO�0HWKRGV�LQ�2SWLPL]DWLRQ��1HZ�<RUN��$FDGHPLF�3UHVV��������
���� %DUUHWW��5���HW�DO���7HPSODWHV�IRU�WKH�6ROXWLRQ�RI�/LQHDU�6\VWHPV��%XLOGLQJ�%ORFNV�IRU�,WHUDWLYH�0HWKRGV��

�QG�HG��3KLODGHOSKLD��3$��6,$0���������
���� *ROXE��*��DQG�'��2
/HDU\��6RPH�KLVWRU\�RI�WKH�FRQMXJDWH�JUDGLHQW�DQG�/DQF]RV�PHWKRGV��6,$0�5HY���

������������������
���� &DPEULGJH��KWWS���ZZZ�OLEUDU\�FRUQHOO�HGX�QU�ERRNFSGI�F����SGI��������
���� &RHOKR��$���:KROH�SURILOH�VWUXFWXUH�VROXWLRQ�IURP�SRZGHU�GLIIUDFWLRQ�GDWD�XVLQJ�VLPXODWHG�DQQHDOLQJ��

-RXUQDO�RI�$SSOLHG�&U\VWDOORJUDSK\�������������3DUW�����S�����������
���� 6KHZFKXN��-�5���$Q�,QWURGXFWLRQ�WR�WKH�&RQMXJDWH�*UDGLHQW�0HWKRG�:LWKRXW�WKH�$JRQL]LQJ�3DLQ��

KWWS���ZZZ�FV�FPX�HGX�aTXDNH�SDSHUV�SDLQOHVV�FRQMXJDWH�JUDGLHQW�SV��������
���� -D\QHV��(�7���,QIRUPDWLRQ�WKHRU\�DQG�VWDWLVWLFDO�PHFKDQLFV��3K\VLFDO�5HYLHZ�������������S�������
���� -D\QHV��(�7���,QIRUPDWLRQ�WKHRU\�DQG�VWDWLVWLFDO�PHFKDQLFV�,,��3K\VLFDO�5HYLHZ�������������S�������
���� *XOO��6�)��DQG�*�-��'DQLHOO��,PDJH�UHFRQVWUXFWLRQ�IURP�LQFRPSOHWH�DQG�QRLV\�GDWD��1DWXUH�������������

S�������
���� 0��7DNDWD��(��1LVKLERUL��DQG�0��6DNDWD��&KDUJH�GHQVLW\�VWXGLHV�XWLOL]LQJ�SRZGHU�GLIIUDFWLRQ�DQG�

0(0��([SORULQJ�RI�KLJK�7F�VXSHUFRQGXFWRUV��&���VXSHUFRQGXFWRUV�DQG�PDQJDQLWHV��=HLWVFKULIW�I�U�
.ULVWDOORJUDSKLH����������������S������

���� 3DODWLQXV��/���0D[LPXP�(QWURS\�0HWKRG�LQ�6XSHUVSDFH�&U\VWDOORJUDSK\��LQ�KWWS���RSXV�XE�XQL�
ED\UHXWK�GH�YROOWH[WH���������LQGH[�KWPO��������

���� 6LYLD��'�6���'DWD�$QDO\VLV�D�%D\HVLDQ�7XWRULDO��2[IRUG�8QLYHUVLW\�3UHVV���������
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���� )��,]XPL�DQG�5��$��'LODQLDQ��5HFHQW�5HVHDUFK�'HYHORSPHQWV�LQ�3K\VLFV���9RO�����3DUW�,,��7UDQVZRUOG�
5HVHDUFK�1HWZRUN��7ULYDQGUXP���������SS�����������

���� .XPD]DZD��6���0��7DNDWD��DQG�0��6DNDWD��2Q�WKH�VLQJOH�SL[HO�DSSUR[LPDWLRQ�LQ�PD[LPXP�HQWURS\�
DQDO\VLV��$FWD�&U\VWDOORJUDSKLFD�6HFWLRQ�$���������������S���������

���� 6��YDQ�6PDDOHQ��/��3DODWLQXV��DQG�0��6FKQHLGHU��7KH�PD[LPXP�HQWURS\�PHWKRG�LQ�VXSHUVSDFH��$FWD�
&U\VWDOORJUDSKLFD�6HFWLRQ�$���������������S�����������

���� /��3DODWLQXV�DQG�6��YDQ�6PDDOHQ��7KH�JHQHUDOL]HG�)�FRQVWUDLQW�LQ�WKH�PD[LPXP�HQWURS\�PHWKRG���D�
VWXG\�RQ�VLPXODWHG�GDWD��$FWD�&U\VWDOORJUDSKLFD�6HFWLRQ�$���������������S�����������

���� 0DUJDULWRQRGR��*���,QWURGXFWLRQ�WR�V\QFKURWURQ�UDGLDWLRQ��2[IRUG�8QLYHUVLW\�3UHVV���������
���� 0DVRQ��5���(65)�EHDPOLQH�KDQGERRN��(XURSHDQ�6\QFKURWRQ�5DGLDWLRQ�)DFLOLW\���������
���� -�/��+RGHDX��HW�DO���1LQH�FU\VWDO�PXOWL�DQDO\]HU�VWDJH�IRU�KLJK�UHVROXWLXRQ�SRZGHU�GLIIUDFWLRQ�EHWZHHQ���DQG�

���NH9��3DUW�RI�WKH�63,(�FRQIHUQFH�RQ�FU\VWDO�DQG�PXOWLOD\HU�RSWLFV��������������S�������
���� .LWDLJRURGVN\��$�,���0ROHFXODU�FU\VWDOV�DQG�PROHFXOHV��$FDGHPLF�3UHVV��3K\VLFDO�FKHPLVWU\��
���� 7��6WHLQHU��7KH�K\GURJHQ�ERQRG�LQ�WKH�VROLG�VWDWH��$QJHZDQGWH�&KHPLH��,QW��(QJ��(G��������������S��

�������
���� 7LPPHUPDQV��-���3ODVWLF�FU\VWDOV��$�KLVWRULFDO�UHYLHZ��-RXUQDO�RI�3K\VLFV�DQG�&KHPLVWU\�RI�6ROLGV��

����������S�����
���� '��)R[��0��/DEHV��DQG�$��:HLVVEHUJHU��3K\VLFV�DQG�FKHPLVWU\�RI�WKH�RUJDQLF�VROLG�VWDWH��,QWHUVFLHQFH�

SXEOLVKHU���������
���� &��&��0MRMR��2UGHU�'LVRUGHU�3KHQRPHQD��2UGHU�'LVRUGHU�3KDVH�(TXLOLEULD�LQ�'��DQG�/�V\VWHPV�RI�

&DPSKRU�DQG�5HODWHG�&RPSRXQGV��-RXUQDO�RI�WKH�&KHPLFDO�6RFLHW\��)DUDGD\�7UDQVDFWLRQV��������
����S�����������

���� 0��%UXQHOOL��$��1��)LWFK��DQG�$��0RUD��/RZ�7HPSHUDWXUH�&U\VWDO�6WUXFWXUH�RI�6�FDPSKRU�6ROYHG�IURP�
3RZGHU�6\QFKURWURQ�;�UD\�'LIIUDFWLRQ�'DWD�E\�6LPXODWHG�$QQHDOLQJ��-RXUQDO�RI�6ROLG�6WDWH�
&KHPLVWU\�������������S�����������

���� 5��0��3DUROL��'�)���*LOVRQ��DQG�/��6��%XWOHU��6SHFURVFRSLF�DGQ�GLIIHUHQWLDO�VFDQQLQJ�FDORULPHWULF�VWXGLHV�
RI�WKH�SKDVH�WUDQVLWLRQ�LQ�R[DQRUERUDQH��&DQDGLDQ�-RXUQDO�RI�&KHPLVWU\������������S�������������

���� $��&��/DUVRQ�DQG�5��%��YRQ�'UHHOH��*6$6��*HQHUDO�6WUXFWXUH�$QDO\VLV�6\VWHP���/RV�$ODPRV�1DWO��
/DE��5HS��/$�85����������������

���� 7KRPSVRQ��3���'�(��&R[��DQG�-�%��+DVWLQJV��5LHWYHOG�UHILQHPHQW�RI�'HE\H�6FKHUUHU�V\QFKURWURQ�;�UD\�
GDWD�IURP�$O�2���-RXUQDO�RI�$SSOLHG�&U\VWDOORJUDSK\���������������S���������

���� )LQJHU��/�:���'�(��&R[��DQG�$�3��-HSKFRDW��$�FRUUHFWLRQ�IRU�SRZGHU�GLIIUDFWLRQ�SHDN�DV\PPHWU\�GXH�WR�
D[LDO�GLYHUJHQFH��-RXUQDO�RI�$SSOLHG�&U\VWDOORJUDSK\���������������S�����������

���� 5�$��&UHVZHOO��0LFURZDYH�VSHFWUXP��VWUXFXUH��DQG�GLSROH�PRPHQW�RI���2[DELF\FOR>�����@KHSWDQH��-RXUQDO�
RI�0ROHFXODU�6SHFWURVFRS\������������S�����������

���� -DUYLQHQ��0���$SSOLFDWLRQ�RI�V\PPHWUL]HG�KDUPRQLFV�H[SDQVLRQ�WR�FRUUHFWLRQ�RI�WKH�SUHIHUUHG�RULHQWDWLRQ�
HIIHFW��-RXUQDO�RI�$SSOLHG�&U\VWDOORJUDSK\���������������S�����������

���� +DOO��0�0���HW�DO���7KH�DSSUR[LPDWLRQ�RI�V\PPHWULF�;�UD\�SHDNV�E\�3HDUVRQ�W\SH�9,,�GLVWULEXWLRQV��
-RXUQDO�RI�$SSOLHG�&U\VWDOORJUDSK\���������������S���������
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���� +ROGHUQD�1DWNDQLHF��.���,��1DWNDQLHF��DQG�9��.KDYU\XWFKHQNR��1HXWURQ�VFDWWHULQJ�VWXG\�RI�SKDVH�
WUDQVLWLRQ�LQ�QRUERUQ\OHQH�DQG��QRUFDPSKRU��3K\VLFD�%��&RQGHQVHG�0DWWHU�����������������S������
�����

���� 3�6��.DW]��%H\RQG�1HXURWUDQVPLVVLRQ��1HXURPRGXODWLRQ�DQG�,WV�,PSRUWDQFH�IRU�,QIRUPDWLRQ�3URFHVVLQJ��
2[IRUG�8QLYHUVLW\�3UHVV���������

���� $��6WHSKHQVRQ�DQG�$�-��7XUQHU��$PLQR�$FLG�1HXURWUDQVPLVVLRQ��3RUWODQG�3UHVV�������
���� 6KZDUW]���-�+���QHXURWUDQVPLWWHUV��HQF\FORSHGLD�RI�OLIH�VFLHQFHV�1DWXUH�SXEOLVKLQJ�JURXS��������
���� -��+XJKHV��HW�DO���,GHQWLILFDWLRQ�RI�WZR�UHODWHG�SHQWDSHSWLGH�IURP�WKH�EUDLQ�ZLWK�SRWHQW�RSLDWH�DJRQLVW�DFWLYLW\��

1DWXUH�������������S�������
���� .DUOH��,�/���HW�DO���>/HX�@HQNHSKDOLQ��IRXU�FRFU\VWDOOL]LQJ�FRQIRUPHUV�ZLWK�H[WHQGHG�EDFNERQHV�WKDW�IRUP�DQ�

DQWLSDUDOOHO�E�VKHHW��$FWD�&U\VWDOORJUDSKLFD�6HFWLRQ�%������������S�����������
���� -�)��*ULIILQ��HW�DO���7KH�FU\VWDO�VWUXFWXUHV�RI�>0HW@HQNHSKDOLQ�DQG�D�WKLUG�IRUP�RI�>/HX@HQNHSKDOLQ��
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