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6SHFLDO�EULGJHV�DUH�VWUXFWXUHV�ZLWK�XQFRQYHQWLRQDO�FRQVWUXFWLYH�SURFHGXUHV��HOHPHQWV�RU�VWUXFWXUDO�FRQILJXUDWLRQV��VXFK�
DV�DUFK��FDEOH�VWD\HG�RU�VHJPHQWDO�EULGJHV��'HVLJQHUV�RI�VSHFLDO�EULGJHV�KDYH�WR�GHILQH�WKH�GXFWLOLW\�FDSDFLW\�LQ�WKH�WZR�
GLUHFWLRQV�RI�DQDO\VLV��EXW�XVXDOO\�WKH\�GR�QRW�KDYH�PXFK�H[SHULHQFH�DQG�WKHUH�DUH�QR�UHFRPPHQGDWLRQV�LQ�UHJXODWLRQV�
IRU�DOO�W\SHV�RI�EULGJHV��

7R�HQKDQFH� WKH� NQRZOHGJH� RI� WKH� FDSDFLW\� RI�GXFWLOLW\� OHYHOV� IRU� FROXPQV�DQG� WRZHUV� LQ� VSHFLDO� EULGJHV�� WZR� VSHFLDO�
EULGJHV� ZHUH� VWXGLHG�� 7KH� ILUVW� EULGJH� LV� D� IUDPH� W\SH� 5&� ER[� JLUGHU� ZLWK� WZR� LQFOLQHG� FROXPQV� DQG� WZR� YHUWLFDO�
FROXPQV��WKH�KLJKHVW�FROXPQ�KDV�����P��WKH�ZLGWK�RI�WKH�VODE�RI�WKH�ER[�JLUGHU�LV����P�DQG�LWV�KHLJKW�YDULHV�IURP���P�LQ�
WKH�PLGVSDQ�WR����P�LQ�WKH�ERWWRP�VSDQ��ZLWK�D�WRWDO�OHQJWK�RI�����P��7KH�VHFRQG�EULGJH�LV�D�PL[HG�W\SH��FDEOH�VWD\HG�
DQG� FRQWLQXRXV� JLUGHUV��ZLWK� WZR� WRZHUV� �����P� LQ�KHLJKW��� D�����P� LQ� OHQJWK� FHQWUDO� VSDQ� EHWZHHQ� WKH� WRZHUV�� WZR�
FRQWLQXRXV�VSDQV�RI�����P�HDFK��WZR�VWUDLJKW�FROXPQV�RI����P�LQ�KHLJKW�DQG�D�WRWDO�OHQJWK�RI�����P��WKH�FROXPQV�DQG�
WRZHUV�DUH�KROH�VHFWLRQ��7KH�ILUVW�EULGJH�FRQILJXUDWLRQ�ZDV�SURSRVHG�IRU�SUHOLPLQDU\�GHVLJQV�RI�UHDO�FDVHV�DQG�VHFRQG�
EULGJH�LV�DQ�XQEXLOW�SURMHFW��)RU�WKHVH�VWUXFWXUHV�WKH�GHVLJQV�RI�FROXPQV�DQG�WRZHUV�ZHUH�PDGH�DVVXPLQJ�WKH�ORFDWLRQ�RI�
WKH�VWUXFWXUHV�LQ�GLIIHUHQW�VHLVPLF�KD]DUGRXV�]RQHV�RI�0H[LFR��

%DVHG� RQ� GHVLJQV� RI� FROXPQV� DQG� WRZHUV� DQG� WKH� VWUXFWXUDO� FRQILJXUDWLRQ� RI� EULGJHV�� &LYLO� 0LGDV� PRGHOV� ZHUH�
GHYHORSHG�WR�SHUIRUP�6WDQGDUG�3XVKRYHU�$QDO\VLV��63$���0RGDO�3XVKRYHU�$QDO\VLV��03$��DQG�1RQ�/LQHDU�5HVSRQVH�
+LVWRU\� $QDO\VLV� �1/�7+$��� IRU� WKH� ODVW� W\SH� RI� DQDO\VHV� WHQ� VHLVPLF� UHFRUGV� ZHUH� JHQHUDWHG� IRU� WKH� ORFDWLRQ� WKH�
VWUXFWXUHV�� IRU� D� FKDUDFWHULVWLF� VHLVPLF� VFHQDULR�� 6SHFLILFDOO\�� WKH� VHLVPLF� VFHQDULR� FRQVLGHUHG� ZDV� DQ� HDUWKTXDNH� RI�
PDJQLWXGH����)RU�WKH�GHILQLWLRQ�RI�WKH�QRQOLQHDU�PRGHOV��LW�ZDV�WDNHQ�LQWR�DFFRXQW�WKH�HIIHFWLYH�VWLIIQHVV��WKH�FRQFUHWH�
FRQILQHPHQW�� WKH�3�'� HIIHFWV� DQG� WKH�GLVWULEXWHG�SODVWLF�KLQJHV�ZHUH�XVHG� IRU� WKH�WZR�QRQOLQHDU�DQDO\VHV��&DSDFLW\�RI�
GXFWLOLW\� DQG� DYHUDJH� GHPDQG� RI� GXFWLOLW\� �IRU� WKH� WHQ� YDOXHV��ZHUH� GHWHUPLQHG� IRU� FROXPQV� DQG� WRZHUV�� FRQVLGHULQJ�
WKHVH�HOHPHQWV�DV�WKH�RQO\�RQHV�KDYLQJ�LQHODVWLF�EHKDYLRU�LQ�WKH�VWXGLHG�PRGHOV��

7KH�GXFWLOLW\� YDOXHV�REWDLQHG�ZHUH�FRPSDUHG�EHWZHHQ� WKH� WZR�W\SHV�RI�QRQOLQHDU�DQDO\VLV� LQ�RUGHU� WR�FRQFOXGH� LI� WKH�
PRGDO�QRQOLQHDU�VWDWLF�DQDO\VLV�LV�DSSURSULDWH�WR�GHWHUPLQH�WKH�FDSDFLW\�RI�GXFWLOLW\�IRU�EULGJH�HOHPHQWV��EHFDXVH�VRPH�
UHVHDUFKHUV� >�@� UHFRPPHQG� VWXG\LQJ� WKH�DSSOLFDWLRQ�03$�LQ�EULGJH�ZLWK� VSHFLDO� VWUXFWXUDO�FRQILJXUDWLRQ�� ,Q�DGGLWLRQ��
UHFRPPHQGDWLRQV�RI�GXFWLOLW\�FDSDFLW\�YDOXHV�DUH�FRPPHQWHG�IRU�WKH�W\SHV�RI�VSHFLDO�EULGJHV�VWXGLHG��
��

.H\ZRUGV��VSHFLDO�EULGJHV��VHLVPLF�EHKDYLRU��GXFWLOLW\�FDSDFLW\��PRGDO�SXVKRYHU�DQDO\VLV�
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��� ,QWURGXFWLRQ�

7KH�VSHFLDO�EULGJHV�DUH�DOO�WKRVH�WKDW�DUH�QRW�FRPPRQ��WKRVH�KDYLQJ�VLJQLILFDQW�OHQJWK��VSHFLDO�HOHPHQWV��RU�
H[FHSWLRQDO�FKDUDFWHULVWLFV��WKH\�DUH�EDVLFDOO\�GLIIHUHQW�IURP�YLDGXFW��VLPSO\�VXSSRUWHG�RU�FRQWLQXRXV�EULGJHV��
7KH�VSHFLDO�EULGJHV�KDYH�EHHQ�OHVV�VWXGLHG�LQ�WKH�DQDO\VLV�RI�WKHLU�EHKDYLRU�DQG�GHVLJQ�IRU�H[WHUQDO�ORDGV��VR�
LW�LV�LPSRUWDQW�WR�H[SDQG�WKH�NQRZOHGJH�IRU�WKHLU�EHVW�FRQFHSWLRQ��

5HFHQWO\��VRPH�SDUWLDO�RU�WRWDO�FROODSVHV�ZHUH�UHSRUWHG�LQ�VSHFLDO�EULGJHV��)RU�H[DPSOH��LQ������RQH�RI�
WKH� WRZHUV� RI� WKH� &KLUDMDUD� %ULGJH� LQ� &RORPELD� FROODSVHG� GXH� WR� D� GHVLJQ� HUURU� LQ� WKH� UHVLVWDQFH� RI� WKH�
FRQFUHWH�ZDOO�RI�WKH�WRZHU�DQG�WKH�XQLRQ�ZLWK�WKH�KHDG�JLUGHU�>�@��$OVR��D�SHGHVWULDQ�EULGJH�LQ�)ORULGD��86$���
D�FRPELQDWLRQ�RI�5&�WUXVV�DQG�FDEOH�VWD\HG�EULGJH��FROODSVHG�GXULQJ�FRQVWUXFWLRQ�GXH�WR�D�SRRU�GHVLJQ�RI�WKH�
FRQQHFWLRQ�EHWZHHQ�WZR�PHPEHUV�RI�WKH�WUXVV�FRQQHFWHG�WR�WKH�VODE�>�@��,Q�$XJXVW�LQ�*HQRD��,WDO\��D�VHFWLRQ�
RI�WKH�0RUDQGL�FDEOH�VWD\HG�EULGJH�FROODSVHG�� LW�ZDV�EDVHG�RQ�5&�GRXEOH�9�WRZHUV��5&�VODE�DQG�RQO\�WZR�
EUDFHV� FRYHUHG� ZLWK� UHLQIRUFHG� FRQFUHWH� RQ� HDFK� VLGH� RI� WKH� WRZHUV�� LW� IDLOHG� EHFDXVH� DQ� LQDGHTXDWH�
PDLQWHQDQFH�RI�WKH�EUDFHV�>�@��

$V�D�UHVXOW�RI�GLPHQVLRQDO�FKDUDFWHULVWLFV�LQ�VSHFLDO�EULGJHV��RQO\�IHZ�H[SHULPHQWDO�VWXGLHV�KDG�EHHQ�
SHUIRUPHG��<HK� HW� DO�� >�@� FRQGXFWHG� UHDO�VFDOH� H[SHULPHQWDO� WHVWV� RI� WKUHH� UHFWDQJXODU� SLHUV� RI�KROORZ�5&�
VHFWLRQ�� VXEMHFWHG� WR� F\FOLF� H[FLWDWLRQ��7KH�SLHUV��ZLWK� OHQJWK�EHWZHHQ�����P� WR� ����P��SUHVHQWHG�GXFWLOLW\�
EHWZHHQ�����DQG������ZLWK�EHQGLQJ�RU�VKHDU�IDXOWV��6FKRHWWOHU�HW�DO��>�@�SHUIRUPHG�WKH�UHDO�VFDOH�WHVW�RI�D�5&�
FLUFXODU�SLHU�RQ�WKH�VKDNLQJ�WDEOH��7KH�SLHU�RI������P�GLDPHWHU�������P�KLJK�DERYH�WKH�IRXQGDWLRQ�DQG�������
ORQJLWXGLQDO� SHUFHQWDJH� RI� VWHHO� ZDV� VXEMHFWHG� WR� WHQ� VLPXODWLRQV� RI� UHFRUGV� IURP� GLIIHUHQW� VWDWLRQV�
FRUUHVSRQGLQJ�WR�WKH�/RPD�3ULHWD�DQG�.REH�HDUWKTXDNHV��GHYHORSLQJ�GXFWLOLW\�EHWZHHQ������DQG�������<L�HW�
DO�� >�@�FRQGXFWHG�DQ� H[SHULPHQWDO� VWXG\�RI� D� FDEOH�VWD\HG�EULGJH� DW������VFDOH�� VXEMHFW� WR� WKH�DFHOHURJUDP�
UHFRUGHG�DW�7&8����VWDWLRQ�RI� WKH������&KL�&KL�HDUWKTXDNH�� WKH�RULJLQDO�VLJQDO�ZDV� VFDOHG�DOVR������ZLWK�
YDULRXV�LQWHQVLWLHV��$OWKRXJK� LWV�PDLQ�REMHFWLYH�ZDV�WR�HYDOXDWH�WKH�HIIHFW�RI� WRUVLRQ�RQ�WKH�FROXPQV�RI�WKH�
WRZHUV�� WKH\� DOVR� UHSRUWHG� UHVXOWV� RQ� GXFWLOLW\�� VR� IRU� JUHDWHVW� PDJQLWXGHV� D� PD[LPXP� GXFWLOLW\� RI�
DSSUR[LPDWHO\�����ZDV�UHJLVWHUHG��XQIRUWXQDWHO\�LW�ZDV�REWDLQHG�IURP�D�PDWKHPDWLFDO�PRGHO��

7KHUH�DUH�PRUH� DQDO\WLFDO� VWXGLHV� IRU�EULGJHV��$\DOD� >�@� HVWLPDWHG� WKH�GXFWLOLW\�RI� FRPPRQ�EULGJHV��
YDU\LQJ�VRPH�SDUDPHWHUV��VXFK�DV��KHLJKW�RI�FROXPQV����P�����P�DQG����P���QXPEHU�RI�FROXPQV�E\�EHQW��RQH�
DQG� WKUHH��� FURVV�VHFWLRQDO� VKDSH� �ZDOO� W\SH�� REORQJ� DQG� KROORZ� FLUFXODU��� DPRXQW� RI� ORQJLWXGLQDO� VWHHO�
�EHWZHHQ� ��� DQG� ���� DQG� WUDQVYHUVH� VWHHO� �FRQILQHG� RU� QRW��� ZLWK� DQG� ZLWKRXW� FRQVLGHULQJ� WKH� HIIHFWLYH�
VWLIIQHVV� ��� DQG� ���� RI� WKH� JURVV� LQHUWLD��� ZLWK� DQG� ZLWKRXW� VHFRQG� RUGHU� HIIHFWV� DQG� FRQVLGHULQJ� VRLO�
VWUXFWXUH�LQWHUDFWLRQ��VRIW��PHGLXP�DQG�KDUG�VRLOV���'XFWLOLW\�REWDLQHG�XVLQJ�VWDWLF�QRQOLQHDU�DQDO\VLV�YDULHG�
IURP������WR������LQ�WKH�WUDQVYHUVH�GLUHFWLRQ��ZKLOH�XVLQJ�QRQOLQHDU�G\QDPLF�DQDO\VLV�WKH�DYHUDJH�GHPDQG�RI�
GXFWLOLW\�ZDV������LQ�WKH�VDPH�GLUHFWLRQ��5DVHWD�HW�DO��>�@�HYDOXDWHG�WKH�VHLVPLF�SHUIRUPDQFH�RI�D�5&�EULGJH�
XVLQJ�QRQOLQHDU�G\QDPLF� DQDO\VLV�� WKH� OHQJWK�RI� WKH�EULGJH�ZDV�����P��ZLWK� FROXPQV� DW� LWV� EDVH� DQG�ZLWK�
GLIIHUHQW�KHLJKWV����P�����P��DQG����P���FURVV�VHFWLRQ�RI���P�ORQJ�DQG�D�ZLGWK�WKDW�YDULHV�EHWZHHQ�����P�WR�
����P��7KH�VXSHUVWUXFWXUH�ZDV�FRPSRVHG�RI�D�KROORZ�VHFWLRQ�RI������P�ZLGH�DQG�D������P�KLJK��7KUHH�UHDO�
DFFHOHOHURJUDPV� ZHUH� XVHG� IRU� WKH� QRQOLQHDU� G\QDPLF� DQDO\VLV�� VFDOHG� WR� EH� FRQVLVWHQW� ZLWK� WKH� HODVWLF�
VSHFWUXP��7KH�REWDLQHG�GXFWLOLW\�ZDV�EHWZHHQ������WR������LQ�WKH�ORQJLWXGLQDO�GLUHFWLRQ�DQG������WR������LQ�
WKH�WUDQVYHUVH�GLUHFWLRQ� .DSSRV�HW�DO��>��@�LPSOHPHQWHG�WKH�PRGDO�QRQOLQHDU�VWDWLF�DQDO\VLV�LQ�WKH�QRQOLQHDU�
VWXG\�RI�WKH�.U\VWDOORSLJL�%ULGJH��LW�KDV�D�VWURQJ�DQJOH�RI�FXUYDWXUH�LQ�SODQ��WZHOYH�VSDQV�ZLWK�D�WRWDO�OHQJWK�
RI�����P��D�5&�ER[����P�ZLGH�VXSHUVWUXFWXUH�DQG�5&�KROORZ�UHFWDQJXODU�SLHUV�ZLWK�YDU\LQJ�KHLJKWV�EHWZHHQ�
���P� WR� ��� P�� ,Q� WKLV� VWUXFWXUH�� WKUHH� W\SHV� RI� DQDO\VLV� ZHUH� SHUIRUPHG�� SXVKRYHU�� PRGDO� SXVKRYHU� DQG�
QRQOLQHDU�G\QDPLF��IRUPHG�ZLWK�V\QWKHWLF�DFFHOHURJUDPV�FRPSDWLEOH�ZLWK�WKH�GHVLJQ�VSHFWUXP�DFFRUGLQJ�WR�
*UHHN�UHJXODWLRQV��)URP�UHVXOWV��LW�ZDV�GHWHUPLQHG�WKDW� WKH�GLVSODFHPHQWV�REWDLQHG�ZLWK�WKH�VWDWLF�PHWKRGV�
DUH�JHQHUDOO\�VPDOOHU�WKDQ�WKRVH�FDOFXODWHG�ZLWK�WKH�G\QDPLF�PHWKRG��

)URP�ZKDW�KDV�EHHQ�SUHYLRXVO\�FRPPHQWHG��LW�LV�FRQVLGHUHG�QHFHVVDU\�WR�H[SDQG�WKH�VWXG\�RI�WKH�QRQ�
OLQHDU�EHKDYLRU�RI�VSHFLDO�EULGJHV��VLQFH�WKHLU�FRQVWUXFWLRQ�DQG�GHVLJQ�LV�LQFUHDVLQJO\�FRPPRQ��,Q�WKLV�ZRUN��
WKH� FDSDFLW\� DQG� GHPDQG� RI� GXFWLOLW\� LQ� FROXPQV� DQG� WRZHUV� RI� WZR� VSHFLDO� EULGJHV� ZHUH� GHWHUPLQHG� E\�
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PHDQV�RI�6WDQGDUG�3XVKRYHU�$QDO\VLV� �63$���0RGDO�3XVKRYHU�$QDO\VLV� �03$��DQG�1RQ�/LQHDU�5HVSRQVH�
+LVWRU\�$QDO\VLV��1/�7+$���

��� 6HOHFWHG�EULGJH�VWUXFWXUHV�

7KLV� VHFWLRQ�GHVFULEHV� WKH�PDLQ� FKDUDFWHULVWLFV� DQG� JHQHUDO� GLPHQVLRQV�RI� WKH� WZR�EULGJHV� VHOHFWHG� IRU� WKH�
VWXG\��D�5&�IUDPH�EULGJH�DQG�D�PL[�VWUXFWXUH�IRUPHG�E\�D�FDEOH�VWD\HG�VXEV\VWHP�DQG�D�VLPSOH�VXSSRUWHG�
VHFWLRQ��$OVR�WKH�EULGJHV�PDWKHPDWLFDO�PRGHOV�PDGH�LQ�WKH�&LYLO�0LGDV�>��@�SURJUDP�DUH�H[SODLQHG��

����)UDPH�EULGJH�

7KH�ILUVW�EULGJH�LV�D�5&�IUDPH�W\SH��ZLWK�D�WRWDO�OHQJWK�RI�����P�GLYLGHG�LQWR�ILYH�VSDQV��������������������
��������P��� WKH�KLJKHVW�FROXPQ�KDV�D� OHQJWK�RI�DERXW�����P��7KH�JHQHUDO�GLPHQVLRQV�RI� WKH�VWUXFWXUH�DUH�
VKRZQ�LQ�)LJ�����7KH�VXSHUVWUXFWXUH�LV�D�ER[�VHFWLRQ�ZLWK�SDUDEROLF�YDULDWLRQ�KLJK�RI���P�WR����P�DORQJ�WKH�
EULGJH��H[FHSW�EHWZHHQ�FROXPQV�1R���DQG�1R���ZKHUH�WKH�VHFWLRQ�EHFRPHV�FRQVWDQW��7KH�VODE�LV�VHJPHQWHG�
LQWR���P�GRZHOV��7KH�VXEVWUXFWXUH�LQFOXGHV�WZR�LQFOLQHG�FROXPQV��1R���DQG�1R����PRQROLWKLFDOO\�DWWDFKHG�WR�
WKH�VXSHUVWUXFWXUH�DQG�WZR�YHUWLFDO�FDQWLOHYHUHG�FROXPQV��ZKLFK�DUH�DWWDFKHG�WR�WKH�VXSHUVWUXFWXUH�E\�VOLGLQJ�
VXSSRUWV� WKDW� DOORZ� ORQJLWXGLQDO� VOLGLQJ� RI� WKH� VODE� DQG� UHVWULFW� LW� WUDQVYHUVHO\�� 7KH� IRXU� FROXPQV� KDYH�
YDULDEOH�VHFWLRQV��

7KH� IUDPH� EULGJH� GHVLJQ� ZDV� FDUULHG� RXW� LQ� DFFRUGDQFH� ZLWK� 0H[LFDQ� UHJXODWLRQV� >��@�� ZLWK�
SHUFHQWDJHV�RI�VWHHO�EHWZHHQ�U� ��������DQG�U� ���������)RU�WKH�YHUWLFDO�UHLQIRUFHPHQW�WKUHH�PDLQ�EUDQFKHV�
RI���#����P�ZHUH�VXSSOLHG�DQG�D�VHFRQGDU\�VWLUUXS�RI�����,Q�DGGLWLRQ��WKH�GHVLJQ�RI�WKH�VXSHUVWUXFWXUH�ZDV�
PDGH�WR�REWDLQ�WKH�SUHVWUHVVLQJ�VWUDQGV�LQ�RUGHU�WR�LQFOXGH�WKHP�LQ�WKH�PDWKHPDWLFDO�PRGHO��WKHLU�FDOFXODWLRQ�
ZDV� EDVHG� RQ� WKH� 0H[LFDQ� ,QVWLWXWH� RI� 3RVW�WHQVLRQLQJ� 0DQXDO� >��@�� 7KH� ZLQG� DFWLRQ� DQG� FRQFUHWH�
FRQWUDFWLRQ�ZHUH� QRW� FRQVLGHUHG�� QRU� WKH� ORDGV� RI� WKH� VXSHUVWUXFWXUH� GHVLJQ� �OLNH� EUDNLQJ� IRUFH�� FROOLVLRQ��
HWF����VLQFH�WKH\�DUH�QRW�ZLWKLQ�WKH�VFRSH�RI�WKLV�ZRUN��$�GXFWLOLW\�FDSDFLW\�RI���ZDV�FRQVLGHUHG�LQ�WKH�GHVLJQ�
SURFHVV��

7KH� VWUXFWXUDO�PRGHO� LV� EDVHG�RQ� WKH�RQH�XVHG� IRU� WKH�.RFKHUWDO�%ULGJH� >��@��6SHFLILFDOO\�� FROXPQV�
ZHUH� PRGHOHG� ZLWK� EDU� HOHPHQWV� DQG� ZHUH� FRQVLGHUHG� DV� HPEHGGHG� LQ� WKHLU� EDVH�� VR� WKH� VRLO�VWUXFWXUH�
LQWHUDFWLRQ� HIIHFW� ZDV� QRW� FRQVLGHUHG�� ,Q� DGGLWLRQ�� WKH� FROXPQV� ZHUH� GLVFUHWL]HG� LQ� OHQJWKV� HTXDO� WR� WKH�
WKHRUHWLFDO�SODVWLF�OHQJWK��LQ�KLJK�FROXPQV�WKH�OLWHUDWXUH�UHFRPPHQGV�GLVFUHWL]LQJ�DW�OHDVW�HLJKW�VHFWLRQV�>��@���
IRU�WKHVH�FDVH����VHFWLRQV�ZHUH�REWDLQHG�IRU�HDFK�FROXPQV��&ROXPQV�1R���DQG�1R���DUH�FRQQHFWHG�GLUHFWO\�WR�
WKH�VODE�HOHPHQWV��ZKLOH�WKH�FROXPQV�1R���DQG�1R���DUH�FRQQHFWHG�E\�D�OLQN�HOHPHQW��UHOHDVLQJ�WKH�GHJUHHV�RI�
IUHHGRP�RI�GLVSODFHPHQW� LQ� WKH� ORQJLWXGLQDO�GLUHFWLRQ�DQG� LWV� WKUHH�URWDWLRQV�>��@�� LQ�RUGHU�WR�DOORZ�VOLGLQJ�
EHWZHHQ�FROXPQV�DQG�WKH�VODE��VLPXODWLQJ�D�7HIORQ�327�VOLGLQJ�VXSSRUW��7KH�ORQJLWXGLQDO�PRYHPHQW�RI�WKH�
EULGJH� LV� OLPLWHG� DW� WKH� H[WUHPHV� E\� PHDQV� RI� VSULQJV�� VLPXODWLQJ� D� VHLVPLF� VWRS� EDVHG� RQ� ODPLQDWHG�
HODVWRPHUV� RU�327� W\SH�� )LJ�� �� VKRZV� WKH�PRGHO� RI� WKH� EULGJH�PDGH� LQ� WKH�&LYLO�0LGDV� SURJUDP� >�@�� WKH�
SODVWLF�]RQHV�DUH�LQGLFDWHG�LQ�UHG�FRORU��7R�VLPXODWH�WKDW�WKH�VODE�EHKDYHV�OLNH�D�ULJLG�ERG\�LQ�WKH�ORQJLWXGLQDO�
GLUHFWLRQ��WKH�VODE�QRGHV�ZHUH�FRQVWUDLQHG�WR�WKH�QRGH�RI�WKH�JUDYLW\�FHQWHU��7ZR�PRGHOV�ZHUH�GHYHORSHG��LQ�
WKH�ILUVW�RQH��357&����WKH�HIIHFW�RI�GHJUDGHG�LQHUWLD�ZDV�WDNHQ�LQWR�DFFRXQW�E\�PXOWLSO\LQJ�WKH�JURVV�LQHUWLD�
RI�WKH�FROXPQV�E\�����DFFRUGLQJ�WR�0H[LFDQ�UHJXODWLRQV�>��@��,Q�WKH�VHFRQG�PRGHO��357&����WKLV�HIIHFW�ZDV�
FRQVLGHUHG�XVLQJ�WKH�FRQFHSW�RI�HIIHFWLYH�VWLIIQHVV��(,H��>��@�GHVFULEHG�E\�(T�����

�����������������������������������������������������������������(,H 0\L���)\L� ������������������������������������������������������������������������������

ZKHUH�0\L� DQG�)\L� UHSUHVHQW� WKH�PRPHQW� RI� FUHHS� DQG� FXUYDWXUH�� UHVSHFWLYHO\�� REWDLQHG� IURP�DQ� LGHDOL]HG�
PRPHQW�FXUYDWXUH�ELOLQHDU�GLDJUDP�ZLWK�WKH�D[LDO�ORDG�DFWLQJ�LQ�WKH�VHFWLRQ��ZLWKRXW�IDFWRULQJ��%HFDXVH�LW�LV�
D�5&�VWUXFWXUH��D�GDPSLQJ�YDOXH�RI������ZDV�FRQVLGHUHG��
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)LJ����±�*HQHUDO�GLPHQVLRQV�RI�WKH�IUDPH�EULGJH�

)LJ����±�0LGDV�&LYLO�IUDPH�EULGJH�PRGHO�

����&DEOH�VWD\HG�EULGJH�

7KH�VHFRQG�VHOHFWHG�VWUXFWXUH�LV�D�FDEOH�VWD\HG�EULGJH�RI�WKUHH�VSDQV��WKH�PDLQ�VSDQ�KDV�����P�DQG�WKH�ODWHUDO�
VSDQV�DUH�RI����P�DQG�����P��D�WRWDO�WKH�OHQJWK�RI�WKH�EULGJH�LV�����P��7KH�DSSUR[LPDWH�KHLJKW�RI�WKH�WRZHUV�
LV�����P�DQG�IRU�SLOHV�1R���DQG�1R���WKHLU�OHQJWKV�DUH����P��LQFOXGLQJ�IRXQGDWLRQ��7KH�JHQHUDO�GLPHQVLRQV�RI�
WKH�FDEOH�VWD\HG�EULGJH�DUH�VKRZQ�LQ�)LJ�����7KH�FRQILJXUDWLRQ�RI�WRZHU�1R���DQG�1R���LV�IUDPH� W\SH�>��@��
7KH�WRZHUV�VWDUW�WLOWHG��EXW�RQFH�WKH\�SDVV�WKH�VODE�OHYHO�WKH\�EHFRPH�YHUWLFDO��7KH�ILUVW�DQG�VHFRQG�VHFWLRQ�RI�
WKH�WRZHU�DUH�YDULDEOH��WKH�WKLUG�VHFWLRQ�EHFRPHV�FRQVWDQW�ZLWK�WKLFNQHVVHV�WKDW�YDU\�IURP������P�WR������P�
PLQLPXP��7KH� YHUWLFDO� HOHPHQWV� RI� WKH� WRZHUV� DUH� FRQQHFWHG� WR� D� KHDG� JLUGHU��ZKLFK� VXSSRUWV� WKH� EULGJH�
GHFN��DQG�XSSHU�JLUGHUV�WKDW�SURYLGH�VWDELOLW\�WR�WKH�WRZHUV��)RU�WKH�VWUXFWXUH��D�FRQFUHWH�ZLWK�I¶F ������03D�
DQG�$670�����UHLQIRUFLQJ�VWHHO�ZLWK� I\ ����03D�LV�VSHFLILHG��7KH�SHUFHQWDJH�RI� ORQJLWXGLQDO�VWHHO�YDULHV�
IURP������ WR����LQ� WKH�ILUVW� WZR�VHJPHQWV�� DQG� IURP������ WR������� LQ� WKH� WKLUG��7KH�GHFN� LV� IRUPHG�E\�
VWUXFWXUDO�VWHHO�DQG�5&������P�WKLFNQHVV�VODE��7KH�PDLQ�EHDP�KDV�D�ZHE�KHLJKW�RI������P��ZLGWK�RI� ORZHU�
DQG�VXSHULRU�IODQJHV�RI�����P�DQG�����P��$OVR�WKH�WKLFNQHVV�RI�WKH�XSSHU�IODQJH�YDULHV�IURP�������P�WR�������
P� DORQJ� WKH� EULGJH�� ZKLOH� WKH� WKLFNQHVV� RI� WKH� ORZHU� RQH� UHPDLQV� FRQVWDQW� ZLWK� ������P�� ,Q� WKH� VODE� D�
UHVLVWDQFH� I�F ������03D� LV�VSHFLILHG��DQG�WKH�PDLQ�EHDP�LV�EDVHG�RQ�VWUXFWXUDO�VWHHO�$�����JUDGH����ZLWK�
I\ ������03D��7KH�EULGJH�EUDFHV�KDYH�D�IDQ�W\SH�DUUDQJHPHQW�DQG�DUH�FRPSRVHG�RI���ZLUH�VWUDQGV�RI��������
P�GLDPHWHU�$670�$�����VWHHO��ZLWK�I\ �����03D��7KH�DUHD�RI�WKH�ZLUHV�YDULHV�IURP��������Pð�WR��������Pð�
PD[LPXP��DV�ZHOO�DV�WKH�SUHWHQVLRQ�IRUFH�YDULHV�IURP������;����1�WR�D�PD[LPXP�RI����[����1��2Q�WKH�WZR�
WRZHUV�� GHFN� UHVWV� RQ� 327� 7HIORQ� W\SH� VXSSRUWV�� ZKLFK� DOORZ� D� VOLGLQJ� LQ� WKH� ORQJLWXGLQDO� GLUHFWLRQ� DQG�
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UHVWULFW� WKHP� LQ� WKH� WUDQVYHUVH� GLUHFWLRQ�� 2Q� WKH� DEXWPHQW� 1R��� WKH� GHFN� VLWV� RQ�1HRSUHQH� VXSSRUWV�ZLWK�
GLPHQVLRQV�RI�����[����[������P��2Q�WKH�RWKHU�KDQG��LQ�WKH�DEXWPHQW�1R����WKH�PDLQ�EHDPV�RI�WKH�GHFN�DUH�
HPEHGGHG�LQ�WKH�GHDG�DQFKRU�RI�WKH�EUDFHV�DW�WKH�EHJLQQLQJ�RI�WKH�ILUVW�VHFWLRQ���

7RZHUV�DQG�FROXPQV�ZHUH�PRGHOHG�ZLWK�EDU�HOHPHQWV��DV�ZHOO�DV�WKH�PDLQ�EHDP��ZKLOH�WKH�VODE�ZDV�
PRGHOHG�ZLWK�SODWH� HOHPHQWV��&DEOHV�ZHUH�PRGHOHG�ZLWK� WKH�&LYLO�0LGDV� >��@�RSWLRQ� WR�PRGHO� FDEOH� W\SH�
HOHPHQWV��ZKLFK�DXWRPDWLFDOO\� WDNHV� LQWR�DFFRXQW� WKH�JHRPHWULF�QRQOLQHDULW\�RI� WKHVH� HOHPHQWV�� ,Q�JHQHUDO��
WKH� PRGHO� ZDV� EDVHG� RQ� WKH� UHFRPPHQGDWLRQV� RI� >��@�� 7KH� PDLQ� EHDPV� RI� WKH� OHIW� HQG� DUH� HPEHGGHG�
DFFRUGLQJ�WR�WKH�FRQVWUXFWLRQ�GHWDLOV��DQG�DW�WKH�ULJKW�HQG��OLQN�W\SH�HOHPHQWV�ZLWK�WKH�HTXLYDOHQW�VWLIIQHVV�RI�
WKH� QHRSUHQH� VXSSRUW� ZHUH� XVHG�� 7KH� 327� 7HIORQ� VXSSRUWV� KDYH� EHHQ� PRGHOHG�ZLWK� OLQN� W\SH� HOHPHQWV��
ZKLFK� KDYH� EHHQ� SURYLGHG� ZLWK� DQ� LQILQLWH� ULJLGLW\� LQ� WKH� YHUWLFDO� DQG� WUDQVYHUVH� GLUHFWLRQ�� DOORZLQJ�
ORQJLWXGLQDO�VOLGLQJ��,Q�JHQHUDO��DFFRUGLQJ�WR� UHVHDUFK��WKH�GDPSLQJ�LQ�FDEOH�VWD\HG�EULGJHV�LV�TXLWH�ORZ��LQ�
WKLV�ZRUN�D����GDPSLQJ�ZDV�XVHG�>��@��)LJ����VKRZV�WKH�PDWKHPDWLFDO�PRGHO�PDGH�LQ�&LYLO�0LGDV��

)LJ����±�*HQHUDO�GLPHQVLRQV�RI�WKH�FDEOH�VWD\HG�EULGJH�

)LJ����±�0LGDV�&LYLO�PDWKHPDWLFDO�PRGHO�RI�WKH�FDEOH�VWD\HG�EULGJH�

)RU� WKHVH� VWUXFWXUHV� WZR� PRGHOV� ZHUH� DOVR� FRQVLGHUHG�� LQ� WKH� ILUVW�� $7517'���� WKH� LQHUWLD� RI� WKH�
FROXPQV�DQG�EHDPV�RI�WRZHUV�DQG�FROXPQV�ZHUH�PXOWLSOLHG�E\�D�IDFWRU��%HDPV�ZHUH�DIIHFWHG�E\����,J�DQG�
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FROXPQV� E\� ���,J� >��@�� )RU� WKH� VHFRQG� PRGHO�� $7517'���� WKH� HIIHFWLYH� LQHUWLDO� ZDV� DSSOLHG� XVLQJ� WKH�
FULWHULD� >��@��)RU� WKH� WRZHUV� WKH�DYHUDJHV� IDFWRUV�ZHUH�EHWZHHQ������DQG������� ,Q�FROXPQV�1R���DQG�1R����
YDOXHV� ZHUH� RI� ����� DQG� ����� ZKLOH� LQ� WKH� JLUGHU� KHDGV� ZDV� ����� 'HFN� DQG� RWKHU� HOHPHQWV� KDYH� EHHQ�
FRQVLGHUHG�HODVWLF��VLQFH�WKH\�KDYH�IHZ�FRQWULEXWLRQV�LQ�UHVLVWDQFH�WR�ODWHUDO�ORDGV��

��� 6HLVPLF�ORDG�FKDUDFWHUL]DWLRQ�

7KH�VWXGLHG�EULGJHV�ZHUH�GHVLJQHG�IRU�WKHLU�FRQVWUXFWLRQ�LQ�GLIIHUHQW�ORFDWLRQV��VR�WKH�VHLVPLF�KD]DUG�XVHG�LV�
DOVR�GLIIHUHQW�� ,Q� WKH� FDVH� RI� WKH� IUDPH�EULGJH�� WR�REWDLQ�GLVSODFHPHQW�GHPDQG�XVLQJ� WKH�03$�� WKH� HODVWLF�
VSHFWUXP�VKRZQ�LQ�)LJXUH����OHIW��ZDV�XVHG�>��@��,Q�RUGHU�WR�SHUIRUP�WKH�QRQOLQHDU�G\QDPLF�DQDO\VLV��WZHOYH�
DFFHOHURJUDPV�UHJLVWHUHG� LQ�0p[LFR�>��@�ZHUH�VHOHFWHG�� WKHVH�ZHUH�FRUUHFWHG�E\�EDVHOLQH�DQG�ILOWHUHG�� WKHLU�
FKDUDFWHULVWLFV�DUH�VKRZQ�LQ�7DEOH����

� (ODVWLF�VSHFWUXP�XVHG�IRU�WKH�FDEOH�VWD\HG�EULGJH�LV�VKRZQ�LQ�)LJ�����ULJKW���7KH�DFFHOHOHURJUDPV�XVHG�
LQ� WKH� QRQOLQHDU� G\QDPLF� DQDO\VLV� RI� WKLV� EULGJH�ZHUH� WDNHQ� IURP� VLPLODU� VHLVPLF� ]RQHV�� VLQFH� WKHUH�ZDV�
LQVXIILFLHQW�LQIRUPDWLRQ�IRU�WKH�SURSHU�ORFDWLRQ�RI�WKH�VWUXFWXUH��7KH�FKDUDFWHULVWLFV�RI�WKH�XVHG�HDUWKTXDNHV�
DUH� LQGLFDWHG� LQ�7DEOH���� ,Q�)LJ�� ��� WKH� HODVWLF� VSHFWUXPV�DUH� VKRZQ��ZLWK�GDPSLQJ�RI�����RI� WKH� VWURQJHU�
KRUL]RQWDO�FRPSRQHQW�RI�WKH�VHOHFWHG�DFFHOHURJUDPV�IRU�WKH�WZR�EULGJHV��

)LJ����±�8VHG�HODVWLF�VSHFWUXPV��OHIW�IRU�WKH�IUDPH�EULGJH�DQG�ULJKW�IRU�WKH�FDEOH�VWD\HG�EULGJH�

��� $QDO\VHV�DQG�UHVXOWV�

)RU�HDFK�RI�WKH�EULGJHV�XQGHU�VWXG\��WKUHH�W\SHV�RI�DQDO\VLV�ZHUH�SHUIRUPHG��VWDQGDUG�SXVKRYHU��63$���PRGDO�
SXVKRYHU� �03$�� DQG� G\QDPLF� QRQOLQHDU� �1/�7+$��� )RU� WKH� ODVW� RQH�� DFFHOHURJUDPV� SUHVHQWHG� LQ� WKH�
SUHYLRXV�VHFWLRQ�ZHUH�XVHG��DYHUDJLQJ�WKH�REWDLQHG�YDOXHV��)URP�UHVXOWV��WKH�WUDQVYHUVH�GLUHFWLRQ�LV�DQDO\]HG�
EHFDXVH�LW�LV�WKH�PRVW�FULWLFDO��DQG�WKH�GXFWLOLW\�REWDLQHG�IRU�GLIIHUHQW�OHYHOV�RI�SHUIRUPDQFH�LV�UHSRUWHG��

����)UDPH�EULGJH�

)RU� VWDQGDUG� QRQOLQHDU� VWDWLF� DQDO\VLV� WKH� WUDQVYHUVDO� GXFWLOLW\� FRUUHVSRQGLQJ� WR� WKH� SHUIRUPDQFH� OHYHOV� RI�
LPPHGLDWH�RFFXSDQF\��,2��� OLIH�VDIHW\��/6��DQG�FROODSVH�SUHYHQWLRQ��&3��IRU� WKH�357&���PRGHO�DUH�������
����� DQG� ����� UHVSHFWLYHO\�� ZKLOH� WKH� PD[LPXP� YDOXH� �MXVW� EHIRUH� VWDUWLQJ� WKH� IDOO� RI� WKH� VKHDU� IRUFH� YV�
GLVSODFHPHQW�FXUYH��LV�������)RU�WKH�357&���PRGHO�WKHVH�YDOXHV�DUH������������DQG������IRU�,2��/6�DQG�&3�
SHUIRUPDQFH�OHYHOV�DQG������IRU�WKH�PD[LPXP�YDOXH��

7DEOH��� VKRZV�WKH�FKDUDFWHULVWLFV�RI� WKH�SULQFLSDO�PRGH�VKDSHV�RI�WKH�357&���DQG�357&���PRGHOV�
ZLWK� WKHLU� UHVSHFWLYH�SHUFHQWDJH�RI�PRGDO�PDVV�SDUWLFLSDWLRQ��XVHG� LQ�03$��$QDO\]HV� FRQVLGHUHG� DV�PDQ\�
PRGHV�DV�QHFHVVDU\�WR�REWDLQ�����RI�WKH�HIIHFWLYH�PDVV��7KH�JUHDWHVW�GLIILFXOW\�LQ�VWDWLF�PRGDO�DQDO\]HV�ZDV�
WR�GHILQH�WKH�PRQLWRULQJ�SRLQW��VLQFH�LW�LV�QRW�WKH�VDPH�IRU�DOO�PRGHV��VR�LW�FRXOG�EH�REVHUYHG�IURP�WKH�RQH�DW�
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WKH�WRS�RI�WKH�FROXPQV�WKDW�SURYLGHV�VWDEOH�FXUYHV�RI�VKHDU�IRUFH�YV��GLVSODFHPHQW��$SSO\LQJ�WKH�03$�>��@��
WKH�WRWDO�UHVSRQVH�LV�REWDLQHG�E\�PRGDO�FRPELQDWLRQ��VR�LQ�WKH�ODVW�FROXPQ�RI�7DEOH���WKH�GHPDQGV�GXFWLOLW\�
RI� HDFK�PRGH� DQG�PRGHOV� DUH� VKRZQ��7RWDO� GXFWLOLW\� LV� REWDLQHG�XVLQJ� WKH�6566�PRGDO� FRPELQDWLRQ� UXOH��
GHWHUPLQLQJ�D�YDOXH�RI������DQG������IRU�357&���DQG�357&���PRGHOV��UHVSHFWLYHO\��

7DEOH���±�$FFHOHURJUDPV�XVHG�IRU�WKH�G\QDPLF�DQDO\VLV�LI�WKH�IUDPH�EULGJH�

6WDWH� 6WDWLRQ�QDPH� &ODYH� 'DWH� 0DJQLWXGH DPD[��JDOV�

0LFKRDFiQ $SDW]LQJiQ� $3$7� ���PDU������ ���� �������

0LFKRDFiQ $SDW]LQJiQ $3$7� ���RFW������ ���� ���������

0LFKRDFiQ $SDW]LQJiQ $3$7� ���VHS������ ���� �������

0LFKRDFiQ $VWHDJD� $57*� ���DEU������ ���� �������

0LFKRDFiQ &DOHWD�GH�&DPSRV� &$/(� ���VHS������ ���� ��������

-DOLVFR� &KDPHOD� &-,*� ���VHS������ ���� ������

&ROLPD� &ROLPD� &2,*� ���VHS������ ���� ������

&ROLPD� &ROLPD� &2/,� ���DEU������ ���� �������

0LFKRDFiQ *XDFDPD\DV� *8$&� ���DEU������ ���� �������

0LFKRDFiQ =DFDWXOD� =$&$� ���VHS������ ���� ��������

*XHUUHUR� (VWDFLyQ�1R����$FDSXOFR� $&$-� ���VHS������ ���� �������

*XHUUHUR� (VWDFLyQ�1R����$FDSXOFR� $&$-� ���VHS������ ���� ������

7DEOH���±�$FFHOHURJUDPV�XVHG�IRU�WKH�G\QDPLF�DQDO\VLV�RI�WKH�FDEOH�VWD\HG�EULGJH�

6WDWH� 6WDWLRQ�QDPH� &ODYH� 'DWH� 0DJQLWXGH� DPD[��JDOV��

3XHEOD� 3DUTXH�+DEDQD� 3+38� ���VHS������ ���� ������

9LOODKHUPRVD 6HFXQGDULD�0�$OWDPLUDQR� 9+6$� ���VHS������ ���� �����

9HUDFUX]� 6ROHGDG�'REODGR� 62'2� ���VHS������ ���� ������

9HUDFUX]� /DJXQD�YHUGH� /9,*� ���VHS������ ���� �����

3XHEOD� 3RSRFDWHSHWO� 33,*� ���VHS������ ���� �������

9HUDFUX]� 6ROHGDG�'REDOGR� 62'2� ���DEU������ ���� �����

&XHUQDYDFD� (VWDFLyQ�1R��� &8(5� ���VHS������ ���� ������

&XHUQDYDFD� (VWDFLyQ�1R��� &8(5� ���VHS������ ���� �������

9LOODKHUPRVD 6HFXQGDULD�0�$OWDPLUDQR� 9+6$� ���IHE������ ���� �����

*XDQDMXDWR� $FiPEDUR� $&$0� ���IHE������ ���� �����

2d-0113 The 17th World Conference on Earthquake Engineering

© The 17th World Conference on Earthquake Engineering - 2d-0113 -



17th World Conference on Earthquake Engineering, 17WCEE

Sendai, Japan - September 27th to October 2nd, 2021

ϴ�

D�
J

D
�J

)LJ����±�(ODVWLF�VSHFWUXPV�RI�WKH�XVHG�DFFHOHURJUDPV�IRU�IUDPH�EULGJH��OHIW��DQG�FDEOH�VWD\HG�EULGJH��ULJKW���
6WURQJ�KRUL]RQWDO�FRPSRQHQW��

7DEOH���±�03$�UHVXOWV�IRU�WKH�IUDPH�EULGJH�PRGHOV�

0RGH 3HULRG��V� 3�ORQJ����� 3��WUDQVY����� ORQJ WUDQVY 1PRQ UQ ��

375&���PRGHO�

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

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

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

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

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

357&���0RGHO�

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

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

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

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

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

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

* �PRGDO�SDUWLFLSDWLQJ�IDFWRUV��1PRQ� PRQLWRULQJ�QRGH��IUQ PRGDO�YDOXH�RI�1PRQ��� GXFWLOLW\

)RU� WKH� QRQOLQHDU� G\QDPLF� DQDO\VHV�� DFFHOHURJUDPV� LQGLFDWHG� LQ� SUHYLRXV� VHFWLRQV�ZHUH� XVHG�� (DFK�
DFFHOHOHURJUDP�ZDV�DIIHFWHG�E\�D�IDFWRU��ZKRVH�YDOXH� LV�FDOFXODWHG�E\�UHVHPEOLQJ�WKH�VSHFWUDO�RUGLQDWHV�RI�
WKH�UHJLVWHU�DQG� WKH�GHVLJQ�VSHFWUXP�IRU� WKH� WUDQVYHUVDO� ILUVW�SHULRG�RI� WKH�VWUXFWXUH�� WKH�DYHUDJH�YDOXHV�IRU�
PRGHOV�357&���DQG�357&���ZHUH������DQG�������UHVSHFWLYHO\��
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7KH�UHVXOWV�RI�WKH�WRWDO�GLVSODFHPHQWV�REWDLQHG�ZLWK�WKH�63$��03$�DQG�WKH�DYHUDJH�GLVSODFHPHQWV�RI�
WKH�1/�7+$��ZHUH�FRPSDUHG��DV�LW�LV�VKRZQ�LQ�)LJ�����7KH�VROLG�OLQHV�FRUUHVSRQG�WR�WKH�357&���PRGHO�DQG�
WKH�GDVKHG� OLQHV�FRUUHVSRQG� WR� WKH�357&���PRGHO�� LW� LV�REVHUYHG� LQ�ERWK�FDVHV� WKDW� WKH�3$�HVWLPDWHV� DQG�
FRYHUV�YHU\�ZHOO�WKH�GLVSODFHPHQW�RI�FROXPQV�1R���DQG�1R����WKH�KLJKHVW�FROXPQV���EXW�GLG�QRW�KDYH�JRRG�
DFFXUDF\�ZLWK�FROXPQV�1R���DQG�1R����7KH�03$�DOVR�KDV�D�JRRG�SUHFLVLRQ�WR�FDOFXODWH�WKH�GLVSODFHPHQW�RI�
FROXPQV�1R���DQG�1R���FRPSDUHG�WR�WKH�1/�7+$��KRZHYHU�WKHUH�LV�QR�JRRG�SUHFLVLRQ�LQ�FROXPQV�1R���DQG�
1R����,Q�SDUWLFXODU�WKH�357&���PRGHO��LQ�03$��KDV�D�YHU\�JRRG�DSSUR[LPDWLRQ�LQ�FROXPQV�1R����1R���DQG�
1R����LQFOXGLQJ�WKDW�GLVSODFHPHQW�RI�FROXPQ�1R����LV�XQGHUHVWLPDWHG��

����&DEOH�VWD\HG�EULGJH�

)RU� WKH� VWDQGDUG�SXVKRYHU� DQDO\VLV�� GXFWLOLW\�YDOXHV�RI������������������DQG������ IRU� ,2��/6�DQG�&3�
SHUIRUPDQFH� OHYHOV� DQG� WKH�PD[LPXP� YDOXH�� UHVSHFWLYHO\�� ZHUH� GHWHUPLQHG�ZLWK� 63$� IRU� WKH� $751'���
PRGHO��7KH�VDPH�YDOXHV�IRU�WKH�$751'���PRGHO�ZHUH�RI������������������DQG�������7R�GHYHORS�WKH�03$��
WKH�G\QDPLF�SURSHUWLHV�RI�PRGHOV�$751'���DQG�$751'���ZHUH�GHILQHG��7KH�FKDUDFWHULVWLFV�RI� WKH� ILUVW�
DQG�XVHG�PRGDO�VKDSHV�DUH�GHVFULEHG�LQ�7DEOH����ZKHUH�WKH�GXFWLOLW\�REWDLQHG�LQ�HDFK�PRGH�LV�DOVR�LQGLFDWHG�
LQ�WKH�ODVW�FROXPQ��7KHVH�YDOXHV�DUH�FRPELQHG�E\�6566�DQG�&4&�UXOHV��REWDLQLQJ�GXFWLOLW\�YDOXHV�RI������
DQG������IRU�WKH�$751'���PRGHO�DQG������DQG������IRU�WKH�$751'���PRGHO��$FFHOHURJUDPV�VHOHFWHG�IRU�
WKH� ORFDWLRQ� RI� WKH� FDEOH�VWD\HG� EULGJH� ZHUH� DOVR� VFDOHG� DV� LW� KDV� SUHYLRXVO\� FRPPHQWHG�� $IWHU� WKDW�� WKH�
VWUXFWXUH�ZDV�VXEMHFWHG� WR�WKHVH�UHFRUGV�DQG�WKH�GXFWLOLW\�YDOXHV�RI�HDFK�UHFRUG�ZHUH�GHILQHG��WR�REWDLQ�WKH�
GXFWLOLW\�DYHUDJHV�RI������DQG������IRU�PRGHOV�$751'���DQG�$751'����UHVSHFWLYHO\��

X�
�P

�

)LJ����±�7RWDO�GLVSODFHPHQW�REWDLQHG�ZLWK�GLIIHUHQW�DQDO\VHV�DQG�PRGHOV��)UDPH�EULGJH�

)LJXUH� �� SUHVHQWV� WKH� GLVSODFHPHQWV� DW� WKH� XSSHU� HQG� RI� WKH� WRZHUV� DQG� FROXPQV� IRU� HDFK� W\SH� RI�
DQDO\VLV�� ,W� VKRZV� KRZ� WKH� &4&� RI� WKH� 03$� LV� WKH� RQH� ZLWK� WKH� EHVW� SUHGLFWLRQ� RI� WKH� GLVSODFHPHQWV�
FRPSDUHG� WR� WKH�1/�7+$� IRU� WKH� FDVH� RI� WKH�$7517'���PRGHO�� DQG� IRU� WKH�$7517'���QHLWKHU�03$�
6566�QRU�03$�&4&�KDYH�JRRG�DFFXUDF\�� ,Q�ERWK�FDVHV�� JUHDWHU�GLVSODFHPHQWV�ZHUH�REWDLQHG� LQ� WKH�1/�
7+$� WKDQ� LQ� WKH�63$� DQG�03$��5HJDUGLQJ� WR� WKH� GXFWLOLW\� GHPDQG� XVLQJ� WKH�03$�� WKH� UHVXOWV� REWDLQHG�
DSSHDU� WR�EH�FRQVLVWHQW�� VLQFH� IRU� WKH� VHFRQG�PRGHO� WKH�GXFWLOLW\�ZDV� UHGXFHG��EHFDXVH� WKH�EULGJH�EHFDPH�
VOLJKWO\�PRUH�IOH[LEOH��+RZHYHU��LQ�WKH�03$�LW�ZDV�����GRZQ�FRPSDUHG�WR�WKH�GXFWLOLW\�REWDLQHG�XVLQJ�WKH�
ILUVW�PRGHO�1/�7+$��DQG�LW�ZDV�����ORZHU�IRU�WKH�VHFRQG�PRGHO���
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7DEOH���±�03$�UHVXOWV�IRU�WKH�FDEOH�VWD\HG�EULGJH�PRGHOV�

0RGH 3HULRG��V� 3�ORQJ����� 3��WUDQVY����� ORQJ WUDQVY 1PRQ UQ� ��

$7157'���PRGHO�
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* �PRGDO�SDUWLFLSDWLQJ�IDFWRUV��1PRQ� PRQLWRULQJ�QRGH��IUQ PRGDO�YDOXH�RI�1PRQ��� GXFWLOLW\

���)LQDO�FRPPHQWDULHV�

7R�GHILQH�WKH�GXFWLOLW\�RI�WZR�W\SHV�RI�VSHFLDO�EULGJHV��IUDPH�DQG�FDEOHV�VWD\HG��PDWKHPDWLFDO�PRGHOV�
ZHUH� HODERUDWHG� WR�GHYHORS� VWDQGDUG�SXVKRYHU��PRGDO�SXVKRYHU� DQG�G\QDPLF�QRQOLQHDU� DQDO\VHV��'XFWLOLW\�
YDOXHV� GHILQHG� ZLWK� SXVKRYHU� DQDO\VHV� ZHUH� FRPSDUHG� ZLWK� WKH� DYHUDJH� GHPDQG� GXFWLOLW\� IRU� WHQ�
UHSUHVHQWDWLYH�DFFHOHOHURJUDPV�LQ�HDFK�EULGJH�ORFDWLRQ��REWDLQHG�ZLWK�QRQOLQHDU�G\QDPLF�DQDO\]HV��)RU�HDFK�
VWXGLHG� EULGJH�� WZR�PRGHOV�ZHUH� FRQVLGHUHG�� GHSHQGLQJ� RQ� WKH� GHILQLWLRQ� DSSOLHG� WR� WDNH� LQWR� DFFRXQW� WKH�
GHJUDGHG�LQHUWLD��ZLWK�WKH�0H[LFDQ�UHJXODWLRQ�SURSRVDO����,J�DQG�WKH�HIIHFWLYH�VWLIIQHVV��Į,J��ZKHUH�,J�LV�WKH�
JURVV� LQHUWLD� RI� WKH� VHFWLRQ�� 'HSHQGLQJ� RQ� WKH� IRUPXODWLRQ�� WKH� LQHUWLD� FKDQJHG� EHWZHHQ� ���,J� DQG� XS� WR�
����,J��ZKLFK�FRXOG�JHQHUDWH�YHU\�GLIIHUHQW�VWUXFWXUDO�PRGHOV�LQ�WHUPV�RI�WKHLU�G\QDPLF�SURSHUWLHV��
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)LJ����±�7RWDO�GLVSODFHPHQW�REWDLQHG�ZLWK�GLIIHUHQW�DQDO\VHV�DQG�PRGHOV��&DEOH�VWD\HG�EULGJH�

)URP�UHVXOWV��JHQHUDO�FRQFOXVLRQV�DUH��

x ,Q�WKLV�ZRUN�WKH�FROXPQV�DQG�WRZHUV�RI�WKH�EULGJHV�ZHUH�GHVLJQHG�XVLQJ�JURVV�LQHUWLD��EHFDXVH�LW�LV�
QRW� FOHDU�ZKLFK� YDOXH� RI� GHJUDGHG� LQHUWLD� VKRXOG� EH� XVHG�� 7KLV� DFWLRQ� UHSUHVHQWV� D� FRQVHUYDWLYH�
GHVLJQ��

x $�GXFWLOLW\�RI�WZR�LV�UHFRPPHQGHG�LQ�OLWHUDWXUH�IRU�FRPPRQ�IUDPH�EULGJH�FROXPQV��,Q�WKH�VWXGLHG�
EULGJHV��VLPLODU�YDOXHV�WR�WKLV�SURSRVDO�ZHUH�REWDLQHG�LQ�WKH�357&���PRGHO��EXW�ORZHU�YDOXHV�IRU�
WKH�357&���PRGHO��ZLWK�DOO�W\SHV�RI�DQDO\VLV��'XFWLOLW\�YDOXHV�RI�WKH�375&���PRGHO�DSSUR[LPDWH�
D�&3�SHUIRUPDQFH�OHYHO��ZKLOH�IRU�WKH�375&���PRGHO� LW�ZRXOG�EH�D�/6�SHUIRUPDQFH�OHYHO��7KHQ��
GHSHQGLQJ�RQ�WKH� IDFWRU�E\�ZKLFK�WKH� LQHUWLD�RI� WKH�VWUXFWXUDO�HOHPHQWV� LV�DIIHFWHG��YHU\�GLIIHUHQW�
UHVSRQVHV�ZRXOG�EH�GHILQHG��,W�LV�FRQVLGHUHG�WKDW�LI�WKLV�IDFWRU�LV�����WKHUH�DUH�XQUHDO�FRQGLWLRQV��

x )RU� WKH�IUDPH�EULGJH� WKHUH�DUH�JUHDWHU�GLIIHUHQFHV� LQ� WKH�GLVSODFHPHQWV�DW� WKH�HQG�RI� WKH�FROXPQV�
ZKHQ�XVLQJ�63$�RU�03$��DQG�1/�7+$�SURFHGXUHV��)LJ������DOWKRXJK�WKHVH�GLIIHUHQFHV�DUH�QRW�VR�
YLVLEOH� LQ� GXFWLOLW\� YDOXHV�� 6R�� IRU� WKLV� EULGJH� LW� LV� QRW� UHFRPPHQGHG� WR� XVH� WKH� 63$� RU�03$��
DOWKRXJK�WKLV�FRQFOXVLRQ�VKRXOG�EH�UDWLILHG�ZLWK�IXUWKHU�DQDO\VLV�LQ�EULGJHV�ZLWK�D�VLPLODU�W\SRORJ\��

x )RU� WKH�FDEOH�VWD\HG�EULGJH�� WKH�GLVSODFHPHQWV�REWDLQHG�ZLWK� WKH�03$�ZHUH� ORZHU� WKDQ� WKH�1/�
7+$�DYHUDJHV��ZLWK�GLIIHUHQFHV�RI�XS�WR������7KHUHIRUH��WKH�DSSUR[LPDWH�PHWKRG�XQGHUHVWLPDWHV�
WKH�GLVSODFHPHQWV��,Q�GXFWLOLW\�YDOXHV� WKH�GLIIHUHQFHV�ZHUH�QRW�VR�JUHDW��ZLWK�PD[LPXP�YDOXHV�RI�
����DQG�����IRU�WKH�$7517'���DQG�$7517'���PRGHOV��

x ,Q� JHQHUDO� DQG� IRU� WKH� VWXGLHG� EULGJHV�� WKH� 63$� LV� HDV\� WR� DSSO\� EXW� GRHV� QRW�PDWFK� WKH� UHVXOWV�
REWDLQHG� ZLWK� ULJRURXV� PHWKRGV�� 7KH� 03$� DUH� LQLWLDOO\� GLIILFXOW� WR� XQGHUVWDQG�� WKHLU� SUDFWLFDO�
DSSOLFDWLRQ�LV�UHVWULFWHG�EHFDXVH�WKH\�DUH�QRW�XVXDOO\�LQFOXGHG�LQ�FRPPHUFLDO�DQDO\VLV�SURJUDPV�DQG�
WDNH� OHVV� FDOFXODWLRQ� WLPH�� DOVR� WKH\� SURYLGH� D� JRRG� HVWLPDWH� RI� GXFWLOLW\� YDOXHV� EXW� PD\�
XQGHUHVWLPDWH�PD[LPXP�GLVSODFHPHQWV��FRPSDUHG�WR�ULJRURXV�PHWKRGV���

7KHVH� FRQFOXVLRQV�PXVW�EH� UDWLILHG�ZLWK� IXUWKHU� DQDO\VLV� LQ� VLPLODU� R� GLIIHUHQW� W\SRORJLHV� RI� VSHFLDO�
EULGJHV��
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���$FNQRZOHGJHPHQWV�

$XWKRUV�ZRXOG� OLNH� WR� WKDQN�&RQDF\W� IRU�SDUWLDOO\� VSRQVRULQJ� WKLV�SURMHFW�ZLWK� WKH�VHFRQG�DXWKRU�JUDGXDWH�
VFKRODUVKLS�� 7KH� FRPSDQLHV� 0(;,&$1$� '(� 35(6)8(5=2� 6�$�� &�9�� DQG� &$5/26� )(51È1'(=�
&$6$'2�6�/�DUH�DOVR�WKDQNHG�IRU�SURYLGLQJ�SUHYLRXV�GHVLJQV�RI�WKH�WZR�VWXGLHG�EULGJHV��
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