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�'HSW��RI�&LYLO�(QJ���6KLUD]�8QLYHUVLW\��,��5��RI�,UDQ��(PDLO��PDKHUL#VKLUD]X�DF�LU�
�$EVWUDFW±� 7KH� LPSRUWDQFH� RI� GXFWLOLW\� LQ� DEVRUELQJ� HQHUJ\� DQG� LWV� LPSURYLQJ� WKH� VWUXFWXUDO�

EHKDYLRXU� XQGHU� HDUWKTXDNH� ORDGLQJ� LV� ZHOO�HVWDEOLVKHG�� 6RPH� UHVHDUFKHUV� KDYH� QRWHG� WKDW� WKH�
GXFWLOLW\� UDWLR� PD\� DOVR� EH� DQ� LPSRUWDQW� SDUDPHWHU� IRU� GHVLJQLQJ� VWUXFWXUHV� DJDLQVW� H[SORVLRQ�
LQGXFHG� IRUFHV��+RZHYHU�� WKHLU�ZRUNV�ZHUH�PDLQO\� TXDOLWDWLYH� DQG� EDVHG� RQ� WKH� GXFWLOLW\� RI� WKH�
VWUXFWXUDO�PHPEHUV�� ,Q� WKLV� DUWLFOH�� QLQH� VKRUW� VWHHO� IUDPHV�ZLWK� GLIIHUHQW� VSDQV� DQG� QXPEHUV� RI�
VWRUH\V�� VXEMHFWHG� WR� GLIIHUHQW� EODVW� ORDGLQJV� KDYH� EHHQ� LQYHVWLJDWHG�� 1RQOLQHDU� SXVKRYHU� EODVW�
IRUFH�GLVSODFHPHQW�FXUYHV�DUH�HYDOXDWHG�IRU�HDFK�IUDPH�DQG�WKH�GXFWLOLW\�SDUDPHWHUV�DUH�H[WUDFWHG��
7KH�UHVXOWV� LQGLFDWH� WKH�VLJQLILFDQW�HIIHFWV�RI�GXFWLOLW\�UDWLR�RQ� WKH�VWUXFWXUDO� UHVSRQVH��$OVR�� LW� LV�
IRXQG� WKDW� WKH� GXFWLOLW\� UHGXFWLRQ� IDFWRU� XQGHU� EODVW� ORDGLQJ� LQFUHDVHV� ZLWK� LQFUHDVLQJ� GXFWLOLW\�
UDWLR��LUUHVSHFWLYH�RI�WKH�SHULRG�RI�YLEUDWLRQ�RI�WKH�V\VWHP�������������.H\ZRUGV±�'XFWLOLW\�UDWLR��GXFWLOLW\�UHGXFWLRQ�IDFWRU��EODVW�ORDGLQJ��VWHHO�VWUXFWXUHV���

���,1752'8&7,21��
1RZDGD\V��WKH�GDQJHU�RI�H[SORVLRQ�GDPDJH�WR�D�VWUXFWXUH�DV�D�UHVXOW�RI�D�KRVWLOH�DFW�LV�RQ�WKH�ULVH��0DQ\�
IDFWRUV�FDQ�GHFUHDVH��RU�LQFUHDVH�WKH�GHWULPHQWDO�HIIHFWV�RI�DQ�H[SORVLRQ��7KH�UROH�RI�GXFWLOLW\�LQ�DEVRUELQJ�
WKH� HQHUJ\� DQG� PRGLI\LQJ� WKH� VWUXFWXUDO� EHKDYLRXU� XQGHU� WKH� HIIHFW� RI� HDUWKTXDNH� ORDGLQJ� LV� ZHOO�
HVWDEOLVKHG��0DQ\�UHVHDUFKHUV�KDYH�DWWHPSWHG�WR�JHQHUDOL]H�WKH�ORDGLQJ�WR�LQFOXGH�WKH�EODVW�ORDGLQJ��

6PLWK�DQG�+HDWKHUQLJWRQ�UHSRUWHG�WKDW�ILHOG�WHVWV�KDYH�SURYHG�WKDW�VWUXFWXUHV�ZLWK�OHVVHU�GXFWLOLW\�DUH�
PRUH�VXVFHSWLEOH�WR�H[SORVLRQ�IRUFHV�>�@��%DVHG�RQ�REVHUYDWLRQV��6PLORZLW]�DOVR�EHOLHYHV�WKDW�GXFWLOLW\�RI�
WKH�VWHHO� WXEH�V\VWHP�ZDV� WKH�PDMRU�IDFWRU� LQ�GHFUHDVLQJ�WKH�HIIHFWV�RI�GHVWUXFWLRQ�LQ� WKH�H[SORVLRQ�WKDW�
KDSSHQHG�LQ�WKH�:RUOG�7UDGH�&HQWHU�LQ�1HZ�<RUN�LQ������>�@��7KDEHW�DQG�+DOGDQH�LQYHVWLJDWHG�WKH�QRQ�
OLQHDU� EHKDYLRXU� RI� D� ��'� UHLQIRUFHG� FRQFUHWH� IUDPH�XQGHU� EODVW� ORDGLQJ�E\�GHWHUPLQLQJ� LWV�SDWWHUQV�RI�
IDLOXUH�DQG�WKH�HIIHFWV�RI�GXFWLOLW\�RQ�WKH�UHVSRQVH�>�@��0HQGLV�DQG�1JR�DOVR�LQYHVWLJDWHG�WKH�VXVFHSWLELOLW\�
RI�WDOO�UHLQIRUFHG�FRQFUHWH�VWUXFWXUHV�WR�EODVW�ORDGLQJ�LQLWLDWHG�IURP�RXWVLGH�WKH�EXLOGLQJ�DQG�IRXQG�WKDW�LQ�
RUGHU�WR�DYRLG�SURJUHVVLYH�FROODSVH��WKH�GXFWLOLW\�RI�PHPEHUV�LV�PXFK�PRUH�YLWDO�WKDQ�WKHLU�RYHUDOO�VWUHQJWK�
>�@�� +LQPDQ� KDV� DOVR� QRWHG� WKDW� ZRUNLQJ� ZLWK� GXFWLOH�PDWHULDOV� DQG� GHVLJQLQJ� GXFWLOH� FRQQHFWLRQV� DUH�
HVVHQWLDO�IRU�WKH�VDIHW\�RI�VWUXFWXUHV�DJDLQVW�EODVW�ORDGLQJ�>�@��.KDORR�DQG�7DULYHUGLOX�$VO�DOVR�UHSRUWHG�RQ�
WKH�HIIHFWV�RI�GXFWLOLW\�RQ�WKH�KLJK�VWUHQJWK�FRQFUHWH�5&�IOH[XUDO�PHPEHUV�>�@��5HJDUGLQJ�RWKHU�VWUXFWXUHV��
6RQ�HW�DO��>�@�DQG�5XQWHU�HW�DO��>�@�DVVHVVHG�WKH�HIIHFWV�RI�GXFWLOLW\�RQ�FRQWUROOLQJ�FUDFNV�LQ�EULGJH�GHFNV�
DQG�SLHUV��ERWK�KDYLQJ�D�SRVLWLYH�YLHZ�RQ�GXFWLOLW\�WR�SUHYHQW�SURJUHVVLYH�FROODSVH���

5HJDUGLQJ� WKH� JHQHUDO� HIIHFWV� RI� EODVW� ORDGLQJ� RQ� VWUXFWXUDO� HOHPHQWV�� WKH� UHVXOWV� RI� PDQ\�
LQYHVWLJDWLRQV�DUH�UHSRUWHG�LQ�WKH�WHFKQLFDO�OLWHUDWXUH��)RU�H[DPSOH��/XVVLFQL�DQG�/XHJH�>�@�DQG�0L\DPRWR�
DQG� 1DNDPXUD� >��@� LQYHVWLJDWHG� WKH� HIIHFWV� RQ� UHLQIRUFHG� FRQFUHWH� VODEV�� /DQ� HW�DO�� >��@� DV� ZHOO� DV��

5HFHLYHG�E\�WKH�HGLWRUV�-DQXDU\�����������$FFHSWHG�'HFHPEHU����������


&RUUHVSRQGLQJ�DXWKRU�
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/LEUHVFX�HW�DO��>��@�VWXGLHG�WKH�HIIHFWV�RI�EODVW�ORDGLQJ�RQ�VDQGZLFK�SDQHOLQJ��/RXFD�DQG�%RK�ZRUNHG�RQ�
GHVLJQ�DQG�DQDO\VLV�RI�EODVW�ZDOOV�>��@�DQG�0DJQXVVRQ�DQG�+DOOJUH�FDUULHG�RXW�EODVW�DQDO\VLV�RI�UHLQIRUFHG�
FRQFUHWH�EHDPV�>��@��

$ ORRN� DW� WKH� FXUUHQW� VWDWH�RI�WKH�DUW�� DV� LQGLFDWHG� DERYH�� VKRZV� WKDW� WKH� SUHYLRXV� LQYHVWLJDWLRQV� RQ�
GXFWLOLW\�HIIHFWV�XQGHU�EODVW� ORDGLQJ�DUH�PRVWO\� OLPLWHG� WR�WKH�PDWHULDOV�RU� WKH�VWUXFWXUDO�HOHPHQWV�DQG�LQ�
UHJDUGV�WR�WKH�GXFWLOLW\�HIIHFWV�RQ�WKH�VWUXFWXUDO�UHVSRQVH�DV�D�ZKROH��PDLQO\�WKH�UHVXOWV�IURP�RWKHU�G\QDPLF�
ORDGLQJ� VXFK�DV� HDUWKTXDNH� ORDGLQJ� DUH� DGDSWHG� IRU�EODVW� ORDGLQJ��$OVR�� WKH� ODWWHU� UHVHDUFK� LV� OLPLWHG� WR�
TXDOLWDWLYH�LQYHVWLJDWLRQV�DQG�QR�TXDQWLWDWLYH�ZRUN�KDV�EHHQ�FDUULHG�RXW��$V�D�UHVXOW��LQ�WKLV�DUWLFOH�DWWHQWLRQ�
LV� IRFXVHG�RQ�GXFWLOLW\�DQG� LWV�HIIHFWV�RQ� WKH�EHKDYLRXU�RI�VWHHO� IUDPHV��EXLOW�RQ� WKH�JURXQG��XQGHU�EODVW�
ORDGLQJ��
�

�� '8&7,/,7<�5$7,2�2)�7+(�67((/�)5$0(6�
,Q�D�G\QDPLF�ORDGLQJ��EHFDXVH�WKH�ORDG�LV�WHPSRUDU\�DQG�LWV�GXUDWLRQ�LV�VKRUW��LW�LV�SUHIHUDEOH�WKDW�PDWHULDOV�
DQG�FRQQHFWLRQV�EHKDYH�LQ�D�QRQ�HODVWLF�PDQQHU�VR�WKDW�WKH�VWUXFWXUH�FDQ�WROHUDWH�ODUJHU�GHIRUPDWLRQV�DQG�
FDQ�DEVRUE�PRUH�HQHUJ\��7KH�UDWLR�RI� WKH�XOWLPDWH�GLVSODFHPHQW� WR�GLVSODFHPHQW�DW� WKH�SRLQW�RI�\LHOG� LV�
FDOOHG�GXFWLOLW\�UDWLR�>��@��

,Q� )LJ�� �D�� WKH� GLVSODFHPHQW�IRUFH� FXUYH� IRU� D� VWHHO� PHPEHU� LV� VKRZQ�� ,Q� WKLV� GLDJUDP�� \' LV� WKH�
GLVSODFHPHQW�DW�WKH�\LHOG�SRLQW�DQG� X' LV�WKH�XOWLPDWH�GLVSODFHPHQW�DW�WKH�SRLQW�RI�IDLOXUH��7KH�GXFWLOLW\�
UDWLR� � �P IRU�D�VWHHO�PHPEHU�LV�WKHUHIRUH�LGHQWLILHG�DV���

\X �'' P ������
)LJXUH��E�VKRZV�WKH�GLVSODFHPHQW�IRUFH�GLDJUDP�IRU�D�VWHHO�IUDPH�� \G VKRZV�WKH�GLVSODFHPHQW�ZKHUH�

WKH� FXUYH�FKDQJHV� IURP�D� OLQHDU� IRUP� WR� D�QRQ�OLQHDU� IRUP�DQG� UHSUHVHQWV� IRUPDWLRQ�RI� WKH� ILUVW�SODVWLF�
KLQJH� LQ� WKH� IUDPH�� 2Q� LQFUHDVHG� ORDGLQJ�� WKURXJK� UHGLVWULEXWLRQ� RI� LQWHUQDO� IRUFHV�� WKH� VWUHVV� LQ� RWKHU�
VHFWLRQV�ZLOO�LQFUHDVH�DQG�IXUWKHU�SODVWLF�KLQJHV�DUH�GHYHORSHG�XS�WR�WKH�SRLQW�ZKHUH�WKH�VWUXFWXUH�EHFRPHV�
XQVWDEOH�� \' LV�WKH�FURVVLQJ�SRLQW�RI�H[WHQVLRQ�RI�WKH�HODVWLF�EUDQFK�RI�WKH�FXUYH�ZLWK�DV\PSWRWH�RI�WKH�
ILQDO�SRLQW�RI�IRUFH�GLVSODFHPHQW�FXUYH�� \' LV�FRQVLGHUHG�DV�WKH�YLUWXDO�RU�HIIHFWLYH�VWUXFWXUDO�\LHOG�SRLQW��

X' FRUUHVSRQGV�WR�WKH�GLVSODFHPHQW�DW�ZKLFK�WKH�IUDPH�UHDFKHV�LWV�XOWLPDWH�FDSDFLW\��+RZHYHU��WR�DYRLG�
GHVWUXFWLRQ�RI�WKH�VWUXFWXUH�GXH�WR�WKH�HIIHFWV�RI�3�' � VWDQGDUG�FRGHV�RI�SUDFWLFH�OLPLW�WKLV�GLVSODFHPHQW�WR�D SHUFHQWDJH�RI�WKH�KHLJKW�RI�WKH�VWUXFWXUH���
�

)LJ�����'LVSODFHPHQW�IRUFH�GLDJUDP�IRU��D��VWHHO�EDU�E��VWHHO�IUDPH��
,Q� WKLV� DUWLFOH�� WKUHH� W\SHV� RI� IUDPHV� DUH� LQYHVWLJDWHG�� RQH� VSDQ�RQH� VWRUH\� IUDPHV�� WKUHH� VSDQ�WZR�

VWRUH\�IUDPHV�DQG�ILYH�VSDQ�WZR�VWRUH\�IUDPHV��(DFK�W\SH�RI�IUDPH�FRQVLVWV�RI�WKUHH�IUDPHV�ZLWK�GLIIHUHQW�
PHPEHU�FRQILJXUDWLRQV�DQG�SURSHUWLHV��JLYLQJ�WKHP�GLIIHUHQW�GXFWLOLW\�UDWLRV��

)LJXUH���UHSUHVHQWV�WKH�JHRPHWULF�VSHFLILFDWLRQV�DQG�FURVV�VHFWLRQV�RI�WKH�IUDPH�PHPEHUV��7KH�IUDPHV�
DUH�PRGHOHG� XVLQJ� WKLQ�ZDOOHG� HOHPHQWV� RI� WKH�$16<6� VRIWZDUH� >��@�� KDYLQJ� WKH� FDSDFLW\� WR� XQGHUJR�
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WHQVLRQ�� FRPSUHVVLRQ�� EHQGLQJ�� DQG� 6W��9HQDQW� WRUVLRQ�� � 7KH� VWHHO� LV� DVVXPHG� WR� KDYH� DQ� HODVWR�SODVWLF�
EHKDYLRXU� ZLWK�� *3D���(  � ���Y  DQG 03D���)\  � 7R� FDOFXODWH� WKH� GXFWLOLW\� UDWLR��
GLVSODFHPHQW�FRQWUROOHG��QRQ�OLQHDU�SXVKRYHU�DQDO\VLV�RI�WKH�IUDPHV�ZHUH�FDUULHG�RXW��)RU�WKLV�SXUSRVH��WKH�
XOWLPDWH�DOORZDEOH�GULIW�ZDV�FRQVLGHUHG�WR�EH�HTXDO�WR������RI�WKH�KHLJKW�RI�WKH�VWUXFWXUH�RQ�WKH�EDVLV�RI�
WKH�VSHFLILFDWLRQ�E\�WKH�,UDQLDQ�VHLVPLF�FRGH��VWDQGDUG������>��@��'LVSODFHPHQWV�RI�XS�WR������WKH�KHLJKW�
RI� HDFK� IUDPH�ZHUH� WKHUHIRUH� VWDWLFDOO\� DSSOLHG� DW� �����P� LQWHUYDOV� DQG� WKH� FRUUHVSRQGLQJ� IUDPH� EDVH�
VKHDUV�ZHUH�FDOFXODWHG��)LJXUH���VKRZV�WKH�EDVH�VKHDU�GULIW�GLDJUDPV�IRU�WKH�RQH�VSDQ�RQH�VWRUH\�IUDPHV�
�8���,Q�WKH�LQLWLDO�VWDJH��DV�H[SHFWHG��WKH�FKDQJH�LQ�WKH�EDVH�VKHDU�LQ�UHODWLRQ�WR�WKH�GULIW�LV�OLQHDU��+RZHYHU��
DV� WKH�GULIW� LQFUHDVHV� DQG�ZLWK� WKH� LQFUHDVH� LQ� WKH�PHPEHU�VWUHVVHV�� WKH� ILUVW�DQG� WKH�VXEVHTXHQW�SODVWLF�
KLQJHV�RFFXU�DQG�DV�D�UHVXOW�WKH�VORSH�RI�WKH�GULIW�EDVH�VKHDU�FXUYH�UHGXFHV���

)LJ�����&KDUDFWHULVWLFV�RI�WKH�QLQH�DQDO\]HG�IUDPHV��D��RQH�VSDQ�RQH�VWRUH\�IUDPHV���� E��WKUHH�VSDQ�WZR�VWRUH\�IUDPHV�DQG�F��ILYH�VSDQ�WZR�VWRUH\�IUDPHV�
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)LJ�����)RUFH�5RRI�GLVSODFHPHQW�FXUYH�IRU�8�� 8� DQG�8�

7KH�HIIHFWLYH�VWUXFWXUDO�\LHOG�GLVSODFHPHQWV�� \' � DQG�WKH�GXFWLOLW\�UDWLRV�GHWHUPLQHG�IRU�8�IUDPHV�DUH�
JLYHQ�LQ�7DEOH����6LPLODUO\��WKH�GXFWLOLW\�UDWLRV�IRU�WKH�WZR�VWRUH\�IUDPHV���)�DQG��)��ZHUH�HYDOXDWHG�DQG�
DUH�SUHVHQWHG�LQ�7DEOH���� �7DEOH����'XFWLOLW\�UDWLRV�IRU�WKH�RQH�VSDQ�RQH�VWRUH\�IUDPHV��
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7DEOH����'XFWLOLW\�UDWLR�IRU���DQG���VSDQ�WZR�VWRUH\�IUDPHV��
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,Q�WKLV�DUWLFOH�ZH�KDYH�DVVXPHG�WKDW�WKH�EODVW�WDNHV�SODFH�DW�D�GLVWDQFH�RXWVLGH�WKH�VWUXFWXUH�LQ�D�PDQQHU�LQ�
ZKLFK�WKH�ZKROH�VWUXFWXUH�LV�DIIHFWHG�E\�WKH�EODVW�ZDYHV��$OVR��LW�LV�DVVXPHG�WKDW�WKH�H[SORVLYH�FKDUJH�LV�
SRVLWLRQHG�RQ�WKH�JURXQG��)LJ������

7KH� ILUVW� VWHS� IRU� HVWLPDWLRQ� RI� ORDGV� H[HUWHG� RQ� WKH� VWUXFWXUH� E\� WKH� DLU� EODVW� LV� WR� FDOFXODWH� WKH�
PD[LPXP� RYHUSUHVVXUH�� $OWKRXJK� GLIIHUHQW� HTXDWLRQV� IRU� FDOFXODWLRQ� RI� WKHVH� SDUDPHWHUV� KDYH� EHHQ�
VXJJHVWHG�� WKH� HTXDWLRQ� E\� .LQQH\� DQG� *UDKDP� >��@�� DQG� 70������� GLDJUDP� >��@� PRUH� DFFXUDWHO\�
HVWLPDWH�WKLV�SDUDPHWHU�>��@��2Q�WKH�EDVLV�RI�QXPHULFDO�DQDO\VLV�DQG�XVLQJ�H[SHULPHQWDO�GDWD��.LQQH\�DQG�
*UDKDP�KDYH�VXJJHVWHG�(T������IRU�FDOFXODWLRQ�RI�WKH�PD[LPXP�RYHUSUHVVXUH� � �V3 >��@���
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,Q� WKLV�HTXDWLRQ�� �3 LV� WKH�DPELHQW�DWPRVSKHULF�SUHVVXUH��DQG� = LV� WKH�VFDOHG�GLVWDQFH� LQ� ��NJP DV�
JLYHQ�LQ�(T��������

�
��:5=  �����

:KHUH��:�LV�WKH�ZHLJKW�HTXLYDOHQW�717�FKDUJH�LQ�NJ��DQG� 5 LV�WKH�GLVWDQFH�IURP�GHWRQDWLRQ�SRLQW�WR�WKH�
SRLQW�RI�UHJLVWHUHG�SUHVVXUH��7KH�YHORFLW\�RI�WKH�EODVW�ZDYH�SURSDJDWLRQ�LQ�WKH�DLU�� V8 � PD\�EH�HYDOXDWHG�
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,Q�(T�������DR LV�WKH�VRXQG�YHORFLW\�LQ�DLU��7KH�EODVW�ZDYH�SURSDJDWLRQ�LQ�WKH�DLU�SURGXFHV�G\QDPLF�SUHVVXUH��
ZKLFK�LV�FDOFXODWHG�IURP�(T������>��@����
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$V� WKH� EODVW�ZDYHV� FROOLGH�ZLWK� D� SHUSHQGLFXODU� VXUIDFH�� UHIOHFWLRQ�SUHVVXUH� LV� JHQHUDWHG�ZKLFK� FDQ�EH�
HYDOXDWHG�XVLQJ�WKH�IROORZLQJ�HTXDWLRQ�>��@���
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7R�FDOFXODWH�WKH�GXUDWLRQ�RI�WKH�EODVW�ORDGLQJ�RQ�D�VWUXFWXUH��WV���ZH�FDQ�XVH�HLWKHU�WKH�GLDJUDP�SUHVHQWHG�LQ�
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)LUVW��WKH�EODVW�ZDYH�FROOLGHV�ZLWK�WKH�IURQW�IDFH�RI�WKH�VWUXFWXUH�DQG�FDXVHV�DQ�LQWHQVH�UHIOHFWHG�SUHVVXUH�LQ�
WKH�DLU�RXWVLGH�WKH�VWUXFWXUH��7KHQ��WKH�ZDYH�SDVVHV�RYHU�WKH�VWUXFWXUH�DQG�UHDFKHV�WKH�UHDU�RI�WKH�VWUXFWXUH�
�)LJ������7KH�WUDYHOLQJ�WLPH�RI�WKH�ZDYH�IURP�RQH�SRLQW�WR�DQRWKHU�LV�SURSRUWLRQDO�WR�WKH�GLVWULEXWLRQ�RI�WKH�
ZDYH�LQ�WKH�DPELHQW�DWPRVSKHUH�>�@��7KH�RQ�VLGH�SUHVVXUHV��LQFOXGLQJ�WKH�VXFWLRQ�FDXVHG�E\�WKH�GUDJ��DUH�
DSSOLHG� RQ� WKH� URRI� DQG� WKH� UHDU� SDUW� RI� WKH� VWUXFWXUH�� 7KH� GUDJ� FRHIILFLHQWV� RQ� GLIIHUHQW� VXUIDFHV� DUH�
SUHVHQWHG�LQ�UHIHUHQFHV�>�@��>��@�DQG�>��@��$V�DQ�H[DPSOH��WKH�SUHVVXUH�H[HUWHG�RQ�WKH�VXUIDFHV�RI�WKH�IUDPH�
�8��XQGHU�DQ�H[SORVLRQ�RI�O����NJ�RI�717�DW����PHWHUV�DZD\�IURP�WKH�IUDPH�LV�SUHVHQWHG�LQ�)LJ�����$OVR��
)LJ�� �� VKRZV� WKH� H[HUWHG�SUHVVXUH� RQ� GLIIHUHQW� VXUIDFHV� RI� WKH� WZR�VWRUH\� IUDPHV�ZLWK� WKUHH� VSDQV� ��)��
XQGHU�DQ�DLU�EODVW�RI�O����NJ�RI�717�DW�D�GLVWDQFH�RI����PHWHUV��$V�DQRWKHU�H[DPSOH��WKH�H[HUWHG�SUHVVXUHV�RQ�GLIIHUHQW� VXUIDFHV�RI� WKH� WZR�VWRUH\� IUDPHV�ZLWK� ILYH� VSDQV� ��)��XQGHU� D� �����NJ�RI�717�EODVW� DW� D�
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��
GLVWDQFH�RI����PHWHUV�DUH�DOVR�VKRZQ�LQ�)LJ�����,W�VKRXOG�EH�QRWHG�WKDW�LQ�DOO�WKH�DERYH�PHQWLRQHG�DQDO\VHV��
WKH� H[SORVLYH� FKDUJH� ZDV� SRVLWLRQHG� RQ� WKH� JURXQG� DQG� WKH� UHIOHFWLQJ� HIIHFWV� RI� WKH� JURXQG� DUH� DOVR�
FRQVLGHUHG�LQ�WKH�FDOFXODWLRQ���

)LJ�����%ODVW�ZDYH�SURSDJDWLRQ��

�D��������������������������������������������E��������������������������������������F������������������������������������G���)LJ�����%ODVW�ORDGLQJ�RQ�8�IUDPHV��D��QHDU�VLGH��E��URRI��OHIW�VLGH���F��URRI��ULJKW�VLGH����G��IDU�VLGH��

�D��������������������������������������������������E������������������������������������������������������F���)LJ�����%ODVW�ORDGLQJ�RQ��)�IUDPHV��D��QHDU�VLGH��E��URRI��F��IDU�VLGH��

�D��������������������������������������������������E������������������������������������������������������F���)LJ�����%ODVW�ORDGLQJ�RQ��)�IUDPHV��D��QHDU�VLGH��E��URRI��F��IDU�VLGH��
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)HEUXDU\�������������������������������������������������������������������������������,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��9ROXPH�����1XPEHU�%��

��
���5(63216(�2)�7+(�)5$0(6�72�%/$67�/2$',1*��

,Q�PDQ\�G\QDPLF� ORDGLQJV�VLPLODU� WR�HDUWKTXDNH�� WKH�GXFWLOLW\� UHGXFWLRQ� IDFWRU� P5 � LV�FDOFXODWHG� LQ� WKH�
IROORZLQJ�IRUP�

� \H )�)5  P �����
ZKHUH��ZLWK�UHIHUHQFH� WR�)LJ�����)H LV�WKH�XOWLPDWH�EDVH�VKHDU�LQ�WKH�OLQHDU�HODVWLF�EHKDYLRU�DQG�)\ LV�WKH�
XOWLPDWH�EDVH�VKHDU�LQ�WKH�QRQ�OLQHDU�HODVWR�SODVWLF�UHVSRQVH���

)LJ�����5RRI�GLVSODFHPHQW�EDVH�VKHDU�IRU� �8 IUDPH��
7R�GHWHUPLQH�WKH�GXFWLOLW\�UHGXFWLRQ�IDFWRU�IRU�WKH�QLQH�IUDPHV�XQGHU�EODVW�ORDGLQJ��WKHUHIRUH��WKH�EDVH�

VKHDU�GULIW�UHODWLRQVKLS�IRU�HDFK�IUDPH�QHHGV�WR�EH�HVWDEOLVKHG��7KH�IROORZLQJ�SURFHGXUH�ZDV�DGRSWHG�WR�
HYDOXDWH�WKHVH�UHODWLRQVKLSV��
L��)RU� HDFK� IUDPH�� WKH�EODVW�SUHVVXUH� WLPH�KLVWRU\�H[HUWHG�RQ� WKH�QHDU�DQG� IDU� VLGHV�DQG� WKH� URRI�RI� WKH�
IUDPH�ZHUH�HYDOXDWHG�DV�GHVFULEHG�DERYH��XVLQJ�GLIIHUHQW�SD\ORDGV�H[SORGLQJ�DW�D�VSHFLILHG�GLVWDQFH�DZD\�
IURP�WKH�IUDPH��3D\ORDGV�RI������������������������������������������������������������������NJ�717�DW�D�
GLVWDQFH�RI���P�ZHUH�FRQVLGHUHG�IRU�WKH�VLQJOH�VWRUH\�8�IUDPHV��ZLWK�8� DQG�8� KDYLQJ�H[WUD�FKDUJHV�RI�
����DQG�����DQG�����NJ�717��UHVSHFWLYHO\��7KH�SD\ORDGV�FRQVLGHUHG�IRU�WKH�WZR�VWRUH\�WKUHH�VSDQ�IUDPHV�
��)��LQFOXGHG�������������������������������������������������������������������DQG������NJ�717�ZLWK�
�)��DQG��)��KDYLQJ�H[WUD�FKDUJHV�RI������������DQG������NJ�717��DOO�DSSOLHG�DW�D�GLVWDQFH�RI���P��)RU�
WKH� WZR�VWRUH\�ILYH�VSDQ�IUDPHV���)�� WKH�SD\ORDGV� LQFOXGHG��������������������������������������������
�����������������������������������DQG������NJ�717�H[SORGLQJ�DW�D�GLVWDQFH�RI���P�IURP�WKH�IUDPHV��
LL��)RU�HDFK�IUDPH�DQG�IRU�HDFK�H[SORVLRQ�SD\ORDG��WKH�FDOFXODWHG�EODVW�SUHVVXUH�WLPH�KLVWRULHV�ZHUH�DSSOLHG�
WR�WKHLU�UHVSHFWLYH�IDFHV��QHDU��IDU�DQG�URRI��RI�WKH�IUDPH�DQG�D�WUDQVLHQW�G\QDPLF�DQDO\VLV�ZDV�SHUIRUPHG�
RQ�WKH�IUDPH�FRQVLGHULQJ�ERWK�DQ�HODVWLF�OLQHDU�DQG�DQ�HODVWR�SODVWLF�QRQ�OLQHDU�UHVSRQVH�WR�GHWHUPLQH�WKH�
PHPEHU�VWUHVVHV��EDVH�VKHDU�DQG�GULIW�WLPH�KLVWRULHV�IRU�HDFK�W\SH�RI�UHVSRQVH��7KH�WLPH�VWHS�FRQVLGHUHG�
IRU�WKH�WUDQVLHQW�G\QDPLF�DQDO\VLV�ZDV������PV��7KHUHIRUH��IRU�H[DPSOH��WKH�GXUDWLRQ�RI�WKH�WLPH�KLVWRU\�
JLYHQ�LQ�)LJ���D�IRU�WKH�8�IUDPH�LV������PV��JLYLQJ�����WLPH�VWHSV�IRU�WKH�WUDQVLHQW�DQDO\VLV�RI�WKLV�IUDPH��
7\SLFDO� WLPH�KLVWRU\� UHVXOWV�� LQ� WKH� IRUP�RI� WLPH�KLVWRU\�RI� WKH�GLVSODFHPHQW� DW� WKH� URRI� OHYHO� �GULIW��RI�
IUDPH�8� DUH�SUHVHQWHG�LQ�)LJ�����$V�FDQ�EH�REVHUYHG��LQ�WKH�OLQHDU�HODVWLF�FDVH��WKH�GLVSODFHPHQW�YDULHV�
VLQXVRLGDO\�� LQGLFDWLQJ�DQ�HODVWLF� IUHH�YLEUDWLRQ�RI� WKH� IUDPH�DIWHU� WKH�EODVW��+RZHYHU�� LQ� WKH�QRQ�OLQHDU�
PRGHO�WKH�EODVW�FDXVHV�D�SHUPDQHQW�GULIW�DQG�WKH�GLVSODFHPHQW�RVFLOODWHV�DURXQG�WKH�SHUPDQHQW�GULIW��7KH�
WLPH�KLVWRU\�RI�EHQGLQJ�PRPHQW�IRU�WKH�ERWWRP�DQG�WRS�RI�WKH�FROXPQV�RI�8� DUH�DOVR�VKRZQ�LQ�)LJV�����
DQG�����UHVSHFWLYHO\��7KH�YDULDWLRQV�LQ�WKH�EHQGLQJ�PRPHQWV�VKRZQ�LQ�)LJ����D�RU���E�IROORZ�D�JHQHUDO��
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IUHH�YLEUDWLRQ�WUHQG��+RZHYHU��VRPH�VHFRQGDU\�HIIHFWV�FDQ�EH�VHHQ�VXSHULPSRVHG�RQ�WKLV�JHQHUDO�WUHQG��,Q�
WKLV�ILJXUH��WKH�VHFRQGDU\�HIIHFWV�DUH�VKRZQ�XS�WR�����VHF���EXW��IRU�FODULW\�RI�WKH�JHQHUDO�WUHQG��WKH\�DUH�
HOLPLQDWHG�IURP�WKH�ILJXUHV�DIWHU�WKDW�WLPH��
LLL��7KH�PD[LPXP�EDVH� VKHDU� DQG� WKH�PD[LPXP�GULIW� REWDLQHG� IURP� WKH� OLQHDU� DQG�QRQ�OLQHDU�G\QDPLF�
EODVW�DQDO\VHV�RI�HDFK�IUDPH�XQGHU�HDFK�SD\ORDG�DUH�WKHQ�H[WUDFWHG�DQG�XVHG�WR�GUDZ�WKH�EDVH�VKHDU�GULIW�
FXUYH�IRU�WKDW�IUDPH��7KH�EDVH�VKHDU�GULIW�FXUYHV�WKXV�REWDLQHG�IURP�WKH�OLQHDU�DQG�QRQ�OLQHDU�DQDO\VHV�IRU�
IUDPHV�8�� 8� DQG�8� DUH�VKRZQ�VHSDUDWHO\�LQ�)LJ������8VLQJ�WKHVH�GLDJUDPV�DQG�ZLWK�UHIHUHQFH�WR�)LJ�����
WKH�SDUDPHWHUV�)H� )\ DQG� P5 DUH�FDOFXODWHG�DQG�DUH�SUHVHQWHG�LQ�7DEOH�����

)LJ�����7LPH�KLVWRU\�RI�URRI�GLVSODFHPHQW�IRU�8� IUDPH��

D�������������������������������������������������������������������������������E���)LJ������7LPH�KLVWRU\�RI�EHQGLQJ�PRPHQW�IRU�ERWWRP�RI�WKH�FROXPQV�RI�8��D��QHDU�VLGH��E��IDU�VLGH��

D������������������������������������������������������������������������������E��)LJ������7LPH�KLVWRU\�RI�EHQGLQJ�PRPHQW�IRU�WRS�RI�WKH�FROXPQV�RI�8��
D��QHDU�VLGH��E��IDU�VLGH�
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��

)LJ������'ULIW�EDVH�VKHDU�GLDJUDPV�IRU�RQH�VSDQ�RQH�VWRUH\��8��IUDPHV��
7DEOH����7KH�DPRXQW�RI� H) � \) DQG� P5 IRU�RQH�VSDQ�RQH�VWRUH\�IUDPHV�

�
�8�8�8

��������������� �N1)H

������������� �N1)\

���������������\H ))5  P

6LPLODUO\��OLQHDU�DQG�QRQ�OLQHDU�EODVW�DQDO\VHV�IRU�WZR�VWRUH\�IUDPHV��)�DQG��)�ZHUH�FDUULHG�RXW��7KH�
EDVH�VKHDU�GULIW�FXUYHV�IRU�WKH���VSDQ�IUDPHV���)�� �)� DQG��)�� DQG�WKH���VWRUH\�IUDPHV���)�� �)� DQG��)��
DUH�VKRZQ�LQ�)LJ�����DQG�)LJ������UHVSHFWLYHO\��$OVR��LQ�7DEOH����WKH�SDUDPHWHUV�)H� )\ DQG P5 � GHGXFHG�
IURP�WKH�UHVXOWV�RI�DQDO\VHV�RQ�WKH���VSDQ�DQG���VSDQ�IUDPHV�DUH�SUHVHQWHG��)LJXUHV����DQG����DQG�7DEOHV�
� GHPRQVWUDWH�WKDW�LQ�DOO�FDVHV�DV�WKH�GXFWLOLW\�UDWLR�RI�D�IUDPH�LQFUHDVHV��WKH�GXFWLOLW\�UHGXFWLRQ�IDFWRU�DOVR�
LQFUHDVHV��7KLV�LQGLFDWHV�WKH�LPSURYHPHQW�RI�WKH�VWUXFWXUDO�EHKDYLRU�ZLWK�LQFUHDVHG�GXFWLOLW\���

7DEOH���� H) � \) DQG� P5 IRU�WKUHH�DQG�ILYH�VSDQ�WZR�VWRUH\�IUDPHV�
�

�)���������)���������)����������)���)���)���
��������������������������������������������H)
������������������������������������������\)
�����������������������������������������������\H ))

���$�',6&866,21�21�7+(�5(68/76��
7R�FRPSDUH�WKH�UHVXOWV�RI�GLIIHUHQW�IUDPHV�KDYLQJ�VLPLODU�GXFWLOLW\�UDWLRV��WKH�GULIW�EDVH�VKHDU�FXUYHV�IURP�
WKH�QRQ�OLQHDU�DQDO\VHV�RI�WKH�IUDPHV�DUH�SUHVHQWHG�LQ�)LJ������)UDPHV�8� ��� ��������)� ��� ������DQG��)��

��� ������DUH�FRPSDUHG�LQ�)LJ����D��DQG�IUDPHV�8� ��� ��������)� ��� ������DQG��)� ��� ������DUH�FRPSDUHG�
LQ�)LJ����E���



5��$��,]DGLIDUG�DQG�0��5��0DKHUL��

,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��9ROXPH�����1XPEHU�%���������������������������������������������������������������������������)HEUXDU\������

��

)LJ������'ULIW�EDVH�VKHDU�GLDJUDPV�IRU�WKUHH�VSDQ�WZR�VWRUH\�IUDPHV��

)LJ������'ULIW�EDVH�VKHDU�GLDJUDPV�IRU�ILYH�VSDQ�WZR�VWRUH\�IUDPHV�
&RQVLGHULQJ�WKH�GLIIHUHQFHV�LQ�WKH�QXPEHU�RI�WKH�VSDQV��DQG�WKH�FURVV�VHFWLRQ�RI�WKH�PHPEHUV�RI�WKH�

IUDPHV��D�EHWWHU�FRPSDULVRQ�FDQ�EH�DFKLHYHG�LI�WKH�EDVH�VKHDU�GULIW�FXUYHV�RI�)LJ�����DUH�VFDOHG�LQ�UHODWLRQ�
WR� WKHLU�)\� 7KH� VFDOHG�EDVH� VKHDU�GULIW� DUH� VKRZQ� LQ�)LJ������)LJ�����GHPRQVWUDWHV� WKDW�� LQ� VSLWH�RI� WKH�
GLIIHUHQFHV�LQ�WKH�QXPEHU�RI�VSDQV��QXPEHU�RI�VWRUH\V��WKH�KHLJKW�RI�IUDPHV�DQG�SK\VLFDO�VSHFLILFDWLRQ�RI�
WKH�PHPEHUV�� WKH�VWUXFWXUHV�ZLWK�VLPLODU�GXFWLOLW\� UDWLRV�KDYH�VLPLODU� VFDOHG�EDVH�VKHDUV��7KH�H[FHSWLRQ�
EHLQJ�WKH�VLQJOH�VWRUH\�IUDPH�8��ZKLFK�DSSHDUV�WR�IROORZ�D�GLIIHUHQW�WUHQG��+RZHYHU��WKH�LPSRUWDQFH�RI�
GXFWLOLW\� LQ� UHGXFLQJ� WKH� EODVW� ORDGLQJ� RQ� WKH� IUDPHV� DSSHDUV� WR� EH� WUXH� IRU� DOO� WKH� IUDPHV�� 7R� IXUWKHU�
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FRPSDUH�WKH�HIIHFWV�RI�GXFWLOLW\�UDWLR���RQ�WKH�GXFWLOLW\�UHGXFWLRQ�IDFWRU�5�� WKH�UHVXOWV�IRU�DOO�QLQH�IUDPHV�
DUH�SUHVHQWHG�LQ�)LJ������,W�FDQ�EH�VHHQ�WKDW�IRU���������DQG���������WKH�5� GHSHQGHQFH�RQ���LV�YHU\�KLJK��
2Q�WKH�RWKHU�KDQG��IRU�GXFWLOLW\�UDWLRV�EHWZHHQ�����DQG������WKH�FKDQJHV�LQ�5� ZLWK�LQFUHDVLQJ���DSSHDU�WR�
EH�RI�D�ORZHU�RUGHU�ZKHQ�FRPSDUHG�ZLWK�GXFWLOLW\�UDWLRV�RXWVLGH�WKLV�UDQJH���+RZHYHU��)LJ�����LQGLFDWHV�
WKDW�IRU�DOO�WKH�IUDPHV�LQYHVWLJDWHG�DQG�XQGHU�DOO�FLUFXPVWDQFHV��WKH�GXFWLOLW\�UHGXFWLRQ�IDFWRU�5� LQFUHDVHV�
ZLWK�LQFUHDVLQJ���� �

D������������������������������������������������������������������E��)LJ������&RPSDULVRQ�EHWZHHQ�EDVH�VKHDU�GULIW�GLDJUDPV�IRU�IUDPHV�KDYLQJ��
D�� ������ � P E�� ������ � P

D������������������������������������������������������������������E��)LJ������&RPSDULVRQ�RI�VFDOHG�EDVH�VKHDU�GULIW�GLDJUDPV�IRU�IUDPHV�KDYLQJ��
D�� ������ � P E�� ������ � P

)LJ������'XFWLOLW\�UHGXFWLRQ�IDFWRU�YHUVXV�GXFWLOLW\�UDWLR�

P P
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$W�WKLV�VWDJH�LW�ZRXOG�EH�SUXGHQW�WR�FRPSDUH�WKH�GXFWLOLW\�HIIHFWV�XQGHU�EODVW�ORDGLQJ�ZLWK�WKDW�RI�WKH�

HDUWKTXDNH�ORDGLQJ��7KH�HIIHFW�RI�GXFWLOLW\�RQ�UHGXFLQJ�WKH�HDUWKTXDNH�ORDGLQJ�KDV�EHHQ�LQYHVWLJDWHG�E\�D�
QXPEHU�RI�LQYHVWLJDWRUV��1HZPDUN�DQG�+DOO�>��@�VWXGLHG�WKH�OLQHDU�DQG�QRQ�OLQHDU�VSHFWUXPV�RI�D�QXPEHU�
RI�HDUWKTXDNHV�WR�GHWHUPLQH�WKH�GXFWLOLW\�UHGXFWLRQ�IDFWRU��5�� DQG�SUHVHQWHG�LW�DV�D�IXQFWLRQ�RI�WKH�GXFWLOLW\�
UDWLR�����DQG�WKH�IXQGDPHQWDO�SHULRG�RI�YLEUDWLRQ�RI�WKH�VWUXFWXUH��/DL�DQG�%LJJV�>��@�DOVR�XVHG�WKH�QRQ�
OLQHDU�VSHFWUXPV�RI����V\QWKHWLF�HDUWKTXDNHV�DQG�SUHVHQWHG�WKH�GXFWLOLW\�UHGXFWLRQ�IDFWRU�DV�D�ORJDULWKPLF�
IXQFWLRQ�RI����5LGGHOO�DQG�1HZPDUN�>��@�XVHG�VWDWLVWLFDO�VWXGLHV�RI�QRQ�OLQHDU�VSHFWUXPV�RI�HODVWR�SODVWLF�
V\VWHPV�WR�GHULYH�DW�D�UHODWLRQVKLS�IRU�5�� ,Q�DQRWKHU�VWXG\��5LGGHOO�HW�DO��>��@�XVHG�WKH�WLPH�KLVWRULHV�RI�
IRXU�VHWV�RI�HDUWKTXDNHV�WR�GHULYH�D�ELOLQHDU�UHODWLRQ�IRU�GHWHUPLQDWLRQ�RI�5�� 1DVVDU�DQG�.UDZLQNOHU�>��@�
SUHVHQWHG�DQRWKHU�UHODWLRQVKLS�IRU�5� DV�D�IXQFWLRQ�RI���DQG�7��7KH\�XVHG�WLPH�KLVWRULHV�RI����HDUWKTXDNHV�
UHFRUGHG�RQ�KDUG�URFN�DQG�DOOXYLXP�LQ�WKH�ZHVW�RI�WKH�8QLWHG�6WDWHV��)LQDOO\��0LUDQGD�DQG�%HUWHUR�>��@�
XVHG�WKH�WLPH�KLVWRULHV�RI�����HDUWKTXDNHV�UHFRUGHG�RQ�GLIIHUHQW�W\SHV�RI�VRLO�DQG�SUHVHQWHG�5� IRU�WKUHH�
GLIIHUHQW�VRLO�W\SHV��

8VLQJ�WKH�UHODWLRQVKLSV�JLYHQ�E\�WKH�DERYH�LQYHVWLJDWRUV��WKH�HDUWKTXDNH�GXFWLOLW\�UHGXFWLRQ�IDFWRUV�IRU�
WKH�IUDPHV�8���)�DQG��)�DUH�GHWHUPLQHG�DQG�FRPSDUHG�ZLWK�WKH�GXFWLOLW\�UHGXFWLRQ�IDFWRU�REWDLQHG�IURP�
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