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&RQFUHWH�LQ�D�IRUPZRUN�PXVW�EH�GHPROGHG�DIWHU�UHDFKLQJ�WKH�UHTXLUHG�VWUHQJWK��+RZHYHU��LW�LV�GLIILFXOW�
WR�HVWLPDWH FRPSUHVVLYH�VWUHQJWK�RI�FRQFUHWH�LQ�WKH�IRUPZRUN��%HFDXVH�WKH�VWUHQJWK�RI�FRQFUHWH�GHSHQGV�
RQ�DPELHQW�WHPSHUDWXUH��W\SH�RI�FHPHQW�HWF��,I�LW�LV�SRVVLEOH�WR�HVWLPDWH�WKH�VWUHQJWK�RI�WKH�FRQFUHWH�LQ�
UHDO�WLPH��GHPROGLQJ�WLPH�FDQ�EH�HVWLPDWHG��7KHQ�WKH�SHULRG�RI�WKH�FRQFUHWH�LQ�WKH�IRUPZRUN�ZLOO�EH�
VKRUWHG��ZH�IRFXVHG�RQ�WKH�HOHFWULFDO�FRQGXFWLYLW\�RI�FRQFUHWH�LQ�WKLV�UHVHDUFK��,W�KDV�EHHQ�UHSRUWHG�WKDW�
FRPSUHVVLYH�VWUHQJWK�DQG�HOHFWULFDO�FRQGXFWLYLW\�DUH�UHODWHG��+RZHYHU��HDUO\�DJHG�FRPSUHVVLYH�VWUHQJWK�
KDV�QRW�EHHQ�HVWLPDWHG��6R�LQ�WKLV�UHVHDUFK�FRQFUHWH�ZLWK�GLIIHUHQW�HDUO\�DJHG�FRPSUHVVLYH�VWUHQJWK�LV�
PDGH� E\� GLIIHUHQW� FHPHQW� DQG� DPELHQW� WHPSHUDWXUH�� 7KHQ�� WKH� UHODWLRQVKLS� EHWZHHQ� WKH� HOHFWULFDO�
FRQGXFWLYLW\� DQG� HDUO\� DJHG� FRPSUHVVLYH� VWUHQJWK� RI� FRQFUHWH� ZDV� LQYHVWLJDWHG��$V� D� UHVXOW�� 7KH�
HOHFWULFDO�FRQGXFWLYLW\�RI�FRQFUHWH�ZDV�UHODWHG� RQ FRPSUHVVLYH�VWUHQJWK��7KHUHIRUH�� LW� LV�SRVVLEOH� WR�
HVWLPDWH�WKH�HDUO\�DJHG�FRPSUHVVLYH�VWUHQJWK�RI�FRQFUHWH�E\�XVLQJ�HOHFWULF�FRQGXFWLYLW\��

.(<:25'6� &RPSUHVVLYH VWUHQJWK� (OHFWULF�FRQGXFWLYLW\��+\GUDWLRQ�UHDFWLRQ��+\GUDWLRQ�KHDWLQJ�
UDWH��7HPSHUDWXUH

���,QWURGXFWLRQ

&RQFUHWH�LQ�D�IRUPZRUN�PXVW�EH�GHPROGHG�DIWHU�UHDFKLQJ�WKH�UHTXLUHG�VWUHQJWK��+RZHYHU��LW�LV�GLIILFXOW�
WR�PHDVXUH�FRPSUHVVLYH�VWUHQJWK�LQ�UHDO�WLPH��7KHUHIRUH��:H�IRFXVHG�RQ�WKH�FRQGXFWLYLW\�RI�FRQFUHWH�
DV� D�PHWKRG� WR� HVWLPDWH� WKH� VWUHQJWK� RI� FRQFUHWH��&RQGXFWLYLW\� LV� D� YDOXH� UHSUHVHQWLQJ� HDVLQHVV� RI�
HOHFWULFLW\��7KH�FRQGXFWLYLW\�PHWHU�LV�VKRZQ�LQ�)LJXUH����&RQGXFWLYLW\�LV�PDLQO\�XVHG�WR�PHDVXUH�ZDWHU�
TXDOLW\� DQG� VDOW� FRQFHQWUDWLRQ�� ,W� KDV� EHHQ� UHSRUWHG� WKDW� FRPSUHVVLYH� VWUHQJWK� DQG� HOHFWULFDO�
FRQGXFWLYLW\�DUH�UHODWHG�LQ�WKH�SDVW�UHVHDUFK��+RZHYHU��HDUO\�DJHG�FRPSUHVVLYH�VWUHQJWK�KDV�QRW�EHHQ�
HVWLPDWHG��7KHUHIRUH��ZH�H[DPLQHG�WKH�UHODWLRQVKLS�EHWZHHQ�FRPSUHVVLYH�VWUHQJWK�DQG�FRQGXFWLYLW\�RI�
HDUO\�DJHG�FRQFUHWH�

)LJXUH���&RQGXFWLYLW\�PDWHU
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�� ([SHULPHQW

����&RQGXFWLYLW\�DQG�&RPSUHVVLYH�VWUHQJWK��

7KH�FRQFUHWH�PL[�SURSRUWLRQ�LV�VKRZQ�LQ�7DEOH��� &RQFUHWH�XVLQJ�RUGLQDU\�3RUWODQG�FHPHQW��23&��DQG�
EODVW�IXUQDFH�VOXJ�FHPHQW��%%��ZDV�PDGH� &RQFUHWH�ZLWK�GLIIHUHQW�W\SHV�RI�FHPHQW�DQG�DWPRVSKHUH�
WHPSHUDWXUH�ZDV�PDGH��,Q�RUGHU�WR�FRQILUP�WKH�UHODWLRQVKLS�EHWZHHQ�VWUHQJWK�DQG�FRQGXFWLYLW\�DW�HDUO\�
DJHG��7KHQ�FRQGXFWLYLW\�DQG�FRPSUHVVLYH�VWUHQJWK�ZHUH�PHDVXUHG��&RPSUHVVLYH�WHVW�VSHFLPHQ�VHDOHG�
FXULQJ��,Q�DGGLWLRQ��WKH�DWPRVSKHUH�WHPSHUDWXUH�RI�WKH�VSHFLPHQ�ZDV�FKDQJHG�WR������DQG����GHJUHHV�
&HOVLXV��,Q�RUGHU�WR�FKDQJH�WKH�VWUHQJWK�GHYHORSPHQW�RI�WKH�FRQFUHWH� &RQGXFWLYLW\�ZDV�PHDVXUHG�ZLWK�
PRUWDU�VFUHHQHG�ZLWK FRQFUHWH�DW���PP��$�SUREH�ZDV�HPEHGGHG�LQ�WKH�VSHFLPHQ� ,Q�RUGHU�WR�SUHYHQW�
ZDWHU�IURP�HQWHULQJ�WKH�LQVLGH�RI�WKH�SUREH�E\�EOHHGLQJ��WKH�HOHFWURGH�SDUW�IDFHG�XSZDUG� 0HDVXUHPHQW�
LQWHUYDOV�RI�FRQGXFWLYLW\�ZHUH�VHW�WR���PLQXWH�LQWHUYDOV�XS�WR����KRXUV�RI�DJH�DQG���KRXU�LQWHUYDOV�XQWLO�
���GD\V�RI�DJH�DIWHU����KRXUV�RI�DJH�

7DEOH���&RQFUHWH�PL[�SURSRUWLRQ

)LJXUH���0HDVXULQJ�PHWKRG�RI�FRQGXFWLYLW\

����5HVXOWV�RI�&RQGXFWLYLW\�DQG�&RPSUHVVLYH�VWUHQJWK�

7KH�UHVXOWV�RI�FRQGXFWLYLW\�RI�23&�DQG�%%�DUH�VKRZQ�LQ )LJXUH����:KHQ�WKH�DPELHQW�WHPSHUDWXUH�ZDV�
KLJK��WKH�PD[LPXP�YDOXH�RI�WKH�FRQGXFWLYLW\�EHFDPH�ODUJH� 7KH�GHFUHDVH�LQ�FRQGXFWLYLW\�DIWHU�SHDN�
DOVR�LQFUHDVHG��7KH�UHVXOWV�RI�WKH�FRPSUHVVLYH�VWUHQJWK�WHVW�DUH�VKRZQ�LQ�)LJXUH����&RPSUHVVLYH�VWUHQJWK�
LQFUHDVHG DV� WHPSHUDWXUH� LQFUHDVHG� 6WUHQJWK� GHYHORSPHQW� ZDV� GLIIHUHQW� GHSHQGLQJ� RQ� DPELHQW�
WHPSHUDWXUH� 7KH�UHVXOWV�RI�FRQGXFWLYLW\�DQG�FRPSUHVVLYH�VWUHQJWK�DUH�VKRZQ�LQ�)LJXUH��� 7KHUH�ZDV�D�
UHODWLRQ�EHWZHHQ�FRQGXFWLYLW\�DQG�FRPSUHVVLYH�VWUHQJWK�
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)LJXUH���&RQGXFWLYLW\��23&�DQG�%%�

)LJXUH���&RPSUHVVLYH�VWUHQJWK��23&�DQG�%%�

)LJXUHU���&RQGXFWLYLW\�DQG�&RPSUHVVLYH�VWUHQJWK��23&�DQG�%%�

����&RQGXFWLYLW\�DQG�K\GUDWLRQ�KHDW

&RPSUHVVLYH� VWUHQJWK� LQFUHDVHV�ZLWK� K\GUDWLRQ� UHDFWLRQ� ,Q� RWKHU�ZRUGV�� LW� LV� FRQFHLYDEOH� WKDW� WKH�
FRQGXFWLYLW\� PHDVXUHV� WKH� K\GUDWLRQ� UHDFWLRQ� RI� FRQFUHWH� 7KHUHIRUH�� FRQGXFWLYLW\� DQG� K\GUDWLRQ�
UHDFWLRQ�ZHUH�PHDVXUHG� &RQGXFWLYLW\�RI�FRQFUHWH�ZDV�WKH�VDPH�DV�WKDW�RI�7DEOH��� +\GUDWLRQ�KHDW�ZDV�
PHDVXUHG�E\�D�FRQGXFWLRQ�FDORULPHWHU��0HDVXUHG�ZLWK�PRUWDU�RI�����RI�ZDWHU�FHPHQW�UDWLR�

����5HVXOWV�RI &RQGXFWLYLW\�DQG�K\GUDWLRQ�KHDW�

7KH�UHVXOWV�RI�FRQGXFWLYLW\�DQG�K\GUDWLRQ�KHDW�DUH�VKRZQ�LQ�)LJXUH����:KHQ�WKH�WHPSHUDWXUH�LV�KLJK��
WKH�PD[LPXP�YDOXH�RI�FRQGXFWLYLW\�LV�ODUJH��DQG�WKH�GHFUHDVH DIWHU�SHDN�LV�ODUJH� ,Q�DGGLWLRQ�������&�
UHDFKHG�WKH�PD[LPXP�RI�FRQGXFWLYLW\�HDUOLHU�WKDQ������&� 7KH�UHVXOW�RI�K\GUDWLRQ�KHDW�DOVR�UHDFKHG�D�
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PD[LPXP�YDOXH�DW������&��HDUOLHU�WKDQ������&�

)LJXUH���&RQGXFWLYLW\�DQG�K\GUDWLRQ�KHDW

����(VWLPDWLRQ�RI�HDUO\�DJHG�FRPSUHVVLYH�VWUHQJWK�

&DOFXODWLRQ�IRUPXOD�RI�HDUO\�DJHG�FRQFUHWH�VWUHQJWK�ZDV�FDOFXODWHG� 7KH�HVWLPDWLRQ�HTXDWLRQ�LV�VKRZQ�
LQ������7KH�VWUHQJWK�ZDV�HVWLPDWHG�ZLWK�FRQFUHWH�RI�23&�LQ�7DEOH����
7KH�UHVXOWV�RI�WKH�HVWLPDWHG�VWUHQJWK�DUH�VKRZQ�LQ�)LJXUH���7KH�DFWXDO�VWUHQJWK�ZDV�KLJKHU�WKDQ�WKH�
HVWLPDWHG�VWUHQJWK��,Q�WKLV�VWXG\��WKH�FRPSUHVVLYH�VWUHQJWK�ZDV�FDOFXODWHG�E\�WKH�DYHUDJH�RI�VSHFLPHQV��
+RZHYHU��WKH�FRPSUHVVLYH�VWUHQJWK�RI�HDUO\�DJH�ZDV�DERXW����1�PP� GLIIHUHQW��7KLV�LV�FRQVLGHUHG�WR�
EH�WKH�FDXVH�RI�WKH�GLIIHUHQFH�EHWZHHQ�WKH�HVWLPDWHG�VWUHQJWK�DQG�WKH�H[SHULPHQWDO�UHVXOW��,W�LV�QHFHVVDU\�
WR�LPSURYH�WKH�HVWLPDWLRQ�DFFXUDF\�RI�LQWHQVLW\�

)LJXUH���&RPSUHVVLYH�VWUHQJWK�HVWLPDWLRQ
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\�&RPSUHVVLYH�VWUHQJWK��1�PP��
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�� 3URSRVDO�RI�HVWLPDWLRQ�PHWKRG�RI�GHPROGLQJ�WLPH

7KH� HVWLPDWLRQ�PHWKRG� RI� WKLV� VWXG\� FDQ� FDOFXODWH� FRPSUHVVLYH� VWUHQJWK� IURP� WKH� FRQGXFWLYLW\� RI�
FRQFUHWH� ,I�LW�LV�SRVVLEOH�WR�HVWLPDWH�WKH�VWUHQJWK�RI�WKH�FRQFUHWH�LQ�UHDO�WLPH��GHPROGLQJ�WLPH�FDQ�EH�
HVWLPDWHG��7KHQ��WKH�SHULRG�RI�WKH�FRQFUHWH�LQ�WKH�IRUPZRUN�ZLOO�EH�VKRUWHG��)LJXUH���VKRZV�D�PRGHO�
RI� VWUHQJWK� HVWLPDWLRQ�� (PEHG� WKH� FRQGXFWLYLW\�PHWHU� LQVLGH� WKH� FRQFUHWH� IRUPZRUN�� &RPSUHVVLYH�
VWUHQJWK�LV�FDOFXODWHG�IURP�WKH�PHDVXUHG�FRQGXFWLYLW\��7KHQ�HVWLPDWH�GHPROGLQJ�WLPH� ,Q�WKH�IXWXUH��LW�
LV� QHFHVVDU\� WR� HVWLPDWH� WKH� VWUHQJWK� FRQVLGHULQJ� WKH� FRQVWUXFWLRQ� FRQGLWLRQV� DQG� HQYLURQPHQWDO�
FRQGLWLRQV

)LJXUH���6WUHQJWK�HVWLPDWLRQ�PRGHO

���&RQFOXVLRQ

�� &RQGXFWLYLW\�RI�FRQFUHWH�LV�HYDOXDWLQJ�WKH�SURJUHVV�RI�K\GUDWLRQ�UHDFWLRQ�
�� :KHQ�WKH�DPELHQW�WHPSHUDWXUH�LV�KLJK��WKH�PD[LPXP�YDOXH�RI�FRQGXFWLYLW\�EHFRPHV�ODUJH��DQG�

WKHUHDIWHU��WKH�GHFUHDVH�LQ�FRQGXFWLYLW\�LV�ODUJH�
�� &RQGXFWLYLW\�DQG�FRPSUHVVLYH�VWUHQJWK�ZHUH�UHODWHG�
�� &RPSUHVVLYH�VWUHQJWK�ZDV�HVWLPDWHG�IURP�FRQGXFWLYLW\��7KH�DFWXDO�VWUHQJWK�ZDV�KLJKHU�WKDQ�WKH�

HVWLPDWHG�VWUHQJWK�

5HIHUHQFHV

�� 2VDPX�0DNLVKLPD�HW�DO���&RQGXFWLYLW\�0HDVXUHPHQW�RI�&RQFUHWH�6WUXFWXUHV�%DVLF�0HDVXUHPHQW�0HWKRG�
IRU�0HDVXULQJ�6WUHQJWK�LQ�6WUXFWXUH�5HVHDUFK��-DSDQ�6RFLHW\�RI�&LYLO�(QJLQHHUV������$QQXDO�0HHWLQJ��9�
�����SS������� ���������

�� 0DULNR�.DZDVDWR��2VDPX�0DNLVKLPD��IRU�PRUWDU�DQG�HOHFWURO\WH�$�FRQVLGHUDWLRQ�RQ�FRDJXODWLRQ�HYDOXDWLRQ�
E\�FRQGXFWLYLW\��-DSDQ�6RFLHW\�RI�&LYLO�(QJLQHHUV������$QQXDO�0HHWLQJ��9�� �����SS������������������

�� 7DNDIXPL� ,WR�� 7DNHKL� ,\RGD�� FRPSUHVVLRQ� XVLQJ� HOHFWULF� FRQGXFWLYLW\� 6WXG\� RI� PHFKDQLVP� RI� VWUHQJWK�
HVWLPDWLRQ��FRQFUHWH�VWUXFWXUH�5HSDLULQJ�DQG�XSJUDGLQJ�REMHFWV�8SJUDGHG�SDSHUV�5HSRUW�YROXPH���9ROXPH��
SS��������������

�� 0DVDKL�2WD�DQG�RWKHUV��FRPSUHVVLYH�VWUHQJWK�HVWLPDWLRQ�XVLQJ�HOHFWULF�FRQGXFWLYLW\�PHWHU�([DPLQDWLRQ�RI�
IL[HG�PHFKDQLVP��WKH���WK�&HPHQW�7HFKQRORJ\�&RQYHQWLRQ�$EVWUDFW�RI�3DSHUV��SS���������������
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