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(OHFWURFKHPLFDO�PHWKRGV�KDYH�EHHQ�XVHG�IRU�WKH�FKDUDFWHUL]DWLRQ�RI�DOOR\V�FRUURVLRQ�LQ�PROWHQ�JODVVHV�

�� FRUURVLRQ�SRWHQWLDO��SRODUL]DWLRQ� UHVLVWDQFH��SRODUL]DWLRQ�FXUYH��1XPHURXV� DOOR\V�KDYH�EHHQ�VWXGLHG� LQ�D�

ERURVLOLFDWH�JODVV�DW������&��ZLWK�URWDWLQJ�ZRUNLQJ�HOHFWURGHV��$�PLQLPXP�FKURPLXP�OHYHO�LV�UHTXLUHG�WR�

REWDLQ� D� SDVVLYDEOH� DOOR\�� 2Q� WKH� RQH� KDQG�� DFWLYH� VWDWH� LV� FKDUDFWHUL]HG� E\� D� UDSLG� GLVVROXWLRQ� RI�

FRQVWLWXWLYH�HOHPHQWV�RI�WKH�DOOR\�LQ�WKH�JODVV�PHOW��FRUURVLRQ�UDWH�XS�WR�D�IHZ�FP�\HDU���2Q�WKH�RWKHU�KDQG��

D� SDVVLYH� VWDWH� LQYROYHV� WKH�SUHVHQFH� RI� D� WKLQ� SURWHFWLYH� FKURPLD� VFDOH� �FRUURVLRQ� UDWH� ORZHU� FORVH� WR� ��

PP�\HDU��� 7KH� SDVVLYH� VWDWH� FDQ� EH� REWDLQHG� E\� SUHR[LGDWLRQ� RU� DQRGLF� SRODUL]DWLRQ� RI� WKH� DOOR\�� 7KH�
DGGLWLRQ�RI�DQ�R[LGL]LQJ�DJHQW�WR�WKH�JODVV�LV�DOVR�HIIHFWLYH��

,QWURGXFWLRQ�

,Q� JODVV� LQGXVWU\�� VXSHUDOOR\V� DUH�ZLGHO\� XVHG�ZKHUH�3ODWLQXP� LV� WRR� H[SHQVLYH� RU� WRR�
VRIW�DQG�UHIUDFWRU\�R[LGHV�DUH�WRR�IUDJLOH��,Q�G\QDPLF�SURFHVVHV��WKH�FRQWDFW�EHWZHHQ�PROWHQ�
JODVV� DQG� DOOR\V� OHDGV� WR� FRUURVLRQ� DQG� HURVLRQ� SKHQRPHQD�� (OHFWURFKHPLFDO� PHWKRGV�
DGDSWHG� IURP� DTXHRXV� FRUURVLRQ� VWXGLHV�� XVHG� LQ� D� GHGLFDWHG� H[SHULPHQWDO� DSSDUDWXV�� DUH�
SUHFLRXV� WRROV� E\� WKH� IDFW� WKDW� DQ� LQ� VLWX� UHFRUGLQJ� LV� HDV\�� %\� WKLV�ZD\�� GHWHUPLQDWLRQ� RI�
FRUURVLRQ�UDWHV�DQG�PHFKDQLVPV�DUH�SRVVLEOH��7KH�HIILFLHQF\�RI�SURWHFWLRQ�PHWKRGV� LV� DOVR�
DVVHVVDEOH��

����(OHFWURFKHPLFDO�GHWHUPLQDWLRQ�RI�DOOR\V
�FRUURVLRQ�UDWHV�

������([SHULPHQWDO�DSSDUDWXV�

7KH�XVXDO�H[SHULPHQWDO�DSSDUDWXV�FRQVLVWV�LQ�D�IXUQDFH�LQ�ZKLFK�D�3W����5K�FUXFLEOH�LV�
SODFHG�LQ�DLU�DWPRVSKHUH��$V�IRU�FODVVLFDO�DTXHRXV�PHDVXUHV��WKUHH�HOHFWURGHV�DUH�QHHGHG��7KH�
HOHFWURGHV
�WLS�DUH�LPPHUVHG�LQ�WKH�JODVV�PHOW��ILJXUH�����

���� :RUNLQJ� HOHFWURGH� ���� &RXQWHU� HOHFWURGH� ����

&RPSDULVRQ�HOHFWURGH��<WWULD�VWDELOL]HG�HOHFWURGH��
���� )XUQDFH� ���� OLWWHUV�� ���� 3W���5K� FUXFLEOH�

�φ ���PP�� K ���PP�� ���� *ODVV� ���� (QJLQH� ����
5XEEHU�EHOW�

�

)LJXUH�����([SHULPHQWDO�HTXLSPHQW�XVHG�IRU�WKH�HOHFWURFKHPLFDO�VWXG\�RI�WKH�FRUURVLRQ�E\�

PROWHQ�JODVVHV�

$� VHFRQG� IXUQDFH� LV� DLU� SURRI� WR� DOORZ� H[SHULPHQWV� LQ� RWKHU� DWPRVSKHUHV� �$U��$LU�$U«���
7KH�ZRUNLQJ�WHPSHUDWXUH�LV�JHQHUDOO\�EHWZHHQ������&�DQG������&��7KH�ZRUNLQJ�HOHFWURGH�LV�
D� ����PP�GLDPHWHU� DOOR\� URG� SROLVKHG� WR� WKH� ����� JULG� 6L&� SDSHU�� &RXQWHU� HOHFWURGH� LV� D�
3ODWLQXP� SODWH� ���
�
��� PP��� $OO� SRWHQWLDOV� DUH� JLYHQ� YHUVXV� VHOI� FRQVWUXFWHG� <WWULD�



6WDELOL]HG�&RPSDULVRQ�(OHFWURGH��7KHVH�KLJK�WHPSHUDWXUH�DGDSWHG�HOHFWURGHV�DUH�H[WHQVLYHO\�
GHWDLOHG�LQ�UHI������������ ����DQG������7KH�ZRUNLQJ�HOHFWURGH�LV�OLQNHG�E\�D�UXEEHU�EHOW�WR�DQ�HQJLQH��
DOORZLQJ�DQ�D[LDO�URWDWLRQ��XS�WR�����USP��,Q�WKLV�VWXG\�����USP�LV�WKH�RQO\�DSSOLHG�URWDWLQJ�
VSHHG��,W�FRUUHVSRQGV�WR�D�OLQHDU�VSHHG�RI�DERXW���P�PLQ�LQ�URG
V�SHULSKHU\��3DUF�0����DQG�
0���$�SRWHQWLRVWDWV�ZHUH�XVHG�WR�SHUIRUP�WKH�HOHFWURFKHPLFDO�PHDVXUHPHQWV��

������7KH�JODVV�

7KH� UHVXOWV� SUHVHQWHG� KHUH� KDYH� EHHQ� SHUIRUPHG� LQ� DQ� LQGXVWULDO� ERURVLOLFDWH� JODVV�
������6L2�� ������)H�2�� ������$O�2�� �����&D2� ������1D�2� ������.�2� �����%�2�� LQ�
ZHLJKW����DW������&��7KH�VROYHQW
V�HOHFWURDFWLYLW\�GRPDLQ�H[WHQGV�DSSUR[LPDWHO\�IURP������
WR������9��)LJXUH�����,W� LV� OLPLWHG�LQ�WKH�QHJDWLYH�SRWHQWLDOV�E\�WKH�UHGXFWLRQ�RI�WKH�VLOLFDWH�
QHWZRUN�LQ�DFFRUGDQFH�ZLWK�6L2�

�������H���Æ�6L�����2��������7KH�R[LGDWLRQ�DQRGLF�OLPLW�RI�WKH�
VROYHQW�FRUUHVSRQGV�WR�R[\JHQ�JDV�IRUPDWLRQ��GXH�WR�WKH�R[LGDWLRQ�RI�WKH�2���LRQV��2���Æ�ó�
2���J������H�

����WKHQ�RI�WKH�VLOLFDWHV�QHWZRUN��6L2�
���Æ�6L2�
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)LJXUH�����(OHFWURDFWLYLW\�GRPDLQ�RI�WKH�JODVV�RQ�D�3W�HOHFWURGH��7� ������&��

(YHQ� LI� QXPHURXV� VSHFLHV� DUH� SUHVHQW� LQ� WKLV� JODVV�� RQO\� 6L,9�6L��� )H,,,�)H,,�� )H,,�)H�� DQG�
2��2

���FRXSOHV�DUH�HOHFWURDFWLYH��)LJXUH���VKRZV�WKH�IRUPDO�SRWHQWLDOV�RI�WKHVH�FRXSOHV��DQG�
WKRVH�RI�&R,,,�&R,,��&R,,�&R���&U9,�&U,,,�DQG�&U,,,�&U,,��6TXDUH�:DYH�9ROWDPPHWU\�PHWKRGV�
KDYH�EHHQ�XVHG�DV�GHYHORSHG�LQ�UHI� ����� ����WR�GHWHUPLQH�WKHP��IRUPDO�SRWHQWLDOV�RI�FKURPLXP�
FRXSOHV�DUH�WDNHQ�IURP�UHI������7KH�SRWHQWLDO�VFDOH�LV�XVHIXO�WR�DVVLJQ�WKH�DQRGLF�DQG�FDWKRGLF�
UHDFWLRQV�RI�D�FRUURGLQJ�DOOR\��

�

)LJXUH�����)RUPDO�SRWHQWLDOV�RI�UHGR[�FRXSOHV�LQ�WKH�JODVV��

�



������$OOR\V
�FRUURVLRQ�UDWHV�PHDVXUHPHQWV�

&RUURVLRQ�SRWHQWLDO�YDOXHV�SRLQW�RXW�WKH�R[LGL]LQJ�DJHQW�LQYROYHG�LQ�FRUURVLRQ�UHDFWLRQV�

�H�J��6L,9� LI�(FRUU�≈� �����9��RU�)H,,,� LI� �����9��(FRUU�������9�«���7KH�SRODUL]DWLRQ�UHVLVWDQFH�
�5S��PHDVXUHPHQW�JLYHV�WKH�FXUUHQW�GHQVLW\��,FRUU� �FRQVWDQW�5S���7KH�KLJKHU�WKH�5S�YDOXHV�
DUH��WKH�OHVV�WKH�FXUUHQW�GHQVLWLHV�DUH��%\�XVLQJ�)DUDGD\
V�ODZ��FRUURVLRQ�UDWH�LQ�FP�\HDU�FDQ�
EH�HVWLPDWHG�IURP�,FRUU�YDOXHV��

����&KDUDFWHUL]DWLRQ�RI�WKH�SDVVLYH�VWDWH��0HWKRGV�WR�UHGXFH�FRUURVLRQ�UDWHV��

������3DVVLYH�YHUVXV�DFWLYH�VWDWH�

$V�VKRZQ�E\�/L]DUD]X� ����RQ�1L�&U�DOOR\V��D���������FKURPLXP�FRQWHQW�LV�QHFHVVDU\�WR�
H[SHFW�D�FKURPLD�IRUPLQJ�DOOR\��7KH�FRUURVLRQ�UHVLVWDQFH�RI�1L�EDVH���&U��&R�EDVH���&U�DQG�
1L�EDVH�2'6���&U�DOOR\V�KDYH�EHHQ� WHVWHG�E\�HOHFWURFKHPLFDO� WHFKQLTXHV��)LJXUH��� VKRZV�
W\SLFDO�SRODUL]DWLRQ�FXUYHV�RI� WKHVH�DOOR\V��7ZR�GLVWLQFW�EHKDYLRUV�DSSHDU� �� WKH�FXUYH�Q��� LV�
FKDUDFWHULVWLF�RI�DQ�DFWLYH�DOOR\�ZKHUHDV�Q���LV�FKDUDFWHULVWLF�RI�D�SDVVLYH�DOOR\��)RU�DQ�DOOR\�LQ�

DFWLYH�VWDWH��WKH�LQLWLDO�SRWHQWLDO�LV�ORZ��≈������9��R[LGDQW�EHLQJ�6L,9���DQG�DQ�DQRGLF�SHDN��KHUH�
,�  � ���� P$�FPñ�� LV� IROORZHG� E\� D� ZLGH� SDVVLYDWLRQ� SODWHDX� ZLWK� UHODWLYHO\� ORZ� FXUUHQW�

GHQVLWLHV� �≈� ���� P$�FPñ��� 5S� YDOXHV� DUH� FORVH� WR� ��� Ω�FPñ�� ZKLFK� FRUUHVSRQGV� WR� D�
FRUURVLRQ�UDWH�IURP�����WR�����FP�\HDU��7DEOH�����
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)LJXUH�����3RODUL]DWLRQ�FXUYHV�RI�DQ�DFWLYH�DOOR\��Q�����DQG�RI�D�SDVVLYH�RQH��Q�����(�LV�

LPSRVHG�IURP�(FRUU������P9�WR�������9��

)LJXUH����D��VKRZV�D�VHFWLRQ�RI�WKH�1L���&U�DOOR\�LQ�DFWLYH�VWDWH�DIWHU���KUV�RI�IUHH�LPPHUVLRQ�
LQ� JODVV� DW� �����&�� ,Q� DGGLWLRQ� WR� WKH� JHQHUDOL]HG� FRUURVLRQ� RI� WKH� HQWLUH� VXUIDFH�� D� JODVV�
SHQHWUDWLRQ�RQ�DQ�DSSUR[LPDWH�����P�GHSWK�FDQ�EH�QRWHG�DW�JUDLQ�ERXQGDULHV��

7KH�VHFRQG�FXUYH�RI�ILJXUH��� LV�FKDUDFWHULVWLF�RI�D�SDVVLYH�DOOR\�� ,W�H[KLELWV�QR�DQRGLF�SHDN�
DQG� D� KLJK� FRUURVLRQ� SRWHQWLDO� ORFDWHG� LQ� WKH� SDVVLYDWLRQ� SODWHDX� �R[LGDQW� DUH� )H,,,� DQG�

GLVVROYHG� 2���� 5S� YDOXHV� DUH� WKHQ� XVXDOO\� IURP� ���� WR� ���� Ω�FPñ� FRUUHVSRQGLQJ� WR� D�
FRUURVLRQ�UDWH�QHDU�RI���PP�\HDU��7DEOH�����WKDW�LV�WR�VD\�RQH�PDJQLWXGH�ORZHU�WKDQ�IRU�WKH�
DFWLYH� DOOR\�� 7KH� JODVV�DOOR\� LQWHUIDFH� RI� D� SDVVLYH� 1L���&U� DOOR\� DIWHU� ��� KUV� RI� IUHH�
LPPHUVLRQ�LQ�JODVV�DW������&�LV�VKRZQ�LQ�)LJXUH����E���$������P�FKURPLD�OD\HU�SUHVHQW�RQ�
WKH�VXUIDFH�LV�UHVSRQVLEOH�IRU�WKH�SDVVLYDWLRQ��SURWHFWLQJ�WKH�DOOR\�IURP�JODVV�SHQHWUDWLRQ�DQG�
UHGXFLQJ�WKH�FRUURVLRQ�UDWH��



� �

)LJXUH������D��6HFWLRQ�RI�WKH�1L���&U�DOOR\�DIWHU���KUV�RI�IUHH�LPPHUVLRQ�LQ�JODVV�DW�

�����&��7KH�VHSDUDWLRQ�RI�DOOR\�DQG�JODVV�KDSSHQV�GXULQJ�FRROLQJ����E��6HFWLRQ�RI�WKH�

SDVVLYH�1L���&U�DOOR\�DIWHU����KUV�RI�IUHH�LPPHUVLRQ�LQ�JODVV�DW������&��%DFN�VFDWWHUHG�

HOHFWURQV��

������(IILFLHQW�SURWHFWLYH�PHWKRGV�

3DVVLYLW\� IRU� DOOR\V� LPSOLHV� WKH� IRUPDWLRQ� RI� D� SURWHFWLYH� VFDOH�� ,Q� RXU� FDVH� RI� KLJK�
FKURPLXP�DOOR\V��FKURPLD�VKRXOG�SOD\�WKLV�UROH�EXW�DV�SROLVKHG�DOOR\V�UHOHDVH�&U,,�LRQV�LQVWHDG�
RI�VSRQWDQHRXVO\�IRUPLQJ�FKURPLD��7KH�ZRUNLQJ�JODVV�RI� WKLV�VWXG\� LV�QRW�R[LGDQW�HQRXJK��
7KUHH�HIILFLHQW�PHWKRGV�KDYH�EHHQ�GHYHORSHG�WR�UHDFK�D�SDVVLYH�VWDWH��

���� 7KH� DGGLWLRQ� RI� R[LGL]LQJ� VSHFLHV� WR� WKH� JODVV� �0Q,9�� )H,,,«�� LQFUHDVHV� LWV� SRWHQWLDO��
UHVXOWLQJ�LQ�&U�2��IRUPDWLRQ�DW�WKH�DOOR\�JODVV�LQWHUIDFH��,I�PRGLILFDWLRQ�RI�JODVV�FRPSRVLWLRQ�
LV�QRW�VXLWDEOH��WZR�RWKHU�ZD\V�DUH�OHIW��

���� $� WHPSRUDU\� DQRGLF� SURWHFWLRQ� LV� SRVVLEOH�� E\� LPSRVLQJ� D� SRWHQWLDO� ORFDWHG� LQ� WKH�
SDVVLYDWLRQ�SODWHDX�������(�����9��GXULQJ�RQH�KRXU��,W�DOVR� OHDGV�WR�FKURPLD�IRUPDWLRQ�DW�
WKH� DOOR\�JODVV� LQWHUIDFH�� <HW�� WKLV� PHWKRG� FDQ� EH� GLIILFXOW� WR� XVH� LQ� G\QDPLF� LQGXVWULDO�
SURFHVVHV��7KH�ODVW�RQH�LV�HDVLHU��

����7KH�IRUPDWLRQ�RI�D�FKURPLD�SURWHFWLYH�OD\HU�EHIRUH�JODVV�FRQWDFW�FDQ�EH�REWDLQHG�E\�KRW�
DLU� R[LGDWLRQ� RI� WKH� DOOR\�� &ODVVLFDOO\�� RQH� KRXU� LQ� IXUQDFH� MXVW� DERYH� WKH� FUXFLEOH� �FDOOHG�
�SUHR[LGDWLRQ���LV�HIILFLHQW��

7KHVH� PHWKRGV� KDYH� EHHQ� DSSOLHG� RQ� QXPHURXV� &REDOW� EDVH� DQG� 1LFNHO� EDVH� DOOR\V��
LQFOXGLQJ�2'6�1L�EDVH�DOOR\��KDYLQJ� LQ�FRPPRQ�D�KLJK�FKURPLXP�FRQWHQW� ��������������
KUV�WHVWLQJ�KDYH�VKRZQ�WKDW� WKH� UHDFKHG�SDVVLYH�VWDWH� LV� UHSURGXFLEOH�DQG� ORQJ� ODVWLQJ��7KH�
WKLFNQHVV�ORVVHV�RI�D�&REDOW�EDVH�LQGXVWULDO�FRPSRQHQW�������KUV�OLIH�WLPH��VDPH�WHPSHUDWXUH��

VDPH� JODVV�� JDYH� D� FRUUHVSRQGLQJ� 5S� YDOXH� RI� DERXW� ���� Ω�FPñ�� ,W� LV� LQ� YHU\� JRRG�
DFFRUGDQFH�ZLWK�WKH�HOHFWURFKHPLFDOO\�PHDVXUHG�YDOXHV��WDEOH�����

&RQFOXVLRQ�

&ODVVLFDO�HOHFWURFKHPLFDO�PHWKRGV�ZLWK�DGDSWHG�H[SHULPHQWDO�DSSDUDWXV�DUH�VXLWDEOH�IRU�
WKH� FKDUDFWHUL]DWLRQ� RI� DOOR\V� FRUURVLRQ� LQ�PROWHQ� JODVVHV��7KH� HOHFWURFKHPLFDOO\�PHDVXUHG�
FRUURVLRQ�UDWHV�DUH�LQ�JRRG�DFFRUGDQFH�ZLWK�WKH�WKLFNQHVV�ORVVHV�RI�DQ�LQGXVWULDO�FRPSRQHQW��
)HZ� KRXUV� HOHFWURFKHPLFDO� WHVWLQJ� JLYHV� D� JRRG� HVWLPDWLRQ� RI� WKH� ORQJ� WLPH� EHKDYLRU� RI�



DOOR\V��,Q�WKH�JODVV�RI�WKLV�VWXG\��DOO�WKH�WHVWHG�KLJK�FKURPLXP�DOOR\V�DUH�VSRQWDQHRXVO\�LQ�DQ�
DFWLYH�VWDWH��FRUUHVSRQGLQJ�WR�D�FRUURVLRQ�UDWH�RI�D�IHZ�FP�\HDU��,Q�WKH�SDVVLYH�VWDWH��WKHVH�
DOOR\V� FDQ�EH�SURWHFWHG�E\� WKH�SUHVHQFH�RI� D� WKLQ� FKURPLD� OD\HU�RQ� WKHLU� VXUIDFH��&KURPLD�
SURWHFWLRQ�DOORZV�DW� OHDVW�D�RQH�PDJQLWXGH�GHFUHDVH�LQ�FRUURVLRQ�UDWHV��7KH�WKUHH�IROORZLQJ�
PHWKRGV� DUH� HIILFLHQW� WR� UHDFK� D� SDVVLYH� VWDWH� �� DGGLWLRQ� RI� R[LGL]LQJ� DJHQWV� WR� WKH� JODVV��
WHPSRUDU\�DQRGLF�SURWHFWLRQ�DQG�SUHR[LGDWLRQ��

7DEOH�����(FRUU�DQG�5S�RI�DFWLYH�DQG�SDVVLYH�DOOR\V�����USP�URWDWLQJ�HOHFWURGHV��7 �����&��

� $FWLYH�VWDWH� 3DVVLYH�VWDWH�

$OOR\�
(FRUU�
�9��

5S�

�ΩΩΩΩ�FPñ��
2[LGL]LQJ�
VSHFLHV�

&RUURVLRQ�UDWH�
LQ�FP�\HDU�

(FRUU�
�9��

5S�

�ΩΩΩΩ�FPñ��
2[LGL]LQJ�
VSHFLHV�

&RUURVLRQ�UDWH�
LQ�FP�\HDU�

&R�EDVH�
��&U��:�

������ ��� ���� ������ ���� 2�� �����

&R�EDVH�
��&U��:�

������ ��� ���� ������ ���� )H,,,��2�� �����

&R�EDVH�
��&U��$O�

������ ��� ���� ������ ���� 2�� �����

1L�EDVH�
��&U�

������ ��� ���� ������ ���� 2�� �����

2'6�1L�
EDVH���&U�

������ ���

6L,9�

���� ������ ���� 2�� �����

�

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

�
�%��75(0,//21�� LQ�(OHFWURFKLPLH�$QDO\WLTXH� HW�5pDFWLRQV� HQ� 6ROXWLRQ�� HGLWHG� E\�0$6621� �3DULV��

�������9RO�����

�
�)��%$8&.(�� LQ�6HQVRUV��$�&RPSUHKHQVLYH�6XUYH\�� HGLWHG�E\�:��*|SHO��9&+�3XE�� ���������9RO�����

&KDS��+LJK�7HPSHUDWXUH�6HQVRUV�IRU�2[LGLF�*ODVV�)RUPLQJ�0HOWV��S�������������

��)�*�.��%$8&.(��*ODVVWHFK��%HU��YRO����Q����S����������������

��'��/,=$5$=8��3��67(,10(7=��-�/��%(51$5'�LQ��WK�,QWHUQDWLRQDO�6\PSRVLXP�RQ�+LJK�
7HPSHUDWXUH�&RUURVLRQ�DQG�3URWHFWLRQ�RI�0DWHULDOV��������HGLWHG�E\�5��6WUHLII��-��6WULQJHU��5�&��
.UXWHQDW��0��&DLOOHW��5�$��5DSS���7UDQV�7HFK�3XEOLFDWLRQV�����������S�����������

��(��)5(8'(�DQG�&��5866(/��*ODVVWHFK��%HU���,QWHUQDWLRQDO�-RXUQDO�RI�*ODVV�6FLHQFH�DQG�
7HFKQRORJ\�YRO����Q����S������������������
��-��267(5<281*��-�-��2
'($�DQG�5�$��267(5<281*��$QQDO��&KHPLFDO��YRO�����S����������
��������
��&��5866(/��-RXUQDO�RI�1RQ�&U\VWDOOLQH�6ROLGV������S������������������
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