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7KH� GLIIXVLRQ� FKDUDFWHULVWLFV� DQG� HOHFWULFDO� FRQGXFWLYLW\� RI� WKH� KLJK� VLOLFD� SRURXV� JODVV� �3*��

PHPEUDQHV� PDQXIDFWXUHG� IURP� WKH� SKDVH�VHSDUDWHG� DONDOL� ERURVLOLFDWH� JODVVHV� ZHUH� LQYHVWLJDWHG�� 7KH�

VWXG\�RI�WKH�GLIIXVLRQ�FRHIILFLHQW�YDOXHV�RI�WKH�HOHFWURO\WH�VROXWLRQV�WKURXJK�WKH�3*�PHPEUDQHV��'3*��ZDV�

FDUULHG� RXW� DW� ��� ±� ���
�
K� E\� SRURXV� GLDSKUDJP� PHWKRG�� ,W� ZDV� VKRZQ� WKDW�'3*� YDOXHV� DUH� ORZHU� LQ�

FRPSDULVRQ� ZLWK� RQHV� LQ� WKH� IUHH� VROXWLRQ� DQG� DUH� LQGHSHQGHQW� RI� SRUH� GLPHQVLRQ� �UDGLXV� U�� UDQJLQJ�

EHWZHHQ� �� WR� ��� QP�� 6XFK� HYHQWV�PD\� EH� FRQGLWLRQHG� E\� DQ� LQIOXHQFH� RI� VXFK� IDFWRUV� DV� WKH� VWUXFWXUDO�

UHVLVWDQFH�RI�3*�VNHOHWRQ�DV�ZHOO�WKH�HOHFWULF�GRXEOH�OD\HU�RQ�WKH�ZDOOV�RI�WKH�WKLQ�SRUHV���

�
,QWURGXFWLRQ�

$W� WKH� OHDFKLQJ�RI� WKH� WZR�SKDVH�DONDOL�ERURVLOLFDWH� �$%6��JODVVHV�ZLWK� LQWHUFRQQHFWHG�
VWUXFWXUH�E\�DFLG�VROXWLRQV�DONDOL�ERUDWHV�DUH�GLVVROYHG�DQG�PRYHG�RII�IURP�WKH�JODVV����$V�D�
UHVXOW� WKH� SRURXV� JODVVHV� �3*V�� DUH� SURGXFHG��7KH�3*V� DUH�ZLGHO\� XVHG� LQ�RSWLFV� DV� QHZ�
W\SHV�RI�KHWHURJHQHRXV�ODVHU�PHGLD�IRU�SUHSDUDWLRQ�RI�WKH�VROLG�²�OLTXLG�ODVHU�HOHPHQWV�RU�DV�
HIIHFWLYH�DGVRUEHQWV� HQVXUHG� WR� VROYH�GLIIHUHQW�HFRORJ\�SUREOHPV��7KH�DGYDQWDJHV�RI�3*V�
DUH�FRQGLWLRQHG�E\�WKHLU�KLJK�WKHUPDO��FKHPLFDO�DQG�PLFURELRORJLFDO�VWDELOLW\� LQ�DVVRFLDWLRQ�
ZLWK�WKH�FRQWUROOHG�SDUDPHWHUV�RI�WKH�SRURXV�VWUXFWXUH��

'XULQJ�WKH�OHDFKLQJ�RI�WKH�SKDVH�VHSDUDWHG�$%6�JODVVHV�VR�FDOOHG�VHFRQGDU\�VLOLFD�RI�WKH�
FKHPLFDO�XQVWDEOH�SKDVH� IRUPV� WKH� VLOLFD�JHO�SUHFLSLWDWHV� LQVLGH� WKH�SRUH�YROXPH�� ,UUHJXODU�
GLVWULEXWLRQ�RI�VXFK�SUHFLSLWDWHV�LV�UHVSRQVLEOH�IRU�D�PDFUR�LQKRPRJHQHRXV�VWUXFWXUH�RI�WKH�
3*V� ��� $GG� WUHDWPHQW� RI� WKH� 3*V� E\� WKH� DONDOL� VROXWLRQV� FDXVHV� WKH� GLVVROXWLRQ� RI� WKH�
VHFRQGDU\�VLOLFD�DQG�LWV�UHPRYDO�IURP�WKH�JODVV��7R�WKH�WRWDO�GLVSRVDO�RI�WKH�VHFRQGDU\�VLOLFD�
WKH�YDOXHV�RI�SRURVLW\��:��DQG�D�SRUH�UDGLXV��U��RI�WKH�3*V�DUH�LQFUHDVHG�XS�WR�YDOXHV��ZKLFK�
DUH�GHWHUPLQHG�E\�D�FRPSRVLWLRQ�RI�WKH�$%6�JODVV�DQG�E\�D�UHJLPH�RI�LWV�WKHUPDO�WUHDWPHQW����

7KH� OD\HUHG�DQG�LQKRPRJHQHRXV� VWUXFWXUH� RI� 3*V� FUHDWHV� WKH� DGG� GLIIXVLRQ�
LPSHGLPHQWV�IRU�WKH�WUDQVIHU�SURFHVVHV�LQVLGH�WKH�WKLQ�SRURXV�3*V�WKDW�UHVXOWV�LQ�D�GHFUHDVH�
RI�WKH�'3*�YDOXHV�DW�WKH�GHFUHDVH�RI�WKH�SRUH�UDGLXV�U��,QIOXHQFH�RI�WKH�SRUH�VWUXFWXUH�RQ�WKH�

'3*� YDOXH� FDQ� EH� GHVFULEHG� E\� D� VWUXFWXUDO� UHVLVWDQFH� FRHIILFLHQW� β�� ZKLFK� WDNHV� LQWR�
FRQVLGHUDWLRQ�D�GHFUHDVH�RI�FURVV�VHFWLRQ�DUHD�RI�WKH�3*·V�PHPEUDQH�RSHQ�WR�GLIIXVLRQ�DW�
WKH�H[SHQVH�RI�QRQ�FRQGXFWLYH�VNHOHWRQ�����

'3*�a'���β�� � � � ����
ZKHUH� '�� LV� D� FRHIILFLHQW� RI� WKH� HOHFWURO\WH� GLIIXVLRQ� LQ� D� IUHH� VROXWLRQ�� %HVLGHV�

FRQVLGHUDWLRQ�PXVW�EH�JLYHQ�WR�WKH�PDVV�WUDQVIHU�LPSHGLPHQWV�DVVRFLDWHG�ZLWK�H[LVWHQFH�RI�
WKH�HOHFWULF�GRXEOH�OD\HU��('/��RQ�WKH�ZDOOV�RI�WKH�3*·V�SRUHV��,QIOXHQFH�RI�WKH�('/�ZRXOG�
EH�UHIOHFWHG�E\�FKDQJHV�LQ�WKH�PRELOLW\�RI�LRQV�DV�ZHOO�WKH�FDWLRQ�WUDQVSRUW�QXPEHUV�LQ�WKH�
3*�PHPEUDQH�LQ�FRPSDULVRQ�ZLWK�IUHH�VROXWLRQ����6XFK�('/�LQIOXHQFH�VR�PXFK�WKH�JUHDWHU��
WKH�VPDOOHU�DUH�WKH�YDOXH�RI�:�DQG�U��

7KH� DLP� RI� RXU� ZRUN� ZDV� WKH� VWXG\� RI� DQ� LQWHUUHODWLRQ� EHWZHHQ� GLIIXVLRQ� DQG�
HOHFWURFKHPLFDO� FKDUDFWHULVWLFV� RI� WKH� 3*¶V� PHPEUDQHV� DQG� WKHLU� SRURXV� VWUXFWXUH�
SDUDPHWHUV�GHSHQGLQJ�RQ�VXFK�IDFWRUV�DV�D�FRPSRVLWLRQ�RI�LQLWLDO�$%6�JODVV��D�UHJLPH�RI�

LWV�WKHUPDO�WUHDWPHQW�DV�ZHOO�D�OHDFKLQJ�FRQGLWLRQV��



([SHULPHQWDO�

7KH� REMHFWV� RI� WKH� LQYHVWLJDWLRQ� ZHUH� WKH� 3*� VDPSOHV� LQ� D� IRUP� RI� SROLVKHG� GLVF�
�WKLFNQHVV�/� � ���PP��DQG�GLDPHWHU�G� ����DQG����PP���REWDLQHG�E\� OHDFKLQJ�RI� WKH�
SKDVH�VHSDUDWHG�$%6�JODVV�RI� FRPSRVLWLRQ� �E\� DQDO\VLV��PRO������ ����1D�2�������%�2���
�����6L2�������$O�2���JODVV��%���DQG�����1D�2������.�2�������%�2��������6L2���JODVV�1.�
���� ,Q� WKH� 7DEOH� �� WKH� WKHUPDO� WUHDWPHQW� UHJLPHV� RI� WKH� LQLWLDO� $%6� JODVVHV� DQG� WKH�
SDUDPHWHUV�RI�WKH�FKHPLFDO�XQVWDEOH�SKDVH�RI�WKH�SKDVH�VHSDUDWHG�JODVVHV�DUH�VKRZQ��7KH�
VWUXFWXUH� SDUDPHWHUV� RI� SKDVH�VHSDUDWHG� JODVVHV� ZHUH� GHWHUPLQHG� E\� WUDQVPLVVLRQ�
HOHFWURQ�PLFURVFRS\� �� DQG� DFFRUGLQJ�ZLWK� LPPLVFLELOLW\� GLDJUDP�RI� WKH�5�2�%�2��6L2��
V\VWHP� �5�  � 1D�� .���� 7KH� FRQGLWLRQV� RI� WKH� WZR�SKDVH� JODVV� OHDFKLQJ� DQG� WKH�
FKDUDFWHULVWLFV� RI� WKH� 3*·V� SRURXV� VWUXFWXUH� REWDLQHG� E\� %(7� DQG� PHUFXU\� SRURVLW\�
PHWULF�PHWKRGV�E\�%RULV�,��9HQ]HO·�DUH�JLYHQ�LQ�WKH�7DEOH����%RWK�WKH�PLFUR�SRURXV�3*�
VDPSOHV� �L�H��3*V�SURGXFHG�E\� DFLG� OHDFKLQJ�RQO\�� DQG� WKH�PDFUR�SRURXV� VDPSOHV� WKDW�
GLGQ·W� SRVVHVV� RI� VR�FDOOHG� VHFRQG� VLOLFD� �L�H�� PLFUR� 3*V� WUHDWHG� LQ� DONDOL� VROXWLRQ� LQ�
DGGLWLRQ��ZHUH�XVHG���

7KH�FRPSRVLWLRQV�RI�WKH�3*�VDPSOHV�ZHUH�WKH�IROORZLQJ��E\�DQDO\VLV��PRO����������������
5�2��������%�2�����������6L2���������$O�2���

7KH�VWXG\�RI�WKH�GLIIXVLRQ�RI�+&O�VROXWLRQV�WKURXJK�WKH�3*�PHPEUDQHV�ZDV�FDUULHG�RXW�
DW� ��� ²� ��� �Þ� E\� PHWKRGV� EDVHG� RQ� WKH� SRURXV� GLDSKUDJP� PHWKRG� DQG� LRQ� PHWULF�
WHFKQLTXH���7KH�YDOXHV�RI�D�GLIIXVLRQ�FRHIILFLHQW�ZHUH�FDOFXODWHG�DFFRUGLQJ�WR�WKH�HTXDWLRQV��

DW��&W �� �&�������������� '3*� �/
����WODJ��� � ������

DW��&W �� �&��� � '3*� ����/
����WODJ������ � ����

ZKHUH�'3*�LV�D�GLIIXVLRQ�FRHIILFLHQW�RI�WKH�HOHFWURO\WH��+&O�RU�+12��VROXWLRQ��WKURXJK�3*�
PHPEUDQH� �VP��V��� WODJ� LV� D� ODJJLQJ� RI� DQ� HTXLOLEUDWLRQ� WLPH� �V���&W ���&���&�� DUH� WKH� +&O�
FRQFHQWUDWLRQ� LQVLGH� D� 3*� PHPEUDQH� �JUDP�LRQ�FP��� DW� WKH� IROORZ� FRQGLWLRQV�
FRQVHTXHQWO\��LQ�WKH�LQLWLDO�VWDWH��DW�W� ����PHPEUDQH�LVQ·W�VDWXUDWHG�E\�GLIIXVDWH��PHPEUDQH�
LV� VDWXUDWHG� E\� GLIIXVDWH�� 7KH� WODJ� YDOXH� ZDV� JUDSKLFDOO\� GHWHUPLQHG� IURP� WKH� NLQHWLFV�

GHSHQGHQFLHV�RI�D�TXDQWLW\�RI� WKH�GLIIXVHG�+&O�DV�D� W�$[LV�VHFWLRQ� LQWHUFHSWHG�E\�VWUDLJKW�

OLQH�RI�ZKLFK�FRQVLGHUHG�GHSHQGHQFLHV�ZHUH�DSSUR[LPDWHG�DW�W�:
�
���

7KH�VWUXFWXUDO�UHVLVWDQFH�FRHIILFLHQWV�β�ZHUH�FDOFXODWHG�IURP�PHPEUDQH�FRQGXFWLYLW\�
YDOXHV�κ0�PHDVXUHG� LQ�����0�+&O�VROXWLRQ�� L�H�� LQ�D�V\VWHP�IRU�ZKLFK� WKH�FRQWULEXWLRQ�RI�
('/�LRQV�WR�PHPEUDQH�FRQGXFWLYLW\�FDQ�EH�QHJOHFWHG����

�β� �κ0�κ9��� � � � � � � ���� � �

ZKHUH�κ9�LV�WKH�FRQGXFWLYLW\�RI�IUHH�VROXWLRQ��6ÂVP�����7KH�SRUH�WRUWXRVLW\�IDFWRU�$�UHIOHFWLQJ�
WKH� LQFUHDVH� D� UHDO�GLIIXVLRQ�SDWK� LQ�FRPSDULVRQ�ZLWK� WKH�3*�PHPEUDQH� WKLFNQHVV�/�ZDV�

GHWHUPLQHG�WR�D�ILUVW�DSSUR[LPDWLRQ�IURP�WKH�YDOXHV�RI�:�DQG�β��
�����������$� ��βÂ:�������� � � � � � � ����

�

�
5HVXOWV�DQG�'LVFXVVLRQ�

3RUH�VWUXFWXUH�SDUDPHWHUV�RI� WKH�PLFUR�3*V�DUH�FRQGLWLRQHG�E\�D�FRPSRVLWLRQ�RI� WKH�
XQVWDEOH�SKDVH�RI�WKH�SKDVH�VHSDUDWHG�$%6�JODVVHV����1DPHO\��WKH�JUHDWHU�6L2��TXDQWLW\�LQ�DQ�
XQVWDEOH�SKDVH�WKH�VPDOOHU�D�YDOXH�RI�PHDQ�SRUH�UDGLXV�U�DQG�SRURVLW\�:�RI�WKH�3*�VDPSOHV�
�7DEV���������
7DEOH� ��� &RPSRVLWLRQV� RI� WKH� LQLWLDO� JODVVHV�� UHJLPH� RI� WKHLU� WKHUPDO� WUHDWPHQW� DQG� WKH�
SDUDPHWHUV�RI�WKH�SKDVH�VHSDUDWHG�JODVV�VWUXFWXUH��
�
�
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$�SUHVHQFH�RI�WKH�VHFRQG�VLOLFD�LQ�WKH�3*�VDPSOHV�FDXVHV�WKH�β�DV�ZHOO�·�YDOXHV�RI�WKH�
3*V��U������QP��WR�ULVH�LQ�FRPSDULVRQ�ZLWK�WKH�3*V�ZLWK�U������QP��7DEOH�����
�

7DEOH� ��� 7KH� YDOXHV� RI� WKH� SRURXV� JODVV� VWUXFWXUDO� UHVLVWDQFH� FRHIILFLHQW� β�� SRUH�
WRUWXRVLW\�IDFWRU�$�DQG�GLIIXVLRQ�FRHIILFLHQW�'3*�RI�WKH�+&O�VROXWLRQV�WKURXJK�WKH�SRURXV�

JODVV�PHPEUDQHV���/� ���PP��DW���°K��
�
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(TXDO�β�YDOXHV�IRU�3*,�DQG�3*,,�REWDLQHG�E\�SKDVH�VHSDUDWHG�JODVV�OHDFKLQJ�DW�����&��
EXW� DW� WKH� GLIIHUHQW� DFLG� FRQFHQWUDWLRQ�� KDYH� HQJDJHG� RXU� DWWHQWLRQ� EHFDXVH� WKHVH� 3*V�
SRVVHVV�GLIIHUHQW�SRUH�GLPHQVLRQV��,W�VKRXOG�EH�QRWHG�WKDW��RI�DOO�3*V��JODVVHV�REWDLQHG�DW�

��� �&�DUH� WKH�PRVW�KRPRJHQHRXV� ���7KLV� IDFW� LV�DSSDUHQWO\� UHODWHG� WR� WKH� IROORZLQJ�HYHQW�



WKDW� FDQ� EH� GHVFULEHG� LQ� WKH� FRQWH[W� RI� JODVV� OHDFKLQJ� PRGHO� ��� $W� WKLV� WHPSHUDWXUH� WKH�
ERURQ�FRQWDLQLQJ�PLFUR�FU\VWDOV��ZKLFK�DUH�IRUPHG�DV�LQWHUPHGLDWHV�ZLWKLQ�WKH�OHDFKHG�OD\HU�
RI� WZR�SKDVH�JODVV��RFFXU� LQ�WKH� ODUJHVW�DPRXQW�DQG�KDYH�WKH�KLJKHVW�GHJUHH�RI�K\GUDWLRQ��
7KLV�ZRXOG�GHFUHDVH�WKH�GHJUHH�RI�VXUIDFH�K\GUDWLRQ�RI�FROORLGDO�VHFRQG�VLOLFD�SDUWLFOHV�DQG��
WKHUHIRUH��SURPRWH�WKH�VXEVHTXHQW�IRUPDWLRQ�RI�PRUH�KRPRJHQHRXV�VLOLFD�JHO�SUHFLSLWDWHV��
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)LJXUH����'HSHQGHQFLHV�RI�WKH�TXDQWLW\�+&O��LQ�FRQYHUVLRQ�WR�TXDQWLW\�4+�RI�+
����LRQV��

GLIIXVHG� WKURXJK� VWXGLHG� 3*� PHPEUDQHV� DW� �D�� ��� �&�� DV� ZHOO� �E�� WKURXJK� 3*,,,�
PHPEUDQH�DW�����&�DQG�����&���

�
)LJ�����D��E�VKRZ�WKH�GHSHQGHQFLHV�RI�WKH�TXDQWLW\�+&O��LQ�FRQYHUVLRQ�WR�TXDQWLW\�4+�

RI�+����LRQV��GLIIXVHG�WKURXJK�VWXGLHG�3*�PHPEUDQHV��5HVXOWV�RI�WKH�'3*�FDOFXODWLRQV�E\�
HTXDWLRQV��������DUH�JLYHQ�LQ�7DEOH����%HIRUH�LQYHVWLJDWLRQ�3*�PHPEUDQH�ZDV�ZDVKHG�RXW�
ZLWK�ZDWHU� ��RU� LW�ZDV�HTXLOLEUDWHG�ZLWK�����0�+&O�GXULQJ���GD\�DW�����&� ���,W� LV�VKRZQ�
WKDW�YDOXHV�RI�WKH�GLIIXVLRQ�FRHIILFLHQW�IRU�XVHG�HOHFWURO\WHV�LQ�WKLQ�SRURXV�PHPEUDQHV�DUH�
VPDOOHU�RQ� WKH�RUGHU�RI�PDJQLWXGH� WKDQ� WKDW� LQ� WKH� IUHH�VROXWLRQ� �a��� Ã������ VP��V���7KH�
'3*� YDOXHV� IRU� WKH� HOHFWURO\WHV� LQ� 3*� PHPEUDQHV� ZKLFK� DUHQ·W� LQ� HTXLOLEULXP� ZLWK� D�
GLIIXVDWH� �'3*�

�� DUH� QHDUO\� LQGHSHQGHQW� RI� U� UDQJLQJ� EHWZHHQ� �� DQG� ��� QP� ZKDW� LV�
FRQGLWLRQHG� E\� DQ� LQIOXHQFH� RI� WKH� ('/� RQ� WKH� ZDOOV� RI� WKH� WKLQ� SRUHV�� 7KLV� LV� LQ�
DJUHHPHQW�WR�GDWD�>�@�ZKLFK�VKRZ�WKDW�LQ�GLOXWH�VROXWLRQV�LRQ�WUDQVSRUW�QXPEHU�Q��RI�WKH���
²� FKDUJHG� LRQV� LQ� 3*�PHPEUDQHV� DW� U�  � ����� ²� ���� QP� DUH� YLUWXDOO\� HTXDO��:KHQ� WKH�
FRQWULEXWLRQ� RI� LRQV� RI� WKH�('/� WR� WKH� SURSHUWLHV� RI� WKH� OLTXLG� LQ� WKH� SRUHV� RI�ZHDNO\�
FKDUJHG�3*�PHPEUDQHV�LV�QHJOLJLEOH��WKH�GHFUHDVLQJ�RI�WKH�'3*�YDOXHV��DV�FRPSDUHG�ZLWK�

IUHH� VROXWLRQV�� LV� PDLQO\� FDXVHG� E\� LQIOXHQFH� RI� WKH� VWUXFWXUH� IDFWRUV�� �'3*�
�� a�'�� �β�

�7DEOH�����
)LJV���E�DQG���GHPRQVWUDWH�DQ�LQIOXHQFH�RI�WKH�OHDFKLQJ�VROXWLRQ�WHPSHUDWXUH�RQ�WKH�
GLIIXVLRQ� UDWH� RI� WKH� +&O� LQ� WKH� 3*� PHPEUDQHV�� $FFRUGLQJ� WR� WKHVH� GDWD� WKH�
DSSDUHQW�HQHUJ\�RI�DFWLYDWLRQ�RI�WKH�GLIIXVLRQ�SURFHVV�WKURXJK�D�3*�PHPEUDQH�(�
�a����.FDO�PRO��LV�PXFK�PRUH�WKHQ�LQ�D�IUHH�VROXWLRQ���
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)LJXUH����+DOI�ORJDULWKPLF�UHODWLRQVKLS�RI�WKH�GLIIXVLRQ�FRHIILFLHQWV�RI�WKH�+&O�SDVVHG�
WKURXJK�SRURXV�PHPEUDQH�3*�,,,�IURP�D�UHFLSURFDO�VROXWLRQ�WHPSHUDWXUH��
�

&RQFOXVLRQ�

7KH� GLIIXVLRQ� FKDUDFWHULVWLFV� DQG� WKH� VWUXFWXUH� SDUDPHWHUV� RI� WKH� SRURXV� JODVV�
PHPEUDQHV�ZHUH�LQYHVWLJDWHG�E\�SRURXV�GLDSKUDJP�DQG�HOHFWULFDO�FRQGXFWLYLW\�PHWKRGV��

'HULYHG�UHVXOWV�VXJJHVW�WKDW�GXULQJ�WKH�DFLG�OHDFKLQJ�RI�WKH�WZR�SKDVH�DONDOL�ERURVLOLFDWH�
JODVVHV� D� UDWH� RI� WKH� PDVV� WUDQVIHU� RI� WKH� LQWHUFKDQJHG� VXEVWDQFHV� WKURXJK� WKH� OHDFKHG�
SRURXV� OD\HU� LQIOXHQFHG� E\� DV� WKH� VWUXFWXUH� IDFWRUV� GXH� WR� SUHVHQFH� RI� D� QRQ�FRQGXFWLYH�
VLOLFD�VNHOHWRQ�DV�WKH�HOHFWURFKHPLFDO�SURSHUWLHV�RI�WKH�LQQHU�SRUH�VXUIDFH�HVSHFLDOO\�LQ�D�FDVH�
RI�WKH�GLOXWH�VROXWLRQV��

7KH� DXWKRUV� WKDQN� WKH� 5XVVLDQ� )RXQGDWLRQ� IRU� %DVLF� 5HVHDUFK� IRU� WKH� ILQDQFLDO�
VXSSRUW� RI� WKHLU� ZRUN� �3URMHFWV� QR�� �����������D�� QR�� ������������� DQG� QR�� ������
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�� $QWURSRYD� 7�9�� $� PRGHO� RI� WKH� SRURXV� JODVV� SURGXFLQJ� SURFHVV�� 3URF�� ;9,�
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