
&(5(6,1,��3$8/2�&(=$5��3RSXODWLRQ�ELRORJ\�DQG�JHQHWLFV�RI�5KL]RFWRQLD�VRODQLDQDVWRPRVLV�JURXS����$*������XQGHU�WKH�GLUHFWLRQ�RI�0DUF�$��&XEHWD�DQG�+��'DYLG�6KHZ�
$QDVWRPRVLV�JURXS����$*����RI�5KL]RFWRQLD�VRODQL�LV�IUHTXHQWO\�DVVRFLDWHG�ZLWK�GLVHDVHV

RI�SRWDWR�DQG�WREDFFR��$OWKRXJK�LVRODWHV�IURP�WKH�WZR�KRVWV�DUH�WD[RQRPLFDOO\�UHODWHG�
SUHYLRXV�VWXGLHV�KDYH�VKRZQ�GLIIHUHQFHV�LQ�WKHLU�ELRORJ\��IDWW\�DFLG�FRPSRVLWLRQ�
SDWKRJHQLFLW\�DQG�ULERVRPDO�'1$��+RZHYHU��WKH�JHQHWLF�GLYHUVLW\�RI�SRSXODWLRQV�RI�5� VRODQL
$*���IURP�SRWDWR�DQG�WREDFFR�DUH�QRW�NQRZQ��,Q�WKLV�VWXG\��WKH�JHQHWLF�GLYHUVLW\�RI�ILHOG
SRSXODWLRQV�RI�5��VRODQL $*���IURP�SRWDWR�DQG�WREDFFR�LQ�1RUWK�&DUROLQD�ZHUH�H[DPLQHG
XVLQJ�VRPDWLF�FRPSDWLELOLW\�DQG�DPSOLILHG�IUDJPHQW�OHQJWK�SRO\PRUSKLVPV��$)/3���$
VDPSOH�RI����LVRODWHV�IURP�SRWDWR�DQG����IURP�WREDFFR�ZHUH�SDLUHG�LQ�DOO�SRVVLEOH
FRPELQDWLRQV�RQ�3'$�SOXV�DFWLYDWHG�FKDUFRDO�DQG�JODVV�VOLGHV�DQG�H[DPLQHG�IRU�VRPDWLF
LQWHUDFWLRQV��$SSUR[LPDWHO\����RI�WREDFFR�LVRODWHV�DQG�OHVV�WKDQ������RI�SRWDWR�LVRODWHV
ZHUH�VRPDWLFDOO\�FRPSDWLEOH��7ZHQW\�HLJKW�DQG�HLJKW�GLVWLQFW�VRPDWLF�FRPSDWLELOLW\�JURXSV
�6&*��ZHUH�LGHQWLILHG�LQ�WKH�SRWDWR�DQG�WREDFFR�VDPSOHV��UHVSHFWLYHO\��$)/3�DQDO\VHV
LQGLFDWHG�WKDW�WKH�SRWDWR�VDPSOH�RI�5� VRODQL $*���ZDV�PRUH�JHQHWLFDOO\�GLYHUVH�����$)/3
SDWWHUQV��WKDQ�WKH�WREDFFR�VDPSOH�����$)/3�SDWWHUQV���1RQH�RI�WKH�SRWDWR�RU�WREDFFR�LVRODWHV
ZHUH�VRPDWLFDOO\�FRPSDWLEOH�RU�VKDUHG�D�FRPPRQ�$)/3�SDWWHUQ��&ORQHV��L�H���FDVHV�ZKHUH
WZR�RU�PRUH�LVRODWHV�ZHUH�VRPDWLFDOO\�FRPSDWLEOH�DQG�VKDUHG�WKH�VDPH�$)/3�SDWWHUQ��ZHUH
LGHQWLILHG�RQO\�LQ�WKH�WREDFFR�VDPSOH��(LJKW�FORQHV�RI�5� VRODQL $*���IURP�WREDFFR
UHSUHVHQWHG�����RI�WKH�WRWDO�VDPSOH��$OO�HLJKW�6&*�RI�5� VRODQL $*���IURP�WREDFFR�ZHUH
DVVRFLDWHG�ZLWK�PRUH�WKDQ�RQH�$)/3�SDWWHUQ��&RPSDWLEOH�LQWHUDFWLRQV�EHWZHHQ�SRWDWR�LVRODWHV
RQO\�RFFXUUHG�EHWZHHQ�LVRODWHV�IURP�WKH�VDPH�ILHOG��WZR�LVRODWHV�LQ�HDFK�RI�IRXU�GLIIHUHQW
ILHOGV���ZLWK�VLPLODU�EXW�QRW�LGHQWLFDO�$)/3�SDWWHUQ�



)RU�DQDO\VLV�RI�WKH�SRSXODWLRQ�VWUXFWXUH�RI�5��VRODQL $*���IURP�SRWDWR��D�SRO\PHUDVH�FKDLQ
UHDFWLRQ�UHVWULFWLRQ�IUDJPHQW�OHQJWK�SRO\PRUSKLVP��3&5�5)/3��PHWKRG�ZDV�XVHG�WR�LGHQWLI\
DQG�GLIIHUHQWLDWH�JHQRW\SHV���$�SRSXODWLRQ�VDPSOH�RI�����LVRODWHV�IURP�ILYH�FRXQWLHV�LQ
HDVWHUQ�1&�ZDV�DQDO\]HG�XVLQJ�SRO\PRUSKLF�FRGRPLQDQW�VLQJOH�ORFXV�3&5�5)/3�PDUNHUV
LGHQWLILHG�DIWHU�VHTXHQFLQJ�DQG�VFUHHQLQJ�DQRQ\PRXV�'1$�IURP�D�IXQJDO�JHQRPLF�OLEUDU\�
0XOWLORFXV�JHQRW\SHV�ZHUH�GHWHUPLQHG�VFUHHQLQJ�LVRODWHV�XVLQJ�FRPELQDWLRQV�RI�3&5
SURGXFW�SRO\PRUSKLF�HQ]\PH�IRU�HDFK�ORFXV��JHQHUDWLQJ�VHYHQ�3&5�5)/3�PDUNHUV���7KHUH
ZDV�HYLGHQFH�IRU�KLJK�OHYHOV�RI�JHQH�IORZ�EHWZHHQ�SRSXODWLRQV�RI�5� VRODQL $*�����7KH�ILYH
VDPSOHV�ZHUH�JHQHWLFDOO\�VLPLODU�ZLWK�RQH�DQRWKHU� :KHQ�GDWD�ZDV�FORQH�FRUUHFWHG�DQG
VDPSOHV�SRROHG�LQWR�RQH�VLQJOH�SRSXODWLRQ�IURP�1&��UDQGRP�DVVRFLDWLRQV�RI�DOOHOHV�ZLWKLQ
DQG�EHWZHHQ�ORFL�ZHUH�IRXQG�IRU�DOO�WKH�ORFL�RU�SDLUV�RI�ORFL��LQGLFDWLQJ�UDQGRP�PDWLQJ�
+RZHYHU��ZKHQ�DOO�JHQRW\SH�ZHUH�DQDO\]HG�WKH�REVHUYHG�JHQRW\SLF�GLYHUVLW\�GHYLDWHG�IURP
SDQPL[LD�DQG�DOOHOHV�ZLWKLQ�DQG�EHWZHHQ�ORFL�ZHUH�QRW�UDQGRPO\�DVVRFLDWHG��7KHVH�ILQGLQJV
VXSSRUW�D�PRGHO�RI�SRSXODWLRQ�VWUXFWXUH�IRU�5� VRODQL $*���RQ�SRWDWR�WKDW�LQFOXGHV�ERWK
UHFRPELQDWLRQ�DQG�FORQDOLW\�

7KLV�VWXG\�GHVFULEHV�WKH�DSSOLFDWLRQ�RI�D�SRSXODWLRQ�JHQHWLFV�EDVHG�VWDWLVWLFDO�PHWKRG
IRU�GHWHFWLQJ�PLJUDWLRQ�LQ�SRSXODWLRQV�RI�5��VRODQL $*���IURP�SRWDWR�XVLQJ�PXOWLORFXV�3&5�
5)/3�JHQRW\SHV��7KH�HIIHFW�RI�PLJUDWLRQ�IURP�VRXUFH�SRSXODWLRQV�RI�WKH�SDWKRJHQ�RQ�SRWDWR
VHHG�WXEHU�RQ�WKH�PDJQLWXGH�RI�JHQH�IORZ�ZLWK�D�UHFLSLHQW��VRLO�SRSXODWLRQ��LQ�1&�ZDV�DOVR
H[DPLQHG��$QDO\VLV�RI�JHQHWLF�GDWD�LQGLFDWHG�WKDW�WKH�1&�SRSXODWLRQ�RI�5��VRODQL $*���KDV
H[SHULHQFHG�UHFHQW�PLJUDWLRQ��7KHUH�ZDV�DOVR�DQ�LQGLFDWLRQ�RI�KLJK�OHYHOV�RI�JHQH�IORZ
EHWZHHQ�WKH�VRXUFH�DQG�WKH�UHFLSLHQW�SRSXODWLRQ��8QLGLUHFWLRQDO�PLJUDWLRQ�IURP�VRXUFH



SRSXODWLRQ�V��IROORZHG�E\�HVWDEOLVKPHQW�RI�PLJUDQW�JHQRW\SHV�LQ�WKH�UHFLSLHQW�SRSXODWLRQ�
WKURXJK�FRORQL]DWLRQ��LV�SRVWXODWHG�WR�H[SODLQ�WKH�KLJK�OHYHO�RI�JHQH�IORZ�REVHUYHG�
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'HGLFDWLRQ
,�RIIHU�WKLV�GLVVHUWDWLRQ�WR�P\�/RUG�*RG��WR�+LV�6RQ�-HVXV�&KULVW�DQG

WR�WKH�+RO\�6SLULW�
7KLV�GLVVHUWDWLRQ�LV�DOVR�GHGLFDWHG�WR�P\�ORYHG�ZLIH��/XFLD�0XQL]�

WR�P\�NLGV�0DULDQD�DQG�6DPXHO�&HUHVLQL�
WR�P\�SDUHQWV�$GDLU�DQG�&H]DU�&HUHVLQL�

WR�P\�PRWKHU�LQ�ODZ�$OLFH�0DUTXHV�0XQL]�
WR�P\�SUD\HU�JURXS�DW�2XU�/DG\�RI�/RXUGHV�&KXUFK��5DOHLJK��1&�

DQG�WR�DOO�WKH�IULHQGV�,�KDYH�PHW�GXULQJ�WKLV�MRXUQH\�
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%LRJUDSK\
3DXOR�&HUHVLQL�ZDV�ERUQ�LQ�*XDULED��6mR�3DXOR�6WDWH��%UD]LO�LQ������DQG�JUDGXDWHG�IURP�+LJK

6FKRRO��(VFROD�(VWDGXDO�GH�6HJXQGR�*UDX�¦-RVp�3DFtILFR§��LQ�������,Q�-DQXDU\�������KH�UHFHLYHG�D
%6�LQ�$JURQRP\�IURP�WKH�&ROOHJH�RI�$JULFXOWXUH�DQG�9HWHULQDU\�6FLHQFHV� � )DFXOGDGH�GH�&LrQFLDV
$JUiULDV�H�9HWHULQiULDV��DW�81(63��8QLYHUVLW\�RI�6mR�3DXOR�6WDWH���-DERWLFDEDO��63��+H�DWWHQGHG�D
JUDGXDWH� SURJUDP� RQ� 3ODQW� 3URWHFWLRQ� DW� 81(63�� %RWXFDWX�� 63�� IURP� ����� WR� ������ ,Q� WKDW
RSSRUWXQLW\� KH� GHYHORSHG� D� 06� 7KHVLV� XQGHU� WKH� GLUHFWLRQ� RI� 'U�� &KXNLFKL� .XUR]DZD�� ZKHUH� KH
VWXGLHG�DVSHFWV�RI�WKH�9HUWLFLOOLXP�ZLOW�RI�WRPDWR��,Q�%RWXFDWX�KH�DOVR�PHW�KLV�ZLIH�/XFLD�0XQL]�DQG
JRW�PDUULHG��,Q�-XO\������KH�ZDV�KLUHG�DV�3ODQW�3DWKRORJLVW�E\�,$3$5��$JURQRPLF�5HVHDUFK�,QVWLWXWH
RI�3DUDQi�6WDWH��LQ�&XULWLED��35��7KHUH��KH�VWXGLHG�WKH�HSLGHPLRORJ\�RI�IROLDU�GLVHDVHV�RI�WUHH�IUXLWV
�DSSOHV�DQG�SOXPV��DQG�JLQJHU��,Q������KLV�ORYHO\�GDXJKWHU�0DULDQD�ZDV�ERUQ�LQ�&XULWLED��,Q�������KH
ZDV�KLUHG�DV�DQ�$VVLVWDQW�3URIHVVRU�RI�3ODQW�3DWKRORJ\�DW�81(63��DQG�PRYHG�WR�,OKD�6ROWHLUD��63��+LV
MRE�UHVSRQVLELOLWLHV�LQFOXGHG�WHDFKLQJ�FRXUVHV�RQ�%DVLF�3ODQW�3DWKRORJ\��'LVHDVHV�RI�7URSLFDO�&URSV
DQG�0LFURELRORJ\��+H�DOVR�LQLWLDWHG�UHVHDUFK�RI�DQ�LPSRUWDQW� 5KL]RFWRQLD VRODQL $*���SDWKRV\VWHPV
RQ�SHDQXW�DQG�VQDSEHDQ��,Q�������LQ�WKH�PLGVW�RI�WKLV�H[FLWLQJ�SHULRG�RI�WHDFKLQJ�DQG�UHVHDUFK��KLV�VRQ
6DPXHO�ZDV�ERUQ��,Q������KH�ZDV�RIIHUHG�,WDOLDQ�FLWL]HQVKLS��7KLV�DFW�UHFRQQHFWHG�KLP�WR�WKH�SODFH�RI
ELUWK� RI� KLV� JUHDW�JUDQGIDWKHU� LQ� 3HUVLFR� 'RVLPR�� &UHPRQD�� ,WDO\�� ,Q� ����� KH� UHFHLYHG� D� UHVHDUFK
DVVLVWDQWVKLS� IURP�&13T� �%UD]LOLDQ�1DWLRQDO�5HVHDUFK�&RXQFLO�� WR� DWWHQG�D�3K'�� SURJUDP� LQ�3ODQW
3DWKRORJ\�DW�1RUWK�&DUROLQD�6WDWH�8QLYHUVLW\��5DOHLJK��1&��XQGHU� WKH� VXSHUYLVLRQ�RI�'UV��0DUF�$�
&XEHWD�DQG�+��'DYLG�6KHZ��:LWK�WKH�FROODERUDWLRQ�RI�'UV��5\WDV�9LOJDO\V��'XNH�8QLYHUVLW\��DQG�8�
/LDQH� 5RVHZLFK� �8QLYHUVLW\� RI� 0LQHVRWWD�� KH� GHYHORSHG� JHQHWLF� PDUNHUV� IRU� DQDO\VLV� RI� YDULRXV
DVSHFWV�RI�SRSXODWLRQ�ELRORJ\�DQG�JHQHWLFV�5� VRODQL�$*���IURP�SRWDWR�DQG�WREDFFR�LQ�1RUWK�&DUROLQD�
)RU� WKLV� UHVHDUFK�� D� JUDGXDWH� VWXGHQW� IHOORZVKLS� DQG� PHQWRU� WUDYHO� DZDUG� IURP� 7KH� 0\FRORJLFDO
6RFLHW\�RI�$PHULFD�ZHUH�JUDQWHG�WR�KLP��$�3K'��'HJUHH�LQ�3ODQW�3DWKRORJ\�ZDV�FRQIHUUHG�WR�KLP�LQ
'HFHPEHU������
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$EVWUDFW �
,QWURGXFWLRQ �
0DWHULDOV�DQG�0HWKRGV �
5HVXOWV �
'LVFXVVLRQ ��
$FNQRZOHGJHPHQW ��
/LWHUDWXUH ��
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$EVWUDFW ��
,QWURGXFWLRQ ��
0DWHULDOV�DQG�0HWKRGV ��
5HVXOWV ��
'LVFXVVLRQ ��
$FNQROHGJHPHQW ��
/LWHUDWXUH ��
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$EVWUDFW ��
,QWURGXFWLRQ ��
0DWHULDOV�DQG�0HWKRGV ��
5HVXOWV ��
'LVFXVVLRQ ��
$FNQRZOHGJHPHQW ��
/LWHUDWXUH ��
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/,67�2)�),*85(6
3DJH&KDSWHU���� 0DFURVFRSLF�VRPDWLF�LQWHUDFWLRQV�DPRQJ�SRWDWR�VWHP�FDQNHU�LVRODWHV�RI5KL]RFWRQLD VRODQL�$*���RQ�3'$�DPHQGHG�ZLWK����FKDUFRDO� ��

�� 0DFURVFRSLF�VRPDWLF�LQWHUDFWLRQV�DPRQJ�WREDFFR�WDUJHW�VSRW�LVRODWHV�RI5KL]RFWRQLD VRODQL�$*���RQ�3'$�DPHQGHG�ZLWK����FKDUFRDO� ��
�� 3KHQRJUDP�RI�VRPDWLF�FRPSDWLELOLW\�JURXSLQJ��6&*��RI�5KL]RFWRQLD�VRODQL $*��LVRODWHV�IURP�WREDFFR�JHQHUDWHG�E\�QHLJKERU�MRLQLQJ�PHWKRG��6DLWR�DQG�1HL������SHUIRUPHG�RQ�WKH�PDWUL[�RI�0DQKDWWDQ�SKHQRW\SLF�GLVWDQFHV��1HL������XVLQJ�WKH�VRIWZDUH�3K\OOLS������)HOVHQVWHLQ�������

��

�� 3KHQRJUDP�RI�'1$�ILQJHUSULQWLQJ�EDVHG�RQ�$)/3�SDWWHUQV�RI�5KL]RFWRQLD�VRODQL$*���LVRODWHV�IURP�SRWDWR�DQG�WREDFFR�JHQHUDWHG�E\�QHLJKERU�MRLQLQJ�PHWKRG�6DLWR�DQG�1HL�������SHUIRUPHG�RQ�WKH�PDWUL[�RI�0DQKDWWDQ�SKHQRW\SLF�GLVWDQFHV�1HL�������XVLQJ�WKH�VRIWZDUH�3K\OOLS������)HOVHQVWHLQ�������
��

&KDSWHU���� 3&5�5)/3�RI�5KL]RFWRQLD�VRODQL $*���WRWDO�'1$�DPSOLILHG�ZLWK�WKH�ORFXVVSHFLILF�SULPHUV�S3����)���5�����S3����)���5�����S3����)���5�����S3���)���5�����S3����)���5�����S3����)���5�����DQG�S3����)���5����VKRZLQJKRPR��DQG�KHWHUR]\JRWH�LQGLYLGXDOV�IRU�HDFK�ORFXV�
��

�� 83*0$�SKHQRJUDP�GHVFULELQJ�JHQHWLF�VLPLODULW\�DPRQJ�ILYH�SRSXODWLRQV�RI5KL]RFWRQLD�VRODQL $*���IURP�1RUWK�&DUROLQD���7KH�GLVWDQFH�PHDVXUH�LV�EDVHG�RQ1HL©V�JHQHWLF�GLVWDQFH��'��
��

&KDSWHU���� 83*0$�SKHQRJUDP�GHVFULELQJ�JHQHWLF�VLPLODULW\�DPRQJ�HLJKW�SRSXODWLRQV�RI5KL]RFWRQLD�VRODQL�$*���IURP�SRWDWR�VHHG�WXEHUV�LQWURGXFHG�LQWR�1RUWK�&DUROLQDDQG�D�ORFDO�SRSXODWLRQ�RI�WKH�SDWKRJHQ���7KH�GLVWDQFH�PHDVXUH�LV�EDVHG�RQ�1HL©VJHQHWLF�GLVWDQFH��'��
��
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/,67�2)�7$%/(6
3DJH&KDSWHU��,� $)/3�SDWWHUQ�DVVRFLDWHG�ZLWK�VRPDWLF�FRPSDWLELOLW\�JURXSV��6&*��RI5KL]RFWRQLD�VRODQL $*���IURP�LQIHFWHG�SRWDWR�VDPSOHG�IURP�HDFK�RI�QLQH�ILHOGVLQ�1RUWK�&DUROLQD�
��

,,� $)/3�SDWWHUQ DVVRFLDWHG�ZLWK�VRPDWLF�FRPSDWLELOLW\�JURXSV��6&*��RI5KL]RFWRQLD�VRODQL $*���IURP�LQIHFWHG�WREDFFR�VDPSOHG�IURP�HDFK�RI����ILHOGVLQ�1RUWK�&DUROLQD�
��

,,,� $)/3�SDWWHUQ��GHVLJQDWLRQ�DQG��IUHTXHQFLHV�DVVRFLDWHG�ZLWK�VRPDWLFFRPSDWLELOLW\�JURXS��6&*��RI�5KL]RFWRQLD�VRODQL $*���LVRODWHV�IURP�WREDFFROHDYHV�VDPSOHG�IURP�HDFK�RI����ILHOGV�LQ�1RUWK�&DUROLQD�
��

&KDSWHU��,� 3RO\PRUSKLF�3&5�5)/3�PDUNHUV�IRU�3&5�5)/3�DQDO\VLV�RI�5KL]RFWRQLDVRODQL�$*���JHQRW\SHV�IURP�SRWDWR� ��
,,� )UHTXHQFLHV�RI�PXOWLORFXV�3&5�5)/3�JHQRW\SHV��05*��RI�5KL]RFWRQLD�VRODQL$*���IURP�SRWDWR�ILHOGV�LQ�1RUWK�&DUROLQD�DQG�HVWLPDWHV�RI�RYHUDOO�REVHUYHGDQG�H[SHFWHG�JHQRW\SLF�GLYHUVLW\�

��
,,,� *HQRW\SLF�GLYHUVLW\�RI�ILYH�SRSXODWLRQ�VDPSOHV�RI�5KL]RFWRQLD�VRODQL $*��IURP�SRWDWRHV�LQ�1RUWK�&DUROLQD� ��
,9� 3DWWHUQV�RI�KHWHUR]\JRVLW\�LQ�GLIIHUHQW�VDPSOHV�RI�5KL]RFWRQLD�VRODQL $*��IURP�SRWDWR�LQ�1RUWK�&DUROLQD� ��
9� 3RSXODWLRQ�GLIIHUHQWLDWLRQ�DQG�JHQH�IORZ�RI�5KL]RFWRQLD�VRODQL $*���IURPSRWDWR�ILHOGV�LQ�1RUWK�&DUROLQD� ��
9,� 3RSXODWLRQ�SDLUZLVH�)67 D� RI�5KL]RFWRQLD VRODQL $*���LVRODWHV�FROOHFWHG��IURPILYH�FRPPHUFLDO�SRWDWR�ILHOGV�LQ�1RUWK�&DUROLQD��IRU�FORQH�FRUUHFWHG�GDWD�DERYH�GLDJRQDO��DQG�WRWDO�GDWD��EHORZ�GLDJRQDO��

��
9,,� 7HVW�IRU�+DUG\�:HLQEHUJ�(TXLOLEULXP�IRU�PXOWLORFXV�3&5�5)/3�JHQRW\SHV�RI5KL]RFWRQLD�VRODQL $*��� ��
9,,,� ([DFW�WHVWV�IRU�OLQNDJH�GLVHTXLOLEULXP D DPRQJ�SDLUV�RI�LQGLYLGXDO�3&5�5)/3ORFL�EDVHG�RQ����PXOWLORFXV�JHQRW\SHV�RI�WKH�WRWDO�SRSXODWLRQ�RI�5KL]RFWRQLDVRODQL $*��D�

��
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&KDSWHU��,� 2EVHUYHG�FRXQWV�RI�PXOWLORFXV�3&5�5)/3�JHQRW\SHV�RI�5KL]RFWRQLD�VRODQL$*���SUHVHQW�RQ�SRWDWR�VHHG�WXEHUV�LQWURGXFHG�IURP�HLJKW�ORFDWLRQV�LQWR�1RUWK&DUROLQD�LQ������
��

,,� 3RZHU�RI�SRVWHULRU�SUREDELOLW\�UDWLR�WHVW�IRU�UHFHQW�PLJUDWLRQ�RI�5��VRODQL�$*��JHQRW\SHV�IURP�SRWHQWLDO�VRXUFHV�LQWR�1RUWK�&DUROLQD�SRWDWR�ILHOGV��ZLWK�D  �����
��

,,,� 3RZHU�RI�WKH�SRVWHULRU�SUREDELOLW\�UDWLR�WHVW�WR�GHWHFW�PLJUDQW�DQFHVWU\�LQ�DSRWDWR�SRSXODWLRQ�RI�5KL]RFWRQLD�VRODQL $*���IURP�1RUWK�&DUROLQD� ��
,9� 3DLUZLVH�)67 D��FRPSDULVRQ�RI�5KL]RFWRQLD VRODQL $*���SRSXODWLRQV�IURP�SRWDWRVHHG�WXEHUV�LQWURGXFHG�IURP�HLJKW�ORFDWLRQV�LQWR�1RUWK�&DUROLQD�LQ������ ��



�

&KDSWHU��
*HQHWLF�GLYHUVLW\�RI�5KL]RFWRQLD�VRODQL $*���SRSXODWLRQV�DVVRFLDWHG�ZLWK�SRWDWR�DQG�WREDFFR
LQ�1RUWK�&DUROLQD�
3��&��&HUHVLQL��+��'DYLG�6KHZ��5\WDV�9LOJDO\V��0DUF�$��&XEHWD
0DQXVFULSW�WR�EH�VXEPLWWHG�WR��0\FRORJLD
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$%675$&7
$QDVWRPRVLV�JURXS����$*����RI�5KL]RFWRQLD�VRODQL�LV�IUHTXHQWO\�DVVRFLDWHG�ZLWK�GLVHDVHV

RI�SRWDWR�DQG�WREDFFR��$OWKRXJK�LVRODWHV�IURP�WKH�WZR�KRVWV�DUH�WD[RQRPLFDOO\�UHODWHG�
SUHYLRXV�VWXGLHV�KDYH�VKRZQ�GLIIHUHQFHV�LQ�WKHLU�ELRORJ\��IDWW\�DFLG�FRPSRVLWLRQ�
SDWKRJHQLFLW\�DQG�ULERVRPDO�'1$��+RZHYHU��WKH�JHQHWLF�GLYHUVLW\�RI�SRSXODWLRQV�RI�5� VRODQL
$*���IURP�SRWDWR�DQG�WREDFFR�DUH�QRW�NQRZQ��,Q�WKLV�VWXG\��WKH�JHQHWLF�GLYHUVLW\�RI�ILHOG
SRSXODWLRQV�RI�5��VRODQL $*���IURP�SRWDWR�DQG�WREDFFR�LQ�1RUWK�&DUROLQD�ZHUH�H[DPLQHG
XVLQJ�VRPDWLF�FRPSDWLELOLW\�DQG�DPSOLILHG�IUDJPHQW�OHQJWK�SRO\PRUSKLVPV��$)/3���$
VDPSOH�RI����LVRODWHV�IURP�SRWDWR�DQG����IURP�WREDFFR�ZHUH�SDLUHG�LQ�DOO�SRVVLEOH
FRPELQDWLRQV�RQ�3'$�SOXV�DFWLYDWHG�FKDUFRDO�DQG�JODVV�VOLGHV�DQG�H[DPLQHG�IRU�VRPDWLF
LQWHUDFWLRQV��$SSUR[LPDWHO\����RI�WREDFFR�LVRODWHV�DQG�OHVV�WKDQ������RI�SRWDWR�LVRODWHV
ZHUH�VRPDWLFDOO\�FRPSDWLEOH��7ZHQW\�HLJKW�DQG�HLJKW�GLVWLQFW�VRPDWLF�FRPSDWLELOLW\�JURXSV
�6&*��ZHUH�LGHQWLILHG�LQ�WKH�SRWDWR�DQG�WREDFFR�VDPSOHV��UHVSHFWLYHO\��$)/3�DQDO\VHV
LQGLFDWHG�WKDW�WKH�SRWDWR�VDPSOH�RI�5� VRODQL $*���ZDV�PRUH�JHQHWLFDOO\�GLYHUVH�����$)/3
SDWWHUQV��WKDQ�WKH�WREDFFR�VDPSOH�����$)/3�SDWWHUQV���1RQH�RI�WKH�SRWDWR�RU�WREDFFR�LVRODWHV
ZHUH�VRPDWLFDOO\�FRPSDWLEOH�RU�VKDUHG�D�FRPPRQ�$)/3�SDWWHUQ��&ORQHV��L�H���FDVHV�ZKHUH
WZR�RU�PRUH�LVRODWHV�ZHUH�VRPDWLFDOO\�FRPSDWLEOH�DQG�VKDUHG�WKH�VDPH�$)/3�SDWWHUQ��ZHUH
LGHQWLILHG�RQO\�LQ�WKH�WREDFFR�VDPSOH��(LJKW�FORQHV�RI�5� VRODQL $*���IURP�WREDFFR
UHSUHVHQWHG�����RI�WKH�WRWDO�VDPSOH��$OO�HLJKW�6&*�RI�5� VRODQL $*���IURP�WREDFFR�ZHUH
DVVRFLDWHG�ZLWK�PRUH�WKDQ�RQH�$)/3�SDWWHUQ��&RPSDWLEOH�LQWHUDFWLRQV�EHWZHHQ�SRWDWR�LVRODWHV
RQO\�RFFXUUHG�EHWZHHQ�LVRODWHV�IURP�WKH�VDPH�ILHOG��WZR�LVRODWHV�LQ�HDFK�RI�IRXU�GLIIHUHQW
ILHOGV���ZLWK�VLPLODU�EXW�QRW�LGHQWLFDO�$)/3�SDWWHUQ�

.H\�:RUGV��3RSXODWLRQ�VWUXFWXUH��FORQDOLW\��UHFRPELQDWLRQ��7KDQDWHSKRUXV�FXFXPHULV�



�

,1752'8&7,21
$QDVWRPRVLV�JURXS����$*����RI�5KL]RFWRQLD�VRODQL�LV�IUHTXHQWO\�DVVRFLDWHG�ZLWK�GLVHDVHV

RI�SRWDWR�DQG�WREDFFR� $OWKRXJK�WD[RQRPLFDOO\�UHODWHG�WR�HDFK�RWKHU�EDVHG�RQ�DQDO\VLV�RI
U'1$�JHQHV��.XQLQDJD�HW�DO��������LVRODWHV�IURP�WREDFFR�DQG�SRWDWR�DUH�QRW�FURVV�
SDWKRJHQLF��VXJJHVWLQJ�D�KLJK�OHYHO�RI�KRVW�VSHFLILFLW\��2JRVKL�������6WHYHQV�-RKQN�HW�DO
������6KHZ�DQG�0HOWRQ�������

5KL]RFWRQLD�GLVHDVHV�RI�SRWDWR�RFFXU�RQ�DOO�XQGHUJURXQG�SODQW�SDUWV��7KH�IXQJXV�LQIHFWV
DQG�FDXVHV�FDQNHUV�RQ�URRWV��VSURXWV��VWHPV�DQG�VWRORQV�YLD�P\FHOLXP�DQG�VFOHURWLD��&DUOLQJ
HW�DO�������2JRVKL��������$V�SRWDWR�SODQWV�UHDFK�PDWXULW\��WKH�IXQJXV�FDQ�LQIHVW�GDXJKWHU
WXEHUV��SURGXFLQJ�EODFN�VFOHURWLD�RQ�WKHLU�VXUIDFH��3RWDWR�LVRODWHV�DUH�LQLWLDOO\�WXEHUERUQH�DQG
WKHQ��RQFH�LQWURGXFHG�LQ�D�SRWDWR�FURS��FDQ�EHFRPH�VRLOERUQH�ZLWK�D�OLPLWHG�GLVSHUVDO�

2Q�WREDFFR��D�OHDI�VSRW�GLVHDVH��WDUJHW�VSRW��LV�FDXVHG�E\�7KDQDWHSKRUXV�FXFXPHULV �)UDQN�
'RQN��WKH�WHOHRPRUSK�RI�5� VRODQL��,Q�FRQWUDVW�WR�SRWDWR�LVRODWHV��WREDFFR�LVRODWHV�DUH�QRW
WXEHUERUQH�DQG�WKH�OHDI�GLVHDVH�LV�LQLWLDWHG�E\�DHULDOO\�GLVSHUVHG�EDVLGLRVSRUHV��,Q�DGGLWLRQ�
WREDFFR�LVRODWHV�LQIHFW�SODQW�OHDYHV�WKURXJK�GLUHFW�SHQHWUDWLRQ�E\�K\SKDH�IURP�EDVLGLRVSRUHV
WKDW�DUH�SURGXFHG�RQ�K\PHQLD�RQ�WKH�VRLO�RU�OHDI�VXUIDFH�DQG�DUH�DQ�LPSRUWDQW�VRXUFH�RI
SULPDU\�LQRFXOXP��6KHZ�DQG�0DLQ�������6KHZ�DQG�/XFDV�������6KHZ�DQG�0HOWRQ�������

6HYHUDO�VWXGLHV�ZLWK�OLPLWHG�VDPSOLQJ�KDYH�H[DPLQHG�WKH�JHQHWLF�YDULDWLRQ�DPRQJ
ODERUDWRU\�LVRODWHV�RI�5��VRODQL $*���REWDLQHG�IURP�6RODQDFHRXV�SODQWV��7KHVH�VWXGLHV�KDYH
GHPRQVWUDWHG�GLIIHUHQFHV�LQ�IDWW\�DFLG�FRPSRVLWLRQ��LVR]\PHV�DQG�ULERVRPDO�'1$�JHQHV�RI
5� VRODQL $*���IURP�WREDFFR�DQG�SRWDWR��%DODOL�HW�DO ������/DURFKH�HW�DO�������/LX�	�6LQFODLU
������/LX HW�DO�������6WHYHQV�-RKQN HW�DO��������([FHSW�IRU�WKHVH�VWXGLHV��OLWWOH�LQIRUPDWLRQ�LV
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NQRZQ�DERXW�WKH�JHQHWLF�GLYHUVLW\�RI�LQGLYLGXDOV�IURP�ILHOG�SRSXODWLRQV�RI�5� VRODQL $*���
)RU�H[DPSOH��KRZ�GLYHUVH�DUH�SRSXODWLRQV�RI�5��VRODQL $*���IURP�SRWDWR�DQG�WREDFFR�ILHOGV
LQ�1RUWK�&DUROLQD"

,Q�WKLV�VWXG\��WZR�K\SRWKHVHV�ZHUH�WHVWHG�����3RSXODWLRQV�RI�5��VRODQL $*���IURP�SRWDWR
DQG�WREDFFR�KDYH�GLIIHUHQW�OHYHOV�RI�JHQHWLF�GLYHUVLW\��DQG����3RSXODWLRQV�RI�5��VRODQL $*��
IURP�SRWDWR�DUH�FORQDO�ZKHUHDV�WKRVH�IURP�WREDFFR�DUH�UHFRPELQLQJ��7KH�WREDFFR�SRSXODWLRQ
RI�5��VRODQL $*���LV�K\SRWKHVL]HG�WR�KDYH�D�KLJKHU�OHYHO�RI�JHQHWLF�GLYHUVLW\�DQG�D
UHFRPELQLQJ�VWUXFWXUH�EHFDXVH�RI�WKH�LPSRUWDQFH�RI�WKH�VH[XDO�UHSURGXFWLRQ�RQ�WDUJHW�VSRW
HSLGHPLFV��6KHZ�DQG�0DLQ�������6KHZ�DQG�/XFDV�������6KHZ�DQG�0HOWRQ��������,Q
FRQWUDVW��SRSXODWLRQV�RI�5��VRODQL $*���IURP�SRWDWR��D�SUHGRPLQDQW�DVH[XDO�SDWKRJHQ��DUH
K\SRWKHVL]HG�WR�KDYH�ORZHU�OHYHO�RI�JHQHWLF�GLYHUVLW\�DQG�D�FORQDO�VWUXFWXUH��&DUOLQJ�HW�DO
������2JRVKL��������7R�DGGUHVV�WKHVH�K\SRWKHVHV��WZR�LQGHSHQGHQW�FULWHULD��VRPDWLF
FRPSDWLELOLW\�DQG�$)/3�DQDO\VHV��ZHUH�XVHG�WR�H[DPLQH�WKH�JHQHWLF�GLYHUVLW\�RI�SRSXODWLRQV
RI�5� VRODQL $*����7KH�SULPDU\�REMHFWLYHV�RI�WKLV�VWXG\�ZHUH�WR�GHWHUPLQH�ZKHWKHU�ILHOG
SRSXODWLRQV�RI�5��VRODQL $*���RQ�SRWDWR�DQG�RQ�WREDFFR�LQ�1RUWK�&DUROLQD�DUH�SUHGRPLQDQWO\
FORQDO�RU�UHFRPELQLQJ�DQG�ZKHWKHU�HDFK�SRWDWR�RU�WREDFFR�ILHOG�LQ�1&�LV�LQIHVWHG�E\�PDQ\
GLVWLQFW�FORQHV�
0$7(5,$/6�$1'�0(7+2'6
,VRODWHV�� 7KLUW\�WZR SRWDWR�DQG����WREDFFR�LVRODWHV�RI 5��VRODQL $*���ZHUH�REWDLQHG�IURP
QDWXUDOO\�LQIHFWHG�SODQWV�IURP�VHYHUDO�FRPPHUFLDO�SRWDWR�DQG�WREDFFR�SURGXFWLRQ�ILHOGV�LQ
1RUWK�&DUROLQD��7$%/(6���DQG�����6L[�DGGLWLRQDO�LVRODWHV�RI�$*���IURP�SRWDWR��468������
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36%�������GS�����/����/����DQG�1.������� UHSUHVHQWLQJ�GLIIHUHQW�JURXSV�RI�LVR]\PH
YDULDWLRQ�SUHYLRXVO\�REVHUYHG�ZLWKLQ�$*����/DURFKH�HW�DO��������ZHUH�DOVR�LQFOXGHG�LQ�WKLV
VWXG\��3RWDWR�LVRODWHV�RI�5� VRODQL�$*���ZHUH�FROOHFWHG�IURP�FRPPHUFLDO�SRWDWR�SURGXFWLRQ
ILHOGV�LQ�VHYHQ�HDVWHUQ�1&�FRXQWLHV�LQ�0DUFK�������)RXUWHHQ�SORWV��WZR�SHU�ILHOG��ZLWK����
URZV�RI������P�OHQJWK�HDFK�ZHUH�SODQWHG�ZLWK�HLWKHU�����RU�����VHHG�SLHFHV�RI�SRWDWR��FY�

$WODQWLF
��SUHYLRXVO\�GLVLQIHFWHG�ZLWK����IRUPDOGHK\GH�WR�HOLPLQDWH�LQGLJHQRXV�5��VRODQL
�&DUOLQJ�HW�DO��������$OO�SRWDWR�SODQWV�IURP�DOO�HDFK�ILHOG�SORW�ZHUH�KDUYHVWHG�DQG�H[DPLQHG
IRU�VWHP�FDQNHU�V\PSWRPV��6DPSOHV�ZHUH�DVVD\HG�RQ�DONDOLQH�ZDWHU�DJDU��$:$��S+������WR
LVRODWH�5��VRODQL��*XWLHUUH]�HW�DO�������

7REDFFR�LVRODWHV�ZHUH�REWDLQHG�IURP����WREDFFR�ILHOGV�IURP�ILYH�1&�FRXQWLHV�LQ�-XQH
������,Q�HDFK�ILHOG��SODQWV�H[KLELWLQJ�WDUJHW�VSRW�V\PSWRPV�ZHUH�FROOHFWHG�IURP�QLQH�HTXDOO\
VSDFHG�ORFDWLRQV�ZLWKLQ�D������P�OHQJWK�DQG������P�ZLGWK�DUHD��,Q�HDFK�RI�WKH�QLQH�ORFDWLRQV�
ILYH�SODQWV�ZHUH�VDPSOHG�E\�WDNLQJ�RQH�����FP�GLDPHWHU�FRUH�IURP�HDFK�LQIHFWHG�OHDI��/HDI
WLVVXH�VDPSOHV�ZHUH�WUDQVIHUUHG�WR�SODWHV�RI�$:$��$IWHU��� K�RI�LQFXEDWLRQ�DW�URRP
WHPSHUDWXUH��K\SKDO�WLSV�RI�FRORQLHV�ZLWK�JURZWK�FKDUDFWHULVWLFV�RI�5��VRODQL ZHUH�WUDQVIHUUHG
WR�QHZ�$:$�DQG�WKHQ�WR�SRWDWR�GH[WURVH�DJDU��3'$��WR�HVWDEOLVK�D[HQLF�FXOWXUHV��,VRODWHV
ZHUH�LGHQWLILHG�DQG�PDLQWDLQHG�RQ�VWHULOL]HG�ULFH�JUDLQV�DW�¤��R&��1XFOHDU�FRQGLWLRQ�RI
LVRODWHV�ZDV�GHWHUPLQHG�LQ�FXOWXUHV�JURZQ�RQ�$:$�RQ�JODVV�VOLGHV�XVLQJ�WKH�'$3,�VWDLQLQJ
SURWRFRO��0DUWLQ�������.XOLN�	�'HUU\��������7KH�DQDVWRPRVLV�JURXS�RI�HDFK�LVRODWH�DOVR�ZDV
GHWHUPLQHG�XVLQJ�JODVV�VOLGHV�FRQWDLQLQJ�D�WKLQ�OD\HU�RI�$:$�S+������+HUU�	�5REHUWV������
.XOLN�	�'HUU\�������*XWLHUUH]�HW�DO�������ZLWK�WKH�$*���WHVWHU�LVRODWH�6FO����7KH�UHDFWLRQ
ZDV�FRQVLGHUHG�SRVLWLYH�ZKHQ�DW�OHDVW�ILYH�SDLUV�RI�K\SKDH�H[KLELWHG�&��DQDVWRPRVLV�UHDFWLRQ
RQ�HDFK�RI�IRXU�VOLGHV��&DUOLQJ�	�/HLQHU�������
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6RPDWLF�FRPSDWLELOLW\�JURXSLQJ�� 7R�GHWHUPLQH�VRPDWLF�FRPSDWLELOLW\��SRWDWR�RU�WREDFFR
LVRODWHV�ZHUH�SDLUHG�LQ�DOO�SRVVLEOH�FRPELQDWLRQV�RQ�SRWDWR�GH[WURVH�DJDU�����'LIFR��3'$�
DPHQGHG�ZLWK����FKDUFRDO��%XWOHU�	�%RONDQ�������XVLQJ�WKH�SURFHGXUH�RI�0DF1LVK�HW�DO
��������7KH�SDLULQJV�ZHUH�JURZQ�IRU���GD\V�DW���R&�DQG�PDFURVFRSLF�VRPDWLF�LQWHUDFWLRQV
EHWZHHQ�LVRODWHV�ZHUH�GHWHUPLQHG��3DLULQJV�ZHUH�VFRUHG�DV�VRPDWLFDOO\�FRPSDWLEOH�ZKHQ�QR
UHDFWLRQ�OLQH�ZDV�REVHUYHG�EHWZHHQ�SDLUHG�LVRODWHV��3DLULQJV�ZHUH�VFRUHG�DV�VRPDWLFDOO\
LQFRPSDWLEOH�ZKHQ�D�UHDFWLRQ�OLQH�RI�UDLVHG�K\SKDH�ZDV�REVHUYHG�EHWZHHQ�SDLUHG�LVRODWHV
�0DF1LVK�HW�DO��������6RPDWLF�FRPSDWLELOLW\�H[SHULPHQWV�ZHUH�FRQGXFWHG�DW�OHDVW�WZLFH�
3DLULQJV�RI�UHSUHVHQWDWLYH�LVRODWHV�IURP�HDFK�KRVW�ZHUH�UH�H[DPLQHG�XVLQJ�PLFURVFRSLF
H[DPLQDWLRQ�RQ�JODVV�VOLGHV�FRQWDLQLQJ�D�WKLQ�OD\HU�RI�$:$�S+������+HUU�	�5REHUWV������
.XOLN�	�'HUU\�������*XWLHUUH]�HW�DO��������7KH�FDWHJRULHV�RI�K\SKDO�DQDVWRPRVLV�UHDFWLRQV
ZHUH�H[DPLQHG�DFFRUGLQJ�WR�&DUOLQJ�������DV�IROORZV��&���ZKLFK�LQGLFDWHV�VDPH�DQDVWRPRVLV
JURXS�EXW�GLIIHUHQW�6&*��DQG�&���ZKLFK�LQGLFDWHV�FORVHO\�UHODWHG�LVRODWHV��VDPH�DQDVWRPRVLV
JURXS��VDPH�6&*��RU�VDPH�LVRODWH��VHOI�SDLULQJ����$�VRPDWLF�FRPSDWLELOLW\�SKHQRJUDP�ZDV
FRQVWUXFWHG�XVLQJ�VRPDWLF�FRPSDWLELOLW\�GDWD�IRU�JURXSLQJ�WREDFFR�LVRODWHV�LQWR�FDWHJRULHV�RI
VRPDWLFDOO\�FRPSDWLEOH�JURXSV��7KLV�SKHQRJUDP�ZDV�FRQVWUXFWHG�XVLQJ�QHLJKERU�MRLQLQJ
SKHQRW\SLF�FOXVWHULQJ��6DLWRX�DQG�1HL�������SHUIRUPHG�RQ�WKH�PDWUL[�RI�0DQKDWWDQ
SKHQRW\SLF�GLVWDQFHV��1HL��������7KH�VRPDWLF�FRPSDWLELOLW\�JURXSLQJ�IRU�WREDFFR�LVRODWHV
ZDV�REWDLQHG�EDVHG�RQ�ELQRPLDOO\�FRGHG�FRPSDWLELOLW\�UHDFWLRQV�DV�FRPSDWLEOH�����RU
LQFRPSDWLEOH�����
'1$� H[WUDFWLRQ�� 7RWDO� JHQRPLF� '1$� ZDV� H[WUDFWHG� IURP� O\RSKLOL]HG� P\FHOLXP� RI
5� VRODQL $*���JURZQ�IRU���GD\V�DW���R&�LQ�SRWDWR�GH[WURVH�EURWK��'LIFR����'1$�IRU�$)/3
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DQDO\VLV� ZDV� SUHSDUHG� XVLQJ� 6'6� H[WUDFWLRQ� EXIIHU� DQG� SKHQRO�FKORURIRUP� H[WUDFWLRQ� DV
SUHYLRXVO\�GHVFULEHG�E\�9LOJDO\V�DQG�*RQ]DOHV��������
$)/3�DQDO\VLV�� 7KH�$)/3�DQDO\VLV�SURFHGXUH�ZDV�D�PRGLILFDWLRQ�RI�9RV�HW�DO��������
$SSUR[LPDWHO\�����QJ�RI�JHQRPLF�'1$�ZDV�GLJHVWHG�IRU�DW�OHDVW�����KRXUV�DW���R&�ZLWK���8
RI�(FR�5,��3URPHJD�&RUSRUDWLRQ��DQG���8�RI�0VH�,��/LIH�7HFKQRORJLHV��*,%&2�%5/����7KH
���P/�UHDFWLRQ�YROXPHV�LQFOXGHG�WKH�IROORZLQJ�FRPSRQHQWV�������P0�7ULV�+&O��S+���������
P0�0J�DFHWDWH�����P0�.�DFHWDWH������P0�1D&O��������P0�('7$��������P0
GLWKLRWKUHLWRO�������PJ�PO�ERYLQH�VHUXP�DOEXPLQ����������Y�Y��JO\FHURO����������7ULWRQ�;�
�����7KH�WHPSODWHV�IRU�3&5�DPSOLILFDWLRQ�ZHUH�JHQHUDWH�E\�OLJDWLQJ�WKH�0VH�,�GRXEOH
VWUDQGHG��GV��DGDSWHU��0$��DQG�0$���DQG�(FR�5,�GV�DGDSWHU�VHTXHQFHV��($��DQG�($���WR
WKH�0VH�,��0$����
�*$&*$7*$*7&&7*$*��
���0$����
�7$&7&$**$&7&$7��
��DQG
(FR�5,�VLWHV��($����
�&7&*7$*$&7*&*7$&&��
���($����
�
&$7&7*$&*&$7**77$$��
��RI�WKH�GRXEOH�GLJHVWHG�IUDJPHQWV�RI�'1$�XVLQJ���:HLVV
XQLW�RI�7��OLJDVH��3URPHJD�&RUS���SHU����P/�UHDFWLRQ� $IWHU�OLJDWLRQ��WKH�UHDFWLRQ�PL[WXUH�ZDV
GLOXWHG�WHQ�IROG�ZLWK�VWHULOH�GHLRQL]HG�ZDWHU�DQG�VWRUHG�DW�¤��R&��7KH�ILUVW�DPSOLILFDWLRQ
HPSOR\HG�0VH�,�DQG�(FR�5,�SULPHUV�ZLWK�RQH�VHOHFWLYH�QXFOHRWLGH��7ZR�SDLUV�RI�SULPHUV�ZHUH
XVHG��(FR�5,�SULPHU ��& ��
�*$&7*&*7$&&$$77&&��
��DQG0VH�,�SULPHU���$���
�
*$7*$*7&&7*$*7$$$��
���(FR�5,�SULPHU��* ��
�*$&7*&*7$&&$$77&*��
��DQG
0VH�,�SULPHU���*���
�*$7*$*7&&7*$*7$$*��
���7KH�VDPSOH�LQFOXGHG���PO�RI�'1$
WHPSODWH��� P0�RI�0VH�,�SULPHU��� P0�RI�(FR�5,�SULPHU����� P0�G173V����P0�GH�0J&O��
HQ]\PH�VSHFLILF�3&5�EXIIHU�DQG�����8�RI�$PSOL7DT��'1$ SRO\PHUDVH��6WRIIHO�IUDJPHQW
�3HUNLQ�(OPHU�&RUS����7KH�3&5�ZDV�SHUIRUPHG�LQ�D�WKHUPDO�F\FOHU�3HUNLQ�(OPHU� IRU���
F\FOHV�RI����V�DW��� R&����PLQ�DW��� R&�DQG���PLQ�DW���R&�
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)RU�VHOHFWLYH�DPSOLILFDWLRQ�RI�WKH�VHFRQGDU\�WHPSODWH��(FR�5,�DQG�0VH�,�SULPHUV�ZLWK�WZR
VHOHFWLYH�QXFOHRWLGHV�DW��
�HQG�ZHUH�XVHG��7ZR�SDLUV�RI�VHOHFWLYH�SULPHUV�ZLWK�WKH�IROORZLQJ
VHTXHQFHV�ZHUH�XVHG��(FR�5,�SULPHU���&$���
�*$&7*&*7$&&$$77&&$��
��DQG�0VH
, SULPHU � $&���
�*$7*$*7&&7*$*7$$$&��
���(FR�5, SULPHU � *7���
�
*$&7*&*7$&&$$77&*7��
��DQG�0VH�, SULPHU � *7���
��*$7*$*7&&7*$*7$$*7��
��
7KH�(FR�5,�SULPHU���&$�ZDV�HQG�ODEHOHG�ZLWK�IOXRUHVFHQW�G\H���7(7�DQG�WKH�(FR�5,�SULPHU
�*7�ZLWK�IOXRUHVFHQW�G\H���)$0��DW�WKH��©�HQG��$OO�WKH�SULPHUV�GHVFULEHG�DERYH�ZHUH
V\QWKHVL]HG�E\�*HQRV\V�%LRWHFKQRORJLHV��,QF�

7KH�VHOHFWLYH�3&5�PL[WXUH�LQFOXGHG��IRU�HDFK����P/�RI�UHDFWLRQ����P/�RI�VHFRQGDU\�'1$
WHPSODWH�REWDLQHG�IURP�QRQ�VHOHFWLYH�DPSOLILFDWLRQ��� P0�RI�VHOHFWLYH�SULPHU�0VH�,��� P0�RI
VHOHFWLYH�SULPHU�(FR�5,����� P0�G173V����P0�0J&O���HQ]\PH�VSHFLILF�3&5�EXIIHU�DQG�����8RI�$PSOL7DT��'1$ SRO\PHUDVH��6WRIIHO�IUDJPHQW��3HUNLQ�(OPHU�&RUS���
$QDO\VLV�RI�$)/3�GDWD��)ROORZLQJ�3&5�DPSOLILFDWLRQ��SURGXFWV�ZHUH�GLOXWHG����IROG�ZLWK
VWHULOH�GLVWLOOHG�+�2��$�YROXPH�RI�����P/�RI�WKH�UHVXOWLQJ�GLOXWHG�VDPSOHV�ZDV�YDFXXP�GULHG�
PL[HG�ZLWK�WKH�IOXRUHVFHQW�VHTXHQFLQJ�G\H�7$05$�����FRQWDLQLQJ�LQWHUQDO�PROHFXODU
PDUNHU�VWDQGDUG��*HQVHW�2OLJRV��,QF���DW��;�FRQFHQWUDWLRQ��GHQDWXUHG�DW���R&�IRU���PLQ�DQG
SODFHG�LQ�LFH��$���P/�VDPSOH�RI�HDFK�UHDFWLRQ�ZDV�ORDGHG�RQ�D������GHQDWXULQJ
SRO\DFU\ODPLGH�JHO��LQ�D�$%,�PRGHO�����VHTXHQFLQJ�HOHFWURSKRUHVLV�V\VWHP��$SSOLHG
%LRV\VWHPV��,QF����7KH�UXQQLQJ�EXIIHU�ZDV��;�7%(�DQG�HOHFWURSKRUHVLV�ZDV�SHUIRUPHG�DW
��:�IRU�����K��7KH�HOHFWURSKRUHVLV�JHO�ILOHV�JHQHUDWHG�E\�WKLV�V\VWHP�ZHUH�KDQGOHG�ZLWK�WKH
REMHFWLYH�RI�H[WUDFWLQJ�UDZ�LQIRUPDWLRQ�FRQWDLQHG�LQ�HDFK�JHO�FROXPQ�XVLQJ�WKH�VRIWZDUH
*HQH6FDQ���$%,35,60���$SSOLHG�%LRV\VWHPV���7KLV�VRIWZDUH�DXWRPDWLFDOO\�DQDO\VHV�WKH
LQIRUPDWLRQ�FROOHFWHG�E\�WKH�VHTXHQFHU��DQG�LGHQWLILHV��TXDQWLILHV��DQG�GHWHUPLQHV�WKH�VL]HV�RI



�

'1$�IUDJPHQWV�SUHVHQW��7KH�$)/3�SURILOHV�ZHUH�VFRUHG�XVLQJ�WKH�VRIWZDUH�*HQRJUDSKHU�
�0RQWDQD�6WDWH�8QLYHUVLW\��� 7KH�$)/3�SDWWHUQV�IRU�SRWDWR�DQG�WREDFFR�LVRODWHV�ZHUH
REWDLQHG�EDVHG�RQ�WKH�VFRULQJ�RI����SRO\PRUSKLF�EDQGV�����JHQHUDWHG�IURP�&$�$&�DQG���
IURP�*7�*7�SULPHU�FRPELQDWLRQ���ELQRPLDOO\�FRGHG�DV�SUHVHQW�RU�DEVHQW��7KH
UHSURGXFLELOLW\�RI�WKH�$)/3�DQDO\VLV�ZDV�FRQWUROOHG�VFRULQJ�IUDJPHQWV�DJDLQVW�WZR�VWDQGDUG
5� VRODQL�$*���LVRODWHV����3����DQG����7����IURP�WZR�GLIIHUHQW�'1$�H[WUDFWLRQV��LQFOXGHG
LQ�DOO�WKH�JHOV�
'DWD� DQDO\VHV��(DFK� LVRODWH� RI� 5�� VRODQL $*��� ZDV� FKDUDFWHUL]HG� EDVHG� RQ� LWV� VRPDWLF
FRPSDWLELOLW\� JURXSLQJ� DQG� XQLTXH�$)/3�SDWWHUQ��$� FRQVHUYDWLYH� DSSURDFK� WR� WKH� DQDO\VLV
DQG�LQWHUSUHWDWLRQ�RI�WKH�'1$�ILQJHUSULQW�EDVHG�RQ�WKH�REVHUYHG�$)/3�SURILOHV�ZDV�XVHG�E\
DVVXPLQJ�WKH�SUHVHQFH�DQG�DEVHQFH�RI�EDQGV�DV�SKHQRW\SHV��$�SKHQRJUDP�ZDV�JHQHUDWHG�WR
JURXS� LVRODWHV� EDVHG� RQ� WKHLU� VLPLODULW\� DFFRUGLQJ� WR� WKH� $)/3�SURILOH�� 1HLJKERXU�MRLQLQJ
SKHQRW\SLF� FOXVWHULQJ� �6DLWRX� DQG� 1HL� ������ ZDV� SHUIRUPHG� RQ� WKH� PDWUL[� RI� 0DQKDWWDQ
SKHQRW\SLF�GLVWDQFHV��1HL�������XVLQJ�WKH�VRIWZDUH�3K\OOLS�������)HOVHQVWHLQ��������$�FORQH
ZDV� GHILQHG� DV� D� JURXS� RI� LVRODWHV� �WZR� RU�PRUH�� WKDW� VKDUHG� D� XQLTXH� $)/3�SDWWHUQ� DQG
EHORQJHG�WR�WKH�VDPH�6&*�
5(68/76

)RXU�SDLUV�RI�SRWDWR�LVRODWHV��IURP�D�VDPSOH�RI�����ZHUH�VRPDWLFDOO\�FRPSDWLEOH����3���
DQG���3�������3����DQG���3�������3����DQG���3�����DQG���3����DQG���3�����),*�����,VRODWHV
IURP�HDFK�RI�WKHVH�FRPSDWLEOH�SDLUV�ZHUH�FROOHFWHG�IURP�LQIHFWHG�SRWDWR�VWHPV�LQ�VDPH�ILHOGV�
7KH�VL[�DGGLWLRQDO�LVRODWHV�RI�$*���IURP�SRWDWR��468�������36%�������GS�����/����/����DQG



��

1.������� UHSUHVHQWLQJ�GLIIHUHQW�JURXSV�RI�LVR]\PH�YDULDWLRQ�SUHYLRXVO\�REVHUYHG�ZLWKLQ
$*����/DURFKH�HW�DO�������ZHUH�DOO�VRPDWLFDOO\�LQFRPSDWLEOH�ZLWK�RQH�DQRWKHU�DQG�DOVR�ZLWK
DOO�WKH�RWKHU�SRWDWR�LVRODWHV�IURP�1&��GDWD�QRW�VKRZQ���(LJKW�6&*V�ZHUH�LGHQWLILHG�LQ�WKH
WREDFFR�VDPSOH��),*����DQG�����7KH�SKHQRW\SLF�FOXVWHULQJ�RI�WREDFFR�LVRODWHV�RI�5��VRODQL
$*���DFFRUGLQJ�WR�6&*�LV�SUHVHQWHG�LQ�WKH�),*�����,Q�WKH�WREDFFR�VDPSOH��WKHUH�ZHUH�WZR
FDVHV�RI�QRQ�WUDQVLWLYLW\��L�H���ZKHUH�RQH�LVRODWH�RI�D�GLVWLQFW�6&*�ZDV�FRPSDWLEOH�ZLWK�D
DQRWKHU�LVRODWH�EHORQJLQJ�WR�D�GLIIHUHQW�6&*���1RQ�WUDQVLWLYLW\�ZDV�REVHUYHG�EHWZHHQ�LVRODWHV
���7�����6&*�%�������7�����6&*�'��DQG����7�����6&*�(�������7�����6&*�+���),*�����
+RZHYHU��WKHUH�ZDV�QR�LQWUDQVLWLYLW\�EHWZHHQ�DQ\�RI�WKH�LVRODWHV�IURP�6&*�$��%��&�DQG�'
ZLWK�DQ\�PHPEHUV�RI�6&*�(��)��*�DQG�+��6HYHUDO�H[DPSOHV�RI�ZHDN�LQFRPSDWLEOH�UHDFWLRQV
RQ�3'$�SOXV�FKDUFRDO�EHWZHHQ�LVRODWHV�ZHUH�REVHUYHG�RQ�ERWK�SRWDWR��IUHTXHQF\�RI������RI
WKH�WRWDO�SDLULQJV��DQG�WREDFFR�VDPSOHV��������RI�5��VRODQL $*����FURVVKDWFK�ER[HV�LQ�WKH
),*V����DQG�����1R�VRPDWLF�FRPSDWLELOLW\�ZDV�REVHUYHG�EHWZHHQ�SRWDWR�DQG�WREDFFR�LVRODWHV
RI�5��VRODQL $*���

)URP�����$)/3�IUDJPHQWV�VFRUHG�XVLQJ�WZR�GLIIHUHQW�VHWV�RI�SULPHUV��(FR�5,�&$���0VH�,�
$&�DQG�(FR�5,�*7���0VH�,�*7�������ZHUH�SRO\PRUSKLF�RQ�SRWDWR�VDPSOHV�����ZDV
PRQRPRUSKLF�DQG�����ZHUH�RQO\�GHWHFWHG�RQ�WREDFFR�LVRODWHV���,Q�FRQWUDVW������RI�WKH
EDQGV�ZHUH�SRO\PRUSKLF�RQ�WKH�WREDFFR�VDPSOHV������ZHUH�PRQRPRUSKLF�DQG�����ZHUH
GHWHFWHG�RQO\�RQ�SRWDWR�LVRODWHV��7KH�$)/3�SDWWHUQV�IRU�SRWDWR�DQG�WREDFFR�LVRODWHV�ZHUH
REWDLQHG�EDVHG�RQ�WKH�VFRULQJ�RI����SRO\PRUSKLF�EDQGV�

7KLUW\�WZR�$)/3�SURILOHV�ZHUH�LGHQWLILHG�DPRQJ�WKH�SRWDWR�LVRODWHV�RI�5��VRODQL $*��
�),*����7$%/(�,��DQG����DPRQJ�WKH�WREDFFR�LVRODWHV��),*�����7$%/(�,,���7KHUH�ZHUH�QR
FRPPRQ�$)/3�SDWWHUQV�VKDUHG�DPRQJ�SRWDWR�DQG�WREDFFR�LVRODWHV�RI�5� VRODQL $*��



��

�7$%/(6�,�DQG�,,���7KH�DGGLWLRQDO�LVRODWHV�RI�$*���IURP�SRWDWR��468�������36%������
GS�����/����/����DQG�1.������ DOVR�KDG�GLVWLQFW�$)/3�SDWWHUQV�WKDW�GLIIHUHG�IURP�1&�SRWDWR
DQG�WREDFFR�LVRODWHV��7$%/(6�,�DQG�,,��

7KHUH�ZHUH�QR�FORQHV�DPRQJ�SRWDWR�LVRODWHV�RI�5��VRODQL $*����L�H���FDVHV�LQ�ZKLFK�WZR�RU
PRUH�LVRODWHV�EHORQJHG�WR�WKH�VDPH�6&*�DQG�VKDUHG�WKH�VDPH�$)/3�SDWWHUQ���)URP�WKH
WREDFFR�VDPSOH��IRXU�FORQHV�ZHUH�LGHQWLILHG�����7����DQG����7�����6&*�(������7����DQG
���7�����6&*�(������7����DQG����7�����6&*�&������7����DQG����7�����6&*�$���7KHVH
FORQHV��UHSUHVHQWHG��� ��RI�WKH�WRWDO�WREDFFR�VDPSOH��7KHUH�ZHUH�WZR�FDVHV�DPRQJ�WKH
WREDFFR�VDPSOH�LQ�ZKLFK�RQH�$)/3�SDWWHUQ�ZDV�DVVRFLDWHG�ZLWK�PRUH�WKDQ�RQH�6&*��DV
REVHUYHG�ZLWK�WKH�LVRODWHV����7����%�����7����(�RU����7����(��ZLWK�ILQJHUSULQW�GHVLJQDWLRQ
���������7�����*�����7����+�RU����7����%��DOO�ZLWK�ILQJHUSULQW�����),*�����7$%/(6�,,�DQG
,,,���$OO�HLJKW�6&*V�RI�5� VRODQL $*��LVRODWHV�IURP�WREDFFR�ZHUH�DVVRFLDWHG�ZLWK�PRUH�WKDQ
RQH�ILQJHUSULQW��),*�����7$%/(�,,�DQG�,,,��

,VRODWHV�RI�5��VRODQL $*���IURP�GLIIHUHQW�6&*V�DQG�$)/3�SDWWHUQV�ZHUH�UHFRYHUHG�IURP
HDFK�LQGLYLGXDO�WREDFFR�ILHOG�IURP�PRVW�RI�WKH�FRXQWLHV�VDPSOHG��7$%/(�,,,���)RU�H[DPSOH�
IURP�ILHOG�����LQ�&DVZHOO�&RXQW\��RQH�LVRODWH�RI�6&*�$��RQH�RI�6&*�(��WZR�RI�6&*�*�DQG
RQH�IURP�6&*�+�ZHUH�UHFRYHUHG��)LHOGV����LQ�&UDYHQ�&RXQW\�DQG�ILHOG����LQ�(GJHFRPEH
&RXQW\��KDG�D�VLQJOH�6&*�SUHVHQW��,Q�WHUPV�RI�JHRJUDSKLFDO�GLVWULEXWLRQ�RI�FORQHV��7$%/(
,,,���WZR�FORQHV�ZHUH�UHFRYHUHG�IURP�PRUH�WKDQ�RQH�ILHOG�LQ�WKH�VDPH�����7����$�DQG
���7����$�IURP�&UDYHQ��RU�GLIIHUHQW�FRXQWLHV�LQ�1RUWK�&DUROLQD�����7����(�DQG����7����(
IURP�(GJHFRPEH�DQG�&DVZHOO��UHVSHFWLYHO\���7$%/(�,,,���(JGHFRPEH�DQG�&DVZHOO�DUH
FRXQWLHV�DERXW�����NP�DSDUW�



��

',6&866,21
5��VRODQL $*���LVRODWHV�IURP�SRWDWR�DQG�WREDFFR�ZHUH�VWXGLHG�WR�GHWHUPLQH�WKHLU�JHQHWLF

GLYHUVLW\�LQ�SRSXODWLRQV�RI�1RUWK�&DUROLQD��%DVHG�RQ�D�SULRUL NQRZOHGJH�DERXW�WKHLU�ELRORJ\�
LW�ZDV�K\SRWKHVL]HG�WKDW�SRSXODWLRQV�RI�5��VRODQL $*���IURP�SRWDWR�DQG�WREDFFR�KDG�GLIIHUHQW
OHYHOV�RI�JHQHWLF�GLYHUVLW\�DQG�WKDW�WKHVH�SRSXODWLRQV�DUH�HLWKHU�SUHGRPLQDQWO\�FORQDO�RU
UHFRPELQLQJ�LQ�VWUXFWXUH��UHVSHFWLYHO\��3RWDWR�DQG�WREDFFR�SRSXODWLRQV�RI�5��VRODQL $*���GLG
QRW�H[KLELW�VLPLODU�OHYHOV�RI�JHQHWLF�GLYHUVLW\��5HVXOWV�VXJJHVW�WKDW�WKH�VDPSOH�RI�5��VRODQL
$*���IURP�SRWDWR�LQ�1&�LV�PRUH�JHQHWLFDOO\�GLYHUVH�WKDQ�WKH�SRSXODWLRQ�IURP�WREDFFR��$
KLJK�GHJUHH�RI�JHQHWLF�GLYHUVLW\�IRU�5� VRODQL IURP�SRWDWR�ZDV�DOVR�IRXQG�E\�%DODOL�HW�DO
�������LQ�6RXWK�$XVWUDOLD��8VLQJ�DQ�$*���VSHFLILF�SUREH��S5������IRU�'1$�ILQJHUSULQWLQJ�
WKLUW\�HLJKW�GLIIHUHQW�5)/3�SDWWHUQV�DPRQJ�����SRWDWR�LVRODWHV�ZHUH�LGHQWLILHG��,Q�DGGLWLRQ�
QR�FORQHV�ZHUH�GHWHFWHG�LQ�SRWDWR�ILHOGV�LQ�1&��+RZHYHU��GLIIHUHQW�IURP�1&�SRSXODWLRQ��D
FORQDO�VWUXFWXUH�IRU�WKDW�SRSXODWLRQ�RI�5��VRODQL�$*���IURP�$XVWUDOLD�FRXOG�QRW�EH�GLVFDUGHG
DV�RQH�RI�WKH�ILQJHUSULQW�SDWWHUQV�REWDLQHG�UHSUHVHQWHG�����RI�WKH�LVRODWHV�WHVWHG��,Q�FRQWUDVW
WR�WKH�SRWDWR�SRSXODWLRQ�RI�5� VRODQL $*���IURP�1&��WKH�WREDFFR�VDPSOH�KDG�D�FORQDO
FRPSRQHQW��HLJKW�FORQHV�UHSUHVHQWHG��� ��RI�WKH�WRWDO�VDPSOH�RI����LVRODWHV��

%DVHG�RQ�$)/3�DQDO\VLV��WKHUH�ZHUH�QR�SDWWHUQV�VKDUHG�DPRQJ�WKH�SRWDWR�DQG�WREDFFR
SRSXODWLRQ�RI�5� VRODQL $*����,Q�DGGLWLRQ��QRQH�RI�WKH�SRWDWR�RU�WREDFFR�LVRODWHV�ZHUH
VRPDWLFDOO\�FRPSDWLEOH��7KHVH�GDWD�VXJJHVW�D�SRSXODWLRQ�RI�5��VRODQL $*���VXEGLYLGHG�E\
KRVW�VSHFLDOL]DWLRQ��DV�DOUHDG\�KDG�EHHQ�SRVWXODWHG��.XQLQDJD�HW��DO�������&HUHVLQL�HW�DO������
2JRVKL�������6WHYHQV�-RKQN�HW�DO�������6KHZ�DQG�0HOWRQ�������



��

$OWKRXJK�WKHUH�ZHUH�GLIIHUHQFHV�EHWZHHQ�SRWDWR�DQG�WREDFFR�SRSXODWLRQV�RI�5��VRODQL $*�
���HDFK�SRWDWR�DQG�WREDFFR�ILHOG�LQ�1RUWK�&DUROLQD�ZDV�LQIHVWHG�ZLWK 5��VRODQL $*���LVRODWHV
RI�PRUH�WKDQ�RQH�$)/3�SDWWHUQ��,Q�DGGLWLRQ��PDQ\�LVRODWHV�ZLWK�D�SDUWLFXODU�$)/3�SDWWHUQ
ZHUH�VDPSOHG�RQO\�RQFH���$�IHZ�LVRODWHV�RI�5��VRODQL $*���ZLWK�D�FRPPRQ�$)/3�SURILOH
ZHUH�GLVSHUVHG�DFURVV�JHRJUDSKLFDOO\�GLVWDQW�DUHDV�RI�WREDFFR��RYHU�����NP���7ZR�FORQHV�
FRPSRVLQJ�IRXU�LVRODWHV�RU��� ��RI�WKH�WREDFFR�VDPSOH��ZHUH�UHFRYHUHG�IURP�PRUH�WKDQ�RQH
ILHOG�LQ�WKH�VDPH�RU�LQ�GLIIHUHQW�FRXQWLHV�LQ�1RUWK�&DUROLQD�

7KH�PRYHPHQW�DQG�PLJUDWLRQ�RI�LQIHFWHG�VHHG�SLHFHV�IURP�VHYHUDO�RWKHU�VWDWHV�LQ�WKH�86
DQG�DOVR�IURP�&DQDGD�FRXOG�EH�LPSOLFDWHG�LQ�WKH�JHRJUDSKLF�GLVWULEXWLRQ�RI�LVRODWHV�DQG
RFFXUUHQFH�RI�KLJK�OHYHOV�RI�YDULDELOLW\�LQ�5��VRODQL RQ�SRWDWR�LQ�1&��)RU�WREDFFR��WKH
GLVWULEXWLRQ�RI�VRPH�LVRODWHV�ZLWK�D�SDUWLFXODU�$)/3�SDWWHUQ�PD\�UHVXOW�IURP�PRYHPHQW�RI
VFOHURWLD�DQG�P\FHOLDO�SURSDJXOHV�LQ�VHHGOLQJ�WUDQVSODQWV�RU�LQ�VRLO��:KLOH�IXQJDO�SURSDJXOHV
DVVRFLDWHG�ZLWK�DHULDO�GLVSHUVDO�DUH�XVXDOO\�WKLFN�ZDOOHG�DQG�PHODQL]HG��EDVLGLRVSRUHV�RI
7� FXFXPHULV DUH�WKLQ�ZDOOHG�DQG�K\DOLQH��7KXV��ZKLOH�DLUERUQH�PRYHPHQW�RI�EDVLGLRVSRUHV�RI
7� FXFXPHULV IRU�VPDOO�GLVWDQFHV�ZLWKLQ�RU�EHWZHHQ�ILHOGV�LV�SRVVLEOH��WKH�ORQJ�GLVWDQFH
EHWZHHQ�(GJHFRPEH�DQG�&DVZHOO�FRXQWLHV��DERXW�����NP��LV�PRUH�XQOLNHO\���+RZHYHU��DV
WDUJHW�VSRW�GLVHDVH�ZDV�ILUVW�REVHUYHG�LQ�1&�LQ�WKH�PLGGOH���
V��WKH�ORQJ�GLVWDQFH�GLVSHUVDO
FRXOG�KDYH�RFFXUUHG�WKURXJK�JUDGXDO�VKRUW�GLVWDQFH�GLVSHUVDO�RYHU�PDQ\�\HDUV�RU�PRYHPHQW
RI�WUDQVSODQWV�

8QGHU�FORQDOLW\��HDFK�SURJHQ\�RI�5��VRODQL $*���ZRXOG�KDYH�LWV�JHQRPH�DV�DQ�H[DFW
PLWRWLF�FRS\�RI�WKH�SDUHQWDO�RQH��DQG�DOO�SDUWV�RI�WKH�JHQRPH�ZRXOG�KDYH�WKH�VDPH
HYROXWLRQDU\�KLVWRU\��:RUUDOO��������$W�WKH�RWKHU�H[WUHPH��XQGHU�PDWLQJ�DQG�PHLRWLF
UHFRPELQDWLRQ�RI�JHQHWLFDOO\�GLIIHUHQW�SDUHQW�QXFOHL��GLIIHUHQW�UHJLRQV�RI�WKH�JHQRPH�RI�WKH



��

QRYHO�SURJHQ\�ZLOO�KDYH�GLIIHUHQW�HYROXWLRQDU\�KLVWRULHV��7D\ORU�HW�DO���������7KH
H[DPLQDWLRQ�RI�FORQDO�SRSXODWLRQV�RI�5��VRODQL $*���XVLQJ�WKH�WZR�LQGHSHQGHQW�FULWHULD
�VRPDWLF�LQFRPSDWLELOLW\�DQG�DPSOLILHG�IUDJPHQW�OHQJWK�SRO\PRUSKLVP��ZRXOG�LQGLFDWH�WKH
VDPH�HYROXWLRQDU\�KLVWRU\�RU�VWULFW�DVVRFLDWLRQ�EHWZHHQ�DQDO\]HG�FKDUDFWHUV��+RZHYHU��LW�LV
QRW�QHFHVVDU\�IRU�FORQDOLW\�WR�EH�PLWRWLF�DQG�DVH[XDO�LI�D�VHOI�IHUWLOL]LQJ�RU�KRPRWKDOOLF
7� FXFXPHULV IURP�WREDFFR�FDQ�PDNH�SURJHQ\�PHLRVSRUHV�LGHQWLFDO�WR�SDUHQWDO�JHQRPH���,Q
DGGLWLRQ��UHFRPELQDWLRQ�QHHG�QRW�EH�PHLRWLF�RU�VH[XDO�LI�PLWRWLF�UHFRPELQDWLRQ�YLD
SDUDVH[XDOLW\�FDQ�PL[�SDUHQWDO�JHQRW\SHV�RI�5� VRODQL $*���IURP�SRWDWR��)RU�7� FXFXPHULV�RQ
WREDFFR��LW�LV�QRW�NQRZQ�LI�WKH�PDWLQJ�V\VWHP�LV�VWULFWO\�KHWHURWKDOOLF�RU�LI�KRPRWKDOOLVP��VHOI
IHUWLOL]DWLRQ��LV�FRPPRQ�DQG�LQ�ZKDW�H[WHQW�LW�DIIHFWV�SRSXODWLRQ�VWUXFWXUH��)RU�SRWDWR
SRSXODWLRQV�RI�5� VRODQL $*����WKH�VH[XDO�VWDJH��WHOHRPRUSK��LV�VHOGRP�REVHUYHG�RQ�1RUWK
&DUROLQD�ILHOGV��7KH�LPSRUWDQFH�RI�WKH�VH[XDO�VWUXFWXUHV�RI�WKH�SDWKRJHQ�RQ�GLVHDVH�HSLGHPLFV
RI�SRWDWR�LV�DOVR�QRW�NQRZQ�

$OWKRXJK�RQO\�WKH�WREDFFR�SRSXODWLRQ�VKRZHG�D�FORQDO�FRPSRQHQW�LQ�LWV�VWUXFWXUH��WKHUH
ZDV�HYLGHQFH�IRU�UHFRPELQDWLRQ�LQ�ERWK�SRWDWR�DQG�WREDFFR�SRSXODWLRQV�RI�5��VRODQL $*����,Q
WKH�WREDFFR�VDPSOHV��GHYLDWLRQV�IURP�WKH�VWULFW�DVVRFLDWLRQ�EHWZHHQ�6&*�DQG�$)/3�SURILOHV
ZHUH�REVHUYHG��,Q�JHQHUDO��WKH�HLJKW�6&*V�RI�5��VRODQL IURP�WREDFFR�ZHUH�DVVRFLDWHG�ZLWK�DW
OHDVW�WZR�$)/3�SDWWHUQV��,Q�IDFW��6&*�%�ZDV�DVVRFLDWHG�ZLWK�VHYHQ��6&*�(�ZLWK�VL[��DQG
6&*�'�DQG�*�ZLWK�ILYH�GLIIHUHQW�ILQJHUSULQWV��7KHUH�ZHUH�DOVR�WZR�FDVHV�DPRQJ�WKH�WREDFFR
LVRODWHV�LQ�ZKLFK�RQH�ILQJHUSULQW�ZDV�DVVRFLDWHG�ZLWK�PRUH�WKDQ�RQH�6&*��)LQDOO\��DPRQJ�WKH
WREDFFR�LVRODWHV�WKHUH�ZHUH�DOVR�FDVHV�RI�QRQ�WUDQVLWLYLW\�ZLWK�VRPDWLF�FRPSDWLELOLW\�WHVWLQJ�
)RU�LQVWDQFH��LVRODWH����7����ZDV�FRPSDWLEOH�ZLWK�LVRODWH����7�����LVRODWH����7����ZDV
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FRPSDWLEOH�ZLWK����7�����EXW�LVRODWH����7����ZDV�LQFRPSDWLEOH�ZLWK����7�����5HSOLFDWLRQV
RI�WKHVH�SDLULQJV�LQGLFDWHG�FRQVLVWHQW�REVHUYDWLRQ�RI�QRQ�WUDQVLWLYLW\�

:LWK�ILHOG�LVRODWHV�RI�PRVW�EDVLGLRP\FHWHV��D�EDVLF�DVVXPSWLRQ�LV�WKDW�VRPDWLFDOO\
FRPSDWLEOH�LVRODWHV�DUH�JHQHWLFDOO\�UHODWHG�DQG�UHSUHVHQW�VDPH�JHQRW\SH��:RUUDOO��������,Q
VHYHUDO�VWXGLHV��LVRODWHV�WKDW�ZHUH�FRPSDWLEOH�KDG�WKH�VDPH�PROHFXODU�PDUNHUV��ZKLFK�ZHUH
GLIIHUHQW�LQ�LQFRPSDWLEOH�LVRODWHV��'H6FHQ]R�DQG�+DUULQJWRQ�������+ROPHU�HW�DO�������6PLWK
HW�DO��������2WKHU�PDUNHUV��VXFK�DV�LVRHQ]\PH�SDWWHUQV�DQG�PDWLQJ�W\SH�DOOHOHV��RI�ILHOG
LVRODWHV�RI�VHYHUDO�VSHFLHV��H�J��$UPLOODULD�OXWHREXEDOLQD��$��RVWR\DH��$��JHPLQD DQG�$�
FDOYHQFHV��+HWHUREDVLGLRQ�DQQRVXP��3OHXURWXV�RVWUHDWXV��DQG�6XLOOXV VSS���VXSSRUW�WKH
FRQFHSW�WKDW�GLIIHUHQW�JHQRW\SHV�DUH�VRPDWLFDOO\�LQFRPSDWLEOH��)DON�DQG�3DUEHU\�������5L]]R
DQG�+DUULQJWRQ�������6WHQOLQG�������.D\�DQG�9LOJDO\V�������6HQ��������5HVXOWV�VLPLODU�WR
WKRVH�REVHUYHG�IRU�5��VRODQL $*���IURP�WREDFFR�KDYH�EHHQ�UHSRUWHG�IRU�RWKHU
EDVLGLRP\FHWHV��)RU�H[DPSOH��P\FHOLDO�FRPSDWLELOLW\�ZDV�REVHUYHG�EHWZHHQ�LVRODWHV�RI
$UPLOODULD VSS�WKDW�GLIIHUHG�LQ�D�PDWLQJ�W\SH�DOOHOH��5L]]R�DQG�+DUULQJWRQ�������DQG
FRPSDWLEOH�LVRODWHV�RI�6XLOOXV�JUDQXODWXV KDG�GLIIHUHQW�5$3'�PDUNHUV��-DFREVRQ�HW�DO�������
)LQDOO\��QRQ�WUDQVLWLYLW\�DOVR�ZDV�REVHUYHG�LQ�6XLOOXV�JUDQXODWXV DQG�3� RVWUHDWXV �-DFREVRQ
HW�DO�������0DOLN�DQG�9LOJDO\V�������

7KHUH�ZHUH�VHYHUDO�FDVHV�RI�ZHDN�LQFRPSDWLEOH�UHDFWLRQV�DPRQJ�WKH�SDLULQJV�ZLWKLQ�SRWDWR
LVRODWHV�RU�WREDFFR�LVRODWHV��FKDUDFWHUL]HG�E\�D�VPDOO�UDLVHG�DUHD�LQ�WKH�K\SKDO�LQWHUDFWLRQ
]RQH��,VRODWHV�IURP�WKH�VDPH�6&*�DQG�ZLWK�WKH�VDPH�$)/3�SDWWHUQ�ZHUH�FRPSDWLEOH�
+RZHYHU��DPRQJ�VRPH�JURXSV�RI�LVRODWHV�ZLWK�WKH�VDPH�$)/3�SDWWHUQ�LQ�WKH�WREDFFR�VDPSOH�
D�UDQJH�RI�FRPSDWLELOLW\�UHDFWLRQV�ZHUH�REVHUYHG�WKDW�YDULHG�LQ�LQWHQVLW\��$V�VRPDWLF
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FRPSDWLELOLW\�LV�QRW�QHFHVVDULO\�D�VWULFW�FKDUDFWHU��LW�LV�LPSRUWDQW�WR�FRQVLGHU�WKDW�WKHVH�ZHDN
PDFURVFRSLF�LQFRPSDWLEOH�UHDFWLRQV�PD\�KDYH�ELRORJLFDO�VLJQLILFDQFH�

6HYHUDO�IDFWRUV�PD\�DFFRXQW�IRU�VXFK�DEQRUPDO�LQFRPSDWLEOH�LQWHUDFWLRQV��:RUUDOO�������
7KH�UDQJH�RI�VRPDWLF�FRPSDWLELOLW\�UHDFWLRQV�DPRQJ�SDLULQJV�RI�WREDFFR�LVRODWHV�RI�5� VRODQL
$*���VXJJHVWV�UHFRPELQDWLRQ��DQG�GHYLDWLRQV�IURP�RQH�WR�RQH�DVVRFLDWLRQ�RI�6&*�WR
ILQJHUSULQW�DUH�FRQVLVWHQW�ZLWK�UHFRPELQDWLRQ��,Q�6� JUDQXODWXV��VRPDWLF�PXWDWLRQ�RU
UHFRPELQDWLRQ�ZDV�FRQVLGHUHG�WR�EH�LQYROYHG�LQ�VRPH�RI�WKH�YDULDWLRQ�REVHUYHG�ZLWK�5$3'
PDUNHUV��-DFREVRQ�HW�DO��������7KH�QRQ�WUDQVLWLYLW\�REVHUYHG�FRXOG�EH�RULJLQDWHG�LI
GLIIHUHQFHV�EHWZHHQ�LVRODWHV�DW�PRUH�WKDQ�RQH�ORFXV�DUH�QHFHVVDU\�IRU�GHWHFWLQJ�VRPDWLF
LQFRPSDWLELOLW\��0DOLN�DQG�9LOJDO\V��������,Q�EDVLGLRP\FHWHV��VRPDWLF�LQFRPSDWLELOLW\�LV�DOVR
XVXDOO\�QRW�D�VWULFW��ELQDU\�FKDUDFWHU��6RPDWLF�LQFRPSDWLELOLW\�PD\�YDU\�LQ�GHJUHH�DQG�LWV
YLVXDO�LQWHQVLW\�LV�GHSHQGHQW�LQ�SDUW�RQ�WKH�PHGLXP�XVHG��:RUUDOO�������<RNR\DPD�DQG
2JRVKL�������

7KH�JHQHWLF�UHJXODWLRQ�RI�VRPDWLF�FRPSDWLELOLW\�LQ�5� VRODQL $*���LV�DOVR�QRW�NQRZQ��EXW
RXU�REVHUYDWLRQV�DUH�FRQVLVWHQW�ZLWK�SDUWLDO�FRPSDWLELOLW\�PHGLDWHG�E\�WKH�VKDULQJ�RI�VRPH�
EXW�QRW�DOO��FRPSDWLELOLW\�ORFL�RU�DOOHOHV�LQ�UHFRPELQDWLRQ��)RU�EDVLGLRP\FHWHV��VRPDWLF
FRPSDWLELOLW\�LV�GHILQHG�DV�WKH�¦UHMHFWLRQ�RI�JHQHWLFDOO\�GLVVLPLODU�VHFRQGDU\�P\FHOLD§
�KHWHURNDU\RWLF���:RUUDOO��������)RU�WZR�LVRODWHV�WR�EH�VRPDWLFDOO\�FRPSDWLEOH��DOO�YHJHWDWLYH
FRPSDWLEOH�ORFL��ZKLFK�DUH�DOOHOLF�LQ�VRPH�EDVLGLRP\FHWHV��PXVW�EH�WKH�VDPH� ,Q�WKH�IHZ
FDVHV�IRU�ZKLFK�WKHUH�LV�HYLGHQFH��VRPDWLF�FRPSDWLELOLW\�LQ�EDVLGLRP\FHWHV�DSSHDUV�WR�EH
FRQWUROOHG�SULPDULO\�E\�QXFOHDU�JHQHV�WKDW�DUH�QRW�OLQNHG�ZLWK�VH[XDO�FRPSDWLELOLW\�ORFL
�+DQVHQ�HW�DO�������5L]]R�HW�DO��������%HFDXVH�RI�WKH�IUHTXHQF\�RI�VRPDWLF�LQFRPSDWLELOLW\
DPRQJ�ILHOG�LVRODWHV�DQG�HYHQ�DPRQJ�FORVHO\�UHODWHG�KHWHURNDU\RQV��PXOWLSOH�ORFL�DQG�RU
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PXOWLSOH�DOOHOHV�KDYH�EHHQ�WKRXJKW�WR�FRQWURO�VRPDWLF�FRPSDWLELOLW\��'LIIHUHQFHV�DW�RQH�ORFXV
ZRXOG�OHDG�WR�LQFRPSDWLELOLW\��EXW�LQ�PRVW�FDVHV�VRPDWLF�LQFRPSDWLELOLW\�LV�PRUH�LQWHQVH�ZLWK
JUHDWHU�JHQHWLF�GLIIHUHQFHV��+DQVHQ�HW�DO�������0DOLN�DQG�9LOJDO\V��������)RU�5��VRODQL��WKH
JHQHWLFV�RI�VRPDWLF�LQFRPSDWLELOLW\�LV�QRW�NQRZQ�

7KLV�VWXG\�SURYLGHG�VRPH�LQLWLDO�LQIRUPDWLRQ�RQ�SRSXODWLRQ�VWUXFWXUH�RI�5��VRODQL $*��
IURP�SRWDWR�DQG�WREDFFR�LQ�1RUWK�&DUROLQD��$OWKRXJK�WKH�VDPSOLQJ�VWUDWHJLHV�ZHUH�SUREDEO\
VXIILFLHQW�IRU�PD[LPL]LQJ�WKH�JHQRW\SLF�GLYHUVLW\��ODUJH�ZLWKLQ�ILHOG�VWXGLHV�DUH�QHHGHG�WR
HOXFLGDWH�WKH�PDJQLWXGH�RI�FORQDOLW\�DQG�RU�UHFRPELQDWLRQ�LQ�ORFDO�SRSXODWLRQ�RI�WKLV
SDWKRJHQ��

7KH�DELOLW\�WR�VXUYH\��UHSURGXFLEO\��D�ODUJH�QXPEHU�RI�ORFL�DW�RQFH�PDNHV�$)/3�DQDO\VLV�D
XVHIXO�PHWKRG�IRU�LGHQWLILFDWLRQ�RI�JHQHWLFDOO\�GLVWLQFW�LQGLYLGXDOV�LQ�SRSXODWLRQV�SURYLGLQJ�D
KLJK�OHYHO�RI�UHVROXWLRQ��+RZHYHU��WKH�IDFW�WKDW�$)/3V�DUH�GRPLQDQW�PDUNHUV�LV�D�GUDZEDFN
IRU�WKHLU�XVDJH�RQ�FODVVLFDO�SRSXODWLRQ�JHQHWLFV�DQDO\VHV��%HFDXVH�RI�WKH�GLIILFXOW\�LQ�LQIHUULQJ
FRPPRQ�GHVFHQW�IURP�FRPPRQ�VWDWH��ZH�KDYH�DYRLGHG�FRPSDULVRQ�RI�FR�PLJUDWLQJ�$)/3
IUDJPHQWV�HVSHFLDOO\�EHWZHHQ�VDPSOHV��7KHUHIRUH��LQ�WKLV�VWXG\�HDFK�$)/3�SDWWHUQ�ZDV
FRPSDUHG�DV�D�SKHQRW\SH��,Q�RXU�ODE��IRFXV�KDV�DOVR�EHLQJ�JLYHQ�IRU�WKH�GHYHORSPHQW�RI�FR�
GRPLQDQW�PDUNHUV��H�J��UHVWULFWLRQ�IUDJPHQW�OHQJWK�SRO\PRUSKLVP� �5)/3��IRU�PXOWLORFXV
JHQRW\SLQJ�5��VRODQL $*���LVRODWHV��&HUHVLQL�HW�DO��������&R�GRPLQDQW�PDUNHUV�HQDEOH
XQDPELJXRXVO\�VFRULQJ�RI�JHQRW\SHV�RI�DQ\�LVRODWH�RI�5��VRODQL $*���DOORZLQJ�WKH�GLVWLQFWLRQ
EHWZHHQ�KRPR��DQG�KHWHUR]\JRWHV��7KHVH�PDUNHUV�DUH�PRUH�DSSURSULDWH�IRU�HOXFLGDWLRQ�RI�WKH
UROH�RI�WKH�HYROXWLRQDU\�SURFHVVHV�WKDW�FRXOG�EH�VKDSLQJ�SRSXODWLRQV�RI�5� VRODQL $*���
6XFFHVVIXO�XVH�RI�5)/3�PDUNHUV�IRU�SRSXODWLRQ�JHQHWLF�VWXGLHV�RI�5� VRODQL�KDV�EHHQ
GHPRQVWUDWHG�IRU�DQRWKHU�5� VRODQL SDWKRV\VWHP��5RVHZLFK�HW�DO�������
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$.12:/('*(0(17
:H�ZLVK�WR�WKDQN�DOO�WKRVH�ZKR�KHOSHG�DQG�HQFRXUDJHG�WKH�GHYHORSPHQW�RI�WKLV

UHVHDUFK��)RU�KHOSLQJ�ZLWK�WKH�VDPSOLQJ�RI�SRWDWR�DQG�WREDFFR�LVRODWHV�RI�5��VRODQL ZH�WKDQN
0U��%ULDQ�&RG\�DQG�'U��:DOWHU�$��*XWLHUUH]��)RU�WKHLU�SDWLHQFH�DQG�XVH�RI�ODERUDWRU\�VSDFH�
ZH�WKDQN�'UV��5��*UHJRU\�8SFKXUFK��6WHYHQ�/HDWK��6FRWW�:DONHU��'DZQ�)UDVHU��DQG�0UV�
/\QGD�:KLWFKHU��1&68��86'$�$56��'HSW��3ODQW�3DWKRORJ\���7KDQNV�DOVR�WR�'U��$QMD
)RUFKH��'U��6KLDQ�UHQ�/LRX��DQG�0U��'DQLHO�6Q\GHU��'XNH�8QLYHUVLW\��'HSW��%RWDQ\��IRU�WKHLU
DGYLFH�ZLWK�$)/3�GDWD�FROOHFWLRQ�DQG�DQDO\VLV��7KDQNV�IRU�3DPHOD�3XU\HDU��1&68��/LEUDU\�
IRU�OLWHUDWXUH�VHDUFK��7KLV�UHVHDUFK�ZDV�VXSSRUWHG�LQ�SDUW�ZLWK�D�UHVHDUFK�DVVLVWDQWVKLS�IURP
&13T��&RQVHOKR�1DFLRQDO�GH�'HVHQYROYLPHQWR�&LHQWtILFR�H�7HFQROyJLFR��¤�%UDVtOLD��')�
%UD]LO����������������$�OLYLQJ�RI�DEVHQFH�ZDV�DOVR�JUDQWHG�WR�WKH�ILUVW�DXWKRU�E\�81(63
�8QLYHUVLGDGH�(VWDGXDO�3DXOLVWD�¦-~OLR�GH�0HVTXLWD�)LOKR§���,OKD�6ROWHLUD��6mR�3DXOR��%UD]LO�
IRU�DWWHQGLQJ�WKH�3K'�SURJUDP�RQ�3ODQW�3DWKRORJ\�DW�1&68��6SHFLDO�WKDQNV�WR�'UV��$QD
0DULD�5��&DVVLRODWR�DQG�0DUOL�)��6WUDGLRWR�3DSD�IRU�DVVXPLQJ�WKH�WHDFKLQJ�UHVSRQVLELOLWLHV�RI
WKH�ILUVW�DXWKRU�DW�81(63�GXULQJ�KLV�DEVHQFH�
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/,7(5$785(
%DODOL�*5��:KLVVRQ�'/��6FRWW�(6��1HDWH�60��������'1$�ILQJHUSULQWLQJ�SUREH�VSHFLILF�WR

LVRODWHV�RI�5KL]RFWRQLD�VRODQL $*����0\FRO��5HV� ������������
%XWOHU�((��%RONDQ�+��������$�PHGLXP�IRU�KHWHURFDU\RQ�IRUPDWLRQ�LQ�5KL]RFWRQLD�VRODQL�

3K\WRSDWKRORJ\�������������
&DUOLQJ�'(��/HLQHU�5+��:HVWSKDOH�3&��������6\PSWRPV��VLJQV��DQG�\LHOG�UHGXFWLRQ

DVVRFLDWHG�ZLWK�UKL]RFWRQLD�GLVHDVH�RI�SRWDWR�LQGXFHG�E\�WXEHUERUQH�LQRFXOXP�RI
5KL]RFWRQLD�VRODQL $*����$P��SRWDWR�M� �����������

&DUOLQJ�'���������*URXSLQJ�LQ�5KL]RFWRQLD�VRODQL E\�K\SKDO�DQDVWRPRVLV�UHDFWLRQ���,Q��6QHK
%�� � -DEDML�+DUH� 6�� 1HDWH� 6�� 'LMVW� *�� HGV�� �5KL]RFWRQLD 6SHFLHV�� WD[RQRP\��PROHFXODU
ELRORJ\�� HFRORJ\�� SDWKRORJ\� DQG� GLVHDVH� FRQWURO�� 'RUGUHFKW�� 7KH� 1HWKHUODQGV��.OXZHU
$FDGHPLF�3XEOLVKHUV��S�������

&DUOLQJ� '(�� /HLQHU� 5+������� 9LUXOHQFH� RI� LVRODWHV� RI�5KL]RFWRQLD� VRODQL $*��� FROOHFWHG
IURP�SRWDWR�SODQW�RUJDQV�DQG�VRLO��3ODQW�'LV�������������

&HUHVLQL�3&��6KHZ�+'��&XEHWD�0$��������5)/3�DQDO\VLV�RI�WKH�3&5�DPSOLILHG�ULERVRPDO
'1$�UHJLRQV�,76�DQG�,*6�LQGLFDWHG�WKDW�LVRODWHV�RI�5KL]RFWRQLD�VRODQL IURP�SRWDWR�DQG
WREDFFR�FRPSUHKHQG�GLVWLQFW�JURXSV�ZLWKLQ�WKH�DQDVWRPRVLV�JURXS����3K\WRSDWKRORJ\
���6���

&HUHVLQL�3&��6KHZ�+'��9LOJDO\V�5��5RVHZLFK�8/��&XEHWD�0$��������'HYHORSPHQW�RI�D
3&5�5)/3�PHWKRG�IRU�H[DPLQLQJ�WKH�JHQHWLF�GLYHUVLW\�DQG�VWUXFWXUH�LQ�SRSXODWLRQV�RI
5KL]RFWRQLD�VRODQL $*���IURP�SRWDWR�DQG�WREDFFR�LQ�HDVWHUQ�1RUWK�&DUROLQD��7KLUG
,QWHUQDWLRQDO�6\PSRVLXP�RQ�5KL]RFWRQLD��7DLFKXQJ��7DLZDQ��1DWLRQDO�&KXQJ�+VLQJ
8QLYHUVLW\���$EVWUDFW�
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&XEHWD�0$��9LOJDO\V�5��������3RSXODWLRQ�ELRORJ\�RI�WKH�5KL]RFWRQLD�VRODQL FRPSOH[�
3K\WRSDWKRORJ\������������

'HVFHQ]R�5$��+DUULQJWRQ�7&��������8VH�RI��&$7���DV�D�'1$�ILQJHUSULQWLQJ�SUREH�IRU
IXQJL��3K\WRSDWKRORJ\������������

)DON�63��3DUEHU\�'*��������$UPLOODULD�OXWHREXEDOLQD SRSXODWLRQ�VWUXFWXUH�LQ�KRUWLFXOWXUDO
SODQWLQJV�LQ�9LFWRULD��$XVWUDOLD��0\FRO��5HV� �����������

)HOVHQVWHLQ�-��������3+</,3��3K\ORJHQ\�,QIHUHQFH�3DFNDJH��Y������F��6HDWWOH��:DVKLQJWRQ�
'HSDUWPHQW�RI�*HQHWLFV��7KH�8QLYHUVLW\�RI�:DVKLQJWRQ�

*XWLHUUH]�:$��0HOWRQ� 7$�� 6KHZ� +'�� ������ $� QHZ�PHWKRG� WR� GHWHFW� NLOOLQJ� UHDFWLRQ� LQ
DQDVWRPRVLV�JURXSV�RI�5��VRODQL��3K\WRSDWKRORJ\����6���

*XWLHUUH]� :$�� 6KHZ� +'�� 0HOWRQ� 7$�� ������ 6RXUFHV� RI� LQRFXOXP� DQG� PDQDJHPHQW� IRU
5KL]RFWRQLD� VRODQL GDPSLQJ�RII� RQ� WREDFFR� WUDQVSODQWV� XQGHU� JUHHQKRXVH� FRQGLWLRQV�
3ODQW�'LV�������������

+DQVHQ�(0��6WHQOLG�-��-RKDQVVRQ�0��������*HQHWLF�FRQWURO�RI�VRPDWLF�LQFRPSDWLELOLW\�LQ�WKH
URRW�¤URWWLQJ�EDVLGLRP\FHWH�+HWHUREDVLGLRQ�DQQRVXP��0\FRO��5HV���������������

+HUU�/-��5REHUWV�'/��������&KDUDFWHUL]DWLRQ�RI�5KL]RFWRQLD�VRODQL SRSXODWLRQV�REWDLQHG�IURP
VXJDU�EHHW�ILHOGV�ZLWK�GLIIHULQJ�VRLO�WH[WXUHV��3K\WRSDWKRORJ\������������

+ROPHU�/��1LWDUH�/��6WHQOLG��-��������3RSXODWLRQ�VWUXFWXUH�DQG�GHFD\�SDWWHUQ�RI�3KHOOLQXV
WUHPXODH LQ�3RSXOXV�WUHPXOD DV�GHWHUPLQHG�E\�VRPDWLF�LQFRPSDWLELOLW\��&DQ��-��%RWDQ\
�������������

+\DNXPDFKL�0��8L�7��������1RQ�VHOI�DQDVWRPRVLQJ�LVRODWHV�RI�5KL]RFWRQLD�VRODQL REWDLQHG
IURP�ILHOGV�RI�VXJDU�EHHW�PRQRFXOWXUH��7UDQV��%U��0\FRO��6RF�������������
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-DFREVRQ�.0��0LOOHU�-U��2.��7XUQHU�%-������5DQGRPO\�DPSOLILHG�SRO\PRUSKLF�'1$
PDUNHUV�DUH�VXSHULRU�WR�VRPDWLF�LQFRPSDWLELOLW\�WHVWV�IRU�GLVFULPLQDWLQJ�JHQRW\SHV�LQ
QDWXUDO�SRSXODWLRQV�RI�WKH�HFWRP\FRUUKL]DO�IXQJXV�6XLOOXV�JUDQXODWXV��3URF��1DWO��$FDG�
8�6�$���������������

.D\�(��9LOJDO\V�5��������6SDWLDO�GLVWULEXWLRQ�DQG�JHQHWLF�UHODWLRQVKLS�DPRQJ�LQGLYLGXDOV�LQ�D
QDWXUDO�SRSXODWLRQ�RI�WKH�R\VWHU�PXVKURRP�3OHRURWXV�RVWUHDWXV��0\FRORJLD������������

.XOLN�00��'HU\�3'��������8VH�RI�'$3,�IRU�DQDVWRPRVLV�JURXSLQJ�W\SLQJ�RI�VWUDLQV�RI�WKH
IXQJXV�5KL]RFWRQLD�VRODQL��%LRWHFK��+LVWRFKHP������������

.XQLQDJD�6��1DWVXDNL�7��7DNHXFKL�7��<RVRNDZD�5��������6HTXHQFH�YDULDWLRQ�RI�WKH�U'1$
,76�UHJLRQV�ZLWKLQ�DQG�EHWZHHQ�DQDVWRPRVLV�JURXSV�LQ�5KL]RFWRQLD�VRODQL��&XUU��*HQHW�
�����������

/DURFKH�-3��-DEDJL�+DUH�6+��&KDUHVW�30��������'LIIHUHQWLDWLRQ�RI�WZR�DQDVWRPRVLV�JURXSV
RI�5KL]RFWRQLD�VRODQL E\�LVR]\PH�DQDO\VLV��3K\WRSDWKRORJ\��������������

/LX�=/��6LQFODLU�-%��������*HQHWLF�GLYHUVLW\�RI�5KL]RFWRQLD�VRODQL DQDVWRPRVLV�JURXS���
3K\WRSDWKRORJ\������������

/LX�=/��'RPLHU�//��6LQFODLU�-%�������,6*�VSHFLILF�ULERVRPDO�'1$�SRO\PRUSKLVP�RI�WKH
5KL]RFWRQLD�VRODQL�VSHFLHV�FRPSOH[��0\FRORJLD������������

0DFQLVK�*&��&DUOLQJ�'(��%UDLQDUG�.$��������5HODWLRQVKLS�RI�PLFURVFRSLF�DQG�PDFURVFRSLF
YHJHWDWLYH�UHDFWLRQV�LQ�5KL]RFWRQLD�VRODQL DQG�WKH�RFFXUUHQFH�RI�YHJHWDWLYHO\�FRPSDWLEOH
SRSXODWLRQV��9&3V��LQ�$*����0\FRO��5HV�����������

0DOLN�0���9LOJDO\V�5��������6RPDWLF�LQFRPSDWLELOLW\�LQ�IXQJL��,Q��:RUUDO�--��HG��6WUXFWXUH
DQG�'\QDPLFV�RI�)XQJDO�3RSXODWLRQV��'RUGUHFKW��7KH�1HWKHUODQGV��.OXZHU�$FDGHPLF
3XEOLVKHUV��S���������
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0DUWLQ�%��������5DSLG�WHQWDWLYH�LGHQWLILFDWLRQ�RI�5KL]RFWRQLD VSS��DVVRFLDWHG�ZLWK�GLVHDVHG
WXUIJUDVVHV��3ODQW�'LV�����������

1HL�0��������0ROHFXODU�(YROXWLRQDU\�*HQHWLFV��1HZ�<RUN��1<��&ROXPELD�8QLYHUVLW\�3UHVV�
����S�

5RVHZLFK�8/��3HWWZD\�5(��0F'RQDOG�%$��.LVWOHU�+&���������+LJK�OHYHOV�RI�JHQH�IORZ�DQG
KHWHUR]\JRWH�H[FHVV�FKDUDFWHUL]H�5KL]RFWRQLD�VRODQL $*���,$��7KDQDWHSKRUXV�FXFXPHULV�
IURP�7H[DV��)XQJDO�*HQHWLFV�DQG�%LRORJ\�������������

6DLWRX�1��1HL�0��������7KH�QHLJKERU�MRLQLQJ�PHWKRG��$�QHZ�PHWKRG�IRU�UHFRQVWUXFWLQJ
SK\ORJHQHWLF�WUHHV��0RO��%LRO��(YRO������������

2JRVKL�$��������(FRORJ\�DQG�SDWKRJHQLFLW\�RI�DQDVWRPRVLV�DQG�LQWUDVSHFLILF�JURXSV�RI
5KL]RFWRQLD�VRODQL .�KQ��$QQ��5HY��3K\WRSDWKRO�������������

2JRVKL�$��8L�7��������'LYHUVLW\�RI�FORQHV�ZLWKLQ�DQ�DQDVWRPRVLV�JURXS�RI�5KL]RFWRQLD�VRODQL
LQ�D�ILHOG��$QQ��3K\WRSDWKRO��6RF��-DSDQ���������������

5L]]R�'0��+DUULQJWRQ�7&��������'HOLQHDWLRQ�DQG�ELRORJ\�RI�FORQHV�RI�$UPLOODULD�RVWR\DH��$�
JHPLQD DQG�$��FDOYHQFHV��0\FRORJLD������������

5L]]R�'0��5HQWPHHVWHU�50��%XUGVDOO�-U��++��������6H[XDOLW\�DQG�VRPDWLF�LQFRPSDWLELOLW\
LQ�3KHOOLQXV�JLOYXV��0\FRORJLD �����������

6HQ�5�������,QWUDVSHFLILF�YDULDWLRQ�LQ�WZR�VSHFLHV�RI�6XLOOXV IURP�6FRWV�SLQH��3LQXV�V\OYHVWULV
/���IRUHVWV�EDVHG�RQ�VRPDWLF�LQFRPSDWLELOLW\�DQG�LVR]\PH�DQDO\VLV��1HZ�3K\WRO� ��������
���

6KHZ�+'�� /XFDV�*%��������&RPSHQGLXP�RI�7REDFFR�'LVHDVHV��6W��3DXO��01��$PHULFDQ
3K\WRSDWKRORJLFDO�6RFLHW\�



��

6KHZ�+'��0DLQ�&(��������5KL]RFWRQLD�OHDI�VSRW�RI�IOXH�FXUHG�WREDFFR�LQ�1RUWK�&DUROLQD�
3ODQW�'LV������������

6KHZ�+'��0HOWRQ�7$��������7DUJHW�VSRW�RI�WREDFFR��3ODQW�'LV����������
6PLWK�0/��%UXKQ�-1��$QGHUVRQ�-%��������5HODWHGQHVV�DQG�VSDWLDO�GLVWULEXWLRQ�RI�$UPLOODULD

JHQHWV�LQIHFWLQJ�UHG�SLQH�VHHGOLQJV��3K\WRSDWKRORJ\������������
6WHQOLQG�-�������3RSXODWLRQ�VWUXFWXUH�RI�+HWHUREDVLGLRQ�DQQRVXP DV�GHWHUPLQHG�E\�VRPDWLF

LQFRPSDWLELOLW\��VH[XDO�LQFRPSDWLELOLW\�DQG�LVRHQ]\PH�SDWWHUQV��&DQ��-��%RW����������
�����

6WHYHQV�-RKQN�-��-RQHV�5.��6KHZ�+'��&DUOLQJ�'(��������&KDUDFWHUL]DWLRQ�RI�SRSXODWLRQV�RI
5KL]RFWRQLD�VRODQL $*���IURP�SRWDWR�DQG�WREDFFR��3K\WRSDWKRORJ\������������

7D\ORU� -:�� -DFREVRQ�'-�� )LVKHU�0&�� ������ 7KH� HYROXWLRQ� RI� DVH[XDO� IXQJL�� UHSURGXFWLRQ�
VSHFLDWLRQ�DQG�FODVVLILFDWLRQ��$QQX��5HY��3K\WRSDWKRO�������������

9LOJDO\V�5��*RQ]DOHV�'��������5LERVRPDO�'1$�UHVWULFWLRQ�IUDJPHQW� OHQJWK�SRO\PRUSKLVPV
LQ�5KL]RFWRQLD�VRODQL��3K\WRSDWKRORJ\�������������

9RV�3��5RJHUV�5��%OHHNHU�0��5HLMDQV�0��YDQ�GH�/HH�7��+RUQHV�0��)ULMWHUV�$��3RW�-��3HOHPDQ
-��.XLSHU�0��=DEHDX�0��������$)/3��D�QHZ�WHFKQLTXH�IRU�'1$�ILQJHUSULQWLQJ��1XFO�
$FLGV�5HV���������������

:RUUDOO�--��������6RPDWLF�LQFRPSDWLELOLW\�LQ�EDVLGLRP\FHWHV��0\FRORJLD����������
<RNR\DPD�.��2JRVKL�$��������6WXGLHV�RQ�K\SKDO�DQDVWRPRVLV�RI�5KL]RFWRQLD�VRODQL��9�

1XWULWLRQDO�FRQGLWLRQV�IRU�DQDVWRPRVLV��7UDQV��0\FRO��6RF��-SQ�������������



��

),*�����0DFURVFRSLF�VRPDWLF�LQWHUDFWLRQV�DPRQJ�SRWDWR�VWHP�FDQNHU�LVRODWHV�RI
5KL]RFWRQLD VRODQL�$*���RQ�3'$�DPHQGHG�ZLWK����FKDUFRDO��,VRODWHV�IRU�HDFK�SDLULQJ�ZHUH
JURZQ�IRU���GD\V�DW���R&��DQG�H[DPLQHG�IRU�WKHLU�VRPDWLF�LQWHUDFWLRQV��7KH�FDWHJRULHV�RI
PDFURVFRSLF�VRPDWLF�LQWHUDFWLRQV�ZHUH� VRPDWLFDOO\�FRPSDWLEOH��ZKHUH�SDLUHG�LVRODWHV
JUHZ�WRJHWKHU�ZLWKRXW�D�GLVWLQFW�GHPDUFDWLRQ� VRPDWLFDOO\�LQFRPSDWLEOH��UHSUHVHQWHG�E\
GLVWLQFW�GHPDUFDWLRQ�EHWZHHQ�FXOWXUHV�DQG�UDLVHG�K\SKDH�LQ�WKH�LQWHUDFWLRQ�]RQH� ZHDN
LQFRPSDWLEOH�UHDFWLRQ��0DF1LVK�HW�DO ������

6&* ,VRODWH$ 3���% 3���& 3���' 3���( 3���) 3���* 3���+ 3���, 3���, 3���- 3���. 3���/ 3���0 3���1 3���2 3���3 3���3 3���4 3���5 3���6 3���7 3���8 3���9 3���; 3���9 3���< 3���: 3���: 3���= 3���$$ 3���$% 3���� 7���
� � 3��� 3��� 3��� 3��� 3��� 3��� 3��� 3��� 3��� 3��� 3��� 3��� 3��� 3��� 3��� 3��� 3��� 3��� 3��� 3��� 3��� 3��� 3��� 3��� 3��� 3��� 3��� 3��� 3��� 3��� 3��� 3��� 7���



��

),*�����0DFURVFRSLF�VRPDWLF�LQWHUDFWLRQV�DPRQJ�WREDFFR�WDUJHW�VSRW�LVRODWHV�RI
5KL]RFWRQLD VRODQL�$*���RQ�3'$�DPHQGHG�ZLWK����FKDUFRDO� 7KH�FDWHJRULHV�RI�PDFURVFRSLF
VRPDWLF�LQWHUDFWLRQV�ZHUH� VRPDWLFDOO\�FRPSDWLEOH��ZKHUH�SDLUHG�LVRODWHV�JUHZ�WRJHWKHU
ZLWKRXW�D�GLVWLQFW�GHPDUFDWLRQ� VRPDWLFDOO\�LQFRPSDWLEOH��UHSUHVHQWHG�E\�GLVWLQFW
GHPDUFDWLRQ�EHWZHHQ�FXOWXUHV�DQG�UDLVHG�K\SKDH�LQ�WKH�LQWHUDFWLRQ�]RQH� ZHDN
LQFRPSDWLEOH�UHDFWLRQ��0DF1LVK�HW�DO ������

6&* ,VRODWH$ 7���$ 7���$ 7���$ 7���% 7���% 7���% 7���% 7���% 7���% 7���% 7���& 7���& 7���& 7���& 7���' 7���' 7���' 7���' 7���' 7���( 7���( 7���( 7���( 7���( 7���( 7���( 7���) 7���) 7���* 7���* 7���* 7���* 7���* 7���+ 7���+ 7���3���
� � 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 7��� 3���



��

),*�����3KHQRJUDP�RI�VRPDWLF�FRPSDWLELOLW\�JURXSLQJ��6&*��RI�5KL]RFWRQLD�VRODQL $*��
LVRODWHV�IURP�WREDFFR�JHQHUDWHG�E\�QHLJKERU�MRLQLQJ�PHWKRG��6DLWR�DQG�1HL�������SHUIRUPHG
RQ�WKH�PDWUL[�RI�0DQKDWWDQ�SKHQRW\SLF�GLVWDQFHV��1HL�������XVLQJ�WKH�VRIWZDUH�3K\OOLS����
�)HOVHQVWHLQ�������

���

)���7���)���7���)���7���)���7���)���7��� )���7���)���7���)���7���)���7���)���7���)���7���)���7��� )���7���)���7���)���7���)���7���)���7���)���7��� )���7���)���7���)���7��� )���7���)���7���)���7��� )���7���)���7���)���7���)���7��� )���7���)���7���)���7���)���7��� )���7���)���7���)���7���)���7���

6&*�$
6&*�%
6&*�&
6&*�'
6&*�(
6&*�)
6&*�*
6&*�+



��

0.1

18/T-136/B
18/T-147/E
16/T-108/E

17/T-118/E
17/T-125/E

19/T-160/H
19/T-152/G
13/T-052/H
18/T-132/B

19/T-164/G
19/T-165/E

16/T-100/E
16/T-103/B
12/T-035/D
13/T-056/B

11/T-029/F
11/T-032/D
15/T-084/F

15/T-089/C
14/T-068/C
14/T-072/C
18/T-144/A
19/T-149/A

12/T-051/D
12/T-047/A
13/T-066/A

12/T-039/B
13/T-062/B

10/T-025/E
10/T-007/B

10/T-001/D
10/T-021/G

12/T-043/G
15/T-095/G

11/T-033/D
14/T-078/C

AG3/NK047
01/P-100/B

AG3/QSU028
05/P-139/I
AG3/L71

08/P-189/U
07/P-184/S

AG3/PSB038
01/P-102/C

AG3/DP216
AG3/L13
09/P-214AA
08/P-191/V
08/P-199/V

09/P-202/Y
09/P-211/Z
02/P-111/E

08/P-195/X
02/P-107/D

08/P-186/T
09/P-217AB
09/P-207/W
09/P-209/W

06/P-150/L
05/P-144/I

03/P-118/G
06/P-155/M
01/P-096/A

04/P-133/H
06/P-159/O

06/P-161/P
06/P-157/N
07/P-170/Q

05/P-146/J
06/P-165/P

02/P-115/F
06/P-148/K

07/P-173/R

),*�����3KHQRJUDP�RI�'1$�ILQJHUSULQWLQJ�EDVHG�RQ�$)/3�SDWWHUQV�RI�5KL]RFWRQLD�VRODQL$*���LVRODWHV�IURP�SRWDWR�DQG�WREDFFR�JHQHUDWHG�E\�QHLJKERU�MRLQLQJ�PHWKRG��6DLWR�DQG�1HL������SHUIRUPHG�RQ�WKH�PDWUL[�RI�0DQKDWWDQ�SKHQRW\SLF�GLVWDQFHV��1HL�������XVLQJ�WKHVRIWZDUH�3K\OOLS������)HOVHQVWHLQ���������7KH�GHVLJQDWLRQ�RI�HDFK�LVRODWH�UHSUHVHQWV�LWV�ILHOGRI�RULJLQ��WKH�LVRODWH�FRGH�DQG�LWV�VRPDWLF�FRPSDWLELOLW\�JURXS��6&*���)RU�H[DPSOH��WKHLVRODWH������3�������5�LV�IURP�WKH�SRWDWR�ILHOG����FRGH�3�����DQG�EHORQJV�WR�6&*�5�$GGLWLRQDO�LQIRUPDWLRQ�LV�SUHVHQWHG�LQ�WKH�7$%/(6�,�DQG�,,�



��

7$%/(�,� $)/3�SDWWHUQ�DVVRFLDWHG�ZLWK�VRPDWLF�FRPSDWLELOLW\�JURXSV��6&*��RI�5KL]RFWRQLD
VRODQL $*���IURP�LQIHFWHG�SRWDWR�VDPSOHG�IURP�HDFK�RI���ILHOGV�LQ�1RUWK�&DUROLQD�

D 6&*�GHWHUPLQHG�E\�SDLULQJ�5��VRODQL $*���LVRODWHV�IURP�FRPPHUFLDO�SRWDWR�ILHOGV�LQHDVWHUQ�1RUWK�&DUROLQD�RQ�3'$�DPHQGHG�ZLWK����FKDUFRDO��,VRODWHV�ZLWKLQ�WKH�VDPH�6&*ZHUH�VRPDWLFDOO\�FRPSDWLEOH�E ,VRODWHV�ZLWK�WKH�VDPH�'1$�ILQJHUSULQW�GHVLJQDWLRQ�KDYH�WKH�VDPH�XQLTXH�'1$�ILQJHUSULQWEDVHG�RQ�$)/3�DQDO\VLV�F 7KH�ILQJHUSULQW�SURYLGHG�LV�D�ELQRPLDO�FRGH�RI�$)/3�IUDJPHQWV�VFRUHG�DJDLQVW�WZR�VWDQGDUG5��VRODQL�$*���LVRODWHV��3����DQG�7�����SUHVHQW�LQ�DOO�WKH�JHOV��7KH�'1$�ILQJHUSULQWV�DUHFRPSRVHG�E\�WKH�IROORZLQJ�RUGHU�RI�SRO\PRUSKLF�$)/3�IUDJPHQWV�ZLWK�WKH�DSSUR[LPDWHVL]H�LQ�ES���&$�$& ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������DQG�*7*7�������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

6&* D '1$ &RXQW\ DQG ,VRODWH '1$�ILQJHUSULQW�EDVHG�RQ�$)/3�DQDO\VLV�XVLQJ�WKH�IROORZLQJ�WZR�SDLUV�RI�VHOHFWLYH�SULPHUV� F)LQJHUSULQW ILHOG &$�$& *7�*7'HVLJQDWLRQ� E � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �$ �� :DVKLQJWRQ � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �% � :DVKLQJWRQ � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �& � :DVKLQJWRQ � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �' �� :DVKLQJWRQ � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �( �� :DVKLQJWRQ � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �) �� :DVKLQJWRQ � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �* �� 7\UUHO � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �+ �� 7\UUHO � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �, � &XUULWXFN � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �, �� &XUULWXFN � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �- �� &XUULWXFN � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �. �� +\GH � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �/ �� +\GH � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �0 �� +\GH � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �1 �� +\GH � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �2 �� +\GH � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �3 �� +\GH � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �3 �� +\GH � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �4 �� +\GH � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �5 �� +\GH � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �6 � +\GH � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �7 �� &DPGHQ � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �8 � &DPGHQ � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �9 �� &DPGHQ � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �; �� &DPGHQ � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �9 �� &DPGHQ � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �< �� &DPGHQ � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �: �� &DPGHQ � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �: �� &DPGHQ � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �= �� &DPGHQ � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �$$ �� &DPGHQ � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �$% �� &DPGHQ � ���3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� �� � � '3��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� �� � � /�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � /�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � 1.����� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � 36%����� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � 468����� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �



��

7$%/(�,,� $)/3�SDWWHUQ DVVRFLDWHG�ZLWK�VRPDWLF�FRPSDWLELOLW\�JURXSV��6&*��RI�5KL]RFWRQLD
VRODQL $*���IURP�LQIHFWHG�WREDFFR�VDPSOHG�IURP�HDFK�RI����ILHOGV�LQ�1RUWK�&DUROLQD�

D 6&*�GHWHUPLQHG�E\�SDLULQJ�5��VRODQL LVRODWHV�IURP�FRPPHUFLDO�WREDFFR�ILHOGV�LQ�1RUWK&DUROLQD�RQ�3'$�DPHQGHG�ZLWK����FKDUFRDO��,VRODWHV�ZLWKLQ�WKH�VDPH�6&*�ZHUHVRPDWLFDOO\�FRPSDWLEOH�E ,VRODWHV�ZLWK�WKH�VDPH�'1$�ILQJHUSULQW�GHVLJQDWLRQ�KDYH�WKH�VDPH�XQLTXH�'1$�ILQJHUSULQWEDVHG�RQ�$)/3�DQDO\VLV�F 7KH�ILQJHUSULQW�SURYLGHG�LV�D�ELQRPLDO�FRGH�RI�$)/3�IUDJPHQWV�VFRUHG�DJDLQVW�WZR�VWDQGDUG5��VRODQL�$*���LVRODWHV��3����DQG�7�����SUHVHQW�LQ�DOO�WKH�JHOV��7KH�'1$�ILQJHUSULQWV�DUHFRPSRVHG�E\�WKH�IROORZLQJ�RUGHU�RI�SRO\PRUSKLF�$)/3�IUDJPHQWV�ZLWK�WKH�DSSUR[LPDWHVL]H�LQ�ES���&$�$& ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������DQG�*7*7�������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

6&* D '1$ &RXQW\ DQG ,VRODWH '1$�ILQJHUSULQW�EDVHG�RQ�$)/3�DQDO\VLV�XVLQJ�WKH�IROORZLQJ�WZR�SDLUV�RI�VHOHFWLYH�SULPHUV� F)LQJHUSULQW ILHOG &$�$& *7�*7'HVLJQDWLRQ� E � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �$ �� &DVZHOO� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �$ �� &DVZHOO� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �$ �� &UDYHQ� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �$ �� &UDYHQ� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �% � &DVZHOO� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �% � &DVZHOO� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �% � (GJHFRPEH� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �% �� &UDYHQ� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �% �� &UDYHQ� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �% �� &UDYHQ� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �% �� /HQRLU� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �& �� (GJHFRPEH �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �& �� &UDYHQ� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �& �� &UDYHQ� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �& �� &UDYHQ� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �' � &UDYHQ� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �' �� 'XSOLQ� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �' �� &UDYHQ� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �' �� /HQRLU� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �' �� 'XSOLQ� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �( � (GJHFRPEH� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �( � &DVZHOO �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �( � (GJHFRPEH� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �( � (GJHFRPEH� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �( � &DVZHOO� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �( � (GJHFRPEH� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �( �� /HQRLU� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �) �� 'XSOLQ� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �) �� (GJHFRPEH� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �* � &DVZHOO� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �* � &DVZHOO� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �* �� /HQRLU� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �* �� &UDYHQ� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �* �� (GJHFRPEH� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �+ � &DVZHOO� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �+ � &UDYHQ� �� ��7��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
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7$%/(�,,,��$)/3�SDWWHUQ�GHVLJQDWLRQ�DQG�IUHTXHQFLHV�DVVRFLDWHG�ZLWK�VRPDWLF�FRPSDWLELOLW\
JURXS��6&*��RI�5KL]RFWRQLD�VRODQL $*���LVRODWHV�IURP�WREDFFR�OHDYHV�VDPSOHG�IURP�HDFK�RI
���ILHOGV�LQ�1RUWK�&DUROLQD�

D�7KH�'1$�ILQJHUSULQW�ZDV�GHWHUPLQHG�IURP�$)/3�DQDO\VLV�RI�WRWDO�JHQRPLF�'1$�XVLQJ�WZRVHSDUDWH�SDLUV�RI�VHOHFWLYH�SULPHUV��&$�$&�RU�*7�*7��,VRODWHV�ZLWK�WKH�VDPH�ILQJHUSULQWGHVLJQDWLRQ�QXPEHU�KDYH�DQ�LGHQWLFDO�'1$�ILQJHUSULQW��'HWDLOV�DERXW�WKH�$)/3�SDWWHUQ�IRUHDFK�SDUWLFXODU�GHVLJQDWLRQ�LV�SUHVHQWHG�LQ�WKH�7$%/(�,,�E )LQJHUSULQW�IUHTXHQF\�LV�WKH�QXPEHU�RI�LVRODWHV�VDPSOHG�ZLWK�D�XQLTXH�'1$�ILQJHUSULQW�WKDWEHORQJHG�WR�WKH�GHVLJQDWHG�6&*��)UHTXHQFLHV�DUH�LQ�SDUHQWKHVHV��H�J��IRU�6&*�&��LQ�)LHOG����WZR�KDG�ILQJHUSULQW����DQG�RQH�����7KH�DSSUR[LPDWH�GLVWDQFH��EHWZHHQ�WREDFFRFRPPHUFLDO�ILHOGV�LQ�1RUWK�&DUROLQD�DUH��/HQRLU�LV�GLVWDQW������NP�IURP�'XSOLQ�������NPIURP�&UDYHQ�������NP�IURP�(GJHFRPEH�DQG�������NP�IURP�&DVZHOO�&RXQW\��'XSOLQ�LVGLVWDQW�������NP�IURP�&UDYHQ��������NP�IURP�(GJHFRPEH�DQG�������NP�IURP�&DVZHOO&RXQW\��&UDYHQ�LV�GLVWDQW�������NP�IURP�(GJHFRPEH�DQG�������NP�IURP�&DVZHOO�&RXQW\�(GJHFRPEH�LV�������NP�GLVWDQW�IURP�&DVZHOO�&RXQW\�F 6&*�GHWHUPLQHG�E\�SDLULQJ�LVRODWHV�RQ�3'$�DPHQGHG�ZLWK����FKDUFRDO �0DF1LVK�HW�DO�������,VRODWHV�ZLWK�WKH�VDPH�6&*�QXPEHU�ZHUH�VRPDWLFDOO\�FRPSDWLEOH�G��6DPSOH�VL]H�

'1$�ILQJHUSULQW�GHVLJQDWLRQ D DQG�IUHTXHQF\�RQ�ILHOGV� E
/HQRLU 'XSOLQ &UDYHQ (GJHFRPEH &DVZHOO6&*�F )LHOG��� )LHOG��� )LHOG��� )LHOG��� )LHOG��� )LHOG��� )LHOG��� )LHOG��� )LHOG��� )LHOG��� 7RWDO$ ������ ������ ������ ������ �% ������ ������ �������������� ����� ������������� �& �������������� ������ �' ������ �������������� ������������� �( ������ ������������ ����� ����� ����� �) ������ ������ �* ������ ������ ������ ������������ �+ ����� ����� �Q�G � � � � � � � � � � ��
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&KDSWHU��
*HQHWLF�GLYHUVLW\�DQG�VWUXFWXUH�RI�SRSXODWLRQV�RI�5KL]RFWRQLD�VRODQL�.�KQ�$*�� �WHOHRPRUSK
 �7KDQDWHSKRUXV�FXFXPHULV��IURP�SRWDWR�LQ�1RUWK�&DUROLQD
3��&��&HUHVLQL��+��'��6KHZ��5�9LOJDO\V���8��/��5RVHZLFK��0DUF�$��&XEHWD
0DQXVFULSW�WR�EH�VXEPLWWHG�WR��0\FRORJLD
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$%675$&7
$�SRO\PHUDVH�FKDLQ�UHDFWLRQ�UHVWULFWLRQ�IUDJPHQW�OHQJWK�SRO\PRUSKLVP��3&5�5)/3�

PHWKRG�ZDV�XVHG�WR�LGHQWLI\�DQG�GLIIHUHQWLDWH�JHQRW\SHV�RI�WKH�KHWHURNDU\RWLF�IXQJXV
5KL]RFWRQLD�VRODQL DQDVWRPRVLV�JURXS����$*����IURP�SRWDWR���$�SRSXODWLRQ�VDPSOH�RI����
LVRODWHV�IURP�ILYH�FRXQWLHV�LQ�HDVWHUQ�1RUWK�&DUROLQD�ZDV�DQDO\]HG�XVLQJ�SRO\PRUSKLF
FRGRPLQDQW�VLQJOH�ORFXV�3&5�5)/3�PDUNHUV�LGHQWLILHG�DIWHU�VHTXHQFLQJ�DQG�VFUHHQLQJ
DQRQ\PRXV�'1$�IURP�D�IXQJDO�JHQRPLF�OLEUDU\���$�PXOWLORFXV�JHQRW\SH�ZDV�GHWHUPLQHG�IRU
HDFK�LVRODWH�XVLQJ�FRPELQDWLRQ�RI�3&5�SURGXFW�DQG�SRO\PRUSKLF�HQ]\PH�IRU�HDFK�RI�VHYHQ
GLIIHUHQW�ORFL���7KHUH�ZDV�HYLGHQFH�IRU�KLJK�OHYHOV�RI�JHQH�IORZ�EHWZHHQ�SRSXODWLRQV�RI
5� VRODQL $*���LQ�1&���7KH�ILYH�VDPSOHV�ZHUH�JHQHWLFDOO\�VLPLODU�ZLWK�RQH�DQRWKHU� :KHQ
GDWD�ZDV�FORQH�FRUUHFWHG��:KHQ�GDWD�ZDV�FORQH�FRUUHFWHG�DQG�VDPSOHV�SRROHG�LQWR�RQH�VLQJOH
SRSXODWLRQ�IURP�1&��UDQGRP�DVVRFLDWLRQV�RI�DOOHOHV�ZLWKLQ�DQG�EHWZHHQ�ORFL�ZHUH�IRXQG�IRU
DOO�WKH�ORFL�RU�SDLUV�RI�ORFL��LQGLFDWLQJ�UDQGRP�PDWLQJ��+RZHYHU��ZKHQ�DOO�JHQRW\SH�ZHUH
DQDO\]HG�WKH�REVHUYHG�JHQRW\SLF�GLYHUVLW\�GHYLDWHG�IURP�SDQPL[LD�DQG�DOOHOHV�ZLWKLQ�DQG
EHWZHHQ�ORFL�ZHUH�QRW�UDQGRPO\�DVVRFLDWHG��7KHVH�ILQGLQJV�VXSSRUW�D�PRGHO�RI�SRSXODWLRQ
VWUXFWXUH�IRU�5� VRODQL $*���RQ�SRWDWR�WKDW�LQFOXGHV�ERWK�UHFRPELQDWLRQ�DQG�FORQDOLW\�

.H\�ZRUGV��3&5�5)/3��FRGRPLQDQW�PDUNHUV��SRSXODWLRQ�VXEGLYLVLRQ��JHQH�IORZ
,1752'8&7,21

7KH�VRLO�IXQJXV�5KL]RFWRQLD�VRODQL DQDVWRPRVLV�JURXS����$*����LV�D�PDMRU�SDWKRJHQ
LQIHFWLQJ�SRWDWR�ZRUOGZLGH���5KL]RFWRQLD�GLVHDVH�FDQ�EH�IRXQG�RQ�DOO�XQGHUJURXQG�SDUWV�RI
WKH�SODQW�LQFOXGLQJ�URRWV��VSURXWV��VWHPV�DQG�VWRORQV���$V�SRWDWR�SODQWV�UHDFK�PDWXULW\��WKH
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IXQJXV�FDQ�LQIHVW�GDXJKWHU�WXEHUV��SURGXFLQJ�EODFN�VFOHURWLD�RQ�WKHLU�VXUIDFH��&DUOLQJ�HW�DO
������

,Q�JHQHUDO��5� VRODQL LV�DVH[XDO�DQG�VXUYLYHV�DV�YHJHWDWLYH�P\FHOLXP�DQG�VFOHURWLD��$GDPV
�������5� VRODQL $*���LV�FRQVLGHUHG�WR�KDYH�GLVWLQFW�UHSURGXFWLYH�PRGHV�GHSHQGHQW�RQ�LWV
KRVW���)RU�H[DPSOH��RQ�SRWDWR�5� VRODQL UHSURGXFHV�EDVLFDOO\�DVH[XDOO\�ZKLOH�RQ�RWKHU
6RODQDFHXRXV�KRVWV��VXFK�DV�WREDFFR��WKH�VH[XDO�VWDJH��7KDQDWHSKRUXV�FXFXPHULV �)UDQN�
'RQN��SUHGRPLQDWHV��2JRVKL�������6KHZ�DQG�0HOWRQ��������6H[XDO�VSRUHV�DUH�VRPHWLPHV
SURGXFHG�RQ�SRWDWR�EXW�XVXDOO\�SOD\�D�OLPLWHG�UROH�LQ�GLVHDVH�HSLGHPLRORJ\��&DUOLQJ�HW�DO
������

7KH�FRQMHFWXUH�WKDW�5� VRODQL LV�SULPDULO\�DVH[XDO�LV�DVVRFLDWHG�ZLWK�RXU�ODFN�RI
FRPSUHKHQVLRQ�RI�KRZ�KHWHURNDU\RWL]DWLRQ�RFFXUV�LQ�QDWXUH���)LHOG�LVRODWHV�RI�5� VRODQL DUH
JHQHUDOO\�SUHVXPHG�WR�EH�KHWHURNDU\RWLF��)OHQWMH�HW�DO ��������7KHUHIRUH��LI�UHFRPELQDWLRQ�KDV
DQ�LPSRUWDQW�UROH�LQ�GHWHUPLQLQJ�WKH�SRSXODWLRQ�VWUXFWXUH�RI�WKLV�SDWKRJHQ�
KHWHURNDU\RWL]DWLRQ�WKURXJK�IXVLRQ�RI�VRPDWLF�P\FHOLXP�IURP�WZR��PRQRNDU\RWLF� 
KRPRNDU\RWLF��EDVLGLRVSRUHV�VKRXOG�RFFXU�SULRU�WR�LQIHFWLRQ���+RZHYHU��WKH�GHWHFWLRQ�RI
PDWLQJ�UHDFWLRQV�DQG�WKHLU�FRQVHTXHQFHV�WR�SRSXODWLRQ�VWUXFWXUH�RI�5� VRODQL LV�QRW�HDVLO\
GHWHUPLQHG��&XEHWD�DQG�9LOJDO\V���������+RPRNDU\RQV�RI�5� VRODQL FDQQRW�EH�UHDGLO\
GLVWLQJXLVKHG�IURP�KHWHURNDU\RQV�GXH�WR�WKH�PXOWLQXFOHDWH�FRQGLWLRQ�RI�5� VRODQL K\SKDH�DQG
ODFN�RI�FODPS�FRQQHFWLRQ���,Q�DGGLWLRQ��LVRODWHV�RI�PRVW�$*��LQFOXGLQJ�$*����GR�QRW�UHDGLO\
VSRUXODWH�LQ�YLWUR��HYHQ�ZKHQ�EDVLGLRVSRUHV�DUH�SURGXFHG�LQ�QDWXUH��2JRVKL���������7KRXJK
EDVLGLRVSRUH�EHDULQJ�K\PHQLD�RI�5� VRODQL $*���KDYH�EHHQ�REVHUYHG�LQ�SRWDWR�ILHOGV��LW�LV
FXUUHQWO\�XQNQRZQ�ZKHWKHU�UHFRPELQDWLRQ�RFFXUV�LQ�ILHOG�LVRODWHV�DQG�ZKHWKHU�$*���LV
KRPRWKDOOLF�RU�KHWHURWKDOOLF�



��

6WXGLHV�RQ�JHQHWLF�YDULDWLRQ�RI�5� VRODQL�$*���KDYH�IRFXVHG�PRVWO\�RQ�JHQHWLF
GLIIHUHQWLDWLRQ�DPRQJ�ODERUDWRU\�LVRODWHV�REWDLQHG�IURP�GLVWLQFW�KRVWV��LQFOXGLQJ�HJJSODQW�
SRWDWR��WREDFFR�DQG�WRPDWR��/DURFKH�HW�DO�������/LX�DQG�6LQFODLU�������/LX�HW�DO������
6WHYHQV�-RKQN�HW�DO���������)RU�SRWDWR��OLWWOH�LQIRUPDWLRQ�LV�NQRZQ�DERXW�WKH�SRSXODWLRQ
VWUXFWXUH�RI�WKLV�SDWKRJHQ��8VLQJ�VRPDWLF�FRPSDWLELOLW\�DQG�'1$�EDVHG�JHQHWLF�PDUNHUV
�DPSOLILHG�IUDJPHQW�OHQJWK�SRO\PRUSKLVP�DQDO\VLV� �$)/3���SUHOLPLQDU\�VWXG\�VKRZHG
HYLGHQFH�IRU�KLJK�JHQHWLF�GLYHUVLW\�DQG�UHFRPELQDWLRQ�LQ�SRSXODWLRQV�RI�$*���IURP�SRWDWR
�&HUHVLQL�HW�DO���������+RZHYHU��EDVLF�TXHVWLRQV�VWLOO�UHPDLQ�RQ�WKH�SRSXODWLRQ�VWUXFWXUH�DQG
JHQHWLF�GLYHUVLW\�RI�5� VRODQL $*���IURP�SRWDWR���)RU�H[DPSOH��L��+RZ�GLYHUVH�DUH
SRSXODWLRQV�RI�5� VRODQL $*���IURP�SRWDWR�ILHOGV"�LL��$UH�SRWDWRHV�LQIHFWHG�E\�PDQ\
JHQRW\SHV"�LLL��$UH�SRSXODWLRQV�RI�5� VRODQL $*���RQ�SRWDWR�FORQDO�RU�SDQPLFWLF�LQ�VWUXFWXUH"

,Q�WKLV�VWXG\�WZR�K\SRWKHVHV�ZHUH�WHVWHG��D��SRSXODWLRQV�RI�5� VRODQL $*���IURP�SRWDWR�LQ
1RUWK�&DUROLQD�KDYH�QR�JHQHWLF�VXEGLYLVLRQ�RU�GLIIHUHQWLDWLRQ��E��SRSXODWLRQV�RI�5� VRODQL
$*���IURP�SRWDWR�DUH�SUHGRPLQDQWO\�FORQDO�LQ�VWUXFWXUH��7R�DGGUHVV�WKHVH�K\SRWKHVHV��D
VWUDWHJ\�IRU�UDSLG�GHWHFWLRQ�RI�LQGLYLGXDO�JHQRW\SHV�RI�5� VRODQL�$*���XVLQJ�FRGRPLQDQW
SRO\PHUDVH�FKDLQ�UHDFWLRQ��3&5��5)/3�PDUNHUV�ZDV�HPSOR\HG���7KHVH�PDUNHUV�ZHUH�XVHG�WR
DVVHVV�WKH�JHQHWLF�GLYHUVLW\�DQG�WKH�VWUXFWXUH�RI�SRSXODWLRQ�VDPSOHV�RI�5� VRODQL $*��
REWDLQHG�IURP�ILYH�GLIIHUHQW�FRXQWLHV�LQ�1RUWK�&DUROLQD���&RPSDULVRQV�RI�OHYHOV�RI�JHQHWLF
YDULDWLRQ��KHWHUR]\JRVLW\��FORQDOLW\�DQG�JHQHWLF�VLPLODULW\�DPRQJ�WKHVH�VDPSOHV�ZHUH
FRQGXFWHG���'DWD�ZHUH�DQDO\]HG�WR�GHWHUPLQH�WKH�GLVWULEXWLRQ�RI�JHQRW\SHV�ZLWKLQ�DQG�DPRQJ
SRSXODWLRQV�DQG�WKH�VSDWLDO�VFDOH�RYHU�ZKLFK�SRSXODWLRQ�VWUXFWXUH�DULVHV�DV�D�FRQVHTXHQFH�RI
UHFRPELQDWLRQ�DQG�PLJUDWLRQ��L�H���JHQH�IORZ��
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0$7(5,$/6�$1'�0(7+2'6
3RSXODWLRQ�VDPSOLQJ�DQG�'1$�LVRODWLRQ���7KH�SRSXODWLRQ�VDPSOH�RI 5� VRODQL $*���LVRODWHV
IRU�WKLV�VWXG\�ZDV�REWDLQHG�IURP�LQIHFWHG�SRWDWR�ZLWK�V\PSWRPV�RI�VWHP�FDQNHU� 7KLV
SRSXODWLRQ�IURP�LQIHFWHG�SODQWV�ZDV�REWDLQHG�IURP�ILYH�FRPPHUFLDO�ILHOGV�LQ�HDVWHUQ�1RUWK
&DUROLQD���7HQ�SORWV����SHU�ILHOG��ZLWK�����URZV�RI�������P�OHQJWK�HDFK�ZHUH�SODQWHG�ZLWK
HLWKHU�����RU�����VHHG�SLHFHV�RI�SRWDWR��FY���
$WODQWLF
��SUHYLRXVO\�GLVLQIHFWHG�ZLWK���
IRUPDOGHK\GH�WR�HOLPLQDWH�LQGLJHQRXV�5� VRODQL��&DUOLQJ�HW�DO���������$OO�SODQWV�IURP�HDFK
SORW�ZHUH�KDUYHVWHG�DQG�H[DPLQHG�IRU�V\PSWRPV�RI�5KL]RFWRQLD�VWHP�FDQNHU�

6DPSOHV�ZHUH�DVVD\HG�RQ�DONDOLQH�ZDWHU�DJDU��$:$��S+������WR�LVRODWH�5� VRODQL
�*XWLHUUH]�HW�DO���������3XUH�FXOWXUHV�RI�5� VRODQL ZHUH�HVWDEOLVKHG�E\�WUDQVIHUULQJ�P\FHOLXP
IURP�VLQJOH�K\SKDO�WLSV�WR�SRWDWR�GH[WURVH�DJDU� ,VRODWHV�ZHUH�PDLQWDLQHG�E\�VWRULQJ�RQ
VWHULOL]HG�ULFH�JUDLQV�DW�¤��R&���,VRODWHV�ZHUH�H[DPLQHG�IRU�QXFOHDU�FRQGLWLRQ��.XOLN�DQG�'HU\
������0DUWLQ���������7KH�DQDVWRPRVLV�JURXSLQJ�RI�HDFK�LVRODWH�RI�5� VRODQL ZDV�GHWHUPLQHG
XVLQJ�VWDQGDUG�SURWRFRO��*XWLHUUH]�HW�DO�������+HUU�DQG�5REHUWV�������.XOLN�DQG�'HU\�������
$�WRWDO�RI�����LVRODWHV�RI�5��VRODQL�$*���ZDV�REWDLQHG�IURP�QDWXUDOO\�LQIHFWHG�SODQWV�
*HQRPLF�'1$�ZDV�H[WUDFWHG�XVLQJ�PHWKRGV�GHVFULEHG�SUHYLRXVO\��5RVHZLFK�HW�DO�������
'HYHORSPHQW�RI�3&5�5)/3�PDUNHUV���$QRQ\PRXV�VLQJOH�FRS\�'1$�PDUNHUV�ZHUH
VHOHFWHG�XVLQJ�D�VWUDWHJ\�RXWOLQHG�E\�.DUO�	�$YLVH����������$�OLEUDU\�ZDV�FRQVWUXFWHG�ZLWK
+LQG�,,,�GLJHVWHG�'1$�RI�D�UDQGRPO\�FKRVHQ�1&�SRWDWR�LVRODWH�RI�5� VRODQL $*����3�����
FORQHG�LQWR�S8&���DQG�XVHG�WR�WUDQVIRUP�FRPSHWHQW�(VFKHULFKLD�FROL FHOOV�DV�GHVFULEHG
SUHYLRXVO\��5RVHZLFK�HW�DO���������6L]HV�RI�FORQHV�UHVXOWLQJ�IURP�WKLV�OLEUDU\�ZHUH
GHWHUPLQHG�E\�GLJHVWLRQ�ZLWK�+LQG�,,,�DQG�VHSDUDWLRQ�RI�'1$�RQ�D������DJDURVH�JHO�ZLWK�D
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��NE�ODGGHU���&ORQHV�ZLWK�D�VLQJOH�LQVHUW�EHWZHHQ���DQG�����NE�ZHUH�VHOHFWHG�����WRWDO����$Q
H[WUD�����NE�FORQH�ZDV�DOVR�LQFOXGHG�LQ�WKH�VDPSOH���%RWK�WHUPLQL�IURP�FORQHG�'1$
IUDJPHQWV�ZHUH�VHTXHQFHG�XVLQJ�IRUZDUG�DQG�UHYHUVH�SULPHUV�IRU�WKH�PXOWLSOH�FORQLQJ�VLWH�RI
S8&�����$Q�$%,�3ULVP�����DXWRPDWHG�VHTXHQFHU��3(�$SSOLHG�%LRV\VWHPV��ZDV�XVHG�IRU
HOHFWURSKRUHVLV�DQG�GDWD�FROOHFWLRQ���6HTXHQFH�FKURPDWRJUDPV�ZHUH�FRPSLOHG�XVLQJ
6HTXHQFKHU�VRIWZDUH��YHUV��������*HQH&RGHV�&RUS�����/RFXV�VSHFLILF�3&5�SULPHUV�IRU������
QXFOHRWLGHV�ZHUH�GHVLJQHG�IRU�IXUWKHU�VFUHHQLQJ���6XEVHTXHQW�3&5�UHDFWLRQV�HPSOR\HG
VWDQGDUG�FRQGLWLRQV�GHVFULEHG�SUHYLRXVO\�IRU�5� VRODQL �9LOJDO\V�DQG�*RQ]DOHV�������XVLQJ
$PSOLWDT��'1$�SRO\PHUDVH��3HUNLQ�(OPHU����5HVWULFWLRQV�SRO\PRUSKLVPV�ZHUH�GHWHFWHG
LQLWLDOO\�VFUHHQLQJ����UDQGRP�LVRODWHV�RI�5� VRODQL $*���IURP�DOO�ILYH�1&�FRXQWLHV�XVLQJ���
EDVH�FXWWHU��%DP�+,��(FR�5,� (FR�59��+LQG ,,,��+LQF ,,� +DH ,,� 3VW�,��6DF ,��6W\ ,��;KR ,��RU
��EDVH�FXWWHU��+KD ,��+DH ,,,��0ER ,��0VS ,��5VD ,��7UX��,��UHVWULFWLRQ�HQ]\PHV���7KH�HQWLUH
UHPDLQLQJ�VDPSOH�RI�����LVRODWHV�ZDV�WKHQ�VFUHHQHG�XVLQJ�FRPELQDWLRQV�RI�3&5�IUDJPHQW
DQG�VSHFLILF�SRO\PRUSKLF�UHVWULFWLRQ�HQ]\PH���7\SLFDO�UHVWULFWLRQ�HQ]\PH�UHDFWLRQV�FRQVLVWHG
RI���P/�RI�3&5�SURGXFW������8�RI�HQ]\PH��3URPHJD�������P/�RI���;�UHDFWLRQ�EXIIHU������P/
RI���;�ERYLQH�VHUXP�DOEXPLQ�DQG�+�2�WR�D�WRWDO�YROXPH�RI����PO���5HDFWLRQV�ZHUH�LQFXEDWHG
IRU���KRXUV�DW���R&��RU�DFFRUGLQJ�WR�PDQXIDFWXUHU
V�UHFRPPHQGDWLRQV��WKHQ�VWRSSHG�E\
LQFXEDWLRQ�DW���R&�IRU���PLQ���3&5�SURGXFWV�DQG�UHVWULFWLRQV�GLJHVWV�ZHUH�VXEMHFWHG�WR
HOHFWURSKRUHVLV�LQ�����WR�������0HWD3KRU���)0&�%LR3URGXFWV��DJDURVH�JHOV�LQ��;�7%(�
FRQWDLQLQJ�HWKLGLXP�EURPLGH��DQG�YLHZHG�E\�89�WUDQVLOOXPLQDWLRQ�
'DWD�DQDO\VLV���7KH�GDWD�ZDV�DUUDQJHG�LQWR�WKUHH�GDWD�VHWV���7KH�ILUVW�GDWD�VHW�LQFOXGHG
LVRODWHV�ZLWK�WKH�ILYH�JHRJUDSKLFDO�SRSXODWLRQV��1&�FRXQWLHV��UHWDLQHG���7KLV�GDWD�VHW�ZDV
IXUWKHU�KLHUDUFKLFDOO\�VXEGLYLGHG�LQWR�VDPSOLQJ�ORFDWLRQ�ZLWKLQ�WKH�ILYH�ILHOGV���,Q�D�VHFRQG



��

GDWD�VHW��FORQH�FRUUHFWHG���LVRODWHV�ZLWK�WKH�VDPH�PXOWLORFXV�3&5�5)/3�JHQRW\SHV�ZLWKLQ
HDFK�JHRJUDSKLF�SRSXODWLRQ�ZHUH�FRQVLGHUHG�RQO\�RQFH��$�WKLUG�GDWD�VHW��ZKLFK�ZDV�HLWKHU
XQFRUUHFWHG�RU�FORQH�FRUUHFWHG��DOO�PXOWLORFXV�3&5�5)/3�JHQRW\SHV�ZHUH�SRROHG�

)RU�DQDO\VLV�RI�JHQHWLF�GLYHUVLW\�ZLWKLQ�5� VRODQL $*���SRSXODWLRQV��WKUHH�SRSXODWLRQ
JHQHWLFV�PHDVXUHV�ZHUH�DSSOLHG���D��6WRGGDUW©V�JHQRW\SLF�GLYHUVLW\��6WRGGDUW�DQG�7D\ORU
������*R  ����6 SL����ZKHUH�SL LV�WKH�IUHTXHQF\�RI�D�SDUWLFXODU�PXOWLORFXV�JHQRW\SH��ZLWK�*R
UDQJLQJ�IURP���WR�1��ZKHUH�1�LV�WKH�VDPSOH�VL]H���7KH�VDPSOH�FRUUHFWHG�JHQRW\SLF�GLYHUVLW\�
*F  �*R ��1��ZDV�XVHG�WR�DOORZ�FRPSDULVRQV�EHWZHHQ�GLIIHUHQW�SRSXODWLRQV��7KH�H[SHFWHGRYHUDOO�JHQRW\SLF�GLYHUVLW\�IRU�D�VDPSOH�RI�VL]H�1�ZDV�FDOFXODWHG�XVLQJ�6WRGGDUW
V�H[SHFWHG
JHQRW\SLF�GLYHUVLW\��6WRGGDUW�������

1SG*( � �
 ��ZKHUH�G  �¦JL� IRU�DOO�JHQRW\SHV
ZKHQ ��
� t1JL DQG�S  �¦JL IRU�DOO�WKH�JHQRW\SHV�ZKHQ ��
� �1JL ��JL�LV�WKH�H[SHFWHG
IUHTXHQFLHV�RI�WKH�PXOWLORFXV�JHQRW\SHV�FDOFXODWHG�XVLQJ�+DUG\�:HLQEHUJ�H[SHFWDWLRQV���E�
REVHUYHG�KHWHUR]\JRVLW\��+2��ZKLFK�UHSUHVHQWV�WKH�SHUFHQWDJH�RI�KHWHUR]\JRVLW\�DW�HDFKORFXV���7KH�PHDQ�REVHUYHG�KHWHUR]\JRVLW\�DQG�JHQH�GLYHUVLW\�ZHUH�FDOFXODWHG�DV�WKH
DULWKPHWLF�PHDQ�RI�DOO�ORFL�VDPSOHG��DQG��F��8QELDVHG�HVWLPDWH�RI�H[SHFWHG�KHWHUR]\JRVLW\
� (A+ ��RU�PHDQ�XQELDVHG�JHQH�GLYHUVLW\�� UNU

N K�(A ¦  + ��ZKHUH� NK LV�WKH�YDOXH�RI� K IRU�NWK
ORFXV��DQG�U�LV�WKH�WRWDO�QXPEHU�RI�ORFL�VWXGLHG��K�LV�DQ�XQELDVHG�HVWLPDWH�RI�KHWHUR]\JRVLW\�IRU
D�VLQJOH�ORFXV�JLYHQ�E\� � � � �����K � �� ¦ Q[Q L ��ZKHUH�Q LV�WKH�QXPEHU�RI�GLSORLG
LQGLYLGXDOV��DQG�[L LV�WKH�FRUUHVSRQGLQJ�IUHTXHQF\�RI�WKH�LWK DOOHOH�DW�D�ORFXV�LQ�D�VDPSOH�IURPWKH�SRSXODWLRQ��/HYHQH�������1HL�������1HL���������7KH�H[SHFWHG�KHWHUR]\JRVLW\�ZDV
FDOFXODWHG�XVLQJ�7)3*$�YHUVLRQ������0LOOHU�������



��

%HWZHHQ�SRSXODWLRQ�DQDO\VHV�ZHUH�FRQGXFWHG�WR�WHVW�IRU�VWUXFWXUH�LQ�SRSXODWLRQV�RI
5� VRODQL $*����7KUHH�SRSXODWLRQ�JHQHWLFV�PHDVXUHV�ZHUH�DSSOLHG���D��$QDO\VLV�RI�PROHFXODU
YDULDQFH��$029$���ZKLFK�HVWLPDWHV�YDULDQFH�FRPSRQHQWV�FRQVLGHULQJ�WKH�QXPEHU�RI
GLIIHUHQFHV�EHWZHHQ�PROHFXODU�JHQRW\SHV��:HLU�DQG�&RFNHUPDQ�������([FRIILHU�HW�DO
�����:HLU��������7KHVH�HVWLPDWHV�UHIOHFW�FRUUHODWLRQ�RI�GLYHUVLW\�DW�GLIIHUHQW�OHYHOV�RI
KLHUDUFKLFDO�VXEGLYLVLRQ��EHWZHHQ�JURXSV�RU�JHRJUDSKLF�SRSXODWLRQV��EHWZHHQ�VDPSOLQJ
ORFDWLRQV�ZLWKLQ�JHRJUDSKLF�SRSXODWLRQV����E��3DLUZLVH�) VWDWLVWLFV�FRPSDULVRQV��)�VWDWLVWLFV
HTXLYDOHQWV�SURGXFHG�E\�$029$���ZKLFK�UHYHDOV�VLPLODULW\�EHWZHHQ�WKH�LQGLYLGXDO
JHRJUDSKLF�SRSXODWLRQV��$029$�DQDO\VHV�ZHUH�FRQGXFWHG�XVLQJ�$5/(48,1�YHU������
�6FKQHLGHU�HW�DO���������F��6LPLODULW\�DPRQJ�WKH�SRSXODWLRQ�VDPSOHV�FDOFXODWHG�XVLQJ�)
VWDWLVWLFV��WKHWD�3�RU�):&�67��DV�LQ�:HLU�DQG�&RFNHUPDQ��������DQG�1HL©V�XQELDVHG�JHQHWLF
GLVWDQFH��'���1HL�������1HL���������7KHVH�WHVWV��):&�67��DQG�'���ZKLFK�DUH�EDVHG�RQ�DOOHOHIUHTXHQF\�GLIIHUHQFHV�EHWZHHQ�SRSXODWLRQ�VDPSOHV��ZHUH�FDOFXODWHG�XVLQJ�*'$�YHUVLRQ
����G�����/HZLV�DQG�=D\NLQ���������83*0$�SKHQRJUDPV�ZHUH�JHQHUDWHG�EDVHG�RQ�SDLUZLVH
JHQHWLF�GLVWDQFHV�'��+DUWO�DQG�&ODUN��������

7R�FRPSDUH�WKH�UHODWLYH�FRQWULEXWLRQ�RI�FORQDOLW\�DQG�UHFRPELQDWLRQ�LQ�HDFK�VDPSOH�RI
5� VRODQL�$*����WZR�SRSXODWLRQ�JHQHWLF�PHDVXUHV�ZHUH�XVHG���D��WKH�+DUG\�:HLQEHUJ
HTXLOLEULXP��+:(��WHVW��ZKLFK�H[DPLQHV�WKH�UDQGRP�DVVRFLDWLRQ�RI�DOOHOHV�ZLWKLQ�D�ORFXV�E\
WHVWLQJ�WKH�REVHUYHG�JHQRW\SLF�IUHTXHQFLHV�IRU�JRRGQHVV�RI�ILW�ZLWK�+DUG\�:HLQEHUJ
H[SHFWDWLRQV��+DUWO�DQG�&ODUN���������7R�WHVW�IRU�+:(�DQ�H[DFW�WHVW�DQDORJRXV�WR�)LVKHU
V
H[DFW�WHVW���*XR�DQG�7KRPSVRQ�������ZDV�FDOFXODWHG�XVLQJ�$5/(48,1��������6FKQHLGHU�HW
DO��������,Q�DGGLWLRQ��WKH�OLNHOLKRRG�UDWLR�VWDWLVWLF�*���UHFRPPHQGHG�IRU�JHQRW\SLF�GDWD�IRU
ZKLFK�WKH�KDSORW\SLF�SKDVH�LV�XQNQRZQ��ZDV�FDOFXODWHG�XVLQJ�323*(1(��<HK�HW�DO ������



��

�E��&RPSRVLWH�JHQRW\SH�GLVHTXLOLEULXP�RU�OLQNDJH�GLVHTXLOLEULXP��:HLU��������ZKLFK
HVWLPDWHV�WKH�DOOHOLF�DVVRFLDWLRQ�EHWZHHQ�SDLUV�RI�SRO\PRUSKLF�PDUNHUV�XVLQJ�DQ�H[DFW�WHVW�IRU
DVVRFLDWLRQ�WKURXJK�SHUPXWDWLRQ��=D\NLQ�HW�DO��������/LQNDJH�GLVHTXLOLEULXP�EHWZHHQ�DOO
SDLUV�RI�ORFL�ZDV�FDOFXODWHG�XVLQJ�DQ�H[DFW�WHVW�DQDORJRXV�WR�)LVKHU
V�H[DFW�WHVW��6ODWNLQ������
6ODWNLQ�DQG�([FRIILHU��������&DOFXODWLRQV�ZHUH�SHUIRUPHG�XVLQJ�$5/(48,1������
�6FKQHLGHU�HW�DO�������
5(68/76
'HYHORSPHQW�RI�3&5�5)/3�PDUNHUV�� ���)URP�WKH�WRWDO�RI����UDQGRPO\�FORQHG�+LQG ,,,�
GLJHVWHG�5� VRODQL $*���JHQRPLF�'1$�IUDJPHQWV�VHOHFWHG�EDVHG�RQ�VL]H�����ZHUH�SDUWLDOO\
VHTXHQFHG�DQG�XVHG�WR�GHVLJQ�ORFXV�VSHFLILF�3&5�SULPHUV���(LJKW�ZHUH�IRXQG�WR�EH
PRQRPRUSKLF��K\SHUYDULDEOH�RU�RWKHUZLVH�SUREOHPDWLF��H�J��IDLOLQJ�WR�DPSOLI\��SURGXFLQJ
PXOWLSOH�3&5�IUDJPHQWV����7KH�UHPDLQLQJ�VHYHQ�'1$�IUDJPHQWV�DPSOLILHG�IURP�DOO�LVRODWHV
DQG�SRVVHVVHG�XQLTXH�UHVWULFWLRQ�SRO\PRUSKLVPV���(DFK�RI�IRXU�IUDJPHQWV�KDG�RQH
SRO\PRUSKLF�UHVWULFWLRQ�VLWH��ZKLOH�WKUHH�KDG�WZR�SRO\PRUSKLF�VLWHV���(DFK�SRO\PRUSKLF
UHVWULFWLRQ�VLWH��ZKLFK�FRUUHVSRQGV�WR�D�XQLTXH�FRPELQDWLRQ�RI�SULPHU�SDLU��UHVWULFWLRQ
HQ]\PH��DQG�UHVWULFWLRQ�VLWH��ZDV�GHILQHG�DV�D�ORFXV��7$%/(�,����6FRULQJ�E\�WKLV�PHWKRG�LV
XQDPELJXRXV�DV�HDFK�ORFXV�KDV�WZR�DOOHOHV��DOOHOH���UHSUHVHQWV�WKH�SUHVHQFH�RI�WKH�UHVWULFWLRQ
VLWH��DQG�DOOHOH���LWV�DEVHQFH���([DPSOHV�RI�WKLV�3&5�5)/3�JHQRW\SLQJ�PHWKRG�DUH�SUHVHQWHG
LQ�),*����
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*HQRW\SLF�DQDO\VLV���� *HQRW\SHV�DQG�JHQRW\SLF�FRXQWV�IRU�HDFK�RI�WKH�ILYH�VDPSOHV�RI
5KL]RFWRQLD�VRODQL $*���DUH�SUHVHQWHG�LQ�7$%/(�,,��$PRQJ�WKH�����5� VRODQL LVRODWHV
DQDO\]HG�����PXOWLORFXV�3&5�5)/3�JHQRW\SHV��05*��ZHUH�LGHQWLILHG��2Q�DYHUDJH�����
05*�ZHUH�IRXQG�SHU�ORFDOLW\��UDQJH��������0RVW�RI�WKH�05*V��DERXW��� ���ZHUH�VLWH
VSHFLILF��7$%/(�,,�DQG�,,,���+RZHYHU��LVRODWHV�ZLWK�WKH�VDPH�JHQRW\SH�ZHUH�FRPPRQO\
REVHUYHG�EHWZHHQ�ILHOG�VLWHV���)LYH�PXOWLORFXV�JHQRW\SHV��05*�������������DQG����
UHSUHVHQWHG�������������������� DQG������RI�WKH�VDPSOH��UHVSHFWLYHO\���$OWRJHWKHU��WKHVH�ILYH
JHQRW\SHV�UHSUHVHQWHG��� LVRODWHV��ZKLFK�DFFRXQWHG�IRU�������RI�WKH�WRWDO�SRSXODWLRQ���7KH
REVHUYHG�FRXQW�RI����IRU�05*���DQG���IRU�HLWKHU�05*��RU�05*���ZDV�KLJKHU�WKDQ�WKH
H[SHFWHG�FRXQWV�RI������IRU�ERWK�05*���DQG�05*����DQG�RI������IRU�05*����ZKLFK�ZHUH
GHULYHG�XQGHU�WKH�K\SRWKHVLV�RI�SDQPL[LD��6WRGGDUW�DQG�7D\ORU��������7KH�REVHUYHG�DQG
H[SHFWHG�FRXQWV�RI�JHQRW\SHV�IRU�05*���DQG����ZHUH�VLPLODU�

$V�D�FRQWURO��D�VDPSOH�RI�WKH�VDPH�WXEHUV�XVHG�IRU�HVWDEOLVKLQJ�WKH�SORWV�ZDV�VXEPLWWHG�WR
LVRODWLRQ�RQ�$:$��EHIRUH�GLVLQIHVWDWLRQ�RI�WKH�WXEHUV�ZLWK����IRUPDOGHK\GH��6L[�RWKHU�05*
ZHUH� LGHQWLILHG�RQ� WKHVH� LQIHFWHG�VHHG�SRWDWRHV��RQH�05*��� ������������������������������
WZR�0*5��� ����� ���� ���� ���� ���� ���� ������ RQH�05*��� ����� ���� ���� ���� ���� ���� ������ RQH
05*��� ����� ���� ���� ���� ���� ���� ������ RQH�05*��� ����� ���� ���� ���� ���� ���� ������ DQG� WZR
05*����������������������������������$IWHU�GLVLQIHVWDWLRQV��LVRODWHV�RI�5��VRODQL $*���ZHUH
QRW�UHFRYHUHG�

6WRGGDUW
V�JHQRW\SLF�GLYHUVLW\��*R��DQG�WKH�VDPSOH�VL]H�FRUUHFWHG�JHQRW\SLF�GLYHUVLW\��*F�RI�GLIIHUHQW�VDPSOHV�RI�5��VRODQL $*���DUH�SUHVHQWHG�LQ�7$%/(�,,,��7KH�PHDQ�JHQRW\SLF
GLYHUVLW\��*F��ZDV���������2YHUDOO��WKHUH�ZDV�QR�GLIIHUHQFH�EHWZHHQ�DQ\�SDLUV�RI�VDPSOHVFRQVLGHULQJ�WKHLU�*F YDOXHV���,Q�DGGLWLRQ��WKH�REVHUYHG�RYHUDOO�JHQRW\SLF�GLYHUVLW\��*R IRU



��

XQFRUUHFWHG�GDWD� ��������ZDV�VPDOOHU�WKDQ�WKH�H[SHFWHG�YDOXH�XQGHU�SDQPL[LD�� 
(*  �������
�7$%/(�,,��
*HQH�GLYHUVLW\��SDWWHUQV�RI�KHWHUR]\JRVLW\�DQG�GHYLDWLRQV�IURP�+:(����6L[�RI�WKH�VHYHQ�ORFL
VXUYH\HG�IURP�ILYH�JHRJUDSKLFDO�SRSXODWLRQV�RI�5� VRODQL $*���ZHUH�SRO\PRUSKLF�LQ�DOO
ORFDOLWLHV��ZLWK�DQ�DYHUDJH�RI������DOOHOHV�SHU�ORFXV��7KH�RQO\�H[FHSWLRQ�ZDV�WKH�ORFL�S3���
+LQG ,,,��ZKLFK�ZDV�SRO\PRUSKLF�RQO\�DW�+\GH�&RXQW\��0RVW�DOOHOHV���������ZHUH�SUHVHQW�LQ
DOO�ILYH�SRSXODWLRQV��5DUH�DOOHOHV�ZHUH�SUHVHQW�DW�ORZ�IUHTXHQFLHV�LQ�RQH�SRSXODWLRQ��DOOHOH��
DW�ORFXV�S3���+LQG ,,,�LQ�WKH�SRSXODWLRQ�VDPSOH�IURP�+\GH��

7KH�REVHUYHG�DQG�H[SHFWHG�KHWHUR]\JRVLW\�RI�DOO�VDPSOHV�IURP�1&�LV�SUHVHQWHG�LQ�7$%/(
,9��+HWHUR]\JRVLW\�YDOXHV�YDULHG�JUHDWO\�DPRQJ�ORFL��IURP�������WR��������7ZR�RI�WKH�VHYHQ
ORFL�KDG�KHWHUR]\JRVLW\�OHVV�WKDQ��������S3���+LQG�,,,�DQG�S3���(FR 59����7KH�PHDQ
KHWHUR]\JRVLW\��RYHU�ORFL��RI�WKH�VDPSOHV�ZDV�EHWZHHQ�������DQG�������ZKHQ�DOO�WKH�LVRODWHV
ZHUH�LQFOXGHG�LQ�WKH�DQDO\VLV�DQG�EHWZHHQ�������DQG�������IRU�FORQH�FRUUHFWHG�GDWD�
&RPSDULVRQV�RI�PHDQ�KHWHUR]\JRVLW\�RI�HDFK�VDPSOH�LQGLFDWHG�QR�GLIIHUHQFH�EHWZHHQ
H[SHFWHG��DQG�REVHUYHG�YDOXHV��7KH�H[FHSWLRQ�ZDV�WKH�VDPSOH�IURP�&XUULWXFN��ZKLFK�VKRZHG
D�VPDOOHU�PHDQ�KHWHUR]\JRVLW\�WKDQ�WKH�H[SHFWHG�YDOXH�IRU�FORQH�FRUUHFWHG�GDWD��,Q�DGGLWLRQ�
WKH�VDPSOH�IURP�&XUULWXFN�H[KLELWHG�WKH�KLJKHU�KHWHUR]\JRVLW\�LQ�FRPSDULVRQ�ZLWK�DOO�WKH
RWKHU�IRXU�VDPSOHV�

(DFK�VDPSOH�RI�5� VRODQL $*���IURP�1&�ZDV�DOVR�H[DPLQHG�IRU�WKH�DVVRFLDWLRQ�RI�DOOHOHV
ZLWKLQ�D�ORFXV��+:(�WHVWV��IRU�HDFK�SDUWLFXODU�ORFXV��7$%/(�,9���)RU�DOO�WKH�VDPSOHV��ZKHQ
GDWD�ZDV�QRW�FORQH�FRUUHFWHG��PRVW�RI�WKH�ORFL��DW�OHDVW������KDG�JHQRW\SLF�FRXQWV�WKDW�GLG�QRW
GHYLDWH�IURP�+DUG\�:HLQEHUJ�H[SHFWDWLRQV��+:(���7ZR�ORFL��S3���+KD ,�DQG�S3���+LQG



��

,,,��LQ�WKH�VDPSOH�IURP�&XUULWXFN��RQH�ORFXV��S3���+LQG ,,,��LQ�WKH�VDPSOH�IURP�+\GH��DQG
RQH�ORFXV��S3���+LQG ,,,��LQ�WKH�VDPSOH�IURP�&DPGHQ�VKRZHG�VLJQLILFDQW�GHYLDWLRQ�IURP
+:(��:KHUHDV�LQ�WKH�VDPSOHV�IURP�&XUULWXFN�DQG�+\GH�DQ�H[FHVV�RI�KRPR]\JRWHV�IRU�WKH
ORFL�WKDW�GHYLDWHG�IURP�+:(�ZDV�REVHUYHG��IRU�WKH�VDPSOH�IURP�&DPGHQ�WKH�GHYLDWLRQ�ZDV
GXH�WR�H[FHVV�RI�KHWHUR]\JRWHV�LQ�WKH�SRSXODWLRQ��)RU�FORQH�FRUUHFWHG�GDWD��DOO�ORFL�KDG
JHQRW\SLF�FRXQWV�WKDW�GLG�QRW�GHYLDWH�IURP�+:(�
3RSXODWLRQ�VWUXFWXUH������$QDO\VLV�RI�SRSXODWLRQ�VWUXFWXUH�DQG�UHODWLRQVKLS�EHWZHHQ�VDPSOHV
ZDV�FRQGXFWHG�IRU�ERWK�XQFRUUHFWHG�DQG�FORQH�FRUUHFWHG�GDWD��8VLQJ�$029$��$QDO\VLV�RI
0ROHFXODU�9DULDQFH���RYHUDOO�)67 EHWZHHQ�JHRJUDSKLF�SRSXODWLRQV�ZDV��������IRU
XQFRUUHFWHG�GDWD��:KHQ�WKH�JHRJUDSKLFDO�SRSXODWLRQV�ZHUH�VXEGLYLGHG�LQWR�VDPSOLQJ�XQLWV
ZLWKLQ�JHRJUDSKLF�SRSXODWLRQV��FRXQWLHV���VXEGLYLVLRQ�ZDV�IRXQG�WR�EH�RQO\�VOLJKWO\�KLJKHU
EHWZHHQ�VDPSOLQJ�XQLWV�WKDQ�EHWZHHQ�JHRJUDSKLF�SRSXODWLRQV��)67  �����������)RU�FORQH
FRUUHFWHG�GDWD��RYHUDOO�)67�ZDV����������EHWZHHQ�JHRJUDSKLF�SRSXODWLRQV��:LWK�IXUWKHU
KLHUDUFKLFDO�VXEGLYLVLRQ�RI�JHRJUDSKLFDO�SRSXODWLRQV�LQWR�VDPSOLQJ�XQLWV��)67 YDOXH�ZDV
REVHUYHG�WR�EH�KLJKHU������������+RZHYHU��ERWK�YDOXHV�RI�)67 IRU�FORQH�FRUUHFWHG�GDWD�ZHUH
QRW�VLJQLILFDQWO\�GLIIHUHQW�IURP�]HUR��,Q�JHQHUDO��PRVW�RI�WKH�PROHFXODU�YDULDWLRQ�ZDV�GHWHFWHG
ZLWKLQ�SRSXODWLRQ��ZLWK�YHU\�OLWWOH�YDULDWLRQ�RFFXUULQJ�EHWZHHQ�JHRJUDSKLF�SRSXODWLRQV�

3RSXODWLRQ�GLIIHUHQWLDWLRQ�DQG�JHQH IORZ�ZHUH�DOVR�DQDO\]HG�XVLQJ�HVWLPDWHV�RI�7KHWD�3
�)67��DV�LQ�:HLU�DQG�&RFNHUPDQ���������7$%/(�9���7KH�RYHUDOO�)67 EHWZHHQ�SRSXODWLRQVZDV��������IRU�XQFRUUHFWHG�GDWD��ZKLFK�ZDV�VLJQLILFDQWO\�JUHDWHU�WKDQ�]HUR��7KLV�UDQJH�RI��)67LQGLFDWHV�OLWWOH�JHQHWLF�GLIIHUHQWLDWLRQ�DPRQJ�SRSXODWLRQV� )RU�FORQH�FRUUHFWHG�GDWD�RYHUDOO



��

)67 ZDV�¤��������ZKLFK�ZDV�QRW�VLJQLILFDQWO\�GLIIHUHQW�IURP�]HUR�DV�WKH�����FRQILGHQFH
LQWHUYDO�RI�)67�ERRWVWUDS�DQDO\VLV VSDQ�]HUR�3DLUZLVH�FRPSDULVRQ�EHWZHHQ�JHRJUDSKLF�SRSXODWLRQV ZDV�SHUIRUPHG�XVLQJ�HVWLPDWHV�RI
)67 HTXLYDOHQWV��SDLUZLVH�)67 YDOXHV��DQG�1HL©V�XQELDVHG�JHQHWLF�GLVWDQFHV��'���IRU�ERWK
XQFRUUHFWHG�DQG�FORQH�FRUUHFWHG�GDWD��7$%/(�9,��),*�������3DLUZLVH�)67 YDOXHV�ZHUH
VLJQLILFDQWO\�JUHDWHU�WKDQ�]HUR��LQGLFDWLQJ�SRSXODWLRQ�GLIIHUHQWLDWLRQ��RQO\�IRU�XQFRUUHFWHG
GDWD��)RU�H[DPSOH��WKH�SRSXODWLRQ�IURP�:DVKLQJWRQ�ZDV�VLJQLILFDQWO\�GLIIHUHQW�IURP�7\UUHOO
DQG�&XUULWXFN�DQG�YHU\�VLPLODU�WR�+\GH�DQG�&DPGHQ�FRXQW\�SRSXODWLRQV���)RU�FORQH�FRUUHFWHG
GDWD��KRZHYHU��WKHUH�ZDV�QR�LQGLFDWLRQ�RI�SRSXODWLRQ�GLIIHUHQWLDWLRQ�FRQVLGHULQJ�ERWK
SDLUZLVH�)67 YDOXHV�DQG�'���%RWK�DSSURDFKHV�JDYH�VLPLODU�UHVXOWV��LQGLFDWLQJ�KLJK�OHYHOV�RI
JHQH�IORZ�
+:(�WHVW�IRU�DVVRFLDWLRQ�RI�DOOHOHV�ZLWKLQ�D�ORFXV�DQG�H[DFW�WHVW�IRU�OLQNDJH�GLVHTXLOLEULXP
EHWZHHQ�SDLUV�RI�ORFL������'XH�WR�WKH�IDFW�WKDW�WKHUH�ZDV�QR�LQGLFDWLRQ�RI�SRSXODWLRQ�VWUXFWXUH�
DOO�05*�GDWD�ZDV�SRROHG�LQWR�D�VLQJOH�GDWD�VHW��IRU�ERWK�XQFRUUHFWHG�DQG�FORQH�FRUUHFWHG
VDPSOHV��WR�WHVW�IRU�+:(��7$%/(�9,,��DQG�FRPSRVLWH�OLQNDJH�GLVHTXLOLEULXP��7$%/(�9,,,�
EHWZHHQ�DOO�SDLUV�RI�ORFL�

7KH�UHVXOWV�IURP�WKH�OLNHOLKRRG�UDWLR�WHVW��*���DQG�WKH�H[DFW�WHVW�DQDORJRXV�WR�)LVKHU©V
LQGLFDWHG�JHQRW\SLF�SURSRUWLRQV�VLPLODU�WR�+:(�SURSRUWLRQV�DW�DOO�VHYHQ�ORFL��IRU�FORQH�
FRUUHFWHG�GDWD��DQG�IRU�VL[�ORFL�FRQVLGHULQJ�WKH�XQFRUUHFWHG�VDPSOH��)RU�XQFRUUHFWHG�GDWD�
RQO\�WKH�ORFXV�S3���+KD ,�VKRZHG�SURSRUWLRQV�RI�JHQRW\SLF�FRXQWV�WKDW�GHYLDWHG�IURP�+:(�
2YHUDOO��IRU�XQFRUUHFWHG�GDWD��PRVW�SDLUV�RI�ORFL�ZHUH�LQ�JHQRW\SLF�GLVHTXLOLEULXP���������
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+RZHYHU��IRU�FORQH�FRUUHFWHG�GDWD��WKH�H[DFW�WHVW�IRU�OLQNDJH�GLVHTXLOLEULXP�ZDV�QRW
VLJQLILFDQW�IRU�DOO�SDLUV�RI�ORFL�
',6&866,21

7KLV�VWXG\�GHVFULEHV�D�3&5�5)/3�PHWKRG�IRU�JHQRW\SLQJ�5KL]RFWRQLD�VRODQL $*��
LVRODWHV��:H�XVHG�FRPELQDWLRQV�RI�WZR�VWUDWHJLHV�IRU�GHYHORSPHQW�RI�FRGRPLQDQW�PDUNHUV�DV
SURSRVHG�E\�5RVHZLFK�HW�DO��������DQG�;X�HW�DO����������7KH�PHWKRG�HQDEOHV�XQDPELJXRXVO\
VFRULQJ�RI�JHQRW\SHV�RI�LVRODWH�RI�5��VRODQL $*���DOORZLQJ�WKH�GLVWLQFWLRQ�EHWZHHQ�KRPR�
DQG�KHWHUR]\JRWHV��LQ�FRQWUDVW�WR�'1$�ILQJHUSULQW�EDVHG�PHWKRGV��,W�LV�DOVR�HIILFLHQW�
UHTXLULQJ�VPDOO�DPRXQWV�RI�'1$�DV�VWDUWLQJ�PDWHULDO��&RQVLVWHQW�ZLWK�WKH�KHWHURNDU\RWLF
QDWXUH�RI�5��VRODQL��ZKLFK�KDV�EHHQ�FRQILUPHG�E\�VLPLODU�PROHFXODU�W\SLQJ�PHWKRGV
�5RVHZLFK�HW�DO��������HYHU\�LVRODWH�KDG�RQH�RU�PRUH�KHWHUR]\JRXV�ORFL��,Q�DGGLWLRQ��LVRODWHV
ZLWK�PRUH�WKDQ�WZR�ORFL�ZHUH�QRW�REVHUYHG��7$%/(�,,��

'XULQJ�WKH�SURFHVV�RI�VFUHHQLQJ��IRXU�RI�WKH�VHYHQ�3&5�5)/3�PDUNHUV�XVHG�IRU
JHQRW\SLQJ�5� VRODQL $*���IURP�SRWDWR��S3����S3����S3���DQG�S3����DOVR�DPSOLILHG�JHQRPLF
'1$�IURP�WREDFFR�LVRODWHV�RI�5��VRODQL $*����GDWD�QRW�VKRZQ���([FHSW�IRU�PDUNHU�S3���
QRQH�RI�WKH�DOOHOHV�SUHVHQW�LQ�WKH�WREDFFR�VDPSOH�RI����LVRODWHV�RI�5��VRODQL $*���ZHUH�VKDUHG
ZLWK�WKH�SRWDWR�VDPSOH��2XU�ILQGLQJV�FRUURERUDWH�SUHYLRXV�LQIRUPDWLRQ�WKDW�SRSXODWLRQV�RI
5� VRODQL�$*���DUH�VXEGLYLGHG�E\�KRVW�VSHFLDOL]DWLRQ��&HUHVLQL�HW�DO�������.XQLQDJD�HW�DO
������2JRVKL��������6KHZ�DQG�/XFDV��������6WHYHQV�-RKQN�HW�DO�������

$GGLWLRQDOO\��QR�DOOHOLF�YDULDWLRQ�IRU�WKHVH�IRXU�ORFL�ZDV�REVHUYHG�ZLWKLQ�WKH�WREDFFR
VDPSOH��VXJJHVWLQJ�ORZ�JHQHWLF�GLYHUVLW\�IRU�WKLV�SRSXODWLRQ��(VSHFLDOO\�IRU�WKHVH�PDNHUV��WKLV
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REVHUYDWLRQ�ZDV�H[SHFWHG�DV�WKH�PDUNHUV�ZHUH�GHYHORSHG�IURP�D�OLEUDU\�RI�FORQHG�JHQRPLF
'1$�IUDJPHQWV�REWDLQHG�IURP�D�SRWDWR�LVRODWH��+RZHYHU��QR�JHQHWLF�YDULDWLRQ�ZDV�IRXQG�LQ
WREDFFR�LVRODWHV�RI�5� VRODQL $*���XVLQJ�D�VHW�RI�VLPLODU�3&5�5)/3�PDUNHUV�VSHFLILFDOO\
GHYHORSHG�IURP�FORQHG�JHQRPLF�'1$�IURP�D�WREDFFR�LVRODWH��%HVLGHV�WKH�XVHIXOQHVV�IRU
JHQHWLF�DQDO\VLV�RI�SRWDWR�SRSXODWLRQV�RI�5� VRODQL $*����WKRVH�IRXU�PDUNHUV�FRXOG�KDYH
SRWHQWLDO�DSSOLFDELOLW\�IRU�SK\ORJHQHWLF�DQDO\VLV�ZLWKLQ�5� VRODQL�$*���DV�WKH\�ZHUH�VKRZQ�WR
EH�FRQVHUYHG�HQRXJK�WR�DPSOLI\�JHQHV�DFURVV�WKHVH�WZR�JHQHWLFDOO\�GLVWLQFW�$*���VXEJURXSV�

7KH�ILUVW�REMHFWLYH�RI�WKLV�VWXG\�ZDV�WR�GHWHUPLQH�WKH�H[WHQW�RI�JHQHWLF�GLIIHUHQWLDWLRQ
DPRQJ�SRSXODWLRQV�RI�5� VRODQL�$*���IURP�SRWDWR�DQG�PDNH�LQIHUHQFHV�DERXW�JHQH�IORZ�DQG
SRSXODWLRQ�VXEGLYLVLRQ��7KH�DOOHOLF�LQIRUPDWLRQ�IURP�WKH�VHYHQ�VLQJOH�ORFXV�3&5�5)/3
PDUNHUV�DOORZHG�XV�WR�JURXS�WKH�����LVRODWHV�RI�5��VRODQL $*���LQWR����PXOWLORFXV�3&5�
5)/3�JHQRW\SHV��05*���(YHQ�WKRXJK�UHODWLYHO\�IHZ�05*�ZHUH�VKDUHG�DPRQJ�ORFDOLWLHV�
JHQH�IORZ�ZDV�KLJK��:KHQ�GDWD�IURP�DOO�LVRODWHV�ZHUH�DQDO\]HG��RYHUDOO�)67 EHWZHHQ
JHRJUDSKLF�SRSXODWLRQV�ZDV���������6XEGLYLVLRQ�ZDV�IRXQG�WR�EH�RQO\�VOLJKWO\�KLJKHU
EHWZHHQ�VDPSOLQJ�XQLWV�WKDQ�EHWZHHQ�JHRJUDSKLF�SRSXODWLRQV��)67  ��������ZKHQ�GDWD�ZHUH
VXEGLYLGHG�LQWR�VDPSOLQJ�ORFDWLRQV�ZLWKLQ�ILHOG��+RZHYHU��XVLQJ�FORQH�FRUUHFWHG�GDWD��)67
DQG�)67�HVWLPDWHV�ZHUH�QHJDWLYH��1HJDWLYH�YDOXHV�RI�WKHVH�VWDWLVWLFV�LQGLFDWH�WKDW�SRSXODWLRQVDUH�JHQHWLFDOO\�PRUH�VLPLODU�WKDQ�LVRODWHV�ZLWKLQ�SRSXODWLRQV��6FKQHLGHU�HW�DO�������:HLU�DQG
&RFNHUPDQ��������,Q�DGGLWLRQ��IRU�FORQH�FRUUHFWHG�GDWD��DOO�SDLUZLVH�)67�YDOXHV�ZHUH�QRW
VLJQLILFDQW�DW����DQG�1HL©V�JHQHWLF�GLVWDQFH��'��LQGLFDWHG�QR�GLIIHUHQWLDWLRQ�EHWZHHQ
SRSXODWLRQV���7KH�FRPSDULVRQV�RI�JHQRW\SH�GLYHUVLW\��*F��DOVR�GLG�QRW�UHYHDO�GLIIHUHQFHVDPRQJ�WKH�ILYH�SRWDWR�VDPSOHV��7$%/(�,,,���7KXV��XQGHU�WKH�SHUVSHFWLYH�RI�SRSXODWLRQ
VWUXFWXUH�LQ�VSDWLDO�VFDOH��WKHUH�ZDV�VWURQJ�HYLGHQFH�IRU�D�ODUJH�DPRXQW�RI�JHQH�IORZ��L�H�
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DOOHOH�IUHTXHQFLHV�ZHUH�VLPLODU�DFURVV�SRSXODWLRQV�DQG�QR�JHQHWLF�VXEGLYLVLRQ�RU
GLIIHUHQWLDWLRQ�ZDV�HYLGHQW��

2XU�UHVXOWV�VXSSRUW�WKH�H[LVWHQFH�RI�D�PHFKDQLVP�WKDW�HQVXUHV�HIILFLHQW�ORQJ�GLVWDQFH
GLVSHUVDO�RI�WKH�JHQRW\SHV�EHWZHHQ�JHRJUDSKLF�SRSXODWLRQV��5HFHQW�DQDO\VLV�RI�WKH
FRQWULEXWLRQ�RI�WXEHU�ERUQH�JHQRW\SHV�WR�WKH�RYHUDOO�SRSXODWLRQ�RI�5��VRODQL $*���SUHVHQW�LQ
SRWDWR�ILHOGV�RI�1RUWK�&DUROLQD�SURYLGHG�HYLGHQFH�RQ�KRZ�WXEHU�ERUQH�LQRFXOXP�LQWURGXFHG
HYHU\�\HDU�DIIHFWV�SRSXODWLRQ�VWUXFWXUH�RI�WKH�SDWKRJHQ���+LJK�OHYHOV�RI�JHQHWLF�GLYHUVLW\�ZHUH
GHWHFWHG�LQ�LQWURGXFHG�SRWDWR�WXEHUV�IURP�&DQDGD��1HZ�%UXQVZLFN���0DLQH��DQG�:LVFRQVLQ
����GLIIHUHQW�JHQRW\SHV�DPRQJ�D�WRWDO�VDPSOH�RI����LVRODWHV���&HUHVLQL��������6HYHQ�RI�WKHVH
JHQRW\SHV�ZHUH�DPRQJVW�WKH�PRVW�IUHTXHQW�JHQRW\SHV�REVHUYHG�LQ�1RUWK�&DUROLQD�ILHOGV
�&HUHVLQL�������

6LPLODU�ODFN�RI�SRSXODWLRQ�VWUXFWXUH�ZDV�IRXQG�IRU�5� VRODQL $*���,$�IURP�ULFH�LQ�7H[DV
�5RVHZLFK�HW�DO��������7KH�DXWKRUV�FKDUDFWHUL]HG�VHYHQ�FRGRPLQDQW�5)/3�ORFL�IRU�����$*��
,$�LVRODWHV�LQ�7H[DV�ULFH�ILHOGV�DQG�IRXQG����GLIIHUHQW�PXOWLORFXV�JHQRW\SHV��$V�WKHUH�ZDV�QR
HYLGHQFH�IRU�JHQHWLFDOO\�LVRODWHG�JURXSV��DOO�WKH�LVRODWHV�IURP�ULFH�JURZLQJ�DUHDV�ZHUH
FRQVLGHUHG�WR�EH�SDUW�RI�RQH�VLQJOH�SRSXODWLRQ�RI�5� VRODQL $*���,$��&RQVLGHULQJ�WKH�VLPLODU
REVHUYDWLRQV�RI�ODFN�RI�SRSXODWLRQ�VWUXFWXUH�ZLWKLQ�5� VRODQL $*���IURP�SRWDWRHV��ZH�XVHG
WKH�VDPH�DSSURDFK�DV�5RVHZLFK�HW�DO��������RI�SRROLQJ�DOO�WKH�PXOWLORFXV�3&5�5)/3
JHQRW\SHV�LQWR�RQH�VLQJOH�GDWD�VHW�IRU�IXUWKHU�DQDO\VLV�RI�+:(�DQG�OLQNDJH�GLVHTXLOLEULXP�

7KH�RWKHU�VSHFLILF�TXHVWLRQ�DGGUHVVHG�LQ�WKLV�VWXG\�ZDV��'RHV�PXOWLORFXV�JHQHWLF�GLYHUVLW\
DQDO\VLV�VXSSRUW�DQ�DVH[XDO�VWUXFWXUH�LQ�ORFDO�SRSXODWLRQV�RI�5� VRODQL $*���RQ�SRWDWR"�,Q
JHQHUDO��WKH�SRSXODWLRQ�JHQHWLF�VWUXFWXUH�RI 5��VRODQL �7��FXFXPHULV��LV�FRQVLGHUHG�WR�EH�HLWKHU
SUHGRPLQDQWO\�UHFRPELQDQW�RU�FORQDO�ZLWK�QR�UHFRPELQDWLRQ�GHPRQVWUDWHG�WR�GDWH��&XEHWD
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DQG�9LOJDO\V�������9LOJDO\V�DQG�&XEHWD�������<DQJ�HW�DO��������0DFQLVK�HW�DO��������IRXQG
DQ�DVVRFLDWLRQ�RI�DQDVWRPRVLV�UHDFWLRQ�W\SH�ZLWK�HQ]\PH�SKHQRW\SH��DQG�DQ
RYHUUHSUHVHQWDWLRQ�RI�FHUWDLQ�SKHQRW\SHV��ZKLFK�WKH\�FRQVLGHUHG�HYLGHQFH�IRU�FORQDOLW\�
(YLGHQFH�IRU�FORQDO�UHSURGXFWLRQ�ZDV�DOVR�GHPRQVWUDWHG�IRU�5� VRODQL $*���,$�WKURXJK
ILQGLQJV�RI�UHSHDWHG�UHFRYHU\�RI�JHQRW\SHV�LQ�WKH�VDPH��DQG�GLIIHUHQW�ULFH�ILHOG��5RVHZLFK�HW
DO�������

7R�DQVZHU�WKH�TXHVWLRQ�RQ�SRSXODWLRQ�VWUXFWXUH�RI�5� VRODQL $*���IURP�SRWDWR��ZH�ORRNHG
DW�WKH�PDLQ�HIIHFWV�RI�DVH[XDO�UHSURGXFWLRQ�RQ�SDWKRJHQ�SRSXODWLRQV��7KH�ILUVW�PDMRU�HIIHFW�RI
DVH[XDO�UHSURGXFWLRQ�LV�WKH�SURGXFWLRQ�RI�IHZHU�UHFRPELQDQW�JHQRW\SHV��ZKLFK�GHFUHDVHV
JHQRW\SLF�GLYHUVLW\��,Q�WKLV�VWXG\�WKH�K\SRWKHVLV�RI�FORQDOLW\�ZDV�SDUWLDOO\�VXSSRUWHG�LQ�WKDW�DW
OHDVW�WKUHH�WR�IRXU�RI�WKH�SRSXODWLRQ�VDPSOHV�IURP�SRWDWR�VKDUHG�WKH�PRVW�FRPPRQ�PXOWLORFXV
JHQRW\SHV��05*V������DQG������7$%/(�,,���7KH�REVHUYHG�FRXQWV�IRU�WKH�05*���05*��RU
05*���ZDV�PXFK�KLJKHU�WKDQ�WKH�H[SHFWHG�FRXQWV�GHULYHG�XQGHU�WKH�K\SRWKHVLV�RI�SDQPL[LD
�6WRGGDUW�DQG�7D\ORU��������7KH�KLJKHU�IUHTXHQF\�RI�WKHVH�JHQRW\SHV�LQ�SRWDWR�VDPSOHV�PD\
UHSUHVHQW�FORQDO�GLVWULEXWLRQ�LQ�D�ODUJHU�VFDOH�DV�DOO�WKUHH�05*�ZHUH�DOVR�IRXQG�RQ�VHHG
SRWDWR�WXEHUV�LQWURGXFHG�IURP�0DLQH�LQ�1&��&HUHVLQL��������,Q�DGGLWLRQ��LI�SRSXODWLRQV�RI
5� VRODQL $*���ZHUH�FRPSOHWHO\�SDQPLFWLF��WKH�REVHUYHG�JHQRW\SLF�GLYHUVLW\�ZRXOG�EH
VLPLODU�WR�WKH�H[SHFWHG�YDOXH�XQGHU�SDQPL[LD��6WRGGDUW��������2XU�UHVXOWV�LQGLFDWHG�DQ
REVHUYHG�RYHUDOO�JHQRW\SLF�GLYHUVLW\��*R IRU�XQFRUUHFWHG�GDWD  �������FRQVLGHUDEOH�VPDOOHUWKDQ�WKH�H[SHFWHG�YDOXH�XQGHU�SDQPL[LD�� 
(*  ��������7$%/(�,,���VXSSRUWLQJ�FORQDOLW\��7KH
FORQDO�UHSURGXFWLRQ�RI�5��VRODQL $*���YLD�P\FHOLD�RU�VFOHURWLD�SURYLGHV�D�PHFKDQLVP�IRU�D
ORFDO�FROOHFWLRQ�RI�FORQHV�WR�SUHGRPLQDWH�ZLWKLQ�D�PXFK�ODUJHU�UHFRPELQLQJ�SRSXODWLRQ�RI�WKH
SDWKRJHQ�RQ�SRWDWR��+RZHYHU��WKH�ELRORJLFDO�IHDWXUHV�RI�WKHVH�DVH[XDO�VWUXFWXUHV��HVSHFLDOO\



��

WKH�PRGH�RI�GLVVHPLQDWLRQ��ZLOO�LQIOXHQFH�WKH�VFDOH�DQG�LQWHQVLW\�RI�FORQDO�VSUHDG��7D\ORU�HW
DO��������$�FORQDO�VWUXFWXUH�IRU�D�SRSXODWLRQ�RI�5��VRODQL�$*���IURP�$XVWUDOLD�FRXOG�QRW�EH
UHMHFWHG�DV�RQH�'1$�ILQJHUSULQW�SDWWHUQ�UHSUHVHQWHG�����RI�WKH�LVRODWHV�WHVWHG��%DODOL�HW�DO
������

7KH�PXOWLSOH�RFFXUUHQFH�RI�JHQRW\SHV�RI�5��VRODQL $*���UHSUHVHQWV�D�FOHDU�DFFHSWDQFH�WKDW
SRSXODWLRQV��LQ�WKHLU�ZKROH��DUH�QRW�RQO\�UDQGRPO\�PDWLQJ�EHFDXVH�RI�DVH[XDO�F\FOHV�WKDW
DPSOLI\�FORQHV��0LOJURRP��������7KH�PXOWLSOH�RFFXUUHQFH�RI�JHQRW\SHV�FDQ�EH�D
FRQIRXQGLQJ�IDFWRU�LQ�WKH�DQDO\VHV�RI�SRSXODWLRQ�VWUXFWXUH�RI�WKLV�SRWDWR�SDWKRJHQ��7KHUHIRUH�
WKH�DSSURDFK�RI�DQDO\]LQJ�WKH�SRSXODWLRQ�VWUXFWXUH�RI�5� VRODQL $*���FRQVLGHULQJ�RQO\�RQH
UHSUHVHQWDWLYH�RI�HDFK�PXOWLORFXV�JHQRW\SH�LV�DSSURSULDWH��7KLV�DSSURDFK�KDV�EHHQ
UHFRPPHQGHG�IRU�PDNLQJ�LQIHUHQFHV�DERXW�UHFRPELQDWLRQ�LQ�RWKHU�SRSXODWLRQV�RI�SODQW
SDWKRJHQV��/LX�HW�DO�������0DF'RQDOG�HW�DO�������5RVHZLFK�HW�DO�������;X�HW�DO�������

7KH�VHFRQG�PDMRU�HIIHFW�RI�IUHTXHQW�UHFRPELQDWLRQ�RQ�SRSXODWLRQ�VWUXFWXUH�LV�WKH�UDQGRP
DVVRFLDWLRQ�RI�DOOHOHV�ERWK�ZLWKLQ�DQG�EHWZHHQ�ORFL��7KH�DVVRFLDWLRQ�RI�DOOHOHV�ZLWKLQ�ORFL�ZDV
GHWHUPLQHG�WHVWLQJ�IRU�+:(�XVLQJ�DQ�H[DFW�WHVW��SUREDELOLW\�WHVW���:HLU�������DQG�D
OLNHOLKRRG�WHVW��*����7KH�WHVWV�LQFOXGLQJ�DOO�JHQRW\SHV�LQGLFDWHG�WKDW�RQO\�RQH�ORFXV��S3��
+KD�,��ZDV�QRW�LQ�+:(���,Q�DGGLWLRQ��ZKHQ�DOO�JHQRW\SHV�ZHUH�FRQVLGHUHG��OLQNDJH
GLVHTXLOLEULXP�ZDV�GHWHFWHG�IRU�HLJKW�SDLUV�RI�ORFL���+RZHYHU��IRU�FORQH�FRUUHFWHG�GDWD��ERWK
WHVWV�IRU�+:(�LQGLFDWHG�WKDW�DOO�ORFL�ZHUH�LQ�HTXLOLEULXP�DQG�QR�OLQNDJH�GLVHTXLOLEULXP�ZDV
GHWHFWHG�IRU�DQ\�SDLUV�RI�ORFL��&RPSDUDWLYHO\��DQDO\VHV�RI�WKH�SRSXODWLRQ�VWUXFWXUH�RI
5� VRODQL $*���,$�IURP�ULFH�LQGLFDWHG�WKDW�MXVW�RYHU�KDOI�RI�VHYHQ�5)/3�ORFL�ZHUH�LQ�+:
HTXLOLEULXP�DQG�RQO\�RQH�RI�DOO�SRVVLEOH�SDLUV�RI�ORFL�ZDV�LQ�OLQNDJH�GLVHTXLOLEULXP��ZKLFK
LQGLFDWHV�WKDW�UHFRPELQDWLRQ�ZDV�RFFXUULQJ��5RVHZLFK�HW�DO�������
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$W�WKH�H[WUHPHV�RI�PRGHOV�RI�SRSXODWLRQ�VWUXFWXUH��SRSXODWLRQV�PD\�EH�SDQPLFWLF�RU
VWULFWO\�FORQDO��$Q�LQWHUPHGLDWH�PRGHO�ZDV�SURSRVHG�E\�0D\QDUG�6PLWK�HW�DO��������IRU
EDFWHULDO�SDWKRJHQV��7KLV�PRGHO�PD\�DOVR�EH�DSSURSULDWH�IRU�PDQ\�IXQJDO�SODQW�SDWKRJHQV
WKDW�KDYH�DQQXDO�VH[XDO�F\FOHV�DQG�DVH[XDO�SKDVHV���7KLV�PRGHO�LV�FKDUDFWHUL]HG�E\�IUHTXHQW
UHFRPELQDWLRQ�DQG�GLVWLQJXLVKHG�E\�WKH�RFFXUUHQFH�RI�RQH�RU�D�IHZ�VXFFHVVIXO�LQGLYLGXDO
JHQRW\SHV�WKDW�UHSURGXFH�FORQDOO\�DQG�LQFUHDVH�WR�KLJK�IUHTXHQFLHV��'LIIHUHQFHV�LQ�ILWQHVV
DPRQJ�JHQRW\SHV�H[SUHVVHG�LQ�WKH�DVH[XDO�SKDVH�FRXOG�EH�UHVSRQVLEOH�IRU�FDXVLQJ�QRQUDQGRP
DVVRFLDWLRQV�RI�DOOHOHV��$OWKRXJK�XQELDVHG�HVWLPDWHV�RI�OLQNDJH�GLVHTXLOLEULXP�DUH�GLIILFXOW�IRU
WKH�5� VRODQL $*���SRWDWR�SDWKRV\VWHP�EHFDXVH�SRSXODWLRQV�RI�WKLV�SODQW�SDWKRJHQ�LQ�1&�DUH
QRW�LQ�HTXLOLEULXP��RXU�REVHUYDWLRQV�VXSSRUW�D�PRGHO�RI�SRSXODWLRQ�VWUXFWXUH�IRU�5� VRODQL
$*���RQ�SRWDWR�WKDW�LQFOXGHV�ERWK�FORQDOLW\�DQG�UHFRPELQDWLRQ�

7KLV�VWXG\�SURYLGHG�VRPH�LQLWLDO�LQIRUPDWLRQ�RQ�SRSXODWLRQ�JHQHWLFV�RI�5��VRODQL $*��
IURP�SRWDWR�LQ�1&��$OWKRXJK�WKH�VDPSOLQJ�VWUDWHJLHV�ZHUH�SUREDEO\�VXIILFLHQW��IXUWKHU�VWXGLHV
WR�HOXFLGDWH�WKH�PDJQLWXGH�RI�UHFRPELQDWLRQ�LQ�WKH�SDWKRJHQ�SRSXODWLRQ�DUH�QHHGHG��,W�LV�FOHDU
IURP�WKLV�VWXG\�ZLWK�5��VRODQL $*���DQG�IURP�RWKHU�VWXG\�ZLWK�$*���,$�IURP�ULFH��5RVHZLFK
HW�DO�������WKDW�LQFUHDVHG�VDPSOLQJ�LV�QHHGHG�WR�PD[LPL]H�JHQRW\SLF�GLYHUVLW\�DQG
FRQVHTXHQWO\�WKH�SRZHU�RI�WKH�WHVWV�DSSOLHG�IRU�LQIHUULQJ�VWUXFWXUH�

7KLV�VWXG\�DOVR�SURYLGHG�HYLGHQFH�WKDW�UHFRPELQDWLRQ�LV�RFFXUULQJ�LQ�1&�SRSXODWLRQV�RI
5� VRODQL $*���IURP�SRWDWR��(YDOXDWLRQ�RI�ZKHWKHU�WKH�VH[XDO�VWDJH�RI�5��VRODQL $*���SOD\V
DQ�VLJQLILFDQW�UROH�RQ�WKH�HSLGHPLFV�RI�5KL]RFWRQLD�GLVHDVHV�RQ�SRWDWR�LV�LPSRUWDQW��DV�HYHQ�D
PLQRU�DPRXQW�RI�UHFRPELQDWLRQ�FRXOG�KDYH�VLJQLILFDQW�HIIHFWV�RQ�WKH�SRSXODWLRQ�VWUXFWXUH�RI
WKLV�SDWKRJHQ��0LOJURRP�������



��

)RFXV�VKRXOG�DOVR�EH�JLYHQ�WR�HOXFLGDWH�WKH�UROH�RI�RWKHU�HYROXWLRQDU\�SURFHVVHV�WKDW�FRXOG
FDXVH�OLQNDJH�GLVHTXLOLEULXP�RQ�SRSXODWLRQV�RI�5� VRODQL $*����IRU�H[DPSOH�JHQH�IORZ�RU
PLJUDWLRQ��*HQH�IORZ�FDQ�FDXVH�JDPHWLF�GLVHTXLOLEULXP�E\�WKH�LPPLJUDWLRQ�RI�UHODWLYHO\�ODUJH
QXPEHUV�RI�LQGLYLGXDOV�IURP�SRSXODWLRQV�ZLWK�GLIIHUHQW�DOOHOH�IUHTXHQFLHV��0LOJURRP�������
7KH�LQIOXHQFH�RI�PLJUDWLRQ�IURP�PRUH�GLYHUVH�VH[XDOO\�UHFRPELQLQJ�SRSXODWLRQV�LV�RIWHQ
GHSHQGHQW�RQ�JHRJUDSKLFDO�EDUULHUV�DQG�WKH�SUR[LPLW\�RI�VH[XDO�DQG�DVH[XDO�SRSXODWLRQV
�7D\ORU�HW�DO��������6HYHUDO�VWXGLHV�KDYH�KLJKOLJKWHG�WKH�SRWHQWLDO�RI�IXQJL�WR�UHSURGXFH�E\
GLIIHUHQW�PRGHV�LQ�GLIIHUHQW�ORFDWLRQV�DQG�WR�H[FKDQJH�JHQHV�DPRQJ�GLVWDQW�ORFDWLRQV�E\
PLJUDWLRQ��%XUGRQ�DQG�5REHUWV��������*RRGZLQ�HW�DO������DQG�������.ROPHU�-$�������
)XWXUH�ZRUN� VKRXOG� DOVR� H[DPLQH� WKH�SRSXODWLRQV�RI�5�� VRODQL $*��� IURP�QRUWKHUQ�8QLWHG
6WDWHV� �:LVFRQVLQ� DQG�0DLQH�� DQG� HDVWHUQ� &DQDGD�� DV� WKHVH� DUHDV� DUH� UHVSRQVLEOH� IRU� WKH
SURGXFWLRQ�RI�PRVW�RI�WKH�VHHG�SRWDWRHV�LPSRUWHG�LQWR�HDVWHUQ�1RUWK�&DUROLQD��0RUH�GHWDLOHG
DQDO\VLV� RI� WKH� SRSXODWLRQ� JHQHWLFV� RI�5� VRODQL $*��� IURP� QRUWKHUQ�1RUWK�$PHULFD� FRXOG
GHWHUPLQH� WKH� FRUUHVSRQGHQFH� DQG� GLVWLQFWLRQ� EHWZHHQ� WKH� VWUXFWXUH� RI� SRSXODWLRQV� IURP
QRUWK�DQG�6RXWKHUQ�8QLWHG�6WDWHV�
$.12:/('*(0(17

:H� ZLVK� WR� WKDQN� DOO� WKRVH� ZKR� KHOSHG� DQG� HQFRXUDJHG� WKH� GHYHORSPHQW� RI� WKLV
UHVHDUFK��)RU�WKHLU�SDWLHQFH�DQG�XVH�RI�ODERUDWRU\�VSDFH��ZH�WKDQN�'U��+��&RUE\�.LVWOHU�DQG
5RGQH\� 3HWWZD\� �8QLYHUVLW\� RI�0LQQHVRWD�� 86'$�$56�� &HUHDO�'LVHDVHV� /DE�� IRUPHUO\� DW
8QLYHUVLW\�RI�)ORULGD��'HSW��3ODQW�3DWKRORJ\���'UV��6WHYHQ�/HDWK��6FRWW�:DONHU��'DZQ�)UDVHU�
/HLJK�.��+DZNLQV��DQG�0UV��/\QGD�:KLWFKHU��1&68��86'$�$56��'HSW��3ODQW�3DWKRORJ\��



��

'UV��-LP�0R\HU��-RUJH�$EDG��/L]�3DUNV�DQG�0UV��-DQ�6SHFN��1&68��'HSW��3ODQW�3DWKRORJ\��
7KDQNV� DOVR� WR� 'U�� 7LPRWK\� -DPHV�� 8QLYHUVLW\� RI� *HRUJLD�� 'HSW�� RI� %RWDQ\�� DQG� 'DQLHO
6FKQHLGHU��'XNH�8QLYHUVLW\��'HSW��%RWDQ\��IRU�WKHLU�DGYLFH�ZLWK�VHTXHQFLQJ�GDWD�FROOHFWLRQ
DQG� DQDO\VLV�� 7KDQNV� IRU� 3DPHOD� 3XU\HDU� �1&68�/LEUDU\�� IRU� ORFDWLQJ� OLWHUDWXUH�� 7KLV
UHVHDUFK�ZDV�VXSSRUWHG�LQ�SDUW�ZLWK�D�UHVHDUFK�DVVLVWDQWVKLS�IURP�&13T��&RQVHOKR�1DFLRQDO
GH�'HVHQYROYLPHQWR�&LHQWtILFR�H�7HFQROyJLFR��¤�%UDVtOLD��')��%UD]LO���������������DQG�ZLWK
D�JUDGXDWH�VWXGHQW�IHOORZVKLS�IURP�7KH�0\FRORJLFDO�6RFLHW\�RI�$PHULFD�DZDUGHG�WR�WKH�ILUVW
DXWKRU��$� OLYLQJ� RI� DEVHQFH�ZDV� DOVR� JUDQWHG� WR� WKH� ILUVW� DXWKRU� E\�81(63� �8QLYHUVLGDGH
(VWDGXDO�3DXOLVWD�¦-~OLR�GH�0HVTXLWD�)LOKR§���,OKD�6ROWHLUD��6mR�3DXOR��%UD]LO��IRU�DWWHQGLQJ
WKH� 3K'� SURJUDP� RQ� 3ODQW� 3DWKRORJ\� DW� 1&68�� 6SHFLDO� WKDQNV� WR� 'UV�� $QD� 0DULD� 5�
&DVVLRODWR�DQG�0DUOL�)��6WUDGLRWR�3DSD�IRU�DVVXPLQJ�WKH�WHDFKLQJ�UHVSRQVLELOLWLHV�RI�WKH�ILUVW
DXWKRU�DW�81(63�GXULQJ�KLV�DEVHQFH�
/,7(5$785(
$GDPV�*&�� ������*HQHWLFV� RI�5KL]RFWRQLD VSHFLHV�� ,Q�� 6QHK�%�� -DEDML�+DUH� 6+��1HDWH� 6�

'LMVW�*�� HGV�� �5KL]RFWRQLD 6SHFLHV�� WD[RQRP\��PROHFXODU� ELRORJ\�� HFRORJ\�� SDWKRORJ\
DQG�GLVHDVH�FRQWURO��'RUGUHFKW��7KH�1HWKHUODQGV��.OXZHU�$FDGHPLF�3XEOLVKHUV��S�����
����

%DODOL�*5��:KLVVRQ�'/��6FRWW�(6��1HDWH�60��������'1$�ILQJHUSULQWLQJ�SUREH�VSHFLILF�WR
LVRODWHV�RI�5KL]RFWRQLD�VRODQL $*����0\FRO��5HV� ������������



��

%XUGRQ�--��5REHUWV�-.��������7KH�SRSXODWLRQ�JHQHWLF�VWUXFWXUH�RI�WKH�UXVW�IXQJXV
0HODPSVRUD�OLQL DV�UHYHDOHG�E\�SDWKRJHQLFLW\��LVR]\PH�DQG�5)/3�PDUNHUV��3ODQW�3DWKRO�
��������������

&DUOLQJ�'���������*URXSLQJ�LQ�5KL]RFWRQLD�VRODQL E\�K\SKDO�DQDVWRPRVLV�UHDFWLRQ���,Q��6QHK
%�� � -DEDML�+DUH� 6���1HDWH� 6��'LMVW�*�� HGV�� �5KL]RFWRQLD 6SHFLHV�� WD[RQRP\��PROHFXODU
ELRORJ\�� HFRORJ\�� SDWKRORJ\� DQG� GLVHDVH� FRQWURO�� 'RUGUHFKW�� 7KH� 1HWKHUODQGV��.OXZHU
$FDGHPLF�3XEOLVKHUV��S�������

&DUOLQJ� '(�� /HLQHU� 5+�� :HVWSKDOH� 3&�� ������ 6\PSWRPV�� VLJQV�� DQG� \LHOG� UHGXFWLRQ
DVVRFLDWHG� ZLWK� UKL]RFWRQLD� GLVHDVH� RI� SRWDWR� LQGXFHG� E\� WXEHUERUQH� LQRFXOXP� RI
5KL]RFWRQLD�VRODQL $*����$P��3RWDWR�M�������������

&HUHVLQL�3&��������3RSXODWLRQ�ELRORJ\�DQG�JHQHWLFV�RI�5KL]RFWRQLD�VRODQL DQDVWRPRVLV�JURXS
���$*�����'HSW��3ODQW�3DWKRO���1RUWK�&DUROLQD�6WDWH�8QLYHUVLW\��3K'�'LVVHUWDWLRQ����SS�

&HUHVLQL�3&��6KHZ�+'��9LOJDO\V�5��&XEHWD�0$��������6RPDWLF�FRPSDWLELOLW\�DQG�$)/3
DQDO\VHV�LQGLFDWH�GLIIHUHQFHV�LQ�SRSXODWLRQ�VWUXFWXUH�RI�5KL]RFWRQLD�VRODQL $*��
DVVRFLDWHG�ZLWK�SRWDWR�DQG�WREDFFR�LQ�1RUWK�&DUROLQD��7KLUG�,QWHUQDWLRQDO�6\PSRVLXP�RQ
5KL]RFWRQLD��7DLFKXQJ��7DLZDQ��1DWLRQDO�&KXQJ�+VLQJ�8QLYHUVLW\���$EVWUDFW�

&XEHWD� 0$�� 9LOJDO\V� 5� ������ 3RSXODWLRQ� ELRORJ\� RI� WKH� 5KL]RFWRQLD� VRODQL FRPSOH[�
3K\WRSDWKRORJ\�������������

([FRIILHU�/��6PRXVH�3��4XDWWUR�-��������$QDO\VLV�RI�PROHFXODU�YDULDQFH�LQIHUUHG�IURP�PHWULF
GLVWDQFHV�DPRQJ�'1$�KDSORW\SHV��$SSOLFDWLRQ�WR�KXPDQ�PLWRFKRQGULDO�UHVWULFWLRQ�GDWD�
*HQHWLFV�������������



��

)OHQWMH� 17�� 6WUHWWRQ� +0�� 0F.HQ]LH� $5� ������ � 0HFKDQLVPV� RI� YDULDWLRQ� LQ� 5KL]RFWRQLD
VRODQL�� ,Q� 3DUPHWHU� -5� -U��� HG��5KL]RFWRQLD� VRODQL� ELRORJ\� DQG� SDWKRORJ\� � %HUNHOH\�
8QLYHUVLW\�RI�&DOLIRUQLD�3UHVV��S�������

*RRGZLQ�6%��6PDUW�&'��6DQGURN�5:��'HDKO�./�HW�DO��������*HQHWLF�FKDQJH�ZLWKLQ
SRSXODWLRQV�RI�3K\WRSKWKRUD�LQIHVWDQV LQ�WKH�8QLWHG�6WDWHV�DQG�&DQDGD�GXULQJ������WR
������UROH�RI�PLJUDWLRQ�DQG�UHFRPELQDWLRQ��3K\WRSDWKRORJ\������������

*RRGZLQ�6%��6XMNRZVNL�/6��'\HU�$7��)U\�%$��)U\�:(��������'LUHFW�GHWHFWLRQ�RI�JHQH�IORZ
DQG�SUREDEOH�VH[XDO�UHSURGXFWLRQ�RI�3K\WRSKWKRUD�LQIHVWDQV LQ�QRUWKHUQ�1RUWK�$PHULFD�
3K\WRSDWKRORJ\������������

*XR�6:��7KRPSVRQ�($��������3HUIRUPLQJ�WKH�H[DFW�WHVW�RI�+DUG\�:HLQEHUJ�SURSRUWLRQV�IRU
PXOWLSOH�DOOHOHV��%LRPHWULFV������������

*XWLHUUH]� :$�� 6KHZ� +'�� 0HOWRQ� 7$�� ������ 6RXUFHV� RI� LQRFXOXP� DQG� PDQDJHPHQW� IRU
5KL]RFWRQLD� VRODQL� GDPSLQJ�RII� RQ� WREDFFR� WUDQVSODQWV� XQGHU� JUHHQKRXVH� FRQGLWLRQV�
3ODQW�'LVHDVH�����������

+DUWO�'/��&ODUN�$*�� ������ � 3ULQFLSOHV� RI� 3RSXODWLRQ�*HQHWLFV�� �UG�� HG�� � 6XQGHUODQG��0$�
6LQDXHU������S�

+HUU�/-��5REHUWV�'/��������&KDUDFWHUL]DWLRQ�RI�5KL]RFWRQLD�VRODQL SRSXODWLRQV�REWDLQHG�IURP
VXJDUEHHW�ILHOGV�ZLWK�GLIIHULQJ�VRLO�WH[WXUHV���3K\WRSDWKRORJ\�������������

.DUO�6$��$YLVH��-&��������3&5�EDVHG�DVVD\V�RI�0HQGHOLDQ�SRO\PRUSKLVPV�IURP�DQRQ\PRXV
VLQJOH�FRS\�QXFOHDU�'1$�WHFKQLTXHV�DQG�DSSOLFDWLRQV�IRU�SRSXODWLRQ�JHQHWLFV�0ROHFXODU
%LRORJ\�DQG�(YROXWLRQ�������������



��

.ROPHU�-$��������9LUXOHQFH�G\QDPLFV�DQG�JHQHWLFV�RI�FHUHDO�UXVW�SRSXODWLRQV�LQ�1RUWK
$PHULFD��,Q�&UXWH�,5��+ROXE�(%��%XUGRQ�--��HG��7KH�*HQH�IRU�*HQH�UHODWLRQVKLS�LQ
3ODQW�3DUDVLWH�,QWHUDFWLRQV��:DOOLQJIRUG��8.��&$%�,QW��S���������

.XOLN�00��'HU\�3'��������8VH�RI�'$3,�IRU�DQDVWRPRVLV�JURXSLQJ�W\SLQJ�RI�VWUDLQV�RI� WKH
IXQJXV�5KL]RFWRQLD�VRODQL��%LRWHFK��	�+LVWRFKHP�����������

.XQLQDJD�6��1DWVXDNL�7��7DNHXFKL�7��<RVRNDZD�5���������6HTXHQFH�YDULDWLRQ�RI�WKH�U'1$
,76� UHJLRQV� ZLWKLQ� DQG� EHWZHHQ� DQDVWRPRVLV� JURXSV� LQ� 5KL]RFWRQLD� VRODQL�� &XUUHQW
*HQHWLFV������������

/DURFKH�-3��-DEDJL�+DUH�6+��&KDUHVW�30��������'LIIHUHQWLDWLRQ�RI� WZR�DQDVWRPRVLV�JURXSV
RI�5KL]RFWRQLD�VRODQL E\�LVR]\PH�DQDO\VLV���3K\WRSDWKRORJ\��������������

/HYHQH�+��������2Q�D�PDWFKLQJ�SUREOHP�DULVLQJ�LQ�*HQHWLFV��$QQ��0DWK��6WDW�����������
/HZLV�32��=D\NLQ�'��������*HQHWLF�'DWD�$QDO\VLV��&RPSXWHU� SURJUDP� IRU� WKH� DQDO\VLV� RI

DOOHOLF�GDWD��9HUVLRQ������G������)UHH�SURJUDP�GLVWULEXWHG�E\�WKH�DXWKRUV�RYHU�WKH�LQWHUQHW
IURP�WKH�*'$�+RPH�3DJH�DW�KWWS���DOOH\Q�HHE�XFRQQ�HGX�JGD

/LX� <�&�� &RUWHVL� 3�� 'RXEOH� 0/�� 0DF'RQDOG� :/�� 0LOJURRP� 0*�� ������ 'LYHUVLW\� DQG
PXOWLORFXV�JHQHWLF�VWUXFWXUH�LQ�SRSXODWLRQV�RI�&U\SKRQHFWULD�SDUDVLWLFD��3K\WRSDWKRORJ\
�������������

/LX� =/��'RPLHU� //��6LQFODLU� -%������� ,6*�VSHFLILF� ULERVRPDO�'1$� SRO\PRUSKLVP� RI� WKH
5KL]RFWRQLD�VRODQL�VSHFLHV�FRPSOH[��0\FRORJLD�������������

/LX� =/�� 6LQFODLU� -%�� � ������ *HQHWLF� GLYHUVLW\� RI�5KL]RFWRQLD� VRODQL DQDVWRPRVLV� JURXS� ��
3K\WRSDWKRORJ\�������������

0DF'RQDOG�%$��0LOHV�-��1HOVRQ�/5��3HWWZD\�5(��������*HQHWLF�YDULDELOLW\�LQ�QXFOHDU�'1$
LQ�ILHOG�SRSXODWLRQV�RI�6WDJRQRVSRUD�QRGRUXP��3K\WRSDWKRORJ\������������



��

0DUWLQ�%���������5DSLG�WHQWDWLYH�LGHQWLILFDWLRQ�RI�5KL]RFWRQLD VSS��DVVRFLDWHG�ZLWK�GLVHDVHG
WXUIJUDVVHV��3ODQW�'LVHDVH�����������

0D\QDUG�6PLWK�-��6PLWK�1+��2
5RXUNH�0��6SUDWW�%*��������+RZ�FORQDO�DUH�EDFWHULD"�3URF�
1DWO��$FDG��6FL��86$��������������

0LOJURRP� 0*�� ������ 5HFRPELQDWLRQ� DQG� WKH� PXOWLORFXV� VWUXFWXUH� RI� IXQJDO� SRSXODWLRQV�
$QQX��5HY��3K\WRSDWKRO�������������

0LOOHU�03��������7RROV� IRU�3RSXODWLRQ�*HQHWLF�$QDO\VHV� �7)3*$���$�:LQGRZV� SURJUDP
IRU� DQDO\VLV� RI� DOOR]\PH� DQG� PROHFXODU� SRSXODWLRQ� JHQHWLF� GDWD�� 9HUVLRQ� ����� � )UHH
SURJUDP� GLVWULEXWHG� E\� WKH� DXWKRU� RYHU� WKH� ,QWHUQHW� IURP� WKH� ZHEVLWH
KWWS���KHUE�ELR�QDX�HGX�aPLOOHU

1HL� 0�� ������ (VWLPDWLRQ� RI� DYHUDJH� KHWHUR]\JRVLW\� DQG� JHQHWLF� GLVWDQFH� IURP� D� VPDOOHU
QXPEHU�RI�LQGLYLGXDOV��*HQHWLFV������������

1HL�0�������0ROHFXODU�(YROXWLRQDU\�*HQHWLFV��1HZ�<RUN��1<��&ROXPELD�8QLYHUVLW\�3UHVV�
���S�

2JRVKL� $������� (FRORJ\� DQG� SDWKRJHQLFLW\� RI� DQDVWRPRVLV� DQG� LQWUDVSHFLILF� JURXSV� RI
5KL]RFWRQLD�VRODQL .�KQ��$QQ��5HY��3K\WRSDWKRO��������������

5RVHZLFK� 8/�� 3HWWZD\� 5(�� 0F'RQDOG� %$�� 'XQFDQ� 55�� )UHGHULFNVHQ� 5$������� *HQHWLF
VWUXFWXUH� DQG� WHPSRUDO� G\QDPLFV� RI� D� &ROOHWRWULFKXP� JUDPLQLFROD SRSXODWLRQ� LQ� D
VRUJKXP�GLVHDVH�QXUVHU\��3K\WRSDWKRORJ\�������������

5RVHZLFK�8/��3HWWZD\�5(��0F'RQDOG�%$��.LVWOHU�+&���������+LJK�OHYHOV�RI�JHQH�IORZ�DQG
KHWHUR]\JRWH� H[FHVV� FKDUDFWHUL]H� 5KL]RFWRQLD� VRODQL $*��� ,$� �7KDQDWHSKRUXV
FXFXPHULV��IURP�7H[DV��)XQJDO�*HQHW��%LRO�������������



��

6FKQHLGHU�6���5RHVOOL�'��([FRIILHU�/���������$5/(48,1��$�VRIWZDUH�IRU�SRSXODWLRQ�JHQHWLFV
GDWD� DQDO\VLV�� 9HUVLRQ� ������� 6ZLW]HUODQG�� 8QLYHUVLW\� RI� *HQHYD�� )UHH� SURJUDP
GLVWULEXWHG� E\� WKH� DXWKRUV� RYHU� WKH� ,QWHUQHW� IURP� WKH� ZHEVLWH
KWWS���DQWKUR�XQLJH�FK�DUOHTXLQ

6KHZ�+'��0HOWRQ��7$���������7DUJHW�VSRW�RI�WREDFFR� 3ODQW�'LVHDVH����������
6ODWNLQ��������/LQNDJH�GLVHTXLOLEULXP�LQ�JURZLQJ�DQG�VWDEOH�SRSXODWLRQV��*HQHWLFV���������

���
6ODWNLQ�0��([FRIILHU�/��������7HVWLQJ�IRU�OLQNDJH�GLVHTXLOLEULXP��LQ�JHQRW\SLF�GDWD�XVLQJ�(0

DOJRULWKP��+HUHGLW\������������
6WHYHQV�-RKQN�-��-RQHV�5.���6KHZ�+'��&DUOLQJ�'(���������&KDUDFWHUL]DWLRQ�RI�SRSXODWLRQV�RI

5KL]RFWRQLD�VRODQL $*���IURP�SRWDWR�DQG�WREDFFR��3K\WRSDWKRORJ\�������������
6WRGGDUW�-$�������$�JHQRW\SLF�GLYHUVLW\�PHDVXUH��-��+HUHG�������������
6WRGGDUW� -$�� 7D\ORU� -)�� ������ � *HQRW\SLF� GLYHUVLW\�� HVWLPDWLRQ� DQG� SUHGLFWLRQ� LQ� VDPSOHV�

*HQHWLFV��������������
6ZRIIRUG� '/� � ������ �3$83�G���� 3K\ORJHQHWLF� $QDO\VLV� 8VLQJ� 3DUVLPRQ\ >WHVW� YHUVLRQ@�

6PLWKVRQLDQ�,QVWLWXWH�RI�1DWXUDO�+LVWRU\��:DVKLQJWRQ��'&�
7D\ORU� -:��-DFREVRQ�'-�� )LVKHU�0&��������7KH� HYROXWLRQ�RI� DVH[XDO� IXQJL��5HSURGXFWLRQ�

VSHFLDWLRQ�DQG�FODVVLILFDWLRQ��$QQX��5HY��3K\WRSDWKRO�������������
9LOJDO\V�5��*RQ]DOHV�'���������5LERVRPDO�'1$�UHVWULFWLRQ�IUDJPHQW�OHQJWK�SRO\PRUSKLVPV

LQ�5KL]RFWRQLD�VRODQL�� 3K\WRSDWKRORJ\�������������
:HLU� %6�� &RFNHUPDQ� &&�� ������ (VWLPDWLQJ� )�VWDWLVWLFV� IRU� WKH� DQDO\VLV� RI� SRSXODWLRQ

VWUXFWXUH��(YROXWLRQ��������������
:HLU�%6��������*HQHWLF�'DWD�$QDO\VLV���QG� HG��6XQGHUODQG��0$��6LQDXHU�����S�



��

;X�-��0LWFKHO�7��9LOJDO\V�5��������3&5�UHVWULFWLRQ� IUDJPHQW� OHQJWK�SRO\PRUSKLVP��5)/3�
DQDO\VHV� UHYHDO� ERWK� H[WHQVLYH� FORQDOLW\� DQG� ORFDO� JHQHWLF� GLIIHUHQFHV� LQ� &DQGLGD
DOELFDQV��0RO��(FRO����������

<HK�)&��<DQJ�5�&��%R\OH�7%-��<H�=+��0DR�-;� ������323*(1(��0LFURVRIW�:LQGRZV��
EDVHG� IUHHZDUH� IRU� SRSXODWLRQ� JHQHWLF� DQDO\VLV�� 9HUVLRQ� ������ &DQDGD�� 8QLYHUVLW\� RI
$OEHUWD�DQG�&HQWUH�IRU�,QWHUQDWLRQDO�)RUHVWU\�5HVHDUFK��)UHH�SURJUDP�GLVWULEXWHG�E\�WKH
DXWKRUV�RYHU�WKH�,QWHUQHW�IURP�WKH�ZHEVLWH�DW�KWWS���ZZZ�XDOEHUWD�FD�aI\HK�I\HK

=D\NLQ� '�� =KLYRWRYVN\� /��:HLU� %6�� ������ ([DFW� WHVWV� IRU� DVVRFLDWLRQ� EHWZHHQ� DOOHOHV� DW
DUELWUDU\�QXPEHUV�RI�ORFL��*HQHWLFD������������
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7$%/(�,�� �3RO\PRUSKLF�3&5�5)/3�PDUNHUV�IRU�3&5�5)/3�DQDO\VLV�RI�5KL]RFWRQLD�VRODQL
$*���JHQRW\SHV�IURP�SRWDWR�
3&5�5)/3ORFXV 3ULPHUFRGH 3ULPHU�VHTXHQFH���
����
� /HQJWK )UDJPHQWVL]H�D (Q]\PH 5HVWULFWLRQVLWH DS3�� )�� 7*7&$*7&*$*77$7&&*&*$ �� ��� +KD�, ���5�� *$7&$$*7*7$7*&*&$7*&* �� ���
33�� )�� *77777*7$*7*&$&*****7 �� ���� +LQG�,,, ����5�� $77&$$&*7&7*7&**7$&** �� ����
33�� )�� 77*77&$7&*7&&7&*$*7&7& �� ��� +LQG�,,, ���5�� $7&***7$$$77*&7$&*&*$ ��
33�� )�� $77$*&&&7*$&7***7&7&* �� ���� +LQG�,,, ����5�� $&*$7$77*&&7$*7*&*$&& ��
33�� )�� 77&$7$&&&$*$7&*$*&*$& �� ���� (FR�59 ����5�� *&$7$777$$777$*$&$***$&*& �� ����
33�� )�� 77*7*$$&&77$&$$*7$&&&*$ �� ���� +LQG�,,, ����5�� $$*7$77$77&7&7*&**77&*& �� ���
S3�� )�� 777*$**$$*$$&*&*7$&*& �� ���� 5VD�, ���5�� 7*7&$77*$$$$7$&**&&*$ �� ���
D 3&5�IUDJPHQW�VL]HV�DQG�UHVWULFWLRQ�SRO\PRUSKLF�VLWHV��EDVH�SDLUV��DUH�DOO�DSSUR[LPDWH�EDVHGRQ�SK\VLFDO�PDSSLQJ�RI�WKH�IUDJPHQW�



��



��

7$%/(�,,���)UHTXHQFLHV�RI�PXOWLORFXV�3&5�5)/3�JHQRW\SHV��05*��RI�5KL]RFWRQLD�VRODQL
$*���IURP�SRWDWR�ILHOGV�LQ�1RUWK�&DUROLQD�DQG�HVWLPDWHV�RI�RYHUDOO�REVHUYHG�DQG�H[SHFWHG
JHQRW\SLF�GLYHUVLW\�
05*�D *HQRW\SH�E���F �S3����S3����S3����S3����S3����S3����S3��� :DVK

LQJWRQ
�G

7\UUH
OO

&XUULW
XFN +\GH &DPG
HQ 2EVHUYHG�&RXQW� ([SHFWHG�FRXQW�H

� ��������������������������� � � � � ����� ��������������������������� � � �� ������ ��������������������������� � � � �� ����� ����������������������� ��� � � ����� ����������������������� ��� � � � ����� ����������������������� ��� � � ����� ����������������������� ��� � � ������ ������������������� ��� ��� � � ������ ��������������� ����������� � � ������ ��������������� ����������� � � ������ ����������� ��������������� � � ������ ������� ������������������� � � ������ ������� ������������������� � � ������ ������� ����������� ������� � � ������ ������� ������� ����������� � � ������ ������� ������� ��� ������� � � ������ ������� ������������������� � � ������ ������� ������������������� � � ������ ������� ������� ����������� � � ������ ��� ����������������������� � � � � � ������ ��� ������������������� ��� � � � � ������ ��� ������������������� ��� � � ������ ��� ������������������� ��� � � � ������ ��� ����������� ������� ��� � � ������ ��� ����������� ������� ��� � � ������ ��� ����������� ������� ��� � � ������ ��� ��� ������������������� � � ������ ��� ��� ������� ����������� � � ������ ��� ������������������� ��� � � ������ ��� ��� ��������������� ��� � � ������ ��� ��� ������� ������� ��� � � �������� ��� ��� ������� ��� ������� � � ������6DPSOH�VL]H��1� �� �� � �� �� ���2EVHUYHG�JHQRW\SLF�GLYHUVWL\ �*2� I �����([SHFWHG�JHQRW\SLF�GLYHUVLW\ �*(� J �����



��

D 0XOWLORFXV�3&5�5)/3�JHQRW\SH���05*�FRGHV�DUH�QRW�LQ�VHTXHQFH��)LIW\�DGGLWLRQDO�05*ZHUH�LGHQWLILHG�IURP�SRWDWR�WXEHU�VDPSOHV��&HUHVLQL�������E &RGH�DQG�RUGHU�RI�3&5�PDUNHU�XVHG�WR�GHILQH�DOOHOHV�DW�5)/3�ORFL�F 6L[�RWKHU�05*�ZHUH�LGHQWLILHG�RQ�WKHVH�LQIHFWHG�VHHG�SRWDWRHV��RQH�05*���������������������������������WZR�0*5����������������������������������RQH�05*���������������������������������RQH�05*����������������������������������RQH�05*���������������������������������DQG�WZR�05*����������������������������������$IWHU�GLVLQIHVWDWLRQV�ZLWK���IRUPDOGHK\GH��LVRODWHV�RI�5��VRODQL $*���ZHUH�QRW�UHFRYHUHG�����G &RXQWLHV�IURP�ZKHUH�WKH�LVRODWHV�ZHUH�VDPSOHG�LQ�1RUWK�&DUROLQD�H�([SHFWHG�FRXQW�RI�WKH�PXOWLORFXV�JHQRW\SHV�FDOFXODWHG�XVLQJ�+DUG\�:HLQEHUJ�H[SHFWDWLRQV�I *R  ����6 SL����ZKHUH�SL LV�WKH�IUHTXHQF\�RI�D�SDUWLFXODU�PXOWLORFXV�JHQRW\SH��ZLWK�*RUDQJLQJ�IURP���WR�1��ZKHUH�1�LV�WKH�VDPSOH�VL]H�J
1SG*( � �
 � ZKHUH�G  �¦JL� IRU�DOO�JHQRW\SHV�ZKHQ ��
� t1JL DQG�S  �¦JL IRU�DOO�WKH

JHQRW\SHV�ZKHQ ��
� �1JL ��JL�LV�WKH�H[SHFWHG�IUHTXHQFLHV�RI�WKH�PXOWLORFXV�JHQRW\SHVFDOFXODWHG�XVLQJ�+DUG\�:HLQEHUJ�H[SHFWDWLRQV�



��

7$%/( ,,,���*HQRW\SLF�GLYHUVLW\�RI�ILYH�SRSXODWLRQ�VDPSOHV�RI�5KL]RFWRQLD�VRODQL $*��
IURP�SRWDWRHV�LQ�1RUWK�&DUROLQD�

6RXUFH�RILVRODWHV 6DPSOHVL]H 7RWDOQXPEHU�RIJHQRW\SHV
1XPEHU�RIJHQRW\SHV�RQO\LQ�WKLV�VDPSOH�QXPEHU�RILVRODWHVUHSUHVHQWHG�E\WKHVHJHQRW\SHV�

6WRGGDUW©VJHQRW\SLFGLYHUVLW\�*R��D
6DPSOH�VL]HFRUUHFWHGJHQRW\SLFGLYHUVLW\�*F��E

:DVKLQJWRQ �� � ����� ������ ������
7\UUHOO �� � ����� ������ ������
&XUULWXFN � � ����� ������ ������
+\GH �� �� ������� ������ ������

&DPGHQ �� �� ������ ������ ������
2YHUDOO 0HDQ ������ ������

6WDQGDUGGHYLDWLRQ ������ ������
D *R  ����6 SL����ZKHUH�SL LV�WKH�IUHTXHQF\�RI�D�SDUWLFXODU�PXOWLORFXV�JHQRW\SH��ZLWK�*R
UDQJLQJ�IURP���WR�1��ZKHUH�1�LV�WKH�VDPSOH�VL]H�

E *F  �*R ��1
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7$%/(�,9���3DWWHUQV�RI�KHWHUR]\JRVLW\�LQ�GLIIHUHQW�VDPSOHV�RI�5KL]RFWRQLD�VRODQL $*���IURP
SRWDWR�LQ�1RUWK�&DUROLQD�

D ([SHFWHG�KHWHUR]\JRVLW\��XQELDVHG��ZDV�FRPSXWHG�DFFRUGLQJ�WR�/HYHQH��������XVLQJ7)3*$�YHUVLRQ������0LOOHU�������E�$QDO\VLV�SHUIRUPHG�RQ�WRWDO�GDWD�WKDW�LQFOXGHG�DOO�����JHQRW\SHV�F &ORQH�FRUUHFWHG�GDWD�FRPSULVLQJ����PXOWLORFXV�3&5�5)/3�JHQRW\SHVG�+:(�WHVW�ZDV�SHUIRUPHG�DFFRUGLQJ�WR�DQ�H[DFW�WHVW�DQDORJRXV�WR�)LVKHU©V�H[DFW�WHVW�RQ�DWZR�E\�WZR�FRQWLQJHQF\�WDEOH��EXW�H[WHQGHG�WR�D�WULDQJXODU�FRQWLQJHQF\�RU�DUELWUDU\�VL]H�*XR�DQG�7KRPSVRQ��������FDOFXODWHG�XVLQJ�$5/(48,1��������FKDLQ�OHQJWK����������GHPHPRUL]DWLRQ���������6FKQHLGHU�HW�DO�������

0HDQ�KHWHUR]\JRVLW\3RSXODWLRQ 6DPSOH�W\SH ([SHFWHG�D 2EVHUYHG 1R���RI�ORFL�LQ�+:( G 1R���RI�ORFL�ZLWK�H[FHVV�KRPR]\JRWHV 1R���RI�ORFL�ZLWK�H[FHVV�KHWHUR]\JRWHV
:DVKLQJWRQ $OO�JHQRW\SHV�E ������ ������ � � �&ORQH�FRUUHFWHG�F ������ ������ � � �
7\UUHOO $OO�JHQRW\SHV ������ ������ � � �&ORQH�FRUUHFWHG ������ ������ � � �
&XUULWXFN $OO�JHQRW\SHV ������ ������ � ���S3���DQG�S3��� �&ORQH�FRUUHFWHG ������ ������ � � �
+\GH $OO�JHQRW\SHV ������ ������ � ���S3��� �&ORQH�FRUUHFWHG ������ ������ � � �
&DPGHQ $OO�JHQRW\SHV ������ ������ � � ���S3���&ORQH�FRUUHFWHG ������ ������ � � �
7RWDO�VDPSOH $OO�JHQRW\SHV ������ ������ ��&ORQH�FRUUHFWHG ������ ������ �



��

7$%/(�9���3RSXODWLRQ�GLIIHUHQWLDWLRQ�DQG�JHQH�IORZ�RI�5KL]RFWRQLD�VRODQL $*���IURP�SRWDWRILHOGV�LQ�1RUWK�&DUROLQD�
6DPSOH�7\SH$OO�JHQRW\SHV�D &ORQH�FRUUHFWHG�E3&5�5)/3ORFXV 1X�F WKHWD�3�):&�67�� G 1F�F WKHWD�3�):&�67��

S3�����+KD , ��� ������ �� �������
S3�����+LQG ,,, ��� ������ �� ������
S3�����+LQG ,,, ��� ������� �� �������
S3�����+LQG ,,, ��� ������ �� �������
S3�����(FR 59 ��� ������ �� ������
S3�����+LQG ,,, ��� ������� �� �������
S3�����5VD , ��� ������ �� �������
2YHUDOO ������ �������
%RRWVWUDSSLQJ 8SSHUYDOXH ������ ������
RYHU�ORFL /RZHUYDOXH ������ �������
D�$QDO\VLV�SHUIRUPHG�RQ�WRWDO�GDWD�WKDW�LQFOXGHG�DOO�����JHQRW\SHV�
E &ORQH�FRUUHFWHG�GDWD�FRPSULVLQJ�RQH�LVRODWH�SHU�PXOWLORFXV�3&5�5)/3�JHQRW\SH�
SRSXODWLRQ�ZDV�UHWDLQHG�

F 1� �VDPSOH�VL]H�RI�DOOHOHV�IRU�XQFRUUHFWHG��1X��DQG�FORQH��FRUUHFWHG�GDWD��1F�
G )�VWDWLVWLFV�ZHUH�HVWLPDWHG�DV�LQ�:HLU�DQG�&RFNHUPDQ��������XVLQJ�*'$�YHUVLRQ������G���
�/HZLV�DQG�=D\NLQ�������



��

7$%/(�9,���3RSXODWLRQ�SDLUZLVH�)67 D��RI�5KL]RFWRQLD VRODQL $*���LVRODWHV�FROOHFWHG��IURP
ILYH�FRPPHUFLDO�SRWDWR�ILHOGV�LQ�1RUWK�&DUROLQD��IRU�FORQH�FRUUHFWHG�GDWD��DERYH�GLDJRQDO�
DQG�WRWDO�GDWD��EHORZ�GLDJRQDO��

D 3RSXODWLRQ�SDLUZLVH�)67 ZDV�FDOFXODWHG�XVLQJ�$5/(48,1�YHU��������6FKQHLGHU�HW�DO
��������$VWHULVNV�LQGLFDWH�VLJQLILFDQFH�RI�3�YDOXHV�DW�3���������
���3���������

��DQG�3��
�������


��OHDGLQJ�WR�YDOXHV�RI�)67 ODUJHU�WKDQ�RU�HTXDO�WR�WKH�REVHUYHG�YDOXH�ZKHQ
SHUPXWLQJ�PXOWLORFXV�5)/3�JHQRW\SHV�EHWZHHQ�SRSXODWLRQV�������SHUPXWDWLRQV�ZHUH
SHUIRUPHG��

&RXQW\ :DVKLQJWRQ 7\UUHOO &XUULWXFN +\GH &DPGHQ:DVKLQJWRQ � ������� ������� ������� �������
7\UUHOO ������ 

 � ������� ������ ������
&XUULWXFN ������ 


 ������ 
 � ������ ������
+\GH ������ ������ 


 ������ 


 � ������
&DPGHQ ������ ������ 
 ������ 


 ������ �



��

�D� �E�
1HL©V�XQELDVHG�JHQHWLF�GLVWDQFH��'�

),*������83*0$�SKHQRJUDP�GHVFULELQJ�JHQHWLF�VLPLODULW\�DPRQJ�ILYH�SRSXODWLRQV�RI
5KL]RFWRQLD�VRODQL $*���IURP�1RUWK�&DUROLQD���7KH�GLVWDQFH�PHDVXUH�LV�EDVHG�RQ�1HL©V
JHQHWLF�GLVWDQFH��'����7KHVH�WZR�SKHQRJUDPV�DUH�EDVHG�RQ�WZR�GLIIHUHQW�VDPSOH�W\SHV���D��WKH
FORQH�FRUUHFWHG�VDPSOHV���E��WKH�WRWDO�VDPSOH�

0.0001

Washington

Tyrrell

Currituck

Camdem

Hyde
0.01

Washington

Hyde

Candem

Tyrrell

Currituck
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7$%/(�9,,���7HVW�IRU�+DUG\�:HLQEHUJ�(TXLOLEULXP�IRU�PXOWLORFXV�3&5�5)/3�JHQRW\SHV�RI
5KL]RFWRQLD�VRODQL $*���

D�/RJ�OLNHOLKRRG�VWDWLVWLF��*���FDOFXODWHG�XVLQJ�323*(1(��<HK�HW�DO������
E�$QDO\VLV�SHUIRUPHG�RQ�WRWDO�GDWD�WKDW�LQFOXGHG�DOO�����JHQRW\SHV�
F &ORQH�FRUUHFWHG�GDWD�FRPSULVLQJ����PXOWLORFXV�3&5�5)/3�JHQRW\SHV
G 3UREDELOLW\�RI�*�
H�([DFW�WHVW�DQDORJRXV�WR�)LVKHU©V�H[DFW�WHVW�RQ�D�WZR�E\�WZR�FRQWLQJHQF\�WDEOH��EXW�H[WHQGHG
WR�D�WULDQJXODU�FRQWLQJHQF\�RU�DUELWUDU\�VL]H��*XR�DQG�7KRPSVRQ��������FDOFXODWHG�XVLQJ
$5/(48,1��������FKDLQ�OHQJWK�����������GHPHPRUL]DWLRQ���������6FKQHLGHU�HW�DO�������

I�$VWHULVN�GHQRWHV�VLJQLILFDQW�3�YDOXH�DW�3���������
���LQGLFDWLQJ�VLJQLILFDQW�GHYLDWLRQ�IURP
+DUG\�:HLQEHUJ�HTXLOLEULXP�

3&5�5)/3�ORFXV 6DPSOH�W\SH *��D 3�G 3URE�H
S3���� +KD , $OO�JHQRW\SHV�E ������ ������
�I ������&ORQH�FRUUHFWHG�F ������ ������ ������
S3���� +LQG ,,, $OO�JHQRW\SHV�� ������ ������ ������&ORQH�FRUUHFWHG�� ������ ������ ������
S3���� +LQG ,,, $OO�JHQRW\SHV�� ������ ������ ������&ORQH�FRUUHFWHG�� ������ ������ ������
S3���� +LQG ,,, $OO�JHQRW\SHV�� ������ ������ ������&ORQH�FRUUHFWHG�� ������ ������ ������
S3���� (FR 59 $OO�JHQRW\SHV�� ������ ������ ������&ORQH�FRUUHFWHG�� ������ ������ ������
S3���� +LQG ,,, $OO�JHQRW\SHV�� ������ ������ ������&ORQH�FRUUHFWHG�� ������ ������ ������
S3���� 5VD , $OO�JHQRW\SHV�� ������ ������ ������&ORQH�FRUUHFWHG�� ������ ������ ������
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7$%/(�9,,,���([DFW�WHVWV�IRU�OLQNDJH�GLVHTXLOLEULXP D DPRQJ�SDLUV�RI�LQGLYLGXDO�3&5�5)/3
ORFL�EDVHG�RQ����PXOWLORFXV�JHQRW\SHV�RI�WKH�WRWDO�SRSXODWLRQ�RI�5KL]RFWRQLD�VRODQL $*��D�

D /LQNDJH�GLVHTXLOLEULXP�EHWZHHQ�SDLUV�RI�ORFL�ZDV�DVVHVVHG�XVLQJ�D�H[DFW�WHVW�DQDORJRXV�WR
)LVKHU©V�H[DFW�WHVW��6ODWNLQ�������6ODWNLQ�DQG�([FRIILHU���������7KH�FDOFXODWLRQV�ZHUH
SHUIRUPHG�XVLQJ�$5/(48,1���������QXPEHU�RI�SHUPXWDWLRQV�����������QXPEHU�RI�LQLWLDO
FRQGLWLRQV�IRU�(�0� �����6FKQHLGHU�HW�DO�������

E 3�YDOXHV�IRU�WKH�H[DFW�WHVW�RI�DVVRFLDWLRQ�EHWZHHQ�DOOHOHV�FRQGLWLRQDO�LQ�DOOHOLF�FRXQWV�
1XPEHUV�DERYH�WKH�GLDJRQDO�DUH�SUREDELOLWLHV�RI�DVVRFLDWLRQ�DQDO\]HG�IURP�WKH�FORQH
FRUUHFWHG�VDPSOH�FRQVLVWLQJ�RI����XQLTXH�PXOWLORFXV�3&5�5)/3�JHQRW\SHV���1XPEHUV
EHORZ�WKH�GLDJRQDO�DUH�SUREDELOLWLHV�RI�DVVRFLDWLRQ�DQDO\]HG��IURP�WKH�WRWDO�VDPSOH
FRQVLVWLQJ�RI�DOO�����LVRODWHV���7KH�V\PERO�r�LQGLFDWHV�WKH�UHVSHFWLYH�VWDQGDUG�GHYLDWLRQV�

3&5�5)/3�
ORFXV

33���+KD�, S3���+LQG ,,, S3���+LQG ,,, S3���+LQG ,,, S3���(FR 59 S3���+LQG ,,, S3���5VD�,
S3���+KD ,������ E �������r������� ��r�� �������r������� �������r������� �������r������� �������r�������
S3���+LQG ,,,�� �������r������� �������r������� �������r������� �������r�� �������r������� �������r�������
S3���+LQG ,,,�� �������r�������� �������r������� ��r�� ��r�� ���r��� �������r�������
S3���+LQG ,,,�� ������ r������� �������������� r�������� �������r������� �������r������� �������r������� �������r�������
S3���(FR 59��� �������r������� �������r�������� �������r������� �������r�������� �������r������� �������r�������
S3���+LQG�,,,�� ������ r�������� �������r������� �������r������� ������ r������� �������r������� �������r�������
S3���5VD ,������� �������r������� �������r������� �������r������ ������ r������� �������r������� �������r�������



��

&KDSWHU��
'HWHFWLQJ�PLJUDWLRQ�XVLQJ�PXOWLORFXV�JHQRW\SHV�DQG�LWV�HIIHFWV�RQ�JHQH�IORZ�LQ�SRSXODWLRQV
RI�5KL]RFWRQLD�VRODQL�.�KQ�$*���IURP�SRWDWR
3��&��&HUHVLQL��+��'DYLG�6KHZ��5\WDV�9LOJDO\V��8��/�5RVHZLFK��0DUF�$��&XEHWD
0DQXVFULSW�WR�EH�VXEPLWWHG�WR��3K\WRSDWKRORJ\
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$%675$&7
7KLV�VWXG\�GHVFULEHV�WKH�DSSOLFDWLRQ�RI�D�SRSXODWLRQ�JHQHWLFV�EDVHG�VWDWLVWLFDO�PHWKRG�IRU

GHWHFWLQJ�PLJUDWLRQ�LQ�SRSXODWLRQV�RI�WKH�SODQW�SDWKRJHQLF�IXQJXV�5KL]RFWRQLD�VRODQL
DQDVWRPRVLV�JURXS����$*����IURP�SRWDWR�XVLQJ�PXOWLORFXV�UHVWULFWLRQ�IUDJPHQW�OHQJWK
SRO\PRUSKLVPV��5)/3V��JHQRW\SHV��7KH�HIIHFW�RI�PLJUDWLRQ�IURP�VRXUFH�SRSXODWLRQV�RI�WKH
SDWKRJHQ�RQ�SRWDWR�VHHG�WXEHU�RQ�WKH�PDJQLWXGH�RI�JHQH�IORZ�ZLWK�D�UHFLSLHQW��VRLO
SRSXODWLRQ��LQ�1RUWK�&DUROLQD��1&��ZDV�DOVR�H[DPLQHG��$QDO\VLV�RI�JHQHWLF�GDWD�LQGLFDWHG
WKDW�WKH�1&�SRSXODWLRQ�RI�5��VRODQL $*���KDV�H[SHULHQFHG�UHFHQW�PLJUDWLRQ��7KHUH�ZDV�DOVR
DQ�LQGLFDWLRQ�RI�KLJK�OHYHOV�RI�JHQH�IORZ�EHWZHHQ�WKH�VRXUFH�DQG�WKH�UHFLSLHQW�SRSXODWLRQ�
8QLGLUHFWLRQDO�PLJUDWLRQ�IURP�VRXUFH�SRSXODWLRQ�V��IROORZHG�E\�HVWDEOLVKPHQW�RI�PLJUDQW
JHQRW\SHV�LQ�WKH�UHFLSLHQW�SRSXODWLRQ�WKURXJK�FRORQL]DWLRQ�LV�SRVWXODWHG�WR�H[SODLQ�WKH�KLJK
OHYHO�RI�JHQH�IORZ�REVHUYHG�

.H\�ZRUGV��3RSXODWLRQ�JHQHWLFV��PLJUDQW�JHQRW\SHV��XQLGLUHFWLRQDO�PLJUDWLRQ�
,1752'8&7,21

0LJUDWLRQ�SOD\V�DQ�LPSRUWDQW�UROH�LQ�WKH�SRSXODWLRQ�VWUXFWXUH�RI�WKH�SODQW�SDWKRJHQLF
IXQJXV�5KL]RFWRQLD�VRODQL DQDVWRPRVLV�JURXS����$*����RQ�SRWDWR��+LJK�OHYHOV�RI�JHQH�IORZ
EHWZHHQ�SRSXODWLRQV�RI�WKLV�SDWKRJHQ�ZHUH�GHWHFWHG�LQ�1RUWK�&DUROLQD��1&��SRWDWR�ILHOGV
ZKHUH�QR�SRSXODWLRQ�VXEGLYLVLRQ�ZDV�IRXQG��&HUHVLQL�HW�DO��������7KH�ODFN�RI�SRSXODWLRQ
VXEGLYLVLRQ�LQ�SODQW�SDWKRV\VWHPV�LV�DQ�LQGLFDWLRQ�WKDW�WKH�SDWKRJHQ��DQG�LWV�JHQHV��FDQ
PLJUDWH�IUHHO\�WKURXJKRXW�WKH�JHRJUDSKLF�UHJLRQ�GXH�WR�DQ�HIILFLHQW�PHFKDQLVP�RI�ORQJ
GLVWDQFH�GLVSHUVDO��0F'HUPRWW�DQG�0F'RQDOG��������6HHG�ERUQH�LQRFXOXP�RQ�SRWDWR�WXEHUV
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LV�WKH�PRVW�LPSRUWDQW�FRPSRQHQW�RQ�ORQJ�GLVWDQFH�GLVSHUVDO�RI�5��VRODQL�$*����$GDPV������
&DUOLQJ�HW��������/RQJ�GLVWDQFH�GLVSHUVDO�XVXDOO\�RFFXUV�XQLGLUHFWLRQDO�IURP�RXWVLGH�VRXUFHV
�&DQDGD��0DLQH��0LQQHVRWD��1RUWK�'DNRWD�DQG�:LVFRQVLQ��WR�UHFLSLHQW�VRLO�SRSXODWLRQV�LQ
1&��3HHW��������0LJUDWLRQ�RFFXUULQJ�SUHGRPLQDQWO\�IURP�RQH�SRSXODWLRQ�LQWR�DQRWKHU�
ZLWKRXW�DQ�HTXDO�DPRXQW�RI�PLJUDWLRQ�LQ�WKH�RSSRVLWH�GLUHFWLRQ��LV�UHIHUUHG�WR�DV�RQH�ZD\
PLJUDWLRQ �+DUWO�DQG�&ODUN��������$OWKRXJK�JHQH�IORZ�RQO\�RFFXUV�LI�WKH�PLJUDQW�LQGLYLGXDOV
EHFRPH�HVWDEOLVKHG�DQG�UHSURGXFH�LQ�WKH�QHZ�SRSXODWLRQ��(QGOHU�������*RRGZLQ�������
UHODWLYHO\�ORZ�OHYHOV�RI�PLJUDWLRQ�DUH�UHTXLUHG�WR�SUHYHQW�JHQHWLF�GLYHUJHQFH�DPRQJ
VXESRSXODWLRQV��+DUWO�DQG�&ODUN��������4XDQWLILFDWLRQ�RI�WKH�DPRXQW�RI�UHFHQW�PLJUDWLRQ�DQG
JHQH�IORZ�LQ�SRSXODWLRQV�RI�5� VRODQL $*���LV�LPSRUWDQW�EHFDXVH�WKH\�FRQVWLWXWH�VWURQJ
HYROXWLRQDU\�IRUFHV�WKDW�DIIHFW�WKH�JHQHWLF�VWUXFWXUH�DQG�HTXLOLEULXP�RI�WKHVH�SRSXODWLRQV�

7KH�ILUVW�VSHFLILF�TXHVWLRQ�DGGUHVVHG�LQ�WKLV�VWXG\�ZDV��:KDW�LV�WKH�FRQWULEXWLRQ�RI�PLJUDQW
JHQRW\SHV�RI�5��VRODQL $*���SUHVHQW�LQ�LQRFXOXP�RQ�VHHG�SRWDWR�WKDW�LV�LQWURGXFHG�HYHU\�\HDU
LQWR�FRPPHUFLDO�SRWDWR�ILHOGV�WR�WKH�RYHUDOO�SRSXODWLRQ�RI�WKH�SDWKRJHQ�SUHVHQW�LQ�1&�VRLOV"
2XU�K\SRWKHVLV�LV�WKDW�WKHUH�LV�D�FRQVLGHUDEOH�IUDFWLRQ�RI�WKH�JHQRW\SHV�SUHVHQW�LQ�UHFLSLHQW�RU
UHFLSLHQW�VRLO�SRSXODWLRQ�RI�5��VRODQL $*���LQ�1&�ZKLFK�DUH�PLJUDQWV�RULJLQDWLQJ�IURP�DUHDV
RI�VHHG�SRWDWR�SURGXFWLRQ�LQ�1RUWKHUQ�86$�DQG�&DQDGD��7KH�VHFRQG�TXHVWLRQ�DGGUHVVHG�ZDV�
,V�WKHUH�HYLGHQFH�IRU�JHQHWLF�VXEGLYLVLRQ�EHWZHHQ�VRXUFH�DQG�UHFLSLHQW�VRLO�SRSXODWLRQ�RI
5� VRODQL�$*���LQ�1&"�2XU�K\SRWKHVLV�LV�WKDW�KLJK�OHYHOV�RI�PLJUDWLRQ�KDYH�FDXVHG�QR
VXEGLYLVLRQ�EHWZHHQ�VRXUFH�DQG�UHFLSLHQW�SRSXODWLRQV�RI�WKH�SDWKRJHQ�
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0$7(5,$/6�$1'�0(7+2'6
6DPSOLQJ���� 7ZR�VDPSOHV�UHSUHVHQWLQJ�VRXUFH�DQG�UHFLSLHQW�VRLO�SRSXODWLRQV�RI 5� VRODQL $*�
��ZHUH�DQDO\]HG��RQH�IURP�VHHG�SRWDWR�ZLWK�EODFN�VFOHURWLD�RI�WKH�IXQJXV��VRXUFH�VHHG�ERUQH�
DQG�DQRWKHU�IURP�QDWXUDOO\�LQIHFWHG�SRWDWR�ZLWK�V\PSWRPV�RI�VWHP�FDQNHU��UHFLSLHQW
VRLOERUQH���7KH�UHFLSLHQW�VRLO�SRSXODWLRQ�IURP�LQIHFWHG�SODQWV�ZDV�REWDLQHG�IURP�ILYH
FRPPHUFLDO�SRWDWR�SURGXFWLRQ�ILHOGV�LQ�HDVWHUQ�1&��7KH�UHFLSLHQW�1&�SRSXODWLRQ�FRQVLVWHG�RI
���PXOWLORFXV�3&5�5)/3�JHQRW\SHV��05*��IURP�D�WRWDO�RI�����LVRODWHV�DQG�ZDV�QRW
VXEGLYLGHG��&HUHVLQL�HW�DO���������7R�H[DPLQH�WKH�FRQWULEXWLRQ�RI�JHQRW\SHV�SUHVHQW�LQ�WKH
VHHG�ERUQH�LQRFXOXP�FRQWLQXRXVO\�LQWURGXFHG�LQWR�SRWDWR�ILHOGV�WR�WKH�RYHUDOO�SRSXODWLRQV
SUHVHQW�LQ�1&�VRLOV��RQH�KXQGUHG�VHHG�SRWDWRHV�ZHUH�UDQGRPO\�FROOHFWHG�IURP�VWRUDJH�ELQV�LQ
ILYH�1&�FRXQWLHV��7KH�SRWDWR�VHHG�WXEHUV�LQIHVWHG�ZLWK�5� VRODQL $*���RULJLQDWHG�IURP�IDUPV
LQ�1RUWKHUQ�86$�DQG�&DQDGD��)RU�HVWDEOLVKLQJ�WKH�SRSXODWLRQ�VDPSOH�IURP�WXEHUV��WHQ�VHHG
SRWDWRHV�ZLWK�V\PSWRPV�RI�EODFN�VFXUI�ZHUH�UDQGRPO\�VHOHFWHG�IURP�HDFK�ORW�RI�����VHHG
SRWDWRHV��$�WRWDO�RI����LVRODWHV�ZDV�REWDLQHG�IURP�WKH�VHHG�SRWDWR�VDPSOH��3XUH�FXOWXUHV�RI�5�
VRODQL ZHUH�HVWDEOLVKHG�DQG�WKH�DQDVWRPRVLV�JURXSLQJ�RI�HDFK�LVRODWH�ZDV�GHWHUPLQHG�XVLQJ
VWDQGDUG�SURWRFROV��&HUHVLQL�������
'1$�LVRODWLRQ�DQG�JHQRW\SH�LGHQWLILFDWLRQ���� *HQRPLF�'1$�ZDV�H[WUDFWHG�XVLQJ�PHWKRGV
GHVFULEHG�SUHYLRXVO\��5RVHZLFK�HW�DO��������7KH�LVRODWHV�IURP�SRWDWR�VHHG�WXEHU�ZHUH
JHQRW\SHG�XVLQJ�SRO\PRUSKLF�FR�GRPLQDQW�VLQJOH�ORFXV�3&5�UHVWULFWLRQ�IUDJPHQW�OHQJWK
SRO\PRUSKLVP��5)/3��PDUNHUV�GHYHORSHG�IRU�5� VRODQL $*����&HUHVLQL�HW�DO��������0XOWL�
ORFXV�5)/3�JHQRW\SHV�ZHUH�GHWHUPLQHG�VFUHHQLQJ�LVRODWHV�XVLQJ�FRPELQDWLRQV�RI�3&5
SURGXFW�DQG�VSHFLILF�SRO\PRUSKLF�HQ]\PH�IRU�HDFK�RI�VHYHQ�ORFL�
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'DWD�DQDO\VLV�����7KH�VRXUFH��VHHG�ERUQH��SRSXODWLRQ�RI�5��VRODQL $*���ZDV�DQDO\]HG�IRU
OLQNDJH�GLVHTXLOLEULXP�EHWZHHQ�DOO�SDLUV�RI�ORFL��ZKLFK�ZDV�FDOFXODWHG�XVLQJ�D�WHVW�DQDORJRXV
WR�)LVKHU
V�H[DFW�WHVW��:HLU�������=D\NLQ�HW�DO��������&DOFXODWLRQV�ZHUH�SHUIRUPHG�XVLQJ
*'$�YHUVLRQ�����G�����/HZLV�DQG�=D\NLQ�������

7R�LGHQWLI\�PLJUDQW�LQGLYLGXDOV��RU�WKRVH�ZKR�KDYH�UHFHQW�PLJUDQW�DQFHVWU\��D�VWDWLVWLFDO
PHWKRG�WKDW�XVHV�PXOWLORFXV�JHQRW\SHV�SUREDELOLWLHV�ZDV�HPSOR\HG��5DQQDOD�DQG�0RXQWDLQ
�������%DVHG�RQ�D�OLVW�RI�SRWHQWLDO�VRXUFH�SRSXODWLRQV��WKLV�WHVW�FDWHJRUL]HV�LQGLYLGXDO
JHQRW\SHV�DFFRUGLQJ�WR�WKHLU�SUREDEOH�RULJLQ��H�J��ERUQ�WR�QRQ�PLJUDQWV�SDUHQWV�LQ�D�FHUWDLQ
SRSXODWLRQ��RU�ERUQ�LQ�D�SRSXODWLRQ�RWKHU�WKDQ�WKH�RQH�IURP�ZKLFK�WKH\�ZHUH�VDPSOHG� �ILUVW
JHQHUDWLRQ�PLJUDQWV���7KH�SUREDELOLW\�RI�DQ�REVHUYHG�JHQRW\SH�IRU�DQ�LQGLYLGXDO�LV�FDOFXODWHG
EDVHG�RQ�DOOHOH�IUHTXHQFLHV�LQ�D�SRSXODWLRQ��$V�WKH�DFWXDO�DOOHOH�IUHTXHQFLHV�LQ�D�JLYHQ
�VDPSOHG��SRSXODWLRQ�DUH�XQNQRZQ��WKLV�PHWKRG�FRQVLGHUV�WKH�SUREDELOLW\�RI�WKH�JHQRW\SH�IRU
WKH�LQGLYLGXDO�P��FRQGLWLRQDO�RQ�WKH�VDPSOH�RI�DOOHOHV�IRU�HDFK�O ORFXV�IURP�WKH�LWK SRSXODWLRQ�
7KLV�LV�FDOOHG�SRVWHULRU�SUREDELOLW\�RI�WKH�JHQRW\SH��ZKLFK�LV�FDOFXODWHG�XVLQJ�D�%D\HVLDQ
DSSURDFK��7KH�PHWKRG�DVVXPHV�WKDW�WKH�VHW�RI�O ORFL�DUH�LQ�OLQNDJH�HTXLOLEULXP�LQ�WKH
SRSXODWLRQV��L�H��UDQGRP�DVVRFLDWLRQV�RI�DOOHOHV�ZLWKLQ�DQG�EHWZHHQ�ORFL�IRU�DOO�WKH�ORFL�RU
SDLUV�RI�ORFL��

7KH�UHODWLYH�SUREDELOLW\�WKDW�DQ�LQGLYLGXDO�P ZDV�ERUQ�WR�SDUHQWV�ZLWK�QR�UHFHQW�PLJUDWLRQ
DQFHVWU\�LQ�SRSXODWLRQ�L��UDWKHU�WKDQ�SRSXODWLRQ�L
�LV�JLYHQ�E\�WKH�UDWLR�RI�WKH�SUREDELOLWLHV

�_3U� �_3U�

LLP
LLP Q; Q; / ��ZKHUH� �_3U� LLP Q; LV�WKH�SUREDELOLW\�RI�WKH�PXOWLORFXV�JHQRW\SH� L; RI�WKH

LQGLYLGXDO�P FRQGLWLRQDO�RQ�WKH�REVHUYHG�VDPSOH�RI�DOOHOHV�IURP�WKH�LWK SRSXODWLRQ��UHFLSLHQW��
7KH�VDPH�LV�WUXH�IRU� �_3U� 
LLP Q; ��H[FHSW�WKDW�WKH�SRSXODWLRQ�LQ�TXHVWLRQ�LV�WKH�L
�WK��VRXUFH��
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,Q�SUDFWLFH��WKH�HTXLYDOHQW�IRUP�XVHG�LV�� > @ > @�_3U�OQ�_3U�OQOQ 
LLPLLP Q;Q; � / ���3RVLWLYH
YDOXHV�RI�OQ / LQGLFDWH�WKDW�WKH�QXOO�K\SRWKHVLV��WKH�LQGLYLGXDO�LV�QRW�D�PLJUDQW��LV�IDYRUHG
ZKLOH�QHJDWLYH�YDOXHV�LQGLFDWH�WKDW�WKH�DOWHUQDWLYH�K\SRWKHVLV��WKH�LQGLYLGXDO�LV�D�PLJUDQW�LV
IDYRUHG���7KH�FULWLFDO��UHMHFWLRQ��UHJLRQ�IRU�WKH�WHVW�VWDWLVWLF�VLJQLILFDQFH�ZDV�FKRVHQ�WR�EH�D  
������7KLV�UHJLRQ�FRQWDLQV�DOO�YDOXHV�RI�WKH�VWDWLVWLF�VXFK�WKDW�/� &��ZKHUH�&�LV�FKRVHQ�WR
VDWLVI\�3U��/� &�� �D XQGHU�WKH�QXOO�K\SRWKHVLV��7KH�SRZHU�RI�WKH�WHVW�WR�UHMHFW�WKH�QXOO
K\SRWKHVLV�ZKHQ�LW�LV�IDOVH��IRU�VSHFLILHG�FULWLFDO�UHJLRQV�D ZDV�DOVR�HVWLPDWHG��&DOFXODWLRQV
ZHUH�GRQH�XVLQJ�WKH�SURJUDP�LPPDQF YHUVLRQ������������5DQQDOD�DQG�0RXQWDLQ�������

%HWZHHQ�SRSXODWLRQ�DQDO\VHV�ZHUH�FRQGXFWHG�WR�WHVW�IRU�SUHVHQFH�RI�VWUXFWXUH�LQ�VRXUFH
SRSXODWLRQV�RI�5� VRODQL $*���IURP�SRWDWR�VHHG�WXEHUV�FRPSDUHG�ZLWK�WKH�UHFLSLHQW�VRLO
SRSXODWLRQ��7KH�VWUXFWXUH�RI�WKH�VRLO�SRSXODWLRQ�RI�5��VRODQL $*���IURP�1&�ZDV�QRW
VXEGLYLGHG��&HUHVLQL�HW�DO��������7KUHH�LQGHSHQGHQW�SRSXODWLRQ�JHQHWLFV�PHDVXUHV�ZHUH�XVHG�
�D��$QDO\VLV�RI�PROHFXODU�YDULDQFH��$029$���ZKLFK�HVWLPDWHV�YDULDQFH�FRPSRQHQWV
FRQVLGHULQJ�WKH�QXPEHU�RI�GLIIHUHQFHV�EHWZHHQ�PROHFXODU�JHQRW\SHV��:HLU�DQG�&RFNHUPDQ
������([FRIILHU�HW�DO������:HLU��������7KHVH�HVWLPDWHV�UHIOHFW�FRUUHODWLRQ�RI�GLYHUVLW\�DW
GLIIHUHQW�OHYHOV�RI�KLHUDUFKLFDO�VXEGLYLVLRQ��H�J���EHWZHHQ�JURXSV�RU�JHRJUDSKLF�SRSXODWLRQV��
�E��3DLUZLVH�) VWDWLVWLFV�FRPSDULVRQV��)�VWDWLVWLFV�DQDORJXHV�SURGXFHG�E\�$029$���ZKLFK
UHYHDOV�VLPLODULW\�EHWZHHQ�LQGLYLGXDO�JHRJUDSKLF�SRSXODWLRQV��$029$�DQDO\VHV�ZHUH
FRQGXFWHG�XVLQJ�$5/(48,1�YHU��������6FKQHLGHU�HW�DO���������F��6LPLODULW\�DPRQJ�WKH
SRSXODWLRQ�VDPSOHV�FDOFXODWHG�XVLQJ�1HL©V�XQELDVHG�JHQHWLF�GLVWDQFH��'���1HL�������1HL
��������7KLV�WHVW��'���ZKLFK�LV�EDVHG�RQ�DOOHOH�IUHTXHQF\�GLIIHUHQFHV�EHWZHHQ�SRSXODWLRQ
VDPSOHV��ZDV�FDOFXODWHG�XVLQJ�*'$�YHUVLRQ�����G�����/HZLV�DQG�=D\NLQ���������$�83*0$
SKHQRJUDP�ZDV�JHQHUDWHG�EDVHG�RQ�SDLUZLVH�JHQHWLF�GLVWDQFHV�'��+DUWO�DQG�&ODUN��������
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5(68/76
*HQRW\SHV�DQG�JHQRW\SLF�FRXQWV�IRU�HDFK�RQH�RI�WKH�VRXUFH�SRSXODWLRQV�RI�5� VRODQL $*��

DUH�SUHVHQWHG�LQ�7$%/(�,��+LJK�OHYHOV�RI�JHQHWLF�GLYHUVLW\�ZHUH�GHWHFWHG�LQ�VHHG�WXEHUV�IURP
&DQDGD��1HZ�%UXQVZLFN���0DLQH��DQG�:LVFRQVLQ�VDPSOHG�LQ�ILYH�1RUWK�&DUROLQD�SRWDWR
ILHOGV�EHIRUH�SODQWLQJ��$PRQJ�WKH����LVRODWHV�RI�5� VRODQL $*���DQDO\]HG�����PXOWLORFXV
3&5�5)/3�JHQRW\SHV��05*��ZHUH�LGHQWLILHG�LQ�WKH�VDPSOH�

7KH�VHYHQ�ORFL�DQDO\]HG�LQ�HDFK�VRXUFH�SRSXODWLRQ�RI�5��VRODQL $*���ZHUH�LQ�OLQNDJH
HTXLOLEULXP��7KLV�IXOILOOV�WKH�DVVXPSWLRQ�RI�UDQGRP�PDWLQJ�EHWZHHQ�LQGLYLGXDOV�ZLWKLQ�HDFK
SRSXODWLRQ��ZKLFK�LV�UHTXLUHG�E\�WKH�PHWKRG�RI�5DQQDOD�DQG�0RXQWDLQ��������IRU�GHWHFWLQJ
PLJUDWLRQ�

7KH�UHFLSLHQW�SRSXODWLRQ�RI�5��VRODQL $*���IURP�1&�LV�OLNHO\�WR�KDYH�H[SHULHQFHG�UHFHQW
PLJUDWLRQ�� 7KH� SRZHU� RI� SRVWHULRU� SUREDELOLW\� UDWLR� WHVW� IRU� UHFHQW� PLJUDWLRQ� LQ� D� SRWDWR
SRSXODWLRQ�RI�5� VRODQL $*���IURP�1&�LV�SUHVHQWHG�LQ�7$%/(�,,��$�WHVW�RI�K\SRWKHVLV�WKDW�DQ
LQGLYLGXDO�IURP�WKH�1&�SRSXODWLRQ�LV�D�PLJUDQW��JHQHUDWLRQ�G  ����KDG�KLJKHU�SRZHU�LQ�IRXU
SRSXODWLRQV� FRPSDULVRQV�� :LVFRQVLQ� ���� �� �� DQG� ���� 0DLQH� �� ��� +RZHYHU�� WKH� WHVW� RI
K\SRWKHVLV� WKDW� DQ� LQGLYLGXDO� KDV� D� PLJUDQW� SDUHQW� �G  � ��� KDG� ORZHU� SRZHU� IRU� DOO� WKH
FRPSDULVRQV�EHWZHHQ�1&�UHFLSLHQW�DQG�VRXUFH�SRSXODWLRQV�

7KH�SRVWHULRU�SUREDELOLW\� UDWLR� WHVW�ZDV�DOVR�DSSOLHG� WR�SUHGLFW�ZKHWKHU� LQGLYLGXDOV�RI�5�
VRODQL $*��� VDPSOHG� LQ� 1&� KDYH� 0DLQH�� 0DLQH� �� &DQDGD� RU� :LVFRQVLQ� DQFHVWU\�� 6L[
LQGLYLGXDOV�IURP�WKH�FRPSOHWH�VHW�RI����05*�IURP�1&�SRWDWR�ILHOGV�SURGXFHG�VRPH�OHYHO�RI
DQFHVWU\�LQ�FRPSDULVRQ�ZLWK�WKH�VRXUFH�SRSXODWLRQV��7$%/(�,,,���7KUHH�LVRODWHV�IURP�WKH�1&
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UHFLSLHQW� SRSXODWLRQ� � �3����7\UUHOO�� 05*� ���� 3����+\GH�� 05*� ��� DQG� 3����&DPGHQ�
05*������ DSSHDUHG� WR� EH�PLJUDQWV� IURP� WKH� VDPSOH�0DLQH� �� ���7KUHH� RWKHU� LVRODWHV�ZHUH
LQGLFDWHG�WR�EH�D�UHFHQW�PLJUDQW�IURP�WKH�VDPSOHV�:LVFRQVLQ�����3����&XUULWXFN��05*�����
:LVFRQVLQ�����3����&DPGHQ��05*�����RU�0DLQH���&DQDGD��3������+\GH��05*�����
3RSXODWLRQ�VWUXFWXUH������8VLQJ�$029$��RYHUDOO�)67 EHWZHHQ�WKH�UHFLSLHQW�VRLO�SRSXODWLRQ�RI
5� VRODQL $*���IURP�1&�DQG� WKH�RQH� IURP� WXEHUV�ZDV������� �'DWD�QRW� VKRZQ��� ,Q�JHQHUDO�
PRVW� RI� WKH� PROHFXODU� YDULDWLRQ� ZDV� GHWHFWHG� ZLWKLQ� SRSXODWLRQ�� ZLWK� YHU\� OLWWOH� YDULDWLRQ
RFFXUULQJ� EHWZHHQ� WKH� JURXSV� IURP� VRLO� DQG� WXEHUV�� :KHQ� WKH� VRXUFH� SRSXODWLRQ� ZDV
VXEGLYLGHG�LQWR�VDPSOLQJ�XQLWV��EDVHG�RQ�WKH�JHRJUDSKLF�RULJLQ�RI�VHHG�WXEHUV���VXEGLYLVLRQ
ZDV�IRXQG�WR�EH�RQO\�VOLJKWO\�KLJKHU�DPRQJ�VDPSOLQJ�XQLWV�ZLWKLQ�WKH�VHHG�ERUQH�JURXS�WKDQ
EHWZHHQ� WKH� WZR� JURXSV� �VHHG� DQG� VRLOERUQH�� �)67  � �������� � 7KLV� YDOXH� RI� )67 ZDV
VLJQLILFDQWO\�JUHDWHU�WKDQ�]HUR��3�d ������

3DLUZLVH� FRPSDULVRQ� EHWZHHQ� WKH� VRXUFH� SRSXODWLRQ� VDPSOHV� DQG� WKH� 1&� UHFLSLHQW� VRLO
SRSXODWLRQ�RI�5� VRODQL $*���IURP�SRWDWR�ZDV�SHUIRUPHG�XVLQJ�HVWLPDWHV�RI�)67 DQDORJXHV
�SDLUZLVH� )67 YDOXHV�� DQG� 1HL©V� XQELDVHG� JHQHWLF� GLVWDQFHV� �'�� �7$%/(� ,9�� ),*�� ���
3DLUZLVH�)67 YDOXHV� IRU� RQO\� IHZ� SRSXODWLRQ� FRPSDULVRQV� ZHUH� VLJQLILFDQWO\� JUHDWHU� WKDQ
]HUR�� LQGLFDWLQJ� GLIIHUHQWLDWLRQ� DQG� FRQVHTXHQW� VXEGLYLVLRQ�� )RU� H[DPSOH�� WKH� UHFLSLHQW� VRLO
SRSXODWLRQ�IURP�1&�ZDV�VLJQLILFDQWO\�GLIIHUHQW�IURP�WKH�VRXUFH�SRSXODWLRQ�:LVFRQVLQ����EXW
YHU\� VLPLODU� WR� DOO� WKH� RWKHU� UHPDLQLQJ� VDPSOHV��:LWKLQ� WKH� VRXUFH� SRSXODWLRQ�� WKH� VDPSOH
:LVFRQVLQ����ZDV�VLJQLILFDQWO\�GLIIHUHQW� IURP�WKH�VDPSOHV�:LVFRQVLQ����DQG�����0DLQH���
DQG� WKH� VDPSOH� IURP� 0DLQH�&DQDGD�� 9DOXHV� RI� 1HL
V� XQELDVHG� JHQHWLF� GLVWDQFH� �'�



��

FRUURERUDWHG�WKH�IRUPHU�REVHUYDWLRQV�RI�SDLUZLVH�)67 YDOXHV��LQGLFDWLQJ�OLWWOH�GLIIHUHQWLDWLRQ
DPRQJ�SRSXODWLRQ�VDPSOHV��),*����
',6&866,21

7KLV�VWXG\�GHVFULEHV�WKH�DSSOLFDWLRQ�RI�D�WHVW�IRU�GHWHFWLQJ�PLJUDWLRQ�IURP�VRXUFH
SRSXODWLRQV��VHHGERUQH��RI�D�SODQW�SDWKRJHQLF�IXQJL�5� VRODQL $*���IURP�SRWDWR�XVLQJ
PXOWLORFXV�3&5�5)/3V�JHQRW\SHV�DQG�PDJQLWXGH�RI�JHQH�IORZ�ZLWK�D�UHFLSLHQW�VRLO
SRSXODWLRQ�LQ�1&��7KH�VWDWLVWLFDO�PHWKRG�XVHG�WR�DQDO\]H�PLJUDWLRQ�ZDV�RULJLQDOO\�GHYHORSHG
E\�5DQQDOD�DQG�0RXQWDLQ��������IRU�GHWHFWLQJ�LPPLJUDWLRQ�RI�KXPDQ�LQGLYLGXDOV��7KLV
PHWKRG�ZDV�SRVWXODWHG�DV�EHLQJ�DSSURSULDWH�IRU�SURYLGLQJ�UHOHYDQW�LQIRUPDWLRQ�IRU�VWXG\LQJ
WKH�LQIOXHQFH�RI�PLJUDWLRQ�RQ�SRSXODWLRQ�VWUXFWXUH�RI�VHYHUDO�RUJDQLVPV�IRU�ZKLFK�5)/3
PDUNHUV�ZHUH�XVHG�IRU�JHQRW\SLQJ��$�SRWHQWLDO�DSSOLFDWLRQ�H[SORUHG�KHUH�ZDV�WKH�VWXG\�RI
GLVSHUVDO�RI�VHHG�ERUQH�JHQRW\SHV�RI�5��VRODQL $*���IURP�VHHG�SRWDWR�SURGXFWLRQ�DUHDV�DQG
WKH�FRQWULEXWLRQ�RI�PLJUDQWV�WR�WKH�JHQH�SRRO�RI�D�UHFLSLHQW�VRLO�SRSXODWLRQ�RI�WKLV�SDWKRJHQ�LQ
1&�SRWDWR�ILHOGV�

$FFRUGLQJ�WR�WKH�PRGHO�SURSRVHG�E\�5DQDOOD�DQG�0RXQWDLQ��WKH�SRSXODWLRQ�RI�5� VRODQL
$*���KDV�OLNHO\�H[SHULHQFHG�UHFHQW�PLJUDWLRQ��6L[�LQGLYLGXDOV�IURP����05*�IURP�1&
UHFLSLHQW�VRLO�SRSXODWLRQ�SURGXFHG�VRPH�OHYHO�RI�DQFHVWU\�LQ�FRPSDULVRQ�ZLWK�WKH�VRXUFH
SRSXODWLRQV��7KHUH�ZDV�DOVR�LQGLFDWLRQ�RI�KLJK�OHYHOV�RI�JHQH�IORZ�EHWZHHQ�WKH�VRXUFH�DQG
UHFLSLHQW�VRLO�SRSXODWLRQ�RI�5��VRODQL $*���LQ�1&�DQG�OLWWOH�GLIIHUHQWLDWLRQ�DPRQJ�VRXUFH
SRSXODWLRQ�VDPSOHV��,Q�DGGLWLRQ��VHYHQ�JHQRW\SHV�IRXQG�LQ�WKH�VRXUFH�SRSXODWLRQ�ZHUH
DPRQJVW�WKH�PRVW�IUHTXHQW�JHQRW\SHV�UHFRYHUHG�LQ�1&��&HUHVLQL�������



��

*HQH�IORZ�FDXVHV�WKH�HVWDEOLVKPHQW�RI�JHQRW\SHV�DPRQJ�SRSXODWLRQV�RI�WKH�VDPH�VSHFLHV
DQG�LQWR�QHZ�ORFDWLRQV��WKURXJK�LQWURGXFWLRQ��VXUYLYDO�DQG�FRORQL]DWLRQ���*HQH�IORZ�WHQGV�WR
KRPRJHQL]H�DOOHOHV�DPRQJ�WKH�SRSXODWLRQV��WHQGLQJ�WR�PDLQWDLQ�SRSXODWLRQV�JHQHWLFDOO\�LQWHU�
FRQQHFWHG��5RJHUV�DQG�5RJHUV���������2XU�UHVXOWV�VXSSRUW�WKDW�PLJUDWLRQ�RI�5��VRODQL $*��
WKURXJK�LQWURGXFWLRQ�RI�VHHG�ERUQH�LQRFXOXP�LV�D�PHFKDQLVP�WKDW�HQVXUHV�HIILFLHQW�ORQJ
GLVWDQFH�GLVSHUVDO�RI�JHQRW\SHV�EHWZHHQ�JHRJUDSKLFDOO\�VHSDUDWHG�SRSXODWLRQV�

7KH�PRGHO�RI�5DQQDOD�DQG�0RXQWDLQ�PD\�EH�XVHIXO�IRU�GHWHFWLQJ�PLJUDWLRQ�LQ�RWKHU
SDWKRV\VWHPV�IRU�ZKLFK�VHHG�ERUQH LQRFXOXP�LV�WKH�PRVW�LPSRUWDQW�FRPSRQHQW�RQ�ORQJ
GLVWDQFH�GLVSHUVDO���+LJK�UDWHV�RI�JHQH�IORZ�ZHUH�DOVR�IRXQG�DPRQJ�SRSXODWLRQV�RI�RWKHU�SODQW
SDWKRJHQLF�IXQJL��0\FRVSKDHUHOOD�JUDPLQLFROD�RQ�ZKHDW �0F'HUPRWW�DQG�0F'RQDOG�������
3K\WRSKWKRUD�LQIHVWDQV�RQ�SRWDWR��)U\�HW�DO��������0DJQDSRUWKH�JULVHD�RQ�ULFH��/HY\�HW�DO
��������7KHVH�KLJK�OHYHOV�RI�JHQH�IORZ�ZHUH�DOVR�SUREDEO\�UHODWHG�WR�WKH�ORQJ�GLVWDQFH
GLVSHUVDO�RI�WKHVH�SDWKRJHQV�YLD�LQIHFWHG�VHHG��DV�REVHUYHG�ZLWK�5��VRODQL $*�����7KH
GLVWLQFWLRQ�ZLWK�WKH�5� VRODQL $*���SRWDWR�SDWKRV\VWHP�LV�WKDW�WKH�PLJUDWLRQ�SDWWHUQ�GHWHFWHG
LQ�1&�LV�EDVLFDOO\�XQLGLUHFWLRQDO��ZLWK�JHQRW\SHV�RULJLQDWLQJ�IURP�WKH�VHHG�SRWDWR�SURGXFWLRQ
DUHDV�LQ�WKH�1RUWKHUQ�86�DQG�&DQDGD�

7KH�RQH�ZD\�PLJUDWLRQ�PRGHO�RI�JHQH�IORZ�SURSRVHG�E\�+DUWO�DQG�&ODUN��������LV
UHDVRQDEOH�IRU�WKH�SRWDWR�5��VRODQL $*���SDWKRV\VWHP��8QLGLUHFWLRQDO�PLJUDWLRQ�IURP�VRXUFH
SRSXODWLRQV�IROORZHG�E\�HVWDEOLVKPHQW�RI�PLJUDQW�JHQRW\SHV�LQ�WKH�UHFLSLHQW�SRSXODWLRQ
WKURXJK�VXUYLYDO�DQG�FRORQL]DWLRQ�ZRXOG�H[SODLQ�WKH�KLJK�OHYHO�RI�JHQH�IORZ�REVHUYHG
EHWZHHQ�VRXUFH�DQG�UHFLSLHQW��$FFRUGLQJ�WR�WKLV�PRGHO��RQO\�D�VKRUW�SHULRG�RI�FRQVWDQW
PLJUDWLRQ�RI�JHQRW\SHV�HYHU\�\HDU�ZRXOG�EH�QHFHVVDU\�IRU�D�UHFLSLHQW�SRSXODWLRQ�WR�PLPLF�WKH
VWUXFWXUH�IRXQG�LQ�D�VRXUFH�SRSXODWLRQ��7KH�PDWKHPDWLFDO�H[SUHVVLRQ�RI�WKH�FKDQJH�LQ�DOOHOH



��

IUHTXHQFLHV�LQ�D�UHFLSLHQW�SRSXODWLRQ�VXEMHFW�WR�RQH�ZD\�PLJUDWLRQ�LV�SURSRVHG�DV�EHLQJ
����� 
�
 SSPSS WW ��� ��ZKHUH� WS LV�WKH�IUHTXHQF\�RI�DQ�DOOHOH�$�LQ�WKH�UHFLSLHQW

SRSXODWLRQ�LQ�JHQHUDWLRQ�W�� 
S LV�WKH�IUHTXHQF\�RI�WKH�DOOHOH�$�LQ�WKH�VRXUFH�SRSXODWLRQ��P�LV
PLJUDWLRQ�UDWH��IUHTXHQF\�RI�]\JRWHV�LQ�WKH�UHFLSLHQW�SRSXODWLRQ�RULJLQDWHG�UDQGRPO\�IURP�WKH
VRXUFH�SRSXODWLRQ���DQG� �S LV�WKH�IUHTXHQF\�RI�DOOHOH�$�LQ�WKH�UHFLSLHQW�SRSXODWLRQ�LQ
JHQHUDWLRQ�]HUR��:LWK�RQH�ZD\�PLJUDWLRQ��WKH�IUHTXHQF\�RI�DQ�DOOHOH�$�LQ�WKH�UHFLSLHQW
SRSXODWLRQ�JUDGXDOO\�DSSURDFKHV�WKDW�RI�WKH�VRXUFH�SRSXODWLRQ��DQG�WKH�UDWH�RI�DSSURDFK�LV�P
�PLJUDWLRQ�UDWH��SHU�JHQHUDWLRQ��:KHQ�W  ����WKHQ� WS  � �S ��DV�PXVW�EH�WKH�FDVH��DQG�DV�W
EHFRPHV�ODUJH�� WS o 
S �+DUWO�DQG�&ODUN��������6LPXODWLRQ�VWXGLHV�RQ�WKH�DSSOLFDELOLW\�RI
WKLV�XQLGLUHFWLRQDO�PRGHO�RI�PLJUDWLRQ�IRU�H[SODLQLQJ�WKH�REVHUYHG�VWUXFWXUH�RI�5��VRODQL $*�
��SRSXODWLRQV�RQ�SRWDWR�ZRXOG�EH�YHU\�DSSURSULDWH�

5DQQDOD�DQG�0RXQWDLQ
V�VWDWLVWLFDO�PHWKRG�ZRXOG�EH�YHU\�XVHIXO�IRU�LQIHUULQJ�WKH�YDOXH�RI
PLJUDWLRQ�UDWH�P��QHFHVVDU\�IRU�VLPXODWLRQ�VWXGLHV��$�GUDZEDFN�RI�WKH�VWDWLVWLFDO�PHWKRG
SURSRVHG�E\�5DQQDOD�DQG�0RXQWDLQ��������IRU�GHWHFWLQJ�PLJUDWLRQ�LV�WKDW�DQ�LQGLYLGXDO�PD\
LQFRUUHFWO\�DSSHDU�WR�KDYH�RULJLQDWHG�IURP�D�SDUWLFXODU�SRSXODWLRQ�RWKHU�WKDQ�WKH�RQH�IURP
ZKLFK�LW�ZDV�VDPSOHG���7KLV�PD\�EH�GXH�WR�ORQJ�WHUP�JHQH�IORZ��OHDGLQJ�WR�VLPLODULWLHV�LQ
DOOHOHV�IUHTXHQFLHV��EHWZHHQ�WKDW�SRSXODWLRQ�DQG�D�WKLUG�RQH�IURP�ZKLFK�WKH�LQGLYLGXDO
DFWXDOO\�RULJLQDWHG��EXW�ZKLFK�ZDV�QRW�LQFOXGHG�LQ�WKH�VDPSOH��5DQDOOD�DQG�0RXQWDLQ�������
7KLV�SKHQRPHQRQ�ZDV�QRWLFHG�LQ�RXU�VWXG\��DV�RQO\�RQH�RI�WKH�VRXUFH�SRSXODWLRQV�RI�5��VRODQL
$*���IURP�WXEHUV��:LVFRQVLQ�����KDG�VRPH�OHYHO�RI�VXEGLYLVLRQ�LQ�UHODWLRQ�WKH�RWKHU�RQHV�
7KH�RWKHU�FRQFHUQ�LV�WKH�SUHFLVH�QXPEHU�RI�ORFL�QHHGHG�WR�REWDLQ�D�JLYHQ�OHYHO�RI�SRZHU�LV
GHSHQGHQW�RQ�GHJUHH�RI�JHQHWLF�GLIIHUHQWLDWLRQ�EHWZHHQ�SRSXODWLRQV��:LWK�JUHDWHU
GLIIHUHQWLDWLRQ�EHWZHHQ�SRSXODWLRQV�IHZHU�ORFL�DUH�QHHGHG�WR�REWDLQ�WKH�VDPH�SRZHU�RI
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UHVROXWLRQ��5DQDOOD�DQG�0RXQWDLQ��������+RZHYHU��DV�VRXUFH�DQG�UHFLSLHQW�SRSXODWLRQV�RI
5� VRODQL $*���IURP�SRWDWR�VKRZHG�QR�VXEGLYLVLRQ��DQ�LQFUHDVH�LQ�WKH�QXPEHU�RI�ORFL
DQDO\]HG�IRU�EXLOGLQJ�PXOWLORFXV�JHQRW\SHV�LV�UHFRPPHQGHG�

7KLV�VWXG\�SURYLGHG�VRPH�LQLWLDO�LQIRUPDWLRQ�RQ�WKH�PDJQLWXGH�RI�JHQH�IORZ�DIIHFWLQJ
UHFLSLHQW�VRLO�SRSXODWLRQ�RI�5� VRODQL $*���IURP�SRWDWR�LQ�1&�LQ�FRPSDULVRQ�ZLWK�VRXUFH
SRSXODWLRQV�RI�WKH�SDWKRJHQ��$OWKRXJK�WKH�VDPSOLQJ�VWUDWHJLHV�ZHUH�SUREDEO\�VXIILFLHQW��ODUJH
VWXGLHV�WR�HOXFLGDWH�WKH�PDJQLWXGH�RI�PLJUDWLRQ�DQG�LWV�HIIHFWV�RQ�JHQH�IORZ�LQ�SRSXODWLRQV�RI
WKLV�SDWKRJHQ�DUH�QHHGHG��,W�ZDV�FOHDU�IURP�WKLV�DQG�D�SUHYLRXV�VWXG\�ZLWK�5��VRODQL $*��
WKDW�WKH�VDPSOLQJ�VKRXOG�EH�LQFUHDVHG�WR�PD[LPL]H�JHQRW\SLF�GLYHUVLW\��HVSHFLDOO\�IRU�1&
VRLO�SRSXODWLRQV��DQG�FRQVHTXHQWO\�WKH�SRZHU�RI�WKH�WHVWV�DSSOLHG�IRU�LQIHUULQJ�PLJUDWLRQ�

)XWXUH�ZRUN�VKRXOG�DOVR�H[DPLQH�WKH�SRSXODWLRQV�RI�5��VRODQL $*���IURP�QRUWKHUQ�8QLWHG
6WDWHV��:LVFRQVLQ�DQG�0DLQH��DQG�HDVWHUQ�&DQDGD��DV�WKHVH�DUHDV�DUH�UHVSRQVLEOH�IRU�WKH
SURGXFWLRQ�RI�PRVW�RI�WKH�VHHG�SRWDWR�LPSRUWHG�LQWR�HDVWHUQ�1&�DQG�RWKHU�6RXWKHDVWHUQ�86
SRWDWR�SURGXFWLRQ�ILHOGV��)RU�LQIHUULQJ�SRSXODWLRQ�VWUXFWXUH�RI�WKH�SDWKRJHQ�RQ�WKRVH�ORFDWLRQV
LQ�QRUWKHUQ�86$�DQG�&DQDGD��VDPSOLQJ�VKRXOG�DOVR�EH�GRQH�GLUHFWO\�WKHUH��LQVWHDG�RI
VDPSOLQJ�LQWURGXFHG�VHHG�WXEHUV�ORFDOO\��0RUH�GHWDLOHG�DQDO\VLV�RI�WKH�SRSXODWLRQ�JHQHWLFV�RI
5� VRODQL $*���IURP�QRUWKHUQ�1RUWK�$PHULFD�FRXOG�GHWHUPLQH�WKH�FRUUHVSRQGHQFH�DQG
GLVWLQFWLRQ�EHWZHHQ�WKH�VWUXFWXUH�RI�SRSXODWLRQV�IURP�QRUWKHUQ�DQG�VRXWKHDVWHUQ�8QLWHG
6WDWHV�
$.12:/('*(0(17

:H� ZLVK� WR� WKDQN� DOO� WKRVH� ZKR� KHOSHG� DQG� HQFRXUDJHG� WKH� GHYHORSPHQW� RI� WKLV
UHVHDUFK��)RU� WKHLU�SDWLHQFH�DQG�XVH�RI� ODERUDWRU\�VSDFH��ZH�WKDQN�'UV��6WHYHQ�/HDWK��6FRWW



��

:DONHU��'DZQ�)UDVHU��/HLJK�.��+DZNLQV�� DQG�0UV��/\QGD�:KLWFKHU� �1&68��86'$�$56�
'HSW��3ODQW�3DWKRORJ\���'UV��-LP�0R\HU��-RUJH�$EDG��/L]�3DUNV�DQG�0UV��-DQ�6SHFN��1&68�
'HSW�� 3ODQW� 3DWKRORJ\��� 7KDQNV� IRU� 3DPHOD� 3XU\HDU� �1&68�� /LEUDU\�� IRU� OLWHUDWXUH� VHDUFK�
7KDQNV� DOVR� WR� 'U�� 7UXG\� 0DFND\� �1&68�� 'HS�� *HQHWLFV�� IRU� FULWLFDO� VXJJHVWLRQ� RQ� WKLV
UHVHDUFK�� 7KLV� UHVHDUFK� ZDV� VXSSRUWHG� LQ� SDUW� ZLWK� D� UHVHDUFK� DVVLVWDQWVKLS� IURP� &13T
�&RQVHOKR� 1DFLRQDO� GH� 'HVHQYROYLPHQWR� &LHQWtILFR� H� 7HFQROyJLFR�� ¤� %UDVtOLD�� ')��%UD]LO
�������������� DQG� ZLWK� D� JUDGXDWH� VWXGHQW� IHOORZVKLS� IURP� 7KH� 0\FRORJLFDO� 6RFLHW\� RI
$PHULFD� DZDUGHG� WR� WKH� ILUVW� DXWKRU� ������ 06$� *UDGXDWH� 6WXGHQW� )HOORZVKLS�� �%DFNXV
$ZDUG����$�OLYLQJ�RI�DEVHQFH�ZDV�DOVR�JUDQWHG�WR�WKH�ILUVW�DXWKRU�E\�81(63��8QLYHUVLGDGH
(VWDGXDO�3DXOLVWD�¦-~OLR�GH�0HVTXLWD�)LOKR§���,OKD�6ROWHLUD��6mR�3DXOR��%UD]LO��IRU�DWWHQGLQJ
WKH� 3K'� SURJUDP� RQ� 3ODQW� 3DWKRORJ\� DW� 1&68�� 6SHFLDO� WKDQNV� WR� 'UV�� $QD� 0DULD� 5�
&DVVLRODWR�DQG�0DUOL�)��6WUDGLRWR�3DSD�IRU�DVVXPLQJ�WKH�WHDFKLQJ�UHVSRQVLELOLWLHV�RI�WKH�ILUVW
DXWKRU�DW�81(63�GXULQJ�KLV�DEVHQFH�
/,7(5$785(
$GDPV�0-��+LGH�*$��/DSZRRG�'+��������5HODWLRQVKLSV�EHWZHHQ�GLVHDVH�OHYHOV�RQ�VHHG

WXEHUV��RQ�FURSV�FURSV�GXULQJ�JURZWK�DQG�LQ�VWRUHG�SRWDWRHV��,��,QWURGXFWLRQ�DQG�EODFN
VFXUI��3RWDWR�5HV�������������

&DUOLQJ�'(��/HLQHU�5+��:HVWSKDOH�3&��������6\PSWRPV��VLJQV��DQG�\LHOG�UHGXFWLRQ
DVVRFLDWHG�ZLWK�UKL]RFWRQLD�GLVHDVH�RI�SRWDWR�LQGXFHG�E\�WXEHUERUQH�LQRFXOXP�RI
5KL]RFWRQLD�VRODQL $*����$P��3RWDWR�-� �����������



��

&HUHVLQL�3&��������3RSXODWLRQ�ELRORJ\�DQG�JHQHWLFV�RI�5KL]RFWRQLD�VRODQL DQDVWRPRVLV�JURXS
���$*�����'HSW��3ODQW�3DWKRO���1RUWK�&DUROLQD�6WDWH�8QLYHUVLW\��3K'�'LVVHUWDWLRQ����SS�

&HUHVLQL�3&��6KHZ�+'��9LOJDO\V�5��5RVHZLFK�8/��&XEHWD�0$�������3&5�UHVWULFWLRQ
IUDJPHQW�OHQJWK�SRO\PRUSKLVP��5)/3��UHYHDOV�ERWK�UHFRPELQDWLRQ�DQG�JHQH�IORZ�LQ
5KL]RFWRQLD�VRODQL $*���IURP�SRWDWR�LQ�1RUWK�&DUROLQD��,QRFXOXP����������6XSSOHPHQW
WR�0\FRORJLD��

(QGOHU�-$��������2Q�JHQH�IORZ��,Q��(QGOHU�-$��HG��*HRJUDSKLF�9DULDWLRQ��6SHFLDWLRQ��DQG
&OLQHV��3ULQFHWRZQ��1HZ�-HUVH\��3ULQFHWRZQ�8QLYHUVLW\�3UHVV��SS��������

([FRIILHU�/��6PRXVH�3��4XDWWUR�-��������$QDO\VLV�RI�PROHFXODU�YDULDQFH�LQIHUUHG�IURP�PHWULF
GLVWDQFHV�DPRQJ�'1$�KDSORW\SHV��$SSOLFDWLRQ�WR�KXPDQ�PLWRFKRQGULDO�UHVWULFWLRQ�GDWD�
*HQHWLFV�������������

)U\�:(��*RRGZLQ�6%��0DWXV]DN�-0��6SLHOPDQ�/-��0LOJURRP�0*��'UHQWK�$�������
3RSXODWLRQ�JHQHWLFV�DQG�LQWHUFRQWLQHQWDO�PLJUDWLRQV�RI�3K\WRSKWKRUD�LQIHVWDQV��$QQX�
5HY��3K\WRSDWKRO�������������

*RRGZLQ�6%��������7KH�SRSXODWLRQ�JHQHWLFV�RI�3K\WRSKWKRUD��3K\WRSDWKRORJ\������������
+DUWO�'/��&ODUN�$*���������3ULQFLSOHV�RI�3RSXODWLRQ�*HQHWLFV���UG��HG���6XQGHUODQG��0$�

6LQDXHU������S�
/HY\�0��5RPDR�-��0DUFKHWL�0$��+DPHU�-(��������'1$�ILQJHUSULQWLQJ�ZLWK�D�GLVSHUVHG

UHSHDWHG�VHTXHQFH�UHVROYHV�SDWKRW\SH�GLYHUVLW\�LQ�WKH�ULFH�EODVW�IXQJXV��3ODQW�&HOO������
����

/HZLV�32��=D\NLQ�'��������*HQHWLF�'DWD�$QDO\VLV��&RPSXWHU�SURJUDP�IRU�WKH�DQDO\VLV�RI
DOOHOLF�GDWD��9HUVLRQ������G������)UHH�SURJUDP�GLVWULEXWHG�E\�WKH�DXWKRUV�RYHU�WKH�LQWHUQHW
IURP�WKH�*'$�+RPH�3DJH�DW�KWWS���DOOH\Q�HHE�XFRQQ�HGX�JGD
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0F'HUPRWW�-0��0F'RQDOG�%$��������*HQH�IORZ�LQ�SODQW�SDWKRV\VWHPV��$QQX��5HY�
3K\WRSDWKRO������������

1HL�0��������(VWLPDWLRQ�RI�DYHUDJH�KHWHUR]\JRVLW\�DQG�JHQHWLF�GLVWDQFH�IURP�D�VPDOOHU
QXPEHU�RI�LQGLYLGXDOV��*HQHWLFV������������

1HL�0�������0ROHFXODU�(YROXWLRQDU\�*HQHWLFV��1HZ�<RUN��1<��&ROXPELD�8QLYHUVLW\�3UHVV�
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