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6HYHUDO� HOHFWURQLF�� QDYDO�� DHURQDXWLF� DQG� DXWRPRWLYH� FRPSRQHQWV� DUH� PDGH� E\� GLIIHUHQW�
PDWHULDOV� MRLQHG� WRJHWKHU� LQ� RUGHU� WR� LPSURYH� PHFKDQLFDO� DQG� IXQFWLRQDO� SURSHUWLHV��
)XQFWLRQDOLWLHV�SURYLGHG�E\�FODG�PHWDOV�FDQ�EH�JURXSHG�LQWR�VWUXFWXUDO�� WKHUPDO�H[SDQVLRQ�
PDQDJHPHQW�� WKHUPR�PHFKDQLFDO� FRQWURO�� HOHFWULFDO�� PDJQHWLF�� FRUURVLRQ� UHVLVWDQW�� MRLQLQJ�
DQG� FRVPHWLF� DSSOLFDWLRQV� WR� FLWH� DV� IHZ� �&KHQ� HW� DO��� ������� 7KH� GHPDQG� IRU� GLVVLPLODU�
PDWHULDO�MRLQWV�FRQWLQXRXVO\�JURZV�EHFDXVH�RQH�PDWHULDO�FDQ�SURYLGH�RQO\�D�VPDOO�VSHFWUXP�
RI� FKHPLFDO�� SK\VLFDO� DQG� PHFKDQLFDO� FKDUDFWHULVWLFV� UHTXLUHG� IRU� WKH� LQYHVWLJDWHG�
DSSOLFDWLRQ� UHVSHFW� WR� WKH�EL��RU�PXOWL�OD\HU�PDWHULDO� MRLQWV��0RUHRYHU� FRQVLGHUDEOH�ZHLJKW�
VDYLQJV�FDQ�EH�DFKLHYHG�E\�XVLQJ� OLJKWZHLJKW�PDWHULDOV� FODG� WR� VWUHQJWK�RQHV�GLUHFWO\��)RU�
WKHVH� UHDVRQV�� UHVHDUFKHUV� DQG� PDQXIDFWXUHUV� FRQWLQXRXVO\� HYDOXDWH� WKH� DSSOLFDWLRQ� RI�
WUDGLWLRQDO� DQG�RU� DGYDQFHG� MRLQLQJ� SURFHVVHV� WR� FODG� GLVVLPLODU� PDWHULDOV� DQG� REWDLQ�
WUDQVLWLRQ� MRLQWV� RSWLPDOO\�� )RFXVLQJ� WKH� DWWHQWLRQ� RQ� VWHHO�DOXPLQLXP� MRLQWV� DQG�
VKLSEXLOGLQJ� LQGXVWU\�� WKH� GHYHORSPHQW� RI� OLJKWZHLJKW� DQG� IDVW�VSHHG� YHVVHOV� UHTXLUHV� D�
JUHDW� QXPEHU� RI� DOXPLQLXP�VWHHO� VWUXFWXUDO� WUDQVLWLRQ� MRLQWV� �67-V�� LQ� RUGHU� WR� FRQQHFW�
DOXPLQLXP�VXSHUVWUXFWXUHV�WR�WKH�VWHHO�KXOO��&KDR�HW�DO����������8VLQJ�WKLV�VROXWLRQ��WKH�WRWDO�
ZHLJKW� RI� D� VKLS� LV� UHGXFHG� GXH� WR� WKH� OLJKWHU� DOXPLQLXP� VXSHUVWUXFWXUH�� +RZHYHU��
SUREOHPV� LQ� VHUYLFH� PD\� RFFXUUHG� E\� UHODWLRQV� DW� WKH� DWRPLF� OHYHO� EHWZHHQ� LURQ� DQG�
DOXPLQLXP�DQG�GLIIHUHQFHV�H[LVWLQJ�LQ�SK\VLFDO�DQG�FKHPLFDO�SURSHUWLHV�RI�WKH�EDVH�PHWDOV��
2QH�RI� WKH�PRVW�XQGHVLUHG�HIIHFW�GHULYHV� IURP� WKH� ODUJH�HOHFWURFKHPLFDO�GLIIHUHQFH�RI������
YROWV�EHWZHHQ�LURQ�DQG�DOXPLQLXP�WKDW�FDXVHV�D�KLJK�VXVFHSWLELOLW\�WR�ERWK�LQWHU�FU\VWDOOLQH�
DQG�JDOYDQLF�FRUURVLRQ�DORQJ�WKH�67-�LQWHUIDFH��
)XVLRQ�ZHOGLQJ�SURFHVVHV��LQLWLDOO\�XVHG�WR�SURGXFH�WKH�DOXPLQLXP�VWHHO�67-V�ZLWK�GHVLUHG�
SK\VLFDO�DQG�PHFKDQLFDO�IHDWXUHV��DUH�QDUURZO\�DSSOLHG�EHFDXVH�WKH�VXEVLGLDU\�SUHFLSLWDWHV�
DQG�EULWWOH�$O�)H�LQWHU�PHWDOOLF�SKDVHV��FUHDWHG�GXULQJ�IXVLRQ�DQG�VROLGLILFDWLRQ�DQG�ORFDWHG�
DORQJ�WKH�LQWHUIDFH��DUH�VHYHUHO\�H[SRVHG�WR�FRUURVLRQ��WURXEOLQJ�MRLQW�FRKHVLRQ��'XUJXWOX�HW�
DO����������7KH�KLJK�KHDW�LQSXW�DIIHFWV�WKH�GLIIHUHQW�WKHUPDO�SURSHUWLHV�RI�WKH�WZR�PDWHULDOV³
WKHUPDO�H[SDQVLRQ��KHDW�FDSDFLW\�DQG�WKHUPDO�FRQGXFWLYLW\³DQG�PD\�OHDG�WR�YHU\�FRPSOH[�
VWUHVV�ILHOGV��0RUHRYHU��WKH�KHDW�LQSXW�FDXVHV�WKH�ODWWLFH�WUDQVIRUPDWLRQ�DQG�WKH�IRUPDWLRQ�RI�
LQWHU�PHWDOOLF�SKDVHV��,Q�LURQ��FXELF�ERG\�FHQWUHG�XS�WR������&��DQG�DOXPLQLXP��FXELF�IDFH�
FHQWUHG�� MRLQWV�� WKH� LQWHU�PHWDOOLF� SKDVHV� SUHVHQW� D� KLJK� KDUGQHVV� DQG� ORZ� GXFWLOLW\�� 7KH�
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ZHOGLQJ� SURFHGXUHV� RI� 67-V� PXVW� EH� FDUHIXOO\� FRQWUROOHG� LQ� RUGHU� WR� DYRLG� GLVERQGLQJ�
GXULQJ�FRQVWUXFWLRQ�DQG�RU�IDLOXUH�GXULQJ�VHUYLFH��7KH�WKLFNQHVV�RI�WKH�$O�)H�LQWHU�PHWDOOLF�
OD\HU� EHWZHHQ�SDUHQW�PDWHULDOV� SOD\V� DQ� LPSRUWDQW� UROH� LQ� REWDLQLQJ� MRLQWV�ZLWK� RSWLPXP�
SHUIRUPDQFHV�� 7KXV�� WKH� WKLFNQHVV�PLQLPLVDWLRQ� RI�$O�)H� LQWHU�PHWDOOLF� SKDVHV� UHSUHVHQWV�
RQH�RI� WKH�PRVW� LPSRUWDQW�SUREOHPV� WR� VROYH�� 7KLV� LV�ZK\�DOO� WKH�KHDW�LQWHQVLYH�SURFHVVHV�
XVHG�XS�XQWLO�QRZ�KDYH�EHHQ�GHVLJQHG�WR�NHHS�WKH�IRUPDWLRQ�RI�LQWHU�PHWDOOLF�SKDVHV�ZLWKLQ�
WLJKW�OLPLWV�RU�HYHQ�WR�SUHYHQW�WKHP�IURP�RFFXUULQJ�LQ�WKH�ILUVW�SODFH��%UXFNQHU��������&KHQ�	�
.RYDFHYLF���������
6ROLG�VWDWH�SURFHVVHV�VHHPV�WR�EH�PRUH�OLNHO\�IRU�SURGXFLQJ�67-V�EHFDXVH�WKLQ�LQWHU�PHWDOOLF�
WKLFNQHVVHV�DUH�DFKLHYHG��3URFHVVHV�QRUPDOO\�HPSOR\HG�DUH�UROO�ERQGLQJ��SUHVVXUH�ZHOGLQJ��
IULFWLRQ�ZHOGLQJ��XOWUDVRQLF�ZHOGLQJ��GLIIXVLRQ�ERQGLQJ�DQG�H[SORVLYH�ZHOGLQJ��'HTLQJ�HW�DO���
�������([SORVLRQ�ZHOGLQJ�LV�D�IDVW�DQG�HIILFLHQW�SURFHVV�WR�ERQG�WZR�RU�PRUH�GLIIHUHQW�PHWDOV�
ZLWK� VDWLVIDFWRU\� FRUURVLYH� SURSHUWLHV�� 7KH� HQHUJ\� RI� DQ� H[SORVLYH� GHWRQDWLRQ� LV� XVHG� WR�
FUHDWH�D�PHWDOOXUJLFDO�ZHOG�EHWZHHQ�GLVVLPLODU�PDWHULDOV��,Q�SUHSDUDWLRQ��WKH�FODGGLQJ�SODWH�
LV� SODFHG� RYHU� WKH� EDFNHU� SODWH� ZLWK� D� VPDOO� JDS� EHWZHHQ� WKH� WZR�� JURXQG� DQG� IL[WXUHG�
SDUDOOHO�DW�D�SUHFLVH�VSDFLQJ��$�PHDVXUHG�TXDQWLW\�RI�D�VSHFLILFDOO\�IRUPXODWHG�H[SORVLYH�LV�
VSUHDG�RQ�WRS�RI�WKH�FODGGLQJ�SODWH��2Q�GHWRQDWLRQ��WKH�FODGGLQJ�SODWH�FROOLGHV�SURJUHVVLYHO\�
ZLWK� WKH�EDFNHU�SODWH� DW� D�KLJK�YHORFLW\��7KLV� FROOLVLRQ� UHPRYHV� WKH� FRQWDPLQDWLQJ� VXUIDFH�
ILOPV�OLNH�R[LGHV�DQG�DEVRUEHG�JDVHV�LQ�WKH�IRUP�RI�D�ILQH� MHW��EULQJLQJ�WRJHWKHU�WZR�YLUJLQ�
PHWDO�VXUIDFHV�WR�IRUP�D�PHWDOOXUJLFDO�ERQG�E\�HOHFWURQ�VKDULQJ��7KH�GHWRQDWLRQ�IURQW�WKHQ�
XQLIRUPO\�WUDYHOV�DFURVV�WKH�VXUIDFH�XQWLO�WKH�HQG�RI�WKH�SODWHV��'XUJXWOX�HW�DO���������%DQNHUV�
	� 1RELOL�� ������� 7KH� FRPELQDWLRQ� RI� VXUIDFH� FOHDQLQJ� DQG� H[WUHPH� SUHVVXUH� SURGXFHV� D�
FRQWLQXRXV�PHWDOOXUJLFDO� ZHOG� �<RXQJ� 	� %DQNHU�� ������� $OWKRXJK� WKH� H[SORVLRQ� JHQHUDWHV�
LQWHQVH�KHDW��WKHUH�LV�QR�VXIILFLHQW�WLPH�IRU�WKH�KHDW�WR�FRQGXFW�LQWR�WKH�PHWDOV��DYRLGLQJ�EXON�
KHDWLQJ� �$60� +DQGERRN� 9RO����� )XUWKHUPRUH�� WKHUH� DUH� QR� FKDQJHV� LQ� WKH� PHWDOOXUJLFDO�
FKDUDFWHULVWLFV�RU�VSHFLILFDWLRQ�FRPSOLDQFH�RI�WKH�FRPSRQHQW�PHWDOV��
7KH�REMHFWLYH�RI�WKH�SUHVHQW�UHVHDUFK�LV�WKH�HYDOXDWLRQ�RI�WKH�SURFHVV�IHDVLELOLW\�RI�DSSO\LQJ�
ODVHU� ZHOGLQJ� WR� H[SORVLRQ�ERQGHG� 67-V� IRU� WKH� ILQDO� VKLS� DVVHPEO\�� 7KLV� SDSHU� UHSRUWV�
UHVXOWV�DFKLHYHG�IRU�DV�VLPXODWHG�ODVHU�ZHOGHG�FRQGLWLRQV�E\�LPSRVLQJ�VHYHUH�WKHUPDO�F\FOHV�
WR�VSHFLPHQ�REWDLQHG� IURP�VWUXFWXUDO� WUDQVLWLRQ� MRLQWV�ZLWK� WLPH�SHULRGV� ORQJHU� WKDQ� WKRVH�
QRUPDOO\� UHFRUGHG�GXULQJ� ODVHU�ZHOGLQJ��0HWDOOXUJLFDO� DQG�PHFKDQLFDO� FKDUDFWHULVDWLRQ�RI�
KHDW�WUHDWHG�VSHFLPHQ�DUH�SHUIRUPHG�WR�HYDOXDWH�WKH�LQIOXHQFH�RI�WKH�KHDW�WUHDWPHQWV�RQ�ILQDO�
MRLQW� SURSHUWLHV�� 7KH� DQDO\VLV� ZDV� WKHQ� H[WHQGHG� WR� WKH� EHDG� RQ� SODWH� DQG� � � GRXEOH�
VLGH�GRXEOH�VTXDUH�ILOOHW�7�MRLQWV��
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)URP�WKH�FKHPLFDO�SRLQW�RI�YLHZ��LURQ�UHDFWV�ZLWK�DOXPLQLXP�IRUPLQJ�VHYHUDO�)H[$O\�LQWHU�
PHWDOOLF�FRPSRXQGV��DV�WKH�)H�$O�SKDVH�GLDJUDP�VKRZV��)LJXUH�����
2QO\� VPDOO� DPRXQWV� RI� LURQ� FDQ� EH� GLVVROYHG� LQ� DOXPLQLXP� DQG� RQO\� VPDOO� DPRXQWV� RI�
DOXPLQLXP�FDQ�EH�GLVVROYHG� LQ� LURQ��7KH�)H$O���)H�$O���)H�$O��DQG�)H$O��DUH�$O�ULFK� LQWHU�
PHWDOOLF�FRPSRXQGV�ZKLOH�)H$O�DQG�)H�$O�DUH�)H�ULFK� LQWHU�PHWDOOLF�FRPSRXQGV� �7DEOH�����
7KH� SUHVHQFH� RI� $O�ULFK� LQWHU�PHWDOOLF� SKDVHV� PXVW� EH� DFFXUDWHO\� FRQWURO� WR� UHGXFH� WKHLU�
LQIOXHQFH�RQ�MRLQW�SHUIRUPDQFHV��UHVSHFW�WR�WKH�)H�ULFK�SKDVHV�ZLWK�KLJKHU�WRXJKQHVV�YDOXHV��
,Q�IDFW�WKH�FRPSOH[�ODWWLFH�VWUXFWXUHV�DQG�WRR�KLJK�PLFUR�KDUGQHVV�YDOXHV��XS�WR�����+9�RU�
PRUH��RI�$O�ULFK�LQWHU�PHWDOOLF�FRPSRXQGV�FDQ�FDXVH�D�KLJK�LQWHUIDFH�IUDJLOLW\��

)LJ�����)H�$O�SKDVH�GLDJUDP�DW�HTXLOLEULXP��
�

3KDVH� $O�&RQWHQW�
�DWRPLF����

6WUXFWXUH� 0LFUR�KDUGQHVV�
�+9��

'HQVLW\�
�J�FP����

)H�$O� ��2UGHUHG�%&&� ������� �����
)H$O� ��2UGHUHG�%&&� ������� �����
)H�$O�� ��&RPSOH[�%&&� ������� 1$�
)H$O�� �����&RPSOH[�UKRPERKHGUDO�� ����������� �����
)H�$O�� ���������%&&�RUWKRUKRPELF� ����������� �����
)H$O�� �����+LJKO\�FRPSOH[�PRQRFOLQLF�%&&� ������� �����
7DEOH����,QWHU�PHWDOOLF�FRPSRXQGV��%UXFNQHU���������
�
7KH�LQWHU�PHWDOOLF�SKDVHV�RFFXUV�DW�WHPSHUDWXUHV�EHORZ�WKH�PHOWLQJ�SRLQW�RI�DOXPLQLXP�QRW�
RQO\�GXULQJ�H[SORVLRQ�ZHOGLQJ�EXW�DOVR�GXULQJ�IXVLRQ�ZHOGLQJ�QHFHVVDU\�WR�FRQQHFW�67-V�WR�
WKH�VWHHO�KXOO�DQG�DOXPLQLXP�VXSHUVWUXFWXUH��7KH�IRUPDWLRQ�UDWH�RI�WKH�LQWHU�PHWDOOLF�SKDVHV�
LV�GLIIXVLRQ�GULYHQ�� WKXV�GHSHQGHQW� IURP� WLPH�DQG� WHPSHUDWXUH�YDULDEOHV�� )RU� WKLV� UHDVRQ��
WKH� HYDOXDWLRQ� RI� MRLQW� FKDUDFWHULVWLFV� EHIRUH� DQG� DIWHU� IXVLRQ� ZHOGLQJ� LV� QHFHVVDU\�� 7KH�
PHFKDQLFDO�DQG�PHWDOOXUJLFDO�SURSHUWLHV�RI�WKH�ERQG�]RQH�DUH�GHWHUPLQHG�E\�PHDQV�RI�WHVWV�
PDGH�LQ�WKH�IROORZLQJ�FRQGLWLRQV��$PHULFDQ�%XUHDX�RI�6KLSSLQJ���������
�� $V�FODG�FRQGLWLRQ��1R�SUHOLPLQDU\�WUHDWPHQW�LV�JLYHQ�WR�WKH�VSHFLPHQV�WR�UHSUHVHQW�WKH�

DV�FODG�SURGXFW���
�� $V�VLPXODWHG� ZHOGHG� FRQGLWLRQ�� $� SUHOLPLQDU\� KHDW� WUHDWPHQW� LV� SHUIRUPHG� WR� WKH�

VSHFLPHQV�LQ�RUGHU�WR�UHSUHVHQW�WKH�SURGXFW�DIWHU�ZHOGLQJ��
7KH�VLPXODWHG�ZHOGHG�VSHFLPHQV�DUH�KHDW�WUHDWHG�DW��������&�����)�����)��IRU����PLQXWHV��
DV�VXJJHVWHG�E\�$PHULFDQ�%XUHDX�RI�6KLSSLQJ��7KLV�WHPSHUDWXUH�WLPH�OLPLW�LV�VHWWOHG�RQ�E\�
FRQVLGHULQJ� WKDW�D�67-� H[SRVHG� WR�D�KLJKHU� WLPH�RU�KLJKHU� WHPSHUDWXUH� WKDQ� WKLV� OLPLW� FDQ�
SUHVHQW� D� ORZHU� SHUIRUPDQFH� OLIH� WKDQ� DQ\� DV�FODG� H[SORVLRQ�ZHOGHG� 67-V�� +RZHYHU�� WZR�
PDLQ� FRQVLGHUDWLRQV� KDYH� WR� EH� PDGH� RQ� WKLV� WHPSHUDWXUH�WLPH� OLPLW� VXFK� DV�� �L�� WKH�
LQWHUDFWLRQ�EHWZHHQ�WKH�WHPSHUDWXUH�DQG�WLPH�YDULDEOHV�LV�QRW�DFFXUDWHO\�HYDOXDWHG�DQG��LL��
WKH� ZHOGHG� FRQGLWLRQ� QRUPDOO\� LV� UHIHUHHG� WR� 7,*� RU� 0,*� ZHOGLQJ� SURFHVVHV�� ERWK�
FKDUDFWHULVHG�E\�KLJK�KHDW� LQSXW�SURILOHV��7KH�PDLQ�K\SRWKHVLV� WR�YHULI\� LV�ZKHWKHU�D�YHU\�
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ZHOGLQJ� SURFHGXUHV� RI� 67-V� PXVW� EH� FDUHIXOO\� FRQWUROOHG� LQ� RUGHU� WR� DYRLG� GLVERQGLQJ�
GXULQJ�FRQVWUXFWLRQ�DQG�RU�IDLOXUH�GXULQJ�VHUYLFH��7KH�WKLFNQHVV�RI�WKH�$O�)H�LQWHU�PHWDOOLF�
OD\HU� EHWZHHQ�SDUHQW�PDWHULDOV� SOD\V� DQ� LPSRUWDQW� UROH� LQ� REWDLQLQJ� MRLQWV�ZLWK� RSWLPXP�
SHUIRUPDQFHV�� 7KXV�� WKH� WKLFNQHVV�PLQLPLVDWLRQ� RI�$O�)H� LQWHU�PHWDOOLF� SKDVHV� UHSUHVHQWV�
RQH�RI� WKH�PRVW� LPSRUWDQW�SUREOHPV� WR� VROYH�� 7KLV� LV�ZK\�DOO� WKH�KHDW�LQWHQVLYH�SURFHVVHV�
XVHG�XS�XQWLO�QRZ�KDYH�EHHQ�GHVLJQHG�WR�NHHS�WKH�IRUPDWLRQ�RI�LQWHU�PHWDOOLF�SKDVHV�ZLWKLQ�
WLJKW�OLPLWV�RU�HYHQ�WR�SUHYHQW�WKHP�IURP�RFFXUULQJ�LQ�WKH�ILUVW�SODFH��%UXFNQHU��������&KHQ�	�
.RYDFHYLF���������
6ROLG�VWDWH�SURFHVVHV�VHHPV�WR�EH�PRUH�OLNHO\�IRU�SURGXFLQJ�67-V�EHFDXVH�WKLQ�LQWHU�PHWDOOLF�
WKLFNQHVVHV�DUH�DFKLHYHG��3URFHVVHV�QRUPDOO\�HPSOR\HG�DUH�UROO�ERQGLQJ��SUHVVXUH�ZHOGLQJ��
IULFWLRQ�ZHOGLQJ��XOWUDVRQLF�ZHOGLQJ��GLIIXVLRQ�ERQGLQJ�DQG�H[SORVLYH�ZHOGLQJ��'HTLQJ�HW�DO���
�������([SORVLRQ�ZHOGLQJ�LV�D�IDVW�DQG�HIILFLHQW�SURFHVV�WR�ERQG�WZR�RU�PRUH�GLIIHUHQW�PHWDOV�
ZLWK� VDWLVIDFWRU\� FRUURVLYH� SURSHUWLHV�� 7KH� HQHUJ\� RI� DQ� H[SORVLYH� GHWRQDWLRQ� LV� XVHG� WR�
FUHDWH�D�PHWDOOXUJLFDO�ZHOG�EHWZHHQ�GLVVLPLODU�PDWHULDOV��,Q�SUHSDUDWLRQ��WKH�FODGGLQJ�SODWH�
LV� SODFHG� RYHU� WKH� EDFNHU� SODWH� ZLWK� D� VPDOO� JDS� EHWZHHQ� WKH� WZR�� JURXQG� DQG� IL[WXUHG�
SDUDOOHO�DW�D�SUHFLVH�VSDFLQJ��$�PHDVXUHG�TXDQWLW\�RI�D�VSHFLILFDOO\�IRUPXODWHG�H[SORVLYH�LV�
VSUHDG�RQ�WRS�RI�WKH�FODGGLQJ�SODWH��2Q�GHWRQDWLRQ��WKH�FODGGLQJ�SODWH�FROOLGHV�SURJUHVVLYHO\�
ZLWK� WKH�EDFNHU�SODWH� DW� D�KLJK�YHORFLW\��7KLV� FROOLVLRQ� UHPRYHV� WKH� FRQWDPLQDWLQJ� VXUIDFH�
ILOPV�OLNH�R[LGHV�DQG�DEVRUEHG�JDVHV�LQ�WKH�IRUP�RI�D�ILQH� MHW��EULQJLQJ�WRJHWKHU�WZR�YLUJLQ�
PHWDO�VXUIDFHV�WR�IRUP�D�PHWDOOXUJLFDO�ERQG�E\�HOHFWURQ�VKDULQJ��7KH�GHWRQDWLRQ�IURQW�WKHQ�
XQLIRUPO\�WUDYHOV�DFURVV�WKH�VXUIDFH�XQWLO�WKH�HQG�RI�WKH�SODWHV��'XUJXWOX�HW�DO���������%DQNHUV�
	� 1RELOL�� ������� 7KH� FRPELQDWLRQ� RI� VXUIDFH� FOHDQLQJ� DQG� H[WUHPH� SUHVVXUH� SURGXFHV� D�
FRQWLQXRXV�PHWDOOXUJLFDO� ZHOG� �<RXQJ� 	� %DQNHU�� ������� $OWKRXJK� WKH� H[SORVLRQ� JHQHUDWHV�
LQWHQVH�KHDW��WKHUH�LV�QR�VXIILFLHQW�WLPH�IRU�WKH�KHDW�WR�FRQGXFW�LQWR�WKH�PHWDOV��DYRLGLQJ�EXON�
KHDWLQJ� �$60� +DQGERRN� 9RO����� )XUWKHUPRUH�� WKHUH� DUH� QR� FKDQJHV� LQ� WKH� PHWDOOXUJLFDO�
FKDUDFWHULVWLFV�RU�VSHFLILFDWLRQ�FRPSOLDQFH�RI�WKH�FRPSRQHQW�PHWDOV��
7KH�REMHFWLYH�RI�WKH�SUHVHQW�UHVHDUFK�LV�WKH�HYDOXDWLRQ�RI�WKH�SURFHVV�IHDVLELOLW\�RI�DSSO\LQJ�
ODVHU� ZHOGLQJ� WR� H[SORVLRQ�ERQGHG� 67-V� IRU� WKH� ILQDO� VKLS� DVVHPEO\�� 7KLV� SDSHU� UHSRUWV�
UHVXOWV�DFKLHYHG�IRU�DV�VLPXODWHG�ODVHU�ZHOGHG�FRQGLWLRQV�E\�LPSRVLQJ�VHYHUH�WKHUPDO�F\FOHV�
WR�VSHFLPHQ�REWDLQHG� IURP�VWUXFWXUDO� WUDQVLWLRQ� MRLQWV�ZLWK� WLPH�SHULRGV� ORQJHU� WKDQ� WKRVH�
QRUPDOO\� UHFRUGHG�GXULQJ� ODVHU�ZHOGLQJ��0HWDOOXUJLFDO� DQG�PHFKDQLFDO� FKDUDFWHULVDWLRQ�RI�
KHDW�WUHDWHG�VSHFLPHQ�DUH�SHUIRUPHG�WR�HYDOXDWH�WKH�LQIOXHQFH�RI�WKH�KHDW�WUHDWPHQWV�RQ�ILQDO�
MRLQW� SURSHUWLHV�� 7KH� DQDO\VLV� ZDV� WKHQ� H[WHQGHG� WR� WKH� EHDG� RQ� SODWH� DQG� � � GRXEOH�
VLGH�GRXEOH�VTXDUH�ILOOHW�7�MRLQWV��

�
���2TQDNGO�2QUKVKQP�

)URP�WKH�FKHPLFDO�SRLQW�RI�YLHZ��LURQ�UHDFWV�ZLWK�DOXPLQLXP�IRUPLQJ�VHYHUDO�)H[$O\�LQWHU�
PHWDOOLF�FRPSRXQGV��DV�WKH�)H�$O�SKDVH�GLDJUDP�VKRZV��)LJXUH�����
2QO\� VPDOO� DPRXQWV� RI� LURQ� FDQ� EH� GLVVROYHG� LQ� DOXPLQLXP� DQG� RQO\� VPDOO� DPRXQWV� RI�
DOXPLQLXP�FDQ�EH�GLVVROYHG� LQ� LURQ��7KH�)H$O���)H�$O���)H�$O��DQG�)H$O��DUH�$O�ULFK� LQWHU�
PHWDOOLF�FRPSRXQGV�ZKLOH�)H$O�DQG�)H�$O�DUH�)H�ULFK� LQWHU�PHWDOOLF�FRPSRXQGV� �7DEOH�����
7KH� SUHVHQFH� RI� $O�ULFK� LQWHU�PHWDOOLF� SKDVHV� PXVW� EH� DFFXUDWHO\� FRQWURO� WR� UHGXFH� WKHLU�
LQIOXHQFH�RQ�MRLQW�SHUIRUPDQFHV��UHVSHFW�WR�WKH�)H�ULFK�SKDVHV�ZLWK�KLJKHU�WRXJKQHVV�YDOXHV��
,Q�IDFW�WKH�FRPSOH[�ODWWLFH�VWUXFWXUHV�DQG�WRR�KLJK�PLFUR�KDUGQHVV�YDOXHV��XS�WR�����+9�RU�
PRUH��RI�$O�ULFK�LQWHU�PHWDOOLF�FRPSRXQGV�FDQ�FDXVH�D�KLJK�LQWHUIDFH�IUDJLOLW\��

)LJ�����)H�$O�SKDVH�GLDJUDP�DW�HTXLOLEULXP��
�

3KDVH� $O�&RQWHQW�
�DWRPLF����

6WUXFWXUH� 0LFUR�KDUGQHVV�
�+9��

'HQVLW\�
�J�FP����

)H�$O� ��2UGHUHG�%&&� ������� �����
)H$O� ��2UGHUHG�%&&� ������� �����
)H�$O�� ��&RPSOH[�%&&� ������� 1$�
)H$O�� �����&RPSOH[�UKRPERKHGUDO�� ����������� �����
)H�$O�� ���������%&&�RUWKRUKRPELF� ����������� �����
)H$O�� �����+LJKO\�FRPSOH[�PRQRFOLQLF�%&&� ������� �����
7DEOH����,QWHU�PHWDOOLF�FRPSRXQGV��%UXFNQHU���������
�
7KH�LQWHU�PHWDOOLF�SKDVHV�RFFXUV�DW�WHPSHUDWXUHV�EHORZ�WKH�PHOWLQJ�SRLQW�RI�DOXPLQLXP�QRW�
RQO\�GXULQJ�H[SORVLRQ�ZHOGLQJ�EXW�DOVR�GXULQJ�IXVLRQ�ZHOGLQJ�QHFHVVDU\�WR�FRQQHFW�67-V�WR�
WKH�VWHHO�KXOO�DQG�DOXPLQLXP�VXSHUVWUXFWXUH��7KH�IRUPDWLRQ�UDWH�RI�WKH�LQWHU�PHWDOOLF�SKDVHV�
LV�GLIIXVLRQ�GULYHQ�� WKXV�GHSHQGHQW� IURP� WLPH�DQG� WHPSHUDWXUH�YDULDEOHV�� )RU� WKLV� UHDVRQ��
WKH� HYDOXDWLRQ� RI� MRLQW� FKDUDFWHULVWLFV� EHIRUH� DQG� DIWHU� IXVLRQ� ZHOGLQJ� LV� QHFHVVDU\�� 7KH�
PHFKDQLFDO�DQG�PHWDOOXUJLFDO�SURSHUWLHV�RI�WKH�ERQG�]RQH�DUH�GHWHUPLQHG�E\�PHDQV�RI�WHVWV�
PDGH�LQ�WKH�IROORZLQJ�FRQGLWLRQV��$PHULFDQ�%XUHDX�RI�6KLSSLQJ���������
�� $V�FODG�FRQGLWLRQ��1R�SUHOLPLQDU\�WUHDWPHQW�LV�JLYHQ�WR�WKH�VSHFLPHQV�WR�UHSUHVHQW�WKH�

DV�FODG�SURGXFW���
�� $V�VLPXODWHG� ZHOGHG� FRQGLWLRQ�� $� SUHOLPLQDU\� KHDW� WUHDWPHQW� LV� SHUIRUPHG� WR� WKH�

VSHFLPHQV�LQ�RUGHU�WR�UHSUHVHQW�WKH�SURGXFW�DIWHU�ZHOGLQJ��
7KH�VLPXODWHG�ZHOGHG�VSHFLPHQV�DUH�KHDW�WUHDWHG�DW��������&�����)�����)��IRU����PLQXWHV��
DV�VXJJHVWHG�E\�$PHULFDQ�%XUHDX�RI�6KLSSLQJ��7KLV�WHPSHUDWXUH�WLPH�OLPLW�LV�VHWWOHG�RQ�E\�
FRQVLGHULQJ� WKDW�D�67-� H[SRVHG� WR�D�KLJKHU� WLPH�RU�KLJKHU� WHPSHUDWXUH� WKDQ� WKLV� OLPLW� FDQ�
SUHVHQW� D� ORZHU� SHUIRUPDQFH� OLIH� WKDQ� DQ\� DV�FODG� H[SORVLRQ�ZHOGHG� 67-V�� +RZHYHU�� WZR�
PDLQ� FRQVLGHUDWLRQV� KDYH� WR� EH� PDGH� RQ� WKLV� WHPSHUDWXUH�WLPH� OLPLW� VXFK� DV�� �L�� WKH�
LQWHUDFWLRQ�EHWZHHQ�WKH�WHPSHUDWXUH�DQG�WLPH�YDULDEOHV�LV�QRW�DFFXUDWHO\�HYDOXDWHG�DQG��LL��
WKH� ZHOGHG� FRQGLWLRQ� QRUPDOO\� LV� UHIHUHHG� WR� 7,*� RU� 0,*� ZHOGLQJ� SURFHVVHV�� ERWK�
FKDUDFWHULVHG�E\�KLJK�KHDW� LQSXW�SURILOHV��7KH�PDLQ�K\SRWKHVLV� WR�YHULI\� LV�ZKHWKHU�D�YHU\�
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VKRUW�WLPH�DW�D�KLJK�WHPSHUDWXUH�PD\�VXIILFLHQW�WR�FRPSURPLVH�DQG��LQ�WKH�ZRUVW�FRQGLWLRQ��
GHVWUR\�ERQG�SURSHUWLHV�RI�H[SORVLRQ�ZHOGLQJ�67-V��PDNLQJ�WKH�DSSOLFDWLRQ�RI�ODVHU�ZHOGLQJ�
XQIHDVLEOH�� $OO� DERYH� FRQVLGHUDWLRQV� VKLIW� WKH� PDQXIDFWXULQJ� SUREOHP� IRUP� VXSSOLHUV� WR�
VKLSEXLOGHUV�� ,Q� IDFW�� WKH� LQWHUHVW�RI�DQ�67-� LV� LWV�GLUHFW�DSSOLFDWLRQ� LQVWHDG�RI� WKH�ZD\� LW� LV�
SURGXFHG��

�
���5RGEKOGP�RTGRCTCVKQP�QH�JGCV�VTGCVOGPV�

$�WUL�PHWDOOLF�WUDQVLWLRQ�MRLQW�ZDV�FKRVHQ�IRU�WKLV�VWXG\�GXH�WR�LWV�LQGXVWULDO�LPSRUWDQFH�IRU�WKH�
IDVW�YHVVHO�FRQVWUXFWLRQ��7KH�URXJK�PDWHULDO�ZDV�WKH�7ULFODG��67-��D�WUDGH�QDPH�RI�0HUUHP�	�OD�
3RUWH� IRU� DOXPLQLXP�VWHHO� WUDQVLWLRQ� MRLQWV�� SURGXFHG� ZLWK� RSHQ�DLU� H[SORVLRQ� ZHOGLQJ�� ,Q�
SDUWLFXODU��WKH�VHOHFWHG�URXJK�PDWHULDO�FRQVLVWHG�RI�DQ�$670�$����VWHHO�EDFNHU�SODWH�FODG�WR�DQ�
$$����� IO\HU� SODWH�� ZLWK� FRPPHUFLDO� SXULW\� DOXPLQLXP� �$$������ LQWHUOD\HU� SODWH� SODFHG�
EHWZHHQ�WKH�IRUPHU�WZR��7KH�SUHVHQFH�RI�WKH�$$�����LQWHUOD\HU�ZDV�QHFHVVDU\�WR�LPSURYH�67-�
GLIIXVLRQ�UHVLVWDQFH�ZLWK�ERWK�LURQ�DQG�DOXPLQLXP��%DQNHUV�	�1RELOL���������7KH�LQYHVWLJDWHG�67-��
UHDOLVHG� E\� WKH� VXSSOLHU� LQ� FRPSOLDQFH�ZLWK� VSHFLILFDWLRQ�$670�%���� �&KHQ� HW� DO��� �������ZDV�
DQDO\VHG�ZLWK�XOWUDVRQLF�LQVSHFWLRQ�IURP�WKH�PDQXIDFWXUHU�WR�FRQILUP�WKH�ZKROH�ZHOG�LQWHUIDFH�
LQWHJULW\��
67-�VSHFLPHQV�IRU�PHWDOORJUDSKLF�DQG�PLFUR�KDUGQHVV�HYDOXDWLRQ�RI�DERXW���Â��Â��PP���)LJXUH����
ZHUH�VHFWLRQHG�E\�XVLQJ�DQ�DEUDVLYH�ZKHHO�FXW�RII�PDFKLQH�LQ�WUDQVYHUVH�GLUHFWLRQ�WR�WKH�OHQJWK�
RI�WKH�URXJK�SODWH��WDNLQJ�FDUH�RI�PLQLPLVLQJ�WKH�PHFKDQLFDO�DQG�WKHUPDO�GLVWRUWLRQV�RI�WKH�$O�)H�
LQWHUIDFH��7KH� VSHFLPHQ� VXUIDFHV�ZHUH� VPRRWKO\�JURXQG� WR�JLYH� D�XQLIRUP� ILQLVK� DQG� FOHDQHG�
EHIRUH� SXWWLQJ� WKHP� LQ� WKH� KHDW� WUHDWPHQW� RYHQ�� (DFK� VSHFLPHQ� ZDV� KHDWHG� DW� VSHFLILF�
WHPSHUDWXUH� DQG� WLPH� LQ� FRPSOLDQFH�ZLWK� WKH�&HQWUDO�&RPSRVLWH�'HVLJQ� �&&'�� H[SHULPHQWDO�
SODQ�DQG�FRROHG�RXWVLGH�WKH�KHDW�RYHQ�WR�WKH�URRP�WHPSHUDWXUH��7KH�&&'�GHVLJQ�LV�D�IDFWRULDO�RU�
IUDFWLRQDO� IDFWRULDO� GHVLJQ� �ZLWK� FHQWUH� SRLQWV�� LQ� ZKLFK� �VWDU�� SRLQWV� DUH� DGGHG� WR� HVWLPDWH�
FXUYDWXUH� �0RQWJRPHU\���������7KH�PDLQ�&&'�IDFWRUV�ZHUH� WKH� WHPSHUDWXUH�DQG� WLPH�� UDQJLQJ�
EHWZHHQ� ���� DQG� ����&� DQG� �� DQG� ��� PLQXWHV� UHVSHFWLYHO\�� 7KH� FHQWUH� SRLQW� RI� WKH� &&'��
UHSOLFDWHG�ILYH�WLPHV��ZDV�IL[HG�DW�����&�IRU����PLQXWHV��DFFRUGLQJ�WR�WKH�OLPLW�RI�WKH�DV�VLPXODWHG�
ZHOGHG�FRQGLWLRQ��7KH�HQWLUH�SODQ��VKRZQ�LQ�7DEOH����DOVR�LQFOXGHG�WKH�DV�FODG�FRQGLWLRQ��,'�����
DQG�QHDU�PHOWHG�FRQGLWLRQ�RI�DOXPLQLXP�DOOR\V��,'������7KH�WHPSHUDWXUH�RI�WKH�KHDW�WUHDWPHQW�
RYHQ�ZDV�UDSLGO\�UHDFKHG�E\�DSSO\LQJ�D�KLJK�KHDW�SRZHU�DQG�WKHQ�PDLQWDLQLQJ�WKLV�WHPSHUDWXUH�
IRU�WLPH�VXIILFLHQW�WR�JXDUDQWHH�VWDWLRQDU\�FRQGLWLRQV��7KH�VSHFLPHQ�ZDV�WKHQ�LQVHUWHG�LQWR�WKH�
RYHQ��7KLV�SURFHVV�ZDV�UHSHDWHG�IRU�DOO�VSHFLPHQV��
�
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7DEOH����&HQWUDO�&RPSRVLWH�'2(��
�
7KH� KHDW�WUHDWHG� VSHFLPHQV�ZHUH� WKHQ� SUHSDUHG� E\� JULQGLQJ�ZLWK� ���� WR� �����JULW� VLOLFRQ�
FDUELGH�SDSHUV��IROORZHG�E\�PHFKDQLFDO�SROLVKLQJ�IURP���ǍP�WR���ǍP�GLDPRQG�DEUDVLYH�RQ�
VKRUW� QDS� FORWKHV�� (WFKLQJ�ZDV� WKHQ� SHUIRUPHG�RQ� WKH� VWHHO� VLGH� RI� VSHFLPHQV�ZLWK�1LWDO�
VROXWLRQ����P/�+12��DQG����P/�RI�&�+�2+�� LQ�GLVWLOOHG�ZDWHU� IRU����VHFRQGV� LQ�RUGHU� WR�
KLJKOLJKW�JUDLQ�VWUXFWXUHV�DV�ZHOO�DV�LQWHU�PHWDOOLF�SKDVHV��.HOOHU·V�UHDJHQW����P/�+12��DQG�
����P/�RI�+�2��ZDV�DSSOLHG�IRU����VHFRQGV�WR�DOXPLQLXP�VLGH�WR�SRLQW�PDFUR�VWUXFWXUHV���

��
���/GVCNNQITCRJKE�GZCOKPCVKQP�QH�JGCV�VTGCVGF�URGEKOGPU�

7KH� YLVXDO� LQVSHFWLRQ� RI� WKH� 67-� VSHFLPHQV� E\� XVLQJ� WKH�PHWDOORJUDSKLF�PLFURVFRSH�ZDV�
YHU\�XVHIXO� WR� LQYHVWLJDWH�PRGLILFDWLRQV�RI�$O�)H� LQWHUIDFH�GXH� WR�KHDW� WUHDWPHQWV��7KH�DV�
FODG�VSHFLPHQ�ZDV�LQLWLDOO\�DQDO\VHG�DQG�GLIIHUHQW�DUHDV�ZHUH�GHWHFWHG��DV�)LJXUH���VKRZV��
5LSSOHV� ZLWK� GLIIHUHQW� PRUSKRORJLFDO� FKDUDFWHULVWLFV� ZHUH� ORFDWHG� DW� WKH� LQWHUIDFH�� 7KHVH�
ULSSOHV��IRUPHG�IURP�WKH�UDSLG�TXHQFKLQJ�RI�PHOW�UHJLRQV�FDXVHG�E\�H[SORVLRQ��FRQVLVWHG�RI�
D�PL[WXUH�RI�GLIIHUHQW� LQWHU�PHWDOOLF�SKDVHV��DV� WKH�JUH\� VFDOH�YDULDWLRQ�VXJJHVWV� �)LJXUH���
$�%���$UHDV� VXUURXQGLQJ� WKHVH� ULSSOHV�� DQG� VRPHWLPHV� ORFDWHG� LQVLGH� WKHP�� H[KLELWHG� WKH�
W\SLFDO�GHQGULWH�PRUSKRORJ\�RI�D�VORZ�FRROLQJ�SURFHVV�DIWHU�PHOWLQJ���6PDOO�VL]HG�FOXVWHUV�RI�
LQWHU�PHWDOOLF�FRPSRXQGV��IRUPHG�LQ�QRW�HTXLOLEULXP�FRROLQJ�FRQGLWLRQV��ZHUH�DOVR�REVHUYHG�
DORQJ� WKH� $O�)H� LQWHUIDFH�� SRLQWLQJ� RXW� WKH� LQWHUIDFH� GLVFRQWLQXLW\�� 7KH� FOXVWHU� WKLFNQHVV�
UDQJHG�EHWZHHQ����DQG�����ȝP��$ORQJ� WKH�$O�)H� LQWHUIDFH�� WKH� LQWHU�PHWDOOLF�SKDVHV�ZHUH�
GHWHFWHG�DV�D�GLVFRQWLQXRXV�QDUURZ�EDQG�� OHVV� WKDQ���ȝP�ZLGH� �)LJXUH���&�'���7KLV�EDQG�
ZDV�WKLFN�LQ�DUHDV�VXEPLWWHG�WR�KLJK�WKHUPDO�JUDGLHQW� �ZKLOH� LW�ZDV�YHU\�WKLQ�RU�DEVHQW� LQ�
DUHDV� VXEMHFWHG� WR� YHU\� ORZ� WKHUPDO� JUDGLHQW�� 7KH� YHU\� EULWWOH� LQWHU�PHWDOOLF� SKDVHV�
LGHQWLILHG�LQ�WKLV�EDQG�DW�URRP�WHPSHUDWXUH�LQ�WKH�DV�FODG�67-�ZHUH�WKH�)H$O��DQG�)H�$O��RQ�
WKH�DOXPLQLXP�VLGH�DQG�VWHHO�VLGH�UHVSHFWLYHO\��DV�FRQILUPHG�E\�TXDQWLWDWLYH�DQDO\VLV��[�UD\�
GLIIUDFWLRQ��SHUIRUPHG�ZLWK�6(0��)LJXUH�����)XUWKHU�PHWDOORJUDSKLF�IHDWXUHV�ZHUH�QRWHG�IRU�
WKH� 67-� EDVH� PDWHULDOV�� 7KH� PLFUR�VWUXFWXUH� RI� WKH� $670� $���� VWHHO� FRQVLVWHG� RI� IHUULWH�
�OLJKWHU� FRQVWLWXHQW�� ZLWK� SHDUOLWH� �GDUNHU� FRQVWLWXHQW��� DV� )LJXUH� ��(� VKRZV�� 6PDOO�VL]HG�
HORQJDWHG� JUDLQV�� FKDUDFWHULVWLF� RI� WKH� FROG�ZRUNLQJ� FRQGLWLRQV�� ZHUH� REVHUYHG� QHDU� WKH�
LQWHUIDFH�ZKLOH�PHGLXP�VL]HG� UHJXODU� RQHV�ZHUH� LGHQWLILHG� LQ� DUHDV� LPPHGLDWHO\� DIWHU� WKH�
$O�)H� LQWHUIDFH�XQWLO� WR� WKH�VSHFLPHQ�ERXQGDULHV��$V�FRQFHUQ� WKH�$$�����VLGH�� WKH�PLFUR�
VWUXFWXUH� FRQVLVWHG� RI� LQVROXEOH� )H$O�� SDUWLFOHV� �GDUN� FRQVWLWXHQW�� GLVSHUVHG� LQ� WKH�
DOXPLQLXP� PDWUL[� �OLJKWHU� FRQVWLWXHQW��� DV� )LJXUH� ��)� VKRZV�� 7KH� PRUSKRORJ\� RI� WKHVH�
SDUWLFOHV�VHHPHG�WR�EH�QRW�LQIOXHQFHG�E\�H[SORVLRQ�ZHOGLQJ��
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VKRUW�WLPH�DW�D�KLJK�WHPSHUDWXUH�PD\�VXIILFLHQW�WR�FRPSURPLVH�DQG��LQ�WKH�ZRUVW�FRQGLWLRQ��
GHVWUR\�ERQG�SURSHUWLHV�RI�H[SORVLRQ�ZHOGLQJ�67-V��PDNLQJ�WKH�DSSOLFDWLRQ�RI�ODVHU�ZHOGLQJ�
XQIHDVLEOH�� $OO� DERYH� FRQVLGHUDWLRQV� VKLIW� WKH� PDQXIDFWXULQJ� SUREOHP� IRUP� VXSSOLHUV� WR�
VKLSEXLOGHUV�� ,Q� IDFW�� WKH� LQWHUHVW�RI�DQ�67-� LV� LWV�GLUHFW�DSSOLFDWLRQ� LQVWHDG�RI� WKH�ZD\� LW� LV�
SURGXFHG��

�
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$�WUL�PHWDOOLF�WUDQVLWLRQ�MRLQW�ZDV�FKRVHQ�IRU�WKLV�VWXG\�GXH�WR�LWV�LQGXVWULDO�LPSRUWDQFH�IRU�WKH�
IDVW�YHVVHO�FRQVWUXFWLRQ��7KH�URXJK�PDWHULDO�ZDV�WKH�7ULFODG��67-��D�WUDGH�QDPH�RI�0HUUHP�	�OD�
3RUWH� IRU� DOXPLQLXP�VWHHO� WUDQVLWLRQ� MRLQWV�� SURGXFHG� ZLWK� RSHQ�DLU� H[SORVLRQ� ZHOGLQJ�� ,Q�
SDUWLFXODU��WKH�VHOHFWHG�URXJK�PDWHULDO�FRQVLVWHG�RI�DQ�$670�$����VWHHO�EDFNHU�SODWH�FODG�WR�DQ�
$$����� IO\HU� SODWH�� ZLWK� FRPPHUFLDO� SXULW\� DOXPLQLXP� �$$������ LQWHUOD\HU� SODWH� SODFHG�
EHWZHHQ�WKH�IRUPHU�WZR��7KH�SUHVHQFH�RI�WKH�$$�����LQWHUOD\HU�ZDV�QHFHVVDU\�WR�LPSURYH�67-�
GLIIXVLRQ�UHVLVWDQFH�ZLWK�ERWK�LURQ�DQG�DOXPLQLXP��%DQNHUV�	�1RELOL���������7KH�LQYHVWLJDWHG�67-��
UHDOLVHG� E\� WKH� VXSSOLHU� LQ� FRPSOLDQFH�ZLWK� VSHFLILFDWLRQ�$670�%���� �&KHQ� HW� DO��� �������ZDV�
DQDO\VHG�ZLWK�XOWUDVRQLF�LQVSHFWLRQ�IURP�WKH�PDQXIDFWXUHU�WR�FRQILUP�WKH�ZKROH�ZHOG�LQWHUIDFH�
LQWHJULW\��
67-�VSHFLPHQV�IRU�PHWDOORJUDSKLF�DQG�PLFUR�KDUGQHVV�HYDOXDWLRQ�RI�DERXW���Â��Â��PP���)LJXUH����
ZHUH�VHFWLRQHG�E\�XVLQJ�DQ�DEUDVLYH�ZKHHO�FXW�RII�PDFKLQH�LQ�WUDQVYHUVH�GLUHFWLRQ�WR�WKH�OHQJWK�
RI�WKH�URXJK�SODWH��WDNLQJ�FDUH�RI�PLQLPLVLQJ�WKH�PHFKDQLFDO�DQG�WKHUPDO�GLVWRUWLRQV�RI�WKH�$O�)H�
LQWHUIDFH��7KH� VSHFLPHQ� VXUIDFHV�ZHUH� VPRRWKO\�JURXQG� WR�JLYH� D�XQLIRUP� ILQLVK� DQG� FOHDQHG�
EHIRUH� SXWWLQJ� WKHP� LQ� WKH� KHDW� WUHDWPHQW� RYHQ�� (DFK� VSHFLPHQ� ZDV� KHDWHG� DW� VSHFLILF�
WHPSHUDWXUH� DQG� WLPH� LQ� FRPSOLDQFH�ZLWK� WKH�&HQWUDO�&RPSRVLWH�'HVLJQ� �&&'�� H[SHULPHQWDO�
SODQ�DQG�FRROHG�RXWVLGH�WKH�KHDW�RYHQ�WR�WKH�URRP�WHPSHUDWXUH��7KH�&&'�GHVLJQ�LV�D�IDFWRULDO�RU�
IUDFWLRQDO� IDFWRULDO� GHVLJQ� �ZLWK� FHQWUH� SRLQWV�� LQ� ZKLFK� �VWDU�� SRLQWV� DUH� DGGHG� WR� HVWLPDWH�
FXUYDWXUH� �0RQWJRPHU\���������7KH�PDLQ�&&'�IDFWRUV�ZHUH� WKH� WHPSHUDWXUH�DQG� WLPH�� UDQJLQJ�
EHWZHHQ� ���� DQG� ����&� DQG� �� DQG� ��� PLQXWHV� UHVSHFWLYHO\�� 7KH� FHQWUH� SRLQW� RI� WKH� &&'��
UHSOLFDWHG�ILYH�WLPHV��ZDV�IL[HG�DW�����&�IRU����PLQXWHV��DFFRUGLQJ�WR�WKH�OLPLW�RI�WKH�DV�VLPXODWHG�
ZHOGHG�FRQGLWLRQ��7KH�HQWLUH�SODQ��VKRZQ�LQ�7DEOH����DOVR�LQFOXGHG�WKH�DV�FODG�FRQGLWLRQ��,'�����
DQG�QHDU�PHOWHG�FRQGLWLRQ�RI�DOXPLQLXP�DOOR\V��,'������7KH�WHPSHUDWXUH�RI�WKH�KHDW�WUHDWPHQW�
RYHQ�ZDV�UDSLGO\�UHDFKHG�E\�DSSO\LQJ�D�KLJK�KHDW�SRZHU�DQG�WKHQ�PDLQWDLQLQJ�WKLV�WHPSHUDWXUH�
IRU�WLPH�VXIILFLHQW�WR�JXDUDQWHH�VWDWLRQDU\�FRQGLWLRQV��7KH�VSHFLPHQ�ZDV�WKHQ�LQVHUWHG�LQWR�WKH�
RYHQ��7KLV�SURFHVV�ZDV�UHSHDWHG�IRU�DOO�VSHFLPHQV��
�
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,'�

7HPSHUDWXUH�
��&��

7LPH�
�PLQXWHV��

�� ��� �
�� ��� ��
�� ��� �
�� ��� ��

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

7DEOH����&HQWUDO�&RPSRVLWH�'2(��
�
7KH� KHDW�WUHDWHG� VSHFLPHQV�ZHUH� WKHQ� SUHSDUHG� E\� JULQGLQJ�ZLWK� ���� WR� �����JULW� VLOLFRQ�
FDUELGH�SDSHUV��IROORZHG�E\�PHFKDQLFDO�SROLVKLQJ�IURP���ǍP�WR���ǍP�GLDPRQG�DEUDVLYH�RQ�
VKRUW� QDS� FORWKHV�� (WFKLQJ�ZDV� WKHQ� SHUIRUPHG�RQ� WKH� VWHHO� VLGH� RI� VSHFLPHQV�ZLWK�1LWDO�
VROXWLRQ����P/�+12��DQG����P/�RI�&�+�2+�� LQ�GLVWLOOHG�ZDWHU� IRU����VHFRQGV� LQ�RUGHU� WR�
KLJKOLJKW�JUDLQ�VWUXFWXUHV�DV�ZHOO�DV�LQWHU�PHWDOOLF�SKDVHV��.HOOHU·V�UHDJHQW����P/�+12��DQG�
����P/�RI�+�2��ZDV�DSSOLHG�IRU����VHFRQGV�WR�DOXPLQLXP�VLGH�WR�SRLQW�PDFUR�VWUXFWXUHV���

��
���/GVCNNQITCRJKE�GZCOKPCVKQP�QH�JGCV�VTGCVGF�URGEKOGPU�

7KH� YLVXDO� LQVSHFWLRQ� RI� WKH� 67-� VSHFLPHQV� E\� XVLQJ� WKH�PHWDOORJUDSKLF�PLFURVFRSH�ZDV�
YHU\�XVHIXO� WR� LQYHVWLJDWH�PRGLILFDWLRQV�RI�$O�)H� LQWHUIDFH�GXH� WR�KHDW� WUHDWPHQWV��7KH�DV�
FODG�VSHFLPHQ�ZDV�LQLWLDOO\�DQDO\VHG�DQG�GLIIHUHQW�DUHDV�ZHUH�GHWHFWHG��DV�)LJXUH���VKRZV��
5LSSOHV� ZLWK� GLIIHUHQW� PRUSKRORJLFDO� FKDUDFWHULVWLFV� ZHUH� ORFDWHG� DW� WKH� LQWHUIDFH�� 7KHVH�
ULSSOHV��IRUPHG�IURP�WKH�UDSLG�TXHQFKLQJ�RI�PHOW�UHJLRQV�FDXVHG�E\�H[SORVLRQ��FRQVLVWHG�RI�
D�PL[WXUH�RI�GLIIHUHQW� LQWHU�PHWDOOLF�SKDVHV��DV� WKH�JUH\� VFDOH�YDULDWLRQ�VXJJHVWV� �)LJXUH���
$�%���$UHDV� VXUURXQGLQJ� WKHVH� ULSSOHV�� DQG� VRPHWLPHV� ORFDWHG� LQVLGH� WKHP�� H[KLELWHG� WKH�
W\SLFDO�GHQGULWH�PRUSKRORJ\�RI�D�VORZ�FRROLQJ�SURFHVV�DIWHU�PHOWLQJ���6PDOO�VL]HG�FOXVWHUV�RI�
LQWHU�PHWDOOLF�FRPSRXQGV��IRUPHG�LQ�QRW�HTXLOLEULXP�FRROLQJ�FRQGLWLRQV��ZHUH�DOVR�REVHUYHG�
DORQJ� WKH� $O�)H� LQWHUIDFH�� SRLQWLQJ� RXW� WKH� LQWHUIDFH� GLVFRQWLQXLW\�� 7KH� FOXVWHU� WKLFNQHVV�
UDQJHG�EHWZHHQ����DQG�����ȝP��$ORQJ� WKH�$O�)H� LQWHUIDFH�� WKH� LQWHU�PHWDOOLF�SKDVHV�ZHUH�
GHWHFWHG�DV�D�GLVFRQWLQXRXV�QDUURZ�EDQG�� OHVV� WKDQ���ȝP�ZLGH� �)LJXUH���&�'���7KLV�EDQG�
ZDV�WKLFN�LQ�DUHDV�VXEPLWWHG�WR�KLJK�WKHUPDO�JUDGLHQW� �ZKLOH� LW�ZDV�YHU\�WKLQ�RU�DEVHQW� LQ�
DUHDV� VXEMHFWHG� WR� YHU\� ORZ� WKHUPDO� JUDGLHQW�� 7KH� YHU\� EULWWOH� LQWHU�PHWDOOLF� SKDVHV�
LGHQWLILHG�LQ�WKLV�EDQG�DW�URRP�WHPSHUDWXUH�LQ�WKH�DV�FODG�67-�ZHUH�WKH�)H$O��DQG�)H�$O��RQ�
WKH�DOXPLQLXP�VLGH�DQG�VWHHO�VLGH�UHVSHFWLYHO\��DV�FRQILUPHG�E\�TXDQWLWDWLYH�DQDO\VLV��[�UD\�
GLIIUDFWLRQ��SHUIRUPHG�ZLWK�6(0��)LJXUH�����)XUWKHU�PHWDOORJUDSKLF�IHDWXUHV�ZHUH�QRWHG�IRU�
WKH� 67-� EDVH� PDWHULDOV�� 7KH� PLFUR�VWUXFWXUH� RI� WKH� $670� $���� VWHHO� FRQVLVWHG� RI� IHUULWH�
�OLJKWHU� FRQVWLWXHQW�� ZLWK� SHDUOLWH� �GDUNHU� FRQVWLWXHQW��� DV� )LJXUH� ��(� VKRZV�� 6PDOO�VL]HG�
HORQJDWHG� JUDLQV�� FKDUDFWHULVWLF� RI� WKH� FROG�ZRUNLQJ� FRQGLWLRQV�� ZHUH� REVHUYHG� QHDU� WKH�
LQWHUIDFH�ZKLOH�PHGLXP�VL]HG� UHJXODU� RQHV�ZHUH� LGHQWLILHG� LQ� DUHDV� LPPHGLDWHO\� DIWHU� WKH�
$O�)H� LQWHUIDFH�XQWLO� WR� WKH�VSHFLPHQ�ERXQGDULHV��$V�FRQFHUQ� WKH�$$�����VLGH�� WKH�PLFUR�
VWUXFWXUH� FRQVLVWHG� RI� LQVROXEOH� )H$O�� SDUWLFOHV� �GDUN� FRQVWLWXHQW�� GLVSHUVHG� LQ� WKH�
DOXPLQLXP� PDWUL[� �OLJKWHU� FRQVWLWXHQW��� DV� )LJXUH� ��)� VKRZV�� 7KH� PRUSKRORJ\� RI� WKHVH�
SDUWLFOHV�VHHPHG�WR�EH�QRW�LQIOXHQFHG�E\�H[SORVLRQ�ZHOGLQJ��
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)LJ�����'HWDLOV�RI�$O�)H�LQWHUIDFH��DV�FODG�FRQGLWLRQ���
�

�
)LJ�����6(0�2EVHUYDWLRQ��
�
7KH� KHDW�WUHDWHG� VSHFLPHQV� ZHUH� DFFXUDWHO\� H[DPLQHG� WR� PHDVXUH� FKDQJHV� LQ� $O�)H�
LQWHUIDFH��$�ZHOO�GHVLJQHG�PHDVXUHPHQW�SURFHVV�� GLYLGHG� LQWR� FDOLEUDWLRQ�� DFTXLVLWLRQ�DQG�
FRPSXWDWLRQ�VWHSV��ZDV�DSSOLHG�WR�TXDQWLI\�WKH�H[WHQVLRQ�RI�WKH�LQWHU�PHWDOOLF�SKDVHV�DORQJ�
WKH� $O�)H� LQWHUIDFH�� 7KH� PLFUR�VWUXFWXUDO� PHDVXUHPHQWV� LQYROYHG� WKH� XVH� DQ� RSWLFDO�
PLFURVFRSH�FRQQHFWHG�WR�D�GLJLWDO�FDPHUD�DQG�D�FRPSXWHULVHG�LPDJH�WRRO��$W�WKH�HQG�RI�WKH�
DFTXLVLWLRQ� SURFHVV�� WKH� HQWLUH�$O�)H� LQWHUIDFH� RI� WKH� VSHFLPHQ�ZDV� FDSWXUHG� E\� VKRRWLQJ�
PXOWLSOH� LPDJHV� DW� GLIIHUHQW� ORFDWLRQV�� SHUIRUPLQJ� WKH� EULJKWQHVV�FRQWUDVW� DGMXVWPHQW��
MRLQLQJ�WKHP�LQ�D�VLQJOH�IUDPH�DQG�ILQDOO\�RYHU�OD\LQJ�D�����ǍP�JULG��)LJXUH�����
�

)LJ�����$O�)H�LQWHUIDFH�ZLWK�JULG��
�

,Q�WKH�PHDVXUHPHQW�VWHS��WKH�SUHVHQFH�RI�LQWHU�PHWDOOLF�SKDVHV�ZDV�HYDOXDWHG�IRU�HDFK�VHFWRU�
RI� ���� ȝP� OHQJWK�� 7KHVH� SKDVHV�� GDUNHU� WKDQ� DOXPLQLXP� DQG� OLJKWHU� WKDQ� IHUULWH�� ZHUH�
VHDUFKHG�DW�LQWHUIDFH��,Q�FDVH�RI�D�QRW�YHU\�FOHDU�GLVWLQFWLRQ�EHWZHHQ�OLJKW�DQG�GDUN�]RQHV��WKH�
LQWHU�PHWDOOLF�SKDVHV�ZHUH�FRQVLGHUHG�DV�QRW�SUHVHQW��7KH�DERYH�SURFHGXUH�ZDV�UHSHDWHG�IRU�
DOO�VSHFLPHQV�DQG�WKH�UHVXOWV�UHSRUWHG�LQ�7DEOH���LQ�WHUPV�RI�UHDO�LQWHU�PHWDOOLF�H[WHQVLRQ�DQG�
SHUFHQWDJH�UHVSHFW�WR�WKH�HQWLUH�VSHFLPHQ�OHQJWK�RI����PP��
�

6SHFLPHQ�,'� 7HPSHUDWXUH�
��&��

7LPH�
�PLQXWHV��

)H[$O\�OHQJWK�
�PP�� ����

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

7DEOH����,QWHU�PHWDOOLF�H[WHQVLRQV��
�

7KH�H[SHFWHG�RXWFRPH�ZDV�WKH�LQFUHDVH�RI�WKH�LQWHU�PHWDOOLF�OD\HU�OHQJWK�ZLWK�WKH�LQFUHDVH�RI�
ERWK�WHPSHUDWXUH�DQG�WLPH��7KH�DQDO\VLV�RI�YDULDQFH��$129$��RI�WKH�)H[$O\�OHQJWK�UHVSRQVH�
YDULDEOH�SRLQWHG�RXW�WKH�WHPSHUDWXUH�DV�WKH�PDLQ�IDFWRU�LQIOXHQFLQJ�WKH�H[WHQVLRQ�JURZWK�RI�
WKH�LQWHU�PHWDOOLF�SKDVHV�DORQJ�WKH�$O�)H�LQWHUIDFH�ZKLOH�WLPH�ZDV�QHJOLJLEOH��7DEOH������

�

�
)LJ�����)H[$O\�H[WHQVLRQ��
�
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)LJ�����'HWDLOV�RI�$O�)H�LQWHUIDFH��DV�FODG�FRQGLWLRQ���
�

�
)LJ�����6(0�2EVHUYDWLRQ��
�
7KH� KHDW�WUHDWHG� VSHFLPHQV� ZHUH� DFFXUDWHO\� H[DPLQHG� WR� PHDVXUH� FKDQJHV� LQ� $O�)H�
LQWHUIDFH��$�ZHOO�GHVLJQHG�PHDVXUHPHQW�SURFHVV�� GLYLGHG� LQWR� FDOLEUDWLRQ�� DFTXLVLWLRQ�DQG�
FRPSXWDWLRQ�VWHSV��ZDV�DSSOLHG�WR�TXDQWLI\�WKH�H[WHQVLRQ�RI�WKH�LQWHU�PHWDOOLF�SKDVHV�DORQJ�
WKH� $O�)H� LQWHUIDFH�� 7KH� PLFUR�VWUXFWXUDO� PHDVXUHPHQWV� LQYROYHG� WKH� XVH� DQ� RSWLFDO�
PLFURVFRSH�FRQQHFWHG�WR�D�GLJLWDO�FDPHUD�DQG�D�FRPSXWHULVHG�LPDJH�WRRO��$W�WKH�HQG�RI�WKH�
DFTXLVLWLRQ� SURFHVV�� WKH� HQWLUH�$O�)H� LQWHUIDFH� RI� WKH� VSHFLPHQ�ZDV� FDSWXUHG� E\� VKRRWLQJ�
PXOWLSOH� LPDJHV� DW� GLIIHUHQW� ORFDWLRQV�� SHUIRUPLQJ� WKH� EULJKWQHVV�FRQWUDVW� DGMXVWPHQW��
MRLQLQJ�WKHP�LQ�D�VLQJOH�IUDPH�DQG�ILQDOO\�RYHU�OD\LQJ�D�����ǍP�JULG��)LJXUH�����
�

)LJ�����$O�)H�LQWHUIDFH�ZLWK�JULG��
�

,Q�WKH�PHDVXUHPHQW�VWHS��WKH�SUHVHQFH�RI�LQWHU�PHWDOOLF�SKDVHV�ZDV�HYDOXDWHG�IRU�HDFK�VHFWRU�
RI� ���� ȝP� OHQJWK�� 7KHVH� SKDVHV�� GDUNHU� WKDQ� DOXPLQLXP� DQG� OLJKWHU� WKDQ� IHUULWH�� ZHUH�
VHDUFKHG�DW�LQWHUIDFH��,Q�FDVH�RI�D�QRW�YHU\�FOHDU�GLVWLQFWLRQ�EHWZHHQ�OLJKW�DQG�GDUN�]RQHV��WKH�
LQWHU�PHWDOOLF�SKDVHV�ZHUH�FRQVLGHUHG�DV�QRW�SUHVHQW��7KH�DERYH�SURFHGXUH�ZDV�UHSHDWHG�IRU�
DOO�VSHFLPHQV�DQG�WKH�UHVXOWV�UHSRUWHG�LQ�7DEOH���LQ�WHUPV�RI�UHDO�LQWHU�PHWDOOLF�H[WHQVLRQ�DQG�
SHUFHQWDJH�UHVSHFW�WR�WKH�HQWLUH�VSHFLPHQ�OHQJWK�RI����PP��
�

6SHFLPHQ�,'� 7HPSHUDWXUH�
��&��

7LPH�
�PLQXWHV��

)H[$O\�OHQJWK�
�PP�� ����

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

7DEOH����,QWHU�PHWDOOLF�H[WHQVLRQV��
�

7KH�H[SHFWHG�RXWFRPH�ZDV�WKH�LQFUHDVH�RI�WKH�LQWHU�PHWDOOLF�OD\HU�OHQJWK�ZLWK�WKH�LQFUHDVH�RI�
ERWK�WHPSHUDWXUH�DQG�WLPH��7KH�DQDO\VLV�RI�YDULDQFH��$129$��RI�WKH�)H[$O\�OHQJWK�UHVSRQVH�
YDULDEOH�SRLQWHG�RXW�WKH�WHPSHUDWXUH�DV�WKH�PDLQ�IDFWRU�LQIOXHQFLQJ�WKH�H[WHQVLRQ�JURZWK�RI�
WKH�LQWHU�PHWDOOLF�SKDVHV�DORQJ�WKH�$O�)H�LQWHUIDFH�ZKLOH�WLPH�ZDV�QHJOLJLEOH��7DEOH������

�

�
)LJ�����)H[$O\�H[WHQVLRQ��
�
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6RXUFH� 66� ')� 06� )� 3URE!)�
0RGHO� ����� �� ����� ���� ������
7HPSHUDWXUH� ����� �� ����� ����� ������
7LPH� ���� �� ���� ���� ������
7HPSHUDWXUHÂ7LPH� ���� �� ���� ���Â���� ������
7HPSHUDWXUH�� ����� �� ����� ����� ������
7LPH�� ���� �� ���� ���� ������
5HVLGXDO� ����� �� ����
7RWDO� ����� ���

�
(TXDWLRQ�RI�WKH�5HVSRQVH�6XUIDFH�
)H[$O\�/HQJWK ������������Â����Ã7HPSHUDWXUH�
������Â�����Â7LPH�������Â�����
Â7HPSHUDWXUHÂ7LPH������Â�����

7DEOH����$129$�²�,QWHU�PHWDOOLF�H[WHQVLRQV��
�
7KH�JRRG�DJUHHPHQW�EHWZHHQ�H[SHULPHQWDO�DQG�SUHGLFWHG�UHVXOWV�ZDV�FRQILUPHG�E\�WKH�KLJK�
YDOXH�RI�5��DQG�DGMXVWHG�5��RI� WKH�TXDGUDWLF�PRGHO�� UHVSHFWLYHO\�PRUH� WKDQ�����DQG�����
�)LJXUH�����7KH�H[SHULPHQWDO�GDWD�KLJKOLJKWHG�WKDW�WKH�VSHFLPHQV�H[SRVHG�WR�D�WKHUPDO�VWUHVV�
IRU� WHPSHUDWXUHV�EHORZ����� �&�GLG�QRW� H[KLELWHG�D� VLJQLILFDQW�JURZWK�RI� WKH� LQWHU�PHWDOOLF�
EDQG� H[WHQVLRQ� UHVSHFW� WR� WKH� DV�FODG� VSHFLPHQ�� 7KH� H[WHQVLRQ� RI� LQWHU�PHWDOOLF� SKDVHV�
FRYHUHG� OHVV� WKDQ� ���� RI� WKH� HQWLUH� VSHFLPHQ� $O�)H� LQWHUIDFH� OHQJWK� DQG� WKH� LQWHUIDFH�
FRQVLVWHG� RI� XQFRQQHFWHG� ULSSOHV� DQG� VDFNV�� 7KH� VLWXDWLRQ� GUDVWLFDOO\� FKDQJHG� LQ� FDVH� RI�
VSHFLPHQV�VXEPLWWHG�WR�WHPSHUDWXUH�HTXDO�RU�JUHDWHU�WKDQ������&��7KH�$O�)H�H[WHQVLRQ�ZDV�
PRUH� WKDQ� ���� RI� WKH� HQWLUH�� VRPHWLPHV� FRYHULQJ� WKH� HQWLUH� LQWHUIDFH�� 7KH� DVSHFW� RI� WKH�
LQWHUIDFH�ZDV�FRQVWLWXWH�E\�ULSSOHV�DQG�VDFNV�FRQQHFWHG�E\�D�FRQWLQXRXV�WKLQ�EDQG�RI�LQWHU�
PHWDOOLF�SKDVHV��)LJXUH�����
�

�
)LJ�����$O�)H�LQWHUIDFH��VSHFLPHQ�,'������
�
%DVHG�RQ�DERYH�REVHUYDWLRQV��WKH�DQDO\VLV�ZDV�H[WHQGHG�WR�PHDVXUH�WKH�LQWHU�PHWDOOLF�OD\HU�
WKLFNQHVV� RI� WKH� VSHFLPHQV� VXEMHFWHG� WR� WKH� WHPSHUDWXUH� RI� ����&� �,'� �� DQG� ���� 7KH�
PHDVXUHPHQW�SURFHVV�SUHYLRXV�DSSOLHG�IRU�)H[$O\�H[WHQVLRQ�ZDV�DGDSWHG�E\�PRXQWLQJ���[�
REMHFWLYH� DQG� ��[� H\HSLHFHV� OHQVHV� LQWR� WKH�PLFURVFRSH�� DFTXLULQJ�PXOWLSOH� LPDJHV� RI� WKH�
$O�)H� LQWHUIDFH��)LYH� VKRWV�SHU� VSHFLPHQ�ZHUH� UDQGRPO\� VHOHFWHG�DQG� WZR�JULGV�RI����ȝP�
VSDFLQJ� ZHUH� RYHU�ODLG� IRU� FRPSXWLQJ� LQWHU�PHWDOOLF� WKLFNQHVV� RI� HDFK� VKRW�� IRU� D� WRWDO�
QXPEHU� RI�PHDVXUHPHQWV�SHU� VSHFLPHQ� HTXDO� WR� ����7KH� UHVXOWV� DFKLHYHG�SRLQWHG�RXW� WKH�
LPSRUWDQFH�RI�WKH�WLPH�YDULDEOH�RQ�LQWHU�PHWDOOLF�WKLFNHQLQJ��,Q�IDFW��WKH�DYHUDJH�)H[$O\�OD\HU�
WKLFNQHVV� RI� VSHFLPHQ� ,'� �� �7HPSHUDWXUH ����&� DQG� WLPH ��PLQ�� ZDV� HTXDO� WR� ����� ȝP��
TXLWH�DQ�KDOI�RI�WKH�DYHUDJH�WKLFNQHVV�RI�VSHFLPHQ�,'����HTXDO�WR�������ȝP��VXEMHFWHG�WR�WKH�
VDPH� WHPSHUDWXUH� IRU� D� WRWDO� WLPH� RI� ���PLQXWHV�� 7KH� REVHUYDWLRQV� RI� )H[$O\� JURZWK� DQG�
WKLFNHQLQJ�ZHUH� YHU\� LPSRUWDQW� WR� MXVWLI\� WKH� DSSOLFDWLRQ� RI� ODVHU�ZHOGLQJ�� ,Q� IDFW� GXULQJ�

ODVHU�ZHOGLQJ��WKH�KLJK�WKHUPDO� LQSXW� LV� ORFDOLVHG�LQ�YHU\�QDUURZ�]RQH�DQG�WKH�KLJK�WUDYHO�
VSHHGV�RI� WKH� ODVHU� EHDP�PLQLPLVH� WKH�KHDW� FRQGXFWLYLW\� LQWR� WKH� VXUURXQGLQJ�PHWDO�� 7KH�
)H[$O\�OD\HU�VKRXOG�EHFRPH�ODUJHU�DQG�WKLFNHU�LQ�DUHD�MXVW�EHORZ�ODVHU�EHDP�ZKLOH�LW�VKRXOG�
UHPDLQ�TXLWH�WKH�VDPH�GLPHQVLRQV�LQ�DUHDV�DZD\�IURP�ODVHU�EHDP��

�
���/KETQ�JCTFPGUU�GXCNWCVKQP�QH�JGCV�VTGCVGF�URGEKOGPU�

0LFUR�KDUGQHVV� WHVW�ZHUH�SHUIRUPHG� WR�PHDVXUH� WKH� VWUHQJWK�RI�$O�)H� LQWHUIDFH� LQ� D�QRQ�
GHVWUXFWLYH�ZD\�DV�ZHOO� DV� LWV�YDULDWLRQ�XQGHU�KHDW� WKHUPDO� ORDGV�� �$�9LFNHUV�PLFUR�WHVWHU�
�+;�����70� RI� 5(0(7�� PRXQWLQJ� D� ��[� REMHFWLYH� DQG� ��[� H\HSLHFHV� OHQVHV� ZDV� XVHG��
VHWWLQJ� WKH� LQGHQWDWLRQ� ORDG� WR� ���� J� IRU� ��� V�� LQ� FRPSOLDQFH� ZLWK� $670� VWDQGDUG� (����
$QDO\VLV�SRLQWV�ZHUH�VXIILFLHQWO\�VSDFHG�WR�HOLPLQDWH�WKH�HIIHFW�RI�QHLJKERXULQJ�LQGHQWDWLRQV�
ZKLOH� HYDOXDWLQJ� H[LVWLQJ� PDWHULDOV� DQG� SKDVHV�� )LYH� LQGHQWDWLRQV� ZHUH� WDNHQ� DW� VSHFLILF�
ORFDWLRQV� DW� DQG� IDU� IURP� $O�)H� LQWHUIDFH� �)LJXUH� ��� IRU� WKUHH� WLPHV� DQG� UHVXOWV� WKHQ�
DYHUDJHG��
�

$ ������PP�
%� ������PP�
&� ������PP�
'� ������PP�
(� �������PP�

)LJ�����9LFNHUV�LQGHQWDWLRQV��
�
7KH�DUHD�RI�PHDVXUH�ZDV�UDQGRPO\�VHOHFWHG�IRU�HDFK�VSHFLPHQ�E\�UHVSHFWLQJ�WKH�FRQGLWLRQ�
WKDW�DW�OHDVW�RQH�ULSSOH�ZDV�FRQWDLQHG�LQ�LW��7KH�KDUGQHVV�UHVXOW�ZDV�WKH�DYHUDJH�YDOXH�RI�DOO�
LQWHU�PHWDOOLF�SKDVHV�HPEUDFHG�E\�WKH�LQGHQWHU�GLDJRQDO��7KH�UHVXOWV�RI�7DEOH���SRLQWHG�RXW�
WKDW�KDUGQHVV�YDOXHV�RI�$$������$$�����DQG�$670�$����VWHHO�ZHUH�VOLJKWO\�DIIHFWHG�IURP�
KHDW�WUHDWPHQWV��7KH�MXVWLILFDWLRQ�RI�WKLV�EHKDYLRXU�FRXOG�EH�WKDW�ORQJHU�WLPH�DW�LQYHVWLJDWHG�
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(TXDWLRQ�RI�WKH�5HVSRQVH�6XUIDFH�
)H[$O\�/HQJWK ������������Â����Ã7HPSHUDWXUH�
������Â�����Â7LPH�������Â�����
Â7HPSHUDWXUHÂ7LPH������Â�����

7DEOH����$129$�²�,QWHU�PHWDOOLF�H[WHQVLRQV��
�
7KH�JRRG�DJUHHPHQW�EHWZHHQ�H[SHULPHQWDO�DQG�SUHGLFWHG�UHVXOWV�ZDV�FRQILUPHG�E\�WKH�KLJK�
YDOXH�RI�5��DQG�DGMXVWHG�5��RI� WKH�TXDGUDWLF�PRGHO�� UHVSHFWLYHO\�PRUH� WKDQ�����DQG�����
�)LJXUH�����7KH�H[SHULPHQWDO�GDWD�KLJKOLJKWHG�WKDW�WKH�VSHFLPHQV�H[SRVHG�WR�D�WKHUPDO�VWUHVV�
IRU� WHPSHUDWXUHV�EHORZ����� �&�GLG�QRW� H[KLELWHG�D� VLJQLILFDQW�JURZWK�RI� WKH� LQWHU�PHWDOOLF�
EDQG� H[WHQVLRQ� UHVSHFW� WR� WKH� DV�FODG� VSHFLPHQ�� 7KH� H[WHQVLRQ� RI� LQWHU�PHWDOOLF� SKDVHV�
FRYHUHG� OHVV� WKDQ� ���� RI� WKH� HQWLUH� VSHFLPHQ� $O�)H� LQWHUIDFH� OHQJWK� DQG� WKH� LQWHUIDFH�
FRQVLVWHG� RI� XQFRQQHFWHG� ULSSOHV� DQG� VDFNV�� 7KH� VLWXDWLRQ� GUDVWLFDOO\� FKDQJHG� LQ� FDVH� RI�
VSHFLPHQV�VXEPLWWHG�WR�WHPSHUDWXUH�HTXDO�RU�JUHDWHU�WKDQ������&��7KH�$O�)H�H[WHQVLRQ�ZDV�
PRUH� WKDQ� ���� RI� WKH� HQWLUH�� VRPHWLPHV� FRYHULQJ� WKH� HQWLUH� LQWHUIDFH�� 7KH� DVSHFW� RI� WKH�
LQWHUIDFH�ZDV�FRQVWLWXWH�E\�ULSSOHV�DQG�VDFNV�FRQQHFWHG�E\�D�FRQWLQXRXV�WKLQ�EDQG�RI�LQWHU�
PHWDOOLF�SKDVHV��)LJXUH�����
�

�
)LJ�����$O�)H�LQWHUIDFH��VSHFLPHQ�,'������
�
%DVHG�RQ�DERYH�REVHUYDWLRQV��WKH�DQDO\VLV�ZDV�H[WHQGHG�WR�PHDVXUH�WKH�LQWHU�PHWDOOLF�OD\HU�
WKLFNQHVV� RI� WKH� VSHFLPHQV� VXEMHFWHG� WR� WKH� WHPSHUDWXUH� RI� ����&� �,'� �� DQG� ���� 7KH�
PHDVXUHPHQW�SURFHVV�SUHYLRXV�DSSOLHG�IRU�)H[$O\�H[WHQVLRQ�ZDV�DGDSWHG�E\�PRXQWLQJ���[�
REMHFWLYH� DQG� ��[� H\HSLHFHV� OHQVHV� LQWR� WKH�PLFURVFRSH�� DFTXLULQJ�PXOWLSOH� LPDJHV� RI� WKH�
$O�)H� LQWHUIDFH��)LYH� VKRWV�SHU� VSHFLPHQ�ZHUH� UDQGRPO\� VHOHFWHG�DQG� WZR�JULGV�RI����ȝP�
VSDFLQJ� ZHUH� RYHU�ODLG� IRU� FRPSXWLQJ� LQWHU�PHWDOOLF� WKLFNQHVV� RI� HDFK� VKRW�� IRU� D� WRWDO�
QXPEHU� RI�PHDVXUHPHQWV�SHU� VSHFLPHQ� HTXDO� WR� ����7KH� UHVXOWV� DFKLHYHG�SRLQWHG�RXW� WKH�
LPSRUWDQFH�RI�WKH�WLPH�YDULDEOH�RQ�LQWHU�PHWDOOLF�WKLFNHQLQJ��,Q�IDFW��WKH�DYHUDJH�)H[$O\�OD\HU�
WKLFNQHVV� RI� VSHFLPHQ� ,'� �� �7HPSHUDWXUH ����&� DQG� WLPH ��PLQ�� ZDV� HTXDO� WR� ����� ȝP��
TXLWH�DQ�KDOI�RI�WKH�DYHUDJH�WKLFNQHVV�RI�VSHFLPHQ�,'����HTXDO�WR�������ȝP��VXEMHFWHG�WR�WKH�
VDPH� WHPSHUDWXUH� IRU� D� WRWDO� WLPH� RI� ���PLQXWHV�� 7KH� REVHUYDWLRQV� RI� )H[$O\� JURZWK� DQG�
WKLFNHQLQJ�ZHUH� YHU\� LPSRUWDQW� WR� MXVWLI\� WKH� DSSOLFDWLRQ� RI� ODVHU�ZHOGLQJ�� ,Q� IDFW� GXULQJ�

ODVHU�ZHOGLQJ��WKH�KLJK�WKHUPDO� LQSXW� LV� ORFDOLVHG�LQ�YHU\�QDUURZ�]RQH�DQG�WKH�KLJK�WUDYHO�
VSHHGV�RI� WKH� ODVHU� EHDP�PLQLPLVH� WKH�KHDW� FRQGXFWLYLW\� LQWR� WKH� VXUURXQGLQJ�PHWDO�� 7KH�
)H[$O\�OD\HU�VKRXOG�EHFRPH�ODUJHU�DQG�WKLFNHU�LQ�DUHD�MXVW�EHORZ�ODVHU�EHDP�ZKLOH�LW�VKRXOG�
UHPDLQ�TXLWH�WKH�VDPH�GLPHQVLRQV�LQ�DUHDV�DZD\�IURP�ODVHU�EHDP��
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0LFUR�KDUGQHVV� WHVW�ZHUH�SHUIRUPHG� WR�PHDVXUH� WKH� VWUHQJWK�RI�$O�)H� LQWHUIDFH� LQ� D�QRQ�
GHVWUXFWLYH�ZD\�DV�ZHOO� DV� LWV�YDULDWLRQ�XQGHU�KHDW� WKHUPDO� ORDGV�� �$�9LFNHUV�PLFUR�WHVWHU�
�+;�����70� RI� 5(0(7�� PRXQWLQJ� D� ��[� REMHFWLYH� DQG� ��[� H\HSLHFHV� OHQVHV� ZDV� XVHG��
VHWWLQJ� WKH� LQGHQWDWLRQ� ORDG� WR� ���� J� IRU� ��� V�� LQ� FRPSOLDQFH� ZLWK� $670� VWDQGDUG� (����
$QDO\VLV�SRLQWV�ZHUH�VXIILFLHQWO\�VSDFHG�WR�HOLPLQDWH�WKH�HIIHFW�RI�QHLJKERXULQJ�LQGHQWDWLRQV�
ZKLOH� HYDOXDWLQJ� H[LVWLQJ� PDWHULDOV� DQG� SKDVHV�� )LYH� LQGHQWDWLRQV� ZHUH� WDNHQ� DW� VSHFLILF�
ORFDWLRQV� DW� DQG� IDU� IURP� $O�)H� LQWHUIDFH� �)LJXUH� ��� IRU� WKUHH� WLPHV� DQG� UHVXOWV� WKHQ�
DYHUDJHG��
�
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7KH�DUHD�RI�PHDVXUH�ZDV�UDQGRPO\�VHOHFWHG�IRU�HDFK�VSHFLPHQ�E\�UHVSHFWLQJ�WKH�FRQGLWLRQ�
WKDW�DW�OHDVW�RQH�ULSSOH�ZDV�FRQWDLQHG�LQ�LW��7KH�KDUGQHVV�UHVXOW�ZDV�WKH�DYHUDJH�YDOXH�RI�DOO�
LQWHU�PHWDOOLF�SKDVHV�HPEUDFHG�E\�WKH�LQGHQWHU�GLDJRQDO��7KH�UHVXOWV�RI�7DEOH���SRLQWHG�RXW�
WKDW�KDUGQHVV�YDOXHV�RI�$$������$$�����DQG�$670�$����VWHHO�ZHUH�VOLJKWO\�DIIHFWHG�IURP�
KHDW�WUHDWPHQWV��7KH�MXVWLILFDWLRQ�RI�WKLV�EHKDYLRXU�FRXOG�EH�WKDW�ORQJHU�WLPH�DW�LQYHVWLJDWHG�
WHPSHUDWXUHV� VKRXOG� EH� QHFHVVDU\� WR� DOORZ� JUHDWHU� GLIIXVLRQ� IOX[HV�� 7KH� KDUGQHVV� RI� WKH�
LQWHU�PHWDOOLF�FRPSRXQGV��SRLQW�&��ZDV�JUHDWO\�LQIOXHQFHG�E\�WHPSHUDWXUH�DQG�WLPH�IDFWRUV��
�
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67-� VSHFLPHQV� IRU�PHFKDQLFDO� HYDOXDWLRQ�ZHUH� IDEULFDWHG�ZLWK�PDFKLQLQJ� SURFHVVHV� IURP�
$O�)H� 67-� �)LJXUH� ���� LQ� FRPSOLDQFH� ZLWK� $670� $���±��� VWDQGDUG� E\� UHPRYLQJ� WKH�
PDMRULW\�RI�WKH�ZHDNHVW�FODG�PDWHULDOV��$$�����DQG�$$������DQG�OHDYLQJ�D�VPDOO�QXE�ZLWK�

OHQJWK�Z�DQG�WKLFNQHVV�Į��7KH�UDWLR�EHWZHHQ�Z�DQG�Į�ZDV��ò�ZLWK�WKH�PD[LPXP�DOORZHG�
GLPHQVLRQ� RI� Z� HTXDO� WR� ����� PP� �ǩ´��� 2WKHU� LPSRUWDQW� GLPHQVLRQDO� IHDWXUHV� ZHUH� WKH�
VSHFLPHQ�ZLGWK�HTXDO�WR�������PP���´��� OHQJWK�HTXDO�WR�������PP���ò´���GLVWDQFH�EHWZHHQ�
VLGH�VXUIDFHV�HTXDO� WR�������PP��ô´��DQG�PLQLPXP�VWHHO� WKLFNQHVV� W�JUHDWHU� WKDQ��Z��7KH�
KHDW�WUHDWPHQWV�RI�WKHVH�VSHFLPHQV�ZHUH�SHUIRUPHG�E\�IROORZLQJ�WKH�VDPH�WHPSHUDWXUH�WLPH�
SDUDPHWHUV� RI� WKRVH� GHILQHG� IRU� WKH� &&'� H[SHULPHQWDO� SODQ� RI� WKH� PHWDOORJUDSKLF�
HYDOXDWLRQ��
�

�

)LJ������6KHDU�WHVW���6SHFLPHQ��
�

6KHDU� WHVW�ZDV�YHU\� LPSRUWDQW� WR�DVVHVV� WUDQVLWLRQ� MRLQW� WHFKQLFDO�FRQIRUPLW\�E\�PHDVXULQJ�
WKH�PD[LPXP�VKHDU�VWUHQJWK�RI�WKH�ERQG�LQWHUIDFH�DQG�FRPSDULQJ�LW�WR�WKH�PD[LPXP�VKHDU�
VWUHQJWK�RI�WKH�ZHDNHVW�PDWHULDO�RI�WKH�67-��7KH�VKHDU�VWUHQJWK�RI�WKH�WHVW�SLHFH�ZDV�GHILQHG�
DV� WKH� SHDN� VKHDULQJ� ORDG� GLYLGHG� E\� WKH� VKHDUHG� DUHD�� ,QWHUIDFLDO� ERQGLQJ� RI� WKH� FODG�
VSHFLPHQ�ZDV�HYDOXDWHG�E\�VKHDU�VWUHVV�PHDVXUHG�ZLWK�D�XQLYHUVDO�WHVW�PDFKLQH�,167521�
�����ZLWK�D�����.1�ORDGLQJ�FHOO�DQG�D�KRPH�GHVLJQHG�WHVWLQJ�HTXLSPHQW�LQ�ZKLFK�WKH�WHVW�
SLHFH� DQG� WKH� MLJ� ZHUH� ILWWHG�� DVVXULQJ� WKH� HDV\� VSHFLPHQ� EORFNLQJ� DQG� KLJK� SRVLWLRQLQJ�
DFFXUDF\�DV�ZHOO�DV�IOH[LELOLW\�RI�XVH�IRU�RWKHU�UHTXLUHG�WHVWV��7KH�VKHDU�WHVW�ZHUH�SHUIRUPHG�
ZLWK� WKH�PRELOH� FURVVKHDG�PRYLQJ� DW� ����PP�PLQ�� 7KH� HYROXWLRQ� RI� VWUHVV�GLVSODFHPHQW�
FXUYH�LQLWLDOO\�SUHVHQWHG�D�UDSLG�LQFUHDVH�RI�WKH�VWUHVV�YDOXH��LWV�VWDELOLVDWLRQ�DQG�ILQDOO\�LWV�
UDSLG�UHGXFWLRQ��7KH�UXSWXUH�ZDV�ORFDOLVHG�LQ�WKH�$$�����DQG�QRW�DW�LQWHUIDFH�$$�����VWHHO��
MXVWLI\LQJ� WKH� WUHQG� RI� WKLV� ORDGLQJ� FXUYH� �VSHFLPHQ� %0� LQ� )LJXUH� ����� 7KH� VDPH� ILJXUHV�
UHSRUWV�WKH�ORDGLQJ�FXUYHV�RI�VSHFLPHQ�,'����KHDWHG�DW�����&�IRU����PLQXWHV��DQG�VSHFLPHQ�
,'����KHDWHG�DW�����&�IRU����PLQXWHV��
�
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67-� VSHFLPHQV� IRU�PHFKDQLFDO� HYDOXDWLRQ�ZHUH� IDEULFDWHG�ZLWK�PDFKLQLQJ� SURFHVVHV� IURP�
$O�)H� 67-� �)LJXUH� ���� LQ� FRPSOLDQFH� ZLWK� $670� $���±��� VWDQGDUG� E\� UHPRYLQJ� WKH�
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OHQJWK�Z�DQG�WKLFNQHVV�Į��7KH�UDWLR�EHWZHHQ�Z�DQG�Į�ZDV��ò�ZLWK�WKH�PD[LPXP�DOORZHG�
GLPHQVLRQ� RI� Z� HTXDO� WR� ����� PP� �ǩ´��� 2WKHU� LPSRUWDQW� GLPHQVLRQDO� IHDWXUHV� ZHUH� WKH�
VSHFLPHQ�ZLGWK�HTXDO�WR�������PP���´��� OHQJWK�HTXDO�WR�������PP���ò´���GLVWDQFH�EHWZHHQ�
VLGH�VXUIDFHV�HTXDO� WR�������PP��ô´��DQG�PLQLPXP�VWHHO� WKLFNQHVV� W�JUHDWHU� WKDQ��Z��7KH�
KHDW�WUHDWPHQWV�RI�WKHVH�VSHFLPHQV�ZHUH�SHUIRUPHG�E\�IROORZLQJ�WKH�VDPH�WHPSHUDWXUH�WLPH�
SDUDPHWHUV� RI� WKRVH� GHILQHG� IRU� WKH� &&'� H[SHULPHQWDO� SODQ� RI� WKH� PHWDOORJUDSKLF�
HYDOXDWLRQ��
�

�

)LJ������6KHDU�WHVW���6SHFLPHQ��
�

6KHDU� WHVW�ZDV�YHU\� LPSRUWDQW� WR�DVVHVV� WUDQVLWLRQ� MRLQW� WHFKQLFDO�FRQIRUPLW\�E\�PHDVXULQJ�
WKH�PD[LPXP�VKHDU�VWUHQJWK�RI�WKH�ERQG�LQWHUIDFH�DQG�FRPSDULQJ�LW�WR�WKH�PD[LPXP�VKHDU�
VWUHQJWK�RI�WKH�ZHDNHVW�PDWHULDO�RI�WKH�67-��7KH�VKHDU�VWUHQJWK�RI�WKH�WHVW�SLHFH�ZDV�GHILQHG�
DV� WKH� SHDN� VKHDULQJ� ORDG� GLYLGHG� E\� WKH� VKHDUHG� DUHD�� ,QWHUIDFLDO� ERQGLQJ� RI� WKH� FODG�
VSHFLPHQ�ZDV�HYDOXDWHG�E\�VKHDU�VWUHVV�PHDVXUHG�ZLWK�D�XQLYHUVDO�WHVW�PDFKLQH�,167521�
�����ZLWK�D�����.1�ORDGLQJ�FHOO�DQG�D�KRPH�GHVLJQHG�WHVWLQJ�HTXLSPHQW�LQ�ZKLFK�WKH�WHVW�
SLHFH� DQG� WKH� MLJ� ZHUH� ILWWHG�� DVVXULQJ� WKH� HDV\� VSHFLPHQ� EORFNLQJ� DQG� KLJK� SRVLWLRQLQJ�
DFFXUDF\�DV�ZHOO�DV�IOH[LELOLW\�RI�XVH�IRU�RWKHU�UHTXLUHG�WHVWV��7KH�VKHDU�WHVW�ZHUH�SHUIRUPHG�
ZLWK� WKH�PRELOH� FURVVKHDG�PRYLQJ� DW� ����PP�PLQ�� 7KH� HYROXWLRQ� RI� VWUHVV�GLVSODFHPHQW�
FXUYH�LQLWLDOO\�SUHVHQWHG�D�UDSLG�LQFUHDVH�RI�WKH�VWUHVV�YDOXH��LWV�VWDELOLVDWLRQ�DQG�ILQDOO\�LWV�
UDSLG�UHGXFWLRQ��7KH�UXSWXUH�ZDV�ORFDOLVHG�LQ�WKH�$$�����DQG�QRW�DW�LQWHUIDFH�$$�����VWHHO��
MXVWLI\LQJ� WKH� WUHQG� RI� WKLV� ORDGLQJ� FXUYH� �VSHFLPHQ� %0� LQ� )LJXUH� ����� 7KH� VDPH� ILJXUHV�
UHSRUWV�WKH�ORDGLQJ�FXUYHV�RI�VSHFLPHQ�,'����KHDWHG�DW�����&�IRU����PLQXWHV��DQG�VSHFLPHQ�
,'����KHDWHG�DW�����&�IRU����PLQXWHV��
�

)LJ������/RDGLQJ�FXUYH�RI�KHDW�WUHDWHG�VSHFLPHQV��
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WHPSHUDWXUH�DQG�WLPH��FDXVLQJ�WKH�UDSLG�ORZHULQJ�RI�WKH�PD[LPXP�VKHDU�VWUHVV�YDOXHV��7KLV�
WUHQG�ZDV�DOVR�FRQILUPHG�E\�DQDO\VLQJ�WKH�RWKHU�WHVWV��
7DEOH���UHSRUWV�WKH�ILQDO�UHVXOWV�RI�DOO�WHVWV�LQ�WHUP�RI�PD[LPXP�YDOXHV�RI�WKH�VKHDU�VWUHVV��$OO�
VWUHVV�YDOXHV�UHFRUGHG�GXULQJ�WHVWV�ZHUH�GHFLGHGO\�KLJKHU�WKDQ�������03D�SUHVFULEHG�IURP�
/OR\G·V�5HJLVWHU�RI�6KLSSLQJ��UHYHDOLQJ�WKH�JRRG�IDEULFDWLRQ�TXDOLW\�RI�WKH�REVHUYHG�67-��7KH�
ZRUVW�UHVXOWV�ZHUH�DFKLHYHG�ZKHQ�VSHFLPHQV�ZHUH�VXEMHFWHG�WR�KLJK�WHPSHUDWXUH�IRU�D�ORQJ�
WLPH��6SHFLPHQV�,'���	�������
�

6SHFLPHQ�,'� 7HPSHUDWXUH�
��&��

7LPH�
�PLQXWHV��

6KHDU�VWUHVV�
�03D�� /OR\G·V�

� ��� � ����� 3RVLWLYH
� ��� �� ����� 3RVLWLYH
� ��� � ����� 3RVLWLYH
� ��� �� ����� 1HJDWLYH
� ��� �� ����� 3RVLWLYH
� ��� �� ����� 3RVLWLYH
� ��� �� ����� 3RVLWLYH
� ��� �� ����� 3RVLWLYH
� ��� �� ����� 3RVLWLYH
�� ��� ���� ����� 3RVLWLYH
�� ��� ����� ����� 3RVLWLYH
�� ����� �� ����� 3RVLWLYH
�� ����� �� ���� 1HJDWLYH

7DEOH����6KHDU�VWUHVV�YDOXHV��
�
7KH� DQDO\VLV� RI� YDULDQFH� �$129$�� RI� WKH� VKHDU� VWUHVV� UHVSRQVH� YDULDEOH� SRLQWHG�RXW� WKDW�
LQFUHDVHV� LQ� WLPH� DQG� WHPSHUDWXUH� ORZHULQJ� VKHDU� VWUHQJWK� �)LJXUH� ����� ,Q� SDUWLFXODU��
WHPSHUDWXUH��IROORZHG�LQ�RUGHU�RI�LPSRUWDQFH�IURP�WHPSHUDWXUH�VTXDUH�DQG�WLPH��ZHUH�WKH�
PDLQ� VLJQLILFDQW� WHUPV� RI� WKH� TXDGUDWLF� PRGHO� �7DEOH� ���� 7KLV� PRGHO� SUHVHQWHG� 5�� DQG�
DGMXVWHG�5��YDOXHV�HTXDO�WR�����DQG������
�

�
)LJ������6KHDU�VWUHVV��

6RXUFH� 66� ')� 06� )� 3URE!)�
0RGHO� ������� �� ������ ���� ������
7HPSHUDWXUH� ������� �� ������� ����� ������
7LPH� ������ �� ������ ���� ������
7HPSHUDWXUHÂ7LPH� ������ �� ������ ���� ������
7HPSHUDWXUH�� ������� �� ������� ����� ������
7LPH�� ����� �� ����� ���� ������
5HVLGXDO� ������� �� ������
7RWDO� ������� ���

�
(TXDWLRQ�RI�WKH�5HVSRQVH�6XUIDFH�
6KHDU�6WUHVV �������������Â�����
Â7HPSHUDWXUH������Â�����Â7LPH������Â�����
Ã7HPSHUDWXUHÃ7LPH�

7DEOH����$129$�²�6KHDU�VWUHVV�YDOXHV��
�
6RPH� LQWHUHVWLQJ� FRQVLGHUDWLRQV� ZHUH� SHUIRUPHG� E\� FRPSDULQJ� UHVXOWV� RI� VKHDU� VWUHVV�
�)LJXUH������LQWHU�PHWDOOLF�H[WHQVLRQ��)LJXUH����DQG�PLFUR�KDUGQHVV��)LJXUH�����7KH�EHKDYLRXU�
RI�WKH�VKHDU�VWUHVV�UHVSRQVH�VXUIDFH�ZDV�RSSRVLWH�WR�WKDW�RI�WKH�LQWHU�PHWDOOLF�H[WHQVLRQV��,Q�
SDUWLFXODU�WKH�KLJKHVW�DQG�ORZHVW�YDOXHV�RI�WKH�VKHDU�VWUHVV�ZDV�DFKLHYHG�IRU�WKH�ORZHVW�DQG�
KLJKHVW� WHPSHUDWXUHV�� UHVSHFWLYHO\�� 2Q� WKH� FRQWUDU\� WKH� KLJKHVW� DQG� ORZHVW� YDOXHV� RI� WKH�
LQWHU�PHWDOOLF� H[WHQVLRQ� ZHUH� DFKLHYHG� IRU� WKH� KLJKHVW� DQG� ORZHVW� WHPSHUDWXUHV�� )RU� WKLV�
UHDVRQ� LW� ZDV� SRVVLEOH� WR� VXSSRVH� WKDW� VKHDU� VWUHQJWK� GHFUHDVHG�ZLWK� WKH� LQFUHDVH� RI� WKH�
LQWHU�PHWDOOLF� OHQJWK�� ,Q� FRQWUDVW�� WKH� UHODWLRQ� EHWZHHQ� VKHDU� VWUHVV� DQG� LQWHU�PHWDOOLF�
KDUGQHVV�ZDV�QRW�VR�FOHDUO\�HYLGHQW��,Q�IDFW�WKH�KLJKHVW�DQG�ORZHVW�YDOXHV�RI�WKH�VKHDU�VWUHVV�
ZHUH� DFKLHYHG� IRU� WKH� ORZHVW� DQG�KLJKHVW� WHPSHUDWXUH�WLPH� FRXSOH��+RZHYHU� LQ� WKH� RWKHU�
DUHDV�WKLV�WUHQG�ZDV�QRW�TXLWH�HYLGHQW�DQG�IXUWKHU�LQYHVWLJDWLRQ�ZLOO�EH�QHFHVVDU\��%DVHG�RQ�
WKH�DERYH�UHVXOWV��LW�ZDV�SRVVLEOH�WR�VXSSRVH�WKDW�WKH�PDLQ�FDXVH�RI�WKH�ORZHULQJ�RI�WKH�VKHDU�
VWUHQJWK�ZLWK�WKH�WHPSHUDWXUH�LQFUHDVH�ZDV�WKH�LQWHU�PHWDOOLF�OD\HU�JURZWK��HYHQ�LI�WKH�LQWHU�
PHWDOOLF�SKDVHV�EHFRPH�VRIWHU��
7KH�VWUHQJWK�RI�WKH�ZHOGLQJ�]RQH�LV�HYDOXDWHG�E\�5DP�7HQVLOH�7HVW��'XULQJ�WKH�WHVW��WKH�IRUFH�
LV�DSSOLHG�WR�WKH�GLUHFWLRQ�SHUSHQGLFXODU�WR�WKH�SODQHV�GHOLPLWLQJ�GLIIHUHQW�PDWHULDO�LQWHUIDFH��
$� VSHFLPHQ� ZLWK� D� SDUWLFXODU� SDUDOOHOHSLSHG�F\OLQGULFDO� VKDSH� LV� XVHG� LQ� RUGHU� WR�
FRQFHQWUDWH�VWUHVVHV�LQ�WKH�VHFWLRQ�MXVW�DERYH�WKH�WUDQVLWLRQ�DUHD�WKDW�FRUUHVSRQGV�WR�WKH�ERQG�
LQWHUIDFH��DV�)LJXUH����VKRZV��7KH�0,/�-������$�VWDQGDUG��VSHFLILHV�PD[LPXP�GLPHQVLRQV�
RI�WKH�EL�PDWHULDO�VSHFLPHQ�EXW�LWV�SULQFLSOHV�FDQ�EH�HDVLO\�H[WHQGHG�WR�WUL�PDWHULDO�MRLQWV��,Q�
WKLV�ODVW�FDVH��WKH�VWUHQJWK�RI�WKH�VWHHO�$$�����ERQG�LQWHUIDFH�LV�HVWLPDWHG�UDWKHU�WKDQ�WKDW�RI�
WKH�$$�����$$�����RQH��7KH� VSHFLPHQ��SXQFK�DQG�PDWUL[�SUHVFULEHG�E\� WKH�DERYH�FLWHG�
VWDQGDUG� DUH� UHSRUWHG� LQ� )LJXUH� ���� WRJHWKHU� ZLWK� WKH� GHVLJQHG� WHVWLQJ� HTXLSPHQW�� 7KH�
PDWUL[� LV� IL[HG�ZKLOH� WKH�SXQFK�PRYHV� LQ� FRQWDFW�ZLWK� WKH�ERQG� LQWHUIDFH�� FRPSUHVVLQJ� LW�
XQWLO� UXSWXUH�� 7KH�0,/�-������$� VWDQGDUG� GRHV� QRW� JLYH� YDOXHV� RU� VXJJHVWLRQV� OLQNHG� WR�
WHVWLQJ�SDUDPHWHUV� �H�J��SXQFK�VSHHG��DQG�RU� VSHFLPHQ�FODPSLQJ��7KH�VSHFLPHQ� LV�VLPSO\�
UHVWHG� RQ� WKH�PDWUL[� WRS� VXUIDFH�� DOORZLQJ� LWV� URWDWLRQ� DURXQG� WKH� F\OLQGULFDO� D[LV�� ,Q� WKH�
K\SRWKHVLV� WKDW� WKH�SUHVVXUH�EHWZHHQ�SXQFK� DQG� VSHFLPHQ�GXULQJ� FRQWDFW� LV� XQLIRUP�� WKH�
DSSOLHG� ORDG� FDQ� EH� FRQVLGHUHG� DV� D[LDO�V\PPHWULF�� 7KH� WKLFNQHVV� '� RI� WKH� ERQG� ]RQH� LV�
DOZD\V� HTXDO� WR� ��������� PP�� LQGHSHQGHQWO\� IURP� WKH� YDOXHV� RI� VWHHO� DQG� DOXPLQLXP�
WKLFNQHVVHV�� 7KH� WKLFNQHVV� '� LV� DFKLHYHG� E\� VLPSO\� YDU\LQJ� WKH� KROH� GHSWK�� 7KH� WHVWLQJ�
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$V� ILJXUH� VKRZV�� WKH� VKHDU� VWUHQJWK� GHFUHDVHG� ZLWK� WKH� LQFUHDVH� RI� ERWK� SURFHVVLQJ�
WHPSHUDWXUH�DQG�WLPH��FDXVLQJ�WKH�UDSLG�ORZHULQJ�RI�WKH�PD[LPXP�VKHDU�VWUHVV�YDOXHV��7KLV�
WUHQG�ZDV�DOVR�FRQILUPHG�E\�DQDO\VLQJ�WKH�RWKHU�WHVWV��
7DEOH���UHSRUWV�WKH�ILQDO�UHVXOWV�RI�DOO�WHVWV�LQ�WHUP�RI�PD[LPXP�YDOXHV�RI�WKH�VKHDU�VWUHVV��$OO�
VWUHVV�YDOXHV�UHFRUGHG�GXULQJ�WHVWV�ZHUH�GHFLGHGO\�KLJKHU�WKDQ�������03D�SUHVFULEHG�IURP�
/OR\G·V�5HJLVWHU�RI�6KLSSLQJ��UHYHDOLQJ�WKH�JRRG�IDEULFDWLRQ�TXDOLW\�RI�WKH�REVHUYHG�67-��7KH�
ZRUVW�UHVXOWV�ZHUH�DFKLHYHG�ZKHQ�VSHFLPHQV�ZHUH�VXEMHFWHG�WR�KLJK�WHPSHUDWXUH�IRU�D�ORQJ�
WLPH��6SHFLPHQV�,'���	�������
�

6SHFLPHQ�,'� 7HPSHUDWXUH�
��&��
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6KHDU�VWUHVV�
�03D�� /OR\G·V�
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� ��� �� ����� 3RVLWLYH
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�� ��� ����� ����� 3RVLWLYH
�� ����� �� ����� 3RVLWLYH
�� ����� �� ���� 1HJDWLYH

7DEOH����6KHDU�VWUHVV�YDOXHV��
�
7KH� DQDO\VLV� RI� YDULDQFH� �$129$�� RI� WKH� VKHDU� VWUHVV� UHVSRQVH� YDULDEOH� SRLQWHG�RXW� WKDW�
LQFUHDVHV� LQ� WLPH� DQG� WHPSHUDWXUH� ORZHULQJ� VKHDU� VWUHQJWK� �)LJXUH� ����� ,Q� SDUWLFXODU��
WHPSHUDWXUH��IROORZHG�LQ�RUGHU�RI�LPSRUWDQFH�IURP�WHPSHUDWXUH�VTXDUH�DQG�WLPH��ZHUH�WKH�
PDLQ� VLJQLILFDQW� WHUPV� RI� WKH� TXDGUDWLF� PRGHO� �7DEOH� ���� 7KLV� PRGHO� SUHVHQWHG� 5�� DQG�
DGMXVWHG�5��YDOXHV�HTXDO�WR�����DQG������
�

�
)LJ������6KHDU�VWUHVV��

6RXUFH� 66� ')� 06� )� 3URE!)�
0RGHO� ������� �� ������ ���� ������
7HPSHUDWXUH� ������� �� ������� ����� ������
7LPH� ������ �� ������ ���� ������
7HPSHUDWXUHÂ7LPH� ������ �� ������ ���� ������
7HPSHUDWXUH�� ������� �� ������� ����� ������
7LPH�� ����� �� ����� ���� ������
5HVLGXDO� ������� �� ������
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�
(TXDWLRQ�RI�WKH�5HVSRQVH�6XUIDFH�
6KHDU�6WUHVV �������������Â�����
Â7HPSHUDWXUH������Â�����Â7LPH������Â�����
Ã7HPSHUDWXUHÃ7LPH�

7DEOH����$129$�²�6KHDU�VWUHVV�YDOXHV��
�
6RPH� LQWHUHVWLQJ� FRQVLGHUDWLRQV� ZHUH� SHUIRUPHG� E\� FRPSDULQJ� UHVXOWV� RI� VKHDU� VWUHVV�
�)LJXUH������LQWHU�PHWDOOLF�H[WHQVLRQ��)LJXUH����DQG�PLFUR�KDUGQHVV��)LJXUH�����7KH�EHKDYLRXU�
RI�WKH�VKHDU�VWUHVV�UHVSRQVH�VXUIDFH�ZDV�RSSRVLWH�WR�WKDW�RI�WKH�LQWHU�PHWDOOLF�H[WHQVLRQV��,Q�
SDUWLFXODU�WKH�KLJKHVW�DQG�ORZHVW�YDOXHV�RI�WKH�VKHDU�VWUHVV�ZDV�DFKLHYHG�IRU�WKH�ORZHVW�DQG�
KLJKHVW� WHPSHUDWXUHV�� UHVSHFWLYHO\�� 2Q� WKH� FRQWUDU\� WKH� KLJKHVW� DQG� ORZHVW� YDOXHV� RI� WKH�
LQWHU�PHWDOOLF� H[WHQVLRQ� ZHUH� DFKLHYHG� IRU� WKH� KLJKHVW� DQG� ORZHVW� WHPSHUDWXUHV�� )RU� WKLV�
UHDVRQ� LW� ZDV� SRVVLEOH� WR� VXSSRVH� WKDW� VKHDU� VWUHQJWK� GHFUHDVHG�ZLWK� WKH� LQFUHDVH� RI� WKH�
LQWHU�PHWDOOLF� OHQJWK�� ,Q� FRQWUDVW�� WKH� UHODWLRQ� EHWZHHQ� VKHDU� VWUHVV� DQG� LQWHU�PHWDOOLF�
KDUGQHVV�ZDV�QRW�VR�FOHDUO\�HYLGHQW��,Q�IDFW�WKH�KLJKHVW�DQG�ORZHVW�YDOXHV�RI�WKH�VKHDU�VWUHVV�
ZHUH� DFKLHYHG� IRU� WKH� ORZHVW� DQG�KLJKHVW� WHPSHUDWXUH�WLPH� FRXSOH��+RZHYHU� LQ� WKH� RWKHU�
DUHDV�WKLV�WUHQG�ZDV�QRW�TXLWH�HYLGHQW�DQG�IXUWKHU�LQYHVWLJDWLRQ�ZLOO�EH�QHFHVVDU\��%DVHG�RQ�
WKH�DERYH�UHVXOWV��LW�ZDV�SRVVLEOH�WR�VXSSRVH�WKDW�WKH�PDLQ�FDXVH�RI�WKH�ORZHULQJ�RI�WKH�VKHDU�
VWUHQJWK�ZLWK�WKH�WHPSHUDWXUH�LQFUHDVH�ZDV�WKH�LQWHU�PHWDOOLF�OD\HU�JURZWK��HYHQ�LI�WKH�LQWHU�
PHWDOOLF�SKDVHV�EHFRPH�VRIWHU��
7KH�VWUHQJWK�RI�WKH�ZHOGLQJ�]RQH�LV�HYDOXDWHG�E\�5DP�7HQVLOH�7HVW��'XULQJ�WKH�WHVW��WKH�IRUFH�
LV�DSSOLHG�WR�WKH�GLUHFWLRQ�SHUSHQGLFXODU�WR�WKH�SODQHV�GHOLPLWLQJ�GLIIHUHQW�PDWHULDO�LQWHUIDFH��
$� VSHFLPHQ� ZLWK� D� SDUWLFXODU� SDUDOOHOHSLSHG�F\OLQGULFDO� VKDSH� LV� XVHG� LQ� RUGHU� WR�
FRQFHQWUDWH�VWUHVVHV�LQ�WKH�VHFWLRQ�MXVW�DERYH�WKH�WUDQVLWLRQ�DUHD�WKDW�FRUUHVSRQGV�WR�WKH�ERQG�
LQWHUIDFH��DV�)LJXUH����VKRZV��7KH�0,/�-������$�VWDQGDUG��VSHFLILHV�PD[LPXP�GLPHQVLRQV�
RI�WKH�EL�PDWHULDO�VSHFLPHQ�EXW�LWV�SULQFLSOHV�FDQ�EH�HDVLO\�H[WHQGHG�WR�WUL�PDWHULDO�MRLQWV��,Q�
WKLV�ODVW�FDVH��WKH�VWUHQJWK�RI�WKH�VWHHO�$$�����ERQG�LQWHUIDFH�LV�HVWLPDWHG�UDWKHU�WKDQ�WKDW�RI�
WKH�$$�����$$�����RQH��7KH� VSHFLPHQ��SXQFK�DQG�PDWUL[�SUHVFULEHG�E\� WKH�DERYH�FLWHG�
VWDQGDUG� DUH� UHSRUWHG� LQ� )LJXUH� ���� WRJHWKHU� ZLWK� WKH� GHVLJQHG� WHVWLQJ� HTXLSPHQW�� 7KH�
PDWUL[� LV� IL[HG�ZKLOH� WKH�SXQFK�PRYHV� LQ� FRQWDFW�ZLWK� WKH�ERQG� LQWHUIDFH�� FRPSUHVVLQJ� LW�
XQWLO� UXSWXUH�� 7KH�0,/�-������$� VWDQGDUG� GRHV� QRW� JLYH� YDOXHV� RU� VXJJHVWLRQV� OLQNHG� WR�
WHVWLQJ�SDUDPHWHUV� �H�J��SXQFK�VSHHG��DQG�RU� VSHFLPHQ�FODPSLQJ��7KH�VSHFLPHQ� LV�VLPSO\�
UHVWHG� RQ� WKH�PDWUL[� WRS� VXUIDFH�� DOORZLQJ� LWV� URWDWLRQ� DURXQG� WKH� F\OLQGULFDO� D[LV�� ,Q� WKH�
K\SRWKHVLV� WKDW� WKH�SUHVVXUH�EHWZHHQ�SXQFK� DQG� VSHFLPHQ�GXULQJ� FRQWDFW� LV� XQLIRUP�� WKH�
DSSOLHG� ORDG� FDQ� EH� FRQVLGHUHG� DV� D[LDO�V\PPHWULF�� 7KH� WKLFNQHVV� '� RI� WKH� ERQG� ]RQH� LV�
DOZD\V� HTXDO� WR� ��������� PP�� LQGHSHQGHQWO\� IURP� WKH� YDOXHV� RI� VWHHO� DQG� DOXPLQLXP�
WKLFNQHVVHV�� 7KH� WKLFNQHVV� '� LV� DFKLHYHG� E\� VLPSO\� YDU\LQJ� WKH� KROH� GHSWK�� 7KH� WHVWLQJ�
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HTXLSPHQW��GHVLJQHG�DQG�UHDOLVHG�LQ�FRPSOLDQFH�ZLWK�WKH�0,/�-������$�VWDQGDUG��DOORZHG�
WKH�HDV\�VHW�XS�RQ�DQ�XQLYHUVDO�WHQVLOH�WHVWLQJ�PDFKLQH��7KH�GHVLJQHG�HTXLSPHQW�FRQVLVWHG�
RI� D� VFUHZHG�SXQFK�DQG�D� � WZR�HOHPHQWV�PDWUL[�ZLWK� D� FKDQJHDEOH� F\OLQGULFDO� LQVHUW��7KH�
SXQFK� LV�PRXQWHG� RQ� WKH� WRS�PRELOH� FURVVKHDG� RI� WKH� ,167521������PDFKLQH�ZKLOH� WKH�
PDWUL[�LV�IL[HG�WR�WKH�PDFKLQH�EDVHPHQW�ZLWK�EROWV�DQG�QXWV��7KH�FKRLFH�RI�WKH�FKDQJHDEOH�
LQVHUW�ZDV� MXVWLILHG�E\� WKH�QHHG� WR� VXEVWLWXWH� WKH� LQVHUW� LQ�FDVH�RI�KLJK�ZHDU� FRQGLWLRQV�DV�
ZHOO�DV�WR�VHOHFW�WKH�SURSHU�WROHUDQFH�JDS�ZLWK�WKH�VSHFLPHQ��7KH�FRUUHFW�DOLJQPHQW�EHWZHHQ�
WKH�SXQFK�DQG�VSHFLPHQ�D[HV� WR�DYRLG�EHQGLQJ�HIIHFWV�ZDV�UHDOLVHG�E\�PHDQV�RI�D�JXLGHG�
JURRYH� LQ� WKH� ORZ� SDUW� RI� WKH�PDWUL[�� 7KH� SUHVVXUH� RI� WKH� SXQFK� FDXVHG� WHQVLOH� ORDGV� RQ�
VSHFLPHQ�ERQG�LQWHUIDFH��7KH�PD[LPXP�WHQVLOH�VWUHVV�YDOXH�UHFRUGHG�GXULQJ�WHVW�ZDV�XVHG�
WR�DVVHVV�WKH� MRLQW�VWUHQJWK�IRU�VHYHUDO� WHPSHUDWXUH�WLPH�F\FOHV��7KH�PLQLPXP�YDOXH�RI�WKH�
WHQVLOH�VWUHVV�WR�FRQVLGHU�WKH�MRLQW�DV�JRRG�VKRXOG�EH�JUHDWHU�WKDQ����1�PP���
�

)LJ������5DP�WHVW�VSHFLPHQ��
�

�
)LJ������7HVWLQJ�HTXLSPHQW�
�
7KH� GHVLJQHG� H[SHULPHQWDO� SODQ� IRU�PHFKDQLFDO� WHVWLQJ�ZDV� H[WHQGHG� UHVSHFW� WR� WKH� SODQ�
XVHG� IRU� PLFUR�KDUGQHVV� HYDOXDWLRQ� WR� SUHVHUYH� FRQWLQXLW\� ZLWK� SUHYLRXV� LQYHVWLJDWLRQ��
HYDOXDWH� PRUH� FULWLFDO� FRQGLWLRQV� DVVRFLDWHG� WR� KLJKHU� WLPH� DQG�RU� WHPSHUDWXUHV� DQG�
LPSURYH� NQRZOHGJH� DERXW� PHFKDQLFDO� VWUHQJWK� OLPLWV� RI� WUL�PDWHULDO� WUDQVLWLRQV� MRLQWV��
0HWDOORJUDSKLF�H[DPLQDWLRQV�UHYHDOHG�WKDW�WKH�KHDW�WUHDWHG�MRLQWV�SURSHUWLHV�UHPDLQHG�TXLWH�
HTXDO�WR�WKRVH�RI�DV�FODG�VSHFLPHQ�IRU�WHPSHUDWXUHV�ORZHU�WKDQ������&�DQG�SURFHVVLQJ�WLPHV�
ORZHU� WKDQ� ��� PLQXWHV�� 7KH� QHZ� H[SHULPHQWDO� SODQ� LV� UHSRUWHG� LQ� 7DEOH� ��� LQ� WHUPV� RI�
WHPSHUDWXUH�WLPH�FRXSOHV��7KH�SXQFK�VSHHG�ZDV�VHW�WR������PP�V�IRU�DOO�WHVWV��
6RPH�LPSRUWDQW�FRQVLGHUDWLRQV�FDQ�EH�FDUULHG�RXW�E\�DQDO\VLQJ�WKHVH�UHVXOWV��7KH�PD[LPXP�
VWUHQJWK�RI�WKH�DV�FODG�VSHFLPHQ�DV�ZHOO�DV�VSHFLPHQV�SURFHVVHG�DW������&�ZHUH�JUHDWHU�WKDQ�

PLQLPXP� YDOXH� RI� ����03D� FHUWLILHG� E\� WKH�PDWHULDO� VXSSOLHU�� ,Q� DGGLWLRQ�� WKH� VSHFLPHQ�
UHVLVWDQFH�ZDV�PDLQO\� VXSSRUWHG� E\� WKH� VPDOO� WKLFNQHVV� RI� $$������ FRQVLGHULQJ� WKDW� WKH�
PD[LPXP� VWUHQJWK� RI� WKLV� FRPPHUFLDO� DOOR\� ZDV� DERXW� �������� 03D� DW� KLJK� FROG� ZRUN�
FRQGLWLRQV�� 7KHVH� YDOXHV� VXJJHVWHG� WKDW� WKH� WKHUPDO� F\FOHV� PD\� UHGXFHG� WKH� FROG� ZRUN�
FRQGLWLRQV��ZLWK�FRQVHTXHQW�UHGXFWLRQ�RI�WKH�PD[LPXP�VWUHQJWK�RI�WKH�WUL�PDWHULDO�MRLQW��7KH�
VSHFLPHQ�EHKDYLRXU�FKDQJHG�ZKHQ�SURFHVVLQJ�WHPSHUDWXUH�ZDV�JUHDWHU�WKDQ�����&��%DVHG�
RQ�WKH�DERYH�UHVXOWV��WHPSHUDWXUH�ZDV�WKH�PDLQ�IDFWRU�FDXVLQJ�WKH�ORZHULQJ�RI�WKH�VSHFLPHQ�
PHFKDQLFDO�VWUHQJWK��
�

6SHFLPHQ�,'� 7HPSHUDWXUH�
��&��

7LPH�
�PLQXWHV��

7HQVLOH�
)RUFH��.1�� 6WUHVV��03D��

+757� �� � ���� �����
+757� ��� �� ���� �����
+757� ��� �� ��� ����
+757� ��� �� ���� �����
+757� ��� �� ���� �����
+757� ��� �� ��� ����
+757� ��� � ���� �����
+757� �� �� ���� �����

7DEOH����5DP�WHQVLOH�WHVW�YDOXHV��
�
7KH�VDPH�FRQVLGHUDWLRQV�DURVH�IURP�WKH�DQDO\VLV�RI�WKH�ORDG�GLVSODFHPHQW�GDWD��+757��DQG�
+757�� VSHFLPHQV� ZHUH� FKDUDFWHULVHG� E\� WKH� VDPH� FXUYHV�� ZLWK� HTXLYDOHQW� YDOXHV� RI� WKH�
PD[LPXP� ORDG� DQG� GLVSODFHPHQW�� DV� )LJXUH� ��� UHSRUWV�� 7KLV� EHKDYLRXU� SRLQWHG�RXW� WKDW�
PHFKDQLFDO�SURSHUWLHV�ZHUH�QRW�JUHDWO\�DOWHUHG�IURP�SURFHVVLQJ�WHPSHUDWXUH�DQG�WLPH��HYHQ�
LI� +757�� VSHFLPHQ� VWD\HG� LQ� WKH� RYHQ� DW� ����&� DQG� +757�� VSHFLPHQ� ZDV� WKHUPDOO\�
XQWUHDWHG�� 7KH�PD[LPXP� VXSSRUWHG� ORDG� VWDUWHG� WR�GURS�ZKHQ� VSHFLPHQ�ZHUH� WUHDWHG� DW�
WHPSHUDWXUHV�KLJKHU�WKDQ������&��7KH�+757��VSHFLPHQ��SURFHVVHG�DW������&�IRU����PLQXWHV��
DQG� +757�� VSHFLPHQ�� SURFHVVHG� DW� ���� �&� IRU� �� PLQXWHV�� ZHUH� DFFRPSOLVKHG� E\� WKH�
UHGXFWLRQ� RI� WKH� PD[LPXP� ORDG� YDOXH� ZLWK� WKH� LQFUHDVH� RI� WKH� PD[LPXP� GLVSODFHPHQW�
�)LJXUH� ����� ,Q� IDFW�� WKH� ORDG�GLVSODFHPHQW� FXUYHV� RI� WKH� WZR� VSHFLPHQV� ZHUH� SHUIHFWO\�
HTXLYDOHQW� IURP� WKH� PHFKDQLFDO� SRLQW� RI� YLHZ�� 7KH� PD[LPXP� ORDG� GUDVWLFDOO\� GURS� IRU�
KLJKHU�WHPSHUDWXUHV��DV�+757��VSHFLPHQ��SURFHVVHG�DW������&�IRU����PLQXWHV��ZLWQHVVHG��
�

)LJ������/RDG�GLVSODFHPHQW�FXUYHV�RI�+757��DQG�+757��VSHFLPHQV��
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HTXLSPHQW��GHVLJQHG�DQG�UHDOLVHG�LQ�FRPSOLDQFH�ZLWK�WKH�0,/�-������$�VWDQGDUG��DOORZHG�
WKH�HDV\�VHW�XS�RQ�DQ�XQLYHUVDO�WHQVLOH�WHVWLQJ�PDFKLQH��7KH�GHVLJQHG�HTXLSPHQW�FRQVLVWHG�
RI� D� VFUHZHG�SXQFK�DQG�D� � WZR�HOHPHQWV�PDWUL[�ZLWK� D� FKDQJHDEOH� F\OLQGULFDO� LQVHUW��7KH�
SXQFK� LV�PRXQWHG� RQ� WKH� WRS�PRELOH� FURVVKHDG� RI� WKH� ,167521������PDFKLQH�ZKLOH� WKH�
PDWUL[�LV�IL[HG�WR�WKH�PDFKLQH�EDVHPHQW�ZLWK�EROWV�DQG�QXWV��7KH�FKRLFH�RI�WKH�FKDQJHDEOH�
LQVHUW�ZDV� MXVWLILHG�E\� WKH�QHHG� WR� VXEVWLWXWH� WKH� LQVHUW� LQ�FDVH�RI�KLJK�ZHDU� FRQGLWLRQV�DV�
ZHOO�DV�WR�VHOHFW�WKH�SURSHU�WROHUDQFH�JDS�ZLWK�WKH�VSHFLPHQ��7KH�FRUUHFW�DOLJQPHQW�EHWZHHQ�
WKH�SXQFK�DQG�VSHFLPHQ�D[HV� WR�DYRLG�EHQGLQJ�HIIHFWV�ZDV�UHDOLVHG�E\�PHDQV�RI�D�JXLGHG�
JURRYH� LQ� WKH� ORZ� SDUW� RI� WKH�PDWUL[�� 7KH� SUHVVXUH� RI� WKH� SXQFK� FDXVHG� WHQVLOH� ORDGV� RQ�
VSHFLPHQ�ERQG�LQWHUIDFH��7KH�PD[LPXP�WHQVLOH�VWUHVV�YDOXH�UHFRUGHG�GXULQJ�WHVW�ZDV�XVHG�
WR�DVVHVV�WKH� MRLQW�VWUHQJWK�IRU�VHYHUDO� WHPSHUDWXUH�WLPH�F\FOHV��7KH�PLQLPXP�YDOXH�RI�WKH�
WHQVLOH�VWUHVV�WR�FRQVLGHU�WKH�MRLQW�DV�JRRG�VKRXOG�EH�JUHDWHU�WKDQ����1�PP���
�

)LJ������5DP�WHVW�VSHFLPHQ��
�

�
)LJ������7HVWLQJ�HTXLSPHQW�
�
7KH� GHVLJQHG� H[SHULPHQWDO� SODQ� IRU�PHFKDQLFDO� WHVWLQJ�ZDV� H[WHQGHG� UHVSHFW� WR� WKH� SODQ�
XVHG� IRU� PLFUR�KDUGQHVV� HYDOXDWLRQ� WR� SUHVHUYH� FRQWLQXLW\� ZLWK� SUHYLRXV� LQYHVWLJDWLRQ��
HYDOXDWH� PRUH� FULWLFDO� FRQGLWLRQV� DVVRFLDWHG� WR� KLJKHU� WLPH� DQG�RU� WHPSHUDWXUHV� DQG�
LPSURYH� NQRZOHGJH� DERXW� PHFKDQLFDO� VWUHQJWK� OLPLWV� RI� WUL�PDWHULDO� WUDQVLWLRQV� MRLQWV��
0HWDOORJUDSKLF�H[DPLQDWLRQV�UHYHDOHG�WKDW�WKH�KHDW�WUHDWHG�MRLQWV�SURSHUWLHV�UHPDLQHG�TXLWH�
HTXDO�WR�WKRVH�RI�DV�FODG�VSHFLPHQ�IRU�WHPSHUDWXUHV�ORZHU�WKDQ������&�DQG�SURFHVVLQJ�WLPHV�
ORZHU� WKDQ� ��� PLQXWHV�� 7KH� QHZ� H[SHULPHQWDO� SODQ� LV� UHSRUWHG� LQ� 7DEOH� ��� LQ� WHUPV� RI�
WHPSHUDWXUH�WLPH�FRXSOHV��7KH�SXQFK�VSHHG�ZDV�VHW�WR������PP�V�IRU�DOO�WHVWV��
6RPH�LPSRUWDQW�FRQVLGHUDWLRQV�FDQ�EH�FDUULHG�RXW�E\�DQDO\VLQJ�WKHVH�UHVXOWV��7KH�PD[LPXP�
VWUHQJWK�RI�WKH�DV�FODG�VSHFLPHQ�DV�ZHOO�DV�VSHFLPHQV�SURFHVVHG�DW������&�ZHUH�JUHDWHU�WKDQ�

PLQLPXP� YDOXH� RI� ����03D� FHUWLILHG� E\� WKH�PDWHULDO� VXSSOLHU�� ,Q� DGGLWLRQ�� WKH� VSHFLPHQ�
UHVLVWDQFH�ZDV�PDLQO\� VXSSRUWHG� E\� WKH� VPDOO� WKLFNQHVV� RI� $$������ FRQVLGHULQJ� WKDW� WKH�
PD[LPXP� VWUHQJWK� RI� WKLV� FRPPHUFLDO� DOOR\� ZDV� DERXW� �������� 03D� DW� KLJK� FROG� ZRUN�
FRQGLWLRQV�� 7KHVH� YDOXHV� VXJJHVWHG� WKDW� WKH� WKHUPDO� F\FOHV� PD\� UHGXFHG� WKH� FROG� ZRUN�
FRQGLWLRQV��ZLWK�FRQVHTXHQW�UHGXFWLRQ�RI�WKH�PD[LPXP�VWUHQJWK�RI�WKH�WUL�PDWHULDO�MRLQW��7KH�
VSHFLPHQ�EHKDYLRXU�FKDQJHG�ZKHQ�SURFHVVLQJ�WHPSHUDWXUH�ZDV�JUHDWHU�WKDQ�����&��%DVHG�
RQ�WKH�DERYH�UHVXOWV��WHPSHUDWXUH�ZDV�WKH�PDLQ�IDFWRU�FDXVLQJ�WKH�ORZHULQJ�RI�WKH�VSHFLPHQ�
PHFKDQLFDO�VWUHQJWK��
�

6SHFLPHQ�,'� 7HPSHUDWXUH�
��&��

7LPH�
�PLQXWHV��

7HQVLOH�
)RUFH��.1�� 6WUHVV��03D��

+757� �� � ���� �����
+757� ��� �� ���� �����
+757� ��� �� ��� ����
+757� ��� �� ���� �����
+757� ��� �� ���� �����
+757� ��� �� ��� ����
+757� ��� � ���� �����
+757� �� �� ���� �����

7DEOH����5DP�WHQVLOH�WHVW�YDOXHV��
�
7KH�VDPH�FRQVLGHUDWLRQV�DURVH�IURP�WKH�DQDO\VLV�RI�WKH�ORDG�GLVSODFHPHQW�GDWD��+757��DQG�
+757�� VSHFLPHQV� ZHUH� FKDUDFWHULVHG� E\� WKH� VDPH� FXUYHV�� ZLWK� HTXLYDOHQW� YDOXHV� RI� WKH�
PD[LPXP� ORDG� DQG� GLVSODFHPHQW�� DV� )LJXUH� ��� UHSRUWV�� 7KLV� EHKDYLRXU� SRLQWHG�RXW� WKDW�
PHFKDQLFDO�SURSHUWLHV�ZHUH�QRW�JUHDWO\�DOWHUHG�IURP�SURFHVVLQJ�WHPSHUDWXUH�DQG�WLPH��HYHQ�
LI� +757�� VSHFLPHQ� VWD\HG� LQ� WKH� RYHQ� DW� ����&� DQG� +757�� VSHFLPHQ� ZDV� WKHUPDOO\�
XQWUHDWHG�� 7KH�PD[LPXP� VXSSRUWHG� ORDG� VWDUWHG� WR�GURS�ZKHQ� VSHFLPHQ�ZHUH� WUHDWHG� DW�
WHPSHUDWXUHV�KLJKHU�WKDQ������&��7KH�+757��VSHFLPHQ��SURFHVVHG�DW������&�IRU����PLQXWHV��
DQG� +757�� VSHFLPHQ�� SURFHVVHG� DW� ���� �&� IRU� �� PLQXWHV�� ZHUH� DFFRPSOLVKHG� E\� WKH�
UHGXFWLRQ� RI� WKH� PD[LPXP� ORDG� YDOXH� ZLWK� WKH� LQFUHDVH� RI� WKH� PD[LPXP� GLVSODFHPHQW�
�)LJXUH� ����� ,Q� IDFW�� WKH� ORDG�GLVSODFHPHQW� FXUYHV� RI� WKH� WZR� VSHFLPHQV� ZHUH� SHUIHFWO\�
HTXLYDOHQW� IURP� WKH� PHFKDQLFDO� SRLQW� RI� YLHZ�� 7KH� PD[LPXP� ORDG� GUDVWLFDOO\� GURS� IRU�
KLJKHU�WHPSHUDWXUHV��DV�+757��VSHFLPHQ��SURFHVVHG�DW������&�IRU����PLQXWHV��ZLWQHVVHG��
�

)LJ������/RDG�GLVSODFHPHQW�FXUYHV�RI�+757��DQG�+757��VSHFLPHQV��
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)LJ������/RDG�GLVSODFHPHQW�FXUYHV�RI�+757���+757��DQG�+757��VSHFLPHQV��
�
7KH�UHGXFWLRQ�RI�WKH�PHFKDQLFDO�VWUHQJWK�ZLWK�WHPSHUDWXUH�DQG�WLPH�EHFRPHV�PRUH�HYLGHQW�
ZLWK�UHVXOWV�UHSRUWHG�LQ�)LJXUH�����WKH�$129$�RI�ZKLFK�LV�UHSRUWHG�LQ�7DEOH�����
�

�
)LJ������5DP�WHQVLOH�WHVW��
�

6RXUFH� 66� ')� 06� )� 3URE!)�
0RGHO� ������� � ������� ����� ������
7HPSHUDWXUH� ������� � ������� ����� ������
7LPH� ������� � ������� ���� ������
7HPSHUDWXUHÂ7LPH� ������� � ������� ���� ������
7HPSHUDWXUH�� ������� � ������� ����� ������
7LPH�� ������ � ������ ���� ������
5HVLGXDO� ������ � ������
7RWDO� ������� ��

�
(TXDWLRQ�RI�WKH�5HVSRQVH�6XUIDFH�
6KHDU�6WUHVV ������������Â����Â7HPSHUDWXUH�������
Â7LPH������Â�����Â7HPSHUDWXUHÂ7LPH������Â�����
Ã7HPSHUDWXUH�������Â�����Ã7LPH��

7DEOH�����$129$�²�5DP�WHQVLOH�WHVW�YDOXHV��

7KH� MXVWLILFDWLRQ�RI� WKLV� IUDJLOH�EHKDYLRXU�ZDV� WKDW� WKH�KHDW� WUHDWPHQW�DW�KLJK� WHPSHUDWXUH�
SURPRWHG� WKH� LQWHU�PHWDOOLF� UHGLVWULEXWLRQ� DW� $O�)H� ERQG� LQWHUIDFH�� ZLWK� FRQVHTXHQFH�
JURZWK� RI� WKH� LQWHU�PHWDOOLF� WKLFNQHVV�� FDXVLQJ� WKH� ORZHULQJ� RI� WKH�PHFKDQLFDO� SURSHUWLHV��
7KLV�K\SRWKHVLV�KDV�EHHQ�FRQILUPHG�E\�SUHYLRXV�ZRUNV� �7ULFDULFR� HW�DO��������� LQ�ZKLFK� WKH�
LQIOXHQFH�RI�WKH�WKHUPDO� ORDGLQJ�RI�WKH�$O�)H�H[SORVLRQ�ZHOGHG� MRLQWV�ZDV�LQYHVWLJDWHG�E\�
PHDVXULQJ�WKH�H[WHQVLRQ�DQG�WKLFNQHVV�RI�LQWHU�PHWDOOLF�FRPSRXQGV�DW�$O�)H�LQWHUIDFH��7KH�
PHWDOORJUDSKLF� DQDO\VLV� PHDVXUHPHQWV� KDYH� SRLQWHG�RXW� WKDW� WKH� EDQG� H[WHQVLRQ� ZDV�
PDLQO\� LQIOXHQFHG� E\� WKH� WHPSHUDWXUH� EHFDXVH� WKH� LQFUHDVH� RI� WKH� EDQG� H[WHQVLRQ� ZLWK�
LQFUHDVLQJ� WHPSHUDWXUH� KDV� EHHQ� UHFRUGHG�� 2EVHUYLQJ� WKH� HYROXWLRQ� RI� WKH� LQWHU�PHWDOOLF�
EDQG�WKLFNQHVV�� LW�KDV�EHHQ�REVHUYHG�WKDW�WKLFNQHVV�DW�����&�DIWHU���PLQXWHV�ZDV�KDOI� WKDQ�
WKDW�REWDLQHG�DIWHU����PLQXWHV��
$QRWKHU� LPSRUWDQW�DVSHFW� WRRN� LQWR�DFFRXQW�ZDV�WKH�VKDSH�RI� WKH�IUDFWXUHG�VXUIDFHV�RI� WKH�
WKHUPDOO\� ORDGHG�VSHFLPHQV��7KH�IUDFWXUH�VXUIDFHV�ZHUH�FKDUDFWHULVHG�E\�D�GXFWLOH�IUDFWXUH�
ZLWK� YHU\� ORZ� DSSUHFLDEOH� GHIRUPDWLRQ� DQG�RU� DEVHQW� VLJQV� RI� JURVV� SODVWLF� GHIRUPDWLRQ��
7KLV� IUDFWXUH�PD\�EH� MXVWLILHG� E\� WKH�SUHVHQFH� RI� D� FRQWLQXRXV�GLIIXVH� LQWHU�PHWDOOLF� OD\HU�
WKDW� WULJJHUHG�PLFUR�FUDFNV��7KH�)LJXUH���� UHSRUWV� WKH� IUDFWXUHV�DVSHFWV�RI�+757���+757��
DQG�+757��VSHFLPHQV��7KH�SDWWHUQ�RI� WKH�+757��VSHFLPHQ�LV�YHU\� LUUHJXODU�ZLWK�HYLGHQW�
GLIIHUHQFHV�EHWZHHQ�SHDNV�DQG�YRLGV��7KHVH�GLIIHUHQFH�EHWZHHQ�SHDNV�DQG�YRLGV�ZHUH�ORZHU�
LQ� FDVH� RI�+757�� VSHFLPHQ�� DV� WKH� IUDJLOH� IUDFWXUH� RI� WKH� VSHFLPHQ� DW� WKH� HQG� RI� WKH� WHVW�
VKRZV��7KH�VXUIDFH�DVSHFW�RI� WKH�+757��VSHFLPHQ�VHHPHG�WR�EH� LQWHUPHGLDWH�EHWZHHQ�WKH�
RWKHU� WZR�VSHFLPHQ�VXUIDFHV��FRUURERUDWLQJ� UHVXOWV�DFKLHYHG�GXULQJ� WKH� UDP�WHQVLOH� WHVW� LQ�
WHUPV�RI�PD[LPXP�ORDG�DQG�GLVSODFHPHQW��
�

�
,dZdϭ� ,dZdϮ�

�
,dZdϯ�

)LJ������6XUIDFH�IUDFWXUHV�RI�+757���+757��DQG�+757��VSHFLPHQV��

�
���$GCF�QP�RNCVG�

:HOGLQJ� WHVWV�RQ�67-V�ZHUH�SHUIRUPHG�RQ� VSHFLPHQV�PDFKLQHG� IURP� WKH� VDPH�EDU��ZKLFK�
VHFWLRQ�DQG�OHQJWK�ZHUH�����Â�����PP��DQG��������PP�UHVSHFWLYHO\��7KH�PDWHULDOV�RI�WKH�67-�
EDU�ZHUH� VWHHO� ��$670�$����JUDGH���� �� DQG�DOXPLQLXP�DOOR\V� ��$$�����DQG�$$������ WKH�
WKLFNQHVVHV� RI�ZKLFK�ZHUH� ���������PP� IRU� VWHHO� DQG� ���������PP� IRU� DOXPLQLXP� DOOR\V��
%HDG�RQ�SODWH� ZHUH� FDUULHG�RXW� E\� XVLQJ� SURFHVV� SDUDPHWHUV� LGHQWLILHG� LQ� WKH� SUHYLRXV�
SUHOLPLQDU\� DQDO\VLV� DQG� YDU\LQJ� RQO\� WKH� MRLQW� JHRPHWU\�� ,Q� WKLV�ZD\�� WKH� ODVHU�LQGXFHG�
WKHUPDO� ORDG� ZDV� NHSW� FRQVWDQW� RQ� WKH� WRS� VXUIDFH� ZKLOH� $O�)H� LQWHUIDFH� ZDV� VXEMHFW� WR�
GLIIHUHQW� WKHUPDO� VWUHVVHV�GXH� WR� WKH� UHGXFWLRQ�RI� WKH� VSHFLPHQ� WKLFNQHVV�� 7R� DFKLHYH� WKLV�
UHVXOW��XSSHU�VHFWLRQ�LQWHUDFWLQJ�ZLWK�WKH�ODVHU�EHDP�ZDV�PDFKLQHG�WR�UHGXFH�WKH�GLVWDQFH�G�
EHWZHHQ� WKH� IXVHG� ]RQH� DQG� ERQG� LQWHUIDFH�� )RU� WKLV� UHDVRQ� VSHFLPHQV� ZLWK� GLIIHUHQW�
WKLFNQHVVHV�ZHUH�HPSOR\HG��7KH�VSHFLPHQ�OHQJWK��HTXDO�WR������PP��ZDV�FKRVHQ�WR�DFKLHYH�
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)LJ������/RDG�GLVSODFHPHQW�FXUYHV�RI�+757���+757��DQG�+757��VSHFLPHQV��
�
7KH�UHGXFWLRQ�RI�WKH�PHFKDQLFDO�VWUHQJWK�ZLWK�WHPSHUDWXUH�DQG�WLPH�EHFRPHV�PRUH�HYLGHQW�
ZLWK�UHVXOWV�UHSRUWHG�LQ�)LJXUH�����WKH�$129$�RI�ZKLFK�LV�UHSRUWHG�LQ�7DEOH�����
�

�
)LJ������5DP�WHQVLOH�WHVW��
�

6RXUFH� 66� ')� 06� )� 3URE!)�
0RGHO� ������� � ������� ����� ������
7HPSHUDWXUH� ������� � ������� ����� ������
7LPH� ������� � ������� ���� ������
7HPSHUDWXUHÂ7LPH� ������� � ������� ���� ������
7HPSHUDWXUH�� ������� � ������� ����� ������
7LPH�� ������ � ������ ���� ������
5HVLGXDO� ������ � ������
7RWDO� ������� ��

�
(TXDWLRQ�RI�WKH�5HVSRQVH�6XUIDFH�
6KHDU�6WUHVV ������������Â����Â7HPSHUDWXUH�������
Â7LPH������Â�����Â7HPSHUDWXUHÂ7LPH������Â�����
Ã7HPSHUDWXUH�������Â�����Ã7LPH��

7DEOH�����$129$�²�5DP�WHQVLOH�WHVW�YDOXHV��

7KH� MXVWLILFDWLRQ�RI� WKLV� IUDJLOH�EHKDYLRXU�ZDV� WKDW� WKH�KHDW� WUHDWPHQW�DW�KLJK� WHPSHUDWXUH�
SURPRWHG� WKH� LQWHU�PHWDOOLF� UHGLVWULEXWLRQ� DW� $O�)H� ERQG� LQWHUIDFH�� ZLWK� FRQVHTXHQFH�
JURZWK� RI� WKH� LQWHU�PHWDOOLF� WKLFNQHVV�� FDXVLQJ� WKH� ORZHULQJ� RI� WKH�PHFKDQLFDO� SURSHUWLHV��
7KLV�K\SRWKHVLV�KDV�EHHQ�FRQILUPHG�E\�SUHYLRXV�ZRUNV� �7ULFDULFR� HW�DO��������� LQ�ZKLFK� WKH�
LQIOXHQFH�RI�WKH�WKHUPDO� ORDGLQJ�RI�WKH�$O�)H�H[SORVLRQ�ZHOGHG� MRLQWV�ZDV�LQYHVWLJDWHG�E\�
PHDVXULQJ�WKH�H[WHQVLRQ�DQG�WKLFNQHVV�RI�LQWHU�PHWDOOLF�FRPSRXQGV�DW�$O�)H�LQWHUIDFH��7KH�
PHWDOORJUDSKLF� DQDO\VLV� PHDVXUHPHQWV� KDYH� SRLQWHG�RXW� WKDW� WKH� EDQG� H[WHQVLRQ� ZDV�
PDLQO\� LQIOXHQFHG� E\� WKH� WHPSHUDWXUH� EHFDXVH� WKH� LQFUHDVH� RI� WKH� EDQG� H[WHQVLRQ� ZLWK�
LQFUHDVLQJ� WHPSHUDWXUH� KDV� EHHQ� UHFRUGHG�� 2EVHUYLQJ� WKH� HYROXWLRQ� RI� WKH� LQWHU�PHWDOOLF�
EDQG�WKLFNQHVV�� LW�KDV�EHHQ�REVHUYHG�WKDW�WKLFNQHVV�DW�����&�DIWHU���PLQXWHV�ZDV�KDOI� WKDQ�
WKDW�REWDLQHG�DIWHU����PLQXWHV��
$QRWKHU� LPSRUWDQW�DVSHFW� WRRN� LQWR�DFFRXQW�ZDV�WKH�VKDSH�RI� WKH�IUDFWXUHG�VXUIDFHV�RI� WKH�
WKHUPDOO\� ORDGHG�VSHFLPHQV��7KH�IUDFWXUH�VXUIDFHV�ZHUH�FKDUDFWHULVHG�E\�D�GXFWLOH�IUDFWXUH�
ZLWK� YHU\� ORZ� DSSUHFLDEOH� GHIRUPDWLRQ� DQG�RU� DEVHQW� VLJQV� RI� JURVV� SODVWLF� GHIRUPDWLRQ��
7KLV� IUDFWXUH�PD\�EH� MXVWLILHG� E\� WKH�SUHVHQFH� RI� D� FRQWLQXRXV�GLIIXVH� LQWHU�PHWDOOLF� OD\HU�
WKDW� WULJJHUHG�PLFUR�FUDFNV��7KH�)LJXUH���� UHSRUWV� WKH� IUDFWXUHV�DVSHFWV�RI�+757���+757��
DQG�+757��VSHFLPHQV��7KH�SDWWHUQ�RI� WKH�+757��VSHFLPHQ�LV�YHU\� LUUHJXODU�ZLWK�HYLGHQW�
GLIIHUHQFHV�EHWZHHQ�SHDNV�DQG�YRLGV��7KHVH�GLIIHUHQFH�EHWZHHQ�SHDNV�DQG�YRLGV�ZHUH�ORZHU�
LQ� FDVH� RI�+757�� VSHFLPHQ�� DV� WKH� IUDJLOH� IUDFWXUH� RI� WKH� VSHFLPHQ� DW� WKH� HQG� RI� WKH� WHVW�
VKRZV��7KH�VXUIDFH�DVSHFW�RI� WKH�+757��VSHFLPHQ�VHHPHG�WR�EH� LQWHUPHGLDWH�EHWZHHQ�WKH�
RWKHU� WZR�VSHFLPHQ�VXUIDFHV��FRUURERUDWLQJ� UHVXOWV�DFKLHYHG�GXULQJ� WKH� UDP�WHQVLOH� WHVW� LQ�
WHUPV�RI�PD[LPXP�ORDG�DQG�GLVSODFHPHQW��
�

�
,dZdϭ� ,dZdϮ�

�
,dZdϯ�

)LJ������6XUIDFH�IUDFWXUHV�RI�+757���+757��DQG�+757��VSHFLPHQV��

�
���$GCF�QP�RNCVG�

:HOGLQJ� WHVWV�RQ�67-V�ZHUH�SHUIRUPHG�RQ� VSHFLPHQV�PDFKLQHG� IURP� WKH� VDPH�EDU��ZKLFK�
VHFWLRQ�DQG�OHQJWK�ZHUH�����Â�����PP��DQG��������PP�UHVSHFWLYHO\��7KH�PDWHULDOV�RI�WKH�67-�
EDU�ZHUH� VWHHO� ��$670�$����JUDGH���� �� DQG�DOXPLQLXP�DOOR\V� ��$$�����DQG�$$������ WKH�
WKLFNQHVVHV� RI�ZKLFK�ZHUH� ���������PP� IRU� VWHHO� DQG� ���������PP� IRU� DOXPLQLXP� DOOR\V��
%HDG�RQ�SODWH� ZHUH� FDUULHG�RXW� E\� XVLQJ� SURFHVV� SDUDPHWHUV� LGHQWLILHG� LQ� WKH� SUHYLRXV�
SUHOLPLQDU\� DQDO\VLV� DQG� YDU\LQJ� RQO\� WKH� MRLQW� JHRPHWU\�� ,Q� WKLV�ZD\�� WKH� ODVHU�LQGXFHG�
WKHUPDO� ORDG� ZDV� NHSW� FRQVWDQW� RQ� WKH� WRS� VXUIDFH� ZKLOH� $O�)H� LQWHUIDFH� ZDV� VXEMHFW� WR�
GLIIHUHQW� WKHUPDO� VWUHVVHV�GXH� WR� WKH� UHGXFWLRQ�RI� WKH� VSHFLPHQ� WKLFNQHVV�� 7R� DFKLHYH� WKLV�
UHVXOW��XSSHU�VHFWLRQ�LQWHUDFWLQJ�ZLWK�WKH�ODVHU�EHDP�ZDV�PDFKLQHG�WR�UHGXFH�WKH�GLVWDQFH�G�
EHWZHHQ� WKH� IXVHG� ]RQH� DQG� ERQG� LQWHUIDFH�� )RU� WKLV� UHDVRQ� VSHFLPHQV� ZLWK� GLIIHUHQW�
WKLFNQHVVHV�ZHUH�HPSOR\HG��7KH�VSHFLPHQ�OHQJWK��HTXDO�WR������PP��ZDV�FKRVHQ�WR�DFKLHYH�
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VWDWLRQDU\�FRQGLWLRQV�GXULQJ�ZHOGLQJ��6RPH�WULDO�WHVWV�RQ�67-�VSHFLPHQV�ZHUH�SHUIRUPHG�WR�
YHULI\�LI�WKH�PDLQ�JHRPHWULFDO�SDUDPHWHUV�RI�ZHOG�VHFWLRQV�ZHUH�WKH�VDPH�RI�WKRVH�DFKLHYHG�
LQ�WKH�SUHOLPLQDU\�DQDO\VLV�RQ�WKH�EDVH�PDWHULDOV��:HOG�JHRPHWU\�ZDV�FKDUDFWHULVHG�E\�WKH�
SHQHWUDWLRQ�GHSWK�DQG�ZLGWK�HTXDO�WR�����DQG�����PP��TXLWH�HTXDO�WR�WKRVH�PHDVXUHG�RQ�WKH�
EDVH�PDWHULDOV��7KH�VPDOO�YDULDWLRQV�EHWZHHQ�UHVXOWV�ZHUH�LQSXWWHG�WR�WKH�ODVHU�EHDP�SRZHU�
IOXFWXDWLRQ�� VSHFLPHQ� JHRPHWU\� �SODWH� YV�� EDU�� DV� ZHOO� DV� PDWHULDOV� FRPSRVLWLRQV� �PRQR�
PDWHULDO�YV��WUL�PDWHULDOV���
7KH�IROORZLQJ�WHVWV�RQ�67-V�ZHUH�SHUIRUPHG�ZLWK�WKH�ODVHU�EHDP�SRZHU�HTXDO�WR�����N:�DQG�
WUDYHO� VSHHG� VHW� WR� ���� RU� ����P�PLQ� UHVSHFWLYHO\� IRU� DOXPLQLXP�RU� VWHHO� WRS� VXUIDFH�� 7KH�
VSHFLPHQ�/3%$/���/3%$/��DQG�/3%$/��ZHUH� UHDOLVHG�E\�PDFKLQLQJ� WKH�DOXPLQLXP�VLGH�
�7DEOH������7KH�GLVWDQFH�G�EHWZHHQ�WKH�PHOW�]RQH�DQG�WKH�$O�)H�ZDV�SODQQHG�WR����������DQG�
����PP��DVVXPLQJ� WKDW� WKH�SHQHWUDWLRQ�GHSWK� UHPDLQHG� FRQVWDQW� WR� ����PP��7DEOH� ��� DOVR�
UHSRUWV� FXW� VHFWLRQ��GHWDLOV�RI� WKH�ZHOG� IXVHG�DUHD�DQG�JHRPHWULFDO�SDUDPHWHUV� VXFK�DV� WKH�
SHQHWUDWLRQ� GHSWK� K� DQG�ZLGWK� U�� ,Q� SDUWLFXODU�� WKHVH� WZR� SDUDPHWHUV� GHFUHDVHG�ZLWK� WKH�
UHGXFWLRQ�RI�WKH�GLVWDQFH�G��LQ�VSLWH�RI�WKH�WKHUPDO�ORDG�RQ�WKH�WRS�VXUIDFH�ZDV�WKH�VDPH�IRU�
DOO�VSHFLPHQV��
�

6SHFLPHQ� /3%$/�� /%3%$/�� /%3%$/��

*HRPHWU\�

5HVXOWV�

� �
6HFWLRQ�

� � �
3DUDPHWHUV� U� �����PP�?�K� �����PP�� U� �����PP�?�K� �����PP� U� �����PP�?�K� �����PP�

7DEOH�����7HVWV�RQ�67-V�²�$OXPLQLXP�VLGH��
�

3RVVLEOH� MXVWLILFDWLRQV�RI� WKLV� WUHQG�ZHUH� WKH� ORZHU�FRQGXFWLYLW\�RI� VWHHO�� WKDW� UHGXFHG� WKH�KHDW�
WUDQVPLVVLRQ�DW�ERQG�LQWHUIDFH�DV�ZHOO�DV�LQ�WKH�VWHHO�UHJLRQ��DQG�WKH�VPDOOHU�DOXPLQLXP�WKLFNQHVV��
WKDW�ORZHUHG�WKH�SRVVLELOLW\�RI�WKH�ODVHU�LQGXFHG�KHDW�WR�TXLFNO\�ZHQW�DZD\�IURP�WKH�ZHOG�IXVHG�
DUHD��7KH�GHFUHDVH�RI�WKH�PDLQ�ZHOG�SDUDPHWHUV�EHFRPH�PRUH�HYLGHQW�E\�FRPSDULQJ�WKH�DV�FODG�
VSHFLPHQ�ZLWK�/3%$/���7KH�GLIIHUHQFH�RI� WKH�SHQHWUDWLRQ�GHSWK�EHWZHHQ� WKHVH� WZR�VSHFLPHQ�
ZDV�HTXDO�WR�����PP�ZKLOH�WKH�GLIIHUHQFH�RI�WKH�SHQHWUDWLRQ�ZLGWK�ZDV�HTXDO�WR�����PP��
7KH�VDPH�H[SHULPHQWDO� IUDPHZRUN�ZDV�DSSOLHG� IRU�VSHFLPHQ�ZHOGHG� IURP�WKH�VWHHO� VLGH��7KH�
VSHFLPHQ�/3%67���/3%67��DQG�/3%67���UHDOLVHG�E\�WKH�VWHHO�VLGH��ZHUH�PDFKLQHG�IURP�WKH�VDPH�
EDU� RI� WKH� VSHFLPHQ� SURFHVVHG� IURP� WKH� DOXPLQLXP� VLGH� WR� HOLPLQDWH� GLIIHUHQFHV� GXH� WR�
PDQXIDFWXULQJ�EDWFK��7KH�GLVWDQFH�G�EHWZHHQ�WKH�PHOW�]RQH�DQG�WKH�$O�)H�ZDV�SODQQHG�WR������
���� DQG�����PP�� DVVXPLQJ� WKDW� WKH�SHQHWUDWLRQ�GHSWK� UHPDLQHG� FRQVWDQW� WR� ����PP��7DEOH� ���
UHSRUWV� VSHFLPHQ� GLPHQVLRQV�� FXW� VHFWLRQ�� GHWDLOV� RI� WKH� ZHOG� IXVHG� DUHD� DQG� JHRPHWULFDO�
SDUDPHWHUV�VXFK�DV�WKH�SHQHWUDWLRQ�GHSWK�K�DQG�ZLGWK�U��7KH�UHGXFWLRQ�RI�SHQHWUDWLRQ�GHSWK�K�
DQG� ZLGWK� U� ZLWK� WKH� GHFUHDVH� RI� WKH� GLVWDQFH� G� ZHUH� DOVR� GHWHFWHG� IRU� WKHVH� WHVWV� EXW� WKLV�
UHGXFWLRQ�ZDV�FRQVLGHUHG�DV�QHJOLJLEOH���
�

6SHFLPHQ� /3%67�� /3%67�� /3%67��

*HRPHWU\�

� � �
5HVXOWV�

�
6HFWLRQ�

�
�

3DUDPHWHUV� U� �����PP�?�K� �����PP� U� �����PP�?�K� �����PP� U� �����PP�?�K� �����PP�

7DEOH�����7HVWV�RQ�67-V�²�6WHHO�VLGH��

�
���/GVCNNQITCRJKE�GZCOKPCVKQP�QH�DGCF�QP�RNCVG�URGEKOGPU�

7KH� VWXG\�RI�PLFURVWUXFWXUH�RI� WKH�ERQG� LQWHUIDFH�ZDV�PDQO\�DGGUHVVHG� WR� WKH�TXDOLWDWLYH�
DQG� TXDQWLWDWLYH� DQDO\VLV� RI� WKH� $O�)H� LQWHU�PHWDOOLF� ILOP� LQ� WHUPV� RI� YDULDWLRQ� RI� LWV�
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VWDWLRQDU\�FRQGLWLRQV�GXULQJ�ZHOGLQJ��6RPH�WULDO�WHVWV�RQ�67-�VSHFLPHQV�ZHUH�SHUIRUPHG�WR�
YHULI\�LI�WKH�PDLQ�JHRPHWULFDO�SDUDPHWHUV�RI�ZHOG�VHFWLRQV�ZHUH�WKH�VDPH�RI�WKRVH�DFKLHYHG�
LQ�WKH�SUHOLPLQDU\�DQDO\VLV�RQ�WKH�EDVH�PDWHULDOV��:HOG�JHRPHWU\�ZDV�FKDUDFWHULVHG�E\�WKH�
SHQHWUDWLRQ�GHSWK�DQG�ZLGWK�HTXDO�WR�����DQG�����PP��TXLWH�HTXDO�WR�WKRVH�PHDVXUHG�RQ�WKH�
EDVH�PDWHULDOV��7KH�VPDOO�YDULDWLRQV�EHWZHHQ�UHVXOWV�ZHUH�LQSXWWHG�WR�WKH�ODVHU�EHDP�SRZHU�
IOXFWXDWLRQ�� VSHFLPHQ� JHRPHWU\� �SODWH� YV�� EDU�� DV� ZHOO� DV� PDWHULDOV� FRPSRVLWLRQV� �PRQR�
PDWHULDO�YV��WUL�PDWHULDOV���
7KH�IROORZLQJ�WHVWV�RQ�67-V�ZHUH�SHUIRUPHG�ZLWK�WKH�ODVHU�EHDP�SRZHU�HTXDO�WR�����N:�DQG�
WUDYHO� VSHHG� VHW� WR� ���� RU� ����P�PLQ� UHVSHFWLYHO\� IRU� DOXPLQLXP�RU� VWHHO� WRS� VXUIDFH�� 7KH�
VSHFLPHQ�/3%$/���/3%$/��DQG�/3%$/��ZHUH� UHDOLVHG�E\�PDFKLQLQJ� WKH�DOXPLQLXP�VLGH�
�7DEOH������7KH�GLVWDQFH�G�EHWZHHQ�WKH�PHOW�]RQH�DQG�WKH�$O�)H�ZDV�SODQQHG�WR����������DQG�
����PP��DVVXPLQJ� WKDW� WKH�SHQHWUDWLRQ�GHSWK� UHPDLQHG� FRQVWDQW� WR� ����PP��7DEOH� ��� DOVR�
UHSRUWV� FXW� VHFWLRQ��GHWDLOV�RI� WKH�ZHOG� IXVHG�DUHD�DQG�JHRPHWULFDO�SDUDPHWHUV� VXFK�DV� WKH�
SHQHWUDWLRQ� GHSWK� K� DQG�ZLGWK� U�� ,Q� SDUWLFXODU�� WKHVH� WZR� SDUDPHWHUV� GHFUHDVHG�ZLWK� WKH�
UHGXFWLRQ�RI�WKH�GLVWDQFH�G��LQ�VSLWH�RI�WKH�WKHUPDO�ORDG�RQ�WKH�WRS�VXUIDFH�ZDV�WKH�VDPH�IRU�
DOO�VSHFLPHQV��
�

6SHFLPHQ� /3%$/�� /%3%$/�� /%3%$/��

*HRPHWU\�

5HVXOWV�

� �
6HFWLRQ�

� � �
3DUDPHWHUV� U� �����PP�?�K� �����PP�� U� �����PP�?�K� �����PP� U� �����PP�?�K� �����PP�

7DEOH�����7HVWV�RQ�67-V�²�$OXPLQLXP�VLGH��
�

3RVVLEOH� MXVWLILFDWLRQV�RI� WKLV� WUHQG�ZHUH� WKH� ORZHU�FRQGXFWLYLW\�RI� VWHHO�� WKDW� UHGXFHG� WKH�KHDW�
WUDQVPLVVLRQ�DW�ERQG�LQWHUIDFH�DV�ZHOO�DV�LQ�WKH�VWHHO�UHJLRQ��DQG�WKH�VPDOOHU�DOXPLQLXP�WKLFNQHVV��
WKDW�ORZHUHG�WKH�SRVVLELOLW\�RI�WKH�ODVHU�LQGXFHG�KHDW�WR�TXLFNO\�ZHQW�DZD\�IURP�WKH�ZHOG�IXVHG�
DUHD��7KH�GHFUHDVH�RI�WKH�PDLQ�ZHOG�SDUDPHWHUV�EHFRPH�PRUH�HYLGHQW�E\�FRPSDULQJ�WKH�DV�FODG�
VSHFLPHQ�ZLWK�/3%$/���7KH�GLIIHUHQFH�RI� WKH�SHQHWUDWLRQ�GHSWK�EHWZHHQ� WKHVH� WZR�VSHFLPHQ�
ZDV�HTXDO�WR�����PP�ZKLOH�WKH�GLIIHUHQFH�RI�WKH�SHQHWUDWLRQ�ZLGWK�ZDV�HTXDO�WR�����PP��
7KH�VDPH�H[SHULPHQWDO� IUDPHZRUN�ZDV�DSSOLHG� IRU�VSHFLPHQ�ZHOGHG� IURP�WKH�VWHHO� VLGH��7KH�
VSHFLPHQ�/3%67���/3%67��DQG�/3%67���UHDOLVHG�E\�WKH�VWHHO�VLGH��ZHUH�PDFKLQHG�IURP�WKH�VDPH�
EDU� RI� WKH� VSHFLPHQ� SURFHVVHG� IURP� WKH� DOXPLQLXP� VLGH� WR� HOLPLQDWH� GLIIHUHQFHV� GXH� WR�
PDQXIDFWXULQJ�EDWFK��7KH�GLVWDQFH�G�EHWZHHQ�WKH�PHOW�]RQH�DQG�WKH�$O�)H�ZDV�SODQQHG�WR������
���� DQG�����PP�� DVVXPLQJ� WKDW� WKH�SHQHWUDWLRQ�GHSWK� UHPDLQHG� FRQVWDQW� WR� ����PP��7DEOH� ���
UHSRUWV� VSHFLPHQ� GLPHQVLRQV�� FXW� VHFWLRQ�� GHWDLOV� RI� WKH� ZHOG� IXVHG� DUHD� DQG� JHRPHWULFDO�
SDUDPHWHUV�VXFK�DV�WKH�SHQHWUDWLRQ�GHSWK�K�DQG�ZLGWK�U��7KH�UHGXFWLRQ�RI�SHQHWUDWLRQ�GHSWK�K�
DQG� ZLGWK� U� ZLWK� WKH� GHFUHDVH� RI� WKH� GLVWDQFH� G� ZHUH� DOVR� GHWHFWHG� IRU� WKHVH� WHVWV� EXW� WKLV�
UHGXFWLRQ�ZDV�FRQVLGHUHG�DV�QHJOLJLEOH���
�

6SHFLPHQ� /3%67�� /3%67�� /3%67��

*HRPHWU\�

� � �
5HVXOWV�

�
6HFWLRQ�

�
�

3DUDPHWHUV� U� �����PP�?�K� �����PP� U� �����PP�?�K� �����PP� U� �����PP�?�K� �����PP�

7DEOH�����7HVWV�RQ�67-V�²�6WHHO�VLGH��

�
���/GVCNNQITCRJKE�GZCOKPCVKQP�QH�DGCF�QP�RNCVG�URGEKOGPU�

7KH� VWXG\�RI�PLFURVWUXFWXUH�RI� WKH�ERQG� LQWHUIDFH�ZDV�PDQO\�DGGUHVVHG� WR� WKH�TXDOLWDWLYH�
DQG� TXDQWLWDWLYH� DQDO\VLV� RI� WKH� $O�)H� LQWHU�PHWDOOLF� ILOP� LQ� WHUPV� RI� YDULDWLRQ� RI� LWV�
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H[WHQVLRQ� DQG� WKLFNQHVV�� 7KH� SURFHGXUH� ZDV� WKH� VDPH� RI� WKDW� XVHG� IRU� WKH� KHDW� WUHDWHG�
VSHFLPHQV��7KH�UHVXOWV�RI�WKH�PHWDOORJUDSKLF�H[DPLQDWLRQV�DUH�UHSRUWHG�LQ�7DEOH����LQ�WHUPV�
RI�WKH�UHIHUHQFH�OHQJWK�/5()�DQG�WKH�LQWHU�PHWDOOLF�H[WHQVLRQ�/,17�DV�ZHOO�DV�WKH�UDWLR�EHWZHHQ�
WKHVH�WZR�PHDVXUHPHQWV��7KH�UHIHUHQFH�OHQJWK�/5()��HTXDO�WR������PP��ZDV�WKH�VDPH�IRU�DOO�
VSHFLPHQV��7KH� UHVXOWV�SRLQWHG�RXW� WKDW� WKH� LQWHU�PHWDOOLF� H[WHQVLRQ�/,17�ZDV�JUHDWHU� WKDQ�
���� RI� WKH� WRWDO� OHQJWK� /5()� RI� WKH� FXW� VHFWLRQ� LQ� WKH� DV�FODG� VSHFLPHQ�� 7KH� OHQJWK� /,17�
LQFUHDVHG�ZLWK�WKH�GHFUHDVH�RI�WKH�GLVWDQFH�G�EHWZHHQ�ZHOG�IXVHG�DUHD�DQG�ERQG�LQWHUIDFH��
7KLV�LQFUHDVH�ZDV�PRUH�UDSLG�IRU�VSHFLPHQV�ZHOGHG�IURP�WKH�VWHHO�VLGH�WKDQ�WKRVH�ZHOGHG�
IURP� WKH� DOXPLQLXP� VLGH�� $QRWKHU� LPSRUWDQW� DVSHFW� WR� XQGHUOLQH�ZDV� WKDW� WKH� WZR�PDLQ�
IDFWRUV� OLQNHG�WR�ULSSOHV�DQG�ILOP�JURZWK�FRQWULEXWHG�WR� WKH� LQWHU�PHWDOOLF�H[WHQVLRQ�YDOXH��
5LSSOHV� H[LVWHG� LQ� WKH� DV�FODG� VSHFLPHQ�� DV� WKH� PDLQ� IHDWXUH� RI� WKH� H[SORVLRQ� ZHOGLQJ�
SURFHVV�� 7KH� ODVHU�LQGXFHG� KHDW� ORDGV� LQIOXHQFHG� LQWHU�PHWDOOLF� ULSSOHV�� SURPRWLQJ� WKHLU�
JURZWK� E\� LQWHU�GLIIXVLRQ�� EXW� QR� QHZ� ULSSOHV� ZHUH� FUHDWHG� GXULQJ� ZHOGLQJ�� 7KH� LQWHU�
PHWDOOLF�ILOP�ZDV�PDLQO\�SURPRWHG�E\�ODVHU�LQGXFHG�WKHUPDO�ORDGV�EHFDXVH�LW�DOVR�DURXVHG�
LQ�DUHDV� LQ�ZKLFK� LW�GLG�QRW� H[LVW� DW� DOO��7KH� FRQWULEXWLRQ�RI� WKH� LQWHU�PHWDOOLF� ILOP�ZDV�E\�
PDGH�PRUH�HYLGHQW�E\�WKH�/),/0�/5()�UDWLR�LQ�7DEOH�����7KH�HQODUJHPHQW�RI�WKH�LQWHU�PHWDOOLF�
ILOP�ZDV�DOVR�LQ�WKLV�FDVH�KLJKHU�IRU�VSHFLPHQV�ZHOGHG�IURP�WKH�VWHHO�VLGH��
�
6SHFLPHQ�,'� &RQGLWLRQ� 'LVWDQFH� /HQJWK� 5DWLR�
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7DEOH�����,QWHU�PHWDOOLF�H[WHQVLRQ��
�
7KH�LQWHU�PHWDOOLF�ILOP�WKLFNQHVV�ZDV�HYDOXDWHG�LQ�WHUPV�RI�DYHUDJH�YDOXH�RI�VHYHUDO�UDQGRP�
PHDVXUHV� QHDU� WKH� IXVHG� DUHD�� 7KH� PD[LPXP� DQG� WKH� PLQLPXP� WKLFNQHVVHV� ZHUH� DOVR�
HYDOXDWHG��7DEOH������FRQVLGHULQJ�WKDW�WKHVH�YDOXHV�ZHUH�UHSUHVHQWDWLYH�RI� ORFDO�FRQGLWLRQV��
7KH�HYDOXDWLRQ�RI�WKH�DYHUDJH�YDOXH�RI�WKH�ILOP�JURZWK�PDGH�REVHUYDWLRQV�LQGHSHQGHQW�RI�
WKH�SUHYLRXV�VWDWH�RI� WKH�DV�FODG�PDWHULDO�� OLQNLQJ�UHVXOWV�WR�WKH�HIIHFWV�RI� WKH�ODVHU� LQGXFHG�
KHDW���
�
6SHFLPHQ�,'� &RQGLWLRQ� 'LVWDQFH� +),/0� )LOP�
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7DEOH�����,QWHU�PHWDOOLF�ILOP�WKLFNQHVV��
�

7KH� DYHUDJH� ILOP� WKLFNQHVV� LQFUHDVHG�ZLWK� WKH� UHGXFWLRQ� RI� WKH� GLVWDQFH� G�ZLWK� WKH� VDPH�
WUHQG� LQGHSHQGHQWO\� IRUP� WKH�PDWHULDO�RI� WKH�ZHOGLQJ� VLGH��7KH� LQFUHDVH�RI� ILOP� WKLFNQHVV�
ZDV�JUHDWHU�IRU�VSHFLPHQ�ZHOGHG�IURP�WKH�DOXPLQLXP�VLGH�WKDQ�WKRVH�ZHOGHG�IURP�WKH�VWHHO�
VLGH��7KLV�EHKDYLRXU��RSSRVLWH�WR�WKDW�UHFRUGHG�IRU�WKH�ILOP�H[WHQVLRQ�JURZWK��SRLQWLQJ�RXW�
WKDW� ODVHU� LQGXFHG�KHDW� UHPDLQHG�RQ�DOXPLQLXP�VLGH�RI� WKH� WUL�PDWHULDO� VSHFLPHQ�EHFDXVH�
VWHHO�FUHDWHG�D�WKHUPDO�EDUULHU�ZLWK�LWV�ORZHU�WKHUPDO�FRQGXFWLYLW\��
7KH� 6(0� DQDO\VHV� ZHUH� WKHQ� SHUIRUPHG� IURP� WKH� TXDOLWDWLYH� SRLQW� RI� YLHZ� E\� YLVXDOO\�
LQVSHFWLQJ� PRUSKRORJ\� RI� WKH� $O�)H� LQWHUIDFH�� 7KH� EDFN�VFDWWHUHG� HOHFWURQ� �%6(�� LPDJHV�
QHDU�WKH�VSHFLPHQ�$O�)H�LQWHUIDFH�VKRZHG�WKH�$$�����LQ�GDUN�JUH\��WKH�$670�$����VWHHO�LQ�
WKH� OLJKW� JUH\� WKH� ´ZDY\µ� LQWHUIDFLDO� DUHD�ZLWK� GLIIHUHQW� JUH\�� LQ� IXQFWLRQ� H[LVWLQJ� )H[$O\�
LQWHU�PHWDOOLFV�� )LJXUH� ��� LV� RQH� RI� WKH� DFTXLUHG� %6(� LPDJHV� IRU� WKH� VSHFLPHQ� /3%$/���
ZHOGHG� IURP� WKH� DOXPLQLXP� VLGH�� 7KH� DQDO\VLV� LQ� WKUHH� GLIIHUHQW� SRVLWLRQV� LQWHU�PHWDOOLF�
FRPSRXQGV�ZHUH�PRUH� QXPHURXV� DQG� IUDJLOH�� DV� ILJXUHV� VKRZ�� )LJXUH� ��� DOVR� UHSRUWV� WKH�
UHVXOWV�RI�WKH�PLFUR�DQDO\VLV�RI�WKH�DUHD�LQGLFDWHG�IURP�WKH�WKUHH�VKDSHV��FLUFOH��UHFWDQJOH�DQG�
WULDQJOH��� :LWK� HQHUJ\� GLVSHUVLYH� [�UD\� VSHFWURPHWHUV� �('6��� FKHPLFDO� FRPSRVLWLRQV� ZDV�
GHWHUPLQHG�TXLFNO\��'HVSLWH�WKH�HDVH�LQ�DFTXLULQJ�[�UD\�VSHFWUD�DQG�FKHPLFDO�FRPSRVLWLRQV��
WKH� SRWHQWLDOO\� PDMRU� VRXUFHV� RI� HUURU� ZHUH� PLQLPLVHG� E\� RSWLPLVLQJ� WKH� RSHUDWLYH�
FRQGLWLRQV�QHFHVVDU\�WR�LPSURYH�WKH�VWDWLVWLFDO�PHDQLQJ�RI�WKH�HOHFWURQ�FRXQWHU��,Q�SDUWLFXODU��
WKH� VFDQQLQJ� DUHD�ZDV� HTXDO� WR� �� �P��� WKH� LQFLGHQW� HQHUJ\�ZDV� ��� NH9� RQ� WKH� VSHFLPHQ�
VXUIDFH�ZLWK�D�ZRUNLQJ�GLVWDQFH�RI����PP��LQ�WKLV�ZD\�WKH�[�UD\�WDNH�RII�GLVWDQFH�ZDV�HTXDO�
WR������� WKH�HOHFWURQLF� FXUUHQW�ZDV� WXQHG� LQ�RUGHU� WR�JHQHUDWH�D�;�UD\�FRXQWHU� UDWH�RI� �����
SXOVH�SHU�VHFRQG�DQG�WKH�HIIHFWLYH�FRXQWHU�WLPH�ZDV�HTXDO�WR�����V��&DSRGLFHFL���������)LJXUHV�
������ UHSRUWV� WKH� 6(0� DQDO\VHV� IRU� VSHFLPHQ� /3%$/��� /3%67�� DQG�/3%67��� ,W� LV� HYLGHQW�
WKDW�WKH�QXPEHU�RI�JUH\�OHYHO�ZDV�KLJKHU�IRU�VSHFLPHQ�ZHOGHG�IRUP�WKH�VWHHO�VLGH�WKDQ�WKH�
DOXPLQLXP� RQH�� 7KLV� H[SHULPHQWDO� HYLGHQFH� ZDV� SUREDEO\� GXH� E\� WKH� ORZHU� FRQGXFWLRQ�
FRHIILFLHQW�RI� VWHHO� WKDQ� WKDW�RI� DOXPLQLXP��ZKLFK�FDXVHG�KHDW� WR�EH� VORZO\� UHPRYHG�DIWHU�
ZHOGLQJ�
�
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H[WHQVLRQ� DQG� WKLFNQHVV�� 7KH� SURFHGXUH� ZDV� WKH� VDPH� RI� WKDW� XVHG� IRU� WKH� KHDW� WUHDWHG�
VSHFLPHQV��7KH�UHVXOWV�RI�WKH�PHWDOORJUDSKLF�H[DPLQDWLRQV�DUH�UHSRUWHG�LQ�7DEOH����LQ�WHUPV�
RI�WKH�UHIHUHQFH�OHQJWK�/5()�DQG�WKH�LQWHU�PHWDOOLF�H[WHQVLRQ�/,17�DV�ZHOO�DV�WKH�UDWLR�EHWZHHQ�
WKHVH�WZR�PHDVXUHPHQWV��7KH�UHIHUHQFH�OHQJWK�/5()��HTXDO�WR������PP��ZDV�WKH�VDPH�IRU�DOO�
VSHFLPHQV��7KH� UHVXOWV�SRLQWHG�RXW� WKDW� WKH� LQWHU�PHWDOOLF� H[WHQVLRQ�/,17�ZDV�JUHDWHU� WKDQ�
���� RI� WKH� WRWDO� OHQJWK� /5()� RI� WKH� FXW� VHFWLRQ� LQ� WKH� DV�FODG� VSHFLPHQ�� 7KH� OHQJWK� /,17�
LQFUHDVHG�ZLWK�WKH�GHFUHDVH�RI�WKH�GLVWDQFH�G�EHWZHHQ�ZHOG�IXVHG�DUHD�DQG�ERQG�LQWHUIDFH��
7KLV�LQFUHDVH�ZDV�PRUH�UDSLG�IRU�VSHFLPHQV�ZHOGHG�IURP�WKH�VWHHO�VLGH�WKDQ�WKRVH�ZHOGHG�
IURP� WKH� DOXPLQLXP� VLGH�� $QRWKHU� LPSRUWDQW� DVSHFW� WR� XQGHUOLQH�ZDV� WKDW� WKH� WZR�PDLQ�
IDFWRUV� OLQNHG�WR�ULSSOHV�DQG�ILOP�JURZWK�FRQWULEXWHG�WR� WKH� LQWHU�PHWDOOLF�H[WHQVLRQ�YDOXH��
5LSSOHV� H[LVWHG� LQ� WKH� DV�FODG� VSHFLPHQ�� DV� WKH� PDLQ� IHDWXUH� RI� WKH� H[SORVLRQ� ZHOGLQJ�
SURFHVV�� 7KH� ODVHU�LQGXFHG� KHDW� ORDGV� LQIOXHQFHG� LQWHU�PHWDOOLF� ULSSOHV�� SURPRWLQJ� WKHLU�
JURZWK� E\� LQWHU�GLIIXVLRQ�� EXW� QR� QHZ� ULSSOHV� ZHUH� FUHDWHG� GXULQJ� ZHOGLQJ�� 7KH� LQWHU�
PHWDOOLF�ILOP�ZDV�PDLQO\�SURPRWHG�E\�ODVHU�LQGXFHG�WKHUPDO�ORDGV�EHFDXVH�LW�DOVR�DURXVHG�
LQ�DUHDV� LQ�ZKLFK� LW�GLG�QRW� H[LVW� DW� DOO��7KH� FRQWULEXWLRQ�RI� WKH� LQWHU�PHWDOOLF� ILOP�ZDV�E\�
PDGH�PRUH�HYLGHQW�E\�WKH�/),/0�/5()�UDWLR�LQ�7DEOH�����7KH�HQODUJHPHQW�RI�WKH�LQWHU�PHWDOOLF�
ILOP�ZDV�DOVR�LQ�WKLV�FDVH�KLJKHU�IRU�VSHFLPHQV�ZHOGHG�IURP�WKH�VWHHO�VLGH��
�
6SHFLPHQ�,'� &RQGLWLRQ� 'LVWDQFH� /HQJWK� 5DWLR�
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7DEOH�����,QWHU�PHWDOOLF�H[WHQVLRQ��
�
7KH�LQWHU�PHWDOOLF�ILOP�WKLFNQHVV�ZDV�HYDOXDWHG�LQ�WHUPV�RI�DYHUDJH�YDOXH�RI�VHYHUDO�UDQGRP�
PHDVXUHV� QHDU� WKH� IXVHG� DUHD�� 7KH� PD[LPXP� DQG� WKH� PLQLPXP� WKLFNQHVVHV� ZHUH� DOVR�
HYDOXDWHG��7DEOH������FRQVLGHULQJ�WKDW�WKHVH�YDOXHV�ZHUH�UHSUHVHQWDWLYH�RI� ORFDO�FRQGLWLRQV��
7KH�HYDOXDWLRQ�RI�WKH�DYHUDJH�YDOXH�RI�WKH�ILOP�JURZWK�PDGH�REVHUYDWLRQV�LQGHSHQGHQW�RI�
WKH�SUHYLRXV�VWDWH�RI� WKH�DV�FODG�PDWHULDO�� OLQNLQJ�UHVXOWV�WR�WKH�HIIHFWV�RI� WKH�ODVHU� LQGXFHG�
KHDW���
�
6SHFLPHQ�,'� &RQGLWLRQ� 'LVWDQFH� +),/0� )LOP�

G��PP�� 0D[��ǍP�� $YJ��ǍP�� 0LQ��ǍP�� *URZWK�
��� $V�FODG� ��� ������ ���� ���� ��

/3%$/�� :HOGHG�IURP�
DOXPLQLXP�VLGH�

���� ������ ���� ���� ���
/3%$/�� ���� ������ ���� ���� ���
/3%$/�� ���� ������ ���� ���� ���
/3%67�� :HOGHG�IURP�

VWHHO�VLGH�

���� ������ ���� ���� ���
/3%67�� ���� ������ ���� ���� ���
/3%67�� ���� ������ ���� ���� ���

7DEOH�����,QWHU�PHWDOOLF�ILOP�WKLFNQHVV��
�

7KH� DYHUDJH� ILOP� WKLFNQHVV� LQFUHDVHG�ZLWK� WKH� UHGXFWLRQ� RI� WKH� GLVWDQFH� G�ZLWK� WKH� VDPH�
WUHQG� LQGHSHQGHQWO\� IRUP� WKH�PDWHULDO�RI� WKH�ZHOGLQJ� VLGH��7KH� LQFUHDVH�RI� ILOP� WKLFNQHVV�
ZDV�JUHDWHU�IRU�VSHFLPHQ�ZHOGHG�IURP�WKH�DOXPLQLXP�VLGH�WKDQ�WKRVH�ZHOGHG�IURP�WKH�VWHHO�
VLGH��7KLV�EHKDYLRXU��RSSRVLWH�WR�WKDW�UHFRUGHG�IRU�WKH�ILOP�H[WHQVLRQ�JURZWK��SRLQWLQJ�RXW�
WKDW� ODVHU� LQGXFHG�KHDW� UHPDLQHG�RQ�DOXPLQLXP�VLGH�RI� WKH� WUL�PDWHULDO� VSHFLPHQ�EHFDXVH�
VWHHO�FUHDWHG�D�WKHUPDO�EDUULHU�ZLWK�LWV�ORZHU�WKHUPDO�FRQGXFWLYLW\��
7KH� 6(0� DQDO\VHV� ZHUH� WKHQ� SHUIRUPHG� IURP� WKH� TXDOLWDWLYH� SRLQW� RI� YLHZ� E\� YLVXDOO\�
LQVSHFWLQJ� PRUSKRORJ\� RI� WKH� $O�)H� LQWHUIDFH�� 7KH� EDFN�VFDWWHUHG� HOHFWURQ� �%6(�� LPDJHV�
QHDU�WKH�VSHFLPHQ�$O�)H�LQWHUIDFH�VKRZHG�WKH�$$�����LQ�GDUN�JUH\��WKH�$670�$����VWHHO�LQ�
WKH� OLJKW� JUH\� WKH� ´ZDY\µ� LQWHUIDFLDO� DUHD�ZLWK� GLIIHUHQW� JUH\�� LQ� IXQFWLRQ� H[LVWLQJ� )H[$O\�
LQWHU�PHWDOOLFV�� )LJXUH� ��� LV� RQH� RI� WKH� DFTXLUHG� %6(� LPDJHV� IRU� WKH� VSHFLPHQ� /3%$/���
ZHOGHG� IURP� WKH� DOXPLQLXP� VLGH�� 7KH� DQDO\VLV� LQ� WKUHH� GLIIHUHQW� SRVLWLRQV� LQWHU�PHWDOOLF�
FRPSRXQGV�ZHUH�PRUH� QXPHURXV� DQG� IUDJLOH�� DV� ILJXUHV� VKRZ�� )LJXUH� ��� DOVR� UHSRUWV� WKH�
UHVXOWV�RI�WKH�PLFUR�DQDO\VLV�RI�WKH�DUHD�LQGLFDWHG�IURP�WKH�WKUHH�VKDSHV��FLUFOH��UHFWDQJOH�DQG�
WULDQJOH��� :LWK� HQHUJ\� GLVSHUVLYH� [�UD\� VSHFWURPHWHUV� �('6��� FKHPLFDO� FRPSRVLWLRQV� ZDV�
GHWHUPLQHG�TXLFNO\��'HVSLWH�WKH�HDVH�LQ�DFTXLULQJ�[�UD\�VSHFWUD�DQG�FKHPLFDO�FRPSRVLWLRQV��
WKH� SRWHQWLDOO\� PDMRU� VRXUFHV� RI� HUURU� ZHUH� PLQLPLVHG� E\� RSWLPLVLQJ� WKH� RSHUDWLYH�
FRQGLWLRQV�QHFHVVDU\�WR�LPSURYH�WKH�VWDWLVWLFDO�PHDQLQJ�RI�WKH�HOHFWURQ�FRXQWHU��,Q�SDUWLFXODU��
WKH� VFDQQLQJ� DUHD�ZDV� HTXDO� WR� �� �P��� WKH� LQFLGHQW� HQHUJ\�ZDV� ��� NH9� RQ� WKH� VSHFLPHQ�
VXUIDFH�ZLWK�D�ZRUNLQJ�GLVWDQFH�RI����PP��LQ�WKLV�ZD\�WKH�[�UD\�WDNH�RII�GLVWDQFH�ZDV�HTXDO�
WR������� WKH�HOHFWURQLF� FXUUHQW�ZDV� WXQHG� LQ�RUGHU� WR�JHQHUDWH�D�;�UD\�FRXQWHU� UDWH�RI� �����
SXOVH�SHU�VHFRQG�DQG�WKH�HIIHFWLYH�FRXQWHU�WLPH�ZDV�HTXDO�WR�����V��&DSRGLFHFL���������)LJXUHV�
������ UHSRUWV� WKH� 6(0� DQDO\VHV� IRU� VSHFLPHQ� /3%$/��� /3%67�� DQG�/3%67��� ,W� LV� HYLGHQW�
WKDW�WKH�QXPEHU�RI�JUH\�OHYHO�ZDV�KLJKHU�IRU�VSHFLPHQ�ZHOGHG�IRUP�WKH�VWHHO�VLGH�WKDQ�WKH�
DOXPLQLXP� RQH�� 7KLV� H[SHULPHQWDO� HYLGHQFH� ZDV� SUREDEO\� GXH� E\� WKH� ORZHU� FRQGXFWLRQ�
FRHIILFLHQW�RI� VWHHO� WKDQ� WKDW�RI� DOXPLQLXP��ZKLFK�FDXVHG�KHDW� WR�EH� VORZO\� UHPRYHG�DIWHU�
ZHOGLQJ�
�
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�
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7KH�PHFKDQLFDO�FKDUDFWHULVDWLRQ�RI�WKH�ZHOGHG�VSHFLPHQV�DOORZHG�WKH�PRGLILFDWLRQV�WR�WKH�
PHFKDQLFDO�SURSHUWLHV� �VKHDU�DQG� WHQVLOH� VWUHQJWKV�� FDXVHG�E\� ODVHU�EHDP� LQWHUDFWLRQ� WR�EH�
HYDOXDWHG�� 6KHDU� DQG� UDP� WHQVLOH� VDPSOHV� ZHUH� DFKLHYHG� IURP� WKH� VDPH� SODWH� ZLWK� WKH�
VDPSOLQJ�VFKHPH�VKRZV�LQ�)LJXUH����LQ�RUGHU�WR�DYRLG�GLIIHUHQFH�LQ�67-�ORW�FKDUDFWHULVWLFV��
7KH� ODVHU� EHDP� SDVVHG� DW� WKH� FHQWUH� RI� WKH� VPDOO� QXE� RI� WKH� VKHDU� WHVW� VSHFLPHQV� DQG�
VXIILFLHQW� IDU� IURP� WKH� UDP� WHQVLOH� VSHFLPHQV�� 7KH� DUHD� RI� WKH� VPDOO� QXE� RI� WKH� VKHDU�
VSHFLPHQV�ZHUH� FRQVHTXHQWO\� VXEMHFWHG� WR� WKH�KLJKHVW� WKHUPDO� VWUHVVHV�ZKLOH� WKH�ERQGLQJ�
DUHD� $$�����VWHHO� RI� WKH� UDP� WHQVLOH� VSHFLPHQV� ZHUH� XQLIRUPO\� WKHUPDOO\� ORDGHG�� 7KH�
SURFHVV�SDUDPHWHUV�XVHG�IRU�EHDG�RQ�SODWH�ZHOGV�ZHUH�WKH�VDPH�RI�WKRVH�HPSOR\HG�IRU�67-�
EDUV�LQ�WKH�SUHYLRXV�H[SHULPHQWDO�VWHS��,QFUHDVLQJ�WKHUPDO�ORDGV�DW�WKH�ERQG�LQWHUIDFH�ZHUH�
DFKLHYHG� E\� UHPRYLQJ� PDWHULDO� IURP� WKH� VXUIDFH� LQWHUDFWLQJ� ZLWK� WKH� ODVHU� EHDP�� 7KH�
UHGXFWLRQ�RI�WKH�SODWH�WKLFNQHVV�UHTXLUHG�WKH�VFDOLQJ�GRZQ�RI�VSHFLPHQ�GLPHQVLRQV�IRU�VRPH�
VDPSOHV��7DEOH���DQG�7DEOH���UHSRUW�WKH�GLPHQVLRQV�RI�VKHDU�DQG�UDP�WHQVLOH�WHVW�VSHFLPHQV��
$Q� DGGLWLRQDO� WHVW� VSHFLPHQ�ZDV� FXW� DW� WKH� FHQWUH� RI� WKH� SODWH� WR� HYDOXDWH� WKH�PD[LPXP�
ZHOGLQJ�SHQHWUDWLRQ�GHSWKV�LQ�FRPSDULVRQ�ZLWK�WKRVH�RI�WKH�ZHOGHG�EDUV�DV�ZHOO�DV�KDUGQHVV�
YDOXHV��7ULFDULFR�HW�DO���������
�

)LJ������6SHFLPHQ�VDPSOLQJ��
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�
����/GEJCPKECN�UVTGPIVJ�QH�NCUGT�YGNFGF�6�LQKPVU�

'RXEOH� VTXDUH� ILOOHW� ��)�� 7�MRLQW�ZHOGV� RI� $$����� DOXPLQLXP� DOOR\� DQG�$670$���� VWHHO�
EDVH�PDWHULDOV�ZHUH� WKHQ� SURGXFHG� XVLQJ� GLIIHUHQW�ZHOGLQJ�PHWKRGV� �ODVHU�ZHOGLQJ�ZLWK�



.CUGT�YGNFKPI�QH�CNWOKPKWO�UVGGN�ENCF�OCVGTKCNU�HQT�PCXCN�CRRNKECVKQPU ���

6SHFLPHQ�,'� &RQGLWLRQ� $O�)H�WKLFN� *HRPHWU\� 6KHDU�
PP�PP� ǂ��PP�� Z��PP�� W��PP�� 7��.1�� Ǖ��03D��

����$��$�� $V�FODG� ���������� ���� ���� ���� ���� ����
/3%$/����%��%�� :HOGHG�IURP�

DOXPLQLXP�VLGH�

��������� ���� ���� ���� ���� ����
/3%$/����&��&�� ��������� ���� ���� ���� ��� ����
/3%$/����'��'�� ��������� ���� ���� ���� ��� ����
/3%67����(��(�� :HOGHG�IURP�VWHHO�

VLGH�

��������� ���� ���� ���� ���� ����
/3%67����)��)�� ��������� ���� ���� ���� ��� ����
/3%67����*��*�� ��������� ���� ���� ���� ��� ����
7DEOH�����6KHDU�WHVW�²�6DPSOH�GLPHQVLRQV�	�UHVXOWV��
�
7KLV�GHFUHDVH�ZDV�PRUH�HYLGHQW�IRU�VSHFLPHQ�ZHOGHG�IURP�WKH�DOXPLQLXP�VLGH�WKDQ�WKRVH�
ZHOGHG�IURP�WKH�VWHHO�VLGH��DV�)LJXUH����DQG�)LJXUH����VKRZ��
�

�
)LJ������6DPSOHV�%���&��DQG�'���
�

�
)LJ������6DPSOHV�(���)��DQG�*���
�
7KH�UDP�WHQVLOH�WHVW�ZHUH�WKHQ�FDUULHG�RXW��7ZR�UHSHWLWLRQV�IRU�HDFK�ZHOGLQJ�FRQGLWLRQ�ZDV�
XVHIXO�WR�DVVHVV�WHVW�UHSHDWDELOLW\��)LJXUH����UHSRUWV�UHVXOWV�RI�WKH�VDPSOHV�5$��DQG�5$���LQ�
WHUPV�RI�VWUHVV�GLVSODFHPHQW�LQ�ZKLFK�WKH�PD[LPXP�WHQVLOH�VWUHVV��HTXDO�WR�������03D�DQG�
FRUUHVSRQGLQJ�WR�D�PD[LPXP�ORDG�RI������.1��ZDV�HTXDO�IRU�WKH�WZR�VDPSOHV��7KH�UXSWXUH�
ZDV�DOZD\V�ORFDOLVHG�DW�WKH�$O�)H�LQWHUIDFH�GXH�WR�WKH�VSHFLPHQ�VKDSH��
�

�
)LJ������7HQVLOH�VWUHVV�YV��SXQFK�VWURNH�²�6DPSOHV�5$��DQG�5$���
�

6SHFLPHQ�,'� &RQGLWLRQ� $O�)H�WKLFN� 'LDPHWHU� 7HQVLOH�
PP�PP� ǂ��PP�� 7��.1�� ǔ��03D��

����5$��5$�� $V�FODG� ���������� ���� ���� �����
/3%$/����5%��5%�� :HOGHG�IURP�

DOXPLQLXP�VLGH�

��������� ��� ���� �����
/3%$/����5&��5&�� ��������� ��� ���� �����
/3%$/����5'��5'�� ��������� ��� ���� �����
/3%67����5(��5(��

:HOGHG�IURP�VWHHO�VLGH�
��������� ���� ���� �����

/3%67����5)��5)�� ��������� ���� ���� �����
/3%67����5*��5*�� ��������� ���� ���� �����
7DEOH�����5DP�WHQVLOH�WHVW�²�6DPSOH�GLPHQVLRQV�	�UHVXOWV��
�
7DEOH����UHSRUWV�WKH�ILQDO�UHVXOWV�RI�DOO�WHVWV�LQ�WHUP�RI�PD[LPXP�WHQVLOH�ORDG�DQG�VWUHVV��7KH�
UHVXOWV� VKRZHG� WKH� VDPH� WUHQG�GHWHFWHG� GXULQJ� WKH� VKHDU� WHVW� OLQNHG� WR� WKH�PRUH� HYLGHQW�
UHGXFWLRQ� RI� WKH� ILQDO� VWUHQJWK� RI� VSHFLPHQV�ZHOGHG� IURP� WKH� DOXPLQLXP� VLGH� WKDQ� WKRVH�
ZHOGHG�IURP�WKH�VWHHO�VLGH��7KH�UHGXFWLRQ�RI�WKH�GLVWDQFH�EHWZHHQ�WKH�IXVHG�DUHD�DQG�ERQG�
LQWHUIDFH�ZDV�OHVV�LPSRUWDQW�EHFDXVH�VSHFLPHQV�ZHUH�UHDOLVHG�LQ�DUHD�IDU�IURP�WKH�ODVHU�EHDP�
LQWHUDFWLRQ�DQG�FRQVHTXHQWO\�WKH\�ZHUH�VXEMHFWHG�WR�PLOG�ODVHU�LQGXFHG�WKHUPDO�ORDGV��
7KH� FRPSDULVRQ� EHWZHHQ� PHFKDQLFDO� UHVXOWV� DQG� LQWHU�PHWDOOLF� ILOP� WKLFNQHVV� ZDV� YHU\�
LQWHUHVWLQJ��7KH�UHGXFWLRQ�RI� WKH�PD[LPXP�WHQVLOH�DQG�VKHDU�VWUHVVHV�FRXOG�EH� LQSXWWHG� WR�
WKH� LQFUHDVH� RI� WKH� LQWHU�PHWDOOLF� ILOP� WKLFNQHVV�� ,Q� IDFW� ORZHU� YDOXHV� RI� WKH� PHFKDQLFDO�
VWUHQJWK�ZDV�GHWHFWHG�IRU�KLJKHU�YDOXHV�RI�WKH�ILOP�WKLFNQHVV��7KLV�K\SRWKHVLV�DOVR�FRQILUPHG�
WKDW� VSHFLPHQ�ZHOGHG� IURP� WKH� VWHHO� VLGH�ZHUH�PRUH� FULWLFDO� WKDQ� WKRVH�ZHOGHG� IURP� WKH�
DOXPLQLXP� VLGH�� +RZHYHU�� WKH� PHFKDQLFDO� VWUHQJWK� RI� WKH� ZHOGHG� VSHFLPHQV� ZHUH� RQO\�
EOLQGO\�DIIHFWHG�E\� WKH� ODVHU�EHDP� LQWHUDFWLRQ�EHFDXVH� WKH�PHDVXUHG�VWUHQJWKV�ZHUH�PXFK�
PRUH�KLJKHU�WKDQ�WKRVH�QRUPDOO\�UHTXLUHG��

�
����/GEJCPKECN�UVTGPIVJ�QH�NCUGT�YGNFGF�6�LQKPVU�

'RXEOH� VTXDUH� ILOOHW� ��)�� 7�MRLQW�ZHOGV� RI� $$����� DOXPLQLXP� DOOR\� DQG�$670$���� VWHHO�
EDVH�PDWHULDOV�ZHUH� WKHQ� SURGXFHG� XVLQJ� GLIIHUHQW�ZHOGLQJ�PHWKRGV� �ODVHU�ZHOGLQJ�ZLWK�



.CUGT�9GNFKPI���

ILOOHU�ZLUH� DQG�K\EULG� ODVHU�0,*�ZHOGLQJ��� 7�MRLQW�ZHOGV�ZHUH� UHDOLVHG�E\� MRLQLQJ� WZR� ����
PP�WKLFN�SODWHV��6WHHO��DOXPLQLXP���6)�7�MRLQWV�ZHUH�SURGXFHG�ZLWK�WKH�ODVHU�EHDP�SRZHU�
HTXDO�WR�����������N:�LQ�FRQWLQXRXV�ZDYH�UHJLPH��WUDYHO�VSHHG�VHW�WR�����������P�PLQ��ILOOHU�
IHHG�HTXDO�WR�����������P�PLQ��$GGLWLRQDO�SURFHVV�SDUDPHWHUV�NHSW�FRQVWDQW�GXULQJ�DOO�WHVWV�
ZHUH�WKH�IRFDO�OHQJWK��EHDP�IRFXV�SRVLWLRQ�DQG�+HOLXP�VKLHOGLQJ�JDV�IORZ�UDWH��WKH�YDOXHV�RI�
ZKLFK�ZHUH�������PP������PP��RQ�WKH�VXUIDFH��DQG������1O�PLQ�UHVSHFWLYHO\��7KH�ODVHU�KHDG�
ZDV�DQJOHG�RI�����GHJUHH�UHVSHFW�WR�WKH�=�D[LV�WR�JXDUDQWHH� MRLQW�DFFHVVLELOLW\��7KH�����PP�
GLDPHWHU� ILOOHU� ZLUH� ZDV� XVHG�� 7KH� SURFHVV� SDUDPHWHUV� RI� WKH� SXOVHG� DUF� 0,*� ZHOGLQJ�
GXULQJ�K\EULG�ZHOGLQJ�IRU�VWHHO��DOXPLQLXP��ZHUH�RSHQ�DUF�YROWDJH��SHDN�FXUUHQW�LQWHQVLW\��
SHDN�WLPH��SXOVH�IUHTXHQF\�DQG�EDFNJURXQG�FXUUHQW�LQWHQVLW\�HTXDO�WR�����������9������������
$������������PV������������+]����������$�UHVSHFWLYHO\��7KH�SURFHVV�HYDOXDWLRQ�LQ�WKLV�SKDVH�ZDV�
PDQO\� EDVHG� RQ� ZHOG� FURVV�VHFWLRQ� VKDSH�� :HOGV� ZLWK� LQFRPSOHWH� SHQHWUDWLRQ� DQG� KLJK�
SRURVLW\�ZHUH�GLVFDUGHG��)LJXUH����UHSRUWV�ZHOG�FURVV�VHFWLRQV�DFKLHYHG�GXULQJ�H[SHULPHQWV��
,W� ZDV� GHFLGH� WR� FRQVLGHUHG� DQ\PRUH� WKH� K\EULG� ZHOGLQJ� SURFHVV� EHFDXVH� RI� H[FHVVLYH�
XQGHUFXWV�GHWHFWHG��
�
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)LJ�������)�7�MRLQWV��
�
,Q� WKH�VHFRQG�H[SHULPHQWDO�SKDVH��GRXEOH�VLGH�GRXEOH�VTXDUH� ILOOHW� ��6��)��7�MRLQWV�RI�67-�
EDUV�ZHUH�UHDOLVHG��VHWWLQJ�XS�SURFHVV�SDUDPHWHUV�SUHYLRXVO\�LGHQWLILHG��7KH�PDLQ�REMHFWLYH�
ZDV�WKH�FRXSOLQJ�RI�WKH�LQIRUPDWLRQ�RI�EHDG�RQ�SODWH�ZLWK�WKRVH�FRPLQJ�IURP��6)�7�MRLQWV��
,Q� WKLV� ZD\�� LW� ZDV� SRVVLEOH� WR� HYDOXDWH� WKH� HIIHFWV� RI� ODVHU� ZHOGLQJ� RQ� WKH� ILQDO� MRLQW�
JHRPHWU\��/DVHU�ZHOGLQJ�ZLWK�ILOOHU�ZLUH�ZDV�WKH�RQO\�SURFHVV�HPSOR\HG�DQG�WZR�FODVVHV�RI�
VSHFLPHQV�ZHUH�FRQVLGHUHG��,Q�SDUWLFXODU��WKH�67-�ZHUH�ZHOGHG�LQ�DV�FODG�FRQGLWLRQ��RULJLQDO�
KHLJKW� RI� ����� PP�� RU� LQ� FRQGLWLRQ� �ILQDO� KHLJKW� RI� ����� PP��� 7KH� PDFKLQHG� FRQGLWLRQ�
UHTXLUHG� WKDW� WKLFNQHVV� RI� VWHHO� DQG� DOXPLQLXP� DOOR\V� ZDV� UHGXFHG� WR� ���� PP� HDFK� E\�
PDFKLQLQJ�� 7ZR� ����PP� WKLFN�ZHE� SODWHV�ZHUH� ILQDOO\� MRLQHG� WR� 67-V��0RUSKRORJLFDO� DQG�
PHWDOORJUDSKLF� DQDO\VHV� ZHUH� LQLWLDOO\� FDUULHG� RXW� WR� FRPSDUH� ZHOGLQJ� WHFKQLTXHV� DQG�
HVWLPDWH� WKH� LQIOXHQFH�RI� WKH�KHDW� LQSXW�RQ� WKH�$O�)H� LQWHUIDFH��)LJXUH���� VKRZV� WKH� FURVV�
VHFWLRQV� RI� UHVXOWV� RI� WKLV� H[SHULPHQWDO� DFWLYLW\� IRU� K\EULG� DQG� ODVHU�ZHOGLQJ�� 7KH� UHVXOWV�
ZHUH�YHU\�VLPLODU�WR�WKRVH�DFKLHYHG�IRU��)�7�MRLQWV��0RUH�LPSRUWDQW�ZDV�WKH�PDWHULDO�WHVWLQJ�
RI��6��)�7�MRLQWV��6SHFLPHQ�FXW�IURP�FHQWUH�RI�HDFK�MRLQW�ZHUH�VXEMHFW�WR�WHQVLOH�WHVW�WR�DVVHVV�
WKH�PHFKDQLFDO� VWUHQJWK� �)LJXUH������/HQJWK�RI� WKH�HQWLUH� MRLQW�DQG�RI� HDFK� VSHFLPHQ�ZHUH�
������DQG������PP��DFFRUGLQJ�WR�VSHFLILFDWLRQV�RI�$PHULFDQ�%XUHDX�RI�6KLSSLQJ��
�

� �
)LJ������'RXEOH�VLGH�GRXEOH�VTXDUH�ILOOHW�VTXDUH�7�MRLQWV��
�

�

� �

)LJ������7HQVLOH�WHVW��VSHFLPHQ�DQG�HTXLSPHQW���
�
7HQVLOH�WHVW�ZHUH�SHUIRUPHG�E\�JUDEELQJ�ERWK�ZHEV�DORQJ�WKH�HQWLUH�OHQJWK�DQG�PRYLQJ�WKH�
FURVVKHDG�RI�,167521������WHQVLOH�PDFKLQH�ZLWK�D�WUDYHO�VSHHG�HTXDO�WR�����PP�PLQ��7KH�
WHQVLOH� WHVW�ZHUH�VWRS�RQFH� UXSWXUH�RFFXUUHG� LQ�ZHE�67-�ZHOGV�RU� LQ�DOXPLQLXP�VWHHO�67-�
LQWHUIDFH��6HYHUDO� WHVWV�ZHUH�SHUIRUPHG�ZLWK�VHYHUDO�UHSHWLWLRQV��7KH�DQDO\VLV�RI� WKH�UHVXOWV�
ZDV�PDLQO\� IRFXVHG�RQ�PHFKDQLFDO�VWUHQJWK�RI��6��)�7�MRLQWV��7DEOH��� UHSRUWV� WKH�DYHUDJH�
YDOXH� EHWZHHQ� UHSHWLWLRQV� RI� WKH� SHDN� WHQVLOH� ORDG�� SHDN� WHQVLOH� VWUHQJWK� DQG�SHDN� WHQVLOH�
ORDG� RQ�$$����� DOOR\�� 7KH� ILUVW� WZR�GDWD�ZHUH� HYDOXDWHG� DW� ERQG� LQWHUIDFH�ZKLOH� WKH� ODVW�
GDWD�ZDV�FDOFXODWHG�DW�ZHE�VHFWLRQ�IRU�WKH�XOWLPDWH�WHQVLOH�VWUHQJWK�RI�$$�����DOOR\�HTXDO�WR�
����03D��/DVHU�EHDP�ZHOGLQJ�OHG�WR�MRLQWV�ZLWK�JRG�VWUHQJWK�LQ�ERWK�DV�FODG�DQG�PDFKLQHG�
FRQGLWLRQ��$OO�UXSWXUHV�WKXV�RFFXUUHG�RQ�WKH�DOXPLQLXP�VLGH�LQ�DOXPLQLXP�ZHOGV�RU�ZHEV��
VDWLVI\LQJ� WKH� VWULFW� FRQGLWLRQV� RI� 0,//�-������$� �$$99�� ������ IRU� VXFFHVVIXO� WHVWLQJ��
$FFRUGLQJ� WR� WKLV� VWDQGDUG�� HDFK� VSHFLPHQ� WHVWHG� PXVW� FRPSO\� ZLWK� RQH� WKH� IROORZLQJ�
FRQGLWLRQV� IRU� DFFHSWDQFH�� L�� IDLOXUH� LQ�RQH�RI� WKH�ZHE�PHPEHU� DQG� LL�� IDLOXUH�RI� WKH�ERQG�
VXUIDFH�DW�D�ORDG�DERYH�WKDW�FDOFXODWHG�WR�FDXVH�IDLOXUH�LQ�RQH�RI�WKH�ZHE�PHPEHUV��EDVHG�RQ�
WKH�VSHFLILF�PLQLPXP�WHQVLOH�VWUHQJWK�RI�WKH�ZHE�PDWHULDO��,W�LV�SRVVLEOH�WR�QRWH�WKHVH�MRLQWV�
ZHUH� DOVR� DEOH� WR� VXFFHVVIXOO\� RYHUFRPH� WKH� VHFRQG� FRQGLWLRQ� RI� WKH�0,/�-������$�� ZLWK�
70$;� HTXDO� WR� ������� DQG� ������� .1�� LQ� WKH� K\SRWKHVLV� WKDW� UXSWXUH�ZDV� ORFDOLVHG� LQ� WKH�
DOXPLQLXP�VWHHO�LQWHUIDFH��
�
6SHFLPHQ�,

'�
&RQGLWLRQ� 3URFHVV� 7HQVLOH� 7HQVLOH� 0,/�-�����$�

70$;��.1�� ǔ0$;��03$�� 7$$������.1��
�6��)�� $V�FODG� /DVHU�	�)LOOHU� ������� ������ ������� <(6�

0DFKLQHG� �6��)�� /DVHU�	�ILOOHU� ������� ������ ������� <(6�
7DEOH�����7HQVLOH�WHVW²�6DPSOH�GLPHQVLRQV�	�UHVXOWV��
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ILOOHU�ZLUH� DQG�K\EULG� ODVHU�0,*�ZHOGLQJ��� 7�MRLQW�ZHOGV�ZHUH� UHDOLVHG�E\� MRLQLQJ� WZR� ����
PP�WKLFN�SODWHV��6WHHO��DOXPLQLXP���6)�7�MRLQWV�ZHUH�SURGXFHG�ZLWK�WKH�ODVHU�EHDP�SRZHU�
HTXDO�WR�����������N:�LQ�FRQWLQXRXV�ZDYH�UHJLPH��WUDYHO�VSHHG�VHW�WR�����������P�PLQ��ILOOHU�
IHHG�HTXDO�WR�����������P�PLQ��$GGLWLRQDO�SURFHVV�SDUDPHWHUV�NHSW�FRQVWDQW�GXULQJ�DOO�WHVWV�
ZHUH�WKH�IRFDO�OHQJWK��EHDP�IRFXV�SRVLWLRQ�DQG�+HOLXP�VKLHOGLQJ�JDV�IORZ�UDWH��WKH�YDOXHV�RI�
ZKLFK�ZHUH�������PP������PP��RQ�WKH�VXUIDFH��DQG������1O�PLQ�UHVSHFWLYHO\��7KH�ODVHU�KHDG�
ZDV�DQJOHG�RI�����GHJUHH�UHVSHFW�WR�WKH�=�D[LV�WR�JXDUDQWHH� MRLQW�DFFHVVLELOLW\��7KH�����PP�
GLDPHWHU� ILOOHU� ZLUH� ZDV� XVHG�� 7KH� SURFHVV� SDUDPHWHUV� RI� WKH� SXOVHG� DUF� 0,*� ZHOGLQJ�
GXULQJ�K\EULG�ZHOGLQJ�IRU�VWHHO��DOXPLQLXP��ZHUH�RSHQ�DUF�YROWDJH��SHDN�FXUUHQW�LQWHQVLW\��
SHDN�WLPH��SXOVH�IUHTXHQF\�DQG�EDFNJURXQG�FXUUHQW�LQWHQVLW\�HTXDO�WR�����������9������������
$������������PV������������+]����������$�UHVSHFWLYHO\��7KH�SURFHVV�HYDOXDWLRQ�LQ�WKLV�SKDVH�ZDV�
PDQO\� EDVHG� RQ� ZHOG� FURVV�VHFWLRQ� VKDSH�� :HOGV� ZLWK� LQFRPSOHWH� SHQHWUDWLRQ� DQG� KLJK�
SRURVLW\�ZHUH�GLVFDUGHG��)LJXUH����UHSRUWV�ZHOG�FURVV�VHFWLRQV�DFKLHYHG�GXULQJ�H[SHULPHQWV��
,W� ZDV� GHFLGH� WR� FRQVLGHUHG� DQ\PRUH� WKH� K\EULG� ZHOGLQJ� SURFHVV� EHFDXVH� RI� H[FHVVLYH�
XQGHUFXWV�GHWHFWHG��
�
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)LJ�������)�7�MRLQWV��
�
,Q� WKH�VHFRQG�H[SHULPHQWDO�SKDVH��GRXEOH�VLGH�GRXEOH�VTXDUH� ILOOHW� ��6��)��7�MRLQWV�RI�67-�
EDUV�ZHUH�UHDOLVHG��VHWWLQJ�XS�SURFHVV�SDUDPHWHUV�SUHYLRXVO\�LGHQWLILHG��7KH�PDLQ�REMHFWLYH�
ZDV�WKH�FRXSOLQJ�RI�WKH�LQIRUPDWLRQ�RI�EHDG�RQ�SODWH�ZLWK�WKRVH�FRPLQJ�IURP��6)�7�MRLQWV��
,Q� WKLV� ZD\�� LW� ZDV� SRVVLEOH� WR� HYDOXDWH� WKH� HIIHFWV� RI� ODVHU� ZHOGLQJ� RQ� WKH� ILQDO� MRLQW�
JHRPHWU\��/DVHU�ZHOGLQJ�ZLWK�ILOOHU�ZLUH�ZDV�WKH�RQO\�SURFHVV�HPSOR\HG�DQG�WZR�FODVVHV�RI�
VSHFLPHQV�ZHUH�FRQVLGHUHG��,Q�SDUWLFXODU��WKH�67-�ZHUH�ZHOGHG�LQ�DV�FODG�FRQGLWLRQ��RULJLQDO�
KHLJKW� RI� ����� PP�� RU� LQ� FRQGLWLRQ� �ILQDO� KHLJKW� RI� ����� PP��� 7KH� PDFKLQHG� FRQGLWLRQ�
UHTXLUHG� WKDW� WKLFNQHVV� RI� VWHHO� DQG� DOXPLQLXP� DOOR\V� ZDV� UHGXFHG� WR� ���� PP� HDFK� E\�
PDFKLQLQJ�� 7ZR� ����PP� WKLFN�ZHE� SODWHV�ZHUH� ILQDOO\� MRLQHG� WR� 67-V��0RUSKRORJLFDO� DQG�
PHWDOORJUDSKLF� DQDO\VHV� ZHUH� LQLWLDOO\� FDUULHG� RXW� WR� FRPSDUH� ZHOGLQJ� WHFKQLTXHV� DQG�
HVWLPDWH� WKH� LQIOXHQFH�RI� WKH�KHDW� LQSXW�RQ� WKH�$O�)H� LQWHUIDFH��)LJXUH���� VKRZV� WKH� FURVV�
VHFWLRQV� RI� UHVXOWV� RI� WKLV� H[SHULPHQWDO� DFWLYLW\� IRU� K\EULG� DQG� ODVHU�ZHOGLQJ�� 7KH� UHVXOWV�
ZHUH�YHU\�VLPLODU�WR�WKRVH�DFKLHYHG�IRU��)�7�MRLQWV��0RUH�LPSRUWDQW�ZDV�WKH�PDWHULDO�WHVWLQJ�
RI��6��)�7�MRLQWV��6SHFLPHQ�FXW�IURP�FHQWUH�RI�HDFK�MRLQW�ZHUH�VXEMHFW�WR�WHQVLOH�WHVW�WR�DVVHVV�
WKH�PHFKDQLFDO� VWUHQJWK� �)LJXUH������/HQJWK�RI� WKH�HQWLUH� MRLQW�DQG�RI� HDFK� VSHFLPHQ�ZHUH�
������DQG������PP��DFFRUGLQJ�WR�VSHFLILFDWLRQV�RI�$PHULFDQ�%XUHDX�RI�6KLSSLQJ��
�

� �
)LJ������'RXEOH�VLGH�GRXEOH�VTXDUH�ILOOHW�VTXDUH�7�MRLQWV��
�

�
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)LJ������7HQVLOH�WHVW��VSHFLPHQ�DQG�HTXLSPHQW���
�
7HQVLOH�WHVW�ZHUH�SHUIRUPHG�E\�JUDEELQJ�ERWK�ZHEV�DORQJ�WKH�HQWLUH�OHQJWK�DQG�PRYLQJ�WKH�
FURVVKHDG�RI�,167521������WHQVLOH�PDFKLQH�ZLWK�D�WUDYHO�VSHHG�HTXDO�WR�����PP�PLQ��7KH�
WHQVLOH� WHVW�ZHUH�VWRS�RQFH� UXSWXUH�RFFXUUHG� LQ�ZHE�67-�ZHOGV�RU� LQ�DOXPLQLXP�VWHHO�67-�
LQWHUIDFH��6HYHUDO� WHVWV�ZHUH�SHUIRUPHG�ZLWK�VHYHUDO�UHSHWLWLRQV��7KH�DQDO\VLV�RI� WKH�UHVXOWV�
ZDV�PDLQO\� IRFXVHG�RQ�PHFKDQLFDO�VWUHQJWK�RI��6��)�7�MRLQWV��7DEOH��� UHSRUWV� WKH�DYHUDJH�
YDOXH� EHWZHHQ� UHSHWLWLRQV� RI� WKH� SHDN� WHQVLOH� ORDG�� SHDN� WHQVLOH� VWUHQJWK� DQG�SHDN� WHQVLOH�
ORDG� RQ�$$����� DOOR\�� 7KH� ILUVW� WZR�GDWD�ZHUH� HYDOXDWHG� DW� ERQG� LQWHUIDFH�ZKLOH� WKH� ODVW�
GDWD�ZDV�FDOFXODWHG�DW�ZHE�VHFWLRQ�IRU�WKH�XOWLPDWH�WHQVLOH�VWUHQJWK�RI�$$�����DOOR\�HTXDO�WR�
����03D��/DVHU�EHDP�ZHOGLQJ�OHG�WR�MRLQWV�ZLWK�JRG�VWUHQJWK�LQ�ERWK�DV�FODG�DQG�PDFKLQHG�
FRQGLWLRQ��$OO�UXSWXUHV�WKXV�RFFXUUHG�RQ�WKH�DOXPLQLXP�VLGH�LQ�DOXPLQLXP�ZHOGV�RU�ZHEV��
VDWLVI\LQJ� WKH� VWULFW� FRQGLWLRQV� RI� 0,//�-������$� �$$99�� ������ IRU� VXFFHVVIXO� WHVWLQJ��
$FFRUGLQJ� WR� WKLV� VWDQGDUG�� HDFK� VSHFLPHQ� WHVWHG� PXVW� FRPSO\� ZLWK� RQH� WKH� IROORZLQJ�
FRQGLWLRQV� IRU� DFFHSWDQFH�� L�� IDLOXUH� LQ�RQH�RI� WKH�ZHE�PHPEHU� DQG� LL�� IDLOXUH�RI� WKH�ERQG�
VXUIDFH�DW�D�ORDG�DERYH�WKDW�FDOFXODWHG�WR�FDXVH�IDLOXUH�LQ�RQH�RI�WKH�ZHE�PHPEHUV��EDVHG�RQ�
WKH�VSHFLILF�PLQLPXP�WHQVLOH�VWUHQJWK�RI�WKH�ZHE�PDWHULDO��,W�LV�SRVVLEOH�WR�QRWH�WKHVH�MRLQWV�
ZHUH� DOVR� DEOH� WR� VXFFHVVIXOO\� RYHUFRPH� WKH� VHFRQG� FRQGLWLRQ� RI� WKH�0,/�-������$�� ZLWK�
70$;� HTXDO� WR� ������� DQG� ������� .1�� LQ� WKH� K\SRWKHVLV� WKDW� UXSWXUH�ZDV� ORFDOLVHG� LQ� WKH�
DOXPLQLXP�VWHHO�LQWHUIDFH��
�
6SHFLPHQ�,

'�
&RQGLWLRQ� 3URFHVV� 7HQVLOH� 7HQVLOH� 0,/�-�����$�

70$;��.1�� ǔ0$;��03$�� 7$$������.1��
�6��)�� $V�FODG� /DVHU�	�)LOOHU� ������� ������ ������� <(6�

0DFKLQHG� �6��)�� /DVHU�	�ILOOHU� ������� ������ ������� <(6�
7DEOH�����7HQVLOH�WHVW²�6DPSOH�GLPHQVLRQV�	�UHVXOWV��
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)LJXUH����VKRZV�WKH�DVSHFW�RI�WKH�UXSWXUH�VXUIDFHV��RUJDQLVHG�LQ�FODVV�RI�ZHOGLQJ�DFFRUGLQJ�
WR� DV�FODG� RU� PDFKLQHG� VWDWH�� /DVHU� ZHOGHG� �6�6)� 7�MRLQWV� ZHUH� FKDUDFWHULVHG� IURP� WKH�
UXSWXUH�VXUIDFH�SRVLWLRQHG�LQ�WKH�DOXPLQLXP�ZHE�PDWHULDO�ZLWK�QR�GDPDJH�LQ�WKH�ZHOG��7KH�
MRLQWV�LQ�WKH�DV�FODG�FRQGLWLRQ�SUHVHQWHG�D�VRXQG�ZHOG��1R�SDUWLFXODU�HIIHFWV�ZHUH�GHWHFWHG��
3KRWRV�RI�)LJXUH����DUH�WKH�PRVW�FULWLF�FRQGLWLRQV�LQ�RUGHU�WR�SRLQW�RXW�VRPH�VSHFLILF�RXWOLQHV�
GLVFRYHUHG� GXULQJ� H[SHULPHQWDWLRQ�� 7KH� SKRWR� DW� OHIW� VLGH� UHSUHVHQWV� D� VSHFLPHQ� LQ� WKH�
PDFKLQHG� VWDWH�ZLWK� DOXPLQLXP� DOOR\� WKLFNQHVV� HTXDO� WR� ����PP�� ,Q� WKH� ULJKW� VLGH� SKRWR�
WKLFNQHVV� RI� WKH� VSHFLPHQ� ZDV� IXUWKHU� UHGXFHG� EHIRUH� ZHOGLQJ�� ,Q� WKLV� FDVH�� WKH� UXSWXUH�
RFFXUUHG�LQ�WKH�DOXPLQLXP�VWHHO�LQWHUIDFH�DQG�QRW�LQ�WKH�DOXPLQLXP�ZHE��SRLQWLQJ�RXW�WKDW�
KHDW� LQGXFHG�E\� ODVHU�EHDP�ZHOGLQJ�VHULRXVO\�DIIHFWHG� MRLQW� LQWHJULW\� LI� UHGXFWLRQ�ZDV� WRR�
KLJK��
�
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�
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�
)LJ�������6��)�67-V�DIWHU�UXSWXUH��DOXPLQLXP�VLGH���
�
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�
)LJ�������6��)�67-V�DIWHU�UXSWXUH�LQ�PDFKLQHG�VWDWH��DOXPLQLXP�VLGH���
�
,Q� WKLV�ZRUN� WKH� LQIOXHQFH�RI�GLIIHUHQW� WKHUPDO� ORDGV� FDXVHG�E\� ODVHU�EHDP�RQ�PHFKDQLFDO�
VWUHQJWK�RI� WKH�)H�$O�H[SORVLRQ�ZHOGHG� MRLQWV�KDV�EHHQ� LQYHVWLJDWHG��7KH�SUHVHQW� UHVHDUFK�
KDV� LQYHVWLJDWHG� WKH� DSSOLFDWLRQ� RI� ODVHU� EHDP� WR� ZHOG� FRPSRQHQWV� PDGH� RI� VWUXFWXUDO�
WUDQVLWLRQ� MRLQWV� �67-V�� EHWZHHQ� VWHHO� DQG� DOXPLQLXP� EDVH� PDWHULDOV�� 7KH� PHWDOORJUDSKLF�
H[DPLQDWLRQV� DQG� WKH� WHQVLOH� WHVWV� KDYH� SRLQWHG�RXW� WKDW� ODVHU�LQGXFHG� WKHUPDO� ORDGV�
VWURQJO\� SURPRWHG� LQWHU�PHWDOOLF� JURZWK� DW� DOXPLQLXP�VWHHO� LQWHUIDFH�� 7KH� FRQGLWLRQ� KDV�
EHHQ�DOVR�YHULILHG�E\�UHGXFLQJ�WKH�WKLFNQHVV�RI�WKH�67-��+RZHYHU��WKHVH�ORDGV�KDYH�OLPLWHG�
LQIOXHQFH�RQ�LQWHJULW\�RI�EHDG�RQ�SODWH�ZHOGV�DQG�GRXEOH�VLGH�GRXEOH�VTXDUH�ILOOHW�7�MRLQWV�
EHFDXVH� UXSWXUH�PDLQO\�RFFXUUHG� LQ� WKH�ZHE�FRQQHFWLQJ� WKH�ZHDNHVW�PDWHULDO� �DOXPLQLXP�
DOOR\��ZLWK�67-��7KH�FRQGLWLRQ�KDV�EHHQ�DOVR�YHULILHG�E\�UHGXFLQJ�WKH�WKLFNQHVV�RI�WKH�67-��

�
#EMPQYNGFIGOGPV�

7KH� SUHVHQW� UHVHDUFK� LV� RQO\� � D� SDUW� RI� DFWLYLWLHV� SHUIRUPHG� E\� &$/()� &RQVRUWLXP�
�KWWS���ZZZ�FRQVRU]LRFDOHI�LW���� WKH� PDLQ� PHPEHUV� RI� ZKLFK� DUH� WKH� &5)�� (1($��
3RO\WHFKQLF� RI�%DUL� DQG�5RGULTXH]�&DQWLHUL�1DYDOL� 63$�� ,Q�SDUWLFXODU��5RGULJXH]�&DQWLHUL�
1DYDOL�63$�GLUHFWO\�IXQGHG�WKH�SUHVHQW�UHVHDUFK�WKURXJK�WKH�(19,52$/,6:$7+�SURMHFW��
7KH�DXWKRUV�ZLVK�WR�WKDQN�'U��'RQDWR�625*(17(�DQG�'U��*LDQIUDQFR�3$/80%2�IRU�WKHLU�
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