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'HSW��RI�&LYLO�(QJLQHHULQJ��8QLYHUVLW\�RI�=DQMDQ��,��5��RI�,UDQ�(PDLO��PHKUDQMDY#\DKRR�FRP�

�$EVWUDFW±�3HUPDQHQW�GHIRUPDWLRQ�RI�DVSKDOWLF�PDWHULDOV�KDV�D�PDMRU�FRQWULEXWLRQ�WR�UXWWLQJ��8QGHU�
VWDWLF� ORDGLQJ�� WKH� VWHDG\�VWDWH� GHIRUPDWLRQ� RI� DVSKDOWLF� PDWHULDOV� LV� WKH� NH\� FRPSRQHQW� RI� WKH�
SHUPDQHQW�GHIRUPDWLRQ��7KH�VWHDG\�VWDWH�GHIRUPDWLRQ�EHKDYLRXU�RI�D�VWDQGDUG��������SHQHWUDWLRQ�
JUDGH� SXUH� ELWXPHQ� DQG� WZR� W\SHV� RI� DVSKDOWLF� PL[WXUHV� XVHG� LQ� WKH� 8.� SDYHPHQWV�� QDPHO\� D�
��PP�'HQVH�%LWXPHQ�0DFDGDP��'%0���ZKLFK�LV�D�GHQVH�JUDGHG�PL[WXUH��DQG�D�������+RW�5ROOHG�
$VSKDOW� �+5$��� ZKLFK� LV� D� JDS� JUDGHG� PL[WXUH� KDYH� EHHQ� VWXGLHG�� 8VLQJ� '\QDPLF� 6KHDU�
5KHRPHWHU� �'65��&RQVWDQW� VWUHVV�FUHHS� WHVWV�ZHUH�FRQGXFWHG�RQ� WKH�ELWXPHQ�DW����&�DQG����&�
RYHU�D�UDQJH�RI�VWUHVV�OHYHOV��8QLD[LDO�FUHHS�DQG�FRQVWDQW�VWUDLQ�UDWH�WHVWV�KDYH�EHHQ�FRQGXFWHG�RYHU�
D UDQJH�RI�VWUHVV�OHYHOV��VWUDLQ�UDWHV�DQG�WHPSHUDWXUHV��DQG�WULD[LDO�FUHHS�WHVWV�KDYH�EHHQ�FRQGXFWHG�
RYHU�D�UDQJH�RI�VWUHVV�OHYHOV�DQG�FRQILQLQJ�SUHVVXUHV�RQ�WKH�PL[WXUHV��7KH�VWHDG\�VWDWH�GHIRUPDWLRQ�
EHKDYLRXU�RI� WKH�ELWXPHQ� LV� IRXQG� WR�EH� OLQHDU� DW� VWUHVV� OHYHOV� OHVV� WKDQ�����N3D� DQG�QRQ�OLQHDU�
SRZHU� ODZ�FUHHS�ZLWK�D�SRZHU�H[SRQHQW�RI�����DW�VWUHVV� OHYHOV�KLJKHU� WKDQ�����N3D��7KH�VWHDG\�
VWDWH�GHIRUPDWLRQ�EHKDYLRXU�RI�ERWK�PL[WXUHV�LV�IRXQG�WR�EH�ZHOO�FDSWXUHG�E\�WKH�0RGLILHG�&URVV�
0RGHO� ZKLFK� SUHGLFWV� OLQHDU� YLVFRXV� EHKDYLRXU� DW� ORZ� VWUHVV� OHYHOV� DQG� QRQ�OLQHDU� YLVFRXV�
EHKDYLRXU�DW� KLJK�VWUHVV� OHYHOV�� �7KH� VWHDG\�VWDWH�GHIRUPDWLRQ�EHKDYLRXU�RI� WKH�'%0�PL[WXUH� LV�
IRXQG� WR� EH� PRUH� VHQVLWLYH� WR� WKH� VWUHVV� OHYHO�� 7KH� WHPSHUDWXUH� GHSHQGHQF\� RI� WKH� VWHDG\�VWDWH�
GHIRUPDWLRQ� EHKDYLRXU� LV� IRXQG� WR� EH� ZHOO� FDSWXUHG� E\� WKH� :LOOLDPV�/DQGHO�)HUU\� �:/)��
HTXDWLRQ�� � ,W� LV� IRXQG� WKDW� FRQILQHPHQW� KDV� D� VWLIIHQLQJ� HIIHFW� RQ� WKH� VWHDG\�VWDWH� GHIRUPDWLRQ�
EHKDYLRXU�RI�WKH�PL[WXUHV��7KH�VWLIIHQLQJ�HIIHFW�RI�WKH�FRQILQLQJ�VWUHVV�LV�IRXQG�WR�EH�KLJKHU�IRU�WKH�
'%0�PL[WXUH��������������.H\ZRUGV±�%LWXPHQ��FUHHS��XQLD[LDO��WULD[LDO��VWHDG\�VWDWH��GHIRUPDWLRQ��� ���,1752'8&7,21��3DYHPHQW� PDWHULDOV� IDLO� XQGHU� WKH� ORDGLQJ� DQG� HQYLURQPHQWDO� FRQGLWLRQV� RYHU� WKH� OLIH� RI� KLJKZD\V��

'HYHORSPHQW�RI�FRQVWLWXWLYH�PRGHOV�IRU�GHVFULELQJ�WKH�IDLOXUHV�KDV�EHHQ�WKH�FKDOOHQJH�RI�UHVHDUFKHUV�>�@��
5XWWLQJ��SHUPDQHQW�GHIRUPDWLRQ��RI�DVSKDOW�SDYHPHQWV�LV�RQH�RI�WKH�PRVW�FRPPRQ�IRUPV�RI�URDG�IDLOXUH��
3HUPDQHQW� GHIRUPDWLRQ� RI� ELWXPLQRXV� OD\HUV� FRQWULEXWHV� VLJQLILFDQWO\� WR� WKH� UXWWLQJ� DQG� LV� GXH� WR� D�
FRPELQDWLRQ� RI� GHQVLILFDWLRQ� DQG� VKHDU� GHIRUPDWLRQ�� )RU� ELWXPLQRXV�PL[WXUHV� WKDW� DUH�ZHOO� FRPSDFWHG�
GXULQJ�FRQVWUXFWLRQ�� LW� KDV�EHHQ� IRXQG� WKDW� WKH� VKHDU�GHIRUPDWLRQ� LV� WKH�SULPDU\�FDXVH�RI� UXWWLQJ� >���@��
6KHDU� GHIRUPDWLRQ� RI� ELWXPLQRXV� PL[WXUHV� LV� GXH� WR� WKH� YLVFRXV� EHKDYLRXU� RI� WKH� PL[� DQG� XVXDOO\�
PDQLIHVWV� LWVHOI� DV� ULGJHV� DGMDFHQW� WR� WKH�ZKHHO� SDWK��:KHQ� D�ZKHHO� ORDG� LV� DSSOLHG� RQ� DQ� HOHPHQW� RI�
ELWXPLQRXV�PDWHULDO�LQ�D�SDYHPHQW��LW�FDXVHV�VRPH�GHIRUPDWLRQ�LQ�WKH�PDWHULDO��$IWHU�SDVVLQJ�WKH�ORDG��SDUW�
RI�WKH�GHIRUPDWLRQ�UHFRYHUV��DQG�VRPH�UHPDLQV�LQ�WKH�PDWHULDO�DV�SHUPDQHQW�GHIRUPDWLRQ��$FFXPXODWLRQ�RI�
WKHVH�SHUPDQHQW�GHIRUPDWLRQV�UHVXOWV�LQ�SDYHPHQW�UXWWLQJ���

2YHU�WKH�ODVW�GHFDGH��WKH�TXDVL�VWDWLF�GHIRUPDWLRQ�EHKDYLRXU�RI�SXUH�ELWXPHQ�DQG�LGHDOLVHG�DVSKDOWLF�
PL[WXUHV�KDV�EHHQ�VWXGLHG�DW�WKH�8QLYHUVLWLHV�RI�&DPEULGJH�DQG�1RWWLQJKDP��8VLQJ�WKH�UHVXOWV�RI�XQLD[LDO�
5HFHLYHG�E\�WKH�HGLWRUV�-XO\�����������$FFHSWHG�-XQH�����������
&RUUHVSRQGLQJ�DXWKRU�
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WHQVLRQ�DQG�FRPSUHVVLRQ�DQG�VKHDU�WHVWV��&KHXQJ�HW�DO��>��DQG��@�LQYHVWLJDWHG�WKH�TXDVL�VWDWLF�PHFKDQLFDO�
SURSHUWLHV�RI�D�VWDQGDUG����SHQHWUDWLRQ�JUDGH�ELWXPHQ�RYHU�D�ZLGH�UDQJH�RI�VWUHVV�FRQGLWLRQV��VWUDLQ�UDWHV��
WHPSHUDWXUHV� DQG� SUHVVXUHV�� $� GHIRUPDWLRQ� PHFKDQLVP�PDS� ZDV� FRQVWUXFWHG� DQG� GLYLGHG� LQWR� YDULRXV�
UHJLRQV��HDFK�GHVFULEHG�E\�D�SK\VLFDO�PRGHO��%DVHG�RQ�H[SHULPHQWDO�UHVXOWV��&KHXQJ�HW�DO��>�@�IRXQG�WKDW��
DW� WHPSHUDWXUHV�DERYH� WKH�JODVV� WUDQVLWLRQ�� WKH�VWHDG\�VWDWH�GHIRUPDWLRQ�EHKDYLRXU�RI� WKH����SHQHWUDWLRQ�
JUDGH�ELWXPHQ�ZDV�OLQHDU�YLVFRXV�DW�ORZ�VWUHVV�OHYHOV��DQG�QRQ�OLQHDU�SRZHU�ODZ�FUHHS�DW�KLJK�VWUHVV�OHYHOV�
ZLWK�D�FUHHS�H[SRQHQW�RI�DSSUR[LPDWHO\������7KH�WUDQVLWLRQ�IURP�OLQHDU�WR�QRQOLQHDU�EHKDYLRXU�ZDV�IRXQG�
WR�RFFXU�DW�D�VWUHVV�OHYHO�RI�����N3D��8VLQJ�WKH�'\QDPLF�6KHDU�5KHRPHWHU��&ROORS�HW�DO��>�@�SURSRVHG�D�
PRGHO�IRU�GHVFULELQJ�WKH�GHIRUPDWLRQ�EHKDYLRXU�RI�WKH�ELWXPHQ�VXEMHFWHG�WR�VKHDU�ORDGLQJ�LQ�WKH�'65��7KH�
PRGHO�DVVXPHG�OLQHDU�EHKDYLRXU�DW�ORZ�VWUHVV�OHYHOV������N3D���SRZHU�ODZ�FUHHS�EHKDYLRXU�DW�KLJK�VWUHVV�
OHYHOV��!����N3D���DQG�D�WUDQVLWLRQ�UHJLRQ�IURP�OLQHDU�WR�QRQOLQHDU�EHKDYLRXU�IRU�VWUHVV�OHYHOV�EHWZHHQ����
DQG� ���� N3D�� 7KH� PRQRWRQLF� XQLD[LDO� DQG� WULD[LDO� VWHDG\�VWDWH� GHIRUPDWLRQ� EHKDYLRXU� RI� LGHDOLVHG�
ELWXPLQRXV�PL[WXUHV��VDQG�DVSKDOWV��ZDV�LQYHVWLJDWHG�E\�'HVKSDQGH�HW�DO��>�@��&ROORS�HW�DO��>�@�DQG�2VVD�
>��@��7KH\�IRXQG�WKDW�WKH�VWHDG\�VWDWH�GHIRUPDWLRQ�EHKDYLRXU�RI�WKH�GHQVH�JUDGHG�LGHDOLVHG�PL[WXUHV��PRUH�
WKDQ�����YROXPH�IUDFWLRQ�RI�DJJUHJDWH��ZDV�VWURQJO\�GHSHQGDQW�RQ�WKH�FRQILQLQJ�VWUHVV���)RU�D�FRQVWDQW�
VWUHVV�UDWLR��GHILQHG�DV�WKH�PHDQ�VWUHVV�GLYLGHG�E\�WKH�GHYLDWRU�VWUHVV��WKH�VWHDG\�VWDWH�D[LDO�FUHHS�EHKDYLRXU�
ZDV�IRXQG�WR�KDYH�WKH�VDPH�IRUP�DV�SXUH�ELWXPHQ�ZLWK�OLQHDU�YLVFRXV�EHKDYLRXU�DW�ORZ�VWUHVV�OHYHOV�DQG�
QRQ�OLQHDU�YLVFRXV�EHKDYLRXU�DW�KLJKHU�VWUHVV�OHYHOV��

7KLV�SDSHU�GHVFULEHV�WKH�VWHDG\�VWDWH�YLVFRXV�GHIRUPDWLRQ�RI�WZR�W\SHV�RI�UHDOLVWLF�DVSKDOWLF�PL[WXUHV�
FRPPRQO\�XVHG�LQ�8.�IOH[LEOH�SDYHPHQWV��
�

�� 0$7(5,$/6��
7ZR�JHQHULF� W\SHV� RI� DVSKDOWLF�PL[WXUH�ZHUH� FKRVHQ� IRU� WKLV� VWXG\�� D� ��PP�'HQVH�%LWXPHQ�0DFDGDP�
�'%0��>��@�DQG�D�������+RW�5ROOHG�$VSKDOW��+5$��>��@��7KHVH�PL[WXUHV�ZHUH�FKRVHQ�EHFDXVH�GLIIHUHQW�
W\SHV� RI� EHKDYLRXU�ZHUH� DQWLFLSDWHG� IRU� WKHP�� � 7KH�'%0� LV� D� FRQWLQXRXVO\� JUDGHG�PL[WXUH� WKDW� UHOLHV�
SULPDULO\�RQ�DJJUHJDWH�LQWHUORFN�IRU�LWV�VWUHQJWK��ZKHUHDV�WKH�+5$�LV�D�JDS�JUDGHG�PL[WXUH�WKDW�UHOLHV�PRUH�
RQ�WKH�SURSHUWLHV�RI�WKH�ELWXPHQ�VDQG�ILOOHU�PRUWDU��7R�VWXG\�WKH�HIIHFW�RI�GLIIHUHQW�DJJUHJDWH�VWUXFWXUHV�RQ�
WKH� GHIRUPDWLRQ� EHKDYLRXU� RI� WKH�PL[WXUHV�� ZLWKRXW� WKH� LQIOXHQFH� RI� GLIIHUHQW� ELWXPHQ� W\SHV�� WKH� VDPH�
�������SHQHWUDWLRQ�JUDGH�ELWXPHQ�ZDV�XVHG�LQ�ERWK�PL[WXUHV��7KH�PHDVXUHG�5LQJ�DQG�%DOO�VRIWHQLQJ�SRLQW�
DQG� 3HQHWUDWLRQ� YDOXH� RI� WKH� ELWXPHQ�ZHUH� ���&� DQG� ��� GPP� 3HQ� UHVSHFWLYHO\�� 7KH� GHVLJQ� DJJUHJDWH�
JUDGLQJ�IRU�WKH�'%0�DQG�+5$�DUH�VKRZQ�LQ�)LJV����DQG����UHVSHFWLYHO\��7KH�ILJXUHV�DOVR�VKRZ�WKH�JUDGLQJ�
OLPLWV� UHFRPPHQGHG� LQ�%6��������3DUW��� >��@�DQG�%6�������3DUW��� >��@� IRU� WKH����PP�'%0�DQG�+5$�
�������UHVSHFWLYHO\��
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)LJ�����$JJUHJDWH�JUDGDWLRQ�RI�WKH�+5$�������
7KH�REMHFWLYH�RI�WKLV�UHVHDUFK�ZDV�WR�VWXG\�WKH�GHIRUPDWLRQ�EHKDYLRXU�RI�UHDOLVWLF�DVSKDOWLF�PL[WXUHV�

DIWHU�LQLWLDO�FRPSDFWLRQ�E\�WUDIILF��7KHUHIRUH��WKH�WDUJHW�DLU�YRLG�FRQWHQW�IRU�ERWK�PL[WXUHV�ZDV�VHW�DW�����
7KH�ELQGHU�FRQWHQWV�RI������DQG����ZHUH�FKRVHQ�IRU�WKH�'%0�DQG�+5$�UHVSHFWLYHO\���

$Q�LGHDO�VSHFLPHQ�IRU�WKLV�UHVHDUFK�ZRXOG�EH�D�VSHFLPHQ�ZLWK�D�XQLIRUP�DLU�YRLG�GLVWULEXWLRQ�DQG�DQ�
DJJUHJDWH�RULHQWDWLRQ�VLPLODU�WR�WKDW�IRXQG�LQ�WKH�UHDO�SDYHPHQW��+RPRJHQHLW\�RI�D�PL[WXUH�LV�FRQWUROOHG�
E\�WKH�FRPSDFWLRQ�HIIRUW��PHWKRG�RI�FRPSDFWLRQ��YLVFRVLW\�RI�ELWXPHQ��DJJUHJDWH�JUDGDWLRQ�DQG�DJJUHJDWH�
VKDSH��6SHFLPHQV�FRUHG�IURP�VODEV�FRPSDFWHG�E\�D�UROOHU�FRPSDFWRU�ZHUH�VKRZQ�WR�EH�QRQXQLIRUP�DQG�
QRW�VXLWDEOH�IRU�FUHHS�WHVWLQJ�>��@��

$ J\UDWRU\�FRPSDFWRU�ZDV�XVHG�IRU�PDQXIDFWXULQJ�WKH�VSHFLPHQV�IRU�WKLV�VWXG\��*\UDWRU\�FRPSDFWLRQ�
DWWHPSWV�WR�UHSURGXFH�ILHOG�FRPSDFWLRQ�RI�KRW�DVSKDOW�PL[WXUHV�E\�DSSO\LQJ�D�YHUWLFDO�FRPSUHVVLYH�VWUHVV�
DQG� D� J\UDWRU\� DFWLRQ� DW� WKH� VDPH� WLPH�� 7KH� J\UDWRU\� DFWLRQ� JHQHUDWHV� KRUL]RQWDO� VKHDU� VWUHVVHV� LQ� WKH�
PL[WXUH�DV�DSSOLHG�E\�WKH�PRYLQJ�URDG�UROOHUV��7KH�SULQFLSOH�RI�J\UDWRU\�FRPSDFWLRQ�LV�WR�URWDWH�D�PRXOG�
RQ�DQ�D[LV�HFFHQWULF� WR� WKH�YHUWLFDO�DQG�DSSO\�D�IL[HG�SUHVVXUH� WR� WKH�PDWHULDO� LQVLGH� WKH�PRXOG� WKURXJK�
SDUDOOHO� HQG� SODWHV�� 7KH� ���PP� GLDPHWHU� PRXOGV� ZHUH� XVHG� IRU� J\UDWRU\� FRPSDFWLRQ�� DQG� F\OLQGULFDO�
VSHFLPHQV�� ���PP� LQ� GLDPHWHU� DQG� ���PP� LQ� KHLJKW� FRUHG� IURP� J\UDWRU\� FRPSDFWHG� PL[WXUHV� ZHUH�
PDQXIDFWXUHG�IRU�WKH�WHVWLQJ�SURJUDPPH��DV�VKRZQ�LQ�)LJ�������

)LJ�����7HVW�6SHFLPHQ��
0HDVXUHPHQWV�RI�GHQVLW\�DQG�DLU�YRLG�FRQWHQW�ZHUH�XQGHUWDNHQ�LQ�DFFRUGDQFH�ZLWK�%6�����>��@�DQG�RQO\�
VSHFLPHQV�ZLWK�DQ�DLU�YRLG�FRQWHQW�EHWZHHQ����DQG����ZHUH�VHOHFWHG�IRU�WHVWLQJ�� �7KH�VSHFLPHQV�ZHUH�
VWRUHG�LQ�D�FROG�URRP�DW��Û&�XQWLO�WKH\�ZHUH�UHTXLUHG�IRU�WHVWLQJ��� �� 67($'<�67$7(�'()250$7,21�%(+$9,285�2)�%,780(1��
D��'\QDPLF�6KHDU�5KHRPHWHU��
'\QDPLF�VKHDU�5KHRPHWHUV� �'65V��DUH�XVHG� WR�PHDVXUH� UKHRORJLFDO�FKDUDFWHULVWLFV�RI�ELWXPHQ��VXFK�DV�
FRPSOH[�PRGXOXV�DQG�SKDVH�DQJOH�IURP�ZKLFK�HODVWLF�DQG�YLVFRXV�SURSHUWLHV�FDQ�EH�GHILQHG�>��@��)LJ����
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VKRZV� WKH� SULQFLSOHV� LQYROYHG� LQ� WKH�'65� WHVW�� ,Q� WKH�'65� WHVW�� WKH� ELWXPHQ� LV� VDQGZLFKHG�EHWZHHQ� D�
VSLQGOH� DQG� D� EDVH� SODWH��7KH� VSLQGOH��ZKLFK� FDQ�EH� HLWKHU� GLVF�VKDSHG�RU� FRQLFDO�� LV� DOORZHG� WR� URWDWH�
ZKLOH�WKH�EDVH�SODWH�UHPDLQV�IL[HG�GXULQJ�WHVWLQJ��7KH�'65�WHVW�FDQ�EH�FDUULHG�RXW�LQ�FRQWUROOHG�VWUHVV�RU�
FRQWUROOHG� VWUDLQ�PRGH�� ,Q� WKH� FRQWUROOHG� VWUHVV�PRGH�� D� VSHFLILHG�PDJQLWXGH�RI� VKHDU� VWUHVV� DW�KDOI� WKH�
UDGLXV�RI�GLVF��5����LV�DSSOLHG�WR�WKH�ELWXPHQ�E\�DSSOLFDWLRQ�RI�D�WRUTXH�WR�WKH�VSLQGOH��
�

$SSOLHG�6WUHVV�RU�6WUDLQ

5RWDWLQJ�3ODWH
%RWWRP�)L[HG�3ODWH

%LWXPHQ

$SSOLHG�6WUHVV�RU�6WUDLQ

5RWDWLQJ�3ODWH
%RWWRP�)L[HG�3ODWH

%LWXPHQ

)LJ�����3ULQFLSOH�RI�WRUVLQDO�W\SH�G\QDPLF�VKHDU�5KHRPHWHU��'65���
7KH�UHVXOWDQW�VSLQGOH�URWDWLRQ�LV�PHDVXUHG��IURP�ZKLFK�WKH�PDJQLWXGH�RI�WKH�VKHDU�VWUDLQ�LV�FDOFXODWHG�DW�
WKH�HGJH�RI�WKH�GLVF��5���,Q�WKH�FRQWUROOHG�VWUDLQ�PRGH��WKH�PDJQLWXGH�RI�VSLQGOH�URWDWLRQ��L�H���PDJQLWXGH�
RI�VKHDU�VWUDLQ�DW�WKH�HGJH�RI�WKH�GLVF��LV�VSHFLILHG�DQG�WKH�UHTXLUHG�WRUTXH�QHHGHG�LV�PHDVXUHG���
E��$SSDUDWXV��

'65�WHVW�VHW�XS��)LJ�����FRQVLVWV�RI�SDUDOOHO�PHWDO�SODWHV��D� WHPSHUDWXUH�FRQWURO�FKDPEHU��D� ORDGLQJ�
GHYLFH�DQG�D�FRQWURO�DQG�GDWD�DFTXLVLWLRQ�V\VWHP���7KH�PHWDO�SODWHV�DUH�W\SLFDOO\���RU����PP�LQ�GLDPHWHU�
ZLWK� VPRRWK� SROLVKHG� VXUIDFHV��$� WHPSHUDWXUH� FRQWURO�ZDWHU� FKDPEHU� UHJXODWHV� WKH� WHPSHUDWXUH� RI� WKH�
VSHFLPHQ��:DWHU�LV�SXPSHG�WKURXJK�WKH�WHVW�FKDPEHU�E\�D�VHSDUDWH�FLUFXODWLQJ�EDWK�WHPSHUDWXUH�FRQWURO�
XQLW�� � 7KH� WHPSHUDWXUH� FRQWURO� FKDPEHU� DQG� WKH� FLUFXODWLQJ� EDWK� XQLW� FRQWURO� WKH� WHPSHUDWXUH� RI� WKH�
VSHFLPHQ� WR� DQ� DFFXUDF\� RI� �����&� >��@�� 7KH� WHPSHUDWXUH� FRQWURO� FKDPEHU� FRPSOHWHO\� HQFORVHV� WKH�
VSHFLPHQ� EHWZHHQ� WKH� WRS� DQG� ERWWRP� SODWHV� WR� PLQLPLVH� WKHUPDO� JUDGLHQWV�� :KHQ� WKH� WHVW� LV� VWUHVV�
FRQWUROOHG��WKH�ORDGLQJ�GHYLFH�DSSOLHV�D�WRUTXH�WR�DQ�DFFXUDF\�ZLWKLQ����P1�P�RI�WKH�VSHFLILHG�WRUTXH���

7HPSHUDWXUH�&RQWURO�
&KDPEHU

6SLQGOH

7HPSHUDWXUH�&RQWURO�
&KDPEHU

6SLQGOH

)LJ�����'\QDPLF�VKHDU�5KHRPHWHUV���'65V��
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��
:KHQ�WKH�WHVW�LV�VWUDLQ�FRQWUROOHG��WKH�ORDGLQJ�GHYLFH�DSSOLHV�D�WRUTXH�VXIILFLHQW�WR�FDXVH�DQ�DQJXODU�

URWDWLRQDO�VWUDLQ�DFFXUDWH�ZLWKLQ����� UDGLDQV�RI�WKH�VSHFLILHG�VWUDLQ��7KH�WHVW�GDWD��WHPSHUDWXUH��DQJXODU�
URWDWLRQ�DQG�WRUTXH��DUH�UHFRUGHG�E\�WKH�FRQWURO�DQG�GDWD�DFTXLVLWLRQ�V\VWHP���
�
F��7HVW�VSHFLPHQ�SUHSDUDWLRQ�DQG�WHVW�SURFHGXUH��

7KH�ELWXPHQ�LV�KHDWHG��VWLUUHG�RFFDVLRQDOO\��WR�HQVXUH�KRPRJHQHLW\�DQG�UHPRYH�DLU�EXEEOHV��DQG�WKHQ�
SRXUHG� LQWR� VPDOO� FRQWDLQHUV� WR� EH� XVHG� IRU� WHVWLQJ�ZKHQ� UHTXLUHG�� 7R� XVH� WKH� ELWXPHQ� IRU� WHVWLQJ�� WKH�
FRQWDLQHU� RI� ELWXPHQ� LV� SODFHG� LQ� DQ� RYHQ� VHW� DW� ����&� IRU� DERXW� ���PLQXWHV� WR� HQVXUH� WKDW� LW� LV� IOXLG�
HQRXJK��%\�VHWWLQJ�WKH� WHPSHUDWXUH�RI�WKH�HQYLURQPHQWDO�ZDWHU�FKDPEHU�� WKH�ORZHU�DQG�XSSHU�SODWHV�DUH�
KHDWHG�WR�D�WHPSHUDWXUH�RI�DSSUR[LPDWHO\����&��7KHQ��DIWHU�UDLVLQJ�WKH�XSSHU�SODWH�DQG�GU\LQJ�WKH�VXUIDFHV�
RI�WKH�XSSHU�DQG�ORZHU�SODWHV��D�VXIILFLHQW�DPRXQW�RI�KHDWHG�ELWXPHQ�IURP�WKH�FRQWDLQHU�LV�SRXUHG�RQWR�WKH�
FHQWUH�RI�WKH�ERWWRP�IL[HG�SODWH��7KH�ORDGLQJ�PHFKDQLVP�DORQJ�ZLWK�WKH�XSSHU�SODWH�LV�WKHQ�ORZHUHG�WR�WKH�
UHTXLUHG� JDS� SOXV� ��� P�� � 7KH� H[FHVV� ELWXPHQ�� VTXHH]HG� RXW� EHWZHHQ� WKH� ORZHU� DQG� XSSHU� SODWHV�� LV�
WULPPHG� IURP� WKH� VSHFLPHQ� E\� PRYLQJ� D� KHDWHG� WULPPLQJ� WRRO� DURXQG� WKH� XSSHU� DQG� ORZHU� SODWH�
SHULPHWHUV��:KHQ�WKH�WULPPLQJ�LV�FRPSOHWHG��WKH�JDS�EHWZHHQ�WKH�ORZHU�DQG�XSSHU�SODWHV�LV�GHFUHDVHG�E\�
��� �P� WR� WKH� GHVLUHG� WHVWLQJ� JDS� ������ �P��� 7KH� FRYHU� RI� WKH� HQYLURQPHQWDO� ZDWHU� FKDPEHU� LV� WKHQ�
UHSODFHG��HQVXULQJ�WKDW�ERWK�WKH�XSSHU�DQG�ORZHU�SODWHV�DQG�WKH�ELWXPHQ�VSHFLPHQ�DUH�LPPHUVHG�LQ�ZDWHU��
7KH�WHPSHUDWXUH�RI�WKH�HQYLURQPHQWDO�ZDWHU�FKDPEHU�LV�VHW�WR�WKH�WHVW�WHPSHUDWXUH��DQG�RQFH�WKH�GHVLUHG�
WHVW�WHPSHUDWXUH�LV�DFKLHYHG��LW�UHPDLQV�DW�WKDW�WHPSHUDWXUH�IRU�DW�OHDVW����PLQXWHV�>��@��WR�HQVXUH�XQLIRUP�
WHVW�WHPSHUDWXUH�LQ�WKH�ELWXPHQ�VSHFLPHQ��7KHQ�WKH�WHVW�LV�VWDUWHG���

7KH�VKHDU�FUHHS�WHVWV��LQ�ZKLFK�WKH�GHVLUHG�VKHDU�VWUHVV�LV�DSSOLHG�WR�WKH�VSHFLPHQ�DQG�KHOG�FRQVWDQW�
IRU�D�VSHFLILHG�WLPH��DUH�SHUIRUPHG�RQ�WKH�SXUH�ELWXPHQ�RYHU�D�UDQJH�RI�VWUHVV�OHYHOV�IURP�����3D�WR������
N3D��DW����&�DQG����&��,Q�WKHVH�WHVWV��D�VKHDU�VWUHVV�W LV�DSSOLHG�UDSLGO\�WR�WKH�VSHFLPHQ�DQG�WKHQ�KHOG�
FRQVWDQW��7KH�PDWHULDO�LV�DOORZHG�WR�FUHHS�XQWLO�IDLOXUH���
G��7HVW�UHVXOWV��

$ W\SLFDO�PRQRWRQLF� VKHDU� FUHHS� WHVW� UHVXOW�RQ� WKH� �������SHQHWUDWLRQ� JUDGH�RI� ELWXPHQ� DW� ���&� LV�
VKRZQ�LQ�)LJ�����ZKHUH�WKH�FUHHS�VKHDU�VWUDLQ�DW�WKH�RXWVLGH�RI�WKH�GLVF�LV�SORWWHG�DJDLQVW�WKH�WLPH�HODSVHG�
DIWHU�WKH�DSSOLFDWLRQ�RI�WKH�VWUHVV��
�
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7LPH��6HF�

6K
HD
U�
6W
UD
LQ

7HUWLDU\�FUHHS�UHJLRQ�

6HFRQGDU\�FUHHS�UHJLRQ

3ULPDU\�FUHHS�UHJLRQ ���N3D

�)LJ�����7\SLFDO�FUHHS�WHVW�UHVXOWV�IRU�WKH��������3HQ�JUDGH�ELWXPHQ�
�
7KH�VKHDU�VWUDLQ��VKHDU�VWUDLQ�UDWH�DQG�VKHDU�VWUHVV�DUH�FDOFXODWHG�DW�WKH�RXWVLGH�RI�WKH�GLVF�VKDSHG�SODWHV�
XVLQJ��
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��

� DQG� ����

:KHUH GJ � GJ� DQG� GW DUH� WKH� '65� VKHDU� VWUDLQ�� VKHDU� VWUDLQ� UDWH� DQG� VKHDU� VWUHVV�� UHVSHFWLYHO\�� 7 LV�
GHILQHG�DV�WKH�WRUTXH�� 5 LV�WKH�UDGLXV�RI�SDUDOOHO�GLVNV��T DQG�T� DUH�WKH�DQJXODU�URWDWLRQ�DQG�WKH�DQJXODU�
YHORFLW\�DQG� K LV�WKH�JDS�EHWZHHQ�WKH�ORZHU�DQG�XSSHU�SODWHV����PP�LQ�WKHVH�WHVWV���$V�FDQ�EH�VHHQ�LQ�)LJ��
���WKH�FUHHS�FXUYH�FDQ�EH�GLYLGHG�LQWR�WKUHH�UHJLRQV��D�SULPDU\�FUHHS�UHJLRQ�ZKHUH�WKH�VWUDLQ�UDWH�GHFUHDVHV��
D VHFRQGDU\�FUHHS�UHJLRQ�ZKHUH�WKH�VWUDLQ�UDWH�LV�DSSUR[LPDWHO\�FRQVWDQW�DQG�D�WHUWLDU\�FUHHS�UHJLRQ�ZKHUH�
WKH�VWUDLQ�UDWH�LQFUHDVHV��7KH�VORSH�RI�WKH�VHFRQGDU\�FUHHS�UHJLRQ��LQ�ZKLFK�WKH�VWUDLQ�YDULHV�OLQHDUO\�ZLWK�
WLPH�� LV� GHILQHG� DV� WKH� VWHDG\�VWDWH� VWUDLQ� UDWH� DW� WKH� SUHVFULEHG� VWUHVV�� LQ� OLQH�ZLWK� WKH� SUHVFULSWLRQ� RI�
&KHXQJ�HW�DO��>�@��&ROORS�HW�DO��>�@�DQG�2VVD�HW�DO��>��@���

)LJXUH���VXPPDULVHV�WKH�PRQRWRQLF�VWHDG\�VWDWH�EHKDYLRXU�RI�WKH�ELWXPHQ�RYHU�D�UDQJH�RI�VWUHVV�OHYHOV�
DW����&�DQG����&��ZKHUH�WKH�VKHDU�VWUDLQ�UDWH�LV�SORWWHG�DJDLQVW�WKH�VWHDG\�VWDWH�FUHHS�VKHDU�VWUHVV�RQ�D�ORJ�
ORJ�VFDOH��,W�FDQ�EH�VHHQ�WKDW�WKH�VWHDG\�VWDWH�GHIRUPDWLRQ�EHKDYLRXU�RI�WKH�ELQGHU�DW�ERWK�WHPSHUDWXUHV�LV�
VLPLODU�LQ�VKDSH��ZLWK�KLJKHU�VWUDLQ�UDWHV�DW����&�IRU�D�SDUWLFXODU�VWUHVV�OHYHO��,W�FDQ�DOVR�EH�VHHQ�WKDW�DW�ORZ�
VWUHVV� OHYHOV���DSSUR[LPDWHO\�����N3D��WKH�H[SHULPHQWDO�GDWD�SRLQWV�WHQG�WR�OLH�RQ�D�VWUDLJKW�OLQH�ZLWK�D�
VORSH�RI�DSSUR[LPDWHO\����7KLV�LQGLFDWHV�WKDW�WKH�VWHDG\�VWDWH�GHIRUPDWLRQ�EHKDYLRXU�RI�WKH�ELWXPHQ�LQ�WKLV�
UHJLRQ� LV� OLQHDU� YLVFRXV� � WJ v� ��� $W� VWUHVV� OHYHOV� JUHDWHU� WKDQ� ���� N3D� WKH� VORSH� RI� WKH� OLQH� WHQGV� WR�
LQFUHDVH��LQGLFDWLQJ�D�WUDQVLWLRQ�IURP�OLQHDU�YLVFRXV�EHKDYLRXU�WR�QRQ�OLQHDU�YLVFRXV�EHKDYLRXU��
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7UDQVLWLRQ�UHJLRQ
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1

1

1

)LJ�����6WHDG\�VWDWH�GHIRUPDWLRQ�EHKDYLRXU�RI�WKH��������3HQ�JUDGH�ELWXPHQ��
$W�VWUHVV�OHYHOV�JUHDWHU�WKDQ�����N3D��WKH�H[SHULPHQWDO�GDWD�SRLQWV�WHQG�WR�OLH�RQ�D�VWUDLJKW�OLQH�DJDLQ�

ZLWK�D�VORSH�RI������LQGLFDWLQJ�QRQ�OLQHDU�SRZHU�ODZ�FUHHS�YLVFRXV�EHKDYLRXU�� ����WJ v� � 7KH�OLQHDU�DQG�
QRQ�OLQHDU� EHKDYLRXU� RI� WKH� ELQGHU� FDQ� DOVR� EH� VHHQ� LQ� )LJ�� ��ZKHUH� WKH� VKHDU� YLVFRVLW\� RI� WKH� ELQGHU�
� JWK �� � LV� SORWWHG� DJDLQVW� WKH� VKHDU� VWUHVV��$W� ORZ� VWUHVV� OHYHOV�� WKH� YLVFRVLW\� LV� FRQVWDQW�� LQGLFDWLQJ�
OLQHDU�EHKDYLRXU�DQG�WHQGV�WR�GHFUHDVH�DV�WKH�VWUHVV�OHYHO�LQFUHDVHV��ZKLFK�LQGLFDWHV�WKDW�WKH�EHKDYLRXU�LV�
QRQ�OLQHDU�DW�KLJK�VWUHVV�OHYHOV���
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)LJ�����/LQHDU�DQG�QRQ�OLQHDU�EHKDYLRXU�RI�WKH��������3HQ�JUDGH�ELWXPHQ�

�� 67($'<�67$7(�'()250$7,21�%(+$9,285�2)�$63+$/7,&�0,;785(6�
D��7HVWLQJ�SURJUDP��
8QLD[LDO�WHVWV�ZHUH�FRQGXFWHG�RYHU�D�UDQJH�RI�VWUHVV�OHYHOV��VWUDLQ�UDWHV�DQG�WHPSHUDWXUHV��7DEOH���DQG���
VKRZ�WKH�XQLD[LDO�FRQVWDQW�VWUHVV�DQG�FRQVWDQW�VWUDLQ�UDWH�WHVWV�SURJUDP��UHVSHFWLYHO\��� 7DEOH����8QLD[LDO�FRQVWDQW�VWUHVV�FUHHS�WHVW�FRQGLWLRQV�

6WUHVV�/HYHO��N3D��7HPSHUDWXUH�
�Û&�� +5$������ ��PP�'%0�
��� ������������������������ ��������������������
��� �������������������������� �����������������
��� � ��������� ��������������������

7DEOH����8QLD[LDO�FRQVWDQW�VWUDLQ�UDWH�WHVW�FRQGLWLRQV��
6WUDLQ�5DWH����V��7HPSHUDWXUH��Û&�� +5$������ ��PP�'%0�

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

7KH�WULD[LDO�WHVWV�ZHUH�SHUIRUPHG�DW���Û&�WR�DYRLG�SUREOHPV�DVVRFLDWHG�ZLWK�KDQGOLQJ�WKH�VSHFLPHQV�DW�
KLJKHU�WHPSHUDWXUHV��DV�WKH�VRIWHQLQJ�SRLQW�RI�WKH�ELQGHU�ZDV���Û&��7KH�WHVWV�ZHUH�SHUIRUPHG�RYHU�D�UDQJH�
RI� FRQILQLQJ� DQG�GHYLDWRU� VWUHVVHV� DV� JLYHQ� LQ�7DEOH����7KH� VWUHVV� FRQGLWLRQV�ZHUH� FKDUDFWHULVHG�E\� WKH�
VWUHVV�UDWLR� VVK �P � GHILQHG�E\�'HVKSDQGH�>��@��� 7DEOH����7ULD[LDO�WHVW�FRQGLWLRQV�

0L[WXUH� 6WUHVV�5DWLR� 'HYLDWRU�6WUHVV��N3D��
+5$������ ����������������� ��������������
��PP�'%0� ����������������� ���������������

7KH�PHDQ�VWUHVV�� PV ���DQG�WKH�GHYLDWRU�VWUHVV��V � DFWLQJ�RQ�WKH�VSHFLPHQ�DUH�JLYHQ�E\���
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��

�
������ VVVV �� P ����

���� VVV � � ����
ZKHUH� ��V � ��V DQG� ��V DUH�WKH�SULQFLSDO�VWUHVVHV��7KH�+5$�ZDV�WHVWHG�XS�WR�D�PD[LPXP�VWUHVV�UDWLR�RI�
K  �����ZKHUHDV�WKH�'%0�ZDV�RQO\�WHVWHG�XS�WR�D�PD[LPXP�VWUHVV�UDWLR�RI��������7KLV�ZDV�EHFDXVH�VWUHVV�
UDWLRV�DERYH�WKHVH�YDOXHV�UHVXOWHG�LQ�VSHFLPHQ�ORFN�XS�DQG�JDYH�QR�PHDQLQJIXO�UHVXOWV��
E��7HVW�HTXLSPHQW�DQG�LQVWUXPHQWDWLRQ��

$Q� ,QVWURQ� ����� ORDG� IUDPH� ZLWK� D� WHPSHUDWXUH�FRQWUROOHG� FDELQHW� �±�Û&� WR� ��Û&�� DQG� D� VHUYR�
K\GUDXOLF�DFWXDWRU�ZLWK�D�ORDG�FDSDFLW\�RI������N1�DQG����PP�D[LDO�VWURNH�ZDV�XVHG�IRU�WKH�WULD[LDO�WHVW�
SURJUDPPH��)LJXUH� �� VKRZV� WKH� H[SHULPHQWDO� VHW�XS� IRU� WKH� FRPSUHVVLYH� XQLD[LDO� WHVWLQJ�XQGHUWDNHQ� LQ�
WKLV�VWXG\����

)LJ������8QLD[LDO�WHVW�VHW�XS��
,Q� WKLV� WHVW�� WKH� VSHFLPHQ� ZDV� SODFHG� EHWZHHQ� WZR� SROLVKHG� FKURPH� SODWHV�� � $� IULFWLRQ� UHGXFWLRQ�

V\VWHP��FRPSULVHG�RI�D�OD\HU�RI�SODVWLF�ILOP�VDQGZLFKHG�EHWZHHQ�WZR�OD\HUV�RI�VRDS��ZDV�XVHG�WR�PLQLPL]H�
ODWHUDO�FRQILQHPHQW�GXH�WR�IULFWLRQ�EHWZHHQ�WKH�SODWHQV�DQG�WKH�VSHFLPHQ���7ZR�/9'7V��SRVLWLRQHG�RQ�WKH�
WRS�SODWHQ�ZHUH� XVHG� WR�PHDVXUH� WKH� D[LDO� GHIRUPDWLRQ�RI� WKH� VSHFLPHQ� DQG� DQ�/9'7�PRXQWHG�RQ� WKH�
FROODU�ZDV�XVHG�WR�PHDVXUH�UDGLDO�GHIRUPDWLRQ�DW�WKH�PLG�KHLJKW�RI�WKH�VSHFLPHQ���

7KH�WULD[LDO�WHVW�HTXLSPHQW��DV�LOOXVWUDWHG�VFKHPDWLFDOO\�LQ�)LJ������ZDV�FRPSULVHG�RI�WKUHH�PDLQ�SDUWV��
WKH�VHUYR�FRQWURO�K\GUDXOLF�PDFKLQH�DV�GHVFULEHG�DERYH��D�WULD[LDO�FHOO�SODFHG�LQ�WKH�WHPSHUDWXUH�FRQWUROOHG�
FDELQHW��DQG�DQ�DLU�FRPSUHVVRU�WR�DSSO\� WKH�FRQILQLQJ�SUHVVXUH��7KH�FHOO�ZDV�D�VWDQGDUG�W\SH�FRPPRQO\�
XVHG�LQ�VRLO�PHFKDQLFV�ZLWK�D�PD[LPXP�FRQILQLQJ�SUHVVXUH�RI�����03D���$Q�LPSHUYLRXV�ODWH[�PHPEUDQH�
ZDV�XVHG�WR�VHDO�WKH�VSHFLPHQV�IURP�WKH�DLU�LQVLGH�WKH�FHOO��ZKLFK�ZDV�XVHG�DV�WKH�FRQILQLQJ�PHGLXP���7KH�
D[LDO�GHIRUPDWLRQ�RI�WKH�VSHFLPHQ�ZDV�PHDVXUHG�XVLQJ�WKH�ORDG�OLQH�GLVSODFHPHQW�RI�WKH�DFWXDWRU���6LPLODU�
WR�WKH�XQLD[LDO�WHVWV��WKH�UDGLDO�GHIRUPDWLRQ�ZDV�PHDVXUHG�XVLQJ�DQ�/9'7�PRXQWHG�RQ�WKH�FROODU�WKURXJK�D�
VHDOHG�KROH�LQ�WKH�PHPEUDQH���
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5DGLDO�/9'7�&DEOH

7HPSHUDWXUH�
&RQWUROOHG�
&DELQHW

5XEEHU�0HPEUDQH

/RDG�&HOO

6XEPHUVLEOH�
3LVWRQ

5XEEHU�2�
5LQJ

&ROODU

6SHFLPHQ

&DEOH�WR�3UHVVXUH�
*DXJH

$FWXDWRU

&HOO�*ODVV�:DOO

5DGLDO�/9'7�&DEOH

7HPSHUDWXUH�
&RQWUROOHG�
&DELQHW

5XEEHU�0HPEUDQH

/RDG�&HOO

6XEPHUVLEOH�
3LVWRQ

5XEEHU�2�
5LQJ

&ROODU

6SHFLPHQ

&DEOH�WR�3UHVVXUH�
*DXJH

$FWXDWRU

&HOO�*ODVV�:DOO

)LJ������6FKHPDWLF�RI�WKH�WULD[LDO�FHOO��
F���7HVW�SURFHGXUH��
���8QLD[LDO�WHVWV��8QLD[LDO�FRQVWDQW�VWUDLQ�UDWH�DQG�FRQVWDQW�VWUHVV�FUHHS�WHVWV�ZHUH�SHUIRUPHG�RYHU�D�UDQJH�
RI� WHPSHUDWXUHV� ���R& WR� ��R&��� �7R� HQVXUH� XQLIRUPLW\� RI� WHPSHUDWXUH�� WKH� VSHFLPHQV�ZHUH� VWRUHG� LQ� D�
WHPSHUDWXUH�FRQWUROOHG�FDELQHW�IRU�DW�OHDVW����KRXUV�SULRU�WR�WHVWLQJ���7KH�VSHFLPHQ�ZDV�LQVWUXPHQWHG�DQG�D�
VPDOO�FRPSUHVVLYH�SUH�ORDG�ZDV�DSSOLHG�WR�WDNH�XS�DQ\�VODFN�LQ�WKH�V\VWHP�DQG�DOORZ�WKH�IULFWLRQ�UHGXFWLRQ�
V\VWHP�WR�GHIRUP�LQ�RUGHU�WR�PLQLPLVH�VXEVHTXHQW�PHDVXUHPHQW�HUURUV���$�FRQVWDQW�ORDG�RU�GLVSODFHPHQW�
UDWH�ZDV�WKHQ�DSSOLHG�WR�WKH�VSHFLPHQ�XQWLO�IDLOXUH���$[LDO�DQG�UDGLDO�GHIRUPDWLRQV�DQG�ORDG�PHDVXUHPHQWV�
DW�SUH�VHW�WLPH�LQWHUYDOV�ZHUH�ORJJHG�DXWRPDWLFDOO\�GXULQJ�WKH�WHVW���
��� 7ULD[LDO� WHVWV��7KH� WDUJHW� FRQILQLQJ� SUHVVXUH� ZDV� DSSOLHG� WR� WKH� VSHFLPHQ� IROORZHG� E\� WKH� SUHORDG�
VWUHVV��ZKLFK�ZDV�LPPHGLDWHO\�IROORZHG�E\�WKH�WDUJHW�D[LDO�VWUHVV���7KH�D[LDO�DQG�UDGLDO�GHIRUPDWLRQV�ZHUH�
DXWRPDWLFDOO\�ORJJHG�E\�WKH�FRPSXWHU�IRU�WKH�GXUDWLRQ�RI�WKH�WHVW���2QO\�FUHHS�WHVWLQJ�ZDV�XQGHUWDNHQ�LQ�
WKH�WULD[LDO�WHVWLQJ�SURJUDPPH��
,Q�WKH�WULD[LDO�WHVWV��EHFDXVH�RI�WKH�D[LDO�V\PPHWU\��WZR�RI�WKH�SULQFLSOH�VWUHVVHV�DUH�HTXDO�WR�WKH�FRQILQLQJ�
VWUHVV��7KH�WKLUG�SULQFLSDO�VWUHVV�LV�HTXDO�WR�WKH�VXP�RI�WKH�FRQILQLQJ�VWUHVV�DQG�DQ�DGGLWLRQDO�D[LDO�VWUHVV�
ZKLFK�LV�DSSOLHG���+HQFH��WKH�SULQFLSDO�VWUHVVHV�DUH�JLYHQ�E\���
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:KHUH� 4� LV� WKH� DSSOLHG� D[LDO� ORDG��$ LV� WKH� LQLWLDO� FURVV�VHFWLRQDO� DUHD� RI� WKH� VSHFLPHQ� DQG� S LV� WKH�
FRQILQLQJ�VWUHVV���
G��7HVW�UHVXOWV��
��� 8QLD[LDO� WHVW� UHVXOWV�� 7\SLFDO� XQLD[LDO� FUHHS� WHVW� UHVXOWV� IRU� WKH� ��� PP� '%0� DW� VHOHFWHG� WHVWLQJ�
FRQGLWLRQV�DUH�SUHVHQWHG�LQ�)LJ������ZKHUH�WKH�D[LDO�VWUDLQ�LV�SORWWHG�DJDLQVW�WLPH���,W�FDQ�EH�VHHQ�IURP�WKLV�
ILJXUH�WKDW�WKH�FUHHS�FXUYH�FDQ�EH�GLYLGHG�LQWR�WKUHH�UHJLRQV��D�SULPDU\�FUHHS�UHJLRQ�ZKHUH�WKH�VWUDLQ�UDWH�
GHFUHDVHV�� D� VHFRQGDU\� FUHHS� UHJLRQ�ZKHUH� WKH� VWUDLQ� UDWH� LV� DOPRVW� FRQVWDQW�� NQRZQ� DV� WKH� VWHDG\�VWDWH�
VWUDLQ�UDWH��DQG�D�WHUWLDU\�FUHHS�UHJLRQ�ZKHUH�WKH�VWUDLQ�UDWH�LQFUHDVHV�UDSLGO\���
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)LJ������7\SLFDO�XQLD[LDO�FUHHS�WHVW�UHVXOWV�IRU�WKH����PP�'%0��
)LJXUH����VKRZV�W\SLFDO�UHVXOWV�IURP�FRQVWDQW�VWUDLQ�UDWH�WHVWV�RQ�WKH����PP�'%0�DW�VHOHFWHG�WHVW�

FRQGLWLRQV��ZKHUH�D[LDO� VWUHVV� LV�SORWWHG�DJDLQVW� WKH�D[LDO� VWUDLQ�� ,W�FDQ�EH�VHHQ� IURP� WKLV� ILJXUH� WKDW�
WKHUH� LV� DQ� LQFUHDVH� LQ� WKH� VWHDG\�VWDWH� VWUHVV� ZLWK� DQ� LQFUHDVLQJ� VWUDLQ� UDWH� DQG�RU� GHFUHDVLQJ�
WHPSHUDWXUH���,W�ZDV�IRXQG�WKDW�WKH�VWHDG\�VWDWH�VWUHVV�YDOXHV�IRU�WKH�'%0�ZHUH�JUHDWHU�WKDQ�WKRVH�IRU�
WKH�+5$�������
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)LJ������7\SLFDO�FRQVWDQW�VWUDLQ�UDWH�WHVW�UHVXOWV�IRU�WKH����PP�'%0��
7KH�VWHDG\�VWDWH�UHVXOWV�IURP�WKH�FRQVWDQW�VWUHVV�FUHHS�DQG�FRQVWDQW�VWUDLQ�UDWH�WHVWV�IRU�WKH�+5$�DUH�

VXPPDULVHG�LQ�)LJ������ZKHUH�WKH�VWHDG\�VWDWH�VWUDLQ�UDWH�LV�SORWWHG�DJDLQVW�WKH�VWHDG\�VWDWH�VWUHVV�RQ�ORJ�
ORJ�VFDOHV���6LPLODU�EHKDYLRXU�ZDV�REVHUYHG�IRU�WKH�'%0�ZKLFK��IRU�EUHYLW\��LV�QRW�SUHVHQWHG�KHUH���7KH�
VWHDG\�VWDWH�VWUHVV� LQ� WKH�FRQVWDQW� VWUDLQ�UDWH� WHVWV� LV� WKH�SHDN�VWUHVV�DW� WKH�SUHVFULEHG�VWUDLQ� UDWH�DQG� WKH�
VWHDG\�VWDWH� VWUDLQ� UDWH� LQ� FRQVWDQW� VWUHVV� FUHHS� WHVWV� LV� WKH� VORSH� RI� WKH� VHFRQGDU\� FUHHS� UHJLRQ�� � ,W� KDV�
SUHYLRXVO\�EHHQ�IRXQG�WKDW�UHVXOWV�IURP�FUHHS�WHVWV�DQG�FRQVWDQW�VWUDLQ�UDWH�WHVWV�DUH�FRPSOHPHQWDU\�>�������
DQG���@���
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)LJ������8QLD[LDO�VWHDG\�VWDWH�GHIRUPDWLRQ�EHKDYLRXU�IRU�WKH�+5$�������
&KHXQJ�>��@�DQG�'HVKSDQGH�>��@�SURSRVHG�WKH�0RGLILHG�&URVV�0RGHO�WR�UHODWH�WKH�VWHDG\�VWDWH�

VWUHVV�WR�WKH�VWHDG\�VWDWH�VWUDLQ�UDWH��
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ZKHUH�V LV�WKH�XQLD[LDO�VWUHVV�� H� LV� WKH�XQLD[LDO�VWUDLQ�UDWH�DQG� SP HV ���� DUH�WKH�PDWHULDO�FRQVWDQWV�� � ,W�
FDQ�EH� VHHQ� WKDW� IRU� ORZ�YDOXHV�RIH� � (T�� ���� UHGXFHV� WR� OLQHDU�YLVFRXV�EHKDYLRXU� � VH v� � DQG� IRU�KLJK�
YDOXHV� RI� xH � (T�� ���� UHGXFHV� WR�QRQ�OLQHDU� YLVFRXV�EHKDYLRXU� � QVH v� ���ZKHUH� WKH� H[SRQHQW�Q LV� JLYHQ�
E\ ����� P� � 7KH�VROLG�OLQHV�LQ�)LJ�����DUH�SUHGLFWLRQV�IURP�WKH�0RGLILHG�&URVV�0RGHO����

)RU� WKH� WKUHH� WHPSHUDWXUHV� LQYHVWLJDWHG� LQ� WKLV� VWXG\�� WKH� WHPSHUDWXUH� GHSHQGHQFH�RI� WKH�+5$�DQG�
'%0�PL[WXUHV�ZDV�IRXQG�WR�EH�ZHOO�FDSWXUHG�E\�WKH�IUHH�YROXPH�:/)�PRGHO�ZKLFK�FDQ�EH�LQFRUSRUDWHG�
LQWR�(T������WKURXJK�WKH�FRQVWDQW� x

SH � VHH�&KHXQJ�>��@�IRU�IXUWKHU�GHWDLOV��JLYLQJ���
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ZKHUH� SFH� LV� WKH�UHIHUHQFH�VWUDLQ�UDWH�DW�7 ��&�� VF� 	 VF�  XQLYHUVDO�FRQVWDQWV�ZLWK�WKH�YDOXHV������	�
�������DQG� V7 LV�WKH�UHIHUHQFH�WHPSHUDWXUH�ZLWK�D�YDOXH�RI����&���(TXDWLRQV�����DQG�����ZHUH�ILWWHG�WR�WKH�
GDWD��WKH�FRQVWDQWV�DUH�JLYHQ�LQ�7DEOH������ 7DEOH����0RGLILHG�&URVV�0RGHO�FRQVWDQWV�IRU�WKH�PL[WXUHV��

���7ULD[LDO�WHVWV�UHVXOWV��)LJXUH����VXPPDULVHV�WKH�PRQRWRQLF�WULD[LDO�VWHDG\�VWDWH�FUHHS�EHKDYLRXU�RI�WKH�
+5$� RYHU� D� UDQJH� RI� GHYLDWRU� VWUHVVHV� V DQG� VWUHVV� UDWLRVK � ZKHUH� WKH� VWHDG\�VWDWH� VWUDLQ� UDWH� xH LV�
SORWWHG� DJDLQVW� VWUHVV� V RQ� GRXEOH� ORJDULWKPLF� VFDOHV�� 6LPLODU� EHKDYLRXU� ZDV� REVHUYHG� IRU� WKH� '%0��

3DUDPHWHU� +5$� '%0�
�V �03D�� ������ ����
SFH� ���V�� ���î����� ���î�����
0 ����� �����
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ZKLFK�IRU�EUHYLW\��LV�QRW�SUHVHQWHG�KHUH���,W�FDQ�EH�VHHQ�IURP�)LJ�����WKDW��IRU�D�FRQVWDQW�VWUHVV�UDWLR��WKH�
FXUYHV�KDYH�WKH�VDPH�VKDSH�DV�WKH�FXUYH�IRU�XQLD[LDO�EHKDYLRXU��K  �����VKRZQ�LQ�)LJ��������
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)LJ������0RQRWRQLF�VWHDG\�VWDWH�EHKDYLRXU�RI�WKH�+5$�DW�GLIIHUHQW�VWUHVV�UDWLRV��
7KH�0RGLILHG�&URVV�0RGHO�ZLWK�WKH�DGGLWLRQ�RI�D�VWLIIHQLQJ�IDFWRU��DV�VXJJHVWHG�E\�'HVKSDQGH�HW�DO��
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ZKHUH�6 LV�WKH�VWLIIHQLQJ�IDFWRU��7KH�YDOXH�RI�6 ZDV�GHWHUPLQHG�E\�ILWWLQJ�(T������WR�WKH�H[SHULPHQWDO�GDWD�
XVLQJ�WKH�FRQVWDQWV�LQ�7DEOH�����7KH�UHVXOW�LV�VKRZQ�LQ�)LJ�����E\�WKH�VROLG�OLQHV���,W�FDQ�EH�VHHQ�IURP�)LJ��
���WKDW��RYHU�WKH�UDQJH�RI�VWUHVV�OHYHOV�XVHG�LQ�WKLV�VWXG\��WKH�PL[WXUHV�H[KLELW�QRQ�OLQHDU�SRZHU�ODZ�FUHHS�
EHKDYLRXU�ZLWK�WKH�SRZHU�H[SRQHQW�RI������)URP�)LJ�����LW�FDQ�EH�VHHQ�WKDW�6 LQFUHDVHV�ZLWK�LQFUHDVLQJ�WKH�
VWUHVV�UDWLR�K � )LJXUH����VXPPDULVHV�WKH�HIIHFW�RI�WKH�VWUHVV�UDWLR�RQ�6 IRU�WKH�WZR�PL[WXUHV���,W�FDQ�EH�VHHQ�
IURP�WKLV�ILJXUH�WKDW�WKH�VWLIIHQLQJ�IDFWRU�LV�PRUH�VHQVLWLYH�WR�WKH�VWUHVV�UDWLR�IRU�WKH�'%0�FRPSDUHG�WR�WKH�
+5$�PL[WXUH��7KLV�ZDV� H[SHFWHG� DV� WKH� FRQILQHPHQW� KDV�PRUH� HIIHFW�ZKHUH� WKHUH� LV� JUHDWHU� DJJUHJDWH�
LQWHUORFN��ZKLFK�LV�WKH�FDVH�IRU�WKH�FRQWLQXRXVO\�JUDGHG�'%0���
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��
���&21&/86,21��

7KH�IROORZLQJ�FRQFOXVLRQV�FDQ�EH�GUDZQ�IURP�WKLV�SDSHU��
x &RQVWDQW� VWUHVV� FUHHS� WHVWV� SHUIRUPHG� RQ� WKH� ������� 3HQ� ELWXPHQ� LQGLFDWHG� WKDW� WKH� GHIRUPDWLRQ�

EHKDYLRXU�RI�WKH�SXUH�ELWXPHQ�FDQ�EH�FKDUDFWHULVHG�E\�SRZHU�ODZ�FUHHS�ZLWK�WKH�FUHHS�H[SRQHQW�RI���
DW�ORZ�VWUHVV�OHYHOV������N3D���LQGLFDWLQJ�OLQHDU�EHKDYLRXU��DQG�WKH�FUHHS�H[SRQHQW�RI�DSSUR[LPDWHO\�
���� DW� KLJK� VWUHVV� OHYHOV� �!���� N3D��� LQGLFDWLQJ� QRQ�OLQHDU� YLVFRXV� EHKDYLRXU�� 7KH� WUDQVLWLRQ� IURP�
OLQHDU�WR�QRQOLQHDU�EHKDYLRXU�ZDV�IRXQG�WR�RFFXU�DW�D�VWUHVV�OHYHO�RI����N3D���

x 7KH�XQLD[LDO�DQG�WULD[LDO�VWHDG\�VWDWH�GHIRUPDWLRQ�EHKDYLRXU�RI�WKH�+5$�DQG�WKH�'%0�PL[WXUHV�ZDV�
IRXQG�WR�EH�OLQHDU�YLVFRXV�DW�ORZ�VWUHVV�OHYHOV�DQG�QRQ�OLQHDU�YLVFRXV�ZLWK�DQ�H[SRQHQW�RI�����IRU�WKH�
+5$�DQG���IRU�WKH�'%0�PL[WXUH�DW�KLJK�VWUHVV�OHYHOV���7KH�EHKDYLRXU�ZDV�IRXQG�WR�EH�ZHOO�FDSWXUHG�
E\�WKH�0RGLILHG�&URVV�0RGHO��

x 7KH�WHPSHUDWXUH�GHSHQGHQFH�RI�WKH�XQLD[LDO�VWHDG\�VWDWH�GHIRUPDWLRQ�EHKDYLRXU�ZDV�IRXQG�WR�EH�ZHOO�
FDSWXUHG�E\�:/)�HTXDWLRQ��

x &RQILQHPHQW�ZDV� IRXQG� WR�KDYH�D�VWLIIHQLQJ�HIIHFW�RQ� WKH�VWHDG\�VWDWH�GHIRUPDWLRQ�EHKDYLRXU�ZLWK�D�
JUHDWHU�HIIHFW�IRU�WKH�PL[WXUH�ZLWK�WKH�KLJKHU�DJJUHJDWH�LQWHUORFN���

x $ FULWLFDO�VWUHVV�UDWLR�ZDV�IRXQG�IRU�HDFK�PL[WXUH��EH\RQG�ZKLFK�WKH�PL[WXUHV�ZHUH�REVHUYHG�WR�ORFN�
XS��

�
5()(5(1&(6��

��� $UDEDQL�� 0�� 	� 9HLV� .DUDPL�� 0�� �������� $� VLPSOH� QRQOLQHDU�HODVWLF� PRGHO� IRU� SUHGLFWLRQ� RI� OLPH� VWDELOL]HG�
FOD\H\� VDQG� EHKDYLRXU�� ,UDQLDQ� -RXUQDO� RI� 6FLHQFH� DQG� 7HFKQRORJ\� 7UDQVDFWLRQ� %�� (QJLQHHULQJ�� 9RO�� ����
SS����������

��� &ROORS�� $�� &��� &HERQ�� '�� 	� +DUG\�� 0�� 6�� �������� 9LVFRHODVWLF� DSSURDFK� WR� UXWWLQJ� LQ� IOH[LEOH� SDYHPHQWV��
7UDQVSRUWDWLRQ�(QJLQHHULQJ��9RO�������SS���������

��� (LVHQPDQQ�� -�� 	� +LOPHU�� $�� �������� ,QIOXHQFH� RI� ZKHHO� ORDG� DQG� LQIODWLRQ� SUHVVXUH� DW� DVSKDOW� SDYHPHQWV� ��
H[SHULPHQWV� DQG� WKHRUHWLFDO� LQYHVWLJDWLRQV��3URFHHGLQJV� RI� WKH� �WK� ,QHUQDWLRQDO� &RQIHUHQFH� RQ� WKH� 6WUXFWXUDO�
'HVLJQ�RI�$VSKDOW�3DYHPHQWV� $QQ�$UERU��SS�����������

��� +RIVWUD��$��	�.ORPS��$��-��*����������3HUPDQHQW�GHIRUPDWLRQ�RI�IOH[LEOH�SDYHPHQWV�XQGHU�VLPXODWHG�URDG�WUDIILF�
FRQGLWLRQV��3URFHHGLQJV�RI�WKH�7KLUG�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�WKH�6WUXFWXUDO�'HVLJQ�RI�$VSKDOW�3DYHPHQWV�
/RQGRQ��8.��SS�����������

��� &KHXQJ��&��<��	�&HERQ��'����������'HIRUPDWLRQ�PHFKDQLVPV�RI�SXUH�ELWXPHQ��0DWHULDOV�LQ�&LYLO�(QJLQHHULQJ�
9RO�����SS����������

��� &KHXQJ��&��<��	�&HERQ��'�� �������� ([SHULPHQWDO� VWXG\� RI� SXUH� ELWXPHQ� LQ� WHQVLRQ�� FRPSUHVVLRQ� DQG� VKHDU��
5KHRORJ\� 9RO������SS���������

��� &ROORS�� $�� &��� $LUH\�� *�� '�� 	� .KDQ]DGD�� 6�� �������� &UHHS� WHVWLQJ� RI� ELWXPHQV� XVLQJ� WKH� G\QDPLF� VKHDU�
5KHRPHWHU���3DYHPHQW�(QJLQHHULQJ�9RO�����SS����������

��� 'HVKSDQGH��9��	�&HERQ��'����������6WHDG\�VWDWH�FRQVWLWXWLYH�UHODWLRQVKLS�IRU�LGHDOLVHG�DVSKDOW�PL[HV��-RXUQDO�RI�
0HFKDQLFV�RI�0DWHULDOV� 9RO������1R�����SS�����������

��� &ROORS��$��&��	�.KDQ]DGD��6����������3HUPDQHQW�GHIRUPDWLRQ�LQ�LGHDOLVHG��6DQG�$VSKDOW´�ELWXPLQRXV�PL[WXUHV��
7KH�,QWHUQDWLRQDO�-RXUQDO�RI�5RDG�0DWHULDOV�DQG�3DYHPHQW�'HVLJQ� 9RO�����1R�����SS��������

���� 2VVD�� (�� $�� �������� 'HIRUPDWLRQ� EHKDYLRXU� RI� ELWXPHQ� DQG� ELWXPLQRXV� PL[HV�� 3K�'�� 7KHVLV�� 8QLYHUVLW\� RI�
&DPEULGJH��&DPEULGJH��8.��

���� %ULWLVK�6WDQGDUGV�,QVWLWXWLRQ���������&RDWHG�PDFDGDPV�IRU�URDGV�DQG�RWKHU�SDYHG�DUHDV��%6�������3DUW���
���� %ULWLVK�6WDQGDUGV�,QVWLWXWLRQ���������+RW�UROOHG�DVSKDOW�IRU�URDGV�DQG�RWKHU�SDYHG�DUHDV� %6������3DUW���/RQGRQ��
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��
���� 7DKHUNKDQL��+����������([SHULPHQWDO�&KDUDFWHULVDWLRQ�RI�WKH�&RPSUHVVLYH�3HUPDQHQW�'HIRUPDWLRQ�%HKDYLRXU�LQ�

$VSKDOWLF�0L[WXUHV��3K�'�7KHVLV��8QLYHUVLW\�RI�1RWWLQJKDP��8.��
���� %ULWLVK� 6WDQGDUGV� ,QVWLWXWLRQ� �������� 6DPSOLQJ� DQG� H[DPLQDWLRQ� RI� ELWXPLQRXV� PL[WXUHV� IRU� URDGV� DQG� RWKHU�

SDYHG�DUHDV� 0HWKRGV�RI�WHVW�IRU�WKH�GHWHUPLQDWLRQ�RI�GHQVLW\�DQG�FRPSDFWLRQ��
���� $LUH\��*��'����������5KHRORJLFDO�FKDUDFWHULVWLFV�RI�SRO\PHU�PRGLILHG�DQG�DJHG�ELWXPHQ��3K'�7KHVLV��8QLYHUVLW\�

RI�1RWWLQJKDP��
���� 2VVD�� (�� $��� 'HVKSDQGH�� 9�� 	� &HERQ�� '�� �������� $� SKHQRPHQRORJLFDO� PRGHO� IRU� WKH� PRQRWRQLF� DQG� F\FOLF�

EHKDYLRXU�RI�SXUH�ELWXPHQ��-RXUQDO�RI�0DWHULDOV�LQ�&LYLO�(QJLQHHULQJ��$6&(�
���� 'HVKSDQGH��9��6����������6WHDG\�VWDWH�GHIRUPDWLRQ�EHKDYLRXU�RI�ELWXPLQRXV�PL[HV��3K�'��7KHVLV��8QLYHUVLW\�RI�

&DPEULGJH��8.��
���� &KHXQJ��&��<�� ��������0HFKDQLFDO�EHKDYLRXU�RI�ELWXPHQV� DQG�ELWXPLQRXV�PL[HV��3K�'��7KHVLV��8QLYHUVLW\�RI�
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