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9�.DUD]LQ�.KDUNLY�1DWLRQDO�8QLYHUVLW\�
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1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH�����/HQLQ�$YH��������.KDUNLY��8NUDLQH

5HFHLYHG�2FWREHU���������
6WDELOLW\�RI� V\QWKHVL]HG� OHDG�� FDGPLXP�DQG�FKURPLXP� �,,,��E�GLNHWRQDWHV�DQG�PHUFXU\

�,�� GLPHGRQDWH� LQ� VROLG� VWDWH�DQG� LQ�GLOXWHG� VROXWLRQV�ZDV� LQYHVWLJDWHG�E\� WLWULPHWU\�DQG
LQGXFWLYHO\� FRXSOHG� SODVPD� RSWLFDO� HPLVVLRQ� VSHFWURPHWU\�� ,W� ZDV� VKRZQ�� WKDW� WKH� VROLG
VDPSOHV�DUH�VWDEOH�GXULQJ���\HDUV�DQG�WKH�VROXWLRQV�NHHS�WKH�FRQFHQWUDWLRQ�IRU���PRQWKV�
0HWDO�DFHW\ODFHWRQDWHV�DUH�UHFRPPHQGHG�DV�SDUHQW�VXEVWDQFHV�IRU�PDQXIDFWXULQJ�RI�UHIHU�
HQFH�VDPSOHV�XVHG�IRU�FDOLEUDWLRQ�RI�DQDO\WLFDO�LQVWUXPHQWV�DQG�DFFXUDF\�FRQWURO�

j°°ãË�ºmÈÓÈ� �°�º®�Òmº°�	� °ÒÓ�ËÏÒ¯ºmÈÓÓ©²� E��Ò}Ë�ºÓÈ�ºm� °mÒÓ�È�� }È�äÒ«�� ²¯ºäÈ
�,,,��Ò��ÒäË�ºÓÈ�È�¯���Ò��,��m��mË¯�ºä�°º°�º«ÓÒÒ�Ò�m�¯ÈÏÈmãËÓÓ©²�¯È°�mº¯È²�äË�º�ÈäÒ
�Ò�¯ÒäË�¯Ò�Ë°}º�º� ÈÓÈãÒÏÈ� Ò� È�ºäÓº�ªäÒ°°ÒºÓÓº®� °¹Ë}�¯ºäË�¯ÒÒ� °� ÒÓ��}�ÒºÓÓº®
¹ãÈÏäº®�� �º}ÈÏÈÓº�� ��º� �mË¯�©Ë� º¯ÈÏ�©� �°�º®�Òm©� m� �Ë�ËÓÒË� �� ãË��� È� ¯ÈÏÈmãËÓÓ©Ë
¯È°�mº¯©�°º²¯ÈÓ«
��°mº
�}ºÓ�ËÓ�¯È�Ò
���äË°«�È��k�Ë�ÒãÈ�Ë�ºÓÈ�©�äË�Èããºm�¯Ë}ºäËÓ�º�
mÈÓ©� m� }È�Ë°�mË� Ò°²º�Ó©²� mË�Ë°�m��ã«�ÒÏ�º�ºmãËÓÒ«� °�ÈÓ�È¯�Ó©²� º¯ÈÏ�ºm� °º°�ÈmÈ� ¹¯Ò
�¯È��Ò¯ºm}Ë�ÈÓÈãÒ�Ò�Ë°}Ò²�¹¯Òº¯ºm�Ò�}ºÓ�¯ºã«�¹¯ÈmÒã	Óº°�Ò�¯ËÏ�ã	�È�ºm�ÈÓÈãÒÏÈ�

1RZDGD\V�� D� YDULHW\� RI� SK\VLFRFKHPLFDO
DQG�SK\VLFDO�PHWKRGV�RI�DQDO\VLV�DUH�ZLGHO\
XVHG�LQ�HFRORJLFDO�PRQLWRULQJ�DQG�IRU�GHWHU�
PLQDWLRQ� RI� PLFURTXDQWLWLHV� RI� PHWDOV� LQ
IRRGVWXIIV�DQG�SRWDEOH�ZDWHU�>�@��$SSOLFDWLRQ
RI� WKHVH�PHWKRGV� UHTXLUHV� DYDLODELOLW\� RI� DS�
SURSULDWH� UHIHUHQFH� VDPSOHV� �56�� >����@�� 7KH
PRVW� LQWHUHVWLQJ� DUH� VDPSOHV� VXLWDEOH� IRU
FDOLEUDWLRQ�DQG�DFFXUDF\�FRQWURO�RI�GLIIHUHQW
PHWKRGV�RI�DQDO\VLV��'HYHORSPHQW�RI�PXOWL�
IXQFWLRQDO�VDPSOHV�LV�RQH�RI�DFWXDO�SUREOHPV
RI� PRGHUQ� DQDO\WLFDO� FKHPLVWU\�� 2UJDQLF
PHWDO� FRPSOH[HV� DUH� RQH� RI� SHUVSHFWLYH
FODVVHV� RI� SDUHQW� PDWHULDOV� IRU� UHIHUHQFH
VDPSOHV� SUHSDULQJ�� 0HWDO� E�GLNHWRQDWHV� DUH
YHU\� LQWHUHVWLQJ� IRU� WKHVH� SXUSRVHV� >�Ü��@�
7KH\� DUH� WKHUPDOO\� VWDEOH�� VROXEOH� HQRXJK
LQ�ZDWHU�DQG�RUJDQLF�VROYHQWV��7KLV�LV�HVSH�
FLDOO\�LPSRUWDQW�IRU�GHWHUPLQDWLRQ�RI�PHWDOV
LQ�QDWXUDO�DQG�LQGXVWULDO�REMHFWV�ZKHUH�WKH\

DUH� IUHTXHQWO\� SUHVHQW� DV� FRPSOH[HV� ZLWK
RUJDQLF�OLJDQGV�>��Ü��@�

/HDG�� FDGPLXP�DQG� FKURPLXP�DFHW\ODFH�
WRQDWHV� DQG� PHUFXU\� �,�� GLPHGRQDWH� ZHUH
V\QWKHVL]HG� DQG� SXULILHG�� &KURPLXP� �,,,�
DFHW\ODFHWRQDWH� ZDV� V\QWKHVL]HG� DFFRUGLQJ
WR�WKH�IROORZLQJ�UHDFWLRQ�
&U������&�+�2��mo �&U�&�+�2���p����+�����
$� NQRZQ� DPRXQW� RI� FKURPLXP� �,,,�� VXO�

SKDWH� ZDV� GLVVROYHG� LQ� ���� PO� RI� GLVWLOOHG
ZDWHU�� WKHQ� DFHW\ODFHWRQH� DQG� ��� J� RI� FDU�
EDPLGH� ZHUH� DGGHG�� 5HDJHQWV� ZHUH� KHDWHG
IRU� �� K� DW� ��Ü���&�� 3XULILFDWLRQ� RI� FKUR�
PLXP� �,,,�� DFHW\ODFHWRQDWH� ZDV� SHUIRUPHG
E\� LWV� UHFU\VWDOOL]DWLRQ� LQ� HWKDQRO� VROXWLRQ�
7KH�YLROHW�DFLFXODU�FU\VWDOV�ZLWK�WKH�PHOWLQJ
SRLQW�RI�����&�ZHUH�REWDLQHG�

/HDG�DFHW\ODFHWRQDWH��P�S��LV�����&��ZDV
REWDLQHG� E\� WKH� DFWLRQ� RI� D� ZDWHU� VROXWLRQ

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV
1HZV�RI�7HFKQRORJ\

)XQFWLRQDO�PDWHULDOV������������� ���



RI� OHDG� DFHWDWH� RQ� DQ� HWKDQRO� VROXWLRQ� RI
DFHW\ODFHWRQH�� 5HDJHQWV� ZHUH� KHDWHG� RQ� D
EDLQ�PDULH� IRU� �� K� DW� ��Ü���&�� WKHQ� GLV�
WLOOHG� ZDWHU� ZDV� DGGHG� DQG� SUHFLSLWDWHG
FU\VWDOV�ZHUH�ILOWHUHG�RXW�

&DGPLXP�DFHW\ODFHWRQDWH� �ZKLWH�SRZGHU�
P�S��LV�����&��ZDV�V\QWKHVL]HG�LQ�DPPRQLD�
DFHWDWH� EXIIHU�PHGLD� DW� S+� ��� DV� JLYHQ� LQ
WKH�IROORZLQJ�FRQVHFXWLYH�UHDFWLRQ�

1D2+���&�+�2��mo �&�+�2�1D���+�2� ���

�&�+�2�1D���&G�12����mo
mo �&G�&�+�2�������1D12��

���

0HUFXU\� �,��GLPHGRQDWH�ZDV�SUHSDUHG�E\
WKH�UHDFWLRQ�RI�GLPHGRQDWH�HWKDQRO�VROXWLRQ
DQG�PHUFXU\� �,��QLWUDWH�VROXWLRQ�DW�S+�����
$IWHU� VHGLPHQWDWLRQ� GXULQJ� ��� K� WKH� UHVL�
GXH�ZDV�ILOWHUHG�RXW�DQG�WUHDWHG�ZLWK�HWKD�
QRO� LQ�RUGHU� WR�UHPRYH�H[FHVV�RI�GLPHGRQH�
7KH� SURGXFW� ZDV� GULHG� IRU� �� K� DW� ���Ü
����&��7KXV�SUHSDUHG�DQG�SXULILHG�PHUFXU\
�,�� GLPHGRQDWH� ZDV� D� OLJKW�JUD\� VXEVWDQFH
ZLWK�WKH�PHOWLQJ�SRLQW�����&�

7KH�FRQWHQWV�RI�E�GLNHWRQDWHV�LQ�WKH�V\Q�
WKHVL]HG� VXEVWDQFHV� ZHUH� GHWHUPLQHG� LQ
)*83�'�,�0HQGHOHHY�91,,� �6W�� 3HWHUVEXUJ�
XVLQJ� �.DVNDG����� FU\RPHWHU� >��@�� ,W� ZDV
IRXQG�WKDW�DEXQGDQFH�RI�E�GLNHWRQDWHV�LQ�DOO
VDPSOHV�ZDV�PRUH� WKHQ����������7KHVH�UH�
VXOWV�ZHUH�YHULILHG�E\�WLWULPHWULF�GHWHUPLQD�
WLRQV� RI� PHWDOV� FRQWHQW� LQ� WKH� V\QWKHVL]HG
VXEVWDQFHV��6RGLXP� WKLRVXOIDWH�ZDV�XVHG�DV
D�WLWUDQW�IRU�PHUFXU\�GHWHUPLQDWLRQ�>��@�DV
ZHOO� DV� FRPSOH[RQH� �,,,�� ZDV� XVHG� IRU� OHDG
DQG�FDGPLXP�GHWHUPLQDWLRQ�>��@�

7KH�VROXELOLW\�RI�E�GLNHWRQDWHV�LQ�ZDWHU�DW
�����r�����&�ZDV�DV�IROORZV������r�����J�OÜ�
IRU�FDGPLXP�DFHW\ODFHWRQDWH������r�����J�OÜ�
IRU�PHUFXU\��,��GLPHGRQDWH������r�����J�OÜ�
IRU� FKURPLXP� �,,,�� DFHW\ODFHWRQDWH� DQG
����r�����J�OÜ��IRU�OHDG�DFHW\ODFHWRQDWH�

$�QXPEHU�RI�VROXWLRQV�FRQWDLQHG������PJ�OÜ�
RI�OHDG�������PJ�OÜ��RI�FDGPLXP�������PJ�OÜ�
RI� FKURPLXP�� ����� DQG�����PJ� OÜ�� RI�PHU�
FXU\� ZHUH� SUHSDUHG� E\� GLVVROYLQJ� RI� H[DFW
DPRXQWV� RI� OHDG�� FDGPLXP� DQG� FKURPLXP
DFHW\ODFHWRQDWHV� DQG� PHUFXU\� �,�� GLPH�
GRQDWH� LQ� ZDWHU�� 6WDELOLW\� LQ� WLPH� RI� WKHVH
VROXWLRQV�ZDV�VWXGLHG�XVLQJ�D�VHTXHQWLDO�LQ�
GXFWLYHO\� FRXSOHG� SODVPD� DWRPLF�HPLVVLRQ
VSHFWURPHWHU� 75$&(� 6&$1� $GYDQWDJH
�7KHUPR� -DUUHOO� $VK�� 86$��� ,W� KDV� D[LDOO\
YLHZHG� FRQILJXUDWLRQ�� UDGLR� IUHTXHQF\� JHQ�
HUDWRU�FU\VWDO�FRQWUROOHG�DW�������0+]�ZLWK
DXWRPDWLF�WXQLQJ��SXUJHG�DQG�WKHUPRVWDWHG
����PHWHU�(EHUW�PRQRFKURPDWRU��VRODU�EOLQG

DQG� LQIUDUHG� 307� GHWHFWRUV�� FRPSRVLWH
JUDWLQJ� UXOHG� DW� ERWK� ����� DQG
����� OLQHV�PP�� $OO� RSHUDWLRQV� ZLWK� ,&3�
VSHFWURPHWHU� ZHUH� FRQWUROOHG� E\� WKH� SHU�
VRQDO� FRPSXWHU�� 6ROXWLRQ� XSWDNH� UDWH� ZDV
�����PO�PLQÜ��� QHEXOL]HU� DUJRQ� SUHVVXUH
ZDV����SVL�� UDGLR� IUHTXHQF\�JHQHUDWRU�ZDV
�����:��0HLQKDUG�JODVV�QHEXOL]HU�GHVLJQHG
IRU� GHWHUPLQDWLRQ� RI� ORZ� FRQFHQWUDWLRQ� RI
HOHPHQWV� ZDV� XVHG�� 0LFURVWDWLVWLFV� ZDV� DS�
SOLHG�IRU�GDWD�SURFHVVLQJ�>��@�

,Q� RUGHU� WR� VWXG\� VWDELOLW\� RI� WKH� V\QWKH�
VL]HG�E�GLNHWRQDWHV� LQ�VROLG�VWDWH��WKH�UHVXOWV
RI�WKH�PDLQ�FRPSRQHQW��PHWDO��GHWHUPLQDWLRQ
LQ�WKH�VDPSOHV�VWRUHG�GXULQJ���\HDUV�LQ�VHDOHG
RII�DPSRXOHV�DQG�LQ�WKH�ODERUDWRU\�JODVVZDUH
ZLWK�JURXQG�VWRSSHU�ZHUH�FRPSDUHG��5HVXOWV
REWDLQHG� IRU� FKURPLXP� �,,,�� DFHW\ODFHWRQDWH
DUH�JLYHQ�LQ�7DEOH���

+\SRWKHVLV� FKHFNLQJ� RQ� KRPRJHQHLW\� RI
YDULDQFHV�ZDV�SHUIRUPHG�DSSO\LQJ�.RKUDQ�V
J�WHVW�DW������VLJQLILFDQFH�OHYHO�
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)�WHVW� ZDV� DSSOLHG� WR� FKHFN� K\SRWKHVHV
DERXW�WKH�GLIIHUHQFH�EHWZHHQ�PHDQ�YDOXHV�RI
FRQFHQWUDWLRQ� RI� PHWDOV� PHDVXUHG� GXULQJ
WHVW�SHULRG�
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�Û�ZHLJKWHG�DYHUDJH�YDOXH�DW�JLYHQ�P��I�Û
WRWDO� QXPEHU� RI� GHJUHHV� RI� IUHHGRP�
2QH�FDQ�VHH�WKDW�YDULDQFHV�DUH�KRPRJHQHRXV
DQG�PHDQ� YDOXHV� RI� FKURPLXP� �,,,�� FRQWHQW
LQ� WKH� LQYHVWLJDWHG� VDPSOHV� VKRZ� D� QRQVLJ�
QLILFDQW�GLIIHUHQFH��7KH�VLPLODU�UHVXOWV�ZHUH
REWDLQHG�IRU�WKH�UHVW�RI�PHWDO�E�GLNHWRQDWHV�
,W�PHDQV�WKDW�WKHVH�VXEVWDQFHV�FDQ�EH�VWRUHG
GXULQJ� D� ORQJ� WLPH� ZLWKRXW� FKDQJH� RI� LWV
FRPSRVLWLRQ�QRW�RQO\�LQ�VHDOHG�RII�DPSRXOHV�
EXW�LQ�ODERUDWRU\�JODVVZDUH�DV�ZHOO�

5HVXOWV� RI� VWDELOLW\� WHVW� DQG� VWDWLVWLFDO
GDWD� WUHDWPHQW� REWDLQHG� RQ� GLOXWHG� VROX�
WLRQV� SUHSDUHG� IURP� WKH� V\QWKHVL]HG� PHWDO
E�GLNHWRQDWHV� DUH� VKRZQ� LQ� 7DEOHV��� DQG� ��
7KH� GDWD� SUHVHQWHG� LQ�7DEOHV��� DQG� �� GHP�
RQVWUDWH� WKDW� WKH� GLOXWHG� VROXWLRQV� RI� OHDG�
FDGPLXP� DQG� FKURPLXP� �,,,�� DFHW\ODFH�
WRQDWHV�DQG�PHUFXU\��,��GLPHGRQDWH�DUH�VWD�
EOH� DW� OHDVW� ZLWKLQ� IRXU� PRQWKV�� YDULDQFHV
DUH�KRPRJHQHRXV�IRU�HDFK�DQDO\VHG�HOHPHQW
DQG�PHDQ�YDOXHV�GLIIHU�LQVLJQLILFDQWO\�

5HVXOWV� RI� VWDELOLW\� WHVW� RI� LQYHVWLJDWHG
VXEVWDQFHV�LQ�VROLG�VWDWH�DQG�LQ�GLOXWHG�VROX�
WLRQV� LQGLFDWH� WKDW� PHWDO� E�GLNHWRQDWHV� PHHW
WKH� UHTXLUHPHQWV� IRU� UHIHUHQFH� VDPSOHV� >��@�
7KHVH�VXEVWDQFHV�FDQ�EH�UHFRPPHQGHG�IRU�XVH
LQ�FKHPLFDO�DQDO\VLV�SUDFWLFH�DV�SDUHQW�PDWH�
ULDOV� IRU� UHIHUHQFH� VDPSOHV�� 7KH� VWDQGDUG
VDPSOHV� RI� 132� �9\PSHO�� �0RVFRZ��� 132
�0RQROLW�� �.KDUNLY��� 132� �(OHFWURW\D]K�
PDVK�� �.KDUNLY�� KDYH� EHHQ� SURGXFHG� XVLQJ
OHDG�� FDGPLXP�DQG�FKURPLXP��,,,�� DFHW\ODFH�
WRQDWHV�DQG�PHUFXU\��,��GLPHGRQDWH��7KH\�DUH
DSSOLHG� IRU� WKH� FDOLEUDWLRQ� RI� DQDO\WLFDO� LQ�
VWUXPHQWV�DV�ZHOO�DV�IRU�WKH�DFFXUDF\�FRQWURO�

5HIHUHQFHV
� ���<X�6�'UXJRY��$�$�5RGLQ��(FRDQDO\WLFDO�&KHP�

LVWU\��0$,.�1DXND�,QWHUSHULRGLFD���6W��3HWHUV�
EXUJ��������>LQ�5XVVLDQ@��

7DEOH���� 6WDELOLW\� WHVW� UHVXOWV� REWDLQHG� E\� ,&3�$(6� RQ� GLOXWHG� VROXWLRQV� SUHSDUHG� IURP� WKH
V\QWKHVL]HG�PHWDO�E�GLNHWRQDWHV��3� �������Q� ����

(OHPHQW $GGHG�
PJ�OÜ�

)RXQG��PJ�OÜ�
1RYHPEHU����� 'HFHPEHU����� -DQXDU\����� )HEUXDU\����� 0DUFK�����
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� ���$�%�6KDHYLFK�� 5HIHUHQFH� 6DPSOHV� LQ� $QDO\WL�
FDO� &KHPLVWU\�� .KLPLD�� 0RVFRZ� ������� >LQ
5XVVLDQ@�

� ���|�,�<XUFKHQNR��6WDQGDUGL]DWLRQ��&HUWLILFDWLRQ�
4XDOLW\���������������

� ���5�0RVKLHU��5�6LYHUV��*DV�&KURPDWRJUDSK\�RI
0HWDO� &KHODWHV�� 3HUJDPRQ� 3UHVV�� 1HZ� <RUN
�������

� ���,�6WDU\��&KHODWHV�([WUDFWLRQ��3HUJDPRQ�3UHVV�
1HZ�<RUN���������

� ���<X�$�� =RORWRY�� &KHODWHV� ([WUDFWLRQ�� 1DXND�
0RVFRZ��������>LQ�5XVVLDQ@�

� ���0HWDO� E�'LNHWRQDWHV�� 1DXND�� 0RVFRZ� ������
>LQ�5XVVLDQ@�

� ���6WUXFWXUH�� 3URSHUWLHV� DQG� $SSOLFDWLRQ� RI
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