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���,1752'8&7,21
&HWLUL]LQH�� WKH� DFWLYH� FRPSRQHQW� RI� =<57(&��
WDEOHWV�DQG�V\UXS��LV�DQ�RUDOO\�DFWLYH�DQG�VHOHFWLYH�
+��UHFHSWRU� DQWDJRQLVW� XVHG� IRU� WKH� WUHDWPHQW� RI�
DOOHUJ\� V\PSWRPV� >�@�� ,W� LV� XVHG� LQ� WKH� WUHDWPHQW�
RI� SHUHQQLDO� DQG� VHDVRQDO� DOOHUJHWLF� UKLQLWLV� DQG�
DOVR�IRU�FKURQLF�XWLFDULD��)HZ�PHWKRGV�KDYH�EHHQ�
XVHG� IRU� TXDQWLWDWLYH� GHWHUPLQDWLRQ� RI� FHWLUL]LQH��
7KHVH� PHWKRGV� LQFOXGH� IOXRULPHWU\� >�@��
VSHFWURSKRWRPHWU\� >�@�� WLWULPHWU\� DQG�
FRQGXFWLPHWU\�>�@��JDV�FKURPDWRJUDSK\�>�@��KLJK�
SHUIRUPDQFH� OLTXLG� FKURPDWRJUDSK\� >���@�� OLTXLG�
FKURPDWRJUDSK\�>���@�DQG�LRQ�VHOHFWLYH�HOHFWURGHV�
>��@��EDVHG�RQ�WKH�IRUPDWLRQ�RI�LRQ�SDLU�FRPSOH[�
RI� FHWLUL]LQH� ZLWK� WHWUDSKHQ\OERUDWH�� 7KH� VROLG�
SKDVH�H[WUDFWLRQ��63(��WHFKQLTXH�KDV�LQFUHDVLQJO\�
EHFRPH� SRSXODU� LQ� FRPSDULVRQ� ZLWK� WKH� PRUH�
WUDGLWLRQDO� H[WUDFWLRQ� PHWKRGV� EHFDXVH� RI� LWV�
VHYHUDO� PDMRU� DGYDQWDJHV� VXFK� DV�� �L�� VLPSOH� WR�
RSHUDWH�� �LL�� KLJK� SUHFRQFHQWUDWLRQ� IDFWRU�� �LLL��
UDSLG�SKDVH�VHSDUDWLRQ�DQG��LY��DELOLW\�WR�FRPELQH�
ZLWK�GLIIHUHQW�GHWHFWLRQ�WHFKQLTXHV��9DULRXV�VROLG�
SKDVHV� LQFOXGLQJ� &KHOH[� ����� $PEHUOLWH� ;$'�
UHVLQV��V\QWKHWLF�SRO\PHUV��SRO\XUHWKDQH�IRDP�DQG�
DFWLYDWHG� FDUERQ� KDYH� EHHQ� XVHG� IRU� WKH� VROLG�
SKDVH� H[WUDFWLRQ� RI� WUDFH� KHDY\� PHWDOV� LQ�
HQYLURQPHQWDO�VDPSOHV�SULRU�WR�WKHLU�LQVWUXPHQWDO�
DQDO\VLV�>�����@�

6XUIDFWDQWV�DUH�H[WHQVLYHO\�XVHG� WR�VWDELOL]H�GUXJ�
GHOLYHU\� V\VWHPV�� &RPPRQO\� WKH\� DUH�PROHFXOHV�
VHOI�DVVHPEOHG� LQ� ZDWHU� RU� LQ� RLO�� OHDGLQJ� WR� WKH�
IRUPDWLRQ�RI�D�ZHOO�GHILQHG�PLFURVWUXFWXUH��(YHQ�
D� VLQJOH� VXUIDFWDQW� FDQ� GLVSOD\� D� ULFK� YDULHW\� RI�
VWUXFWXUHV� WKDW� GHSHQGV� RQ� VHYHUDO� SDUDPHWHUV��
VXFK DV� ZDWHU� FRQWHQW� DQG� WHPSHUDWXUH��
1HYHUWKHOHVV�� WKHVH� PLFURKHWHURJHQHRXV� V\VWHPV�
FDQ� LQWHUIHUH�ZLWK� GUXJ� VHSDUDWLRQ� DQG� GHWHFWLRQ��
DQG� DQ� DGHTXDWH� DQDO\WLFDO� PHWKRG� LV� QHHGHG� WR�
DQDO\]H�WKH�GUXJ�FDUULHG�E\�WKHVH�V\VWHPV�>��@�
,Q� WKH� SUHVHQW� VWXG\�� +HQJDP LVODQG� VDQG�
SUHSDUHG�DQG�FRDWHG�E\�VXUIDFWDQW�PRGLILHU�DJHQW�
DQG� DIWHU� IXOO\� FKDUDFWHUL]DWLRQ�� PDJQHWLF� QDQR�
PDWHULDO� LV� XWLOL]HG� DV� 63(� DGVRUEHQW� IRU�
H[WUDFWLRQ� RI� FHWLUL]LQH� IURP� DTXHRXV� VROXWLRQ�
VDPSOHV��'HWHUPLQDWLRQ� DQG� TXDQWLILFDWLRQ�RI� WKH�
DQDO\WH� ZDV� LQYHVWLJDWHG� E\� KLJK� SHUIRUPDQFH�
OLTXLG� FKURPDWRJUDSK\� HTXLSSHG� ZLWK� DQ� XOWUD�
YLROHW�GHWHFWRU��+3/&�89��

���(;3(5,0(17$/
����5HDJHQWV�DQG�0DWHULDOV
$OO� UHDJHQW� JUDGHV� VXFK� DV� SKRVSKRULF� DFLG��
VRGLXP� GL�K\GURJHQ� SKRVSKDWH�� GL�VRGLXP�
K\GURJHQ�SKRVSKDWH� DFHWLF� DFLG�� VRGLXP�DFHWDWH��
DFHWRQLWULOH�� WROXHQH� DQG� DFHWRQH� ZHUH� SUHSDUHG�
IURP� 0HUFN� &KHPLFDOV� �'DUPVWDGW�� *HUPDQ\���

([WUDFWLRQ�RI�&HWLUL]LQH�8VLQJ�0DJQHWLF�1DQRSDUWLFOHV�RI�+HQJDP�
,VODQG�6DQG�DQG�'HWHUPLQDWLRQ�E\�+3/&

���(OKDP�0RQLUL����$WHIHK�7DPDGGRQ�0DWLQD�$]DG�5RRVWD
���'HSDUWPHQW�RI�&KHPLVWU\�� &HQWUDO�7HKUDQ�%UDQFK��,VODPLF�$]DG�8QLYHUVLW\��

7HKUDQ��,UDQ�
��� 'HSDUWPHQW�RI�&KHPLVWU\���9DUDPLQ��3LVKYD� %UDQFK��,VODPLF�$]DG�8QLYHUVLW\��

9DUDPLQ��,UDQ�
5HFHLYHG���� -XO\ ���� $FFHSWHG���� 1RYHPEHU �����

'2,�����������LMDF����������������

$EVWUDFW
,Q�SUHVHQW�ZRUN�+HQJDP�LVODQG�VDQGV�ZHUH�XVHG�IRU�SUHSDUDWLRQ�RI�QHZ�PDJQHWLF�QDQR�DGVRUEHQW��7KHVH�VDQGV�KDYH�
LQWULQVLF�PDJQHWLF�SURSHUWLHV�GXH�WR�SRVVHVV�VSHFLILF�FRPSRXQGV�VXFK�DV�)H�2���,W�ZDV�PRGLILHG�E\�VXUIDFH�DFWLYDWRU�
DJHQW�QDPHO\����*O\FLG\OR[\SURS\O�WULPHWKR[\VLODQH� WR�SURGXFH�HIIHFWLYH�QDQR�DGVRUEHQW��$IWHU�SUHSDUDWLRQ�RI� WKLV�
QDQR�DGVRUEHQW��,WV�SK\VLFDO�DQG�FKHPLFDO�SURSHUWLHV�ZDV�YHULILHG�XVLQJ�VHYHUDO�WHFKQLTXHV�VXFK�DV�)7,5��7*$�'7*��
;5'�DQG�6(0��1DQR�DGVRUEHQW�ZDV�XVHG�DV�D�VROLG�SKDVH�WR�H[WUDFWLRQ�RI�FHWLUL]LQH�IURP�DTXHRXV�VROXWLRQV�DQG�WKHQ�
LWV�GHWHUPLQDWLRQ�ZDV�GRQH�E\�+3/&��(IIHFWLYH�DQDO\WLFDO�SDUDPHWHUV�VXFK�DV�S+�RI�VDPSOH�VROXWLRQ��S+ ����GRVDJH�
RI�QDQR�DGVRUEHQW������PJ���]HUR�FKDUJH �S+] ����EUHDNWKURXJK�YROXPH������P/��DQG�FRQWDFW�WLPH�����PLQ��ZHUH�
HYDOXDWHG�DQG�RSWLPL]HG��)XUWKHUPRUH��ILJXUHV�RI�PHULW�SDUDPHWHUV�VXFK�DV�SUHFLVLRQ��56' ��������OLPLW�RI�GHWHFWLRQ�
�/2' �����J�/����DQG�OLQHDU�G\QDPLF�UDQJH��/'5 ���������PJ�/����ZHUH�REWDLQHG��$OVR�IRU�YDOLGDWLRQ�WKH�DFFXUDF\�
RI�PHWKRG��DPRXQW�RI�FHWLUL]LQH�LQ�WZR�UHDO�VDPSOHV�ZHUH�VXFFHVVIXOO\�GHWHUPLQHG��

.H\ZRUGV
+HQJDP�,VODQG�6DQG� 0RGLILHG�0DJQHWLF�1DQR�3DUWLFOHV� &HWLUL]LQH�([WUDFWLRQ�'HWHUPLQDWLRQ� +3/&�



0�$� $]DG�5RRVWD�HW��DO��([WUDFWLRQ�RI�&HWLUL]LQH�8VLQJ�0DJQHWLF�«��_ ��

&KLWRVDQ�� VRGLXP� FDUERQDWH� DQG� ��
�*O\FLG\OR[\SURS\O�WULPHWKR[\VLODQH� ZDV�
REWDLQHG� IURP� 6LJPD�$OGULFK� �86$��� &HWLUL]LQH�
V\UXS�DQG� WDEOHW ZDV�SXUFKDVHG�IURP�.LPLD�GDUR�
3KDUPDFHXWLFDO� &R�� �7HKUDQ�� ,UDQ��� $FHWRQLWULOH��
DFHWRQH� DQG�PHWKDQRO� �DOO� LQ�+3/&� JUDGH�� ZHUH�
SXUFKDVHG� IURP� 'XNVDQ� &R�� /WG�� �$QVDQ�� 6RXWK�
.RUHD���+HQJDP�LVODQG�VDQGV�ZDV�SURYLGHG�IURP�
+HQJDP��4HVKP�,VODQG��+RUPR]JDQ��,UDQ��

����,QVWUXPHQWV�
+3/&�89� DQDO\VLV� ZDV� SHUIRUPHG� RQ� D� .QDXHU�
�*HUPDQ\�� V\VWHP� HTXLSSHG� ZLWK� D� 89� YLVLEOH�
GHWHFWRU� �.������� .QDXHU�� *HUPDQ\�� DQG� SXPS�
�.������� .QDXHU�� *HUPDQ\�� DQG� D� .QDXHU�
LQMHFWRU� FRQVLVWLQJ� RI� D� ��� ȝ/� ORRS�� 6HSDUDWLRQ�
ZDV� FRQGXFWHG� RQ� DQ DQDO\WLFDO� &�� FROXPQ� ����
ȝP� SDUWLFOH� GLDPHWHU�� ���� PP� L�G�î��� FP��
�.QDXHU�� *HUPDQ\�� DW� URRP� WHPSHUDWXUH�� 7KH�
PRELOH�SKDVH�RI� WKH�DFHWRQLWULOH�SKRVSKDWH�EXIIHU�
VROXWLRQ� ����PPRO�/���� DW� D� UDWLR�RI� ������ �9�9��
ZLWK�ILQDO�S+�RI���ZHUH�XVHG�LQ�WKH�LVRFUDWLF�PRGH�
DW� D� IORZ� UDWH� RI� ���� P/� PLQ���� $� )RXULHU�
WUDQVIRUP�LQIUDUHG��)7,5��VSHFWURPHWHU� �7KHUPR��
1LFNROHW� ���� DQG� $XVWUDOLD�� DQG� SRZGHU� ;�UD\�
GLIIUDFWLRQ� �;5'�� �'������ 6LHPHQV�� *HUPDQ\��
ZHUH� DSSOLHG� WR� FKDUDFWHUL]H� WKH� SUHSDUHG� QDQR�
SDUWLFOHV��6FDQQLQJ�HOHFWURQ�PPLFURVFRS\� �6(0��
0,5$�� )(*±6(0� �7HVFDQ�� 7KH� &]HFK�
5HSXEOLF��ZDV�XWLOL]HG�IRU�PRUSKRORJLF�VXUYH\��$�
S+� PHWHU� �0HWURKP������ +HULVDX�VZLW]HUODQG��
DQG�GLJLWDO�EDODQFH��$1'��'5������ZHUH�XVHG�WR�
WKH�S+�DGMXVWPHQW�DQG�EDODQFLQJ��UHVSHFWLYHO\�

���� 6\QWKHVLV�H[WUDFWLRQ� RI� )H�2� SDUWLFOHV� IURP�
+HQJDP�LVODQG�VDQG
)LUVWO\��SUHSDUHG�+HQJDP LVODQG�VDQG�ZDV�ZDVKHG�
VHYHUDO� WLPHV�ZLWK� DFHWRQH� DQG� GLVWLOOHG�ZDWHU� WR�
UHPRYLQJ� RI� WKH� LPSXULWLHV� DQG� WKHQ�� DIWHU� WZR�
GD\V� GULHG� DW� ��� &��� 'ULHG� VDQG� SDUWLFOHV� ZHUH�
FUXVKHG�XVLQJ�EXOOHW�PLOO�VHYHUDO� WLPHV��WR�REWDLQ�
YHU\�ILQH�QDQR�SDUWLFOHV��DQG� WKHQ�PDJQHWLF�QDQR�
SDUWLFOHV� RI� VDQG� ZHUH� VHSDUDWHG� E\� WKH� KHOS� RI�
VWURQJ�PDJQHW�

���� 3UHSDUDWLRQ� RI� QDQR�)H�2��6L2�� E\� QDWXUDO�
PDJQHWLF�QDQR�SDUWLFOHV
,Q� RUGHU� WR� LQFUHDVH� WKH� VHOHFWLYLW\� RI� PDJQHWLF�
QDQR�SDUWLFOHV� DQG� SUHSDUH� LW� WR� DGVRUE� RI�
FHWLUL]LQH�� D� VXUIDFH� DFWLYDWLRQ� SURFHVV� LV�
QHFHVVDU\�� $� PDLQ� JRDO� RI� WKLV� SURFHVV� LV�
DFWLYDWLRQ� RI� IXQFWLRQDO� JURXSV� RQ� DGVRUEHQW� WR�
LQFUHDVH� WKH� LQWHUDFWLRQ� ZLWK� DQDO\WH�� )RU� WKLV�
SXUSRVH��LQ�����P/�RI�URXQG�ERWWRP�IODVN���J�RI�
PDJQHWLF� QDQR�SDUWLFOHV�SUHSDUHG� LQ� WKH�SUHYLRXV�
VWHS� PL[HG� ZLWK� ��� P/� RI� DQK\GULGH� WROXHQH��
7KHQ�� DW� UHIOX[� FRQGLWLRQ�� �� P/� RI� ��
�*O\FLG\OR[\SURS\O�WULPHWKR[\VLODQH� ZDV� DGGHG�

DQG�PL[LQJ�ZDV� FRQWLQXHG� DW� ������&�� IRU����K��
)LQDOO\�� PRGLILHG� QDQR�SDUWLFOHV� ZDV� VHSDUDWHG�
XVLQJ� PDJQHW� DQG� ZDVKHG� VHYHUDO� WLPHV� ZLWK�
WROXHQH�DQG�WKHQ�DW����&��GULHG�IRU����K��

���� 6\QWKHVLV� RI� QDQR�)H�2��6L2��&KLWRVDQ� DV�
QDQR�DGVRUEHQW
,Q�(UOHQPH\HU� IODVN�����P/����JUDP�RI�FKLWRVDQ�
ZDV�GLVSHUVHG�LQ�WKH����PO�RI�DFHWDWH�EXIIHU�DW�S+�
RI� �� DQG� PL[HG�� 7KHQ�� �� JUDP� RI� QDQR�)H�2���
6L2� SDUWLFOHV� DGGHG� DQG�ZDV�PL[HG� IRU� ��� K� DW�
WHPSHUDWXUH� RI� ��� &�� �ZDUP� EDWK��� $IWHU� LW�� ����
JUDP� RI� VRGLXP� FDUERQDWH� ZDV� DGGHG� DQG� WKHQ�
PL[LQJ� SURFHVV� ZDV� UHSHDWHG� IRU� ��� K�� )LQDOO\��
VROXWLRQ� ZDV� FRROHG� DW� URRP� WHPSHUDWXUH� DQG�
XSSHU�VROXWLRQ�ZDV�GHFDQWHG�DQG�VHGLPHQWHG�VROLG�
ZDV� ZDVKHG� VHYHUDO� WLPHV� ZLWK� DFHWDWH� VROXWLRQ�
DQG� WKHQ� GLVWLOOHG�ZDWHU�� WKHQ� 6ROLG� ZDV� GULHG� DW�
��� �&� IRU� �� K�� 7KH� PHFKDQLVP� RI� SUHVHQWHG�
V\QWKHVLV�ZDV�VKRZHG�LQ�WKH�)LJ� ��

�� $W �� FHOFLXV� 0L[LQJ� DW ���
USP� �'D\

�� DGGHGLQJ 1D�&2�� WKHQ PL[LQJ�
�'D\
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1DQR�)H�2��6L2��&KLWRVDQ

1DQR�)H�2��6L2��&KLWRVDQ

)LJ�� �� 6\QWKHVLV� PHFKDQLVP� RI� QDQR�)H�2��6L2��
&KLWRVDQ�

����&KURPDWRJUDSKLF�FRQGLWLRQV
7KH�PRELOH�SKDVH�ZDV�DFHWRQLWULOH�ZDWHU��������WKH�
S+�RI�WKLV�PRELOH�SKDVH�ZDV�DGMXVWHG�WR�����ZLWK�
SKRVSKRULF�DFLG���������%HIRUH�GHOLYHULQJ�LQWR�WKH�
V\VWHP� LW�ZDV� ILOWHUHG� WKURXJK������ȝP�ILOWHU�DQG�
GHJDVVHG� XVLQJ� D� YDFXXP�� 7KH� DQDO\VLV� ZDV�
FDUULHG�RXW�XQGHU�LVRFUDWLF�FRQGLWLRQV�XVLQJ�D�IORZ�
UDWH� ���� PO� PLQ�� DW� URRP� WHPSHUDWXUH��
&KURPDWRJUDPV�ZHUH�UHFRUGHG�DW�����QP�XVLQJ�D�
GHWHFWRU�� ,QMHFWRU� ZLWK� D� ��� ȝ/� VDPSOH� ORRS�
LQWURGXFHG�WKH�VDPSOHV�

�����$QDO\WLFDO�SURFHGXUH
7KH� H[WUDFWLRQ� SURFHVV� E\� PDJQHWLF� QDQR�
DGVRUEHQW� ZDV� FRQGXFWHG� DV� IROORZV�� � ,Q� WKH�
FRQLFDO� WXEH� ��� P/� RI� ���� PJ� /�� FHWLUL]LQH�
VROXWLRQ� ZDV� DGGHG� DQG� XVLQJ� VROXWLRQV� VXFK� DV�
+&O��1D2+��DFHWDWH�RU�SKRVSKDWH�EXIIHU������0���
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S+� ZDV� DGMXVWHG� DQG� WKHQ� ���� PJ� RI� QDQR�
DGVRUEHQW�ZDV�DGGHG��7KH�WXEH�ZDV�VWLUUHG�LQ�WKH�
YRUWH[�IRU�GHILQHG�WLPH�LQ�RUGHU�WR�WKH�DGVRUSWLRQ�
ZDV� RFFXUUHG�� $IWHU� WKDW� WKH� PDJQHWLF� QDQR�
DGVRUEHQW�ZDV�VHSDUDWHG�IURP�DTXHRXV�VROXWLRQ�E\�
WKH� H[WHUQDO� PDJQHW�� 7KHQ� WKH� QDQR�DGVRUEHQW� LV�
VRQLFDWHG� LQ� SURSHU� GHVRUSWLRQ� VROYHQW� IRU� ��
PLQXWHV� WR� GHVRUE� H[WUDFWHG� FHWLUL]LQH� IURP� WKH�
DGVRUEHQW� VXUIDFH� DQG� ��� ȝ/� RI� VDPSOH� ZDV�
LQMHFWHG�LQWR�WKH�+3/&�89�V\VWHP�

���5(68/7�$1'�',6&866,21�
(IIHFWLYH�DQDO\WLFDO�SDUDPHWHUV�RQ�WKH�DEVRUEDQFH�
RI� FHWLUL]LQH� RQWR� QDQR�DGVRUEHQW� DUH� FRQWDLQLQJ�
S+� RI� VDPSOH� VROXWLRQ�� GRVDJH� RI� FHWLUL]LQH��
DPRXQWV�RI� QDQR�DGVRUEHQW�� SRLQW� RI� ]HUR� FKDUJH�
�S]F�� DQG� IXUWKHUPRUH� ILJXUHV� RI� PHULWV� VXFK� DV�
OLPLW� RI� GHWHFWLRQ� �/2'��� OLQHDU� G\QDPLF� UDQJH�
�/'5��� SUHFLVLRQ� �56'�� DQG� LVRWKHUPV� VWXGLHV�
ZHUH� H[DPLQHG� DQG� REWDLQHG�� )LQDOO\�� DELOLW\� RI�
PHWKRG� LQ� WR�GHWHUPLQDWLRQ�RI� FHWLUL]LQH� LQ� VRPH�
UHDO�VDPSOH�ZDV�HYDOXDWHG�

���� &KDUDFWHUL]DWLRQ� RI� QDQR�DGVRUEHQW�
V\QWKHVL]HG
6\QWKHVL]HG� QDQR�DGVRUEHQW� ZDV� FKHFNHG� E\�
VHYHUDO� WHFKQLTXHV� VXFK� DV� )7,5�� ;5'��
7*$�'7*�DQG�6(0��
,Q� WKH� )LJ� ��� )7,5� DQDO\VLV� RI� QDQR�DGVRUEHQW�
ZDV�VKRZHG�DQG�UHVXOWV� LQGLFDWHG� WKDW�DEVRUSWLRQ�
EDQG� LQ��������&P�� UHODWHG� WR�)H�2�RU�)H�2�)H�
ERQG�YLEUDWLRQ���������&P�� UHODWHG�WR�&D�2�EDQG�
YLEUDWLRQ�� �������� &P�� UHODWHG� WR� 6L�2� EDQG�
YLEUDWLRQ�� ������� &P�� UHODWHG� WR� 2�+� EHQGLQJ�
EDQG� YLEUDWLRQ�� �������� &P�� UHODWHG� WR� 2�+�
GLPHU�EDQG�YLEUDWLRQ�DQG���������&P�� UHODWHG�WR�
2�+�VWUHWFKLQJ�EDQG�YLEUDWLRQ�

)LJ���� )7,5�VSHFWUXP�RI�QDQR�DGVRUEHQW��QDQR�)H�2��
6L2��&KLWRVDQ��

;5'�SDWWHUQ�RI�QDQR�DGVRUEHQW�KDV�EHHQ�VKRZHG�
LQ� )LJ� ��� 'LIIUDFWLRQ� DQJHOV� DW� ʹș RI� ��������
�������� �������� ������� DQG� ������� UHODWHG� WR� WKH�
FDOFLWH�SKDVH�DQG�DQJOHV�RI�������������������������
�������DQG��������UHODWHG�WR�WKH�KHPDWLWH��)H�2���
SKDVH��)XUWKHUPRUH�� GLIIUDFWLRQ� DQJOHV�RI� ��������
�������� �������� ������� DQG� ������� UHODWHG� WR� WKH�
TXDUW]�SKDVH�LQ�WKH�QDQR�DGVRUEHQW�

)LJ���� ;5'�SDWWHUQ�RI�QDQR�DGVRUEHQW�V\QWKHVL]HG�

7KHUPDO� JUDYLPHWULF� DQDO\VLV� ZDV� GRQH� RQ� WKH�
QDQR�DGVRUEHQW� DQG� VSHFWUXP�ZDV� VKRZQ� LQ� )LJ�
���5HVXOWV� VKRZHG� WKDW� WKH� LQ� WKH� WHPSHUDWXUH� RI�
����&��DERXW����PDVV�ZDV�GHFUHDVHG�WKDW�UHODWHG�
WR� WKH� ORVV� RI� ZDWHU� LQ� WKH� VDPSOH�� ,Q� WKH�
WHPSHUDWXUH�RI�����&��DPRXQW�RI�����PDVV�ZDV�
GHFUHDVHG�DQG�UHODWHG�WR�GHFRPSRVH�RU�VHSDUDWH�RI�
FKLWRVDQ� IURP�QDQR�DGVRUEHQW��)LQDO� ORVV� LQ�PDVV�
ZDV� RFFXUUHG� LQ� WKH� XSSHU� WHPSHUDWXUH� DQG�
EHFDXVH�RI�JHW�RXW�RI�RWKHU�RUJDQLF�FRPSRXQGV��

)LJ�� �� 7*$�'7*� DQDO\VLV� RI� QDQR�DGVRUEHQW�
V\QWKHVL]HG�

,Q�RUGHU� WR� WKH�HYDOXDWLRQ�PRUSKRORJLHV�RI�QDQR�
DGVRUEHQW�� VFDQQLQJ� HOHFWURQ� PLFURVFRS\� �6(0��
DQDO\VLV� ZDV� DFFRPSOLVKHG� �)LJ� �D�E��� 5HVXOWV�
VKRZHG�WKDW�WKH�SDUWLFOH�VL]H�RI�DGVRUEHQW�ZDV����
��� QP� DQG� KDV� F\OLQGULFDO� VKDSHV� ZLWK�
KRPRJHQHRXV�GLVWULEXWLRQ�

)LJ���D� 6(0�RI�QDQR�DGVRUEHQW�DW�VFDOH�RI�����QP
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)LJ���E� 6(0�RI�QDQR�DGVRUEHQW�DW�VFDOH�RI�����P

����'HWHUPLQDWLRQ�RI�SRLQW�RI�]HUR�FKDUJH��S]F�
7KH SRLQW� RI� ]HUR� FKDUJH� �S]F��� LQ� SK\VLFDO�
FKHPLVWU\�� LV� D� FRQFHSW� UHODWLQJ� WR� WKH�
SKHQRPHQRQ� RI DGVRUSWLRQ�� DQG� LW� GHVFULEHV� WKH�
FRQGLWLRQ�ZKHQ�WKH�HOHFWULFDO�FKDUJH�GHQVLW\�RQ�D�
VXUIDFH� LV� ]HUR� >��@�� )RU� WKLV� SXUSRVH�� UHVXOWV�
VKRZHG�LQ�)LJ� ���,W�ZDV�IRXQG�WKDW�D�S+�RI���ZDV�
VHOHFWHG� DV� ]HUR� FKDUJH� EHFDXVH� KDYH� QR� DQ\�
FKDUJH�� ,Q� WKH� ORZHU� DPRXQWV� RI� ��� WKH� VXUIDFH�
FKDUJH� RQ� WKH� QDQR�DGVRUEHQW� LV� SRVLWLYH� DQG� DW�
XSSHU�RI LW� WKH� VXUIDFH� FKDUJH� LV� QHJDWLYH��*LYHQ�
WKDW� WKH� FHWLUL]LQH� VWUXFWXUH� KDV� EHFRPH� QHJDWLYH�
FKDUJH�LQ�WKH�DTXHRXV�VROXWLRQ��LW�LV�H[SHFWHG�WKDW�
DGVRUSWLRQ� RI� FHWLUL]LQH� RQ� QDQR�DGVRUEHQW� WDNH�
SODFH�LQ�WKH�DFLGLF�PHGLD���

)LJ� ���3RLQW�RI�]HUR�FKDUJH�IRU�QDQR�DGVRUEHQW�

����(IIHFW�RI�S+
(IIHFW� RI� S+� RQ� WKH� DPRXQWV� RI� H[WUDFWLRQ�
GHSHQGV� RQ� W\SH� RI� IXQFWLRQDO� JURXSV� LQ� WKH�
VWUXFWXUH�RI� DQDO\WH��6HYHUDO� VROXWLRQV� FRQWDLQLQJ�
���P/�RI�����PJ�/�� FHWLUL]LQH�VROXWLRQ�LQ�WKH�S+�
UDQJH� RI� ���� WR� ����ZHUH� SUHSDUHG� DQG� DQDO\WLFDO�
SURFHGXUH�ZDV�FDUULHG�RXW��5HVXOWV�VKRZHG�LQ�WKH�

)LJ� ��� $V� FDQ� EH� VHHQ� PD[LPXP� DPRXQW� RI�
H[WUDFWLRQ�ZDV� WDNH� SODFH� DW� S+� RI� �� EHFDXVH� RI�
WKH� EHVW� LQWHUDFWLRQ� EHWZHHQ� FHWLUL]LQH� DQG�
IXQFWLRQDO�JURXSV�RI�WKH�DGVRUEHQW�DW�WKLV�SRLQW��

)LJ� �� (IIHFW�RI�S+�RQ�WKH�H[WUDFWLRQ�RI�FHWLUL]LQH�

����(IIHFW�RI�FRQWDFW�WLPH
&RQWDFW� WLPH� EHWZHHQ� DQDO\WH DQG� DGVRUEHQW� KDV�
HIIHFW� RQ� WKH� H[WUDFWLRQ� HIILFLHQF\��7R�REWDLQ� WKH�
EHVW�WLPH�RI�H[WUDFWLRQ��VHYHUDO�WLPHV�EHWZHHQ�����
���PLQ�ZDV� H[DPLQHG��5HVXOWV� VKRZHG� WKDW�ZLWK�
LQFUHDVLQJ� WKH� WLPH�� H[WUDFWLRQ� HIILFLHQF\� ZDV�
LQFUHDVHG��$V�FDQ�EH�VHHQ�����PLQ�ZDV�VHOHFWHG�DV�
WKH�RSWLPXP�WLPH��)LJ� ���

)LJ� ��� (IIHFW� RI� FRQWDFW� WLPH� RQ� WKH� H[WUDFWLRQ� RI�
FHWLUL]LQH

����(IIHFW�RI�QDQR�DGVRUEHQW�DPRXQW
$PRXQW� RI� DGVRUEHQW� KDV� GLUHFW� UHODWLRQVKLS�
ZLWKLQ�DPRXQW�RI�DFWLYH�VLWHV�WR�DGVRUE�RI�DQDO\WH�
DQG� LW� H[SHFWHG� WKDW� FKDQJH� ZLWK� WKH� DPRXQW� LW��
6HYHUDO� DPRXQWV� RI� QDQR�DGVRUEHQW� ZHUH�
H[DPLQHG� LQ� WKH� UDQJH� RI� �������PJ� DQG� UHVXOWV�
VKRZHG� LQ� WKH� )LJ� ��� ,W� ZDV� EH� IRXQG� WKDW� ZLWK�
LQFUHDVLQJ� LQ� WKH� DPRXQWV� RI� QDQR�DGVRUEHQW��
H[WUDFWLRQ�DPRXQWV�ZDV� LQFUHDVHG�DQG�����PJ�RI�
LW�KDV�DELOLW\�WR�PD[LPXP�H[WUDFWLRQ�RI�FHWLUL]LQH��
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$W� DPRXQWV� PRUH� WKDQ� RI� ����� WKH� H[WUDFWLRQ�
HIILFLHQF\�ZDV�FRQVWDQW�

)LJ� �� (IIHFW� RI� QDQR�DGVRUEHQW� GRVDJH� RQ� WKH�
H[WUDFWLRQ�RI�FHWLUL]LQH�

����&DOFXODWLRQ�RI�ILJXUHV�RI�PHULWV
7KH� VXLWDELOLW\� RI� WKH� SURSRVHG� PHWKRG� IRU�
TXDQWLWDWLYH� DQDO\VLV� ZDV� LQYHVWLJDWHG� E\�
GHWHUPLQDWLRQ�RI�FHWLUL]LQH�UHFRYHU\�IURP�DTXHRXV�
VDPSOHV�� DQG� WKH� REWDLQHG� UHVXOWV� FOHDUO\� VKRZ�
WKDW� WKH� PDWUL[� HIIHFWV� DUH� QHJOLJLEOH� �7DEOH� ����
$QDO\WLFDO� DFFXUDF\� ZDV� DVVHVVHG� IURP� WKH�
UHFRYHU\� RI� FHWLUL]LQH� VSLNHG� WR� YDULRXV� VDPSOHV��
7KH� UHFRYHU\� ZDV� ����±�������� 7KH� OLPLW� RI�
GHWHFWLRQ� �/2'�� LV� GHILQHG� DV� WKH� ORZHVW�
FRQFHQWUDWLRQ� RI� WKH� DQDO\WH� WKDW� SURGXFHV� D�
UHVSRQVH� GHWHFWDEOH� DERYH� WKH� QRLVH� OHYHO� RI� WKH�
V\VWHP��LW ZDV�FDOFXODWHG�DV��VE�P��ZKHUH�VE LV�WKH�
VWDQGDUG�GHYLDWLRQ�RI�EODQN�DV�WKUHH�LQMHFWLRQV�DQG�
P� LV� WKH� VORSH� RI� FDOLEUDWLRQ� FXUYH�� 7KH�
TXDQWLWDWLYH� FKDUDFWHULVWLFV� RI� WKH� SURSRVHG�
PHWKRG� VXFK� DV� FDOLEUDWLRQ� FXUYH� HTXDWLRQV��
FRUUHODWLRQ�FRHIILFLHQWV��OLPLW�RI�GHWHFWLRQ��/2'���
DQG� OLQHDU� G\QDPLF� UDQJHV� �/'5�� ZHUH� VWXGLHG�
7KH� KLJK� FRUUHODWLRQ� FRHIILFLHQWV� �!� ������� DQG�
ORZ�GHWHFWLRQ�OLPLW������ȝJ�/í���ZLWK�D�ZLGH�/'5�
������ � ����PJ�/���� DUH� LPSRUWDQW� FKDUDFWHULVWLFV�
RI� WKH� SURSRVHG� PHWKRG� �)LJ� ����� ,Q� RUGHU� WR�
H[DPLQH� WKH� HQULFKPHQW� IDFWRU� RI� DQDO\WH�� WKUHH�
UHSOLFDWH� H[WUDFWLRQV� ZHUH� FDUULHG� RXW� DW� RSWLPDO�
FRQGLWLRQV�IURP�DTXHRXV�VROXWLRQV�FRQWDLQLQJ�����
ȝJ� /í� RI� FHWLUL]LQH�� 7R� REWDLQ� WKH� ILQDO�
FRQFHQWUDWLRQ�RI�FHWLUL]LQH�LQ�WKH�H[WUDFWDQW�SKDVH��
LW� ZDV� LQMHFWHG� WR� +3/&� DQG� WKH� DUHD� RI� WKH�
UHVXOWLQJ� VLJQDO� ZDV� XVHG� WR� GHWHUPLQH� LWV�
FRQFHQWUDWLRQ� IURP� D� FDOLEUDWLRQ� JUDSK� REWDLQHG�
IURP�WKH�GLUHFW�LQMHFWLRQV�RI�YDU\LQJ�FRQFHQWUDWLRQ�
RI� WKH� VWDQGDUG� VROXWLRQV� RI� VDPSOH� XQGHU� WKH�
VDPH� H[SHULPHQWDO� FRQGLWLRQV�� )XUWKHU�
H[SHULPHQWV� KDYH� EHHQ� SHUIRUPHG� WR� DVVHVV� WKH�
UHSHDWDELOLW\�RI�WKH�PHWKRG��7KXV��VHYHQ�UHSOLFDWH�
GHWHUPLQDWLRQV� RI� FHWLUL]LQH� DW� GLIIHUHQW�
FRQFHQWUDWLRQV� LQ� YDULRXV� ZDWHU� VDPSOHV� KDYH�
EHHQ� FDUULHG� RXW� E\� XVLQJ� WKH� SURSRVHG� PHWKRG�
DQG� WKH� UHODWLYH� VWDQGDUG� GHYLDWLRQV� ZHUH�
FDOFXODWHG��7KHVH� UHVXOWV� VKRZHG� WKDW� WKH�56'��
RI� WKH�PHWKRG�ZDV� DERXW� ������� �Q� � ����ZKLFK�

LQGLFDWHG� WKDW� WKH� SURSRVHG� PHWKRG� KDV� D� JRRG�
UHSURGXFLELOLW\�

7DEOH��� 5HFRYHU\�RI�FHWLUL]LQH�IURP�UHDO�VDPSOHV�
5HFRYHU\�
���

)RXQGHG�
FHWLUL]LQH
��J�P/���

$GGHG�
FHWLUL]LQH
��J P/���

5HDO�VDPSOH
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&HWLUL]LQH�
WDEOHW����PJ

)LJ� ����/LQHDU� FDOLEUDWLRQ� FXUYH� IRU� GHWHUPLQDWLRQ� RI�
FHWLUL]LQH�

���&21&/86,21
1DQR�)H�2��6L2��&KLWRVDQ� DV� QDWXUDO� DGVRUEHQW�
EDVHG� RQ� PDJQHWLF� QDQRSDUWLFOHV� RI� +HQJDP�
,VODQG�ZDV�SUHSDUHG�IRU�WKH�ILUVW�WLPH�DQG�XVHG�IRU�
WKH� H[WUDFWLRQ� RI� FHWLUL]LQH� IURP� DTXHRXV� VDPSOH�
VROXWLRQV��6LPSOLFLW\�RI�QDQR�DGVRUEHQW�V\QWKHVLV��
IDVW�� VHOHFWLYH� DQG� HDV\� H[WUDFWLRQ� SURFHVV� LV� WKH�
DGYDQWDJHV�RI�WKH�QHZ�SURSRVHG�VDPSOH�WUHDWPHQW�
PHWKRG� IRU� H[WUDFWLRQ�RI� FHWLUL]LQH� IURP�DTXHRXV�
DQG�UHDO�VDPSOHV��

5()(5(1&(6
>�@ 7�� '\DNRQRY�� $�� 0XLU�� +�� 1DVUL�� '�� 7RRSV�

DQG�$��)DWPL�� ,VRODWLRQ�DQG�&KDUDFWHUL]DWLRQ�
RI� &HWLUL]LQH� 'HJUDGDWLRQ� 3URGXFW��
0HFKDQLVP� RI� &HWLUL]LQH� 2[LGDWLRQ�� 3KDUP��
5HV���� �����������±�����

>�@ 5�� 9LMD\DODNVKPL�� 6�� %KDUJDYL� DQG� 0�'��
'KDQDUDMX�� 6LPXOWDQHRXV� 89�
6SHFWURSKRWRPHWULF� GHWHUPLQDWLRQ� RI�
FHWLUL]LQH� DQG� GH[WURPHWKRUSKDQ� LQ� WDEOHW�
GRVDJH�IRUP��-��&KHP� ���������6����6����

>�@ .�<�� 7DP� DQG� /�� 4XHUH�� 0XOWLZDYHOHQJWK�
VSHFWURSKRWRPHWULF� UHVROXWLRQ� RI� WKH� PLFUR�
HTXLOLEULD� RI� FHWLUL]LQH��$QDO�� 6FL� ��� �������
����������
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>�@ $�)�$��<RXVVHI�DQG�5�$��)DUJKO\�� IRUPDWLRQ�
LQ� FRQGXFWLPHWULF� GHWHUPLQDWLRQ� RI� VRPH�
DQWLKLVWDPLQHV� LQ� SKDUPDFHXWLFDO�
IRUPXODWLRQV��&DQDGLDQ -��$QDO��6FL��6SHF� ���
���������������

>�@ (�� %DOWHV�� 5�� &RXSH]�� /�� %URXZHUV� DQG� -��
*REHUW�� 1RYHO� LRQRSKRUH IRU� WKH�
SRWHQWLRPHWULF� GHWHUPLQDWLRQ� RI� FHWLUL]LQH�
K\GURFKORULGH�LQ�SKDUPDFHXWLFDO�IRUPXODWLRQV�
DQG�KXPDQ�XULQH�� ,QW�� -��(OHFWURFKHP��6FL� ��
���������������

>�@ $�0�<�� -DEHU�� +�$�� $O�6KHULIH�� 0�0�� $O�
2PDUL� DQG� $�$�� %DGZDQ�� 'HWHUPLQDWLRQ� RI�
FHWLUL]LQH� GLK\GURFKORULGH�� UHODWHG� LPSXULWLHV�
DQG� SUHVHUYDWLYHV� LQ� RUDO� VROXWLRQ� DQG� WDEOHW�
GRVDJH� IRUPV� XVLQJ� +3/&�� -�� 3KDUP��
%LRPHG��$QDO��������������������

>�@ %��3DZ��*��0LV]WDO��+��+RSNDOD�DQG�-��'UR]G��
'HYHORSPHQW� DQG� YDOLGDWLRQ� RI� D� +3/&�
PHWKRG�IRU� WKH�GHWHUPLQDWLRQ�RI� FHWLUL]LQH� LQ�
SKDUPDFHXWLFDO� GRVDJH� IRUPV��3KDUPD]LH ���
���������������

>�@ +�� (ULNVHQ�� 5�� +RXJKWRQ�� 5�� *UHHQ� DQG� -��
6FDUWK��'HWHUPLQDWLRQ�RI�FHWLUL]LQH� LQ�KXPDQ�
SODVPD� E\� OLTXLG� FKURPDWRJUDSK\�WDQGHP�
PDVV� VSHFWURPHWU\�� &KURPDWRJUDSKLD ���
�������6����6����

>�@ 0�)��=DDWHU��<��5��7DKERXE�DQG�1��0��1DMLE��
53�/&� PHWKRG� IRU� WKH� GHWHUPLQDWLRQ� RI�
FHWLUL]LQH� LQ�VHUXP��-��3KDUP��%LRPHG��$QDO�
������������������

>��@ $�)�� 6KRXNU\��1�7��$EGHO�*KDQL�� <�0�� ,VVD�
DQG� +�0�� $KPHG�� 3ODVWLF� PHPEUDQH�
VHOHFWLYH�HOHFWURGH�IRU�FHWLUL]LQLXP�LRQ�EDVHG�
RQ� FHWLUL]LQLXP�WHWUDSKHQ\OERUDWH� LRQ�SDLU��
(OHFWURDQDO� ������������������

>��@ 0��*KDHDGL��.��1LNQDP��$��6KRNUROODKL�DQG�
(��1LNQDP��'HWHUPLQDWLRQ�RI�&X��)H��3E�DQG�
=Q� E\� )ODPH�$$6� DIWHU� 3UHFRQFHQWUDWLRQ�
8VLQJ� 6RGLXP� 'RGHF\O� 6XOIDWH� &RDWHG�
$OXPLQD�0RGLILHG� ZLWK� &RPSOH[LQJ� $JHQW��
-��&KLP��&KHP��6RF���������������������

>��@ )��6DEHUPDKDQL�DQG�0�$��7DKHU��$SSOLFDWLRQ�
RI� D� QHZ� ZDWHU�VROXEOH� SRO\HWK\OHQLPLQH�
SRO\PHU� VRUEHQW� IRU� VLPXOWDQHRXV� VHSDUDWLRQ�
DQG� SUHFRQFHQWUDWLRQ� RI� WUDFH� DPRXQWV� RI�
FRSSHU� DQG� PDQJDQHVH� DQG� WKHLU�
GHWHUPLQDWLRQ� E\� DWRPLF� DEVRUSWLRQ�
VSHFWURSKRWRPHWU\�� $QDO�� &KLP�� $FWD�� ����
���������������

>��@ .�� 3\U]\QVND� DQG� .�� .LOLDQ�� 2Q�OLQH�
VRUSWLRQ�EDVHG� V\VWHPV� IRU� GHWHUPLQDWLRQ� RI�
FDGPLXP�ZLWK�DWRPLF�VSHFWURPHWU\�GHWHFWRUV��
:DWHU�5HV� ��������������������

>��@ *�3�� &KDQGUD�� .�� 6HVKDLDK�� <�.�� 5DR� DQG�
0�&�� :DQJ�� 6ROLG� SKDVH� H[WUDFWLRQ� RI� &G��
&X�� DQG� 1L� IURP� OHDI\� YHJHWDEOHV� DQG� SODQW�
OHDYHV�XVLQJ�DPEHUOLWH�;$'���IXQFWLRQDOL]HG�

ZLWK� ��+\GUR[\�DFHWRSKHQRQH�
WKLRVHPLFDUED]RQH� �+$376&�� DQG�
GHWHUPLQDWLRQ�E\�LQGXFWLYHO\�FRXSOHG�SODVPD�
DWRPLF�HPLVVLRQ�VSHFWURVFRS\��-��$JULF��)RRG�
&KHP����������������������

>��@ 0�� 6R\ODN�� /�� (OFL�� DQG� 0�� 'RJDQ��
3UHFRQFHQWUDWLRQ� RI� WUDFH� DPRXQWV� RI�
WXQJVWHQ� RQ� $PEHUOLWH� ;$'��� IRU� LWV�
VSHFWURSKRWRPHWULF� GHWHUPLQDWLRQ� LQ� KRW�
VSULQJ� ZDWHU��)UHVHQLXV -�� $QDO�� &KHP� ����
���������������

>��@ $�0�� <XVRI�� 0�0�� 5DKPDQ� DQG� $�.�+�
:RRG�� $GVRUSWLRQ� RI� VRPH� WR[LF� HOHPHQWV�
IURP� ZDWHU� VDPSOHV� RQ� PRGLILHG� DFWLYDWHG�
FDUERQ�� DFWLYDWHG� FDUERQ� DQG� UHG� VRLO� XVLQJ�
QHXWURQ� DFWLYDWLRQ� DQDO\VLV�� -�� 5DGLRDQDO��
1XFO��&KHP���������������������

>��@ 0�� *KDHGL�� )�� $KPDGL�� DQG� 0�� 6R\ODN��
3UHFRQFHQWUDWLRQ� DQG� VHSDUDWLRQ� RI� QLFNHO��
FRSSHU� DQG� FREDOW� XVLQJ� VROLG� SKDVH�
H[WUDFWLRQ� DQG� WKHLU� GHWHUPLQDWLRQ� LQ� VRPH�
UHDO� VDPSOHV�� -�� +D]DU�� 0DWHU� ���� �������
��������

>��@ 0�&�&��8UEDQ��5�0��0DLQDUGHV�DQG�0�3��'��
*UHPLDR�� 'HYHORSPHQW� DQG� YDOLGDWLRQ� RI�
+3/&�PHWKRG�IRU�DQDO\VLV�RI�GH[DPHWKDVRQH�
DFHWDWH� LQ� PLFURHPXOVLRQV�� %UD]�� -�� 3KDUP��
6FL� �����������������

>��@ %�-�� .LUE\�� 0LFUR� DQG� QDQRVFDOH� IOXLG�
PHFKDQLFV��7UDQVSRUW�LQ�PLFURIOXLGLF�GHYLFHV��
&DPEULGJH�8QLYHUVLW\�3UHVV��������
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