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$ãNHUþHYD �� 6,����� /MXEOMDQD� 6ORYHQLD

�
7KLV SDSHU LV GHGLFDWHG WR WKH ODWH 3URIHVVRU 'U� 'UDJR .RODU

5HFHLYHG�����������

$EVWUDFW
0HDVXUHPHQWV RI PL[LQJ WLPHV IRU ZDWHU�EDVHG SRO\VDFFKDULGH V\VWHPV ZHUH FDUULHG RXW LQ

WZR IODW�ERWWRPHG F\OLQGULFDO SOH[LJODVV YHVVHOV� 9HVVHOV KDG GLIIHUHQW GLPHQVLRQV DQG ZHUH

HTXLSSHG ZLWK YDULRXV LPSHOOHUV� +HOLFDO ULEERQ LPSHOOHU ZDV XVHG IRU PL[LQJ

SRO\VDFFKDULGH V\VWHPV ZLWK KLJKHU YLVFRVLW\� 0L[LQJ WLPHV ZHUH GHWHUPLQHG ZLWK WKHUPDO

UHVSRQVH WHFKQLTXH DQG FRPSDUHG ZLWK IORZ YLVXDOLVDWLRQ PHWKRG� 5KHRORJLFDO H[DPLQDWLRQV

ZHUH SHUIRUPHG E\ XVLQJ FRQWUROOHG VWUHVV DQG FRQWUROOHG UDWH UKHRPHWHU� 5KHRORJLFDO

EHKDYLRXU RI SRO\VDFFKDULGH V\VWHPV ZDV LQYHVWLJDWHG XQGHU VWHDG\ DQG RVFLOODWRU\ VKHDU

FRQGLWLRQV DW GLIIHUHQW WHPSHUDWXUHV�

,QWURGXFWLRQ

5KHRORJLFDOO\�FRPSOH[�IOXLGV�RFFXU� LQ�PDQ\�FKHPLFDO�SURFHVV� LQGXVWULHV��0L[LQJ

RI� VXFK� IOXLGV� LV� YHU\� FRPSOLFDWHG� EHFDXVH� WKH� UKHRORJLFDO� SURSHUWLHV� GHSHQG� RQ� VKHDU

DFWLRQ�� 'LIIHUHQW� UKHRORJLFDO� FRPSOH[LWLHV� WKDW� FDQ� GHYHORS� GXULQJ� PL[LQJ� KDYH� D

SURIRXQG� HIIHFW� RQ� D� PL[LQJ� SURFHVV�� )RU� H[DPSOH� VKHDU� GHSHQGHQW� YLVFRVLW\� RU

YLVFRHODVWLF� EHKDYLRXU� FDQ� PDUNHGO\� DIIHFW� PL[LQJ� SHUIRUPDQFH�� ,W� KDV� DOUHDG\� EHHQ

UHSRUWHG�LQ�OLWHUDWXUH�WKDW�HODVWLFLW\�DOWHUV�SRZHU�UHTXLUHPHQWV�DQG�PRGLILHV�IORZ�SDWWHUQV�

&ROOLDV� DQG� 3UXG¶KRPPH
�
� VKRZHG� WKDW� HODVWLFLW\� VXEVWDQWLDOO\� LQFUHDVHV� WKH� WRUTXH

UHTXLUHG�IRU�PL[LQJ��7KH\�DOVR�REWDLQHG�D�FRUUHODWLRQ�IRU�H[WUD�WRUTXH�UHTXLUHG�WR�PL[�DQ

HODVWLF� IOXLG�� ,W�ZDV�DOVR� UHSRUWHG� WKDW� IOXLG�ZLWK�SVHXGRSODVWLF� EHKDYLRXU� FUHDWHV� VPDOO

FLUFXODWLRQ�SDWKV�DURXQG�EODGHV�DQG�VXEVWDQWLDOO\�GHFUHDVHV�WKH�FLUFXODWLRQ�IORZ�UDWH�
�

9HU\� VLPSOH�PL[LQJ� HTXLSPHQW� LV� FRPSRVHG� RI� YHVVHO�� LPSHOOHU� DQG� D�PRWRU�� $

ZLGH� YDULHW\� RI� YHVVHOV� DQG� LPSHOOHUV� GLIIHU� LQ� GLDPHWHU�� KHLJKW�� VKDSH� DQG� RWKHU

JHRPHWULFDO� SDUDPHWHUV�� (DFK� LPSHOOHU� KDV� LWV� RZQ� FKDUDFWHULVWLFV� DQG� LWV� RZQ� DUHD� RI

DSSOLFDWLRQ�� 7XUELQH� LPSHOOHUV� DUH� XVXDOO\� XVHG� IRU� WXUEXOHQW� PL[LQJ� RI� IOXLGV� ZLWK

YLVFRVLWLHV� XS� WR� DERXW� ��� 3DV�� GHSHQGLQJ� RQ� WKH� VFDOH�� DSSOLFDWLRQ� DQG� SURFHVV
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UHTXLUHPHQWV��2Q�WKH�RWKHU�KDQG�PXOWLSOH�ODUJH�GLDPHWHU�D[LDO�LPSHOOHU�V\VWHPV�DUH�XVHG

IRU�PL[LQJ�KLJKO\�YLVFRXV�PDWHULDOV� LQ� ODPLQDU� IORZ� UHJLPH��7KH� DSSOLFDWLRQ�RI� KHOLFDO

ULEERQ�LPSHOOHUV�WXUQHG�RXW�WR�EH�YHU\�VXFFHVVIXO�IRU�PL[LQJ�KLJKO\�YLVFRXV��RI�DERXW���

3DV�DQG�KLJKHU�
�
�IOXLGV�XVXDOO\�ZLWK�QRQ�1HZWRQLDQ�EHKDYLRXU�

0L[LQJ�SHUIRUPDQFH�FDQ�EH�HYDOXDWHG�E\�PHDVXULQJ�SRZHU� UHTXLUHPHQWV��PL[LQJ

DQG�FLUFXODWLRQ�WLPHV�RU�RWKHU�VLPLODU�SDUDPHWHUV��0L[LQJ�WLPH�LV� LQ�JHQHUDO�GHILQHG��DV

WLPH�QHHGHG�WR�UHDFK�D�FHUWDLQ�GHJUHH�RI�KRPRJHQHLW\��7KH�FRQFHSWV�RI�PL[LQJ�WLPH�DQG

FODVVLFDO� WHFKQLTXHV� WR� PHDVXUH� LW� DUH� XVHG� WR� GHVFULEH� PDFUR�PL[LQJ� SURFHVVHV�� 7KH

PRVW� FRPPRQ� PHWKRGV� WR� GHWHUPLQH� PL[LQJ� WLPH� DUH� WKHUPDO� UHVSRQVH� WHFKQLTXH�

FKHPLFDO�GHFRORXULVDWLRQ�PHWKRG��FRQGXFWLYLW\�PHDVXUHPHQWV�DQG�IORZ�YLVXDOLVDWLRQ��,Q

WKHUPDO�UHVSRQVH� WHFKQLTXH�D�VPDOO�DPRXQW�RI�D�KHDWHG�VDPSOH� LV�SRXUHG� LQVWDQWO\� LQWR

WKH� YHVVHO�� 7KH� FRPSOHWH� KRPRJHQLVDWLRQ� LV� LQGLFDWHG� E\� WKH� GLVDSSHDUDQFH� RI

WHPSHUDWXUH� GLIIHUHQFH�ZLWKLQ� WKH� YHVVHO� FDXVHG� E\� WKH� KHDWHG� VDPSOH� WUDFHU�� 7KHUPDO

UHVSRQVH�WHFKQLTXH�LV�YHU\�SUDFWLFDO�DQG�XVHIXO�EHFDXVH�LW�FDQ�EH�UHSHDWHG�VHYHUDO�WLPHV�

'XULQJ� WKH� PHDVXUHPHQWV� WKH� UKHRORJLFDO� SURSHUWLHV� RI� WHVW� IOXLGV� GRHV� QRW� FKDQJH

GUDVWLFDOO\� HYHQ�ZKHQ� WKH� IOXLGV� DUH� WKHUPR�VHQVLWLYH�� 7KLV� LV� GXH� WR� WKH� IDFW�� WKDW� WKH

DPRXQW�RI�KHDWHG� VDPSOH� LV� VR� VPDOO� WKDW� WKH�FKDQJHV�RI� JOREDO� WHPSHUDWXUH� LQVLGH� WKH

YHVVHO�DUH�OHVV�WKDQ�DERXW������&�

7KH�UKHRORJLFDO�UHVSRQVH�RI�FRPSOH[�IOXLGV�WR�DQ�LPSRVHG�VKHDU�VWUHVV�GHSHQGV�RQ

WKH�PDJQLWXGH� RI� VKHDULQJ� FRQGLWLRQV��0L[LQJ� VWXGLHV� RI� FRPSOH[� IOXLGV�PXVW� WKHUHE\

LQFOXGH�D�FRQVLGHUDWLRQ�RI�WKH�UDQJH�RI�VKHDU�UDWH�DQG�RU�VKHDU�VWUHVV�GXULQJ�WKH�SURFHVV�

7R� HVWLPDWH� VKHDU� UDWHV�ZLWKLQ� WKH�PL[LQJ� YHVVHO� HPSLULFDO� DQG� WKHRUHWLFDO� DSSURDFKHV

KDYH�EHHQ�SURSRVHG�LQ�OLWHUDWXUH��,Q�WKH�DSSURDFK�EDVHG�XSRQ�&RXHWWH�IORZ�DQDORJ\�WKH

IORZ�SURGXFHG� E\� DQ� LPSHOOHU� LQVLGH� D� VWLUUHG� YHVVHO� FDQ� EH� FRQVLGHUHG� VLPLODU� WR� WKDW

SURGXFHG�E\�D�URWDWLQJ�F\OLQGHU��LPSHOOHU��LQVLGH�DQRWKHU�F\OLQGHU��YHVVHO���$FFRUGLQJ�WR

WKLV�DSSURDFK�D�UHODWLRQVKLS�EHWZHHQ�WKH�DYHUDJH�VKHDU�UDWH�� J� ��DURXQG�WKH�LPSHOOHU��DQG

WKH�LPSHOOHU�URWDWLRQDO�VSHHG��1��ZDV�SRVWXODWHG�E\�2WWR�DQG�0HW]QHU�
�

1.
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ZKHUH�.V�LV�D�SDUDPHWHU�RI�SURSRUWLRQDOLW\�DQG�GHSHQGV�RQ�JHRPHWU\�RI�WKH�LPSHOOHU�
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&KDYDQ�DQG�8OEUHFKW�
���
�VWXGLHG�SRZHU�FRQVXPSWLRQ�IRU�PL[LQJ�SRZHU� ODZ�IOXLGV

ZLWK� KHOLFDO� ULEERQ� LPSHOOHUV�� )RU� ODPLQDU� UHJLRQ� WKH\� GHULYHG� D� .V� IXQFWLRQ� E\

IROORZLQJ�WKH�H[WHQGHG�&RXHWWH�IORZ�DQDORJ\�
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ZKHUH�'7� LV�D�GLDPHWHU�RI� WKH�YHVVHO��GH� LV�DQ�HTXLYDOHQW� LQVLGH�GLDPHWHU�DQG�Q� LV� IORZ

EHKDYLRXU� LQGH[�� 7KH� SDUDPHWHU� GH� LV� EDVHG� VROHO\� RQ� WKH� JHRPHWU\� RI� KHOLFDO� ULEERQ

LPSHOOHU�DQG�LV�JLYHQ�E\�

� � � �
� � ¿

¾
½

¯
®
­

�

��
� 

��

����
OQ��

''

':''

'

:

'

'

'

G

7

77H ��������

5H\QROGV�QXPEHU�LV�XVXDOO\�XVHG�WR�FKDUDFWHULVH�WKH�IORZ�UHJLPH�DQG�LV�GHILQHG�DV�
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ZKHUH�U�DQG�K�UHSUHVHQW�WKH�IOXLG�GHQVLW\�DQG�YLVFRVLW\�UHVSHFWLYHO\��1� LV�WKH�URWDWLRQDO

VSHHG�RI�WKH�LPSHOOHU�DQG�'�LWV�GLDPHWHU��'HSHQGLQJ�RQ�WKH�LPSHOOHU�VSHHG�DQG�YLVFRVLW\

RI� WKH� IOXLG� PL[LQJ� UHJLPH� FDQ� EH� ODPLQDU� RU� WXUEXOHQW�� %HORZ� 5H�  � ���� WKH� YLVFRXV

HIIHFWV�SUHGRPLQDWH�DQG�PL[LQJ� UHJLPH� LV� ODPLQDU��7XUEXOHQFH� WKUHVKROG� LV�� GHSHQGLQJ

RQ�WKH�W\SH�RI�LPSHOOHU��FRPSULVHG�EHWZHHQ�5H� ���
�
�DQG�5H� ���

�
��%HWZHHQ�ODPLQDU�DQG

WXUEXOHQW� UHJLPH� LV� WKH� LQWHUPHGLDWH� PL[LQJ� UHJLRQ� FDOOHG� WUDQVLWLRQ� UHJLPH�� :KHQ

PL[LQJ� ORZ�YLVFRVLW\� IOXLGV� WXUEXOHQFH� LV� WKH�PDLQ�SK\VLFDO�PHFKDQLVP� UHVSRQVLEOH� IRU

PL[LQJ�ZKLOH�WXUEXOHQFH�FDQ�KDUGO\�EH�DFKLHYHG�ZKHQ�YLVFRVLW\�RI�WKH�IOXLG�LV�YHU\�KLJK�

,Q� WKH� SUHVHQW� ZRUN� PL[LQJ� RI� UKHRORJLFDOO\� FRPSOH[� IOXLGV� ZDV� VWXGLHG�

0HDVXUHPHQWV�RI�PL[LQJ�WLPHV�DQG�IORZ�YLVXDOLVDWLRQV�ZHUH�XVHG�IRU�GHVFULELQJ�PL[LQJ

SHUIRUPDQFH�RI�GLIIHUHQW�PL[LQJ�V\VWHPV�
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0DWHULDOV�DQG�PHWKRGV

(TXLSPHQW

7ZR� JHRPHWULFDOO\� GLIIHUHQW� PL[LQJ� V\VWHPV� ZHUH� XVHG�� )LUVW� F\OLQGULFDO� YHVVHO

ZLWK�D�GLDPHWHU�RI�����P�ZDV�HTXLSSHG�ZLWK�IRXU�EDIIOHV��$OO�WKH�LPSHOOHUV�PRXQWHG�LQ

WKLV�YHVVHO�KDG�D�GLDPHWHU�RI�����P������RI�WKH�GLDPHWHU�RI�WKH�YHVVHO���7KH�VHFRQG�YHVVHO

RI�������P�GLDPHWHU�KDG�QR�EDIIOHV��$�KHOLFDO�ULEERQ�LPSHOOHU�ZLWK�D�GLDPHWHU�RI������P

ZDV�XVHG�RQO\�LQ�WKLV�YHVVHO��%RWK�YHVVHOV�ZHUH�IODW�ERWWRPHG�SOH[LJODVV�F\OLQGHUV��7KH

UDWLR� EHWZHHQ� KHLJKW� RI� WKH� OLTXLG� DQG� WKH� GLDPHWHU� RI� WKH� YHVVHO� ZDV� GXULQJ� DOO� WKH

H[SHULPHQWV�NHSW�FRQVWDQW�DQG�HTXDO�WR���

)OXLGV�DQG�5KHRORJLFDO�&KDUDFWHULVDWLRQ

$TXHRXV� VROXWLRQV� RI� WZR� GLIIHUHQW� SRO\VDFFKDULGHV�� FDUER[\PHWKLO� FHOOXORVH

�&0&��DQG�[DQWKDQ�ZHUH�XVHG��7KH�VROXWLRQV�ZHUH�SUHSDUHG�DW�GLIIHUHQW�FRQFHQWUDWLRQV�

&0&� DW� �� ZW��� DQG� ���� ZW��� DQG� [DQWKDQ� DW� FRQFHQWUDWLRQ� �� ZW���� $OO� DTXHRXV

SRO\VDFFKDULGH� V\VWHPV� ZHUH� SUHSDUHG� E\� GLVVROYLQJ� SRZGHUHG� SRO\VDFFKDULGH� LQ

GLVWLOOHG�ZDWHU�DW�URRP�WHPSHUDWXUH�

7KH�UKHORJLFDO�WHVWV�ZHUH�SHUIRUPHG�XVLQJ�WKH�FRQWUROOHG�UDWH�UKHRPHWHU�+$$.(

&9� ��� DQG� WKH� FRQWUROOHG� VWUHVV� UKHRPHWHU� +$$.(� 56� ���� HTXLSSHG� ZLWK� GLIIHUHQW

VHQVRU� V\VWHPV�� 6WHDG\� DQG� RVFLOODWRU\� VKHDU� WHVWV� ZHUH� SHUIRUPHG� DW� GLIIHUHQW

WHPSHUDWXUHV�VLQFH�WKH�PL[LQJ�WLPH�ZDV�PHDVXUHG�ZLWK� WKHUPDO�UHVSRQVH� WHFKQLTXH��7R

GHWHUPLQH�WKH�LQIOXHQFH�RI�PL[LQJ�RQ�WKH�IORZ�SURSHUWLHV�WKH�VDPH�UKHRORJLFDO�WHVWV�ZHUH

GRQH�EHIRUH��GXULQJ�DQG�DIWHU�PL[LQJ�

7KH�IORZ�EHKDYLRXU�LQ�WKH�VKHDU�UDWH�UDQJH�H[LVWLQJ�LQVLGH�WKH�YHVVHO�GXULQJ�PL[LQJ

SURFHVV�ZDV�GHVFULEHG�E\�WKH�SRZHU�ODZ�PRGHO�
�
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ZKHUH�.�DQG�Q�DUH�FRQVLVWHQF\�DQG�IORZ�EHKDYLRXU�LQGH[��UHVSHFWLYHO\��7KH�GHFUHDVH�RI

DSSDUHQW�YLVFRVLW\�K�ZLWK�LQFUHDVLQJ�VKHDU�UDWH��
DY

J� �LV�WKHUHIRUH�H[SUHVVHG�DV�
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)RU� XVHG� SRO\VDFFKDULGH� V\VWHPV� WKH� YDOXHV� RI� SDUDPHWHUV� .� DQG� Q� DUH� IRU� OLVWHG� LQ

7DEOH���

7DEOH����5KHRORJLFDO�SURSHUWLHV�RI�XVHG�SRO\VDFFKDULGH�V\VWHPV��DW�����&�

3RO\VDFFKDULGH�V\VWHP .�>3DVQ@ Q�>�@

&0&����ZW��� ���� ����

&0&������ZW��� ���� ����

[DQWKDQ����ZW��� ���� ����

0HDVXUHPHQW�RI�PL[LQJ�WLPH

7KH� PL[LQJ� WLPHV� ZHUH� GHWHUPLQHG� E\� WKHUPDO� UHVSRQVH� WHFKQLTXH�� $IWHU� WKH

LQMHFWLRQ� RI� VPDOO� DPRXQW� RI� KHDWHG� IOXLG� WKH� FKDQJH� RI� WHPSHUDWXUH�ZDV� IROORZHG� E\

XVLQJ�WZR�ILUVW�RUGHU�WKHUPLVWRUV�ZLWK�YHU\�ORZ�WLPH�FRQVWDQW��7KH�VDPSOH�ZDV�KHDWHG�WR

��� �&� DQG� DOZD\V� LQMHFWHG� LQ� WKH� YHVVHO� DW� WKH� VDPH� LQMHFWLRQ� SRLQW�� 7KH� LQLWLDO

WHPSHUDWXUH� LQ� WKH� PL[LQJ� YHVVHO� ZDV� LQ� WKH� UDQJH� IURP� ��� WR� ��� �&�� 'XULQJ� DOO

H[SHULPHQWV� WKH� SRVLWLRQV� RI� WZR� WKHUPLVWRU� SUREHV� ZHUH� NHSW� FRQVWDQW� �)LJXUH� ���

0L[LQJ� WLPHV� ZHUH� PHDVXUHG� DV� D� IXQFWLRQ� RI� LPSHOOHU� VSHHG�� LPSHOOHU� W\SH� DQG

UKHRORJLFDO�SURSHUWLHV�RI�WKH�IOXLG�

)LJXUH����3RVLWLRQ�RI�WKH�WKHUPLVWRU�SUREHV�DQG�ORFDOLVDWLRQ�RI�WKH�LQMHFWLRQ�SRLQW

� FP

� FP

LQMHFWLRQ SRLQW
WKHUPLVWRU SUREH

WKHUPLVWRU SUREH
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)URP�WKH�UHVSRQVH�FXUYH�WZR�GLIIHUHQW�WLPHV�ZHUH�GHWHUPLQHG��D�PL[LQJ�WLPH��WPL[�

DV�WKH�WLPH�ZKHQ�WKH�UHVSRQVH�RI�WKHUPDO�SUREH�VWDELOLVHG�DW����RI�WKH�PD[LPXP�YDOXH

DQG� D� GHDG� WLPH�� WF�� DV� WKH� WLPH� EHWZHHQ� WKH� LQMHFWLRQ� RI� WKH� KRW� IOXLG� DQG� LWV� ILUVW

GHWHFWLRQ�DW�WKH�WKHUPLVWRU�SUREH��)LJXUH����

)LJXUH� ��� ([DPSOH� RI� D� WKHUPDO� SUREH� UHVSRQVH� REWDLQHG� GXULQJ� PL[LQJ� WLPH
H[SHULPHQWV

7KH� DYHUDJH� VKHDU� UDWH��
DY

J� �� DURXQG� WKH� LPSHOOHU�� ZDV� GHWHUPLQHG� ZLWK� 2WWR�

0HW]QHU� HTXDWLRQ� �����ZKHUH�.V� YDOXHV� IRU� KHOLFDO� ULEERQ� LPSHOOHU�ZHUH� REWDLQHG� IURP

WKH� OLWHUDWXUH�ZLWK� WKH� H[SUHVVLRQ� �����.V� GHSHQGHG� RQ� WKH� SRZHU� ODZ� LQGH[� Q�� EXW� WKH

GHSHQGHQFH�ZDVQ¶W�VWURQJ��)LJXUH����
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)LJXUH����.V�YDOXHV�FDOFXODWHG�IURP�WKH�HTXDWLRQ�����DV�D�IXQFWLRQ�RI�Q

WF

WPL[

WLPH RI LQMHFWLRQ

� V
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7R� FRPSDUH� DFWXDO� KRPRJHQLVDWLRQ� WLPH� ZLWK� PL[LQJ� WLPH�� GHWHUPLQHG� ZLWK

WKHUPDO�UHVSRQVH�WHFKQLTXH��YLVXDOLVDWLRQ�PHWKRG�ZDV�XVHG��,QVWHDG�RI�KHDWHG�VDPSOH�D

VPDOO�DPRXQW�RI�FRORXUHG�VDPSOH��.0Q2���ZDV�LQMHFWHG�DW�WKH�VDPH�VSRW�DV�WKH�KHDWHG

VDPSOH� LQ� WKH� WKHUPDO� UHVSRQVH� WHFKQLTXH�� 7KH� IORZ� LQGXFHG� E\� WKH� LPSHOOHU� ZDV

IROORZHG�E\�WDNLQJ�SKRWRJUDSKV�DW�GLIIHUHQW�WLPHV�

5HVXOWV�DQG�GLVFXVVLRQ

'HJUDGDELOLW\�RI�H[DPLQHG�SRO\VDFFKDULGHV�WKDW�PD\�RFFXU�GXULQJ�PL[LQJ�SURFHVV�

ZDV� FKHFNHG� E\� WKH� UKHRORJLFDO� PHDVXUHPHQWV�� 7KH� VDPH� UKHRORJLFDO� WHVWV� ZHUH

SHUIRUPHG�EHIRUH��GXULQJ�DQG�DIWHU�PL[LQJ�SURFHVV��7KH�UKHRORJLFDO�UHVXOWV�VKRZHG�WKDW

WKH� PL[LQJ� SURFHVV� KDG� QR� LQIOXHQFH� RQ� WKH� VWDELOLW\� RI� WKH� PL[LQJ� PHGLD�� 7KH� IORZ

FXUYHV� RI� LQYHVWLJDWHG� VDPSOHV� DW� ��� �&� DUH� VKRZQ� LQ� )LJXUH� ��� 7KH� SRO\VDFFKDULGH

V\VWHPV� GLIIHUHG� LQ� UKHRORJLFDO� SURSHUWLHV�� 8QGHU� GHVWUXFWLYH� VKHDU� FRQGLWLRQV� DOO� WKH

VDPSOHV� H[KLELWHG� SVHXGRSODVWLF� EHKDYLRXU�� 7KH� VKHDU� WKLQQLQJ� EHKDYLRXU� ZDV� PRUH

QRWLFHDEOH� IRU� [DQWKDQ� V\VWHP� �)LJXUH� �� DQG� 7DEOH� ���� 8QGHU� QRQ�GHVWUXFWLYH� VKHDU

FRQGLWLRQV�&0&�V\VWHPV�H[KLELWHG�WKH�UKHRORJLFDO�SURSHUWLHV�FKDUDFWHULVWLF�IRU�SRO\PHU

VROXWLRQV� ZKHUHDV� [DQWKDQ� V\VWHP� H[KLELWHG� PRUH� SURQRXQFHG� YLVFRHODVWLF� EHKDYLRXU�

ZKLFK�LV�XVXDOO\�IRXQG�LQ�ZHDNO\�VWUXFWXUHG�PDWHULDOV�

���
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��

��� � �� ��� ����

VKHDU VWUHVV ���V�

Y
LV
FR

VL
W\
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)LJXUH����5KHRORJLFDO� FKDUDFWHUL]DWLRQ�RI�H[DPLQHG� IOXLGV�DW���� �&� ���� ��ZW���&0&�

'�������ZW���&0&��VROLG�OLQH�����ZW���[DQWKDQ�
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���

7HPSHUDWXUH� GHSHQGHQFH� RI� H[DPLQHG� SRO\VDFFKDULGH� V\VWHPV� ZDV� VWXGLHG� WR

LQYHVWLJDWH� SRVVLEOH� FKDQJHV� WKDW� FRXOG� RFFXU� GXH� WR� KHDWLQJ� RI� WKH� VDPSOH� GXULQJ

WKHUPDO� UHVSRQVH� WHFKQLTXH�� 7HVWV� VKRZHG� WKDW� WKH� UKHRORJLFDO� EHKDYLRXU� DW� KLJKHU

WHPSHUDWXUH�UHPDLQHG�SVHXGRSODVWLF�DQG�WLPH�LQGHSHQGHQW��)XUWKHUPRUH�WKH�DPRXQWV�RI

KHDWHG� VDPSOHV� ZHUH� YHU\� VPDOO� FRPSDUHG� WR� HQWLUH� IOXLG� LQ� WKH� YHVVHO� WKHUHIRUH� WKH

WHPSHUDWXUH�RI�WKH�KHDWHG�VDPSOH�GLG�QRW�FRQVLGHUDEO\�DIIHFW�WKH�SURSHUWLHV�RI�WKH�IOXLG�LQ

WKH�YHVVHO�

0L[LQJ� WLPHV�ZHUH�PHDVXUHG� DQG� FRPSDUHG� DPRQJ�GLIIHUHQW� LPSHOOHU� V\VWHPV� LQ

ERWK�YHVVHOV��:LWK�WKH�H[LVWLQJ�H[SHULPHQWDO�VHW�XS�WKH�PL[LQJ�WLPHV�IRU�WKH�V\VWHP�ZLWK

ORZ�DSSDUHQW�YLVFRVLW\� ���ZW���&0&��ZHUH�SRVVLEOH� WR�GHWHUPLQH�RQO\� LQ� WKH� UDQJH�RI

5H� �����WR�5H� �������,Q�WKLV�5H�UDQJH�PL[LQJ�WLPH�VWURQJO\�GHSHQGHG�RQ�WKH�LPSHOOHU

W\SH�� 5XVKWRQ� WXUELQH� JHQHUDWHV� UDGLDO� IORZ� SDWWHUQ�� ZKLOH� SURSHOOHU� JHQHUDWHV� W\SLFDO

D[LDO� IORZ�SDWWHUQ��0L[LQJ� WLPHV�REWDLQHG�ZLWK� WKH�5XVKWRQ� WXUELQH�ZHUH�PXFK�VKRUWHU

WKDQ�WKRVH�REWDLQHG�ZLWK�WKH�SURSHOOHU��7KH�GLIIHUHQFH�EHWZHHQ�PL[LQJ�WLPHV�ZDV�PRUH

QRWLFHDEOH�DW�ORZHU�5H�QXPEHUV�

)LJXUH����(IIHFW�RI�WKH�QXPEHU�RI�LPSHOOHUV�RQ�PL[LQJ�ZLWK���ZW���&0&�LQ����P

GLDPHWHU�YHVVHO

7R�IDFLOLWDWH�EHWWHU�KRPRJHQLVDWLRQ�WZR�LPSHOOHUV�ZHUH�PRXQWHG�RQ�RQH�VKDIW��$V

LOOXVWUDWHG�LQ�)LJXUH���WKH�PL[LQJ�WLPHV�GHSHQGHG�RQ�WKH�QXPEHU�RI�LPSHOOHUV��:LWK�WZR

5XVKWRQ�WXUELQHV�PL[LQJ�WLPHV�ZHUH�GHWHUPLQHG�DW�ORZHU�YDOXHV�RI�5H\QROGV�QXPEHU��,Q

�

���

���

���

� ��� ��� ��� ��� ���

5H >�@

W >V@ RQH

5XVKWRQ WXUELQH

WZR

5XVKWRQ WXUELQHV
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WKH� FDVH� RI� PL[LQJ� ZLWK� RQH� 5XVKWRQ� WXUELQH� D� ULVH� RI� VWDJQDQW� ]RQHV� ZDV� YLVXDOO\

REVHUYHG�� ,Q� WKHVH� ]RQHV�PL[LQJ�ZDV� SRRU� DQG� GHWHUPLQDWLRQ� RI�PL[LQJ� WLPH�ZDV� QRW

H[DFW��$SSOLFDWLRQ�RI�WZR�5XVKWRQ�WXUELQHV�GHFUHDVHG�WKH�VWDJQDQW�]RQHV�DQG�LPSURYHG

KRPRJHQLVDWLRQ�� :KHQ� PRUH� YLVFRXV� V\VWHPV� ����� ZW��� &0&� DQG� �� ZW��� [DQWKDQ�

ZHUH� PL[HG� ZLWK� VLQJOH� LPSHOOHUV�� VWDJQDQW� ]RQHV� ZHUH� REVHUYHG� PRUH� IUHTXHQWO\�

+HQFH��IRU�WKHVH�V\VWHPV��GHWHUPLQDWLRQ�RI�PL[LQJ�WLPHV�ZDV�QRW�SRVVLEOH�

7KH�FRPELQDWLRQ�RI�WZR�LPSHOOHUV�WKDW�FDXVH�GLIIHUHQW�IORZ�SDWWHUQV��UDGLDO��D[LDO�

JDYH�EHWWHU� UHVXOWV� WKDQ� LPSHOOHU�V\VWHP�RI� WZR� LGHQWLFDO� LPSHOOHUV��)LJXUH���VKRZV� WKH

GHSHQGHQFH�RI�GLPHQVLRQOHVV�PL[LQJ�WLPH�RQ�WKH�W\SH�RI�WZR�LPSHOOHUV�PRXQWHG�RQ�WKH

VDPH� VKDIW�� 0L[LQJ� WLPHV� ZHUH� FRPSDUHG� EHWZHHQ� WZR� 5XVKWRQ� WXUELQHV� DQG� RQH

5XVKWRQ� WXUELQH� ZLWK� RQH� SURSHOOHU� RQ� WKH� VDPH� VKDIW�� )RU� ERWK� LPSHOOHU� V\VWHPV� WKH

PL[LQJ�WLPHV�ZHUH�GHWHUPLQHG�DOPRVW�LQ�WKH�VDPH�UDQJH�RI�5H\QROGV�QXPEHU��2YHU�WKH

ZKROH�VWXGLHG�UDQJH�PL[LQJ�ZLWK�WZR�GLIIHUHQW�LPSHOOHUV�JDYH�VKRUWHU�PL[LQJ�WLPHV�ZLWK

PRUH�SURQRXQFHG�GLIIHUHQFH�DW�ORZHU�5H\QROGV�QXPEHUV�

���

���

����

�� ��� ��� ���
5H >�@

1
W >�@

)LJXUH����0L[LQJ�ZLWK� WZR� LPSHOOHUV� RQ� WKH� VDPH� VKDIW� ���ZW���&0&� LQ� YHVVHO

ZLWK� ����P� GLDPHWHU��� v� WZR� 5XVKWRQ� WXUELQHV�� �� 5XVKWRQ� WXUELQH� �

SURSHOOHU

)LJXUH� �� SUHVHQWV� IORZ� YLVXDOLVDWLRQ� PHWKRG� IRU� ���� ZW��� &0&�� XVLQJ� WZR

5XVKWRQ� WXUELQHV� LQ������P�GLDPHWHU�YHVVHO��6PDOO� DPRXQW�RI�.0Q2��ZDV� DGGHG� DV� D

WUDFHU�IOXLG�DW�WKH�OLTXLG�VXUIDFH�DQG�VORZO\�PL[HG�LQ��7KH�LPSHOOHU�ZDV�URWDWLQJ�DW�1� 
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����V
��
��7KH�SKRWRJUDSKV�ZHUH�WDNHQ�EHIRUH�WKH�WUDFHU�DGGLWLRQ�DQG�DIWHU�������DQG�����V�

7KH�XSSHU�WXUELQH�SXOOHG�GRZQ�WKH�WUDFHU���V�DIWHU�WKH�DGGLWLRQ��)LJXUH���E���7KH�WUDFHU

ZDV�PL[HG�RQO\�ZLWK� WKH�XSSHU� WXUELQH�DQG��KHQFH�� WZR�VHSDUDWHG�UHJLRQV�ZHUH�IRUPHG

�)LJXUH���F���/DWHU�DOVR�WKH�ERWWRP�WXUELQH�SXOOHG�WKH�WUDFHU�GRZQ�WKURXJK�WKH�FHQWUH�DQG

WKH� WUDFHU� ZDV� PL[HG� ZLWK� ERWK� WXUELQHV�� 7KH� ERUGHU� EHWZHHQ� WZR� VHSDUDWHG� UHJLRQV

GLVDSSHDUHG�DIWHU� ���� V��$W� WKH� WLPH� WKDW�ZDV�GHWHUPLQHG� DV�PL[LQJ� WLPH�ZLWK� WKHUPDO

UHVSRQVH�WHFKQLTXH��)LJXUH���G��WKLV�WZR�UHJLRQV�ZHUH�KRPRJHQLVHG��EXW�D�WKLQ�VWDJQDQW

OD\HU�DW�WKH�ERWWRP�RI�WKH�YHVVHO�ZDV�REVHUYHG��7KH�PL[LQJ�SURFHVV�ZDV�IROORZHG�DOVR�DW

ORQJHU�WLPHV��ORQJHU�WKDQ�GHWHUPLQHG� WPL[��DQG�WKH�ERWWRP�OD\HU�ZDV�VWLOO�SUHVHQW��,Q�WKLV

OD\HU�WKH�PL[LQJ�SURFHHGHG�H[WUHPHO\�VORZO\�

)LJXUH� ��� 5HVXOWV� RI� PL[LQJ� WLPH� H[SHULPHQW� ZLWK� WZR� 5XVKWRQ� WXUELQHV� LQ� WKH

�����P�GLDPHWHU�YHVVHO

VWDJQDQW OD\HU

D� W  � V E� W  � V

F� W  �� V G� W  ��� V
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0RUH�YLVFRXV� IOXLGV� �����ZW���&0&�DQG���ZW���[DQWKDQ��ZHUH�PL[HG�DOVR�ZLWK

KHOLFDO�ULEERQ�LPSHOOHU� �)LJXUH���D��ZKLFK�VKRXOG�EH�XVHG�DV�DQ�DOWHUQDWLYH� WR�PXOWLSOH

LPSHOOHU� V\VWHPV�
�
� +HOLFDO� ULEERQ� LPSHOOHU� KDG� D� GLDPHWHU� YHU\� FORVH� WR� WKH� LQVLGH

GLDPHWHU�RI�WKH�YHVVHO�DQG�KHQFH�JXDUDQWHHG�OLTXLG�PRWLRQ�WKURXJKRXW�WKH�YHVVHO��0L[LQJ

RI�����ZW���&0&�ZLWK�KHOLFDO�ULEERQ�LPSHOOHU�LV�SUHVHQWHG�LQ�)LJXUH���

)LJXUH����5HVXOWV� RI�PL[LQJ� WLPH� H[SHULPHQW�ZLWK� KHOLFDO� ULEERQ� LPSHOOHU� LQ� WKH

�����P�GLDPHWHU�YHVVHO

7KH�SKRWRJUDSKV�LQ�)LJXUH���ZHUH�WDNHQ�DW�WKH�EHJLQQLQJ�RI�PL[LQJ��W� �����DW������

DQG�����V�DIWHU�WKH�DGGLWLRQ�RI�WKH�FRORXUHG�VDPSOH��+HOLFDO�ULEERQ�LPSHOOHU�ZDV�URWDWLQJ

DW� �� V
��
�� 7KH� IORZ� SDWWHUQ� FUHDWHG� E\� KHOLFDO� ULEERQ� LPSHOOHU� FDQ� EH� VHHQ� IURP� WKH

SKRWRJUDSKV��$OVR� IRU� WKLV� LPSHOOHU� �VLPLODU�DV� IRU� WZR�5XVKWRQ� WXUELQHV��)LJXUH���� WKH

PL[LQJ�SURFHVV�ZDV�IROORZHG�ORQJHU�WKDQ�PL[LQJ�WLPH�WPL[� ����V�ZKLFK�ZDV�GHWHUPLQHG

ZLWK� WKHUPDO�UHVSRQVH� WHFKQLTXH��$�WKLQ�VWDJQDQW� OD\HU�DW� WKH�ERWWRP�RI� WKH�YHVVHO�ZDV

D� W  � V

G� W  ��� VF� W  �� V

E� W  � V
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REVHUYHG�DOVR�LQ�WKLV�FDVH��7KH�WKLFNQHVV�RI�WKH�OD\HU�GHFUHDVHG�YHU\�VORZO\��$IWHU����V

WKH�OD\HU�ZDV���PP�WKLFN��DQG�DIWHU�����V�LW�ZDV�VWLOO���PP�

)LJXUH� �� SUHVHQWV� WKH� GLIIHUHQFH� EHWZHHQ� PL[LQJ� RI� WZR� YLVFRXV� OLTXLGV� ZLWK

KHOLFDO�ULEERQ�LPSHOOHU��,Q�ERWK�FDVHV�PL[LQJ�ZDV�SHUIRUPHG�DW�ORZHU�5H\QROGV�QXPEHUV

DV� ZKHQ� WKH� RWKHU� LPSHOOHUV� ZHUH� XVHG�� 7KH� PL[LQJ� WLPHV� IRU� WKLV� LPSHOOHU� V\VWHP

VWURQJO\�GHSHQGHG�RQ�WKH�UKHRORJLFDO�SURSHUWLHV�RI�WKH�IOXLG��6KRUWHU�PL[LQJ�WLPHV�ZHUH

REWDLQHG�IRU�WKH�V\VWHP�ZLWK�OHVV�SVHXGRSODVWLF�EHKDYLRXU������ZW���&0&��

��

��

��

��

���
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5H ���
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��� ZW��
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� ZW��

[DQWKDQ

)LJXUH����0L[LQJ�WLPH�ZLWK�KHOLFDO�ULEERQ�LPSHOOHU�LQ�YHVVHO�ZLWK������P�GLDPHWHU

&RQFOXVLRQV

7KH� PL[LQJ� SHUIRUPDQFH� RI� WZR� GLIIHUHQW� PL[LQJ� V\VWHPV� ZDV� VWXGLHG� E\

PHDVXULQJ�PL[LQJ�WLPH��7KH�H[SHULPHQWDO�UHVXOWV�ZHUH�REWDLQHG�IRU�WZR�PL[LQJ�V\VWHPV

HTXLSSHG�ZLWK�GLIIHUHQW�LPSHOOHUV��,W�ZDV�VKRZQ�WKDW�WKH�PL[LQJ�WLPH�DQG��FRQVHTXHQWO\�

WKH� PL[LQJ� SHUIRUPDQFH� GHSHQGHG� RQ� WKH� W\SH� DQG� QXPEHU� RI� LPSHOOHUV�� UKHRORJLFDO

SURSHUWLHV� RI� WKH� IOXLG� DQG� WKH� VL]H� RI� WKH� YHVVHO�� :LWK� VLQJOH� LPSHOOHUV� JRRG

KRPRJHQLVDWLRQ�ZDV�QRW�DFKLHYHG�WKURXJKRXW�WKH�YHVVHO��6WDJQDQW�]RQHV�RFFXUUHG�PRUH

RIWHQ�LQ�PRUH�YLVFRXV�IOXLGV��ZKHUH�PL[LQJ�ZLWK�VLQJOH�LPSHOOHU�ZDV�QRW�VXIILFLHQW�

7KH�XVH�RI�GRXEOH�LPSHOOHU�V\VWHPV�LPSURYHG�PL[LQJ�HIILFLHQF\��EXW�VRPH�VWDJQDQW

]RQHV�VWLOO�RFFXUUHG��HVSHFLDOO\�LQ�WKH�FDVH�RI�KLJKO\�YLVFRXV�IOXLGV��,W�WXUQHG�RXW�WKDW�IRU
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KLJKO\�YLVFRXV�IOXLGV�WKH�XVH�RI�KHOLFDO�ULEERQ�LPSHOOHUV�JDYH�EHWWHU�UHVXOWV�DQG�HQDEOHG

HIIHFWLYH�PL[LQJ�LQ�ODPLQDU�IORZ�UHJLPH�
���

:H� FRQILUPHG� WKDW� WKH� WKHUPDO� UHVSRQVH� WHFKQLTXH� LV� YHU\� XVHIXO� IRU� HYDOXDWLQJ

PL[LQJ�SHUIRUPDQFH��7KH�UHSHDWDELOLW\�RI�WKH�PHWKRG�LV�YHU\�JRRG��WKH�HVWLPDWHG�HUURU�LV

ZLWKLQ� WKH� UDQJH� RI� r� ����� EXW� WKH� UHVXOWV� FDQ� VRPHWLPHV� OHDG� WR� ZURQJ� FRQFOXVLRQV

DERXW� IORZ�SDWWHUQV��HVSHFLDOO\�ZLWK�KLJKO\�YLVFRXV� IOXLGV��9LVXDOLVDWLRQ�PHWKRG�RQ� WKH

RWKHU�KDQG�HQDEOHV�REVHUYDWLRQ�DQG�GHWHUPLQDWLRQ�RI�WKH�UHDO�FRQGLWLRQV�GXULQJ�PL[LQJ�

7KH� H[LVWHQFH� RI� VWDJQDQW� ]RQHV� FDQ� EH� LGHQWLILHG�� 7KH� FRPELQDWLRQ� RI� ERWK� PHWKRGV

HQDEOH� WKH�GHVLJQ� RI� DQRWKHU�� EHWWHU�PL[LQJ� V\VWHP� WKDW� FRXOG� GHFUHDVH� VWDJQDQW� ]RQHV

DQG�LPSURYH�PL[LQJ�HIILFLHQF\�

1RPHQFODWXUH

' GLDPHWHU RI WKH LPSHOOHU �P�

'7 GLDPHWHU RI WKH YHVVHO �P�

GH HTXLYDOHQW LQVLGH GLDPHWHU �P�

. FRQVLVWHQF\ LQGH[ �3D
Q
�

.V GHILQHG E\ (TXDWLRQ ��� ���

1 LPSHOOHU URWDWLRQDO VSHHG �V
��
�

Q IORZ EHKDYLRXU LQGH[ ���

5H 5H\QROGV QXPEHU ���

: ZLGWK RI WKH LPSHOOHU EODGH �P�

�J
DY

DYHUDJH VKHDU UDWH �V
��
�

K IOXLG YLVFRVLW\ �3DV�

U IOXLG GHQVLW\ �NJ�P�
�

W VKHDU VWUHVV �3D�
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3RY]HWHN
ýDVH SRPHãDQMD YRGQLK SROLVDKDULGQLK VLVWHPRY VPR SURXþHYDOL Y GYHK FLOLQGULþQLK SRVRGDK
] UDYQLP GQRP� 3RVRGL VWD LPHOL UD]OLþQH JHRPHWULMVNH GLPHQ]LMH� RSUHPOMHQL SD VWD ELOL ]
UD]OLþQLPL PHãDOL� =D PHãDQMH YLVRNR�YLVNR]QLK SROLVDKDULGQLK VLVWHPRY VPR XSRUDELOL
WUDþQR PHãDOR� ýDVH SRPHãDQMD VPR GRORþHYDOL V WHUPLþQR PHWRGR� WRNRYQH ]QDþLOQRVWL SD
VPR YL]XDOQR RSD]RYDOL LQ IRWRJUDILUDOL� 6 SRPRþMR UHRORãNLK PHULWHY� NL VPR MLK L]YHGOL V
SRPRþMR URWDFLMVNHJD UHRPHWUD ] QDVWDYOMLYR VWULåQR KLWURVWMR LQ URWDFLMVNHJD UHRPHWUD ]
QDVWDYOMLYR VWULåQR QDSHWRVWMR SUHG� PHG LQ SR PHãDQMX� VPR ãWXGLUDOL GHJUDGLELOQRVW
SROLVDKDULGRY� 5HRORãNR REQDãDQMH SROLVDKDULGQLK VLVWHPRY SUL GHVWUXNWLYQLK LQ

QHGHVWUXNWLYQLK VWULåQLK SRJRMLK VPR SURXþHYDOL SUL UD]OLþQLK WHPSHUDWXUDK�


