
-DUL 5,1.,1(1��3HWWHUL�08/7$1(1
7+(�())(&7�2)�9$5,$%/(�)/2:�21�+<'5$8/,&�),/7(5�

±�7+(�5(6($5&+�,1�787�,+$�6,1&(�����

���0XOWL�3DVV�7HVW
7KH� ILOWUDWLRQ� HIILFLHQF\� RI� K\GUDXOLF� ILOWHUV� LV� JHQHUDOO\� UDWHG� XVLQJ� WKHVWDQGDUGLVHG�0XOWL�SDVV� WHVW� PHWKRG� DQG� WHVW� HTXLSPHQW� �ILJXUH� ���� ,Q� RUGHU� WRDFKLHYH�D�KLJK�UHSURGXFLELOLW\�DQG�UHOLDELOLW\�RI�WKH�WHVW�UHVXOWV�WKH�WHVW�YDOXHV�RIWKH�0XOWL�SDVV�WHVW�DUH�YHU\�VWDEOH��7KLV�LV�KRZHYHU�LQFRQVLVWHQW�ZLWK�WKH�UHDO�OLIHZRUNLQJ� FRQGLWLRQV� ZKLFK� FDQ� FDXVH� D� VXEVWDQWLDO� GHFUHDVH� RI� WKH� ILOWHUSHUIRUPDQFH��7KDW� LV�ZK\�WKHUH� LV�QHHG�IRU�QHZ�W\SHV�RI� WHVW�SURFHGXUHV�IRU� WKHWHVWLQJ�RI�K\GUDXOLF�ILOWHUV�

7HVW
)LOWHU

3DUWLFOH
&RXQWHU

&RQWDPLQDQW
,QMHFWLRQ�8QLW

,QMHFWLRQ
3XPS0DLQ

3XPS

)LJ������7KH�0XOWL�SDVV�WHVW�XQLW��VLPSOLILHG��

���7HVW�5HVXOWV�RI�)LOWHUV�LQ�3$5$1$�3URMHFW
,Q� WKH� ,QVWLWXWH� RI� +\GUDXOLFV� DQG� $XWRPDWLRQ� �,+$�� ZDV� FDUULHG� RXW� DSDUWLFOH� DQDO\VLQJ� SURMHFW� �3$5$1$� ��������� LQ� FR�RSHUDWLRQ� ZLWK� ��� SURMHFW
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SDUWLFLSDQWV�IURP�)LQQLVK�LQGXVWU\��,Q�WKH�SURMHFW�WKH�IXQFWLRQ�RI�K\GUDXOLF�ILOWHUV
�b��� Ë ��� IRXU� PDQXIDFWXUHUV� RI� ILOWHU�� ZDV� VWXGLHG� XQGHU� YDULDEOH� IORZ� LQODERUDWRU\� WHVW� ULJ� WKDW�ZDV�FRQVWUXFWHG� IRU� WKHVH�PHDVXUHPHQWV��7KUHH�GLIIHUHQWIORZ� IRUPV� ZHUH� XVHG� GXULQJ� WHVWV�� 7KHVH� ZHUH� VWHDG\� IORZ�� VTXDUH� IORZ� DQGF\FOLF�IORZ�IRUP��ILJXUH�����

7LPH

4

ò4
4

7LPH

4

4
�4

7LPH

4

4

6WHDG\�IORZ 6TXDUH�IORZ &\FOLF�IORZ
)LJ�����7KH�XVHG�YDULDEOH�IORZ�IRUPV�ZLWK�EDVLF�TXHVWLRQ�RI�FXUUHQW�ILOWUDWLRQ�UDWLR�>�@
7KH�VWHDG\�IORZ�IRUP�LQ�ILJXUH���VLPXODWHV�E\�SDVV�FLUFXLW�IORZ�FRQGLWLRQ�6TXDUH� IORZ� VLPXODWHV� WKH� IORZ� FRQGLWLRQ� LQ� D� UHWXUQ� OLQH� ILOWHU� DQG�7KH� F\FOLFIORZ� WHVW�VLPXODWHV� WKH� IORZ�FRQGLWLRQ� LQ�SUHVVXUH� OLQH� ILOWHU�� ,Q� VTXDUH� IORZ� WKHXVHG�SHULRG�EHWZHHQ�WKH�FKDQJHV�LQ�VTXDUH�IORZ�ZDV�RQH�PLQXWH��,Q�F\FOLF�IORZWKH�XVHG�IUHTXHQFLHV�ZDV����+]�DQG�����+]�7KH�LQMHFWLRQ�RI�$&)7'�WHVW�GXVW�ZDV�GRQH�RQFH�LQ�WKH�EHJLQQLQJ�RI�HDFKODERUDWRU\� WHVW�� 6R�� WKHVH� FRXOG� EH� FDOOHG� EDWFK� W\SH� WHVWV�� 7KDW� LV� ZK\� LQ� WKH

UHVXOWV� WKH� WHUP� ³ILOWUDWLRQ� UDWLR´� LV� XVHG� LQVWHDG� RI� b[�YDOXH�� 7KH� $&)7'FRQFHQWUDWLRQ� LQ� WKH�EHJLQQLQJ�RI� � HDFK� WHVW�ZDV���PJ�O��'XULQJ� WKH� WHVW� WKH�RLOZDV�FLUFXODWHG�WKURXJK�WKH�WHVW�ILOWHU�XQWLO�WKH�XSVWUHDP�SDUWLFOH�FRQFHQWUDWLRQ�ZDVGURSSHG�WR������PJ�O��7KH�YDOXHV����������PJ�O�ZDV�VLPXODWLQJ�WKH�FOHDQOLQHVV�RILQGXVWULDO�V\VWHPV��,62�������RU�EHWWHU��LQ�WKLV�SURMHFW�7KH�WHVWHG�IRXU�ILOWHUV�ZDV�PDQXIDFWXUHG�LQ�IRXU�GLIIHUHQW�FRPSDQLHV��7KHVL]HV� DQG� RWKHU� FDWDORJXH� GDWD�ZHUH� DERXW� WKH� VDPH�� 7KH� FXVWRPHU� FRXOG� KDYHFKRVHQ�DQ\RQH�RI� WKHVH� WR� WKH� VDPH�SODFH� LQ�KLV� V\VWHP�� �0DLQ� UHVXOWV�RI� WKHVHIORZ�IRUP�WHVWV�ZLWK�ILOWHU�&�DUH�VKRZQ�LQ�ILJXUH���,Q� ILJXUH��� LV� VKRZQ�YHU\� VWURQJ�FKDQJHV� LQ� ILOWUDWLRQ� UDWLR�ZLWK�GLIIHUHQWIORZ� IRUPV�� 1DWXUDOO\� WKH� EHVW� UHVXOWV� DUH� UHDFKHG� ZLWK� VWHDG\� IORZ�� )LOWUDWLRQUDWLR� LV�PXFK� ORZHU�ZLWK� VTXDUH� IORZ� DQG� WKH�ZRUVW� UHVXOWV� DUH� JRW�ZLWK� F\FOLFIORZ��2Q�WKH�RWKHU�KDQG�WKH�FKDQJHV�LQ�F\FOLF�IORZ�UHVXOWV�EHWZHHQ���������+]�DUHPLQRU�
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&XPXODWLYH�SDUWLFOH�VL]H�>�P@
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6TXDUH�IORZ
&\FOLF�IORZ���+]
&\FOLF�IORZ�����+]

)LJ�����7KH�DYHUDJH�ILOWUDWLRQ�UDWLR�LQ�ODERUDWRU\�WHVWV�RI�SUHVVXUH�OLQH�ILOWHU�&��b���!����>�@
6RPH�UHVXOWV�IURP�ILHOG�WHVWV�RI�ILOWHUV�LQ�)LQQLVK�PHWDO�LQGXVWU\�DUH�VKRZQLQ�ILJXUH����,Q�ILJXUH���LV�VKRZQ�WKDW�WKH�PHDVXULQJ�UHVXOWV�RI�WKH�ILOWHU�FDQ�YDU\�DORW�GXULQJ�WKH�QRUPDO�ZRUNLQJ�F\FOH�RI�WKH�V\VWHP��3UHVVXUH� OHYHOV�DQG�SUHVVXUHGLIIHUHQFHV�ZLOO�KDYH�D�VWURQJ�LQIOXHQFH��WR�QXPEHU�RI�SDUWLFOHV�DQG�RI�FRXUVH�WRWKH� PHDVXULQJ� HYHQW� LWVHOI�� 7KLV� LV� KRZ� WKH� ILOWUDWLRQ� UDWLR� ZLOO� DOVR� YDU\VLJQLILFDQWO\�EHWZHHQ�WKH�PHDVXUHPHQW�URXQGV���DQG���

���68278�3URMHFW
6LQFH� ����� ,+$� KDV� FR�RSHUDWHG� LQ� 68278� SURMHFWV� ZLWK3DUNHU�)LOWUDWLRQ�)LQQ�)LOWHU�RQ�WKLV�UHVHDUFK�DUHD�� ,Q�68278�SURMHFWV�K\GUDXOLFILOWHUV� ZHUH� WHVWHG� XVLQJ� D� IXUWKHU� GHYHORSHG� ILOWHU� WHVW� XQLW�� $� VLPSOLILHGLOOXVWUDWLRQ�RI�WKH�K\GUDXOLF�FLUFXLWV�RI�WKH�QHZ�WHVW�XQLW�LV�SUHVHQWHG�LQ�)LJXUH���7KH� WHVW� XQLW� LV� LQ� SULQFLSOH� DV� D� 0XOWL�SDVV� WHVW� XQLW� EXW� LQ� DGGLWLRQ� LWHQDEOHV� WKH� SURGXFH� RI� DFFXUDWH� IORZ� YDULDWLRQV� DQG� WKH� FRQWURO� RI� SDUWLFOHFRQFHQWUDWLRQ�LQ�ILOWHU�XSVWUHDP��7KH�WHVW�XQLW�DQG�WKH�WHVW�SURFHGXUHV�XVHG�PDNHVLW�SRVVLEOH� WR� WHVW�K\GUDXOLF� ILOWHUV�XQGHU�GLIIHUHQW� FRQGLWLRQV��ZKLFK�DUH�QHDU� WRWKH� DFWXDO� ZRUNLQJ� FRQGLWLRQV� RI� ILOWHUV�� ,Q�0XOWL�SDVV� WHVWV� ,62�0HGLXP� 7HVW'XVW��,62�07'��ZDV�XVHG��7KH�WHVW�SURFHGXUH�LQFOXGHG�D�SHDN�IORZ�SDWWHUQ��7KHPDLQ�SDUDPHWHU�RI�LW�ZDV�WKH�IORZ�DPSOLWXGH�
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&XPXODWLYH�SDUWLFOH�VL]H�>�P@
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5RXQG��
5RXQG��

5RXQG��
3 ����������EDU��GS� �����EDU
5RXQG��
3 ���������EDU��GS� ����EDU

)LJ�����5HVXOWV�IURP�ILHOG�WHVWV�LQ�SUHVVXUH�OLQH�ILOWHU�����W\SH�)��E���!����LQ�)LQQLVK�PHWDO�LQGXVWU\�0(��

7HVW
)LOWHU

3DUWLFOH
&RXQWHU

&RQWDPLQDQW
,QMHFWLRQ�8QLW

)ORZ
&RQWURO
9DOYHV

,QMHFWLRQ
3XPS

0DLQ
3XPS

)LJ�����7KH�K\GUDXOLF�FLUFXLWV�RI�WKH�YDULDEOH�IORZ�0XOWL�SDVV�ILOWHU�WHVW�XQLW��VLPSOLILHG��>�@
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���3HDN�)ORZ�3DWWHUQ
$OO�PHDVXUHPHQW�DQG�FRQWURO�WDVNV��ZKLFK�ZHUH�QHHGHG�GXULQJ�ILOWHU� WHVWV�ZHUH�SHUIRUPHG�XVLQJ�D�VLQJOH�/DE9LHZ�EDVHG�DSSOLFDWLRQ��7KH�PDLQ�IHDWXUHV�WKDWZHUH�VSHFLDO�IRU�0XOWL�SDVV�ILOWHU�WHVWLQJ�ZHUH�WKH�SURGXFLQJ�RI�YDULDEOH�IORZ�DQGWKH� FRQWURO� RI� FRQWDPLQDQW� LQMHFWLRQ� RQ� WKH� EDVLV� RI� WKH� PHDVXUHG� SDUWLFOHFRQFHQWUDWLRQ�LQ�WKH�PDLQ�XQLW�)ORZ�YDULDWLRQV�DUH�JHQHUDOO\�HDV\�WR�SURGXFH�ZLWK�DQ\�VLJQDO�JHQHUDWRU��,Q0XOWL�SDVV�WHVW�WKH�SUREOHP�DULVHV�IURP�WKH�SDUWLFOH�FRXQWLQJ��,Q�RUGHU�WR�PDLQWDLQWKH� UHOLDELOLW\� RI� SDUWLFOH� FRXQWLQJ� WKH� IORZ� UDWHV� RI� VHQVRUV� PXVW� EH� FRQVWDQW�ZKLFK�OLPLWV�WKH�XVDEOH�UDQJH�RI�IORZ�YDULDWLRQV��7KLV�SUREOHP�ZDV�VROYHG�XVLQJVR�FDOOHG��SHDN�IORZ��SDWWHUQ��7KH�IRUP�RI�WKH�SDWWHUQ�LV�SUHVHQWHG�LQ�ILJXUH���IRUWZR�IORZ�DPSOLWXGHV�,Q�SHDN�IORZ�SDWWHUQ�WKH�IORZ�FKDQJHV�IURP�RQH�OHYHO�WR�DQRWKHU�RQO\�IRU�DVKRUW� SHULRG� RI� WLPH� �SHDN� WLPH��� (YHQ� WKRXJK� WKH� IORZ� YDULDWLRQ� KDV� WKHPD[LPXP� LQIOXHQFH� RQ� WKH� ILOWHU� LW� KDV� D�PLQLPXP�GLVWXUELQJ� LQIOXHQFH� RQ� WKHSDUWLFOH�VHQVRUV�
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3HDN�WLPH�����PVHF

)LJ�����$FWXDO�SHDN�IORZ�SDWWHUQV�����������������DQG������� �OSP�ZLWK�SHDN�WLPH�RI�����PVHF�>�@

���&RQWUROOHG�,QMHFWLRQ�)ORZ�
,QMHFWLRQ�IORZ�ZDV�FRQWUROOHG�LQ�DOO�SUHVHQWHG�WHVWV� WR�PDLQWDLQ�D�FRQVWDQWSDUWLFOH�FRQFHQWUDWLRQ�LQ�WKH�XSVWUHDP�RI�ILOWHU��,Q�UHIHUHQFH�WHVWV�WKH�FRQWURO�ZDVEDVHG� RQ� RQH� EDVH� LQMHFWLRQ� OHYHO��ZKLFK�ZDV� DGMXVWHG� LI� QHHGHG�� ,Q� FRPELQHGWHVWV� WKHUH�ZHUH� WZR� GLIIHUHQW� EDVH� LQMHFWLRQ� OHYHOV��ZKLFK�ZHUH� FKDQJHG� DORQJ
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ZLWK� IORZ� W\SH��7KLV�ZDV�QHHGHG�EHFDXVH� WKH� IORZ� UDWH�JRLQJ� WKURXJK� WKH� ILOWHUZDV�GLIIHUHQW�LQ�FRQVWDQW�DQG�F\FOLF�IORZ�SKDVHV�7KH� HIIHFW� RI� FRQWUROOHG� LQMHFWLRQ� IORZ� FDQ� EH� VHHQ� LQ� ILJXUH� ��� 7KHXSVWUHDP�FRQFHQWUDWLRQ�LQ�WKH�PDLQ�XQLW�LV�SUHVHQWHG�WKHUH�IRU�SDUWLFOH�VL]HV�á��PDQG�á��P�DV�WKH\�ZHUH�PHDVXUHG�LQ�WZR�VHSDUDWH�WHVWV��%RWK�WHVWV�ZHUH�SHUIRUPHGXVLQJ�WKH�FRPELQDWLRQ�RI�FRQVWDQW�IORZ����OSP�DQG�YDULDEOH�IORZ���«���OSP��EXWWKH�LQMHFWLRQ�IORZ�ZDV�FRQVWDQW�LQ�RQH�WHVW�DQG�FRQWUROOHG�LQ�WKH�RWKHU�
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&RQVWDQW�LQMHFWLRQ

&RQWUROOHG�LQMHFWLRQ
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)LJ�����7KH�HIIHFW�RI�FRQWUROOHG�LQMHFWLRQ�IORZ�RQ�WKH�XSVWUHDP�SDUWLFOH�FRQFHQWUDWLRQ�>�@
7KH� FRQVWDQW� LQMHFWLRQ� IORZ� FDXVHG� WKH� LQFUHDVH� LQ� SDUWLFOH� FRQFHQWUDWLRQGXULQJ�F\FOLF�IORZ�SKDVHV�ZKHQ�FRPSDUHG�WR�WKH�FRQVWDQW�IORZ�SKDVHV��,Q�DGGLWLRQWKH�FRQFHQWUDWLRQ�LQFUHDVHG�VWHDGLO\�GXULQJ�WKH�WHVW�EHFDXVH�WKH�HIILFLHQF\�RI�ILOWHUGHFUHDVHG�� 7KH� FXUYHV� LQ� ILJXUH� �� VKRZ� WKDW� FRQVWDQW� LQMHFWLRQ� FDQ� QRW� DVVXUHFRQVWDQW� FRQFHQWUDWLRQ� LI� FRPELQHG� IORZV� DUH� XVHG� RU� WKH� ILOWHU� HIILFLHQF\� LVVXEVWDQWLDOO\�ORZ�7KH�FRQWUROOHG� LQMHFWLRQ�IORZ�UHVXOWHG� LQ�D�YHU\�VWDEOH�FRQFHQWUDWLRQ��7KH

FXUYHV�IRU�SDUWLFOH�VL]HV�Ë��P�DQG�Ë��P�DUH�H[DPSOHV�RI�WKLV��7KH�LQMHFWLRQ�ZDV
DFWXDOO\�FRQWUROOHG�RQ�WKH�EDVLV�RI�SDUWLFOHV�Ë��P��EXW�WKH�OHYHOV�RI�DOO�PHDVXUHG
SDUWLFOHV�XS�WR�Ë���P�UHPDLQHG�VWDEOH�GXULQJ�FRQWURO�

���(IILFLHQF\�&XUYHV�IRU�)LOWHU�6HOHFWLRQ
7RWDO� RI� VL[WHHQ� ��P�HOHPHQWV� DQG� VL[� ���P�HOHPHQWV�ZHUH� WHVWHG� XVLQJWKH�IROORZLQJ�IORZ�SURILOHV����&RQVWDQW�IORZ����OSP

���



��&RPELQHG�FRQVWDQW�DQG�SHDN�IORZ��������OSP��&RPELQHG�FRQVWDQW�DQG�SHDN�IORZ��������OSP��&RPELQHG�FRQVWDQW�DQG�SHDN�IORZ��������OSP
,Q� WKH� FRPELQHG� WHVWV� FRQVWDQW� IORZ� DQG� SHDN� IORZ�SKDVHV�ZHUH� FKDQJHGDQG� UHSHDWHG�DIWHU�HDFK� IRXU�PLQXWHV��7KH�F\FOH�UDWH�ZDV���+]� LQ�DOO�SHDN� IORZSKDVHV�DQG�WKH�SHDN�WLPH�ZDV���� PVHF�7KH�DYHUDJH�E�YDOXHV�RI�ERWK�HOHPHQW�W\SHV�DUH�SUHVHQWHG�LQ�ILJXUH���DV�DIXQFWLRQ�RI�FXPXODWLYH�SDUWLFOH�VL]H�7KH� FXUYHV� LQ� ILJXUH� �� VKRZ� FOHDUO\� KRZ� WKH� IORZ� DPSOLWXGH� DIIHFWV� WKHILOWUDWLRQ�HIILFLHQF\��7KH�ELJJHU�LV�WKH�DPSOLWXGH��WKH�ORZHU�LV�WKH�HIILFLHQF\��,W�LVDOVR� HYLGHQW� WKDW� WKH� HIILFLHQF\� LV� DIIHFWHG� LQ� DOO� SDUWLFOH� VL]HV�� 7KH� VSUHDG� RIFXUYHV�LQGLFDWHV�WKDW�D�FRDUVH�ILOWHU�LV�PRUH�DIIHFWHG�E\�YDULDEOH�IORZ�WKDQ�D�ILQHUILOWHU��7KLV�FDQ�EH�VHHQ�DOVR�LQ�ILJXUH����ZKHUH�SDUWLFOH�VL]HV�[�IRU�WKH�GHILQLWLRQb; ����DUH�SUHVHQWHG�IRU�ERWK�HOHPHQWV�DV�D�IXQFWLRQ�RI�IORZ�DPSOLWXGH�

)LJ�����3DUWLFOH�VL]HV�RI���P�DQG����P
HOHPHQWV�IRU�WKH�GHILQLWLRQ�RI�b; ���

)LJ�����7KH�b�YDOXHV�RI���P�DQG����P�HOHPHQWVWHVWHG�ZLWK�GLIIHUHQW�IORZ�DPSOLWXGHV�>�@

�[ �����YDOXH�XQGHU�YDULDEOH�IORZ
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$FFRUGLQJ�WR�ILJXUH���WKH���P�HOHPHQW�KDV�D�YDOXH�RI�b� ����ZKHQ�WHVWHGXQGHU�FRQVWDQW�IORZ��7KH�YDULDEOH�IORZ�WHVWV�UHVXOWHG�LQ�SDUWLFOH�VL]HV���P������PDQG���P��7KH�YDOXHV�VKRZ�WKDW�WKLV�HOHPHQW�W\SH�SHUIRUPV�DV�H[SHFWHG�DOVR�XQGHUKLJKO\�YDULDEOH�IORZ�7KH� UHVXOWV� RI� ���P� HOHPHQWV� VKRZ� WKH� LPSRUWDQFH� RI� WHVWLQJ� XQGHUYDULDEOH� IORZ�� 7KH� HOHPHQW� KDV� D� YDOXH� RI� E� ���� ZLWK� FRQVWDQW� IORZ�� :LWK
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YDULDEOH� IORZ� WKH� SDUWLFOH� VL]HV� ZHUH� ���P�� ���P� DQG� ���P�� ,I� WKLV� HOHPHQWVKRXOG�EH�XVHG�XQGHU�KLJKO\�YDULDEOH�IORZ�FRQGLWLRQV��LW�VKRXOG�EH�FRQVLGHUHG�DV���P�HOHPHQW�

���&RQFOXVLRQ
7KH� ODERUDWRU\� WHVWV� RI� ILOWHUV� ZLWK� GLIIHUHQW� FRQVWDQW� DQG� YDULDEOH� IORZVKRZ�WKDW�YDULDEOH�IORZ�DIIHFWV�JUHDWO\�WKH�HIILFLHQF\�RI�K\GUDXOLF�ILOWHU��6LPLODU

NLQG�RI�UHVXOWV�ZHUH�JRW�DOVR�IURP�ILHOG�WHVWV�LQ�)LQQLVK�LQGXVWU\�$ VHULHV�RI���P�DQG����P�HOHPHQWV�ZHUH�WHVWHG�XVLQJ�IRXU�GLIIHUHQW�IORZDPSOLWXGHV��7KH�SUHVHQWHG�HIILFLHQF\�FXUYHV�VHUYH� WKH�VHOHFWLRQ�RI� ILOWHU�DQG� WKHHYDOXDWLRQ�RI�ILOWUDWLRQ�HIILFLHQF\�XQGHU�YDULDEOH�IORZ�FRQGLWLRQV��7KH�WHVW�UHVXOWVVKRZ� DOVR� WKDW� WKH� GHILQLWLRQ� RI� ILOWHU� HIILFLHQF\� FDQQRW� EH� EDVHG� SXUHO\� RQWUDGLWLRQDO�0XOWL�SDVV�WHVW�

5HIHUHQFHV
�� .LLVR� 7��� -lUYLQHQ� 0��� 5LQNLQHQ� -��� %HKDYLRXU� RI� +\GUDXOLF� )LOWHUV� XQGHU� 'LIIHUHQW� )ORZ&RQGLWLRQV��7KH�)RUWK�6FDQGLQDYLDQ�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�)OXLG�3RZHU��7DPSHUH��)LQODQG�6HSWHPEHU��������������787�,+$��,6%1����������������9RO�����S���������
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