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$EVWUDFW

7KH FUHDWLRQ DQG UHOD[DWLRQ RI VHFRQGDU\ H[FLWRQV LQ VROLG .U ZHUH LQYHVWLJDWHG XVLQJ

HQHUJ\� DQG WLPH�UHVROYHG OXPLQHVFHQFH VSHFWURVFRS\ LQ YDFXXP XOWUDYLROHW UHJLRQ� 7KH

VSHFWUDOO\ VHOHFWHG OXPLQHVFHQFH RI WKH IUHH H[FLWRQ �)(� ZDV XVHG DV D SUREH IRU VHFRQGDU\

H[FLWRQ FUHDWLRQ� 7KLV ZDV SRVVLEOH GXH WR WKH JRRG ¶TXDOLW\¶ RI WKH VDPSOHV DQG KLJK SXULW\

.U JDV� XVHG IRU VDPSOH JURZWK� VLQFH WKH LQWHQVLW\ RI WKH IUHH H[FLWRQ HPLVVLRQ OLQH LV

H[WUHPHO\ VDPSOH VHQVLWLYH�

)RU WKH ¿UVW WLPH� WLPH�UHVROYHG H[FLWDWLRQ VSHFWUD DQG GHFD\ FXUYHV RI IUHH H[FLWRQ

HPLVVLRQ LQ VROLG .U ZHUH V\VWHPDWLFDOO\ LQYHVWLJDWHG IRU DQ H[FLWDWLRQ H[FHHGLQJ WKH EDQG

JDS HQHUJ\ �XS WR �� H9�� $OVR OXPLQHVFHQFH RI VHOI�WUDSSHG H[FLWRQV ZDV VWXGLHG LQ VROLG

.U XVLQJ WLPH�UHVROYHG PHWKRGV� $GGLWLRQDOO\� KLJK�UHVROXWLRQ UHÀHFWLRQ VSHFWUD ZHUH PHD�

VXUHG DQG D QHZ PHPEHU �Q �� RI WKH H[FLWRQ VHULHV ZDV UHYHDOHG� $ VHULHV RI VDPSOHV ZHUH

JURZQ DQG LQYHVWLJDWHG� GHPRQVWUDWLQJ D JRRG UHSURGXFLELOLW\ RI WKH PDLQ H[SHULPHQWDO UH�

VXOWV�

'HOD\HG HOHFWURQ�KROH UHFRPELQDWLRQ DQG ¶SURPSW¶ �LQ WKH PHDQLQJ RI WKH WLPH�

UHVROXWLRQ RI H[SHULPHQWDO VHW�XS� FUHDWLRQ RI VHFRQGDU\ H[FLWRQV ZHUH VHSDUDWHG XVLQJ WKH

WLPH�UHVROYHG H[SHULPHQWDO WHFKQLTXH� $ GHWDLOHG PRGHO IRU WKH G\QDPLFV RI HOHFWURQ�KROH

UHFRPELQDWLRQ LQWR WKH )( VWDWH ZDV GHYHORSHG� 7KH GHOD\HG FRPSRQHQW RI WKH IUHH H[FLWRQ

GHFD\ FXUYH ZDV UHSURGXFHG ZLWK PRGHO FDOFXODWLRQV LQFOXGLQJ WKHUPDOL]DWLRQ RI WKH FDUUL�

HUV YLD VFDWWHULQJ RQ DFRXVWLF SKRQRQV DQG WKH HIIHFW RI UHFRPELQDWLRQ FURVV�VHFWLRQ� ZKLFK

GHSHQGV RQ WKH DFWXDO FDUULHU WHPSHUDWXUHV� $ UHDVRQDEOH DJUHHPHQW EHWZHHQ H[SHULPHQW

DQG WKHRU\ ZDV IRXQG�

7LPH�UHVROYHG H[FLWDWLRQ VSHFWUD VKRZ WKDW WKH ¶SURPSW¶ FUHDWLRQ RI )( WDNHV SODFH LQ

WKH UHJLRQ DERYH WKH WKUHVKROG �D . � �
����� H9� 7KH VKDSH RI WKH GHFD\ FXUYHV FKDQJHV

VLJQL¿FDQWO\ DERYH WKLV WKUHVKROG DV ZHOO� 7KH H[SHULPHQWDO WKUHVKROG YDOXH LV QHDUO\ HTXDO

WR WKH VXP RI WKH EDQG JDS HQHUJ\ DQG WKH IUHH H[FLWRQ HQHUJ\ �. � �  .� �. � � �� ,Q RUGHU WR

H[SODLQ WKH WKUHVKROG LQ WLPH�UHVROYHG H[FLWDWLRQ VSHFWUD RI ¶SURPSW¶ SURFHVVHV WZR SRVVLELO�

LWLHV DUH GLVFXVVHG� �L� LQHODVWLF VFDWWHULQJ RI WKH HOHFWURQV LQ WKH IUDPHZRUN RI WKH PXOWLSOH�

SDUDEROLF�EUDQFK EDQG PRGHO� DQG �LL� FUHDWLRQ RI WKH HOHFWURQLF SRODURQ FRPSOH[� ¶3URPSW¶

FUHDWLRQ RI H[FLWRQV DERYH . � � LV DVFULEHG WR D VXSHUSRVLWLRQ RI ERWK SURFHVVHV� $W WKUHVKROG

LWVHOI� WKH FUHDWLRQ RI HOHFWURQLF SRODURQ FRPSOH[HV LV WKH GRPLQDQW SURFHVV� ZKLOH DW KLJKHU

H[FLWDWLRQ HQHUJLHV� HOHFWURQ�HOHFWURQ VFDWWHULQJ PD\ GRPLQDWH�



(U]HXJXQJ IUHLHU ([]LWRQHQ LQ IHVWHP .U\SWRQ� XQWHUVXFKW
PLW +LOIH GHU ]HLWDXIJHO|VWHQ /XPLQHV]HQ]VSHNWURVNRSLH

.XU]IDVVXQJ

'LH (U]HXJXQJ XQG 5HOD[DWLRQ VHNXQGlUHU ([]LWRQHQ LQ IHVWHP .U ZXUGH PLWWHOV ]HLW�

XQG HQHUJLHDXIJHO|VWHU /XPLQHV]HQ]VSHNWURVNRSLH LP YDNXXPXOWUDYLROHWWHQ 6SHNWUDOEHUHLFK

XQWHUVXFKW� =XU &KDUDNWHULVLHUXQJ GHU (U]HXJXQJ VHNXQGlUHU ([]LWRQHQ ZXUGH GLH VSHNWUDO

DXVJHZlKOWH /XPLQHV]HQ] GHV IUHLHQ ([]LWRQV �)(� KHUDQJH]RJHQ� 'LHV ZDU DXIJUXQG GHU

KRKHQ 3UREHQTXDOLWlW XQG GHU KRKHQ 5HLQKHLW GHV ]XU 3UREHQSUlSDUDWLRQ YHUZHQGHWHQ .U�

*DVHV P|JOLFK� GD GLH ,QWHQVLWlW GHU IUHLHQ ([]LWRQOLQLH VWDUN YRQ GHU 3UREHQJ�WH DEKlQJW�

=XP HUVWHQ 0DO ZXUGHQ ]HLWDXIJHO|VWH $QUHJXQJVVSHNWUHQ XQG $ENOLQJNXUYHQ GHU )(�

(PLVVLRQ LQ IHVWHP .U I�U $QUHJXQJHQ REHUKDOE GHU %DQGNDQWH �ELV �� H9� V\VWHPDWLVFK

XQWHUVXFKW� =XVlW]OLFK ZXUGH DXFK GLH /XPLQHV]HQ] YRQ ORNDOLVLHUWHQ �¶VHOI�WUDSSHG¶� ([]L�

WRQHQ LQ IHVWHP .U GXUFK ]HLWDXIJHO|VWH 6SHNWURVNRSLH EHWUDFKWHW� :HLWHUKLQ ZXUGHQ KRFK�

DXIJHO|VWH 5HÀH[LRQVVSHNWUHQ JHPHVVHQ XQG GDUDXV HLQ ZHLWHUHV (OHPHQW GHU ([]LWRQHQVH�

ULH �Q �� EHVWLPPW� 'LH 0HVVXQJHQ ZXUGHQ DQ YHUVFKLHGHQHQ 3UREHQ ZLHGHUKROW XQG ]HLJHQ

HLQH JXWH 5HSURGX]LHUEDUNHLW GHU H[SHULPHQWHOOHQ (UJHEQLVVH�

0LWWHOV GHU ]HLWDXIJHO|VWHQ 0H�WHFKQLN NDQQ ]ZLVFKHQ YHU]|JHUWHU (OHNWURQ�/RFK�

5HNRPELQDWLRQ XQG ¶SURPSWHU¶ �LP 5DKPHQ GHU H[SHULPHQWHOOHQ =HLWDXÀ|VXQJ� (U]HXJXQJ

VHNXQGlUHU ([]LWRQHQ XQWHUVFKLHGHQ ZHUGHQ� (V ZXUGH HLQ GHWDLOOLHUWHV 0RGHOO GHU '\QD�

PLN GHU (OHNWURQ�/RFK�5HNRPELQDWLRQ LQ GHQ )(�=XVWDQG DXIJHVWHOOW� 'LH YHU]|JHUWH .RP�

SRQHQWH GHU $ENOLQJNXUYHQ I�U GDV )( ZXUGH PLWWHOV 0RGHOOUHFKQXQJHQ UHSURGX]LHUW� GLH

GLH 7KHUPDOLVLHUXQJ GHU /DGXQJVWUlJHU GXUFK 6WUHXXQJ DQ DNXVWLVFKHQ 3KRQRQHQ EHLQKDOWHQ

XQG GLH $EKlQJLJNHLW GHV :LUNXQJVTXHUVFKQLWWHV GHU 5HNRPELQDWLRQ YRQ GHU /DGXQJVWUl�

JHUWHPSHUDWXU EHU�FNVLFKWLJHQ� 0RGHOOUHFKQXQJHQ XQG H[SHULPHQWHOOH 'DWHQ ZHLVHQ HLQH

JXWH hEHUHLQVWLPPXQJ DXI�

'LH ]HLWDXIJHO|VWHQ $QUHJXQJVVSHNWHQ ]HLJHQ� GD� HLQH ¶SURPSWH¶ (U]HXJXQJ GHV )(

LP %HUHLFK REHUKDOE GHU 6FKZHOOH YRQ �D . � � ����� H9 VWDWW ¿QGHW� 'LHV VSLHJHOW VLFK

HEHQIDOOV LQ GHU YHUlQGHUWHQ )RUP GHU $ENOLQJNXUYHQ REHUKDOE GHU 6FKZHOOH ZLGHU� 'HU H[�

SHULPHQWHOOH 6FKZHOOHQZHUW HQWVSULFKW QDKH]X GHU 6XPPH GHU %DQGO�FNHQHQHUJLH XQG GHU

(QHUJLH GHV )( �. � �  .� �. � � �� =XU (UNOlUXQJ GLHVHV 6FKZHOOHQZHUWHV ZHUGHQ ]ZHL 0RGHO�

OH GLVNXWLHUW� �L� LQHODVWLVFKH 6WUHXXQJ GHU (OHNWURQHQ LP 5DKPHQ GHV ¶PXOWLSOH�SDUDEROLF�

EUDQFK EDQG¶ 0RGHOOV� XQG �LL� (U]HXJXQJ GHV HOHNWURQLVFKHQ 3RODURQ�.RPSOH[HV� 'LH

¶SURPSWH¶ (U]HXJXQJ YRQ ([]LWRQHQ REHUKDOE YRQ . � � ZLUG HLQHU hEHUODJHUXQJ DXV EHL�

GHQ 3UR]HVVHQ ]XJHRUGQHW� 1DKH DQ GHU 6FKZHOOH LVW GLH (U]HXJXQJ GHV HOHNWURQLVFKHQ

3RODURQ�.RPSOH[HV GHU GRPLQDQWH 3UR]HVV� ZlKUHQG (OHNWURQ�(OHNWURQ�6WUHXXQJ EHL K|KH�

UHQ $QUHJXQJVHQHUJLHQ �EHUZLHJHQ N|QQWH�
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� ,QWURGXFWLRQ �

� ([SHULPHQW �

��� 6\QFKURWURQ UDGLDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� /LJKW VRXUFH DQG EHDPOLQH � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� 0RQRFKURPDWRUV DW 683(5/80, � � � � � � � � � � � � � � � � � � � � � � �

����� 3ULPDU\ PRQRFKURPDWRU � � � � � � � � � � � � � � � � � � � � � � � ��

����� +LJK�ÀX[ 989�� PRQRFKURPDWRU � � � � � � � � � � � � � � � � � � ��

����� +LJK�UHVROXWLRQ 989�� PRQRFKURPDWRU � � � � � � � � � � � � � � � ��

����� 0RQRFKURPDWRU IRU WKH YLVLEOH DQG XOWUDYLROHW UHJLRQ � � � � � � � � ��

��� 'HWHFWRUV DQG HOHFWURQLFV DW 683(5/80, � � � � � � � � � � � � � � � � � � ��

����� 0LFURVSKHUH SODWH GHWHFWRU � � � � � � � � � � � � � � � � � � � � � � ��

����� 3RVLWLRQ VHQVLWLYH GHWHFWRU IRU WKH KLJK�UHVROXWLRQ 989�� PRQR�

FKURPDWRU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 3KRWRPXOWLSOLHUV � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� ([SHULPHQWDO HOHFWURQLFV � � � � � � � � � � � � � � � � � � � � � � � ��

��� ([SHULPHQWDO 0HWKRG � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 6LQJOH�SKRWRQ FRXQWLQJ � � � � � � � � � � � � � � � � � � � � � ��

����� 'DWD UHJLVWUDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 'DWD SURFHVVLQJ � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� *DV�KDQGOLQJ V\VWHP DQG VDPSOH SUHSDUDWLRQ � � � � � � � � � � � � � � � � ��

����� *DV LQOHW DQG VDPSOH JURZLQJ V\VWHP � � � � � � � � � � � � � � � � ��

����� 6DPSOH SUHSDUDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 7KHRUHWLFDO RYHUYLHZ ��

��� 6RPH KLVWRULFDO UHPDUNV � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 5DUH JDV VROLGV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 9DQ GHU :DDOV LQWHUDFWLRQ � � � � � � � � � � � � � � � � � � � � � � ��

L
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����� ([FLPHU PROHFXOHV � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 3URSHUWLHV RI UDUH JDV VROLGV � � � � � � � � � � � � � � � � � � � � � ��

����� %DQG VWUXFWXUH � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� ([FLWRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� :DQQLHU�0RWW DQG )UHQNHO H[FLWRQV � � � � � � � � � � � � � � � � � ��

����� ([FLWRQ SRODULWRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &RH[LVWHQFH RI IUHH DQG VHOI�WUDSSHG H[FLWRQV � � � � � � � � � � � � � � � � ��

����� 7UDSSLQJ SURFHVV � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 5DGLDWLYH GHFD\ RI WKH IUHH H[FLWRQ � � � � � � � � � � � � � � � � � ��

��� &UHDWLRQ RI VHFRQGDU\ H[FLWRQV � � � � � � � � � � � � � � � � � � � � � � � � ��

����� )( FUHDWLRQ YLD HOHFWURQ�KROH UHFRPELQDWLRQ � � � � � � � � � � � � ��

����� ,QÀXHQFH RI WKH GLIIHUHQW SDUDPHWHUV � � � � � � � � � � � � � � � � ��

��� 6LQJOH�SDUDEROLF�EUDQFK EDQG �63%%� PRGHO RI HOHFWURQ�HOHFWURQ VFDWWHULQJ ��

��� 0XOWLSOH�SDUDEROLF�EUDQFK EDQG �03%%� PRGHO RI HOHFWURQ�HOHFWURQ VFDWWHU�

LQJ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 7KUHVKROGV IRU PXOWLSOLFDWLRQ RI HOHFWURQLF H[FLWDWLRQV � � � � � � � ��

����� 3URGXFWLRQ UDWHV QHDU WKUHVKROGV � � � � � � � � � � � � � � � � � � � ��

��� (OHFWURQLF SRODURQ FRPSOH[ � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� ([SHULPHQWDO UHVXOWV DQG GLVFXVVLRQ ��

��� /XPLQHVFHQFH RI VROLG NU\SWRQ � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 67( OXPLQHVFHQFH RI VROLG NU\SWRQ � � � � � � � � � � � � � � � � � � � � � � ��

��� 6KDSH RI WKH 67( OXPLQHVFHQFH � � � � � � � � � � � � � � � � � � � � � � � ��

��� 5HÀHFWLRQ VSHFWUD � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7LPH�UHVROYHG PHDVXUHPHQW RI )( OXPLQHVFHQFH � � � � � � � � � � � � � � ��

����� )( GHFD\ FXUYHV � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� ([FLWDWLRQ VSHFWUD RI )( OXPLQHVFHQFH � � � � � � � � � � � � � � � ��

����� &RPSDULVRQ EHWZHHQ H[SHULPHQWDO WKUHVKROG DQG 03%% PRGHO � � ���

��� 7LPH�UHVROYHG PHDVXUHPHQWV RI 67( OXPLQHVFHQFH � � � � � � � � � � � � � ���

��� 5DWLR RI )( DQG 67( OXPLQHVFHQFH H[FLWDWLRQ VSHFWUD � � � � � � � � � � � � ���

��� &RPSDULVRQ ZLWK RWKHU H[SHULPHQWV � � � � � � � � � � � � � � � � � � � � � ���

����� &OXVWHU H[SHULPHQWV � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� (OHFWURQ HQHUJ\ ORVV H[SHULPHQWV � � � � � � � � � � � � � � � � � � ���

����� &DWKRGROXPLQHVFHQFH H[FLWDWLRQ VSHFWUD � � � � � � � � � � � � � � � ���

����� &RQFOXVLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 5HVXOWV RI WKH UHFRPELQDWLRQ PRGHO � � � � � � � � � � � � � � � � � � � � � ���

���� ,UUDGLDWLRQ HIIHFWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
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&KDSWHU �

,QWURGXFWLRQ

(QHUJ\ GLVVLSDWLRQ LQ VROLGV IROORZLQJ SULPDU\ H[FLWDWLRQ E\ ;�UD\V RU KLJK�HQHUJ\

SDUWLFOHV �HOHFWURQV� LRQV� LV RQH RI IXQGDPHQWDO SUREOHPV LQ FRQGHQVHG PDWWHU SK\VLFV� $

GHWDLOHG XQGHUVWDQGLQJ RI GLVVLSDWLYH SURFHVVHV LV YHU\ LPSRUWDQW IRU SUDFWLFDO DSSOLFDWLRQV�

H�J� GHYHORSPHQW RI GLVSOD\V� VFLQWLOODWRUV IRU KLJK HQHUJ\ SK\VLFV� FRPSXWHU WRPRJUDSK\

HWF�� DV ZHOO�

$ KLJK�HQHUJ\ FRUH�H[FLWDWLRQ W\SLFDOO\ FDXVHV D UHOD[DWLRQ FDVFDGH� ZKHUH HQHUJ\ GLV�

VLSDWLRQ DW ¿UVW RFFXUV YLD $XJHU SURFHVVHV� HOHFWURQ�HOHFWURQ DQG HOHFWURQ�KROH VFDWWHULQJ�

$IWHU VRPH WLPH� LQ HDFK LQVXODWRU D VLWXDWLRQ LV UHDFKHG� LQ ZKLFK IXUWKHU $XJHU UHOD[DWLRQ

LV QRW DQ\ PRUH HQHUJHWLFDOO\ SRVVLEOH� 1HYHUWKHOHVV� ¶KRW¶ HOHFWURQV �RU KROHV� VWLOO KDYH VXI�

¿FLHQW NLQHWLF HQHUJ\ IRU WKH FUHDWLRQ RI HOHFWURQ�KROH SDLUV RU H[FLWRQV �ERXQG HOHFWURQ�KROH

SDLUV��

6XFK D VLWXDWLRQ LV WKH VWDUWLQJ SRLQW RI WKH SUHVHQW ZRUN� ,Q WKLV WKHVLV� WKH ¿QDO VWHSV RI

¶KLJK�HQHUJ\¶ H[FLWDWLRQ UHOD[DWLRQ FDVFDGHV DUH XQGHU LQYHVWLJDWLRQ LQ VROLG NU\SWRQ� +RZ�

HYHU� WKH ¶KRW¶ HOHFWURQV DUH FUHDWHG GLUHFWO\� XVLQJ VSHFWUDOO\ VHOHFWHG V\QFKURWURQ UDGLDWLRQ

ZLWK D SKRWRQ HQHUJ\ XS WR ��� H9� $Q DGMXVWDEOH HQHUJ\ RI H[FLWLQJ SKRWRQV RIIHUV WKH

SRVVLELOLW\ WR WXQH WKH NLQHWLF HQHUJ\ RI HOHFWURQV� 7KH WLPH�VWUXFWXUH RI WKH '25,6 VWRUDJH

ULQJ LV SDUWLFXODUO\ VXLWDEOH IRU WLPH�UHVROYHG VSHFWURVFRS\ DQG JLYHV D JRRG SRVVLELOLW\ WR

LQYHVWLJDWH WKH WLPH�HYROXWLRQ RI UHOD[DWLRQ SURFHVVHV IURP VXE�QV WR WKH >V UHJLPH�

6ROLG .U� OLNH RWKHU UDUH JDV VROLGV �5*6�� LV RQH RI WKH VLPSOHVW VROLGV� DQG WKHUHIRUH LW

LV DQ LGHDO PRGHO VXEVWDQFH� 7KH SHFXOLDU SURSHUWLHV RI 5*6 DUH D FRQVHTXHQFH RI WKH FORVHG

VKHOO HOHFWURQLF FRQ¿JXUDWLRQ RI WKH DWRPV �+H��V
�

� 1H WR ;H QV
�

QS
�

� Q ��������� 7KH ELQGLQJ

HQHUJLHV RI WKH YDOHQFH HOHFWURQV DUH VR ODUJH WKDW WKH FORVHG�VKHOO QDWXUH RI WKH DWRPV LV

FRQVHUYHG LQ WKH FRQGHQVHG SKDVH� LQ ZKLFK WKH DWRPV DUH KHOG WRJHWKHU E\ 9DQ GHU :DDOV

IRUFHV� $V D UHVXOW RI WKH KLJK LRQL]DWLRQ HQHUJ\ RI DWRPV� 5*6 DUH GLHOHFWULFV ZLWK H[WUHPHO\

ODUJH IRUELGGHQ JDSV �IRU VROLG .U� .�  ����� H9�� .U FU\VWDOV H[KLELW VLPXOWDQHRXVO\ VWURQJ

�
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EURDG�EDQG VHOI�WUDSSHG H[FLWRQ �67(� OXPLQHVFHQFH DV ZHOO DV FRQVLGHUDEOH QDUURZ�EDQG

OXPLQHVFHQFH RI WKH IUHH H[FLWRQV �)(�� ,Q WKH SUHVHQW ZRUN� ERWK QDUURZ�EDQG HPLVVLRQ

IURP WKH ORZHVW )( VWDWH DQG WKH VLQJOHW �
�

P
�

� � FRPSRQHQW RI WKH 67( HPLVVLRQ DUH XVHG DV

SUREHV�

7KH PDLQ SXUSRVH RI WKH SUHVHQW ZRUN LV DQ LQYHVWLJDWLRQ RI WKH GLIIHUHQW H[FLWRQ FUH�

DWLRQ SURFHVVHV LQ WKH FDVH RI SKRWRH[FLWDWLRQ� ZKHUH WKH SKRWRQ HQHUJ\ LV H[FHHGLQJ WKH

EDQG JDS HQHUJ\� )LUVW RI DOO� DQ XQGHUVWDQGLQJ RI VXFK SURFHVVHV UHTXLUHV NQRZOHGJH DERXW

FUHDWLRQ DQG GHFD\ RI H[FLWRQV� H[FLWHG GLUHFWO\ LQ WKH H[FLWRQLF UHJLRQ� 6WXGLHV DERXW WKLV

PRVW GLUHFW )( FUHDWLRQ SURFHVV LQ VROLG .U KDYH EHHQ SHUIRUPHG HDUOLHU >9DU��@� 1HYHUWKH�

OHVV� H[SHULPHQWV FRQFHUQLQJ )( FUHDWLRQ ZLWK H[FLWDWLRQ LQ WKH H[FLWRQLF UHJLRQ DUH UHSHDWHG

LQ WKH SUHVHQW ZRUN� $ QHZ DVSHFW LV WKH XVH RI KLJK SXULW\ .U� ZKLFK SHUPLWV WR LQYHVWLJDWH

OXPLQHVFHQFH RI VROLG .U ZLWKRXW GLVWXUELQJ HPLVVLRQ RI ;H LPSXULW\�

8VLQJ SKRWRH[FLWDWLRQ ZLWK D SKRWRQ HQHUJ\ H[FHHGLQJ WKH EDQG JDS HQHUJ\� LW LV IHDVL�

EOH WR FUHDWH GLUHFWO\ �L�H� LQ D RQH VWHS SURFHVV� HOHFWURQ�KROH SDLUV� 0RUHRYHU� D SKRWRFUH�

DWHG HOHFWURQ LQ WKH FRQGXFWLRQ EDQG KDV WKH SRVVLELOLW\ WR FUHDWH VHFRQGDU\ HOHFWURQLF H[FL�

WDWLRQV �H[FLWRQV RU HOHFWURQ�KROH SDLUV� YLD HOHFWURQ�HOHFWURQ VFDWWHULQJ� ,Q 5*6� WKH ZLGWK

RI WKH YDOHQFH EDQG ���� H9 LQ .U� LV PXFK VPDOOHU WKDQ WKH EDQG JDS HQHUJ\ �.�  �����

H9 LQ .U� DQG WKHUHIRUH� ¶KRW¶ KROHV FDQQRW FUHDWH DQ\ VHFRQGDU\ HOHFWURQLF H[FLWDWLRQV� $G�

GLWLRQDOO\ WR HOHFWURQ�HOHFWURQ VFDWWHULQJ� D PRUH VRSKLVWLFDWHG SRVVLELOLW\ H[LVWV� ZKHUH WZR

H[FLWDWLRQV �H�J� HOHFWURQ�KROH SDLU SOXV H[FLWRQ� DUH IRUPHG GLUHFWO\ LQ D RQH VWHS SKRWRH[FL�

WDWLRQ SURFHVV �HOHFWURQLF SRODURQ FRPSOH[�� (OHFWURQ�HOHFWURQ VFDWWHULQJ DV ZHOO DV FUHDWLRQ

RI DQ HOHFWURQLF SRODURQ FRPSOH[ RQO\ WDNH SODFH DERYH D FHUWDLQ WKUHVKROG HQHUJ\ RI SULPDU\

SKRWRH[FLWDWLRQ�

,I WKH NLQHWLF HQHUJ\ RI WKH HOHFWURQ GRHV QRW H[FHHG WKH WKUHVKROG HQHUJ\ IRU HOHFWURQ�

HOHFWURQ VFDWWHULQJ� UHOD[DWLRQ YLD HOHFWURQ�SKRQRQ VFDWWHULQJ RFFXUV� 'XH WR WKH YHU\ VLPSOH

FU\VWDO VWUXFWXUH� RQO\ DFRXVWLF SKRQRQV H[LVW LQ 5*6� +HQFH� WKH SKRQRQ�DVVLVWHG UHOD[DWLRQ

SURFHVVHV DUH PXFK VORZHU WKDQ LQ V\VWHPV ZLWK RSWLFDO SKRQRQV� 7KHUHIRUH� LQ VROLG .U�

WKHUPDOL]DWLRQ RI HOHFWURQV WDNHV SODFH LQ D QDQRVHFRQG WLPH�UDQJH� $IWHU WKHUPDOL]DWLRQ�

WKH H[FLWRQ FUHDWLRQ WKURXJK HOHFWURQ�KROH UHFRPELQDWLRQ EHFRPHV SRVVLEOH�

$OO VXFK SURFHVVHV DUH XQGHU LQYHVWLJDWLRQ LQ WKLV WKHVLV� 7KHUHE\� WKH XVDJH RI WLPH�

UHVROYHG WHFKQLTXHV LV YHU\ LPSRUWDQW� VLQFH LW GLUHFWO\ DOORZV WR GLVFULPLQDWH EHWZHHQ ¶VORZ¶

SKRQRQ�DVVLVWHG� DQG ¶SURPSW¶ �LQ WKH PHDQLQJ RI WKH WLPH�UHVROXWLRQ RI H[SHULPHQWDO VHW�

XS� )( FUHDWLRQ SURFHVVHV�

7KH SUHVHQW ZRUN LV GLYLGHG LQWR WKH IROORZLQJ FKDSWHUV� ,Q FKDSWHU �� WKH H[SHULPHQWDO

VHW�XS LV GHVFULEHG LQFOXGLQJ LWV RSWLFDO DQG HOHFWURQLF FRPSRQHQWV� DOVR WKH DSSOLHG VSHFWUR�

VFRSLF PHWKRGV DQG D SUHSDUDWLRQ WHFKQLTXH IRU VROLG .U VDPSOHV DUH LQWURGXFHG� ,Q FKDSWHU



6

�� D VKRUW RYHUYLHZ DERXW WKH SURSHUWLHV RI VROLG .U LV JLYHQ DQG GLIIHUHQW H[FLWRQLF HIIHFWV

DUH GHVFULEHG� 'LIIHUHQW SRVVLELOLWLHV IRU FUHDWLRQ RI H[FLWRQV DUH DOVR GLVFXVVHG� $ GHWDLOHG

PRGHO IRU WKH G\QDPLFV RI HOHFWURQ�KROH UHFRPELQDWLRQ LQWR WKH )( VWDWH LV LQWURGXFHG DV

ZHOO� ,Q FKDSWHU �� WKH H[SHULPHQWDO GDWD RI WLPH�UHVROYHG OXPLQHVFHQFH VSHFWURVFRS\ DUH

SUHVHQWHG DQG GLVFXVVHG� 0RUHRYHU� WKH ¿WWLQJ UHVXOWV RI H[SHULPHQWDO GHFD\ FXUYHV DUH SUH�

VHQWHG� 7KH UHVXOWV RI WKH SUHVHQW ZRUN DUH FRPSDUHG ZLWK UHVXOWV RI RWKHU H[SHULPHQWDO

VWXGLHV NQRZQ IURP WKH OLWHUDWXUH� ,Q WKH VXPPDU\� WKH PDLQ FRQFOXVLRQV DUH UHVXPHG�
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&KDSWHU �

([SHULPHQW

7KH H[SHULPHQWV RI WKH SUHVHQW ZRUN ZHUH FDUULHG RXW DW WKH H[SHULPHQWDO VWDWLRQ 68�

3(5/80, ORFDWHG LQ +$6</$% �+DPEXUJHU 6\QFKURWURQVWUDKOXQJVODERU� DW '(6< �'HXW�

VFKHV (OHNWURQHQ�6\QFKURWURQ�� ,Q WKLV FKDSWHU� D VKRUW UHYLHZ RI WKH 683(5/80, VHW�XS LV

JLYHQ DQG DOVR VRPH LPSRUWDQW H[SHULPHQWDO DVSHFWV DUH GLVFXVVHG� HVSHFLDOO\ HVVHQWLDO IRU

WKH H[SHULPHQWV ZLWK UDUH JDV VROLGV �5*6�� 683(5/80, LV D FRPSOH[ H[SHULPHQWDO VWD�

WLRQ IRU WLPH� DQG HQHUJ\�UHVROYHG YDFXXP XOWUDYLROHW �989� OXPLQHVFHQFH VSHFWURVFRS\�

3KRWRQV ZLWK HQHUJ\ IURP ��� WR �� H9 DUH DYDLODEOH IRU SKRWRH[FLWDWLRQ� 7KUHH GLIIHUHQW

VHFRQGDU\ PRQRFKURPDWRUV FRXSOHG ZLWK YDULRXV GHWHFWRUV DUH DFFHVVLEOH IRU WKH DQDO\VLV RI

WKH OXPLQHVFHQFH� /XPLQHVFHQFH SKRWRQV FDQ EH GHWHFWHG EHWZHHQ HQHUJLHV RI ��� H9 DQG ��

H9� ,W LV DOVR IHDVLEOH WR PHDVXUH UHÀHFWLRQ VSHFWUD IURP WKH VDPSOH DW WKH DQJOH RI LQFLGHQFH

����
�

� ,Q 989 VSHFWUDO UHJLRQ� DOO PDWHULDOV �LQFOXGLQJ DLU� KDYH H[WUHPHO\ KLJK DEVRUS�

WLRQ FRHI¿FLHQW� 7KHUHIRUH WKH OLJKW SDWK IURP WKH VRXUFH WR WKH H[SHULPHQWDO FKDPEHU DQG

WKH H[SHULPHQWDO FKDPEHU LWVHOI DUH SXPSHG GRZQ WR XOWUD KLJK YDFXXP �8+9� FRQGLWLRQV�

7KH 683(5/80, VHW�XS RIIHUV DOVR SRVVLELOLWLHV WR ZRUN DW ORZ WHPSHUDWXUHV �D ÀRZ�W\SH

KHOLXP FU\RVWDW�� ZKLFK LV D QHFHVVDU\ SUHVXPSWLRQ IRU WKH LQYHVWLJDWLRQV RI 5*6� $ JDV

LQOHW V\VWHP DQG LQ VLWX FU\VWDO JURZLQJ V\VWHP KDYH EHHQ EXLOW IRU WKH 5*6 H[SHULPHQWV DW

683(5/80,�

6HYHUDO 3K�'� DQG GLSORPD WKHVLV DQG SDSHUV FRQWDLQLQJ LQIRUPDWLRQ DERXW 683(5�

/80, KDYH EHHQ SXEOLVKHG HDUOLHU� >:%+6��@ �EHDPOLQH�� >5RL��@ �SULPDU\ PRQRFKUR�

PDWRU� VLQJOH�SKRWRQ FRXQWLQJ�� >0.=��@ �KLJK�UHVROXWLRQ 989�� PRQRFKURPDWRU��

>*5=3��@ �KLJK�ÀX[ 989�� PRQRFKURPDWRU�� >+DJ��@ �SRVLWLRQ VHQVLWLYH GHWHFWRU IRU 989

UHJLRQ�� >.DP��@ �PHFKDQLFDO FKRSSHU�� >%HF��@ �%0��� PRQRFKURPDWRU ZLWK SRVLWLRQ

VHQVLWLYH GHWHFWRU IRU YLVLEOH UHJLRQ�� >.|U��@ �PLFURVSKHUH SODWH GHWHFWRU��

�
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��� 6\QFKURWURQ UDGLDWLRQ

6\QFKURWURQ UDGLDWLRQ �65� LV D YHU\ EULJKW� EURDG EDQG� SRODUL]HG� SXOVHG OLJKW VRXUFH

H[WHQGLQJ IURP WKH LQIUDUHG WR WKH [�UD\ UHJLRQ� 0RVW RI WKH VWXGLHV LQ 989 UDQJH DUH FDUULHG

RXW E\ PHDQV RI 65� ,W LV ZHOO NQRZQ IURP FODVVLFDO WKHRU\ RI HOHFWURG\QDPLFV WKDW FKDUJHV�

PRYLQJ ZLWK DFFHOHUDWLRQ� HPLW HOHFWURPDJQHWLF UDGLDWLRQ� ,Q WKH FDVH RI V\QFKURWURQ UD�

GLDWLRQ� UHODWLYLVWLF HOHFWURQV �RU SRVLWURQV OLNH LQ '25,6 ,,,� DUH DFFHOHUDWHG LQ D FLUFXODU

RUELW DQG HPLW HOHFWURPDJQHWLF UDGLDWLRQ LQ D EURDG VSHFWUDO UDQJH� 7KH WRWDO LQWHQVLW\ DQG

GLVWULEXWLRQ RI WKH UDGLDWLRQ GHSHQG RQ WKH HQHUJ\ DQG WKH QXPEHU RI WKH FKDUJHG SDUWLFOHV�

6\QFKURWURQ UDGLDWLRQ ZDV REVHUYHG IRU WKH ¿UVW WLPH LQ ���� E\ (OGHU HW DO� >(*/3��@�

*HQHUDO UHYLHZV DERXW WKH GHYHORSPHQW RI WKH ¿HOG RI 65 KDYH EHHQ JLYHQ E\ .XQ] HW DO�

>.XQ��@ DQG 0DUJDULWRQGR >0DU��@� 7KH SURSHUWLHV RI 65 PDNH LW VXSHULRU WR RWKHU OLJKW

VRXUFHV LQ PDQ\ UHVSHFWV�

6WDWH RI WKH DUW RI PRGHUQ WHFKQRORJ\ LV DSSOLHG LQ FRQVWUXFWLQJ VWRUDJH ULQJV IRU SDUWL�

FOHV ZKLFK SURGXFH 65� 9DULRXV PDJQHWV NHHS WKH HOHFWURQ RU SRVLWURQ EXQFKHV FLUFXODWLQJ

XQGHU 8+9 ����
� � �

7RUU� FRQGLWLRQV IRU VHYHUDO KRXUV� EHIRUH D QHZ ¿OOLQJ RI WKH VWRUDJH

ULQJ WDNHV SODFH IURP DQ LQMHFWLRQ GHYLFH� 7KH WRWDO UDGLDWHG SRZHU IURP WKH ULQJ LV JLYHQ E\

� E&` � ' H�HD � �f
� �

�

.
�
ECeT �

-E6�
UE6�� � �����

ZKHUH . LV WKH HQHUJ\ RI WKH SDUWLFOHV ����� *H9 LV W\SLFDO IRU '25,6 ,,,�� - LV WKH UDGLXV

RI FXUYDWXUH RI EHQGLQJ PDJQHWV ����� P IRU '25,6 ,,,� DQG U LV WKH FLUFXODWLQJ FXUUHQW �DY�

HUDJH YDOXH IRU '25,6 ,,, LV ��� P$� LQ UHVSHFWLYH XQLWV� 7KH UDGLDWHG SRZHU LV GLVWULEXWHG

FRQWLQXRXVO\ RYHU D ZLGH VSHFWUDO UDQJH� +DOI RI WKH SRZHU LV UDGLDWHG EHORZ WKH FULWLFDO

ZDYHOHQJWK b � RI WKH VWRUDJH ULQJ JLYHQ E\

b � '
eZ-

��
� �����

DQG WKH VHFRQG KDOI DERYH� ZKHUH � LV WKH HQHUJ\ RI WKH SDUWLFOH GLYLGHG E\ LWV UHVW PDVV

>6(��@� 7KH FULWLFDO ZDYHOHQJWK LV ���� c �L�H� �� NH9 LQ WKH HQHUJ\ VFDOH� IRU '25,6 ,,,�

,Q WKH FDVH RI DFFHOHUDWHG HOHFWURQV �RU SRVLWURQV� WKH WRWDO QXPEHU RI SKRWRQV HPLWWHG RYHU

DOO YHUWLFDO DQJOHV SHU RQH PLOOLUDGLDQ RI RUELW SHU VHFRQG� IRU ��� � EDQGZLGWK� LV JLYHQ E\

�Eb� ' 2�2� � �f
� 	

� UE6�� � .ECeT � � CEb 
 *b�� �����

ZKHUH C�b � *b� LV D XQLYHUVDO IXQFWLRQ JLYHQ DQDO\WLFDOO\ LQ WHUPV RI WKH PRGL¿HG %HVVHO

IXQFWLRQ >&*��@� 7KH W\SLFDO ÀX[ IURP D EHQGLQJ PDJQHW RI '25,6 ,,, DW LWV PD[LPXP
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UHDFKHV DERXW ����
� �

SKRWRQV SHU VHFRQG� PUDG
�

DQG ��� � EDQGZLGWK DW ��� P$ RI VWRUDJH

ULQJ FXUUHQW� 7KH V\QFKURWURQ VRXUFHV SURYLGH OLQHDUO\ SRODUL]HG OLJKW LQ WKH RUELW SODQH DQG

HOOLSWLFDOO\ SRODUL]HG OLJKW DERYH DQG EHORZ WKDW SODQH� $ W\SLFDO GXUDWLRQ RI WKH V\QFKURWURQ

OLJKW SXOVH LV DERXW ��� SV ZKHUHDV WKH WLPH LQWHUYDO EHWZHHQ SXOVHV H[WHQGV IURP QV WR >V

LQ GLIIHUHQW IDFLOLWLHV�

��� /LJKW VRXUFH DQG EHDPOLQH

'XH WR WKH UHODWLYHO\ ORQJ VWRUDJH ULQJ FLUFXPIHUHQFH ������ P�� '25,6 ,,, KDV D VSH�

FLDO WLPH�VWUXFWXUH� ZKLFK LV SDUWLFXODUO\ VXLWDEOH IRU WKH WLPH�UHVROYHG VSHFWURVFRS\� '25,6

SURYLGHV OLJKW�SXOVHV ZLWK WKH ):+0 ��� SV DQG D SHULRG RI ��� QV LQ VLQJOH EXQFK PRGH�

1RUPDOO\ '25,6 LV ¿OOHG ZLWK � EXQFKHV ZLWK WKH VDPH ):+0 ���� SV� �PXOWL EXQFK

PRGH�� 7KHQ� WKH LQWHUYDO EHWZHHQ WKH ¿UVW DQG WKH ODVW �¿IWK� EXQFK LV ��� QV DQG EHWZHHQ

DOO RWKHUV LV ��� QV�

7KH 683(5/80, VHW�XS �)LJ� ���� LV ORFDWHG DERYH WKH '25,6 ,,, VWRUDJH ULQJ SODQH DW

WKH EHDPOLQH ,� 7ZR PLUURUV DUH XVHG WR LOOXPLQDWH WKH HQWUDQFH VOLW RI WKH SULPDU\ PRQRFKUR�

PDWRU >:%+6��@� 7KH ¿UVW� D F\OLQGULFDO ZDWHU�FRROHG PLUURU �0�� ORFDWHG LQ WKH SODQH RI

RUELW� QRW VKRZQ LQ )LJ� ���� DFFHSWV �� PUDG RI WKH KRUL]RQWDO DQG ��� PUDG YHUWLFDO GLYHU�

JHQFH RI WKH VRXUFH� 7KH PLUURU 0� IRFXVHV OLJKW KRUL]RQWDOO\ WR D �� PP ZLGH LPDJH DW WKH

HQWUDQFH VOLW RI WKH SULPDU\ PRQRFKURPDWRU� 7KH VHFRQG� D SODQH HOOLSWLF PLUURU �0�� ORFDWHG

��� P DERYH VWRUDJH ULQJ SODQH� RQ D OHYHO RI WKH HQWUDQFH VOLW� GRHV WKH VDPH YHUWLFDOO\ SUR�

YLGLQJ DQ ��� PP KLJK LPDJH DW WKH HQWUDQFH VOLW RI WKH SULPDU\ PRQRFKURPDWRU� 7KH OLJKW LV

GLVSHUVHG LQ WKH YHUWLFDO GLUHFWLRQ E\ WKH SULPDU\ PRQRFKURPDWRU� $ WKLUG URWDWLRQDO�HOOLSWLF

PLUURU �0�� ORFDWHG LQ WKH VDPSOH FKDPEHU� IRFXVHV WKH GLVSHUVHG OLJKW RQWR WKH VDPSOH� $V

D UHVXOW WKH ��� PP
�

OLJKW VRXUFH WUDQVIRUPV LQWR WKH ������ PP
�

OLJKW VSRW RQ WKH VDPSOH�

��� 0RQRFKURPDWRUV DW 683(5/80,

7KH 683(5/80, VHW�XS FRQVLVWV RI � PRQRFKURPDWRUV� WKH SULPDU\ GLVSHUVLQJ 65

DQG WKUHH IRU DQDO\VLV RI OXPLQHVFHQFH� 6XFK D FRPELQDWLRQ RI VSHFWURPHWHUV PHHWV QHDUO\

DOO ZLVKHV RI SK\VLFLVWV ZRUNLQJ ZLWK ZLGH EDQG JDS PDWHULDOV� $ FRPSDULVRQ RI WKH PRQR�

FKURPDWRU FKDUDFWHULVWLFV LV SUHVHQWHG LQ WDEOH ����
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)LJXUH ���� 683(5/80, VHW�XS� 73� WXUERPROHFXODU SXPS� 763� WLWDQLXP VXEOLPDWLRQ

SXPS� 063� PLFURVSKHUH SODWH GHWHFWRU� 30� SKRWRPXOWLSOLHU� ,*3� LRQ�JHWWHUSXPS� 5:�

UHÀHFWLRQ ZLQGRZ� 36'� SRVLWLRQ VHQVLWLYH GHWHFWRU� 0��0��0�� PLUURUV� 989��� KLJK�ÀX[

VHFRQGDU\ PRQRFKURPDWRU� 989��� KLJK�UHVROXWLRQ VHFRQGDU\ PRQRFKURPDWRU� %0 �����

VHFRQGDU\ PRQRFKURPDWRU IRU WKH YLVLEOH DQG 89 UHJLRQ�
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0RQRFKURPDWRU 3ULPDU\ 989� 989� %0 ����

0RXQWLQJ 0F3KHUVRQ �� � 3RXH\ ��
�

0F3KHUVRQ ��
�

&]HUQ\�

7XUQHU

$SHUWXUH I��� I���� I��� I��

)RFDO OHQJWK �PP� ���� ��� ���� ���

*UDWLQJ VL]H
�
�PP� >��� ������� >��� ������

*URRYH GHQVLW\ ���PP� ���� ����
� �

���� ��������

/LQHDU GLVSHUVLRQ �c�PP� � �� � �����

&RDWLQJ $O�0J) � $O�0J) � $O�0J) � $O

3W

:RUNLQJ UDQJH �QP� $O� �� � ���
�

������ ������ ��������

3W� �� � ���
�

%OD]H �QP� ��� �$O� ��� ��� ���

3W � � �

7DEOH ���� 7HFKQLFDO GDWD RI WKH PRQRFKURPDWRUV DW 683(5/80,� � +RUL]RQWDO �YHUWLFDO RU

GLDPHWHU� 	 	 0HDQ YDOXH� 	 	 	 3ODWLQXP JUDWLQJ LV D ODPLQDU W\SH�


)RU RSWLPDO LQFLGHQW ÀX[�

LW LV UHDVRQDEOH WR XVH WKH $O JUDWLQJ IRU ZDYHOHQJWKV DERYH ��� QP DQG 3W JUDWLQJ EHORZ

��� QP �VHH )LJ� �����
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����� 3ULPDU\ PRQRFKURPDWRU

7KH SULPDU\ PRQRFKURPDWRU KDV D � P IRFDO OHQJWK LQ �� � 0F3KHUVRQ PRXQWLQJ ZLWK

D OLQHDU GLVSHUVLRQ � c�PP� ZKHQ JUDWLQJ ZLWK ���� JURRYHV SHU PP LV XVHG >:%+6��@�

7KH PRQRFKURPDWRU KDV WKUHH HQWUDQFH VOLWV ZLWK ¿[HG ZLGWKV RI ��� ��� DQG ��� >P� 7KH

FRUUHVSRQGLQJ EHVW UHVROXWLRQ DFKLHYDEOH LV ���� ��� DQG ��� c �):+0�� UHVSHFWLYHO\� 7KH

H[LW VOLW LV DGMXVWDEOH EHWZHHQ �� >P DQG � PP� $OO QHFHVVDU\ DOLJQPHQWV FDQ EH FDUULHG

RXW LQ VLWX� ZLWKRXW EUHDNLQJ WKH XOWUDKLJK YDFXXP� 7KH ORZHVW UHVROXWLRQ RI WKH SULPDU\

PRQRFKURPDWRU ���� c� LV QRW GHWHUPLQHG E\ WKH H[LW VOLW� EXW E\ WKH VL]H RI FKRSSHU VOLWV�

ORFDWHG QHDU WKH H[LW VOLW DQG KDYLQJ ZLGWK RI ��� >P� 7ZR GLIIHUHQW JUDWLQJV DUH PRXQWHG

RQ D JUDWLQJ KROGHU DQG FDQ EH LQWHUFKDQJHG LQ VLWX� 7KH 0J) � FRDWHG DOXPLQLXP JUDWLQJ

FRYHUV ZDYHOHQJWKV IURP �� QP WR ��� QP DQG WKH SODWLQXP JUDWLQJ IURP �� QP WR ��� QP�

:DYHOHQJW
�

�c�

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

,Q
WH

QV
LW

� �D
UE

� X
QL

WV
�

$OXPLQLX��� 0J) �

3ODWLQXP

$OXPLQLX��� 0J) �
ZLW � /L � ILOWHU

�

)LJXUH ���� 7KH LQFLGHQW SKRWRQ ÀX[ RQ WKH VDPSOH IRU GLIIHUHQW JUDWLQJ�¿OWHU FRPELQDWLRQV

DW WKH 683(5/80, VHW�XS PHDVXUHG LQ $SULO� ����� $OO FXUYHV DUH SUHVHQWHG LQ WKH VDPH

LQWHQVLW\ VFDOH�

7KH ÀX[ RI WKH H[FLWLQJ SKRWRQV DW YDULRXV H[FLWDWLRQ HQHUJLHV LV GHWHUPLQHG E\ WKH

FKDUDFWHULVWLFV RI WKH OLJKW VRXUFH� WKH JUDWLQJ DQG WKH RSWLFDO HOHPHQWV RI WKH EHDPOLQH�

6RGLXP VDOLF\ODWH �1D6DO� OXPLQHVFHQFH \LHOG LV NQRZQ WR EH LQGHSHQGHQW IURP H[FLWDWLRQ
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HQHUJ\� 7KHUHIRUH� LW LV SRVVLEOH WR PHDVXUH WKH LQWHQVLW\ DV D IXQFWLRQ RI WKH H[FLWDWLRQ HQ�

HUJ\ XVLQJ WKH OXPLQHVFHQFH RI VRGLXP VDOLF\ODWH� 7\SLFDO VSHFWUD IRU WKH LQFLGHQW SKRWRQ

ÀX[ IRU WKH DOXPLQLXP DQG WKH SODWLQXP JUDWLQJ DUH VKRZQ LQ )LJ� ���� $V )LJ� ��� GHPRQ�

VWUDWHV� WKH DOXPLQLXP JUDWLQJ LV ZHOO VXLWHG IRU ZDYHOHQJWKV ORQJHU WKDQ ��� QP DQG WKH

SODWLQXP JUDWLQJ LV EHWWHU IRU ZDYHOHQJWKV VKRUWHU WKDQ ��� QP� $ /L) DQG D TXDU] ¿OWHU

UHPRYH KLJKHU RUGHUV RI H[FLWDWLRQ� LQHYLWDEOH VDWHOOLWHV RI GLIIUDFWLRQ JUDWLQJV� 7KH ÀX[ RI

WKH DOXPLQLXP JUDWLQJ ZLWK WKH /L) ¿OWHU LV DOVR VKRZQ LQ )LJ� ���� 7KH SHUIRUPDQFH RI WKH

JUDWLQJ RI WKH SULPDU\ PRQRFKURPDWRU GHJUDGHV XQGHU LQWHQVH V\QFKURWURQ UDGLDWLRQ� 989

UDGLDWLRQ FDXVHV GLIIHUHQW SKRWRFKHPLFDO UHDFWLRQV DQG SKRWRO\VLV RI PROHFXOHV DQG DWRPV RI

WKH UHVLGXDO JDV� 0DLQO\ FDUERQ VSHFLHV GHSRVLWHG RQ WKH JUDWLQJ VXUIDFH DUH UHVSRQVLEOH IRU

WKH GHJUDGDWLRQ� 7KHUHIRUH JUDWLQJV RI WKH SULPDU\ PRQRFKURPDWRU DUH UHSODFHG DIWHU IHZ

\HDUV� 'XULQJ D ORQJ WLPH SHULRG UDGLDWLRQ GDPDJH RFFXUV LQ WKH 0J) � FRDWLQJ RI DOXPLQLXP

JUDWLQJ DV ZHOO DV LQ DOO RWKHU ¿OWHUV DQG ZLQGRZV� DWWHQXDWLQJ OLJKW LQWHQVLW\ IDOOLQJ RQWR WKH

VDPSOH�

����� +LJK�ÀX[ 989�� PRQRFKURPDWRU

7KH 989�� PRQRFKURPDWRU LV D KLJK WUDQVPLVVLRQ LQVWUXPHQW �PRGL¿HG 3RXH\ PRXQW�

LQJ� I����� ZLWKRXW HQWUDQFH VOLW >*5=3��@� 7KH 989�� LV ORFDWHG LQ LWV RZQ YDFXXP FKDP�

EHU �)LJ������ VHSDUDWHG IURP WKH VDPSOH FKDPEHU ZLWK DQ 8+9 YDOYH� 7KH PRQRFKURPDWRU

KDV DQ DV\PPHWULF GHVLJQ� WKH H[LW DUP ���� PP� EHLQJ ORQJHU WKDQ WKH HQWUDQFH DUP ����

PP�� 7KH H[WUHPHO\ ODUJH I�QXPEHU LV GXH WR DQ HVSHFLDOO\ GHVLJQHG ������� PP
�
ODUJH

WRURLGDO JUDWLQJ �$O ZLWK 0J) � FRDWLQJ� ZLWK QRQ�XQLIRUP GLVWULEXWLRQ RI JURRYHV �PHDQ

YDOXH Q ���� ��PP�� 7KH VSHFWUDO UHVROXWLRQ RI WKH PRQRFKURPDWRU LV PDLQO\ OLPLWHG E\

WKH VL]H RI WKH H[FLWLQJ OLJKW VSRW RQ WKH VDPSOH� :LWK PLQLPL]HG VSRW VL]H� WKH EHVW UHV�

ROXWLRQ RI � c �):+0� LV DFKLHYDEOH� 7KH ZRUNLQJ UDQJH RI WKH 3RXH\ PRQRFKURPDWRU

H[WHQGV IURP ��� WR ���� c�

7KH H[LW DUP RI 989�� LV HTXLSSHG ZLWK WZR GHWHFWRUV� $Q RSHQ PLFURVSKHUH SODWH

�063� LV ORFDWHG GLUHFWO\ EHKLQG WKH DGMXVWDEOH H[LW VOLW DQG D VRODU�EOLQG SKRWRPXOWLSOLHU LV

VLWXDWHG LQ SHUSHQGLFXODU GLUHFWLRQ WR WKH H[LW DUP� 7KLV SKRWRPXOWLSOLHU LV VHSDUDWHG IURP

WKH 989�� PRQRFKURPDWRU FKDPEHU ZLWK D /L) ZLQGRZ DQG LV LOOXPLQDWHG YLD D UHPRYDEOH

PLUURU �$O ZLWK 0J) � FRDWLQJ��

����� +LJK�UHVROXWLRQ 989�� PRQRFKURPDWRU

7KH 989�� PRQRFKURPDWRU LV GHVLJQHG IRU KLJK�UHVROXWLRQ OXPLQHVFHQFH DQDO\VLV

>0|O��@� ,W LV DQ ��PHWHU VSHFWURPHWHU LQ ��
�
0F3KHUVRQ PRXQWLQJ PDQXIDFWXUHG E\ $FWRQ
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5HVHDUFK �)LJ������ $V GLIIUDFWLRQ HOHPHQW� D KRORJUDSKLF 0J) � FRDWHG DOXPLQLXP JUDWLQJ

�GLDPHWHU ��� PP� ZLWK ���� JURRYHV�PP LV XVHG� 7KH 989�� HQWUDQFH VOLW LV LOOXPLQDWHG

YLD WKH WRURLGDO PLUURU 0�� ORFDWHG LQ WKH 989�� PRQRFKURPDWRU FKDPEHU� 7KH HQWUDQFH

VOLW LV DGMXVWDEOH EHWZHHQ � >P DQG ��� PP� $ PXOWLFKDQQHO SODWH W\SH SRVLWLRQ VHQVLWLYH

GHWHFWRU �36'� LV PRXQWHG RQ WKH IRFDO SODQH RI WKH H[LW DUP� $Q RUGHU RI PDJQLWXGH EHWWHU

UHVROXWLRQ� FRPSDUHG WR WKH 3RXH\ PRQRFKURPDWRU� LV IHDVLEOH GXH WR WKH ORQJHU IRFDO OHQJWK

����� PP�� XVDJH RI DQ HQWUDQFH VOLW DQG VPDOOHU JUDWLQJ VL]H� 7KH W\SLFDO UHVROXWLRQ RI

989�� PRQRFKURPDWRU ZDV �� c LQ WKH ¿UVW GLIIUDFWLRQ RUGHU� 3HUIRUPLQJ PHDVXUHPHQWV

LQ WKH VHFRQG GLIIUDFWLRQ RUGHU RI WKH JUDWLQJ FDQ LQFUHDVH WKH UHVROXWLRQ DV ZHOO�

����� 0RQRFKURPDWRU IRU WKH YLVLEOH DQG XOWUDYLROHW UHJLRQ

7KH 683(5/80, VHW�XS LV HTXLSSHG DOVR ZLWK D ��� P GRXEOH PRQRFKURPDWRU� XVXDOO\

RSHUDWLQJ LQ VLQJOH FRQ¿JXUDWLRQ� IRU WKH YLVLEOH DQG XOWUDYLROHW �89� UHJLRQ� 7KLV LQVWUXPHQW

�%0 ����� LQ &]HUQ\�7XUQHU PRXQWLQJ LV PDQXIDFWXUHG E\ %0 6SHFWURQLF >%HF��@� 7KLV

PRQRFKURPDWRU KDV WZR GLIIHUHQW JUDWLQJV ZLWK ���� DQG ��� JURRYHV SHU PP� 7KH W\SLFDO

UHVROXWLRQ RI %0 ���� PRQRFKURPDWRU ZDV ��� c� 7KH %0 ���� LV ORFDWHG RXWVLGH WKH

YDFXXP�V\VWHP DQG WKHUHIRUH WKH DLU DEVRUSWLRQ GHWHUPLQHV WKH VKRUW�ZDYHOHQJWK HGJH RI

WKH ZRUNLQJ UDQJH� 'XULQJ H[SHULPHQWV ZLWK WKH %0 ���� PRQRFKURPDWRU� WKH 989��

PRQRFKURPDWRU JUDWLQJ LV XVHG LQ WKH ]HURWK RUGHU DV D PLUURU� :LWK DQ DGGLWLRQDO UHPRYDEOH

PLUURU� WKH OLJKW UHÀHFWHG IURP WKH JUDWLQJ LV GLUHFWHG WKURXJK WKH VDSSKLUH ZLQGRZ LQWR

WKH %0 ���� PRQRFKURPDWRU �)LJ� ����� $Q 89�YLVLEOH VHQVLWLYH 36' RU FRQYHQWLRQDO

SKRWRPXOWLSOLHUV DUH XVHG DV GHWHFWRUV� ,Q SUHVHQW ZRUN� WKH %0 ���� PRQRFKURPDWRU ZDV

RQO\ XVHG IRU WKH PHDVXUHPHQWV RI WKH LQFLGHQW ÀX[�

��� 'HWHFWRUV DQG HOHFWURQLFV DW 683(5/80,

$OO SKRWRQ GHWHFWRUV DW WKH 683(5/80, VHW�XS XVH WKH SULQFLSOH RI VLQJOH�SKRWRQ

FRXQWLQJ DQG DIIRUG DQ DPSOL¿FDWLRQ IDFWRU XS WR ��
�
� )RU WKH 989 UDQJH� DQ RSHQ PLFUR�

VSKHUH SODWH GHWHFWRU �063� DQG DQ RSHQ SRVLWLRQ VHQVLWLYH GHWHFWRU �36'� DUH XVHG� %RWK

GHWHFWRUV DUH PRXQWHG LQ WKH 8+9 V\VWHP RI WKH UHVSHFWLYH PRQRFKURPDWRUV� ([SHULPHQWV

ZLWK RSHQ GHWHFWRUV UHTXLUH D YDFXXP RI DW OHDVW ��� �
�
7RUU LQ WKH VDPSOH FKDPEHU� 2WKHU�

ZLVH JDV GLVFKDUJHV FRXOG GHVWUR\ WKH GHWHFWRU� VLQFH WKH YDFXXP LQVLGH WKH GHWHFWRU LV PXFK

ZRUVH WKDQ LQ VDPSOH FKDPEHU� 7KHUH DUH DOVR GLIIHUHQW SKRWRPXOWLSOLHUV DQG D 36' IRU 89

DQG YLVLEOH UHJLRQ� DOO VHSDUDWHG IURP WKH FRPPRQ 8+9 V\VWHP ZLWK ZLQGRZV�
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����� 0LFURVSKHUH SODWH GHWHFWRU

0RVW RI WKH H[SHULPHQWV SUHVHQWHG LQ WKLV WKHVLV ZHUH FDUULHG RXW ZLWK WKH 063 GH�

WHFWRU DWWDFKHG WR WKH KLJK�ÀX[ 989�� PRQRFKURPDWRU� 7KH 063 LV D SODWH FRQVLVWLQJ RI

JODVV VSKHUHV �GLDPHWHU UDQJLQJ IURP �� WR ��� >P�� 7KH VXUIDFH RI WKH VSKHUHV LV FRDWHG

ZLWK KLJK�UHVLVWDQFH� EXW VWLOO FRQGXFWLYH PDWHULDO ZKLFK LV DOVR D JRRG HOHFWURQ HPLWWHU�

%RWK VLGHV RI WKH 063 DUH FRDWHG ZLWK D FRQGXFWLYH HOHFWURGH IRU DSSO\LQJ KLJK YROWDJH�

,I D SKRWRQ LPSDFWV LQWR WKH FDWKRGH XQGHU QHJDWLYH KLJK YROWDJH� DQ HOHFWURQ LV HPLWWHG�

7KH HOHFWULFDO ¿HOG DFFHOHUDWHV HOHFWURQV DQG WKH\ PRYH WKURXJK LUUHJXODU FKDQQHOV EHWZHHQ

VSKHUHV LQ WKH GLUHFWLRQ RI WKH DQRGH� ,I DQ HOHFWURQ FROOLGHV ZLWK D VSKHUH� VHFRQGDU\ HOHF�

WURQV DUH HPLWWHG DQG VR WKH VLJQDO LV DPSOL¿HG� 7KH ZRUNLQJ SULQFLSOH RI WKH 063 DQG D

PLFURFKDQQHO SODWH LV YHU\ VLPLODU� EXW WKHUH LV RQH VXEVWDQWLDO GLIIHUHQFH� ,Q FKDQQHOSODWHV�

DQ LRQ IHHGEDFN H[LVWV� WKH HOHFWULFDO ¿HOG DFFHOHUDWHV LRQL]HG UHVLGXDO JDV PROHFXOHV LQ WKH

GLUHFWLRQ RI WKH FDWKRGH� KLWWLQJ WKH FDWKRGH DQG SURGXFLQJ QHZ HOHFWURQV� ,Q VXFK D ZD\�

HYHU\ ¶UHDO¶ LQFLGHQW SXOVH LV DFFRPSDQLHG E\ D VHULHV RI DIWHU�SXOVHV� 'XH WR WKH LUUHJXODU

FKDQQHOV� WKH DFFHOHUDWLRQ RI UHVLGXDO JDV LRQV LV VWURQJO\ VXSSUHVVHG LQ D 063�

3URGXFHU (O 0XO

7\SH (���'7$�)

:RUNLQJ UDQJH �QP� ����

'LDPHWHU �PP� ����

&DWKRGH HIIHFWLYH GLDPHWHU �PP� ����

7KLFNQHVV �PP� ����

&DWKRGH FRDWLQJ &V, �� >P�

$PSOL¿HU JDLQ ����
�

7LPH UHVROXWLRQ �):+0� ���� N9�
�

�SV� ���

,QWHJUDO GDUN SXOVH UDWH �FSV� ������

0D[� RSHUDWLQJ SUHVVXUH �7RUU� �� �

�

����� �

�

2SHUDWLQJ YROWDJH �N9� �����������

7DEOH ���� 7HFKQLFDO GDWD RI WKH PLUFRVSKHUH SODWH �063��
�
7KH DSSDUDWXV IXQFWLRQ REWDLQHG

IURP WKH PHDVXUHPHQW RI V\QFKURWURQ UDGLDWLRQ SXOVH �VHH VHFWLRQ �������

$ KLJK YROWDJH XS WR ��� N9 FDQ EH DSSOLHG WR WKH 063 XVHG LQ WKH 683(5/80,

VHW�XS� EXW WKH PD[LPXP YDOXH ZRXOG FDXVH D GHFUHDVH RI WKH OLIHWLPH RI WKH GHWHFWRU� 7LPH�

UHVROXWLRQ GHFUHDVHV DV ZHOO DW KLJKHU YROWDJHV� 0RVW RI WKH H[SHULPHQWV ZHUH SHUIRUPHG

ZLWK D KLJK YROWDJH YDOXH RI ��� N9� 7KH FDWKRGH RI WKH 063 LV FRDWHG ZLWK D � >P WKLFN &V,

OD\HU WR LQFUHDVH WKH VHQVLWLYLW\ RI WKH GHWHFWRU LQ WKH ORQJ ZDYHOHQJWK UHJLRQ � ��� QP� 7KH
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063 KDV D YHU\ ORZ GDUN SXOVH UDWH ZKLFK FDQ EH DV VPDOO DV ������ FSV �FRXQWV SHU VHFRQG��

,Q WKH H[SHULPHQWV SUHVHQWHG LQ WKLV WKHVLV� WKH VLJQDO WR QRLVH UDWLR RI WKH 063 GHWHFWRU

ZDV RSWLPL]HG DQG WKH FRUUHVSRQGLQJ DYHUDJH GDUN SXOVH UDWH ZDV D IHZ WHQV FSV� 7KH PRVW

LPSRUWDQW FKDUDFWHULVWLFV RI WKH 063 GHWHFWRU DUH VXPPDUL]HG LQ WDEOH ���� $ PRUH GHWDLOHG

GHVFULSWLRQ RI WKH 063 LV SXEOLVKHG LQ WKH GLSORPD WKHVLV RI 6� .|UGLQJ >.|U��@�

����� 3RVLWLRQ VHQVLWLYH GHWHFWRU IRU WKH KLJK�UHVROXWLRQ 989�� PRQR�

FKURPDWRU

7KH 989�� PRQRFKURPDWRU KDV DERXW �� WLPHV EHWWHU VSHFWUDO UHVROXWLRQ WKDQ WKH

989�� DQG WKHUHIRUH WKH QXPEHU RI SKRWRQV GHWHFWDEOH LV DOVR VLJQL¿FDQWO\ VPDOOHU� 7KLV

GLVDGYDQWDJH FDQ EH HVVHQWLDOO\ FRPSHQVDWHG ZLWK XVLQJ D SRVLWLRQ VHQVLWLYH GHWHFWRU IRU WKH

989 >+DJ��@� 7KH 36' �6XUIDFH 6FLHQFH /DERUDWRULHV ����$� LV D PRGL¿HG FKDQQHOSODWH

GHWHFWRU ZKLFK FRQVLVWV RI � FKDQQHOSODWHV ORFDWHG RQH RQ WRS RI WKH RWKHU� DQG IURP D PRG�

L¿HG DQRGH� 7KH TXDGUDQJXODU DQRGH SURYLGHV � GLIIHUHQW RXWSXW VLJQDOV IURP HDFK FRUQHU�

7KH VSHFLDO GHVLJQ RI WKH UHVLVWLYH DQRGH DIIRUGV IUHH GLIIXVLRQ RI WKH FKDUJH FDUULHUV DQG

PDNHV SRVVLEOH WR FDOFXODWH WKH SRVLWLRQ RI WKH SKRWRQ LQFLGHQW� 7KLV DJDLQ SHUPLWV WR GH�

WHUPLQH WKH ZDYHOHQJWK RI WKH LQFLGHQW SKRWRQ� 7KH WHFKQLFDO GDWD DERXW WKH 989 VHQVLWLYH

36' DUH FROOHFWHG LQ WDEOH ����

3URGXFHU 66/

7\SH ���� $

:RUNLQJ UDQJH �QP� ��������

&DWKRGH &V,

$PSOL¿HU JDLQ ������
�

7LPH UHVROXWLRQ �):+0� �QV� ���

,QWHJUDO GDUN SXOVH UDWH �FSV� �����

0D[� TXDQWXP \LHOG ��� ��

DW ZDYHOHQJWK �QP� ���

2SHUDWLQJ YROWDJH �N9� �����

7DEOH ���� 7HFKQLFDO GDWD RI WKH 989 VHQVLWLYH SRVLWLRQ VHQVLWLYH GHWHFWRU�
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3URGXFHU +DPDPDWVX 9DOYR 9DOYR

7\SH 5���� ;3���� 4 ;3���� %

:RUNLQJ UDQJH �QP� ��������� ��������� ���������

3KRWRFDWKRGH ELDONDOL 6E.&V 6E.&V

:LQGRZ TXDUW] TXDUW] ERURVLOLFDWH

&DWKRGH GLDPHWHU �PP� �� �� ��

$PSOL¿HU JDLQ ����
�

����
�

����
�

5LVH WLPH �QV� ��� ��� ���

'DUN SXOVHV �FSV� ������� ���� ��

DW WHPSHUDWXUH �
�
&� ��������� ��������� ���������

0D[� TXDQWXP HI¿FLHQF\ ��� �� �� ��

DW ZDYHOHQJWK �QP� ��� ��� ���

7\SLFDO YROWDJH �N9� ���� ���� ����

7DEOH ���� 7HFKQLFDO GDWD RI FRQYHQWLRQDO SKRWRPXOWLSOLHUV DW WKH 683(5/80, VHW�XS�

����� 3KRWRPXOWLSOLHUV

&RQYHQWLRQDO SKRWRPXOWLSOLHUV ZHUH XVHG LQ WKH SUHVHQW LQYHVWLJDWLRQV IRU WKH PHDVXUH�

PHQWV RI LQFLGHQW ÀX[ DQG UHÀHFWLYLW\� ,Q ERWK FDVHV� WKH 989 OLJKW ZDV FRQYHUWHG LQWR

IDVW EURDG�EDQG YLVLEOH HPLVVLRQ SHDNLQJ DW ���� QP XVLQJ VRGLXP VDOLF\ODWH� 7KHUHIRUH�

WKH VSHFWUDO FKDUDFWHULVWLFV RI WKH SKRWRPXOWLSOLHUV DUH QRW HVSHFLDOO\ LPSRUWDQW� EHFDXVH WKH

OLJKW LQWHQVLW\ ZDV DOZD\V PHDVXUHG DW WKH VDPH ZDYHOHQJWK� ,Q RUGHU WR GHFUHDVH WKH GDUN

SXOVHV� WKH SKRWRPXOWLSOLHUV ZHUH FRROHG ZLWK 3HOWLHU HOHPHQWV� $GGLWLRQDOO\� WKH VLJQDO WR

QRLVH UDWLR FDQ EH LPSURYHG� LI WKH OXPLQHVFHQFH LV PHDVXUHG ZLWKLQ D WLPH ZLQGRZ QRW H[�

FHHGLQJ WKH GHFD\ WLPH RI VRGLXP VDOLF\ODWH� 7KHUHIRUH� WKH FRXQWLQJ RI GDUN SXOVHV IURP WKH

SKRWRPXOWLSOLHU RXWVLGH WKH WLPH�ZLQGRZ LV SURKLELWHG XQWLO WKH DUULYDO RI WKH QH[W H[FLWDWLRQ

SXOVH� 'HVSLWH RI WKH UHODWLYHO\ VWURQJ VLJQDOV LQ UHÀHFWLRQ DQG LQFLGHQW ÀX[ PHDVXUHPHQWV

WKH VLJQDO WR QRLVH UDWLR ZDV IXUWKHU LPSURYHG XVLQJ WKH WLPH�ZLQGRZ WHFKQLTXH� 7KH WHFK�

QLFDO GDWD IRU YDULRXV SKRWRPXOWLSOLHUV DW 683(5/80, DUH VKRZQ LQ WDEOH ����

)LQDOO\� WKH 683(5/80, VHW�XS KDV DQ DGGLWLRQDO 989 GHWHFWRU� QDPHO\ D VRODU EOLQG

SKRWRPXOWLSOLHU �+DPDPDWVX 5����� ZLWK D ZRUNLQJ UDQJH ��� � ��� QP� 7KH VKRUW ZDYH�

OHQJWK HGJH RI VHQVLWLYLW\ IRU WKH VRODU EOLQG SKRWRPXOWLSOLHU LV UHVWULFWHG E\ WKH WUDQVPLVVLRQ

RI LWV 0J) � ZLQGRZ� $OVR WKH WLPH�UHVROXWLRQ LV QRW VR JRRG DV WKDW RI WKH 063 DQG WKHUHIRUH

WKH VRODU EOLQG GHWHFWRU ZDV QRW XVHG LQ WKH SUHVHQW ZRUN� 7KH DGYDQWDJH RI WKH VRODU EOLQG

SKRWRPXOWLSOLHU LV WKDW LW FDQ EH XVHG LQ WKH PHDVXUHPHQWV RI 5*6 DW ¶KLJKHU WHPSHUDWXUHV¶�

7KH VWURQJ VXEOLPDWLRQ IURP 5*6 DW HOHYDWHG WHPSHUDWXUHV SUHYHQWV WKH XVH RI RSHQ FDWKRGH



49 51 H{shulphqw

GHWHFWRUV DV WKH 063�

����� ([SHULPHQWDO HOHFWURQLFV

6HYHUDO HOHFWURQLF GHYLFHV DUH DSSOLHG IRU VLJQDO SURFHVVLQJ DW WKH 683(5/80, VHW�

XS� 7KH PHWKRG RI ¶WLPH FRUUHODWHG VLQJOH SKRWRQ FRXQWLQJ¶ LV XVHG IRU PHDVXUHPHQWV� $

VLQJOH SKRWRQ FDXVHV D VLJQDO SXOVH IURP WKH GHWHFWRU DQG DIWHUZDUGV WKLV SXOVH LV SURFHVVHG

VHSDUDWHO\� $ VKRUW RYHUYLHZ RI WKH HOHFWURQLF GHYLFHV DW WKH 683(5/80, VHW�XS LV JLYHQ

LQ WKLV VHFWLRQ�

:HDN GHWHFWRU VLJQDOV DUH DPSOL¿HG E\ D FKDUJH VHQVLWLYH SUHDPSOL¿HU DQG SURFHVVHG E\

D GLVFULPLQDWRU� ZKLFK SURYLGHV RXWSXW SXOVHV DFFRUGLQJ WR WKH ZLGHO\ XVHG 1,0 �1XFOHDU

,QVWUXPHQWV 0HWKRG� VWDQGDUG� ,Q WKH SUHVHQW VWXG\� D IDVW SUHDPSOL¿HU �2UWHF 97���� WR�

JHWKHU ZLWK D FRQVWDQW�IUDFWLRQ GLVFULPLQDWRU �&DQEHUUD ����� RU DQ LQWHJUDWHG SUHDPSOL¿HU �

FRQVWDQW�IUDFWLRQ GLVFULPLQDWRU �2UWHF ����� ZHUH XVHG� 7KH FRQVWDQW�IUDFWLRQ SULQFLSOH RI�

IHUV JRRG WLPH�VWDELOLW\ VLQFH WLPLQJ RI WKH RXWSXW VLJQDO LV LQGHSHQGHQW IURP WKH DPSOLWXGH

RI WKH GHWHFWRU VLJQDO�

7LPH�WR�DPSOLWXGH FRQYHUWHU �7$&� &DQEHUUD ���� RU ���� ZDV XVHG LQ WKH WLPH�

UHVROYHG PHDVXUHPHQWV� 7KH 7$& ZRUNV DV D VWRSZDWFK FRYHULQJ WLPH�UDQJH IURP QV WR

PV� 7KH 7$& KDV WZR LQSXWV� RQH IRU WKH VWDUW VLJQDO �1,0� DQG D VHFRQG RQH IRU WKH VWRS

VLJQDO �1,0�� 7KH 7$& JLYHV DQ RXWSXW SXOVH ZLWK DQ DPSOLWXGH �YROWDJH EHWZHHQ � DQG ��

9� SURSRUWLRQDO WR WKH WLPH LQWHUYDO EHWZHHQ WKH VWDUW DQG VXEVHTXHQW VWRS SXOVH� $W WKH 68�

3(5/80, VHW�XS� WKH 7$& ZRUNV LQ DQ ¶LQYHUVH¶ UHJLPH� WKLV PHDQV WKDW WKH GHWHFWRU VLJQDO

LV XVHG DV D VWDUW SXOVH DQG D UDVWHU VLJQDO IURP WKH EXQFK FORFN RI '25,6 LV XVHG DV D VWRS

VLJQDO� ,W LV LPSRUWDQW IRU WKH PHDVXUHPHQWV ZLWK WKH 7$& WKDW QRW PRUH WKDQ RQH HYHQW LV

FRXQWHG SHU H[FLWDWLRQ SXOVH� ,I WKHUH DUH PRUH HYHQWV� WKH 7$& WDNHV LQWR DFFRXQW RQO\ WKH

¿UVW HYHQW DQG WKH VKRUW�WLPH SDUW LQ WKH VSHFWUXP RU GHFD\ FXUYH LV RYHUHVWLPDWHG �SLOH�XS

HIIHFW��

7KH 7$& KDV DOVR DQ LQWHJUDWHG VLQJOH�FKDQQHO DQDO\]HU �6&$�� 7KH 6&$ ZRUNV DV D

VHOHFWLYH JDWH DQG JLYHV DQ RXWSXW VLJQDO RQO\ LI WKH LQSXW VLJQDO YROWDJH LV ORFDWHG EHWZHHQ

DQ DGMXVWDEOH XSSHU DQG ORZHU OHYHO� ,Q FR�RSHUDWLRQ ZLWK WKH 7$&� WKH 6&$ DIIRUGV WKH

SRVVLELOLW\ WR PHDVXUH VSHFWUD LQ GLIIHUHQW WLPH�ZLQGRZV� 7KH 7$& WRJHWKHU ZLWK D PXOWL�

FKDQQHO DQDO\]HU �&DQEHUUD ����� LV XVHG IRU WKH UHFRUGLQJ RI GHFD\ FXUYHV DV ZHOO� ,Q WKH

¶SXOVH KHLJKW¶ PRGH RI WKH PXOWLFKDQQHO DQDO\]HU� WKH LQSXW SXOVHV DUH VRUWHG E\ WKHLU YROWDJH

DPSOLWXGH �L�H� WLPH� WR D KLVWRJUDP� 7KLV KLVWRJUDP UHSUHVHQWV WKH IUHTXHQF\ RI RFFXUUHQFH

IRU WKH HPLWWHG SKRWRQV LQ WKH VHOHFWHG WLPH LQWHUYDO � L�H� WKH GHFD\ FXUYH�

'XH WR WKH YDULRXV ORVV SURFHVVHV� WKH FXUUHQW LQ WKH VWRUDJH ULQJ GHFUHDVHV OHDGLQJ WR

D SURSRUWLRQDO FKDQJH RI WKH LQWHQVLW\ RI V\QFKURWURQ UDGLDWLRQ� 7KHUHIRUH LW LV QHFHVVDU\
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WR LQFUHDVH WKH FRXQWLQJ WLPH SURSRUWLRQDOO\ IRU HYHU\ H[SHULPHQWDO SRLQW� 7KLV LV UHDOL]HG

XVLQJ D GXDO FRXQWHU �&DQEHUUD ������ 7KH '25,6 FRQWURO URRP SURYLGHV HYHU\ H[SHUL�

PHQW ZLWK D YROWDJH SURSRUWLRQDO WR WKH VWRUDJH�ULQJ FXUUHQW� 7KLV YROWDJH LV FRQYHUWHG WR

SXOVHV E\ D YROWDJH�WR�IUHTXHQF\ FRQYHUWHU ���� ��� FRXQWV SHU VHF DW ��� P$�� 7KH GXDO

FRXQWHU LQWHJUDWHV VXFK UHIHUHQFH SXOVHV DQG JLYHV D VWRS VLJQDO IRU DQ\ RWKHU GHYLFH DIWHU D

SUHVHOHFWHG QXPEHU RI UHIHUHQFH SXOVHV�

7KH SRVLWLRQ VHQVLWLYH GHWHFWRU IRU WKH 989 LV SURYLGHG ZLWK IRXU FKDUJH�VHQVLWLYH DP�

SOL¿HUV IRU VLJQDOV IURP HDFK FRUQHU RI WKH DQRGH� $ SRVLWLRQ�FRPSXWHU �6XUIDFH 6FLHQFH

/DERUDWRULHV ����$� SURFHVVHV VXFK LQSXW VLJQDOV DQG JHQHUDWHV VHYHUDO RXWSXW VLJQDOV�

7KUHH RI WKHP DUH XVHG DV GHVFULEHG EHORZ�

[�SRVLWLRQ� D VLJQDO ZLWK GXUDWLRQ ��� >V DQG DPSOLWXGH EHWZHHQ ��� DQG ��� 9�

JLYHV WKH [�FRRUGLQDWH RI WKH LQFLGHQW SKRWRQ

\�SRVLWLRQ� VLPLODU VLJQDO SDUDPHWHUV� EXW IRU WKH \�FRRUGLQDWH

VWUREH� SRVLWLRQ FRPSXWHU RXWSXW UDWH � WKH UDWH RI WKH GHWHFWRU VLJQDO ZLWKLQ

WKH GHWHFWRU UHJLRQ GHWHUPLQHG E\ HGJH�JDWH GLVFULPLQDWRUV �77/� � >V�

7KH 36' LV PRXQWHG WR WKH PRQRFKURPDWRU LQ VXFK D ZD\� WKDW WKH \�GLUHFWLRQ RI WKH

GHWHFWRU LV SDUDOOHO WR WKH GLVSHUVLRQ SODQH RI WKH PRQRFKURPDWRU� 7KHUHIRUH� WKH \�SRVLWLRQ

FDUULHV LQIRUPDWLRQ DERXW WKH ZDYHOHQJWK RI WKH LQFLGHQW SKRWRQV�

��� ([SHULPHQWDO 0HWKRG

����� 6LQJOH�SKRWRQ FRXQWLQJ

$ GHWHFWHG SKRWRQ FDXVHV D ZHDN FXUUHQW SXOVH LQ WKH GHWHFWRU� )RU H[DPSOH� LW FDQ

EH PHDVXUHG ZLWK D YHU\ VHQVLWLYH HOHFWURPHWHU� ,I WKH IROORZLQJ HOHFWURQLFV LV VHQVLWLYH

¶HQRXJK¶� WKH VLJQDOV FDXVHG E\ VLQJOH SKRWRQV FDQ EH VHSDUDWHG DQG SURFHVVHG DIWHUZDUGV

GLJLWDOO\� 7KLV LV LQGLVSHQVDEOH IRU WLPH�UHVROYHG VSHFWURVFRS\� 7KH JHQHUDO DGYDQWDJH RI

VLQJOH SKRWRQ FRXQWLQJ LV WKH SRVVLELOLW\ WR LPSURYH WKH VLJQDO WR QRLVH UDWLR VLJQL¿FDQWO\� $

GLVFULPLQDWRU SURFHVVHV HYHU\ VLJQDO SXOVH VHSDUDWHO\ DQG LJQRUHV SXOVHV ZKLFK GR QRW KDYH

VXI¿FLHQW KHLJKW DQG VKDSH EHLQJ FKDUDFWHULVWLF IRU WKH GHWHFWRU� ,Q WKH LGHDO FDVH� GDUN SXOVHV

RI WKH GHWHFWRU DUH WKH RQO\ VRXUFH RI QRLVH� EHFDXVH WKH\ DUH QRW GLVWLQJXLVKDEOH IURP SXOVHV

FDXVHG E\ SKRWRQV� 7KH PD[LPXP SHUPLWWHG FRXQW�UDWH GHSHQGV RQ WKH UHSHWLWLRQ UDWH RI WKH

H[FLWDWLRQ SXOVHV� RQ WKH SURFHVVLQJ GHDG�WLPH RI WKH HOHFWURQLFV DQG DOVR RQ WKH SURSHUWLHV RI

WKH VLJQDO SXOVHV IURP WKH GHWHFWRU� 7KH FRXQWLQJ UDWH VKRXOG EH VLJQL¿FDQWO\ VPDOOHU WKDQ WKH

UHSHWLWLRQ UDWH RI WKH H[FLWDWLRQ SXOVHV �������
�

+] IRU '25,6 LQ WKH PXOWL EXQFK PRGH�� ,I

PRUH WKDQ RQH VLJQDO SXOVH RFFXUV SHU H[FLWDWLRQ SXOVH� WKHQ D VKRUW�WLPH SDUW LQ VSHFWUXP RU
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GHFD\ FXUYH LV RYHUHVWLPDWHG �SLOH�XS HIIHFW�� $ VDWXUDWLRQ HIIHFW VKRZV XS LI WKH HOHFWURQLFV

FDQQRW VHSDUDWH WZR VHTXHQWLDO VLJQDO SXOVHV DQ\ PRUH� FDXVLQJ QRQOLQHDULW\� 0RVW RI WKH

H[SHULPHQWV LQ SUHVHQW ZRUN ZHUH FDUULHG RXW ZLWK D 063 GHWHFWRU� $Q DQDO\VLV VKRZHG WKDW

WKH QRQOLQHDULW\ IRU WKLV GHWHFWRU VWDUWV DW D FRXQWLQJ UDWH RI VRPH ��
�

FSV >.|U��@� 7KHUHIRUH�

DOZD\V VPDOOHU FRXQWLQJ UDWHV ZHUH XVHG�

����� 'DWD UHJLVWUDWLRQ

+LJK�UHVROXWLRQ HPLVVLRQ VSHFWUD

$Q HPLVVLRQ VSHFWUXP GLVSOD\V WKH OXPLQHVFHQFH LQWHQVLW\ DV D IXQFWLRQ RI HPLWWHG

SKRWRQ HQHUJ\ IRU ¿[HG SKRWRQ HQHUJ\ RI H[FLWDWLRQ� 7KH KLJK�UHVROXWLRQ 989 PRQRFKUR�

PDWRU �989��� HTXLSSHG ZLWK WKH 36' ZDV XVHG IRU WKH PHDVXUHPHQWV RI WLPH�LQWHJUDWHG

KLJK�UHVROXWLRQ OXPLQHVFHQFH VSHFWUD RI WKH IUHH DQG VHOI�WUDSSHG H[FLWRQV� HVVHQWLDO IRU HV�

WLPDWLQJ WKH ¶TXDOLW\¶ RI WKH VDPSOH� 8VLQJ WKH 36'� OXPLQHVFHQFH HPLVVLRQ VSHFWUD FDQ EH

PHDVXUHG DW VHOHFWHG SRVLWLRQV �FHQWUDO ZDYHOHQJWK� RI WKH VHFRQGDU\ PRQRFKURPDWRU� 7KH

FRYHUHG ZDYHOHQJWK UDQJH LV GHWHUPLQHG E\ WKH VL]H RI WKH 36'� H[WHQGLQJ 	 �� QP IURP

WKH FHQWUDO ZDYHOHQJWK� )LJ� ��� VKRZV D SULQFLSDO VFKHPH IRU KLJK�UHVROXWLRQ OXPLQHVFHQFH

PHDVXUHPHQWV� 7KH IRXU VLJQDOV RI WKH TXDGUDQJXODU DQRGH DUH DPSOL¿HG DQG IHG LQWR WKH

SRVLWLRQ FRPSXWHU LQ ZKLFK WKH [� DQG \�FRRUGLQDWH DUH FDOFXODWHG IRU HDFK HYHQW� )URP WKH

SRVLWLRQ FRPSXWHU� WKH 0&$ XVHV WKH \�VLJQDO DV LQSXW VLJQDO DQG VRUWV DOO SXOVHV IRUPLQJ

D KLVWRJUDP DV D IXQFWLRQ RI WKH \�FRRUGLQDWH� $IWHU WUDQVIRUPLQJ WKH \�FRRUGLQDWH WR WKH

ZDYHOHQJWK VFDOH� WKLV LQWHQVLW\ GLVWULEXWLRQ SUHVHQWV WKH WLPH�LQWHJUDWHG OXPLQHVFHQFH VSHF�

WUXP� %\ VHOHFWLQJ WKH SUHVHW RI WKH GXDO FRXQWHU� WKH VSHFWUD DUH QRUPDOL]HG WR WKH VDPH

QXPEHU RI H[FLWDWLRQ SKRWRQV DOUHDG\ GXULQJ PHDVXUHPHQWV�

7LPH�UHVROYHG HPLVVLRQ DQG H[FLWDWLRQ VSHFWUD

0RVW RI WKH OXPLQHVFHQFH DQG H[FLWDWLRQ VSHFWUD LQ SUHVHQW ZRUN� WLPH�LQWHJUDWHG DV

ZHOO DV WLPH�UHVROYHG� ZHUH PHDVXUHG ZLWK WKH KLJK�ÀX[ PRQRFKURPDWRU 989�� LQ FRPEL�

QDWLRQ ZLWK WKH 063 GHWHFWRU� )LJ� ��� GHSLFWV WKH VFKHPDWLF GLDJUDP RI WKH HOHFWURQLFV IRU

VXFK PHDVXUHPHQWV� 1R SULQFLSDO GLIIHUHQFH H[LVWV IRU OXPLQHVFHQFH HPLVVLRQ DQG H[FLWD�

WLRQ PHDVXUHPHQWV� 2QO\� WKH PRQRFKURPDWRU WR EH VFDQQHG LV GLIIHUHQW� 7KH SKRWRQ HQHUJ\

RI H[FLWDWLRQ LV VHOHFWHG IRU OXPLQHVFHQFH PHDVXUHPHQWV DQG WKH OXPLQHVFHQFH LQWHQVLW\ LV

PHDVXUHG DV D IXQFWLRQ RI WKH HPLWWHG SKRWRQ HQHUJ\� 2Q WKH FRQWUDU\� WKH SKRWRQ HQHUJ\

RI OXPLQHVFHQFH LV ¿[HG IRU WKH H[FLWDWLRQ VSHFWUD� 7KH LQWHQVLW\ RI WKH UHVSHFWLYH OXPLQHV�

FHQFH LV PHDVXUHG DV D IXQFWLRQ RI SKRWRQ HQHUJ\ RI H[FLWDWLRQ� 'HWDLOHG LQIRUPDWLRQ DERXW

WKH HOHFWURQLF GHYLFHV VKRZQ LQ )LJ� ��� ZDV JLYHQ LQ WKH VHFWLRQ ������
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)LJXUH ���� 3ULQFLSDO VFKHPH IRU WKH KLJK�UHVROXWLRQ OXPLQHVFHQFH PHDVXUHPHQWV ZLWK

WKH 36' DQG WKH 989�� PRQRFKURPDWRU� 36'� SRVLWLRQ VHQVLWLYH GHWHFWRU� 0&$� PXOWL�

FKDQQHO DQDO\]HU� $'&� LQSXW RI WKH 0&$ ZLWK DQDORJ�WR�GLJLWDO FRQYHUWHU� 9)&� YROWDJH�

WR�IUHTXHQF\ FRQYHUWHU�

7KH FRQWURO RI WKH H[SHULPHQW LV DFKLHYHG ZLWK D 'LJLWDO '(& ��������� ZRUNVWD�

WLRQ DQG XVLQJ WKH 0HVV�� SURJUDP >%HF��@� 7KLV SURJUDP SHUPLWV WR FRQWURO VFDQQLQJ

SDUDPHWHUV DQG WR ZDWFK VSHFWUD JUDSKLFDOO\ LQ UHDO�WLPH� 7KH 683(5/80, VHW�XS LV

&$0$&�EDVHG >%HF��@� ,W PHDQV WKDW WKH FRPSXWHU GRHV QRW FRPPXQLFDWH ZLWK SHULSK�

HU\ GHYLFHV GLUHFWO\� EXW YLD WKH &$0$& �¶FRPSXWHU DXWRPDWHG PHDVXUHPHQWV DQG FRQWURO¶�

LQWHUIDFH� (DFK PHDVXUHPHQW VWDUWV ZLWK D FRPSXWHU FRQWURO RI WKH ZDYHOHQJWK RI WKH UHVSHF�

WLYH PRQRFKURPDWRU DFFRUGLQJ WR WKH VHWWLQJV JLYHQ E\ XVHU� 6XEVHTXHQWO\� WKH &$0$&�

EDVHG FRXQWHUV DUH VWDUWHG� FROOHFWLQJ GDWD XQWLO WKH GXDO FRXQWHU JLYHV D VWRS VLJQDO� 7KH

FRXQWHUERDUG KDV � FRXQWHUV ZKLFK FDQ EH XVHG VLPXOWDQHRXVO\� )RU WLPH�LQWHJUDWHG PHD�

VXUHPHQWV� WKH DPSOL¿HG DQG GLVFULPLQDWHG GHWHFWRU VLJQDO SXOVHV IURP WKH &)' DUH FRXQWHG�

7LPH�UHVROYHG PHDVXUHPHQWV DUH SHUIRUPHG E\ PHDQV RI 7$&¶V� (DFK 7$& SURYLGHV RQH

WLPH�ZLQGRZ� 7KH 6&$ RI WKH 7$& JLYHV DQ RXWSXW VLJQDO IRU WKH FRXQWHU RQO\ IRU WKRVH

SXOVHV ZKLFK DUULYH ZLWKLQ WKH OHQJWK RI VHOHFWHG WLPH�ZLQGRZ� 7KH PRPHQW RI WKH H[FLWD�

WLRQ SXOVH LV GHWHUPLQHG E\ WKH UDVWHU VLJQDO RI WKH EXQFK FORFN� GHOLYHUHG IURP WKH '25,6

FRQWURO URRP�

'HFD\ FXUYHV

)RU WKH PHDVXUHPHQWV RI WKH GHFD\ FXUYHV� LW LV HVVHQWLDO WR FRQQHFW WKH 7$& RXWSXW WR

WKH $'& LQSXW RI WKH 0&$� 7KH 0&$ RSHUDWLQJ LQ WKH ¶SXOVH KHLJKW¶ PRGH VRUWV HYHU\ SXOVH

WR WKH UHVSHFWLYH WLPH�LQWHUYDO� $V D UHVXOW� D KLVWRJUDP RI WKH QXPEHU RI SXOVHV SHU FKDQQHO

YHUVXV WLPH LV IRUPHG� L�H� WKH GHFD\ FXUYH �)LJ� ����� 7KH 7$& DOORZV IRU WLPH�UHVROYHG
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)LJXUH ���� 3ULQFLSDO VFKHPH IRU WLPH�UHVROYHG OXPLQHVFHQFH DQG H[FLWDWLRQ PHDVXUH�

PHQWV� 6HFRQGDU\ PRQRFKURPDWRU LV VFDQQHG IRU OXPLQHVFHQFH PHDVXUHPHQWV DQG SULPDU\

PRQRFKURPDWRU IRU H[FLWDWLRQ PHDVXUHPHQWV� 7$&� WLPH�WR�DPSOLWXGH FRQYHUWHU� &)'�

FRQVWDQW�IUDFWLRQ GLVFULPLQDWRU� 9)&� YROWDJH�WR�IUHTXHQF\ FRQYHUWHU� '3&� GXDO SUHVHW

FRXQWHU� 77/� WUDQVLVWRU�WR�WUDQVLVWRU ORJLF� 1,0� ¶QXFOHDU LQVWUXPHQWV PHWKRG¶� &$0$&�

¶FRPSXWHU DXWRPDWHG PHDVXUHPHQWV DQG FRQWURO¶

PHDVXUHPHQWV LQ GLIIHUHQW WLPH�UDQJHV IURP �� QV WR � PV� 1HYHUWKHOHVV� WKH PD[LPXP

GHFD\ WLPH UDQJH DW 683(5/80, LV GHWHUPLQHG E\ WKH WLPH LQWHUYDO EHWZHHQ V\QFKURWURQ

EXQFKHV� ,W HTXDOV WR ��� QV ZKHQ '25,6 LV RSHUDWHG LQ RQH EXQFK PRGH� )RU WKH ORQJHU

WLPH�UDQJH� 683(5/80, RIIHUV DGGLWLRQDOO\ WKH XQLTXH SRVVLELOLW\ WR ZRUN ZLWK D FKRSSHU�

UXQQLQJ XQGHU 8+9 FRQGLWLRQV >5XQ��@�

5HÀHFWLRQ VSHFWUD

)RU WKH UHÀHFWLRQ PHDVXUHPHQWV� WKH VDPSOH LV DGMXVWHG LQ D ZD\ WKDW WKH VSHFXODU

UHÀHFWLRQ IURP WKH VDPSOH VXUIDFH LV GLUHFWHG WR WKH VRGLXP VDOLF\ODWH FRDWHG ZLQGRZ� 7KH

VRGLXP VDOLF\ODWH OXPLQHVFHQFH� H[FLWHG E\ WKH UHÀHFWHG OLJKW� LV PHDVXUHG LQVWHDG RI WKH

GLUHFW 989 UHÀHFWLRQ� 7KH EURDG EDQG HPLVVLRQ RI VRGLXP VDOLF\ODWH �PD[LPXP DW ���

QP� GHFD\ WLPH ��� QV� LV DVVXPHG WR KDYH D FRQVWDQW TXDQWXP \LHOG XQGHU 89 WR 989
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H[FLWDWLRQ >6DP��@� 7KH LQWHQVLW\ RI WKH OXPLQHVFHQFH LV PHDVXUHG ZLWK D FRQYHQWLRQDO

89�YLVLEOH VHQVLWLYH SKRWRPXOWLSOLHU �VHH VHFWLRQ ������� $VVXPLQJ WKH FRQVWDQW TXDQWXP

HI¿FLHQF\ XQGHU 989 H[FLWDWLRQ DQG WKH LQYDULDEOH VKDSH RI VRGLXP VDOLF\ODWH HPLVVLRQ

PHDVXUHG E\ WKH GHWHFWRU� WKH UHFRUGHG UHÀHFWLRQ VSHFWUD GR QRW GHSHQG RQ WKH GHWHFWRU

VHQVLWLYLW\� %HWZHHQ WKH VRGLXP VDOLF\ODWH FRDWHG ZLQGRZ DQG WKH SKRWRPXOWLSOLHU� WKH ¿OWHU

�%*��� LV DOVR DSSOLHG WR VHOHFW HPLVVLRQ RI VRGLXP VDOLF\ODWH� 7KH D[HV RI WKH UHÀHFWLRQ

FKDQQHO DQG RI WKH H[FLWLQJ EHDP DUH JHRPHWULFDOO\ ORFDWHG XQGHU WKH ��
�

� 6FDQQLQJ RI WKH

SULPDU\ PRQRFKURPDWRU RFFXUV H[DFWO\ LQ VDPH ZD\ DV PHDVXULQJ WKH H[FLWDWLRQ VSHFWUD

�)LJ� ����� 7KH H[FLWDWLRQ DQG UHÀHFWLRQ VSHFWUD FDQ EH UHFRUGHG VLPXOWDQHRXVO\ DW WKH

683(5/80, VHW�XS�

����� 'DWD SURFHVVLQJ

7KH UDZ GDWD DUH DIIHFWHG E\ GLIIHUHQW SURSHUWLHV RI WKH H[SHULPHQWDO VHW�XS� DV�

� VSHFWUDO�UHVROXWLRQ

� WLPH�UHVROXWLRQ

� VSHFWUDO VHQVLWLYLW\ RI WKH UHJLVWUDWLRQ V\VWHPV

� VSHFWUDO GLVWULEXWLRQ RI WKH H[FLWLQJ OLJKW

� WLPH�GHSHQGHQFH RI WKH LQWHQVLW\ RI WKH H[FLWLQJ OLJKW

� GDUN SXOVH UDWH RI GHWHFWRUV

'XH WR WKH HQHUJ\ GHSHQGHQFH RI WKH H[FLWDWLRQ LQWHQVLW\ �FDXVHG E\ WKH OLJKW VRXUFH

DQG WKH WUDQVPLVVLRQ RI WKH EHDPOLQH DQG WKH SULPDU\ PRQRFKURPDWRU� LW LV QHFHVVDU\ WR

FRUUHFW WKH H[FLWDWLRQ DQG UHÀHFWLRQ VSHFWUD WR WKH LQFLGHQW SKRWRQ ÀX[� $OO UHÀHFWLRQ DQG

H[FLWDWLRQ VSHFWUD SUHVHQWHG LQ WKLV ZRUN DUH QRUPDOL]HG� 7KH ÀX[ VSHFWUXP LQFLGHQW RQ WKH

VDPSOH GHSHQGV VWURQJO\ RQ WKH RSWLPL]DWLRQ RI WKH PLUURUV RI WKH EHDPOLQH� 7KHUHIRUH� DW

WKH EHJLQQLQJ RI HDFK EHDPWLPH SHULRG WKH LQFLGHQW ÀX[ VSHFWUXP ZDV PHDVXUHG� DQG WKH

SRVLWLRQV RI WKH ¿UVW PLUURUV ZHUH NHSW FRQVWDQW GXULQJ H[SHULPHQWV�

0RQRFKURPDWRUV RSHUDWH XVXDOO\ LQ ZDYHOHQJWK XQLWV� $Q HTXDOLW\ . ' �S*b LV XVHG

IRU WUDQVIRUPLQJ ZDYHOHQJWK �b� WR WKH HQHUJ\ VFDOH �.�� 7KHUHIRUH� DOO OXPLQHVFHQFH VSHFWUD

SORWWHG LQ HQHUJ\ VFDOH DUH GHIRUPHG EHFDXVH {b ' �E�S*.
�

�{. LV QRW OLQHDU LQ HQHUJ\�

/XPLQHVFHQFH VSHFWUD DUH LQÀXHQFHG DOVR E\ WKH WUDQVPLVVLRQ IXQFWLRQ RI WKH VHFRQGDU\

PRQRFKURPDWRU DQG GHWHFWRU VHQVLWLYLW\� ,Q WKLV ZRUN� WKH HPLVVLRQ VSHFWUD DUH QRW FRUUHFWHG

IRU WZR UHDVRQV� �L� WKH\ GR QRW FRYHU D ODUJH UDQJH RI SKRWRQ HQHUJ\� DQG �LL� QR TXDQWLWDWLYH

FRQFOXVLRQV DUH GUDZQ IRU WKH UHODWLYH LQWHQVLWLHV�
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��� *DV�KDQGOLQJ V\VWHP DQG VDPSOH SUHSDUDWLRQ

5DUH JDV DWRPV LQWHUDFW HDFK RWKHU YLD YHU\ ZHDN YDQ GHU :DDOV IRUFHV� 7KHUHIRUH� 5*

DUH LQ WKH JDVHRXV VWDWH DW URRP WHPSHUDWXUH DQG QRUPDO SUHVVXUH� ,Q RUGHU WR REWDLQ WKH

OLTXLG RU VROLG VWDWH� LW LV QHFHVVDU\ WR DSSO\ KLJK SUHVVXUH RU ORZ WHPSHUDWXUH DV VKRZQ E\

WKH SKDVH GLDJUDP LQ )LJ� ���� 3UHSDULQJ VDPSOHV IRU 989 VSHFWURVFRS\� WKH RQO\ SRVVLELOLW\

LV WR XVH ORZ WHPSHUDWXUH� EHFDXVH QR RSWLFDOO\ WUDQVSDUHQW PDWHULDOV IRU D SUHVVXUH FHOO H[LVW

LQ WKLV VSHFWUDO UDQJH�

7KH SUHSDUDWLRQ RI 5*6 VDPSOHV GHSHQGV RQ PDQ\ SDUDPHWHUV� 1RW DOO RI WKHP DUH

SHUIHFWO\ UHSURGXFLEOH DQG VR HYHU\ VDPSOH LV LQ FHUWDLQ VHQVH ¶XQLTXH¶� 7KHUHIRUH� LW LV YHU\

LPSRUWDQW WR FRQWURO WKH UHSURGXFLELOLW\ RI WKH H[SHULPHQWDO UHVXOWV LQ GLIIHUHQW VDPSOHV� 2Q

WKH RWKHU VLGH� LW LV DOVR VLJQL¿FDQW WR PHDVXUH DV PXFK DV SRVVLEOH H[SHULPHQWDO GDWD IRU WKH

HDFK SDUWLFXODU VDPSOH� 7KDW LV HVVHQWLDO IRU GDWD DQDO\VLV� $ FRPSDULVRQ RI GHFD\ FXUYHV DQG

H[FLWDWLRQ VSHFWUD� PHDVXUHG DW VDPH VDPSOH� JLYHV PRUH DGHTXDWH LQIRUPDWLRQ DV FRPSDULQJ

WKH DQDORJRXV VSHFWUD PHDVXUHG DW GLIIHUHQW VDPSOHV�

7KH PRVW LPSRUWDQW IDFWRUV DIIHFWLQJ WKH TXDOLW\ RI 5*6 VDPSOHV DUH WKH IROORZLQJ�

� SXULW\ RI WKH JDV

� FOHDQOLQHVV �UHVLGXDO JDV SUHVVXUH� RI WKH JDV�KDQGOLQJ V\VWHP DQG

VDPSOH FKDPEHU

� VDPSOH WHPSHUDWXUH DQG WHPSHUDWXUH ÀXFWXDWLRQV GXULQJ SUHSDUDWLRQ

� JDV SUHVVXUH DQG SUHVVXUH ÀXFWXDWLRQV LQ WKH SUHSDUDWLRQ FKDPEHU

GXULQJ VDPSOH JURZWK

� VDPSOH JURZLQJ UDWH

� UDWH RI WKH VDPSOH FRROLQJ WR WKH PHDVXUHPHQW WHPSHUDWXUH

� WHPSHUDWXUH ÀXFWXDWLRQV GXULQJ PHDVXUHPHQWV

� UDGLDWLRQ GHIHFWV RI WKH VDPSOH FDXVHG E\ WKH H[FLWLQJ OLJKW

7KH SXULW\ VSHFL¿FDWLRQ DQG W\SLFDO FRQWDPLQDQWV RI JDVHV XVHG LQ WKH H[SHULPHQWV DW

WKH 683(5/80, VHW�XS DUH VKRZQ LQ WDEOH ����
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*DV ;H .U $U 1H

6XSSOLHU 6SHFWUD 6SHFWUD 6SHFWUD 8QNQRZQ
�

*DVHV *DVHV *DVHV

3XULW\ VSHFL¿FDWLRQ ��� ��� ��� ���

� ������� ������� ������� ������

7\SLFDO FRQWDPLQDQWV �SSP�

$U ��� ���

&) � ��� ���

&+ � ��� ���

& � + � ��� ���

&2 ��� ���

&2 � ��� ��� ��� ���

+ � ��� ��� ���

+ � 2 ��� ��� ��� ���

+H ���

.U ���

1 � ��� ��� � ���

2 � ��� ��� ��� ���

6) �

;H ���

7DEOH ���� 3XULW\ VSHFL¿FDWLRQ DQG W\SLFDO FRQFHQWUDWLRQ RI FRQWDPLQDQWV IRU JDVHV XVHG

LQ H[SHULPHQWV DW WKH 683(5/80, VHW�XS �VWDWXV RI �����������
�
$ VXSSOLHU LV XQNQRZQ�

WKHUHIRUH GDWD DERXW W\SLFDO FRQWDPLQDQWV DUH WDNHQ IURP ¶6SHFWUD *DVHV¶ VSHFL¿FDWLRQ IRU

VLPLODU SXULW\ JUDGH�
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����� *DV LQOHW DQG VDPSOH JURZLQJ V\VWHP

7KH JDV LQOHW V\VWHP �)LJ� ���� SHUPLWV WR FRQWURO WKH DPRXQW RI JDV GXULQJ VDPSOH

SUHSDUDWLRQ DQG DOVR WR PL[ GLIIHUHQW JDVHV IRU JURZLQJ GRSHG 5*6 VDPSOHV� $OO JDV F\OLQ�

GHUV DUH ORFDWHG LQ WKH JDV FDELQHW IRU VDIHW\ UHDVRQV� (YHU\ F\OLQGHU LV SURYLGHG ZLWK D SUHV�

VXUH UHGXFHU DQG D PHFKDQLFDO PDQRPHWHU� 6HYHUDO 8+9 YDOYHV XVHG LQ WKH JDV�KDQGOLQJ

V\VWHP� SHUPLW WR PL[ GLIIHUHQW JDVHV ZLWKRXW SROOXWLQJ JDVHV LQ GLIIHUHQW F\OLQGHUV� $ JDV

PL[LQJ FKDPEHU LV SURYLGHG ZLWK WZR SUHVVXUH JDXJHV �0.6 %DUDWURQ� ZLWK GLIIHUHQW VHQ�

VLWLYLW\� D KLJK� ��� 7RUU UDQJH� DQG D ORZ�VHQVLWLYLW\ ����� 7RUU UDQJH� JDXJH� 7KH KLJK�

VHQVLWLYLW\ JDXJH LV XVHG SDUWLFXODUO\ IRU GRSLQJ H[SHULPHQWV WR FRQWURO WKH DPRXQW RI WKH

GRSDQW� 7KH ORZ�VHQVLWLYLW\ JDXJH DIIRUGV WR PRQLWRU WKH VDPSOH JURZLQJ UDWH DQG DOVR WR

FRQWURO WKH DPRXQW RI WKH PDWUL[ JDV LQ WKH FDVH RI GRSHG VDPSOHV� $ WXUERPROHFXODU SXPS

�3IHLIIHU 708 ���� LV XVHG IRU HYDFXDWLQJ WKH V\VWHP� ,W LV PRXQWHG RQ WKH ERWWRP RI JDV

PL[LQJ FKDPEHU� EHLQJ VHSDUDWHG IURP WKH FKDPEHU ZLWK D ¶ELJ¶ 8+9 YDOYH �&) ����� 7KH

W\SLFDO SUHVVXUH RI UHVLGXDO JDVHV LQ WKH PL[LQJ FKDPEHU LV EHORZ �� �
�

7RUU�

$U;H 1H

���

.U

��� ��� ���

���

3�

0

0
3�

JDV
FDELQHW

3� 3�
%9

73

����� � � 	�
 ��
�� � ���

*&9

359

*0&

)LJXUH ���� *DV LQOHW V\VWHP� 3��3�� 8+9 SUHVVXUH JDXJHV� 3��3�� JDV SUHVVXUH JDXJHV

�0.6 %DUDWURQ�� 73� WXUERPROHFXODU SXPS� %9� ¶ELJ¶ 8+9 YDOYH� 0� PHFKDQLFDO PDQRPH�

WHU� *0&� JDV PL[LQJ FKDPEHU� 359� SUHVVXUH UHGXFLQJ YDOYH� *&9� JDV F\OLQGHU YDOYH� $OO

RWKHU YDOYHV� VKRZQ LQ WKH SLFWXUH� DUH KLJK FRQGXFWLYLW\ 8+9 YDOYHV�
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7LPH

�� PLQ � GD\V

3UHVVXUH EHIRUH UHFRQVWUXFWLRQ �7RUU� ZRUVHU DV �� �

�

�� �

�

3UHVVXUH DIWHU UHFRQVWUXFWLRQ �7RUU� �� �

�

�� �

�

7DEOH ���� 3XPSLQJ UDWH RI WKH UHVLGXDO JDVHV LQ WKH JDV LQOHW V\VWHP EHIRUH DQG DIWHU UHFRQ�

VWUXFWLRQ �PHDVXUHG ZLWK 3��� 7LPH LV PHDVXUHG IURP WKH VWDUW RI WKH WXUERSXPS DIWHU WKH

FRPSOHWH YHQWLQJ RI WKH JDV�V\VWHP�

'XULQJ WKH SUHVHQW ZRUN� D VLJQL¿FDQW UHFRQVWUXFWLRQ RI WKH JDV LQOHW V\VWHP ZDV SHU�

IRUPHG� 'XH WR WKH VPDOO GLDPHWHU �� PP� WXEHV DQG YDOYHV XVHG HDUOLHU EHWZHHQ WKH JDV

PL[LQJ FKDPEHU DQG WKH JDV F\OLQGHUV� WKH SUHVVXUH QHDU WKH JDV F\OLQGHUV ZDV UHODWLYHO\

EDG �WDEOH ����� 7KHUHIRUH� WKH SXUL¿FDWLRQ RI WKH V\VWHP RFFXUUHG RQO\ ZLWK WKH KHOS RI

PXOWLSOH ULQVLQJ ZLWK YDOXDEOH UDUH JDV� 1HYHUWKHOHVV� WKH FOHDQLQJ RI WKH V\VWHP ZDV QRW

VXI¿FLHQW DQG DOZD\V VRPH DGGLWLRQDO WHQV RI SSP RI LPSXULWLHV �JDV ZKLFK KDV EHHQ XVHG LQ

WKH SUHYLRXV H[SHULPHQW� ZDV IRXQG LQ WKH JURZQ VDPSOHV� )RU H[DPSOH� LI [HQRQ KDV EHHQ

XVHG EHIRUH DQ H[SHULPHQW ZLWK NU\SWRQ� D UHPDUNDEOH [HQRQ LPSXULW\ OLQH DW ��� H9 ZDV

REVHUYHG LQ NU\SWRQ OXPLQHVFHQFH VSHFWUD� 6XFK D YDFXXP SUREOHP LQ JDV�KDQGOLQJ V\VWHP

DURVH VRPH \HDUV DJR� ZKHQ QHZ VDIHW\ UHJXODWLRQ LQ +$6</$% ZHUH LQWURGXFHG� $V D

UHVXOW RI VWRULQJ JDVHV LQ D VSHFLDO FDELQHW� D SXPSLQJ HI¿FLHQF\ RI WKH JDV�KDQGOLQJ V\VWHP

ZDV VLJQL¿FDQWO\ UHGXFHG�

%\ UHSODFLQJ WKH � PP GLDPHWHU JDV WXEHV DQG ORZ�FRQGXFWLYLW\ YDOYHV ZLWK �� PP

GLDPHWHU EHOORZV DQG KLJK�FRQGXFWLYLW\ 8+9 YDOYHV� WKH YDFXXP FRQGLWLRQV LQ WKH JDV V\V�

WHP ZHUH FRQVLGHUDEO\ LPSURYHG DJDLQ� $V WDEOH ��� GHPRQVWUDWHV� DW WKH PD[LPDO GLVWDQFH

IURP WKH WXUERPROHFXODU SXPS �DW WKH SUHVVXUH JDXJH 3��� SXPSLQJ LV QRZ IDVWHU E\ IRXU

RUGHUV RI PDJQLWXGH WKDQ EHIRUH� ,W LV HVSHFLDOO\ LPSRUWDQW IRU WKH GRSLQJ H[SHULPHQWV�

ZKHUH GXULQJ UHODWLYHO\ VKRUW WLPH GLIIHUHQW JDVHV DUH XVHG�

7KH V\VWHP IRU VDPSOH JURZWK LV VKRZQ LQ )LJ� ���� ,Q WKH SUHVHQW ZRUN� D +H�ÀRZ

FU\RVWDW �/H\EROG� ZLWK DQ LQWHJUDWHG KHDWLQJ HOHPHQW �UHVLVWDQFH ��� l� ZDV XWLOL]HG� )RU

WKH WHPSHUDWXUH FRQWURO� D WHPSHUDWXUH FRQWUROOHU �/DNH 6KRUH &U\RWURQLFV� PRGHO ���� DQG D

VLOLFRQ GLRGH �'7����� /DNH 6KRUH &U\RWURQLFV� ZHUH DSSOLHG� 7KH WHPSHUDWXUH FRQWURO ZDV

EDVHG RQ FKDQJLQJ RI WKH KHDWLQJ SRZHU DW D FRQVWDQW ÀX[ RI KHOLXP� 7KH ZRUNLQJ UDQJH RI

WKLV FU\RVWDW LV � � ��� .� 7KH XSSHU OLPLW RI WKH WHPSHUDWXUH LV GHWHUPLQHG E\ WKH PHOWLQJ

SRLQW RI LQGLXP �DQ LQGLXP VHDO LV XVHG EHWZHHQ FU\RVWDW DQG VDPSOH KROGHU IRU LPSURYLQJ

KHDW FRQGXFWLYLW\� DQG WKH ORZHU OLPLW LV GXH WR WKH OLTXLG KHOLXP FRROLQJ�

7KH FRSSHU VDPSOH KROGHU KDV DQ HOHYDWLRQ ZLWK D FRQLFDO VKDSH ZKLFK ¿WV WR D PRYDEOH

F\OLQGULFDO VWDLQOHVV VWHHO SUHSDUDWLRQ FKDPEHU ZLWK D ZHGJH�VKDSHG HGJH� 7KH SUHSDUDWLRQ



59 51 H{shulphqw

FKDPEHU LV FRQQHFWHG ZLWK WKH JDV LQOHW V\VWHP E\ D WKLQ VWDLQOHVV VWHHO WXEH� 8QGHU 8+9

FRQGLWLRQV� WKH FKDPEHU FDQ EH SUHVVHG DJDLQVW WKH VDPSOH KROGHU E\ WKH DLG RI D OLQHDU

PDQLSXODWRU� $ YDULDEOH OHDN YDOYH �*UDQYLOOH 3KLOLSV� PRGHO ���� LV XVHG WR FKDQJH JDV

ÀX[ GXULQJ JURZLQJ SURFHVV� 7KH JURZLQJ UDWH LV FDOFXODWHG RQ WKH EDVLV RI FKDQJH RI WKH

SUHVVXUH LQ WKH JDV PL[LQJ FKDPEHU� 7KHUH LV DOVR D KLJK VHQVLWLYH SUHVVXUH JDXJH �0.6

%DUDWURQ� �� 7RUU UDQJH� ZKLFK DIIRUGV PHDVXUHPHQWV RI WKH SUHVVXUH LQ WKH SUHSDUDWLRQ

FKDPEHU� ,W LV LPSRUWDQW WR QRWH� WKDW WKH SUHVVXUH PHDVXUHG E\ WKH JDXJH DW �� FP GLVWDQFH

LV QRW H[DFWO\ HTXDO WR WKDW LQ WKH SUHSDUDWLRQ FKDPEHU�
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����� 6DPSOH SUHSDUDWLRQ

9DULRXV JURZWK PHWKRGV RI 5*6 VDPSOHV H[LVW >.9��@� 7R LOOXVWUDWH GLIIHUHQW JURZLQJ

PHWKRGV� WKH S�7 GLDJUDP IRU .U LV VKRZQ LQ )LJ� ��� >$QG��� .9��@� 7KH VLPSOHVW SRVVL�

ELOLW\ WR SUHSDUH 5*6 VDPSOH LV WR GLUHFW WKH JDV RQWR WKH FROG VDPSOH KROGHU� ¶&ROG¶ LV KHUH

D UHODWLYH QRWLRQ DQG LV GHWHUPLQHG ZLWK WKH VXEOLPDWLRQ WHPSHUDWXUH DW JLYHQ SUHVVXUH� 7KH

WKHUPRG\QDPLF HTXLOLEULXP FRQGLWLRQV DUH QRW IXO¿OOHG IRU VXFK NLQG RI VDPSOH SUHSDUDWLRQ�

7KH SUHSDUHG VDPSOHV KDYH LUUHJXODU PDFURVFRSLF VWUXFWXUH FRQVLVWLQJ RI WLQ\ FU\VWDOOLWHV

DQG ORRN OLNH VQRZ LQ YLVXDO REVHUYDWLRQ�

7KHRU\ SUHGLFWV WKDW WKH EHVW FU\VWDOV FDQ EH JURZQ WKURXJK WKH OLTXLG SKDVH LQ QHDUO\

WKHUPRG\QDPLF HTXLOLEULXP FRQGLWLRQV� 6XFK NLQG RI JURZLQJ WHFKQLTXH KDV EHHQ GHYHORSHG

DQG XVHG IRU VHYHUDO \HDUV LQ 7DUWX IRU JURZLQJ ODUJH VLQJOH FU\VWDOV ZLWK YROXPH � WR � FP � �

>../1��@� 7KH XSSHU DUURZ LQ )LJ� ��� FKDUDFWHUL]HV VXFK NLQG RI JURZLQJ PHWKRG�
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)LJXUH ���� S � 7 GLDJUDP IRU WKH NU\SWRQ RQ WKH EDVLV RI GDWD IURP >.9��� $QG��@� 7ZR

GLIIHUHQW SUHSDUDWLRQ PHWKRGV DUH VNHWFKHG ZLWK DUURZV�

,Q WKH SUHVHQW ZRUN� WKH JURZWK IURP YDSRXU ZDV XVHG� JLYLQJ JRRG TXDOLW\ SRO\FU\V�

WDOOLQH VDPSOHV �WKH ORZHU DUURZ LQ )LJ� ����� 7KH EDVLF SULQFLSOHV RI WKH FU\VWDO JURZWK

SUHGLFW JRRG VDPSOHV LI WKH SKDVH WUDQVLWLRQ IURP JDV WR VROLG WDNHV SODFH DW QHDUO\ WKHUPR�

G\QDPLF HTXLOLEULXP FRQGLWLRQV DW UHODWLYHO\ ¶KLJK¶ WHPSHUDWXUH �DV QHDU WR WKH WULSOHW SRLQW

DV SRVVLEOH�� 7R IXO¿O WKH UHTXLUHG FRQGLWLRQV� LW LV HVVHQWLDO WR XVH D SUHSDUDWLRQ FKDPEHU LQ

RUGHU WR PDLQWDLQ D UHODWLYHO\ ¶KLJK¶ SUHVVXUH�
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)LJXUH ���� $ PDVV VSHFWUXP RI WKH UHVLGXDO JDVHV LQ WKH VDPSOH FKDPEHU ZLWK FRROHG ��

.� VDPSOH KROGHU� $UURZV GHQRWH WKH SHDNV FRUUHVSRQGLQJ WR WKH PRVW LPSRUWDQW WUDFHV RI

UHVLGXDO JDVHV�

$W WKH 683(5/80, VHW�XS� WKH SUHSDUDWLRQ FKDPEHU LV IRUPHG E\ WKH VDPSOH KROGHU

DQG VWDLQOHVV VWHHO WXEH LI WKH\ DUH SUHVVHG WRJHWKHU �)LJ� ����� $IWHU RSHQLQJ WKH JDV ÀX[

WR WKH SUHSDUDWLRQ FKDPEHU� WKH SUHVVXUH LQ FKDPEHU LQFUHDVHV XQWLO WKHUPRG\QDPLF HTXL�

OLEULXP LV UHDFKHG� DQG WKHQ WKH JURZLQJ SURFHVV VWDUWV� ,Q WKLV ZD\ LW LV SRVVLEOH WR JURZ

VDPSOHV DW ¶KLJK¶ VXEVWUDWH WHPSHUDWXUHV XQGHU QHDUO\ WKHUPDO HTXLOLEULXP FRQGLWLRQV� :LWK�

RXW DQ\ DGGLWLRQDO JDVNHW� D YDSRXU SUHVVXUH XS WR �� 7RUU LV DFKLHYDEOH LQVLGH WKH SUHSDUDWLRQ

FKDPEHU� 6XFK D SUHVVXUH LQ WKH SUHSDUDWLRQ FKDPEHU FDXVHV D ULVH RI EDFNJURXQG SUHVVXUH

LQ WKH H[SHULPHQWDO FKDPEHU XS WR �� M N 7RUU� 7KH JURZLQJ UDWH RI WKH VDPSOH LV FRQWUROOHG
ZLWK WKH YDULDEOH OHDN YDOYH� ,I WKH GHVLUHG WKLFNQHVV RI WKH VDPSOH LV REWDLQHG� WKH JDV LQOHW

LV FORVHG� DQG WKH VDPSOH ZLOO EH FRROHG GRZQ� 7KH FRROLQJ UDWH KDV WR EH VPDOO �LQ WKH

SUHVHQW ZRUN �� .�PLQ RU VORZHU�� 9HU\ TXLFN FRROLQJ GRZQ FDQ GDPDJH WKH VDPSOH GXH

WR WKH LQWHUQDO VWUHVV� ,Q RUGHU WR RSHQ WKH SUHSDUDWLRQ FKDPEHU� WHPSHUDWXUH EHORZ �� . LV

QHHGHG IRU .U VDPSOHV� $W KLJKHU WHPSHUDWXUH� WKH VDPSOH VXEOLPDWHV GXH WR WKH YHU\ VPDOO

EDFNJURXQG SUHVVXUH LQ WKH VDPSOH FKDPEHU� 'XULQJ IXUWKHU FRROLQJ GRZQ� VRPH FUDFNV DS�
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.U\SWRQ .U\SWRQ

VDPSOH �� VDPSOH ��

3UHSDUDWLRQ WHPSHUDWXUH . ���� ����

3UHSDUDWLRQ SUHVVXUH 7RUU ��� ���

*URZLQJ UDWH �XVHG JDV DPRXQW� 7RUU�O�K ��� ���

*URZLQJ UDWH >P�PLQ ��� ���

3UHSDUDWLRQ WLPH K ��� ���

$YHUDJH FRROLQJ GRZQ UDWH .�PLQ ��� ���

6DPSOH WKLFNQHVV PP ��� ���

3HDN PD[LPXP LQWHQVLW\ UDWLR )(�67( � ��� ����

,QWHJUDO LQWHQVLW\ UDWLR )(�67( � ����� �����

7DEOH ���� 7KH SUHSDUDWLRQ SDUDPHWHUV DQG OXPLQHVFHQFH SURSHUWLHV RI WZR GLIIHUHQW VDP�

SOHV�
�
0HDVXUHG ZLWK VSHFWUDO UHVROXWLRQ ��� c�

SHDU LQ WKH VDPSOH DURXQG �� . GXH WR WKH GLIIHUHQW H[SDQVLRQ FRHI¿FLHQWV RI VROLG .U DQG

WKH FRSSHU VDPSOH KROGHU�

,PPHGLDWHO\ DIWHU WKH RSHQLQJ RI SUHSDUDWLRQ FKDPEHU� UHVLGXDO JDV OD\HUV VWDUW WR FRQ�

GHQVH RQ WKH VXUIDFH RI 5*6 VDPSOH� )LJ� ��� GHPRQVWUDWHV D W\SLFDO PDVV VSHFWUXP RI WKH

UHVLGXDO JDVHV LQ WKH VDPSOH FKDPEHU LQ WKH FDVH RI D FRROHG �� .� VDPSOH KROGHU� 'XH WR WKH

YHU\ JRRG YDFXXP FRQGLWLRQV DW WKH 683(5/80, VHW�XS WKH FRQWDPLQDWLRQ RI WKH VXUIDFH

LV PXFK VORZHU FRPSDUHG WR PRVW RI HDUOLHU VWXGLHV RI 5*6�

6RPH SUHSDUDWLRQ SDUDPHWHUV XVHG IRU JURZLQJ WZR W\SLFDO VDPSOHV DUH VKRZQ LQ WDEOH

���� ,Q WKH SUHVHQW ZRUN� LQ PRVW FDVHV� D SUHVVXUH RI S�� 7RUU DQG D WHPSHUDWXUH 7� ��

. ZHUH XVHG IRU SUHSDUDWLRQ� 7KHVH YDOXHV DUH QRW H[DFWO\ FRLQFLGLQJ ZLWK WKRVH RI WKH

SKDVH GLDJUDP� EHFDXVH WKH SUHVVXUH LV QRW PHDVXUHG GLUHFWO\ LQ WKH SUHSDUDWLRQ FKDPEHU

�VHH VHFWLRQ ������� 7KH DYHUDJH JURZLQJ UDWH �LQ WHUPV RI XVHG JDV DPRXQW� ZDV QRUPDOO\

DERXW � 7RUU�O�K� 7KH XVHG DPRXQW RI JDV LV IRXQG IURP WKH GHFUHDVH RI WKH JDV SUHVVXUH

LQ WKH NQRZQ YROXPH� JDV PL[LQJ FKDPEHU ���� O� WRJHWKHU ZLWK WKH EHOORZ EHWZHHQ JDV

PL[LQJ FKDPEHU DQG SUHSDUDWLRQ FKDPEHU ���� O�� 6LQFH WKH VDPSOH GLDPHWHU LV VSHFL¿HG E\

VDPSOH�KROGHU GLDPHWHU �� PP�� WKH VDPSOH WKLFNQHVV ZDV HVWLPDWHG IURP WKHVH GDWD�

7KH LQWHQVLW\ RI IUHH H[FLWRQ �)(� OXPLQHVFHQFH OLQH GHSHQGV YHU\ VWURQJO\ RQ WKH VDP�

SOH TXDOLW\� 7KHUHIRUH� WKH )( DQG VHOI�WUDSSHG H[FLWRQ �67(� OXPLQHVFHQFH LQWHQVLW\ UDWLR

LV XVHG DV PHDVXUH RI WKH VDPSOH TXDOLW\� 7KH LQWHJUDO )(�67( UDWLRV DQG )(�67( SHDN

PD[LPD LQWHQVLW\ UDWLRV DUH DOVR JLYHQ LQ WDEOH ����
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&KDSWHU �

7KHRUHWLFDO RYHUYLHZ

)URP VHYHUDO SRLQWV RI YLHZ� UDUH JDV VROLGV �5*6� DUH WKH VLPSOHVW VROLGV WKDW H[LVW

LQ QDWXUH� 7KH SHFXOLDU SURSHUWLHV RI 5*6 DUH D FRQVHTXHQFH RI WKH FORVHG VKHOO HOHFWURQLF

FRQ¿JXUDWLRQ RI WKH DWRPV �+H��V
�

� 1H WR 5Q QV
�

QS
�

� Q ��������� 7KH ELQGLQJ HQHUJLHV RI

WKH YDOHQFH HOHFWURQV DUH VR ODUJH WKDW WKH FORVHG�VKHOO QDWXUH RI WKH DWRPV LV FRQVHUYHG LQ

WKH FRQGHQVHG SKDVH� LQ ZKLFK WKH DWRPV DUH KHOG WRJHWKHU E\ ZHDN 9DQ GHU :DDOV IRUFHV�

$V D UHVXOW RI WKH KLJK LRQL]DWLRQ HQHUJ\ RI DWRPV� 5*6 DUH GLHOHFWULFV ZLWK H[WUHPHO\ ODUJH

EDQG JDS� 'XH WR WKH VSHFLDO SURSHUWLHV RI KHOLXP �VWURQJ TXDQWXP PHFKDQLFDO HIIHFWV� DQG

UDGRQ �LQVWDELOLW\�� LQ WKH SUHVHQW ZRUN WKH WHUP UDUH JDV �5*� LV XVHG RQO\ IRU QHRQ� DUJRQ�

NU\SWRQ DQG [HQRQ�

)LUVW RI DOO� LQ WKLV FKDSWHU D VKRUW RYHUYLHZ DERXW WKH SURSHUWLHV RI 5*6 �EDQG VWUXFWXUH�

9DQ GHU :DDOV LQWHUDFWLRQ� LV JLYHQ� 7KHQ� GLIIHUHQW H[FLWRQLF HIIHFWV DUH GLVFXVVHG� OLNH IUHH

H[FLWRQV �)(�� VHOI WUDSSHG H[FLWRQV �67(�� H[FLWRQ SRODULWRQV� HWF� 6HYHUDO PRGHOV IRU FUH�

DWLRQ RI H[FLWRQV ZLOO EH DOVR GLVFXVVHG� )( FUHDWLRQ WKURXJK HOHFWURQ�KROH UHFRPELQDWLRQ�

)( FUHDWLRQ YLD HOHFWURQ�HOHFWURQ VFDWWHULQJ DQG FUHDWLRQ RI HOHFWURQLF SRODURQ FRPSOH[� $

GHWDLOHG PRGHO IRU WKH G\QDPLFV RI HOHFWURQ�KROH UHFRPELQDWLRQ LQWR WKH )( VWDWH LV SUH�

VHQWHG DV ZHOO�

6XUYH\V DERXW H[FLWRQLF SURSHUWLHV RI 5*6 FDQ EH IRXQG LQ VHYHUDO UHYLHZ SDSHUV E\

=LPPHUHU >=LP��@ DQG )XJRO >)XJ��� )XJ��@� $ ODUJH DPRXQW RI WKHRUHWLFDO DQG H[SHU�

LPHQWDO UHVXOWV �SXEOLVKHG LQ WKH ¿HOG RI WKH 5*6 XQWLO ����� DUH FROOHFWHG LQ WKH ERRNV

HGLWHG E\ .OHLQ DQG 9HQDEOHV >.9��� .9��@� 0RUH UHFHQW LQIRUPDWLRQ DERXW HOHFWURQLF

H[FLWDWLRQV LQ 5*6 LV SXEOLVKHG E\ 6FKZHQWQHU HW DO� >6.-��@� 3URIRXQG LQIRUPDWLRQ DERXW

FODVVLFDO H[FLWRQ WKHRU\ LV SUHVHQWHG LQ WKH ERRNV E\ 'H[WHU DQG .QR[ >.QR��� '.��@�

��
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��� 6RPH KLVWRULFDO UHPDUNV

7KH GLVFRYHU\ RI WKH UDUH JDVHV RFFXUUHG DERXW D FHQWXU\ DJR >.9��@� 7KH UHDVRQV

ZK\ UDUH JDVHV KDYH QRW EHHQ IRXQG HDUOLHU� ZHUH GXH WR WKH FKHPLFDO LQHUWQHVV DQG D VPDOO

FRQFHQWUDWLRQ LQ WKH DWPRVSKHUH ����� ZW� � DUJRQ� RWKHU JDVHV LQ VPDOOHU DPRXQW�� $V D

UHVXOW RI WKH VSHFWURVFRSLF LQYHVWLJDWLRQV LQ ����� WKH DVWURQRPHU /RFN\HU GLVFRYHUHG D QHZ

H[WUDWHUUHVWLDO HOHPHQW KHOLXP �IURP *UHHN KHOLRV � ¶VXQ¶� ZKLFK VKRZHG XS DV D QXPEHU RI

EULJKW OLQHV LQ WKH VSHFWUXP RI WKH VRODU FKURPRVSKHUH� ,Q VSLWH RI WKLV GLVFRYHU\� LW WRRN

DGGLWLRQDO �� \HDUV� XQWLO :� 5DPVD\ XQGHUVWRRG WKH UHDO QDWXUH RI KHOLXP� 7KH GLVFRYHU\ RI

DUJRQ �¶WKH LGOH RQH¶� LV OLQNHG ZLWK WKH QDPHV RI /RUG 5D\OHLJK DQG 6LU :LOOLDP 5DPVD\�

/RUG 5D\OHLJK WULHG WR SUHSDUH KLJKO\ SXUH QLWURJHQ DQG QRWLFHG WKDW QLWURJHQ SUHSDUHG IURP

DPPRQLD� DQG H[SHFWHG WR EH SXUH� LV VOLJKWO\ OLJKWHU WKDQ DWPRVSKHULF QLWURJHQ� ,Q FROODE�

RUDWLRQ ZLWK 6LU 5DPVD\� WKH\ IRXQG RXW WKDW WKH UHDVRQ ZDV D KHDY\ JDV LQ DWPRVSKHULF

QLWURJHQ� )URP WKH UDWLR RI WKH VSHFL¿F KHDWV� &� �& � � WKH\ DOVR FRQFOXGHG WKDW DUJRQ PXVW EH

PRQRDWRPLF� 7KLV WRJHWKHU ZLWK WKH ]HUR YDOHQFH FDXVHG QHZ SUREOHPV� KRZ WR ¿QG SURSHU

SODFH IRU DUJRQ LQ WKH SHULRGLF WDEOH� (LWKHU WKHUH H[LVWHG D ZKROH IDPLO\ RI QHZ JDVHV� RU

5DPVD\ KDG D UHDO SUREOHP LQ KLV KDQGV� ,Q ����� 5DPVD\ VHSDUDWHG WHUUHVWULDO KHOLXP� +H�

OLXP ¿WWHG LQWR WKH SHULRGLF WDEOH RI HOHPHQWV ZLWKRXW DQ\ SUREOHPV� 7KH QHZ FROXPQ 9,,,

ZDV FUHDWHG DQG WKHUH ZHUH PRUH UDUH JDVHV WR EH IRXQG� .U\SWRQ �¶WKH KLGGHQ RQH¶� ZDV

GLVFRYHUHG LQ 0D\ ���� � QHRQ �¶WKH QHZ RQH¶� LQ -XQH DQG [HQRQ �¶WKH VWUDQJH RQH¶� LQ -XO\�

7KH ODVW UDUH JDV� UDGRQ� ZDV IRXQG E\ (UQHVW 5XWKHUIRUG LQ ���� DQG WRJHWKHU ZLWK 5DPVD\

KH SURYHG WKDW LW ZDV D PHPEHU RI WKH UDUH JDV IDPLO\ ������� 5DGRQ GRHV QRW KDYH D VWDEOH

LVRWRSH DQG LW GHFD\V ZLWK KDOI�OLIH RI ��� GD\V� ,Q ����� /RUG 5D\OHLJK UHFHLYHG WKH 1REHO

3UL]H LQ SK\VLFV IRU KLV FRQWULEXWLRQ WR WKH GLVFRYHU\ RI DUJRQ� ,Q WKH VDPH \HDU� 6LU :LOOLDP

5DPVD\ ZRQ WKH 1REHO 3UL]H LQ FKHPLVWU\ IRU KLV ZRUN LQ WKH GLVFRYHU\ RI DUJRQ DQG WKH

RWKHU QREOH JDVHV DQG IRU KLV K\SRWKHVLV WKDW LQHUW JDVHV FRQVWLWXWH D QHZ IDPLO\ RI HOHPHQWV

LQ WKH SHULRGLF WDEOH� IXOO\ FRQ¿UPHG E\ KLV VWXGLHV�

��� 5DUH JDV VROLGV

����� 9DQ GHU :DDOV LQWHUDFWLRQ

5DUH JDV DWRPV DUH HOHFWULFDOO\ QHXWUDO� EXW WKH\ LQGXFH GLSROH PRPHQWV LQ HDFK RWKHU�

DQG WKH LQGXFHG GLSROH PRPHQWV FDXVH DQ DWWUDFWLYH LQWHUDFWLRQ EHWZHHQ WKH DWRPV� 6XFK

NLQG RI LQWHUDFWLRQ LV FDOOHG WKH 9DQ GHU :DDOV LQWHUDFWLRQ� $W ODUJH LQWHUQXFOHDU GLVWDQFHV�

WKH 9DQ GHU :DDOV DWWUDFWLRQ RI WZR UDUH JDV DWRPV EHKDYHV OLNH � � � � Eo� ' ��*o
�
�GLSROH�

GLSROH LQWHUDFWLRQ� � : f�� +LJKHU RUGHU LQWHUDFWLRQV DV TXDGUXSROH�GLSROH �b �*o
�
��
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TXDGUXSROH�TXDGUXSROH �b �*o
� �
� HWF� FDQ EH LJQRUHG LQ ¿UVW DSSUR[LPDWLRQ >)XJ��@� $V

VRRQ DV WKH HOHFWURQLF FORXGV RI DGMDFHQW DWRPV SHQHWUDWH LQWR HDFK RWKHU� VWURQJ UHSXOVLYH

IRUFHV VKRZ XS� WKH UHDVRQV IRU ZKLFK DUH JLYHQ E\ WKH 3DXOL H[FOXVLRQ SULQFLSOH� 7KH UH�

SXOVLYH SDUW RI WKH SRWHQWLDO HQHUJ\ FDQ EH ZHOO DSSUR[LPDWHG E\ � � � � Eo� ' �*o
�
ZKHUH

�f � ? � �e DQG � : f� 2QH RI WKH PRVW ZLGHO\ XVHG SRWHQWLDOV LV WKH /HQQDUG�-RQHV

>����@ SRWHQWLDO� ZKLFK KDV WKH IRUP

� Eo� ' e0

�

�j

o

� � �
�

�j

o

� � �

� �����

ZKHUH 0 LV WKH GHSWK RI WKH SRWHQWLDO ZHOO� o LV WKH LQWHUQXFOHDU GLVWDQFH DQG j LV WKH GLVWDQFH

EHWZHHQ WKH DWRPV LQ WKH FDVH RI � Eo� ' fc EHLQJ HTXDO WR WKH DWRPLF FRUH GLDPHWHU�

����� ([FLPHU PROHFXOHV

/XPLQHVFHQFH VSHFWUD RI WKH VHOI�WUDSSHG H[FLWRQV LQ 5*6 DQG UDUH JDV PROHFXOHV LQ

JDVHRXV SKDVH KDYH VHYHUDO FRPPRQ SURSHUWLHV >=LP��@� 7KHUHIRUH� D VKRUW RYHUYLHZ DERXW

OXPLQHVFHQFH RI WKH UDUH JDV PROHFXOHV LV SUHVHQWHG� ,Q WKH JURXQG VWDWH� 5* DWRPV LQWHUDFW

ZLWK HDFK RWKHU RQO\ YLD ZHDN 9DQ GHU:DDOV IRUFHV� DV ZDV GHVFULEHG LQ WKH SUHYLRXV VHFWLRQ�

7KH VLWXDWLRQ FKDQJHV GUDVWLFDOO\� LI ZH UHJDUG D SDLU RI DWRPV� ZKHUH RQH DWRP LV LQ DQ

H[FLWHG �5
	
� RU LRQL]HG �5



� VWDWH� ,QWHUDFWLRQ RI VXFK DQ DWRP �RU LRQ� ZLWK WKH DWRP LQ

WKH JURXQG VWDWH OHDGV WR WKH IRUPDWLRQ RI DQ H[FLPHU �L�H� H[FLWHG GLPHU� PROHFXOH �5
�� �

RU PROHFXODU LRQ �5

� � >0XO��@� 7KH H[FLPHU PROHFXOH LV D VLPSOH DQDORJXH RI WKH WUDSSHG

PROHFXODU�W\SH H[FLWRQ LQ 5*6 �VHH VHFWLRQ ���� DQG WKH PROHFXODU LRQ LV WKDW RI WKH WUDSSHG

KROH FHQWHU LQ 5*6�

,Q WKH FRQWH[W RI SUHVHQW ZRUN� WKH ORZHVW H[FLWHG VWDWHV


P

�
� �2

�
� � DQG

�
P

�
� �� � �2 �� �

RI WKH H[FLPHU PROHFXOH DUH PRVW LPSRUWDQW� 7KH SRWHQWLDO FXUYHV IRU WKHVH VWDWHV DQG IRU

WKH JURXQG VWDWH
�
P

�
� �2

�
� � DUH VKRZQ LQ )LJ� ��� >.0&��� %:6��@� 2

�
� LV VKRUW OLYHG

�UDGLDWLYH OLIHWLPH DW ]HUR SUHVVXUH� � � ��  ��� QV >.0&��@ RU � � ��  ��� QV >05*
�
��@� DQG

�  ORQJ OLYHG �UDGLDWLYH OLIHWLPH DW ]HUR SUHVVXUH � ! �  ��� QV� VWDWH >.0&��@� 7KH WKLUG 2 " 
VWDWH LV VLWXDWHG DERXW ��� PH9 EHORZ WKH �  VWDWH DQG KDV VWURQJO\ PHWDVWDEOH FKDUDFWHU� 7KH
�  DQG 2 " VWDWHV DUH HDVLO\ PL[HG LQ WKH JDV�FHOO H[SHULPHQWV� $V D UHVXOW WKH\ HPLW OLNH D

FRPPRQ VWDWH �  �2 " ZLWK WKH OLIHWLPH � ! � # $ %&  ��� QV� EHLQJ LQ JRRG DJUHHPHQW ZLWK JDV
SKDVH PHDVXUHPHQWV >.0&��� 05* ' ��@�

7KH PROHFXODU HPLVVLRQ VSHFWUD RI WKH UDUH JDV H[FLPHUV DUH FKDUDFWHUL]HG E\ WKUHH

W\SHV RI FRQWLQXD LQ WKH 989 VSHFWUDO UHJLRQ� 7KH PRVW LPSRUWDQW RQH IRU WKH SUHVHQW ZRUN

LV WKH VHFRQG HPLVVLRQ FRQWLQXXP RI WKH UDUH JDVHV ZLWK LWV PD[LPXP DW ���� ��� DQG ���

H9 IRU $U� .U DQG ;H >*./6��@� UHVSHFWLYHO\� 7KH VHFRQG FRQWLQXXP LV ZHOO NQRZQ DQG
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)LJXUH ���� 6RPH UHOHYDQW SRWHQWLDO FXUYHV IRU .U 56 H[LPHU �RQ WKH EDVLV RI >.0&��@ DQG

>%:6��@��

FDQ EH XQDPELJXRXVO\ DVVLJQHG WR WKH WUDQVLWLRQV IURP YLEUDWLRQDOO\ UHOD[HG � 7 DQG 2 89
H[FLPHU VWDWHV WR WKH UHSXOVLYH JURXQG VWDWH 2 :; � 7KH H[DFW SRVLWLRQ DQG VKDSH RI WKH VHFRQG

FRQWLQXXP GHSHQG WR VRPH H[WHQW RQ WKH H[SHULPHQWDO FRQGLWLRQV� 7KH VHFRQG FRQWLQXXP LV

WKH DQDORJXH RI WKH PROHFXODU W\SH 67( OXPLQHVFHQFH LQ 5*6� $W ORZ JDV SUHVVXUHV �����

PEDU� DQRWKHU ZHOO�NQRZQ IHDWXUH� WKH VR FDOOHG ¿UVW FRQWLQXXP� DSSHDUV LQ WKH HPLVVLRQ

VSHFWUD RI SXUH JDVHV RQ WKH ORQJ ZDYHOHQJWK VLGH RI WKH < 3 = �$ > 6 ? DWRPLF UHVRQDQFH OLQH�

7KH ¿UVW FRQWLQXXP LV DWWULEXWHG WR WKH WUDQVLWLRQV IURP YLEUDWLRQDOO\ XQUHOD[HG H[FLPHUV

WR WKH JURXQG VWDWH DW LQWHUQXFOHDU GLVWDQFHV QHDU WKH VKDOORZ YDQ GHU :DDOV PLQLPD LQ WKH

JURXQG VWDWH >.'6��@� 6XFK DQ HPLVVLRQ IURP WKH YLEUDWLRQDOO\ XQUHOD[HG VWDWHV LV D VLPSOH

DQDORJXH RI WKH ¶KRW OXPLQHVFHQFH¶ LQ 5*6�

7KH DWRPLF OLQHV @ 3 A �$
A
6 B DQG @ 3 C �$

A
6 B KDYH HQHUJHWLF ORFDWLRQV RI ������ H9

DQG ����� H9 LQ .U� UHVSHFWLYHO\ >0RR��@� 2SSRVLWH WR WKH HQHUJHWLF VHSDUDWLRQ RI DWRPLF

OLQHV ���� PH9�� WKH GLIIHUHQFH EHWZHHQ WKH WZR ORZHVW SRWHQWLDO FXUYH LV QRW SUHFLVHO\

NQRZQ� ,Q WKH OLWHUDWXUH VHYHUDO H[SHULPHQWDO YDOXHV DUH TXRWHG� 0RULNDZD HW DO� �� PH9�

'|VVHO HW DO� ��� PH9� $XGRDUG HW DO� �� PH9 >$6��� DQG UHIHUHQFHV WKHUHLQ@�
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����� 3URSHUWLHV RI UDUH JDV VROLGV

5DUH JDVHV FRQGHQVH RQO\ DW ORZ WHPSHUDWXUHV RU DW KLJK SUHVVXUH �SKDVH GLDJUDP IRU .U

LV VKRZQ LQ )LJ� ��� S� ���� 7KH\ IRUP D IDFH FHQWHUHG FXELF �IFF� FU\VWDO ODWWLFH� RQO\ KHOLXP

FU\VWDOOL]HV LQ D KH[DJRQDO FORVHG�SDFNHG VWUXFWXUH �KFS� XQGHU KLJK SUHVVXUH� 6LQFH WKH

KFS VWUXFWXUH LV RQO\ VOLJKWO\ HQHUJHWLFDOO\ OHVV IDYRUDEOH WKDQ WKH IFF VWUXFWXUH� XQGHU VRPH

SUHSDUDWLRQ FRQGLWLRQV �IRU H[DPSOH QHDU FU\VWDO GHIHFWV� WKH KFS SKDVH FDQ FRH[LVW ZLWK WKH

IFF VWUXFWXUH LQ RWKHU 5*6 DV ZHOO >)XJ��@� (DFK DWRP LQ WKH IFF ODWWLFH LV VXUURXQGHG E\ ��

QHDUHVW QHLJKERXUV� $V WKH :LJQHU 6HLW] FHOO RI WKH UDUH JDV FU\VWDOV FRQWDLQV D VLQJOH DWRP�

WKHLU SKRQRQ VSHFWUD FRQVLVW RI WKUHH DFRXVWLF EUDQFKHV RQO\� QDPHO\ RQH ORQJLWXGLQDO DQG

WZR WUDQVYHUVH�

7KH FRKHVLYH HQHUJ\ RI D VROLG LV WKH HQHUJ\ UHTXLUHG WR GLVDVVHPEOH LW LQWR LWV FRQ�

VWLWXHQW SDUWV � L�H�� LWV ELQGLQJ HQHUJ\� ,I ZH QHJOHFW WKH NLQHWLF HQHUJ\ RI WKH LQHUW JDV DWRPV

DQG WDNH LQWR DFFRXQW RQO\ LQWHUDFWLRQ EHWZHHQ SDLUV RI DWRPV �L�H� QDPHO\� WKH SDLU DSSUR[L�

PDWLRQ�� WKH FRKHVLYH HQHUJ\ RI DQ LQHUW JDV FU\VWDO LV JLYHQ DV D VXP RYHU WKH /HQQDUG�-RQHV

SRWHQWLDOV �(T� ���� RI DOO SDLUV RI DWRPV LQ WKH FU\VWDO� ,I WKHUH DUH 1 DWRPV LQ WKH FU\VWDO�

WKH WRWDO SRWHQWLDO HQHUJ\ LV

L � � � � � E-� '
�

2
�Ee0�

%

S

� � � �	 


�

j

R � � -

� 
 �
�

S

� � � �� �

�

j

R � � -

� � &

� �����

ZKHUH R � � - LV WKH GLVWDQFH EHWZHHQ WKH UHIHUHQFH DWRP � DQG DQ\ RWKHU DWRP �� H[SUHVVHG

LQ WHUPV RI WKH QHDUHVW QHLJKERU GLVWDQFH -� 7KH IDFWRU ��� LV QHHGHG� EHFDXVH HDFK SDLU RI

DWRPV LV FRXQWHG WZLFH� )RU WKH IFF VWUXFWXUH� WKH FRKHVLYH HQHUJ\ LV

L � � � � � E-� ' 2�0

�

�2���
� j

-

� � �
� �e�eD

� j

-

� � �

� �����

4XDQWXP�PHFKDQLFDO FRUUHFWLRQV UHGXFH WKH ELQGLQJ HQHUJ\ E\ ��� ��� � DQG � SHU FHQW IRU

1H� $U� .U DQG ;H UHVSHFWLYHO\ >.LW��@� 6LPXOWDQHRXVO\� PXOWL�SDUWLFOH LQWHUDFWLRQV LQFUHDVH

HQHUJ\ DJDLQ DERXW � � LQ WKH FDVH RI ;H >)XJ��@�

$VVXPLQJ 8 � � �  ! DV WKH WRWDO HQHUJ\ RI WKH FU\VWDO� WKH HTXLOLEULXP YDOXH RI WKH QHDUHVW

QHLJKERXU GLVWDQFH 5 " LV REWDLQHG IURP

_L # $ # % &
_-

' f ZKLFK JLYHV
- '
j

' ��fb� �����

7KLV WKHRUHWLFDO UDWLR LV WKH VDPH IRU DOO HOHPHQWV ZLWK WKH IFF VWUXFWXUH DQG LW LV LQ JRRG

DFFRUGDQFH ZLWK H[SHULPHQWDO UHVXOWV�

6RPH LPSRUWDQW SK\VLFDO SURSHUWLHV RI NU\SWRQ DWRPV DQG VROLG NU\SWRQ DUH JLYHQ LQ

WDEOH ����



69 61 Wkhruhwlfdo ryhuylhz

9DOXH 5HIHUHQFH

$WRPLF QXPEHU ��

0ROHFXODU ZHLJKW �DPX� ����

(OHFWURQLF FRQ¿JXUDWLRQ �V
�
�S

�

7ULSOH SRLQW WHPSHUDWXUH �.� ������ >.9��@

7ULSOH SRLQW SUHVVXUH �PEDU� ������ >.9��@

6XEOLPDWLRQ WHPSHUDWXUH DW �� �
�

7RUU �.� ���� >.9��@

'HQVLW\ DW � . �J�FP
�
� ������ >.9��@

/DWWLFH FRQVWDQW @ DW � . �c� ����� >.9��@

1HDUHVW�QHLJKERXU GLVWDQFH� I�F�F� �c� ���� >)XJ��@

%LQGLQJ HQHUJ\ SHU DWRP �PH9� ����� >)XJ��@

'HE\H HQHUJ\ �PH9� ��� >)XJ��@

'HE\H WHPSHUDWXUH X � �.� ���� >)XJ��@

/HQQDUG�-RQHV SDUDPHWHUV

'HSWK RI WKH SRWHQWLDO ZHOO 0 �PH9� ���� >)XJ��@

$WRPLF FRUH GLDPHWHU j �c� ��� >)XJ��@

0D[LPDO SKRQRQ HQHUJ\

7UDQVYHUVH �PH9� ��� >.9��@

/RQJLWXGLQDO �PH9� ��� >.9��@

9HORFLW\ RI VRXQG DW �� .

7UDQVYHUVH � � � P�V� ��� >%7%��@

/RQJLWXGLQDO � � � P�V� ���� >%7%��@

,RQL]DWLRQ HQHUJ\ RI WKH DWRPV , � �H9� ������ >0RR��@

%DQG JDS HQHUJ\ DW WKH K SRLQW ( 	 �H9� ������ ����� >6DL��@� WKLV ZRUN

7RWDO ZLGWK RI WKH YDOHQFH EDQG �H9� ��� >6+6



��@

6SLQ�RUELW VSOLWWLQJ { �H9� ����� ���� >6DL��@� WKLV ZRUN

/RZ IUHTXHQF\ GLHOHFWULF FRQVWDQW 0 � ���� >)XJ��@

7DEOH ���� 6RPH SK\VLFDO SURSHUWLHV RI NU\SWRQ DWRPV DQG VROLG NU\SWRQ�
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)LJXUH ���� 6FKHPDWLF EDQG VWUXFWXUH RI VROLG NU\SWRQ �( � �EDQG JDS HQHUJ\� {� VSLQ�RUELW

VSOLWWLQJ� ( � � HOHFWURQ DI¿QLW\� , 
 �LRQL]DWLRQ HQHUJ\��

����� %DQG VWUXFWXUH

)LJ� ��� VKRZV D VFKHPDWLF EDQG VWUXFWXUH IRU VROLG NU\SWRQ >.9��@� 6HYHUDO SURSHUWLHV

RI WKH EDQG VWUXFWXUH DUH LQGXFHG E\ WKH FORVHG VKHOO HOHFWURQLF FRQ¿JXUDWLRQ RI WKH NU\SWRQ

DWRPV� 6R� WKH EDQG JDS EHWZHHQ XSSHU YDOHQFH EDQG DQG FRQGXFWLRQ EDQG LV H[WUHPHO\

ODUJH� 7KH YDOHQFH EDQG LV VSOLWWHG LQWR WZR VXE�EDQGV GXH WR WKH VSLQ�RUELW LQWHUDFWLRQ RI WKH

S�V\PPHWULF KROH� %RWK VXE�EDQGV KDYH WKHLU PD[LPD LQ WKH FHQWUH RI WKH %ULOORXLQ ]RQH �DW

WKH K SRLQW�� 7KH EDQGV DUH DVFULEHG WR WKH WRWDO DQJXODU PRPHQWXP RI KROHV � '
�
� �XSSHU

YDOHQFH EDQG� DQG � '
�
� �ORZHU YDOHQFH EDQG�� 7KH � '

�
� EDQG LV VSOLW LQ WKH FU\VWDO ¿HOG

H[FHSW DW WKH K SRLQW� ,Q DFFRUGDQFH ZLWK WKH QDUURZ YDOHQFH EDQGV� WKH HIIHFWLYH PDVVHV RI

WKH KROHV DUH UHODWLYHO\ ODUJH�

7KH PLQLPXP RI WKH FRQGXFWLRQ EDQG LV DOVR VLWXDWHG LQ WKH FHQWUH RI WKH %ULOORXLQ

]RQH� 7KH ORZHVW SDUW RI WKH FRQGXFWLRQ EDQG FRUUHVSRQGV WR WKH DWRPLF �S
�
�V FRQ¿JXUDWLRQ�

7KHUHIRUH� WKH XQRFFXSLHG VWDWHV QHDU LWV PLQLPXP KDYH V�V\PPHWU\� &RQVHTXHQWO\� RSWLFDO

WUDQVLWLRQV EHWZHHQ VWDWHV QHDU WKH WRS RI WKH YDOHQFH EDQG DQG WKH ERWWRP RI WKH FRQGXFWLRQ

EDQG DUH GLSROH DOORZHG�



6; 61 Wkhruhwlfdo ryhuylhz

���

�

�

�

�

�

�
	��

�
	
	

'* /6 *. ; /6

� �
��
� �
� �
��

� � � � � � � � � � � � �

 

!
"

#

$

%

&

'

(
)*

+
,

- .
/ 0

1 2 3 4 5 6 3 2 7 8 9 : ; 3

)LJXUH ���� 2Q WKH OHIW� FDOFXODWHG EDQG VWUXFWXUH RI VROLG NU\SWRQ IRU YDOHQFH EDQG DQG

ORZHU VWDWHV RI WKH FRQGXFWLRQ EDQG >5|V��@� 2Q WKH ULJKW� %ULOORXLQ ]RQH RI WKH IFF VWUXF�

WXUH�

$ QXPEHU RI WKH HOHFWURQLF VWUXFWXUH FDOFXODWLRQV RI NU\SWRQ KDYH EHHQ SHUIRUPHG LQ WKH

SDVW >5|V��� .0��� %33��@� )LJ� ��� �RQ WKH OHIW� VKRZV WKH EDQG VWUXFWXUH IRU VROLG NU\SWRQ

FDOFXODWHG E\ 5|VVOHU >5|V��@� DQG RQ WKH ULJKW� WKH %ULOORXLQ ]RQH IRU WKH IFF VWUXFWXUH LV

GHSLFWHG�

��� ([FLWRQV

,Q VHYHUDO SXUH GLHOHFWULFV DQG VHPLFRQGXFWRUV� UHÀHFWLRQ DQG DEVRUSWLRQ VSHFWUD VKRZ

VWUXFWXUHV DW SKRWRQ HQHUJLHV MXVW EHORZ WKH HQHUJ\ JDS� ZKHUH WKH FU\VWDO LV H[SHFWHG WR

EH WUDQVSDUHQW� 6XFK VWUXFWXUHV DUH FDXVHG E\ WKH DEVRUSWLRQ RI SKRWRQV OHDGLQJ WR WKH FUH�

DWLRQ RI ERXQG HOHFWURQ�KROH SDLUV� $Q HOHFWURQ DQG D KROH DUH ERXQG WRJHWKHU E\ DWWUDFWLYH

&RXORPE LQWHUDFWLRQ� 7KLV NLQG RI ERXQG HOHFWURQ�KROH SDLU LV FDOOHG H[FLWRQ� $Q H[FLWRQ

FDQ PRYH WKURXJK WKH FU\VWDO DQG FDUU\ HQHUJ\� EXW LW GRHV QRW FDUU\ DQ\ FKDUJH� EHFDXVH LW

LV HOHFWULFDOO\ QHXWUDO� ,Q )LJ� ���� WKH ¿UVW SXEOLVKHG 989 DEVRUSWLRQ PHDVXUHPHQW RI VROLG

NU\SWRQ LV VKRZQ >%DO��@� 7KH DEVRUSWLRQ OLQHV DUH FDXVHG E\ RSWLFDO FUHDWLRQ RI H[FLWRQV�

6LPLODU WR HOHFWURQLF VWDWHV LQ D K\GURJHQ DWRP� H[FLWRQ VWDWHV IRUP DOVR VHULHV� 7KH

HQHUJHWLF SRVLWLRQV RI VXFK H[FLWRQ VWDWHV IURP WKH ERWWRP RI WKH FRQGXFWLRQ EDQG DUH SUR�

SRUWLRQDO WR ��?
<
�? LV WKH PDLQ TXDQWXP QXPEHU�� 7KH EDQG JDS LQ 5*6 FRUUHVSRQGV WR

WKH LRQL]DWLRQ OLPLW RI WKH K\GURJHQ DWRP� 6XFK NLQG RI EHKDYLRXU RI H[FLWRQLF VWDWHV FDQ EH
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H[SODLQHG LQ WKH IUDPHZRUN RI WKH :DQQLHU PRGHO �VHH S� ���� 'XH WR WKH VSLQ�RUELW VSOLWWLQJ

RI WKH YDOHQFH EDQG� WZR H[FLWRQ VHULHV H[LVW� VKLIWHG E\ WKH { �{ LV HQHUJ\ GLIIHUHQFH RI

WKH ORZHU DQG XSSHU YDOHQFH EDQG DW K SRLQW�� ([FLWRQV FRQVLVWLQJ RI DQ HOHFWURQ ERXQG WR

WKH YDOHQFH KROH ZLWK � '
�
� RU � '

�
� DUH RIWHQ FDOOHG K

� �
�
�

RU K
� �

�
�

H[FLWRQV� UHVSHFWLYHO\�

$ FROOHFWLRQ RI WKH HQHUJHWLF SRVLWLRQV RI H[FLWRQV LQ VROLG .U IURP YDULRXV H[SHULPHQWV DUH

VKRZQ LQ WDEOH ����

�
	 ���
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)LJXUH ���� 7KH ¿UVW SXEOLVKHG 989 PHDVXUHPHQW RI WKH DEVRUSWLRQ RI VROLG NU\SWRQ �D WKLQ

.U ¿OP DW �� .� >%DO��@�

$GGLWLRQDOO\� WKH ORQJLWXGLQDO�WUDQVYHUVH VSOLWWLQJ RI H[FLWRQV H[LVWV� 7KH HQHUJ\ RI DQ

H[FLWRQ GHSHQGV RQ WKH RULHQWDWLRQ RI LWV HOHFWULF�GLSROH PRPHQW O> UHODWLYH WR LWV PRPHQWXP

Og YHFWRU� ,Q WKH FDVH RI FXELF FU\VWDOV� LQ WKH OLPLW

�

�

�

Og
�

�

�
$ f� RQO\ WZR SRVVLELOLWLHV KDYH

WR EH WDNHQ LQWR DFFRXQW� �L� O> n Og� WKLV LV FDOOHG D ORQJLWXGLQDO H[FLWRQ ZLWK HQHUJ\ ( % �
�LL� O> B Og� WKLV LV NQRZQ DV D WUDQVYHUVH H[FLWRQ ZLWK HQHUJ\ ( & � 7KH HQHUJHWLF GLIIHUHQFH�
( ' �( & � LV SURSRUWLRQDO WR m>m

(
� 2EVHUYDWLRQ RI ORQJLWXGLQDO H[FLWRQV LV XVXDOO\ UHVWULFWHG

WR HOHFWURQ HQHUJ\ ORVV VSHFWURVFRS\� ,Q RSWLFDO � Og � f� WUDQVPLVVLRQ H[SHULPHQWV XQGHU

QRUPDO LQFLGHQFH WKH ORQJLWXGLQDO H[FLWRQV QRUPDOO\ GR QRW FRXSOH WR WKH LQFLGHQW WUDQV�

YHUVH HOHFWURPDJQHWLF ¿HOG� +RZHYHU� LQ UHÀHFWLRQ JHRPHWU\ DQG IRU URXJK VXUIDFHV RSWLFDO

H[FLWDWLRQ RI ORQJLWXGLQDO PRGHV EHFRPHV SRVVLEOH >6.-��@�

6LQFH DQ H[FLWRQ FDQ IUHHO\ PRYH WKURXJK WKH FU\VWDO� LW LV FDOOHG IUHH H[FLWRQ �)(�� )UHH
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>%DO��@ >6DL��@ 3UHVHQW ZRUN

([SHULPHQWDO PHWKRG DEVRUSWLRQ DEVRUSWLRQ UHÀHFWLRQ

7HPSHUDWXUH �� . � .

YROXPH �M ���� Q � ����� ����� ����� �

Q � ����� ����� �����

Q � ����� ����� �����

Q � � ����� �����

Q � � � �����

�M ���� Q¶ � ����� ����� �
� �

Q¶ � ����� ����� �����

Q¶ � � ������� �����

VXUIDFH �M ���� Q � � ���� ����

Q � � ����� �

Q � � ����� �

�M ���� Q¶ � � ����� �����

7DEOH ���� $ FROOHFWLRQ RI WKH H[SHULPHQWDO YDOXHV RI H[FLWRQ HQHUJLHV LQ VROLG NU\SWRQ�
�
$

YDOXH IURP KLJK�UHVROXWLRQ OXPLQHVFHQFH PHDVXUHPHQWV >9DU��@�
� �

7KLV H[FLWRQ LV REVHUYHG�

EXW GXH WR WKH ORQJLWXGLQDO�WUDQVYHUVH VSOLWWLQJ WKH H[DFW SRVLWLRQ LV QRW ZHOO GH¿QHG �VHH

GHWDLOV LQ VHFWLRQ ������

H[FLWRQV FDQ LQWHUDFW ZLWK DFRXVWLFDO SKRQRQV DQG WKLV LQWHUDFWLRQ PD\ OHDG WR D WUDQVLWLRQ

IURP D IUHH GHORFDOL]HG VWDWH WR D ORFDOL]HG VWDWH �VR FDOOHG H[FLWRQ WUDSSLQJ�� 7UDSSLQJ PD\

HLWKHU WDNH SODFH LQ D SHUIHFW FU\VWDOOLQH HQYLURQPHQW �SURFHVV LV FDOOHG VHOI�WUDSSLQJ DQG

WKH FRUUHVSRQGLQJ H[FLWRQ LV FDOOHG VHOI�WUDSSHG H[FLWRQ � 67(� RU DW ODWWLFH GHIHFWV OLNH D

YDFDQF\� 7KHUHIRUH� WKH FR�H[LVWHQFH RI IUHH DQG VHOI�WUDSSHG H[FLWRQV OHDGV WR VLPXOWDQHRXV

REVHUYDWLRQ RI GLIIHUHQW OXPLQHVFHQFH EDQGV� DOO EHLQJ FDXVHG E\ H[FLWRQV �VHH VHFWLRQ ����

S� ����

����� :DQQLHU�0RWW DQG )UHQNHO H[FLWRQV

7KH ¶FRUUHFW¶ WKHRUHWLFDO GHVFULSWLRQ RI WKH SURSHUWLHV RI WKH H[FLWRQV LV D FRPSOLFDWHG

SUREOHP DQG WKHUHIRUH VHYHUDO DSSUR[LPDWLRQV ZHUH GHYHORSHG� 7KH PRVW LPSRUWDQW SDUDP�

HWHU GHWHUPLQJ WKH SURSHUWLHV RI DQ H[FLWRQ� LV WKH GLVWDQFH EHWZHHQ WKH HOHFWURQ DQG WKH KROH

LQYROYHG� 7KHUH H[LVW WZR OLPLWLQJ FDVHV IRU H[FLWRQV� QDPHO\ WKH VR�FDOOHG :DQQLHU�0RWW

H[FLWRQV �ODUJH�UDGLXV H[FLWRQ� DQG WKH )UHQNHO H[FLWRQV �VPDOO�UDGLXV H[FLWRQ��
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:DQQLHU�0RWW H[FLWRQ

,Q WKH :DQQLHU�0RWW PRGHO >:DQ��� 0RW��� .QR��� =LP��@� WKH HOHFWURQ DQG WKH KROH

DUH VSDWLDOO\ ZHOO VHSDUDWHG� 7KH\ LQWHUDFW YLD WKH &RXORPE IRUFHV DQG WKH DWRPLVWLF VWUXFWXUH

RI WKH VROLG FDQ EH QHJOHFWHG� 8QGHU WKHVH DVVXPSWLRQV� WKH HQHUJ\ RI WKH H[FLWRQ �XVLQJ 6,

V\VWHP� LV >=LP��@�

. � E
�$
g � ' .� � �

� �
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� n
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2E6 � n 6 � �
DQG �

�
'

>e
�

H0
	

 0
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 c �����

ZKHUH WKH VHFRQG WHUP LV WKH LQWHUQDO HQHUJ\ RI WKH H[FLWRQ DQG WKH WKLUG WHUP LV GXH WR WKH

H[FLWRQ FHQWUH�RI�PDVV PRWLRQ� +HUH > ' 6 � 6 � *E6 � n 6 � � LV WKH UHGXFHG PDVV RI WKH

H[FLWRQ� 6 � DQG 6 � DUH WKH HIIHFWLYH PDVVHV RI HOHFWURQ DQG KROH�
�$
g LV WKH ZDYH YHFWRU

RI WKH FHQWUH�RI�PDVV PRWLRQ� 0 � LV WKH GLHOHFWULF FRQVWDQW RI WKH PHGLXP� �
�
LV FDOOHG WKH

ELQGLQJ HQHUJ\ RI WKH H[FLWRQ VHULHV DQG ? LV WKH PDLQ TXDQWXP QXPEHU� $QDORJRXVO\ WR WKH

K\GURJHQ DWRP� WKH VR�FDOOHG H[FLWRQ UDGLL DUH GH¿QHG DV

o � '
�

�
0 � 0 �

Z>e
� ?

�
� �����

7KH :DQQLHU�0RWW PRGHO LV D JRRG DSSUR[LPDWLRQ IRU H[FLWRQ UDGLL o �  ODWWLFH FRQVWDQW�

'XH WR WKH VPDOO PRPHQWXP RI WKH SKRWRQV� RQO\ H[FLWRQ VWDWHV DW

�

�

�

�$
g

�

�

�
* f DUH SUREHG

LQ SKRWRH[FLWDWLRQ PHDVXUHPHQWV� 7KHUHIRUH� WKH WKLUG WHUP LQ (T� ��� FDQ EH LJQRUHG LQ

SUHVHQW ZRUN�

)UHQNHO H[FLWRQ

,Q WKH )UHQNHO PRGHO >)UH��� =LP��@� WKH H[FLWRQLF H[FLWDWLRQ RI DQ LQVXODWRU LV DSSUR[�

LPDWHO\ DQ DWRPLF�W\SH H[FLWDWLRQ� 7KH KROH DQG WKH HOHFWURQ DUH ORFDOL]HG DW WKH VDPH ODWWLFH

VLWH� EXW WKH H[FLWDWLRQ FDQ KRS IURP RQH DWRP WR DQRWKHU E\ YLUWXH RI WKH GLSROH�GLSROH LQWHU�

DFWLRQ EHWZHHQ QHLJKERXUV� 7KH )UHQNHO H[FLWRQ H[FLWDWLRQ HQHUJ\ ( � IURP WKH JURXQG VWDWH

WR WKH H[FLWHG VWDWH s FDQ EH UHSUHVHQWHG DV

. � E Og� ' {" � n ( � n � � E Og�� �����

ZKHUH �L� {" � LV WKH H[FLWDWLRQ HQHUJ\ RI WKH IUHH DWRP� �LL� ( � LV WKH HQYLURQPHQWDO HQHUJ\

VKLIW UHVXOWLQJ IURP LQWHUDFWLRQ RI RQH H[FLWHG DWRP ZLWK DOO VXUURXQGLQJ DWRPV RI WKH ODWWLFH�

�LLL� � � E Og� LV WKH HQHUJ\ RI WKH H[FLWDWLRQ WUDQVIHU IURP RQH DWRP WR DQRWKHU LQ WKH FU\VWDO

>)XJ��@�
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,QWHUPHGLDWH H[FLWRQ

7KH UHODWLYH GLVWDQFH EHWZHHQ HOHFWURQ DQG KROH GHWHUPLQHV WKH YDOLGLW\ RI WKH :DQQLHU�

0RWW DQG WKH )UHQNHO PRGHO� 7KH )UHQNHO PRGHO LV JRRG IRU H[FLWRQ UDGLL VPDOOHU WKDQ WKH

ODWWLFH FRQVWDQW� ZKHUHDV WKH:DQQLHU�0RWW PRGHO ZRUNV IRU H[FLWRQ UDGLL VLJQL¿FDQWO\ ODUJHU

WKDQ WKH ODWWLFH FRQVWDQW� )RU QA�� WKH HQHUJLHV RI H[FLWRQV LQ DOO 5*6 DUH ZHOO GHVFULEHG

ZLWK WKH :DQQLHU PRGHO� EXW WKH Q � H[FLWRQV LQ VROLG 1H FDQ EH LQWHUSUHWHG DV )UHQNHO

H[FLWRQV >=LP��@� 7KH VLWXDWLRQ LV PRUH FRPSOLFDWHG IRU ? � H[FLWRQV LQ VROLG ;H� .U DQG

$U� ZKHUH WKH :DQQLHU UDGLXV RI WKH ? � H[FLWRQ LV FORVH WR WKH ODWWLFH FRQVWDQW� 7KDW NLQG

RI H[FLWRQV DUH FDOOHG LQWHUPHGLDWH H[FLWRQV�

,W LV LPSRUWDQW WR SRLQW RXW WKDW DOO PHPEHUV RI H[FLWRQLF VHULHV REVHUYDEOH LQ UHÀHF�

WLRQ�DEVRUSWLRQ VSHFWUD DUH IUHH H[FLWRQV ZKLFK FDQ WUDQVSRUW HQHUJ\ WKURXJK WKH FU\VWDO�

1HYHUWKHOHVV� LQ WKH OLWHUDWXUH �LQFOXGLQJ WKLV ZRUN�� ¶IUHH H[FLWRQ¶ LV XVHG YHU\ RIWHQ DV D

V\QRQ\P IRU WKH HPLVVLRQ RI ? � H[FLWRQ� VLQFH OXPLQHVFHQFH RQO\ IURP WKH ORZHVW H[FL�

WRQLF VWDWH� L�H� IURP WKH ? � H[FLWRQ LV REVHUYDEOH LQ WKH H[SHULPHQW�

����� ([FLWRQ SRODULWRQ

7R GHVFULEH WKH OLQH VKDSH DQG WKH ZLGWK RI WKH Q � DQG Q¶ � H[FLWRQV LQ DEVRUSWLRQ DQG

UHÀHFWLRQ VSHFWUD� LW LV QHFHVVDU\ WR XVH WKH H[FLWRQ�SRODULWRQ PRGHO� *HQHUDOO\� WKH SRODULWRQ

PRGHO LV XVHG� LI WKH FRXSOLQJ RI WKH UDGLDWLRQ ¿HOG WR WKH RVFLOODWRU LV VR VWURQJ WKDW LW FDQ QR

ORQJHU EH WUHDWHG DV D VPDOO SHUWXUEDWLRQ� ,Q WKDW FDVH� 0D[ZHOO¶V HTXDWLRQV LQVLGH WKH VROLG

KDYH WR EH VROYHG LQ WKH SUHVHQFH RI DQ RVFLOODWRU ZKLFK JLYHV ULVH WR SRODUL]DWLRQ RI WKH VROLG�

,I WKLV RVFLOODWRU LV DQ H[FLWRQ� WKH SRODULWRQ LV FDOOHG H[FLWRQ SRODULWRQ� 7KH EDVLF FRQFHSW RI

WKH H[FLWRQ SRODULWRQ LV SXEOLVKHG LQ WKH ERRNV RI .QR[ DQG 'H[WHU >'.��� .QR��@� 6SHFLDO

DVSHFWV RI WKH H[FLWRQ SRODULWRQ LQ 5*6 DUH GLVFXVVHG E\ .LQN DQG 6HOJ >.6��@ DQG DV ZHOO

E\ )XJRO HW DO� >)*6��� )XJ��@� ,Q WKH SUHVHQW ZRUN�
�$
g LV JHQHUDOO\ ZDYH YHFWRU RI WKH

H[FLWRQV DQG
�$
& LV ZDYH YHFWRU RI WKH SKRWRQV� +RZHYHU� LQ WKH FDVH RI H[FLWRQ�SRODULWRQ

�$
g

DQG
�$
& DUH LQGLVWLQJXLVKDEOH DQG WKHUHIRUH RQO\

�$
& LV XVHG LQ WKLV VHFWLRQ�

7KH /RUHQW] PRGHO GHVFULEHV WKH FODVVLFDO LQWHUDFWLRQ EHWZHHQ DQ HOHFWURPDJQHWLF

ZDYH DQG D PHGLXP� ,Q WKLV PRGHO� D GLVSHUVLYH DQG DEVRUELQJ PHGLXP LV FKDUDFWHUL]HG

DV D FROOHFWLRQ RI KDUPRQLF RVFLOODWRUV ZLWK PDVV 6� FKDUJH �e� DQG QDWXUDO �XQGDPSHG�

IUHTXHQF\ / � � LQ WKH SUHVHQFH RI D GDPSLQJ IRUFH� $Q HOHFWULF ¿HOG O.EOoc |� LV WDNHQ LQWR

DFFRXQW LQ WKH SODQH�ZDYH IRUP

O.EOoc |� ' O. � i T
k

�EO&Oo � /|�
l

� �����

7KH RVFLOODWRUV LQWHUDFW ZLWK WKH HOHFWURPDJQHWLF ¿HOG DQG WKH HTXDWLRQ IRU HDFK RVFLOODWRU¶V
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PRWLRQ LV

6

�

_
�

_|
� O�EOoc |� n �

_

_|
O�EOoc |� n /

�
� O�EOoc |�

�

' O8 EOoc |� ' e O.EOoc |�c �����

ZKHUH O�EOoc |�PHDVXUHV RVFLOODWRUV GLVSODFHPHQW IURP WKH HTXLOLEULXP SRVLWLRQ DQG O8 EOoc |� LV

DSSOLHG IRUFH� JHQHUDOO\ DQ HOHFWURVWDWLF IRUFH e O.EOoc |�� +HUH� WKH SKHQRPHQRORJLFDO GDPS�

LQJ FRQVWDQW � LV XVHG� $V D UHVXOW� WKH /RUHQW] PRGHO JLYHV WKH IUHTXHQF\ GHSHQGHQFH RQ

WKH FRPSOH[ GLHOHFWULF FRQVWDQW DV

0E/� ' � n
/

�
�

/
�
� � /

�
� ��/

ZLWK /
�

� '
�e

�

0 � 6
c ������

ZKHUH � LV WKH GHQVLW\ RI WKH RVFLOODWRUV DQG 0 	 LV WKH GLHOHFWULF FRQVWDQW� 'HWDLOV DERXW WKH

/RUHQW] PRGHO DUH GLVFXVVHG H�J� LQ >'.��@�

3URFHHGLQJ IURP WKH 0D[ZHOO¶V HTXDWLRQV� WZR SRVVLEOH VROXWLRQV �WUDQVYHUVH DQG ORQ�

JLWXGLQDO� H[LVW IRU WKH SODQH KDUPRQLF ZDYHV �(T� ���� LQ WKH PHGLXP� 7KH WUDQVYHUVH VR�

OXWLRQV � O. B O&� RI WKH 0D[ZHOO¶V HTXDWLRQV DUH GHWHUPLQHG E\ WKH FRQGLWLRQ >'.��� .OL��@

S


&




/

 ' 0E/�� ������

ZKHUH S LV YHORFLW\ RI WKH OLJKW� ,I DSSO\LQJ GLHOHFWULF FRQVWDQW IURP WKH (T� ����� WKHQ ZH

REWDLQ

S


&




/

 ' � n

/



�

/



� � /



� ��/
� ������

7KH DQDORJRXV FRQGLWLRQ IRU WKH ORQJLWXGLQDO VROXWLRQ � O. n O&� LV JLYHQ ZLWK HTXDWLRQ

0E/� ' f >'.��� .OL��@� ZKLFK \LHOGV� XVLQJ (T� ����

� n
/



�

/


� � /



� ��/

' f� ������

6XFK D VROXWLRQ GRHV QRW H[LVW LQ WKH YDFXXP� VLQFH 0 � � �  �� ,Q WKH FDVH RI D PHGLXP� WKH

ORQJLWXGLQDO VROXWLRQ LV REWDLQHG IURP (T� ����� DQG XVLQJ � f �GDPSLQJ LV QHJOHFWHG�� LW LV

/ � '
t

/
�

� n /
�
� � ������

7KLV ORQJLWXGLQDO VROXWLRQ GRHV QRW KDYH DQ\ GLVSHUVLRQ�

7KH GLHOHFWULF IXQFWLRQ �(T� ����� IRU WKH VLPSOH FDVH KDV WR EH PRGL¿HG LI VSDWLDO

GLVSHUVLRQ HIIHFWV DUH WDNHQ LQWR DFFRXQW� .LQN DQG 6HOJ >.6��@ GHVFULEHG WKH GLHOHFWULF

FRQVWDQW HVSHFLDOO\ IRU 5*6 DV IROORZV

0 E/c &� ' 0Ef� n
s

�

l
�
E&� � /

�
� �/KE&�

� ������
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+HUH� 0Ef� LV WKH SDUW RI WKH GLHOHFWULF FRQVWDQW ZKLFK LV LQGHSHQGHQW IURP IUHTXHQF\� s
�

LV SURSRUWLRQDO WR WKH WUDQVLWLRQ RVFLOODWRU VWUHQJWK 8 DQG KE&� LV WKH SKHQRPHQRORJLFDO

GDPSLQJ FRHI¿FLHQW� 7KH FKDUDFWHULVWLF H[FLWRQ IUHTXHQF\ lE&� LV JLYHQ E\ WKH IRUPXOD

lE&� ' l � n
|&

�

2E6 � n 6 � �
� ������

7KH TXDQWLW\ s
�
FDQ EH H[SUHVVHG WKURXJK WKH ORZ IUHTXHQF\ OLPLWV RI ORQJLWXGLQDO El � � DQG

WUDQVYHUVH El � � H[FLWRQV�

s
�
' 0Ef�El

�
	 � l

�

 �� ������

$ UHODWLRQ EHWZHHQ WKH TXDQWLW\ s
�
DQG WKH RVFLOODWRU VWUHQJWK 8 LV

8 ' s
�

�
6 � T

eZe
� � ������

ZKHUH T LV WKH YROXPH RI WKH HOHPHQWDU\ FHOO� 6 
 LV WKH IUHH HOHFWURQ PDVV DQG e LV WKH

HOHPHQWDU\ FKDUJH >'DY��@� 7KH RVFLOODWRU VWUHQJWK LV SURSRUWLRQDO WR � �*?
�
>.QR��@� ,W

DOVR PHDQV WKDW El
�
� � l

�
� � � �*?

�
DQG WKHUHIRUH SRODULWRQ HIIHFWV DUH QRW REVHUYDEOH LQ WKH

FDVH RI H[FLWRQV ZLWK WKH PDLQ TXDQWXP QXPEHU Q���

)LJ� ��� VKRZV WKH GLVSHUVLRQ FXUYHV IRU WKH H[FLWRQ�SRODULWRQ LQ WZR GLIIHUHQW VFDOHV RI

WKH ZDYH�YHFWRU IRU VROLG .U �GLHOHFWULF FRQVWDQW IURP (T� ����� GDPSLQJ LV QHJOHFWHG�� 7KH

UHJLRQ� ZKHUH N�YHFWRUV DUH FORVH WR WKH SKRWRQ ZDYH YHFWRU� LV VKRZQ RQ WKH OHIW� 7KH UHJLRQ

RI WKH N�YHFWRUV� ZKLFK DUH VLJQL¿FDQWO\ ODUJHU WKDQ WKH SKRWRQ ZDYH YHFWRU LV GHSLFWHG RQ

WKH ULJKW� ,Q )LJ ���� WKH GLVSHUVLRQ FXUYH IRU D SKRWRQ �GDVK�GRW OLQH�� D ORQJLWXGLQDO �GRWWHG

OLQH� DQG D WUDQVYHUVH H[FLWRQ �GDVKHG OLQH� DUH DOVR VKRZQ IRU VROLG NU\SWRQ� 7UDQVYHUVH

H[FLWRQ�SRODULWRQ EUDQFKHV DUH PDUNHG ZLWK 7 � DQG 7 � � 7KH EUDQFK 7 � EHKDYHV OLNH D SKRWRQ

LI WKH HQHUJ\ LV VLJQL¿FDQWO\ VPDOOHU WKDQ ( � ' |l � �H�J� SRLQW )� DQG WKH EUDQFK 7 � EHKDYHV

OLNH D SKRWRQ LI WKH HQHUJ\ LV VLJQL¿FDQWO\ ODUJHU WKDQ ( � ' |l � � ,I WKH ZDYH YHFWRU RI

H[FLWRQ�SRODULWRQ LV VLJQL¿FDQWO\ ORQJHU WKDQ WKH SKRWRQ ZDYH YHFWRU� WKH H[FLWRQ�SRODULWRQ

EHKDYHV OLNH DQ H[FLWRQ �H�J� SRLQW *��

3RODULWRQ HIIHFWV DUH ZHOO SURQRXQFHG� LI

K

2
| � { � � ' . � � . � >17$��� )XJ��@� ������

,Q WKH FDVH RI VROLG .U� . �  ����� H9 >9DU��@ DQG . �  ����� H9 >6DL��@� L�H� { � � LV �����

H9� ,Q VROLG .U� WKH GDPSLQJ FRQVWDQW K LV QRW NQRZQ� EXW LW LV H[SHFWHG WR EH FRPSDUDEOH

ZLWK WKH YDOXH IRU VROLG ;H �|K VPDOOHU WKDQ ���� H9 >)XJ��@�� +HQFH� WKH H[FLWRQ�SRODULWRQ

GHVFULSWLRQ LV DSSOLFDEOH IRU VROLG .U�
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)LJXUH ���� 'LVSHUVLRQ FXUYHV IRU WKH WUDQVYHUVH EUDQFKHV �7 o � 7 p � VROLG OLQHV� RI DQ H[FLWRQ�

SRODULWRQ LQ WZR GLIIHUHQW VFDOHV IRU VROLG .U� 7KH GLHOHFWULF FRQVWDQW LV WDNHQ IURP (T� �����

GDPSLQJ LV QHJOHFWHG� 2Q WKH OHIW� WKH OHQJWK RI N�YHFWRUV LV FRPSDUDEOH WR WKH OHQJWK RI

WKH SKRWRQ ZDYH YHFWRU� 2Q WKH ULJKW� WKH N�YHFWRUV DUH VLJQL¿FDQWO\ ODUJHU WKDQ WKH SKRWRQ

ZDYH YHFWRU� 'LVSHUVLRQ FXUYHV IRU D SKRWRQ �GDVK�GRW OLQH�� D WUDQVYHUVH H[FLWRQ �GDVKHG

OLQH�� DQG D ORQJLWXGLQDO H[FLWRQ �GRWWHG OLQH� DUH DOVR VKRZQ� ( q DQG ( r PDUN WKH ORZHVW

HQHUJLHV RI WUDQVYHUVH DQG ORQJLWXGLQDO H[FLWRQV� UHVSHFWLYHO\�

��� &RH[LVWHQFH RI IUHH DQG VHOI�WUDSSHG H[FLWRQV

)UHH H[FLWRQV �)(� DQG VHOI�WUDSSHG H[FLWRQV �67(� PD\ FRH[LVW LQ FU\VWDOV ZLWK EURDG

H[FLWRQ EDQG� ZKHUH )( DQG 67(�VWDWHV DUH HQHUJHWLFDOO\ VHSDUDWHG E\ D VXI¿FLHQWO\ KLJK

SRWHQWLDO EDUULHU� 7KH KHDY\ 5*6 �.U DQG ;H� DUH RI WKDW NLQG� DQG WKH UHVRQDQFH HPLVVLRQ

RI WKH )( DQG WKH 6WRNHV�VKLIWHG HPLVVLRQ RI WKH 67( DUH REVHUYDEOH LQ WKH OXPLQHVFHQFH

VSHFWUD� ,Q D VROLG�VWDWH PRGHO WZR GLIIHUHQW DSSURDFKHV DUH XVHG WR GHVFULEH )( DQG 67(

HPLVVLRQV� 7KH )( HPLVVLRQ LV GHVFULEHG LQ WHUPV RI GHORFDOL]HG VWDWH DQG HIIHFWLYH�PDVV

DSSUR[LPDWLRQ� ZKLOH IRU WKH HPLVVLRQ RI WKH WUDSSHG H[FLWRQV �HLWKHU VHOI�WUDSSHG RU WUDSSHG

DW ODWWLFH GHIHFWV� D ORFDO�FRQ¿JXUDWLRQ FRRUGLQDWH PRGHO LV DSSOLHG >=LP��@� 8VLQJ FRQ¿J�

XUDWLRQ FRRUGLQDWH� VFKHPDWLF SRWHQWLDO FXUYHV IRU )( DQG 67( VWDWH DUH VKRZQ LQ )LJ� ����

$OVR GLIIHUHQW SRVVLELOLWLHV IRU WKH UDGLDWLYH GHFD\ RI H[FLWRQV DUH VKRZQ�

7ZR GLIIHUHQW NLQGV RI 67( H[LVW LQ 5*6� WKH PROHFXODU 67( �P�67(� DQG WKH DWRPLF

67( �D�67(�� 7KH PROHFXODU 67( FDQ EH WUHDWHG DV DQ H[FLPHU PROHFXOH LQ D 5*PDWUL[� 7KH

D�67( FDQ EH KDQGOHG DV DQ H[FLWHG DWRP HPEHGGHG LQ D PDWUL[ RI WKH VDPH NLQG RI DWRPV�

6LQFH WKH D�67( LV QRW REVHUYHG LQ KHDYLHU 5*6 �;H DQG .U�� LQ WKLV ZRUN WKH DEEUHYLDWLRQ

67( LV DOZD\V XVHG IRU WKH PROHFXODU 67(�
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)LJXUH ���� 6LPSOL¿HG SRWHQWLDO FXUYHV IRU WKH )( DQG 67( VWDWH� 4 LV WKH FRQ¿JXUDWLRQ

FRRUGLQDWH DQG + � � � LV WKH EDUULHU KHLJKW EHWZHHQ )( DQG 67( VWDWH� 7KUHH GLIIHUHQW SRVVL�

ELOLWLHV WR SDVV WKH SRWHQWLDO EDUULHU DUH VKRZQ� 'LIIHUHQW SRVVLELOLWLHV IRU WKH UDGLDWLYH GHFD\

RI WKH H[FLWRQ DUH GHSLFWHG DV ZHOO�

����� 7UDSSLQJ SURFHVV

$ WUDQVLWLRQ IURP WKH PHWDVWDEOH GHORFDOL]HG WR WKH VWDEOH ORFDOL]HG H[FLWRQ VWDWH �RYHU�

FRPLQJ WKH EDUULHU� LV FDOOHG WUDSSLQJ� 7UDSSLQJ PD\ HLWKHU WDNH SODFH LQ D SHUIHFW FU\VWDOOLQH

HQYLURQPHQW �VHOI�WUDSSLQJ� RU DW ODWWLFH GHIHFWV OLNH YDFDQFLHV�

,Q ¿UVW DSSUR[LPDWLRQ� WKH WRWDO GHFD\ UDWH RI )( LV JLYHQ E\

K � � � � � ' K � � � n K � � � ������

ZKHUH K � � � LV WKH UDGLDWLYH GHFD\ UDWH RI )( DQG K � � LV WKH VHOI�WUDSSLQJ UDWH IRU )( >=LP��@�

,Q VXFK D FDVH� DGGLWLRQDO GHFD\ FKDQQHOV DUH QHJOHFWHG DQG WKH ZDYHOHQJWK�LQWHJUDWHG LQWHQ�

VLW\ UDWLR RI )( DQG 67( EDQGV JLYHV UHODWLRQ EHWZHHQ K � � � DQG K � � � ZKLFK LV

U �  
U ¡ ¢   '

K £ ¤ ¥
K ¡ ¢ � ������

7KLV LQWHJUDO UDWLR KDV EHHQ PHDVXUHG IRU VROLG NU\SWRQ E\ 5RLFN ������ DW � .� >5RL��@ DV

ZHOO DV E\ 9DUGLQJ ������ DW � .� >9DU��@� 7KH EHVW LQWHJUDO UDWLR RI SUHVHQW ZRUN ������
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VDPSOH �� DW � .� H[FLWHG E\ ����� H9 SKRWRQV� LV FRPSDUDEOH ZLWK 9DUGLQJ¶V UHVXOW� 6XFK D

VLPSOH PHWKRG JLYHV D VWURQJO\ RYHUHVWLPDWHG YDOXH IRU K � � � VLQFH VLJQL¿FDQW QRQ�UDGLDWLYH

ORVVHV DV ZHOO DV H[FLWRQ WUDSSLQJ QHDU GHIHFWV H[LVW EHVLGHV VHOI�WUDSSLQJ� 7KLV HVWLPDWLRQ

LV VXSSRUWHG E\ WKH GDWD IURP H[SHULPHQWV E\ 9DUGLQJ HW DO�� ZKHUH WKH LQWHJUDO UDWLR RI

U � � *U � � � ����� ZDV REWDLQHG LQ VROLG ;H >95=��@� ,Q WKH SDVW� &ROHWWL DQG 'HEHYHU ZHUH

DOVR DEOH WR JURZ ;H VDPSOHV ZLWK H[WUDRUGLQDULO\ VWURQJ )( OXPLQHVFHQFH �LQWHJUDO UDWLR RI

U � � *U 	 
 � ���� ��� ���� >=LP��@�

7KH VHOI�WUDSSLQJ UDWH K � 
 RI )( LV GHWHUPLQHG E\ WKUHH IXQGDPHQWDO SURFHVVHV >5DV���

5DV��@�

�L� TXDQWXP PHFKDQLFDO WXQQHOOLQJ�

�LL� WKHUPDO DVVLVWHG WXQQHOOLQJ�

�LLL� WKHUPDO DFWLYDWLRQ�

$OO VXFK SURFHVVHV DUH GHSLFWHG LQ )LJ� ���� 2QO\ TXDQWXP PHFKDQLFDO WXQQHOOLQJ RFFXUV DW

DEVROXWH ]HUR WHPSHUDWXUH� 7KH SRVVLELOLW\ IRU SURFHVVHV �LL� DQG �LLL� LQFUHDVHV ZLWK ULVLQJ

WHPSHUDWXUH� 0RVW SUREDEO\� WKH WKHUPDO DFWLYDWLRQ �LLL� GRPLQDWHV DW ¶KLJK¶ WHPSHUDWXUHV�

7KH VHOI�WUDSSLQJ UDWH RI WKH SXUH TXDQWXP PHFKDQLFDO WXQQHOOLQJ LV LQGHSHQGHQW IURP

WKH WHPSHUDWXUH DQG PD\ EH URXJKO\ HVWLPDWHG DV

K � � � /(c ������

ZKHUH ( LV WKH WUDQVSDUHQF\ RI WKH EDUULHU DQG / LV WKH FKDUDFWHULVWLF SKRQRQ IUHTXHQF\

>5DV��@� $W VXI¿FLHQWO\ ¶KLJK¶ WHPSHUDWXUHV� WKH WKHUPDOO\ DFWLYDWHG VHOI�WUDSSLQJ GRPLQDWHV

DQG LW LV SURSRUWLRQDO WR

K � � EA � b e%R

�

�M � � �

& � A

�

� ������

ZKHUH M � � � LV WKH EDUULHU KHLJKW EHWZHHQ )( DQG 67( VWDWH DQG & � LV %ROW]PDQQ¶V FRQVWDQW�

0RVW FRPSOLFDWHG WHPSHUDWXUH UDQJH LV WKH RQH RI WKHUPDO DVVLVWHG WXQQHOOLQJ� 5RLFN HW DO�

>5RL��@ ¿WWHG WKHLU H[SHULPHQWDO GDWD ZLWK DQ DQDO\WLFDO H[SUHVVLRQ JLYHQ E\ 5DVKED >5DV��@

K � � EA � ' K � � Ef� �
�

E� � A*w�
� c ������

ZKHUH K �  Ef� LV WKH VHOI�WUDSSLQJ UDWH IRU 7$� �SXUH WXQQHOOLQJ�� w FRUUHVSRQGV WR WKH FKDU�

DFWHULVWLF IUHTXHQF\ RI WKH SKRQRQ VSHFWUXP� DQG WKH FRHI¿FLHQW k LV FRQQHFWHG ZLWK WKH

GHQVLW\ RI WKH YLEUDWLRQDO PRGHV LQ LQLWLDO VWDWHV� )URP WKH ¿W� 5RLFN HW DO� REWDLQHG IRU VROLG

.U KEf� ������
!
��V DQG k ��� �

7KH VLPSOHVW WKHRU\� ZKLFK GHVFULEHV H[FLWRQ�SKRQRQ LQWHUDFWLRQ LQ 5*6� LV WKH FRQWLQ�

XXP WKHRU\ >)XJ��@� ,Q WKLV WKHRU\� WKH LQWHUDFWLRQ RI WKH H[FLWRQ ZLWK WKH ODWWLFH LV FKDUDF�

WHUL]HG E\ D GHIRUPDWLRQ SRWHQWLDO� 7KH FRQWLQXXP WKHRU\ JLYHV WKH EDUULHU KHLJKW EHWZHHQ
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%DUULHU KHLJWK &RPPHQWV DQG LQLWLDO GDWD 5HIHUHQFH

M � � � �PH9�

�� &RQWLQXXP PRGHO� �  ���� H9� . � �  ���� H9 >)XJ��@

� &RQWLQXXP PRGHO� �  ���� H9� . � �  ���� H9 SUHVHQW ZRUN

� *UHHQ¶V IXQFWLRQ� �  ���� H9 SUHVHQW ZRUN

�� 7XQQHOOLQJ >17��@� K �  ������
�
��V� � ���� H9 >5RL��@

�� 7XQQHOOLQJ� (T� ���� DQG ����� K �  ������
�
��V >5RL��@

�� &RUUHVSRQGV WR WKH PD[LPDO VHOI WUDSSLQJ UDWH >.6��@

�� 0LQLPDO EDUULHU KHLJWK >.6��@

7DEOH ���� (VWLPDWHG EDUULHU KHLJWKV EHWZHHQ )( DQG 67( VWDWH LQ VROLG NU\SWRQ�

)( DQG 67( VWDWH� GHVFULEHG E\

M � 	 
 '
e

2.

�
�

.
�


 �
� ������

+HUH� � GHQRWHV WKH H[FLWRQ EDQG KDOI�ZLGWK DQG . � � LV WKH ODWWLFH UHOD[DWLRQ HQHUJ\� 2Q

WKH EDVLV RI WKH FRQWLQXXP PRGHO� )XJRO HW DO� HVWLPDWHG WKH EDUULHU KHLJKW IRU .U HTXDO

WR M � � �  �� PH9 ��  ���� H9� . � �  ���� H9� >)XJ��@� $SSO\LQJ D QHZ H[FLWRQ EDQG

KDOI�ZLGWK IURP SUHVHQW ZRUN �� ���� H9� VHH SDJH ��� WRJHWKHU ZLWK . � � IURP >)XJ��@�

WKH FRQWLQXXP PRGHO HVWLPDWH IRU WKH EDUULHU KHLJKW LV � PH9� 8QIRUWXQDWHO\� WKH FRQWLQXXP

PRGHO LV RYHUVLPSOL¿HG� HVSHFLDOO\ LQ WKH FDVH RI KHDYLHU 5*6 �.U DQG ;H� >6HO��@�

+L]KQ\DNRY DQG 6KHUPDQ GHYHORSHG DQRWKHU WKHRU\ >+6��@� EDVHG RQ WKH H[FLWRQ LQ�

WHUDFWLRQ ZLWK SKRQRQV DW RQH ODWWLFH VLWH LQ VLPSOH FXELF FU\VWDOV XVLQJ WKH *UHHQ¶V IXQFWLRQ

PHWKRG� 7KLV WKHRU\ LV SDUWLFXODUO\ DSSOLFDEOH IRU WKH KHDYLHU 5*6 DV ;H DQG .U >6HO��@ DQG

SUHGLFWV WKH IROORZLQJ EDUULHU KHLJKW�

M � � � �
e�

�

b7
� � ZKHUH 7

�
'

H.
�

�

4� �
�
@

� � ������

+HUH� @ LV WKH ODWWLFH FRQVWDQW� � � LV WKH ORQJLWXGLQDO VRXQG YHORFLW\� . � LV WKH GHIRUPDWLRQ

SRWHQWLDO DQG 4 LV WKH FU\VWDO GHQVLW\� 8VLQJ WKH LQLWLDO YDOXHV IURP >)XJ��@ WRJHWKHU ZLWK

�  ���� H9 IURP WKLV ZRUN WKH HTXDWLRQ ���� JLYHV D EDUULHU KHLJKW RI � PH9�

.PLHFLN DQG 6FKUHLEHU PDGH D GHWDLOHG WKHRUHWLFDO DQDO\VLV DQG GHVFULEHG WKH SRWHQWLDO

EDUULHU EHWZHHQ )( DQG 67( VWDWH ZLWK WKH KHOS RI D SRWHQWLDO VXUIDFH� LQFOXGLQJ GLVWRUWLRQ

RI WKH FU\VWDO >.6��@� 7KH\ IRXQG WKDW WKH VPDOOHVW SRVVLEOH EDUULHU KHLJKW LQ VROLG .U LV ��

PH9� EXW WKH KLJKHVW DQG PRUH UHDOLVWLF VHOI�WUDSSLQJ UDWH LV REWDLQHG IRU D ¶QDUURZ¶ EDUULHU

ZLWK D KHLJKW RI �� PH9�
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7DEOH ��� FROOHFWV VHYHUDO HVWLPDWLRQV IRU WKH EDUULHU KHLJKW M � � � LQ VROLG NU\SWRQ� ,W
GHPRQVWUDWHV WKDW WKH EDUULHU KHLJKW YDOXHV KDYH D ODUJH YDULDWLRQ� %HVLGH GLYHUVH WKHRUHWLFDO

DSSURDFKHV� UDWKHU SRRUO\ NQRZQ LQLWLDO SDUDPHWHUV DUH WKH PDLQ UHDVRQV IRU VXFK D GLVFUHS�

DQF\ DV ZHOO�

����� 5DGLDWLYH GHFD\ RI WKH IUHH H[FLWRQ

7KH REVHUYHG )( GHFD\ FXUYHV LQ VROLG ;H DQG .U� H[FLWHG LQ WKH H[FLWRQLF UHJLRQ�

VKRZ D QRQ�H[SRQHQWLDO EHKDYLRXU >95=��� 9DU��@� 6XFK D WHPSRUDO EHKDYLRXU RI WKH )(

OXPLQHVFHQFH LV GHVFULEHG LQ D WKUHH�VWHS PRGHO >95=��@� 7KH PRGHO LV VNHWFKHG LQ )LJ� ����

,Q WKH ¿UVW VWHS� LW LV DVVXPHG WKDW WKH H[FLWRQ�SRODULWRQV UHDFK WKHUPDO TXDVL�HTXLOLEULXP LQ

WKH ¶ERWWOHQHFN¶ RI WKH GLVSHUVLRQ FXUYH GXULQJ WKH ¿UVW ��� SV� ZKLFK LV DQ HVWLPDWH IRU

XSSHU WLPH�OLPLW RI WKLV SURFHVV GHWHUPLQHG E\ WKH H[SHULPHQWDO WLPH�UHVROXWLRQ �� LQ )LJ�

���D�� 7KH VHFRQG VWHS LV WKH WUDQVSRUW RI WKH ERWWOHQHFN H[FLWRQ�SRODULWRQV �� LQ )LJ� ���E��

7KH WKLUG VWHS LV GXH WR WKH WUDQVPLVVLRQ RI ERWWOHQHFN H[FLWRQ�SRODULWRQV LQWR YDFXXP �� LQ

)LJ� ���E��

[

/ ���
YDFXXP VDPSOH

ERWWOHQHFN � �
�
� �

� ��

D E

�

�

N

( 	�


�

QK

)LJXUH ���� D� 6FKHPDWLF GLVSHUVLRQ FXUYHV DQG PRGHO RI WKH SRSXODWLRQ DQG WKH UDGLDWLYH GH�

FD\ RI H[FLWRQ�SRODULWRQV LQ 5*6� E� 6FKHPDWLF PRGHO IRU WKH WUDQVSRUW RI H[FLWRQ�SRODULWRQV

WR WKH VDPSOH�YDFXXP LQWHUIDFH DQG WUDQVPLVVLRQ LQWR WKH YDFXXP >95=��@� 7KH IROORZLQJ

QRWDWLRQV DUH XVHG� ) � � DQJOH RI WRWDO UHÀHFWLRQ� )� DQJOH RI LQFLGHQFH� / 
 � � VFDWWHULQJ

OHQJWK� ( � � � HQHUJ\ RI WKH )(�
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9DUGLQJ HW DO� VLPXODWHG WKH WUDQVSRUW ZLWK 0RQWH�&DUOR PHWKRG� $W WLPH ]HUR� D ERW�

WOHQHFN H[FLWRQ�SRODULWRQ ZDV FUHDWHG DW D FHUWDLQ GHSWK� %� EHORZ WKH VXUIDFH �)LJ� ���E��

7KH [�D[LV LV SHUSHQGLFXODU WR WKH VDPSOH�YDFXXP LQWHUIDFH� 7KH SDUWLFOH VWDUWV PRYLQJ ZLWK

JURXS YHORFLW\� Y � � LQWR DQ DUELWUDU\ GLUHFWLRQ� $V D URXJK HVWLPDWH RI WKH YHORFLW\� WKH DY�

HUDJH YDOXH ��  
s

�& � A*6 � � ZLWK DQ HIIHFWLYH PDVV RI H[FLWRQ 6 � �  6 � �6 � �VXP RI WKH

HIIHFWLYH PDVVHV RI WKH HOHFWURQ DQG KROH� ZDV XVHG� $IWHU D VFDWWHULQJ OHQJWK u � � � WKH GL�

UHFWLRQ ZDV FKDQJHG DUELWUDULO\� 7UDSSLQJ DQG QRQ�UDGLDWLYH ORVVHV ZHUH WDNHQ LQWR DFFRXQW

LQ WKH IROORZLQJ ZD\� WKH SUREDELOLW\ IRU DQ H[FLWRQ�SRODULWRQ WR H[LVW DIWHU LWV PRWLRQ DORQJ

D VFDWWHULQJ OHQJWK ZDV WDNHQ DV H[S��Ku � � *�� �� +HUH� K ' K 	 
 n K � � LV WKH VXP RI WKH

VHOI�WUDSSLQJ UDWH K 
 � DQG D UDWH GHVFULELQJ RWKHU QRQ�UDGLDWLYH SURFHVVHV K � � � &RQFHUQLQJ

UHÀHFWLRQ DW WKH VDPSOH�YDFXXP LQWHUIDFH� WRWDO UHÀHFWLRQ ZDV WDNHQ LQWR DFFRXQW� 7KH IXU�

WKHU PRWLRQ RI WKH UHÀHFWHG H[FLWRQ�SRODULWRQV� LQFOXGLQJ WKRVH ZKLFK ZHUH WRWDOO\ UHÀHFWHG�

ZDV LQFOXGHG LQ WKH VLPXODWLRQV� 7KH ZKROH FDOFXODWLRQ KDV EHHQ UHSHDWHG DERXW ��
�
WR ��

�

WLPHV IRU D VHPL�LQ¿QLWH VDPSOH� 7KH GDPSLQJ RI WKH H[FLWLQJ OLJKW DORQJ WKH [�D[LV DFFRUG�

LQJ WR WKH %HHU¶V ODZ ZDV WDNHQ LQWR DFFRXQW DV D ZHLJKW IXQFWLRQ IRU WKH LQGLYLGXDO HYHQWV�

$OO H[FLWRQ�SRODULWRQV GHFD\LQJ LQ WKLV ZD\ DW WKH FU\VWDO VXUIDFH ZHUH UHJLVWHUHG LQFOXGLQJ

WKHLU WLPH�FRUUHODWLRQ WR WLPH ]HUR� ,Q WKLV ZD\� GHFD\ FXUYHV ZHUH FRQVWUXFWHG�

��� &UHDWLRQ RI VHFRQGDU\ H[FLWRQV

$OO H[SHULPHQWV LQ SUHVHQW ZRUN EHQH¿W IURP XVLQJ VHOHFWLYH SKRWRH[FLWDWLRQ� :LWK

SULPDU\ SKRWRH[FLWDWLRQ �SKRWRQ HQHUJ\ �D�� LW LV SRVVLEOH WR FUHDWH GLUHFWO\ �L�H� LQ RQH

VWHS� H[FLWRQV �. � � � �D 	 .� � DV ZHOO DV HOHFWURQ�KROH SDLUV ��D : .� �� $OVR PRUH

VRSKLVWLFDWHG SRVVLELOLW\ H[LVWV� ZKHQ WZR H[FLWDWLRQV DUH JHQHUDWHG LQ D RQH VWHS SURFHVV

>'.&��� +HU��@�

$ SKRWRJHQHUDWHG HOHFWURQ �SKRWRHOHFWURQ� LQ WKH FRQGXFWLRQ EDQG KDV WZR GLIIHUHQW UH�

OD[DWLRQ FKDQQHOV� 7KH ¿UVW SRVVLELOLW\ LV WR FUHDWH VHFRQGDU\ HOHFWURQLF H[FLWDWLRQV �H[FLWRQV

RU HOHFWURQ�KROH SDLUV� YLD HOHFWURQ�HOHFWURQ VFDWWHULQJ >/).
�
��� 9)0��@� 6XFK D SURFHVV

LV RQO\ SRVVLEOH� LI WKH HOHFWURQ KDV D VXI¿FLHQW DPRXQW RI NLQHWLF HQHUJ\� ,Q WKDW FDVH� RQH

SKRWRQ ¿QDOO\ FUHDWHV WZR HOHFWURQLF H[FLWDWLRQV� EXW WKLV KDSSHQV LQ WZR VWHSV DV LW ZLOO EH

GLVFXVVHG ODWHU LQ PRUH GHWDLO� 6XFK NLQG RI FUHDWLRQ RI VHFRQGDU\ HOHFWURQLF H[FLWDWLRQV LV

REVHUYDEOH LQ H[FLWDWLRQ VSHFWUD DV DQ LQFUHDVH RI WKH TXDQWXP HI¿FLHQF\� ,Q VRPH VHPLFRQ�

GXFWRUV �H�J� =Q6� WKH ZLGWK RI WKH YDOHQFH EDQG H[FHHGV WKH EDQG�JDS DQG D ¶KRW¶ SKRWRKROH

DQG HOHFWURQ ERWK KDYH HQHUJ\ HQRXJK WR LQGXFH IXUWKHU LRQL]DWLRQ� %XW LQ 5*6 WKH ZLGWK RI

WKH YDOHQFH EDQG �LQ .U ��� H9 � LV PXFK VPDOOHU WKDQ WKH EDQG JDS HQHUJ\ �LQ .U ( �  �����

H9� DQG WKHUHIRUH� ¶KRW¶ KROHV FDQQRW FUHDWH DQ\ VHFRQGDU\ HOHFWURQLF H[FLWDWLRQV�
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7KH VHFRQG SRVVLELOLW\ FRQFHUQV HQHUJ\ ORVVHV YLD VFDWWHULQJ RQ DFRXVWLF SKRQRQV �WKHU�

PDOL]DWLRQ�� $IWHU WKHUPDOL]DWLRQ WR WKH ERWWRP RI WKH FRQGXFWLRQ EDQG� DQ HOHFWURQ FDQ LQ�

WHUDFW ZLWK D KROH UHVXOWLQJ LQ )( IRUPDWLRQ WKURXJK HOHFWURQ�KROH UHFRPELQDWLRQ >5*.
�

��@�

7KH SUREDELOLW\ IRU HOHFWURQ�HOHFWURQ VFDWWHULQJ LV VLJQL¿FDQWO\ KLJKHU WKDQ IRU HOHFWURQ�

SKRQRQ VFDWWHULQJ� EHFDXVH RQO\ DFRXVWLF SKRQRQV DUH SUHVHQW LQ 5*6� 7KHUHIRUH� HOHFWURQ�

HOHFWURQ VFDWWHULQJ WDNHV SODFH ¿UVW� ,I WKH HOHFWURQV GR QRW KDYH HQRXJK HQHUJ\ IRU WKH

FUHDWLRQ RI VHFRQGDU\ HOHFWURQLF H[FLWDWLRQV� UHOD[DWLRQ SURFHHGV WKURXJK HOHFWURQ�SKRQRQ

VFDWWHULQJ�

,Q WKLV WKHVLV� DQ HVVHQWLDO SRLQW LV WKH FUHDWLRQ RI SULPDU\ DQG VHFRQGDU\ )(� ([FLWRQ

SURGXFWLRQ ZLWK GLUHFW SKRWRH[FLWDWLRQ LQ WKH HQHUJ\ LQWHUYDO �. � � � �D 	 .� � LV FODVVL¿HG

KHUH DV WKH SULPDU\ )( FUHDWLRQ� EHFDXVH DOO :DQQLHU H[FLWRQV UHOD[ WR Q � )( VWDWH ¶LP�

PHGLDWHO\¶ LQ WKH WLPH VFDOH RI WKH 683(5/80, VHW�XS� /LNHZLVH� H[FLWRQ IRUPDWLRQ YLD

WKH ¶HOHFWURQLF SRODURQ FRPSOH[¶ PHFKDQLVP �VLPXOWDQHRXV FUHDWLRQ RI WKH H[FLWRQ DQG DQ

HOHFWURQ�KROH SDLU LQ D RQH VWHS SURFHVV� LV WUHDWHG DV SULPDU\ FUHDWLRQ RI )(� )( IRUPDWLRQ

YLD HOHFWURQ�KROH UHFRPELQDWLRQ DQG YLD HOHFWURQ�HOHFWURQ VFDWWHULQJ DUH FODVVL¿HG DV WKH VHF�

RQGDU\ )( FUHDWLRQ� ,Q RUGHU WR DYRLG PLVXQGHUVWDQGLQJ� LW LV LPSRUWDQW WR SRLQW RXW WKDW LQ

VRPH SDSHUV WKH IRUPDWLRQ RI HOHFWURQLF SRODURQ FRPSOH[ LV FODVVL¿HG DV VHFRQGDU\ FUHDWLRQ

RI )(�

����� )( FUHDWLRQ YLD HOHFWURQ�KROH UHFRPELQDWLRQ

7KH REVHUYDWLRQ RI )( OXPLQHVFHQFH IROORZLQJ FUHDWLRQ RI IUHH HOHFWURQ�KROH SDLUV LQ

VROLG NU\SWRQ FOHDUO\ VKRZV WKDW IUHH H[FLWRQV DUH IRUPHG LQ HOHFWURQ�KROH UHFRPELQDWLRQ�

7KH VDPH LV REVHUYHG IRU VROLG ;H DV ZHOO >5*.
�

��@� )RU VROLG .U� LW LV JHQHUDOO\ VXS�

SRVHG WKDW KROHV VHOI�WUDS ZLWKLQ D IHZ SLFRVHFRQGV� ,W PHDQV WKDW UHFRPELQDWLRQ RI PRELOH

HOHFWURQV DQG VHOI�WUDSSHG KROHV OHDGV WR WKH IRUPDWLRQ RI GHORFDOL]HG )(� 7KLV LV E\ IDU QRQ�

WULYLDO EHFDXVH LQ WKH SDVW LW ZDV DVVXPHG WKDW WUDSSHG KROHV FDSWXUH HOHFWURQV IRUPLQJ 67(�

7KH ODWWHU PHFKDQLVP LV QRW UXOHG RXW E\ UHVXOWV RI WKLV ZRUN� EXW LW LV DW OHDVW QRW RQO\ WKH

UHFRPELQDWLRQ SURFHVV� :KHWKHU WKH 67( REVHUYHG� IROORZLQJ FUHDWLRQ RI IUHH HOHFWURQ�KROH

SDLUV� RULJLQDWH H[FOXVLYHO\ IURP VHOI�WUDSSLQJ RI IUHH H[FLWRQV RU DOVR IURP WKH FDSWXUH RI

HOHFWURQV E\ VHOI�WUDSSHG KROHV ZLOO EH GLVFXVVHG LQ VHFWLRQ ����

7KH )( IRUPDWLRQ YLD HOHFWURQ�KROH UHFRPELQDWLRQ LV VNHWFKHG LQ )LJ� ���� 7KH HOHFWURQ

DQG KROH FUHDWHG LQ SKRWRH[FLWDWLRQ ��� ORVH HQHUJ\ YLD VFDWWHULQJ RQ DFRXVWLF SKRQRQV DQG

UHOD[ ��� WR WKH ERWWRP RI WKH FRQGXFWLRQ EDQG RU WR WKH WRS RI WKH YDOHQFH EDQG� UHVSHFWLYHO\�

7KHUHDIWHU� IRUPDWLRQ RI WKH )( RFFXUV ����
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)LJXUH ���� $ VLPSOL¿HG PRGHO RI )( FUHDWLRQ YLD HOHFWURQ�KROH UHFRPELQDWLRQ� $ VROLG

DUURZ ��� LQGLFDWHV D SKRWRH[FLWDWLRQ SURGXFLQJ WKH SULPDU\ HOHFWURQ�KROH SDLU� 'DVKHG

DUURZV ��� GHSLFW UHOD[DWLRQ RI WKH HOHFWURQ DQG WKH KROH� $ VKRUW VROLG DUURZ ��� VKRZV

UHFRPELQDWLRQ RI D UHOD[HG HOHFWURQ�KROH SDLU LQWR WKH IUHH H[FLWRQ �)(� VWDWH� 7KH EDQG JDS

HQHUJ\ �( / � DQG WKH )( HQHUJ\ �( 0 1 � DUH DOVR VKRZQ�

,W LV LPSRUWDQW WR QRWH� WKDW WKH H[SHULPHQWDO GHFD\ FXUYHV RI WKH )(� H[FLWHG DERYH WKH

EDQG JDS HQHUJ\� H[KLELW D ¶SURPSW¶ �LQ WLPH�VFDOH RI 683(5/80, VHW�XS� DQG D ¶VORZ¶

FRPSRQHQW �VHH VHFWLRQ ������� 7KH PRGHO SUHVHQWHG LQ WKLV VHFWLRQ GHVFULEHV WKH ¶VORZ¶

FRPSRQHQW RI PHDVXUHG )( GHFD\ FXUYHV� 7KH RULJLQ RI WKH ¶SURPSW¶ FRPSRQHQW LV QRW IXOO\

XQGHUVWRRG DQG ZLOO EH GLVFXVVHG DIWHUZDUGV �VHFWLRQ �������

7KH GHVFULSWLRQ RI WKH PRGHO UHTXLUHV D GLVFXVVLRQ RI WKH LQLWLDO FRQGLWLRQV �NLQHWLF

HQHUJLHV DQG VSDWLDO GHQVLW\ RI WKH SKRWRFDUULHUV LPPHGLDWHO\ IROORZLQJ WKH H[FLWDWLRQ SXOVH��

7KH HQHUJ\ SDUDPHWHU� XVHG LQ WKH FDOFXODWLRQV� LV WKH H[FHVV HQHUJ\ . 2 3 4 5 6 6 � 7KLV LV WKDW SDUW

RI WKH SKRWRQ HQHUJ\ �D H[FHHGLQJ WKH EDQG JDS HQHUJ\ .7 �

. 8 9 : 8 ; ; ' �D � . < � ������

$FFRUGLQJ WR HQHUJ\ DQG PRPHQWXP FRQVHUYDWLRQ ODZV� DW D JLYHQ H[FHVV HQHUJ\ WKH

HOHFWURQ DQG KROH �HIIHFWLYH PDVVHV 6 = DQG 6 > � JDLQ DQ LQLWLDO NLQHWLF HQHUJ\ . ? DQG . >
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8VLQJ VXFK DQ DSSUR[LPDWLRQ LQ WKH FDVH RI 5*6 LV UDWKHU UHVWULFWHG� 7KH PD[LPXP KROH

HQHUJ\ LV SULQFLSDOO\ OLPLWHG E\ WKH UHODWLYHO\ QDUURZ YDOHQFH EDQG� 7KH WRWDO ZLGWK RI WKH

YDOHQFH EDQGV �LQFOXGLQJ ERWK WKH M ��� DQG M ��� VXE�EDQGV� LV DERXW ��� H9 LQ VROLG .U

>6+6


��@� (YHQ VWURQJHU OLPLWDWLRQV DUH FDXVHG E\ WKH DQLVRWURS\ RI WKH KROH PDVV� VLQFH WKH

HIIHFWLYH�PDVV WHQVRU RI WKH KROHV LV VWURQJO\ DQLVRWURSLF >5DW��� .0��@� )RU H[DPSOH� WKH

FDOFXODWLRQ E\ %DFDOLV HW DO� >%33��@ VKRZV WKDW WKH XSSHU YDOHQFH EDQG LQ WKH K�/ GLUHFWLRQ

RI WKH %ULOORXLQ ]RQH KDV QHDUO\ QR GLVSHUVLRQ� 7KLV ZRXOG JLYH ULVH WR D ODUJHU LQLWLDO HQHUJ\

IRU WKH HOHFWURQV WKDQ FDOFXODWHG IURP (T� ����� $GGLWLRQDOO\� HOHFWURQ DQG KROH HIIHFWLYH

PDVVHV DUH QRW H[DFWO\ NQRZQ� 7KHUHIRUH� WKH LQLWLDO HQHUJ\ GLVWULEXWLRQ EHWZHHQ KROHV DQG

HOHFWURQV FDOFXODWHG IURP (T� ���� LV RQO\ D URXJK HVWLPDWH�

7KH FUXFLDO SRLQW LQ WKLV PRGHO LV WKH FUHDWHG FDUULHU GHQVLW\ DIWHU SKRWRDEVRUSWLRQ� ,W

FDQ EH HVWLPDWHG IURP WKH DEVRUSWLRQ FRHI¿FLHQW k �SHQHWUDWLRQ GHSWK RI WKH OLJKW LV � ��k�

DW WKH UHVSHFWLYH SKRWRQ HQHUJ\ RI H[FLWDWLRQ� IURP WKH SKRWRQ ÀX[� DQG IURP WKH VL]H RI

WKH LOOXPLQDWHG DUHD RI WKH H[FLWLQJ UDGLDWLRQ RQ WKH VDPSOH� ,Q VSLWH RI VHYHUDO DEVRUSWLRQ

PHDVXUHPHQWV IRU VROLG .U >%DO��� ++0��� 6:��@� WKH YDOXHV RI WKH DEVRUSWLRQ FRHI¿�

FLHQW k DUH QRW H[DFWO\ NQRZQ� 1RWZLWKVWDQGLQJ RI VLPSOH SULQFLSOHV� DEVROXWH DEVRUSWLRQ

PHDVXUHPHQWV DUH FRPSOLFDWHG GXH WR VXUIDFH HIIHFWV� SHUWXUELQJ OXPLQHVFHQFH VLJQDO� QRW

H[DFWO\ NQRZQ VDPSOH WKLFNQHVV DQG UHÀHFWLRQ FRHI¿FLHQW HWF� ,Q WKH SUHVHQW ZRUN� %DO�

GLQL¶V DEVRUSWLRQ GDWD ZHUH XVHG� PHDVXUHG WKURXJK URXJKO\ ��� c WKLFN .U OD\HU >%DO��@�

%DOGLQL HVWLPDWHG k �������
�
��FP IRU WKH H[FLWDWLRQ DW WKH PD[LPXP RI WKH Q � H[FLWRQ

UHÀHFWLRQ SHDN DQG k ��������
�
��FP DW ���� H9 >%DO��@� $ VLPLODU YDOXH IRU WKH DEVRUSWLRQ

FRHI¿FLHQW RI WKH Q � H[FLWRQ PD[LPXP LV SUHVHQWHG DOVR E\ 6FKDUEHU DQG :HEEHU >6:��@�

'HVSLWH WKH JRRG DJUHHPHQW EHWZHHQ WZR YDOXHV IRU WKH Q � H[FLWRQ� WKH VLWXDWLRQ DERYH

WKH EDQG JDS LV QRW VR FOHDU� VLQFH RQO\ %DOGLQL¶V UHVXOWV DUH DYDLODEOH LQ WKLV UHJLRQ� 7KH

DEVROXWH YDOXH RI UHÀHFWLYLW\ LV XQFHUWDLQ DV ZHOO� 6HYHUDO ZRUNV DERXW VROLG .U UHÀHFWLYLW\

H[LVW� EXW RQO\ OLWWOH LQIRUPDWLRQ DERXW WKH DEVROXWH UHÀHFWLRQ FRHI¿FLHQW LV DYDLODEOH� 6FKDU�

EHU DQG :HEEHU >6:��@ DV ZHOO DV 6WHLQEHUJHU HW DO� >60:��@ HVWLPDWHG WKH UHÀHFWLRQ

FRHI¿FLHQW DW WKH PD[LPXP RI Q � H[FLWRQ WR EH ��� �� ,Q WKH UHJLRQ DERYH WKH EDQG JDS

�( �  ����� H9� DQG EHORZ ���� H9� ERWK JURXSV DJUHHG WKDW WKH UHÀHFWLRQ FRHI¿FLHQW LV EH�

WZHHQ � DQG �� �� 6LQFH FDOFXODWLRQV LQ WKLV ZRUN GHDO ZLWK WKH DEVRUSWLRQ DERYH WKH EDQG

JDS� UHÀHFWLRQ ORVVHV LQGXFH QR VLJQL¿FDQW HUURU� $QRWKHU H[SHULPHQWDO SDUDPHWHU� QDPHO\

WKH ZLGWK RI WKH VWURQJO\ DV\PPHWULF IRFDO DUHD �OHQJWK � � PP� ZLGWK � ��� WR ��� PP� LV

QRW HDVLO\ PHDVXUDEOH� $OVR� GDWD RQ WKH SKRWRQ ÀX[ DUH EDVHG RQ ROG PHDVXUHPHQWV IURP
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���� >=LP��@� 7KH SUHFLVH VSHFWUDO GLVWULEXWLRQ RI WKH ODWWHU TXDQWLW\ GHSHQGV RQ WKH XVHG

GLIIUDFWLRQ JUDWLQJ� ZKLFK LV UHSODFHG HYHU\ IHZ \HDUV� 7DNLQJ LQWR DFFRXQW DOO XQFHUWDLQWLHV�

WKH FUHDWHG FDUULHU GHQVLW\ LV HVWLPDWHG WR EH LQ WKH RUGHU RI ���
� �
��P

�
�'25,6 FXUUHQW

���� P$� PXOWL EXQFK PRGH� SULPDU\ PRQRFKURPDWRU UHVROXWLRQ ���� c�� ,W LV LPSRUWDQW

WR QRWH WKDW FUHDWLRQ RI ¶KRW¶ FDUULHUV WDNHV SODFH GXULQJ V\QFKURWURQ UDGLDWLRQ SXOVHV ZLWK

GXUDWLRQ RI ��� SV �):+0��

$V ZDV VKRZQ E\ H[SHULPHQWV RI ¶KRW¶ HOHFWURQ UHOD[DWLRQ LQ VHPLFRQGXFWRUV >65/%��@�

RQ D VKRUW WLPH VFDOH �IDU EHORZ WKH WLPH UHVROXWLRQ RI WKH SUHVHQW H[SHULPHQW� D UHGLVWULEX�

WLRQ RI FDUULHUV� ZKLFK LV DWWULEXWHG WR FDUULHU�FDUULHU LQWHUDFWLRQ UHVXOWV LQ TXDVL�HTXLOLEULXP

HOHFWURQ DQG KROH WHPSHUDWXUHV �A � DQG A � �� )RU VHPLFRQGXFWRUV� WKH WLPH UHTXLUHG WR HVWDE�
OLVK 0D[ZHOOLDQ�OLNH YHORFLW\ GLVWULEXWLRQ LV HVWLPDWHG WR EH LQ WKH VXE�SLFRVHFRQG UHJLPH

>%.0
�
��@� 7KH FDUULHU GHQVLW\ � � � HVWDEOLVKHG GXULQJ UHGLVWULEXWLRQ� LV WUHDWHG LQ WKH

SUHVHQW PRGHO DV DQ DGMXVWDEOH SDUDPHWHU�

6WDUWLQJ IURP WKLV SRLQW� WKH HQHUJ\ UHOD[DWLRQ RI FKDUJH FDUULHUV LV PDLQO\ GXH WR VFDW�

WHULQJ RQ ORQJLWXGLQDO DFRXVWLF SKRQRQV� GHVFULEHG E\ WKH GHIRUPDWLRQ SRWHQWLDO WKHRU\� ,Q

WKH GHIRUPDWLRQ SRWHQWLDO IUDPHZRUN� HOHFWURQ VFDWWHULQJ LV SRVVLEOH RQO\ ZLWK ORQJLWXGLQDO

SKRQRQV >&RQ��� =LP��@� 7KH HOHFWURQ PHDQ IUHH SDWK �, � � 	 	 �� GHWHUPLQHG E\ VFDWWHULQJ RQ
DFRXVWLF ORQJLWXGLQDO SKRQRQV� HTXDOV

, 
 � 	 	 '
Z{

�
4�

�

6 �� . �� & � A � � ������

+HUH�. � LV WKH GHIRUPDWLRQ SRWHQWLDO� 4 LV WKH FU\VWDO GHQVLW\� & � LV WKH %ROW]PDQQ¶V FRQVWDQW�

A � LV WKH ODWWLFH WHPSHUDWXUH �L�H� FU\VWDO WHPSHUDWXUH�� � � LV WKH ORQJLWXGLQDO VRXQG YHORFLW\�
� LV WKH 3ODQFN¶V FRQVWDQW DQG { ���Z� 7KH DYHUDJH HQHUJ\ ORVV UDWH SHU HOHFWURQ �KROH� LQ D

0D[ZHOOLDQ GLVWULEXWLRQ RI WHPSHUDWXUH A � �A � � LV JLYHQ RULJLQDOO\ E\ 6KRFNOH\ >&RQ��@�
�

_. � � � E|�
_|
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7KH PRVW LPSRUWDQW IHDWXUH RI WKH UHOD[DWLRQ DULVHV IURP WKH 6 ,
- .

WHUP� :LWK

6 /  �����6 0 �6 0 LV WKH IUHH HOHFWURQ PDVV� DQG 6 1  ����6 0 � LW WXUQV RXW WKDW KROHV ORVH WKHLU
NLQHWLF HQHUJ\ DW OHDVW WZR RUGHUV RI PDJQLWXGH IDVWHU WKDQ HOHFWURQV� 7KHUHIRUH� LQ WKH IRO�

ORZLQJ LW ZLOO EH DVVXPHG WKDW A 1  A 2 � 7KH WHPSHUDWXUH GHSHQGHQFH RI GHQVLW\ LV SXEOLVKHG
IRU VROLG .U LQ >.9��@ DQG LWV YDOXH LV 4 3 4 5 6  ������ NJ�P 7 � $FFXUDWH GDWD DUH DYDLODEOH
DOVR IRU WKH ORQJLWXGLQDO VRXQG YHORFLW\ EHLQJ HTXDO WR � 8 c 9 : ; <  ���� P�V >%7%��@�

9DOXHV IRU WKH GHIRUPDWLRQ SRWHQWLDO DV ZHOO DV IRU WKH HOHFWURQ HIIHFWLYH PDVV DUH QRW

H[DFWO\ NQRZQ� 7KHUH DUH RQO\ VHYHUDO HVWLPDWLRQV DYDLODEOH� 1HYHUWKHOHVV� ERWK SDUDPHWHUV

FDQ EH HOLPLQDWHG XVLQJ D UHODWLRQ EHWZHHQ . = DQG 6 > � 1DPHO\� LW LV SRVVLEOH WR XVH WKH
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SKRQRQ�OLPLWHG ORZ�¿HOG HOHFWURQ PRELOLW\ > � GDWD� $Q HTXDWLRQ IRU WKH ORZ�¿HOG HOHFWURQ
PRELOLW\ LV

> � '
2

�

s
2Ze{

�
4�
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� � �
� E& � A 	 �

s
&A �

� ������

ZKHUH A 	 LV WKH ODWWLFH WHPSHUDWXUH DQG A � LV WKH HOHFWURQ WHPSHUDWXUH >&RQ��� =LP��@� e LV

WKH HOHPHQWDU\ FKDUJH� DQG � � LV WKH ORQJLWXGLQDO YHORFLW\ RI VRXQG� $QRWKHU VLPLODU IRUPXOD
LV DOVR ZLGHO\ XVHG ZLWK VOLJKWO\ GLIIHUHQW QXPHULFDO FRHI¿FLHQW� EXW FRHI¿FLHQW 2

s
2Z*�

GHULYHG E\ &RQZHOO LV H[SHFWHG WR EH PRUH ¶SUHFLVH¶ >)-��@� ,Q WKH FDVH RI ORZ�¿HOG PRELOLW\

H[SHULPHQWV A 
 � A � >0+6��@�

/RZ�¿HOG PRELOLW\ GDWD IRU 5*6 ZHUH SXEOLVKHG E\ 0LOOHU HW DO� >0+6��@� ,Q WKH

FDVH RI VROLG $U WKH\ PHDVXUHG WKH PRELOLW\ DW GLIIHUHQW WHPSHUDWXUHV DQG GHPRQVWUDWHG

H[SHULPHQWDOO\ WKDW D A � 

� �
GHSHQGHQF\ H[LVWV� 7KLV VKRZV FOHDUO\ WKDW WKHUPDOL]DWLRQ LV

GHWHUPLQHG E\ VFDWWHULQJ RQ DFRXVWLF SKRQRQV� 7KH\ PHDVXUHG WKH PRELOLW\ IRU VROLG .U DW

A ��� . DV ZHOO� L�H� VOLJKWO\ EHORZ WKH WULSOHW SRLQW� DQG UHSRUWHG D YDOXH RI ���� P
�
�9V�

)RU 5*6� ORZ�¿HOG PRELOLW\ GDWD WR GHWHUPLQH . � DQG 6 � ZHUH XVHG IRU WKH ¿UVW WLPH
E\ 'UXJHU >'UX��@� +H XVHG WKH PRELOLW\ GDWD E\ 0LOOHU HW DO� >0+6��@� 0RUH DFFX�

UDWH YDOXHV IRU GHQVLW\ RI VROLG .U DQG ORQJLWXGLQDO VRXQG YHORFLW\ �4 � � � � 
 �  ���� NJ�P 

>.9��@� � � c � � � � 
 �  ���� P�V >%7%��@� ZHUH SXEOLVKHG DIWHU 'UXJHU¶V ZRUN DQG WKHUHIRUH�
DQ LPSURYHG YDOXH LV REWDLQHG IRU .
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)RU VROLG NU\SWRQ� WKH QXPHULFDO YDOXH IRU WKLV H[SHULPHQWDO FRHI¿FLHQW � � � � � ZKLFK ZLOO EH
XVHG LQ IXUWKHU VLPXODWLRQV� LV�

� �  � ' .
!" 6
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' f�2�H eT

,
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. / 0
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)RU VROLG $U� EHVLGHV WKH UHVXOWV RI 0LOOHU HW DO� >0+6��@� WZR DGGLWLRQDO PHDVXUHPHQWV

DUH DYDLODEOH� JLYLQJ ��� DQG � WLPHV ODUJHU YDOXHV IRU > 1 >$VF��@� 7KH UHDVRQ IRU WKHVH

GLIIHUHQFHV LV DVVXPHG WR EH D EHWWHU VDPSOH TXDOLW\ FRPSDUHG WR 0LOOHU HW DO� >$VF��@�

7KHUHIRUH� LW LV QRW H[FOXGHG WKDW WKH YDOXH RI WKH H[SHULPHQWDO FRHI¿FLHQW � 2 3 4  .
05 6

. / 0
2 LQ

VROLG NU\SWRQ LV VLJQL¿FDQWO\ RYHUHVWLPDWHG�

7KH HVWLPDWLRQV IRU . 5 � NQRZQ IURP OLWHUDWXUH� DUH IRXQG DOVR RQ WKH EDVLV RI PRELOLW\

GDWD XVLQJ GLIIHUHQW HOHFWURQ PDVVHV� VRXQG YHORFLWLHV DQG FU\VWDO GHQVLWLHV� )RU H[DPSOH�

5DWQHU HVWLPDWHV . 5  ���� H9 XVLQJ HOHFWURQ HIIHFWLYH PDVV 6 2  ����6 1 >5DW��@ DQG 'UXJHU
. 5  ��� H9 �6 2  ����6 1 � >'UX��@� 7KH DXWKRU RI WKH SUHVHQW ZRUN REWDLQHG D YDOXH . 5  ���
H9 IURP � 2 3 4  f�2�H eT

0
6 -

. / 0
XVLQJ 6 2  ���� 6 1 �
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([FLWRQ IRUPDWLRQ IURP HOHFWURQV DQG KROHV LV WUHDWHG ZLWK D VLPSOH VHW RI %ROW]PDQQ

NLQHWLF HTXDWLRQV� 7KLV LV SRVVLEOH EHFDXVH WKH SDUDPHWHUV LQYROYHG KDYH D FOHDU SK\VLFDO

VHQVH� DQG EHFDXVH WKH SURFHVVHV FDQ EH GHVFULEHG LQ WKH HIIHFWLYH WHPSHUDWXUH DSSUR[LPD�

WLRQ� LQFOXGLQJ DOO WHPSHUDWXUH HIIHFWV LQ WKH FURVV�VHFWLRQ DQG LQ WKH UHODWLYH YHORFLW\�

_? � E|�
_|

' CE|� � jEA � �? � E|�? � E|�� � � � EA � � �
? � E|�
� � �

������

_? � E|�
_|

' CE|� � jEA � �? � E|�? � E|�� � � 	 EA � � ������

_? � 
 E|�
_|

' ? � E|�? � E|�jEA � �� � � 	 EA � � �
? � 
 E|�
� � � �

� ������

+HUH� ? � � ? � DQG ? � 
 DUH WKH HOHFWURQ� KROH� DQG H[FLWRQ GHQVLWLHV� UHVSHFWLYHO\� jEA � � LV
WKH UHFRPELQDWLRQ FURVV�VHFWLRQ� CE|� LV WKH JHQHUDWLRQ UDWH IRU HOHFWURQV DQG KROHV DQG � � � �
LV WKH GHFD\ WLPH IRU )( OXPLQHVFHQFH H[FLWHG LQ WKH H[FLWRQLF UHJLRQ� (T� ���� GRHV QRW

FRQWDLQ D QRQ�UDGLDWLYH ORVV WHUP IRU KROHV� VLQFH LQGHSHQGHQWO\ ZKHWKHU WKH KROHV DUH IUHH RU

WUDSSHG� WKHLU UHFRPELQDWLRQ ZLWK PRELOH HOHFWURQV WDNHV SODFH� 6LQFH )( GHFD\ FXUYHV KDYH

D QRQ�H[SRQHQWLDO QDWXUH� DQ H[SHULPHQWDO )( GHFD\ FXUYH� PHDVXUHG LQ WKH H[FLWRQLF UHJLRQ

VOLJKWO\ EHORZ WKH EDQG�JDS� LV XVHG LQVWHDG RI � � � � LQ FDOFXODWLRQV� 7KH QRQ�UDGLDWLYH ORVVHV
RI HOHFWURQV DUH FKDUDFWHUL]HG ZLWK � � � � ZKDW LQFOXGHV� H�J�� HOHFWURQ WUDSSLQJ� 7KH H[LVWHQFH

RI HOHFWURQ WUDSSLQJ LV FOHDUO\ VKRZQ E\ WKHUPROXPLQHVFHQFH PHDVXUHPHQWV >...


��@�

+RZHYHU� QDWXUH RI HOHFWURQ WUDSV LV QRW H[DFWO\ NQRZQ� 7KH DYHUDJH UHODWLYH YHORFLW\ EH�

WZHHQ HOHFWURQV DQG KROHV �� � � 	 � LV GHVFULEHG E\

� � � 	 '

v

H& � A �
Z>

� ������

ZKHUH > LV WKH UHGXFHG PDVV RI WKH H[FLWRQ >$3<��@� 7KH WLPH�GHSHQGHQFH RI WKH HOHFWURQ

WHPSHUDWXUH A � LV FDOFXODWHG IURP (T� ���� YLD
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_|

'
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DQG WKH IRUPXOD IRU WKH DYHUDJH HOHFWURQ WHPSHUDWXUH ORVV LV
�
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$Q DQDO\WLFDO PDWKHPDWLFDO VROXWLRQ IRU WKH HOHFWURQ WHPSHUDWXUH A � �|� �VHH GHWDLOV LQ $S�
SHQGL[ $�� LV
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7KH FDOFXODWLRQ RI WKH FURVV�VHFWLRQ j IRU HOHFWURQ�KROH UHFRPELQDWLRQ LV EDVHG RQ WKH WKHRU\

RI $EDNXPRY HW DO� >$3<��@� LQ ZKLFK WKH H[FLWRQ IRUPDWLRQ LV WUHDWHG DV D FRQWLQXDWLRQ

RI HQHUJ\ UHOD[DWLRQ RI FKDUJH FDUULHUV LQWR WKH QHJDWLYH H[FHVV HQHUJ\ UHJLRQ� L�H� LQWR

ERXQG VWDWHV� $EDNXPRY HW DO� DVVXPHG WKHUPDO HTXLOLEULXP EHWZHHQ KROHV DQG HOHFWURQV

�A � ' A � � DQG WKH RULJLQDO FURVV�VHFWLRQ �(T��� LQ >$3<��@� LV JLYHQ E\

jEA � � 	 
 � � 
 � � '
�S

s
2e � . ��

�
s
�Z{ � r40 �� 0 ��

6 �� � 6 �
E6 � n 6 � � � � �

s
& � A �

E& � A � �
� c ������

ZKHUH 0 � LV WKH GLHOHFWULF FRQVWDQW DQG 0   ���� LV WKH GLHOHFWULF SHUPLWWLYLW\ RI VROLG .U�

,Q WKH SUHVHQW FDVH� HOHFWURQV DQG KROHV DUH REYLRXVO\ QRW LQ HTXLOLEULXP� ,Q $EDNX�

PRY¶V DSSURDFK� WKH SDUWLFOH WHPSHUDWXUHV HQWHU WKH ¿QDO UHVXOW RQO\ YLD WKH GLVWULEXWLRQ

IXQFWLRQV DQG SDUWLFOH YHORFLWLHV� 7KH SDUDPHWHU GHVFULELQJ WKH PDJQLWXGH RI HQHUJ\ ORVV YLD

VFDWWHULQJ RQ ORQJLWXGLQDO DFRXVWLF �/$� SKRQRQV �HQHUJ\ ORVV UDWH SHU SURSDJDWLRQ OHQJWK�

GRHV QRW GHSHQG RQ WKH SDUWLFOH HQHUJ\� &RQVHTXHQWO\� (T� ���� IURP WKH SDSHU E\ $EDNX�

PRY HW DO� >$3<��@ GHVFULELQJ WKH GLVWULEXWLRQ RI WKH HOHFWURQ�KROH SDLUV FDQ EH PRGL¿HG

E\ UHSODFLQJ A
�
E\ A

� ! "
� A

� ! "
# >5*. $ ��@� 7KHQ LW IROORZV�

jEA � � % & ' ( ) * * + '
�S
s
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�Z{ / r40 01 0 23
6 45 �6 6
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7R DYRLG PLVXQGHUVWDQGLQJV� LW LV LPSRUWDQW WR SRLQW RXW WKDW WKLV HTXDWLRQ LV SUHVHQWHG LQ D

VOLJKWO\ GLIIHUHQW IRUP LQ WKH RULJLQDO SDSHU >5*. A ��@

jEA B � '
�S
s

2e C . DE

�
s

�Z{ F r40 GH 0 GI
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s
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�

s
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ZKHUH 6 M  6 N ZDV DVVXPHG�
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)LJXUH ���� 7LPH�HYROXWLRQ RI WKH HOHFWURQ WHPSHUDWXUH 7 y DQG FURVV�VHFWLRQ IRU HOHFWURQ�

KROH UHFRPELQDWLRQ XVLQJ $EDNXPRY¶V DSSURDFK �A z ' A { � >$3<��@� PRGL¿HG $EDNXPRY¶V

DSSURDFK �A | 9' A } ' A ~ � >5*. � ��@ DQG WKH FURVV�VHFWLRQ IRU FDSWXUH RI HOHFWURQV DW

SRVLWLYHO\ FKDUJHG FHQWHUV >$<��@� 7KH WHPSHUDWXUH LV JLYHQ LQ . DQG WKH FURVV�VHFWLRQV DUH

JLYHQ LQ P � �

7KHUH DUH RWKHU WKHRUHWLFDO DSSURDFKHV DYDLODEOH LQ WKH OLWHUDWXUH� )RU VROLG .U� LW LV

JHQHUDOO\ VXSSRVHG WKDW WKH KROHV VHOI�WUDS GXULQJ D IHZ SLFRVHFRQGV� 7KHQ WKH UHFRPELQD�

WLRQ RI D VHOI�WUDSSHG KROH �67+� DQG DQ HOHFWURQ FDQ EH WUHDWHG DV WKDW RI DQ HOHFWURQ ZLWK

D SRVLWLYHO\ FKDUJHG FHQWHU� $EDNXPRY DQG <DVVLHYLFK >$<��@ GHYHORSHG IRU WKLV W\SH RI

UHFRPELQDWLRQ LQ VHPLFRQGXFWRUV WKH IROORZLQJ HTXDWLRQ�

jEA � � � � � � � � '
Se

2e

Ee � ~� � 6 �� . ��
40 �� 0 �� { �

�

E& � A � � � � ������

ZKHUH e~ LV WKH FKDUJH RI WKH UHFRPELQDWLRQ FHQWUH �LQ WKH SUHVHQW FDVH ~ ���

7KH SUHVHQWHG UHFRPELQDWLRQ FURVV�VHFWLRQV LQFOXGH . � DQG 6 � � $JDLQ LW LV UHDVRQDEOH
WR XVH NQRZQ SK\VLFDO UHODWLRQV DQG WR UHSODFH . �� 6 � � �� ZLWK WKH H[SHULPHQWDOO\ REWDLQHG

FRHI¿FLHQW �VHH (T� ������ 7KHUHDIWHU� WKH RQO\ XQFHUWDLQ SDUDPHWHU LQ WKH FURVV�VHFWLRQV LV
s

6 � � 6 � � E6 � n 6 � �   ¡ ¢ £ �
s

6 ¤ *6 ¥ �(T� ���� DQG ����� RU s
6 ¦ �(T� ������ +RZHYHU�

VXFK GHSHQGHQFLHV DUH UHODWLYHO\ ZHDN GXH WR WKH VTXDUH URRW�

)LJ� ��� VKRZV WKH WLPH�HYROXWLRQ RI WKH HOHFWURQ�WHPSHUDWXUH DQG RI WKH WKUHH GLIIHUHQW

FURVV�VHFWLRQV �L�H� IRU HDFK WKHRUHWLFDO DSSURDFK�� 7KH QXPHULFDO YDOXHV RI WKH XVHG SD�

UDPHWHUV DUH� . ¦ § ¨ © ª ª  ��� PH9� � «  ���� ¬ ­ ��P ® � A ¯  ��� .� . °± 6 ² ³ °´  ������� µ ¶ ¶ · - ¸ NJ ¹ º ¸ c
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��V �� � �  ��QV�� � �  ���� P�V� $V )LJ� ��� GHPRQVWUDWHV� DOO

FURVV�VHFWLRQV KDYH D VLPLODU JHQHUDO EHKDYLRXU� QHYHUWKHOHVV� WKH DEVROXWH YDOXHV DUH TXLWH

GLIIHUHQW�
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)LJXUH ����� ,QÀXHQFH RI WKH GLIIHUHQW FURVV�VHFWLRQV �L�H� YDULRXV WKHRUHWLFDO DSSURDFKHV�

RQ WKH FDOFXODWHG )( GHFD\ FXUYHV� $EDNXPRY¶V DSSURDFK �A P ' A Q � >$3<��@� PRGL¿HG

$EDNXPRY¶V DSSURDFK �A R 9' A S ' A T � >5*. U ��@ DQG WKH FURVV�VHFWLRQ IRU FDSWXUH RI

HOHFWURQV DW SRVLWLYHO\ FKDUJHG FHQWHUV >$<��@� $OO FXUYHV DUH QRUPDOL]HG DW WKHLU PD[LPD�

)LJ� ���� VKRZV KRZ WKH GLIIHUHQW FURVV�VHFWLRQV LQÀXHQFH WKH VKDSH RI WKH GHFD\ FXUYH�

$OO SDUDPHWHUV DUH ¿[HG DQG RQO\ GLIIHUHQW FURVV�VHFWLRQ IRUPXODV DUH XVHG� 7KH IROORZLQJ

SDUDPHWHUV ZHUH XVHG� . V W X Y Z Z ' ��� PH9� � [  ���� \ ] ��P ^ � A _ '��� .� 4 '������ NJ�P ` �
. ab 6 c d ef '������� g h h i a j &} k l m � K n o ' � � �f p �� q r ' �f QV�� � s '���� P�V� 7KH EHKDYLRXU

RI WKH VKDSH RI GHFD\ FXUYHV LV LQ DFFRUGDQFH ZLWK WKH FURVV�VHFWLRQ YDOXHV� GHPRQVWUDWHG LQ

)LJ� ���� 7KH GHFUHDVH RI WKH FURVV�VHFWLRQ LQ WKH VHTXHQFH j t u v w x y y z $ j { | } ~ � � � $ j � � ~ � � �
FDXVHV WKH VKLIW RI WKH PD[LPXP RI WKH GHFD\ FXUYH WR ORQJHU WLPHV� $V VKRZQ LQ )LJ� �����

WKH UHPDUNDEOH LQWHQVLW\ LQFUHDVH RI WKH GHFD\ FXUYH VHHPV WR VWDUW ZLWK D GHOD\ RI ������� QV�

2I FRXUVH� UHFRPELQDWLRQ VWDUWV DW | �� KRZHYHU� ZLWK DQ H[WUHPHO\ VPDOO FURVV�VHFWLRQ� 7KH

¿QLWH YDOXH RI WKH LQWHQVLW\ LQ )LJ� ���� DW | � LV DQ DUWHIDFW EHFDXVH DQ H[SHULPHQWDO GHFD\

FXUYH XVHG LQ WKH FDOFXODWLRQV� 7KLV H[SHULPHQWDO FXUYH KDV D EDFNJURXQG VLJQDO �GHWHFWRU

QRLVH� ZKLFK ZDV QRW FRPSOHWHO\ UHPRYHG�

,Q WKLV VHFWLRQ� LQ PRVW FDVHV� DQ LQLWLDO FDUULHU GHQVLW\ � � ����� � � ��P � ZDV XVHG� 7KLV
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LV PXFK VPDOOHU WKDQ WKH GHQVLW\ RI FUHDWHG HOHFWURQ�KROH SDLUV� HVWLPDWHG RQ WKH EDVLV RI

DEVRUSWLRQ FRHI¿FLHQW DQG SKRWRQ ÀX[ ���� �
�
��P

�
�� 7KH UHDVRQV IRU WKDW ZLOO EH GLVFXVVHG

LQ FKDSWHU ����

����� ,QÀXHQFH RI WKH GLIIHUHQW SDUDPHWHUV

7KH PRGHO RI )( FUHDWLRQ WKURXJK HOHFWURQ�KROH UHFRPELQDWLRQ LQFOXGHV VHYHUDO SK\V�

LFDO TXDQWLWLHV� 1XPHULFDO GDWD DERXW WKH GHQVLW\ DQG WKH ORQJLWXGLQDO VRXQG YHORFLW\ RI

VROLG .U DW GLIIHUHQW WHPSHUDWXUHV DUH NQRZQ ZLWK KLJK SUHFLVLRQ >.9��� %7%��@� 7KH ODW�

WLFH WHPSHUDWXUH ZDV PHDVXUHG� 7KHUHIRUH� LQ WKLV VHFWLRQ� WKHVH SDUDPHWHUV DUH WUHDWHG DV

¶NQRZQ¶ SDUDPHWHUV� 7KH RWKHU SDUDPHWHUV �� � � � � � � � K � � � 6 	 � 6 
 � DUH QRW NQRZQ ZLWK VXI�
¿FLHQW SUHFLVLRQ� 7KLV VHFWLRQ GHPRQVWUDWHV KRZ WKH VKDSH RI WKH )( GHFD\ FXUYH FKDQJHV LI

WKHVH SDUDPHWHUV DUH YDULHG� 7KH UHVXOWV DUH SUHVHQWHG LQ )LJ� ���� DQG XVHG SDUDPHWHUV LQ

WDEOH ���� $OO FXUYHV DUH QRUPDOL]HG DW WKHLU PD[LPD LQ RUGHU WR JLYH EHWWHU RYHUYLHZ� 1RW DOO

WKH YDOXHV FROOHFWHG LQ WDEOH ��� DUH FORVH WR WKH ¿WWLQJ UHVXOWV RI WKH H[SHULPHQWDO GDWD �VHH

FKDSWHU ����� 1HYHUWKHOHVV� )LJ� ���� JLYHV TXDOLWDWLYHO\ FRUUHFW SHUFHSWLRQ� KRZ WKH VKDSH

RI WKH GHFD\ FXUYH EHKDYHV DIWHU FKDQJLQJ VRPH SDUDPHWHUV�

,Q )LJ� ���� �D�� WKH )( GHFD\ FXUYH LV VKRZQ DV D IXQFWLRQ RI GLIIHUHQW LQLWLDO FDU�

ULHU GHQVLWLHV � � � 7KH GHQVLWLHV DUH �IURP ULJKW WR OHIW�� ����
� 

P �



�VROLG EODFN�� ����

� �

P �


�VROLG JUH\�� ����

� �
P �



�GDVKHG EODFN�� ����

� �
P �



�VROLG EODFN�� ����

� �
P �



�VROLG

JUD\�� $V WKH ¿JXUH GHPRQVWUDWHV� ¶ODUJHU¶ LQLWLDO FDUULHU GHQVLW\ FDXVHV IDVWHU GHFD\ DQG

QDUURZLQJ RI WKH VKDSH RI WKH FXUYH� $V PHQWLRQHG EHIRUH� WKH HOHFWURQ�KROH UHFRPELQDWLRQ

PRGHO LQFOXGHV DOVR D FRQYROXWLRQ SURFHGXUH XVLQJ WKH H[SHULPHQWDO )( OXPLQHVFHQFH GHFD\

FXUYH� H[FLWHG LQ WKH H[FLWRQLF UHJLRQ� $W ¶YHU\ KLJK¶ GHQVLWLHV WKH VKDSH RI WKH VLPXODWHG

FXUYH LV GHWHUPLQHG E\ WKLV H[SHULPHQWDO )( GHFD\ FXUYH DQG GRHV QRW FKDQJH DQ\ PRUH ZLWK

DQ DGGLWLRQDO LQFUHDVH RI WKH LQLWLDO FDUULHU GHQVLW\� 7KLV KDSSHQV� EHFDXVH UHOD[DWLRQ RI WKH

HOHFWURQV DQG WKH )( FUHDWLRQ DW ¶YHU\ KLJK¶ LQLWLDO FDUULHU GHQVLWLHV DUH PXFK IDVWHU WKDQ WKH

)( GHFD\ LWVHOI� 7KH SHFXOLDULWLHV RQ WKH OHYHO RI WKH EDFN�JURXQG LQWHQVLW\ LQ WKH UHJLRQ ��

��� �� QV DUH FRPSXWLQJ DUWHIDFWV� FDXVHG E\ WKH GHWHFWRU QRLVH LQ WKH H[SHULPHQWDO )( GHFD\

FXUYH XVHG� 7KH GHFUHDVH RI WKH LQLWLDO FDUULHU GHQVLW\ VKLIWV WKH PD[LPXP RI WKH GHFD\ FXUYH

WR ORQJHU WLPHV DQG FDXVHV LWV EURDGHQLQJ� ,QFUHDVH RI WKH LQLWLDO FDUULHU GHQVLW\ OHDGV WR DQ

LQFUHDVH RI WKH WRWDO LQWHQVLW\ RI WKH )( HPLVVLRQ DV ZHOO� 6XFK HIIHFWV DUH QRW YLVLEOH LQ )LJ�

����� EXW DUH GHPRQVWUDWHG VHSDUDWHO\ LQ )LJ� ���� �D�� 2XU UHFHQW H[SHULPHQWV ZLWK YDULHG

H[FLWDWLRQ LQWHQVLW\ �XQGXODWRU VRXUFH� GHPRQVWUDWHG DQDORJRXV EHKDYLRXU DV SUHGLFWHG E\

WKH PRGHO GHVFULEHG DERYH >9LH��@�

)LJ� ���� �E� VKRZV� KRZ WKH QRQ�UDGLDWLYH ORVVHV LQÀXHQFH WKH )( GHFD\ FXUYHV� 7KH

QRQ�UDGLDWLYH ORVVHV FDQ EH FKDUDFWHUL]HG HLWKHU ZLWK D GHFD\ UDWH K � � RU ZLWK D OLIHWLPH
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6\PERO 8QLW 9DOXH

(IIHFWLYH HOHFWURQ PDVV 6 � P � ����

(IIHFWLYH KROH PDVV 6 � P � ���

,QLWLDO FDUULHU GHQVLW\ � � ��P
�

����
� �

.
�� 6

� 	 �
� � � 
 � - � NJ 


�
� ������� � � � �

([FHVV HQHUJ\ . � � � PH9 ���

/RQJLWXGLQDO VRXQG YHORFLW\ � � P�V ����

&U\VWDO WHPSHUDWXU A � . ���

1RQ�UDGLDWLYH ORVVHV K � � ��V ������ �
1RQ�UDGLDWLYH ORVVHV � � � QV ���

'HQVLW\ RI VROLG .U �DW �.� 4 NJ�P � ������

7DEOH ���� 1XPHULFDO YDOXHV RI WKH TXDQWLWLHV XVHG LQ VLPXODWLRQV RI WKH GHFD\ FXUYHV VKRZQ

LQ )LJ� ���� DQG ���� �

� � �  ��K � � � 7KH YDOXHV XVHG LQ WKH FDOFXODWLRQV DUH �IURP ULJKW WR OHIW�� K � �  ���� � ��V RU
� � �  �� QV �VROLG EODFN�� K � �  ���� � ��V RU � � �  �� QV �VROLG JUH\�� K � �  ���� � ��V RU � � �  �
QV �GDVKHG EODFN�� K � �  ���� � ��V RU � � �  ���� QV �VROLG JUH\�� K � �  ���� � ��V RU � � �  � QV

�VROLG EODFN�� 7KH KLJKHU QRQ�UDGLDWLYH ORVVHV VKLIW WKH GHFD\ WR VKRUWHU WLPHV� ,Q WKH FDVH

RI H[WUHPHO\ KLJK QRQ�UDGLDWLYH ORVVHV� WKH VKDSH RI )( GHFD\ DJDLQ FRLQFLGHV ZLWK WKH

H[SHULPHQWDO FXUYH XVHG IRU WKH FRQYROXWLRQ� 6PDOOHU QRQ�UDGLDWLYH ORVVHV FDXVH D VKLIW RI

WKH PD[LPXP RI WKH GHFD\ FXUYH WR ORQJHU WLPHV DQG DQ LQFUHDVH RI WKH ZLGWK RI WKH GHFD\

FXUYH� $Q LQFUHDVH RI K � � LQGXFHV DV ZHOO D GHFUHDVH RI WKH WRWDO LQWHQVLW\ �VHH )LJ� ������

7KH FKDQJHV DULVLQJ IURP D YDULDWLRQ RI WKH H[SHULPHQWDOO\ GHWHUPLQHG FRHI¿FLHQW

� �  ! ' . "# 6
$ %

"� �VHH (T� ������ DUH VKRZQ LQ )LJ� ���� �F�� 7KH XVHG YDOXHV DUH �IURP

ULJKW WR OHIW�� ����� �  ! �VROLG EODFN�� ����� �  ! �VROLG JUH\�� ��� �  ! �GDVKHG EODFN�� ����� �  !
�VROLG JUH\�� ����� �  ! �VROLG EODFN�� $ VPDOO FKDQJH RI WKLV YDOXH FDXVHV UHPDUNDEOH FKDQJHV

LQ WKH VKDSH RI )( GHFD\ FXUYH� ,W LV QDWXUDO� VLQFH WKLV FRHI¿FLHQW LV LQFOXGHG LQ WKH HOHF�

WURQ WHPSHUDWXUH �(T� ����� DV ZHOO DV LQ WKH HTXDWLRQV RI WKH FURVV�VHFWLRQV �(T� �����

����� ������ 0RUHRYHU� WKH FURVV�VHFWLRQ LQFOXGHV RQFH DJDLQ WKH HOHFWURQ WHPSHUDWXUH� WKXV

DPSOLI\LQJ WKH LQÀXHQFH RI � & ' ( ' . )* 6
+ ,

)& �

)LJ� ���� �G� GHSLFWV WKH GHSHQGHQF\ RI WKH GHFD\ FXUYH RQ WKH YDOXH RI WKH HIIHF�

WLYH HOHFWURQ PDVV 6 & � 7KH IROORZLQJ HIIHFWLYH PDVVHV ZHUH XVHG LQ WKH VLPXODWLRQV �IURP
ULJKW WR OHIW�� 6 &  ����6 - �VROLG EODFN�� 6 &  �����6 - �VROLG JUH\�� 6 &  ������6 - �GDVKHG

EODFN�� ,Q SULQFLSOH� WKH SUHVHQWHG PRGHO LV YHU\ VHQVLWLYH WR WKH HOHFWURQ HIIHFWLYH PDVV�

EXW VLQFH WKH H[SHULPHQWDOO\ GHWHUPLQHG FRHI¿FLHQW � & ' ( ' . )* 6
+ ,

)& FRQWDLQV DOUHDG\ 6
+ ,

)& �
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)LJXUH ����� ,QÀXHQFH RI WKH YDULDWLRQ RI WKH GLIIHUHQW SDUDPHWHUV RQ WKH FDOFXODWHG VKDSH

RI WKH )( GHFD\ FXUYH� �D� LQLWLDO FDUULHU GHQVLW\ 1 6 � �E� QRQ�UDGLDWLYH ORVVHV K 7 8 � �F�
H[SHULPHQWDO FRHI¿FLHQW � 9 : ;  . <= 6 > ? @A � �G� HIIHFWLYH HOHFWURQ PDVV P A � �H� HIIHFWLYH KROH PDVV
P B � �I� H[FHVV HQHUJ\ ( C D E F G G � $OO FXUYHV DUH QRUPDOL]HG DW WKHLU PD[LPD�
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WKH UHPDLQLQJ LQÀXHQFH RI WKH HOHFWURQ PDVV LV UDWKHU ZHDN �� � � � LV QRW YDULHG�� &URVV�

VHFWLRQV jEA � � � � � � � 	 	 
 DQG jEA � � � 
 � � � � � LQFOXGH �EHVLGH . �� 6
� � �� � D GHSHQGHQF\ RI WKH IRUP

s
6 � � 6 � � E6 � n 6 � � � � � � �

s

6  *6 ! DQG jEA " � # $ % & ' ( LV D IXQFWLRQ RI s
6 ) � 0RUHRYHU�

WKH UHODWLYH YHORFLW\ �(T� ����� FRQWDLQV D WHUP
s

�*>� ,W PHDQV WKDW D GHSHQGHQF\ HLWKHU RI

WKH IRUP
s

6 * *E6 * n 6 + � �IRU jEA + � , - . / 0 1 1 2 DQG jEA 3 � 4 5 6 7 8 9 2 � RU s

E6 3 n 6 : �*6 : �IRU
jEA 3 � 4 5 7 ; < 2 � LV SUHVHQW LQ WKH NLQHWLF HTXDWLRQV ������ ���� DQG ������ 6LQFH 6 = LV VLJQL¿�
FDQWO\ VPDOOHU WKDQ 6 > � LWV LQÀXHQFH LV PXFK ZHDNHU WKDQ WKH LQÀXHQFH RI 6 ? �

)LJ� ���� �H� GHPRQVWUDWHV WKH VKDSH RI WKH )( GHFD\ FXUYH LQ WKH FDVH RI GLIIHUHQW

HIIHFWLYH KROH PDVVHV P @ �� A B C ZDV NHSW ¿[HG DJDLQ�� $Q LQFUHDVH RI6 D FDXVHV D EURDGHQLQJ
RI WKH GHFD\ FXUYH� 7KH XVHG 6 E YDOXHV DUH� 6 F  ����6 G �VROLG EODFN�� 6 H  ����6 G �VROLG
JUH\��6 I  ����6 J �GDVKHG EODFN��

,Q )LJ� ���� �I�� WKH VKDSH RI WKH )( FXUYH LV VKRZQ DV D IXQFWLRQ RI WKH H[FHVV HQHUJ\

. K L M N O O � 7KH XVHG H[FHVV HQHUJLHV DUH �IURP ULJKW WR OHIW�� ��� PH9 �VROLG JUD\�� �� PH9

�GDVKHG EODFN�� �� PH9 �VROLG JUH\�� �� PH9 �VROLG EODFN�� ,Q WKH FDVH RI WKH VLPXODWLRQV RI

H[SHULPHQWDO GDWD� WKH FKDQJH RI WKH H[FHVV HQHUJ\ . P Q R P S S LQÀXHQFHV DOVR WKH LQLWLDO FDUULHU
GHQVLWLHV� 7KLV KDSSHQV� EHFDXVH WKH LQLWLDO FKDUJH FDUULHU GHQVLW\ GHSHQGV RQ WKH H[FLWDWLRQ

LQWHQVLW\� RQ WKH DEVRUSWLRQ FRHI¿FLHQW DQG ERWK RI WKHP GHSHQG RQ WKH H[FHVV HQHUJ\� 7KH

FXUYHV VKRZQ LQ )LJ����� �I�� DUH FDOFXODWHG ZLWK ¿[HG � T �

UWV XZY\[ ]_^a`
b c dfe dag hji hlk mon

p qr s
qtu
r vwx yz|{t
}~x s
�

�f�

�f�o�

�f�o�j�

�W� �Z�\� �_�a�
� � �f� �a� �j� �l� �o�

p qr s
qtu
r vwx yz|{t
}~x s
�

�f�

�f�o�

�f�o�j�
Γ�|� �����|��� � ���f�

Γ�|� � �¢¡|£�¤ ¥ ¦�§f¨

©«ª­¬ ®a¯±°² ³ ´ µ¢¶|·�¸ ¹»º ¼�½ ¾ ¿

À Á Â Ã¢Ä|Å�Æ Ç»È Å�É Ê ¿

À Á Â Ë¢Ä|Å�Æ Ì Í Î�Ï Ð Ñ
ΓÒ|Ó Ô ÎÖÕ|Î�× Ø Î�ÏfÙ

)LJXUH ����� ,QÀXHQFH RI WKH YDULDWLRQ RI WKH GLIIHUHQW SDUDPHWHUV RQ WKH LQWHQVLW\ RI FDOFX�

ODWHG )( GHFD\ FXUYH� �D� LQLWLDO FDUULHU GHQVLW\ 1 Ú � �E� QRQ�UDGLDWLYH ORVVHV K Û Ü � ,QWHQVLWLHV

DUH QRW QRUPDOL]HG�

)LJ� ���� VKRZV� KRZ WKH WRWDO LQWHQVLW\ DQG WKH VKDSH RI WKH )( GHFD\ FXUYH FKDQJHV

LI LQLWLDO FDUULHU GHQVLW\ DQG QRQ�UDGLDWLYH ORVVHV DUH YDULHG� 'HFD\ FXUYHV LQ )LJ� ���� DUH

QRW QRUPDOL]HG DQG WKHUHIRUH LQWHQVLW\ HIIHFWV� GLVFXVVHG EHIRUH� DUH GLUHFWO\ YLVLEOH� 9DULHG

YDOXHV RI SDUDPHWHUV DUH VKRZQ LQ WKH ¿JXUH DQG WKH ¿[HG SDUDPHWHUV DUH JLYHQ LQ WDEOH ����
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7KLV FKDSWHU UHYHDOHG WKDW WKH SDUDPHWHUV � � � � � � � ' .
�� 6

� � �
	 DQG K 
 � PRVW VWURQJO\

DIIHFW WKH VLPXODWLRQV� 7KHUHIRUH� RQO\ WKH LQÀXHQFH RI WKHVH SDUDPHWHUV ZLOO FRQVLGHUHG

ZKLOH ¿WWLQJ WKH H[SHULPHQWDO GDWD �VHH VHFWLRQ ����� $OO RWKHU SDUDPHWHUV ZHUH ¿[HG GXULQJ

¿WWLQJ RI WKH H[SHULPHQWDO GDWD� 7KH HIIHFWLYH HOHFWURQ DQG KROH PDVV DUH QRW H[DFWO\ NQRZQ�

EXW DV LW ZDV VKRZQ LQ WKLV FKDSWHU� OLPLWHG NQRZOHGJH DERXW 6 � DQG 6 
 GRHV QRW LQÀXHQFH
VLJQL¿FDQWO\ WKH VKDSH RI WKH GHFD\ FXUYH�

��� 6LQJOH�SDUDEROLF�EUDQFK EDQG �63%%� PRGHO RI HOHF�

WURQ�HOHFWURQ VFDWWHULQJ

0XOWLSOLFDWLRQ RI HOHFWURQLF H[FLWDWLRQV �0((� LV D SURFHVV ZKHUH D SULPDU\ HOHFWURQLF

H[FLWDWLRQ �SKRWRHOHFWURQ DQG�RU SKRWRKROH� FUHDWHV D VHFRQGDU\ HOHFWURQLF H[FLWDWLRQ DIWHU

DQ LQHODVWLF VFDWWHULQJ HYHQW� 7KLV SKHQRPHQRQ KDV EHHQ REVHUYHG DV WKH FUHDWLRQ RI VHF�

RQGDU\ HOHFWURQ�KROH SDLUV LQ VHPLFRQGXFWRUV E\ SKRWRHOHFWULF PHWKRGV >6KR��@� 7KH OXPL�

QHVFHQW DQDORJXH RI WKLV HIIHFW KDV EHHQ GLVFRYHUHG LQ ZLGH EDQG�JDS DONDOL KDOLGHV ZKHUH

WKH GRXEOLQJ RI WKH TXDQWXP \LHOG RI UHFRPELQDWLRQ DQG DOVR H[FLWRQLF OXPLQHVFHQFH KDV

EHHQ REVHUYHG DW SKRWRQ HQHUJLHV H[FHHGLQJ D FHUWDLQ WKUHVKROG YDOXH >,//��@�

7KH GLVWULEXWLRQV RI SKRWRHOHFWURQV DQG KROHV DUH GHWHUPLQHG E\ WKH EDQG VWUXFWXUH RI

WKH FU\VWDO DQG WKH SUREDELOLW\ RI WKH RSWLFDO LQWHUEDQG WUDQVLWLRQV� *HQHUDO IHDWXUHV RI WKH

0(( SURFHVV FDQ EH GHULYHG E\ FRQVLGHULQJ WKH VLPSOL¿HG FDVH >/). � ��@ RI D FU\VWDO ZLWK
SDUDEROLF YDOHQFH DQG FRQGXFWLRQ EDQGV� WKH H[WUHPHV RI ZKLFK DUH ORFDWHG DW WKH K SRLQW

�O& �� RI WKH %ULOORXLQ ]RQH� 7KLV PRGHO RI VHFRQGDU\ HOHFWURQ�KROH SDLU DQG H[FLWRQ FUHDWLRQ

LV GHSLFWHG LQ )LJ� ����� 7DNLQJ LQWR DFFRXQW GLUHFW LQWHUEDQG WUDQVLWLRQV� DQ HOHFWURQ KDV WKH

VDPH PRPHQWXP O& ' O&¶ LQ WKH LQLWLDO DQG LQ WKH ¿QDO VWDWH� EHFDXVH WKH PRPHQWXP RI WKH

SKRWRQ LQ WKH H[SHULPHQWDO HQHUJ\ UDQJH RI WKH SUHVHQW ZRUN LV QHJOLJLEOH� $V D UHVXOW RI

LQWHUEDQG WUDQVLWLRQ� WKH HQHUJ\ RI DQ DEVRUEHG SKRWRQ H[FHHGLQJ WKH EDQG JDS� ��D � . � ��
LV GLYLGHG EHWZHHQ D SKRWRHOHFWURQ DQG D SKRWRKROH LQ DFFRUGDQFH ZLWK WKH UDWLR P � �P � �

,I WKH LQWHUDFWLRQ RI WKH KRW SKRWRHOHFWURQ ZLWK SKRQRQV LV QRW WDNHQ LQWR DFFRXQW �LW

PHDQV WKDW WKH SURFHVV KDV WR VDWLVI\ ERWK WKH PRPHQWXP DQG WKH HQHUJ\ FRQVHUYDWLRQ ODZV��

WKHQ WKH WKUHVKROG HQHUJ\ RI WKH SKRWRQ IRU WKH VHFRQGDU\ HOHFWURQ�KROH SDLU FUHDWLRQ LV JLYHQ

�D
� � �� � ' .� n .� �

�

� n 2
6 �
6 �

�

������

DQG WKH WKUHVKROG IRU VHFRQGDU\ H[FLWRQ FUHDWLRQ

�D � �� � ' .� n . � � �

�

� n 2
6 �
6 �

�

� ������
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)LJXUH ����� $ VLPSOL¿HG PRGHO RI WKH IRUPDWLRQ RI VHFRQGDU\ HOHFWURQ�KROH SDLU YLD

HOHFWURQ�HOHFWURQ VFDWWHULQJ ZLWKRXW SDUWLFLSDWLRQ RI SKRQRQV� $ GDVKHG DUURZ VKRZV WKH

SKRWRH[FLWDWLRQ� 7KH VROLG DUURZV GHSLFW HOHFWURQ�HOHFWURQ VFDWWHULQJ�

$ VLPSOL¿HG PRGHO RI WKH IRUPDWLRQ RI VHFRQGDU\ HOHFWURQ�KROH SDLUV ZLWKRXW SDUWLFLSDWLRQ

RI SKRQRQV LV VKRZQ LQ )LJ� �����

,I WKH LQWHUDFWLRQ RI WKH KRW SKRWRHOHFWURQ ZLWK SKRQRQV LV WDNHQ LQWR DFFRXQW �L�H� WKH

WKUHVKROG HQHUJ\ PXVW VDWLVI\ RQO\ HQHUJ\ FRQVHUYDWLRQ EXW QRW DQ\ PRUH PRPHQWXP FRQ�

VHUYDWLRQ� VLQFH SKRQRQV WDNH RYHU PRPHQWXP�� WKH WKUHVKROG HQHUJ\ IRU WKH SKRWRQ IRU

VHFRQGDU\ HOHFWURQ�KROH FUHDWLRQ LV

�D � �
�� � ' .� n . � �

�

� n
6 �
6 �

�

������

DQG IRU VHFRQGDU\ H[FLWRQ FUHDWLRQ

�D � �� � ' .� n . � � �

�

� n
6 �
6 �

�

� ������

,Q WKH OLWHUDWXUH �IRU H[DPSOH >9)0��@�� WKH WKUHVKROG NLQHWLF HQHUJ\ RI WKH HOHFWURQ IRU

VHFRQGDU\ H[FLWDWLRQ FUHDWLRQ �. � � � � � LV RIWHQ XVHG� 7KH ]HUR�YDOXH RI WKH NLQHWLF HQHUJ\ RI
WKH HOHFWURQ LV WKH ERWWRP RI WKH FRQGXFWLRQ EDQG� 2I FRXUVH� WKH WKUHVKROG NLQHWLF HQHUJ\ RI

WKH HOHFWURQ LV VLJQL¿FDQWO\ VPDOOHU WKDQ WKH UHVSHFWLYH SKRWRQ HQHUJ\� 7KH UHODWLRQ EHWZHHQ
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WKUHVKROG HQHUJLHV RI WKH SKRWRQ DQG HOHFWURQ LV

�D � � ' .� n . � � � � �

�

� n
6 �
6 �

�

� ������

7KH WKUHVKROG NLQHWLF HQHUJ\ RI WKH HOHFWURQ �ZLWKRXW SDUWLFLSDWLRQ RI SKRQRQV� IRU WKH VHF�

RQGDU\ HOHFWURQ�KROH SDLU FUHDWLRQ �DQDORJ WR WKH (T� ����� LV JLYHQ E\

.
� � �

� � � � ' .� n .� �

6 �
6 � n 6 �

� ������

DQG IRU WKH VHFRQGDU\ H[FLWRQ FUHDWLRQ �DQDORJ WR WKH (T� ����� E\

.
� �

� � � � ' . � � n . � � �

6 �
6 � n 6 �

>9)0��@� ������

,QFOXGLQJ SDUWLFLSDWLRQ RI SKRQRQV� WKH WKUHVKROG NLQHWLF HQHUJ\ RI WKH HOHFWURQ�KROH

SDLU FUHDWLRQ �DQDORJ WR WKH (T� ����� LV JLYHQ E\

.
� � �

� � � � ' .� � ������

DQG IRU WKH VHFRQGDU\ H[FLWRQ FUHDWLRQ �DQDORJ WR WKH (T� ����� E\

.
� �

� � � � ' . � � � ������

6XFK VPDOO YDOXHV DUH RQO\ SRVVLEOH EHFDXVH SKRQRQV WDNH RYHU WKH HOHFWURQ PRPHQWXP�

7KH FUHDWLRQ UDWHV RI VHFRQGDU\ HOHFWURQ�KROH SDLUV� ` � � 	 E. 
 � � �� DQG RI VHFRQGDU\

H[FLWRQV� ` 
 � E. � � � �� GHSHQG RQ WKH NLQHWLF HQHUJ\ RI WKH HOHFWURQ LQ WKH IROORZLQJ ZD\

>9)0��@�

` 
 � � E. � � � � �

�

. � � � � .
� � �

� � � �
� �

� ������

` � � E. �  ! � �

t

. " # $ � .
% &' ( ) % � ������

+HUHE\� WKH SDUWLFLSDWLRQ RI SKRQRQV LV QHJOHFWHG�

��� 0XOWLSOH�SDUDEROLF�EUDQFK EDQG �03%%� PRGHO RI HOHF�

WURQ�HOHFWURQ VFDWWHULQJ

7KH ¶FODVVLFDO¶ VLQJOH�SDUDEROLF�EUDQFK EDQG �63%%� PRGHO GHVFULEHV WUDQVLWLRQV RQO\

ZLWKLQ RQH SDUDEROLF EDQG� ZKLOH WKH PXOWLSOH�SDUDEROLF�EUDQFK EDQG �033%� PRGHO WDNHV
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)LJXUH ����� 6FKHPDWLFDO SUHVHQWDWLRQ RI WKH HOHFWURQ�HOHFWURQ VFDWWHULQJ SURFHVV LQ WKH

PXOWLSOH�SDUDEROLF�EUDQFK EDQG PRGHO �WKH 03%% PRGHO� RQ WKH OHIW� DQG LQ WKH VLQJOH�

SDUDEROLF�EUDQFK EDQG PRGHO �WKH 63%% PRGHO� RQ WKH ULJKW�� % PDUNV D ERUGHU RI WKH ¿UVW

%ULOORXLQ ]RQH�

LQWR DFFRXQW WUDQVLWLRQV EHWZHHQ WKH GLIIHUHQW EUDQFKHV� %RWK PRGHOV DUH VFKHPDWLFDOO\ SUH�

VHQWHG LQ )LJ� ����� ,W WXUQV RXW WKDW WKH WKUHVKROG HQHUJ\ IRU 0(( LV VLJQL¿FDQWO\ ORZHU LQ

WKH FDVH RI 03%% WKDQ WKDW RI JLYHQ E\ WKH 63%% PRGHO� 9DVLO¶HY HW DO� UHFHQWO\ SUHVHQWHG

DQDO\WLF H[SUHVVLRQV IRU WKH WKUHVKROG HQHUJLHV DQG WKH SURGXFWLRQ UDWHV RI HOHFWURQ�KROH SDLUV

DQG H[FLWRQV E\ HOHFWURQ LPSDFW LQ ZLGH�JDS LQVXODWRUV >9)0��@� +HUH� D VKRUW RYHUYLHZ RI

WKH UHVXOWV E\ 9DVLO¶HY HW DO� LV JLYHQ�

9DVLO¶HY HW DO� GHVFULEHG WKH FRQGXFWLRQ EDQG DW HQHUJLHV DERXW �� H9 DERYH LWV ERWWRP

LQ ¿UVW DSSUR[LPDWLRQ DV D VHW RI IUHH�HOHFWURQ SDUDEROLF EDQGV ZLWK WKH HIIHFWLYH PDVV �6 5 �
HTXDO WR WKH IUHH HOHFWURQ PDVV �6 6 �� 7KHVH EDQGV DUH VKLIWHG LQ ZDYH�YHFWRU VSDFH E\

YHFWRUV OC ZKLFK DUH D VXSHUSRVLWLRQ RI WKH SULPLWLYH UHFLSURFDO ODWWLFH YHFWRUVOK 7 ZLWK LQWHJHU
FRHI¿FLHQWV�

OC ' ? 8 OK 8 n ? 9 OK 9 n ? : OK : � ������

7KH JHQHUDO IRUP IRU WKH GLVSHUVLRQ ODZ RI D FRQGXFWLRQ HOHFWURQ LV WKHQ

. ; EO&� '
|
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<

26 =
c O& 5 l > RU .
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A EO&� '
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B
EO& � OC�

C

26 D
� O& 5 l E � ������

ZKHUH WKH HQHUJ\ RULJLQ LV DW WKH ERWWRP RI WKH FRQGXFWLRQ EDQG� l F PHDQV H[WHQGHG %ULO�

ORXLQ ]RQH DQG l G WKH ¿UVW %ULOORXLQ ]RQH� )RU WKH KROHV LQ WKH YDOHQFH EDQG� WKH XVXDO
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HIIHFWLYH PDVV DSSUR[LPDWLRQ ZDV XVHG�

,Q WKH 03%% PRGHO� WKH LQLWLDO HOHFWURQ FDQ EH VFDWWHUHG QRW RQO\ ZLWKLQ WKH VDPH

EUDQFK DV LQ WKH 63%%PRGHO� EXW DOVR IURP EUDQFK OC WR EUDQFK OC � 9' OC� ZKLFK LV HTXLYDOHQW

WR DQ XPNODSS SURFHVV� )RU HOHFWURQ HQHUJLHV OHVV WKDQ |
�
E& � � � � �

�
*26 � � ZKHUH & � 	 
 � LV WKH

QHDUHVW GLVWDQFH EHWZHHQ WKH K SRLQW DQG WKH ERXQGDU\ RI WKH %ULOORXLQ ]RQH� WKHUH LV RQO\

RQH EUDQFK ZLWK OC ' f� ,Q WKH FDVH RI DQ IFF ODWWLFH� WKH VPDOOHVW ZDYH YHFWRU YDOXH LV

& � 
 � � ' 2Z*@ �GLVWDQFH EHWZHHQ K SRLQW DQG f��

����� 7KUHVKROGV IRU PXOWLSOLFDWLRQ RI HOHFWURQLF H[FLWDWLRQV

9DVLO¶HY HW DO� DSSOLHG WKH SRODUL]DWLRQ DSSUR[LPDWLRQ� ZKLFK DOORZV WR UHJDUG WKH VFDW�

WHULQJ SURFHVV DV �L� HPLVVLRQ RI D YLUWXDO SKRWRQ DQG �LL� IROORZLQJ DEVRUSWLRQ RI WKLV SKRWRQ

LQ WKH PHGLXP� 7KH DEVRUSWLRQ RI VXFK YLUWXDO SKRWRQV LV GHVFULEHG XVLQJ WKH LPDJLQDU\ SDUW

RI WKH GLHOHFWULF IXQFWLRQ >9)0��@� 7KLV DSSUR[LPDWLRQ LV QHFHVVDU\ IRU WKH FDOFXODWLRQ RI

SURGXFWLRQ UDWHV� 7KUHVKROG HQHUJLHV DUH FDOFXODWHG IURP HQHUJ\ DQG PRPHQWXP FRQVHUYD�

WLRQ ODZV�

7KH WKUHVKROG IRU ' � �WKLV FRUUHVSRQGV WR WKH WKUHVKROG RI WKH 63%% PRGHO� VHH (T�

���� DQG (T� ����� LV

.
�

� � ' E� n \� . � � ������

ZKHUH . �  . � � �IRU D VHFRQGDU\ H[FLWRQ FUHDWLRQ� RU . �  .� �IRU D VHFRQGDU\ H�K SDLU FUH�

DWLRQ�� DQG \ ' 6 � *E6 � n 6 � �� ' 

�

�

�

O'
�

�

�
 

�

�

�

OC � � OC
�

�

�
LV WKH VKLIW EHWZHHQ WKH SDUDEROLF EUDQFKHV

LQ UHFLSURFDO VSDFH� 7KH IUHH HOHFWURQ PDVV 6 � ZDV XVHG IRU HOHFWURQ HIIHFWLYH PDVV 6 � E\
9DVLO¶HY HW DO�

'LIIHUHQWO\ IURP WKH 63%% PRGHO� WKH WKHRU\ SUHGLFWV WZR WKUHVKROG YDOXHV LQ WKH FDVH

RI 03%% PRGHO �GXH WR WKH WUDQVLWLRQV WR WKH RWKHU EUDQFK RI WKH EDQG�� WKH XSSHU WKUHVKROG

LV DOZD\V ODUJHU WKDQ .
�

� � � ZKLOH WKH ORZHU WKUHVKROG FDQ EH VLJQL¿FDQWO\ ORZHU WKDQ .
�

� � � 7KH
WKUHVKROGV DUH JLYHQ E\

.
 

! " # $ ' .
%

& ' 	 2\
s

. (
t

E� n \� E. ) n \. * � n \ E� n 2\� . * � ������

ZKHUH . + ' |
,
'

,
*26 - �

)RU VROLG .U� WKH ORZHU WKUHVKROGV �. ./ 0 � IRU GLIIHUHQW '� FDOFXODWHG E\ (T� ���� IRU )(

DQG HOHFWURQ�KROH SURGXFWLRQV DUH SORWWHG LQ )LJ� ����� 7KH IROORZLQJ SDUDPHWHUV ZHUH XVHG�

ODWWLFH FRQVWDQW @ �������� QP� . 1 2  ����� H9� .3  ����� H9� 6 1 ' 6 4 DQG 6 0 ' ��H � 6 5 �
7KH QXPEHUV LQ )LJ� ���� DQG WDEOH ��� LQGLFDWH WKH WUDQVLWLRQV WDNLQJ SODFH LQ GLIIHUHQW

GLUHFWLRQV RI ZDYH�YHFWRU VSDFH� 7KH FDOFXODWHG WKUHVKROGV DQG RWKHU UHOHYDQW SDUDPHWHUV DUH
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)LJXUH ����� 7KH ORZHU WKUHVKROGV �. Z[ \ � IRU WKH HOHFWURQ NLQHWLF HQHUJ\ LQ WKH FDVH RI LPSDFW

SURGXFWLRQ RI D )( DQG DQ HOHFWURQ�KROH SDLU DV D IXQFWLRQ RI 4 IRU VROLG .U� 7KH VROLG OLQHV

VKRZ WKH PDWKHPDWLFDO VROXWLRQ IRU FRQWLQRXV 4� WKH SRLQWV VKRZ ¶UHDO¶ SK\VLFDOO\ SRVVLEOH

YDOXHV IRU WKH GLVFUHWH YDOXHV RI 4� 3RLQWV PDUNHG ZLWK � FRUUHVSRQG WR WKH WKUHVKROG YDOXHV

RI WKH 63%% PRGHO�

FROOHFWHG LQ WDEOH ���� 7KH ORZHVW NLQHWLF HQHUJ\ IRU WKH H[FLWRQ SURGXFWLRQ LV . ] ^_ ` '�����

H9 LQ WKLV DSSUR[LPDWLRQ �)LJ� ����� PDUNHG ZLWK ���

7KH ORZHVW WKUHVKROG . ab c d e ' . f FDQ EH DFKLHYHG� LI |' '
s

26 g . h � ,W ZRXOG PHDQ

WKDW . i DQG {. �VHH )LJ� ����� FRLQFLGH� 7KLV ZRXOG EH DQ DFFLGHQWDO FRLQFLGHQFH EHFDXVH

' KDV RQO\ GLVFUHWH YDOXHV� 7KHUHIRUH� WKH PLQLPDO WKUHVKROG YDOXH �SRLQW � LQ )LJ� ���� DQG

WDEOH ���� LV VOLJKWO\ KLJKHU WKDQ . j �

����� 3URGXFWLRQ UDWHV QHDU WKUHVKROGV

9DVLO¶HY¶V WKHRU\ SHUPLWV WR HVWLPDWH WKH SURGXFWLRQ UDWHV RI VHFRQGDU\ H[FLWDWLRQV� )RU

O' 9' f� WZR WKUHVKROGV �. kl m DQG . no p � DUH ZHOO VHSDUDWHG� DQG RQO\ . qo p VKRXOG EH WDNHQ LQWR

DFFRXQW� ,Q WKH FDVH O' 9' f� WKH YDOXH RI WKH SURGXFWLRQ UDWH ` r E.� LV JLYHQ E\

` s E.� '
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7DEOH ���� 3DUDPHWHUV XVHG LQ WKH 03%% PRGHO IRU VROLG .U DQG WKH DVVRFLDWHG ORZHU WKUHVK�

ROG HQHUJLHV IRU ¿YH GLIIHUHQW EUDQFKHV�

ZKHUH . LV WKH LQLWLDO NLQHWLF HQHUJ\ RI WKH HOHFWURQ� 7KH SDUDPHWHUV k DQG q DUH JLYHQ LQ

WDEOH ���� DQG w ' f EHORZ . �� 
 � � DQG w ' � DERYH . �� 
 � � � 7KH YDOXH RI WKH FRHI¿FLHQW � � LV

JLYHQ E\
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7KH IRUPXOD IRU WKH LPSDFW SURGXFWLRQ UDWH RI VHFRQGDU\ H[FLWDWLRQV IRU O' ' f �WKLV LV

HTXLYDOHQW ZLWK WKH 63%% PRGHO� LV
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)LJXUH ����� 7KH UDWHV IRU LPSDFW SURGXFWLRQ RI )( DQG HOHFWURQ�KROH SDLUV LQ VROLG NU\SWRQ�

7KLQ OLQHV DUH WKH SDUWLDO UDWHV ZLWK WKH QXPEHUV LQGLFDWLQJ GLIIHUHQW EUDQFKHV� 7RWDO UDWHV

DUH GHSLFWHG ZLWK WKLFN OLQHV�
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ZKHUH .
�� � LV GH¿QHG E\ (T� ���� DQG WKH SDUDPHWHUV k � DQG q � DUH JLYHQ LQ WDEOH ����

7KH H[SHULPHQWDO UHVXOWV FDQ EH FRPSDUHG ZLWK WKH WRWDO SURGXFWLRQ UDWH� JLYHQ E\

` � E.� '
[

� ` � E.� '
[

� � � ? � ` � � � E.�c ������

ZKHUH ? � LV WKH QXPEHU RI QRGHV ZLWK WKH VDPH
�

�

�

O'
�

�

�
LQ UHFLSURFDO VSDFH �JLYHQ LQ WDEOH �����

7KH )( DQG HOHFWURQ�KROH LPSDFW SURGXFWLRQ UDWHV DW GLIIHUHQW
�

�

�

O'
�

�

�
� DV ZHOO DV WRWDO UDWHV� DUH

SORWWHG LQ )LJ� ����� 7KH UDWHV� GHQRWHG E\ �� FRUUHVSRQG WR WKH SURGXFWLRQ UDWHV RI WKH 63%%

PRGHO�

$OO FDOFXODWLRQV ZHUH PDGH LQ WKH WHUPV RI HOHFWURQ NLQHWLF HQHUJ\ DQG WKHUHIRUH DUH QRW

GLUHFWO\ FRPSDUDEOH ZLWK SKRWRH[FLWDWLRQ H[SHULPHQWDO GDWD� ,Q WKH FDVH RI SKRWRH[FLWDWLRQ

WKH VLWXDWLRQ LV UDWKHU FRPSOLFDWHG GXH WR WKH LQÀXHQFH RI WKH YDOHQFH EDQG� 7KHUHIRUH� WKH

WKUHVKROGV IRU SKRWRH[FLWDWLRQ DUH VKLIWHG WR WKH KLJKHU HQHUJ\ VLGH �VHH (T� ����� DQG WKH

UDWHV DUH VRIWHU �LW PHDQV YDOXHV RI k LQ 7DE� ��� DUH VPDOOHU� >9DV��@�

7KH 63%%PRGHO ZRUNV ZHOO LQ WKH FDVH RI VPDOO ZDYH YHFWRUV� H�J� IRU VHPLFRQGXFWRUV�

7KH ZDYH YHFWRU RI WKH HOHFWURQ� FDSDEOH WR FUHDWH 0(( LQ VHPLFRQGXFWRUV� LV VLJQL¿FDQWO\

VPDOOHU WKDQ WKH GLVWDQFH EHWZHHQ WKH K SRLQW DQG WKH ERXQGDU\ RI WKH ¿UVW %ULOORXLQ ]RQH�

,I WKH LQLWLDO NLQHWLF HQHUJ\ RI WKH HOHFWURQ LV ODUJHU WKDQ | � E& � c �  ! � " *26 # � ZKHUH & $ c % & ' LV
WKH QHDUHVW GLVWDQFH EHWZHHQ WKH K SRLQW DQG WKH ERXQGDU\ RI WKH %ULOORXLQ ]RQH� LW LV QHF�

HVVDU\ WR XVH WKH 03%% PRGHO� ZKLFK LQFOXGHV DOVR WUDQVLWLRQV EHWZHHQ GLIIHUHQW EUDQFKHV�

1HYHUWKHOHVV� LQ WKH FDVH RI ZLGH�EDQG GLHOHFWULFV DV VROLG .U� WKH VLWXDWLRQ LV HYHQ PRUH

FRPSOLFDWHG� ,W LV ZHOO�NQRZQ WKDW DW WKH ERXQGDU\ RI WKH %ULOORXLQ ]RQH SDUDEROLF EDQGV

DUH VWURQJO\ GHIRUPHG GXH WR WKH SHULRGLF SRWHQWLDO >.LW��@� ,W PHDQV WKDW WKH 63%% DQG WKH

03%% PRGHO DUH DSSOLFDEOH RQO\ DV ¿UVW DSSUR[LPDWLRQV� )RU PRUH DFFXUDWH UHVXOWV� LW LV

QHFHVVDU\ WR LQFOXGH WKH ¶UHDO¶ FRQGXFWLRQ EDQG VWUXFWXUH�

k q k ( q (
Q � H[FLWRQ ���

�SE� � \� )
* +

�\
��� �2E� � \� ,

- .

HOHFWURQ�KROH SDLU ���
�SE� � \� /

0 1

�D\E� n \�
���

�2E� � \� 2
3 4

�E� n \�

7DEOH ���� 3DUDPHWHUV LQ HTXDWLRQV IRU SURGXFWLRQ UDWH RI VHFRQGDU\ H[FLWDWLRQV�
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��� (OHFWURQLF SRODURQ FRPSOH[

%HVLGHV GLUHFW SKRWRH[FLWDWLRQ DQG HOHFWURQ�HOHFWURQ VFDWWHULQJ� RQH PRUH SRVVLELOLW\ WR

FUHDWH ¶SURPSW¶ VHFRQGDU\ H[FLWRQV H[LVWV� 7KLV LV D VLPXOWDQHRXV FUHDWLRQ RI DQ H[FLWRQ DQG

DQ HOHFWURQ�KROH SDLU �RU WZR H[FLWRQV� LQ DQ RQH VWHS SURFHVV� 6XFK D FRQFHSW ZDV GHYHORSHG

E\ +HUPDQVRQ >+HU��@ DQG 'HYUHHVH HW DO� >'.&��@� +HUPDQVRQ GLVFXVVHG WKH SRVVLELOLW\

RI WKH VLPXOWDQHRXV SURGXFWLRQ RI WZR H[FLWRQV E\ D VLQJOH SKRWRQ >+HU��@� 'HYUHHVH HW DO�

DQDO\]HG WKH FUHDWLRQ RI WKH HOHFWURQLF SRODURQ FRPSOH[ >'.&��@� ,Q D VLPSOL¿HG SLFWXUH�

WKLV FRPSOH[ FRQVLVWV RI DQ HOHFWURQ�KROH SDLU FUHDWHG DFURVV WKH EDQG JDS DQG DQ H[FLWRQ

LQWHUDFWLQJ ZLWK WKH HOHFWURQ�KROH SDLU�

7KH LQWHUDFWLRQ RI D FRQGXFWLRQ EDQG HOHFWURQ ZLWK WKH HOHFWURQLF SRODUL]DWLRQ ¿HOG RI

WKH FU\VWDO KDV EHHQ WUHDWHG LQ YDULRXV ZD\V� $Q DSSURDFK� GHYHORSHG E\ 7R\R]DZD� UHSODFHV

WKH PDQ\ HOHFWURQ ¿HOG RI YDOHQFH FKDUJHV E\ D VLQJOH GLVSHUVLRQOHVV ERVRQ ¿HOG FRQVLVWLQJ

RI H[FLWRQV� $V D UHVXOW� D QHZ TXDVLSDUWLFOH ZDV SUHGLFWHG � DQ HOHFWURQLF SRODURQ � DQ

HOHFWURQ VXUURXQGHG ZLWK D FORXG RI YLUWXDO H[FLWRQV >+HU��@� 7KH HOHFWURQLF SRODURQ FDQ EH

FKDUDFWHUL]HG ZLWK WKH HOHFWURQ�H[FLWRQ FRXSOLQJ FRQVWDQW k DQG WKH VHPLFODVVLFDO ¶UDGLXV¶ RI

WKH HOHFWURQLF SRODURQ -� � � � 7KH IRUPXODV IRU k DQG -� � � KDYH WKH IRUP

k '
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+HUH� 6 � LV DQ HIIHFWLYH HOHFWURQ PDVV LQ WKH FRQGXFWLRQ EDQG� . � � LV WKH H[FLWRQ HQHUJ\� e LV

HOHPHQWDU\ FKDUJH� 0 � LV WKH GLHOHFWULF FRQVWDQW� 0 � LV WKH KLJK�IUHTXHQF\ GLHOHFWULF FRQVWDQW

RI WKH PHGLXP� � LV 3ODQFN¶V FRQVWDQW DQG | ' �*2Z� 1XPHULFDO YDOXHV IRU k DQG -� � � DUH
VKRZQ LQ WDEOH ����

2Q WKH EDVLV RI HOHFWURQLF SRODURQ WKHRU\� +HUPDQVRQ¶V FDOFXODWLRQV >+HU��@ SURYLGH

WKH UDWLR RI WUDQVLWLRQ SUREDELOLWLHV IRU WZR DQG RQH H[FLWRQ SURGXFWLRQ E\ RQH SKRWRQ

s
� � �

s � � � '
ek-� � �

@
j� ������

+HUH� s
� �  

DQG s
� !  

DUH WKH SUREDELOLWLHV IRU WZR� DQG RQH�H[FLWRQ FUHDWLRQ� @ LV WKH ODWWLFH

FRQVWDQW� j LV WKH HOHFWURQLF IDFWRU� 7KH HOHFWURQLF IDFWRU GHSHQGV PDLQO\ RQ WKH H[FLWRQ

UDGLXV DQG WKH DYHUDJH ¶UDGLXV¶ 2Z*@ RI WKH %ULOORXLQ ]RQH� ,WV YDOXH LV SUHVHQWHG E\ D

FRPSOLFDWHG IRUPXOD >+HU��@� 7KH TXDQWLWDWLYH YDOXHV RQ WKH EDVLV (T� ���� DUH FROOHFWHG IRU

VROLG 1H� $U >*PL��@� ;H >6WH��@ DQG .U LQ WDEOH ���� $V WDEOH ��� VKRZV� WKH SUREDELOLW\ IRU
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s
� � � ��� 5HIHUHQFH

1H ����� ���� ���� >*PL��@

$U ����� ���� ���� ��� >*PL��@

.U ����� ���� ���� ��� SUHVHQW ZRUN

;H ���� ���� ��� ���� >6WH��@

7DEOH ���� 7KH Q � H[FLWRQ HQHUJ\� WKH HOHFWURQ�H[FLWRQ FRXSOLQJ FRQVWDQW k� WKH VHPLFODV�

VLFDO ¶UDGLXV¶ RI WKH HOHFWURQLF SRODURQ -	 
 � DQG WKH UDWLR RI WUDQVLWLRQ SUREDELOLWLHV IRU WKH

WZR DQG RQH H[FLWRQ SURGXFWLRQ E\ RQH SKRWRQ LQ 5*6�

WKH VLPXOWDQHRXV SURGXFWLRQ RI WZR H[FLWRQV E\ RQH SKRWRQ LV VXUSULVLQJO\ KLJK� +RZHYHU�

LW LV LPSRUWDQW WR QRWH WKDW +HUPDQVRQ¶V DSSURDFK RYHUHVWLPDWH WKH SURGXFWLRQ UDWH RI WKH

GRXEOH H[FLWDWLRQ >+HU��@�

'LIIHUHQWO\ IURP WKH HOHFWURQLF SRODURQ �L�H�� DQ HOHFWURQ GUHVVHG E\ D FORXG RI YLUWXDO

H[FLWRQV�� DQ HOHFWURQLF SRODURQ FRPSOH[ FRQVLVWV RI DQ HOHFWURQ�KROH SDLU SOXV DQ H[FLWRQ

LQWHUDFWLQJ ZLWK HDFK RWKHU� 7KH HOHFWURQLF SRODURQ FRPSOH[ LV HLWKHU ¶IUHH¶ RU ¶ERXQG¶ WR WKH

KROH LQ WKH YDOHQFH EDQG� )RU WKH ¶IUHH¶ HOHFWURQLF SRODURQ FRPSOH[ ZLWK UHODWLYHO\ VPDOO k

�k 	 ��� D WKUHVKROG IRU RSWLFDO H[FLWDWLRQ ZDV SUHGLFWHG WR EH

�D
� 
 � �

� � ' . � n . � � � ������

7KH SUREDELOLW\ IRU WKH FUHDWLRQ RI WKH ¶IUHH¶ HOHFWURQLF SRODURQ FRPSOH[ KDV D PD[LPXP DW

FHUWDLQ HQHUJ\ DQG WKHUHDIWHU LW VORZO\ GHFUHDVHV� 7KH ORFDWLRQ RI WKH PD[LPXP IRU WKH ¶IUHH¶

HOHFWURQLF SRODURQ FRPSOH[ GHSHQGV RQ WKH H[SHULPHQWDO WHFKQLTXH LQ XVH DQG LW LV H[SHFWHG

DW

�D
� 
 � �

� � � ' . � n ��2f � . � � LQ DEVRUSWLRQ DQG ������

.
� � � �

� � � ' . � n ��2D � . � � LQ HQHUJ\ ORVV VSHFWURVFRS\� ������

)RU WKH ¶ERXQG¶ HOHFWURQLF SRODURQ FRPSOH[� D WKUHVKROG IRU RSWLFDO H[FLWDWLRQ LV SUHGLFWHG DW

|D
 ! " # $
% & ' 2 � . ' ( � ������
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&KDSWHU �

([SHULPHQWDO UHVXOWV DQG GLVFXVVLRQ

7KH H[SHULPHQWDO UHVXOWV RI WKLV ZRUN DUH SUHVHQWHG LQ ¶KLVWRULFDO¶ VHTXHQFH DV 5*6

KDYH EHHQ VWXGLHG LQ WKH SDVW� )LUVW RI DOO� VRPH QHZ DVSHFWV RI OXPLQHVFHQFH VSHFWUD DQG

UHÀHFWLRQ VSHFWUD RI VROLG NU\SWRQ ZLOO EH GLVFXVVHG� 7KH PRVW LPSRUWDQW DQG RULJLQDO UHVXOWV

RI WKH SUHVHQW ZRUN� GHFD\ FXUYHV DQG WLPH�UHVROYHG H[FLWDWLRQ VSHFWUD IRU )( DQG 67( RI

VROLG .U� ZLOO EH SUHVHQWHG DIWHUZDUGV� 7KH DXWKRU RI WKLV WKHVLV KRSHV� WKDW VXFK D VHTXHQFH

SHUPLWV DOVR EHWWHU XQGHUVWDQGLQJ IRU WKH UHDGHU� ZKR LV QRW YHU\ IDPLOLDU ZLWK OXPLQHVFHQFH

RI 5*6�

��� /XPLQHVFHQFH RI VROLG NU\SWRQ

.U FU\VWDOV� OLNH VROLG ;H� H[KLELW VLPXOWDQHRXVO\ VWURQJ EURDG�EDQG VHOI�WUDSSHG H[FL�

WRQ �67(� OXPLQHVFHQFH DV ZHOO DV FRQVLGHUDEOH QDUURZ�EDQG OXPLQHVFHQFH RI IUHH H[FLWRQV

�)(�� 7KH ¿UVW REVHUYDWLRQ RI )( OXPLQHVFHQFH LQ VROLG .U ZDV UHSRUWHG E\ %RQQRW HW DO�

>%%& � ��@� 6LQFH )( OXPLQHVFHQFH LV REVHUYHG RQO\ LQ VDPSOHV ZLWK YHU\ JRRG ¶TXDOLW\¶

�L�H� KRPRJHQHRXV VDPSOH ZLWK UHODWLYHO\ ELJ FU\VWDOOLWHV� YHU\ VPDOO DPRXQW RI LPSXULW\ DQG

DV JURZQ GHIHFWV�� LW PDNHV VSHFWURVFRSLF LQYHVWLJDWLRQV RI )( OXPLQHVFHQFH H[SHULPHQWDOO\

UDWKHU FRPSOLFDWHG� 1HYHUWKHOHVV� VHYHUDO SDSHUV DUH DYDLODEOH DERXW )( OXPLQHVFHQFH LQ

VROLG ;H >.6��� 9%) � ��� )XJ��� 6WH��@� /HVV LQIRUPDWLRQ LV SXEOLVKHG DERXW )( OXPLQHV�

FHQFH LQ VROLG .U >9%)
�
��� 9DU��� .OR��@� /DFN RI GDWD DERXW )( OXPLQHVFHQFH LQ VROLG

.U LV SDUWLDOO\ FDXVHG E\ WKH SXULW\ RI .U JDV XVHG� 1DPHO\� FRPPHUFLDOO\ DYDLODEOH .U JDV

LV DOZD\V XQLQWHQWLRQDOO\ GRSHG ZLWK D FHUWDLQ DPRXQW RI WKH LVRHOHFWURQLF ;H LPSXULW\� DQG

;H DWRPV LQ D .U PDWUL[ DUH H[WUHPHO\ JRRG OXPLQHVFHQFH FHQWHUV� 6RPH WHQV RI SSP ;H

LQ .U FDXVH VWURQJ ;H OXPLQHVFHQFH� VXSSUHVVLQJ VLJQL¿FDQWO\ WKH )( OXPLQHVFHQFH RI VROLG

.U� 7KH LQWHQVLW\ RI WKH )( OLQH LQ D OXPLQHVFHQFH VSHFWUXP LV YHU\ VHQVLWLYH WR WKH ¶TXDO�

LW\¶ RI WKH VDPSOH� VLQFH )( HPLVVLRQ H[LVWV RQO\ LQ VDPSOHV ZLWK JRRG FU\VWDO VWUXFWXUH DQG

��
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VPDOO DPRXQW RI GHIHFWV� 7KHUHIRUH WKH UDWLR RI )( DQG 67( LQWHQVLW\ LV XVHG DV D PHDVXUH

RI VDPSOH ¶TXDOLW\¶ >9%)
�

��@�

)LJXUH ��� �D� VKRZV D W\SLFDO OXPLQHVFHQFH VSHFWUXP RI ¶JRRG TXDOLW\¶ NU\SWRQ VDPSOH�

7KLV VDPSOH LV JURZQ IURP .U JDV ZLWK WKH KLJKHVW SXULW\ FRPPHUFLDOO\ DYDLODEOH �6SHFWUD

*DVHV� ������ � .U� ;H OHVV WKDQ ��� SSP�� %URDG�EDQG OXPLQHVFHQFH LQ WKH UHJLRQ RI ���

H9 LV DVVLJQHG WR WKH 67( HPLVVLRQ DQG D QDUURZ SHDN DW ( � �  ����� H9 LV GXH WR WKH )(

OXPLQHVFHQFH� $W WKH ORZ HQHUJ\ VLGH RI )(� D SKRQRQ�FDXVHG VDWHOOLWH LV ORFDWHG� $ VPDOO

SHFXOLDULW\ DW WKH KLJKHU HQHUJ\ VLGH RI )( LV PRVW SUREDEO\ DQ H[SHULPHQWDO DUWHIDFW FDXVHG

E\ WKH 989�� PRQRFKURPDWRU�

)LJXUH ��� �E� GHPRQVWUDWHV D W\SLFDO OXPLQHVFHQFH VSHFWUXP RI VROLG NU\SWRQ ZLWK

VRPH ;H LPSXULW\� 7KH VSHFWUXP LV PRUH FRPSOLFDWHG GXH WR WKH ;H LPSXULW\ ZKLFK FDXVHV

FOHDUO\ REVHUYDEOH HPLVVLRQ EDQGV DW ���� DQG ���� H9� 7KH DGGLWLRQDO EDQGV LQ WKH UHJLRQ

��� ��� ��� H9� ZKLFK RYHUODS ZLWK WKH 67( EDQG RI .U� RULJLQDWH DV ZHOO IURP �.U;H�
�

DQG

;H
�

� PROHFXODU FHQWUHV >9%)
�

��� 62**��@�

��� 67( OXPLQHVFHQFH RI VROLG NU\SWRQ

7KH 67( OXPLQHVFHQFH RI VROLG .U LV ZHOO NQRZQ DQG KDV EHHQ VWXGLHG VHYHUDO WLPHV

E\ PDQ\ JURXSV >9DU��� ...
�

��� 62**��@� 1HYHUWKHOHVV� WKH PD[LPXP DQG ZLGWK RI WKH

67( HPLVVLRQ EDQG UHSRUWHG LQ WKH OLWHUDWXUH YDU\ VLJQL¿FDQWO\� $ FROOHFWLRQ RI H[SHULPHQWDO

GDWD �WKH SHDN PD[LPD DQG ZLGWKV� IRU 67( EDQG LV VKRZQ LQ WDEOH ���� ([SHULPHQWV RI WKH

SUHVHQW ZRUN FODUL¿HG WKDW PDLQO\ WZR IDFWRUV LQGXFH VXFK ELJ YDULDWLRQV � WKH DPRXQW RI ;H

LPSXULW\ DQG WKH ¶TXDOLW\¶ RI WKH VDPSOH �L�H� H[LVWHQFH RI D PDFURVFRSLF FU\VWDO VWUXFWXUH��

7KH ;H LPSXULW\ FDXVHV WKH DSSHDUDQFH RI QHZ ;H�FRQQHFWHG HPLVVLRQ EDQGV DQG VRPH RI

WKHVH RYHUODS ZLWK 67( OXPLQHVFHQFH EDQG� FRPSOLFDWLQJ WKH DQDO\VLV� $V D UHVXOW� WKH H[�

SHULPHQWDOO\ GHWHFWHG OXPLQHVFHQFH EDQG VKLIWV WR WKH KLJK�HQHUJ\ VLGH DQG LWV VKDSH DOVR

FKDQJHV �VHH )LJ� ����� ,Q FRQWUDU\� WKH FU\VWDO GHIHFWV LQGXFH D UHG VKLIW RI WKH 67( OXPLQHV�

FHQFH EDQG� 7KH FKDUDFWHULVWLFV RI WKH 67( EDQG REWDLQHG IURP H[SHULPHQWV LQ SUHVHQW ZRUN

DQG HDUOLHU VWXGLHV >)%<6��� ...
�

��@ DUH FROOHFWHG LQ WDEOH ���� 9DUGLQJ HW DO� >9DU��@ KDG

.U VDPSOHV ZLWK D QRWLFHDEOH DPRXQW RI ;H LPSXULW\� 7KHUHIRUH WKH\ GHFRPSRVHG WKH H[SHU�

LPHQWDOO\ REVHUYHG EURDG OXPLQHVFHQFH EDQG XVLQJ PDWKHPDWLFDO PHWKRGV LQWR WKH GLIIHUHQW

VXE�EDQGV� +RZHYHU� VXFK D PHWKRG LV VHQVLWLYH WR WKH LQLWLDO SDUDPHWHUV DQG GHSHQGV DOVR

RQ WKH H[DFW ¿WWLQJ SURFHGXUH� 7KH .KDUNRY JURXS DOVR XVHG GHFRPSRVLWLRQ LQWR VXE�EDQGV

>62**��@� 7KH\ LQYHVWLJDWHG WKH UHG VKLIW RI WKH OXPLQHVFHQFH EDQG GXULQJ LUUDGLDWLRQ

RI WKH VDPSOH DVVXPLQJ WKDW WKH 67( EDQG LV D VXP RI WZR JDXVVLDQ VXE�EDQGV� 67( DW D

¶SHUIHFW FU\VWDO VLWH¶ DQG 67( DVVRFLDWHG ZLWK D GHIHFW >62**��� )62*��@� ,Q WKHLU LQWHU�
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WK 5 67 6 D 798
;H�FRQQHFWHG
EDQGV

)LJXUH ���� �D� /XPLQHVFHQFH VSHFWUXP RI ¶JRRG TXDOLW\¶ .U VDPSOH �VDPSOH��� SXULW\ RI WKH

JDV ������ �� OHVV WKDQ � SSP ;H�� �E� /XPLQHVFHQFH VSHFWUXP RI VROLG .U ZLWK ;H LPSXULW\

�VDPSOH ���� %RWK VSHFWUD ZHUH H[FLWHG E\ ����� H9 SKRWRQV DW � . DQG PHDVXUHG ZLWK WKH

KLJK�UHVROXWLRQ 989�� PRQRFKURPDWRU �UHVROXWLRQ {b ��� c��
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SUHWDWLRQ� WKH UHG VKLIW LV GXH WR WKH LQFUHDVH RI WKH LQWHQVLW\ RI WKH 67( OXPLQHVFHQFH EDQG

QHDU FU\VWDO GHIHFWV� 7KH .KDUNRY JURXS FRQVLGHUHG RQO\ HIIHFWV RI WKH VDPSOH VWUXFWXUH� EXW

LJQRUHG WKH UROH RI ;H�LPSXULW\ DW WKH KLJK HQHUJ\ VLGH RI WKH 67(�

,W LV LPSRUWDQW WR HPSKDVL]H WKDW WKH ZLGWK RI WKH 67( OXPLQHVFHQFH EDQG GHSHQGV RQ

WKH W\SH RI H[FLWDWLRQ� 3KRWRH[FLWDWLRQ LQ WKH H[FLWRQLF UHJLRQ JLYHV D QDUURZHU 67( EDQG

FRPSDUHG WR DQ H[FLWDWLRQ ZKLFK FUHDWHV HOHFWURQ�KROH SDLUV� 0RVW SUREDEO\� DQ LQFUHDVH RI

WKH GHIHFWV DFFRPSDQLHG ZLWK KLJK�HQHUJ\ H[FLWDWLRQ VRXUFHV OHDGV WR WKH ULVH RI WKH LQWHQVLW\

RI WKH GHIHFW�UHODWHG VXE�EDQG�

5HIHUHQFH &RPPHQWV 3RVLWLRQ ):+0 ([FLWDWLRQ � � �

�H9� �PH9�

>9DU��@ ¿WWLQJ UHVXOW ���� ��� �D ����� H9

>62**��@ ¶SXUH¶ 67( EDQG �¿W� ��� ��� ( �  � NH9

>...���@ PRQRFU\VWDO ������ FP
�
� ��� ��� [�UD\

7KLV ZRUN
� �

¶JRRG TXDOLW\¶ �1R� ��� ���� ��� �D ����� H9

7KLV ZRUN
�

¶JRRG TXDOLW\¶ �1R� ��� ���� ��� �D ����� H9

>62**��@ ¶GHIHFW¶ 67( EDQG �¿W� ���� ��� ( �  � NH9

7KLV ZRUN
� �

¶VQRZ�OLNH¶ �1R� ��� ���� ��� �D ����� H9

7KLV ZRUN
�

¶VQRZ�OLNH¶ �1R� ��� ���� ��� �D ����� H9

>)%<6��@ SUREDEO\ ¶VQRZ�OLNH¶ ���� ��� ( �  ��� NH9

7DEOH ���� $ FROOHFWLRQ RI H[SHULPHQWDO GDWD IRU 67( OXPLQHVFHQFH EDQG RI VROLG .U�
�
0HDVXUHG ZLWK WKH KLJK�ÀX[ PRQRFURPDWRU 989���

� �
0HDVXUHG ZLWK WKH KLJK�UHVROXWLRQ

PRQRFKURPDWRU 989���
	 	 	

KD PHDQV WKH SKRWRQ HQHUJ\ DQG ( 
 LV WKH HQHUJ\ RI WKH HOHFWURQ

EHDP�

'LIIHUHQWO\ IURP VHYHUDO VWXGLHV RI WKH .KDUNRY JURXS� WKH VDPSOH ¶TXDOLW\¶ HIIHFWV ZHUH

REVHUYHG PRUH SUHFLVHO\ LQ WKLV ZRUN� 7ZR GLIIHUHQW NLQGV RI VDPSOHV ZHUH SUHSDUHG � ¶JRRG

TXDOLW\¶ �H�J� VDPSOH ��� )(�67( UDWLR ���� DQG ¶VQRZ�OLNH¶ �ZLWK LUUHJXODU PDFURVFRSLF

FU\VWDO VWUXFWXUH FRQVLVWLQJ RI WKH WLQ\ FU\VWDOOLWHV DQG ORRNV OLNH VQRZ LQ YLVXDO REVHUYDWLRQ�

H�J� VDPSOH ���� 3UDFWLFDOO\ ;H LPSXULW\ IUHH .U JDV ZDV XVHG DV ZHOO� 7KH 67( OXPLQHV�

FHQFH IRU ERWK NLQGV RI VDPSOHV ZDV PHDVXUHG XQGHU VLPLODU FRQGLWLRQV� 7KH 67( HPLVVLRQ

EDQGV RI WKHVH VDPSOHV DUH GHSLFWHG LQ ¿JXUH ���� ,Q WKH ¶VQRZ�OLNH¶ VDPSOH WKH 67( OX�

PLQHVFHQFH EDQG FDQ EH UHSUHVHQWHG ZLWK RQO\ RQH� EXW UDWKHU EURDG JDXVVLDQ� 3HUWXUEHG

67( LQ D ¶VQRZ�OLNH¶ VDPSOH FDQ RFFXS\ VHYHUDO VLWHV ZLWK GLIIHUHQW PLFURVFRSLF QHLJKERXU�

KRRG� 7KH GLVWULEXWLRQ RI WKHVH VLWHV ZLWK GLIIHUHQW ORFDO JHRPHWU\ IRU WKH SHUWXUEHG 67(

FDQ EH UHVSRQVLEOH IRU WKH EURDG JDXVVLDQ�VKDSH OXPLQHVFHQFH EDQG� +RZHYHU� WKH VLWXDWLRQ

ZLWK D ¶JRRG TXDOLW\¶ VDPSOH LV DOVR QRW SHUIHFW� EHFDXVH WKH VWUXFWXUH RI D UHDO FU\VWDO LV
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VQRZ�OLNH


VDPSOH

J &'&)(+*-, DOL\ .
VDPSOH

)LJXUH ���� 7LPH�LQWHJUDWHG 67( OXPLQHVFHQFH VSHFWUD IRU D ¶VQRZ�OLNH¶ VDPSOH �VDPSOH ���

DQG D ¶JRRG TXDOLW\¶ VDPSOH �VDPSOH ��� )(�67( SHDN�WR�SHDN UDWLR ����� H[FLWHG E\ �����

H9 SKRWRQV� $ GHFRPSRVLWLRQ LQWR WZR JDXVVLDQV LV DOVR VKRZQ IRU ¶JRRG TXDOLW\¶ VDPSOH�

QHYHU GHIHFW IUHH� 7KH OXPLQHVFHQFH EDQG RI D ¶JRRG TXDOLW\¶ VDPSOH LQFOXGHV EHVLGH WKH

67( OXPLQHVFHQFH DW SHUIHFW VXUURXQGLQJ DOVR VRPH FRQWULEXWLRQ IURP WKH 67( QHDU GHIHFWV�

7DNLQJ LQWR DFFRXQW WKH PD[LPXP DQG WKH ZLGWK RI WKH ¶GHIHFW¶ OXPLQHVFHQFH EDQG IURP D

¶VQRZ�OLNH¶ VDPSOH� LW LV SRVVLEOH WR VHSDUDWH WKLV VPDOO ¶GHIHFW¶ SDUW ���� SHU FHQW IURP WKH

LQWHJUDO EDQG LQWHQVLW\ LQ VDPSOH ��� VHH )LJ� ����� $V D UHVXOW� WKH SRVLWLRQ RI WKH PD[LPXP

DQG ZLGWK RI WKH 67( EDQG LQ D ¶JRRG TXDOLW\¶ VDPSOH ZDV GHWHUPLQHG ZLWK KLJKHU SUHFLVLRQ�

1XPHULFDO YDOXHV IRU WKH ORFDWLRQ RI WKH PD[LPXP DQG ZLGWK RI WKH OXPLQHVFHQFH EDQG

REWDLQHG LQ WKLV ZRUN DUH JLYHQ LQ WDEOH ���� )RU WKH ¿UVW WLPH� LW LV FOHDUO\ GHPRQVWUDWHG�

WKDW WKH 67( OXPLQHVFHQFH EDQG QHDU GHIHFWV LV VKLIWHG ����� H9 WR WKH ORZHU HQHUJ\ VLGH

DQG LW LV DOVR EURDGHU WKDQ WKH HPLVVLRQ EDQG RI 67( LQ WKH SHUIHFW ODWWLFH� 5HVXOWV RI WKH

SUHVHQW ZRUN DUH SUDFWLFDOO\ IUHH IURP DQ XQFHUWDLQW\ FDXVHG E\ WKH WZR JDXVVLDQ ¿W RI WKH

EURDG OXPLQHVFHQFH EDQG ZLWK QRW ZHOO GH¿QHG LQLWLDO SDUDPHWHUV� 'XH WR WKH HVSHFLDOO\

SXUFKDVHG KLJK�SXULW\ .U� WKH SUHVHQW ZRUN LV QRW VXIIHULQJ IURP WKH GLVWXUEDQFHV LQGXFHG

E\ ;H LPSXULW\�
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��� 6KDSH RI WKH 67( OXPLQHVFHQFH

$ GHWDLOHG LQYHVWLJDWLRQ RI WKH 67( OXPLQHVFHQFH EDQG VKRZV� WKDW LQ WKH FDVH RI D

¶JRRG TXDOLW\¶ VDPSOH ZLWK D YHU\ VPDOO DPRXQW RI ;H LPSXULW\ WKH KLJK�UHVROXWLRQ OXPL�

QHVFHQFH VSHFWUD \LHOGV VPDOO SHFXOLDULWLHV LQ WKH UHJLRQ ��� ��� ��� H9 �LQVHW LQ )LJ� �����

9HU\ UHFHQW FDOFXODWLRQV E\ 6HOJ DQG +L]KQ\DNRY RIIHU D JRRG H[SODQDWLRQ IRU VXFK D SHFX�

OLDULW\ LQ VROLG ;H >6+. � ��@� 7KH 67( OXPLQHVFHQFH VSHFWUXP IRU VROLG ;H ZDV FDOFXODWHG

LQ D TXDQWXPPHFKDQLFDO DSSURDFK� WKH H[FLWHG VWDWH DV ZHOO DV JURXQG VWDWH ZHUH UHSUHVHQWHG

XVLQJ PROHFXODU�W\SH ZDYH IXQFWLRQV�

3KRW ��� HQHU ��� �H9�
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VROL G ;H�
FDOFXODWLRQ

VROL H .U�
H[SHULPHQW

)LJXUH ���� &DOFXODWHG WLPH�HYROXWLRQ RI WKH VSHFWUDO VKDSH RI WKH VLQJOHW FRPSRQHQW RI

WKH 67( OXPLQHVFHQFH LQ VROLG [HQRQ >6+.���@� 'LIIHUHQW FXUYHV VKRZ WKH HYROXWLRQ RI

OXPLQHVFHQFH EHWZHHQ H[FLWDWLRQ DW W � QV DQG WLPH W� LQGLFDWHG E\ D QXPEHU DERYH WKH

UHVSHFWLYH FXUYH� ,QVHW� $ KLJK�UHVROXWLRQ WLPH�LQWHJUDWHG OXPLQHVFHQFH VSHFWUXP RI WKH

67( LQ VROLG .U� H[FLWHG E\ ����� H9 SKRWRQV�

)LJ� ��� GHSLFWV FDOFXODWHG OXPLQHVFHQFH VSHFWUD IRU WKH VLQJOHW FRPSRQHQW RI WKH 67(

OXPLQHVFHQFH LQ VROLG [HQRQ DW YDULRXV WLPH�PRPHQWV DIWHU H[FLWDWLRQ� $ GHOWD�IXQFWLRQ OLNH

H[FLWDWLRQ DW WLPH ]HUR WR WKH KLJKHVW YLEUDWLRQ OHYHOV RI ;H IJ FHQWHU MXVW EHORZ )( HQHUJ\ ZDV

DVVXPHG� 'LIIHUHQW FXUYHV LQ )LJ� ��� UHSUHVHQW WKH VXFFHVVLYH HYROXWLRQ RI OXPLQHVFHQFH

DIWHU HDFK QV� $V LW LV FOHDUO\ GHPRQVWUDWHG LQ )LJ� ���� D SHFXOLDULW\ DW ��� H9 H[LVWV LQ WKH

HPLVVLRQ VSHFWUXP� 'HWDLOHG FDOFXODWLRQV DVVLJQHG WKLV SHFXOLDULW\ WR WUDQVLWLRQV IURP WKH

ORZHVW YLEUDWLRQDO OHYHOV Q �������� RI WKH H[FLWHG VWDWH WR WKH JURXQG VWDWH >6+. K ��@�
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6XFK HIIHFWV FDQ RFFXU DOVR LQ VROLG .U� EXW ZLWK VOLJKWO\ GLIIHUHQW VKDSH� GXH WR WKH

GLIIHUHQW SRWHQWLDO FXUYHV� 7KHUHIRUH� WKH REVHUYHG SHFXOLDULW\ LQ VROLG .U �LQVHW LQ )LJ� ����

KDV PRVW OLNHO\ WKH VDPH RULJLQ DV VKRZQ E\ FDOFXODWLRQ IRU VROLG ;H� 7KH SHFXOLDULW\ LQ

WKH HPLVVLRQ VSHFWUD RI VROLG .U LV OHVV SURQRXQFHG WKDQ LQ FDOFXODWHG HPLVVLRQ VSHFWUD�

VLQFH WLPH�LQWHJUDWHG OXPLQHVFHQFH VSHFWUD LQFOXGH EHVLGHV WKH 67( VLQJOHW FRPSRQHQW DOVR

HPLVVLRQ IURP WKH ORQJ�OLYLQJ WULSOHW VWDWH� 7KH SHFXOLDULW\ DW ��� ��� ��� H9 LV DOVR WR D FHUWDLQ

H[WHQW VDPSOH�VHQVLWLYH DQG QRW ZHOO�SURQRXQFHG LQ DOO VDPSOHV�

$QRWKHU SRVVLELOLW\ KDV WR EH FRQVLGHUHG DV ZHOO� 1DPHO\� WKH SHFXOLDULW\ DW ��� ���

��� H9 FDQ EH FRQQHFWHG ZLWK VHQVLWLYLW\ YDULDWLRQ RI WKH 989 VHQVLWLYH 36' DW GLIIHUHQW

ZDYHOHQJWKV� 7KHUHIRUH� WKH SUREOHP QHHGV DGGLWLRQDO KLJK�UHVROXWLRQ WLPH�UHVROYHG LQYHV�

WLJDWLRQV�

��� 5HÀHFWLRQ VSHFWUD

5HÀHFWLRQ VSHFWUD RI VROLG .U KDYH EHHQ PHDVXUHG VHYHUDO WLPHV E\ GLIIHUHQW JURXSV LQ

WKH SDVW� IRU H[DPSOH� +DHQVHO HW DO� >+.. � ��@ DQG 6DLOH >6DL��� 6DL��@� 0RVW SUREOHPV

LQ UHÀHFWLYLW\ PHDVXUHPHQWV RI 5*6 DUH FRQQHFWHG ZLWK VDPSOH ¶TXDOLW\¶� 7KH VWUXFWXUH RI

WKH VDPSOH DQG SDUWLFXODUO\ RI LWV VXUIDFH� WKH WKLFNQHVV DQG WKH WHPSHUDWXUH RI WKH VDPSOH�

VXUIDFH FRQWDPLQDWLRQ� HWF� FDQ VHULRXVO\ LQÀXHQFH UHÀHFWLYLW\� 7KH ¶TXDOLW\¶ RI WKH VDP�

SOHV SUHSDUHG LQ WKLV ZRUN LV VLJQL¿FDQWO\ LPSURYHG DV FRPSDUHG ZLWK HDUOLHU VWXGLHV� $OVR

YDFXXP FRQGLWLRQV� HVSHFLDOO\ LPSRUWDQW IRU UHÀHFWLRQ PHDVXUHPHQWV� ZHUH FRQVLGHUDEO\

EHWWHU� 7KHUHIRUH� EHVLGH OXPLQHVFHQFH PHDVXUHPHQWV� DOVR QHZ KLJK�UHVROXWLRQ UHÀHFWLRQ

PHDVXUHPHQWV ZHUH SHUIRUPHG GXULQJ WKLV ZRUN� 7KHVH GDWD SHUPLW WR GHWHUPLQH PRUH DF�

FXUDWH VHYHUDO YDOXHV RI H[FLWRQ FKDUDFWHULVWLFV LQ VROLG NU\SWRQ� $OVR VRPH QHZ DVSHFWV RI

WKH H[FLWRQ�SRODULWRQ QDWXUH RI WKH ? � DQG ?¶ � H[FLWRQV ZLOO EH GLVFXVVHG RQ WKH EDVLV RI

QHZ KLJK�UHVROXWLRQ UHÀHFWLRQ GDWD LQ WKLV VHFWLRQ�

)LJ� ��� GHSLFWV D W\SLFDO UHÀHFWLRQ VSHFWUXP RI VROLG NU\SWRQ� 7KLV VSHFWUXP ZDV

PHDVXUHG IURP VDPSOH �� XVLQJ WKH 3W JUDWLQJ ZLWK D UHVROXWLRQ {b ��� c� ,Q WKLV ¿JXUH�

ERWK H[FLWRQ VHULHV DQG WKH SRVLWLRQ RI WKH EDQG JDS DUH GHQRWHG E\ DUURZV� 7KH PHPEHUV

RI WKH KE
�
� � H[FLWRQ VHULHV DUH PDUNHG ZLWK Q ������� DQG WKH PHPEHUV RI WKH VSLQ�RUELW

VSOLWHG KE
�

� � VHULHV ZLWK Q¶ ������ ,W LV LPSRUWDQW WR QRWH� WKDW Q � DQG Q¶ � PDUN WUDQVYHUVDO

H[FLWRQV DQG / DQG /¶ UHVSHFWLYH ORQJLWXGLQDO H[FLWRQV� 6XUIDFH H[FLWRQ LV GHVLJQDWHG ZLWK

V� 7KH VDPH QRWDWLRQ LV XVHG DOVR KHQFHIRUWK� 7KH SRVLWLRQ RI WKH Q � H[FLWRQ LV WDNHQ IURP

WKH KLJK�UHVROXWLRQ OXPLQHVFHQFH PHDVXUHPHQWV >9DU��@� 'HWHFWLRQ RI WKH H[DFW SRVLWLRQ RI

Q¶ � H[FLWRQ� DV ZHOO DV ORQJLWXGLQDO H[FLWRQV / DQG /¶ LV QRW WULYLDO� 7KHUHIRUH� WKH HQHUJHWLF

SRVLWLRQV RI WKH Q¶ �� / DQG /¶ LQ )LJ� ��� DUH HVWLPDWHV�
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)LJXUH ���� 5HÀHFWLRQ VSHFWUXP RI VROLG .U �VDPSOH ��� 7 � .�� PHDVXUHG ZLWK WKH 3W JUDW�

LQJ �{b ��� c�� 7KH SRVLWLRQ RI WKH Q � H[FLWRQ LV WDNHQ IURP WKH KLJK�UHVROXWLRQ OXPLQHV�

FHQFH PHDVXUHPHQWV >9DU��@� SRVLWLRQV RI WKH Q¶ �� / DQG /¶ DUH HVWLPDWHV�
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)LJXUH ���� &DOFXODWHG UHÀHFWLYLW\ FXUYHV IRU WKH H[FLWRQ�SRODULWRQ� 2Q WKH OHIW� WKH VLPSOHVW

H[FLWRQ�SRODULWRQ PRGHO QHJOHFWLQJ WKH GLVSHUVLRQ RI WKH H[FLWRQ >.OL��@� 2Q WKH ULJKW� D

PRGHO FDOFXODWLRQ LQFOXGLQJ H[FLWRQ GLVSHUVLRQ IRU WKH VSHFLDO FDVH RI WKH Q � H[FLWRQ LQ

VROLG ;H >.6��@� ( � PHDQV HQHUJ\ RI WKH ORQJLWXGLQDO H[FLWRQ DQG ( � LV HQHUJ\ RI WKH
WUDQVYHUVDO H[FLWRQ�



7171 Uh hfwlrq vshfwud ;6

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

�����

���! 

" # $ % % & # ' ( ) *

+�,�-

.�/10

.�/10

2
3�4�5

6

798 :<; =?>

=@�A<B

C DE F
DG
H E I
J KL
MON
PDH
E GQ

RTS9UWVXUWY[Z\Y9Z\]_^W`bacZedgf

hih�j kil hih�j k�k

)LJXUH ���� +LJK�UHVROXWLRQ UHÀHFWLRQ VSHFWUXP RI VROLG .U �VDPSOH ��� 7 � .�� PHDVXUHG

ZLWK $O JUDWLQJ �{b ��� c�� 7KH LQVHW VKRZV ? � DQG ? � H[FLWRQV LQ ODUJH VFDOH� )RU WKH

¿UVW WLPH� WKH ? � H[FLWRQ ZDV REVHUYHG�

'LIIHUHQWO\ IURP WKH VKDUS PD[LPD RI Q�� DQG Q¶�� H[FLWRQV� WKH UHÀHFWLRQ SHDNV RI

WKH Q'� DQG Q¶'� H[FLWRQV DUH VLJQL¿FDQWO\ EURDGHQHG� 7KLV KDSSHQV GXH WR WKH ZHOO�NQRZQ

WUDQVYHUVDO�ORQJLWXGLQDO VSOLWWLQJ� GLVFXVVHG LQ HDUOLHU SDSHUV >.6��� )*6��� =LP��@� )LJ�

��� VKRZV WKH UHVXOWV IURP WZR PRGHO FDOFXODWLRQV IRU WKH OLQH�VKDSH RI UHÀHFWLRQ SHDN RI

H[FLWRQ�SRODULWRQ� 7KH UHÀHFWLYLW\� VKRZQ RQ WKH OHIW� LV FDOFXODWHG IRU WKH VLPSOHVW H[FLWRQ�

SRODULWRQ PRGHO QHJOHFWLQJ WKH GLVSHUVLRQ RI WKH H[FLWRQ� 7KH VLWXDWLRQV ZLWKRXW GDPSLQJ

�� �� DQG ZLWK � GLIIHUHQW GDPSLQJ FRHI¿FLHQWV �� m 	� n 	� o � >.OL��@ DUH VKRZQ� $ UHVXOW

RI D PRGHO FDOFXODWLRQ E\ .LQN DQG 6HOJ IRU WKH VROLG ;H Q � H[FLWRQ �LQFOXGLQJ H[FLWRQ

GLVSHUVLRQ� LV GHPRQVWUDWHG RQ WKH ULJKW >.6��@� $V )LJ� ��� GHPRQVWUDWHV� LW LV GLI¿FXOW

WR ¿QG H[DFW HQHUJHWLF SRVLWLRQV RI WKH WUDQVYHUVDO �Q'�� Q¶'�� DQG ORQJLWXGLQDO H[FLWRQV

�u DQG u¶� GLUHFWO\ IURP WKH UHÀHFWLRQ VSHFWUD� ,Q SULQFLSOH� PRUH DFFXUDWH YDOXHV IURP WKH

UDWKHU FRPSOLFDWHG PRGHO FDOFXODWLRQV FDQ EH REWDLQHG >.6��@�

5HÀHFWLRQ VSHFWUD ZLWK ERWK� DOXPLQLXP DQG SODWLQXP JUDWLQJ ZHUH PHDVXUHG GXULQJ

WKLV ZRUN� 7KH DOXPLQLXP JUDWLQJ RIIHUV KLJKHU LQWHQVLW\ RI LQFLGHQW OLJKW LQ WKH VSHFWUDO

UHJLRQ EHORZ ��� H9 DQG KDV SUDFWLFDOO\ QR XVDEOH LQWHQVLW\ DERYH ��� H9 �VHH )LJ� �����

7KHUHIRUH� IRU VROLG .U WKH DOXPLQLXP JUDWLQJ RIIHUV XQLTXH SRVVLELOLW\ WR ZRUN DOPRVW ZLWK�

RXW KLJKHU GLIIUDFWLRQ RUGHUV RI H[FLWLQJ OLJKW� )LJ� ��� SUHVHQWV D KLJK�UHVROXWLRQ UHÀHFWLRQ

VSHFWUXP RI WKH H[FLWRQ UHJLRQ� 7KLV VSHFWUXP ZDV UHFRUGHG ZLWK WKH DOXPLQLXP JUDWLQJ
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VDPSOH �� VDPSOH �� VDPSOH �� PHDQ

5HVROXWLRQ �c� ���� ��� ��� YDOXH � �

6DPSOH WHPSHUDWXUH �.� � � � �URXQGHG�

([FLWRQ LGHQWL¿FDWLRQ

9ROXPH Q � ������
�

�����
�

Q � ������ ������ ����� �����

Q � ������ ������ ����� �����

Q � ������ ������ ����� �����

Q � � ������ � �����

Q¶ � ������ � ������ �����

Q¶ � ������ � ������ �����

VXUIDFH Q � � ����� � ����

Q¶ � � ������ ����� �����

7DEOH ���� (QHUJHWLF SRVLWLRQV RI WKH ORFDWLRQ RI WKH ZHOO�GH¿QHG UHÀHFWLRQ SHDNV IRU WKUHH

GLIIHUHQW VDPSOH DQG PHDQ YDOXHV� 'XH WR WKH ORQJLWXGLQDO�WUDQVYHUVH VSOLWWLQJ� ¶H[DFW¶ SR�

VLWLRQV RI WKH Q¶ �� / DQG /¶ FDQ QRW EH GLUHFWO\ GHWHUPLQHG IURP WKH H[SHULPHQW DQG DUH

WKHUHIRUH PLVVLQJ KHUH�
�
(QHUJ\ RI WKH Q � H[FLWRQ VWHPV IURP WKH OXPLQHVFHQFH PHDVXUH�

PHQWV >9DU��@�
� �
(UURU RI WKH PHDQ YDOXHV LV SUHGLFWHG WR EH �� PH9 RU VPDOOHU�

�VDPSOH ��� UHVROXWLRQ {b ��� c�� 7KH ZHOO SURQRXQFHG Q � PHPEHU RI WKH :DQQLHU VHULHV

LV REVHUYHG IRU WKH ¿UVW WLPH� 7KH REVHUYDWLRQ RI D QHZ PHPEHU RI WKH H[FLWRQ VHULHV ZDV

SRVVLEOH GXH WR WKH KLJK VDPSOH ¶TXDOLW\¶ DQG YHU\ JRRG YDFXXP FRQGLWLRQV DW WKH 683(5�

/80, VHW�XS�

7KH SRVLWLRQV RI ZHOO�GH¿QHG UHÀHFWLRQ SHDNV IURP WKUHH GLIIHUHQW VDPSOHV DQG PHDQ

YDOXHV DUH FROOHFWHG LQ WDEOH ���� $V VWDWHG DERYH� LW LV QRW SRVVLEOH WR ¿QG WKH SDUWLFXODU

YDOXHV IRU WKH Q¶ �� / DQG /¶ GLUHFWO\ IURP WKH UHÀHFWLRQ VSHFWUD DQG WKHUHIRUH WKHLU SRVLWLRQV

DUH H[FOXGHG IURP WDEOH ���� 7KH HVWLPDWHG HUURU RI PHDQ YDOXHV LV QRW PRUH WKDQ �� PH9�

$FFRUGLQJ WR WKHRU\� WKH H[FLWRQV ZLWK PDLQ TXDQWXP QXPEHU Q�� DUH :DQQLHU�W\SH

H[FLWRQV �HQHUJ\ JLYHQ ZLWK (T� ����� 7KH Q � H[FLWRQ LV FODVVL¿HG DV ¶LQWHUPHGLDWH H[FL�

WRQ¶ >=LP��@� 2QH UHDVRQ LV WKDW WKH Q � H[FLWRQ HQHUJ\� GHWHUPLQHG IURP WKH UHÀHFWLRQ

VSHFWUXP� FDQ QRW UHSUHVHQWHG DV D PHPEHU RI WKH :DQQLHU VHULHV�

%XW HQHUJ\ RI WKH Q � H[FLWRQ FDQ EH WDNHQ IURP WKH OXPLQHVFHQFH PHDVXUHPHQW DQG

Q�� H[FLWRQ HQHUJLHV IURP WKH UHÀHFWLYLW\ PHDVXUHPHQW� ,Q VXFK D FDVH� SORWWLQJ WKHVH HQ�

HUJHWLF SRVLWLRQV DV D IXQFWLRQ RI ��Q
�
� LW LV VKRZQ� WKDW DOO PHPEHUV RI WKH VHULHV FDQ EH

GHVFULEHG E\ WKH :DQQLHU IRUPXOD �(T� ����� $Q DQDORJRXV UHVXOW LV DOVR YDOLG IRU VROLG ;H
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)LJXUH ���� ([FLWRQ HQHUJLHV RI WKH KE
( ) � VHULHV DV D IXQFWLRQ RI ��Q

*
IRU GDWD IURP WKUHH

GLIIHUHQW VDPSOHV� $ OLQHDU UHJUHVVLRQ LV VKRZQ DV ZHOO�

>6WH��@� $W ¿UVW VLJKW� WKH QHZ UHVXOW H[FOXGHV D QHHG IRU �DW OHDVW IRU WKH KHDY\ 5*6 OLNH

;H DQG .U� DOO WKHRULHV GHYHORSHG WR H[SODLQ WKH GHYLDWLRQ RI WKH HQHUJHWLF SRVLWLRQ RI WKH

Q � H[FLWRQ IURP WKH :DQQLHU PRGHO� 1HYHUWKHOHVV� WKH :DQQLHU UDGLXV RI Q � H[FLWRQV LV

VPDOOHU WKDQ WKH GLVWDQFH EHWZHHQ QHDUHVW QHLJKERXUV LQ DOO 5*6 �LQ VROLG .U� :DQQLHU UD�

GLXV LV ���� c DQG Q�Q� GLVWDQFH LV ���� c� UHVSHFWLYHO\� DQG WKHUHIRUH WKH H[FOXVLRQ RI WKH

¶LQWHUPHGLDWH H[FLWRQ¶ PRGHO KDV WR EH WDNHQ ZLWK FDUH�

$ JUDSKLFDO SUHVHQWDWLRQ RI WKH H[FLWRQ HQHUJLHV YHUVXV ��Q
+
SHUPLWV WR ¿QG WKH ELQGLQJ

HQHUJ\ � , RI WKH :DQQLHU H[FLWRQ DQG WKH EDQG JDS HQHUJ\ ( - XVLQJ D VLPSOH OLQHDU UHJUHV�
VLRQ� 6XFK D OLQHDU UHJUHVVLRQ IRU GDWD IURP � GLIIHUHQW VDPSOHV LV VKRZQ LQ )LJ� ���� ,Q WKLV

¿JXUH� WKH HQHUJ\ RI WKH Q'� H[FLWRQ LV WDNHQ IURP OXPLQHVFHQFH H[SHULPHQW >9DU��@ DQG

HQHUJLHV RI WKH Q�� H[FLWRQV IURP UHÀHFWLRQ PHDVXUHPHQWV� 7KH QXPHULFDO UHVXOWV RI WKH

OLQHDU UHJUHVVLRQ DUH SUHVHQWHG LQ WDEOH ���� 7KHUH DUH DOVR UHVXOWV RI WKH OLQHDU ¿W ZLWKRXW

DQG LQFOXGLQJ WKH Q � H[FLWRQ� 5HVXOWV DUH YHU\ VLPLODU LQ ERWK FDVHV� 7KH UHGXFHG PDVV RI

WKH H[FLWRQ > FDQ EH FDOFXODWHG IURP WKH H[FLWRQ ELQGLQJ HQHUJ\ � . � 7KH UHGXFHG PDVV LV
JLYHQ E\ �6, V\VWHP�

> ' � . H0
/
0 0

12 � 3
e
4 c �����
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KE
�
� � H[FLWRQ VHULHV Q4�

�
Q4�

%LQGLQJ HQHUJ\ � � �H9� ����	���� ����	����

%DQG JDS HQHUJ\ . � �H9� �����	���� �����	����

5HGXFHG PDVV RI WKH H[FLWRQ > �6 � � �����	���� �����	����

KE
�

� � H[FLWRQ VHULHV Q¶ ���
� �

%LQGLQJ HQHUJ\ �¶ 	 �H9� ����	����

,RQL]DWLRQ OLPLW RI H[FLWRQ VHULHV .¶ 
 �H9� �����	����

5HGXFHG PDVV RI WKH H[FLWRQ >¶ �6 � � ����	����

6SLQ�RUELW VSOLWWLQJ { .� �.¶ � �H9� ����	����

7DEOH ���� 1HZ YDOXHV REWDLQHG LQ WKH SUHVHQW ZRUN IRU WKH ELQGLQJ HQHUJ\ RI H[FLWRQV DQG

IRU WKH UHGXFHG PDVV RI H[FLWRQV �LQ WKH FDVH RI IXOO VHULHV DQG VHULHV ZLWKRXW ¿UVW PHP�

EHU��


$V HQHUJ\ IRU WKH Q � H[FLWRQ LV XVHG )( OXPLQHVFHQFH HQHUJ\ IURP >9DU��@�

� �
6LQFH

GDWD RULJLQDWH RQO\ IURP WZR REVHUYHG H[FLWRQ SHDNV� SRVVLEOH HUURUV DUH VLJQL¿FDQWO\ ODUJHU

FRPSDUHG WR WKH RWKHU FDVHV�

ZKHUH � LV WKH 3ODQFN¶V FRQVWDQW� e LV WKH HOHPHQWDU\ FKDUJH� 0 � LV WKH GLHOHFWULF FRQVWDQW DQG

0 � LV WKH GLHOHFWULF SHUPLWWLYLW\ RI WKH PHGLXP� $IWHU LQVHUWLQJ WKH SK\VLFDO FRQVWDQWV� WKH

H[SUHVVLRQ IRU WKH YDOXH RI WKH UHGXFHG PDVV > LV

>d6 � o ' � � deT o � 0
�

� � f�f.�ec �����

ZKHUH � � LV H[SUHVVHG LQ H9� > LQ IUHH HOHFWURQ PDVV DQG 0 �  ���� IRU VROLG NU\SWRQ� 6LQFH

WKH 0 � LV QRW D IXQGDPHQWDO FRQVWDQW DQG WKH GLIIHUHQW YDOXHV DUH XVHG IRU 0 � LQ WKH OLWHUDWXUH�

LW LV QRW LQFOXGHG LQWR WKH QXPHULFDO FRQVWDQW LQ (T� ���� )URP WKH UHGXFHG PDVV > RI

H[FLWRQ LW LV DOVR SRVVLEOH WR HVWLPDWH WKH H[FLWRQ UDGLL �VHH (T� ����� $ UHGXFHG PDVV YDOXH

> ������	������P � JLYHV D UDGLXV IRU WKH Q � H[FLWRQ ����	���� c� ZKLFK LV VPDOOHU WKDQ

WKH GLVWDQFH EHWZHHQ QHDUHVW QHLJKERXUV LQ .U ODWWLFH ����� c�� 7KH FDOFXODWHG UDGLXV IRU WKH

Q � H[FLWRQ LV ����	��� c� +RZHYHU� WKH HUURU EDUV IRU WKH UDGLL RI H[FLWRQV �HVSHFLDOO\ IRU

WKH Q � H[FLWRQ� DUH SUREDEO\ XQGHUHVWLPDWHG GXH WR WKH UHVWULFWLRQV RI WKH :DQQLHU PRGHO�

7KH ELQGLQJ HQHUJ\ � � ¶ DQG UHGXFHG PDVV >¶ IRU KE
�

� � H[FLWRQV ZHUH DQDORJRXVO\ FDO�

FXODWHG IURP WKH UHÀHFWLRQ GDWD RI KE
�

� � H[FLWRQ VHULHV� 7KH GLIIHUHQFH EHWZHHQ .� DQG .¶ �

JLYHV D YDOXH IRU VSLQ�RUELW VSOLWWLQJ { �VHH WDEOH ����� ,Q WKH FDVH RI WKH IUHH .U DWRP� WKH

VSLQ�RUELW VSOLWWLQJ LV ���� H9 >6.-��@�

6RPH YDOXHV RI WKH ELQGLQJ HQHUJ\ DQG UHGXFHG PDVV RI WKH H[FLWRQV IRU VROLG NU\SWRQ

IURP OLWHUDWXUH DV ZHOO UHVXOWV RI WKLV ZRUN DUH SUHVHQWHG LQ WDEOH ���� 7KH GDWD RI WKLV ZRUN�

PHDVXUHG ZLWK YHU\ JRRG VSHFWUDO UHVROXWLRQ� DUH D JRRG EDVLV IRU REWDLQLQJ KLJK SUHFLVLRQ
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5HIHUHQFH >%DO��@ >5|V��@ >6DL��@ 3UHVHQW ZRUN

0HWKRG DEVRUSWLRQ WKHRU\ DEVRUSWLRQ UHÀHFWLRQ

7HPSHUDWXUH �.� �� �

� � �H9� ���� ���� ����	����

.� �H9� ����� ����� ����� �����	����

> P � ���� � ���� ���� �����	����

�¶ � �H9� ���� � � ���� � � � ����	���� � � �

.¶ � �H9� ����� � � ����� ����� � � � �����	���� � � �

>¶ P � ���� � ���� ����	����

{ .¶ � �.� �H9� ���� ���� ���� ����	����

7DEOH ���� $ FROOHFWLRQ RI WKH SDUDPHWHUV IRU H[FLWRQ VHULHV LQ VROLG .U IURP OLWHUDWXUH�

5HVXOWV RI WKH SUHVHQW ZRUN DUH DOVR VKRZQ�
�
%DOGLQL XVHG YDOXH 0 �  �����

� �
2Q WKH EDVLV RI

Q¶ � DQG Q¶ � H[FLWRQV�
� � �
2Q WKH EDVLV RI Q¶ � DQG Q¶ � H[FLWRQV�

YDOXHV RI H[FLWRQ SDUDPHWHUV� 7KHUHIRUH� LW LV UHDVRQDEOH WR DVVXPH WKDW WKHVH YDOXHV DUH

PRUH UHOLDEOH FRPSDUHG WR WKH HDUOLHU VWXGLHV� NQRZQ IURP WKH OLWHUDWXUH�

7KH XQFHUWDLQW\ RI WKH SHDN SRVLWLRQV GXH WR WKH SULPDU\ PRQRFKURPDWRU LV D VXP

RI WZR FRPSRQHQWV� �L� WKH UHVROXWLRQ RI WKH PRQRFKURPDWRU �LL� WKH QRQOLQHDULW\ RI WKH

PRQRFKURPDWRU� 7KH EHVW UHVROXWLRQ RI WKH SULPDU\ PRQRFKURPDWRU ZDV ��� c� L�H� �� PH9

DW �� H9 �LQ WKH PLGGOH RI WKH H[FLWRQLF UHJLRQ�� 7KH QRQOLQHDULW\ RI WKH PRQRFKURPDWRU

ZDV HVWLPDWHG WR EH ��� c >5XQ��@� L�H� �� PH9 DW �� H9� 7KHUHIRUH� IRU KLJK�UHVROXWLRQ

UHÀHFWLRQ PHDVXUHPHQWV� WKH HUURU GXH WR WKH SULPDU\ PRQRFKURPDWRU LV OHVV WKDQ �� PH9�

$GGLWLRQDOO\� H[FLWRQ SHDNV LQ WKH UHÀHFWLRQ VSHFWUD KDYH DOVR D QDWXUDO VKDSH REVWUXFWLQJ D

SUHFLVH GHWHUPLQDWLRQ RI WKH SHDN SRVLWLRQV� (UURUV IRU WKH FDOFXODWHG TXDQWLWLHV ��
�
� .� � >�

ZHUH HVWLPDWHG RQ WKH EDVLV RI WKH OHDVW VTXDUH PHWKRG�

,W LV SRVVLEOH WR FDOFXODWH HIIHFWLYH PDVVHV IRU WKH HOHFWURQ DQG KROH �6 	 DQG 6 
 � IURP

WKH UHGXFHG H[FLWRQ PDVV >� GHWHUPLQHG H[SHULPHQWDOO\� 7KLV LV E\ IDU QRW WULYLDO� VLQFH WKH

UHGXFHG PDVV > JLYHV RQO\ RQH UHODWLRQ EHWZHHQ WKH HOHFWURQ DQG WKH KROH HIIHFWLYH PDVV�

+HQFH� HLWKHU WKH P � RU P 
 LV QHFHVVDU\ WR EH NQRZQ� 7ZR DGGLWLRQDO FRPSOLFDWLRQV DOVR

H[LVW� )LUVWO\� LW LV H[SHFWHG WKDW WKH KROH HIIHFWLYH PDVV P
�

 LV DQLVRWURSLF OHDGLQJ WR WKH

DQLVRWURSLF UHGXFHG PDVV RI WKH H[FLWRQ > >5DW��� .0��@� 6HFRQGO\� LW LV SUHGLFWHG WKDW

WKHUH DUH WZR GLIIHUHQW NLQGV RI KROHV� OLJKW �P 
  �����P 
 � LQ WKH GLUHFWLRQ K �$ { �$ f

RI %ULOORXLQ ]RQH� DQG KHDY\ �P
��  �����P � � DOVR K �$ { �$ f� KROHV >.0��@� +RZHYHU�

QRWZLWKVWDQGLQJ WKHRUHWLFDO FRQVLGHUDWLRQV VXFK D HIIHFWV DUH QRW REVHUYDEOH QHLWKHU LQ WKH

UHÀHFWLRQ QRU LQ WKH OXPLQHVFHQFH VSHFWUD� 7KHUHIRUH� WKH DQLVRWURS\ FDQ EH LJQRUHG DQG WKH
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$XWKRU�V� 5HIHUHQFH 6 � �6 � �

)RZOHU >)RZ��@ ����

5|VVOHU >5|V��@ ����

.XQ] DQG 0LFNLVK >.0��@ �����

5DWQHU >5DW��@ ����

3OHQNHZLF] HW DO� �LQ OLTXLG�
�

>3)3-��@ ����

%DGHU HW DO� �H[SHULPHQWDO�
�

>%3&6��@ ���

7DEOH ���� $ FROOHFWLRQ RI WKHRUHWLFDOO\ HVWLPDWHG HIIHFWLYH HOHFWURQ PDVVHV IRU VROLG .U�
�
1HDU WULSOH SRLQW�

�
7KLV H[SHULPHQWDO YDOXH LV DSSOLFDEOH IRU KLJKHU FRQGXFWLRQ EDQG VWDWHV�

QRW IRU WKH ERWWRP RI WKH FRQGXFWLRQ EDQG�

PHDQ LVRWURSLF YDOXHV IRU WKH P � DQG > DUH XVHG�

1R H[SHULPHQWDO YDOXH IRU WKH HIIHFWLYH HOHFWURQ PDVV QHDU WKH ERWWRP RI WKH FRQGXFWLRQ

EDQG KDV EHHQ GHWHUPLQHG� 2QO\ VHYHUDO WKHRUHWLFDO HVWLPDWHV DUH DYDLODEOH� FROOHFWHG LQ

WDEOH ���� %DGHU HW DO� UHSRUWHG WKH H[SHULPHQWDO YDOXH P
�

�  ����P 	 �P 	 LV IUHH HOHFWURQ

PDVV�>%3&6��@� IRXQG RQ WKH EDVLV RI ORZ�HQHUJ\ HOHFWURQ WUDQVPLVVLRQ GDWD� 8QIRUWXQDWHO\

WKLV PHWKRG JLYHV D YDOXH IRU WKH KLJKHU FRQGXFWLRQ EDQG VWDWHV� 6LQFH WKH YDOXH RI HIIHFWLYH

HOHFWURQ PDVV LV PRUH UHOLDEOH WKDQ WKH HVWLPDWHV IRU HIIHFWLYH KROH PDVV P 
 � WKH HIIHFWLYH

HOHFWURQ PDVV P �  �����P � LV XVHG DV D NQRZQ TXDQWLW\ LQ WKLV ZRUN� 6XFK D YDOXH RI P � ZDV

LQWURGXFHG E\ 5|VVOHU >5|V��@ DQG LW LV DOVR LQ JRRG DJUHHPHQW ZLWK FDOFXODWLRQV E\ .XQ]

DQG 0LFNLVK �P �  �����	������ >.0��@� 7DNLQJ P �  �����P � DQG > ������P � �WDEOH �����

WKHQ WKH FDOFXODWHG YDOXH IRU WKH HIIHFWLYH KROH PDVV LV P 
  �����P � �

7KH ZLGWK RI WKH H[FLWRQ EDQG FDQ EH HVWLPDWHG RQ WKH EDVLV RI WKH HIIHFWLYH PDVVHV RI

HOHFWURQV DQG KROHV� ,Q WKH VLPSOH SDUDEROLF EDQG DSSUR[LPDWLRQ� WKH ZLGWK RI WKH H[FLWRQ

EDQG HTXDOV WR

2� '
|
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ZKHUH � LV WKH KDOI�ZLGWK RI WKH H[FLWRQ EDQG� & � � � WKH PD[LPDO YDOXH RI WKH ZDYH YHFWRU LQ

WKH ¿UVW %ULOORXLQ ]RQH DQG 6 � � WKH HIIHFWLYH PDVV RI DQ H[FLWRQ� )RU VROLG .U� 6 � � ' 6 � n

6 �  ������������P �  �����P � � 7KH PD[LPDO YDOXH IRU WKH ZDYH YHFWRU & � � � IRU IFF ODWWLFH LV
Z

@

s
D� L�H� GLVWDQFH EHWZHHQ K������� DQG :�

Z

@
c fc

2Z

@
� SRLQWV LQ WKH ¿UVW %ULOORXLQ ]RQH� 2Q

WKH EDVLV RI VXFK GDWD� WKH KDOI�ZLGWK RI H[FLWRQ EDQG HTXDOV WR % ���� H9� ZKLFK VHHPV WR

EH PRUH UHOLDEOH WKDQ WKH ZLGHO\ XVHG OLWHUDWXUH YDOXH % ���� H9 HVWLPDWHG ZLWK D VLPLODU

PHWKRG >)XJ��@�
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7HPSHUDWXUH GHSHQGHQFH

5HÀHFWLRQ VSHFWUD PHDVXUHG DW GLIIHUHQW WHPSHUDWXUHV �IURP � WR �� .� DUH VKRZQ LQ )LJ�

��� �VDPSOH ��� {b ���� c�� 7KH SHDN SRVLWLRQV IRU ZHOO�GH¿QHG VKDUS H[FLWRQ PD[LPD DUH

OLVWHG LQ WDEOH ���� $V GLVFXVVHG EHIRUH� SRVLWLRQV RI WKH Q¶ �� / DQG /¶ FDQ QRW GLUHFWO\ EH

GHWHUPLQHG IURP WKH UHÀHFWLRQ VSHFWUD DQG WKHUHIRUH DUH PLVVLQJ KHUH� 9DOXHV IRU WKH Q �

H[FLWRQ DUH WDNHQ IURP KLJK�UHVROXWLRQ OXPLQHVFHQFH PHDVXUHPHQWV >9DU��@� 7KH GDWD RI

)LJ� ��� DQG WDEOH ��� GHPRQVWUDWH WKDW H[FLWRQLF SHDNV VKLIW ZLWK LQFUHDVLQJ WHPSHUDWXUH

WR WKH ORZ HQHUJ\ VLGH� 6XFK D VKLIW LV OLQHDU LQ ¿UVW DSSUR[LPDWLRQ �)LJ� ����� +RZHYHU�

KLJK�UHVROXWLRQ OXPLQHVFHQFH H[SHULPHQWV UHYHDOHG WKDW WKH OLQHDU WHPSHUDWXUH GHSHQGHQFH

RI WKH )( OXPLQHVFHQFH VWDUWV RQO\ DERYH �� . LQ VROLG NU\SWRQ >9DU��@�

���� ���� ���� ���� ����
� � � � � � ��� � 	 � 
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3KRWR � HQHU ��� �H9�

)LJXUH ���� +LJK�UHVROXWLRQ UHÀHFWLRQ VSHFWUD RI VROLG .U �VDPSOH ���{b ���� c�PHDVXUHG

DW YDULRXV WHPSHUDWXUHV� 7KH SRVLWLRQ RI WKH Q � H[FLWRQ LV WDNHQ IURP WKH KLJK�UHVROXWLRQ

OXPLQHVFHQFH PHDVXUHPHQWV >9DU��@� SRVLWLRQV RI WKH Q¶ �� / DQG /¶ DUH HVWLPDWHV�



<3 71 H{shulphqwdo uhvxowv dqg glvfxvvlrq

([FLWRQ � . �� . �� . �� . PHDQ VKLIW

PH9�.

YROXPH Q � ������ � ������ � ������ � ������ � ���

Q � ������ ������ ������ ������ ���

Q � ������ ������ ������ ������ ���

Q � ������ ������ ������ ������ �

Q¶ � ������ ������ ������ ������ ���

Q¶ � ������ ������ ������ ������ �

VXUIDFH Q � � � � ����� �

Q¶ � � � ������ ������ �

7DEOH ���� 7HPSHUDWXUH GHSHQGHQFH RI WKH ZHOO�GH¿QHG H[FLWRQ SHDNV RI VROLG NU\SWRQ �VDP�

SOH ���� � 9DOXHV DUH WDNHQ IURP KLJK�UHVROXWLRQ OXPLQHVFHQFH PHDVXUHPHQWV >9DU��@� 'XH

WR WKH ORQJLWXGLQDO�WUDQVYHUVH VSOLWWLQJ� ¶H[DFW¶ SRVLWLRQV RI WKH Q¶ �� / DQG /¶ FDQ QRW EH

GLUHFWO\ GHWHUPLQHG IURP WKH H[SHULPHQW DQG DUH WKHUHIRUH PLVVLQJ KHUH�
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)LJXUH ���� 7HPSHUDWXUH GHSHQGHQFH RI H[FLWRQ SHDN SRVLWLRQV LQ WKH UHÀHFWLRQ VSHFWUD RI

VROLG NU\SWRQ �VDPSOH ���� 6\PEROV SUHVHQW H[SHULPHQWDO GDWD DQG OLQHDU UHJUHVVLRQV DUH

VKRZQ DV VROLG OLQHV� )RU WKH Q � H[FLWRQ KLJK�UHVROXWLRQ OXPLQHVFHQFH GDWD LV SORWWHG

>9DU��@�
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6XFK D SKHQRPHQRQ LV NQRZQ DQG ZDV VWXGLHG VHYHUDO WLPHV IRU VROLG [HQRQ >6$���

6WH��@� ,Q RUGHU WR H[SODLQ D OLQHDU WHPSHUDWXUH VKLIW� WZR SRVVLELOLWLHV H[LVW� �L� D UHG VKLIW

GXH WR WKH GHFUHDVH RI WKH FU\VWDO GHQVLW\ RU �LL� D UHG VKLIW GXH WR WKH EURDGHQLQJ RI HQHUJ\

EDQGV E\ SKRQRQV >6$��@� ,I WKH UHG VKLIW LV PDLQO\ GXH WR EURDGHQLQJ RI WKH HQHUJ\ EDQGV E\

SKRQRQV� WKH VKLIW RI WKH H[FLWRQ SHDNV LV VXSSRVHG WR EH QHJOLJLEOH EHORZ 'HE\H WHPSHUDWXUH

X � �X �  ���� . IRU VROLG [HQRQ DQG X �  ���� . IRU VROLG NU\SWRQ�� 6LQFH WKH REVHUYHG UHG

VKLIW RI WKH H[FLWRQLF SHDNV ZDV OLQHDU DOVR EHORZ WKH 'HE\H WHPSHUDWXUH� 6WHLQEHUJHU DQG

$VDI FRQFOXGHG >6$��@ WKDW WKH VKLIW RI WKH H[FLWRQ EDQGV ZLWK WKH WHPSHUDWXUH LV GXH WR

WKH LQFUHDVH RI WKH ODWWLFH FRQVWDQW ZLWK LQFUHDVLQJ WHPSHUDWXUH LQ VROLG ;H� 7KH HQHUJLHV RI

WKH FRQGXFWLRQ DQG YDOHQFH EDQGV HGJHV FKDQJH ZLWK WKH ODWWLFH FRQVWDQW� DQG WKLV FKDQJH LV

TXDQWLWDWLYHO\ H[SUHVVHG E\ PHDQV RI WKH GHIRUPDWLRQ SRWHQWLDO� 0RVW SUREDEO\� WKH VKLIW LQ

VROLG .U KDV WKH VDPH RULJLQ DV LQ VROLG ;H�

��� 7LPH�UHVROYHG PHDVXUHPHQW RI )( OXPLQHVFHQFH

7LPH�UHVROYHG PHDVXUHPHQWV SHUPLW WR GLVWLQJXLVK EHWZHHQ GLIIHUHQW SURFHVVHV RI )(

FUHDWLRQ DQG DOVR WR LQYHVWLJDWH VXFK SURFHVVHV� )RU WKH ¿UVW WLPH� WLPH�UHVROYHG H[FLWDWLRQ

VSHFWUD RI )( OXPLQHVFHQFH LQ VROLG .U ZHUH PHDVXUHG XVLQJ H[FLWDWLRQ XS WR ��� H9 GXULQJ

SUHVHQW ZRUN� 0RUHRYHU� )( OXPLQHVFHQFH GHFD\ FXUYHV ZHUH V\VWHPDWLFDOO\ LQYHVWLJDWHG LQ

WKH HQHUJ\ UDQJH XS WR ��� H9 DV ZHOO� 3UHYLRXV VWXGLHV RI WKH )( OXPLQHVFHQFH RI VROLG .U

ZHUH PDLQO\ UHVWULFWHG WR WKH H[FLWRQLF HQHUJ\ UHJLRQ >9DU��� .OR��@�

����� )( GHFD\ FXUYHV

)( GHFD\ FXUYHV DW GLIIHUHQW H[FLWDWLRQ HQHUJLHV DUH SUHVHQWHG IRU D W\SLFDO ¶JRRG TXDO�

LW\¶ VDPSOH LQ )LJ� ���� DQG )LJ� ���� �VDPSOH ��� )(�67( UDWLR ������ 7KH $O JUDWLQJ

ZDV XVHG IRU H[FLWDWLRQ HQHUJLHV EHORZ �� H9 �{b ��� c�� DQG WKH 3W JUDWLQJ �{b ��� c�

ZDV DSSOLHG DW KLJKHU HQHUJLHV� 7KH VSHFWUDO UHVROXWLRQ RI WKH VHFRQGDU\ PRQRFKURPDWRU

989�� ZDV VHW WR {b � c� 7KH WLPH�UHVROXWLRQ RI WKH 063 GHWHFWRU ���� SV� ):+0� ZDV

GHWHUPLQHG XVLQJ WKH WLPH�VWUXFWXUH RI VWUD\OLJKW� VKRZQ DW WKH ERWWRP LQ ERWK ¿JXUHV� 6XFK

D WLPH�UHVROXWLRQ LV D FRQYROXWLRQ RI WKH ZLGWK RI WKH V\QFKURWURQ UDGLDWLRQ SXOVH ���� SV�

):+0� DQG RI WKH WLPH�UHVSRQVH RI WKH GHWHFWRU DQG HOHFWURQLFV� ,Q WKH WLPH�VWUXFWXUH RI

WKH VWUD\OLJKW� VLGH�EXQFKHV DUH YLVLEOH� GHOD\HG E\ � QV SHULRGLFLW\ IURP WKH PDLQ�EXQFK�

6LQFH WKH PD[LPDO LQWHQVLW\ RI WKH VLGH EXQFKHV ZDV PRUH WKDQ ��� WLPHV VPDOOHU FRPSDUHG

WR WKDW RI WKH PDLQ�EXQFK �| � QV�� WKH\ GLG QRW DIIHFW VLJQL¿FDQWO\ WKH VKDSH RI GHFD\ FXUYHV�

$V H[SHULPHQWV GHPRQVWUDWH� WKH YDULDWLRQ RI H[FLWDWLRQ HQHUJ\ FDXVHV FRQVLGHUDEOH
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)LJXUH ����� 'HFD\ FXUYHV RI )( OXPLQHVFHQFH �( \ ]  ����� H9� LQ VROLG .U DW � . �VDPSOH
��� DW ORZHU H[FLWDWLRQ HQHUJLHV� 7KH VKDSH RI WKH H[FLWDWLRQ SXOVH LV VKRZQ RQ WKH ERWWRP�

7LPH W � FRUUHVSRQGV WR WKH PD[LPXP VLJQDO LQWHQVLW\ RI WKH H[FLWDWLRQ SXOVH� ([FLWDWLRQ

HQHUJLHV DUH VKRZQ LQ WKH ¿JXUH DERYH UHVSHFWLYH FXUYHV�
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)LJXUH ����� 'HFD\ FXUYHV RI )( OXPLQHVFHQFH �( Y Z  ����� H9� LQ VROLG .U DW � . �VDPSOH
��� DW KLJKHU H[FLWDWLRQ HQHUJLHV� 7KH VKDSH RI WKH H[FLWDWLRQ SXOVH LV VKRZQ RQ WKH ERWWRP�

7LPH W � FRUUHVSRQGV WR WKH PD[LPXP VLJQDO LQWHQVLW\ RI WKH H[FLWDWLRQ SXOVH� ([FLWDWLRQ

HQHUJLHV DUH VKRZQ LQ WKH ¿JXUH DERYH UHVSHFWLYH FXUYHV�
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FKDQJHV LQ WKH VKDSH RI )( GHFD\ FXUYHV� 'LIIHUHQW SURFHVVHV RI )( FUHDWLRQ OHDG WR FKDUDF�

WHULVWLF VKDSHV RI WKH )( GHFD\ FXUYHV� ,Q WKH VSHFWUDO�UDQJH RI 683(5/80,� WKUHH UHJLRQV

ZLWK GLIIHUHQW )( FUHDWLRQ SURFHVVHV DUH VHSDUDEOH RQ WKH EDVLV RI WKH GHFD\ FXUYHV DQG H[�

FLWDWLRQ VSHFWUD�

�L� . � � 	�D	.� � ,Q WKH FDVH RI SKRWRH[FLWDWLRQ HQHUJLHV DERYH WKH )( HQHUJ\ �D:. � �

�. � �  ����� H9� DQG EHORZ WKH EDQG JDS �D	.� �. �  ����� H9�� D GLUHFW RSWLFDO FUHDWLRQ RI

H[FLWRQV RFFXUV� $IWHU WKHLU FUHDWLRQ� H[FLWRQV UHOD[ YHU\ TXLFNO\ �LQ WKH WLPH�VFDOH RI H[SHU�

LPHQWDO VHW�XS� WR WKH ORZHVW )( VWDWH� 7KH UDGLDWLYH GHFD\ RU VHOI�WUDSSLQJ DUH GHSRSXODWLQJ

WKLV )( VWDWH� $V )LJ� ���� GHPRQVWUDWHV� WKH GHFD\ FXUYHV LQ WKH FDVH RI H[FLWRQLF H[FLWD�

WLRQV VKRZ D QRQ�H[SRQHQWLDO EHKDYLRXU� 6XFK D WHPSRUDO EHKDYLRXU RI WKH )( OXPLQHVFHQFH

LQ VROLG ;H DQG .U ZDV GHVFULEHG LQ D WKUHH�VWHS PRGHO E\ 9DUGLQJ HW DO� >95=��@ �FKDSWHU

������ S� ����

'HFD\ FXUYHV H[FLWHG DERYH ?¶ � DQG EHORZ ? � H[FLWRQ VWDWH GLIIHU IURP RWKHU GH�

FD\ FXUYHV LQ WKH H[FLWRQ HQHUJ\ UDQJH� 7KH GHFD\ FXUYHV LQ WKLV UHJLRQ VKRZ OHVV QRQ�

H[SRQHQWLDO EHKDYLRXU DQG DUH VORZHU �)LJ� ����� H[FLWDWLRQ HQHUJ\ ����� H9�� $OVR WLPH�

UHVROYHG H[FLWDWLRQ VSHFWUD LQGLFDWH OHQJWKHQLQJ RI WKH )( GHFD\� ,W VHHPV HPSLULFDOO\ UHD�

VRQDEOH WR FRQQHFW VXFK DQ HIIHFW ZLWK WKH FUHDWLRQ RI H[FLWRQ RI KE�*2� VHULHV� +RZHYHU�

WKLV SRLQW QHHGV DGGLWLRQDO LQYHVWLJDWLRQV� 6XFK DQ HIIHFW LV REVHUYHG IRU WKH ¿UVW WLPH� $O�

WKRXJK 9DUGLQJ >9DU��@ LQYHVWLJDWHG )( GHFD\ FXUYHV RI VROLG .U LQ WKH H[FLWRQLF UHJLRQ�

KH GLG QRW UHSRUW VXFK DQ HIIHFW� 0RVW SUREDEO\ WKH UHDVRQ ZDV ;H LPSXULW\� LQÀXHQFLQJ

VLJQL¿FDQWO\ VKDSH RI WKH GHFD\ FXUYHV� 6LPLODU HIIHFW LV QRW REVHUYDEOH LQ VROLG ;H� ZKHUH

WKH ?¶ � H[FLWRQ LV ORFDWHG DERYH WKH EDQG JDS�

�LL� .� 	�D	. � � � 8VLQJ SULPDU\ H[FLWDWLRQ HQHUJLHV H[FHHGLQJ WKH IRUELGGHQ JDS HQ�

HUJ\ ��D:.	 �� L�H� FUHDWLQJ HOHFWURQ�KROH SDLUV� WKH VLWXDWLRQ EHFRPHV PRUH FRPSOLFDWHG� ,Q

WKDW FDVH WKH )( GHFD\ H[KLELWV D ¶SURPSW¶ FRPSRQHQW �PD[LPXP LV FRQIRUPLQJ ZLWK WKH

H[FLWDWLRQ SXOVH� DQG D ¶VORZ¶ FRPSRQHQW ZLWK D GLVWLQJXLVKDEOH DGGLWLRQDO GHOD\HG PD[L�

PXP �)LJ� ���� DQG ������ ,W LV LPSRUWDQW WR QRWH WKDW WKH ¶SURPSW¶ SDUW LV VXSHULPSRVHG

WR WKH ULVLQJ SDUW RI WKH ¶VORZ¶ FRPSRQHQW� )LJ� ���� VKRZV FOHDUO\ WKDW WKH ¶VORZ¶ FRPSR�

QHQW H[LVWV RQO\ ZKHQ H[FLWLQJ DERYH WKH IRUELGGHQ JDS� ,W PHDQV WKDW WKH ¶VORZ¶ FRPSRQHQW

LV FDXVHG E\ )( FUHDWLRQ WKURXJK HOHFWURQ�KROH UHFRPELQDWLRQ� 0RUH SUHFLVHO\� WKH ¶VORZ¶

FRPSRQHQW LV D FRQYROXWLRQ RI WKH WHPSRUDO HYROXWLRQ RI HOHFWURQ�KROH UHFRPELQDWLRQ LQWR

DQ H[FLWRQLF VWDWH DQG WKH GHFD\ RI WKH IUHH H[FLWRQV� ,W LV TXLWH QDWXUDO WR H[SHFW WKDW E\

LQFUHDVLQJ WKH H[FLWDWLRQ HQHUJ\� HOHFWURQV ZLWK KLJKHU NLQHWLF HQHUJ\ QHHG PRUH WLPH WR UH�

OD[ GRZQ WR WKH ERWWRP RI WKH FRQGXFWLRQ EDQG DQG WKH PD[LPXP RI WKH ¶VORZ¶ FRPSRQHQW

LV PRUH GHOD\HG� $V GLVFXVVHG EHIRUH �VHFWLRQ ������ S� ���� LW LV SRVVLEOH WR VLPXODWH H[�

SHULPHQWDO GHFD\ FXUYHV RI WKH ¶VORZ¶ FRPSRQHQW ZLWK PRGHO FDOFXODWLRQV LQ WKH H[FLWDWLRQ
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UHJLRQ .� 	 �D 1 .� ���� H9� $ FRPSDULVRQ EHWZHHQ H[SHULPHQWDO UHVXOWV DQG FDOFXODWLRQV

ZLOO EH SUHVHQWHG DIWHUZDUGV �VHFWLRQ ���� S� �����

7KH RULJLQ RI WKH ¶SURPSW¶ FRPSRQHQW LQ WKLV HQHUJ\�UHJLRQ LV QRW ZHOO XQGHUVWRRG�

7KLV FRPSRQHQW KDV D GHFD\ WLPH� PXFK ORQJHU WKDQ WKH VWUD\OLJKW �)LJ� ���� DQG ������

&RQVHTXHQWO\� LW LV ZLWKRXW DQ\ GRXEW D )( OXPLQHVFHQFH VLJQDO DQG LV QRW GXH WR VFDWWHUHG

OLJKW� 7R H[SODLQ WKH RULJLQ RI ¶SURPSW¶ FRPSRQHQW� WZR SRVVLELOLWLHV H[LVW� �L� ,W FRXOG EH DQ

H[SHULPHQWDO DUWHIDFW RULJLQDWLQJ IURP D )( OXPLQHVFHQFH VLJQDO H[FLWHG E\ VFDWWHUHG OLJKW

RI WKH SULPDU\ PRQRFKURPDWRU� 7R H[FOXGH VXFK DQ H[FLWDWLRQ SRVVLELOLW\� LW LV QHFHVVDU\

WR XVH D PRQRFKURPDWRU ZLWK DQ H[WUHPHO\ VPDOO VFDWWHUHG OLJKW EDFNJURXQG� H�J� D GRX�

EOH PRQRFKURPDWRU� $QRWKHU FKDOOHQJH LV WR XVH D PRQRFKURPDWLF OLJKW�VRXUFH� ,Q 989

VSHFWUDO UDQJH� VXFK D OLJKW VRXUFH FDQ EH D IUHH�HOHFWURQ ODVHU� �LL� ,W FDQQRW EH H[FOXGHG�

WKDW WKH ¶SURPSW¶ FRPSRQHQW KDV DQ \HW XQNQRZQ SK\VLFDO RULJLQ� 8QIRUWXQDWHO\� XS WR RXU

NQRZOHGJH QR VXLWDEOH WKHRU\ GHVFULELQJ WKH SKHQRPHQRQ KDV EHHQ GHYHORSHG� 2QO\ YHU\

VSHFXODWLYHO\� WKH IRUPDWLRQ RI WKH ¶SURPSW¶ FRPSRQHQW PD\ EH FRQQHFWHG ZLWK WKH ¶JHP�

LQDWH UHFRPELQDWLRQ¶ PRGHO� ZKHUH WKH FUHDWHG HOHFWURQ VWD\V LQ FORVH VSDWLDO SUR[LPLW\ RI

LWV FRXQWHUSDUW KROH DQG WKHLU IDVW PXWXDO UHFRPELQDWLRQ OHDGV WR WKH )( IRUPDWLRQ >0LN��@�

&RQVHTXHQWO\� WKH RULJLQ RI WKH ¶SURPSW¶ FRPSRQHQW QHHGV DGGLWLRQDO LQYHVWLJDWLRQV� $Q

DQDORJRXV HIIHFW KDV EHHQ GHWHFWHG LQ VROLG ;H LQ WKH FDVH RI H[FLWDWLRQ DERYH WKH EDQG JDS�

1HYHUWKHOHVV� WKHUH LV D GLIIHUHQW VLWXDWLRQ� EHFDXVH WKH ¶SURPSW¶ FRPSRQHQW LQ VROLG ;H KDV

D VKDSH� FKDUDFWHULVWLF IRU VWUD\OLJKW >6WH��@� 7KHUHIRUH� WKH ¶SURPSW¶ FRPSRQHQW RI WKH )(

GHFD\ LQ VROLG ;H LV PRVW SUREDEO\ DQ H[SHULPHQWDO DUWHIDFW� ZKLFK KDV WR EH SURYHG DV ZHOO�

�LLL� �D : . � � � 7KH VKDSH RI WKH GHFD\ FXUYHV FKDQJHV VLJQL¿FDQWO\ DERYH DQ H[SHU�

LPHQWDO WKUHVKROG HQHUJ\ �D . � � ����� 	 ��� H9� 7KH HQHUJ\ YDOXH RI WKLV WKUHVKROG LV

GHWHUPLQHG IURP WKH WLPH�UHVROYHG H[FLWDWLRQ VSHFWUD DQG ZLOO EH GLVFXVVHG LQ WKH QH[W VHF�

WLRQ� 7KLV H[SHULPHQWDO WKUHVKROG YDOXH LV QHDUO\ HTXDO WR WKH VXP RI WKH EDQG JDS HQHUJ\

DQG WKH H[FLWRQ HQHUJ\ �. � �  .� �. 	 
 �� $V )LJ� ���� VKRZV� WKH LQWHQVLW\ RI WKH ¶SURPSW¶

SDUW RI WKH )( GHFD\ FXUYHV LQFUHDVHV HVVHQWLDOO\ DERYH WKLV WKUHVKROG� 7KLV KDSSHQV� VLQFH

IRU H[FLWDWLRQ HQHUJLHV DERYH WKH WKUHVKROG DW . � � ������ WZR H[FLWDWLRQV SHU RQH DEVRUEHG

SKRWRQ FDQ EH FUHDWHG� 7KH WKUHVKROG DW ����� H9 FDQ EH H[SODLQHG �L� E\ VHFRQGDU\ H[FLWRQ

FUHDWLRQ YLD LQHODVWLF VFDWWHULQJ RI ¶KRW¶ SKRWR�HOHFWURQ LQ D WZR VWHS SURFHVV� �VHH VHFWLRQ

���� >9)0��@� RU �LL� E\ VLPXOWDQHRXV FUHDWLRQ RI DQ H[FLWRQ DQG D HOHFWURQ�KROH SDLU LQ

D RQH�VWHS SURFHVV �HOHFWURQLF SRODURQ FRPSOH[� VHH VHFWLRQ ���� >'.&��@� $OWKRXJK WKH

WKUHVKROG LWVHOI DULVHV IURP FUHDWLRQ RI DQ H[FLWRQ DQG DQ HOHFWURQ�KROH SDLU� DW KLJKHU SKR�

WRH[FLWDWLRQ HQHUJLHV WKH FUHDWLRQ RI WZR HOHFWURQ�KROH SDLUV RFFXUV DV ZHOO� $IWHU FUHDWLRQ

RI WZR H[FLWDWLRQV DERYH . 
 � � WKH HOHFWURQV DUH DJDLQ FORVH WR WKH ERWWRP RI WKH FRQGXFWLRQ

EDQG KDYLQJ ¶VPDOO¶ NLQHWLF HQHUJ\ DQG WKH PD[LPXP RI WKH ¶VORZ¶ FRPSRQHQW VKLIWV EDFN
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WR VKRUWHU WLPHV� +RZHYHU� WKH VKDSH RI WKH ¶VORZ¶ FRPSRQHQW DERYH . � � LV QRW VR ZHOO GH�

¿QHG� FRPSDUHG WR WKDW RI GLUHFWO\ H[FLWHG DERYH .� � VLQFH WKH HQHUJ\ RI HOHFWURQV LQ WKH

FRQGXFWLRQ EDQG FDQ EH GLIIHUHQWO\ GLVWULEXWHG DW VLPLODU H[FLWLQJ SKRWRQ HQHUJ\�

����� ([FLWDWLRQ VSHFWUD RI )( OXPLQHVFHQFH

,Q WKH FDVH RI WLPH�UHVROYHG H[FLWDWLRQ VSHFWUD� WZR WLPH�FRQQHFWHG SDUDPHWHUV FDQ

EH YDULHG� WKH OHQJWK RI WKH WLPH�ZLQGRZ �{|� DQG WKH GHOD\ RI WKH WLPH�ZLQGRZ IURP

WKH H[FLWDWLRQ SXOVH �B|� LQ WKLV ZRUN� LW LV FDOFXODWHG VWDUWLQJ IURP WKH PD[LPXP RI WKH

VWUD\OLJKW SHDN�� 7LPH�UHVROYHG H[FLWDWLRQ VSHFWUD RI )( OXPLQHVFHQFH IRU D W\SLFDO ¶JRRG

TXDOLW\¶ VDPSOH �VDPSOH ��� DUH SUHVHQWHG LQ )LJ� ����� 7KLV ¿JXUH VKRZV )( H[FLWDWLRQ

VSHFWUD PHDVXUHG LQ VHYHUDO WLPH�ZLQGRZV� ¶KRW¶ �{| ���� QV� B| � QV�� ¶VKRUW¶ �{| ����

QV� B| ���� QV�� ¶ORQJ¶ �{| ���� QV� B| ���� QV� DQG ¶YHU\ ORQJ¶ �{| ���� QV� B| ��� QV�

WLPH�ZLQGRZ� 7KHVH ¶QDPHV¶ RI WKH WLPH�ZLQGRZV ZLOO EH XVHG LQ WKH IROORZLQJ GLVFXVVLRQV�

)RU FRPSDULVRQ� WKH WLPH�LQWHJUDWHG )( H[FLWDWLRQ VSHFWUXP DQG WKH UHÀHFWLRQ VSHFWUXP DUH

DOVR VKRZQ� 7KH UHVROXWLRQ RI WKH SULPDU\ PRQRFKURPDWRU ZDV ��� c �LQ H[FLWDWLRQ� DQG RI

WKH VHFRQGDU\ PRQRFKURPDWRU ZDV VHW WR �� c �LQ HPLVVLRQ�� $ VKDUS VWUD\OLJKW SHDN DERYH

�� H9 LV FDXVHG E\ WKH VHFRQG RUGHU RI WKH PRQRFKURPDWRU� GLUHFWO\ GHPRQVWUDWLQJ WKH JRRG

VSHFWUDO UHVROXWLRQ RI WKH VHFRQGDU\ PRQRFKURPDWRU�

'HSHQGLQJ RQ WKH GHOD\ WLPH DQG WKH OHQJWK RI WKH WLPH�ZLQGRZ� GLIIHUHQW UHOD[DWLRQ

SURFHVVHV DUH REVHUYHG� $V )LJ� ���� VKRZV� LW LV SRVVLEOH WR REVHUYH D VWUD\OLJKW SHDN DERYH

�� H9 LQ WKH ¶KRW¶ WLPH�ZLQGRZ� EXW QRW DQ\ PRUH LQ WKH ¶VKRUW¶ WLPH�ZLQGRZ �B| :����

QV�� 7KLV GRHV QRW PHDQ� WKDW WKH ¶SURPSW¶ SURFHVVHV �LQ WKH PHDQLQJ RI WKH WLPH�UHVROXWLRQ

RI 683(5/80, VHW�XS� FDQ EH GHWHFWHG RQO\ LQ WKH ¶KRW¶ WLPH�ZLQGRZ� 7KH ¶SURPSW¶ SUR�

FHVVHV JLYH DOVR VRPH FRQWULEXWLRQ WR WKH WLPH�ZLQGRZV ZLWK ORQJHU GHOD\� EHFDXVH WKH GHFD\

RI WKH ¶SURPSW¶ H[FLWRQV H[WHQGV WR ORQJHU WLPHV�

,PPHGLDWH FUHDWLRQ RI )( �¶KRW¶ ZLQGRZ� {W ���� QV DQG BW � QV� LV SUHGRPLQDQW

LQ WZR UHJLRQV� LQ WKH H[FLWRQLF UHJLRQ ��D	.� � DQG LQ WKH UHJLRQ DERYH WKH WKUHVKROG

��D:. � � ����� H9�� $ SUHFLVH HQHUJHWLF ORFDWLRQ RI WKH H[SHULPHQWDO WKUHVKROG ZLOO EH

GLVFXVVHG LQ GHWDLOV DIWHUZDUGV� ,Q WKH H[FLWRQLF UHJLRQ� GLUHFW FUHDWLRQ RI H[FLWRQV DQG WKHLU

IDVW SKRQRQ�DVVLVWHG UHOD[DWLRQ WR WKH ORZHVW )( VWDWH RFFXUV� $V PHQWLRQHG EHIRUH� WKH

WKUHVKROG DW ����� H9 FDQ EH H[SODLQHG �L� E\ WKH VR�FDOOHG SURFHVV RI PXOWLSOLFDWLRQ RI

HOHFWURQLF H[FLWDWLRQV LQ WKH IUDPHZRUN RI PXOWLSOH�SDUDEROLF�EUDQFK EDQG PRGHO >9)0��@�

RU �LL� E\ VLPXOWDQHRXV FUHDWLRQ RI D )( DQG DQ HOHFWURQ�KROH SDLU LQ D RQH�VWHS SURFHVV

�HOHFWURQLF SRODURQ FRPSOH[� >'.&��@� %RWK PRGHOV SUHGLFW D WKHRUHWLFDO WKUHVKROG DW

.
� � � 	


 �  .� �. 
 � ������ H9� ZKLFK LV LQ YHU\ JRRG DJUHHPHQW ZLWK WKH H[SHULPHQWDO YDOXH

. 
 �  .� �. 
 � ����� 	��� H9� $ UHPDUNDEOH FKDQJH RI WKH VKDSH RI WKH )( GHFD\ FXUYHV
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3KRWR� HQHUJ � �H9�

)LJXUH ����� 7LPH�LQWHJUDWHG DQG WLPH�UHVROYHG H[FLWDWLRQ VSHFWUD RI )( OXPLQHVFHQFH DW

���� H9 �VDPSOH ��� 7 � .� {b �  !  ��� c� {b " # $  �� c�� )RU D FRPSDULVRQ� WKH UHÀHFWLRQ
VSHFWUXP LV DOVR VKRZQ� 7KH VKDUS SHDNV VOLJKWO\ DERYH �� H9� SURQRXQFHG LQ WKH ¶KRW¶

WLPH�ZLQGRZ DQG WLPH�LQWHJUDWHG VSHFWUD� DUH FDXVHG E\ WKH VHFRQG RUGHU RI WKH VHFRQGDU\

PRQRFKURPDWRU� 7KH SDUDPHWHUV RI WKH WLPH�ZLQGRZV DUH GHQRWHG LQ WKH ¿JXUH�
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FRUUHODWHV ZLWK WKLV WKUHVKROG DV ZHOO �VHH )LJ� ������

(YHQ DVVXPLQJ DQ HOHFWURQ HIIHFWLYH PDVV �����6 � DQG KROH PDVV ��6 � �WKH ODUJHVW

NQRZQ KROH PDVV YDOXH IURP WKH OLWHUDWXUH�� WKH 63%% PRGHO JLYHV DQ HVWLPDWH IRU WKH ORZ�

HVW WKUHVKROG WR EH HTXDO WR ���� H9 �L�H� ��� H9 PRUH WKDQ WKH REVHUYHG WKUHVKROG�� 6XFK

DQ HQHUJ\ GLIIHUHQFH LV VLJQL¿FDQWO\ ODUJHU WKDQ WKH SRVVLEOH H[SHULPHQWDO HUURU� 7KHUHIRUH�

EHFDXVH RI LWV VLPSOLFLW\� WKH 63%% PRGHO >/).
�
��@ LV QRW DGHTXDWHO\ GHVFULELQJ UHVXOWV RI

WKH SUHVHQW ZRUN DQG LW LV QHFHVVDU\ WR XVH WKH PRUH FRPSOLFDWHG 03%% PRGHO >9)0��@�

+RZHYHU� WKH 03%% PRGHO DOVR GHVFULEHV WKH FRQGXFWLRQ EDQG XVLQJ WKH SDUDEROLF DSSUR[�

LPDWLRQ� QHJOHFWLQJ WKH UHDO HOHFWURQLF VWUXFWXUH RI WKH FRQGXFWLRQ EDQG�

$ VLPLODU WKUHVKROG DW . � �  .� �. � � ZDV DOVR REVHUYHG LQ VROLG [HQRQ >6*.
�
��� 6WH��@�

,Q VROLG [HQRQ� 6WHHJ HW DO� REVHUYHG D GRXEOH SHDN VWUXFWXUH DERYH WKH WKUHVKROG� PRVW

SUREDEO\ FDXVHG E\ WKH VSLQ�RUELW VSOLWWLQJ RI WKH YDOHQFH EDQG� 7KH PD[LPXP DERYH . � 	

LV QRW VR FOHDUO\ VSOLW LQ VROLG .U� 1HYHUWKHOHVV� D VPDOO SODWHDX RQ WRS RI WKH PD[LPXP

�IURP �� WR �� H9 LQ WKH ¶KRW¶ WLPH�ZLQGRZ� LV YLVLEOH� ,Q VROLG ;H� WKH VSLQ�RUELW VSOLWWLQJ

LV VLJQL¿FDQWO\ ODUJHU ����� H9 >5|V��@� WKDQ LQ VROLG .U ����� H9 >5|V��@�� 7KHUHIRUH� WKH

RULJLQ RI WKH SODWHDX IURP �� WR �� H9 LQ WKH ¶KRW¶ ZLQGRZ RI VROLG NU\SWRQ LV WHQWDWLYHO\

DVFULEHG WR WKH VSLQ�RUELW VSOLWWLQJ DV ZHOO�

,QGHSHQGHQWO\ IURP WKH RULJLQ RI WKH WKUHVKROG� LW LV SK\VLFDOO\ UHDVRQDEOH WR DVVXPH

WKDW WKH VWUXFWXUHV DERYH WKH WKUHVKROG LQ WKH ¶KRW¶ WLPH�ZLQGRZ LQFOXGH ERWK SURFHVVHV� WKH

)( FUHDWLRQ YLD HOHFWURQ�HOHFWURQ VFDWWHULQJ DQG WKH FUHDWLRQ RI HOHFWURQLF SRODURQ FRPSOH[�

+RZHYHU� WKLV SRLQW QHHGV DGGLWLRQDO WKHRUHWLFDO LQYHVWLJDWLRQV�

7KH FRQWULEXWLRQ RI ¶VORZ¶ HOHFWURQ�KROH UHFRPELQDWLRQ ULVHV LQ WKH WLPH�ZLQGRZV WR�

JHWKHU ZLWK DQ LQFUHDVH RI WKH GHOD\ BW� $IWHU D ¶VXI¿FLHQWO\ ORQJ¶ GHOD\ DOO RWKHU SRVVLEOH

FUHDWLRQ PHFKDQLVPV RI )(� H[FHSW WKH HOHFWURQ�KROH UHFRPELQDWLRQ� DUH H[FOXGHG� 7KH

PHDQLQJ RI ¶VXI¿FLHQWO\ ORQJ¶ LV QRW ZHOO GH¿QHG DQG LV GHWHUPLQHG SULPDULO\ E\ WKH GHFD\

WLPH RI WKH )(� ,Q )LJ� ����� D ¶YHU\ ORQJ¶ WLPH�ZLQGRZ ZLWK D GHOD\ B| ��� LV VKRZQ� 7KH

LQWHQVLW\ RI WKH ¶SURPSW¶ FRPSRQHQW LV SUDFWLFDOO\ GLPLQLVKHG WR WKH GHWHFWRU QRLVH OHYHO DIWHU

VXFK D GHOD\�

,Q WKH ¶YHU\ ORQJ¶ WLPH�ZLQGRZ �B| ��� QV�� WKH )( FUHDWLRQ WKURXJK HOHFWURQ�KROH UH�

FRPELQDWLRQ VWDUWV DW WKH IRUELGGHQ JDS HQHUJ\ �D ZHOO SURQRXQFHG VWHS DW ���� H9 LQ )LJ�

������ ,Q WKH HQHUJ\ UDQJH. 
 	�D	. � � � WKH LQWHQVLW\ LQ WKH ¶YHU\ ORQJ¶ WLPH�ZLQGRZ ULVHV DV

ZHOO� 7KLV LV GXH WR WKH UHWDUGDWLRQ RI HOHFWURQ�KROH UHFRPELQDWLRQ� ZKLFK VKLIWV WKH LQWHQVLW\

PD[LPXP RI WKH ¶VORZ¶ FRPSRQHQW RI )( GHFD\ FXUYHV WR ORQJHU WLPHV� L�H� PRUH LQWHQVLW\

LV GHWHFWHG ZLWKLQ ¶YHU\ ORQJ¶ WLPH�ZLQGRZ�

$ERYH WKH WKUHVKROG . � � � WKH FUHDWLRQ RI WZR HOHFWURQLF H[FLWDWLRQV WDNHV SODFH LQWURGXF�

LQJ FKDQJHV LQ WKH H[FLWDWLRQ VSHFWUD� 7KH LQWHQVLW\ LQFUHDVH WDNHV SODFH LQ DOO WLPH�ZLQGRZV�
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H[FHSW WKH ¶YHU\ ORQJ¶ WLPH�ZLQGRZ� $ GHFUHDVH RI WKH LQWHQVLW\ ZLWKLQ WKH ¶YHU\ ORQJ¶ WLPH�

ZLQGRZ DERYH . � � GRHV QRW PHDQ D GHFUHDVH RI WKH QXPEHU RI FUHDWHG HOHFWURQ�KROH SDLUV�

EXW UDWKHU WKH GHFUHDVH RI WKH NLQHWLF HQHUJ\ RI WKH FUHDWHG HOHFWURQV� 7KH DPRXQW RI WKH

FUHDWHG HOHFWURQ�KROH SDLUV VOLJKWO\ DERYH . � � LV WKH VDPH DV EHIRUH� VLQFH WKH SKRWRQ HQHUJ\

LV VXI¿FLHQW WR FUHDWH DQ HOHFWURQ�KROH SDLU SOXV DQ H[FLWRQ� EXW QRW \HW WZR HOHFWURQ�KROH

SDLUV� ,QWHQVLW\ JURZWK LQ WKH ¶YHU\ ORQJ¶ WLPH�ZLQGRZ DW ��� H9 LV FDXVHG E\ WKH IROORZLQJ

UHDVRQV� �L� SKRWRQV KDYH QRZ HQRXJK HQHUJ\ WR FUHDWH WZR HOHFWURQ�KROH SDLUV� �LL� WKH LQLWLDO

NLQHWLF HQHUJ\ RI WKH HOHFWURQV LQ WKH FRQGXFWLRQ EDQG LQFUHDVHV DV ZHOO DQG WKH PD[LPXP

RI WKH ¶VORZ¶ FRPSRQHQW RI WKH GHFD\ FXUYH VKLIWV DJDLQ WR ORQJHU WLPHV� L�H� WKH DPRXQW RI

WKH HPLWWHG SKRWRQV LQ WKH ¶YHU\ ORQJ¶ WLPH�ZLQGRZ LQFUHDVHV�

,W LV LPSRUWDQW WR QRWH� WKDW WKH ¶VORZ¶ FRPSRQHQW RI WKH )( GHFD\ FXUYH LV YHU\ VHQVLWLYH

UHJDUGLQJ WKH H[FLWDWLRQ GHQVLW\� ,Q WKH FDVH RI D ¶VPDOO¶ H[FLWDWLRQ GHQVLW\ �L�H� D OLJKW�

VSRW ZKLFK LV QRW ZHOO IRFXVHG RQ WKH VDPSOH�� WKH ¶VORZ¶ FRPSRQHQW RI )( GHFD\ FXUYH

LV UDWKHU ZHDN� $W ¿UVW VLJKW� VXFK DQ H[SHULPHQWDO UHVXOW VHHPV WR EH FRQWUDGLFWRU\ WR WKH

WKHRUHWLFDO UHVXOWV �VHFWLRQ ������� ZKHUH D GHFUHDVH RI WKH H[FLWDWLRQ GHQVLW\ �)LJ� �����

VKLIWV WKH PD[LPXP RI WKH ¶VORZ¶ FRPSRQHQW WR ORQJHU WLPHV� %XW PRVW LPSRUWDQW LV WKDW D

KLJKHU H[FLWDWLRQ GHQVLW\ VKLIWV WKH PD[LPXP RI WKH ¶VORZ¶ FRPSRQHQW WR VKRUWHU WLPHV ZLWK

VLPXOWDQHRXV GUDVWLF LQFUHDVH RI LWV LQWHQVLW\� 6XFK DQ HIIHFW LV VKRZQ LQ )LJ� ����� ZKHUH

WKH GHFD\ FXUYHV DUH QRW QRUPDOL]HG� +HQFH� WKH H[SHULPHQWDO DQG WKHRUHWLFDO UHVXOWV DUH

FRQVHTXHQWO\ LQ JRRG DJUHHPHQW� 7KH EHKDYLRXU RI VSHFWUD LQ WKH ¶YHU\ ORQJ¶ WLPH�ZLQGRZ

LV DOVR LQ VRPH GHJUHH VDPSOH VHQVLWLYH GXH WR WKH DPRXQW RI DV�JURZQ DQG UDGLDWLRQ LQGXFHG

GHIHFWV�

7KH VSHFWUD PHDVXUHG LQ WZR LQWHUPHGLDWH WLPH�ZLQGRZV �¶VKRUW¶ DQG ¶ORQJ¶� LQ )LJ�

���� UHÀHFW WKH ¶SURPSW¶ )( FUHDWLRQ SURFHVVHV DV ZHOO DV WKH ¶VORZ¶ )( FUHDWLRQ WKURXJK

HOHFWURQ�KROH UHFRPELQDWLRQ� 7KH ¶SURPSW¶ )( FUHDWLRQ GRPLQDWHV LQ WKH ¶VKRUW¶ WLPH�

ZLQGRZ �{| ���� QV� B| ���� QV� DQG WKH HOHFWURQ�KROH UHFRPELQDWLRQ LQ WKH ¶ORQJ¶ WLPH�

ZLQGRZ �{| ���� QV� B| ���� QV�� $V )LJ� ���� GHPRQVWUDWHV� WKH PD[LPD LQ WKH H[FLWDWLRQ

VSHFWUD DERYH WKH WKUHVKROG VKLIW VOLJKWO\ WR WKH KLJKHU HQHUJ\ VLGH ZLWK DQ LQFUHDVH RI WKH

GHOD\ B|�

([FLWDWLRQ VSHFWUD RI WKH )( OXPLQHVFHQFH ZHUH PHDVXUHG RQ VHYHUDO VDPSOHV GXULQJ

WKLV ZRUN� )LJ� ���� GLVSOD\V WKH WKUHVKROG UHJLRQ RI ¶KRW¶ DQG ¶VKRUW¶ WLPH�ZLQGRZ LQ

H[FLWDWLRQ VSHFWUD IRU WZR W\SLFDO VDPSOHV RI ¶JRRG TXDOLW\¶ LQ DQ HQODUJHG VFDOH� 7KH JHQHUDO

EHKDYLRXU RI ERWK VSHFWUD LV VLPLODU� 7KH REVHUYHG WKUHVKROGV DUH ZHOO�GLVWLQJXLVKDEOH DQG

UHSURGXFLEOH� 7KH DFFXUDF\ RI WKH H[SHULPHQWDO WKUHVKROG YDOXH LV GHWHUPLQHG E\ WKH VSHFWUDO

UHVROXWLRQ RI WKH PRQRFKURPDWRU DQG E\ GLIIHUHQFHV LQ WKH ¶TXDOLW\¶ RI VDPSOHV� 0RUHRYHU�

WKHUH DUH VRPH GLI¿FXOWLHV LQYROYHG FRQFHUQLQJ WKH DQDO\VLV RI GDWD �H�J� WUHDWPHQW RI WKH
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EDFN�JURXQG DW WKH ORZ HQHUJ\ VLGH RI WKH WKUHVKROG� HWF��� 7KHUHIRUH� LQFOXGLQJ DOO WKHVH

IDFWRUV� WKH YDOXH RI WKH WKUHVKROG LV PRVW SUREDEO\ GHWHUPLQHG ZLWK DQ DFFXUDF\ RI 	��� H9�

7KH WKUHVKROG LQ WKH ¶VKRUW¶ WLPH�ZLQGRZ LV VRPHZKDW OHVV SURQRXQFHG DQG VKLIWHG URXJKO\

��� H9 WR WKH KLJKHU HQHUJ\ VLGH FRPSDUHG WR WKDW RI LQ WKH ¶KRW¶ WLPH�ZLQGRZ� 7KHUH DUH

DOVR VRPH GLIIHUHQFHV LQ WKH VKDSH RI WKH VSHFWUD QHDU WKUHVKROG� ,Q WKH FDVH RI VDPSOH ��

�)LJ� ����� RQ WRS� WKH WKUHVKROG LV ZHOO GH¿QHG� 6DPSOH �� �)LJ� ����� DW WKH ERWWRP� VKRZV

DOVR D VPDOO WUDQVLWLRQ UHJLRQ DW WKH WKUHVKROG�
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)LJXUH ����� 7KH WKUHVKROG UHJLRQ RI WKH )( H[FLWDWLRQ VSHFWUD LQ VROLG .U IRU WZR ¶JRRG

TXDOLW\¶ VDPSOHV� 2Q WKH WRS� VDPSOH �� DW � . �)(�67( UDWLR ����� VSHFWUDO UHVROXWLRQ

{b ��� c�� $W WKH ERWWRP� VDPSOH �� DW � . �VSHFWUDO UHVROXWLRQ {b ��� c��
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)LJXUH ����� 5DWLR RI WKH ¶SURPSW¶ DQG ¶VORZ¶ FRPSRQHQW LQ WKH )( OXPLQHVFHQFH DV D IXQF�

WLRQ RI SKRWRQ HQHUJ\� 7KLV ¿JXUH LV FRQVWUXFWHG RQ WKH EDVLV RI WKH )( GHFD\ FXUYHV RI

VDPSOH ��� 7KH LQWHQVLW\ EHIRUH W ��� QV LV GH¿QHG DV ¶SURPSW¶ DQG DIWHU W ��� QV DV ¶VORZ¶�

7KH WLPH�UHVROYHG H[FLWDWLRQ VSHFWUD FDQQRW JLYH D IXOO XQGHUVWDQGLQJ� KRZ WKH LQWHQ�

VLW\ LV GLYLGHG EHWZHHQ WKH ¶SURPSW¶ DQG WKH ¶VORZ¶ FRPSRQHQW� 7KLV KDSSHQV� VLQFH WKH

PD[LPXP SRVLWLRQ RI WKH ¶VORZ¶ FRPSRQHQW RQ D WLPH�VFDOH GHSHQGV RQ WKH H[FLWLQJ SKRWRQ

HQHUJ\� EXW WKH SUHVHOHFWHG WLPH�ZLQGRZV DUH ¿[HG RQ WKH WLPH�VFDOH� )LJ� ���� JLYHV D PRUH

DGHTXDWH LQIRUPDWLRQ DERXW WKH LQWHQVLW\ UDWLR RI WKH ¶SURPSW¶ DQG WKH ¶VORZ¶ FRPSRQHQW�

7KLV ¿JXUH LV FRQVWUXFWHG RQ WKH EDVLV RI WKH )( GHFD\ FXUYHV RI VDPSOH ��� 7KH LQWHQVLW\

EHIRUH | ��� QV LV GH¿QHG DV ¶SURPSW¶ FRPSRQHQW DQG DIWHU | ��� QV DV ¶VORZ¶ FRPSRQHQW�

2I FRXUVH VXFK DQ DSSUR[LPDWLRQ LQFOXGHV VRPH HUURU� VLQFH WKH VLJQDO EHIRUH | ��� QV LQ�

FOXGHV D VPDOO DPRXQW RI WKH ¶VORZ¶ FRPSRQHQW DQG YLFH YHUVD� $VVXPLQJ WKDW WKHVH HUURUV

FRPSHQVDWH HDFK RWKHU� WKH WRWDO HUURU FDQQRW EH WRR ELJ � �����

$V )LJ� ���� VKRZV� LQ WKH FDVH RI DQ H[FLWDWLRQ DERYH WKH IRUELGGHQ JDS� WKH ¶VORZ¶

FRPSRQHQW GRPLQDWHV� JLYLQJ ������� SHU FHQW IURP WKH WRWDO )( OXPLQHVFHQFH LQWHQVLW\� ,Q

DFFRUGDQFH ZLWK WKH ¶KRW¶ WLPH�ZLQGRZ LQ WLPH�UHVROYHG H[FLWDWLRQ VSHFWUD� WKH FRQWULEXWLRQ

RI WKH ¶SURPSW¶ FRPSRQHQW ULVHV DERYH WKH WKUHVKROG ( � � WR D PD[LPDO YDOXH RI ��� � DQG

WKHQ GHFUHDVHV DJDLQ� 6R� WKH UHVXOWV RI GHFD\ FXUYH PHDVXUHPHQWV DUH LQ JRRG DJUHHPHQW

ZLWK WKRVH REWDLQHG IURP WKH WLPH�UHVROYHG H[FLWDWLRQ VSHFWUD�

7R DQDO\]H WKH PXOWLSOLFDWLRQ RI HOHFWURQLF H[FLWDWLRQV �0((� FRUUHFWO\� LW LV QHFHVVDU\

WR HOLPLQDWH WKH HIIHFWV FDXVHG E\ VLJQL¿FDQW FKDQJHV RI WKH DEVRUSWLRQ FRHI¿FLHQW� 7KH
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LQFUHDVH RI LQWHQVLW\ LQ WKH H[FLWDWLRQ VSHFWUD FDQ DOVR RFFXU ZLWKRXW WKH 0(( SURFHVV GXH WR

WKH LQFUHDVHG SHQHWUDWLRQ GHSWK RI H[FLWLQJ OLJKW LQWR D FU\VWDO� 7KLV GHFUHDVHV WKH SUREDELOLW\

IRU WKH QRQ�UDGLDWLYH GHFD\ RI HOHFWURQLF H[FLWDWLRQV DW WKH VXUIDFH >/./��@� 1R GDWD DERXW

WKH DEVRUSWLRQ FRHI¿FLHQW IRU VROLG .U DUH DYDLODEOH IRU WKH HQHUJLHV EHORZ DQG DERYH WKH

WKUHVKROG� 2QO\ RQ WKH EDVLV RI JDV�SKDVH PHDVXUHPHQWV� ZKLFK� RI FRXUVH GR QRW LQFOXGH

DQ\ VROLG�VWDWH HIIHFWV� D FRPSDULVRQ FDQ EH PDGH IRU WKH DEVRUSWLRQ FRHI¿FLHQW LQ .U� EHLQJ

URXJKO\ HTXDO IRU WKH SKRWRQV ZLWK �� H9 DQG �� H9 HQHUJ\ >.9��@� 6LQFH WKH LQWHQVLW\ DW

�� H9 LQ WKH WLPH�LQWHJUDWHG H[FLWDWLRQ VSHFWUD LV URXJKO\ � WLPHV ODUJHU WKDQ DW �� H9� WKH

SURFHVV RI 0(( WDNHV SODFH SUREDEO\ ZLWKRXW VLJQL¿FDQW ORVVHV�

����� &RPSDULVRQ EHWZHHQ H[SHULPHQWDO WKUHVKROG DQG 03%% PRGHO

,Q VHFWLRQ ������ XVLQJ WKH 03%%PRGHO� WKHRUHWLFDO LPSDFW SURGXFWLRQ UDWHV IRU )( DQG

HOHFWURQ�KROH SURGXFWLRQ ZHUH SUHVHQWHG� 6XFK SURGXFWLRQ UDWHV ZHUH FDOFXODWHG RQ WKH EDVLV

RI WKH WKHRU\� GHYHORSHG E\ 9DVLO¶HY HW DO� >9)0��@� )LJ� ���� VKRZV D FRPSDULVRQ EHWZHHQ

WKH H[SHULPHQWDO )( H[FLWDWLRQ VSHFWUXP DQG WKHRUHWLFDO FDOFXODWLRQV� ,W LV LPSRUWDQW WR QRWH

WKDW VXFK D FRPSDULVRQ LV RQO\ DSSUR[LPDWH GXH WR WKH IROORZLQJ UHDVRQV�

�9DVLO¶HY HW DO� PDGH WKHRU\ LQ WHUPV RI WKH HOHFWURQ NLQHWLF HQHUJ\ DQG WKHUHIRUH� WKRVH

FDOFXODWLRQV DUH QRW H[DFWO\ FRPSDUDEOH ZLWK WKH H[SHULPHQWDO SKRWRH[FLWDWLRQ GDWD� ,Q )LJ�

����� D IRUELGGHQ JDS HQHUJ\ LV DGGHG WR WKH UHVXOWV RQ WKH EDVLV RI 9DVLO¶HYV WKHRU\� LJQRULQJ

HIIHFWV FDXVHG E\ WKH VWUXFWXUH RI WKH YDOHQFH EDQG� 1HZ WKHRU\ RI SURGXFWLRQ UDWHV XQGHU

SKRWRH[FLWDWLRQ ZLOO EH SXEOLVKHG VRRQ DQG D PRUH DFFXUDWH FRPSDULVRQ EHWZHHQ WKHRUHWLFDO

DQG H[SHULPHQWDO UHVXOWV EHFRPHV SRVVLEOH >9DV��@�

�7KH 03%% PRGHO LV DSSOLFDEOH RQO\ QHDU WKH WKUHVKROG HQHUJ\ DQG VOLJKWO\ DERYH� VLQFH

WKLV DSSURDFK XVHV WKH SHUWXUEDWLRQ WKHRU\ RI WKH ORZHVW RUGHU >9DV��@� 7KHUHIRUH� RQO\ DQ

HQHUJ\ UHJLRQ �� H9 DERYH WKUHVKROG HQHUJ\ LV VKRZQ LQ )LJ� �����

�7KH QXPHULFDO YDOXHV RI WKH SURGXFWLRQ UDWH FDQ EH RYHUHVWLPDWHG GXH WR WKH FKRVHQ VFDOLQJ

IDFWRU >9DV��@�

�9DVLO¶HY HW DO� XVHG LQ WKHLU FDOFXODWLRQV DQ HIIHFWLYH HOHFWURQ PDVV HTXDO WR WKH IUHH HOHFWURQ

PDVV� EHFDXVH JHQHUDOO\ WKH IUHH HOHFWURQ DSSUR[LPDWLRQ LV XVHG IRU GHVFULELQJ ¶KLJKHU¶ FRQ�

GXFWLRQ EDQG VWDWHV� 7KLV LV LQ DFFRUGDQFH ZLWK H[SHULPHQWDO UHVXOWV DV ZHOO �6 � �����6 �

IRU ¶KLJKHU¶ VWDWHV LQ WKH FRQGXFWLRQ EDQG� >%3&6��@� 1HYHUWKHOHVV� WKH HIIHFWLYH PDVV

QHDU WKH EDQG ERWWRP LV DVVXPHG WR EH VLJQL¿FDQWO\ VPDOOHU WKDQ WKH IUHH HOHFWURQ PDVV

�6 � ������6 � �� $OVR D VWURQJ SHUWXUEDWLRQ RI SDUDEROLF EDQGV RFFXUV DW WKH ERUGHU RI WKH

¿UVW %ULOORXLQ ]RQH� 2QO\ FDOFXODWLRQV RQ WKH EDVLV RI D ¶UHDO¶ EDQG�VWUXFWXUH FDQ WDNH LQWR

DFFRXQW VXFK HIIHFWV �

1RWZLWKVWDQGLQJ DOO WKRVH SUREOHPV� WKH ¶KRW¶ WLPH�ZLQGRZ RI )( H[FLWDWLRQ VSHFWUD
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DQG FDOFXODWHG )( SURGXFWLRQ UDWH DUH GHSLFWHG LQ )LJ� ����� 7KLV ¿JXUH GHPRQVWUDWHV WKH

SULQFLSDO SRVVLELOLW\ WR FUHDWH VHFRQGDU\ H[FLWRQV LQ D WZR VWHS SURFHVV �L�H� YLD HOHFWURQ�

HOHFWURQ VFDWWHULQJ� XVLQJ WKH 03%% IUDPHZRUN� 7KH DJUHHPHQW LV UDWKHU JRRG LQ WKH HQHUJ\

UDQJH RI YDOLGLW\ RI WKH 03%% PRGHO DV GLVFXVVHG DERYH� +RZHYHU� WKH ¶JRRG¶ DJUHHPHQW

SDUWO\ DULVHV IURP WKH IDFW WKDW DUELWUDU\ VFDOHV DUH XVHG� 2XWVLGH RI WKH HQHUJ\ UDQJH SORWWHG

LQ WKH ¿JXUH� WKH WKHRUHWLFDO UDWH IRU H[FLWRQ SURGXFWLRQ LQFUHDVHV PRUH UDSLGO\� ZKLOH WKH

PHDVXUHG FXUYH UHDFKHV LWV PD[LPXP DW ��� H9�
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)LJXUH ����� &RPSDULVRQ EHWZHHQ WKH ¶KRW¶ WLPH�ZLQGRZ �{W ���� QV� BW � QV� LQ )( H[FL�

WDWLRQ VSHFWUXP �VDPSOH ��� 7 � .� WKH VSHFWUDO UHVROXWLRQ {b ��� c� DQG WKH FDOFXODWHG

)( SURGXFWLRQ UDWH LQ WKH WKUHVKROG UHJLRQ� $ FRQVWDQW EDFN�JURXQG LV DGGHG WR WKH FDOFX�

ODWHG SURGXFWLRQ UDWH RI )(�

��� 7LPH�UHVROYHG PHDVXUHPHQWV RI 67( OXPLQHVFHQFH

7KH 67( OXPLQHVFHQFH LV D VXSHUSRVLWLRQ RI WKH OXPLQHVFHQFH DULVLQJ IURP WZR GLIIHU�

HQW VWDWHV RI WKH 67(� WKH VLQJOHW �� b  ��� QV >5RL��@� DQG WKH WULSOHW VWDWH �� c  ���	��� QV�

WKLV ZRUN�� )LJ� ���� GHSLFWV D W\SLFDO GHFD\ FXUYH RI WKH 67( OXPLQHVFHQFH RI D ¶JRRG

TXDOLW\¶ VDPSOH PHDVXUHG LQ WKH WZR EXQFK PRGH RI '25,6� $ VWURQJ EDFNJURXQG DSSHDUV�

VLQFH D OLIHWLPH RI WKH WULSOHW FRPSRQHQW LV FRPSDUDEOH ZLWK WKH UHSHWLWLRQ UDWH RI '25,6

���� QV LQ WZR EXQFK PRGH�� ,Q WKH FDVH RI WKH GHFD\ FXUYH� VKRZQ LQ )LJ� ����� WKH VLQJOHW

FRPSRQHQW FRQWULEXWHV RQO\ �� � WR WKH WRWDO OXPLQHVFHQFH LQWHQVLW\� 7KH OLIHWLPH RI WKH

WULSOHW FRPSRQHQW VKRXOG EH SUDFWLFDOO\ LQGHSHQGHQW IURP WKH SKRWRH[FLWDWLRQ HQHUJ\� VLQFH
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UHOD[DWLRQ SURFHVVHV LQWR WKH WULSOHW VWDWH DUH PXFK IDVWHU WKDQ WKH GHFD\ RI WKH UHVSHFWLYH

VWDWH� '25,6 GRHV QRW RIIHU RSWLPDO FRQGLWLRQV IRU D PHDVXUHPHQW RI WKH WULSOHW FRPSR�

QHQW OLIHWLPH DQG LWV YDOXH � �  ���	��� QV LV REWDLQHG IURP D PHDVXUHPHQW� LQ ZKLFK WKH

OXPLQHVFHQFH LQWHQVLW\ GHFUHDVHV RQO\ E\ IDFWRU RI WZR� 6XFK D GHFUHDVH LV PXFK VPDOOHU

WKDQ WKDW IRU WKH )( GHFD\ FXUYHV� LQ ZKLFK WKH G\QDPLF UDQJH RI WKH LQWHQVLW\ FRYHUV D IHZ

RUGHUV RI PDJQLWXGH� (UURU 	��� QV LV QRW WKH VWDWLVWLFDO HUURU RI WKH ¿W� EXW LV SRLQWLQJ WR WKH

IDFW WKDW WKH OLIHWLPH REWDLQHG XQGHU GLIIHUHQW H[FLWDWLRQ HQHUJLHV VKRZ VRPH VFDWWHU� $W ¿UVW

VLJKW LW LV VXUSULVLQJ WKDW WKH OLIHWLPH RI WKH WULSOHW VWDWH IURP WKLV ZRUN �� �  ���	��� QV� LV

VLJQL¿FDQWO\ GLIIHUHQW IURP WKH YDOXH JLYHQ E\ 5RLFN �� �  ����	��� QV� >5RL��@� PHDVXUHG

XQGHU VLPLODU FRQGLWLRQV DW WKH 683(5/80, VHW�XS �EXQFK UHSHWLWLRQ UDWH ��� QV� WHP�

SHUDWXUH � .�� +RZHYHU� D GHWDLOHG FRPSDULVRQ VKRZV WKDW 5RLFN PRVW SUREDEO\ REVHUYHG

SUHGRPLQDQWO\ DQ HPLVVLRQ EDQG RULJLQDWLQJ IURP WKH �.U;H�
�
KHWHURQXFOHDU FHQWUH ZLWK D

¶ORQJ¶ OLIHWLPH� 2Q WKH RWKHU KDQG� WKH UHVXOW RI WKH SUHVHQW ZRUN LV ¶WUXH¶ OLIHWLPH IRU WULSOHW

FRPSRQHQW RI 67( LQ SXUH .U�
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)LJXUH ����� 7KH 67( GHFD\ FXUYH LQ VROLG NU\SWRQ �OXPLQHVFHQFH GHWHFWHG DW ���� H9� ¶JRRG

TXDOLW\¶ VDPSOH ��� 7 � .�� )RU WKH GHWHUPLQDWLRQ RI WKH OLIHWLPH RI WKH WULSOHW FRPSRQHQW

�� a  ��� QV� WKH WLPH�UDQJH IURP �� WR ��� QV ZDV XVHG� 7KH PHDVXUHG FXUYH LV GHSLFWHG E\
D VROLG OLQH� 7KH RQH�H[SRQHQWLDO ¿W LV VKRZQ DV D EROG OLQH� /XPLQHVFHQFH IURP WKH WULSOHW

VWDWH GRPLQDWHV DQG RQO\ �� � RI WKH WRWDO LQWHQVLW\ DULVHV IURP WKH VLQJOHW VWDWH�

'LIIHUHQWO\ IURP WKH WULSOHW FRPSRQHQW� WKH VKDSH RI WKH GHFD\ FXUYH IRU WKH VLQJOHW
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FRPSRQHQW RI 67( OXPLQHVFHQFH GHSHQGV VWURQJO\ RQ WKH H[FLWDWLRQ HQHUJ\� 7KLV KDSSHQV�

VLQFH WKH UHOD[DWLRQ WR WKH 67( VWDWH WDNHV SODFH� LI QRW FRPSOHWHO\ WKHQ WR D FRQVLGHUDEOH

GHJUHH WKURXJK WKH )( VWDWH� 7KHUHIRUH� D ¶UHDO¶ OLIHWLPH RI WKH VLQJOHW VWDWH FDQ EH PHDVXUHG

RQO\ H[FLWLQJ EHORZ WKH )( VWDWH� 6XFK D PHDVXUHPHQW JDYH D YDOXH � �  ��� QV >5RL��@� )LJ�
���� VKRZV WKH VLQJOHW FRPSRQHQW RI 67( OXPLQHVFHQFH LQ VROLG .U� H[FLWHG LQ WKH H[FLWRQLF

UHJLRQ� DV ZHOO DV DQ LQVWUXPHQWDO WLPH�UHVSRQVH RI H[SHULPHQWDO VHW�XS �L�H� D VWUD\OLJKW

VLJQDO�� ,Q WKLV FDVH WKH GHFD\ WLPH LV D VXSHUSRVLWLRQ RI WKH OLIHWLPH RI VLQJOHW FRPSRQHQW

DQG WKDW RI WKH )(�
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)LJXUH ����� 7KH GHFD\ RI VLQJOHW FRPSRQHQW RI WKH 67( OXPLQHVFHQFH LQ VROLG NU\SWRQ

PHDVXUHG DW ���� H9 LQ WKH FDVH RI H[FLWRQLF H[FLWDWLRQ �VDPSOH ��� )(�67( UDWLR ����� 7 �

.� H[FLWDWLRQ HQHUJ\ ����� H9�� )RU D FRPSDULVRQ� WKH LQVWUXPHQWDO WLPH�UHVSRQVH RI WKH

H[SHULPHQWDO VHW�XS LV VKRZQ�

)LJ� ���� VKRZV WKH WLPH�UHVROYHG H[FLWDWLRQ VSHFWUD RI WKH 67( OXPLQHVFHQFH LQ VROLG

NU\SWRQ� 7KH VSHFWUD ZHUH PHDVXUHG IRU ¶JRRG TXDOLW\¶ VDPSOH �� DQG DFFRUGLQJO\ DUH FRP�

SDUDEOH ZLWK WKH )( H[FLWDWLRQ VSHFWUD� PHDVXUHG IRU VDPSOH �� DV ZHOO �)LJ� ������ $OVR�

WKH VDPH WLPH�ZLQGRZV ZHUH DSSOLHG LQ PHDVXUHPHQWV SORWWHG LQ )LJ� ���� DQG )LJ� �����

7KH WLPH�LQWHJUDWHG H[FLWDWLRQ VSHFWUXP RI 67( LV PDLQO\ GXH WR WKH ORQJ�OLYLQJ WULSOHW FRP�

SRQHQW RI 67(� 7KLV LV D UHDVRQDEOH DVVXPSWLRQ� VLQFH WKH VLQJOHW FRPSRQHQW FRQWULEXWHV

WR WKH LQWHJUDO OXPLQHVFHQFH RQO\ �� �� 7KH H[FLWDWLRQ VSHFWUXP RI SXUH WULSOHW FRPSR�

QHQW RI 67( LV VKRZQ LQ WKH ¶YHU\ ORQJ¶ �{| ���� QV� B| ��� QV� WLPH�ZLQGRZ� 2Q WKH RWKHU

KDQG� WKH VLQJOHW FRPSRQHQW RI WKH 67( SUHYDLOV LQ WKH ¶KRW¶ WLPH�ZLQGRZ �{| ���� QV� B| �

QV�� EXW WKH ¶KRW¶ WLPH�ZLQGRZ LQFOXGHV DOVR D VLJQL¿FDQW WULSOHW�EDFNJURXQG� $V )LJ� ����

VKRZV� DOO VSHFWUD PHDVXUHG LQ GLIIHUHQW WLPH�ZLQGRZV RI 67( OXPLQHVFHQFH EHKDYH LQ WKH
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)LJXUH ����� 7LPH�LQWHJUDWHG DQG WLPH�UHVROYHG H[FLWDWLRQ VSHFWUD RI 67( OXPLQHVFHQFH GH�

WHFWHG DW ���� H9 LQ GLIIHUHQW WLPH�ZLQGRZV �VDPSOH ��� 7 � .� {b ! " # $ %  ��� c� {b & ' (  ��
c�� )RU D FRPSDULVRQ� WKH UHÀHFWLRQ VSHFWUXP LV DOVR VKRZQ� 7KH VKDUS SHDNV DERYH �� H9

SURQRXQFHG LQ WKH ¶KRW¶ WLPH�ZLQGRZ DQG LQ WKH LQWHJUDO VSHFWUD DUH FDXVHG E\ WKH VHFRQG

RUGHU RI WKH VHFRQGDU\ PRQRFKURPDWRU� 7KH SDUDPHWHUV RI WKH WLPH�ZLQGRZV DUH GHQRWHG LQ

WKH ¿JXUH�
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VDPH ZD\� H[FHSW LQ WKH H[FLWRQLF UHJLRQ� 7KH OXPLQHVFHQFH LQWHQVLW\ LQ WKH H[FLWRQLF UHJLRQ

LV VLJQL¿FDQWO\ VWURQJHU ZLWKLQ WKH ¶KRW¶ DQG ¶VKRUW¶ WLPH�ZLQGRZV� ,Q WLPH�ZLQGRZV ZLWK D

ORQJHU GHOD\� WKH LQWHQVLW\ PD[LPD LQ WKH H[FLWRQLF UHJLRQ GR QRW H[FHHG WKH LQWHQVLW\ LQ WKH

EDQG WR EDQG H[FLWDWLRQ UHJLRQ�

7KH VSHFWUXP LQ WKH ¶KRW¶ WLPH�ZLQGRZ �{| ���� QV� B| � QV� RI WKH 67( OXPLQHVFHQFH

EHKDYHV DQDORJRXVO\ WR WKH ¶KRW¶ WLPH�ZLQGRZ VSHFWUXP RI WKH )( OXPLQHVFHQFH� ,Q ERWK

FDVHV� WKH OXPLQHVFHQFH LV HI¿FLHQWO\ H[FLWHG LQ WKH H[FLWRQLF UHJLRQ DQG DERYH WKH WKUHVK�

ROG . � �  .� �. � � � 7KH H[SHULPHQWDO YDOXH RI WKH WKUHVKROG IURP 67( VSHFWUD ������ H9�

FRLQFLGHV ZLWK WKH RQH REWDLQHG IURP )( PHDVXUHPHQWV ������ H9�� ,I QRW DOO� WKHQ DW OHDVW

D ODUJH DPRXQW RI 67( DUH FUHDWHG WKURXJK WKH )( VWDWH� 6LQFH WKH VLQJOHW FRPSRQHQW RI

WKH 67( OXPLQHVFHQFH KDV D YHU\ VKRUW OLIHWLPH� WKH ¶KRW¶ WLPH�ZLQGRZ RI WKH 67( OXPLQHV�

FHQFH UHSHDWV WKH VWUXFWXUH RI WKH ¶KRW¶ WLPH�ZLQGRZ RI )( OXPLQHVFHQFH H[FLWDWLRQ VSHFWUD�

7KH PDLQ GLIIHUHQFH LQ WKH VSHFWUD PHDVXUHG LQ WKH ¶KRW¶ WLPH�ZLQGRZV VKRZV XS EHWZHHQ

. � DQG . � � � WKH 67( VLJQDO EHLQJ UHODWLYHO\ VWURQJHU WKDQ WKH )( VLJQDO� 7KLV VHHPV WR EH

FDXVHG E\ WKH EDFNJURXQG FRQWULEXWLRQ RI OXPLQHVFHQFH IURP WKH WULSOHW VWDWH LQ WKH ¶KRW¶

WLPH�ZLQGRZ RI WKH 67( OXPLQHVFHQFH�

)( DQG 67( OXPLQHVFHQFH EHKDYH H[WUHPHO\ GLIIHUHQWO\ LQ WKH ZLQGRZV ZLWK WKH ORQJHU

GHOD\ �¶ORQJ¶ DQG ¶YHU\ ORQJ¶ ZLQGRZ LQ )LJ� ���� DQG ������ ,Q WKH FDVH RI VXFK WLPH�

ZLQGRZV� WKH H[FLWDWLRQ VSHFWUD RI )( OXPLQHVFHQFH DUH FRQWUROOHG E\ ¶VORZ¶ HOHFWURQ�KROH

UHFRPELQDWLRQ� ,Q WKH FDVH RI 67( OXPLQHVFHQFH� H[FLWDWLRQ VSHFWUD DUH FRQWUROOHG E\ WKH

ORQJ�OLYLQJ WULSOHW VWDWH RI WKH 67(�

5HFHQWO\ SXEOLVKHG GDWD IRU VROLG ;H >6WH��@ DOORZ WR FRPSDUH WLPH�UHVROYHG 67( H[�

FLWDWLRQ VSHFWUD ZLWK UHVSHFWLYH VSHFWUD RI VROLG .U� 6SHFWUD LQ WKH WLPH�ZLQGRZV� ZKHUH

WKH VLQJOHW FRPSRQHQW LV GRPLQDQW� EHKDYH DQDORJRXVO\ LQ ERWK FDVHV� 7KH PRVW VLJQL¿FDQW

GLIIHUHQFH EHWZHHQ .U DQG ;H UHVXOWV FRQFHUQV WKH EHKDYLRXU RI WLPH�LQWHJUDWHG H[FLWDWLRQ

VSHFWUD DQG DOVR VSHFWUD LQ WKH ¶YHU\ ORQJ¶ WLPH�ZLQGRZ� ,Q VROLG .U� WKH LQWHQVLW\ LQ WKH

UHJLRQ .� 	 �D 	 . � 	 LV UDWKHU VWDEOH DQG DQ LQFUHDVH DERYH WKH WKUHVKROG . � 	  . 
 �. � � LV

TXLWH VWURQJ� 2Q WKH FRQWUDU\� LQ VROLG ;H WKH LQWHQVLW\ ULVHV VWHDGLO\ DERYH WKH EDQG JDS DQG

WKH WKUHVKROG DW . � 	 LV OHVV SURQRXQFHG�

��� 5DWLR RI )( DQG 67( OXPLQHVFHQFH H[FLWDWLRQ VSHFWUD

7KH UDWLR RI WKH WLPH�LQWHJUDWHG )( DQG 67( H[FLWDWLRQ VSHFWUD �UDWLR VSHFWUD� RIIHU DG�

GLWLRQDO LQIRUPDWLRQ DERXW FUHDWLRQ DQG UHOD[DWLRQ RI HOHFWURQLF H[FLWDWLRQV� $W WKH VDPH

WLPH� DOO NLQGV RI WKH SRVVLEOH )( DQG 67( FUHDWLRQ SURFHVVHV FRQWULEXWH WR WKH UDWLR VSHF�

WUD DQG WKHUHIRUH� DQ LQWHUSUHWDWLRQ RI VXFK VSHFWUD LV E\ IDU QRW WULYLDO� )LJ� ���� GHSLFWV
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VXFK )(�67( UDWLR VSHFWUD� 7ZR PHDVXUHPHQWV ZHUH FDUULHG RXW XVLQJ WKH SODWLQXP JUDWLQJ

�VDPSOH �� DQG ��� DQG RQH �VDPSOH ��� ZLWK WKH DOXPLQXP JUDWLQJ� )RU D FRPSDULVRQ� WKH

UHÀHFWLRQ VSHFWUXP �VDPSOH ��� LV DOVR VKRZQ� 7KH VKDUS QDUURZ PLQLPD DW ��� H9 DQG

PD[LPD DW ��� H9 DUH FDXVHG E\ WKH VHFRQG RUGHU RI WKH VHFRQGDU\ PRQRFKURPDWRU� 0HD�

VXUHPHQWV ZLWK WKH DOXPLQXP JUDWLQJ SHUPLW WR PRQLWRU SURFHVVHV LQ WKH ORZ�HQHUJ\ UDQJH

�URXJKO\ EHORZ �� H9� ZLWKRXW D GLVWXUELQJ FRQWULEXWLRQ RI KLJKHU RUGHU H[FLWDWLRQ GXH WR

WKH SULPDU\ PRQRFKURPDWRU� 7KH XVH RI WKH UDWLR VSHFWUD SUHFOXGHV DOVR DQ H[SHULPHQWDO LQ�

DFFXUDF\� FDXVHG E\ WKH QRUPDOL]DWLRQ RI WKH UHFRUGHG VSHFWUD� 7KLV PHWKRG RIIHUV DV ZHOO DQ

LPSRUWDQW RSSRUWXQLW\ WR UHPRYH WKH GLVWXUELQJ LQÀXHQFH RI WKH UHÀHFWLRQ FRHI¿FLHQW� VLQFH

UHÀHFWLRQ ORVVHV DUH LQFOXGHG LQ ERWK H[FLWDWLRQ VSHFWUD FDQFHOLQJ ZLWK HDFK RWKHU LQ WKH UDWLR

VSHFWUD�

$ERYH WKH EDQG�JDS� WKH )(�67( UDWLR VSHFWUD DUH QHDUO\ LQGHSHQGHQW IURP SKRWRQ

HQHUJ\ RI H[FLWDWLRQ� $ VKDOORZ PLQLPXP LV ORFDWHG DERYH WKUHVKROG ( � � � $V H[SODLQHG

EHIRUH� WKH PRGXODWLRQV LQ WKH H[FLWRQLF UHJLRQ DUH QRW FRQQHFWHG ZLWK WKH YDULDWLRQ RI WKH

UHÀHFWLRQ FRHI¿FLHQW� ,Q SULQFLSOH� EHWZHHQ PHDVXUHPHQWV RI )( DQG 67( H[FLWDWLRQ VSHFWUD

WKH UHÀHFWLRQ FRHI¿FLHQW RI WKH VDPSOH FDQ EH VOLJKWO\ FKDQJHG GXH WR WKH FRQGHQVDWLRQ RI WKH

UHVLGXDO JDVHV RQWR WKH VDPSOH� $QDO\VHV RI WKH UHÀHFWLRQ VSHFWUD� UHFRUGHG VLPXOWDQHRXVO\

ZLWK WKH )( DQG 67( H[FLWDWLRQ VSHFWUD� VKRZ WKDW ERWK UHÀHFWLRQ VSHFWUD DUH SUDFWLFDOO\

LGHQWLFDO� 7KHUHIRUH� D SRVVLEOH HIIHFW RI UHÀHFWLYLW\ DOWHUDWLRQ FDQ EH H[FOXGHG�

,Q WKH H[FLWRQLF UHJLRQ� WKH PRGXODWLRQV LQ WKH UDWLR VSHFWUD SKHQRPHQRORJLFDOO\ PHDQ

WKDW WKH )( FUHDWLRQ LV PRUH SUREDEOH �RU WKH 67( FUHDWLRQ LV OHVV SUREDEOH�� LI WKH SHQH�

WUDWLRQ GHSWK RI WKH H[FLWLQJ OLJKW LV GHHSHU �L�H� WKH DEVRUSWLRQ FRHI¿FLHQW LV VPDOOHU�� 7KH

PRGXODWLRQV LQ WKLV UDQJH EHLQJ V\VWHPDWLFDOO\ FRUUHODWHG WR WKH SHQHWUDWLRQ GHSWK RI WKH H[�

FLWLQJ OLJKW� PLJKW EH FDXVHG E\ YDULDWLRQV RI WKH EDODQFH EHWZHHQ UDGLDWLYH )( GHFD\ DQG

VHOI�WUDSSLQJ� ,W LV HQWLUHO\ UHDVRQDEOH WKDW VHOI�WUDSSLQJ LV PRUH IDYRXUDEOH QHDU WKH VXUIDFH

WKDQ LQ WKH EXON�

,Q WKH UHJLRQ RI .� 	 �D	. � � c WKH FUHDWLRQ RI WKH 67( LV FOHDUO\ SURSRUWLRQDO WR WKH

FUHDWLRQ RI WKH )(� 7KH VPRRWK EHKDYLRXU RI WKH )(�67( UDWLR VSHFWUD DERYH WKH EDQG JDS

VWURQJO\ VXSSRUWV WKH LGHD WKDW WKH 67( RULJLQDWLQJ IURP HOHFWURQ�KROH UHFRPELQDWLRQ KDV

)( VWDWHV DV SUHFXUVRUV� ,Q RWKHU ZRUGV� UHFRPELQDWLRQ OHDGV WR WKH FUHDWLRQ RI IUHH H[FLWRQV

ZKLFK WKHQ HLWKHU UDGLDWH RU JHW ORFDOL]HG LQWR WKH 67( VWDWH�

$ERYH . � � � WKHUH LV D VPDOO UHJLRQ� ZKHUH WKH SUREDELOLW\ IRU 67( FUHDWLRQ LQFUHDVHV

�RU WKH SUREDELOLW\ IRU WKH )( FUHDWLRQ GHFUHDVHV�� 7KH SHFXOLDULW\ �PLQLPXP� DERYH . � � LV

DOZD\V SUHVHQW DQG WKH GHSWK RI WKLV PLQLPXP LV VLPLODU WR WKH RQH DW WKH ?¶ � H[FLWRQ� 7KH

UDWLR LQGLFDWHV� WKDW VRPH SHFXOLDULWLHV LQ UHOD[DWLRQ SURFHVVHV SOD\ D UROH LQ WKH UHJLRQ ZKHUH

HOHFWURQ�KROH SDLU DQG H[FLWRQ DUH FUHDWHG FRPSDUHG WR WKH EDQG WR EDQG WUDQVLWLRQ UHJLRQ�
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7KH YDULDWLRQ RI WKH UDWLR VSHFWUD DERYH ��� H9 LQ GLIIHUHQW VDPSOHV QHHGV DGGLWLRQDO

LQYHVWLJDWLRQV EHIRUH SURYLGLQJ DQ\ LQWHUSUHWDWLRQ�

)(�67( UDWLR VSHFWUXP ZDV DOVR SUHVHQWHG IRU VROLG ;H >6WH��@� 7KLV VKRZV VLPLODU

PRGXODWLRQV LQ WKH H[FLWRQLF UHJLRQ� $ERYH WKH EDQG JDS .� � WKH UDWLR VSHFWUXP LV TXLWH

VPRRWK� ZLWK VRPH ZHDN VWUXFWXUHV H[WHQGLQJ URXJKO\ XS WR 	�� � IURP LWV DYHUDJH YDOXH�

$ERYH ( � � D QRWLFHDEOH GHFUHDVH LV DEVHQW LQ WKH )(�67( UDWLR VSHFWUD LQ VROLG ;H�
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)LJXUH ����� 5DWLR VSHFWUD RI WKH WLPH�LQWHJUDWHG )( DQG 67( HPLVVLRQV DV D IXQFWLRQ RI SKR�

WRQ HQHUJ\ RI H[FLWDWLRQ� 7ZR VSHFWUD ZHUH PHDVXUHG ZLWK WKH SODWLQXP JUDWLQJ �VDPSOH ���

7 � .� {b ] ^ _ ` a  ��� c� {b b c d  � c DQG VDPSOH ��� 7 � .� {b e f g h i  ��� c� {b j k l  �� c�
DQG RQH �VDPSOH ��� 7 � .� {b m n o p q  ��� c� {b r s t  �� c� ZLWK WKH DOXPLQXP JUDWLQJ� 7KH
UHÀHFWLRQ VSHFWUXP �VDPSOH ��� LV DOVR VKRZQ DW WKH ERWWRP� 7KH VKDUS QDUURZ PLQLPD DQG

PD[LPD DW��� H9 DQG DW��� H9 DULVH IURP VHFRQG RUGHU RI WKH VHFRQGDU\ PRQRFKURPDWRU�
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��� &RPSDULVRQ ZLWK RWKHU H[SHULPHQWV

,Q WKH IROORZLQJ VHFWLRQ� WKH SKRWROXPLQHVFHQFH GDWD RI WKH SUHVHQW ZRUN DQG GDWD RI

RWKHU H[SHULPHQWV NQRZQ IURP WKH OLWHUDWXUH ZLOO EH FRPSDUHG� 6XFK D FRPSDULVRQ JLYHV

DGGLWLRQDO LQIRUPDWLRQ DERXW WKH RULJLQ RI WKH WKUHVKROG DW . � �  .� �. � � DQG WKH VXEVHTXHQW
PD[LPXP LQ WKH SKRWRH[FLWDWLRQ VSHFWUD RI )( DQG 67( LQ VROLG .U�

����� &OXVWHU H[SHULPHQWV

)LUVW RI DOO� D FRPSDULVRQ EHWZHHQ SKRWRH[FLWDWLRQ VSHFWUD RI VROLG .U �SUHVHQW ZRUN�

DQG SKRWRH[FLWDWLRQ VSHFWUD RI .U FOXVWHUV >.DU��@ LV SUHVHQWHG� 7KH VSHFWUDOO\� DQG WLPH�

LQWHJUDWHG 989 OXPLQHVFHQFH H[FLWDWLRQ VSHFWUD RI NU\SWRQ FOXVWHUV ZHUH LQYHVWLJDWHG E\

.DUQEDFK >.DU��@� 'XH WR WKH ZHDN VLJQDO LQWHQVLW\� .DUQEDFK ZDV QRW DEOH WR PHDVXUH

VSHFWUDOO\ UHVROYHG H[FLWDWLRQ VSHFWUD RQ FOXVWHUV� ,Q WKH H[FLWDWLRQ VSHFWUD RI WKH FOXVWHUV�

D WKUHVKROG ZDV REVHUYHG VLPLODU WR . � �  .� �. � 	 LQ WKH VROLG� %XW SDUWLFXODUO\ LQ WKH FDVH

RI VPDOO FOXVWHUV� LW LV VKLIWHG WR KLJKHU HQHUJLHV� )RU FOXVWHUV� WKH HQHUJHWLF ORFDWLRQ RI WKLV

WKUHVKROG LV URXJKO\ WKH VXP RI WKH FOXVWHU LRQL]DWLRQ HQHUJ\ DQG WKH Q � H[FLWRQ HQHUJ\

LQ WKH FOXVWHU >.DU��@� )RU H[DPSOH� FOXVWHUV ZLWK D PHDQ VL]H RI �� DWRPV �� ��� KDYH D

WKUHVKROG DW .

 � � 
� � � �.

� � � �
� � �������������� H9 >.DU��@� ZKHUH .

� � � �� � � LV WKH FOXVWHU LRQ�

L]DWLRQ HQHUJ\ DQG .
� � � �

� � LV WKH Q � VXUIDFH H[FLWRQ HQHUJ\ IRU WKLV FOXVWHU� :LWK LQFUHDVLQJ

FOXVWHU VL]H� WKH WKUHVKROG PRYHV WR ORZHU HQHUJLHV� XQWLO� IRU FOXVWHUV ZLWK D PHDQ VL]H

URXJKO\ � ����� DWRPV� LW FRLQFLGHV ZLWK WKH RQH RI REVHUYHG LQ VROLG NU\SWRQ >.DU��@� $

VLPLODU VKLIW ZDV REVHUYHG IRU WKH PD[LPXP DERYH WKH WKUHVKROG�

)LJXUH ���� VKRZV WKH ¶KRW¶ WLPH�ZLQGRZ �{W ���� QV� BW � QV� RI WKH )( OXPLQHV�

FHQFH H[FLWDWLRQ VSHFWUXP RI VROLG NU\SWRQ� DQ H[FLWDWLRQ VSHFWUXP RI VSHFWUDOO\ DQG WLPH�

LQWHJUDWHG 989 OXPLQHVFHQFH RI .U FOXVWHUV �PHDQ VL]H � �� DWRPV�� >.DU��@ DQG WKH

HOHFWURQ PHDQ IUHH SDWK RI VROLG NU\SWRQ >6FK��@�

7KH SUREDELOLW\ IRU HOHFWURQ�HOHFWURQ VFDWWHULQJ SURFHVVHV LQ FOXVWHUV ULVHV� ZKHQ WKH

HOHFWURQ PHDQ IUHH SDWK GHFUHDVHV RU WKH FOXVWHU GLDPHWHU LQFUHDVHV� 7KH FOXVWHU H[FLWDWLRQ

VSHFWUD GHPRQVWUDWH WKLV EHKDYLRXU� +RZHYHU� WKHUH LV WKH SUREOHP FRQQHFWHG ZLWK D FOXVWHU

UDGLXV� )RU H[DPSOH� WKH UDGLXV RI .U FOXVWHUV �� �  
! " #
� LV DERXW RI �� c LQ WKH FDVH RI

� �� DWRPV� $W WKH VDPH WLPH� WKH HOHFWURQ PHDQ IUHH SDWK LQ VROLG .U� FRUUHVSRQGLQJ WR

WKH HQHUJ\ . $ % & '( ) * �. $ % & '+ , ����� H9� LV URXJKO\ �� c� L�H� WKH PHDQ IUHH SDWK LV ODUJHU WKDQ

WKH FOXVWHU UDGLXV� 7KLV LV QRW UXOLQJ RXW WKH HOHFWURQ�HOHFWURQ VFDWWHULQJ SURFHVV� VLQFH WKH

HOHFWURQ�HOHFWURQ VFDWWHULQJ FDQ DOVR RFFXU ZLWK VRPH SUREDELOLW\ DW VPDOOHU GLVWDQFHV WKDQ

WKH PHDQ GLVWDQFH IRU VFDWWHULQJ�

$W ¿UVW VLJKW� WKH FUHDWLRQ SUREDELOLW\ RI WKH HOHFWURQLF SRODURQ FRPSOH[ VHHPV WR EH LQ�
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)LJXUH ����� ([FLWDWLRQ VSHFWUXP RI )( OXPLQHVFHQFH RI VROLG .U LQ WKH ¶KRW¶ WLPH�ZLQGRZ

�{W ���� QV� BW � QV� DW � . �VROLG OLQH� SUHVHQW ZRUN�� H[FLWDWLRQ VSHFWUXP RI VSHFWUDOO\�

DQG WLPH�LQWHJUDWHG 989 OXPLQHVFHQFH RI NU\SWRQ FOXVWHUV �PHDQ VL]H 1 �� DWRPV� GRWWHG

OLQH� >.DU��@� DQG WKH HOHFWURQ PHDQ IUHH SDWK LQ VROLG NU\SWRQ �GDVKHG OLQH� >6FK��@�

GHSHQGHQW IURP FOXVWHU VL]H� VLQFH ERWK H[FLWDWLRQV DUH FUHDWHG VLPXOWDQHRXVO\ DW WKH ¶VDPH¶

VLWH� +RZHYHU� WKH WKUHVKROG IRU WKH HOHFWURQLF SRODURQ FRPSOH[ FDQQRW EH H[SHFWHG DW

. � �  .  �. ¡ ¢ DV LQ D VROLG� EXW DW . £¤ ¥ ¦ �. §¨ © � (VSHFLDOO\� WKH LRQL]DWLRQ HQHUJ\ RI WKH FOXVWHUV

. ª« ¬ ­ GHSHQGV VLJQL¿FDQWO\ RQ WKH FOXVWHU VL]H DQG IRU VPDOO FOXVWHUV HVVHQWLDOO\ H[FHHGV .®
�H�J� . ¯ ° ± ²³ ´ µ LV ��� H9 ODUJHU WKDQ .¶ �� ,W PHDQV� WKDW WKH WKUHVKROG HQHUJ\ IRU WKH FUHDWLRQ
RI DQ HOHFWURQLF SRODURQ FRPSOH[ LQ WKH FOXVWHUV GHSHQGV RQ WKH FOXVWHU VL]H� 7KHUHIRUH� LW LV

SRVVLEOH WR H[SODLQ WKH WKUHVKROG DW . · ¸  .¹ �. º » LQ VROLG .U DQG WKH WKUHVKROG LQ .U FOXVWHUV
DW . ¼½ ¾ ¿ �. ¼À Á DV ZHOO LQ WKH IUDPHZRUN RI WKH HOHFWURQLF SRODURQ FRPSOH[�

6XPPDUL]LQJ SUHYLRXV GLVFXVVLRQ� WKH FRPSDULVRQ EHWZHHQ WKH SKRWRH[FLWDWLRQ VSHFWUD

RI VROLG .U DQG .U FOXVWHUV VXSSRUWV ERWK SRVVLELOLWLHV WKDW WKH WKUHVKROG RULJLQDWHV IURP

HOHFWURQ�HOHFWURQ VFDWWHULQJ DV ZHOO DV IURP WKH FUHDWLRQ RI HOHFWURQLF�SRODURQ FRPSOH[HV�

����� (OHFWURQ HQHUJ\ ORVV H[SHULPHQWV

7KH HQHUJ\ ORVV VSHFWUD VKRZ� KRZ PXFK HQHUJ\ HOHFWURQV ORVH GXULQJ WKHLU WUDQVLW

WKURXJK WKH VDPSOH� 7KH PD[LPXP DERYH WKH WKUHVKROG .Â �. Ã Ä � GLVFXVVHG EHIRUH IRU OXPL�
QHVFHQFH H[FLWDWLRQ VSHFWUD� LV REVHUYDEOH DOVR LQ WKH HOHFWURQ HQHUJ\�ORVV VSHFWUD RI VROLG .U

>1*'0��� )6��@� )LJ� ���� VKRZV WZR HQHUJ\�ORVV VSHFWUD IRU VROLG .U >1*'0��@ �SUL�

PDU\ HOHFWURQ EHDPV ZLWK HQHUJLHV ��� H9 DQG ��� H9� DQG WKH ¶KRW¶ WLPH�ZLQGRZ �{W ����
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QV� BW � QV� RI )( OXPLQHVFHQFH H[FLWDWLRQ VSHFWUXP IRU VROLG .U �VDPSOH ���� 7KH PD[L�

PXP LQ WKH )( H[FLWDWLRQ VSHFWUXP LQ WKH UHJLRQ ������� H9 LV ORFDWHG QHDUO\ DW WKH VDPH

SRVLWLRQ DV WKH PD[LPD LQ WKH HQHUJ\ ORVV VSHFWUD� 7KH YDOXH RI WKH PD[LPXP JLYHQ E\

1XWWDOO HW DO� LV ���� H9 �WDEXODWHG YDOXH LV VOLJKWO\ GLIIHUHQW IURP WKH RQH LQ WKH ¿JXUH RI WKH

SDSHU >1*'0��@��
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)LJXUH ����� &RPSDULVRQ EHWZHHQ HQHUJ\ ORVV GDWD >1*'0��@ DQG WKH ¶KRW¶ WLPH�ZLQGRZ

LQ SKRWRH[FLWDWLRQ VSHFWUXP RI )( IRU VROLG .U �WKLV ZRUN�� 7KH HQHUJ\ ORVV VSHFWUD ZHUH

PHDVXUHG ZLWK WZR GLIIHUHQW SULPDU\ EHDP HQHUJLHV ���� H9 DQG ��� H9� DW �� . �EODFN

VROLG OLQHV�� 7KH ¶KRW¶ WLPH�ZLQGRZ RI )( H[FLWDWLRQ VSHFWUD �BW � QV� {W ���� QV� ZDV

UHFRUGHG IURP VDPSOH �� �JUH\ DUHD��

(QHUJ\ ORVV VSHFWURVFRS\ UHYHDOV RQO\ SULPDU\ HQHUJ\�ORVVHV �L�H� RQH�VWHS SURFHVVHV��

7KHUHIRUH� DERYH . i j WZR�VWHS HOHFWURQ�HOHFWURQ VFDWWHULQJ SURFHVVHV FDQ QRW FRQWULEXWH WR
VLJQDO LQWHQVLW\ LQ WKH HQHUJ\�ORVV VSHFWUD� 7KH PD[LPXP DW ���� H9 LQ HQHUJ\ ORVV VSHF�

WUD FDQ EH H[SODLQHG LQ WZR ZD\V� 2QH SRVVLELOLW\ LV WKH FUHDWLRQ RI WZR H[FLWDWLRQV �L�H�

HOHFWURQLF SRODURQ FRPSOH[� LQ D RQH VWHS SURFHVV� 2Q WKH RWKHU KDQG� WKH PD[LPXP LQ

WKH HQHUJ\ ORVV VSHFWUD PD\ RULJLQDWH IURP D GHQVLW\ RI VWDWHV HIIHFW RU D YDULDWLRQ RI TXDQ�

WXP PHFKDQLFDO WUDQVLWLRQ PDWUL[ HOHPHQWV� 1RWH� H�J�� WKH VWURQJ EURDG PD[LPD DW ��� H9

DQG DW ��� H9 ZKLFK DUH GXH WR VXFK HIIHFWV >1*'0��@� ,Q VROLG ;H DQG $U� DQDORJRXV

PD[LPD DUH SUHVHQW DERYH . k l  .m �. n o LQ WKH SKRWRH[FLWDWLRQ DV ZHOO DV LQ WKH HQHUJ\ ORVV
VSHFWUD >6WH��� *PL��@� ,W VXSSRUWV WKH FUHDWLRQ RI WKH HOHFWURQLF SRODURQ FRPSOH[� EHFDXVH

LW VHHPV WR EH XQOLNH� WKDW D PD[LPXP LQ WKH GHQVLW\ RI WKH VWDWHV RI WKH FRQGXFWLRQ EDQG KDV
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D SHFXOLDULW\ VOLJKWO\ DERYH . � �. � � LQ DOO WKUHH 5*6�

����� &DWKRGROXPLQHVFHQFH H[FLWDWLRQ VSHFWUD

,Q WKH IROORZLQJ� D FRPSDULVRQ EHWZHHQ SKRWRH[FLWDWLRQ VSHFWUD RI WKLV ZRUN DQG FDWKRGR�

OXPLQHVFHQFH H[FLWDWLRQ VSHFWUD ZLOO EH SUHVHQWHG� &ROHWWL DQG 'HEHYHU PHDVXUHG WKH LQWHQ�

VLW\ RI WKH 67( OXPLQHVFHQFH DW ���� H9 LQ VROLG .U DV D IXQFWLRQ RI WKH NLQHWLF HQHUJ\ RI DQ

H[WHUQDO HOHFWURQ EHDP >&'��@� 7KH\ XVHG HOHFWURQV ZLWK D NLQHWLF HQHUJ\ IURP D IHZ H9 WR

�� H9� 7KH VDPSOH XVHG� ZDV D WKLQ OD\HU �D WKLFNQHVV URXJKO\ �� c� FRQGHQVHG DW DERXW �

.�

7KH WLPH�LQWHJUDWHG 67( SKRWRH[FLWDWLRQ VSHFWUXP DQG WKH UHVXOWV RI &ROHWWL DQG 'H�

EHYHU DUH SORWWHG LQ )LJ� ����� ,Q WKH RULJLQDO ZRUN� &ROHWWL DQG 'HEHYHU SUHVHQWHG WKH

FDWKRGROXPLQHVFHQFH H[FLWDWLRQ VSHFWUD LQ DQ HQHUJ\ VFDOH� LQ ZKLFK WKH HOHFWURQ HQHUJ\

ZDV PHDVXUHG IURP WKH ERWWRP RI WKH FRQGXFWLRQ EDQG >&'��@� 7KHUHIRUH� LQ )LJ� ����� WKH

EDQG JDS HQHUJ\ ZDV DGGHG WR WKH RULJLQDO FXUYH� (YHQ WKHQ� ERWK FXUYHV GR QRW KDYH D FRP�

SOHWHO\ FRUUHFW HQHUJ\ VFDOH� VLQFH LQ WKH FDVH RI SKRWRH[FLWDWLRQ DOVR KROHV EHVLGH HOHFWURQV

REWDLQ VRPH NLQHWLF HQHUJ\ �VHH (T� ���� DQG ������ (OHFWURQV FDQ SDVV WKURXJK WKH VDPSOH

RQO\� LI WKHLU HQHUJ\ H[FHHGV WKH YDFXXP OHYHO HQHUJ\ .� �. � � . � LV WKH HOHFWURQ DI¿QLW\

���� H9��

$V LV GHPRQVWUDWHG LQ )LJ� ����� WKH WKUHVKROG IRU SKRWRH[FLWDWLRQ LV DERXW � H9 ORZHU

WKDQ WKH RQH LQ HOHFWURQ H[FLWDWLRQ� 7KLV VHHPV WR H[FOXGH WKH SRVVLELOLW\� WKDW WKH WKUHVKROG

DW .� �. � � LV FDXVHG E\ HOHFWURQ�HOHFWURQ VFDWWHULQJ� 7DNLQJ LQWR DFFRXQW WKH GLVSHUVLRQ

RI WKH YDOHQFH EDQG� WKH WKUHVKROG IRU HOHFWURQ�HOHFWURQ VFDWWHULQJ LQ WKH SKRWRH[FLWDWLRQ

VSHFWUXP VKRXOG ORFDWH HYHQ DW KLJKHU HQHUJ\ WKDQ LQ WKH FDWKRGROXPLQHVFHQFH H[FLWDWLRQ

VSHFWUXP� &RQVHTXHQWO\� D FRPSDULVRQ EHWZHHQ SKRWRH[FLWDWLRQ DQG FDWKRGROXPLQHVFHQFH

GDWD VXSSRUWV WKH LQWHUSUHWDWLRQ RI WKH WKUHVKROG DW .� �. 	 
 DV WKH FUHDWLRQ RI HOHFWURQLF�

SRODURQ FRPSOH[� %XW WKH HOHFWURQ�HOHFWURQ VFDWWHULQJ FRQWULEXWHV GH¿QLWHO\ WR WKH PD[LPXP

DERYH WKH WKUHVKROG�

7KH FDWKRGROXPLQHVFHQFH H[FLWDWLRQ VSHFWUXP� DV GLVFXVVHG DERYH� KDV EHHQ PHDVXUHG

IRU WKH LUUHJXODU WKLQ OD\HU� +HQFH� WKH FDWKRGROXPLQHVFHQFH VSHFWUXP� PHDVXUHG IRU WKH

VDPSOH ZLWK ¶JRRG¶ FU\VWDO VWUXFWXUH FDQ VKRZ D VOLJKWO\ GLIIHUHQW EHKDYLRXU DV GDWD IURP

>&'��@�
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)LJXUH ����� 7KH WLPH�LQWHJUDWHG SKRWRH[FLWDWLRQ VSHFWUXP RI 67( OXPLQHVFHQFH �� � ��

SUHVHQW ZRUN� DQG WKH FDWKRGROXPLQHVFHQFH H[FLWDWLRQ VSHFWUXP RI 67( OXPLQHVFHQFH ��

� �� >&'��@� ,Q WKH 67( SKRWRH[FLWDWLRQ VSHFWUXP� RQO\ WKH SDUW H[FHHGLQJ D FRQVWDQW EDFN�

JURXQG LV VKRZQ� 7KH 67( SKRWRH[FLWDWLRQ VSHFWUXP ZDV PHDVXUHG IURP VDPSOH �� �7 � .�

{b d e f g h  ��� c� {b i j k  �� c��

����� &RQFOXVLRQV

6RPH FRQFOXVLRQV FDQ EH GUDZQ IURP WKH SUHYLRXV VHFWLRQV�

�7KH FRPSDULVRQ EHWZHHQ WKH SKRWRH[FLWDWLRQ VSHFWUD RI VROLG .U DQG .U FOXVWHUV VXSSRUWV

ERWK SRVVLELOLWLHV� WKDW WKH WKUHVKROG PD\ RULJLQDWH IURP HOHFWURQ�HOHFWURQ VFDWWHULQJ DV ZHOO

DV IURP WKH FUHDWLRQ RI HOHFWURQLF�SRODURQ FRPSOH[HV�

�7KH FRPSDULVRQ EHWZHHQ WKH SKRWRH[FLWDWLRQ VSHFWUD DQG WKH HQHUJ\ ORVV VSHFWUD RI VROLG .U

DI¿UPV WKDW WKH WKUHVKROG LV GXH WR WKH FUHDWLRQ RI WKH HOHFWURQLF�SRODURQ FRPSOH[� +RZHYHU�

LW GRHV QRW H[FOXGH DGGLWLRQDO HOHFWURQ�HOHFWURQ VFDWWHULQJ�

�7KH FRPSDULVRQ RI WKH SKRWRH[FLWDWLRQ VSHFWUD DQG WKH FDWKRGROXPLQHVFHQFH H[FLWDWLRQ

VSHFWUD RI VROLG .U VXSSRUWV WKH LGHD� WKDW WKH WKUHVKROG LV FDXVHG E\ WKH FUHDWLRQ RI DQ

HOHFWURQLF�SRODURQ FRPSOH[ LQ D RQH�VWHS SURFHVV� DQG WKDW HOHFWURQ�HOHFWURQ VFDWWHULQJ FRQ�

WULEXWHV DERYH . l m �
7KHUHIRUH� ¶SURPSW¶ FUHDWLRQ RI H[FLWRQV DERYH . n o LV DVFULEHG WR D VXSHUSRVLWLRQ RI

ERWK SURFHVVHV� $W WKUHVKROG LWVHOI� WKH FUHDWLRQ RI HOHFWURQLF SRODURQ FRPSOH[HV LV WKH GRP�

LQDQW SURFHVV� DQG DW KLJKHU H[FLWDWLRQ HQHUJLHV� HOHFWURQ�HOHFWURQ VFDWWHULQJ PD\ GRPLQDWH�
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��� 5HVXOWV RI WKH UHFRPELQDWLRQ PRGHO

,Q WKH SUHVHQW ZRUN� WKH ¶VORZ¶ FRPSRQHQW RI H[SHULPHQWDO )( GHFD\ FXUYHV� H[FLWHG

DERYH WKH IRUELGGHQ JDS� ZDV ¿WWHG XVLQJ WKH HOHFWURQ�KROH UHFRPELQDWLRQ PRGHO �VHH VHFWLRQ

������� 7KH ¿WWLQJ SURFHGXUH LV YHU\ VHQVLWLYH UHJDUGLQJ WKH LQLWLDO FDUULHU GHQVLW\ � � � 7KLV
DJDLQ GHSHQGV VWURQJO\ RQ WKH DOLJQPHQW RI PLUURUV LQ WKH EHDPOLQH DV ZHOO DV RQ WKH VWRUDJH

ULQJ FXUUHQW DQG RQ WKH QXPEHU RI EXQFKHV� $OVR WKH VXUIDFH TXHQFKLQJ SOD\V DQ LPSRUWDQW

UROH� GHSHQGLQJ RQ WKH SDUWLFXODU VDPSOH� 7KHUHIRUH� WKH QXPHULFDO YDOXHV REWDLQHG IURP

PRGHO FDOFXODWLRQV IRU RQH VDPSOH FDQQRW EH XVHG IRU RWKHU VDPSOHV� 7KH )( GHFD\ FXUYHV

RI ¶JRRG TXDOLW\¶ VDPSOH �� �)(�67( LQWHQVLW\ UDWLR ����� DUH XVHG DV DQ H[DPSOH LQ WKLV

VHFWLRQ�

7KH ¿UVW VWHS LQ WKH ¿WWLQJ SURFHVV LV WR ¿[ D VHW RI LQLWLDO SDUDPHWHUV �H�J� � ' .
�� 6

� � �
� �

� � � K � 	 �� 7KHQ� WKH UHVSHFWLYH )( GHFD\ FXUYH DQG WKH GLIIHUHQFH EHWZHHQ WKH ¶VORZ¶ FRP�

SRQHQW RI H[SHULPHQWDO )( GHFD\ FXUYH DQG WKH FDOFXODWHG FXUYH ZHUH FRPSXWHG� 7KH GLI�

IHUHQFH ZDV FDOFXODWHG RQ WKH EDVLV RI WKH OHDVW VTXDUH PHWKRG� XVLQJ D VXP

7 '

[
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ZKHUH U �� � � LV WKH LQWHQVLW\ LQ WKH M�WK FKDQQHO RI WKH H[SHULPHQWDO GHFD\ FXUYH DQG U
�

� � � LV WKH
FRUUHVSRQGLQJ FDOFXODWHG YDOXH�

7KLV SURFHGXUH ZDV UHSHDWHG XVLQJ YDULRXV VHWV RI LQLWLDO SDUDPHWHUV� 7KH GHFD\ FXUYH

FRUUHVSRQGLQJ WR WKH VPDOOHVW YDOXH RI 7� ZDV DFFHSWHG DV WKH EHVW ¿W� 7KH WLPH�UHJLRQ RI

GHFD\ FXUYH� ZKHUH WKH ¶SURPSW¶ FRPSRQHQW GRPLQDWHV� ZDV H[FOXGHG IURP WKH FDOFXODWLRQV�

6LPLODU FDOFXODWLRQV ZHUH SHUIRUPHG IRU VROLG ;H XVLQJ D RQH�GLPHQVLRQDO ¿WWLQJ

PHWKRG >6WH��@� ,W PHDQV� WKDW DOO SDUDPHWHUV ZHUH ¿[HG� H[FHSW RQH ZKLFK ZDV YDULHG

GXULQJ WKH ¿W� ,Q WKH SUHVHQW ZRUN� D PXOWL�GLPHQVLRQDO ¿WWLQJ SURFHGXUH ZDV XVHG DQG XS

WR WKUHH SDUDPHWHUV ZHUH YDULHG GXULQJ RQH ¿W� 7KH PXOWLGLPHQVLRQDO ¿W UHTXLUHV PRUH WLPH�

VLQFH WKH QXPEHU RI FDOFXODWHG FXUYHV LQFUHDVHV HVVHQWLDOO\�

7KH TXDQWLWLHV � . �� 6
� �

� DQG � ! VLJQL¿FDQWO\ DIIHFW WKH VKDSH RI D GHFD\ FXUYH� 7KH
VDPH LV WUXH IRU K " # RQO\� LI K " # )���� $ ��V� $W ¿UVW VLJKW� LW VHHPV SRVVLEOH WR GHWHUPLQH
YDOXHV IRU WKRVH TXDQWLWLHV IURP WKH PRGHO FDOFXODWLRQV� %XW WKLV LV QRW WUXH� 7KH PRGHO

FDOFXODWLRQV RI WKLV ZRUN YHUL¿HG� WKDW WKHUH LV QR ZHOO�GH¿QHG PLQLPXP IRU 7� L�H� RQH

¿[HG VHW RI SDUDPHWHUV� JLYLQJ WKH EHVW ¿W� 2Q WKH FRQWUDU\� VHYHUDO VHWV RI VLJQL¿FDQWO\

GLIIHUHQW SDUDPHWHUV FDQ EH IRXQG� ZKLFK DOO SURYLGH D VLPLODU VKDSH RI WKH GHFD\ FXUYH�

)LJ� ���� VKRZV ¿WWLQJ UHVXOWV IRU WKUHH GLIIHUHQW YDOXHV RI WKH SDUDPHWHU � . %& 6
' (

%) �DW

¿[HG K * +  ��� 7KH LQLWLDO FDUULHU GHQVLW\ � , IRU HYHU\ SDUWLFXODU FRHI¿FLHQW � f�D � � - . / �
� �- . / DQG � ��D � � 0 1 2 ZDV IRXQG IURP WKH ¿W� � 0 1 2 LV WKH H[SHULPHQWDO YDOXH WDNHQ IURP
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OLWHUDWXUH� EXW DV GLVFXVVHG EHIRUH� LW FDQ EH VRPHZKDW RYHUHVWLPDWHG �VHH VHFWLRQ �������

$V )LJ� ���� FOHDUO\ GHPRQVWUDWHV� D YDULDWLRQ RI WKH FRHI¿FLHQW � ' . �� 6
� � �� E\ IDFWRU

RI � FKDQJHV WKH YDOXH IRU WKH LQLWLDO FDUULHU GHQVLW\ � � �� WLPHV� $W WKH VDPH WLPH� WKH

FKDQJH RI WKH FDOFXODWHG )( GHFD\ FXUYH VKDSH LV UDWKHU VPDOO� &RQVHTXHQWO\� LQ SULQFLSOH

WKH WKHRUHWLFDO PRGHO VLPXODWHV WKH H[SHULPHQWDO FXUYHV VXI¿FLHQWO\ ZHOO� EXW HVSHFLDOO\ WKH

YDOXHV RI � ' . �� 6
� 	 �
 DQG � � GHSHQG YHU\ VWURQJO\ RQ HDFK RWKHU� 7KHUHIRUH� IURP WKH

PRGHO FDOFXODWLRQV LV QRW SRVVLEOH WR ¿QG ¶UHDO¶ YDOXHV IRU DOO WKUHH SDUDPHWHUV � ' . �� 6
� 	 �
 �

� � DQG K � 
 � ,Q SULQFLSOH� XVLQJ ¿WWLQJ RQH FDQ ¿QG D JRRG HVWLPDWH IRU RQH TXDQWLW\� EXW
RQO\ LQ WKH FDVH� LI WZR RWKHUV DUH ZHOO NQRZQ�
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)LJXUH ����� ([SHULPHQWDO )( GHFD\ FXUYH �¶JRRG TXDOLW\¶ VDPSOH �� DW � .� '25,6 FXUUHQW

�� ��� �� P$� DQG WKH UHVXOWV RI PRGHO FDOFXODWLRQV LQ WKH FDVH RI GLIIHUHQW FRHI¿FLHQWV

� ' . ¸¹ 6 º » ¼½ � � ' f�D � � ¾ ¿ À c � ' � Á Â Ã DQG � ' ��D � � Ä Å Æ � 7KH PRGL¿HG $EDNXPRY¶V

FURVV�VHFWLRQ >5*. Ç ��@ ZDV XVHG� QHJOHFWLQJ QRQUDGLDWLYH ORVVHV� 7KH UHVSHFWLYH YDOXHV RI

WKH LQLWLDO FDUULHU GHQVLW\ � È REWDLQHG IURP WKH ¿WV DUH DOVR JLYHQ LQ WKH ¿JXUH�

)LJ� ���� GHSLFWV WKH EHVW SRVVLEOH ¿WV XVLQJ WKUHH GLIIHUHQW FURVV VHFWLRQV� L�H� IURP

WKUHH GLIIHUHQW WKHRUHWLFDO DSSURDFKHV �VHH FKDSWHU ������� � É LV DOZD\V GHWHUPLQHG IURP

PRGHO FDOFXODWLRQV XVLQJ ¿[HG YDOXHV K Ê Ë  f DQG � � Ì Í Î � 7KH FURVV�VHFWLRQ j Ï Ð Ñ Ò Ó Ô Ô Õ IRU

)( FUHDWLRQ �(T� ����� JLYHV WKH EHVW DFFRUGDQFH ZLWK H[SHULPHQW� 7KLV ¿JXUH DOVR GHPRQ�

VWUDWHV� WKDW D FKDQJH RI WKH WKHRUHWLFDO DSSUR[LPDWLRQ IRU WKH FURVV�VHFWLRQ FDXVHV YDULDWLRQ

RI WKH LQLWLDO FDUULHU GHQVLW\ � Ö � IRXQG IURP WKH ¿W� E\ D IDFWRU RI ���� ,W LV LPSRUWDQW WR
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UHPLQG WKDW D VHULRXV KLGGHQ DVVXPSWLRQ FRQFHUQV WKH XVH RI FURVV�VHFWLRQ j � � � � � � � � c ZKLFK

LV YDOLG IRU PRELOH KROHV DQG HOHFWURQV� )RU 5*6� LW LV JHQHUDOO\ DVVXPHG WKDW KROHV VHOI�WUDS

DIWHU WKHLU FUHDWLRQ ZLWKLQ SLFR�VHFRQGV� 7KHUHIRUH� WKH YDOXHV IRXQG RQ WKH EDVLV j � � 	 
 � � � 

DUH RQO\ DSSUR[LPDWH� $GGLWLRQDO WKHRUHWLFDO LQYHVWLJDWLRQV� FRQFHUQLQJ WKH FURVV�VHFWLRQ RI

PRELOH HOHFWURQ DQG ORFDOL]HG KROH UHFRPELQDWLRQ LQWR )( VWDWH DUH QHFHVVDU\�
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)LJXUH ����� ([SHULPHQWDO )( GHFD\ FXUYH �¶JRRG TXDOLW\¶ VDPSOH �� DW � .� '25,6 FXUUHQW

�� ��� �� P$� ( � � � � � �  ��� PH9� DQG WKH EHVW ¿WV IRU WKUHH GLIIHUHQW WKHRUHWLFDO FURVV�VHFWLRQV
DW ¿[HG K � �  f DQG � � � � � � 7KH LQLWLDO FDUULHU GHQVLWLHV � � � IRXQG IURP WKH ¿WWLQJ� DUH

VKRZQ LQ WKH ¿JXUH DV ZHOO�

$V )LJ� ���� VKRZV� WKH YDOXH RI LQLWLDO FDUULHU GHQVLW\ � � � REWDLQHG IURP WKH ¿W XVLQJ

FURVV�VHFWLRQ j � � � �   ¡ ¡ ¢ � LV ����� WLPHV VPDOOHU WKDQ WKH GHQVLW\ HVWLPDWHG IRU WKH HOHFWURQ�

KROH FUHDWLRQ SURFHVV LWVHOI� $V GLVFXVVHG LQ VHFWLRQ ������ WKH LQLWLDO H[FLWDWLRQ YROXPH KDV

D WKLFNQHVV RI WKH RUGHU ��k � �� QP� +RZHYHU� HYHQ WKH PHDQ IUHH SDWK RI WKH FUHDWHG

HOHFWURQV FDQ EH PXFK ORQJHU� 3OHQNLHZLF] HW DO� HVWLPDWHG WKDW WKH PHDQ IUHH SDWK RI

HOHFWURQV ZLWK NLQHWLF HQHUJ\ �� H9 LQ VROLG $U LV PRUH WKDQ ��� QP >3-33��@� &DUWLHU DQG

3ÀXJHU >&3��@ DOVR HVWLPDWHG ���� QP �$U� DQG ���� QP �;H� IRU HOHFWURQV ZLWK NLQHWLF

HQHUJ\ �� H9� 1R HVWLPDWHV H[LVW IRU .U� KRZHYHU� WKH YDOXH VKRXOG EH VRPHZKHUH EHWZHHQ

WKH YDOXHV IRU $U DQG IRU ;H� $V D FRQVHTXHQFH RI WKH WUDQVYHUVH VL]H RI WKH H[FLWDWLRQ

YROXPH �OHQJWK� ZLGWK �*k�� WKH GLIIXVLRQ RI FDUULHUV FDQ EH WUHDWHG DV DQ RQH�GLPHQVLRQDO

SUREOHP� 8QGHU WKHVH SDUWLFXODU H[FLWDWLRQ FRQGLWLRQV� WKH FDUULHU GLIIXVLRQ GXULQJ WKHLU
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)LJXUH ����� $ VHW RI H[SHULPHQWDO )( GHFD\ FXUYHV �¶JRRG TXDOLW\¶ VDPSOH �� DW �.�

{b \ ] ^ _ `  ��� c� {b a b c  � c� $O JUDWLQJ� '25,6 FXUUHQW �� ��� �� P$� ��EXQFK PRGH� WR�
JHWKHU ZLWK WKH UHVSHFWLYH ¿WWLQJ UHVXOWV� $Q LQLWLDO FDUULHU GHQVLW\ � d  ������ e f P g h ZDV
GHWHUPLQHG IURP WKH ¿W RI WKH FXUYH ZLWK WKH H[FHVV HQHUJ\. i j k i l l  ��� PH9� $OO RWKHU FXUYHV
ZHUH FDOFXODWHG ZLWKRXW DQ\ FKDQJH LQ LQLWLDO SDUDPHWHUV� 7KH PRGL¿HG $EDNXPRY¶V FURVV�

VHFWLRQ ZDV XVHG >5*. m ��@ QHJOHFWLQJ QRQ�UDGLDWLYH ORVVHV�

FRROLQJ PD\ DFFRXQW IRU H[SDQVLRQ RI WKH FKDUJH FORXG LQWR WKH EXON RI WKH VDPSOH� WKXV

HQODUJLQJ WKH H[FLWDWLRQ YROXPH� 7KH FDSWXUH RI FDUULHUV LQ WUDSV DQG QRQ�UDGLDWLYH VXUIDFH

TXHQFKLQJ XQGHU WKH FRQGLWLRQV RI WKH SUHVHQW H[SHULPHQW SOD\ DOVR D UROH DQG GHFUHDVH WKH

FDUULHU GHQVLW\� $GGLWLRQDOO\� D VLJQL¿FDQW SUREOHP LV FRQQHFWHG ZLWK H[SHULPHQWDO YDOXH

� n o p ' . qr 6 s
t uv � ZKLFK FDQ EH RYHUHVWLPDWHG �VHH VHFWLRQ �������

,W LV LPSRUWDQW WR SRLQW RXW WKDW H[SHULPHQWDO GHFD\ FXUYHV �VHH H�J� )LJ� ����� GHPRQ�

VWUDWHV D SODWHDX LQ WKH WLPH�UDQJH IURP �� WR �� QV� $W WKH VDPH WLPH� WKLV SODWHDX LV QRW

SUHVHQW LQ WKH FDOFXODWHG GHFD\ FXUYHV� 7KH UHDVRQ LV WKDW WKH WKHRU\ GRHV QRW WDNH LQWR DF�

FRXQW GLIIXVLRQ RI WKH FKDUJH FDUULHUV� 1DPHO\� D IHZ QDQRVHFRQGV ODWHU WKH FDUULHU GHQVLW\ LV

FRQVLGHUDEOH UHGXFHG GXH WR WKH GLIIXVLRQ SURFHVV� :KHUHDV WKH PRGHO DFFRXQWV IRU FDUULHU
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8QLW 9DOXH

(IIHFWLYH HOHFWURQ PDVV� 6 � P � ����

(IIHFWLYH KROH PDVV� 6 � P � ���

,QLWLDO FDUULHU GHQVLW\ �DW ( � � � � � �  ��� PH9�� � 	 ��P
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/RQJLWXGLQDO VRXQG YHORFLW\� � � �P�V� ����

&U\VWDO WHPSHUDWXU� A � �.� ���

1RQ�UDGLDWLYH ORVVHV� K �  ��V � !
'HQVLW\ RI VROLG .U �DW �.�� 4 NJ�P " ������

7DEOH ���� 7KH YDOXHV RI WKH SDUDPHWHUV� XVHG IRU WKH FRPSXWHU VLPXODWLRQV RI WKH GHFD\

FXUYHV� # ,I WKH YDOXH RI QRQ�UDGLDWLYH ORVVHV LV VPDOOHU WKDQ ����� $ ��V� LWV LQÀXHQFH RQ WKH
¿WWLQJ UHVXOWV FDQ EH QHJOHFWHG�

GHQVLW\ FKDQJH FDXVHG RQO\ E\ UHFRPELQDWLRQ� 7KHUHIRUH� LW LV REYLRXV WKDW WKH ULVLQJ SDUW

RI WKH WKHRUHWLFDO GHFD\ FXUYHV LV PRVW SUREDEO\ XQGHUHVWLPDWHG� 7KH UHOHYDQFH RI GLIIXVLRQ

SURFHVVHV LV DOVR MXVWL¿HG E\ WKH ¶VPDOO¶ YDOXH RI WKH FDUULHU GHQVLW\� IRXQG DV UHVXOW RI WKH

¿WWLQJ�

)LJXUH ���� VKRZV WKH H[SHULPHQWDO )( GHFD\ FXUYHV DV ZHOO DV WKH UHVXOWV RI WKH

PRGHO FDOFXODWLRQV DW GLIIHUHQW H[FLWDWLRQ HQHUJLHV DERYH WKH EDQG JDS� 7KH H[FHVV HQHUJ\

. % & ' % ( (  �D � .) LV JLYHQ IRU HDFK FXUYH DV DQ HQHUJHWLF SDUDPHWHU� $V GLVFXVVHG EHIRUH

�VHFWLRQ ������� WKH HOHFWURQ�KROH UHFRPELQDWLRQ PRGHO LV DSSOLFDEOH ZLWK DQ H[FHVV HQHUJ\

( * + , * - - 1��� H9� 7KHUHIRUH� RQO\ FXUYHV ZLWK VPDOO H[FHVV HQHUJ\ DUH VKRZQ� 7KH LQLWLDO FDU�

ULHU GHQVLW\ � .  ������ / 0 P 1 2 ZDV GHWHUPLQHG IURP WKH ¿W RI WKH XSSHU H[SHULPHQWDO FXUYH

�. 3 4 5 3 6 6  ��� PH9�� $OO RWKHU FXUYHV ZHUH FDOFXODWHG XVLQJ WKH VDPH LQLWLDO FDUULHU GHQVLW\
� . � FRUUHFWHG IRU WKH LQLWLDO SKRWRQ ÀX[ DQG WKH DEVRUSWLRQ FRHI¿FLHQW DW WKH UHVSHFWLYH H[FL�
WDWLRQ HQHUJLHV DV ZHOO DV IRU WKH VWRUDJH ULQJ FXUUHQW� 7KH YDOXHV RI WKH SDUDPHWHUV XVHG IRU

WKH VLPXODWLRQV DUH FROOHFWHG LQ WDEOH ����

7KH PRVW LPSRUWDQW UHVXOWV RI WKH VLPXODWLRQV XVLQJ WKH HOHFWURQ�KROH UHFRPELQDWLRQ

PRGHO DUH�

�7KH HOHFWURQ�KROH UHFRPELQDWLRQ PRGHO GHVFULEHV TXLWH ZHOO WKH VKDSH RI WKH ¶VORZ¶

FRPSRQHQW RI )( GHFD\ FXUYH�

�&RPSDUHG ZLWK HDUOLHU FDOFXODWLRQV IRU VROLG ;H >5*. 7 ��� 6WH��@� WKH YDOXHV IRU WKH
HOHFWURQ HIIHFWLYH PDVV6 8 DQG WKH GHIRUPDWLRQ SRWHQWLDO. 9 c EDVHG RQ WKH WKHRUHWLFDO FRQVLG�
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HUDWLRQV� ZHUH UHSODFHG E\ DQ H[SHULPHQWDOO\ GHWHUPLQHG FRHI¿FLHQW �� � � ' .
�� 6

� � �
� � 6XFK

D VXEVWLWXWLRQ LV DVVXPHG WR LQFUHDVH WKH DFFXUDF\ RI ¿WWLQJ UHVXOWV� HYHQ LI � � 	 � LQFOXGHV

VRPH HUURU�

�7KH YDOXH RI WKH LQLWLDO FDUULHU GHQVLW\ � 
 IURP WKH ¿WWLQJ LV ����� WLPHV VPDOOHU WKDQ

HVWLPDWHG IURP WKH H[SHULPHQWDO FRQGLWLRQV� 7KH IROORZLQJ IDFWRUV SOD\ D PDLQ UROH KHUH�

�L� 7KH FDUULHU GLIIXVLRQ FDQ FDXVH D YHU\ VLJQL¿FDQW GHFUHDVH RI WKH FDUULHU GHQVLW\� 1DPHO\�

DV D FRQVHTXHQFH RI WKH WUDQVYHUVH VL]H RI WKH H[FLWDWLRQ YROXPH �OHQJWK� ZLGWK  WKLFN�

QHVV�� WKH GLIIXVLRQ RI FDUULHUV FDQ EH WUHDWHG DV DQ RQH�GLPHQVLRQDO SUREOHP� 7KH LQLWLDO

WKLFNQHVV RI WKH H[FLWDWLRQ YROXPH LV ���� c� EXW DOUHDG\ D IHZ GLIIXVLRQ VWHSV FDQ HQODUJH

WKH H[FLWDWLRQ YROXPH GUDVWLFDOO\ �VHH S� �����

�LL� 7KH H[SHULPHQWDO YDOXH RI � � � 
 ' . �� 6
� �

�� LV SUREDEO\ RYHUHVWLPDWHG �VHH VHFWLRQ �������

$V GHPRQVWUDWHG� LWV LQFUHDVH E\ IDFWRU RI WZR DOUHDG\ FDXVHV DQ XQGHUHVWLPDWLRQ RI WKH

LQLWLDO FDUULHU GHQVLW\ E\ PRUH WKDQ DQ RUGHU RI PDJQLWXGH� 1HZ PHDVXUHPHQWV RI WKH ORZ�

¿HOG HOHFWURQ PRELOLW\ DW ORZ WHPSHUDWXUH LQ ¶JRRG TXDOLW\¶ VDPSOHV DUH QHFHVVDU\ WR LPSURYH

WKH YDOXH RI � � � 
 ' . �� 6
� �

�� �

�LLL� ,W LV SRVVLEOH WKDW WKH FURVV�VHFWLRQ j � � � � � � � � LQFOXGHV VRPH LQDFFXUDF\� 0RUH GHWDLOHG

WKHRUHWLFDO LQYHVWLJDWLRQV FRQFHUQLQJ WKH UHFRPELQDWLRQ FURVV�VHFWLRQ DUH QHFHVVDU\�

�LY� 7KH LQFLGHQW SKRWRQ ÀX[ PD\ EH FRQVLGHUDEO\ RYHUHVWLPDWHG�

���� ,UUDGLDWLRQ HIIHFWV

,RQL]LQJ UDGLDWLRQ KDV FRQVLGHUDEOH LQÀXHQFH RQ WKH RSWLFDO SURSHUWLHV RI ZLGH�JDS

VROLGV� 'XULQJ H[SHULPHQWV ZLWK VROLG NU\SWRQ� LUUDGLDWLRQ HIIHFWV ZHUH REVHUYHG DV ZHOO�

1DPHO\� LI WKH PRQRFKURPDWL]HG V\QFKURWURQ UDGLDWLRQ VSRW ZDV GLUHFWHG WR D ¶IUHVK¶ SRVL�

WLRQ RI WKH VDPSOH� WKH ¶VORZ¶ FRPSRQHQW RI WKH )( GHFD\ FXUYH LQFUHDVHG GXULQJ WKH ¿UVW �

��� �� PLQ RI LUUDGLDWLRQ� ¶)UHVK¶ PHDQV WKDW WKH VDPSOH VXUIDFH KDV QHYHU EHHQ LOOXPLQDWHG

E\ V\QFKURWURQ UDGLDWLRQ HDUOLHU�

7KLV EHKDYLRXU PD\ EH H[SODLQHG LQ WKH IROORZLQJ ZD\� &RQFHUQLQJ UHFRPELQDWLRQ�

WKHUH H[LVW WZR SRVVLELOLWLHV� �L� UHFRPELQDWLRQ RI IUHH HOHFWURQV DQG IUHH KROHV� DQG �LL� UH�

FRPELQDWLRQ RI IUHH HOHFWURQV DQG VHOI�WUDSSHG KROHV� ,W LV LPSRUWDQW WR UHPLQG WKDW VHOI�

WUDSSLQJ RI WKH KROHV RFFXUV RQ D WLPH�VFDOH RI D IHZ SV�

$V ZDV VKRZQ E\ .LQN HW DO� >... � ��@ HOHFWURQV FDQ EH WUDSSHG LQ 5*6 DV ZHOO�

7KH WUDSV HVWDEOLVKHG E\ .LQN HW DO� LQ VROLG .U DUH GHHS WUDSV �ZLWK WKH GHSWKV RI ���

��� ��� �� PH9� VR WKDW WKH WUDSSHG HOHFWURQV DUH ORVW IRU UHFRPELQDWLRQ� +RZHYHU� WKHUH

LV D IXQGDPHQWDO GLIIHUHQFH EHWZHHQ KROH WUDSSLQJ DQG HOHFWURQ WUDSSLQJ� 6HOI�WUDSSLQJ RI

KROHV LV DQ LQWULQVLF HIIHFW� ZKHUHDV HOHFWURQ WUDSSLQJ LV DQ H[WULQVLF HIIHFW� UHTXLULQJ DOUHDG\
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)LJXUH ����� )( GHFD\ FXUYH �VDPSOH �� DW �� .� {b � � � � �  ��� c� {b � � �  � c� H[FLWHG E\
���� H9 SKRWRQV�

SUHVHQW LPSXULWLHV �OLNH R[\JHQ� RU VWUXFWXUDO GHIHFWV� 7KHUHIRUH� DIWHU D FHUWDLQ GRVH RI

LOOXPLQDWLRQ� WKH H[WULQVLF WUDSSLQJ VLWHV PD\ EH VDWXUDWHG� 7KDW PHDQV� DIWHU VDWXUDWLRQ�

PRUH PRELOH HOHFWURQV DUH SUHVHQW IRU UHFRPELQDWLRQ WKDQ LQ D ¶IUHVK¶ VDPSOH� 0RUHRYHU� WKH

�VHOI�WUDSSHG� KROHV FRUUHVSRQGLQJ WR WKH WUDSSHG HOHFWURQV� DUH VWLOO UHDG\ WR UHFRPELQH ZLWK

PRELOH HOHFWURQV�

$OWKRXJK WUDSV SOD\ D GLVWLQFW UROH LQ WKH GHFD\ NLQHWLFV RI OXPLQHVFHQFH� WKRVH GHFD\V

DUH QRW WUDS FRQWUROOHG LQ WKH XVXDO VHQVH� ZKHUH WKH VKDSH RI WKH GHFD\ FXUYH DULVHV IURP WKH

SUREDELOLW\ RI HOHFWURQ HVFDSH IURP WKH WUDS� 7KH HOHFWURQ SUREDELOLW\ WR HVFDSH IURP D WUDS

LV JLYHQ E\
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ZKHUH r LV WKH IUHTXHQF\ IDFWRU RI WKH RUGHU RI D SKRQRQ IUHTXHQF\� � LV WKH FKDUDFWHULVWLF

WLPH IRU HOHFWURQ UHOHDVH� DQG . � � LV WKH HQHUJHWLF GHSWK RI WKH WUDS� $ URXJK YDOXH IRU WKH

IUHTXHQF\ IDFWRU LQ VROLG .U LV r ��� � � ��V >.9��@� $VVXPLQJ WKDW WKH ¶VORZ¶ FRPSRQHQW RI
)( GHFD\ FXUYHV LV FDXVHG E\ WUDSV� WKHQ D W\SLFDO � IRU VXFK WUDSV VKRXOG EH URXJKO\ � ��

QV DW � .� $ W\SLFDO GHSWK RI VXFK WUDS VKRXOG EH . � � � � PH9 �IURP (T� ����� $Q LQFUHDVH

RI VDPSOH WHPSHUDWXUH IURP A � WR A � WKHQ ZRXOG LQFUHDVH WKH SUREDELOLW\ IRU HOHFWURQV WR EH
UHOHDVHG IURP WKH WUDSV�
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$VVXPLQJ A �  � . DQG A �  �� .� WKHQ WKH SUREDELOLW\ IRU HOHFWURQ UHOHDVH ZRXOG LQFUHDVH E\

D IDFWRU RI ����� ,W PHDQV DOVR WKDW WKH FKDUDFWHULVWLF � VKRXOG GHFUHDVH ��� WLPHV DQG WKH

¶VORZ¶ FRPSRQHQW RI WKH )( GHFD\ VKRXOG GLVDSSHDU� )LJ� ���� VKRZV WKH ¶VORZ¶ FRPSRQHQW

RI WKH )( GHFD\ FXUYH DW �� .� 7KLV FXUYH KDV WKH VDPH EHKDYLRXU DV WKH )( GHFD\ FXUYHV

DW � .� ,W PHDQV WKDW WKH ¶VORZ¶ FRPSRQHQW RI )( FDQQRW DULVH IURP WKH UHFRPELQDWLRQ RI

HOHFWURQV UHOHDVHG IURP WKH WUDS�

7KHUHIRUH� WKH IRUPDWLRQ RI ¶VORZ¶ FRPSRQHQW RI )( GHFD\ FXUYH YHU\ OLNHO\ WDNHV

SODFH DV GHVFULEHG LQ VHFWLRQV ����� DQG ���� DOWKRXJK WKH DPRXQW RI KROHV LV PRVW SUREDEO\

ODUJHU WKDQ WKH DPRXQW RI WKH PRELOH HOHFWURQV� 1HYHUWKHOHVV� WKH GLIIHUHQW LQLWLDO GHQVLWLHV

RI HOHFWURQV DQG KROHV DUH QRW WDNHQ LQWR DFFRXQW LQ WKH SUHVHQW ZRUN� VLQFH WKLV QHHGV EHWWHU

NQRZOHGJH RI WKH UHVSHFWLYH SDUDPHWHUV�

'HSHQGLQJ RQ WKH VHOHFWHG SKRWRQ HQHUJ\ DQG LUUDGLDWLRQ GRVH DQRWKHU HIIHFW LV RE�

VHUYDEOH� $IWHU LUUDGLDWLRQ RI WKH VDPSOH ZLWK WKH ZKLWH�EHDP �L�H� V\QFKURWURQ UDGLDWLRQ

LQ WKH ]HURWK RUGHU RI SULPDU\ PRQRFKURPDWRU�� LQWHQVLW\ RI ERWK �¶SURPSW¶ DQG ¶VORZ¶�

FRPSRQHQWV RI )( GHFD\ FXUYH GHFUHDVHV �)LJ� ������ 6XFK D VWURQJ LUUDGLDWLRQ LQÀXHQFHV

HVVHQWLDOO\ WKH FU\VWDO VWUXFWXUH RI WKH VDPSOH� $ VLJQL¿FDQW LQFUHDVH RI WKH DPRXQW RI WKH

GHIHFWV FDXVHV DQ HQKDQFHPHQW RI WKH SUREDELOLW\ RI )( WUDSSLQJ DW SHUWXUEHG VLWHV� ZKLOH WKH

SUREDELOLW\ IRU WKH UDGLDWLYH GHFD\ RI )( GRHV QRW FKDQJH� $V D UHVXOW� WKH WRWDO LQWHQVLW\ RI

WKH )( HPLVVLRQ GHFUHDVHV �VHH VHFWLRQ ������� +RZHYHU� VXFK DQ LQWHUSUHWDWLRQ LV WHQWDWLYH

DQG DGGLWLRQDO LQYHVWLJDWLRQV DUH QHHGHG�
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)LJXUH ����� ,UUDGLDWLRQ HIIHFWV RQ WKH VKDSH RI )( GHFD\ FXUYH XQGHU LUUDGLDWLRQ E\ WKH

¶ZKLWH EHDP¶ �L�H� ZLWK ]HUR RUGHU RI SULPDU\ PRQRFKURPDWRU�� 2Q WRS� )( GHFD\ FXUYH�

H[FLWHG EHORZ WKH IRUELGGHQ JDS� %RWWRP� )( GHFD\ FXUYH� H[FLWHG DERYH WKH IRUELGGHQ JDS�

,QWHQVLWLHV RI WKH FXUYHV DUH VKRZQ DV PHDVXUHG LQ RUGHU WR GHPRQVWUDWH WKH GHFUHDVH RI WKH

WRWDO LQWHQVLW\ RI )( HPLVVLRQ�
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6XPPDU\

.U FU\VWDOV H[KLELW VLPXOWDQHRXVO\ VWURQJ EURDG�EDQG VHOI�WUDSSHG H[FLWRQ �67(� OXPL�

QHVFHQFH DV ZHOO DV FRQVLGHUDEOH QDUURZ�EDQG OXPLQHVFHQFH RI IUHH H[FLWRQV �)(� LQ 989

UHJLRQ� 7KH PDLQ SXUSRVH RI WKH SUHVHQW ZRUN ZDV DQ LQYHVWLJDWLRQ RI WKH GLIIHUHQW H[FLWRQ

FUHDWLRQ SURFHVVHV LQ WKH FDVH RI SKRWRH[FLWDWLRQ� ZKHUH WKH SKRWRQ HQHUJ\ LV H[FHHGLQJ WKH

EDQG JDS HQHUJ\� %RWK� QDUURZ�EDQG OXPLQHVFHQFH IURP WKH ORZHVW )( VWDWH DQG WKH VLQJOHW

� � P
�

� � FRPSRQHQW RI WKH 67( HPLVVLRQ ZHUH XVHG DV SUREHV�

)RU WKH ¿UVW WLPH� WKH WLPH�UHVROYHG H[FLWDWLRQ VSHFWUD RI )( OXPLQHVFHQFH LQ VROLG

.U ZHUH PHDVXUHG XVLQJ SKRWRH[FLWDWLRQ XS WR ��� H9� $OVR WKH )( OXPLQHVFHQFH GHFD\

FXUYHV ZHUH V\VWHPDWLFDOO\ LQYHVWLJDWHG LQ WKH HQHUJ\ UDQJH XS WR ��� H9 LQ WKLV ZRUN�

6XFK PHDVXUHPHQWV ZHUH SRVVLEOH GXH WR WKH LQWHQVH )( HPLVVLRQ� FRQQHFWHG ZLWK YHU\

JRRG ¶TXDOLW\¶ RI WKH VDPSOHV DQG XVLQJ .U JDV ZLWK YHU\ KLJK SXULW\� 6HULHV RI VDPSOHV

ZHUH JURZQ DQG LQYHVWLJDWHG GHPRQVWUDWLQJ D JRRG UHSURGXFLELOLW\ RI WKH PDLQ H[SHULPHQWDO

UHVXOWV�

'HOD\HG FUHDWLRQ RI H[FLWRQV YLD HOHFWURQ�KROH UHFRPELQDWLRQ DQG ¶SURPSW¶ �LQ WKH

PHDQLQJ RI WKH WLPH�UHVROXWLRQ RI H[SHULPHQWDO VHW�XS� FUHDWLRQ RI H[FLWRQV ZHUH FOHDUO\

VHSDUDWHG XVLQJ WKH WLPH�UHVROYHG H[SHULPHQWDO WHFKQLTXH� ,I WKH H[FLWLQJ SKRWRQ HQHUJ\ LV

VPDOOHU WKDQ WKH EDQG JDS� �D	.� �.�  ����� H9�� GLUHFW RSWLFDO FUHDWLRQ RI H[FLWRQV RFFXUV�
$IWHU WKHLU FUHDWLRQ� H[FLWRQV UHOD[ ¶SURPSWO\¶ WR WKH ORZHVW )( VWDWH DQG WKHQ HPLW WKH )(

HPLVVLRQ RU EHFRPH VHOI�WUDSSHG� 8VLQJ SULPDU\ H[FLWDWLRQ HQHUJ\ H[FHHGLQJ WKH IRUELGGHQ

JDS HQHUJ\ ��D:. � �� L�H� FUHDWLQJ HOHFWURQ�KROH SDLUV� WKH )( GHFD\ FXUYH H[KLELWV EHVLGHV

WKH ¶SURPSW¶ FRPSRQHQW �PD[LPXP LV FRQIRUPLQJ ZLWK WKH H[FLWDWLRQ SXOVH� DOVR D ¶VORZ¶

FRPSRQHQW ZLWK DQ DGGLWLRQDO GHOD\HG PD[LPXP�

$ GHWDLOHG PRGHO IRU WKH G\QDPLFV RI HOHFWURQ�KROH UHFRPELQDWLRQ LQWR WKH )( VWDWH ZDV

GHYHORSHG� 7KLV PRGHO LQFOXGHV �L� WKHUPDOL]DWLRQ YLD VFDWWHULQJ RQ DFRXVWLF SKRQRQV DQG

�LL� UHFRPELQDWLRQ FURVV�VHFWLRQ ZKLFK GHSHQGV RQ WKH DFWXDO FDUULHU WHPSHUDWXUHV� ,Q HDU�

���
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OLHU FDOFXODWLRQV IRU VROLG ;H >5*.
�
��@� WKH YDOXHV IRU WKH HOHFWURQ HIIHFWLYH PDVV 6 � DQG

WKH GHIRUPDWLRQ SRWHQWLDO . � ZHUH EDVHG RQ WKHRUHWLFDO FRQVLGHUDWLRQV� %XW LQ WKLV ZRUN�

WKHVH YDOXHV ZHUH GHULYHG IURP WKH H[SHULPHQWDO YDOXH RI WKH ORZ�¿HOG HOHFWURQ PRELOLW\

>0+6��@� 7KLV SHUPLWWHG WR UHGXFH WKH QXPEHU RI ¿WWLQJ SDUDPHWHUV� 7KH GHOD\HG FRPSR�

QHQW RI )( GHFD\ FXUYHV ZDV UHSURGXFHG ZLWK PRGHO FDOFXODWLRQV IRU H[FHVV HQHUJLHV XS WR

���� H9� $ UHDVRQDEOH DJUHHPHQW EHWZHHQ H[SHULPHQW DQG WKHRU\ ZDV IRXQG�

,Q WLPH�UHVROYHG H[FLWDWLRQ VSHFWUD� LW ZDV H[SHULPHQWDOO\ VKRZQ WKDW EHVLGH WKH H[FL�

WRQLF UHJLRQ ¶SURPSW¶ FUHDWLRQ RI )( WDNHV SODFH LQ WKH UHJLRQ DERYH WKH WKUHVKROG

�D ' . � � ����� H9� $OVR WKH VKDSH RI WKH GHFD\ FXUYHV FKDQJHV VLJQL¿FDQWO\ DERYH WKLV

WKUHVKROG� 7KH H[SHULPHQWDO WKUHVKROG YDOXH LV QHDUO\ HTXDO WR WKH VXP RI WKH EDQG JDS HQ�

HUJ\ DQG WKH IUHH H[FLWRQ HQHUJ\ �. � �  . � �. � 	 �� ¶3URPSW¶ FUHDWLRQ RI H[FLWRQV DERYH . 
 � LV

DVFULEHG WR D VXSHUSRVLWLRQ RI WZR SURFHVVHV� �L� LQHODVWLF VFDWWHULQJ RI WKH HOHFWURQV LQ WKH

IUDPHZRUN RI WKH PXOWLSOH�SDUDEROLF�EUDQFK EDQG PRGHO �WZR�VWHS SURFHVV� DQG �LL� FUHDWLRQ

RI WKH HOHFWURQLF SRODURQ FRPSOH[ �RQH�VWHS SURFHVV�� $W WKUHVKROG LWVHOI� WKH FUHDWLRQ RI

WKH HOHFWURQLF SRODURQ FRPSOH[ LV WKH GRPLQDQW SURFHVV� DQG DW KLJKHU H[FLWDWLRQ HQHUJLHV�

HOHFWURQ�HOHFWURQ VFDWWHULQJ PD\ SUHYDLO� ,Q SDUWLFXODU� D FRPSDULVRQ RI H[SHULPHQWDO GDWD

RI WKH SUHVHQW ZRUN DQG FDWKRGROXPLQHVFHQFH GDWD RI &ROHWWL DQG 'HEHYHU >&'��@ VXSSRUWV

VXFK D FRQFOXVLRQ�

,Q JHQHUDO� .U JDV FRQWDLQV D ;H LPSXULW\� FDXVLQJ WKH DSSHDUDQFH RI WKH ;H�FRQQHFWHG

HPLVVLRQ EDQGV� 6RPH RI WKHP RYHUODS ZLWK WKH 67( OXPLQHVFHQFH EDQG RI .U� FRPSOLFDWLQJ

VLJQL¿FDQWO\ OXPLQHVFHQFH DQDO\VLV� ,Q WKLV ZRUN� GXH WR WKH SUDFWLFDOO\ ;H�IUHH .U JDV� WKH

¶SXUH¶ 67( OXPLQHVFHQFH EDQG RI VROLG .U ZDV REVHUYHG IRU WKH ¿UVW WLPH�

$OVR� WLPH�UHVROYHG H[FLWDWLRQ VSHFWUD RI 67( OXPLQHVFHQFH RI ¶JRRG TXDOLW\¶ ;H�IUHH

VDPSOHV ZHUH PHDVXUHG IRU WKH ¿UVW WLPH� 7KH VPRRWK EHKDYLRXU RI WKH )(�67( UDWLR VSHFWUD

DERYH WKH EDQG JDS VWURQJO\ VXSSRUWV WKH LGHD WKDW WKH 67( RULJLQDWLQJ IURP HOHFWURQ�KROH UH�

FRPELQDWLRQ KDV )( VWDWHV DV SUHFXUVRUV� ,Q RWKHU ZRUGV� UHFRPELQDWLRQ OHDGV WR WKH FUHDWLRQ

RI IUHH H[FLWRQV ZKLFK WKHQ HLWKHU GHFD\ UDGLDWLYHO\ RU JHW ORFDOL]HG LQWR WKH 67( VWDWH�

7KH LQÀXHQFH RI WKH VDPSOH ¶TXDOLW\¶ RQ WKH VKDSH DQG RQ WKH ORFDWLRQ RI WKH 67(

EDQG ZDV REVHUYHG GLUHFWO\ XVLQJ ¶JRRG TXDOLW\¶ �KRPRJHQHRXV VDPSOH ZLWK UHODWLYHO\ ELJ

FU\VWDOOLWHV DQG VPDOO DPRXQW RI DV JURZQ GHIHFWV� DQG ¶VQRZ�OLNH¶ �VDPSOH FRQVLVWLQJ RI

WLQ\ FU\VWDOOLWHV DQG ORRNLQJ OLNH VQRZ LQ YLVXDO REVHUYDWLRQ� ;H�IUHH VDPSOHV� ,W ZDV FOHDUO\

GHPRQVWUDWHG WKDW WKH GHIHFWV LQ WKH FU\VWDO LQGXFH D UHG VKLIW RI WKH 67( OXPLQHVFHQFH EDQG�

7KLV EHKDYLRXU LV NQRZQ IRU RWKHU 5*6 DV ZHOO�

%HVLGHV OXPLQHVFHQFH PHDVXUHPHQWV� QHZ KLJK�UHVROXWLRQ UHÀHFWLRQ PHDVXUHPHQWV ZHUH

SHUIRUPHG LQ WKH SUHVHQW ZRUN� 'XH WR WKH JRRG ¶TXDOLW\¶ RI WKH VDPSOHV DQG H[FHOOHQW YDF�

XXP FRQGLWLRQV� HVSHFLDOO\ LPSRUWDQW IRU WKH UHÀHFWLRQ PHDVXUHPHQWV� D QHZ PHPEHU RI WKH



45:

H[FLWRQ VHULHV �Q �� ZDV UHYHDOHG� 2Q WKH EDVLV RI KLJK�UHVROXWLRQ UHÀHFWLRQ PHDVXUHPHQWV�

PRUH DFFXUDWH YDOXHV RI VHYHUDO SDUDPHWHUV FRQFHUQLQJ H[FLWRQV LQ VROLG .U �UHGXFHG PDVV

RI WKH H[FLWRQ� ELQGLQJ HQHUJ\ RI H[FLWRQ HWF�� ZHUH GHWHUPLQHG�

$GGLWLRQDOO\� D GHFRPSRVLWLRQ RI WKH OXPLQHVFHQFH EDQGV RI ;H�GRSHG VROLG .U LQWR

WKUHH GLIIHUHQW VXE�EDQGV LV VKRZQ LQ DSSHQGL[ $� )RU WKH ¿UVW WLPH� WKH WLPH�UHVROYHG H[FL�

WDWLRQ VSHFWUD RI WKH ;H LPSXULW\ OXPLQHVFHQFH SHDNHG DW ���� H9 DQG GHFD\ NLQHWLFV RI WKH

VDPH HPLVVLRQ ZHUH LQYHVWLJDWHG�
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$SSHQGL[ $

;HQRQ�GRSHG NU\SWRQ

7KH LQYHVWLJDWLRQ RI ;H�GRSHG VROLG .U ZDV QRW WKH PDLQ SXUSRVH RI WKH SUHVHQW ZRUN�

EXW D FRPSDULVRQ ZDV PDGH WR UHYHDO ;H LPSXULW\ FRQQHFWHG HIIHFWV DQG WR GLVWLQJXLVK IURP

WKRVH GXH WR WKH LQWULQVLF OXPLQHVFHQFH RI SXUH VROLG .U� 6XFK GDWD DUH DOVR LQWHUHVWLQJ

IRU OXPLQHVFHQFH VSHFWURVFRS\ DQG WKHUHIRUH� H[SHULPHQWDO UHVXOWV DUH SUHVHQWHG KHUH� EXW

ZLWKRXW DQ\ SURIRXQG DQDO\VLV� $OO UHVXOWV SUHVHQWHG LQ WKLV DSSHQGL[ ZHUH PHDVXUHG IRU WKH

VDPSOH �� ���� SSP ;H�� $FFRUGLQJO\� WKH IROORZLQJ GLVFXVVLRQ LV EDVHG RQ VHOI�FRQVLVWHQW

GDWD�

$V LW ZDV PHQWLRQHG EHIRUH� VROLG .U KDV QRW EHHQ DV SRSXODU DV VROLG ;H FRQFHUQLQJ WKH

LQYHVWLJDWLRQ RI LQWULQVLF OXPLQHVFHQFH SKHQRPHQD� 2QH RI WKH UHDVRQV LV WKH IDFW WKDW D ;H

LPSXULW\� ZKLFK LV DOZD\V SUHVHQW LQ ¶QRPLQDOO\ SXUH¶ .U JDV� FRPSOLFDWHV WKH LQYHVWLJDWLRQ

RI WKH LQWULQVLF OXPLQHVFHQFH RI VROLG .U� 2Q WKH RWKHU KDQG� VHYHUDO VWXGLHV KDYH EHHQ

SHUIRUPHG GHDOLQJ ZLWK OXPLQHVFHQFH RI ;H�GRSHG .U LQ WKH VROLG DQG LQ WKH OLTXLG SKDVH

>/*0
�

��� %.3
�

��� .*��� /DD��� 9DU��� &5-��@� 0RUH LV NQRZQ DERXW WKH �;H.U�
�

H[FLPHU FHQWUH LQ D .U PDWUL[� EXW WKH OXPLQHVFHQFH FRQQHFWHG ZLWK WKH DWRPLF ;H FHQWUH LQ

.U LV OHVV ZHOO VWXGLHG�

7KH 67( HPLVVLRQ EDQG RI ¶JRRG TXDOLW\¶ VROLG .U VDPSOHV ZLWK WKH KLJKHVW SXULW\

DYDLODEOH KDV D JDXVVLDQ�OLNH OLQH VKDSH� DQG WKH GHYLDWLRQV IURP WKLV VKDSH DUH GXH WR WKH

VLWH HIIHFWV DQG OXPLQHVFHQFH DULVLQJ IURP WKH GLIIHUHQW YLEUDWLRQDO OHYHOV �VHH VHFWLRQ �����

2Q WKH FRQWUDU\� WKH OXPLQHVFHQFH EDQG RI ;H�GRSHG VDPSOHV VKRZV D VWURQJO\ DV\PPHWULF

VKDSH LQ WKH VDPH UHJLRQ �VHH )LJ� ����� 7KLV KDSSHQV� VLQFH EHVLGHV WKH 67( RI NU\SWRQ�

�;H.U�
�

DQG ;H
�
� FHQWUHV� DV ZHOO DV DWRPLF FHQWUHV RI WKH ;H LPSXULW\ FRQWULEXWH WR WKH

EURDG OXPLQHVFHQFH EDQG� 7KH ;H�FRQQHFWHG EDQGV VWURQJO\ RYHUODS ZLWK WKH LQWULQVLF 67(

OXPLQHVFHQFH EDQG RI .U� $ FROOHFWLRQ RI OLWHUDWXUH GDWD DERXW ;H�UHODWHG HPLVVLRQ EDQGV

QHDU WKH 67( EDQG LQ VROLG .U LV VKRZQ LQ WDEOH $���

7KH HPLVVLRQ RI WKH �;H.U�
�

FHQWUH ZDV LGHQWL¿HG E\ 1RZDN DQG )ULFNH� ZKR ERP�

���
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%DQG 5HIHUHQFH 3RVLWLRQ ):+0 ([FLWDWLRQ
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�D ���� H9

7DEOH $��� $ FROOHFWLRQ RI H[SHULPHQWDO GDWD IRU WKH ;H�FRQQHFWHG OXPLQHVFHQFH EDQGV

LQ VROLG .U� 'DWD RI GLIIHUHQW OXPLQHVFHQFH EDQGV DUH VHSDUDWHG ZLWK GRXEOH OLQHV�
�
%RPEDUGPHQW ZLWK H[FLWHG ;H DWRPV�

� �
7KH ZLGWK RI WKLV EDQG GHSHQGV VWURQJO\ RQ H[�

FLWDWLRQ HQHUJ\�
� � �

5HVXOWV RI D GHFRQYROXWLRQ�


9HU\ ZHDN EDQG�

EDUGHG VROLG NU\SWRQ ZLWK ;H DWRPV LQ WKH PHWDVWDEOH
�
3 � VWDWH >1)��@� 7KH\ IRXQG WKDW GXH

WR WKH �;H.U� � FHQWUH DQ HPLVVLRQ EDQG DULVHV ZLWK D PD[LPXP DW ���� H9 DQG D ):+0

��� PH9� /DDVFK VWXGLHG WKH OXPLQHVFHQFH RI ;H�GRSHG .U DW GLIIHUHQW H[FLWLQJ SKRWRQ HQ�

HUJLHV EHORZ WKH )( HQHUJ\ LQ VROLG .U >/DD��@ DQG REWDLQHG VLPLODU UHVXOWV �VHH WDEOH $����

+RZHYHU� LQ WKH VDPH ZRUN LW ZDV VKRZQ� WKDW SKRWRH[FLWDWLRQ ZLWK ���� H9 SKRWRQV OHDGV

WR WKH DSSHDUDQFH RI D QHZ VWURQJ EDQG DW ���� H9� 7KH VDPH EDQG ZDV REVHUYHG E\ 9DUGLQJ

DV ZHOO �VHH WDEOH $���� /DDVFK FODVVL¿HG WKLV EDQG DV WKH 67( OXPLQHVFHQFH RI VROLG .U�

ZKHUHDV 9DUGLQJ DVVLJQHG LW WR WKH �;H.U� � FHQWUH� 7DNLQJ LQWR DFFRXQW WKH UHVXOWV RI WKH

SUHVHQW ZRUN� WKH ODWWHU LQWHUSUHWDWLRQ VHHPV WR EH PRUH UHDOLVWLF�

$ FRPSDULVRQ EHWZHHQ WKH OXPLQHVFHQFH VSHFWUD RI ;H�GRSHG DQG QRPLQDOO\ SXUH .U

VDPSOHV GHPRQVWUDWHV FOHDUO\ WKDW DGGLWLRQDO ;H�FRQQHFWHG VXE�EDQG�V� H[LVW�V� DOVR LQ WKH

UHJLRQ ��� ���� ��� H9 �VHH )LJ� ����� +RZHYHU� WKH OLWHUDWXUH GDWD DERXW WKLV UHJLRQ DUH UDWKHU

SRRU� 2QO\ LQ WKH FDVH RI H[FLWDWLRQ EHORZ H[FLWRQLF UHJLRQ RI .U� /DDVFK >/DD��@ ZDV DEOH WR

VHSDUDWH D OXPLQHVFHQFH EDQG ZLWK WKH PD[LPXP DW ���� H9 DQG D YHU\ ZHDN EDQG SHDNLQJ

DW ���� H9� ,Q WKDW ZRUN WKHVH EDQGV ZHUH LQWHUSUHWHG DV OXPLQHVFHQFH RI WKH ;H
�
3 � FHQWUH

DW WZR GLIIHUHQW ODWWLFH VLWHV >/DD��@�

)LJ� $�� VKRZV WKH EURDG�EDQG OXPLQHVFHQFH RI ;H�GRSHG VROLG .U DQG LWV VHSDUDWLRQ

LQWR GLIIHUHQW VXE�EDQGV� ,Q WKH SUHVHQW ZRUN� RQO\ WKUHH JDXVVLDQV ZHUH XVHG IRU WKH GHFRP�

SRVLWLRQ� FRUUHVSRQGLQJ WR WKH .U 67( EDQG �PD[LPXP DW ���� H9� ):+0 ��� PH9�� WR WKH
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)LJXUH $��� /XPLQHVFHQFH VSHFWUXP RI ;H�GRSHG ���� SSP� VROLG .U DW � . �� � �� VDPSOH

���� $ GHFRPSRVLWLRQ LQWR WKUHH JDXVVLDQV DQG D VXP RI WKHVH JDXVVLDQV DUH DOVR VKRZQ

�VROLG OLQHV�� /XPLQHVFHQFH ZDV H[FLWHG E\ ����� H9 SKRWRQV �{b H I J  ��� c� DQG PHDVXUHG
ZLWK WKH KLJK�ÀX[ 989�� PRQRFKURPDWRU �UHVROXWLRQ {b K L M  �� c��

�;H.U� N H[FLPHU EDQG �PD[LPXP DW ���� H9� ):+0 ��� PH9� DQG WR WKH OXPLQHVFHQFH

RULJLQDWLQJ IURP WKH ;H O 3 P VWDWH �PD[LPXP DW ���� H9� ):+0 ��� PH9�� UHVSHFWLYHO\�

7KLV GHFRPSRVLWLRQ LV QRW D ¿W LQ WKH XVXDO VHQVH� VLQFH DOO WKH HQHUJHWLF SRVLWLRQV RI WKH

;H�FRQQHFWHG VXE�EDQGV ZHUH WDNHQ IURP HDUOLHU VWXGLHV >/DD��� 9DU��@� 7KH SDUDPHWHUV

RI WKH .U 67( OXPLQHVFHQFH EDQG ZHUH WDNHQ IURP WKH UHVXOWV RI WKH SUHVHQW ZRUN �VHH WD�

EOH ����� 7KH ZLGWKV RI WKH VXE�EDQGV ZHUH YDULHG� VWDUWLQJ IURP WKH YDOXHV JLYHQ LQ WDEOH

$��� 7KH ZLGWKV ZHUH UHSURGXFHG TXLWH ZHOO ZLWK RQH H[FHSWLRQ� QDPHO\ WKH ZLGWK RI WKH

�;H.U� Q H[FLPHU� 7KH UHODWLYH LQWHQVLWLHV ZHUH WKH RQO\ FRPSOHWHO\ IUHH SDUDPHWHUV� $V D UH�
VXOW� WKH VXP RI WKH WKUHH VXE�EDQGV FRLQFLGHV VDWLVIDFWRU\ ZLWK WKH H[SHULPHQWDOO\ REVHUYHG

OXPLQHVFHQFH EDQG�

7KH GHFRPSRVLWLRQ VKRZQ LQ )LJ� $��� LV GLIIHUHQW IURP WKDW RI E\ 9DUGLQJ >9DU��@� ,Q

WKH UHJLRQ ��� ���� ��� H9� 9DUGLQJ XVHG QRW RQH� EXW WZR JDXVVLDQV ZLWK FRPSDUDEOH LQWHQVL�

WLHV DQG PD[LPD ORFDWHG DW ���� H9 DQG ���� H9� UHVSHFWLYHO\ �VHH WDEOH $���� $Q LQFOXVLRQ

RI WKH DGGLWLRQDO EDQG SHDNLQJ DW ���� H9 ZDV EDVHG RQ WKH IDFW WKDW /DDVFK >/DD��@ RE�

VHUYHG DQ H[WUHPHO\ ZHDN EDQG DW ���� H9� 7KHUHIRUH� WKH DXWKRU RI WKH SUHVHQW ZRUN KDV

WKH RSLQLRQ� WKDW XVLQJ WZR JDXVVLDQV ZLWK FRPSDUDEOH LQWHQVLWLHV� EXW GLIIHUHQW SRVLWLRQV RI

PD[LPD UHSUHVHQWLQJ WKH ;H R 3 S OXPLQHVFHQFH LQ .U PDWUL[ LV QRW MXVWL¿HG� 2I FRXUVH� LW
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)LJXUH $��� 'HFD\ FXUYHV RI WKH .U )( OXPLQHVFHQFH EDQG ������ H9� DV ZHOO DV RI WKH

;H�FRQQHFWHG EDQG ���� H9� LQ D ;H�GRSHG ���� SSP� VROLG .U VDPSOH DW YDULRXV H[FLWDWLRQ

HQHUJLHV �VDPSOH ��� 7 � .� {b ¥ ¦ §  ��� c� {b ¨ © ª  ���� c�� 7KH H[FLWDWLRQ HQHUJLHV DUH

VKRZQ LQ WKH ¿JXUH� 7LPH W � FRUUHVSRQGV WR WKH PD[LPXP VLJQDO LQWHQVLW\ RI WKH H[FLWDWLRQ

SXOVH�

JLYHV D EHWWHU ¿W LQ WKH ¶PDWKHPDWLFDO VHQVH¶�

$GGLWLRQDOO\� WKH OXPLQHVFHQFH VSHFWUXP VKRZV D VWURQJ ;H�FRQQHFWHG EDQG ZLWK LWV

PD[LPXP DW���� H9� $ GHWDLOHG KLJK�UHVROXWLRQ LQYHVWLJDWLRQ VKRZHG >9DU��@ WKDW LW FRQVLVW

RI D ¶VWURQJ¶ VXE�EDQG �PD[LPXP DW ���� H9� DQG D ¶ZHDN¶ VXE�EDQG �PD[LPXP DW ���� H9��

7KH EDQG DW ���� H9 LV SUREDEO\ FRQQHFWHG ZLWK WKH ;H « 3 ¬ VWDWH >9DU��@� ZKHUHDV WKH RULJLQ
RI WKH EDQG DW ���� H9 UHPDLQV XQNQRZQ�

)LJ� $�� VKRZV WKH GHFD\ FXUYHV RI WKH .U )( OXPLQHVFHQFH DQG RI WKH ;H ­ 3 ­ EDQG DW
���� H9 DW GLIIHUHQW H[FLWLQJ SKRWRQ HQHUJLHV� ,W VHHPV UHDVRQDEOH WKDW WKH H[FLWDWLRQ RI WKH

;H EDQG DW ���� H9 RFFXUV PDLQO\ YLD HQHUJ\ WUDQVIHU E\ )( RI .U WR WKH LPSXULW\� 7KLV LV LQ

JRRG DJUHHPHQW ZLWK OXPLQHVFHQFH H[SHULPHQWV� 1DPHO\� LI WKH ;H�OXPLQHVFHQFH EDQG DW

���� H9 LV REVHUYDEOH LQ OXPLQHVFHQFH� WKHQ WKH LQWHQVLW\ RI WKH .U )( OXPLQHVFHQFH EDQG

LV H[WUHPHO\ ZHDN RU HYHQ DEVHQW� 7KH WLPH�EHKDYLRXU RI ���� H9 OXPLQHVFHQFH EDQG LV

SUREDEO\ JRYHUQHG E\ WKH WLPH�EHKDYLRXU RI )( EDQG DQG E\ WKH OLIHWLPH RI ;H�FHQWUH�
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)LJXUH $��� 7LPH�LQWHJUDWHG DQG WLPH�UHVROYHG H[FLWDWLRQ VSHFWUD RI WKH ;H LPSXULW\

���� SSP� OXPLQHVFHQFH DW ���� H9 LQ D .U PDWUL[ �VDPSOH ��� 7 � .� {b ! " #  ��� c�
{b $ % &  ���� c�� 7KH UHÀHFWLRQ VSHFWUXP LV DOVR VKRZQ� 7KH VKDUS SHDNV DW ��� H9� SUR�

QRXQFHG LQ WKH ¶KRW¶ WLPH�ZLQGRZ DQG LQWHJUDO VSHFWUD� DUH FDXVHG E\ WKH VHFRQG RUGHU RI WKH

VHFRQGDU\ PRQRFKURPDWRU� 7KH SDUDPHWHUV RI WKH WLPH�ZLQGRZV DUH GHQRWHG LQ WKH ¿JXUH�
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)LJ� $�� GHSLFWV WKH WLPH�UHVROYHG H[FLWDWLRQ VSHFWUD RI WKH HPLVVLRQ EDQG DW ����

H9 WRJHWKHU ZLWK D UHÀHFWLRQ VSHFWUXP� 7KH VSHFWUD DUH YHU\ VLPLODU WR WKH DQDORJRXV )(

H[FLWDWLRQ VSHFWUD LQ SXUH VROLG .U �VHH )LJ� ����� ZLWK DQ H[FHSWLRQ LQ WKH ���� H9 VSHFWUXP

WDNHQ ZLWK D ¶ORQJ¶ WLPH�ZLQGRZ� 1DPHO\� D VLJQL¿FDQW VWHS�OLNH LQFUHDVH RI WKH LQWHQVLW\

WDNHV SODFH DW ����� H9� EXW QRW DW WKH EDQG JDS HQHUJ\ RI VROLG .U �(�  ����� H9� DV LQ WKH

¶ORQJ¶ WLPH�ZLQGRZ RI )( LQ D SXUH .U VDPSOH� $OVR WKH GHFD\ FXUYHV GHPRQVWUDWH WKH VDPH

HIIHFW� WKH ¶VORZ¶ FRPSRQHQW RI WKH ;H�HPLVVLRQ VKRZV XS LQ WKH FDVH RI H[FLWDWLRQ EHORZ

.U EDQG JDS �VHH FXUYHV ZLWK WKH H[FLWDWLRQ HQHUJ\ ����� H9 LQ )LJ� $����

,W VHHPV UHDVRQDEOH WR DVVLJQ WKH GHOD\HG FRPSRQHQW RI ;H�EDQG WR WKH FUHDWLRQ RI

FRQGXFWLRQ�EDQG HOHFWURQV� DV LQ WKH FDVH RI WKH GHOD\HG FRPSRQHQW RI .U )( OXPLQHV�

FHQFH� +RZHYHU� RQ WKH EDVLV RI SKRWRHPLVVLRQ GDWD LW LV NQRZQ WKDW WKH HQHUJHWLF GLIIHUHQFH

EHWZHHQ WKH KLJKHVW �S M ��� VWDWH RI ;H LPSXULW\ DWRP LQ .U PDWUL[ DQG WKH ERWWRP RI

FRQGXFWLRQ EDQG LV RQO\ ���� H9 >6.-��@�

$ VLJQL¿FDQW VWHS�OLNH LQFUHDVH RI WKH LQWHQVLW\ LQ WKH ¶ORQJ¶ WLPH�ZLQGRZ WDNHV SODFH

URXJKO\ DW HQHUJ\ RI WKH Q¶ � H[FLWRQ RI VROLG .U� 7KHUHIRUH� LW LV SUREDEOH WKDW ;H FHQWHUV

DUH QRW H[FLWHG GLUHFWO\ EXW YLD HQHUJ\ WUDQVIHU E\ Q¶ � H[FLWRQV� +RZHYHU� WKLV LV RQO\ WKH

¿UVW K\SRWKHVLV� ZKLFK KDV WR EH FRQ¿UPHG ZLWK IXUWKHU H[SHULPHQWV�

$V PHQWLRQHG EHIRUH� WKH LQYHVWLJDWLRQ RI OXPLQHVFHQFH RI ;H�GRSHG .U ZDV QRW WKH

PDLQ SXUSRVH RI WKH SUHVHQW WKHVLV� +RZHYHU� WKH DXWKRU KRSHV WKDW WKH GDWD SUHVHQWHG LQ WKLV

DSSHQGL[ DERXW OXPLQHVFHQFH RI ;H�GRSHG .U DUH D JRRG VWDUWLQJ SRLQW IRU IXUWKHU V\VWHPDWLF

LQYHVWLJDWLRQV�
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/LVW RI )LJXUHV

��� 7KH 683(5/80, VHW�XS � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� 7KH LQFLGHQW SKRWRQ ÀX[ RQ WKH VDPSOH � � � � � � � � � � � � � � � � � � � � ��

��� 3ULQFLSDO VFKHPH IRU WKH KLJK�UHVROXWLRQ OXPLQHVFHQFH PHDVXUHPHQWV � � � ��

��� 3ULQFLSDO VFKHPH IRU WLPH�UHVROYHG PHDVXUHPHQWV � � � � � � � � � � � � � � ��

��� *DV LQOHW V\VWHP � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &U\VWDO JURZWK V\VWHP � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� S � 7 GLDJUDP IRU WKH NU\SWRQ � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� $ PDVV VSHFWUXP RI WKH UHVLGXDO JDVHV LQ WKH VDPSOH FKDPEHU � � � � � � � � ��

��� 6RPH UHOHYDQW SRWHQWLDO FXUYHV IRU .U
�
� H[LPHU � � � � � � � � � � � � � � � � ��

��� 6FKHPDWLFDO EDQG VWUXFWXUH RI VROLG NU\SWRQ � � � � � � � � � � � � � � � � � ��

��� &DOFXODWHG EDQG VWUXFWXUH RI VROLG NU\SWRQ DQG %ULOORXLQ ]RQH RI WKH IFF

VWUXFWXUH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH ¿UVW SXEOLVKHG 989 PHDVXUHPHQW RI WKH DEVRUSWLRQ RI VROLG NU\SWRQ � � ��

��� 'LVSHUVLRQ FXUYHV RI DQ H[FLWRQ�SRODULWRQ � � � � � � � � � � � � � � � � � � ��

��� 6LPSOL¿HG SRWHQWLDO FXUYHV IRU WKH )( DQG 67( VWDWH � � � � � � � � � � � � � ��

��� 6FKHPDWLF PRGHO RI WKH UDGLDWLYH GHFD\ DQG WUDQVSRUW RI H[FLWRQ�SRODULWRQV � ��

��� $ VLPSOL¿HG PRGHO RI )( FUHDWLRQ YLD HOHFWURQ�KROH UHFRPELQDWLRQ � � � � � ��

��� 7LPH�HYROXWLRQ RI HOHFWURQ WHPSHUDWXUH DQG FURVV�VHFWLRQV IRU HOHFWURQ�KROH

UHFRPELQDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� ,QÀXHQFH RI WKH GLIIHUHQW FURVV�VHFWLRQV RQ WKH FDOFXODWHG )( GHFD\ FXUYHV � ��

���� ,QÀXHQFH RI WKH YDULDWLRQ RI WKH GLIIHUHQW SDUDPHWHUV RQ WKH FDOFXODWHG VKDSH

RI )( GHFD\ FXUYH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� ,QÀXHQFH RI WKH YDULDWLRQ RI WKH GLIIHUHQW SDUDPHWHUV RQ WKH LQWHQVLW\ RI FDO�

FXODWHG )( GHFD\ FXUYH � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� $ VLPSOL¿HG PRGHO RI WKH IRUPDWLRQ RI VHFRQGDU\ HOHFWURQ�KROH SDLUV YLD

HOHFWURQ�HOHFWURQ VFDWWHULQJ� � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���
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���� 6FKHPDWLFDO SUHVHQWDWLRQ RI WKH HOHFWURQ�HOHFWURQ VFDWWHULQJ SURFHVV LQ WKH

03%% DQG 63%% PRGHOV � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 7KH ORZHU WKUHVKROGV IRU WKH HOHFWURQ NLQHWLF HQHUJ\ LQ WKH FDVH RI LPSDFW

SURGXFWLRQ RI D )( DQG DQ HOHFWURQ�KROH SDLU � � � � � � � � � � � � � � � � � ��

���� 7KH UDWHV IRU LPSDFW SURGXFWLRQ RI )( DQG HOHFWURQ�KROH SDLUV � � � � � � � � ��

��� /XPLQHVFHQFH VSHFWUXP RI ¶JRRG TXDOLW\¶ .U VDPSOH DQG VDPSOH ZLWK ;H

LPSXULW\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7LPH�LQWHJUDWHG 67( OXPLQHVFHQFH VSHFWUD IRU WKH ¶VQRZ�OLNH¶ DQG ¶JRRG

TXDOLW\¶ VDPSOH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &DOFXODWHG WLPH�HYROXWLRQ RI WKH VSHFWUDO VKDSH RI WKH 67( OXPLQHVFHQFH LQ

VROLG ;H DQG WLPH�LQWHJUDWHG OXPLQHVFHQFH VSHFWUXP RI WKH 67( LQ VROLG .U ��

��� 5HÀHFWLRQ VSHFWUXP PHDVXUHG ZLWK WKH 3W JUDWLQJ �VDPSOH ��� � � � � � � � ��

��� &DOFXODWHG UHÀHFWLYLW\ FXUYHV IRU WKH H[FLWRQ�SRODULWRQ � � � � � � � � � � � � ��

��� +LJK�UHVROXWLRQ UHÀHFWLRQ VSHFWUXP �VDPSOH ��� � � � � � � � � � � � � � � � ��

��� ([FLWRQ HQHUJLHV DV D IXQFWLRQ RI ��Q
�

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

��� +LJK�UHVROXWLRQ UHÀHFWLRQ VSHFWUD PHDVXUHG DW YDULRXV WHPSHUDWXUHV � � � � ��

��� 7HPSHUDWXUH GHSHQGHQFH RI H[FLWRQ SHDN SRVLWLRQV LQ WKH UHÀHFWLRQ VSHFWUD

�VDPSOH ���� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 'HFD\ FXUYHV RI )( OXPLQHVFHQFH DW ORZHU H[FLWDWLRQ HQHUJLHV �VDPSOH ��� � ��

���� 'HFD\ FXUYHV RI )( OXPLQHVFHQFH DW KLJKHU H[FLWDWLRQ HQHUJLHV �VDPSOH ��� ��

���� 7LPH�LQWHJUDWHG DQG WLPH�UHVROYHG H[FLWDWLRQ VSHFWUD RI )( OXPLQHVFHQFH

�VDPSOH ��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 7KH WKUHVKROG UHJLRQ RI WKH )( H[FLWDWLRQ VSHFWUD IRU WZR ¶JRRG TXDOLW\¶

VDPSOHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 5DWLR RI WKH ¶SURPSW¶ DQG ¶VORZ¶ FRPSRQHQW LQ WKH )( OXPLQHVFHQFH RQ WKH

EDVLV RI WKH )( GHFD\ FXUYHV �VDPSOH ��� � � � � � � � � � � � � � � � � � � � ���

���� &RPSDULVRQ EHWZHHQ WKH ¶KRW¶ WLPH�ZLQGRZ LQ )( H[FLWDWLRQ VSHFWUXP �VDP�

SOH ��� DQG WKH FDOFXODWHG )( SURGXFWLRQ UDWH LQ WKH WKUHVKROG UHJLRQ � � � � ���

���� 7KH 67( GHFD\ FXUYH �VDPSOH ��� � � � � � � � � � � � � � � � � � � � � � � ���

���� 7KH GHFD\ RI VLQJOHW FRPSRQHQW RI WKH 67( OXPLQHVFHQFH �VDPSOH ��� � � � ���

���� 7LPH�LQWHJUDWHG DQG WLPH�UHVROYHG H[FLWDWLRQ VSHFWUD RI 67( �VDPSOH ��� � � ���

���� 5DWLR VSHFWUD RI WKH WLPH�LQWHJUDWHG )( DQG 67( HPLVVLRQV � � � � � � � � � ���

���� ([FLWDWLRQ VSHFWUXP RI )( OXPLQHVFHQFH RI VROLG .U� H[FLWDWLRQ VSHFWUXP RI

NU\SWRQ FOXVWHUV� DQG WKH HOHFWURQ PHDQ IUHH SDWK LQ VROLG NU\SWRQ � � � � � � ���

���� &RPSDULVRQ EHWZHHQ HQHUJ\ ORVV GDWD DQG WKH ¶KRW¶ WLPH�ZLQGRZ LQ SKR�

WRH[FLWDWLRQ VSHFWUXP RI )( � � � � � � � � � � � � � � � � � � � � � � � � � � ���
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���� 7KH WLPH�LQWHJUDWHG SKRWRH[FLWDWLRQ VSHFWUXP DQG WKH FDWKRGROXPLQHVFHQFH

H[FLWDWLRQ VSHFWUXP RI 67( OXPLQHVFHQFH � � � � � � � � � � � � � � � � � � ���

���� ([SHULPHQWDO )( GHFD\ FXUYH �VDPSOH ��� DQG WKH UHVXOWV RI PRGHO FDOFXOD�

WLRQV LQ WKH FDVH RI GLIIHUHQW FRHI¿FLHQWV � � � � ' .
�

� 6
� � �
� � � � � � � � � � � ���

���� ([SHULPHQWDO )( GHFD\ FXUYH �VDPSOH ��� DQG WKH EHVW ¿WV IRU WKUHH GLIIHUHQW

WKHRUHWLFDO FURVV�VHFWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� $ VHW RI H[SHULPHQWDO )( GHFD\ FXUYHV WRJHWKHU ZLWK WKH UHVSHFWLYH ¿WWLQJ

UHVXOWV �VDPSOH ��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� )( GHFD\ FXUYH DW �� . �VDPSOH ��� � � � � � � � � � � � � � � � � � � � � � ���

���� ,UUDGLDWLRQ HIIHFWV RQ WKH VKDSH RI )( GHFD\ FXUYH XQGHU LUUDGLDWLRQ E\ WKH

¶ZKLWH EHDP¶ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

$�� /XPLQHVFHQFH VSHFWUXP RI ;H�GRSHG ���� SSP� VROLG .U� � � � � � � � � � ���

$�� 'HFD\ FXUYHV RI WKH .U )( OXPLQHVFHQFH EDQG DV ZHOO DV RI WKH ;H�FRQQHFWHG

EDQG ���� H9� DW YDULRXV H[FLWDWLRQ HQHUJLHV �VDPSOH ��� � � � � � � � � � � � ���

$�� 7LPH�UHVROYHG H[FLWDWLRQ VSHFWUD RI WKH ;H LPSXULW\ OXPLQHVFHQFH DW ��� H9

�VDPSOH ��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
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/LVW RI 7DEOHV

��� 7HFKQLFDO GDWD RI WKH PRQRFKURPDWRUV DW 683(5/80, � � � � � � � � � � � �

��� 7HFKQLFDO GDWD RI WKH PLUFRVSKHUH SODWH � � � � � � � � � � � � � � � � � � � ��

��� 7HFKQLFDO GDWD RI WKH 989 VHQVLWLYH SRVLWLRQ VHQVLWLYH GHWHFWRU � � � � � � � ��

��� 7HFKQLFDO GDWD RI FRQYHQWLRQDO SKRWRPXOWLSOLHUV DW WKH 683(5/80, VHW�XS ��

��� *DVHV XVHG LQ H[SHULPHQWV DW WKH 683(5/80, VHW�XS � � � � � � � � � � � � ��

��� 3XPSLQJ UDWH RI WKH UHVLGXDO JDVHV LQ WKH JDV LQOHW V\VWHP � � � � � � � � � � ��

��� 6RPH RI XVHG SUHSDUDWLRQ SDUDPHWHUV DQG OXPLQHVFHQFH SURSHUWLHV RI WKH

VDPSOHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 6RPH SK\VLFDO SURSHUWLHV RI NU\SWRQ DWRPV DQG VROLG NU\SWRQ � � � � � � � � ��

��� $ FROOHFWLRQ RI WKH H[SHULPHQWDO YDOXHV RI H[FLWRQ HQHUJLHV LQ VROLG NU\SWRQ ��

��� (VWLPDWHG EDUULHU KHLJWKV EHWZHHQ )( DQG 67( VWDWH LQ VROLG NU\SWRQ � � � � ��

��� 1XPHULFDO YDOXHV RI WKH TXDQWLWLHV XVHG LQ GHFD\ FXUYH VLPXODWLRQV � � � � ��

��� 3DUDPHWHUV XVHG LQ WKH 03%% PRGHO DQG WKH DVVRFLDWHG ORZHU WKUHVKROG

HQHUJLHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 3DUDPHWHUV LQ HTXDWLRQV IRU SURGXFWLRQ UDWH RI VHFRQGDU\ H[FLWDWLRQV � � � � ��

��� 7KH UDWLR RI WUDQVLWLRQ SUREDELOLWLHV IRU WKH WZR DQG RQH H[FLWRQ SURGXFWLRQ

E\ RQH SKRWRQ LQ 5*6 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� $ FROOHFWLRQ RI H[SHULPHQWDO GDWD IRU 67( OXPLQHVFHQFH EDQG � � � � � � � ��

��� (QHUJHWLF SRVLWLRQV RI WKH ZHOO�GH¿QHG UHÀHFWLRQ SHDNV � � � � � � � � � � � ��

��� 1HZ YDOXHV IRU WKH ELQGLQJ HQHUJ\ DQG IRU WKH UHGXFHG PDVV RI H[FLWRQV � � ��

��� $ FROOHFWLRQ RI WKH SDUDPHWHUV IRU H[FLWRQ VHULHV IURP OLWHUDWXUH � � � � � � � ��

��� $ FROOHFWLRQ RI WKHRUHWLFDOO\ HVWLPDWHG HIIHFWLYH HOHFWURQ PDVVHV � � � � � � ��

��� 7HPSHUDWXUH GHSHQGHQFH RI WKH ZHOO�GH¿QHG H[FLWRQ SHDNV �VDPSOH ��� � � ��

��� 7KH YDOXHV RI WKH SDUDPHWHUV� XVHG IRU WKH VLPXODWLRQV RI WKH GHFD\ FXUYHV � ���

$�� $ FROOHFWLRQ RI H[SHULPHQWDO GDWD IRU WKH ;H�FRQQHFWHG OXPLQHVFHQFH EDQGV ���

���
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%LEOLRJUDSK\

>$QG��@ +�/� $QGHUVRQ� HGLWRU� $ 3K\VLFLVW¶V 'HVN 5HIHUHQFH� $PHULFDQ ,QVWLWXWH RI

3K\VLFV� �����

>$3<��@ 9�1� $EDNXPRY� 9�,� 3HUHO¶� DQG ,�1� <DVVLHYLFK� %LQGLQJ RI HOHFWURQV DQG

KROHV LQWR H[FLWRQV� 6RYLHW 3K\VLFV � -(73� ���������� �����

>$6��@ (� $XGRXDUG DQG )� 6SLHJHOPDQQ� 7KHRUHWLFDO 6WXG\ RI WKH ([FLWHG 6WDWHV RI

WKH .U �� ([FLPHU� 3RWHQWLDO &XUYHV ,QFOXGLQJ $E ,QLWLR 6SLQ�2UELW &RXSOLQJ�

7KH -RXUQDO RI &KHPLFDO 3K\VLFV� ����������� �����

>$VF��@ *� $VFDUHOOL� +DOO 0RELOLW\ RI (OHFWURQV LQ /LTXLG DQG 6ROLG $UJRQ� 3K\VLFDO

5HYLHZ %� ����������� �����

>$<��@ 9�1� $EDNXPRY DQG ,�1� <DVVLHYLFK� &URVV VHFWLRQ IRU UHFRPELQDWLRQ RI DQ

HOHFWURQ ZLWK D SRVLWLYHO\ FKDUJHG FHQWHU LQ D VHPLFRQGXFWRU� 6RYLHW 3K\VLFV �

-(73� ���������� �����

>%DO��@ *� %DOGLQL� 8OWUDYLROHW $EVRUSWLRQ RI 6ROLG $UJRQ� .U\SWRQ� DQG ;HQRQ� 3K\V�

LFDO 5HYLHZ� ������������ �����

>%%&
�
��@ $� %RQQRW� $�0� %RQQRW� )� &ROHWWL� -�0� 'HEHYHU� DQG -� +DQXV� /XPLQHV�

FHQFH GHV JD] UDUHV VROLGHV H[FLWp SDU ERPEDUGHPHQW pOHFWURQLTXH� -RXUQDO GH

3K\VLTXH� ���&�� �����

>%HF��@ -� %HFNHU� /XPLQHV]HQ]VSHNWURVNRSLVFKH 8QWHUVXFKXQJ GHU LQWULQVLVFKHQ (PLV�

VLRQ YRQ �@8 � XQG GHU (QHUJLHWUDQVIHU�3UR]HVVH LQ �@8 � G (+� 'LVVHUWDWLRQ�

8QLYHUVLWlW +DPEXUJ� +DPEXUJ� ����� �'(6<�7+(6,6�����������

>%.0
�
��@ 6� %DU�$G� 3� .QHU� 0�9� 0DUTXH]LQL� '�6� &KHPOD� DQG .� (O 6D\HG� &DU�

ULHU '\QDPLFV LQ WKH 4XDQWXP .LQHWLF 5HJLPH� 3K\VLFDO 5HYLHZ /HWWHUV�

������������ �����

���
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>%.3
�
��@ $�*� %HORY� $�'� .OHPHQWRY� 6�$� 3HQG\XU� ,�<D� )XJRO� DQG (�0� <XUWDHYD�

6SHFWURVFRSLF 6WXG\ RI WKH ([LPHU 6WDWH RI WKH .U�;H 6\VWHP� 2SW� 6SHFWURVF��

���������� �����

>%3&6��@ *� %DGHU� *� 3HUOX]]R� /�*� &DURQ� DQG /� 6DQFKH� 6WUXFWXUDO�2UGHU (IIHFWV LQ

/RZ�(QHUJ\ (OHFWURQ 7UDQVPLVVLRQ 6SHFWUD RI &RQGHQVHG $U� .U� ;H� 1 � � &2�

DQG 2 � � 3K\VLFDO 5HYLHZ %� ��������� �����

>%33��@ 1�&� %DFDOLV� '�$� 3DSDFRQVWDQWRSRXORV� DQG :�(� 3LFNHWW� 6\VWHPDWLF &DOFX�

ODWLRQV RI WKH %DQG 6WUXFWXUHV RI WKH 5DUH�*DV &U\VWDOV 1HRQ� $UJRQ� .U\SWRQ�

DQG ;HQRQ� 3K\VLFDO 5HYLHZ %� ����������� �����

>%7%��@ 3�$� %H]XJO\L� /�0� 7DUDVHQNR� DQG 2�,� %DU\VKHYVNLL� 6RXQG 9HORFLW\ DQG

(ODVWLF 3URSHUWLHV RI 3RO\FU\VWDOOLQH .U\SWRQ DQG ;HQRQ� 6RYLHW 3K\VLFV � 6ROLG

6WDWH� ����������� �����

>%:6��@ .� %DU]HLQ� 3� :ROOHQZHEHU� DQG +� 6FKPRUDQ]HU� (PSLULFDO 'HWHUPLQDWLRQ RI

WKH 3RWHQWLDO &XUYHV RI WKH *URXQG 6WDWH DQG WKH )LUVW 7ZR ([FLWHG 6WDWHV RI

.U � � &KHPLFDO 3K\VLFV /HWWHUV� ������������ �����

>&'��@ )� &ROHWWL DQG -�0� 'HEHYHU� &DWKRGROXPLQHVFHQFH H[FLWDWLRQ VSHFWUD RI VROLG

UDUH JDVHV� 6ROLG 6WDWH &RPPXQLFDWLRQV� ��������� �����

>&*��@ 0� &DVDEORQL DQG 8� *UDVVDQR� $SSOLFDWLRQV RI 6\QFKURWURQ 5DGLDWLRQ LQ 'H�

IHFW DQG &RORU &HQWHU 5HVHDUFK� -RXUQDO RI 3K\VLFV DQG &KHPLVWU\ RI 6ROLGV�

���������� �����

>&RQ��@ (�0� &RQZHOO� +LJK )LHOG 7UDQVSRUW LQ 6HPLFRQGXFWRUV� YROXPH � RI 6ROLG

6WDWH 3K\VLFV� $FDGHPLF 3UHVV� 1HZ <RUN DQG /RQGRQ� �����

>&3��@ (� &DUWLHU DQG 3� 3ÀXJHU� ([SHULPHQWDO 'HWHUPLQDWLRQ RI (QHUJ\ 'HSHQGHQW

,QHODVWLF DQG (ODVWLF 6FDWWHULQJ 5DWHV RI +RW (OHFWURQV LQ /DUJH %DQGJDS ,QVX�

ODWRUV� 3K\VLFD 6FULSWD� 7������� �����

>&5-��@ 2� &KHVKQRYVN\� %� 5D]� DQG -� -RUWQHU� (PLVVLRQ VSHFWUD RI [HQRQ LPSX�

ULW\ VWDWHV LQ VROLG DQG OLTXLG NU\SWRQ� 7KH -RXUQDO RI &KHPLFDO 3K\VLFV�

������������ �����

>'DY��@ $�6� 'DY\GRY� 7HRUL\D WYHUGRJR WHOD� 1DXND� 0RVNYD� �����

>'.��@ '�/� 'H[WHU DQG 5�6� .QR[� ([FLWRQV� -RKQ :LOH\ 	 6RQV� 1HZ <RUN� �����
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>'.&��@ -�7� 'HYUHHVH� $�%� .XQ]� DQG 7�&� &ROOLQV� $ 5HVRQDQFH RI WKH (OHFWURQLF

3RODURQ $SSHDULQJ LQ WKH 2SWLFDO $EVRUSWLRQ RI $ONDOL +DOLGHV� 6ROLG 6WDWH

&RPPXQLFDWLRQV� ������� �����

>'UX��@ 6�'� 'UXJHU� 9DFDQF\�/LPLWHG (OHFWURQ 7UDQVSRUW LQ 5DUH�*DV 6ROLGV� 7KH

-RXUQDO RI &KHPLFDO 3K\VLFV� ����������� �����

>(*/3��@ )�5� (OGHU� $�0� *XUHZLWVFK� 5�9� /DQJPXLU� DQG +�&� 3ROORFN� 3K\VLFDO 5H�

YLHZ� ������� �����

>)%<6��@ ,�<D� )XJRO¶� $�*� %HORY� (�0� <XUWDHYD� DQG 9�1� 6YLVKFKHY� ([FLWRQ NLQHWLFV

LQ [HQRQ±NU\SWRQ FU\RFU\VWDOV� 6RY� -� /RZ 7HPS� 3K\V�� ��������� �����

>)*6��@ ,�<D� )XJRO¶� 2�1� *ULJRUDVKFKHQNR� DQG (�9� 6DYFKHQNR� 3RODULWRQ DQG 6SDWLDO

'LVSHUVLRQ (IIHFWV LQ ([FLWRQ 6SHFWUD RI ;HQRQ &U\RFU\VWDOV� SK\VLFD VWDWXV

VROLGL �E�� ����������� �����

>)-��@ &� )HUUDGLQL DQG -��3� -D\�*HULQ� HGLWRUV� ([FHVV (OHFWURQV LQ 'LHOHFWULF 0HGLD�

&5& 3UHVV� �����

>)RZ��@ :�%� )RZOHU� (OHFWURQLF %DQG 6WUXFWXUH DQG :DQQLHU ([FLWRQ 6WDWHV LQ 6ROLG

.U\SWRQ� 3K\VLFDO 5HYLHZ� ������������ �����

>)UH��@ -�$� )UHQNHO� 2Q WKH 7UDQVIRUPDWLRQ RI /LJKW LQWR +HDW LQ 6ROLGV� ,,� 3K\VLFDO

5HYLHZ� �������� �����

>)6��@ +�+� )DUUHOO DQG 0� 6WURQJLQ� 6FDWWHULQJ RI /RZ�(QHUJ\ (OHFWURQV IURP 5DUH�

*DV &U\VWDOV *URZQ RQ WKH ����� )DFH RI 1E� ,,� ,QHODVWLF 6FDWWHULQJ DQG

(QHUJ\�/RVV 6SHFWUD� 3K\VLFDO 5HYLHZ %� ����������� �����

>)62*��@ ,�<D� )XJRO¶� (�9� 6DYFKHQNR� $�1� 2JXUWVRY� DQG 2�1� *ULJRUDVKFKHQNR�

(OHFWURQLFDOO\ LQGXFHG FKDQJHV LQ VWUXFWXUDO SURSHUWLHV RI VROLG .U� 3K\VLFD

%� �������� �����

>)XJ��@ ,�<D� )XJRO¶� ([FLWRQV LQ 5DUH�*DV &U\VWDOV� $GYDQFHV LQ 3K\VLFV� ��������

�����

>)XJ��@ ,�<D� )XJRO¶� )UHH DQG 6HOI�7UDSSHG ([FLWRQV LQ &U\RFU\VWDOV� .LQHWLFV DQG

5HOD[DWLRQ 3URFHVVHV� $GYDQFHV LQ 3K\VLFV� �������� �����
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>*./6��@ *�1� *HUDVLPRY� %�(� .U\ORY� $�9� /RJLQRY� DQG 6�$� 6KFKXNLQ� 6HFRQG 989

&RQWLQXD RI ;HQRQ� .U\SWRQ� DQG $UJRQ (PLWWHG IURP D 6XSHUVRQLF -HW ([FLWHG

E\ D '& 'LVFKDUJH� 2SW� 6SHFWURVF�� ������ �����

>*PL��@ (� *PLQGHU� /XPLQHV]HQ]VSHNWURVFRSLVFKH 8QWHUVXFKXQJ GHU (U]HXJXQJ

VHNXQGlUHU ([]LWRQHQ LQ GHQ IHVWHQ (GHOJDVHQ $UJRQ XQG 1HRQ� 'LVVHUWDWLRQ�

8QLYHUVLWlW +DPEXUJ� +DPEXUJ� �����

>*5=3��@ 3� *�UWOHU� (� 5RLFN� *� =LPPHUHU� DQG 0� 3RXH\� 6XSHUOXPL� $ +LJK )OX[

989 6SHFWURVFRSLF 'HYLFH IRU /XPLQHVFHQFH 0HDVXUHPHQW� 1XFOHDU ,QVWUX�

PHQWV DQG 0HWKRGV LQ 3K\VLFV 5HVHDUFK� ������������� �����

>+DJ��@ +� +DJHGRUQ� ,QEHWULHEQDKPH XQG 7HVW HLQHV RUWV� XQG ]HLWDXÀ|VHQGHQ 3KR�

WRQHQGHWHNWRUV I�U KRFKDXIJHO|VWH /XPLQHV]HQ]VSHNWURVNRSLH� 'LSORPDUEHLW�

8QLYHUVLWlW +DPEXUJ� +DPEXUJ� ����� �,QWHUQHU %HULFKW� '(6< +$6</$%

�������

>+HU��@ -�&� +HUPDQVRQ� 7ZR�4XDQWXP ([FLWDWLRQV LQ $ONDOL +DOLGHV� 3K\VLFDO 5H�

YLHZ� ������������ �����

>++0��@ 6�6� +DVQDLQ� 7�'�6� +DPLOWRQ� DQG ,�+� 0XQUR� $EVRUSWLRQ &RHI¿FLHQW LQ WKH

Q � >K������ K�����@ ([FLWRQ 5HJLRQ RI 6ROLG .U\SWRQ� -RXUQDO RI 3K\VLFV &�

������/���� �����

>+..
�

��@ 5� +DHQVHO� *� .HLWHO� (�(� .RFK� 0� 6NLERZVNL� DQG 3� 6FKUHLEHU� 5HÀHF�

WLRQ 6SHFWUXP RI 6ROLG .U\SWRQ DQG ;HQRQ LQ WKH 9DFXXP 8OWUDYLROHW� 2SWLFV

&RPPXQLFDWLRQV� �������� �����

>+6��@ 9�9� +L]KQ\DNRY DQG $�9� 6KHUPDQ� $GLDEDWLF 6XUIDFHV DQG 2SWLFDO 6SHFWUD

RI 6HOI�7UDSSLQJ ([FLWRQV� 7UXG\ ,QVW� )L]� $NDG� 1DXN (VWRQLDQ 665� �������

�����

>,//��@ (�5� ,OPDV� *�*� /LLG\D� DQG &K� %� /XVKFKLN� 3KRWRQ 0XOWLSOLFDWLRQ LQ &U\V�

WDOV� , DQG ,,� 2SW� 6SHFWURVF�� ����������� �����

>.DP��@ 6� .DPSI� %HGLHQXQJVDQOHLWXQJ I�U GHQ VFKQHOOHQ PHFKDQLVFKHQ &KRSSHU�

7HFKQLFDO 5HSRUW ,QWHUQHU %HULFKW� '(6< +$6</$% ������ �����

>.DU��@ 5� .DUQEDFK� 6WUDKOHQGHU =HUIDOO XQG 5HOD[DWLRQ YRQ (GHOJDVFOXVWHUQ XQWHU�

VXFKW PLW 0HWKRGHQ GHU /XPLQHV]HQ]VSHNWURVNRSLH� 'LVVHUWDWLRQ� 8QLYHUVLWlW

+DPEXUJ� +DPEXUJ� ����� �,QWHUQHU %HULFKW� '(6< +$6</$% �������
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>.'6��@ 0�-� .LLN� 3� 'XEH� DQG %�3� 6WRLFKHII� 6SHFWURVFRSLF 6WXG\ RI 5DUH�*DV ([�

FLPHU )RUPDWLRQ LQ D 'LUHFW�&XUUHQW 'LVFKDUJH ZLWK 6XSHUVRQLF ([SDQVLRQ�

7KH -RXUQDO RI &KHPLFDO 3K\VLFV� ������������ �����

>.*��@ 0� .UDDV DQG 3� *�UWOHU� 5DUH�*DV�([FLSOH[�+\GULGHV LQ 5DUH�*DV 0DWULFHV�

/XPLQHVFHQFH 6SHFWUD DQG 5DGLDWLYH /LIHWLPHV� &KHPLFDO 3K\VLFV /HWWHUV�

������������� �����

>.LW��@ &� .LWWHO� ,QWURGXFWLRQ WR 6ROLG 6WDWH 3K\VLFV� -RKQ :LOH\ DQG 6RQV� 1HZ <RUN�

�WK HGLWLRQ� �����

>...
�

��@ 0� .LQN� 5� .LQN� 9� .LVDQG� -� 0DNVLPRY� DQG 0� 6HOJ� 5HFRPELQDWLRQ OX�

PLQHVFHQFH RI UDUH JDV FU\VWDOV� 1XFOHDU ,QVWUXPHQWV DQG 0HWKRGV LQ 3K\VLFV

5HVHDUFK %� �������� �����

>../1��@ 5� .LQN� .� .DOGHU� $� /{KXPXV� DQG +� 1LHGUDLV� (IIHFW RI 3UHVVXUH RQ WKH

/XPLQHVFHQFH RI 7UDSSHG ([FLWRQV LQ ;H &U\VWDOV� SK\VLFD VWDWXV VROLGL �E��

�������� �����

>.OL��@ &�)� .OLQJVKLUQ� 6HPLFRQGXFWRU 2SWLFV� 6SULQJHU 9HUODJ� %HUOLQ +HLGHOEHUJ�

�����

>.OR��@ 7� .ORLEHU� (URVLRQ IHVWHU (GHOJDVH GXUFK 3KRWRQHQVWLPXOLHUWH 'HVRUSWLRQ QHX�

WUDOHU (GHOJDVDWRPH XQG �PROHN�OH� 'LVVHUWDWLRQ� 8QLYHUVLWlW +DPEXUJ� +DP�

EXUJ� ����� �,QWHUQHU %HULFKW� '(6< +$6</$% �������

>.0��@ $�%� .XQ] DQG '�-� 0LFNLVK� 6WXG\ RI WKH (OHFWURQLF 6WUXFWXUH DQG WKH 2SWLFDO

3URSHUWLHV RI WKH 6ROLG 5DUH *DVHV� 3K\VLFDO 5HYLHZ %� ��������� �����

>.0&��@ $�9� .DQDHY� /� 0XVHXU� DQG 0�&� &DVWH[� 6L]H�(IIHFWV RQ (QHUJ\ 5HOD[DWLRQ

DQG ([FLWHG�6SHFLHV 'HVRUSWLRQ LQ .U\SWRQ &OXVWHUV� )OXRUHVFHQFH /LIHWLPH

0HDVXUHPHQWV ZLWK �� H9 /DVHU ([FLWDWLRQ� 7KH -RXUQDO RI &KHPLFDO 3K\VLFV�

������������� �����

>.QR��@ 5�6� .QR[� 7KHRU\ RI ([FLWRQV� YROXPH � RI 6ROLGH 6WDWH 3K\VLFV� $FDGHPLF

3UHVV� 1HZ <RUN DQG /RQGRQ� �����

>.|U��@ 6� .|UGLQJ� /XPLQHV]HQ]VSHNWURVNRSLVFKH 8QWHUVXFKXQJ GHU (U]HXJXQJ XQG

5HOD[DWLRQ HOHNWURQLVFKHU (LQ� XQG 0HKUIDFKDQUHJXQJHQ LQ IHVWHP ;HQRQ�

'LSORPDUEHLW� 8QLYHUVLWlW +DPEXUJ� +DPEXUJ� �����
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>.6��@ 5� .LQN DQG 0� 6HOJ� 3RODULWRQ (IIHFWV LQ &U\VWDOOLQH ;HQRQ� SK\VLFD VWDWXV

VROLGL �E�� ������� �����

>.6��@ +�-� .PLHFLN DQG 0� 6FKUHLEHU� 7XQQHOLQJ WKURXJK WKH VHOI±WUDSSLQJ EDUULHU LQ

UDUH JDV VROLGV� -RXUQDO RI /XPLQHVFHQFH� ������� �����

>.XQ��@ &� .XQ]� HGLWRU� 6\QFKURWURQ 5DGLDWLRQ 7HFKQLTXHV DQG $SSOLFDWLRQV� YRO�

XPH �� RI 7RSLFV LQ &XUUHQW 3K\VLFV� 6SULQJHU� �����

>.9��@ 0� /� .OHLQ DQG -� $� 9HQDEOHV� HGLWRUV� 5DUH *DV 6ROLGV� YROXPH ,� $FDGHPLF

3UHVV� /RQGRQ� �����

>.9��@ 0� /� .OHLQ DQG -� $� 9HQDEOHV� HGLWRUV� 5DUH *DV 6ROLGV� YROXPH ,,� $FDGHPLF

3UHVV� /RQGRQ� �����

>/DD��@ :� /DDVFK� )OXRUHV]HQ]VSHNWURVNRSLVFKH 8QWHUVXFKXQJ GHU (OHNWURQ±3KRQRQ±

:HFKVHOZLUNXQJ LQ $U�� .U� XQG ;H� GRWLHUWHQ (GHOJDVPDWUL]HQ� 'LVVHUWDWLRQ�

8QLYHUVLWlW +DPEXUJ� +DPEXUJ� ����� �,QWHUQHU %HULFKW� '(6< +$6</$%

�������

>/).
�

��@ $� /XVKFKLN� (� )HOGEDFK� 5� .LQN� &K� /XVKFKLN� 0� .LUP� DQG ,� 0DUWLQVRQ�

6HFRQGDU\ H[FLWRQV LQ DONDOL KDOLGH FU\VWDOV� 3K\VLFDO 5HYLHZ %� �����������

�����

>/*0
�

��@ 3� /DSRUWH� 3� *�UWOHU� (� 0RULNDZD� 5� 5HLQLQJHU� DQG 9� 6DLOH� 7LPH� DQG

(QHUJ\±5HVROYHG /XPLQHVFHQFH RI WKH ;H.U ([FLSOH[� (XURSK\VLFV /HWWHUV�

��������� �����

>/./��@ $� /XVKFKLN� 0� .LUP� DQG &K� /XVKFKLN� 0XOWLSOLFDWLRQ RI $QLRQ DQG &DWLRQ

(OHFWURQLF ([FLWDWLRQV LQ /XPLQHVFHQW :LGH�*DS ,RQLF &U\VWDOV� 5DGLDWLRQ

0HDVXUHPHQWV� ���������� �����

>0DU��@ *� 0DUJDULWRQGR� ,QWURGXFWLRQ WR 6\QFKURWURQ 5DGLDWLRQ� 2[IRUG 8QLYHUVLW\

3UHVV� 1HZ <RUN� �����

>0+6��@ /�6� 0LOOHU� 6� +RZH� DQG :�(� 6SHDU� &KDUJH 7UDQVSRUW LQ 6ROLG DQG /LTXLG

$U� .U� DQG ;H� 3K\VLFDO 5HYLHZ� ����������� �����

>0LN��@ 9�9� 0LNKDLOLQ� ([FLWDWLRQ RI 6HFRQGDU\ 3URFHVVHV LQ WKH 9DFXXP 8OWUDYLROHW

5DQJH� 1XFOHDU ,QVWUXPHQWV DQG 0HWKRGV LQ 3K\VLFV 5HVHDUFK� $��������

�����
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>0.=��@ 7� 0|OOHU� 7� .ORLEHU� DQG *� =LPPHUHU� 683(5/80,� 'HU QHXH ��P

0RQRFKURPDWRU ]XU )OXRUHV]HQ]DQDO\VH LVW LQ %HWULHE� +$6</$% -DKUHV�

EHULFKW� �����

>0|O��@ 7� 0|OOHU� 5HDNWLYH 6W|�H LQ (OHNWURQLVFK $QJHUHJWHQ (GHOJDV�:DVVHUVWRII�

*HPLVFKHQ� %LOGXQJ XQG =HUIDOO GHU (GHOJDVK\GULGH� 'LVVHUWDWLRQ� 8QLYHUVLWlW

+DPEXUJ� +DPEXUJ� ����� �,QWHUQHU %HULFKW� '(6< +$6</$% �������

>0RR��@ &�(� 0RRUH� $WRPLF HQHUJ\ OHYHOV� 1DWLRQDO %XUHDX RI 6WDQGDUGV� ���� �����

�����

>0RW��@ 1�)� 0RWW� 3URFHHGLQJV RI WKH 5R\DO 6RFLHW\ RI /RQGRQ $� �������� �����

>05*
�

��@ (� 0RULNDZD� 5� 5HLQLQJHU� 3� *�UWOHU� 9� 6DLOH� DQG 3� /DSRUWH� $UJRQ� .U\S�

WRQ� DQG ;HQRQ ([FLPHU /XPLQHVFHQFH� )URP WKH 'LOXWH *DV WR WKH &RQGHQVHG

3KDVH� 7KH -RXUQDO RI &KHPLFDO 3K\VLFV� ����������� �����

>0XO��@ 5�6� 0XOOLNHQ� 3RWHQWLDO &XUYHV RI 'LDWRPLF 5DUH�*DV 0ROHFXOHV DQG 7KHLU

,RQV� ZLWK 3DUWLFXODU 5HIHUHQFH WR ;H
�
� � 7KH -RXUQDO RI &KHPLFDO 3K\VLFV�

������������ �����

>1)��@ *� 1RZDN DQG -� )ULFNH� 7KH +HWHURQXFOHDU ([FLPHUV $U.U
�

� $U;H
�

DQG

.U;H
�

� -RXUQDO RI 3K\VLFV %� �������� �����

>1*'0��@ -�'� 1XWWDOO� 7�(� *DOORQ� 0�*� 'HYH\� DQG -�$�'� 0DWWKHZ� 7KH HOHFWURQ HQ�

HUJ\ ORVV VSHFWUD RI WKH VROLG UDUH JDVHV IRU ORZ SULPDU\ EHDP HQHUJLHV� -RXUQDO

RI 3K\VLFV &� ������ �����

>17��@ .� 1DVX DQG <� 7R\R]DZD� 7XQQHOLQJ 3URFHVV IURP )UHH 6WDWH WR 6HOI�7UDSSHG

6WDWH RI ([FLWRQ� -RXUQDO RI WKH 3K\VLFDO 6RFLHW\ RI -DSDQ� ���������� �����

>17$��@ 6� 1DNDMLPD� <� 7R\R]DZD� DQG 5� $EH� 7KH 3K\VLFV RI (OHPHQWDU\ ([FLWDWLRQV�

YROXPH �� RI 6SULQJHU 6HULHV LQ 6ROLG�6WDWH 6FLHQFHV� %HUOLQ +HLGHOEHUJ� �����

>3-33��@ 3� 3OHQNLHZLF]� -��3� -D\±*HULQ� %� 3OHQNLHZLF]� DQG *� 3HUOX]]R� (OHFWURQ

PHDQ IUHH SDWK DQG FRQGXFWLRQ±EDQG GHQVLW\ RI VWDWHV LQ VROLG DUJRQ� 6ROLG

6WDWH &RPPXQLFDWLRQV� ���������� �����

>5DG��@ /� 5DGH� 6SULQJHUV PDWKHPDWLVFKH )RUPHOQ� 6SULQJHU� �����

>5DV��@ (�,� 5DVKED� 6HOI�7UDSSLQJ RI ([FLWRQV LQ 6ROLGV� ,Q 9�0� 7XFKNHYLFK DQG .�.�

6KYDUWV� HGLWRUV� 'HIHFWV LQ ,QVXODWLQJ &U\VWDOV� =LQDWQH � 6SULQJHU� �����
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>5DV��@ (�,� 5DVKED� 6HOI�7UDSSLQJ RI ([FLWRQV� ,Q (�,� 5DVKED DQG 0�'� 6WXUJH� HGL�

WRUV� ([FLWRQV� SDJH ���� 1RUWK +ROODQG 3XEOLVK� &RPS�� $PVWHUGDP� �����

>5DW��@ $�0� 5DWQHU� )UHH $WRPV DQG WKH 6LPSOHVW $WRPLF &U\VWDOV� 3K\VLFV 5HSRUWV�

�������� �����

>5*.
�

��@ ,� 5HLPDQG� (� *PLQGHU� 0� .LUP� 9� .LVDQG� %� 6WHHJ� '� 9DUGLQJ� DQG

*� =LPPHUHU� $Q $QDO\VLV RI (OHFWURQ�+ROH 5HFRPELQDWLRQ LQ 6ROLG ;HQRQ

ZLWK 7LPH�5HVROYHG /XPLQHVFHQFH 6SHFWURVFRS\� SK\VLFD VWDWXV VROLGL �E��

������� �����

>5RL��@ (� 5RLFN� 5HOD[DWLRQVSUR]HVVH LQ IHVWHQ (GHOJDVHQ XQWHUVXFKW PLW HQHUJLH� XQG

]HLWDXIJHO|VWHU /XPLQHV]HQ]VSHNWURVNRSLH� 'LVVHUWDWLRQ� 8QLYHUVLWlW +DPEXUJ�

+DPEXUJ� ����� �,QWHUQHU %HULFKW� '(6< +$6</$% �������

>5|V��@ 8� 5|VVOHU� (OHFWURQ DQG ([FLWRQ 6WDWHV LQ 6ROLG 5DUH *DVHV� SK\VLFD VWDWXV

VROLGL� ������� �����

>5XQ��@ 0� 5XQQH� '\QDPLN DQJHUHJWHU (GHOJDVDWRPH DXI GHU 2EHUÀlFKH (GHOJDV�

GRWLHUWHU (GHOJDVIHVWN|USHU� 'LVVHUWDWLRQ� 8QLYHUVLWlW +DPEXUJ� +DPEXUJ�

����� �,QWHUQHU %HULFKW� '(6< +$6</$% �������

>6$��@ ,�7� 6WHLQEHUJHU DQG 8� $VDI� %DQG�6WUXFWXUH 3DUDPHWHUV RI 6ROLG DQG /LTXLG

;HQRQ� 3K\VLFDO 5HYLHZ %� ��������� �����

>6DL��@ 9� 6DLOH� 2SWLVFKH $QUHJXQJHQ GHU 9DOHQ]HOHNWURQHQ YRQ $UJRQ� .U\SWRQ XQG

;HQRQ LQ IHVWHP XQG JDVI|UPLJHP =XVWDQG ]ZLVFKHQ � H9 XQG �� H9� 'LVVHUWD�

WLRQ� 8QLYHUVLWlW 0�QFKHQ� 0�QFKHQ� �����

>6DL��@ 9� 6DLOH� 2QH� DQG WZR±SKRWRQ VSHFWURVFRS\ ZLWK UDUH JDV VROLGV� $SSOLHG

2SWLFV� ������������ �����

>6DP��@ -�$�5� 6DPVRQ� 7HFKQLTXHV RI 9DFXXP±8OWUDYLROHW 6SHFWURVFRS\� :LOH\� /RQ�

GRQ� 1HZ <RUN� 6\GQH\� �����

>6FK��@ 1� 6FKZHQWQHU� 0HDQ±IUHH SDWK RI HOHFWURQV LQ UDUH±JDV VROLGV GHULYHG IURP

YDFXXP�XY SKRWRHPLVVLRQ GDWD� 3K\VLFDO 5HYLHZ %� ������������ �����

>6(��@ -�$� 6DPVRQ DQG '�/� (GHUHU� HGLWRUV� 9DFXXP 8OWUDYLROHW 6SHFWURVFRS\ ,�

([SHULPHQWDO 0HWKRGV LQ 3K\VLFDO 6FLHQFHV� $FDGHPLF 3UHVV� �����
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>6HO��@ 0� 6HOJ� 5HOD[DWLRQ DQG +RW /XPLQHVFHQFH RI 6HOI�7UDSSHG ([FLWRQV LQ 5DUH

*DV &U\VWDOV� 'LVVHUWDWLRQ� ,QVWLWXWH RI 3K\VLFV� 7DUWX� �����

>6*.
�

��@ %� 6WHHJ� (� *PLQGHU� 0� .LUP� 9� .LVDQG� 6� 9LHOKDXHU� DQG *� =LPPHUHU�

&UHDWLRQ RI HOHFWURQLF SRODURQ FRPSOH[HV LQ VROLG [HQRQ REVHUYHG LQ IUHH�

H[FLWRQ OXPLQHVFHQFH XQGHU VHOHFWLYH SKRWRQ H[FLWDWLRQ� -RXUQDO RI (OHFWURQ

6SHFWURVFRS\ DQG 5HODWHG 3KHQRPHQD� ������������ �����

>6+.
�

��@ 0� 6HOJ� 9� +L]KQMDNRY� 5� .LQN� 0� .LQN� DQG -� 0DNVLPRY� 6WDWLRQDU\

DQG 7LPH�5HVROYHG +RW /XPLQHVFHQFH RI 6HOI�7UDSSHG ([FLWRQV LQ 5DUH *DV

6ROLGV� -RXUQDO RI /RZ 7HPSHUDWXUH 3K\VLFV� �����

>6KR��@ :� 6KRFNOH\� 3UREOHPV 5HODWHG WR 3�1 -XQFWLRQV LQ 6LOLFRQ� &]HFK� -� 3K\V� %�

������ �����

>6+6
�

��@ 1� 6FKZHQWQHU� )�-� +LPSVHO� 9� 6DLOH� 0� 6NLERZVNL� :� 6WHLQPDQQ� DQG (�(�

.RFK� 3K\VLFDO 5HYLHZ /HWWHUV� ���������� �����

>6.-��@ 1� 6FKZHQWQHU� (�(� .RFK� DQG -� -RUWQHU� (OHFWURQLF ([FLWDWLRQV LQ &RQGHQVHG

5DUH *DVHV� YROXPH ��� RI 6SULQJHU 7UDFWV LQ 0RGHUQ 3K\VLFV� 6SULQJHU�

9HUODJ� %HUOLQ +HLGHOEHUJ� �����

>60:��@ ,�7� 6WHLQEHUJHU� 3� 0DDVNDQW� DQG 6�(� :HEEHU� 2SWLFDO &RQVWDQWV RI 6ROLG

.U\SWRQ� 7KH -RXUQDO RI &KHPLFDO 3K\VLFV� ������������ �����

>62**��@ (�9� 6DYFKHQNR� $�1� 2JXUWVRY� 2�1� *ULJRUDVKFKHQNR� DQG 6�$� *XELQ� (OHF�

WURQLFDOO\ LQGXFHG GHIHFW IRUPDWLRQ LQ ;H±GRSHG VROLG .U� &KHPLFDO 3K\VLFV�

�������� �����

>65/%��@ '�:� 6QRNH� :�:� 5�KOH� <��&� /X� DQG (� %DXVHU� (YROXWLRQ RI D QRQWKHUPDO

HOHFWURQ HQHUJ\ GLVWULEXWLRQ LQ *D$V� 3K\VLFDO 5HYLHZ %� ������������� �����

>6WH��@ %� 6WHHJ� (U]HXJXQJ VHNXQGlUHU ([]LWRQHQ LQ IHVWHP ;HQRQ XQWHUVXFKW PLW

+LOIH GHU /XPLQHV]HQ]VSHNWURVNRSLH� 'LVVHUWDWLRQ� 8QLYHUVLWlW +DPEXUJ� +DP�

EXUJ� ����� �'(6< �7+(6,6�����������

>6:��@ 6�5� 6FKDUEHU DQG 6�(� :HEEHU� 2SWLFDO &RQVWDQWV RI 6LPSOH 0ROHFXODU &U\V�

WDOV� ,,� 5HVXOWV IRU .U DQG ;H� 7KH -RXUQDO RI &KHPLFDO 3K\VLFV� �����������

�����
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>9DU��@ '� 9DUGLQJ� /XPLQHV]HQ]VSHNWURVNRSLVFKH 8QWHUVXFKXQJHQ G\QDPLVFKHU

(LJHQVFKDIWHQ IUHLHU ([]LWRQHQ LQ GHQ IHVWHQ (GHOJDVHQ .U\SWRQ XQG ;HQRQ�

'LVVHUWDWLRQ� 8QLYHUVLWlW +DPEXUJ� +DPEXUJ� ����� �,QWHUQHU %HULFKW� '(6<

+$6</$% ��±����

>9DV��@ $�1� 9DVLO¶HY� 3ULYDWH &RPPXQLFDWLRQ� �����

>9%)
�

��@ '� 9DUGLQJ� -� %HFNHU� /� )UDQNHQVWHLQ� %� 3HWHUV� 0� 5XQQH� $� 6FKU|GHU� DQG

*� =LPPHUHU� )UHH�H[FLWRQ OXPLQHVFHQFH RI VROLG [HQRQ DQG VROLG NU\SWRQ�

/RZ 7HPS� 3K\V�� ���������� �����

>9)0��@ $�1� 9DVLO¶HY� <� )DQJ� DQG 9�9� 0LNKDLOLQ� ,PSDFW SURGXFWLRQ RI VHFRQGDU\

HOHFWURQLF H[FLWDWLRQV LQ LQVXODWRUV� 0XOWLSOH�SDUDEROLF�EUDQFK EDQG PRGHO�

3K\VLFDO 5HYLHZ %� ����������� �����

>9LH��@ 6� 9LHOKDXHU� 'LVVHUWDWLRQ� 8QLYHUVLWlW +DPEXUJ� +DPEXUJ� ����� �LQ SUHSDUD�

WLRQ��

>95=��@ '� 9DUGLQJ� ,� 5HLPDQG� DQG *� =LPPHUHU� 7LPH±5HVROYHG /XPLQHVFHQFH RI

([FLWRQ±3RODULWRQV LQ 6ROLG ;HQRQ� SK\VLFD VWDWXV VROLGL �E�� �������� �����

>:DQ��@ *�+� :DQQLHU� 7KH 6WUXFWXUH RI (OHFWURQLF ([FLWDWLRQ /HYHOV LQ ,QVXODWLQJ

&U\VWDOV� 3K\VLFDO 5HYLHZ� ������� �����

>:%+6��@ +� :LOFNH� :� %|KPHU� 5� +DHQVHO� DQG 1� 6FKZHQWQHU� +LJK )OX[ DQG +LJK

5HVROXWLRQ 989 %HDPOLQH IRU /XPLQHVFHQFH 6SHFWURVFRS\� 1XFOHDU ,QVWUX�

PHQWV DQG 0HWKRGV LQ 3K\VLFV 5HVHDUFK� ������� �����

>=LP��@ -�0� =LPDQ� (OHFWURQV DQG 3KRQRQV� 7KH 7KHRU\ RI 7UDQVSRUW 3KHQRPHQD LQ

6ROLGV� &ODUHQGRQ� �����

>=LP��@ *� =LPPHUHU� &UHDWLRQ� PRWLRQ DQG GHFD\ RI H[FLWRQV LQ UDUH JDV VROLGV� ,Q

8� 0� *UDVVDQR DQG 1� 7HU]L� HGLWRUV� ([FLWHG VWDWH VSHFWURVFRS\ LQ VROLGV�

SDJH ��� $PVWHUGDP� ����� 1RUWK +ROODQG 3K\VLFV 3XEOLVKLQJ�

>=LP��@ *� =LPPHUHU� 6WDWXV UHSRUW RQ OXPLQHVFHQFH LQYHVWLJDWLRQV ZLWK V\QFKURWURQ

UDGLDWLRQ DW +$6</$%� 1XFOHDU ,QVWUXPHQWV DQG 0HWKRGV LQ 3K\VLFV 5H�

VHDUFK� $�������� �����



$FNQRZOHGJPHQWV

)LUVW RI DOO� , DP JUDWHIXO WR P\ VXSHUYLVRU 3URIHVVRU 'U� *HRUJ =LPPHUHU IRU KLV

JXLGDQFH� VXSSRUW DQG FRQWLQXRXV LQWHUHVW LQ P\ UHVHDUFK�

0\ VSHFLDO WKDQNV EHORQJ WR 'U� 0DUFR .LUP IRU PDQ\ H[SHULPHQWDO WLSV� VWLPXODWLQJ

GLVFXVVLRQV� LQQXPHUDEOH FRIIHH�WLPHV� DQG SURRI�UHDGLQJ RI P\ ZRUN�

, ZRXOG OLNH WKDQN DOO PHPEHUV RI WKH 683(5/80, WHDP IRU D SOHDVDQW DQG VWLPXODWLQJ

ZRUNLQJ DWPRVSKHUH� (VSHFLDOO\ , ZRXOG WKDQN 'U� %DUEDUD 6WHHJ� ZKR VXSSRUWHG PH GXULQJ

P\ ¿UVW EHDPWLPH DW 683(5/80,� $OVR WKH KHOS DQG VXSSRUW E\ 6HEDVWLDQ 9LHOKDXHU� 'U�

(ONH *PLQGHU DQG (YJXHQL 1HJRGLQH LV DFNQRZOHGJHG�

, DP JUDWHIXO WR 'U� 5HLQ .LQN� 'U� 0DWWL 6HOJ� 3URIHVVRUV &KHVODY DQG $OHNVDQGU

/XVKFKLN IURP ,QVWLWXWH RI 3K\VLFV LQ 7DUWX IRU VWLPXODWLQJ GLVFXVVLRQV� 'U� $QGUH\ 9DVLO¶HY

LV DFNQRZOHGJHG IRU WKH H[WHQVLYH GLVFXVVLRQ RI 03%% PRGHO�

)LQDOO\ , FDQ QRW IRUJHW 0DUH� P\ IDPLO\ DQG DOO P\ IULHQGV ZKR VXSSRUWHG PH GXULQJ

ODVW \HDUV�

7KLV ZRUN ZDV VXSSRUWHG E\ WKH'HXWVFKH )RUVFKXQJVJHPHLQVFKDIW �')*� XQGHU SURMHFW

QXPEHUV ')*�=L �������� ���� DQG ����


