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,QWHUGLJLWDO 'LHOHFWURPHWU\ 6HQVRU 'HVLJQ
DQG 'HYHORSPHQW RI 3DUDPHWHU (VWLPDWLRQ $OJRULWKPV

IRU 1RQ�'HVWUXFWLYH 0DWHULDOV (YDOXDWLRQ
E\

$OH[DQGHU 9� 0DPLVKHY

6XEPLWWHG WR WKH 'HSDUWPHQW RI (OHFWULFDO (QJLQHHULQJ DQG &RPSXWHU 6FLHQFH RQ 0D\
��� ���� LQ SDUWLDO IXOnOOPHQW RI WKH UHTXLUHPHQWV IRU WKH GHJUHH RI 'RFWRU RI 3KLORVRSK\�

$EVWUDFW

7KH PDMRU REMHFWLYH RI WKLV WKHVLV LV WR GHYHORS LQVWUXPHQWDWLRQ DQG SDUDPHWHU
HVWLPDWLRQ DOJRULWKPV IRU QRQGHVWUXFWLYH PHDVXUHPHQW RI QRQ�KRPRJHQHRXV PDWHULDO
SURSHUW\ SURnOHV ZLWK IULQJLQJ HOHFWULF nHOG GLHOHFWURPHWU\ VHQVRUV� 7KH LQVWUXPHQWD�
WLRQ LQFOXGHV LQWHUGLJLWDO VHQVRUV DQG VHQVRU DUUD\V� RWKHU W\SHV RI IULQJLQJ nHOG VHQVRUV�
HOHFWURQLF FLUFXLW ERDUGV IRU PHDVXUHPHQW RI VHQVRU VLJQDOV� DQG PHFKDQLFDO VHWXSV IRU
VSHFLnF DSSOLFDWLRQV� 7KH SDUDPHWHU HVWLPDWLRQ DOJRULWKPV UHTXLUH VROYLQJ IRUZDUG DQG
LQYHUVH SUREOHPV RI PDWHULDO SURSHUW\ HVWLPDWLRQ� 7KH IRUZDUG SUREOHP LPSOLHV FDOFXOD�
WLRQ RI WKH VHQVRU DGPLWWDQFH PDWUL[ DV D IXQFWLRQ RI JHRPHWU\ DQG PDWHULDO SURSHUWLHV�
7KH LQYHUVH SUREOHP� LQKHUHQWO\ PRUH GLpFXOW WKDQ WKH IRUZDUG SUREOHP� LPSOLHV HVWL�
PDWLRQ RI XQNQRZQ JHRPHWU\ DQG PDWHULDO SURSHUWLHV EDVHG RQ NQRZQ SURSHUWLHV DQG
PHDVXUHG HQWULHV RI WKH VHQVRU DGPLWWDQFH PDWUL[� 7KH GHYHORSHG LQVWUXPHQWDWLRQ
DQG DOJRULWKPV DUH DSSOLHG WR SUDFWLFDO SUREOHPV ZKLFK LQFOXGH PRQLWRULQJ RI PRLVWXUH
G\QDPLFV LQ WUDQVIRUPHU SUHVVERDUG� HYDOXDWLRQ RI WKH VDWXUDWLRQ VWDWH RI FKHPLFDO
JDUPHQWV� GHWHFWLRQ RI oDZV LQ nEHUJODVV o\ZKHHOV� DQG GHWHFWLRQ RI EXULHG PHWDO DQG
SODVWLF ODQGPLQHV�
7KH GHVLJQ VWUDWHJ\ DQG IDEULFDWLRQ SUDFWLFHV DUH GHVFULEHG IRU PXOWLSOH SHQHWUDWLRQ

GHSWK LQWHUGLJLWDO VHQVRUV GHVLJQHG IRU PHDVXUHPHQW RI FRQGXFWLYLW\ DQG SHUPLWWLYLW\
RI HOHFWULFDO LQVXODWLRQ RI SRZHU WUDQVIRUPHUV� $Q H[WHQVLYH RYHUYLHZ RI LQWHUGLJLWDO
HOHFWURGH WHFKQRORJ\ LQ RWKHU nHOGV LV JLYHQ� $ QXPEHU RI GLVWXUEDQFH SDUDPHWHUV WKDW
DmHFW LQWHUGLJLWDO GLHOHFWURPHWU\ PHDVXUHPHQWV LV FKDUDFWHUL]HG DQG HLWKHU HOLPLQDWHG
RU DFFRXQWHG IRU XVLQJ HPSLULFDO� DQDO\WLFDO� DQG QXPHULFDO VLPXODWLRQ DSSURDFKHV� $
QHZ W\SH RI IULQJLQJ nHOG VHQVRU KDV EHHQ GHYHORSHG WR LPSURYH WKH FURVV�FRUUHODWLRQ
EHWZHHQ GLmHUHQW IULQJLQJ nHOG SDWWHUQV�
,Q PRVW FDVHV� WKH IRUZDUG SUREOHP KDV EHHQ VROYHG XVLQJ FRPPHUFLDO nQLWH�HOHPHQW

VRIWZDUH 0D[ZHOO E\ $QVRIW &RUS� 2WKHU PHWKRGV� VXFK DV D FRQWLQXXP PRGHO� DQ�
DO\WLFDO H[SUHVVLRQV� DQG GLUHFW FDOLEUDWLRQ ZHUH XVHG IRU FRPSDULVRQ DQG WR DFKLHYH
JUHDWHU DFFXUDF\ LQ VLPSOH FDVHV� $ IDPLO\ RI DOJRULWKPV IRU VROYLQJ LQYHUVH SUREOHPV
KDV EHHQ GHYHORSHG WR DGGUHVV GLmHUHQW DSSOLFDWLRQV� 1R VLQJOH DOJRULWKP SURYLGHV WKH
PRVW DFFXUDWH DQG UHOLDEOH UHVXOWV LQ DOO FDVHV� 7KH PRVW DSSURSULDWH DOJRULWKP IRU
HDFK JLYHQ DSSOLFDWLRQ VKRXOG EH FKRVHQ RQ WKH EDVLV RI UHTXLUHG VSHHG DQG DFFXUDF\�
QXPEHU RI NQRZQ DQG XQNQRZQ SDUDPHWHUV� W\SH RI GLVWULEXWLRQ RI PDWHULDO SURSHUWLHV�
FRQWDFW FRQGLWLRQV EHWZHHQ WKH VHQVRU KHDG DQG WKH PDWHULDO� DQG D VSHFLnF W\SH RI
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VHQVRU VHOHFWHG IRU WKH WDVN� 0DMRU W\SHV RI SURSHUW\ HVWLPDWLRQ DOJRULWKPV LQFOXGH
GLUHFW FDOLEUDWLRQ� XVH RI HPSLULFDOO\ DQG QXPHULFDOO\ GHWHUPLQHG DSSUR[LPDWLRQV� XVH
RI SUH�FRPSXWHG ORRNXS WDEOHV� LWHUDWLYH JXHVVHV DW GLHOHFWULF DQG JHRPHWU\ SURSHUWLHV
ZKLOH VROYLQJ WKH PLQLPL]DWLRQ SUREOHP RI PDWFKLQJ WKHRUHWLFDO DQG PHDVXUHG HQWULHV
RI VHQVRU DGPLWWDQFH PDWUL[� GLUHFW PDSSLQJ EHWZHHQ WKH VHQVRU RXWSXW DQG WKH SK\V�
LFDO YDULDEOH RI LQWHUHVW �QRW QHFHVVDULO\ D GLHOHFWULF SURSHUW\�� SDWWHUQ UHFRJQLWLRQ LQ
WKH GLHOHFWULF VSHFWURVFRS\ VLJQDWXUH� DQG VHDUFK IRU VLJQDO FKDUDFWHULVWLFV LQ WKH VHQVRU
RXWSXW GXH WR PDWHULDO SURSHUW\ YDULDWLRQV� (DFK RI WKHVH PDMRU W\SHV RI DOJRULWKPV
KDV EHHQ LPSOHPHQWHG LQ RQH RU PRUH IRUPV WR DFKLHYH WKH GHVLUHG UHVXOWV IRU HDFK VSH�
FLnF SUREOHP� 2QH RI WKH DOJRULWKPLF DSSURDFKHV KDV EHHQ JHQHUDOL]HG WR RWKHU W\SHV
RI SUREOHPV E\ LPSOHPHQWLQJ LW DV D JHQHULF RSWLPL]DWLRQ WRRO�
0RLVWXUH G\QDPLFV LQ WUDQVIRUPHU SUHVVERDUG KDV EHHQ VWXGLHG H[WHQVLYHO\ ZLWK

QXPHULFDO VLPXODWLRQV RI WKH IRUZDUG DQG LQYHUVH SUREOHP� 7KH GHYHORSHG DOJRULWKP
KDV EHHQ DSSOLHG WR H[SHULPHQWDO GDWD REWDLQHG E\ DQRWKHU JUDGXDWH VWXGHQW� <DQTLQJ
'X� LQ D FRQFXUUHQW 3K�'� WKHVLV� ,W KDV EHHQ GHPRQVWUDWHG WKDW D WKUHH�ZDYHOHQJWK
LQWHUGLJLWDO VHQVRU FDQ EH XVHG WR PHDVXUH WLPH�GHSHQGHQW FRQWLQXRXV VPRRWKO\ YDU\LQJ
PRLVWXUH SURnOHV LQ RLO�LPSUHJQDWHG SRZHU WUDQVIRUPHU SUHVVERDUG� 8OWLPDWHO\� WKLV
WHFKQRORJ\ LV FDSDEOH RI SUHYHQWLQJ SDUWLDO GLVFKDUJHV DQG WUDQVIRUPHU IDLOXUHV GXH WR
oRZ HOHFWULnFDWLRQ DQG VWDWLF FKDUJLQJ RI WKH RLO�SUHVVERDUG LQWHUIDFH�
3UHOLPLQDU\ PHDVXUHPHQWV DOVR GHPRQVWUDWHG DGHTXDWH VHQVLWLYLW\ DQG VHOHFWLYLW\ RI

IULQJLQJ nHOG VHQVRUV IRU WKH GHWHFWLRQ RI oDZV LQ nEHUJODVV o\ZKHHOV DQG GHWHFWLRQ DQG
GLVFULPLQDWLRQ RI EXULHG SODVWLF DQG PHWDO ODQGPLQHV� 7KH VDWXUDWLRQ VWDWH RI FKHP�
LFDO SURWHFWLYH JDUPHQWV KDV EHHQ GHWHUPLQHG IRU UHODWLYHO\ KLJK OHYHOV RI VDWXUDWLRQ�
$GGLWLRQDO ZRUN LV QHHGHG WR LPSURYH VHQVLWLYLW\ LQ WKH ORZ VDWXUDWLRQ UHJLRQ�
7KHVLV 6XSHUYLVRU� 3URIHVVRU 0DUNXV =DKQ
7KHVLV &R�VXSHUYLVRU� 3URIHVVRU %HUQDUG &� /HVLHXWUH
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$FNQRZOHGJPHQWV

, DP LQnQLWHO\ JUDWHIXO WR P\ SULPDU\ UHVHDUFK DGYLVRU� 3URIHVVRU 0DUNXV =DKQ�
IRU LQYLWLQJ PH WR ZRUN LQ WKH /DERUDWRU\ IRU (OHFWURPDJQHWLF DQG (OHFWURQLF 6\VWHPV
�/((6� DQG WKH +LJK 9ROWDJH 5HVHDUFK /DERUDWRU\ �+95/�� VXSSRUWLQJ PH WKURXJK�
RXW P\ VWD\� VXSHUYLVLQJ P\ ZRUN GD\ DIWHU GD\� DQG EHLQJ DOZD\V DYDLODEOH IRU GLVFXV�
VLRQV� EH LW D UHVHDUFK�UHODWHG DUJXPHQW� EULHI OHVVRQ RQ HOHFWURPDJQHWLF WKHRU\� RU D
SKLORVRSKLFDO GLVFRXUVH�
0\ VHFRQGDU\ WKHVLV DGYLVRU� 3URIHVVRU %HUQDUG /HVLHXWUH� VHUYHG PH DV D UROH PRGHO

RI D \RXQJ IDFXOW\ PHPEHU DQG D JUHDW UHVRXUFH IRU WKH DOJRULWKP GHYHORSPHQW SRU�
WLRQ RI P\ UHVHDUFK� +H VLJQLnFDQWO\ FRQWULEXWHG WR DOPRVW DOO P\ SXEOLFDWLRQV WKDW
RULJLQDWHG DW 0,7 DQG VXSSOLHG YLJRU DQG RSWLPLVP DW WLPHV RI FRQIXVLRQ� , ZRXOG OLNH
WR WKDQN P\ WKHVLV FRPPLWWHH PHPEHU 3URIHVVRU /DQJ DQG P\ DFDGHPLF DGYLVRUV 3UR�
IHVVRUV +DJHOVWHLQ DQG .RQJ IRU WKH HQFRXUDJHPHQW DQG PRUDO VXSSRUW RI P\ UHVHDUFK
LQLWLDWLYHV�
$ VLJQLnFDQW SRUWLRQ RI P\ WLPH WRZDUGV WKH HQG RI WKH SURJUDP ZDV VSHQW DW

-HQWHN 6HQVRUV� ,QF� , KDYH OHDUQHG D ORW IURP -HQWHN SUHVLGHQW� 'U� 1HLO *ROGnQH�
DQG , DP JUDWHIXO WR KLP IRU SURYLGLQJ UHVRXUFHV DQG LGHDV IRU IXUWKHU UHVHDUFK DQG
JUHDWO\ DSSUHFLDWH KLV ZLOOLQJQHVV WR VHUYH RQ P\ WKHVLV FRPPLWWHH� , ZRXOG DOVR OLNH
WR DFNQRZOHGJH WKH KHOS RI RWKHU -HQWHN HPSOR\HHV� QDPHO\� $QG\ :DVKDEDXJK� %LOO
&KHSROLV� 0LFKHOOH 0F'HYLWW� .DUHQ :DOUDWK� DQG 'DYLG &ODUN�
6HYHUDO JUDGXDWH VWXGHQWV LQ /((6�+95/ SDUWLFLSDWHG LQ KHDWHG GLVFXVVLRQV RQ

WKH FRUH LVVXHV RI LQWHUGLJLWDO GLHOHFWURPHWU\ DQG SURYLGHG H[SHULPHQWDO GDWD� FRP�
SXWHU FRGH� LGHDV� DQG LQVSLUDWLRQ WKDW SURYHG LQYDOXDEOH IRU WKH GHYHORSPHQW RI WKLV
WHFKQRORJ\� 0RVW RI P\ UHVHDUFK ZRUN ZDV GRQH WRJHWKHU ZLWK <DQTLQJ 'X� ZKRVH
H[FHSWLRQDO GLOLJHQFH DQG FUHDWLYLW\ UHVXOWHG LQ PDMRU FRQWULEXWLRQV WR WKLV ZRUN� , DOVR
ZRXOG OLNH WR H[SUHVV P\ JUDWLWXGH WR 'DUUHOO 6FKOLFNHU� <DQNR 6KHLUHWRY� -XOLR &DVWULO�
ORQ� DQG $OEHUW /X DQG WR YLVLWLQJ VFLHQWLVWV 3URI� .DQJ DQG -HDQ 5LYHQF� ZKR ZRUNHG
RQ UHODWHG SURMHFWV DW GLmHUHQW WLPHV GXULQJ P\ SURJUDP� $ ORW RI WLPHO\ DGYLFH RQ
JHQHUDO WHFKQLFDO PDWWHUV FDPH IURP JUDGXDWH VWXGHQWV 5REHUW /\RQV� $IVLQ 8VWXQGDJ�
DQG 7]D�-LQJ *XQJ ZLWK ZKRP ZH VKDUHG RpFH VSDFH DQG FRPSXWHU IDFLOLWLHV�
1XPHURXV H[SHULPHQWV DQG FRPSXWHU VLPXODWLRQV LQ WKLV WKHVLV ZHUH GRQH E\ XQ�

GHUJUDGXDWH VWXGHQWV XQGHU P\ VXSHUYLVLRQ� DV D SDUW RI WKHLU 8QGHUJUDGXDWH 5HVHDUFK
2SSRUWXQLWLHV 3URJUDP �8523� DW 0,7� 7KHLU FRQWULEXWLRQV DUH DOVR SRLQWHG RXW VHS�
DUDWHO\ LQ WKH ERG\ RI WKH WKHVLV� , ZRXOG OLNH WR DFNQRZOHGJH �LQ FKURQRORJLFDO RUGHU�
%RULV %HUGQLNRY� %LQK 7UXRQJ� -RKQ 0LOOHU� &KULVWRSKHU /LQ� $QGUHZ 7DNDKDVKL� *DX�
UDY 7HZDUL� -DVRQ %DX� ,QGUDMHHW �5LFN\� 'HEQDWK� DQG 0DGKX 6DUGD IRU WKHLU GLOLJHQFH
DQG FUHDWLYLW\�
0\ WKDQNV DOVR JR WR ODE WHFKQLFDO VWDm :D\QH 5\DQ IRU KLV DVVLVWDQFH ZLWK FRP�

SXWHUV� SULQWHUV� H[SHULPHQWDO VHWXSV� DQG QXPHURXV GHYLFHV� JDGJHWV� LQVWUXPHQWV�
n[WXUHV� WRROV� DSSDUDWXV� DQG PHFKDQLVPV WKDW KDG WR EH FRQTXHUHG� WDPHG� DQG
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EURXJKW WR OLIH RYHU WKH \HDUV LQ WKH ODE�
, DP KDSS\ WR WKDQN 0,7 VHFUHWDULHV .DWK\ 0F&XH� %DUEDUD 6PLWK�&RQQROO\� 9L�

YLDQ 0L]XQR� 6DUD :ROIVRQ� .DULQ -DQVRQ�6WUDVVZLPPHU RI 0,7� DV ZHOO DV 0DULD 6WDUN
DQG -HQQLIHU 'H*HRUJH RI -HQWHN 6HQVRUV� ,QF� IRU SURYLGLQJ YDOXDEOH DVVLVWDQFH DQG
DOZD\V PDQDJLQJ WR VTXHH]H P\ PHHWLQJV LQWR EXV\ VFKHGXOHV RI P\ VXSHULRUV�
$OVR� , ZRXOG OLNH WR FRQJUDWXODWH WKH GHSDUWPHQWDO DGPLQLVWUDWLYH RpFHUV 3HJJ\

&DUQH\� 0DULO\Q 3LHUFH� DQG 0RQLFD %HOO ZLWK WKHLU HpFLHQW DQG oH[LEOH PDQDJHPHQW
RI P\ nOHV� HVSHFLDOO\ ZKHQ , ZDV ORVW LQ WKH PXOWLWXGH RI EOXH� \HOORZ� SLQN� ZKLWH� DQG
JUHHQ IRUPV WKDW PDUNHG LPSRUWDQW PLOHVWRQHV RI P\ 3K�'� SURJUDP�
2Q D ODUJHU VFDOH� WKH UHVHDUFK SURMHFWV FRYHUHG LQ WKLV WKHVLV ZHUH VXSSRUWHG

E\ (OHFWULF 3RZHU 5HVHDUFK ,QVWLWXWH� JUDQW QXPEHU :2 �������� PDQDJHG E\ 0U�
6WDQ /LQGJUHQ� 1DWLRQDO 6FLHQFH )RXQGDWLRQ� JUDQW QR� (&6��������� DQG )LEHUWHN�
+XPDQLWDULDQ 'HPLQLQJ SURMHFW 1R� �������0,7���� 7KDQNV WR $QVRIW &RUS� IRU
GRQDWLRQ RI WKH nQLWH�HOHPHQW PHWKRG VRIWZDUH SDFNDJH 0D[ZHOO�
2Q D VPDOOHU VFDOH� WKH nQDQFLDO VXSSRUW RI P\ 3K�'� VWXGLHV FDPH LQ PDQ\ IRUPV�

DQG , DP KDSS\ WR DFNQRZOHGJH P\ VSRQVRUV KHUH� , DP KRQRUHG WR KDYH UHFHLYHG WKH
,((( 'LHOHFWULFV DQG (OHFWULFDO ,QVXODWLRQ )HOORZVKLS DQG ,6(, �,QWHUQDWLRQDO 6\PSR�
VLXP RQ (OHFWULFDO ,QVXODWLRQ� DQG &(,'3 �&RQIHUHQFH RQ (OHFWULFDO ,QVXODWLRQ DQG
'LHOHFWULF 3KHQRPHQD� 6FKRODUVKLSV� 7UDYHO *UDQWV IURP WKH ,((( 3RZHU (QJLQHHULQJ
6RFLHW\� 0DWHULDOV 5HVHDUFK 6RFLHW\� 1DWLRQDO 6FLHQFH )RXQGDWLRQ� DQG 0,7 *UDGX�
DWH 6WXGHQW &RXQFLO� $PHULFDQ 3XEOLF 3RZHU $VVRFLDWLRQ 'HPRQVWUDWLRQ RI (QHUJ\�
HpFLHQW 'HYHORSPHQWV 6FKRODUVKLS� /LQN )RXQGDWLRQ (QHUJ\ )HOORZVKLS� DQG $PHULFDQ
9DFXXP 6RFLHW\ *UDGXDWH 5HVHDUFK $ZDUG�
2Q D SHUVRQDO OHYHO� , ZRXOG OLNH WR WKDQN P\ 0DVWHU
V SURJUDP DGYLVHU� %� 'RQ

5XVVHOO RI 7H[DV $	0 8QLYHUVLW\ DQG KLV ZLIH� %HFN\ 5XVVHOO� IRU WKHLU VXSSRUW� ORYH�
DQG FDUH� ZKLFK FDUULHG PH WKURXJK P\ nUVW GLpFXOW \HDUV LQ D IRUHLJQ FRXQWU\� ,
DOVR H[SUHVV P\ JUDWLWXGH WR P\ VHFRQGDU\ DGYLVRUV� 3URIHVVRUV 5REHUW 1HYHOV DQG
-DPHV +HQQLJDQ RI 7H[DV $	0 8QLYHUVLW\� 3URIHVVRU 6WDQ *U]\ERZVN\ RI 0LVVLVVLSSL
6WDWH 8QLYHUVLW\� DQG 3URIHVVRU 6WDQLVODY 6RNRORYVN\ RI .LHY 3RO\WHFKQLF ,QVWLWXWH�
ZKR VKDUHG PXFK RI WKHLU ZLVGRP ZLWK PH DQG KHOSHG PH WR VWD\ DoRDW GXULQJ P\
HGXFDWLRQ�
, ZDQW WR WKDQN P\ IULHQGV $OH[H\ DQG $OOD 7HUHQWLHYD� $OH[DQGHU 0D]XUHQNR

�75H[�� 6HUJHM /LOLWFKHQNR� 1LNRODL 6WROLQ� 2O\D *XWPDQ� DQG -RKQ DQG -HDQLH 6HmHO�
ZKR FKHHUHG PH XS ZKHQ , QHHGHG LW �XVXDOO\� DQG KHOSHG PH ZKHQ , ZDV LQ WURXEOH
�RIWHQ��
, ZRXOG OLNH WR WKDQN P\ SDUHQWV DQG P\ EURWKHU
V IDPLO\ IRU WKHLU ORYH DQG PRUDO

VXSSRUW� ORQJ OHWWHUV DQG EULHI� E\ QHFHVVLW\� SKRQH FDOOV� DQG DELOLW\ WR UHPHPEHU WLQ\
GHWDLOV DIWHU QRW VHHLQJ HDFK RWKHU IRU VR PDQ\ \HDUV� 0DQ\ WKDQNV WR $OH[DQGHU
3RGOLSHQHWV� ZKR SURYLGHG D YLWDOO\ LPSRUWDQW HPHUJHQF\ HPDLO FRQQHFWLRQ ZLWK P\
IDPLO\� $QG nQDOO\� , ZRXOG OLNH WR H[SUHVV P\ JUDWLWXGH DQG ORYH WR P\ ZRQGHUIXO
ZLIH� .U\VW\QD 6]XO� ZKRVH SDWLHQFH DQG WROHUDQFH H[FHHGHG DQ\ UHDVRQDEOH OLPLWV DQG
ZKR PDNHV LW DOO ZRUWKZKLOH�
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&RQWHQWV �

/LVW RI )LJXUHV ��

/LVW RI 7DEOHV ��

� ,QWURGXFWLRQ ��
��� ,QWHUGLJLWDO 'LHOHFWURPHWU\ � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� +LVWRULFDO 3HUVSHFWLYH � � � � � � � � � � � � � � � � � � � � � � � � ��
����� ,PSRVHG )UHTXHQF\�:DYHQXPEHU �� b N 6HQVLQJ� � � � � � � � � ��
����� *HQHULF 0HDVXUHPHQW 6HWXS � � � � � � � � � � � � � � � � � � � � ��

��� 6FRSH RI WKH 7KHVLV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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+�� &RGH IRU *UDSKLFDO 8VHU ,QWHUIDFH � � � � � � � � � � � � � � � � � � � � � ���
+���� *XLIXQF�P � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
+���� PD[UXQ�P � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
+���� LWHU�P � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
+���� LWHU��P � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
+���� QRUPDOL]H�P � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
+���� FRVW��P � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
+���� SWEVFDQ�P � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
+���� VFDQYDUV�P � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
+���� SRVVFDQ�P � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

%LEOLRJUDSK\ ���

%LRJUDSK\ ���

,QGH[ ���

��



/LVW RI )LJXUHV

��� $ IULQJLQJ nHOG GLHOHFWURPHWU\ VHQVRU FDQ EH YLVXDOL]HG DV D SDUDOOHO
SODWH FDSDFLWRU ZKRVH HOHFWURGHV RSHQ XS WR SURYLGH D RQH�VLGHG DFFHVV
WR PDWHULDO XQGHU WHVW� � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH WHUP ?LQWHUGLJLWDO� UHIHUV WR WKH SDWWHUQ RI nQJHUV RU ?GLJLWV� WKDW
LV UHVHPEOHG E\ WKH VKDSH DQG UHODWLYH SRVLWLRQ RI HOHFWURGHV� � � � � � ��

��� $ JHQHULF LQWHUGLJLWDO GLHOHFWURPHWU\ VHQVRU� � � � � � � � � � � � � � � ��
��� +DOI�ZDYHOHQJWK FURVV�VHFWLRQ ZLWK D VXSHULPSRVHG HTXLYDOHQW FLUFXLW

PRGHO� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� $ FRQFHSWXDO YLHZ RI PXOWL�ZDYHOHQJWK GLHOHFWURPHWU\� � � � � � � � � ��
��� *HQHULF PHDVXUHPHQW VHWXS� � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH 'HE\H PRGHO IRU WLPH�GHSHQGHQW SRODUL]DWLRQ� � � � � � � � � � � ��
��� &RXHWWH )DFLOLW\ IRU VLPXODWLQJ D YDULHW\ RI LQWHUGHSHQGHQW HOHFWURG\�

QDPLF� HOHFWURFKHPLFDO� WKHUPRG\QDPLF� DQG K\GURG\QDPLF SKHQRP�
HQD LQ WKH SRZHU WUDQVIRUPHU HQYLURQPHQW � � � � � � � � � � � � � � � ��

��� $ FRPELQHG VHQVRU WKDW FRPSULVHV D 6$: WUDQVGXFHU DQG DQ LQWHUGLJ�
LWDO FDSDFLWRU �,'&� RQ D VLQJOH FKLS� � � � � � � � � � � � � � � � � � � ��

��� 6FKHPDWLF H[FLWDWLRQ SDWWHUQV IRU D OLQHDU VHQVRU DUUD\� �D� WKH OHIW�
PRVW HOHFWURGH LV H[FLWHG� WKH UHVW DUH JURXQGHG DQG �E� WKH IRXUWK
IURP WKH OHIW HOHFWURGH LV H[FLWHG� WKH UHVW DUH JURXQGHG� � � � � � � � ��

��� (YHU\ VHQVLQJ DSSOLFDWLRQ UHTXLUHV DQ RSWLPXP FRPELQDWLRQ RI LQ�
KHUHQWO\ GHSHQGHQW HOHPHQWV RI WKH PHDVXUHPHQW V\VWHP FRPSULVLQJ
VHQVRU GHVLJQ DQG SDUDPHWHU HVWLPDWLRQ DOJRULWKPV� � � � � � � � � � � ��

��� 6LQJOH�ZDYHOHQJWK oH[LEOH VHQVRU RQ D .DSWRQ VXEVWUDWH ZLWK D VSDWLDO
ZDYHOHQJWK RI � PP� � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 7KH WKUHH�ZDYHOHQJWK .DSWRQ VXEVWUDWH VHQVRU ZLWK ZDYHOHQJWKV RI ��
���� DQG � PP� /HJHQG RI HOHFWURGH FRQWDFWV� G � GULYHQ� � � JURXQG�
J � JXDUG� V � VHQVLQJ� � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� ,QWHUPHGLDWH GHVLJQ RI WKH WKUHH�ZDYHOHQJWK VHQVRU ZLWK VHSDUDWH EDFN�
SODQH HOHFWURGHV WKDW FDQ EH XVHG DV VHSDUDWH JXDUGV IRU HDFK ZDYH�
OHQJWK� 7KH WRS LQWHUGLJLWDO HOHFWURGH SDWWHUQ LV VKRZQ RQ WKH OHIW�
WKH EDFNSODQH SDWWHUQ LV VKRZQ RQ WKH ULJKW� DQG WKHLU VXSHULPSRVHG
LPDJH LV LQ WKH PLGGOH� � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��
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��� ,PSURYHG GHVLJQ RI WKH WKUHH�ZDYHOHQJWK LQWHUGLJLWDO VHQVRU XVLQJ D
7HoRQ VXEVWUDWH� 6FDOH ���� ,Q WKLV GHVLJQ� WKH nQJHU OHQJWK WR ZDYH�
OHQJWK DVSHFW UDWLR LV LQFUHDVHG� WKH FURVV�FRXSOLQJ EHWZHHQ WKH ZDYH�
OHQJWKV LV UHGXFHG E\ PRYLQJ WKHP IDUWKHU DSDUW DQG DGGLQJ JXDUG
HOHFWURGHV� WKH LQnQLWH SHULRGLFLW\ LV DSSUR[LPDWHG ZLWK JXDUG nQJHUV�
DQG WKH VXEVWUDWH PDWHULDO ZDV FKDQJHG IURP K\GURSKLOLF .DSWRQ WR
K\GURSKRELF 7HoRQ� 7KH WKUHH VHSDUDWH JXDUG SODQHV RQ WKH EDFN VXU�
IDFH UHSODFHG WKH VLQJOH JURXQG SODQH LQ RUGHU WR IDFLOLWDWH LQGHSHQGHQW
PHDVXUHPHQWV RI HDFK ZDYHOHQJWK� � � � � � � � � � � � � � � � � � � � ���

��� 7HoRQ WKUHH�ZDYHOHQJWK VHQVRU ZLWK D ODUJHU OHQJWK�WR�ZLGWK DVSHFW
UDWLR WKDQ WKDW RI WKH EDVLF GHVLJQ LQ )LJXUH ���� � � � � � � � � � � � � ���

��� 7HoRQ WKUHH�ZDYHOHQJWK VHQVRU ZLWK D VPDOOHU OHQJWK�WR�ZLGWK DVSHFW
UDWLR WKDQ WKDW RI WKH EDVLF GHVLJQ LQ )LJXUH ���� � � � � � � � � � � � � ���

��� &XUYHG VHQVRU IRU GHWHFWLRQ RI VWUXFWXUDO oDZV LQ o\ZKHHO LQVSHFWLRQ� ���
��� 'RXEOH�GULYHQ VHQVRUV ZLWK FDSDELOLW\ RI EHWWHU PHDVXUHPHQW RI DLU

JDS HmHFWV GXH WR KLJKHU FURVV�FRUUHODWLRQ EHWZHHQ GLmHUHQW HOHFWURGH
SDLU VLJQDOV� /HJHQG� /& � ORZHU FRPE� 8& � XSSHU FRPE� 6 � VHUSHQWLQH����

���� &RPE�6HUSHQWLQH�&RPE �&6&� VHQVRU ZLWK ��� PP nQJHU ZLGWK DQG
� PP IXQGDPHQWDO ZDYHOHQJWK� 6FDOH ���� /HJHQG� /& � ORZHU FRPE�
8& � XSSHU FRPE� 6 � VHUSHQWLQH� % � EDFNSODQH� � � � � � � � � � � � � ���

���� 7KH LOOXVWUDWLRQ RI WKH JROGHQ VHFWLRQ FRQFHSW� 7KH UDWLR %& $%  
[ �D b [� PXVW EH HTXDO WR WKH UDWLR RI $& %&  D [� VR WKDW

[  
S
�b�
�

D { �����D� � � � � � � � � � � � � � � � � � � � � � � � � � � ���
���� &DOFXODWHG FDSDFLWDQFH SHU XQLW OHQJWK RI WKH VHQVRU WR WKH PRYHPHQW

RI WKH GLHOHFWULF ZLWK WKH UHODWLYH SHUPLWWLYLW\ RI ��� DZD\ IURP WKH
VHQVRU VR WKDW WKH DLU JDS LV LQFUHDVLQJ� � � � � � � � � � � � � � � � � � ���

���� 1RUPDOL]HG FDSDFLWDQFH DV D IXQFWLRQ RI DLU JDS� ,Q WKH QRUPDOL]DWLRQ�
WKH ]HUR GLVWDQFH YDOXH LV DFFHSWHG DV ��� WKH LQnQLWH WKLFNQHVV YDOXH
LV WDNHQ DV ����� DQG WKH LQWHUPHGLDWH YDOXHV DUH PDSSHG OLQHDUO\� � ���

���� 7KH �� SHUFHQW YDOXH PLQXV WKH QRUPDOL]HG FDSDFLWDQFH� 7KH ]HUR
FURVVLQJV VKRZ WKH HmHFWLYH SHQHWUDWLRQ GHSWK RI HDFK HOHFWURGH SDLU
FRPELQDWLRQ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� )ORDWLQJ YROWDJH PHDVXUHPHQW ZLWK D JURXQGHG EDFNSODQH DQG DQ
LPSHGDQFH GLYLGHU� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� )ORDWLQJ YROWDJH PRGH PHDVXUHPHQW RI JDLQ� SKDVH� &��� DQG *�� ZLWK
DFWLYHO\ GULYHQ EDFNSODQH YROWDJH HTXDO WR WKH VHQVLQJ YROWDJH� � � � � ���

���� :KHQ D FRDWLQJ OD\HU �VXFK DV 3DU\OHQH� LV UHODWLYHO\ WKLQ� LW FDQ EH
PRGHOHG DV D VHULHV FDSDFLWRU &3 � � � � � � � � � � � � � � � � � � � � � ���

���� 6KRUW�FLUFXLW PRGH PHDVXUHPHQW RI VHQVRU HOHFWURGH FXUUHQW ,W� &���
DQG *�� E\ FXUUHQW LQWHJUDWLRQ ZLWK JURXQGHG EDFNSODQH� � � � � � � � ���

���� 7KH FRPSDULVRQ RI PHDVXUHG DQG FDOFXODWHG JDLQ DQG SKDVH IRU JURXQGHG
EDFNSODQH PHDVXUHPHQWV LV QHFHVVDU\ DV &�� DQG *�� FDQQRW EH HYDO�
XDWHG GLUHFWO\� 087 VWDQGV IRU ?PDWHULDO XQGHU WHVW�� � � � � � � � � ���

��
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���� *XDUGHG EDFNSODQH FLUFXLWU\ DOORZV WKH GLUHFW PHDVXUHPHQW RI &�� DQG
*��� ZKLFK JUHDWO\ VLPSOLnHV WKH SDUDPHWHU HVWLPDWLRQ SURFHVV� � � � ���

���� 7RS RI WKH GUDZLQJ VXSSOLHG WR WKH PDQXIDFWXUHU� � � � � � � � � � � � ���

���� %RWWRP RI WKH GUDZLQJ VXSSOLHG WR WKH PDQXIDFWXUHU� � � � � � � � � � ���

���� +ROHV VSHFLnFDWLRQ RI WKH GUDZLQJ VXSSOLHG WR WKH PDQXIDFWXUHU� � � � ���

���� 5LJKW DQJOH =,) oH[ FLUFXLW�WR�ERDUG FRQQHFWRU ����� E\ 0ROH[o5� � � ���

���� 7ZR ]HUR�LQVHUWLRQ�IRUFH FRQQHFWRUV KDG EHHQ XVHG LQ SDUDOOHO ZLWK
WKH EDVLF GHVLJQ RI WKH WKUHH�ZDYHOHQJWK VHQVRU� /HJHQG� ' � GULYHQ
HOHFWURGH� * � JXDUG HOHFWURGH� 6 � VHQVLQJ HOHFWURGH >�@� � � � � � � � � ���

���� &DOFXODWHG DSSDUHQW UHODWLYH SHUPLWWLYLW\ RI 7HoRQ ��  ���� XVLQJ WKH
FDOFXODWHG FDSDFLWDQFHV DV D IXQFWLRQ RI 7HoRQ WKLFNQHVV IRU ��� PP�
��� PP� DQG � PP ZDYHOHQJWKV� � � � � � � � � � � � � � � � � � � � � ���

���� &DOFXODWHG FDSDFLWDQFH SHU RQH PHWHU OHQJWK IRU �� ���� DQG � PP
ZDYHOHQJWKV ZLWK DQ H[SDQGLQJ DLU JDS VHSDUDWLQJ VHQVRU WR GLHOHFWULF
ZLWK �U  ���� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� &DOFXODWHG SHUFHQWDJH FKDQJH RI FDSDFLWDQFH IRU �� ���� DQG � PP
ZDYHOHQJWKV ZLWK DQ H[SDQGLQJ DLU JDS VHSDUDWLQJ VHQVRU WR GLHOHFWULF
ZLWK �U  ���� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� &X)ORQ oRDWLQJ YROWDJH PRGH FLUFXLW JDLQ�SKDVH VHQVRU UHVSRQVH LQ DLU
DIWHU UHJXODU FOHDQLQJ EXW EHIRUH XOWUDVRXQG� $W WKLV SRLQW� WKH VHQVRU
VXUIDFH LV EURZQLVK DQG LW LV QRW VXLWDEOH IRU YHU\ ORZ IUHTXHQF\ PHD�
VXUHPHQWV �EHORZ ��b� +]�� 7KH KLJK IUHTXHQF\ UROO�Rm LV GXH WR WKH
VSHHG OLPLWDWLRQV RI WKH KLJK LQSXW LPSHGDQFH RSHUDWLRQDO DPSOLnHU
�$'����� ,W FDQ EH DFFRXQWHG IRU LQ VRIWZDUH� � � � � � � � � � � � � � ���

��� &X)ORQ oRDWLQJ YROWDJH PRGH FLUFXLW JDLQ�SKDVH VHQVRU UHVSRQVH LQ
DLU DIWHU XOWUDVRXQG WUHDWPHQW GHVFULEHG LQ $SSHQGL[ $� 7KH VHQVRU
VXUIDFH LV SDSHU�ZKLWH� DQG WKH JDLQ�SKDVH UHVSRQVH LV VXpFLHQWO\ oDW
IRU WKH HQWLUH UDQJH RI IUHTXHQFLHV� � � � � � � � � � � � � � � � � � � � ���

��� 5HVXOWV RI WKH IUHTXHQF\ VZHHS ZKHQ {��� *RKP UHVLVWRU DQG {�� S)
FDSDFLWRU DUH FRQQHFWHG LQ SDUDOOHO� EHWZHHQ HDFK VHQVLQJ DQG GULYHQ
HOHFWURGH WHUPLQDOV� 7KH OHJHQG JLYHV FRUUHVSRQGHQFH WR WKH LQWHUIDFH
FKDQQHOV WKDW DUH QRUPDOO\ XVHG IRU WKH FRQQHFWLRQ RI WKH LQGLFDWHG
ZDYHOHQJWKV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 8QVKLHOGHG .DSWRQ VHQVRU � IXOO IUHTXHQF\ VZHHS LQ DLU� 9DOXHV RI
ORDG FDSDFLWDQFHV DUH JLYHQ LQ 7DEOH ���� 3KDVH LV FORVH WR ]HUR DQG
WKH JDLQ LV oDW RYHU WKH HQWLUH IUHTXHQF\ UDQJH VLQFH WKH LQWHUHOHFWURGH
DGPLWWDQFH LV SXUHO\ LPDJLQDU\ DQG IUHTXHQF\ LQGHSHQGHQW� 7KH QRLVH
DURXQG �� +] LV GXH WR WKH ODFN RI VKLHOGLQJ� � � � � � � � � � � � � � � ���

��� 'ULYHQ HOHFWURGH WLPH�GRPDLQ VLQXVRLGV ZLWK WKUHH PHDVXUHPHQW SRLQWV
WDNHQ DW ���� +]� ���� +]� DQG ���� +]� 7KH WLPH LQWHUYDO EHWZHHQ
VDPSOHV LV ��� VHFRQGV� � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��
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��� 7KH � PP ZDYHOHQJWK JXDUG HOHFWURGH WLPH�GRPDLQ UHVSRQVH LQ FRUQ
RLO IRU WKH GULYHQ HOHFWURGH VLJQDO VKRZQ LQ )LJXUH ���� 7KH WLPH
LQWHUYDO EHWZHHQ VDPSOHV LV ��� VHFRQGV� � � � � � � � � � � � � � � � � ���

��� 7KH � PP ZDYHOHQJWK LQWHUGLJLWDO VHQVRU UHVSRQVH WR D VWHS H[FLWD�
WLRQ� $ '& YROWDJH RI ���� 9 RQ WKH GULYH HOHFWURGH LV VWHSSHG GRZQ
WR ]HUR 9 FDXVLQJ DQ H[SRQHQWLDO GHFD\ RI HOHFWULF SRWHQWLDO RQ WKH
VHQVLQJ DQG JXDUG HOHFWURGHV� 7KH VHQVRU LV LPPHUVHG LQ WUDQVIRUPHU
RLO� ZKRVH GLHOHFWULF SURSHUWLHV ��U  ���� } { ��b�� 6�P� GHWHUPLQH
WKH G\QDPLFV RI WKH H[SRQHQWLDO GHFD\� 7KH VPDOO RVFLOODWRU\ WUDLO
EHKDYLRU LV FKDUDFWHULVWLF DQG FRXOG EH VWXGLHG FORVHU LQ WKH IXWXUH� � ���

��� *XDUGHG SDUDOOHO�SODWH FDSDFLWRU ZLWK VXUURXQGLQJ JXDUG HOHFWURGHV
WR LPSURYH VKLHOGLQJ� � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 6LPSOHU JXDUGHG SDUDOOHO�SODWH FDSDFLWRU FRQVWUXFWHG E\ PDQXDOO\ UH�
PRYLQJ D UHFWDQJXODU LQVXODWLRQ VWULS WR VHSDUDWH JXDUG DQG VHQVLQJ
HOHFWURGHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 7RS DQG ERWWRP YLHZV RI WKH JXDUGHG SDUDOOHO�SODWH FDSDFLWRU RI )LJXUH
���� 7KH WKURXJK KROH DW WKH FHQWHU FRQQHFWV WKH JXDUGHG VHQVLQJ
HOHFWURGH OHDG WR WKH VHQVLQJ HOHFWURGH� � � � � � � � � � � � � � � � � � ���

���� $ JXDUGHG SDUDOOHO SODWH FDSDFLWRU IRUPHG ZLWK FRQGXFWLYH WDSH �WR
DFKLHYH JRRG VXUIDFH FRQWDFW� RQ WKH VODE RI D VROLG SRO\PHU� � � � � � ���

���� *DQJ&DS � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 7KH FURVV�VHFWLRQ RI WKH LQWHUGLJLWDO VHQVRU ZLWK WZR OD\HUV RI PDWHULDOV
DERYH LW� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� ([SHULPHQWDO HVWLPDWLRQ RI WKH HmHFWLYH SHQHWUDWLRQ GHSWK RI WKH
WKUHH�ZDYHOHQJWK VHQVRU DV WKH WKLFNQHVV RI WKH YLQ\O OD\HU LQ )LJXUH
���� LV LQFUHDVHG� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 0HDVXUHG UHVSRQVH RI WKH FLUFXLW JDLQ WR WKH PRYHPHQW RI WKH LQWHU�
OD\HU ERXQGDU\ E\ LQFUHDVLQJ WKH WKLFNQHVV RI WKH YLQ\O OD\HU� GY� DV
VKRZQ LQ )LJXUH ����� � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 0HDVXUHG UHVSRQVH RI WKH FLUFXLW SKDVH WR WKH PRYHPHQW RI WKH LQWHU�
OD\HU ERXQGDU\ E\ LQFUHDVLQJ WKH WKLFNQHVV RI WKH YLQ\O OD\HU� GY� DV
VKRZQ LQ )LJXUH ����� � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� &RPSDULVRQ RI WKH PHDVXUHG ��� DQG WKHRUHWLFDO ��U  ��� IRU /H[DQ
DQG �U  ��� IRU YLQ\O� ��� UHVSRQVH RI WKH � PP LQWHUGLJLWDO VHQVRU DW
�� N+]� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� &DOFXODWHG FKDQJH RI WKH LQWHUHOHFWURGH FDSDFLWDQFH &�� ZLWK WKH LQ�
FUHDVH RI WKH GLHOHFWULF WKLFNQHVV ��U  ����� ZLWK DLU DERYH LW� IRU HDFK
ZDYHOHQJWK RI WKH WKUHH�ZDYHOHQJWK VHQVRU� � � � � � � � � � � � � � � � ���

���� &DOFXODWHG FKDQJH RI WKH LQWHUHOHFWURGH FDSDFLWDQFH &�� ZLWK WKH LQ�
FUHDVH RI WKH GLHOHFWULF WKLFNQHVV ��U  ����� ZLWK DLU DERYH LW� IRU HDFK
SDLU RI HOHFWURGHV RI WKH &6& VHQVRU� /HJHQG� 8& � XSSHU FRPE� 6 �
VHUSHQWLQH� /& � ORZHU FRPE� DV GHVFULEHG LQ VHFWLRQ ������ � � � � � � ���

��
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���� &DOFXODWHG FKDQJH RI WKH LQWHUHOHFWURGH FDSDFLWDQFH &�� RI WKH WKUHH�
ZDYHOHQJWK VHQVRU QRUPDOL]HG WR WKH KLJKHVW DQG ORZHVW FDSDFLWDQFH
YDOXHV �p&  �& b&PLQ� �&PD[b&PLQ�� FOHDUO\ LOOXVWUDWHV WKH YDULD�
WLRQ RI WKH HmHFWLYH SHQHWUDWLRQ GHSWK ZLWK VHQVRU ZDYHOHQJWK DV WKH
�U  ��� GLHOHFWULF WKLFNQHVV LQFUHDVHV� � � � � � � � � � � � � � � � � � ���

���� &DOFXODWHG FKDQJH RI WKH LQWHUHOHFWURGH FDSDFLWDQFH &�� RI WKH &6&
VHQVRU QRUPDOL]HG WR WKH KLJKHVW DQG ORZHVW FDSDFLWDQFH YDOXHV DOVR
LQGLFDWHV WKH YDULDWLRQ RI WKH HmHFWLYH SHQHWUDWLRQ GHSWK DV WKH �U  
��� GLHOHFWULF WKLFNQHVV LQFUHDVHV� /HJHQG� 8& � XSSHU FRPE� 6 �
VHUSHQWLQH� /& � ORZHU FRPE� � � � � � � � � � � � � � � � � � � � � � � ���

���� &DSDFLWDQFH YDOXHV IRU WKH IUHTXHQF\ VZHHS RI WKH &6& VHQVRU LQ DLU�
$ JRRG DJUHHPHQW EHWZHHQ WKH WKHRU\ �VROLG OLQHV� DQG PHDVXUHPHQWV
LV REVHUYHG IRU DOO SDLU FRPELQDWLRQV RI HOHFWURGHV� � � � � � � � � � � � ���

���� &DSDFLWDQFH YDOXHV IRU WKH IUHTXHQF\ VZHHS RI WKH &6& VHQVRU LQ WUDQV�
IRUPHU RLO ��U  ����� $ JRRG DJUHHPHQW EHWZHHQ WKH WKHRU\ �VROLG
OLQHV� DQG PHDVXUHPHQWV LV REVHUYHG IRU 6�/& DQG 8&�/& SDLUV� 7KH
8&�6 SDLU PHDVXUHPHQW YDOXH LV VOLJKWO\ ORZHU WKDQ WKHRU\ EHFDXVH RI
WKH FORVH SODFHPHQW RI D QRQ�VXEPHUJHG VHFWLRQ RI FRQWDFW OHDGV� � � � ���

���� 6HQVHG YROWDJH QRUPDOL]HG WR WKH DYHUDJH VHQVHG YROWDJH LQ WKH H[�
SHULPHQWV ZLWK WKH WKUHH�ZDYHOHQJWK VHQVRU� 7KH FURVV�FRUUHODWLRQ RI
YDOXHV EHWZHHQ WKH GDWD VHULHV LV IDLUO\ ORZ �VHH 7DEOH ����� � � � � � � ���

���� 1RUPDOL]HG YROWDJH YDOXHV LQ WKH H[SHULPHQWV ZLWK WKH &6& VHQVRU�
7KH FURVV�FRUUHODWLRQ EHWZHHQ WKH GDWD VHULHV LV KLJK �VHH 7DEOH ����� ���

���� 7KH GLmHUHQFH LQ QRUPDOL]HG YROWDJH IRU DOO SUHVHQWHG GDWD VHULHV SDLUV�
7KH &6& VHQVRU LQGLFDWHV D JUHDWHU OLNHOLKRRG RI JHQHUDWLQJ KLJK DF�
FXUDF\ GDWD� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� .DSWRQ VHQVRU� oRDWLQJ YROWDJH PRGH ZLWK JURXQGHG EDFNSODQH IXOO
IUHTXHQF\ VZHHS LQ DLU� 9DOXHV RI ORDG FDSDFLWDQFHV DUH &/��PP�  
����� S)� &/����PP�  ���� S)� &/��PP�  ���� S)� 3KDVH LV FORVH
WR ]HUR DQG WKH JDLQ LV oDW RYHU WKH HQWLUH IUHTXHQF\ UDQJH VLQFH WKH
LQWHUHOHFWURGH DGPLWWDQFH LV SXUHO\ LPDJLQDU\ DQG IUHTXHQF\ LQGHSHQ�
GHQW� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� .DSWRQ VHQVRU� oRDWLQJ YROWDJH PRGH ZLWK JURXQGHG EDFNSODQH IXOO
IUHTXHQF\ VZHHS LQ DLU� 7ZR UHVLVWRUV RI ��� *RKP HDFK DUH VHSDUDWHO\
FRQQHFWHG LQ SDUDOOHO ZLWK � PP DQG ��� PP ZDYHOHQJWKV� ,GHDOO\�
WKH UHVSRQVH RI WKH � PP ZDYHOHQJWK VKRXOG UHPDLQ XQFKDQJHG IURP
WKDW VKRZQ LQ )LJXUH ���� +RZHYHU� WKH SKDVH SHDNV WR {��� GHJUHHV
DQG WKH JDLQ LQFUHDVHV E\ DERXW � G% DW ORZ IUHTXHQFLHV GXH WR FURVV�
FRXSOLQJ EHWZHHQ FKDQQHOV� � � � � � � � � � � � � � � � � � � � � � � � ���

��
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��� &OHDQ 7HoRQ VHQVRU� oRDWLQJ YROWDJH PRGH ZLWK JURXQGHG EDFNSODQH
IXOO IUHTXHQF\ VZHHS LQ DLU� 9DOXHV RI ORDG FDSDFLWDQFHV &/��PP�  
����� S)� &/����PP�  ���� S)� &/��PP�  ���� S)� 7KH VOLJKW
GHFUHDVH LQ SKDVH DW ORZ IUHTXHQFLHV VRPHWLPHV WDNHV SODFH GXH WR
UHVLGXDO FRQWDPLQDWLRQ DQG H[LVWHQFH RI FRQGXFWLRQ SDWKV LQ WKH HOHF�
WURQLF FLUFXLWU\� EXW FDQ EH LJQRUHG IRU PRVW SUDFWLFDO PHDVXUHPHQWV
DV ORQJ DV LW VWD\V ZLWKLQ WKH QRLVH OHYHO ERXQGV� � � � � � � � � � � � � ���

��� $ oRDWLQJ YROWDJH PRGH ZLWK JURXQGHG EDFNSODQH IXOO IUHTXHQF\ VZHHS
LQ DLU ZLWK WKH 7HoRQ VHQVRU WR EH FRPSDUHG WR WKH .DSWRQ VHQVRU GDWD
LQ )LJXUH ���� 7ZR UHVLVWRUV RI ��� *RKP HDFK DUH VHSDUDWHO\ FRQQHFWHG
LQ SDUDOOHO ZLWK � PP DQG ��� PP ZDYHOHQJWK VHQVLQJ HOHFWURGHV� 7KH
UHVSRQVH RI WKH � PP ZDYHOHQJWK LV SUDFWLFDOO\ XQDmHFWHG E\ WKH RWKHU
WZR ZDYHOHQJWKV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� $Q HQODUJHG LPDJH RI WKH HQG DUHD RI WKH LQGLYLGXDO nQJHU RI WKH ���
PP ZDYHOHQJWK VHQVLQJ HOHFWURGH� � � � � � � � � � � � � � � � � � � � � ���

��� 0HDVXUHG VHQVRU
V UHVSRQVH WR WKH OLQHDU PRYHPHQW RI D /H[DQ ��U  
����� VODE RYHU WKH � PP ZDYHOHQJWK VHQVRU HQG DUHD VKRZQ LQ )LJXUH
���� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� $ VDFULnFLDO VHQVRU ZLWK DGGLWLRQDO JXDUG nQJHUV RQ HDFK VLGH RI WKH
VHQVLQJ HOHFWURGH� 6LGH nQJHUV ZHUH UHPRYHG RQH E\ RQH XQWLO QR JXDUG
nQJHUV ZHUH SUHVHQW LQ RUGHU WR TXDQWLI\ WKH HmHFWV RI WKH nQLWH VHQVRU
ZLGWK� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 0HDVXUHG FKDQJH RI VHQVRU JDLQ ZLWK WKH QXPEHU RI UHPRYHG nQJHUV
IURP WKH VHQVRU VKRZQ LQ )LJXUH ���� � � � � � � � � � � � � � � � � � � ���

��� 0HDVXUHG FKDQJH RI VHQVRU FDSDFLWDQFH ZLWK WKH QXPEHU DQG SRVLWLRQ
RI WKH UHPRYHG nQJHU IURP WKH VHQVRU VKRZQ LQ )LJXUH ���� � � � � � � ���

���� 7KH PHDVXUHG SHUFHQWDJH HUURU LQ FDSDFLWDQFH HVWLPDWLRQ DV D IXQF�
WLRQ RI WKH QXPEHU DQG SRVLWLRQ RI WKH UHPRYHG nQJHUV� 7KH JUD\
UKRPEXVHV FRQQHFWHG E\ D OLQH FRUUHVSRQG WR WKH QXPEHU RI FRPSOHWH
JXDUG HOHFWURGH nQJHU SDLUV� LQGLFDWHG DERYH HDFK UKRPEXV� � � � � � ���

���� 7KH HUURU LQ FDSDFLWDQFH HVWLPDWLRQ DV D IXQFWLRQ RI SUHVHQW JXDUG
nQJHU SDLUV IRU GLmHUHQW QXPEHU RI VHQVRU HOHFWURGH nQJHUV� 7KH OHJ�
HQG QXPEHUV IRU GLmHUHQW FXUYHV FRUUHVSRQG WR WKH QXPEHU RI VHQVLQJ
HOHFWURGH nQJHUV� 7KH UHVXOW RI VLPXODWLRQ LV LQWXLWLYH� 7KH ODUJHU
WKH QXPEHU RI VHQVLQJ HOHFWURGH nQJHUV WKH VPDOOHU LV WKH HUURU GXH WR
WKH LQnQLWH SHULRGLFLW\ DVVXPSWLRQ� ,QFUHDVLQJ WKH QXPEHU RI JXDUG
nQJHUV UHGXFHV WKH HUURU DV ZHOO� 7KLV HmHFW FDQ EH FRPSHQVDWHG LQ
VRIWZDUH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� &DOFXODWHG LQWHUHOHFWURGH FDSDFLWDQFH &�� IRU WKH 7HoRQ VHQVRU DV D
IXQFWLRQ RI WKH WKLFNQHVV RI FRSSHU HOHFWURGHV� DSSURDFKLQJ ]HUR WKLFN�
QHVV YDOXHV RI ��� S)� ��� S)� DQG ��� S) IRU � PP� ��� PP� DQG �
PP ZDYHOHQJWKV� UHVSHFWLYHO\� � � � � � � � � � � � � � � � � � � � � � � ���
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���� &DOFXODWHG SHUFHQW UDWLR RI WKH SDUDVLWLF FDSDFLWDQFHV ZLWK UHVSHFW WR
WKH QRPLQDO FDSDFLWDQFH RI HDFK ZDYHOHQJWK RI WKH 7HoRQ VHQVRU DV D
IXQFWLRQ RI WKH HOHFWURGH WKLFNQHVV� &�  &SDU &QRP d ���� � � � � � � ���

���� 7KH PHWDOOL]DWLRQ UDWLR LV QRW DOZD\V HDV\ WR FRQWURO� 7KH PHDVXUHG
PHWDOOL]DWLRQ UDWLR IRU WKH � PP ZDYHOHQJWK HOHFWURGHV RI WKH 7HoRQ
VHQVRU LV ����� ZKHUHDV WKH VSHFLnHG PHWDOOL]DWLRQ UDWLR ZDV ���� 7KH
YLVLEOH VFUDWFKHV DUH GXH WR WKH PDQXIDFWXULQJ SURFHVV DQG DUH OHVV
WKDQ RQH PLFURQ GHHS� � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� /DUJHU PDJQLnFDWLRQ RSWLFDO PLFURVFRSH SKRWRJUDSK RI WKH � PP
ZDYHOHQJWK HOHFWURGHV LQ )LJXUH ���� VKRZLQJ HGJH VKDUSQHVV RI WKH
7HoRQ VHQVRU� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� &DOFXODWHG GHSHQGHQFH RI FDSDFLWDQFH SHU PHWHU OHQJWK &�� RI WKH
7HoRQ VHQVRU RQ WKH PHWDOOL]DWLRQ UDWLR� � � � � � � � � � � � � � � � � ���

���� &DOFXODWHG SHUFHQW FKDQJH RI FDSDFLWDQFH &�� RI WKH 7HoRQ VHQVRU QRU�
PDOL]HG ZLWK UHVSHFW WR n  ��� FDSDFLWDQFH YDOXH &���  &�� &�������
YV PHWDOOL]DWLRQ UDWLR� � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� &DOFXODWHG FKDQJH RI WKH VHQVLQJ HOHFWURGH�WR�EDFNSODQH FDSDFLWDQFH
SHU PHWHU OHQJWK &�� RI WKH 7HoRQ VHQVRU DV D IXQFWLRQ RI WKH PHWDO�
OL]DWLRQ UDWLR� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� &DOFXODWHG SHUFHQW FKDQJH RI WKH VHQVLQJ HOHFWURGH�WR�JXDUG SODQH FD�
SDFLWDQFH &���  &�� &������� RI WKH 7HoRQ VHQVRU DV D IXQFWLRQ RI
WKH PHWDOOL]DWLRQ UDWLR� � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� $LU OD\HU WUDSSHG EHWZHHQ WKH GULYH DQG WKH VHQVLQJ HOHFWURGHV GXULQJ
PHDVXUHPHQWV ZLWK VROLG PDWHULDOV GXH WR HOHFWURGH KHLJKW� VXUIDFH
URXJKQHVV� DQG VXUIDFH QRQ�oDWQHVV� )RU DOO FDOFXODWLRQV WKH HOHFWURGH
KHLJKW LV �� xP� WKH 7HoRQ VXEVWUDWH KDV WKLFNQHVV ��� xP DQG �U ����
DQG WKH WHVWHG PDWHULDO KDV LQnQLWH WKLFNQHVV� � � � � � � � � � � � � � ���

���� 3URnORPHWHU VFDQ RI WKH HOHFWURGH VXUIDFH IRU HDFK ZDYHOHQJWK� 7KH
RYHUDOO VORSH RI WKH 7HoRQ VHQVRU VXUIDFH GXH WR WKH JOREDO VXUIDFH
GHIRUPDWLRQ RI WKH oH[LEOH VXEVWUDWH LV VRIWZDUH FRUUHFWHG LQ VHOHFWHG
UHJLRQV GHQRWHG E\ YHUWLFDO OLQHV DQG FKDUDFWHUV 5 DQG 0 LQ �D� DQG
�E� DQG LV WKH oDW EDVHOLQH UHJLRQ DURXQG ���� xP LQ �F�� 7KH VFDQV
VKRZ WKDW WKH HOHFWURGH KHLJKW LV DERXW �� xP ZKHUHDV WKH VXUIDFH
URXJKQHVV LV RQ WKH RUGHU RI RQH xP� � � � � � � � � � � � � � � � � � � ���

���� 3UHVVXUH�VHQVLWLYH nOP LPDJH ZLWK WKH 7HoRQ VHQVRU SUHVVHG DJDLQVW
WKH /H[DQ VODE GHPRQVWUDWHV WKDW WKH SUHVVXUH GLVWULEXWLRQ WHQGV WR
EH QRQXQLIRUP DQG WKH DLU JDS FKDUDFWHULVWLFV VKRXOG QRW EH UHJDUGHG
KRPRJHQHRXV DFURVV WKH VHQVRU KHDG� � � � � � � � � � � � � � � � � � � ���

��



/,67 2) ),*85(6

���� 0HDVXUHG DQG FDOFXODWHG LQWHUHOHFWURGH FDSDFLWDQFH &�� IRU DLU� OLTXLG�
DQG VROLG GLHOHFWULFV IRU HDFK RI WKH VHQVRU
V WKUHH ZDYHOHQJWKV� 7KH
PHWDOOL]DWLRQ UDWLR VLJQLnFDQWO\ VPDOOHU WKDQ WKH QRPLQDO YDOXH RI ���
UHVXOWV LQ ORZHU WKDQ QRPLQDO YDOXHV RI FDSDFLWDQFH� /HJHQG� $� $LU�
��7HoRQ� ��3RO\HWK\OHQH� ��/H[DQ� ��'HOULQ� ��7UDQVIRUPHU 2LO� ��&RUQ
2LO� ��&DVWRU 2LO� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 6LPXODWLRQ RI WKH DLU JDS WKLFNQHVV HmHFW IRU DOO WKUHH ZDYHOHQJWKV RI
WKH 7HoRQ VHQVRU� DVVXPLQJ WKH WHVW GLHOHFWULF KDV �U ���� � � � � � � ���

���� 7KH 0D[ZHOO KDOI�ZDYHOHQJWK PRGHO JHRPHWU\ XVHG WR VLPXODWH WKH
LQWHUGLJLWDO WKUHH�ZDYHOHQJWK VHQVRU HOHFWURGH VWUXFWXUH� � � � � � � � � ���

���� &DOFXODWHG JUDSKV RI WKH WUDQVFDSDFLWDQFHV� &>GULYH� VHQVH@ SHU RQH
PHWHU OHQJWK� YV WKH DLU JDS� K� IRU VSDWLDO HOHFWURGH SHULRGLFLWLHV RI �
PP� ��� PP� DQG � PP� � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� $ VFDWWHU SORW RI WKH FDOFXODWHG HTXLYDOHQW DLU JDS IURP PHDVXUHPHQWV
IRU WKH ��� PP ZDYHOHQJWK� K���PP� YV WKH HTXLYDOHQW DLU JDS IRU WKH
��� PP ZDYHOHQJWK� K���PP� IRU DOO IRXU SRVLWLRQV RI WKH 7HoRQ VDPSOH
DERYH WKH VHQVRU� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� $ VFDWWHU SORW RI WKH FDOFXODWHG HTXLYDOHQW DLU JDS IURP PHDVXUHPHQWV
IRU WKH ��� PP ZDYHOHQJWK� K���PP� YV WKH HTXLYDOHQW DLU JDS IRU WKH
��� PP ZDYHOHQJWK� K���PP� IRU DOO IRXU SRVLWLRQV RI WKH 7HoRQ VDPSOH
DERYH WKH VHQVRU� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� $ VFDWWHU SORW RI WKH FDOFXODWHG HTXLYDOHQW DLU JDS IURP PHDVXUHPHQWV
IRU WKH ��� PP ZDYHOHQJWK� K���PP� YV WKH HTXLYDOHQW DLU JDS IRU WKH
��� PP ZDYHOHQJWK� K���PP� IRU DOO IRXU SRVLWLRQV RI WKH 7HoRQ VDPSOH
DERYH WKH VHQVRU� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 7KH FRQFHSWXDO UHSUHVHQWDWLRQ RI IRUZDUG DQG LQYHUVH SUREOHPV LQ WKH
IUDPHZRUN RI GLHOHFWURPHWU\� � � � � � � � � � � � � � � � � � � � � � � ���

��� $Q H[DPSOH RI D WULDQJXODU PHVK XVHG IRU FRPSXWDWLRQ RI FDSDFLWDQFH
DQG FRQGXFWDQFH PDWULFHV DVVRFLDWHG ZLWK DQ LQWHUGLJLWDO VWUXFWXUH� � ���

��� 7KH DUURZV LQGLFDWH WKH GLUHFWLRQ DQG PDJQLWXGH RI WKH HOHFWULF nHOG
DW DQ H[FLWDWLRQ IUHTXHQF\ RI ����� +]� 7KH UHODWLYH GLHOHFWULF SHU�
PLWWLYLW\ RI WKH PDWHULDO XQGHU WHVW �FRUQ RLO� LV qU  ����� DQG WKH
FRQGXFWLYLW\ LV }  ���d��b�� 6�P� 1RWH WKH GLUHFWLRQ RI WKH HOHFWULF
nHOG DUURZV DW WKH RLO�VXEVWUDWH LQWHUIDFH� � � � � � � � � � � � � � � � � ���

��� 7KH DUURZV LQGLFDWH WKH GLUHFWLRQ DQG PDJQLWXGH RI WKH HOHFWULF nHOG DW
DQ H[FLWDWLRQ IUHTXHQF\ RI �� +]� 7KH UHODWLYH GLHOHFWULF SHUPLWWLYLW\
RI WKH PDWHULDO XQGHU WHVW �FRUQ RLO� LV qU  ����� DQG WKH FRQGXFWLYLW\
LV }  ���d ��b�� 6�P� 1RWH WKH GLUHFWLRQ RI WKH HOHFWULF nHOG DUURZV
DW WKH RLO�VXEVWUDWH LQWHUIDFH� � � � � � � � � � � � � � � � � � � � � � � ���

��



/,67 2) ),*85(6

��� 7KH DUURZV LQGLFDWH WKH GLUHFWLRQ DQG PDJQLWXGH RI FRQGXFWLRQ FXU�
UHQWV DW DQ H[FLWDWLRQ IUHTXHQF\ RI ����� +]� 7KH UHODWLYH GLHOHFWULF
SHUPLWWLYLW\ RI WKH PDWHULDO XQGHU WHVW �FRUQ RLO� LV qU  ����� DQG WKH
FRQGXFWLYLW\ LV }  ���d ��b�� 6�P� � � � � � � � � � � � � � � � � � � ���

��� 7KH DUURZV LQGLFDWH WKH GLUHFWLRQ DQG PDJQLWXGH RI FRQGXFWLRQ FXU�
UHQWV DW DQ H[FLWDWLRQ IUHTXHQF\ RI �� +]� 7KH UHODWLYH GLHOHFWULF
SHUPLWWLYLW\ RI WKH PDWHULDO XQGHU WHVW �FRUQ RLO� LV qU  ����� DQG WKH
FRQGXFWLYLW\ LV }  ���d ��b�� 6�P� � � � � � � � � � � � � � � � � � � ���

��� (TXLSRWHQWLDO OLQHV DW DQ H[FLWDWLRQ IUHTXHQF\ RI ����� +]� 7KH UHO�
DWLYH GLHOHFWULF SHUPLWWLYLW\ RI WKH PDWHULDO XQGHU WHVW �FRUQ RLO� LV
qU  ����� DQG WKH FRQGXFWLYLW\ LV }  ���d ��b�� 6�P� � � � � � � � ���

��� (TXLSRWHQWLDO OLQHV DW DQ H[FLWDWLRQ IUHTXHQF\ RI �� +]� 7KH UHODWLYH
GLHOHFWULF SHUPLWWLYLW\ RI WKH PDWHULDO XQGHU WHVW �FRUQ RLO� LV qU  
����� DQG WKH FRQGXFWLYLW\ LV }  ���d ��b�� 6�P� � � � � � � � � � � ���

��� &DOFXODWHG GLVWULEXWLRQ RI WKH SRWHQWLDO DORQJ WKH VXEVWUDWH�VSHFLPHQ
LQWHUIDFH EHWZHHQ WKH GULYHQ DQG VHQVLQJ HOHFWURGHV� � � � � � � � � � � ���

���� &����V YV� QRUPDOL]HG GLHOHFWULF FRQVWDQW DQG QRUPDOL]HG VXEVWUDWH
WKLFNQHVV� 7KLV IXQFWLRQ FDQ EH XVHG WR SUHGLFW WKH UDQJH RI FDSDFL�
WDQFH YDOXHV LQ IXWXUH VHQVRU GHVLJQV� � � � � � � � � � � � � � � � � � � ���

���� (UURU EHWZHHQ WKH �UG RUGHU SRO\QRPLDO DSSUR[LPDWLRQ DQG D FDOFX�
ODWHG IXQFWLRQ VKRZQ LQ )LJXUH ����� � � � � � � � � � � � � � � � � � � ���

���� $ KDOI�ZDYHOHQJWK FURVV�VHFWLRQ RI WKH LQWHUGLJLWDO HOHFWURGH VWUXFWXUH
ZKRVH FRQGXFWDQFH DQG FDSDFLWDQFH DUH DSSUR[LPDWHG ZLWK ����� DQG
������ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� $ KDOI�ZDYHOHQJWK FURVV�VHFWLRQ RI WKH LQWHUGLJLWDO HOHFWURGH VWUXFWXUH
ZKRVH FRQGXFWDQFH DQG FDSDFLWDQFH DUH DSSUR[LPDWHG ZLWK ����� DQG
������ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� *DLQ DQG SKDVH PHDVXUHPHQWV RI FRUQ RLO ZLWK D oRDWLQJ YROWDJH ZLWK
JXDUG SODQH PHWKRG� � PP ZDYHOHQJWK� ORDG FDSDFLWDQFH &/  ���� S)����

��� ,QWHUHOHFWURGH FDSDFLWDQFH DQG FRQGXFWDQFH IRU WKH JDLQ�SKDVH PHD�
VXUHPHQWV LQ )LJXUH ��� IRU WKH FRUQ RLO H[SHULPHQW ZLWK � PP ZDYH�
OHQJWK� &/  ���� S) �FLUFOHV� DQG VLPXODWLRQ �ZLWK �U  ���� DQG
}  �� S6�P� RI WKH IUHTXHQF\ GHSHQGHQW DGPLWWDQFH PDWUL[ HQWULHV
ZLWK nQLWH�HOHPHQW VRIWZDUH �OLQHV�� � � � � � � � � � � � � � � � � � � � ���

��� -XVWLnFDWLRQ RI WKH QHJDWLYH WUDQVFDSDFLWDQFH YDOXHV IRU &�� LQ )LJXUH
���� (TXLYDOHQW FLUFXLW RI D VHQVRU WKDW DSSUR[LPDWHO\ PRGHOV VHQVRU
WRSRORJ\� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 6LPSOH {�HTXLYDOHQW FLUFXLW ZLWK LGHQWLFDO WHUPLQDO FKDUDFWHULVWLFV DV
LQ )LJXUH ��� FDQ UHVXOW LQ QHJDWLYH YDOXHV RI &�� DW ORZ IUHTXHQF\� � � ���

��� 7KH PHDVXUHG DQG WKHRUHWLFDO IUHTXHQF\ UHVSRQVH RI WKH LQWHUHOHFWURGH
FDSDFLWDQFH &�� DQG FRQGXFWDQFH *�� IRU HOHPHQW YDOXHV LQ )LJXUH ���
RI *� ��� *RKP� &� �� S)� DQG &� ��� S)� � � � � � � � � � � � � ���

��
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��� 7KH GLVWULEXWHG HOHPHQW FLUFXLW PRGHO IRU SRVVLEOH QHJDWLYH WUDQVFRQ�
GXFWDQFH *��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� $QRWKHU GLVWULEXWHG HOHPHQW FLUFXLW PRGHO IRU SRVVLEOH QHJDWLYH WUDQVFRQ�
GXFWDQFH *��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 0RGHO�EDVHG SDUDPHWHU HVWLPDWLRQ DOJRULWKPV GLmHUHQWLDWH EHWZHHQ
VROLG DQG oXLG GLHOHFWULFV� KRPRJHQHRXV DQG QRQ�KRPRJHQHRXV PD�
WHULDOV� WDNH LQWR DFFRXQW SUHVVXUH DQG PDQXIDFWXULQJ WROHUDQFHV RI
WKH VHQVRU KHDG� DQG FRPSXWH YROXPH GLVWULEXWLRQV RI VHYHUDO SK\VLFDO
YDULDEOHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� )RU DOO ZDYHOHQJWKV� WKH LQWHUHOHFWURGH WUDQVFDSDFLWDQFH JURZV ZLWK
WKH PHWDOOL]DWLRQ UDWLR� � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 6LPXODWHG GDWD ZLWK OLQHDU OHDVW VTXDUHV nW OLQHV SORWWHG IRU WKH ��
SHUFHQW PHWDOOL]DWLRQ UDWLR FDVH IRU ��� P PHDQGHU OHQJWK� � � � � � � ���

���� )DPLOLHV RI FDOLEUDWLRQ FXUYHV IRU WKH FDSDFLWDQFH SHU KDOI�PHWHU OHQJWK
IRU WKUHH GLVWLQFW VSDWLDO SHULRGLFLWLHV� 7KH UHVSRQVH EHFRPHV OHVV
OLQHDU ZLWK LQFUHDVLQJ ZDYHOHQJWK EHFDXVH WKH JXDUG SODQH EHFRPHV
SURSRUWLRQDOO\ FORVHU WR WKH HOHFWURGHV ZKHQ WKH VXEVWUDWH WKLFNQHVV LV
KHOG FRQVWDQW �WKH VXEVWUDWH WKLFNQHVV LV WKH RQO\ GLPHQVLRQ WKDW GRHV
QRW VFDOH LQ WKHVH VLPXODWLRQV�� � � � � � � � � � � � � � � � � � � � � � ���

���� &DOFXODWHG FRHpFLHQWV XVHG LQ ������ DQG ������ IRU ��� PP ZDYHOHQJWK����

���� &DOFXODWHG FRHpFLHQWV XVHG LQ ������ DQG ������ IRU ��� PP ZDYHOHQJWK����

���� &DOFXODWHG FRHpFLHQWV XVHG LQ ������ DQG ������ IRU ��� PP ZDYHOHQJWK����

���� ,QoXHQFH RI DLU DW D VROLG�VHQVRU LQWHUIDFH IRU D � PP ZDYHOHQJWK VHQ�
VRU LV DFFRXQWHG IRU E\ DVVXPLQJ D VPDOO DQJOH m EHWZHHQ WKH WZR OLQHDU
DSSUR[LPDWLRQV RI WKH VHQVRU UHVSRQVH� 7KH ?)OXLGV� OLQH LV IRXQG E\
nQLWH�HOHPHQW VLPXODWLRQV DQG WKH ?6ROLG PDWHULDOV� LV HPSLULFDO� 7KH
H[SHULPHQWDOO\ GHWHUPLQHG YDOXH RI m IRU HDFK ZDYHOHQJWK LV m�w  �
PP�  ����� UDG� m�w  ��� PP�  ����� UDG� DQG m�w  � PP�  
������ UDG� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 9DULDWLRQ RI GLHOHFWULF SHUPLWWLYLW\ DQG FRQGXFWLYLW\ RI FRUQ RLO LQ
QDWXUDO ODERUDWRU\ HQYLURQPHQW DW WKH FRQVWDQW IUHTXHQF\ RI ��b��� {
����� +]� 0HDVXUHPHQWV SRLQWV ZHUH WDNHQ DW �� PLQXWH LQWHUYDOV
GXULQJ D �� KRXU H[SHULPHQW XVLQJ WKH WXQLQJ FDSDFLWRU �7&� DQG D
SDUDOOHO SODWH FDSDFLWRU �33&� VKRZQ LQ )LJXUHV ��� DQG ����� � � � � ���

���� &RPSDULVRQ RI PHDVXUHG DQG FDOFXODWHG LQWHUHOHFWURGH WUDQVFDSDFL�
WDQFH &�� DQG WUDQVDGPLWWDQFH *�� IRU WKH H[SHULPHQWV ZLWK FRUQ RLO�
$ YHU\ JRRG DJUHHPHQW LV REVHUYHG IRU WKH HQWLUH IUHTXHQF\ UDQJH H[�
FHSW WKH ORZHVW IUHTXHQFLHV� 7KH GLVFUHSDQF\ DW WKH ORZHVW IUHTXHQFLHV
LV GXH WR HOHFWULF GRXEOH OD\HU HmHFWV� � � � � � � � � � � � � � � � � � � ���

���� 6FKHPDWLF RI WKH H[SHULPHQWDO VHWXS IRU PHDVXUHPHQW RI KLJK IUH�
TXHQF\ GLHOHFWULF SHUPLWWLYLW\ RI VROLG VDPSOHV� � � � � � � � � � � � � ���

��
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���� /LQHDU OHDVW VTXDUHV nW �//6� GDVKHG OLQHV� RI PHDVXUHPHQWV ZLWK VROLG
PDWHULDOV �VKDSHV� ZLWK WKH WKUHH�ZDYHOHQJWK VHQVRU FRPSDUHG WR WKH�
RUHWLFDO VLPXODWLRQ �VROLG OLQH� DQG ODWHU XVHG IRU VHQVRU FDOLEUDWLRQ
�GDVK�GRW OLQH�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ RI DLU DQG 6LQWUD HVWLPDWHG ZLWK SDUDO�
OHO SODWH FDSDFLWRU DQG ZLWK WKUHH�ZDYHOHQJWK VHQVRU XVLQJ FDOLEUDWLRQ
DQG m SDUDPHWHU GHnQHG LQ )LJXUH ����� /HJHQG� ?�� � ��� PP� ?R�
� ��� PP� ?� � ��� PP� ?[� � DYHUDJH RI WKH WKUHH� ?^� � SDUDOOHO
SODWH PHDVXUHPHQW� 7KH H[SHULPHQWDO GDWD DERYH � N+] FRQWDLQV LQ�
VWUXPHQWDWLRQ QRLVH GXH WR IUHTXHQF\ OLPLWDWLRQV RI WKH LQWHUIDFH ER[
RSHUDWLRQDO DPSOLnHU� � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ RI 7HoRQ DQG SRO\HWK\OHQH HVWLPDWHG
ZLWK SDUDOOHO SODWH FDSDFLWRU DQG ZLWK WKUHH�ZDYHOHQJWK VHQVRU XVLQJ
FDOLEUDWLRQ DQG m SDUDPHWHU� /HJHQG� ?�� � ��� PP� ?R� � ��� PP�
?� � ��� PP� ?[� � DYHUDJH RI WKH WKUHH� ?^� � SDUDOOHO SODWH PHDVXUH�
PHQW� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ RI SRO\SURS\OHQH� DFU\OLF� DQG 1\ORQ
HVWLPDWHG ZLWK SDUDOOHO SODWH FDSDFLWRU DQG ZLWK WKUHH�ZDYHOHQJWK VHQ�
VRU XVLQJ FDOLEUDWLRQ DQG m SDUDPHWHU� /HJHQG� ?�� � ��� PP� ?R� �
��� PP� ?� � ��� PP� ?[� � DYHUDJH RI WKH WKUHH� ?^� � SDUDOOHO SODWH
PHDVXUHPHQW� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ RI /H[DQ DQG 3OH[LJODV HVWLPDWHG ZLWK
SDUDOOHO SODWH FDSDFLWRU DQG ZLWK WKUHH�ZDYHOHQJWK VHQVRU XVLQJ FDOL�
EUDWLRQ DQG m SDUDPHWHU� /HJHQG� ?�� � ��� PP� ?R� � ��� PP� ?�
� ��� PP� ?[� � DYHUDJH RI WKH WKUHH� ?^� � SDUDOOHO SODWH PHDVXUHPHQW� ���

���� 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ RI +' SRO\HWK\OHQH DQG SRO\YLQ\OFKOR�
ULGH HVWLPDWHG ZLWK SDUDOOHO SODWH FDSDFLWRU DQG ZLWK WKUHH�ZDYHOHQJWK
VHQVRU XVLQJ FDOLEUDWLRQ DQG m SDUDPHWHU� /HJHQG� ?�� � ��� PP� ?R�
� ��� PP� ?� � ��� PP� ?[� � DYHUDJH RI WKH WKUHH� ?^� � SDUDOOHO SODWH
PHDVXUHPHQW� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ RI 'HOULQ HVWLPDWHG ZLWK SDUDOOHO SODWH
FDSDFLWRU DQG ZLWK WKUHH�ZDYHOHQJWK VHQVRU XVLQJ FDOLEUDWLRQ DQG m
SDUDPHWHU� /HJHQG� ?�� � ��� PP� ?R� � ��� PP� ?� � ��� PP� ?[�
� DYHUDJH RI WKH WKUHH� ?^� � SDUDOOHO SODWH PHDVXUHPHQW� � � � � � � � ���

���� 6FKHPDWLF RI WKH PHDVXUHPHQW VHWXS IRU WZR oXLGV PHDVXUHPHQW� $
SDUDOOHO SODWH FDSDFLWRU RQ WKH OHIW LV XVHG WR PHDVXUH WKH GLHOHFWULF
SHUPLWWLYLW\ RI WKH OLTXLG PL[WXUH� � � � � � � � � � � � � � � � � � � � ���

���� &DOFXODWHG ZLWK nQLWH�HOHPHQW VRIWZDUH� WKH UDWLR RI &�� YDOXHV IRU
WKH ��� PP VHQVRUV ?$� DQG ?%� DV D IXQFWLRQ RI �U XVHG LQ WKH WZR
oXLG H[SHULPHQW� 7KH PHWDOOL]DWLRQ UDWLR RI VHQVRU $ LV ����� DQG
WKH PHWDOOL]DWLRQ UDWLR RI VHQVRU % LV ������ � � � � � � � � � � � � � � ���

��
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���� $SSDUHQW UHODWLYH GLHOHFWULF SHUPLWWLYLW\ PHDVXUHG E\ WZR QHDUO\ LGHQ�
WLFDO ��� PP ZDYHOHQJWK LQWHUGLJLWDO VHQVRUV DV D IXQFWLRQ RI DGGHG FDV�
WRU RLO YROXPH� 7KH WUDQVIRUPHU RLO YROXPH LV ���� PO� %RWK VHQVRUV
DUH LPPHUVHG LQ WKH RLO PL[WXUH ZLWK 6HQVRU $ DOVR SUHVVHG DJDLQVW
WKH /H[DQ VDPSOH� 6ROLG OLQHV DUH D WKLUG RUGHU SRO\QRPLDO nW WR WKH
H[SHULPHQWDO GDWD� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ RI PDWHULDO XQGHU WHVW GHWHUPLQHG WKURXJK
WKH FDSDFLWDQFH UDWLR� 7KH ?0DWFKLQJ� OLQH UHSUHVHQWV WKH FDOLEUDWLRQ�
EDVHG VLPXODWHG GDWD IRU WZR VOLJKWO\ GLmHUHQW VHQVRUV LPPHUVHG LQ D
KRPRJHQHRXV GLHOHFWULF� $OO SRLQWV RQ WKLV OLQH ZRXOG EH DW WKH FDSDF�
LWDQFH UDWLR RI ��� IRU LGHQWLFDO VHQVRUV� � � � � � � � � � � � � � � � � � ���

���� &DOFXODWHG OLQHV RI HTXDO FDSDFLWDQFH IRU GLmHUHQW OHYHOV RI SHUWXUED�
WLRQ IURP WKH RSHUDWLQJ SRLQW ��U  ���� K  �� xP� IRU HDFK RI WKH
WKUHH ZDYHOHQJWKV RI WKH VHQVRU VKRZQ LQ )LJXUH ��� ZLWK DLU �$� DQG
FDVWRU RLO �&� nOOLQJ WKH JDS� 7KH YDOXHV IRU HDFK LVR�FDSDFLWDQFH OLQH
DUH OLVWHG LQ 7DEOH ����� � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 0D[ZHOO SDUDOOHO SODWH FDSDFLWRU DQG HTXLYDOHQW FLUFXLW� � � � � � � � � ���

���� $ WKUHH�GLPHQVLRQDO YLHZ �D� DQG D SORW RI WKH IRUZDUG SUREOHP VROX�
WLRQ VSDFH LVR�FRQWRXUV �E� IRU WKH QRUPDOL]HG WHUPLQDO FRQGXFWDQFH
RI WKH 0D[ZHOO FDSDFLWRU LQ WHUPV RI QRUPDOL]HG FDSDFLWDQFH DQG FRQ�
GXFWDQFH RI WKH XSSHU ?D� OD\HU� � � � � � � � � � � � � � � � � � � � � ���

���� $ WKUHH�GLPHQVLRQDO YLHZ �D� DQG D FRQWRXU SORW �E� RI WKH IRUZDUG
SUREOHP VROXWLRQ VSDFH IRU WKH QRUPDOL]HG WHUPLQDO FDSDFLWDQFH LQ
WHUPV RI QRUPDOL]HG FDSDFLWDQFH DQG FRQGXFWDQFH RI WKH XSSHU ?D�
OD\HU� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� $ WKUHH�GLPHQVLRQDO YLHZ �D� DQG D SORW RI WKH LQYHUVH SUREOHP VR�
OXWLRQ VSDFH LVR�FRQWRXUV �E� IRU WKH QRUPDOL]HG FRQGXFWDQFH RI WKH
XSSHU ?D� OD\HU LQ WKH 0D[ZHOO FDSDFLWRU RI )LJXUH ����� � � � � � � � ���

���� $ WKUHH�GLPHQVLRQDO YLHZ �D� DQG D SORW RI WKH LQYHUVH SUREOHP VR�
OXWLRQ VSDFH LVR�FRQWRXUV �E� IRU WKH QRUPDOL]HG FDSDFLWDQFH RI WKH
XSSHU ?D� OD\HU LQ WKH 0D[ZHOO FDSDFLWRU RI )LJXUH ����� � � � � � � � ���

���� $ WKUHH�GLPHQVLRQDO YLHZ �D� DQG D SORW RI WKH IRUZDUG SUREOHP VROX�
WLRQ VSDFH LVR�FRQWRXUV �E� IRU WKH QRUPDOL]HG WHUPLQDO WUDQVFRQGXF�
WDQFH SHU XQLW OHQJWK IRU WKH ��� PP ZDYHOHQJWK RI WKH LQWHUGLJLWDO
GLHOHFWURPHWU\ VHQVRU LQ )LJXUH ��� DV D IXQFWLRQ RI WKH QRUPDOL]HG
SHUPLWWLYLW\ DQG FRQGXFWLYLW\ RI WKH PDWHULDO XQGHU WHVW� � � � � � � � ���

���� $ WKUHH�GLPHQVLRQDO YLHZ �D� DQG D SORW RI WKH IRUZDUG SUREOHP VR�
OXWLRQ VSDFH LVR�FRQWRXUV �E� IRU WKH QRUPDOL]HG WHUPLQDO WUDQVFDSDF�
LWDQFH SHU XQLW OHQJWK IRU WKH ��� PP ZDYHOHQJWK RI WKH LQWHUGLJLWDO
GLHOHFWURPHWU\ VHQVRU LQ )LJXUH ��� DV D IXQFWLRQ RI WKH QRUPDOL]HG
SHUPLWWLYLW\ DQG FRQGXFWLYLW\ RI WKH PDWHULDO XQGHU WHVW� � � � � � � � ���

��
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���� $ WKUHH�GLPHQVLRQDO YLHZ �D� DQG D SORW RI WKH LQYHUVH SUREOHP VROX�
WLRQ VSDFH LVR�FRQWRXUV �E� IRU WKH QRUPDOL]HG PDWHULDO FRQGXFWLYLW\
IRU WKH ��� PPZDYHOHQJWK LQ WHUPV RI QRUPDOL]HG WHUPLQDO WUDQVFDSDF�
LWDQFH DQG WUDQVFRQGXFWDQFH SHU XQLW OHQJWK� � � � � � � � � � � � � � ���

���� $ WKUHH�GLPHQVLRQDO YLHZ �D� RI WKH LQYHUVH SUREOHP VROXWLRQ VSDFH IRU
WKH QRUPDOL]HG PDWHULDO SHUPLWWLYLW\ IRU WKH ��� PP ZDYHOHQJWK DQG
D SORW RI WKH LQYHUVH SUREOHP VROXWLRQ VSDFH LVR�FRQWRXUV �E� IRU WKH
QRUPDOL]HG PDWHULDO SHUPLWWLYLW\� � � � � � � � � � � � � � � � � � � � � ���

���� $ WKUHH�GLPHQVLRQDO YLHZ �D� DQG D SORW RI WKH IRUZDUG SUREOHP VROX�
WLRQ VSDFH LVR�FRQWRXUV �E� IRU WKH QRUPDOL]HG WHUPLQDO WUDQVFRQGXF�
WDQFH SHU XQLW OHQJWK IRU WKH ��� PP ZDYHOHQJWK RI WKH LQWHUGLJLWDO
GLHOHFWURPHWU\ VHQVRU LQ )LJXUH ��� DV D IXQFWLRQ RI WKH QRUPDOL]HG
SHUPLWWLYLW\ DQG FRQGXFWLYLW\ RI WKH PDWHULDO XQGHU WHVW� � � � � � � � ���

���� $ WKUHH�GLPHQVLRQDO YLHZ �D� DQG D SORW RI WKH IRUZDUG SUREOHP VR�
OXWLRQ VSDFH LVR�FRQWRXUV �E� IRU WKH QRUPDOL]HG WHUPLQDO WUDQVFDSDF�
LWDQFH SHU XQLW OHQJWK IRU WKH ��� PP ZDYHOHQJWK RI WKH LQWHUGLJLWDO
GLHOHFWURPHWU\ VHQVRU LQ )LJXUH ��� DV D IXQFWLRQ RI WKH QRUPDOL]HG
SHUPLWWLYLW\ DQG FRQGXFWLYLW\ RI WKH PDWHULDO XQGHU WHVW� � � � � � � � ���

���� $ WKUHH�GLPHQVLRQDO YLHZ �D� RI WKH LQYHUVH SUREOHP VROXWLRQ VSDFH
DQG �E� D SORW RI WKH LQYHUVH SUREOHP VROXWLRQ VSDFH LVR�FRQWRXUV IRU
WKH QRUPDOL]HG PDWHULDO FRQGXFWLYLW\ RI WKH ��� PP ZDYHOHQJWK LQ
WHUPV RI QRUPDOL]HG WHUPLQDO WUDQVFDSDFLWDQFH DQG WUDQVFRQGXFWDQFH
SHU XQLW OHQJWK� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� $ WKUHH�GLPHQVLRQDO YLHZ �D� RI WKH LQYHUVH SUREOHP VROXWLRQ VSDFH IRU
WKH QRUPDOL]HG PDWHULDO SHUPLWWLYLW\ IRU WKH ��� PP ZDYHOHQJWK DQG
D SORW RI WKH LQYHUVH SUREOHP VROXWLRQ VSDFH LVR�FRQWRXUV �E� IRU WKH
QRUPDOL]HG PDWHULDO SHUPLWWLYLW\� � � � � � � � � � � � � � � � � � � � � ���

���� $ WKUHH�GLPHQVLRQDO YLHZ �D� DQG D SORW RI WKH IRUZDUG SUREOHP VROX�
WLRQ VSDFH LVR�FRQWRXUV �E� IRU WKH QRUPDOL]HG WHUPLQDO WUDQVFRQGXF�
WDQFH SHU XQLW OHQJWK IRU WKH ��� PP ZDYHOHQJWK RI WKH LQWHUGLJLWDO
GLHOHFWURPHWU\ VHQVRU LQ )LJXUH ��� DV D IXQFWLRQ RI WKH QRUPDOL]HG
SHUPLWWLYLW\ DQG FRQGXFWLYLW\ RI WKH PDWHULDO XQGHU WHVW� � � � � � � � ���

���� $ WKUHH�GLPHQVLRQDO YLHZ �D� DQG D SORW RI WKH IRUZDUG SUREOHP VR�
OXWLRQ VSDFH LVR�FRQWRXUV �E� IRU WKH QRUPDOL]HG WHUPLQDO WUDQVFDSDF�
LWDQFH SHU XQLW OHQJWK IRU WKH ��� PP ZDYHOHQJWK RI WKH LQWHUGLJLWDO
GLHOHFWURPHWU\ VHQVRU LQ )LJXUH ��� DV D IXQFWLRQ RI WKH QRUPDOL]HG
SHUPLWWLYLW\ DQG FRQGXFWLYLW\ RI WKH PDWHULDO XQGHU WHVW� � � � � � � � ���

���� $ WKUHH�GLPHQVLRQDO YLHZ �D� RI WKH LQYHUVH SUREOHP VROXWLRQ VSDFH
DQG �E� D SORW RI WKH LQYHUVH SUREOHP VROXWLRQ VSDFH LVR�FRQWRXUV IRU
WKH QRUPDOL]HG PDWHULDO FRQGXFWLYLW\ RI WKH ��� PP ZDYHOHQJWK LQ
WHUPV RI QRUPDOL]HG WHUPLQDO WUDQVFDSDFLWDQFH DQG WUDQVFRQGXFWDQFH
SHU XQLW OHQJWK� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��
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���� $ SORW RI WKH LQYHUVH SUREOHP VROXWLRQ VSDFH LVR�FRQWRXUV IRU WKH QRU�
PDOL]HG PDWHULDO SHUPLWWLYLW\ IRU WKH ��� PP ZDYHOHQJWK� � � � � � � ���

���� 7KUHH OD\HUV ZLWK XQNQRZQ SHUPLWWLYLW\ DQG FRQGXFWLYLW\ FDQ EH FKDU�
DFWHUL]HG E\ D KDOI�ZDYHOHQJWK PRGHO� � � � � � � � � � � � � � � � � � ���

���� (UURU EUDFNHWV RI WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ �  �� DURXQG
��  ��� RI WKH nUVW OD\HU �ZLWK ��  ��  ��  �� FDOFXODWHG DVVXPLQJ
D h�� HUURU RI WKH � PP ZDYHOHQJWK LQWHUHOHFWURGH FDSDFLWDQFH SHU
PHWHU OHQJWK & �

�� GXH WR D FRPELQHG LQoXHQFH RI DOO GLVWXUEDQFH IDFWRUV
DQG WKH PHDVXUHPHQW QRLVH� � � � � � � � � � � � � � � � � � � � � � � � ���

���� (UURU EUDFNHWV RI WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ �  ��� RI WKH
nUVW WZR OD\HUV �ZLWK ��  ��  ��  �� FDOFXODWHG DVVXPLQJ D h��
HUURU RI WKH ��� PP ZDYHOHQJWK LQWHUHOHFWURGH FDSDFLWDQFH SHU PHWHU
OHQJWK & �

�� GXH WR D FRPELQHG LQoXHQFH RI DOO GLVWXUEDQFH IDFWRUV DQG
WKH PHDVXUHPHQW QRLVH� � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� (UURU EUDFNHWV RI WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ �  ���� RI WKH
nUVW WKUHH OD\HUV �ZLWK ��  ��  ��  �� FDOFXODWHG DVVXPLQJ D h��
HUURU RI WKH � PP ZDYHOHQJWK LQWHUHOHFWURGH FDSDFLWDQFH SHU PHWHU
OHQJWK & �

�� GXH WR D FRPELQHG LQoXHQFH RI DOO GLVWXUEDQFH IDFWRUV DQG
WKH PHDVXUHPHQW QRLVH� � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� (UURU EUDFNHWV RI WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ DURXQG ��  ���
�ZLWK ��  ��� RI WKH VHFRQG OD\HU FDOFXODWHG DVVXPLQJ D h�� HUURU
RI WKH ��� PP ZDYHOHQJWK LQWHUHOHFWURGH FDSDFLWDQFH SHU PHWHU OHQJWK
& �
�� GXH WR D FRPELQHG LQoXHQFH RI DOO GLVWXUEDQFH IDFWRUV DQG PHD�
VXUHPHQW QRLVH IRU nUVW OD\HU SHUPLWWLYLW\ YDOXHV �O�  ����� �

Q
�  ����

DQG �K�  ����� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� (UURU EUDFNHWV RI WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ �ZLWK ��  ��� RI
WKH VHFRQG DQG WKLUG OD\HUV FDOFXODWHG DVVXPLQJ D h�� HUURU RI WKH �
PP ZDYHOHQJWK LQWHUHOHFWURGH FDSDFLWDQFH SHU PHWHU OHQJWK & �

�� GXH WR
D FRPELQHG LQoXHQFH RI DOO GLVWXUEDQFH IDFWRUV DQG PHDVXUHPHQW QRLVH
IRU nUVW OD\HU SHUPLWWLYLW\ YDOXHV �O�  ����� �

Q
�  ���� DQG �K�  ����� � ���

���� (UURU EUDFNHWV RI WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI WKH WKLUG OD\HU
FDOFXODWHG DVVXPLQJ D h�� HUURU RI WKH � PP ZDYHOHQJWK LQWHUHOHF�
WURGH FDSDFLWDQFH SHU PHWHU OHQJWK & �

�� GXH WR D FRPELQHG LQoXHQFH
RI DOO GLVWXUEDQFH IDFWRUV DQG PHDVXUHPHQW QRLVH IRU nUVW DQG VHFRQG
OD\HU SHUPLWWLYLW\ YDOXHV ��O�  ����� �

O
�  ������ ��

Q
�  ���� �

Q
�  �����

DQG ��K�  ����� �
K
�  ������ � � � � � � � � � � � � � � � � � � � � � � � ���

���� $ JHQHULF WZR�OD\HU WHVW VDPSOH ZLWK WZR XQNQRZQ GLHOHFWULF OD\HUV
XVHG LQ WKLV H[SHULPHQW VHULHV� � � � � � � � � � � � � � � � � � � � � � � ���

���� &RVW IXQFWLRQV IRU FDVHV �D� �D� DQG �E �DLU RU FRUQ RLO DV nUVW OD\HU�
/H[DQ DV WKH VHFRQG OD\HU�� � � � � � � � � � � � � � � � � � � � � � � � ���

���� &RVW IXQFWLRQV IRU FDVHV �D DQG �E �FRUQ RLO DV nUVW OD\HU� 7HoRQ DV
WKH VHFRQG OD\HU�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��
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��� 7KH PRGXOH IRU VROYLQJ RSWLPL]DWLRQ DQG LQYHUVH SUREOHPV LQWHUIDFHV
VHYHUDO VRIWZDUH SDFNDJHV� ,QWHUIDFLQJ ZLWK 0D[ZHOO LV LPSOHPHQWHG
WKURXJK V\VWHP FDOOV DQG LQSXW nOH PDQLSXODWLRQ� � � � � � � � � � � � ���

��� $ VHTXHQFH RI RSWLPL]DWLRQ SURFHVVHV SRVVLEOH ZLWK WKH QHZ LQWHUIDFH� ���

��� )ORZ FKDUW IRU LQGLYLGXDO IUHTXHQF\ VZHHS SURFHVV� :LWK WKH *8,�
KRZHYHU� RQO\ RQH IUHTXHQF\ LV FRQVLGHUHG� DQG WKH } DQG � YDOXHV DUH
GLUHFWO\ LQSXW E\ WKH XVHU� 7KLV VWUXFWXUH LV SUHVHQWHG EHFDXVH RI LWV
JHQHUDOLW\� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� )ORZ FKDUW IRU IUHTXHQF\ VZHHSV IRU PXOWLSOH ZDYHOHQJWKV� � � � � � � ���

��� 6FUHHQVKRW RI *8, 0RGXOH� � � � � � � � � � � � � � � � � � � � � � � � ���

��� 6FKHPDWLF GHSLFWLRQ RI *8, RUJDQL]DWLRQ� � � � � � � � � � � � � � � � ���

��� 0DWHULDO SURSHUWLHV FDQ EH GHWHUPLQHG E\ JXHVVLQJ DW WKH YDOXHV RI
PDWHULDO SURSHUWLHV XQWLO WKH\ PDWFK WKH PHDVXUHG YDOXHV� 7KLV LQ�
YHUVH SUREOHP FDQ EH IRUPXODWHG DV DQ RSWLPL]DWLRQ SUREOHP� 5HODWLYH
GLHOHFWULF SHUPLWWLYLW\ � DQG FRQGXFWLYLW\ } DUH VFDOHG LQ WKLV H[DPSOH
E\ ��� LQ RUGHU WR DYRLG WKH ORZ FRQGXFWLYLW\ WKUHVKROG LQ 0D[ZHOO DW
DERXW ��b� 6�P� < LV WKH FRVW IXQFWLRQ DQG G<  <L�� b <L LV WKH
GLmHUHQWLDO YDOXH RI WKH FRQVHFXWLYH FRVW IXQFWLRQ YDOXHV WKDW LV XVHG
DV D FRQYHUJHQFH FULWHULRQ� � � � � � � � � � � � � � � � � � � � � � � � � ���

���� $Q HOHFWULFDO HTXLYDOHQW FLUFXLW GLDJUDP IRU WKH JDLQ DQG SKDVH PHD�
VXUHPHQWV ZLWK D SDUDOOHO SODWH FDSDFLWRU LQ WUDQVIRUPHU RLO� � � � � � ���

���� 5HSUHVHQWDWLYH &ROH�&ROH SORWV RI UHDO DQG LPDJLQDU\ SDUWV RI WKH FRP�
SOH[ LPSHGDQFH IRU 6KHOO 'LDOD $ WUDQVIRUPHU RLO DW IRXU WHPSHUDWXUHV�
7KH OLQHV JLYH WKH FDOFXODWHG LPSHGDQFHV IRU WKH OLVWHG HVWLPDWHG SD�
UDPHWHUV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 0HDVXUHG JDLQ DQG SKDVH RI WKH SDUDOOHO�SODWH GLHOHFWURPHWU\ LQWHUIDFH
RXWSXW ZLWK ���� PP WKLFN RLO�IUHH WUDQVIRUPHU SUHVVERDUG LQ DLU DW
��p& DQG ��� UHODWLYH KXPLGLW\ ZLWK &/  ����� S)� � � � � � � � � � ���

���� 0HDVXUHG WUDQVFDSDFLWDQFH &�� DQG WUDQVFRQGXFWDQFH *�� DV D IXQF�
WLRQ RI IUHTXHQF\ IRU WKH GDWD LQ )LJXUH ����� 6LQFH WKH FRQGXFWDQFH
YDOXHV FKDQJH RYHU D YHU\ ZLGH UDQJH� WKH\ DUH QRW LGHQWLnDEOH IURP
WKH SORW DW IUHTXHQFLHV EHORZ ��� +]� $ ORJ�ORJ SORW LV RIWHQ PRUH
DSSURSULDWH LQ WKLV FDVH� 7KH GDWDSRLQWV LQ WKLV FDVH FRUUHVSRQG WR
DFWXDO YDOXHV� DV RSSRVHG WR YDOXHV SURGXFHG E\ QXPHULFDO XQFHUWDLQWLHV����

���� 2LO�IUHH WUDQVIRUPHU SUHVVERDUG WUDQVFDSDFLWDQFH YV� WUDQVFRQGXF�
WDQFH ZLWK IUHTXHQF\ �+]� DV D SDUDPHWHU� � � � � � � � � � � � � � � � ���

���� $ QHJDWLYH LPDJLQDU\ SDUW RI WUDQVLPSHGDQFH YHUVXV WKH UHDO LPDJL�
QDU\ SDUW RI WUDQVLPSHGDQFH� DQDORJRXV WR &ROH�&ROH SORWV� LV RIWHQ
XVHG IRU GLVSOD\LQJ GDWD RQ IUHTXHQF\ GLVSHUVLYH PDWHULDOV� � � � � � � ���

���� 2LO�IUHH WUDQVIRUPHU SUHVVERDUG UHDO DQG LPDJLQDU\ SDUWV RI LPSHGDQFH
DV IXQFWLRQV RI IUHTXHQF\� � � � � � � � � � � � � � � � � � � � � � � � � ���

��
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���� 2LO�IUHH WUDQVIRUPHU SUHVVERDUG DEVROXWH YDOXH DQG SKDVH DQJOH RI
LPSHGDQFH DV D IXQFWLRQ RI IUHTXHQF\� � � � � � � � � � � � � � � � � � � ���

���� $ WKUHH�GLPHQVLRQDO UHSUHVHQWDWLRQ RI PHDVXUHG RLO�IUHH WUDQVIRUPHU
SUHVVERDUG LPSHGDQFH DV D IXQFWLRQ RI IUHTXHQF\� &LUFOHV VKRZ WKH
GDWD LQ WKUHH GLPHQVLRQV DQG SOXVHV� [
V� DQG DVWHULVNV YLVXDOL]H SUR�
MHFWLRQV RI WKLV WKUHH�GLPHQVLRQDO FXUYH RQWR RUWKRJRQDO SODQHV IRUPHG
E\ WKH D[HV RI IUHTXHQF\� UHDO SDUW RI LPSHGDQFH� DQG QHJDWLYH LPDJL�
QDU\ SDUW RI LPSHGDQFH� 7KLV W\SH RI SORW LV IUHTXHQWO\ XVHG LQ HOHFWUR�
FKHPLVWU\ WR HmHFWLYHO\ YLVXDOL]H GLHOHFWULF VSHFWURVFRS\ PHDVXUHPHQW
GDWD� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 0HDVXUHG RLO�IUHH WUDQVIRUPHU SUHVVERDUG UHODWLYH GLHOHFWULF SHUPLWWLY�
LW\ DQG FRQGXFWLYLW\ DV IXQFWLRQV RI IUHTXHQF\� 6LQFH WKH FRQGXFWDQFH
YDOXHV FKDQJH RYHU D YHU\ ZLGH UDQJH� WKH\ DUH QRW LGHQWLnDEOH DW IUH�
TXHQFLHV EHORZ ��� +]� $ ORJ�ORJ SORW LV RIWHQ PRUH DSSURSULDWH LQ
WKLV FDVH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 0HDVXUHG RLO�IUHH WUDQVIRUPHU SUHVVERDUG UHDO DQG LPDJLQDU\ SDUWV RI
UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RQ D OLQHDU VFDOH DV IXQFWLRQV RI IUHTXHQF\����

����� 0HDVXUHG RLO�IUHH WUDQVIRUPHU SUHVVERDUG UHDO DQG LPDJLQDU\ SDUWV RI
UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RQ D ORJDULWKPLF VFDOH DV IXQFWLRQV RI
IUHTXHQF\� 7KH VORSH LV QRW FRQVWDQW IRU ORJ����� WKURXJKRXW WKH HQWLUH
IUHTXHQF\ UDQJH� ZKLFK LQGLFDWHV WKDW WKH PDWHULDO LV GLVSHUVLYH� WKH
VORSH LV �� DW IUHTXHQFLHV EHORZ � +] LQGLFDWHV WKDW LW LV QRQ�GLVSHUVLYH
DW ORZ IUHTXHQF\� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 0HDVXUHG RLO�IUHH WUDQVIRUPHU SUHVVERDUG ORVV WDQJHQW �WDQp  } ���
DV D IXQFWLRQ RI IUHTXHQF\� � � � � � � � � � � � � � � � � � � � � � � � � ���

����� $ WKUHH�GLPHQVLRQDO UHSUHVHQWDWLRQ RI FRPSOH[ GLHOHFWULF SHUPLWWLYLW\
DV D IXQFWLRQ RI IUHTXHQF\ IRU WKH GDWD LQ )LJXUH ����� &LUFOHV VKRZ WKH
GDWD LQ WKUHH GLPHQVLRQV DQG SOXVHV� [
V� DQG DVWHULVNV YLVXDOL]H SUR�
MHFWLRQV RI WKLV WKUHH�GLPHQVLRQDO FXUYH RQWR RUWKRJRQDO SODQHV IRUPHG
E\ WKH D[HV RI IUHTXHQF\� UHDO SDUW RI GLHOHFWULF SHUPLWWLYLW\� DQG LPDJ�
LQDU\ SDUW RI GLHOHFWULF SHUPLWWLYLW\� 7KLV W\SH RI SORW LV IUHTXHQWO\
XVHG LQ HOHFWURFKHPLVWU\ WR HmHFWLYHO\ YLVXDOL]H GLHOHFWULF VSHFWURVFRS\
PHDVXUHPHQW GDWD� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� $ WKUHH�GLPHQVLRQDO UHSUHVHQWDWLRQ RI FRPSOH[ GLHOHFWULF PRGXOXV0  
0 � b M0 ��  � �e DV D IXQFWLRQ RI IUHTXHQF\ IRU WKH GDWD LQ )LJXUH
����� &LUFOHV VKRZ WKH GDWD LQ WKUHH GLPHQVLRQV DQG SOXVHV� [
V� DQG
DVWHULVNV YLVXDOL]H SURMHFWLRQV RI WKLV WKUHH�GLPHQVLRQDO FXUYH RQWR RU�
WKRJRQDO SODQHV IRUPHG E\ WKH D[HV RI IUHTXHQF\� UHDO SDUW RI PRGXOXV
�0 ��� DQG LPDJLQDU\ SDUW RI PRGXOXV �0 ���� 0RGXOXV VSHFWURVFRS\
WHQGV WR HPSKDVL]H PDWHULDO SURSHUWLHV DW KLJK IUHTXHQFLHV� � � � � � � ���

��
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���� $Q RSWLFDO PLFURVFRSH SKRWRJUDSK RI (+9�:HLGPDQQ +L�9DO RLO�IUHH
FDOHQGHUHG WUDQVIRUPHU SUHVVERDUG VXUIDFH VKRZV VXUIDFH WH[WXUH WKDW
VWURQJO\ DmHFWV GLHOHFWURPHWU\ PHDVXUHPHQWV� $YHUDJH WKLFNQHVV WRO�
HUDQFH LV h��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� *DLQ DQG SKDVH IRU WKH WKUHH�ZDYHOHQJWK .DSWRQ VHQVRU RI )LJXUH ���
ZLWK D WKLFN OD\HU �� PP� RI RLO�IUHH WUDQVIRUPHU SUHVVERDUG LQ DLU
SUHVVHG DJDLQVW WKH VXUIDFH RI WKH VHQVRU� 7KH PHDVXUHG ORDG FDSDFL�
WDQFHV &/ ZHUH HTXDO WR ���� S)� ���� S)� DQG ���� S) IRU � PP� ���
PP� DQG � PP ZDYHOHQJWKV� UHVSHFWLYHO\� � � � � � � � � � � � � � � � ���

���� 3UHVVERDUG LQ DLU ^ VROXWLRQ RI WKH LQYHUVH SUREOHP IRU D KRPRJHQHRXV
PDWHULDO� 5�� DQG &�� FDOFXODWHG YDOXHV REWDLQHG IURP oRDWLQJ YROWDJH
JDLQ�SKDVH PHDVXUHPHQWV RI )LJXUH ���� ZLWK &/ HTXDO WR ���� S)�
���� S)� DQG ���� S) IRU � PP� ��� PP� DQG � PP ZDYHOHQJWKV�
UHVSHFWLYHO\� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 3UHVVERDUG LQ DLU ^ WKH YDOXHV RI UHDO SDUW ���� DQG LPDJLQDU\ SDUW
����� RI FRPSOH[ SHUPLWWLYLW\ REWDLQHG XVLQJ WKH GDWD IURP )LJXUH ����
XVLQJ FDOLEUDWLRQ ZLWK UHVSHFW WR HOHFWURGH WKLFNQHVV� 7KH VORSH RI ORJ
��� YV� ORJ I LV DSSUR[LPDWHO\ ����� ZKLFK LQGLFDWHV WKDW SUHVVERDUG LV
GLVSHUVLYH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� &RXHWWH IDFLOLW\ WKDW VLPXODWHV WUDQVIRUPHU HQYLURQPHQW DQG LV XVHG LQ
RXU H[SHULPHQWV IRU PHDVXUHPHQW RI WUDQVIRUPHU LQVXODWLRQ SURSHUWLHV� ���

���� $ FRQWUROOHG�HQYLURQPHQW H[SHULPHQWDO FKDPEHU IRU PHDVXUHPHQWV RI
PRLVWXUH G\QDPLFV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� $ VFKHPDWLF UHSUHVHQWDWLRQ RI WKH H[SHULPHQWDO DUUDQJHPHQW� 7KH
SUHVVERDUG LV PRGHOHG DV D WKUHH OD\HU PHGLXP ZLWK GLVWLQFW SURSHUWLHV
IRU HDFK OD\HU UHODWHG WR WKH TXDQWLW\ RI PRLVWXUH LQ HDFK OD\HU� � � � � ���

���� 7KH FURVV�VHFWLRQ RI SUHVVERDUG PD\ EH GLVFUHWL]HG LQWR WKUHH OD\HUV�
)RU HDFK OD\HU WKH GLVWDQFH IURP WKH VHQVRU WR IDU LQWHUIDFH FRUUHVSRQGV
WR RQH�nIWK RI HDFK RI WKH WKUHH VSDWLDO ZDYHOHQJWKV RI WKH VHQVRU� � � ���

���� &DOFXODWHG VSDWLDO SURnOHV RI PRLVWXUH FRQFHQWUDWLRQ DFURVV WKH � PP
WKLFNQHVV RI SUHVVERDUG IURP GLHOHFWURPHWU\ PHDVXUHPHQWV XVLQJ '  
��b�� P��V� 1XPEHUV QH[W WR WKH FXUYHV FRUUHVSRQG WR WKH WLPH LQ
KRXUV DW ZKLFK WKH SURnOH ZDV FDOFXODWHG� � � � � � � � � � � � � � � � ���

����� &DOFXODWHG VSDWLDO SURnOHV RI UHODWLYH GLHOHFWULF SHUPLWWLYLW\ ��U  
�� ��� DW � +] DFURVV WKH WKLFNQHVV RI SUHVVERDUG IURP WKH HPSLUL�
FDO FRUUHODWLRQ RI ������� 1XPEHUV QH[W WR WKH FXUYHV FRUUHVSRQG WR
WKH WLPH LQ KRXUV IRU ZKLFK WKH SURnOH ZDV FDOFXODWHG� � � � � � � � � ���

����� &DOFXODWHG VSDWLDO SURnOHV RI ORVV IDFWRU DW � +] DFURVV WKH WKLFNQHVV
RI SUHVVERDUG IURP WKH HPSLULFDO FRUUHODWLRQ RI ������� 1XPEHUV QH[W
WR WKH FXUYHV FRUUHVSRQG WR WKH WLPH LQ KRXUV IRU ZKLFK WKH SURnOH ZDV
FDOFXODWHG� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��
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����� &DOFXODWHG VSDWLDO SURnOHV RI FRQGXFWLYLW\ DW � +] DFURVV WKH WKLFNQHVV
RI SUHVVERDUG IURP GLHOHFWURPHWU\ PHDVXUHPHQWV� 1XPEHUV QH[W WR
WKH FXUYHV FRUUHVSRQG WR WKH WLPH LQ KRXUV IRU ZKLFK WKH SURnOH ZDV
FDOFXODWHG� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 7ZHQW\ OD\HU VWDLU�VWHS UHSUHVHQWDWLRQ RI D FRQWLQXRXV VSDWLDO SURnOH
RI UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI SUHVVERDUG DW W  � KRXU� � � � � ���

����� )LQLWH�HOHPHQW PHVK IRU WKH ��� PP ZDYHOHQJWK HOHFWURGH FURVV�VHFWLRQ
ZLWK WKH JXDUG HOHFWURGHV DW WKH VDPH SRWHQWLDO DV WKH VHQVLQJ HOHF�
WURGH DQG ZKHUH VSDWLDOO\ YDU\LQJ SURSHUWLHV RI WUDQVIRUPHU SUHVVERDUG
DUH PRGHOHG WKURXJK D WZHQW\ OD\HU UHSUHVHQWDWLRQ� � � � � � � � � � � ���

����� 6LPXODWHG YDULDWLRQ RI FDSDFLWDQFH SHU RQH PHWHU OHQJWK GXULQJ PRLV�
WXUH GLmXVLRQ FDOFXODWHG XVLQJ WKH KDOI�FHOO SUHVHQWDWLRQ DV VKRZQ LQ
)LJXUH ������ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� &KDQJH RI QRUPDOL]HG FDSDFLWDQFH &��QV GXULQJ WKH GLmXVLRQ SURFHVV
ZLWK QRUPDOL]DWLRQ WR WKH VWDUWLQJ YDOXH IRU HDFK RI WKH WKUHH ZDYH�
OHQJWKV DV JLYHQ LQ ������� � � � � � � � � � � � � � � � � � � � � � � � � ���

����� &KDQJH RI QRUPDOL]HG FDSDFLWDQFH &��QG GXULQJ WKH GLmXVLRQ SURFHVV
ZLWK QRUPDOL]DWLRQ WR WKH GLmHUHQFH EHWZHHQ WKH nQDO DQG WKH VWDUWLQJ
YDOXHV IRU HDFK RI WKH WKUHH ZDYHOHQJWKV DV JLYHQ LQ ������� � � � � � � ���

����� 6LPXODWHG YDULDWLRQ RI FRQGXFWDQFH GXULQJ PRLVWXUH GLmXVLRQ RQ SHU
PHWHU OHQJWK EDVLV FDOFXODWHG XVLQJ D KDOI�FHOO UHSUHVHQWDWLRQ DV VKRZQ
LQ )LJXUH ������ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� &KDQJH RI FRQGXFWDQFH GXULQJ WKH GLmXVLRQ SURFHVV ZLWK QRUPDOL]D�
WLRQ WR WKH nQDO YDOXH IRU HDFK RI WKH WKUHH ZDYHOHQJWKV� *��QG  
*���W� *���W  ��� � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 7LPH SURnOHV RI DYHUDJH PRLVWXUH FRQFHQWUDWLRQ FDOFXODWHG IURP VLP�
XODWHG FDSDFLWDQFH FXUYHV LQ )LJXUH ������ 7KH QXPEHUV QH[W WR WKH
FXUYHV LQGLFDWH WKH UHJLRQV VKRZQ LQ )LJXUH ���� SHQHWUDWHG ZLWK D
FRUUHVSRQGLQJ VSDWLDO ZDYHOHQJWK� 7KH FDOFXODWHG PRLVWXUH LQ SDUW
�E� LV QRW SK\VLFDO DW HDUO\ WLPH EHFDXVH RI WKH QHJDWLYH PRLVWXUH
FRQFHQWUDWLRQ YDOXHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 6WDLU�VWHS SURnOHV RI DYHUDJH PRLVWXUH FRQFHQWUDWLRQ IRU VHOHFWHG PR�
PHQWV RI WLPH LQ KRXUV SORWWHG XVLQJ WKH UHVXOWV LQ )LJXUH ������D��
ZKHUH WKH PRLVWXUH YDOXHV LQ 5HJLRQ � DUH REWDLQHG IURP FXUYH ��� ��
DQG ��� LQ 5HJLRQ � IURP FXUYH �� DQG ��� DQG LQ UHJLRQ � IURP FXUYH
���� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 6PRRWKHG FRQWLQXRXV SURnOHV RI PRLVWXUH FRQFHQWUDWLRQ ZLWK DQ LP�
SRVHG ��� FRQVWDQW PRLVWXUH FRQFHQWUDWLRQ ERXQGDU\ FRQGLWLRQ DW
[  � XVLQJ D SRO\QRPLDO DSSUR[LPDWLRQ RI SURnOHV LQ )LJXUH ������
3URnOHV GR QRW DJUHH ZHOO ZLWK WKRVH RI )LJXUH ���� DW HDUO\ WLPHV
�W � � KRXU� EHFDXVH RI WKH ODUJH JUDGLHQWV QHDU [  � WKDW DUH QRW
UHVROYDEOH E\ WKH 7:6� � � � � � � � � � � � � � � � � � � � � � � � � � ���
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����� 3LHFHZLVH�FRQWLQXRXV PRLVWXUH FRQFHQWUDWLRQ SURnOHV JHQHUDWHG ZLWK
WKH LPSRVHG DGGLWLRQDO VLJQDO PDJQLWXGH FRQVHUYDWLRQ UHTXLUHPHQW� � ���

����� $ VXFFHVVIXO FDVH RI D WKUHH�UHJLRQ LQYHUVH SUREOHP FDOFXODWLRQ XVLQJ
DQ LWHUDWLYH RSWLPL]DWLRQ DSSURDFK ZLWK V\QWKHWLF GDWD� 7KH JUD\
VFDOH UHIHUV WR WKH ORFDO SUHVVERDUG PRLVWXUH FRQFHQWUDWLRQ LQ �� � � � ���

����� $ VFKHPDWLF UHSUHVHQWDWLRQ RI WKH H[SHULPHQWDO DUUDQJHPHQW� 7KH
SUHVVERDUG LV PRGHOHG DV D WKUHH OD\HU PHGLXP ZLWK GLVWLQFW SURSHUWLHV
IRU HDFK OD\HU UHODWHG WR WKH TXDQWLW\ RI PRLVWXUH LQ HDFK OD\HU� ,Q
H[SHULPHQWV DQG FRPSXWHU VLPXODWLRQV WKH SHUIRUDWHG SODWH LV PDGH
RI 7HoRQ ��U  ��� DQG }  ��� � � � � � � � � � � � � � � � � � � � � � ���

����� &DOFXODWHG WLPH SURnOHV RI DYHUDJH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI
FRPSRXQG OD\HUV RI RLO�LPSUHJQDWHG WUDQVIRUPHU SUHVVERDUG HVWLPDWHG
E\ LQGLYLGXDO ZDYHOHQJWKV XVLQJ KRPRJHQHRXV UHJLRQ PRGHOV IRU V\Q�
WKHWLF GDWD LQ )LJXUH ������ � � � � � � � � � � � � � � � � � � � � � � � ���

����� &DOFXODWHG WLPH SURnOHV RI DYHUDJH FRQGXFWLYLW\ RI FRPSRXQG OD\HUV RI
RLO�LPSUHJQDWHG WUDQVIRUPHU SUHVVERDUG HVWLPDWHG E\ LQGLYLGXDO ZDYH�
OHQJWKV XVLQJ KRPRJHQHRXV UHJLRQ PRGHOV� � � � � � � � � � � � � � � � ���

����� 6WDLU�VWHS VSDWLDO SURnOHV RI DYHUDJH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ DQG
FRQGXFWLYLW\ LQ RLO�LPSUHJQDWHG WUDQVIRUPHU SUHVVERDUG DW VHOHFWHG
PRPHQWV RI WLPH LQ KRXUV EDVHG RQ SHUPLWWLYLW\ SURnOHV VKRZQ LQ
)LJXUH ����� DQG FRQGXFWLYLW\ SURnOHV RI )LJXUH ������ (DFK OHYHO FRU�
UHVSRQGV WR WKH DYHUDJH HVWLPDWHG YDOXH LQ WKH FRPSRXQG UHJLRQV RI
)LJXUH ������D� ZLWKLQ UHDFK RI D JLYHQ SHQHWUDWLRQ GHSWK� � � � � � � ���

����� &DOFXODWHG FKDQJH RI WKH LQWHUHOHFWURGH FDSDFLWDQFH &�� SHU RQH PHWHU
OHQJWK ZLWK WKH LQFUHDVH RI WKH GLHOHFWULF WKLFNQHVV ��U  ����� ZLWK DLU
DERYH WKH GLHOHFWULF� IRU HDFK ZDYHOHQJWK RI WKH WKUHH�ZDYHOHQJWK VHQVRU����

����� &DOFXODWHG FKDQJH RI WKH LQWHUHOHFWURGH FDSDFLWDQFH &�� RI WKH WKUHH�
ZDYHOHQJWK VHQVRU QRUPDOL]HG WR WKH KLJKHVW DQG ORZHVW FDSDFLWDQFH
YDOXHV DV JLYHQ E\ ������ FOHDUO\ LOOXVWUDWHV WKH YDULDWLRQ RI WKH HmHFWLYH
SHQHWUDWLRQ GHSWK� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 7LPH SURnOHV RI DYHUDJH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ LQ HDFK LQGLYLG�
XDO OD\HU RI RLO�LPSUHJQDWHG WUDQVIRUPHU SUHVVERDUG HVWLPDWHG XVLQJ
ZHLJKWLQJ FRHpFLHQWV� � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 7LPH SURnOHV RI DYHUDJH FRQGXFWLYLW\ LQ HDFK LQGLYLGXDO OD\HU RI RLO�
LPSUHJQDWHG WUDQVIRUPHU SUHVVERDUG HVWLPDWHG XVLQJ ZHLJKWLQJ FRHI�
nFLHQWV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 6WDLU�VWHS VSDWLDO SURnOHV RI UHODWLYH GLHOHFWULF SHUPLWWLYLW\ DQG FRQ�
GXFWLYLW\ LQ HDFK LQGLYLGXDO OD\HU LQ )LJXUH ������E� RI WUDQVIRUPHU
SUHVVERDUG DW VHOHFWHG PRPHQWV RI WLPH� � � � � � � � � � � � � � � � � ���

����� 6WDLU�VWHS SURnOHV RI PRLVWXUH FRQFHQWUDWLRQ HVWLPDWHG IURP SURnOHV
RI GLHOHFWULF SURSHUWLHV XVLQJ ������ DQG ������� ,GHDOO\� ERWK SURnOHV
VKRXOG EH WKH VDPH� � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��
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����� ,OOXVWUDWLRQ RI WUDQVLWLRQ IURP VWDLU�VWHS WR SLHFHZLVH OLQHDU FRQWLQXRXV
SURnOHV� �� ORZ PRLVWXUH FRQFHQWUDWLRQ� �� FULWLFDO PRLVWXUH FRQFHQ�
WUDWLRQ� �� KLJK PRLVWXUH FRQFHQWUDWLRQ� 7R WKH nUVW DSSUR[LPDWLRQ�
WKH DUHD XQGHU WKH ROG UHFWDQJXODU SURnOH �KRUL]RQWDO OLQH� WR WKH QHZ
WULDQJXODU RU WUDSH]RLGDO SURnOHV UHPDLQV DW WKH UDWLR RI m� � � � � � � ���

����� 3LHFHZLVH OLQHDU FRQWLQXRXV SURnOHV RI PRLVWXUH FRQFHQWUDWLRQ REWDLQHG
ZLWK ��������������� DW GLmHUHQW PRPHQWV RI WLPH LQ KRXUV� � � � � � � ���

����� 6PRRWK FRQWLQXRXV SURnOHV RI PRLVWXUH FRQFHQWUDWLRQ FDOFXODWHG IURP
)LJXUH ����� XVLQJ D WKLUG RUGHU SRO\QRPLDO DSSUR[LPDWLRQ� � � � � � ���

����� 0HDVXUHG FDSDFLWDQFH EHWZHHQ HDFK HOHFWURGH SDLU WKURXJKRXW WKH
PRLVWXUH GLmXVLRQ H[SHULPHQW IRU HDFK VHQVRU ZDYHOHQJWK DW � +]� � � ���

����� $YHUDJH PRLVWXUH OHYHO PHDVXUHG E\ HDFK ZDYHOHQJWK� UHJLRQ � ��
PP�� UHJLRQV � DQG � ���� PP�� DQG UHJLRQV �� �� DQG � �� PP� XVLQJ
)LJXUH ����� ZLWK �������� � � � � � � � � � � � � � � � � � � � � � � � � ���

����� &DOFXODWHG VSDWLDO SURnOHV RI PRLVWXUH FRQFHQWUDWLRQ DFURVV WKH WKLFN�
QHVV RI SUHVVERDUG IURP GLHOHFWURPHWU\ PHDVXUHPHQWV XVLQJ ' { ���d
��b�� P��V� 1XPEHUV QH[W WR WKH FXUYHV FRUUHVSRQG WR WKH WLPH LQ
KRXUV DW ZKLFK WKH SURnOH ZDV PHDVXUHG� 7KHVH FXUYHV ZHUH REWDLQHG
XVLQJ D SRO\QRPLDO DSSUR[LPDWLRQ RI WKH VWDLU�VWHS UHSUHVHQWDWLRQ VLP�
LODU WR WKDW VKRZQ LQ )LJXUH ������ � � � � � � � � � � � � � � � � � � � ���

����� 7KHRUHWLFDO VSDWLDO SURnOHV RI PRLVWXUH FRQFHQWUDWLRQ DFURVV WKH WKLFN�
QHVV RI SUHVVERDUG FDOFXODWHG XVLQJ D GLmXVLRQ FRHpFLHQW RI '  
���d��b�� P��V� VHOHFWHG EDVHG RQ WKH EHVW YLVXDO PDWFK RI WKH FXUYHV
LQ WKH ORZ JUDGLHQW UHJLRQ� 1XPEHUV QH[W WR WKH FXUYHV FRUUHVSRQG WR
WKH WLPH LQ KRXUV DIWHU WKH PRLVWXUH ZDV VWHSSHG RQ WR ���� DW [  �� ���

����� )UHTXHQF\ VSHFWURPHWU\ UHVXOWV IRU RLO�LPSUHJQDWHG +L�9DO � PP WKLFN
SUHVVERDUG DW ��p&� � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 7KH DQWLSHUVRQQHO SODVWLF ODQGPLQH 0��� � � � � � � � � � � � � � � � � ���

���� $ WZR�GLPHQVLRQDO FURVV�VHFWLRQ RI WKH KDOI�ZDYHOHQJWK FHOO RI WKH LQ�
WHUGLJLWDO ODQGPLQH GHWHFWRU ZLWK HTXLSRWHQWLDO OLQHV IRU WKH ��U ����
ODQGPLQH LQ VDQG ��U ��� 7KH ZDYHOHQJWK LV �� FP DQG WKH GLVWDQFH
IURP WKH VHQVRU HOHFWURGHV WR WKH VDQG LV � FP� � � � � � � � � � � � � � ���

���� &DOFXODWHG UHVSRQVH RI WKH �� FP ZDYHOHQJWK VHQVRU WR WKH KRUL]RQWDO
GLVSODFHPHQW DERYH WKH ODQGPLQH DW ]HUR EXULHG GHSWK ZLWK � FP
EHWZHHQ WKH VHQVRU DQG VRLO IRU YDULRXV ODQGPLQH PDWHULDOV� � � � � � ���

���� &DOFXODWHG UHVSRQVH RI WKH �� FP ZDYHOHQJWK VHQVRU WR WKH FKDQJH LQ
WKH ODQGPLQH EXULHG GHSWK ZLWK WKH ODQGPLQH DW WKH FHQWHUOLQH RI WKH
KDOI ZDYHOHQJWK DW ]HUR EXULHG GHSWK ZLWK � FP EHWZHHQ WKH VHQVRU
DQG VRLO IRU YDULRXV ODQGPLQH PDWHULDOV� � � � � � � � � � � � � � � � � ���

���� &DOFXODWHG UHVSRQVH RI WKH �� FP ZDYHOHQJWK VHQVRU WR WKH KRUL]RQWDO
GLVSODFHPHQW DERYH WKH ODQGPLQH DW ]HUR EXULHG GHSWK ZLWK � FP
EHWZHHQ WKH VHQVRU DQG VRLO IRU YDULRXV ODQGPLQH PDWHULDOV� � � � � � ���

��
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���� &DOFXODWHG UHVSRQVH RI WKH �� FP ZDYHOHQJWK VHQVRU WR WKH FKDQJH LQ
WKH ODQGPLQH EXULHG GHSWK ZLWK WKH ODQGPLQH DW WKH FHQWHUOLQH RI WKH
KDOI ZDYHOHQJWK DW ]HUR EXULHG GHSWK ZLWK � FP EHWZHHQ WKH VHQVRU
DQG WKH JURXQG IRU YDULRXV ODQGPLQH PDWHULDOV� � � � � � � � � � � � � ���

���� &DOFXODWHG UHVSRQVH RI WKH �� FP ZDYHOHQJWK VHQVRU WR WKH FKDQJH LQ
WKH EXULHG GHSWK ZLWK ODQGPLQH DW WKH FHQWHUOLQH RI WKH KDOI ZDYH�
OHQJWK DW ]HUR EXULHG GHSWK ZLWK � FP EHWZHHQ WKH VHQVRU DQG VRLO IRU
YDULRXV ODQGPLQH PDWHULDOV� � � � � � � � � � � � � � � � � � � � � � � � ���

���� 6LPXODWHG FDSDFLWDQFH SHU PHWHU OHQJWK ZLWK DQG ZLWKRXW ODQGPLQH
IRU WKUHH VSDWLDO ZDYHOHQJWKV RI LQWHUGLJLWDO HOHFWURGHV� � � � � � � � � ���

���� 6LPXODWHG FDSDFLWDQFH GHULYDWLYH ZLWK UHVSHFW WR WKH ORJDULWKP RI IUH�
TXHQF\ DFFHQWXDWHV WKH FKDUDFWHULVWLF VLJQDWXUH RI WKH ODQGPLQH� 7KH
H[SHULPHQWDO GDWD UHTXLUHV FODVVLF VPRRWKLQJ RI GHULYDWLYH EDVHG RQ
nYH�SRLQW ORFDO DSSUR[LPDWLRQ� � � � � � � � � � � � � � � � � � � � � � ���

����� 6LPXODWHG FRQGXFWDQFH SHU PHWHU OHQJWK ZLWK DQG ZLWKRXW ODQGPLQH
IRU WKUHH VSDWLDO ZDYHOHQJWKV RI LQWHUGLJLWDO HOHFWURGHV� � � � � � � � � ���

����� 6LPXODWHG FRQGXFWDQFH GHULYDWLYH ZLWK UHVSHFW WR WKH ORJDULWKP RI
IUHTXHQF\ DFFHQWXDWHV WKH FKDUDFWHULVWLF VLJQDWXUH RI WKH ODQGPLQH� � ���

����� ,UUHJXODULW\ RI WHUUDLQ FRPSOLFDWHV WKH WDVN RI PLQH VHDUFK LI WKH UHFRJ�
QLWLRQ DOJRULWKPV DUH EDVHG VROHO\ RQ WKH DPSOLWXGH PHDVXUHPHQW� � � ���

����� 7KH DPSOLWXGH VHQVRU UHVSRQVH �w  �� FP� WR WKH PRYHPHQW LQ WKH
KRUL]RQWDO SODQH LV YHU\ VLPLODU IRU WKH FDVHV RI WKH EXULHG $%6 EORFN
�ODQGPLQH� DQG XQHYHQ VXUIDFH VKRZQ LQ )LJXUH ������ $OO OLQHV DUH
IRU WKH oDW VXUIDFH H[FHSW IRU WKH DVWHULVNV� � � � � � � � � � � � � � � � ���

����� )UHTXHQF\ GHULYDWLYH VSHFWURVFRS\ DQDO\VLV IRU WKH FDVH RI VXUIDFH LU�
UHJXODULW\ VKRZQ LQ )LJXUH ����� IRU WKH �� FP ZDYHOHQJWK VHQVRU�
&RPSDULVRQ RI FDVHV ZLWK oDW DQG ZLWK LUUHJXODU VRLO VXUIDFH� � � � � � ���

����� )UHTXHQF\ GHULYDWLYH VSHFWURVFRS\ DQDO\VLV IRU WKH FDVH RI VXUIDFH LU�
UHJXODULW\ VKRZQ LQ )LJXUH ����� IRU WKH �� FP ZDYHOHQJWK VHQVRU�
&RPSDULVRQ RI FDVHV ZLWK oDW DQG ZLWK LUUHJXODU VRLO VXUIDFH� � � � � � ���

����� $ 0DWKFDG ZRUNVKHHW H[DPSOH IRU FRQYHUWLQJ JDLQ DQG SKDVH RXWSXW
RI WKH SDUDOOHO SODWH VHQVRU IRU PHDVXUHPHQWV LQ oRDWLQJ YROWDJH PHD�
VXUHPHQW PRGH ZLWK QR FRQGXFWLYLW\ SUHVHQW� ,QFOXGHG KHUH IRU HDV\
UHIHUHQFH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� *DLQ DQG SKDVH RXWSXW RI WKH SDUDOOHO SODWH VHQVRU IRU PHDVXUHPHQWV
LQ DLU LQ oRDWLQJ YROWDJH PRGH� &/  ����� S)� � � � � � � � � � � � � ���

����� &DSDFLWDQFH RI WKH SDUDOOHO SODWH VHQVRU LQ DLU HVWLPDWHG IURP WKH GDWD
LQ )LJXUH ������ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ RI DLU HVWLPDWHG XVLQJ FDOLEUDWLRQ SD�
UDPHWHUV DQG GDWD LQ )LJXUH ������ � � � � � � � � � � � � � � � � � � � ���

��
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����� *DLQ DQG SKDVH RI VDQG YV� IUHTXHQF\ HVWLPDWHG XVLQJ WKH SDUDOOHO
SODWH VHQVRU� 7KH SKDVH EUHDNSRLQW DQG WKH IUHTXHQF\ DURXQG �� +]
VXJJHVWV WKDW LW PLJKW EH D JRRG IUHTXHQF\ IRU VHDUFKLQJ LQGLYLGXDO
VLJQDWXUHV RI EXULHG REMHFWV� � � � � � � � � � � � � � � � � � � � � � � � ���

����� &DSDFLWDQFH DQG FRQGXFWDQFH RI VDQG YV� IUHTXHQF\ HVWLPDWHG IURP
GDWD LQ )LJXUH ������ 2QH FDQ VHH WKDW ZLWK WKLV WUDGLWLRQDO UHS�
UHVHQWDWLRQ WKH GLHOHFWULF UHVSRQVH GRHV QRW KDYH VLJQLnFDQW GLVWLQFW
IHDWXUHV� EXW UDWKHU VKRZV FRQGXFWDQFH JURZWK DQG FDSDFLWDQFH GHFD\
ZLWK LQFUHDVLQJ IUHTXHQF\� � � � � � � � � � � � � � � � � � � � � � � � � ���

����� /RVV DQJOH WDQ p RI VDQG YV� IUHTXHQF\ IRU WKH GDWD LQ )LJXUH ������
)RU D SDUDOOHO SODWH FDSDFLWRU JHRPHWU\� WDQ p LV H[DFWO\ HTXDO WR WKH
UDWLR &�� �*��� EXW LW LV QRW WUXH IRU IULQJLQJ nHOG JHRPHWU\� ,QWHUHVW�
LQJO\� IRU WKH SDUDOOHO SODWH JHRPHWU\ WKH HUURU LQ WKH HVWLPDWLRQ RI WKH
JHRPHWULFDO GLPHQVLRQV GRHV QRW LQWURGXFH HUURUV LQWR WKH HVWLPDWLRQ
RI WDQ p� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 5HDO SDUW RI LPSHGDQFH YV� QHJDWLYH LPDJLQDU\ SDUW RI LPSHGDQFH IRU
WKH GDWD LQ )LJXUH ������ 1RWLFH WKDW LQ FRPSDULVRQ ZLWK WKH VXJDU
GDWD ZKLFK ZLOO EH SUHVHQWHG LQ )LJXUH ������ KLJK FRQGXFWLYLW\ YDOXHV
DW ORZ IUHTXHQFLHV GRPLQDWH DSSUR[LPDWHO\ WKH VHPL�FLUFXODU VKDSH RI
WKH 1\TXLVW SORW ZLWK D EUHDNSRLQW IUHTXHQF\ DW DERXW �� +]� � � � � ���

����� 5HDO DQG LPDJLQDU\ SDUWV RI LPSHGDQFH RI VDQG YV� IUHTXHQF\ HVWL�
PDWHG EDVHG RQ WKH GDWD LQ )LJXUH ������ ,PSHGDQFH VSHFWURVFRS\
DOVR WHQGV WR HPSKDVL]H ORZHU IUHTXHQFLHV� 6LQFH LW JHQHUDOO\ LV XVHG
PRUH IUHTXHQWO\ WKDQ WKH DGPLWWDQFH VSHFWURVFRS\� LW VKRXOG QRW EH
RYHUORRNHG LQ WKH VHDUFK SURFHVV IRU UHOLDEOH ODQGPLQH GHWHFWLRQ WHFK�
QLTXHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ DQG FRQGXFWLYLW\ RI VDQG HVWLPDWHG
IURP )LJXUH ����� GDWD� $ GHFUHDVH RI UHODWLYH GLHOHFWULF SHUPLWWLYLW\
ZLWK IUHTXHQF\ LV FKDUDFWHULVWLF IRU DOO PDWHULDOV �DOWKRXJK QRW QHFHV�
VDULO\ LQ WKH VKRZQ IUHTXHQF\ UDQJH�� 7KH ODUJH LQFUHDVH RI DSSDUHQW
FRQGXFWLYLW\ ZLWK IUHTXHQF\ LV IUHTXHQWO\ REVHUYHG LQ JUDQXODU PDWH�
ULDOV� ,W LV LPSRUWDQW WR NQRZ ZKHWKHU SODVWLF H[SORVLYHV DUH H[SHFWHG
WR DSSHDU LQ JUDQXODU RU VROLG IRUP DQG WKH VL]H RI WKH JUDLQV� � � � � ���

����� 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ DQG ORVV IDFWRU RI VDQG YV� IUHTXHQF\
HVWLPDWHG IURP )LJXUH ����� GDWD� 7KH VORSH RI ORJ ��� LV DSSUR[LPDWHO\
���� LQ WKH OLQHDU UHJLRQ� ZKLFK LQGLFDWHV WKH GLVSHUVLYH QDWXUH RI WKH
PDWHULDO UHVSRQVH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� /RVV WDQJHQW RI VDQG YV� IUHTXHQF\ XVLQJ SDUDOOHO SODWH VHQVRU ZLWK
WKH GDWD IURP )LJXUH ������ � � � � � � � � � � � � � � � � � � � � � � � ���
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����� 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ DQG ORVV IDFWRU RI VDQG YV� IUHTXHQF\
�FLUFOHV� HVWLPDWHG IURP )LJXUH ����� GDWD� 7KH SURMHFWLRQ RQ WKH
EDFNSODQH �[
V� LV D &ROH�&ROH SORW� RI D QHDUO\ VHPL�FLUFXODU VKDSH�
0RGHOLQJ RI &ROH�&ROH SORWV XVLQJ FRQVWDQW YDOXH FLUFXLW HTXLYDOHQW
HOHPHQWV DQG FRQVWDQW SKDVH HOHPHQWV �&3(� KHOSV WKH XQGHUVWDQGLQJ
RI PLFUR� DQG PDFUR�VWUXFWXUH RI WKH PDWHULDO XQGHU WHVW� � � � � � � � ���

����� 5HDO DQG LPDJLQDU\ SDUWV RI WKH FRPSOH[ PRGXOXV 0  0 �b M0 ��  
� �e RI VDQG YV� IUHTXHQF\ IRU )LJXUH ����� GDWD� 0RGXOXV VSHF�
WURVFRS\ SORWV XVXDOO\ HPSKDVL]H KLJK IUHTXHQF\ IHDWXUHV RI GLHOHFWULF
GDWD� ZKLFK PDNHV LW SRWHQWLDOO\ D YHU\ YDOXDEOH WRRO IRU KLJK�VSHHG
nHOG DSSOLFDWLRQV� ,Q WKLV SORW RQH RI WKH PRVW VDOLHQW IHDWXUHV LV WKH
PD[LPXP RI 0 �� DW DERXW � N+]� � � � � � � � � � � � � � � � � � � � � ���

����� 0HDVXUHG JDLQ DQG SKDVH RI VXJDU YV� IUHTXHQF\ XVLQJ WKH SDUDOOHO
SODWH VHQVRU LQ oRDWLQJ YROWDJH PRGH ZLWK ORDG FDSDFLWDQFH &/  �����
S)� 7KLV UHVSRQVH LV YHU\ VLPLODU WR WKDW RI VDQG LQ )LJXUH ������ H[FHSW
WKH PLQLPXP SKDVH SRLQW LV ORFDWHG DW DERXW � +]� � � � � � � � � � � ���

����� &DSDFLWDQFH DQG FRQGXFWDQFH RI VXJDU YV� IUHTXHQF\ FDOFXODWHG IURP
)LJXUH ����� ZLWK ORDG FDSDFLWDQFH &/  ����� S)� � � � � � � � � � � ���

����� /RVV WDQJHQW WDQ p  *�� �&�� IRU WKH GDWD LQ )LJXUH ������ � � � � � ���

����� 5HDO SDUW RI LPSHGDQFH YV� QHJDWLYH LPDJLQDU\ SDUW RI LPSHGDQFH IRU
WKH GDWD LQ )LJXUH ������ 1RWLFH WKDW LQ FRPSDULVRQ ZLWK WKH VDQG
GDWD LQ )LJXUH ������ WKH ORZHU FRQGXFWLYLW\ YDOXHV DW ORZ IUHTXHQFLHV
UHVXOW LQ D FOHDUO\ YLVLEOH VHPL�FLUFXODU VKDSH RI WKH 1\TXLVW SORW ZLWK
D EUHDNSRLQW IUHTXHQ\ DW � +]� � � � � � � � � � � � � � � � � � � � � � ���

����� 5HDO DQG LPDJLQDU\ SDUWV RI LPSHGDQFH RI VXJDU YV� IUHTXHQF\ IRU WKH
GDWD LQ )LJXUH ������ 1RWLFH WKDW WKLV UHSUHVHQWDWLRQ KDV PRUH VDOLHQW
IHDWXUHV WKDQ WKH DGPLWWDQFH UHSUHVHQWDWLRQ LQ )LJXUH ������ � � � � � ���

����� 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ DQG FRQGXFWLYLW\ RI VXJDU IRU WKH GDWD
LQ )LJXUH ������ $JDLQ� D ODUJH LQFUHDVH LQ FRQGXFWLYLW\ DQG GHFD\
LQ GLHOHFWULF SHUPLWWLYLW\ ZLWK LQFUHDVLQJ IUHTXHQF\ GRPLQDWHV WKH IUH�
TXHQF\ UHVSRQVH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ DQG ORVV IDFWRU RI VXJDU YV� IUHTXHQF\
IRU WKH GDWD LQ )LJXUH ������ 7KH ORJ ��� SORW LV QHDUO\ OLQHDU IRU WKH
HQWLUH PHDVXUHG IUHTXHQF\ UDQJH ZLWK D QHJDWLYH VORSH RI DERXW ����
VKRZLQJ WKDW VXJDU LV IUHTXHQF\ GLVSHUVLYH LQ WKLV IUHTXHQF\ UDQJH� � � ���

����� 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ DQG ORVV IDFWRU RI VXJDU YV� IUHTXHQF\
HVWLPDWHG IRU )LJXUH ����� GDWD� 7KH SURMHFWLRQ RQ WKH EDFNSODQH LV D
&ROH�&ROH SORW ZLWK VKDSH WKDW VLJQLnFDQWO\ GHSDUWV IURP D VHPL�FLUFOH�
&RPSDUH ZLWK DQDORJRXV GDWD IRU VDQG LQ )LJXUH ������ 0RGHOLQJ RI
&ROH�&ROH SORWV XVLQJ FRQVWDQW YDOXH FLUFXLW HTXLYDOHQW HOHPHQWV DQG
FRQVWDQW SKDVH HOHPHQWV �&3(� KHOSV LQ WKH XQGHUVWDQGLQJ RI PLFUR�
DQG PDFURVWUXFWXUH RI WKH PDWHULDO XQGHU WHVW� � � � � � � � � � � � � � ���
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����� 5HDO DQG LPDJLQDU\ SDUWV RI WKH FRPSOH[ PRGXOXV 0  � �e  
0 �bM0 �� RI VXJDU YV� IUHTXHQF\ IRU )LJXUH ����� GDWD� 0RGXOXV VSHF�
WURVFRS\ SORWV XVXDOO\ HPSKDVL]H KLJK IUHTXHQF\ IHDWXUHV RI GLHOHFWULF
GDWD� ZKLFK PDNHV LW SRWHQWLDOO\ D YHU\ YDOXDEOH WRRO IRU KLJK�VSHHG
nHOG DSSOLFDWLRQV� ,Q WKLV SORW RQH RI WKH PRVW VDOLHQW IHDWXUHV LV WKH
PD[LPXP RI 0 �� DW DERXW � N+]� 7KH QRLVH DERYH � N+] LV GXH WR
VSHHG OLPLWDWLRQV RI WKH KLJK LQSXW LPSHGDQFH RSHUDWLRQDO DPSOLnHU
$'��� LQ WKH GLHOHFWURPHWU\ LQWHUIDFH FLUFXLWU\� ,I QHHGHG� D IDVWHU
RS�DPS FDQ EH XVHG DW WKHVH IUHTXHQFLHV� � � � � � � � � � � � � � � � � ���

����� 3UHVHQW GHVLJQ RI WKH IULQJLQJ nHOG ODQGPLQH GHWHFWRU VKRZLQJ FRP�
SXWHG HOHFWULF nHOG DUURZV LQ DLU� ' � GULYH� 6 � VHQVH� 6* � VHQVH
JXDUG� * � JXDUG� 6* DQG * DUH DW WKH VDPH QRGH IURP WKH HOHFWURQLF
FLUFXLW SRLQW RI YLHZ� 0DQ\ HOHFWULF nHOG DUURZV JR VWUDLJKW IURP WKH
GULYHQ WR VHQVLQJ HOHFWURGH ZLWKRXW UHDFKLQJ WKH IULQJLQJ nHOG UHJLRQ
RI LQWHUHVW EHORZ WKH GULYH DQG VHQVH HOHFWURGHV� � � � � � � � � � � � � ���

����� ,PSURYHG GHVLJQ RI WKH IULQJLQJ nHOG ODQGPLQH GHWHFWRU VKRZLQJ FRP�
SXWHG HOHFWULF nHOG DUURZV LQ DLU� ' � GULYH� 6 � VHQVH� * � JXDUG� $OO
* HOHFWURGHV DUH DW WKH VDPH QRGH IURP WKH HOHFWURQLF FLUFXLW SRLQW RI
YLHZ� ,Q WKLV GHVLJQ� WKH FDSDFLWDQFH EHWZHHQ WKH GULYHQ DQG VHQVLQJ
HOHFWURGHV LV VPDOOHU WKDQ LQ WKH FDVH VKRZQ LQ )LJXUH ������ KRZHYHU
WKH SHUFHQW LQFUHDVH RI WKH FDSDFLWDQFH GXH WR WKH SUHVHQFH RI KLJK
SHUPLWWLYLW\ VDQG GLHOHFWULF LQ WKH IULQJLQJ nHOG UHJLRQ � FP EHORZ WKH
GULYH DQG VHQVH HOHFWURGHV LV KLJKHU� � � � � � � � � � � � � � � � � � � � ���

����� 6HQVRU DQG ODQGPLQH PRGHO XVHG LQ VLPXODWLRQV� 7KH WRWDO VHQVRU
ZLGWK LV �� FP� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 0HDVXUHG FDSDFLWDQFH YV� ODWHUDO GLVWDQFH IRU D 7HoRQ ODQGPLQH VXU�
URJDWH DW ]HUR GHSWK� 7KH FDSDFLWDQFH DFKLHYHV LWV H[WUHPXP YDOXHV
ZKHQ WKH PLQH LV FORVHVW WR WKH LQQHU HGJHV RI VHQVLQJ DQG GULYH HOHF�
WURGHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 0HDVXUHG FRQGXFWDQFH YV� ODWHUDO GLVWDQFH IRU D 7HoRQ ODQGPLQH VXU�
URJDWH DW ]HUR GHSWK� 7KH UHVSRQVH LV QRW V\PPHWULFDO GXH WR WKH
SUHVHQFH RI WKH JXDUG HOHFWURGH GLUHFWO\ XQGHU WKH VHQVLQJ HOHFWURGH�
7KH FRQGXFWDQFH DFKLHYHV LWV H[WUHPXP YDOXHV ZKHQ WKH PLQH LV FORV�
HVW WR WKH LQQHU HGJHV RI VHQVLQJ DQG GULYH HOHFWURGHV� � � � � � � � � � ���

����� 0HDVXUHG FDSDFLWDQFH YV� GLVWDQFH IRU DQ DOXPLQXP ODQGPLQH VXU�
URJDWH DW ]HUR GHSWK� 7KH FDSDFLWDQFH DFKLHYHV LWV H[WUHPXP YDOXHV
ZKHQ WKH PLQH LV FORVHVW WR WKH LQQHU HGJHV RI VHQVLQJ DQG GULYH HOHF�
WURGHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 0HDVXUHG FRQGXFWDQFH YV� GLVWDQFH IRU DQ DOXPLQXP ODQGPLQH VXUUR�
JDWH DW ]HUR GHSWK� 7KH UHVSRQVH LV QRW V\PPHWULFDO GXH WR WKH SUHV�
HQFH RI D JXDUG HOHFWURGH GLUHFWO\ XQGHU WKH VHQVLQJ HOHFWURGH� 7KH
FRQGXFWDQFH DFKLHYHV LWV H[WUHPXP YDOXHV ZKHQ WKH PLQH LV FORVHVW WR
WKH LQQHU HGJHV RI VHQVLQJ DQG GULYH HOHFWURGHV� � � � � � � � � � � � � ���
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���� $Q 6(0 PLFURJUDSK RI WKH FDUERQ PLFURVSKHUH� 7KH ZKLWH OLQH LV ���
xP ��� PP LQ WKH LPDJH�� *DUPHQW nEHUV DUH VHHQ LQ WKH XSSHU OHIW
FRUQHU� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� $Q 6(0 PLFURJUDSK RI WKH FDUERQ PLFURVSKHUH VXUIDFH DW ����� PDJ�
QLnFDWLRQ� 7KH WROXHQH PROHFXOHV DWWDFK WR WKH VXUIDFH RI DFWLYDWHG
FDUERQ� WKHUHIRUH D ODUJH VXUIDFH DUHD LV LPSRUWDQW IRU WKLV DSSOLFDWLRQ� ���

���� $Q 6(0PLFURJUDSK RI WKH FDUERQ PLFURVSKHUH VXUIDFH DW ������ PDJ�
QLnFDWLRQ UHYHDOV PDWHULDO SRURVLW\� � � � � � � � � � � � � � � � � � � � ���

���� $ VFKHPDWLF RI WKH H[SHULPHQWDO YDFXXP WHVW FKDPEHU IRU VLPXOWD�
QHRXV PHDVXUHPHQWV ZLWK LQWHUGLJLWDO VHQVRU� SDUDOOHO SODWH VHQVRU�
ZHLJKW PRQLWRULQJ RI VDPSOHV� DQG FRQWURO RI SUHVVXUH� WHPSHUDWXUH�
DQG KXPLGLW\� �)LQDO YHUVLRQ GUDZQ E\ $QG\ :DVKDEDXJK RI -HQWHN
6HQVRUV�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� )UHTXHQF\ UHVSRQVH RI WKH 7HoRQ 7:6 LQ DLU ZLWK D 6DUDWRJD VDPSOH
SUHVVHG DJDLQVW LW� *DLQ�SKDVH IUHTXHQF\ VZHHS VKRZV WKDW PHDVXUH�
PHQW RI RXWJDVVLQJ DW � +] LV XQOLNHO\ WR SURGXFH D QRWLFHDEOH SKDVH
FKDQJH RQ WKH � PP ZDYHOHQJWK PHDVXUHPHQW EHFDXVH WKH SKDVH FXUYH
KDV D QHDUO\ ]HUR GHULYDWLYH DW WKDW IUHTXHQF\� /HJHQG� ?���� PP�?R��
��� PP�?��� PP� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 7KH FKDQJH LQ WKH FRQFHQWUDWLRQ RI WKH DEVRUEHG WROXHQH LV GHWHFWHG
E\ DOO WKUHH ZDYHOHQJWKV DIWHU LW H[FHHGV � PJ�VT� FP� 0HDVXUHPHQW LV
GRQH DW � +]� 7KH IUHTXHQF\ RI � +] LV QRW RSWLPDO IRU SKDVH GHWHFWLRQ
RQ WKH � PP ZDYHOHQJWK FKDQQHO� � � � � � � � � � � � � � � � � � � � � ���

���� 7KH VDPH VDPSOH DV LQ )LJXUH ���� ZLWK PHDVXUHPHQWV DW �� +]� 7KH
FKDQJH LQ WKH FRQFHQWUDWLRQ RI WKH DEVRUEHG WROXHQH LV GHWHFWHG E\ DOO
WKUHH ZDYHOHQJWKV DIWHU LW H[FHHGV {� PJ�VT� FP� � � � � � � � � � � � ���

���� 7KH GDWD LQ )LJXUH ���� �IRU �� +]� FRQYHUWHG LQWR WHUPLQDO WUDQVFRQ�
GXFWDQFH� ZKLFK VHHPV WR EH WKH PRVW UHOLDEOH LQGLFDWRU RI VDWXUDWLRQ� ���

���� 7KH GDWD LQ )LJXUH ���� �IRU �� +]� FRQYHUWHG LQWR WHUPLQDO WUDQ�
VFDSDFLWDQFH� 7KH FKDQJH LV PRUH DEUXSW DERYH � PJ�FP�� SRVVLEO\
GXH WR D VKLHOGLQJ OD\HU RI WROXHQH ERQGV IRUPHG RQ WKH VXUIDFH RI WKH
PLFURVSKHUHV� ZKLFK FKDQJHV WKH JUDLQ ERXQGDU\ FRQGLWLRQV� � � � � � ���

����� 7KUHH�SRLQW PRYLQJ DYHUDJH RI FDSDFLWDQFH DV D IXQFWLRQ RI VXUIDFH
SRVLWLRQ IRU D ��� PP ZDYHOHQJWK VHQVRU LQGLFDWHV VXpFLHQW VHQVLWLYLW\
WR WKH SUHVHQFH RI FUDFNV LQ nEHUJODVV o\ZKHHOV� � � � � � � � � � � � � ���

���� $ VFKHPDWLF UHSUHVHQWDWLRQ RI WKH LQWHUGLJLWDO VHQVRU XVHG LQ FRQMXQF�
WLRQ ZLWK D VHOHFWLYH FRDWLQJ DQG D K\GURSKRELF PHPEUDQH� 2QO\
GHVLJQDWHG PROHFXOHV DUH DWWDFKHG WR WKH VHOHFWLYH FRDWLQJ� DQG PRLV�
WXUH FDQ QRW SHQHWUDWH LQWR WKH EXON RI WKH FRDWLQJ� 7KH LQWHUSUHWDWLRQ
RI WKH VHQVRU UHVSRQVH� KRZHYHU� EHFRPHV PRUH GLpFXOW� � � � � � � � ���

%�� ,QWHUGLJLWDWHG HOHFWURGH VWUXFWXUH ZLWK D QXPEHU RI KRPRJHQHRXV OD\�
HUV DERYH LW� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��
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%�� /XPSHG FLUFXLW PRGHO IRU WKH LQWHUGLJLWDWHG VHQVRU VWUXFWXUH ZLWKLQ
WKH GDVKHG ER[ DQG VKRZQ ZLWK JURXQGHG VHQVLQJ HOHFWURGH� � � � � � ���

%�� $ UHSUHVHQWDWLYH OD\HU RI KRPRJHQHRXV PDWHULDO� � � � � � � � � � � � � ���
%�� 3LHFHZLVH�VPRRWK FROORFDWLRQ�SRLQW DSSUR[LPDWLRQ WR WKH SRWHQWLDO EH�

WZHHQ WKH HOHFWURGHV RI DQ LQWHUGLJLWDWHG VWUXFWXUH� 7KUHH FROORFDWLRQ
SRLQWV DW \�� \�� DQG \� DUH VKRZQ� � � � � � � � � � � � � � � � � � � � ���

'�� +LJK LPSHGDQFH GLHOHFWURPHWU\ LQWHUIDFH FLUFXLW GLDJUDP XVHG IRU oRDW�
LQJ YROWDJH PRGH PHDVXUHPHQWV� � � � � � � � � � � � � � � � � � � � � ���

'�� 6HQVLQJ ERDUG RI WKH VKRUW�FLUFXLW LQWHUIDFH ER[� � � � � � � � � � � � � ���
'�� 'ULYLQJ ERDUG RI WKH VKRUW�FLUFXLW LQWHUIDFH ER[� � � � � � � � � � � � � ���
'�� 'LJLWDO FRQWURO ERDUG RI WKH VKRUW�FLUFXLW LQWHUIDFH ER[� � � � � � � � � ���

��



/LVW RI 7DEOHV

��� 5HVXOWV RI OLWHUDWXUH VHDUFK XVLQJ ,163(& GDWDEDVH IRU WHFKQLFDO SDSHUV
DQG WKH 8QLWHG 6WDWHV 3DWHQW DQG 7UDGHPDUNV 2pFH �86372� GDWDEDVH
IRU SDWHQW VHDUFK� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 5HODWLYH KXPLGLW\ YV� HOHFWULFDO SURSHUWLHV RI .DSWRQ DW URRP WHPSHUD�
WXUH� 7\SH +1 nOP� �� xP �� PLO�� � � � � � � � � � � � � � � � � � � � � ���

��� &X)ORQ PLFURZDYH VXEVWUDWH GDWD VKHHW� � � � � � � � � � � � � � � � � � ���

��� 7\SLFDO HOHFWULFDO SURSHUWLHV RI SDU\OHQH� � � � � � � � � � � � � � � � � � ���

��� &RPSDULVRQV RI WKUHH�ZDYHOHQJWK VHQVRU FDSDFLWDQFH PDWUL[ LQ DLU IURP
)RXULHU VHULHV FRQWLQXXP PRGHO� nQLWH�HOHPHQW VLPXODWLRQ� DQG PHDVXUH�
PHQWV� 'HnQLWLRQV RI FDSDFLWDQFHV &�� DQG &�� DQG GLUHFW FDSDFLWDQFH
PHDVXUHPHQW SURFHGXUH DUH JLYHQ LQ VHFWLRQ ������ GHWDLOV DERXW WKH FRQ�
WLQXXP PRGHO DSSURDFK DUH JLYHQ LQ VHFWLRQ ���� DQG WKH nQLWH�HOHPHQW
VLPXODWLRQ LV GHVFULEHG LQ 6HFWLRQ ���� � � � � � � � � � � � � � � � � � � � ���

��� 7KH SHUFHQW FKDQJH RI FDSDFLWDQFH ZHLJKWHG WR WKH GLmHUHQFH EHWZHHQ
WKH PD[LPXP DQG PLQLPXP FDSDFLWDQFH YDOXHV� &PD[ b &PLQ� IRU SHQ�
HWUDWLRQ GHSWK GDWD IRU 7:6 ZLWK D WHVW UHODWLYH SHUPLWWLYLW\ RI ���
IRU �D� VHOHFWHG VDPSOH WKLFNQHVV DQG �E� VDPSOH WKLFNQHVV IRU VHOHFWHG
SHUFHQW FKDQJH LQ FDSDFLWDQFH� � � � � � � � � � � � � � � � � � � � � � � � ���

��� 7KH SHUFHQW FKDQJH RI FDSDFLWDQFH ZHLJKWHG WR WKH GLmHUHQFH EHWZHHQ
WKH PD[LPXP DQG PLQLPXP FDSDFLWDQFH YDOXHV� &PD[ b &PLQ� IRU SHQ�
HWUDWLRQ GHSWK GDWD IRU 7:6 ZLWK D WHVW UHODWLYH SHUPLWWLYLW\ RI RI ���
IRU �D� VHOHFWHG VDPSOH WKLFNQHVV DQG �E� VDPSOH WKLFNQHVV IRU VHOHFWHG
SHUFHQW FKDQJH LQ FDSDFLWDQFH� � � � � � � � � � � � � � � � � � � � � � � � ���

��� 7KH SHUFHQW FKDQJH RI FDSDFLWDQFH ZHLJKWHG WR WKH GLmHUHQFH EHWZHHQ
WKH PD[LPXP DQG PLQLPXP FDSDFLWDQFH YDOXHV� &PD[b&PLQ� IRU SHQH�
WUDWLRQ GHSWK GDWD IRU &6& VHQVRU ZLWK D WHVW UHODWLYH SHUPLWWLYLW\ RI ���
IRU �D� VHOHFWHG VDPSOH WKLFNQHVV DQG �E� VDPSOH WKLFNQHVV IRU VHOHFWHG
SHUFHQW FKDQJH LQ FDSDFLWDQFH� /HJHQG� /& � ORZHU FRPE� 8& � XSSHU
FRPE� 6 � VHUSHQWLQH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 'LmHUHQFHV EHWZHHQ WKH nUVW �.DSWRQ VXEVWUDWH� DQG QHZ �7HoRQ VXE�
VWUDWH� GHVLJQ RI WKH WKUHH�ZDYHOHQJWK LQWHUGLJLWDO VHQVRU� � � � � � � � � ���

��
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��� 7\SLFDO YDOXHV RI ORDG FDSDFLWDQFHV IRU PDQ\ RI WKH UHSRUWHG PHDVXUH�
PHQWV� XVLQJ SURFHGXUH GHVFULEHG LQ 6HFWLRQ ������ 7KH GLmHUHQFH EH�
WZHHQ QRPLQDO DQG PHDVXUHG YDOXHV LV GXH WR SUHFLVLRQ OLPLWDWLRQV RI
WHVW FDSDFLWRUV WKHPVHOYHV� VWUD\ FDSDFLWDQFH RI WKH OHDGV� DQG WKH JDWH
FDSDFLWDQFH RI WKH RSHUDWLRQDO DPSOLnHU� � � � � � � � � � � � � � � � � � ���

��� 7HVWLQJ RI PHDVXUHPHQW FLUFXLWU\ XVLQJ NQRZQ OXPSHG HOHPHQWV� &�� ZDV
LQGHSHQGHQWO\ PHDVXUHG DQG WKH QRPLQDO UHVLVWDQFH RI 5�� RI ��� *RKP
ZDV HVWLPDWHG XVLQJ D PXOWLYDULDEOH nW� 7KHQ� 5�� ZDV LQGHSHQGHQWO\
PHDVXUHG DQG WKH QRPLQDO FDSDFLWDQFH RI &�� ZDV HVWLPDWHG XVLQJ D
PXOWLYDULDEOH nW� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� &DOFXODWHG FDSDFLWDQFH PDWUL[ RI WKH IXOO &6& VHQVRU RI )LJXUH ���� $OO
FDSDFLWDQFHV DUH LQ S)�P� 7KH FRPSDULVRQ RI VHOHFWHG FDOFXODWHG DQG
PHDVXUHG YDOXHV LV LQ 6HFWLRQ ������ � � � � � � � � � � � � � � � � � � � � ���

��� &DOFXODWHG FDSDFLWDQFH PDWUL[ RI D &6& VHQVRU ZLWK WKH VHUSHQWLQH HOHF�
WURGH UHPRYHG� $OO FDSDFLWDQFHV DUH LQ S)�P� � � � � � � � � � � � � � � ���

��� &RUUHODWLRQ FRHpFLHQWV IRU GLmHUHQW FDVHV� � � � � � � � � � � � � � � � � � ���

��� *DLQ DQG PHDVXUHG FDSDFLWDQFHV LQ DLU RI WKH 7HoRQ WKUHH�ZDYHOHQJWK
VHQVRU DW � N+] IRU nYH LGHQWLFDO VHWV RI PHDVXUHPHQWV ZLWK DOO GULYH
HOHFWURGHV VLPXOWDQHRXVO\ H[FLWHG �$OO� FROXPQV � DQG �� DQG HDFK GULYH
HOHFWURGH H[FLWHG RQH DW D WLPH �FROXPQV ��� DQG ��� � � � � � � � � � � � ���

��� &DOFXODWHG YDOXHV RI &�� DQG &�� SHU PHWHU OHQJWK IRU WKH 7HoRQ VHQVRU
LQ DLU� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� &RPSDULVRQ RI PHDVXUHG FDSDFLWDQFH &�� ZLWK SUH�PHOWHG DQG UH�KDUGHQHG
SDUDpQ ZD[ XVLQJ WKH 7HoRQ WKUHH�ZDYHOHQJWK VHQVRU� � � � � � � � � � � ���

��� 0HDVXUHG YDOXHV RI &�� ZLWK RLO ��U  ������ DQG +\]RG ��U  ������
ZKLFK KDYH DOPRVW LGHQWLFDO UHODWLYH GLHOHFWULF SHUPLWWLYLWLHV� � � � � � � ���

��� &DSDFLWDQFH YDOXHV LQ DLU SURGXFHG IURP0D[ZHOO VLPXODWLRQV� &>GULYH� VHQVH@
LV WKH WUDQVFDSDFLWDQFH DQG &>GULYH� JXDUG@ LV WKH FDSDFLWDQFH RI WKH
GULYH HOHFWURGH UHODWLYH WR WKH JXDUG� � � � � � � � � � � � � � � � � � � � ���

��� 0HDVXUHG FDSDFLWDQFH YDOXHV LQ DLU XVLQJ WKH LQWHUGLJLWDO WKUHH�ZDYHOHQJWK
VHQVRU� &>GULYH� VHQVH@ LV WKH WUDQVFDSDFLWDQFH� � � � � � � � � � � � � � � ���

��� &RUUHODWLRQ FRHpFLHQWV RI WKH WKUHH ZDYHOHQJWKV IRU DOO PHDVXUHPHQWV
FRPSXWHG XVLQJ WKH 0DWODE IXQFWLRQ FRUUFRHI� � � � � � � � � � � � � � � � ���

��� 3RO\QRPLDO FRHpFLHQWV DLM IRU [ G w �VXEVWUDWH WKLFNQHVV�ZDYHOHQJWK�
DQG \ �P �V �PDWHULDO GLHOHFWULF FRQVWDQW� VXEVWUDWH GLHOHFWULF FRQVWDQW�����

��� 0HDVXUHG ZLWK D PLFURVFRSH DQG FRPSXWHG IURP PHDVXUHG DLU FDSDF�
LWDQFH PHWDOOL]DWLRQ UDWLRV RI WZR UDQGRPO\ VHOHFWHG WKUHH�ZDYHOHQJWK
VHQVRUV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� &RHpFLHQWV RI ������ IRU WKH WKUHH�ZDYHOHQJWKV WR EH XVHG LQ WKH �U YV
&�� UHODWLRQVKLS ������ JHQHUDWHG IRU oXLG GLHOHFWULFV E\ VH�P� � � � � � � ���

��
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��� 0HDVXUHPHQW RI UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI QRQ�FRQGXFWLYH PDWH�
ULDOV LQ WKH ��� +] � �� N+] UDQJH� � � � � � � � � � � � � � � � � � � � � ���

��� $EVROXWH RLO YROXPHV DQG nOHQDPHV IRU UHSHDWHG WZR�oXLG LWHUDWLRQV RQ
SRO\HWK\OHQH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 5HODWLYH SHUPLWWLYLW\ DQG FDSDFLWDQFH PHDVXUHPHQWV FRUUHVSRQGLQJ WR
7DEOH ���� &DSDFLWDQFH LQ DLU ZDV ���� S) IRU VHQVRU $ DQG ���� S)
IRU VHQVRU %� 7KH UDWLR RI ����� VKRXOG PDUN WKH PDWFK� KRZHYHU� WKH
DFFXUDF\ DFKLHYHG KHUH LV QRW DV KLJK DV WKH VPDOO SHUFHQWDJH YDULDWLRQ
RI WKH ODVW FROXPQ YDOXHV VXJJHVWV� � � � � � � � � � � � � � � � � � � � � � ���

��� $EVROXWH RLO YROXPHV DQG nOHQDPHV IRU WZR�oXLG LWHUDWLRQV RQ SRO\SURS\�
OHQH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 3HUPLWWLYLW\ DQG FDSDFLWDQFH PHDVXUHPHQWV FRUUHVSRQGLQJ WR 7DEOH ����
7KH UDWLR RI FDSDFLWDQFHV KDV EHHQ YDULHG LQ YHU\ QDUURZ EUDFNHWV� 6LQFH
WKH UDWLR ����� KDV QRW EHHQ DFKLHYHG GXH WR D VPDOO V\VWHPDWLF HUURU�
WKH LQWHUVHFWLRQ RI WKH FXUYHV LV QRW VXpFLHQWO\ FORVH WR WKH SHUPLWWLYLW\
PHDVXUHG ZLWK WKH SDUDOOHO SODWH FDSDFLWRU� � � � � � � � � � � � � � � � � ���

��� $EVROXWH RLO YROXPHV DQG nOHQDPHV IRU WZR�oXLG PHDVXUHPHQWV ZLWK
/H[DQ XVLQJ FDVWRU RLO ��U  ���� DQG WUDQVIRUPHU RLO ��U  ����� � � � � ���

��� 3HUPLWWLYLW\ DQG FDSDFLWDQFH PHDVXUHPHQWV FRUUHVSRQGLQJ WR 7DEOH ����
7KH FDSDFLWDQFHV &$ DQG &% DUH WKH GULYH�VHQVH LQWHUHOHFWURGH FDSDFL�
WDQFH &��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 0HDVXUHG &�� YDOXHV IURP nOOHG DLU JDS PHDVXUHPHQWV� (DFK VROLG PD�
WHULDO VDPSOH LV DW OHDVW ��� LQFK WKLFN� 1RQ�]HUR SKDVH SUHVHQW LQ KLJK
IUHTXHQF\ PHDVXUHPHQWV LQGLFDWHV WKDW WKH GLHOHFWULF SHUPLWWLYLW\ HVWL�
PDWLRQ LV QRW DFFXUDWH� /H[DQ� EHLQJ WUDQVSDUHQW� DOORZV YLVXDO REVHU�
YDWLRQ RI WKH FRQWDFW TXDOLW\� � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 5HODWLYH SHUPLWWLYLW\ RI WHVW PDWHULDOV DQG nOOHUV XVHG LQ 7DEOH ����� � � ���

���� &DOFXODWHG FDSDFLWDQFH LQ S) IRU GLmHUHQW ZDYHOHQJWKV DQG nOOHU PDWH�
ULDOV IRU WKH RSHUDWLQJ SRLQW ���U  ���� K  �� xP�� VKRZQ LQ )LJXUH
����� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 0HDVXUHG GLHOHFWULF SHUPLWWLYLW\ RI /H[DQ ��U  ���� XVLQJ GLmHUHQW
SDLUV RI VSDWLDO ZDYHOHQJWKV DQG JDS�nOOLQJ oXLG� 7KH DFFXUDF\ RI PHD�
VXUHPHQW JHQHUDOO\ LPSURYHV ZLWK WKH LQFUHDVLQJ DQJOH EHWZHHQ WKH LVR�
FDSDFLWDQFH OLQHV VKRZQ LQ )LJXUH ����� � � � � � � � � � � � � � � � � � � ���

���� 7KH WZR OD\HU GLHOHFWURPHWU\ PHDVXUHPHQWV XVLQJ WKH JHRPHWU\ LQ )LJXUH
���� ZLWK DLU RU FRUQ RLO DV OD\HU � DQG DLU� FRUQ RLO� /H[DQ� RU 7HoRQ DV
OD\HU �� 7KH QXPEHUV LQ SDUHQWKHVHV IRU nQDO HVWLPDWHG YDOXHV LQGLFDWH
WKH SHUFHQW GLmHUHQFH IURP WKH PHDVXUHG SDUDOOHO SODWH YDOXHV� 7KH FRUQ
RLO FRQGXFWDQFH LV QRW HVWLPDWHG DW ���� +] �PDUNHG ZLWK ?��� ZKHQ WKH
VHQVLWLYLW\ RI WKH PHDVXUHPHQW LV NQRZQ WR EH LQVXpFLHQW� � � � � � � � ���

��
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���� 1RPLQDO YDOXHV RI WUDQVFRQGXFWDQFH*�� DQG WUDQVFDSDFLWDQFH &�� IRU DOO
WKUHH ZDYHOHQJWKV FDOFXODWHG IRU �� GLVWLQFW PRPHQWV RI WLPH GXULQJ WKH
GLmXVLRQ SURFHVV DVVXPLQJ D WRS LQVXODWLQJ OD\HU RI VHPL�LQnQLWH H[WHQW
ZLWK �U  ��� �7HoRQ�� � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 1RPLQDO YDOXHV RI WUDQVFRQGXFWDQFH *�� DQG WUDQVFDSDFLWDQFH &�� IRU
DOO WKUHH ZDYHOHQJWKV FDOFXODWHG IRU �� GLVWLQFW PRPHQWV RI WLPH GXULQJ
WKH PRLVWXUH GLmXVLRQ SURFHVV DVVXPLQJ D SHUIHFWO\ FRQGXFWLQJ WRS OD\HU� ���

���� 3HUFHQW FKDQJH RI LQWHUHOHFWURGH FDSDFLWDQFH �ZHLJKWLQJ FRHpFLHQWV� DW
GLmHUHQW WKLFNQHVVHV� 7KH YDOXHV RI WKLFNQHVV DUH VHOHFWHG WR EH LQ WKH
PLGGOH RI HDFK LQVXODWLQJ UHJLRQ� 7KH ZHLJKWLQJ FRHpFLHQWV IRU HDFK
ZDYHOHQJWK DUH IRXQG LQ )LJXUH ����� E\ WKH LQWHUVHFWLRQ RI WKH FKDQJH
LQ FDSDFLWDQFH FXUYHV ZLWK WKLFNQHVVHV RI ���� ���� DQG ��� xP� � � � � ���

���� 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ DQG FRQGXFWLYLW\ DV D VWDLU�VWHS IXQFWLRQ
RI WLPH DQG VSDFH FRQVWUXFWHG IURP FDOFXODWHG VPRRWK PRLVWXUH GLmXVLRQ
SURnOHV DQG WUDQVIRUPHG LQWR VWDLU�VWHS PRLVWXUH GLmXVLRQ SURnOHV VKRZQ
LQ )LJXUH ������ 7KH DFFXUDF\ RI WKH PDUFKLQJ DSSURDFK LV DGHTXDWH IRU
VROYLQJ VLPXODWHG GLmXVLRQ SUREOHP DV ORQJ DV FRQYHUVLRQ IURP VPRRWK WR
VWDLU�VWHS SURnOHV LV LQFOXGHG LQ WKH VLPXODWLRQ SULRU WR VROYLQJ IRUZDUG
SUREOHP� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 'LHOHFWULF SURSHUWLHV RI PDWHULDOV DVVXPHG LQ WKH VLPXODWLRQ� � � � � � � ���
���� &DSDFLWDQFH PDWUL[ LQ S)�P IRU WKH GHVLJQ VKRZQ LQ )LJXUH ������ ZLWK

DLU LQ WKH IULQJLQJ nHOG UHJLRQ� � � � � � � � � � � � � � � � � � � � � � � � ���
���� &DSDFLWDQFH PDWUL[ LQ S)�P IRU WKH GHVLJQ VKRZQ LQ )LJXUH ������ ZLWK

VDQG �U  � LQ WKH IULQJLQJ nHOG UHJLRQ � FP IURP WKH VHQVLQJ HOHFWURGH� ���
���� &DSDFLWDQFH PDWUL[ LQ S)�P IRU WKH GHVLJQ VKRZQ LQ )LJXUH ������ ZLWK

DLU LQ WKH IULQJLQJ nHOG UHJLRQ� � � � � � � � � � � � � � � � � � � � � � � � ���
���� &DSDFLWDQFH PDWUL[ LQ S)�P IRU WKH GHVLJQ VKRZQ LQ )LJXUH ������ ZLWK

VDQG �U  � LQ WKH IULQJLQJ nHOG UHJLRQ � FP IURP WKH VHQVLQJ HOHFWURGH� ���

&�� 6XPPDU\ RI FRQWUROOHU FRPPDQGV� � � � � � � � � � � � � � � � � � � � � � ���

��



&KDSWHU �

,QWURGXFWLRQ

��� ,QWHUGLJLWDO 'LHOHFWURPHWU\

����� +LVWRULFDO 3HUVSHFWLYH

7KH OLWHUDWXUH VRXUFHV OLVWHG LQ WKLV VHFWLRQ DUH DOVR UHIHUHQFHG LQGLYLGXDOO\ LQ WKLV WKHVLV�

EXW WKH\ DUH HQWHUHG LQ JURXSV LQ WKH LQWURGXFWLRQ WR EULQJ RUGHU WR D ODUJH QXPEHU

RI UHIHUHQFHV� 7KLV WKHVLV EXLOGV RQ SUHYLRXV ZRUN WKDW LV UHSUHVHQWHG LQ WKH VHTXHQFH

RI 0,7 WKHVHV >�^��@� $PRQJ RWKHU HOHPHQWV� LW LQFOXGHV PDWHULDO IURP D QXPEHU

RI SXEOLFDWLRQV E\ WKH DXWKRU >��^��@� ,W DOVR LQFOXGHV PDWHULDO IURP XQGHUJUDGXDWH

DQG YLVLWLQJ VFLHQWLVW LQWHUQDO UHSRUWV ZULWWHQ XQGHU P\ VXSHUYLVLRQ >�� ��^��@� 6HYHUDO

GRFXPHQWV E\ -HQWHN 6HQVRUV� ,QF� KDYH EHHQ XVHG >��� ��� ��@� 7KH IROORZLQJ SDWHQWV

DUH GLUHFWO\ UHODWHG WR WKLV WHFKQRORJ\ >��^��@�

:KLOH LQWHUGLJLWDO HOHFWURGH VWUXFWXUHV KDYH EHHQ XVHG VLQFH WKH EHJLQQLQJ RI WKH

FHQWXU\� WKH DSSOLFDWLRQ RI PXOWLSOH SHQHWUDWLRQ GHSWK HOHFWULF nHOGV VWDUWHG LQ WKH

����V >��@� /DWHU� LQGHSHQGHQW GLHOHFWURPHWU\ VWXGLHV ZLWK VLQJOH >��@� DQG PXOWLSOH

�VHH )LJXUH �� RI >��@ DQG >��@ DV VRPH RI WKH nUVW UHIHUHQFHV� SHQHWUDWLRQ GHSWKV

XVLQJ LQWHUGLJLWDO HOHFWURGHV KDYH FRQWLQXHG DQG SURYLGHG WKH JURXQGZRUN IRU WKLV WKH�

VLV� &RPPHUFLDOL]DWLRQ RI WKH PXOWLSOH SHQHWUDWLRQ GHSWK GLHOHFWURPHWU\ LQ WKH 8QLWHG

6WDWHV KDG EHHQ LQLWLDWHG LQ WKH HDUO\ ����V >��@�

��



&KDSWHU �� ,QWURGXFWLRQ

)LJXUH ���� $ IULQJLQJ nHOG GLHOHFWURPHWU\ VHQVRU FDQ EH YLVXDOL]HG DV D SDUDOOHO SODWH
FDSDFLWRU ZKRVH HOHFWURGHV RSHQ XS WR SURYLGH D RQH�VLGHG DFFHVV WR PDWHULDO XQGHU
WHVW�

$ IULQJLQJ nHOG GLHOHFWURPHWU\ VHQVRU SHUIRUPV HVVHQWLDOO\ WKH VDPH IXQFWLRQV DV D

PRUH FRQYHQWLRQDO SDUDOOHO SODWH FDSDFLWRU� EXW LW GRHV QRW UHTXLUH WZR�VLGHG DFFHVV WR

WKH PDWHULDO XQGHU WHVW� )LJXUH ��� VKRZV D JUDGXDO WUDQVLWLRQ IURP WKH SDUDOOHO SODWH

FDSDFLWRU WR D IULQJLQJ nHOG FDSDFLWRU� ,Q DOO FDVHV� HOHFWULF nHOG OLQHV SDVV WKURXJK WKH

PDWHULDO XQGHU WHVW� WKHUHIRUH WKH FDSDFLWDQFH EHWZHHQ WKH WZR HOHFWURGHV GHSHQGV RQ

WKH PDWHULDO GLHOHFWULF SURSHUWLHV DV ZHOO DV RQ WKH HOHFWURGH DQG PDWHULDO JHRPHWU\�

8VXDOO\� WKH FDSDFLWDQFH EHWZHHQ WZR FR�SODQDU VWULSV� DV VKRZQ LQ )LJXUH ����F��

LV FRPSDUDEOH WR WKH VWUD\ FDSDFLWDQFH RI WKH OHDGV �FRQGXFWRUV WKDW FRQQHFW WKH HOHF�

WURGHV ZLWK WKH HOHFWULFDO H[FLWDWLRQ VRXUFH�� 7KHUHIRUH� LQ RUGHU WR EXLOG�XS DQ HDVLO\

PHDVXUDEOH HOHFWURGH VWUXFWXUH� WKH FRSODQDU VWULSV SDWWHUQ PD\ EH UHSHDWHG VHYHUDO

WLPHV� 7KH WHUP ?LQWHUGLJLWDO� UHIHUV WR GLJLW�OLNH RU nQJHU�OLNH SHULRGLF SDWWHUQ RI SDU�

DOOHO LQ�SODQH HOHFWURGHV XVHG WR EXLOG XS WKH FDSDFLWDQFH DVVRFLDWHG ZLWK WKH HOHFWULF

nHOGV WKDW SHQHWUDWH LQWR D PDWHULDO VDPSOH� )LJXUH ��� LOOXVWUDWHV WKLV DQDORJ\�

����� ,PSRVHG )UHTXHQF\�:DYHQXPEHU �� b N 6HQVLQJ�

$ YDULHW\ RI LQWHUGLJLWDO VHQVRUV DUH XVHG IRU D QXPEHU RI UHVHDUFK DQG FRPPHUFLDO

DSSOLFDWLRQV WR PHDVXUH PDWHULDO SURSHUWLHV >��� ��@� FRQWURO PDQXIDFWXULQJ SURFHVVHV

>�����@� PRQLWRU FKHPLFDO DQG SK\VLFDO FKDQJHV RI oXLG DQG VROLG GLHOHFWULFV >�����@� HWF�

,Q PDQ\ FDVHV� WKH LQWHUSUHWDWLRQ RI WKH VHQVRU UHVSRQVH GHSHQGV RQ VLPSOH FDOLEUDWLRQ

SURFHGXUHV� \HW LQ RWKHU FDVHV� LW UHTXLUHV VRSKLVWLFDWHG VLJQDO SURFHVVLQJ DOJRULWKPV >��@

DQG GHHS XQGHUVWDQGLQJ RI WKH SK\VLFV DQG FKHPLVWU\ RI WKH G\QDPLF SURFHVVHV WKDW

��



���� ,QWHUGLJLWDO 'LHOHFWURPHWU\

)LJXUH ���� 7KH WHUP ?LQWHUGLJLWDO� UHIHUV WR WKH SDWWHUQ RI nQJHUV RU ?GLJLWV� WKDW LV
UHVHPEOHG E\ WKH VKDSH DQG UHODWLYH SRVLWLRQ RI HOHFWURGHV�

DUH EHLQJ PRQLWRUHG >��@�

,QWHUGLJLWDO GLHOHFWURPHWU\ LV D VXEVHW RI LQWHUGLJLWDO HOHFWURGH VHQVRU DSSOLFDWLRQV

WKDW UHOLHV RQ GLUHFW PHDVXUHPHQW RI GLHOHFWULF SURSHUWLHV RI LQVXODWLQJ DQG VHPL�LQVXODWLQJ

PDWHULDOV IURP RQH VLGH >��^��@� 7KH EDVLF LGHD LV WR DSSO\ D VSDWLDOO\ SHULRGLF HOHFWULFDO

SRWHQWLDO WR WKH VXUIDFH RI WKH PDWHULDO XQGHU WHVW� 7KH FRPELQDWLRQ RI VLJQDOV SUR�

GXFHG E\ YDULDWLRQ RI WKH VSDWLDO SHULRG RI WKH LQWHUGLJLWDO FRPE HOHFWURGHV FRPELQHG

ZLWK WKH YDULDWLRQ RI HOHFWULFDO H[FLWDWLRQ IUHTXHQF\ SRWHQWLDOO\ SURYLGHV D SOHWKRUD RI

LQIRUPDWLRQ DERXW WKH VSDWLDO SURnOHV DQG GLHOHFWULF VSHFWURVFRS\ RI WKH PDWHULDO XQ�

GHU WHVW� 6LQFH WKH FKDQJHV LQ WKH GLHOHFWULF SURSHUWLHV DUH XVXDOO\ LQGXFHG E\ FKDQJHV

LQ YDULRXV SK\VLFDO� FKHPLFDO� RU VWUXFWXUDO SURSHUWLHV RI PDWHULDOV� WKH GLHOHFWURPHWU\

PHDVXUHPHQWV SURYLGH HmHFWLYH PHDQV IRU LQGLUHFW QRQ�GHVWUXFWLYH HYDOXDWLRQ RI YLWDO

SDUDPHWHUV LQ D YDULHW\ RI LQGXVWULDO DQG VFLHQWLnF DSSOLFDWLRQV >�����@�

7KH WDVN RI LQWHUSUHWLQJ VHQVRU VLJQDOV LV IXOnOOHG E\ SDUDPHWHU HVWLPDWLRQ DOJR�

ULWKPV� ZKRVH FRPSOH[LW\� SUHFLVLRQ� DFFXUDF\� DQG UHOLDELOLW\ YDU\ FRQVLGHUDEO\ GH�

SHQGLQJ RQ WKH H[SHULPHQWDO FRQGLWLRQV DQG DYDLODEOH FRPSXWDWLRQ WLPH� 7KH DPRXQW

RI LQIRUPDWLRQ DERXW PDWHULDO SURSHUWLHV WKDW FDQ EH H[WUDFWHG IURP GLHOHFWURPHWU\

PHDVXUHPHQWV LV OLPLWHG E\ WKH QXPEHU RI LQGHSHQGHQW HTXDWLRQV DQG ERXQGDU\ FRQGL�

WLRQV WKDW FDQ EH VROYHG XVLQJ LQWHUGLJLWDO VHQVRUV DQG DX[LOLDU\ LQVWUXPHQWDWLRQ� 7KH

��



&KDSWHU �� ,QWURGXFWLRQ

VLPSOHVW H[SHULPHQWDO VHWXS FRQWDLQV D VLQJOH VWDWLRQDU\ LQWHUGLJLWDO VHQVRU LQ FRQWDFW

ZLWK D VWXGLHG PDWHULDO� ,Q WKLV FDVH� RQH FDQ RQO\ GHWHUPLQH GLHOHFWULF SURSHUWLHV RI D

VLQJOH KRPRJHQHRXV OD\HU RI NQRZQ WKLFNQHVV� RU� DOWHUQDWLYHO\� RQH FDQ GHWHUPLQH WKH

WKLFNQHVV RI WKDW OD\HU LI WKH GLHOHFWULF SURSHUWLHV DUH NQRZQ LQ DGYDQFH� ,Q RUGHU WR

PHDVXUH D ODUJHU QXPEHU RI XQNQRZQ SDUDPHWHUV� DGGLWLRQDO HTXDWLRQV PXVW EH VXS�

SOLHG WR SDUDPHWHU HVWLPDWLRQ DOJRULWKPV� 7KHVH HTXDWLRQV FRPH IURP WKH DX[LOLDU\

LQVWUXPHQWDWLRQ� SK\VLFDO DQG QXPHULFDO PRGHOV RI PRQLWRUHG SURFHVVHV �H�J� GLmXVLRQ

SURFHVV�� DQG� nQDOO\� IURP DGGLWLRQDO LQWHUGLJLWDO HOHFWURGH SDLUV RI GLmHUHQW SHULRGLF�

LWLHV�

7KH DUW DQG VFLHQFH RI GHVLJQLQJ VHQVRUV ZLWK PXOWLSOH LQWHUGLJLWDO HOHFWURGH SDLUV

DQG SURFHVVLQJ WKH RXWSXW VLJQDOV WR JDLQ NQRZOHGJH DERXW WKH PDWHULDO XQGHU WHVW LV WKH

VXEMHFW RI LQWHUGLJLWDO IUHTXHQF\�ZDYHOHQJWK �� b N� GLHOHFWURPHWU\� 7KH SHQHWUDWLRQ

GHSWK RI WKH IULQJLQJ HOHFWULF nHOGV DERYH WKH LQWHUGLJLWDO HOHFWURGHV LV SURSRUWLRQDO

WR WKH VSDFLQJ EHWZHHQ WKH FHQWHUOLQHV RI WKH VHQVLQJ DQG WKH GULYHQ nQJHUV DQG LV

LQGHSHQGHQW RI IUHTXHQF\� 0XOWL�ZDYHOHQJWK LQWHUGLJLWDO GLHOHFWURPHWU\� DOVR NQRZQ DV

IUHTXHQF\�ZDYHQXPEHU �� b N� GLHOHFWURPHWU\� KDV EHHQ XQGHU GHYHORSPHQW IRU DERXW

WZR GHFDGHV� 2YHUYLHZV RI LPSRUWDQW FRQFHSWV UHODWHG WR WKLV WHFKQRORJ\ DUH DYDLODEOH

LQ >���� �����������������@�

2QH RI WKH PRVW DWWUDFWLYH IHDWXUHV RI PXOWL�ZDYHOHQJWK GLHOHFWURPHWU\ LV WKH DELOLW\

WR PHDVXUH IURP RQH VLGH FRPSOH[ VSDWLDOO\ LQKRPRJHQHRXV GLVWULEXWLRQV RI SURSHUWLHV�

$V WKH FRPSOH[LW\ RI VSDWLDO GLVWULEXWLRQ JURZV DQG WKH QXPEHU RI XQNQRZQ YDULDEOHV

LQ HDFK H[SHULPHQW LQFUHDVHV� WKH SDUDPHWHU HVWLPDWLRQ DOJRULWKPV EHFRPH PRUH FRP�

SOLFDWHG� FRPSXWDWLRQDOO\ LQWHQVLYH� DQG OHVV DFFXUDWH DQG UHOLDEOH� 8OWLPDWHO\� HYHU\

PDMRU W\SH RI VSDWLDO GLVWULEXWLRQ RI PDWHULDO SURSHUWLHV UHTXLUHV D GLmHUHQW SDUDPHWHU

HVWLPDWLRQ DOJRULWKP� 7KH W\SHV RI VSDWLDO GLVWULEXWLRQV LQFOXGH� EXW DUH QRW OLP�

LWHG WR� KRPRJHQHRXV PDWHULDOV� PXOWLSOH OD\HU PDWHULDOV� ORFDO GLVFRQWLQXLWLHV �VXFK DV

FUDFNV DQG HOHFWULFDO WUHHV�� JOREDO GLVFRQWLQXLWLHV RI PLFUR�VWUXFWXUH �VXFK DV JUDLQV RU

nEHUV IRUPLQJ WKH PDWHULDO�� DQG� nQDOO\� WKH W\SH H[WHQVLYHO\ DGGUHVVHG LQ WKLV WKHVLV�

VPRRWKO\ YDU\LQJ SURSHUWLHV� 2Q WKH HOHFWULFDO SURSHUWLHV VLGH� PDWHULDOV XQGHU WHVW

��



���� ,QWHUGLJLWDO 'LHOHFWURPHWU\

)LJXUH ���� $ JHQHULF LQWHUGLJLWDO GLHOHFWURPHWU\ VHQVRU >���@�

PD\ EH SXUHO\ LQVXODWLQJ RU ZHDNO\ FRQGXFWLYH� 9DULRXV SKHQRPHQD PD\ DmHFW VHQVRU

UHVSRQVH� LQFOXGLQJ IUHTXHQF\ GLVSHUVLRQ� HOHFWURGH SRODUL]DWLRQ GXH WR DQ HOHFWURFKHP�

LFDO GRXEOH OD\HU� TXDOLW\ RI LQWHUIDFLDO FRQWDFW� DQG PDQ\ RWKHUV�

$ FRQFHSWXDO VFKHPDWLF RI � b N GLHOHFWURPHWU\ LV SUHVHQWHG LQ )LJXUH ���� )RU D

KRPRJHQHRXV PHGLXP RI VHPL�LQnQLWH H[WHQW� SHULRGLF YDULDWLRQ RI HOHFWULF SRWHQWLDO

DORQJ WKH VXUIDFH LQ WKH [ GLUHFWLRQ SURGXFHV DQ H[SRQHQWLDOO\ GHFD\LQJ SDWWHUQ RI

HOHFWULF nHOGV SHQHWUDWLQJ LQWR WKH PHGLXP LQ WKH ] GLUHFWLRQ� 7KH YDULDWLRQ RI VKDGH

LQ WKH PDWHULDO XQGHU WHVW LQGLFDWHV WKH SRVVLEOH YDULDWLRQ RI PDWHULDO SURSHUWLHV DQG

WKXV YDULDWLRQV LQ WKH FRPSOH[ GLHOHFWULF SHUPLWWLYLW\ �e ZLWK WKH GLVWDQFH ] IURP WKH

VXUIDFH� )RU PXOWL�OD\HUHG V\VWHPV WKH UHTXLUHG PRGHO LV GHYHORSHG LQ $SSHQGL[ %�

&RQFHSWV RI WKH IRUZDUG DQG WKH LQYHUVH SUREOHPV DUH ZLGHO\ XVHG LQ WKH OLWHUDWXUH

��



&KDSWHU �� ,QWURGXFWLRQ

UHODWHG WR WKLV WHFKQRORJ\� +HUH� WKH IRUZDUG SUREOHP LV GHnQHG DV WKH WDVN RI GHWHU�

PLQLQJ WKH HOHFWULF nHOG GLVWULEXWLRQ DQG WKH LQWHUHOHFWURGH DGPLWWDQFH PDWUL[ ZKHQ

WKH JHRPHWU\� PDWHULDO SURSHUWLHV� DQG H[WHUQDO H[FLWDWLRQV DUH JLYHQ� &RUUHVSRQGLQJO\�

WKH LQYHUVH SUREOHP UHTXLUHV GHWHUPLQLQJ HLWKHU PDWHULDO SURSHUWLHV RU DVVRFLDWHG JH�

RPHWU\� RU ERWK� ZKHQ WKH LPSRVHG H[FLWDWLRQV DQG H[SHULPHQWDO YDOXHV RI WKH VHQVRU

DGPLWWDQFH PDWUL[ DUH DYDLODEOH� (DFK DSSOLFDWLRQ WKDW LQYROYHV WKHRUHWLFDO PRGHOLQJ

XVXDOO\ UHTXLUHV VROYLQJ WKH IRUZDUG SUREOHP�

7KH IRUZDUG SUREOHP FDQ EH VROYHG XVLQJ VHYHUDO DSSURDFKHV� 2QH RI WKHP LV WR

XVH D FRQWLQXXP PRGHO DV GHYHORSHG LQ $SSHQGL[ % RI WKLV WKHVLV >��@� )URP WKH

HOHFWURTXDVLVWDWLF nHOG SRLQW RI YLHZ� LQ D KRPRJHQHRXV GLHOHFWULF� WKH HOHFWULF VFDODU

SRWHQWLDO RI WKH nHOG H[FLWHG E\ WKH GULYHQ HOHFWURGH LV D VROXWLRQ WR /DSODFH
V HTXDWLRQ�

$W DQ\ FRQVWDQW ] SRVLWLRQ� WKH HOHFWULF nHOG GLVWULEXWLRQ IDU DZD\ IURP WKH VHQVRU

HGJHV LV SHULRGLF LQ WKH [ GLUHFWLRQ DQG DVVXPHG XQLIRUP LQ WKH \ GLUHFWLRQ� )RU D

KRPRJHQHRXV GLHOHFWULF RI VHPL�LQnQLWH H[WHQW� WKH VFDODU SRWHQWLDO FDQ EH ZULWWHQ DV

DQ LQnQLWH VHULHV RI VLQXVRLGDO )RXULHU PRGHV RI IXQGDPHQWDO VSDWLDO ZDYHOHQJWK w WKDW

GHFD\V DZD\ LQ WKH ] GLUHFWLRQ�

j  
�;
Q �

jQH
bNQ]�$Q VLQ NQ[�%Q FRV NQ[�� ] w � �����

ZKHUH NQ  �{Q w LV WKH ZDYHQXPEHU RI HDFK PRGH� )RU HM�W H[FLWDWLRQV DW UDGLDQ

IUHTXHQF\ �� VXFK WKDW jQ  �BjQH
M� W� WKH FRPSOH[ VXUIDFH FDSDFLWDQFH GHQVLW\ A&Q

UHODWHV �e A(]Q DW D SODQDU VXUIDFH ]  FRQVWDQW WR WKH SRWHQWLDO AjQ DW WKDW VXUIDFH IRU

WKH Q�WK )RXULHU PRGH LQ WKH IROORZLQJ ZD\�

A&Q  
�e A(]Q

AjQ

 �eNQ� �����

ZKHUH

�e  �b M
}

�
�����

LV WKH FRPSOH[ SHUPLWWLYLW\ ZLWK � DV PDWHULDO GLHOHFWULF SHUPLWWLYLW\ DQG } DV RKPLF

FRQGXFWLYLW\� $SSHQGL[ % JHQHUDOL]HV ����������� IRU WKH FDVH RI VXSHUSRVHG KRPRJH�

QHRXV OD\HUV� 7KHQ� NQRZOHGJH RI A&Q DW WKH HOHFWURGH VXUIDFH OHWV XV FDOFXODWH WKH

��



���� ,QWHUGLJLWDO 'LHOHFWURPHWU\

)LJXUH ���� +DOI�ZDYHOHQJWK FURVV�VHFWLRQ ZLWK D VXSHULPSRVHG HTXLYDOHQW FLUFXLW PRGHO�

WHUPLQDO FXUUHQW IURP WKH SRWHQWLDO GLVWULEXWLRQ DW WKDW VXUIDFH� ,W LV DOVR SRVVLEOH WR

VROYH WKH IRUZDUG SUREOHP ZLWK FRPPHUFLDO nQLWH�HOHPHQW VRIWZDUH >��@� ZLWK nQLWH�

GLmHUHQFH WHFKQLTXHV� RU E\ XVLQJ DQDO\WLFDO DSSUR[LPDWLRQV >��@�

)LJXUH ��� VKRZV WKH HTXLYDOHQW FLUFXLW RI WKH VHQVRU VXSHULPSRVHG RQWR WKH VFKHPDWLF

YLHZ RI D KDOI�ZDYHOHQJWK FHOO� 1RWH WKDW HDFK ZDYHOHQJWK KDV DQ RSSRVLWH FRQGXFWLQJ

JXDUG SODQH DW WKH ERWWRP RI WKH VXEVWUDWH� )RU HDFK ZDYHOHQJWK� D IROORZHU RS�DPS

GULYHV WKH JXDUG SODQH DW WKH VXEVWUDWH ERWWRP DW WKH YROWDJH 9*  96 � WKXV HOLPLQDW�

LQJ DQ\ FXUUHQW EHWZHHQ WKH VHQVLQJ DQG JXDUG HOHFWURGHV�

7KH FRQFHSW RI LPSRVHG IUHTXHQF\�ZDYHQXPEHU ��bN� JRHV EH\RQG GLHOHFWURPHWU\

DSSOLFDWLRQV� (DUOLHU VWXGLHV E\ 3URIHVVRU -� 5� 0HOFKHU HPSOR\HG LQWHUGLJLWDO HOHFWURGHV

WR VWXG\ HOHFWURK\GURG\QDPLF VXUIDFH ZDYHV DQG LQVWDELOLWLHV >��@� HmHFWV RQ VWDWLF

HOHFWULnFDWLRQ LQ LQVXODWLQJ OLTXLGV >��� ��@� DQG HOHFWURPHFKDQLFV RI HOHFWURFKHPLFDO

GRXEOH OD\HUV LQ OLTXLG HOHFWURO\WHV >��@�

7KH SHQHWUDWLRQ GHSWK RI WKH IULQJLQJ HOHFWULF nHOGV DERYH WKH LQWHUGLJLWDO HOHFWURGHV

LV SURSRUWLRQDO WR WKH VSDFLQJ w � EHWZHHQ WKH FHQWHUOLQHV RI WKH VHQVLQJ DQG WKH GULYHQ

��
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)LJXUH ���� $ FRQFHSWXDO YLHZ RI PXOWL�ZDYHOHQJWK GLHOHFWURPHWU\�

nQJHUV� )LJXUH ��� LOOXVWUDWHV WKH LGHD RI PXOWLSOH SHQHWUDWLRQ GHSWKV IRU D WKUHH�

ZDYHOHQJWK VHQVRU� 7KH YDULDWLRQ RI WKH PDWHULDO SURSHUWLHV DFURVV WKH WKLFNQHVV RI WKH

PDWHULDO XQGHU WHVW LQ WKH ] GLUHFWLRQ FDQ EH IRXQG E\ VLPXOWDQHRXVO\ VROYLQJ WKUHH

FRPSOH[ HTXDWLRQV GHVFULELQJ WKLV WKUHH�ZDYHOHQJWK H[SHULPHQWDO DUUDQJHPHQW�

����� *HQHULF 0HDVXUHPHQW 6HWXS

$ W\SLFDO PHDVXUHPHQW VHWXS ZLWK GLHOHFWURPHWU\ VHQVRUV UHTXLUHV WKDW D GLHOHFWURPHWU\

LQWHUIDFH FLUFXLW EH FRQQHFWHG EHWZHHQ WKH FRQWUROOHU PHDVXUHPHQW�GDWD DFTXLVLWLRQ

XQLW DQG WKH VHQVRU� 7KH PDLQ SXUSRVH RI WKH LQWHUIDFH FLUFXLW LV WR SURYLGH D YHU\ KLJK

LQSXW UHVLVWDQFH RI WKH PHDVXUHPHQW FLUFXLW� RWKHUZLVH� LW LV QRW SRVVLEOH WR HYDOXDWH

WKH HmHFWV RI FRQGXFWLRQ FXUUHQWV LQ ZHDNO\ FRQGXFWLQJ PDWHULDOV� )LJXUH ��� VKRZV

WKH VHWXS PRVW IUHTXHQWO\ XVHG LQ WKH PHDVXUHPHQWV SUHVHQWHG WKURXJKRXW WKLV WKHVLV�

'LHOHFWULF SURSHUWLHV DUH KLJKO\ GHSHQGHQW RQ WHPSHUDWXUH DQG KXPLGLW\ RI WKH DPELHQW�

WKHUHIRUH PRQLWRULQJ RI WKHVH TXDQWLWLHV LV FUXFLDOO\ LPSRUWDQW LQ PDQ\ FDVHV� 0DQ\

LQGXVWULDO GHVLJQV LQFRUSRUDWH D WHPSHUDWXUH SUREH LQ WKH VHQVRU KHDG� 7KH VSHFLnF

DSSOLFDWLRQV H[SORUHG LQ WKLV WKHVLV GLG QRW UHTXLUH VXFK D IHDWXUH�

7KH VHWXS VKRZQ LQ )LJXUH ��� LV QRW WKH RQO\ RQH SRVVLEOH� 7KH FKRLFH RI WKH FXVWRP�

PDGH PHDVXUHPHQW LQVWUXPHQWDWLRQ ZDV PDGH RQ WKH EDVLV RI DYDLODEOH KDUGZDUH� NHHS�

LQJ LQ PLQG WKH GHVLUH WR VZHHS IUHTXHQFLHV LQWR WKH PLOOLKHUW] UDQJH� $QDORJRXV VWXGLHV

��



���� 6FRSH RI WKH 7KHVLV

)LJXUH ���� *HQHULF PHDVXUHPHQW VHWXS�

E\ RWKHU JURXSV >��@ KDYH VXFFHVVIXOO\ XVHG FRPPHUFLDOO\ DYDLODEOH HTXLSPHQW�

��� 6FRSH RI WKH 7KHVLV

����� 1'( 3HUVSHFWLYH

$OO LQQRYDWLRQV LQ WKH nHOG RI QRQ�GHVWUXFWLYH PDWHULDO HYDOXDWLRQ FDQ EH VXEGLYLGHG

LQWR VHYHUDO PDMRU FDWHJRULHV >��@ �nYH FDWHJRULHV LQ WKH RULJLQDO FLWDWLRQ��

�� 1HZ W\SHV RI SK\VLFDO SKHQRPHQD XVHG IRU VHQVLQJ SXUSRVHV� )RU H[DPSOH� LQ�

WURGXFLQJ [�UD\V IRU PHGLFDO LPDJLQJ DIWHU WKHLU LQLWLDO GLVFRYHU\�

�� 1HZ W\SHV RI VHQVRUV WKDW XVH NQRZQ SK\VLFDO PHFKDQLVPV LQ DQ RULJLQDO ZD\� IRU

H[DPSOH� E\ GUDVWLFDOO\ PRGLI\LQJ WKH JHRPHWU\ RU RWKHU DVSHFWV RI WKH VHQVRU GHVLJQ�

RU E\ FRPELQLQJ VHYHUDO NQRZQ PHFKDQLVPV LQWR D VLQJOH LQVWUXPHQW�

�� 8VLQJ H[LVWLQJ VHQVRUV IRU QHZ DSSOLFDWLRQV� )RU H[DPSOH� XVLQJ FRPPHUFLDO

��



&KDSWHU �� ,QWURGXFWLRQ

SLH]RHOHFWULF VHQVRUV WR VHQVH YLEUDWLRQV RI HOHFWULF SRZHU FDEOHV �DVVXPLQJ WKDW LW ZDV

QRW GRQH EHIRUH��

�� 1HZ DOJRULWKPV IRU SURFHVVLQJ RI WKH VLJQDOV IURP WKH VHQVRUV LQ RUGHU WR JDLQ

DGGLWLRQDO LQIRUPDWLRQ DERXW WKH PHDVXUHG VSHFLPHQ� )RU H[DPSOH� XVLQJ ZDYHOHW

DQDO\VLV WR GHWHFW WKH SUHVHQFH RI GLVFRQWLQXLWLHV LQ PDWHULDO SURSHUWLHV�

�� 1HZ ZD\V WR YLVXDOL]H LQIRUPDWLRQ IURP WKH VHQVRUV� )RU H[DPSOH� FUHDWLRQ RI D

WKUHH�GLPHQVLRQDO WKHUPDO PDS RI WKH KXPDQ ERG\�

�� 2SWLPL]DWLRQ RI VHQVRU SHUIRUPDQFH WKURXJK LQFUHPHQWDO FKDQJHV LQ WKH PDQX�

IDFWXULQJ SURFHVVHV� PHDVXUHPHQW SURFHGXUHV� HWF�

$V ZH VWHS IURP KLJKHU WR ORZHU FDWHJRULHV� ZH PRYH IURP WKH UHDOPV RI VFLHQFH LQWR

DSSOLHG VFLHQFH LQWR HQJLQHHULQJ LQWR SURGXFW GHYHORSPHQW� 7KH ZRUN SUHVHQWHG LQ WKLV

WKHVLV FRYHUV FDWHJRULHV � WKURXJK �� &RQWULEXWLRQV LQ HDFK FDWHJRU\ FDQ EH ORRVHO\

WUDFHG WKURXJK WKH FKDSWHUV RI WKLV WKHVLV�

7KXV� WKH PDMRU SXUSRVH RI WKLV WKHVLV WR GHYHORS WKH nHOG RI IULQJLQJ HOHFWULF nHOG

GLHOHFWURPHWU\ LQWR D IDLUO\ ULJRURXV GLVFLSOLQH IRU QRQ�GHVWUXFWLYH PHDVXUHPHQWV�

����� 3DUDPHWHU (VWLPDWLRQ $OJRULWKPV

1RQ�GHVWUXFWLYH WHVWLQJ LV D UHODWLYHO\ PDWXUH GLVFLSOLQH� +RZHYHU� PRGHO EDVHG IULQJ�

LQJ HOHFWULF nHOG VHQVLQJ LV RQH RI WKH OHVV GHYHORSHG PHWKRGV RI QRQ�GHVWUXFWLYH WHVWLQJ�

)RU WKDW UHDVRQ� PRVW H[LVWLQJ VWXGLHV GLG QRW JR IDU EH\RQG SUHOLPLQDU\ PHDVXUHPHQWV

DQG FRQFHSWXDO YHULnFDWLRQV� ,W KDV EHHQ GHPRQVWUDWHG LQ QXPHURXV DSSOLFDWLRQV WKDW

LQIRUPDWLRQ DERXW EXON DQG VXUIDFH PDWHULDO SURSHUWLHV FDQ EH REWDLQHG� LQ SULQFL�

SOH� ZLWK WKLV WHFKQRORJ\� <HW� D UHOLDEOH DQG DFFXUDWH HVWLPDWLRQ RI QRQ�KRPRJHQHRXV

GLVWULEXWLRQV RI PDWHULDO SURSHUWLHV VWLOO SUHVHQWV VXEVWDQWLDO GLpFXOWLHV� *HQHUDOO\

VSHDNLQJ� HDFK WDVN DQG DSSOLFDWLRQ UHTXLUHV D GLmHUHQW YHUVLRQ RI D SDUDPHWHU HVWLPD�

WLRQ DOJRULWKP� $PRQJ WKH PDMRU WDVNV RI WKLV WKHVLV LV WKH GHYHORSPHQW RI D VXLWH RI

JHQHULF SDUDPHWHU HVWLPDWLRQ DOJRULWKPV ZLWK ZLGHO\ YDU\LQJ FKDUDFWHULVWLFV� VR WKDW

RQO\ DQ HDV\ PRGLnFDWLRQ RI WKH PRVW DSSURSULDWH JHQHULF DOJRULWKP ZRXOG EH QHHGHG

WR DFFRPPRGDWH QHZ DSSOLFDWLRQV�

��



���� 7KHVLV 2EMHFWLYHV

7KH W\SHV RI GLVWLQFWLYHO\ GLmHUHQW SDUDPHWHU HVWLPDWLRQ DOJRULWKPV LQFOXGH�

� LWHUDWLYH DOJRULWKPV ZKLFK UHTXLUH FRPSXWDWLRQDOO\ H[SHQVLYH HOHFWULF nHOG VLPX�

ODWLRQV IRU HDFK VHW RI PHDVXUHPHQW GDWD SRLQWV�

� SUH�FRPSXWHG ORRNXS WDEOHV ZKLFK UHTXLUH RqLQH FDOFXODWLRQV RI GLVFUHWL]HG VROX�

WLRQ VSDFHV�

� FORVHG IRUP DOJHEUDLF VROXWLRQV ZKLFK DUH DYDLODEOH IRU VHOHFWHG FDVHV�

� HPSLULFDO FDOLEUDWLRQ FXUYHV REWDLQHG ZLWK NQRZQ PDWHULDOV DQG XVHG WR HVWLPDWH

SURSHUWLHV RI XQNQRZQ PDWHULDOV�

� VLPSOLI\LQJ DVVXPSWLRQV DERXW WKH UHODWLRQVKLSV EHWZHHQ WKH VHQVRU RXWSXW DQG

WKH YDULDEOHV RI LQWHUHVW �VXFK DV OLQHDU RU TXDGUDWLF UHODWLRQVKLSV��

7KHUH LV QR EHVW DSSURDFK� DV HDFK DOJRULWKP W\SH KDV D QXPEHU RI DGYDQWDJHV

DQG GUDZEDFNV� ZKRVH VLJQLnFDQFH YDULHV ZLWK WKH VHQVRU W\SH DQG VSHFLnF DSSOLFD�

WLRQ� 3URSHUWLHV DQG LPSOHPHQWDWLRQV RI HYHU\ PDMRU W\SH RI SDUDPHWHU HVWLPDWLRQ

DOJRULWKPV DUH GLVFXVVHG WKURXJKRXW WKLV WKHVLV�

��� 7KHVLV 2EMHFWLYHV

7KH PDLQ REMHFWLYHV RI WKLV WKHVLV UHVHDUFK DUH�

�� 7R HYDOXDWH WKH VLJQLnFDQFH RI D YDULHW\ RI IDFWRUV WKDW LQoXHQFH WKH UHVSRQVH

RI LQWHUGLJLWDO VHQVRUV WKDW ZHUH QRW WDNHQ LQWR DFFRXQW RU DVVXPHG WR EH QHJOLJLEOH LQ

WKH FRXUVH RI SUHYLRXV UHVHDUFK� 7KHVH IDFWRUV LQFOXGH YDULDWLRQV LQ WKH JHRPHWU\ RI

WKH VHQVRU LWVHOI DQG WKH H[SHULPHQWDO VHWXS� LQWHUIDFLDO HmHFWV� XQLTXHQHVV RI UHVSRQVH�

DGHTXDF\ RI D WZR�GLPHQVLRQDO PRGHO� DQG HUURU SURSDJDWLRQ HmHFWV�

�� 2Q WKH EDVLV RI WKLV DQDO\VLV� WR GHVLJQ� IDEULFDWH� FKDUDFWHUL]H� DQG WHVW DOWHU�

QDWLYH GHVLJQV RI LQWHUGLJLWDO VHQVRUV RSWLPL]HG IRU WKH EHVW SHUIRUPDQFH XQGHU JLYHQ

HQYLURQPHQWDO FRQGLWLRQV GHWHUPLQHG E\ HDFK VSHFLnF DSSOLFDWLRQ�

�� 7R PHDVXUH GLHOHFWULF SURSHUWLHV RI D ODUJH QXPEHU RI VROLG DQG OLTXLG PDWHULDOV

DQG WR UHODWH WKHVH SURSHUWLHV WR RWKHU SK\VLFDO YDULDEOHV RI LQWHUHVW� ZKLFK PD\ LQFOXGH�

EXW DUH QRW OLPLWHG WR PRLVWXUH FRQWHQW� WKLFNQHVV RI OD\HUV� VWUXFWXUDO LQWHJULW\� DQG

��



&KDSWHU �� ,QWURGXFWLRQ

FRQFHQWUDWLRQ RI FKHPLFDO LPSXULWLHV�

�� 7R H[SORUH YDULRXV DVSHFWV RI GLHOHFWULF VSHFWURVFRS\ IURP WKH SRLQW RI YLHZ RI

LQWHUGLJLWDO GLHOHFWURPHWU\� WR LGHQWLI\ FKDUDFWHULVWLF VLJQDWXUHV DVVRFLDWHG ZLWK PDWH�

ULDO VWUXFWXUH� FKHPLFDO FRQWHQW� VHQVRU WR VSHFLPHQ FRQWDFW FRQGLWLRQV� DQG WKH QDWXUH

RI WKH HOHFWURFKHPLFDO GRXEOH OD\HU�

�� 7R SHUIRUP D YDULHW\ RI VLPXODWLRQV DV UHODWHG WR WKH SUREOHP RI ODQGPLQH

GHWHFWLRQ ZLWK WKH SXUSRVH RI nQGLQJ SURPLVLQJ WHFKQLFDO GLHOHFWURPHWU\ DSSURDFKHV

IRU GLVFULPLQDWLRQ RI EXULHG SODVWLF DQG PHWDO ODQGPLQHV�

�� 7R XQLI\ DQG JHQHUDOL]H SULQFLSOHV RI IULQJLQJ nHOG GLHOHFWURPHWU\ VHQVRU GHVLJQ

DQG SDUDPHWHU HVWLPDWLRQ DOJRULWKPV�

�� $V DQ LQFUHPHQWDO HmRUW WR WKH DGDSWLYH VHDUFK LQYHUVH SUREOHP DOJRULWKP� WR

GHYHORS D JHQHUDO WRRO IRU RSWLPL]DWLRQ RI HOHFWURPDJQHWLF GHYLFHV�

�� 7R XVH IULQJLQJ nHOG GLHOHFWURPHWU\ LQ QXPHURXV DSSOLFDWLRQV�

��� 3UHYLRXV :RUN

7KH IRFXV RI GLUHFW SULRU UHVHDUFK LQ WKLV DUHD ZDV FRQFHQWUDWHG PDLQO\ RQ WKH GHYHO�

RSPHQW RI DQDO\WLFDO DQG QXPHULFDO WRROV IRU WKH FRPSXWDWLRQ RI WKH VHQVRU UHVSRQVH

XQGHU LGHDOL]HG FRQGLWLRQV RI WKH SHUIHFWO\ VWUDWLnHG PXOWL�OD\HU PHGLXP DGMDFHQW WR

WKH VHQVRU HOHFWURGHV >���@� )DLUO\ FRPSOH[ DOJRULWKPV ZHUH GHYHORSHG WR PHDVXUH ERWK

WKLFNQHVV DQG FRPSOH[ GLHOHFWULF SHUPLWWLYLW\ RI LQVXODWLQJ PDWHULDO OD\HUV >����@� $OVR�

VHYHUDO VHQVRUV ZHUH GHVLJQHG WR LPSOHPHQW WKH FRUH LGHDV RI IUHTXHQF\�ZDYHOHQJWK GL�

HOHFWURPHWU\ >��� ��@� ,I WKHVH PHDVXUHPHQWV ZHUH IXOO\ VXFFHVVIXO� WKLV WKHVLV ZRXOG

KDYH QRW EHHQ QHFHVVDU\� ([SHULPHQWV TXLFNO\ UHYHDOHG VLJQLnFDQW GLmHUHQFHV EHWZHHQ

WKHRUHWLFDO FDOFXODWLRQV DQG UHDO PHDVXUHPHQWV >�@� ,Q WKH VHDUFK RI WKH VRXUFH RI WKHVH

GLmHUHQFHV� LW ZDV VXJJHVWHG WKDW WKH WKLFNQHVV RI HOHFWURGHV LV WKH PDMRU FRQWULEXWRU

WR WKH PHDVXUHPHQW HUURU� )LQLWH HOHPHQW FRPSXWHU VLPXODWLRQV DQG D VHPL�HPSLULFDO

PRGHO ZHUH GHYHORSHG WR DFFRXQW IRU WKLV HUURU >�@� 6XEVHTXHQW PHDVXUHPHQWV >��@ LQ�

GLFDWHG WKDW VXFK D PRGHO ZDV LQVXpFLHQW DQG WKDW RWKHU HmHFWV ZHUH DOVR LPSRUWDQW�

��



���� 3UHYLRXV :RUN

6RPHWLPHV� LQ WU\LQJ WR nW PRGHOV WR PHDVXUHPHQWV WKH WKLFNQHVV RI WKH HOHFWURGHV

FRXOG EH HYDOXDWHG WR QRQ�SK\VLFDO QHJDWLYH YDOXHV�

'XH WR D KLJK VHQVLWLYLW\ RI H[LVWLQJ SDUDPHWHU HVWLPDWLRQ DOJRULWKPV WR WKH YDUL�

DWLRQV LQ WKH VHQVRU RXWSXW� HYHQ D VPDOO HUURU LQ D VLQJOH SDUDPHWHU FRXOG SURSDJDWH

WKURXJK WKH DOJRULWKP DQG OHDG WR HQWLUHO\ HUURQHRXV HVWLPDWLRQV� $W WKLV SRLQW� ZRUN

SUHVHQWHG LQ WKLV WKHVLV ZDV LQLWLDWHG ZLWK DQ XOWLPDWH JRDO RI LPSURYLQJ WKH SUHFLVLRQ�

UHOLDELOLW\� VWDELOLW\� DQG SUDFWLFDOLW\ RI WKH IULQJLQJ nHOG GLHOHFWURPHWU\ WHFKQRORJ\�

([SHULPHQWDO ZRUN ZLWK SRZHU WUDQVIRUPHU LQVXODWLRQ UHYHDOHG D QXPEHU RI SUREOHPV

WKDW PXVW EH UHVROYHG EHIRUH DQ DGHTXDWH SDUDPHWHU HVWLPDWLRQ FDQ EH DFKLHYHG�

����� 0HDVXUHPHQW RI 0RLVWXUH 'LVWULEXWLRQ LQ 3RZHU 7UDQV�

IRUPHU 3UHVVERDUG

7KH VHUYLFH OLIH RI SRZHU WUDQVIRUPHU SUHVVERDUG LQVXODWLRQ LV UHGXFHG E\ H[FHVVLYH

FRQFHQWUDWLRQ RI PRLVWXUH LQ WUDQVIRUPHU RLO� 7KH DELOLW\ WR ZLWKVWDQG KLJK HOHFWULF

nHOGV DQG WKHUPDO VWUHVVHV WKDW LV FULWLFDO IRU RSHUDWLRQ RI WKH SRZHU WUDQVIRUPHU LV

FRPSURPLVHG E\ KLJK PRLVWXUH OHYHOV� 7KH IDLOXUH RI WKH HOHFWULFDO LQVXODWLRQ FDQ VRPH�

WLPHV OHDG WR H[SORVLRQV� ZKLFK KDYH DGYHUVH HFRQRPLF HmHFWV RQ WKH SRZHU LQGXVWU\

DQG HQGDQJHU WKH KHDOWK DQG OLIH RI XWLOLW\ SHUVRQQHO� $ FRQYHQWLRQDO WHFKQLTXH WR

HYDOXDWH WKH HTXLOLEULXP FRQFHQWUDWLRQ RI PRLVWXUH LQ WKH SUHVVERDUG LV WR XVH PRLV�

WXUH HTXLOLEULXP FXUYHV� ZKLFK UHODWH HDVLO\ PHDVXUDEOH PRLVWXUH FRQFHQWUDWLRQ LQ WKH

RLO WR WKH PRLVWXUH FRQFHQWUDWLRQ LQ WKH SUHVVERDUG� 6LQFH WKH FKDUDFWHULVWLF WLPHV WR

DFKLHYH HTXLOLEULXP FRQGLWLRQV LQ D ODUJH WUDQVIRUPHU DUH RQ WKH RUGHU RI GD\V DQG

ZHHNV� WKH FRQYHQWLRQDO DSSURDFK LQWURGXFHV VLJQLnFDQW HUURUV� 2WKHU ZD\V WR PHDVXUH

WKH FRQFHQWUDWLRQ RI PRLVWXUH LQFOXGH PHDVXUHPHQW RI WKH DYHUDJH PRLVWXUH UDWLR LQ

LPSUHJQDWHG SDSHU LQVXODWLRQ ZLWK WKH KHOS RI D YROWDJH UHFRYHU\ PHWHU >�@� .DUO )LV�

FKHU UHDFWLRQ PHWKRG >��@� DQG SUHVVXUH JDXJH PHWKRG >��@� ,W LV YHU\ DWWUDFWLYH WR EH

DEOH WR PRQLWRU PRLVWXUH GLmXVLRQ SURFHVVHV LQ WKH SUHVVERDUG RQ�OLQH DQG EDVHG RQ

WKDW GUDZ UHFRPPHQGDWLRQV UHJDUGLQJ WKH IXUWKHU RSHUDWLRQ RI WKH WUDQVIRUPHU�

��



&KDSWHU �� ,QWURGXFWLRQ

����� 'HWHFWLRQ RI %XULHG /DQGPLQHV

7KHUH DUH PRUH WKDQ ��� PLOOLRQ ODQGPLQHV LQVWDOOHG LQ WKH ZRUOG� $ERXW ������

SHRSOH GLH DQQXDOO\ IURP ODQGPLQH H[SORVLRQV� $ERXW ������� ODQGPLQHV DUH FOHDUHG

SHU \HDU ZRUOGZLGH� DQG DERXW RQH PLOOLRQ QHZ RQHV DUH LQVWDOOHG GXULQJ WKH VDPH WLPH�

&XUUHQWO\ XVHG GHWHFWLRQ SURFHGXUHV IRU GHPLQLQJ DUH VORZ DQG IDLUO\ LQHpFLHQW DQG

DUH JHQHUDOO\ OLPLWHG WR PHWDO ODQGPLQHV� )DOVH DODUP UDWHV FDQ EH DV KLJK DW �����

WR �� DQG UHDO PLQHV VRPHWLPHV UHPDLQ XQGHWHFWHG� 3ODVWLF ODQGPLQHV ZLWK QR RU YHU\

OLWWOH PHWDO FRQWHQW SUHVHQW WKH PDMRU SUREOHP� DV WKH\ DUH JHQHUDOO\ XQGHWHFWDEOH E\

FRQYHQWLRQDO PHWDO GHWHFWRUV XVHG WR GHWHFW PHWDOOLF ODQGPLQHV�

'HWHFWLRQ DQG GLVFULPLQDWLRQ RI EXULHG ODQGPLQHV FDQ EH DFFRPSOLVKHG XVLQJ LQ�

WHUGLJLWDO GLHOHFWURPHWU\ WHFKQRORJ\� ,Q JHQHUDO� GLHOHFWURPHWU\ LV FDSDEOH RI GHWHFWLQJ

DQG GLVFULPLQDWLQJ ERWK SODVWLF DQG PHWDO REMHFWV LQ WKH JURXQG� DV WKH SUHVHQFH RI ORZ

GLHOHFWULF FRQVWDQW SODVWLF ODQGPLQHV LQ D KLJK GLHOHFWULF FRQVWDQW VDQG ZLOO GHFUHDVH WKH

PHDVXUHG FDSDFLWDQFH ZKLOH D PHWDO ODQGPLQH ZRXOG LQFUHDVH WKH FDSDFLWDQFH IRU PRVW

FRQnJXUDWLRQV� )XUWKHU LPSURYHPHQWV LQ PHDVXUHPHQW VHOHFWLYLW\ ZLOO EH JDLQHG IURP

ORZ IUHTXHQF\ PHDVXUHPHQW RI WHUPLQDO FRQGXFWDQFH DV ZHOO DV FDSDFLWDQFH DQG WKHLU

YDULDWLRQ ZLWK IUHTXHQF\� 6LJQDWXUHV IURP GLHOHFWURPHWU\ IUHTXHQF\ VSHFWURVFRS\ PHD�

VXUHPHQWV FDQ EH XVHG WR HQKDQFH GHWHFWLRQ VHQVLWLYLW\ DQG WR PLQLPL]H IDOVH DODUPV�

&RPSXWHU EDVHG PRGHOV FDQ UHODWH VHQVRU WHUPLQDO DGPLWWDQFH PHDVXUHPHQWV WR LGHQWL�

nFDWLRQ RI WKH VL]H� ORFDWLRQ� DQG PDWHULDO RI EXULHG REMHFWV� 0HDVXUHPHQWV VKRZ JRRG

DJUHHPHQW ZLWK FRPSXWHU VLPXODWLRQV�

��� 3DVW DQG 3UHVHQW 5HVHDUFK

7KH SXUSRVH RI WKLV VHFWLRQ LV WR OLVW LQ DQ RUJDQL]HG IDVKLRQ SXEOLFDWLRQV RQ SULRU ZRUN

FRQGXFWHG E\ SURPLQHQW UHVHDUFK JURXSV ZRUOGZLGH� $ PRUH GHWDLOHG DQDO\VLV RI WKHLU

nQGLQJV LV DYDLODEOH LQ WKH IROORZLQJ WZR FKDSWHUV DQG WKURXJKRXW WKH HQWLUH WKHVLV�

ZKHUH WKH VDPH UHIHUHQFHV DUH PHQWLRQHG LQ WKH VSHFLnF FRQWH[W UHOHYDQW WR WKH LVVXH

XQGHU FRQVLGHUDWLRQ�

��



���� 7KHVLV 2XWOLQH

6HYHUDO RWKHU JURXSV DOVR KDYH FRQGXFWHG LQWHQVLYH UHVHDUFK GHYHORSLQJ QRYHO VHQ�

VRUV� PHDVXUHPHQW FLUFXLWU\� DQG SDUDPHWHU HVWLPDWLRQ DOJRULWKPV IRU IULQJLQJ HOHFWULF

nHOG GLHOHFWURPHWU\� 7KH RYHUODS RI FRQFHSWXDO DSSURDFKHV DQG LGHDV EHWZHHQ GLmHUHQW

JURXSV LV YHU\ VLJQLnFDQW� 8QIRUWXQDWHO\� WKH ODFN RI WHFKQLFDO FRPPXQLFDWLRQ LV FOHDUO\

YLVLEOH WKURXJKRXW SXEOLVKHG UHVXOWV EDVHG RQ WKH ZRUN FRQGXFWHG DW GLmHUHQW ORFDWLRQV�

7KH SULRULW\ WR WKH VDPH RU YHU\ VLPLODU DSSURDFKHV DQG FRQFHSWV KDV EHHQ FODLPHG

E\ GLmHUHQW JURXSV ZLWK D WLPH GLmHUHQFH RI DV PXFK DV �� \HDUV� 2QH RI WKH UHDVRQV

IRU WKDW ODFN RI FRPPXQLFDWLRQ LV WKDW IULQJLQJ nHOG GLHOHFWURPHWU\ GHYHORSPHQWV KDYH

EHHQ PXOWLGLVFLSOLQDU\ DQG DUH QRW KRVWHG E\ RQH RU WZR WHFKQLFDO VRFLHWLHV RU MRXUQDOV�

,QVWHDG� LW LV VSUHDG DFURVV PDQ\ VRFLHWLHV DQG GLVFLSOLQHV DQG LV EHLQJ GHYHORSHG LQ

GLmHUHQW FRQWH[WV XVLQJ D ZLGHO\ YDU\LQJ WHUPLQRORJ\� +RSHIXOO\� WKLV WKHVLV ZLOO EULQJ

VRPH FODULW\� XQLW\� DQG VWUXFWXUH WR WKH DFFXPXODWHG LQIRUPDWLRQ�

7KH ORQJHVW DQG WKH PRVW H[WHQVLYH UHVHDUFK LQ WKH DUHD RI IULQJLQJ HOHFWULF nHOG

GLHOHFWURPHWU\ KDV EHHQ FRQGXFWHG LQ /DWYLD VLQFH WKH ����V >�����������^���@� ,Q WKH

8QLWHG 6WDWHV� LQWHUGLJLWDO VHQVRUV DUH GHYHORSHG LQ GR]HQV RI ORFDWLRQV� ,QWHUGLJLWDO

GLHOHFWURPHWU\ FRXOG EH YLHZHG DV D VHSDUDWH nHOG RQ WKH EDVLV RI IXQGDPHQWDO DQDO�

\VLV RI GLHOHFWULF SURSHUWLHV� 7KH UHVHDUFK ZRUN RQ VLQJOH ZDYHOHQJWK VHQVRUV� PRVWO\

IRU PRQLWRULQJ RI PRLVWXUH FRQFHQWUDWLRQ DQG UHVLQ FXUH VWDWH� DW 0,7 DQG E\ 0,7

JUDGXDWHV� KDV EHHQ FRQGXFWHG VLQFH WKH ����V >��������������������� ���^���@� %RWK

WKHRUHWLFDO DQG SUDFWLFDO DVSHFWV RI PXOWLSOH SHQHWUDWLRQ GHSWK VHQVRUV ZLWK VHSDUDWH

VHQVRU KHDGV RI YDU\LQJ VL]H� GXEEHG IUHTXHQF\�ZDYHQXPEHU �bN GLHOHFWURPHWU\� KDYH

EHHQ VWXGLHG VLQFH WKH HDUO\ ����V >������������������ ��� ��� ���^���@� 7KH UHVXOWV RI

UHVHDUFK ZRUN RI RWKHU JURXSV LV GHVFULEHG LQ D VSHFLnF FRQWH[W HOVHZKHUH LQ WKLV WKHVLV�

��� 7KHVLV 2XWOLQH

&KDSWHU � SURYLGHV D JHQHUDO LQWURGXFWLRQ WR FHQWUDO FRQFHSWV DQG WHUPLQRORJ\� OLVWV

NH\ UHIHUHQFHV� GHWHUPLQHV WKHVLV REMHFWLYHV DQG GHVFULEHV SUHYLRXV ZRUN GLUHFWO\ UHODWHG

WR WKH WRSLFV RI WKLV WKHVLV� &KDSWHU � SURYLGHV WKHRUHWLFDO EDFNJURXQG RQ GLHOHFWULF

��



&KDSWHU �� ,QWURGXFWLRQ

WKHRU\ FRQFHSWV DQG PHDVXUHPHQWV RI PRLVWXUH LQ WUDQVIRUPHU SUHVVERDUG LQVXODWLRQ�

%DFNJURXQG LQIRUPDWLRQ DERXW oRZ HOHFWULnFDWLRQ UHODWHG SKHQRPHQD WKDW LQLWLDOO\ PR�

WLYDWHG WKLV UHVHDUFK SURMHFW LV JLYHQ� &KDSWHU � LV GHGLFDWHG H[FOXVLYHO\ WR LQWHUGLJLWDO

VHQVRUV� ,W JLYHV DQ H[WHQVLYH RYHUYLHZ RI LQWHUGLJLWDO VHQVRUV XVHG LQ GLmHUHQW WHFKQLFDO

nHOGV� LQFOXGLQJ KXPLGLW\ PRQLWRULQJ� FRQWURO RI SRO\PHU FXUH SURFHVVHV� FKHPLFDO DQG

ELRORJLFDO VHQVRUV� SLH]RHOHFWULF VHQVRUV� PLFURHOHFWURPHFKDQLFDO V\VWHPV� DQG VHQVRU

DUUD\V�

7KH nUVW SDUW RI &KDSWHU � JLYHV DQ RYHUYLHZ RI PDWHULDO VHOHFWLRQ DQG PDQXIDFWXU�

LQJ WHFKQLTXHV XVHG IRU IDEULFDWLRQ RI LQWHUGLJLWDO VHQVRUV� 7KHQ� DOO VHQVRUV EXLOW LQ WKH

FRXUVH RI WKLV UHVHDUFK ZRUN DUH GHVFULEHG DQG FRPSDUHG� (OHFWURQLF FLUFXLWU\ LVVXHV

WKDW DmHFW PHDVXUHPHQW DQG VHQVRU GHVLJQ SUDFWLFHV DUH FRQVLGHUHG QH[W� &KDSWHU �

HQGV ZLWK GLVFXVVLRQ RI VSHFLnF DQG PRVW UHOHYDQW IDEULFDWLRQ DQG GHVLJQ LVVXHV�

&KDSWHU � LQWURGXFHV DQG LOOXVWUDWHV D QXPEHU RI VXEWOH LVVXHV WKDW DmHFW LQWHU�

GLJLWDO GLHOHFWURPHWU\ PHDVXUHPHQW UHVXOWV� ,W DOVR GHVFULEHV JXDUGHG SDUDOOHO�SODWH

FDSDFLWRU FHOOV EXLOW IRU LQGHSHQGHQW YHULnFDWLRQ RI PDWHULDO SURSHUWLHV� ,Q JHQHUDO� WKLV

FKDSWHU GHVFULEHV WRROV DQG DSSURDFKHV IRU GLDJQRVWLFV RI HOHFWURQLF HTXLSPHQW DQG VHQ�

VRU SHUIRUPDQFH� &KDSWHU � OLVWV DQG GRFXPHQWV PDMRU GLVWXUEDQFH IDFWRUV WKDW DmHFW

GLHOHFWURPHWU\ PHDVXUHPHQWV DQG GHVFULEHV ZD\V WR HOLPLQDWH� PLQLPL]H� RU DFFRXQW

IRU VXFK IDFWRUV�

&KDSWHUV � DQG � WUHDW SDUDPHWHU HVWLPDWLRQ DOJRULWKPV LQ WKH IUDPHZRUN RI IRUZDUG

DQG LQYHUVH SUREOHPV RI PDWHULDO FKDUDFWHUL]DWLRQ� &KDSWHU � SURYLGHV DQ RYHUYLHZ RI

IRUZDUG SUREOHP VROXWLRQ DOJRULWKPV� LQ ZKLFK WKH VHQVRU DGPLWWDQFH PDWUL[ PXVW EH

GHWHUPLQHG DV D IXQFWLRQ RI JHRPHWU\ DQG PDWHULDO SURSHUWLHV� 7KH LQYHUVH SUREOHP

LV LQKHUHQWO\ PRUH FRPSOH[� ,W UHTXLUHV GHWHUPLQDWLRQ RI JHRPHWU\ RU PDWHULDO SURS�

HUWLHV EDVHG RQ PHDVXUHG DGPLWWDQFH PDWUL[ HQWULHV� &KDSWHU � SURYLGHV GHVFULSWLRQ

RI VHYHUDO LQYHUVH SUREOHP DOJRULWKPV RI YDU\LQJ JHQHUDOLW\� oH[LELOLW\� DQG DFFXUDF\�

,W DOVR SURYLGHV H[SODQDWLRQ IRU WHUPLQDO QHJDWLYH WUDQVFDSDFLWDQFH DQG WUDQVFRQGXF�

WDQFH YDOXHV IUHTXHQWO\ REVHUYHG LQ LQWHUGLJLWDO GLHOHFWURPHWU\ PHDVXUHPHQWV� &KDSWHU

� DOVR GHDOV ZLWK WKH LQYHUVH SUREOHP� EXW LQ WKH FRQWH[W RI RSWLPL]DWLRQ WKHRU\� LQ

��



���� 7KHVLV 2XWOLQH

ZKLFK LW FDQ EH DSSURDFKHG DV D JHQHULF PLQLPL]DWLRQ SUREOHP� ,Q WKLV FDVH� LW FDQ EH

JHQHUDOL]HG WR RWKHU RSWLPL]DWLRQ SUREOHPV� QRW QHFHVVDULO\ LQYROYLQJ GHWHUPLQDWLRQ RI

PDWHULDO SURSHUWLHV� 7KH GHYHORSPHQW RI D JHQHUDO RSWLPL]DWLRQ WRRO RQ WKH EDVLV RI

$QVRIW 0D[ZHOO VRIWZDUH DQG WKH 0DWODE RSWLPL]DWLRQ WRROER[ LV GHVFULEHG LQ &KDSWHU

��

&KDSWHU �� LV GHGLFDWHG HQWLUHO\ WR YLVXDOL]DWLRQ RI GLHOHFWULF VSHFWURVFRS\ GDWD� LQ

SUHSDUDWLRQ IRU FULWLFDO DQDO\VLV RI VLPXODWLRQV DQG PHDVXUHPHQW GDWD LQ WKH UHPDLQLQJ

FKDSWHUV� *HQHUDOO\ VSHDNLQJ� D JUDSKLFDO UHSUHVHQWDWLRQ WKDW SURYLGHV WKH EHVW SLFWXUH

RI VDOLHQW IHDWXUHV RI D GDWD DUUD\ LQ D JLYHQ H[SHULPHQW VKRXOG EH VHOHFWHG�

&KDSWHU �� GHDOV H[FOXVLYHO\ ZLWK PRLVWXUH G\QDPLFV LQ WUDQVIRUPHU SUHVVERDUG�

3DUDPHWHU HVWLPDWLRQ DOJRULWKPV DUH DSSOLHG WR D EHQFKPDUN SUREOHP DQG WR H[SHU�

LPHQWDO UHVXOWV� $ FRUUHFW HVWLPDWLRQ RI VSDWLDO PRLVWXUH SURnOHV GXULQJ D WUDQVLHQW

GLmXVLRQ SURFHVV LV RQH RI WKH PDMRU UHVXOWV RI WKLV WKHVLV�

&KDSWHU �� OLVWV SUHOLPLQDU\ DQG H[SORUDWRU\ VLPXODWLRQV DQG PHDVXUHPHQWV IRU

GHWHFWLRQ RI SODVWLF ODQGPLQHV ZLWK IULQJLQJ nHOG GLHOHFWURPHWU\� $ PRUH H[WHQVLYH

WUHDWPHQW RI WKLV VXEMHFW ZLOO EHFRPH D WKHVLV WRSLF IRU WKH QH[W JHQHUDWLRQV RI JUDGXDWH

VWXGHQWV� &KDSWHU �� SURYLGHV D EULHI RYHUYLHZ RI SUDFWLFDO DSSOLFDWLRQV RI LQWHUGLJLWDO

GLHOHFWURPHWU\� 6HOHFWHG FDVHV RI H[SHULPHQWDO GDWD IRU PHDVXUHPHQW RI WKH VDWXUDWLRQ

VWDWH RI FKHPLFDO SURWHFWLYH JDUPHQWV DQG GHWHFWLRQ RI oDZV LQ nEHUJODVV o\ZKHHOV

DUH SUHVHQWHG� 7KHVH VWXGLHV DUH SDUW RI WKH FRPPHUFLDOL]DWLRQ SURFHVV RI LQWHUGLJLWDO

GLHOHFWURPHWU\� &KDSWHU �� JLYHV DQ RYHUYLHZ RI PDMRU UHVXOWV� GUDZV FRQFOXVLRQV� DQG

RXWOLQHV GLUHFWLRQV RI IXWXUH ZRUN�

$SSHQGL[ $ LV DQ H[WHQVLYH VHW RI LQVWUXFWLRQV IRU XOWUDVRQLF FOHDQLQJ RI VHQVRUV IDE�

ULFDWHG ZLWK FRSSHU FRDWHG 7HoRQ
o5
PDWHULDO �&X)ORQ

o5
�� $SSHQGL[ % SURYLGHV PDWKH�

PDWLFDO EDFNJURXQG RI WKH FRQWLQXXP PRGHO GHYHORSHG E\ SUHYLRXV UHVHDUFK VWXGHQWV

DQG LQFOXGHG KHUH IRU FRPSOHWHQHVV� $SSHQGLFHV & DQG ' SURYLGH GRFXPHQWDWLRQ IRU

LQWHUIDFH DQG FRQWUROOHU HOHFWURQLFV XVHG WKURXJKRXW WKLV WKHVLV UHVHDUFK� $SSHQGL[ (

VXPPDUL]HV NQRZ�KRZ DFFXPXODWHG RYHU WKH ODVW VHYHUDO \HDUV UHJDUGLQJ SUDFWLFDO XVH

RI 0D[ZHOO VRIWZDUH�

��



&KDSWHU �� ,QWURGXFWLRQ

$SSHQGL[ ) JLYHV OLVWLQJV RI VRPH RI WKH & DQG 0DWODE FRGHV XVHG IRU GDWD DFTXL�

VLWLRQ DQG GDWD SURFHVVLQJ� $SSHQGL[ * JLYHV D OLVWLQJ RI 0DWODE FRGH IRU GLmHUHQW

SDUDPHWHU HVWLPDWLRQ DOJRULWKPV� $SSHQGL[ + JLYHV D OLVWLQJ RI 0DWODE FRGH IRU WKH

JUDSKLFDO XVHU LQWHUIDFH IRU JHQHULF RSWLPL]DWLRQ ZLWK 0D[ZHOO� )LQDOO\� WKH ELEOLRJUD�

SK\� DXWKRU
V ELRJUDSK\� DQG DOSKDEHWLFDO LQGH[ RI WHUPV DUH LQFOXGHG�

��



&KDSWHU �

%DFNJURXQG DQG 0RWLYDWLRQ

��� %DVLFV RI 'LHOHFWURPHWU\

����� &RUH /LWHUDWXUH

8QGHUVWDQGLQJ RI GLHOHFWURPHWU\ UHTXLUHV SULRU EDFNJURXQG NQRZOHGJH RI EDVLF HOHFWUR�

PDJQHWLVP� 1XPHURXV LQWURGXFWRU\ WH[WV DUH DYDLODEOH RQ WKH VXEMHFW RI HOHFWURVWDWLFV

DQG HOHFWURG\QDPLFV� IRU H[DPSOH >���� ���@� ,QWURGXFWRU\ WH[WV DQG FODVVLF UHVHDUFK

PRQRJUDSKV RQ GLHOHFWURPHWU\ LQFOXGH >���^���@� 'LHOHFWULF VSHFWURVFRS\� ZKLFK LV WKH

VXEMHFW RI &KDSWHU �� RI WKLV WKHVLV LV WUHDWHG H[WHQVLYHO\ LQ >���^���@� 6SHFLDOL]HG

PRQRJUDSKV FRYHU DGYDQFHG DUHDV RI GLHOHFWULF VFLHQFH� VXFK DV 6FKRWWN\ DQG 3RROH

SURFHVVHV >���@� DQLVRWURSLF GLHOHFWULFV >���@� HOHFWUHWV >���� ���@� DQDO\VLV RI GLHOHFWULF

DQG YLVFRHODVWLF PDWHULDO SURSHUWLHV >���@� $Q DGYDQFHG WH[W RQ FRQWLQXXP HOHFWURPH�

FKDQLFV >���@� DPRQJ RWKHU UHOHYDQW WRSLFV� H[SORUHV DQDO\WLFDO VROXWLRQV IRU HOHFWULFDO

DQG PHFKDQLFDO SHUWXUEDWLRQV RI PXOWL�OD\HUHG PHGLD�

����� 'HE\H 0RGHO

7KH 'HE\H GLHOHFWULF UHOD[DWLRQ PRGHO >���@ LV WKH VLPSOHVW ZD\ WR DQDO\]H SRODUL]DWLRQ

SURFHVVHV LQ LQVXODWLQJ PDWHULDOV� ,W DVVXPHV WKDW GLHOHFWULF UHOD[DWLRQ SURFHVVHV DUH

JRYHUQHG E\ nUVW�RUGHU G\QDPLFV DQG� WKXV� FDQ EH FKDUDFWHUL]HG ZLWK D VLQJOH WLPH

��



&KDSWHU �� %DFNJURXQG DQG 0RWLYDWLRQ

FRQVWDQW� 7KH 'HE\H PRGHO FDQ EH GHULYHG IURP EDVLF SRODUL]DWLRQ DQG FRQGXFWLRQ

ODZV >���@ XVLQJ WKH IROORZLQJ DUJXPHQW�

7KH FXUUHQW GHQVLW\ �$PS�P�� LQ D ORVV\ GLHOHFWULF RKPLF PDWHULDO ZLWK RKPLF

FRQGXFWLYLW\ }� LV HTXDO WR�

-  }�(�
#'

#W
�����

7KH nUVW WHUP LV WKH FRQGXFWLRQ FXUUHQW DQG LV DVVRFLDWHG ZLWK WUDQVODWLRQDO GULIW

PRWLRQ RI PRELOH FKDUJH FDUULHUV GXH WR WKH ORFDO HOHFWULF nHOG LQWHQVLW\ (� ZKHUHDV WKH

VHFRQG WHUP LV WKH GLVSODFHPHQW FXUUHQW GHQVLW\ DVVRFLDWHG ZLWK PRWLRQ RI HOHFWULFDO

GLSROHV GXH WR FKDQJLQJ HOHFWULFDO GLVSODFHPHQW nHOG ' GHnQHG DV

'  ��(�3 �����

ZKHUH �� { �����d��b�� )DUDGV�P LV WKH SHUPLWWLYLW\ RI IUHH VSDFH DQG 3 LV WKH SRODU�
L]DWLRQ YHFWRU� 7KH 'HE\H PRGHO GHDOV ZLWK GLVSODFHPHQW FXUUHQW GHQVLW\� UHSUHVHQWHG

E\ WKH VHFRQG WHUP LQ ������

,Q WKH VLPSOHVW FDVH RI OLQHDU GLHOHFWULFV� WKH SRODUL]DWLRQ RI DQ LQVXODWLQJ PDWHULDO

�}�  �� VWUHVVHG E\ DQ HOHFWULF nHOG LV OLQHDUO\ SURSRUWLRQDO WR WKH HOHFWULF nHOG DQG

RFFXUV RQ WZR VXpFLHQWO\ GLVWLQFW WLPH VFDOHV� 7KH KLJK IUHTXHQF\ SRODUL]DWLRQ LV GXH

WR LRQLF YLEUDWLRQV DQG DOVR GXH WR GHIRUPDWLRQ RI WKH HOHFWURQ FORXG XQGHU WKH LQoXHQFH

RI HOHFWULF nHOG �VR WKDW WKH FHQWHU RI WKH HOHFWURQ FORXG QR ORQJHU FRLQFLGHV ZLWK WKH

QXFOHXV�� 7KHVH SURFHVVHV GHWHUPLQH WKH YDOXH RI WKH VR�FDOOHG KLJK IUHTXHQF\ GLHOHFWULF

VXVFHSWLELOLW\ �� GHnQHG DV�

3�  ����( �����

DV ZHOO DV WKH KLJK IUHTXHQF\ UHODWLYH GLHOHFWULF SHUPLWWLYLW\ ���

��  � �
3�
��(

 � � �� �����

7KH WLPH FRQVWDQWV DVVRFLDWHG ZLWK WKHVH SURFHVVHV IDOO LQ WKH UDQJH ��b�� V WR ��b�� V�

VR� WKH\ EHFRPH LPSRUWDQW IRU KLJK IUHTXHQF\ H[FLWDWLRQV ZLWK I ! ���� +]�

7KH ORZ IUHTXHQF\ SRODUL]DWLRQ LV GXH WR UHRULHQWDWLRQ RI GLSROHV IRUPHG E\ SRODU

PROHFXOHV LQ WKH FKDQJLQJ HOHFWULF nHOG� ,Q WKH H[WUHPH� WKH SRODUL]DWLRQ GXH WR D

��



���� %DVLFV RI 'LHOHFWURPHWU\

FRQVWDQW VWDWLF nHOG LV FKDUDFWHUL]HG E\ WKH VWDWLF GLHOHFWULF VXVFHSWLELOLW\ �V GHnQHG DV

3V  ���V( �����

DQG UHODWLYH VWDWLF GLHOHFWULF FRQVWDQW �V�

�V  � �
3V

��(
 � � �V �����

6LQFH WKH SRODUL]DWLRQ 3 DW LQWHUPHGLDWH IUHTXHQFLHV LV XVXDOO\ ORZHU WKDQ WKH VWDWLF

SRODUL]DWLRQ 3V EXW KLJKHU WKDQ WKH QHDUO\ LQVWDQWDQHRXV KLJK IUHTXHQF\ SRODUL]DWLRQ

3�� LW LV FRQYHQLHQW WR GHnQH D WLPH�GHSHQGHQW SRODUL]DWLRQ 3W  3 b 3�� 7KH

WUDQVLWLRQ IURP 3� WR 3V LV JUDGXDO� DQG WKH GLmHUHQFH EHWZHHQ WKH WZR FDQ EH GHQRWHG

DV D IUHTXHQF\ GHSHQGHQW �RU� HTXLYDOHQWO\� WLPH�GHSHQGHQW� SRODUL]DWLRQ DW W  ��

3W�W  ��  3V b3�� �����

ZKHUH 3� LV D QHDUO\ LQVWDQWDQHRXV SRODUL]DWLRQ GXH WR WKH GLVSODFHPHQW RI WKH HOHFWURQ

FORXG�

$FFRUGLQJ WR RXU HDUOLHU DVVXPSWLRQ DERXW WKH nUVW�RUGHU G\QDPLFV� WKH UDWH RI

JURZWK RI WLPH�GHSHQGHQW SRODUL]DWLRQ IRU HDFK PRPHQW RI WLPH LV SURSRUWLRQDO WR WKH

GLmHUHQFH EHWZHHQ WKH WLPH�GHSHQGHQW SRODUL]DWLRQ 3 DQG WKH VWDWLF SRODUL]DWLRQ 3V�

G3W �W�

GW
 
3V b3 �W�

~
� �����

7KH SRODUL]DWLRQ GXH WR D VWHS HOHFWULFDO nHOG ZLWK PDJQLWXGH (  (�X�W� LV

3  
K
3V��b HbW ~ � �3�HbW ~

L
X�W� �����

7KH GLVSODFHPHQW FXUUHQW GHQVLW\ RI ����� ZLWK }�  � LV�

- �W�  
G

GW
���(X�W� �3�W��  ���(� �3��p �W� � �3V b3��

HbW ~

~
X�W� ������

)RU VLQXVRLGDO VWHDG\ VWDWH nHOGV RI WKH IRUP -  �
K
A-HM�W

L
DQG (  �

K
A(HM�W

L
ZH nQG

WKH FRPSOH[ UHODWLYH GLHOHFWULF FRQVWDQW IURP ����� ZLWK }�  � DQG ����� DV�
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�
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&KDSWHU �� %DFNJURXQG DQG 0RWLYDWLRQ

)URP ������ RQH FDQ GHULYH WKH H[SUHVVLRQ IRU SRODUL]DWLRQ�

A3  
A3V � M�~ A3�
M�~ � �

 
�V � M�~��
M�~ � �

�� A(� ������

6XEVWLWXWLRQ RI ������ LQWR ������ \LHOGV�

�e  �� � ��V b ���
�

M�~ � �
������

7R VHSDUDWH UHDO DQG LPDJLQDU\ SDUWV� WKH QXPHUDWRU DQG GHQRPLQDWRU RI WKH ULJKWPRVW

WHUP LQ ������ DUH nUVW PXOWLSOLHG E\ LWV FRPSOH[ FRQMXJDWH� VR WKDW�

�e  �� �
��V b ��� ��b M�~�

� � ��~��
� ������

RU� LQ D FRQYHQWLRQDOO\ XVHG IRUP�

�e b ��  
��V b ���

� � ��~��
b M

�~ ��V b ���

� � ��~��
� ������

7KH UHDO DQG LPDJLQDU\ SDUWV RI ������ DUH WKH 'HE\H GLVSHUVLRQ UHODWLRQV� ZKLFK DUH DOVR

UHVWDWHG LQ VXEVHTXHQW VHFWLRQV IRU UHIHUHQFH LQ DQRWKHU ZLGHO\ XVHG IRUP� ,W LV ZRUWK�

ZKLOH QRWLFLQJ WKDW WKH IUHTXHQF\ UHVSRQVH VXJJHVWHG E\ WKLV UHODWLRQVKLS RI M��e$ G

FRUUHVSRQGV H[DFWO\ WR WKH DGPLWWDQFH IUHTXHQF\ UHVSRQVH RI WKH VLPSOH OXPSHG�HOHPHQW

FLUFXLW VKRZQ LQ )LJXUH ����D� IRU D SDUDOOHO SODWH HOHFWURGH JHRPHWU\ ZLWK DUHD $ DQG

JDS G� 7KH HTXLYDOHQF\ EHWZHHQ WKH GLHOHFWULF FRQVWDQWV DQG WKH OXPSHG HOHPHQW YDOXHV

IRU D YROWDJH VRXUFH LV JLYHQ E\

&3  ����$ G� ������

&6  �� ��V b ���$ G� ������

~  56&6� ������

,W VKRXOG EH QRWHG WKDW WKH FRPSOH[ GLHOHFWULF SHUPLWWLYLW\ PD\ KDYH DQ DSSUHFLDEOH

LPDJLQDU\ SDUW HYHQ LI QR GF FRQGXFWLYLW\ LV SUHVHQW� 7KH LPDJLQDU\ SDUW DULVHV IURP

WKH HQHUJ\ GLVVLSDWLRQ SURFHVV GXH WR GLSROH UH�RULHQWDWLRQ� 7UDQVODWLRQDO PRWLRQ RI

��



���� 'LVWULEXWLRQ RI 5HOD[DWLRQ 7LPHV

�D� HTXLYDOHQW FLUFXLW �E� JUDSKLFDO UHSUHVHQWDWLRQ

)LJXUH ���� 7KH 'HE\H PRGHO IRU WLPH�GHSHQGHQW SRODUL]DWLRQ�

FKDUJH FDUULHUV DOVR OHDGV WR HQHUJ\ GLVVLSDWLRQ� 7KH H[SUHVVLRQV ����� DQG ������ FDQ

EH FRPELQHG WR LQFOXGH RKPLF FRQGXFWLYLW\ DQG 'HE\H SRODUL]DWLRQ DV�

��  �� � ��GLSROH ������

���  
}�
�
� ���GLSROH ������

��GLSROH  
��V b ���

� � ��~��
������

DQG

���GLSROH  
��V b ����~

� � ��~��
������

$ FRQYHQLHQW SUHVHQWDWLRQ RI ������������� LV WKH &ROH�&ROH SORW >���@ VKRZQ LQ )LJXUH

����E� ZKLFK SORWV �� YV� ��� ZLWK IUHTXHQF\ � DV DQ LQGHSHQGHQW SDUDPHWHU DQG LV DQ

H[DFW VHPLFLUFOH� 1RWH WKDW IRU �~ �� ��GLSROH DQG ���GLSROH DUH KDOI RI ��Vb ��� DQG ���GLSROH

DVVXPHV LWV PD[LPXP YDOXH�

��� 'LVWULEXWLRQ RI 5HOD[DWLRQ 7LPHV

,Q UHDOLW\� GLHOHFWULF PDWHULDOV XVXDOO\ GR QRW REH\ D VLPSOH PRGHO ZKLFK DVVXPHV D

VLQJOH UHOD[DWLRQ WLPH� 7R DQDO\]H H[SHULPHQWDO GDWD� D FHUWDLQ GLVWULEXWLRQ RI UHOD[�

DWLRQ WLPHV RYHU WKH IUHTXHQF\ UDQJH RI LQWHUHVW LV DVVXPHG� $ QXPEHU RI PRGLnFDWLRQV

��



&KDSWHU �� %DFNJURXQG DQG 0RWLYDWLRQ

WR WKH RULJLQDO 'HE\H PRGHO KDYH EHHQ SURSRVHG� 2QH RI WKH PRVW FRPPRQO\ XVHG

IRU SRODU OLTXLG DQG VROLG GLHOHFWULFV LV E\ &ROH DQG &ROH >���@� LQ ZKLFK WKH FHQWHU RI

VHPLFLUFXODU DUFV LQ WKH ������ SODQH VKLIWV EHORZ WKH KRUL]RQWDO D[LV� $FFRUGLQJ WR WKLV

PRGHO� WKH GLHOHFWULF UHOD[DWLRQ LV GHVFULEHG E\ WKH HTXDWLRQ

� e b��  �V b ��

� � �M�~��bm
������

ZLWK � � m � � ZKHUH �m{�  � LV WKH DQJOH EHWZHHQ WKH UHDO D[LV DQG WKH OLQH WKDW

FRQQHFWV WKH VHPLFLUFOH FHQWHU ZLWK WKH KLJK IUHTXHQF\ LQWHUFHSW�

6RPHWLPHV� WKH H[SHULPHQWDO GDWD LV QRW V\PPHWULF ZLWK UHVSHFW WR WKH FHQWHU

RI WKH DUF �VHPLFLUFOH IRU m  �� LQ WKH ���b�� SODQH� )RU H[DPSOH� WKH 'DYLGVRQ�
&ROH GLVWULEXWLRQ IXQFWLRQ >���@ UHVXOWV LQ D WLOWHG DUF� ZKLFK DSSUR[LPDWHV WKH RULJLQDO

VHPLFLUFOH DW ORZ IUHTXHQFLHV� EXW oDWWHQV RXW DW KLJK IUHTXHQFLHV� 7KH UDWH RI GLVWRUWLRQ

IURP WKH RULJLQDO VKDSH LV FRQWUROOHG E\ WKH SDUDPHWHU n LQ WKH 'DYLGVRQ�&ROH HTXDWLRQ�

� e b��  �V b ��

�� � M�~�n
������

ZKHUH � � n � �� 7KLV IXQFWLRQ LV D SHUIHFW VHPLFLUFOH ZKHQ n  �� 0DQ\ RWKHU

GLVWULEXWLRQ IXQFWLRQV DQG RWKHU H[WHQVLRQV RI WKH RULJLQDO &ROH�&ROH WKHRU\ KDYH EHHQ

SURSRVHG� 7KH PRVW FRPPRQO\ XVHG LQFOXGH WKRVH E\ .LUNZRRG DQG )XRVV >���@ DQG

:LOOLDPV DQG :DWWV >�������@�

��� 'RXEOH /D\HU ,QWHUIDFH

7KH UHVXOWV RI DGPLWWDQFH VSHFWURVFRS\ PHDVXUHPHQWV RI GLHOHFWULF PDWHULDOV DUH RIWHQ

VWURQJO\ DOWHUHG E\ WKH FKDUDFWHULVWLFV RI D VSDFH�FKDUJH OD\HU WKDW IRUPV DW WKH PHWDO�

GLHOHFWULF LQWHUIDFH� 7KLV OD\HU� RIWHQ UHIHUUHG WR DV D GRXEOH OD\HU� SOD\V D FULWLFDO

UROH LQ oRZ HOHFWULnFDWLRQ SKHQRPHQD >�@� ,Q WKH HOHFWULFDO GRXEOH OD\HU� RSSRVLWHO\

FKDUJHG LRQV HmHFWLYHO\ QHXWUDOL]H HDFK RWKHU LQ WKH EXON� $W HOHFWURGH ERXQGDULHV�

KRZHYHU� WKHUH LV D SUHIHUHQWLDO DEVRUSWLRQ RI RQH VSHFLHV ZLWK DQ RSSRVLWH SRODULW\

FDUULHU GLmXVHO\ GLVWULEXWHG RYHU D WKLQ ERXQGDU\ UHJLRQ HTXDO WR WKH 'HE\H OHQJWK�

��
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7KH GHJUHH RI QHW FKDUJH DQG WKH GHSWK WR ZKLFK LW SHQHWUDWHV LQWR WKH OLTXLG YROXPH

DUH UHODWHG WR WKH EDODQFH RI LRQ GLmXVLRQ DQG PLJUDWLRQ� DV ZHOO DV FRQYHFWLRQ IRU WKH

FDVH RI FLUFXODWLQJ HOHFWURO\WH� 7KH FKDUJH RQ WKH OLTXLG VLGH RI WKH GRXEOH OD\HU FDQ EH

HQWUDLQHG LQ D OLTXLG oRZ DQG FDQ DFFXPXODWH RQ LQVXODWLQJ RU LVRODWHG VXUIDFHV� ,I WKH

UDWH RI FKDUJH DFFXPXODWLRQ LV IDVWHU WKDQ WKH UDWH RI FKDUJH UHOD[DWLRQ� WKH HOHFWULF nHOG

FDQ EHFRPH ODUJHU WKDQ WKH PDWHULDO
V EUHDNGRZQ VWUHQJWK� 5HVXOWLQJ VSDUN GLVFKDUJHV

FDQ OHDG WR V\VWHP IDLOXUH�

7KXV� D GHHS XQGHUVWDQGLQJ RI FKDUJH G\QDPLFV DV UHODWHG WR WKH HOHFWURFKHPLFDO

QDWXUH RI WKH GRXEOH OD\HU LV FULWLFDOO\ LPSRUWDQW� 7KH VLJQLnFDQFH RI WKLV SKHQRPHQRQ

KDV ORQJ EHHQ UHFRJQL]HG E\ HOHFWULFDO HQJLQHHUV >���@� ,QWHUGLJLWDO GLHOHFWURPHWU\ PHD�

VXUHPHQWV KHOS WR HYDOXDWH WKH GRXEOH�OD\HU FKDUDFWHULVWLFV E\ XVLQJ UHODWLYHO\ VLPSOH

PRGHOV >��@� +RZHYHU� D GHHS XQGHUVWDQGLQJ RI DOO FRQVHTXHQFHV RI WKH GRXEOH OD\HU

IRUPDWLRQ UHTXLUHV WKH FRQFHSWXDO IUDPHZRUN RI HOHFWURFKHPLFDO SK\VLFV >���@�

0XOWL�ZDYHOHQJWK LQWHUGLJLWDO GLHOHFWURPHWU\ VHQVRUV KDYH EHHQ XVHG WR GHWHUPLQH

YDULRXV HOHFWURFKHPLFDO SDUDPHWHUV RI GLHOHFWULF LQWHUIDFHV� 3UHOLPLQDU\ H[SHULPHQWV

KDYH PHDVXUHG WKH 'HE\H OHQJWK� ]HWD SRWHQWLDO� PROHFXODU GLmXVLRQ FRHpFLHQW DQG WKH

PRELOLW\ RI SRVLWLYH DQG QHJDWLYH FKDUJH FDUULHUV LQ D OLTXLG GLHOHFWULF >�@�

(QHUJ\ VWRUDJH DQG FRQYHUVLRQ GHYLFHV UHSUHVHQW DQ HQDEOLQJ WHFKQRORJ\ IRU D EURDG

UDQJH RI DSSOLFDWLRQV� (OHFWULF YHKLFOH GHYHORSPHQW� IRU H[DPSOH� LV GHSHQGHQW XSRQ

LPSURYHPHQWV LQ HQHUJ\ VWRUDJH DQG FRQYHUVLRQ� &XUUHQW XQGHUVWDQGLQJ RI LQWHUIDFLDO

HOHFWURFKHPLFDO SURFHVVHV LV ODUJHO\ OLPLWHG WR DSSOLFDWLRQ RI PLFURVFRSLF WKHUPRG\�

QDPLF DQG NLQHWLF FRQFHSWV� 0XOWL�ZDYHOHQJWK GLHOHFWURPHWU\ KDV WKH SRWHQWLDO WR

VLJQLnFDQWO\ H[SDQG RXU XQGHUVWDQGLQJ RI HOHFWURFKHPLFDO SURFHVVHV LQ ERXQGDU\ OD\�

HUV� 7KH SRWHQWLDO DOVR H[LVWV WR XVH LQVWDOOHG GLHOHFWURPHWU\ VHQVRUV WR SURYLGH DFWLYH

FRQWURO RI ERXQGDU\ OD\HU SURFHVVHV E\ DSSO\LQJ YROWDJHV RQ WKH RUGHU RI WKH WKHUPDO

YROWDJH� N7 T� WR GULYH WKH HOHFWULFDO GRXEOH OD\HU RXW RI HTXLOLEULXP� /DUJH�VFDOH HmRUWV

KDYH DOUHDG\ LPSURYHG EDWWHU\ SHUIRUPDQFH EXW D EHWWHU XQGHUVWDQGLQJ RI IXQGDPHQ�

WDO HOHFWURFKHPLFDO EHKDYLRU� HVSHFLDOO\ DW LQWHUIDFHV� FDQ OHDG WR QHZ ZD\V IRU IXWXUH

EDWWHU\ LPSURYHPHQWV�

��



&KDSWHU �� %DFNJURXQG DQG 0RWLYDWLRQ

$ PHWDO HOHFWURGH WUDQVIHUV FKDUJH WR DQ DGMDFHQW GLHOHFWULF VROLG HYHQ XQGHU ]HUR

HOHFWULF nHOG FRQGLWLRQV >���@� 7KH GRXEOH OD\HU WKLFNQHVV w'� NQRZQ DV WKH 'HE\H

OHQJWK� DW VROLG�OLTXLG LQWHUIDFHV YDULHV DV

w' {
T
�' }� ������

ZKHUH ' LV WKH PROHFXODU GLmXVLYLW\� DQG w' FDQ EH FRPSDUDEOH ZLWK WKH VHQVRU IHDWXUH

VL]H DW WKH PLFURQ DQG VXEPLOOLPHWHU VFDOHV >�@�

,Q HTXLOLEULXP� WKH LQWHUIDFH EHWZHHQ SUHVVERDUG DQG WUDQVIRUPHU RLO LV FKDUDFWHUL]HG

E\ WKH 'HE\H OHQJWK w' DQG E\ ]HWD SRWHQWLDO� r� 7KH DQDO\VLV RI GRXEOH OD\HU IRUPDWLRQ

DQG G\QDPLFV DmHFWHG E\ ODPLQDU DQG WXUEXOHQW oRZV RI OLTXLG GLHOHFWULFV LV DYDLODEOH

LQ >���^���@�

0XOWL�ZDYHOHQJWK LQWHUGLJLWDO GLHOHFWURPHWU\ VHQVRUV KDYH EHHQ XVHG WR GHWHUPLQH

YDULRXV HOHFWURFKHPLFDO SDUDPHWHUV RI GLHOHFWULF LQWHUIDFHV� 3UHOLPLQDU\ H[SHULPHQWV

KDYH PHDVXUHG WKH 'HE\H OHQJWK� ]HWD SRWHQWLDO� PROHFXODU GLmXVLRQ FRHpFLHQW DQG WKH

PRELOLW\ RI SRVLWLYH DQG QHJDWLYH FKDUJH FDUULHUV LQ D OLTXLG GLHOHFWULF >�@�

7KH UHVXOWV RI DGPLWWDQFH VSHFWURVFRS\ PHDVXUHPHQWV RI GLHOHFWULF PDWHULDOV DUH

RIWHQ VWURQJO\ DOWHUHG E\ WKH FKDUDFWHULVWLFV RI D VSDFH�FKDUJH OD\HU WKDW IRUPV DW WKH

PHWDO�GLHOHFWULF LQWHUIDFH� 7KLV OD\HU� RIWHQ UHIHUUHG WR DV D GRXEOH OD\HU� SOD\V D FULWLFDO

UROH LQ oRZ HOHFWULnFDWLRQ SKHQRPHQD >�@� ,Q WKH HOHFWULFDO GRXEOH OD\HU� RSSRVLWHO\

FKDUJHG LRQV HmHFWLYHO\ QHXWUDOL]H HDFK RWKHU LQ WKH EXON� $W HOHFWURGH ERXQGDULHV�

KRZHYHU� WKHUH LV D SUHIHUHQWLDO DEVRUSWLRQ RI RQH VSHFLHV ZLWK DQ RSSRVLWH SRODULW\

FDUULHU GLmXVHO\ GLVWULEXWHG RYHU D WKLQ ERXQGDU\ UHJLRQ HTXDO WR WKH 'HE\H OHQJWK�

7KH GHJUHH RI QHW FKDUJH DQG WKH GHSWK WR ZKLFK LW SHQHWUDWHV LQWR WKH OLTXLG YROXPH

DUH UHODWHG WR WKH EDODQFH RI LRQ GLmXVLRQ DQG PLJUDWLRQ� DV ZHOO DV FRQYHFWLRQ IRU WKH

FDVH RI FLUFXODWLQJ HOHFWURO\WH� 7KH FKDUJH RQ WKH OLTXLG VLGH RI WKH GRXEOH OD\HU FDQ EH

HQWUDLQHG LQ D OLTXLG oRZ DQG FDQ DFFXPXODWH RQ LQVXODWLQJ RU LVRODWHG VXUIDFHV� ,I WKH

UDWH RI FKDUJH DFFXPXODWLRQ LV IDVWHU WKDQ WKH UDWH RI FKDUJH UHOD[DWLRQ� WKH HOHFWULF nHOG

FDQ EHFRPH ODUJHU WKDQ WKH PDWHULDO
V EUHDNGRZQ VWUHQJWK� 5HVXOWLQJ VSDUN GLVFKDUJHV

FDQ OHDG WR V\VWHP IDLOXUH�

��
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7KXV� D GHHS XQGHUVWDQGLQJ RI FKDUJH G\QDPLFV DV UHODWHG WR WKH HOHFWURFKHPLFDO

QDWXUH RI WKH GRXEOH OD\HU LV FULWLFDOO\ LPSRUWDQW� 7KH VLJQLnFDQFH RI WKLV SKHQRPHQRQ

KDV ORQJ EHHQ UHFRJQL]HG E\ HOHFWULFDO HQJLQHHUV >���@� ,QWHUGLJLWDO GLHOHFWURPHWU\ PHD�

VXUHPHQWV KHOS WR HYDOXDWH WKH GRXEOH�OD\HU FKDUDFWHULVWLFV E\ XVLQJ UHODWLYHO\ VLPSOH

PRGHOV >��@� +RZHYHU� D GHHS XQGHUVWDQGLQJ RI DOO FRQVHTXHQFHV RI WKH GRXEOH OD\HU

IRUPDWLRQ UHTXLUHV WKH FRQFHSWXDO IUDPHZRUN RI HOHFWURFKHPLFDO SK\VLFV >���@�

7KH VSDFH�FKDUJH SRODUL]DWLRQ LV PRVW FRQVSLFXRXV DW WKH ORZ IUHTXHQFLHV RI GL�

HOHFWURPHWU\ DGPLWWDQFH VSHFWURVFRS\� $W KLJK IUHTXHQFLHV� WKH GRXEOH OD\HU UHPDLQV

DOPRVW LQYLVLEOH WR WKH DOWHUQDWLQJ FXUUHQW� $W ORZ IUHTXHQFLHV� WKH EXON RI WKH PRG�

HUDWHO\ FRQGXFWLYH GLHOHFWULF ORRNV OLNH D VKRUW FLUFXLW IURP WKH WHUPLQDO SRLQW RI YLHZ�

$V D UHVXOW� WKH WHUPLQDO FDSDFLWDQFH EHWZHHQ WKH HOHFWURGHV EHFRPHV H[WUHPHO\ KLJK�

,I GRXEOH OD\HU HmHFWV DUH QRW WDNHQ LQWR DFFRXQW SURSHUO\� WKH HVWLPDWHG GLHOHFWULF

SHUPLWWLYLW\ DVVXPHV DQ XQUHDVRQDEO\ KLJK YDOXH >��@� DQG WKH HVWLPDWHG FRQGXFWLYLW\

KDV OLWWOH FRUUHODWLRQ ZLWK WKH RKPLF FRQGXFWLYLW\ RI WKH PDWHULDO�

'RXEOH OD\HU SDUDPHWHUV FDQ EH REWDLQHG IURP PHDVXUHPHQWV XVLQJ &ROH�&ROH SORWV�

ZKLFK SORW WKH UHDO SDUW RI WKH FRPSOH[ SHUPLWWLYLW\ YHUVXV WKH LPDJLQDU\ SDUW� ,Q WKH

DEVHQFH RI D GRXEOH OD\HU� WKH &ROH�&ROH SORW LV D VHPL�FLUFOH� 'HYLDWLRQV IURP D VHPL�

FLUFOH SURYLGH LQIRUPDWLRQ RQ WKH 'HE\H OHQJWK DQG PROHFXODU GLmXVLRQ FRHpFLHQW�

��



&KDSWHU �� %DFNJURXQG DQG 0RWLYDWLRQ

��� 2Q�OLQH 0HDVXUHPHQW RI 0RLVWXUH LQ 7UDQVIRUPHU

3UHVVERDUG

����� 0RWLYDWLRQ

)DLOXUHV RI ODUJH SRZHU WUDQVIRUPHUV DUH IDLUO\ LQIUHTXHQW� KRZHYHU� VLQFH HDFK IDLO�

XUH LQGXFHV PXOWL�PLOOLRQ GROODU ORVVHV DQG SRWHQWLDOO\ HQGDQJHUV OLYHV� WKH\ FDQQRW EH

LJQRUHG� $ VXEVWDQWLDO DPRXQW RI HmRUW LQ WKH SRZHU LQGXVWU\ ZRUOGZLGH KDV EHHQ

GLUHFWHG WRZDUGV GHYHORSLQJ RQ�OLQH PRQLWRULQJ V\VWHPV WR RSWLPL]H WUDQVIRUPHU SHU�

IRUPDQFH DQG SUHYHQW IDLOXUHV�

9DULRXV FKDUDFWHULVWLF SUH�IDLOXUH SURFHVVHV LQ WUDQVIRUPHU LQVXODWLRQ FDQ EH PRQ�

LWRUHG XVLQJ FKHPLFDO� DFRXVWLFDO� HOHFWULFDO� PDJQHWLF� GLHOHFWULF� DQG RWKHU W\SHV RI

PHDVXUHPHQWV� &RPSOHPHQWDU\ LQIRUPDWLRQ IURP YDULRXV PHDVXUHPHQWV FDQ EH LQ�

WHJUDWHG LQ D XQLnHG PRQLWRULQJ V\VWHP WR LQFUHDVH WKH UHOLDELOLW\ DQG DFFXUDF\ RI

SHUIRUPDQFH HYDOXDWLRQ� $Q RQ�OLQH PRQLWRULQJ DQG LQWHUQDO GLDJQRVWLFV V\VWHP RI D

SRZHU WUDQVIRUPHU LQYROYHV SUHGLFWLRQ RI IXWXUH SHUIRUPDQFH WKURXJK WUHQG DQDO\VLV

DQG GHWHFWLRQ RI DQRPDORXV EHKDYLRU >�������@�

����� (mHFWV RI 0RLVWXUH

3UHVVERDUG

'LHOHFWULF SURSHUWLHV RI WUDQVIRUPHU LQVXODWLRQ YDU\ ZLWK WKH SUHVHQFH RI FRQWDPLQDQW

PDWHULDOV DQG DGGLWLYHV� 6LQFH PRLVWXUH LV DOZD\V SUHVHQW LQ WKH HQYLURQPHQW� LW SOD\V

DQ LPSRUWDQW UROH LQ HYDOXDWLQJ RSHUDWLRQDO FKDUDFWHULVWLFV RI D SRZHU WUDQVIRUPHU�

7UDQVIRUPHU SUHVVERDUG� EHLQJ D KLJKO\ K\GURSKLOLF nEURXV PDWHULDO� LV SDUWLFXODUO\

VWURQJO\ DmHFWHG E\ PRLVWXUH >���^���@� ZKLFK DOVR PDNHV LW D JRRG FDQGLGDWH IRU

SURSHUW\ PRQLWRULQJ WKURXJK GLHOHFWURPHWU\ PHDVXUHPHQWV >���� ���@� 6RPHZKDW SDU�

DOOHOLQJ FRUURVLRQ SURFHVVHV LQ PHWDOV� PRLVWXUH DFFHOHUDWHV SUHVVERDUG LQVXODWLRQ DJLQJ

GXH WR WKHUPDO� PHFKDQLFDO� DQG HOHFWULFDO GHJUDGDWLRQ RI WKH FHOOXORVH EDVH >���^���@�

,W KDV EHHQ REVHUYHG WKDW WKH SUDFWLFDO OLIHWLPH RI FHOOXORVH LQVXODWLRQ LV LQYHUVHO\ SUR�

��
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SRUWLRQDO WR LWV DYHUDJH PRLVWXUH FRQWHQW >���@� ([WHQVLYH UHYLHZ RI SURSHUWLHV RI WUDQV�

IRUPHU SUHVVERDUG� DQG UHODWHG PHDVXUHPHQW� PRGHOLQJ� DQG DSSOLFDWLRQ LVVXHV LV JLYHQ

LQ >�������@�

$W QRUPDO DWPRVSKHULF FRQGLWLRQV� SUHVVERDUG QDWXUDOO\ FRQWDLQV DERXW nYH SHUFHQW

RI ZDWHU E\ ZHLJKW >���� ���@� 'XULQJ WUDQVIRUPHU RSHUDWLRQ� YHU\ VPDOO DPRXQWV RI

ZDWHU VKRXOG QRUPDOO\ EH SUHVHQW ZLWKLQ WKH WUDQVIRUPHU HQFORVXUH� 7UDQVIRUPHUV DUH

VXEMHFWHG WR GU\LQJ F\FOHV XVLQJ QLWURJHQ DQG YDFXXP SXPSV WR UHPRYH PRVW RI WKH

PRLVWXUH EHIRUH RSHUDWLRQ >���^���@� $IWHU WKDW� WKH\ DUH nOOHG ZLWK GU\ WUDQVIRUPHU RLO�

ZKLFK� DIWHU D FHUWDLQ SHULRG RI WLPH� HVWDEOLVKHV D PRLVWXUH FRQFHQWUDWLRQ HTXLOLEULXP

ZLWK SUHVVERDUG�

7UDQVIRUPHU 2LO

$Q H[WHQVLYH XS�WR�GDWH RYHUYLHZ RI WUDQVIRUPHU RLO SURSHUWLHV LV JLYHQ LQ >���� ���@�

/LNH PRVW RWKHU RLOV� WUDQVIRUPHU RLO LV D K\GURSKRELF OLTXLG� ,W XVXDOO\ FRQWDLQV D

PXFK VPDOOHU SHUFHQWDJH RI ZDWHU WKDQ SUHVVERDUG� WKHUHIRUH WKH WUDQVIRUPHU RLO GL�

HOHFWULF SHUPLWWLYLW\ DQG FRQGXFWLYLW\ DUH QRW VWURQJO\ DmHFWHG E\ WKH SUHVHQFH RI W\S�

LFDO DPRXQWV RI PRLVWXUH� $W WKH VDPH WLPH� WKH HOHFWULF nHOG LQWHQVLW\ EUHDNGRZQ

VWUHQJWK RI WUDQVIRUPHU RLO GURSV GUDPDWLFDOO\ ZKHQ WKH PRLVWXUH LQ RLO FRQFHQWUD�

WLRQ H[FHHGV DOORZDEOH OHYHOV >���@� &KHPLFDO DGGLWLYHV DQG LPSXULWLHV PD\ IRUP LQ RLO

GXH WR PDQXIDFWXULQJ SURFHVVHV� R[LGDWLRQ� SDUWLDO GLVFKDUJLQJ� DQG RWKHU DJLQJ�UHODWHG

SURFHVVHV� 7KHVH LPSXULWLHV� WRJHWKHU ZLWK PRLVWXUH DQG FKDUJHG LRQ VSHFLHV IURP WKH

RLO�SUHVVERDUG GRXEOH OD\HU IRUP D FRPSOH[ HOHFWURFKHPLFDO V\VWHP WKDW GHWHUPLQHV WKH

UHOLDELOLW\ DQG HpFLHQF\ RI WUDQVIRUPHU RSHUDWLRQ >���@�

����� )ORZ (OHFWULnFDWLRQ

0RLVWXUH G\QDPLFV EHWZHHQ RLO DQG WUDQVIRUPHU SUHVVERDUG DV D IXQFWLRQ RI WHPSHUD�

WXUH LV YHU\ LPSRUWDQW LQ SRZHU WUDQVIRUPHU RSHUDWLRQ� )RU H[DPSOH� LI WKH WHPSHUDWXUH

ZHUH WR GURS WRR TXLFNO\ EHIRUH WKH PRLVWXUH LQ WKH RLO FRXOG GLmXVH LQWR SUHVVERDUG� RLO

��



&KDSWHU �� %DFNJURXQG DQG 0RWLYDWLRQ

PRLVWXUH ZRXOG H[FHHG WKH VDWXUDWLRQ YDOXH DW WKLV WHPSHUDWXUH� UHVXOWLQJ LQ IUHH ZDWHU

LQ WKH RLO� 6XFK IUHH ZDWHU LQ WKH KLJK YROWDJH UHJLRQ RI WKH WUDQVIRUPHU FRXOG UHVXOW LQ

FDWDVWURSKLF HOHFWULF EUHDNGRZQ DQG WUDQVIRUPHU IDLOXUH� $QRWKHU WUDQVIRUPHU IDLOXUH

PRGH GHSHQGHQW RQ PRLVWXUH G\QDPLFV LV oRZ HOHFWULnFDWLRQ� ZKLFK RIWHQ DULVHV ZKHQ D

WUDQVIRUPHU WKDW KDV EHHQ RXW RI VHUYLFH LV EHLQJ UHFRPPLVVLRQHG� $ SODXVLEOH VFHQDULR

LV WKDW DV WKH WUDQVIRUPHU KHDWV XS� PRLVWXUH LV GULYHQ RXW RI WKH SUHVVERDUG LQVXODWLRQ

LQWR WKH RLO� 7KH PRLVWXUH nUVW FRPHV IURP QHDU WKH SUHVVERDUG LQWHUIDFH� OHDYLQJ D YHU\

GU\ LQWHUIDFH WKDW LV DOVR KLJKO\ LQVXODWLQJ� $Q\ DFFXPXODWLQJ VXUIDFH FKDUJH KDV QR

OHDNDJH DQG WKXV WKH VXUIDFH FKDUJH GHQVLW\ FDQ LQFUHDVH XQWLO VSDUN WUDFNLQJ GLVFKDUJHV

RFFXU� 7KHVH VSDUNV FDXVH JDV IRUPDWLRQ� ZKLFK FDQ ULVH LQWR WKH KLJK HOHFWULF nHOG UH�

JLRQ FDXVLQJ D KLJK�HQHUJ\ GLVFKDUJH WKDW FDXVHV WUDQVIRUPHU IDLOXUH� ,I IDLOXUH GRHV

QRW RFFXU GXULQJ WKH HDUO\ WLPHV RI WKH UHFRPPLVVLRQLQJ SURFHVV� WKH PRLVWXUH GHHSHU

LQ WKH SUHVVERDUG GLmXVHV WR WKH VXUIDFH� UHDFKLQJ HTXLOLEULXP ZLWK WKH RLO PRLVWXUH�

7KH PRLVWXUH GLmXVLRQ WLPH FDQ HDVLO\ EH D IHZ ZHHNV� EXW RQFH WKHUH LV QR ORQJHU

DQ LQWHUIDFLDO GU\ ]RQH� WKHUH LV D OHDNDJH SDWK IRU LQWHUIDFLDO VXUIDFH FKDUJH VR WKDW

WKH VXUIDFH FKDUJH GHQVLW\ FDQQRW ULVH WR HOHFWULF nHOG VWUHQJWKV EH\RQG WKH EUHDNGRZQ

VWUHQJWK RI RLO DQG SUHVVERDUG� 7KXV� RQFH WKH WUDQVIRUPHU LV LQ PRLVWXUH HTXLOLEULXP�

WKLV oRZ HOHFWULnFDWLRQ KD]DUG LV PLQLPL]HG�

)ORZ HOHFWULnFDWLRQ LV EHOLHYHG WR SOD\ DQ LPSRUWDQW UROH LQ PDVV WUDQVSRUW RI ZD�

WHU PROHFXOHV E\ DmHFWLQJ SURSHUWLHV RI WKH SUHVVERDUG�RLO LQWHUIDFH >���@� &RQWLQXRXV

PRQLWRULQJ RI WKH PRLVWXUH GLmXVLRQ SURFHVV KDV DQ LPPHGLDWH DSSOLFDWLRQ LQ WKH HOHF�

WULF SRZHU LQGXVWU\� )ORZ VWDWLF HOHFWULnFDWLRQ RI WUDQVIRUPHU SUHVVERDUG VRPHWLPHV

OHDGV WR FDWDVWURSKLF H[SORVLRQV RI ODUJH SRZHU WUDQVIRUPHUV� 7KH FKDUJH EXLOGXS SUR�

FHVVHV LQ WKH FRXUVH RI HOHFWULnFDWLRQ GHSHQG RQ WKH VXUIDFH DQG YROXPH FRQGXFWLYLW\

RI SUHVVERDUG� 7KH FRQGXFWLYLW\ RI WKH FHOOXORVH EDVHG SUHVVERDUG LV D IXQFWLRQ RI WZR

PDMRU IDFWRUV� WHPSHUDWXUH DQG PRLVWXUH FRQWHQW� 7KXV� UHVHDUFK PRQLWRULQJ RI WKH

SUHVVERDUG VWDWH KHOSV WR XQGHUVWDQG� SUHGLFW� DQG SUHYHQW VSDUN GLVFKDUJHV GXH WR VLJ�

QLnFDQW FKDUJH DFFXPXODWLRQ ZLWK QHJOLJLEOH OHDNDJH ZKHQ D KLJKO\ LQVXODWLQJ VXUIDFH

GU\ ]RQH IRUPV DV LQFUHDVH LQ WHPSHUDWXUH DW WKH SUHVVERDUG GULYHV PRLVWXUH RXW RI WKH

��
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)LJXUH ���� &RXHWWH )DFLOLW\ IRU VLPXODWLQJ D YDULHW\ RI LQWHUGHSHQGHQW HOHFWURG\QDPLF�
HOHFWURFKHPLFDO� WKHUPRG\QDPLF� DQG K\GURG\QDPLF SKHQRPHQD LQ WKH SRZHU WUDQV�
IRUPHU HQYLURQPHQW >���^���@�

SUHVVERDUG LQWR WKH RLO� (DFK IDLOHG WUDQVIRUPHU HQWDLOV nQDQFLDO ORVVHV RI PLOOLRQV RI

GROODUV� ZKLFK LQFOXGH WKH FRVWV RI WUDQVIRUPHU UHSDLU RU UHSODFHPHQW� WUDQVIRUPHU RLO

VSLOO FOHDQXS� DQG SXUFKDVH RI UHSODFHPHQW SRZHU�

)LJXUH ��� VKRZV WKH DSSDUDWXV IRU H[SHULPHQWDO ZRUN ZLWK oRZ HOHFWULnFDWLRQ�

UHODWHG SKHQRPHQD XVHG DW WKH 0,7 +LJK 9ROWDJH 5HVHDUFK /DERUDWRU\ IRU D QXPEHU

RI \HDUV� ,W FRPSULVHV D UHVHUYRLU� WKH H[SHULPHQWDO FKDPEHU LWVHOI� DQG DQ H[WHQVLYH

VHW RI DX[LOLDU\ HTXLSPHQW IRU VHQVLQJ DQG FRQWURO RI UHOHYDQW SK\VLFDO SDUDPHWHUV� 7KH

H[SHULPHQWDO FKDPEHU FRQVLVWV RI D SDLU RI FR�D[LDO F\OLQGHUV� 7KH URWDWLRQ RI WKH LQQHU

F\OLQGHU E\ DQ HOHFWULF PRWRU SURGXFHV YLVFRXV oRZ WKDW HQWUDLQV HOHFWULFDO GRXEOH OD\HU

FKDUJH DW WKH LQWHUIDFHV WKDW PD\ OHDG WR VLJQLnFDQW oRZ HOHFWULnFDWLRQ DQG� XOWLPDWHO\�

WR HOHFWULFDO EUHDNGRZQ�
��



&KDSWHU �� %DFNJURXQG DQG 0RWLYDWLRQ

����� 0RLVWXUH '\QDPLFV

7KH HOHFWULF SRZHU ORDG RI D ODUJH SRZHU WUDQVIRUPHU FKDQJHV FRQWLQXRXVO\ ZLWK WLPH

RI WKH GD\ DQG PRQWK RI WKH \HDU� GHSHQGLQJ RQ FXVWRPHU QHHGV� 7UDQVLHQW SURFHVVHV

ZLWK WLPH FRQVWDQWV UDQJLQJ IURP PLOOLVHFRQGV WKURXJK ZHHNV FRQVWDQWO\ WDNH SODFH� ,Q

RWKHU ZRUGV� WKH WUDQVIRUPHU LV QHYHU LQ HTXLOLEULXP� ZKLFK PDNHV PHDVXUHPHQW RI WKH

PRLVWXUH FRQFHQWUDWLRQ LQ WUDQVIRUPHU SUHVVERDUG SDUWLFXODUO\ FRPSOLFDWHG�

,W LV LQKHUHQWO\ HDVLHU WR PHDVXUH PRLVWXUH FRQWHQW LQ OLTXLGV WKDQ LQ VROLG LQVXOD�

WLRQ� 6LJQLnFDQW H[SHULHQFH KDV EHHQ DFFXPXODWHG LQ PHDVXULQJ PRLVWXUH FRQWHQW LQ

SUHVVERDUG LQGLUHFWO\� E\ XVLQJ WKH HPSLULFDO HTXLOLEULXP UHODWLRQVKLS ZLWK WKH PRLVWXUH

FRQWHQW LQ WUDQVIRUPHU RLO >�������^���@� 7KH UHODWLYH KXPLGLW\ RI WKH SUHVVERDUG DQG

WKH WUDQVIRUPHU RLO DW WKH RLO�SUHVVERDUG LQWHUIDFH ERXQGDU\ LV WKH VDPH DW WKHUPDO

HTXLOLEULXP >���@� +RZHYHU� WKH DEVROXWH YDOXH RI PRLVWXUH FRQFHQWUDWLRQ LV GUDVWLFDOO\

GLmHUHQW RQ WZR VLGHV RI WKH LQWHUIDFH GXH WR WKH ODUJH GLmHUHQFH LQ VDWXUDWLRQ OHYHOV RI

PRLVWXUH XSWDNH�

��
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6WDWH RI WKH $UW

��� ,QWURGXFWLRQ

7KH OLQHDU GLPHQVLRQV RI LQWHUGLJLWDO HOHFWURGHV LQ H[LVWLQJ GHVLJQV YDU\ RYHU VHYHUDO

RUGHUV RI PDJQLWXGH� )RU H[DPSOH� WKH ZLGWKV RI HOHFWURGHV RI �� QP >���@� �� QP >���@�

� xP >���@� � xP >���@� �� xP >���@� ��� xP >��@� ���� PP >��@� DQG �� FP >��@ KDYH

EHHQ UHSRUWHG�

7KH DQDO\VLV RI VLJQDOV IURP LQWHUGLJLWDO VHQVRUV FDQ EH DV LQYROYHG DV UHTXLUHG E\

WKH DSSOLFDWLRQ� 2Q WKH ORZ HQG RI WKH FRPSOH[LW\ VSHFWUXP DUH VLPSOH FDOLEUDWLRQ

WHFKQLTXHV WKDW DVVXPH D OLQHDU UHODWLRQVKLS EHWZHHQ WKH SK\VLFDO YDULDEOH RI LQWHUHVW

DQG WKH VHQVRU RXWSXW� 2Q WKH KLJK HQG RI WKH FRPSOH[LW\ VSHFWUXP DUH VRSKLVWLFDWHG

SDUDPHWHU HVWLPDWLRQ DOJRULWKPV WKDW XVH WKH IXOO SRZHU RI PRGHUQ GDWD DQDO\VLV WHFK�

QLTXHV� VXFK DV QHXUDO QHWZRUNV >��� ���@� :LHQHU NHUQHO HVWLPDWLRQ >���@� ZHLJKWHG

IDXOW�WROHUDQW OHDVW VTXDUHV DQDO\VLV� WR QDPH D IHZ�

1DWXUDOO\� LQWHUGLJLWDO HOHFWURGHV LV RQO\ RQH RI PDQ\ SRVVLEOH VKDSHV RI HOHFWURGH DU�

UDQJHPHQWV� 1RW VXUSULVLQJO\� WKH UHVXOWV RI PHDVXUHPHQWV ZLWK LQWHUGLJLWDO HOHFWURGHV

DUH RIWHQ FRPSDUHG ZLWK PHDVXUHPHQWV ZLWK WKH VDPH VHQVLWLYH PDWHULDOV EXW GLmHUHQW

VKDSHV� IRU H[DPSOH� SHOOHW VHQVRUV >���@� SDUDOOHO SODWH VHQVRUV� VSLUDO VHQVRU HOHFWURGHV�

HWF�

��



&KDSWHU �� 6WDWH RI WKH $UW

'DWDEDVH ,163(& 86372

?LQWHUGLJLWDO� ���� ��

?LQWHUGLJLWDWHG� ��� ��

?LQWHUGLJLWDO� $1' ?VHQVRU� ��� �

?LQWHUGLJLWDWHG� $1' ?VHQVRU� �� �

?LQWHUGLJLWDO� $1' ?WUDQVGXFHU� ��� ��

?LQWHUGLJLWDWHG� $1' ?WUDQVGXFHU� �� �

?LQWHUGLJLWDO� $1' ?HOHFWURGH� ��� �

?LQWHUGLJLWDWHG� $1' ?HOHFWURGH� ��� �

?nQJHU� $1' ?DUUD\� ��� ��

7DEOH ���� 5HVXOWV RI OLWHUDWXUH VHDUFK XVLQJ ,163(& GDWDEDVH IRU WHFKQLFDO SDSHUV DQG
WKH 8QLWHG 6WDWHV 3DWHQW DQG 7UDGHPDUNV 2pFH �86372� GDWDEDVH IRU SDWHQW VHDUFK�

��� ,QWHUGLJLWDO 6WUXFWXUHV

$ ODFN RI FRRUGLQDWLRQ RI UHVHDUFK HmRUWV LV TXLWH FKDUDFWHULVWLF RI WKLV nHOG� )RU H[DP�

SOH� WKHRUHWLFDO H[SUHVVLRQV REWDLQHG IRU FDSDFLWDQFH RI LQWHUGLJLWDO SLH]RHOHFWULF VHQVRUV

DUH UDUHO\ XVHG LQ GLHOHFWURPHWU\� UHVHDUFKHUV LQ RQH FRXQWU\ DUH RIWHQ XQDZDUH RI HI�

IRUWV LQ RWKHU FRXQWULHV� $PELJXLW\ RI WHUPLQRORJ\ GRHV QRW KHOS WKLV VLWXDWLRQ� QRW

HYHU\RQH DVVRFLDWHV SHULRGLF PLFURVWULS HOHFWURGH VWUXFWXUHV ZLWK LQWHUGLJLWDO SDWWHUQV�

0RUHRYHU� WKH ZRUG LWVHOI� ?LQWHUGLJLWDO�� GRHV QRW KDYH GLUHFW DQDORJV LQ RWKHU ODQ�

JXDJHV� 7DEOH ��� LQGLFDWHV WKDW WKH YROXPH RI OLWHUDWXUH RQ WKLV VXEMHFW LV YHU\ ODUJH�

7KH OLWHUDWXUH FLWHG LQ WKLV PDQXVFULSW SUHVHQWV WKH PRVW FRPSOHWH DFFRXQW RI UHOHYDQW

OLWHUDWXUH VRXUFHV NQRZQ WR WKH DXWKRU� DV UHODWHG WR LQWHUGLJLWDO GLHOHFWURPHWU\ DQG WR

WKH EURDGHU VXEMHFW RI LQWHUGLJLWDO VHQVRUV DQG WUDQVGXFHUV�

����� 0LFURGLHOHFWURPHWU\

����� ([WHUQDO &DSDFLWLYH 3UREHV

&KDUJH�)ORZ 7UDQVLVWRU

7KH WHFKQRORJ\ ODWHU QDPHG ?PLFURGLHOHFWURPHWU\� VWDUWHG PRUH WKDQ �� \HDUV DJR DV D

PRGLnFDWLRQ RI WKH &KDUJH�)ORZ 7UDQVLVWRU �&)7�� RULJLQDOO\ GHYHORSHG IRU PRQLWRULQJ

WKH VKHHW UHVLVWDQFH RI WKLQ�nOP PDWHULDOV >��@� 7KH &)7 ZDV DQ 026�FRPSDWLEOH

��
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GHYLFH EDVHG RQ FRQWHPSRUDU\ SULQFLSOHV RI WUDQVLVWRU HOHFWURQLFV >���� ���@� ,Q WKLV

GHYLFH� WKH WLPH GHOD\ EHWZHHQ WKH DSSOLFDWLRQ RI WKH JDWH YROWDJH DQG D FRPSOHWH

LQYHUVLRQ RI WKH FKDQQHO UHJLRQ LV GHSHQGHQW RQ WKH VKHHW UHVLVWDQFH RI WKH PDWHULDO

XQGHU WHVW� 6XEVHTXHQW H[SHULPHQWV GHPRQVWUDWHG WKDW EXON FRQGXFWLRQ HmHFWV FDQ

EH VHSDUDWHG IURP VXUIDFH FRQGXFWLRQ� 7KH VHSDUDWLRQ RI WKHVH WZR SKHQRPHQD JLYHV

DGGLWLRQDO YDOXDEOH LQVLJKWV LQWR WKH SURSHUWLHV RI PDWHULDOV XQGHU WHVW�

+XPLGLW\ 6HQVRUV

7KH LGHD RI PRQLWRULQJ WKH VXUIDFH FRQGXFWDQFH RI WKLQ GLHOHFWULF nOPV XQGHU FKDQJLQJ

HQYLURQPHQWDO FRQGLWLRQV ZDV DFWLYHO\ XVHG LQ WKH GHYHORSPHQW RI VHYHUDO JHQHUDWLRQV

RI FDSDFLWLYH KXPLGLW\ VHQVRUV >��@� 7KH SUHFLVLRQ RI PHDVXUHPHQW ZDV OLPLWHG E\ K\V�

WHUHVLV RI PRLVWXUH DGVRUSWLRQ� $Q DFFXUDF\ RI �� RI UHODWLYH KXPLGLW\ LQ WKH UDQJH

��� WR ��� UHODWLYH KXPLGLW\� DQG EHWWHU DFFXUDF\ DW KLJKHU KXPLGLW\ YDOXHV� ZDV

DFKLHYHG� $ VKLHOGLQJ HOHPHQW ZDV LQVHUWHG EHWZHHQ WKH nQJHUV RI D FDSDFLWDQFH VHQVRU

LQ RUGHU WR PD[LPL]H WKH VHQVLWLYLW\ GXH WR WKH FKDQJHV RI GLHOHFWULF SURSHUWLHV LQ WKH

VHQVLWLYH OD\HU GHSRVLWHG RYHU WKH LQWHUGLJLWDO HOHFWURGHV� 7KH VHQVRU ZDV FRDWHG XVLQJ

FKHPLFDO YDSRU GHSRVLWLRQ ZLWK D WKLQ nOP RI 6L2�� ,W LV ZHOO�NQRZQ WKDW WKH VKHHW

UHVLVWDQFH RI VLOLFRQ GLR[LGH LV D VWURQJ IXQFWLRQ RI DPELHQW PRLVWXUH� $Q LQWHUHVWLQJ

IHDWXUH RI PHDVXUHPHQWV UHSRUWHG LQ >��@ LV VR�FDOOHG ?PRLVWXUH K\VWHUHVLV�� WKH FDSDF�

LWDQFH EHWZHHQ WKH HOHFWURGHV ZDV GHSHQGHQW QRW RQO\ RQ WKH PRLVWXUH OHYHO EXW DOVR

RQ WKH GLUHFWLRQ RI PRLVWXUH FKDQJH� 7KH FDSDFLWDQFH DW WKH VDPH PRLVWXUH OHYHO ZDV

ORZHU ZKHQ WKH PRLVWXUH ZDV LQFUHDVLQJ DQG KLJKHU ZKHQ WKH PRLVWXUH ZDV GHFUHDVLQJ�

0RVW SUREDEO\� WKH PRLVWXUH G\QDPLFV LQ WKH EXON RI WKH VHQVLWLYH OD\HU LV UHVSRQVLEOH

IRU WKLV SKHQRPHQRQ� 7KH HTXLYDOHQW FLUFXLW WKDW ZDV XVHG WR PRGHO FKDQJHV LQ WKH

VKHHW UHVLVWDQFH RI WKH VHQVLWLYH OD\HU ZDV D FODVVLF GLVWULEXWHG 5& WUDQVPLVVLRQ OLQH�

+XPLGLW\�FDSDFLWDQFH K\VWHUHVLV KDV DOVR EHHQ REVHUYHG LQ DQRWKHU VWXG\ >���@� ZKHUH

D RQH xP WKLFN OD\HU RI FURVV�OLQNHG FHOOXORVH DFHWDWH EXW\UDWH �&$%� SRO\PHU ZDV XVHG

DV D VHQVLWLYH OD\HU ZKRVH GLHOHFWULF SHUPLWWLYLW\ FKDQJHV ZLWK UHODWLYH KXPLGLW\�

$Q LPSRUWDQW DSSOLFDWLRQ WKDW GHYHORSHG IURP WKH RULJLQDO FRQFHSW RI WKH FKDUJH�

��
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oRZ WUDQVLVWRU >���@ ZDV D FXUUHQWO\ FRPPHUFLDOL]HG WHFKQLTXH RI PLFURGLHOHFWURPHWU\

>��� ��� �������� ���@� ,Q IDFW� HDUOLHU ZRUN LQ WKLV DUHD VHUYHG DV D IRXQGDWLRQ RI VRPH

RI WKH VWXGLHV SUHVHQWHG LQ WKLV WKHVLV�

$Q LQWHJUDWHG GHVLJQ WKDW FRPELQHG WKH VHQVRU� HOHFWULFDO EXmHU� RVFLOODWRU� DQG

GHFRGHU SUHVHQWHG LQ >��@ XVHG GLmHUHQW W\SHV RI PRLVWXUH�VHQVLWLYH nOPV� VSHFLnFDOO\�

SRO\�S�DPLQRSKHQ\ODFHW\OHQH� �3$3$� DQG SRO\HWK\OHQH R[LGH �3(2�� $QRWKHU PRLV�

WXUH VHQVLWLYH PDWHULDO� DOXPLQXP R[LGH� EHLQJ H[SORLWHG DV WKH VHQVLWLYH OD\HU H[KLELWHG

D TXLFNHU UHVSRQVH WR WKH FKDQJHV RI WKH DPELHQW UHODWLYH KXPLGLW\ >���@� :KLOH WKLV

ZRUN GHPRQVWUDWHG VLJQLnFDQW SRWHQWLDO RI WKH JHQHUDO DSSURDFK� WKH UHSURGXFLELOLW\ RI

PHDVXUHPHQWV ZDV TXLWH ORZ� $Q H[SUHVVLRQ IRU WKH DGPLWWDQFH RI DQ LQWHUGLJLWDO FDSDF�

LWRU RU� LQ WKH RULJLQDO FLWDWLRQ� ?ORFN DQG NH\ GHYLFH�� LV JLYHQ LQ >��@� 6HH VXEVHFWLRQ

����� IRU UHOHYDQW DQDO\VLV�

$ W\SLFDO IUHTXHQF\ UDQJH IRU PLFURGLHOHFWURPHWU\ PHDVXUHPHQWV LV IURP � +] WR

�� N+]� 7KLV UDQJH LV DSSURSULDWH IRU PHDVXULQJ VKHHW UHVLVWDQFH LQ WKH UDQJH RI ���

WR ����l�VTXDUH� 7KH DEVRUSWLRQ RI ZDWHU RQ 0J&U�2��7L2� SRURXV FHUDPLF WKDW

UHVXOWV LQ UDSLG DQG UHYHUVLEOH FKDQJHV RI HOHFWULFDO FRQGXFWLYLW\ ZDV LQYHVWLJDWHG IRU

KLJK WHPSHUDWXUH DSSOLFDWLRQV �XS WR ���p&� >���@� 7KH HOHFWULFDO UHVLVWDQFH RI WKLV

PXOWL�IXQFWLRQDO FHUDPLF VHQVRU GHFUHDVHV ZLWK DQ LQFUHDVH LQ UHODWLYH KXPLGLW\ DQG

LQFUHDVHV ZLWK DQ LQFUHDVH LQ UHGXFLQJ JDV FRQWHQW LQ WKH DPELHQW DWPRVSKHUH� $ VL�

PXOWDQHRXV DQG LQGHSHQGHQW PHDVXUHPHQW RU ERWK DPELHQW WHPSHUDWXUH DQG KXPLGLW\

LV UHFRPPHQGHG�

)XUWKHU DGYDQFHV LQ KXPLGLW\ PHDVXUHPHQW WHFKQLTXHV LQYROYHG WKH LQFOXVLRQ RI

PRLVWXUH GLmXVLRQ SURFHVVHV LQWR WKH PRGHO RI WKH .DSWRQ VHQVRU UHVSRQVH >���@� 7KH

PRLVWXUH GLmXVLRQ FRHpFLHQW ZDV H[WUDFWHG IURP WKH GHZ SRLQW F\FOH PHDVXUHPHQWV�

7KH PRLVWXUH GLmXVLRQ FRHpFLHQW LQ .DSWRQ ZDV HYDOXDWHG WR EH RQ WKH RUGHU RI ���

d��b� FP��VHF DW URRP WHPSHUDWXUH� $ ZHDN GHSHQGHQFH RI WKH GLmXVLRQ FRHpFLHQW RQ

PRLVWXUH FRQFHQWUDWLRQ ZDV REVHUYHG DV DQ DV\PPHWU\ LQ WKH VRUSWLRQ DQG GHVRUSWLRQ

NLQHWLFV� 'HVLJQ RSWLPL]DWLRQ RI WKH PRLVWXUH VHQVLWLYH FDSDFLWDQFH VHQVRU LV GLVFXVVHG

LQ >���@� 7KH DGYDQWDJHV RI OLQHDULW\ RI VHQVRU UHVSRQVH KDG EHHQ LQYHVWLJDWHG LQ >���@�

��
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$ UHPDUNDEOH DQDO\VLV RI PRLVWXUH GLmXVLRQ SURFHVVHV LV GHVFULEHG LQ >���� ���@� ,Q

WKLV LQYHVWLJDWLRQ� WKH PRLVWXUH GLmXVLRQ FRHpFLHQWV DUH PHDVXUHG LQ WKLQ SRO\PHU nOPV

WKURXJK PRQLWRULQJ FKDQJHV LQ SHUPLWWLYLW\ ZLWK PLFUR�GLHOHFWULF VHQVRUV� 7KH GLHOHF�

WULF SURSHUWLHV DUH PHDVXUHG ZLWKLQ WKH nUVW �� xP RI WKH nOP WKLFNQHVV� 7KH WRWDO nOP

WKLFNQHVV LV DERXW ��� xP� %\ ����� WKH IUHTXHQF\ UDQJH RI RSHUDWLRQ ZDV H[WHQGHG

RYHU WKH UDQJH IURP ����� +] WR ��� N+]� 7KH DOWHUQDWLRQ RI ZHW DQG GU\ HQYLURQPHQWV

DOORZV PHDVXUHPHQW RI GLmXVLRQ FRHpFLHQWV IRU ERWK DEVRUSWLRQ DQG GHVRUSWLRQ� %H�

FDXVH RI HOHFWURGH SRODUL]DWLRQ GRXEOH OD\HU HmHFWV� DIWHU WKH LQLWLDO H[SHULPHQWDWLRQ�

WKH PHDVXUHPHQW ZDV OLPLWHG WR WKH VLQJOH IUHTXHQF\ RI �� N+]� 7KH G\QDPLFV DQDO\VLV

UHOLHV RQ WKH HYLGHQFH DYDLODEOH IURP WKH OLWHUDWXUH WKDW WKH GLHOHFWULF FRQVWDQW FKDQJHV

OLQHDUO\ ZLWK PRLVWXUH FRQWHQW LQ SRO\LPLGHV >���@ DQG HSR[LHV >���@� $ RQH�GLPHQVLRQDO

GLmXVLRQ SURFHVV LV PRGHOHG ZLWK WKH WUDGLWLRQDO VROXWLRQ WR )LFN
V ODZ >���@�

$Q DSSOLFDWLRQ RI KLJKO\ K\GURSKLOLF PDWHULDOV RWKHU WKDQ SRO\LPLGH nOPV RSHQV

GRRUV IRU YDULRXV ELRPHGLFDO DSSOLFDWLRQV� 8VDJH RI D ZDWHU�VZHOOLQJ SRO\PHU DV D VHQ�

VLWLYH OD\HU RYHU LQWHUGLJLWDWHG HOHFWURGHV WKDW FKDQJHV ERWK FRQGXFWLYLW\ DQG WKLFNQHVV

ZLWK PRLVWXUH DEVRUSWLRQ LV GLVFXVVHG LQ >���@�

7KH HQYLURQPHQWDO VWDELOLW\ DQG PRLVWXUH HmHFWV UHODWHG WR YDULRXV SRO\LPLGH nOPV�

LQFOXGLQJ .DSWRQo5� 8SLOH[o55� DQG +4'($���%'$) DUH LQYHVWLJDWHG LQ GHSWK LQ >���@�

0RQLWRULQJ RI &XUH 3URFHVVHV

'LHOHFWULF SURSHUWLHV FKDQJH GUDPDWLFDOO\ GXULQJ WKH FXULQJ SURFHVV RI WKHUPRVHWWLQJ

UHVLQ PDWUL[ FRPSRVLWH PDWHULDOV ZKHQ WKH UHVLQ WUDQVIRUPV IURP D PRQRPHULF OLTXLG

LQWR D FURVV�OLQNHG LQVROXEOH VROLG PDWHULDO >���@�

$GYDQWDJHV RI XVLQJ ORZHU IUHTXHQF\ H[FLWDWLRQ IRU GLHOHFWURPHWU\ PHDVXUHPHQWV

ZHUH H[SORUHG LQ >���@� 7KH FRUH DSSOLFDWLRQ RI WKH PLFURGLHOHFWURPHWHU ?FKLS� ZDV

WR PRQLWRU WKH GLHOHFWULF SURSHUWLHV RI WKHUPRVHWWLQJ UHVLQ ERWK GXULQJ DQG DIWHU WKH

FXULQJ SURFHVV� 7KH PLFURGLHOHFWURPHWHU ZDV XVLQJ WKH VDPH SULQFLSOHV DV WKH PRUH

FRQYHQWLRQDO SDUDOOHO�SODWH PHDVXUHPHQW DSSURDFK� 7KH DGYDQWDJHV ZHUH VPDOOHU VHQVRU

VL]H DQG RQ�FKLS DPSOLnFDWLRQ WKDW HOLPLQDWHG WKH QHHG IRU HOHFWULFDO VKLHOGLQJ�

��
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,W LV SRLQWHG RXW LQ >��@ WKDW D SDUDOOHO�SODWH FDSDFLWRU LV VXVFHSWLEOH WR H[SDQVLRQ

DQG FRQWUDFWLRQ RI WKH PDWHULDO XQGHU WHVW� 7KH PLFURGLHOHFWURPHWHU ?FKLS� LV PRUH

UHOLDEOH LQ WKLV VHQVH� DV ORQJ DV LW VWD\V LQ LQWLPDWH FRQWDFW ZLWK WKH PDWHULDO XQGHU

WHVW�

8VLQJ UHVXOWV RI WKH WZR�GLPHQVLRQDO QXPHULFDO VROXWLRQ WR /DSODFH
V HTXDWLRQ >�@�

RQH FDQ FDOFXODWH WKH VHQVRU
V UHVSRQVH LQ WKH HQWLUH UDQJH RI SRVVLEOH YDOXHV RI WKH

UHDO DQG LPDJLQDU\ SDUWV RI FRPSOH[ GLHOHFWULF SHUPLWWLYLW\� 7KH VHQVRU
V UHVSRQVH

LV PHDVXUHG LQ WHUPV RI WKH JDLQ DQG SKDVH RI WKH ORJDULWKP RI WKH UDWLR EHWZHHQ

WKH oRDWLQJ �VHQVLQJ� DQG GULYLQJ YROWDJHV �VHH VHFWLRQ ����� IRU PRUH GHWDLOV�� 7KH

GLHOHFWULF SURSHUWLHV DUH IRXQG E\ SORWWLQJ WKH *DLQ�3KDVH PHDVXUHPHQW SRLQW RQ WKH

FKDUW DQG LQWHUSRODWLQJ EHWZHHQ WKH QHDUHVW YDOXHV RI WKH UHDO DQG LPDJLQDU\ SDUWV RI

FRPSOH[ GLHOHFWULF SHUPLWWLYLW\� $QDO\VLV RI WKH H[SHULPHQWDO GDWD KDV LQGLFDWHG DQ

H[FHOOHQW nW ZLWK WKH 'HE\H PRGHO IRU GLSROH RULHQWDWLRQ E\ XVLQJ &ROH�&ROH SORWV ZLWK

IUHTXHQF\ DV WKH SORWWLQJ SDUDPHWHU >���@� $Q LQKHUHQWO\ ORZ SUHFLVLRQ RI PHDVXUHPHQW

RI WKH GLHOHFWULF SHUPLWWLYLW\ ���� IRU KLJK�ORVV PDWHULDOV DQG WKH GLHOHFWULF ORVV IDFWRU

����� IRU ORZ�ORVV PDWHULDOV LV VKRZQ LQ WHUPV RI VSDFLQJ EHWZHHQ WKH OLQHV RI FRQVWDQW

GLHOHFWULF SHUPLWWLYLW\�

$ PRUH DGYDQFHG PHDVXUHPHQW DSSURDFK LQYROYHV VLPXOWDQHRXV PHDVXUHPHQW RI

WHPSHUDWXUH DV ZHOO DV WKH FRPSOH[ GLHOHFWULF SHUPLWWLYLW\ >���@� 2Q�FKLS DPSOLnHUV DQG

Rm�FKLS HOHFWURQLF FLUFXLWU\ RI WKH PLFURGLHOHFWURPHWHU VHQVRU SHUPLWWHG PHDVXUHPHQW RI

LQWHUHOHFWURGH FDSDFLWDQFH GRZQ WR ��� S) ZLWK DFFHSWDEOH DFFXUDF\� 7KH DXWKRUV SRLQW

RXW WKDW WKH VHSDUDWLRQ RI �� DQG ��� LV DOZD\V SRVVLEOH EHFDXVH WKH VHQVRU GLPHQVLRQV

DUH VWDEOH ZLWK UHVSHFW WR WHPSHUDWXUH DQG SUHVVXUH YDULDWLRQV� ,QWHUSUHWDWLRQ RI WKH

GLHOHFWULF DQDO\VLV GDWD LV SURSRVHG EDVHG RQ WKH 'HE\H PRGHO IRU GLSROH UHOD[DWLRQ

>���@�

$QRWKHU FRPELQDWLRQ RI VHQVLQJ WHFKQLTXHV� PLFURGLHOHFWURPHWU\ DQG GLmHUHQWLDO

VFDQQLQJ FDORULPHWU\ KDV EHHQ XVHG WR VWXG\ FXUH SURFHVVHV LQ HSR[\ UHVLQV >���@� ,Q

WKLV SDSHU� WKH IUHTXHQF\ VZHHS DSSURDFK KDG EHHQ UHSODFHG E\ D VR�FDOOHG ?)RXULHU

7UDQVIRUP 'LJLWDO &RUUHODWRU�� ZKLFK DOORZV LQWHUSUHWDWLRQV RI PHDVXUHPHQWV LQ WKH

��
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IUHTXHQF\ UDQJH IURP ����� +] WR �� N+]� $ GRPLQDWLRQ RI LRQLF FRQGXFWLYLW\ LQ

WKH HDUO\ VWDJH RI WKH FXUH SURFHVV KDG EHHQ REVHUYHG �DOVR VHH >���@�� 7KH LRQLF

FRQGXFWLRQ FDQ EH FRUUHODWHG ZLWK YLVFRVLW\ GXULQJ WKH HDUO\ VWDJHV RI UHVLQ FXUH� /DWHU

VWDJHV RI FXUH FDQ EH DQDO\]HG XVLQJ WKH ORVV IDFWRU DV D VHQVLWLYH PHDVXUH RI WKH FURVV�

OLQNLQJ >���@�

:LWK WKH LQWURGXFWLRQ RI ORZHU IUHTXHQF\ PHDVXUHPHQWV� WKH GRXEOH OD\HU HmHFWV

EHFDPH SDUWLFXODUO\ LPSRUWDQW� 7KH UROH RI WKH GRXEOH OD\HU LQ ERWK SDUDOOHO SODWH

PHDVXUHPHQWV DQG PLFURGLHOHFWURPHWU\ PHDVXUHPHQWV ZDV VWXGLHG LQ >���@� $OXPLQXP

DQG JROG HOHFWURGHV LQ FRQWDFW ZLWK FRPPHUFLDO UHVLQV H[KLELWHG D GUDVWLF LQFUHDVH RI

DSSDUHQW GLHOHFWULF SHUPLWWLYLW\ DW ORZ IUHTXHQFLHV� $ SRODUL]DWLRQ PRGHO ZDV GHYHORSHG

WR H[SODLQ WKLV SKHQRPHQRQ� $Q DQDO\WLFDO WUHDWPHQW RI WKH GRXEOH�OD\HU LPSHGDQFH

EDVHG RQ WKH FRQWLQXXP�PRGHO VLPXODWLRQV RI >�@ LV SUHVHQWHG LQ >���@�

0DSSLQJ WHFKQLTXHV KDYH RIWHQ EHHQ XVHG LQ PLFURGLHOHFWURPHWU\� $Q H[SUHVVLRQ

WKDW UHODWHV YLVFRVLW\ DQG LRQLF FRQGXFWLYLW\ KDV EHHQ SURSRVHG LQ >��@� ([SHULPHQWV

GHPRQVWUDWHG D KLJK FRUUHODWLRQ EHWZHHQ WKHRU\ DQG PHDVXUHPHQWV�

$Q LQGXVWU\ RULHQWHG RYHUYLHZ RI PLFURGLHOHFWURPHWU\ JLYHQ LQ >��@ FRPSDUHV GLHOHF�

WURPHWU\ PHDVXUHPHQWV ZLWK VHYHUDO RWKHU� PRUH WUDGLWLRQDO� PDQXIDFWXULQJ SURFHVV

PRQLWRULQJ WHFKQLTXHV� LQFOXGLQJ GLmHUHQWLDO VFDQQLQJ FDORULPHWU\ �'6&�� UKHRORJLFDO

G\QDPLF VSHFWURVFRS\� DQG PHFKDQLFDO YLVFRVLW\ PHDVXUHPHQW� ,W DOVR SUHVHQWV WKH

FULWLFDO SRLQW FRQWURO �&3&� VRIWZDUH GHVLJQHG IRU FKDUDFWHUL]DWLRQ RI FXULQJ SURFHVVHV

EDVHG RQ SURFHVV SKHQRPHQRORJ\ DQG FRUUHODWLRQ ZLWK RWKHU SURFHVV PRQLWRULQJ WHFK�

QLTXHV� $GGLWLRQDO LQVLJKWV LQWR FRUUHODWLRQ RI GDWD IURP YDULRXV SURSHUW\ HVWLPDWLRQ

PHWKRGRORJLHV DUH SUHVHQWHG LQ >���@�

����� 'LHOHFWURPHWU\ 6HQVRUV

7KLV VXEVHFWLRQ FRQWDLQV D UHYLHZ RI UHVHDUFK ZRUN RQ LQWHUGLJLWDO GLHOHFWURPHWU\ VHQVRUV

E\ GLmHUHQW JURXSV QRW GLUHFWO\ DVVRFLDWHG ZLWK WKH PLFURGLHOHFWURPHWU\ GHYHORSHUV�

ZKRVH UHVXOWV ZHUH FRYHUHG LQ VXEVHFWLRQ ������ +XPLGLW\ GHWHFWLRQ LQ VRODU SDQHO

HQFDSVXODWLRQV ZLWK LQWHUGLJLWDO HOHFWURGHV VFUHHQ�SULQWHG RYHU JODVV DQG 7HGODUo5 nOPV

��
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ZDV DFFRPSOLVKHG E\ HOHFWURFKHPLFDO LPSHGDQFH VSHFWURVFRS\ >���@�

����� &KHPLFDO 6HQVRUV

&KHPLFDO VHQVRUV FRQVWLWXWH D ODUJH SRUWLRQ RI DOO LQWHUGLJLWDO VHQVRUV GHVFULEHG LQ WKH

OLWHUDWXUH� $ W\SLFDO FKHPLFDO LQWHUGLJLWDO VHQVRU GHVLJQ LQFOXGHV D WKLQ OD\HU RI PDWH�

ULDO DERYH WKH LQWHUGLJLWDO HOHFWURGHV WKDW LV VHQVLWLYH WR WKH FRQFHQWUDWLRQ RI FKHPLFDOV

SUHVHQW LQ WKH DPELHQW� 7KH PDLQ HmRUW LQ WKH GHYHORSPHQW RI VXFK VHQVRUV LV LQ WKH

FKHPLVWU\ DQG PDWHULDOV VFLHQFH DVSHFWV� UDWKHU WKDQ HOHFWURPDJQHWLFV DQG SDUDPHWHU

HVWLPDWLRQ� $ ZLGH YDULHW\ RI VHQVLWLYH PDWHULDOV LV DYDLODEOH DQG EHLQJ GHYHORSHG IRU

GHWHFWLRQ RI YDULRXV JDVHV� FKHPLFDOV� PRLVWXUH� RUJDQLF LPSXULWLHV� HWF� 7KH DQDO\VLV

RI WKH FKHPLFDO VHQVRUV RXWSXW UDUHO\ LQYROYHV IXOO�VFDOH PRGHOLQJ RI WKH HOHFWULF nHOG

GLVWULEXWLRQ� ,QVWHDG� LPSHGDQFH VSHFWURVFRS\� DQDO\VLV RI GRXEOH OD\HU DQG GRSLQJ

UHODWHG SKHQRPHQD� DQG GLUHFW FDOLEUDWLRQ DUH XVHG� $Q LQ�GHSWK DQDO\VLV RI DOO LVVXHV

UHODWHG WR FKHPLFDO VHQVRUV LV EH\RQG WKH VFRSH RI WKLV PDQXVFULSW� KRZHYHU� WKH OLWHU�

DWXUH UHYLHZ FRQWDLQV SRLQWHUV WR WKH PRVW FRQVSLFXRXV IHDWXUHV RI GLmHUHQW FDWHJRULHV

RI VHQVRU GHVLJQ� PDQXIDFWXULQJ� DQG VLJQDO SURFHVVLQJ SUDFWLFHV GHVFULEHG HOVHZKHUH�

8QGRSHG� 3G�GRSHG� DQG 3W�GRSHG 6Q2��EDVHG WKLQ�nOP FKHPLFDO VHQVRUV KDYH

EHHQ XVHG WR PRQLWRU FKDQJHV LQ WKH FRQFHQWUDWLRQ RI 12�� &2� &+�� DQG +� >���@� 7KH

LPSHGDQFH VSHFWURVFRS\ DQDO\VLV RI WKH VHQVRUV RXWSXW VHSDUDWHV FRQWDFW� VXUIDFH� EXON�

DQG JUDLQ ERXQGDU\ FRQWULEXWLRQV WR WKH VHQVRU DGPLWWDQFH DW GLmHUHQW IUHTXHQFLHV RI

HOHFWULFDO H[FLWDWLRQ�

'RSHG DQG XQGRSHG VXEVWUDWHV RI %L�2� �D S�W\SH VHPLFRQGXFWRU PDWHULDO� KDG

EHHQ XVHG WR GHWHFW FRQFHQWUDWLRQV RI 12 IURP �� WR ���� SSP LQ H[KDXVW JDVHV >���@�

7KH VHQVLWLYLW\ RI VXEVWUDWHV WR YDULRXV FKDOOHQJH JDVHV LQ WKLV FDVH ZDV PRQLWRUHG XVLQJ

VLPSOH WZR�WHUPLQDO UHVLVWLYH PHDVXUHPHQWV�

7KH LPSHGDQFH VSHFWURVFRS\ KDV DOVR EHHQ XVHG VXFFHVVIXOO\ WR GHWHFW SDUWV�SHU�

ELOOLRQ �SSE� FRQFHQWUDWLRQV RI 12� DQG GLLVRSURS\O PHWK\OSKRVSKRQDWH �',03� >��@�

'HWHFWLRQ RI &2� KDV EHHQ JLYHQ FRQVLGHUDEOH DWWHQWLRQ GXH WR UHFHQW FRQFHUQV DERXW

WKH HPLVVLRQ RI &2� DV D JOREDO ZDUPLQJ IDFWRU >���@� $ YDULHW\ RI FRPPHUFLDO DQG

��
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ODERUDWRU\ VHQVRUV KDYH EHHQ GHYHORSHG WR GHWHFW &2� DQG GLmHUHQWLDWH EHWZHHQ WKH

VLJQDO FKDQJHV GXH WR &2� DQG GXH WR RWKHU JDVHV� KXPLGLW\� DQG WHPSHUDWXUH >�������@�

7KH LQoXHQFH RI KXPLGLW\ FDQ EH DFFRXQWHG IRU E\ FRPSHQVDWLQJ WKH VLJQDO VKLIW XV�

LQJ DQ HPSLULFDO PDWKHPDWLFDO PRGHO� DV ORQJ DV KXPLGLW\ LV PHDVXUHG LQGHSHQGHQWO\ E\

DQ DX[LOLDU\ VHQVRU >���@� 7KH GHWHFWLRQ RI VXOIXU GLR[LGH �62�� ZLWK D FODVVLF LQWHUGLJL�

WDO VHQVRU LV UHSRUWHG LQ >�������@� 7KH ��� xP WKLFN OD\HU RI KHWHURSRO\VLOR[DQH �+36�

H[KLELWHG D KLJK VHQVLWLYLW\ WR 62� FRPELQHG ZLWK D ORZ FURVV�VHQVLWLYLW\ WR RWKHU JDVHV�

9LVXDOL]DWLRQ RI WKH VHQVRU UHVSRQVH ZLWK LPSHGDQFH VSHFWURVFRS\ &ROH�&ROH SORWV KHOS

WR GLVWLQJXLVK EHWZHHQ VXUIDFH DQG EXON SURSHUW\ FKDQJHV� 7KH HOHFWURGH SURFHVVHV

ZHUH GHVFULEHG ZLWK :DUEXUJ LPSHGDQFH DQG GRXEOH OD\HU FDSDFLWDQFH SKHQRPHQD�

0HDVXUHPHQW RI PDVV DQG GLHOHFWULF FKDQJHV RI FHOOXORVH SURGXFWV� QDPHO\ HWK\O�

FHOOXORVH� FHOOXORVH�DFHWDWH� DQG FHOOXORVH�SURSLRQDWH� DV WKH\ DEVRUE YDULRXV RUJDQLF

FRPSRXQGV LQ WKH JDV SKDVH �NHWRQHV� DONDQHV� DOFRKROV� DURPDWLF DQG FKORULQDWHG K\�

GURFDUERQV� ZDV UHSRUWHG LQ >���@�

����� %LRORJLFDO $SSOLFDWLRQV

%LRVHQVRUV DUH VHOI�FRQWDLQHG� SRUWDEOH HOHFWURQLF GHYLFHV ZKLFK XWLOL]H ELRORJLFDO HYHQWV

DW WKH PROHFXODU OHYHO WR GHWHFW DQG TXDQWLI\ FKHPLFDO DQG ELRORJLFDO VXEVWDQFHV >���@�

:LWK UHFHQW DGYDQFHV LQ ELRWHFKQRORJ\� LW LV QDWXUDO WR H[SHFW DQ LQFUHDVLQJ QXPEHU

RI DSSOLFDWLRQV RI LQWHUGLJLWDO GLHOHFWURPHWU\ VHQVRUV IRU PRQLWRULQJ RI SK\VLRORJLFDO

SURFHVVHV� IRU H[DPSOH� WKURXJK WKH FKDUDFWHUL]DWLRQ RI HOHFWURFKHPLFDO SDUDPHWHUV RI

ERG\ oXLGV� $Q LQWHUGLJLWDO VHQVRU IRU FKDUDFWHUL]DWLRQ RI WKH LRQLF FRQWHQW RI ERG\

oXLGV KDV EHHQ SODQWHG LQ YLYR WR PRQLWRU WKH FRQGXFWLYLW\ RI WKH WUDFKHDO oXLG RI

PRQJUHO GRJV >���@�

0DQ\ ELRORJLFDO DQG FKHPLFDO VHQVRUV XVH VHOHFWLYH PHPEUDQHV DERYH VHQVLWLYH OD\HUV

WKDW UHVSRQG WR WKH FKDQJHV LQ FRQFHQWUDWLRQ RI WKH FKHPLFDO VXEVWDQFH EHLQJ GHWHFWHG�

$ SHQLFLOOLQ VHQVRU FRDWHG ZLWK D SRO\S\UROOH�GHSRVLWHG DUUD\ GHYLFH ZLWK D FURVV�OLQNHG

SHQLFLOOLQDVH PHPEUDQH ZDV XVHG DV D S+�VHQVLWLYH GHYLFH� VLQFH WKH HOHFWULFDO FRQGXF�

WLYLW\ RI SRO\S\UROOH FKDQJHV ZLWK WKH S+ RI WKH VROXWLRQ >���@�

��
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'LmHUHQWLDO VHQVRU GHVLJQ �ZKHQ WKH DFWLYH VHQVRU VLJQDO LV VXEWUDFWHG IURP WKH UHI�

HUHQFH VHQVRU VLJQDO� UHVXOWV LQ SDUWLFXODUO\ KLJK VHQVLWLYLW\� $Q DFHW\OFKROLQH UHFHSWRU�

EDVHG ELRVHQVRU ZDV UHSRUWHG WR GHWHFW QDQRJUDP TXDQWLWLHV RI FKROLQHUJLF OLJDQGV SHU

PO >���@�

$ PLQLDWXUH FRQGXFWDQFH ELRVHQVRU WKDW UHVSRQGV WR FKDQJHV LQ WKH HOHFWURGH GRX�

EOH OD\HU FDSDFLWDQFH >���@ ZDV IRUPHG ZLWK HOHFWURGHV WKDW ZHUH ERWK VHUSHQWLQH DQG

LQWHUGLJLWDO� 0RUHRYHU� WKUHH VHWV RI HOHFWURGHV ZLWK GLmHUHQW VHQVLWLYH OD\HUV ZHUH XVHG

WR GHWHUPLQH FRQFHQWUDWLRQ RI WKUHH GLVWLQFW UHDFWLRQ SURGXFWV�

����� 3LH]RHOHFWULF 6$: 'HYLFHV

%DFNJURXQG

2QH RI WKH PRVW DFWLYH DUHDV RI LQWHUGLJLWDO HOHFWURGH UHVHDUFK DSSOLFDWLRQV LV WKH DFRXV�

WLF PHDVXUHPHQW RI PDWHULDO SURSHUWLHV ZLWK VXUIDFH DFRXVWLF ZDYH �6$:� GHYLFHV� 7KH

LQWHUGLJLWDO WUDQVGXFHU �,'7� LV WKH PRVW LPSRUWDQW FRPSRQHQW RI 6$: GHYLFHV >���@�

(OHFWURDFRXVWLF ZDYHV DUH JHQHUDWHG ZLWK 6$: WUDQVGXFHUV E\ WKH FRQWUDFWLRQV DQG

H[SDQVLRQV RI WKH SLH]RHOHFWULF VXEVWUDWH PDWHULDO E\ XVLQJ LQWHUGLJLWDO HOHFWURGHV GH�

SRVLWHG RQ WKH VXEVWUDWH VXUIDFH� 7KH IUHTXHQF\ UDQJH RI RSHUDWLRQ RI VXFK WUDQVGXFHUV

LV EHWZHHQ �� 0+] DQG VHYHUDO *+] >���@� 7KH YHORFLW\ RI WKHVH ZDYHV GHSHQG RQ WKH

GLHOHFWULF DQG PDVV GHSHQGHQW SURSHUWLHV RI WKH PDWHULDO XQGHU WHVW� 7KH SKDVH VKLIW

RI WKH WUDQVGXFHU VLJQDO LV SURSRUWLRQDO WR WKH ZDYH VSHHG� Y� DQG IUHTXHQF\ RI H[FL�

WDWLRQ �� DQG LQYHUVHO\ SURSRUWLRQDO WR WKH OHQJWK RI WKH WUDQVGXFHU >���@� 1RUPDOO\�

WKH HOHFWURDFRXVWLF ZDYH SURSDJDWLRQ FKDUDFWHULVWLFV DUH RQO\ ZHDNO\ LQoXHQFHG E\ WKH

GLHOHFWULF SURSHUWLHV RI WKH VHQVLWLYH OD\HU RU PDWHULDO XQGHU WHVW >���@�

7ZR FDWHJRULHV RI VHQVRUV PD\ EH LGHQWLnHG� GHSHQGLQJ RQ ZKHWKHU WKH LQWHUDFWLRQ

EHWZHHQ WKH VHQVRU DQG WKH HQYLURQPHQW WDNHV SODFH RQ WKH VXUIDFH �6$: GHYLFHV� RU LQ

WKH EXON �%$: GHYLFHV�� ,Q WKH FDVH RI KRPRJHQHRXV UHVRQDWRUV� WKH HQWLUH VXEVWUDWH LV

DmHFWHG� 7KLV W\SH RI VHQVRU LV XVHG IRU WHPSHUDWXUH DQG VWUHVV PHDVXUHPHQW� &RPSRV�

LWH UHVRQDWRUV LQFOXGH DGGLWLRQDO PDWHULDOV� XVXDOO\ D WKLQ VHQVLWLYH FRDWLQJ WR SHUIRUP D

��
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YDULHW\ RI WDVNV� VXFK DV PHDVXUHPHQW RI PDVV GHQVLW\� nOP WKLFNQHVV� PROHFXODU ZHLJKW

RI SRO\PHUV� YLVFRVLW\ RI OLTXLGV� HWF >���@�

&RPSDULVRQ RI VHQVLWLYLWLHV RI DQ LQWHUGLJLWDO VHQVRU DQG D 6$: WUDQVGXFHU GHPRQ�

VWUDWHG KLJKHU VHQVLWLYLW\ RI WKH ODWWHU WR WKH FKDQJHV LQ WKH PDVV DEVRUSWLRQ SURSHUWLHV

WKDQ WKH IRUPHU RI WKH FKDQJHV LQ WKH GLHOHFWULF SHUPLWWLYLW\ RI WKH VHQVLWLYH OD\HU >���@�

7KH WZR VHQVRUV GHPRQVWUDWHG D GLmHUHQW UHODWLYH VHQVLWLYLW\ WR 62� DQG WR +�2� 7KLV

FKDUDFWHULVWLF RI VHQVRUV H[SRVHG WR LGHQWLFDO HQYLURQPHQWV PDNHV WKHP D JRRG FDQGL�

GDWH IRU VHQVRU DUUD\ DSSOLFDWLRQV�

&RPELQDWLRQ RI 6$: DQG ,QWHUGLJLWDO &DSDFLWRUV

6HYHUDO ERRNV FRQWDLQ FKDSWHUV GHGLFDWHG WR VXUIDFH DFRXVWLF ZDYH GHYLFHV WKDW XVH

LQWHUGLJLWDO VWUXFWXUHV >�������^���@� %RWK LQWHUGLJLWDO GLHOHFWURPHWU\ VHQVRUV DQG VXU�

IDFH DFRXVWLF ZDYH GHYLFHV KDYH HVVHQWLDOO\ LGHQWLFDO HOHFWURGH WRSRORJ\� EXW WKH\ XVH

GLmHUHQW SK\VLFDO SKHQRPHQD WR GHWHFW FKDQJHV LQ WKH PDWHULDO XQGHU WHVW� (DFK WHFK�

QRORJ\ KDV LQKHUHQW DGYDQWDJHV DQG GUDZEDFNV� 'HSHQGLQJ RQ WKH GHWDLOV RI WKH VSHFLnF

DSSOLFDWLRQ� IULQJLQJ HOHFWULF nHOG VHQVLQJ FRPSDUHV IDYRUDEO\ >��@ RU XQIDYRUDEO\ >���@

WR EXON�ZDYH SLH]RHOHFWULF TXDUW] FU\VWDO PLFUREDODQFHV DQG VXUIDFH DFRXVWLF ZDYH GH�

YLFHV� 7KH QDWXUDO VWHS LQ WKH VHQVRU GHYHORSPHQW LV WR FRPELQH SRVLWLYH DVSHFWV RI

HDFK VHQVLQJ WHFKQRORJ\ LQ D VLQJOH GHVLJQ� 2QH VXFK GHVLJQ� VKRZQ LQ )LJXUH ���

XVHG 62��VHQVLWLYH PDWHULDO �KHWHURSRO\VLOD[DQH� 11'�3706� WR UHGXFH WKH RYHUDOO

FURVV�VHQVLWLYLW\ RI WKH VHQVRU WR KXPLGLW\ LQWHUIHUHQFH >���@�

3RWHQWLDO 3LWIDOOV

7KH FXUUHQWV LQ PLFURGLHOHFWURPHWU\ PHDVXUHPHQWV FDQ EH DV ORZ DV WHQV RI I$� $W VXFK

ORZ OHYHOV� WKH UHGXFWLRQ RI HOHFWULFDO QRLVH WKURXJK HOHFWURPDJQHWLF VKLHOGLQJ DQG GLJLWDO

nOWHULQJ RI WKH VHQVRU RXWSXW VLJQDO EHFRPHV SDUWLFXODUO\ LPSRUWDQW >���@� $ VWURQJ

GHSHQGHQFH RI GLHOHFWULF SURSHUWLHV RI SRO\LPLGHV RQ DPELHQW PRLVWXUH FRQFHQWUDWLRQ

LQWURGXFHV GLpFXOWLHV WR VRPH DSSOLFDWLRQV RI PLFURGLHOHFWURPHWU\� 7KH FRQWURO RI

DPELHQW PRLVWXUH PD\ EH QHFHVVDU\ IRU DFKLHYLQJ UHSURGXFLEOH UHVXOWV ZLWK VHQVRUV

��
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)LJXUH ���� $ FRPELQHG VHQVRU WKDW FRPSULVHV D 6$: WUDQVGXFHU DQG DQ LQWHUGLJLWDO
FDSDFLWRU �,'&� RQ D VLQJOH FKLS �$GDSWHG IURP >���@��

WKDW XVH D .DSWRQ VXEVWUDWH >���@� $Q H[WHQVLYH UHYLHZ RI WKH GHSHQGHQFH RI .DSWRQ

SURSHUWLHV RQ PRLVWXUH DQG LRQLF FRQWDPLQDQWV LV SURYLGHG LQ >���@�

$ ZLGH FODVV RI SKHQRPHQD DUH UHIHUUHG WR DV ?KLVWRU\� RU ?PHPRU\� HmHFWV LQ WKH

SRO\PHU OLWHUDWXUH� 6RPHWLPHV� KLVWRU\ HmHFWV DULVH EHFDXVH FKDUJH DFFXPXODWLRQ LQ WKH

SUHYLRXV H[SHULPHQW FDQ LQoXHQFH WKH FXUUHQW GLVWULEXWLRQ LQ VXEVHTXHQW H[SHULPHQWV

>���@�

����� ,QWHUGLJLWDO (OHFWURGH 6WUXFWXUHV LQ 0LFURHOHFWURPHFKDQ�

LFDO 6\VWHPV �0(06�

0LFURHOHFWURPHFKDQLFDO V\VWHPV �0(06� KDYH UHFHQWO\ JDLQHG FRQVLGHUDEOH LQWHUHVW

GXH WR QXPHURXV SRWHQWLDO EHQHnWV LQ VHQVLQJ� PHFKDQLFDO� ELRPHGLFDO� DXWRPRWLYH�

PLOLWDU\� DQG DHURVSDFH DSSOLFDWLRQV� 7\SLFDO PLFURPDFKLQHG PRWRUV DQG DFWXDWRUV

WRGD\ RFFXS\ DUHD OHVV WKDQ � PP� DQG ZHLJKW D IHZ PLOOLJUDPV� &RQFHSWXDO RYHUYLHZV

��
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RI 0(06 WHFKQRORJ\ DUH JLYHQ LQ >���^���@� 7KH PDMRU DGYDQWDJH RI XVLQJ HOHFWURVWDWLF

IRUFHV DV RSSRVHG WR PDJQHWLF IRUFHV LV WKDW D YHU\ KLJK HQHUJ\ GHQVLW\ FDQ EH DFKLHYHG

ZKHQ WKH GLVWDQFH EHWZHHQ WKH DGMDFHQW HOHFWURGHV EHFRPHV VPDOO >���@�

,QWHUGLJLWDO FRPE GULYHV DUH FRPPRQO\ XVHG LQ OLQHDU PLFURDFWXDWRUV WR SURGXFH

OLQHDU PRYHPHQW RI PDFKLQH SDUWV XVLQJ IULQJLQJ HOHFWULF nHOGV DW WKH WLSV RI WKH FRPE

nQJHUV� ,Q D W\SLFDO OD\RXW RI D OLQHDU FRPE GULYH RI D ODWHUDO UHVRQDWRU WKH LQWHUGLJ�

LWDO FDSDFLWRUV SHUIRUP D GXDO IXQFWLRQ� VXSSO\ IRUFH IRU OLQHDU PRYHPHQW RI WKH ORDG

DQG VHQVH WKH FXUUHQW SRVLWLRQ RI WKH ORDG ZLWK UHVSHFW WR VWDWLRQDU\ SDUWV� 6HYHUDO

SURSHUWLHV RI LQWHUGLJLWDO HOHFWURGHV PDNHV WKHP DWWUDFWLYH IRU XVH ZLWK PLFURHOHFWURPH�

FKDQLFDO UHVRQDWRUV� 7KH LQWHUHOHFWURGH FDSDFLWDQFH FKDQJHV OLQHDUO\ ZLWK GLVSODFHPHQW�

&RQVHTXHQWO\� WKH HOHFWURVWDWLF GULYH IRUFH LV LQGHSHQGHQW RI WKH YLEUDWLRQ DPSOLWXGH�

ZKLFK FDQ EH VLJQLnFDQWO\ KLJKHU WKDQ WKRVH REVHUYHG LQ WKH VWUXFWXUHV ZKLFK PRYH

QRUPDO WR WKH VXUIDFH RI WKH VXEVWUDWH >���@�

7KH SUHVHQFH RI D JURXQG SODQH XQGHUQHDWK WKH LQWHUGLJLWDO HOHFWURGHV FDXVHV DQ

DV\PPHWU\ LQ WKH HOHFWULFDO nHOG GLVWULEXWLRQ� ZKLFK HYHQWXDOO\ OHDGV WR OHYLWDWLRQ LQ�

GXFHG E\ DQ HOHFWURVWDWLF DWWUDFWLRQ IRUFH >�������@� 7KH JURXQG SODQH LV QHFHVVDU\ WR

VKLHOG WKH LQWHUGLJLWDO HOHFWURGHV IURP H[WHUQDO HOHFWULFDO nHOGV >���@�

3RWHQWLDO DSSOLFDWLRQV RI OLQHDU HOHFWURVWDWLF PRWRUV IRUPHG ZLWK LQWHUGLJLWDO FD�

SDFLWRUV LQFOXGH IULFWLRQ WHVW VWUXFWXUHV >���@� PLFURJULSSHUV >���@� IRUFH�EDODQFHG DF�

FHOHURPHWHUV >���@� DQG SRVLWLRQLQJ RI FRPSRQHQWV ZLWK VXEPLFURQ SUHFLVLRQ >���@� $

ODUJH QXPEHU RI DSSOLFDWLRQV KDV EHHQ H[SORUHG ZLWK 0LFUR6XUIDFH $FRXVWLFDO :DYH

�06$:� GHYLFHV DQG VLPLODU LQWHUGLJLWDO VHQVRUV� LQFOXGLQJ VHQVLQJ DQG FRQWURO RI GUDJ

DQG VNLQ IULFWLRQ LQ DHURVSDFH DQG XQGHUZDWHU VWUXFWXUHV >���@� DLUFUDIW oH[ EHDP GH�

oHFWLRQ DQG DFFHOHUDWLRQ� LFH IRUPDWLRQ PRQLWRULQJ RQ DLUFUDIW ZLQJV >���@� QRLVH VXS�

SUHVVLRQ LQ EXLOGLQJV >��@� DQG HDUO\ ZDUQLQJ IURP FROODSVLQJ EULGJHV >������@�

)RUFH &DOFXODWLRQ

7KH ORQJLWXGLQDO HOHFWURVWDWLF IRUFH LQ D FRPE GULYH LV JHQHUDWHG GXH WR IULQJLQJ nHOGV DW

WKH HQGV RI LQWHUGLJLWDO HOHFWURGHV� 7KXV� WKLV IRUFH LV LQGHSHQGHQW RI WKH nQJHU OHQJWK

��



&KDSWHU �� 6WDWH RI WKH $UW

DQG LV SURSRUWLRQDO WR HOHFWURGH KHLJKW� ,JQRULQJ IULQJLQJ nHOG HmHFWV� WKH FDSDFLWDQFH

RI WKH LQWHUGLJLWDO nQJHU ZLWK RYHUODS OHQJWK [ LV

&  ��
�Q[E

Z
�����

ZKHUH E LV HOHFWURGH KHLJKW� Z LV WKH JDS EHWZHHQ HOHFWURGHV� DQG Q LV WKH QXPEHU RI

HOHFWURGH nQJHUV� 7KHQ WKH IRUFH GHYHORSHG E\ WKH nQJHU LQWHUDFWLRQ ZLWK DSSOLFDWLRQ

RI YROWDJH 9 LV HTXDO WR >���@�

)  
�

�
9 �

G&

G[
 

9 ���EQ

Z
�����

7KLV IRUFH EHFRPHV VLJQLnFDQW DW PLFURQ DQG VXEPLFURQ VFDOHV�

��� 6HQVRU $UUD\V

2QH PD\ FKRRVH WR GLmHUHQWLDWH VHQVRU DUUD\V DQG DUUD\ VHQVRUV� DV IROORZV� D FRPELQD�

WLRQ RI VHQVRUV ZLWK GLmHUHQW RSHUDWLQJ SULQFLSOHV LQ D VLQJOH V\VWHP LV FDOOHG D VHQVRU

DUUD\� ZKHUHDV WKH FRPELQDWLRQ RI WKH VHQVLQJ HOHPHQWV RI WKH VDPH W\SH LQ WKH VLQJOH

GHYLFH LV FDOOHG DQ DUUD\ VHQVRU� 7KH DERYH WHUPLQRORJ\ LV QRW XQLYHUVDOO\ DFFHSWHG�

EXW LW LV XVHG KHUH WR FODULI\ WKH GLVWLQFW IHDWXUHV RI HDFK GHVLJQ�

,W LV UHODWLYHO\ VDIH WR VD\ WKDW VHQVRU DUUD\V UHSUHVHQW RQH RI WKH PRVW OLNHO\ GL�

UHFWLRQV RI UHVHDUFK LQ WKH nHOG� ,QIRUPDWLRQ IURP GLmHUHQW W\SHV RI VHQVRUV LQWHJUDWHG

LQWR D VLQJOH PRQLWRULQJ V\VWHP FDQ EH XVHG WR PRQLWRU� FRQWURO� DQG SUHGLFW SHUIRU�

PDQFH RI DOO NLQGV RI H[SHULPHQWDO VHWXSV� DSSDUDWXVHV� DQG V\VWHPV� 2QH RI WKH YHU\

SURPLVLQJ DSSOLFDWLRQV RI PXOWL�VHQVRU VLQJOH FKLS WHFKQRORJ\ LV PXOWL�FRPSRQHQW JDV

FKHPLFDO DQDO\VLV >���@�

3URFHVVLQJ DQG LQWHUSUHWDWLRQ RI GDWD IURP PXOWLSOH VHQVRU DUUD\V LV D ZLGH DUHD

WKDW LQYROYHV D IXOO DUVHQDO RI GLJLWDO DQG DQDORJ VLJQDO SURFHVVLQJ� QHXUDO QHWZRUNV�

ZDYHOHWV� VWDWLVWLFDO DQDO\VLV� HWF� 7KH IXOO FRYHUDJH RI WKLV WRSLF LV EH\RQG WKH VFRSH

RmHUHG KHUH� KRZHYHU� VRPH JHQHUDO IHDWXUHV UHODWHG WR PRVW VHQVRU DUUD\ DSSOLFDWLRQV

DUH GHVFULEHG LQ WKLV VHFWLRQ�

��



���� 6HQVRU $UUD\V

$ VHQVRU DUUD\ GHYLFH �6$'� WKDW LQFOXGHV VL[ SRO\PHU�FRDWHG LQWHUGLJLWDO VHQVRUV

RQ D VLOLFRQH QLWULGH PHPEUDQH FRPELQHG ZLWK EXLOW�LQ WKLQ nOP WKHUPRPHWHU�KHDWHUV

KDV EHHQ PDQXIDFWXUHG WR PHDVXUH FRQFHQWUDWLRQ RI WROXHQH� Q�SURSDQRO� DQG Q�RFWDQH

>���@�

7KH WHFKQRORJ\ RI PXOWLSOH LQWHUGLJLWDO HOHFWURGH DUUD\ PHDVXUHPHQW LV VWLOO LQ LWV

LQFHSWLRQ VWDJH� :KLOH WKH DGYDQWDJHV RI VXFK DUUD\V DUH ZLGHO\ UHFRJQL]HG� WKH\
UH QRW

\HW EHLQJ XVHG WR WKHLU IXOO SRWHQWLDO� 5HODWLYHO\ FRPSOH[ PXOWL�OD\HU VWUXFWXUHV FDQ EH

IRUPHG XVLQJ PRGHUQ WHFKQRORJ\� 6PDOO PRGLnFDWLRQV RI D EDVLF GHVLJQ SHUPLW D YDULHW\

RI VHQVLQJ SULQFLSOHV WR EH FRPELQHG ZLWKLQ D VLQJOH DUUD\� $Q LQWHUGLJLWDO VHQVRU DUUD\

WKDW XVHV FRQGXFWLYLW\� SLH]RHOHFWULFLW\� DQG YROWDJH�FXUUHQW HOHFWURFKHPLFDO VHQVLQJ

SULQFLSOHV ZDV UHSRUWHG LQ >���@� ,Q DGGLWLRQ WR WKHVH SULQFLSOHV� WKLQ�nOP VHQVLWLYH

FRDWLQJV RI =Q2
[
DQG OLSLG ELOD\HUV ZHUH XVHG�

����� &DSDFLWLYH 6HQVRU $UUD\V

1DWXUDOO\� WKH VKDSH RI FRSODQDU PLFURVWULSV GRHV QRW KDYH WR EH OLPLWHG WR SDLUV RI

LQWHUGLJLWDO FRPEV� ,Q IDFW� DQ\ SDLU RI FRSODQDU HOHFWURGHV FDQ EH XVHG WR JHQHUDWH

IULQJLQJ HOHFWULF nHOGV� 3URYLGHG WKDW WKH PHDVXUHPHQW VHQVLWLYLW\ LV DGHTXDWH� WKH

LQIRUPDWLRQ DERXW PDWHULDO SURSHUWLHV FDQ EH H[WUDFWHG IURP VXFK PHDVXUHPHQWV� $

VLPSOH H[DPSOH� H[WUDFWHG IURP >���@� LV VKRZQ LQ )LJXUH ���� 7KH H[FLWDWLRQ RI RQH RI

WKH HOHFWURGHV RI WKH FDSDFLWLYH DUUD\ SURGXFHV IULQJLQJ nHOG SDWWHUQV ZKLFK FRQWULEXWH

WR FDSDFLWDQFH PDWUL[ HQWULHV DVVRFLDWHG ZLWK WKH JLYHQ DUUD\� 7KH WRWDO QXPEHU 0 RI

LQGHSHQGHQW WZR�HOHFWURGH PHDVXUHPHQWV LV�

0  
1�1 b ��

�
� �����

ZKHUH 1 LV WKH QXPEHU RI HOHFWURGHV LQ WKH DUUD\� )RU H[DPSOH� WKH ��VHQVRU V\VWHP

DOORZV � LQGHSHQGHQW PHDVXUHPHQW� DQG WKH ��VHQVRU V\VWHP DOORZV �� LQGHSHQGHQW

PHDVXUHPHQWV�

��



&KDSWHU �� 6WDWH RI WKH $UW

)LJXUH ���� 6FKHPDWLF H[FLWDWLRQ SDWWHUQV IRU D OLQHDU VHQVRU DUUD\� �D� WKH OHIWPRVW
HOHFWURGH LV H[FLWHG� WKH UHVW DUH JURXQGHG �E� WKH IRXUWK IURP WKH OHIW HOHFWURGH LV
H[FLWHG� WKH UHVW DUH JURXQGHG� �$GDSWHG IURP >���@��

����� &RPELQDWLRQ RI 'LmHUHQW 6HQVRU 7\SHV

0RQLWRULQJ RI WHPSHUDWXUH RI WKH PDWHULDO XQGHU WHVW SURYLGHV FUXFLDO LQIRUPDWLRQ

IRU D FRUUHFW LQWHUSUHWDWLRQ RI WKH GLHOHFWURPHWU\ VHQVRU UHVSRQVH� )RU WKDW UHDVRQ� D

WHPSHUDWXUH VHQVLWLYH UHVLVWRU LV RIWHQ SODFHG RQ WKH VDPH FKLS ZLWK WKH GLHOHFWURPHWU\

LQWHUGLJLWDO VHQVRU >�������@�

&RPELQDWLRQ RI LQWHUGLJLWDO VHQVRUV ZLWK DX[LOLDU\ LQVWUXPHQWDWLRQ SURYLGHV QX�

PHURXV DGYDQWDJHV� )RU H[DPSOH� ZLUHOHVV FRPPXQLFDWLRQ ZLWK DQ LQWHUGLJLWDO WUDQV�

��



���� 6HQVRU $UUD\V

GXFHU FDQ EH LPSOHPHQWHG E\ FRQQHFWLQJ WKH WUDQVGXFHU ZLWK D VPDOO PLFURZDYH DQ�

WHQQD >���� ���@� 7KLV GXR LV SDUWLFXODUO\ DGYDQWDJHRXV ZKHQ WKH VHQVRU LV SODFHG RQ

WKH PRYLQJ SDUW �VXFK DQ DLUFUDIW URWRU�� DQG ZLUHG FRPPXQLFDWLRQ ZLWK WKH UHVW RI

KDUGZDUH LV WHFKQLFDOO\ FXPEHUVRPH�

��



&KDSWHU �� 6WDWH RI WKH $UW

��



&KDSWHU �

6HQVRU 'HVLJQ DQG 3DUDPHWHU

(VWLPDWLRQ $OJRULWKPV

��� ,QWURGXFWLRQ

,W LV QRW SRVVLEOH� DW WKH FXUUHQW VWDWH RI WHFKQRORJ\� WR GHYHORS D XQLYHUVDO VHQVRU DQG D

XQLYHUVDO SDUDPHWHU HVWLPDWLRQ DOJRULWKP WKDW ZLOO SURYLGH DGHTXDWH DQG EHVW SRVVLEOH

LQIRUPDWLRQ DERXW PDWHULDO SURSHUWLHV IRU DOO DSSOLFDWLRQV� 7KHUHIRUH� HDFK DSSOLFDWLRQ

UHTXLUHV D MXGLFLRXV FKRLFH RI VHQVRU GHVLJQ DQG DVVRFLDWHG SDUDPHWHU HVWLPDWLRQ DO�

JRULWKPV� $V D WHFKQLFDO V\VWHP GHYHORSV� WKH UHTXLUHPHQWV IRU HDFK HOHPHQW EHFRPH

PRUH FOHDU DQG DmHFW WKH UHTXLUHPHQWV IRU RWKHU HOHPHQWV RI WKH WULQLW\ VKRZQ LQ )LJXUH

���� )RU H[DPSOH� LW PD\ EHFRPH FOHDU GXULQJ WKH GHYHORSPHQW VWDJH WKDW WKH RQH�VLGHG

DFFHVV WR WKH PDWHULDO XQGHU WHVW LV DQ DUWLnFLDO UHTXLUHPHQW WKDW ZRXOG EH HDVLO\ E\�

SDVVHG E\ VLPSOH GHVLJQ PRGLnFDWLRQV� ,Q WKDW FDVH� LW LV QRW ZLVH WR OLPLW WKH GHVLJQ

WR LQWHUGLJLWDO VWUXFWXUHV RQO\� 7KH GXDO�VLGHG DFFHVV KDV DGYDQWDJHV RI ODUJHU� HDVLO\

PHDVXUDEOH FDSDFLWDQFHV DQG D PRUH XQLIRUP nHOG GLVWULEXWLRQ� 7KH H[DPSOHV RI DS�

SURSULDWH PDWFKLQJ RI VHQVRUV DQG SDUDPHWHU HVWLPDWLRQ DOJRULWKPV WR HDFK DSSOLFDWLRQ

DUH HQFRXQWHUHG WKURXJKRXW WKLV WKHVLV�

��



&KDSWHU �� 6HQVRU 'HVLJQ DQG 3DUDPHWHU (VWLPDWLRQ $OJRULWKPV

)LJXUH ���� (YHU\ VHQVLQJ DSSOLFDWLRQ UHTXLUHV DQ RSWLPXP FRPELQDWLRQ RI LQKHUHQWO\
GHSHQGHQW HOHPHQWV RI WKH PHDVXUHPHQW V\VWHP FRPSULVLQJ VHQVRU GHVLJQ DQG SDUDP�
HWHU HVWLPDWLRQ DOJRULWKPV�

��� &KRLFH RI 6XEVWUDWH

����� )OH[LEOH YHUVXV 5LJLG

7KH FKRLFH RI VXEVWUDWH WKLFNQHVV DQG GHJUHH RI oH[LELOLW\ GHSHQGV RQ WKH DSSOLFDWLRQ�

)OH[LEOH VXEVWUDWHV ZLWK WKLQ HOHFWURGHV DUH DGYDQWDJHRXV ZKHQ WKH VHQVRU KHDG LV H[�

SHFWHG WR FRQIRUP WR WKH VXUIDFH RI WKH PDWHULDO XQGHU WHVW� 5HSUHVHQWDWLYH DSSOLFDWLRQV

RI VXFK D GHVLJQ LQFOXGH PHDVXUHPHQWV SHUIRUPHG DW DQ DLUIRLO VXUIDFH� WXUELQH EODGHV�

DLUFUDIW URWRU EODGHV >���@� DQG FXUYHG WUDQVIRUPHU SUHVVERDUG LQVXODWLRQ >��@�

2Q WKH RWKHU KDQG� ULJLG VXEVWUDWHV RU ULJLG HOHFWURGH GHVLJQV DUH DGYDQWDJHRXV

LQ QRQ�FRQWDFW PHDVXUHPHQWV� ,Q WKLV FDVH� LW LV LPSRUWDQW WR PDLQWDLQ D ZHOO�GHnQHG

JHRPHWU\ RI WKH HOHFWURGH VWUXFWXUH LQ RUGHU WR EH DEOH WR WDNH DGYDQWDJH RI PRGHO�EDVHG

SDUDPHWHU HVWLPDWLRQ DOJRULWKPV�

����� *ODVV 6XEVWUDWH

%RURVLOLFDWH JODVV VXEVWUDWH >���@ DQG VLOLFD JODVV VXEVWUDWH >���@ DUH FRPPRQ PDWHULDOV

LQ WKLQ�nOP WHFKQRORJ\� 5HFHQW GHYHORSPHQWV LQ LQWHUGLJLWDO GLHOHFWURPHWU\ LQGLFDWH

D VWURQJ FRUUHODWLRQ EHWZHHQ VXUIDFH FRQGLWLRQ SURSHUWLHV DQG VHQVRU UHVSRQVH� )RU

��



���� &KRLFH RI 6XEVWUDWH

PHDVXUHPHQWV ZLWK KLJKO\ LQVXODWLQJ PDWHULDOV� WKH VXUIDFH FRQGXFWLYLW\ FRQWURO LV H[�

WUHPHO\ LPSRUWDQW� &RQWDPLQDWHG VXUIDFH FRQGLWLRQV FDQ EH GHWHFWHG E\ PHDVXUHPHQWV

LQ GU\ DLU RU YDFXXP� SULRU WR DSSOLFDWLRQ RI WKH VHQVRU WR WKH VXUIDFH RI WKH PDWHULDO

XQGHU WHVW� 2UJDQLF FRQWDPLQDQWV FDQ EH UHPRYHG IURP WKH JODVV VXUIDFH XVLQJ DFLG

EDVHG FOHDQHUV� VXFK DV ?SLUDQKD� ����� +�62��+�2�� >���@�

7KH JODVV VXEVWUDWH FDQ EH PDGH K\GURSKRELF E\ LPPHUVLQJ LQWR RFWDGHF\OWUL�

HWKR[\VLODQH�EHQ]HQH VROXWLRQ >���@� 8VXDOO\ WKH JODVV VXEVWUDWHV DUH EULWWOH� ZKLFK

PDNHV WKHP XQVXLWDEOH IRU WKRVH DSSOLFDWLRQV ZKHUH FRQIRUPLW\ WR WKH VDPSOH VXUIDFH

LV HVVHQWLDO� +RZHYHU� WKHVH VXEVWUDWHV SHUIRUP YHU\ ZHOO LQ oXLG HQYLURQPHQWV�

����� .DSWRQo5

3RO\LPLGH LV D IUHTXHQW FKRLFH RI WKH VHQVRU VXEVWUDWH� HVSHFLDOO\ IRU oH[LEOH VHQVRU

KHDGV� 3RO\LPLGHV DUH RPQLSUHVHQW LQ WKH PRGHUQ SULQWHG FLUFXLW ERDUG LQGXVWU\� WKH

PDQXIDFWXULQJ WHFKQLTXHV IRU WKHP DUH ZHOO�GHYHORSHG� DQG WKHLU SURSHUWLHV KDYH EHHQ

LQYHVWLJDWHG XQGHU PDQ\ GLmHUHQW FRQGLWLRQV DQG UHSRUWHG LQ D ODUJH QXPEHU RI SXEOLFD�

WLRQV� ([DPSOHV RI GHVLJQV DQG XVH RI VHQVRUV PDQXIDFWXUHG ZLWK SRO\LPLGH VXEVWUDWHV

DUH UHSRUWHG LQ >���� �������������@�

3RO\LPLGH VHQVRUV FDQ RSHUDWH LQ WHPSHUDWXUHV XS WR ���p&� ZKLFK PDNHV WKHP DQ

DWWUDFWLYH FKRLFH IRU D WUDQVIRUPHU HQYLURQPHQW ZKHUH RSHUDWLQJ WHPSHUDWXUHV UHDFK

���p& >���@� 3RO\LPLGH LV D KLJKO\ K\GURSKRELF PDWHULDO� EHLQJ DEOH WR DEVRUE PRLVWXUH

XS WR �� RI LWV GU\ ZHLJKW >�����@� %HFDXVH RI WKH KLJK GLHOHFWULF SHUPLWWLYLW\ RI ZDWHU

��
U
{ ��� LQ FRPSDULVRQ ZLWK WKH GLHOHFWULF SHUPLWWLYLW\ RI GU\ SRO\LPLGH ��

U
{ ��� HYHQ

VXFK UHODWLYHO\ VPDOO DPRXQWV RI ZDWHU LQFUHDVH WKH GLHOHFWULF SHUPLWWLYLW\ RI SRO\LPLGH

E\ DV PXFK DV ��� >�������@� 7DEOH ��� VKRZV WKH YDULDWLRQ RI WKH HOHFWULFDO SURSHUWLHV

RI .DSWRQ ZLWK UHODWLYH KXPLGLW\ DW URRP WHPSHUDWXUH� DVVXPLQJ WKDW WKH PDWHULDO

KDV EHHQ DOORZHG HQRXJK WLPH WR DFKLHYH PRLVWXUH FRQFHQWUDWLRQ HTXLOLEULXP ZLWK WKH

DPELHQW� )RU FDOFXODWLRQV LQYROYLQJ DEVROXWH ZDWHU FRQWHQW DW URRP WHPSHUDWXUH� ���

5+ LQ WKLV VWXG\ LV HTXDO WR ���� ZDWHU LQ WKH nOP DQG ���� 5+ LV HTXDO WR ����

ZDWHU� WKH PD[LPXP DGVRUSWLRQ SRVVLEOH UHJDUGOHVV RI WKH GULYLQJ IRUFH�

��



&KDSWHU �� 6HQVRU 'HVLJQ DQG 3DUDPHWHU (VWLPDWLRQ $OJRULWKPV

5HODWLYH 'LHOHFWULF 6WUHQJWK� 'LHOHFWULF 'LVVLSDWLRQ

KXPLGLW\�� $&� �N9�PP� FRQVWDQW� �U IDFWRU� WDQ p

� ��� ��� ������

�� ��� ��� ������

�� ��� ��� ������

�� ��� ��� ������

��� ��� ��� ������

7DEOH ���� 5HODWLYH KXPLGLW\ YV� HOHFWULFDO SURSHUWLHV RI .DSWRQ DW URRP WHPSHUDWXUH�
7\SH +1 nOP� �� xP �� PLO� >���@�

:KLOH WKH K\GURSKLOLF QDWXUH RI SRO\LPLGH FUHDWHV SUREOHPV GXH WR PRLVWXUH LQWHU�

IHUHQFH ZLWK PDQ\ VHQVRU DSSOLFDWLRQV� LW FDQ EH XVHG IRU WKH GHWHFWLRQ RI PRLVWXUH

LWVHOI� $ QXPEHU RI VWXGLHV UHSRUWHG VXFFHVVIXO UHVXOWV ZLWK FDSDFLWLYH KXPLGLW\ VHQVRUV

WKDW XVH SRO\LPLGH DV D VHQVLWLYH VXEVWUDWH >������^���@�

����� 7HoRQo5

3RO\oRQ PDQXIDFWXUHV FRSSHU�FODG 37)( VXEVWUDWHV� LQFOXGLQJ &X)ORQ
o5
� XVLQJ D SUR�

SULHWDU\ HOHFWURSODWLQJ SURFHVV WR SURGXFH D GLHOHFWULF VXEVWUDWH ZLWK H[FHSWLRQDO LQVX�

ODWLRQ DQG K\GURSKRELF FKDUDFWHULVWLFV� 5HSUHVHQWDWLYH SURSHUWLHV DUH OLVWHG LQ 7DEOH

���� 7KLV SURFHVV HQVXUHV D VWURQJ PROHFXODU ERQG EHWZHHQ WKH 37)( GLHOHFWULF DQG

FRQGXFWLYH PHWDO OD\HU� (OHFWURSODWHG 37)( ZLWKVWDQGV FRQWLQXRXV WHPSHUDWXUHV RI

���p& DQG ���p& VKRUW WHUP ZLWKRXW GDPDJH WR WKH SODWHG PDWHULDO� GLHOHFWULF� RU WKH

ERQG EHWZHHQ WKHP� (OHFWURSODWHG 37)( DOVR SHUIRUPV ZHOO DW ORZ WHPSHUDWXUHV� HYHQ

XQGHU FU\RJHQLF FRQGLWLRQV >���@�

6WDQGDUG WKLFNQHVVHV RI ERDUGV DYDLODEOH IURP 3RO\oRQ LQ PLOV DUH ���� WKUX � IRU

VWDQGDUG VKHHW VL]H RI � LQFKHV E\ � LQFKHV DQG �� PLOV WR ��� PLOV IRU VWDQGDUG VKHHW

VL]HV RI �� LQFKHV E\ �� LQFKHV� &X)ORQ LV WKH GRPLQDQW VXEVWUDWH PDWHULDO IRU WKH

GLHOHFWURPHWU\ VHQVRUV XVHG LQ WKH UHVHDUFK RI WKLV WKHVLV�

���



���� &KRLFH RI 6XEVWUDWH

3URSHUW\ 8QLWV 7\SLFDO 9DOXH 7HVW 0HWKRG

5HODWLYH 'LHOHFWULF &RQVWDQW� ��*+] � ���� $670 ' ����

'LVVLSDWLRQ )DFWRU� ��*+] � ������ $670 ' ����

'LHOHFWULF 6WUHQJWK� � PLOV 9�PLO ���� $670 ' ���

9ROXPH 5HVLVWLYLW\ RKP�FP �c���� $670 ' ���

7HQVLOH 6WUHQJWK SVL ���� $670 '���

3HHO 6WUHQJWK OE�LQ � 0,/�6������

:DWHU $EVRUSWLRQ� ��KUV #�� p& � � ���� $67' ' ���

&RHpFLHQW RI 7KHUPDO ([SDQVLRQ SSP�& ��� $670 ( ���

7DEOH ���� &X)ORQ PLFURZDYH VXEVWUDWH GDWD VKHHW >���@�

����� .DSWRQ 6HDOHG ZLWK 7HoRQ

'X3RQW KDV UHFHQWO\ LQWURGXFHG D QHZ W\SH RI LQVXODWLQJ VXEVWUDWH IRU oH[LEOH FLUFXLWV�

.DSWRQ 7\SH )1 � ,Q WKLV SURGXFW� D WKLQ OD\HU .DSWRQ nOP LV VDQGZLFKHG EHWZHHQ

7HoRQ )(3 oXRURFDUERQ UHVLQ FRDWLQJV� 7KH .DSWRQ FRUH SURYLGHV PHFKDQLFDO VWUHQJWK

DQG LPSURYHV WKHUPDO VWDELOLW\� ZKHUHDV WKH 7HoRQ OD\HUV SUHYHQW PRLVWXUH DEVRUSWLRQ

E\ WKH nOP� 3RWHQWLDOO\� WKLV PDWHULDO FRXOG EH XVHG LQ GLHOHFWULF VHQVLQJ DSSOLFDWLRQV

ZLWKRXW IHDU RI PHDVXUHPHQW UHVXOWV EHLQJ FRQWDPLQDWHG E\ PRLVWXUH DEVRUSWLRQ� $W

WKLV SRLQW� KRZHYHU� DGKHVLRQ RI FRSSHU WR WKH 7HoRQ FRDWLQJV KDV QRW EHHQ GHYHORSHG�

����� *�� %RDUG

$ UHJXODU nEHUJODVV FLUFXLW ERDUG XVHG IRU PRVW HOHFWURQLFV DSSOLFDWLRQV LV VXLWDEOH IRU

GLHOHFWURPHWU\ VHQVRU KHDGV ZKHQ D ULJLG GHVLJQ LV DGYDQWDJHRXV DQG WKH ORZ IUHTXHQF\

ORVVHV DUH QRW RI FRQFHUQ� 6LQFH PDVNLQJ DQG SDWWHUQLQJ RI UHJXODU FLUFXLW ERDUGV LV

PRVW HFRQRPLFDO LQ DQ LQGXVWULDO HQYLURQPHQW� LW FDQ EH XVHG IRU UDSLG SURWRW\SH GHYHO�

RSPHQW� 7KH *�� FLUFXLW ERDUG KDV SURYHQ WR EH WRR FRQGXFWLYH IRU RXU GLHOHFWURPHWU\

PHDVXUHPHQWV�

����� 6LOLFRQ

&RPPRQ PDWHULDOV LQ WKH VHPLFRQGXFWRU LQGXVWU\� R[LGL]HG VLOLFRQ DQG VLOLFRQH QLWULGH

DUH YHU\ OLNHO\ FDQGLGDWHV IRU VPDOO VL]H VHQVRUV RU VHQVRU DUUD\V EXLOW RQ WKH VDPH FKLS�

���



&KDSWHU �� 6HQVRU 'HVLJQ DQG 3DUDPHWHU (VWLPDWLRQ $OJRULWKPV

7KH GHWDLOV RI PDQXIDFWXULQJ RI LQWHUGLJLWDO VHQVRUV ZLWK WKH VLOLFRQ GLR[LGH VXEVWUDWH

DUH DYDLODEOH LQ >���@� 7KH UHVLVWLYLW\ RI WKH KLJK TXDOLW\ VLOLFRQ GLR[LGH LV JUHDWHU WKDQ

���� 2KPcFP�

����� 2WKHU 6XEVWUDWHV

0DQ\ RWKHU VXEVWUDWH PDWHULDOV DUH EHFRPLQJ DYDLODEOH DV WKH VHPLFRQGXFWRU LQGXV�

WU\� SRO\PHU LQGXVWU\� DQG EDVLF FKHPLFDO HQJLQHHULQJ DQG VFLHQFH UHVHDUFK DGRSW QHZ

WHFKQRORJLHV� $ VHSDUDWH PDQXVFULSW FRXOG EH ZULWWHQ WR FRYHU HYHU\ PDMRU SRVVLEOH

VXEVWUDWH PDWHULDO� DQG LW ZRXOG EHFRPH RXWGDWHG ZLWKLQ D FRXSOH RI \HDUV� :H ZRXOG

OLNH WR PHQWLRQ RQH SDUWLFXODUO\ SURPLVLQJ PDWHULDO� DOXPLQXP R[LGH� 7KLFN nOP SULQW�

LQJ RQ $O�2� ZLWK D JROG HOHFWURGHV LV DQ LQH[SHQVLYH FRQYHQWLRQDO SURFHVV ZHOO�VXLWHG

IRU PDQXIDFWXULQJ RI FKHPLFDO JDV VHQVRUV >���@�

��� &KRLFH RI &RDWLQJ

����� *HQHUDO 5HTXLUHPHQWV

7KH VHQVRU FRDWLQJ RU WKH VXEVWUDWH LWVHOI FDQ EH XVHG DV D VHOHFWLYH VHQVLWLYH OD\HU WKDW

UHVSRQGV WR WKH FKDQJHV LQ WKH FRQFHQWUDWLRQ RI FHUWDLQ VSHFLnF W\SHV RI PROHFXOHV DQG

LRQV SUHVHQW LQ WKH DPELHQW oXLG WKURXJK DGVRUSWLRQ DQG DEVRUSWLRQ SURFHVVHV� SRVVLEO\

FRPELQHG ZLWK GLmXVLRQ DQG PDVV WUDQVIHU�

7KH UHYHUVLELOLW\ RI VHQVRU UHVSRQVH LV RI PDMRU FRQFHUQ ZKHQ WKH VHQVLWLYH OD\HU RU

VXEVWUDWH DUH EHLQJ XVHG� ,UUHYHUVLEOH FKDQJHV� VRPHWLPHV UHIHUUHG WR DV nOP SRLVRQLQJ

>��@ UHGXFH VHQVRU OLIHWLPH DQG UHOLDELOLW\� ,Q VRPH FDVHV� UHF\FOLQJ RI SUHYLRXVO\ XVHG

VHQVRUV LV SRVVLEOH E\ YDFXXP� WHPSHUDWXUH� RU FKHPLFDO >���@ WUHDWPHQW�

����� 3DU\OHQH &RDWLQJ

3DU\OHQH LV D JHQHULF QDPH IRU PHPEHUV RI D XQLTXH SRO\PHU VHULHV� 7KH EDVLF PHPEHU

RI WKH VHULHV� FDOOHG SDU\OHQH 1� LV SRO\�S�[\O\OHQH� D FRPSOHWHO\ OLQHDU� KLJKO\ FU\VWDOOLQH

���



���� &KRLFH RI &RDWLQJ

3DU\OHQH 1 3DU\OHQH & 3DU\OHQH'

'LHOHFWULF VWUHQJWK� VKRUW

WLPH� YROWV�PLO DW � PLO ����� ����� �����

9ROXPH UHVLVWLYLW\�

��p&� ��� 5+� RKPcFP �d ���� �d ���� �d ����

6XUIDFH 5HVLVWLYLW\�

��p&� ��� 5+� RKPV �d ���� �d ���� �d ����

'LHOHFWULF FRQVWDQW

�� +] ���� ���� ����

� N+] ���� ���� ����

� 0+] ���� ���� ����

'LVVLSDWLRQ IDFWRU

�� +] ������ ����� �����

� N+] ������ ����� �����

� 0+] ������ ����� �����

7DEOH ���� 7\SLFDO HOHFWULFDO SURSHUWLHV RI SDU\OHQH >���@�

PDWHULDO� 3DU\OHQH &� WKH VHFRQG PHPEHU RI WKH VHULHV� LV SURGXFHG E\ WKH VDPH

PRQRPHU PRGLnHG RQO\ E\ WKH VXEVWLWXWLRQ RI D FKORULQH DWRP IRU RQH RI WKH DURPDWLF

K\GURJHQV� 7KH WKLUG PHPEHU RI WKH VHULHV LV SDU\OHQH ' DQG FRQWDLQV WZR� RU GXDO�

FKORULQH DWRPV RQ WKH EHQ]HQH ULQJ >���@�

3DU\OHQH 1 LV D SULPDU\ GLHOHFWULF� H[KLELWLQJ D YHU\ ORZ GLVVLSDWLRQ IDFWRU� KLJK

GLHOHFWULF VWUHQJWK DQG D GLHOHFWULF FRQVWDQW LQYDULDQW ZLWK IUHTXHQF\� 3DU\OHQH & KDV

D XVHIXO FRPELQDWLRQ RI HOHFWULFDO DQG SK\VLFDO SURSHUWLHV SOXV D YHU\ ORZ SHUPHDELOLW\

WR PRLVWXUH DQG RWKHU FRUURVLYH VXEVWDQFHV� $ORQJ ZLWK LWV DELOLW\ WR SURYLGH D WUXH

SLQKROH�IUHH FRQIRUPDO LQVXODWLRQ� SDU\OHQH & LV WKH PDWHULDO RI FKRLFH IRU WKH FRDWLQJ

RI FULWLFDO HOHFWURQLF DVVHPEOLHV� 3DU\OHQH ' IRUPV WKH KDUGHVW VXUIDFH� DQG LW KDV WKH

OHDVW HORQJDWLRQ DELOLW\ DQG WKH JUHDWHVW WHPSHUDWXUH VWDELOLW\� ,WV PROHFXODU VWUXFWXUH

DOVR JLYHV LW WKH EHVW FKHPLFDO UHVLVWDQFH� 'XH WR WKH XQLTXHQHVV RI WKH YDSRU SKDVH

GHSRVLWLRQ� WKH SDU\OHQH SRO\PHUV FDQ EH IRUPHG DV VWUXFWXUDOO\ FRQWLQXRXV nOPV IURP

DV WKLQ DV D IUDFWLRQ RI D PLFURQ WR DV WKLFN DV PDQ\ PLOV�

0RVW FRQIRUPDO FRDWLQJV DUH VSUD\HG RU GLSSHG DQG KDYH D WHQGHQF\ WR SXOO DZD\

IURP HGJHV� EULGJH FRPSRQHQWV RU ZLFN LQWR XQZDQWHG ORFDOHV� 3DU\OHQH JRHV RQ YRLG

IUHH DQG SLQKROH�IUHH� ,W ZLOO QRW HGJH� EULGJH RU JDS DQG EHFDXVH LW LV QRW OLQH�RI�VLJKW�

HYHU\WKLQJ ZLWKLQ WKH FKDPEHU JHWV FRDWHG XQLIRUPO\�

���



&KDSWHU �� 6HQVRU 'HVLJQ DQG 3DUDPHWHU (VWLPDWLRQ $OJRULWKPV

7KH 3DU\OHQH SURFHVV LQYROYHV VHYHUDO DVSHFWV� $IWHU SURSHU FOHDQLQJ� DFWLYDWLRQ DQG

PDVNLQJ� WKH SURGXFW WR EH FRDWHG LV SODFHG LQ WKH GHSRVLWLRQ FKDPEHU� 7KH SURGXFW

ZLOO UHPDLQ DW URRP WHPSHUDWXUH GXULQJ WKH FRDWLQJ SURFHVV� 'LPHU LV SODFHG RQ WKH

JODVV WXEH DW WKH RSSRVLWH HQG IURP WKH GHSRVLWLRQ FKDPEHU LQ DQ DOXPLQXP IRLO FXS

FDOOHG D ?ERDW�� 7KH FRDWLQJ WKLFNQHVV LV FRQWUROOHG E\ WKH DPRXQW RI UDZ 'LPHU SODFHG

LQ WKH ERDW DQG XVXDOO\ ZHLJKHG RXW LQ JUDPV�

$Q HQG FDS LV WKHQ SODFHG RYHU WKH WXEH DQG WKH SURFHVV VWDUWHG� 7KH YDSRUL]HU

UDGLDQW KHDWHU F\FOHV RQ DQG Rm ZLWK D SUHVVXUH VDIHW\ LQWHUORFN WR HQVXUH VDIH RSHUDWLQJ

OLPLWV� WKH 'LPHU FKDQJHV IURP D VROLG WR D YDSRU DQG WKH PROHFXOHV PRYH GRZQ WKH

WXEH E\ YLUWXH RI WKH UHGXFHG SUHVVXUH DW WKH RSSRVLWH HQG� 7KH 'LPHU QRZ PRYHV LQWR

WKH S\URO\VLV ]RQH ZKLFK LV DW ���p& DQG WKH KLJK WHPSHUDWXUH FOHDYHV WKH 'LPHU LQWR

WZR GLYDOHQW UDGLFDO PRQRPHUV� 7KH PRQRPHU PROHFXOHV HQWHU WKH GHSRVLWLRQ FKDPEHU

DQG UH�IRUP DV D ORQJ FKDLQ SRO\PHU RQ DOO VXUIDFHV ZLWKLQ WKH FKDPEHU� 6WXGLHV VKRZ

WKDW HDFK PROHFXOH PDNHV DQ DYHUDJH RI O����� FROOLVLRQV DQG EHFDXVH RI WKH VKRUW PHDQ

IUHH SDWK RI WKH YDSRU PROHFXOH �OHVV WKDQ O PP� WKH FRDWLQJ IRUPV VORZO\ DQG XQLIRUPO\

RYHU VXUIDFHV ZLWK ERWK VKDUS HGJHV DQG GHHS FUHYLFHV ZLWK QR SLQ KROHV� 7KH FKDPEHU

ZDOOV DUH FRDWHG ZLWK D UHOHDVH DJHQW WR SUHYHQW WKH nOP IURP IRUPLQJ D WLJKW ERQG DQG

DIWHU � RU � UXQV WKH nOP LV SHHOHG Rm DQG GLVFDUGHG�

$ FROG WUDS LV XVHG EHWZHHQ WKH GHSRVLWLRQ FKDPEHU DQG WKH YDFXXP SXPS� 7KH

FROG WUDS XVH LV WZRIROG�

�� ,W SUHYHQWV 3DU\OHQH PROHFXOHV WKDW KDYH QRW GHSRVLWHG LQ WKH FKDPEHU IURP

JHWWLQJ LQWR WKH YDFXXP SXPS�

�� ,W SUHYHQWV WKH RLO PROHFXOHV IURP ?EDFNVWUHDPLQJ� LQWR WKH GHSRVLWLRQ FKDPEHU�

7KH FROG WUDS VKRXOG EH FOHDQHG ZHHNO\ WR GLVSRVH RI 3DU\OHQH DQG RLO nOP�

����� +\GURJHOV

+LJKO\ K\GURSKLOLF SRO\PHU JHOV �K\GURJHOV� KDYH EHHQ XVHG DV WKH VHQVLWLYH OD\HU IRU D

FRQGXFWLPHWULF LQWHUGLJLWDO PLFUR�VHQVRU >���@� ,Q WKLV FDVH� WKH K\GURJHO LWVHOI KDV WR

EH FKDUDFWHUL]HG IRU LWV ZDWHU FRQWHQW� ZKLFK PD\ YDU\ IURP �� SHUFHQW WR �� SHUFHQW E\

���



���� &KRLFH RI &RDWLQJ

PDVV� +\GURJHOV XQGHUJR UHYHUVLEOH VZHOOLQJ ZLWK PRLVWXUH XSWDNH� VR WKDW FRQGXFWLYLW\

DQG OLQHDU GLPHQVLRQV RI WKH OD\HU FKDQJH GXULQJ WKH H[SHULPHQW� 'XH WR DQ LQFUHDVLQJ

XVH RI VXFK PDWHULDOV IRU PHGLFDO DQG ELRORJLFDO DSSOLFDWLRQV� LQ YLYR DSSOLFDWLRQV RI

DX[LOLDU\ LQWHUGLJLWDO VHQVRUV IRU ELRORJLFDO DQG FKHPLFDO SDUDPHWHU PRQLWRULQJ LV RI

JUHDW SRWHQWLDO LQWHUHVW�

����� 2WKHU 0DWHULDOV

1XPHURXV DGYDQFHG VHQVLQJ DSSOLFDWLRQV DUH EDVHG RQ WKH XVH RI VR�FDOOHG ?VPDUW PD�

WHULDOV�� DSSOLHG WR WKH VHQVRU VXUIDFH DV DQ DFWLYH FRDWLQJ� 7KLV FRDWLQJ FKDQJHV LWV PD�

WHULDO SURSHUWLHV� JHRPHWU\� PHFKDQLFDO RU HOHFWURPDJQHWLF FKDUDFWHULVWLFV LQ UHVSRQVH

WR FKDQJHV LQ WKH HQYLURQPHQW >���@�

6HPLFRQGXFWLYH WKLQ nOPV EDVHG RQ =Q2
[
ZHUH XVHG WR GHWHFW WKH SUHVHQFH RI R[\�

JHQ LQ D JDV PL[WXUH >���@� $ VHQVLWLYH OD\HU RI DQ HOHFWURQ�EHDP HYDSRUDWHG FRSSHU

SKWKDORF\DQLQH �&X3F� WKLQ nOP KDV EHHQ XVHG WR GHWHFW SDUW�SHU�ELOOLRQ FRQFHQWUD�

WLRQ OHYHOV RI QLWURJHQ GLR[LGH �12�� DQG GLLVRSURS\O PHWK\OSKRVSKRQDWH �',03� >��@�

$QRWKHU K\JURVFRSLF SRO\PHU� FURVV�OLQNHG FHOOXORVH DFHWDWH EXW\UDWH �&$%�� KDV EHHQ

XVHG IRU KXPLGLW\ VHQVLQJ >���@� $ FRPELQDWLRQ RI &X2� %D7L2�� /D�2� DQG &D&2� KDV

EHHQ XVHG WR GHWHFW &2� FRQFHQWUDWLRQ FKDQJHV >���@� $ IUHTXHQWO\ XVHG 62��VHQVLWLYH

PDWHULDO KHWHURSRO\VLOR[DQH �11'�3706� KDV EHHQ XVHG ZLWK D JUHDW VXFFHVV LQ FRP�

ELQHG GLHOHFWURPHWU\ DQG SLH]RDFRXVWLF PHDVXUHPHQWV >���@ DV ZHOO DV LQ LPSHGDQFH

VSHFWURVFRS\ PHDVXUHPHQWV >���@�

3RURXV FHOOXORVH SURGXFWV� VXFK DV HWK\OFHOOXORVH� FHOOXORVH�DFHWDWH� DQG FHOOXORVH�

SURSLRQDWH DUH JRRG VHQVLWLYH OD\HU FDQGLGDWHV IRU GHWHFWLRQ RI RUJDQLF FRPSRXQGV �NH�

WRQHV� DONDQHV� DOFRKROV� DURPDWLF DQG FKORULQDWHG K\GURFDUERQV� LQ WKH JDV SKDVH� $E�

VRUSWLRQ RI RUJDQLF PROHFXOHV FKDQJHV GHQVLW\ DQG EXON GLHOHFWULF SHUPLWWLYLW\ WKDW FDQ

EH GHWHFWHG ZLWK PLFUREDODQFH RVFLOODWRUV DQG LQWHUGLJLWDO FDSDFLWRUV >���@� 3DUWLFXODUO\

VXFFHVVIXO H[SHULPHQWDO UHVXOWV ZHUH REWDLQHG ZLWK HWK\OFHOOXORVH LQWHUDFWLQJ ZLWK FKOR�

URIRUP� WHWUDFKORURPHWKDQH� WULFKORURHWK\OHQH� WHWUDFKORURHWK\OHQH� WHWUDFKORURHWKDQH�

RFWDQH� EHQ]HQH� WROXHQH� DQG QLWUREHQ]HQH� 2WKHU VHQVLWLYH ORZ FRQGXFWLRQ SRO\PHUV

���



&KDSWHU �� 6HQVRU 'HVLJQ DQG 3DUDPHWHU (VWLPDWLRQ $OJRULWKPV

LQFOXGH SRO\HWK\OFHOOXORVH� SRO\F\DQRPHWK\OVLOR[LODQH� DQG SRO\XUHWKDQH >���@�

,QFUHDVLQJ VXFFHVV RI ELRWHFKQRORJ\ DSSOLFDWLRQV LV H[KLELWHG LQ D YDULHW\ RI VWLOO

H[RWLF VHQVRU DSSOLFDWLRQV� /LSLG ELOD\HUV� ZKLFK FRQVWLWXWH WKH EDVLF VWUXFWXUH RI DOO

ELRORJLFDO PHPEUDQHV� KDYH EHHQ XVHG WR PRQLWRU S+ FKDQJHV LQ VXUURXQGLQJ oXLGV

>���@� $ WKLQ OD\HU RI SRO\S\UUROH FRDWLQJ ZDV IRXQG WR FKDQJH LWV FRQGXFWLYLW\ ZLWK

WKH FRQFHQWUDWLRQ RI SHQLFLOOLQ WKDW DmHFWHG WKH S+ UHVSRQVH RI SHQLFLOOLQDVH PHPEUDQH

>���@�

��� (OHFWURGHV

7KH FKRLFH RI PDQXIDFWXULQJ WHFKQLTXH IRU HOHFWURGH IDEULFDWLRQ GHSHQGV RQ WKH UHTXLUHG

IHDWXUH VL]H RI WKH HOHFWURGH PDVN� VXEVWUDWH PDWHULDO SURSHUWLHV� H[SHFWHG HQYLURQPHQ�

WDO ZRUNLQJ FRQGLWLRQV� VXFK DV WHPSHUDWXUH� DFLGLW\� DQG SUHVVXUH� HFRQRPLFDO IDFWRUV�

DQG OLPLWDWLRQV RI SDUDPHWHU HVWLPDWLRQ DOJRULWKPV� 7KH ODWWHU PD\ SXW UHVWULFWLRQV RQ

FHUWDLQ HOHFWURGH IHDWXUHV� )RU H[DPSOH� WKH HDUOLHU FRQWLQXXP PRGHO E\ =DUHWVN\ >�@

UHTXLUHG WKH HOHFWURGHV WR EH QHDUO\ LQnQLWHO\ WKLQ� ,Q JHQHUDO� WKH HQWLUH PDQXIDFWXU�

LQJ DUVHQDO RI WKH HOHFWURQLFV LQGXVWU\ LV DYDLODEOH WR WKH GHVLJQHU DW D IDLUO\ ORZ FRVW�

([WHQVLYH VRXUFHV GHGLFDWHG WR WKH GHVFULSWLRQ RI YDULRXV PDQXIDFWXULQJ WHFKQRORJLHV

DUH DYDLODEOH �H�J� >���@�� 7KH IROORZLQJ VHOHFWLYH RYHUYLHZ LV QRW LQWHQGHG WR FRYHU

HYHU\ PDQXIDFWXULQJ WHFKQLTXH DYDLODEOH� ,QVWHDG� LW HPSKDVL]HV FKDUDFWHULVWLF IHDWXUHV

RI D IHZ FRPPRQO\ XVHG PDQXIDFWXULQJ WHFKQRORJLHV WKDW OHDG WR VXFFHVVIXO GHVLJQV RI

LQWHUGLJLWDO VHQVRUV�

6FUHHQ�SULQWLQJ RI HOHFWURGHV ZLWK VLOYHU DQG VLOYHU�SDOODGLXP LQNV RQ WKLFN nOPV

PDNHV SRVVLEOH GHSRVLWLRQ RI LQWHUGLJLWDO VWUXFWXUHV RQ WKH PDWHULDO XQGHU WHVW� 7KH

DGYDQWDJH RI WKLV DSSURDFK LV DQ LQWLPDWH FRQWDFW EHWZHHQ WKH HOHFWURGHV DQG WKH

VXEVWUDWH� ZKLFK LQ WKLV FDVH DOVR VHUYHV DV D VHQVLWLYH OD\HU >���@� $Q HOHFWURQ EHDP

WKHUPDO HYDSRUDWLRQ SURFHVV IROORZHG E\ D FRQYHQWLRQDO PDVN HWFKLQJ DOORZV FRQWURO RI

ERWK WKH GHSRVLWLRQ UDWH DQG WKH WKLFNQHVV RI WKH nOPV >��� ���@� *ROG DQG SODWLQXP

HOHFWURGHV QRUPDOO\ XVHG LQ WKH HOHFWURQLFV LQGXVWU\ RmHU WKH DGYDQWDJH RI EHLQJ LQHUW

���



���� (OHFWURGHV

DQG oH[LEOH >���@� 6LOYHU DQG 1L&U HOHFWURGHV PD\ DOVR EH XVHG >���@�

����� (OHFWURSODWLQJ

(OHFWURSODWLQJ KDV EHHQ XVHG E\ 3RO\oRQ WR GHSRVLW D XQLIRUP OD\HU RI FRSSHU RQ WKH

VXUIDFH RI WKH &X)ORQ VXEVWUDWH� 7KLV SDUWLFXODU WHFKQLTXH LV KLJKO\ SURSULHWDU\� LW

LQYROYHV SUH�SURFHVV VXUIDFH WUHDWPHQW� DQG SURYLGHV XQLIRUPLW\ RI WKH FRSSHU OD\HU

DGHTXDWH IRU PRVW DSSOLFDWLRQV H[SORUHG LQ RXU ODERUDWRU\� $GGLWLRQDO HOHFWURSODWLQJ

ZLWK QLFNHO DQG JROG KDV EHHQ XVHG LQ VHYHUDO FDVHV WR SUHYHQW FRUURVLRQ RI WKH HOHFWURGH

VXUIDFH� 7KH DGGLWLRQDO WKLFNQHVV GXH WR WKH JROG OD\HU GLG QRW H[FHHG RQH xP� 6LQFH

PRVW WHFKQLFDO DSSOLFDWLRQV GLG QRW LQYROYH KLJKO\ FRUURVLYH HQYLURQPHQWV� WKH JROG

SODWLQJ KDV QRW EHHQ XVHG DW ODWHU VWHSV RI WKLV WKHVLV UHVHDUFK�

����� 0LFURQ DQG 6XEPLFURQ 7HFKQRORJ\

(OHFWURGH SDWWHUQV FDQ EH IRUPHG IURP FRDWLQJV SURGXFHG ZLWK YDULRXV VSXWWHUHG DQG

YDSRUL]HG PHWDO FRDWLQJV� 7KH PDWHULDOV FXUUHQWO\ XVHG LQFOXGH $O� 1L&U� $X >����

���@� 3W >���@� HWF� 3KRWROLWKRJUDSK\ IROORZHG E\ HOHFWURSODWLQJ DUH WKH PRVW FRPPRQ

PDQXIDFWXULQJ WHFKQLTXHV IRU WKLV VFDOH� 7KH VSLQ�FRDWLQJ WHFKQLTXH LV SUHIHUUHG IRU

IRUPDWLRQ RI YHU\ WKLQ OD\HUV RI PDWHULDO >���@�

1DQRWHFKQRORJ\ DGYDQFHV SHUPLW IDEULFDWLRQ RI FRQGXFWRU VWULSV DV QDUURZ DV D IHZ

QDQRPHWHUV� ZLWK LQWHUGLJLWDO FDSDFLWRUV EHLQJ QR H[FHSWLRQ� $Q HOHFWURGH ZLGWK DV

VPDOO DV �� QP KDV EHHQ UHSRUWHG D GHFDGH DJR >���@�

���
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��� 7KH *DOOHU\ RI 6HQVRUV

����� 6LQJOH�:DYHOHQJWK 6HQVRU ZLWK .DSWRQ 6XEVWUDWH

)LJXUH ��� VKRZV RQH RI WKH nUVW LQWHUGLJLWDO VHQVRUV GHYHORSHG LQ WKH /DERUDWRU\ IRU

(OHFWURPDJQHWLF DQG (OHFWURQLF 6\VWHPV >�@� 7KH VHQVRU FRQWDLQV �� VSDWLDO � PP ZDYH�

OHQJWKV� 7KH WKLFNQHVV RI WKH .DSWRQ VXEVWUDWH LV � PLO ����� xP�� ,Q RUGHU WR SUHYHQW

PRLVWXUH DEVRUSWLRQ E\ WKH VXEVWUDWH� D � xP WKLFN OD\HU RI 3DU\OHQH HQFDSVXODWHV WKH

HQWLUH VXUIDFH DUHD�

$ UHODWLYHO\ ODUJH VHQVLQJ DUHD RI � LQ� d � LQ� �DSSUR[LPDWHO\ � FP d � FP� UHVXOWHG
LQ D VXpFLHQWO\ KLJK FDSDFLWDQFH YDOXH �&��  ���� S) LQ DLU� VR WKDW WKH DGGLWLRQDO

FDSDFLWDQFH EHWZHHQ WKH OHDGV FRXOG EH VDIHO\ LJQRUHG LQ PRVW FDVHV� ,W VKRXOG EH

UHPHPEHUHG WKDW WKH FDSDFLWDQFH EHWZHHQ WKH OHDGV PD\ EH D PDMRU FRQWULEXWRU WR WKH

GLVFUHSDQFLHV EHWZHHQ WKH WKHRUHWLFDO DQG PHDVXUHG YDOXHV�

7KH IXQFWLRQV RI HOHFWURGHV FDQ EH GHVFULEHG WKURXJK OLVWLQJ RI WKH IXQFWLRQV RI VHQ�

VRU OHDGV� IURP WRS WR ERWWRP� DV VKRZQ LQ )LJXUH ���� GULYHQ� JURXQG� VKLHOG� VHQVLQJ�

VHQVLQJ� VKLHOG� JURXQG� GULYHQ� 7KH GHWDLOV RI WKH PDQXIDFWXULQJ SURFHVV� FOHDQLQJ

SURFHGXUHV� DQG HOHFWULFDO H[FLWDWLRQ DUH VLPLODU WR WKRVH GHVFULEHG LQ WKH IROORZLQJ

VXEVHFWLRQ IRU WKH WKUHH�ZDYHOHQJWK VHQVRU >�@� $IWHU VHYHUDO GLDJQRVWLF H[SHULPHQWV�

WKH VLQJOH�ZDYHOHQJWK VHQVRU ZDV UHSODFHG E\ WKH WKUHH�ZDYHOHQJWK VHQVRU GHVFULEHG LQ

WKH IROORZLQJ VXEVHFWLRQ�

����� 7KUHH�:DYHOHQJWK 6HQVRU ZLWK .DSWRQ 6XEVWUDWH

7KH HDUOLHU GHVLJQ RI WKH WKUHH�ZDYHOHQJWK VHQVRU KDV EHHQ WKRURXJKO\ GHVFULEHG LQ

>�� ��� ��� ��� ��@� 7KH SODQDU YLHZ RI WKLV GHVLJQ LV VKRZQ LQ )LJXUH ���� 7KLV VHQVRU

FRQVLVWV RI WKUHH VHWV RI FRSSHU HOHFWURGHV RQ D oH[LEOH SRO\LPLGH VXEVWUDWH �.DSWRQ�

ZLWK ZDYHOHQJWKV RI ��� PP� ��� PP� DQG ��� PP� 7KH VHQVLQJ HOHFWURGHV DUH VKLHOGHG

LQ WKH SODQH RI WKH VHQVRU E\ JXDUG HOHFWURGHV GULYHQ E\ D EXmHU VWDJH LQ WKH LQWHUIDFH

FLUFXLW� DQG WKH JXDUG HOHFWURGHV DUH VKLHOGHG E\ JURXQG HOHFWURGHV� $V GLVFXVVHG

���



���� 7KH *DOOHU\ RI 6HQVRUV

)LJXUH ���� 6LQJOH�ZDYHOHQJWK oH[LEOH VHQVRU RQ D .DSWRQ VXEVWUDWH ZLWK D VSDWLDO
ZDYHOHQJWK RI � PP� $GDSWHG IURP >�@�

LQ VHFWLRQ ���� WKH LQ�SODQH VKLHOGLQJ RI WKH VHQVRU OHDGV LV QRW VXpFLHQW ZKHQ WKH

FDSDFLWDQFH &�� EHWZHHQ WKH VHQVLQJ DQG GULYHQ HOHFWURGHV LV UHODWLYHO\ ORZ�

$ WKLQ SDVVLYDWLQJ OD\HU RI SDU\OHQH �� xP� FRYHUV WKH VHQVRU RQ ERWK VLGHV WR SUHYHQW

PRLVWXUH DEVRUSWLRQ E\ WKH K\GURSKLOLF .DSWRQ VXEVWUDWH� ,Q JHQHUDO� WKH SUHVHQFH RI

PRLVWXUH LQ WKH YROXPH RI .DSWRQ FDXVHV VLJQLnFDQW YDULDWLRQV LQ LWV FRPSOH[ GLHOHFWULF

SHUPLWWLYLW\ �VHH VXEVHFWLRQ ������� $ JURXQGHG EDFNSODQH GHSRVLWHG RQ WKH ERWWRP

VLGH RI WKH VXEVWUDWH SURYLGHV VKLHOGLQJ IURP H[WHUQDO SHUWXUEDWLRQV� GHnQHV JURXQG

SRWHQWLDO� DQG SUHGRPLQDQWO\ FRQnQHV WKH HOHFWULF nHOG WR WKH XSSHU KDOI�VSDFH�

7KH LGHDOL]HG PRGHO� IRU ZKLFK FORVHG IRUP H[SUHVVLRQV IRU WKH HOHFWULF nHOG H[LVW�

UHTXLUHV WKH HOHFWURGHV WR EH PRGHOHG DV DQ LQnQLWHO\ ORQJ DQG ZLGH DUUD\ RI ]HUR

KHLJKW PHWDO PLFURVWULSV SODFHG RQ WKH VXUIDFH RI WKH LQVXODWLQJ VXEVWUDWH� 7KH PRVW

LPSRUWDQW FRQWULEXWRUV WR WKH GLVFUHSDQFLHV EHWZHHQ WKH WKHRUHWLFDO PRGHO DQG UHDO

PHDVXUHPHQW GDWD DUH WKH nQLWH OHQJWK DQG nQLWH QXPEHU RI WKH nQJHU HOHFWURGHV� WKH

FDSDFLWDQFH RI WKH OHDGV RI WKH HOHFWURGHV WR JURXQG DQG WR HDFK RWKHU� WKH PHWDOOL]DWLRQ

UDWLR �GHVFULEHG DV WKH UDWLR RI WKH DUHD FRYHUHG ZLWK FRSSHU WR WKH WRWDO DUHD RI WKH

VHQVRU�� DQG WKH oXLG �W\SLFDOO\ DLU RU OLTXLG GLHOHFWULF� WUDSSHG EHWZHHQ WKH VHQVRU
V

���



&KDSWHU �� 6HQVRU 'HVLJQ DQG 3DUDPHWHU (VWLPDWLRQ $OJRULWKPV

)LJXUH ���� 7KH WKUHH�ZDYHOHQJWK .DSWRQ VXEVWUDWH VHQVRU ZLWK ZDYHOHQJWKV RI �� ����
DQG � PP� /HJHQG RI HOHFWURGH FRQWDFWV� G � GULYHQ� � � JURXQG� J � JXDUG� V �
VHQVLQJ >�@�

VXUIDFH DQG WKH VXUIDFH RI WKH WHVWHG VSHFLPHQ� 7KH nQLWH WKLFNQHVV RI WKH FRSSHU

HOHFWURGHV ��� xP RU ���� xP IRU GLmHUHQW VHQVRU GHVLJQV� PD\ DOVR FRQWULEXWH WR WKHVH

GLmHUHQFHV� KRZHYHU� UHFHQW FRPSXWDWLRQDO PRGHOV WDNH WKH WKLFNQHVV RI HOHFWURGHV LQWR

DFFRXQW�

&RPSDULVRQV JLYHQ LQ 7DEOH ��� IRU WKH WKUHH�ZDYHOHQJWK VHQVRU LQ DLU GHPRQVWUDWH

WKDW DOWKRXJK WKH FRQWLQXXP PRGHO RI WKH LQWHUGLJLWDO VHQVRU LV WKHRUHWLFDOO\ DGHTXDWH�

WKH UHVXOWV RI DFWXDO PHDVXUHPHQWV PD\ GLmHU IURP SUHGLFWHG YDOXHV E\ PRUH WKDQ ��

SHUFHQW� 6HYHUDO IDFWRUV FRQWULEXWH WR WKLV� VXFK DV nQLWH VL]H RI WKH LQWHUGLJLWDWHG

���



���� 7KH *DOOHU\ RI 6HQVRUV

w  ��� PP w  ��� PP w  ��� PP

&DSDFLWDQFH�S)� &�� &�� &�� &�� &�� &��

&RQWLQXXP 0RGHO ���� ���� ���� ���� ���� ���

)(0 �0D[ZHOO� ���� ���� ���� ���� ���� ���

'LUHFW 0HDVXUHPHQW ���� ���� ���� ���� ��� ����

7DEOH ���� &RPSDULVRQV RI WKUHH�ZDYHOHQJWK VHQVRU FDSDFLWDQFH PDWUL[ LQ DLU IURP
)RXULHU VHULHV FRQWLQXXP PRGHO� nQLWH�HOHPHQW VLPXODWLRQ� DQG PHDVXUHPHQWV� 'HnQL�
WLRQV RI FDSDFLWDQFHV &�� DQG &�� DQG GLUHFW FDSDFLWDQFH PHDVXUHPHQW SURFHGXUH DUH
JLYHQ LQ VHFWLRQ ������ GHWDLOV DERXW WKH FRQWLQXXP PRGHO DSSURDFK DUH JLYHQ LQ VHFWLRQ
���� DQG WKH nQLWH�HOHPHQW VLPXODWLRQ LV GHVFULEHG LQ 6HFWLRQ ����

HOHFWURGHV� QRQ�]HUR PHWDOOL]DWLRQ WKLFNQHVV RI WKH HOHFWURGHV� DQG� VRPHWLPHV� SRRU

FRQWDFW EHWZHHQ WKH PDWHULDOV RQ WKH VHQVRU�VSHFLPHQ ERXQGDU\�

$Q LQWHUPHGLDWH GHVLJQ WKDW PDUNV WKH nUVW DWWHPSW WR PHDVXUH FDSDFLWDQFH DQG

FRQGXFWDQFH EHWZHHQ WKH VHQVLQJ DQG WKH GULYHQ HOHFWURGHV GLUHFWO\ LV VKRZQ LQ )LJXUH

���� 7KH JURXQG EDFNSODQH KDV EHHQ VHSDUDWHG LQWR WKUHH LQGHSHQGHQW HOHFWURGHV�

VR WKDW WKH YROWDJH RQ HDFK RI WKH SODQHV FRXOG EH VHW HTXDO WR WKH FRUUHVSRQGLQJ

YROWDJH RI WKH VHQVLQJ HOHFWURGH DERYH� 6HFWLRQ ��� SURYLGHV DGGLWLRQDO LQIRUPDWLRQ

DERXW WKH GLmHUHQFHV EHWZHHQ WKHVH WZR DSSURDFKHV� 7KLV VHQVRU ZDV PDGH XVLQJ LQ�ODE

FDSDELOLWLHV IURP D .DSWRQ VHQVRU ZLWKRXW D JURXQG SODQH� 0HDVXUHPHQWV FRQnUPHG WKH

K\SRWKHVHV UHJDUGLQJ VLJQLnFDQW FURVV�FRXSOLQJ DQG HQG HmHFWV DQG MXVWLnHG IDEULFDWLRQ

RI WKH QHZ JHQHUDWLRQ RI WKUHH�ZDYHOHQJWK VHQVRUV GHVFULEHG LQ WKH QH[W VHFWLRQ�

����� 7KUHH�:DYHOHQJWK 6HQVRU ZLWK 7HoRQ 6XEVWUDWH

6HYHUDO SUREOHPV ZLWK WKH .DSWRQ VHQVRU ZHUH UHVROYHG E\ LQWURGXFLQJ D QHZ GHVLJQ�

7KH LPSURYHG GHVLJQ VWUXFWXUH RI WKH WKUHH�ZDYHOHQJWK LQWHUGLJLWDO VHQVRU XVHG LQ PRVW

RI WKH H[SHULPHQWV RI WKLV WKHVLV LV VKRZQ LQ )LJXUH ���� 7KH PDMRU SDUDPHWHUV� QDPHO\�

WKH QXPEHU RI ZDYHOHQJWKV �WKUHH� DQG WKHLU VSDWLDO SHULRGLFLWLHV RI ��� PP� ��� PP�

DQG ��� PP� ZHUH NHSW WKH VDPH DV LQ WKH SUHYLRXV .DSWRQ VHQVRU GHVLJQ� 7KH VXEVWUDWH

PDWHULDO ZDV FKDQJHG IURP .DSWRQ WR 7HoRQ� 7KH VXSHULRU K\GURSKRELF FKDUDFWHULVWLFV

RI 7HoRQ QHFHVVLWDWHG WKLV FKRLFH� DV LW HOLPLQDWHG WKH QHHG RI WKH PRLVWXUH EDUULHU FRDW�

LQJ �VXFK DV SDU\OHQH�� DOWKRXJK .DSWRQ RXWSHUIRUPV 7HoRQ LQ LWV WKHUPDO HQGXUDQFH

���



&KDSWHU �� 6HQVRU 'HVLJQ DQG 3DUDPHWHU (VWLPDWLRQ $OJRULWKPV

)LJXUH ���� ,QWHUPHGLDWH GHVLJQ RI WKH WKUHH�ZDYHOHQJWK VHQVRU ZLWK VHSDUDWH EDFNSODQH
HOHFWURGHV WKDW FDQ EH XVHG DV VHSDUDWH JXDUGV IRU HDFK ZDYHOHQJWK� 7KH WRS LQWHUGLJLWDO
HOHFWURGH SDWWHUQ LV VKRZQ RQ WKH OHIW� WKH EDFNSODQH SDWWHUQ LV VKRZQ RQ WKH ULJKW�
DQG WKHLU VXSHULPSRVHG LPDJH LV LQ WKH PLGGOH�

DQG PHFKDQLFDO VWDELOLW\� 7KH UHFHQW LQWURGXFWLRQ E\ 'X3RQW RI .DSWRQ�) PDWHULDO�

ZKLFK FRQVLVWV RI D .DSWRQ FRUH ZLWK D 7HoRQ�OLNH FRDWLQJ� PD\ PDNH LW SRVVLEOH WR

PDQXIDFWXUH D VHQVRU RQ D VXEVWUDWH WKDW FRPELQHV DGYDQWDJHV RI ERWK PDWHULDOV �VHH

VXEVHFWLRQ �������

*XDUG nQJHUV DUH LQWURGXFHG RQ HDFK VLGH RI WKH DFWLYH VHQVLQJ DUHD WR PDNH WKH

VHQVRU ORRN ?LQnQLWH� LQ WKH [ GLUHFWLRQ� 7KH QRPLQDO PHDQGHU OHQJWK UHSUHVHQWV WKH

WRWDO OHQJWK RI WKH PHDQGHULQJ GLHOHFWULF SDWK EHWZHHQ WKH VHQVLQJ DQG WKH GULYHQ

HOHFWURGHV� ZKLFK LV DSSUR[LPDWHO\ HTXDO WR WZLFH WKH WRWDO OHQJWK RI WKH VHQVRU HOHFWURGH

nQJHUV�

7KH JXDUG HOHFWURGHV DUH DOVR NQRZQ WR EH XVHG DV D JXDUG ULQJ WR PLQLPL]H VWUD\

VXUIDFH OHDNDJH FXUUHQWV >��@� 2XU DSSOLFDWLRQ GLG QRW UHTXLUH D JXDUG ULQJ EHFDXVH

RI WKH KLJK VXUIDFH UHVLVWDQFH RI WKH 7HoRQ VXEVWUDWH XQGHU H[SHULPHQWDO FRQGLWLRQV

UHSRUWHG KHUH�

7KH GLHOHFWURPHWU\ LQWHUIDFH FLUFXLWU\ KDV EHHQ UHGHVLJQHG ZLWK WKH SXUSRVH RI

LQFUHDVLQJ SUHFLVLRQ RI PHDVXUHPHQWV� PLWLJDWLQJ WKH FURVV�FRXSOLQJ HmHFWV �GHVFULEHG LQ

���



���� 7KH *DOOHU\ RI 6HQVRUV

x

y

)LJXUH ���� ,PSURYHG GHVLJQ RI WKH WKUHH�ZDYHOHQJWK LQWHUGLJLWDO VHQVRU XVLQJ D 7HoRQ
VXEVWUDWH� 6FDOH ���� ,Q WKLV GHVLJQ� WKH nQJHU OHQJWK WR ZDYHOHQJWK DVSHFW UDWLR
LV LQFUHDVHG� WKH FURVV�FRXSOLQJ EHWZHHQ WKH ZDYHOHQJWKV LV UHGXFHG E\ PRYLQJ WKHP
IDUWKHU DSDUW DQG DGGLQJ JXDUG HOHFWURGHV� WKH LQnQLWH SHULRGLFLW\ LV DSSUR[LPDWHG ZLWK
JXDUG nQJHUV� DQG WKH VXEVWUDWH PDWHULDO ZDV FKDQJHG IURP K\GURSKLOLF .DSWRQ WR
K\GURSKRELF 7HoRQ� 7KH WKUHH VHSDUDWH JXDUG SODQHV RQ WKH EDFN VXUIDFH UHSODFHG WKH
VLQJOH JURXQG SODQH LQ RUGHU WR IDFLOLWDWH LQGHSHQGHQW PHDVXUHPHQWV RI HDFK ZDYHOHQJWK�

VHFWLRQ ����� DQG PHDVXULQJ LQGLYLGXDO HQWULHV RI WKH VHQVRU DGPLWWDQFH PDWUL[ GLUHFWO\

DQG LQGHSHQGHQWO\� 6HFWLRQ ��� SURYLGHV GHWDLOV RI WKH GLHOHFWURPHWU\ LQWHUIDFH GHVLJQ

DQG LWV UHODWLRQVKLS WR SDUDPHWHU HVWLPDWLRQ DOJRULWKPV�

���



&KDSWHU �� 6HQVRU 'HVLJQ DQG 3DUDPHWHU (VWLPDWLRQ $OJRULWKPV

����� 9DULDWLRQV RI %DVLF 7KUHH�:DYHOHQJWK 'HVLJQ

)LJXUHV ��� DQG )LJXUH ��� VKRZ YDULDWLRQV RI WKH EDVLF WKUHH�ZDYHOHQJWK LQWHUGLJLWDO

VHQVRU EXLOW WR LQFUHDVH WKH FDSDFLWDQFH RI HDFK FKDQQHO DQG WKH ZRUNLQJ DUHD RI WKH

VHQVRU KHDG� $QRWKHU PRWLYDWLRQ LV D FORVHU DJUHHPHQW ZLWK WKH WKHRUHWLFDO PRGHO

ZKLFK LPSOLHV LQnQLWH SHULRGLFLW\ DQG LQnQLWH H[WHQW RI WKH HOHFWURGH nQJHUV� 7KHVH

GHVLJQ PRGLnFDWLRQV ZHUH PDGH IRU ODUJH VXUIDFH DUHD H[SHULPHQWV ZLWK WKH F\OLQGULFDO

HOHFWURGH &RXHWWH IDFLOLW\� KRZHYHU WKH\ ZHUH QRW XVHG LQ VXEVHTXHQW H[SHULPHQWV�

����� &XUYHG ,QWHUGLJLWDO 6HQVRU

$ FXUYHG LQWHUGLJLWDO VHQVRU VKRZQ LQ )LJXUH ��� KDV EHHQ GHYHORSHG IRU oDZ GHWHFWLRQ

DSSOLFDWLRQV EULHo\ GHVFULEHG LQ 6HFWLRQ ���� LQ D -HQWHN 6HQVRUV� ,QF� UHVHDUFK SURMHFW�

7KH VHQVRU KDV WKUHH GULYHQ HOHFWURGH nQJHUV DQG WZR VHQVLQJ HOHFWURGH nQJHUV� 7KH

FXUYDWXUH LV LQWHQGHG WR IROORZ WKH UDGLXV RI WKH o\ZKHHO WKDW KDV SRWHQWLDO FUDFNV GXH

WR FHQWULSHWDO IRUFH DFWLQJ RQ WKH PDWHULDO�

���



���� 7KH *DOOHU\ RI 6HQVRUV

x

y

z

)LJXUH ���� 7HoRQ WKUHH�ZDYHOHQJWK VHQVRU ZLWK D ODUJHU OHQJWK�WR�ZLGWK DVSHFW UDWLR
WKDQ WKDW RI WKH EDVLF GHVLJQ LQ )LJXUH ����

���



&KDSWHU �� 6HQVRU 'HVLJQ DQG 3DUDPHWHU (VWLPDWLRQ $OJRULWKPV

x

y

z

)LJXUH ���� 7HoRQ WKUHH�ZDYHOHQJWK VHQVRU ZLWK D VPDOOHU OHQJWK�WR�ZLGWK DVSHFW UDWLR
WKDQ WKDW RI WKH EDVLF GHVLJQ LQ )LJXUH ����

)LJXUH ���� &XUYHG VHQVRU IRU GHWHFWLRQ RI VWUXFWXUDO oDZV LQ o\ZKHHO LQVSHFWLRQ�

���



���� 7KH *DOOHU\ RI 6HQVRUV

����� &RPE�6HUSHQWLQH�&RPE �&6&� 6HQVRU

0RWLYDWLRQ

0XOWL�ZDYHOHQJWK LQWHUGLJLWDO GLHOHFWURPHWU\ LV KLJKO\ VXVFHSWLEOH WR WKH TXDOLW\ RI FRQ�

WDFW EHWZHHQ WKH VHQVRU DQG WKH PDWHULDO XQGHU WHVW� ,W KDV EHHQ GHWHUPLQHG WKDW WKH

FKDQJH RI FDSDFLWDQFH GXH WR WKH FRQWDFW TXDOLW\ LV IDU PRUH VLJQLnFDQW WKDQ WKH FKDQJH

GXH WR WKH nQLWH WKLFNQHVV RI WKH HOHFWURGHV� 1XPHULFDO VLPXODWLRQV DQG PHDVXUHPHQWV

GHPRQVWUDWHG WKDW WKH HTXLYDOHQW DLU JDS KDV WR EH DV KLJK DV �� WR �� PLFURQV LQ

RUGHU WR SURGXFH WKH UHGXFWLRQ LQ WKH FDSDFLWDQFH LQGLFDWHG E\ GLmHUHQFHV EHWZHHQ WKH

WKHRUHWLFDO DQG WKH PHDVXUHG YDOXHV�

7KLV SUREOHP LV NQRZQ WR H[LVW LQ PDQ\ nHOGV� LQFOXGLQJ WKH XVDJH RI XOWUDVRQLF

WUDQVGXFHUV� HGG\ FXUUHQW VHQVRUV� KLJK YROWDJH HOHFWURGHV� DQG PDJQHWRPHWU\ VHQVRUV�

([SHULHQFH IURP RWKHU nHOGV RI HQJLQHHULQJ VKRZV WKDW LW LV XQOLNHO\ WR FRPSOHWHO\ HOLP�

LQDWH WKH PLFUR�JDSV WKDW IRUP EHWZHHQ WKH VHQVRU HOHFWURGHV DQG WKH PDWHULDO XQGHU

WHVW� &XUUHQW WHFKQLTXHV WR UHGXFH WKH HUURU LQWURGXFHG E\ WKH PLFUR�JDSV LQFOXGLQJ

LQFUHDVH RI WKH FRQWDFW IRUFH� XVLQJ D oH[LEOH VXEVWUDWH DQG�RU UXEEHU SDGGLQJ� DOORZ�

LQJ D XQLIRUP WLPH SHULRG IRU PHFKDQLFDO UHOD[DWLRQ� DQG VWDQGDUG VWDWLVWLFDO DQDO\VLV�

6RPH RI WKH PDWHULDO SUHVHQWHG LQ WKLV VHFWLRQ LV EDVHG RQ WKH SDWHQW DSSOLFDWLRQ RI WKH

DXWKRU GXULQJ KLV HPSOR\PHQW E\ -HQWHN 6HQVRUV >��@�

$W WKLV SRLQW� WKH FRQYHQWLRQDO PXOWL�ZDYHOHQJWK PHDVXUHPHQW SUDFWLFH VXJJHVWV

WKDW DQ ?HTXLYDOHQW JDS� EHWZHHQ WKH HOHFWURGHV DQG WKH VDPSOH FDQ EH XVHG WR DFFRXQW

IRU VXUIDFH FRQWDFW SURSHUWLHV� 7KLV JDS FDQ EH PHDVXUHG E\ SRVWXODWLQJ WKH H[LVWHQFH

RI DQ DGGLWLRQDO OD\HU LQ WKH GLUHFW YLFLQLW\ WR WKH VHQVRU� 7KHQ� LWV WKLFNQHVV FDQ

EH HYDOXDWHG E\ FRQVLGHULQJ DGGLWLRQDO HTXDWLRQV� VR WKDW WKH QXPEHU RI HTXDWLRQV LV

JUHDWHU WKDQ RU HTXDO WR WKH QXPEHU RI XQNQRZQV� (YHQ WKRXJK WKLV DSSURDFK LV XVHIXO

IRU WKH PHDVXUHPHQWV RI VWUDWLnHG PHGLD� LW LV ERXQG WR SHUIRUP SRRUO\ EHFDXVH WKH

GLVWULEXWLRQ RI PLFUR�JDSV LV QRW WKH VDPH DFURVV DOO ZDYHOHQJWKV RQ WKH VHQVRU KHDG�

)LJXUH ����D� VKRZV WKH FRQFHSWXDO SLFWXUH RI WKH DOWHUQDWLYH GHVLJQ SURSRVHG LQ WKLV

GRFXPHQW� 7KH DUUDQJHPHQW RI WKH HOHFWURGHV VKRZQ LQ WKLV GLDJUDP DOORZV FRQQHFWLRQ

���



&KDSWHU �� 6HQVRU 'HVLJQ DQG 3DUDPHWHU (VWLPDWLRQ $OJRULWKPV

RI H[FLWDWLRQ DQG PHDVXUHPHQW FLUFXLWV RI WKH LQWHUIDFH ER[ WR WKH HOHFWURGHV XVLQJ

RQO\ VLQJOH SODQH FRQQHFWLRQV� 7KDW LV� WKHUH LV QR QHHG WR GULOO KROHV WKURXJK WKH

VXEVWUDWH H[FHSW IRU WKH JURXQG�JXDUG EDFNSODQH KRRNXS� 7KH JXDUG RU JURXQG QDPHV

IRU WKH EDFNSODQH DUH XVHG LQWHUFKDQJHDEO\ LQ WKLV GRFXPHQW� EDVHG RQ WKH GLVFXVVLRQ

LQ 6HFWLRQ ����

,GHDOO\� WKH LQWHUIDFH FLUFXLW VKRXOG SURYLGH LQGHSHQGHQW VZLWFKLQJ IRU HDFK HOHF�

WURGH� VR WKDW HDFK HOHFWURGH FDQ VHUYH LQ WKH FDSDFLW\ RI WKH GULYHQ� VHQVLQJ� RU JXDUG

HOHFWURGH� (DFK SHQHWUDWLRQ GHSWK UHTXLUHV D XQLTXH FRPELQDWLRQ RI WKHVH UROHV� )RU

HDFK PHDVXUHPHQW� RQH RI WKH HOHFWURGHV LV GULYHQ� RQH LV VHQVLQJ� DQG RQH LV JXDUG� 7KLV

W\SH RI VZLWFKLQJ LV TXLWH FXPEHUVRPH IRU KLJKO\ LQVXODWLQJ PHDVXUHPHQWV� EHFDXVH D

ODUJH QXPEHU RI UHHG UHOD\V ZRXOG KDYH WR EH HPSOR\HG� +RZHYHU� IRU WKH PHDVXUH�

PHQWV DW KLJKHU IUHTXHQF\� VROLG�VWDWH VZLWFKHV FDQ EH XVHG� ZKLFK ZRXOG VLJQLnFDQWO\

VLPSOLI\ WKH GHVLJQ RI WKH LQWHUIDFH FLUFXLW�

7ZR ZDYHOHQJWKV� UDWKHU WKDQ RQH ZDYHOHQJWK� ZRXOG GHWHFW DQ\ GLVFRQWLQXLW\� VXFK

DV WKH SUHVHQFH RI D GXVW SDUWLFOH VHYHUDO PLFURQV LQ GLDPHWHU� $V D UHVXOW� WKH SURSHUWLHV

RI WKH PDWHULDO OD\HUV ZLOO EH GHWHUPLQHG PRUH SUHFLVHO\� 7KUHH ZDYHOHQJWKV SURYLGH

HYHQ JUHDWHU FDSDELOLWLHV� )LJXUH ����E� VKRZV DQRWKHU YHUVLRQ RI WKH VHQVRU� DOVR EXLOW

RQ WKH ULJLG KLJKO\ LQVXODWLQJ VXEVWUDWH WKDW ZDV XVHG LQ SUHOLPLQDU\ PHDVXUHPHQWV�

7KH VXEVWUDWH 7/<������� E\ 7DFRQLF 3ODVWLFV /WG� LV DOVR 7HoRQ�EDVHG DQG FDQ EH

UHFRPPHQGHG IRU DSSOLFDWLRQV ZKHUH oH[LELOLW\ LV QRW GHVLUDEOH�

)LJXUH ���� VKRZV WKH nQDO GHVLJQ RI WKH &6& VHQVRU EXLOW RQ WKH oH[LEOH 7HoRQ

VXEVWUDWH� 3UHOLPLQDU\ H[SHULPHQWV ZLWK WKH VHQVRU LQGLFDWHG KLJK OHYHOV RI FURVV�

FRUUHODWLRQ RI VHQVRU JDLQ EHWZHHQ LQGLYLGXDO HOHFWURGH SDLUV IRU D VHULHV RI PHDVXUH�

PHQWV DmHFWHG E\ VWDWLVWLFDOO\ YDU\LQJ GLVWXUEDQFH IDFWRUV� 5HIHU WR VHFWLRQ ��� IRU D

GLVFXVVLRQ RQ FURVV�FRUUHODWLRQ�

*ROGHQ 6HFWLRQ 'HVLJQ

2QH IHDWXUH WKDW FRPHV ZLWK WKLV W\SH RI GHVLJQ DQG WKDW LV QRW SUHVHQW LQ WKH FRQYHQ�

WLRQDO WKUHH�ZDYHOHQJWK VHQVRU RI )LJXUHV ��� DQG ��� LV WKDW WKH SHQHWUDWLRQ GHSWKV

���



���� 7KH *DOOHU\ RI 6HQVRUV

�D� � PP SHULRGLFLW\� ���� PP nQJHU

ZLGWK

�E� � PP SHULRGLFLW\� ��� PP nQJHU

ZLGWK

)LJXUH ���� 'RXEOH�GULYHQ VHQVRUV ZLWK FDSDELOLW\ RI EHWWHU PHDVXUHPHQW RI DLU JDS
HmHFWV GXH WR KLJKHU FURVV�FRUUHODWLRQ EHWZHHQ GLmHUHQW HOHFWURGH SDLU VLJQDOV� /HJHQG�
/& � ORZHU FRPE� 8& � XSSHU FRPE� 6 � VHUSHQWLQH�

DUH QR ORQJHU LQGHSHQGHQW RI HDFK RWKHU� 0RUH DFFXUDWHO\� D WZR�ZDYHOHQJWK VHQVRU

EDVHG RQ WKLV GHVLJQ FDQ EH EXLOW ZLWK DQ\ UDWLR RI SHQHWUDWLRQ GHSWKV� +RZHYHU� WKH

WKLUG SHQHWUDWLRQ GHSWK ZRXOG QRW EH LQGHSHQGHQW RI WKH RWKHU WZR� )RU WKDW UHDVRQ�

D JROGHQ VHFWLRQ GHVLJQ LV DGYRFDWHG KHUH DV WKH RSWLPDO WKUHH�ZDYHOHQJWK OD\RXW IRU

WKH SURSRVHG WRSRORJ\� VR WKDW WKH WKLUG ZDYHOHQJWK KDV PD[LPXP VHSDUDWLRQ IURP WKH

RWKHU WZR ZDYHOHQJWKV� )LJXUH ���� LOOXVWUDWHV WKH FRQFHSW RI WKH JROGHQ VHFWLRQ� 7KH

GHnQLWLRQ JLYHQ LQ >���@ LV�

�,I D LV D SRVLWLYH UHDO QXPEHU� WKHQ D SDUWLWLRQ RI D LQWR WZR SRVLWLYH VXPPDQGV [

DQG Db[ VXFK WKDW [ LV WKH JHRPHWULF PHDQ RI D DQG Db[� LV FDOOHG WKH JROGHQ VHFWLRQ

���



&KDSWHU �� 6HQVRU 'HVLJQ DQG 3DUDPHWHU (VWLPDWLRQ $OJRULWKPV

)LJXUH ����� &RPE�6HUSHQWLQH�&RPE �&6&� VHQVRU ZLWK ��� PP nQJHU ZLGWK DQG �
PP IXQGDPHQWDO ZDYHOHQJWK� 6FDOH ���� /HJHQG� /& � ORZHU FRPE� 8& � XSSHU FRPE�
6 � VHUSHQWLQH� % � EDFNSODQH�

RI D� 7KH UDWLR RI D WR [ LV FDOOHG WKH JROGHQ UDWLR� ,W IROORZV IURP [  
T
D�Db [� WKDW

[  
S
�b�
�

D { �����D ��
,W LV XVHIXO WR VOLJKWO\ DOWHU WKH SDUDPHWHUV IURP WKHLU ?LGHDO� YDOXHV EHFDXVH RWKHUZLVH

WKH GHVLJQHU ZRXOG KDYH WR GHDO ZLWK WUDQVFHQGHQWDO GLPHQVLRQV�

/HW XV SUHVHQW WKH GHPRQVWUDWLRQ WKDW WKH HmHFWLYH SHQHWUDWLRQ GHSWK LV DSSUR[L�

PDWHO\ HTXDO WR WKH GLVWDQFH EHWZHHQ WKH FHQWHUOLQHV RI WKH UHVSHFWLYH HOHFWURGHV� &RQ�

VLGHU D VHQVRU OD\RXW ZLWK WKH WRSRORJ\ DV VKRZQ LQ )LJXUH ����� 7KH ZLGWK RI WKH

HOHFWURGHV LV ��� xP DQG WKH GLVWDQFHV EHWZHHQ WKH FHQWHUOLQHV LQ WKH KDOI�ZDYHOHQJWK

DUUDQJHPHQW WKDW FRUUHVSRQGV WR )LJXUHV ���� DQG ���� DUH � $%  ����xP� $&  ����

xP� VXEVWUDWH WKLFNQHVV ��� xP� HOHFWURGH WKLFNQHVV �� xP� DQG VXEVWUDWH UHODWLYH SHU�

PLWWLYLW\ ��� �7HoRQ�EDVHG VXEVWUDWH�� /HW XV DVVXPH WKDW DQ LQVXODWLQJ PDWHULDO ZLWK

WKH UHODWLYH SHUPLWWLYLW\ RI ���� PRYHV DZD\ IURP WKH VHQVRU�PDWHULDO LQWHUIDFH OHDYLQJ

���



���� 7KH *DOOHU\ RI 6HQVRUV

)LJXUH ����� 7KH LOOXVWUDWLRQ RI WKH JROGHQ VHFWLRQ FRQFHSW� 7KH UDWLR %& $%  

[ �Db [� PXVW EH HTXDO WR WKH UDWLR RI $& %&  D [� VR WKDW [  
S
�b�
�

D { �����D�

)LJXUH ����� &DOFXODWHG FDSDFLWDQFH SHU XQLW OHQJWK RI WKH VHQVRU WR WKH PRYHPHQW RI
WKH GLHOHFWULF ZLWK WKH UHODWLYH SHUPLWWLYLW\ RI ��� DZD\ IURP WKH VHQVRU VR WKDW WKH DLU
JDS LV LQFUHDVLQJ�

DQ DLU JDS� 7KH UHVSRQVH RI WKH VHQVRU WR WKLV PRYHPHQW LQ WKH XQLWV RI FDSDFLWDQFH

SHU PHWHU OHQJWK LV VKRZQ LQ )LJXUH ���� IRU HDFK HOHFWURGH SDLU FRPELQDWLRQ RI ORZHU

FRPE WR VHUSHQWLQH HOHFWURGH �/&�6�� XSSHU FRPE WR VHUSHQWLQH HOHFWURGH �8&�6�� DQG

ORZHU FRPE WR XSSHU FRPE �/&�8&�� 7KH FKDQJH LQ WKH LQWHUHOHFWURGH FDSDFLWDQFH LV

REYLRXV� EXW VLQFH WKH DPSOLWXGH RI WKH FDSDFLWDQFHV DUH GLmHUHQW� LW LV KDUG WR FRPSDUH

WKH UHVXOWV� 7R PDNH WKH FRPSDULVRQ HDVLHU� RQH FDQ GUDZ WKH QRUPDOL]HG FDSDFLWDQFH�

DV VKRZQ LQ )LJXUH ����� 7KH ]HUR YDOXH FRUUHVSRQGV WR WKH GLHOHFWULF nOOLQJ WKH UHJLRQ

DERYH WKH VHQVRU� DQG ��� SHUFHQW FRUUHVSRQGV WR DLU DERYH WKH VHQVRU�

0DQ\ ZD\V FDQ EH XVHG WR GHnQH WKH HmHFWLYH SHQHWUDWLRQ GHSWK� ,I ZH FKRRVH o��

DV WKH PHDVXUH RI WKH SHQHWUDWLRQ GHSWK �WKH GLmHUHQFH EHWZHHQ WKH DV\PSWRWLF YDOXH

���



&KDSWHU �� 6HQVRU 'HVLJQ DQG 3DUDPHWHU (VWLPDWLRQ $OJRULWKPV

)LJXUH ����� 1RUPDOL]HG FDSDFLWDQFH DV D IXQFWLRQ RI DLU JDS� ,Q WKH QRUPDOL]DWLRQ�
WKH ]HUR GLVWDQFH YDOXH LV DFFHSWHG DV ��� WKH LQnQLWH WKLFNQHVV YDOXH LV WDNHQ DV �����
DQG WKH LQWHUPHGLDWH YDOXHV DUH PDSSHG OLQHDUO\�

DQG WKH PHDVXUHG YDOXH LV ���� ZH FDQ QRZ FRPSDUH WKH HmHFWLYH SHQHWUDWLRQ GHSWK RQ

WKH VDPH EDVLV� )LJXUH ���� VKRZV WKH VDPH SORW DV )LJXUH ����� EXW ZLWK WKH FXUUHQW

QRUPDOL]HG FDSDFLWDQFH YDOXH VXEWUDFWHG IURP WKH ��� EDVH OLQH� 7KH ]HUR FURVVLQJ

LQGLFDWHV WKH o�� SHQHWUDWLRQ GHSWK� $V VHHQ IURP )LJXUH ����� WKH o�� SHQHWUDWLRQ

GHSWKV DUH� ���� ����� DQG ���� xP�

����� $OWHUQDWLYH /D\RXWV

3RVVLEOH OD\RXWV RI SODQDU HOHFWURGHV DUH HQGOHVV� 8OWLPDWHO\� SODQDU HOHFWURGHV RI DQ\

VKDSH JHQHUDWH VRPH VRUW RI IULQJLQJ nHOGV WKDW SHQHWUDWH LQWR WKH PDWHULDO XQGHU

WHVW� :K\ ZRXOG DQ\RQH ZDQW WR H[SORUH VKDSHV GLmHUHQW IURP WKH FODVVLF LQWHUGLJLWDO

HOHFWURGH GHVLJQ" 2QH UHDVRQ PD\ EH WR LQFUHDVH WKH DPRXQW RI FDSDFLWDQFH SHU XQLW

DUHD� $QRWKHU SRVVLEOH UHDVRQ LV WR FRQFHQWUDWH WKH OLQHV RI HOHFWULF nHOG LQ D VSHFLnF

ORFDWLRQ� $OVR� RQH PD\ ZDQW WR UHGLVWULEXWH WKH UHODWLYH PDJQLWXGH RI VSDWLDO )RXULHU

FRPSRQHQWV RI WKH HOHFWULF SRWHQWLDO LQ RUGHU WR FKDQJH WKH HmHFWLYH SHQHWUDWLRQ GHSWK�

���



���� (OHFWURQLF &LUFXLWU\

)LJXUH ����� 7KH �� SHUFHQW YDOXH PLQXV WKH QRUPDOL]HG FDSDFLWDQFH� 7KH ]HUR FURVV�
LQJV VKRZ WKH HmHFWLYH SHQHWUDWLRQ GHSWK RI HDFK HOHFWURGH SDLU FRPELQDWLRQ�

7KH GHSDUWXUH IURP WKH FODVVLF VKDSH PD\ UHTXLUH D WKUHH�GLPHQVLRQDO� DV RSSRVHG

WR WZR�GLPHQVLRQDO PRGHOLQJ� )RU H[DPSOH� SODQDU FRD[LDO DQG SODQDU VTXDUH VSLUDO

HOHFWURGH OD\RXWV ZHUH PRGHOHG ZLWK WKUHH�GLPHQVLRQDO nQLWH HOHPHQW VRIWZDUH DQG

FRPSDUHG WR WKH LQWHUGLJLWDO OD\RXW RI WKH VDPH DUHD >���@� 7KH VTXDUH VSLUDO HOHFWURGH

OD\RXW KDG D VOLJKWO\ KLJKHU LQWHUHOHFWURGH FDSDFLWDQFH GXH WR D KLJKHU LQoXHQFH RI HQG

HmHFWV�

��� (OHFWURQLF &LUFXLWU\

$VLGH IURP VSHFLI\LQJ ZKDW IXQFWLRQV VKRXOG EH SHUIRUPHG E\ WKH HOHFWURQLF FLUFXLWU\�

RQH KDV WR VHOHFW DQ RSWLPXP SDUWLWLRQLQJ EHWZHHQ RQ�ERDUG DQG Rm�ERDUG GHVLJQ >���@�

7KLV GHFLVLRQ LV SDUWLFXODUO\ LPSRUWDQW IRU VHQVRUV EDVHG RQ VHPLFRQGXFWRU WHFKQRORJ\�

6LJQDO SURFHVVLQJ HOHFWURQLFV SODFHG LQ WKH VDPH KRXVLQJ DV WKH VHQVLQJ HOHPHQWV RmHUV

DGYDQWDJHV RI UHPRYLQJ OHDG SDUDVLWLF HmHFWV� UHGXFLQJ PHDVXUHPHQW QRLVH >���@� RU

SURYLGLQJ ZLUHOHVV FRPPXQLFDWLRQ ZLWK WKH GDWD DFTXLVLWLRQ V\VWHP >���@� 7KH PDMRU

���



&KDSWHU �� 6HQVRU 'HVLJQ DQG 3DUDPHWHU (VWLPDWLRQ $OJRULWKPV

GLVDGYDQWDJH LQ WKLV FDVH LV WKH LQFUHDVHG FRPSOH[LW\ RI FKLS GHVLJQ DQG YXOQHUDELOLW\

RI WKH VHQVRU�

)LJXUH ��� VKRZV WKDW WKH GLHOHFWURPHWU\ LQWHUIDFH FRQQHFWV WKH LQWHUGLJLWDO VHQVRU

ZLWK WKH FRQWUROOHU� ,W VHUYHV WZR SXUSRVHV� WR LQFUHDVH WKH LQSXW LPSHGDQFH RI WKH

PHDVXUHPHQW FLUFXLW DQG WR EXmHU WKH ZHDN VHQVLQJ VLJQDO ZLWK DQ RSHUDWLRQDO DPSOL�

nHU VR WKDW LW FDQ EH VHQW WR WKH FRQWUROOHU ZLWKRXW EHLQJ FRQWDPLQDWHG ZLWK QRLVH�

$SSHQGL[ ' IHDWXUHV VFKHPDWLFV RI VHYHUDO JHQHUDWLRQV RI LQWHUIDFH FLUFXLWV�

8QGHU DQ\ W\SH RI VHQVRU JHRPHWULF DUUDQJHPHQW DQG HOHFWURQLF FRQWURO� WKH GLHOHF�

WULF SURSHUWLHV RI PDWHULDOV DUH HYDOXDWHG E\ PHDVXULQJ WHUPLQDO TXDQWLWLHV GHnQHG E\

DQ HTXLYDOHQW OXPSHG�HOHPHQW FLUFXLW DQG UHODWLQJ WKHVH TXDQWLWLHV WR WKH GLVWULEXWLRQV

RI FRPSOH[ GLHOHFWULF SHUPLWWLYLW\� 7KH PHDVXUHPHQW RI SURnOHV RI RWKHU SK\VLFDO YDUL�

DEOHV� H�J� WKH GLVWULEXWLRQ RI PRLVWXUH FRQFHQWUDWLRQ� UHTXLUHV D FDOLEUDWLRQ PDSSLQJ

WKDW UHODWHV WKH FRPSOH[ SHUPLWWLYLW\ WR WKH SK\VLFDO YDULDEOH� $SSURSULDWH FKRLFH RI

PHDVXUDEOH TXDQWLWLHV PD\ VLJQLnFDQWO\ VLPSOLI\ WKLV WDVN� 3RVVLEOH YDULDWLRQV RI WKH

PHDVXUHPHQW VHWXS FRPSDUHG LQ WKLV VHFWLRQ DUH�

� )ORDWLQJ YROWDJH PHDVXUHPHQW ZLWK EDFNSODQH KHOG DW HDUWK JURXQG SRWHQWLDO�

� )ORDWLQJ YROWDJH PHDVXUHPHQW ZLWK EDFNSODQH DQG JXDUG nQJHUV �LI H[LVWLQJ� KHOG

DW JXDUG SRWHQWLDO�

� 6KRUW FLUFXLW FXUUHQW PHDVXUHPHQW ZLWK EDFNSODQH DQG JXDUG nQJHUV �LI H[LVWLQJ�

KHOG DW YLUWXDO JURXQG SRWHQWLDO�

� &RPELQDWLRQV RI WKH DERYH WKUHH DSSURDFKHV�

7KH IROORZLQJ VHFWLRQV SURYLGHV D GHWDLOHG GHVFULSWLRQ RI HDFK DSSURDFK� DORQJ ZLWK

WKHLU LQKHUHQW DGYDQWDJHV DQG GLVDGYDQWDJHV�

����� )ORDWLQJ 9ROWDJH ZLWK *URXQG 3ODQH

7KH FLUFXLW VFKHPDWLF IRU WKLV PHDVXUHPHQW PRGH LV SUHVHQWHG LQ )LJXUH ����� 1RGH �

FRUUHVSRQGV WR WKH GULYHQ HOHFWURGH� DQG QRGH � WR WKH VHQVLQJ HOHFWURGH� %DVLFDOO\� DQ

LPSHGDQFH GLYLGHU LV IRUPHG E\ WKH VHQVRU
V HTXLYDOHQW OXPSHG HOHPHQWV DQG E\ WKH

NQRZQ ORDG FDSDFLWDQFH &/� 6WULFWO\ VSHDNLQJ� WKH ORDG FDSDFLWDQFH LV QRW QHFHVVDU\�

���



���� (OHFWURQLF &LUFXLWU\

)LJXUH ����� )ORDWLQJ YROWDJH PHDVXUHPHQW ZLWK D JURXQGHG EDFNSODQH DQG DQ
LPSHGDQFH GLYLGHU�

VLQFH WKH DGPLWWDQFH WR WKH JURXQG SODQH LV FRQQHFWHG LQ SDUDOOHO� +RZHYHU� LW LV

XVHIXO WR PLQLPL]H WKH HmHFWV RI WKH XQNQRZQ VWUD\ FDSDFLWDQFH &6� WR RSWLPL]H WKH

DPSOLWXGH RI WKH FRPSOH[ JDLQ� DQG WR VHOHFW WKH IUHTXHQF\ EUHDNSRLQW EHWZHHQ KLJK

DQG ORZ IUHTXHQF\ EHKDYLRU� 7KH FRPSOH[ JDLQ EHWZHHQ WKH GULYHQ DQG WKH VHQVLQJ

YROWDJH DW IUHTXHQF\ � LV JLYHQ E\

A*  
A96
A9'
 

*�� � M�&��

*�� �*�� � M� �&�� � &��� � M� �&/ � &6�
�����

ZKHUH A96 LV WKH SKDVRU YROWDJH RI WKH VHQVLQJ HOHFWURGH� DQG A9' LV WKH SKDVRU YROWDJH

RI WKH GULYHQ HOHFWURGH� ,W VKRXOG EH UHPHPEHUHG WKDW HOHPHQWV *��� *��� &��� DQG

&�� DUH IUHTXHQF\�GHSHQGHQW� DV WKH\ UHSUHVHQW DQ HTXLYDOHQW QHWZRUN RI GLVWULEXWHG

HOHPHQWV WKDW GLmHUV WRSRORJLFDOO\ IURP WKH DFWXDO VHQVRU� &6 UHSUHVHQWV WKH FRPELQHG

HmHFWV RI WKH VWUD\ FDSDFLWDQFH RI WKH VHQVRU OHDGV� JDWH RI WKH RSHUDWLRQDO DPSOLnHU�

IULQJLQJ nHOGV WR WKH VXUURXQGLQJ REMHFWV� HWF� 7KH VXP �&���&/� LV XVXDOO\ RQH RU

WZR RUGHUV RI PDJQLWXGH ODUJHU WKDQ &6�

2QH GLVDGYDQWDJH RI WKLV PHDVXUHPHQW DSSURDFK LV WKDW WKH FRPSOH[ JDLQ YDOXHV

FDQQRW EH FRQYHUWHG LQ D VWUDLJKWIRUZDUG ZD\ WR WKH HTXLYDOHQW QHWZRUN HOHPHQW YDOXHV�

2QH FRPSOH[ HTXDWLRQ FDQ EH VROYHG IRU DW PRVW WZR UHDO XQNQRZQV� ZKLOH HTXDWLRQ

���



&KDSWHU �� 6HQVRU 'HVLJQ DQG 3DUDPHWHU (VWLPDWLRQ $OJRULWKPV

������� KDV IRXU XQNQRZQV �*��� *��� &��� DQG &��� ZKHQ WKH FRPSOH[ JDLQ LV NQRZQ

IURP PHDVXUHPHQWV� (YHQ WKRXJK *�� DQG &�� PD\ EH SUHGRPLQDQWO\ GHWHUPLQHG

E\ NQRZQ VXEVWUDWH SURSHUWLHV� IULQJLQJ nHOGV WKURXJK WKH XQNQRZQ PDWHULDO KDYH D

VLJQLnFDQW HmHFW RQ *�� DQG &���

$ VLPLODU DUJXPHQW DSSOLHV WR WKH KLJK IUHTXHQF\ OLPLW� ZKHUH HTXLYDOHQW FRQGXF�

WDQFHV *��� *�� FDQ EH LJQRUHG FRPSDUHG WR WKH LPDJLQDU\ SDUW RI DOO DGPLWWDQFHV� ,Q

WKLV FDVH� RQO\ RQH HTXDWLRQ ZLWK WZR XQNQRZQV LV DYDLODEOH�

*  
96
9'

 
&��

&�� � &�� � & �
/

� �����

ZKHUH WKH JDLQ * LV QRZ UHDO DQG &6 ZDV LQFRUSRUDWHG LQWR & �
/
 &/ � &6�

$OWKRXJK WKH QXPEHU RI HTXDWLRQV LV QRW VXpFLHQW WR VROYH IRU HTXLYDOHQW FDSDFL�

WDQFHV DQG FRQGXFWDQFHV GLUHFWO\� WKH VROXWLRQ FDQ EH IRXQG E\ LWHUDWLYH VROXWLRQ RI WKH

HOHFWULF SRWHQWLDO GLVWULEXWLRQ HLWKHU E\ D FRQWLQXXP PRGHO RU E\ nQLWH�HOHPHQW WHFK�

QLTXHV� 7KDW LV� WKH VROXWLRQ WR WKH LQYHUVH SUREOHP FDQ VWLOO EH IRXQG� E\ HPSOR\LQJ

WZR DGGLWLRQDO LPSOLFLW IXQFWLRQDO GHSHQGHQFLHV� *����� }� �� DQG &����� }� �� IRXQG

E\ WKHRU\� 7KLV DSSURDFK LV QRW QHFHVVDULO\ UHOLDEOH� GXH WR D KLJK VHQVLWLYLW\ WR WKH

HUURU DQG SRVVLEOH H[LVWHQFH RI PXOWLSOH VROXWLRQV�

2QH ZD\ WR VLPSOLI\ WKH UHODWLRQVKLSV EHWZHHQ PHDVXUDEOH TXDQWLWLHV DQG HTXLYDOHQW

DGPLWWDQFH YDOXHV LV WR GULYH WKH EDFNSODQH DW WKH VDPH SRWHQWLDO DV WKH VHQVLQJ YROWDJH�

$ GHWDLOHG GHVFULSWLRQ RI WKLV DSSURDFK IROORZV�

����� )ORDWLQJ 9ROWDJH ZLWK *XDUG 3ODQH

*HQHULF (TXLYDOHQW &LUFXLW

:KHQ D SRWHQWLDO HTXDO WR WKDW RI WKH oRDWLQJ VHQVLQJ HOHFWURGH LV DSSOLHG WR WKH

EDFNSODQH� 9*  96� DV VKRZQ LQ )LJXUH ����� WKH HTXLYDOHQW FLUFXLW HOHPHQWV *�� DQG

&�� QR ORQJHU DmHFW WKH FRPSOH[ JDLQ RI WKH LPSHGDQFH GLYLGHU� VR WKDW ����� UHGXFHV

WR�

A*  
A96
A9'
 

*�� � M�&��

*�� � M�&�� � M� �&/ � &6�
�����
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���� (OHFWURQLF &LUFXLWU\

)LJXUH ����� )ORDWLQJ YROWDJH PRGH PHDVXUHPHQW RI JDLQ� SKDVH� &��� DQG *�� ZLWK
DFWLYHO\ GULYHQ EDFNSODQH YROWDJH HTXDO WR WKH VHQVLQJ YROWDJH�

7KLV VLPSOLnFDWLRQ DOORZV WKH VHTXHQFH RI WKH LQYHUVH SUREOHP VROXWLRQ SURFHVV WR

EH FKDQJHG� 7KH HTXLYDOHQW DGPLWWDQFH EHWZHHQ WKH GULYHQ DQG VHQVLQJ HOHFWURGHV FDQ

QRZ HDVLO\ EH IRXQG E\ VROYLQJ D V\VWHP RI WZR OLQHDU HTXDWLRQV ZLWK WZR XQNQRZQV�

5HODWLQJ WKH YDOXH RI WKH FRPSOH[ LQWHUHOHFWURGH DGPLWWDQFH WR WKH FRPSOH[ GLHOHF�

WULF SHUPLWWLYLW\ � RI WKH WHVWHG PDWHULDO FDQ EH DFKLHYHG LQ VHYHUDO ZD\V� ZKLFK DUH

GLVFXVVHG LQ WKH DSSURSULDWH IROORZLQJ VHFWLRQV�

7KHUH DUH VHYHUDO FRQVHTXHQFHV RI WKH FKDQJH RI WKH PHDVXUHPHQW DSSURDFK� ZKLFK

DmHFW WKH GHVLJQ RI WKH VHQVRU� 6LQFH WKH EDFNSODQH KDV WR EH GULYHQ DW WKH JXDUG

YROWDJH� DQG WKLV YROWDJH LV GLmHUHQW IRU HDFK ZDYHOHQJWK� LW LV QR ORQJHU SRVVLEOH WR

KDYH D FRPPRQ EDFNSODQH� DV ZDV LPSOHPHQWHG LQ WKH SUHYLRXV GHVLJQ� 7KLV LV ZK\

WKH QHZ GHVLJQ KDV WKUHH VHSDUDWH EDFNSODQHV� VKRZQ LQ JUD\ LQ )LJXUH ���� $OVR�

DQ\ JURXQGHG HOHFWURGHV� VXFK DV D VKLHOGLQJ FDVH� PXVW EH SODFHG VXpFLHQWO\ IDU IURP

WKH VHQVLQJ HOHFWURGH� VR WKDW WKH HOLPLQDWLRQ RI &�� LQ ����� LV YDOLG� ,Q DGGLWLRQ�

VHSDUDWLRQ RI WKH GULYHQ HOHFWURGH IRU HDFK RI WKH WKUHH ZDYHOHQJWKV XQLWV LV GHVLUDEOH

LI SUHFLVH PHDVXUHPHQWV DUH QHHGHG E\ DYRLGLQJ FURVV�FRXSOLQJ ZLWK RWKHU ZDYHOHQJWKV�

,Q WKLV FDVH� RQO\ RQH ZDYHOHQJWK DW D WLPH SHUIRUPV DFWLYH PHDVXUHPHQWV� DQG DOO RWKHU

ZDYHOHQJWKV DUH KHOG DW WKH JXDUG SRWHQWLDO RI WKH DFWLYH RQH�

���



&KDSWHU �� 6HQVRU 'HVLJQ DQG 3DUDPHWHU (VWLPDWLRQ $OJRULWKPV

)LJXUH ����� :KHQ D FRDWLQJ OD\HU �VXFK DV 3DU\OHQH� LV UHODWLYHO\ WKLQ� LW FDQ EH
PRGHOHG DV D VHULHV FDSDFLWRU &3 �

6HSDUDWLRQ RI 3DU\OHQH LQ WKH 0RGHO

:KHQ WKH VHQVRU VXUIDFH LV FRYHUHG ZLWK 3DU\OHQH �VHH VHFWLRQ ������� LW PD\ EH ZRUWK�

ZKLOH WR VHSDUDWH WKH HmHFWV RI 3DU\OHQH IURP WKH HmHFWV RI WKH SURSHUWLHV RI WKH PDWHULDO

XQGHU WHVW� 7KH SUHVHQFH RI KLJKO\ LQVXODWLQJ 3DU\OHQH PD\ EH PRGHOHG DV D VHULHV FD�

SDFLWRU &3 EHWZHHQ HDFK HOHFWURGH DQG PDWHULDO FKDUDFWHUL]HG E\ FDSDFLWDQFH &�� DQG

FRQGXFWDQFH *��� DV VKRZQ LQ )LJXUH ����� 7KHQ� ����� WUDQVIRUPV WR

A*  
A96
A9'
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ZKHUH

m5  
� �&/ � &6�

&3
�����

����� 6KRUW &LUFXLW &XUUHQW :LWK 9LUWXDO *URXQG

$ PHDVXUHPHQW VHWXS >��@ ZKLFK FRPELQHV DGYDQWDJHV RI ERWK JXDUG SODQH DQG JURXQG

SODQH DSSURDFKHV LV SUHVHQWHG LQ )LJXUH ����� ,Q WKLV FDVH� WKH YROWDJH JDLQ PHDVXUHG

E\ WKH FRQWUROOHU LV *  92 9'� (mHFWLYHO\� WKH PHDVXUHPHQW RI WKH FXUUHQW ,W DQG

���



���� (OHFWURQLF &LUFXLWU\

)LJXUH ����� 6KRUW�FLUFXLW PRGH PHDVXUHPHQW RI VHQVRU HOHFWURGH FXUUHQW ,W� &��� DQG
*�� E\ FXUUHQW LQWHJUDWLRQ ZLWK JURXQGHG EDFNSODQH�

NQRZOHGJH RI WKH YROWDJH 9' SURYLGHV WKH VRXJKW LQIRUPDWLRQ DERXW WKH SURSHUWLHV RI

WKH FLUFXLW HOHPHQWV *�� DQG &���

*�� ���  �H
�
A,W
A9'

�
� �����

&�� ���  
�

�
 P

�
A,W
A9'

�
�����

,Q WKLV FDVH� WKH EDFNSODQH� DV ZHOO DV DOO VXUURXQGLQJ HOHFWURGHV DUH DOZD\V KHOG

DW JURXQG SRWHQWLDO� $W YHU\ ORZ IUHTXHQFLHV� WKH YROWDJH EXLOG�XS RI WKH RSHUDWLRQDO

DPSOLnHU LQSXW PD\ H[FHHG WKH VDWXUDWLRQ YROWDJH� LQ ZKLFK FDVH WKH YDOXH RI WKH

IHHGEDFN ORRS FDSDFLWRU &) QHHGV WR EH LQFUHDVHG� $XWRPDWLF VZLWFKLQJ RI WKH IHHGEDFN

FDSDFLWRU WR DYRLG ORZ IUHTXHQF\ VDWXUDWLRQ LV LPSOHPHQWHG HOHFWURQLFDOO\ �WKHUH DUH WZR

SRVVLEOH YDOXHV RI WKH IHHGEDFN FDSDFLWRU WR VHOHFW IURP� GLmHUHQW IRU HDFK FKDQQHO DQG

YDU\LQJ IURP RQH LQWHUIDFH WR DQRWKHU EDVHG RQ WKH DSSOLFDWLRQ�� 7KH RWKHU oRDWLQJ

YROWDJH PRGH LQWHUIDFHV UHTXLUH PDQXDO UHSODFHPHQW RI WKH ORDG FDSDFLWDQFH &/ WR DYRLG

VLJQDO VDWXUDWLRQ�

���



&KDSWHU �� 6HQVRU 'HVLJQ DQG 3DUDPHWHU (VWLPDWLRQ $OJRULWKPV

)LJXUH ����� 7KH FRPSDULVRQ RI PHDVXUHG DQG FDOFXODWHG JDLQ DQG SKDVH IRU JURXQGHG
EDFNSODQH PHDVXUHPHQWV LV QHFHVVDU\ DV &�� DQG *�� FDQQRW EH HYDOXDWHG GLUHFWO\�
087 VWDQGV IRU ?PDWHULDO XQGHU WHVW��

����� 6XPPDU\ RI &RQFHSWXDO $SSURDFKHV

%DVHG RQ WKH GLVFXVVLRQ RI YDULRXV PHDVXUHPHQW FLUFXLWV� RQH FRXOG VXPPDUL]H YDUL�

RXV DSSURDFKHV WR SDUDPHWHU HVWLPDWLRQ WKURXJK WKH GLDJUDPV VKRZQ LQ )LJXUHV ����

DQG ����� :KHQ WKH GLUHFW PHDVXUHPHQW RI FDSDFLWDQFH DQG FRQGXFWDQFH EHWZHHQ WKH

VHQVLQJ DQG GULYHQ HOHFWURGHV LV QRW SRVVLEOH� WKH GHWHUPLQDWLRQ RI GLHOHFWULF SURSHUWLHV

UHTXLUHV PDWFKLQJ RI WKH PHDVXUHG DQG FDOFXODWHG JDLQ DQG SKDVH YDOXHV� )LJXUH ����

LOOXVWUDWHV WKLV FRQFHSW� 2Q WKH RWKHU KDQG� ZKHQ LW LV SRVVLEOH WR PHDVXUH &�� DQG *��

GLUHFWO\� IHZHU HTXDWLRQV PXVW EH VROYHG VLPXOWDQHRXVO\� DQG WKH HVWLPDWLRQ RI PDWHULDO

SURSHUWLHV LV VRPHZKDW VLPSOLnHG�

���



���� 0DQXIDFWXULQJ 3URFHVV

)LJXUH ����� *XDUGHG EDFNSODQH FLUFXLWU\ DOORZV WKH GLUHFW PHDVXUHPHQW RI &�� DQG
*��� ZKLFK JUHDWO\ VLPSOLnHV WKH SDUDPHWHU HVWLPDWLRQ SURFHVV�

��� 0DQXIDFWXULQJ 3URFHVV

&UDQH 3RO\oRQ >���@ PDQXIDFWXUHG VHQVRUV DFFRUGLQJ WR WKH GUDZLQJV VXSSOLHG WR WKHP�

$V DQ H[DPSOH� )LJXUH ���� VKRZV D GRZQVFDOHG YHUVLRQ RI WKH WRS OD\HU RI RQH RI WKH

VHQVRU EDWFKHV� )LJXUH ���� VKRZV WKH ERWWRP SDUW RI WKH VDPH GUDZLQJ� DQG )LJXUH

���� VKRZV WKH WKLUG SDJH RI WKH VDPH GUDZLQJ� ZKLFK LQGLFDWHV WKH ORFDWLRQ RI FRSSHU�

SODWHG WKURXJK KROHV� ,Q PRVW FDVHV� WKH GUDZLQJV ZHUH GRQH LQ &RUHO'UDZ�

����� 3ODWLQJ

3RO\oRQ KDV GHYHORSHG D SURSULHWDU\ SODWLQJ SURFHVV IRU HOHFWURSODWLQJ GLUHFWO\ RQWR

37)(� 7KLV XQLTXH SURFHVV HQVXUHV D VWURQJ PROHFXODU ERQG EHWZHHQ WKH 37)( GL�

HOHFWULF DQG FRQGXFWLYH PHWDO OD\HU� (OHFWURSODWHG 37)( ZLWKVWDQGV FRQWLQXRXV WHP�

SHUDWXUHV RI ���p& DQG ���p& VKRUW WHUP ZLWKRXW GDPDJH WR WKH SODWHG PDWHULDO�

GLHOHFWULF� RU WKH ERQG EHWZHHQ WKHP� (OHFWURSODWHG 37)( DOVR SHUIRUPV ZHOO DW ORZ

WHPSHUDWXUHV� HYHQ XQGHU FU\RJHQLF FRQGLWLRQV >���@�

����� (WFKLQJ DQG &OHDQLQJ

(WFKLQJ DFFRUGLQJ WR WKH VXSSOLHG SDWWHUQ KDV EHHQ GRQH E\ 3RO\oRQ RQ 7HoRQ oH[LEOH

VXEVWUDWHV� E\ 7HFK�(WFK >���@ RQ .DSWRQ oH[LEOH VXEVWUDWHV� DQG XVLQJ 0,7 +95/

LQ�KRXVH FDSDELOLWLHV RQ ULJLG VXEVWUDWHV� 7KH TXDOLW\ RI HWFKLQJ LQ WHUPV RI XQLIRUPLW\

���



&KDSWHU �� 6HQVRU 'HVLJQ DQG 3DUDPHWHU (VWLPDWLRQ $OJRULWKPV

DQG WKH DGKHUHQFH WR JLYHQ VSHFLnFDWLRQV YDULHG ZLGHO\ DFURVV PDQXIDFWXUHUV DQG HYHQ

DFURVV LQGLYLGXDO EDWFKHV� 8QGRXEWHGO\� WKH DFFXUDF\ RI SDWWHUQLQJ ZLOO LPSURYH LQ WKH

IXWXUH IROORZLQJ WKH RYHUDOO WUHQGV RI WKH HOHFWURQLFV LQGXVWU\� 7KH QHFHVVDU\ FOHDQLQJ

SURFHGXUHV RI WKH VHQVRUV DIWHU WKHLU DUULYDO IURP WKH PDQXIDFWXUHU DUH GHVFULEHG LQ

$SSHQGL[ $�

���



���� 0DQXIDFWXULQJ 3URFHVV

)LJXUH ����� 7RS RI WKH GUDZLQJ VXSSOLHG WR WKH PDQXIDFWXUHU�

���



&KDSWHU �� 6HQVRU 'HVLJQ DQG 3DUDPHWHU (VWLPDWLRQ $OJRULWKPV

)LJXUH ����� %RWWRP RI WKH GUDZLQJ VXSSOLHG WR WKH PDQXIDFWXUHU�

���



���� 0DQXIDFWXULQJ 3URFHVV

)LJXUH ����� +ROHV VSHFLnFDWLRQ RI WKH GUDZLQJ VXSSOLHG WR WKH PDQXIDFWXUHU�

���



&KDSWHU �� 6HQVRU 'HVLJQ DQG 3DUDPHWHU (VWLPDWLRQ $OJRULWKPV

)LJXUH ����� 5LJKW DQJOH =,) oH[ FLUFXLW�WR�ERDUG FRQQHFWRU ����� E\ 0ROH[o5 >���@�

��� 0HFKDQLFDO 'HVLJQ

$ QXPEHU RI n[WXUHV DQG KROGHUV KDYH EHHQ GHVLJQHG DQG EXLOW IRU GLmHUHQW DSSOLFDWLRQV�

7KH IDFWRUV WKDW GHWHUPLQHG HDFK VSHFLnF GHVLJQ LQFOXGHG FXUYHG DQG VWUDLJKW VXUIDFHV

LQ FRQWDFW ZLWK WKH VHQVRU� WLJKW VSDFLQJ DURXQG WKH PDWHULDO VDPSOH� DFFHVV RI FKHPLFDOV

DQG PRLVWXUH WR WKH RSSRVLWH VLGH RI WKH VDPSOH� UHTXLUHG SUHVVXUH� WH[WXUH RI WKH

VHQVRU VXUIDFH� DQG WKH QHHG WR WHVW D ODUJH QXPEHU RI VDPSOHV �DV RSSRVHG WR D VLQJOH

VSHFLPHQ� VXEMHFWHG WR HQYLURQPHQWDO HmHFWV� 7KH GHWDLOV RI HDFK GHVLJQ DUH LQFOXGHG

ZLWK WKH DSSOLFDWLRQ GHVFULSWLRQV LQ WKH IROORZLQJ FKDSWHUV�

,Q VRPH FDVHV� WKH OHDGV WKDW FRQQHFW WKH VHQVRU DQG WKH LQWHUIDFH ER[ KDG EHHQ

VROGHUHG RQWR WKH FRQQHFWLQJ SDGV� 0RUH RIWHQ� KRZHYHU� ]HUR�LQVHUWLRQ�IRUFH �=,)�

FRQQHFWRUV E\ 0ROH[ KDG EHHQ XVHG IRU WKLV SXUSRVH� )LJXUH ���� VKRZV D W\SLFDO ULJKW

DQJOH =,) oH[ FLUFXLW�WR�ERDUG ODWFK FRQQHFWRU� 7KHVH FRQQHFWRUV DUH IUDJLOH DQG VKRXOG

EH KDQGOHG ZLWK FDUH� ,Q PDQ\ FDVHV� D VLQJOH FRQQHFWRU ZRXOG QRW EH ZLGH HQRXJK

WR DFFRPPRGDWH DOO QHFHVVDU\ FRQQHFWLRQV� ,Q WKLV FDVH� WZR FRQGXFWRUV ZHUH XVHG LQ

SDUDOOHO� DV VKRZQ LQ )LJXUH ����� $Q LQGHQWDWLRQ LQ WKH VHQVRU KHDG LV WKHQ QHFHVVDU\

WR SURYLGH VSDFLQJ IRU ODWFKHV�

���



���� 0HFKDQLFDO 'HVLJQ

)LJXUH ����� 7ZR ]HUR�LQVHUWLRQ�IRUFH FRQQHFWRUV KDG EHHQ XVHG LQ SDUDOOHO ZLWK WKH
EDVLF GHVLJQ RI WKH WKUHH�ZDYHOHQJWK VHQVRU� /HJHQG� ' � GULYHQ HOHFWURGH� * � JXDUG
HOHFWURGH� 6 � VHQVLQJ HOHFWURGH >�@�

���



&KDSWHU �� 6HQVRU 'HVLJQ DQG 3DUDPHWHU (VWLPDWLRQ $OJRULWKPV

��� 3HQHWUDWLRQ 'HSWK

7KHUH LV QR VLQJOH QXPEHU WKDW DGHTXDWHO\ UHoHFWV WKH SHQHWUDWLRQ GHSWK RI IULQJLQJ

HOHFWULF nHOGV LQWR WKH PDWHULDO XQGHU DOO FRQGLWLRQV� 'HSHQGLQJ RQ VLPXODWLRQ VWUDWHJ\

DQG UHTXLUHG VHQVLWLYLW\ RI PHDVXUHPHQW� WKH HmHFWLYH SHQHWUDWLRQ GHSWK LV HYDOXDWHG

WR EH RQH�WKLUG >���@� ��� >�@ >��@� RQH�IRXUWK� RU RQH�nIWK >��@� RI WKH IXQGDPHQWDO

ZDYHOHQJWK w�

$OVR LQ RUGHU WR GHWHUPLQH WKH VSDWLDO SURnOHV RI UHODWLYH SHUPLWWLYLW\ DQG FRQGXF�

WLYLW\ ZLWKLQ D VDPSOH� WKH GHWHFWLRQ OLPLWV RI WKH VHQVRUV KDG WR EH GHWHUPLQHG� 7KLV

WDVN ZDV DFKLHYHG E\ FRQGXFWLQJ D0D[ZHOO �' nQLWH HOHPHQW FRPSXWHU VLPXODWLRQ ZLWK

WKH DSSURSULDWH VHQVRU JHRPHWULHV� $ VDPSOH ZDV PRGHOHG DV D WKLQ OD\HU RQ WRS RI WKH

VHQVRU� 7KH WKLFNQHVV RI WKLV OD\HU ZDV VHW DV D FRQVWUDLQW LQ WKH PRGHO ZKLFK FRXOG EH

VZHSW LQ WKH SDUDPHWULF VROYHU� 7KH VDPSOH ZDV WUHDWHG DV D OLTXLG VDPSOH LQ D VHQVH

WKDW LW nOOHG WKH JDS EHWZHHQ WKH nQLWH KHLJKW HOHFWURGHV� 7KH EDFNJURXQG IRU WKHVH

VLPXODWLRQV ZDV VHW WR YDFXXP�

6ZHHSV ZHUH FRQGXFWHG IURP � xP WR ���� xP RQ WKH WKLFNQHVV RI WKH VDPSOH� 7KH

H[FLWDWLRQ RI EDFNSODQH �JXDUGHG YV� JURXQGHG� LV QRW UHOHYDQW WR FDOFXODWLRQV EHFDXVH

FDSDFLWDQFH LV QRW D IXQFWLRQ RI HOHFWULFDO H[FLWDWLRQ LQ WKH OLQHDU TXDVLVWDWLF UHJLPH�

&RQGXFWDQFH DQG FDSDFLWDQFH ZHUH FDOFXODWHG� +RZHYHU� IRU WKH VLPXODWLRQV UXQ RQ

WKLV H[SHULPHQW WKH VDPSOHV ZHUH VHOHFWHG DV SHUIHFW LQVXODWRUV ZLWK FRQGXFWLYLW\ RI

]HUR� 7KLV VHOHFWLRQ PHDQV WKDW DOO FRQGXFWDQFHV ZHUH ]HUR DQG WKDW WKH RQO\ VLJQDO

ZDV IURP FDSDFLWDQFH� $V H[SHFWHG IRU WKLQ OD\HUV� WKH PHDVXUHG &�� ZDV GHWHUPLQHG

E\ WKH FRPELQDWLRQ RI SURSHUWLHV RI WKH WKLQ OD\HU DQG WKH VXUURXQGLQJ oXLG� )RU VXp�

FLHQWO\ WKLFN OD\HUV� WKH PHDVXUHG &�� ZDV GHSHQGHQW RQO\ RQ WKH VDPSOH SHUPLWWLYLW\�

7KH SRLQW DW ZKLFK &�� UHDFKHG DQ DV\PSWRWLF YDOXH ZDV GHnQHG DV WKH SRLQW RI VLJQDO

VDWXUDWLRQ� 7KH GDWD IURP WKH VLPXODWLRQV RQ WKH WKUHH�ZDYHOHQJWK �7:6� DQG &6&

VHQVRUV DUH SUHVHQWHG LQ 7DEOHV �������� 7KH SHUFHQWDJHV UHSRUWHG DUH WKH SHUFHQW FD�

SDFLWDQFH QRUPDOL]HG WR WKH GLmHUHQFH EHWZHHQ PD[LPXP DQG PLQLPXP FDSDFLWDQFHV�

&
PD[

b &
PLQ
�

���



���� 3HQHWUDWLRQ 'HSWK

w�� w�� ���w w�� DW �� � DW ��� DW ���

��� PP ������ ������ ������ ������ ����� xP ������ xP ������ xP

��� PP ������ ������ ������ ������ ����� xP ����� xP ����� xP

��� PP ������ ������ ������ ������ ����� xP ����� xP ����� xP

�D� �E�

7DEOH ���� 7KH SHUFHQW FKDQJH RI FDSDFLWDQFH ZHLJKWHG WR WKH GLmHUHQFH EHWZHHQ WKH
PD[LPXP DQG PLQLPXP FDSDFLWDQFH YDOXHV� &

PD[
b &

PLQ
� IRU SHQHWUDWLRQ GHSWK GDWD

IRU 7:6 ZLWK D WHVW UHODWLYH SHUPLWWLYLW\ RI ��� IRU �D� VHOHFWHG VDPSOH WKLFNQHVV DQG
�E� VDPSOH WKLFNQHVV IRU VHOHFWHG SHUFHQW FKDQJH LQ FDSDFLWDQFH�

w�� w�� ���w w�� DW �� � DW ��� DW ���

��� PP ������ ������ ������ ������ ����� xP ������xxP ������ xP

��� PP ������ ������ ������ ������ ����� xP ����� xP ����� xP

��� PP ������ ������ ������ ������ ����� xP ����� xP ����� xP

�D� �E�

7DEOH ���� 7KH SHUFHQW FKDQJH RI FDSDFLWDQFH ZHLJKWHG WR WKH GLmHUHQFH EHWZHHQ WKH
PD[LPXP DQG PLQLPXP FDSDFLWDQFH YDOXHV� &

PD[
b &

PLQ
� IRU SHQHWUDWLRQ GHSWK GDWD

IRU 7:6 ZLWK D WHVW UHODWLYH SHUPLWWLYLW\ RI RI ��� IRU �D� VHOHFWHG VDPSOH WKLFNQHVV
DQG �E� VDPSOH WKLFNQHVV IRU VHOHFWHG SHUFHQW FKDQJH LQ FDSDFLWDQFH�

w�� w�� ���w w�� DW �� � DW ��� DW ���

8&�/& ���� PP� ������ ������ ������ ������ ������ xP ������ xP ������ xP

8&�6 ����PP� ������ ������ ������ ������ ����� xP ������ xP ������ xP

6�/& ���� PP� ������ ������ ������ ������ ����� xP ����� xP ����� xP

�D� �E�

7DEOH ���� 7KH SHUFHQW FKDQJH RI FDSDFLWDQFH ZHLJKWHG WR WKH GLmHUHQFH EHWZHHQ WKH
PD[LPXP DQG PLQLPXP FDSDFLWDQFH YDOXHV� &

PD[
b &

PLQ
� IRU SHQHWUDWLRQ GHSWK GDWD

IRU &6& VHQVRU ZLWK D WHVW UHODWLYH SHUPLWWLYLW\ RI ��� IRU �D� VHOHFWHG VDPSOH WKLFNQHVV
DQG �E� VDPSOH WKLFNQHVV IRU VHOHFWHG SHUFHQW FKDQJH LQ FDSDFLWDQFH� /HJHQG� /& �
ORZHU FRPE� 8& � XSSHU FRPE� 6 � VHUSHQWLQH�

���



&KDSWHU �� 6HQVRU 'HVLJQ DQG 3DUDPHWHU (VWLPDWLRQ $OJRULWKPV

)LJXUH ����� &DOFXODWHG DSSDUHQW UHODWLYH SHUPLWWLYLW\ RI 7HoRQ ��  ���� XVLQJ WKH
FDOFXODWHG FDSDFLWDQFHV DV D IXQFWLRQ RI 7HoRQ WKLFNQHVV IRU ��� PP� ��� PP� DQG �
PP ZDYHOHQJWKV�

7KH VLPXODWLRQ GDWD IURP WKH VLJQDO SHQHWUDWLRQ GHSWK H[SHULPHQW DOVR SURYLGHG DQ

H[FHOOHQW WHVW YHFWRU IRU WKH SRUWLRQ RI WKH FRQWLQXRXV VSDWLDO SURSHUW\ SURnOLQJ SURJUDP

WKDW FRQYHUWV FDSDFLWDQFH�FRQGXFWDQFH GDWD WR UHODWLYH SHUPLWWLYLW\ DQG FRQGXFWLYLW\�

7KH UHVXOWV RI SDVVLQJ WKH VLJQDO SHQHWUDWLRQ WHVW YHFWRUV WKURXJK WKH FRQYHUW*&WR(6�P

SURJUDP OLVWHG LQ $SSHQGL[ * DUH VKRZQ LQ )LJXUH ����� 7KH H[SDQGLQJ DLU UHJLRQ GDWD

HTXLYDOHQW WR WKH H[SDQGLQJ 7HoRQ EORFN GDWD DUH JLYHQ LQ )LJXUHV ���� DQG )LJXUH �����

7KHVH VLPXODWLRQV ZHUH UXQ ZLWK D VDPSOH UHODWLYH SHUPLWWLYLW\ RI ���� WKHUHIRUH

WKH H[SHFWHG DV\PSWRWLF YDOXH RI DSSDUHQW UHODWLYH SHUPLWWLYLW\ LV DOVR ���� +RZHYHU�

WKH HVWLPDWH RI GLHOHFWULF SHUPLWWLYLW\ DW WKH FXUYH VDWXUDWLRQ JHQHUDWHG E\ FRQYHUW*&�

WR(6�P LV QRW H[DFWO\ ���� 7KLV PLVPDWFK LV PRVWO\ GXH WR WKH OLQHDU LQWHUSRODWLRQ LQ

WKH SURJUDP IURP WKH SUHYLRXVO\ JHQHUDWHG VROXWLRQ VSDFHV� ,Q WKLV V\QWKHWLF FDVH� WKH

OHYHO RI GLVFUHWL]DWLRQ RI WKH 0D[ZHOO JHQHUDWHG VROXWLRQ VSDFH LV WKH OLPLWLQJ IDFWRU LQ

WKH DFFXUDF\ RI WKH nQDO YDOXH IRU UHODWLYH SHUPLWWLYLW\�

���



���� 3HQHWUDWLRQ 'HSWK

)LJXUH ����� &DOFXODWHG FDSDFLWDQFH SHU RQH PHWHU OHQJWK IRU �� ���� DQG � PP ZDYH�
OHQJWKV ZLWK DQ H[SDQGLQJ DLU JDS VHSDUDWLQJ VHQVRU WR GLHOHFWULF ZLWK �

U
 ����

)LJXUH ����� &DOFXODWHG SHUFHQWDJH FKDQJH RI FDSDFLWDQFH IRU �� ���� DQG � PP ZDYH�
OHQJWKV ZLWK DQ H[SDQGLQJ DLU JDS VHSDUDWLQJ VHQVRU WR GLHOHFWULF ZLWK �

U
 ����

���



&KDSWHU �� 6HQVRU 'HVLJQ DQG 3DUDPHWHU (VWLPDWLRQ $OJRULWKPV

3UHYLRXV GHVLJQ 1HZ GHVLJQ

0DWHULDO RI VXEVWUDWH .DSWRQ ��U ����� 7HoRQ ��U ����

0RLVWXUH EDUULHU FRDWLQJ 3DU\OHQH �� xP WKLFN� QRQH

7KLFNQHVV RI VXEVWUDWH � PLO ���� xP � �� PLO ���� xP�

0HWDOOL]DWLRQ UDWLR ��� ���

0HDVXUHG TXDQWLW\ )ORDWLQJ YROWDJH )ORDWLQJ YROWDJH RU

VKRUW�FLUFXLW FXUUHQW

0RGH RI RSHUDWLRQ� $OO ZDYHOHQJWKV (LWKHU VLPXOWDQHRXV

VLPXOWDQHRXVO\ RU VHSDUDWH

1RPLQDO PHDQGHU OHQJWK �P� ���� ���� ��� ���� ���� ���

7KLFNQHVV RI HOHFWURGHV �� xP RU �� xP �� xP

1XPEHU RI VHQVLQJ HOHFWURGH �� �

nQJHUV SHU ZDYHOHQJWK

&RQQHFWLRQ )ODW FDEOH &RD[LDO FDEOH

%DFNSODQH &RPPRQ�*URXQGHG� 6HSDUDWH�*URXQGHG�*XDUGHG�

7DEOH ���� 'LmHUHQFHV EHWZHHQ WKH nUVW �.DSWRQ VXEVWUDWH� DQG QHZ �7HoRQ VXEVWUDWH�
GHVLJQ RI WKH WKUHH�ZDYHOHQJWK LQWHUGLJLWDO VHQVRU�

���� 6XPPDU\ RI ,PSURYHPHQWV

7DEOH ��� JLYHV WKH VXPPDU\ RU LPSURYHPHQWV EHWZHHQ WKH WKUHH�ZDYHOHQJWK .DSWRQ

VHQVRU RI )LJXUH ��� DQG WKH WKUHH�ZDYHOHQJWK 7HoRQ VHQVRU RI )LJXUH ���� 7KHVH

LPSURYHPHQWV ZHUH DGHTXDWH WR DFFRPPRGDWH PDQ\ RI WKH DSSOLFDWLRQV H[SORUHG LQ WKH

FRXUVH RI WKLV WKHVLV ZRUN� LQFOXGLQJ PRLVWXUH G\QDPLFV PHDVXUHPHQWV LQ WUDQVIRUPHU

SUHVVERDUG� PHDVXUHPHQWV RI SURSHUWLHV RI WZR LQVXODWLQJ PDWHULDO OD\HUV� oDZ GHWHFWLRQ

PHDVXUHPHQWV� FRQFHQWUDWLRQ RI WROXHQH LQ FKHPLFDO JDUPHQWV� DQG PHDVXUHPHQWV ZLWK

OLTXLG GLHOHFWULFV� $W WKH VDPH WLPH� WKHVH PRGLnFDWLRQV ZHUH QRW VXpFLHQW WR SURYLGH

UHOLDEOH LQIRUPDWLRQ DERXW WKH GLVWULEXWLRQ RI GLHOHFWULF SURSHUWLHV LQ PDWHULDOV ZLWK

PRUH WKDQ WZR GLVWLQFW OD\HUV� 7KH &6& VHQVRU LV WKH nUVW VWHS WRZDUGV WKLV JRDO�

���



&KDSWHU �

'LDJQRVWLF DQG 3URRI�RI�&RQFHSW

0HDVXUHPHQWV

��� ,QWURGXFWLRQ

'HYHORSPHQW RI D GLDJQRVWLF PHDVXUHPHQW DUVHQDO LV D VLJQLnFDQW SRUWLRQ RI WKLV WKHVLV�

7R DYRLG FRQIXVLRQ� GLVWLQFWLRQ VKRXOG EH PDGH EHWZHHQ'LHOHFWULF 'LDJQRVWLFV >���@ DQG

GLDJQRVWLFV RI GLHOHFWULF PHDVXUHPHQWV� 7KH IRUPHU LV D V\QRQ\P IRU �QRQ�GHVWUXFWLYH

GLHOHFWURPHWU\� DQG WKH ODWWHU LV D VHW RI SURFHGXUHV IRU WURXEOHVKRRWLQJ RI HOHFWURQLF

HTXLSPHQW DQG PHDVXUHPHQW VHWXS� 7KLV FKDSWHU FRQFHQWUDWHV RQ WKH VHFRQG FDVH�

ZKHUHDV WKH WKHVLV LWVHOI LV GHGLFDWHG WR WKH JHQHUDO VXEMHFW RI QRQ�GHVWUXFWLYH GLHOHF�

WURPHWU\ PHDVXUHPHQWV�

7KH GLDJQRVWLF PHDVXUHPHQWV DUH H[WUHPHO\ LPSRUWDQW IRU DOO DVSHFWV RI GLHOHFWURP�

HWU\� 7KH FKRLFH RI WKH GLDJQRVWLFV WHFKQLTXH GHSHQGV RQ WKH VSHFLnFV RI DSSOLFDWLRQ�

'XULQJ WKH GHYHORSPHQW VWDJH RI D SDUWLFXODU VHQVRU� WKH GLDJQRVWLFV DUH HVSHFLDOO\ FRP�

SOLFDWHG EHFDXVH LW LV GLpFXOW WR SUHGLFW ZKLFK SKHQRPHQD PLJKW GHJUDGH WKH VHQVRU DQG

WKH V\VWHP SHUIRUPDQFH� 7KLV FKDSWHU SUHVHQWV D YDULHW\ RI GLDJQRVWLF SURFHGXUHV DQG

SURYLGHV FRPPHQWV UHJDUGLQJ WKHLU XVHIXOQHVV GXULQJ GLmHUHQW VWDJHV RI WKH WHFKQRORJ\

GHYHORSPHQW SURFHVV DQG WURXEOHVKRRWLQJ RI YDULRXV H[SHULPHQWDO VHWXSV�

���
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��� &OHDQLQJ

7KH TXDOLW\ RI FOHDQLQJ UHTXLUHG IRU HDFK DSSOLFDWLRQ YDULHV VLJQLnFDQWO\� 0RVW IUH�

TXHQWO\ HQFRXQWHUHG FRQWDPLQDQWV LQFOXGH GXVW SDUWLFOHV� RLO �XVXDOO\ IURP nQJHUWLSV��

DQG PRLVWXUH� 7KH FRQWDPLQDWLRQ PD\ EH ERWK VXUIDFH DQG EXON�

,W LV VRPHWLPHV GHVLUDEOH WR VNLS WKH XOWUDVRXQG FOHDQLQJ LQ RUGHU WR DYRLG QHJDWLYH

PHFKDQLFDO LPSDFW RI XOWUDVRXQG ZDYHV� 7KH VHQVRU VXUIDFH FDQ EH FRQVLGHUHG DGH�

TXDWHO\ FOHDQ LI D IUHTXHQF\ VZHHS LQ DLU SURGXFHV D YDULDWLRQ RI WKH VLJQDO SKDVH RI OHVV

WKDQ RQH GHJUHH IRU WKH HQWLUH UDQJH RI WKH IUHTXHQFLHV RI LQWHUHVW� W\SLFDOO\ ����� +] WR

�� N+]� )RU WKH QHZO\ PDQXIDFWXUHG ZLWK &X)ORQ WHFKQRORJ\ VHQVRUV� WKH XOWUDVRXQG

FOHDQLQJ ZLWK EOHDFK LV QRW QHFHVVDU\ �WKH SKDVH LV VXpFLHQWO\ ORZ� DV ORQJ DV WKH VHQVRU

RSHUDWLQJ IUHTXHQF\ LV H[SHFWHG WR EH DERYH � +]�

)LJXUH ��� VKRZV WKH GLDJQRVWLF IUHTXHQF\ VZHHS RI WKH &X)ORQ VHQVRU DIWHU FOHDQLQJ

ZLWK PHWKDQRO DQG GU\LQJ LQ DQ RYHQ IRU WZR KRXUV DW �� p&� $W WKH ORZHVW IUHTXHQF\�

WKH SKDVH GHSDUWV IURP ]HUR E\ PRUH WKDQ WZR GHJUHHV� +RZHYHU� WKH UHVSRQVH LV

UHDVRQDEO\ oDW DERYH ��� +]� )LJXUH ��� VKRZV WKH UHVXOWV RI WKH IUHTXHQF\ VZHHS RI

WKH VDPH VHQVRU DIWHU XOWUDVRXQG FOHDQLQJ LQ DFFRUGDQFH ZLWK WKH SURFHGXUHV RXWOLQHG

LQ $SSHQGL[ $�

��� (OHFWURQLFV

����� /RDG &DSDFLWDQFH

$FFXUDWH YDOXHV RI WKH ORDG FDSDFLWDQFH &/ IRU HDFK FKDQQHO �ZDYHOHQJWK� FDQ EH GH�

WHUPLQHG E\ XVLQJ D NQRZQ FDSDFLWRU DV &�� FRQQHFWHG EHWZHHQ WKH VHQVLQJ DQG GULYHQ

HOHFWURGH FRQWDFWV RI WKH LQWHUIDFH ER[� 6LQFH WKH FRQGXFWDQFH RI WKH WHVW FDSDFLWRU LV

QHJOLJLEOH� LW IROORZV IURP ����� WKDW WKH ORDG FDSDFLWDQFH &/ IRU WKH oRDWLQJ YROWDJH

LQWHUIDFH LV�

���



���� (OHFWURQLFV

)LJXUH ���� &X)ORQ oRDWLQJ YROWDJH PRGH FLUFXLW JDLQ�SKDVH VHQVRU UHVSRQVH LQ DLU DIWHU
UHJXODU FOHDQLQJ EXW EHIRUH XOWUDVRXQG� $W WKLV SRLQW� WKH VHQVRU VXUIDFH LV EURZQLVK
DQG LW LV QRW VXLWDEOH IRU YHU\ ORZ IUHTXHQF\ PHDVXUHPHQWV �EHORZ ��b� +]�� 7KH
KLJK IUHTXHQF\ UROO�Rm LV GXH WR WKH VSHHG OLPLWDWLRQV RI WKH KLJK LQSXW LPSHGDQFH
RSHUDWLRQDO DPSOLnHU �$'����� ,W FDQ EH DFFRXQWHG IRU LQ VRIWZDUH�

���
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)LJXUH ���� &X)ORQ oRDWLQJ YROWDJH PRGH FLUFXLW JDLQ�SKDVH VHQVRU UHVSRQVH LQ DLU DIWHU
XOWUDVRXQG WUHDWPHQW GHVFULEHG LQ $SSHQGL[ $� 7KH VHQVRU VXUIDFH LV SDSHU�ZKLWH� DQG
WKH JDLQ�SKDVH UHVSRQVH LV VXpFLHQWO\ oDW IRU WKH HQWLUH UDQJH RI IUHTXHQFLHV�

���



���� (OHFWURQLFV

:DYHOHQJWK w ��� PP w ��� PP w ��� PP

/RDG FDS� S) 1RPLQDO 0HDVXUHG 1RPLQDO 0HDVXUHG 1RPLQDO 0HDVXUHG

.DSWRQ VHQVRU ���� ���� ���� ���� � ���

7HoRQ VHQVRU ����� ���� ���� ���� ���� ����

7DEOH ���� 7\SLFDO YDOXHV RI ORDG FDSDFLWDQFHV IRU PDQ\ RI WKH UHSRUWHG PHDVXUH�
PHQWV� XVLQJ SURFHGXUH GHVFULEHG LQ 6HFWLRQ ������ 7KH GLmHUHQFH EHWZHHQ QRPLQDO
DQG PHDVXUHG YDOXHV LV GXH WR SUHFLVLRQ OLPLWDWLRQV RI WHVW FDSDFLWRUV WKHPVHOYHV� VWUD\
FDSDFLWDQFH RI WKH OHDGV� DQG WKH JDWH FDSDFLWDQFH RI WKH RSHUDWLRQDO DPSOLnHU�

&/  
��b*9 �

*9

&W
��

�����

ZKHUH &W
��
LV WKH NQRZQ WHVW FDSDFLWDQFH DQG WKH YROWDJH JDLQ LQ YROWV 96 9' LQ WHUPV

RI WKH YROWDJH JDLQ LQ G% �*G%  ��ORJ�96 9'�� LV HTXDO WR

*9  ��
*G% ��� �����

7KHQ� WKH FDOFXODWHG YDOXH RI WKH ORDG FDSDFLWDQFH FDQ EH XVHG WR GHWHUPLQH WKH YDOXH

RI WKH FDSDFLWDQFH EHWZHHQ WKH GULYHQ DQG VHQVLQJ HOHFWURGHV RI HDFK ZDYHOHQJWK IRU

WKH PDWHULDO XQGHU WHVW�

&��  
*9

��b*9 �
&/� �����

����� 0HDVXUHPHQW RI ,QWHUHOHFWURGH &DSDFLWDQFHV

:LWK WKH ZDYHOHQJWK RI WKH LQWHUGLJLWDO VWUXFWXUH EHLQJ RQ WKH RUGHU RI PLOOLPHWHUV�

WKH FDSDFLWDQFH &�� EHWZHHQ WKH GULYHQ DQG WKH VHQVLQJ HOHFWURGHV LV DURXQG RQH S)�

ZKLOH WKH FDSDFLWDQFH &�� EHWZHHQ WKH VHQVLQJ HOHFWURGH DQG WKH JURXQG SODQH LV RQ

WKH RUGHU RI WHQV RI S)� ,I WKH PDWHULDO DERYH WKH LQWHUHOHFWURGH VWUXFWXUH LV KLJKO\

LQVXODWLQJ ��&�� � *���� WKH JDLQ * LQ ����� LV UHDO� DQG LW SURYLGHV RQO\ RQH HTXDWLRQ

IRU WZR XQNQRZQV �&�� DQG &���� 6LPLODUO\� LI WKH WHVW PDWHULDO LV VXpFLHQWO\ FRQGXFWLYH

�*�� � �&��� WR FDXVH D SKDVH VKLIW LQ WKH GLYLGHU
V UHVSRQVH� RQO\ WZR HTXDWLRQV DUH

DYDLODEOH IRU WKH IRXU XQNQRZQV �&��� &��� *��� DQG *����

,Q WKH FDVH RI YHU\ ORZ FRQGXFWLRQ� RQH PD\ WU\ WR DGG D UHVLVWRU RU D FDSDFLWRU RI

NQRZQ YDOXH WR HLWKHU EUDQFK LQ RUGHU WR SURYLGH DGGLWLRQDO HTXDWLRQV ZLWK WKH VDPH

���
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XQNQRZQV� +RZHYHU� WKH SUHFLVLRQ RI VXFK DQ DSSURDFK SURYHG WR EH ORZ EHFDXVH WKH

QRPLQDO YDOXHV RI FLUFXLW HOHPHQWV PXVW EH YHU\ SUHFLVH WR JLYH UHSURGXFLEOH UHVXOWV�

$ VXpFLHQWO\ SUHFLVH DQG SUDFWLFDO SURFHGXUH IRU PHDVXULQJ WKH FDSDFLWDQFH RI LQWHU�

HVW IROORZV� 6LQFH WKH FDSDFLWDQFH &�� LV UHODWLYHO\ KLJK� LW FDQ EH PHDVXUHG XVLQJ D

FRQYHQWLRQDO LPSHGDQFH PHWHU LQ D VWDQGDUG WKUHH�WHUPLQDO FRQQHFWLRQ VFKHPH ZKHUH

GULYH DQG VHQVH HOHFWURGHV DUH GULYHQ DW WKH VDPH SRWHQWLDO ZLWK UHVSHFW WR WKH JURXQG

SODQH HOHFWURGH�

6LQFH WKH YDOXH RI &�� LV WRR ORZ IRU FRQYHQWLRQDO PHWHUV� LW FDQ EH GHWHUPLQHG XVLQJ

����� IRU WKH H[LVWLQJ FDSDFLWLYH GLYLGHU DIWHU &�� KDV EHHQ IRXQG� $OWHUQDWLYHO\� &�� FDQ

EH HOLPLQDWHG LQ WKLV SDUW RI WKH PHDVXUHPHQW E\ FRQQHFWLQJ LW WR D JXDUG HOHFWURGH�

ZKRVH YROWDJH IROORZV WKH YROWDJH RQ WKH VHQVLQJ HOHFWURGH� 7KH PHDVXUHPHQWV RI *��

DQG *�� DUH SHUIRUPHG LQ WKH VDPH IDVKLRQ� H[FHSW IRU WKH IDFW WKDW WKH HTXDWLRQ IRU

WKH JDLQ EHFRPHV FRPSOH[ LQVWHDG RI UHDO�

����� 6XUIDFH &RQGXFWLYLW\

$OPRVW DQ\ UHVLGXH RQ WKH VHQVRU VXUIDFH JLYHV ULVH WR VXUIDFH FRQGXFWLYLW\� ,Q PRVW

FDVHV� WKLV LV DQ XQGHVLUDEOH HmHFW DV LW LQWURGXFHV DQ XQFRQWUROODEOH SKDVH VKLIW LQWR

WKH VHQVRU VLJQDO� VXFK DV WKH RQH VKRZQ LQ )LJXUH ���� 3RVVLEOH UHDVRQV IRU WKLV UHVLGXH

DUH nQJHUSULQWV� FRQGHQVHG PRLVWXUH� FRQWDPLQDQWV IURP VROYHQWV WKDW UHPDLQ RQ WKH

VXUIDFH DIWHU HYDSRUDWLRQ RI WKH YRODWLOH OLTXLGV� FRUURVLRQ VXE�SURGXFWV� DQG GXVW�

����� &LUFXLW 3HUIRUPDQFH :LWK /XPSHG (OHPHQWV

:KHQ WKH GLVWULEXWHG HOHFWURGHV RI WKH VHQVRU DUH SK\VLFDOO\ UHSODFHG ZLWK OXPSHG

HOHPHQWV �UHVLVWRUV DQG FDSDFLWRUV�� WKH VROXWLRQ RI ERWK IRUZDUG DQG LQYHUVH SUREOHPV

LV YHU\ VLPSOH� ,I� LQ DGGLWLRQ� &�� LV FRQVLGHUHG D NQRZQ� VR WKDW LW OXPSV ZLWK &/� WKH

VROXWLRQ LV WULYLDO� 6XFK D VXEVWLWXWLRQ RI HOHPHQWV SURYLGHV JRRG EHQFKPDUN FDVHV IRU

WHVWLQJ RYHUDOO SHUIRUPDQFH RI WKH PHDVXUHPHQW FLUFXLWU\� $QRWKHU DGYDQWDJH LV EURXJKW

E\ VLPXOWDQHRXV XVH RI WKH OXPSHG HOHPHQWV DQG WKH VHQVRU LQ WKH UHVLVWLYH�FDSDFLWLYH

���



���� (OHFWURQLFV

)LJXUH ���� 5HVXOWV RI WKH IUHTXHQF\ VZHHS ZKHQ {��� *RKP UHVLVWRU DQG {�� S) FD�
SDFLWRU DUH FRQQHFWHG LQ SDUDOOHO� EHWZHHQ HDFK VHQVLQJ DQG GULYHQ HOHFWURGH WHUPLQDOV�
7KH OHJHQG JLYHV FRUUHVSRQGHQFH WR WKH LQWHUIDFH FKDQQHOV WKDW DUH QRUPDOO\ XVHG IRU
WKH FRQQHFWLRQ RI WKH LQGLFDWHG ZDYHOHQJWKV�

GLYLGHU� 6XFK D FRPELQDWLRQ SURYLGHV H[WUD HTXDWLRQV QHFHVVDU\ IRU DQDO\]LQJ DEHUUDQW

EHKDYLRU RI WKH VHQVRU UHVSRQVH� ZKLFK RFFXUV LQ PDQ\ FDVHV ZKHQ WKH H[SHULPHQWV

DUH SHUIRUPHG ZLWK FRQGXFWLYH OLTXLGV RU OLTXLG�LPSUHJQDWHG PDWHULDOV� 7KH FLUFXLW

UHVSRQVH IRU HDFK FKDQQHO VKRZQ LQ )LJXUH ��� LV JLYHQ VLPSO\ WR LOOXVWUDWH DGHTXDWH

SHUIRUPDQFH RI WKH PHDVXUHPHQW V\VWHP DQG D EDVLV IRU D FDOLEUDWLRQ�EDVHG LQYHUVLRQ

DOJRULWKP� 7KH WKHRUHWLFDO %RGH SORWV IRU JLYHQ YDOXHV RI WKH UHVLVWRUV DQG FDSDFLWRUV

VKRZ H[FHOOHQW DJUHHPHQW ZLWK H[SHULPHQWDO GDWD�

7DEOH ����D� JLYHV WKH YDOXHV RI UHVLVWRUV �QRPLQDO UHVLVWDQFH ��� *l� HVWLPDWHG

XVLQJ D PXOWLYDULDEOH nW DVVXPLQJ WKDW WKH LQGHSHQGHQWO\ PHDVXUHG YDOXHV RI WKH WHVW

FDSDFLWRUV &�� DUH FRUUHFW� 7DEOH ����E� VKRZV WKH UHVXOWV RI WKH VDPH SURFHVV H[FHSW

WKDW 5�� ZHUH FRQVLGHUHG NQRZQ LQ WKLV FDVH�

���
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�D� �E�

&�� � JLYHQ 5�� � HVWLPDWHG 5�� � JLYHQ &�� � HVWLPDWHG

� PP ���� S) ��� *l � PP ��� *l ���� S)

��� PP ���� S) ��� *l ��� PP ��� *l ���� S)

� PP ���� S) ��� *l � PP ��� *l ���� S)

7DEOH ���� 7HVWLQJ RI PHDVXUHPHQW FLUFXLWU\ XVLQJ NQRZQ OXPSHG HOHPHQWV� &�� ZDV
LQGHSHQGHQWO\ PHDVXUHG DQG WKH QRPLQDO UHVLVWDQFH RI 5�� RI ��� *RKP ZDV HVWLPDWHG
XVLQJ D PXOWLYDULDEOH nW� 7KHQ� 5�� ZDV LQGHSHQGHQWO\ PHDVXUHG DQG WKH QRPLQDO
FDSDFLWDQFH RI &�� ZDV HVWLPDWHG XVLQJ D PXOWLYDULDEOH nW�

��� 6KLHOGLQJ

3URSHU VKLHOGLQJ LV LPSRUWDQW IRU DFFXUDWH PHDVXUHPHQWV LQ WKH IUHTXHQF\ UDQJH FORVH

WR WKH �� +] SRZHU IUHTXHQF\� HVSHFLDOO\ ZKHQ WKH VLJQDO OHYHO LV ZHDN� )LJXUH ���

VKRZV DQ H[DPSOH RI D IDLUO\ QRLV\ PHDVXUHPHQW ZLWK WKH .DSWRQ VHQVRU SODFHG RQ WKH

WRS RI D ZRUNEHQFK� ZLWKRXW DQ\ PHWDO VKLHOGLQJ DURXQG LW� 6LJQDO QRLVH FDQ EH JUHDWO\

UHGXFHG XVLQJ D KLJKO\ FRQGXFWLQJ VKLHOGLQJ PDWHULDO ZKRVH WKLFNQHVV LV XQLPSRUWDQW

DW WKHVH IUHTXHQFLHV� &RPPRQ DOXPLQXP IRLO LV SHUIHFWO\ DGHTXDWH� 7KH VKLHOGLQJ RI

WKH VHQVRU OHDGV LV D VHSDUDWH LVVXH� ,W LV GHVLUDEOH WKDW D JURXQGHG RU JXDUGHG FRD[LDO

FDEOH GHOLYHUV WKH VLJQDO IURP WKH VHQVRU KHDG WR WKH LQWHUIDFH LQ RUGHU WR DYRLG H[FHVVLYH

QRLVH DQG FURVVWDON EHWZHHQ WKH FKDQQHOV�

��� 7LPH 'RPDLQ 0HDVXUHPHQWV

����� 6WDUW�XS 7UDQVLHQWV RI 6LQXVRLGDO 6LJQDOV

:KHQ D VLQXVRLGDO GULYH VLJQDO LV WXUQHG RQ� DQ LQLWLDO WUDQVLHQW SURFHVV WDNHV SODFH�

:KLOH WLPH GRPDLQ PHDVXUHPHQWV UHSUHVHQW D VHSDUDWH nHOG RI UHVHDUFK� WKHLU VLPSOHVW

XVH LV IRU GLDJQRVWLFV RI WKH PHDVXUHPHQW HTXLSPHQW� $ FRQWUROOHU FRPPDQG RI WKH IRUP

>*3� ����� ����� �� (� '� '� '� (� '@ FDQ EH XVHG WR UHFRUG WKH WLPH�GRPDLQ

VLJQDOV� 7KLV FRPPDQG LQLWLDWHV D IUHTXHQF\ VZHHS RYHU WKUHH IUHTXHQFLHV� ��b��� +]�

��b��� +]� DQG ��b��� +] DQG HQDEOHV GDWD UHFRUGLQJ RQ WKH nUVW FKDQQHO RI WKH FRQWUROOHU

���
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)LJXUH ���� 8QVKLHOGHG .DSWRQ VHQVRU � IXOO IUHTXHQF\ VZHHS LQ DLU� 9DOXHV RI ORDG
FDSDFLWDQFHV DUH JLYHQ LQ 7DEOH ���� 3KDVH LV FORVH WR ]HUR DQG WKH JDLQ LV oDW RYHU
WKH HQWLUH IUHTXHQF\ UDQJH VLQFH WKH LQWHUHOHFWURGH DGPLWWDQFH LV SXUHO\ LPDJLQDU\ DQG
IUHTXHQF\ LQGHSHQGHQW� 7KH QRLVH DURXQG �� +] LV GXH WR WKH ODFN RI VKLHOGLQJ�

LQ WKH GLDJQRVWLF PRGH� 7KLV FRPPDQG LV XVHG WR UHFRUG WKH WUDQVLHQW VLJQDOV� 6HH

$SSHQGL[ & IRU GHnQLWLRQV RI FRQWUROOHU FRPPDQGV�

,OOXVWUDWLYH WLPH�GRPDLQ PHDVXUHPHQW GDWD DUH VKRZQ LQ )LJXUH ��� DQG )LJXUH ���

GXULQJ D WKUHH GDWD SRLQW LQWHUYDO RI WKH IUHTXHQF\ VZHHS DW DSSUR[LPDWHO\ ���� ���b����

+]� ���� ���b���� +]� DQG ���� ���b���� +] RQ WKH � PP ZDYHOHQJWK VHQVRU LPPHUVHG LQ

FRUQ RLO� 'DWD DUH WDNHQ DW D VDPSOLQJ IUHTXHQF\ RI �� +] GLYLGHG RYHU WZR FKDQQHOV

�GULYH DQG JXDUG HOHFWURGHV�� WKDW LV D QHZ GDWD SRLQW LV WDNHQ HYHU\ ��� VHFRQGV� 2QH

FDQ VHH WKDW WKH VZLWFKLQJ WUDQVLHQW LV RI D YHU\ VKRUW GXUDWLRQ IRU WKH GULYHQ YROWDJH

LQ )LJXUH ���� 7KH YROWDJH RQ WKH VHQVLQJ HOHFWURGH FDQQRW EH PHDVXUHG GLUHFWO\� EH�

FDXVH WKH PHDVXUHPHQW FXUUHQW LWVHOI ZRXOG ORDG WKH VLJQDO LQ VXFK D KLJK LPSHGDQFH

���
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)LJXUH ���� 'ULYHQ HOHFWURGH WLPH�GRPDLQ VLQXVRLGV ZLWK WKUHH PHDVXUHPHQW SRLQWV
WDNHQ DW ���� +]� ���� +]� DQG ���� +]� 7KH WLPH LQWHUYDO EHWZHHQ VDPSOHV LV ���
VHFRQGV�

DSSOLFDWLRQ� 7KH JXDUG YROWDJH� HTXDO WR WKH VHQVLQJ HOHFWURGH YROWDJH� LV VKRZQ LQ

)LJXUH ���� 7KH VHQVLQJ HOHFWURGH YROWDJH FDQ EH YLHZHG DV D FRPELQDWLRQ RI SDUWLFX�

ODU DQG KRPRJHQHRXV VROXWLRQV RI D GLmHUHQWLDO HTXDWLRQ DSSUR[LPDWHO\ GHVFULELQJ WKH

GLVWULEXWHG FLUFXLW RI WKH VHQVRU� 6LQXVRLGDO VWHDG\ VWDWH LV QHDUO\ DFKLHYHG E\ WKH HQG

RI WKH WKLUG F\FOH� ZKLFK LV XVHG IRU PHDVXUHPHQW RI JDLQ DQG SKDVH RI D FDSDFLWLYH

GLYLGHU� 7KH UHVLGXDO '& RmVHW LV DFFRXQWHG IRU LQ DVVRFLDWHG FRQWUROOHU nUPZDUH E\

VXEWUDFWLQJ DQ HVWLPDWHG YDOXH RI UHVLGXDO '& RmVHW IURP WKH VLJQDO GXULQJ WKH WKLUG

F\FOH RI WKH PHDVXUHPHQW�

���
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)LJXUH ���� 7KH � PP ZDYHOHQJWK JXDUG HOHFWURGH WLPH�GRPDLQ UHVSRQVH LQ FRUQ RLO
IRU WKH GULYHQ HOHFWURGH VLJQDO VKRZQ LQ )LJXUH ���� 7KH WLPH LQWHUYDO EHWZHHQ VDPSOHV
LV ��� VHFRQGV�

����� 7LPH�GRPDLQ 5HVSRQVH WR D 6WHS RU 3XOVH ([FLWDWLRQ

,W ZRXOG EH DQ LQWHUHVWLQJ SURMHFW WR DSSO\ D VWHS RU SXOVH YROWDJH WR WKH HOHFWURGH

VWUXFWXUH DQG WR UHODWH WKH WLPH�GRPDLQ UHVSRQVH WR WKH IUHTXHQF\ VZHHS GDWD� $GYDQ�

WDJHV RI XVLQJ D VWHS YROWDJH LQFOXGH SRVVLEOH LQIRUPDWLRQ DERXW VKRUW UHOD[DWLRQ WLPH

SKHQRPHQD DQG LQFUHDVHG VSHHG RI PHDVXUHPHQWV� LPSRUWDQW LQ VXFK DSSOLFDWLRQV DV

ODQGPLQH GHWHFWLRQ DQG VXUIDFH LQVSHFWLRQ RI SODVWLF FRPSRQHQWV� $ VLQJOH VWHS� SXOVH�

RU LPSXOVH YROWDJH FRQWDLQV LQIRUPDWLRQ IURP DOO IUHTXHQFLHV DQG PD\ EH D PRUH HI�

IHFWLYH H[FLWDWLRQ WKDQ WR SHUIRUP PDQ\ VHSDUDWH PHDVXUHPHQWV RYHU D ZLGH IUHTXHQF\

UDQJH�

7KHRUHWLFDOO\� WKH VDPH LQIRUPDWLRQ DERXW WKH PDWHULDO XQGHU WHVW FDQ EH H[WUDFWHG

���



&KDSWHU �� 'LDJQRVWLF DQG 3URRI�RI�&RQFHSW 0HDVXUHPHQWV

IURP WKH IUHTXHQF\ VZHHS� VWHS� SXOVH� RU LPSXOVH H[FLWDWLRQV� 6RPH LPSHGDQFH VSHF�

WURVFRS\ DQDO\]HUV RSHUDWH LQ WKLV UHJLPH� $ )DVW )RXULHU 7UDQVIRUP LV RIWHQ XVHG WR

UHODWH WKH IUHTXHQF\ VZHHS UHVSRQVH WR WKH VWHS UHVSRQVH� 2QH DGYDQWDJH RI WKH SXOVH

H[FLWDWLRQ YV� IUHTXHQF\ VZHHS LV WKDW WKH PHDVXUHPHQW WLPH LV VLJQLnFDQWO\ UHGXFHG

LQ WKH IRUPHU FDVH� 7KH WRWDO PHDVXUHPHQW WLPH LV D FULWLFDO SDUDPHWHU IRU D ODUJH

QXPEHU RI nHOG DSSOLFDWLRQV� ZKHUH WKH VHQVRU LV XVHG WR VFDQ ODUJH DUHDV� ,W LV DOVR LP�

SRUWDQW IRU WKH PHDVXUHPHQW RI IDVW�FKDQJLQJ SURSHUWLHV� IRU H[DPSOH� D GU\LQJ SURFHVV

WKDW ODVWV D IHZ PLQXWHV� 2Q WKH RWKHU KDQG� WKH SXOVH H[FLWDWLRQ HQWDLOV D VLJQLnFDQW

FRPSXWDWLRQDO EXUGHQ DQG PD\ DOVR OHDG WR DPELJXLW\ LQ WKH LQWHUSUHWDWLRQ RI UHVXOWV�

(YHU LQFUHDVLQJ VSHHG RI FRPSXWHUV DQG VRSKLVWLFDWLRQ RI VLJQDO SURFHVVLQJ DOJRULWKPV

ZLOO SUREDEO\ HYHQWXDOO\ OHYHUDJH IRU SXOVH H[FLWDWLRQV�

)LJXUH ��� VKRZV WKH � PP ZDYHOHQJWK LQWHUGLJLWDO VHQVRU VHQVLQJ DQG JXDUG UH�

VSRQVH WR D GULYH YROWDJH VWHS GRZQ H[FLWDWLRQ� ,Q WKLV H[SHULPHQW� WKH VHQVRU LV

LPPHUVHG LQ WUDQVIRUPHU RLO� 3RWHQWLDOO\� VWHS RU LPSXOVH UHVSRQVHV FRQWDLQ DV PXFK

LQIRUPDWLRQ DERXW PDWHULDO SURSHUWLHV DV GR WKH IUHTXHQF\ VZHHSV� $SSOLFDWLRQ RI WLPH

GRPDLQ VSHFWURVFRS\ WHFKQLTXHV WR LQWHUGLJLWDO GLHOHFWURPHWU\ LV D YDOXDEOH WRSLF IRU

IXWXUH UHVHDUFK�

���



���� 7LPH 'RPDLQ 0HDVXUHPHQWV

)LJXUH ���� 7KH � PP ZDYHOHQJWK LQWHUGLJLWDO VHQVRU UHVSRQVH WR D VWHS H[FLWDWLRQ� $
'& YROWDJH RI ���� 9 RQ WKH GULYH HOHFWURGH LV VWHSSHG GRZQ WR ]HUR 9 FDXVLQJ DQ
H[SRQHQWLDO GHFD\ RI HOHFWULF SRWHQWLDO RQ WKH VHQVLQJ DQG JXDUG HOHFWURGHV� 7KH VHQVRU
LV LPPHUVHG LQ WUDQVIRUPHU RLO� ZKRVH GLHOHFWULF SURSHUWLHV ��U  ���� } { ��b�� 6�P�
GHWHUPLQH WKH G\QDPLFV RI WKH H[SRQHQWLDO GHFD\� 7KH VPDOO RVFLOODWRU\ WUDLO EHKDYLRU
LV FKDUDFWHULVWLF DQG FRXOG EH VWXGLHG FORVHU LQ WKH IXWXUH�

���



&KDSWHU �� 'LDJQRVWLF DQG 3URRI�RI�&RQFHSW 0HDVXUHPHQWV

��� 3DUDOOHO 3ODWH &DSDFLWRU &HOOV

����� %DFNJURXQG

7KH SDUDOOHO SODWH FDSDFLWRU FHOOV DUH FODVVLF LQ GLHOHFWURPHWU\� $Q RYHUZKHOPLQJ PDMRU�

LW\ RI VWXGLHV RI GLHOHFWULFV LQ PDWHULDOV VFLHQFH� VHPLFRQGXFWRUV� HOHFWURFKHPLVWU\� DQG

SRO\PHU VFLHQFH LQYROYH SDUDOOHO SODWH FDSDFLWRUV� 7KHLU PDMRU DGYDQWDJH LV XQLIRUPLW\

RI WKH DSSOLHG HOHFWULF nHOG DQG VLPSOLFLW\ RI HTXDWLRQV WKDW UHODWH PDWHULDO SURSHUWLHV

ZLWK WHUPLQDO HOHFWULFDO SDUDPHWHUV� )RU KRPRJHQHRXV PDWHULDO ZLWK GLHOHFWULF SHUPLW�

WLYLW\ � DQG FRQGXFWLYLW\ } WKDW nOOV D SDUDOOHO SODWH FDSDFLWRU ZLWK HOHFWURGH DUHD $

DQG D GLVWDQFH EHWZHHQ WKH SODWHV G� WKH FDSDFLWDQFH LV HTXDO WR

&  
�$

G
�����

DQG WKH FRQGXFWDQFH LV HTXDO WR

*  
}$

G
�����

,W LV LPSRUWDQW WR UHFRJQL]H WKDW WKH PHDVXUHPHQW HUURU LQWURGXFHG E\ FKDQJHV LQ

JHRPHWULFDO SDUDPHWHUV LQ D SDUDOOHO SODWH FHOO DmHFWV HTXDOO\ WKH HVWLPDWHG YDOXHV RI

WKH GLHOHFWULF SHUPLWWLYLW\ ���� DQG WKH GLHOHFWULF ORVV IDFWRU ������ )RU WKLV UHDVRQ� WKH

ORVV WDQJHQW ���� ��� LV RIWHQ XVHG IRU FRQYHQWLRQDO SDUDOOHO SODWH PHDVXUHPHQWV >��@�

����� 'HVLJQ

6HYHUDO SDUDOOHO SODWH FDSDFLWRUV KDG EHHQ GHVLJQHG WR FKDUDFWHUL]H LQVXODWLQJ PDWHULDOV

RI LQWHUHVW� )LJXUH ��� VKRZV D SDUDOOHO SODWH FDSDFLWRU EXLOW E\ <DQNR 6KHLUHWRY >��@ IRU

PHDVXUHPHQWV RI WKH FRPSOH[ GLHOHFWULF FRQVWDQW RI VROLG� HODVWLF� DQG OLTXLG PDWHULDO

VDPSOHV ZLWK WKLFNQHVV RQ WKH RUGHU RI VHYHUDO PP� ,W LV D FODVVLF GHVLJQ LQ ZKLFK VHQV�

LQJ HOHFWURGHV DUH VXUURXQGHG E\ D JXDUG HOHFWURGH� DW WKH VDPH SRWHQWLDO DV WKH VHQVLQJ

HOHFWURGHV LQ RUGHU WR JXDUDQWHH D XQLIRUP HOHFWULF nHOG DFURVV WKH SODWHV� /DWHU� WKH

VHQVRU ZDV UHSODFHG ZLWK D PHFKDQLFDOO\ VLPSOHU DQG WRSRORJLFDOO\ HTXLYDOHQW GHVLJQ

VKRZQ LQ )LJXUH ���� 7KH WRS DQG ERWWRP YLHZV RI WKH ODWWHU FDSDFLWRU DUH VKRZQ LQ

���



���� 3DUDOOHO 3ODWH &DSDFLWRU &HOOV

)LJXUH ���� *XDUGHG SDUDOOHO�SODWH FDSDFLWRU ZLWK VXUURXQGLQJ JXDUG HOHFWURGHV WR
LPSURYH VKLHOGLQJ >��@�

)LJXUH ����� 7KHVH FDSDFLWRUV SHUIRUP ZHOO ZLWK oXLG� HODVWLF� DQG JUDQXODU GLHOHFWULFV�

ZKHUH WKH DSSURSULDWH FRQWDFW EHWZHHQ WKH FDSDFLWRU SODWHV DQG WKH PDWHULDO FDQ EH

DFKLHYHG� +RZHYHU� VROLG PDWHULDOV DOPRVW DOZD\V LQFXU D VPDOO DLU JDS� ZKLFK LQ�

WURGXFHV DQ HUURU WR WKH PHDVXUHPHQWV� 7KHUHIRUH� WKH GLHOHFWULF SURSHUWLHV RI VROLG

PDWHULDOV LQ WKLV WKHVLV KDYH EHHQ PHDVXUHG XVLQJ HLWKHU D FRQGXFWLYH DGKHVLYH FRSSHU

WDSH RU E\ VSUD\LQJ WKH VDPSOH VXUIDFH ZLWK D FRQGXFWLYH SDLQW DQG IRUPLQJ DSSURSUL�

DWH HOHFWURGHV E\ JURRYLQJ WKH UHVXOWLQJ OD\HU RI SDLQW� )LJXUH ���� VKRZV DQ H[DPSOH

RI VXFK D SDUDOOHO SODWH FDSDFLWRU IRUPHG RQ WKH VDPSOH RI SRO\PHU PDWHULDO� ,Q VRPH

FDVHV LW ZDV GHVLUDEOH WR EXLOG XS WKH VXUIDFH RI SDUDOOHO SODWHV LQ RUGHU WR LQFUHDVH WKH

PHDVXUHG FDSDFLWDQFH DQG FRQGXFWDQFH� )LJXUH ���� VKRZV D YDULDEOH FDSDFLWRU XVHG

IRU PHDVXUHPHQWV ZLWK VHYHUDO OLTXLG GLHOHFWULFV�

���



&KDSWHU �� 'LDJQRVWLF DQG 3URRI�RI�&RQFHSW 0HDVXUHPHQWV

)LJXUH ���� 6LPSOHU JXDUGHG SDUDOOHO�SODWH FDSDFLWRU FRQVWUXFWHG E\ PDQXDOO\ UHPRYLQJ
D UHFWDQJXODU LQVXODWLRQ VWULS WR VHSDUDWH JXDUG DQG VHQVLQJ HOHFWURGHV�

)LJXUH ����� 7RS DQG ERWWRP YLHZV RI WKH JXDUGHG SDUDOOHO�SODWH FDSDFLWRU RI )LJXUH
���� 7KH WKURXJK KROH DW WKH FHQWHU FRQQHFWV WKH JXDUGHG VHQVLQJ HOHFWURGH OHDG WR WKH
VHQVLQJ HOHFWURGH�

���



���� 3DUDOOHO 3ODWH &DSDFLWRU &HOOV

)LJXUH ����� $ JXDUGHG SDUDOOHO SODWH FDSDFLWRU IRUPHG ZLWK FRQGXFWLYH WDSH �WR DFKLHYH
JRRG VXUIDFH FRQWDFW� RQ WKH VODE RI D VROLG SRO\PHU�

)LJXUH ����� $ YDULDEOH WXQLQJ FDSDFLWRU XVHG DV D SDUDOOHO SODWH FHOO LQ PHDVXUHPHQWV
ZLWK oXLG GLHOHFWULFV >���@�

���



&KDSWHU �� 'LDJQRVWLF DQG 3URRI�RI�&RQFHSW 0HDVXUHPHQWV

)LJXUH ����� 7KH FURVV�VHFWLRQ RI WKH LQWHUGLJLWDO VHQVRU ZLWK WZR OD\HUV RI PDWHULDOV
DERYH LW�

��� (DUO\ 0HDVXUHPHQWV ZLWK WKH .DSWRQ 6HQVRU

7KH JRDO RI WKH VHULHV RI H[SHULPHQWV SUHVHQWHG LQ WKLV VHFWLRQ LV WR WHVW WKH GHSHQGHQFH

RI WKH VHQVRU UHVSRQVH RQ WKH WKLFNQHVV RI WKH PDWHULDO DERYH WKH VHQVRU� )LJXUH ����

GHSLFWV WKH FURVV�VHFWLRQ RI WKH H[SHULPHQWDO VHWXS� 7ZR PDWHULDOV ZLWK NQRZQ SURS�

HUWLHV IRUP D WZR�OD\HU PHGLXP� :KHQ WKH WKLFNQHVV RI WKH ORZHU PDWHULDO LV UHGXFHG�

WKH LQWHUOD\HU ERXQGDU\ PRYHV GRZQ� DQG WKH LQoXHQFH RI WKH XSSHU PDWHULDO LQFUHDVHV�

7KH XSSHU PDWHULDO LV WKLFN HQRXJK WR EH FRQVLGHUHG LQnQLWHO\ WKLFN�

7ZR FRPPHUFLDOO\ DYDLODEOH LQVXODWLQJ SRO\PHUV� PRQROLWKLF ��� LQFK WKLFN SLHFHV RI

/H[DQo5 �*( SRO\FDUERQDWH EUDQG QDPH� DQG ���� PP WKLFN YLQ\O� KDG EHHQ XVHG� 7KH

WKLQ nOP HQDEOHV XV WR FRQWURO WKH WKLFNQHVV RI WKH WHVW VDPSOH E\ FKDQJLQJ WKH QXPEHU

RI VKHHWV RI YLQ\O� ,Q RUGHU WR SUHVV WKH ZKROH VWUXFWXUH WRJHWKHU DQG SURYLGH D JRRG

FRQWDFW EHWZHHQ WKH PDWHULDOV� D KHDY\ VODE RI OHDG KDG EHHQ SRVLWLRQHG RQ WRS RI WKH

WHVW FHOO� ,Q JHQHUDO� KLJKO\ FRQGXFWLYH PHWDO ZRXOG VWURQJO\ DmHFW WKH GLVWULEXWLRQ RI

���



���� (DUO\ 0HDVXUHPHQWV ZLWK WKH .DSWRQ 6HQVRU

)LJXUH ����� ([SHULPHQWDO HVWLPDWLRQ RI WKH HmHFWLYH SHQHWUDWLRQ GHSWK RI WKH WKUHH�
ZDYHOHQJWK VHQVRU DV WKH WKLFNQHVV RI WKH YLQ\O OD\HU LQ )LJXUH ���� LV LQFUHDVHG�

WKH HOHFWULF nHOG LQ WKH VWXGLHG UHJLRQ� XQOHVV LW ZDV VXpFLHQWO\ IDU IURP WKH VWURQJ nHOG

UHJLRQ� ,W FDQ EH VHHQ IURP ����� WKDW WKH HOHFWULF SRWHQWLDO LQGXFHG E\ WKH VHQVRU GLHV

DZD\ H[SRQHQWLDOO\ LQ WKH YHUWLFDO SRVLWLRQ ZLWK WKH SHQHWUDWLRQ GHSWK RI w�� �H[FHSW

IRU WKH ]HUR RUGHU VSDWLDO KDUPRQLF�� /HW XV GHQRWH WKH GLVWDQFH DW ZKLFK WKH HOHFWULF

nHOG SRWHQWLDO UHGXFHV E\ RQH RUGHU RI PDJQLWXGH DV DQ HmHFWLYH SHQHWUDWLRQ GHSWK RI

RXU VHQVRU� 7KH WRWDO WKLFNQHVV RI /H[DQ ZDV �� PP� ZKLFK LV DERXW �� WLPHV WKH

HmHFWLYH SHQHWUDWLRQ GHSWK RI WKH ODUJHVW ZDYHOHQJWK�

7KH VFKHPDWLF YLHZ RI WKH H[SHULPHQWDO VHWXS LQ )LJXUH ���� VKRZV RQH DQG D KDOI

SHULRGV RI WKH LQWHUGLJLWDWHG HOHFWURGHV� 7KH FKDUDFWHU ' UHIHUV WR WKH GULYHQ HOHFWURGH

DQG 6 UHIHUV WR WKH VHQVLQJ HOHFWURGH� $ RQH YROW SHDN VLQXVRLGDO YROWDJH ZDV DSSOLHG

WR WKH GULYHQ HOHFWURGH� 7KH YROWDJH PDJQLWXGH DQG SKDVH RI WKH VHQVLQJ HOHFWURGH ZDV

PHDVXUHG DQG UHFRUGHG� $V WKH GLVWDQFH GY EHFRPHV VPDOOHU WKH LQoXHQFH RI GLHOHFWULF

SURSHUWLHV RI WKH /H[DQ EHFRPHV VWURQJHU� ZKLFK LV LOOXVWUDWHG LQ WKH IROORZLQJ VHFWLRQV�

7KH GLHOHFWULF SHUPLWWLYLW\ RI WKH PDWHULDOV ZDV DOVR GHWHUPLQHG XVLQJ D SDUDOOHO�

SODWH FDSDFLWRU RI NQRZQ JHRPHWULFDO GLPHQVLRQV ZLWK ������ ZKLFK LV DSSUR[LPDWHO\

���



&KDSWHU �� 'LDJQRVWLF DQG 3URRI�RI�&RQFHSW 0HDVXUHPHQWV

YDOLG IRU D UHFWDQJXODU VDPSOH ZLWK QR JXDUG HOHFWURGHV�
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ZKHUH / DQG: DUH WKH OHQJWK DQG ZLGWK RI WKH SDUDOOHO�SODWH FDSDFLWRU� G LV WKH GLVWDQFH

EHWZHHQ WKH SODWHV� DQG & LV LWV FDSDFLWDQFH� (TXDWLRQ ����� WDNHV LQWR DFFRXQW WKH

IULQJLQJ nHOGV RI D SDUDOOHO�SODWH FDSDFLWRU DQG LV GHULYHG XVLQJ D 6FKZDU]�&KULVWRmHO

WUDQVIRUPDWLRQ >���@�

7KH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI WKH SRO\FDUERQDWH /H[DQ VKHHW KDV RULJLQDOO\

EHHQ HVWLPDWHG XVLQJ ����� WR EH HTXDO WR ���� DQG WKDW RI YLQ\O nOP WR HTXDO ���� 7KHVH

HVWLPDWHV ZHUH GRQH DW WKH YHU\ EHJLQQLQJ RI WKH SURMHFW� DQG WKH YDOXHV RI GLHOHFWULF

SHUPLWWLYLW\ DUH ORZHU WKDQ WKH\ VKRXOG EH� $ EHWWHU HVWLPDWH IRU /H[DQ LV �U  �����

DQG WKH HVWLPDWH IRU YLQ\O UHPDLQV WKH VDPH� 7KH UHDVRQ IRU WKLV HUURU ZDV WKH DLU

JDS EHWZHHQ WKH VROLG HOHFWURGHV RI WKH SDUDOOHO SODWH FDSDFLWRU DQG WKH VROLG VXUIDFH

RI WKH VDPSOHV� ,Q WKH VXEVHTXHQW PHDVXUHPHQWV� WKH GLHOHFWULF SHUPLWWLYLW\ RI WKHVH

PDWHULDOV KDG EHHQ GHWHUPLQHG ZLWK PXFK JUHDWHU DFFXUDF\� DQG WKH SULRU YDOXHV KDG QR

HmHFW RQ WKLV VWXG\� 7KH FRQGXFWLYLW\ RI /H[DQ LV RQ WKH RUGHU RI ��b�� 6�P DQG LQ RXU

IUHTXHQF\ UDQJH LWV HmHFW LV QHJOLJLEOH� 7KH FRQGXFWLYLW\ RI YLQ\O LV RQ WKH RUGHU RI ��b�

6�P� DQG WKH YLQ\O DSSHDUV WR EH D GLVSHUVLYH PDWHULDO� 2QO\ TXDOLWDWLYH GLVFXVVLRQ RI

FRQGXFWLYLW\ HmHFWV LV JLYHQ LQ WKLV VHFWLRQ�

$V GLVFXVVHG DERYH� DFFRUGLQJ WR WKH LGHDOL]HG PRGHO� WKH HmHFWLYH SHQHWUDWLRQ GHSWK

RI DQ LQWHUGLJLWDO VHQVRU LV DERXW RQH�WKLUG RI WKH VHQVRU
V VSDWLDO ZDYHOHQJWK w� )RU WKH

VHQVRU XVHG LQ WKLV H[SHULPHQW� WKH PHWDOOL]DWLRQ UDWLR ZDV FORVH WR ��� IRU � PP DQG ���

PP ZDYHOHQJWKV� DQG LW ZDV DERXW ���� IRU WKH � PP ZDYHOHQJWK GXH WR PDQXIDFWXULQJ

LPSUHFLVLRQ� 7KH PHDVXUHG JDLQ DW KLJK IUHTXHQF\ �� N+]� LV VKRZQ LQ )LJXUH ���� IRU

DOO WKUHH ZDYHOHQJWKV� $ JRRG FRUUHVSRQGHQFH ZLWK WKH WKHRU\ FDQ EH REVHUYHG� 7KH

VPDOOHVW ZDYHOHQJWK GRHV QRW UHVSRQG WR WKH FKDQJHV RI WKH WKLFNQHVV EHFDXVH LQ DOPRVW

DOO FDVHV LW H[FHHGV RQH�WKLUG RI � PP� 7KH UHVSRQVH RI WKH ��� PP VWUXFWXUH oDWWHQV

Rm DW DERXW ��� PP� DQG IRU � PP DW DERXW ��� PP� ,W VKRXOG EH QRWHG� KRZHYHU�

WKDW VLQFH WKH GLVWLQFWLRQ PXVW EH PDGH EHWZHHQ OHYHOV RI DWWHQXDWLRQ ZKLFK GLmHU RQO\

���



���� (DUO\ 0HDVXUHPHQWV ZLWK WKH .DSWRQ 6HQVRU

E\ � RU � G%� WKH VHQVLWLYLW\ WR WKH HUURU LQ VXFK PHDVXUHPHQWV LV UHODWLYHO\ KLJK� 2I

FRXUVH� LI WKH GLmHUHQFH EHWZHHQ WKH YDOXHV RI WKH GLHOHFWULF SHUPLWWLYLW\ RI WKH WZR

PDWHULDOV ZDV ODUJHU� WKH HmHFW RI WKH PRYHPHQW RI WKH LQWHUOD\HU ERXQGDU\ ZRXOG KDYH

EHHQ PRUH REVHUYDEOH�

$V VHHQ IURP )LJXUH ����� JLYHQ WKH JHRPHWULFDO GLPHQVLRQV RI WKLV VHWXS� WKH PHD�

VXUHPHQWV ZLWK WKH � PP ZDYHOHQJWK DUH WKH PRVW GHVFULSWLYH LQ WHUPV RI VHQVLWLYLW\

RI WKH VHQVRU WR WKH SRVLWLRQ RI WKH LQWHUOD\HU ERXQGDU\� 7KH UHVXOWV RI WKH IUHTXHQF\

VFDQV RI VHWXSV ZLWK YDU\LQJ WKLFNQHVV DUH VKRZQ LQ )LJXUHV ���� DQG �����

6LQFH WKH GLHOHFWULF SHUPLWWLYLW\ RI YLQ\O LV KLJKHU WKDQ WKDW RI /H[DQ� WKH HTXLYDOHQW

FDSDFLWDQFH PHDVXUHG E\ WKH VHQVRU EHFRPHV VPDOOHU DV WKH GLVWDQFH GY GHFUHDVHV� 7KXV�

WKH JDLQ VKLIWV WRZDUGV WKH oDW JDLQ RI WKH QRQ�FRQGXFWLYH /H[DQ�LQVXODWHG LQWHUGLJLWDO

FDSDFLWRU� $V WKH IUHTXHQF\ LV ORZHUHG� WKH VOLJKWO\ FRQGXFWLYH YLQ\O PDNHV WKH WHVW FHOO

EHKDYH OLNH D nUVW RUGHU V\VWHP ZLWK RQH SROH DQG RQH ]HUR LQ WKH WUDQVIHU IXQFWLRQ�

,W KDV D PLQLPXP LQ WKH SKDVH�IUHTXHQF\ FXUYH ZKRVH SRVLWLRQ LV GHWHUPLQHG E\ WKH

ORFDWLRQ RI WKH SROH DQG ]HUR �VHH )LJXUH ������ ,W VKRXOG EH QRWHG WKDW GHSHQGLQJ RQ

WKH UDWLR RI LQWHUHOHFWURGH FDSDFLWDQFHV DQG FRQGXFWDQFHV� DQG WKH ORDG FDSDFLWDQFH�

WKH SKDVH PLQLPD PD\ VKLIW HLWKHU WR WKH OHIW RU WR WKH ULJKW� VLQFH WKH FRQGXFWLYLW\ RI

/H[DQ LV ORZHU� DQG WKH GLHOHFWULF SHUPLWWLYLW\ LV ORZHU WKDQ WKDW RI YLQ\O�

,Q WKH FXUYHV VKRZQ LQ )LJXUH ����� WKH VPDOO QHJDWLYH SKDVH�VKLIW LV QRW FRQVLGHUHG�

SULPDULO\ EHFDXVH LW GRHV QRW DmHFW WKH RYHUDOO HVWLPDWLRQ RI WKH HmHFWLYH SHQHWUDWLRQ

GHSWK� ,Q WKH JUDSKV VKRZQ LQ )LJXUH ����� WKH JDLQ� PHDVXUHG DW WKH IUHTXHQF\ RI ��

N+] �WKH ULJKW�PRVW GDWD SRLQWV LQ )LJXUH ����� FXUYH ��� LV FRPSDUHG ZLWK WKH JDLQ

FDOFXODWHG ZLWK D nQLWH�HOHPHQW HOHFWULF DQG PDJQHWLF nHOG FDOFXODWLRQ SDFNDJH0D[ZHOO

IURP $QVRIW &RUS� �FXUYH ��� 7KH VOLJKW LUUHJXODULW\ RI WKH VKDSH RI WKH H[SHULPHQWDO

FXUYH � LV PRVWO\ GXH WR WKH RSHUDWLRQDO DPSOLnHU VSHHG OLPLWDWLRQ DW �� N+]� 7KH

KLJKHVW IUHTXHQF\ RI WKH VZHHS KDG EHHQ XVHG WR UHGXFH HmHFWV RI WKH FRQGXFWLYLW\ RQ

WKH RXWSXW GDWD�
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&KDSWHU �� 'LDJQRVWLF DQG 3URRI�RI�&RQFHSW 0HDVXUHPHQWV

)LJXUH ����� 0HDVXUHG UHVSRQVH RI WKH FLUFXLW JDLQ WR WKH PRYHPHQW RI WKH LQWHUOD\HU
ERXQGDU\ E\ LQFUHDVLQJ WKH WKLFNQHVV RI WKH YLQ\O OD\HU� GY� DV VKRZQ LQ )LJXUH �����

)LJXUH ����� 0HDVXUHG UHVSRQVH RI WKH FLUFXLW SKDVH WR WKH PRYHPHQW RI WKH LQWHUOD\HU
ERXQGDU\ E\ LQFUHDVLQJ WKH WKLFNQHVV RI WKH YLQ\O OD\HU� GY� DV VKRZQ LQ )LJXUH �����

���



���� &6& 6HQVRU YHUVXV 7KUHH�:DYHOHQJWK 6HQVRU

)LJXUH ����� &RPSDULVRQ RI WKH PHDVXUHG ��� DQG WKHRUHWLFDO ��U  ��� IRU /H[DQ DQG
�U  ��� IRU YLQ\O� ��� UHVSRQVH RI WKH � PP LQWHUGLJLWDO VHQVRU DW �� N+]�

��� &6& 6HQVRU YHUVXV 7KUHH�:DYHOHQJWK 6HQVRU

����� 0RWLYDWLRQ

0RGHO�EDVHG PXOWL�ZDYHOHQJWK LQWHUGLJLWDO GLHOHFWURPHWU\ SDUDPHWHU HVWLPDWLRQ DOJR�

ULWKPV UHTXLUH D JRRG DJUHHPHQW EHWZHHQ WKHRU\ DQG PHDVXUHPHQWV� 5HVHDUFK GDWD

LQGLFDWH WKDW WKH DJUHHPHQW LV KLJK IRU PHDVXUHPHQW RI WKH SURSHUWLHV RI oXLG GLHOHFWULFV

RU WKH VHQVRU VXEVWUDWH� +RZHYHU� WKH QRQ�LGHDOLW\ RI WKH VXUIDFH FRQWDFW EHWZHHQ WKH

VHQVRU DQG VROLG PDWHULDOV FUHDWHV VLJQLnFDQW GLmHUHQFHV EHWZHHQ WKH LGHDOL]HG PRGHO

DQG H[SHULPHQWDO UHVXOWV� 2QH VROXWLRQ WR WKLV SUREOHP LV WR HYDOXDWH VXUIDFH FRQWDFW

FRQGLWLRQV IRU HYHU\ PHDVXUHPHQW DQG DFFRXQW IRU WKHP LQ VRIWZDUH� 7ZR DOWHUQDWLYH

���



&KDSWHU �� 'LDJQRVWLF DQG 3URRI�RI�&RQFHSW 0HDVXUHPHQWV

VHQVRU GHVLJQV DUH FRPSDUHG LQ WKLV VHFWLRQ LQ WKHLU DELOLW\ WR SURYLGH UHOLDEOH PHD�

VXUHPHQW GDWD WKDW FDQ EH XVHG E\ SDUDPHWHU HVWLPDWLRQ DOJRULWKPV� 0HDVXUHPHQW RI

GLHOHFWULF DQG FRQGXFWLRQ SURSHUWLHV RI ERWK oXLGV DQG VROLG GLHOHFWULFV DUH FRQVLGHUHG�

,W LV VKRZQ WKDW WKH GLVWULEXWLRQ RI WKH HOHFWULF nHOG H[FLWDWLRQ RYHU WKH HQWLUH PXOWL�

ZDYHOHQJWK VHQVRU KHDG� DV RSSRVHG WR XVLQJ VHSDUDWH HOHFWURGH ZDYHOHQJWKV� OHDGV WR

UHGXFWLRQ RI HUURUV LQ SDUDPHWHU HVWLPDWLRQ�

5HFHQW ZRUN ZLWK LQWHUGLJLWDO GLHOHFWURPHWU\ VHQVRUV GHPRQVWUDWHG WKDW PHDVXUH�

PHQWV RI WKH oXLG SURSHUWLHV DQG WKH VHQVRU VXEVWUDWH SURSHUWLHV FDQ EH PRGHOHG DF�

FXUDWHO\ LQ PRVW FDVHV >��@� +RZHYHU� WKH SDUDPHWHU HVWLPDWLRQ RI VROLG GLHOHFWULFV LV

PRUH FRPSOLFDWHG GXH WR WKH SUHVHQFH RI PLFURFDYLWLHV IRUPHG ZKHQ WKH VHQVRU DQG WKH

PDWHULDO XQGHU WHVW DUH EURXJKW LQWR GLUHFW FRQWDFW >��@� &RQFHLYDEO\� LW LV SRVVLEOH WR

WUHDW WKLV OD\HU RI PLFURFDYLWLHV DV DQ DGGLWLRQDO OD\HU ZKRVH SURSHUWLHV DQG HmHFWLYH

WKLFNQHVV PXVW EH HVWLPDWHG� (DUO\ LPSOHPHQWDWLRQV RI VXFK DQ DSSURDFK ZLWK D WKUHH�

ZDYHOHQJWK LQWHUGLJLWDO VHQVRU GHPRQVWUDWHG WKDW WKH SDUDPHWHU HVWLPDWLRQ EDVHG RQ

WKH DVVXPSWLRQ RI D KRPRJHQHRXV PLFURFDYLW\ OD\HU WHQGV WR SURGXFH LQDFFXUDWH UHVXOWV

EHFDXVH WKH GLVWULEXWHG VHQVRU HOHFWURGH VWUXFWXUHV KDG GLmHUHQW WKLFNQHVVHV RI WKH PL�

FURFDYLW\ OD\HU DW GLmHUHQW VHQVRU ORFDWLRQV� :KLOH WKH PHDVXUHPHQW HUURU GXH WR WKH

PLFURFDYLWLHV PD\ QRW EH FULWLFDO IRU VLPSOH WDVNV� VXFK DV PHDVXUHPHQW RI SURSHUWLHV

RI KRPRJHQHRXV PDWHULDOV� LW SOD\V DQ LQFUHDVLQJO\ LPSRUWDQW UROH LQ WKH HVWLPDWLRQ RI

QRQ�XQLIRUP PDWHULDO SURSHUWLHV�

7KLV SDSHU RmHUV D FRPSDUDWLYH DQDO\VLV RI SHUIRUPDQFH RI WZR GLmHUHQW PXOWLSOH

SHQHWUDWLRQ GHSWK VHQVRUV� 7KH nUVW GHVLJQ� WKH WKUHH�ZDYHOHQJWK VHQVRU �7:6� RmHUV

WKH DGYDQWDJH RI EHLQJ DEOH WR FKRRVH DQ\ SHQHWUDWLRQ GHSWK FRPELQDWLRQ LQ D VLQJOH

VHQVRU KHDG E\ YDU\LQJ DSSURSULDWHO\ WKH VSDWLDO SHULRGLFLW\ RI HDFK HOHFWURGH SDLU�

7KH VHFRQG GHVLJQ� WKH FRPE�VHUSHQWLQH�FRPE �&6&� VHQVRU� UHVWULFWV WKH FKRLFH RI WKH

FRPELQDWLRQ RI SHQHWUDWLRQ GHSWKV� EXW KDV WKH DGYDQWDJH RI FRQnQLQJ IULQJLQJ nHOGV

DW GLmHUHQW SHQHWUDWLRQ GHSWKV WR WKH VDPH DUHD RI WKH PDWHULDO XQGHU WHVW�

���
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����� 7RSRORJ\ RI %RWK 6HQVRUV

7KH WRS YLHZ RI WKH WKUHH�ZDYHOHQJWK VHQVRU XVHG LQ WKLV VWXG\ LV VKRZQ LQ )LJXUH ����

,W FRQVLVWV RI WKUHH VHWV RI WRSRORJLFDOO\ LGHQWLFDO LQWHUGLJLWDO HOHFWURGHV HWFKHG RQ D

FRPPRQ oH[LEOH VXEVWUDWH ZLWK HOHFWURGH VSDWLDO SHULRGLFLWLHV RI ��� PP� ��� PP� DQG

��� PP� (DFK VHQVLQJ HOHFWURGH KDV nYH �� PP ORQJ nQJHUV� 7KH JUD\ VKDGHG DUHD

LQGLFDWHV JXDUG EDFNSODQHV RQ WKH UHYHUVH VLGH RI WKH VXEVWUDWH� 7KH KLJKO\ K\GURSKRELF

7HoRQ VXEVWUDWH LV ��� xP WKLFN DQG KDV D UHODWLYH GLHOHFWULF SHUPLWWLYLW\ �U RI ����

7KH WUDQVFRQGXFWDQFH DQG WUDQVFDSDFLWDQFH EHWZHHQ HOHFWURGH FRPEV LV PHDVXUHG E\

GULYLQJ RQH RI WKHP ZLWK D VLQXVRLGDO YROWDJH VLJQDO DQG PHDVXULQJ WKH YROWDJH DW WKH

RWKHU HOHFWURGH� ZKLFK LV FDSDFLWLYHO\ ORDGHG�

)LJXUH ��� VKRZV WKH SODQDU YLHZ RI WKH FRPE�VHUSHQWLQH�FRPE �&6&� VHQVRU� 7KH

WRS VLGH RI WKLV VHQVRU KDV WKUHH HOHFWURGHV �XSSHU FRPE� VHUSHQWLQH� DQG ORZHU FRPE��

DOO LQ WKH VDPH SODQH� HWFKHG RQ WKH VXUIDFH RI D ULJLG VXEVWUDWH� 7KH VHQVRU ZDV

IDEULFDWHG LQ WKH ODE XVLQJ D VLPSOH GHFDO KRW LPDJH WUDQVIHU DQG HWFKLQJ ZLWK )H&O
�
�

7KH EDFNSODQH HOHFWURGH RQ WKH RSSRVLWH VLGH RI WKH VXEVWUDWH FRYHUV WKH HQWLUH VXUIDFH RI

WKH VHQVRU KHDG� 7KH VXEVWUDWH PDWHULDO LV nEHU�JODVV UHLQIRUFHG 7HoRQ ZLWK PHDVXUHG

UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI ���� 7KH WKLFNQHVV RI WKH VXEVWUDWH LV ���� PP DQG

WKH WKLFNQHVV RI WKH HOHFWURGHV LV �� xP� 7KH ZLGWK RI HDFK HOHFWURGH VWULS LV ��� PP�

(DFK GLJLW RI WKH VHQVRU LV �� PP LQ OHQJWK� 7KH RYHUODSSLQJ OHQJWK RI WKH OLQH SHU KDOI

ZDYHOHQJWK LV �� PP� 7KH IXQGDPHQWDO VSDWLDO ZDYHOHQJWK RI WKH VHQVRU LV � PP� 7KH

VHQVRU XVHG LQ WKHVH H[SHULPHQWV FRQWDLQHG �� KDOI ZDYHOHQJWKV IRU D WRWDO PHDQGHULQJ

OHQJWK RI ��� PP� $ oRDWLQJ YROWDJH ZLWK JXDUGHG EDFNSODQH PRGH KDV EHHQ XVHG LQ

PHDVXUHPHQWV�

����� 4XDOLW\ RI &RQWDFW

$V DOUHDG\ PHQWLRQHG� TXDOLW\ RI FRQWDFW DW WKH HOHFWURGH�VSHFLPHQ LQWHUIDFH LV RI JUHDW

LPSRUWDQFH IRU PDQ\ W\SHV RI GLHOHFWULF PHDVXUHPHQWV� )RU H[DPSOH� LQ RUGHU WR HQ�

VXUH DQ LQWLPDWH FRQWDFW LQ SDUDOOHO SODWH PHDVXUHPHQWV� VWDQGDUG SURFHGXUHV VXJJHVW

���
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SDLQWLQJ WKH HOHFWURGHV RQWR WKH VSHFLPHQ VXUIDFH ZLWK DGKHVLYH FRQGXFWLYH SDLQW RU

XVLQJ OLTXLG HOHFWURGHV >���@�

7KH LPSRUWDQFH RI WKH VXUIDFH DQG HOHFWURGH HmHFWV LQ LQWHUGLJLWDO GLHOHFWURPHWU\

KDV EHHQ UHFRJQL]HG IRU D ORQJ WLPH >��@� )LJXUH ���� VKRZV D VFKHPDWLF KDOI�ZDYHOHQJWK

ZLGH FURVV�VHFWLRQ YLHZ RI WKH LQWHUGLJLWDO VHQVRU LQ FRQWDFW ZLWK D VROLG PDWHULDO XQGHU

WHVW� 7KH FDYLWLHV WKDW IRUP EHWZHHQ WKH HOHFWURGHV DQG WKH PDWHULDO XQGHU WHVW DmHFW

WKH FDSDFLWDQFH EHWZHHQ WKH GULYHQ DQG WKH VHQVLQJ HOHFWURGHV� 6HYHUDO VROXWLRQV ZHUH

SURSRVHG WR DFFRXQW IRU WKH FDYLWLHV� $Q HDUOLHU DSSURDFK WR SDUDPHWHU HVWLPDWLRQ

DVVXPHG WKDW WKH HmHFW RI PLFURFDYLWLHV EHWZHHQ WKH HOHFWURGHV DQG WKH PDWHULDO XQGHU

WHVW LV QHJOLJLEOH� $ TXDQWLWDWLYH DQDO\VLV RI WKHVH HmHFWV LV DYDLODEOH LQ >��@� $PRQJ

RWKHU UHVXOWV� WKLV DQDO\VLV GHPRQVWUDWHV WKDW WKH HTXLYDOHQW DLU JDS EHWZHHQ WKH HOHF�

WURGHV DQG WKH PDWHULDO XQGHU WHVW ZRXOG KDYH WR EH RQ WKH RUGHU RI �� xP LQ RUGHU

WR RmVHW WKH FDSDFLWDQFH EHWZHHQ WKH HOHFWURGHV WR WKH OHYHO LQGLFDWHG E\ PHDVXUH�

PHQWV� ,Q WKDW DQDO\VLV� WKH DLU FDYLW\ GXH WR WKH WKLFNQHVV RI HOHFWURGHV LV DFFRXQWHG

IRU VHSDUDWHO\ E\ FDOLEUDWLRQ RI WKH VHQVRU VLJQDO�

,W VKRXOG EH QRWHG WKDW WKH VXUIDFH URXJKQHVV RI WKH HOHFWURGHV DQG WKH PDWHULDO

XQGHU WHVW LWVHOI LV VLJQLnFDQWO\ VPDOOHU WKDQ WKH HYDOXDWHG HTXLYDOHQW DLU JDS� )LJXUH

���� VKRZV WKH UHVXOWV RI D VXUIDFH VFDQ ZLWK D SURnORPHWHU RYHU D � PP ZDYHOHQJWK

HOHFWURGH� 7KH GLmHUHQFH EHWZHHQ WKH KLJKV DQG ORZV RI HDFK HOHFWURGH VHFWLRQ LV RQ WKH

RUGHU RI � xP� ZKLFK LV FOHDUO\ QRW VXpFLHQW WR DFFRXQW IRU WKH GLmHUHQFH EHWZHHQ WKH

WKHRUHWLFDO DQG PHDVXUHG FDSDFLWDQFH� 7KLV DUJXPHQW OHDGV XV WR FRQFOXGH WKDW WKH

WRWDO DLU JDS LV SULPDULO\ GXH WR D IHZ LUUHJXODULWLHV� ZKLFK PD\ EH HOHFWURGH VFUDWFKHV RU

GXVW SDUWLFOHV� DV ZHOO DV GXH WR D JOREDO GHIRUPDWLRQ RI WKH VHQVRU VXUIDFH� ,W LV SRVVLEOH

WR LPSURYH WKH FRQWDFW E\ UHnQLQJ VHQVRU DWWDFKPHQW WHFKQLTXHV� XVLQJ PRUH oH[LEOH

VXEVWUDWHV� HWF� +RZHYHU� WKLV ZLOO RQO\ DOOHYLDWH WKH SUREOHP EXW ZLOO QRW UHPRYH LW

FRPSOHWHO\� $ VHSDUDWH H[SHULPHQW LQGLFDWHG WKDW QR DPRXQW RI SUHVVXUH DSSOLHG WR

WKH VHQVRU FDQ HOLPLQDWH WKH FRQWDFW TXDOLW\ HmHFWV�

2QFH VXUIDFH HmHFWV DUH UHFRJQL]HG DV XQDYRLGDEOH� WKH QH[W ORJLFDO VWHS LV WR DF�

FRXQW IRU WKHP LQ VRIWZDUH� ,I WKH H[SHULPHQWDO FRQGLWLRQV� LQFOXGLQJ SUHVVXUH� WHPSHU�
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DWXUH� VWLmQHVV RI WKH VSHFLPHQ� DQG WKH OHYHOV RI DLU FRQWDPLQDWLRQ DQG KXPLGLW\ VWD\

DSSUR[LPDWHO\ VWDEOH� WKH RmVHW RI WKH VLJQDO GXH WR WKH DLU FDYLWLHV VWD\V ZLWKLQ D VXI�

nFLHQWO\ QDUURZ UDQJH WR EH FRQVLGHUHG FRQVWDQW IRU HDFK ZDYHOHQJWK HOHFWURGH� 7KHQ�

WKLV FRQVWDQW RmVHW VLJQDO FDQ EH PHDVXUHG DQG EXLOW LQWR WKH SDUDPHWHU HVWLPDWLRQ

DOJRULWKPV >��@�

2Q WKH RWKHU KDQG� ZKHQ WKH VHQVRU LV H[SHFWHG WR RSHUDWH LQ D YDULHW\ RI H[�

SHULPHQWDO VHWXSV� WKH RmVHW GXH WR DLU FDYLWLHV YDULHV VLJQLnFDQWO\ IURP RQH VHWXS WR

DQRWKHU� 7KH QDWXUH RI PXOWL�ZDYHOHQJWK GLHOHFWURPHWU\ VXJJHVWV WKDW WKH HTXLYDOHQW

WKLFNQHVV RI WKH FDYLW\ OD\HU FDQ EH PHDVXUHG LQ WKH VDPH ZD\ WKDW LW LV GRQH IRU DQ\

RWKHU OD\HU RI D VWUDWLnHG VSHFLPHQ� +RZHYHU� WKH OD\HU RI FDYLWLHV GLmHUV IURP WKH RWKHU

OD\HUV RI WKH VWUDWLnHG PDWHULDOV EHFDXVH WKH WKLFNQHVV RI WKH OD\HU LV QRQ�XQLIRUP� DQG

LW GHSHQGV RQ WKH ORFDO FRQWDFW FRQGLWLRQV�

7KHRUHWLFDOO\� LW LV SRVVLEOH WR HVWLPDWH WKH WKLFNQHVV RI WKH HTXLYDOHQW DLU JDS XVLQJ

GDWD IURP WZR ZDYHOHQJWKV LI WKH PDWHULDO XQGHU WHVW LV KRPRJHQHRXV� 7KXV� D WKUHH�

ZDYHOHQJWK VHQVRU FDQ SURGXFH WKUHH GLVWLQFW QXPEHUV IRU WKH HTXLYDOHQW OD\HU WKLFNQHVV�

$ QXPEHU RI H[SHULPHQWV KDV VKRZQ WKDW WKHVH QXPEHUV GR QRW DJUHH ZLWK HDFK RWKHU�

7KH GLVFUHSDQF\ LV GXH WR GLmHUHQFHV LQ WKH DFWXDO FDYLW\ VL]H DFURVV WKH VHQVRU� 7KH

&6& VHQVRU ZDV GHYHORSHG WR DGGUHVV WKLV SUREOHP� ,Q WKH &6& VHQVRU� WKH HQWLUH

KHDG DUHD LV XVHG IRU WKH PHDVXUHPHQW ZLWK GLmHUHQW SHQHWUDWLRQ GHSWKV� VR WKDW WKH

PLFUR�FDYLW\ JHRPHWU\ LV WKH VDPH IRU HDFK SHQHWUDWLRQ GHSWK�

����� &RPSXWHU 6LPXODWLRQ

3HQHWUDWLRQ 'HSWK

7KH FRQFHSW RI PXOWLSOH SHQHWUDWLRQ GHSWKV FDQ EH EHWWHU XQGHUVWRRG E\ FRQVLGHULQJ

WKH IROORZLQJ H[DPSOH� ,PDJLQH WKDW ZH SXW D VODE RI D VROLG KRPRJHQHRXV SHUIHFWO\

LQVXODWLQJ GLHOHFWULF LQ DLU RYHU WKH VHQVRU KHDG� ,QLWLDOO\� WKH VSHFLPHQ DQG WKH VHQVRU

DUH LQ LQWLPDWH FRQWDFW �LGHDOO\�� 7KH FDYLW\ EHWZHHQ WKH HOHFWURGHV LV nOOHG ZLWK

WKH VDPH GLHOHFWULF� 6LQFH WKH GLHOHFWULF SHUPLWWLYLW\ RI WKH VSHFLPHQ LV KLJKHU WKDQ
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WKDW RI DLU� WKH FDSDFLWDQFH EHWZHHQ WKH WZR LQWHUGLJLWDWHG HOHFWURGHV LQFUHDVHV ZLWK

WKH WKLFNQHVV RI WKH PDWHULDO OD\HU� 7KLV SURFHVV ZDV VLPXODWHG ZLWK nQLWH HOHPHQW

VRIWZDUH� DVVXPLQJ WKDW WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI WKH VSHFLPHQ LV �U  ���

�7HoRQ�� )LJXUH ���� VKRZV WKH FDOFXODWHG FKDQJH RI FDSDFLWDQFH LQ HDFK RI WKH WKUHH

ZDYHOHQJWKV RI WKH WKUHH�ZDYHOHQJWK VHQVRU VKRZQ LQ )LJXUH ���� 7KH UHVXOWV RI WKH

VLPXODWLRQ RI WKH VDPH H[SHULPHQW EXW ZLWK WKH &6& VHQVRU DUH VKRZQ LQ )LJXUH �����

,W LV KDUG WR MXGJH IURP )LJXUHV ���� DQG ���� ZKDW LV WKH HmHFWLYH SHQHWUDWLRQ

GHSWK IRU HDFK FDVH� ,Q RUGHU WR EHWWHU YLVXDOL]H WKH FKDQJH RI WKH VHQVRU VLJQDO ZH SORW

WKH QRUPDOL]HG FKDQJH RI FDSDFLWDQFH ZLWK ]HUR SHUFHQW EHLQJ WKH ORZHVW YDOXH RI WKH

FDSDFLWDQFH �FRUUHVSRQGLQJ WR WKH ]HUR WKLFNQHVV RI WKH GLHOHFWULF� DQG KXQGUHG SHUFHQW

EHLQJ WKH KLJKHVW FDSDFLWDQFH YDOXH �ZKHQ WKH LQFUHDVH RI WKH WKLFNQHVV RI WKH GLHOHFWULF

PDWHULDO QR ORQJHU DmHFWV WKH FDSDFLWDQFH�� )LJXUH ���� VKRZV WKH QRUPDOL]HG SORW IRU

WKH WKUHH�ZDYHOHQJWK VHQVRU� 7KH FKDQJH RI FDSDFLWDQFH UHDFKHV D �� SHUFHQW OHYHO DW

DSSUR[LPDWHO\ RQH�nIWK RI WKH FRUUHVSRQGLQJ ZDYHOHQJWK�

7KH IXQGDPHQWDO ZDYHOHQJWK RI WKH &6& VHQVRU LV � PP� %HFDXVH WKH DUUDQJHPHQW

RI HOHFWURGHV LV QR ORQJHU VWULFWO\ LQWHUGLJLWDO� ZH PD\ UHSODFH WKH ZDYHOHQJWK RI WKH

SUHYLRXV FDVH ZLWK WKH FHQWHUOLQH GLVWDQFH EHWZHHQ WKH FRUUHVSRQGLQJ SDLUV RI HOHFWURGHV�

7KHQ� WKH H[SHFWHG HmHFWLYH SHQHWUDWLRQ GHSWKV IRU WKH &6& VHQVRU DUH ��� xP� ����

xP� DQG ���� xP� )LJXUH ���� FRQnUPV WKHVH H[SHFWDWLRQV�

,Q�3ODQH 6KLHOGLQJ

$ SRWHQWLDO GLVDGYDQWDJH RI WKH &6& VHQVRU LV D SDUWLDO VKLHOGLQJ RI WKH HOHFWULF nHOG

OLQHV IURP WKH XSSHU FRPE WR WKH ORZHU FRPE E\ WKH VHUSHQWLQH HOHFWURGH� $V D UHVXOW�

WKH FDSDFLWDQFH EHWZHHQ WKH XSSHU DQG ORZHU FRPEV EHFRPHV VPDOOHU DQG� FRQVHTXHQWO\�

PRUH GLpFXOW WR PHDVXUH DFFXUDWHO\� 7KXV� LW LV EHQHnFLDO WR HYDOXDWH WKH UHGXFWLRQ

RI FDSDFLWDQFH FDXVHG E\ WKH SDUWLDO� RU LQ�SODQH VKLHOGLQJ� 7DEOH ��� VKRZV WKH FD�

SDFLWDQFH PDWUL[ IRU WKH &6& VHQVRU LQ DLU� ZLWK WKH VHUSHQWLQH HOHFWURGH LQ SODFH�

7DEOH ��� VKRZV WKH FDSDFLWDQFH PDWUL[ IRU WKH VDPH FDVH� EXW ZLWK WKH VHUSHQWLQH
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)LJXUH ����� &DOFXODWHG FKDQJH RI WKH LQWHUHOHFWURGH FDSDFLWDQFH &
��
ZLWK WKH LQFUHDVH

RI WKH GLHOHFWULF WKLFNQHVV ��U  ����� ZLWK DLU DERYH LW� IRU HDFK ZDYHOHQJWK RI WKH
WKUHH�ZDYHOHQJWK VHQVRU�

HOHFWURGH FRPSOHWHO\ UHPRYHG� 7KH FDSDFLWDQFH EHWZHHQ WKH XSSHU FRPE DQG ORZHU

FRPE FKDQJHV E\ DSSUR[LPDWHO\ D IDFWRU RI ���� 7KH HmHFW RI WKH LQ�SODQH VKLHOGLQJ LV

VLJQLnFDQW� KRZHYHU� WKH UHGXFHG FDSDFLWDQFH UHPDLQV ZLWKLQ D GHWHFWDEOH UDQJH�

0HDVXUHPHQWV ZLWK )OXLG 'LHOHFWULFV

0HDVXUHPHQWV ZLWK oXLG GLHOHFWULFV DUH XVHIXO IRU YHULnFDWLRQ RI WKH QXPHULFDO PRGHO

RI WKH VHQVRU DV WKH\ nOO DOO FDYLWLHV� 7KH\ DOVR SURYLGH FDOLEUDWLRQ GDWD IRU VXEVHTXHQW

H[SHULPHQWV� )LJXUH ���� VKRZV WKH UHVXOWV RI WKH IUHTXHQF\ VZHHS RI WKH &6& VHQVRU LQ

DLU FRPSDUHG WR WKH VLPXODWLRQ GDWD IURP WKH nQLWH HOHPHQW VRIWZDUH� 7KH DJUHHPHQW

EHWZHHQ WKH WKHRU\ DQG WKH PHDVXUHPHQWV IRU DOO WKUHH SDLUV RI HOHFWURGHV DW DOO IUH�

TXHQFLHV H[FHSW IRU WKH VOLJKWO\ QRLV\ GDWD DURXQG WKH SRZHU IUHTXHQF\ LV JXDUDQWHHG

E\ WKH QDWXUH RI WKH FDOLEUDWLRQ SURFHGXUH� 7KH HOHFWURGH PHDQGHU OHQJWK ZDV FKRVHQ
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)LJXUH ����� &DOFXODWHG FKDQJH RI WKH LQWHUHOHFWURGH FDSDFLWDQFH &
��
ZLWK WKH LQFUHDVH

RI WKH GLHOHFWULF WKLFNQHVV ��U  ����� ZLWK DLU DERYH LW� IRU HDFK SDLU RI HOHFWURGHV RI WKH
&6& VHQVRU� /HJHQG� 8& � XSSHU FRPE� 6 � VHUSHQWLQH� /& � ORZHU FRPE� DV GHVFULEHG
LQ VHFWLRQ ������

WR EH WKH DGMXVWDEOH SDUDPHWHU� 7KH YDOXHV RI ������ ������ DQG ����� P ZHUH FKRVHQ

IRU WKH HOHFWURGH SDLUV 8&�6� 8&�/&� DQG 6�/&� UHVSHFWLYHO\� 7KHVH YDOXHV H[FHHG WKH

SUHYLRXVO\ PHQWLRQHG QRPLQDO PHDQGHU OHQJWK RI ����� P EHFDXVH WKH HQG HmHFWV DW WKH

HGJHV RI WKH VHQVRU DUHD DQG WKH VHQVRU OHDGV FRQWULEXWH WR WKH LQFUHDVH RI LQWHUHOHFWURGH

FDSDFLWDQFH�

)LJXUH ���� VKRZV WKH IUHTXHQF\ VZHHS RI WKH VDPH &6& VHQVRU LPPHUVHG LQ WUDQV�

IRUPHU RLO ZLWK �U  ���� $JDLQ� WKH DJUHHPHQW EHWZHHQ WKH VLPXODWLRQ DQG WKH PHD�

VXUHPHQW LV YHU\ JRRG IRU WKH 6�/6 SDLU DQG IRU WKH 8&�/& SDLU� 0HDVXUHG FDSDFLWDQFH

LV VOLJKWO\ ORZHU WKDQ SUHGLFWHG IRU WKH 8&�6 SDLU� ZKLFK LV H[DFWO\ ZKDW ZDV H[SHFWHG

LQ WKLV FDVH� 2ULJLQDOO\� WKLV &6& VHQVRU ZDV QRW GHVLJQHG IRU PHDVXUHPHQWV EHWZHHQ

WKH XSSHU FRPE DQG VHUSHQWLQH HOHFWURGHV EHFDXVH DW WKDW VWDJH RI UHVHDUFK WZR SHQ�

���



���� &6& 6HQVRU YHUVXV 7KUHH�:DYHOHQJWK 6HQVRU

)LJXUH ����� &DOFXODWHG FKDQJH RI WKH LQWHUHOHFWURGH FDSDFLWDQFH &
��
RI WKH WKUHH�

ZDYHOHQJWK VHQVRU QRUPDOL]HG WR WKH KLJKHVW DQG ORZHVW FDSDFLWDQFH YDOXHV �p&  
�& b&PLQ� �&PD[b&PLQ�� FOHDUO\ LOOXVWUDWHV WKH YDULDWLRQ RI WKH HmHFWLYH SHQHWUDWLRQ
GHSWK ZLWK VHQVRU ZDYHOHQJWK DV WKH �U  ��� GLHOHFWULF WKLFNQHVV LQFUHDVHV�

HWUDWLRQ GHSWKV ZHUH VXpFLHQW� %HFDXVH RI WKDW� WKH FRQWDFW OHDGV RI WKH XSSHU FRPE

DQG WKH VHUSHQWLQH HOHFWURGHV ZHUH SODFHG FORVH WR HDFK RWKHU �VHH )LJXUH ����� 7KH

FDSDFLWDQFH EHWZHHQ WKH OHDGV FRQWULEXWHV WR WKH WRWDO LQWHUHOHFWURGH FDSDFLWDQFH LQ

WKH FDSDFLWDQFH PDWUL[ VKRZQ LQ 7DEOH ���� :KHQ WKH VHQVRU LV VXEPHUJHG LQ WUDQV�

IRUPHU RLO WR FRYHU WKH VHQVRU KHDG� SDUW RI WKH FRQWDFWV DQG OHDGV UHPDLQ LQ DLU� 7KXV�

WKH SURSRUWLRQDO LQFUHDVH LQ WKH LQWHUHOHFWURGH FDSDFLWDQFH ZDV VOLJKWO\ VPDOOHU IRU WKH

8&�6 SDLU WKDQ ZRXOG EH H[SHFWHG IURP WKH WKHRUHWLFDO PRGHO�

7KH UHVXOWV RI VLPLODU PHDVXUHPHQWV ZLWK WKH WKUHH�ZDYHOHQJWK VHQVRU DUH UHSRUWHG

LQ >��@ DQG LQ 6HFWLRQ ����� RI WKLV WKHVLV� 7KH\ LQGLFDWHG JRRG DJUHHPHQW EHWZHHQ

WKHRU\ DQG PHDVXUHPHQWV IRU DOO ZDYHOHQJWKV DW DOO PHDVXUHG IUHTXHQFLHV�

���



&KDSWHU �� 'LDJQRVWLF DQG 3URRI�RI�&RQFHSW 0HDVXUHPHQWV

)LJXUH ����� &DOFXODWHG FKDQJH RI WKH LQWHUHOHFWURGH FDSDFLWDQFH&
��
RI WKH &6& VHQVRU

QRUPDOL]HG WR WKH KLJKHVW DQG ORZHVW FDSDFLWDQFH YDOXHV DOVR LQGLFDWHV WKH YDULDWLRQ RI
WKH HmHFWLYH SHQHWUDWLRQ GHSWK DV WKH �U  ��� GLHOHFWULF WKLFNQHVV LQFUHDVHV� /HJHQG�
8& � XSSHU FRPE� 6 � VHUSHQWLQH� /& � ORZHU FRPE�

����� &URVV�FRUUHODWLRQ

+DYLQJ GHPRQVWUDWHG DQ DGHTXDWH SHUIRUPDQFH RI ERWK VHQVRUV ZLWK oXLG GLHOHFWULFV�

ZH ZRXOG OLNH WR HYDOXDWH RQH RI WKH VRXUFHV RI HUURUV WKDW FRQWULEXWH WR LQDFFXUDWH

HVWLPDWHV RI WKH GLHOHFWULF SHUPLWWLYLW\ RI VROLG GLHOHFWULFV� 7KH JRDO RI WKLV VHFWLRQ LV

WR SUHVHQW D VWDWLVWLFDO DQDO\VLV RI SHUIRUPDQFH RI WKH WZR W\SHV RI PXOWL�ZDYHOHQJWK

VHQVRUV� &6& DQG 7:6� ZLWK D VROLG GLHOHFWULF�

)LJXUH ���� VKRZV WKH UHVXOWV RI �� FRQVHFXWLYH PHDVXUHPHQWV ZLWK WKH VDPH GL�

HOHFWULF XQGHU VOLJKWO\ YDU\LQJ FRQGLWLRQV� $ EORFN RI 7HoRQ ZDV SODFHG RYHU WKH WKUHH�

ZDYHOHQJWK VHQVRU DQG SUHVVHG GRZQ ZLWK D �� NJ ZHLJKW� 7KH 7HoRQ VDPSOH ZDV

URWDWHG �� GHJUHHV EHWZHHQ HDFK RI WKH �� FRQVHFXWLYH WHVWV VKRZQ LQ )LJXUH �����

(DFK RI WKH �� WHVW JURXSV FRQWDLQHG IRXU PHDVXUHPHQWV WULJJHUHG ZLWK DSSUR[LPDWHO\

���



���� &6& 6HQVRU YHUVXV 7KUHH�:DYHOHQJWK 6HQVRU

/RZHU &RPE %DFNSODQH 6HUSHQWLQH 8SSHU &RPE

/RZHU &RPE ����� ����� ������ ������

%DFNSODQH ����� ����� ������ ������

6HUSHQWLQH ������ ������ ����� �����

8SSHU &RPE ������ ������ ����� �����

7DEOH ���� &DOFXODWHG FDSDFLWDQFH PDWUL[ RI WKH IXOO &6& VHQVRU RI )LJXUH ���� $OO
FDSDFLWDQFHV DUH LQ S)�P� 7KH FRPSDULVRQ RI VHOHFWHG FDOFXODWHG DQG PHDVXUHG YDOXHV
LV LQ 6HFWLRQ ������

/RZHU &RPE %DFNSODQH 8SSHU &RPE

/RZHU &RPE ����� ������ ������

%DFNSODQH ������ ����� ������

8SSHU &RPE ������ ������ �����

7DEOH ���� &DOFXODWHG FDSDFLWDQFH PDWUL[ RI D &6& VHQVRU ZLWK WKH VHUSHQWLQH HOHFWURGH
UHPRYHG� $OO FDSDFLWDQFHV DUH LQ S)�P�

�� VHFRQG LQWHUYDOV� 7KH SXUSRVH RI VXFK VHTXHQFLQJ ZDV WR GLmHUHQWLDWH DQG FRPSDUH

WKH LQVWUXPHQWDWLRQ QRLVH ZLWK WKH YDULDWLRQ RI WKLV VLJQDO GXH WR WKH VSHFLPHQ SRVL�

WLRQLQJ� ,Q DGGLWLRQ� WKH VXUIDFH RI WKH VDPSOH ZDV VOLJKWO\ URXJKHQHG LQ RUGHU WR EULQJ

WKH VLJQDO YDULDWLRQ RQ ERWK VHQVRUV WR DSSUR[LPDWHO\ WKH VDPH UDQJH RI YDOXHV�

7KH VLJQDO YDULDWLRQ ZLWKLQ HDFK RI WKH �� WHVW JURXSV GLG QRW H[FHHG �� RI WKH

QRUPDOL]HG YROWDJH� :LWK WKLV LQ PLQG� WKH SRWHQWLDO DFFXUDF\ RI WKH HVWLPDWLRQ RI WKH

HTXLYDOHQW DLU JDS GHSHQGV PDLQO\ RQ WKH FURVV FRUUHODWLRQ EHWZHHQ WKH VLJQDOV IURP

HOHFWURGH SDLUV ZLWK GLmHUHQW SHQHWUDWLRQ GHSWKV�

)LJXUH ���� VKRZV �� WHVWV WDNHQ XQGHU WKH VDPH FRQGLWLRQV DV GHVFULEHG IRU WKH

WKUHH�ZDYHOHQJWK VHQVRU GDWD LQ )LJXUH ����� 2QO\ WZR SHQHWUDWLRQ GHSWKV ZHUH XVHG LQ

WKLV H[SHULPHQW EHFDXVH WKH &6& VHQVRU LQWHUIDFH HOHFWURQLFV ZDV QRW \HW GHVLJQHG IRU

WKUHH SHQHWUDWLRQ GHSWKV RSHUDWLRQ� /DWHU� LW ZDV PRGLnHG WR DOORZ WKUHH SHQHWUDWLRQ

GHSWKV� 9LVXDO LQVSHFWLRQ VKRZV WKDW WKH VLJQDOV IURP WKH &6& VHQVRU DUH EHWWHU FRUUH�

ODWHG WKDQ WKRVH IURP WKH WKUHH�ZDYHOHQJWK VHQVRU� 7DEOH ��� OLVWV WKH FURVV�FRUUHODWLRQ

FRHpFLHQWV IRU DOO FRQVLGHUHG FDVHV� 7KH FURVV�FRUUHODWLRQ FRHpFLHQW EHWZHHQ GDWD VHULHV

; DQG < LV

���



&KDSWHU �� 'LDJQRVWLF DQG 3URRI�RI�&RQFHSW 0HDVXUHPHQWV

)LJXUH ����� &DSDFLWDQFH YDOXHV IRU WKH IUHTXHQF\ VZHHS RI WKH &6& VHQVRU LQ DLU� $
JRRG DJUHHPHQW EHWZHHQ WKH WKHRU\ �VROLG OLQHV� DQG PHDVXUHPHQWV LV REVHUYHG IRU DOO
SDLU FRPELQDWLRQV RI HOHFWURGHV�

|;�<  
&RY�;�< �

}; c }< � �����

ZKHUH } LV WKH VWDQGDUG GHYLDWLRQ DQG

&RY�;�< �  
�

Q

Q;

L �

�[L b x[� c �\L b x\�� �����

ZKHUH x LV WKH PHDQ RI WKH GDWD VHULHV�

$QRWKHU ZD\ WR YLVXDOL]H WKH VHQVRU SHUIRUPDQFH LV WR SORW WKH GLmHUHQFH EHWZHHQ

WKH VHQVHG YROWDJH QRUPDOL]HG WR WKH DYHUDJH VHQVHG YROWDJH IRU HDFK SDLU RI VLJQDOV�

7KH VPDOOHU WKH GLmHUHQWLDO VLJQDO WKH KLJKHU LV WKH H[SHFWHG DFFXUDF\ RI PHDVXUHPHQWV�

)LJXUH ���� VKRZV WKH GLmHUHQFH EHWZHHQ QRUPDOL]HG YROWDJHV IRU DOO FRQVLGHUHG SDLUV

RI SHQHWUDWLRQ GHSWKV� $JDLQ� WKH &6& VHQVRU KDV WKH VPDOOHVW DQG WKH PRVW VWDEOH

GLmHUHQWLDO YROWDJH� ,W VKRXOG EH QRWHG WKDW WKH GLmHUHQWLDO YROWDJH GRHV QRW KDYH WR

���



���� &6& 6HQVRU YHUVXV 7KUHH�:DYHOHQJWK 6HQVRU

)LJXUH ����� &DSDFLWDQFH YDOXHV IRU WKH IUHTXHQF\ VZHHS RI WKH &6& VHQVRU LQ WUDQV�
IRUPHU RLO ��U  ����� $ JRRG DJUHHPHQW EHWZHHQ WKH WKHRU\ �VROLG OLQHV� DQG PHDVXUH�
PHQWV LV REVHUYHG IRU 6�/& DQG 8&�/& SDLUV� 7KH 8&�6 SDLU PHDVXUHPHQW YDOXH LV
VOLJKWO\ ORZHU WKDQ WKHRU\ EHFDXVH RI WKH FORVH SODFHPHQW RI D QRQ�VXEPHUJHG VHFWLRQ
RI FRQWDFW OHDGV�

EH H[DFWO\ ]HUR HYHQ IRU WKH LGHDO SHUIRUPDQFH� EHFDXVH WKH VDPH DLU JDS DmHFWV WKH

UHVSRQVH IURP WKH HOHFWURGH FRPELQDWLRQV RI GLmHUHQW SHQHWUDWLRQ GHSWKV WR D GLmHUHQW

GHJUHH� DV LOOXVWUDWHG LQ )LJXUHV ���� DQG �����

����� 6XPPDU\

7ZR GHVLJQV RI SHQHWUDWLQJ IULQJLQJ nHOG GLHOHFWURPHWU\ VHQVRUV ZHUH FRPSDUHG LQ WKLV

VHFWLRQ� %RWK VHQVRUV DUH DGHTXDWH IRU PHDVXULQJ VSDWLDOO\ LQKRPRJHQHRXV GLVWULEX�

WLRQV RI SK\VLFDO SURSHUWLHV LQ LQVXODWLQJ PDWHULDOV� 7KH VLJQDO YDULDWLRQ GXH WR WKH

HmHFWV RI WKH VXUIDFH FRQWDFW TXDOLW\ EHWZHHQ WKH VHQVRU DQG D VROLG GLHOHFWULF PDWHULDO

KDV EHHQ VWXGLHG� ,W LV VKRZQ WKDW D WKLQ OD\HU RI FDYLWLHV EHWZHHQ WKH WZR VXUIDFHV

LV FRQVLGHUDEO\ LQKRPRJHQHRXV DFURVV WKH DUHD RI WKH VHQVRU KHDG� 7KH &6& VHQVRU

���



&KDSWHU �� 'LDJQRVWLF DQG 3URRI�RI�&RQFHSW 0HDVXUHPHQWV

)LJXUH ����� 6HQVHG YROWDJH QRUPDOL]HG WR WKH DYHUDJH VHQVHG YROWDJH LQ WKH H[SHULPHQWV
ZLWK WKH WKUHH�ZDYHOHQJWK VHQVRU� 7KH FURVV�FRUUHODWLRQ RI YDOXHV EHWZHHQ WKH GDWD
VHULHV LV IDLUO\ ORZ �VHH 7DEOH �����

H[KLELWHG EHWWHU SHUIRUPDQFH WKDQ WKH WKUHH�ZDYHOHQJWK VHQVRU LQ D VWDWLVWLFDO VWXG\ RI

WKHVH HmHFWV ZLWK D VROLG GLHOHFWULF EHFDXVH HDFK GLVFRQWLQXLW\ RI JHRPHWU\ LV UHoHFWHG LQ

DOO VLJQDOV LQ WKH &6& VHQVRU LQVWHDG RI RQO\ RQH ZDYHOHQJWK VLJQDO LQ WKH 7:6� )RU WKH

oXLG GLHOHFWULFV� ERWK VHQVRUV KDG DQ H[FHOOHQW DJUHHPHQW EHWZHHQ WKH LQWHUHOHFWURGH

FDSDFLWDQFHV FRPSXWHG ZLWK nQLWH HOHPHQW VRIWZDUH DQG IURP PHDVXUHPHQWV�

���



���� &6& 6HQVRU YHUVXV 7KUHH�:DYHOHQJWK 6HQVRU

)LJXUH ����� 1RUPDOL]HG YROWDJH YDOXHV LQ WKH H[SHULPHQWV ZLWK WKH &6& VHQVRU� 7KH
FURVV�FRUUHODWLRQ EHWZHHQ WKH GDWD VHULHV LV KLJK �VHH 7DEOH �����

&URVV�FRUUHODWLRQ 3UREDELOLW\ WKDW GDWD

FRHpFLHQW LV QRW OLQHDUO\ FRUUHODWHG

7KUHH�ZDYHOHQJWK VHQVRU

��� PP WR ��� PP ����� �����

��� PP WR ��� PP ����� ����

��� PP WR ��� PP ����� �����

&6& VHQVRU

8&�/& WR 6�/& ����� ������

7DEOH ���� &RUUHODWLRQ FRHpFLHQWV IRU GLmHUHQW FDVHV�

���



&KDSWHU �� 'LDJQRVWLF DQG 3URRI�RI�&RQFHSW 0HDVXUHPHQWV

)LJXUH ����� 7KH GLmHUHQFH LQ QRUPDOL]HG YROWDJH IRU DOO SUHVHQWHG GDWD VHULHV SDLUV�
7KH &6& VHQVRU LQGLFDWHV D JUHDWHU OLNHOLKRRG RI JHQHUDWLQJ KLJK DFFXUDF\ GDWD�

���



&KDSWHU �

'LVWXUEDQFH )DFWRUV

��� ,QWURGXFWLRQ

7KH WHUP ?GLVWXUEDQFH IDFWRUV� LV ZLGHO\ XVHG LQ LQYHUVH SUREOHP WKHRU\� XVXDOO\ WR

GLmHUHQWLDWH EHWZHHQ WKH LQSXW SDUDPHWHUV WKDW DmHFW WKH PHDVXUHPHQW RXWSXW DQG

DUH RI LQWHUHVW DQG WKH LQSXW SDUDPHWHUV WKDW DmHFW WKH PHDVXUHPHQW RXWSXW� EXW WKHLU

H[DFW YDOXHV DUH QRW RI LQWHUHVW� ,Q VRPH FDVHV� WKH GLVWXUEDQFH SDUDPHWHUV VKRXOG

EH FRQYHUWHG LQWR LQSXW YDULDEOHV LQ WKH SUREOHP IRUPXODWLRQ� ,Q RWKHU FDVHV� WKHLU

LQoXHQFH FDQ EH HOLPLQDWHG RU UHGXFHG WKURXJK FKDQJHV LQ VHQVRU GHVLJQ� PHDVXUHPHQW

SUDFWLFHV� RU SDUDPHWHU HVWLPDWLRQ DOJRULWKPV� 7KH DQDO\VLV DQG FRQWURO RI GLVWXUEDQFH

IDFWRUV LV SUREDEO\ WKH PRVW LPSRUWDQW DUHD RI QRQ�GHVWUXFWLYH WHVWLQJ LQ JHQHUDO DQG RI

LQWHUGLJLWDO GLHOHFWURPHWU\ LQ SDUWLFXODU� $Q DWWHPSW LV PDGH LQ WKLV FKDSWHU WR FODVVLI\�

HYDOXDWH� DQG DFFRXQW IRU VHYHUDO W\SHV RI GLVWXUEDQFH IDFWRUV� LQFOXGLQJ FURVV�FRXSOLQJ

HmHFWV� OLPLWDWLRQV RI D WKHRUHWLFDO PRGHO� DUWLIDFWV RI QXPHULFDO VLPXODWLRQV� PDQXIDF�

WXULQJ WROHUDQFHV� JHRPHWULFDO LPSUHFLVLRQ RI H[SHULPHQWDO VHWXSV� DQG LQVWUXPHQWDWLRQ

QRLVH�

���



&KDSWHU �� 'LVWXUEDQFH )DFWRUV

��� &URVV�&RXSOLQJ

,Q JHQHUDO� LI VHQVLQJ HOHPHQWV RI GLmHUHQW LQWHUGLJLWDO SDLUV DUH SODFHG VXpFLHQWO\ IDU

IURP HDFK RWKHU� DQG WKH VLJQDO DPSOLWXGH LV FRPSDUDEOH LQ DOO FKDQQHOV� WKH FURVV�WDON

LV QHJOLJLEOH� DV REVHUYHG� IRU H[DPSOH� LQ >���@�

,Q WKH LQLWLDO GHVLJQ RI WKH WKUHH�ZDYHOHQJWK VHQVRU� VKRZQ LQ )LJXUH ���� WKH GULYHQ

HOHFWURGH ZDV VKDUHG EHWZHHQ WKH WKUHH VHQVLQJ HOHFWURGHV RI GLmHUHQW VSDWLDO SHUL�

RGLFLW\� &RQVHTXHQWO\� WKH H[FLWDWLRQ RI DOO ZDYHOHQJWKV DQG PHDVXUHPHQW RI WKHLU

UHVSRQVH ZDV GRQH VLPXOWDQHRXVO\� 'XH WR FORVH SODFHPHQW DQG WKH OLPLWDWLRQV RI WZR�

GLPHQVLRQDO LQ�SODQH �DV RSSRVHG WR WKH WKUHH�GLPHQVLRQDO� VKLHOGLQJ RI WKH OHDGV� WKH

YROWDJH LQGXFHG RQ WKH VHQVLQJ HOHFWURGH �DQG DVVRFLDWHG VKLHOGLQJ FLUFXLWU\� RI RQH

ZDYHOHQJWK DmHFWHG WKH UHVSRQVH RI WKH RWKHUV� 7KLV HmHFW ZDV VLJQLnFDQWO\ UHGXFHG LQ

WKH FRQVHFXWLYH GHVLJQ VKRZQ LQ )LJXUH ���� $GGLWLRQDO UHGXFWLRQ RI WKH FURVV�FRXSOLQJ

HmHFWV PD\ EH SRVVLEOH E\ IXUWKHU RSWLPL]DWLRQ RI WKH HOHFWURGH JHRPHWU\�

)LJXUH ��� VKRZV D IUHTXHQF\ VZHHS RI WKH .DSWRQ VHQVRU LQ DLU� 7KLV VZHHS VKRXOG

EH FRPSDUHG WR D VLPLODU RQH� VKRZQ LQ )LJXUH ���� ZKHUH ��� *RKP UHVLVWRUV ZHUH

FRQQHFWHG LQ SDUDOOHO ZLWK HDFK ��� DQG � PP ZDYHOHQJWK VHQVRU HOHFWURGH� 6LQFH QR

FKDQJHV ZHUH PDGH RQ WKH � PP ZDYHOHQJWK FKDQQHO� WKH UHVSRQVH IRU WKLV ZDYHOHQJWK

VKRXOG UHPDLQ WKH VDPH DV LQ )LJXUH ��� DW DOO IUHTXHQFLHV� +RZHYHU� )LJXUH ��� VKRZV

WKDW ERWK JDLQ DQG SKDVH RI WKH � PP ZDYHOHQJWK FKDQQHO XQGHUJR WUDQVLWLRQ LQ WKH

PLG�IUHTXHQF\ UDQJH� FDXVHG E\ FURVV�FRXSOLQJ IURP WKH RWKHU WZR ZDYHOHQJWKV UHYHDOHG

E\ WKH VHQVRU HOHFWURGH ORDGLQJ E\ ��� *RKP UHVLVWRUV� $Q HTXLYDOHQW SDLU RI IUHTXHQF\

VZHHSV IRU WKH QHZ 7HoRQ VHQVRU LV VKRZQ LQ )LJXUH ��� DQG )LJXUH ���� ,Q WKLV FDVH� WKH

HmHFW RI FURVV�FRXSOLQJ LV SUDFWLFDOO\ QHJOLJLEOH� ,Q PDQ\ FDVHV ZLWK WKH 7HoRQ VHQVRU�

HVSHFLDOO\ ZKHQ SURSHUWLHV RI PDWHULDOV GR QRW KDYH D VWURQJ YDULDWLRQ LQ VSDFH� FURVV�

FRXSOLQJ HmHFWV DUH QHJOLJLEOH� DQG WKH PHDVXUHPHQWV FDQ EH SHUIRUPHG VLPXOWDQHRXVO\

RQ DOO ZDYHOHQJWKV� &DVHV ZKHUH WKH YDULDWLRQ RI WKH FRPSOH[ GLHOHFWULF SHUPLWWLYLW\ LQ

VSDFH LV VWURQJ VRPHWLPHV UHTXLUH LQGHSHQGHQW� QRQ�VLPXOWDQHRXV PHDVXUHPHQWV�

7DEOH ��� VKRZV WKH YDULDWLRQ RI JDLQ DQG FDSDFLWDQFH DPRQJ PHDVXUHPHQWV XQGHU

���



���� )ULQJLQJ )LHOG (mHFWV

&KDQQHO $OO �G%� �PP�G%� ���PP�G%� �PP�G%� &�� $OO�S)� &�� 2QH�S)�

&+ � �w  �� ������ ������ ������ ������ ���� ����

&+ � �w  ���� ������ ������ ������ ������ ���� ����

&+ � �w  �� ������ ������ ������ ������ ���� ����

&+ � �w  �� ������ ������ ������ ������ ���� ����

&+ � �w  ���� ������ ������ ����� ������ ���� ����

&+ � �w  �� ������ ������ ������ ������ ���� ����

&+ � �w  �� ������ ������ ������ ������ ���� ����

&+ � �w  ���� ������ ������ ����� ������ ���� ����

&+ � �w  �� ������ ������ ������ ������ ���� ����

&+ � �w  �� ������ ������ ������ ������ ���� ����

&+ � �w  ���� ������ ������ ����� ������ ���� ����

&+ � �w  �� ������ ������ ������ ������ ���� ����

&+ � �w  �� ������ ������ ������ ������ ���� ����

&+ � �w  ���� ������ ������ ����� ������ ���� ����

&+ � �w  �� ������ ������ ������ ������ ���� ����

7DEOH ���� *DLQ DQG PHDVXUHG FDSDFLWDQFHV LQ DLU RI WKH 7HoRQ WKUHH�ZDYHOHQJWK VHQVRU
DW � N+] IRU nYH LGHQWLFDO VHWV RI PHDVXUHPHQWV ZLWK DOO GULYH HOHFWURGHV VLPXOWDQHRXVO\
H[FLWHG �$OO� FROXPQV � DQG �� DQG HDFK GULYH HOHFWURGH H[FLWHG RQH DW D WLPH �FROXPQV
��� DQG ���

WKH VDPH FRQGLWLRQV LQ DLU DQG EHWZHHQ WZR FDVHV� )RU WKHVH WZR FDVHV� D VHSDUDWH VHQVRU

KDV EHHQ EXLOW� ZKLFK UHVHPEOHG YHU\ FORVHO\ WKH RQH VKRZQ LQ )LJXUH ���� H[FHSW WKDW

WKH GULYHQ HOHFWURGHV KDG DQ RSWLRQ RI LQGHSHQGHQW H[FLWDWLRQ IRU HDFK ZDYHOHQJWK� 7KH

nUVW FDVH �$OO� LV ZKHQ DOO GULYHQ HOHFWURGHV DUH H[FLWHG VLPXOWDQHRXVO\� WKH VHFRQG FDVH

�2QH� LV ZKHQ WKH\ ZHUH H[FLWHG LQGLYLGXDOO\� 7KH GLVFUHSDQF\ EHWZHHQ WKH WZR FDVHV

LQGLFDWHV WKH UHPDLQLQJ FURVV�FRXSOLQJ EHWZHHQ LQGLYLGXDO ZDYHOHQJWKV� 1RWH LQ 7DEOH

��� WKDW IRU WKH VLQJOH WHVWV� ZKHQ D JLYHQ ZDYHOHQJWK LV H[FLWHG � WKDW WKH RWKHU WZR

ZDYHOHQJWKV KDYH SLFN�XS VLJQDOV DERXW ����� G% ORZHU�

��� )ULQJLQJ )LHOG (mHFWV

$ WZR�GLPHQVLRQDO PRGHO RI WKH LQWHUGLJLWDO VWUXFWXUH DVVXPHV DQ LQnQLWH SHULRGLFLW\

DQG LQnQLWH OHQJWK RI WKH HOHFWURGH nQJHUV� ,Q UHDOLW\� WKH HmHFWV RI WKH nQLWH VL]H RI

WKH LQWHUGLJLWDO VWUXFWXUH EHFRPH LPSRUWDQW ZKHQ WKH QXPEHU RI nQJHUV LV UHODWLYHO\

VPDOO DQG�RU ZKHQ WKH OHQJWK RI WKH nQJHUV ZLWK UHVSHFW WR WKH VSDWLDO ZDYHOHQJWK RI WKH

LQWHUGLJLWDO VWUXFWXUH LV UHODWLYHO\ VPDOO� ,Q RWKHU ZRUGV� WZR W\SHV RI HQG GLVFRQWLQXLWLHV

���
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LQ )LJXUH ��� PXVW EH FRQVLGHUHG� WKH nQLWH QXPEHU RI nQJHUV DORQJ WKH \ D[LV� DQG WKH

nQLWH OHQJWK RI WKH HOHFWURGHV DORQJ WKH [ D[LV� 7KH HmHFW RI WKH IRUPHU LV DOOHYLDWHG E\

DGGLQJ DGGLWLRQDO JXDUG nQJHUV RQ ERWK VLGHV RI HDFK ZDYHOHQJWK� DV VKRZQ LQ )LJXUH

���� $ YLVXDOL]DWLRQ RI WKH nHOG HQKDQFHPHQW UHJLRQV DW WKH HGJHV RI WKH VHQVRU KHDG

RI DQ LQWHUGLJLWDO FDSDFLWRU LV DYDLODEOH LQ >���@�

����� ,QnQLWH /HQJWK $VVXPSWLRQ

(YDOXDWLRQ RI WKH HQG HmHFWV DORQJ WKH [�D[LV FDQ EH DFFRPSOLVKHG LQ VHYHUDO ZD\V�

6HYHUDO DXWKRUV KDYH GHYHORSHG FORVHG�IRUP VROXWLRQV DV ZHOO DV HPSLULFDO PRGHOV RI

LQWHUGLJLWDO VHQVRU GLVFRQWLQXLWLHV� IRU H[DPSOH VHH >��@� $W WKH VDPH WLPH� WKH SUH�

FLVH JHRPHWU\ RI WKH HQG DUHDV XVXDOO\ GLmHUV IURP WKH LGHDOL]HG PRGHOV� $ UHODWLYHO\

VLPSOH H[SHULPHQWDO SURFHGXUH ZDV GHYHORSHG LQ RUGHU WR DSSUR[LPDWHO\ PHDVXUH WKH

HTXLYDOHQW FDSDFLWDQFH RI WKH HQG DUHD�

7KH JHRPHWU\ RI WKH HQG DUHD RI WKH � PP ZDYHOHQJWK LV VKRZQ LQ )LJXUH ���� $

SLHFH RI /H[DQ �*( SRO\FDUERQDWH� ZLWK PHDVXUHG UHODWLYH GLHOHFWULF FRQVWDQW �
U
 ����

ZDV SODFHG LQ FRQWDFW ZLWK WKH VHQVRU VR WKDW WKH \�] SODQH �DV GHnQHG E\ )LJXUH ����

FRQWDLQLQJ WKH DLU�/H[DQ ERXQGDU\ JRHV WKURXJK [  � LQ )LJXUH ���� 7KH /H[DQ

VDPSOH ZDV WKHQ UHSRVLWLRQHG LQ ���� PP LQFUHPHQWV LQ WKH GLUHFWLRQ RI [� VR WKDW LW

JUDGXDOO\ FRYHUV WKH HOHFWURGH� 1DWXUDOO\� WKH HTXLYDOHQW FDSDFLWDQFH &�� LQFUHDVHV DV

WKH /H[DQ PRYHV DORQJ WKH [ D[LV� 7KH FKDQJH LQ FDSDFLWDQFH GXULQJ WKLV PHDVXUHPHQW

LV VKRZQ LQ )LJXUH ���� 7KH JURZWK EHFRPHV DSSUR[LPDWHO\ OLQHDU ZKHQ WKH /H[DQ

VODE SRVLWLRQ H[FHHGV [  ����� PP� 7KH HTXLYDOHQW PHDQGHU OHQJWK RI WKH HQG DUHD

FDQ QRZ EH IRXQG E\ VXEWUDFWLQJ WKH FDSDFLWDQFH DW WKH SRLQW [  ����� PP DQG DW

[  � PP DQG UHODWLQJ LW WR WKH OLQHDU IXQFWLRQ IRU [ ! ����� PP� $IWHU WDNLQJ WKH

HQG HmHFWV LQWR DFFRXQW DQG SURSHU VFDOLQJ RI YDULDEOHV� WKH WRWDO PHDQGHU OHQJWKV ZHUH

HPSLULFDOO\ IRXQG WR REH\ WKH UHODWLRQ ������w FP IRU HDFK ZDYHOHQJWK� ZKHUH w LV

H[SUHVVHG LQ FHQWLPHWHUV�

���
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)LJXUH ���� .DSWRQ VHQVRU� oRDWLQJ YROWDJH PRGH ZLWK JURXQGHG EDFNSODQH IXOO IUH�
TXHQF\ VZHHS LQ DLU� 9DOXHV RI ORDG FDSDFLWDQFHV DUH &/��PP�  ����� S)� &/����PP�
 ���� S)� &/��PP�  ���� S)� 3KDVH LV FORVH WR ]HUR DQG WKH JDLQ LV oDW RYHU WKH HQWLUH
IUHTXHQF\ UDQJH VLQFH WKH LQWHUHOHFWURGH DGPLWWDQFH LV SXUHO\ LPDJLQDU\ DQG IUHTXHQF\
LQGHSHQGHQW�

���
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)LJXUH ���� .DSWRQ VHQVRU� oRDWLQJ YROWDJH PRGH ZLWK JURXQGHG EDFNSODQH IXOO IUH�
TXHQF\ VZHHS LQ DLU� 7ZR UHVLVWRUV RI ��� *RKP HDFK DUH VHSDUDWHO\ FRQQHFWHG LQ
SDUDOOHO ZLWK � PP DQG ��� PP ZDYHOHQJWKV� ,GHDOO\� WKH UHVSRQVH RI WKH � PP ZDYH�
OHQJWK VKRXOG UHPDLQ XQFKDQJHG IURP WKDW VKRZQ LQ )LJXUH ���� +RZHYHU� WKH SKDVH
SHDNV WR {��� GHJUHHV DQG WKH JDLQ LQFUHDVHV E\ DERXW � G% DW ORZ IUHTXHQFLHV GXH WR
FURVV�FRXSOLQJ EHWZHHQ FKDQQHOV�

���
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)LJXUH ���� &OHDQ 7HoRQ VHQVRU� oRDWLQJ YROWDJH PRGH ZLWK JURXQGHG EDFNSODQH IXOO
IUHTXHQF\ VZHHS LQ DLU� 9DOXHV RI ORDG FDSDFLWDQFHV &/��PP�  ����� S)� &/����PP�  
���� S)� &/��PP�  ���� S)� 7KH VOLJKW GHFUHDVH LQ SKDVH DW ORZ IUHTXHQFLHV VRPHWLPHV
WDNHV SODFH GXH WR UHVLGXDO FRQWDPLQDWLRQ DQG H[LVWHQFH RI FRQGXFWLRQ SDWKV LQ WKH
HOHFWURQLF FLUFXLWU\� EXW FDQ EH LJQRUHG IRU PRVW SUDFWLFDO PHDVXUHPHQWV DV ORQJ DV LW
VWD\V ZLWKLQ WKH QRLVH OHYHO ERXQGV�

���
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)LJXUH ���� $ oRDWLQJ YROWDJH PRGH ZLWK JURXQGHG EDFNSODQH IXOO IUHTXHQF\ VZHHS LQ
DLU ZLWK WKH 7HoRQ VHQVRU WR EH FRPSDUHG WR WKH .DSWRQ VHQVRU GDWD LQ )LJXUH ����
7ZR UHVLVWRUV RI ��� *RKP HDFK DUH VHSDUDWHO\ FRQQHFWHG LQ SDUDOOHO ZLWK � PP DQG ���
PP ZDYHOHQJWK VHQVLQJ HOHFWURGHV� 7KH UHVSRQVH RI WKH � PP ZDYHOHQJWK LV SUDFWLFDOO\
XQDmHFWHG E\ WKH RWKHU WZR ZDYHOHQJWKV�

���
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)LJXUH ���� $Q HQODUJHG LPDJH RI WKH HQG DUHD RI WKH LQGLYLGXDO nQJHU RI WKH ��� PP
ZDYHOHQJWK VHQVLQJ HOHFWURGH�

)LJXUH ���� 0HDVXUHG VHQVRU
V UHVSRQVH WR WKH OLQHDU PRYHPHQW RI D /H[DQ ��U  �����
VODE RYHU WKH � PP ZDYHOHQJWK VHQVRU HQG DUHD VKRZQ LQ )LJXUH ����

���
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����� ,QnQLWH 3HULRGLFLW\ $VVXPSWLRQ

,W LV WKH LQnQLWH SHULRGLFLW\ DVVXPSWLRQ WKDW PDNHV LQWHUGLJLWDO VHQVRUV RQH RI WKH PRVW

SRSXODU VWUXFWXUHV IRU WKH GHVLJQ RI IULQJLQJ nHOG VHQVRUV� EH LW SLH]RHOHFWULF� GLHOHFWULF�

FRQGXFWLYLW\� FDSDFLWDQFH� RU DQ\ RWKHU PHDVXUHPHQW SULQFLSOH WKDW LV XVHG� ,Q PRVW

FDVHV� WKHUH LV QR SK\VLFDO UHDVRQ WR IRUP DQ LQWHUGLJLWDO VWUXFWXUH� DV DQ\ RWKHU SODQDU

JHRPHWU\ SDWWHUQ ZRXOG DOVR JHQHUDWH nHOGV WKDW SHQHWUDWH LQWR WKH PDWHULDO� 7KH

DGYDQWDJH RI WKH LQWHUGLJLWDO VWUXFWXUH LV WKDW RQO\ D VPDOO SDUW RI WKH HQWLUH JHRPHWU\

KDV WR EH PRGHOHG� 7KH DVVXPSWLRQ RI LQnQLWH SHULRGLFLW\ DOORZV PRGHOLQJ RI WKH HQWLUH

DUUD\ WKURXJK D PHUH WZR�GLPHQVLRQDO KDOI�ZDYHOHQJWK FHOO� DV VKRZQ� IRU H[DPSOH� LQ

)LJXUH ���� 7KH DGPLWWDQFH SHU PHWHU OHQJWK SUHGLFWHG E\ FRPSXWHU VLPXODWLRQ PXVW

EH PXOWLSOLHG E\ WKH WRWDO nQJHU OHQJWK WR EH FRPSDUHG ZLWK PHDVXUHPHQW UHVXOWV�

:KHQ WKH QXPEHU RI nQJHUV RI HDFK HOHFWURGH LV ODUJH� RQO\ D VPDOO HUURU GXH WR

WKH IDFW WKDW WKH QXPEHU RI nQJHUV LV QRW LQnQLWH ZRXOG UHVXOW� )RU H[DPSOH� WKH

VHQVRU VKRZQ LQ )LJXUH ���� ZKLFK KDV �� nQJHUV RQ WKH VHQVLQJ HOHFWURGH� ZRXOG KDYH

D YHU\ VPDOO HUURU RI WKH FDSDFLWDQFH HVWLPDWLRQ HYHQ XQGHU WKH LQnQLWH SHULRGLFLW\

DVVXPSWLRQ� 2Q WKH RWKHU KDQG� WKH HVWLPDWLRQ RI WKH FDSDFLWDQFH RI WKH VHQVRU VKRZQ

LQ )LJXUH ��� ZRXOG KDYH� DPRQJ RWKHU VRXUFHV RI HUURU� D ODUJHU GHSDUWXUH IURP WKH

WUXH DQVZHU EHFDXVH RI WKH VPDOO QXPEHU RI nQJHUV�

2QH ZD\ WR UHGXFH WKH HUURU GXH WR WKH nQLWH QXPEHU RI nQJHUV LV WR LQWURGXFH JXDUG

nQJHUV RQ HDFK VLGH RI WKH VHQVLQJ HOHFWURGH� *XDUG nQJHUV PDLQWDLQ WKH SHULRGLFLW\ RI

WKH VSDWLDO GLVWULEXWLRQ RI HOHFWULF SRWHQWLDO DW WKH HOHFWURGH HGJHV LQ WKH [ GLUHFWLRQ�

DV VSHFLnHG E\ )LJXUH ���� $ QDWXUDO TXHVWLRQ DULVHV� KRZ PDQ\ JXDUG nQJHUV DUH

VXpFLHQW WR VDWLVI\ WKH LQnQLWH SHULRGLFLW\ DVVXPSWLRQ ZLWKLQ D UHTXHVWHG DFFXUDF\ RI

FRPSXWDWLRQ" 2QH ZD\ WR nQG WKH DQVZHU WR WKLV TXHVWLRQ LV WR PRGHO D nQLWH QXPEHU RI

nQJHUV LQ WKH LQWHUGLJLWDO VWUXFWXUH DQG FRPSDUH WR DQ DQDORJRXV PRGHOLQJ UHVXOW IURP

WKH VLPXODWLRQ ZLWK WKH KDOI�ZDYHOHQJWK FHOO� 7KH SUREOHP ZLWK WKLV DSSURDFK LV WKH

FRPSXWDWLRQDO FRPSOH[LW\ RI WKH WDVN� *HQHUDWLRQ RI FORVHG IRUP WKHRUHWLFDO H[SUHVVLRQV

IRU HGJH HmHFWV RI D QRQ�SHULRGLF VWUXFWXUH LV \HW WR EH DFKLHYHG� 2Q WKH RWKHU KDQG�

���
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WKH QXPHULFDO VLPXODWLRQ ZLWK nQLWH HOHPHQW RU nQLWH GLmHUHQFH WHFKQLTXHV ZRXOG VXmHU

IURP ORZ FRPSXWDWLRQDO SUHFLVLRQ GXH WR D YHU\ VPDOO UDWLR RI WKH VPDOOHVW IHDWXUH

VL]H WR RYHUDOO GLPHQVLRQV RI WKH PRGHOHG UHJLRQ VWHPPLQJ IURP WKH ODUJH QXPEHU RI

PRGHOHG nQJHUV� 6LQFH VPDOO GLmHUHQFHV EHWZHHQ FDSDFLWDQFHV DUH EHLQJ DQDO\]HG� LW LV

GHVLUDEOH WR DFKLHYH D KLJK DFFXUDF\ RI HVWLPDWLRQ� ,Q DGGLWLRQ WR WKH DERYH UHDVRQV�

HYHQ LI WKH WKHRUHWLFDO PRGHOLQJ ZDV DQ DFFHSWDEOH FKRLFH� WKH H[SHULPHQWDO YHULnFDWLRQ

ZRXOG VWLOO EH UHTXLUHG�

$ VLPSOH H[SHULPHQW KDV EHHQ FRQGXFWHG WR DQDO\]H WKH HmHFWV RI WKH nQLWH QXPEHU

RI HOHFWURGHV� )LUVW� D ?VDFULnFLDO� VLQJOH�ZDYHOHQJWK VHQVRU ZLWK D ODUJH QXPEHU RI

JXDUG HOHFWURGH nQJHUV KDV EHHQ PDQXIDFWXUHG� )LJXUH ��� VKRZV WKH VHQVRU PDQX�

IDFWXUHG XVLQJ WKH VDPH PDWHULDOV DQG WHFKQRORJ\ DV GHVFULEHG LQ GHWDLO IRU WKH WKUHH�

ZDYHOHQJWK VHQVRU VKRZQ LQ )LJXUH ���� 7KH WHUP ?VDFULnFLDO� LV XVHG KHUH WR UHoHFW

WKH IDFW WKDW WKH VHQVRU LV GHVWUR\HG LQ WKH FRXUVH RI H[SHULPHQW� 7KH VDFULnFLDO VHQVRU

FRPSULVHV D VHQVLQJ HOHFWURGH ZLWK nYH nQJHUV ZLWK WZR IRXU�nQJHU JXDUG HOHFWURGHV RQ

HDFK VLGH� DQG D GULYHQ HOHFWURGH RYHU WKH HQWLUH ZLGWK RI WKH VHQVRU�

7R FODULI\ VXEVHTXHQW DQDO\VLV� WKH nQJHUV LQ )LJXUH ��� DUH QXPEHUHG IURP � WR

��� IURP OHIW WR ULJKW� ,Q WKH FRXUVH RI WKH H[SHULPHQW� WKH nQJHUV ZHUH UHPRYHG �FXW�

Rm ZLWK D UD]RU EODGH� DOWHUQDWHO\ IURP HDFK VLGH LQ WKH IROORZLQJ VHTXHQFH� ��� ��

��� �� ��� �� ��� �� ��� �� ��� �� ��� �� ��� �� ��� �� 7KH FDSDFLWDQFH &�� EHWZHHQ

GULYHQ DQG VHQVLQJ HOHFWURGH ZDV PHDVXUHG EHIRUH WKH H[SHULPHQW DQG DIWHU UHPRYDO RI

HDFK VXEVHTXHQW nQJHU� )LYH FRQVHFXWLYH PHDVXUHPHQWV ZHUH UHFRUGHG DW HDFK SRVLWLRQ�

)LJXUH ��� VKRZV WKH DYHUDJH YDOXH RI YROWDJH JDLQ LQ G% SORWWHG DJDLQVW WKH OHIW YHUWLFDO

D[LV� 2QH FDQ VHH WKDW WKH UHPRYDO RI HLJKW RXWHU JXDUG DQG GULYH nQJHUV �IRXU IURP

HDFK VLGH� KDG SUDFWLFDOO\ QR HmHFW RQ WKH VHQVRU UHVSRQVH� 7KH UHPRYDO RI WKH ODVW WZR

GULYH nQJHUV KDG D YHU\ VLJQLnFDQW HmHFW� )LJXUH ��� YLVXDOL]HV WKH VDPH SURFHVV E\

SORWWLQJ WKH PHDVXUHG FDSDFLWDQFH DJDLQVW WKH nQJHU SRVLWLRQ LQ DQ DUUD\� 7KH LQFUHDVH

RI FDSDFLWDQFH IURP nQJHU � WR nQJHU � GDWD SRLQWV DQG IURP nQJHU � WR nQJHU � GDWD

SRLQWV LV QRW PHDVXUHPHQW QRLVH� 7KLV GLVFRQWLQXLW\ LV HQWLUHO\ YDOLG EHFDXVH DV WKH

JXDUG nQJHU LV UHPRYHG� D ODUJHU QXPEHU RI HOHFWULF nHOG OLQHV H[WHQGV IURP WKH GULYHQ

���
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)LJXUH ���� $ VDFULnFLDO VHQVRU ZLWK DGGLWLRQDO JXDUG nQJHUV RQ HDFK VLGH RI WKH VHQVLQJ
HOHFWURGH� 6LGH nQJHUV ZHUH UHPRYHG RQH E\ RQH XQWLO QR JXDUG nQJHUV ZHUH SUHVHQW LQ
RUGHU WR TXDQWLI\ WKH HmHFWV RI WKH nQLWH VHQVRU ZLGWK�

HOHFWURGH WR WKH VHQVLQJ HOHFWURGH� 7KHUH DUH QR DQDORJRXV MXPSV RQ WKH ULJKW VLGH

RI WKLV JUDSK EHFDXVH RI WKH VHTXHQFH RI nQJHU UHPRYDO� WKHUH LV DW OHDVW RQH OHIW VLGH

GULYHQ HOHFWURGH nQJHU UHPRYHG EHWZHHQ WKH GDWD SRLQWV DERYH �� WKDW FRUUHVSRQG WR

WKH UHPRYDO RI WKH ULJKW VLGH GULYHQ nQJHU�

)LJXUH ���� SUHVHQWV WKH VDPH UHVXOWV DV LQ )LJXUH ���� EXW LQ WKH IRUP RI WKH

SHUFHQWDJH FDSDFLWDQFH GLmHUHQFH ZLWK UHVSHFW WR WKH QRPLQDO FDSDFLWDQFH� 2QH FDQ

VHH WKDW WKH PD[LPXP GRHV QRW H[FHHG ��� +RZHYHU� HYHQ D �� HUURU PD\ KDYH D YHU\

ODUJH HmHFW RQ WKH UHVXOWV RI WKH LQYHUVH SUREOHP� 7KH JUD\ UKRPEXVHV FRUUHVSRQG WR

WKH FDVHV ZKHUH WKH VHQVRU LV FRPSOHWHO\ V\PPHWULF ZLWK GULYH HOHFWURGH nQJHUV DW ERWK

OHIW DQG ULJKW HQGV� 7KH EODFN V\PEROV FRUUHVSRQG WR HLWKHU D V\PPHWULF VHQVRU ZLWK

JXDUG HOHFWURGH nQJHUV DW OHIW DQG ULJKW HQGV RU D QRQ�V\PPHWULF VHQVRU ZLWK D GULYH

���
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)LJXUH ���� 0HDVXUHG FKDQJH RI VHQVRU JDLQ ZLWK WKH QXPEHU RI UHPRYHG nQJHUV IURP
WKH VHQVRU VKRZQ LQ )LJXUH ����

HOHFWURGH nQJHU DW RQH HQG DQG D JXDUG HOHFWURGH nQJHU DW WKH RWKHU HQG�

1DWXUDOO\� DV WKH QXPEHU RI VHQVRU HOHFWURGH nQJHUV JURZV� WKH UHODWLYH HGJH HmHFW

EHFRPHV OHVV VLJQLnFDQW� EHFDXVH WKH VDPH DEVROXWH HUURUV RI FDSDFLWDQFH HVWLPDWLRQ

GXH WR PLVVLQJ HOHFWURGH nQJHUV DUH FRPSDUHG WR D ODUJHU FDSDFLWDQFH EHWZHHQ GULYHQ

DQG VHQVLQJ HOHFWURGHV� )LJXUH ���� VKRZV WKH HVWLPDWHG HUURU IRU GLmHUHQW QXPEHUV

RI WKH JXDUG nQJHU SDLUV DQG GLmHUHQW WRWDO QXPEHUV RI VHQVLQJ HOHFWURGH nQJHUV� 7KH

HUURU ZDV HVWLPDWHG XVLQJ WKH IROORZLQJ DUJXPHQW�

7KH DEVROXWH VHQVLQJ HOHFWURGH FDSDFLWDQFH LV SURSRUWLRQDO WR WKH QXPEHU RI WKH

VHQVLQJ HOHFWURGH nQJHUV� ZKHUHDV WKH DEVROXWH FDSDFLWDQFH HUURU GXH WR HQG HmHFWV LV

RQO\ D IXQFWLRQ RI WKH QXPEHU RI JXDUG nQJHU SDLUV DQG LV QRW D IXQFWLRQ RI WKH QXPEHU

RI VHQVLQJ HOHFWURGH nQJHUV� 7KHUHIRUH� WKH SHUFHQW HUURU GXH WR HQG HmHFWV UHGXFHV ZLWK

WKH QXPEHU RI WKH VHQVRU HOHFWURGH nQJHUV LQFUHDVH DQG DOVR UHGXFHV ZLWK WKH QXPEHU RI

WKH JXDUG nQJHU SDLUV� 7KH PHDVXUHPHQWV ZLWK nYH VHQVLQJ HOHFWURGH nQJHUV DQG ]HUR

WR IRXU JXDUG HOHFWURGH nQJHU SDLUV LV WDNHQ DV D EDVHOLQH �WULDQJOHV LQ )LJXUH ������ DQG

WKH RWKHU GDWD SRLQWV DUH FRPSXWHG RQ WKH EDVLV RI WKH VHQVLQJ HOHFWURGH nQJHU UDWLR�
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)LJXUH ���� 0HDVXUHG FKDQJH RI VHQVRU FDSDFLWDQFH ZLWK WKH QXPEHU DQG SRVLWLRQ RI
WKH UHPRYHG nQJHU IURP WKH VHQVRU VKRZQ LQ )LJXUH ����

)RU H[DPSOH� WKH SHUFHQW HUURU IRU �� nQJHU VHQVLQJ HOHFWURGHV LV KDOI RI WKDW IRU WKH

nYH nQJHU VHQVLQJ HOHFWURGH�

��� *HRPHWU\

����� (OHFWURGH 7KLFNQHVV

,Q VRPH FDVHV� LW LV GHVLUDEOH WR PDNH HOHFWURGHV DV WKLQ DV WHFKQRORJLFDOO\ SRVVLEOH

ZLWKRXW VDFULnFLQJ PHFKDQLFDO VWUHQJWK� <HW LQ RWKHU FDVHV� YHU\ WKLFN HOHFWURGHV �ZLWK

UHVSHFW WR WKH HOHFWURGH ZLGWK� DUH WKH SUHIHUUHG FKRLFH� 7KLFNHU HOHFWURGHV KDYH KLJKHU

LQWHUHOHFWURGH DGPLWWDQFH DQG JHQHUDWH KLJKHU HOHFWURPHFKDQLFDO IRUFHV� 7KXV� RQH

PD\ DFKLHYH KLJKHU VHQVLWLYLW\ DQG VLJQDO WR QRLVH UDWLR E\ XVLQJ WKLFNHU HOHFWURGHV� $

WKUHH�GLPHQVLRQDO GHVLJQ RI DQ LQWHUGLJLWDO VWUXFWXUH ZDV UHSRUWHG LQ >���@�

7KH WKLFNQHVV RI WKH HOHFWURGHV LQWURGXFHV D VLJQLnFDQW YDULDWLRQ RI WKH FDSDFLWDQFH�

)LJXUH ���� VKRZV WKDW WKH WRWDO FDSDFLWDQFH LQFUHDVH� FDOOHG WKH SDUDVLWLF FDSDFLWDQFH

LQ DLU� GHnQHG KHUH DV WKH GLmHUHQFH EHWZHHQ WKH FDSDFLWDQFH RI WKH HOHFWURGHV RI nQLWH

KHLJKW DQG WKH LQnQLWHO\ WKLQ RQHV� LV DQ DSSUR[LPDWHO\ OLQHDU IXQFWLRQ RI WKH WKLFNQHVV

RI WKH HOHFWURGHV� $GGLWLRQDO DQDO\VLV RI WKH HmHFWV RI WKH SDUDVLWLF FDSDFLWDQFH LV JLYHQ

���
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)LJXUH ����� 7KH PHDVXUHG SHUFHQWDJH HUURU LQ FDSDFLWDQFH HVWLPDWLRQ DV D IXQFWLRQ
RI WKH QXPEHU DQG SRVLWLRQ RI WKH UHPRYHG nQJHUV� 7KH JUD\ UKRPEXVHV FRQQHFWHG
E\ D OLQH FRUUHVSRQG WR WKH QXPEHU RI FRPSOHWH JXDUG HOHFWURGH nQJHU SDLUV� LQGLFDWHG
DERYH HDFK UKRPEXV�

LQ WKH IROORZLQJ VHFWLRQ�

����� (OHFWURGH :LGWK

7KH YDULDWLRQ RQ HOHFWURGH ZLGWK VKRXOG EH GLmHUHQWLDWHG IURP WKH YDULDWLRQ RI WKH

VSDWLDO ZDYHOHQJWK� 7KH ZLGWK RI HDFK LQGLYLGXDO nQJHU PD\ YDU\ HYHQ LI WKH VSD�

WLDO ZDYHOHQJWK UHPDLQV WKH VDPH� ,Q WKLV FDVH� WKH DPSOLWXGH RI LQGLYLGXDO VSDWLDO

KDUPRQLFV RI WKH HOHFWULF SRWHQWLDO GLVWULEXWLRQ EHFRPHV GLmHUHQW IRU HDFK ZLGWK� $W

OHDVW WZR FDVHV RI WKH ZLGWK YDULDWLRQ VKRXOG EH FRQVLGHUHG� )LUVW� LW PD\ EH GHVLUDEOH

WR LQWHQWLRQDOO\ DOWHU WKH GHVLJQ WR DFKLHYH EHWWHU VHQVLWLYLW\ RU VHOHFWLYLW\ RI VHQVRU

VLJQDOV� 6HFRQG� LW PD\ QRW EH SRVVLEOH WR FRQWURO WKH ZLGWK WR WKH H[DFW VSHFLnHG SD�

UDPHWHU GXH WR PDQXIDFWXULQJ OLPLWDWLRQV� ,Q WKLV FDVH� WKH SRWHQWLDO HUURU LQWURGXFHG

E\ LPSHUIHFWLRQ RI PDQXIDFWXULQJ VKRXOG EH HVWLPDWHG� $VVXPLQJ WKDW WKH HOHFWURGH

VWUXFWXUH LV SHULRGLF� LW LV FRQYHQLHQW WR GHnQH WKH PHWDOOL]DWLRQ UDWLR� n� DV WKH UDWLR

RI WKH VHQVRU KHDG DUHD FRYHUHG E\ PHWDO WR WKH WRWDO DUHD� $Q DOWHUQDWLYH GHnQLWLRQ LV

WKH UDWLR RI WKH VSDWLDO KDOI�ZDYHOHQJWK WR WKH ZLGWK RI DQ LQGLYLGXDO nQJHU �DVVXPLQJ

���
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)LJXUH ����� 7KH HUURU LQ FDSDFLWDQFH HVWLPDWLRQ DV D IXQFWLRQ RI SUHVHQW JXDUG nQJHU
SDLUV IRU GLmHUHQW QXPEHU RI VHQVRU HOHFWURGH nQJHUV� 7KH OHJHQG QXPEHUV IRU GLmHUHQW
FXUYHV FRUUHVSRQG WR WKH QXPEHU RI VHQVLQJ HOHFWURGH nQJHUV� 7KH UHVXOW RI VLPXODWLRQ
LV LQWXLWLYH� 7KH ODUJHU WKH QXPEHU RI VHQVLQJ HOHFWURGH nQJHUV WKH VPDOOHU LV WKH HUURU
GXH WR WKH LQnQLWH SHULRGLFLW\ DVVXPSWLRQ� ,QFUHDVLQJ WKH QXPEHU RI JXDUG nQJHUV
UHGXFHV WKH HUURU DV ZHOO� 7KLV HmHFW FDQ EH FRPSHQVDWHG LQ VRIWZDUH�

WKDW WKH VHQVLQJ DQG GULYHQ nQJHUV KDYH HTXDO ZLGWK�� )LJXUH ���� VKRZV D PLFURVFRSH

SKRWRJUDSK RI � PP ZDYHOHQJWK HOHFWURGHV RQ D 7HoRQ VHQVRU ZLWK D PHWDOOL]DWLRQ

UDWLR RI ����� 7KH PHWDOOL]DWLRQ UDWLR VSHFLnHG IRU WKH PDQXIDFWXUHU ZDV ���� EXW LW

ZDV QRW DFKLHYHG LQ WKH nUVW EDWFK� )LJXUH ���� VKRZV WKH VDPH VHW HOHFWURGHV XQGHU D

ODUJHU PDJQLnFDWLRQ ZKLFK FRQnUPV WKDW WKH HOHFWURGH HGJHV DUH DGHTXDWHO\ VPRRWK LQ

RXU PDQXIDFWXULQJ SURFHVV�

)LJXUH ���� VKRZV KRZ WKH FDOFXODWHG FDSDFLWDQFH EHWZHHQ WKH GULYHQ DQG VHQVLQJ

HOHFWURGHV FKDQJHV ZLWK WKH PHWDOOL]DWLRQ UDWLR IRU WKH 7HoRQ VHQVRU� 7KLV GDWD KDV

EHHQ FRPSXWHG ZLWK WKH nQLWH HOHPHQW VRIWZDUH 0D[ZHOO� $ IDVWHU�WKDQ�OLQHDU LQFUHDVH

RI FDSDFLWDQFH LV ORJLFDO DQG FDQ EH WKRXJKW RI LQ WKH IROORZLQJ ZD\� $V WKH HGJHV RI

WKH GULYHQ DQG VHQVLQJ HOHFWURGHV PRYH FORVHU WRZDUGV HDFK RWKHU� PRVW RI WKH HOHFWULF

nHOG HQHUJ\ LV VWRUHG DW WKHVH HGJHV� )RU FRPSDULVRQ� WKH GLVWDQFH EHWZHHQ WKH HGJHV

LV LQYHUVHO\ SURSRUWLRQDO WR WKH PHWDOOL]DWLRQ UDWLR� $V D F\OLQGULFDO DQDORJ\� WKH FD�

���
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)LJXUH ����� &DOFXODWHG LQWHUHOHFWURGH FDSDFLWDQFH &�� IRU WKH 7HoRQ VHQVRU DV D IXQF�
WLRQ RI WKH WKLFNQHVV RI FRSSHU HOHFWURGHV� DSSURDFKLQJ ]HUR WKLFNQHVV YDOXHV RI ��� S)�
��� S)� DQG ��� S) IRU � PP� ��� PP� DQG � PP ZDYHOHQJWKV� UHVSHFWLYHO\�

SDFLWDQFH SHU XQLW OHQJWK & EHWZHHQ WZR LQnQLWHO\ ORQJ WKLQ F\OLQGULFDO FRQGXFWRUV RI

UDGLXV 5 ZLWK FHQWHUV VHSDUDWHG E\ WKH GLVWDQFH ' LV >���@

&  
{��

FRVKb� >' �5@
�����

$V ' GHFUHDVHV� VR WKDW WKH F\OLQGHUV EHFRPH FORVHU� WKH FDSDFLWDQFH LQFUHDVHV� 2I

FRXUVH� YLHZLQJ WKH FDSDFLWLYH HQHUJ\ VWRUHG DW WKH HGJHV RI HOHFWURGHV LV D JURVV DS�

SUR[LPDWLRQ RI WKH WUXH nHOG GLVWULEXWLRQ� +RZHYHU� LW GRHV SURYLGH D FRUUHFW TXDOLWDWLYH

SLFWXUH RI nHOG GHSHQGHQFH DQG GHYHORSV LQWXLWLRQ IRU VHQVRU GHVLJQ�

%HFDXVH WKH UDWLR RI WKH VXEVWUDWH WKLFNQHVV WR WKH ZDYHOHQJWK LV GLmHUHQW IRU HDFK

ZDYHOHQJWK� WKH SHUFHQW FKDQJH RI WKH FDSDFLWDQFH LV DOVR GLmHUHQW� )LJXUH ���� VKRZV

WKDW RQ D SHUFHQWDJH EDVLV WKH ORQJHVW� � PP ZDYHOHQJWK� LV WKH RQH PRVW VWURQJO\ DI�

IHFWHG E\ WKH PHWDOOL]DWLRQ UDWLR� DQG WKH VPDOOHVW� � PP ZDYHOHQJWK� LV OHDVW DmHFWHG�

7KH VORSH DURXQG �� SHUFHQW PHWDOOL]DWLRQ UDWLR� ZKHUH DOO WKUHH FXUYHV LQWHUVHFW� LV LP�

SRUWDQW IRU DQDO\VLV RI WKH VHQVRU VLJQDO VHQVLWLYLW\ WR WKH GLVWXUEDQFH IDFWRU LQWURGXFHG

E\ WKH PHWDOOL]DWLRQ UDWLR DQG PD\ EH XVHG LQ IXWXUH VWXGLHV�

���
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)LJXUH ����� &DOFXODWHG SHUFHQW UDWLR RI WKH SDUDVLWLF FDSDFLWDQFHV ZLWK UHVSHFW WR
WKH QRPLQDO FDSDFLWDQFH RI HDFK ZDYHOHQJWK RI WKH 7HoRQ VHQVRU DV D IXQFWLRQ RI WKH
HOHFWURGH WKLFNQHVV� &�  &SDU &QRP d ����

7KH FDSDFLWDQFH EHWZHHQ WKH VHQVLQJ HOHFWURGH DQG WKH EDFNSODQH WKURXJK WKH VXE�

VWUDWH� RQ WKH RWKHU KDQG� YDULHV QHDUO\ OLQHDUO\ ZLWK WKH PHWDOOL]DWLRQ UDWLR� DV VKRZQ

LQ )LJXUH ����� ,QWXLWLRQ FRQnUPV WKLV WUHQG� EHFDXVH WKLV VLWXDWLRQ LV VLPLODU WR WKDW

RI D SDUDOOHO SODWH FDSDFLWRU� JLYHQ E\ ������ $JDLQ� WKH UHODWLYH FKDQJHV RI HDFK FDSDF�

LWDQFH DUH ODUJHU IRU ODUJHU ZDYHOHQJWKV� DV VKRZQ LQ )LJXUH ����� $V DOUHDG\ VWDWHG�

WKLV LQIRUPDWLRQ LV XVHIXO IRU WZR UHDVRQV� 7KH UHVROXWLRQ RI WKH HWFKLQJ SURFHVV RQ D

oH[LEOH VXEVWUDWH LV QRW DOZD\V VXpFLHQW WR HQVXUH SUHFLVH GLPHQVLRQV RI WKH VPDOOHU

ZDYHOHQJWK� EXW HYHQ LI WKLV OLPLWDWLRQ LV RYHUFRPH� LW PD\ EH XVHIXO WR FKDQJH WKH

PHWDOOL]DWLRQ UDWLR LQ RUGHU WR H[WUDFW DGGLWLRQDO LQIRUPDWLRQ DERXW WKH SURSHUWLHV RI

WKH GLHOHFWULF VDPSOH E\ DOWHULQJ WKH UHODWLYH DPSOLWXGHV RI WKH )RXULHU FRPSRQHQWV RI

WKH VHQVRU VXUIDFH YROWDJH GLVWULEXWLRQ� 7KH QXPHULFDO YDOXHV RI FDSDFLWDQFH SHU PHWHU

OHQJWK IRU WKH PRVW IUHTXHQWO\ XVHG FDVH RI WKH ����� PHWDOOL]DWLRQ UDWLR FRPSXWHG

ZLWK 0D[ZHOO IRU WKH 7HoRQ VHQVRU RI )LJXUH ��� LQ DLU DUH JLYHQ LQ 7DEOH ����

���
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)LJXUH ����� 7KH PHWDOOL]DWLRQ UDWLR LV QRW DOZD\V HDV\ WR FRQWURO� 7KH PHDVXUHG
PHWDOOL]DWLRQ UDWLR IRU WKH � PP ZDYHOHQJWK HOHFWURGHV RI WKH 7HoRQ VHQVRU LV �����
ZKHUHDV WKH VSHFLnHG PHWDOOL]DWLRQ UDWLR ZDV ���� 7KH YLVLEOH VFUDWFKHV DUH GXH WR WKH
PDQXIDFWXULQJ SURFHVV DQG DUH OHVV WKDQ RQH PLFURQ GHHS�

����� (mHFWV RI 6XUIDFH &RQWDFW 4XDOLW\

6XUIDFH 'HIRUPDWLRQ

0DQ\ DSSOLFDWLRQV UHTXLUH WKDW LQWHUGLJLWDO VHQVRUV RSHUDWH RYHU D ZLGH UDQJH RI WHP�

SHUDWXUHV� 6HYHUDO SUHFDXWLRQV VKRXOG EH WDNHQ WR HQVXUH DQ DGHTXDWH SHUIRUPDQFH�

2QH VLGH HmHFW RI YDU\LQJ WKH HQYLURQPHQW WHPSHUDWXUH LV WKH VXUIDFH GHIRUPDWLRQ RI

oH[LEOH LQWHUGLJLWDO VHQVRUV� &RQVLGHU WKH FDVH RI VHQVRUV WKDW XVH &X)ORQ VXEVWUDWH�

7KH FRHpFLHQW RI WKHUPDO H[SDQVLRQ RI SXUH 37)( LV ��� SSP�. >���@� ZKHUHDV WKH

FRHpFLHQW RI WKHUPDO H[SDQVLRQ RI FRSSHU LV �� SSP�. >���@� 1RW VXUSULVLQJO\� WKH FRQ�

WLQXRXV FRSSHU EDFNSODQH EXOJHV RXW ZKHQ WKH VHQVRU LV H[SRVHG WR ORZ WHPSHUDWXUHV�

$QRWKHU SRVVLEOH UHDVRQ IRU VXUIDFH GHIRUPDWLRQ LV DEVRUSWLRQ RI PRLVWXUH RU FKHPLFDOV

LQ WKH YROXPH RI WKH PDWHULDO XQGHU WHVW� ,Q VHYHUDO FDVHV� ZLWK VLJQLnFDQW PRLVWXUH

���
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)LJXUH ����� /DUJHU PDJQLnFDWLRQ RSWLFDO PLFURVFRSH SKRWRJUDSK RI WKH � PP ZDYH�
OHQJWK HOHFWURGHV LQ )LJXUH ���� VKRZLQJ HGJH VKDUSQHVV RI WKH 7HoRQ VHQVRU�

&DSDFLWDQFH� S)�P

ZDYHOHQJWK &�� &��

w ��� PP ���� ����

w ��� PP ���� ����

w ��� PP ���� ����

7DEOH ���� &DOFXODWHG YDOXHV RI &�� DQG &�� SHU PHWHU OHQJWK IRU WKH 7HoRQ VHQVRU LQ
DLU�

DEVRUSWLRQ RI PRUH WKDQ ���� E\ ZHLJKW� WKH WUDQVIRUPHU SUHVVERDUG XVHG LQ RXU H[�

SHULPHQWV ZRXOG LQFUHDVH LWV WKLFNQHVV E\ PRUH WKDQ D IDFWRU RI WZR DQG ORVH LWV RULJLQDO

oDWQHVV� 7KLV LQWURGXFHG DQ XQGHVLUDEOH DLU JDS EHWZHHQ WKH VHQVRU DQG SUHVVERDUG�

ZKLFK GHFUHDVHG WKH DFFXUDF\ RI PHDVXUHPHQWV� 6XFK D ODUJH LQFUHDVH RI SUHVVERDUG

WKLFNQHVV DQG ZHLJKW ZRXOG QRUPDOO\ RFFXU RQO\ IRU SUHVVERDUG QRW LPSUHJQDWHG ZLWK

RLO� ,Q WKLV FDVH� ZDWHU ZDV VXSSOLHG E\ D ZLFN LQ GLUHFW FRQWDFW ZLWK SUHVVERDUG UDWKHU

WKDQ EHLQJ DEVRUEHG GLUHFWO\ IURP DLU�

���
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)LJXUH ����� &DOFXODWHG GHSHQGHQFH RI FDSDFLWDQFH SHU PHWHU OHQJWK &�� RI WKH 7HoRQ
VHQVRU RQ WKH PHWDOOL]DWLRQ UDWLR�

6XUIDFH 5RXJKQHVV

$ VFKHPDWLF YLHZ RI D KDOI�ZDYHOHQJWK FURVV�VHFWLRQ RI WKH VHQVRU LV VKRZQ LQ )LJXUH

����� 6HYHUDO YRLG UHJLRQV FDQ EH LGHQWLnHG� 7KH FDYLW\ GXH WR WKLFNQHVV RI HOHFWURGHV

JLYHV ULVH WR WKH VR�FDOOHG SDUDVLWLF FDSDFLWDQFH GHVFULEHG LQ >�@ DQG LQ 6HFWLRQ ����� RI

WKLV WKHVLV� ,Q DGGLWLRQ� VRPH YRLGV DUH IRUPHG DERYH WKH HOHFWURGHV� GXH WR URXJKQHVV

DQG QRQ�oDWQHVV RI WKH HOHFWURGHV DQG WKH WHVWHG PDWHULDO� DV ZHOO DV GXH WR YDULDWLRQV RI

WKH FRQWDFW TXDOLW\� ZKLFK GHSHQGV RQ WKH GLVWULEXWLRQ RI SUHVVXUH DERYH WKH VSHFLPHQ�

ZKLFK PD\ EH ULJLG RU HODVWLF�

$ UHSUHVHQWDWLYH SURnORPHWHU VFDQ RI WKH VHQVRU
V VXUIDFH LQ )LJXUH ���� VKRZV WKDW

YDULDWLRQ RI WKH QRPLQDOO\ �� xP HOHFWURGH WKLFNQHVV LV QHDUO\ QHJOLJLEOH� RQ WKH RUGHU

RI � xP� 7KH VXUIDFHV RI WKH VROLG GLHOHFWULF PDWHULDOV XVHG LQ WKLV VWXG\ DUH HYHQ

VPRRWKHU IRU PRVW FDVHV� 7KLV OHDGV XV WR FRQFOXGH WKDW WKH SULPDU\ VXUIDFH FRQWDFW

HmHFW LV GXH WR QRQ�oDW VXUIDFH GHIRUPDWLRQV RI WKH VROLG GLHOHFWULFV DQG WKH VHQVRU�

,W LV YHU\ GLpFXOW WR DFKLHYH DQ DGHTXDWH FRQWDFW ZLWK D VROLG PDWHULDO VDPSOH�

7KH GLVWULEXWLRQ RI SUHVVXUH LV XVXDOO\ LQKRPRJHQHRXV GXH WR ORFDO FRPSUHVVLRQV DQG

���
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)LJXUH ����� &DOFXODWHG SHUFHQW FKDQJH RI FDSDFLWDQFH &�� RI WKH 7HoRQ VHQVRU QRUPDO�
L]HG ZLWK UHVSHFW WR n  ��� FDSDFLWDQFH YDOXH &���  &�� &������� YV PHWDOOL]DWLRQ
UDWLR�

VXUIDFH GHIRUPDWLRQV� )LJXUH ���� VKRZV DQ LPDJH RI WKH VHQVRU OHIW LQ D SUHVVXUH

VHQVLWLYH nOP >���@� 7KH VHQVRU ZDV VTXHH]HG LQ WKH YLFH ZLWK � LQFK WKLFN OH[DQ OD\HUV

RQ HDFK VLGH RI WKH VHQVRU� ,W FDQ EH VHHQ WKDW HYHQ D � LQFK OD\HU ZDV QRW VXpFLHQW WR

UHGLVWULEXWH SUHVVXUH IURP WKH YLFH VXUIDFH SDWWHUQ LQWR D KRPRJHQHRXV GLVWULEXWLRQ�
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)LJXUH ����� &DOFXODWHG FKDQJH RI WKH VHQVLQJ HOHFWURGH�WR�EDFNSODQH FDSDFLWDQFH SHU
PHWHU OHQJWK &�� RI WKH 7HoRQ VHQVRU DV D IXQFWLRQ RI WKH PHWDOOL]DWLRQ UDWLR�
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)LJXUH ����� &DOFXODWHG SHUFHQW FKDQJH RI WKH VHQVLQJ HOHFWURGH�WR�JXDUG SODQH FDSDF�
LWDQFH &���  &�� &������� RI WKH 7HoRQ VHQVRU DV D IXQFWLRQ RI WKH PHWDOOL]DWLRQ
UDWLR�
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)LJXUH ����� $LU OD\HU WUDSSHG EHWZHHQ WKH GULYH DQG WKH VHQVLQJ HOHFWURGHV GXULQJ PHD�
VXUHPHQWV ZLWK VROLG PDWHULDOV GXH WR HOHFWURGH KHLJKW� VXUIDFH URXJKQHVV� DQG VXUIDFH
QRQ�oDWQHVV� )RU DOO FDOFXODWLRQV WKH HOHFWURGH KHLJKW LV �� xP� WKH 7HoRQ VXEVWUDWH
KDV WKLFNQHVV ��� xP DQG �U ���� DQG WKH WHVWHG PDWHULDO KDV LQnQLWH WKLFNQHVV�

���
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�D� � PP ZDYHOHQJWK �E� ��� PP ZDYHOHQJWK

�F� � PP ZDYHOHQJWK

)LJXUH ����� 3URnORPHWHU VFDQ RI WKH HOHFWURGH VXUIDFH IRU HDFK ZDYHOHQJWK� 7KH RYHUDOO
VORSH RI WKH 7HoRQ VHQVRU VXUIDFH GXH WR WKH JOREDO VXUIDFH GHIRUPDWLRQ RI WKH oH[LEOH
VXEVWUDWH LV VRIWZDUH FRUUHFWHG LQ VHOHFWHG UHJLRQV GHQRWHG E\ YHUWLFDO OLQHV DQG FKDUDF�
WHUV 5 DQG 0 LQ �D� DQG �E� DQG LV WKH oDW EDVHOLQH UHJLRQ DURXQG ���� xP LQ �F�� 7KH
VFDQV VKRZ WKDW WKH HOHFWURGH KHLJKW LV DERXW �� xP ZKHUHDV WKH VXUIDFH URXJKQHVV LV
RQ WKH RUGHU RI RQH xP�

���
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)LJXUH ����� 3UHVVXUH�VHQVLWLYH nOP LPDJH ZLWK WKH 7HoRQ VHQVRU SUHVVHG DJDLQVW WKH
/H[DQ VODE GHPRQVWUDWHV WKDW WKH SUHVVXUH GLVWULEXWLRQ WHQGV WR EH QRQXQLIRUP DQG
WKH DLU JDS FKDUDFWHULVWLFV VKRXOG QRW EH UHJDUGHG KRPRJHQHRXV DFURVV WKH VHQVRU KHDG�

([SHULPHQWV

3DUDpQ ZD[

7KH nUVW VHW RI PHDVXUHPHQWV� VHUYHV WR GHPRQVWUDWH WKH GUDPDWLF GHSHQGHQFH RI

VHQVRU RXWSXW RQ WKH TXDOLW\ RI FRQWDFW ZLWK WKH VSHFLPHQ� 3DUDpQ ZD[ ��U ���� } {�
IRU IUHTXHQF\ � N+]� PHOWLQJ WHPSHUDWXUH ��p&� ZDV nUVW IRUPHG LQWR D VROLG UHFWDQJXODU

VODE DQG SODFHG GLUHFWO\ FRQWDFWLQJ WKH VHQVRU� 7KHQ� LW ZDV PHOWHG� SRXUHG RYHU WKH

VHQVRU� DQG DOORZHG WR UH�KDUGHQ ZLWK SDUDpQ ZD[ nOOLQJ WKH DLU FDYLWLHV� $IWHU URRP

WHPSHUDWXUH ZDV UHDFKHG DQG WKH SDUDpQ ZD[ VROLGLnHG� PHDVXUHPHQW RI LQWHUHOHFWURGH

FDSDFLWDQFH ZDV PDGH DQG FRPSDUHG WR WKDW RI WKH SUH�PHOWHG FDVH� 7KH UHVXOWV DUH

VXPPDUL]HG LQ 7DEOH ���� 7KH LQFUHDVH LQ &�� DIWHU UH�KDUGHQLQJ IURP WKH PHOW LV

LQ JRRG DJUHHPHQW ZLWK FDOFXODWHG YDOXHV IURP D nQLWH�HOHPHQW FRPSXWHU VLPXODWLRQ

ZKLFK LQGLFDWHV WKDW WKH SDUDpQ ZD[ KDV oRZHG LQWR DLU FDYLWLHV�

+\]RG DQG FRUQ RLO

$ VLPLODU H[SHULPHQW ZDV FRQGXFWHG WR IXUWKHU GHPRQVWUDWH WKH VWURQJ HmHFW RI

DLU FDYLWLHV DQG WR H[SORUH WKH SRVVLELOLW\ RI XVLQJ PDWFKLQJ GLHOHFWULF FRQVWDQW OLTXLGV

���
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&DSDFLWDQFH� &�� �S)�

ZDYHOHQJWK SUH�PHOWHG UH�KDUGHQHG DIWHU PHOW FDOFXODWHG� QR DLU FDYLWLHV

w ��� PP ���� ���� ����

w ��� PP ���� ���� ����

w ��� PP ���� ���� ����

7DEOH ���� &RPSDULVRQ RI PHDVXUHG FDSDFLWDQFH &�� ZLWK SUH�PHOWHG DQG UH�KDUGHQHG
SDUDpQ ZD[ XVLQJ WKH 7HoRQ WKUHH�ZDYHOHQJWK VHQVRU�

IRU KLJK�SUHFLVLRQ PHDVXUHPHQWV ZLWK LUUHJXODUO\ VKDSHG VSHFLPHQV� 7KH DSSURDFK

WR WKLV PHDVXUHPHQW RULJLQDWHV IURP D FRPPRQ WHFKQLTXH RI OLTXLG GLVSODFHPHQW LQ

GLHOHFWURPHWU\ PHDVXUHPHQWV� �IRU H[DPSOH� VHH >���@�� ,Q WKLV WHFKQLTXH� WZR PDWHULDOV�

VROLG DQG OLTXLG� ZKRVH YDOXHV RI GLHOHFWULF SHUPLWWLYLW\ DUH YHU\ FORVH� DUH XVHG LQ VXFK D

ZD\ WKDW GLVSODFHPHQW RI WKH OLTXLG E\ WKH VROLG PDWHULDO GRHV QRW FKDQJH WKH UHVSRQVH

RI WKH PHDVXUHPHQW FLUFXLW� 7KXV� WKH NQRZOHGJH RI SURSHUWLHV RI WKH OLTXLG DOORZV

GHWHUPLQDWLRQ RI WKH SURSHUWLHV RI WKH VROLG ZLWKRXW PDNLQJ LQWULFDWH HOHFWURGHV�

'LHOHFWULF SURSHUWLHV RI DOO PDWHULDOV XVHG LQ WKLV SDSHU ZHUH PHDVXUHG XVLQJ SDUDOOHO�

SODWH FDSDFLWLYH VWUXFWXUHV UHFRPPHQGHG LQ >���@� /LTXLG FRUQ RLO ��U ������ DQG VROLG

SRO\FDUERQDWH +\]RG ��U ����� DERXW � LQFK WKLFN� ZHUH XVHG LQ WKLV H[SHULPHQW� )RXU

FRQVHFXWLYH VWHSV RI PHDVXUHPHQWV DW D IUHTXHQF\ RI � N+] ZHUH WDNHQ�

�� 6ROLG +\]RG LV SUHVVHG DJDLQVW WKH 7HoRQ VHQVRU WUDSSLQJ D OD\HU RI DLU EHWZHHQ

WKH +\]RG DQG WKH VHQVRU
V VXUIDFH�

�� &RUQ RLO LV WKHQ SRXUHG RYHU WKH +\]RG� EXW VLQFH RLO LV TXLWH YLVFRXV DQG DLU

FDYLWLHV DUH YHU\ VPDOO� WKH YLVFRXV RLO GLG QRW nOO LQ WKH FDYLWLHV�

�� +\]RG VSHFLPHQ LV WKHQ OLIWHG VR WKDW RLO FDQ nOO DOO FDYLWLHV� DIWHU ZKLFK WKH

+\]RG LV UHWXUQHG WR LWV RULJLQDO SRVLWLRQ�

�� +\]RG LV UHPRYHG DQG PHDVXUHPHQWV DUH WDNHQ ZLWK FRUQ RLO RQO\�

7DEOH ��� VKRZV WKDW WKH LQWHUHOHFWURGH FDSDFLWDQFH &�� LQFUHDVHV IURP D ORZ WR D

KLJK YDOXH DV ZH JR IURP VWHS � WR VWHS � VKRZLQJ WKH LPSRUWDQFH RI VDPSOH FRQWDFW� 7KH

FRPSXWHU VLPXODWLRQ DVVXPHV WKDW WKH GLHOHFWULF ZLWK UHODWLYH SHUPLWWLYLW\ �U ����� nOOV

WKH HQWLUH VSDFH DERYH WKH VHQVRU� FRUUHVSRQGLQJ WR VWHS �� :H ZRXOG KDYH H[SHFWHG

VWHSV � DQG � WR KDYH DERXW WKH VDPH FDSDFLWDQFHV� :H EHOLHYH WKDW D FKDQJH LQ WKH

���
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&DSDFLWDQFH� &�� �S)�

ZDYHOHQJWK VWHS � VWHS � VWHS � VWHS � VLPXODWLRQ

w ��� PP ���� ���� ���� ���� ����

w ��� PP ���� ���� ���� ���� ����

w ��� PP ���� ���� ���� ���� ����

7DEOH ���� 0HDVXUHG YDOXHV RI &�� ZLWK RLO ��U  ������ DQG +\]RG ��U  ������ ZKLFK
KDYH DOPRVW LGHQWLFDO UHODWLYH GLHOHFWULF SHUPLWWLYLWLHV�

HOHFWULFDO GRXEOH OD\HU IRU WKH WZR FDVHV LQ VWHSV � DQG � PD\ EH WKH FDXVH RI WKH VOLJKW

FDSDFLWDQFH FKDQJH�

,W ZDV REVHUYHG WKDW LQFUHDVH RI WKH FRQWDFW SUHVVXUH DQG oH[LELOLW\ RI WKH VHQVRU

GRHV QRW OHDG WR VLJQLnFDQW UHGXFWLRQ RI WKLV HmHFW� 7KH TXDOLW\ RI FRQWDFW QHHGV WR EH

LQFRUSRUDWHG LQWR WKH SDUDPHWHU HVWLPDWLRQ VRIWZDUH UHODWLQJ PHDVXUHG JDLQ DQG SKDVH

WR FDOFXODWH GLHOHFWULF SHUPLWWLYLW\ DQG FRQGXFWLYLW\�

&DOFXODWLRQV

2EVHUYDWLRQV RQ WKH VWURQJ HmHFWV RI DLU FDYLWLHV RQ WKH WUDQVFDSDFLWDQFH ZLWK VROLG

VDPSOHV PDGH LQ WKH SUHYLRXV VXEVHFWLRQ OHDG WR WKH QHHG WR GLVWLQJXLVK EHWZHHQ VROLG

DQG OLTXLG GLHOHFWULFV ZKHQ VROYLQJ WKH LQYHUVH SUREOHP RI PDWHULDO FKDUDFWHUL]DWLRQ IURP

FRPSOH[ JDLQ PHDVXUHPHQWV� &DOLEUDWLRQ FXUYHV FRPSXWHG E\ nQLWH�HOHPHQW VLPXODWLRQ

DUH FRPSDUHG WR WKH H[SHULPHQWDO UHVXOWV LQ )LJXUH ���� IRU YDULRXV OLTXLG DQG VROLG

GLHOHFWULFV�

7ZR OLQHV FRUUHVSRQG WR WZR PRGHOHG FDVHV ^ ZKHQ WKH FDYLW\ EHWZHHQ WKH HOHFWURGHV

LV nOOHG ZLWK GLHOHFWULF �?OLTXLGV�VLPXODWLRQ��� DQG ZKHQ LW LV nOOHG ZLWK DLU �?VROLGV�

VLPXODWLRQ��� )RU DOO VLPXODWLRQV WKH GLHOHFWULF PDWHULDO DQG HOHFWURGHV DUH DVVXPHG WR

EH SHUIHFWO\ oDW� 7KH HmHFW RI WKH FDYLW\ EHFRPHV VPDOOHU DV WKH ZDYHOHQJWK LQFUHDVHV�

)RU WKH FDVH w  � PP LW LV KDUGO\ QRWLFHDEOH� $W WKH VDPH WLPH� PHDVXUHPHQWV VKRZ D

ODUJH GLmHUHQFH EHWZHHQ VROLGV DQG OLTXLGV IRU DOO ZDYHOHQJWKV� 1RWH WKDW WKLV GLmHUHQFH

IDU H[FHHGV WKH HmHFW RI HOHFWURGH KHLJKW GHWHUPLQHG E\ VLPXODWLRQ� 7KLV SKHQRPHQD LV

DWWULEXWHG WR WKH DLU WUDSSHG EHWZHHQ WKH HOHFWURGHV DQG WKH VDPSOH VXUIDFHV �DV ZDV

VKRZQ VFKHPDWLFDOO\ LQ )LJXUH ������

���



���� *HRPHWU\

7KH SUHVXPHG HTXLYDOHQW DLU JDS ZDV VLPXODWHG QXPHULFDOO\ �)LJXUH ������ ,Q WKLV

VLPXODWLRQ� WKH PDWHULDO ZLWK �U ��� �7HoRQ� SDUDpQ ZD[� LV LQLWLDOO\ LQ LGHDO oDW

FRQWDFW ZLWK WKH HOHFWURGHV� 7KH LQWHUHOHFWURGH FDSDFLWDQFH GHFUHDVHV DV WKH WHVWHG

PDWHULDO PRYHV DZD\ IURP WKH HOHFWURGHV OHDYLQJ EHKLQG WKH SODQDU JDS nOOHG ZLWK DLU�

,Q RUGHU WR DFKLHYH D UHGXFWLRQ RI FDSDFLWDQFH HTXDO WR WKDW PHDVXUHG� WKH HTXLYDOHQW

JDS KDV WR EH RQ WKH RUGHU RI �� xP �QRW LQFOXGLQJ WKH HOHFWURGH KHLJKW�� DERXW WKUHH

WLPHV WKH WKLFNQHVV RI HOHFWURGHV�

$ FDOLEUDWLRQ SURJUDP KDV EHHQ GHYHORSHG WR LQFOXGH LQIRUPDWLRQ DERXW W\SH RI

FRQWDFW� VXUIDFH URXJKQHVV DQG VXUIDFH GHIRUPDWLRQ� 2QH DSSURDFK LV WR XVH UHGXQGDQW

LQIRUPDWLRQ IURP WKUHH LQGHSHQGHQW PHDVXUHPHQWV XVLQJ WKH WKUHH�ZDYHOHQJWK VHQVRU

WR GHWHUPLQH WKH HTXLYDOHQW SODQDU DLU JDS WKLFNQHVV�

���
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D� w  ���xP

E� w  ���xP

F�w  ���xP

)LJXUH ����� 0HDVXUHG DQG FDOFXODWHG LQWHUHOHFWURGH FDSDFLWDQFH &�� IRU DLU� OLTXLG�
DQG VROLG GLHOHFWULFV IRU HDFK RI WKH VHQVRU
V WKUHH ZDYHOHQJWKV� 7KH PHWDOOL]DWLRQ
UDWLR VLJQLnFDQWO\ VPDOOHU WKDQ WKH QRPLQDO YDOXH RI ��� UHVXOWV LQ ORZHU WKDQ QRPLQDO
YDOXHV RI FDSDFLWDQFH� /HJHQG� $� $LU� ��7HoRQ� ��3RO\HWK\OHQH� ��/H[DQ� ��'HOULQ�
��7UDQVIRUPHU 2LO� ��&RUQ 2LO� ��&DVWRU 2LO�

���



���� &URVV�&RUUHODWLRQ %HWZHHQ :DYHOHQJWKV

)LJXUH ����� 6LPXODWLRQ RI WKH DLU JDS WKLFNQHVV HmHFW IRU DOO WKUHH ZDYHOHQJWKV RI WKH
7HoRQ VHQVRU� DVVXPLQJ WKH WHVW GLHOHFWULF KDV �U ����

��� &URVV�&RUUHODWLRQ %HWZHHQ :DYHOHQJWKV

����� %DFNJURXQG

([SHULPHQWV ZHUH FRQGXFWHG WR PHDVXUH WKH DLU JDS FUHDWHG DW WKH FRQWDFW VXUIDFH

EHWZHHQ WKH PDWHULDO OD\HU DQG DQ LQWHUGLJLWDO WKUHH�ZDYHOHQJWK VHQVRU ZKLOH PDNLQJ

GLHOHFWURPHWU\ PHDVXUHPHQWV� 6LPXODWLRQV ZLWK $QVRIW 0D[ZHOO VRIWZDUH ZHUH XVHG

WR FRPSXWH WKH LQWHUHOHFWURGH FDSDFLWDQFHV LQ WKH WKUHH�ZDYHOHQJWK 7HoRQ VHQVRU IRU

PHDVXUHPHQWV ZLWK D 7HoRQ VROLG ZLWK DQ DLU JDS UDQJLQJ IURP � WR �� PLFURQV DW WKH

FRQWDFW VXUIDFH� 7KH VLPXODWLRQ UHVXOWV ZHUH QRUPDOL]HG ZLWK DQ DSSURSULDWH UDWLR WR

HQDEOH FRPSDULVRQ ZLWK PHDVXUHG UHVXOWV� 0HDVXUHPHQWV RI WKH LQWHUHOHFWURGH FDSDF�

LWDQFH ZHUH PDGH XVLQJ D ?6KRUW�FLUFXLW PRGH� ,QWHUIDFH ER[ DQG HTXLYDOHQW DLU JDSV

EHWZHHQ 7HoRQ DQG WKH VHQVRU KHDG ZHUH FDOFXODWHG E\ FRPSDULQJ ZLWK DQG LQWHUSR�

ODWLQJ VLPXODWHG UHVXOWV� 7KH FURVV�FRUUHODWLRQ EHWZHHQ WKH HTXLYDOHQW DLU JDSV IRU WKH

WKUHH ZDYHOHQJWKV LQ WKH LQWHUGLJLWDO WKUHH�ZDYHOHQJWK VHQVRU ZDV IRXQG WR EH PXFK OHVV

WKDQ � LQ PDJQLWXGH� 7KLV LPSOLHV WKDW WKH WKUHH HTXLYDOHQW DLU JDSV IRU HDFK RI WKH

���
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WKUHH ZDYHOHQJWKV KDYH WR EH FRQVLGHUHG DV VHSDUDWH SDUDPHWHUV ZKLOH VROYLQJ IRU WKH

GLHOHFWULF SURSHUWLHV RI DQ XQNQRZQ PDWHULDO XVLQJ WKH LQWHUGLJLWDO WKUHH�ZDYHOHQJWK

VHQVRU� 7KLV VWXG\ ZDV FRQGXFWHG WRJHWKHU ZLWK DQ XQGHUJUDGXDWH VWXGHQW 0DGKX

6DUGD DQG WKLV VHFWLRQ LV EDVHG RQ KLV $GYDQFHG 8QGHUJUDGXDWH 3URMHFW UHSRUW >��@�

7KH PLFUR�OHYHO XQGXODWLRQV RI WKH VHQVRU VXUIDFH DQG WKH PDWHULDO VXUIDFH FUHDWH

DQ DLU JDS EHWZHHQ WKH WZR VXUIDFHV ZKHQ WKH\ DUH SUHVVHG WRJHWKHU� 7KH DLU JDS LV

QRW FRQVWDQW RYHU WKH HQWLUH VXUIDFH RI WKH LQWHUIDFH EHWZHHQ WKH VHQVRU DQG WKH PD�

WHULDO� 0XOWL�ZDYHOHQJWK GLHOHFWURPHWU\ FDQ EH XVHG WR PHDVXUH WKH WKLFNQHVV RI DQ

?HTXLYDOHQW� DLU�JDS IRU HDFK RI WKH GLmHUHQW ZDYHOHQJWKV IRU NQRZQ PDWHULDOV� 7KLV

DLU JDS LV D ?GLVWXUEDQFH SDUDPHWHU� LQ GLHOHFWURPHW\ PHDVXUHPHQWV� ,W LV DQ H[WUD

SDUDPHWHU WR EH VROYHG IRU DORQJ ZLWK WKH FRQGXFWLYLW\ DQG WKH SHUPLWWLYLW\ RI WKH

PDWHULDO EHLQJ PHDVXUHG� 0XOWL�ZDYHOHQJWK GLHOHFWURPHWU\ SURYLGHV D WRRO IRU PHD�

VXUHPHQW RI WKH HTXLYDOHQW DLU JDS IRU DQ XQNQRZQ PDWHULDO� )RU HDFK ZDYHOHQJWK� WKH

PHDVXUHG LPSHGDQFHV SURYLGH WZR LQGHSHQGHQW HTXDWLRQV ZLWK WKUHH SDUDPHWHUV� WKH

FRQGXFWLYLW\� WKH SHUPLWWLYLW\� DQG WKH HTXLYDOHQW DLU JDS� 6LQFH WKH FRQGXFWLYLW\ DQG

WKH SHUPLWWLYLW\ IRU WKH GLmHUHQW ZDYHOHQJWKV DUH FRUUHODWHG� D FRUUHODWLRQ EHWZHHQ WKH

HTXLYDOHQW DLU JDSV RYHU WKH GLmHUHQW ZDYHOHQJWKV FDQ EH GHWHUPLQHG LI LW H[LVWV� 7KLV

VHFWLRQ GHVFULEHV H[SHULPHQWV FRQGXFWHG WR PHDVXUH WKH HTXLYDOHQW DLU JDSV EHWZHHQ

7HoRQ DQG DQ LQWHUGLJLWDO WKUHH�ZDYHOHQJWK 7HoRQ VHQVRU ZKHQ WKH\ DUH SUHVVHG WR�

JHWKHU IRU GLHOHFWURPHWU\ PHDVXUHPHQWV� ,W VKRZV WKH GHJUHH RI FRUUHODWLRQ EHWZHHQ

HTXLYDOHQW DLU JDSV EHWZHHQ DQ\ WZR RI WKH WKUHH ZDYHOHQJWKV�

����� &RPSXWHU 6LPXODWLRQV

$ nQLWH HOHPHQW VRIWZDUH SURJUDP� 0D[ZHOO IURP $QVRIW &RUS�� ZDV XVHG WR VHSDUDWHO\

VLPXODWH PHDVXUHPHQWV ZLWK 7HoRQ IRU HDFK RI WKH WKUHH ZDYHOHQJWKV RI WKH LQWHUGLJLWDO

WKUHH�ZDYHOHQJWK 7HoRQ VHQVRU�

���



���� &URVV�&RUUHODWLRQ %HWZHHQ :DYHOHQJWKV

6LPXODWLRQV ZLWK 7HoRQ

)LJXUH ���� VKRZV WKH JHRPHWU\ XVHG WR VLPXODWH WKH HOHFWURGH VWUXFWXUH RI WKH VHQVRU�

,W VKRZV D SRUWLRQ RI WKH ZLGWK RI WKH HOHFWURGH JHRPHWU\ HTXDO WR KDOI WKH VSDWLDO

SHULRGLFLW\ RI WKH HOHFWURGHV IRU WKH FRUUHVSRQGLQJ ZDYHOHQJWK� 'LmHUHQW ZLGWKV DQG

VSDFLQJV RI HOHFWURGHV ZHUH XVHG WR VLPXODWH GLmHUHQW ZDYHOHQJWKV� )RU H[DPSOH� IRU DQ

HOHFWURGH VSDWLDO SHULRGLFLW\ RI ��� PP� WKH KDOI�ZLGWK RI WKH HOHFWURGHV FKRVHQ ZDV ���

xP ZLWK D KRUL]RQWDO VSDFLQJ RI ��� xP LQ EHWZHHQ� $Q DUUDQJHPHQW RI WKHVH XQLWV

SODFHG VLGH E\ VLGH UHVXOWV LQ DQ HOHFWURGH VSDWLDO SHULRGLFLW\ RI ��� PP DV UHTXLUHG�

7KXV� WR VLPXODWH HOHFWURGH VSDWLDO SHULRGLFLWLHV RI ��� PP DQG ��� PP� HOHFWURGH KDOI�

ZLGWKV RI ����� xP DQG ��� xP UHVSHFWLYHO\� DQG HOHFWURGH VSDFLQJV RI ��� xP DQG ����

xP UHVSHFWLYHO\ ZHUH XVHG IRU WKH HOHFWURGH VWUXFWXUH JHRPHWU\� )RU HDFK VLPXODWLRQ�

WKH WKLFNQHVV RI WKH JXDUG SODQH ZDV �� xP� WKH VXEVWUDWH ZDV ��� xP WKLFN� DQG WKH

WKLFNQHVV RI WKH GULYH DQG VHQVH HOHFWURGHV ZDV �� xP� 7KHVH GLPHQVLRQV DUH WKH VDPH

DV WKRVH RI WKH WKUHH�ZDYHOHQJWK VHQVRU�

7KH JXDUG SODQH ZDV DVVLJQHG LQnQLWH FRQGXFWLYLW\� 7KH VXEVWUDWH ZDV DVVLJQHG D

UHODWLYH SHUPLWWLYLW\� qU� YDOXH RI ��� �7HoRQ�� 7KH PDWHULDO IRU WKH GULYH DQG VHQVH

HOHFWURGHV IRU ERWK PHDVXUHPHQWV DQG VLPXODWLRQV ZDV FRSSHU� 7KH PDWHULDO RQ WRS RI

WKH VHQVRU ZDV DVVLJQHG WKH UHODWLYH SHUPLWWLYLW\ YDOXH RI 7HoRQ� 7KH WKLFNQHVV RI WKH

PDWHULDO OD\HU ZDV FKRVHQ WR EH VLJQLnFDQWO\ JUHDWHU WKDQ WKH SHQHWUDWLRQ GHSWK RI WKH

HOHFWULF nHOG IRU HDFK ZDYHOHQJWK� 7KH EDFNJURXQG ZDV FKRVHQ WR EH YDFXXP�

$ YDULDEOH DLU JDS EHWZHHQ WKH VHQVRU VXUIDFH DQG WKH PDWHULDO OD\HU ZDV LQWURGXFHG

LQ WKH VLPXODWLRQV� 7KH DLU JDS� PHDVXUHG IURP WKH HOHFWURGH VXUIDFH WR WKH PDWHULDO

OD\HU� ZDV YDULHG IURP � WR �� xP LQ LQFUHPHQWV RI � xP� )RU HDFK YDOXH RI WKH

DLU JDS� WKH VLPXODWLRQ SURGXFHG YDOXHV RI WKH GULYH�VHQVLQJ WUDQVFDSDFLWDQFH DQG WKH

FDSDFLWDQFH RI WKH GULYH HOHFWURGH UHODWLYH WR JXDUG�

)LJXUH ���� VKRZV JUDSKV RI WKH WUDQVFDSDFLWDQFHV YV� WKH DLU JDS IRU WKH WKUHH

ZDYHOHQJWKV� 6LQFH WKH GLHOHFWULF SHUPLWWLYLW\ RI WKH PDWHULDO OD\HU LV KLJKHU WKDQ WKDW

RI DLU� WKH FDSDFLWDQFH EHWZHHQ WKH WZR LQWHUGLJLWDWHG HOHFWURGHV GHFUHDVHV ZLWK WKH

���
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)LJXUH ����� 7KH 0D[ZHOO KDOI�ZDYHOHQJWK PRGHO JHRPHWU\ XVHG WR VLPXODWH WKH LQWHU�
GLJLWDO WKUHH�ZDYHOHQJWK VHQVRU HOHFWURGH VWUXFWXUH�

WKLFNQHVV RI WKH DLU JDS�

6LPXODWLRQV ZLWK $LU

)RU VLPXODWLRQV LQ DLU� WKH PRGHOV XVHG IRU GLmHUHQW ZDYHOHQJWKV ZHUH WKH VDPH DV IRU

7HoRQ� H[FHSW WKDW WKH PDWHULDO OD\HU ZDV UHSODFHG E\ DLU� 7KH WKLFNQHVV RI WKH DLU

OD\HU ZDV ODUJH HQRXJK WR DFFRPPRGDWH WKH SHQHWUDWLRQ GHSWK IRU HDFK ZDYHOHQJWK�

7DEOH ��� OLVWV WKH LQWHUHOHFWURGH FDSDFLWDQFH� &>GULYH� VHQVH@� DQG WKH GULYH WR JXDUG

FDSDFLWDQFH� &>GULYH� JXDUG@� FDOFXODWHG E\ WKH VLPXODWLRQ IRU HDFK ZDYHOHQJWK�

���



���� &URVV�&RUUHODWLRQ %HWZHHQ :DYHOHQJWKV

:DYHOHQJWK &>GULYH� VHQVH@ � S)�P� &>GULYH� JXDUG@ � S)�P�

��� PP ������ ������

��� PP ������ �����

��� PP ������ ������

7DEOH ���� &DSDFLWDQFH YDOXHV LQ DLU SURGXFHG IURP 0D[ZHOO VLPXODWLRQV�
&>GULYH� VHQVH@ LV WKH WUDQVFDSDFLWDQFH DQG &>GULYH� JXDUG@ LV WKH FDSDFLWDQFH RI WKH
GULYH HOHFWURGH UHODWLYH WR WKH JXDUG�

����� 0HDVXUHPHQWV ZLWK ,QWHUGLJLWDO 7KUHH�:DYHOHQJWK 7HoRQ

6HQVRU

([SHULPHQWDO 6HWXS

'DWD ZDV FROOHFWHG IRU PHDVXUHPHQWV PDGH RQ 7HoRQ XVLQJ WKH LQWHUGLJLWDO WKUHH�

ZDYHOHQJWK VHQVRU� 7KH LQWHUGLJLWDO WKUHH�ZDYHOHQJWK VHQVRU ZDV FRQQHFWHG WR D GL�

HOHFWURPHWU\ LQWHUIDFH ER[� 7KH RXWSXW RI WKH LQWHUIDFH ER[ ZDV IHG WR D FRQWUROOHU ER[

ZKLFK LV LQ WXUQ FRQQHFWHG WR D FRPSXWHU IRU GDWD UHWULHYDO� 7KH LQWHUIDFH ER[ LQ WKLV

FDVH ZDV RSHUDWLQJ LQ D VKRUW�FLUFXLW PRGH� GHVFULEHG LQ VHFWLRQ ����� WR PHDVXUH WKH

VHQVRU HOHFWURGH FXUUHQW ,W� ,W PHDVXUHV WKH FLUFXLW FDSDFLWDQFH� &��� DQG FRQGXFWDQFH�

*��� IURP NQRZOHGJH RI WKH GULYLQJ YROWDJH� 9'� DQG E\ FXUUHQW LQWHJUDWLRQ ZLWK D

JURXQGHG EDFNSODQH� 7KH IHHGEDFN FDSDFLWDQFHV� &) � LQ WKH ,QWHUIDFH %R[ IRU WKH ���

PP� ��� PP� DQG ��� PP ZHUH PHDVXUHG WR EH ���� S)� ��� S)� DQG ��� S) UHVSHF�

WLYHO\� )LJXUH ���� VKRZV WKH VKRUW FLUFXLW FXUUHQW ZLWK YLUWXDO JURXQG DSSURDFK RI

PHDVXULQJ WKH WUDQVFDSDFLWDQFH DQG WUDQVFRQGXFWDQFH�

$ UHFWDQJXODU 7HoRQ VODE RI XQLIRUP WKLFNQHVV �� PP ZDV XVHG DV WKH PDWHULDO

OD\HU RYHU WKH VHQVRU KHDG� 7KH RWKHU GLPHQVLRQV RI WKH VODE ZHUH ELJ HQRXJK WR

IXOO\ FRYHU WKH HOHFWURGHV HWFKHG RQ WKH VHQVRU DV LWV SRVLWLRQ RYHU WKH VHQVRU ZDV

YDULHG� $ PHWDO ZHLJKW RI �� NJ ZDV SXW RQ WKH 7HoRQ VODE WR LPSURYH LWV FRQWDFW

ZLWK WKH VHQVRU VXUIDFH� 7KH ZHLJKW ZDV XQLIRUPO\ GLVWULEXWHG RYHU WKH VHQVRU VXUIDFH�

$GGLWLRQDOO\� WKUHH 7HoRQ SLHFHV RI VLPLODU GLPHQVLRQV WR WKH 7HoRQ VODE XVHG DV WKH

PDWHULDO OD\HU DERYH WKH VHQVRU ZHUH SODFHG EHWZHHQ WKH nUVW 7HoRQ OD\HU DQG WKH

ZHLJKW VR WKDW WKH PHWDO ZHLJKW ZDV IDU HQRXJK IURP WKH VHQVRU HOHFWULF nHOG WR QRW

���
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LQoXHQFH GLHOHFWURPHWU\ PHDVXUHPHQWV� $ WKLQ OD\HU RI UXEEHU ZDV XVHG XQGHUQHDWK

WKH VHQVRU VXEVWUDWH DQG EDFNSODQH WR LPSURYH FRQWDFW EHWZHHQ WKH HOHFWURGH VXUIDFH

DQG WKH PDWHULDO OD\HU�

7KH FLUFXLW ZDV GULYHQ ZLWK D VLQXVRLGDO YROWDJH RI DPSOLWXGH � 9 SHDN DQG PHD�

VXUHPHQWV ZHUH PDGH DW D IUHTXHQF\ RI ���� +] IRU ZKLFK WKH V\VWHP RXWSXW ZDV PRVW

VWDEOH� 7KH VHQVRU ZDV KRXVHG LQ DQ DOXPLQXP ER[ DQG FRYHUHG ZLWK DQ DOXPLQXP OLG

WR SURYLGH VKLHOGLQJ IURP H[WHUQDO HOHFWULF nHOGV� 7KH EDFNSODQH JXDUG HOHFWURGH ZDV

JURXQGHG WR WKH DOXPLQXP ER[�

3URFHGXUH

7KH JRDO RI WKH H[SHULPHQWV ZLWK 7HoRQ ZDV WR REWDLQ DW OHDVW D WZHQW\�SRLQW GDWD

VHW RI HTXLYDOHQW DLU JDSV IRU WKH WKUHH ZDYHOHQJWKV� 0DQ\ H[SHULPHQWV ZHUH GRQH WR

DVFHUWDLQ WKDW WKH OHYHO RI QRLVH ZDV LQVLJQLnFDQW DQG WKDW WKH DLU JDS EHWZHHQ 7HoRQ

DQG WKH VHQVRU VXUIDFH ZDV UHGXFHG WR ZLWKLQ �� PLFURQV� 7KH LQWHUIDFH ER[ KDG WR EH

FKDQJHG IURP WKH ?oRDWLQJ�YROWDJH W\SH� WR WKH ?VKRUW�FLUFXLW FXUUHQW W\SH�� EHFDXVH

WKH IRUPHU� EHLQJ DQ HDUOLHU GHVLJQ� SURGXFHG VLJQLnFDQW HOHFWULFDO QRLVH� 7KH DLU JDS

ZDV UHGXFHG WR WKH GHVLUHG UDQJH E\ SUHVVLQJ WKH PDWHULDO DQG WKH VHQVRU WRJHWKHU ZLWK

D �� NJ ZHLJKW DQG E\ SODFLQJ D UXEEHU OD\HU RI DSSURSULDWH WKLFNQHVV XQGHUQHDWK WKH

VXEVWUDWH OD\HU RI WKH VHQVRU WR LPSURYH FRQWDFW RI WKH VHQVRU KHDG ZLWK WKH PDWHULDO

OD\HU�

&LUFXLW LPSHGDQFH PHDVXUHPHQWV ZHUH WDNHQ DW ���� +] IRU DOO WKUHH ZDYHOHQJWKV

IRU IRXU DQJXODU SRVLWLRQV RI 7HoRQ RQ WKH VHQVRU KHDG � �p� ��p� ���p DQG ���p� $IWHU

HDFK PHDVXUHPHQW 7HoRQ ZDV URWDWHG E\ ��p RQ WKH VHQVRU KHDG� 7KXV D ���SRLQW GDWD

VHW IRU HDFK ZDYHOHQJWK FRQVLVWHG RI VL[ UHSHDWHG PHDVXUHPHQWV IRU HDFK RI WKH IRXU

SRVLWLRQV�

0HDVXUHPHQWV LQ $LU

0HDVXUHPHQW RI DLU GLHOHFWULFV ZHUH PDGH E\ UHPRYLQJ WKH ZHLJKW DQG WKH 7HoRQ OD\HUV�

7KH FLUFXLW FDSDFLWDQFHV PHDVXUHG IRU WKH GLmHUHQW ZDYHOHQJWKV DW D GULYLQJ IUHTXHQF\

���



���� &URVV�&RUUHODWLRQ %HWZHHQ :DYHOHQJWKV

:DYHOHQJWK &>GULYH� VHQVH@ �S)�

��� PP ������

��� PP ������

��� PP ������

7DEOH ���� 0HDVXUHG FDSDFLWDQFH YDOXHV LQ DLU XVLQJ WKH LQWHUGLJLWDO WKUHH�ZDYHOHQJWK
VHQVRU� &>GULYH� VHQVH@ LV WKH WUDQVFDSDFLWDQFH�

RI ���� +] DUH VKRZQ LQ 7DEOH ����

5HVXOWV

7KH UDWLR RI WKH DLU FDSDFLWDQFH YDOXHV REWDLQHG IURP PHDVXUHPHQWV XVLQJ WKH LQWHU�

GLJLWDO WKUHH�ZDYHOHQJWK VHQVRU WR WKH YDOXHV REWDLQHG IURP 0D[ZHOO VLPXODWLRQV ZDV

XVHG WR QRUPDOL]H WKH YDOXHV REWDLQHG IRU VLPXODWLRQV ZLWK 7HoRQ IRU FRPSDULVRQ ZLWK

PHDVXUHG GDWD� $Q DGGLWLRQDO IDFWRU RI ��� ZDV LQFOXGHG LQ WKH QRUPDOL]DWLRQ UDWLR

WR DFFRXQW IRU WKH IDFW WKDW WKH WRWDO HOHFWURGH OHQJWKV LQ WKH WKUHH�ZDYHOHQJWK VHQVRUV

DUH ��� P ZKHUHDV WKH VLPXODWHG YDOXHV DUH FRPSXWHG RQ SHU PHWHU OHQJWK EDVLV�

����� (TXLYDOHQW $LUJDSV DQG &RUUHODWLRQ &RHpFLHQWV

7KH HTXLYDOHQW DLUJDSV LQ WKH VHQVRU VWUXFWXUH IRU GLmHUHQW ZDYHOHQJWKV ZHUH FRPSXWHG

IURP WKH PHDVXUHG FDSDFLWDQFHV� &��� E\ LQWHUSRODWLQJ WKH QRUPDOL]HG &>GULYH� VHQVH@

YV WKH DLU JDS� K� JUDSKV REWDLQHG IURP WKH VLPXODWLRQV ZLWK 7HoRQ DQG VKRZQ LQ )LJXUH

�����

)LJXUHV ���� WKURXJK ���� DUH VFDWWHU SORWV VKRZLQJ WKH FURVV�FRUUHODWLRQV EHWZHHQ

WKH HTXLYDOHQW DLU JDSV IRU WKH WKUHH ZDYHOHQJWKV IRU DOO PHDVXUHPHQWV WDNHQ DW WKH

IRXU SRVLWLRQV RI WKH 7HoRQ VDPSOH DERYH WKH VHQVRU� 7KH FRUUHODWLRQ FRHpFLHQWV IRU

DQ\ WZR ZDYHOHQJWKV DUH WDEXODWHG LQ 7DEOH ����

7DEOH ��� VKRZV WKDW WKH PDJQLWXGHV RI WKH FRUUHODWLRQ FRHpFLHQWV IRU WKH ���SRLQW

GDWD VHW RI HTXLYDOHQW DLU JDSV IRU WKUHH ZDYHOHQJWKV DUH PXFK ORZHU WKDQ RQH� 7KLV

LPSOLHV WKDW WKH HTXLYDOHQW DLU JDSV IRU WKH WKUHH ZDYHOHQJWKV KDYH RQO\ D ZHDN FRUUH�

ODWLRQ�

���



&KDSWHU �� 'LVWXUEDQFH )DFWRUV

K���PP K���PP K���PP

K���PP ������ ������ �������

K���PP ������ ������ ������

K���PP ������� ������ ������

7DEOH ���� &RUUHODWLRQ FRHpFLHQWV RI WKH WKUHH ZDYHOHQJWKV IRU DOO PHDVXUHPHQWV FRP�
SXWHG XVLQJ WKH 0DWODE IXQFWLRQ FRUUFRHI�

7KH ORZ FRUUHODWLRQ FRHpFLHQWV IRU WKH ���SRLQW GDWD VHW PHDQV WKDW WKH HTXLYDOHQW

DLU JDSV IRU WKH GLmHUHQW ZDYHOHQJWKV KDYH WR EH WUHDWHG DV VHSDUDWH SDUDPHWHUV ZKLOH

VROYLQJ IRU WKH GLHOHFWULF SURSHUWLHV RI DQ XQNQRZQ PDWHULDO LQ WKH LQWHUGLJLWDO WKUHH�

ZDYHOHQJWK VHQVRU� 7KLV LPSOLHV WKDW WKHUH DUH WRR PDQ\ SDUDPHWHUV WR EH VROYHG IRU LQ

WKH LQYHUVH SUREOHP RI FRPSXWLQJ PDWHULDO DQG JHRPHWULFDO SURSHUWLHV IURP PHDVXUH�

PHQWV RI FLUFXLW HOHPHQWV� 7KH QXPEHU RI LQGHSHQGHQW UHODWLRQV WKDW FDQ EH REWDLQHG

IURP GLHOHFWURPHWU\ PHDVXUHPHQWV XVLQJ WKH LQWHUGLJLWDO WKUHH�ZDYHOHQJWK VHQVRU ZHUH

OHVV WKDQ WKH QXPEHU RI XQNQRZQ SDUDPHWHUV�

����� &RQFOXVLRQV

7KH FURVV�FRUUHODWLRQ RI GDWD VHWV IURP LQGLYLGXDO ZDYHOHQJWKV LV FULWLFDO IRU UHGXFLQJ

WKH LQoXHQFH RI DQ HUUDWLF DLU JDS EHWZHHQ WKH VHQVRU DQG WKH VROLG VSHFLPHQ RQ PXO�

WLSOH SHQHWUDWLRQ GHSWK SDUDPHWHU HVWLPDWLRQ� 7KH H[SHULPHQWDO GDWD RI WKLV VHFWLRQ

GHPRQVWUDWHV WKDW VXFK FURVV�FRUUHODWLRQ LV QRW DGHTXDWH IRU VHOHFWHG H[SHULPHQWDO SUR�

FHGXUHV� 7KH HUURU LQWURGXFHG E\ WKH DLU JDS DV D PDMRU GLVWXUEDQFH IDFWRU LV JUHDWO\

DPSOLnHG LQ WKH ?PDUFKLQJ� DOJRULWKP� DV VKRZQ LQ 6HFWLRQ ���� 7KH H[SHULPHQWDO

GDWD SUHVHQWHG LQ WKLV 6HFWLRQ� LQ FRQMXQFWLRQ ZLWK WKH H[SHULPHQWDO GDWD SUHVHQWHG LQ

6HFWLRQ ����� VKRXOG VHUYH DV DQ LOOXVWUDWLRQ RI PHDVXUHPHQW DUWLIDFWV WKDW VKRXOG EH

WDNHQ LQWR DFFRXQW� HLWKHU LQ VRIWZDUH RU� SUHIHUDEO\� GXULQJ WKH VHQVRU GHVLJQ VWDJH�

���



���� &URVV�&RUUHODWLRQ %HWZHHQ :DYHOHQJWKV

�D� � PP ZDYHOHQJWK �E� ��� PP ZDYHOHQJWK

�F� � PP ZDYHOHQJWK

)LJXUH ����� &DOFXODWHG JUDSKV RI WKH WUDQVFDSDFLWDQFHV� &>GULYH� VHQVH@ SHU RQH PHWHU
OHQJWK� YV WKH DLU JDS� K� IRU VSDWLDO HOHFWURGH SHULRGLFLWLHV RI � PP� ��� PP� DQG �
PP�

���



&KDSWHU �� 'LVWXUEDQFH )DFWRUV

)LJXUH ����� $ VFDWWHU SORW RI WKH FDOFXODWHG HTXLYDOHQW DLU JDS IURP PHDVXUHPHQWV IRU
WKH ��� PP ZDYHOHQJWK� K���PP� YV WKH HTXLYDOHQW DLU JDS IRU WKH ��� PP ZDYHOHQJWK�
K���PP� IRU DOO IRXU SRVLWLRQV RI WKH 7HoRQ VDPSOH DERYH WKH VHQVRU�

���



���� &URVV�&RUUHODWLRQ %HWZHHQ :DYHOHQJWKV

)LJXUH ����� $ VFDWWHU SORW RI WKH FDOFXODWHG HTXLYDOHQW DLU JDS IURP PHDVXUHPHQWV IRU
WKH ��� PP ZDYHOHQJWK� K���PP� YV WKH HTXLYDOHQW DLU JDS IRU WKH ��� PP ZDYHOHQJWK�
K���PP� IRU DOO IRXU SRVLWLRQV RI WKH 7HoRQ VDPSOH DERYH WKH VHQVRU�

���



&KDSWHU �� 'LVWXUEDQFH )DFWRUV

)LJXUH ����� $ VFDWWHU SORW RI WKH FDOFXODWHG HTXLYDOHQW DLU JDS IURP PHDVXUHPHQWV IRU
WKH ��� PP ZDYHOHQJWK� K���PP� YV WKH HTXLYDOHQW DLU JDS IRU WKH ��� PP ZDYHOHQJWK�
K���PP� IRU DOO IRXU SRVLWLRQV RI WKH 7HoRQ VDPSOH DERYH WKH VHQVRU�

���



&KDSWHU �

)RUZDUG 3UREOHP

��� 6LJQLnFDQFH RI )RUZDUG DQG ,QYHUVH 3UREOHPV

0RVW QRQ�GHVWUXFWLYH PHDVXUHPHQW WHFKQLTXHV DUH RIWHQ YLHZHG LQ WKH IUDPHZRUN RI

LQYHUVH SUREOHP WKHRU\� 7KLV IUDPHZRUN KHOSV WR XWLOL]H UHOHYDQW FRQFHSWV IURP OLQHDU

DOJHEUD� LQWHJUDO HTXDWLRQ DSSOLFDWLRQV� DQG RWKHU PDWKHPDWLFDO nHOGV LQ DQ RUJDQL]HG

DQG FRQFLVH PDQQHU� ,Q RXU FDVH� WKH GHnQLWLRQ RI IRUZDUG DQG LQYHUVH SUREOHPV FDQ EH

SUHVHQWHG DV VKRZQ LQ )LJXUH ���� 7KH IRUZDUG SUREOHP LV GHnQHG DV DQ HOHFWURPDJQHWLF

FDOFXODWLRQ SUREOHP ZKHUH WUDQVFDSDFLWDQFH DQG WUDQVFRQGXFWDQFH EHWZHHQ VHQVRU HOHF�

WURGHV DUH FDOFXODWHG DV D IXQFWLRQ RI PDWHULDO SURSHUWLHV DQG JHRPHWULF SDUDPHWHUV RI

WKH JLYHQ HOHFWURGH V\VWHP� *LYHQ HQRXJK LQIRUPDWLRQ DERXW PDWHULDO SURSHUWLHV DQG

JHRPHWULF GLPHQVLRQV� WKLV SUREOHP FDQ EH VROYHG QXPHULFDOO\� DQDO\WLFDOO\� RU WKURXJK

FDOLEUDWLRQ� GHSHQGLQJ RQ WKH FRPSOH[LW\ RI WKH WDVN�

)RU PRVW DSSOLFDWLRQV� WKH LQYHUVH SUREOHP LV LQKHUHQWO\ PRUH GLpFXOW� ,W UHTXLUHV

VROYLQJ IRU XQNQRZQ SURSHUWLHV JLYHQ D NQRZQ VXEVHW RI PDWHULDO DQG JHRPHWULFDO SURS�

HUWLHV DQG PHDVXUHG WUDQVFDSDFLWDQFH DQG WUDQVFRQGXFWDQFH� 7KH IRUZDUG SUREOHP

XVXDOO\ KDV D XQLTXH VROXWLRQ� ZKHUHDV WKH LQYHUVH SUREOHP GRHV QRW QHFHVVDULO\ KDYH

D XQLTXH RU DQ\ VROXWLRQ� )XUWKHUPRUH� HYHQ LI D XQLTXH DQG H[DFW PDWKHPDWLFDO VROX�

WLRQ H[LVWV IRU D JLYHQ VHW RI LQSXW WKH YDOXHV� LW PD\ KDYH QR UHVHPEODQFH WR WKH WUXH

SK\VLFDO SDUDPHWHUV EHFDXVH RI WKH HmHFWV RI PHDVXUHPHQW QRLVH�

���



&KDSWHU �� )RUZDUG 3UREOHP

)LJXUH ���� 7KH FRQFHSWXDO UHSUHVHQWDWLRQ RI IRUZDUG DQG LQYHUVH SUREOHPV LQ WKH
IUDPHZRUN RI GLHOHFWURPHWU\�

��� �' YV� �'

)RU WKH SXUSRVH RI WKLV WKHVLV� WKH IRUZDUG SUREOHP LV GHnQHG DV FRPSXWDWLRQ RI LQWHU�

HOHFWURGH FRPSOH[ WUDQVDGPLWWDQFH JLYHQ JHRPHWULFDO SDUDPHWHUV DQG GLHOHFWULF SURS�

HUWLHV RI PDWHULDOV LQ D UHJLRQ WKDW LQFOXGHV WKH VHQVRU LWVHOI DQG PDWHULDO XQGHU WHVW�

)RU D PRUH H[WHQGHG GLVFXVVLRQ RQ IRUZDUG DQG LQYHUVH SUREOHPV� VHH 6HFWLRQ ����

:LWK QHZ JHRPHWULF GHVLJQV HPHUJLQJ� WKH GLOHPPD RI FKRLFH EHWZHHQ WKH �' DQG

�' VLPXODWLRQ DULVHV� )RU WKH FDVH RI GLHOHFWURPHWU\� LW LV DGYDQWDJHRXV WR VWD\ ZLWK

WKH �' VLPXODWLRQ� 7HQV RI WKRXVDQGV RI nQLWH�HOHPHQWV DUH QHHGHG WR VLPXODWH WKH

HOHFWULF nHOGV VXUURXQGLQJ HYHQ D UHODWLYHO\ VLPSOH �' REMHFW ZLWK UHDVRQDEOH SUHFLVLRQ

�HQHUJ\ HUURU RQ WKH RUGHU RI � ���

$ WKUHH�GLPHQVLRQDO nQLWH HOHPHQW DQDO\VLV KDV EHHQ H[SORUHG LQ >���@� H[DFW VROX�

WLRQV ZHUH VXFFHVVIXOO\ DSSUR[LPDWHG ZLWK HPSLULFDO H[SUHVVLRQV DQG DOVR FRPSDUHG WR

PHDVXUHPHQWV� :LWK WKH VWUDWLnHG JHRPHWU\ RI PDWHULDOV� �' VLPXODWLRQ ZDV DSSDU�

HQWO\ UHDVRQDEOH DQG DGYDQWDJHRXV� HVSHFLDOO\ DIWHU WKH HQG HmHFWV ZHUH HLWKHU UHGXFHG�

WDNHQ LQWR DFFRXQW� RU HVWLPDWHG WR EH LQVLJQLnFDQW� 2Q WKH FRQWUDU\� WKH SUHVHQFH RI

FRQnQHG REMHFWV LQ WKH KLJK nHOG UHJLRQ VHHPLQJO\ VXJJHVWV WKH XVH RI WKH �' VLPXOD�

WLRQ WHFKQLTXHV� ,Q RXU H[SHULHQFH� WKH FRPSXWDWLRQDO FRVW PD\ EH SURKLELWLYH HYHQ IRU

VRPH �' FDVH VLPXODWLRQV� HVSHFLDOO\ LQ WKH DGDSWLYH VLPXODWLRQ DSSURDFKHV�

$ FRPSURPLVH VROXWLRQ LV SURSRVHG DQG LPSOHPHQWHG LQ WKH VLPXODWLRQV LQ WKLV

���



���� �' YV� �'

WKHVLV� $FFRUGLQJ WR WKLV DSSURDFK� D �' VLPXODWLRQ LV UHSODFHG ZLWK D FRPELQDWLRQ RI

WZR �' VLPXODWLRQV� 7KLV LV SRVVLEOH ZKHQ WKH VKDSH RI WKH HOHFWURGHV UHPDLQV KLJKO\

RUGHUHG� DQG WKH VKDSH RI WKH �' REMHFWV DERYH WKH VHQVRU LV DSSUR[LPDWHO\ V\PPHWULF�

6LQFH WKH WZR�GLPHQVLRQDO FDSDFLWDQFHV DUH FDOFXODWHG RQ D SHU XQLW OHQJWK EDVLV�

RQH FDQ DSSUR[LPDWHO\ SUHGLFW WKH WKUHH GLPHQVLRQDO FDSDFLWDQFH E\ PXOWLSO\LQJ HDFK

PDWHULDO
V WZR�GLPHQVLRQDO FDSDFLWDQFH E\ LWV GHSWK LQ WKH WKUHH�GLPHQVLRQDO FRQnJX�

UDWLRQ� ,I D VHQVRU RI OHQJWK /' DGMDFHQW WR D KRPRJHQHRXV GLHOHFWULF ZLWK QR REMHFW

KDV D �' VLPXODWHG DGPLWWDQFH SHU XQLW OHQJWK RI <'� DQG ZLWK DQ REMHFW LQ WKH PD�

WHULDO RI OHQJWK /2 KDV D �' VLPXODWHG DGPLWWDQFH SHU XQLW OHQJWK RI <2� WKH WRWDO

VHQVRU DGPLWWDQFH GXH WR WKH REMHFW RI OHQJWK /2 LQ D GLHOHFWULF PDWHULDO RI OHQJWK

/' LV <  <'�/' b /2� � <2/2� )RU H[DPSOH� LQ WKH FDVH RI D �� FP ORQJ REMHFW

FHQWHUHG ZLWKLQ D � PHWHU ORQJ VHQVRU� WKH WRWDO WKUHH GLPHQVLRQDO FDSDFLWDQFH ZRXOG

EH ����REMHFW FDSDFLWDQFH SHU XQLW OHQJWK������GLHOHFWULF PHGLXP FDSDFLWDQFH SHU

XQLW OHQJWK� � IULQJLQJ nHOG FDSDFLWDQFH DW WKH HOHFWURGH HQGV� 7KLV IULQJLQJ nHOG FD�

SDFLWDQFH LV DSSUR[LPDWHO\ FDOFXODWHG E\ WDNLQJ WKH WRWDO �' FDSDFLWDQFH RI GLHOHFWULF

RQO\ DQG VXEWUDFWLQJ WKH �' FDSDFLWDQFH RI GLHOHFWULF RQO\ WLPHV WKH � PHWHU OHQJWK� $

VLGH QRWH DVVRFLDWHG ZLWK WKLV WHFKQLTXH� *LYHQ D �' REMHFW DQG YDULDEOH OHQJWK RI WKH

VHQVLQJ HOHFWURGH� WKH VHQVLWLYLW\ WR WKH SUHVHQFH RI WKH REMHFW LV LQYHUVHO\ SURSRUWLRQDO

WR WKH OHQJWK RI WKH VHQVLQJ HOHFWURGH�

7KHUH LV DQ LPSRUWDQW GLmHUHQFH EHWZHHQ GLVWULEXWHG SDUDOOHO FLUFXLWV LQ ;< DQG LQ

5= SODQHV� ,Q WKH FDVH RI WKH ;< SODQH� WKH OHQJWK UDWLR FRHpFLHQW ZKLFK PXOWLSOLHV

HQWULHV RI WKH DGPLWWDQFH PDWUL[ LV LQGHSHQGHQW RI WKH SRVLWLRQ RI WKH �' REMHFW� ZKLOH

LQ WKH FDVH RI WKH 5= SODQH� WKLV FRHpFLHQW LV GHSHQGHQW RQ WKH UDGLDO FRRUGLQDWH RI

WKH �' REMHFW ZLWK UHVSHFW WR WKH FHQWHU RI WKH VHQVRU� 7KLV UDGLDO GHSHQGHQFH VKRXOG

DXJPHQW VHQVLWLYLW\ RI WKH VHQVRU WR WKH GLmHUHQWLDO VLJQDO UHoHFWLQJ ORFDO LQFOXVLRQ LQ

WKH XQLIRUP PHGLXP�

���



&KDSWHU �� )RUZDUG 3UREOHP

��� &RQWLQXXP 0RGHO

)URP WKH HOHFWURTXDVLVWDWLF nHOG SRLQW RI YLHZ� LQ D KRPRJHQHRXV PHGLXP WKH HOHFWULF

VFDODU SRWHQWLDO RI WKH nHOG H[FLWHG E\ WKH GULYHQ HOHFWURGHV LV D VROXWLRQ WR /DSODFH
V

HTXDWLRQ� $W DQ\ FRQVWDQW ] SRVLWLRQ� WKH HOHFWULF nHOG GLVWULEXWLRQ IDU DZD\ IURP

WKH VHQVRU HGJHV LV SHULRGLF LQ WKH [ GLUHFWLRQ DQG DVVXPHG XQLIRUP LQ WKH \ GLUHF�

WLRQ� ,Q WKLV FDVH� WKH VFDODU SRWHQWLDO FDQ EH ZULWWHQ DV DQ LQnQLWH VHULHV RI VLQXVRLGDO

)RXULHU PRGHV RI IXQGDPHQWDO VSDWLDO ZDYHOHQJWK� 7KH PDWKHPDWLFDO GHVFULSWLRQ RI

WKLV DSSURDFK WR FDOFXODWH WUDQVFDSDFLWDQFH DQG WUDQVFRQGXFWDQFH EHWZHHQ WKH VHQ�

VRU HOHFWURGHV LV LQWURGXFHG LQ 6HFWLRQ ����� DQG IXUWKHU GHYHORSHG LQ $SSHQGL[ %�

7KLV DSSURDFK� FDOOHG WKH ?FRQWLQXXP PRGHO� ZDV GHYHORSHG LQ WKH ����V >�@� 7KH

UHSUHVHQWDWLRQ RI HOHFWULF SRWHQWLDO ZLWK VSDWLDO )RXULHU PRGHV IDOOV EHWZHHQ FORVHG

IRUP DQDO\WLFDO VROXWLRQV DQG QXPHULFDO WHFKQLTXHV� VXFK DV nQLWH HOHPHQW DQG nQLWH

GLmHUHQFH FDOFXODWLRQV� ,W LV OHVV FRPSXWDWLRQDOO\ H[SHQVLYH WKDQ WUDGLWLRQDO QXPHULFDO

DSSURDFKHV� EXW LW GRHV QRW RmHU DQDO\WLFDO H[SUHVVLRQV VXLWDEOH IRU H[WHQVLYH PDQLSXOD�

WLRQ� IRU H[DPSOH� WR FDOFXODWH WKH DQDO\WLFDO IRUP RI D -DFRELDQ PDWUL[ DVVRFLDWHG ZLWK

D JLYHQ HOHFWURGH JHRPHWU\� %HLQJ OLPLWHG WR PXOWLSOH OD\HU SUREOHPV� WKH FRQWLQXXP

PRGHO GRHV QRW SRVVHVV WKH JHQHUDOLW\ RI QXPHULFDO WHFKQLTXHV WKDW DOORZ FRPSXWDWLRQ

RI HOHFWULF nHOGV DVVRFLDWHG ZLWK DUELWUDU\ VKDSHV� 2Q WKH RWKHU KDQG� LW LV HDVLHU WR

LQFRUSRUDWH D SUREOHP VSHFLnF LQGLYLGXDOO\ ZULWWHQ FRPSXWHU FRGH LPSOHPHQWDWLRQ RI

D FRQWLQXXP PRGHO DV D VXEURXWLQH WR D YDULHW\ RI LQYHUVH SUREOHP DOJRULWKPV�

7KH FRQWLQXXP PRGHO KDV QRW EHHQ XVHG IRU SUDFWLFDO SXUSRVHV LQ WKLV WKHVLV EHFDXVH

RI WKH VLPSOLFLW\ DQG WKH YHUVDWLOLW\ RI WKH nQLWH HOHPHQW FRGH 0D[ZHOO� 8OWLPDWHO\� HY�

HU\ DSSURDFK IRU WKH IRUZDUG SUREOHP SURGXFHV WKH VDPH DQVZHU� 7KH XVH RI WKH

FRQWLQXXP PRGHO UHTXLUHV D VLJQLnFDQW RYHUKHDG RI SURJUDPPLQJ DQG GHEXJJLQJ HmRUW

WKDW VWHDOV DWWHQWLRQ DQG OLPLWHG UHVRXUFHV IURP FULWLFDO SUREOHPV RI LQWHUGLJLWDO GLHOHF�

WURPHWU\� ZKLFK LQFOXGH� DPRQJ RWKHUV� ZHOO�SRVHGQHVV RI WKH LQYHUVH SUREOHP� FURVV�

FRUUHODWLRQ EHWZHHQ VLJQDOV IURP LQWHUGLJLWDO FKDQQHOV� FRUUHFWQHVV RI WKH UHSUHVHQWDWLRQ

RI GLHOHFWULF SURSHUWLHV RQ WKH PDFURVFDOH� GHVLJQ RI VLJQDO FRQGLWLRQLQJ HOHFWURQLFV� DQG

���



���� )LQLWH (OHPHQW 6LPXODWLRQ

DQDO\VLV RI WLPH�IUHTXHQF\ UHODWLRQVKLSV LQ GLHOHFWULF VSHFWURVFRS\ GDWD�

��� )LQLWH (OHPHQW 6LPXODWLRQ

����� ([DPSOH RI )LHOG &DOFXODWLRQV

7KH 0D[ZHOO nQLWH HOHPHQW PHWKRG VRIWZDUH SDFNDJH E\ $QVRIW &RUS� KDV EHHQ XVHG

H[WHQVLYHO\ IRU FDOFXODWLRQ RI FDSDFLWDQFH DQG FRQGXFWDQFH PDWULFHV WKURXJKRXW WKLV

WKHVLV� )LJXUH ��� VKRZV D W\SLFDO KDOI�ZDYHOHQJWK FURVV�VHFWLRQ RI DQ LQWHUGLJLWDO VHQ�

VRU ZLWK D WULDQJXODU nQLWH HOHPHQW PHVK VXSHULPSRVHG ZLWK WKH HOHFWURGH VWUXFWXUH�

7KH GHQVLW\ RI nQLWH HOHPHQWV LV KLJKHU LQ WKH KLJKHU HOHFWULF nHOG UHJLRQV� *HQHUDOO\�

D GHQVHU PHVK UHVXOWV LQ D PRUH DFFXUDWH VROXWLRQ� KRZHYHU� LW LV DOVR PRUH FRPSXWD�

WLRQDOO\ H[SHQVLYH�

)LJXUHV ������� YLVXDOL]H WKH VROXWLRQ IRU HOHFWURPDJQHWLF TXDQWLWLHV IRU WZR VSHFLnF

FDVHV� DW YHU\ ORZ IUHTXHQF\ DQG DW KLJK IUHTXHQF\ ZLWK UHVSHFW WR WKH UDWLR RI FRQGXF�

WLYLW\ DQG GLHOHFWULF SHUPLWWLYLW\ RI WKH PDWHULDO XQGHU WHVW� ,Q DOO FDVHV RI WKLV H[DPSOH�

WKH GULYHQ HOHFWURGH LV KHOG DW RQH YROW SHDN VLQXVRLGDO H[FLWDWLRQ� DQG WKH VHQVLQJ DQG

JXDUG HOHFWURGHV DUH KHOG DW ]HUR YROWV� 7KLV H[DPSOH LV XVHIXO IRU GHYHORSLQJ LQWXLWLRQ

IRU FRUUHFWQHVV RI FRPSXWHG nHOG GLVWULEXWLRQV DQG DQG IRU YLVXDOL]DWLRQ RI SK\VLFDO SUR�

FHVVHV LQ WKH EXON RI PDWHULDO� 7KH EUHDN IUHTXHQF\ RI �F { } q { � UDG�V GHWHUPLQHV
UHDVRQDEOH YDOXHV IRU KLJK � � �F DQG ORZ � ~ �F IUHTXHQF\ DSSUR[LPDWLRQV�

%\ FRPSDULQJ )LJXUH ��� DQG )LJXUH ��� RQH FDQ VHH WKDW DW D YHU\ ORZ IUHTXHQF\

�)LJXUH ���� WKH GLUHFWLRQ RI HOHFWULF nHOG LV WDQJHQWLDO WR WKH VXEVWUDWH�FRUQ RLO LQWHUIDFH

DERYH WKH LQWHUIDFH DQG RUWKRJRQDO WR LW EHORZ WKH LQWHUIDFH� 7KLV KDSSHQV EHFDXVH WKH

FRQGXFWLRQ FXUUHQWV LQ WKLV FRUQ RLO FDVH DUH PXFK KLJKHU WKDQ WKH FDSDFLWLYH FXUUHQWV�

,Q WKH KLJK IUHTXHQF\ FDVH� WKH QRUPDO FRPSRQHQW RI GLVSODFHPHQW nHOG LV FRQWLQXRXV

DFURVV WKH LQWHUIDFH EHFDXVH ERWK PDWHULDOV �FRUQ RLO DQG 7HoRQ VXEVWUDWH� DSSHDU WR

EH LQVXODWLQJ� ,Q ERWK FDVHV� WKH HOHFWULF nHOG LQWHQVLW\ LQ WKH JDS EHWZHHQ WKH JXDUG

DQG VHQVLQJ HOHFWURGHV LV YHU\ ORZ EHFDXVH WKH\ DUH DW WKH VDPH SRWHQWLDO� 7KH VFDOLQJ

���
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)LJXUH ���� $Q H[DPSOH RI D WULDQJXODU PHVK XVHG IRU FRPSXWDWLRQ RI FDSDFLWDQFH DQG
FRQGXFWDQFH PDWULFHV DVVRFLDWHG ZLWK DQ LQWHUGLJLWDO VWUXFWXUH�

RI WKH nHOG OLQH DUURZV ZLWK UHVSHFW WR nHOG LQWHQVLW\ LV ORJDULWKPLF� WKHUHIRUH WKHLU

VL]H UHGXFHV DSSUR[LPDWHO\ OLQHDUO\� UDWKHU WKDQ H[SRQHQWLDOO\� ZLWK WKH LQFUHDVH RI WKH

GLVWDQFH WR WKH VHQVRU KHDG LQ WKH XSZDUG GLUHFWLRQ� 7KH nHOG DUURZV DUH WDQJHQWLDO WR

WKH OHIW DQG ULJKW VLGH ERXQGDULHV GXH WR WKH HYHQ SHULRGLFLW\ RI WKH HOHFWURGH VWUXFWXUH

ZLWK UHVSHFW WR WKHVH ERXQGDULHV�

)LJXUHV ��� DQG ��� VKRZ WKH GLVWULEXWLRQ RI FRQGXFWLRQ FXUUHQWV IRU WKH VDPH WZR

FDVHV� 7KHUH DUH QR FRQGXFWLRQ FXUUHQWV LQ WKH VHQVRU VXEVWUDWH EHFDXVH LW LV DVVXPHG

WR EH SHUIHFWO\ LQVXODWLQJ� 6LPLODU REVHUYDWLRQV FDQ EH PDGH DERXW WKH GLUHFWLRQ RI WKH

FXUUHQW GHQVLW\ YHFWRU DUURZV DV IRU WKH HOHFWULF nHOG DUURZV�

���



���� )LQLWH (OHPHQW 6LPXODWLRQ

Sen sin g

G uard

D rive n

)LJXUH ���� 7KH DUURZV LQGLFDWH WKH GLUHFWLRQ DQG PDJQLWXGH RI WKH HOHFWULF nHOG DW DQ
H[FLWDWLRQ IUHTXHQF\ RI ����� +]� 7KH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI WKH PDWHULDO
XQGHU WHVW �FRUQ RLO� LV qU  ����� DQG WKH FRQGXFWLYLW\ LV }  ���d ��b�� 6�P� 1RWH
WKH GLUHFWLRQ RI WKH HOHFWULF nHOG DUURZV DW WKH RLO�VXEVWUDWH LQWHUIDFH�

)LJXUHV ��� DQG ��� VKRZ WKH HTXLSRWHQWLDO OLQHV IRU WKH VDPH WZR FDVHV� 6LQFH WKH

HTXLSRWHQWLDO OLQHV DUH SHUSHQGLFXODU WR WKH HOHFWULF nHOG OLQHV� RQH FDQ SUHGLFW WKDW WKH\

ZLOO FRPH SHUSHQGLFXODUO\ IURP DERYH WR WKH FRUQ RLO�7HoRQ LQWHUIDFH DW ORZ IUHTXHQF\�

DW DQ DQJOH WR WKH VDPH LQWHUIDFH DW KLJK IUHTXHQF\� DQG SHUSHQGLFXODU WR WKH OHIW DQG

ULJKW UHJLRQ ERXQGDULHV�

)LQDOO\� )LJXUH ��� VKRZV WKH FDOFXODWHG GLVWULEXWLRQ RI WKH HOHFWULF SRWHQWLDO DORQJ

WKH FRUQ RLO�7HoRQ LQWHUIDFH� 2QH FDQ VHH WKDW WKH JUDGLHQW RI SRWHQWLDO LV KLJKHU QHDU

WKH HOHFWURGHV� ZKLFK FRUUHVSRQGV WR KLJKHU LQWHQVLW\ RI WKH HOHFWULF nHOG�

7KH GLVWULEXWLRQ RI HOHFWULF SRWHQWLDO DERYH WKH LQWHUGLJLWDO HOHFWURGHV FDQ DOVR EH

PHDVXUHG H[SHULPHQWDOO\ E\ XVLQJ D QHHGOH SUREH� 1DWXUDOO\� WKH ODWHUDO DQG ORQJL�

���
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Sen sin g

G uard

D rive n

)LJXUH ���� 7KH DUURZV LQGLFDWH WKH GLUHFWLRQ DQG PDJQLWXGH RI WKH HOHFWULF nHOG DW
DQ H[FLWDWLRQ IUHTXHQF\ RI �� +]� 7KH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI WKH PDWHULDO
XQGHU WHVW �FRUQ RLO� LV qU  ����� DQG WKH FRQGXFWLYLW\ LV }  ���d ��b�� 6�P� 1RWH
WKH GLUHFWLRQ RI WKH HOHFWULF nHOG DUURZV DW WKH RLO�VXEVWUDWH LQWHUIDFH�

WXGLQDO HOHFWULF nHOG FRPSRQHQWV FDQ EH FRPSXWHG IURP WKH SRWHQWLDO GLVWULEXWLRQ E\

SDUWLDO GLmHUHQWLDWLRQ� 7KH KLJKHVW UHVROXWLRQ RI VXFK PHDVXUHPHQWV UHSRUWHG WR GDWH

LV LQ WKH VXEPLFURQ UHJLRQ >���@�

����� 1RQ�GLPHQVLRQDOL]HG 3ORW RI &DSDFLWDQFHV

$GGLWLRQDO ZRUN ZDV XQGHUWDNHQ ZLWK 0,7 XQGHUJUDGXDWH VWXGHQW -DVRQ %DX WR SUR�

GXFH D QRQ�GLPHQVLRQDOL]HG SORW RI FDOFXODWHG FDSDFLWDQFHV EHWZHHQ GULYH DQG VHQVH

DQG GULYH DQG EDFNSODQH DV D IXQFWLRQ RI QRUPDOL]HG VXEVWUDWH WKLFNQHVV� G�w� DQG

QRUPDOL]HG GLHOHFWULF FRQVWDQW� �P �V� ZKHUH G LV WKH VXEVWUDWH WKLFNQHVV� �P LV WKH

���
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Sen sin g

G uard

D rive n

)LJXUH ���� 7KH DUURZV LQGLFDWH WKH GLUHFWLRQ DQG PDJQLWXGH RI FRQGXFWLRQ FXUUHQWV DW
DQ H[FLWDWLRQ IUHTXHQF\ RI ����� +]� 7KH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI WKH PDWHULDO
XQGHU WHVW �FRUQ RLO� LV qU  ����� DQG WKH FRQGXFWLYLW\ LV }  ���d ��b�� 6�P�

GLHOHFWULF SHUPLWWLYLW\ RI PDWHULDO XQGHU WHVW RI LQnQLWH WKLFNQHVV� DQG �V LV WKH GLHOHF�

WULF SHUPLWWLYLW\ RI WKH VXEVWUDWH� 7KLV UHTXLUHG D 0D[ZHOO SDUDPHWULF VZHHS RI WZR

YDULDEOHV� RQH RI ZKLFK ZDV VSDWLDO LQ YDU\LQJ WKH WKLFNQHVV RI WKH VXEVWUDWH IURP ��

PLFURQV WR ���� PLFURQV ZLWK D WRWDO KHLJKW RI ���� PLFURQV� 7KH RWKHU YDULDEOH ZDV

WKH UHODWLYH SHUPLWWLYLW\ RI WKH PDWHULDO� ZKLFK ZDV YDULHG IURP � WR ���� ZKLOH WKH

SHUPLWWLYLW\ RI WKH VXEVWUDWH ZDV NHSW DW �� WR SHUPLW WKH UDWLR �P �V WR KDYH YDOXHV

DERYH DQG EHORZ �� 7R VDYH FDOFXODWLRQ WLPH� WKH SHUPLWWLYLW\ VZHHS ZDV GRQH DW HDFK

SRLQW LQ WKH GLVWDQFH VZHHS WR SUHYHQW WKH FDOFXODWLRQ RI D QHZ PHVK DW HYHU\ SRLQW�

2QFH WKH GDWD ZDV VLPXODWHG� LW ZDV SURFHVVHG ZLWKLQ 0DWODE WR SURGXFH ��G PHVK

JUDSKV VKRZQ LQ )LJXUH ���� DV ZHOO DV FRQWRXU SORWV� $OVR� D WKLUG�RUGHU SRO\QRPLDO

���
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Sen sin g

G uard

D rive n

)LJXUH ���� 7KH DUURZV LQGLFDWH WKH GLUHFWLRQ DQG PDJQLWXGH RI FRQGXFWLRQ FXUUHQWV DW
DQ H[FLWDWLRQ IUHTXHQF\ RI �� +]� 7KH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI WKH PDWHULDO
XQGHU WHVW �FRUQ RLO� LV qU  ����� DQG WKH FRQGXFWLYLW\ LV }  ���d ��b�� 6�P�

nW ZDV FDOFXODWHG IRU WKLV GDWD� DQG WKH SHUFHQWDJH HUURU ZDV FDOFXODWHG DQG SORWWHG�

ZLWK WKH HUURU DW PRVW SRLQWV EHLQJ OHVV WKDQ ��� DV VKRZQ LQ )LJXUH ����� 7KH FRGH

IRU DOO WKHVH PDQLSXODWLRQV DQG SORWV LV DYDLODEOH LQ $SSHQGL[ +� 7DEOH ��� OLVWV WKH

FRHpFLHQWV RI WKH WZR�YDULDEOH WKLUG�RUGHU SRO\QRPLDO�nW RI WKLV GDWD� DFFRUGLQJ WR WKH

HTXDWLRQ

&��
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ZKHUH [ G w �VXEVWUDWH WKLFNQHVV�ZDYHOHQJWK� DQG \ �P �V �PDWHULDO GLHOHFWULF FRQ�

VWDQW� VXEVWUDWH GLHOHFWULF FRQVWDQW��

���



���� 2WKHU 0HWKRGV

)LJXUH ���� (TXLSRWHQWLDO OLQHV DW DQ H[FLWDWLRQ IUHTXHQF\ RI ����� +]� 7KH UHODWLYH
GLHOHFWULF SHUPLWWLYLW\ RI WKH PDWHULDO XQGHU WHVW �FRUQ RLO� LV qU  ����� DQG WKH
FRQGXFWLYLW\ LV }  ���d ��b�� 6�P�

[� [� [ �

\� ���������H���� ����������H���� ���������H���� ���������H����

\� ����������H���� ���������H���� ����������H���� ����������H����

\ ���������H���� ����������H���� ���������H���� ���������H����

� ����������H���� ���������H���� ���������H���� ����������H����

7DEOH ���� 3RO\QRPLDO FRHpFLHQWV DLM IRU [ G w �VXEVWUDWH WKLFNQHVV�ZDYHOHQJWK� DQG
\ �P �V �PDWHULDO GLHOHFWULF FRQVWDQW� VXEVWUDWH GLHOHFWULF FRQVWDQW��

��� 2WKHU 0HWKRGV

2I FRXUVH� RWKHU QXPHULFDO PHWKRGV FDQ EH XVHG IRU WKH FDOFXODWLRQ RI FDSDFLWDQFH DQG

FRQGXFWDQFH PDWULFHV RI LQWHUGLJLWDO VHQVRUV� )LQLWH GLmHUHQFH VLPXODWLRQ LV WUHDWHG LQ

>�@ DQG LQ >���@� D KHDW�FRQGXFWLRQ HTXLYDOHQFH DSSURDFK LV XVHG LQ >���@� DQRWKHU nQLWH

HOHPHQW SDFNDJH� $16<6� KDV EHHQ XVHG LQ >���@� PXOWLSROH�DFFHOHUDWHG IDVW FDSDFLWDQFH

H[WUDFWLRQ LV XVHG LQ >���@� DQG 5&�WUDQVPLVVLRQ OLQH HTXLYDOHQF\ LQ >��@�

���
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��� $SSUR[LPDWLQJ ([SUHVVLRQV

����� /RFN DQG .H\ 'HYLFH

$Q DSSUR[LPDWH H[SUHVVLRQ IRU WKH DGPLWWDQFH RI DQ LQWHUGLJLWDO VWUXFWXUH �FDOOHG ORFN

DQG NH\ GHYLFH LQ WKH RULJLQDO VRXUFH� KDV EHHQ GHULYHG LQ WKH ����V DQG ODWHU UHSRUWHG

LQ >��@� 7KH DGPLWWDQFH < RI WKH GHYLFH LPPHUVHG LQ DQ LQnQLWHO\ WKLFN OD\HU RI UHVLQ�

DV VKRZQ LQ )LJXUH ���� LV

<  *� M�& �����

ZKHUH
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DQG 1 LV D WRWDO QXPEHU RI LQWHUHOHFWURGH JDSV� : LV WKH OHQJWK RI HOHFWURGHV� / LV WKH

LQWHUHOHFWURGH VHSDUDWLRQ� 7 LV WKH R[LGH OD\HU WKLFNQHVV� } LV FRQGXFWLYLW\� � LV GLHOHFWULF

SHUPLWWLYLW\� �R[ LV WKH VXUIDFH FRQGXFWLYLW\ DW WKH R[LGH�UHVLQ LQWHUIDFH� DQG �VXE LV WKH

VXUIDFH FRQGXFWLYLW\ DW WKH VXEVWUDWH�R[LGH LQWHUIDFH� 7KLV PRGHO LV GLmHUHQW IURP WKH

VHQVRU GHVLJQV XVHG LQ WKLV WKHVLV� EXW LV LQFOXGHG KHUH IRU IXWXUH UHIHUHQFH�

����� &RQIRUPDO 0DSSLQJ

$QRWKHU SRWHQWLDOO\ XVHIXO DSSURDFK IRU WKH FDOFXODWLRQ RI LQWHUGLJLWDO HOHFWURGH FDSDFL�

WDQFH VWHPV IURP FRQIRUPDO PDSSLQJ� &RQIRUPDO PDSSLQJ LV RQH RI WKH PRVW IUHTXHQWO\

XVHG DSSURDFKHV IRU FDOFXODWLRQ RI WKH FDSDFLWDQFH RI LQWHUGLJLWDO VWUXFWXUHV� HVSHFLDOO\

ZKHQ WKH LPDJLQDU\ SDUW RI WKH FRPSOH[ GLHOHFWULF SHUPLWWLYLW\ RI DOO PDWHULDOV LV VPDOO

HQRXJK WR EH QHJOHFWHG� 7\SLFDO H[DPSOHV RI VXFK HTXDWLRQV DUH JLYHQ LQ >�������@ IRU D

FDVH RI LQWHUGLJLWDO HOHFWURGHV RI WKLFNQHVV K ORFDWHG RQ WKH ERXQGDU\ RI WZR OD\HUV ZLWK

UHODWLYH SHUPLWWLYLWLHV �� DQG �� �QR VXEVWUDWH�� 7KH OD\HU RI WKLFNQHVV K ZLWK UHODWLYH

SHUPLWWLYLW\ �� nOOV WKH JDS GXH WR WKH HOHFWURGH WKLFNQHVV �VHH )LJXUH ������ 8VLQJ D

FRPSOHWH HOOLSWLF LQWHJUDO RI WKH nUVW NLQG .>[@� WKH VXP RI WKH FDSDFLWDQFHV SHU XQLW

���



���� 6XPPDU\

OHQJWK &� DQG &� GXH WR UHODWLYH GLHOHFWULF SHUPLWWLYLWLHV �� DQG �� LV IRXQG DV�
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ZKHUH D LV WKH GLVWDQFH EHWZHHQ LQQHU HGJHV DQG E LV WKH GLVWDQFH EHWZHHQ RXWHU HGJHV

RI HOHFWURGHV LQ WKH KDOI�ZDYHOHQJWK UHSUHVHQWDWLRQ RI )LJXUH ����� 7KH FDSDFLWDQFH SHU

XQLW OHQJWK GXH WR WKH YROXPH RI WKLFNQHVV K EHWZHHQ WKH HOHFWURGHV nOOHG ZLWK UHODWLYH

GLHOHFWULF SHUPLWWLYLW\ �� FRXOG EH DSSUR[LPDWHG DV WKDW RI D SDUDOOHO SODWH FDSDFLWRU�

&�  ����
K

D
�����

7KHQ� WKH WRWDO FDSDFLWDQFH EHWZHHQ WKH GULYHQ DQG VHQVLQJ HOHFWURGHV LV�

&��  &� � &� � &� �����

��� 6XPPDU\

7KH WHFKQLTXHV XVHG LQ WKLV FKDSWHU VHUYH WR FDOFXODWH WKH DGPLWWDQFH PDWUL[ DVVRFLDWHG

ZLWK WKH VHQVRU HOHFWURGH V\VWHP IRU GLmHUHQW OHYHOV RI PRGHOLQJ FRPSOH[LW\� $OWKRXJK

DQDO\WLFDO PRGHOV DUH JHQHUDOO\ PRVW DWWUDFWLYH GXH WR WKHLU LQKHUHQW DFFXUDF\ DQG

VXLWDELOLW\ IRU WKHRUHWLFDO DQDO\VLV� WKH\ DUH RQO\ DYDLODEOH IRU WKH VLPSOHVW HOHFWURGH

DQG PDWHULDO SURSHUW\ FRPELQDWLRQV� $ VHPL�DQDO\WLFDO FRQWLQXXP PRGHO LV IDVWHU WKDQ

nQLWH HOHPHQW RU nQLWH GLmHUHQFH FDOFXODWLRQV� EXW LV H[FHHGLQJO\ FRPSOH[ WR SURGXFH

FORVHG IRUP DQDO\WLFDO H[SUHVVLRQV� $ VSHHG�XS RI WKH IRUZDUG SUREOHP FDOFXODWLRQ FDQ

DOVR EH DFKLHYHG E\ SUH�FRPSXWLQJ ODUJH DUUD\V RI GLVFUHWL]HG YDULDEOHV RI LQWHUHVW LQ

WKH UHJLRQ RI LQWHUHVW� 7KHQ� WKHVH VROXWLRQV PD\ EH HLWKHU VWRUHG LQ FRPSXWHU PHPRU\

LQ WKH IRUP RI ORRNXS WDEOHV RU DSSUR[LPDWHG ZLWK SRO\QRPLDO H[SUHVVLRQV� :KHQ WKH

SK\VLFV RI WKH XQGHUO\LQJ SKHQRPHQD LV QRW IXOO\ XQGHUVWRRG DQG� WKXV� LV QRW DGHTXDWH

IRU PRGHOLQJ� D EUXWH IRUFH FDOLEUDWLRQ PD\ KHOS WR EXLOG DQ DGHTXDWHO\ ODUJH GDWDEDVH

IRU WKH IRUZDUG DQG LQYHUVH SUREOHP WUDQVIRUPDWLRQV� 7KH FKRLFH RI D VSHFLnF WHFKQLTXH

GHSHQGV RQ WKH DSSOLFDWLRQ DQG WKH UHTXLUHPHQWV RI WKH LQYHUVH SUREOHP�
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)LJXUH ���� (TXLSRWHQWLDO OLQHV DW DQ H[FLWDWLRQ IUHTXHQF\ RI �� +]� 7KH UHODWLYH
GLHOHFWULF SHUPLWWLYLW\ RI WKH PDWHULDO XQGHU WHVW �FRUQ RLO� LV qU  ����� DQG WKH
FRQGXFWLYLW\ LV }  ���d ��b�� 6�P�
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WHUIDFH EHWZHHQ WKH GULYHQ DQG VHQVLQJ HOHFWURGHV�
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)LJXUH ����� &����V YV� QRUPDOL]HG GLHOHFWULF FRQVWDQW DQG QRUPDOL]HG VXEVWUDWH WKLFN�
QHVV� 7KLV IXQFWLRQ FDQ EH XVHG WR SUHGLFW WKH UDQJH RI FDSDFLWDQFH YDOXHV LQ IXWXUH
VHQVRU GHVLJQV�

)LJXUH ����� (UURU EHWZHHQ WKH �UG RUGHU SRO\QRPLDO DSSUR[LPDWLRQ DQG D FDOFXODWHG
IXQFWLRQ VKRZQ LQ )LJXUH �����
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)LJXUH ����� $ KDOI�ZDYHOHQJWK FURVV�VHFWLRQ RI WKH LQWHUGLJLWDO HOHFWURGH VWUXFWXUH
ZKRVH FRQGXFWDQFH DQG FDSDFLWDQFH DUH DSSUR[LPDWHG ZLWK ����� DQG ������

)LJXUH ����� $ KDOI�ZDYHOHQJWK FURVV�VHFWLRQ RI WKH LQWHUGLJLWDO HOHFWURGH VWUXFWXUH
ZKRVH FRQGXFWDQFH DQG FDSDFLWDQFH DUH DSSUR[LPDWHG ZLWK ����� DQG ������
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,QYHUVH 3UREOHP

��� ,QWURGXFWLRQ

)URP D SXUHO\ PDWKHPDWLFDO SHUVSHFWLYH� ERWK WKH IRUZDUG DQG LQYHUVH SUREOHPV SRVWX�

ODWHG LQ WKLV WKHVLV FDQ EH FRQVLGHUHG WKH LQYHUVH WR HDFK RWKHU >���@� &RQYHQWLRQDOO\� D

VLPSOHU SUREOHP LV FKRVHQ WR EH FDOOHG D IRUZDUG SUREOHP� DQG WKH PRUH FRPSOLFDWHG RQH

LV FDOOHG DQ LQYHUVH SUREOHP� +RZHYHU� GLVWLQFWLRQ EHWZHHQ WKH WZR JRHV EH\RQG PHUH

VLPSOLFLW\ FRQVLGHUDWLRQV� 7KH IRUZDUG SUREOHP LV XVXDOO\ GHWHUPLQHG E\ WKH QDWXUH

RI WKH SK\VLFDO SKHQRPHQD EHKLQG WKH PDWKHPDWLFDO IRUPXODWLRQ >���@� )RU H[DPSOH�

GHWHUPLQLQJ WKH UHVSRQVH RI D SK\VLFDO V\VWHP WR D VHW RI H[WHUQDO H[FLWDWLRQV ORJLFDOO\

IDOOV LQWR D FDWHJRU\ RI D IRUZDUG SUREOHP� ZKHUHDV GHWHUPLQLQJ ZKDW WKH H[WHUQDO

H[FLWDWLRQV DQG LQWHUQDO SDUDPHWHUV RI WKH V\VWHP VKRXOG EH LQ RUGHU WR SURYLGH WKH

PHDVXUHG UHVSRQVH LV WUHDWHG PRUH QDWXUDOO\ DV DQ LQYHUVH SUREOHP� 7KH ODWWHU H[DPSOH

LV VRPHWLPHV FODVVLnHG DV D SDUDPHWHU LGHQWLnFDWLRQ RU SDUDPHWHU HVWLPDWLRQ SUREOHP�

$QRWKHU H[DPSOH RI SUREOHPV LQYHUVH WR HDFK RWKHU LV GLmHUHQWLDWLRQ DQG LQWHJUDWLRQ�

,Q WKH FRQWH[W RI WKLV WKHVLV� WR VROYH WKH IRUZDUG SUREOHP LV WR FDOFXODWH WKH HQWULHV

RI WKH DGPLWWDQFH PDWUL[ �PRVW RIWHQ &�� DQG *��� RI WKH VHQVRU JLYHQ WKH JHRPHWU\

DQG PDWHULDO SURSHUWLHV� 7R VROYH WKH LQYHUVH SUREOHP LV WKHQ WR nQG JHRPHWU\ DQG

PDWHULDO SURSHUWLHV JLYHQ WKH PHDVXUHG YDOXHV RI WKH DGPLWWDQFH PDWUL[ HQWULHV DQG�

SRVVLEO\� VRPH RI WKH JHRPHWU\ DQG PDWHULDO SURSHUWLHV�

���
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5HDO ZRUOG SK\VLFDO LQYHUVH SUREOHPV RIWHQ OHDG WR LOO�SRVHG �LPSURSHUO\ SRVHG�

PDWKHPDWLFDO SUREOHPV� ZKLFK PHDQV� DPRQJ RWKHU WKLQJV� WKDW WKHLU VROXWLRQ LV KLJKO\

VHQVLWLYH WR LQSXW GDWD SHUWXUEDWLRQV >���@� 7KH VRXUFH RI GDWD SHUWXUEDWLRQV LQ LQWHU�

GLJLWDO GLHOHFWURPHWU\ LQFOXGHV PRVW SKHQRPHQD OLVWHG LQ &KDSWHU � DV ZHOO DV VXFK

JHQHUDO SHUWXUEDWLRQV DV H[SHULPHQWDO QRLVH� QXPHULFDO SUHFLVLRQ RI FDOFXODWLRQ� DQG

DQDORJ�WR�GLJLWDO FRQYHUVLRQ HUURUV� 5HJXODUL]DWLRQ PHWKRGV DOORZ VROYLQJ LOO�SRVHG

SUREOHPV WKURXJK D V\VWHP RI WHFKQLTXHV WKDW WDNH DGYDQWDJH RI DGGLWLRQDO LQIRUPD�

WLRQ DYDLODEOH DERXW WKH V\VWHP� 5HJXODUL]DWLRQ PHWKRGV WHQG WR EDODQFH DFFXUDF\ DQG

VWDELOLW\� VDFULnFLQJ RQH IRU WKH VDNH RI WKH RWKHU WR DFKLHYH DQ DFFHSWDEOH SHUIRUPDQFH

RI SDUDPHWHU HVWLPDWLRQ DOJRULWKPV�

,OO�SRVHG SUREOHPV GR QRW IXOnOO RQH RI WKH WKUHH UHTXLUHPHQWV LQ +DGDPDUG
V GHn�

QLWLRQ RI ZHOO�SRVHGQHVV >���@�

)RU DOO DGPLVVLEOH GDWD� D VROXWLRQ H[LVWV� �����

)RU DOO DGPLVVLEOH GDWD� WKH VROXWLRQ LV XQLTXH� �����

7KH VROXWLRQ GHSHQGV FRQWLQXRXVO\ RQ WKH GDWD� �����

7KH VDPH SUREOHP PD\ EH FRQVLGHUHG ZHOO�SRVHG RU LOO�SRVHG GHSHQGLQJ RQ ZKDW

GDWD DUH FRQVLGHUHG DGPLVVLEOH� ZKDW LV WKH FULWHULRQ RI FRQWLQXLW\� DQG ZKDW LV WKH

H[SHFWHG DFFXUDF\ RI VROXWLRQ�

7KH UHTXLUHPHQWV ����� DQG ����� DUH RI FRQFHUQ ZKHQ VROYLQJ LQWHUGLJLWDO GLHOHF�

WURPHWU\ SUREOHPV� ,W PD\ EH GLpFXOW WR GLVWLQJXLVK DGPLVVLEOH GDWD IURP HUURQHRXV

XQOHVV D IDLU DPRXQW RI LQIRUPDWLRQ DERXW WKH V\VWHP LV DYDLODEOH� ,Q VLPSOH FDVHV� WKH

XQLTXHQHVV RI VROXWLRQ FDQ EH YHULnHG E\ FRPSXWLQJ DOO SRVVLEOH FDVHV ZLWK UHDVRQDEOH

GLVFUHWL]DWLRQ� ,Q PRUH FRPSOH[ FDVHV� HYHQ ZKHQ WKH QXPEHU RI HTXDWLRQV SURYLGHG

E\ D VHQVRU DUUD\ H[FHHGV WKH QXPEHU RI XQNQRZQ YDULDEOHV� WKHUH LV QR JXDUDQWHH WKDW

WKH VROXWLRQ LV JRLQJ WR EH XQLTXH RU WKDW LW H[LVWV�

7KH GLVFUHWL]DWLRQ RIWHQ LQWURGXFHV QRQ�XQLTXHQHVV WR WKH LQYHUVH SUREOHP� 6HY�

HUDO OHYHOV RI GLVFUHWL]DWLRQ DUH QRUPDOO\ SUHVHQW LQ GLHOHFWURPHWU\ DOJRULWKPV� 7KH

���
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WKUHH ZDYHOHQJWKV WKHPVHOYHV LQ WKH 7:6 RU &6& VHQVRU FRQVWLWXWH FUXGH GLVFUHWL]D�

WLRQ RI SHQHWUDWLRQ GHSWK RI HOHFWULF nHOG LQWR WKH PDWHULDO� 7KH DOJRULWKPV ZKLFK

XVH SUH�FRPSXWHG VROXWLRQ VSDFHV XVH SDUDPHWHU GLVFUHWL]DWLRQ WR VSHHG XS VROXWLRQ RI

WKH LQYHUVH SUREOHP� )RUZDUG SUREOHP FRPSXWDWLRQ DOJRULWKPV� XQOHVV WKH\ DUH EDVHG

RQ DQDO\WLFDO VROXWLRQV DYDLODEOH IRU WKH VLPSOHVW FDVHV� DOVR XVH VRPH W\SH RI VSDWLDO

GLVFUHWL]DWLRQ LQ UHSUHVHQWDWLRQ RI PDWHULDO JHRPHWU\� )RU H[DPSOH� WKH FRQWLQXXP

PRGHO XVHV D nQLWH QXPEHU RI FROORFDWLRQ SRLQWV DQG D nQLWH QXPEHU RI VSDWLDO )RXULHU

FRPSRQHQWV� nQLWH HOHPHQW DQG nQLWH GLmHUHQFH VRIWZDUH VSDWLDOO\ GLVFUHWL]H WKH HQ�

WLUH VLPXODWHG UHJLRQ� PXOWL�OD\HU PRGHOV WKDW GHVFULEH FRQWLQXRXVO\ YDU\LQJ PDWHULDO

SURSHUWLHV DUH OLPLWHG E\ WKH QXPEHU RI GLVFUHWH OD\HUV� HWF�

��� 1HJDWLYH &DSDFLWDQFH DQG &RQGXFWDQFH

����� /LWHUDWXUH 6XUYH\

([SHULPHQWDO GDWD IURP LQWHUGLJLWDO GLHOHFWURPHWU\ PHDVXUHPHQWV ZLWK VHPL�LQVXODWLQJ

VROLG DQG OLTXLG GLHOHFWULFV RIWHQ KDYH QHJDWLYH YDOXHV RI FDSDFLWDQFH DQG FRQGXFWDQFH

EHWZHHQ WKH GULYHQ DQG VHQVLQJ HOHFWURGHV RI DQ LQWHUGLJLWDO VHQVRU >�����@� ,Q OLJKW RI

RWKHU UHSRUWHG FDVHV RI QHJDWLYH FDSDFLWDQFH >���� ���^���@ DQG QHJDWLYH FRQGXFWDQFH

�RU UHVLVWDQFH� >���^���@� HVSHFLDOO\ LQ SDUDOOHO SODWH JHRPHWU\� WKH UHDGHUV VRPHWLPHV

PLVLQWHUSUHW WKH UHSRUWHG GDWD IURP WKH LQWHUGLJLWDO GLHOHFWURPHWU\ PHDVXUHPHQWV DQG

DVVRFLDWH LW ZLWK RWKHU NQRZQ FDVHV� 7KH JRDO RI WKLV VHFWLRQ LV WR SURYLGH QHFHVVDU\

EDFNJURXQG IRU SURSHU LQWHUSUHWDWLRQ RI VXFK FDVHV� DQG� WKURXJK LOOXVWUDWLYH H[SHUL�

PHQWDO DQG WKHRUHWLFDO H[DPSOHV� WR VHW WKH JURXQG IRU GLmHUHQWLDWLRQ EHWZHHQ YDULRXV

VFHQDULRV WKDW OHDG WR WKH QHJDWLYH YDOXHV RI LQWHUHOHFWURGH FDSDFLWDQFH DQG FRQGXF�

WDQFH� $ EDVLF H[SODQDWLRQ ZDV PDGH LQ >��@� EXW LW RQO\ FRYHUHG WKH QHJDWLYH FD�

SDFLWDQFH HmHFW ZLWKRXW JRLQJ LQWR GHWDLOV� $QWLFLSDWLQJ IXWXUH ZRUN ZKHUH QHJDWLYH

YDOXHV RI LQWHUHOHFWURGH FDSDFLWDQFH DQG FRQGXFWDQFH ZLOO DSSHDU LQ GLmHUHQW VLWXDWLRQV�

WKLV VHFWLRQ DQDO\]HV WKH LVVXH IURP VHYHUDO YLHZSRLQWV DQG SURYLGHV WKH FRQQHFWLRQ RI

���
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UHVXOWV IURP GLHOHFWURPHWU\ WR RWKHU WHFKQLFDO nHOGV� VXFK DV VHPLFRQGXFWRU HOHFWURQ�

LFV >���^���@ DQG SLH]RDFRXVWLF WUDQVGXFHUV >���@�

,Q PDQ\ FDVHV� WKH QHJDWLYH YDOXHV DUH QRW D UHVXOW RI DQ XQPRGHOHG SK\VLFDO SKH�

QRPHQD� EXW VLPSO\ D YDOLG OXPSHG�HOHPHQW FLUFXLW UHSUHVHQWDWLRQ RI D JLYHQ HOHFWURGH

JHRPHWU\ DW WKH VSHFLnHG IUHTXHQF\ RI HOHFWULFDO H[FLWDWLRQ� (DUOLHU ZRUN RQ LQWHUGLJL�

WDO GLHOHFWURPHWU\ SDUDPHWHU HVWLPDWLRQ DOJRULWKPV XVHG YROWDJH JDLQ DQG SKDVH RI WKH

DGPLWWDQFH GLYLGHU IRUPHG E\ WKH LQWHUGLJLWDO HOHFWURGHV DQG WKH WHVW DGPLWWDQFH �RU

WKH FORVHG�ORRS LQWHJUDWRU >�� ��� ��@� WR HVWLPDWH GLHOHFWULF SURSHUWLHV RI WKH PDWHULDO

XQGHU WHVW >���������������@� 7KLV W\SH RI VHQVRU UHVSRQVH UHSUHVHQWDWLRQ LV GHSHQGHQW

QRW RQO\ RQ WKH VHQVRU SDUDPHWHUV DQG PDWHULDO SURSHUWLHV EXW DOVR RQ WKH SDUDPHWHUV

RI WKH PHDVXUHPHQW HOHFWURQLFV� PRVW QRWDEO\ ORDG RU IHHGEDFN FDSDFLWRUV IRU YROWDJH

RU FXUUHQW PRGH PHDVXUHPHQWV� UHVSHFWLYHO\� ,W LV GHVLUDEOH WR GHFRXSOH WKH VHQVRU UH�

VSRQVH IURP WKH PHDVXUHPHQW SDUDPHWHUV� EHFDXVH LW LPSURYHV VLJQDO OLQHDULW\� EHWWHU

UHoHFWV IUHTXHQF\ GHSHQGHQFH RI PDWHULDO SURSHUWLHV� DQG� LQ VRPH FDVHV� JXDUDQWHHV

WKH XQLTXHQHVV RI WKH LQYHUVH SUREOHP >��@� 7KH ODVW FRQGLWLRQ PHDQV WKDW VRPHWLPHV

JDLQ DQG SKDVH GDWD PD\ QRW EH XQLTXH ZLWK UHVSHFW WR PDWHULDO SURSHUWLHV ZKLOH WKH

FDSDFLWDQFH DQG FRQGXFWDQFH GDWD IRU WKH VDPH FRPELQDWLRQ RI PDWHULDO SURSHUWLHV LV

XQLTXH� ,Q WKH VSHFLnF LPSOHPHQWDWLRQ RI WKLV WKHVLV� &�� DQG *�� DUH LQGHSHQGHQW RI

&/ DQG &) ZKLOH JDLQ DQG SKDVH GHSHQG RQ &/ DQG &) � 7KH GHnQLWLRQ RI WKHVH FLUFXLW

HOHPHQWV LV JLYHQ LQ 6HFWLRQ ����

����� ([SHULPHQWDO 5HVXOWV

5HSUHVHQWDWLYH FRUQ RLO JDLQ DQG SKDVH PHDVXUHPHQWV ZLWK WKH FDSDFLWLYH GLYLGHU IRU

JXDUGHG oRDWLQJ YROWDJH PRGH PHDVXUHPHQWV DUH VKRZQ LQ )LJXUH ���� DQG WKH UHVXOWV

RI FRQYHUVLRQ WR WKH DGPLWWDQFH PDWUL[ HQWULHV DUH VKRZQ LQ )LJXUH ����

���



���� 1HJDWLYH &DSDFLWDQFH DQG &RQGXFWDQFH

)LJXUH ���� *DLQ DQG SKDVH PHDVXUHPHQWV RI FRUQ RLO ZLWK D oRDWLQJ YROWDJH ZLWK JXDUG
SODQH PHWKRG� � PP ZDYHOHQJWK� ORDG FDSDFLWDQFH &/  ���� S)�

���
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)LJXUH ���� ,QWHUHOHFWURGH FDSDFLWDQFH DQG FRQGXFWDQFH IRU WKH JDLQ�SKDVH PHDVXUH�
PHQWV LQ )LJXUH ��� IRU WKH FRUQ RLO H[SHULPHQW ZLWK � PP ZDYHOHQJWK� &/  ���� S)
�FLUFOHV� DQG VLPXODWLRQ �ZLWK �U  ���� DQG }  �� S6�P� RI WKH IUHTXHQF\ GHSHQGHQW
DGPLWWDQFH PDWUL[ HQWULHV ZLWK nQLWH�HOHPHQW VRIWZDUH �OLQHV��

���
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7KH JDLQ LV QHDU ]HUR IRU YHU\ ORZ IUHTXHQFLHV� ZKLFK LQGLFDWHV D SUHGRPLQDQWO\

UHVLVWLYH EHKDYLRU RI WKH LQWHUHOHFWURGH DGPLWWDQFH� 7R D nUVW ORRN� WKH RYHUDOO JDLQ�

SKDVH EHKDYLRU ORRNV YHU\ UHDVRQDEOH IRU WKH V\VWHP ZLWK FRQVWDQW FRHpFLHQWV� RQH SROH

DQG RQH ]HUR�

7KLV PHDVXUHPHQW ZDV GRQH ZLWK WKH nUVW JHQHUDWLRQ RI 7HoRQ VHQVRUV �LW KDV

SRRUHU HWFKLQJ WROHUDQFHV WKDQ WKH VHFRQG JHQHUDWLRQ�� ,Q )LJXUH ���� WKH JDLQ LV oDW

DQG SKDVH LV ]HUR IRU KLJK IUHTXHQFLHV� ZKLFK LQGLFDWHV D GRPLQDQW FDSDFLWLYH EHKDYLRU

RI WKH LQWHUHOHFWURGH DGPLWWDQFH�

7KH PHDVXUHPHQW DQG FDOFXODWLRQ RI DGPLWWDQFH PDWUL[ HQWULHV VKRZQ LQ )LJXUH ���

VKRZV WKDW WKLV JDLQ�SKDVH EHKDYLRU FRUUHVSRQGV WR D V\VWHP ZLWK IUHTXHQF\ GHSHQGHQW

FRHpFLHQWV� PRUHRYHU� WKH FDSDFLWLYH SDUW RI WKH LQWHUHOHFWURGH DGPLWWDQFH EHFRPHV

QHJDWLYH DW ORZ IUHTXHQFLHV� 7KH VLPXODWLRQ �VROLG OLQH� LV GRQH DVVXPLQJ IRU FRUQ RLO

�U  ���� DQG }  �� S6�P� 7KHUH DUH XVXDOO\ VOLJKW DPELHQW WHPSHUDWXUH YDULDWLRQV

GXULQJ WKH H[SHULPHQWV� DQG WKH FRQGXFWLYLW\ LV VWURQJO\ GHSHQGHQW RQ WHPSHUDWXUH�

0HDVXUHPHQWV ZLWK D SDUDOOHO SODWH FDSDFLWRU LQGLFDWH WKDW WKH FRQGXFWLYLW\ RI FRUQ

RLO DSSUR[LPDWHO\ GRXEOHV ZLWK HYHU\ ��p& WHPSHUDWXUH LQFUHDVH� )RU H[DPSOH� WKH

FRQGXFWLYLW\ RI FRUQ RLO LQ DPELHQW ODERUDWRU\ HQYLURQPHQW DW ��p& LV DERXW �� S6�P

DQG DW ��p& LV DERXW �� S6�P� ,Q ERWK FDVHV WKH FRQGXFWLYLW\ LV PHDVXUDEOH RQO\ DW

IUHTXHQFLHV OHVV WKDQ � +] DQG LV QRW IUHTXHQF\ GLVSHUVLYH�

����� 6LPSOLnHG (TXLYDOHQW &LUFXLW

,W LV DSSURSULDWH WR SDXVH WR GLVFXVV WKH FDOFXODWHG QHJDWLYH YDOXHV RI FDSDFLWDQFH DV

LW PD\ QRW EH LPPHGLDWHO\ DSSDUHQW WR WKH UHDGHU KRZ DQ\ ORVV\ GLHOHFWULF PDWHULDO

FDQ DGPLW WKHVH YDOXHV� %DVLF FLUFXLW WKHRU\ FDQ EH XVHG WR KHOS H[SODLQ WKH PHDVXUHG

QHJDWLYH FDSDFLWDQFHV� 7R XQGHUVWDQG WKH DSSDUHQW QHJDWLYH FDSDFLWDQFH LQ D PRUH

HOHPHQWDU\ VHWWLQJ FRQVLGHU WKH FLUFXLW VKRZQ LQ )LJXUH ��� WKDW DSSUR[LPDWHO\ PRGHOV

WKH VHQVRU WRSRORJ\ LQ )LJXUH ���� 6XSSRVH WKDW ZH GR QRW KDYH WKH DELOLW\ WR PHDVXUH

WKH YROWDJH DW QRGH F� DQG ZH DUH RQO\ LQWHUHVWHG LQ WKH FLUFXLW FKDUDFWHULVWLFV DW QRGHV

D� E� DQG JURXQG� 7KHQ ZH FDQ XVH WKH SL�HTXLYDOHQW FLUFXLW VKRZQ LQ )LJXUH ��� ZKLFK

���
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H[KLELWV LGHQWLFDO VWHDG\�VWDWH EHKDYLRU DV WKH FLUFXLW VKRZQ LQ )LJXUH ��� IURP WKH

WHUPLQDOV RI LQWHUHVW� 7KH FLUFXLW SDUDPHWHUV LQ )LJXUH ��� DUH UHODWHG WR WKRVH RI

)LJXUH ��� E\�

*��  �*�

��&��&� � &�� �*�

�

����&� � &��� � �*�
�

� �����

&��  
��&�

�
��&� � &�� �*�

�
��&� b &��

����&� � &��� � �*�
�

� �����

*��  *��  *� b �*��  
��&�

�
*�

����&� � &��� � �*
�
�

� �����

DQG

&��  &��  &� b �&��  &�

��&���&� � &�� � �*
�

�

����&� � &��� � �*
�
�

� �����

(DFK SDUDOOHO FRPELQDWLRQ RI *� DQG &� DSSUR[LPDWHO\ UHSUHVHQWV WKH HmHFWLYH ORVV\

OD\HU RI GLHOHFWULF DORQJ WKH LQWHUIDFH EHWZHHQ GULYHQ DQG VHQVLQJ HOHFWURGHV� ZKLOH

&� UHSUHVHQWV WKH VKXQW FDSDFLWDQFH WKURXJK WKH VXEVWUDWH IURP VXEVWUDWH�PDWHULDO

LQWHUIDFH WR JURXQG� 1RWH WKDW WKH FDSDFLWDQFH &�� LV QHJDWLYH DW ORZ IUHTXHQFLHV LI &�

! �&�� 7KH RWKHU WKUHH SDUDPHWHUV �*��� *��� DQG &��� DUH SRVLWLYH GHnQLWH IRU DOO

IUHTXHQFLHV� :H ZRXOG OLNH WR HPSKDVL]H D IHZ SRLQWV�

�� ,Q WKHRU\� ZH FDQ UHSUHVHQW RXU GLVWULEXWHG V\VWHP ZHOO E\ D �SRVVLEO\ GHQVH�

QHWZRUN RI UHVLVWRUV DQG FDSDFLWRUV ZKLFK KDYH D GLUHFW SK\VLFDO FRUUHVSRQGHQFH WR WKH

HOHFWULFDO SURSHUWLHV RI WKH PDWHULDO DQG VHQVRU WRSRORJ\ RQ DQ LQFUHPHQWDO VFDOH� :KHQ

ZH UHSUHVHQW WKH VDPH V\VWHP E\ IHZHU HOHPHQWV ZKLOH UHWDLQLQJ WKH YROWDJH�FXUUHQW

WHUPLQDO FKDUDFWHULVWLFV� WKH JHQHUDO HTXLYDOHQW FLUFXLW PD\ LQFOXGH IUHTXHQF\ GHSHQGHQW

FDSDFLWRUV RU UHVLVWRUV WKDW FDQ EHFRPH QHJDWLYH RYHU D UDQJH RI IUHTXHQF\�

�� 7KLV LV RQO\ SRVVLEOH LQ FLUFXLWV ZLWK PRUH WKDQ WZR WHUPLQDOV� ,Q RXU FDVH�

ZH KDYH WKH GULYLQJ� VHQVLQJ� DQG EDFNSODQH HOHFWURGHV� ,Q D WZR�WHUPLQDO FLUFXLW LW LV

VWUDLJKWIRUZDUG WR SURYH �XVLQJ 7HOOHJHQ
V WKHRUHP >���@� WKDW DQ\ FLUFXLW FRQWDLQLQJ

RQO\ UHVLVWRUV DQG FDSDFLWRUV ZLOO DSSHDU IURP WKH WHUPLQDOV DV D ORVV\ FDSDFLWLYH V\VWHP

ZLWK QR QHJDWLYH FDSDFLWRUV� $V D FRQVHTXHQFH RI WKLV� LQ RXU FLUFXLWV WKH GULYLQJ SRLQW

LPSHGDQFH VHHQ E\ WKH VRXUFH DW WKH GULYHQ HOHFWURGH ZLOO DOZD\V EH SRVLWLYHO\ FDSDFLWLYH

�DQG ORVV\��
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)LJXUH ���� -XVWLnFDWLRQ RI WKH QHJDWLYH WUDQVFDSDFLWDQFH YDOXHV IRU &�� LQ )LJXUH ����
(TXLYDOHQW FLUFXLW RI D VHQVRU WKDW DSSUR[LPDWHO\ PRGHOV VHQVRU WRSRORJ\�

�� 2XU HOHPHQWDU\ FLUFXLW H[DPSOH H[SODLQV ZK\ WKH WUDQVFDSDFLWDQFHV VKRZQ LQ

)LJXUH ��� KDYH QHJDWLYH YDOXHV DW ORZ IUHTXHQFLHV EXW GRHV QRW H[SODLQ ZK\ WKH FDSDF�

LWDQFH YDOXH LV LQFUHDVLQJ DW WKH YHU\ ORZ IUHTXHQFLHV IRU WKH H[SHULPHQWDO GDWD �FLUFOHV�

LQ )LJXUH ���� 7KLV RFFXUV GXH WR D VHSDUDWH SKHQRPHQRQ� WKH IRUPDWLRQ RI DQ HOHFWULFDO

GRXEOH�OD\HU FDSDFLWDQFH >��@� ZKLFK KDV EHHQ GLVFXVVHG LQ 6HFWLRQ ���� 6LQFH 0D[ZHOO

VRIWZDUH ZDV QRW VHW XS WR DFFRXQW IRU VXFK SKHQRPHQD� WKH FRPSXWHU VLPXODWHG FD�

SDFLWDQFH GRHV QRW LQFUHDVH DW ORZ IUHTXHQFLHV EXW UHPDLQV QHJDWLYH� $Q LOOXVWUDWLYH

VLPXODWLRQ RI WKH IUHTXHQF\ UHVSRQVH DJUHHG ZHOO ZLWK ODERUDWRU\ PHDVXUHPHQWV DV

VKRZQ LQ )LJXUH ����

$ VLPLODU DUJXPHQW IRU QHJDWLYH WUDQVFRQGXFWDQFH LV WDNHQ IURP >���@� $ PLQRU DG�

GLWLRQDO PRGLnFDWLRQ RI D VLPSOLnHG GLVWULEXWHG FLUFXLW VKRZQ LQ )LJXUH ���� DV ZHOO DV

PDQ\ RWKHU SRVVLEOH GLVWULEXWHG HOHPHQW FLUFXLW FRPELQDWLRQV FDQ PDNH WKH WUDQVFRQ�

GXFWDQFH QHJDWLYH� 7KH HTXLYDOHQW FRQGXFWDQFH *�� LQ WHUPV RI GLVWULEXWHG HOHPHQWV

LV
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)LJXUH ���� 6LPSOH {�HTXLYDOHQW FLUFXLW ZLWK LGHQWLFDO WHUPLQDO FKDUDFWHULVWLFV DV LQ
)LJXUH ��� FDQ UHVXOW LQ QHJDWLYH YDOXHV RI &�� DW ORZ IUHTXHQF\�

6R ZKHQ WKH WHUP DIWHU WKH QHJDWLYH VLJQ LQ (TXDWLRQ ��� LV JUHDWHU WKDQ WKH VXP RI

DOO SRVLWLYH WHUPV� *�� FRXOG EH QHJDWLYH� $QRWKHU PRGHO LV VKRZQ LQ )LJXUH ���� 7KH

FRUUHVSRQGLQJ *�� LV
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$JDLQ� ZKHQ WKH PDJQLWXGH RI WKH QHJDWLYH WHUP LQ WKH QXPHUDWRU LV JUHDWHU WKDQ WKH

VXP RI DOO WKH SRVLWLYH WHUPV� *�� LV QHJDWLYH� 7KH GHQRPLQDWRU RI ����� LV DOZD\V

SRVLWLYH DV D VXP RI VTXDUHV�

���



���� 1HJDWLYH &DSDFLWDQFH DQG &RQGXFWDQFH

)LJXUH ���� 7KH PHDVXUHG DQG WKHRUHWLFDO IUHTXHQF\ UHVSRQVH RI WKH LQWHUHOHFWURGH
FDSDFLWDQFH &�� DQG FRQGXFWDQFH *�� IRU HOHPHQW YDOXHV LQ )LJXUH ��� RI *� ��� *RKP�
&� �� S)� DQG &� ��� S)�

���
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)LJXUH ���� 7KH GLVWULEXWHG HOHPHQW FLUFXLW PRGHO IRU SRVVLEOH QHJDWLYH WUDQVFRQGXF�
WDQFH *���

)LJXUH ���� $QRWKHU GLVWULEXWHG HOHPHQW FLUFXLW PRGHO IRU SRVVLEOH QHJDWLYH WUDQVFRQ�
GXFWDQFH *���

���



���� &DOLEUDWLRQ�%DVHG $OJRULWKPV

��� &DOLEUDWLRQ�%DVHG $OJRULWKPV

����� &DOLEUDWLRQ 3URFHVV

7HoRQ� EHLQJ D FKHPLFDOO\ LQHUW DQG K\GURSKRELF PDWHULDO� ZDV FKRVHQ DV WKH VXEVWUDWH

IRU PRVW VHQVRUV XVHG WKURXJKRXW WKLV WKHVLV� +RZHYHU� WKH PHFKDQLFDO SURSHUWLHV RI

7HoRQ DUH OHVV DWWUDFWLYH WKDQ WKRVH RI VRPH RWKHU SRO\PHUV� FROG oRZ� WKHUPDO H[SDQ�

VLRQ� DQG VRIWQHVV� DOWKRXJK PRGHUDWH� OLPLW WKH SUHFLVLRQ RI WKH JHRPHWULF GLPHQVLRQV

RI WKH HOHFWURGHV� ,Q DGGLWLRQ� HURVLRQ� IULFWLRQ� DQG FRUURVLRQ VOLJKWO\ UHGXFH WKH ZLGWK

DQG WKLFNQHVV RI WKH HOHFWURGHV ZLWK WLPH� %HFDXVH RI DOO WKHVH IDFWRUV� WKH DYHUDJH

PHWDOOL]DWLRQ UDWLR� GHnQHG KHUH DV WKH UDWLR RI WKH VXP RI WKH ZLGWKV RI WKH GULYHQ DQG

VHQVLQJ HOHFWURGHV WR WKH ZDYHOHQJWK RI DQ LQWHUGLJLWDO FRPE� FDQ UDUHO\ EH H[DFWO\ WKH

GHVLJQHG ��� RI WKH ZDYHOHQJWK� ,Q RXU H[SHULHQFH� WKH PHWDOOL]DWLRQ UDWLR RI &X)ORQ

VHQVRUV� PHDVXUHG IURP PLFURVFRSH SKRWRJUDSKV� YDULHG IURP ��� WR ����

$ QXPEHU RI JHRPHWULF GLmHUHQFHV EHWZHHQ WKH FRPSXWHU VLPXODWLRQ DQG UHDO H[�

SHULPHQW FDQ EH WDNHQ LQWR DFFRXQW E\ D FDOLEUDWLRQ SURFHVV� 7KH FDOLEUDWLRQ PLJKW

LQYROYH VHYHUDO VWDJHV� WDNLQJ LQWR DFFRXQW SK\VLFV� FKHPLVWU\� HQYLURQPHQWDO FRQGL�

WLRQV� DQG RWKHU HOHPHQWV WKDW LQoXHQFH WKH VHQVRU UHVSRQVH� ([FHSW IRU WKH VLPSOHVW

FDVHV� WKH FDOLEUDWLRQ ZDV IRXQG QHFHVVDU\ IRU GLHOHFWURPHWU\ PHDVXUHPHQWV DW DOO IUH�

TXHQF\ UDQJHV� )LJXUH ��� VKRZV D oRZ FKDUW RI WKH SDUDPHWHU HVWLPDWLRQ SURFHVV

ZLWK QRQ�LWHUDWLYH FDOLEUDWLRQ SURFHGXUHV� ,Q WKLV VSHFLnF FDVH� WKH SKHQRPHQD WR DF�

FRXQW IRU LQFOXGH ZKHWKHU WKH GLHOHFWULF LV oXLG RU VROLG� FRQWDFW TXDOLW\� GHQVLnFDWLRQ

RI PDWHULDO XQGHU WHVW ZLWK SUHVVXUH� HOHFWURFKHPLFDO GRXEOH OD\HU HmHFWV� DQG QDWXUDO

LQKRPRJHQHRXV VWUXFWXUH RI WKH PDWHULDO�

7KH SUHVHQWHG DOJRULWKP UHTXLUHV WKDW WKH PHWDOOL]DWLRQ UDWLR� n� LV IRXQG E\ WKH

FDOLEUDWLRQ RI WKH VHQVRU LQ DLU SULRU WR PHDVXUHPHQWV� 7KLV LV GRQH IRU HDFK ZDYH�

OHQJWK E\ ORFDWLQJ WKH PHDVXUHG LQWHUHOHFWURGH FDSDFLWDQFH &�� RQ WKH SUH�FRPSXWHG

WKHRUHWLFDO FXUYH WKDW UHSUHVHQWV D IXQFWLRQDO GHSHQGHQFH RI WKH PHWDOOL]DWLRQ UDWLR RQ

WKH LQWHUHOHFWURGH FDSDFLWDQFH IRU HDFK RI WKH WKUHH ZDYHOHQJWKV RI WKH 7HoRQ VHQVRU

RI )LJXUH ���� )LJXUH ��� VKRZV WKLV GHSHQGHQFH IRU DOO WKUHH ZDYHOHQJWKV IRU D 7HoRQ

���
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VXEVWUDWH ZLWK GLHOHFWULF SHUPLWWLYLW\ �  ��� DQG WKLFNQHVV RI ��� xP� 7KHVH FXUYHV

ZHUH JHQHUDWHG ZLWK WKH QRPLQDO FRPSXWDWLRQDO HUURU RI ����� XVLQJ nQLWH�HOHPHQW

VRIWZDUH 0D[ZHOO E\ $QVRIW &RUS� 7KH IXQFWLRQDO IRUP RI HDFK FXUYH VKRZQ LQ )LJXUH

��� LV DSSUR[LPDWHG ZLWK WKH IROORZLQJ H[SUHVVLRQ �QHDUO\ OLQHDU IXQFWLRQ ZLWK UHGXFLQJ

VORSH��

n  D�
T
&�� � D�&�� � D� ������

ZKHUH WKH HPSLULFDO FRHpFLHQWV IRXQG E\ WKH EHVW nW IRU HDFK ZDYHOHQJWK ZLWK &��

KDYLQJ XQLWV RI S) DUH JLYHQ LQ ������������� UHVSHFWLYHO\ IRU ��� PP� ��� PP� DQG ���

PP ZDYHOHQJWKV�

n  ������
T
&�� b ������&�� b ������ w  ��� PP ������

n  ������
T
&�� b ������&�� b ������ w  ��� PP ������

n  ������
T
&�� b ������&�� b ������ w  ��� PP ������

7KHRUHWLFDO PRGHOV� QXPHULFDO VLPXODWLRQV� DQG H[SHULPHQWDO GDWD LQGLFDWH WKDW WKH

FDSDFLWDQFH EHWZHHQ GULYHQ DQG VHQVRU HOHFWURGHV LV D QHDUO\ OLQHDU IXQFWLRQ RI GLHOHFWULF

SHUPLWWLYLW\ RI WKH PDWHULDO XQGHU WHVW ZKHQ WKH UHDO SDUW RI WKH DGPLWWDQFH EHWZHHQ

WKHVH WZR HOHFWURGHV LV QHJOLJLEOH� )LJXUH ���� VKRZV WKH WKHRUHWLFDO GHSHQGHQFH RI

WUDQVFDSDFLWDQFH &�� IRU D KDOI�PHWHU PHDQGHU OHQJWK� 2EYLRXVO\� ZKHQ WKH DFFXUDF\

RI WKH SDUDPHWHU HVWLPDWLRQ LV OLPLWHG QRW E\ WKH SUHFLVLRQ RI WKH nQLWH HOHPHQW VLP�

XODWLRQ EXW E\ WKH H[SHULPHQWDO GDWD� WKH GHVFULSWLRQ RI WKH IXQFWLRQDO GHSHQGHQFH RI

FDSDFLWDQFH &�� RQ WKH GLHOHFWULF SHUPLWWLYLW\ �U LV DGHTXDWH�

���
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)LJXUH ���� 0RGHO�EDVHG SDUDPHWHU HVWLPDWLRQ DOJRULWKPV GLmHUHQWLDWH EHWZHHQ VROLG
DQG oXLG GLHOHFWULFV� KRPRJHQHRXV DQG QRQ�KRPRJHQHRXV PDWHULDOV� WDNH LQWR DFFRXQW
SUHVVXUH DQG PDQXIDFWXULQJ WROHUDQFHV RI WKH VHQVRU KHDG� DQG FRPSXWH YROXPH GLVWUL�
EXWLRQV RI VHYHUDO SK\VLFDO YDULDEOHV�

���
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)LJXUH ���� )RU DOO ZDYHOHQJWKV� WKH LQWHUHOHFWURGH WUDQVFDSDFLWDQFH JURZV ZLWK WKH
PHWDOOL]DWLRQ UDWLR�

)LJXUH ����� 6LPXODWHG GDWD ZLWK OLQHDU OHDVW VTXDUHV nW OLQHV SORWWHG IRU WKH �� SHUFHQW
PHWDOOL]DWLRQ UDWLR FDVH IRU ��� P PHDQGHU OHQJWK�

���



���� &DOLEUDWLRQ�%DVHG $OJRULWKPV

0HWDOOL]DWLRQ UDWLR� n

0HDVXUHG &DOFXODWHG

6HQVRU �� w  ��� PP ��� ���

6HQVRU �� w  ��� PP ��� ���

6HQVRU �� w  ��� PP ��� ���

6HQVRU �� w  ��� PP ��� ���

6HQVRU �� w  ��� PP ��� ���

6HQVRU �� w  ��� PP ��� ���

7DEOH ���� 0HDVXUHG ZLWK D PLFURVFRSH DQG FRPSXWHG IURP PHDVXUHG DLU FDSDFLWDQFH
PHWDOOL]DWLRQ UDWLRV RI WZR UDQGRPO\ VHOHFWHG WKUHH�ZDYHOHQJWK VHQVRUV�

7DEOH ��� FRPSDUHV PHWDOOL]DWLRQ UDWLR IRU WZR UDQGRPO\ VHOHFWHG VHQVRUV� PDQX�

IDFWXUHG E\ 3RO\oRQ XVLQJ WKH ��� xP ��� PLO� WKLFN &X)ORQ VXEVWUDWH� 7KH PHD�

VXUHG YDOXHV ZHUH REWDLQHG IURP DLU FDSDFLWDQFH PHDVXUHPHQWV DQG IURP PLFURVFRSH

SKRWRJUDSKV� ZKHUHDV WKH FDOFXODWHG YDOXHV ZHUH GHWHUPLQHG XVLQJ �������������� 1DW�

XUDOO\� XQGHU WKH VDPH SUHFLVLRQ RI PDQXIDFWXULQJ SURFHVV� WKH VPDOOHU ZDYHOHQJWKV


PHWDOOL]DWLRQ UDWLR GLmHUV PRUH IURP WKH LGHDO ��� WKHQ WKDW RI ODUJHU ZDYHOHQJWKV�

7KH FDOFXODWHG HVWLPDWHV RI WKH PHWDOOL]DWLRQ UDWLR ZHUH JHQHUDWHG ZLWK 0DWODE URX�

WLQH VH�P �6LJPD�(SVLORQ� �6HH $SSHQGL[ *��

����� ,QWHUSRODWLRQ &XUYHV

$IWHU WKH PHWDOOL]DWLRQ UDWLR� n� LV GHWHUPLQHG� WKH VHQVRU LV UHDG\ IRU PHDVXUHPHQWV�

/HW XV nUVW FRQVLGHU WKH VLPSOHVW FDVH� D WKLFN OD\HU RI QRQ�FRQGXFWLQJ KRPRJHQRXV

oXLG VXUURXQGLQJ WKH VHQVRU� )RU HDFK ZDYHOHQJWK� RQH FDQ FDOFXODWH WKH GHSHQGHQFH

RI WKH FDSDFLWDQFH RQ WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\� �U� RI WKH PDWHULDO XQGHU

WHVW� )LJXUH ���� �D� VKRZV WKH LQYHUVH GHSHQGHQFH �U�&��� SORWWHG IRU VHYHUDO YDOXHV

RI WKH PHWDOOL]DWLRQ UDWLR n IRU WKH � PP ZDYHOHQJWK� 7KH FXUYHV IRU WKH RWKHU WZR

ZDYHOHQJWKV KDYH YHU\ VLPLODU VKDSHV� DQG DUH VKRZQ LQ )LJXUHV ���� �E� DQG �F��

���



&KDSWHU �� ,QYHUVH 3UREOHP

�D� w  ��� PP

�E� w  ��� PP

�F� w  ��� PP

)LJXUH ����� )DPLOLHV RI FDOLEUDWLRQ FXUYHV IRU WKH FDSDFLWDQFH SHU KDOI�PHWHU OHQJWK IRU
WKUHH GLVWLQFW VSDWLDO SHULRGLFLWLHV� 7KH UHVSRQVH EHFRPHV OHVV OLQHDU ZLWK LQFUHDVLQJ
ZDYHOHQJWK EHFDXVH WKH JXDUG SODQH EHFRPHV SURSRUWLRQDOO\ FORVHU WR WKH HOHFWURGHV
ZKHQ WKH VXEVWUDWH WKLFNQHVV LV KHOG FRQVWDQW �WKH VXEVWUDWH WKLFNQHVV LV WKH RQO\ GL�
PHQVLRQ WKDW GRHV QRW VFDOH LQ WKHVH VLPXODWLRQV��

���



���� &DOLEUDWLRQ�%DVHG $OJRULWKPV

7KXV� VLQFH WKH QXPHULFDO YDOXH RI n LV NQRZQ IURP WKH FDOLEUDWLRQ LQ DLU� RQH FDQ

HDVLO\ nQG WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ �U IURP WKH PHDVXUHG YDOXH RI &�� E\

LQWHUSRODWLQJ WKH FXUYHV LQ )LJXUH ����� 7KH FKRLFH RI WKH LQWHUSRODWLRQ WHFKQLTXH LV

QRW FUXFLDO� $ IXQFWLRQDO DSSUR[LPDWLRQ KDV EHHQ XVHG KHUH� DOWKRXJK RWKHU PHWKRGV�

VXFK DV ORRN�XS WDEOHV� FRXOG KDYH EHHQ XVHG� )RU HDFK ZDYHOHQJWK� WKH IDPLO\ RI FXUYHV

VXFK DV VKRZQ LQ )LJXUH ���� LV DSSUR[LPDWHG E\ WKH IROORZLQJ HTXDWLRQ�

�U  E��n�
T
&�� � E��n�&�� � E��n� ������

ZKHUH WKH YDULDEOH FRHpFLHQWV E��n�� E��n�� DQG E��n� DUH IRXQG IURP WKH nQLWH�HOHPHQW

VLPXODWLRQ� 7KHVH FRHpFLHQWV� LQ WXUQ� DUH DSSUR[LPDWHG ZLWK WKH VHFRQG�GHJUHH SRO\�

QRPLDO�

EL  F��Ln
� � F��Ln � F��L ������

)LJXUH ���� VKRZV WKH IXQFWLRQDO GHSHQGHQFLHV RI WKHVH FRHpFLHQWV RQ WKH PHWDO�

OL]DWLRQ UDWLR n IRU WKH � PP ZDYHOHQJWK� 7KH IXQFWLRQV� VKRZQ LQ )LJXUHV ���� DQG

���� KDYH VLPLODU VKDSHV DQG FDQ EH IRXQG XVLQJ WKH FRHpFLHQWV OLVWHG LQ 7DEOH ����

7KH H[SUHVVLRQV ������ DQG ������ DUH RQO\ DSSOLFDEOH IRU oXLG GLHOHFWULFV� 7KH oXLG

JDS� ZKLFK IRUPV EHWZHHQ WKH VHQVRU DQG WKH VXUIDFH RI WKH VROLG PDWHULDO� UHGXFHV WKH

LQWHUHOHFWURGH FDSDFLWDQFH� )LJXUH ���� VKRZV WKH HmHFW RI WKH DLU JDS RQ WKH LQYHUVH

IXQFWLRQDO GHSHQGHQFH �U�&���� 7KLV HmHFW LV DFFRXQWHG IRU E\ XVLQJ HTXDWLRQV ������

DQG ������ IRU WKH oXLGV� DQG D OLQHDU nW RI WKH �U�&��� IXQFWLRQ IRU WKH VROLGV� 7KH

LQWHUFHSW RI WKH OLQHDU nW DQG WKH oXLG FXUYHV DW �U � DUH WKH VDPH� DQG WKH VORSH LV

EDVHG RQ WKH GHULYDWLYH RI WKH oXLGV FXUYH DW WKH SRLQW ZKHUH �U  �� 7KH DQJOH m

EHWZHHQ WKH WDQJHQW RI WKH oXLGV FXUYH DQG WKH VROLG PDWHULDOV FXUYH LV ����� UDG� �����

UDG DQG ������ UDG IRU ��� PP� ��� PP� DQG ��� PP ZDYHOHQJWKV� UHVSHFWLYHO\�

&DOLEUDWLRQ WHFKQLTXHV DQG HVWLPDWLRQ RI GLHOHFWULF SHUPLWWLYLW\ EDVHG RQ nWWLQJ

RI SUH�FRPSXWHG GDWD KDV EHHQ LPSOHPHQWHG DV D VWDQG�DORQH SDUDPHWHU HVWLPDWLRQ

DOJRULWKP� +RZHYHU� WKLV DSSURDFK KDV RWKHU XVHV� 0RVW QRWDEO\� WKH FDSDFLWLYH�RQO\

SDUDPHWHU HVWLPDWLRQ KDV EHHQ XVHG DV D EDFNXS EUDQFK RI WKH VRSKLVWLFDWHG PXOWL�OD\HU

SDUDPHWHU HVWLPDWLRQ ZKHQ WKH ORFDO IXQFWLRQ DSSUR[LPDWLRQ XVLQJ QRQ�GLPHQVLRQDO VR�

���
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w  ��� PP w  ��� PP w  ��� PP

E� E� E� E� E� E� E� E� E�

F� ����� ����� ������ ����� ����� ������ ����� ����� �����

F� ������ ������ ������ ������ ������ ����� ������ ������ ������

F� ����� ����� ������ ����� ����� ������ ����� ����� ������

7DEOH ���� &RHpFLHQWV RI ������ IRU WKH WKUHH�ZDYHOHQJWKV WR EH XVHG LQ WKH �U YV &��

UHODWLRQVKLS ������ JHQHUDWHG IRU oXLG GLHOHFWULFV E\ VH�P�

)LJXUH ����� &DOFXODWHG FRHpFLHQWV XVHG LQ ������ DQG ������ IRU ��� PP ZDYHOHQJWK�

OXWLRQ VSDFHV GLVFXVVHG LQ 6HFWLRQ ��� IDLOV GXH WR FRQVWUDLQWV LPSRVHG E\ WKH LQWHUSROD�

WLRQ URXWLQH� 7KDW LV� WKH VROXWLRQ VSDFH GLVFUHWL]DWLRQ DVVXPHV RQO\ SK\VLFDOO\ SRVVLEOH

YDOXHV RI PDWHULDO SURSHUWLHV� DQG D VPDOO HVWLPDWLRQ DW WKH ERXQGDU\ RI WKH VROXWLRQ

VSDFH UHTXLUHV VSHFLDO KDQGOLQJ� )RU H[DPSOH� WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI DQ\

PDWHULDO FDQQRW EH OHVV WKDQ �� EXW D GLHOHFWULF SHUPLWWLYLW\ RI D JDV HVWLPDWHG WR ����

LV QRW XQUHDVRQDEOH LI WKH WUXH SHUPLWWLYLW\ LV ����� DQG LI ZH H[SHFW DQ DFFXUDF\ RI h�
SHUFHQW�

���
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)LJXUH ����� &DOFXODWHG FRHpFLHQWV XVHG LQ ������ DQG ������ IRU ��� PP ZDYHOHQJWK�

����� 3XUHO\ &DSDFLWLYH 0HDVXUHPHQWV

7KH PHDVXUHPHQW RI WKH UHDO SDUW RI WKH FRPSOH[ GLHOHFWULF SHUPLWWLYLW\ ZLWK WKH LPDJ�

LQDU\ SDUW EHLQJ QHJOLJLEOH LV D FRQFHSWXDOO\ VLPSOH WDVN� +RZHYHU� SUHYLRXV PHDVXUH�

PHQWV ZLWK LQWHUGLJLWDO VHQVRUV LQGLFDWHG VLJQLnFDQW GLmHUHQFHV EHWZHHQ WKH SUHGLFWHG

DQG WKH PHDVXUHG YDOXHV� 7KH SHUIRUPDQFH RI WKH VHQVRU ZLWK ORZ FRQGXFWLYLW\ GL�

HOHFWULFV LV GHVFULEHG KHUH�

7DEOH ��� OLVWV WKH UHVXOWV RI PHDVXUHPHQWV PDGH RQ D YDULHW\ RI oXLG DQG VROLG

KRPRJHQHRXV GLHOHFWULFV� )RU D KRPRJHQHRXV PDWHULDO� DOO WKUHH ZDYHOHQJWKV VKRXOG

LQGLFDWH HTXDO YDOXHV RI �U� DQG HDFK RI WKHP VKRXOG EH HTXDO WR WKH YDOXH IRXQG ZLWK

WKH SDUDOOHO SODWH FDSDFLWRU PHDVXUHPHQWV� )RU VROLG PDWHULDOV� SDUDOOHO�SODWH PHDVXUH�

PHQWV ZHUH GRQH ZLWK JXDUG ULQJ HOHFWURGHV GHSRVLWHG RQ WKH VXUIDFH RI VSHFLPHQV LQ

DFFRUGDQFH ZLWK $670 VWDQGDUG >���@� DQG IRU OLTXLG PDWHULDOV� WKH\ ZHUH GRQH E\ LP�

PHUVLQJ D SDUDOOHO SODWH FDSDFLWRU LQWR WKH OLTXLG� 7KH DLU PHDVXUHPHQW LV JXDUDQWHHG

WR EH SHUIHFW E\ WKH QDWXUH RI WKH PHWDOOL]DWLRQ UDWLR DGMXVWPHQW FDOLEUDWLRQ SURFHGXUH�

GLVFXVVHG LQ 6HFWLRQ ������

���
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)LJXUH ����� &DOFXODWHG FRHpFLHQWV XVHG LQ ������ DQG ������ IRU ��� PP ZDYHOHQJWK�

&OHDUO\� WKH SUHFLVLRQ RI PHDVXUHPHQWV VKRZQ LQ 7DEOH ��� LV VLJQLnFDQWO\ ORZHU

WKDQ FRXOG EH DFKLHYHG ZLWK VWDQGDUG SDUDOOHO SODWH PHDVXUHPHQWV� HVSHFLDOO\ IRU VROLG

GLHOHFWULFV� 7KH PDLQ VRXUFH RI HUURU LQ WKLV FDVH LV WKH YDULDWLRQ RI DLU JDS DFURVV

WKH VHQVRU KHDG� 1RWDEO\� LW LV HDVLHU WR PHDVXUH WKH GLHOHFWULF SHUPLWWLYLW\ RI OLTXLG

GLHOHFWULFV WKDQ WKDW RI VROLG RQHV� DW OHDVW LQ WKH KLJK IUHTXHQF\ UHJLPH EHFDXVH WKH

FRQWDFW EHWZHHQ WKH VHQVRU DQG PDWHULDO LV JXDUDQWHHG WR EH SHUIHFW IRU OLTXLGV�

���
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)LJXUH ����� ,QoXHQFH RI DLU DW D VROLG�VHQVRU LQWHUIDFH IRU D � PP ZDYHOHQJWK VHQVRU
LV DFFRXQWHG IRU E\ DVVXPLQJ D VPDOO DQJOH m EHWZHHQ WKH WZR OLQHDU DSSUR[LPDWLRQV
RI WKH VHQVRU UHVSRQVH� 7KH ?)OXLGV� OLQH LV IRXQG E\ nQLWH�HOHPHQW VLPXODWLRQV DQG
WKH ?6ROLG PDWHULDOV� LV HPSLULFDO� 7KH H[SHULPHQWDOO\ GHWHUPLQHG YDOXH RI m IRU HDFK
ZDYHOHQJWK LV m�w  � PP�  ����� UDG� m�w  ��� PP�  ����� UDG� DQG m�w  �
PP�  ������ UDG�

0DWHULDO � PP ��� PP � PP $YHUDJH 3DUDOOHO SODWH

$LU ���� ���� ���� ���� ����

7HoRQ ���� ���� ���� ���� ����

7UDQVIRUPHU RLO ���� ���� ���� ���� ����

3RO\HWK\OHQH ���� ���� ���� ���� ����

3RO\SURS\OHQH ���� ���� ���� ���� ����

+' 3RO\HWK\OHQH ���� ���� ���� ���� ����

/H[DQ ���� ���� ���� ���� ����

&RUQ 2LO ���� ���� ���� ���� ����

39& ���� ���� ���� ���� ����

'HOULQ �ZKLWH� ���� ���� ���� ���� ����

7DEOH ���� 0HDVXUHPHQW RI UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI QRQ�FRQGXFWLYH PDWHULDOV
LQ WKH ��� +] � �� N+] UDQJH�

���
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����� 6LPXODWLRQ DQG 0HDVXUHPHQWV IRU D :LGH )UHTXHQF\

5DQJH

6LPXOWDQHRXV 0HDVXUHPHQWV ZLWK 7ZR 3DUDOOHO 3ODWH 6HQVRUV

'XULQJ WKH FRXUVH RI WKLV VWXG\� D QXPEHU RI H[SHULPHQWV ZLWK WUDQVIRUPHU RLO DQG

WUDQVIRUPHU SUHVVERDUG KDYH EHHQ FRQGXFWHG LQ DQ XQFRQWUROOHG HQYLURQPHQW� ,Q WKLV

FDVH� ERWK WHPSHUDWXUH DQG UHODWLYH KXPLGLW\ IROORZ WKH DPELHQW DQG PD\ FRQWULEXWH

WR WKH G\QDPLFV RI WKH H[SHULPHQW� 9DULDWLRQ RI WKH GLHOHFWULF SHUPLWWLYLW\ DQG FRQ�

GXFWLYLW\ RI FRUQ RLO DW WKH FRQVWDQW IUHTXHQF\ RI ��b��� { ����� +] KDV EHHQ PHDVXUHG
XVLQJ WZR SDUDOOHO SODWH VHQVRUV� QDPHO\� D JXDUGHG ULQJ SODWH VHQVRU VKRZQ LQ )LJXUH

��� DQG D YDULDEOH WXQLQJ FDSDFLWRU VKRZQ LQ )LJXUH �����

7KHRUHWLFDOO\� ERWK VHQVRUV VKRXOG SURYLGH WKH VDPH YDOXHV RI WKH GLHOHFWULF SHUPLW�

WLYLW\ DQG FRQGXFWLYLW\� )LJXUH ���� VKRZV WKDW ZKLOH WKH HVWLPDWHG SHUPLWWLYLW\ YDOXHV

GLmHU E\ OHVV WKDQ WZR SHUFHQW� HVWLPDWHG FRQGXFWLYLW\ YDOXHV GLmHU E\ DERXW �� SHU�

FHQW� 7KLV GLmHUHQFH FDQ QRW EH DVVLJQHG WR WKH HUURU LQ WKH JHRPHWULF IDFWRU RI WKH WZR

SDUDOOHO SODWH FDSDFLWRUV� EHFDXVH LW ZRXOG UHTXLUH WKH GLmHUHQFH RI WKH HVWLPDWHG SD�

UDPHWHUV WR EH DERXW WKH VDPH IUDFWLRQ RI WKH VLJQDO� 6XEVHTXHQW LQYHVWLJDWLRQ UHYHDOHG

VHYHUDO IDFWRUV WKDW FRQWULEXWHG WR WKH REVHUYHG GLmHUHQFH� 7KH GLHOHFWULF SHUPLWWLY�

LW\ DW WKH FRQVWDQW IUHTXHQF\ RI ��b��� { ����� +] ZDV HVWLPDWHG KLJKHU XVLQJ WKH

GDWD IURP WKH WXQLQJ FDSDFLWRU �7&� EHFDXVH RI WKH KLJK�SHUPLWWLYLW\ FHUDPLF KROG�

HUV SUHVHQW LQ WKH IULQJLQJ nHOG UHJLRQ� 7KH FRQGXFWLYLW\ HVWLPDWHG ZLWK WKH SDUDOOHO

SODWH FDSDFLWRU �33&� ZDV KLJKHU EHFDXVH LW ZDV SODFHG LQ VOLJKWO\ ZDUPHU ORFDWLRQ�

VHYHUDO FHQWLPHWHUV DERYH WKH 7& LQ WKH VDPH FRQWDLQHU� $ WHPSHUDWXUH LQFUHDVH RI

DERXW RQH GHJUHH IURP WKH ERWWRP WR WKH WRS RI WKH { �� FP KLJK FRQWDLQHU KDV EHHQ
REVHUYHG� $ VWURQJ GHSHQGHQFH RI FRQGXFWLYLW\ RQ DPELHQW WHPSHUDWXUH FRQWULEXWHG

WR WKH REVHUYHG GLmHUHQFH� 7KH FRQGXFWLYLW\ PD\ FKDQJH VLJQLnFDQWO\ GXULQJ D VLQJOH

H[SHULPHQW GXH WR D KHDWLQJ� R[LGDWLRQ� RU HmHFW RI FKHPLFDO DGGLWLYHV� $FFRUGLQJ WR

PHDVXUHPHQWV ZLWK D SDUDOOHO SODWH FDSDFLWRU FHOO LQ QDWXUDO DPELHQW HQYLURQPHQW� WKH

FRUQ RLO FRQGXFWLYLW\ DSSUR[LPDWHO\ GRXEOHV IRU HYHU\ ��p&� )RU WKDW UHDVRQ� WKH FRQ�
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GXFWLYLW\� RU� DOWHUQDWLYHO\� ORVV IDFWRU DUH RIWHQ SORWWHG RQ D ORJDULWKPLF VFDOH� LQ ZKLFK

FDVH WKH GLmHUHQFHV EHWZHHQ VLPXODWLRQ DQG PHDVXUHPHQWV DUH PXFK OHVV FRQVSLFXRXV�

$QRWKHU VRXUFH RI GLmHUHQFH LV DWWULEXWHG WR WKH GRXEOH OD\HU HmHFWV �VHH 6HFWLRQ �����

6LQFH WKH VHSDUDWLRQ EHWZHHQ WKH 33& DQG 7& HOHFWURGHV DQG WKH FRQGLWLRQV RI WKH

HOHFWURGHV VXUIDFH LV QRW WKH VDPH� WKH HOHFWURFKHPLFDO GLmXVH GRXEOH OD\HU DmHFWV WKH

PHDVXUHPHQW UHVXOWV WR D GLmHUHQW GHJUHH� $W WKLV SRLQW� QR DGGLWLRQDO HmRUW KDV EHHQ

PDGH WR FKDUDFWHUL]H WKH DERYH SKHQRPHQD LQ GHWDLO� ,QVWHDG� WKH\ ZHUH PLQLPL]HG E\

D FDUHIXO SRVLWLRQLQJ RI SDUDOOHO SODWH VHQVRUV DQG WKH LQFUHDVH RI HOHFWURGH VHSDUDWLRQ

LQ VXEVHTXHQW H[SHULPHQWV�

6LPXOWDQRXV 0HDVXUHPHQWV ZLWK 3DUDOOHO 3ODWH DQG ,QWHUGLJLWDO 6HQVRUV

)LJXUH ���� VKRZV WKH H[SHULPHQWDO UHVXOWV REWDLQHG ZLWK FRUQ RLO DQG WKH FRPSXWHU

VLPXODWLRQ RI WKH GULYLQJ YROWDJH IUHTXHQF\ VZHHS IURP �� N+] WR ����� +]� 7KLV

SORW FRQWDLQV VHYHUDO IHDWXUHV IUHTXHQWO\ HQFRXQWHUHG LQ GLHOHFWURPHWU\ PHDVXUHPHQWV�

$ UHDVRQDEOH DJUHHPHQW EHWZHHQ WKH PHDVXUHPHQWV DQG WKH WKHRU\ LV DFKLHYHG DW DOO

IUHTXHQFLHV H[FHSW IRU WKH ORZHVW �EHORZ ���� +]�� 7KH ULVH RI FDSDFLWDQFH &�� DW

ORZ IUHTXHQFLHV LV GXH WR HOHFWURFKHPLFDO GRXEOH OD\HU IRUPDWLRQ DW WKH PHWDO�GLHOHFWULF

LQWHUIDFH� ,W LV SRVVLEOH WR DFFRXQW IRU WKH GRXEOH OD\HU HmHFWV �GLVFXVVHG LQ 6HFWLRQ �����

DQG HYHQ HYDOXDWH LWV SURSHUWLHV >��@� 7KH VLPXODWLRQV LQ )LJXUH ���� GLG QRW DFFRXQW IRU

WKH GRXEOH OD\HU DQG WR PDLQWDLQ WKH IRFXV RI WKH VWXG\ WKH\ VKRZ WKH LGHDO WKHRUHWLFDO

UHVSRQVH RI D QRQ�GLVSHUVLYH OLTXLG GLHOHFWULF� 7KHUH LV OLWWOH H[SHULPHQWDO GDWD IRU WKH

WUDQVFRQGXFWDQFH DW IUHTXHQFLHV DERYH � +] EHFDXVH WKH FDSDFLWLYH FXUUHQWV DW WKHVH

IUHTXHQFLHV GRPLQDWH WKH FRQGXFWDQFH FXUUHQWV DQG WKH DFFXUDWH PHDVXUHPHQW RI WKH

UHDO SDUW RI WKH WUDQVDGPLWWDQFH EHFRPHV YHU\ GLpFXOW�

7KH YDOXHV RI WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ �U  ���� DQG FRQGXFWLYLW\ }  ��

S6�P� �� S6�P� DQG ���� S6�P IRU ��� PP� ��� PP� DQG � PP ZDYHOHQJWKV� UHVSHF�

WLYHO\� XVHG LQ WKH VLPXODWLRQ ZHUH PHDVXUHG VHSDUDWHO\ ZLWK D SDUDOOHO SODWH VHQVRU�

7KH YDOXHV RI WKH FRQGXFWLYLW\ GLmHU EHFDXVH WKH PHDVXUHPHQW ZLWK HDFK ZDYHOHQJWK

ZHUH WDNHQ DW GLmHUHQW PRPHQWV RI WLPH DQG DW GLmHUHQW DPELHQW WHPSHUDWXUHV EH�
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WZHHQ ��p& DQG ��p& �DERXW ��p& IRU D � PP ZDYHOHQJWK� DERXW ��p& IRU ��� PP

ZDYHOHQJWK� DQG DERXW ��p& IRU D � PP ZDYHOHQJWK��

7KH UHDGHU PLJKW ZDQW WR LQTXLUH ZK\ FRUQ RLO ZDV VHOHFWHG IRU WKH WHVWV� (YHQ

WKRXJK FRUQ RLO LV VRPHWLPHV FRQVLGHUHG D SRWHQWLDO LQVXODWRU IRU XVH LQ WKH SRZHU

LQGXVWU\ LQ GHYHORSLQJ FRXQWULHV >���@� WKH SUHVHQWHG PHDVXUHPHQWV KDYH QR GLUHFW

UHODWLRQ WR SUDFWLFDO HQJLQHHULQJ XVHV RI FRUQ RLO� +HUH� FRUQ RLO ZDV VHOHFWHG GXH WR

LWV GLHOHFWULF SURSHUWLHV LQ RUGHU WR FRQYHQLHQWO\ EHQFKPDUN SHUIRUPDQFH RI WKH VHQVRUV

�UDWKHU WKDQ VWXG\ SURSHUWLHV RI DQ XQNQRZQ OLTXLG GLHOHFWULF�� 6LQFH WKH UHOD[DWLRQ

WLPH RI FRUQ RLO LV RQ WKH RUGHU RI RQH VHFRQG� LWV ORVV SHDN OLHV LQ WKH PLGGOH RI WKH

DSSOLHG IUHTXHQF\ UDQJH� $ PRUH H[WHQVLYH DQDO\VLV RI GLHOHFWULF SURSHUWLHV RI FRUQ

RLO LV DYDLODEOH LQ >���� ���@� 7KHVH VRXUFHV FRQnUP KLJK WHPSHUDWXUH GHSHQGHQFH RI

FRQGXFWLYLW\ DQG SURYLGH WKH IROORZLQJ SK\VLFDO SURSHUWLHV IRU IRRG�JUDGH 0D]ROD FRUQ

RLO DW ��p&� GHQVLW\ |  ��� NJ�P�� YLVFRVLW\ s  �� P3D V� UHODWLYH GLHOHFWULF FRQVWDQW

�  ����� DQG FRQGXFWLYLW\ }  ��d ��b�� 6�P DW URRP WHPSHUDWXUH� &RQGXFWLYLW\ RI
FRUQ RLO DSSUR[LPDWHO\ GRXEOHV IRU HYHU\ ��p& LQFUHDVH LQ WHPSHUDWXUH�

&RUQ RLO LV QRQ�GLVSHUVLYH LQ WKLV IUHTXHQF\ UDQJH ������ +] WR �� N+]�� $ JRRG

DJUHHPHQW EHWZHHQ WKH H[SHULPHQWDO DQG WKH WKHRUHWLFDO YDOXHV LV DFKLHYHG� /RZ IUH�

TXHQF\ GDWD GLmHU GXH WR WKH FDSDFLWLYH GRXEOH�OD\HU HmHFW� ZKLFK LV FXUUHQWO\ QRW

LQFOXGHG LQ WKH PRGHO� 7KH QHJDWLYH YDOXH RI WKH WUDQVFDSDFLWDQFH DW ORZ IUHTXHQFLHV

LV GXH WR WKH DFWLYHO\ GULYHQ WKUHH�WHUPLQDO DUUDQJHPHQW� DQG GRHV QRW FRQWUDGLFW DQ\

FLUFXLW ODZV �VHH 6HFWLRQ �����
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�D�

�E�

)LJXUH ����� 9DULDWLRQ RI GLHOHFWULF SHUPLWWLYLW\ DQG FRQGXFWLYLW\ RI FRUQ RLO LQ QDWXUDO
ODERUDWRU\ HQYLURQPHQW DW WKH FRQVWDQW IUHTXHQF\ RI ��b��� { ����� +]� 0HDVXUHPHQWV
SRLQWV ZHUH WDNHQ DW �� PLQXWH LQWHUYDOV GXULQJ D �� KRXU H[SHULPHQW XVLQJ WKH WXQLQJ
FDSDFLWRU �7&� DQG D SDUDOOHO SODWH FDSDFLWRU �33&� VKRZQ LQ )LJXUHV ��� DQG �����
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)LJXUH ����� &RPSDULVRQ RI PHDVXUHG DQG FDOFXODWHG LQWHUHOHFWURGH WUDQVFDSDFLWDQFH
&�� DQG WUDQVDGPLWWDQFH *�� IRU WKH H[SHULPHQWV ZLWK FRUQ RLO� $ YHU\ JRRG DJUHH�
PHQW LV REVHUYHG IRU WKH HQWLUH IUHTXHQF\ UDQJH H[FHSW WKH ORZHVW IUHTXHQFLHV� 7KH
GLVFUHSDQF\ DW WKH ORZHVW IUHTXHQFLHV LV GXH WR HOHFWULF GRXEOH OD\HU HmHFWV�

���



���� &DOLEUDWLRQ�%DVHG $OJRULWKPV

����� 0HDVXUHPHQWV ZLWK 6ROLG 'LHOHFWULFV

0DQ\ VROLG DQG oXLG GLHOHFWULFV KDYH EHHQ WHVWHG LQ RUGHU WR JDLQ FRQnGHQFH LQ VHQVRU

SHUIRUPDQFH DQG DFFXUDF\ RI SDUDPHWHU HVWLPDWLRQ DOJRULWKPV� 7KH UHODWLRQVKLS �U

YV� &�� IRU VROLG PDWHULDOV ZDV nUVW GHWHUPLQHG HPSLULFDOO\ XVLQJ VHYHUDO VDPSOHV RI

SODVWLFV� 7KH PHDVXUHPHQW VHWXS ZDV SRVLWLRQHG LQ D PHWDO HQFORVXUH HOHFWULFDOO\ FRQ�

QHFWHG WR JURXQG� )LJXUH ���� VKRZV D VFKHPDWLF RI WKH H[SHULPHQWDO VHWXS IRU EDVLF

PHDVXUHPHQWV ZLWK VROLG PDWHULDOV� 7KH HOHFWULFDOO\ JURXQGHG PHWDO HQFORVXUH ZLWK

DOXPLQXP IRLO OD\HU DW WKH ERWWRP ZDV VXpFLHQW WR JXDUDQWHH VKLHOGLQJ IURP HOHFWULFDO

QRLVH JHQHUDWHG E\ QHDUE\ FRPSXWHUV DQG oXRUHVFHQW OLJKWV� 7KH DFU\OLF OD\HU VHUYHG

WR SURYLGH D KDUG VXUIDFH DJDLQVW ZKLFK WKH VHQVRU FRXOG EH HmHFWLYHO\ SUHVVHG� $ SD�

SHU WRZHO SURWHFWHG WKH ERWWRP RI WKH VHQVRU IURP XQQHFHVVDU\ FRQWDFW ZLWK WKH KDUG

DFU\OLF EHQHDWK LW� 7KH VDPSOH ZDV SODFHG GLUHFWO\ RQ WRS RI WKH VHQVRU� 7KH VDPSOHV

ZHUH W\SLFDOO\ ��� FP WKLFN� )RXU VODEV RI DFU\OLF ZHUH WKHQ SODFHG RQ WRS RI WKH VDPSOH

DQG WKH VHQVRU �WR SURYLGH VXpFLHQW LQVXODWLRQ GLVWDQFH WR WKH PHWDO ZHLJKW�� $ SDSHU

WRZHO ZDV SODFHG EHWZHHQ WKH �� NJ PDVV DQG WKH KLJKHVW SLHFH RI DFU\OLF WR SUHYHQW

VFUDWFKLQJ� 7KH ZHLJKW ZDV OHIW HOHFWULFDOO\ oRDWLQJ VLQFH FDVXDO H[SHULPHQWV LQGLFDWHG

WKDW WKH GLmHUHQFH EHWZHHQ JURXQGLQJ WKH PDVV DQG OHDYLQJ LW oRDWLQJ ZHUH LQVLJQLn�

FDQW� $OWKRXJK JXDUGLQJ WKH ZHLJKW DQG SODFLQJ WKH ZHLJKW KLJKHU GLG QRW VLJQLnFDQWO\

DmHFW WKH PHDVXUHPHQWV� RWKHU IDFWRUV GLG� IRU H[DPSOH� WKH VRIWQHVV RI PDWHULDO WKDW

ZDV SODFHG EHQHDWK WKH VHQVRU�

7KH LQLWLDO FDOLEUDWLRQ FXUYH VKRZQ LQ )LJXUH ���� ZDV JHQHUDWHG XVLQJ RQO\ DLU

��U  ��� 'HOULQ �EODFN� ��U  ����� /H[DQ ��U  ������ 3OH[LJODV �JHQHULF���U  �����

SRO\HWK\OHQH��U  ������ DQG 7HoRQ ��U  ����� 7DEOH ��� LQFOXGHV UHVXOWV RI WKHVH

PHDVXUHPHQWV IRU �U DQG &��� 7KHVH SRLQWV� DORQJ ZLWK WKHLU OLQHDU OHDVW VTXDUHV �//6�

nW DQG WKH OLTXLGV DQG VROLGV FXUYHV IRU WKH DSSURSULDWH PHWDOOL]DWLRQ� ZHUH DOO SORWWHG

RQ WKH VDPH D[HV� 7KH VROLGV FXUYH GLmHUV IURP WKH EHVW nW SULPDULO\ EHFDXVH RI WKH

EODFN 'HOULQ ZKRVH PHDVXUHG FDSDFLWDQFH LV FRQVLVWHQWO\ WRR KLJK� SRVVLEO\ GXH KLJK

FDUERQ FRQWHQW�

���



&KDSWHU �� ,QYHUVH 3UREOHP

)LJXUH ����� 6FKHPDWLF RI WKH H[SHULPHQWDO VHWXS IRU PHDVXUHPHQW RI KLJK IUHTXHQF\
GLHOHFWULF SHUPLWWLYLW\ RI VROLG VDPSOHV�

7KH SURJUDP VH�P� OLVWHG LQ $SSHQGL[ * ZDV H[SDQGHG WR KDQGOH VROLGV E\ HPSLU�

LFDOO\ GHWHUPLQLQJ DQ RmVHW DQJOH EHWZHHQ WKH OLTXLGV FXUYH DQG WKH VROLGV OLQH� 7KLV

DQJOH LV n[HG DQG LV QRW D IXQFWLRQ RI RWKHU SDUDPHWHUV� 7KLV DSSUR[LPDWLRQ VKRXOG

VXpFH IRU PRVW GHVLJQV VLQFH DFWXDO PHWDOOL]DWLRQV UDQJH IURP RQO\ ��� WR ���� 7R

WHVW WKH SURJUDP� HLJKW GLmHUHQW SODVWLFV ZHUH PHDVXUHG� 7KHLU KLJK IUHTXHQF\ GLHOHF�

WULF SHUPLWWLYLW\ ZDV PHDVXUHG VHSDUDWHO\ XVLQJ D FRSSHU WDSH JXDUGHG SDUDOOHO SODWH

FDSDFLWRU �)LJXUH ������ 7ZR GLmHUHQW VHQVRUV ZHUH XVHG �GHVLJQDWHG $ DQG % LQ WKH

IROORZLQJ SORWV��

)LJXUHV ���� WKURXJK ���� VKRZ H[SHULPHQWDO UHVXOWV REWDLQHG LQ WKH QDUURZ KLJK

IUHTXHQF\ UDQJH IURP ��� +] WR �� N+]� ,Q DOO FDVHV� H[SHULPHQWDO GDWD DERYH �

N+] FRQWDLQV LQVWUXPHQWDWLRQ QRLVH GXH WR IUHTXHQF\ OLPLWDWLRQV RI WKH LQWHUIDFH ER[

RSHUDWLRQDO DPSOLnHU� ,Q DGGLWLRQ WR H[SHULPHQWDO GDWD� D KRUL]RQWDO OLQH LV SORWWHG IRU

HDFK PDWHULDO� ZKLFK LQGLFDWHV WKH GLHOHFWULF SHUPLWWLYLW\ RI WKH VDPH VDPSOH PHDVXUHG

VHSDUDWHO\ XVLQJ D SDUDOOHO SODWH FDSDFLWRU ZLWK D JXDUG ULQJ PDGH LQ DFFRUGDQFH ZLWK

>���@� ,Q PRVW FDVHV� PHDVXUHPHQWV DUH UHSRUWHG IRU WZR VDPSOHV DQG WZR GLVWLQFW�

DOWKRXJK QRPLQDOO\ HTXLYDOHQW� VHQVRUV� $OO HVWLPDWLRQV KDG EHHQ SHUIRUPHG XVLQJ WKH

���
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)LJXUH ����� /LQHDU OHDVW VTXDUHV nW �//6� GDVKHG OLQHV� RI PHDVXUHPHQWV ZLWK VROLG
PDWHULDOV �VKDSHV� ZLWK WKH WKUHH�ZDYHOHQJWK VHQVRU FRPSDUHG WR WKHRUHWLFDO VLPXODWLRQ
�VROLG OLQH� DQG ODWHU XVHG IRU VHQVRU FDOLEUDWLRQ �GDVK�GRW OLQH��

SDUDPHWHU HVWLPDWLRQ FRGH VH�P �$SSHQGL[ *�� ZKLFK UHTXLUHV VHQVRU FDOLEUDWLRQ SULRU

WR PHDVXUHPHQWV�

'XH WR WKH QDWXUH RI WKH FDOLEUDWLRQ SURFHVV RI WKH PHWDOOL]DWLRQ UDWLR DGMXVWPHQW

GHVFULEHG LQ 6HFWLRQ ������ HVWLPDWHV RI SHUPLWWLYLW\ RI DLU VKRZQ LQ )LJXUH ���� DUH YHU\

FORVH WR H[SHULPHQWDO GDWD� ZLWK SUHFLVLRQ OLPLWHG RQO\ E\ WKH LQVWUXPHQWDWLRQ QRLVH�

2Q WKH RWKHU KDQG� WKH HVWLPDWLRQ RI WKH GLHOHFWULF SHUPLWWLYLW\ RI 6LQWUD� DOVR VKRZQ

LQ )LJXUH ����� LV RQH RI WKH OHDVW VXFFHVVIXO DPRQJ WKRVH SUHVHQWHG KHUH� 6LQWUD LV D

VOLJKWO\ FRPSUHVVLEOH FRDWHG SRO\PHULF IRDP� WKH FRDWLQJ PDNHV LW QRQ�KRPRJHQHRXV�

6LQFH WKH DVVXPSWLRQ LQ WKLV VXEVHFWLRQ LV WKDW DOO PDWHULDOV DUH KRPRJHQHRXV� WKH

GLHOHFWULF SHUPLWWLYLW\ RI 6LQWUD LV RYHUHVWLPDWHG ZLWK WKH WKUHH�ZDYHOHQJWK VHQVRU�

1RW VXUSULVLQJO\� WKH RYHUHVWLPDWLRQ LQFUHDVHV DV WKH ZDYHOHQJWK GHFUHDVHV DV WKH GHQVHU

FRDWLQJ KDV D KLJKHU GLHOHFWULF SHUPLWWLYLW\ WKDQ WKH IRDP� DQG WKXV WKH FRDWLQJ RFFXSLHV

���



&KDSWHU �� ,QYHUVH 3UREOHP

D SURSRUWLRQDOO\ ODUJHU YROXPH IRU WKH VPDOOHU ZDYHOHQJWK
V PHDVXUHPHQWV� $OWKRXJK

PHDVXUHPHQWV ZLWK WKH SDUDOOHO SODWH FDSDFLWRU LQFOXGH WKH HmHFW RI WKH FRDWLQJ� WKH

UHVSRQVH LV VWLOO GHWHUPLQHG ODUJHO\ E\ WKH WKLFN OD\HU RI IRDP�

)LJXUH ���� VKRZV PHDVXUHPHQWV ZLWK WZR ZHOO�EHKDYLQJ PDWHULDOV� 7HoRQ DQG

SRO\HWK\OHQH� )RU ERWK PDWHULDOV� WKH HVWLPDWLRQV IDOO ZLWKLQ DERXW nYH SHUFHQW RI

WKH FRUUHFW YDOXH� ZKHUHDV WKH PHDVXUHPHQWV RI WKH GLHOHFWULF SHUPLWWLYLW\ RI VROLG KR�

PRJHQHRXV VDPSOHV ZLWK WKH SDUDOOHO SODWH FDSDFLWRU DUH QRUPDOO\ ZLWKLQ � SHUFHQW RI

WKH WUXH YDOXH� 7KLV UDQJH RI DFFXUDF\ UHSUHVHQWV DQ LQWHUPHGLDWH VWDJH LQ WKH LQWHU�

GLJLWDO GLHOHFWURPHWU\ PHDVXUHPHQWV� $ QXPEHU RI VXEVHTXHQW LPSURYHPHQWV LQ WKH

GHVLJQ RI WKH VHQVRU DQG WKH H[SHULPHQWDO SURFHGXUHV VHUYHG WR LPSURYH WKH DFFXUDF\�

)LJXUH ���� VKRZV UHVXOWV RI PHDVXUHPHQWV ZLWK VHYHUDO RWKHU FRPPRQO\ DYDLODEOH

SRO\PHUV� 7KH GLHOHFWULF SHUPLWWLYLW\ RI WKH KLJKO\ LQVXODWLQJ SRO\SURS\OHQH ZDV HVWL�

PDWHG ZLWK WKH VDPH DFFXUDF\ WKDW ZDV DFKLHYHG IRU RWKHU LQVXODWLQJ SRO\PHUV� 2Q WKH

RWKHU KDQG� SODVWLFV WKDW LQGLFDWH VLJQLnFDQW FRQGXFWLYLW\ LQ WKH IUHTXHQF\ UDQJH RI LQ�

WHUHVW FRXOG QRW KDYH EHHQ HYDOXDWHG SUHFLVHO\ XVLQJ WKLV DSSURDFK� EHFDXVH FDOLEUDWLRQ

ZDV GRQH IRU QRQ�FRQGXFWLYH PDWHULDOV RQO\� )RU ZHDNO\ FRQGXFWLYH PDWHULDOV� WKHUH

XVXDOO\ H[LVWV D IUHTXHQF\ UDQJH ZKHUH FDOLEUDWHG GLHOHFWULF SHUPLWWLYLW\ HVWLPDWLRQ LV

UHDVRQDEOH� )RU DFU\OLF� WKH HVWLPDWLRQ ZLWK D UHDVRQDEOH PDWFK EHWZHHQ WKH SDUDOOHO

SODWH DQG LQWHUGLJLWDO VHQVRU GDWD LV REVHUYHG DW � N+]� WKH IUHTXHQF\ DW ZKLFK WKH

SDUDOOHO SODWH PHDVXUHPHQWV ZHUH WDNHQ� $ KLJKO\ QHJDWLYH SKDVH �QRW VKRZQ KHUH�

LQ WKH IUHTXHQF\ VZHHS VLJQDOV IRU Q\ORQ PDGH SXUHO\ FDSDFLWLYH HVWLPDWLRQ RI WKH GL�

HOHFWULF SHUPLWWLYLW\ PHDQLQJOHVV� 7KLV GDWD LOOXVWUDWHV WKH SRWHQWLDO SLWIDOO IRU PDQ\

QRQ�GHVWUXFWLYH PHDVXUHPHQW DSSOLFDWLRQV� ZKHUH DQ XQGHWHFWHG LQFUHDVH RI FRQGXF�

WLYLW\ ZLWK WLPH PD\ OHDG WR DQ LQFRUUHFW LQWHUSUHWDWLRQ RI H[SHULPHQWDO GDWD GXH WR

LQDGHTXDF\ RI WKH VHOHFWHG SDUDPHWHU HVWLPDWLRQ DOJRULWKP�

)LJXUH ���� VKRZV WKH UHVXOWV RI PHDVXUHPHQWV ZLWK WZR VDPSOHV RI /H[DQ� 7KH

GLHOHFWULF SHUPLWWLYLW\ RI /H[DQ REWDLQHG ZLWK SDUDOOHO SODWH PHDVXUHPHQWV VOLJKWO\

GLmHUV IURP WKH WKUHH�ZDYHOHQJWK VHQVRU GDWD� EXW LV XVXDOO\ ZLWKLQ WKUHH SHUFHQW RI

WKH QRPLQDO YDOXH� 7KH IDFW WKDW WKH YDOXHV RI WKH GLHOHFWULF SHUPLWWLYLW\ REWDLQHG

���



���� &DOLEUDWLRQ�%DVHG $OJRULWKPV

ZLWK WKH WKUHH�ZDYHOHQJWK VHQVRU DUH KLJKHU WKDQ WKRVH REWDLQHG IURP SDUDOOHO SODWH

PHDVXUHPHQWV LV D SRVLWLYH LQGLFDWLRQ RI WKH WKUHH�ZDYHOHQJWK VHQVRU SHUIRUPDQFH� 7KH

DSSDUHQW IUHTXHQF\ GLVSHUVLRQ RI WKH GLHOHFWULF SHUPLWWLYLW\ RI 3OH[LJODV LV GXH WR EXON

FRQGXFWLYLW\ RI WKH VDPSOH�

)LJXUH ���� VKRZV WKH UHVXOWV RI PHDVXUHPHQWV ZLWK DQRWKHU WZR UHODWLYHO\ ZHOO

EHKDYHG PDWHULDOV� KLJK�GHQVLW\ SRO\HWK\OHQH DQG SRO\YLQ\OFKORULGH �39&�� ,W LV W\SLFDO

WKDW WKH UHODWLYH HUURU RI PHDVXUHPHQWV EHWZHHQ GLmHUHQW ZDYHOHQJWKV LQFUHDVHV ZLWK

WKH GLHOHFWULF FRQVWDQW� DV FDQ EH VHHQ IRU WKH 39& GDWD DV ZHOO DV IRU WKH 'HOULQ

PHDVXUHPHQWV VKRZQ LQ )LJXUH ����� 3XWWLQJ LW PRUH JHQHUDOO\� WKH HUURU LQFUHDVHV

ZLWK WKH GLmHUHQFH EHWZHHQ WKH GLHOHFWULF FRQVWDQW RI WKH VROLG PDWHULDO DQG WKH oXLG

HQYLURQPHQW RI PHDVXUHPHQWV EHFDXVH WKH OLQHDU FDOLEUDWLRQ LV RQO\ YDOLG IRU D IDLUO\

QDUURZ UDQJH RI GLHOHFWULF FRQVWDQWV�

���



&KDSWHU �� ,QYHUVH 3UREOHP

)LJXUH ����� 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ RI DLU DQG 6LQWUD HVWLPDWHG ZLWK SDUDOOHO
SODWH FDSDFLWRU DQG ZLWK WKUHH�ZDYHOHQJWK VHQVRU XVLQJ FDOLEUDWLRQ DQG m SDUDPHWHU
GHnQHG LQ )LJXUH ����� /HJHQG� ?�� � ��� PP� ?R� � ��� PP� ?� � ��� PP� ?[� �
DYHUDJH RI WKH WKUHH� ?^� � SDUDOOHO SODWH PHDVXUHPHQW� 7KH H[SHULPHQWDO GDWD DERYH
� N+] FRQWDLQV LQVWUXPHQWDWLRQ QRLVH GXH WR IUHTXHQF\ OLPLWDWLRQV RI WKH LQWHUIDFH ER[
RSHUDWLRQDO DPSOLnHU�

���



���� &DOLEUDWLRQ�%DVHG $OJRULWKPV

)LJXUH ����� 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ RI 7HoRQ DQG SRO\HWK\OHQH HVWLPDWHG ZLWK
SDUDOOHO SODWH FDSDFLWRU DQG ZLWK WKUHH�ZDYHOHQJWK VHQVRU XVLQJ FDOLEUDWLRQ DQG m SD�
UDPHWHU� /HJHQG� ?�� � ��� PP� ?R� � ��� PP� ?� � ��� PP� ?[� � DYHUDJH RI WKH
WKUHH� ?^� � SDUDOOHO SODWH PHDVXUHPHQW�

���



&KDSWHU �� ,QYHUVH 3UREOHP

)LJXUH ����� 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ RI SRO\SURS\OHQH� DFU\OLF� DQG 1\ORQ HVWL�
PDWHG ZLWK SDUDOOHO SODWH FDSDFLWRU DQG ZLWK WKUHH�ZDYHOHQJWK VHQVRU XVLQJ FDOLEUDWLRQ
DQG m SDUDPHWHU� /HJHQG� ?�� � ��� PP� ?R� � ��� PP� ?� � ��� PP� ?[� � DYHUDJH
RI WKH WKUHH� ?^� � SDUDOOHO SODWH PHDVXUHPHQW�

���



���� &DOLEUDWLRQ�%DVHG $OJRULWKPV

)LJXUH ����� 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ RI /H[DQ DQG 3OH[LJODV HVWLPDWHG ZLWK
SDUDOOHO SODWH FDSDFLWRU DQG ZLWK WKUHH�ZDYHOHQJWK VHQVRU XVLQJ FDOLEUDWLRQ DQG m SD�
UDPHWHU� /HJHQG� ?�� � ��� PP� ?R� � ��� PP� ?� � ��� PP� ?[� � DYHUDJH RI WKH
WKUHH� ?^� � SDUDOOHO SODWH PHDVXUHPHQW�

���



&KDSWHU �� ,QYHUVH 3UREOHP

)LJXUH ����� 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ RI +' SRO\HWK\OHQH DQG SRO\YLQ\OFKORULGH
HVWLPDWHG ZLWK SDUDOOHO SODWH FDSDFLWRU DQG ZLWK WKUHH�ZDYHOHQJWK VHQVRU XVLQJ FDOL�
EUDWLRQ DQG m SDUDPHWHU� /HJHQG� ?�� � ��� PP� ?R� � ��� PP� ?� � ��� PP� ?[� �
DYHUDJH RI WKH WKUHH� ?^� � SDUDOOHO SODWH PHDVXUHPHQW�

���



���� &DOLEUDWLRQ�%DVHG $OJRULWKPV

)LJXUH ����� 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ RI 'HOULQ HVWLPDWHG ZLWK SDUDOOHO SODWH
FDSDFLWRU DQG ZLWK WKUHH�ZDYHOHQJWK VHQVRU XVLQJ FDOLEUDWLRQ DQGm SDUDPHWHU� /HJHQG�
?�� � ��� PP� ?R� � ��� PP� ?� � ��� PP� ?[� � DYHUDJH RI WKH WKUHH� ?^� � SDUDOOHO
SODWH PHDVXUHPHQW�

���



&KDSWHU �� ,QYHUVH 3UREOHP

����� 0HDVXUHPHQWV ZLWK /LTXLG 'LHOHFWULFV

)RU WKHVH H[SHULPHQWV� D ODUJH SODVWLF FRQWDLQHU ZDV nOOHG ZLWK DERXW D JDOORQ RI FRUQ

RLO� 7KLV VDPH RLO ZDV XVHG IRU DOO WKH H[SHULPHQWV H[FHSW IRU D OLWWOH WKDW ZDV DGGHG

IURP WLPH WR WLPH WR HQVXUH WKDW HYHU\WKLQJ ZDV IXOO\ VXEPHUJHG� 7KH GHYLFHV ZHUH

LPPHUVHG DQG FRQQHFWHG WR WKH LQWHUIDFH ER[� 7KH ��� PP VHQVRU ZDV FRQQHFWHG WR

FKDQQHO �� 33& ZDV FRQQHFWHG WR FKDQQHO �� DQG WKH 7& ZDV FRQQHFWHG WR FKDQQHO

�� (YHQ ZLWK WKLV VLPXOWDQHRXV VHWXS� WKH PHDVXUHPHQWV RI *�� DQG } �IRU WKH WZR

FDSDFLWRUV� ZHUH QRW FRQVLVWHQW� ,W VKRXOG EH QRWHG WKDW WKH VKLHOGLQJ RI WKH H[SHULPHQW

ZDV WULHG ERWK DW JURXQG DQG DW WKH JXDUG YROWDJH RI WKH ��� PP VHQVRU� 5XQQLQJ WKH

VKLHOG DW WKH VHQVRU
V JXDUG JDYH EHWWHU UHVXOWV�

,Q WKH SURFHVV RI UXQQLQJ WKHVH WHVWV� LW ZDV GLVFRYHUHG WKDW RLO KDG OHDNHG LQWR WKH

LQWHUIDFH ER[ E\ D FRPELQDWLRQ RI FDSLOODU\ DFWLRQ DQG JUDYLW\� 6RPH RI WKH FRPSRQHQWV

�SDUWLFXODUO\ WKH UHOD\V DQG 60$ FRQQHFWRUV� ZHUH GDPDJHG� 7KH UHOD\V ZHUH UHSODFHG

DQG WKH UHVW RI WKH ERDUG ZDV FOHDQHG ZLWK PHWKDQRO� 2QH VKRXOG EH FDUHIXO WR DYRLG

SHQHWUDWLRQ RI RLO LQVLGH WKH LQWHUIDFH FLUFXLW HQFORVXUH�

7KH KLJK IUHTXHQF\ UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI WZR OLTXLG GLHOHFWULFV� FRUQ RLO

DQG WUDQVIRUPHU RLO� KDV EHHQ HVWLPDWHG XVLQJ GDWD IURP D FDOLEUDWHG WKUHH�ZDYHOHQJWK

VHQVRU DQG D SDUDPHWHU HVWLPDWLRQ URXWLQH VH�P� $Q H[FHOOHQW DJUHHPHQW �ZLWKLQ h���
KDV EHHQ DFKLHYHG DPRQJ DOO WKUHH ZDYHOHQJWKV DV ZHOO DV WKH SDUDOOHO SODWH FDSDFLWRU

GDWD� 7KH SHUPLWWLYLW\ RI WUDQVIRUPHU RLO ZDV HVWLPDWHG WR EH ���� DQG WKH SHUPLWWLYLW\

RI FRUQ RLO ZDV HVWLPDWHG WR EH ��� IRU WKLV EDWFK�

��� 0DWFKLQJ )OXLG $SSURDFK

,I YDULRXV VHFRQGDU\ HmHFWV DUH QHJOHFWHG� LW LV SRVVLEOH WR HVWLPDWH WKH GLHOHFWULF SURSHU�

WLHV RI LUUHJXODUO\ VKDSHG VROLG PDWHULDOV E\ SRVLWLRQLQJ WKHP EHWZHHQ WKH HOHFWURGHV RI

WKH WHVW FHOO� ZKLFK FDQ EH� IRU H[DPSOH� D SDUDOOHO�SODWH FDSDFLWRU RU D FRD[LDO F\OLQGUL�

FDO FDSDFLWRU� ,I WKH GLHOHFWULF SHUPLWWLYLW\ RI WKH VROLG PDWHULDO XQGHU WHVW LV XQLIRUP�

LW FDQ EH GHWHUPLQHG LQ WKH IROORZLQJ ZD\� 7ZR LGHQWLFDO WHVW FHOOV DUH SRVLWLRQHG LQ

���



���� 0DWFKLQJ )OXLG $SSURDFK

WKH VDPH FRQWDLQHU nOOHG ZLWK VRPH NLQG RI D GLHOHFWULF OLTXLG� 2QH FHOO FRQWDLQV RQO\

WKLV OLTXLG� DQG WKH RWKHU FHOO FRQWDLQV WKH VROLG PDWHULDO XQGHU WHVW VXUURXQGHG E\ WKH

VDPH GLHOHFWULF OLTXLG� 7KH FDSDFLWDQFHV EHWZHHQ WKH FRUUHVSRQGLQJ SDLUV RI HOHFWURGHV

DUH HTXDO ZKHQ WKH GLHOHFWULF SHUPLWWLYLW\ RI WKH OLTXLG LV HTXDO WR WKH GLHOHFWULF SHUPLW�

WLYLW\ RI WKH VROLG VDPSOH� ,QLWLDOO\� WKH FDSDFLWDQFHV RI HDFK FHOO DUH GLmHUHQW� EXW E\

YDU\LQJ WKH GLHOHFWULF SHUPLWWLYLW\ RI WKH OLTXLG� RQH FDQ EULQJ WKHP WR EH HTXDO� 7KH

HDVLHVW ZD\ WR HVWLPDWH WKH GLHOHFWULF SHUPLWWLYLW\ RI WKH nOOHU GLHOHFWULF LV WR JUDGXDOO\

PL[ WZR PLVFLEOH GLHOHFWULF OLTXLGV ZLWK DSSUR[LPDWHO\ HTXDO VSHFLnF JUDYLW\� DV ZDV

GRQH LQ >���@ WR PHDVXUH WKH GLHOHFWULF SHUPLWWLYLW\ RI YDULRXV JUDLQV� )RU WKLV W\SH

RI PHDVXUHPHQW� LW LV QHFHVVDU\ WKDW WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI WKH nOOHU EH

EHWZHHQ WKH GLHOHFWULF SHUPLWWLYLWLHV RI WKH WZR OLTXLGV�

6LPLODU WR WKH OLTXLG GLVSODFHPHQW DSSURDFK GHVFULEHG LQ >���@� WKH WZR�oXLG PHWKRG

SURYLGHV D SRWHQWLDOO\ KLJKHU DFFXUDF\ RI PHDVXUHPHQWV� HVSHFLDOO\ ZLWK LUUHJXODUO\

VKDSHG PDWHULDO VXUIDFHV� 7KLV SURMHFW HYDOXDWHG WKH DSSOLFDELOLW\ RI WZR�oXLG PHWK�

RGV WR GHWHUPLQH �U ZLWK D JUHDWHU DFFXUDF\ WKHQ FRXOG EH DFKLHYHG RWKHUZLVH� 7ZR

QHDUO\ LGHQWLFDO VLQJOH ZDYHOHQJWK VHQVRUV �LGHQWLFDO LQ WHUPV RI PHWDOOL]DWLRQ DQG FD�

SDFLWDQFH� ZHUH VXEPHUJHG LQ D OLTXLG FRPSRVHG RI WUDQVIRUPHU RLO DQG FRUQ RLO DQG�

ODWHU� WUDQVIRUPHU RLO DQG FDVWRU RLO �DV VKRZQ LQ )LJXUH ������ $ VROLG VDPSOH ZDV

SODFHG RQ RQH RI WKH WZR VLQJOH ZDYHOHQJWK VHQVRUV� 7KH VHQVRUV ZHUH SODFHG RQ D SLHFH

RI /H[DQ WR HQVXUH JRRG FRQWDFW ZLWK WKH VROLG VDPSOH VLQFH WKH ERWWRP RI WKH EDVLQ

ZDV oH[LEOH DQG QRW oDW� $GGLWLRQDOO\� D SDUDOOHO SODWH FDSDFLWRU �HLWKHU 7& RU 33&�

ZDV XVHG WR JLYH DQRWKHU PHDVXUH RI WKH SHUPLWWLYLW\ RI WKH OLTXLG� 7KH VHFRQG OLTXLG

ZDV PL[HG LQWR WKH WUDQVIRUPHU RLO XQWLO ERWK VHQVRUV PHDVXUHG WKH VDPH FDSDFLWDQFH

�DGMXVWHG IRU WKH VPDOO GLmHUHQFH LQ PHWDOOL]DWLRQ� DQG SHUPLWWLYLW\� $W WKLV SRLQW� D

YDOXH IRU WKH SHUPLWWLYLW\ RI WKH VROLG VDPSOH FRXOG EH REWDLQHG� $OWKRXJK WKH RQO\

QHFHVVDU\ VWRSSLQJ FULWHULRQ LV WKDW WKH PHDVXUHG GLHOHFWULF SHUPLWWLYLW\ EH WKH VDPH�

WKH HTXDOLW\ RI WKH FDSDFLWDQFH SURYLGHG DQ DGGLWLRQDO FKHFN� 7KH FROOHFWHG GDWD ZHUH

SURFHVVHG XVLQJ WKH SURJUDP WZROLT�P ZULWWHQ IRU 0DWODE ��� �$SSHQGL[ *��

���



&KDSWHU �� ,QYHUVH 3UREOHP

)LJXUH ����� 6FKHPDWLF RI WKH PHDVXUHPHQW VHWXS IRU WZR oXLGV PHDVXUHPHQW� $
SDUDOOHO SODWH FDSDFLWRU RQ WKH OHIW LV XVHG WR PHDVXUH WKH GLHOHFWULF SHUPLWWLYLW\ RI WKH
OLTXLG PL[WXUH�

����� 7UDQVIRUPHU 2LO DQG &RUQ 2LO

7ZR VHOHFWHG VHQVRUV� GHVLJQDWHG VHQVRU $ DQG VHQVRU %� KDG YHU\ VLPLODU YDOXHV IRU

WKH LQWHUHOHFWURGH FDSDFLWDQFH� %RWK VHQVRUV ZHUH ��� PP ZDYHOHQJWK VHFWLRQV RI WZR

7HoRQ WKUHH�ZDYHOHQJWK VHQVRUV� 6HQVRU $ ZDV SUHVVHG DJDLQVW WKH VDPSOH ZKLOH VHQVRU

% ZDV PHDVXULQJ WKH SURSHUWLHV RI WKH oXLG RQO\� DV VKRZQ LQ )LJXUH ����� 6LQFH WKH WZR

FDSDFLWDQFH YDOXHV IRU VHQVRUV LQ DLU ZHUH QRW H[DFWO\ HTXDO �&$ &% UDWLR RI ������� WKH

FRUUHFW VROXWLRQ SRLQW ZDV DVVXPHG WR RFFXU ZKHQ WKH UDWLR RI PHDVXUHG FDSDFLWDQFH

YDOXHV LQ WKH OLTXLG ZDV WKH VDPH DV WKH UDWLR LQ DLU� 7KH &�� YV� � FXUYHV IRU ERWK

VHQVRUV ZDV GHWHUPLQHG DQG WKH FDSDFLWDQFH UDWLR �6HQVRU $� 6HQVRU %� YV� � FXUYH

ZDV SORWWHG� 7KDW LV� WKH UDWLR FULWHULRQ ZDV XVHG LQVWHDG RI WKH HTXDOLW\ FULWHULRQ�

7KH VHQVRUV DQG 7& ZHUH VXEPHUJHG LQ ���� PO RI WUDQVIRUPHU RLO� �U  ���� &RUQ RLO

��U  ���� ZDV DGGHG LQ LQFUHPHQWV RI ��� P/ DQG PL[HG YHU\ ZHOO ZLWK WKH WUDQVIRUPHU

RLO� 7KH GLHOHFWULF SHUPLWWLYLW\ RI WKH OLTXLGV ZDV GHWHUPLQHG ZLWK D SDUDOOHO SODWH

WXQLQJ FDSDFLWRU �7& DV WKH UDWLR RI WKH FDSDFLWDQFH LQ WKH OLTXLG GLHOHFWULF &IOXLG DQG

FDSDFLWDQFH LQ DLU &DLU�

�7&  
&IOXLG

&DLU

� ������

7DEOHV ��� DQG ��� VKRZ WKDW HYHQ WKRXJK WKH GLHOHFWULF SHUPLWWLYLW\ RI PDWHULDOV

XQGHU WHVW FDQ EH GHWHUPLQHG XVLQJ WKLV DSSURDFK� WKH DFKLHYHG DFFXUDF\ GRHV QRW

���



���� 0DWFKLQJ )OXLG $SSURDFK

)LOHQDPH 7UDQVIRUPHU 2LO &RUQ 2LO 1RWHV

QRVDPSOH ���� P/ � P/ 1R VDPSOH

SRO\HWK���� ���� P/ � P/ SRO\HWK\OHQH RQ VHQVRU $

SRO\HWK���� ���� P/ ��� P/

SRO\HWK���� ���� P/ ��� P/

SRO\HWK���� ���� P/ ��� P/

SRO\HWK���� ���� P/ ��� P/

7DEOH ���� $EVROXWH RLO YROXPHV DQG nOHQDPHV IRU UHSHDWHG WZR�oXLG LWHUDWLRQV RQ
SRO\HWK\OHQH�

)LOHQDPH �7& �$ �% &$ &% &$ &%

QRVDPSOH ������ ������ ������ ������ ������ ������

SRO\HWK���� ������ ������ ������ ������ ������ ������

SRO\HWK���� ������ ������ ������ ������ ������ ������

SRO\HWK���� ������ ������ ������ ������ ������ �����

SRO\HWK���� ������ ������ ������ ������ ������ ������

SRO\HWK���� ������ ������ ������ ������ ������ ������

7DEOH ���� 5HODWLYH SHUPLWWLYLW\ DQG FDSDFLWDQFH PHDVXUHPHQWV FRUUHVSRQGLQJ WR 7DEOH
���� &DSDFLWDQFH LQ DLU ZDV ���� S) IRU VHQVRU $ DQG ���� S) IRU VHQVRU %� 7KH UDWLR
RI ����� VKRXOG PDUN WKH PDWFK� KRZHYHU� WKH DFFXUDF\ DFKLHYHG KHUH LV QRW DV KLJK DV
WKH VPDOO SHUFHQWDJH YDULDWLRQ RI WKH ODVW FROXPQ YDOXHV VXJJHVWV�

VLJQLnFDQWO\ H[FHHG WKH DFFXUDF\ RI H[SHULPHQWV LQ DLU� &DQGLGDWH OLTXLGV IRU WKLV W\SH

RI H[SHULPHQW VKRXOG EH KLJKO\ PLVFLEOH� $OVR� WKLV DSSURDFK LV PRUH OLNHO\ WR SHUIRUP

ZHOO LQ QRQ�FRQWDFW PHDVXUHPHQWV� WKDW LV ZKHQ WKH VHQVRU LV QRW LQ GLUHFW FRQWDFW ZLWK

WKH VROLG VSHFLPHQ DQG KDV D NQRZQ JDS�

7DEOHV ��� DQG ��� VKRZ WKDW HYHQ WKRXJK WKH GLHOHFWULF SHUPLWWLYLW\ RI SRO\SURS\�

OHQH ZDV GHWHUPLQHG FRUUHFWO\� WKH DFFXUDF\ ZDV QRW VXpFLHQW WR GLVWLQJXLVK EHWZHHQ

WKH SRO\SURS\OHQH ��U  ����� PHDVXUHG ZLWK D SDUDOOHO SODWH FDSDFLWRU� DQG SRO\HWK\�

OHQH ��U  ����� PHDVXUHG ZLWK D SDUDOOHO SODWH FDSDFLWRU� EDVHG RQ WKHVH PHDVXUHPHQWV

RQO\�

����� 7UDQVIRUPHU 2LO DQG &DVWRU 2LO

6LQFH WKH PL[WXUHV RI WUDQVIRUPHU RLO DQG FRUQ RLO WULDOV GLG QRW VXFFHHG LQ SURYLGLQJ

HQRXJK SUHFLVLRQ� PL[WXUHV RI WUDQVIRUPHU RLO DQG FDVWRU RLO ZHUH DOVR WULHG WR YHULI\

���



&KDSWHU �� ,QYHUVH 3UREOHP

)LOHQDPH 7UDQVIRUPHU 2LO &RUQ 2LO 1RWHV

QRVDPSOH ���� P/ � P/ 1R VDPSOH

SRO\SUR���� ���� P/ � P/ SRO\SURS\OHQH RQ VHQVRU $

SRO\SUR���� ���� P/ ��� P/

SRO\SUR���� ���� P/ ��� P/

SRO\SUR���� ���� P/ ��� P/

SRO\SUR���� ���� P/ ��� P/

7DEOH ���� $EVROXWH RLO YROXPHV DQG nOHQDPHV IRU WZR�oXLG LWHUDWLRQV RQ SRO\SURS\OHQH�

)LOHQDPH �7& �$ �% &$ &% &$ &%

QRVDPSOH ������ ������ ������ ������ ������ ������

SRO\SUR���� ������ ������ ����� ������ ������ �����

SRO\SUR���� ������ ������ ������ ������ ������ ������

SRO\SUR���� ������ ������ ������ ������ ������ ������

SRO\SUR���� ������ ������ ������ ������ ������ ������

SRO\SUR���� ������ ������ ������ ������ ������ ������

7DEOH ���� 3HUPLWWLYLW\ DQG FDSDFLWDQFH PHDVXUHPHQWV FRUUHVSRQGLQJ WR 7DEOH ���� 7KH
UDWLR RI FDSDFLWDQFHV KDV EHHQ YDULHG LQ YHU\ QDUURZ EUDFNHWV� 6LQFH WKH UDWLR �����
KDV QRW EHHQ DFKLHYHG GXH WR D VPDOO V\VWHPDWLF HUURU� WKH LQWHUVHFWLRQ RI WKH FXUYHV LV
QRW VXpFLHQWO\ FORVH WR WKH SHUPLWWLYLW\ PHDVXUHG ZLWK WKH SDUDOOHO SODWH FDSDFLWRU�

WKH DSSOLFDELOLW\ RI WKH SURSRVHG DSSURDFK ZKHQ WKH GLHOHFWULF SHUPLWWLYLW\ RI WKH WZR

oXLGV GLmHU VLJQLnFDQWO\� 7KH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI WUDQVIRUPHU RLO LV DERXW

���� ZKHUHDV FRUQ RLO KDV D UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI DERXW ���� DQG FDVWRU RLO

KDV D UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI DERXW ���� %\ XVLQJ FDVWRU RLO LQVWHDG RI FRUQ

RLO� PHDVXUHPHQWV FRXOG EH SHUIRUPHG RQ /H[DQ � � { ����� 7KLV UDQJH VKRXOG KDYH

EHHQ VXpFLHQW WR SHUPLW DQ DFFXUDWH PHDVXUHPHQW RI WKLV YDOXH DV ZHOO DV WR LOOXVWUDWH

WKH FKDQJHV RI YDOXH GXULQJ WKLV SURFHVV� $ ��� LQFK WKLFN SLHFH RI +\]RG �DOVR D

SRO\FDUERQDWH SURGXFHG E\ D GLmHUHQW PDQXIDFWXUHU� ZDV XVHG�

7KH UHVXOWV RI WKHVH WULDOV ZHUH QRW YHU\ VXFFHVVIXO EHFDXVH FDVWRU RLO PL[HV YHU\

SRRUO\ ZLWK WUDQVIRUPHU RLO� (YHQ ZLWK WKH PDJQHWLF VWLUUHU� LW ZDV LPSRVVLEOH WR

NQRZ LI DGHTXDWH PL[LQJ KDG RFFXUUHG� &DVWRU RLO LV GHQVHU DQG PRUH YLVFRXV WKDQ

WUDQVIRUPHU RLO� %RWK oXLGV ZRXOG VHSDUDWH LPPHGLDWHO\ DIWHU LQWHUUXSWLRQ RI YLJRURXV

PL[LQJ� )RU FRPSOHWHQHVV� WKH UHVXOWV DUH VKRZQ LQ 7DEOHV ��� DQG ���� 7KH YDULDWLRQ

RI WKH UDWLR RI FDSDFLWDQFH RI WKH WZR VHQVRUV LV VKRZQ LQ )LJXUH �����

���



���� 0DWFKLQJ )OXLG $SSURDFK

)LOHQDPH 7UDQVIRUPHU 2LO &DVWRU 2LO &RPPHQW

FDVWRU����QV ���� P/ � P/ 1R VDPSOH

FDVWRU���� ���� P/ � P/ /H[DQ RQ VHQVRU $

FDVWRU���� ���� P/ ��� P/ FDVWRU RLO DQG WUDQVIRUPHU RLO QRW PLVFLEOH

FDVWRU���� ���� P/ ���� P/

FDVWRU����D ���� P/ ���� P/

FDVWRU����E ���� P/ ���� P/

FDVWRU���� ���� P/ ���� P/

7DEOH ���� $EVROXWH RLO YROXPHV DQG nOHQDPHV IRU WZR�oXLG PHDVXUHPHQWV ZLWK /H[DQ
XVLQJ FDVWRU RLO ��U  ���� DQG WUDQVIRUPHU RLO ��U  �����

)LOHQDPH �7& �$ �% &$ &% &$ &%

FDVWRU����QV ������ ������ ������ ������ ������ ������

FDVWRU���� ������ ������ ������ ������ ������ ������

FDVWRU���� ������ ������ ������ ������ ������ ������

FDVWRU���� ������ ������ ����� ������ ������ ������

FDVWRU����D ������ ������ ������ ������ ������ ������

FDVWRU����E ������ ������ ������ ����� ����� ������

DYHUDJH ���� ������ ������ ������ ������ ������ �����

FDVWRU���� ������ ������ ������ ������ ������ �����

7DEOH ���� 3HUPLWWLYLW\ DQG FDSDFLWDQFH PHDVXUHPHQWV FRUUHVSRQGLQJ WR 7DEOH ����
7KH FDSDFLWDQFHV &$ DQG &% DUH WKH GULYH�VHQVH LQWHUHOHFWURGH FDSDFLWDQFH &���

���



&KDSWHU �� ,QYHUVH 3UREOHP

)LJXUH ����� &DOFXODWHG ZLWK nQLWH�HOHPHQW VRIWZDUH� WKH UDWLR RI &�� YDOXHV IRU WKH
��� PP VHQVRUV ?$� DQG ?%� DV D IXQFWLRQ RI �U XVHG LQ WKH WZR oXLG H[SHULPHQW�
7KH PHWDOOL]DWLRQ UDWLR RI VHQVRU $ LV ����� DQG WKH PHWDOOL]DWLRQ UDWLR RI VHQVRU % LV
������

)LJXUH ���� VKRZV WKH FKDQJH RI DSSDUHQW UHODWLYH GLHOHFWULF SHUPLWWLYLW\ FRPSXWHG

IURP PHDVXUHPHQWV XQGHU WKH DVVXPSWLRQ WKDW WKH VHQVRU KHDG LV LQ FRQWDFW ZLWK D

KRPRJHQHRXV GLHOHFWULF PHGLXP� 7KH WZR OLQHV LQWHUVHFW DW WKH FRUUHFW YDOXH RI WKH

/H[DQ UHODWLYH GLHOHFWULF SHUPLWWLYLW\ �U  ��� ZKHQ WKH DPRXQW RI DGGHG FDVWRU RLO LV

HTXDO WR ���� PO�

7KH HVWLPDWLRQ RI WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ SORWWHG LQ )LJXUH ���� UHTXLUHV

HLWKHU FDOLEUDWLRQ RI LQWHUGLJLWDO VHQVRUV RU D PRGHO�EDVHG LQYHUVH SUREOHP DOJRULWKP� ,W

LV DOVR SRVVLEOH WR E\SDVV PRGHOLQJ E\ DGGLQJ WKH PHDVXUHPHQW GDWD IURP WKH SDUDOOHO�

SODWH FDSDFLWRU WR WKH DQDO\VLV� 7KH UDWLR RI FDSDFLWDQFHV RI WKH WZR LQWHUGLJLWDO VHQVRUV

LV SORWWHG LQ )LJXUH ���� DJDLQVW WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ PHDVXUHG E\ WKH

SDUDOOHO�SODWH FDSDFLWRU� 7KH LQWHUVHFWLRQ RI WKH PHDVXUHG FDSDFLWDQFH UDWLR FXUYH ZLWK

WKH HTXDO FDSDFLWDQFH FXUYH JLYHV WKH HVWLPDWH RI WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI

���



���� 0DWFKLQJ )OXLG $SSURDFK

)LJXUH ����� $SSDUHQW UHODWLYH GLHOHFWULF SHUPLWWLYLW\ PHDVXUHG E\ WZR QHDUO\ LGHQWLFDO
��� PP ZDYHOHQJWK LQWHUGLJLWDO VHQVRUV DV D IXQFWLRQ RI DGGHG FDVWRU RLO YROXPH� 7KH
WUDQVIRUPHU RLO YROXPH LV ���� PO� %RWK VHQVRUV DUH LPPHUVHG LQ WKH RLO PL[WXUH ZLWK
6HQVRU $ DOVR SUHVVHG DJDLQVW WKH /H[DQ VDPSOH� 6ROLG OLQHV DUH D WKLUG RUGHU SRO\QRPLDO
nW WR WKH H[SHULPHQWDO GDWD�

PDWHULDO XQGHU WHVW ��U  ������ 7KH HTXDO FDSDFLWDQFH FXUYH FRPHV IURP WKH PHDVXUH�

PHQW RI WKH FDSDFLWDQFH RI HDFK LQWHUGLJLWDO VHQVRU LQ DLU� WKH YDOXHV DUH QRW H[DFWO\

��� EHFDXVH WKH VHQVRUV DUH QRW FRPSOHWHO\ LGHQWLFDO GXH WR LQKHUHQW PDQXIDFWXULQJ

LPSUHFLVLRQ RI oH[LEOH FLUFXLWV�

)XUWKHU UHnQHPHQW RI WKLV H[SHULPHQWDO WHFKQLTXH LV UHFRPPHQGHG� $W WKLV SRLQW�

IXUWKHU LQYHVWLJDWLRQ ZLWK WKH OLTXLG PHDVXUHPHQWV ZDV QRW SXUVXHG EHFDXVH WKH SULQ�

FLSOH KDV EHHQ GHPRQVWUDWHG DQG QR VSHFLnF DSSOLFDWLRQ DW WKH PRPHQW UHTXLUHG XVLQJ

LW� 2WKHUZLVH� WKLV DSSURDFK ZRXOG KDYH EHHQ nQH�WXQHG IRU D VSHFLnF DSSOLFDWLRQ�

����� )LOOHG $LU *DS 0HDVXUHPHQWV

,Q RUGHU WR JDLQ LQVLJKW LQWR KRZ WKH DLU JDS DmHFWV PHDVXUHPHQWV ZLWK WKH 7:6�

GLmHUHQW VROLG PDWHULDOV ZHUH FRDWHG ZLWK QRQ�FRQGXFWLYH JUHDVH RU RLO VR WKDW WKH FDYLW\

VSDFH EHWZHHQ WKH VHQVRU DQG WKH PDWHULDO XQGHU WHVW WKDW ZRXOG KDYH EHHQ RWKHUZLVH

nOOHG ZLWK DLU� ZRXOG QRZ EH nOOHG ZLWK D PDWHULDO ZLWK D GLmHUHQW SHUPLWWLYLW\ WKDQ DLU�

���



&KDSWHU �� ,QYHUVH 3UREOHP

)LJXUH ����� 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ RI PDWHULDO XQGHU WHVW GHWHUPLQHG WKURXJK
WKH FDSDFLWDQFH UDWLR� 7KH ?0DWFKLQJ� OLQH UHSUHVHQWV WKH FDOLEUDWLRQ�EDVHG VLPXODWHG
GDWD IRU WZR VOLJKWO\ GLmHUHQW VHQVRUV LPPHUVHG LQ D KRPRJHQHRXV GLHOHFWULF� $OO SRLQWV
RQ WKLV OLQH ZRXOG EH DW WKH FDSDFLWDQFH UDWLR RI ��� IRU LGHQWLFDO VHQVRUV�

7KH VDPH VHW�XS GHVFULEHG LQ WKH SUHYLRXV VHFWLRQ ZDV XVHG H[FHSW WKDW PHDVXUHPHQWV

ZHUH FRQGXFWHG LQ DLU DQG ERWK WKH VHQVRU DQG WKH VDPSOH ZHUH FRDWHG ZLWK D JUHDVH

RU RLO� 2EVHUYDWLRQV DQG WULDOV ZLWK /H[DQ �ZKLFK LV WUDQVSDUHQW� LQGLFDWHG WKDW WKH

JUHDVHV GLG QRW GLVWULEXWH SURSHUO\ VR WKDW WKH JDS ZDV ODUJHU WKDQ LW ZRXOG KDYH EHHQ

KDG DLU RQO\ EHHQ SUHVHQW� 7KH RLO H[SHULPHQWV ZHUH PRUH VXFFHVVIXO� 7DEOH ����

OLVWV YDOXHV RI LQWHUHOHFWURGH FDSDFLWDQFHV REWDLQHG ZLWK GLmHUHQW nOOHUV ZKLFK ZHUH

VLJQLnFDQWO\ GLmHUHQW WKDQ DLU RQO\ PHDVXUHPHQWV ZLWK QR nOOHU� 7DEOH ���� OLVWV WKH

GLHOHFWULF SHUPLWWLYLW\ RI ERWK nOOHUV DQG WHVW PDWHULDOV� $ VHOHFWHG VXEVHW RI GDWD IURP

WKLV WDEOH LV DQDO\]HG LQ WKH IROORZLQJ VHFWLRQ�

��� 0XOWLSOH :DYHOHQJWK 0HDVXUHPHQW 6HQVLWLYLW\

7KH PDMRU LQWHUHVW WKDW GULYHV PXOWLSOH ZDYHOHQJWK PHDVXUHPHQW WHFKQLTXH GHYHORS�

PHQW VWDQGV IURP WKH DELOLW\ WR GHWHUPLQH VHYHUDO PDWHULDO SURSHUWLHV ZLWK D VLQJOH

GHYLFH� 6XFK DQ DSSURDFK DOVR LPSOLHV D SRVVLELOLW\ WR LQFUHDVH PHDVXUHPHQW DFFXUDF\

RI SURSHUWLHV RI LQWHUHVW E\ UHGXFLQJ WKH HmHFW RI PHDVXUHPHQW SHUWXUEDWLRQV� 7KH

���



���� 0XOWLSOH :DYHOHQJWK 0HDVXUHPHQW 6HQVLWLYLW\

�PP ���PP �PP )LOHQDPH 1RWHV

0HWDOOL]DWLRQ ������ ������ ������

$LU

7HoRQ ���� S) ���� S) ���� S) WHoRQE�

3RO\HWK\OHQH ���� S) ���� S) ���� S) SRO\E�

3RO\SURS\OHQH ���� S) ���� S) ���� S) SRO\SURE

/H[DQ ���� S) ���� S) ���� S) OH[DQE�

1\ORQ ���� S) ���� S) ���� S) Q\ORQE SKDVH SUHVHQW

&RUQ 2LO

7HoRQ ���� S) ���� S) ����S) WHoRQFRUQ�

3RO\HWK\OHQH ���� S) ���� S) ���� S) SRO\HWKFRUQ

3RO\SURS\OHQH ���� S) ���� S) ���� S) SRO\SURFRUQ

/H[DQ ���� S) ���� S) ���� S) OH[DQFRUQ QR WUDSSHG DLU EXEEOHV

1\ORQ ���� S) ���� S) ���� S) Q\ORQFRUQ SKDVH SUHVHQW

&DVWRU 2LO

7HoRQ ���� S) ���� S) ���� S) WHoRQFDVWRU

3RO\HWK\OHQH ���� S) ���� S) ���� S) SRO\HWKFDVWRU

3RO\SURS\OHQH ���� S) ���� S) ���� S) SRO\SURFDVWRU

/H[DQ ���� S) ���� S) ���� S) OH[DQFDVWRU IHZ DLU EXEEOHV

1\ORQ ���� S) ���� S) ���� S) Q\ORQFDVWRU SKDVH SUHVHQW

8OWUD /XEH

3RO\HWK\OHQH ���� S) ���� S) ���� S) SRO\HWKJUHDVH WRR YLVFRXV

3RO\SURS\OHQH ���� S) ���� S) ���� S) SRO\SURJUHDVH WRR YLVFRXV

1\ORQ ���� S) ���� S) ���� S) Q\ORQJUHDVH WRR YLVFRXV� SKDVH

6LOLFRQH *UHDVH

7HoRQ ���� S) ���� S) ���� S) WHoRQVLOL WRR YLVFRXV

3RO\HWK\OHQH ���� S) ���� S) ���� S) SRO\HWKVLOL WRR YLVFRXV

/H[DQ ���� S) ���� S) ���� S) OH[DQVLOL WRR YLVFRXV

7DEOH ����� 0HDVXUHG &�� YDOXHV IURP nOOHG DLU JDS PHDVXUHPHQWV� (DFK VROLG PDWHULDO
VDPSOH LV DW OHDVW ��� LQFK WKLFN� 1RQ�]HUR SKDVH SUHVHQW LQ KLJK IUHTXHQF\ PHDVXUH�
PHQWV LQGLFDWHV WKDW WKH GLHOHFWULF SHUPLWWLYLW\ HVWLPDWLRQ LV QRW DFFXUDWH� /H[DQ�
EHLQJ WUDQVSDUHQW� DOORZV YLVXDO REVHUYDWLRQ RI WKH FRQWDFW TXDOLW\�

)LOOHUV� IURP VHQVRU PHDVXUHPWV �U 6DPSOHV� SDUDOOHO SODWH PHDVXUPHQWV �U

$LU � 7HoRQ ����

6LOLFRQH *UHDVH ��� 3RO\HWK\OHQH ����

8OWUD/XEH ��� 3RO\SURS\OHQH ����

&RUQ 2LO ���� /H[DQ ����

&DVWRU 2LO ��� 1\ORQ ����

7DEOH ����� 5HODWLYH SHUPLWWLYLW\ RI WHVW PDWHULDOV DQG nOOHUV XVHG LQ 7DEOH �����

���



&KDSWHU �� ,QYHUVH 3UREOHP

� PP ��� PP � PP

$LU ���� ���� �

&DVWRU RLO ���� ��� ���

7DEOH ����� &DOFXODWHG FDSDFLWDQFH LQ S) IRU GLmHUHQW ZDYHOHQJWKV DQG nOOHU PDWHULDOV
IRU WKH RSHUDWLQJ SRLQW ���U  ���� K  �� xP�� VKRZQ LQ )LJXUH �����

IROORZLQJ H[DPSOH VKRZV WKDW nOOLQJ WKH JDS EHWZHHQ WKH VHQVRU KHDG DQG WKH VROLG

PDWHULDO XQGHU WHVW PD\ LPSURYH VHOHFWLYLW\ RI WKH PHDVXUHPHQW� 7KH JDS LV PRGHOHG

KHUH DV DQ LGHDOO\ oDW RQH� 7KLV UHSUHVHQWDWLRQ LV DGHTXDWH IRU SXUHO\ FDSDFLWLYH FDVHV

ZLWK QR VLJQLnFDQW FRQGXFWLRQ FXUUHQWV� )LJXUH ���� VKRZV OLQHV RI HTXDO FDSDFLWDQFH

FRPSXWHG ZLWK nQLWH HOHPHQW VLPXODWLRQ IRU D VSHFLnF SRLQW LQ D WZR�YDULDEOH ��
U
DQG

K� VROXWLRQ VSDFH� 7KH YDOXHV RI UHODWLYH GLHOHFWULF SHUPLWWLYLW\ �
U
DQG HTXLYDOHQW DLU

JDS K FDQ EH IRXQG IURP WZR PHDVXUHPHQWV ZLWK GLmHUHQW VSDWLDO ZDYHOHQJWKV� GLmHUHQW

DPELHQW PHGLD� RU ERWK� 7KH DQJOH EHWZHHQ WKH LVR�FDSDFLWDQFH OLQHV VKRXOG EH DV FORVH

DV SRVVLEOH WR �� GHJUHHV LQ RUGHU WR SURYLGH WKH EHVW VHOHFWLYLW\ ZLWK UHVSHFW WR ERWK

YDULDEOHV� �
U
DQG K�

2QH RI WKH DPELHQW PHGLD LQ WKLV VLPXODWLRQ LV FDVWRU RLO� PDUNHG ZLWK WKH OHWWHU &

LQ )LJXUH ����� DQG WKH RWKHU RQH LV DLU� PDUNHG ZLWK WKH OHWWHU $� 6LQFH WKH GLHOHFWULF

SHUPLWWLYLW\ RI DLU LV VPDOOHU WKDQ WKDW RI /H[DQ� DOO WKUHH LVR�FDSDFLWDQFH OLQHV JLYHQ LQ

7DEOH ���� OLH LQ WKH nUVW DQG WKLUG TXDGUDQWV �LI WKH RULJLQ LV SODFHG DW WKH RSHUDWLRQ

SRLQW� ZKHUH DOO OLQHV LQWHUVHFW�� 6LPLODUO\� VLQFH WKH GLHOHFWULF SHUPLWWLYLW\ RI FDVWRU

RLO LV ODUJHU WKDQ WKDW RI /H[DQ� DOO WKUHH LVR�FDSDFLWDQFH OLQHV IRU FDVWRU RLO OLH LQ

WKH VHFRQG DQG IRXUWK TXDGUDQWV� 7KHUHIRUH� LW LV WKHRUHWLFDOO\ LPSRVVLEOH WR REWDLQ

D �� GHJUHH DQJOH EHWZHHQ LVR�FDSDFLWDQFH OLQHV IRU WKH VDPH PHGLD� $OVR� VLQFH WKH

DEVROXWH YDOXH RI WKH GHULYDWLYH JURZV ZLWK VSDWLDO ZDYHOHQJWK� LW LV UHDVRQDEOH WR H[SHFW

WKDW WKH DFFXUDF\ RI PHDVXUHPHQW LV EHWWHU IRU D FRPELQDWLRQ RI PRUH GLVWDQW VSDWLDO

ZDYHOHQJWKV�

7DEOH ���� VKRZV WKH UHVXOWV RI PHDVXUHPHQWV ZLWK VHOHFWHG SDLUV RI VSDWLDO ZDYH�

OHQJWKV IRU WKH VDPH FDVH� 7KH PHDVXUHPHQWV FRQnUP WKH JHQHUDO WUHQG RI LPSURYHG

DFFXUDF\ ZKHQ WKH DQJOH EHWZHHQ WKH LVR�FDSDFLWDQFH OLQHV DSSURDFKHV �� GHJUHHV�

���



���� 0XOWLSOH :DYHOHQJWK 0HDVXUHPHQW 6HQVLWLYLW\

)LJXUH ����� &DOFXODWHG OLQHV RI HTXDO FDSDFLWDQFH IRU GLmHUHQW OHYHOV RI SHUWXUEDWLRQ
IURP WKH RSHUDWLQJ SRLQW ��

U
 ���� K  �� xP� IRU HDFK RI WKH WKUHH ZDYHOHQJWKV RI

WKH VHQVRU VKRZQ LQ )LJXUH ��� ZLWK DLU �$� DQG FDVWRU RLO �&� nOOLQJ WKH JDS� 7KH
YDOXHV IRU HDFK LVR�FDSDFLWDQFH OLQH DUH OLVWHG LQ 7DEOH �����

&RPELQDWLRQ 3HUPLWWLYLW\ 5HODWLYH HUURU ���

$��$��� ��� ������

$��$� ��� �����

$����$� ��� �����

$��&� ���� �����

$����&��� ��� ����

$����&� ��� ����

&��&��� ���� �����

&��&� ���� ����

&����&� ��� ����

7DEOH ����� 0HDVXUHG GLHOHFWULF SHUPLWWLYLW\ RI /H[DQ ��
U
 ���� XVLQJ GLmHUHQW SDLUV

RI VSDWLDO ZDYHOHQJWKV DQG JDS�nOOLQJ oXLG� 7KH DFFXUDF\ RI PHDVXUHPHQW JHQHUDOO\
LPSURYHV ZLWK WKH LQFUHDVLQJ DQJOH EHWZHHQ WKH LVR�FDSDFLWDQFH OLQHV VKRZQ LQ )LJXUH
�����

���



&KDSWHU �� ,QYHUVH 3UREOHP

��� ,QWHUSRODWLRQ 8VLQJ 6ROXWLRQ 6SDFHV

7KH IXQGDPHQWDO IHDWXUH RI � b N LQWHUGLJLWDO GLHOHFWURPHWU\ LV WKH RQH�VLGHG DSSOLFD�

WLRQ RI VHWV RI LQWHUGLJLWDO HOHFWURGHV RI GLmHUHQW VSDWLDO SHULRGLFLW\ WR PHDVXUH SURSHUW\

SURnOHV RI GLHOHFWULF PDWHULDOV DW GLmHUHQW GHSWKV IURP WKH PDWHULDO VXUIDFH� $SDUW

IURP WKH SURSHUW\�YHUVXV�GHSWK SURnOLQJ IHDWXUHV� � b N GLHOHFWURPHWU\ LV VLPLODU WR

RWKHU GLHOHFWURPHWU\ PHDVXUHPHQW PHWKRGRORJLHV EHFDXVH LW XVHV HOHFWURGHV H[FLWHG E\

D WLPH�YDU\LQJ YROWDJH VLJQDO� ,QGHHG� DGPLWWDQFH VSHFWURVFRS\ LV FRPPRQO\ XVHG WR

PHDVXUH SURSHUWLHV RI IUHTXHQF\�GLVSHUVLYH PDWHULDOV� +RZHYHU� WKH HOHFWURGH VWUXFWXUH

LQ PRUH FRQYHQWLRQDO WHFKQLTXHV LV XVXDOO\ HLWKHU SDUDOOHO SODWHV RU FRD[LDO F\OLQGHUV�

6LPSOH VKDSHV RmHU WKH DGYDQWDJH RI KDYLQJ FORVHG�IRUP DOJHEUDLF VROXWLRQV IRU WKH

LQWHUHOHFWURGH DGPLWWDQFH� :KHQ GHDOLQJ ZLWK LQWHUGLJLWDO HOHFWURGHV� WKH WDVN RI FRP�

SXWLQJ WKH DGPLWWDQFH PDWUL[ RI WKH VHQVRU LV PRUH GLpFXOW� )LQLWH HOHPHQW VLPXODWLRQ

DOORZV WKH FRPSXWDWLRQ RI WKH DGPLWWDQFH PDWUL[ JLYHQ WKH LQKRPRJHQHRXV GLVWULEXWLRQ

RI PDWHULDO SURSHUWLHV DQG WKH VHQVRU JHRPHWU\ LQ VHYHUDO VHFRQGV XVLQJ PRGHUQ SHU�

VRQDO FRPSXWHUV� :KLOH WKLV FRPSXWDWLRQDO WLPH LV DFFHSWDEOH IRU WKH IRUZDUG SUREOHP

�FRPSXWDWLRQ RI HOHFWULF nHOGV DQG WHUPLQDO DGPLWWDQFH PDWUL[�� LW PD\ EH SURKLELWLYHO\

ORQJ IRU WKH LQYHUVH SUREOHP RI GHWHUPLQLQJ XQNQRZQ PDWHULDO SURSHUWLHV RU JHRPHWU\

IURP GLHOHFWURPHWU\ PHDVXUHPHQWV�

7KH DOJRULWKPV WKDW DUH XVHG IRU WKH HVWLPDWLRQ RI PDWHULDO SURSHUWLHV DUH FRPSX�

WDWLRQDOO\ H[SHQVLYH EHFDXVH PRGHO�EDVHG PDWHULDO SURSHUW\ HVWLPDWLRQ �DV RSSRVHG WR

VWUDLJKWIRUZDUG FDOLEUDWLRQ� LV UHTXLUHG LQ RUGHU WR H[WUDFW WKH PD[LPXP DPRXQW RI

LQIRUPDWLRQ DERXW WKH PDWHULDO� (YHQ PRGHUQ FRPSXWHUV GR QRW KDYH VXpFLHQW VSHHG

UHTXLUHG IRU RQOLQH RU PDQXDO PHDVXUHPHQWV LI HDFK PHDVXUHPHQW ZHUH WR EH IROORZHG

E\ D IXOO�VFDOH FRPSXWHU VLPXODWLRQ RI WKH WHVWHG UHJLRQ�

2QH HpFLHQW VROXWLRQ WR VSHHG XS WKH SURFHVV LV WR FRPSXWH WKH UHVSRQVH RI WKH

VHQVRU IRU DOO SRVVLEOH YDOXHV RI WKH PHDVXUHG SDUDPHWHUV ZLWK D UHDVRQDEOH GHJUHH RI

GLVFUHWL]DWLRQ� 7KHQ� HDFK PHDVXUHPHQW SRLQW FDQ EH LQWHUSRODWHG XVLQJ WKH UHVXOWV RI

WKH SULRU FDOFXODWLRQV� :LWK D VPDOO QXPEHU RI XQNQRZQ SDUDPHWHUV� WKLV DSSURDFK

���



���� ,QWHUSRODWLRQ 8VLQJ 6ROXWLRQ 6SDFHV

ZRUNV UHDVRQDEO\ ZHOO� +RZHYHU� DV WKH QXPEHU RI XQNQRZQ SDUDPHWHUV JURZV� WKH

FRPSXWDWLRQDO VSDFH TXLFNO\ EHFRPHV XQDFFHSWDEO\ ODUJH� 6HYHUDO WHFKQLTXHV DUH DYDLO�

DEOH WR UHGXFH WKH QXPEHU RI SRLQWV WKDW KDYH WR EH FRPSXWHG LQ DGYDQFH� 2QH RI WKH

WHFKQLTXHV H[SORUHG LQ WKLV VHFWLRQ H[SORLWV WKH SURSHUW\ WKDW WKH IUHTXHQF\�GHSHQGHQW

WHUPLQDO DGPLWWDQFH RI D KRPRJHQHRXV RKPLF QRQ�GLVSHUVLYH GLHOHFWULF PDWHULDO FDQ EH

SUHGLFWHG IURP D VLQJOH IUHTXHQF\ PHDVXUHPHQW >�� ��@� 7KH SURSRVHG QRUPDOL]DWLRQ

DOORZV PDSSLQJ WKH UHVXOWV RI PHDVXUHPHQWV DW RQH IUHTXHQF\ WR WKH UHVXOWV RI PHD�

VXUHPHQWV DW D GLmHUHQW IUHTXHQF\� $V LOOXVWUDWHG ODWHU LQ WKH WH[W� WKLV WHFKQLTXH LV

DSSOLFDEOH IRU HYDOXDWLRQ RI PDWHULDO SURSHUWLHV HYHQ ZKHQ WKH\ DUH IUHTXHQF\ GLVSHU�

VLYH� 1RQ�GLVSHUVLYH PDWHULDO SURSHUWLHV DOZD\V PDS RQWR WKH VDPH SRLQW LQ WKH EDVH

FRPSXWDWLRQDO VSDFH� ZKLOH WKH IUHTXHQF\�GLVSHUVLYH PDWHULDO SURSHUWLHV PDS RQWR GLI�

IHUHQW SRLQWV LQ WKH EDVH VSDFH IRU GLmHUHQW IUHTXHQFLHV >��@� $OWKRXJK WKH SUHVHQWHG

PHWKRGRORJ\ LV YDOLG IRU DQ\ JHRPHWU\� SDUDOOHO SODWH HOHFWURGH FDVHV WKDW KDYH DQDO\W�

LFDO VROXWLRQV DUH FRQVLGHUHG LQ WKLV VHFWLRQ IRU LOOXVWUDWLYH SXUSRVHV�

����� 0D[ZHOO &DSDFLWRU

/HW XV nUVW FRQVLGHU WKH VLPSOHVW FDVH RI D 0D[ZHOO FDSDFLWRU� ZKLFK KDV WKH WZR

VHULHV GLHOHFWULFV WRSRORJ\ VLPLODU WR WKH LQWHUGLJLWDO VHQVRU VWUXFWXUH FRQVLGHUHG LQ WKH

QH[W VHFWLRQ� EXW KDV DQ HDVLO\ XQGHUVWRRG DQDO\WLFDO VROXWLRQ� )LJXUH ���� VKRZV WKH

VFKHPDWLF RI WKH SDUDOOHO�SODWH FDSDFLWRU WHVW FHOO DQG HTXLYDOHQW OXPSHG�HOHPHQW FLUFXLW�

7KH ORZHU OD\HU LV D SHUIHFW LQVXODWRU �}E  ��� 6XSSRVH WKDW WKH GLHOHFWULF SHUPLWWLYLW\

RI WKH ORZHU OD\HU� qE� LV NQRZQ� DQG RXU WDVN LV WR GHWHUPLQH WKH GLHOHFWULF SURSHUWLHV

RI WKH XSSHU OD\HU� qD DQG }D� IURP SDUDOOHO�SODWH DGPLWWDQFH PHDVXUHPHQWV� 7KLV LV D

UHDOLVWLF DUUDQJHPHQW WKDW WDNHV SODFH ZKHQ WKH SDUDOOHO�SODWH WHVW FHOO LV LQ DLU DQG WKH

WHVW GLHOHFWULF LV LQVHUWHG EHWZHHQ WKH HOHFWURGHV� ([FHSW IRU SRVVLEOH LQWHUIDFLDO HmHFWV

QRW FRQVLGHUHG KHUH� LW PDNHV QR GLmHUHQFH ZKHWKHU WKH DLU JDS LV RQ RQH VLGH RI WKH

GLHOHFWULF RU ERWK VLGHV�

2QH FDQ H[SUHVV WKH DGPLWWDQFH DV D FRPSOH[ QXPEHU� DQG UHSUHVHQW WKH UHDO SDUW

RI LW DV FRQGXFWDQFH *� DQG WKH LPDJLQDU\ SDUW DV WKH SURGXFW RI WKH DQJXODU IUHTXHQF\

���
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)LJXUH ����� 0D[ZHOO SDUDOOHO SODWH FDSDFLWRU DQG HTXLYDOHQW FLUFXLW�

� RI D VLQXVRLGDO YROWDJH H[FLWDWLRQ WLPHV WKH FDSDFLWDQFH &�

<  <U � M<L  *� M�&� ������

,W LV SRVVLEOH WR UHODWH WKH PDWHULDO SURSHUWLHV DQG JHRPHWULF SDUDPHWHUV RI WKH

0D[ZHOO FDSDFLWRU WHVW FHOO WR WKH WHUPLQDO FRQGXFWDQFH DQG FDSDFLWDQFH DV

*
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ZKHUH 6 LV WKH DUHD RI WKH SDUDOOHO SODWH FDSDFLWRU DQG WKH HTXLYDOHQW FRQGXFWDQFH DQG

FDSDFLWDQFHV DUH
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7KLV IRUPXODWLRQ LV WKH IRUZDUG SUREOHP RI FRPSXWLQJ WHUPLQDO FDSDFLWDQFH & DQG

FRQGXFWDQFH * IURP SURSHUWLHV DQG GLPHQVLRQV RI HDFK OD\HU� 7KH GHWHUPLQDWLRQ RI DQ

XQNQRZQ &D DQG *D LQ WHUPV RI WKH NQRZQ &E DQG IURP WHUPLQDO PHDVXUHPHQWV RI &

DQG * LV REWDLQHG E\ LQYHUWLQJ ������ DQG ������ WR
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:H FDQ YLVXDOL]H WKH IXQFWLRQV GHVFULEHG LQ ������ WKURXJK ������ E\ GLVFUHWL]LQJ WKH

VROXWLRQ VSDFH GHWHUPLQHG E\ WKH XQNQRZQ YDULDEOHV� )LJXUH �����D� VKRZV WKH VROXWLRQ

VSDFH RI * �&E WKDW FRUUHVSRQGV WR WKH IRUZDUG SUREOHP VROXWLRQV RI ������� 7KH UDWLR

&D &E YDULHV OLQHDUO\ IURP � WR �� DQG WKH UDWLR *D �&E YDULHV ORJDULWKPLFDOO\ IURP

��b� �KLJK IUHTXHQF\� WR ��� �ORZ IUHTXHQF\�� 6XFK D ZLGH UDQJH RI YDOXHV LV QHHGHG

WR DFFRPPRGDWH WKH ZLGH UDQJH RI IUHTXHQFLHV LQ GLHOHFWURPHWU\ VSHFWURVFRS\ VWXGLHV

�LQ RXU H[SHULPHQWV WKH IUHTXHQF\ LV XVXDOO\ YDULHG IURP �� N+] WR ����� +]�� 7KLV

DQG DOO VXEVHTXHQW SORWV XVH D ORJDULWKPLF VFDOH IRU QRQ�GLPHQVLRQDO FRQGXFWDQFHV RI

WKH JHQHUDO IRUP * �&� 7KH QRUPDOL]HG WHUPLQDO DGPLWWDQFH UHDO FRPSRQHQW * �&E

UHPDLQV OHVV WKDQ � �QHJDWLYH RQ ORJDULWKPLF VFDOH� IRU DOO IUHTXHQFLHV� ,W DVVXPHV LWV

KLJKHVW YDOXHV ZKHQ *D �&E LV FORVH WR � �� RQ ORJDULWKPLF VFDOH�� WKDW LV� ZKHQ WKH

FDSDFLWLYH DQG FRQGXFWLYH FXUUHQWV LQ WKH GLHOHFWULF ?D� DUH RI FRPSDUDEOH PDJQLWXGH�

)LJXUH �����E� VKRZV D FRQWRXU SORW RI WKH VDPH VROXWLRQ VSDFH WKDW ZDV VKRZQ LQ )LJXUH

�����D�� %RWK SORWV LQGLFDWH WKDW WKH UHDO SDUW RI WKH QRUPDOL]HG WHUPLQDO DGPLWWDQFH

DWWDLQV LWV KLJKHVW YDOXHV ZKHQ WKH FRQGXFWDQFH *D LV RI WKH VDPH RUGHU RI PDJQLWXGH

DV WKH SURGXFW �&E DQG DSSURDFKHV ]HUR ZKHQ WKH\ DUH VLJQLnFDQWO\ GLmHUHQW� :KHQ

WKH OD\HU ?D� LV HVVHQWLDOO\ LQVXODWLQJ �*D �&E �� ��� WKH HQWLUH V\VWHP EHFRPHV D

FDSDFLWRU FRQVLVWLQJ RI WZR FDSDFLWRUV IRUPHG E\ WKH OD\HUV ?D� DQG ?E� LQ VHULHV� ,Q

WKH RWKHU H[WUHPH� ZKHQ WKH OD\HU ?D� LV HVVHQWLDOO\ D FRQGXFWRU �*D �&E !! ��� LW

FDQ EH VHHQ DV WKH H[WHQVLRQ RI WKH XSSHU HOHFWURGH� DQG WKH HQWLUH V\VWHP UHGXFHV WR

WKH FDSDFLWRU IRUPHG E\ WKH OD\HU ?E��

.HHSLQJ LQ PLQG WKH SUHYLRXV GLVFXVVLRQ� RQH FDQ LQWHUSUHW WKH VROXWLRQ VSDFH IRU

WKH LPDJLQDU\ SDUW RI WKH QRUPDOL]HG WHUPLQDO DGPLWWDQFH� & &E� WKDW LV VKRZQ LQ

���
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)LJXUH �����D� DV D WKUHH�GLPHQVLRQDO IXQFWLRQ RI WKH QRUPDOL]HG OD\HU ?D� SURSHUWLHV

DQG DOVR UHSHDWHG LQ )LJXUH �����E� DV D FRQWRXU SORW� +LJK YDOXHV RI FDSDFLWDQFH &D

KDYH WKH VDPH HmHFW RQ WKH WRWDO FDSDFLWDQFH YDOXH DV KLJK YDOXHV RI *D� WKH\ EULQJ

& &E FORVHU WR XQLW\�

7KH LQYHUVH SUREOHP UHODWLRQV RI ������ DQG ������ DUH SORWWHG LQ )LJXUHV ���� DQG

DQG ����� DOORZLQJ GHWHUPLQDWLRQ RI DQ XQNQRZQ &D &E LQ WHUPV RI PHDVXUHG WHUPLQDO

YDULDEOHV & &E DQG * �&E� 7KH GLHOHFWULF SHUPLWWLYLW\ �D DQG FRQGXFWLYLW\ }D FDQ EH

GHWHUPLQHG GLUHFWO\ IURP &D DQG *D LQ SDUDOOHO SODWH JHRPHWU\�

���
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�D� �E�

)LJXUH ����� $ WKUHH�GLPHQVLRQDO YLHZ �D� DQG D SORW RI WKH IRUZDUG SUREOHP VROX�
WLRQ VSDFH LVR�FRQWRXUV �E� IRU WKH QRUPDOL]HG WHUPLQDO FRQGXFWDQFH RI WKH 0D[ZHOO
FDSDFLWRU LQ WHUPV RI QRUPDOL]HG FDSDFLWDQFH DQG FRQGXFWDQFH RI WKH XSSHU ?D� OD\HU�

�D� �E�

)LJXUH ����� $ WKUHH�GLPHQVLRQDO YLHZ �D� DQG D FRQWRXU SORW �E� RI WKH IRUZDUG SURE�
OHP VROXWLRQ VSDFH IRU WKH QRUPDOL]HG WHUPLQDO FDSDFLWDQFH LQ WHUPV RI QRUPDOL]HG
FDSDFLWDQFH DQG FRQGXFWDQFH RI WKH XSSHU ?D� OD\HU�

���
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�D� �E�

)LJXUH ����� $ WKUHH�GLPHQVLRQDO YLHZ �D� DQG D SORW RI WKH LQYHUVH SUREOHP VROXWLRQ
VSDFH LVR�FRQWRXUV �E� IRU WKH QRUPDOL]HG FRQGXFWDQFH RI WKH XSSHU ?D� OD\HU LQ WKH
0D[ZHOO FDSDFLWRU RI )LJXUH �����

�D� �E�

)LJXUH ����� $ WKUHH�GLPHQVLRQDO YLHZ �D� DQG D SORW RI WKH LQYHUVH SUREOHP VROXWLRQ
VSDFH LVR�FRQWRXUV �E� IRU WKH QRUPDOL]HG FDSDFLWDQFH RI WKH XSSHU ?D� OD\HU LQ WKH
0D[ZHOO FDSDFLWRU RI )LJXUH �����

���
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����� 7KUHH�:DYHOHQJWK 6HQVRU 6ROXWLRQ 6SDFHV

��� PP :DYHOHQJWK

7KH IROORZLQJ SORWV RI WKH VROXWLRQ VSDFHV DUH FRPSXWHG IRU WKH WKUHH�ZDYHOHQJWK VHQVRU

DVVXPLQJ DQ LQnQLWHO\ WKLFN KRPRJHQHRXV PDWHULDO XQGHU WHVW QH[W WR WKH VHQVRU ZLWK

7HoRQ VXEVWUDWH ��U ���� ��� xP WKLFN� 7KH\ IROORZ WKH VDPH SDWWHUQ WKDW ZDV XVHG IRU

WKH 0D[ZHOO FDSDFLWRU� )LJXUH �����D� VKRZV WKH WKUHH�GLPHQVLRQDO YLHZ RI WKH � PP

ZDYHOHQJWK IRUZDUG SUREOHP VROXWLRQ VSDFH IRU WKH UHDO SDUW RI WKH QRUPDOL]HG WHUPLQDO

WUDQVDGPLWWDQFH �FRQGXFWDQFH� SHU XQLW OHQJWK FRPSXWHG ZLWK nQLWH�HOHPHQW VRIWZDUH�

7KH QRUPDOL]DWLRQ LV ZLWK UHVSHFW WR WKH SURGXFW RI WKH GLHOHFWULF SHUPLWWLYLW\ RI WKH

7HoRQ VXEVWUDWH ��V ��  ���� DQG WKH IUHTXHQF\ RI H[FLWDWLRQ� $ PRUH FRQYHQWLRQDO

ZD\ WR UHSUHVHQW ORVV ZRXOG EH WR XVH WKH ORVV IDFWRU ���  } �� EXW WKLV UHSUHVHQWDWLRQ

ZDV FKRVHQ WR UHODWH WR RXU H[SHULPHQWDO GDWD ZKLFK LV XVXDOO\ SUHVHQWHG LQ WHUPV RI

FRQGXFWLYLW\� )LJXUH �����E� VKRZV D FRQWRXU SORW RI WKH VDPH VROXWLRQ VSDFH� )LJXUH

���� VKRZV WKH IRUZDUG SUREOHP VROXWLRQ VSDFH IRU WKH QRUPDOL]HG WUDQVFDSDFLWDQFH

SHU XQLW OHQJWK� 1RWLFH WKDW WKH WUDQVFDSDFLWDQFH PD\ WDNH RQ QHJDWLYH YDOXHV DW ORZ

IUHTXHQFLHV�

8QOLNH WKH 0D[ZHOO FDSDFLWRU H[DPSOH� DQ H[DFW FORVHG IRUP VROXWLRQ LV QRW DYDLODEOH

IRU WKH WHUPLQDO WUDQVDGPLWWDQFH RI WKH LQWHUGLJLWDO VHQVRU� ,Q RUGHU WR YLVXDOL]H WKH

LQYHUVH IXQFWLRQV RI LQWHUHVW� WKH VROXWLRQ IRU WKH IRUZDUG SURJUDP LV VWRUHG LQ FRPSXWHU

PHPRU\ LQ WKH IRUP RI D WDEOH WKDW FRQVLVWV RI FROXPQV �� }� *��� DQG &��� )LJXUHV

�����D� DQG �����D� VKRZ WKH WKUHH�GLPHQVLRQDO UHSUHVHQWDWLRQ RI WKH LQYHUVH SUREOHP

VROXWLRQ VSDFH IRU WKH HQWLUH UDQJH RI YDOXHV RI QRUPDOL]HG SHUPLWWLYLW\ DQG FRQGXFWLYLW\

YDOXHV RI WKH PDWHULDO XQGHU WHVW� (DFK FDOFXODWLRQ SRLQW LV VKRZQ DV D GRW LQ D WKUHH�

GLPHQVLRQDO VSDFH� 7KH XQLTXHQHVV RI VROXWLRQ LV HYLGHQW IRU DOO FRPELQDWLRQV RI WKH

YDULDEOH YDOXHV� )LJXUHV �����E� DQG �����E� VKRZ FRQWRXU SORWV IRU WKH VDPH VROXWLRQ

VSDFH�

:KHQ WKH SHUPLWWLYLW\ � RI WKH PDWHULDO XQGHU WHVW LV KLJK� PRVW RI WKH nHOG OLQHV

FRQQHFWLQJ WKH VHQVLQJ DQG WKH GULYHQ HOHFWURGHV JR WKURXJK WKH WHVW PDWHULDO UDWKHU

���
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WKDQ WKURXJK WKH VXEVWUDWH� ,Q WKDW FDVH� WKH UHVSRQVH RI WKH VHQVRU DSSURDFKHV WKDW

RI D SDUDOOHO SODWH VHQVRU� DQG WKH LQYHUWHG YDOXH RI � EHFRPHV DOPRVW LQGHSHQGHQW RI

WUDQVFRQGXFWDQFH� DV FDQ EH VHHQ LQ )LJXUH �����D��

7KH PHDVXUHPHQW GDWD LV LQWHUSRODWHG XVLQJ WKHVH VROXWLRQ VSDFHV WR nQG YDOXHV RI

PDWHULDO SURSHUWLHV� 7KH VROXWLRQ VSDFHV IRU WKH LQWHUGLJLWDO VHQVRU SUHVHQWHG LQ WKLV

VHFWLRQ DUH QRW GHSHQGHQW RQ PHDVXUHPHQW HOHFWURQLFV DQG DUH RQO\ IXQFWLRQV RI WKH

VHQVRU JHRPHWU\ DQG PDWHULDO SURSHUWLHV�

7KH UHVSRQVHV RI 0D[ZHOO FDSDFLWRU DQG LQWHUGLJLWDO VHQVRU DUH VLPLODU DW KLJK IUH�

TXHQF\ DQG GLmHU VLJQLnFDQWO\ DW ORZ IUHTXHQF\ EHFDXVH WKH 0D[ZHOO FDSDFLWRU ZLWK

}E  � KDV QR '& FRQGXFWLRQ SDWK ZKHUHDV WKH LQWHUGLJLWDO VHQVRU KDV D '& FRQGXFWLRQ

SDWK WKURXJK WKH ORVV\ PDWHULDO XQGHU WHVW�

7KH PHDVXUHPHQWV DW GLmHUHQW H[FLWDWLRQ IUHTXHQFLHV FDQ EH PDSSHG RQWR FRUUH�

VSRQGLQJ VROXWLRQ VSDFHV SUHVHQWHG LQ WKLV VHFWLRQ� ,I WKH PDWHULDO LV QRW IUHTXHQF\�

GLVSHUVLYH� WKH HQWLUH IUHTXHQF\ VZHHS PDSV RQWR D VLQJOH SRLQW LQ WKH QRQ�GLPHQVLRQDO

VROXWLRQ VSDFH� $ SURSHUO\ H[HFXWHG PHDVXUHPHQW RI GLHOHFWULF SURSHUWLHV RI GLVSHU�

VLYH PDWHULDOV DW GLmHUHQW IUHTXHQFLHV PDSSHG RQWR WKH VDPH QRQ�GLPHQVLRQDO VROXWLRQ

VSDFH SURGXFHV D VHTXHQFH RI SRLQWV WKDW PRYH IURP RQH PHDVXUHPHQW SRLQW WR DQRWKHU

IRUPLQJ D FXUYH WKDW IDOOV HQWLUHO\ ZLWKLQ WKH ERXQGDULHV RI WKH VROXWLRQ VSDFH� 7KH

GULIW RI GDWD IRU QRQ�GLVSHUVLYH PDWHULDO PHDVXUHPHQWV LQGLFDWHV VKRUWFRPLQJV LQ WKH

SK\VLFDO PRGHO RI WKH VLPXODWHG PHDVXUHPHQW VHWXS� )RU H[DPSOH� WKH SUHVHQFH RI D

QRQ�PRGHOHG HOHFWURFKHPLFDO GRXEOH OD\HU DW WKH HOHFWURGH�GLHOHFWULF LQWHUIDFH UHVXOWV

LQ YHU\ KLJK YDOXHV RI HmHFWLYH GLHOHFWULF SHUPLWWLYLW\ DW ORZ IUHTXHQFLHV GXH WR GRX�

EOH OD\HU FDSDFLWDQFH� 7KH H[DPSOH RI PHDVXUHPHQWV RI VOLJKWO\ GLVSHUVLYH PDWHULDO

SURSHUWLHV DQG SDUDPHWHU HVWLPDWLRQ ZLWK WKHVH VROXWLRQ VSDFHV LV JLYHQ LQ 6HFWLRQ ����

���
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�D� �E�

)LJXUH ����� $ WKUHH�GLPHQVLRQDO YLHZ �D� DQG D SORW RI WKH IRUZDUG SUREOHP VROXWLRQ
VSDFH LVR�FRQWRXUV �E� IRU WKH QRUPDOL]HG WHUPLQDO WUDQVFRQGXFWDQFH SHU XQLW OHQJWK
IRU WKH ��� PP ZDYHOHQJWK RI WKH LQWHUGLJLWDO GLHOHFWURPHWU\ VHQVRU LQ )LJXUH ��� DV D
IXQFWLRQ RI WKH QRUPDOL]HG SHUPLWWLYLW\ DQG FRQGXFWLYLW\ RI WKH PDWHULDO XQGHU WHVW�

�D� �E�

)LJXUH ����� $ WKUHH�GLPHQVLRQDO YLHZ �D� DQG D SORW RI WKH IRUZDUG SUREOHP VROXWLRQ
VSDFH LVR�FRQWRXUV �E� IRU WKH QRUPDOL]HG WHUPLQDO WUDQVFDSDFLWDQFH SHU XQLW OHQJWK
IRU WKH ��� PP ZDYHOHQJWK RI WKH LQWHUGLJLWDO GLHOHFWURPHWU\ VHQVRU LQ )LJXUH ��� DV D
IXQFWLRQ RI WKH QRUPDOL]HG SHUPLWWLYLW\ DQG FRQGXFWLYLW\ RI WKH PDWHULDO XQGHU WHVW�

���
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�D� �E�

)LJXUH ����� $ WKUHH�GLPHQVLRQDO YLHZ �D� DQG D SORW RI WKH LQYHUVH SUREOHP VROXWLRQ
VSDFH LVR�FRQWRXUV �E� IRU WKH QRUPDOL]HG PDWHULDO FRQGXFWLYLW\ IRU WKH ��� PP ZDYH�
OHQJWK LQ WHUPV RI QRUPDOL]HG WHUPLQDO WUDQVFDSDFLWDQFH DQG WUDQVFRQGXFWDQFH SHU XQLW
OHQJWK�

�D� �E�

)LJXUH ����� $ WKUHH�GLPHQVLRQDO YLHZ �D� RI WKH LQYHUVH SUREOHP VROXWLRQ VSDFH IRU WKH
QRUPDOL]HG PDWHULDO SHUPLWWLYLW\ IRU WKH ��� PP ZDYHOHQJWK DQG D SORW RI WKH LQYHUVH
SUREOHP VROXWLRQ VSDFH LVR�FRQWRXUV �E� IRU WKH QRUPDOL]HG PDWHULDO SHUPLWWLYLW\�

���
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��� PP :DYHOHQJWK

7KH VROXWLRQV IRU WKH ��� PP ZDYHOHQJWK KDYH HVVHQWLDOO\ WKH VDPH IHDWXUHV DV WKRVH IRU

WKH � PP ZDYHOHQJWK� DOUHDG\ SUHVHQWHG� 7KH JUDSKLFDO UHSUHVHQWDWLRQ RI WKHVH VROXWLRQ

VSDFHV �)LJXUHV ��������� IRU ��� PP ZDYHOHQJWK� LV LQFOXGHG KHUH IRU FRPSOHWHQHVV�

��� PP :DYHOHQJWK

7KH VROXWLRQV IRU WKH ��� PP ZDYHOHQJWK KDYH HVVHQWLDOO\ WKH VDPH IHDWXUHV DV WKRVH

IRU WKH � PP ZDYHOHQJWK DQG ��� PP ZDYHOHQJWK� DOUHDG\ SUHVHQWHG� 7KH JUDSKLFDO

UHSUHVHQWDWLRQ RI WKHVH VROXWLRQ VSDFHV �)LJXUHV ��������� IRU � PP ZDYHOHQJWK� LV

LQFOXGHG KHUH IRU FRPSOHWHQHVV� 1DWXUDOO\� WKH PDWHULDO OD\HU GLUHFWO\ DGMDFHQW WR WKH

VHQVRU GRHV QRW KDYH WR EH RI LQnQLWH WKLFNQHVV LQ RUGHU IRU WKHVH VROXWLRQ VSDFHV WR EH

DSSOLFDEOH� 7KHVH VROXWLRQV DUH YDOLG RU DSSUR[LPDWHO\ YDOLG DV ORQJ DV WKH nUVW OD\HU

WKLFNQHVV LV ODUJHU WKHQ WKH SHQHWUDWLRQ GHSWK RYHU D JLYHQ ZDYHOHQJWK�

���
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�D� �E�

)LJXUH ����� $ WKUHH�GLPHQVLRQDO YLHZ �D� DQG D SORW RI WKH IRUZDUG SUREOHP VROXWLRQ
VSDFH LVR�FRQWRXUV �E� IRU WKH QRUPDOL]HG WHUPLQDO WUDQVFRQGXFWDQFH SHU XQLW OHQJWK
IRU WKH ��� PP ZDYHOHQJWK RI WKH LQWHUGLJLWDO GLHOHFWURPHWU\ VHQVRU LQ )LJXUH ��� DV D
IXQFWLRQ RI WKH QRUPDOL]HG SHUPLWWLYLW\ DQG FRQGXFWLYLW\ RI WKH PDWHULDO XQGHU WHVW�

�D� �E�

)LJXUH ����� $ WKUHH�GLPHQVLRQDO YLHZ �D� DQG D SORW RI WKH IRUZDUG SUREOHP VROXWLRQ
VSDFH LVR�FRQWRXUV �E� IRU WKH QRUPDOL]HG WHUPLQDO WUDQVFDSDFLWDQFH SHU XQLW OHQJWK
IRU WKH ��� PP ZDYHOHQJWK RI WKH LQWHUGLJLWDO GLHOHFWURPHWU\ VHQVRU LQ )LJXUH ��� DV D
IXQFWLRQ RI WKH QRUPDOL]HG SHUPLWWLYLW\ DQG FRQGXFWLYLW\ RI WKH PDWHULDO XQGHU WHVW�

���



���� ,QWHUSRODWLRQ 8VLQJ 6ROXWLRQ 6SDFHV

�D� �E�

)LJXUH ����� $ WKUHH�GLPHQVLRQDO YLHZ �D� RI WKH LQYHUVH SUREOHP VROXWLRQ VSDFH DQG �E�
D SORW RI WKH LQYHUVH SUREOHP VROXWLRQ VSDFH LVR�FRQWRXUV IRU WKH QRUPDOL]HG PDWHULDO
FRQGXFWLYLW\ RI WKH ��� PP ZDYHOHQJWK LQ WHUPV RI QRUPDOL]HG WHUPLQDO WUDQVFDSDFL�
WDQFH DQG WUDQVFRQGXFWDQFH SHU XQLW OHQJWK�

�D� �E�

)LJXUH ����� $ WKUHH�GLPHQVLRQDO YLHZ �D� RI WKH LQYHUVH SUREOHP VROXWLRQ VSDFH IRU WKH
QRUPDOL]HG PDWHULDO SHUPLWWLYLW\ IRU WKH ��� PP ZDYHOHQJWK DQG D SORW RI WKH LQYHUVH
SUREOHP VROXWLRQ VSDFH LVR�FRQWRXUV �E� IRU WKH QRUPDOL]HG PDWHULDO SHUPLWWLYLW\�

���
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�D� �E�

)LJXUH ����� $ WKUHH�GLPHQVLRQDO YLHZ �D� DQG D SORW RI WKH IRUZDUG SUREOHP VROXWLRQ
VSDFH LVR�FRQWRXUV �E� IRU WKH QRUPDOL]HG WHUPLQDO WUDQVFRQGXFWDQFH SHU XQLW OHQJWK
IRU WKH ��� PP ZDYHOHQJWK RI WKH LQWHUGLJLWDO GLHOHFWURPHWU\ VHQVRU LQ )LJXUH ��� DV D
IXQFWLRQ RI WKH QRUPDOL]HG SHUPLWWLYLW\ DQG FRQGXFWLYLW\ RI WKH PDWHULDO XQGHU WHVW�

�D� �E�

)LJXUH ����� $ WKUHH�GLPHQVLRQDO YLHZ �D� DQG D SORW RI WKH IRUZDUG SUREOHP VROXWLRQ
VSDFH LVR�FRQWRXUV �E� IRU WKH QRUPDOL]HG WHUPLQDO WUDQVFDSDFLWDQFH SHU XQLW OHQJWK
IRU WKH ��� PP ZDYHOHQJWK RI WKH LQWHUGLJLWDO GLHOHFWURPHWU\ VHQVRU LQ )LJXUH ��� DV D
IXQFWLRQ RI WKH QRUPDOL]HG SHUPLWWLYLW\ DQG FRQGXFWLYLW\ RI WKH PDWHULDO XQGHU WHVW�

���



���� ,QWHUSRODWLRQ 8VLQJ 6ROXWLRQ 6SDFHV

�D� �E�

)LJXUH ����� $ WKUHH�GLPHQVLRQDO YLHZ �D� RI WKH LQYHUVH SUREOHP VROXWLRQ VSDFH DQG �E�
D SORW RI WKH LQYHUVH SUREOHP VROXWLRQ VSDFH LVR�FRQWRXUV IRU WKH QRUPDOL]HG PDWHULDO
FRQGXFWLYLW\ RI WKH ��� PP ZDYHOHQJWK LQ WHUPV RI QRUPDOL]HG WHUPLQDO WUDQVFDSDFL�
WDQFH DQG WUDQVFRQGXFWDQFH SHU XQLW OHQJWK�

�D� �E�

)LJXUH ����� $ SORW RI WKH LQYHUVH SUREOHP VROXWLRQ VSDFH LVR�FRQWRXUV IRU WKH QRUPDOL]HG
PDWHULDO SHUPLWWLYLW\ IRU WKH ��� PP ZDYHOHQJWK�

���
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����� )UHTXHQF\ &RQYHUVLRQ RI &DOFXODWHG 5HVXOWV

&RQVLGHU DQ LQWHUGLJLWDO VHQVRU LPPHUVHG LQWR D KRPRJHQHRXV PDWHULDO ZLWK XQNQRZQ

GLHOHFWULF SHUPLWWLYLW\ �� DQG FRQGXFWLYLW\ }�� 6XSSRVH WKDW DW VRPH ZHOO�FKRVHQ UHI�

HUHQFH IUHTXHQF\ IU WKH FDSDFLWDQFH DQG FRQGXFWDQFH ZDV WDEXODWHG IRU DOO �� DQG }��

7KHQ FRQVLGHU D WHVW RQ DQ XQNQRZQ VDPSOH ZKRVH SURSHUWLHV DUH QRW NQRZQ EXW DUH

WR EH GHWHUPLQHG� )URP D SUDFWLFDO SRLQW RI YLHZ� ZH ZRXOG OLNH WR UXQ DQ H[SHULPHQW

DW D GULYH IUHTXHQF\ VXFK WKDW WKHUH LV DSSUHFLDEOH SKDVH LQ WKH UHVSRQVH WR EH DEOH WR

DFFXUDWHO\ GLVWLQJXLVK }� DQG ��� )XUWKHUPRUH� WKH PDWHULDO PD\ EH GLVSHUVLYH DQG DV

VXFK LWV SURSHUWLHV ZLOO FKDQJH ZLWK IUHTXHQF\� )RU WKHVH UHDVRQV WKH WHVW PLJKW QRW EH

FRQGXFWHG DW WKH UHIHUHQFH IUHTXHQF\� 1HYHUWKHOHVV� JLYHQ WKH PHDVXUHPHQW IUHTXHQF\

IL� WKH UHVSRQVH DQG WDEXODWHG UHVXOWV IURP FRPSXWHU VLPXODWLRQ DW WKH UHIHUHQFH IUH�

TXHQF\ IU ZH FDQ HVWLPDWH WKH SDUDPHWHUV }� DQG �� DW IUHTXHQF\ IL� 6SHFLnFDOO\�

IRU HDFK *���&�� �WUDQVFRQGXFWDQFH�WUDQVFDSDFLWDQFH� SDLU GHWHUPLQHG DW IUHTXHQF\ IL�

RQH FDQ LGHQWLI\ WKH FRUUHVSRQGLQJ �� DQG }� DW WKH UHIHUHQFH IUHTXHQF\ WKDW ZRXOG

JLYH WKLV UHVSRQVH� 1RWH WKDW }L }U�IL�IU� VR WKDW }� DW WKH IUHTXHQF\ IL FDQ UHDGLO\

EH REWDLQHG�

/HW
V LQWURGXFH WKH } b I QRUPDOL]DWLRQ ZKLFK DOORZV RQH WR nQG WKH YDOXHV RI *��

DQG &�� IRU DQ\ YDOXH IUHTXHQF\ I DQG DQ\ JLYHQ SDLU RI � DQG }� )RU FDSDFLWDQFHV�

WKH QRUPDOL]DWLRQ LV�

& >IU� }LIU IL� �@  & >IL� }L� �@ ������

ZKHUH }L LV WKH FRQGXFWLYLW\ RI LQWHUHVW� IL LV WKH PHDVXUHPHQW IUHTXHQF\ RI LQWHUHVW�

DQG IU LV WKH UHIHUHQFH IUHTXHQF\� 6LPLODUO\� IRU FRQGXFWDQFHV� WKH QRUPDOL]DWLRQ LV�

* >IU� }LIU IL� �@  
IU
IL
* >IL� }L� �@ ������

7R EHVW YLVXDOL]H WKH YDULDWLRQ RI FRQGXFWDQFH ZLWK FRQGXFWLYLW\� LW LV FRQYHQLHQW WR

SORW WKH FRQGXFWDQFH QRUPDOL]HG WR }�}U� ZKHUH }U FDQ EH FKRVHQ DUELWUDULO\�

7KH IROORZLQJ DOJRULWKP LV XVHG IRU HVWLPDWLRQ RI FRPSOH[ GLHOHFWULF SHUPLWWLYLW\

IURP PHDVXUHPHQWV ZLWK WKH LQWHUGLJLWDO VHQVRU�

�� &RQYHUW WKH YDOXHV RI JDLQ DQG SKDVH PHDVXUHG DW IUHTXHQF\ IL WR *�� DQG &���

���



���� 0HDVXUHPHQW DQG (UURU 3URSDJDWLRQ $QDO\VLV IRU 0XOWLSOH�/D\HU 3URnOHV

�� 1RUPDOL]H WR IU E\ DSSO\LQJ ������ DQG �������

�� %\ LQWHUSRODWLRQ� nQG WKH YDOXHV RI � DQG } RQ WKH FDOLEUDWLRQ VXUIDFHV WKDW

FRUUHVSRQG WR WKH UHIHUHQFH IUHTXHQF\ YDOXHV RI *�� DQG &���

�� &DOFXODWH WKH FRQGXFWLYLW\ YDOXH DW PHDVXUHPHQW IUHTXHQF\ IL E\ DSSO\LQJ WKH

UHODWLRQVKLS }L }U�IL�IU��

7KHVH VWHSV DUH SHUIRUPHG IRU HDFK GLVWLQFW PHDVXUHPHQW IUHTXHQF\ VHSDUDWHO\� 1RWH

WKDW WKLV SURFHGXUH GRHV QRW UHTXLUH DQ\ LWHUDWLRQV DQG H[WHQVLYH FRPSXWDWLRQV� VR� WKH

LQYHUVLRQ LV SHUIRUPHG QHDUO\ LQVWDQWO\ RQFH WKH ORRN XS WDEOH DW WKH UHIHUHQFH IUHTXHQF\

KDV EHHQ FRPSXWHG�

7KH UDQJH RI FDOLEUDWLRQ VKRXOG EH VHOHFWHG VR WKDW WKH UDWLR ���} LV EHWZHHQ ��b�

DQG ���� 2XWVLGH RI WKLV UDQJH WKH LQoXHQFH RI RQH RI WKH YDULDEOHV RQ WKH RXWSXW LV

LQVLJQLnFDQW�

��� 0HDVXUHPHQW DQG (UURU 3URSDJDWLRQ $QDO\VLV

IRU 0XOWLSOH�/D\HU 3URnOHV

0HDVXUHPHQW RI PXOWLOD\HU PDWHULDO SURSHUWLHV ZLWK IULQJLQJ HOHFWULF nHOG GLHOHFWURPH�

WU\ VHQVRUV UHTXLUHV SURFHVVLQJ WHUPLQDO DGPLWWDQFH GDWD IURP PXOWLSOH HOHFWURGH SDLUV�

7KH FKRLFH RI WKH DOJRULWKPLF DSSURDFK IRU GDWD DQDO\VLV LV FULWLFDOO\ LPSRUWDQW EHFDXVH

RI D KLJK VHQVLWLYLW\ WR VPDOO PHDVXUHPHQW HUURUV� :KLOH LQGLYLGXDO FKDQQHO HUURUV DUH

XVXDOO\ ZLWKLQ D UHDVRQDEOH LQVWUXPHQWDWLRQ UDQJH� PHDVXUHPHQW RI SURSHUWLHV RI PXO�

WLSOH PDWHULDO OD\HUV IDLOV XQOHVV VSHFLDO WHFKQLTXHV DUH XVHG WR SUHYHQW QXPHULFDO LQVWD�

ELOLWLHV� 7KLV VHFWLRQ GHPRQVWUDWHV WKH PHFKDQLVP RI HUURU SURSDJDWLRQ LQ D VXFFHVVLYH

VWDLU�VWHS SURSHUW\ HVWLPDWLRQ LQ ZKLFK WKH HVWLPDWH RI RQH OD\HU
V SURSHUWLHV DUH XVHG

WR HVWLPDWH WKH VXEVHTXHQW OD\HU
V SURSHUWLHV� 7KUHH�ZDYHOHQJWK PHDVXUHPHQWV RI GL�

HOHFWULF SHUPLWWLYLW\ DQG FRQGXFWLYLW\ LOOXVWUDWH WKH SUREOHP LQ WZR�OD\HU H[SHULPHQWDO

VHWXSV� /LPLWDWLRQV RI WKH VWDLU�VWHS DSSURDFK DQG SRVVLEOH IXWXUH LPSURYHPHQWV DUH

GLVFXVVHG�

���
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7KH PXOWLSOH SHQHWUDWLRQ GHSWK IULQJLQJ HOHFWULF nHOG GLHOHFWURPHWU\ VHQVRU XVHG LQ

WKLV VWXG\ LV VKRZQ LQ )LJXUH ���� ,W FRQVLVWV RI WKUHH VHWV RI WRSRORJLFDOO\ LGHQWLFDO

LQWHUGLJLWDO HOHFWURGHV HWFKHG RQ D FRPPRQ oH[LEOH 7HoRQ VXEVWUDWH� 7KH JUD\ VKDGHG

DUHD LQGLFDWHV JXDUG EDFNSODQHV RQ WKH UHYHUVH VLGH RI WKH VXEVWUDWH� 0HDVXUHPHQW RI

PDWHULDO SURSHUWLHV DW GLmHUHQW GHSWKV IURP WKH VXUIDFH LV DFKLHYHG WKURXJK YDULDWLRQ RI

VSDWLDO SHULRGLFLW\ RI LQWHUGLJLWDO HOHFWURGH SDLUV� 7KH ODUJHU WKH GLVWDQFH EHWZHHQ WKH

HOHFWURGH FHQWHUOLQHV WKH GHHSHU LV WKH HmHFWLYH SHQHWUDWLRQ GHSWK� ,GHDOO\� DSSURSUL�

DWH SURFHVVLQJ RI VLJQDOV IURP DOO SDLUV VKRXOG SURYLGH DQ DGHTXDWH SLFWXUH RI PDWHULDO

SURSHUW\ GLVWULEXWLRQV WKDW RQO\ YDU\ ZLWK WKH ] FRRUGLQDWH DQG GR QRW FKDQJH ZLWK

[ RU \ FRRUGLQDWHV DFURVV WKH VHQVRU KHDG� 7KH WUDQVDGPLWWDQFH EHWZHHQ HOHFWURGH

SDLUV LV PHDVXUHG E\ GULYLQJ RQH HOHFWURGH ZLWK D NQRZQ VLQXVRLGDO YROWDJH VLJQDO DQG

PHDVXULQJ WKH WHUPLQDO FXUUHQW RQ WKH RWKHU HOHFWURGH� ,Q RXU QRUPDO SUDFWLFH� WKH

IUHTXHQF\ RI WKLV VLJQDO YDULHV EHWZHHQ ����� +] DQG �� N+]� 6HYHUDO SDUDPHWHU HVWL�

PDWLRQ DOJRULWKPV KDYH EHHQ FRQVWUXFWHG WR UHODWH WUDQVDGPLWWDQFH YDOXHV WR GLHOHFWULF

SHUPLWWLYLW\ DQG FRQGXFWLYLW\ RI D PDWHULDO OD\HU XQGHU WHVW DW GLmHUHQW GHSWKV LQ D

PXOWL�OD\HU V\VWHP� 7KH VROXWLRQ VSDFHV IURP 6HFWLRQ ����� KDYH EHHQ XVHG KHUH IRU

SDUDPHWHU HVWLPDWLRQ�

7KLV VHQVRU KDV EHHQ XVHG LQ VHYHUDO SUHOLPLQDU\ VWXGLHV DLPHG DW PHDVXUHPHQWV RI

PRLVWXUH GLmXVLRQ WKURXJK HOHFWULF LQVXODWLRQ RI SRZHU WUDQVIRUPHUV >��� ��@� VRPH RI

ZKLFK DUH LQFOXGHG LQ &KDSWHU �� RI WKLV WKHVLV� 6LQFH QR RWKHU H[SHULPHQWDO WHFKQLTXH LV

FXUUHQWO\ DYDLODEOH IRU YHULnFDWLRQ RI PHDVXUHG GLVWULEXWLRQV RI PRLVWXUH FRQFHQWUDWLRQ�

WKH HVWLPDWLRQ RI VHQVLWLYLW\ DQG SRWHQWLDO PHDVXUHPHQW HUURU EHFRPHV SDUWLFXODUO\

LPSRUWDQW� 0DQ\ WKHRUHWLFDO DQG H[SHULPHQWDO DSSURDFKHV DUH DYDLODEOH IRU VHQVLWLYLW\

DQDO\VLV� 7KH JRDO RI WKLV VHFWLRQ LV WR SUHVHQW UHVXOWV RI VLPXODWLRQV DQG PHDVXUHPHQWV

WKDW DUH GLUHFWO\ DSSOLFDEOH WR WKH VWDLU�VWHS LQYHUVLRQ DOJRULWKP� ,Q WKLV DOJRULWKP�

GLHOHFWULF SURSHUWLHV FORVH WR WKH VHQVRU DUH HVWLPDWHG nUVW� DQG WKHQ XVHG WR HVWLPDWH

SURSHUWLHV RI FRQVHFXWLYH OD\HUV >�����@�

7KLV VHFWLRQ WUHDWV LVVXHV UHODWHG WR VHQVLWLYLW\ DQG DFFXUDF\ RI SDUDPHWHU HVWLPD�

WLRQV IURP LQWHUGLJLWDO GLHOHFWURPHWU\ PHDVXUHPHQWV� 7KH LQoXHQFH RI VPDOO GLVWXU�

���
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EDQFH IDFWRUV RI QRQ�GHVWUXFWLYH PHDVXUHPHQWV JURZV GUDPDWLFDOO\ ZLWK WKH QXPEHU RI

XQNQRZQ YDULDEOHV WKDW FKDUDFWHUL]H PDWHULDOV XQGHU WHVW� ,Q WKH IUDPHZRUN RI LQYHUVH

SUREOHP WKHRU\ LW PHDQV WKDW WKH SUREOHP RI PDWHULDO FKDUDFWHUL]DWLRQ LV LOO�SRVHG�

EHFDXVH D KLJK YDULDWLRQ LQ RXWSXW SDUDPHWHUV RFFXUV GXH WR WKH VPDOO YDULDWLRQ RI

LQSXW SDUDPHWHUV� 7R MXVWLI\ WKLV FODLP� D QXPHULFDO H[DPSOH RI HUURU SURSDJDWLRQ LV

SUHVHQWHG KHUH DQG WKHQ IROORZHG E\ PHDVXUHPHQW YHULnFDWLRQ� 7KH UHVXOWV RI PHD�

VXUHPHQWV DOVR LOOXVWUDWH WKH SRWHQWLDO RI WKLV WHFKQRORJLFDO DSSURDFK DQG LQGLFDWH LWV

FXUUHQW OLPLWDWLRQV�

����� (UURU 3URSDJDWLRQ

*HQHUDO 3URFHGXUH

)LQLWH HOHPHQW PHWKRG FRPSXWHU VLPXODWLRQV DUH XVHG WR HVWLPDWH HUURU SURSDJDWLRQ IRU

D VSHFLnF FDVH RI SHUIHFWO\ LQVXODWLQJ WKUHH�OD\HU PHGLD� 7KH UHVXOWV RI WKHVH VLPXODWLRQV

VKRZ KRZ DQ DFFXPXODWLRQ RI VPDOO PHDVXUHPHQW HUURUV PD\ OHDG WR D FRPSOHWHO\

LQFRUUHFW HVWLPDWLRQ RI PDWHULDO SURSHUWLHV� 7KH OLPLWDWLRQV RI WKH VWDLU�VWHS LQYHUVH

SUREOHP DSSURDFK DULVH PRVWO\ IURP WKLV SKHQRPHQD�

&RQVLGHU WKH WKUHH OD\HU V\VWHP VKRZQ LQ )LJXUH ����� ,GHDOO\� XVLQJ D WKUHH�

ZDYHOHQJWK VHQVRU ZLWK SHQHWUDWLRQ GHSWKV FRPSDUDEOH WR WKH LQWHUIDFH SRVLWLRQV RI

WKH WKUHH OD\HUV� RQH VKRXOG EH DEOH WR GHWHUPLQH WKH GLHOHFWULF SURSHUWLHV RI HDFK OD\HU�

)RU VLPSOLFLW\� OHW XV FRQVLGHU D QRQ�FRQGXFWLQJ FDVH� VR WKDW }�� }�� DQG }� DUH HTXDO

WR ]HUR� 7KHQ� WKH WKUHH SHUPLWWLYLWLHV WR EH GHWHUPLQHG IURP WKH WKUHH�ZDYHOHQJWK

PHDVXUHPHQWV DUH ��� ��� DQG ��� )RU WKH SXUSRVH RI WKLV QXPHULFDO H[DPSOH� WKH GLV�

WDQFH EHWZHHQ WKH WRS RI WKH VHQVRU HOHFWURGHV DQG WKH LQWHUIDFLDO ERXQGDULHV RI WKH

FRUUHVSRQGLQJ OD\HUV LV FKRVHQ WR EH ��� RI WKH VSDWLDO ZDYHOHQJWK� 6R� WKH WKLFNQHVV

RI WKH nUVW OD\HU LV ��� xP� WKH WKLFNQHVV RI WKH VHFRQG OD\HU LV ������� ��� xP� DQG

WKH WKLFNQHVV RI WKH WKLUG OD\HU LV DVVXPHG WR EH LQnQLWH� 7R VWDUW� ZH DVVXPH DOO WKUHH

OD\HUV KDYH LGHQWLFDO UHODWLYH SHUPLWWLYLW\� ��  ��  ��  �� VR WKDW WKH WUDQVFDSDFL�

WDQFH RI HDFK ZDYHOHQJWK LV RQO\ D IXQFWLRQ RI �� )RU D SDUWLFXODU RSHUDWLQJ SRLQW ZH

���
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)LJXUH ����� 7KUHH OD\HUV ZLWK XQNQRZQ SHUPLWWLYLW\ DQG FRQGXFWLYLW\ FDQ EH FKDUDF�
WHUL]HG E\ D KDOI�ZDYHOHQJWK PRGHO�

XVH 7HoRQ ZLWK �  ����

:KHQHYHU DQ LQnQLWH KRPRJHQHRXV OD\HU LV XVHG LQ WKH VLPXODWLRQV EHORZ� WKH GL�

HOHFWULF SHUPLWWLYLW\ RI WKH OD\HU RU OD\HUV FORVH WR WKH VHQVRU GHWHUPLQHV DQG LV HTXDO WR

WKH GLHOHFWULF SHUPLWWLYLW\ RI WKH XSSHU OD\HUV� 7KH LQnQLWH KRPRJHQHRXV OD\HU DOZD\V

VWDUWV DW WKH SHQHWUDWLRQ GHSWK ���� w� RI WKH VLPXODWHG ZDYHOHQJWK� )RU FODULW\� WKHVH

DVVXPSWLRQV DUH VWDWHG DW HDFK nJXUH FDSWLRQ� 7KH FRPELQHG OD\HUV DUH GHVFULEHG ZLWK

WKH SHUPLWWLYLW\ VXEVFULSWV RI HDFK RI WKH OD\HUV� IRU H[DPSOH� WKH FRPELQHG nUVW DQG

VHFRQG OD\HUV PHDVXUHG E\ WKH ��� PP ZDYHOHQJWK DUH GHVFULEHG ZLWK WKH SHUPLWWLYLW\

���� ZKHUH ���  ��  ���

2QH�OD\HU 3DUDPHWHU (VWLPDWLRQ

)LJXUH ���� VKRZV WKH WUDQVFDSDFLWDQFH IRU WKH � PP ZDYHOHQJWK FRPSXWHG RQ D SHU

PHWHU OHQJWK EDVLV IRU DQ LQnQLWHO\ WKLFN OD\HU RI UHODWLYH SHUPLWWLYLW\ �  ��� ,W LV

QHDUO\ OLQHDU� DQG WKH h�� HUURU ERXQGV LQ WKH PHDVXUHPHQW RI LQWHUHOHFWURGH FDSDF�

LWDQFH OHDGV WR h���� HUURU LQ WKH HVWLPDWHG YDOXH RI UHODWLYH GLHOHFWULF SHUPLWWLYLW\
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���� 0HDVXUHPHQW DQG (UURU 3URSDJDWLRQ $QDO\VLV IRU 0XOWLSOH�/D\HU 3URnOHV

)LJXUH ����� (UURU EUDFNHWV RI WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ �  �� DURXQG ��  ���
RI WKH nUVW OD\HU �ZLWK ��  ��  ��  �� FDOFXODWHG DVVXPLQJ D h�� HUURU RI WKH �
PP ZDYHOHQJWK LQWHUHOHFWURGH FDSDFLWDQFH SHU PHWHU OHQJWK & �

�� GXH WR D FRPELQHG
LQoXHQFH RI DOO GLVWXUEDQFH IDFWRUV DQG WKH PHDVXUHPHQW QRLVH�

DURXQG ��  ���� 7KH WKUHH SHUFHQW HUURU ERXQG LV DQ DVVXPSWLRQ EDVHG RQ D VWDWLV�

WLFDO GHVFULSWLRQ RI RXU H[WHQVLYH H[SHULPHQWDO GDWD� 7KH ZRUVW FDVH HUURU GHSHQGV RQ

DSSOLFDWLRQ� ,W FRPELQHV NQRZQ DQG XQNQRZQ GLVWXUEDQFH IDFWRUV� LQFOXGLQJ HOHFWURQLF

HTXLSPHQW QRLVH� URXQG�Rm GXH WR $�' FRQYHUVLRQ� PDQXIDFWXULQJ WROHUDQFHV RI WKH

VHQVRU LWVHOI� DFFXUDF\ RI NQRZQ JHRPHWULF SDUDPHWHUV� HmHFWV RI WKH nQLWH OHQJWK DQG

ZLGWK RI WKH VHQVRU KHDG QRW LQFOXGHG LQ WKH �' KDOI�ZDYHOHQJWK FHOO PRGHO VKRZQ LQ

)LJXUH ����� DQG RWKHUV� )LJXUH ���� VKRZV WKH WUDQVFDSDFLWDQFH IRU WKH ��� PP ZDYH�

OHQJWK� DJDLQ� DVVXPLQJ DQ LQnQLWHO\ WKLFN OD\HU RI PDWHULDO ZLWK �  ���� 7KH h��
HUURU LQ WKH HVWLPDWLRQ RI WKH LQWHUHOHFWURGH FDSDFLWDQFH &�� OHDGV WR D h���� HUURU LQ
WKH HVWLPDWHG YDOXH RI �� )LJXUH ���� VKRZV UHVXOWV RI WKH VDPH W\SH RI FDOFXODWLRQ IRU

WKH � PP ZDYHOHQJWK� ZLWK WKH HUURU LQ WKH HVWLPDWHG YDOXH RI �  ���� EHLQJ HTXDO WR

h����� *LYHQ WKH DVVXPHG h�� PHDVXUHPHQW HUURU� WKH DFFXUDF\ RI PDWHULDO SURS�

HUW\ HVWLPDWLRQ IRU D VLQJOH OD\HU RI LQnQLWH H[WHQW LV DFFHSWDEOH LQ DOO WKH DERYH FDVHV�

+RZHYHU� DV ZLOO EH VKRZQ� DV WKH QXPEHU RI XQNQRZQV JURZV LQ D PXOWL�OD\HU V\VWHP�

WKH XQFHUWDLQW\ RI PHDVXUHPHQWV YHU\ TXLFNO\ EHFRPHV XQUHDVRQDEO\ KLJK�

���



&KDSWHU �� ,QYHUVH 3UREOHP

)LJXUH ����� (UURU EUDFNHWV RI WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ �  ��� RI WKH nUVW
WZR OD\HUV �ZLWK ��  ��  ��  �� FDOFXODWHG DVVXPLQJ D h�� HUURU RI WKH ��� PP
ZDYHOHQJWK LQWHUHOHFWURGH FDSDFLWDQFH SHU PHWHU OHQJWK & �

�� GXH WR D FRPELQHG LQoXHQFH
RI DOO GLVWXUEDQFH IDFWRUV DQG WKH PHDVXUHPHQW QRLVH�

7ZR�OD\HU 3DUDPHWHU (VWLPDWLRQ

6XSSRVH WKDW ZH ZDQW WR PHDVXUH SURSHUWLHV RI D WZR�OD\HU PDWHULDO XQGHU WHVW DQG

FRQVLGHU WZR FDVHV� ,Q WKH nUVW FDVH� WKH UHVXOWV RI PHDVXUHPHQWV ZLWK WZR QHLJKERULQJ

�E\ VL]H� ZDYHOHQJWKV� � PP DQG ��� PP DUH XVHG WR HVWLPDWH PDWHULDO SURSHUWLHV� ,Q

WKH VHFRQG FDVH� WKH WZR VSDWLDO ZDYHOHQJWKV DUH PRUH GLVVLPLODU �� PP YV � PP�� 7KH

UHVXOWV RI VLPXODWLRQV IRU WKH nUVW FDVH DUH VKRZQ LQ )LJXUH ����� 7KH WRS DQG ERWWRP

FXUYHV LQ WKLV nJXUH UHSUHVHQW WKH H[WUHPH FDVHV RI WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\

RI WKH nUVW OD\HU ��O�  ���� DQG �K�  ����� HVWLPDWHG EDVHG RQ WKH PHDVXUHPHQWV ZLWK

D � PP ZDYHOHQJWK� VKRZQ LQ )LJXUH ����� 7KH PLGGOH FXUYH LV WKH FDSDFLWDQFH RI

WKH ��� PP ZDYHOHQJWK FKDQQHO FRPSXWHG DVVXPLQJ WKH FRUUHFW GLHOHFWULF SHUPLWWLYLW\

��Q�  ���� RI WKH nUVW OD\HU� 7KH GDVKHG OLQHV LQGLFDWH WKH PD[LPXP HUURU EUDFNHWV

DVVXPLQJ WKDW WKH HUURU LQ WKH PHDVXUHG YDOXHV RI FDSDFLWDQFH RI WKH ��� PP ZDYHOHQJWK

FKDQQHO GXH WR D FRPELQDWLRQ RI DOO GLVWXUEDQFH IDFWRUV GRHV QRW H[FHHG h��� 2QH
FDQ VHH LPPHGLDWHO\ WKDW WKH HUURU EUDFNHWV IRU WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI

WKH VHFRQG OD\HU� ��� DUH XQDFFHSWDEO\ KLJK� IURP ���� WR ���� RI WKH QRPLQDO YDOXH

�Q�  ��� ��
O
�  ����� �

K
�  ������

,Q WKH VHFRQG FDVH ZLWK WKH � PP DQG � PP ZDYHOHQJWKV� VKRZQ LQ )LJXUH ����� WKH

���



���� 0HDVXUHPHQW DQG (UURU 3URSDJDWLRQ $QDO\VLV IRU 0XOWLSOH�/D\HU 3URnOHV

)LJXUH ����� (UURU EUDFNHWV RI WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ �  ���� RI WKH nUVW
WKUHH OD\HUV �ZLWK ��  ��  ��  �� FDOFXODWHG DVVXPLQJ D h�� HUURU RI WKH � PP
ZDYHOHQJWK LQWHUHOHFWURGH FDSDFLWDQFH SHU PHWHU OHQJWK & �

�� GXH WR D FRPELQHG LQoXHQFH
RI DOO GLVWXUEDQFH IDFWRUV DQG WKH PHDVXUHPHQW QRLVH�

HUURU EUDFNHWV RI WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ HVWLPDWLRQ DUH VLJQLnFDQWO\ PRUH

QDUURZ� DERXW h�� RI WKH QRPLQDO YDOXH �Q�  ��� ��O�  ����� �K�  ������

7KUHH�OD\HU 3DUDPHWHU (VWLPDWLRQ

$ WKUHH�OD\HU SDUDPHWHU HVWLPDWLRQ XVLQJ D VWUDLJKWIRUZDUG VWDLU�VWHS DOJRULWKP UHVXOWV

LQ YHU\ ODUJH HUURU EUDFNHWV� )LJXUH ���� VKRZV WKH HUURU EUDFNHWV IRU WKH UHODWLYH GLHOHF�

WULF SHUPLWWLYLW\ RI WKH WKLUG OD\HU� ��� FRPSXWHG XVLQJ SUHYLRXVO\ HVWLPDWHG YDOXHV RI

GLHOHFWULF SHUPLWWLYLWLHV RI WKH nUVW DQG VHFRQG OD\HUV� �� DQG ��� UHVSHFWLYHO\� IRXQG LQ

)LJXUHV ���� DQG ����� 6LQFH IRU WKLV HOHFWURGH JHRPHWU\ WKH LQWHUHOHFWURGH FDSDFLWDQFH

JURZV ZLWK WKH LQGLYLGXDO GLHOHFWULF SHUPLWWLYLWLHV RI HDFK OD\HU� WKH FXUYHV RI WKH H[�

WUHPH FDVHV XVH D FRPELQDWLRQ RI ERWK KLJKHVW ��K� � �
K
�� RU ERWK ORZHVW ��

O
�� �

O
�� GLHOHFWULF

SHUPLWWLYLWLHV� 7KLV h�� HUURU RI WKH PHDVXUHG FDSDFLWDQFH RI WKH � PP ZDYHOHQJWK

FKDQQHO UHVXOWV LQ D ���� DQG ����� HUURU LQ WKH YDOXH RI WKLUG OD\HU SHUPLWWLYLW\

DURXQG �Q�  ��� ��
O
�  ���� �

K
�  ������

���



&KDSWHU �� ,QYHUVH 3UREOHP

)LJXUH ����� (UURU EUDFNHWV RI WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ DURXQG ��  ��� �ZLWK
��  ��� RI WKH VHFRQG OD\HU FDOFXODWHG DVVXPLQJ D h�� HUURU RI WKH ��� PP ZDYHOHQJWK
LQWHUHOHFWURGH FDSDFLWDQFH SHU PHWHU OHQJWK & �

�� GXH WR D FRPELQHG LQoXHQFH RI DOO
GLVWXUEDQFH IDFWRUV DQG PHDVXUHPHQW QRLVH IRU nUVW OD\HU SHUPLWWLYLW\ YDOXHV �O�  �����
�Q�  ���� DQG �K�  �����

)LJXUH ����� (UURU EUDFNHWV RI WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ �ZLWK ��  ��� RI
WKH VHFRQG DQG WKLUG OD\HUV FDOFXODWHG DVVXPLQJ D h�� HUURU RI WKH � PP ZDYHOHQJWK
LQWHUHOHFWURGH FDSDFLWDQFH SHU PHWHU OHQJWK & �

�� GXH WR D FRPELQHG LQoXHQFH RI DOO
GLVWXUEDQFH IDFWRUV DQG PHDVXUHPHQW QRLVH IRU nUVW OD\HU SHUPLWWLYLW\ YDOXHV �O�  �����
�Q�  ���� DQG �K�  �����

���



���� 0HDVXUHPHQW DQG (UURU 3URSDJDWLRQ $QDO\VLV IRU 0XOWLSOH�/D\HU 3URnOHV

)LJXUH ����� (UURU EUDFNHWV RI WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI WKH WKLUG OD\HU
FDOFXODWHG DVVXPLQJ D h�� HUURU RI WKH � PP ZDYHOHQJWK LQWHUHOHFWURGH FDSDFLWDQFH
SHU PHWHU OHQJWK & �

�� GXH WR D FRPELQHG LQoXHQFH RI DOO GLVWXUEDQFH IDFWRUV DQG PHD�
VXUHPHQW QRLVH IRU nUVW DQG VHFRQG OD\HU SHUPLWWLYLW\ YDOXHV ��O�  ����� �O�  ������
��Q�  ���� �

Q
�  ����� DQG ��

K
�  ����� �

K
�  ������

���



&KDSWHU �� ,QYHUVH 3UREOHP

)LJXUH ����� $ JHQHULF WZR�OD\HU WHVW VDPSOH ZLWK WZR XQNQRZQ GLHOHFWULF OD\HUV XVHG
LQ WKLV H[SHULPHQW VHULHV�

����� ([SHULPHQWDO 5HVXOWV

'HVFULSWLRQ RI 6HWXSV

7KH GLHOHFWULF SURSHUWLHV RI LQVXODWLQJ PDWHULDOV KDYH EHHQ GHWHUPLQHG H[SHULPHQWDOO\

IRU VHYHUDO FDVHV� DOO RI ZKLFK FDQ EH GHVFULEHG E\ WKH JHQHUDO GLDJUDP LQ )LJXUH �����

7KH oXLG PDWHULDO DGMDFHQW WR WKH VHQVRU LQ WKLV VHULHV RI H[SHULPHQWV HQVXUHV D SHUIHFW

FRQWDFW EHWZHHQ WKH VHQVRU KHDG DQG WKH PDWHULDO XQGHU WHVW� 6LQFH WKH WKHRUHWLFDO

DQDO\VLV RI WKH SUHYLRXV VROXWLRQV VKRZV WKDW WKH FRPELQDWLRQ RI WKH � PP DQG WKH �

PP ZDYHOHQJWKV LV PRUH DFFXUDWH WKDQ RWKHU FRPELQDWLRQV IRU D WZR�OD\HU V\VWHP� WKLV

FRPELQDWLRQ LV XVHG IRU WKH WZR�OD\HU DQDO\VLV EHORZ�

7KH SURSHUWLHV RI HDFK OD\HU DUH VXPPDUL]HG DW WKH WRS SDUW RI 7DEOH ����� ,Q

FDVHV �� �� DQG � ZH DVVXPH WKDW WKH FRQGXFWLYLW\ RI WKH VHFRQG OD\HU LV NQRZQ WR EH

QHJOLJLEOH�

&DVH �� 6HQVRU LQ DLU� 7KLV VLQJOH LQnQLWH OD\HU FDVH LV XVHG IRU FDOLEUDWLRQ WR

DFFRXQW IRU IULQJLQJ nHOG HmHFWV� PDQXIDFWXULQJ LPSHUIHFWLRQV� VWUD\ OHDG FDSDFLWDQFHV�

DQG RWKHU VRXUFHV RI VPDOO H[SHULPHQWDO HUURUV� 2QH XQNQRZQ �� ���  ��  ���

}�  }�  ��� ZKLFK FDQ EH FKHFNHG DJDLQVW WKH WKHRUHWLFDO YDOXH�

&DVH �� 6HQVRU LQ VLQJOH LQnQLWH OD\HU RI FRUQ RLO� 7ZR XQNQRZQV ���  ��  ��

���



���� 0HDVXUHPHQW DQG (UURU 3URSDJDWLRQ $QDO\VLV IRU 0XOWLSOH�/D\HU 3URnOHV

}�  }�  }��

&DVH �� )LUVW K  ��� xP WKLFN OD\HU ^ DLU� VHFRQG LQnQLWH OD\HU ^ /H[DQ� 7ZR

XQNQRZQV ���� ��� }�  }�  ���

&DVH �� )LUVW K  ��� xP WKLFN OD\HU ^ FRUQ RLO� VHFRQG LQnQLWH OD\HU ^ /H[DQ�

7KUHH XQNQRZQV ���� ��� }�� }�  ���

&DVH �� )LUVW K  ��� xP WKLFN OD\HU ^ FRUQ RLO� VHFRQG LQnQLWH OD\HU ^ 7HoRQ�

7KUHH XQNQRZQV ���� ��� }�� }�  ���

(VWLPDWLRQ $OJRULWKP

$V D nUVW VWHS� WKH GLHOHFWULF SHUPLWWLYLW\ DQG FRQGXFWLYLW\ RI WKH nUVW OD\HU �oXLG OD\HU�

LV GHWHUPLQHG IURP � PP ZDYHOHQJWK DGPLWWDQFH PHDVXUHPHQWV WRJHWKHU ZLWK SUHFDO�

FXODWHG VROXWLRQ VSDFHV GLVFXVVHG LQ >��@ DQG 6HFWLRQ ����� RI WKLV WKHVLV� 7KLV PHWKRG

DVVXPHV WKDW WKH PDWHULDO DERYH WKH VHQVRU LV KRPRJHQHRXV DQG LV RI VHPL�LQnQLWH H[�

WHQW� 7KLV DVVXPSWLRQ LV DSSUR[LPDWHO\ YDOLG IRU WKH � PP ZDYHOHQJWK �SHQHWUDWLRQ

GHSWK DERXW ��� xP� DQG D nUVW OD\HU WKLFNQHVV RI K  ��� xP�

$V D VHFRQG VWHS� WKH GLHOHFWULF SHUPLWWLYLW\ RI WKH VHFRQG OD\HU LV FDOFXODWHG XVLQJ

WKH � PP ZDYHOHQJWK GDWD� )RU FDVHV RI GLVVLPLODU PDWHULDOV� WKH FRQGXFWLYLW\ RI WKH

VHFRQG OD\HU PDWHULDO ZDV ]HUR� }�  �� 7KH SHUPLWWLYLW\ RI WKH VHFRQG OD\HU ZDV IRXQG

E\ VWDQGDUG PLQLPL]DWLRQ WHFKQLTXHV� ZLWK WKH FRVW IXQFWLRQ Y GHnQHG DV�

Y  

YXXW�*P
�� b*F

��

*F
��

��
�

�
&P
�� b &F

��

&F
��

��

������

ZKHUH *P
�� DQG &P

�� DUH PHDVXUHG YDOXHV RI WUDQVFRQGXFWDQFH DQG WUDQVFDSDFLWDQFH� DQG

*F
�� DQG &F

�� DUH WKH YDOXHV RI WUDQVFRQGXFWDQFH DQG WUDQVFDSDFLWDQFH FDOFXODWHG XQGHU

WKH DVVXPSWLRQ WKDW WKH nUVW OD\HU YDOXHV RI GLHOHFWULF SHUPLWWLYLW\ DQG FRQGXFWLYLW\

KDYH EHHQ GHWHUPLQHG FRUUHFWO\ IURP WKH � PP ZDYHOHQJWK PHDVXUHPHQWV� 7KH FRVW

IXQFWLRQ LV PLQLPL]HG ZLWK UHVSHFW WR � DQG } ZKLFK DGMXVW &F
�� DQG *F

�� LQ �������

7KH FRVW IXQFWLRQV IRU WKH FDVHV ZKLFK UHTXLUH WKHLU FDOFXODWLRQV DUH VKRZQ LQ )LJ�

XUHV ���� DQG ����� )LJXUH ���� VKRZV WKDW WKH GLHOHFWULF SHUPLWWLYLW\ RI /H[DQ KDV

EHHQ IRXQG ZLWK DQ DEVROXWH YDOXH RI HUURU RI QR PRUH WKDQ ��� SHUFHQW IRU ��  ����

���



&KDSWHU �� ,QYHUVH 3UREOHP

'LHOHFWULF SURSHUWLHV PHDVXUHG ZLWK JXDUGHG SDUDOOHO�SODWH FDSDFLWRU DW � +] DQG ���� +]

$LU &RUQ 2LO $LU�/H[DQ &RUQ 2LO�/H[DQ &RUQ 2LO�7HoRQ

&DVH � &DVH �D &DVH �E &DVH �D &DVH �D &DVH �E &DVH �D &DVH �E

I �+]� ���� ���� � ���� ���� � ���� �

�H
�

��� ���� ���� ��� ���� ���� ���� ����

}H
�
�S6�P� � � ����� � � ����� � �����

�H
�

��� ���� ���� ���� ���� ���� ��� ���

0HDVXUHG &�� DQG *�� IRU HDFK RI WKUHH ZDYHOHQJWKV

&����PP��S) ������ ������ ������ ������ ������ ������ ������ ������

*�� ��PP��S6 � � ������ � � ������ � ������

&�� ����PP��S) ������ ������ ������ ������ ������ ������ ������ ������

*�� ����PP��S6 � � ������ � � ������ � ������

&�� ��PP��S) ������ ������ ������ ������ ������ ������ ������ ������

*�� ��PP��S6 � � ������ � � ������ � ������

(VWLPDWLRQV RI RQH OD\HU SDUDPHWHUV

����PP� ���� ���� ���� ����� ���� ���� ���� ����

}���PP� � � ����� � � ����� � �����

�������PP� ���� ���� ���� ���� ���� ���� ���� ����

}������PP� � � ����� � � ����� � �����

������PP� ���� ���� ���� ���� ���� ���� ���� ����

}�����PP� � � ����� � � ����� � �����

)LQDO HVWLPDWHG YDOXHV RI � DQG } IRU HDFK OD\HU

�P
�

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

}P
�
�S6 P� ���� � ���������� ���� � ���������� � ����������

�P
�

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

7DEOH ����� 7KH WZR OD\HU GLHOHFWURPHWU\ PHDVXUHPHQWV XVLQJ WKH JHRPHWU\ LQ )LJXUH

���� ZLWK DLU RU FRUQ RLO DV OD\HU � DQG DLU� FRUQ RLO� /H[DQ� RU 7HoRQ DV OD\HU ��

7KH QXPEHUV LQ SDUHQWKHVHV IRU nQDO HVWLPDWHG YDOXHV LQGLFDWH WKH SHUFHQW GLmHUHQFH

IURP WKH PHDVXUHG SDUDOOHO SODWH YDOXHV� 7KH FRUQ RLO FRQGXFWDQFH LV QRW HVWLPDWHG DW

���� +] �PDUNHG ZLWK ?��� ZKHQ WKH VHQVLWLYLW\ RI WKH PHDVXUHPHQW LV NQRZQ WR EH

LQVXpFLHQW�

���



���� 0HDVXUHPHQW DQG (UURU 3URSDJDWLRQ $QDO\VLV IRU 0XOWLSOH�/D\HU 3URnOHV

)LJXUH ����� &RVW IXQFWLRQV IRU FDVHV �D� �D� DQG �E �DLU RU FRUQ RLO DV nUVW OD\HU� /H[DQ
DV WKH VHFRQG OD\HU��

)LJXUH ����� &RVW IXQFWLRQV IRU FDVHV �D DQG �E �FRUQ RLO DV nUVW OD\HU� 7HoRQ DV WKH
VHFRQG OD\HU��

PHDVXUHG ZLWK WKH JXDUGHG SDUDOOHO�SODWH FHOO� DQG WKDW ERWK WKH WUDQVFDSDFLWDQFH DQG

WKH WUDQVFRQGXFWDQFH PHDVXUHG DQG FDOFXODWHG YDOXHV ZHUH LQ FORVH DJUHHPHQW DW WKH

FRVW IXQFWLRQ PLQLPXP� DV LQGLFDWHG E\ D YHU\ ORZ PDJQLWXGH RI WKH FRVW IXQFWLRQ

DW PLQLPXP� 7KH DJUHHPHQW EHWZHHQ LQGLYLGXDO FRPSRQHQWV RI WUDQVDGPLWWDQFH IRU

PHDVXUHPHQWV ZLWK 7HoRQ DV WKH VHFRQG OD\HU ZDV QRW DV JRRG IRU WKH ORZ IUHTXHQF\

PHDVXUHPHQW SRLQW �FDVH �E�� ZKLFK LV VKRZQ LQ )LJXUH ����� 1HYHUWKHOHVV� WKH PHD�

VXUHPHQW HUURU GLG QRW H[FHHG ��� SHUFHQW IRU ��  ���� 7KH FRVW IXQFWLRQ GRHV QRW JR

WR ]HUR EHFDXVH RI HUURUV LQ WKH HVWLPDWLRQ RI WKH GLHOHFWULF SURSHUWLHV RI WKH nUVW OD\HU

DQG PHDVXUHPHQW HUURUV LQ WKH � PP ZDYHOHQJWK FKDQQHO�

���



&KDSWHU �� ,QYHUVH 3UREOHP

����� &RQFOXVLRQV

7KH GLHOHFWULF SURSHUWLHV RI RQH DQG WZR�OD\HU FRQnJXUDWLRQV KDYH EHHQ DFFXUDWHO\ PHD�

VXUHG XVLQJ WZR ZDYHOHQJWKV RI D WKUHH�ZDYHOHQJWK LQWHUGLJLWDO GLHOHFWURPHWU\ VHQVRU�

7KH IRFXV RI WKLV ZRUN LV RQ VHQVLWLYLW\ DQDO\VLV DQG PHDVXUHPHQW HUURU HYDOXDWLRQ IRU

WKH VWDLU�VWHS SDUDPHWHU HVWLPDWLRQ DOJRULWKP� ,W LV LPSRUWDQW WR KLJKOLJKW WKH HUURU

SURSDJDWLRQ SKHQRPHQD LQ RUGHU WR IXUWKHU LPSURYH SDUDPHWHU HVWLPDWLRQ DOJRULWKPV

DQG GHVLJQ RI IULQJLQJ nHOG LQVWUXPHQWDWLRQ� &RPSXWHU VLPXODWLRQV LQGLFDWH WKDW WKH

PHDVXUHPHQW HUURU EXLOGV XS YHU\ TXLFNO\ DV WKH QXPEHU RI XQNQRZQV LQ WKH V\VWHP

LQFUHDVHV� 2Q WKH EDVLV RI VXFK VLPXODWLRQV� WKH GHFLVLRQ FDQ EH PDGH ZKHWKHU WKH

HOHFWURQLF DQG GLHOHFWURPHWU\ LQVWUXPHQWDWLRQ LV DGHTXDWH LQ HYHU\ VSHFLnF VLWXDWLRQ�

)XWXUH HmRUWV VKRXOG FRQFHQWUDWH RQ WKH UHGXFWLRQ RI WKH PDJQLWXGH RI GLVWXUEDQFH IDF�

WRUV DQG QRLVH VRXUFHV LQ GLHOHFWURPHWU\ PHDVXUHPHQWV DQG RQ WKH GHYHORSPHQW RI PRUH

VRSKLVWLFDWHG DQG JHQHULF SURFHGXUHV WR FKDUDFWHUL]H WKH DFFXUDF\ RI IULQJLQJ HOHFWULF

nHOG VHQVRUV�

���



&KDSWHU �

2SWLPL]DWLRQ

��� ,QWURGXFWLRQ

����� 3DUDPHWHU (VWLPDWLRQ $V D 0LQLPL]DWLRQ 3UREOHP

2QH RI WKH SDUDPHWHU HVWLPDWLRQ DOJRULWKPV H[SORUHG LQ WKH FRXUVH RI WKH WKHVLV ZDV

LPSOHPHQWHG XVLQJ 0D[ZHOO� 7KH PHWKRGRORJ\ XVHG IRU SDUDPHWHU HVWLPDWLRQ KDG

SURYHQ WR EH UHDGLO\ JHQHUDOL]DEOH IRU RWKHU W\SHV RI SUREOHPV� 7KLV FKDSWHU GHVFULEHV

HmRUWV RI LPSOHPHQWLQJ WKH SDUDPHWHU HVWLPDWLRQ DOJRULWKP DV D JHQHUDO RSWLPL]DWLRQ

WRRO� 7KLV SURMHFW VWDQGV RQ LWV RZQ� EXW PDQ\ UHVXOWV DUH DYDLODEOH IRU QRQ�GHVWUXFWLYH

WHVWLQJ ZLWK LQWHUGLJLWDO GLHOHFWURPHWU\� WKH PDMRU WRSLF RI WKLV WKHVLV� 7KLV VRIWZDUH

KDV EHHQ GHYHORSHG MRLQWO\ ZLWK VHYHUDO XQGHUJUDGXDWH VWXGHQWV� %LQK 7UXRQJ� -RKQ

0LOOHU� *DXUDY 7HZDUL� DQG -DVRQ %DX� ZKR ZRUNHG XQGHU P\ VXSHUYLVLRQ GXULQJ WKHLU

0,7 8523 DVVLJQPHQWV� 0RVW RI WKLV FKDSWHU LV EDVHG RQ WKHLU XQGHUJUDGXDWH SURMHFW

UHSRUWV�

7KH GHYHORSPHQW RI GHVLJQ RSWLPL]DWLRQ VWUDWHJ\� DOJRULWKPV� DQG VRIWZDUH IRU

SRZHU HTXLSPHQW LV GHVFULEHG� 7KH WDVN RI GHVLJQ RSWLPL]DWLRQ LV IRUPXODWHG DV D

JHQHULF LQYHUVH SUREOHP� 7KDW LV� WKH TXHVWLRQ DVNHG E\ WKH HQJLQHHU LV� ZKDW DUH

WKH JHRPHWULF SDUDPHWHUV DQG PDWHULDO SURSHUWLHV ZKLFK UHVXOW LQ WKH RSWLPXP SHUIRU�

PDQFH RI WKH GHYLFH" 2QH ZD\ WR VROYH WKLV SUREOHP LV WR PDNH LWHUDWLYH JXHVVHV DW WKH

���



&KDSWHU �� 2SWLPL]DWLRQ

GHVLJQ YDULDEOHV� DQG WR FRPSXWH UHSHDWHGO\ WKH JRDO YDULDEOHV XQWLO WKH RSWLPXP LV

DFKLHYHG� 7KH SUHVHQWHG VRIWZDUH WRRO IRU VROYLQJ RSWLPL]DWLRQ SUREOHPV LV GHVLJQHG DV

DQ DGG�RQ WR WKH FRPPHUFLDO nQLWH�HOHPHQW SURJUDP 0D[ZHOO� $Q LQWHUIDFH WR D OLEUDU\

RI RSWLPL]DWLRQ DOJRULWKPV LQ 0DWODE LV SURYLGHG� 5HVXOWV RI WKH RSWLPL]DWLRQ SURFHVV

DUH SUHVHQWHG�

,Q PRVW FDVHV� WKH JHRPHWULFDO DQG SK\VLFDO SURSHUWLHV RI D GHYLFH FDQ EH GHnQHG

SDUDPHWULFDOO\� 7KH SULQFLSOH RI RSHUDWLRQ RI WKH GHYLFH LWVHOI LV NQRZQ LQ DGYDQFH� DQG

WKH WDVN RI DQ HQJLQHHU LV WR nQG D VHW RI SDUDPHWHUV� ZKLFK ZRXOG SURYLGH LWV RSWLPXP

SHUIRUPDQFH� $QDO\WLFDO WHFKQLTXHV DUH XVHIXO DQG SURYLGH LQWXLWLRQ IRU EHVW VROXWLRQV�

KRZHYHU� WKHVH WHFKQLTXHV DUH XVXDOO\ OLPLWHG WR FODVVLFDO VLPSOH VKDSHV DQG JHRPHWULHV�

)RU PRUH FRPSOLFDWHG FDVHV� QXPHULFDO PRGHOLQJ LV QHFHVVDU\�

����� 0RWLYDWLRQ

7KHUH LV VLJQLnFDQW LQWHUHVW ZRUOGZLGH LQ VWXGLHV RI WKLV W\SH� 2SWLPL]DWLRQ� FRPELQHG

ZLWK nQLWH�HOHPHQW VLPXODWLRQ� LV FRQVLGHUHG WR EH RQH RI WKH KLJKO\ SURPLVLQJ DUHDV RI

WHFKQRORJ\� 3UHYLRXVO\� WKH VSHHG DQG PHPRU\ OLPLWDWLRQV RI FRPSXWHUV PDGH VXFK DQ

DSSURDFK LQIHDVLEOH� 5HFHQWO\� WKH H[SRQHQWLDO LPSURYHPHQWV LQ WKH FRPSXWHU LQGXVWU\

LQGXFHG VKLIWV WRZDUGV QXPHULFDO DOJRULWKPV�

2Q WKH VRIWZDUH VLGH� WKHUH DUH FXUUHQWO\ QR WRROV FDSDEOH RI SHUIRUPLQJ WKH WDVNV

GHVFULEHG LQ WKLV GRFXPHQW� 6HYHUDO OHDGLQJ LQWHUQDWLRQDO HOHFWURPDJQHWLF VLPXODWLRQ

FRPSDQLHV �$QVRIW� ,QIRO\WLFD� 0DJVRIW� 9HFWRU )LHOGV� RmHU WRROV IRU SDUDPHWULF VZHHSV

DQG GHPRQVWUDWLRQV RI PRUH DGYDQFHG DSSOLFDWLRQV� ,Q VRPH FDVHV� WKHVH SDFNDJHV DUH

LQFRUSRUDWHG LQWR VKHOOV E\ WKLUG�SDUW\ FXVWRPHUV DQG DUH H[HFXWHG LQ EDWFK PRGH�

+RZHYHU� QR JHQHUDO WRRO LV DYDLODEOH DW WKH WLPH RI ZULWLQJ WKLV WKHVLV�

1R VSHFLDO WUDLQLQJ LQ HOHFWURPDJQHWLF nHOG WKHRU\ LV QHHGHG IRU D ODUJH JURXS RI

WKH RSWLPL]DWLRQ GHVLJQ SURMHFWV ZKHQ nQLWH�HOHPHQW DQDO\VLV LV XVHG� $ TXLFN VWXG\

FDQ EH FRQGXFWHG ZLWK VXFK VRIWZDUH E\ DQ\ XWLOLW\ HQJLQHHU ZLWK EDVLF NQRZOHGJH RI

HOHFWURPDJQHWLVP� $Q HTXLYDOHQW WKHRUHWLFDO DQDO\VLV RI WKH VDPH SUREOHP ZRXOG RIWHQ

UHTXLUH WKH NQRZOHGJH RI OHDGLQJ H[SHUWV� )RU H[DPSOH� LW ZLOO EHFRPH SRVVLEOH IRU DQ

���



���� ,QWURGXFWLRQ

HQJLQHHU ZLWK EDVLF WUDLQLQJ WR GHVLJQ HOHFWULF SRZHU HTXLSPHQW IRU PD[LPXP HQHUJ\

HpFLHQF\ E\ nQGLQJ DQ RSWLPDO VHW RI NH\ GHVLJQ FULWHULD ZKHQ WKH QXPEHU RI SRVVLEOH

YDULDWLRQV RI GHVLJQ IDU H[FHHGV FRPSXWDWLRQDO FDSDELOLWLHV RI PRGHUQ FRPSXWHUV�

����� 2SWLPL]DWLRQ LQ *HQHUDO

7KH FRPSXWHU�EDVHG RSWLPL]DWLRQ GHVLJQ DQG DVVRFLDWHG VRIWZDUH nQGV QXPHURXV DS�

SOLFDWLRQV LQ WKH SRZHU LQGXVWU\ DV ZHOO DV LQ PDQ\ RWKHU WHFKQLFDO nHOGV� 6LJQLnFDQW

HmRUWV DUH GLUHFWHG E\ LQGXVWU\ DQG DFDGHPLFV ZRUOGZLGH WRZDUGV WKH GHYHORSPHQW RI

QHZ RSWLPL]DWLRQ DOJRULWKPV� 7KH LQFUHDVLQJ VSHHG DQG PHPRU\ FDSDELOLWLHV RI PRGHUQ

FRPSXWHUV PDNH SRVVLEOH DOJRULWKPLF DSSURDFKHV ZKLFK FRXOG QRW EH LPSOHPHQWHG WHQ

\HDUV DJR�

7KLV SURMHFW DLPV DW WKH GHYHORSPHQW RI D YHUVDWLOH RSWLPL]DWLRQ GHVLJQ WHFKQRO�

RJ\ IRU HOHFWULF SRZHU HTXLSPHQW� VXFK DV WUDQVPLVVLRQ OLQHV� JHQHUDWRUV� KLJK YROWDJH

LQVXODWRUV� DQG WUDQVIRUPHUV� 7KH JHRPHWULF SDUDPHWHUV DQG WKH HOHFWULFDO SURSHUWLHV

RI PDQXIDFWXULQJ PDWHULDOV VHUYH DV WKH GHVLJQ YDULDEOHV DQG FRQVWUDLQWV� 7KH JRDOV

DQG GHnQLWLRQV RI WKH RSWLPDO GHVLJQ FDQ YDU\ IURP RQH DSSOLFDWLRQ WR DQRWKHU� 7KH

VRIWZDUH GHYHORSHG LQ WKH FRXUVH RI WKLV SURMHFW PDNHV LW SRVVLEOH WR VSHFLI\ YDULRXV RS�

WLPL]DWLRQ JRDOV EDVHG HLWKHU RQ HOHFWULF RU PDJQHWLF nHOG YDOXHV LQ D VSHFLnHG UHJLRQ�

RU WKH GHSHQGHQW HOHFWULFDO DQG HOHFWURPHFKDQLFDO TXDQWLWLHV� VXFK DV IRUFH� WRUTXH�

FDSDFLWDQFH� DQG FRQGXFWDQFH EHWZHHQ HOHFWURGHV� )RU H[DPSOH� WKH KLJKHVW SRVVLEOH

WRUTXH RI D PRWRU� WKH ORZHVW HOHFWULF nHOG LQ WKH nHOG HQKDQFHPHQW UHJLRQ� RU WKH

VPDOOHVW SRVVLEOH ZHLJKW RI WKH GHYLFH FDQ EH IRXQG E\ FKDQJLQJ WKH GHVLJQ YDULDEOHV

ZKLOH VDWLVI\LQJ WKH FRQVWUDLQWV FKRVHQ E\ WKH HQJLQHHU�

,Q PRVW FDVHV� WKH JHRPHWULFDO DQG SK\VLFDO SURSHUWLHV RI D GHYLFH FDQ EH GHnQHG

SDUDPHWULFDOO\� 7KH SULQFLSOH RI RSHUDWLRQ RI WKH GHYLFH LWVHOI LV NQRZQ LQ DGYDQFH� DQG

WKH WDVN RI DQ HQJLQHHU LV WR nQG D VHW RI SDUDPHWHUV� ZKLFK ZRXOG SURYLGH LWV RSWLPXP

SHUIRUPDQFH� $QDO\WLFDO WHFKQLTXHV DUH XVHIXO DQG SURYLGH LQWXLWLRQ IRU EHVW VROXWLRQV�

KRZHYHU� WKHVH WHFKQLTXHV DUH XVXDOO\ OLPLWHG WR FODVVLFDO VLPSOH VKDSHV DQG JHRPHWULHV�

)RU PRUH FRPSOLFDWHG FDVHV� QXPHULFDO PRGHOLQJ LV QHFHVVDU\�

���



&KDSWHU �� 2SWLPL]DWLRQ

����� 5HODWLRQ WR ,QYHUVH 3UREOHP

)RU PRVW DSSOLFDWLRQV RI WKH HOHFWULFDO LQVXODWLRQ GHVLJQ� WKH ?nWQHVV IXQFWLRQ�� ZKLFK

TXDQWLnHV WKH TXDOLW\ RI WKH GHVLJQ� LV LQKHUHQWO\ FRPSXWDWLRQDOO\ H[SHQVLYH EHFDXVH

HOHFWULF RU PDJQHWLF nHOGV PXVW EH IRXQG WKURXJKRXW WKH UHJLRQV ZKLFK FRQWDLQ PXOWLSOH�

SUREDEO\ QRQ�OLQHDU RU IUHTXHQF\ GLVSHUVLYH PDWHULDOV� 7KH WLPH QHHGHG WR FRPSXWH

WKH nHOG GLVWULEXWLRQV IRU HDFK VHW RI YDOXHV RI GHVLJQ SDUDPHWHUV PD\ YDU\ IURP VHF�

RQGV WR KRXUV� GHSHQGLQJ RQ WKH FRPSOH[LW\ RI WKH DUUDQJHPHQW� SUHFLVLRQ UHTXLUHG�

DQG SUHVHQFH RI QRQ�OLQHDU PDWHULDOV� ,Q VXFK FDVHV� H[KDXVWLYH VHDUFKHV DQG UDQGRP

LPSURYHPHQW WHFKQLTXHV �VXFK DV JHQHWLF DOJRULWKPV� IRU H[DPSOH�� DUH KDUGO\ DSSOLFD�

EOH� ,QVWHDG� PRUH WUDGLWLRQDO URRW�VROYLQJ DQG KLOO�FOLPELQJ RSWLPL]DWLRQ DOJRULWKPV

VKRXOG EH XVHG� 6XpFLHQW oH[LELOLW\ LV RQH RI WKH JRDOV�

����� 1RQ�GHVWUXFWLYH 7HVWLQJ RI 7UDQVIRUPHU ,QVXODWLRQ

+LJK�SRZHU WUDQVIRUPHUV DUH VXEMHFWHG WR KLJK OHYHOV RI HOHFWULFDO DQG WKHUPDO VWUHVV

GXULQJ UHJXODU XVDJH� ,Q RUGHU WR JXDUDQWHH WKDW WKH V\VWHP ZRUNV XQGHU YDU\LQJ HQYL�

URQPHQWDO IDFWRUV� PHDVXUHPHQWV PXVW EH WDNHQ WR UHFRUG LWV FKDUDFWHULVWLFV XQGHU WKHVH

FRQGLWLRQV� )RU H[DPSOH� RQH FDQ REWDLQ UHFRUGV RI D PDWHULDO
V GLHOHFWULF VSHFWUXP�

ZKLFK LQFOXGHV GLHOHFWULF SHUPLWWLYLW\ DQG FRQGXFWLYLW\ DV IXQFWLRQV RI HOHFWULFDO H[FLWD�

WLRQ IUHTXHQF\� )URP WKLV LQIRUPDWLRQ� RQH FDQ PRUH DFFXUDWHO\ SUHGLFW WKH PDWHULDO
V

EHKDYLRU DW YDULRXV WHPSHUDWXUHV DQG VSDWLDO GLVWULEXWLRQV RI PRLVWXUH�

7KH GLHOHFWULF VSHFWUXP FDQ EH IRXQG XVLQJ VHYHUDO H[SHULPHQWDO WHFKQLTXHV� ,Q

WKH FDVH RI LQWHUGLJLWDO GLHOHFWURPHWU\� HVWLPDWLRQ RI WKH PDWHULDO
V SURSHUWLHV UHTXLUHV

H[WHQVLYH FRPSXWDWLRQV VLQFH WKH LQYHUVH SUREOHP RI PDWHULDO FKDUDFWHUL]DWLRQ PXVW EH

VROYHG E\ LWHUDWLRQ� 1RUPDOO\� PHDVXUHG YDOXHV RI WKH DGPLWWDQFH PDWUL[ RI WKH V\VWHP

RI HOHFWURGHV DUH XVHG DV LQSXW SDUDPHWHUV� $ FRPSOH[ GLHOHFWULF SHUPLWWLYLW\ DV D

IXQFWLRQ RI IUHTXHQF\ LV FRPSXWHG RQ WKH EDVLV RI WKHVH YDOXHV DQG WKHQ� E\ VHSDUDWH

FDOLEUDWLRQ� LV UHODWHG WR RWKHU SK\VLFDO SURSHUWLHV� VXFK DV PRLVWXUH FRQWHQW� SRURVLW\�

GHQVLW\� HWF�

���



���� 2YHUDOO 6WUDWHJ\

2QH DSSOLFDWLRQ RI WKH 0D[ZHOO �' )LHOG 6LPXODWRU E\ $QVRIW &RUSRUDWLRQ LV WR

FDOFXODWH DGPLWWDQFH PDWULFHV ZKHQ WKH JHRPHWU\ DQG GLHOHFWULF SURSHUWLHV RI PDWHULDOV

DUH VSHFLnHG� 7KLV SDUWLFXODU DSSOLFDWLRQ FDQ DOVR EH XWLOL]HG LQ WKH UHYHUVH PDQQHU

WR GHWHUPLQH PDWHULDO SURSHUWLHV JLYHQ WKH DGPLWWDQFH PDWUL[ DQG JHRPHWU\� 7KLV LV

GRQH E\ VXSSO\LQJ SURSHU LQLWLDO JXHVVHV RI PDWHULDO SURSHUWLHV WR WKH0D[ZHOO VRIWZDUH�

ZKLFK FDOFXODWHV D UHVXOWDQW DGPLWWDQFH PDWUL[� IURP ZKLFK D UHnQHPHQW RI WKH LQLWLDO

JXHVV RI PDWHULDO SURSHUWLHV FDQ EH PDGH� 7KLV SURFHVV FDQ EH LWHUDWHG XQWLO WKH

DGPLWWDQFH PDWUL[ FDOFXODWHG E\ 0D[ZHOO PDWFKHV WKDW GHWHUPLQHG H[SHULPHQWDOO\�

7KH RSWLPL]DWLRQ WRROER[ RI 0DWODE E\ 0DWK:RUNV� ,QF�� FDQ EH XWLOL]HG LQ WKLV

SURFHVV RI UHnQLQJ LQSXWV WR 0D[ZHOO WR SURGXFH WKH GHVLUHG DGPLWWDQFH PDWUL[� 6RPH

ZRUN KDV EHHQ GRQH RQ WKLV VSHFLnF SUREOHP RI nQGLQJ WKH FRQGXFWLYLW\ DQG SHUPLWWLYLW\

RI WKH PDWHULDOV IURP WKH FDSDFLWDQFH DQG FRQGXFWDQFH RI WKH V\VWHP� +RZHYHU� WKH

LWHUDWLYH SURFHVV E\ ZKLFK WKLV UHYHUVH SUREOHP LV VROYHG LV QRW SUREOHP VSHFLnF DQG

FDQ EH JHQHUDOL]HG DV FDOOV WR 0DWODE
V RSWLPL]DWLRQ WRROER[ HPSOR\LQJ 0D[ZHOO DV

D VXEURXWLQH� 7KXV� RWKHU DSSOLFDWLRQV RI 0D[ZHOO� VXFK DV WRUTXH FDOFXODWLRQ� FDQ

DOVR EH RSWLPL]HG XVLQJ WKH VDPH SURFHVV ZLWKRXW DQ\ PRGLnFDWLRQV WR VRIWZDUH� VDYH

WKH 0D[ZHOO SURMHFW LWVHOI� 7KH SULPDU\ JRDO WKHQ LV WR GHYHORS DQ DSSHDOLQJ DQG

HDV\�WR�XVH JUDSKLFDO XVHU LQWHUIDFH ZKLFK ZRXOG IDFLOLWDWH WKLV JHQHUDO XVH RI 0DWODE
V

RSWLPL]DWLRQ IXQFWLRQV RQ DQ\ RI 0D[ZHOO
V DSSOLFDWLRQV�

��� 2YHUDOO 6WUDWHJ\

,Q PRVW FDVHV� WKH JHRPHWULFDO DQG SK\VLFDO SURSHUWLHV RI D GHYLFH FDQ EH GHnQHG

SDUDPHWULFDOO\� ,Q WKLV VFHQDULR� WKH RSHUDWLRQ SULQFLSOHV RI WKH GHYLFH LWVHOI DUH NQRZQ

LQ DGYDQFH� DQG WKH HQJLQHHU
V WDVN LV WR nQG D VHW RI SDUDPHWHUV� WKDW ZRXOG SURYLGH

WKH RSWLPXP SHUIRUPDQFH� $QDO\WLFDO WHFKQLTXHV DUH XVHIXO DQG PD\ SURYLGH LQWXLWLRQ

DV ZHOO DV EHVW WKHRUHWLFDO VROXWLRQV� +RZHYHU� WKHVH WHFKQLTXHV DUH XVXDOO\ OLPLWHG

WR FODVVLFDO VLPSOH VKDSHV DQG JHRPHWULF DUUDQJHPHQWV� )RU PRUH FRPSOLFDWHG FDVHV�

QXPHULFDO VLPXODWLRQ LV QHFHVVDU\�

���



&KDSWHU �� 2SWLPL]DWLRQ

,I WKH VRIWZDUH GLVFXVVHG LQ WKLV SURMHFW ZHUH WR EH ZULWWHQ VWDUWLQJ IURP WKH IXQ�

GDPHQWDO ODZV� WKH DFFRPSOLVKPHQW RI WKH nUVW REMHFWLYH ZRXOG KDYH WDNHQ PDQ\ PDQ�

\HDUV RI ZRUN� +RZHYHU� WKH JRDOV KDYH EHHQ DFKLHYHG ZLWKLQ WKH VFRSH RI WKLV SURMHFW

EHFDXVH UHDGLO\ DYDLODEOH VRIWZDUH PRGXOHV ZLOO EH XVHG DV WKH EXLOGLQJ EORFNV LQ WKH

SURSRVHG SURMHFW� 7KH\ LQFOXGH 0D[ZHOO �' DQG �' VLPXODWLRQ PRGXOHV� 3DUDPHWULF

$QDO\VLV 0RGXOH� DQG 0DWODE 2SWLPL]DWLRQ 7RROER[�

����� 0D[ZHOO � )(0 (OHFWURPDJQHWLFV 3DFNDJH

2QH RI WKH PRVW YHUVDWLOH HOHFWURPDJQHWLF VLPXODWLRQ VRIWZDUH SDFNDJHV DYDLODEOH WRGD\�

0D[ZHOO� E\ $QVRIW &RUS� KDV EHHQ WDNHQ DV WKH EDVLF QXPHULFDO VLPXODWLRQ SDFNDJH�

)LQLWH HOHPHQW PHVKHV FDQ EH JHQHUDWHG LQ ERWK WZR�GLPHQVLRQDO DQG WKUHH�GLPHQVLRQDO

JHRPHWU\� 7KH WZR�GLPHQVLRQDO FDVHV FDQ EH HLWKHU LQ D[LV\PPHWULF RU LQ UHFWDQJXODU

FRRUGLQDWHV� 9ROWDJH DQG FXUUHQW H[FLWDWLRQV LQ GF DQG DF PRGHV DUH DYDLODEOH� 2QH RI

WKH PRVW DWWUDFWLYH DQG ZHOO�LPSOHPHQWHG IHDWXUHV RI 0D[ZHOO LV WKH DELOLW\ WR GHVFULEH

WKH SUREOHP RI LQWHUHVW SDUDPHWULFDOO\� 7KLV VDYHV WLPH LQ FRQVLGHULQJ YDULRXV GHVLJQ

RSWLRQV� UXQQLQJ VHQVLWLYLW\ DQDO\VLV� HWF�

����� 3DUDPHWULF $QDO\VLV 0RGXOH

7KH SDUDPHWUL]HG YDULDEOHV LQFOXGH OLQHDU DQG DQJXODU GLPHQVLRQV RI WKH SK\VLFDO RE�

MHFWV� WKH GLHOHFWULF DQG PDJQHWLF SURSHUWLHV RI DOO PDWHULDOV� WKH GLVWULEXWLRQ RI YROWDJH�

FKDUJH� DQG FXUUHQW H[FLWDWLRQV� DQG WKH IUHTXHQF\ RI RSHUDWLRQ� (DFK RI WKHVH YDUL�

DEOHV FDQ EH HLWKHU D VLPSOH LQGHSHQGHQW YDULDEOH RU D IXQFWLRQ GHSHQGHQW RQ RWKHU

XVHU�GHnQHG YDULDEOHV� $ VZHHS RI YDULDEOHV LV SRVVLEOH ZLWK WKH 3DUDPHWULF $QDO\VLV

0RGXOH�

$OO WKH DERYH IHDWXUHV DUH DOUHDG\ SURYLGHG E\ 0D[ZHOO� 7KH JRDO RI WKH nUVW

SDUW RI WKH SURMHFW ZDV WR DXJPHQW WKH H[LVWLQJ IHDWXUHV ZLWK D QHZ PRGXOH� 7KLV

PRGXOH PDNHV SRVVLEOH WKH DGDSWLYH YDULDWLRQ RI WKH YDULDEOHV GXULQJ WKH H[HFXWLRQ RI

WKH RSWLPL]DWLRQ SURJUDP� 7KH FKRLFH RI WKH QHZ YDOXHV RI WKH YDULDEOHV FRPHV IURP

���



���� 6RIWZDUH ,PSOHPHQWDWLRQ

WKH RSWLPL]DWLRQ OLEUDU\�

����� 0DWODE

'DWD PDQLSXODWLRQ� V\VWHP FDOOV� YLVXDOL]DWLRQ RI WKH RXWSXW DQG UHODWHG WDVNV KDYH

EHHQ LPSOHPHQWHG LQ 0DWODE� ,Q DGGLWLRQ� WKH 0DWODE 2SWLPL]DWLRQ 7RROER[ KDV EHHQ

LQWHUIDFHG ZLWK 0D[ZHOO LQ VXFK D ZD\ WKDW D YDULHW\ RI RSWLPL]DWLRQ PHWKRGV FRXOG

EH WULHG IRU HDFK VSHFLnF SURMHFW� $ XVHU�IULHQGO\ LQWHUIDFH KDV EHHQ GHYHORSHG LQ WKH

0DWODE *8,'( �*UDSKLFDO 8VHU ,QWHUIDFH 'HYHORSPHQW (QYLURQPHQW� ZLWK KHOS RI

XQGHUJUDGXDWH VWXGHQWV *DXUDY 7HZDUL DQG -DVRQ %DX�

��� 6RIWZDUH ,PSOHPHQWDWLRQ

����� 2YHUYLHZ

)LJXUH ��� VKRZV WKH UHODWLRQVKLS RI WKH GHYHORSHG LQWHUIDFH WR FRPPHUFLDO VRIWZDUH

SDFNDJHV DQG WR W\SHV RI SUREOHPV LW FDQ VROYH� 7R DFKLHYH PD[LPXP oH[LELOLW\� WKH

RSWLPL]DWLRQ URXWLQHV DQG IXQFWLRQV DUH LPSOHPHQWHG ZLWKLQ WKH 0DWODE HQYLURQPHQW�

7KH FKDQJHV WR WKH 0D[ZHOO LQSXW nOHV DOORZ DXWRPDWLF YDULDWLRQ RI GHVLJQ SDUDPHWHUV

GXULQJ WKH RSWLPL]DWLRQ SURFHVV ZLWKRXW HQWHULQJ WKH DFWXDO 0D[ZHOO LQWHUIDFH� 7KH

nHOG FRPSXWDWLRQV DUH LQLWLDWHG E\ V\VWHP IXQFWLRQ FDOOV� )LJXUH ��� VKRZV WKH GHWDLOV

RI D JHQHULF RSWLPL]DWLRQ SURFHVV LWVHOI� DV GLFWDWHG E\ WKH 0D[ZHOO LQWHUIDFH� 7KH nUVW

nYH VWHSV DUH H[HFXWHG ZLWKLQ 0D[ZHOO HQYLURQPHQW� DQG WKH ODVW IRXU DUH H[HFXWHG

ZLWKLQ 0DWODE HQYLURQPHQW� 7KH OLVW RI LQSXW YDULDEOHV DQG FRVW IXQFWLRQ FRPSRQHQWV

PD\ EH H[SDQGHG XVLQJ LQGLUHFW FRPSXWDWLRQ RI YDULDEOHV RI LQWHUHVW�

���



&KDSWHU �� 2SWLPL]DWLRQ

)LJXUH ���� 7KH PRGXOH IRU VROYLQJ RSWLPL]DWLRQ DQG LQYHUVH SUREOHPV LQWHUIDFHV VHYHUDO
VRIWZDUH SDFNDJHV� ,QWHUIDFLQJ ZLWK 0D[ZHOO LV LPSOHPHQWHG WKURXJK V\VWHP FDOOV DQG
LQSXW nOH PDQLSXODWLRQ�

���



���� 6RIWZDUH ,PSOHPHQWDWLRQ

)LJXUH ���� $ VHTXHQFH RI RSWLPL]DWLRQ SURFHVVHV SRVVLEOH ZLWK WKH QHZ LQWHUIDFH�

���



&KDSWHU �� 2SWLPL]DWLRQ

����� 3UREOHP�6SHFLnF 9HUVLRQ

7KH nUVW YHUVLRQ RI WKH LQWHUIDFH� GHYHORSHG GXULQJ WKH HDUO\ VWDJHV RI WKLV SURMHFW� ZDV

VSHFLnF WR VROYLQJ QRQ�GHVWUXFWLYH WHVWLQJ SUREOHPV ZLWK PXOWLSOH ZDYHOHQJWK LQWHUGLJL�

WDO GLHOHFWURPHWU\� ,Q WKLV FDVH� WKH PHDVXUHG DQG WKH FDOFXODWHG YDOXHV RI FRQGXFWDQFH

DQG FDSDFLWDQFH EHWZHHQ SDLUV RI LQWHUGLJLWDWHG HOHFWURGHV PXVW EH FRPSDUHG� 7KH

FDOFXODWHG YDOXHV GHSHQG RQ PDWHULDO SURSHUWLHV DQG JHRPHWULF SDUDPHWHUV RI WKH H[�

SHULPHQWDO VHWXS� 3URYLGHG WKDW WKH VROXWLRQ LV XQLTXH� DQ LWHUDWLYH SURFHGXUH IRU

GHWHUPLQLQJ PDWHULDO SURSHUWLHV LQYROYHV JXHVVLQJ DW WKHP XQWLO WKH FDOFXODWHG DQG WKH

PHDVXUHG WHUPLQDO FKDUDFWHULVWLFV PDWFK�

&RPPHUFLDO VRIWZDUH PDNHV LW SRVVLEOH WR VLPXODWH WKH nHOG EHKDYLRU RI DQ HOHFWULF

V\VWHP WKURXJK nQLWH�HOHPHQW DQDO\VLV� *LYHQ DQ\ QXPEHU RI PDWHULDO SURSHUWLHV VXFK

DV FRQGXFWLYLW\ �?}��� SHUPLWWLYLW\ �?���� PDJQHWL]DWLRQ� RU JHRPHWULF GLPHQVLRQV�

VRIWZDUH OLNH 0D[ZHOO �' )LHOG 6LPXODWRU E\ $QVRIW VROYHV IRU WKH DSSURSULDWH YDOXHV

RI FDSDFLWDQFH� FRQGXFWDQFH� LQGXFWDQFH� UHVLVWDQFH� IRUFH� DQG WRUTXH� ZKLFK DUH WKH

JRDOV RI WKH IRUZDUG SUREOHP� +RZHYHU� WKH VROXWLRQ WR WKH LQYHUVH SUREOHP LQ DOO RI

WKHVH FDVHV� LQ SDUWLFXODU nQGLQJ } DQG � RI PDWHULDOV IURP FHUWDLQ FRQGXFWDQFH * DQG

FDSDFLWDQFH & YDOXHV� LV QRW DV HDVLO\ IRXQG� 2QH WHFKQLTXH RI DFKLHYLQJ WKLV VROXWLRQ

LV WKURXJK LWHUDWLYHO\ UHnQLQJ JXHVVHV IRU WKH } DQG � YDOXHV XQWLO WKH\ SURGXFH WKH

FRUUHFW * DQG & YDOXHV�

2QH HpFLHQW ZD\ WR LPSOHPHQW WKLV PHWKRG RI VROXWLRQ LV WR XWLOL]H SUH�H[LVWLQJ

RSWLPL]DWLRQ SDFNDJHV� VXFK DV WKRVH LQ 0DWODE
V RSWLPL]DWLRQ WRROER[� WR SHUIRUP WKH

LWHUDWLYH VROXWLRQ�VHDUFK SURFHVV� 7KHVH RSWLPL]DWLRQ URXWLQHV ZRUN E\ WDNLQJ DQ LQLWLDO

JXHVV DV DQ LQSXW DQG WKHQ FDOFXODWLQJ WKH UHVXOW RI D FRVW IXQFWLRQ RI RXWSXW YDULDEOHV�

7KH FRVW IXQFWLRQ LQ WKLV FDVH LV WKH HUURU LQ WKH VROXWLRQ� WKDW LV� WKH DEVROXWH GLmHUHQFH

EHWZHHQ WKH FDOFXODWHG YDOXHV RI * DQG & DQG YDOXHV RI * DQG & IRU ZKLFK ZH ZLVK

WR GHWHUPLQH WKH } DQG �� $IWHU GHWHUPLQLQJ WKLV HUURU� WKH RSWLPL]DWLRQ URXWLQH WKHQ

PDNHV DQRWKHU JXHVV DV WR WKH LQSXW YDOXHV LQ RUGHU WR PLQLPL]H WKH FRVW IXQFWLRQ DQG

DJDLQ GHWHUPLQHV WKH HUURU LQ WKH VROXWLRQ� 7KLV SURFHVV LV UHSHDWHG XQWLO WKH HUURU LV
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PLQLPL]HG DQG WKH SURSHU LQSXW YDOXHV KDYH EHHQ GHWHUPLQHG�

,QGLYLGXDO )UHTXHQF\ 6ZHHSV

,Q FRQGXFWLQJ D IUHTXHQF\ VZHHS WKH SURJUDP FDOFXODWHV YDOXHV RI } DQG � IRU HYHU\

IUHTXHQF\ LQ D JLYHQ UDQJH� 7KH SURJUDP WDNHV YDOXHV IRU IUHTXHQF\� * DQG & IURP

LQSXW GDWD DQG XVHV WKDW LQIRUPDWLRQ WR VROYH IRU } DQG �� 7KH SURJUDP PDNHV DQ

LQLWLDO JXHVV DV WR ZKDW } DQG � PLJKW EH� 7KHVH YDOXHV� DORQJ ZLWK WKH YDOXH RI WKH

IUHTXHQF\� DUH ZULWWHQ WR WKH �SWG nOH �WKH H[WHQVLRQ SRVVLEO\ VWDQGV IRU VRPHWKLQJ

OLNH?3DUDPHWULF 7DEOH 'DWD�� XVHG E\ WKH 0D[ZHOO SURMHFW� 7KHVH YDOXHV DUH XVHG

E\ 0D[ZHOO WR FDOFXODWH * DQG & YDOXHV� 7KH YDOXHV FDOFXODWHG E\ 0D[ZHOO DUH WKHQ

FRPSDUHG WR WKRVH LQSXW WR WKH SURJUDP� 7KH RSWLPL]DWLRQ URXWLQH FRQWLQXHV WR JXHVV

QHZ YDOXHV RI } DQG � XQWLO WKH\ \LHOG YDOXHV IRU * DQG & ZKLFK DUH FORVH HQRXJK WR

WKH LQSXW YDOXHV WKDW WKH SHUFHQW HUURU IRU ERWK LV XQGHU RQH SHUFHQW� 7KLV SURFHVV LV

RXWOLQHG LQ )LJXUH ����

)UHTXHQF\ 6ZHHSV IRU $OO :DYHOHQJWKV

7KLV SURJUDP FDQ EH XVHG WR VWDUW XS WR WKUHH IUHTXHQF\ VZHHSV� 7KH SURJUDP FRP�

SOHWHV D IUHTXHQF\ VZHHS ZLWK RQH ZDYHOHQJWK PRGHO WKHQ SURFHHGV WR WKH QH[W ZDYH�

OHQJWK XQWLO WKH YDOXHV RI } DQG � KDYH EHHQ VROYHG IRU DOO WKUHH ZDYHOHQJWKV DW DOO

IUHTXHQFLHV� )LJXUH ��� FKDUWV WKLV SURFHGXUH� 7KLV DSSURDFK WR SDUDPHWHU HVWLPDWLRQ

LV HVVHQWLDOO\ WKH VDPH DV ZDV LPSOHPHQWHG E\ 'U� =DUHWVN\ LQ KLV WKHVLV >�@� 6LQFH WKLV

DSSURDFK KDV EHHQ IRXQG YHU\ VHQVLWLYH WR VPDOO PHDVXUHPHQW HUURUV LQ WKH VHQVRU VLJ�

QDOV� LW KDV QRW EHHQ XVHG DIWHU LW ZDV LPSOHPHQWHG� ,I� KRZHYHU� IXWXUH UHVHDUFKHUV DUH

LQWHUHVW LQ UHYLYLQJ WKLV DSSURDFK� WKH\ VKRXOG EH DEOH WR XVH WKH VRIWZDUH GHYHORSHG LQ

WKH FRXUVH RI WKLV WKHVLV UHVHDUFK� $OWHUQDWLYHO\� D JHQHULF RSWLPL]DWLRQ PRGXOH FRXOG

EH XVHG�
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)LJXUH ���� )ORZ FKDUW IRU LQGLYLGXDO IUHTXHQF\ VZHHS SURFHVV� :LWK WKH *8,� KRZHYHU�
RQO\ RQH IUHTXHQF\ LV FRQVLGHUHG� DQG WKH } DQG � YDOXHV DUH GLUHFWO\ LQSXW E\ WKH XVHU�
7KLV VWUXFWXUH LV SUHVHQWHG EHFDXVH RI LWV JHQHUDOLW\�
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)LJXUH ���� )ORZ FKDUW IRU IUHTXHQF\ VZHHSV IRU PXOWLSOH ZDYHOHQJWKV�
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����� *HQHUDO 9HUVLRQ

7KH VFUHHQVKRW RI WKH nQDO YHUVLRQ RI WKH JUDSKLFDO XVHU LQWHUIDFH LV VKRZQ LQ )LJXUH

��� DQG LWV oRZFKDUW LV VKRZQ LQ )LJXUH ���� 7KH QHZ LQWHUIDFH UHVXOWV IURP WKH HmRUW

WR JHQHUDOL]H XVH RI 0DWODE
V RSWLPL]DWLRQ URXWLQHV ZLWK 0D[ZHOO SURMHFWV� ([SOLFLW

UHIHUHQFHV WR VSHFLnF nOHV DQG GLUHFWRULHV DUH HOLPLQDWHG� DQG DOO GHSHQGHQFH XSRQ WKH

VSHFLnF WZR�YDULDEOH RSWLPL]DWLRQV RI � DQG } KDYH QRZ EHHQ UHPRYHG� $Q\ QXPEHU RI

0D[ZHOO SDUDPHWHUV FDQ QRZ EH FKRVHQ DV YDULDEOHV WR EH RSWLPL]HG� DQG WKHLU LQLWLDO

YDOXHV FDQ EH VSHFLnHG WKURXJK WKH LQWHUIDFH� $Q RSWLRQ RI H[FOXGLQJ VSHFLnF YDULDEOHV

IURP WKH RSWLPL]DWLRQ KDV DOVR EHHQ DGGHG WR FRPSOHPHQW WKLV FKDQJH� )XUWKHUPRUH�

DOO RI WKH RSWLPL]DWLRQ DOJRULWKPV RmHUHG E\0DWODE DUH DYDLODEOH WR VROYH YDULRXV XVHU�

VSHFLnHG FRVW IXQFWLRQV� )LQDOO\� WKH ZULWLQJ RI WKHVH FRVW IXQFWLRQV KDV EHHQ VLPSOLnHG

WR H[FOXGH DQ\ QHHG WR H[SOLFLWO\ FDOO 0D[ZHOO� 7KH\ DUH QRZ VLPSOH 0DWODE IXQFWLRQV

RI YHFWRU LQSXW DQG RXWSXW�

3UHYLRXV VWDJHV KDYH DOUHDG\ GHPRQVWUDWHG WKH YLDELOLW\ RI WKLV PHWKRG RI VROXWLRQ

YLD WKH 0DWODE URXWLQHV ?IVROYH� DQG ?IPLQV�� ,Q DGGLWLRQ� WKH JUDSKLFDO XVHU LQWHUIDFH

WR IDFLOLWDWH WKH HDV\ XVH RI WKHVH RSWLPL]DWLRQ URXWLQHV WR VROYH IRU SHUPLWWLYLW\ DQG

FRQGXFWLYLW\ KDV EHHQ EXLOW� 7KH\ KDG DOVR JHQHUDOL]HG WKH XQGHUO\LQJ SURJUDP SDWK

VWUXFWXUH VR WKDW LW ZDV SRVVLEOH WR LQWHUIDFH ZLWK GLmHUHQW 0D[ZHOO SURMHFWV MXVW E\

HQWHULQJ WKHLU SDWK� 7KH SURMHFW GHWDLOHG KHUH H[WHQGV WKH SUHYLRXV ZRUN� 7KH PRVW

LPSRUWDQW RI WKH FKDQJHV LV WKH JHQHUDOL]DWLRQ RI WKH YDULDEOH QDPHV DQG DOVR WKHLU

QXPEHU DERYH DQG EH\RQG WKH WZR� } DQG �� RI WKH RULJLQDO SUREOHP� 7KLV DOORZV WKH

RSWLPL]DWLRQ PRGXOH WR EH XVHG ZLWK PRUH WKDQ MXVW SHUPLWWLYLW\ DQG FRQGXFWLYLW\

FDOFXODWLRQV EXW LQVWHDG DOO WKH DSSOLFDWLRQV RI 0D[ZHOO� LQFOXGLQJ IRUFH DQG WRUTXH

FDOFXODWLRQV� 2WKHU LPSURYHPHQWV ZHUH DOVR PDGH WR WKH JUDSKLFDO XVHU LQWHUIDFH� VXFK

DV DQ H[SDQVLRQ WR LQFOXGH DOO 0DWODE DOJRULWKPV DV ZHOO DV VLPSOLI\LQJ WKH ZULWLQJ RI

FRVW IXQFWLRQV� 7KH DELOLW\ WR H[FOXGH YDULDEOHV IURP WKH RSWLPL]DWLRQ ZDV DOVR DGGHG

DORQJ ZLWK WKH DELOLW\ WR LQFOXGH FRQVWUDLQWV LQ WKH RSWLPL]DWLRQ SUREOHP�
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)LJXUH ���� 6FUHHQVKRW RI *8, 0RGXOH�
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)LJXUH ���� 6FKHPDWLF GHSLFWLRQ RI *8, RUJDQL]DWLRQ�
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����� *HQHUDOL]DWLRQ RI WKH 9DULDEOHV

,QLWLDO *XHVVHV IRU WKH 9DULDEOHV

7KH OLVW RI YDULDEOH QDPHV KDV EHHQ PDGH LQWR D OLVW�PHQX� DQG DV WKH XVHU VHOHFWV

WKH YDULDEOH QDPH� WKH LQLWLDO YDOXHV FDQ EH HQWHUHG LQ WKH HGLWDEOH WH[WER[ EHORZ WKH

YDULDEOH QDPH nHOG� 7KLV ZDV LPSOHPHQWHG E\ UHDGLQJ WKH LQGH[ RI WKH VHOHFWHG YDULDEOH

QDPH LQ WKH YHFWRU YDULDEOH ?YDUQDPHV� DQG WKHQ HGLWLQJ WKH DSSURSULDWH HQWU\ LQ WKH

YHFWRU YDULDEOH ?YDUYDOV�� ,Q RUGHU WR DVVXUH WKDW WKH WH[WER[ ZRXOG GLVSOD\ WKH SURSHU

LQLWLDO YDOXH IRU WKH YDULDEOH QDPH� WKH WH[WER[ ZDV UHIUHVKHG HYHU\ WLPH DQ HQWU\ RI WKH

OLVW�PHQX ZDV VHOHFWHG� 7KH GHIDXOW LQLWLDO YDOXH LV ]HUR� ZKLFK LV DXWRPDWLFDOO\ HQWHUHG

HYHU\ WLPH D QHZ 0D[ZHOO SURMHFW LV VHOHFWHG� $V WKH SURFHVV RI UH�HQWHULQJ LQLWLDO

YDOXHV IRU HYHU\ YDULDEOH FDQ EHFRPH WHGLRXV� VDYH DQG ORDG EXWWRQV ZHUH SURYLGHG VR

WKDW WKH LQLWLDO YDOXHV FDQ EH UHWULHYHG DW RQH FOLFN� 7KLV LV VLPSO\ LPSOHPHQWHG E\

VDYLQJ DQG ORDGLQJ WKH YDULDEOH ?YDUYDOV� LQ WKH 0D[ZHOO SURMHFW GLUHFWRU\�

7KH SUHYLRXV LPSOHPHQWDWLRQ RI WKH RSWLPL]DWLRQ PRGXOH ZDV VWLOO SUREOHP VSHFLnF�

([SOLFLW UHIHUHQFHV WR } DQG � UHPDLQHG KDUG�FRGHG LQ WKH SURJUDP� DQG WKH QXPEHU

RI YDULDEOHV WKDW FDQ EH RSWLPL]HG ZDV OLPLWHG WR WZR� 7R FRUUHFW WKLV� DOO WKH H[SOLFLW

UHIHUHQFHV WR } DQG �� LQFOXGLQJ WKH JOREDO YDULDEOHV ?VLJ LQLW� DQG ?HSV LQLW�� ZHUH UH�

PRYHG� 7KHVH WZR JOREDO YDULDEOHV ZHUH UHSODFHG ZLWK WKH YHFWRU YDULDEOHV 
YDUYDOV�DQG

?YDUQDPHV�� ZKLFK UHSUHVHQW WKH YDOXHV RI WKH YDULDEOHV DQG WKHLU UHVSHFWLYH QDPHV�

2QH WHFKQLFDO GLpFXOW\ ZKLFK DURVH DW WKLV VWDJH ZDV WKH FRUUHODWLRQ EHWZHHQ WKH

YDULDEOH QDPHV LQ WKH 0D[ZHOO SURMHFW DQG WKLV *8, PRGXOH� 3UHYLRXVO\� VLQFH ZH

ZHUH OLPLWHG WR RQO\ ?}� DQG ?��� WKHUH ZDV QR SUREOHP LGHQWLI\LQJ WKH LQSXWV LQWR

WKH *8, PRGXOH ZLWK WKH DFWXDO YDULDEOHV LQ WKH 0D[ZHOO nOHV� %\ JHQHUDOL]LQJ WKH

*8, PRGXOH� ZH QR ORQJHU NQHZ WKH H[DFW QDPH RI WKH YDULDEOHV� 7KLV LQIRUPDWLRQ

ZRXOG QRZ KDYH WR EH REWDLQHG IURP WKH SURMHFW�VSHFLnF nOHV� 2XU LPSOHPHQWDWLRQ RI

WKH VROXWLRQ WDNHV DGYDQWDJH RI WKH VWUXFWXUH RI WKH ?�SWE� nOHV LQ WKH 0D[ZHOO SURMHFW

GLUHFWRU\� ZKHUH WKH QDPHV RI HYHU\ YDULDEOH LQ WKH SDUDPHWULF VZHHS LV OLVWHG� 7KXV�

E\ VFDQQLQJ WKH ?�SWE�nOH IRU DOO WKH YDULDEOHV EHIRUH ?6ROYHG�� ZH FDQ NQRZ DOO RI WKH

���



&KDSWHU �� 2SWLPL]DWLRQ

SDUDPHWULF YDULDEOHV ZLWKLQ WKH 0D[ZHOO SURMHFW�

$ VPDOO QXDQFH ZLWK WKH 0D[ZHOO $& &RQGXFWLRQ VROYHU FDXVHG WKH DGGLWLRQ RI

DQRWKHU IHDWXUH WR WKH *8, PRGXOH� :LWKLQ WKH VROYHU
V SDUDPHWULF PRGH� ?IUHTXHQF\�

ZDV DOZD\V D YDULDEOH� HYHQ WKRXJK LW ZRXOG QRW EH YDULHG LQ WKH UHYHUVH VROXWLRQ

VHDUFK� 7KLV OHIW WKH FKRLFH RI HLWKHU H[SOLFLWO\ LJQRULQJ WKH ?IUHTXHQF\� YDULDEOH ZKLOH

GRLQJ WKH VFDQ RI WKH ?�SWG� nOH� RU FUHDWLQJ D PRUH JHQHUDO ZD\ WR GHDO ZLWK VXFK

D VLWXDWLRQ� ,Q HDUOLHU LPSOHPHQWDWLRQV RI WKH PRGXOH� WKH H[SOLFLWO\ LJQRULQJ PHWKRG

ZDV FKRVHQ� +RZHYHU� LW ZDV ODWHU GHFLGHG WKDW D PRUH FUHDWLYH PHWKRG H[LVWHG ZKLFK

ZRXOG DOVR DGG IXQFWLRQDOLW\ WR WKH PRGXOH� 7KLV PHWKRG ZDV WR UHPRYH WKH H[SOLFLW

DYRLGDQFH RI ?IUHTXHQF\� DQG WR LQFOXGH LW LQ WKH OLVW RI RSWLPL]DEOH YDULDEOHV� 7R DYRLG

LQFOXGLQJ ?IUHTXHQF\� LQ WKH RSWLPL]DWLRQ� KRZHYHU� D FKHFNER[ ZDV FUHDWHG ZKLFK

DOORZHG YDULDEOHV WR EH H[FOXGHG LQ WKH RSWLPL]DWLRQ FDOFXODWLRQV� %\ FKHFNLQJ WKLV

ER[� WKH SDUWLFXODU YDULDEOH LV H[FOXGHG IURP WKH 0DWODE FRVW IXQFWLRQ XSRQ ZKLFK WKH

RSWLPL]DWLRQ URXWLQHV RSHUDWHG� WKXV LW LV NHSW IURP YDU\LQJ� ,WV LQLWLDO YDOXH VSHFLnHG

LQ WKH PRGXOH ZLOO UHPDLQ WKH VDPH WKURXJKRXW DOO WKH FDOFXODWLRQV� 7KLV JLYHV DGGHG

IXQFWLRQDOLW\ WR WKH RSWLPL]DWLRQ PRGXOH LQ SURYLGLQJ WKH DELOLW\ WR UHGXFH GLPHQVLRQV

IURP WKH RULJLQDO RSWLPL]DWLRQ SUREOHP WR \LHOG D VLPSOHU SUREOHP�

7KH SUHYLRXV LWHUDWLRQ RI WKH 0D[ZHOO RSWLPL]DWLRQ PRGXOH GLG QRW HmHFWLYHO\ LP�

SOHPHQW D XVDEOH XVHU�VSHFLnHG FRVW IXQFWLRQ� 7KH GLpFXOW\ ZKLFK H[LVWV KHUH LQYROYHV

WKH GHVLUH WR VKLHOG WKH XVHU IURP KDYLQJ WR PDNH GLUHFW FDOOV WR 0D[ZHOO DV D VXE�

URXWLQH LQ WKHLU 0DWODE FRVW IXQFWLRQ� 7KH LQSXW WR WKH 0DWODE RSWLPL]DWLRQ URXWLQHV

LQYROYHV YHFWRUL]HG LQSXWV DQG RXWSXWV� ZKLFK LQ RXU FDVH ZRXOG EH WKH SDUDPHWULF

YDULDEOHV RI 0D[ZHOO �}� �� DQG WKHLU GHSHQGHQW TXDQWLWLHV �*� &�� UHVSHFWLYHO\� 7KH

SUREOHP DULVHV LQ WKDW 0D[ZHOO PXVW EH FDOOHG DV D VXEURXWLQH WR DFFRPSOLVK WKLV� WKXV

DGGLQJ D OHYHO RI FRPSOH[LW\ ZKLFK ZRXOG EH XQGHVLUDEOH IRU WKH XVHU� 7KXV� WR VROYH

WKLV SUREOHP� WKH SUHVHQW FRGH DVNV WKH XVHU IRU WKH QXPEHU RI RXWSXW YDULDEOHV� DQG

WKHQ SDVVHV WKRVH YDULDEOHV LQ D YHFWRU IRUPDW� LQ WKH RUGHU RI WKH 0D[ZHOO SDUDPHWULF

PRGXOH FROXPQV� LQWR D XVHU�VSHFLnHG0DWODE IXQFWLRQ nOH DV LQSXWV� 7KH XVHU FDQ WKHQ

VSHFLI\ D IXQFWLRQ IURP WKH LQSXW YHFWRU� ZLWK WKH RXWSXW EHLQJ DQRWKHU YHFWRU� WKH RQH
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ZKLFK LV SDVVHG VWUDLJKW EDFN WR WKH0DWODE RSWLPL]DWLRQ URXWLQH� 7KLV DOORZV WKH XVHU

WR GHDO ZLWK D VLPSOH 0DWODE YHFWRU LQSXW�RXWSXW IXQFWLRQ� WKXV UHPRYLQJ WKHP IURP

KDYLQJ WR GHDO ZLWK FDOOLQJ 0D[ZHOO DV D VXEURXWLQH� 7KH DELOLW\ WR HGLW DQG FUHDWH D

QHZ FRVW IXQFWLRQ nOH KDV DOVR EHHQ DGGHG LQ WKH *8, PRGXOH�

$GGLWLRQ RI $OO 0DWODE 2SWLPL]DWLRQ 5RXWLQHV� ,QFOXGLQJ &RQVWUDLQHG 2S�

WLPL]DWLRQ

7KH HDUOLHU LWHUDWLRQV RI WKH *8, PRGXOH SURYLGHG RQO\ RQH 0DWODE URXWLQH WR FRQGXFW

WKH RSWLPL]DWLRQ VROXWLRQ VHDUFK SURFHVV� 2ULJLQDOO\� WKH URXWLQH LPSOHPHQWHG ZDV

?IPLQV�� WKH VLPSOH[ VHDUFK PHWKRG� 7KLV ZDV FKDQJHG WR D TXDVL�1HZWRQ PHWKRG RI

VROXWLRQ LQ WKH QH[W LWHUDWLRQ� ZKLFK LPSOHPHQWHG WKH 0DWODE URXWLQH ?IVROYH�� ,W ZDV

WKHQ GHFLGHG WKDW WKH XVHU VKRXOG KDYH WKH oH[LELOLW\ WR XVH ZKDWHYHU URXWLQH 0DWODE

DOORZV� 7KXV� WKH FKRLFH RI DOO RSWLPL]DWLRQ DOJRULWKPV DORQJ ZLWK DOO WKHLU YDULRXV

IRUPV RI LPSOHPHQWDWLRQ ZHUH PDGH DYDLODEOH� $ SUHYLRXV LPSOHPHQWDWLRQ ZDV GRQH

E\ ZD\ RI D HGLWDEOH WH[WER[� E\ ZKLFK WKH XVHU FRXOG HQWHU WKH QDPH RI WKH 0DWODE

RSWLPL]DWLRQ DOJRULWKP� 7KLV PHWKRG UHTXLUHG WKH XVHU WR UHFDOO WKH DFWXDO QDPH RI

WKH IXQFWLRQV LQ 0DWODE� ZKLFK ZDV WKRXJKW WR EH GLVDGYDQWDJHRXV� 7KXV� WKLV SUHVHQW

LPSOHPHQWDWLRQ XWLOL]HV D OLVW�PHQX WR SURYLGH WKH XVHU WKH FKRLFHV RI DOJRULWKP DQG

IXQFWLRQ� )LJXUH ��� SURYLGHV D VFUHHQVKRW RI WKH LPSOHPHQWDWLRQ�

:LWK WKH DGGLWLRQ RI DOO WKH 0DWODE RSWLPL]DWLRQ DOJRULWKPV� WKH DELOLW\ WR VSHFLI\

FRQVWUDLQWV WR DQ RSWLPL]DWLRQ VHWXS EHFDPH DYDLODEOH� 7KH 0DWODE URXWLQH ?FRQVWU�

ZDV FKRVHQ WR KDQGOH WKH FRQVWUDLQHG RSWLPL]DWLRQ FDOFXODWLRQV� 7KH IRUPDW RI WKH

LQSXWV WR ?FRQVWU� UHTXLUHV D 0DWODE FRVW IXQFWLRQ RI WZR YHFWRU RXWSXWV� RQH EHLQJ WKH

DFWXDO FDOFXODWLRQV RI WKH FRVW IXQFWLRQ� DQG WKH RWKHU WKH FDOFXODWLRQ RI D FRQVWUDLQW

IXQFWLRQ� ZKLFK LV WR EH NHSW OHVV WKDQ ]HUR� 7KXV� WKH FRVW IXQFWLRQ ?LWHU� ZKLFK FDOOV

0D[ZHOO DV D VXEURXWLQH KDV EHHQ PRGLnHG WR SDVV EDFN WZR YHFWRU YDOXHV� $FFRUGLQJO\�

WKH XVHU�GHnQHG VLPSOLnHG FRVW IXQFWLRQ PXVW EH PRGLnHG ZKHQ XVLQJ FRQVWUDLQWV� ,W

VKRXOG WDNH LQ LQSXWV DV EHIRUH� D YHFWRU RI XVHU VSHFLnHG OHQJWK LQ WKH VDPH RUGHU DV

WKH 0D[ZHOO FROXPQV� EXW WKH RXWSXWV VKRXOG EH PRGLnHG WR LQFOXGH WKH WZR VSHFLnHG
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E\ ?FRQVWU�� WKH FRVW IXQFWLRQ RXWSXW DQG WKH FRQVWUDLQW RXWSXW�

,Q DGGLWLRQ WR WKH DELOLW\ WR VSHFLI\ IXQFWLRQDO FRQVWUDLQWV� WKH DELOLW\ WR VSHFLI\

DEVROXWH PLQ�PD[ ERXQGDULHV IRU HDFK RI WKH YDULDEOHV LQFOXGHG LQ WKH RSWLPL]DWLRQ

KDV DOVR EHHQ LPSOHPHQWHG� :KHQ ?FRQVWU� LV VHOHFWHG IURP WKH OLVW�PHQX RI RSWLPL]D�

WLRQ DOJRULWKPV� D GLDORJXH�ER[ DSSHDUV� IURP ZKHUH WKH DEVROXWH PLQ�PD[ ERXQGDULHV

FDQ EH VSHFLnHG E\ HQWHULQJ WZR YHFWRUV� RQH IRU DOO WKH PLQLPXP ERXQGDULHV IRU WKH

LQFOXGHG YDULDEOHV� DQG RQH IRU DOO WKH PD[LPXP ERXQGDULHV� 7KH RUGHU RI WKH YHFWRU

FRPSRQHQWV VKRXOG EH WKH VDPH DV WKDW RI WKH YDULDEOHV OLVW� )LQDOO\� WKH FRGH WR KDQGOH

FRQVWUDLQWV LV LQ SODFH EXW KDV QRW EHHQ WHVWHG� WKXV OHDYLQJ VRPHWKLQJ IRU WKH QH[W

LPSURYHPHQW RI WKLV SURMHFW�

����� 0LQRU &RGH 5HYLVLRQV DQG ,PSURYHPHQWV

$XWR�QRUPDOL]DWLRQ RI WKH ,QSXW 9DULDEOHV

,Q RUGHU IRU WKH 0DWODE RSWLPL]DWLRQ IXQFWLRQV WR ZRUN HmHFWLYHO\� LW LV EHVW LI WKH\

DUH RI WKH VDPH RUGHU RI PDJQLWXGH� 7KLV LVVXH ZDV UDLVHG LQ WKH RULJLQDO SUREOHP E\

WKH GLVSDULW\ RI UHODWLYH SHUPLWWLYLW\� W\SLFDOO\ RQ WKH RUGHU RI ���� DQG FRQGXFWLYLW\�

W\SLFDOO\ RQ WKH RUGHU RI ��b�� 6�P� 2ULJLQDOO\� WKH RUGHUV RI QRUPDOL]DWLRQ KDG EHHQ

KDUG�FRGHG LQWR WKH SUREOHP�VSHFLnF URXWLQHV ZKLFK UDQ WKH RSWLPL]HU� %XW LQ WKH

LQWHUHVW RI JHQHUDOLW\� WKHVH ZHUH UHPRYHG DQG D QHZ IXQFWLRQ ZDV ZULWWHQ WR QRUPDOL]H

DQ\ QXPEHU RI YHFWRUL]HG LQSXWV� 7KXV� EHIRUH SDVVLQJ WKH LQSXW YDULDEOHV LQWR WKH

0DWODE RSWLPL]DWLRQ IXQFWLRQ� WKH FRGH FDOOV D VHSDUDWH QRUPDOL]DWLRQ SURJUDP ZKLFK

RXWSXWV WKH QRUPDOL]HG DUJXPHQWV DORQJ ZLWK WKHLU RULJLQDO RUGHU RI PDJQLWXGH DV D

JOREDO YDULDEOH� 7KH QRUPDOL]HG DUJXPHQWV DUH WKHQ SDVVHG WR WKH0DWODE RSWLPL]DWLRQ

URXWLQH� WR HQVXUH HmHFWLYH IXQFWLRQDOLW\� %HIRUH WKH FDOO WR0D[ZHOO LV PDGH� KRZHYHU�

WKH DUJXPHQWV DUH UHVWRUHG WR WKHLU RULJLQDO RUGHU WKURXJK WKH JOREDO YDULDEOH VR WKDW

WKH 0D[ZHOO FDOFXODWLRQV DUH FRUUHFW�

���



���� =HUR 2UGHU ,VVXHV

$GGHG )XQFWLRQDOLW\ WR �SWE 6FDQV

7KH H[WUDFWLRQ RI WKH FDOFXODWHG UHVXOW IURP WKH 0D[ZHOO �SWG nOHV ZDV VSHFLnFDOO\

GHnQHG XQGHU WKH RULJLQDO SUREOHP� 2QH RQO\ KDG WR UHDG WKH nQDO FRPSOH[ FROXPQ

�DGPLWWDQFH� LQ RUGHU WR REWDLQ WKH FRQGXFWDQFH DQG WKH FDSDFLWDQFH� ,Q WKH JHQHUDO

FDVH� KRZHYHU� WKH GHVLUHG UHVXOW FRXOG FRQFHLYDEO\ EH D VLQJOH VFDODU� VXFK DV WRUTXH�

RU HYHQ PXOWLSOH FRPSOH[ QXPEHUV� VXFK DV DGPLWWDQFHV EHWZHHQ YDULRXV HOHFWURGHV�

7KXV� LW ZDV GHFLGHG WKDW LW ZRXOG EH DGYDQWDJHRXV IRU WKH XVHU WR VSHFLI\ WKH QXPEHU

RI RXWSXW YDULDEOHV� DQG WR KDYH WKH SURJUDP DXWRPDWHG WR H[WUDFW WKHVH GLmHUHQW IRUPV

RI YDULDEOHV� 7KXV� WKH HQWU\ ER[� ?1XPEHU RI 2XWSXW 9DULDEOHV�� ZDV DGGHG WR WKH

LQWHUIDFH� $OVR� VLQFH WKH �SWG nOH FRQWDLQHG ERWK RUGHUHG SDLUV �IRU FRPSOH[ QXPEHUV�

DQG VFDODUV� WKH QHHG WR GHULYH D IRUP ZLWK ZKLFK WKH �SWG FRXOG EH UHDG DURVH� 7KLV

ZDV VROYHG E\ VFDQQLQJ WKH �SWE nOHV� ZKLFK WROG WKH YDULDEOH W\SHV �UHDO� FRPSOH[�

ERROHDQ� HWF�� DORQJ ZLWK WKHLU QDPHV� 7KXV� WKH IRUP ZLWK ZKLFK WKH �SWG nOHV FRXOG

EH UHDG E\ ?IVFDQI� ZDV FUHDWHG E\ VFDQQLQJ WKH �SWE nOH IRU WKH VSHFLnF YDULDEOH W\SHV�

2QFH UHDG LQWR D PDWUL[� WKH XVHU�VHOHFWHG QXPEHU RI YDULDEOHV ZHUH H[WUDFWHG IURP

WKH ORZHU�ULJKW RI WKH PDWUL[� ZKHUH WKH RXWSXW YDULDEOHV UHVLGH� DQG SDVVHG LQWR WKH

XVHU�GHnQHG FRVW IXQFWLRQ� 7KLV DOORZV IRU WKH JHQHUDO H[WUDFWLRQ RI RXWSXW YDULDEOHV

RI WKH 0D[ZHOO SURMHFW�

$VLGH IURP WKH IDFW WKDW WKH\ \LHOGHG WKH YDULDEOH W\SHV IRU H[WUDFWLRQ RI RXWSXW

YDULDEOHV� �SWE nOHV ZHUH DOVR VFDQQHG WR SURYLGH WKH DFWXDO YDULDEOH QDPHV IRU WKH

?9DULDEOHV� OLVW�PHQX� 7KXV� WKH\ ZHUH VFDQQHG HYHU\ WLPH D QHZ SURMHFW GLUHFWRU\

ZDV HQWHUHG� DQG WKH OLVW�PHQX EHFDPH DXWRPDWLFDOO\ XSGDWHG�

��� =HUR 2UGHU ,VVXHV

����� 5XQQLQJ D SURMHFW IURP 06�'26

$ SURMHFW LQ 0D[ZHOO �' FDQ EH VROYHG ZLWKRXW XVLQJ WKH 0D[ZHOO &RQWURO 3DQHO� 7R

VROYH D SURMHFW LQ '26 �1RPLQDO 3UREOHP�� LVVXH WKH IROORZLQJ FRPPDQG�

���



&KDSWHU �� 2SWLPL]DWLRQ

SDWK P�GIV �EDWFK �SURMHFW!

ZKHUH SDWK LV WKH GULYH DQG GLUHFWRU\ SDWK RI WKH 0D[ZHOO H[HFXWDEOHV DQG �SURMHFW!

LV WKH GULYH� GLUHFWRU\ SDWK� DQG QDPH RI WKH GHVLUHG SURMHFW� 7R VROYH IRU WKH YDULDEOHV

RI D SURMHFW� XVH WKH FRPPDQG�

SDWK P�GIV �EDWFK YDULDEOHV �SURMHFW!

)RU H[DPSOH� WR VROYH IRU WKH YDULDEOHV RI D SURMHFW QDPHG �PPW�SMW LQ

G�QDQVRIWQSURMHFWVQELQKQ�PPW�SMW�
XVH WKH FRPPDQG�

P�GIV �EDWFK YDULDEOHV G�QDQVRIWQSURMHFWVQELQKQ�PPW�SMW 	

����� &KDQJLQJ 3DUDPHWULF 6HWXS LQ 0D[ZHOO

$XWRPDWLF )LOH &KDQJHV E\ 0D[ZHOO

'XULQJ WKH SURFHVV RI VHWWLQJ XS D SURMHFW WR nQG D VROXWLRQ� FHUWDLQ nOHV LQ WKH SURMHFW
V

GLUHFWRU\ DUH XSGDWHG ZKHQ VSHFLnF IHDWXUHV RI WKH SURMHFW DUH FKDQJHG� %\ H[DPLQLQJ

ZKLFK nOHV DUH XSGDWHG DQG KRZ WKH\ FKDQJH� D PHWKRG RI FKDQJLQJ WKH SURMHFW
V

IHDWXUHV ZLWKRXW GLUHFWO\ DFFHVVLQJ WKH 0D[ZHOO &RQWURO 3DQHO FDQ EH IRXQG� :KHQ

D SURMHFW KDV QRW EHHQ RSHQHG� 0D[ZHOO GHQRWHV LW LQ WKH 0D[ZHOO 3URMHFWV ZLQGRZ

DV XQORFNHG� $IWHU D SURMHFW LV RSHQHG� 0D[ZHOO ORFNV WKH SURMHFW DQG D FKHFNPDUN

DSSHDUV LQVLGH WKH ?/RFNHG� ER[� $ nOH QDPHG ORFN�LQI LV FUHDWHG ZKHQ D SURMHFW LV

ORFNHG� DQG WKH GHOHWLRQ RI WKLV nOH XQORFNV WKH SURMHFW�

,Q H[DPLQLQJ WKH VWHS�E\�VWHS SURFHGXUH RI FUHDWLQJ D SURMHFW� DQ DUELWUDU\ SURMHFW

QDPHG �PPFQWUO ZLOO EH FRQVLGHUHG� :KHQ WKH SURMHFW
V PRGHO KDV EHHQ GHnQHG� DV

LQGLFDWHG E\ D FKHFNPDUN EHVLGH ?'HnQH 0RGHO� LQ WKH 0D[ZHOO �' )LHOG 6LPXODWRU

ZLQGRZ� WKH PHVVDJH 0RGHO�'&RPSOHWH LV DGGHG WR D nOH FDOOHG PIV��VWW� :KHQ 6HWXS

0DWHULDOV KDV EHHQ FRPSOHWHG� nOHV VXFK DV �PPFQWUO�DVQ DQG �PPFQWUO DUH FUHDWHG

DQG 0IV��VWW LV XSGDWHG ZLWK WKH PHVVDJH 0DWHULDO6HWXS&RPSOHWH� $IWHU FRPSOHWLQJ

WKH 6HWXS%RXQGDULHV�6RXUFHV SURFHGXUH� �PPFQWUO�EQG LV FUHDWHG DQG %RXQGDU\&RQ�

GLWLRQV&RPSOHWH LV DGGHG WR PIV��VWW� :KHQ 6HWXS 6ROXWLRQ LV GRQH� 0D[ZHOO IXUWKHU

���



���� =HUR 2UGHU ,VVXHV

XSGDWHV WKUHH LPSRUWDQW nOHV� 3DUDPHWULF6HWXS'RQH LV DGGHG WR PIV��VWW� 7KH nOH

�PPFQWUO�SWE LV XSGDWHG ZLWK LQIRUPDWLRQ DERXW WKH YDULDEOHV DGGHG� 7KH nUVW SLHFH

RI LQIRUPDWLRQ FRQWDLQV WKH QDPH RI WKH YDULDEOHV� )RU LQVWDQFH� LI } DQG � ZHUH DGGHG�

WKHQ

%B&2/801 ����

7\SH '%/

1DPH HSVLORQ

:LGWK ��

(B&2/801

%B&2/801 ����

7\SH '%/

1DPH VLJPD

:LGWK ��

(B&2/801

ZRXOG EH LQVHUWHG DW WKH WRS RI WKH nOH� 6HFRQGO\� LQIRUPDWLRQ DERXW WKH QXPEHU RI

VHWXSV LV DGGHG WR WKH nOH DV ZHOO� 7KH IROORZLQJ OLQHV�

%B52: �� ��

(B52:

%B52: �� ��

(B52:

%B52: �� ��

(B52:

DUH DGGHG WR WKH ERWWRP RI WKH nOH EHIRUH WKH OLQH

(B'$7$�

���



&KDSWHU �� 2SWLPL]DWLRQ

$ nOH FDOOHG �PPFWUO�SWG LV DOVR XSGDWHG� ,QIRUPDWLRQ WKDW LV QHHGHG LQ WKH VROXWLRQV

WDEOH� VXFK DV WKH QXPEHU RI VHWXSV� WKH GDWD VZHHS� DQG YDOXHV WR EH FDOFXODWHG� LV

DGGHG WR WKLV nOH� 7KH LQIRUPDWLRQ LV IRUPDWWHG LQ WKH IROORZLQJ PDQQHU �DVVXPLQJ

WKDW WKHUH DUH WKUHH VHWXSV��

VHWXS� ���� �(���� ) ) 7 � � � �� � �� �� � �� � � � �

VHWXS� ���� �(���� ) ) 7 � � � �� � �� �� � �� � � � �

VHWXS� ���� �(���� ) ) 7 � � � �� � �� �� � �� � � � �

:KHQ WKHVH FKDQJHV KDYH EHHQ PDGH� WKH LQIRUPDWLRQ ZLOO EH LQFOXGHG LQ WKH VROX�

WLRQV WDEOH RI 0D[ZHOO� VXFK DV WKH RQH EHORZ�

6HWXS 7DEOH IURP 0D[ZHOO

$W WKLV SRLQW� WKH YDULDEOHV DUH UHDG\ WR EH VROYHG� $IWHU VROYLQJ WKH SUREOHP� PIV��VWW

LV XSGDWHG ZLWK 3DUDPHWULF6ROYH&RPSOHWH� �PPFQWUO�SWE FKDQJHV RQO\ VOLJKWO\ ZLWK

%B52: �� ��

(B52:

%B52: �� ��

(B52:

%B52: �� ��

(B52:

ZKHUH ?��� FKDQJHG WR ?��� �VLJQLnFDQFH RI WKH QXPEHUV LV XQNQRZQ�� $OVR� WKH nOH

�PPFQWUO�SWG LV XSGDWHG ZLWK WKH VROYHG FDOFXODWLRQV DQG ZLWK FKDQJHV LQ WKH %RROHDQ

YDOXHV RI nHOGV OLNH ?6ROYHG�� ?6DYH )LHOGV�� DQG ?6ROYH�� $Q H[DPSOH LV VKRZQ EHORZ�

VHWXS� ���� �(���� 7 ) ) ��� ������(���� �������� ����� ����� � � ������(����

VHWXS� ���� �(���� 7 ) ) ��� ������(���� �������� ����� ����� � � ������(����

VHWXS� ���� �(���� 7 ) ) ��� ������(���� �������� ����� ����� � � ������(����

7KH nUVW OLQH VKRZV WKDW VHWXS � LV IRU WKH nUVW YDULDEOH YDOXH ����� VHFRQG YDULDEOH

���



���� =HUR 2UGHU ,VVXHV

YDOXH �H��� SURMHFW KDV EHHQ VROYHG �7UXH�� nHOG VROXWLRQV VKRXOG QRW EH VDYHG �)DOVH��

SURMHFW VKRXOG QRW EH VROYHG �)DOVH�� WKHUH DUH ��� WULDQJOHV LQ WKH PHVK� HQHUJ\ LV DW

������(���� ZLWK DQ HQHUJ\ HUURU RI ��������� 7KH UHPDLQLQJ HQWULHV YDU\ GHSHQGLQJ RQ

WKH VROYHU W\SH DQG UHTXHVWHG LQWHJUDO YDULDEOHV� 7KH ODVW QXPEHU LV WKH LQWHUHOHFWURGH

FDSDFLWDQFH UHTXHVWHG IURP 0D[ZHOO� 5HIHU WR 6HWXS 6ROXWLRQ�9DULDEOHV PHQX RSWLRQ

LQ 0D[ZHOO IRU H[DFW FRUUHVSRQGHQFH RI HDFK HQWU\� 0DQ\ RWKHU nOHV DUH FUHDWHG DQG

XSGDWHG WKURXJKRXW WKLV SURFHVV� EXW RQO\ WKH nOHV LPSRUWDQW IRU SDUDPHWULF FKDQJHV

KDYH EHHQ GLVFXVVHG�

0DQXDO )LOH &KDQJHV E\ 8VHU

,Q RUGHU WR PDQXDOO\ FKDQJH WKH YDULDEOHV VR WKDW 0D[ZHOO FDQ VROYH WKHP� FHUWDLQ nOHV

LQ WKH SURMHFW
V GLUHFWRU\ PXVW EH FKDQJHG� 7KH PRVW LPSRUWDQW nOHV DUH �PPFWUO�SWE

DQG �PPFWUO�SWG� ,Q RUGHU WR DGG D VHWXS WR WKH VROXWLRQV WDEOH� ERWK RI WKHVH nOHV

PXVW EH XSGDWHG ZLWK WKH GHVLUHG LQIRUPDWLRQ� )LUVW� �PPFQWUO�SWE PXVW EH XSGDWHG

ZLWK WKH IROORZLQJ OLQHV LQVHUWHG DW WKH HQG RI WKH nOH�

%B52: � ��

(B52:

ZKHUH � � ! LV UHSODFHG E\ DGGLQJ QHJDWLYH RQH ���� WR WKH QXPEHU LQ WKH SUHYLRXV

VHWXS� $Q LPSRUWDQW QRWH LV WKDW LW VHHPV WKH �� LQ WKH % 52:LV QHFHVVDU\ IRU0D[ZHOO

WR VROYH WKH SUREOHP �L�H�� QRW WR WKLQN WKDW WKH VROXWLRQ KDV FRQYHUJHG�� ,W DOVR VHHPV

WKDW WKHVH OLQHV PXVW EH DGGHG DW WKH HQG RI WKH OLVW LQ RUGHU IRU 0D[ZHOO WR UHFRJQL]H

WKHP� ,Q RUGHU WR DGG D QHZ YDULDEOH WR WKH WDEOH� WKH IROORZLQJ PXVW EH DGGHG WR WKH

WRS RI WKH nOH ��PPFQWUO�SWE��

%B&2/801 �FROXPQ�!

7\SH '%/

1DPH �YDU!

:LGWK ��

���



&KDSWHU �� 2SWLPL]DWLRQ

(B&2/801

ZKHUH

�FROXPQ�!

LV WKH FROXPQ QXPEHU �RQH PRUH WKDQ WKH FROXPQ QXPEHU RI WKH SUHYLRXV VHWXS� DQG

�YDU! LV WKH QDPH RI WKH YDULDEOH WR EH DGGHG� 7KH LQIRUPDWLRQ FRQWDLQHG LQ 7\SH

LQGLFDWHV WKH SUHFLVLRQ� VXFK DV GRXEOH�SUHFLVLRQ �'%/�� ,Q DGGLWLRQ WR WKH FKDQJHV LQ

�PPFQWUO�SWE� WKH nOH �PPFQWUO�SWG PXVW EH XSGDWHG ZLWK WKH IROORZLQJ�

VHWXS��! YDU� YDU� ) ) 7 � � � �� � �� �� � �� � � � �

ZKHUH ��! LV WKH VHWXS QXPEHU� YDU� LV WKH YDOXH RI WKH nUVW YDULDEOH� DQG YDU� LV WKH

YDOXH RI WKH VHFRQG YDULDEOH� :KHQ XSGDWLQJ WKHVH nOHV� VDYH WKHP RQO\ LQ WH[W PRGH�

$OVR� LQ RUGHU WR YLHZ WKH FKDQJHV LQ WKH VROXWLRQV WDEOH LQ 0D[ZHOO� WKH SURMHFW PXVW

nUVW EH FORVHG DQG WKHQ RSHQHG DIWHU WKH FKDQJHV WR WKH nOHV DUH PDGH� 7KH IROORZLQJ

WDEOH GHVFULEHV D IHZ RI WKH nOHV WKDW 0D[ZHOO FUHDWHV LQ D SURMHFW
V GLUHFWRU\�

����� )LOH 'HVFULSWLRQ

7KH IROORZLQJ nOHV KDYH EHHQ LGHQWLnHG�

ORFN�LQI� ��LQI � LQIRUPDWLRQ� )LOH LV FUHDWHG ZKHQ D SURMHFW LV LQ XVH �RU ORFNHG��

PIV��VWW� )LOH LV XSGDWHG HYHU\ WLPH D SURFHVV KDV EHHQ FRPSOHWHG �VXFK DV 'HnQH

0RGHO� 6HWXS 0DWHULDOV� HWF���

�SURMHFW��SWE� &RQWDLQV WKH YDULDEOH QDPHV� WKH FROXPQ ODEHOV� DQG VHWXS LQIRUPDWLRQ

�(QHUJ\� 7ULDQJOHV� HWF���

�SURMHFW��SWG� ��SWG � SDUDPHWULF WDEOH GDWD� &RQWDLQV WKH GDWD IRU HDFK VHWXS�

�SURMHFW��VP� &RQWDLQV VSHFLnFDWLRQV IRU WKH SURMHFW PRGHO �REMHFW QDPH� FRRUGLQDWHV�

HWF��� &UHDWHG DIWHU 'HnQH 0RGHO LV SHUIRUPHG�

�SURMHFW��DVQ� &RQWDLQV LQIRUPDWLRQ RQ PDWHULDO W\SH IRU HDFK REMHFW� &UHDWHG DIWHU

6HWXS 0DWHULDOV LV SHUIRUPHG�

�SURMHFW��EQG� ��EQG � ERXQGDU\� &RQWDLQV WKH ERXQGDU\ LQIRUPDWLRQ IRU HDFK REMHFW�

&UHDWHG DIWHU 6HWXS %RXQGDULHV LV SHUIRUPHG�

���



���� 6WHS�E\�VWHS *XLGH WR 2SWLPL]DWLRQ ,QWHUIDFH

�SURMHFW��DYO� &RQWDLQV LQIRUPDWLRQ �WULDQJOHV� WLPH� HWF�� IRU HDFK SDVV�

�SURMHFW��FQG� /LVWV ZKHWKHU DQ REMHFW �LQ PDWUL[� LV VLJQDO RU JURXQG� &UHDWHG DIWHU

6HWXS ([HFXWLYH 3DUDPHWHUV� 0DWUL[ LV SHUIRUPHG�

�SURMHFW��SUP� /LVWV YDOXHV IRU WKH SURMHFW DIWHU QRPLQDO VROYLQJ� VXFK DV IUHTXHQF\

YDOXH� SHUFHQW HQHUJ\� DQG QXPEHU RI SDVVHV�

�SURMHFW��FDS� ��FDS � FDSDFLWDQFH� /LVWV WKH YDOXHV IURP WKH FDSDFLWDQFH PDWUL[�

�SURMHFW��DGP� ��DGP � DGPLWWDQFH� /LVWV WKH YDOXHV IURP WKH DGPLWWDQFH PDWUL[�

��� 6WHS�E\�VWHS *XLGH WR 2SWLPL]DWLRQ ,QWHUIDFH

�� 2SHQ 0DWODE�

�� 7\SH ?PD[JXL��� �IRU YHUVLRQ ���� WR RSHQ RSWLPL]DWLRQ PRGXOH�

�� (QWHU +RPH 'LUHFWRU\ LQ WH[W ER[� H�J� ?F�QPDWODEQPD[JXL��
�� (QWHU 3URMHFW 3DWK LQ WH[W ER[� H�J� ?F�QDQVRIWQSURMHFWVQMDVRQQODPEGD��SMW�� 7KLV
VKRXOG UHQHZ WKH YDULDEOHV DQG VHW DOO WKHLU LQLWLDO YDOXHV WR ]HUR� 7KH VWRUHG LQLWLDO

YDOXHV IRU WKH SURMHFW YDULDEOHV FDQ EH UHVWRUHG E\ FOLFNLQJ RQ WKH ORDG EXWWRQ QH[W WR

WKH ?,QLWLDO 9DOXH� ER[�

�� (QWHU 0D[ZHOO 3DWK LQ WH[W ER[� H�J� ?F�QDQVRIW�� $ 0D[ZHOO ZLQGRZ VKRXOG VWDUW
XS LI \RX HQWHUHG WKH FRUUHFW SDWK�

�� (QWHU &RVW )XQFWLRQ LQ WH[W ER[� H�J� ?FRVW��� 8VH WKH HGLW EXWWRQ WR HGLW WKH

IXQFWLRQ LI QHFHVVDU\� 1HZ FUHDWHV D QHZ IXQFWLRQ� ZKLFK PXVW EH QDPHG LQ WKH 0DWODE

HGLWRU ZLQGRZ ZKLFK RSHQV� 7KH FRVW IXQFWLRQ RXJKW WR EH D IXQFWLRQ RI YHFWRU LQSXWV

DQG RXWSXWV� ZLWK WKH VLQJOH LQSXW YHFWRU EHLQJ WKH YDULDEOHV FDOFXODWHG E\ 0D[ZHOO
V

SDUDPHWULF PRGXOH� LQ WKDW VDPH RUGHU� DQG WKH RXWSXW EHLQJ WKH UHVXOW RI WKH YHFWRU

FRVW IXQFWLRQ RI WKH LQSXW� )RU FDVHV ZLWK FRQVWUDLQWV� D VHFRQG RXWSXW LV QHHGHG� 7KLV

VHFRQG RXWSXW LV WKH FRQVWUDLQW IXQFWLRQ� ZKLFK ZLOO EH NHSW OHVV WKDQ ]HUR LQ WKH VHDUFK

IRU DQ RSWLPDO VROXWLRQ�

���



&KDSWHU �� 2SWLPL]DWLRQ

�� 6HOHFW 2SWLPL]DWLRQ DOJRULWKP� H�J� ?IPLQX %*)6�� IURP WKH OLVW�PHQX� ,I ?FRQVWU�

LV VHOHFWHG� D GLDORJXH ER[ ZLOO DSSHDU DVNLQJ IRU WKH DEVROXWH PD[LPD�PLQLPD RI WKH

VROXWLRQ VHDUFK� 7KHVH DUH WR EH GHnQHG DV YHFWRUV� LQ WKH VDPH RUGHU DV WKH LQFOXGHG

YDULDEOHV DUH OLVWHG LQ WKH YDULDEOHV OLVW�ER[� 1RWLFH� RQO\ LQFOXGHG YDULDEOHV DUH WR KDYH

WKHVH FRQVWUDLQWV�

�� (GLW WKH LQLWLDO YDOXH DV ZHOO DV LQFOXVLRQ�H[FOXVLRQ RI HDFK YDULDEOH� H�J� FOLFN

RQ ?IUHTXHQF\�� VHOHFW ?H[FOXGH IURP RSWLPL]DWLRQ�� FOLFN RQ ?HSVLORQ��� HQWHU ?�� LQ

?,QLWLDO 9DOXH� ER[� VHOHFW ?VLJPD��� HQWHU ?�H���� LQ ?,QLWLDO 9DOXH� ER[� 1RWLFH WKHVH

YDOXHV FDQ EH VDYHG DQG ORDGHG XVLQJ WKH EXWWRQV QH[W WR WKH WH[W ER[�

�� (QWHU WKH QXPEHU RI RXWSXW YDULDEOHV� H�J� ?��� 7KLV LV WKH QXPEHU RI DFWXDO RXWSXW

YDULDEOHV GHVLUHG FRXQWLQJ IURP WKH HQG RI WKH 0D[ZHOO SDUDPHWULF PRGH VSUHDGVKHHW�

1RWLFH WKDW FRPSOH[�QXPEHUHG YDOXHV� VXFK DV DGPLWWDQFH� FRXQW DV WZR RXWSXW YDUL�

DEOHV�

��� &OLFN RQ ?6WDUW 0D[ZHOO� WR EHJLQ RSWLPL]DWLRQ SURFHVV�

��� $SSOLFDWLRQV

7KLV VHFWLRQ SUHVHQWV D VLPSOH H[DPSOH RI VROYLQJ WKH LQYHUVH SUREOHP ZLWK WKH GH�

YHORSHG VRIWZDUH� )LJXUH ��� VKRZV WKH FRQYHUJHQFH SURFHVV RI nQGLQJ GLHOHFWULF SHU�

PLWWLYLW\ DQG FRQGXFWLYLW\ RI D KRPRJHQHRXV PDWHULDO XVLQJ WKH LQWHUGLJLWDO VHQVRU�

7KH LQLWLDO JXHVVHV IRU FDSDFLWDQFH &�� DQG FRQGXFWDQFH *�� DUH VRPHZKDW GLmHUHQW

IURP WKH FRUUHFW YDOXHV� ,W WRRN DOPRVW �� LWHUDWLRQV WR FRQYHUJH WR FRUUHFW YDOXHV RI

GLHOHFWULF SURSHUWLHV ZLWK D VSHFLnHG DFFXUDF\ RI WKH FRVW IXQFWLRQ < �

<  M�&P b &F� &PM� � M�*P b*F� *PM� � �����

ZKHUH &F DQG *F DUH FDOFXODWHG DQG &P DQG *P DUH PHDVXUHG YDOXHV RI FDSDFLWDQFH

DQG FRQGXFWDQFH� UHVSHFWLYHO\�

���



���� 6XPPDU\

0RUH FRPSOLFDWHG FDVHV RI LQYHUVH SUREOHPV DUH WUHDWHG LQ FRQVHFXWLYH FKDSWHUV�

HVSHFLDOO\ IRU PRLVWXUH G\QDPLFV� ,Q VHYHUDO FDVHV� WKH RSWLPL]DWLRQ ZLWK 0D[ZHOO KDV

EHHQ XVHG IRU WKRVH SUREOHPV� DV SRLQWHG RXW ODWHU� ZKHUH DSSURSULDWH� )RU H[DPSOH� D

PRLVWXUH GLmXVLRQ SUREOHP KDV EHHQ VROYHG LQ &KDSWHU ���

��� 6XPPDU\

$ EULHI VXPPDU\ RI WKH UHVXOWV RI WKLV SURMHFW IROORZV�

�� $ YHUVDWLOH WRRO IRU VROYLQJ D YDULHW\ RI RSWLPL]DWLRQ SUREOHPV WKURXJK DGDSWLYH

nQLWH HOHPHQW DQDO\VLV KDV EHLQJ GHYHORSHG�

�� $SSOLFDWLRQV LQFOXGH SRZHU HTXLSPHQW GHVLJQ� LQVXODWLRQ FRRUGLQDWLRQ� PDQDJH�

PHQW RI HOHFWULF DQG PDJQHWLF nHOG GLVWULEXWLRQ� 0(06 DQG VHQVRU RSWLPL]DWLRQ� HWF�

�� 3UREOHPV DOUHDG\ VROYHG LQYROYHG XS WR � YDULDEOHV �LQFOXGLQJ D PRLVWXUH GLmXVLRQ

SUREOHP DQG QRW LQFOXGHG LQ WKLV WKHVLV D PDJQHWLF nHOG PLQLPL]DWLRQ SUREOHP��

�� 7KH FRPSXWDWLRQ WLPH YDULHV EHWZHHQ PLQXWHV DQG ZHHNV�

�� )XWXUH ZRUN VKRXOG FRQFHQWUDWH RQ WKH VWDELOLW\ RI KLJKO\ LQWHQVLYH FRPSXWDWLRQDO

WDVNV DQG GHYHORSPHQW RI WRROV IRU WUHDWLQJ GLVFUHWH SUREOHPV�

7KH FRGH IRU WKH RSWLPL]DWLRQ ZLWK 0D[ZHOO DQG UHODWHG SUREOHPV LV JLYHQ LQ $S�

SHQGL[ +�

���



&KDSWHU �� 2SWLPL]DWLRQ

)LJXUH ���� 0DWHULDO SURSHUWLHV FDQ EH GHWHUPLQHG E\ JXHVVLQJ DW WKH YDOXHV RI PDWHULDO
SURSHUWLHV XQWLO WKH\ PDWFK WKH PHDVXUHG YDOXHV� 7KLV LQYHUVH SUREOHP FDQ EH IRUPX�
ODWHG DV DQ RSWLPL]DWLRQ SUREOHP� 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ � DQG FRQGXFWLYLW\
} DUH VFDOHG LQ WKLV H[DPSOH E\ ��� LQ RUGHU WR DYRLG WKH ORZ FRQGXFWLYLW\ WKUHVKROG
LQ 0D[ZHOO DW DERXW ��b� 6�P� < LV WKH FRVW IXQFWLRQ DQG G<  <L�� b <L LV WKH
GLmHUHQWLDO YDOXH RI WKH FRQVHFXWLYH FRVW IXQFWLRQ YDOXHV WKDW LV XVHG DV D FRQYHUJHQFH
FULWHULRQ�

���



&KDSWHU ��

'LHOHFWULF 6SHFWURVFRS\

���� ,QWURGXFWLRQ

0HFKDQLFDO DQG UKHRORJLFDO PHWKRGV DGGUHVV PDFURVFRSLF SURSHUWLHV� ZKLOH VSHFWUR�

VFRSLF PHWKRGV DGGUHVV SURSHUWLHV RQ WKH PLFURVFRSLF PROHFXODU OHYHO >��@� 0DQ\ VLP�

SOH YHUVLRQV RI FKHPLFDO VHQVRUV SHUIRUP PHDVXUHPHQWV DW D VLQJOH RSHUDWLQJ SRLQW�

IRU H[DPSOH� XVLQJ '& FRQGXFWLRQ PHDVXUHPHQWV RU $& FDSDFLWLYH PHDVXUHPHQWV DW D

VLQJOH IUHTXHQF\� ,Q WKHVH FDVHV� LW LV XVXDOO\ QRW SRVVLEOH WR GLmHUHQWLDWH EHWZHHQ WKH

FKDQJH RI WKH VLJQDO FDXVHG E\ WKH FKHPLFDO RI LQWHUHVW DQG WKH FKDQJH RI WKH VLJQDO

FDXVHG E\ DQ LQWHUIHUHQFH SURFHVV� VXFK DV PRLVWXUH DEVRUSWLRQ� YDULDWLRQ RI DPELHQW

WHPSHUDWXUH� HOHFWULFDO QRLVH� HWF� $ YDULHW\ RI VSHFWURVFRS\ WHFKQLTXHV LV DYDLODEOH WR

LPSURYH GLmHUHQWLDWLRQ EHWZHHQ VLJQDO FKDQJH VRXUFHV DQG� WKXV� H[WHQG FDSDELOLWLHV RI

H[LVWLQJ VHQVLQJ WHFKQLTXHV ZLWKRXW LQWURGXFLQJ FKDQJHV LQ WKH SK\VLFDO GHVLJQ RI WKH

VHQVRU LWVHOI�

���� ,PSHGDQFH 6SHFWURVFRS\

,Q FRQWUDVW WR RWKHU VSHFWURVFRS\ WHFKQLTXHV� VXFK DV� IRU H[DPSOH� )RXULHU WUDQVIRUP

LQIUDUHG VSHFWURVFRS\� WKH LPSHGDQFH� DGPLWWDQFH� DQG GLHOHFWULF VSHFWURVFRS\ GR QRW

���



&KDSWHU ��� 'LHOHFWULF 6SHFWURVFRS\

XVXDOO\ H[KLELW H[WUHPHO\ VKDUS JUDGLHQWV DW WKH UHVRQDQW SRLQWV LQ WKH IUHTXHQF\ UH�

VSRQVH� 7KH WRSLF RI GLHOHFWULF VSHFWURVFRS\ LV YHU\ EURDG E\ LWVHOI DQG LV WKH VXE�

MHFW RI VHSDUDWH ERRNV� VXFK DV >���� ���@� 6RPH DVSHFWV RI GLHOHFWULF VSHFWURVFRS\ DUH

VSHFLDOL]HG WR GLHOHFWULF PDWHULDOV RQO\� VXFK DV PHDVXUHPHQW RI :DUEXUJ LPSHGDQFH

�IUHTXHQF\ GHSHQGHQW UHVLVWLYH DQG FDSDFLWLYH FRPSRQHQWV GXH WR SRODUL]DWLRQ XQGHU

ORZ FXUUHQW FRQGLWLRQV LQ WKH GRXEOH OD\HU� DQG GLVWRUWLRQ RI WKH 'HE\H VHPL�FLUFOH LQ

&ROH�&ROH SORWV ZKHQ SORWWLQJ ��� YV� �� >���@� 2WKHU DVSHFWV DUH FRPPRQ WR EURDGEDQG

VSHFWURVFRSLHV LQ JHQHUDO� )RU H[DPSOH� D QRUPDOL]HG GLmHUHQFH )RXULHU WUDQVIRUP PDJ�

QLWXGH VSHFWUXP >��@ KHOSV WR GLmHUHQWLDWH EHWZHHQ GLmHUHQW FKHPLFDOV WKDW DUH EHLQJ

DEVRUEHG E\ WKH VHQVLWLYH OD\HU� 7KH LPSHGDQFH VSHFWUD KDV EHHQ XVHG IRU HYDOXDWLRQ

RI PRLVWXUH DEVRUSWLRQ LQ VRODU SDQHO HQFDSVXODWLRQV >���@�

)LJXUHV ���� DQG ���� DUH H[WUDFWHG IURP D VWXG\ GHGLFDWHG WR PHDVXUHPHQW RI HOHF�

WURFKHPLFDO GRXEOH OD\HU SURSHUWLHV WKDW ZDV UHSRUWHG LQ >���@� 7KH SURSHUWLHV RI OLTXLG

GLHOHFWULF ZHUH IRXQG E\ LPPHUVLQJ D SDUDOOHO SODWH FDSDFLWRU ZLWK D YDULDEOH JDS LQ WKH

OLTXLG DQG PHDVXULQJ WKH LPSHGDQFH RYHU D UDQJH RI IUHTXHQFLHV� 7KHVH LPSHGDQFHV

ZHUH WKHQ XVHG WR GHWHUPLQH HOHPHQW YDOXHV LQ DQ HTXLYDOHQW HOHFWULFDO FLUFXLW� ZKHUH

HDFK HOHPHQW ZDV D OXPSHG SDUDPHWHU UHSUHVHQWDWLRQ RI WKH OLTXLG GLHOHFWULF SURSHUWLHV�

7KH WHVW FHOO LPSHGDQFH ZDV GHWHUPLQHG E\ FRQQHFWLQJ WKH FHOO WR WKH FLUFXLW VKRZQ LQ

)LJXUH ���� DQG PHDVXULQJ WKH YROWDJH JDLQ DFURVV WKH FLUFXLW �YR YV� DV D IXQFWLRQ RI

IUHTXHQF\�

$ OXPSHG HOHPHQW PRGHO IRU WKH LPSHGDQFH LV WKHQ XVHG WR GHWHUPLQH WKH EXON

FRQGXFWLYLW\ DQG SHUPLWWLYLW\ RI WKH OLTXLG� :KLOH WKH VLPSOHVW PRGHO IRU WKH GLHOHFWULF

LV D UHVLVWRU 5� LQ SDUDOOHO ZLWK D FDSDFLWRU &�� WKLV PRGHO LV LQDGHTXDWH IRU GHVFULELQJ

WKH GDWD� ,I WKH XQNQRZQ LPSHGDQFH ZHUH IRUPHG E\ D UHVLVWRU LQ SDUDOOHO ZLWK D

FDSDFLWRU� D SORW RI WKH LPDJLQDU\ SDUW RI WKH LPSHGDQFH DJDLQVW WKH UHDO SDUW RI WKH

LPSHGDQFH ZRXOG EH D &ROH�&ROH VHPL�FLUFOH SORW >���@� :KLOH WKLV DSSOLHV DW WKH ORZHU

WHPSHUDWXUHV� WKH VHPL�FLUFXODU VKDSH LV ORVW DW WKH KLJKHU WHPSHUDWXUHV� DV LOOXVWUDWHG

E\ WKH &ROH�&ROH SORWV LQ )LJXUH ����� 7KLV LV FRQVLVWHQW ZLWK FDSDFLWLYH HOHPHQWV DW WKH

HOHFWURGHV DQG PRWLYDWHV WKH IRUP RI WKH WHVW FHOO LPSHGDQFH LOOXVWUDWHG LQ )LJXUH �����

���



����� ,PSHGDQFH 6SHFWURVFRS\

)LJXUH ����� $Q HOHFWULFDO HTXLYDOHQW FLUFXLW GLDJUDP IRU WKH JDLQ DQG SKDVH PHDVXUH�
PHQWV LQ WUDQVIRUPHU RLO LQFOXGLQJ FDSDFLWRUV &GO QHDU HDFK HOHFWURGH WR DFFRXQW IRU WKH
HOHFWULFDO GRXEOH OD\HU� >��@�

7KH HOHFWURGH FDSDFLWDQFHV &GO UHVXOW IURP WKH VSDFH�FKDUJH SRODUL]DWLRQ DVVRFLDWHG

ZLWK WKH HOHFWULFDO GRXEOH OD\HU ZKLOH WKH EXON SURSHUWLHV RI WKH OLTXLG FRQGXFWLYLW\ }

DQG SHUPLWWLYLW\ � DUH JLYHQ E\ 5� DQG &�� 7KH OXPSHG HOHPHQWV DUH UHODWHG WR WKH

OLTXLG GLHOHFWULF SURSHUWLHV E\

&�  
q$

Gb �w' � 5�  
Gb �w'

}$
� &GO  

q$

w'
������

ZLWK $ WKH DUHD� G WKH HOHFWURGH VSDFLQJ� } WKH OLTXLG FRQGXFWLYLW\� q WKH OLTXLG SHU�

PLWWLYLW\ DQG ZLWK w' WKH FKDUDFWHULVWLF 'HE\H OHQJWK RYHU ZKLFK WKH VSDFH�FKDUJH LV

GLVWULEXWHG QHDU HDFK HOHFWURGH� 7KH JHRPHWULF IDFWRU $ G LV GHWHUPLQHG E\ PHDVXULQJ

WKH FDSDFLWDQFH RI WKH VWUXFWXUH LQ DLU� &DLU  ��$ G�

���



&KDSWHU ��� 'LHOHFWULF 6SHFWURVFRS\

)LJXUH ����� 5HSUHVHQWDWLYH &ROH�&ROH SORWV RI UHDO DQG LPDJLQDU\ SDUWV RI WKH FRPSOH[
LPSHGDQFH IRU 6KHOO 'LDOD $ WUDQVIRUPHU RLO DW IRXU WHPSHUDWXUHV� 7KH OLQHV JLYH WKH
FDOFXODWHG LPSHGDQFHV IRU WKH OLVWHG HVWLPDWHG SDUDPHWHUV� >��@�

���� 'DWD 9LVXDOL]DWLRQ� &DVH 6WXG\

7KH IROORZLQJ H[DPSOH RQ GDWD YLVXDOL]DWLRQ RI GLHOHFWULF VSHFWURVFRS\ PHDVXUHPHQWV

ZLWK RLO�IUHH WUDQVIRUPHU SUHVVERDUG SUHVHQWV D JDOOHU\ RI SORWV WR GHPRQVWUDWH WKH

YDULHW\ RI SRVVLEOH UHSUHVHQWDWLRQV RI GLHOHFWULF GDWD DQG WR SURYLGH D UHIHUHQFH VHTXHQFH

RI SRVVLEOH SORWV WKDW FDQ EH XVHG LQ WKH IXWXUH� 7KH PHDVXUHPHQW ZDV GRQH XVLQJ D

JXDUGHG SDUDOOHO SODWH VHQVRU ZLWK D VHQVLQJ HOHFWURGH VTXDUH RI �� PP RQ D VLGH�

ZLWK D oRDWLQJ YROWDJH GLHOHFWURPHWU\ LQWHUIDFH ZLWK &/  ����� S) �FKDQQHO WZR RI

WKH FRQWUROOHU�� 7KH DPELHQW KXPLGLW\ ZDV ���� WKH WHPSHUDWXUH ZDV ��p&� DQG WKH

SUHVVERDUG WKLFNQHVV �WKH GLVWDQFH EHWZHHQ WKH GULYHQ DQG VHQVLQJ HOHFWURGHV� ZDV ����

PP�

)LJXUH ���� VKRZV WKH PHDVXUHG JDLQ DQG SKDVH DV D IXQFWLRQ RI IUHTXHQF\� 7KH

SKDVH YDOOH\ ZLWK D PLQLPXP DW DERXW ��� +] LQGLFDWHV WKDW WKH IUHTXHQF\ UDQJH KDV

EHHQ SURSHUO\ VHOHFWHG WR FKDUDFWHUL]H WKH FULWLFDO WUDQVLWLRQ LQ WKH GLHOHFWULF SURSHUWLHV

LQ WKH KLJK WR ORZ IUHTXHQF\ UHVSRQVH� )LJXUH ���� VKRZV WKH YDOXHV RI WUDQVFDSDFLWDQFH

DQG WUDQVFRQGXFWDQFH HVWLPDWHG IURP JDLQ DQG SKDVH E\ VROYLQJ ������ )LJXUHV �����

����� VKRZ DOWHUQDWLYH ZD\V WR YLVXDOL]H WKH GLHOHFWULF VSHFWURVFRS\ GDWD� 6RPH RI WKH

FRGH XVHG IRU SORWWLQJ LV OLVWHG LQ $SSHQGL[ ) DV 6SHF6WDUW�P�

���



����� 'DWD 9LVXDOL]DWLRQ� &DVH 6WXG\

)LJXUH ����� 0HDVXUHG JDLQ DQG SKDVH RI WKH SDUDOOHO�SODWH GLHOHFWURPHWU\ LQWHUIDFH
RXWSXW ZLWK ���� PP WKLFN RLO�IUHH WUDQVIRUPHU SUHVVERDUG LQ DLU DW ��p& DQG ���
UHODWLYH KXPLGLW\ ZLWK &/  ����� S)�

���



&KDSWHU ��� 'LHOHFWULF 6SHFWURVFRS\

)LJXUH ����� 0HDVXUHG WUDQVFDSDFLWDQFH &�� DQG WUDQVFRQGXFWDQFH *�� DV D IXQFWLRQ
RI IUHTXHQF\ IRU WKH GDWD LQ )LJXUH ����� 6LQFH WKH FRQGXFWDQFH YDOXHV FKDQJH RYHU
D YHU\ ZLGH UDQJH� WKH\ DUH QRW LGHQWLnDEOH IURP WKH SORW DW IUHTXHQFLHV EHORZ ���
+]� $ ORJ�ORJ SORW LV RIWHQ PRUH DSSURSULDWH LQ WKLV FDVH� 7KH GDWDSRLQWV LQ WKLV FDVH
FRUUHVSRQG WR DFWXDO YDOXHV� DV RSSRVHG WR YDOXHV SURGXFHG E\ QXPHULFDO XQFHUWDLQWLHV�

���



����� 'DWD 9LVXDOL]DWLRQ� &DVH 6WXG\

)LJXUH ����� 2LO�IUHH WUDQVIRUPHU SUHVVERDUG WUDQVFDSDFLWDQFH YV� WUDQVFRQGXFWDQFH
ZLWK IUHTXHQF\ �+]� DV D SDUDPHWHU�

���



&KDSWHU ��� 'LHOHFWULF 6SHFWURVFRS\

)LJXUH ����� $ QHJDWLYH LPDJLQDU\ SDUW RI WUDQVLPSHGDQFH YHUVXV WKH UHDO LPDJLQDU\
SDUW RI WUDQVLPSHGDQFH� DQDORJRXV WR &ROH�&ROH SORWV� LV RIWHQ XVHG IRU GLVSOD\LQJ GDWD
RQ IUHTXHQF\ GLVSHUVLYH PDWHULDOV�

���



����� 'DWD 9LVXDOL]DWLRQ� &DVH 6WXG\

)LJXUH ����� 2LO�IUHH WUDQVIRUPHU SUHVVERDUG UHDO DQG LPDJLQDU\ SDUWV RI LPSHGDQFH DV
IXQFWLRQV RI IUHTXHQF\�

���



&KDSWHU ��� 'LHOHFWULF 6SHFWURVFRS\

)LJXUH ����� 2LO�IUHH WUDQVIRUPHU SUHVVERDUG DEVROXWH YDOXH DQG SKDVH DQJOH RI
LPSHGDQFH DV D IXQFWLRQ RI IUHTXHQF\�

���



����� 'DWD 9LVXDOL]DWLRQ� &DVH 6WXG\

)LJXUH ����� $ WKUHH�GLPHQVLRQDO UHSUHVHQWDWLRQ RI PHDVXUHG RLO�IUHH WUDQVIRUPHU SUHVV�
ERDUG LPSHGDQFH DV D IXQFWLRQ RI IUHTXHQF\� &LUFOHV VKRZ WKH GDWD LQ WKUHH GLPHQVLRQV
DQG SOXVHV� [
V� DQG DVWHULVNV YLVXDOL]H SURMHFWLRQV RI WKLV WKUHH�GLPHQVLRQDO FXUYH RQWR
RUWKRJRQDO SODQHV IRUPHG E\ WKH D[HV RI IUHTXHQF\� UHDO SDUW RI LPSHGDQFH� DQG QHJDWLYH
LPDJLQDU\ SDUW RI LPSHGDQFH� 7KLV W\SH RI SORW LV IUHTXHQWO\ XVHG LQ HOHFWURFKHPLVWU\
WR HmHFWLYHO\ YLVXDOL]H GLHOHFWULF VSHFWURVFRS\ PHDVXUHPHQW GDWD�

���



&KDSWHU ��� 'LHOHFWULF 6SHFWURVFRS\

)LJXUH ������ 0HDVXUHG RLO�IUHH WUDQVIRUPHU SUHVVERDUG UHODWLYH GLHOHFWULF SHUPLWWLYLW\
DQG FRQGXFWLYLW\ DV IXQFWLRQV RI IUHTXHQF\� 6LQFH WKH FRQGXFWDQFH YDOXHV FKDQJH RYHU
D YHU\ ZLGH UDQJH� WKH\ DUH QRW LGHQWLnDEOH DW IUHTXHQFLHV EHORZ ��� +]� $ ORJ�ORJ SORW
LV RIWHQ PRUH DSSURSULDWH LQ WKLV FDVH�

���



����� 6XPPDU\

���� 6XPPDU\

9LVXDOL]DWLRQ RI HOHFWULFDO TXDQWLWLHV DV D IXQFWLRQ RI IUHTXHQF\ RI HOHFWULFDO H[FLWDWLRQ

LV D SRZHUIXO LQVWUXPHQW WKDW PD\ KHOS WR VWXG\ V\VWHP DQG PDWHULDO SURSHUWLHV� 'L�

HOHFWULF VSHFWURVFRS\ GHDOV ZLWK PHDVXUHPHQW DQG YLVXDOL]DWLRQ RI PLFURVFRSLF PDWHULDO

SURSHUWLHV� VXFK DV GLHOHFWULF SHUPLWWLYLW\� FRQGXFWLYLW\� DQG ORVV WDQJHQW� ,W LV QRW DO�

ZD\V SRVVLEOH RU QHFHVVDU\ WR FRQYHUW VHQVRU UHVSRQVH WR GLHOHFWULF SURSHUWLHV GDWD� 7KH

LPSHGDQFH DQG DGPLWWDQFH VSHFWURVFRS\ WHFKQLTXHV DUH DOVR ZLGHO\ XVHG DQG DUH YHU\

VXLWDEOH IRU PXOWLSOH SHQHWUDWLRQ GHSWK PHDVXUHPHQWV�

$ FRPSUHKHQVLYH VHULHV RI H[DPSOHV WKDW VKRZ SRVVLEOH ZD\V RI YLVXDOL]DWLRQ RI

ZLGHEDQG VSHFWURVFRS\ GDWD LV LQFOXGHG LQ WKLV FKDSWHU IRU HDV\ UHIHUHQFH� (DFK UHS�

UHVHQWDWLRQ KDV FHUWDLQ DGYDQWDJHV DQG GUDZEDFNV� )RU H[DPSOH� ORVV WDQJHQW GDWD

IRU D SDUDOOHO SODWH FDSDFLWRU KDV D JUHDW IHDWXUH RI EHLQJ DOPRVW LQVHQVLWLYH WR HUURUV

LQ JHRPHWU\ PRGHOLQJ� 2Q WKH RWKHU KDQG� WKLV SUHVHQWDWLRQ GRHV QRW DOZD\V UHoHFW

WKH ORVV RI VHQVLWLYLW\ WR FKDQJHV LQ FRQGXFWLYLW\ RU GLHOHFWULF SHUPLWWLYLW\ DW FHUWDLQ

YDOXHV RI WKH PHDVXUHPHQW IUHTXHQF\ UDQJH� 7KUHH�GLPHQVLRQDO SURMHFWLRQ UHSUHVHQWD�

WLRQ RI GLHOHFWULF VSHFWURVFRS\ GDWD FRPELQHV DOO IHDWXUHV LQ D VLQJOH FRQYHQLHQW SORW WR

DFFRPPRGDWH XQGHUVWDQGLQJ RI XQGHUO\LQJ SKHQRPHQD�

���



&KDSWHU ��� 'LHOHFWULF 6SHFWURVFRS\

)LJXUH ������ 0HDVXUHG RLO�IUHH WUDQVIRUPHU SUHVVERDUG UHDO DQG LPDJLQDU\ SDUWV RI
UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RQ D OLQHDU VFDOH DV IXQFWLRQV RI IUHTXHQF\�

���



����� 6XPPDU\

)LJXUH ������ 0HDVXUHG RLO�IUHH WUDQVIRUPHU SUHVVERDUG UHDO DQG LPDJLQDU\ SDUWV RI
UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RQ D ORJDULWKPLF VFDOH DV IXQFWLRQV RI IUHTXHQF\� 7KH
VORSH LV QRW FRQVWDQW IRU ORJ����� WKURXJKRXW WKH HQWLUH IUHTXHQF\ UDQJH� ZKLFK LQGLFDWHV
WKDW WKH PDWHULDO LV GLVSHUVLYH� WKH VORSH LV �� DW IUHTXHQFLHV EHORZ � +] LQGLFDWHV WKDW
LW LV QRQ�GLVSHUVLYH DW ORZ IUHTXHQF\�

���



&KDSWHU ��� 'LHOHFWULF 6SHFWURVFRS\

)LJXUH ������ 0HDVXUHG RLO�IUHH WUDQVIRUPHU SUHVVERDUG ORVV WDQJHQW �WDQp  } ��� DV
D IXQFWLRQ RI IUHTXHQF\�

���



����� 6XPPDU\

)LJXUH ������ $ WKUHH�GLPHQVLRQDO UHSUHVHQWDWLRQ RI FRPSOH[ GLHOHFWULF SHUPLWWLYLW\ DV
D IXQFWLRQ RI IUHTXHQF\ IRU WKH GDWD LQ )LJXUH ����� &LUFOHV VKRZ WKH GDWD LQ WKUHH GL�
PHQVLRQV DQG SOXVHV� [
V� DQG DVWHULVNV YLVXDOL]H SURMHFWLRQV RI WKLV WKUHH�GLPHQVLRQDO
FXUYH RQWR RUWKRJRQDO SODQHV IRUPHG E\ WKH D[HV RI IUHTXHQF\� UHDO SDUW RI GLHOHFWULF SHU�
PLWWLYLW\� DQG LPDJLQDU\ SDUW RI GLHOHFWULF SHUPLWWLYLW\� 7KLV W\SH RI SORW LV IUHTXHQWO\
XVHG LQ HOHFWURFKHPLVWU\ WR HmHFWLYHO\ YLVXDOL]H GLHOHFWULF VSHFWURVFRS\ PHDVXUHPHQW
GDWD�

���



&KDSWHU ��� 'LHOHFWULF 6SHFWURVFRS\

)LJXUH ������ $ WKUHH�GLPHQVLRQDO UHSUHVHQWDWLRQ RI FRPSOH[ GLHOHFWULF PRGXOXV 0  
0 � b M0 ��  � �e DV D IXQFWLRQ RI IUHTXHQF\ IRU WKH GDWD LQ )LJXUH ����� &LUFOHV VKRZ
WKH GDWD LQ WKUHH GLPHQVLRQV DQG SOXVHV� [
V� DQG DVWHULVNV YLVXDOL]H SURMHFWLRQV RI WKLV
WKUHH�GLPHQVLRQDO FXUYH RQWR RUWKRJRQDO SODQHV IRUPHG E\ WKH D[HV RI IUHTXHQF\� UHDO
SDUW RI PRGXOXV �0 ��� DQG LPDJLQDU\ SDUW RI PRGXOXV �0 ���� 0RGXOXV VSHFWURVFRS\
WHQGV WR HPSKDVL]H PDWHULDO SURSHUWLHV DW KLJK IUHTXHQFLHV�

���



&KDSWHU ��

0RLVWXUH '\QDPLFV LQ 7UDQVIRUPHU

3UHVVERDUG

���� (DUO\ 0HDVXUHPHQWV

7KURXJKRXW WKLV WKHVLV� WKH GLHOHFWULF SURSHUWLHV KDYH EHHQ PHDVXUHG ZLWK SDUDOOHO SODWH

WHVW FHOOV DFFRUGLQJ WR >���@� 7KH HVWLPDWLRQ RI WUXH EXON SURSHUWLHV LV XVXDOO\ FRPSOL�

FDWHG E\ WKH VXUIDFH WH[WXUH� )LJXUH ���� VKRZV DQ RSWLFDO PLFURVFRSH SKRWRJUDSK RI

WKH SUHVVERDUG VXUIDFH� 7KH KLJK WR ORZ GLPHQVLRQV RI WKH VXUIDFH LUUHJXODULWLHV DUH RQ

WKH RUGHU RI KXQGUHGV RI PLFURQV�

5HVXOWV RI H[SHULPHQWV ZLWK RLO�IUHH WUDQVIRUPHU SUHVVERDUG LQ DLU DUH VKRZQ LQ

)LJXUH ����� 7KH VKDSH RI WKH SKDVH FXUYH LQ )LJXUH ���� GLmHUV IURP DQ LGHDO RQH�SROH

V\VWHP SULPDULO\ GXH WR WKH GHSHQGHQFH RI WKH GLHOHFWULF SHUPLWWLYLW\ DQG FRQGXFWLYLW\

RI WKH SUHVVERDUG RQ IUHTXHQF\� (VWLPDWLRQ RI WKH QXPHULFDO YDOXHV RI WKH SDUDVLWLF

FDSDFLWDQFH &3 GXH WR nQLWH HOHFWURGH WKLFNQHVV DQG HYDOXDWLRQ RI LWV LPSRUWDQFH FDQ

EH GRQH EDVHG RQ WKH OHIWPRVW SDUW RI WKH JDLQ FXUYH LQ )LJXUH ����� 6ROXWLRQ RI

WKH LQYHUVH SUREOHP DQG YDOXH RI D FRPSOH[ GLHOHFWULF SHUPLWWLYLW\ IRU WKLV PDWHULDO

DUH VKRZQ LQ )LJXUH ���� DQG )LJXUH ����� )RU D KRPRJHQHRXV PDWHULDO� DOO WKUHH

ZDYHOHQJWKV VKRXOG LQGLFDWH DSSUR[LPDWHO\ HTXDO YDOXHV RI �� DQG ����

���



&KDSWHU ��� 0RLVWXUH '\QDPLFV LQ 7UDQVIRUPHU 3UHVVERDUG

)LJXUH ����� $Q RSWLFDO PLFURVFRSH SKRWRJUDSK RI (+9�:HLGPDQQ +L�9DO RLO�IUHH FDO�
HQGHUHG WUDQVIRUPHU SUHVVERDUG VXUIDFH VKRZV VXUIDFH WH[WXUH WKDW VWURQJO\ DmHFWV
GLHOHFWURPHWU\ PHDVXUHPHQWV� $YHUDJH WKLFNQHVV WROHUDQFH LV h���

7KH FDOLEUDWLRQ RI ��� YHUVXV *�� KDV EHHQ GRQH ZLWK D SUHVVERDUG VDPSOH LQ D

SDUDOOHO SODWH VHQVRU� +RZHYHU� WKH UHVXOWV DUH QRW YHU\ UHOLDEOH� SDUWLDOO\ GXH WR ORZ

UHSHDWDELOLW\ RI WKH PHDVXUHPHQW� 2QO\ VPRRWK� ULJLG� VOLJKWO\ FRPSUHVVLEOH PDWHULDOV

FDQ EH XVHG IRU SUHFLVH FDOLEUDWLRQ IRU }� ,Q JHQHUDO� LQWLPDF\ RI FRQWDFW� DQG� FRQVH�

TXHQWO\� DSSOLHG SUHVVXUH� SOD\V DQ LPSRUWDQW UROH DQG PD\ SRWHQWLDOO\ LQWURGXFH YHU\

ODUJH HUURUV LQ WKH SDUDPHWHU HVWLPDWLRQ SURFHVV� ,Q DGGLWLRQ� VXUIDFH FRQWDPLQDWLRQ RI

WKH VHQVRU LWVHOI PD\ DmHFW FDOLEUDWLRQ� LQ ZKLFK FDVH LW VKRXOG EH FOHDQHG ZLWK VROYHQWV�

���� ([SHULPHQWDO 6HWXSV

$ ODUJH H[SHULPHQWDO VHWXS EXLOG E\ SUHYLRXV JUDGXDWH VWXGHQWV DQG PRGLnHG DQG

PDLQWDLQHG PRVWO\ E\ WKH HmRUWV RI JUDGXDWH VWXGHQWV 'DUUHOO 6FKOLFNHU DQG <DQTLQJ

'X DQG YLVLWLQJ UHVHDUFKHUV LV VKRZQ LQ )LJXUH ����� 7KLV VHWXS LV LQWHQGHG WR VLPXODWH

WKH HQYLURQPHQW RI RLO�nOOHG SRZHU WUDQVIRUPHUV� 6HYHUDO VHQVRUV DUH LQVWDOOHG WR PRQL�

���



����� ([SHULPHQWDO 6HWXSV

)LJXUH ����� *DLQ DQG SKDVH IRU WKH WKUHH�ZDYHOHQJWK .DSWRQ VHQVRU RI )LJXUH ���
ZLWK D WKLFN OD\HU �� PP� RI RLO�IUHH WUDQVIRUPHU SUHVVERDUG LQ DLU SUHVVHG DJDLQVW WKH
VXUIDFH RI WKH VHQVRU� 7KH PHDVXUHG ORDG FDSDFLWDQFHV &/ ZHUH HTXDO WR ���� S)� ����
S)� DQG ���� S) IRU � PP� ��� PP� DQG � PP ZDYHOHQJWKV� UHVSHFWLYHO\�

WRU SUHVVXUH �YDFXXP JDJHV�� WHPSHUDWXUH �WKHUPRFRXSOHV�� PRLVWXUH �+DUOH\ PRLVWXUH

PHWHU >���@�� DQG HOHFWULF FKDUJH GHQVLW\ �DEVROXWH FKDUJH VHQVRU��

$ FRQWUROOHG�HQYLURQPHQW H[SHULPHQWDO FKDPEHU VKRZQ LQ )LJXUH ���� ZDV EXLOW

E\ DQRWKHU JUDGXDWH VWXGHQW� <DQTLQJ 'X� WR VLPXODWH WKH WHPSHUDWXUH� PRLVWXUH�

DQG PDWHULDOV RI D SRZHU WUDQVIRUPHU HQYLURQPHQW >���@� $ QXPEHU RI GLmXVLRQ VWXGLHV

KDYH EHHQ SHUIRUPHG LQ WKLV FKDPEHU WR GDWH� 7KH UHSRUWHG H[SHULPHQW GLG QRW LQYROYH

WUDQVIRUPHU RLO� LQVWHDG� WKH DPELHQW DLU LQVLGH WKH FKDPEHU ZDV KXPLGLnHG WR D SUH�

VHOHFWHG YDOXH E\ FLUFXODWLQJ WKH PRLVW DLU WKURXJK D V\VWHP RI LQWHUFRQQHFWHG GXFWV�

$ QXPEHU RI H[SHULPHQWV ZLWK RLO�LPSUHJQDWHG SUHVVERDUG LV UHFRUGHG LQ WKH 0,7

GRFWRUDO WKHVLV RI <DQTLQJ 'X >��@�

���



&KDSWHU ��� 0RLVWXUH '\QDPLFV LQ 7UDQVIRUPHU 3UHVVERDUG

)LJXUH ����� 3UHVVERDUG LQ DLU ^ VROXWLRQ RI WKH LQYHUVH SUREOHP IRU D KRPRJHQHRXV
PDWHULDO� 5�� DQG &�� FDOFXODWHG YDOXHV REWDLQHG IURP oRDWLQJ YROWDJH JDLQ�SKDVH
PHDVXUHPHQWV RI )LJXUH ���� ZLWK &/ HTXDO WR ���� S)� ���� S)� DQG ���� S) IRU � PP�
��� PP� DQG � PP ZDYHOHQJWKV� UHVSHFWLYHO\�

)LJXUH ���� VKRZV WKH FULWLFDO SDUW RI WKH H[SHULPHQWDO VHWXS� $ SLHFH RI ��� PP

WKLFN RLO�IUHH WUDQVIRUPHU SUHVVERDUG ZDV SRVLWLRQHG QH[W WR WKH VHQVRU� 7KH HGJHV RI

WKH SUHVVERDUG VDPSOH ZHUH VHDOHG ZLWK VLOLFRQ JOXH WR SUHYHQW PRLVWXUH GLmXVLRQ IURP

WKH VLGHV� $ QXPEHU RI KROHV LQ WKH PHWDO FRPSUHVVLRQ SODWH SURYLGHG D SDWK IRU WKH

PRLVWXUH PROHFXOHV WR HQWHU WKH SUHVVERDUG IURP WKH OHIW VLGH �DFFRUGLQJ WR WKH GLDJUDP

LQ )LJXUH ������

(YHQ WKRXJK WKH FKDQJH RI WKH SUHVVERDUG SURSHUWLHV WKURXJK LWV WKLFNQHVV LV JUDGXDO

LQ WKH GLVFXVVHG H[SHULPHQW� WKH SUHVVERDUG LQ WKH PRGHO LV UHSUHVHQWHG DV D WKUHH�OD\HU

PHGLXP ZLWK HDFK OD\HU WKLFNQHVV FRUUHVSRQGLQJ WR WKH HmHFWLYH SHQHWUDWLRQ GHSWK RI

���w IRU HDFK ZDYHOHQJWK w RI WKH VHQVRU� ,Q RWKHU ZRUGV� WKH QXPEHU RI ZDYHOHQJWKV

���



����� ([SHULPHQWDO 6HWXSV

)LJXUH ����� 3UHVVERDUG LQ DLU ^ WKH YDOXHV RI UHDO SDUW ���� DQG LPDJLQDU\ SDUW ����� RI
FRPSOH[ SHUPLWWLYLW\ REWDLQHG XVLQJ WKH GDWD IURP )LJXUH ���� XVLQJ FDOLEUDWLRQ ZLWK
UHVSHFW WR HOHFWURGH WKLFNQHVV� 7KH VORSH RI ORJ ��� YV� ORJ I LV DSSUR[LPDWHO\ �����
ZKLFK LQGLFDWHV WKDW SUHVVERDUG LV GLVSHUVLYH�

OLPLWV WKH VSDWLDO UHVROXWLRQ RI WKH VHQVRU� DQG RQO\ WKUHH UHJLRQV FDQ EH GLVWLQFWLYHO\

LGHQWLnHG ZLWK WKH WKUHH ZDYHOHQJWK VHQVRU RI )LJXUH ���� /DWHU LQ WKLV FKDSWHU� 6HFWLRQ

����� WKH NQRZOHGJH RI WKH WHPSRUDO G\QDPLFV RI WKH SURFHVV KHOSV WR LPSURYH WKLV

UHSUHVHQWDWLRQ ZKHQ SORWWLQJ PRLVWXUH SURnOHV�

���



&KDSWHU ��� 0RLVWXUH '\QDPLFV LQ 7UDQVIRUPHU 3UHVVERDUG

)LJXUH ����� &RXHWWH IDFLOLW\ WKDW VLPXODWHV WUDQVIRUPHU HQYLURQPHQW DQG LV XVHG LQ
RXU H[SHULPHQWV IRU PHDVXUHPHQW RI WUDQVIRUPHU LQVXODWLRQ SURSHUWLHV� >��@

���



����� ([SHULPHQWDO 6HWXSV

)LJXUH ����� $ FRQWUROOHG�HQYLURQPHQW H[SHULPHQWDO FKDPEHU IRU PHDVXUHPHQWV RI
PRLVWXUH G\QDPLFV >���@�

)LJXUH ����� $ VFKHPDWLF UHSUHVHQWDWLRQ RI WKH H[SHULPHQWDO DUUDQJHPHQW� 7KH SUHVV�
ERDUG LV PRGHOHG DV D WKUHH OD\HU PHGLXP ZLWK GLVWLQFW SURSHUWLHV IRU HDFK OD\HU UHODWHG
WR WKH TXDQWLW\ RI PRLVWXUH LQ HDFK OD\HU�

���



&KDSWHU ��� 0RLVWXUH '\QDPLFV LQ 7UDQVIRUPHU 3UHVVERDUG

���� )RUZDUG 3UREOHP� 0RLVWXUH 'LmXVLRQ

������ ,QWURGXFWLRQ

7KH UHVSRQVH RI D WKUHH�ZDYHOHQJWK LQWHUGLJLWDO GLHOHFWURPHWU\ VHQVRU WR WKH PRLVWXUH

GLmXVLRQ SURFHVV LQ RLO�LPSUHJQDWHG WUDQVIRUPHU SUHVVERDUG KDV EHHQ VLPXODWHG XVLQJ

DQ HPSLULFDO UHODWLRQVKLS EHWZHHQ WKH PRLVWXUH FRQFHQWUDWLRQ DQG WKH GLHOHFWULF SURS�

HUWLHV RI WUDQVIRUPHU SUHVVERDUG� $ EHQFKPDUN WHVW RI WKH PRLVWXUH GLmXVLRQ SURFHVV

KDV EHHQ GHYHORSHG ZLWK WKH SXUSRVH RI FRPSDULQJ DOWHUQDWLYH SDUDPHWHU HVWLPDWLRQ

DOJRULWKPV XVHG LQ � b N �IUHTXHQF\�ZDYHQXPEHU� GLHOHFWURPHWU\� 7KH UHVXOWV RI VLP�

XODWLRQ KLJKOLJKW FKDUDFWHULVWLF IHDWXUHV RI WKH PXOWL�ZDYHOHQJWK VHQVRU UHVSRQVH� VXFK

DV WKH GHOD\ RI VHQVRU UHVSRQVH DV D IXQFWLRQ RI VHQVRU ZDYHOHQJWK IURP WKH VWDUW RI

WKH WUDQVLHQW PRLVWXUH GLmXVLRQ SURFHVV� WKH LQoXHQFH RI PRLVWXUH ERXQGDU\ FRQGLWLRQV�

DQG WKH UHODWLRQ EHWZHHQ WKH VLJQDO PDJQLWXGH DQG YDULDWLRQV RI GLHOHFWULF SURSHUWLHV�

2QH RI WKH SDUDPHWHU HVWLPDWLRQ DOJRULWKPV� D OLQHDU FDOLEUDWHG DGPLWWDQFH�EDVHG HV�

WLPDWLRQ �/&$%(�� KDV EHHQ DSSOLHG WR ERWK VLPXODWHG DQG PHDVXUHG GDWD� $GHTXDWH

SHUIRUPDQFH RI WKH /&$%( DSSURDFK LQ WKH DEVHQFH RI VWURQJ GLVFRQWLQXLWLHV RI GLHOHF�

WULF SURSHUWLHV LQ WKH HOHFWULF nHOG SHQHWUDWLRQ UHJLRQ LV GHPRQVWUDWHG DQG FRQWUDVWHG

WR DQ HOHFWULFDOO\ VKLHOGHG UHJLRQ FDVH� LQ ZKLFK WKH VLJQDO UHVSRQVH EHFRPHV QRQ�OLQHDU�

7KH SURSRVHG DSSURDFK RmHUV VLJQLnFDQW SRWHQWLDO IRU WKH PHDVXUHPHQW RI GLmXVLRQ

SURFHVVHV LQ YDULRXV GLHOHFWULFV� HVSHFLDOO\ IRU FDVHV ZLWK KLJKO\ LUUHJXODU JHRPHWU\ RU

PDWHULDO VWUXFWXUH� 0HDVXUHPHQW UHVXOWV IURP PRLVWXUH GLmXVLRQ SURFHVV PRQLWRULQJ

DUH LQFOXGHG� 3DUDPHWHU HVWLPDWLRQ RI PHDVXUHPHQW UHVXOWV ZLWK /&$%( FRQnUP LWV

DSSOLFDELOLW\ WR PRQLWRULQJ RI PRLVWXUH G\QDPLFV LQ WUDQVIRUPHU SUHVVERDUG�

7KH SUHOLPLQDU\ PHDVXUHPHQWV RI WKH UHVSRQVH RI WKH WKUHH�ZDYHOHQJWK VHQVRU WR

WKH PROHFXODU GLmXVLRQ SURFHVV ZHUH SUHVHQWHG LQ >���@� 7KH JRDO RI WKLV VWXG\ LV WR

FRQWLQXH WKH GHYHORSPHQW RI SDUDPHWHU HVWLPDWLRQ DOJRULWKPV WR PHDVXUH WKH VSDWLDO

SURnOHV RI G\QDPLFDOO\ YDU\LQJ PRLVWXUH FRQFHQWUDWLRQ DFURVV WKH WKLFNQHVV RI WUDQV�

IRUPHU SUHVVERDUG LQ D FRQWUROOHG HQYLURQPHQW�

���



����� )RUZDUG 3UREOHP� 0RLVWXUH 'LmXVLRQ

,Q WKH IROORZLQJ VHFWLRQV� WKH PRLVWXUH SURnOHV DUH FDOFXODWHG DVVXPLQJ D QHDUO\

OLQHDU UHODWLRQVKLS EHWZHHQ WKH FKDQJH LQ VHQVRU WUDQVFDSDFLWDQFH DQG WKH DYHUDJH

DPRXQW RI PRLVWXUH LQ WKH DGMDFHQW SUHVVERDUG YROXPH >��@� 7KH OLQHDULW\ DVVXPSWLRQ

DQG WHUPLQDO FLUFXLW SDUDPHWHUV DUH ZLGHO\ XVHG LQ PDQ\ GHVLJQV RI UHODWLYH KXPLG�

LW\ >����������@� JDV >���@� FKHPLFDO >���@� DQG ELRORJLFDO >�������@ LQWHUGLJLWDO VHQVRUV�

)URP WKH WUXH SK\VLFDO UHSUHVHQWDWLRQ SHUVSHFWLYH� WKLV DSSURDFK LV LQIHULRU WR WKH IXOO�

VFDOH PRGHO�EDVHG LQYHUVH SUREOHP DOJRULWKPV WKDW XVH HOHFWULF nHOG PRGHOLQJ WR UHODWH

VSDWLDOO\ YDU\LQJ PDWHULDO SURSHUWLHV WR OXPSHG FLUFXLW HOHPHQWV DQG HOHFWULFDO QHWZRUN

WHUPLQDO SDUDPHWHUV RI WKH VHQVRU� +RZHYHU� LW RmHUV VHYHUDO DGYDQWDJHV� ZKLFK LQFOXGH

VLPSOLFLW\� VWDELOLW\ RI SDUDPHWHU HVWLPDWLRQ� VSHHG� DQG DELOLW\ WR GHWHUPLQH PRLVWXUH

SURnOHV LQ FDVHV RI LOO�GHnQHG JHRPHWU\ DQG SRRU VXUIDFH FRQWDFW�

������ 6HTXHQFH RI &RPSXWDWLRQV IRU /&$%( $OJRULWKP

:KHQHYHU D QHZ DOJRULWKP WR VROYH WKH LQYHUVH SUREOHP LV EHLQJ GHYHORSHG� LW VKRXOG

nUVW EH WHVWHG RQ V\QWKHWLF GDWD� IUHH RI H[SHULPHQWDO QRLVH DQG VWDWLVWLFDO PHDVXUH�

PHQW HUURUV� ,Q RUGHU WR HYDOXDWH WKH SHUIRUPDQFH RI WKH OLQHDU FDOLEUDWHG DGPLWWDQFH�

EDVHG HVWLPDWLRQ �/&$%(�� WKH DGPLWWDQFH RXWSXW IRU YDULRXV IUHTXHQFLHV RI WKH WKUHH�

ZDYHOHQJWK VHQVRU DV D IXQFWLRQ RI WLPH GXULQJ WKH PRLVWXUH GLmXVLRQ SURFHVV KDV EHHQ

VLPXODWHG XVLQJ W\SLFDO YDOXHV RI SK\VLFDO SDUDPHWHUV RI WUDQVIRUPHU SUHVVERDUG� 7KHQ�

DGPLWWDQFH YDOXHV ZHUH VXSSOLHG WR /&$%( DV WKH LQSXW IRU WKH LQYHUVH SUREOHP WR

GHWHUPLQH PRLVWXUH SURnOH DV D IXQFWLRQ RI WLPH� 7KH VHTXHQFH RI WKLV VWXG\ LV RXWOLQHG

EHORZ�

�� 6LPXODWH WKH PRLVWXUH GLmXVLRQ SURFHVV E\ QXPHULFDOO\ VROYLQJ WKH JRYHUQLQJ

PRLVWXUH GLmXVLRQ HTXDWLRQ ZLWK D nQLWH�GLmHUHQFH FRGH�

�� &RQYHUW VSDWLDO PRLVWXUH SURnOHV IRU HDFK PHDVXUHPHQW IUHTXHQF\ DW VHYHUDO GLV�

WLQFW PRPHQWV RI WLPH WR WKH SURnOHV RI GLHOHFWULF SURSHUWLHV XVLQJ PHDVXUHG

UHODWLRQVKLSV IURP >��@�

���



&KDSWHU ��� 0RLVWXUH '\QDPLFV LQ 7UDQVIRUPHU 3UHVVERDUG

�� 'LVFUHWL]H WKH FDOFXODWHG GLHOHFWULF SURSHUW\ SURnOHV ZLWK D VSDWLDO UHVROXWLRQ VLJ�

QLnFDQWO\ KLJKHU WKDQ D WKUHH OD\HU DSSUR[LPDWLRQ VXJJHVWHG E\ WKH SHQHWUDWLRQ

GHSWKV RI WKH WKUHH�ZDYHOHQJWK VHQVRU VKRZQ LQ )LJXUH �����

�� 8VLQJ WKH nQLWH HOHPHQW VLPXODWLRQ �0D[ZHOO E\ $QVRIW &RUS��� JHQHUDWH D WDEOH

RI YDOXHV RI WUDQVFDSDFLWDQFH &�� DQG WUDQVFRQGXFWDQFH *�� IRU HDFK SURSHUW\

SURnOH DQG HDFK ZDYHOHQJWK RI WKH VHQVRU�

�� )RU HDFK PRPHQW RI WLPH WKDW KDV DQ DVVRFLDWHG SURSHUW\ SURnOH� JHQHUDWH D VHW

RI VL[ LQSXW YDULDEOHV �*�� DQG &�� IRU HDFK ZDYHOHQJWK RI WKH WKUHH�ZDYHOHQJWK

VHQVRU��

�� 8VH WLPH FXUYHV RI &�� DQG�RU *�� WR H[WUDSRODWH WKH PRLVWXUH SURnOH DW HDFK

VHOHFWHG PRPHQW RI WLPH XVLQJ WKH /&$%( DOJRULWKP�

�� &RQYHUW WKH VWDLU�VWHS PRLVWXUH SURnOHV WR HLWKHU SLHFHZLVH�OLQHDU RU VPRRWK SUR�

nOHV� EHFDXVH WKH QDWXUH RI WKH GLmXVLRQ SURFHVV UHTXLUHV WKDW SURSHUW\ SURnOHV

VKRXOG QRW KDYH GLVFRQWLQXLWLHV DFURVV OD\HU ERXQGDULHV�

�� &RPSDUH WKH UHVXOWV RI WKH LQYHUVH SUREOHP VROXWLRQ ZLWK WKH RULJLQDO VLPXODWHG

GDWD RI PRLVWXUH G\QDPLFV�

������ 6HTXHQFH RI &RPSXWDWLRQV IRU 0RGHO�%DVHG (VWLPD�

WLRQ

7KH IROORZLQJ VHTXHQFH RI FRPSXWHU VLPXODWLRQ LV XVHG WR HVWLPDWH WKH SHUIRUPDQFH RI

HDFK VSHFLnF SDUDPHWHU HVWLPDWLRQ DOJRULWKP XVLQJ V\QWKHWLF GDWD�

�� 6LPXODWH WKH PRLVWXUH GLmXVLRQ SURFHVV E\ VROYLQJ WKH PRLVWXUH GLmXVLRQ HTXDWLRQ

IRU WKH PRLVWXUH FRQFHQWUDWLRQ DV D IXQFWLRQ RI WLPH DQG SRVLWLRQ�

�� &RQYHUW VSDWLDO PRLVWXUH SURnOHV DW VHYHUDO PRPHQWV RI WLPH WR WKH SURnOHV RI

GLHOHFWULF SURSHUWLHV XVLQJ HPSLULFDO UHODWLRQVKLSV IURP >��@�

���



����� )RUZDUG 3UREOHP� 0RLVWXUH 'LmXVLRQ

�� &DOFXODWH VHQVRU UHVSRQVH DV D IXQFWLRQ RI WLPH IRU HDFK GLHOHFWULF SURSHUW\ SURnOH�

�� :LWK WKH nUVW VWDJH RI WKH SDUDPHWHU HVWLPDWLRQ DOJRULWKP� HVWLPDWH DYHUDJH

GLHOHFWULF SURSHUWLHV RI FRPSRXQG OD\HUV� (DFK FRPSRXQG OD\HU LQFOXGHV DOO LQGL�

YLGXDO OD\HUV ZLWKLQ WKH HmHFWLYH SHQHWUDWLRQ GHSWK RI D JLYHQ ZDYHOHQJWK�

�� 8VLQJ OD\HU WKLFNQHVV GHSHQGHQW ZHLJKWLQJ FRHpFLHQWV �VHFRQG VWDJH RI SDUDPHWHU

HVWLPDWLRQ DOJRULWKP�� FRPSXWH GLHOHFWULF SURSHUWLHV RI LQGLYLGXDO OD\HUV�

�� 8VLQJ HPSLULFDO LQYHUVH UHODWLRQVKLSV EHWZHHQ GLHOHFWULF SURSHUWLHV DQG PRLVWXUH

IURP >��@� FRPSXWH VWDLU�VWHS SURnOHV RI PRLVWXUH FRQFHQWUDWLRQ�

�� &RQYHUW VWDLU�VWHS SURnOHV WR VWUDLJKW OLQHV RU FRQYHUW WR VPRRWK SURnOHV XVLQJ D

SRO\QRPLDO DSSUR[LPDWLRQ WR WKH VWDLU�VWHS SURnOHV�

�� &RPSDUH WKH UHVXOWV RI WKH LQYHUVH SUREOHP VROXWLRQ RI VWHS � ZLWK WKH RULJLQDO

VLPXODWHG GDWD RI PRLVWXUH G\QDPLFV IURP VWHS ��

������ )RUZDUG 3UREOHP 6ROYHG 1XPHULFDOO\

7KH IRUZDUG SUREOHP VLPXODWLRQ RI FDOFXODWLQJ WKH HTXLYDOHQW FLUFXLW SDUDPHWHUV JLYHQ

DOO PDWHULDO SURSHUWLHV LQFOXGHV VWHSV � WKURXJK �� 6HYHUDO DOWHUQDWLYH PHWKRGV FRXOG

KDYH EHHQ XVHG WR LPSOHPHQW HDFK VWHS� )RU H[DPSOH� WKH GLmXVLRQ HTXDWLRQ FRXOG KDYH

EHHQ VROYHG HLWKHU QXPHULFDOO\ RU DQDO\WLFDOO\� :H FKRVH WR XVH D QXPHULFDO VROXWLRQ

WR WKH GLmXVLRQ HTXDWLRQ ZLWK D FRQVWDQW GLmXVLRQ FRHpFLHQW� EHFDXVH LQ IXWXUH ZRUN

ZH SODQ WR DOORZ WKH GLmXVLRQ FRHpFLHQW WR EH D IXQFWLRQ RI PRLVWXUH FRQFHQWUDWLRQ�

IRU ZKLFK DQDO\WLFDO VROXWLRQV DUH HLWKHU GLpFXOW RU QRW SRVVLEOH� $OVR� WKH FRQYHUVLRQ

RI PRLVWXUH SURnOHV LQWR GLHOHFWULF SURSHUW\ SURnOHV GHSHQGV RQ HPSLULFDO GDWD WKDW

VWURQJO\ GHYLDWH IURP WKH EHVW nW GXH WR D OLPLWHG VSDWLDO UHVROXWLRQ RI WKH VHQVRU�

+RZHYHU� DV ORQJ DV RQH LV FRQVLVWHQW LQ WKH DVVXPSWLRQV PDGH IRU WKH IRUZDUG SURE�

OHP DQG IRU WKH LQYHUVH SUREOHP� WKH SHUIRUPDQFH RI WKH LQYHUVH DOJRULWKP LV DVVHVVHG

SURSHUO\�

���
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'LmXVLRQ 3URFHVV

)LJXUH ���� VKRZV VSDWLDO SURnOHV RI PRLVWXUH FRQFHQWUDWLRQ JHQHUDWHG ZLWK D nQLWH

GLmHUHQFH VLPXODWLRQ SURJUDP DFFRUGLQJ WR D FODVVLF RQH�GLPHQVLRQDO GLmXVLRQ HTXDWLRQ

ZLWK D FRQVWDQW GLmXVLRQ FRHpFLHQW '  ��b�� P��V�

#P

#W
 '

#�P

#[�
� ������

ZKHUH P LV PRLVWXUH FRQFHQWUDWLRQ� W LV WLPH� DQG [ LV WKH VSDWLDO FRRUGLQDWH LQ WKH

GLUHFWLRQ RI GLmXVLRQ� 7KH SURnOHV DUH VKRZQ DW �� GLVWLQFW PRPHQWV RI WLPH� DQG

WKH QXPEHU QH[W WR HDFK FXUYH UHSUHVHQWV WLPH LQ KRXUV HODSVHG VLQFH WKH EHJLQQLQJ

RI WKH GLmXVLRQ SURFHVV� 7KH OHIW ERXQGDU\ FRQGLWLRQ DW [  � LV WKDW WKH PRLVWXUH

FRQFHQWUDWLRQ LV DW D FRQVWDQW YDOXH� FKRVHQ WR EH �� SHUFHQW WKURXJKRXW WKH SURFHVV�

7KLV ERXQGDU\ FRQGLWLRQ FRUUHVSRQGV WR WKH FDVH ZKHQ D UHODWLYHO\ VPDOO DPRXQW RI

SUHVVERDUG LV SODFHG LQ D YHU\ ODUJH RLO FRQWDLQHU RU ZKHQ LW LV RSHQ WR WKH DWPRVSKHUH

DQG WKH UHODWLYH KXPLGLW\ RI DLU GRHV QRW YDU\ VLJQLnFDQWO\ GXULQJ WKH H[SHULPHQW�

6LQFH WKH WRWDO PRLVWXUH FRQFHQWUDWLRQ LQ D VHDOHG WUDQVIRUPHU LV n[HG� D FKDQJH LQ

PRLVWXUH OHYHO LQ SUHVVERDUG DOVR FKDQJHV WKH PRLVWXUH OHYHO LQ RLO� +RZHYHU� D FRQVWDQW

ERXQGDU\ FRQGLWLRQ LV PRUH GHVLUDEOH IRU WKH EHQFKPDUN SUREOHP WR LQVXUH VLPSOLFLW\

DQG FRQVLVWHQF\ RI VXEVHTXHQW DQDO\VLV� 7KH ULJKW ERXQGDU\ FRQGLWLRQ DW [  � PP LV

WKH ]HUR oX[ DFURVV WKH ERXQGDU\� 7KLV FRQGLWLRQ H[LVWV ZKHQ WKH SUHVVERDUG IDFHV DQ

LPSHUPHDEOH ZDOO RQ RQH VLGH� 7KH VHQVRU DWWDFKHG WR WKH VLGH RI SUHVVERDUG SURYLGHV

WKLV W\SH RI DQ LQWHUIDFH�

7KH GLmXVLRQ SURFHVV VWDUWV DW WLPH ]HUR DQG FRQWLQXHV IRU DERXW �� KRXUV� $IWHU ��

KRXUV� D QHDUO\ oDW SURnOH LV REWDLQHG� 7KH VHQVRU VKRXOG GHWHFW QHDUO\ KRPRJHQHRXV

SURSHUWLHV DFURVV WKH HQWLUH SUHVVERDUG WKLFNQHVV LQ WKH EHJLQQLQJ DQG DW WKH HQG RI

WKH VLPXODWHG SHULRG RI WLPH�

7KH LPSRVHG ERXQGDU\ FRQGLWLRQV FDXVH VWHHS JUDGLHQWV FORVH WR WKH OHIW ERXQGDU\

DQG DOPRVW oDW SURnOHV FORVH WR WKH ULJKW ERXQGDU\� &RQVHTXHQWO\� VPDOOHU ZDYHOHQJWKV

VHH D QHDUO\ KRPRJHQHRXV UHJLRQ� ZKLOH WKH IULQJLQJ nHOGV IURP WKH ORQJHU ZDYHOHQJWKV

SHQHWUDWH WKURXJK KLJKO\ LQKRPRJHQHRXV UHJLRQV� 7KH VLJQDO LQGLFDWLQJ WKH FKDQJH RI

���
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)LJXUH ����� 7KH FURVV�VHFWLRQ RI SUHVVERDUG PD\ EH GLVFUHWL]HG LQWR WKUHH OD\HUV� )RU
HDFK OD\HU WKH GLVWDQFH IURP WKH VHQVRU WR IDU LQWHUIDFH FRUUHVSRQGV WR RQH�nIWK RI HDFK
RI WKH WKUHH VSDWLDO ZDYHOHQJWKV RI WKH VHQVRU�

PRLVWXUH FRQFHQWUDWLRQ DIWHU LW ZDV VWHSSHG XS DW WKH OHIW ERXQGDU\ LV H[SHFWHG WR EH

SUDFWLFDOO\ WKH VDPH LQ UHJLRQV VHHQ E\ WKH ��� PP DQG ��� PP ZDYHOHQJWKV� 6LQFH WKH

SHQHWUDWLRQ GHSWK { ���w RI WKH ORQJHVW ZDYHOHQJWK ���� PP� LV DSSUR[LPDWHO\ HTXDO
WR WKH � PP WKLFNQHVV RI SUHVVERDUG� WKH VLJQDO GHOD\ IRU WKLV ZDYHOHQJWK LV HVVHQWLDOO\

]HUR�

'LHOHFWURPHWU\ 3URnOHV

,Q WKH QH[W VWHS� PRLVWXUH SURnOHV DUH FRQYHUWHG LQWR SURnOHV RI GLHOHFWULF SURSHUWLHV

XVLQJ VHPL�HPSLULFDO UHODWLRQVKLSV ������ DQG ������ DYDLODEOH IRU RLO�LPSUHJQDWHG SUHVV�

ERDUG IURP >�����@�
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�
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)LJXUH ����� &DOFXODWHG VSDWLDO SURnOHV RI PRLVWXUH FRQFHQWUDWLRQ DFURVV WKH � PP
WKLFNQHVV RI SUHVVERDUG IURP GLHOHFWURPHWU\ PHDVXUHPHQWV XVLQJ '  ��b�� P��V�
1XPEHUV QH[W WR WKH FXUYHV FRUUHVSRQG WR WKH WLPH LQ KRXUV DW ZKLFK WKH SURnOH ZDV
FDOFXODWHG�

ZKHUH I�7 � z (D N7 LV RQO\ D IXQFWLRQ RI WHPSHUDWXUH 7 ZLWK (D  ����H9 EHLQJ WKH

DFWLYDWLRQ HQHUJ\ DQG N EHLQJ %ROW]PDQQ
V FRQVWDQW� 7KH IXQFWLRQDO IRUP RI WKHVH UHOD�

WLRQVKLSV RULJLQDWHV LQ WKH ?XQLYHUVDO FXUYH� PHWKRGRORJ\ >�����������@� 7KH YDOXHV RI

HPSLULFDO FRHpFLHQWV KDYH EHHQ REWDLQHG E\ FXUYH nWWLQJ RI WKH H[SHULPHQWDO GDWD >��@�

7KH IROORZLQJ YDOXHV RI FRHpFLHQWV ZHUH IRXQG IURP PHDVXUHPHQWV� F�  b�������
F�  b������� FP  b������ I7  ��� �IRU WHPSHUDWXUH 7  ��p&�� o  b���� 7KH
KLJK IUHTXHQF\ UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI WUDQVIRUPHU SUHVVERDUG LV DVVXPHG

WR EH �
�
 �� )RU WKH SDUDPHWHUV DQDO\]HG LQ WKLV SUREOHP� WKH UHODWLRQVKLSV EH�

WZHHQ WKH PRLVWXUH DQG WKH GLHOHFWULF SURSHUWLHV DUH QRW IDU IURP OLQHDU �OLQHDU ZKHQ

o  b��� 1RW VXUSULVLQJO\� WKH WLPH�GHSHQGHQW WKHRUHWLFDO SURnOHV RI GLHOHFWULF SURS�
HUWLHV ORRN YHU\ VLPLODU WR WKH PRLVWXUH SURnOHV� )LJXUH ����� VKRZV SURnOHV RI UHODWLYH

GLHOHFWULF SHUPLWWLYLW\ GXULQJ WKH GLmXVLRQ SURFHVV XVLQJ ������� 7KH PD[LPXP YDOXH

RI �U  ���� LV GHWHUPLQHG E\ WKH OHIW ERXQGDU\ FRQGLWLRQ IRU PRLVWXUH FRQFHQWUDWLRQ

P  ���� &OHDUO\� WKLV VLPXODWLRQ H[FOXGHV ORZ IUHTXHQF\ GLVSHUVLRQ HmHFWV GXH WR DQ

HOHFWURFKHPLFDO GRXEOH OD\HU� ZKHQ WKH YDOXHV RI GLHOHFWULF SHUPLWWLYLW\ DUH YHU\ KLJK LQ

FRPSDULVRQ ZLWK WKH KLJK IUHTXHQF\ SHUPLWWLYLW\� 7KH PRLVWXUH FRQFHQWUDWLRQ LV IRXQG

���
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)LJXUH ������ &DOFXODWHG VSDWLDO SURnOHV RI UHODWLYH GLHOHFWULF SHUPLWWLYLW\ ��U  �� ���
DW � +] DFURVV WKH WKLFNQHVV RI SUHVVERDUG IURP WKH HPSLULFDO FRUUHODWLRQ RI �������
1XPEHUV QH[W WR WKH FXUYHV FRUUHVSRQG WR WKH WLPH LQ KRXUV IRU ZKLFK WKH SURnOH ZDV
FDOFXODWHG�

IURP ������������� DV
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)LJXUH ����� VKRZV VSDWLDO SURnOHV RI WKH LPDJLQDU\ SDUW RI FRPSOH[ GLHOHFWULF SHU�

PLWWLYLW\ �ORVV IDFWRU� REWDLQHG XVLQJ ������� 7KH\ DUH VLPLODU LQ VKDSH WR WKRVH RI WKH

UHDO SDUW RI FRPSOH[ GLHOHFWULF SHUPLWWLYLW\� EXW WKH\ VSDQ D ODUJHU UDQJH RI YDOXHV� )RU

WKDW UHDVRQ� DQG DOVR VLQFH WKH PLQLPXP YDOXH RI ��� LV ]HUR� WKH SURnOHV RI WKH ORVV

DQJOH� WDQ p  ��� ��� �QRW VKRZQ KHUH� DUH DOVR VLPLODU LQ VKDSH� )RU PHDVXUHPHQWV

DW IUHTXHQF\ I � WKH ORVV IDFWRU SURnOHV FDQ UHDGLO\ EH UH�FDOFXODWHG LQWR FRQGXFWLYLW\

SURnOHV DV }  �{I���� 7KH FRQGXFWLYLW\ SURnOHV DUH SUHVHQWHG VHSDUDWHO\ LQ )LJXUH

����� EHFDXVH WKH\ DUH GLUHFWO\ UHODWHG WR WKH WLPH YDULDWLRQ RI WKH WUDQVFRQGXFWDQFH

*�� GLVFXVVHG ODWHU�

���
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)LJXUH ������ &DOFXODWHG VSDWLDO SURnOHV RI ORVV IDFWRU DW � +] DFURVV WKH WKLFNQHVV
RI SUHVVERDUG IURP WKH HPSLULFDO FRUUHODWLRQ RI ������� 1XPEHUV QH[W WR WKH FXUYHV
FRUUHVSRQG WR WKH WLPH LQ KRXUV IRU ZKLFK WKH SURnOH ZDV FDOFXODWHG�

6WDLU�VWHS $SSUR[LPDWLRQ

7KH VHQVRU UHVSRQVH WR JUDGXDO FKDQJHV RI PRLVWXUH FRQFHQWUDWLRQ KDV EHHQ VLPXODWHG

XVLQJ WKH FRPPHUFLDO nQLWH�HOHPHQW VRIWZDUH 0D[ZHOO E\ $QVRIW &RUS� 7KH FURVV�

VHFWLRQ RI SUHVVERDUG KDV EHHQ EURNHQ LQWR �� HTXDOO\ WKLFN OD\HUV� HDFK ZLWK VSHFLnHG

GLVWLQFW YDOXHV RI UHODWLYH SHUPLWWLYLW\ DQG FRQGXFWLYLW\� VR WKDW IRU HDFK PRPHQW RI

WLPH WKLV VSDWLDO SURnOH ZRXOG EH DSSUR[LPDWHG LQ D IDVKLRQ VKRZQ LQ )LJXUH ������ 7KH

EURNHQ FXUYH VKRZV WKH RULJLQDO SURnOH RI UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI SUHVVERDUG

DW W  � KRXU� DQG WKH VROLG OLQH VKRZV D FRUUHVSRQGLQJ �� OD\HU VWDLU�VWHS DSSUR[LPD�

WLRQ� 7KLV UHSUHVHQWDWLRQ LV VLJQLnFDQWO\ PRUH DFFXUDWH WKDQ D WKUHH�VWHS UHSUHVHQWDWLRQ

DYDLODEOH IURP WKH WKUHH�ZDYHOHQJWK VHQVRU� 7KH FRPSXWDWLRQDO HUURU LQWURGXFHG E\ WKH

VWDLU�VWHS UHSUHVHQWDWLRQ LV QHJOLJLEOH FRQVLGHULQJ WKH PD[LPXP DFFXUDF\ DYDLODEOH IURP

WKH WKUHH�ZDYHOHQJWK VHQVRU�

)LJXUH ����� VKRZV WKH nQLWH HOHPHQW PHVK JHQHUDWHG E\ 0D[ZHOO IRU WKH FURVV�

VHFWLRQ RI WKH ��� PP ZDYHOHQJWK VHQVRU� 7KH GHQVLW\ RI WKH PHVK LV KLJKHU DW WKH

HOHFWURGH HGJHV� LQ WKH UHJLRQV RI VLJQLnFDQW HOHFWULFDO nHOG HQKDQFHPHQW� 7KH ORFDWLRQ

DQG VKDSH RI WULDQJOHV LQ WKH XSSHU SDUW RI WKH SUHVVERDUG FURVV�VHFWLRQ UHoHFWV WKH

���
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)LJXUH ������ &DOFXODWHG VSDWLDO SURnOHV RI FRQGXFWLYLW\ DW � +] DFURVV WKH WKLFNQHVV RI
SUHVVERDUG IURP GLHOHFWURPHWU\ PHDVXUHPHQWV� 1XPEHUV QH[W WR WKH FXUYHV FRUUHVSRQG
WR WKH WLPH LQ KRXUV IRU ZKLFK WKH SURnOH ZDV FDOFXODWHG�

OD\HUHG UHSUHVHQWDWLRQ LOOXVWUDWHG LQ )LJXUH ������ )RU WKH SXUSRVHV RI WKLV VLPXODWLRQ�

WKH WKLQ OD\HU EHWZHHQ WKH GULYHQ DQG VHQVLQJ HOHFWURGHV ZKRVH WKLFNQHVV LV HTXDO WR WKH

HOHFWURGH KHLJKW ��� xP� LV DVVLJQHG WKH VDPH SURSHUWLHV DV WKH LQVXODWLRQ OD\HU GLUHFWO\

DERYH LW� 2WKHU VLPXODWLRQV FRXOG DOORZ WKLV FDYLW\ WR KDYH GLHOHFWULF SURSHUWLHV RI RLO

IRU RLO�LPSUHJQDWHG SUHVVERDUG RU DLU IRU RLO�IUHH SUHVVERDUG�
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)LJXUH ������ 7ZHQW\ OD\HU VWDLU�VWHS UHSUHVHQWDWLRQ RI D FRQWLQXRXV VSDWLDO SURnOH RI
UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI SUHVVERDUG DW W  � KRXU�

)LJXUH ������ )LQLWH�HOHPHQW PHVK IRU WKH ��� PP ZDYHOHQJWK HOHFWURGH FURVV�VHFWLRQ
ZLWK WKH JXDUG HOHFWURGHV DW WKH VDPH SRWHQWLDO DV WKH VHQVLQJ HOHFWURGH DQG ZKHUH
VSDWLDOO\ YDU\LQJ SURSHUWLHV RI WUDQVIRUPHU SUHVVERDUG DUH PRGHOHG WKURXJK D WZHQW\
OD\HU UHSUHVHQWDWLRQ�

���
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������ 5HVXOWV RI 1XPHULFDO 6LPXODWLRQ

7KH DGPLWWDQFH EHWZHHQ WKH GULYHQ DQG VHQVLQJ HOHFWURGHV IRU HDFK VSDWLDO ZDYHOHQJWK LV

FDOFXODWHG IRU HDFK PRPHQW RI WLPH LQGLFDWHG LQ )LJXUH ����� 7ZR FDVHV DUH FRQVLGHUHG�

FRUUHVSRQGLQJ WR RXU H[SHULPHQWDO VHWXSV� 7KH nUVW FDVH DVVXPHV WKDW WKH UHJLRQ

DERYH WKH SUHVVERDUG LV RI VHPL�LQnQLWH H[WHQW DQG KDV GLHOHFWULF SURSHUWLHV RI 7HoRQ�

�U  ���� 7KH VHFRQG FDVH DVVXPHV WKDW D JXDUG SODQH DW WKH VDPH SRWHQWLDO DV WKH

VHQVLQJ HOHFWURGH LV SRVLWLRQHG DW WKH WRS RI SUHVVERDUG �IRU WKH VHQVRU DQG SUHVVERDUG

RULHQWDWLRQ VKRZQ LQ )LJXUH ������� 2QH H[SHULPHQWDO VHWXS XVHV D JXDUGHG SHUIRUDWHG

VWHHO SODWH WR SURYLGH PHFKDQLFDO VXSSRUW ZKLOH DOORZLQJ DFFHVV RI WKH H[WHUQDO oXLG

�XVXDOO\ DLU RU WUDQVIRUPHU RLO� WR SUHVVERDUG� $OWHUQDWLYHO\� D SHUIRUDWHG 7HoRQ SODWH

KDV EHHQ XVHG� $ WKLUG FDVH� QRW DQDO\VHG KHUH� LV GLUHFW DFFHVV RI WKH H[WHUQDO oXLG

WR WKH SUHVVERDUG�oXLG LQWHUIDFH� ZLWKRXW D SHUIRUDWHG SODWH� ,Q WKLV FDVH� WKH VLJQDO

G\QDPLFV VKRXOG EH VLPLODU WR WKDW LQ FDVH RQH� DV WKH 7HoRQ SODWH LV FORVHU LQ GLHOHFWULF

SURSHUWLHV WR D GLHOHFWULF oXLG WKDQ WR D PHWDO SODWH�

$ PDMRU GLVWLQFWLRQ H[LVWV IRU WKH FRQGXFWRUV DQG LQVXODWRUV SRVLWLRQHG DW WKH WRS

RI WKH � PP WKLFN SUHVVERDUG FURVV�VHFWLRQ� 7KH SUHVHQFH RI D FRQGXFWLQJ VKHHW VLJ�

QLnFDQWO\ DOWHUV WKH GLVWULEXWLRQ RI IULQJLQJ HOHFWULF nHOGV WKURXJKRXW WKH WKLFNQHVV RI

SUHVVERDUG� HVSHFLDOO\ LQ WKH XSSHU UHJLRQ� 7KLV� LQ WXUQ� DmHFWV WKH YDOXHV RI WUDQ�

VFDSDFLWDQFH &�� DQG WUDQVFRQGXFWDQFH *�� EHWZHHQ WKH GULYHQ DQG VHQVLQJ HOHFWURGHV�

7DEOH ���� VKRZV YDOXHV RI WUDQVFRQGXFWDQFH *�� DQG WUDQVFDSDFLWDQFH &�� FRPSXWHG

IRU DOO WKUHH ZDYHOHQJWKV DVVXPLQJ D �� SHUFHQW PHWDOOL]DWLRQ UDWLR �HTXDO ZLGWK GULYH

DQG VHQVH HOHFWURGHV�� RQH PHWHU ORQJ PHDQGHU OHQJWK� DQG D WRS LQVXODWLQJ OD\HU RI

LQnQLWH WKLFNQHVV ZLWK D UHODWLYH GLHOHFWULF SHUPLWWLYLW\ �U  ��� �7HoRQ�� 7DEOH ����

VKRZV WKH YDOXHV RI *�� DQG &�� FRPSXWHG IRU WKH VDPH FDVH� EXW ZLWK WKH WRS LQVXODW�

LQJ OD\HU EHLQJ UHSODFHG E\ D SHUIHFW FRQGXFWRU� $OWKRXJK JUDSKLFDO UHSUHVHQWDWLRQ RI

WKLV GDWD LV DOVR LQFOXGHG DQG DQDO\]HG EHORZ� WKH UHVSRQVH LV WDEXODWHG EHFDXVH WKHVH

FDVHV DUH H[SHFWHG WR VHUYH DV EHQFKPDUN WHVWV IRU DOWHUQDWLYH SDUDPHWHU HVWLPDWLRQ

DOJRULWKPV�
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w  ��� PP w  ��� PP w  ��� PP

7LPH� W �K� *�� �S6� &�� �S)� *�� �S6� &�� �S)� *�� �S6� &�� �S)�

� ������ ������� ������ ������� ������ ������
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7DEOH ����� 1RPLQDO YDOXHV RI WUDQVFRQGXFWDQFH *�� DQG WUDQVFDSDFLWDQFH &�� IRU
DOO WKUHH ZDYHOHQJWKV FDOFXODWHG IRU �� GLVWLQFW PRPHQWV RI WLPH GXULQJ WKH GLmXVLRQ
SURFHVV DVVXPLQJ D WRS LQVXODWLQJ OD\HU RI VHPL�LQnQLWH H[WHQW ZLWK �

U
 ��� �7HoRQ��

w  ��� PP w  ��� PP w  ��� PP

7LPH� W �K� *�� �S6� &�� �S)� *�� �S6� &�� �S)� *�� �S6� &�� �S)�

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

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

7DEOH ����� 1RPLQDO YDOXHV RI WUDQVFRQGXFWDQFH *�� DQG WUDQVFDSDFLWDQFH &�� IRU
DOO WKUHH ZDYHOHQJWKV FDOFXODWHG IRU �� GLVWLQFW PRPHQWV RI WLPH GXULQJ WKH PRLVWXUH
GLmXVLRQ SURFHVV DVVXPLQJ D SHUIHFWO\ FRQGXFWLQJ WRS OD\HU�

���



����� )RUZDUG 3UREOHP� 0RLVWXUH 'LmXVLRQ

7R DYRLG FRQIXVLRQ� ZH VKRXOG FRPPHQW RQ WKH IDFW WKDW WKH WUDQVFRQGXFWDQFH

*�� LQ FROXPQ � RI 7DEOH ���� DQG LQ FROXPQV �� �� DQG � RI 7DEOH ���� VRPHWLPHV

DVVXPHV QHJDWLYH YDOXHV� 7KLV GRHV QRW YLRODWH DQ\ SK\VLFDO ODZV DQG GRHV QRW UHTXLUH

DQ\ VSHFLDO DVVXPSWLRQV DERXW WKH SK\VLFV RU HOHFWURFKHPLVWU\ RI WKH SURFHVV� 7KH

QHJDWLYH YDOXHV RI WUDQVFRQGXFWDQFH �DV ZHOO DV WUDQVFDSDFLWDQFH� DULVH IURP WKH IDFW

WKDW D PXOWL�HOHFWURGH GLVWULEXWHG V\VWHP ZLWK VSDWLDOO\ YDU\LQJ PDWHULDO SURSHUWLHV LV

EHLQJ UHSUHVHQWHG DV WKH VLPSOH OXPSHG HOHPHQW FLUFXLW RI )LJXUH ��� WKDW GRHV QRW

KDYH WKH VDPH WRSRORJ\ DV WKH VHQVRU� ,Q SDUWLFXODU� WKHUH LV D SDUDOOHO FDSDFLWDQFH DQG

FRQGXFWDQFH IURP WKH LQWHUIDFH EHWZHHQ GULYH DQG VHQVH HOHFWURGHV WR WKH EDFNSODQH

JXDUG HOHFWURGHV WKDW DW ORZ IUHTXHQFLHV FDQ UHVXOW LQ QHJDWLYH YDOXHV RI &�� DQG *�� LQ

WKH {�HTXLYDOHQW FLUFXLW� $GGLWLRQDO GLVFXVVLRQ WR FODULI\ WKLV LVVXH LV DYDLODEOH LQ >��@

DQG LQ 6HFWLRQ ��� RI WKLV WKHVLV�

7KH VLPXODWHG FKDQJH RI FDSDFLWDQFH ZLWK WLPH� IURP YDOXHV LQ 7DEOHV ���� DQG ����

DUH VKRZQ IRU HDFK ZDYHOHQJWK LQ )LJXUHV ������D� DQG ������E�� UHVSHFWLYHO\ ZLWKRXW

DQG ZLWK D PHWDO WRS SODWH� 7KH DEVROXWH YDOXH RI WUDQVFDSDFLWDQFH LQFUHDVHV DV WKH

VSDWLDO ZDYHOHQJWK GHFUHDVHV IRU WKH VDPH WRWDO PHDQGHU OHQJWK� $OVR� WKH DEVROXWH

YDOXH RI &�� GHFUHDVHV ZLWK WKH LQWURGXFWLRQ RI WKH SHUIHFW FRQGXFWRU DV D WRS SODWH�

,QWXLWLRQ VXSSRUWV WKLV UHVXOW� WKH FRQGXFWRU WHUPLQDWHV VRPH RI WKH HOHFWULF nHOG OLQHV

RULJLQDWLQJ DW WKH GULYHQ HOHFWURGH ZKLFK ZRXOG KDYH RWKHUZLVH UHDFKHG WKH VHQVLQJ

HOHFWURGH� 6R� HYHQ WKRXJK WKH WRWDO FDSDFLWLYH HQHUJ\ VWRUHG LQ WKH V\VWHP LQFUHDVHV�

WKH FDSDFLWLYH FRXSOLQJ EHWZHHQ WKH GULYHQ DQG VHQVLQJ HOHFWURGHV GHFUHDVHV EHFDXVH RI

UHGLUHFWLRQ RI IULQJLQJ HOHFWULF nHOG OLQHV�

)RU WKH SXUSRVHV RI HPSOR\LQJ WKH /&$%( DOJRULWKP� WKH WLPH YDU\LQJ FDSDFLWLYH

VHQVRU UHVSRQVH VKRXOG EH QRUPDOL]HG WR FRPPRQ EDVH YDOXHV� ZKLFK ZRXOG ODWHU EH

UHODWHG WR PRLVWXUH FRQFHQWUDWLRQ EDVH YDOXHV� )LUVW� FRQVLGHU QRUPDOL]DWLRQ WR WKH

VWDUWLQJ YDOXH� VKRZQ LQ )LJXUH ������

&��QV  
&���W�

&���W  ��
� ������

7KH D SULRUL QXPEHU DW W  � LV DYDLODEOH EHFDXVH WKH HQWLUH SUHVVERDUG UHJLRQ LV

���



&KDSWHU ��� 0RLVWXUH '\QDPLFV LQ 7UDQVIRUPHU 3UHVVERDUG

�D� ZLWKRXW PHWDO WRS SODWH �E� ZLWK PHWDO WRS SODWH

)LJXUH ������ 6LPXODWHG YDULDWLRQ RI FDSDFLWDQFH SHU RQH PHWHU OHQJWK GXULQJ PRLVWXUH
GLmXVLRQ FDOFXODWHG XVLQJ WKH KDOI�FHOO SUHVHQWDWLRQ DV VKRZQ LQ )LJXUH ������

FRQVLGHUHG XQLIRUP EHIRUH WKH GLmXVLRQ SURFHVV VWDUWV� 7KHUHIRUH� RQH PD\ ZDQW WR

XVH WKH VWDUWLQJ YDOXH RI FDSDFLWDQFH RI HDFK ZDYHOHQJWK DV WKH QRUPDOL]DWLRQ IDFWRU�

(DFK FXUYH LQ )LJXUH ����� ZDV REWDLQHG E\ GLYLGLQJ HQWULHV LQ )LJXUH ����� E\ WKH

FRUUHVSRQGLQJ FXUYH VWDUWLQJ YDOXH� IRU H[DPSOH� E\ &��  ������ S)�P LQ 7DEOH ����

IRU WKH ��� PP ZDYHOHQJWK FXUYH LQ )LJXUH ������D�� 7KLV ZD\ RI SORWWLQJ HPSKDVL]HV

VRPH VDOLHQW IHDWXUHV RI WKH SURFHVV G\QDPLFV� 7KH UHODWLYH FKDQJH RI FDSDFLWDQFH

LQFUHDVHV ZLWK ZDYHOHQJWK EHFDXVH WKH UDWLR RI WKH VSDWLDO ZDYHOHQJWK WR WKH VXEVWUDWH

WKLFNQHVV DSSUR[LPDWHO\ GHWHUPLQHV ZKDW IUDFWLRQ RI HQHUJ\ LV VWRUHG LQ WKH SUHVVERDUG�

6LQFH WKH VXEVWUDWH WKLFNQHVV GRHV QRW FKDQJH ZLWK WKH ZDYHOHQJWK LQ WKLV VHQVRU GHVLJQ�

WKH nQDO QRUPDOL]HG YDOXHV RI FDSDFLWDQFH GLmHU DW WKH HQG RI WKH GLmXVLRQ SURFHVV� 7KH

RQO\ H[FHSWLRQV DUH WKH ��� PP DQG ��� PP ZDYHOHQJWKV LQ )LJXUH ������D�� ZKRVH

YDOXHV DUH DSSUR[LPDWHO\ HTXDO DW W  �� KRXUV� 7KLV KDSSHQV EHFDXVH D VPDOO SDUW RI

FDSDFLWLYH HQHUJ\ DVVRFLDWHG ZLWK WKH ��� PP ZDYHOHQJWK LV VWRUHG LQ WKH WRS LQVXODWLQJ

OD\HU� ZKLFK UHGXFHV WKH IUDFWLRQ RI WKH HOHFWULF nHOG OLQHV WKDW JR RQO\ WKURXJK WKH

SUHVVERDUG� ,Q RWKHU ZRUGV� LI WKH WKLFNQHVV RI SUHVVERDUG ZDV KLJKHU� WKH GLVWULEXWLRQ

RI WKH nQDO QRUPDOL]HG YDOXHV RI FDSDFLWDQFH &��QV LQ )LJXUH ������D� ZRXOG EH VLPLODU

WR WKDW REVHUYHG LQ )LJXUH ������E��
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�D� ZLWKRXW PHWDO WRS SODWH �E� ZLWK PHWDO WRS SODWH

)LJXUH ������ &KDQJH RI QRUPDOL]HG FDSDFLWDQFH &��QV GXULQJ WKH GLmXVLRQ SURFHVV ZLWK
QRUPDOL]DWLRQ WR WKH VWDUWLQJ YDOXH IRU HDFK RI WKH WKUHH ZDYHOHQJWKV DV JLYHQ LQ �������

)LJXUH ����� LOOXVWUDWHV WKH GHOD\ GLmHUHQFH ZLWK ZDYHOHQJWK� ,Q FDVH �D�� WKH ���

PP ZDYHOHQJWK UHDFWV WR FKDQJHV LQ PRLVWXUH FRQFHQWUDWLRQ LPPHGLDWHO\� ZKHUHDV WKH

��� PP ZDYHOHQJWK JRHV WKURXJK WKH LQoHFWLRQ SRLQW� H[SHULHQFLQJ D GHOD\ RQ WKH RUGHU

RI ��� KRXUV� ,Q FDVH �E�� DOO ZDYHOHQJWKV UHVSRQG LPPHGLDWHO\� DOWKRXJK ZLWK GLmHUHQW

LQWHQVLW\� EHFDXVH WKH ]HUR RUGHU VSDWLDO )RXULHU KDUPRQLF LV VWURQJO\ DmHFWHG E\ WKH

ODUJH LQFUHDVH LQ FRQGXFWLYLW\ DQG SHUPLWWLYLW\ GXH WR WKH SUHVHQFH RI PRLVWXUH LQ WKH

XSSHU UHJLRQ RI WKH SUHVVERDUG FURVV�VHFWLRQ� $QRWKHU ZD\ WR ORRN DW WKLV LV WR VD\ WKDW

WKH IULQJLQJ HOHFWULF nHOG OLQHV IURP WKH GULYH HOHFWURGH WR WKH WRS SODWH DUH DmHFWHG

LPPHGLDWHO\ E\ WKH LQFUHDVH RI FRQGXFWLYLW\ DQG GLHOHFWULF SHUPLWWLYLW\ DW WKH WRS�

$QRWKHU LPSRUWDQW IHDWXUH RI WKH WLPH SURnOHV LQ )LJXUH ������E� LV WKH LQLWLDO

GHFUHDVH RI FDSDFLWDQFH GXULQJ WKH nUVW WKUHH KRXUV RI WKH GLmXVLRQ SURFHVV� ,W PD\ VHHP

FRXQWHU�LQWXLWLYH DW nUVW� EHFDXVH WKH DYHUDJH YDOXH RI WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\

JURZV FRQWLQXRXVO\� ,Q WKLV FDVH� WKH LQLWLDO UHGXFWLRQ RI FDSDFLWDQFH LV GXH WR LQFUHDVLQJ

FRQGXFWLYLW\ LQ WKH XSSHU UHJLRQ� 6RPH IULQJLQJ HOHFWULF nHOG OLQHV WKDW ZRXOG SUHYLRXVO\

IROORZ DQ DUF EHWZHHQ WKH GULYHQ DQG VHQVLQJ HOHFWURGH QRZ DUH GUDZQ LQWR WKH KLJK

FRQGXFWLYLW\ UHJLRQ DQG WHUPLQDWH RQ WKH WRS SODWH�

$QRWKHU SRVVLEOH ZD\ WR QRUPDOL]H WKH FKDQJH RI FDSDFLWDQFH LV E\ XVLQJ D SRV�
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�D� ZLWKRXW PHWDO WRS SODWH �E� ZLWK PHWDO WRS SODWH

)LJXUH ������ &KDQJH RI QRUPDOL]HG FDSDFLWDQFH &��QG GXULQJ WKH GLmXVLRQ SURFHVV ZLWK
QRUPDOL]DWLRQ WR WKH GLmHUHQFH EHWZHHQ WKH nQDO DQG WKH VWDUWLQJ YDOXHV IRU HDFK RI WKH
WKUHH ZDYHOHQJWKV DV JLYHQ LQ �������

WHULRUL LQIRUPDWLRQ� )LJXUH ����� VKRZV WKH VDPH VLJQDO FXUYH OLQHDUO\ QRUPDOL]HG WR

WKH GLmHUHQFH EHWZHHQ WKH nQDO DQG WKH VWDUWLQJ YDOXH� VR WKDW WKH nQDO YDOXH RI WKH

QRUPDOL]HG VLJQDO LV HTXDO WR � DQG WKH VWDUWLQJ YDOXH LV HTXDO WR ��

&��QG  
&���W�b &���W  ��

&���W  ��b &���W  ��
� ������

)LJXUH ������D� H[KLELWV VLPLODU IHDWXUHV DV )LJXUH ������D�� 7KH VSHHG RI WKH UHVSRQVH

JURZWK LQFUHDVHV ZLWK WKH VSDWLDO ZDYHOHQJWK� $W HDFK PRPHQW RI WLPH� H[FHSW IRU

WKH LQLWLDO DQG nQDO YDOXHV� WKH PDJQLWXGH RI WKH QRUPDOL]HG FDSDFLWDQFH &��QG LV WKH

KLJKHVW IRU WKH ��� PP ZDYHOHQJWK DQG WKH ORZHVW IRU WKH ��� PP ZDYHOHQJWK� )URP

WKH SHUVSHFWLYH RI PDSSLQJ WKH UDQJH RI FDSDFLWDQFH YDOXHV WR WKH UDQJH RI PRLVWXUH

YDOXHV� WKH UHSUHVHQWDWLRQ LQ )LJXUH ������D� LV PRUH DGYDQWDJHRXV WKDQ WKDW LQ )LJXUH

������D� EHFDXVH LW DOORZV GLUHFW OLQHDU PDSSLQJ LQ ZKLFK WKH DYHUDJH VLJQDOV IURP HDFK

UHJLRQ RI WKH SUHVVERDUG UHWDLQ WKHLU UHODWLYH UHODWLRQVKLSV� 2Q WKH RWKHU KDQG� WKH

UHODWLYH SRVLWLRQLQJ RI QRUPDOL]HG VLJQDO DPSOLWXGH LV UHYHUVHG LQ )LJXUH ������E� ZLWK

UHVSHFW WR WKHLU FRXQWHUSDUWV LQ )LJXUH ������D�� $ GLUHFW OLQHDU PDSSLQJ WR PRLVWXUH

YDOXHV ZRXOG UHVXOW LQ QRQ�SK\VLFDO QHJDWLYH PRLVWXUH FRQFHQWUDWLRQ YDOXHV HDUO\ LQ WKH

VLPXODWLRQ�
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%HIRUH ZH WXUQ RXU DWWHQWLRQ WR PDSSLQJ RI FDSDFLWDQFH G\QDPLFV WR PRLVWXUH

G\QDPLFV� ZH VKRXOG DOVR UHYLHZ WKH FKDQJHV RI WKH LQWHUHOHFWURGH WUDQVFRQGXFWDQFH

GXULQJ WKH VDPH GLmXVLRQ SURFHVV� ,W LV ZHOO NQRZQ WKDW WKH ORFDO EXON FRQGXFWLYLW\ RI

WUDQVIRUPHU SUHVVERDUG FKDQJHV E\ VHYHUDO RUGHUV RI PDJQLWXGH GXULQJ W\SLFDO PRLVWXUH

FRQFHQWUDWLRQ WUDQVLHQWV >��@� ZKHUHDV WKH UHDO SDUW RI WKH FRPSOH[ GLHOHFWULF SHUPLWWLY�

LW\ YDULHV LQ D FRPSDUDWLYHO\ QDUURZ UDQJH �DW D JLYHQ IUHTXHQF\�� )LJXUH ����� UHoHFWV

WKLV GLmHUHQFH� 7KH LQLWLDO FRQGXFWDQFH YDOXHV DUH ]HUR� ZKHUHDV WKH nQDO YDOXHV DUH RQ

WKH RUGHU RI WHQV RI SLFRVLHPHQV�

7KH HmHFW RI WKH PHWDO WRS SODWH LV FOHDUO\ SURQRXQFHG� 7KH GLVWULEXWLRQ RI WKH nQDO

YDOXHV RI *�� LV PXFK ZLGHU IRU FDVH �E� LQ )LJXUH ������ 7KLV VDPH HmHFW KDV EHHQ

REVHUYHG LQ )LJXUH ����� IRU WKH FDSDFLWDQFH &�� YDOXHV� 7KH LQWHUVHFWLRQ RI FXUYHV LQ

)LJXUH ������D� DW DERXW WKUHH KRXUV IURP WKH EHJLQQLQJ RI WKH GLmXVLRQ SURFHVV WKDW

OHDGV WR WKH UHYHUVDO RI WKH ZDYHOHQJWK VHTXHQFH LQ WKHLU VLJQDO
V UHODWLYH PDJQLWXGH

IRU HDFK SHULRG RI WLPH LV HDV\ WR LQWHUSUHW� *LYHQ DQ LQnQLWHO\ WKLFN KRPRJHQHRXV

PDWHULDO� WKH FRQGXFWDQFH GHFUHDVHV ZLWK WKH ZDYHOHQJWK LQFUHDVH� VR ZKHQ WKH SURS�

HUW\ GLVWULEXWLRQ EHFRPHV QHDUO\ KRPRJHQHRXV DW WLPH W  �� KRXUV� WKH FRQGXFWDQFH

LQFUHDVHV IURP WKH ��� PP ZDYHOHQJWK WR WKH ��� PP ZDYHOHQJWK� +RZHYHU� LQ WKH

EHJLQQLQJ RI WKH SURFHVV� ZKHQ WKH PRLVWXUH KDV RQO\ SDUWLDOO\ GLmXVHG LQWR WKH SUHVV�

ERDUG� WKH FRQGXFWLYLW\ LQ WKH XSSHU OD\HUV LV RQO\ VHHQ E\ WKH ORQJHU ZDYHOHQJWKV� 7KH

WZR FRPSHWLQJ IDFWRUV HTXDOL]H DW WLPH W { � KRXUV�
7R SDUDOOHO GDWD UHSUHVHQWDWLRQ VKRZQ LQ )LJXUH ������ WKH FRQGXFWDQFH SORWV DUH

QRUPDOL]HG WR WKHLU nQDO YDOXH �VLQFH WKH VWDUWLQJ YDOXH LV ]HUR�� )LJXUH ����� VKRZV

WKDW WKH UHVXOWV RI WKH FRQGXFWDQFH QRUPDOL]DWLRQ DUH YHU\ VLPLODU WR WKH UHVXOWV RI WKH

FDSDFLWDQFH QRUPDOL]DWLRQ� LQFOXGLQJ WKH UHYHUVDO RI WKH FXUYH VHTXHQFH EHWZHHQ FDVHV

�D� DQG �E�� 7KH GLmHUHQFH EHWZHHQ WKH FXUYHV IRU LQGLYLGXDO ZDYHOHQJWKV ZLWKLQ WKH

VDPH WRS SODWH FDVH LV VOLJKWO\ OHVV SURQRXQFHG IRU WKH FRQGXFWDQFH� SULPDULO\ EHFDXVH

WKH JURZWK RYHU VHYHUDO RUGHUV RI PDJQLWXGH KDV EHHQ QRUPDOL]HG WR WKH OLQHDU >���@

LQWHUYDO� /RJDULWKPLF UHSUHVHQWDWLRQ RI VXFK GDWD ZLOO EH H[SORUHG VHSDUDWHO\�
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�D� ZLWKRXW PHWDO WRS SODWH �E� ZLWK PHWDO WRS SODWH

)LJXUH ������ 6LPXODWHG YDULDWLRQ RI FRQGXFWDQFH GXULQJ PRLVWXUH GLmXVLRQ RQ SHU
PHWHU OHQJWK EDVLV FDOFXODWHG XVLQJ D KDOI�FHOO UHSUHVHQWDWLRQ DV VKRZQ LQ )LJXUH ������

�D� ZLWKRXW PHWDO WRS SODWH �E� ZLWK PHWDO WRS SODWH

)LJXUH ������ &KDQJH RI FRQGXFWDQFH GXULQJ WKH GLmXVLRQ SURFHVV ZLWK QRUPDOL]DWLRQ
WR WKH nQDO YDOXH IRU HDFK RI WKH WKUHH ZDYHOHQJWKV� *��QG  *���W� *���W  ���

���



����� (VWLPDWLRQ ZLWK /&$%( $OJRULWKP

���� (VWLPDWLRQ ZLWK /&$%( $OJRULWKP

������ $VVXPSWLRQ RI /LQHDULW\

7KH VLPSOHVW W\SH RI PDSSLQJ IURP WKH LQWHUGLJLWDO VHQVRU RXWSXW XVXDOO\ DVVXPHV D OLQ�

HDU UHODWLRQVKLS EHWZHHQ WKH VHQVRU FDSDFLWDQFH� FRQGXFWDQFH� LPSHGDQFH� DGPLWWDQFH�

RU UHVLVWDQFH DQG WKH SK\VLFDO YDULDEOH RI LQWHUHVW �H�J� >�����������@�� 7KH DGYDQWDJHV

RI VXFK DQ DSSURDFK LQFOXGH LWV LQKHUHQW VLPSOLFLW\� VWDELOLW\� DQG VSHHG� 7KH GLVDG�

YDQWDJHV DUH QXPHURXV� 2QO\ UHODWLYHO\ VLPSOH FDVHV RI VSDWLDO SURSHUW\ GLVWULEXWLRQV

FDQ EH WUHDWHG� WKH SK\VLFV DQG FKHPLVWU\ RI XQGHUO\LQJ SKHQRPHQD DUH QRW IXOO\ UHS�

UHVHQWHG� D SRVWHULRUL LQIRUPDWLRQ DERXW WKH VLJQDO DQG IUHTXHQW UH�FDOLEUDWLRQ PD\ EH

QHFHVVDU\� PDVV WUDQVIHU LQ WKH EXON RI PDWHULDO LV UHoHFWHG LQ WKH VLJQDO K\VWHUHVLV�

7KH DVVXPSWLRQ RI OLQHDULW\ IRU WKH FDVH DQDO\]HG KHUH LV UHDVRQDEOH IRU UHODWLYHO\

VPDOO YDULDWLRQV IRU PRLVWXUH FRQFHQWUDWLRQ� DQG ZKHQ WKH RXWHU ERXQGDU\ PRLVWXUH

FRQFHQWUDWLRQ LV DYDLODEOH IURP DX[LOLDU\ VHQVRU PHDVXUHPHQWV� %ULQJLQJ D SHUIHFW FRQ�

GXFWRU LQ WKH YLFLQLW\ RI WKH VHQVRU KHDG VLJQLnFDQWO\ GLVWRUWV WKH RWKHUZLVH DGHTXDWH

OLQHDU UHODWLRQVKLS EHWZHHQ PRLVWXUH FRQFHQWUDWLRQ DQG FDSDFLWDQFH &�� DV ZDV LOOXV�

WUDWHG LQ )LJXUHV ����� WKURXJK ������ )LJXUH ����� VKRZV WKH WLPH YDULDWLRQ RI DYHUDJH

PRLVWXUH FRQFHQWUDWLRQ GHWHFWHG E\ GLmHUHQW HOHFWURGH SDLUV� 7KHVH SURnOHV KDYH EHHQ

JHQHUDWHG E\ D OLQHDU PDSSLQJ RI WLPH SURnOHV RI WKH QRUPDOL]HG FDSDFLWDQFH &��QG LQ

)LJXUH ����� IURP WKH >�� �@ LQWHUYDO WR PRLVWXUH FRQFHQWUDWLRQ LQ WKH LQWHUYDO >����

�@� ,Q WKH nHOG PHDVXUHPHQW� WKH XSSHU OLPLW RI PRLVWXUH FRQFHQWUDWLRQ FDQ EH SUR�

YLGHG E\ DQ DX[LOLDU\ PRLVWXUH VHQVRU LPPHUVHG LQ WUDQVIRUPHU RLO� XVLQJ RLO�SUHVVERDUG

HTXLOLEULXP FXUYHV�

)LJXUH ����� VKRZV WKDW VXFK D PDSSLQJ SHUIRUPV DGHTXDWHO\ IRU FDVH �D�� EXW

SURGXFHV QHJDWLYH� QRQ�SK\VLFDO YDOXHV RI PRLVWXUH FRQFHQWUDWLRQ LQ FDVH �E�� $OVR�

WKH VHTXHQFH RI FXUYHV LQ FDVH �E� GRHV QRW UHoHFW DYHUDJH PRLVWXUH FRQFHQWUDWLRQV

LQ HDFK OD\HU RI WUDQVIRUPHU SUHVVERDUG EHFDXVH WKH QRUPDOL]HG YDOXHV GHFUHDVH EHORZ

WKH VWDUWLQJ YDOXH LQLWLDOO\� )RU WKDW UHDVRQ� RQO\ FDVH �D� LV DQDO\]HG IURP WKLV SRLQW�
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�D� ZLWKRXW PHWDO WRS SODWH �E� ZLWK PHWDO WRS SODWH

)LJXUH ������ 7LPH SURnOHV RI DYHUDJH PRLVWXUH FRQFHQWUDWLRQ FDOFXODWHG IURP VLPX�
ODWHG FDSDFLWDQFH FXUYHV LQ )LJXUH ������ 7KH QXPEHUV QH[W WR WKH FXUYHV LQGLFDWH WKH
UHJLRQV VKRZQ LQ )LJXUH ���� SHQHWUDWHG ZLWK D FRUUHVSRQGLQJ VSDWLDO ZDYHOHQJWK� 7KH
FDOFXODWHG PRLVWXUH LQ SDUW �E� LV QRW SK\VLFDO DW HDUO\ WLPH EHFDXVH RI WKH QHJDWLYH
PRLVWXUH FRQFHQWUDWLRQ YDOXHV�

%\ WKH QDWXUH RI WKH PDSSLQJ� WKH LQLWLDO �W  �� DQG nQDO �W  �� KRXUV� PRLVWXUH

FRQFHQWUDWLRQ SURnOHV DUH JXDUDQWHHG WR EH oDW DQG DVVXPH H[WUHPH YDOXHV RI WKH

PRLVWXUH FRQFHQWUDWLRQ LQWHUYDO >���� �@�

������ 6WDLU�6WHS 3URnOHV

)URP WKUHH�ZDYHOHQJWK FRPSXWHU VLPXODWLRQV� )LJXUH ����� VKRZV WKH FDOFXODWHG WKUHH�

OD\HU VWDLU�VWHS VSDWLDO SURnOHV RI PRLVWXUH FRQFHQWUDWLRQ DW VHOHFWHG PRPHQWV RI WLPH

WKDW GLUHFWO\ FRUUHVSRQG WR WKH WLPH SURnOHV LQ )LJXUH �����D� 7LPH LQ KRXUV LV LQGL�

FDWHG DERYH HDFK FXUYH DW HDFK RI WKH WKUHH OD\HUV RI )LJXUH ���� VHOHFWHG WR UHSUHVHQW

SUHVVERDUG WKLFNQHVV� 7KH VWDLU�VWHS SURnOHV SURYLGH LQWHUPHGLDWH� FUXGH HVWLPDWHV RI

PRLVWXUH FRQFHQWUDWLRQ� )RU FODULW\ RI JUDSKLFDO SUHVHQWDWLRQ� WKH VWHSV DUH SORWWHG VR

WKDW WKH OHYHO LQ WKH UHJLRQ ��� ^ ��� xP VKRZV WKH DYHUDJH OHYHO DW WKH ��� ^ �����

xP UHJLRQ� 6LPLODUO\� WKH OHYHO LQ WKH UHJLRQ � ^ ��� xP VKRZV WKH DYHUDJH OHYHO DW WKH

� ^ ����� xP UHJLRQ� 7KH ��� ^ ���� xP UHJLRQ VKRZV WKH DYHUDJH PRLVWXUH OHYHO LQ

���
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)LJXUH ������ 6WDLU�VWHS SURnOHV RI DYHUDJH PRLVWXUH FRQFHQWUDWLRQ IRU VHOHFWHG PRPHQWV
RI WLPH LQ KRXUV SORWWHG XVLQJ WKH UHVXOWV LQ )LJXUH ������D�� ZKHUH WKH PRLVWXUH YDOXHV
LQ 5HJLRQ � DUH REWDLQHG IURP FXUYH ��� �� DQG ��� LQ 5HJLRQ � IURP FXUYH �� DQG ���
DQG LQ UHJLRQ � IURP FXUYH ����

WKH OD\HU DGMDFHQW WR WKH VHQVRU� $SSURSULDWH ZHLJKWLQJ RI WKHVH OHYHOV WR UHoHFW DFWXDO

FKDQJHV LQ HDFK UHJLRQ LV DFKLHYHG LQ WKH QH[W VWHS E\ H[SORLWLQJ WKH RXWHU ERXQGDU\

FRQGLWLRQ YDOXH DW [ �� +RZHYHU� HYHQ DW WKLV SRLQW� WKH DGHTXDF\ RI WKH SURSRVHG

DSSURDFK LV GHPRQVWUDWHG DV WKH PRLVWXUH FRQFHQWUDWLRQ GHFUHDVHV IURP OHIW WR ULJKW�

DV H[SHFWHG IURP WKH SK\VLFDO PRGHO�

���
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)LJXUH ������ 6PRRWKHG FRQWLQXRXV SURnOHV RI PRLVWXUH FRQFHQWUDWLRQ ZLWK DQ LPSRVHG
��� FRQVWDQW PRLVWXUH FRQFHQWUDWLRQ ERXQGDU\ FRQGLWLRQ DW [  � XVLQJ D SRO\QRPLDO
DSSUR[LPDWLRQ RI SURnOHV LQ )LJXUH ������ 3URnOHV GR QRW DJUHH ZHOO ZLWK WKRVH RI
)LJXUH ���� DW HDUO\ WLPHV �W � � KRXU� EHFDXVH RI WKH ODUJH JUDGLHQWV QHDU [  � WKDW
DUH QRW UHVROYDEOH E\ WKH 7:6�

������ &RQWLQXRXV 3URnOHV

$GGLWLRQDO LQIRUPDWLRQ DERXW WKH SK\VLFDO SURFHVV LV DOZD\V YDOXDEOH ZKHQ VROYLQJ LQ�

YHUVH SUREOHPV� 6LQFH WKH GLmXVLRQ RI PRLVWXUH LV EHLQJ DQDO\]HG� ZH FDQ LPSRVH D

FRQWLQXLW\ UHTXLUHPHQW RQ HDFK PRLVWXUH SURnOH� 7KH GLVFRQWLQXLWLHV LQ )LJXUH �����

DUH GXH WR WKH VSDWLDO GLVFUHWL]DWLRQ RI SURnOH UHSUHVHQWDWLRQ ZLWK WKH WKUHH�ZDYHOHQJWK

VHQVRU VKRZQ LQ )LJXUH ����� $OVR� WKH OHIW ERXQGDU\ FRQGLWLRQ DW [  � PD\ EH

DYDLODEOH IURP DX[LOLDU\ VHQVRU PHDVXUHPHQWV RI RLO PRLVWXUH� ,Q WKLV EHQFKPDUN SURE�

OHP� WKH OHIW ERXQGDU\ FRQGLWLRQ LV D FRQVWDQW PRLVWXUH FRQFHQWUDWLRQ RI �� SHUFHQW�

6WDLU�VWHS SURnOHV LQ )LJXUH ����� DUH nUVW FRQYHUWHG LQWR SRLQW�ZLVH SURnOHV E\ DVVXP�

LQJ DYHUDJH FRQFHQWUDWLRQ YDOXHV DW WKH UHJLRQ ERXQGDULHV DQG D ��� FRQFHQWUDWLRQ DW

WKH OHIW ERXQGDU\� 7KHQ WKH PRLVWXUH SURnOHV DUH DSSUR[LPDWHG ZLWK D IRXUWK�RUGHU

SRO\QRPLDO LQ [� 7KH UHVXOW RI WKLV SURFHVV LV SUHVHQWHG LQ )LJXUH ������ 7KH UHVXO�

WDQW SURnOHV DUH FORVH WR WKH RULJLQDO RQHV VKRZQ LQ )LJXUH ���� IRU DOO WLPHV H[FHSW

WKH YHU\ HDUO\ RQHV� 9HU\ KLJK JUDGLHQWV LQ WKH RXWHU UHJLRQV FRXOG QRW EH DFFXUDWHO\

FKDUDFWHUL]HG GXH WR WKH OLPLWHG VSDWLDO UHVROXWLRQ RI WKH WKUHH�ZDYHOHQJWK VHQVRU�

���



����� (VWLPDWLRQ ZLWK /&$%( $OJRULWKP

)LJXUH ������ 3LHFHZLVH�FRQWLQXRXV PRLVWXUH FRQFHQWUDWLRQ SURnOHV JHQHUDWHG ZLWK WKH
LPSRVHG DGGLWLRQDO VLJQDO PDJQLWXGH FRQVHUYDWLRQ UHTXLUHPHQW�

7R DGGUHVV WKH VWHHS JUDGLHQWV LVVXH� RQH FDQ LQFRUSRUDWH D FRQVHUYDWLRQ RI VLJQDO

PDJQLWXGH UHTXLUHPHQW ZKLOH LQWHUSUHWLQJ WKH VWDLU�VWHS SDUDPHWHU HVWLPDWLRQ SURYLGHG

E\ WKH WKUHH�ZDYHOHQJWK VHQVRU� ,W PD\ EH QHFHVVDU\ WR PRYH WKH FRRUGLQDWHV RI WKH

SRLQW WKDW VHSDUDWHV UHJLRQV ZLWK GLVVLPLODU SURSHUWLHV� ZKLFK ZH ZLOO UHIHU WR DV WKH

FROORFDWLRQ SRLQW �VHH 6HFWLRQ ������ IRU PRUH GHWDLOV RQ FROORFDWLRQ SRLQWV�� )LJXUH

����� VKRZV SLHFHZLVH�FRQWLQXRXV VSDWLDO SURnOHV LQ ZKLFK WKH FROORFDWLRQ SRLQW GHSDUWV

IURP WKH UHJLRQ ERXQGDU\ DQG VKLIWV WR WKH OHIW LI WKH FRUUHVSRQGLQJ oDW SURnOH UHJLRQ

LQ )LJXUH ����� LV DW D YHU\ ORZ PRLVWXUH YDOXH� )RU H[DPSOH� WKH DUHD RI WKH WULDQJOH LQ

)LJXUH ������D� DW WLPH ��� KRXUV LV SURSRUWLRQDO WR WKH DUHD XQGHU WKH FRUUHVSRQGLQJ

UHFWDQJOH LQ )LJXUH ����� WKDW H[WHQGV IURP [  � WR [  ���xP� 2Q WKH RWKHU KDQG�

LI WKH DUHD RI WKH WULDQJOH LV ODUJHU WKDQ WKH UHFWDQJOH DUHD WLPHV WKH SURSRUWLRQDOLW\

IDFWRU� WKH FROORFDWLRQ SRLQW UHPDLQV DW WKH LQWHUOD\HU ERXQGDU\� 7KH SURSRUWLRQDOLW\

IDFWRU VKRXOG EH VHOHFWHG EDVHG RQ WKH VSDWLDO UDWH RI GHFD\ RI WKH HOHFWULFDO nHOG LQ

WKH PDWHULDO DW LQFUHDVLQJ GLVWDQFHV IURP WKH VHQVRU KHDG� ,Q WKH nUVW DSSUR[LPDWLRQ

FKRVHQ KHUH� WKH WULDQJOH DUHD KDV WR EH nYH WLPHV DV ODUJH DV WKH UHFWDQJOH DUHD� 7KH

SURSRUWLRQDOLW\ IDFWRU LV VRPHZKDW GHSHQGHQW RQ PDWHULDO SURSHUWLHV DQG KDV EHHQ

VHOHFWHG HPSLULFDOO\ EDVHG RQ VHYHUDO VLPXODWLRQV�

���
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���� 0RGHO�%DVHG (VWLPDWLRQ

������ %DFNJURXQG

7KLV VHFWLRQ RI WKLV WKHVLV FRQFHQWUDWHV RQ VHYHUDO DVSHFWV RI VROYLQJ WKH PXOWL�ZDYHOHQJWK

LQWHUGLJLWDO GLHOHFWURPHWU\ LQYHUVH SUREOHP� 7KLV LV DQ LOO�SRVHG SUREOHP WKDW UHTXLUHV

HVWLPDWLRQ RI SURSHUWLHV RI PXOWLSOH PDWHULDO OD\HUV XVLQJ YDOXHV RI WHUPLQDO FDSDF�

LWDQFH DQG FRQGXFWDQFH EHWZHHQ LQWHUGLJLWDO HOHFWURGHV RI YDU\LQJ VSDWLDO SHULRGLFLW\�

7KH OLPLWDWLRQV RI H[LVWLQJ DOJRULWKPV DUH GLVFXVVHG� 7KH SHUIRUPDQFH RI D QHZ SDUDP�

HWHU HVWLPDWLRQ DOJRULWKP LV HYDOXDWHG XVLQJ D EHQFKPDUN IRUZDUG SUREOHP FRPSXWHG

SUHYLRXVO\� 7KH DOJRULWKP LV XVHG WR HVWLPDWH VPRRWK SURnOHV RI GLHOHFWULF SURSHUWLHV

DQG PRLVWXUH FRQFHQWUDWLRQ DFURVV WKH WKLFNQHVV RI RLO�LPSUHJQDWHG WUDQVIRUPHU SUHVV�

ERDUG XVLQJ VWDLU�VWHS� SLHFHZLVH OLQHDU� DQG SRO\QRPLDO DSSUR[LPDWLRQV� $SSOLFDWLRQ

RI WKLV WHFKQRORJLFDO DSSURDFK WR RWKHU SUREOHPV ZKHUH GLmXVLRQ SURFHVVHV PXVW EH

PRQLWRUHG KROGV VLJQLnFDQW SRWHQWLDO�

������ 6HTXHQFH RI 6LPXODWLRQ

7KH IROORZLQJ VHTXHQFH RI FRPSXWHU VLPXODWLRQV LV XVHG WR HVWLPDWH WKH SHUIRUPDQFH

RI HDFK VSHFLnF SDUDPHWHU HVWLPDWLRQ DOJRULWKP XVLQJ V\QWKHWLF GDWD�

�� 6LPXODWH WKH PRLVWXUH GLmXVLRQ SURFHVV E\ VROYLQJ WKH PRLVWXUH GLmXVLRQ HTXDWLRQ

IRU WKH PRLVWXUH FRQFHQWUDWLRQ DV D IXQFWLRQ RI WLPH DQG SRVLWLRQ�

�� &RQYHUW VSDWLDO PRLVWXUH SURnOHV DW VHYHUDO PRPHQWV RI WLPH WR WKH SURnOHV RI

GLHOHFWULF SURSHUWLHV XVLQJ HPSLULFDO UHODWLRQVKLSV IURP >��@�

�� &DOFXODWH VHQVRU UHVSRQVH DV D IXQFWLRQ RI WLPH IRU HDFK GLHOHFWULF SURSHUW\ SURnOH�

�� :LWK WKH nUVW VWDJH RI WKH SDUDPHWHU HVWLPDWLRQ DOJRULWKP� HVWLPDWH DYHUDJH

GLHOHFWULF SURSHUWLHV RI FRPSRXQG OD\HUV� (DFK FRPSRXQG OD\HU LQFOXGHV DOO LQGL�

YLGXDO OD\HUV ZLWKLQ WKH HmHFWLYH SHQHWUDWLRQ GHSWK RI D JLYHQ ZDYHOHQJWK�

���



����� 0RGHO�%DVHG (VWLPDWLRQ

�� 8VLQJ OD\HU WKLFNQHVV GHSHQGHQW ZHLJKWLQJ FRHpFLHQWV �VHFRQG VWDJH RI SDUDPHWHU

HVWLPDWLRQ DOJRULWKP�� FRPSXWH GLHOHFWULF SURSHUWLHV RI LQGLYLGXDO OD\HUV�

�� 8VLQJ HPSLULFDO LQYHUVH UHODWLRQVKLSV EHWZHHQ GLHOHFWULF SURSHUWLHV DQG PRLVWXUH

IURP >��@� FRPSXWH VWDLU�VWHS SURnOHV RI PRLVWXUH FRQFHQWUDWLRQ�

�� &RQYHUW VWDLU�VWHS SURnOHV WR VWUDLJKW OLQHV �XVLQJ VLJQDO PDJQLWXGH FRQVHUYDWLRQ

UHTXLUHPHQWV� RU FRQYHUW WR VPRRWK SURnOHV XVLQJ D SRO\QRPLDO DSSUR[LPDWLRQ WR

WKH VWDLU�VWHS SURnOHV�

�� &RPSDUH WKH UHVXOWV RI WKH LQYHUVH SUREOHP VROXWLRQ RI VWHS � ZLWK WKH RULJLQDO

VLPXODWHG GDWD RI PRLVWXUH G\QDPLFV IURP VWHS ��

������ $OWHUQDWLYH $OJRULWKPV

)RU WKH SXUSRVH RI PRLVWXUH SURnOLQJ� LW LV DOVR SRVVLEOH WR XVH DGDSWLYH RSWLPL]D�

WLRQ� 7KH VWDLU�VWHS PRLVWXUH SURnOHV VKRZQ LQ )LJXUH ����� KDYH EHHQ HVWLPDWHG IURP

WKUHH�ZDYHOHQJWK VHQVRU VLPXODWLRQV XVLQJ D PDUFKLQJ RSWLPL]DWLRQ DOJRULWKP ZLWK D

GLmHUHQW VHW RI VLPXODWHG GDWD >��@� $ VXFFHVVIXO HVWLPDWLRQ� KRZHYHU� UHTXLUHG WKDW

VPRRWK GLHOHFWULF SURSHUW\ SURnOHV DUH DSSUR[LPDWHG ZLWK WKUHH�OD\HU VWDLU�VWHS SURnOHV

EHIRUH FRPSXWLQJ LQWHUHOHFWURGH FDSDFLWDQFH� RWKHUZLVH WKH HUURUV DFFXPXODWHG GXH WR

VWDLU�VWHS UHSUHVHQWDWLRQ OHDG WR HLWKHU D ODFN RI FRQYHUJHQFH RU FRPSOHWHO\ HUURQHRXV

HVWLPDWLRQV IRU RXWHU OD\HUV� ,Q RWKHU ZRUGV� HYHQ ZKHQ PHDVXUHPHQWV DUH PDGH ZLWK

DEVROXWH SUHFLVLRQ DQG WKH JHRPHWU\ RI WKH VHQVRU LV PRGHOHG ZLWK QR HUURU� RQH VKRXOG

H[SHFW GLmHUHQFHV EHWZHHQ WKH VLPXODWLRQV DQG WKH PHDVXUHPHQWV EHFDXVH D VWDLU�VWHS

UHSUHVHQWDWLRQ RI SURSHUW\ SURnOHV WKDW DUH VPRRWK LQ UHDOLW\ LQWURGXFHV D V\VWHPDWLF

HUURU LQ WKH VLPXODWLRQV�

7KH DSSUR[LPDWH VWDLU�VWHS SURnOHV VKRZQ LQ )LJXUH ����� GR QRW UHoHFW ZHOO WKH

DFWXDO GLVWULEXWLRQ RI PRLVWXUH� ,Q UHDOLW\� WKH PRLVWXUH FRQFHQWUDWLRQ SURnOH LV D FRQ�

WLQXRXV IXQFWLRQ� $ SLHFHZLVH OLQHDU DSSUR[LPDWLRQ ZRXOG EH EHWWHU WKDQ D VWDLU�VWHS

DSSUR[LPDWLRQ� 7KH WUDQVIRUPDWLRQ IURP WKH GLVFRQWLQXRXV WR WKH FRQWLQXRXV IXQFWLRQ

���
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)LJXUH ������ $ VXFFHVVIXO FDVH RI D WKUHH�UHJLRQ LQYHUVH SUREOHP FDOFXODWLRQ XVLQJ DQ
LWHUDWLYH RSWLPL]DWLRQ DSSURDFK ZLWK V\QWKHWLF GDWD� 7KH JUD\ VFDOH UHIHUV WR WKH ORFDO
SUHVVERDUG PRLVWXUH FRQFHQWUDWLRQ LQ ��

VKRXOG EH PDGH WDNLQJ VLJQDO PDJQLWXGH FRQVHUYDWLRQ LQWR DFFRXQW� 7KH RXWVLGH PRLV�

WXUH ERXQGDU\ FRQFHQWUDWLRQ LV NQRZQ IURP VHSDUDWH PRLVWXUH PHDVXUHPHQWV LQ WKH RLO

XVLQJ DQ RLO PRLVWXUH VHQVRU DQG IURP VWDQGDUG HTXLOLEULXP FXUYHV EHWZHHQ WKH RLO DQG

SUHVVERDUG�

������ 6LPXODWHG 0HDVXUHPHQW 6HWXS

)LJXUH ����� VKRZV WKH FULWLFDO SDUW RI WKH H[SHULPHQWDO VHWXS VLPXODWHG LQ WKLV VWXG\�

7KH � PP WKLFN RLO�LPSUHJQDWHG WUDQVIRUPHU SUHVVERDUG LV SRVLWLRQHG QH[W WR WKH VHQVRU

KHDG� 7KH KROHV LQ WKH FRPSUHVVLRQ SODWH SURYLGH D SDWK IRU PRLVWXUH PROHFXOHV WR HQWHU

���



����� 0RGHO�%DVHG (VWLPDWLRQ

WKH SUHVVERDUG IURP WKH OHIW VLGH �[ ���

(YHQ WKRXJK WKH FKDQJH RI WKH SUHVVERDUG SURSHUWLHV WKURXJK LWV WKLFNQHVV LV JUDGXDO

LQ WKH GLVFXVVHG H[SHULPHQW� WKH SUHVVERDUG LQ WKH PRGHO LV UHSUHVHQWHG DV D WKUHH�OD\HU

PHGLXP ZLWK HDFK OD\HU WKLFNQHVV FRUUHVSRQGLQJ WR WKH HmHFWLYH SHQHWUDWLRQ GHSWK RI

w � IRU HDFK ZDYHOHQJWK w RI WKH VHQVRU� ,Q RWKHU ZRUGV� WKH QXPEHU RI ZDYHOHQJWKV

OLPLWV WKH VSDWLDO UHVROXWLRQ RI WKH VHQVRU� DQG RQO\ WKUHH UHJLRQV FDQ EH GLVWLQFWLYHO\

LGHQWLnHG ZLWK WKH WKUHH�ZDYHOHQJWK VHQVRU� /DWHU LQ WKLV WKHVLV� WKH NQRZOHGJH RI WKH

SK\VLFV RI WKH SURFHVV KHOSV WR LPSURYH WKLV UHSUHVHQWDWLRQ ZKHQ SORWWLQJ PRLVWXUH SUR�

nOHV �6HFWLRQ �������� $W WKH nUVW VWDJH RI SDUDPHWHU HVWLPDWLRQ� ZH HYDOXDWH SURSHUWLHV

RI FRPSRXQG OD\HUV� VKRZQ LQ )LJXUH ������D�� 7KH FRPSRXQG OD\HUV RFFXS\ WKH UH�

JLRQ EHWZHHQ WKH VHQVRU DQG WKH w � SHQHWUDWLRQ GHSWK LQWR SUHVVERDUG� $W WKH VHFRQG

VWDJH� WKH FRPSRXQG OD\HU SURSHUWLHV DUH GHFRPSRVHG LQWR WKH SURSHUWLHV RI LQGLYLGXDO

OD\HUV� VKRZQ LQ )LJXUH ������E�� 7KH LQGLYLGXDO OD\HUV RFFXS\ WKH VSDFH EHWZHHQ WZR

QHLJKERULQJ w � SHQHWUDWLRQ GHSWKV�

������ &RPSRXQG /D\HUV

,Q )LJXUH ������D� WKH � PP VHQVRU GHWHUPLQHV WKH DYHUDJH GLHOHFWULF SURSHUWLHV ����

}�� RI WKH ��� xP WKLFN OD\HU� WKH ��� PP VHQVRU GHWHUPLQHV WKH DYHUDJH GLHOHFWULF

SURSHUWLHV ����� }��� RI WKH ��� xP WKLFN OD\HU� DQG WKH � PP VHQVRU GHWHUPLQHV WKH

DYHUDJH GLHOHFWULF SURSHUWLHV ������ }���� RI WKH ���� xP WKLFN OD\HU� )LJXUH �����

VKRZV FDOFXODWHG WLPH SURnOHV RI UHODWLYH GLHOHFWULF SHUPLWWLYLW\ �U HVWLPDWHG IRU HDFK

ZDYHOHQJWK IURP WUDQVFDSDFLWDQFH VLPXODWLRQV� DVVXPLQJ D KRPRJHQHRXV SUHVVERDUG

ZLWKLQ WKH VHQVLQJ GLVWDQFH RI HDFK ZDYHOHQJWK DV VKRZQ LQ )LJXUH �����D� 6LQFH LQ

UHDOLW\ WKH GLHOHFWULF SHUPLWWLYLW\ LV KLJKHVW QHDU WKH LQWHUIDFH ZKHUH PRLVWXUH HQWHUV

WKH SUHVVERDUG� ORQJHU ZDYHOHQJWKV DW WKLV SRLQW XQGHUHVWLPDWH WKH DYHUDJH YDOXH RI

WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ LQ D FRUUHVSRQGLQJ FRPSRXQG OD\HU� 1HYHUWKHOHVV�

WKH G\QDPLFV RI WKH SURFHVV LV SURSHUO\ UHoHFWHG� 7KH � PP ZDYHOHQJWK H[KLELWV D

VLJQDO GHOD\ RI DERXW ��� KRXU XQWLO WKH PRLVWXUH UHDFKHV WKH LQQHU SDUWV RI SUHVVERDUG�

���
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�E� LQGLYLGXDO OD\HUV IRU WKH KDOI�SHULRG FHOO

)LJXUH ������ $ VFKHPDWLF UHSUHVHQWDWLRQ RI WKH H[SHULPHQWDO DUUDQJHPHQW� 7KH SUHVV�
ERDUG LV PRGHOHG DV D WKUHH OD\HU PHGLXP ZLWK GLVWLQFW SURSHUWLHV IRU HDFK OD\HU UHODWHG
WR WKH TXDQWLW\ RI PRLVWXUH LQ HDFK OD\HU� ,Q H[SHULPHQWV DQG FRPSXWHU VLPXODWLRQV
WKH SHUIRUDWHG SODWH LV PDGH RI 7HoRQ ��U  ��� DQG }  ���

ZKHUHDV WKH ORQJHVW ZDYHOHQJWK LPPHGLDWHO\ UHVSRQGV WR WKH PRLVWXUH GLmXVLRQ� 7KH

FHLOLQJ DQG ERWWRP YDOXHV IRU HDFK ZDYHOHQJWK DUH GHWHUPLQHG FRUUHFWO\�

6LPLODUO\� DV VKRZQ LQ )LJXUH ������D�� WKH HVWLPDWHG YDOXHV RI FRQGXFWLYLW\ DUH DOO

ZLWKLQ DQ H[SHFWHG UDQJH DQG ORQJHU ZDYHOHQJWKV UHVSRQG IDVWHU WR WKH GLmXVLRQ SUR�

FHVV� 7KH VWDUWLQJ YDOXHV RI FRQGXFWLYLW\ DUH ]HUR� DV UHTXLUHG E\ WKH LQLWLDO FRQGLWLRQV�

DQG WKH nQDO YDOXHV �FHLOLQJ YDOXHV� DUH FORVH WR WKRVH H[SHFWHG IURP WKH PRLVWXUH FRQ�

FHQWUDWLRQ HTXDWLRQV ������� 7KH nQDO YDOXHV HVWLPDWHG E\ GLmHUHQW ZDYHOHQJWKV DUH QRW

H[DFWO\ WKH VDPH IRU WZR UHDVRQV� )LUVW� DW �� KRXUV� WKH PRLVWXUH FRQFHQWUDWLRQ KDV

QRW FRPSOHWHO\ \HW UHDFKHG D QHZ HTXLOLEULXP� VR� LQ IDFW� WKH HVWLPDWH ZLOO EH ODUJHU

IRU LQFUHDVLQJ ZDYHOHQJWK� 6HFRQG� XQOLNH GLHOHFWULF SHUPLWWLYLW\� WKH FRQGXFWLYLW\ KDV

EHHQ FKDQJLQJ RYHU VHYHUDO RUGHUV RI PDJQLWXGH GXULQJ WKH GLmXVLRQ SURFHVV� VR� SORW�

WLQJ VXFK D GUDVWLF YDULDWLRQ RQ D OLQHDU VFDOH DXJPHQWV VPDOO QXPHULFDO QRLVH� ,Q RWKHU

ZRUGV� WKH FRQGXFWLYLW\ KDV D VWURQJHU GHSHQGHQFH RQ WKH PRLVWXUH FRQFHQWUDWLRQ WKDQ
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)LJXUH ������ &DOFXODWHG WLPH SURnOHV RI DYHUDJH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI
FRPSRXQG OD\HUV RI RLO�LPSUHJQDWHG WUDQVIRUPHU SUHVVERDUG HVWLPDWHG E\ LQGLYLGXDO
ZDYHOHQJWKV XVLQJ KRPRJHQHRXV UHJLRQ PRGHOV IRU V\QWKHWLF GDWD LQ )LJXUH ������

WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\� ZKLFK DmHFWV WKH UHODWLYH DFFXUDF\ RI WKH LQYHUVH

SUREOHP HVWLPDWHV� 7KH PHVKLQJ RI WKH VROXWLRQ VSDFH DORQJ WKH FRQGXFWLYLW\ D[LV LV

ORJDULWKPLFDOO\ GLVWULEXWHG RYHU VHYHQ GHFDGHV� VR� WKH DFFXUDF\ RI WKH ORFDO IXQFWLRQ

DSSUR[LPDWLRQ LV OLPLWHG E\ WKH GLVWDQFH EHWZHHQ WKH DGMDFHQW SRLQWV� )LJXUH ������E�

GLVSOD\V WKH VDPH GDWD DV )LJXUH ������D�� EXW ZLWK D YHUWLFDO ORJDULWKPLF D[LV� 2Q WKH

ORJDULWKPLF VFDOH� WKH GLmHUHQFH EHWZHHQ WKH HVWLPDWHG FXUYHV LV KLJKHVW DW WKH EHJLQ�

QLQJ RI WKH SURFHVV� ZKHQ WKH KLJKHVW VSDWLDO JUDGLHQWV RI WKH PRLVWXUH FRQFHQWUDWLRQ

H[LVW�

)LJXUH ����� VKRZV VWDLU�VWHS SURnOHV RI WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ DQG

FRQGXFWLYLW\ IRU VHOHFWHG PRPHQWV RI WLPH� ZKLFK DUH GHULYHG IURP FRUUHVSRQGLQJ WLPH

SURnOHV LQ )LJXUHV ����� DQG ������ %RWK SURnOH SORWV KDYH YHU\ VLPLODU VKDSH� DQG

HLWKHU RI WKHP FRXOG EH XVHG WR GHULYH VSDWLDO PRLVWXUH SURnOHV� %HIRUH GRLQJ WKDW� RQH

VKRXOG WU\ WR H[WUDFW WKH PD[LPXP DPRXQW RI LQIRUPDWLRQ IURP WKH H[SHULPHQWDO �RU�

LQ WKLV FDVH� VLPXODWLRQ� GDWD� ,Q RUGHU WR FRQYHUW IURP WKH KRPRJHQHRXV FRPSRXQG

OD\HU HVWLPDWLRQ WR WKH LQGLYLGXDO OD\HU HVWLPDWLRQ� DSSURSULDWH ZHLJKWLQJ FRHpFLHQWV

PD\ EH XVHG� )RU WKH GLmXVLRQ SUREOHP� WKH FRPSRXQG OD\HU DYHUDJLQJ RYHUHVWLPDWHV

PDWHULDO GLHOHFWULF SURSHUWLHV QHDU WKH VHQVRU DQG XQGHUHVWLPDWHV SURSHUWLHV QHDU WKH

���
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�D� OLQHDU FRQGXFWLYLW\ VFDOH �E� ORJDULWKPLF FRQGXFWLYLW\ VFDOH

)LJXUH ������ &DOFXODWHG WLPH SURnOHV RI DYHUDJH FRQGXFWLYLW\ RI FRPSRXQG OD\HUV
RI RLO�LPSUHJQDWHG WUDQVIRUPHU SUHVVERDUG HVWLPDWHG E\ LQGLYLGXDO ZDYHOHQJWKV XVLQJ
KRPRJHQHRXV UHJLRQ PRGHOV�

[  � LQWHUIDFH�

������ :HLJKWLQJ &RHpFLHQWV

)LJXUHV ����� DQG ����� LOOXVWUDWH WKH SURFHVV RI JHQHUDWLQJ WKH ZHLJKWLQJ FRHpFLHQWV

IRU WKH FRQVLGHUHG FDVH� 7KH FDSDFLWDQFH&�� LV FDOFXODWHG DQG VKRZQ LQ )LJXUH ����� IRU

HDFK ZDYHOHQJWK DV WKH WKLFNQHVV RI GLHOHFWULF ZLWK WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\

�U  ��� SODFHG QH[W WR WKH VHQVRU KHDG LQFUHDVHV� 7KH VSDFH RXWVLGH WKH GLHOHFWULF LV

nOOHG ZLWK DLU� 7KH VDPH GDWD LV QRUPDOL]HG LQ )LJXUH ����� WR WKH GLmHUHQFH EHWZHHQ

WKH PD[LPXP DQG PLQLPXP YDOXHV RI WKH FRUUHVSRQGLQJ FXUYH� VR WKDW WKH FKDQJH RI

FDSDFLWDQFH LQ SHUFHQW c&� LV HTXDO WR

c&�  
& b &PLQ

&PD[ b &PLQ

d ����� ������

ZKHUH &� &PD[� DQG &PLQ DUH UHVSHFWLYHO\ FXUUHQW� PD[LPXP� DQG PLQLPXP YDOXHV RI

FDSDFLWDQFH IRU HDFK FXUYH� 7KH SHUFHQWDJH FKDQJH RI FDSDFLWDQFH DW HDFK WKLFNQHVV

YDOXH IRU HDFK ZDYHOHQJWK LV SURSRUWLRQDO WR WKH UHODWLYH ZHLJKW RI WKH FRQWULEXWLRQ

���
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�D� UHODWLYH GLHOHFWULF SHUPLWWLYLW\ �E� FRQGXFWLYLW\

)LJXUH ������ 6WDLU�VWHS VSDWLDO SURnOHV RI DYHUDJH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ DQG
FRQGXFWLYLW\ LQ RLO�LPSUHJQDWHG WUDQVIRUPHU SUHVVERDUG DW VHOHFWHG PRPHQWV RI WLPH LQ
KRXUV EDVHG RQ SHUPLWWLYLW\ SURnOHV VKRZQ LQ )LJXUH ����� DQG FRQGXFWLYLW\ SURnOHV RI
)LJXUH ������ (DFK OHYHO FRUUHVSRQGV WR WKH DYHUDJH HVWLPDWHG YDOXH LQ WKH FRPSRXQG
UHJLRQV RI )LJXUH ������D� ZLWKLQ UHDFK RI D JLYHQ SHQHWUDWLRQ GHSWK�

IURP WKH LQFUHDVH RI WKLFNQHVV RI WKH GLHOHFWULF PDWHULDO DW WKLV FRRUGLQDWH WR WKH WRWDO

FDSDFLWDQFH YDOXH� 7KH FRHpFLHQWV VHOHFWHG IRU WKH JLYHQ SUREOHP DUH IRXQG IRU WKH

PLGGOH ORFDWLRQ RI HDFK UHJLRQ VKRZQ LQ )LJXUH ����� DQG OLVWHG LQ 7DEOH ����� )RU WKH

OD\HU WKLFNQHVVHV FKRVHQ LQ )LJXUH ����� WKH PLGGOH RI HDFK OD\HU DUH DW ��� xP� ��� xP�

DQG ��� xP� 7KHVH ORFDWLRQV DUH LQGLFDWHG LQ )LJXUH ����� E\ GDVKHG YHUWLFDO OLQHV� 7KH

FRUUHVSRQGLQJ ZHLJKWLQJ FRHpFLHQWV DUH WKH RUGLQDWH YDOXHV DW WKH LQWHUVHFWLRQ RI WKHVH

YHUWLFDO OLQHV ZLWK WKH UHVSHFWLYH FXUYHV IRU HDFK ZDYHOHQJWK DV VKRZQ E\ KRUL]RQWDO

OLQHV LQ )LJXUH ������ 6LQFH WKH nUVW OD\HU KDV WKLFNQHVV HTXDO WR WKH SHQHWUDWLRQ GHSWK

RI WKH � PP ZDYHOHQJWK� WKHUH LV QR ZHLJKWLQJ DQG WKH ZHLJKWHG SHUPLWWLYLW\ RI WKH nUVW

OD\HU DGMDFHQW WR WKH VHQVRU UHPDLQV XQFKDQJHG� 7KH GLmHUHQFH EHWZHHQ WKH VHFRQG

DQG WKH nUVW LQGLYLGXDO OD\HUV VKRXOG EH ODUJHU WKDQ WKH GLmHUHQFH EHWZHHQ WKH VHFRQG

DQG WKH nUVW FRPSRXQG OD\HUV DV ORQJ DV WKH GHULYDWLYH RI WKH SHUPLWWLYLW\ SURnOH ZLWK

UHVSHFW WR SRVLWLRQ GRHV QRW FKDQJH LWV VLJQ LQ WKH HQWLUH UHJLRQ RI LQWHUHVW� 7KH LQFUHDVH

RI WKH GLmHUHQFH EHWZHHQ WKH WZR QHLJKERULQJ OD\HUV LV JRYHUQHG E\ WKH VHQVLWLYLW\ RI

���
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Thickness ( m)m

)LJXUH ������ &DOFXODWHG FKDQJH RI WKH LQWHUHOHFWURGH FDSDFLWDQFH &�� SHU RQH PHWHU
OHQJWK ZLWK WKH LQFUHDVH RI WKH GLHOHFWULF WKLFNQHVV ��U  ����� ZLWK DLU DERYH WKH
GLHOHFWULF� IRU HDFK ZDYHOHQJWK RI WKH WKUHH�ZDYHOHQJWK VHQVRU�

HDFK ZDYHOHQJWK WR WKH GLmHUHQWLDO FKDQJH LQ GLHOHFWULF SURSHUWLHV DW D JLYHQ GHSWK� 7KH

ZHLJKWLQJ FRHpFLHQWV SURYLGHG LQ 7DEOH ���� UHoHFW GLmHUHQFHV LQ VHQVLWLYLW\� 7KHUHIRUH�

WKH SHUPLWWLYLW\ GLmHUHQFH EHWZHHQ WZR LQGLYLGXDO OD\HUV LV HTXDO WR WKH SHUPLWWLYLW\

GLmHUHQFH EHWZHHQ WZR FRUUHVSRQGLQJ FRPSRXQG OD\HUV WLPHV WKH UDWLR RI WKH ZHLJKWLQJ

FRHpFLHQWV� 7KXV� WKH SHUPLWWLYLW\ RI WKH VHFRQG LQGLYLGXDO OD\HU LV GHnQHG E\�

��  �� � ���� b ���
N��w  ����

N��w  ����
������

7KH VDPH DUJXPHQW KROGV IRU WKH WKLUG LQGLYLGXDO OD\HU�

��  ��� � ����� b ����
N��w  ��

N��w  ��
� ����� b ���

N��w  ��

N��w  ��
�������

7KHVH HTXDWLRQV LQGLFDWH WKDW WKH GLmHUHQFH EHWZHHQ WKH GLHOHFWULF SHUPLWWLYLWLHV RI DG�

MDFHQW LQGLYLGXDO OD\HUV LV ODUJHU WKDQ WKH GLmHUHQFH EHWZHHQ WKH GLHOHFWULF SHUPLWWLYLW\

RI FRUUHVSRQGLQJ FRPSRXQG OD\HUV� DQG WKH LQFUHDVH RI WKHVH GLmHUHQFHV LV SURSRUWLRQDO

WR WKH UDWLR RI FRUUHVSRQGLQJ ZHLJKWLQJ FRHpFLHQWV�

������ ,QGLYLGXDO /D\HUV

$IWHU ZHLJKWLQJ� WKH WLPH SURnOHV RI WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ DQG FRQGXFWLYLW\

FKDQJH VKDSH WR ZKDW LV VKRZQ LQ )LJXUHV ����� DQG ������ 7KH PRVW GUDVWLF FKDQJH

���
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)LJXUH ������ &DOFXODWHG FKDQJH RI WKH LQWHUHOHFWURGH FDSDFLWDQFH &�� RI WKH WKUHH�
ZDYHOHQJWK VHQVRU QRUPDOL]HG WR WKH KLJKHVW DQG ORZHVW FDSDFLWDQFH YDOXHV DV JLYHQ E\
������ FOHDUO\ LOOXVWUDWHV WKH YDULDWLRQ RI WKH HmHFWLYH SHQHWUDWLRQ GHSWK�

7KLFNQHVV �xP� &RHpFLHQW w  ��� PP w  ��� PP w  ��� PP

��� N���� ���� ���� ����

��� N���� ���� ���� ����

��� N���� ���� ���� ����

7DEOH ����� 3HUFHQW FKDQJH RI LQWHUHOHFWURGH FDSDFLWDQFH �ZHLJKWLQJ FRHpFLHQWV� DW
GLmHUHQW WKLFNQHVVHV� 7KH YDOXHV RI WKLFNQHVV DUH VHOHFWHG WR EH LQ WKH PLGGOH RI HDFK
LQVXODWLQJ UHJLRQ� 7KH ZHLJKWLQJ FRHpFLHQWV IRU HDFK ZDYHOHQJWK DUH IRXQG LQ )LJXUH
����� E\ WKH LQWHUVHFWLRQ RI WKH FKDQJH LQ FDSDFLWDQFH FXUYHV ZLWK WKLFNQHVVHV RI ����
���� DQG ��� xP�

IURP )LJXUHV ����� DQG ����� LV ZLWK WKH �� DQG ���� VLJQDOV DVVRFLDWHG ZLWK WKH � PP

ZDYHOHQJWK DV WKH VLJQDO GHOD\ EHFRPHV PRUH SURQRXQFHG� UHoHFWLQJ WKH WUXH QDWXUH RI

WKH GLmXVLRQ G\QDPLFV� (mHFWLYHO\� WKH ZHLJKWHG SURnOHV SORWWHG IRU LQGLYLGXDO OD\HUV

SURYLGH KLJKHU VSDWLDO UHVROXWLRQ WKDQ WKRVH IRU FRPSRXQG OD\HUV ZKLFK DYHUDJH RYHU WKH

HQWLUH SUHVVERDUG WKLFNQHVV� %HFDXVH WKH VWHDG\�VWDWH FRQGXFWLYLW\ YDOXHV }�� }�� DQG

}� VKRXOG EH WKH VDPH� WKH HUURU EHWZHHQ WKH FRQGXFWLYLW\ YDOXHV IRU HDFK LQGLYLGXDO

OD\HU DW WKH HQG RI WKH GLmXVLRQ SURFHVV EHFRPHV ODUJHU WKDQ IRXQG IRU FRPSRXQG

OD\HUV LQ )LJXUH ������ DV VHHQ LQ )LJXUH ������D�� EXW LW LV VWLOO UHODWLYHO\ VPDOO RQ WKH

ORJDULWKPLF VFDOH� DV VHHQ LQ )LJXUH ������E��

7KH FRUUHVSRQGLQJ VWDLU�VWHS SURnOHV RI GLHOHFWULF SURSHUWLHV DUH VKRZQ LQ )LJXUH

���
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)LJXUH ������ 7LPH SURnOHV RI DYHUDJH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ LQ HDFK LQGLYLGXDO
OD\HU RI RLO�LPSUHJQDWHG WUDQVIRUPHU SUHVVERDUG HVWLPDWHG XVLQJ ZHLJKWLQJ FRHpFLHQWV�

������ 7KLV WLPH� WKH PRLVWXUH OHYHO DW HDFK VWHS LQGLFDWHV WKH HVWLPDWHG YDOXH DW

WKH FRUUHVSRQGLQJ LQGLYLGXDO OD\HU� ,Q FRPSDULVRQ ZLWK SURnOHV IRU WKH FRPSRXQG

OD\HUV VKRZQ LQ )LJXUH ������ WKH QHZ SURnOHV H[KLELW OHVV KRPRJHQHRXV GLVWULEXWLRQ RI

PDWHULDO SURSHUWLHV� DV H[SHFWHG� 7KH PRLVWXUH FRQFHQWUDWLRQ LQ WKH LQGLYLGXDO OD\HU

� �QHDUHVW WR WKH VHQVRU� LV NHSW H[DFWO\ WKH VDPH DV WKH PRLVWXUH FRQFHQWUDWLRQ LQ

WKH FRPSRXQG OD\HU �� 7KH GLmHUHQFHV DUH PRVW VLJQLnFDQW EHWZHHQ LQGLYLGXDO OD\HU �

DQG FRPSRXQG OD\HU �� 7KH SURFHVV RI ZHLJKWLQJ WHQGV WR LQFUHDVH GLmHUHQFHV EHWZHHQ

QHLJKERULQJ OD\HUV� $V DQ XQIRUWXQDWH VLGH HmHFW� WKH HVWLPDWHG YDOXHV RI GLHOHFWULF

SURSHUWLHV DUH WRR KLJK LQ UHJLRQ � IRU WKH HQG SDUW RI WKH GLmXVLRQ SURFHVV� ZKLFK

FDQ EH VHHQ E\ FRPSDULQJ )LJXUH ������D� ZLWK )LJXUH ����� DQG FRPSDULQJ )LJXUH

������E� ZLWK )LJXUH ������ 3RWHQWLDOO\� DGGLWLRQDO LQIRUPDWLRQ IURP WKH DX[LOLDU\

VHQVRUV PLJKW EH XVHG IRU LPSURYHPHQW RI WKH SDUDPHWHU HVWLPDWLRQ DOJRULWKP RXWSXW

LQ QHDUO\ XQLIRUP GLVWULEXWLRQV RI SHUPLWWLYLW\ DQG FRQGXFWLYLW\�

������ 0RLVWXUH 3URnOHV

7KH VWDLU�VWHS SURnOHV RI WKH GLHOHFWULF SURSHUWLHV FDQ EH FRQYHUWHG LQWR VWDLU�VWHS PRLV�

WXUH SURnOHV VKRZQ LQ )LJXUH ����� XVLQJ UHODWLRQVKLSV ������ DQG ������� ,GHDOO\� PRLV�

���
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�D� OLQHDU FRQGXFWLYLW\ VFDOH �E� ORJDULWKPLF FRQGXFWLYLW\ VFDOH

)LJXUH ������ 7LPH SURnOHV RI DYHUDJH FRQGXFWLYLW\ LQ HDFK LQGLYLGXDO OD\HU RI RLO�
LPSUHJQDWHG WUDQVIRUPHU SUHVVERDUG HVWLPDWHG XVLQJ ZHLJKWLQJ FRHpFLHQWV�

WXUH SURnOHV HVWLPDWHG IURP �U DQG IURP } VKRXOG EH WKH VDPH� 7KH GLmHUHQFHV REVHUYHG

EHWZHHQ )LJXUHV ������D� DQG ������E� DUH PRVWO\ GXH WR WKH OLPLWHG UHVROXWLRQ RI WKH

WKUHH�UHJLRQ UHSUHVHQWDWLRQ RI FRQWLQXRXV SURnOHV� 1DWXUDOO\� WKH GLmHUHQFHV LQFUHDVH

DV RQH PRYHV DZD\ IURP WKH VHQVRU� 7KH ODUJHVW GLmHUHQFHV DUH LQ UHJLRQ �� EHFDXVH

WKH YDULDWLRQV RI SURSHUWLHV WKHUH DUH EOXUUHG E\ FKDQJHV RI SURSHUWLHV LQ UHJLRQV � DQG

�� DQG LW LV PRVW GLpFXOW WR GHFRQYROYH SURSHUWLHV LQ WKH LQGLYLGXDO UHJLRQ � IURP WKH

SURSHUWLHV RI WKH FRPSRXQG UHJLRQ ?����� $OVR� UHJLRQ � IRU PRVW RI WKH GLmXVLRQ SUR�

FHVV WLPH KDV KLJK JUDGLHQWV RI PRLVWXUH FRQFHQWUDWLRQ� ZKLFK LV OHDVW VLPLODU WR WKH oDW

VWDLU�VWHS UHSUHVHQWDWLRQ HPSOR\HG DW WKLV MXQFWXUH� ([DFWO\ WKH RSSRVLWH LV WUXH IRU

UHJLRQ �� +HUH� WKH PDWFK EHWZHHQ PRLVWXUH FRQFHQWUDWLRQ YDOXHV GHULYHG IURP SHUPLW�

WLYLW\ DQG IURP FRQGXFWLYLW\ DUH DOPRVW LGHDO� 7KLV UHJLRQ LV LPPHGLDWHO\ DGMDFHQW WR

WKH VHQVRU DQG WKH PRLVWXUH FRQFHQWUDWLRQ LV QHDUO\ oDW DW DOO WLPHV� ZKLFK PDNHV WKH

LQYHUVLRQ PRUH DFFXUDWH� ,Q JHQHUDO� WKH PRLVWXUH G\QDPLFV DUH FDSWXUHG SURSHUO\� EXW

LW LV GHVLUDEOH WR LQFUHDVH WKH UHVROXWLRQ RI VSDWLDO SURnOLQJ XVLQJ DYDLODEOH LQIRUPDWLRQ

DERXW WKH V\VWHP�

���
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�D� UHODWLYH GLHOHFWULF SHUPLWWLYLW\ �E� FRQGXFWLYLW\

)LJXUH ������ 6WDLU�VWHS VSDWLDO SURnOHV RI UHODWLYH GLHOHFWULF SHUPLWWLYLW\ DQG FRQGXF�
WLYLW\ LQ HDFK LQGLYLGXDO OD\HU LQ )LJXUH ������E� RI WUDQVIRUPHU SUHVVERDUG DW VHOHFWHG
PRPHQWV RI WLPH�

3LHFHZLVH /LQHDU $SSUR[LPDWLRQ

7KH DSSUR[LPDWH VWDLU�VWHS SURnOHV VKRZQ LQ )LJXUH ����� GR QRW UHoHFW ZHOO WKH DFWXDO

GLVWULEXWLRQ RI WKH PRLVWXUH� ,Q UHDOLW\� WKH PRLVWXUH FRQFHQWUDWLRQ SURnOH LV D FRQ�

WLQXRXV IXQFWLRQ� $ SLHFH�ZLVH OLQHDU DSSUR[LPDWLRQ ZRXOG EH EHWWHU WKDQ D VWDLU�VWHS

DSSUR[LPDWLRQ� 7KH WUDQVIRUPDWLRQ IURP WKH GLVFRQWLQXRXV WR WKH FRQWLQXRXV IXQFWLRQ

VKRXOG EH PDGH WDNLQJ WKH VLJQDO PDJQLWXGH FRQVHUYDWLRQ LQWR DFFRXQW� 7KH RXWVLGH

PRLVWXUH ERXQGDU\ FRQFHQWUDWLRQ LV NQRZQ IURP VHSDUDWH PRLVWXUH PHDVXUHPHQWV LQ

WKH VXUURXQGLQJ RLO XVLQJ DQ RLO PRLVWXUH VHQVRU DQG IURP VWDQGDUG HTXLOLEULXP FXUYHV

EHWZHHQ WKH RLO DQG SUHVVERDUG >��@�

7KH PRLVWXUH SURnOH DW HDFK PRPHQW RI WLPH PXVW VDWLVI\ WKH IROORZLQJ PLQLPXP

UHTXLUHPHQWV� WKH H[WHUQDO ERXQGDU\ YDOXH LV NQRZQ� WKH SURnOH LV FRQWLQXRXV� DQG LW

LV GLmHUHQWLDEOH HYHU\ZKHUH H[FHSW DFURVV ERXQGDULHV� 7KH PRLVWXUH FRQFHQWUDWLRQ DW

WKH [  � H[WHUQDO ERXQGDU\ RI WKH SUHVVERDUG LV NQRZQ IURP WKH PHDVXUHPHQWV LQ RLO

XVLQJ FRPPHUFLDOO\ DYDLODEOH PRLVWXUH VHQVRUV DQG HTXLOLEULXP FXUYHV�

2QFH ZH FKDQJH WKH VKDSH RI WKH PRLVWXUH SURnOH IURP D oDW OLQH WR D OLQH ZLWK QRQ�

���
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�D� HVWLPDWHG IURP �U �E� HVWLPDWHG IURP }

)LJXUH ������ 6WDLU�VWHS SURnOHV RI PRLVWXUH FRQFHQWUDWLRQ HVWLPDWHG IURP SURnOHV RI
GLHOHFWULF SURSHUWLHV XVLQJ ������ DQG ������� ,GHDOO\� ERWK SURnOHV VKRXOG EH WKH VDPH�

]HUR VORSH� ZH VKRXOG H[SHFW WKH DUHD XQGHU WKH FXUYHV RI ERWK SURnOHV WR EH LQ D FHUWDLQ

UDWLR WR HDFK RWKHU� ,I WKH VHQVLWLYLW\ RI WKH VHQVRU WR WKH GLmHUHQWLDO DPRXQW RI PRLVWXUH

LV WKH VDPH IRU HYHU\ SRVLWLRQ� WKH UDWLR RI WKH WZR DUHDV ZRXOG KDYH EHHQ HTXDO WR ��

6LQFH WKH HOHFWULF nHOG VWUHQJWK UHGXFHV DV ZH PRYH DZD\ IURP WKH VHQVRU� WKH UDWLR RI

WKH WZR DUHDV PXVW EH GLmHUHQW� 7KH FRHpFLHQW m LV LQWURGXFHG WR DFFRXQW IRU WKH IDFW

WKDW WKH FKDQJH RI WKH VHQVRU RXWSXW GXH WR D QRPLQDO FKDQJH LQ PDWHULDO SURSHUWLHV

RI D QDUURZ LQFUHPHQWDO OD\HU LV ODUJHU FORVHU WR WKH VHQVRU �ZKLFK KDV EHHQ LOOXVWUDWHG

LQ )LJXUH ������� 7KH FRHpFLHQW YDOXH m  ��� LV IRXQG HPSLULFDOO\ E\ FRPSDULQJ

IRUZDUG DQG LQYHUVH SUREOHP UHVXOWV DW KLJK JUDGLHQW UHJLRQV YLVXDOO\� $W WKLV SRLQW�

WKH WHFKQLTXH LV DSSUR[LPDWH DQG DGGLWLRQDO DFFXUDF\ VKRXOG EH VRXJKW LQ WKH VHQVRU

GHVLJQ UDWKHU WKDQ LQ WKH VHDUFK RI H[DFW FRHpFLHQW YDOXHV� ,I RQH FKRRVHV m  ��

WKH DUHD XQGHU WKH WULDQJOHV DQG WUDSH]RLGV REWDLQHG ZLWK �������� ������� LV HTXDO

WR WKH DUHD XQGHU UHVSHFWLYH UHFWDQJOHV LQ WKH VWDLU�VWHS SURnOH� 7KH QRWDWLRQ IRU WKH

SURFHVV RI WUDQVLWLRQ IURP VWDLU�VWHS WR FRQWLQXRXV SURnOHV LV LOOXVWUDWHG LQ )LJXUH ������

,Q RUGHU WR VDWLVI\ ERWK VLJQDO PDJQLWXGH FRQVHUYDWLRQ DQG FRQWLQXLW\� WKH FXUUHQWO\

HPSOR\HG SURnOH VKDSLQJ DOJRULWKP PRYHV WKH FROORFDWLRQ SRLQW �WKH W  � FRRUGLQDWHV
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RI WKH SRLQW EHWZHHQ WZR UHJLRQV ZLWK GLVVLPLODU SURSHUWLHV� EHWZHHQ WKH WZR DGMDFHQW

UHJLRQV WRZDUGV WKH [  � H[WHULRU LQWHUIDFH� 7KH FROORFDWLRQ SRLQW LV QRUPDOO\ SODFHG

DW WKH LQWHUIDFH EHWZHHQ LQGLYLGXDO OD\HUV� EXW LW LV PRYHG LQ RUGHU WR DFKLHYH KLJKHU

VSDWLDO UHVROXWLRQ LQ FDVH RI KLJK VSDWLDO PRLVWXUH FRQFHQWUDWLRQ JUDGLHQWV� 8VLQJ WKH

GHnQLWLRQV VKRZQ LQ )LJXUH ������ WKH QHZ FRRUGLQDWH RI WKH FROORFDWLRQ SRLQW �[L�Q� \L�Q�

LV IRXQG IURP WKH ROG FROORFDWLRQ SRLQWV �[L�R� \L�R� DQG �[H�R� \H�R� �VHH FXUYH � LQ )LJXUH

����� IRU UHIHUHQFH�� 7KH IROORZLQJ HTXDWLRQV JXDUDQWHH WKDW WKH UDWLR RI DUHDV XQGHU

WKH WULDQJOH DQG WKH UHFWDQJOH UHPDLQV WKH VDPH�

,I

\H�Q !
�

m
\H�R �������

WKHQ

[L�Q  [H�R �
�� m� \H�R

\H�Q
�[L�R b [H�R� �������

DQG

\L�Q  � �������

ZKHUH WKH [ FRRUGLQDWH UHIHUV WR WKH GLVWDQFH D[LV� WKH \ FRRUGLQDWH UHIHUV WR WKH PRLV�

WXUH FRQFHQWUDWLRQ D[LV ZLWK WKH RULJLQ DW WKH SUHVVERDUG�RLO LQWHUIDFH� VXEVFULSW ?L�

VWDQGV IRU LQWHULRU ERXQGDU\� VXEVFULSW ?H� VWDQGV IRU H[WHULRU ERXQGDU\� VXEVFULSW ?R�

UHIHUV WR WKH ROG FROORFDWLRQ SRLQW� DQG VXEVFULSW ?Q� UHIHUV WR WKH QHZ FROORFDWLRQ SRLQW�

$V WKH DPRXQW RI PRLVWXUH LQ WKH SUHVVERDUG JURZV ZLWK WLPH� FXUYH � LQ )LJXUH

����� VKLIWV WR WKH ULJKW XQWLO LW UHDFKHV WKH FULWLFDO SRVLWLRQ LQGLFDWHG E\ FXUYH ��

$W WKLV SRLQW� WKH UDWLR RI WKH UHFWDQJOH DUHD WR WKH WULDQJOH DUHD LV VWLOO HTXDO WR m�

DQG IXUWKHU LQFUHDVH LQ WKH DPRXQW RI PRLVWXUH FDQ QR ORQJHU EH DFFRPPRGDWHG E\ D

WULDQJXODU SURnOH� 7KH ERXQGDU\ FRQGLWLRQ DW WKH ULJKW ERXQGDU\ DW [L�� QRZ UHTXLUHV

D QRQ�]HUR PRLVWXUH FRQFHQWUDWLRQ� 7KHUHIRUH� ZKHQ WKH DYHUDJH YDOXH RI WKH PRLVWXUH

FRQFHQWUDWLRQ H[FHHGV WKH FULWLFDO YDOXH GHWHUPLQHG E\ FXUYH �� WKH FROORFDWLRQ SRLQW

VWDUWV VKLIWLQJ XSZDUGV UDWKHU WKDQ WR WKH ULJKW� DQG WKH UHFWDQJXODU SURnOH LV UHSODFHG

ZLWK D WUDSH]RLG� ZKLFK FDQ EH H[SUHVVHG DOJHEUDLFDOO\ DV� ,I

\H�Q �
�

m
\H�R �������
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����� 0RGHO�%DVHG (VWLPDWLRQ

)LJXUH ������ ,OOXVWUDWLRQ RI WUDQVLWLRQ IURP VWDLU�VWHS WR SLHFHZLVH OLQHDU FRQWLQXRXV
SURnOHV� �� ORZ PRLVWXUH FRQFHQWUDWLRQ� �� FULWLFDO PRLVWXUH FRQFHQWUDWLRQ� �� KLJK
PRLVWXUH FRQFHQWUDWLRQ� 7R WKH nUVW DSSUR[LPDWLRQ� WKH DUHD XQGHU WKH ROG UHFWDQJXODU
SURnOH �KRUL]RQWDO OLQH� WR WKH QHZ WULDQJXODU RU WUDSH]RLGDO SURnOHV UHPDLQV DW WKH
UDWLR RI m�

WKHQ

[�L�Q  [L�R �������

DQG

\�L�Q  
�

m
\H�R b \H�Q �������

�VHH FXUYH � LQ )LJXUH ����� IRU UHIHUHQFH�� )LJXUH ����� VKRZV SLHFHZLVH OLQHDU FRQWLQX�

RXV SURnOHV RI PRLVWXUH FRQFHQWUDWLRQ REWDLQHG ZLWK WKH LPSRVHG VLJQDO PDJQLWXGH FRQ�

VHUYDWLRQ UHTXLUHPHQWV RI ���������������� (YHQ WKRXJK WKH HVWLPDWHG SURnOHV UHVHPEOH

WKH RULJLQDO V\QWKHWLF RQHV� WKLV DSSURDFK LV YHU\ VHQVLWLYH WR VPDOO HUURUV LQWURGXFHG WR

WKH LQSXW RI WKH LQYHUVH SUREOHP E\ WU\LQJ WR UHSUHVHQW VPRRWK FRQWLQXRXV SURnOHV ZLWK

D VWDLU�VWHS IXQFWLRQ� 7KH RSHQ ERXQGDU\ IRU PRLVWXUH GLmXVLRQ DW [  � LQ )LJXUHV

������D� DQG ������E� KDV PRLVWXUH FRQFHQWUDWLRQ SLQQHG DW �� SHUFHQW� ZKLFK LQFUHDVHV

WKH RYHUVKRRW RI WKH WUDSH]RLGV DW GHSWK ��� xP�
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�D� HVWLPDWHG IURP �
U

�E� HVWLPDWHG IURP }

)LJXUH ������ 3LHFHZLVH OLQHDU FRQWLQXRXV SURnOHV RI PRLVWXUH FRQFHQWUDWLRQ REWDLQHG
ZLWK ��������������� DW GLmHUHQW PRPHQWV RI WLPH LQ KRXUV�

3RO\QRPLDO $SSUR[LPDWLRQV

,GHDOO\� SRO\QRPLDO DSSUR[LPDWLRQV WR SURSHUW\ SURnOHV VKRXOG KDYH DOO WKH IHDWXUHV VXJ�

JHVWHG E\ WKH SK\VLFV RI D VWXGLHG SURFHVV� 7KH FRQFHQWUDWLRQ SURnOHV DQG WKHLU VSDWLDO

GHULYDWLYHV GXH WR PRLVWXUH GLmXVLRQ LQ RWKHUZLVH PDFURVFRSLFDOO\ KRPRJHQHRXV PHGLD

DUH H[SHFWHG WR KDYH QR GLVFRQWLQXLWLHV� &OHDUO\� LQ WKLV VWXG\ PRLVWXUH FRQFHQWUDWLRQ

SURnOHV REWDLQHG IURP VLPXODWHG LQWHUGLJLWDO GLHOHFWURPHWU\ GDWD VKRXOG PD[LPDOO\ UH�

VHPEOH WKH SURnOHV REWDLQHG E\ VROYLQJ WKH GLmXVLRQ HTXDWLRQ� VKRZQ LQ )LJXUH �����

)LJXUH ����� VKRZV VPRRWK SURnOHV WKDW KDYH EHHQ JHQHUDWHG IURP WKH VWDLU�VWHS SUR�

nOHV E\ XVLQJ D WKLUG RUGHU SRO\QRPLDO DSSUR[LPDWLRQ� ,Q WKLV FDVH� QR DWWHPSW LV PDGH

WR FDSWXUH WKH KLJK JUDGLHQWV FORVH WR WKH RSHQ ERXQGDU\� (YHQ WKRXJK LW PD\ EH SRV�

VLEOH ZLWK QXPHULFDO GDWD� WKH PHDVXUHPHQW HUURUV LQ WKH H[SHULPHQWDO GDWD ZLOO PRVW

OLNHO\ QRW SURYLGH VXFK DQ RSSRUWXQLW\� 0RLVWXUH FRQFHQWUDWLRQ GLVWULEXWLRQV GHULYHG

IURP WKH UHDO SDUW RI WKH FRPSOH[ GLHOHFWULF SHUPLWWLYLW\ �)LJXUH ������D�� DUH YHU\

VLPLODU WR WKRVH GHULYHG IURP WKH LPDJLQDU\ SDUW �)LJXUH ������E��� %XOJLQJ DERYH WKH

PD[LPXP FRQFHQWUDWLRQ DW LQWHUPHGLDWH PRPHQWV RI WLPH LV GXH WR HQIRUFLQJ WKH ��

SHUFHQW FRQFHQWUDWLRQ RSHQ ERXQGDU\ FRQGLWLRQ DW [  � DQG VOLJKW RYHUVKRRWLQJ RQ

���



����� 0RGHO�%DVHG (VWLPDWLRQ

WKH PRLVWXUH FRQFHQWUDWLRQ HVWLPDWH LQ LQGLYLGXDO OD\HU � DIWHU XVLQJ ZHLJKWLQJ FRHp�

FLHQWV LQ 7DEOH ����� $OWHUQDWLYHO\� WKH ERXQGDU\ FRQGLWLRQ FRXOG KDYH EHHQ UHOD[HG

WR DYRLG EXOJLQJ� ,Q WKLV FDVH� WKH WUDGH�Rm LV VRXJKW EHWZHHQ WKH IXQFWLRQDO VKDSH

RI WKH PRLVWXUH SURnOH DQG WKH DFFXUDF\ RI GHWHUPLQLQJ WKH PRLVWXUH FRQFHQWUDWLRQ

DW WKH SRLQW LPPHGLDWHO\ DGMDFHQW WR WKH ERXQGDU\� 7KH EXOJLQJ FDQ EH YLHZHG DV D

UHVXOW RI D VKDUS GLVFRQWLQXLW\ LQ WKH H[SHFWHG PHDVXUHPHQW HUURU YDOXH DV D IXQFWLRQ

RI SUHVVERDUG GHSWK� 7KH HUURU LQFUHDVHV FRQWLQXRXVO\ DV RQH PRYHV DZD\ IURP WKH

VHQVRU WRZDUGV WKH SUHVVERDUG�RLO LQWHUIDFH� EXW LW LV QHDU ]HUR DW WKH LQWHUIDFH� 2QH

RI WKH WUDGH�RmV EHWZHHQ WKH VWDELOLW\ DQG WKH DFFXUDF\ RI SDUDPHWHU HVWLPDWLRQ LV WKH

PDUJLQ RI HUURU DVVLJQHG WR WKH DX[LOLDU\ VHQVRU DQG PRLVWXUH HTXLOLEULXP FXUYHV�

6HYHUDO HOHPHQWV FRXOG EH DOWHUHG WR LQFUHDVH WKH UHVROXWLRQ RI DFFXUDF\ RI WKLV WHFK�

QRORJ\� 7KH QXPEHU RI ZDYHOHQJWKV FRXOG EH LQFUHDVHG WR REWDLQ D ODUJHU QXPEHU RI

HTXDWLRQV FRUUHVSRQGLQJ WR WKH ODUJHU QXPEHU RI DSSUR[LPDWLQJ OD\HUV LQ WKH SUHVV�

ERDUG� D VHQVRU FRXOG EH PDGH ZLWK PRYLQJ PHFKDQLFDO SDUWV WR YDU\ WKH HOHFWURGH

SHULRGLFLW\ DQG WKXV WKH HmHFWLYH SHQHWUDWLRQ GHSWK� WKH VHQVRU FRXOG EH FRPELQHG

ZLWK RWKHU W\SHV RI QRQ�GHVWUXFWLYH PHDVXUHPHQW VHQVRUV� VXFK DV XOWUDVRQLF RU FKHPL�

FDO� DQ XOWUD�WKLQ VHOHFWLYHO\ DEVRUELQJ OD\HU FRXOG EH XVHG IRU YHULnFDWLRQ RI PRLVWXUH

FRQFHQWUDWLRQ DW WKH FORVHG ERXQGDU\� HWF� $W WKLV SRLQW� KRZHYHU� WKH H[SHFWHG DFFX�

UDF\ LV DGHTXDWH IRU WKH SUREOHP RI PRLVWXUH PRQLWRULQJ LQ WUDQVIRUPHU SUHVVERDUG�

6XPPDU\

(DFK W\SH RI DSSUR[LPDWLRQ� SLHFHZLVH OLQHDU DQG SRO\QRPLDO KDV LWV DGYDQWDJHV� 7KH

SLHFHZLVH OLQHDU DSSUR[LPDWLRQ KDV EHWWHU SHUIRUPDQFH IRU KLJK JUDGLHQW SURnOH UHJLRQV�

EXW LW GRHV QRW UHoHFW WKH VPRRWKQHVV RI WKH UHDO SURnOHV� 7KH SRO\QRPLDO DSSUR[L�

PDWLRQ LV VPRRWK� EXW LW JLYHV ULVH WR KLJK QXPHULFDO HUURUV LQ FDVH RI KLJK JUDGLHQWV�

*LYHQ WKH WKUHH UHJLRQ UHVROXWLRQ RI WKH WKUHH ZDYHOHQJWK VHQVRU� HLWKHU DSSUR[LPDWLRQ

LV XVDEOH� 2WKHU DSSURDFKHV DUH DOVR SRVVLEOH� VRPH RI WKHP DUH YHU\ REYLRXV� $V VHQ�

VRUV EHFRPH PRUH DFFXUDWH DQG VRSKLVWLFDWHG� VSOLQH DSSUR[LPDWLRQ FRXOG EH XVHG� $W
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�D� HVWLPDWHG IURP �
U

�E� HVWLPDWHG IURP }

)LJXUH ������ 6PRRWK FRQWLQXRXV SURnOHV RI PRLVWXUH FRQFHQWUDWLRQ FDOFXODWHG IURP
)LJXUH ����� XVLQJ D WKLUG RUGHU SRO\QRPLDO DSSUR[LPDWLRQ�

WKLV SRLQW� RWKHU DSSURDFKHV KDYH QRW EHHQ LQYHVWLJDWHG EHFDXVH LW ZRXOG KDYH KDG QR

HmHFW RQ WKH RYHUDOO VHQVRU SHUIRUPDQFH DQG WKHUH DUH IDU PRUH VLJQLnFDQW DUHDV WKDW

GHVHUYH DWWHQWLRQ� 6HH &RQFOXVLRQV �&KDSWHU ��� IRU WKLV GLVFXVVLRQ�

���� ([SHULPHQWDO 5HVXOWV

7KH UHVXOWV GLVFXVVHG LQ WKLV VHFWLRQ� DOVR SUHVHQWHG LQ >��@� DUH UHSUHVHQWDWLYH RI PDQ\

VWXGLHV RI PRLVWXUH G\QDPLFV LQ WUDQVIRUPHU SUHVVERDUG� 7KH PRLVWXUH FRQFHQWUD�

WLRQ ZDV PHDVXUHG LQ D ��� PP WKLFN RLO�IUHH WUDQVIRUPHU SUHVVERDUG DV D IXQFWLRQ RI

WLPH DQG SRVLWLRQ GXULQJ WKH PRLVWXUH GLmXVLRQ SURFHVV� $ oH[LEOH LQWHUGLJLWDO WKUHH�

ZDYHOHQJWK VHQVRU VKRZQ LQ )LJXUH ��� ZDV XVHG WR JDWKHU LQIRUPDWLRQ UHJDUGLQJ SUHVV�

ERDUG GLHOHFWULF SURSHUWLHV DW GLmHUHQW GHSWKV IURP WKH VHQVRU�SUHVVERDUG LQWHUIDFH�

'DWD ZDV REWDLQHG E\ SURFHVVLQJ WKH VLJQDOV IURP WKH WKUHH�ZDYHOHQJWK VHQVRU� DLU KX�

PLGLW\ VHQVRU� DQG WKHUPRFRXSOH LQVWDOOHG LQ WKH H[SHULPHQWDO FKDPEHU� $LU�SUHVVERDUG

HTXLOLEULXP FXUYHV ZHUH XVHG WR SURYLGH ERXQGDU\ FRQGLWLRQV DQG WKH UHODWLYH PRLVWXUH

OHYHO PDJQLWXGH�

���
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$ FRQWUROOHG�HQYLURQPHQW H[SHULPHQWDO FKDPEHU ZDV EXLOW WR VLPXODWH WKH WHPSHU�

DWXUH� PRLVWXUH� DQG PDWHULDOV RI D SRZHU WUDQVIRUPHU HQYLURQPHQW >���@� $ QXPEHU

RI GLmXVLRQ VWXGLHV ZHUH SHUIRUPHG LQ WKLV FKDPEHU WR GDWH� 7KH DPELHQW DLU LQVLGH

WKH FKDPEHU ZDV KXPLGLnHG WR D SUH�VHOHFWHG YDOXH E\ FLUFXODWLQJ PRLVW DLU WKURXJK D

V\VWHP RI LQWHUFRQQHFWHG GXFWV�

,QLWLDOO\� WKH SUHVVERDUG ZDV YDFXXP�GULHG� 7KH PRLVWXUH GLmXVLRQ SURFHVV VWDUWHG

ZLWK D VWHS FKDQJH LQ WKH DPELHQW DLU KXPLGLW\ IURP �� WR DERXW ��� ZLWK WHP�

SHUDWXUH EHLQJ KHOG DW ��p&� $LU�SUHVVERDUG HTXLOLEULXP UHODWLRQVKLSV >���@ ZHUH XVHG

WR SURYLGH ERXQGDU\ FRQGLWLRQV DW WKH DLU�SUHVVERDUG LQWHUIDFH DQG UHODWLYH PRLVWXUH

OHYHO LQIRUPDWLRQ QHHGHG IRU WKH SDUDPHWHU HVWLPDWLRQ DOJRULWKPV� $FFRUGLQJ WR WKHVH

UHODWLRQVKLSV� D ��� KXPLGLW\ OHYHO LQ DLU DW ��p& FRUUHVSRQGV WR ���� HTXLOLEULXP

PRLVWXUH FRQFHQWUDWLRQ LQ WKH WUDQVIRUPHU SUHVVERDUG� 7KXV� WKH OHIW VLGH ERXQGDU\

FRQGLWLRQ DW [ � IRU WKLV H[SHULPHQW LV WKDW WKH PRLVWXUH OHYHO LV HTXDO WR ���� IRU WKH

GXUDWLRQ RI WKH HQWLUH H[SHULPHQW�

7KH VLJQDOV IURP WKH VHQVLQJ HOHFWURGHV RI WKH WKUHH ZDYHOHQJWKV ZHUH UHFRUGHG DW

WKUHH IUHTXHQFLHV� ��� +]� � +]� DQG �� +]� 7KLV DQDO\VLV XWLOL]HV WKH VLJQDOV RQO\ WDNHQ

DW WKH IUHTXHQF\ RI � +]� VLQFH WKH WUDQVFDSDFLWDQFH DQG WUDQVFRQGXFWDQFH ZHUH VLPLODU

DW ��� +] DQG �� +]� )LJXUH ����� VKRZV WKH YDOXHV RI PHDVXUHG WUDQVFDSDFLWDQFH IRU

HDFK RI WKH WKUHH HOHFWURGH SDLUV� (DFK VLJQDO IROORZV DSSUR[LPDWHO\ WKH VDPH SDWWHUQ

GLFWDWHG E\ WKH GLmXVLRQ G\QDPLFV� $IWHU D VPDOO LQLWLDO GHOD\� WKH VLJQDO JURZV DW D KLJK

UDWH� DIWHU ZKLFK LW oDWWHQV Rm� LQGLFDWLQJ WKH HQG RI WKH GLmXVLRQ SURFHVV H[SHULPHQW�

7KH LQLWLDO GHOD\ WLPH LV WKH VKRUWHVW IRU WKH ORQJHVW ZDYHOHQJWK� EHFDXVH LW FDQ ?VHH�

GHHSHVW LQWR WKH SUHVVERDUG�

6LPLODU UHVXOWV KROG IRU WKH PHDVXUHG WUDQVFRQGXFWDQFH YV� WLPH IRU HDFK RI WKH

WKUHH ZDYHOHQJWKV� 7KH UHODWLYH DPSOLWXGH RI FKDQJH RI WUDQVFRQGXFWDQFH LV QRUPDOO\

ODUJHU WKDQ WKDW RI WKH WUDQVFDSDFLWDQFH GXH WR WKH KLJK HOHFWULF FRQGXFWLYLW\ JURZWK

ZLWK WKH LQFUHDVH RI WKH PRLVWXUH FRQFHQWUDWLRQ� 1HYHUWKHOHVV� DV GHPRQVWUDWHG LQ WKH

QH[W VHFWLRQ� WKH WUDQVFDSDFLWDQFH SURYLGHV VXpFLHQW VHQVLWLYLW\ IRU WKH PRLVWXUH SURnOH

PHDVXUHPHQWV�
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)LJXUH ������ 0HDVXUHG FDSDFLWDQFH EHWZHHQ HDFK HOHFWURGH SDLU WKURXJKRXW WKH PRLV�
WXUH GLmXVLRQ H[SHULPHQW IRU HDFK VHQVRU ZDYHOHQJWK DW � +]�

���� 0RLVWXUH 3URnOHV

7KH WUDQVFDSDFLWDQFH VLJQDOV LQ )LJXUH ����� ZHUH XVHG WR JHQHUDWH WKH FXUYHV RI PRLV�

WXUH FRQFHQWUDWLRQ LQ WKH SUHVVERDUG OD\HUV� DVVXPLQJ D OLQHDU UHODWLRQVKLS EHWZHHQ WKH

QRQ�GLPHQVLRQDO GLmHUHQFH FDSDFLWDQFH YDOXHV RI ������ DQG WKH PRLVWXUH OHYHOV DW HDFK

PRPHQW RI WLPH�

P�W�  P�W  �� � >P�W  ��bP�W  ��@&��QG�W�� �������

ZKHUH IRU RXU H[SHULPHQW P�W  ��  � DQG P�W  ��  ����� 1RWH WKDW FRQYHUVLRQ
RI PHDVXUHG FDSDFLWDQFH YDOXHV WR PRLVWXUH GRHV QRW UHTXLUH DQ\ HPSLULFDO UHODWLRQVKLS

UHODWLQJ PRLVWXUH WR GLHOHFWULF SURSHUWLHV OLNH WKRVH LQ ������ DQG �������

)LJXUH ����� VKRZV WKH FKDQJH LQ WKH DYHUDJH YDOXHV RI PRLVWXUH FRQFHQWUDWLRQ LQ

WKH WKUHH UHJLRQV WKDW FRUUHVSRQG WR WKH SHQHWUDWLRQ GHSWKV RI WKH WKUHH ZDYHOHQJWKV RI

WKH VHQVRU� 7KH DYHUDJH YDOXH FRUUHVSRQGV WR WKH FXPXODWLYH DPRXQW RI PRLVWXUH LQ DOO

UHJLRQV ZLWKLQ UHDFK RI D JLYHQ SHQHWUDWLRQ GHSWK� 7KH IDFW WKDW WKH GLmHUHQFH RI WKH

PRLVWXUH FRQFHQWUDWLRQ PHDVXUHG E\ WKH ��� PP DQG WKH ��� PP ZDYHOHQJWKV LV YHU\

VPDOO LV UHODWHG WR D UHODWLYHO\ VPDOO VLJQDO GHOD\ GLmHUHQFH LQ WKH GHWHFWLRQ WLPH DQDO\�

VLV� 6LQFH WKH ULJKW VLGH EORFNHG ERXQGDU\ FRQGLWLRQ HOLPLQDWHV WKH PRLVWXUH HVFDSH� WKH

JUDGLHQW�GULYHQ GLmXVLRQ SURFHVV UHVXOWV LQ D QHDUO\ oDW PRLVWXUH FRQFHQWUDWLRQ SURnOH

���
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)LJXUH ������ $YHUDJH PRLVWXUH OHYHO PHDVXUHG E\ HDFK ZDYHOHQJWK� UHJLRQ � �� PP��
UHJLRQV � DQG � ���� PP�� DQG UHJLRQV �� �� DQG � �� PP� XVLQJ )LJXUH ����� ZLWK
��������

DFURVV UHJLRQV � DQG � RI WKH SUHVVERDUG LQGLFDWHG LQ )LJXUH �����

)LJXUH ����� VKRZV FDOFXODWHG PRLVWXUH SURnOHV IURP GLHOHFWURPHWU\ PHDVXUHPHQWV

IRU �� GLVWLQFW PRPHQWV RI WLPH� 7KH PRLVWXUH VSDWLDO SURnOHV ZHUH FDOFXODWHG IURP

WKH PHDVXUHPHQW GDWD XVLQJ PXOWL�YDULDEOH SDUDPHWHU HVWLPDWLRQ DOJRULWKPV IRU WKH

WKUHH�ZDYHOHQJWK VHQVRU FRPELQHG ZLWK WKH PRLVWXUH PHDVXUHPHQW GDWD RI WKH DPELHQW

HQYLURQPHQW �DLU UHODWLYH KXPLGLW\ RI ���� WRJHWKHU ZLWK PRLVWXUH HTXLOLEULXP FXUYHV

WR JLYH WKH SUHVVERDUG PRLVWXUH FRQFHQWUDWLRQ RI ���� DW [  �� (DUO\ WLPH SURnOHV

IRU W � � KRXUV DUH QRW VKRZQ EHFDXVH DV HDUOLHU VKRZQ LQ WKH VLPXODWHG DQDO\VLV RI

)LJXUH ������ WKH WKUHH ZDYHOHQJWK VHQVRU KDV LQVXpFLHQW UHVROXWLRQ IRU KLJK JUDGLHQWV

QHDU WKH [ � LQWHUIDFH�

7KH SURFHVV VWDUWV ZLWK D VWHS FKDQJH LQ PRLVWXUH FRQFHQWUDWLRQ WR ���� DW WKH

OHIW ERXQGDU\ DW WLPH ]HUR� 7KH nUVW WZR SURnOHV �DW WKH WLPH PRPHQWV RI WZR KRXUV

DQG IRXU KRXUV� FRQWLQXH WR VKRZ D VOLJKWO\ RYHUHVWLPDWHG DPRXQW RI PRLVWXUH LQ WKH

PLGGOH UHJLRQ RI WKH SUHVVERDUG EHFDXVH WKH VHQVRU UHVROXWLRQ LV LQVXpFLHQW WR FDSWXUH

KLJK SURnOH JUDGLHQWV� )XWXUH ZRUN VKRXOG LQFOXGH EHWWHU XVH RI VLJQDO PDJQLWXGH

FRQVHUYDWLRQ UHTXLUHPHQWV LQ RUGHU WR LPSURYH WKH VSDWLDO UHVROXWLRQ ZLWKRXW DGGLQJ

PRUH HOHFWURGH SDLUV RI GLmHUHQW VSDWLDO SHULRGLFLW\� ,Q WKLV FDVH� LW PD\ EH SRVVLEOH

���
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)LJXUH ������ &DOFXODWHG VSDWLDO SURnOHV RI PRLVWXUH FRQFHQWUDWLRQ DFURVV WKH WKLFNQHVV
RI SUHVVERDUG IURP GLHOHFWURPHWU\ PHDVXUHPHQWV XVLQJ' { ���d��b�� P��V� 1XPEHUV
QH[W WR WKH FXUYHV FRUUHVSRQG WR WKH WLPH LQ KRXUV DW ZKLFK WKH SURnOH ZDV PHDVXUHG�
7KHVH FXUYHV ZHUH REWDLQHG XVLQJ D SRO\QRPLDO DSSUR[LPDWLRQ RI WKH VWDLU�VWHS UHSUH�
VHQWDWLRQ VLPLODU WR WKDW VKRZQ LQ )LJXUH ������

WR FRPELQH DGYDQWDJHV RI DQ DSSUR[LPDWH VPRRWK SURnOH UHSUHVHQWDWLRQ DQG D VWUDLJKW

OLQH UHSUHVHQWDWLRQ ZLWK PRYLQJ FROORFDWLRQ SRLQWV�

7KH H[SHULPHQW LV VWRSSHG DW DERXW �� KRXUV� ZKHQ WKH VLJQDOV HVVHQWLDOO\ VWRS

FKDQJLQJ� $W WKLV SRLQW� WKH PRLVWXUH SURnOH LV H[SHFWHG WR EH DOPRVW XQLIRUP DQG DW

WKH PD[LPXP YDOXH RI ����� 7KH SURnOH DW �� KRXUV KDV WKHVH FKDUDFWHULVWLFV�

1RZ� LW LV SRVVLEOH WR HYDOXDWH WKH PRLVWXUH GLmXVLRQ FRHpFLHQW IURP WKH PRLVWXUH

G\QDPLFV SUHVHQWHG LQ )LJXUH ������ %\ VLPXODWLQJ WKH GLmXVLRQ SURFHVV XVLQJ D VWDQ�

GDUG nQLWH GLmHUHQFH WHFKQLTXH� RQH FDQ PDWFK WKH PHDVXUHG SURnOHV� 7KH HVWLPDWHG

YDOXH RI WKH GLmXVLRQ FRHpFLHQW LV ' { ���d��b�� P��V� )LJXUH ����� VKRZV WKHRUHWLFDO

PRLVWXUH SURnOHV JHQHUDWHG XVLQJ WKH HVWLPDWHG YDOXH RI GLmXVLRQ FRHpFLHQW WKDW DUH

LQ UHDVRQDEOH DJUHHPHQW ZLWK WKH PHDVXUHG SURnOHV LQ )LJXUH ������

���� 3VHXGR�6LPXODWLRQ &DVH

7KH RSWLPDO UDQJH RI IUHTXHQFLHV DW ZKLFK PHDVXUHPHQW VKRXOG EH WDNHQ GHSHQGV RQ

VHYHUDO IDFWRUV� 1RUPDOO\� WKH PRVW LQIRUPDWLRQ DERXW WKH V\VWHP FDQ EH H[WUDFWHG DW

���



����� 3VHXGR�6LPXODWLRQ &DVH

)LJXUH ������ 7KHRUHWLFDO VSDWLDO SURnOHV RI PRLVWXUH FRQFHQWUDWLRQ DFURVV WKH WKLFNQHVV
RI SUHVVERDUG FDOFXODWHG XVLQJ D GLmXVLRQ FRHpFLHQW RI '  ���d ��b�� P��V� VHOHFWHG
EDVHG RQ WKH EHVW YLVXDO PDWFK RI WKH FXUYHV LQ WKH ORZ JUDGLHQW UHJLRQ� 1XPEHUV QH[W
WR WKH FXUYHV FRUUHVSRQG WR WKH WLPH LQ KRXUV DIWHU WKH PRLVWXUH ZDV VWHSSHG RQ WR
���� DW [  ��

IUHTXHQFLHV ZKLFK OHDG WR D FRPSDUDEOH PDJQLWXGH RI WKH UHDO DQG LPDJLQDU\ FRPSR�

QHQWV RI WKH VLJQDO JDLQ� ZKLFK LV GHnQHG KHUH DV WKH UDWLR RI WKH YROWDJH RQ WKH VHQVLQJ

DQG WKH GULYHQ HOHFWURGHV� )LJXUH ����� VKRZV D W\SLFDO IUHTXHQF\ VZHHS RI WKH GULYLQJ

YROWDJH VLJQDO IURP ����� +] WR �� N+]� ,Q WKH KLJK IUHTXHQF\ UDQJH� WKH FRQGXFWLRQ

FXUUHQWV DUH QHJOLJLEO\ VPDOO� DQG RQO\ FDSDFLWDQFH EHWZHHQ WKH HOHFWURGHV FDQ EH PHD�

VXUHG UHOLDEO\� $W WKH ORZ IUHTXHQF\ OLPLW� WKH GLVSODFHPHQW FXUUHQWV DUH QHJOLJLEO\

VPDOO DQG RQO\ WKH FRQGXFWDQFH EHWZHHQ WKH HOHFWURGHV FDQ EH PHDVXUHG UHOLDEO\� 6R�

WKH UDQJH IURP �� +] WR ��� +] LV XVXDOO\ FKRVHQ IRU FRQWLQXRXV PHDVXUHPHQWV LQ RUGHU

WR YLHZ WKH WUDQVLWLRQ IURP KLJK WR ORZ IUHTXHQF\ EHKDYLRU�

$ IDLUO\ VRSKLVWLFDWHG QXPHULFDO DOJRULWKP ZDV GHYHORSHG WR UHODWH WKH UHVSRQVH RI

WKH WKUHH ZDYHOHQJWK VHQVRU WR WKH VSDWLDO GLVWULEXWLRQ RI GLHOHFWULF SHUPLWWLYLW\ DQG

FRQGXFWLYLW\� 7KLV DOJRULWKP SURYLGHV HVWLPDWHV RI WKH FRPSOH[ GLHOHFWULF SHUPLWWLYLW\

LQ WKH VWUDWLnHG PHGLD DGMDFHQW WR WKH VHQVRU� ,Q RUGHU WR YHULI\ WKH YDOLGLW\ RI WKH DOJR�

ULWKP� WKH SURFHVV RI GLmXVLRQ RI ZDWHU PROHFXOHV ZDV VLPXODWHG XVLQJ D nQLWH GLmHUHQFH

WHFKQLTXH� 7KHQ� WKH FXUYHV RI WKH FRQFHQWUDWLRQ RI PRLVWXUH ZHUH WUDQVIRUPHG LQWR

VSDWLDO SURnOHV RI WKH FRPSOH[ GLHOHFWULF SHUPLWWLYLW\ XVLQJ D VHPL�HPSLULFDO IXQFWLRQDO
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&KDSWHU ��� 0RLVWXUH '\QDPLFV LQ 7UDQVIRUPHU 3UHVVERDUG

)LJXUH ������ )UHTXHQF\ VSHFWURPHWU\ UHVXOWV IRU RLO�LPSUHJQDWHG +L�9DO � PP WKLFN
SUHVVERDUG DW ��p&�

GHSHQGHQFH GHWHUPLQHG HDUOLHU >��@� 7DEOH ���� OLVWV YDOXHV RI GLHOHFWULF SHUPLWWLYLW\

DQG FRQGXFWLYLW\ IRU WKLV FDVH� SURFHVVHG ZLWK 0DWODE FRGH GDWHQW���P �$SSHQGL[ *�

IRU PRLVWXUH SURnOH FDOFXODWLRQ DQG SORWWLQJ�

���� 6XPPDU\

)RU WKH nUVW WLPH� WKH H[SHULPHQWDO UHVXOWV SUHVHQWHG LQ WKLV VHFWLRQ VKRZ D VXFFHVVIXO

FDVH RI WKH PRQLWRULQJ RI PRLVWXUH G\QDPLFV LQ WUDQVIRUPHU SUHVVERDUG XVLQJ D PXO�

WLSOH SHQHWUDWLRQ GHSWK LQWHUGLJLWDO VHQVRU� 7KH VWDELOLW\ RI WKH SDUDPHWHU HVWLPDWLRQ

DOJRULWKPV KDV EHHQ DFKLHYHG E\ VDFULnFLQJ WKH PD[LPXP DFKLHYDEOH DFFXUDF\� 7KH

nUVW SUHVHQWHG DSSURDFK �/&$%(� ODFNV JHQHUDOLW\ RI D PRUH FRQYHQWLRQDO SDUDPH�

WHU HVWLPDWLRQ WKURXJK DQ DFFXUDWH HYDOXDWLRQ RI WKH GLHOHFWULF SURSHUWLHV RI VWUDWLnHG
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����� 6XPPDU\

5HODWLYH GLHOHFWULF SHUPLWWLYLW\ &RQGXFWLYLW\� �S6�P�

7LPH �KRXUV� w  �PP w  ���PP w  �PP w  �PP w  ���PP w  �PP

� � � � � � �

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

����� ���� ���� ����� ���� ���� ����

����� ���� ���� ����� ���� ���� ����

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

7DEOH ����� 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ DQG FRQGXFWLYLW\ DV D VWDLU�VWHS IXQFWLRQ
RI WLPH DQG VSDFH FRQVWUXFWHG IURP FDOFXODWHG VPRRWK PRLVWXUH GLmXVLRQ SURnOHV DQG
WUDQVIRUPHG LQWR VWDLU�VWHS PRLVWXUH GLmXVLRQ SURnOHV VKRZQ LQ )LJXUH ������ 7KH
DFFXUDF\ RI WKH PDUFKLQJ DSSURDFK LV DGHTXDWH IRU VROYLQJ VLPXODWHG GLmXVLRQ SUREOHP
DV ORQJ DV FRQYHUVLRQ IURP VPRRWK WR VWDLU�VWHS SURnOHV LV LQFOXGHG LQ WKH VLPXODWLRQ
SULRU WR VROYLQJ IRUZDUG SUREOHP�

PHGLD� EXW LW KDV WKH DGYDQWDJH RI DGHTXDWH SHUIRUPDQFH IRU DQ\ W\SH RI SUHVVERDUG

WKURXJK VHOI�FDOLEUDWLRQ DQG OLQHDULW\ DVVXPSWLRQV� 7KH VHFRQG SUHVHQWHG DSSURDFK�

PRGHO�EDVHG HVWLPDWLRQ� LV PRUH JHQHUDO DQG YHUVDWLOH� EXW LW DOVR UHTXLUHV H[WHQVLYH

DQG UHOLDEOH H[SHULPHQWDO GDWD DFFXPXODWHG ZLWK SDUDOOHO�SODWH VHQVRUV WR SURYLGH WKH

WUDQVLWLRQ IURP WKH FRPSOH[ GLHOHFWULF SHUPLWWLYLW\ WR PRLVWXUH FRQFHQWUDWLRQ�
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&KDSWHU ��� 0RLVWXUH '\QDPLFV LQ 7UDQVIRUPHU 3UHVVERDUG

���



&KDSWHU ��

'HWHFWLRQ RI %XULHG /DQGPLQHV

���� 3UREOHP 6WDWHPHQW

'HWHFWLRQ DQG GLVFULPLQDWLRQ RI EXULHG ODQGPLQHV FDQ EH DFFRPSOLVKHG XVLQJ LQWHUGLJ�

LWDO GLHOHFWURPHWU\ WHFKQRORJ\� ,Q JHQHUDO� GLHOHFWURPHWU\ LV FDSDEOH RI GHWHFWLQJ DQG

GLVFULPLQDWLQJ ERWK SODVWLF DQG PHWDO REMHFWV LQ WKH JURXQG� ZKHUHE\ WKH SUHVHQFH RI

ORZ GLHOHFWULF FRQVWDQW SODVWLF ODQGPLQHV LQ D KLJK GLHOHFWULF FRQVWDQW VDQG ZLOO GHFUHDVH

WKH PHDVXUHG FDSDFLWDQFH� ZKLOH D PHWDO ODQGPLQH ZRXOG LQFUHDVH WKH FDSDFLWDQFH IRU

PRVW FRQnJXUDWLRQV� )XUWKHU LPSURYHPHQWV LQ PHDVXUHPHQW VHOHFWLYLW\ ZLOO EH JDLQHG

IURP ORZ IUHTXHQF\ PHDVXUHPHQW RI WHUPLQDO FRQGXFWDQFH DV ZHOO DV FDSDFLWDQFH DQG

WKHLU YDULDWLRQ ZLWK IUHTXHQF\�

7KH WHFKQLFDO EDFNJURXQG LQIRUPDWLRQ LQ WKLV VXEVHFWLRQ LV SXEOLFO\ DYDLODEOH� 0RVW

RI WKH GDWD LV DGDSWHG IURP >���@� $Q H[DPSOH RI D FRPPRQO\ XVHG DQWLSHUVRQQHO

VXUIDFH EXUVW SODVWLF ODQGPLQH LV VKRZQ LQ )LJXUH ����� 7KH 0�� PLQH LV SURGXFHG LQ

WKH 8QLWHG 6WDWHV� EXW LWV FRSLHV DUH DOVR PDQXIDFWXUHG LQ 9LHWQDP �01���� 0'��%�

DQG ,QGLD �0����� ,W LV D UHODWLYHO\ VPDOO PLQH ZLWK KHLJKW �� PP� GLDPHWHU �� PP�

DQG WRWDO ZHLJKW RI DERXW ��� JUDPV� 7KH H[SORVLYH FKDUJH� �� JUDPV RI WHWU\O� LV

SRVLWLRQHG DW WKH ORZHU SRUWLRQ RI WKH PLQH� 7KH 0�� FRQWDLQV DOPRVW QR PHWDO�

H[FHSW IRU WKH VWULNHU WLS DQG WKH GHWRQDWRU� ZKLFK PDNHV LW GLpFXOW WR GHWHFW ZLWK
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&KDSWHU ��� 'HWHFWLRQ RI %XULHG /DQGPLQHV

)LJXUH ����� 7KH DQWLSHUVRQQHO SODVWLF ODQGPLQH 0���

FRQYHQWLRQDO LQGXFWLYH FRLO PLQH GHWHFWRUV� 'XH WR LWV VPDOO VL]H� LW PD\ DOVR EH PLVVHG

XVLQJ FRQYHQWLRQDO SURELQJ WHFKQLTXHV� 7KLV ODQGPLQH LV XVXDOO\ LQVWDOOHG PDQXDOO\� ,W

GRHV QRW VHOI�GHVWUXFW RU VHOI�QHXWUDOL]H ZLWK WLPH� 2QFH LGHQWLnHG� LW FDQ EH QHXWUDOL]HG

E\ SODFLQJ DQ H[SORVLYH FKDUJH DGMDFHQW WR WKH PLQH�

���� 6HQVRU 'HVLJQ DQG 5HVSRQVH

)RU IULQJLQJ HOHFWULF nHOG VHQVRUV ZLWK FR�SODQDU GULYHQ DQG VHQVLQJ HOHFWURGHV� WKH

GHSWK RI HOHFWULF nHOG SHQHWUDWLRQ LV DSSUR[LPDWHO\ SURSRUWLRQDO WR WKH GLVWDQFH EH�

WZHHQ WKH HOHFWURGHV� )RU WKH LQWHUGLJLWDO HOHFWURGH VHWXS� VXFK DV VKRZQ LQ )LJXUH ����

WKH SHQHWUDWLRQ GHSWK KDV EHHQ IRXQG HTXDO WR DSSUR[LPDWHO\ RQH�nIWK WR RQH�WKLUG RI

WKH VSDWLDO ZDYHOHQJWK� ,W LV UHDVRQDEOH WKHQ IRU WKH ODQGPLQH GHWHFWRU WR XVH WHFK�

QRORJ\� LQVWUXPHQWDWLRQ� DQG DOJRULWKPV RULJLQDWLQJ IURP WKH SUHYLRXV ZRUN� EXW ZLWK
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����� 6HQVRU 'HVLJQ DQG 5HVSRQVH

)LJXUH ����� $ WZR�GLPHQVLRQDO FURVV�VHFWLRQ RI WKH KDOI�ZDYHOHQJWK FHOO RI WKH LQWHU�
GLJLWDO ODQGPLQH GHWHFWRU ZLWK HTXLSRWHQWLDO OLQHV IRU WKH ��U ���� ODQGPLQH LQ VDQG
��U ��� 7KH ZDYHOHQJWK LV �� FP DQG WKH GLVWDQFH IURP WKH VHQVRU HOHFWURGHV WR WKH
VDQG LV � FP�

OD\HU ZDYHOHQJWKV LQFUHDVHG WR DSSUR[LPDWHO\ �� FP� �� FP� DQG �� FP� 7KLV DOORZV

SHQHWUDWLRQ GHSWK LQWR WKH JURXQG RI DERXW � FP� �� FP� DQG �� FP� UHVSHFWLYHO\� 7KH

IULQJLQJ HOHFWULF nHOG SHQHWUDWLQJ WKH JURXQG LQ WKH GLUHFW YLFLQLW\ RI WKH VHQVRU FDQ

EH FUHDWHG HLWKHU E\ D VLQXVRLGDO YROWDJH ZLWK VZHSW IUHTXHQF\ RU E\ D VWHS RU SXOVHG

VLJQDO LQ WLPH� ,Q RUGHU WR LQVXUH VXpFLHQW VHQVLWLYLW\� WKH GULYLQJ YROWDJH PD\ QHHG WR

EH DV KLJK DV VHYHUDO KXQGUHG YROWV�

$ ODUJHU �LQ VL]H� YHUVLRQ RI WKH VHQVRU ZLWK D VPDOOHU QXPEHU RI HOHFWURGH nQJHUV

FDQ EH XVHG IRU WKH GHWHFWLRQ RI EXULHG ODQGPLQHV� )LJXUH ���� VKRZV D FURVV�VHFWLRQ RI

D KDOI�ZDYHOHQJWK RI WKH �� FP ZDYHOHQJWK VHQVRU� 7KH VHQVRU LV SODFHG � FP DERYH WKH

JURXQG OHYHO� DQG WKH ODQGPLQH LV DVVXPHG WR EH MXVW XQGHU WKH VXUIDFH� 7KH ODQGPLQH

UHODWLYH GLHOHFWULF FRQVWDQW LV WDNHQ WR EH �U  ���� ZKLFK LV WKDW RI DFU\ORQLWULOH�

EXWDGLHQH�VW\UHQH �$%6�� D W\SLFDO PDWHULDO XVHG LQ SODVWLF ODQGPLQHV�

)LUVW� OHW XV FRQVLGHU WKH KLJK�IUHTXHQF\ FDVH� ZKHQ WKH FRQGXFWLRQ FXUUHQWV DUH

���



&KDSWHU ��� 'HWHFWLRQ RI %XULHG /DQGPLQHV

QHJOLJLEOH LQ FRPSDULVRQ ZLWK FDSDFLWLYH FXUUHQWV� 7KH UHODWLYH GLHOHFWULF FRQVWDQW RI

VRLO LV WDNHQ WR EH �� FRUUHVSRQGLQJ WR RXU PHDVXUHPHQW RI VDQG� DQG WKDW RI WKH

ODQGPLQH WR EH ���� FRUUHVSRQGLQJ WR WKH UHSRUWHG YDOXH RI $%6� )LJXUH ���� VKRZV WKH

GLVWULEXWLRQ RI WKH HTXLSRWHQWLDO OLQHV LQ WKLV DUUDQJHPHQW� 7KH YROWDJH EHWZHHQ WKH

QHLJKERULQJ HTXLSRWHQWLDO OLQHV LV ���� 9 ZKHQ WKH GULYHQ HOHFWURGH LV DW � 9� DQG WKH

VHQVLQJ DQG JXDUG HOHFWURGHV DUH DW JURXQG SRWHQWLDO� $OO FDOFXODWLRQV DUH PDGH RQ D

SHU PHWHU EDVLV�

���� &DSDFLWLYH 5HVSRQVH

)LJXUHV �����)LJXUH ���� VKRZ WKH FKDQJH LQ FDSDFLWDQFH IRU WKH QRQ�FRQGXFWLYH �KLJK

IUHTXHQF\� FDVHV IRU WKUHH ZDYHOHQJWKV ��� FP� �� FP� DQG �� FP� DV WKH VHQVRU LV

PRYHG ODWHUDOO\ DORQJ WKH VXUIDFH RU WKH ODQGPLQH LV EXULHG GHHSHU DORQJ WKH FHQWHU

OLQH� )LJXUHV ���� DQG ���� VKRZ WKDW WKH VHQVLWLYLW\ WR WKH ODQGPLQH SUHVHQFH LV WKH

VPDOOHVW IRU WKH �� FP ZDYHOHQJWK EHFDXVH WKH UDWLR RI WKH ODQGPLQH YROXPH WR WKH

SHQHWUDWLRQ YROXPH DUH WKH VPDOOHVW� 7KH VPDOOHVW KDOI�ZDYHOHQJWK� ZKRVH UHVSRQVH LV

VKRZQ LQ )LJXUH ���� LV VKRUWHU WKDQ WKH KRUL]RQWDO GLPHQVLRQ RI WKH PRGHOHG ODQGPLQH�

IRU ZKLFK UHDVRQ WKHUH LV KDUGO\ DQ\ RXWSXW YDULDWLRQ GXH WR WKH KRUL]RQWDO GLVSODFHPHQW

RI WKH ODQGPLQH DQG LV WKXV QRW SORWWHG� &DVH VWXGLHV DUH SUHVHQWHG IRU $%6 RU PHWDO

ODQGPLQHV DV EHLQJ UHSUHVHQWDWLYH RI UHDO ODQGPLQHV� DV ZHOO DV IRU D ODQGPLQH ZLWK

UHODWLYH SHUPLWWLYLW\ RI �U � �DLU� WR VKRZ WKH ORZHU OLPLW VHQVLWLYLW\ IRU ODQGPLQH

SHUPLWWLYLW\ PXFK OHVV WKDQ VDQG� 7KH PHWDO ODQGPLQH DOVR SURYLGHV DQ XSSHU OLPLW

UHVXOW IRU ODQGPLQHV ZLWK PXFK KLJKHU SHUPLWWLYLW\ RU FRQGXFWLYLW\ WKDQ WKH VDQG�

���� )UHTXHQF\ 5HVSRQVH

$ SRWHQWLDO ZHDN VSRW LQ WKH DPSOLWXGH�EDVHG GHWHFWLRQ FRQVLGHUHG LQ WKH SUHYLRXV

VHFWLRQ LV WKH IDFW WKDW WKH DPSOLWXGH RI WKH UHVSRQVH ZLOO FKDQJH ZLWK LUUHJXODULWLHV

RI WKH VXUIDFH� SUHVHQFH RI RWKHU REMHFWV LQ WKH VWXGLHG DUHD� DQG YHUWLFDO PRYHPHQW RI
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����� )UHTXHQF\ 5HVSRQVH

)LJXUH ����� &DOFXODWHG UHVSRQVH RI WKH �� FP ZDYHOHQJWK VHQVRU WR WKH KRUL]RQWDO
GLVSODFHPHQW DERYH WKH ODQGPLQH DW ]HUR EXULHG GHSWK ZLWK � FP EHWZHHQ WKH VHQVRU
DQG VRLO IRU YDULRXV ODQGPLQH PDWHULDOV�

0DWHULDO 5HODWLYH SHUPLWWLYLW\ &RQGXFWLYLW\ �6�P�

6RLO � ��b�

/DQGPLQH ��� ��b�

(OHFWURGHV � ���d ���

$PELHQW �DLU� � �

7DEOH ����� 'LHOHFWULF SURSHUWLHV RI PDWHULDOV DVVXPHG LQ WKH VLPXODWLRQ�

WKH VHQVRU� ,Q RWKHU ZRUGV� DOWKRXJK GHWHFWLRQ RI WKH ODQGPLQH LV YHU\ VWUDLJKWIRUZDUG�

LWV GLVFULPLQDWLRQ IURP RWKHU VRXUFHV RI VLJQDO SHUWXUEDWLRQ LV D PRUH FKDOOHQJLQJ WDVN�

0RUH VRSKLVWLFDWHG DOJRULWKPV VKRXOG EH XVHG WR UHGXFH WKH IDOVH DODUP UDWH� 2QH VXFK

DOJRULWKP LV SUHVHQWHG LQ WKLV VHFWLRQ� 0RVW RI WKH PDWHULDOV XQGHU FRQVLGHUDWLRQ �VRLO�

ODQGPLQH� VPDOO SLHFHV RI PHWDO� DUH IDU IURP EHLQJ SHUIHFWO\ LQVXODWLQJ� 7KHLU FRQGXF�

WLYLW\ YDULHV RYHU PDQ\ RUGHUV RI PDJQLWXGH� )RU HYHU\ ODQGPLQH� WKH FRPELQDWLRQ RI

FDSDFLWLYH DQG FRQGXFWLRQ FXUUHQWV OHDYHV D VSHFLnF IUHTXHQF\ UHVSRQVH VLJQDWXUH ZKLFK

ZH ZLOO LOOXVWUDWH ZLWK WKH IROORZLQJ VLPXODWLRQ� &RQVLGHU WKH VDPH V\VWHP� VKRZQ LQ

)LJXUH ����� EXW GULYHQ ZLWK D IUHTXHQF\ VZHHS IURP ����� +] WR �� N+]� 7KH DVVXPHG

GLHOHFWULF SURSHUWLHV RI WKH PDWHULDOV DUH GHVFULEHG LQ 7DEOH �����

6XSSRVH WKDW WKH ODQGPLQH LV FHQWHUHG DV LQ )LJXUH ����� DQG WKH VLJQDO IUHTXHQF\
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&KDSWHU ��� 'HWHFWLRQ RI %XULHG /DQGPLQHV

LV VZHSW IURP ����� +] WR �� N+]� $ PRUH QDUURZ VZHHS ZLOO VXpFH RQFH SURSHUWLHV

RI WKH VSHFLnF ODQGPLQHV DUH GHWHUPLQHG� )LJXUH ���� DQG )LJXUH ���� FOHDUO\ VKRZ

WKH VLJQDWXUH OHIW E\ WKH ODQGPLQH� 7KH SHDNV LQ WKH IUHTXHQF\ GHULYDWLYH SORWV FDQ

EH SUHGLFWHG RQFH WKH FRPSOH[ GLHOHFWULF SHUPLWWLYLWLHV RI WKH FRPSRVLQJ PDWHULDOV DUH

NQRZQ�

2QH RI WKH PRVW LPSRUWDQW SRLQWV ZKLFK QHHG WR EH XQGHUVWRRG DERXW WKHVH nJXUHV

LV WKDW WKH LUUHJXODULW\ RI WKH VXUIDFH ZRXOG FKDQJH WKH DPSOLWXGH FXUYH VKDSHV VKRZQ

LQ )LJXUH ����� EXW ZLOO QRW LQWURGXFH DGGLWLRQDO KXPSV LQWR WKH UHVSRQVHV VKRZQ LQ

)LJXUHV ����������� $ FRPELQDWLRQ RI ERWK W\SHV RI LQIRUPDWLRQ ZLOO EH WKH PRVW

YDOXDEOH� ,Q RUGHU WR PDNH WKH PHDVXUHPHQWV IDVWHU� D VLQJOH LPSXOVH YROWDJH VLJQDO LQ

WKH WLPH GRPDLQ FDQ EH DSSOLHG LQVWHDG RI WKH IUHTXHQF\ VZHHS� $V ORQJ DV WKH FRPSOH[

GLHOHFWULF SHUPLWWLYLW\ LV FRQVWDQW ZLWK WKH HOHFWULF nHOG LQWHQVLW\ �ZKLFK LV DOPRVW WUXH

IRU YROWDJHV EHORZ WKH N9 UDQJH�� WKH LQIRUPDWLRQ JDLQHG E\ WKH IUHTXHQF\ VZHHS DQG

WKH VWHS UHVSRQVH DUH DOPRVW LGHQWLFDO� $Q LPSXOVH YROWDJH KDV DQ LQnQLWH IUHTXHQF\

VSHFWUXP�

���� (mHFWV RI 8QHYHQ 7HUUDLQ

2QH RI WKH PDMRU DGYDQWDJHV RI WKH IUHTXHQF\ GHULYDWLYH VSHFWURVFRS\ LV WKH UHODWLYHO\

ORZ VHQVLWLYLW\ RI WKLV WHFKQLTXH WR WKH HUURUV LQWURGXFHG E\ LUUHJXODULWLHV RI WKH VRLO

VXUIDFH� 7KH DPSOLWXGH�EDVHG UHFRJQLWLRQ� RQ WKH RWKHU KDQG� LV VWURQJO\ VXVFHSWLEOH

WR VXFK HUURUV� ,Q RUGHU WR LOOXVWUDWH WKLV FRQFHSW� ZH FRQVLGHU WKH VLWXDWLRQ VKRZQ

LQ )LJXUH ������ +HUH� WKH PRYHPHQW RI DQ ���FP ZDYHOHQJWK LQWHUGLJLWDO VHQVRU RYHU

DQ LQGHQWDWLRQ LQ DQ RWKHUZLVH oDW VDQG VXUIDFH LV VLPXODWHG� )LJXUH ����� LV GUDZQ

WR VFDOH� WKH GLVWDQFH EHWZHHQ DGMDFHQW JULG GRWV LV � FP� 7KH YRLG FUHDWHG E\ WKH

LQGHQWDWLRQ LV nOOHG ZLWK DLU� 7KH GLHOHFWULF SURSHUWLHV RI VDQG DUH WKH VDPH DV LQ WKH

SUHYLRXV H[DPSOHV� WKDW LV �
U
 � DQG }  ��b� 6�P� )LJXUH ����� UHSHDWV )LJXUH ����

ZLWK WKH QHZ FDVH VXSHULPSRVHG RYHU SUHYLRXV FDVHV� 7KH UHVSRQVH WR WKH SUHVHQFH

RI WKH LQGHQW LV VLPLODU WR WKH UHVSRQVH RI WKH SUHVHQFH RI D EXULHG $%6 PDWHULDO

���



����� (mHFWV RI 8QHYHQ 7HUUDLQ

VLPXODWLQJ WKH ODQGPLQH� +RZHYHU� WKH IUHTXHQF\ GHULYDWLYH UHVSRQVH LQ WKH FDVH RI

WKH VXUIDFH LUUHJXODULW\ UHPDLQV SUDFWLFDOO\ XQFKDQJHG IURP WKH oDW VXUIDFH FDVH DQG LV

GLVWLQFWO\ GLmHUHQW IURP WKH $%6 FDVH� ,Q UHDOLW\� WKH VXUIDFH ZRXOG FRQWDLQ QXPHURXV

LUUHJXODULWLHV RI YDULRXV VKDSHV� 6LPLODUO\ WR WKH FDVH MXVW FRQVLGHUHG� WKH IUHTXHQF\

GHULYDWLYH UHVSRQVH ZLOO QRW FRQWDLQ VHFRQGDU\ SHDNV� )RU HDVH RI FRPSDULVRQ� GLmHUHQW

FDVHV IRU WKH �� FP ZDYHOHQJWK DUH FRPELQHG LQ )LJXUH ����� DQG )LJXUH ������

���



&KDSWHU ��� 'HWHFWLRQ RI %XULHG /DQGPLQHV

)LJXUH ����� &DOFXODWHG UHVSRQVH RI WKH �� FP ZDYHOHQJWK VHQVRU WR WKH FKDQJH LQ WKH
ODQGPLQH EXULHG GHSWK ZLWK WKH ODQGPLQH DW WKH FHQWHUOLQH RI WKH KDOI ZDYHOHQJWK DW
]HUR EXULHG GHSWK ZLWK � FP EHWZHHQ WKH VHQVRU DQG VRLO IRU YDULRXV ODQGPLQH PDWHULDOV�

)LJXUH ����� &DOFXODWHG UHVSRQVH RI WKH �� FP ZDYHOHQJWK VHQVRU WR WKH KRUL]RQWDO
GLVSODFHPHQW DERYH WKH ODQGPLQH DW ]HUR EXULHG GHSWK ZLWK � FP EHWZHHQ WKH VHQVRU
DQG VRLO IRU YDULRXV ODQGPLQH PDWHULDOV�

���



����� (mHFWV RI 8QHYHQ 7HUUDLQ

)LJXUH ����� &DOFXODWHG UHVSRQVH RI WKH �� FP ZDYHOHQJWK VHQVRU WR WKH FKDQJH LQ WKH
ODQGPLQH EXULHG GHSWK ZLWK WKH ODQGPLQH DW WKH FHQWHUOLQH RI WKH KDOI ZDYHOHQJWK DW
]HUR EXULHG GHSWK ZLWK � FP EHWZHHQ WKH VHQVRU DQG WKH JURXQG IRU YDULRXV ODQGPLQH
PDWHULDOV�

)LJXUH ����� &DOFXODWHG UHVSRQVH RI WKH �� FP ZDYHOHQJWK VHQVRU WR WKH FKDQJH LQ WKH
EXULHG GHSWK ZLWK ODQGPLQH DW WKH FHQWHUOLQH RI WKH KDOI ZDYHOHQJWK DW ]HUR EXULHG
GHSWK ZLWK � FP EHWZHHQ WKH VHQVRU DQG VRLO IRU YDULRXV ODQGPLQH PDWHULDOV�

���



&KDSWHU ��� 'HWHFWLRQ RI %XULHG /DQGPLQHV

)LJXUH ����� 6LPXODWHG FDSDFLWDQFH SHU PHWHU OHQJWK ZLWK DQG ZLWKRXW ODQGPLQH IRU
WKUHH VSDWLDO ZDYHOHQJWKV RI LQWHUGLJLWDO HOHFWURGHV�

)LJXUH ����� 6LPXODWHG FDSDFLWDQFH GHULYDWLYH ZLWK UHVSHFW WR WKH ORJDULWKP RI IUH�
TXHQF\ DFFHQWXDWHV WKH FKDUDFWHULVWLF VLJQDWXUH RI WKH ODQGPLQH� 7KH H[SHULPHQWDO
GDWD UHTXLUHV FODVVLF VPRRWKLQJ RI GHULYDWLYH EDVHG RQ nYH�SRLQW ORFDO DSSUR[LPDWLRQ�

���



����� (mHFWV RI 8QHYHQ 7HUUDLQ

)LJXUH ������ 6LPXODWHG FRQGXFWDQFH SHU PHWHU OHQJWK ZLWK DQG ZLWKRXW ODQGPLQH IRU
WKUHH VSDWLDO ZDYHOHQJWKV RI LQWHUGLJLWDO HOHFWURGHV�

)LJXUH ������ 6LPXODWHG FRQGXFWDQFH GHULYDWLYH ZLWK UHVSHFW WR WKH ORJDULWKP RI IUH�
TXHQF\ DFFHQWXDWHV WKH FKDUDFWHULVWLF VLJQDWXUH RI WKH ODQGPLQH�

���



&KDSWHU ��� 'HWHFWLRQ RI %XULHG /DQGPLQHV

)LJXUH ������ ,UUHJXODULW\ RI WHUUDLQ FRPSOLFDWHV WKH WDVN RI PLQH VHDUFK LI WKH UHFRJQL�
WLRQ DOJRULWKPV DUH EDVHG VROHO\ RQ WKH DPSOLWXGH PHDVXUHPHQW�

)LJXUH ������ 7KH DPSOLWXGH VHQVRU UHVSRQVH �w  �� FP� WR WKH PRYHPHQW LQ WKH
KRUL]RQWDO SODQH LV YHU\ VLPLODU IRU WKH FDVHV RI WKH EXULHG $%6 EORFN �ODQGPLQH� DQG
XQHYHQ VXUIDFH VKRZQ LQ )LJXUH ������ $OO OLQHV DUH IRU WKH oDW VXUIDFH H[FHSW IRU WKH
DVWHULVNV�

���



����� (mHFWV RI 8QHYHQ 7HUUDLQ

)LJXUH ������ )UHTXHQF\ GHULYDWLYH VSHFWURVFRS\ DQDO\VLV IRU WKH FDVH RI VXUIDFH LUUHJ�
XODULW\ VKRZQ LQ )LJXUH ����� IRU WKH �� FP ZDYHOHQJWK VHQVRU� &RPSDULVRQ RI FDVHV
ZLWK oDW DQG ZLWK LUUHJXODU VRLO VXUIDFH�

)LJXUH ������ )UHTXHQF\ GHULYDWLYH VSHFWURVFRS\ DQDO\VLV IRU WKH FDVH RI VXUIDFH LUUHJ�
XODULW\ VKRZQ LQ )LJXUH ����� IRU WKH �� FP ZDYHOHQJWK VHQVRU� &RPSDULVRQ RI FDVHV
ZLWK oDW DQG ZLWK LUUHJXODU VRLO VXUIDFH�

���



&KDSWHU ��� 'HWHFWLRQ RI %XULHG /DQGPLQHV

���� 'LHOHFWULF 3URSHUWLHV RI 6DQG DQG 6XJDU

7KLV VHFWLRQ GRFXPHQWV PHDVXUHPHQW RI GLHOHFWULF SURSHUWLHV RI VDQG DQG VXJDU PHD�

VXUHG ZLWK D SDUDOOHO SODWH FDSDFLWRU� 6DQG KDV EHHQ WHVWHG DV D W\SLFDO VRLO ZKHUH ODQG�

PLQHV DUH EXULHG� DQG VXJDU ZDV XVHG DV DQ H[SORVLYH VLPXODQW� 6XJDU �FKHPLFDO IRUPXOD

RI IUXFWRVH LV &�+��2�� LV XVHG DV D VWLPXODQW RI VXFK H[SORVLYHV DV +0; � +LJK 0HOWLQJ

H;SORVLYH� DOVR NQRZQ DV RFWRJHQ DQG F\FORWHWUDPHWK\OHQH�WHWUDQLWUDPLQH� &�+�2�1��

DQG 717 �������WULQLWURWROXHQH� &�+�2�1�� >���@� 6XJDU LV NQRZQ WR KDYH VLPLODU GL�

HOHFWULF SURSHUWLHV WR WKHVH H[SORVLYHV� 7KH DGYDQWDJHV RI XVLQJ VXJDU LQFOXGH WKH IDFW

WKDW LW LV LQHUW� DQG� WKHUHIRUH� D VDIH PDWHULDO� LW LV DOVR RUJDQLF� DV DUH 717 DQG +0;�

DQG WKDW LW LV UHDGLO\ DYDLODEOH� 7KHVH PHDVXUHPHQWV ZHUH GRQH WRJHWKHU ZLWK DQ 0,7

8523 VWXGHQW 5LFN\ 'HEQDWK >��@�

������ 0HDVXUHPHQWV LQ $LU

7KH SDUDOOHO SODWH VHQVRU PHDVXUHPHQWV ZHUH GRQH LQ DLU XVLQJ D JXDUGHG SDUDOOHO SODWH

FDSDFLWRU ZLWK D VHQVLQJ HOHFWURGH DUHD RI DERXW �� FP� DQG WKH JDS GLVWDQFH EHWZHHQ

WKH HOHFWURGHV RQ WKH RUGHU RI ��� FP� 7KH VDQG ZDV LQ GLUHFW FRQWDFW ZLWK WKH FRSSHU

HOHFWURGHV RI WKH FDSDFLWRU FHOO� )LJXUH ����� VKRZV DQ H[DPSOH RI D 0DWKFDG ZRUNVKHHW

IRU GHWHUPLQLQJ ORDG FDSDFLWDQFH DQG WKHQ D SDUDOOHO SODWH VHQVRU FDSDFLWDQFH XVLQJ WKH

oRDWLQJ YROWDJH PHDVXUHPHQW PRGH� LQFOXGHG KHUH IRU FODULW\ DQG HDV\ IXWXUH UHIHUHQFH�

)LJXUH ����� VKRZV WKH JDLQ DQG SKDVH UHVSRQVH RI WKH SDUDOOHO SODWH FDSDFLWRU LQ DLU IRU

WKH HQWLUH IUHTXHQF\ UDQJH� $ QHDUO\ ]HUR SKDVH LQGLFDWHV QR FRQGXFWLYLW\ EHWZHHQ WKH

HOHFWURGHV �DV VKRXOG EH H[SHFWHG�� )LJXUH ����� VKRZV WKH FDSDFLWDQFH RI WKH SDUDOOHO

SODWH VHQVRU HVWLPDWHG IURP WKH GDWD LQ )LJXUH ������ %DVHG RQ JHRPHWULF GLPHQVLRQV

LQ WKH EHJLQQLQJ RI WKLV SDUDJUDSK� WKH UHODWLYH GLHOHFWULF SHUPLWWLYLW\ RI DLU LV FRUUHFWO\

HVWLPDWHG WR EH HTXDO WR ��

���



����� 'LHOHFWULF 3URSHUWLHV RI 6DQG DQG 6XJDU

)LJXUH ������ $ 0DWKFDG ZRUNVKHHW H[DPSOH IRU FRQYHUWLQJ JDLQ DQG SKDVH RXWSXW RI
WKH SDUDOOHO SODWH VHQVRU IRU PHDVXUHPHQWV LQ oRDWLQJ YROWDJH PHDVXUHPHQW PRGH ZLWK
QR FRQGXFWLYLW\ SUHVHQW� ,QFOXGHG KHUH IRU HDV\ UHIHUHQFH�

���



&KDSWHU ��� 'HWHFWLRQ RI %XULHG /DQGPLQHV

)LJXUH ������ *DLQ DQG SKDVH RXWSXW RI WKH SDUDOOHO SODWH VHQVRU IRU PHDVXUHPHQWV LQ
DLU LQ oRDWLQJ YROWDJH PRGH� &/  ����� S)�

���



����� 'LHOHFWULF 3URSHUWLHV RI 6DQG DQG 6XJDU

)LJXUH ������ &DSDFLWDQFH RI WKH SDUDOOHO SODWH VHQVRU LQ DLU HVWLPDWHG IURP WKH GDWD
LQ )LJXUH ������

)LJXUH ������ 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ RI DLU HVWLPDWHG XVLQJ FDOLEUDWLRQ SDUDP�
HWHUV DQG GDWD LQ )LJXUH ������

���



&KDSWHU ��� 'HWHFWLRQ RI %XULHG /DQGPLQHV

������ 0HDVXUHPHQWV LQ 6DQG

7KH IROORZLQJ JDOOHU\ RI SORWV �)LJXUH ������)LJXUH ������ LV PRVWO\ VHOI�H[SODQDWRU\�

7KH\ UHSUHVHQW D YDULHW\ RI ZD\V WR GLVSOD\ GLHOHFWULF VSHFWURVFRS\ GDWD DQG FRXOG VHUYH

DV D VWDUWLQJ SRLQW IRU VRPHRQH ZKR ZDQWV WR SXUVXH GLHOHFWULF VSHFWURVFRS\ DV D PHDQV

RI HQKDQFLQJ GHWHFWLRQ DQG GLVFULPLQDWLRQ RI SODVWLF ODQGPLQHV� (DFK UHSUHVHQWDWLRQ

KDV LQGLYLGXDO FKDUDFWHULVWLFV WKDW PLJKW EH DGYDQWDJHRXV IRU LQFUHDVLQJ VHQVLWLYLW\ DQG

VHOHFWLYLW\ RI WKH ODQGPLQH GHWHFWRU ZLWKRXW FKDQJLQJ WKH VHQVRU GHVLJQ� )RU H[DPSOH�

RQH PLJKW GLVFRYHU WKDW PHDVXUHPHQWV DURXQG � +] IUHTXHQF\ DUH WRR VORZ IRU nHOG

DSSOLFDWLRQ� ,Q WKLV FDVH� D ORJLFDO VWHS PD\ EH WR H[SORUH GDWD GLVSOD\ DQG DQDO\VLV LQ

WHUPV RI GLHOHFWULF PRGXOXV0  �b� UDWKHU WKDQ GLHOHFWULF SHUPLWWLYLW\ RU FRQGXFWLYLW\

EHFDXVH LW WHQGV WR HPSKDVL]H KLJK IUHTXHQF\ GDWD DV VKRZQ LQ )LJXUH ������

���



����� 'LHOHFWULF 3URSHUWLHV RI 6DQG DQG 6XJDU

)LJXUH ������ *DLQ DQG SKDVH RI VDQG YV� IUHTXHQF\ HVWLPDWHG XVLQJ WKH SDUDOOHO SODWH
VHQVRU� 7KH SKDVH EUHDNSRLQW DQG WKH IUHTXHQF\ DURXQG �� +] VXJJHVWV WKDW LW PLJKW
EH D JRRG IUHTXHQF\ IRU VHDUFKLQJ LQGLYLGXDO VLJQDWXUHV RI EXULHG REMHFWV�

���



&KDSWHU ��� 'HWHFWLRQ RI %XULHG /DQGPLQHV

)LJXUH ������ &DSDFLWDQFH DQG FRQGXFWDQFH RI VDQG YV� IUHTXHQF\ HVWLPDWHG IURP GDWD
LQ )LJXUH ������ 2QH FDQ VHH WKDW ZLWK WKLV WUDGLWLRQDO UHSUHVHQWDWLRQ WKH GLHOHFWULF
UHVSRQVH GRHV QRW KDYH VLJQLnFDQW GLVWLQFW IHDWXUHV� EXW UDWKHU VKRZV FRQGXFWDQFH
JURZWK DQG FDSDFLWDQFH GHFD\ ZLWK LQFUHDVLQJ IUHTXHQF\�

���



����� 'LHOHFWULF 3URSHUWLHV RI 6DQG DQG 6XJDU

)LJXUH ������ /RVV DQJOH WDQ p RI VDQG YV� IUHTXHQF\ IRU WKH GDWD LQ )LJXUH ������ )RU
D SDUDOOHO SODWH FDSDFLWRU JHRPHWU\� WDQ p LV H[DFWO\ HTXDO WR WKH UDWLR &�� �*��� EXW
LW LV QRW WUXH IRU IULQJLQJ nHOG JHRPHWU\� ,QWHUHVWLQJO\� IRU WKH SDUDOOHO SODWH JHRPHWU\
WKH HUURU LQ WKH HVWLPDWLRQ RI WKH JHRPHWULFDO GLPHQVLRQV GRHV QRW LQWURGXFH HUURUV LQWR
WKH HVWLPDWLRQ RI WDQ p�

)LJXUH ������ 5HDO SDUW RI LPSHGDQFH YV� QHJDWLYH LPDJLQDU\ SDUW RI LPSHGDQFH IRU
WKH GDWD LQ )LJXUH ������ 1RWLFH WKDW LQ FRPSDULVRQ ZLWK WKH VXJDU GDWD ZKLFK ZLOO
EH SUHVHQWHG LQ )LJXUH ������ KLJK FRQGXFWLYLW\ YDOXHV DW ORZ IUHTXHQFLHV GRPLQDWH
DSSUR[LPDWHO\ WKH VHPL�FLUFXODU VKDSH RI WKH 1\TXLVW SORW ZLWK D EUHDNSRLQW IUHTXHQF\
DW DERXW �� +]�

���



&KDSWHU ��� 'HWHFWLRQ RI %XULHG /DQGPLQHV

)LJXUH ������ 5HDO DQG LPDJLQDU\ SDUWV RI LPSHGDQFH RI VDQG YV� IUHTXHQF\ HVWLPDWHG
EDVHG RQ WKH GDWD LQ )LJXUH ������ ,PSHGDQFH VSHFWURVFRS\ DOVR WHQGV WR HPSKDVL]H
ORZHU IUHTXHQFLHV� 6LQFH LW JHQHUDOO\ LV XVHG PRUH IUHTXHQWO\ WKDQ WKH DGPLWWDQFH
VSHFWURVFRS\� LW VKRXOG QRW EH RYHUORRNHG LQ WKH VHDUFK SURFHVV IRU UHOLDEOH ODQGPLQH
GHWHFWLRQ WHFKQLTXHV�

���



����� 'LHOHFWULF 3URSHUWLHV RI 6DQG DQG 6XJDU

)LJXUH ������ 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ DQG FRQGXFWLYLW\ RI VDQG HVWLPDWHG IURP
)LJXUH ����� GDWD� $ GHFUHDVH RI UHODWLYH GLHOHFWULF SHUPLWWLYLW\ ZLWK IUHTXHQF\ LV
FKDUDFWHULVWLF IRU DOO PDWHULDOV �DOWKRXJK QRW QHFHVVDULO\ LQ WKH VKRZQ IUHTXHQF\ UDQJH��
7KH ODUJH LQFUHDVH RI DSSDUHQW FRQGXFWLYLW\ ZLWK IUHTXHQF\ LV IUHTXHQWO\ REVHUYHG LQ
JUDQXODU PDWHULDOV� ,W LV LPSRUWDQW WR NQRZ ZKHWKHU SODVWLF H[SORVLYHV DUH H[SHFWHG WR
DSSHDU LQ JUDQXODU RU VROLG IRUP DQG WKH VL]H RI WKH JUDLQV�

���



&KDSWHU ��� 'HWHFWLRQ RI %XULHG /DQGPLQHV

)LJXUH ������ 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ DQG ORVV IDFWRU RI VDQG YV� IUHTXHQF\
HVWLPDWHG IURP )LJXUH ����� GDWD� 7KH VORSH RI ORJ ��� LV DSSUR[LPDWHO\ ���� LQ WKH
OLQHDU UHJLRQ� ZKLFK LQGLFDWHV WKH GLVSHUVLYH QDWXUH RI WKH PDWHULDO UHVSRQVH�

���



����� 'LHOHFWULF 3URSHUWLHV RI 6DQG DQG 6XJDU

)LJXUH ������ /RVV WDQJHQW RI VDQG YV� IUHTXHQF\ XVLQJ SDUDOOHO SODWH VHQVRU ZLWK WKH
GDWD IURP )LJXUH ������

���



&KDSWHU ��� 'HWHFWLRQ RI %XULHG /DQGPLQHV

)LJXUH ������ 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ DQG ORVV IDFWRU RI VDQG YV� IUHTXHQF\
�FLUFOHV� HVWLPDWHG IURP )LJXUH ����� GDWD� 7KH SURMHFWLRQ RQ WKH EDFNSODQH �[
V� LV
D &ROH�&ROH SORW� RI D QHDUO\ VHPL�FLUFXODU VKDSH� 0RGHOLQJ RI &ROH�&ROH SORWV XVLQJ
FRQVWDQW YDOXH FLUFXLW HTXLYDOHQW HOHPHQWV DQG FRQVWDQW SKDVH HOHPHQWV �&3(� KHOSV
WKH XQGHUVWDQGLQJ RI PLFUR� DQG PDFUR�VWUXFWXUH RI WKH PDWHULDO XQGHU WHVW�

���



����� 'LHOHFWULF 3URSHUWLHV RI 6DQG DQG 6XJDU

)LJXUH ������ 5HDO DQG LPDJLQDU\ SDUWV RI WKH FRPSOH[ PRGXOXV0  0 �bM0 ��  � �e

RI VDQG YV� IUHTXHQF\ IRU )LJXUH ����� GDWD� 0RGXOXV VSHFWURVFRS\ SORWV XVXDOO\
HPSKDVL]H KLJK IUHTXHQF\ IHDWXUHV RI GLHOHFWULF GDWD� ZKLFK PDNHV LW SRWHQWLDOO\ D YHU\
YDOXDEOH WRRO IRU KLJK�VSHHG nHOG DSSOLFDWLRQV� ,Q WKLV SORW RQH RI WKH PRVW VDOLHQW
IHDWXUHV LV WKH PD[LPXP RI 0 �� DW DERXW � N+]�

���



&KDSWHU ��� 'HWHFWLRQ RI %XULHG /DQGPLQHV

������ 0HDVXUHPHQWV LQ 6XJDU

7KH UHVXOWV RI GLHOHFWULF PHDVXUHPHQWV RI VXJDU SURSHUWLHV VKRZ D JUHDW GHDO RI VLPLODULW\

WR WKH VDQG SURSHUWLHV� 3DUW RI WKH UHDVRQ LV WKDW WKH JUDLQ VL]H LV DSSUR[LPDWHO\ HTXDO LQ

ERWK FDVHV� 8QGRXEWHGO\� D nQH SRZGHU ZRXOG H[KLELW D VLJQLnFDQWO\ GLmHUHQW UHVSRQVH�

EXW WKH H[SHULPHQWDO YHULnFDWLRQ RI WKDW JRHV EH\RQG WKH VFRSH RI WKH FXUUHQW VWXG\�

6RPH RI WKH SORWV DQDORJRXV WR WKRVH DOUHDG\ SUHVHQWHG IRU VDQG DUH JLYHQ LQ )LJXUHV

������������

���



����� 'LHOHFWULF 3URSHUWLHV RI 6DQG DQG 6XJDU

)LJXUH ������ 0HDVXUHG JDLQ DQG SKDVH RI VXJDU YV� IUHTXHQF\ XVLQJ WKH SDUDOOHO SODWH
VHQVRU LQ oRDWLQJ YROWDJH PRGH ZLWK ORDG FDSDFLWDQFH &/  ����� S)� 7KLV UHVSRQVH LV
YHU\ VLPLODU WR WKDW RI VDQG LQ )LJXUH ������ H[FHSW WKH PLQLPXP SKDVH SRLQW LV ORFDWHG
DW DERXW � +]�

���



&KDSWHU ��� 'HWHFWLRQ RI %XULHG /DQGPLQHV

)LJXUH ������ &DSDFLWDQFH DQG FRQGXFWDQFH RI VXJDU YV� IUHTXHQF\ FDOFXODWHG IURP
)LJXUH ����� ZLWK ORDG FDSDFLWDQFH &/  ����� S)�

���



����� 'LHOHFWULF 3URSHUWLHV RI 6DQG DQG 6XJDU

)LJXUH ������ /RVV WDQJHQW WDQ p  *�� �&�� IRU WKH GDWD LQ )LJXUH ������

���



&KDSWHU ��� 'HWHFWLRQ RI %XULHG /DQGPLQHV

)LJXUH ������ 5HDO SDUW RI LPSHGDQFH YV� QHJDWLYH LPDJLQDU\ SDUW RI LPSHGDQFH IRU WKH
GDWD LQ )LJXUH ������ 1RWLFH WKDW LQ FRPSDULVRQ ZLWK WKH VDQG GDWD LQ )LJXUH ������
WKH ORZHU FRQGXFWLYLW\ YDOXHV DW ORZ IUHTXHQFLHV UHVXOW LQ D FOHDUO\ YLVLEOH VHPL�FLUFXODU
VKDSH RI WKH 1\TXLVW SORW ZLWK D EUHDNSRLQW IUHTXHQ\ DW � +]�

���



����� 'LHOHFWULF 3URSHUWLHV RI 6DQG DQG 6XJDU

)LJXUH ������ 5HDO DQG LPDJLQDU\ SDUWV RI LPSHGDQFH RI VXJDU YV� IUHTXHQF\ IRU WKH
GDWD LQ )LJXUH ������ 1RWLFH WKDW WKLV UHSUHVHQWDWLRQ KDV PRUH VDOLHQW IHDWXUHV WKDQ
WKH DGPLWWDQFH UHSUHVHQWDWLRQ LQ )LJXUH ������

���



&KDSWHU ��� 'HWHFWLRQ RI %XULHG /DQGPLQHV

)LJXUH ������ 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ DQG FRQGXFWLYLW\ RI VXJDU IRU WKH GDWD LQ
)LJXUH ������ $JDLQ� D ODUJH LQFUHDVH LQ FRQGXFWLYLW\ DQG GHFD\ LQ GLHOHFWULF SHUPLW�
WLYLW\ ZLWK LQFUHDVLQJ IUHTXHQF\ GRPLQDWHV WKH IUHTXHQF\ UHVSRQVH�

���



����� 'LHOHFWULF 3URSHUWLHV RI 6DQG DQG 6XJDU

)LJXUH ������ 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ DQG ORVV IDFWRU RI VXJDU YV� IUHTXHQF\
IRU WKH GDWD LQ )LJXUH ������ 7KH ORJ ��� SORW LV QHDUO\ OLQHDU IRU WKH HQWLUH PHDVXUHG
IUHTXHQF\ UDQJH ZLWK D QHJDWLYH VORSH RI DERXW ���� VKRZLQJ WKDW VXJDU LV IUHTXHQF\
GLVSHUVLYH LQ WKLV IUHTXHQF\ UDQJH�

���



&KDSWHU ��� 'HWHFWLRQ RI %XULHG /DQGPLQHV

)LJXUH ������ 5HODWLYH GLHOHFWULF SHUPLWWLYLW\ DQG ORVV IDFWRU RI VXJDU YV� IUHTXHQF\
HVWLPDWHG IRU )LJXUH ����� GDWD� 7KH SURMHFWLRQ RQ WKH EDFNSODQH LV D &ROH�&ROH SORW
ZLWK VKDSH WKDW VLJQLnFDQWO\ GHSDUWV IURP D VHPL�FLUFOH� &RPSDUH ZLWK DQDORJRXV GDWD
IRU VDQG LQ )LJXUH ������ 0RGHOLQJ RI &ROH�&ROH SORWV XVLQJ FRQVWDQW YDOXH FLUFXLW
HTXLYDOHQW HOHPHQWV DQG FRQVWDQW SKDVH HOHPHQWV �&3(� KHOSV LQ WKH XQGHUVWDQGLQJ RI
PLFUR� DQG PDFURVWUXFWXUH RI WKH PDWHULDO XQGHU WHVW�

���



����� 'LHOHFWULF 3URSHUWLHV RI 6DQG DQG 6XJDU

)LJXUH ������ 5HDO DQG LPDJLQDU\ SDUWV RI WKH FRPSOH[ PRGXOXV0  � �e  0 �bM0 ��

RI VXJDU YV� IUHTXHQF\ IRU )LJXUH ����� GDWD� 0RGXOXV VSHFWURVFRS\ SORWV XVXDOO\
HPSKDVL]H KLJK IUHTXHQF\ IHDWXUHV RI GLHOHFWULF GDWD� ZKLFK PDNHV LW SRWHQWLDOO\ D YHU\
YDOXDEOH WRRO IRU KLJK�VSHHG nHOG DSSOLFDWLRQV� ,Q WKLV SORW RQH RI WKH PRVW VDOLHQW
IHDWXUHV LV WKH PD[LPXP RI 0 �� DW DERXW � N+]� 7KH QRLVH DERYH � N+] LV GXH WR
VSHHG OLPLWDWLRQV RI WKH KLJK LQSXW LPSHGDQFH RSHUDWLRQDO DPSOLnHU $'��� LQ WKH
GLHOHFWURPHWU\ LQWHUIDFH FLUFXLWU\� ,I QHHGHG� D IDVWHU RS�DPS FDQ EH XVHG DW WKHVH
IUHTXHQFLHV�

���



&KDSWHU ��� 'HWHFWLRQ RI %XULHG /DQGPLQHV

������ 6LPXODWLRQV RI /DQGPLQH 6HQVRU

2SWLPL]DWLRQ RI 6HQVRU 'HVLJQ

7KH VHQVLWLYLW\ RI WKH IULQJLQJ nHOG GLHOHFWURPHWU\ VHQVRU FDQ EH LQFUHDVHG E\ SRVL�

WLRQLQJ GULYLQJ� VHQVLQJ� DQG JXDUG HOHFWURGHV VR WKDW WKH UHODWLYH FKDQJH RI WKH VLJQDO

LV PD[LPXP ZKHQ WKH ODQG PLQH LV SUHVHQW� 7KH DQDO\VLV JLYHQ KHUH LV QRW QRYHO� LW

VLPSO\ LOOXVWUDWHV DQ REYLRXV DQG YHU\ FRPPRQ DSSURDFK LQ WKH GHVLJQLQJ RI IULQJLQJ

nHOG VHQVRUV� 2QH H[DPSOH RI WKLV W\SH RI VHQVRU JHRPHWU\ PRGLnFDWLRQ LV JLYHQ LQ

)LJXUH �� RI >��@� 7ZR FDVHV DUH FRQVLGHUHG LQ WKLV VHFWLRQ� 7KH nUVW FDVH XVHV SDUDOOHO

SRVLWLRQLQJ RI WKH VHQVLQJ DQG JXDUG HOHFWURGHV� DV VKRZQ LQ )LJXUH ������ 7KH ZLGWK

RI HDFK HOHFWURGH LV � FP� WKH GLVWDQFH EHWZHHQ WKH GULYHQ HOHFWURGH DQG ERWWRP JXDUG

HOHFWURGH LV �� FP� DQG WKH GLVWDQFH EHWZHHQ WKH VHQVLQJ DQG JXDUG HOHFWURGHV LV ��� FP�

2QO\ nHOG SORWV IRU DLU DUH LQFOXGHG KHUH IRU FRPSDFWQHVV RI SUHVHQWDWLRQ� VR WKDW WKH

VDQG LV QRW VKRZQ LQ WKH nHOG SORWV� )RU VLPXODWLRQV ZLWK VDQG� WKH oDW VDQG VXUIDFH LV

� FP EHORZ WKH VHQVLQJ DQG GULYH HOHFWURGHV� 7KH UHJLRQ VL]H LV ODUJH HQRXJK WR LJQRUH

WKH HmHFWV RI WKH RXWVLGH ERXQGDULHV� ,Q WKH nHOG SORWV� WKH ERXQGDU\ FRQGLWLRQV KDYH

]HUR QRUPDO HOHFWULF nHOG FRPSRQHQW� ZKLFK LV WKH 0D[ZHOO GHIDXOW 1HXPDQQ FRQGLWLRQ�

7KLV LV WKH GHVLJQ WKDW LV FXUUHQWO\ XVHG� $Q DOWHUQDWLYH GHVLJQ� QRW QHFHVVDULO\ WKH

EHVW� EXW EHWWHU WKDQ WKH RQH FXUUHQWO\ XVHG LV VKRZQ LQ )LJXUH ������ $ GLmHUHQW

SDWWHUQ RI HOHFWULF nHOG OLQHV LV GHVLJQHG WR LQFUHDVH WKH VHQVLWLYLW\ RI WKH VHQVRU WR WKH

SUHVHQFH RI GLHOHFWULF PDWHULDOV LQ WKH IULQJLQJ nHOG UHJLRQ� 7KH UHVXOWV RI VLPXODWLRQV

ZLWK WKH nUVW GHVLJQ DUH SUHVHQWHG LQ 7DEOH ���� �DLU LQ WKH IULQJLQJ nHOG UHJLRQ� DQG

LQ 7DEOH ���� �VDQG� GLHOHFWULF SHUPLWWLYLW\ HTXDO WR � DQG FRQGXFWLYLW\ LV ]HUR� LQ WKH

IULQJLQJ nHOG UHJLRQ�� 7KH UDWLR RI FDSDFLWDQFHV EHWZHHQ WKH GULYHQ DQG WKH VHQVLQJ

HOHFWURGHV LQ VDQG DQG LQ DLU LV ��������� �����

7KH UHVXOWV RI VLPXODWLRQV ZLWK WKH VHFRQG GHVLJQ DUH SUHVHQWHG LQ 7DEOH ���� �DLU LQ

WKH IULQJLQJ nHOG UHJLRQ� DQG LQ 7DEOH ���� �VDQG� GLHOHFWULF SHUPLWWLYLW\ HTXDO WR � DQG

FRQGXFWLYLW\ LV ]HUR� LQ WKH IULQJLQJ nHOG UHJLRQ�� 7KH UDWLR RI FDSDFLWDQFHV EHWZHHQ

WKH GULYHQ DQG WKH VHQVLQJ HOHFWURGHV LQ VDQG DQG LQ DLU LV ��������� ����� DERXW ��

SHUFHQW EHWWHU WKDQ IRU WKH nUVW GHVLJQ�

���



����� 'LHOHFWULF 3URSHUWLHV RI 6DQG DQG 6XJDU

'ULYH *URXQG3ODWH 6HQVH 6HQVHJXDUG

'ULYH ������ ������ ������� ������

*URXQG3ODWH ������� ������ ������� �������

6HQVH ������� ������� ������ �������

6HQVHJXDUG ������ ������� ������� �����

7DEOH ����� &DSDFLWDQFH PDWUL[ LQ S)�P IRU WKH GHVLJQ VKRZQ LQ )LJXUH ������ ZLWK
DLU LQ WKH IULQJLQJ nHOG UHJLRQ�

'ULYH *URXQG3ODWH 6HQVH 6HQVHJXDUG

'ULYH ������ ������ ������� �������

*URXQG3ODWH ������ ����� ������� �������

6HQVH ������� ������� ������ �������

6HQVHJXDUG ������� ������� ������� ������

7DEOH ����� &DSDFLWDQFH PDWUL[ LQ S)�P IRU WKH GHVLJQ VKRZQ LQ )LJXUH ������ ZLWK
VDQG �U  � LQ WKH IULQJLQJ nHOG UHJLRQ � FP IURP WKH VHQVLQJ HOHFWURGH�

'ULYH *URXQG3ODWH 6HQVH 6HQVHJXDUG

'ULYH ������ ������� ������� �������

*URXQG3ODWH ������� ������ ������� �������

6HQVH ������� ������� ����� �������

6HQVHJXDUG ������� ������� ������� ������

7DEOH ����� &DSDFLWDQFH PDWUL[ LQ S)�P IRU WKH GHVLJQ VKRZQ LQ )LJXUH ������ ZLWK
DLU LQ WKH IULQJLQJ nHOG UHJLRQ�

'ULYH *URXQG3ODWH 6HQVH 6HQVHJXDUG

'ULYH ����� ������� ������� �������

*URXQG3ODWH ������� ������ ������� �������

6HQVH ������� ������� ������ �������

6HQVHJXDUG ������� ������� ������� ������

7DEOH ����� &DSDFLWDQFH PDWUL[ LQ S)�P IRU WKH GHVLJQ VKRZQ LQ )LJXUH ������ ZLWK
VDQG �U  � LQ WKH IULQJLQJ nHOG UHJLRQ � FP IURP WKH VHQVLQJ HOHFWURGH�

���



&KDSWHU ��� 'HWHFWLRQ RI %XULHG /DQGPLQHV

)LJXUH ������ 3UHVHQW GHVLJQ RI WKH IULQJLQJ nHOG ODQGPLQH GHWHFWRU VKRZLQJ FRPSXWHG
HOHFWULF nHOG DUURZV LQ DLU� ' � GULYH� 6 � VHQVH� 6* � VHQVH JXDUG� * � JXDUG� 6* DQG
* DUH DW WKH VDPH QRGH IURP WKH HOHFWURQLF FLUFXLW SRLQW RI YLHZ� 0DQ\ HOHFWULF nHOG
DUURZV JR VWUDLJKW IURP WKH GULYHQ WR VHQVLQJ HOHFWURGH ZLWKRXW UHDFKLQJ WKH IULQJLQJ
nHOG UHJLRQ RI LQWHUHVW EHORZ WKH GULYH DQG VHQVH HOHFWURGHV�

���



����� 'LHOHFWULF 3URSHUWLHV RI 6DQG DQG 6XJDU

)LJXUH ������ ,PSURYHG GHVLJQ RI WKH IULQJLQJ nHOG ODQGPLQH GHWHFWRU VKRZLQJ FRP�
SXWHG HOHFWULF nHOG DUURZV LQ DLU� ' � GULYH� 6 � VHQVH� * � JXDUG� $OO * HOHFWURGHV DUH
DW WKH VDPH QRGH IURP WKH HOHFWURQLF FLUFXLW SRLQW RI YLHZ� ,Q WKLV GHVLJQ� WKH FDSDF�
LWDQFH EHWZHHQ WKH GULYHQ DQG VHQVLQJ HOHFWURGHV LV VPDOOHU WKDQ LQ WKH FDVH VKRZQ LQ
)LJXUH ������ KRZHYHU WKH SHUFHQW LQFUHDVH RI WKH FDSDFLWDQFH GXH WR WKH SUHVHQFH RI
KLJK SHUPLWWLYLW\ VDQG GLHOHFWULF LQ WKH IULQJLQJ nHOG UHJLRQ � FP EHORZ WKH GULYH DQG
VHQVH HOHFWURGHV LV KLJKHU�

���



&KDSWHU ��� 'HWHFWLRQ RI %XULHG /DQGPLQHV

)LJXUH ������ 6HQVRU DQG ODQGPLQH PRGHO XVHG LQ VLPXODWLRQV� 7KH WRWDO VHQVRU ZLGWK
LV �� FP�

7ZR�GLPHQVLRQDO 6LPXODWLRQ RI %XULHG /DQGPLQHV

6LQFH VRPH RI WKH PHDVXUHPHQWV SHUIRUPHG LQ WKH ODE LQFOXGH WZR�GLPHQVLRQDO ORQJ

F\OLQGULFDO ODQGPLQH VXUURJDWHV RI FLUFXODU FURVV�VHFWLRQ� WKH IROORZLQJ VLPXODWLRQV� SHU�

IRUPHG ZLWK WKH KHOS RI 5LFN\ 'HEQDWK >��@ DUH KHOSIXO LQ SUHOLPLQDU\ HVWLPDWLRQ RI WKH

VHQVRU UHVSRQVH WR WKH SUHVHQFH RI D EXULHG ODQGPLQH� 7KH VHQVRU KDV EHHQ VXSSOLHG E\

-HQWHN 6HQVRUV� ,QF� >��@� 0RYHPHQW RI WKH VHQVRU DERYH WKH ODQGPLQH KDV EHHQ VLPX�

ODWHG ZLWK0D[ZHOO� ,Q DOO VLPXODWLRQV� WKH VDQG LV DVVXPHG WR KDYH GLHOHFWULF SURSHUWLHV

WKDW GR QRW YDU\ ZLWK IUHTXHQF\� �U  � DQG }  ��b� 6�P� 7KH ODQGPLQH KDV D UDGLXV

RI ��� FP� DQG WKH VHQVRU LV VKRZQ LQ )LJXUH ������ )LJXUHV ����� DQG ����� VKRZ WKDW

LQ WKLV FDVH WKH VHQVRU KDV D UHDVRQDEOH VHQVLWLYLW\ WR WKH SUHVHQFH RI D 7HoRQ ODQGPLQH�

7KH FDSDFLWDQFH UHVSRQVH KDV QXPHULFDO QRLVH IRU WKH FDVH RI D VLPLODU VLPXODWLRQ IRU

DQ DOXPLQXP ODQGPLQH VXUURJDWH VKRZQ LQ )LJXUH ������ ZKLFK GHVHUYHV DGGLWLRQDO LQ�

YHVWLJDWLRQ� EXW KDV D FOHDQ DQG HDVLO\ LGHQWLnDEOH VLJQDWXUH IRU WKH FRQGXFWDQFH VKRZQ

LQ )LJXUH ������ 7KH UHVXOWV VXJJHVW WKDW WKLV DSSURDFK KROGV VLJQLnFDQW SURPLVH IRU

KXPDQLWDULDQ ODQGPLQH GHWHFWLRQ� LQ ZKLFK FDVH WKH VRLO LV DOORZHG WR EH VXpFLHQWO\

GU\ DQG WKH WHUUDLQ LV VXpFLHQWO\ oDW�

���



����� 'LHOHFWULF 3URSHUWLHV RI 6DQG DQG 6XJDU

)LJXUH ������ 0HDVXUHG FDSDFLWDQFH YV� ODWHUDO GLVWDQFH IRU D 7HoRQ ODQGPLQH VXUURJDWH
DW ]HUR GHSWK� 7KH FDSDFLWDQFH DFKLHYHV LWV H[WUHPXP YDOXHV ZKHQ WKH PLQH LV FORVHVW
WR WKH LQQHU HGJHV RI VHQVLQJ DQG GULYH HOHFWURGHV�

)LJXUH ������ 0HDVXUHG FRQGXFWDQFH YV� ODWHUDO GLVWDQFH IRU D 7HoRQ ODQGPLQH VXUUR�
JDWH DW ]HUR GHSWK� 7KH UHVSRQVH LV QRW V\PPHWULFDO GXH WR WKH SUHVHQFH RI WKH JXDUG
HOHFWURGH GLUHFWO\ XQGHU WKH VHQVLQJ HOHFWURGH� 7KH FRQGXFWDQFH DFKLHYHV LWV H[WUHPXP
YDOXHV ZKHQ WKH PLQH LV FORVHVW WR WKH LQQHU HGJHV RI VHQVLQJ DQG GULYH HOHFWURGHV�

���



&KDSWHU ��� 'HWHFWLRQ RI %XULHG /DQGPLQHV

)LJXUH ������ 0HDVXUHG FDSDFLWDQFH YV� GLVWDQFH IRU DQ DOXPLQXP ODQGPLQH VXUURJDWH
DW ]HUR GHSWK� 7KH FDSDFLWDQFH DFKLHYHV LWV H[WUHPXP YDOXHV ZKHQ WKH PLQH LV FORVHVW
WR WKH LQQHU HGJHV RI VHQVLQJ DQG GULYH HOHFWURGHV�

)LJXUH ������ 0HDVXUHG FRQGXFWDQFH YV� GLVWDQFH IRU DQ DOXPLQXP ODQGPLQH VXUURJDWH
DW ]HUR GHSWK� 7KH UHVSRQVH LV QRW V\PPHWULFDO GXH WR WKH SUHVHQFH RI D JXDUG HOHFWURGH
GLUHFWO\ XQGHU WKH VHQVLQJ HOHFWURGH� 7KH FRQGXFWDQFH DFKLHYHV LWV H[WUHPXP YDOXHV
ZKHQ WKH PLQH LV FORVHVW WR WKH LQQHU HGJHV RI VHQVLQJ DQG GULYH HOHFWURGHV�

���



����� 6XPPDU\

���� 6XPPDU\

$ IHDVLELOLW\ VWXG\ RI IULQJLQJ HOHFWULF nHOG GLHOHFWURPHWU\ WHFKQLTXHV IRU GHWHFWLRQ DQG

GLVFULPLQDWLRQ RI SODVWLF DQG PHWDO ODQGPLQHV LQ UHODWLYHO\ GU\ VRLOV KDV JHQHUDWHG

PRVWO\ SRVLWLYH UHVXOWV� $V ORQJ DV WKH ODQGPLQHV DUH EXULHG QR GHHSHU WKDQ � WR �

LQFKHV IURP WKH VXUIDFH� WKH\ DUH GHWHFWDEOH ZLWK IULQJLQJ HOHFWULF nHOG VHQVRUV�

7KLV &KDSWHU SURYLGHG DQ H[WHQVLYH H[DPSOH VHTXHQFH RI YLVXDOL]DWLRQ RI IUHTXHQF\�

GHSHQGHQW GDWD DQG VXJJHVWHG SRVVLEOH VROXWLRQV IRU SDWWHUQ UHFRJQLWLRQ WR HQKDQFH

GLVFULPLQDWLRQ RI SODVWLF ODQGPLQH GLHOHFWULF VLJQDWXUHV IURP WKH VLJQDWXUHV RI RWKHU

REMHFWV� 6LQFH LW LV GHVLUDEOH WR RSHUDWH DW IUHTXHQFLHV DERYH � +]� WKH FRPSOH[ GLHOHFWULF

PRGXOXV LV PRUH HpFLHQW IRU ZLGHEDQG GLHOHFWULF IUHTXHQF\ GDWD SUHVHQWDWLRQ WKDQ WKH

FRPSOH[ GLHOHFWULF SHUPLWWLYLW\�

9HU\ H[WHQVLYH DGGLWLRQDO UHVHDUFK LV QHHGHG WR EULQJ WKLV WHFKQRORJ\ WR SUDFWLFDO

XVH� 3RVVLEOH DSSURDFKHV WR ODQGPLQH GLVFULPLQDWLRQ VKRXOG LQFOXGH GLmHUHQWLDO FDSDFL�

WLYH VHQVLQJ� IUHTXHQF\ DQG SXOVH H[FLWDWLRQ GLHOHFWURPHWU\ VSHFWURVFRS\� D FRPELQDWLRQ

RI HOHFWULF DQG PDJQHWLF nHOG SHQHWUDWLRQ� DQG FURVV�FRUUHODWLRQ RU PHDVXUHPHQW GDWD

ZLWK RWKHU VHQVLQJ DSSURDFKHV�

���



&KDSWHU ��� 'HWHFWLRQ RI %XULHG /DQGPLQHV

���



&KDSWHU ��

0LVFHOODQHRXV $SSOLFDWLRQV

0DQ\ DSSOLFDWLRQV RI LQWHUGLJLWDO VHQVRUV KDYH EHHQ H[SORUHG LQ FRRSHUDWLRQ ZLWK -HQWHN

6HQVRUV� ,QF� >�����@� 0RVW RI WKHVH DUH FXUUHQWO\ FRPSDQ\ SURSULHWDU\ LQIRUPDWLRQ� $

EULHI QRQ�FRPSUHKHQVLYH RYHUYLHZ RI WKH IROORZLQJ VHOHFWHG DSSOLFDWLRQV VHUYH WR LQGLFDWH

WKH FRPPHUFLDO DQG VFLHQWLnF SRWHQWLDO RI WKLV WHFKQRORJ\�

���� &KHPLFDO 3URWHFWLYH *DUPHQWV

3URWHFWLYH JDUPHQWV DUH XVHG WR UHGXFH KXPDQ H[SRVXUH WR WR[LF JDVHV SUHVHQW LQ WKH

HQYLURQPHQW LQ DQ LQGXVWULDO HPHUJHQF\ RU EDWWOHnHOG FRQGLWLRQV� 7KH OLIHWLPH RI WKHVH

JDUPHQWV LV GHWHUPLQHG E\ WKH UHPDLQLQJ VRUSWLYH FDSDFLW\ RI WKH DFWLYH FDUERQ OD\HU�

ZKLFK� LQ WXUQ� VWURQJO\ GHSHQGV RQ WKH OHYHOV RI H[SRVXUH� WKHUHIRUH� LW LV GHVLUDEOH WR

GHYHORS D UHODWLYHO\ VLPSOH PHWKRG IRU FKDUDFWHUL]DWLRQ RI FXUUHQW VWDWXV DQG SUHGLF�

WLRQ RI UHPDLQLQJ OLIHWLPH RI WKHVH JDUPHQWV� 7ZR PDWHULDOV XVHG LQ FKHPLFDO SURWHFWLYH

JDUPHQWV DUH 6DUDWRJD DQG %'2 �%DWWOH 'UHVV 2YHUJDUPHQW�� %'2 KDV D KLJKHU VRUS�

WLYH FDSDFLW\ RI DFWLYDWHG FDUERQ PDWHULDOV XVLQJ LPSUHJQDWHG SRO\XUHWKDQH IRDP DQG

DmRUGV H[WHQGHG SURWHFWLRQ DJDLQVW WR[LF YDSRU DQG DJDLQVW WKH PRUH FRQFHQWUDWHG FKDO�

OHQJH RI OLTXLG GURSOHWV >���@� 6DUDWRJD LV D QHZHU PDWHULDO� PRUH PHFKDQLFDOO\ VWDEOH

DQG ULJLG� ZLWK IRDP UHSODFHG E\ DFWLYDWHG FDUERQ PLFURVSKHUHV� 7ROXHQH LV VHOHFWHG

���



&KDSWHU ��� 0LVFHOODQHRXV $SSOLFDWLRQV

DV D VLPXODQW RI WR[LF JDVHV IRU RXU H[SHULPHQWV EHFDXVH LW KDV VLPLODU SURSHUWLHV� EXW

LV OHVV WR[LF DQG UHDGLO\ DYDLODEOH�

([SHULPHQWV ZLWK JDV VHQVLWLYH ORZ FRQGXFWLRQ SRO\PHUV GHPRQVWUDWH WKDW VHQVLWLYH

PDWHULDOV DUH SUDFWLFDOO\ QHYHU SXUHO\ DQG H[FOXVLYHO\ VHOHFWLYH WR D VSHFLnF FKHPLFDO�

,QVWHDG� WKH\ XVXDOO\ UHVSRQG WR FKDQJHV LQ FRQFHQWUDWLRQ RI VHYHUDO JDV FRPSRQHQWV

SUHVHQW LQ WKH DPELHQW >���@� ,Q RXU FDVH� WKH DGVRUSWLRQ RI WROXHQH LQ FKHPLFDO SUR�

WHFWLRQ VXLW JDUPHQWV KDV EHHQ PRQLWRUHG WKURXJK WKH FKDQJH LQ GLHOHFWULF VSHFWUXP

RI WKH DFWLYH FDUERQ SDUWLFOH OD\HU� 7KH OHYHOV RI DGVRUSWLRQ ZHUH VWHSSHG IURP KLJK WR

ORZ E\ KROGLQJ WKH H[SHULPHQWDO SDUWV XQGHU YDFXXP IRU LQFUHDVLQJ DPRXQWV RI WLPH

DQG E\ LQFUHDVLQJ WKH WHPSHUDWXUH RI WKH KHDWLQJ HOHPHQW�

7KH UHYHUVLELOLW\ RI WKH PDWHULDO VDWXUDWLRQ SURFHVV GHSHQGV RQ HOHFWULFDO DQG FKHP�

LFDO LQWHUDFWLRQV EHWZHHQ WKH FKDOOHQJH JDV PROHFXOHV DQG WKH VHQVLWLYH DGVRUELQJ PDWH�

ULDO� 7KH VXUIDFH DGVRUSWLRQ WHQGV WR EH UHYHUVLEOH ZLWK KHDWLQJ DQG�RU YDFXXP�GULYHQ

GHJDVVLQJ� ZKHUHDV WKH WUXH EXON GLmXVLRQ SURFHVV HLWKHU H[KLELWV D YHU\ VWURQJ K\V�

WHUHVLV RU FDQ QRW EH UHYHUVHG DW DOO >���@� 7KH UHYHUVLELOLW\ RI UHVSRQVH ZLWK K\VWHUHVLV

KDV EHHQ LQYHVWLJDWHG� VLPLODU WR WKH DSSURDFK WDNHQ LQ >���@�

$GVRUSWLRQ RI WROXHQH FDQ SRWHQWLDOO\ DOVR EH FKDUDFWHUL]HG E\ [�UD\ DQDO\VLV ZLWK

HOHFWURQ PLFURVFRSHV� ([SHULPHQWV ZLWK 6(0 GHPRQVWUDWHG WKDW D KLJK YDFXXP VDPSOH

FKDPEHU FDQQRW EH XVHG GXH WR H[WHQVLYH VDPSOH RXWJDVVLQJ� 0HDVXUHPHQWV LQ DQ

HQYLURQPHQWDO 6(0 LQ WKH ORZ YDFXXP FKDPEHU XQGHU QHDUO\ DWPRVSKHULF SUHVVXUH

PD\ EH DGHTXDWH� $W WKLV SRLQW� VHYHUDO 6(0 LPDJHV KDYH EHHQ WDNHQ ZLWK 6DUDWRJD

PDWHULDO VDPSOHV� )LJXUH ���� VKRZV WKDW WKH PLFURVSKHUHV DUH QHDUO\ LGHDO LQ VKDSH

DQG DUH QRUPDOO\ VHSDUDWHG E\ GLPHQVLRQV IDU OHVV WKDQ WKHLU UDGLXV� )LJXUHV ���� DQG

���� VKRZ WKH PLFURVSKHUH VXUIDFH DW KLJKHU PDJQLnFDWLRQ�

������ 3UHOLPLQDU\ 0HDVXUHPHQWV ZLWK 7ROXHQH

$ WHVW FKDPEHU� VKRZQ LQ )LJXUH ����� KDV EHHQ EXLOW WR FRQWURO WKH H[SHULPHQW WHP�

SHUDWXUH� SUHVVXUH� KXPLGLW\� DQG FKHPLFDO HQYLURQPHQW� 7KLV FKDPEHU ZDV XVHG LQ

���



����� &KHPLFDO 3URWHFWLYH *DUPHQWV

)LJXUH ����� $Q 6(0 PLFURJUDSK RI WKH FDUERQ PLFURVSKHUH� 7KH ZKLWH OLQH LV ��� xP
��� PP LQ WKH LPDJH�� *DUPHQW nEHUV DUH VHHQ LQ WKH XSSHU OHIW FRUQHU�

VHYHUDO VHULHV RI H[SHULPHQWV� DQG D VPDOO VXEVHW RI GDWD LV UHSRUWHG EHORZ� ,W LV

FXUUHQWO\ SRVVLEOH WR PHDVXUH VDWXUDWLRQ OHYHOV RI WROXHQH LQ PDWHULDOV ZKLFK FRQWDLQ

DQ DFWLYH OD\HU RI PLFURVSKHUHV� VXFK DV 6DUDWRJD� 7KH DFWLYH OD\HU FRQVLVWLQJ RI WKH

FDUERQ EDVHG IRDP� VXFK DV WKH EODFN OD\HU LQ WKH %'2 VDPSOH� SUHVHQWV VLJQLnFDQW

PHDVXUHPHQW FKDOOHQJHV� 7KH GLpFXOWLHV LQFOXGH FRPSUHVVLRQ RI WKH IRDP� UHODWLYHO\

KLJK FRQGXFWLYLW\ RI WKH PDWHULDO� DQG ODFN RI VWUXFWXUDO VWUHQJWK�

6RPHZKDW QRLV\ UHVXOWV RI WKH PHDVXUHPHQWV RI WKH 6DUDWRJD VDPSOH FDQ EH H[�

SODLQHG E\ YDULDELOLW\ RI PLFUR�FDYLWLHV� WKH HmHFWV RI WHPSHUDWXUH� PRLVWXUH FRQFHQWUD�

WLRQ� SUHVVXUH GLVWULEXWLRQ� DQG QRQ�XQLIRUP GLVWULEXWLRQ RI WKH FRQWDPLQDQW RYHU WKH

VDPSOH YROXPH� 7KH DYHUDJH FRQGXFWLYLW\ RI WKH 6DUDWRJD PDWHULDO LQFUHDVHV VHYHUDO

WLPHV IURP WKH QRQ�LPSUHJQDWHG WR WKH IXOO\ LPSUHJQDWHG VWDWH� 7KH DYHUDJH GLHOHFWULF

SHUPLWWLYLW\ FKDQJHV E\ D IDFWRU RI OHVV WKDQ WZR�

���



&KDSWHU ��� 0LVFHOODQHRXV $SSOLFDWLRQV

)LJXUH ����� $Q 6(0 PLFURJUDSK RI WKH FDUERQ PLFURVSKHUH VXUIDFH DW ����� PDJQL�
nFDWLRQ� 7KH WROXHQH PROHFXOHV DWWDFK WR WKH VXUIDFH RI DFWLYDWHG FDUERQ� WKHUHIRUH D
ODUJH VXUIDFH DUHD LV LPSRUWDQW IRU WKLV DSSOLFDWLRQ�

������ ([SHULPHQWDO 6HWXS DQG 3URFHGXUHV

7KH H[SHULPHQWDO SURFHGXUHV ZHUH VLPLODU WR WKRVH GHVFULEHG HDUOLHU� H[FHSW IRU WKH VH�

TXHQFH RI WKH LPSUHJQDWLRQ VWDWHV� ,W ZDV RULJLQDOO\ VXJJHVWHG WKDW WKH OHYHO RI LPSUHJ�

QDWLRQ LV FRQWUROOHG E\ H[SRVLQJ WKH VDPSOH WR LQFUHDVLQJO\ ODUJHU DPRXQWV RI WROXHQH�

+RZHYHU� WKLV SURFHGXUH ZDV GLpFXOW WR LPSOHPHQW EHFDXVH PRVW RI WKH WROXHQH ZRXOG

FRQGHQVH RQ WKH ZDOOV RI WKH GHVLFFDQW YHVVHO XVHG IRU LPSUHJQDWLRQ� &RQVHTXHQWO\� WKLV

SURFHGXUH ZDV PRGLnHG� 7KH VDPSOH ZDV nUVW PHDVXUHG DIWHU EHLQJ SXW LQWR D ���

P7RUU YDFXXP IRU �� KRXUV� 7KHQ� LW ZDV WROXHQH LPSUHJQDWHG WR VDWXUDWLRQ IRU DQ�

RWKHU �� KRXUV� 3UREDEO\� OHVV WLPH LV QHHGHG IRU LPSUHJQDWLRQ� EXW GXH WR WKH OLPLWHG

DFFHVV WR WKH VSHFLDO ODE IDFLOLWLHV� �� KRXUV ZDV D PLQLPXP XVHIXO WLPH SHULRG� 7KHQ�

WKH VDPSOH ZDV JUDGXDOO\ RXWJDVVHG� ,Q WKH EHJLQQLQJ� RXWJDVVLQJ ZDV QDWXUDO� WKHQ�

E\ YDFXXP� WKHQ� E\ KHDWLQJ� $ YDFXXP DORQH ZDV QRW VXpFLHQW WR EULQJ WKH VDPSOH

EDFN WR LWV RULJLQDO ZHLJKW�

)LJXUH ���� VKRZV D W\SLFDO IUHTXHQF\ VZHHS RI WKH WKUHH�ZDYHOHQJWK 7HoRQ VHQVRU

���



����� &KHPLFDO 3URWHFWLYH *DUPHQWV

)LJXUH ����� $Q 6(0 PLFURJUDSK RI WKH FDUERQ PLFURVSKHUH VXUIDFH DW ������ PDJQL�
nFDWLRQ UHYHDOV PDWHULDO SRURVLW\�

ZLWK D JDUPHQW VDPSOH� 7KH � +] IUHTXHQF\ KDV EHHQ VHOHFWHG IRU FRQVHFXWLYH PHDVXUH�

PHQWV EDVHG RQ WKLV VZHHS� )LJXUH ���� VKRZV WKDW WKH FKDQJH LQ WKH FRQFHQWUDWLRQ RI

WKH DEVRUEHG WROXHQH LV GHWHFWHG E\ DOO WKUHH ZDYHOHQJWKV DIWHU LW H[FHHGV � PJ�VT� FP�

)LJXUH ���� VKRZV WKDW DW �� +] SKDVH FKDQJHV DUH ODUJHU ZKLOH JDLQ FKDQJHV DUH VPDOOHU

IRU WKH VDPH FKDQJH LQ VDWXUDWLRQ OHYHOV� )LJXUHV ���� VKRZV WKDW WUDQVFRQGXFWDQFH DQG

WUDQVFDSDFLWDQFH DUH WKH PRVW UHOLDEOH LQGLFDWRUV RI WKH VDWXUDWLRQ OHYHO�

���



&KDSWHU ��� 0LVFHOODQHRXV $SSOLFDWLRQV

)LJXUH ����� $ VFKHPDWLF RI WKH H[SHULPHQWDO YDFXXP WHVW FKDPEHU IRU VLPXOWDQHRXV
PHDVXUHPHQWV ZLWK LQWHUGLJLWDO VHQVRU� SDUDOOHO SODWH VHQVRU� ZHLJKW PRQLWRULQJ RI VDP�
SOHV� DQG FRQWURO RI SUHVVXUH� WHPSHUDWXUH� DQG KXPLGLW\� �)LQDO YHUVLRQ GUDZQ E\
$QG\ :DVKDEDXJK RI -HQWHN 6HQVRUV��

���



����� &KHPLFDO 3URWHFWLYH *DUPHQWV

)LJXUH ����� )UHTXHQF\ UHVSRQVH RI WKH 7HoRQ 7:6 LQ DLU ZLWK D 6DUDWRJD VDPSOH
SUHVVHG DJDLQVW LW� *DLQ�SKDVH IUHTXHQF\ VZHHS VKRZV WKDW PHDVXUHPHQW RI RXWJDVVLQJ
DW � +] LV XQOLNHO\ WR SURGXFH D QRWLFHDEOH SKDVH FKDQJH RQ WKH � PP ZDYHOHQJWK
PHDVXUHPHQW EHFDXVH WKH SKDVH FXUYH KDV D QHDUO\ ]HUR GHULYDWLYH DW WKDW IUHTXHQF\�
/HJHQG� ?���� PP�?R����� PP�?��� PP�

���



&KDSWHU ��� 0LVFHOODQHRXV $SSOLFDWLRQV

�D� JDLQ �E� SKDVH

)LJXUH ����� 7KH FKDQJH LQ WKH FRQFHQWUDWLRQ RI WKH DEVRUEHG WROXHQH LV GHWHFWHG E\
DOO WKUHH ZDYHOHQJWKV DIWHU LW H[FHHGV � PJ�VT� FP� 0HDVXUHPHQW LV GRQH DW � +]� 7KH
IUHTXHQF\ RI � +] LV QRW RSWLPDO IRU SKDVH GHWHFWLRQ RQ WKH � PP ZDYHOHQJWK FKDQQHO�

�D� JDLQ �E� SKDVH

)LJXUH ����� 7KH VDPH VDPSOH DV LQ )LJXUH ���� ZLWK PHDVXUHPHQWV DW �� +]� 7KH
FKDQJH LQ WKH FRQFHQWUDWLRQ RI WKH DEVRUEHG WROXHQH LV GHWHFWHG E\ DOO WKUHH ZDYHOHQJWKV
DIWHU LW H[FHHGV {� PJ�VT� FP�

���



����� &KHPLFDO 3URWHFWLYH *DUPHQWV

)LJXUH ����� 7KH GDWD LQ )LJXUH ���� �IRU �� +]� FRQYHUWHG LQWR WHUPLQDO WUDQVFRQGXF�
WDQFH� ZKLFK VHHPV WR EH WKH PRVW UHOLDEOH LQGLFDWRU RI VDWXUDWLRQ�

)LJXUH ����� 7KH GDWD LQ )LJXUH ���� �IRU �� +]� FRQYHUWHG LQWR WHUPLQDO WUDQVFDSDF�
LWDQFH� 7KH FKDQJH LV PRUH DEUXSW DERYH � PJ�FP�� SRVVLEO\ GXH WR D VKLHOGLQJ OD\HU
RI WROXHQH ERQGV IRUPHG RQ WKH VXUIDFH RI WKH PLFURVSKHUHV� ZKLFK FKDQJHV WKH JUDLQ
ERXQGDU\ FRQGLWLRQV�

���



&KDSWHU ��� 0LVFHOODQHRXV $SSOLFDWLRQV

���� 'HWHFWLRQ RI )ODZV

0RQLWRULQJ RI WKH VWUXFWXUDO LQWHJULW\ RI nEHUJODVV o\ZKHHOV KDV EHHQ DQRWKHU DSSOLFD�

WLRQ RI IULQJLQJ nHOG FDSDFLWLYH VHQVRUV� 7KLV LV D VLPSOH DSSOLFDWLRQ LQ ZKLFK QR HmRUW LV

PDGH WR GHWHUPLQH GLHOHFWULF SURSHUWLHV RI PDWHULDOV� ,QVWHDG� D VHQVRU LV DSSOLHG WR WKH

VXUIDFH RI D PDWHULDO DW GLmHUHQW ORFDWLRQV� ,I EXON DQG VXUIDFH SURSHUWLHV RI WKH VDPSOH

DUH KRPRJHQHRXV� WKH VHQVRU UHVSRQVH ZRXOG UHPDLQ WKH VDPH� ZLWKLQ PHDVXUHPHQW

QRLVH� $ FUDFN LQWURGXFHV D GLVFRQWLQXLW\ LQ WKH VHQVRU UHVSRQVH� )LJXUH ����� VKRZV D

W\SLFDO UHVSRQVH ZKHQ D ��� PP ZDYHOHQJWK VHQVRU LV PRYHG DORQJ WKH PDWHULDO VXUIDFH�

7KH FUDFN ORFDWHG DW �� PP IURP WKH HGJH RI WKH VDPSOH FDQ EH HDVLO\ LGHQWLnHG E\

ORRNLQJ DW WKH WKUHH�SRLQW PRYLQJ DYHUDJH RI WKH VHQVRU FDSDFLWDQFH UHVSRQVH� 'XH WR

D OLPLWHG VSDWLDO UHVROXWLRQ RI WKH VHQVRU� D QDUURZ �OHVV WKDQ � PP� FUDFN SURGXFHV D

GLS LQ WKH VHQVRU UHVSRQVH� ZKLFK LV DSSUR[LPDWHO\ DV ZLGH VSDWLDOO\ �DERXW �� PP� DV

WKH DFWLYH VHQVLQJ DUHD� 'HFRQYROXWLRQ FRXOG EH DSSOLHG LQ WKH IXWXUH WR DFKLHYH KLJKHU

UHVROXWLRQ ZLWKRXW ORVV RI SHQHWUDWLRQ GHSWK� 7KLV W\SH RI PHDVXUHPHQW PHWKRGRORJ\

IDOOV LQWR D EURDGHU FDWHJRU\ RI FDSDFLWLYH VHQVRUV DQG XVXDOO\ GRHV QRW UHTXLUH H[WHQ�

VLYH WKHRUHWLFDO PRGHOLQJ� 7KH SRWHQWLDO DSSOLFDWLRQV IRU VWUXFWXUDO LQWHJULW\ FRQWURO

DUH QXPHURXV DQG WKH LPSOHPHQWDWLRQ LV YHU\ HFRQRPLFDO�

���� 6XPPDU\

7KH DSSOLFDWLRQV RI LQWHUGLJLWDO GLHOHFWURPHWU\ GHVFULEHG LQ WKLV FKDSWHU EULHo\ UHSUH�

VHQW RQO\ D VPDOO SDUW RI SRWHQWLDO XVHV RI WKLV WHFKQLTXH� :HDUDEOH VHQVLQJ LV EHFRP�

LQJ LQFUHDVLQJO\ LPSRUWDQW ZLWK WKH UHFHQW WUHQG WRZDUGV ZHDUDEOH FRPSXWLQJ� 7KH

H[SHULPHQWDO GDWD ZLWK FKHPLFDO JDUPHQWV VKRZV WKDW WKH PDMRU GLpFXOW\ ZLWK GLUHFW

PHDVXUHPHQWV RI JDUPHQWV PD\ FRPH IURP LQVXpFLHQW VHQVLWLYLW\ RI GLHOHFWURPHWU\ WR

FKDQJHV LQ WKH PDWHULDO FKHPLVWU\� $Q RSWLPL]HG VHQVLWLYH OD\HU GHSRVLWHG RQ WKH VHQVRU

VXUIDFH DQG FRUUHODWHG ZLWK WKH EDUH HOHFWURGHV GDWD PLJKW SURYLGH DGHTXDWH VHQVLWLY�

LW\ DQG VHOHFWLYLW\� 7KH VHOHFWLYLW\ WR D SDUWLFXODU FKHPLFDO LV YHU\ LPSRUWDQW LQ WKH

���



����� 6XPPDU\

)LJXUH ������ 7KUHH�SRLQW PRYLQJ DYHUDJH RI FDSDFLWDQFH DV D IXQFWLRQ RI VXUIDFH SR�
VLWLRQ IRU D ��� PP ZDYHOHQJWK VHQVRU LQGLFDWHV VXpFLHQW VHQVLWLYLW\ WR WKH SUHVHQFH RI
FUDFNV LQ nEHUJODVV o\ZKHHOV�

QDWXUDO HQYLURQPHQW� ZKHUH KXPLGLW\� WHPSHUDWXUH� DQG FKHPLFDO FRPSRVLWLRQ FKDQJH

GUDVWLFDOO\�

&DSDFLWLYH VHQVRUV IRU RQ�OLQH PRQLWRULQJ RI VWUXFWXUDO LQWHJULW\ RI nEHU FRPSRVLWHV

XQGHU KLJK PHFKDQLFDO VWUHVV SURYLGHV D YHU\ HFRQRPLFDO DQG UHOLDEOH ZD\ RI QRQ�FRQWDFW

VHQVLQJ� 7KH SUHVHQWHG GDWD IRU nEHUJODVV o\ZKHHOV LQGLFDWHV VXpFLHQW VHQVLWLYLW\ WR

WKH SUHVHQFH RI LQFLSLHQW FUDFNV SULRU WR WKH GHODPLQDWLRQ GXH WR FHQWULSHWDO IRUFHV�

���



&KDSWHU ��� 0LVFHOODQHRXV $SSOLFDWLRQV

���



&KDSWHU ��

&RQFOXVLRQV DQG )XWXUH :RUN

���� 0DLQ &RQWULEXWLRQV

7KH WDVNV WKDW KDYH EHHQ DFFRPSOLVKHG LQ WKH FRXUVH RI WKH GRFWRUDO SURJUDP UHVHDUFK

GHVFULEHG LQ WKLV WKHVLV DUH OLVWHG LQ WKLV VHFWLRQ� 7KH VXPPDULHV LQ WKH LQGLYLGXDO FKDS�

WHUV SURYLGH DGGLWLRQDO LQIRUPDWLRQ UHJDUGLQJ VSHFLnF DFFRPSOLVKPHQWV� FRQWULEXWLRQV�

DQG FRQFOXVLRQV�

������ 6HQVRU 'HVLJQ DQG )DEULFDWLRQ

6HYHUDO QHZ LQWHUGLJLWDO VHQVRUV KDYH EHHQ GHVLJQHG� IDEULFDWHG� DQG FKDUDFWHUL]HG�

7KH WKUHH�ZDYHOHQJWK LQWHUGLJLWDO VHQVRU ZLWK 7HoRQ VXEVWUDWH KDV EHHQ XVHG PRVW

VXFFHVVIXOO\ IRU VHYHUDO DSSOLFDWLRQV� 2WKHU VHQVRUV� VXFK DV WKH FRPE�VHUSHQWLQH�FRPE

�&6&� IULQJLQJ HOHFWULF nHOG VHQVRU� FXUYHG LQWHUGLJLWDO VHQVRU� DQG WZLQ�VHQVRU DUUD\V�

KDYH EHHQ GHVLJQHG WR DGGUHVV VSHFLnF SUREOHPV HQFRXQWHUHG ZLWK WKH FODVVLF GHVLJQ�

7KH IROORZLQJ LPSURYHPHQWV ZHUH LQFRUSRUDWHG LQWR WKH QHZ WKUHH�ZDYHOHQJWK VHQ�

VRU GHVLJQ�

� 1HZ IDEULFDWLRQ DQG FOHDQLQJ SURFHGXUHV VXLWDEOH IRU GLHOHFWURPHWU\ DQDO\VLV RI

KLJKO\ LQVXODWLQJ PDWHULDOV KDYH EHHQ GHYHORSHG� $ K\GURSKRELF 7HoRQ VXEVWUDWH KDV

EHHQ LQWURGXFHG WR HOLPLQDWH PRLVWXUH DEVRUSWLRQ LQWR SUHYLRXVO\ XVHG SRO\LPLGH VXE�

���



&KDSWHU ��� &RQFOXVLRQV DQG )XWXUH :RUN

VWUDWH�

� 7KH FDSDFLWLYH FRXSOLQJ RI WKH VHQVRU OHDGV WR WKH VHQVLQJ HOHFWURGH KDV EHHQ

UHGXFHG WKURXJK FKDQJHV LQ JHRPHWULFDO OD\RXW� XVH RI FRD[LDO FDEOHV� DQG PRGLnFDWLRQ

RI VHQVRU PRXQWLQJ�

� 7KH FURVV�FRXSOLQJ EHWZHHQ LQGLYLGXDO ZDYHOHQJWKV KDV EHHQ UHGXFHG WKURXJK

FKDQJHV LQ JHRPHWULFDO OD\RXW �IRU KLJK IUHTXHQFLHV� DQG WKURXJK JXDUGLQJ RI LQDFWLYH

ZDYHOHQJWK RU VZLWFKLQJ WR D VKRUW�FLUFXLW PHDVXUHPHQW PRGH �IRU ORZ IUHTXHQFLHV��

� :KHQ QHFHVVDU\� WKH SDUDVLWLF FDSDFLWDQFH GXH WR HOHFWURGH WKLFNQHVV KDV EHHQ

UHGXFHG E\ IRUPLQJ WKLQQHU HOHFWURGHV�

� 7KH GHSDUWXUH IURP WKH WZR�GLPHQVLRQDO WKHRUHWLFDO PRGHO GXH WR IULQJLQJ HOHFWULF

nHOGV DW WKH VHQVRU SHULPHWHU UHJLRQV KDV EHHQ UHGXFHG E\ LQWURGXFLQJ JXDUGHG nQJHUV

DQG PHDVXULQJ WKH GLmHUHQWLDO VLJQDO FKDQJH DW WKH nQJHU HQG UHJLRQV�

� )RU VHOHFWHG FDVHV� WKH FKHPLFDO VWDELOLW\ RI WKH HOHFWURGHV KDV EHHQ HQKDQFHG ZLWK

JROG�SODWLQJ�

� +LJKHU VLJQDO�WR�QRLVH UDWLR LQ JXDUGHG PRGH KDV EHHQ DFKLHYHG E\ HOLPLQDWLQJ

VXEVWUDWH FDSDFLWDQFH HmHFWV E\ JXDUGLQJ WKH EDFNSODQH DQG LQFUHDVLQJ HmHFWLYH PHDQ�

GHU OHQJWK�

������ ([SHULPHQWDO 7HFKQLTXHV

6RPH DOJRULWKPV IRU WKH LQYHUVH SUREOHP GHYHORSHG LQ WKH FRXUVH RI WKLV VWXG\ UHTXLUH

VSHFLDO H[SHULPHQWDO DUUDQJHPHQWV� VXFK DV OLTXLG RU YLVFRXV GLHOHFWULF nOOHUV� PHFKDQL�

FDO GLVSODFHPHQW RI WKH VHQVRU KHDG� DQG XQLIRUP SUHVVXUH GLVWULEXWLRQ RYHU WKH VHQVRU

KHDG DUHD� :KLOH PDNLQJ PHDVXUHPHQW WHFKQLTXHV PRUH FRPSOLFDWHG� WKHVH DSSURDFKHV

RmHU KLJKHU DFFXUDF\ DQG UHOLDELOLW\ RI PHDVXUHPHQWV� DV GHPRQVWUDWHG LQ WKLV WKHVLV�

7KH VWDWLVWLFDO DQDO\VLV RI PXOWLSOH ZDYHOHQJWK PHDVXUHPHQWV KDV VKRZQ WKH VLJQLn�

FDQFH RI D KLJK�OHYHO RI FURVV�FRUUHODWLRQ EHWZHHQ LQGLYLGXDO ZDYHOHQJWKV GXH WR HUUDWLF

DLU JDS EHWZHHQ WKH VHQVRU KHDG DQG VROLG GLHOHFWULF PDWHULDO� $ QHZ W\SH RI D PXOWLSOH

SHQHWUDWLRQ GHSWKV VHQVRU� WKH &6& VHQVRU KDV EHHQ GHVLJQHG� IDEULFDWHG DQG DSSOLHG

���



����� 0DLQ &RQWULEXWLRQV

WR WHVW PDWHULDOV WR SURYLGH D SURRI RI FRQFHSW�

������ 3DUDPHWHU (VWLPDWLRQ $OJRULWKPV

,W KDV EHHQ VKRZQ KHUH WKDW WKH SUHYLRXVO\ DGYRFDWHG ?PDUFKLQJ DSSURDFK� DQG SDUDP�

HWHU HVWLPDWLRQ DOJRULWKPV EDVHG RQ DGDSWLYH RSWLPL]DWLRQ GR QRW SHUIRUP DGHTXDWHO\

GXH WR KLJK VHQVLWLYLW\ WR PHDVXUHPHQW QRLVH� 6HYHUDO SDUDPHWHU HVWLPDWLRQ DOJRULWKPV

KDYH EHHQ GHYHORSHG IRU GLmHUHQW DSSOLFDWLRQV WR DGGUHVV WKLV LVVXH�

7KH SDUDPHWHU HVWLPDWLRQ DOJRULWKP EDVHG RQ D OLQHDU UHODWLRQVKLS EHWZHHQ PRLV�

WXUH FRQFHQWUDWLRQ DQG WHUPLQDO FDSDFLWDQFH DQG FRQGXFWDQFH KDV EHHQ GHYHORSHG DQG

VXFFHVVIXOO\ DSSOLHG WR VLPXODWHG DV ZHOO DV H[SHULPHQWDO GDWD�

$Q RYHUYLHZ RI IRUZDUG SUREOHP PRGHOV DQG DOJRULWKPV KDV EHHQ FRPSLOHG EDVHG

RQ D OLWHUDWXUH VHDUFK DQG RXU RZQ UHVHDUFK� 7KH VHOHFWLRQ RI WKH IRUZDUG SUREOHP DOJR�

ULWKP VWURQJO\ GHSHQGV RQ WKH GHVLUHG FKDUDFWHULVWLFV UHTXLUHG E\ WKH LQYHUVH SUREOHP�

PRVW VLJQLnFDQWO\ VSHHG DQG YHUVDWLOLW\� )RU WKDW UHDVRQ� QR VLQJOH IRUZDUG SUREOHP

DSSURDFK FDQ EH YLHZHG DV WKH EHVW RQH IRU DOO DSSOLFDWLRQV�

������ 0RLVWXUH '\QDPLFV

)RU WKH nUVW WLPH� PRLVWXUH GLmXVLRQ SURFHVVHV LQ RLO�IUHH DQG RLO�LPSUHJQDWHG WUDQV�

IRUPHU SUHVVERDUG KDV EHHQ PRQLWRUHG QRQ�GHVWUXFWLYHO\� 7KHRUHWLFDO VLPXODWLRQV FRQ�

nUPHG WKH YDOLGLW\ DQG UHOLDELOLW\ RI WKH VHOHFWHG LQVWUXPHQWDWLRQ DQG SDUDPHWHU HVWL�

PDWLRQ WHFKQRORJ\� 7RJHWKHU ZLWK <DQTLQJ 'X >��@� WKH PRLVWXUH GLmXVLRQ FRHpFLHQW

LQ WUDQVIRUPHU SUHVVERDUG KDV EHHQ HVWLPDWHG IRU VHYHUDO VFHQDULRV�

������ 1HZ $UHDV RI $SSOLFDWLRQ

1HZ DUHDV RI DSSOLFDWLRQ RI WKLV WHFKQRORJ\ KDYH EHHQ LQYHVWLJDWHG� LQFOXGLQJ HVWLPD�

WLRQ RI UHPDLQLQJ VRUSWLYH FDSDFLW\ RI FKHPLFDO JDUPHQWV DQG HYDOXDWLRQ RI VWUXFWXUDO

LQWHJULW\ RI nEHUJODVV o\ZKHHOV� 0RVW RI WKH GDWD RI WKHVH VWXGLHV KDV EHHQ DFTXLUHG

���



&KDSWHU ��� &RQFOXVLRQV DQG )XWXUH :RUN

GXULQJ VXPPHU ZRUN DW -HQWHN 6HQVRUV� ,QF�� DQG LV QRW LQFOXGHG KHUH GXH WR LWV SUR�

SULHWDU\ QDWXUH� 2YHUDOO� SUHOLPLQDU\ PHDVXUHPHQWV FRQnUPHG VLJQLnFDQW SRWHQWLDO RI

WKLV WHFKQRORJ\�

7KH SUHOLPLQDU\ VWXG\ RQ DSSOLFDELOLW\ RI IULQJLQJ HOHFWULF nHOG VHQVLQJ WHFKQRORJ\

IRU GHWHFWLRQ RI EXULHG SODVWLF DQG PHWDO ODQGPLQHV IRU WKH SXUSRVHV RI KXPDQLWDULDQ

GHPLQLQJ KDV EHHQ FRQGXFWHG� ,W VKRXOG EH PDGH FOHDU WKDW WKH JRDOV RI WKLV VWXG\

GLG QRW LQFOXGH DQ\ IXOO�VFDOH GHYHORSPHQW RI D VHQVLQJ WHFKQRORJ\� 7KH IHDVLELOLW\

VLPXODWLRQV DQG PHDVXUHPHQWV KDYH FRQnUPHG DGHTXDWH VHQVLWLYLW\ DQG VHOHFWLYLW\ RI

WKLV DSSURDFK IRU UHODWLYHO\ GU\ VRLOV� :KHQ WKH PRLVWXUH FRQWHQW RI VRLOV LV KLJK� LWV

KLJK HOHFWULF FRQGXFWLYLW\ HmHFWLYHO\ VKLHOGV WKH ODQGPLQH IURP WKH SHQHWUDWLQJ HOHF�

WULF nHOG OLQHV� )UHTXHQF\ LPSHGDQFH VSHFWURVFRS\ SORWV JHQHUDWHG IURP PHDVXUHPHQW

GDWD UHYHDOHG D ULFK LQ IHDWXUHV VSHFWUXP WKDW FRXOG SRWHQWLDOO\ EH XVHG IRU ODQGPLQH

GLVFULPLQDWLRQ�

���� &RQFOXVLRQV DQG 5HFRPPHQGDWLRQV

������ )RUZDUG DQG ,QYHUVH 3UREOHPV

$ QXPEHU RI QXPHULFDO DQG DQDO\WLFDO WHFKQLTXHV DUH DYDLODEOH WR VROYH WKH IRUZDUG

SUREOHP RI LQWHUGLJLWDO GLHOHFWURPHWU\� 7ZR�GLPHQVLRQDO DSSUR[LPDWLRQV DUH QR ORQJHU

QHFHVVDU\ IRU IRUZDUG SUREOHP VROXWLRQ EHFDXVH RI LQFUHDVHG FRPSXWHU VSHHG DQG DYDLO�

DELOLW\ RI WRROV IRU WKUHH�GLPHQVLRQDO HOHFWURPDJQHWLF DQDO\VLV� ,Q WKLV DVSHFW� LQWHUGLJ�

LWDO GLHOHFWURPHWU\ FDQ EH HDVLO\ FRQYHUWHG LQWR IULQJLQJ nHOG GLHOHFWURPHWU\� VR WKDW

WKH VSDWLDO SHULRGLFLW\ LV QRW PDLQWDLQHG� +RZHYHU� WKH DGDSWLYH VROXWLRQ RI LQYHUVH

SUREOHPV LV VWLOO FRPSXWDWLRQDOO\ WRR H[SHQVLYH HYHQ IRU QXPHULFDO PRGHOLQJ RI WZR�

GLPHQVLRQDO JHRPHWU\ UHSUHVHQWDWLRQV� OHW DORQH WKUHH�GLPHQVLRQDO UHSUHVHQWDWLRQV� )RU

WKDW UHDVRQ� DQDO\WLFDO H[SUHVVLRQV VWLOO FRQWLQXH WR SOD\ D VLJQLnFDQW UROH� 0DMRU GLp�

FXOWLHV� KRZHYHU� LQ VROYLQJ WKH LQYHUVH SUREOHP DUH QRW SRVHG E\ HOHFWULF nHOG PRGHOLQJ

LVVXHV� 7KH LQYHUVH SUREOHP KDV EHHQ IRXQG WR EH H[WUHPHO\ VHQVLWLYH WR VPDOO VWDWLVWL�
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FDO HUURUV LQ LQSXW SDUDPHWHUV� ZKLFK LV D FRPPRQ FKDUDFWHULVWLF IRU DOO LOO�SRVHG LQYHUVH

SUREOHPV� 7KH SDUDPHWHU HVWLPDWLRQ DOJRULWKPV GHYHORSHG LQ WKLV WKHVLV IRUP D FRP�

SURPLVH EHWZHHQ DFFXUDF\ DQG VWDELOLW\ RI VROXWLRQV WR DFKLHYH UHDVRQDEOH LQYHUVLRQ�

7KH XVH RI SUH�FRPSXWHG VROXWLRQ VSDFHV VSHHGV XS SDUDPHWHU HVWLPDWLRQ DOJRULWKPV�

EXW GRHV QRW� E\ LWVHOI� SURYLGH DGGLWLRQDO VWDELOLW\ RI LQYHUVLRQ� )XWXUH ZRUN VKRXOG

SUREDEO\ WDNH D VWHS DZD\ IURP GLUHFW GHYHORSPHQW RI SDUDPHWHU HVWLPDWLRQ DOJRULWKPV�

EXW UDWKHU VKRXOG FRQFHQWUDWH RQ VHQVRU RSWLPL]DWLRQ DQG VHQVLWLYLW\ DQDO\VLV� $ ULJ�

RURXV DSSURDFK VKRXOG EH GHYHORSHG IRU DQDO\VLV RI YDULRXV GLVWXUEDQFH IDFWRUV� VRPH

RI ZKLFK KDYH EHHQ GLVFXVVHG LQ WKLV WKHVLV� LQFOXGLQJ FURVV�FRXSOLQJ HmHFWV� DVVXPS�

WLRQV RU LQnQLWH OHQJWK DQG LQnQLWH SHULRGLFLW\� HOHFWURGH WKLFNQHVV DQG ZLGWK� VXUIDFH

FRQWDFW TXDOLW\� FURVV�FRUUHODWLRQ EHWZHHQ VLJQDOV RI LQGLYLGXDO ZDYHOHQJWKV� HOHFWURQLF

PHDVXUHPHQW QRLVH� LQSXW FDSDFLWDQFH RI WKH KLJK LPSHGDQFH RSHUDWLRQDO DPSOLnHU�

WKHUPDO H[SDQVLRQ DQG VWDELOLW\� PLVFLELOLW\ RI GLVVLPLODU oXLGV� DJLQJ DQG ZHDU RI LQ�

VWUXPHQWDWLRQ� VXUIDFH FRQWDPLQDWLRQ� DQG DFFXUDF\ RQ QXPHULFDO VLPXODWLRQ�

6SHFLnFDOO\� IXWXUH UHVHDUFK VKRXOG DOVR FRQWLQXH WR PLQLPL]H WKH HmHFWV RI FRQWDFW

TXDOLW\� ,W ZRXOG EH ZRUWKZKLOH WR LQYHVWLJDWH RWKHU VHQVRU VXEVWUDWH DQG FRDWLQJ PDWH�

ULDOV IRU VHOHFWLYH DEVRUSWLRQ RI SDUWLFXODU PDWHULDOV WR EH PHDVXUHG� HODVWLF FRQGXFWLQJ

PDWHULDOV� DQG� SRVVLEO\� OLTXLG HOHFWURGHV�

������ 'LHOHFWURPHWU\ $QDO\VLV

2QFH WKH SUDFWLFDO SUREOHPV RI VHQVRU PDQXIDFWXULQJ DQG WKH WKHRUHWLFDO SUREOHPV RI

DSSURSULDWH PRGHOLQJ DQG VHQVLWLYLW\ DQDO\VLV DUH UHVROYHG� LW VKRXOG EH SRVVLEOH WR

DSSO\ WKH IXOO DUVHQDO RI WRROV XVHG ZLWK SDUDOOHO SODWH GLHOHFWURPHWU\ PHDVXUHPHQWV�

VXFK DV GLHOHFWULF VSHFWURVFRS\� GDWD nWWLQJ WR UHYHDO PDWHULDO PLFURVWUXFWXUH� HWF�� WR

DQDO\]H WKH UHVSRQVH RI LQWHUGLJLWDO GLHOHFWURPHWU\ VHQVRUV� )UHTXHQF\�GHSHQGHQW GDWD

FRQWDLQV PRUH LQIRUPDWLRQ WKDQ KDG VR IDU EHHQ XVHG LQ LQWHUGLJLWDO GLHOHFWURPHWU\� 2QH

SURPLVLQJ DSSOLFDWLRQ RI GLHOHFWULF VSHFWURVFRS\ LV WKH GHYHORSPHQW RI VLJQDO SURFHVVLQJ

URXWLQHV IRU LQYDULDQW TXDQWLnFDWLRQ RI WKH RXWSXW VLJQDO FKDQJH GXH WR WKH SUHVHQFH RI

���
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VHOHFWHG LQSXW IDFWRUV� VXFK DV� IRU H[DPSOH� D VHOHFWHG FKHPLFDO�

������ (VWLPDWLRQ RI 6PRRWK 3URnOHV RI 0DWHULDO 3URSHUWLHV

/LQHDU 0DSSLQJ %DVHG (VWLPDWLRQ

0HDVXUHPHQW RI PRLVWXUH GLmXVLRQ SURFHVVHV LQ WUDQVIRUPHU SUHVVERDUG KDV EHHQ PDGH

SRVVLEOH XVLQJ PXOWL�ZDYHOHQJWK GLHOHFWURPHWU\� 7KH SDUDPHWHU HVWLPDWLRQ DOJRULWKP

EDVHG RQ WHUPLQDO FKDUDFWHULVWLFV RI LQWHUGLJLWDO FRPE HOHFWURGHV KDV EHHQ GHYHORSHG

DQG WHVWHG DJDLQVW V\QWKHWLF GDWD� $V D SDUW RI WKH DOJRULWKP WHVWLQJ SURFHVV� WKH

VROXWLRQ WR D EHQFKPDUN SUREOHP RI D WUDQVLHQW GLmXVLRQ SURFHVV KDV EHHQ FDOFXODWHG

XVLQJ )( VRIWZDUH� 7KH EHQFKPDUN SUREOHP FDQ EH XVHG LQ WKH IXWXUH WR FRPSDUH WKH

SHUIRUPDQFH RI DOWHUQDWLYH SDUDPHWHU HVWLPDWLRQ DOJRULWKPV� ,W DOVR KHOSV WR GHYHORS

LQWXLWLRQ IRU DQDO\VLV RI PXOWL�ZDYHOHQJWK GLHOHFWURPHWU\ PHDVXUHPHQWV DQG SURYLGHV

LQVLJKWV LQWR LPSURYHG H[SHULPHQWDO SUDFWLFHV�

7KH DOJRULWKP WHVWHG KHUH KDV GHPRQVWUDWHG DGHTXDWH SHUIRUPDQFH IRU H[SHULPHQ�

WDO VHWXSV ZKLFK GR QRW KDYH VKDUS JUDGLHQWV RI GLHOHFWULF SURSHUWLHV ZLWKLQ WKH VHQVRU

SHQHWUDWLRQ GHSWK UHJLRQ RI D ZDYHOHQJWK� 7KH DOJRULWKP KDV EHHQ VXFFHVVIXOO\ DSSOLHG

WR H[SHULPHQWDO GDWD� 7KH PRLVWXUH GLmXVLRQ FRHpFLHQW LQ RLO�IUHH WUDQVIRUPHU SUHVV�

ERDUG KDV EHHQ HYDOXDWHG DVVXPLQJ WKDW LW LV LQGHSHQGHQW RI PRLVWXUH FRQFHQWUDWLRQ�

)XWXUH ZRUN PD\ LQFOXGH WHVWLQJ RI DOJRULWKPV WKDW GHWHUPLQH VSDWLDOO\ LQKRPR�

JHQHRXV GLHOHFWULF SURSHUWLHV DV DQ LQWHUPHGLDWH VWHS EHIRUH HYDOXDWLQJ WKH PRLVWXUH

FRQFHQWUDWLRQ GLVWULEXWLRQ� 0HDVXUHPHQWV RI PRLVWXUH GLmXVLRQ LQ RLO�LPSUHJQDWHG

SUHVVERDUG LQ D VLPXODWHG WUDQVIRUPHU HQYLURQPHQW VKRXOG EH UHSRUWHG DV ZHOO� 7KH

XQGHUVWDQGLQJ RI PRLVWXUH�UHODWHG SURFHVVHV LQ SRZHU WUDQVIRUPHUV FDQ EH HQKDQFHG

ZLWK WKLV PHWKRGRORJ\�
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0RGHO�%DVHG (VWLPDWLRQ

/LPLWHG VSDWLDO UHVROXWLRQ RI WKH WKUHH�ZDYHOHQJWK GLHOHFWURPHWU\ VHQVRU DmHFWV WKH

SHUIRUPDQFH RI PRGHO�EDVHG SDUDPHWHU HVWLPDWLRQ DOJRULWKPV� HVSHFLDOO\ ZKHQ PDWH�

ULDO SURSHUWLHV YDU\ JUDGXDOO\� $ SDUDPHWHU HVWLPDWLRQ DOJRULWKP GHVLJQHG IRU VPRRWK

SURnOHV RI PDWHULDO SURSHUWLHV KDV EHHQ GHYHORSHG DQG WHVWHG XVLQJ V\QWKHWLF GDWD� 7KLV

DOJRULWKP GRHV QRW XVH DGDSWLYH RSWLPL]DWLRQ WR VROYH WKH LQWHUGLJLWDO GLHOHFWURPHWU\

LQYHUVH SUREOHP GXH WR LWV LQKHUHQW ODFN RI VWDELOLW\ ZKHQ DSSOLHG WR VPRRWK VSDWLDO SUR�

nOHV� ,QVWHDG� VHPL�HPSLULFDO ZHLJKWLQJ FRHpFLHQWV DUH XVHG WR VHSDUDWH FRQWULEXWLRQV

IURP LQGLYLGXDO OD\HUV RI PDWHULDOV WR WKH RYHUDOO VHQVRU UHVSRQVH� 7KH DGYDQWDJHV RI

VXFK DQ DSSURDFK LQFOXGH LQFUHDVHG VWDELOLW\� UHGXFHG FRPSXWDWLRQDO FRVW� DQG DELOLW\

WR DQDO\]H DQRPDORXV H[SHULPHQWDO GDWD� 2Q WKH RWKHU KDQG� WKH PD[LPXP DFKLHY�

DEOH DFFXUDF\ ZLWK WKLV DSSURDFK LV ORZHU WKDQ WKDW ZLWK DGDSWLYH DOJRULWKPV� PRVWO\

EHFDXVH WKH ZHLJKWLQJ FRHpFLHQWV DUH XVHG VHSDUDWHO\ RQ UHDO DQG LPDJLQDU\ SDUWV RI

FRPSOH[ GLHOHFWULF SHUPLWWLYLW\ DQG EHFDXVH WKH YDOXHV RI ZHLJKWLQJ FRHpFLHQWV DUH

ZHDNO\ GHSHQGHQW RQ PDWHULDO DQG VXEVWUDWH SHUPLWWLYLW\� ,Q RWKHU ZRUGV� LQ WKH DOJR�

ULWKP SUHVHQWHG KHUH ZH VDFULnFHG DFFXUDF\ RI WKH VROXWLRQ IRU LWV VWDELOLW\�

������ /DQGPLQH 'HWHFWLRQ

:KLOH IULQJLQJ nHOG GLHOHFWURPHWU\ KDV FRQnUPHG UHDVRQDEOH VHQVLWLYLW\ WR SODVWLF DQG

PHWDO REMHFWV LQ UHODWLYHO\ GU\ VRLO� LW LV VWLOO XQFOHDU ZKDW LV WKH EHVW DSSURDFK IRU

nHOG DSSOLFDWLRQV� )RU SUDFWLFDO SXUSRVHV� WZR DSSURDFKHV VHHP PRVW SURPLVLQJ� )LUVW�

RQH FDQ VFDQ WKH VXUIDFH ZLWK D VLQJOH SDLU� RU ZLWK DQ DUUD\ RI HOHFWURGHV� UHFRUG WKH

VLJQDOV� DQG SORW WKH PDJQLWXGH LPDJH RQ D FRPSXWHU VFUHHQ� DV LV GRQH ZLWK PRVW

VFDQQLQJ SUREH PLFURVFRSH WHFKQLTXHV� 7KH VHFRQG SURPLVLQJ DSSURDFK LV WR UHFRUG

GLHOHFWULF VSHFWURVFRS\ VLJQDWXUHV RI WDUJHW ODQGPLQHV LQ WKH VRLO RI HDFK JHRJUDSKLFDO

UHJLRQ DQG WR XVH SDWWHUQ UHFRJQLWLRQ WHFKQLTXHV IRU GHWHFWLQJ WKLV VLJQDWXUH GXULQJ D

VFDQ�
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���� )XWXUH :RUN

������ 6HQVRU &RPELQDWRULFV

)XWXUH DSSOLFDWLRQV RI IULQJLQJ nHOG GLHOHFWURPHWU\ VHQVRUV DUH OLNHO\ WR LQFOXGH RQ�

FKLS DPSOLnFDWLRQ� D WHPSHUDWXUH PHDVXULQJ HOHPHQW� D SRZHU VRXUFH� DQG DQ DQWHQQD

WR HOLPLQDWH D QHHG IRU FRQQHFWLQJ ZLUHV� %RWK LQWHUGLJLWDO GLHOHFWURPHWU\ VHQVRUV

DQG VXUIDFH DFRXVWLF ZDYH GHYLFHV KDYH HVVHQWLDOO\ LGHQWLFDO HOHFWURGH WRSRORJ\� EXW

WKH\ XVH GLmHUHQW SK\VLFDO SKHQRPHQD WR GHWHFW FKDQJHV LQ WKH PDWHULDO XQGHU WHVW�

(DFK WHFKQRORJ\ KDV LQKHUHQW DGYDQWDJHV DQG GUDZEDFNV� $ QDWXUDO VWHS LQ WKH VHQVRU

GHYHORSPHQW LV WR FRPELQH SRVLWLYH DVSHFWV RI HDFK VHQVLQJ WHFKQRORJ\ LQ D VLQJOH GHVLJQ�

2QH VXFK GHVLJQ XVHV D 62��VHQVLWLYH PDWHULDO �KHWHURSRO\VLOD[DQH� 11'�3706� WR

UHGXFH WKH RYHUDOO FURVV�VHQVLWLYLW\ RI WKH VHQVRU WR KXPLGLW\ LQWHUIHUHQFH >���@� 2QH

VKRXOG H[SHFW GHYHORSPHQW RI D ZLGH UDQJH RI VHQVRU DUUD\V� ZHDUDEOH DQG HPEHGGHG

VHOI�SRZHUHG VHQVRU V\VWHPV� DQG VHQVRUV ZLWK PRYLQJ SDUWV� ZLWK LQWHUGLJLWDO RU IULQJLQJ

nHOG HOHFWURGHV DW D FRUH RI PDQ\ DSSOLFDWLRQV�

������ &KHPLFDO 6HQVRUV

7KHRUHWLFDOO\� WKH FRPSRVLWLRQ RI DQ DLU VDPSOH FDQ EH PHDVXUHG ZLWK WUDGLWLRQDO JDV

FKURPDWRJUDSK\� LRQ PRELOLW\ VSHFWURVFRS\� DQG VLPLODU KLJK�HQG ODERUDWRU\ HTXLSPHQW�

+RZHYHU� WKHVH DSSURDFKHV DUH QRW VXLWDEOH IRU ZHDUDEOH VHQVLQJ GXH WR WKHLU EXONLQHVV�

LQKHUHQWO\ KLJK FRVW� KLJK SRZHU FRQVXPSWLRQ UHTXLUHPHQWV� HWF� >���@� $Q DUUD\ RI

PLFURHOHFWURQLF FKHPLFDO VHQVRUV LV IDU PRUH VXLWHG IRU nHOG DSSOLFDWLRQ >��@�

,QWHUGLJLWDO VHQVRUV DUH ZHOO�VXLWHG IRU GHWHFWLRQ DQG PHDVXUHPHQW RI FRQFHQWUDWLRQ

RI YDULRXV FKHPLFDO FRPSRQHQWV LQ D OLTXLG DQG JDVHRXV VWDWH� 7KH PDMRULW\ RI VHQVRUV

RSHUDWH RQ WKH VDPH SULQFLSOHV� DV EULHo\ GHVFULEHG EHORZ� 8VXDOO\� WKH SODQDU UHJLRQ

WKDW FRQWDLQV WKH LQWHUGLJLWDO HOHFWURGHV LV FRYHUHG ZLWK D VHQVLWLYH PDWHULDO� 7KH FRDW�

LQJ LV FKRVHQ VR WKDW LW VHOHFWLYHO\ DGVRUEV VHOHFWLYHO\ WKH PROHFXOHV RI LQWHUHVW� 3UHVHQFH

RI WKHVH PROHFXOHV LQ WKH UHJLRQV RI HOHFWULF nHOG SHQHWUDWLRQ DOWHUV WKH VHQVRUV UHVSRQVH�
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EHFDXVH HLWKHU WKH GLHOHFWULF SURSHUWLHV RI WKH DGVRUEHG PDWHULDO DUH GLmHUHQW IURP WKRVH

RI WKH VHQVLWLYH OD\HU� RU EHFDXVH WKH VRXQG WUDQVPLVVLRQ FKDUDFWHULVWLFV RI WKH UHJLRQ

FKDQJHG ZLWK WKH DGVRUSWLRQ SURFHVV� ,Q WKH nUVW FDVH� WKH PHDVXUHPHQW RI LPSHGDQFH

EHWZHHQ WKH HOHFWURGHV LV HpFLHQW� DQG LQ WKH VHFRQG FDVH� WKH SLH]RHOHFWULF WUDQVGXFHUV

FDQ EH XVHG� 7KLV VPDUW FRDWLQJ DSSURDFK LV RIWHQ SDUWLFXODUO\ HmHFWLYH ZKHQ WKH FRQ�

GXFWLYLW\ RI WKH PDWHULDO LV UHODWHG WR WKH FRQFHQWUDWLRQ RI WKH FRQWDPLQDQW� ,GHDOO\� D

KLJKO\ VHOHFWLYH VPDUW FRDWLQJ FRPELQHG ZLWK D VLPSOH LQWHUGLJLWDO VWUXFWXUH FRXOG EH

VXpFLHQW IRU WKH PHDVXUHPHQW RI WKH FRQFHQWUDWLRQ RI D VSHFLnF FKHPLFDO� +RZHYHU� LQ

UHDOLW\� PRVW FRDWLQJV UHVSRQG WR VHYHUDO W\SHV RI FKHPLFDOV� DQG DUH DOVR VXVFHSWLEOH

WR FKDQJHV LQ KXPLGLW\� WHPSHUDWXUH� GXVW� OLJKW� UDGLDWLRQ� DWPRVSKHULF SUHVVXUH� HWF�

&RQVHTXHQWO\� WKH HmRUWV RI WKH UHVHDUFK FRPPXQLW\ LQ WKLV DUHD FRXOG EH GLYLGHG LQWR

WZR GLVWLQFW VWDJHV� PDQXIDFWXULQJ WHFKQLTXHV DQG LQWHUSUHWDWLRQ RI WKH VHQVRU RXW�

SXW� ,Q RUGHU WR PDNH VHQVRUV KLJKO\ VHOHFWLYH DQG UHOLDEOH� WKH UHVHDUFKHUV LQ WKLV nHOG

LQWURGXFH D YDULHW\ RI PRGLnFDWLRQV DQG LPSURYHPHQWV WR WKH EDVLF LGHD�

2QH RI WKH PRVW VXFFHVVIXO WHFKQLTXHV LV WR LQWURGXFH DGGLWLRQDO OD\HUV WR WKH RULJLQDO

FRDWLQJ� :KLOH EHLQJ DQ H[FHOOHQW VROXWLRQ IURP WKH FKHPLFDO DQG WKH PDVV WUDQVIHU

SRLQW RI YLHZ� WKH PXOWL�OD\HUHG FRDWLQJV FRPSOLFDWH VLJQLnFDQWO\ WKH LQWHUSUHWDWLRQ

RI WKH VHQVRU UHVSRQVH� :KHQ WKH PDWHULDO RI WKH FRDWLQJ FKDQJHV IURP XQLIRUP LQ LWV

SURSHUWLHV WR EHLQJ VWUDWLnHG� WKH EDVLF SODQDU LQWHUGLJLWDO HOHFWURGH VWUXFWXUH QR ORQJHU

SURYLGHV HQRXJK HTXDWLRQV WR VROYH IRU DOO YDULDEOHV RI LQWHUHVW�

,W LV DOVR UHSRUWHG LQ WKH nHOG WKDW WKH KXPLGLW\ RI WKH DPELHQW DLU DOWHUV VLJQLnFDQWO\

WKH UHVSRQVH RI WKH FRDWHG VHQVRUV >���@� &RQVLGHU WKH VHQVRU WRSRORJ\ LQ )LJXUH �����

$ K\GURSKRELF PHPEUDQH LV WUDQVSDUHQW IRU WKH FRQWDPLQDQW RI LQWHUHVW ZKLOH NHHSLQJ

WKH PRLVWXUH PROHFXOHV IURP HQWHULQJ WKH YROXPH RI WKH VHQVLWLYH FRDWLQJ� ,GHDOO\� WKH

DPSOLWXGH RI WKH FDSDFLWDQFH RU FRQGXFWDQFH EHWZHHQ WKH HOHFWURGHV FDQ EH PDSSHG WR

PHDVXUH WKH FRQFHQWUDWLRQ RI WKH FRQWDPLQDQW� 0HDVXUHPHQW RI FDSDFLWDQFH LV TXLWH

FRPPRQ� IRU H[DPSOH VHH >���@� +RZHYHU� DQ\ W\SH RI FRQWDPLQDWLRQ RU GDPDJH RI WKH

K\GURSKRELF PHPEUDQH ZRXOG SURGXFH D UHVSRQVH VLPLODU WR WKDW IURP FRQWDPLQDQW DG�

VRUSWLRQ� 2I FRXUVH� WKH LPSHGDQFH VSHFWURVFRS\ FRXOG SURYLGH DGGLWLRQDO LQIRUPDWLRQ
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)LJXUH ����� $ VFKHPDWLF UHSUHVHQWDWLRQ RI WKH LQWHUGLJLWDO VHQVRU XVHG LQ FRQMXQFWLRQ
ZLWK D VHOHFWLYH FRDWLQJ DQG D K\GURSKRELF PHPEUDQH� 2QO\ GHVLJQDWHG PROHFXOHV DUH
DWWDFKHG WR WKH VHOHFWLYH FRDWLQJ� DQG PRLVWXUH FDQ QRW SHQHWUDWH LQWR WKH EXON RI WKH
FRDWLQJ� 7KH LQWHUSUHWDWLRQ RI WKH VHQVRU UHVSRQVH� KRZHYHU� EHFRPHV PRUH GLpFXOW�

DERXW WKH V\VWHP >���@� <HW� D FRQYHQWLRQDO SODQDU LQWHUGLJLWDO VHQVRU GRHV QRW XVXDOO\

VXSSO\ D VXpFLHQW QXPEHU RI LQGHSHQGHQW YDULDEOHV WR HYDOXDWH WKH H[DFW GLVWULEXWLRQ

LQ WKH KLJK nHOG UHJLRQ�

)XUWKHUPRUH� PXOWLSOH SHQHWUDWLRQ GHSWKV PDNH LW SRVVLEOH WR PRQLWRU GLmXVLRQ

SURFHVVHV DQG UHVROYH VSDWLDO SURnOHV RI FRQWDPLQDQW FRQFHQWUDWLRQ DFURVV WKH FRDWLQJ

>��@� 1RZDGD\V� FDOLEUDWHG VHQVRUV DUH XVHG LQ FKHPLFDOO\ DFWLYH HQYLURQPHQWV >���@�

7KH GLmXVLRQ G\QDPLFV W\SH RI PHDVXUHPHQW ZRXOG EH SDUWLFXODUO\ XVHIXO IRU G\QDPLF

HQYLURQPHQWV� ZKHQ WKH UHOD[DWLRQ WLPH RI WKH VHQVRU UHVSRQVH LV FRPSDUDEOH WR WKH

UHOD[DWLRQ WLPH RI WKH FRQWDPLQDQW FRQFHQWUDWLRQ LQFUHDVH�

���



����� )XWXUH :RUN

������ &KDUDFWHUL]DWLRQ DQG $FWLYH &RQWURO RI (OHFWURFKHPL�

FDO %RXQGDU\ /D\HUV

,RQ ERXQGDU\ OD\HUV FRQWURO WKH UDWHV RI HOHFWURFKHPLFDO SURFHVVHV LQ EDWWHULHV� IXHO FHOOV�

DQG FDSDFLWRUV� $ EHWWHU XQGHUVWDQGLQJ RI ERXQGDU\ OD\HU HOHFWURFKHPLFDO SURFHVVHV

PD\ LPSURYH SHUIRUPDQFH RI WKHVH GHYLFHV� 7KLV PD\ EH GRQH XVLQJ PXOWL�ZDYHOHQJWK

LQWHUGLJLWDO � b N GLHOHFWURPHWU\�

%HFDXVH PXOWL�ZDYHOHQJWK GLHOHFWURPHWU\ LV FDSDEOH RI PHDVXULQJ D OD\HU WKLFNQHVV

RI VWUDWLnHG PDWHULDOV� LW KROGV D VLJQLnFDQW SRWHQWLDO IRU SURFHVV PRQLWRULQJ RI YDFXXP

FKHPLFDO YDSRU GHSRVLWLRQ RI YDULRXV SRO\PHU PDWHULDOV� SURYLGLQJ IHHGEDFN LQIRUPDWLRQ

IRU TXDOLW\ FRQWURO� HVSHFLDOO\ IRU FRPSOH[� PXOWL�OD\HUHG VWUXFWXUHV�

7KH IDPLO\ RI GLHOHFWURPHWU\ VHQVRUV GHYHORSHG LQ WKLV SURJUDP KDV WKH SRWHQWLDO

RI XVH LQ RWKHU nHOGV GHDOLQJ ZLWK FKDUDFWHUL]DWLRQ RI VXUIDFHV RI WKLQ nOPV� )HDVLELOLW\

VWXGLHV RQ WKLV WHFKQRORJ\ ZHUH GRQH IRU PRQLWRULQJ RI SHUIRUPDQFH RI VRODU FHOO EDW�

WHULHV� WKLQ nOP FXULQJ SURFHVVHV� KLJK�VSHHG HQHUJ\ VWRULQJ o\ZKHHOV� DQG K\GURSRZHU

WXUELQH EODGHV�

7KH WHFKQRORJ\ IRU QRQ�GHVWUXFWLYH PHDVXUHPHQW RI VSDWLDO SURnOHV RI GLHOHFWULF

SURSHUWLHV RI LQVXODWLQJ PDWHULDOV LV LQ LWV oHGJOLQJ VWDJH� 2QFH WKH VXFFHVVIXO SURSHUW\

HVWLPDWLRQ LV DFKLHYHG� WKH DSSOLFDWLRQV RI WKH WHFKQRORJ\ ZLOO EH QXPHURXV DQG ZLOO

HYHQWXDOO\ RXWJURZ WKH VFRSH RI WKLV ZRUN�

������ $JLQJ DQG &RUURVLRQ LQ &LYLO ,QIUDVWUXFWXUHV

)XWXUH UHVHDUFK PD\ DOVR XVH GLHOHFWURPHWU\ VHQVRUV IRU LQVSHFWLRQ RI VWUXFWXUHV VXFK

DV SDLQWHG PHWDOV� WR PRQLWRU DQG FKDUDFWHUL]H DJH UHODWHG GHJUDGDWLRQ� 7KLV LQFOXGHV

FRUUHODWLRQ RI HOHFWULFDO SURSHUWLHV WR YDULDWLRQV ZLWK GDPDJH FDXVHG E\ PRLVWXUH� KHDW�

R[LGDWLRQ� FRUURVLRQ� DQG IDWLJXH IRU SDLQWHG� ZRRGHQ� DQG FRQFUHWH VWUXFWXUHV XVLQJ

GLHOHFWURPHWU\� $SSOLFDWLRQV LQFOXGH SROHV� EULGJHV� SLSHV� FRQFUHWH VWUXFWXUHV� WRZHUV�

ERLOHUV� VWHDP JHQHUDWRU WXELQJ� FHUDPLF DQG PHWDOOLF FRDWHG WXUELQH EODGHV� SLSHOLQHV�

���



&KDSWHU ��� &RQFOXVLRQV DQG )XWXUH :RUN

UDLOURDG UDLOV� ZHOGV� DQG VWHHO GUXPV IRU ZDVWH VWRUDJH�

7KH GLHOHFWURPHWU\ VHQVRUV FDQ EH XVHG WR SURnOH PRLVWXUH ZLWKLQ DQG EHQHDWK WKH

EDUULHU SDLQW FRDWLQJV VXFK DV HSR[LHV� XUHWKDQHV� DQG DON\GV� ,QIRUPDWLRQ DERXW WKH

GHJUHH WR ZKLFK WKH FRDWLQJ LV EUHDFKHG E\ PRLVWXUH FRXOG EH XVHG WR HVWLPDWH WKH FRDW�

LQJ UHPDLQLQJ OLIH DQG WR GHWHUPLQH ZKHWKHU WKH PHWDO VXEVWUDWH LV DFWLYHO\ FRUURGLQJ�

$ PHDQV RI GHWHUPLQLQJ WKH GHSWK RI PRLVWXUH SHQHWUDWLRQ ZLWKLQ D YLVLEO\ VRXQG FRDW�

LQJ DQG RI GHWHFWLQJ WKH SUHVHQFH RI QRQ�FRQGXFWLQJ FRUURVLRQ R[LGHV DW WKH LQWHUIDFH

RI WKH FRDWLQJ DQG PHWDO ZRXOG UHSUHVHQW D VLJQLnFDQW DGYDQFH LQ FRUURVLRQ GHWHFWLRQ

DQG SDLQW LQWHJULW\ DQDO\VLV� $QRWKHU SRVVLEOH DSSOLFDWLRQ IRU PRQLWRULQJ DJLQJ DQG

GHWHULRUDWLRQ GXH WR PRLVWXUH LQ SDSHU FRQFHUQV SUHVHUYDWLRQ RI ERRNV� MRXUQDOV� DQG

RWKHU DUFKLYDO SDSHUV�

������ )ORZ (OHFWULnFDWLRQ

6LPXODWLRQ RI WKH WUDQVIRUPHU HQYLURQPHQW IRU PRLVWXUH G\QDPLFV DQG oRZ HOHFWUL�

nFDWLRQ FDQ EH GRQH XVLQJ D PXOWLSOH ZDYHOHQJWK GLHOHFWURPHWU\ VHQVRU LQ WKH 0,7

&RXHWWH )DFLOLW\ WR PHDVXUH FRPSOH[ SHUPLWWLYLW\ SURnOHV DV D IXQFWLRQ RI WLPH LQ RLO�

LPSUHJQDWHG SUHVVERDUG DV D IXQFWLRQ RI RLO PRLVWXUH OHYHOV WKDW DUH ODUJHU DQG VPDOOHU

WKDQ WKH HTXLOLEULXP PRLVWXUH OHYHOV� 6SHFLnFDOO\� WKH IRUPDWLRQ RI VXUIDFH GU\ ]RQHV

LQ SUHVVERDUG VKRXOG EH LQYHVWLJDWHG ZKHQ PRLVWXUH LV OHDYLQJ DQG LWV WUDQVLHQW HmHFW

RQ VWDWLF HOHFWULnFDWLRQ� DQG RI WKH IRUPDWLRQ RI VXUIDFH ZHW ]RQHV ZKHQ PRLVWXUH LV

HQWHULQJ SUHVVERDUG DQG LWV HmHFW RQ FKDUJH OHDNDJH�

0RGHOLQJ PRLVWXUH G\QDPLFV PD\ LQYROYH SK\VLFDO� PDWKHPDWLFDO� DQG FRPSXWHU

PRGHOLQJ RI PRLVWXUH GLmXVLRQ SURFHVVHV LQ RLO�LPSUHJQDWHG SUHVVERDUG DQG FDOFXODWLRQ

RI WKH UHVSRQVH RI PXOWL�ZDYHOHQJWK GLHOHFWURPHWU\ VHQVRUV� ,Q SDUWLFXODU� FRPSXWHU

DOJRULWKPV FDQ SHUIRUP WKH LQYHUVH SUREOHP RI SDUDPHWHU HVWLPDWLRQ RI WKH WLPH DQG

VSDFH GLVWULEXWLRQV RI SHUPLWWLYLW\� FRQGXFWLYLW\� DQG PRLVWXUH FRQFHQWUDWLRQ IURP GL�

HOHFWURPHWU\ JDLQ�SKDVH PHDVXUHPHQWV�

���



$SSHQGL[ $

,QLWLDO &RQGLWLRQLQJ RI 6HQVRUV

0DQXIDFWXUHG E\ 3RO\oRQ

$�� ,QWURGXFWLRQ

6HQVRUV SURGXFHG E\ 3RO\oRQ &RPSDQ\ >���@ DUULYH IURP WKH PDQXIDFWXUHU LQ ODUJH

VKHHWV� W\SLFDOO\ �� LQFKHV E\ �� LQFKHV �DSSUR[LPDWHO\ �� FP E\ �� FP�� 7KH FRORU RI

WKH LQVXODWLQJ VXUIDFH RI WKHVH VKHHWV LV QRW ZKLWH� DV ZRXOG EH H[SHFWHG IURP YLUJLQ

37)( PDWHULDO� EXW LV UDWKHU EURZQLVK GXH WR D OD\HU RI D SURSULHWDU\ FKHPLFDO WKDW LV

XVHG WR LQFUHDVH WKH DGKHVLRQ IRUFH EHWZHHQ WKH FRSSHU OD\HU DQG WKH 37)( VXEVWUDWH�

7KH VXUIDFH FRQGXFWLYLW\ RI WKLV UHVLGXH LV QRQ�QHJOLJLEOH LQ WKH ORZ IUHTXHQF\ UDQJH�

,W LV SRVVLEOH WR UHPRYH WKLV EURZQLVK OD\HU XVLQJ WKH SURFHGXUHV RXWOLQHG EHORZ�

7KHVH SURFHGXUHV DQG NQRZ�KRZ WLSV DUH JLYHQ LQ D YHU\ GHWDLOHG IRUP� ([SHULHQFH

ZLWK VHYHUDO VWXGHQWV VKRZV WKDW D SHUVRQ ZKR LV JLYHQ D VKRUW EDVLF VHW RI LQVWUXFWLRQV

DQG ZKR IROORZV WKHP SUHFLVHO\ ZLWKRXW SD\LQJ DWWHQWLRQ WR D QXPEHU RI PLQRU GHWDLOV

XVXDOO\ HQGV XS GDPDJLQJ WKH VHQVRU� 0RVW RIWHQ� WKH VHQVRU ZLOO EH LQ D ZRUNLQJ

FRQGLWLRQ� EXW QRW LQ WKH EHVW DFKLHYDEOH ZRUNLQJ FRQGLWLRQ� 0LQRU GHIHFWV LQWURGXFHG

E\ LPSURSHU YDULDWLRQ RI WKH SURFHVV SDUDPHWHUV HYHQWXDOO\ UHVXOW LQ HDUO\ VHQVRU IDLOXUH

GXH WR FUDFNLQJ RI WKH VHQVRU OHDGV RU WKH ZRUNLQJ DUHD HOHFWURGHV WKHPVHOYHV� 0DQ\ RI

���



$SSHQGL[ $� ,QLWLDO &RQGLWLRQLQJ RI 6HQVRUV 0DQXIDFWXUHG E\ 3RO\oRQ

WKH SUHFDXWLRQV GHVFULEHG LQ WKLV GRFXPHQW DUH SURPSWHG E\ WKH IDFW WKDW WKH FRSSHU

OD\HU LV YHU\ WKLQ� UDQJLQJ IURP � xP WR �� xP� GHSHQGLQJ RQ WKH EDWFK SDUDPHWHUV� 7KH

VW\OH RI WKHVH LQVWUXFWLRQV LV JHDUHG WRZDUGV DQ LQH[SHULHQFHG VWXGHQW� )RU H[DPSOH�

JLYHQ WKHVH LQVWUXFWLRQV� DQ XQGHUJUDGXDWH VWXGHQW VKRXOG EH DEOH WR SURFHVV QHZO\

PDQXIDFWXUHG VHQVRUV ZLWKRXW DGGLWLRQDO LQVWUXFWLRQV RU VXSHUYLVLRQ�

$�� 8OWUDVRXQG &OHDQLQJ

$���� %HIRUH <RX 6WDUW

)LUVW� UHDG WKH HQWLUH VHW RI LQVWUXFWLRQV EHIRUH GRLQJ DQ\WKLQJ� :KHQ IROORZLQJ WKH

LQVWUXFWLRQV� XVH \RXU MXGJPHQW� WKLQN DERXW WKH SURSHUWLHV RI WKH PDWHULDOV \RX DUH

XVLQJ� WKH SULPDU\ HmHFWV RI \RXU DFWLRQV DQG SRVVLEOH VLGH HmHFWV�

&RQVWDQWO\ FKHFN WKH VHQVRUV
 VXUIDFH YLVXDOO\� 8VH ODWH[ RU YLQ\O JORYHV� DQG FKDQJH

WKHP ZKHQHYHU \RX IHHO WKDW WKH\ DUH EHFRPLQJ FRQWDPLQDWHG� 1HYHU WRXFK WKH VHQVRU

VXUIDFH ZLWK EDUH nQJHUV� GR QRW VQHH]H RQ LW� GR QRW GURS LW RU SXW LW LQ GXVW\ ORFDWLRQV�

,W LV EHWWHU WR SURFHVV VHQVRUV RQH DW D WLPH� ,I \RX SURFHVV VHYHUDO RI WKHP VLPXOWDQH�

RXVO\� QHYHU OHW WKHLU VXUIDFHV WRXFK HDFK RWKHU� )RU H[DPSOH� LI \RX GU\ WKHP LQ WKH

RYHQ E\ SXWWLQJ RQH RQ WKH WRS RI WKH RWKHU� ZDWHU ZLOO EH WUDSSHG EHWZHHQ WKH WZR

VXUIDFHV� DQG WKH FRSSHU ZLOO R[LGL]H KHDYLO\� $QRWKHU DGYDQWDJH RI SURFHVVLQJ VHQVRUV

RQH DW D WLPH LV WKDW LI \RX GR VRPHWKLQJ ZURQJ� WKH GDPDJH ZLOO QRW EH WRR JUHDW�

$���� 6WHS �� &XW 2XW 6HQVRUV

8VXDOO\� VHQVRUV DUULYH LQ ODUJHU VKHHWV WKDW KDYH WR EH FXW LQWR LQGLYLGXDO VHQVRUV� $

SDSHU FXWWHU XVXDOO\ ZRUNV ZHOO� XQOHVV \RX KDYH VRPH FRPSOH[ VKDSHV� LQ ZKLFK FDVH

D VKDUS EODGH RU NQLIH FDQ EH XVHG� ,I \RX XVH VRPH KDUG REMHFW �IRU H[DPSOH� D VWHHO

UXOHU� WR JXLGH \RXU NQLIH RU EODGH� SXW D QDSNLQ XQGHU WKLV REMHFW WR DYRLG LPSULQWV

RQ WKH VHQVRU VXUIDFH� 7KH PD[LPXP VL]H RI WKH VHQVRU ERDUG DIWHU FXWWLQJ LV OLPLWHG

E\ WKH VL]H RI WKH JODVV FRQWDLQHU ZKLFK LV LQVHUWHG LQWR DQ XOWUDVRQLF FOHDQHU� 6PDOOHU

���



$��� 8OWUDVRXQG &OHDQLQJ

VKDSHV DUH EHWWHU� EHFDXVH WKH\ PDNH LW HDVLHU WR VSRW SUREOHPV RQ WKH VXUIDFH�

$���� 6WHS �� 3UH�&OHDQ VHQVRUV

'R WKH LQLWLDO SUH�FOHDQLQJ ZHOO DQG WKRURXJKO\� LW ZLOO SD\ Rm� :KHQ VHQVRU VKHHWV

DUULYH IURP WKH PDQXIDFWXUHU� WKH\ PD\ KDYH nQJHUSULQWV� GXVW� RU VRPH RWKHU FRQWDP�

LQDQWV RQ WKH VXUIDFH EHVLGHV WKH EURZQ UHVLGXH LWVHOI� 7KHVH FRQWDPLQDQWV PXVW EH

UHPRYHG� $ JHQHUDO SURFHGXUH LV WR FOHDQ WKH VXEVWUDWH ZLWK DFHWRQH DQG PHWKDQRO�

$FHWRQH OHDYHV PRUH GU\ UHVLGXH WKDQ PHWKDQRO� VR� PHWKDQRO VKRXOG EH WKH ODVW VWHS LQ

WKH ULQVLQJ� $FHWRQH LV JHQHUDOO\ D VWURQJHU VROYHQW� WKDW
V ZK\ ZH XVH LW LQ FRQMXQFWLRQ

ZLWK PHWKDQRO�

:LSLQJ

5LQVLQJ� E\ LWVHOI� PD\ QRW EH VXpFLHQW� ,QVWHDG� VRDN D EORE RI FRWWRQ RU VRPH VRIW

WLVVXH LQ DFHWRQH RU PHWKDQRO� :LSH WKH VHQVRU VXUIDFH ZLWK WKLV WLVVXH� 'R QRW DSSO\

WRR PXFK IRUFH� DV LW PD\ OLIW Rm WKH FRSSHU WUDFHV RU OHDYH LPSULQWV RQ WKH VXUIDFH�

'R QRW DSSO\ WRR OLWWOH IRUFH� RWKHUZLVH \RXU ZLSLQJ ZLOO EH IXWLOH� ,I \RX ZLSH ZLWK

DFHWRQH� IROORZ�XS LPPHGLDWHO\ ZLWK PHWKDQRO� 'R QRW OHW DFHWRQH GU\ RXW� LW ZLOO PDNH

LW KDUGHU WR UHPRYH WKH UHVLGXH�

%HIRUH \RX ZLSH� IRUP D FXVKLRQ RI FOHDQ QDSNLQV RQ D FOHDQ KRUL]RQWDO VXUIDFH� ,I

\RX GR QRW FUHDWH D VRIW FXVKLRQ� HYHU\ OLWWOH KDUG SDUWLFOH EHORZ WKH VHQVRU ZLOO OHDYH

DQ LPSULQW RQ WKH VHQVRUV
 VXUIDFH DV \RX DSSO\ WKH IRUFH WR WKH VXUIDFH ZKHQ \RX ZLSH�

8VH VHYHUDO OD\HUV RI QDSNLQV� EHFDXVH \RX ZLOO KDYH WR WKURZ WKHP DZD\ ZKHQHYHU WKH

WRS QDSNLQ EHFRPHV GLUW\� 8VXDOO\ WKH\ EHFRPH GLUW\ DW WKH SHULPHWHU RI WKH VHQVRU�

'R QRW PDNH WKH PLVWDNH RI WXUQLQJ WKH VHQVRU RYHU DQG SXWWLQJ LW RQ WKH QDSNLQ WKDW

KDV EHHQ VRLOHG D PLQXWH EHIRUH�

���



$SSHQGL[ $� ,QLWLDO &RQGLWLRQLQJ RI 6HQVRUV 0DQXIDFWXUHG E\ 3RO\oRQ

5LQVLQJ

$IWHU \RX nQLVK ZLSLQJ� ULQVH� 'R QRW IRUJHW WKDW \RX KDYH WR ZLSH DQG ULQVH ERWK

VLGHV RI WKH VHQVRU� 8VH PDUNHG ERWWOHV RI DFHWRQH DQG PHWKDQRO� PDNH VXUH \RX NQRZ

ZKDW LV LQVLGH� %RWK DFHWRQH DQG PHWKDQRO KDYH WR EH RI KLJK JUDGH SXULW\� DQK\GURXV

VROXWLRQV DUH WKH EHVW� .HHS WKH VHQVRU DW D �� WR �� GHJUHH DQJOH ZLWK UHVSHFW WR D

YHUWLFDO SODQH� KROG LW ZLWK \RXU ODWH[ JORYH� DQG� ZLWK WKH ERWWOH LQ WKH RWKHU KDQG�

ULQVH LQ D VZHHSLQJ PRWLRQ IURP XSSHU HGJH GRZQZDUGV� 5HSHDW LI QHFHVVDU\�

%DNLQJ

$IWHU \RX nQLVKHG ULQVLQJ� EDNH WKH VHQVRU LQ WKH RYHQ� )RU WKLV VWDJH RI FOHDQLQJ� �� WR

�� PLQXWHV LV HQRXJK� $OO \RX QHHG WR GR LV WR ZDLW XQWLO PHWKDQRO HYDSRUDWHV IURP WKH

VHQVRU VXUIDFH� 7KHUH LV QR QHHG WR RYHUKHDW WKH RYHQ� LQ IDFW� LW FDQ EH GHWULPHQWDO�

7KH WKHUPDO H[SDQVLRQ FRHpFLHQW RI 7HoRQ LV JUHDWHU WKDQ WKDW RI FRSSHU� $YRLG

VXEMHFWLQJ WKH VHQVRU WR KLJK WHPSHUDWXUH JUDGLHQWV� .HHS WKH WHPSHUDWXUH RI WKH

RYHQ DW DURXQG ��p&� 0DNH VXUH WKDW DLU KDV DFFHVV WR ERWK VLGHV RI WKH VHQVRU� DQG

WKDW WKH VHQVRU GRHV QRW WRXFK DQ\ KHDWLQJ HOHPHQWV GLUHFWO\� $JDLQ� QHYHU SXW VHQVRUV

RQ WRS RI HDFK RWKHU� 7UDSSHG PRLVWXUH FDXVHV YHU\ VWURQJ R[LGDWLRQ DQG FRUURVLRQ�

$���� 6WHS �� 3UHSDUH WKH %OHDFK DQG WKH 8OWUDVRQLF &OHDQHU

)RU XOWUDVRXQJ FOHDQLQJ� ZH XVH WKH EUDQG 8/75$VRQLN �70� ���[ E\ 1(<� ,W KHOSV

WR WKH UHDG LQVWUXFWLRQV IRU WKLV FOHDQHU WR EHWWHU XQGHUVWDQG ZKDW LV JRLQJ RQ� )LOO WKH

FOHDQHU ZLWK UHJXODU KRW ZDWHU DQG WXUQ WKH KHDWHU RQ� )LOO WKH JODVV FRQWDLQHU ZLWK DQ

XQGLOXWHG UHJXODU VWUHQJWK EOHDFK� 'R QRW PL[ UHJXODU EOHDFK ZLWK RWKHU EUDQGV� OLNH

8OWUD�&ORUR[ �� IRU H[DPSOH� 7KH ODWWHU LV D GHWHUJHQW DQG LV WRWDOO\ LQDGHTXDWH IRU WKLV

WDVN�

+HDW WKH EOHDFK VROXWLRQ WR �����p& XVLQJ D VHSDUDWH KHDWHU� DQG WKHQ PRYH WKH

FRQWDLQHU LQWR WKH XOWUDVRQLF FOHDQHU� 3XW WKH JODVV FRQWDLQHU LQ WKH ZDWHU OLNH D ERDW

DQG UHVW WKH KDQGOHV RQ WKH VLGHV RI WKH WDQN� 'R QRW SXW EOHDFK LQ WKH FOHDQHU WDQN

���



$��� 8OWUDVRXQG &OHDQLQJ

GLUHFWO\ EHFDXVH LW ZLOO GDPDJH WKH VWDLQOHVV VWHHO ZDOOV RI WKH WDQN� 7KH KRW ZDWHU LV

XVHG IRU WUDQVPLWWLQJ WKH SRZHU RI WKH XOWUDVRXQG ZDYHV WR WKH EOHDFK� <RX DOZD\V

QHHG WR NHHS WKH OHYHO RI ZDWHU KLJK� ,I WKH ZDWHU HYDSRUDWHV� HYHQ RQO\ KDOI�ZD\� WKH

FOHDQHU ZLOO EXUQ RXW� EHFDXVH WKH KHDWLQJ HOHPHQWV DUH SODFHG XQGHUQHDWK WKH WDQN�

DQG WKH WHPSHUDWXUH VHQVRU LV DW WKH WRS SDUW RI WKH WDQN� :LWKRXW ZDWHU� WKH IHHGEDFN

WR WKH WHPSHUDWXUH FRQWUROOHU LV ORVW�

'HJDV WKH VROXWLRQ DW PD[LPXP VHWWLQJ RI GHJDVVLQJ DQG DYHUDJH SRZHU LQ WKH

XOWUDVRQLF FOHDQHU IRU �� PLQXWHV� 7KH GHJDVVLQJ LV QHHGHG WR UHGXFH WKH PHFKDQLFDO

LPSDFW RI XOWUDVRQLF FOHDQLQJ RQ WKH FRSSHU HOHFWURGHV� 7KH HmHFW RI GHJDVVLQJ LV UDWKHU

PLOG� GR QRW UHO\ RQ LW WRR PXFK DQG GR QRW DLP WR RYHUGR LW�

7KH KLJKHU WKH WHPSHUDWXUH RI WKH EOHDFK VROXWLRQ� WKH IDVWHU WKH EURZQ UHVLGXH ZLOO

FRPH Rm� ,W LV DFWXDOO\ SRVVLEOH WR FOHDQ WKH VHQVRU ZLWKRXW XVLQJ WKH XOWUDVRXQG� MXVW

E\ VRDNLQJ LW LQ WKH KRW &ORUR[� ,Q P\ H[SHULHQFH� WKH TXDOLW\ RI FOHDQLQJ E\ VRDNLQJ LV

DOZD\V ORZHU WKDQ WKDW DFKLHYHG ZLWK XOWUDVRXQG� ZKLOH WDUQLVKLQJ RI WKH FRSSHU VXUIDFH

ZRXOG EH DOPRVW WKH VDPH�

,I \RX FOHDQ VHYHUDO VHQVRUV LQ D TXHXH� RQH DW D WLPH� LW LV DGYLVDEOH WKDW \RX XVH

D IUHVK EOHDFK VROXWLRQ IRU HYHU\ VHQVRU� EHFDXVH WKH FOHDQLQJ WLPH LQFUHDVHV ZKHQ WKH

VROXWLRQ EHFRPHV VDWXUDWHG ZLWK WKH EURZQ UHVLGXH� DQG� DV ZDV DOUHDG\ PHQWLRQHG�

RQH RI WKH JRDOV LV WR UHGXFH WKH WLPH RI WKH XOWUDVRXQG FOHDQLQJ WR WKH PLQLPXP�

$���� 6WHS �� &OHDQ Rm WKH %URZQ 5HVLGXH

7R FOHDQ Rm WKH UHVLGXH� UHGXFH WKH SRZHU VHWWLQJ RI WKH XOWUDVRQLF FOHDQHU WR D PLQL�

PXP� DQG WXUQ RQ WKH GHJDVVLQJ IHDWXUH� ,Q WKLV UHJLPH� WKH GDPDJH WR WKH FRSSHU E\

WKH SRZHU RI WKH XOWUDVRXQG ZDYHV LV PLQLPDO� 6HQVRUV DUH SODFHG LQVLGH WKH XOWUDVRQLF

WDQN IRU D WLPH SHULRG EHWZHHQ �� VHFRQGV DQG � PLQXWHV� -XVW OLIW WKH VHQVRU IURP WKH

EOHDFK ZLWK \RXU JORYHG KDQG DQG VHH LI LW KDV WXUQHG ZKLWH� 'R QRW UHO\ RQ WKH FRORU

LQIRUPDWLRQ ZKHQ WKH VHQVRU LV VXEPHUJHG LQWR WKH EOHDFK� EHFDXVH WKH EOHDFK LWVHOI LV

\HOORZLVK� 1HYHU LQVHUW PHWDO REMHFWV LQWR EOHDFK� EHFDXVH WKH\ PD\ VWDUW D FKHPLFDO
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UHDFWLRQ ZLWK WKH FRSSHU�

7KH XOWUDVRXQG IRUPV VWDQGLQJ ZDYHV LQ WKH EXON RI WKH OLTXLG� &HUWDLQ SRLQWV

EHFRPH PRUH GHVWUXFWLYH WKDQ RWKHUV� )RU WKDW UHDVRQ� GXULQJ WKH XOWUDVRXQG FOHDQLQJ�

WKH VHQVRU QHHGV WR EH FRQVWDQWO\ PRYHG DURXQG ZLWK D VWLFN RU \RXU nQJHU �JHWV D OLWWOH

KRW WKRXJK�� 8VXDOO\� WKH FRUQHU DUHDV RI WKH FRSSHU HOHFWURGHV DUH DmHFWHG PRUH WKDQ

LQVLGH DUHDV� <RX FDQ VHH WKH VSRWV ZKLFK JHW WRR PXFK DFRXVWLF SUHVVXUH E\ REVHUYLQJ

WKH EXEEOHV ZKLFK IRUP WKHUH� 0RYH WKH VHQVRU DQG VZHHS WKH EXEEOHV DZD\ ZLWK \RXU

nQJHU RU DQ\ QRQ�VKDUS QRQ�PHWDOOLF REMHFW \RX DUH XVLQJ�

$���� 6WHS �� 5LQVH Rm WKH %OHDFK

5HPRYH WKH VHQVRUV IURP WKH FOHDQLQJ WDQN DQG oXVK ZLWK UXQQLQJ ZDUP ZDWHU� WKHQ

ULQVH ZLWK DFHWRQH� LPPHGLDWHO\ IROORZ E\ ULQVLQJ ZLWK PHWKDQRO� (DFK FRQVHFXWLYH

ULQVLQJ PXVW EH GRQH EHIRUH WKH VHQVRU GULHV Rm� RWKHUZLVH� D UHVLGXH UHPDLQV GHSRVLWHG

RQ WKH VXUIDFH� 0DNH VXUH WKDW WKHUH LV QR ZDWHU OHIW RQ WKH VXUIDFH EHIRUH \RX SXW WKH

VHQVRU LQ WKH RYHQ� )RU WKLV VWHS� ZLSLQJ LV QRW QHHGHG� EXW ZRXOG QRW KXUW HLWKHU� %H

DZDUH WKDW GURSV RI EOHDFK ZLOO UHDGLO\ GLVFRORU \RXU FORWKHV�

$���� 6WHS �� %DNH WKH VHQVRU

%DNH WKH VHQVRU LQ WKH RYHQ IRU �� WR �� PLQ DW ��p&� 6HH HDUOLHU FRPPHQWV RQ EDNLQJ

SURFHGXUHV� ,I WKH RYHQ LV QRW DYDLODEOH� DLU GU\LQJ LV VXpFLHQW� 1DWXUDOO\� WKH GU\LQJ

WLPH LV VHYHUDO WLPHV ORQJHU WKDQ WKH EDNLQJ WLPH� 7U\ WR nQG D GXVW�IUHH DUHD DQG

DYRLG GLUHFW VXQOLJKW�

$���� 6WHS �� 5HPRYH 7DUQLVK

,I DOO SUHYLRXV VWHSV ZHUH GRQH SURSHUO\� \RX VKRXOG KDYH OLWWOH RU QR WDUQLVK RQ WKH

VXUIDFH RI WKH FRSSHU� 6WLOO� \RX PLJKW HQG XS ZLWK VRPH WDUQLVK� ZKLFK PD\ ORRN OLNH

GRWV RI UXVW� nQJHUSULQWV� WUDFHV RI GURSV RI ZDWHU� HWF� ,I WKHVH DUH VXUIDFH HmHFWV�

���



$��� 8OWUDVRXQG &OHDQLQJ

DQG WKH\ GLG QRW JR LQWR WKH EXON RI FRSSHU �RQ WKH PLFURQ VFDOH�� WKH\ FDQ EH HDVLO\

UHPRYHG E\ DSSURSULDWH DJHQWV� $ QXPEHU RI SURGXFWV LV DYDLODEOH IRU WKLV SXUSRVH LQ

DQ\ KDUGZDUH VWRUH� , WULHG VHYHUDO DQG SLFNHG WKH WZR ZKLFK ZRUN EHVW IRU PH� EXW

RWKHU EUDQGV ZRUNHG ZHOO WRR�

1HYU�'XOO �70� ZDGGLQJ E\ 7KH *HRUJH %DVFK &R�� DQG 7DUQL�6KLHOG �70� ORWLRQ

E\ �0 FRPSDQ\ SHUIRUP ZHOO� 1HYU�'XOO LV D OLWWOH VWURQJHU� VR LW VKRXOG EH XVHG ZKHQ

\RX KDYH D ORW RI WDUQLVK� 7DUQL�6KLHOG LV VXSSRVHG WR FUHDWH DQ XOWUD�WKLQ SURWHFWLQJ

OD\HU IRU WKH FRSSHU WR NHHS LW IURP R[LGDWLRQ IRU D ORQJ WLPH� 6R� XVH 1HYU�'XOO LI

\RX IHHO WKDW LW LV QHFHVVDU\� RU VNLS LW LI \RX GRQ
W KDYH PXFK WDUQLVK� WKHQ DSSO\

7DUQL�6KLHOG ZLWK D QRQ�OLQW QDSNLQ� DQG GU\ Rm ZLWK D FRWWRQ WLVVXH� 6HH FRPPHQWV

IRU ZLSLQJ DERYH�

6HYHUDO WKLQJV WR ZDWFK IRU ZKHQ \RX UHPRYH WDUQLVK� $V \RX DSSO\ DQ\ RI WKH

WZR SURGXFWV� \RXU WLVVXH TXLFNO\ EHFRPHV EODFN ZLWK WKH VXEVWDQFH \RX UHPRYHG IURP

WKH FRSSHU VXUIDFH� &KDQJH \RXU WLVVXH RIWHQ� RWKHUZLVH WKH EODFN UHVLGXH ZLOO VPHDU

WKH VXUIDFH RI 7HoRQ ZKHQ \RX NHHS UXEELQJ LW� 'R QRW IRUJHW WR FKDQJH WKH QDSNLQV

XQGHUQHDWK WKH VHQVRU� EHFDXVH WKH\ ZLOO TXLFNO\ EHFRPH VRLOHG ZLWK WKH EODFN UHVLGXH�

'R QRW IRUJHW WKDW \RX QHHG WR DSSO\ WKH DJHQWV WR ERWK VXUIDFHV RI WKH VHQVRU� :KHQ

\RX WXUQ WKH VHQVRU RYHU� PDNH VXUH \RX SXW LW RQ D FOHDQ VXUIDFH�

$���� 6WHS �� &OHDQ 6HQVRUV ZLWK $FHWRQH DQG 0HWKDQRO

7KRURXJKO\ ZLSH WKH VXUIDFH WR UHPRYH DQ\ EODFN UHVLGXH IURP WKH 7HoRQ VXUIDFH�

0HWKDQRO UHPRYHV LW EHWWHU� EXW D PRUH UHOLDEOH ZD\ LV WR ZLSH ZLWK ERWK DFHWRQH DQG

PHWKDQRO� 7KHQ ULQVH ZLWK DFHWRQH DQG PHWKDQRO� 6DPH LQVWUXFWLRQV RQ ZLSLQJ DQG

ULQVLQJ DV DERYH DSSO\�

$����� 6WHS �� )LQDO %DNH

6HQVRUV DUH EDNHG LQ WKH RYHQ DW ��p& IRU WZR KRXUV� 7KLV LV D nQDO GU\�Rm RI WKH VHQVRUV�

6LQFH \RX DUH JRLQJ WR XVH WKH VHQVRU DIWHU WKLV VWHS IRU DFWXDO PHDVXUHPHQWV� \RX DUH

���



$SSHQGL[ $� ,QLWLDO &RQGLWLRQLQJ RI 6HQVRUV 0DQXIDFWXUHG E\ 3RO\oRQ

QRZ FRQFHUQHG ZLWK HOHFWULFDO SURSHUWLHV� 7KH JRDO LV WR DFKLHYH ]HUR FRQGXFWLYLW\ DW

WKH ORZHVW IUHTXHQF\ RI LQWHUHVW� 7KH PLQLPXP EDNLQJ WLPH GHSHQGV RQ PDQ\ IDFWRUV�

DPRQJ ZKLFK WKH PRVW LPSRUWDQW DUH WKH WHPSHUDWXUH LQ WKH RYHQ DQG WKH UHODWLYH

KXPLGLW\ RI WKH DLU� 2I FRXUVH� VHYHUDO KRXUV RI EDNLQJ ZLOO JLYH \RX D VROLG UHOLDELOLW\

PDUJLQ� EXW \RX ZLOO RIWHQ KDYH UHVXOWV ZKLFK DUH MXVW DV JRRG ZLWK RQO\ �� PLQXWHV LQ

WKH RYHQ�

$����� 6WHS �� 3ODWLQJ �2SWLRQDO�

,I GHVLUHG� WKH VHQVRU HOHFWURGHV FDQ EH SODWHG ZLWK DQ LQHUW PHWDO� *ROG SODWLQJ� VLOYHU

SODWLQJ� RU WLQ SODWLQJ FDQ EH DSSOLHG ERWK LQ WKH ODE RU E\ VHQGLQJ WR DQ RXWVLGH SODWLQJ

FRPSDQ\� )RU H[DPSOH� ,PPHUVLRQ 7LQ 3ODWLQJ VROXWLRQ LV DYDLODEOH IURP .HSUR �FDWDORJ

1R�� ,73��47�� 7KH WKLFNQHVV RI WKH WLQ OD\HU IRUPHG E\ WKLV SURGXFW LV XVXDOO\ OHVV

WKDQ RQH xP� 1DWXUDOO\� VWHS � DQG VWHS � KDYH WR EH UHSHDWHG DIWHU VWHS ��

6XEVHTXHQW URXWLQH FOHDQLQJ RI WKH VHQVRU FDQ EH GRQH ZLWK UHJXODU VROYHQWV� VXFK

DV DFHWRQH DQG PHWKDQRO� ZLWK OLWWOH RU QR KHDWLQJ UHTXLUHG DIWHUZDUGV� GHSHQGLQJ RQ

\RXU WDVN�

���



$SSHQGL[ %

&RQWLQXXP 0RGHO

$ PDMRU SRUWLRQ RI WKH HDUOLHU GHYHORSPHQW HmRUWV RI IUHTXHQF\�ZDYHOHQJWK GLHOHFWURP�

HWU\ ZDV GHGLFDWHG WR VROYLQJ WKH IRUZDUG SUREOHP ZLWK D ?FRQWLQXXP PRGHO�� 7KLV

PRGHO SURYLGHV D PDWKHPDWLFDO GHVFULSWLRQ RI WKH VWUDWLnHG PHGLD LQ WHUPV RI NQRZQ

YDOXHV RI WKH FRPSOH[ GLHOHFWULF SHUPLWWLYLW\ IRU HDFK OD\HU�

7KH FRQWLQXXP PRGHO ZDV QRW XVHG LQ WKLV WKHVLV EHFDXVH FRPPHUFLDO nQLWH HOHPHQW

VRIWZDUH LV QRZ DYDLODEOH WR SHUIRUP WKH VDPH WDVNV� 7KLV $SSHQGL[ GRHV QRW UHSUHVHQW

DQ RULJLQDO FRQWULEXWLRQ� ,QVWHDG� WKH PRGHO� DV LW ZDV GHYHORSHG E\ SUHYLRXV VWXGHQWV

>�^��@� LV LQFOXGHG KHUH IRU FRPSOHWHQHVV DQG WR SURYLGH D OLQN WR SUHYLRXV ZRUN� 7KLV

$SSHQGL[ LV EDVHG SULPDULO\ RQ >��@� )RU D PRUH FRPSOHWH GHVFULSWLRQ VHH >�� �����@�

7KH WDVN RI nQGLQJ WKH FRPSOH[ LPSHGDQFH EHWZHHQ LQWHUGLJLWDO HOHFWURGHV LV QRW

D WULYLDO RQH� 7UDGLWLRQDO DQDO\WLFDO PHWKRGV FDQ SURYLGH FORVHG�IRUP VROXWLRQV RQO\

IRU D OLPLWHG QXPEHU RI FODVVLF HOHFWURGH VKDSHV� VXFK DV SDUDOOHO�SODWH� F\OLQGULFDO� DQG

VSKHULFDO HOHFWURGHV >���@�

(YHQ D WZR�GLPHQVLRQDO DSSUR[LPDWLRQ RI WKH LQWHUGLJLWDO VWUXFWXUH UHVXOWV LQ WKH

HOHFWULF nHOG GLVWULEXWLRQ WKDW LV WRR FRPSOH[ WR EH GHVFULEHG ULJRURXVO\ E\ VLPSOH

DOJHEUDLF H[SUHVVLRQV� 7KH SRWHQWLDO GLVWULEXWLRQ DORQJ WKH VHQVRU�PDWHULDO LQWHUIDFH

EHWZHHQ WKH GULYHQ DQG VHQVLQJ HOHFWURGHV LV QRW NQRZQ LQ DGYDQFH� DQG GHSHQGV RQ

WKH PDWHULDO SURSHUWLHV DQG JHRPHWULF SDUDPHWHUV RI WKH VWUXFWXUH� 7KH SRWHQWLDO GLV�

���
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)LJXUH %��� ,QWHUGLJLWDWHG HOHFWURGH VWUXFWXUH ZLWK D QXPEHU RI KRPRJHQHRXV OD\HUV
DERYH LW >��@�

WULEXWLRQ PXVW EH FDOFXODWHG XVLQJ WKH SULQFLSOH RI FKDUJH FRQVHUYDWLRQ DW WKH LQWHUIDFHV�

)LJXUH %�� VKRZV WKH LGHDOL]HG YLHZ RI WKH LQWHUGLJLWDO VWUXFWXUH ZLWK D PXOWL�OD\HUHG

PDWHULDO DERYH LW� ,Q RUGHU WR YDOLGDWH D WZR�GLPHQVLRQDO DQDO\VLV� WKH HOHFWURGHV DUH

DVVXPHG WR EH LQnQLWHO\ ORQJ LQ WKH \�GLUHFWLRQ DQG SRVVHVV LQnQLWH SHULRGLFLW\ LQ WKH [�

GLUHFWLRQ� 7KH D[HV RULHQWDWLRQ LQ )LJXUH %�� LV WKH VDPH DV LQ WKH UHVW RI WKLV GRFXPHQW

ZKHQHYHU WKH LQWHUGLJLWDO VWUXFWXUHV DUH GLVFXVVHG� $Q DGGLWLRQDO LGHDOL]HG DVVXPSWLRQ

LQ WKH RULJLQDO PRGHO ZDV WKH QHJOLJLEOH WKLFNQHVV RI WKH VHQVRU HOHFWURGHV� 7KLV DV�

VXPSWLRQ LQWURGXFHV D QRQ�QHJOLJLEOH HUURU LQWR SDUDPHWHU HVWLPDWLRQ DOJRULWKPV� DV

GLVFXVVHG LQ 6HFWLRQ ���� ,I GHVLUHG� LW FDQ EH UHPRYHG E\ DVVXPLQJ DQ DGGLWLRQDO LQVX�

ODWLQJ OD\HU EHWZHHQ WKH VLGH ZDOOV RI LQWHUGLJLWDO HOHFWURGHV WKDW KDYH nQLWH WKLFNQHVV�

)RU WKH VLPSOLFLW\ RI GLVFXVVLRQ� WKH IROORZLQJ PRGHO DOVR DVVXPHV WKDW WKHUH LV QR VXU�

IDFH FRQGXFWLYLW\ DW WKH LQWHUIDFHV EHWZHHQ PDWHULDO OD\HUV� 7KH UHDGHU LV UHIHUUHG WR >�@

WR OHDUQ KRZ VXUIDFH FRQGXFWLYLW\ FDQ EH LQFRUSRUDWHG LQWR WKH FRQWLQXXP PRGHO�

7KH FRQWLQXXP PRGHO ZDV GHYHORSHG IRU VWHDG\�VWDWH $& H[FLWDWLRQ� ,PSXOVH RU

VWHS UHVSRQVHV DUH RI JUHDW LQWHUHVW EHFDXVH WKH\ SURYLGH HTXLYDOHQW LQIRUPDWLRQ WR

WKDW UHFHLYHG IURP WKH $& H[FLWDWLRQ IUHTXHQF\ VZHHS ZKLOH VLJQLnFDQWO\ UHGXFLQJ WKH

UHTXLUHG PHDVXUHPHQW WLPH� 7KH LVVXHV UHODWHG WR WUDQVIRUPDWLRQ EHWZHHQ WLPH DQG

IUHTXHQF\ GRPDLQV DUH WUHDWHG VHSDUDWHO\� ,Q WKLV GLVFXVVLRQ ZH XVH WKH IROORZLQJ FRQ�
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)LJXUH %��� /XPSHG FLUFXLW PRGHO IRU WKH LQWHUGLJLWDWHG VHQVRU VWUXFWXUH ZLWKLQ WKH
GDVKHG ER[ DQG VKRZQ ZLWK JURXQGHG VHQVLQJ HOHFWURGH >��@�

YHQWLRQ� $OO TXDQWLWLHV DUH FRPSOH[ VLQFH RQO\ D VLQJOH WLPH VLQXVRLGDO PRGH HM�W LV

DVVXPHG� 7KH UHPDLQLQJ FRPSOH[ DPSOLWXGHV WKDW DUH IXQFWLRQV RI VSDFH DUH GHQRWHG

E\ D CWLOGH
 �H�� 7KH FRPSOHWH WLPH DQG VSDFH GHSHQGHQFH RI WKH FRUUHVSRQGLQJ SK\VLFDO
TXDQWLW\ LV REWDLQHG IURP

) �[� ]� W�  �
Q H) �[� ]�HM�WR �%���

ZKHUH � LV WKH VWHDG\�VWDWH UDGLDQ IUHTXHQF\� ,I D TXDQWLW\
V VSDWLDO [�GHSHQGHQFH LV

DOVR VLQXVRLGDO� WKHQ LW FDQ EH UHSUHVHQWHG E\ D FRPSOH[ SKDVRU GHQRWHG E\ D CKDW
 �E��
H) �[� ]�  E) �]�HbMN[ �%���

) �[� ]� W�  �
Q E) �]�HM��WbN[�R �%���

ZKHUH N LV WKH ZDYH QXPEHU� UHODWHG WR WKH ZDYHOHQJWK w DV

N  
�{

w
�%���

(DUOLHU GHVLJQV RI LQWHUGLJLWDO VHQVRUV DQG DVVRFLDWHG HOHFWURQLF FLUFXLWU\ XVHG WKH

WKUHH�WHUPLQDO V\PPHWULFDO SL�HTXLYDOHQW FLUFXLW PRGHO VKRZQ LQ )LJXUH %��� 6WULFWO\

VSHDNLQJ� HYHU\ LQGLYLGXDO ZDYHOHQJWK VHFWLRQ RI DQ LQWHUGLJLWDO VHQVRU KDV IRXU HOHFWULFDO

���



$SSHQGL[ %� &RQWLQXXP 0RGHO

WHUPLQDOV� GULYHQ HOHFWURGH� VHQVLQJ HOHFWURGH� JURXQG HOHFWURGH� DQG JXDUG HOHFWURGH�

%\ PHDQV RI DQ RSHUDWLRQDO DPSOLnHU IROORZHU FLUFXLW� WKH JXDUG HOHFWURGH LV DOZD\V

KHOG DW WKH VDPH SRWHQWLDO DV WKH VHQVLQJ HOHFWURGH� VR WKDW DQ\ FXUUHQW EHWZHHQ WKHP

LV HmHFWLYHO\ HOLPLQDWHG� $V ORQJ DV WKH DPSOLnHU FDQ SURYLGH WKH QHFHVVDU\ FXUUHQW

PDJQLWXGH� WKH DGPLWWDQFH EHWZHHQ WKH JXDUG HOHFWURGH DQG WKH RWKHU WKUHH HOHFWURGHV

KDV QR LQoXHQFH RQ WKH PHDVXUHPHQW� :H PD\ WKHUHIRUH OHDYH WKH JXDUG HOHFWURGH RXW

RI WKH FLUFXLW PRGHO� 7KH JRDO LV WR EH DEOH WR FDOFXODWH WKH DGPLWWDQFHV EHWZHHQ WKHVH

WKUHH WHUPLQDOV IURP WKH SDUDPHWHUV RI WKH OD\HU VWUXFWXUH�

7KH FLUFXLW PRGHO RI WKH VWUXFWXUH LV VKRZQ LQ )LJXUH %��� ,GHDOO\� WKH DGPLWWDQFH

<�� RI WKH GULYHQ HOHFWURGH WR JURXQG LV WKH VDPH DV WKH DGPLWWDQFH RI WKH VHQVLQJ

HOHFWURGH WR JURXQG EHFDXVH WKH WZR HOHFWURGHV VKRXOG KDYH DQ LGHQWLFDO JHRPHWU\� ,Q

UHDOLW\� HVSHFLDOO\ ZKHQ WKH WRWDO QXPEHU RI nQJHUV LV VPDOO� WKHVH WZR DGPLWWDQFHV PD\

EH VRPHZKDW GLmHUHQW EHFDXVH WKH QXPEHU RI nQJHUV LV QRW DOZD\V H[DFWO\ WKH VDPH�

+RZHYHU� DGPLWWDQFH SHU XQLW OHQJWK TXDQWLWLHV DUH LQGHHG WKH VDPH� <�� UHSUHVHQWV

WKH DGPLWWDQFH EHWZHHQ WKH GULYHQ DQG WKH VHQVLQJ HOHFWURGHV� ,W KDV PXFK VWURQJHU

GHSHQGHQFH RQ WKH PDWHULDO XQGHU WHVW SURSHUWLHV WKDQ WKH RWKHU WZR HTXLYDOHQW FLU�

FXLW HOHPHQWV� <�� SULPDULO\ GHSHQGV RQ VXEVWUDWH SURSHUWLHV ZLWK VRPH IULQJLQJ nHOG

GHSHQGHQFH RQ WKH PDWHULDO XQGHU WHVW� <�� SULPDULO\ GHSHQGV RQ WKH PDWHULDO XQGHU

WHVW SURSHUWLHV ZLWK VRPH IULQJLQJ nHOG GHSHQGHQFH RQ VXEVWUDWH SURSHUWLHV� :H PD\

FDOFXODWH WKH DGPLWWDQFHV E\ DSSO\LQJ WHVW YROWDJHV DW WKH WHUPLQDOV DQG FDOFXODWLQJ

WKH UHVXOWLQJ WHUPLQDO FXUUHQWV� 6LQFH WKH HTXLYDOHQW FLUFXLW LV LQGHSHQGHQW RI HOHFWULFDO

WHUPLQDO FRQVWUDLQWV� WKH VLPSOHVW IRUP RI WHVW FLUFXLW LV WR JURXQG WKH VHQVLQJ HOHF�

WURGH DQG DSSO\ D YROWDJH E9' WR WKH GULYHQ HOHFWURGH DV VKRZQ LQ )LJXUH %��� 7KHQ
WKH XQNQRZQ DGPLWWDQFHV FDQ EH FDOFXODWHG LQ WKH IROORZLQJ ZD\�

<��  b
E,6E9' �%���

<��  
E,' � E,6E9' �%���

,Q RUGHU WR FDOFXODWH E,'� ZH QHHG WR NQRZ WKH QRUPDO FRPSRQHQW RI WKH WRWDO

�GLVSODFHPHQW SOXV FRQGXFWLRQ� FXUUHQW GHQVLW\ M�qe H(]�[�� ZKLFK LV LQWHJUDWHG RYHU

���



WKH DUHD RI WKH GULYHQ HOHFWURGH WR JLYH WKH WRWDO WHUPLQDO FXUUHQW� ,W LV WKHUHIRUH

QHFHVVDU\ WR VROYH IRU WKH HOHFWULF nHOG GLVWULEXWLRQ�

7KH HQWLUH LQWHUGLJLWDWHG VWUXFWXUH LV SHULRGLF LQ WKH [�GLUHFWLRQ ZLWK D ZDYHOHQJWK

w� 7KLV PHDQV WKDW IRU HYHU\ TXDQWLW\ WKDW GHSHQGV RQ [ ZH PD\ XVH )RXULHU VHULHV

H[SDQVLRQV WR ZULWH�

Hj�[� ]�  
�;

Q b�

EjQ�]�H
bMNQ[ �%���

H(]�[� ]�  
�;

Q b�

E(]Q�]�H
bMNQ[ �%���

ZKHUH Q LV WKH )RXULHU PRGH QXPEHU DQG

NQ  
�{Q

w
�%���

,W LV FRQYHQLHQW WR GHnQH WKH FRPSOH[ VXUIDFH FDSDFLWDQFH GHQVLW\ E&Q� ZKLFK UHODWHV

qe E(]Q DW D SODQDU VXUIDFH ]  FRQVWDQW WR WKH SRWHQWLDO EjQ DW WKDW VXUIDFH IRU HYHU\

)RXULHU PRGH Q LQ WKH IROORZLQJ ZD\�

E&Q  
qe E(]QEjQ

�%����

.QRZLQJ E&Q DW WKH HOHFWURGH VXUIDFH ZLOO OHW XV FDOFXODWH WKH WHUPLQDO FXUUHQWV IURP

WKH SRWHQWLDO GLVWULEXWLRQ DW WKDW VXUIDFH�

:H KDYH DVVXPHG WKDW HDFK OD\HU RI PDWHULDO LQ )LJXUH %�� LV XQLIRUP� VR WKDW

ZLWKLQ D OD\HU WKH FRPSOH[ SHUPLWWLYLW\ qe  q b M} � LV LQGHSHQGHQW RI WKH VSDWLDO

FRRUGLQDWHV� 7KLV PHDQV WKDW /DSODFH
V HTXDWLRQ

U�j  � �%����

LV VDWLVnHG HYHU\ZKHUH LQ VSDFH H[FHSW DW WKH LQWHUIDFHV EHWZHHQ WKH OD\HUV� $W WKHVH

LQWHUIDFHV� KRZHYHU� WKH ERXQGDU\ FRQGLWLRQV UHTXLUH FRQWLQXLW\ RI Ej �WDQJHQWLDO FRPSR�
QHQW RI a( LV FRQWLQXRXV� DQG qe E(] �QRUPDO FRPSRQHQW RI FRQGXFWLRQ SOXV GLVSODFHPHQW

FXUUHQW GHQVLW\ LV FRQWLQXRXV�� 7KLV PHDQV WKDW DW WKHVH LQWHUIDFHV E& PD\ EH XQLTXHO\
GHnQHG� /HW E&P

Q EH WKH FRPSOH[ VXUIDFH FDSDFLWDQFH GHQVLW\ DW WKH LQWHUIDFH EHWZHHQ

���
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)LJXUH %��� $ UHSUHVHQWDWLYH OD\HU RI KRPRJHQHRXV PDWHULDO >��@�

WKH PWK OD\HU DQG WKH RQH EHORZ LW �VHH )LJXUH %���� L�H� WKH VXUIDFH DW ]  
3Pb�

L � GL�

ZLWK Q UHIHUULQJ WR WKH )RXULHU PRGH� ,I ZH FDQ H[SUHVV E&P
Q LQ WHUPV RI E&P��

Q � GP�

DQG qeP� WKHQ ZH FRXOG DSSO\ WKLV UHODWLRQVKLS UHFXUVLYHO\� EHJLQQLQJ DW WKH WRSPRVW

OD\HU 1 � WR REWDLQ E&1
Q � WKHQ

E&1b�
Q � HWF� DQG XOWLPDWHO\ nQG E&�Q� WKH FRPSOH[ VXUIDFH

FDSDFLWDQFH GHQVLW\ DW WKH HOHFWURGH VXUIDFH�

&RQVLGHU WKH VODE RI XQLIRUP PDWHULDO LQ )LJXUH %��� :H ZRXOG OLNH WR nQG E&E
Q  

qe E(E
]Q j

E
Q DV D IXQFWLRQ RI

E&D
Q  qe E(D

]Q j
D
Q� q

e� NQ� DQG G� 6LQFH HTXDWLRQ %��� LV

VDWLVnHG� DQG VLQFH WKH SRWHQWLDO LV SHULRGLF LQ WKH [�GLUHFWLRQ ZLWK D ZDYH QXPEHU

RI NQ� WKH ]�GHSHQGHQFH RI EjQ PXVW EH H[SRQHQWLDO� :H WKHUHIRUH JXHVV WKH IROORZLQJ

IRUP�

EjQ�]�  E$ VLQK NQ] � E% FRVK NQ] �%����

:H KDYH WKH ERXQGDU\ FRQGLWLRQV

EjQ�]  ��  EjE
Q �%����

EjQ�]  G�  EjD
Q �%����

ZKLFK OHDGV E\ LQVSHFWLRQ WR WKH nQDO VROXWLRQ IRU EjQ�

EjQ�]�  
EjD
Q VLQK NQ] b EjE

Q VLQK NQ�] b G�

VLQK NQG
�%����

���



7KH ]�GLUHFWHG HOHFWULF nHOG FDQ EH REWDLQHG IURP HTXDWLRQ %��� E\ GLmHUHQWLDWLRQ

DV IROORZV�

E(]Q  bGEjQ

G]
 NQ

�bEjD
Q FRVK NQ] �

EjE
Q FRVK NQ�] b G�

VLQK NQG

�
�%����

IURP ZKLFK ZH REWDLQ

E(D
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)URP HTXDWLRQ %��� ZH REWDLQ

EjE
QEjD
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� E&D
Q

qeNQ
� FRWK NQG

�
VLQK NQG �%����

ZKLFK ZH FDQ WKHQ VXEVWLWXWH LQWR HTXDWLRQ %��� WR \LHOG�

E&E
Q  qeNQ

� E&D
Q FRVK NQG� qeNQ VLQK NQGE&D
Q VLQK NQG� qeNQ FRVK NQG

�
�%����

/HW XV WHVW WKH YDOLGLW\ RI HTXDWLRQ %��� LQ WKH OLPLWV G  � DQG G  �� )RU D OD\HU
RI ]HUR ZLGWK WKLV HTXDWLRQ UHGXFHV WR E&E

Q  
E&D
Q� DV UHTXLUHG� )RU G � � ERWK WKH

K\SHUEROLF VLQH DQG FRVLQH DSSURDFK WKH H[SRQHQWLDO IXQFWLRQ� L�H�

OLP
G��

� E&D
Q FRVK NQG� qeNQ VLQK NQGE&D
Q VLQK NQG� qeNQ FRVK NQG

�
 � �%����

ZKLFK UHGXFHV HTXDWLRQ %��� WR E&E
Q  qeNQ� 7KLV LV D XVHIXO UHVXOW� DV LW GLUHFWO\ DSSOLHV

WR WKH VHPL�LQnQLWH WRSPRVW OD\HU LQ )LJXUH %��� ,I LWV LQGH[ QXPEHU LV 1 � WKHQ

E&1
Q  qe1NQ �%����

:H QRZ KDYH WKH PHDQV RI FDOFXODWLQJ E&�Q IURP HTXDWLRQV %��� DQG %��� E\ UH�

FXUVLYHO\ GHVFHQGLQJ GRZQ WKH OD\HU VWUXFWXUH� ,I RQ WKH ERWWRP VLGH RI WKH HOHFWURGH

SODQH ZH KDG D VLPLODU VHW RI OD\HUV� ZH ZRXOG REWDLQ D YDOXH IRU WKH VXUIDFH FDSDFLWDQFH

GHQVLW\ IURP WKDW VLGH WRR�

���



$SSHQGL[ %� &RQWLQXXP 0RGHO

,QVWHDG RI D VWUXFWXUH RI OD\HUV VLPLODU WR WKH RQH LQ )LJXUH %��� WKH ERWWRP VLGH RI

WKH WKUHH�ZDYHOHQJWK VHQVRU KDV D VLQJOH VXEVWUDWH OD\HU RI WKLFNQHVV K DQG SHUPLWWLYLW\

q6 ZKLFK LV W\SLFDOO\ SXUHO\ UHDO EHFDXVH WKH VXEVWUDWH
V FRQGXFWLYLW\ LV QHJOLJLEOH LQ

W\SLFDO VXEVWUDWH PDWHULDOV VXFK DV WKH SRO\PHUV .DSWRQ DQG 7HoRQ� 2Q WKH RWKHU

VLGH RI WKH VXEVWUDWH WKH PHWDO EDFNSODQH LV GHSRVLWHG ZKLFK LV W\SLFDOO\ JURXQGHG RU

JXDUGHG� :H FDQQRW XVH WKH HTXDWLRQV GHYHORSHG VR IDU WR REWDLQ WKH VXUIDFH FDSDF�

LWDQFH GHQVLW\ GXH WR WKH ERWWRP VLGH RI WKH HOHFWURGHV� EHFDXVH WKH SRWHQWLDO DW WKH

JURXQG SODQH LV IRUFHG WR ]HUR� :H PD\� KRZHYHU� XVH HTXDWLRQ %��� ZLWK EjE  � WR

REWDLQ

E&b�Q  bq6NQ FRWK NQK �%����

ZKHUH WKH QHJDWLYH VXSHUVFULSW LQGLFDWHV OD\HUV EHORZ WKH VXUIDFH�

6LQFH WKH VXUIDFH FDSDFLWDQFH GHQVLW\ LV NQRZQ� LW FRXOG EH LQWHJUDWHG RYHU WKH

DUHDV RI WKH GULYHQ DQG WKH VHQVLQJ HOHFWURGHV WR REWDLQ WKH FXUUHQWV E,' DQG E,6 LI WKH
SRWHQWLDO LV NQRZQ DW WKH HOHFWURGH SODQH� :KLOH WKH SRWHQWLDO LV LQGHHG NQRZQ DORQJ

WKH HOHFWURGHV� ZKHUH LW LV FRQVWUDLQHG E\ WKHP WR EH E9' �GULYHQ HOHFWURGH� RU ]HUR

�JURXQGHG VHQVLQJ HOHFWURGH�� LQ WKH VSDFH EHWZHHQ WKH HOHFWURGHV DORQJ WKH LQWHUIDFH

LW LV QRW NQRZQ DQG PXVW EH GHWHUPLQHG E\ D GLmHUHQW ERXQGDU\ FRQGLWLRQ� QDPHO\

FRQVHUYDWLRQ RI FKDUJH�

aQ c
�
� a-� b a-� � ��

# a(�
#W

b ��
# a(�
#W

�
�  � �%����

7KH SRWHQWLDO EHWZHHQ WKH HOHFWURGHV LV DSSUR[LPDWHG E\ D SLHFHZLVH�OLQHDU IXQFWLRQ�

ZKLFK GLYLGHV WKH VSDFH EHWZHHQ WKH HOHFWURGHV LQWR NF � � LQWHUYDOV� GHOLPLWHG E\ NF

FROORFDWLRQ SRLQWV� DV VKRZQ LQ )LJXUH %��� ,Q HYHU\ LQWHUYDO WKH SRWHQWLDO LV DVVXPHG WR

YDU\ OLQHDUO\ EHWZHHQ WKH SRWHQWLDOV DW WKH WZR HQG SRLQWV� 7KH SRWHQWLDO GLVWULEXWLRQ

LV WKXV IXOO\ GHWHUPLQHG E\ WKH SRWHQWLDO DW WKH NF FROORFDWLRQ SRLQWV� 1RZ WKDW ZH

KDYH D IRUP IRU Hj�\�� ZH FDQ XVH WKH )RXULHU LQWHJUDO WR REWDLQ DQ H[SUHVVLRQ IRU EjQ�

ZKLFK LV DQ DOJHEUDLFDOO\ OLQHDU IXQFWLRQ RI WKH XQNQRZQ SRWHQWLDOV DW WKH FROORFDWLRQ

SRLQWV� ,Q RUGHU WR nQG WKHVH SRWHQWLDOV EjM� ZH QHHG D VHW RI NF HTXDWLRQV� ZKLFK

FDQ EH REWDLQHG E\ DSSO\LQJ FRQVHUYDWLRQ RI FKDUJH WR NF LQWHUYDOV FHQWHUHG DURXQG
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)LJXUH %��� 3LHFHZLVH�VPRRWK FROORFDWLRQ�SRLQW DSSUR[LPDWLRQ WR WKH SRWHQWLDO EH�
WZHHQ WKH HOHFWURGHV RI DQ LQWHUGLJLWDWHG VWUXFWXUH� 7KUHH FROORFDWLRQ SRLQWV DW \�� \��
DQG \� DUH VKRZQ >��@�

WKH FROORFDWLRQ SRLQWV� 5HIHUHQFH >�@ SUHVHQWV WKLV SURFHVV LQ GHWDLO� FDUU\LQJ RXW DOO

LQWHJUDWLRQV� HWF� :KDW LV LPSRUWDQW WR XV LV WKDW WKLV QXPHULFDO SURFHVV \LHOGV WKH

SRWHQWLDO GLVWULEXWLRQ DW WKH HOHFWURGH VXUIDFH DQG XOWLPDWHO\ PDNHV LW SRVVLEOH WR nQG

<�� DQG <���

)LQDOO\� LI WKH DGPLWWDQFHV LQ )LJXUH %�� DUH NQRZQ DQG LI WKH VHQVRU LV ORDGHG E\

DQ LQWHUIDFH ER[ RI LQSXW DGPLWWDQFH </ �VHH $SSHQGL[ '�� WKH PDJQLWXGH DQG SKDVH

RI WKH YROWDJH UDWLR DUH JLYHQ E\

E96E9'  
<��

<�� � <�� � </
�%����

7KH VXEVLGLDU\ SDUDPHWHU HVWLPDWLRQ URXWLQHV LPSOHPHQW WKH QXPHULFDO FDOFXODWLRQV

SUHVHQWHG LQ WKLV VHFWLRQ� 7KH IXQFWLRQ JS��� GHnQHG LQ JS�F OLVWHG LQ >��@ JLYHV WKH

JDLQ DQG SKDVH RI WKH YROWDJH UDWLR RI DQ LQWHUGLJLWDWHG VHQVRU ZKHQ LW LV VXSSOLHG ZLWK

WKH SDUDPHWHUV RI WKH VHQVRU DQG ZLWK WKH SURSHUWLHV RI WKH OD\HUV DERYH LW� 7KH & FRGH

���



$SSHQGL[ %� &RQWLQXXP 0RGHO

RI >��@ XVHG LQ LWV LPSOHPHQWDWLRQ LV DQ DOPRVW GLUHFW WUDQVODWLRQ IURP WKH )2575$1

FRGH ZULWWHQ E\ 'U� 0� =DUHWVN\ >�@�

,Q VRPH FDVHV� PHDVXUHPHQWV ZLWK D PHWDO SODWH ZHUH XVHG WR VTXHH]H WKH PDWHULDOV

DJDLQVW WKH VXUIDFH RI WKH LQWHUGLJLWDWHG VHQVRU� ,Q WKRVH FDVHV WKH WRSPRVW OD\HU KDG

WR EH DSSUR[LPDWHG DV LQnQLWHO\ FRQGXFWLQJ� 7KH SUHVHQFH RI D FRQGXFWRU DW WKH WRS

GRHV QRW LQWURGXFH DQ\WKLQJ QHZ WR WKH DQDO\VLV� SURYLGHG LW LV OHIW oRDWLQJ� DV WKH

PRGHO DVVXPHV� ,I WKH FRQGXFWRU LV JURXQGHG� WKH DGPLWWDQFH QHWZRUN RI )LJXUH %��

ZRXOG EH DOWHUHG DQG WKLV FKDQJH PXVW EH LQFOXGHG LQ WKH PDWKHPDWLFDO PRGHO XQOHVV

WKH WRS FRQGXFWLQJ SODWH LV VXpFLHQWO\ IDU DZD\ IURP WKH VHQVRU� 7KH FRQWULEXWLRQ RI

WKH KLJKHU RUGHU PRGHV WR WKH WRWDO FDSDFLWDQFH YDOXH GHFD\V H[SRQHQWLDOO\ ZLWK WKH

GLVWDQFH� EXW WKH FRQWULEXWLRQ RI WKH ]HUR RUGHU PRGH GHFD\V LQYHUVHO\ WR WKH GLVWDQFH

WR WKH WRS SODWH�
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$SSHQGL[ &

&RQWUROOHU

&�� %DFNJURXQG

7KH FRQWUROOHU� D PLFURSURFHVVRU�EDVHG GDWD DFTXLVLWLRQ V\VWHP FRPPRQO\ XVHG LQ RXU

GLHOHFWURPHWU\ PHDVXUHPHQWV� ZDV RULJLQDOO\ GHYHORSHG E\ 0U� 'DYLG 2WWHQ >���@ DQG

ODWHU HQKDQFHG E\ 0U� 'DUUHOO 6FKOLFNHU� 7KH LQIRUPDWLRQ FRQWDLQHG LQ >��@ LV UHSHDWHG

DQG XSGDWHG KHUH� 7KH GHVFULSWLRQ RI WKH nUPZDUH HQKDQFHPHQWV LV LQFOXGHG DW WKH

HQG RI WKLV $SSHQGL[� 7KH RULJLQDO VRIWZDUH IRU WKH FRPPXQLFDWLRQ ZLWK WKH FRQWUROOHU

ZDV DOWHUHG E\ PDQ\ XVHUV �<� 6KHLUHWRY� <� 'X� %� %HUGQLNRY� DQG RWKHUV� WR VXLW

WKHLU VSHFLnF SXUSRVHV�

7KH FRQWUROOHU FRQVWLWXWHV DQ LQWHJUDO SDUW RI WKH VWDQGDUG PHDVXUHPHQW V\VWHP

VKRZQ LQ )LJXUH ���� 7KH FRQWUROOHU LV FDSDEOH RI WZR W\SHV RI GDWD DFTXLVLWLRQ� WKH

'DWD /RJJHU DQG *DLQ�3KDVH 0HDVXUHPHQWV �*30�� 7KH IRUPHU LV XVHG WR UHFRUG WLPH

GRPDLQ VLJQDOV IURP WKH VHQVRU DQG WKH ODWWHU LV XVHG IRU IUHTXHQF\ GRPDLQ PHDVXUH�

PHQWV�

���



$SSHQGL[ &� &RQWUROOHU

&�� &RPPXQLFDWLRQ DQG 2SHUDWLRQ

7KH FRQWUROOHU LWVHOI FDQ EH FRQWUROOHG E\ D WHUPLQDO RU FRPSXWHU RYHU DQ 56���� LQWHU�

IDFH RU RYHU D WHOHSKRQH OLQH ZLWK D ��� EDXG PRGHP� 7KH FRPPXQLFDWLRQ OLQH LV XVHG

LQ ERWK GLUHFWLRQV� WR VHQG FRPPDQGV DQG WR UHFHLYH GDWD�

7KH FRQWUROOHU KDV D WRWDO RI IRXU FKDQQHOV IRU LWV *30 RSHUDWLRQ� L�H� LW LV FDSDEOH

RI SURFHVVLQJ IRXU LQGHSHQGHQW LQSXWV� ,W SURYLGHV DOO IRXU FKDQQHOV ZLWK D GULYHQ $&

YROWDJH RI FRPSOH[ DPSOLWXGH E9G� ,W SHUIRUPV D IUHTXHQF\ VFDQ� L�H� PHDVXUHPHQWV DW

DOO IUHTXHQFLHV LQ D VSHFLnHG UDQJH� 7KH PD[LPDO UDQJH RI IUHTXHQFLHV DW ZKLFK WKH

FRQWUROOHU LV FDSDEOH RI SHUIRUPLQJ *30 PHDVXUHPHQWV LV IURP ��b��� +] �{ ����� +]�
WR ��� +]� 7ZR FRQVHFXWLYH PHDVXUHPHQWV DUH DW IUHTXHQFLHV ��� DSDUW RQ D ORJDULWKPLF

VFDOH� FRUUHVSRQGLQJ WR D UDWLR RI ����� { ������ $W HYHU\ IUHTXHQF\� WKH FRQWUROOHU ZDLWV
IRU D FHUWDLQ QXPEHU ��^�� RI F\FOHV WR FRPSOHWH VR DV WR HQVXUH WKDW VLQXVRLGDO VWHDG\

VWDWH LV UHDFKHG� DW ZKLFK SRLQW LW UHFRUGV WKH PDJQLWXGH DQG SKDVH DQJOH RI WKH UDWLR

EHWZHHQ WKH LQSXW YROWDJH DQG WKH GULYHQ YROWDJH� LQ GHFLEHOV DQG GHJUHHV UHVSHFWLYHO\�

*DLQ  �� ORJ

nnnnn
E9VHQVHE9G

nnnnn �&���

3KDVH  
���

{
�

� E9VHQVHE9G
�

�&���

7KH LQSXW LPSHGDQFH RI WKH FRQWUROOHU LV QRW KLJK HQRXJK IRU DSSOLFDWLRQV LQ ZKLFK

YHU\ LQVXODWLQJ PDWHULDOV DUH VWXGLHG� 7KHUHIRUH EXmHULQJ RI WKH LQSXW VLJQDO LV QHHGHG

DQG WKDW LV SURYLGHG E\ WKH LQWHUIDFH ER[� GHVFULEHG LQ $SSHQGL[ '� ,Q DGGLWLRQ WR

JDLQ DQG SKDVH GDWD� DQRWKHU SLHFH RI LQIRUPDWLRQ UHFRUGHG E\ WKH FRQWUROOHU LV WKH

RmVHW YROWDJH� ZKLFK LV WKH '& FRPSRQHQW RI WKH LQSXW YROWDJH� DQG WKH PXOWLSOLFDWLRQ

JDLQ RI WKH PHDVXUHG VLJQDO� 7KH '& EXLOGXS LV GXH WR FKDUJH DFFXPXODWHG RQ WKH

LQSXW FDSDFLWDQFH IURP WKH LQSXW FXUUHQW RI WKH RSHUDWLRQDO DPSOLnHU� 7KH ODUJHU WKH

'�&� RmVHW WKH ORZHU LV WKH PHDVXUHPHQW SUHFLVLRQ� $ �� ELW DQDORJ�WR�GLJLWDO FRQYHUWHU

SURYLGHV D PD[LPXP UHVROXWLRQ RI DERXW ����� 9 IRU D � 9 VLJQDO� +RZHYHU� WKLV UHTXLUHV

D ]HUR '�&� RmVHW� 7KLV SKHQRPHQRQ LV IXUWKHU GLVFXVVHG LQ $SSHQGL[ ' GHVFULELQJ WKH

LQWHUIDFH ER[�
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&��� &RPPDQGV

7KH HQWLUH IUHTXHQF\ VZHHS WDNHV DQ\ZKHUH EHWZHHQ RQH DQG WKUHH KRXUV GHSHQGLQJ

RQ FKDUDFWHULVWLFV RI WKH PHDVXUHG VLJQDOV� ,I WKH VLJQDOV DUH XQVWDEOH� WKH PHDVXUHPHQW

LV UH�WULJJHUHG DW WKH VDPH IUHTXHQF\ SRLQW XQWLO D VDWLVIDFWRU\ UHDGLQJ LV WDNHQ�

$OO PHDVXUHPHQW SDUDPHWHUV DUH VWRUHG LQ QRQ�YRODWLOH PHPRU\ DQG UHPDLQ XQ�

FKDQJHG HYHQ LI WKH HOHFWULF SRZHU VXSSO\ LV GLVFRQQHFWHG� $Q RQ�ERDUG OLWKLXP EDWWHU\

PDLQWDLQV WLPH DQG GDWH LQIRUPDWLRQ� $ UHVHW SXVK EXWWRQ IRU WKH FRQWUROOHU LV ORFDWHG

LQVLGH WKH PHWDO HQFORVXUH RQ WKH PDLQ SULQWHG FLUFXLW ERDUG� ,I WKH FRQWUROOHU GRHV QRW

RSHUDWH SURSHUO\� LW PD\ EH UHVHW E\ SUHVVLQJ WKLV EXWWRQ RU UHPRYLQJ WKH $& SRZHU

DQG UH�DSSO\LQJ LW�

&�� &RPPDQGV

7DEOH &�� SUHVHQWV D VXPPDU\ RI FRPPDQGV UHFRJQL]HG E\ DOO YHUVLRQV RI WKH FRQWUROOHU

nUPZDUH� 7KH YHUVLRQ ��� DGGLWLRQV E\ 'DUUHOO 6FKOLFNHU DUH DOVR LQFOXGHG�

%RWK XSSHU FDVH DQG ORZHU FDVH OHWWHUV DUH DFFHSWDEOH IRU WKH FRPPDQG HQWU\�

$OO FRPPDQGV UHWXUQ VRPH W\SH RI DFNQRZOHGJHPHQW LI WKH\ DUH HQWHUHG FRUUHFWO\�

1R DFNQRZOHGJHPHQW PHDQV WKDW WKH FRPPDQG ZDV QRW UHFRJQL]HG DV YDOLG� 7KH

DFNQRZOHGJHPHQW DOZD\V EHJLQV ZLWK D OHIW EUDFNHW ?>�� IROORZHG E\ WKH WZR OHWWHUV RI

WKH FRPPDQG� 7KH UHPDLQGHU RI WKH UHVSRQVH GHSHQGV RQ WKH FRPPDQG DQG WKH VWDWXV

RI WKH LQVWUXPHQW DW WKH WLPH WKH FRPPDQG ZDV HQWHUHG� $OO HUURU PHVVDJHV IROORZ WKH

WZR OHWWHUV RI WKH FRPPDQG ZLWK WKH ZRUG �HUURU�� DQG WKHQ D EULHI GHVFULSWLRQ RI WKH

SUREOHP�

)L[HG SDUDPHWHUV � QRW VXSSRUWHG� QRW VXSSRUWHG� FKDQQHO � GHOD\� FKDQQHO � GHOD\� FKDQ�

QHO � GHOD\� FKDQQHO � GHOD\

*30 SDUDPHWHUV � VWDUWLQJ ORJDULWKPLF IUHTXHQF\� HQGLQJ ORJDULWKPLF IUHTXHQF\� H[FLWD�

WLRQ OHYHO� FKDQQHO � HQDEOH� FKDQQHO � HQDEOH� FKDQQHO � HQDEOH� FKDQQHO � HQDEOH�

GLDJQRVWLF HQDEOH� DXWR WULJJHU HQDEOH

'DWD /RJJHU 3DUDPHWHUV � FKDQQHO � JDLQ� FKDQQHO � JDLQ� FKDQQHO � JDLQ� FKDQQHO � JDLQ�
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$SSHQGL[ &� &RQWUROOHU

$OO FRPPDQGV DUH PDGH XS RI DQ RSHQLQJ EUDFNHW ?>�� WZR OHWWHUV RI WKH FRPPDQG� RSWLRQDO

SDUDPHWHUV IRU VRPH FRPPDQGV� DQG D FORVLQJ EUDFNHW ?@�� )RU WKRVH FRPPDQGV ZKLFK DOORZ

SDUDPHWHUV� WKH FXUUHQW VWDWXV RI WKH SDUDPHWHUV ZLOO EH GLVSOD\HG LI WKH\ DUH RPLWWHG� ,I WKH

SDUDPHWHUV DUH LQFOXGHG� WKH\ ZLOO EH XSGDWHG� $OO WKH SDUDPHWHUV RU QRQH RI WKHP PXVW EH

XVHG�

&RPPDQG 'HVFULSWLRQ
>)3�SDUDPHWHUV@ UHDG�VHW n[HG SDUDPHWHUV
>*3�SDUDPHWHUV@ UHDG�VHW *30 SDUDPHWHUV
>/3�SDUDPHWHUV@ UHDG�VHW GDWD ORJJHU SDUDPHWHUV
>7*@ WULJJHU JDLQ SKDVH PHWHU
>7/@ WULJJHU GDWD ORJJHU
>*'@ UHDG *30 GDWD
>/'@ UHDG ORJJHU GDWD
>&6@ FKHFN VWDWXV
>$0@ DERUW GDWD ORJJHU DQG *30 PHDVXUHPHQWV LQ SURJUHVV
>&0@ FOHDU PHPRU\ EXmHU
>'7�SDUDPHWHUV@ UHDG�VHW GDWH DQG WLPH
>&3�SDUDPHWHUV@ UHDG�VHW FRPPXQLFDWLRQ SDUDPHWHUV
>0(@ PDVWHU DXWR�WULJJHU oDJ HQDEOH
>0'@ PDVWHU DXWR�WULJJHU oDJ GLVDEOH
>9(@ VRIWZDUH YHUVLRQ QXPEHU
>63�SDUDPHWHUV@ UHDG�VHW $&6 SRUW SDUDPHWHUV >��@
>'(�SDUDPHWHUV@ FRQWURO RXWSXW SRUW RI WKH $&6 FRQQHFWRU >��@

7DEOH &��� 6XPPDU\ RI FRQWUROOHU FRPPDQGV�

���



&��� &RPPDQGV

FKDQQHO � JDLQ� FKDQQHO � JDLQ� FKDQQHO � JDLQ� DXWR ]HUR HQDEOH� DXWR WULJJHU HQDEOH

'DWH DQG 7LPH SDUDPHWHUV � \HDU� PRQWK� GD\� KRXU� PLQXWH� VHFRQG

&RPPXQLFDWLRQ 3DUDPHWHUV � 56���� EDXG UDWH� WHOHSKRQH QXPEHU� GDWD VWRUDJH LQWHU�

YDO� GDWD GXPS LQWHUYDO� FDOO HQDEOH

*30 +HDGHU � FKDQQHO QXPEHU� WHPSHUDWXUH� \HDU� PRQWK� GD\� KRXU� PLQXWH� VHFRQG

*30 'DWD � IUHTXHQF\� PDJQLWXGH� SKDVH� RmVHW� JDLQ

'DWD /RJJHU GDWD � FKDQQHO � GDWD� FKDQQHO � GDWD� FKDQQHO � GDWD� FKDQQHO � GDWD� FKDQ�

QHO � GDWD� FKDQQHO � GDWD� FKDQQHO � GDWD� \HDU� PRQWK� GD\� KRXU� PLQXWH� VHFRQG

6WDWXV 3DUDPHWHUV� PDVWHU DXWR�WULJJHU oDJ� QRW VXSSRUWHG� 'DWD /RJJHU PHDVXUHPHQW�

QRW VXSSRUWHG� *30 PHDVXUHPHQW� QRW VXSSRUWHG� QRW VXSSRUWHG

63� SLQ ��� SLQ ��� SLQ ��� SLQ �� WR UHDG $6& SRUW SDUDPHWHUV >��@

'(� &K� ([FLWH� &K� 'LVFKDUJH� &K� $WWHQXDWH� &K� ([FLWH� &K� 'LVFKDUJH� &K� $WWHQXDWH�

&K� ([FLWH� &K� 'LVFKDUJH� &K� $WWHQXDWH WR FRQWURO RXWSXW SRUW RI WKH $6& FRQQHFWRU

>��@

$V GDWD LV FROOHFWHG E\ WKH FRQWUROOHU� LW LV VWRUHG LQ LWV LQWHUQDO PHPRU\ XQWLO WKLV

PHPRU\ EXmHU LV H[SOLFLWO\ FOHDUHG� 7KH FRQWUROOHU PD\ EH VHW WR EHJLQ QHZ PHDVXUH�

PHQWV SHULRGLFDOO\� ZKLFK LV H[WUHPHO\ XVHIXO LI WKH H[SHULPHQW UHTXLUHV PRQLWRULQJ D

SURFHVV DV LW HYROYHV ZLWK WLPH� +RZHYHU� LQ WKLV PRGH WKH FRQWUROOHU ZLOO TXLFNO\ UXQ

RXW RI PHPRU\� DIWHU ZKLFK LW ZLOO VWRS UHFRUGLQJ GDWD� ,I D VLQJOH FKDQQHO LV HQDEOHG�

WKH FRQWUROOHU ZLOO UXQ RXW RI PHPRU\ DIWHU WKLUWHHQ IXOO IUHTXHQF\ VFDQV� ,I� RQ WKH

RWKHU KDQG� WKUHH FKDQQHOV DUH HQDEOHG� H�J� IRU WKUHH�ZDYHOHQJWK VHQVRU PHDVXUHPHQWV�

WKH PHPRU\ ZLOO EH HQRXJK WR VWRUH GDWD IRU RQO\ nYH IXOO IUHTXHQF\ VFDQV�

7R DYRLG WKLV SUREOHP� D SURJUDP ZDV GHYHORSHG E\ <DQNR 6KHLUHWRY� ,W DXWRPDWL�

FDOO\ VWRUHV WKH GDWD IURP HYHU\ VFDQ LQWR D nOH DQG FOHDUV WKH PHPRU\� ,W LV FDOOHG WZ�F

�IRU WKUHH�ZDYHOHQJWK� DQG LV SUHVHQWHG LQ 6HFWLRQ �'DWD $FTXLVLWLRQ� RI $SSHQGL[ *

LQ >��@� 7KH RWKHU ZD\ RI FRPPXQLFDWLQJ ZLWK WKH FRQWUROOHU LV WKH SURJUDP NHUPLW�

���



$SSHQGL[ &� &RQWUROOHU

DYDLODEOH RQ PRVW 81,; V\VWHPV� ,I WKH DXWRPDWLF SURJUDP WZ�F LV XVHG� LW LV UHFRP�

PHQGHG WKDW D ORZ EDXG UDWH LV VHW� H�J� ����� VR WKDW WUDQVPLVVLRQ HUURUV DUH UHGXFHG

WR D PLQLPXP� ,W LV XVXDOO\ DOO ULJKW WR XVH D EDXG UDWH RI ���� ZKHQ XVLQJ NHUPLW�

EHFDXVH DQ\ FRPPXQLFDWLRQ SUREOHPV ZRXOG EH HDVLO\ GHWHFWHG YLVXDOO\�

6LQFH WKH JDLQ PHDVXUHG E\ WKH FRQWUROOHU PD\ YDU\ JUHDWO\ LQ WKH UDQJH RI IUH�

TXHQFLHV RI LQWHUHVW� WKH FRQWUROOHU PD\ KDYH WR VZLWFK EHWZHHQ GLmHUHQW PRGHV RI

SUH�DPSOLnFDWLRQ� ,W KDV EHHQ QRWHG WKDW VXFK WUDQVLWLRQV EHWZHHQ PRGHV PD\ UHVXOW

LQ HUURQHRXV GDWD DW D VSHFLnF IUHTXHQF\� PDQLIHVWHG DV ?NLQNV� LQ WKH RWKHUZLVH VPRRWK

FXUYHV UHODWLQJ WKH JDLQ DQG SKDVH UHVSRQVH RI D V\VWHP WR WKH IUHTXHQF\� 7KHVH HYHQWV

DUH PHUHO\ H[SHULPHQWDO DUWLIDFWV DQG QR SK\VLFDO VLJQLnFDQFH VKRXOG EH DWWULEXWHG WR

WKHP�

&�� 7URXEOHVKRRWLQJ

:KHQ WKH FRQWUROOHU LV XVHG LQ D QHZ PHDVXUHPHQW VHWXS� D FDWFK��� VLWXDWLRQ PD\

DULVH� RQH PXVW NQRZ WKH FRPPXQLFDWLRQ VSHHG WR EH DEOH WR VHQG FRPPDQGV WR WKH

FRQWUROOHU DQG WKH FRPPXQLFDWLRQ VSHHG FDQ EH UHWULHYHG RQO\ E\ VHQGLQJ D SURSHU

FRPPDQG �>)3@�� 7KH ZRUNDURXQG LV WR WU\ VHTXHQWLDOO\ DOO SRVVLEOH FRPPXQLFDWLRQ

VSHHGV IURP WKH FRPSXWHU HQG SXVKLQJ WKH UHVHW EXWWRQ HYHU\ WLPH� 7KH FRQWUROOHU ZLOO

QRW VHQG D UHDGDEOH PHVVDJH XQOHVV WKH FRPPXQLFDWLRQ VSHHG LV ULJKW�

���



$SSHQGL[ '

,QWHUIDFH %R[HV

7KH LQWHUIDFH ER[� DV VKRZQ LQ )LJXUH ���� KDV WZR IXQFWLRQV� WR UDLVH WKH LQSXW

LPSHGDQFH RI WKH PHDVXUHPHQW HOHFWURQLFV DQG WR EXmHU D YROWDJH VLJQDO EHIRUH LW

LV SURFHVVHG E\ WKH FRQWUROOHU� $ YHU\ KLJK LQSXW LPSHGDQFH LV QHHGHG IRU WKH ORZ

IUHTXHQF\ GLHOHFWURPHWU\ PHDVXUHPHQWV ZLWK KLJKO\ LQVXODWLQJ PDWHULDOV�

7KH EXmHULQJ LV DFFRPSOLVKHG ZLWK D XQLW\�JDLQ�FRQQHFWHG XOWUDORZ LQSXW ELDV FXU�

UHQW RSHUDWLRQDO DPSOLnHU �$'���� WKDW SURYLGHV D YHU\ KLJK LQSXW LPSHGDQFH DW WKH

VHQVLQJ QRGH� 6RPHWLPHV DQ DGGLWLRQDO EXmHU VWDJH LV XVHG WR HQVXUH WKDW VXpFLHQW

FXUUHQW LV JHQHUDWHG E\ WKH EXmHULQJ FLUFXLW� 7KH EXmHUHG VLJQDO LV XVHG WR JXDUG WKH

VHQVLQJ HOHFWURGH DQG WKH FDEOH WKDW FRQQHFWV WKH VHQVLQJ HOHFWURGH ZLWK WKH LQWHUIDFH

ER[� ,Q PXOWL�ZDYHOHQJWK VHQVRUV� HDFK VHQVLQJ HOHFWURGH KDV DQ LQGLYLGXDO JXDUG XQOHVV

WKH VKRUW�FLUFXLW PHDVXUHPHQW PRGH LV XVHG� ,Q WKH ODWWHU FDVH� DOO JXDUG HOHFWURGHV

FDQ EH FRPELQHG EHFDXVH WKH\ DUH DOO KHOG DW WKH JURXQG SRWHQWLDO�

'�� 3DUDOOHO�3ODWH 6HQVRU ,QWHUIDFH %R[

7KH VFKHPDWLF GLDJUDP RI WKH KLJK LPSHGDQFH LQWHUIDFH FLUFXLW LV VKRZQ LQ )LJXUH '���

7KH LQSXW RI WKH LQWHUIDFH LV ORDGHG HLWKHU ZLWK D SDUDOOHO 5& SDLU� RU ZLWK D VLQJOH

UHVLVWRU RU FDSDFLWRU� $ SXUH FDSDFLWDQFH LV XVHG PRVW RIWHQ EHFDXVH LW VLPSOLnHV WKH

���



$SSHQGL[ '� ,QWHUIDFH %R[HV

)LJXUH '��� +LJK LPSHGDQFH GLHOHFWURPHWU\ LQWHUIDFH FLUFXLW GLDJUDP XVHG IRU oRDWLQJ
YROWDJH PRGH PHDVXUHPHQWV >��@�

LQWHUSUHWDWLRQ RI WKH UDZ PHDVXUHPHQW GDWD� 7KH YDOXH RI WKLV ORDG FDSDFLWDQFH� &/�

PXVW EH NQRZQ SUHFLVHO\� ,W GLmHUV VOLJKWO\ IURP WKH QRPLQDO YDOXH RI WKH FDSDFLWRU

EHFDXVH LW LV HmHFWLYHO\ FRQQHFWHG LQ SDUDOOHO ZLWK WKH FDSDFLWDQFH DVVRFLDWHG ZLWK WKH

RSHUDWLRQDO DPSOLnHU DQG VRPH RI WKH ZLULQJ� 7KH EHVW ZD\ WR JXDUDQWHH D FRUUHFW

LQWHUSUHWDWLRQ RI WKH PHDVXUHPHQW UHVXOWV LV WR SUHFLVHO\ HYDOXDWH WKH ORDG FDSDFLWDQFH

LQ DGYDQFH� 7KLV FDQ EH GRQH E\ FRQQHFWLQJ D ZHOO�VKLHOGHG KLJK SUHFLVLRQ FDSDFLWRU

RI D NQRZQ YDOXH EHWZHHQ WKH GULYHQ DQG WKH VHQVLQJ HOHFWURGH LQSXWV RI WKH LQWHUIDFH

ER[� 7KHQ� WKH ORDG FDSDFLWDQFH FDQ EH GHWHUPLQHG IURP WKH YDOXHV RI WKH WHVW FD�

SDFLWDQFH DQG WKH PHDVXUHG JDLQ� 6HH 6HFWLRQ ��� IRU HTXDWLRQV WKDW VKRXOG EH XVHG

LQ GLmHUHQW FDVHV� 7KH MXGLFLRXV FKRLFH RI WKH ORDG HOHPHQW YDOXHV UHTXLUHV WKDW WKH\

DUH VLJQLnFDQWO\ KLJKHU WKDQ WKH SDUDVLWLFV� \HW WR ORDG HQRXJK WR LQVXUH D PHDVXUDEOH

VLJQDO DPSOLWXGH ZLWK D ZLGH G\QDPLF UDQJH�

7KH UHOD\ LV XVHG WR GLVFKDUJH WKH ORDG FDSDFLWRU HYHU\ WLPH D PHDVXUHPHQW LV FRP�

SOHWHG� LQ RUGHU WR SUHYHQW VDWXUDWLRQ IURP OHDNDJH FXUUHQW� )RU ORZ IUHTXHQF\ GLHOHF�

���



'��� 7KUHH�:DYHOHQJWK 6HQVRU ,QWHUIDFH

WURPHWU\ PHDVXUHPHQWV� WKLV UHOD\ PXVW SURYLGH D YHU\ KLJK RSHQ FLUFXLW LPSHGDQFH LQ

RUGHU WR SUHYHQW VLJQDO FRQWDPLQDWLRQ E\ WKH FRQGXFWLYH FXUUHQWV OHDNDJH� 7KH �1����

WUDQVLVWRU LV XVHG WR GULYH WKH UHOD\�

'�� 7KUHH�:DYHOHQJWK 6HQVRU ,QWHUIDFH

7KH FLUFXLW RI WKLV LQWHUIDFH ER[ LV HVVHQWLDOO\ LGHQWLFDO WR WKDW VKRZQ LQ )LJXUH '��� EXW

UHSHDWHG WKUHH WLPHV� RQH FLUFXLW IRU HDFK FKDQQHO� 6HYHUDO W\SHV RI FRQQHFWRUV ZHUH XVHG

WKURXJKRXW WKH ODVW IHZ \HDUV WR FRQQHFW WKH VHQVRU HOHFWURGHV DQG WKH PHDVXUHPHQW

FLUFXLWU\� 7KH ODWHVW YHUVLRQ RI WKH LQWHUIDFH ER[ XVHV JROG�SODWHG 60$ FRQQHFWRUV

ZKLFK DUH D PLQLDWXUH YHUVLRQ RI WKH VWDQGDUG %1& FRQQHFWRUV� 0RUH WKDQ D GR]HQ

LQWHUIDFH ER[HV ZHUH EXLOW IRU GLmHUHQW SURMHFWV� (DFK RI WKHP KDV D GLmHUHQW VHW RI

ORDG FDSDFLWDQFHV� ZKLFK PDNHV ERRNNHHSLQJ RI WKH FKDQJHV SDUWLFXODUO\ LPSRUWDQW IRU

GDWD LQWHUSUHWDWLRQ� 1RUPDOO\� WKH YDOXHV RI WKH ORDG FDSDFLWDQFH ZRXOG EH FKRVHQ VR

WKDW WKH JDLQ RI WKH WKUHH�ZDYHOHQJWK VHQVRU LQ DLU LV FORVH WR ��� G%�

'�� 6KRUW�&LUFXLW 0RGH ,QWHUIDFH

7KH LQWHUIDFH IRU D VKRUW FLUFXLW PRGH KDV EHHQ GHYHORSHG DV D MRLQW HmRUW �LQ WKH

RUGHU RI FRQWULEXWLRQ OHYHO� RI '� (� 6FKOLFNHU >��@� <� 'X� DQG P\VHOI� 'XH WR LQFUHDVHG

FRPSOH[LW\ DQG LQ RUGHU WR UHGXFH HOHFWURQLF LQWHUIHUHQFH� WKH FLUFXLW KDV EHHQ VHSDUDWHG

LQWR WKUHH ERDUGV� 7KH VFKHPDWLFV IRU WKH WKUHH ERDUGV DUH VKRZQ LQ )LJXUHV '���

'��� 7KH VHQVLQJ ERDUG SURYLGHV D KLJK LQSXW LPSHGDQFH PHDVXUHPHQW RI VKRUW FLUFXLW

FXUUHQW LQWR WKH VHQVLQJ HOHFWURGHV� WKH GULYLQJ ERDUG SURYLGHV WKH GULYHQ HOHFWURGH

VLJQDOV� DQG WKH GLJLWDO FRQWURO ERDUG PDNHV SRVVLEOH DQ LQGHSHQGHQW GULYH VLJQDO RI

HDFK FKDQQHO DV ZHOO DV D VRIWZDUH�FRQWUROOHG JDLQ RI WKH PHDVXUHPHQW FLUFXLW WKURXJK

WKH FKDQJH RI RS�DPS IHHGEDFN FDSDFLWRUV� )RU PRUH GHWDLOV VHH WKH GRFWRUDO WKHVLV RI

<DQTLQJ 'X >��@�

���



$SSHQGL[ '� ,QWHUIDFH %R[HV

)LJXUH '��� 6HQVLQJ ERDUG RI WKH VKRUW�FLUFXLW LQWHUIDFH ER[ >�����@�

���



'��� 6KRUW�&LUFXLW 0RGH ,QWHUIDFH

)LJXUH '��� 'ULYLQJ ERDUG RI WKH VKRUW�FLUFXLW LQWHUIDFH ER[ >�����@�

���



$SSHQGL[ '� ,QWHUIDFH %R[HV

)LJXUH '��� 'LJLWDO FRQWURO ERDUG RI WKH VKRUW�FLUFXLW LQWHUIDFH ER[ >�����@�

���



$SSHQGL[ (

$QVRIW 0D[ZHOO 6RIWZDUH

(�� 7LSV DQG 7ULFNV

$ QXPEHU RI NQRZ�KRZ WULFNV KDV EHHQ DFFXPXODWHG DIWHU SHUIRUPLQJ D QXPEHU RI

QXPHULFDO VLPXODWLRQV ZLWK 0D[ZHOO VRIWZDUH E\ $QVRIW &RUS� 7KH IROORZLQJ WLSV OLVW

ZDV VWDUWHG E\ $QGUHZ 7DNDKDVKL DQG ODWHU H[SDQGHG E\ RWKHU VWXGHQWV DQG P\VHOI�

7KH IHDWXUHV DUH YHUVLRQ GHSHQGHQW� 7KH ODWHVW YHUVLRQ DYDLODEOH DW WKH WLPH RI ZULWLQJ

WKLV PDQXVFULSW ZDV �������

�� 5XQQLQJ D 0D[ZHOO SDUDPHWULF VROXWLRQ FDQ EH YHU\ WULFN\ VLQFH WKHUH DUH DS�

SDUHQWO\ VRPH FRQYHQWLRQV ZLWKLQ 0D[ZHOO ZKLFK ZLOO FDXVH VRPH SUREOHPV� +RZHYHU�

DV DOZD\V� \RX VKRXOG EHJLQ E\ GUDZLQJ \RXU PRGHO� VHOHFWLQJ PDWHULDOV�ERXQGDU\

FRQGLWLRQV DV IRU \RXU QRPLQDO SUREOHP�

�� 7KH TXDQWLWLHV ZKLFK \RX ZLVK WR YDU\ LQ 0D[ZHOO PXVW EH GHFODUHG DV YDULDEOHV

ZKHQ \RX DUH GUDZLQJ \RXU PRGHO DQG VHOHFWLQJ PDWHULDOV� ,Q WKH 'UDZ 0RGHO SKDVH�

WKLV LV GRQH E\ DGGLQJ SRLQW WR SRLQW FRQVWUDLQWV RU DGGLQJ DQJOH FRQVWUDLQWV� (DFK RI

WKHVH FRQVWUDLQWV LV JLYHQ D QDPH ZKLFK \RX FDQ UHIHU WR ODWHU� :H REVHUYHG RQ VHYHUDO

RFFDVLRQV WKDW SRLQW WR SRLQW FRQVWUDLQWV GR QRW DOZD\V EHKDYH DV WKH\ VKRXOG� $OZD\V

PDNH VXUH WKDW \RX DQLPDWH YDULDEOHV LQ WKH 6HWXS 9DULDEOHV GLDORJ LQ RUGHU WR LQVXUH

WKH SURSHU EHKDYLRU� $OVR� HYHQ WKRXJK WKH PRGHO PD\ DQLPDWH FRUUHFWO\� WKH VROXWLRQ

���



$SSHQGL[ (� $QVRIW 0D[ZHOO 6RIWZDUH

PD\ QRW VROYH FRUUHFWO\ ZLWKRXW WKH DGGLWLRQ RI PRUH FRQVWUDLQWV� �L�H� \RX PD\ UHFHLYH

DQ RXW RI UDQJH HUURU��

�� ,Q WKH 6HWXS 0DWHULDOV SKDVH� \RX PD\ VHOHFW WR KDYH D PDWHULDO
V SURSHUW\ UHS�

UHVHQWHG E\ D IXQFWLRQ� 7KLV IXQFWLRQ ZLOO KDYH D QDPH ZKLFK FDQ ODWHU EH DGGHG WR

\RXU YDULDEOH WDEOH LQ WKH VHWXS VROXWLRQ GLDORJ ER[� /LNHZLVH \RX FDQ GHnQH ERXQG�

DU\�VRXUFH FRQGLWLRQV DV IXQFWLRQV DQG WKHVH ZLOO EH DYDLODEOH LQ WKH VHWXS VROXWLRQ

GLDORJ ER[�

�� 7KH ROGHU YHUVLRQV RI 0D[ZHOO KDG WKUHVKROGV IRU FRQGXFWLYLW\ EH\RQG ZKLFK WKH

PDWHULDO LV FRQVLGHUHG D SHUIHFW FRQGXFWRU RU SHUIHFW LQVXODWRU� 7KH ORZ WKUHVKROG LV

DERXW ��b� 6�P� DQG WKH KLJK WKUHVKROG LV ����� 6�P� 2QH ZD\ RI JHWWLQJ DURXQG WKLV

0D[ZHOO IHDWXUH LV WR PXOWLSO\ WKH GLHOHFWULF SHUPLWWLYLW\ DQG FRQGXFWLYLW\ E\ D ODUJH

QXPEHU� 7KLV ZRUNV IRU KLJKO\ LQVXODWLQJ PDWHULDOV ZKRVH FRQGXFWLYLW\ LV EHORZ WKH

ORZ WKUHVKROG� 7KH PXOWLSOLFDWLRQ JHWV WKH FRQGXFWLYLW\ DERYH WKH ORZ WKUHVKROG� 7KHQ

WKH UHVXOWLQJ FDSDFLWDQFH DQG FRQGXFWDQFH PXVW EH GLYLGHG E\ WKH VDPH IDFWRU� 7KH

QHZ YHUVLRQ ������ YHUVLRQ ������� LV IUHH IURP WKLV GUDZEDFN LQ VRPH SURMHFWV DQG VWLOO

KDV LW LQ RWKHUV� ,W LV QRW FXUUHQWO\ FOHDU ZKHQ WKH VFDOLQJ PD\ EH RPLWWHG�

�� ,Q WKH VHWXS YDULDEOHV WDEOH� IURP WKH PHQX EDU� VHOHFW 9DULDEOHV� <RX VKRXOG EH

DEOH WR DGG DQ\ YDULDEOHV ZKLFK KDYH EHHQ SUHYLRXVO\ GHnQHG WR WKH VROXWLRQ WDEOH� $Q\

JHRPHWULF FRQVWUDLQWV VKRXOG EH DGGHG nUVW DV PDLQWDLQLQJ WKH JHRPHWU\ ZLOO UHVXOW LQ

WKH IHZHVW QXPEHU RI UHFDOFXODWHG PHVKHV� $IWHU DOO UHTXLUHG YDULDEOHV KDYH EHHQ DGGHG

WR WKH WDEOH \RX PD\ VHOHFW 6ZHHS IURP WKH PHQXEDU WR GHnQH WKH UDQJHV DQG VDPSOLQJ�

�� $OVR NHHS LQ PLQG WKDW 0D[ZHOO DOZD\V RSHUDWHV D SDUDPHWULF VROXWLRQ ZLWK WKH

DGDSWLYH DQDO\VLV IHDWXUH VHW WR RQ HYHQ LI WKH FKHFNER[ LV Rm� 7KDW LV� LI \RX ZDQW

WR SUHVHUYH D PHVK JHQHUDWHG E\ WKH QRPLQDO SUREOHP DQG XVH WKH VDPH PHVK IRU WKH

HQWLUH SDUDPHWULF VROXWLRQ WKHQ \RX PXVW VHW WKH QXPEHU RI SDVVHV WR � DQG PDNH VXUH

WKDW WKH &XUUHQW PHVK LV VHOHFWHG�

�� $V IDU DV ZH FDQ WHOO� WKHUH UHDOO\ LV QR FRUUHODWLRQ EHWZHHQ ZKDW 0D[ZHOO

GLVSOD\V DV WKH FXUUHQW PHVK DQG WKH DFWXDO PHVK WKDW 0D[ZHOO XVHV ZKHQ LW FDOFXODWHV

���



(��� 7LSV DQG 7ULFNV

WKH SDUDPHWULF VROXWLRQ� 7KH RQO\ ZD\ WR EH VXUH WKDW 0D[ZHOO XVHV WKH FRUUHFW PHVK

LV WR EH FHUWDLQ WKDW QR PHVK KDV EHHQ JHQHUDWHG \HW RU WR FOHDU DOO PHVKHV E\ PDNLQJ

D WULYLDO FKDQJH LQ WKH 6HWXS 0DWHULDOV 'LDORJ ER[ DQG VDYLQJ LW�

�� 6RPHWLPHV WKH 0D[ZHOO SDUDPHWULF VROXWLRQ ZLOO KDQJ DW D FHUWDLQ SRLQW IRU DQ

XQXVXDOO\ ORQJ SHULRG RI WLPH� $V VWUDQJH DV LW VRXQGV� LI \RX FOLFN RQ WKH FORVH ZLQGRZ

LFRQ DW WKH WRS ULJKW RI WKH 0D[ZHOO �' 0RGHOHU� WKH SURJUDP ZLOO DVN LI \RX ZLVK WR

H[LW WKH �' 0RGHOHU� ,I \RX UHSO\ \HV� WKH V\VWHP ZLOO XQKDQJ DQG FRQWLQXH WR SURFHVV

WKH VROXWLRQ QRUPDOO\� 7KLV KDV QR REVHUYDEOH GHWULPHQWDO HmHFW RQ WKH VLPXODWLRQ

GDWD�

�� , KDYH DOVR UHFHLYHG D IHZ HUURUV WKDW WKH VROXWLRQ IDLOHG WR FRQYHUJH HYHQ WKRXJK

WKH QRPLQDO SUREOHP LV VROYHG FRUUHFWO\� 6WUDQJHO\� WKLV HUURU JRHV DZD\ LI WKH QRPLQDO

PHVK LV JHQHUDWHG LQ WZR F\FOHV� )RU H[DPSOH� , UHTXHVWHG �� SDVVHV RQ WKH nUVW F\FOH

DQG ZKHQ WKDW PHVK ZDV JHQHUDWHG , UHTXHVWHG DQ DGGLWLRQDO SDVV RQ WKH FXUUHQW PHVK�

:KHQ , WKHQ UDQ WKH SDUDPHWULF SUREOHP ZLWK RQH SDVV� WKH VROXWLRQ GLG FRQYHUJH DQG

WKH VLPXODWLRQ ZDV DEOH WR SURFHHG DV QRUPDO�

��� ,I \RX DUH JRLQJ WR EH UXQQLQJ WKH VLPXODWLRQ RQ PXOWLSOH PDFKLQHV� DWWHPSW WR

KDYH WKH PLQLPXP DPRXQW RI UHSHWLWLRQ� )RU H[DPSOH LI \RX DUH FRS\LQJ WKH SURMHFW

IURP RQH PDFKLQH WR DQRWKHU \RX VKRXOG VDYH WKH VROXWLRQ GDWD ��SWG nOH� IRU WKH SURMHFW

DQG GHOHWH LW IURP WKH FXUUHQW SURMHFW GLUHFWRU\� 6ROXWLRQ VHWXSV FDQ FRXQW IRU VHYHUDO

PHJDE\WHV RI GDWD WKDW ZLOO MXVW EH GHOHWHG ZKHQ WKH QH[W VROXWLRQ LV JHQHUDWHG� 7KH

HDVLHVW ZD\ ,
YH VHHQ WR GHOHWH WKH VROXWLRQ VHWXSV LV WR DOWHU WKH VHWXS YDULDEOHV WDEOH

DQG GHOHWH DOO URZV� $IWHU VDYLQJ WKH QHZ VHWXS DOO ROG VHWXS GDWD ZLOO EH GHOHWHG�

��� <RX
OO SUREDEO\ ZDQW WR FRQFDWHQDWH DQG VRUW WKH PXOWLSOH GDWD nOHV LQ RUGHU

WR XVH WKHP ZLWK VRPH DQDO\VLV SDFNDJH VXFK DV 0DWODE�

��� :KHQ VSHFLI\LQJ SDUDPHWULF VZHHSV� WU\ WR DYRLG XQQHFHVVDU\ UH�FDOFXODWLRQ RI

WKH nQLWH HOHPHQW PHVK� 7KH PHVK GRHV QRW FKDQJH IURP RQH VHWXS WR DQRWKHU LI RQO\

PDWHULDO SURSHUWLHV RU IUHTXHQF\ FKDQJH� +RZHYHU� WKH FKDQJH LQ JHRPHWULF SURSHUWLHV

DOZD\V UHTXLUHV D QHZ PHVK� 7KH DGDSWLYH PHVK FDOFXODWLRQ PD\ LQFUHDVH WKH WRWDO

���



$SSHQGL[ (� $QVRIW 0D[ZHOO 6RIWZDUH

SURJUDP H[HFXWLRQ WLPH E\ DV PXFK DV D IDFWRU RI IRXU� $Q DGGLWLRQDO GLVDGYDQWDJH RI

LPSURSHU VHTXHQFLQJ RI YDULDEOHV LQ WKH SDUDPHWULF PRGXOH LV WKH QXPHULFDO QRLVH GXH

WR D YDU\LQJ QXPEHU RI WULDQJOHV LQ WKH JHRPHWULFDOO\ LGHQWLFDO VHWXSV�

���



$SSHQGL[ )

6HUYLFH &RGH

)�� 'DWD $FTXLVLWLRQ

)���� 'HVFULSWLRQ RI 3URJUDPV

WZ��F �)RU WKUHH�ZDYHOHQJWK�� 7KLV SURJUDP LV XVHG IRU DXWRPDWHG GDWD DFTXLVLWLRQ

DQG GLVSOD\ RQ WKH $6&,, VFUHHQ� 3ULPDULO\ IRU XVH RQ WKH RPHJD�N FRPSXWHU LQ

WKH 0,7 +LJK 9ROWDJH 5HVHDUFK /DE� 7KH JRDO RI WKLV SURJUDP LV WR GLVSOD\ RQ WKH

$6&,, VFUHHQ WKH UHVXOWV RI WKH PXOWL�ZDYHOHQJWK PHDVXUHPHQWV ZLWK WKH FRQWUROOHU� DV

WKH\ EHFRPH DYDLODEOH� 7KH SURJUDP FKHFNV WKH PHDVXUHPHQWV VWDWXV DW H[SRQHQWLDOO\

LQFUHDVLQJ LQWHUYDOV RI WLPH DQG GLVSOD\V QHZ GDWD� LI DQ\�

GDWD�F 7KLV SURJUDP VHUYHV WR DFTXLUH GDWD IURP WKH FRQWUROOHU LQ D YDULHW\ RI

VFHQDULRV� 7KH LQVWUXFWLRQV DUH SURYLGHG LQ WKH IXQFWLRQ XVDJH���

���



$SSHQGL[ )� 6HUYLFH &RGH

)���� WZ��F

��

� �

� WZ��F �

� �

� �������� �

� %DVHG RQ FRGH E\ <DQNR 6KHLUHWRY �

� 0RGLILHG E\ %RULV %HUGQLNRY� ������� �

� 0RGLILHG E\ $OH[ 0DPLVKHY 2FW� �� �

� �

� 8VDJH� WZ �ILOHQDPH! >��3SDUDPHWHU OLQH!@ >��'GHOD\!@ �

� 3DUDPHWHU OLQH IRUPDW� IURP�WR�YROWDJH�FK��FK��FK� �

� �

��

� 7KH JRDO RI WKLV SURJUDP LV WR GLVSOD\ RQ WKH $6&,, VFUHHQ

WKH UHVXOWV RI WKH PXOWL�ZDYHOHQJWK� PHDVXUHPHQWV ZLWK WKH FRQWUROOHU�

DV WKH\ EHFRPH DYDLODEOH� 7KH SURJDP FKHFNV WKH PHDVXUHPHQWV VWDWXV

DW H[SRQHQWLDOO\ LQFUHDVLQJ LQWHUYDOV RI WLPH DQG GLVSOD\V QHZ GDWD�

LI DQ\ �

� LQFOXGH �VWULQJ�K!

� LQFOXGH �VWGOLE�K!

� LQFOXGH �VWGLR�K!� GHILQH VWDQGDUG ,�2 URXWLQHV �

� LQFOXGH �VJWW\�K!� GHILQH VWW\ DQG JWW\ FDOOV �

� LQFOXGH �IFQWO�K!� GHILQH DFFHVV PRGHV �

� LQFOXGH �WLPH�K!

� LQFOXGH �PDWK�K!

� GHILQH %$8' %����

� GHILQH /,1( ��GHY�WW\DJ�

� GHILQH %86< ��

� GHILQH 0$;6&$16 ��

FKDU VV>��@�

FKDU SDUDP>��@  �>*3���

LQW GHOD\  ���

IORDW ODVW  ����

),/( ISL�ISR�ISG�IRSHQ���

SULQWQHZGDWD���

ZDLW�LQW��

PDLQ�DUJF�DUJY�

LQW DUJF�

FKDU DUJY>@�

^

LQW SRUW� H[W�

VWUXFW VJWW\E WW\�

FKDU VWDWXV� VOHHS>��@� ILOHQDPH>��@�

LI �DUJF ! � __ DUJF � � __ DUJY>�@>�@   
�
�

���
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^

ISULQWI�VWGHUU� �XVDJH� WZ �ILOHQDPH! ���

ISULQWI�VWGHUU� �>��3SDUDPHWHU OLQH!@ ���

ISULQWI�VWGHUU� �>��'GHOD\!@?Q���

ISULQWI�VWGHUU� �3DUDPHWHU OLQH IRUPDW� IURP�WR����

ISULQWI�VWGHUU� �YROWDJH�FK��FK��FK�?Q���

H[LW����

`

�

SDUVH SDUDPHWHU OLQH

�

LI ��ISG  IRSHQ�DUJY>�@��U��� � 18//�

^

ISULQWI�VWGHUU� �)LOH �V DOUHDG\ H[LVWV� RYHUZULWH" ��

DUJY>�@��

LI �WRORZHU�JHWFKDU��� � 
\
� H[LW����

`

IFORVH�ISG��

LI ��ISG  IRSHQ�DUJY>�@��Z���   18//�

^

ISULQWI�VWGHUU� �&DQQRW RSHQ ILOH �V�� DUJY>�@��

H[LW����

`

�

VHW SRUW EDXG UDWH� QR HFKR� DQG UDZ PRGH

�

LI ��SRUW  RSHQ�/,1(�2B5':5��   %86<�

^

ISULQWI�VWGHUU� �(UURU� OLQH EXV\?Q���

H[LW����

`

JWW\ �SRUW�	WW\��

WW\�VJBIODJV 	 �a(&+2��

WW\�VJBIODJV _ �5$:��

WW\�VJBLVSHHG  WW\�VJBRVSHHG  %$8'�

VWW\�SRUW�	WW\��

ISR  IGRSHQ�SRUW��U���

ISL  IGRSHQ�SRUW��Z���

�

,QLWLDOL]H FRQWURO ER[

�

ZDLW����

FRPPDQG��>$0@���

ZDLW����

FRPPDQG��>0'@���

ZDLW����

FRPPDQG��>$0@���

ZDLW����

FRPPDQG��>&0@���

���
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�

([WUDFW LQLWLDO GHOD\ WLPH DQG FRQWURO ER[ SDUDPHWHUV IURP

WKH SDUDPHWHU OLQH

�

LI �DUJF ! ��

^

LI �DUJY>�@>�@   
�
 		 �WRORZHU�DUJY>�@>�@�   
S
��

VWUFDW�SDUDP�DUJY>�@����

HOVH LI �DUJF   � 		 DUJY>�@>�@   
�
 		

�WRORZHU�DUJY>�@>�@�   
S
��

VWUFDW�SDUDP�DUJY>�@����

HOVH VWUFDW�SDUDP� ��������������(�(�(���

LI �DUJY>�@>�@   
�
 		 �WRORZHU�DUJY>�@>�@�   
G
��

GHOD\  DWRL�DUJY>�@����

HOVH LI �DUJF   � 		 DUJY>�@>�@   
�
 		

�WRORZHU�DUJY>�@>�@�   
G
��

GHOD\  DWRL�DUJY>�@����

LI ��GHOD\�

^

ISULQWI�VWGHUU� �:URQJ GHOD\ YDOXH?Q���

H[LW����

`

`

LI �VWUOHQ�SDUDP� � �� VWUFDW�SDUDP���������������(�(�(���

VWUFDW�SDUDP���'�'�'@���

FRPPDQG�SDUDP��

ZDLW����

FRPPDQG��>7*@���

GR ^

ZDLW�GHOD\��

SULQWQHZGDWD���

�

*HW FRQWURO ER[ VWDWXV� H[LW LI PHDVXUHPHQWV KDYH EHHQ FRPSOHWHG

�

ISULQWI�ISL��>&6@���

IJHWV�VV����ISR��

VVFDQI�VV��>&6��F��F��F��F��F��F��F@��	VWDWXV��

`

ZKLOH �VWDWXV � 
'
��

IFORVH�ISG��

IFORVH�ISL��

IFORVH�ISR��

FORVH�SRUW��

`

���
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�

H[HFXWHV D FRQWURO ER[ FRPPDQG

�

FRPPDQG�V�

FKDU V>@�

^

SULQWI���V�� V��

ISULQWI�ISL�V��

IJHWV�VV����ISR��

SULQWI��?W�V�� VV��

`

�

FKDFNV IRU WKH QHZ GDWD� PHDVXUHG E\ WKH FRQWURO ER[�

LI WKHUH LV DQ\� SULQWV LW WR WKH VWGRXW DQG WKH RXWSXW ILOH

�

SULQWQHZGDWD��

^

FKDU EXIIHU>��@�

IORDW O�

ISULQWI�ISL��>*'@���

IJHWV�VV����ISR��

LI �ODVW ! �� ISULQWI�ISG�VV��

ZKLOH �IJHWV�VV����ISR� 		 VV>�@ � 
@
�

^

VWUQFS\�EXIIHU�VV������

LI �ODVW ! �O  DWRI�EXIIHU�� � �����

^

SULQWI�VV��

ISULQWI�ISG�VV��

`

`

LI �O � ODVW�

^

GHOD\  �LQW� �GHOD\  ��� ���H[S�ORJ����  �ODVW � O���

ODVW  O�

`

`

�

ZDLWV W VHFRQGV� XQOLNH �VOHHS�� FDQ DFFHSW QRQ�FRQVWDQW

SDUDPHWHUV

�

ZDLW�W�

LQW W�

^

WLPHBW VW�

���
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VW  WLPH�18//��

ZKLOH ��LQW��WLPH�18//� � VW� � W� �

`

���
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)���� GDWD�F

� GDWD�F

7KLV SURJUDP VHUYHV WR DFTXLUH GDWD IURP WKH FRQWUROOHU LQ

D YDULHW\ RI VFHQDULRV� 7KH LQVWUXFWLRQV DUH SURYLGHG LQ WKH

IXQFWLRQ XVDJH���

:ULWWHQ PRVWO\ E\ %RULV %HUGQLNRY� ZLWK SDUWLFLSDWLRQ RI

$OH[ 0DPLVKHY� UHXVLQJ FRGH RI <DQNR 6KHLUHWRY DQG SUHYLRXV

/((6 VWXGHQWV

6XPPHU ���� �

� LQFOXGH �VWULQJ�K!

� LQFOXGH �VWGOLE�K!

� LQFOXGH �VWGLR�K!� GHILQH VWDQGDUG ,�2 URXWLQHV �

� LQFOXGH �VJWW\�K!� GHILQH VWW\ DQG JWW\ FDOOV �

� LQFOXGH �IFQWO�K!� GHILQH DFFHVV PRGHV �

� LQFOXGH �WLPH�K!

� GHILQH %$8' %����

� GHILQH /,1( ��GHY�WW\DJ�

� GHILQH %86< ��

� GHILQH 0$;6&$16 ��

� GHILQH 6(5,$/ �

� GHILQH 3$5$//(/ �

FKDU KHDGHU>��@�

LQW WRWDOVWDUW  �� WRWDOVWRS  ��� RUGHU  6(5,$/�

LQW ZO�PP  �� ZO��PP  �� ZO�PP  ��

LQW SULQW  ��

),/( ISL� ISR� ISG�

PHDVXUH�LQW� LQW� LQW��

IORDW IDEV�IORDW��

XVDJH���

ZDLW�LQW��

W\SHGHI VWUXFW

^

LQW FKQXP�

IORDW IUHT� JDLQ� SKDVH� RIIVHW�

LQW DPS�

` GDWDBUHFRUG�

GDWDBUHFRUG UHVXOWV>�@>��@�

IORDW IUHTV>��@  ^

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

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

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

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

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

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

����� ����� ����� ����� ���� `�

IORDW ZDYHV>�@  ^�� �� ���`�

PDLQ�DUJF� DUJY�

LQW DUJF�

FKDU DUJY>@�

^

IORDW I� J�

VWUXFW VJWW\E WW\�

LQW SRUW� H[W� L� M�

FKDU VV>��@� RXWIQDPH>��@� FKS�

LI �DUJF � � 		 DUJF � � __ DUJF   � 		 DUJY>�@>�@   
�
�

^

ISULQWI�VWGHUU� �8VDJH� ?W�V �� DUJY>�@��

XVDJH���

H[LW����

`

LI �DUJF   ��

^

DUJY>�@>�@  WRORZHU�DUJY>�@>�@��

VZLWFK �DUJY>�@>�@� ^

FDVH 
I
� EUHDN�

FDVH 
L
�

LI �FKS  VWUFKU�DUJY>�@� 
�
�� FKS��  
?�
�

I  DWRI�DUJY>�@��

DUJY>�@  FKS�

LI �I � IUHTV>��@ __ I ! IUHTV>�@�

^

ISULQWI�VWGHUU� �:URQJ 
IURP
 YDOXH?Q���

H[LW����

`

ZKLOH �IUHTV>L��@ ! I��

LI �IDEV�IUHTV>L��@�I� � IDEV�IUHTV>L@�I��

WRWDOVWDUW  L���

HOVH LI �L�� 		 IDEV�IUHTV>L��@�I� � IDEV�IUHTV>L@�I��

WRWDOVWDUW  L���

LI �FKS  VWUFKU�DUJY>�@� 
�
�� FKS��  
?�
�

I  DWRI�DUJY>�@��

DUJY>�@  FKS�

LI �I � IUHTV>��@ __ I ! IUHTV>�@�

^

ISULQWI�VWGHUU� �:URQJ 
WR
 YDOXH?Q���

���
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H[LW����

`

ZKLOH �IUHTV>L��@ ! I��

LI �IDEV�IUHTV>L��@�I� � IDEV�IUHTV>L@�I��

WRWDOVWRS  L���

HOVH LI �L�� 		 IDEV�IUHTV>L��@�I� � IDEV�IUHTV>L@�I��

WRWDOVWRS  L���

EUHDN�

FDVH 
V
�

LI �FKS  VWUFKU�DUJY>�@� 
�
�� FKS��  
?�
�

I  DWRI�DUJY>�@��

DUJY>�@  FKS�

LI �I � IUHTV>��@ __ I ! IUHTV>�@�

^

ISULQWI�VWGHUU� �:URQJ IUHTXHQF\ YDOXH?Q���

H[LW����

`

ZKLOH �IUHTV>L��@ ! I��

LI �IDEV�IUHTV>L��@�I� � IDEV�IUHTV>L@�I��

WRWDOVWDUW  L���

HOVH LI �L�� 		 IDEV�IUHTV>L��@�I� � IDEV�IUHTV>L@�I��

WRWDOVWDUW  L���

WRWDOVWRS  WRWDOVWDUW�

EUHDN�

GHIDXOW�

ISULQWI�VWGHUU� �8VDJH� ?W�V�� DUJY>�@��

XVDJH���

H[LW����

`

LI �VWUOHQ�DUJY>�@��

^

LI ��FKS  VWUFKU�DUJY>�@� 
�
��

		 �VWUFKU�DUJY>�@� 
�
� � ���

^

ISULQWI�VWGHUU� �8VDJH� ?W�V �� DUJY>�@��

XVDJH���

H[LW����

`

LI �FKS� FKS��  
?�
�

LI �VWUOHQ�DUJY>�@��

^

���
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ZO�PP  ���VWUFKU�DUJY>�@� 
�
���

ZO��PP  ���VWUFKU�DUJY>�@� 
�
���

ZO�PP  ���VWUFKU�DUJY>�@� 
�
���

`

LI �FKS� LI �WRORZHU�FKS�   
S
� RUGHU  3$5$//(/�

HOVH LI �WRORZHU�FKS�   
V
� RUGHU  6(5,$/�

HOVH ^

ISULQWI�VWGHUU� �8VDJH� ?W�V �� DUJY>�@��

XVDJH���

H[LW����

`

`

LI �ZO�PP � ZO��PP � ZO�PP   �� RUGHU  6(5,$/�

LI �WRWDOVWDUW   WRWDOVWRS� RUGHU  3$5$//(/�

`

VWUFS\�RXWIQDPH� DUJY>DUJF��@��

LI ��ISG  IRSHQ�RXWIQDPH� �U��� � 18//�

^

ISULQWI�VWGHUU� �)LOH �V DOUHDG\ H[LVWV� RYHUZULWH" ��

RXWIQDPH��

LI �WRORZHU�JHWFKDU��� � 
\
� H[LW����

`

IFORVH�ISG��

LI ��ISG  IRSHQ�RXWIQDPH� �Z���   18//�

^

ISULQWI�VWGHUU� �&DQQRW RSHQ ILOH �V�� RXWIQDPH��

H[LW����

`

�

VHW SRUW EDXG UDWH� QR HFKR� DQG UDZ PRGH

�

LI ��SRUW  RSHQ�/,1(�2B5':5��   %86<�

^

ISULQWI�VWGHUU� �(UURU� OLQH EXV\?Q���

H[LW����

`

JWW\ �SRUW�	WW\��

WW\�VJBIODJV 	 �a(&+2��

WW\�VJBIODJV _ �5$:��

WW\�VJBLVSHHG  WW\�VJBRVSHHG  %$8'�

VWW\�SRUW� 	WW\��

ISR  IGRSHQ�SRUW� �U���

ISL  IGRSHQ�SRUW� �Z���

�

���
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,QLWLDOL]H FRQWURO ER[

�

SULQWI��,QLWLDOL]LQJ� SOHDVH ZDLW��� ���

ZDLW����

ISULQWI�ISL� �>0'@���

IJHWV�VV� ��� ISR��

ZDLW����

ISULQWI�ISL� �>$0@���

IJHWV�VV� ��� ISR��

ZDLW����

SULQWI��GRQH?Q���

PHPVHW��YRLG � UHVXOWV� �� VL]HRI�UHVXOWV���

LI �RUGHU   6(5,$/� IRU �L  �� L � �� L���

^

LI �L   � 		 �ZO�PP __ L   � 		 �ZO�PP __ L   � 		 �ZO��PP�

FRQWLQXH�

SULQWI��0HDVXULQJ ZDYHOHQJWK ���I PP IURP IUHTXHQF\ ���I WR IUHTXHQF\ ���I��� ��

ZDYHV>L@� IUHTV>WRWDOVWDUW@� IUHTV>WRWDOVWRS@��

PHDVXUH�WRWDOVWDUW� WRWDOVWRS� L��

SULQWI��GRQH?Q���

`

HOVH IRU �L  WRWDOVWDUW� L � WRWDOVWRS� L���

IRU �M �� M � �� M���

LI ���M   � 		 �ZO�PP __ M   � 		 �ZO�PP __ M   � 		 �ZO��PP��

^

SULQWI��0HDVXULQJ ZDYHOHQJWK ���I PP DW WKH IUHTXHQF\ ���I��� ��

ZDYHV>M@� IUHTV>L@��

PHDVXUH�L� L� M��

SULQWI��GRQH?Q���

`

ISULQWI�ISL� �>$0@���

IJHWV�VV� ��� ISR��

ZDLW����

ISULQWI�ISL� �>&0@���

IJHWV�VV� ��� ISR��

ISXWV�KHDGHU� ISG��

IRU �L  WRWDOVWDUW� L� WRWDOVWRS� L��� IRU �M �� M��� M���

^

LI �M   � 		 �ZO�PP __ M   � 		 �ZO�PP __ M   � 		 �ZO�PP�

FRQWLQXH�

ISULQWI�ISG� �>*'��L����I����I����I����I��L@?Q�� M���

UHVXOWV>M@>L@�IUHT� UHVXOWV>M@>L@�JDLQ�

UHVXOWV>M@>L@�SKDVH� UHVXOWV>M@>L@�RIIVHW�

UHVXOWV>M@>L@�DPS��

`

IFORVH�ISG��

���
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IFORVH�ISL��

IFORVH�ISR��

FORVH�SRUW��

`

PHDVXUH�VWDUW� VWRS� FKDQ�

LQW VWDUW� VWRS� FKDQ�

^

FKDU VWDWXV� VV>��@�

LQW GHOD\  ��� N� O�

ISULQWI�ISL� �>*3����I����I�����(�'�'�'�'�'@��

IUHTV>VWDUW@� IUHTV>VWRS@��

IJHWV�VV� ��� ISR��

ZDLW����

ISULQWI�ISL� �>&0@���

IJHWV�VV� ��� ISR��

ZDLW����

ISULQWI�ISL� �>6:��@���

IJHWV�VV� ��� ISR��

ZDLW����

ISULQWI�ISL� �>6:��G@�� FKDQ����

IJHWV�VV� ��� ISR��

ZDLW����

ISULQWI�ISL� �>7*@���

IJHWV�VV� ��� ISR��

ZDLW����

O  VWDUW�

LI �VWDUW � VWRS� GHOD\  ��

GR ^

ZDLW�GHOD\��

LI �SULQW�

^

ISULQWI�ISL� �>*'@���

LI �O   WRWDOVWDUW�

^

IJHWV�KHDGHU� ��� ISR��

SULQWI��?Q���

` HOVH IJHWV�VV� ��� ISR��

���
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N  VWDUW�

ZKLOH �N�� � O� IJHWV�VV� ��� ISR��

ZKLOH �IJHWV�VV� ��� ISR� 		 VV>�@ � 
@
�

^

VVFDQI�VV� �>*'��L��I��I��I��I��L@?Q��

	UHVXOWV>FKDQ@>O@�IUHT� 	UHVXOWV>FKDQ@>O@�JDLQ�

	UHVXOWV>FKDQ@>O@�SKDVH� 	UHVXOWV>FKDQ@>O@�RIIVHW�

	UHVXOWV>FKDQ@>O��@�DPS��

VV>�@  �FKDU��FKDQ � �[����

SULQWI�VV��

`

`

GHOD\  �LQW� �GHOD\  �����

�

*HW FRQWURO ER[ VWDWXV� H[LW LI PHDVXUHPHQWV KDYH EHHQ FRPSOHWHG

�

ISULQWI�ISL� �>&6@���

IJHWV�VV� ��� ISR��

VVFDQI�VV� �>&6��F��F��F��F��F��F��F@�� 	VWDWXV��

`

ZKLOH �VWDWXV � 
'
��

`

�

ZDLWV W VHFRQGV� XQOLNH �VOHHS�� FDQ DFFHSW QRQ�FRQVWDQW

SDUDPHWHUV

�

ZDLW�W�

LQW W�

^

WLPHBW VW�

VW  WLPH�18//��

ZKLOH ��LQW��WLPH�18//� � VW� � W� �

`

XVDJH��

^

ISULQWI�VWGHUU� ���L >�IURP!>��WR!>��ZDYHOHQJWKV!>��PRGH!@@@@! _?Q?W���

ISULQWI�VWGHUU� � ��I �ZDYHOHQJWKV!>��PRGH!@! _?Q?W���

ISULQWI�VWGHUU� � ��V �IUHTXHQF\!>��ZDYHOHQJWKV!@! �ILOHQDPH!?Q���

ISULQWI�VWGHUU� ���

��L ��?WWDNH PHDVXUHPHQWV RYHU WKH >IURP �� WR@ IUHTXHQF\ LQWHUYDO?Q���

ISULQWI�VWGHUU� �?W�E\ GHIDXOW �� WKH HQWLUH FRQWURO ER[ GLDSDVRQH?Q���

ISULQWI�VWGHUU� ��I ��?WWDNH IXOO PHDVXUHPHQW F\FOH RYHU WKH HQWLUH ���

���
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ISULQWI�VWGHUU� �FRQWURO ER[ GLDSDVRQH?Q���

ISULQWI�VWGHUU� ��V ��?WWDNH PHDVXUHPHQWV RQ WKH VSHFLILF IUHTXHQF\?Q?Q���

ISULQWI�VWGHUU� �3DUDPHWHU �ZDYHOHQJWKV!� �>�@>�@>�@!?Q���

ISULQWI�VWGHUU� �,I �ZDYHOHQJWKV! LV HPSW\ RU DEVHQW� DOO WKUHH ZDYHOHQJWKV���

ISULQWI�VWGHUU� � DUH PHDVXUHG�?QLI �ZDYHOHQJWKV! LV SUHVHQW DQG ���
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3DUDPHWHU (VWLPDWLRQ &RGH

*�� &DOLEUDWLRQ�%DVHG $OJRULWKPV

*���� 'HVFULSWLRQ RI 3URJUDPV

0DQ\ RI WKHVH SURJUDPV KDV EHHQ ZULWWHQ ZLWK WKH KHOS RI &KULV /LQ DV D SDUW RI KLV

8523 SURMHFW >��@�

VLJHSV�P 7KLV SURJUDP LV WKH 0DWODE ��� YHUVLRQ� ,W UHDGV 7:6 GDWD DQG SURGXFHV

JDLQ�SKDVH DQG &�� DQG *�� JUDSKV DV IXQFWLRQV RI IUHTXHQF\� ,W DOVR UHFRUGV WKH &��

DQG *�� YDOXHV LQ D ?�UHV� nOH� 7KH LQSXW DUJXPHQWV DUH 'DW)LOH1DPH� WWO� PP�� PP��

DQG PP�� 'DW)LOH1DPH LV D VWULQJ WKDW FRQWDLQV WKH GDWD nOHQDPH� ,I LW KDV D nOHQDPH

H[WHQVLRQ� VLJHSV�P ZLOO QRW EH DEOH WR UHFRUG GDWD LQ WKH ?�UHV� nOH� WWO LV D VWULQJ WKDW

FRQWDLQV WKH WLWOH IRU WKH JUDSKV� 7KH PP�� PP�� DQG PP� DUJXPHQWV FRUUHVSRQG

WR HDFK ZDYHOHQJWK RI WKH 7:6 DQG VSHFLI\ ZKHWKHU RU QRW WKRVH GDWD VHULHV VKRXOG

EH SORWWHG� :KHQ XVLQJ WKLV SURJUDP� RQH QHHGV WR NHHS WUDFN RI WKH &/ YDOXHV DQG

ZKHWKHU RU QRW WKH LQSXW GDWD nOH VWDUWV ZLWK WKH FKDUDFWHUV ?>JG@�� )RUJHWWLQJ WR GHOHWH

WKHVH FKDUDFWHUV ZLOO UHVXOW LQ D nOH RSHQLQJ HUURU� ,W DOVR KDV WKH DELOLW\ WR FDOFXODWH �

DQG } IRU SDUDOOHO SODWH FDSDFLWRUV� 7KH FDSDFLWDQFH YDOXHV LQ DLU IRU WKH SDUDOOHO SODWH

FDSDFLWRUV DUH QHHGHG DQG WKH XVHU PXVW NHHS WUDFN RI ZKHUH DQG LQ ZKDW IRUPDW WKH
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YDOXHV DUH VWRUHG� 7KH SURJUDP ZLOO FRPSXWH � DQG } YDOXHV IRU LQWHUGLJLWDO VHQVRU GDWD

DV ZHOO� EXW WKRVH VKRXOG EH LJQRUHG VLQFH WKH DOJRULWKP LV LQWHQGHG IRU RQO\ SDUDOOHO

SODWH JHRPHWULHV�

FVLJHSV�P 7KLV LV D FORVH UHODWLYH RI VLJHSV�P� ,W LV DOVR ZULWWHQ IRU XVH ZLWK

0DWODE ���� 7KH GLmHUHQFH EHWZHHQ WKH WZR SURJUDPV LV WKDW FVLJHSV�P UHDGV DQG

DQDO\]HV FRQVWDQW IUHTXHQF\ VZHHSV� ,W WDNHV WZR DGGLWLRQDO DUJXPHQWV� I DQG LQWHUYDO�

I LV WKH ORJ�� RI WKH IUHTXHQF\ XVHG DQG LQWHUYDO LV WKH QXPEHU RI VHFRQGV EHWZHHQ

PHDVXUHPHQWV� 7KLV SURJUDP UHDGV GDWD GLmHUHQWO\ VLQFH LW UHFHLYHV GDWD GLmHUHQWO\

IURP WKH SUHYLRXV SURJUDPV� :KHQ WKH *30 LV LQ UHSHDW WULDOV PRGH� LW LQVHUWV D

KHDGHU OLQH EHIRUH HDFK WULDO� 7KLV PHDQV WKDW HYHU\ IRXUWK OLQH FRQWDLQV PHDVXUHPHQW

WLPH GDWD LQ D FRQVWDQW IUHTXHQF\ VZHHS DQG PXVW EH WUHDWHG VHSDUDWHO\� 2I SDUWLFXODU

QRWH LV WKDW WKH KRUL]RQWDO D[LV RI WKH SORWV JHQHUDWHG E\ WKLV SURJUDP LQGLFDWH WKH

QXPEHU RI WULDOV SDVVHG� QRW WKH WRWDO WLPH� 7KLV SURJUDP� OLNH VLJHSV�P� SORWV � DQG }

IRU SDUDOOHO SODWH FDSDFLWRUV�

VH�P 7KLV SURJUDP FDOFXODWHV GLHOHFWULF SURSHUWLHV IRU KLJKO\ LQVXODWLQJ PDWHULDOV

PHDVXUHG XVLQJ D 7:6� ,W RQO\ ZRUNV RQ YHU\ JRRG LQVXODWRUV� EXW WKH\ FDQ EH VROLGV

RU OLTXLGV� 'DW)LOH1DPH DQG WWO DUH XVHG DV GHVFULEHG LQ SUHYLRXV SURJUDPV� +RZHYHU�

WKH PP�� PP�� DQG PP� DUJXPHQWV DUH DFWXDOO\ IDLUO\ LUUHOHYDQW LQ WKLV SURJUDP� ,W

ZLOO SUREDEO\ PDOIXQFWLRQ LI WKH\ DUH QRW DOO VHW WR �� 7KH JDLQ,Q$LU�� JDLQ,Q$LU�� DQG

JDLQ,Q$LU� DUJXPHQWV DUH WKH JDLQ LQ DLU �G%� PHDVXUHG E\ WKH *30� 7KH\ DUH XVHG WR

FDOFXODWH WKH PHWDOOL]DWLRQ UDWLR RI WKH VHQVRU� 7KLV PHWDOOL]DWLRQ UDWLR LV WKHQ XVHG WR

GHWHUPLQH ZKDW WKH � YV� &�� UHODWLRQVKLS IRU OLTXLGV LV� 7KH PDWHULDO7\SH SDUDPHWHU

�D VWULQJ� HLWKHU ?O� IRU OLTXLG RU ?V� IRU VROLG� WHOOV WKH SURJUDP ZKDW VHW RI HTXDWLRQV

WR XVH� ,I PDWHULDO7\SH  ?O�� WKHQ LW ZLOO XVH WKH HTXDWLRQV LW MXVW FRPSXWHG� ,I

PDWHULDO7\SH  ?V�� WKHQ WKH SURJUDP FRPSXWHV WKH WDQJHQW DW �  � RI WKH OLTXLGV

FXUYHV DQG FKDQJHV WKH VORSH E\ DQ HPSLULFDOO\ GHWHUPLQHG RmVHW DQJOH� 7KH SURJUDP

DOVR WDNHV WKH DUJXPHQWV DFWXDO(SVLORQ DQG RWKHU3ORWV� DFWXDO(SVLORQ LV XVHG WR GUDZ

D KRUL]RQWDO OLQH DFURVV WKH IUHTXHQF\ VZHHS WR LQGLFDWH WKH WKHRUHWLFDO YDOXH RI � DQG

SURYLGH D UHIHUHQFH� RWKHU3ORWV VSHFLnHV ZKHWKHU WKH JDLQ�SKDVH DQG &���*�� JUDSKV
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VKRXOG EH SORWWHG �� PHDQV \HV DQG � PHDQV QR�� 7KH NH\ SORW JHQHUDWHG E\ WKLV

SURJUDP VKRZV WKH DFWXDO DQG DYHUDJH � YDOXHV RQ WKH WRS D[HV DQG WKH � YDOXHV IURP

HDFK ZDYHOHQJWK DORQJ ZLWK WKH DYHUDJH � YDOXH RQ WKH ERWWRP D[HV� VH�P DOVR SURYLGHV

VWDWLVWLFDO LQIRUPDWLRQ DERXW WKH HUURU� VWDQGDUG GHYLDWLRQV� DQG PHDQ YDOXHV EHORZ

WKLV SORW�

WZROLT�P 7KLV SURJUDP ZDV XVHG IRU WKH WZR�oXLGV PHDVXUHPHQWV� 'DWD)LOH1DPH

DQG WWO DUH XVHG DV GHVFULEHG SUHYLRXVO\� 7KH PP�� PP�� DQG PP� SDUDPHWHUV DUH

SHUPDQHQWO\ VHW WR �� 7KLV ZDV GRQH EHFDXVH WKH SURJUDP ZLOO DOZD\V XVH WKH GDWD

IURP DOO WKUHH FKDQQHOV� 7KH SDUDPHWHUV ZHUH QRW HOLPLQDWHG FRPSOHWHO\ EHFDXVH WKH\

DSSHDU IUHTXHQWO\ LQ WKH FRGH DQG ZKLOH HpFLHQF\ LV UHGXFHG E\ NHHSLQJ WKHP DURXQG� D

ORW RI SRWHQWLDO GHEXJJLQJ WLPH LV DYRLGHG� FDS7\SH VSHFLnHV ZKDW W\SH RI SDUDOOHO SODWH

FDSDFLWRU LV XVHG LQ FRQMXQFWLRQ ZLWK WKH WZR VLQJOH ZDYHOHQJWK VHQVRUV� 7KH oDJ �

PHDQV <&DS �DOXPLQXP FDSDFLWRU� DQG � PHDQV 33&DS �WXQLQJ FDSDFLWRU�� 7KH H[DFW

YDOXHV RI WKH DLU FDSDFLWDQFH YDOXHV IRU WKHVH GHYLFHV PXVW EH NQRZQ RU WKH SURJUDP

ZLOO SURGXFH HUURQHRXV UHVXOWV� JDLQ,Q$LUD DQG JDLQ,Q$LUE DUH WKH PHDVXUHG JDLQ LQ

DLU RI WKH WZR GLmHUHQW VLQJOH ZDYHOHQJWK VHQVRUV DQG HQDEOH WKH SURJUDP WR FRPSXWH

PHWDOOL]DWLRQ UDWLRV DQG GHWHUPLQH WKH DSSURSULDWH � YV� &�� UHODWLRQVKLSV WR XVH� 7KH

VDPH DOJRULWKP XVHG LQ VH�P LV XVHG� RWKHU3ORWV VSHFLnHV ZKHWKHU WKH JDLQ�SKDVH DQG

&���� GDWD VKRXOG EH SORWWHG LQ DGGLWLRQ WR WKH SHUPLWWLYLW\ GDWD �� PHDQV \HV DQG �

PHDQV QR�� ODPEGD VSHFLnHV WKH ZDYHOHQJWK LQ PP RI WKH VHQVRUV XVHG� &XUUHQWO\� WKH

SURJUDP FDQ RQO\ KDQGOH LQSXWV RI � RU ���� ,Q IDFW� IRU DQ\ YDOXH RWKHU WKDQ �� WKH

SURJUDP ZLOO WUHDW ODPEGD DV LI LW ZHUH HTXDO WR ���� 7KLV SURJUDP DOVR JHQHUDWHV D ORW

RI XVHIXO VWDWLVWLFDO LQIRUPDWLRQ DERXW FDSDFLWDQFH DQG SHUPLWWLYLW\� ,W XVHV WKH PHDQ

SHUPLWWLYLW\ FDOFXODWHG IURP WKH SDUDOOHO SODWH FDSDFLWRU DV WKH ?DFWXDO SHUPLWWLYLW\�

IRU HUURU DQG VWDQGDUG GHYLDWLRQ SXUSRVHV� ,W LV TXHVWLRQDEOH ZKHWKHU WKLV VKRXOG EH

GRQH� 7KHVH VWDWLVWLFV DUH SULQWHG DW WKH ERWWRP RI WKH &���� �FDSDFLWDQFH VWDWLVWLFV�

DQG SHUPLWWLYLW\ �� VWDWLVWLFV� SORWV�

VROOLT�P VROOLT�P LV DFWXDOO\ D FROOHFWLRQ RI SURJUDPV DQG GDWD nOHV �JHQHUDWHG

XVLQJ 0D[ZHOO� XVHG WR DQDO\]H nOOHG DLU JDS PHDVXUHPHQWV GDWD� VROOLT�P LV WKH SDUHQW
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IXQFWLRQ DQG FDOOV UHDGVLP�P WR JHQHUDWH D ORRN�XS WDEOH DQG UXQV FKLOG�P LWHUDWLYHO\

RQ WKH LQSXW GDWD� ZDYH/HQJWK� DQG ZDYH/HQJWK� VSHFLI\ WKH ZDYHOHQJWKV ��� ���� RU ��

ZLWK ZKLFK WKH LQSXW GDWD ZHUH WDNHQ� oXLG� DQG oXLG� VSHFLI\ ZKLFK OLTXLG �DLU� FRUQ

RLO� RU FDVWRU RLO� ZDV XVHG WR nOO WKH JDS EHWZHHQ WKH VHQVRU DQG WKH VDPSOH� LQSXW'DWD

LV D WZR FROXPQ PDWUL[ RI WKH PHDVXUHG &�� YDOXHV� 7KH nUVW FROXPQ FRUUHVSRQGV WR

ZDYH/HQJWK� DQG oXLG� DQG WKH VHFRQG FROXPQ FRUUHVSRQGV WR ZDYH/HQJWK� DQG oXLG��

UHVROXWLRQ VSHFLnHV WKH QXPEHU RI FRQWRXU OLQHV GUDZQ RQ WKH JHQHUDWHG FRQWRXU SORWV�

7KH SURJUDP JHQHUDWHV FRQWRXU SORWV IRU HDFK URZ RI LQSXW'DWD� ,I WKH ODVW WKUHH

OLQHV RI VROOLT�P DUH XQFRPPHQWHG� WKH SURJUDP ZLOO SURPSW WKH XVHU WR FRQWLQXH DIWHU

JHQHUDWLQJ HDFK LQGLYLGXDO FRQWRXU SORW DQG FORVH WKDW SORW EHIRUH WKH QH[W LWHUDWLRQ�

7KH UHWXUQ DUJXPHQW UHVXOWV LV D IRXU FROXPQ PDWUL[ WKDW FRQWDLQV WKH GDWD IURP

LQSXW'DWD DORQJ ZLWK WKH FRPSXWHG K DQG � YDOXHV �K LV WKH HmHFWLYH DLU JDS�� 7KHVH

YDOXHV DUH VRPHWLPHV 1D1 RU QRW D QXPEHU�

FKLOG�P FKLOG�P GRHV DOO WKH FRPSXWDWLRQ� 7KH VSHFLnF DOJRULWKPV DQG VWHSV DUH

GHVFULEHG LQ VHFWLRQ ���� %HVLGHV JHQHUDWLQJ FRQWRXU SORWV� FKLOG�P UHWXUQV U(SVLORQ

DQG U+ WR VROOLT�P� 7KHVH YDOXHV DUH XVHG WR FRQVWUXFW WKH UHVXOWV PDWUL[ UHWXUQHG E\

VROOLT�P� ,I WKH &�� SDLU SDVVHG WR FKLOG�P LV QRW FORVH HQRXJK WR WKH LQWHUSRODWHG SDWFK

JHQHUDWHG E\ FKLOG�P� U(SVLORQ DQG U+ ZLOO QRW EH QXPEHUV DQG 1D1 �QRW D QXPEHU�

ZLOO EH UHWXUQHG� +RZHYHU� WKH &�� SDLU ZLOO VWLOO EH SORWWHG �PDSSHG RQ WKH &�����&���

� SODQH RI WZR GLmHUHQW ZDYHOHQJWKV� DQG ZLOO VKRZ XS SRVVLEO\ RQ WKH LQWHUSRODWHG

VXUIDFH RI WKH FRQWRXU SORW� 6RPH LQVLJKW LQWR WKH � DQG K YDOXHV FDQ EH JOHDQHG IURP

WKLV�

UHDG6LP�P 7KLV URXWLQH UHDGV WKH 0D[ZHOO VLPXODWLRQ GDWD nOHV VSHFLnHG E\ WKH

LQSXW SDUDPHWHUV DQG UHWXUQV D IRXU FROXPQ PDWUL[� >� K &���� &����@ ZKHUH HDFK HQWU\

LV DFWXDOO\ D FROXPQ YHFWRU� K YDULHV IURP � WR �� DW LQWHUYDOV RI � DQG � YDULHV IURP

� WR � DW LQWHUYDOV RI ��� IRU HDFK YDOXH RI K� 6R� WKHUH DUH ��� URZV� 7KHVH GDWD DUH

XVHG E\ FKLOG�P WR JHQHUDWH WKH PRQRWRQLF DQG SODLG GDWD QHHGHG WR HQDEOH FKLOG�P WR

HVWLPDWH � DQG K IRU WKH DUELWUDU\ LQSXW &�� SDLU�
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*���� VLJHSV�P

IXQFWLRQ VLJHSV�'DW)LOH1DPH�WWO�PP��PP��PP��

��� 3ORWV *DLQ� 3KDVH� &��� *��� (SVLORQ� DQG 6LJPD IRU D )UHTXHQF\ 5XQ

��� /DVW 0RGLILHG -XQH ��� ���� E\ &KULVWRSKHU /LQ�

� /RDG FDSDFLWDQFHV

� 7KHVH DUH WKH YDOXHV IRU WULDOV EHWZHHQ ���� DQG �������

� &O�PP  ������ &/�PP  &O�PP�

� &O�PP  ����� &/�PP  &O�PP�

� &O�PP  ����� &/�PP  &O�PP�

� 7KHVH DUH WKH YDOXHV IRU WULDOV DIWHU ������� �,QWHUIDFH ER[ ZDV UHEXLOW�

� &O�PP  ����� &/�PP  &O�PP�

� &O�PP  ����� &/�PP  &O�PP�

� &O�PP  ����� &/�PP  &O�PP�

� 7KHVH DUH WKH YDOXHV IRU WULDOV DIWHU ������� �&ORDGV ZHUH UHFDOLEUDWHG�

&O�PP  ������ &/�PP  &O�PP�

&O�PP  ����� &/�PP  &O�PP�

&O�PP  ����� &/�PP  &O�PP�

� RSHQ GDWD ILOH
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��
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GLVS�
 
��

HUURU�
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����

� 5HDG 'DWD WR 0DWUL[

>'DWD�1XPEHU@  IVFDQI�'DW,'�
>*'��L��I��I��I��I��L@
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1XPEHU  1XPEHU � ��

� &ORVH )LOH
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� RSHQ UHIHUHQFH ILOH �FRQWDLQV YDOXHV RI &�� DQG *�� LQ DLU�
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�
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��
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� 5HDG RII +HDGHU 'DWD /LQH

IUHDG�'DW,'�����

� 5HDG 5HIHUHQFH 'DWD WR 0DWUL[

>5HI� 1@  IVFDQI�'DW,'�
�I?W�I?W�I?W�I?W�I?W�I?W�I?Q
�>��LQI@��

� &ORVH )LOH

IFORVH�'DW,'��

� ([WUDFW�2UJDQL]H 'DWD

)UHT  ���A'DWD�������1XPEHU��

2PHJD  )UHT���SL�

*DLQ�PP  'DWD�������1XPEHU��

*DLQ��PP  'DWD�������1XPEHU��

*DLQ�PP  'DWD�������1XPEHU��

3KDVH�PP  'DWD�������1XPEHU��

3KDVH��PP  'DWD�������1XPEHU��

3KDVH�PP  'DWD�������1XPEHU��

� 5HFDOFXODWH JDLQ LQWR YROWV� SKDVH LQWR UDGLDQV

*U�PP  ���A�*DLQ�PP������

*U��PP  ���A�*DLQ��PP������

*U�PP  ���A�*DLQ�PP������

)L�PP  3KDVH�PP�SL������

)L��PP  3KDVH��PP�SL������

)L�PP  3KDVH�PP�SL������

� 5HFDOFXODWH LQWR UHDO DQG LPDJLQDU\ SDUWV RI JDLQ

*5H�PP  *U�PP��FRV�)L�PP���

*5H�PP  *U��PP��FRV�)L��PP���

*5H�PP  *U�PP��FRV�)L�PP���

*,P�PP  *U�PP��VLQ�)L�PP���

*,P�PP  *U��PP��VLQ�)L��PP���

*,P�PP  *U�PP��VLQ�)L�PP���

*��P�  ]HURV���1XPEHU����

*��P�  ]HURV���1XPEHU����

*��P�  ]HURV���1XPEHU����

6LJPD�  ]HURV���1XPEHU����

(SVLORQ�  ]HURV���1XPEHU����

6LJPD�  ]HURV���1XPEHU����

(SVLORQ�  ]HURV���1XPEHU����

6LJPD�  ]HURV���1XPEHU����

(SVLORQ�  ]HURV���1XPEHU����

*��P�  ]HURV���1XPEHU�������
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*��P�  ]HURV���1XPEHU�������

*��P�  ]HURV���1XPEHU�������

� 6ROYH V\VWHP RI HTXDWLRQV

IRU LL  ��1XPEHU���

$�  > *5H�PP�LL��� �2PHJD�LL�*,P�PP�LL��

*,P�PP�LL� 2PHJD�LL��*5H�PP�LL����@�

%�  > 2PHJD�LL�*,P�PP�LL�&/�PP�
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*,P�PP�LL� 2PHJD�LL��*5H�PP�LL����@�

%�  > 2PHJD�LL�*,P�PP�LL�&/�PP�

�*5H�PP�LL�2PHJD�LL�&/�PP@�

;�  $�?%��

;�  $�?%��
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&��P��LL�  ;�����

��� 0DNH VXUH *�� FDQ EH PHDVXUHG � WKDW LV WKH SKDVH �LQ GHJUHHV� GLIIHUV

��� VXIILFLHQWO\ IURP �� DQG WKDW ZH DUH QRW LQ KLJK IUHTXHQF\ UDQJH

��� ZKHUH SKDVH GHOD\ LV FDXVHG E\ WKH RS�DPSV� 2WKHUZLVH� *�� UHPDLQV

��� HTXDO WR ����

� 3KDVH OLPLW ZKHQ *�� FDQ EH GHWHFWHG

3KDVH/LPLW  ��

LI �DEV�3KDVH�PP�LL�� ! 3KDVH/LPLW 	 )UHT�LL�������

*��P��LL�  ;�����

HQG

LI �DEV�3KDVH��PP�LL�� ! 3KDVH/LPLW 	 )UHT�LL�������
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HQG

LI �DEV�3KDVH�PP�LL�� ! 3KDVH/LPLW 	 )UHT�LL�������

*��P��LL�  ;�����

HQG

HQG

� )RU DLUFDO�UHV� 33&DS LV LQ FROXPQ � DQG <&DS LV LQ FROXPQ ��

� DLUFDO�UHV VKRXOG EH XVHG IRU WKH �PP FDOLEUDWLRQ WULDOV �LQ

� FRUQ RLO�� $OVR� WKH FDSDFLWDQFH RI <&DS LV DERXW � �YV� � LQ

� WKH RWKHU DLUFDO ILOHV��
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� )RU DLUFDO��UHV� 33&DS LV LQ FROXPQ � DQG <&DS LV LQ FROXPQ ��

� DLUFDO��UHV VKRXOG EH XVHG IRU WKH �PP DQG ���PP FDOLEUDWLRQ
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� )RU DLUFDO��UHV� 33&DS LV LQ FROXPQ � DQG <&DS LV LQ FROXPQ ��
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*���� VROOLT�P

IXQFWLRQ >UHVXOWV@  ���

VROOLT�ZDYH/HQJWK��ZDYH/HQJWK��IOXLG��IOXLG��LQSXW'DWD�UHVROXWLRQ�

�LQSXW'DWD VKRXOG EH D WZR FROXPQ PDWUL[

�LQLWLDOL]H UHVXOWV PDWUL[

UHVXOWV  

�

�UHDG VLPXODWLRQ GDWD

VLP'DWD  UHDG6LP�ZDYH/HQJWK��ZDYH/HQJWK��IOXLG��IOXLG���

GDWD�  LQSXW'DWD������

GDWD�  LQSXW'DWD������

PHD'DWD  >GDWD�� GDWD�@�

SRLQWV  VL]H�PHD'DWD����

�ORRS WKURXJK PHDVXUHPHQW GDWD

IRU LQGH[ ��SRLQWV

>HSVLORQ�K@  FKLOG�VLP'DWD�PHD'DWD�LQGH[����IOXLG��IOXLG��UHVROXWLRQ��

UHVXOWV  >UHVXOWV�PHD'DWD�LQGH[����HSVLORQ�K@�

� UHVXOWV�LQGH[���

� LQSXW�
SUHVV HQWHU WR FRQWLQXH
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� FORVH DOO�
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*���� FKLOG�P

IXQFWLRQ >U(SVLORQ�U+@  FKLOG�VLPXODWLRQ'DWD�PHDVXUHPHQW3RLQW����

IOXLG��IOXLG��QXPEHU2I&RQWRXUV�

�VLPXODWLRQ'DWD ZLOO EH D IRXU FROXPQ PDWUL[ >HSVLORQ� K� FDS�� FDS�@

�PHDVXUHPHQW3RLQW ZLOO EH D WZR FROXPQ URZ YHFWRU >FDS�� FDS�@

�&DOFXODWH GLVWDQFH IURP HDFK PHDVXUHPHQW SRLQW WR HDFK RI WKH VLPXODWLRQ SRLQWV

VLP'DWD6L]H  VL]H�VLPXODWLRQ'DWD����

IRU Q ��VLP'DWD6L]H

WHPS  VTUW��VLPXODWLRQ'DWD�Q����PHDVXUHPHQW3RLQW����A� ����

�VLPXODWLRQ'DWD�Q����PHDVXUHPHQW3RLQW����A���

GLVWDQFH�Q�����  >VLPXODWLRQ'DWD�Q������WHPS@�

HQG

�6RUW E\ GLVWDQFH �FROXPQ � RI GLVWDQFH PDWUL[�

GLVWDQFH  VRUWURZV�GLVWDQFH����
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 FORVHVW SRLQWV �WU\ ���

QXPEHU2I3RLQWV  ���

ORFDO'DWD  GLVWDQFH���QXPEHU2I3RLQWV����

�3ORW XVLQJ 'HODXQD\ WULDQJXODWLRQ
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FDS�  ORFDO'DWD������

FDS�  ORFDO'DWD������
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�WUL  GHODXQD\�FDS��FDS���
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�IOXLG��QXP�VWU�ZDYH/HQJWK�����

�7UDQVIRUP VHOHFWHG VLPXODWLRQ SRLQWV LQWR SODLG DQG PRQRWRQLF IRUP

PLFDS�  OLQVSDFH�PLQ�FDS���PD[�FDS���QXPEHU2I3RLQWV��

PLFDS�  OLQVSDFH�PLQ�FDS���PD[�FDS���QXPEHU2I3RLQWV��
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*�� 'LmXVLRQ� )RUZDUG 3UREOHP

*���� 'HVFULSWLRQ RI 3URJUDPV

GLmU���P VROYHV WKH GLmXVLRQ SUREOHP XVLQJ WKH nQLWH GLmHUHQFHV DSSURDFK�

0RL�(S([�P FRQYHUWV PRLVWXUH SURnOHV LQWR SURnOHV RI UHODWLYH GLHOHFWULF SHUPLW�

WLYLW\� FRQGXFWLYLW\� DQG ORVV IDFWRU� SURYLGLQJ WKHLU SORWV DQG ��WK RUGHU SRO\QRPLDO

DSSUR[LPDWLRQV� 2XWSXWV GDWD LQ 0DWODE ELQDU\ nOH $OO3URnOHV�

3RO$SSUR�P 7KLV IXQFWLRQ nWV WKH VLPXODWHG GDWD IURP PRLVWXUH GLmXVLRQ SUR�

JUDPV ZLWK D SRO\QRPLDO DQG UHWXUQV SRO\QRPLDO nW FRHpFLHQWV�

HSV�PR���P FRQYHUWV PRLVWXUH PDWUL[ LQWR DQ � PDWUL[�

GDWHQW���P 7KLV IXQFWLRQ FRQWDLQV GDWD WR EH SORWWHG IRU WKH VWDLU�VWHS GLmXVLRQ

FDVH�
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*���� GLmU���P

� )XQFWLRQ GLIIU���P

� 7KLV IXQFWLRQ VROYHV H[SOLFLWHO\ WKH GLIIXVLRQ HTXDWLRQ LQ ��'

� XVLQJ ILQLWH GLIIHUHQFH VLPXODWLRQ

� 7KH GLIIXVLRQ FRHIILFLHQW LV DVVXPHG WR EH FRQVWDQW

� /HIW ERXQGDU\ YDOXH RI FRQFHQWUDWLRQ LV FRQVWDQW

� %\ $OH[ 0DPLVKHY� 'HFHPEHU ����

� 0RGLILHG WKURXJKRXW ����

��� ,1,7,$/ 3$5$0(7(56

� 7R SORW VHYHUDO SURILOH FXUYHV RQ RQH JUDSK� SLFN WLPH LQ KRXUV�

WLPH+RXUV >��� ��� � � � � �� �� �� ��@�

WLPH6HF WLPH+RXUV�����

� GLIIXVLRQ FRHIILFLHQW LQ PA��VHF

' �H����

� 7KLFNQHVV RI PDWHULDO LQ PHWHUV

7KLFNQHVV  ������

� 3LFN WKH QXPEHU RI WLPH VWHSV 7LPH 6WHSV LQ VHF ODUJH HQRXJK

�WR SUHYHQW ORVV RI VWDELOLW\

� 7KH ODUJHU LV WKH QXPEHU RI ;6WHSV� WKH ODUJHU VKRXOG EH WKH

�QXPEHU RI 7LPH6WHSV

� ;6WHSV  QXPEHU RI QRGHV LQ VSDFH

� 7LPH6WHSV  QXPEHU RI 7LPH 6WHSV LQ VHF

;6WHSV ��� 7LPH6WHSV �����

� 3URFHVV LQSXW SDUDPHWHUV

GLVWDQFH OLQVSDFH���7KLFNQHVV�;6WHSV��

� LQLWLDOL]H WKH YHFWRU WKDW FRQWDLQV DOO SURILOHV

)XQF3�$UUD\  ]HURV�OHQJWK�WLPH+RXUV��;6WHSV��

� VHW IRQW VL]H LQ DOO ILJXUHV

VHW���
'HIDXOW$[HV)RQW6L]H
�����

VHW���
'HIDXOW7H[W)RQW6L]H
�����

� 287(5 /223 )25 3/277,1* 02,6785( 352),/(6 $7 ',))(5(17 020(176 2) 7,0(

IRU L� ��OHQJWK�WLPH6HF�

WLPH+RXUV�L��

7RWDO7LPH WLPH6HF�L���

G[ 7KLFNQHVV�;6WHSV�

GW 7RWDO7LPH�7LPH6WHSV�

FRHI '�GW�G[A���

)XQF ��;6WHSV�

� 6HW LQLWLDO FRQGLWLRQV DQG ERXQGDU\ YDOXHV

� %RXQGDU\ YDOXHV DUH FRQVWDQW KHUH

)XQF��� ����

)XQF�;6WHSV� ����

� 6HW LQWHULRU SRLQWV WR �

���



*��� 'LmXVLRQ� )RUZDUG 3UREOHP

)XQF���;6WHSV��� ����

)XQF3� )XQF�

� EHJLQ PDUFKLQJ IRUZDUG LQ WLPH

IRU . ��7LPH6WHSV

)XQF3����;6WHSV��� )XQF���;6WHSV����FRHI�)XQF���;6WHSV�����

�)XQF���;6WHSV����)XQF����;6WHSV������

� XSGDWH IXQFWLRQ )XQF

)XQF���;6WHSV��� )XQF3����;6WHSV����

� XSGDWH ERXQGDU\ YDOXH

)XQF�;6WHSV� )XQF3��;6WHSV����

)XQF3��;6WHSV� )XQF3��;6WHSV����

� XSGDWH WLPH

7.3� .GW�

� 3ORW 6ROXWLRQ

HQG

SORW�GLVWDQFH����� )XQF3��

SDXVH�����

KROG RQ

)XQF3�$UUD\�L����  )XQF3��

HQG

[ODEHO�
'HSWK LQWR PDWHULDO� PP
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\ODEHO�
0RLVWXUH FRQFHQWUDWLRQ� �
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LI �

IRU L�  ��OHQJWK�WLPH+RXUV�

JWH[W�QXP�VWU�WLPH+RXUV�L����

HQG
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VDYH $OO3URILOHV )XQF3�$UUD\ �DVFLL �GRXEOH�
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*���� 0RLV�(SV�P

IXQFWLRQ 0RLV�(SV�0RLVW3URILOHV�

� )XQFWLRQ WR GHWHUPLQH GLHOHFWULF SHUPLWWLYLW\ SURILOHV IURP

� PRLVWXUH SURILOHV LQ SUHVVERDUG

� $OVR FRPSXWHV ��WK RUGHU SRO\QRPLDO DSSUR[LPDWLRQ RI WKHVH SURILOHV DQG

� SULQW WKH FRHIILFLHQWV LQWR WKH ILOH SRO&RHI

� 8VHV IXQFWLRQ 3RO$SSUR

� 7DNHV LQSXW ILOH JHQHUDWHG E\ GLIIU���P� VXFK DV $OO3URILOHV

� *HQHUDWHV RXWSXW

� %\ $OH[ 0DPLVKHY� $XJXVW ��

� ,1387 9$5,$%/(6

� VSHFLI\ GLPHQVLRQV RI WKH UHJLRQ

;6WHSV  ���

GLVWDQFH OLQVSDFH���������;6WHSV��

� VHW IRQW VL]H LQ DOO ILJXUHV

VHW���
'HIDXOW$[HV)RQW6L]H
�����

VHW���
'HIDXOW7H[W)RQW6L]H
�����

ORDG�0RLVW3URILOHV��

� SDUDPHWHU YDOXHV IURP 6KHLUHWRY WKHVLV

P  DOOSURILOHV�

)UHT  ��

HLQI  �����H����

H�  ����H����

FP  �������

I7  ����

F�  ��������

F�  ��������

J  �����

HSVLORQ  HLQI � H�����A��J��I7�FP������A�F����P��)UHT��A��J��

(SVLORQ5HO  HSVLORQ�H��

HSVLORQGS  H�����A��J��I7�FP������A�F����P��)UHT��A��J��

VLJPD  HSVLORQGS��SL)UHT��

ORVV)DFWRU  HSVLORQGS�H��

VL]H�HSVLORQ�

ILJXUH

IRU L� ����

SORW�GLVWDQFH����� (SVLORQ5HO�L�����

SDXVH�����
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(SVLORQ5HO�L���������

HQG

[ODEHO�
'HSWK LQWR PDWHULDO �PP�
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\ODEHO�
5HODWLYH SHUPLWWLYLW\� ?HSVLORQBU
��

� WR PDUN WKH FXUYHV PDQXDOO\�

WLPH+RXUV >��� ��� � � � � �� �� �� ��@�

LI �

LI �

IRU L�  ��OHQJWK�WLPH+RXUV�

JWH[W�QXP�VWU�WLPH+RXUV�L����

HQG

HQG

ILJXUH

IRU L� ����

SORW�GLVWDQFH����� VLJPD�L�����

SDXVH�����

KROG RQ

HQG

[ODEHO�
'HSWK LQWR PDWHULDO �PP�
��

\ODEHO�
&RQGXFWLYLW\� ?VLJPD �6�P�
��

� WR PDUN WKH FXUYHV PDQXDOO\�

LI �

IRU L�  ��OHQJWK�WLPH+RXUV�

JWH[W�QXP�VWU�WLPH+RXUV�L����

HQG

HQG

ILJXUH

IRU L� ����

SORW�GLVWDQFH����� ORVV)DFWRU�L�����

SDXVH�����

KROG RQ

HQG

[ODEHO�
'HSWK LQWR PDWHULDO �PP�
��

\ODEHO�
/RVV IDFWRU� ?HSVLORQ?SULPH?SULPH�?HSVLORQB�
��

� WR PDUN WKH FXUYHV PDQXDOO\�

LI �

IRU L�  ��OHQJWK�WLPH+RXUV�

JWH[W�QXP�VWU�WLPH+RXUV�L����

HQG

HQG

HQG

� 32/<120,$/ $3352;,0$7,21

� SRO\QRPLDO DSSUR[LPDWLRQ � HSVLORQ

SRO(SV 3RO$SSUR�GLVWDQFH� (SVLORQ5HO� WLPH+RXUV� ;6WHSV��

[ODEHO�
'HSWK LQWR PDWHULDO �PP�
��

\ODEHO�
'LHOHFWULF SHUPLWWLYLW\� ?HSVLORQBU
��

� SRO\QRPLDO DSSUR[LPDWLRQ �VLJPD
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SRO6LJ 3RO$SSUR�GLVWDQFH� VLJPD� WLPH+RXUV� ;6WHSV��

[ODEHO�
'HSWK LQWR PDWHULDO �PP�
��

\ODEHO�
&RQGXFWLYLW\� ?VLJPD �6�P�
��

� SRO\QRPLDO DSSUR[LPDWLRQ � HSVLORQ GRXEOH SULPH

SRO(SV'3 3RO$SSUR�GLVWDQFH� ORVV)DFWRU� WLPH+RXUV� ;6WHSV��

[ODEHO�
'HSWK LQWR PDWHULDO �PP�
��

\ODEHO�
/RVV IDFWRU� ?HSVLORQ?SULPH?SULPH�?HSVLORQB�
��

(SV3UHF (SVLORQ5HO�����������

6LJ3UHF VLJPD�����������

VDYH SRO&RHI SRO(SV SRO6LJ SRO(SV'3 �DVFLL�

VDYH (SV3UHF (SV3UHF �DVFLL�

VDYH 6LJ3UHF 6LJ3UHF �DVFLL�

VDYH (SV3UHF (SV3UHF �DVFLL�

���
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*���� 3RO$SSUR�P

IXQFWLRQ SRO)XQ 3RO$SSUR�[)XQFWLRQ� \)XQFWLRQ�WLPH+RXUV� ;6WHSV�

� 7KLV IXQFWLRQ ILWV WKH VLPXODWHG GDWD IURP PRLVWXUH GLIIXVLRQ SURJUDPV

� ZLWK D ��WK GHJUHH SRO\QRPLDO

� )XQFWLRQ UHWXUQV SRO\QRPLDO ILW FRHIILFLHQV

� 7DNHV LQSXW� [)XQFWLRQ � YHFWRU RI [ YDOXHV

� \)XQFWLRQ � YHFWRU RI \ YDOXHV

� WLPH+RXUV � VHTXHQFH RI VLPXODWHG SURILOH WLPHV

� ;6WHSV � GLVFUHWL]DWLRQ RI [ D[LV

� FKDQJH SDUDPHWHU �VSDFHU� WR VNLS GDWD SRLQWV XVHG LQ DSSUR[LPDWLRQ

� $OH[ 0DPLVKHY� 0DUFK ����

� LQLWLDOL]H WKH DUUD\ IRU VWRUDJH RI FRHIILFLHQWV

SRO)XQ ]HURV�OHQJWK�WLPH+RXUV�����

VSDFHU  �� � LQFUHDVH YDOXH WR VNLS GDWD SRLQWV

)LWWHG)XQFWLRQ  ]HURV�OHQJWK�WLPH+RXUV���;6WHSV����VSDFHU��

IRU L�  ��OHQJWK�WLPH+RXUV�

� FRPSXWH FRHIILFLHQWV DQG VWRUH WKHP LQ DQ DUUD\

SRO)XQ�L���� ���

SRO\ILW�[)XQFWLRQ���VSDFHU�;6WHSV��\)XQFWLRQ�L����VSDFHU�;6WHSV�����

� UHFRPSXWH WKH ILWWHG GDWD

)LWWHG)XQFWLRQ�L����VSDFHU�;6WHSV� ���

SRO)XQ�L�����[)XQFWLRQ���VSDFHU�;6WHSV��A�����

SRO)XQ�L�����[)XQFWLRQ���VSDFHU�;6WHSV��A�����

SRO)XQ�L�����[)XQFWLRQ���VSDFHU�;6WHSV��A�����

SRO)XQ�L�����[)XQFWLRQ���VSDFHU�;6WHSV�����

SRO)XQ�L�����

HQG

ILJXUH

IRU L� ����

SORW�[)XQFWLRQ���VSDFHU�;6WHSV������ )LWWHG)XQFWLRQ�L����VSDFHU�;6WHSV��

SDXVH�����

KROG RQ

HQG

� WR PDUN WKH FXUYHV PDQXDOO\�

LI �

IRU L�  ��OHQJWK�WLPH+RXUV�

JWH[W�QXP�VWU�WLPH+RXUV�L����

HQG

HQG

���
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*���� HSV�PR���P

IXQFWLRQ >P@ HSV�PR���HU�� )UHT�

� )XQFWLRQ WR GHWHUPLQH PRLVWXUH FRQWHQW LQ � IURP

� UHODWLYH GLHOHFWULF SHUPLWWLYLW\ DW GLIIHUHQW IUHTXHQFLHV

� %\ $OH[ 0DPLVKHY� $XJXVW ��

HLQI  �����H����

H�  ����H����

FP  �������

I7  ����

F�  ��������

F�  ��������

J  �����

P  ���HU��HLQI��H���A����J������A���I7�FP��F��J���)UHT�

���



*��� 'LmXVLRQ� )RUZDUG 3UREOHP

*���� GDWHQW���P

IXQFWLRQ GDWHQW����

� WKLV IXQFWLRQ FRQWDLQV GDWD WR EH SORWWHG

� IRU VWDLU VWHS GLIIXVLRQ FDVH

(SV3ULPH0DWU  ���

>� � � � � �����

��� ��� � � � �����

���� ���� ���� ���� � �����

���� ���� ���� ���� ���� ��������

����� ����� ���� ���� ���� ��������

����� ����� ����� ����� ���� ��������

����� ����� ���� ���� ���� ��������

���� ���� ���� ���� ���� ��������

����� ����� ���� ���� ��� ������

@�

IRU LL ���

PRVWHS���(SV3ULPH0DWU�LL�����

HQG

ILJXUH

>[�\@ VL]H�(SV3ULPH0DWU��

IRU LL ��[

[0DW�LL� LL�

HQG

IRU LL ��\

\0DW�LL� LL�

HQG

[0DW >� ������ ����� ����� ����� ����� ����� ����� �����@�

\0DW >� ��� ��� ��� ��� ����@�

ZDWHUIDOO�\0DW�[0DW�(SV3ULPH0DWU�

FRORUPDS�MHW��

FRORUEDU�

[ODEHO�
'LVWDQFH �PLFURQ�
��

\ODEHO�
7LPH �KRXUV�
��

]ODEHO�
0RLVWXUH ���
��

)UHT RQHV�VL]H�(SV3ULPH0DWU���

P HSV�PR���(SV3ULPH0DWU����H����)UHT��

D ZDWHUIDOO�\0DW������[0DW������P����������

VHW�D�
/LQH:LGWK
���

FRORUPDS�FRSSHU��

VHW�JFI�
&RORU
�>� � �@�

�FRORUEDU�

[ODEHO�
'LVWDQFH �PLFURQ�
��

\ODEHO�
7LPH �KRXUV�
��

���



$SSHQGL[ *� 3DUDPHWHU (VWLPDWLRQ &RGH

]ODEHO�
0RLVWXUH ���
��

��� $SSO\ FRQWLQXLW\ FRQGLWRQV

� :H ZLOO QHHG PRUH GDWD SRLQWV IRU \ D[LV� LQ IDFW� WKUHH PRUH LQWHUPHGLDWH SRLQWV

� 8SSHU ERXQGDU\ YDOXH IRU HSVLORQ�

� 7KHVH YDOXHV FRPH IURP ILJXUH -���

�8SSHU/HIW(SV3ULPH >�� ����� ����� ����� ����� ����� ������ ������ ����@�

8SSHU/HIW(SV3ULPH >�� ����� ������ ����� ���� ������ ����� ����� ����@�

� FRQYHUW XVLQJ WKH FRQYHUVLRQ HTXDWLRQV WR PRLVWXUH

)UHT� RQHV�VL]H�8SSHU/HIW(SV3ULPH���

8SSHU/HIW0RLVW HSV�PR���8SSHU/HIW(SV3ULPH����H����)UHT��

FRHI ��

� 5HFDOFXODWH UHFWDQJXODU SURILOH LQWR D FRQWLQRXV SURILOH

ILJXUH

\0DW1HZ \0DW�

\0DW1HZ� RQHV�VL]H�\0DW��>� �@��

VL]H�\0DW1HZ��

PRLVW2OG P�

PRLVW1HZ PRLVW2OG�

IRU LL ��OHQJWK�[0DW�

�UHFUHDWH WKLFNQHVV RI WKH OD\HUV LQLWLDO YHFWRU

\0DW1HZ \0DW�

�GHILQH OHIW ERXQGDU\

PRLVW1HZ�LL��� 8SSHU/HIW0RLVW�LL��

�VFUROO WKURXJK DOO PRPHQWV RI WLPH

LI��8SSHU/HIW0RLVW�LL����!P�LL����

�FRQYHUW ILUVW UHJLRQ WR D WULDQJOH

PRLVW1HZ�LL��� ��

\0DW1HZ��� \0DW������P�LL��8SSHU/HIW0RLVW�LL���\0DW����\0DW�����

HOVH

�FRQYHUW ILUVW UHJLRQ WR D WUDSHVRLG

PRLVW1HZ�LL��� ��P�LL����8SSHU/HIW0RLVW�LL��FRHI�

HQG

�GR WKH VDPH RSHUDWLRQ RQ WKH VHFRQG UHJLRQ

PRLVW1HZ�LL��� PRLVW1HZ�LL����

LI PRLVW1HZ�LL���  �

PRLVW1HZ�LL��� ��

HOVH

LI��PRLVW1HZ�LL������!P�LL����

�FRQYHUW VHFRQG UHJLRQ WR D WULDQJOH

PRLVW1HZ�LL��� ��

\0DW1HZ��� \0DW������P�LL��PRLVW1HZ�LL�����\0DW����\0DW�����

HOVH

�FRQYHUW VHFRQG UHJLRQ WR D WUDSHVRLG

PRLVW1HZ�LL��� ��P�LL����PRLVW1HZ�LL����FRHI�

HQG

HQG

�GR WKH VDPH RSHUDWLRQ RQ WKH WKLUG UHJLRQ

���
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PRLVW1HZ�LL��� PRLVW1HZ�LL����

LI PRLVW1HZ�LL���  �

PRLVW1HZ�LL��� ��

HOVH

LI��PRLVW1HZ�LL������!P�LL����

�FRQYHUW WKLUG UHJLRQ WR D WULDQJOH

PRLVW1HZ�LL��� ��

\0DW1HZ��� \0DW������P�LL����PRLVW1HZ�LL�����\0DW����\0DW�����

HOVH

�FRQYHUW WKLUG UHJLRQ WR D WUDSHVRLG

PRLVW1HZ�LL��� ��P�LL����PRLVW1HZ�LL����FRHI�

HQG

HQG

�D ZDWHUIDOO�\0DW1HZ������[0DW�LL�LL��PRLVW1HZ�LL�LL�������

D SORW�\0DW1HZ������PRLVW1HZ�LL�LL�������

VHW�D�
/LQH:LGWK
����

VHW�JFD�
)RQW6L]H
����

KROG RQ�

HQG

�D[ D[LV�

�D[LV�>D[��� D[��� D[��� D[��� � D[���@�

E [ODEHO�
'LVWDQFH �PLFURQ�
��

� \ODEHO�
7LPH �KRXUV�
��

\ODEHO�
0RLVWXUH ���
��

���
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*�� 7KUHH�OD\HU ,QYHUVH 3UREOHP � )DVW $OJRULWKP

*���� 'HVFULSWLRQ RI 3URJUDPV

JFVRUW���P FRQYHUWV D �SWE nOH RI 0D[ZHOO RXWSXW LQWR D �PDW nOH VSHFLnHG E\ WKH

XVHU� ODWHU WR EH XVHG E\ FRQYHUW*&WR(6�P� 0XVW EH H[HFXWHG PDQXDOO\� VHSDUDWHO\

IURP RWKHU SURJUDPV� 7KH LQSXW �SWE nOH KDV WKH IROORZLQJ VHTXHQFH RI DFWLYH YDULDEOHV�

�U� }� <��� <��� ,I WKH VHTXHQFH RI DFWLYH YDULDEOHV LV GLmHUHQW� LW VKRXOG EH DGMXVWHG LQ

WKH IVFDQI FRPPDQG OLQH�

1JSLPSYF�P LV D URXWLQH SURYLGHG E\ <DQTLQJ 'X WR VRUW RXW WKH UDZ GDWD IURP

WKH FRQWUROOHU�

5HDG,Q*&6LP�P UHDGV D ��FROXPQ nOH RI DOWHUQDWLQJ FRQGXFWDQFH DQG FDSDFL�

WDQFH YDOXHV DQG VHOHFWV WZR VSHFLnHG FROXPQV�

HSV�PR���P FRQYHUWV GLHOHFWULF SHUPLWWLYLW\ WR PRLVWXUH FRQFHQWUDWLRQ�

VLJ�PR���P FRQYHUWV FRQGXFWLYLW\ WR PRLVWXUH FRQFHQWUDWLRQ�

FRQYHUW*&WR(6�P FRQYHUWV FRQGXFWDQFH�FDSDFLWDQFH GDWD LQWR VLJPD�HSVLORQ GDWD�

$OO GDWD LV DVVXPHG WR KDYH EHHQ FRQYHUWHG WR D � +] VROXWLRQ VSDFH �XQOHVV WKH VROXWLRQ

VSDFHV KDG EHHQ JHQHUDWHG IRU RWKHU IUHTXHQFLHV��

FRQYHUW*3WR*&�P FRQYHUWV JDLQ�SKDVH GDWD LQWR FRQGXFWDQFH�FDSDFLWDQFH GDWD�

7LPH7R3URnOH�P FRQYHUWV WLPH�YDU\LQJ GDWD LQWR VSDFH�YDU\LQJ GDWD�

���



*��� 7KUHH�OD\HU ,QYHUVH 3UREOHP � )DVW $OJRULWKP

*���� JFVRUW���P

IXQFWLRQ JFVRUW���'DW)LOH1DPH�2XW)LOH1DPH�

� ,Q)LOH1DPH�2XW)LOH1DPH

� 7KLV IXQFWLRQ UHDGV LQ WKH XQVRUWHG RXWSXW

� IURP $QVRIW DQG ZULWHV WKH VRUWHG �ILUVW E\ VLJPD

� DQG WKHQ E\ HSVLORQ� GDWD LQWR D PDWODE ELQDU\

� ILOH

� FOHDQ XS WKH ZRUNVSDFH

FOHDU DOO� FORVH DOO�

�SURILOH JFVRUW�

��� ,QLWLDO GDWD� QRW XVHG LQ DOO YHUVLRQV

� /HQJWK RI (SVLORQ FROXPQ

1(SVLORQ ���

� /HQJWK RI 6LJPD FROXPQ

16LJPD ����

� 1RPLQDO 6LJPD

1RPLQDO6LJPD  �H���

�QDPHV RI WKH LQSXW DQG RXWSXW GDWDILOHV

�'DW)LOH1DPH 
QHZODW��SWG
�

�2XW)LO1DPH 
QHZODW�
�

� RSHQ GDWD ILOH

'DW,'  IRSHQ�'DW)LOH1DPH�
UW
��

LI �'DW,'   ���

GLVS�
 
��

HUURU�
(UURU 2SHQLQJ 'DWD )LOH�
��

HQG�

� 5HDG 'DWD WR 0DWUL[

>'DWD�1XPEHU@  IVFDQI�'DW,'�
VHWXS�L �I�I �V�V�V ���

�I �I �I �V��V�V��V �I�I�I�I ��I��I� ��I��I�
�>��LQI@��

1XPEHU  1XPEHU � ��

� &ORVH )LOH

IFORVH�'DW,'��

� 0XOWLSO\ �&
V DQG �*
V E\ ��

'DWD�������1XPEHU� ����'DWD�������1XPEHU��

� VRUW WKH GDWD ILUVW E\ (SVLORQ� LI (SVLORQV DUH HTXDO � WKHQ E\ 6LJPD

� ILUVW� VRUW E\ 6LJPD

>WHPS LQGH[@  VRUW�'DWD�������

� UHDUUDQJH WKH PDWUL[ DFFRUGLQJ WR WKLV VRUW

6LJPD6RUWHG 'DWD���LQGH[��

���
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� QRZ� VRUW E\ HSVLORQ

>WHPS� LQGH[�@ VRUW�6LJPD6RUWHG�������

� DUUDQJH DFFRUGLQJ WR QHZ LQGH[LQJ�

'DWD6RUWHG 6LJPD6RUWHG���LQGH[���

'DWD7UDQV 'DWD6RUWHG
�

� ZULWH VRUWHG GDWD WR D ILOH

VDYH �2XW)LO1DPH�
'DWD7UDQV
��

�ORDG 2XW)LO1DPH�

���



*��� 7KUHH�OD\HU ,QYHUVH 3UREOHP � )DVW $OJRULWKP

*���� 1JSLPSYF�P

IXQFWLRQ QJSLPS9F�'DW)LOH1DPH�ILOHEHJLQ�ILOHHQG�WWO�IQR�1XP�&/�PP����

&/�PP�&/�PP�9ROWDJH%RRVW2U1RW�

� )XQFWLRQ QJSLPS9F SORWV UDZ GDWD RI DOO IUHTXHQF\

� GDWD LQ D PXOWL�IUHTXHQF\ PHDVXUHPHQW LQ RQH ILJXUH XVLQJ WKH

� WLPH LQ WKH +HDG� JLYHQ WKH IUHTXHQF\ VWDUWHG DW ��AIPD[� HQGHG

� DW ��AIPLQ DQG WKH UHODWLYH KXPLGLW\ XVLQJ WKH QHZ LQWHUIDFH ER[�

� 'DWD FROOHFWHG XVLQJ &RGH 1$6,1�&�H

� ,W DOVR FRPSXWHV &�� DQG *���

� 9ROWDJH%RRVW2U1RW �� PHDQV � YROW H[FLWDWLRQ

� 9ROWDJH%RRVW2U1RW �� PHDQV �� YROWV ERRVW

� 'DWD DTXLVLWLRQ E\ '�(� 6FKOLFNHU

� 0RGLILHG E\ <� 'X

� ��������

� RSHQ GDWD ILOH

�QR� RI GDWD LQ RQH PHDVXUHPHQW �EHWZHHQ HDFK WLPH KHDGHU

GQR ��

FRO ��

ILOHQR ILOHHQG�ILOHEHJLQ���

IRU ILOH ILOHEHJLQ�ILOHHQG

ILOH

LI �ILOHQR  �� 'DW,' IRSHQ�'DW)LOH1DPH�
UW
��

HOVH LI�ILOH� �� 'DW,'  IRSHQ�>'DW)LOH1DPH 
��
 QXP�VWU�ILOH� 
�JSG
@�
UW
��

HOVH LI�ILOH� ��� 'DW,' IRSHQ�>'DW)LOH1DPH 
�
 QXP�VWU�ILOH� 
�JSG
@�
UW
��

HOVH 'DW,' IRSHQ�>'DW)LOH1DPH 
�
 QXP�VWU�ILOH� 
�JSG
@�
UW
��

HQG

HQG

LI �'DW,'   ���

GLVS�
 
��

HUURU�
(UURU 2SHQLQJ 'DWD )LOH�
��

HQG�

IRU N ��1XP�IQR

+HDG���N�FRO�  IVFDQI�'DW,'�
>*+��I��L��L��L��L��L��L@
����

'DWD���FROGQR��N���GQR���FROGQR��N���GQR�GQR� ���

IVFDQI�'DW,'�
>*'��L��I��I��I��I��L@
�>��GQR@��

HQG

IFORVH�'DW,'��

>URZ FRO@ VL]H�+HDG��

HQG

HQG

FRO FRO�IQR�

GQR GQRIQR�

IRU N ��IQR

*DLQ��N��� 'DWD���N����GQR��GQR��FROGQR����

���
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*DLQ���N��� 'DWD���N����GQR�GQR��FROGQR����

*DLQ��N��� 'DWD���N����GQR��FROGQR����

2IIVHW��N��� 'DWD���N����GQR��GQR��FROGQR����

2IIVHW���N��� 'DWD���N����GQR�GQR��FROGQR����

2IIVHW��N��� 'DWD���N����GQR��FROGQR����

$PS��N��� 'DWD���N����GQR��GQR��FROGQR����

$PS���N��� 'DWD���N����GQR�GQR��FROGQR����

$PS��N��� 'DWD���N����GQR��FROGQR����

3KDVH��N��� 'DWD���N����GQR��GQR��FROGQR����

3KDVH��N��� 3KDVH��N��������3KDVH��N�������9ROWDJH%RRVW2U1RW  ���

3KDVH���N��� 'DWD���N����GQR�GQR��FROGQR����

3KDVH���N��� 3KDVH���N��������3KDVH���N�������9ROWDJH%RRVW2U1RW  ���

3KDVH��N��� 'DWD���N����GQR��FROGQR����

3KDVH��N��� 3KDVH��N��������3KDVH��N�������9ROWDJH%RRVW2U1RW  ���

�5+ IRU RLO

5+�N��� �'DWD���N��GQR��FROGQR����������������

)UHT�N��� ���A�'DWD���N����GQR��GQR��FROGQR�����

HQG

�'HWHUPLQH WKH UHODWLYH WLPH

7� +HDG����������+HDG��������+HDG������+HDG���������+HDG�����������

7�� 7��

IRU N ��FRO��

NN N�IQR���

7� +HDG���NN������+HDG���NN����+HDG���NN��+HDG���NN�����+HDG���NN�������

WLPH�N� 7��7��

HQG

� 2XWSXW WKH *DLQ LQ G%� SKDVH LQ GHJUHHV

ILG IRSHQ�
DQGUHZ��RXW
�
Z
�

ISULQWI�ILG�
�I �I �I �I �I �I �I �I �I?Q
����

>)UHT������*DLQ�������3KDVH�������)UHT������*DLQ�������3KDVH�������)UHT���������

*DLQ�������3KDVH������@��

IFORVH�
DOO
�

ILG IRSHQ�
DQGUHZ��RXW
�
Z
�

ISULQWI�ILG�
�I �I �I �I �I �I �I �I �I?Q
�>)UHT������*DLQ��������3KDVH�����������

)UHT������*DLQ��������3KDVH��������)UHT������*DLQ��������3KDVH�������@��

IFORVH�
DOO
�

ILG IRSHQ�
DQGUHZ��RXW
�
Z
�

ISULQWI�ILG�
�I �I �I �I �I �I �I �I �I?Q
�>)UHT������*DLQ�������3KDVH����������

)UHT������*DLQ�������3KDVH�������)UHT������*DLQ�������3KDVH������@��

IFORVH�
DOO
�

�,PSHGDQFH FDOFXODWLRQ

���
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*U�PP  ���A�*DLQ�������

)L�PP  3KDVH�SL�����

*U��PP  ���A�*DLQ��������

)L��PP  3KDVH��SL�����

*U�PP  ���A�*DLQ�������

)L�PP  3KDVH�SL�����

� 5HFDOFXODWH LQWR UHDO DQG LPDJLQDU\ SDUWV RI JDLQ
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IRU LL ��9DU�/HQ

&DS��0DWU�LL���  &DS��9HF����LL���9DU�/HQ�9DU�/HQ��LL���9DU�/HQ��

HQG

&DS��0DWU  ]HURV�9DU�/HQ� 9DU�/HQ��

IRU LL ��9DU�/HQ

&DS��0DWU�LL���  &DS��9HF����LL���9DU�/HQ�9DU�/HQ��LL���9DU�/HQ��

HQG

&DS��KI ]HURV�9DU�/HQ���9DU�/HQ��

&DS��KI &DS��KI�

9DU�KI ]HURV���9DU�/HQ����

IRU OO ��9DU�/HQ��

9DU�KI�OO� 9DU��OO��

���



+��� 0DWODE &RGH )RU 3UHOLPLQDU\ 6WHSV

&DS��KI�OO��� &DS��0DWU�OO����

&DS��KI�OO��� &DS��0DWU�OO����

HQG

9DU�WKLQ ]HURV���9DU�/HQ����

9DU�WKLQ ]HURV���9DU�/HQ����

&DS��WKLQWPS ]HURV�9DU�/HQ���9DU�/HQ��

&DS��WKLQWPS &DS��WKLQWPS�

&DS��WKLQ ]HURV�9DU�/HQ���9DU�/HQ����

&DS��WKLQ &DS��WKLQ�

IRU MM ����9DU�/HQ��

9DU�WKLQ�MM��� 9DU��MM��

&DS��WKLQWPS�MM����� &DS��0DWU�MM����

&DS��WKLQWPS�MM����� &DS��0DWU�MM����

HQG

IRU NN ����9DU�/HQ

9DU�WKLQ�NN��� 9DU��NN��

&DS��WKLQ���NN��� &DS��WKLQWPS���NN��

&DS��WKLQ���NN��� &DS��WKLQWPS���NN��

HQG

�RXW� 9DU�WKLQ�

�RXW� 9DU�WKLQ�

�RXW� &DS��WKLQ�

�RXW� &DS��WKLQ�

ILJXUH

PHVK�9DU�WKLQ�9DU�WKLQ�&DS��WKLQ��

D[LV�>��������������@��

]ODEHO�
&B�B��?HSVLORQBV
�

[ODEHO�
?HSVLORQBP�?HSVLORQBV
��

\ODEHO�
^?LW G`�?ODPEGD
��

�WLWOH�
&B�B��?HSVLORQBV
�

9DU�V ]HURV�����9DU�/HQ��

9DU�V ]HURV�����9DU�/HQ��

&DS��VWPS ]HURV���9DU�/HQ�9DU�/HQ��

&DS��V ]HURV���9DU�/HQ���9DU�/HQ��

IRU OO ��9DU�/HQ��

9DU�V�OO� 9DU��OO��

&DS��VWPS�OO��� &DS��0DWU�OO����

HQG

IRU PP ��9DU�/HQ��

9DU�V�PP� 9DU��PP��

&DS��V���PP� &DS��VWPS���PP��

HQG

ILJXUH

KROG RQ

���



$SSHQGL[ +� 0DWODE &RGH )RU 0D[ZHOO 2SWLPL]DWLRQ *8,

Y OLQVSDFH����������

>J�E@ FRQWRXU�9DU�V�9DU�V�&DS��V�Y��

\ FODEHO�J�E��

VHW�\�
)RQW6L]H
�����

[ODEHO�
1RUPDOL]HG GLHOHFWULF FRQVWDQW� ?HSVLORQBP�?HSVLORQBV
��

\ODEHO�
1RUPDOL]HG VXEVWUDWH WKLFNQHVV� ^?LW G`�?ODPEGD
��

D[LV�>��������@��

R >��� ��� ��� @�

D >���� ����� �����@�

SORW�R�D�
E
�
0DUNHU6L]H
����

R� >������ ������ ������@�

D� >���� ����� �����@�

SORW�R��D��
EY
�
0DUNHU6L]H
����

KROG RII

�WLWOH�
&B�B�
��

Y OLQVSDFH����������

ILJXUH

>F�K@ FRQWRXU�9DU��9DU�KI�&DS��KI�Y��

Z FODEHO�F�K��

VHW�Z�
)RQW6L]H
�����

[ODEHO�
1RUPDOL]HG GLHOHFWULF FRQVWDQW� ?HSVLORQBP�?HSVLORQBV
��

\ODEHO�
1RUPDOL]HG VXEVWUDWH WKLFNQHVV� ^?LW G`�?ODPEGD
��

WLWOH�
&B�B�
�

ILJXUH

YY >���������������������������������������@�

>G�M@ FRQWRXU�9DU��9DU�KI�&DS��KI�YY��

[ FODEHO�G�M��

VHW�[�
)RQW6L]H
�����

[ODEHO�
1RUPDOL]HG GLHOHFWULF FRQVWDQW� ?HSVLORQBP�?HSVLORQBV
��

\ODEHO�
1RUPDOL]HG VXEVWUDWH WKLFNQHVV� ^?LW G`�?ODPEGD
��

WLWOH�
&B�B�
�

ILJXUH

PHVK�9DU��9DU�KI�&DS��KI��

D[LV�>���������������@�

]ODEHO�
&B�B��?HSVLORQBV
�

[ODEHO�
?HSVLORQBP�?HSVLORQBV
��

\ODEHO�
^?LW G`�?ODPEGD
��

WLWOH�
&B�B��?HSVLORQBV
�

9DU�VSF 9DU�����

&DS��VSFW &DS��0DWU������

&DS��VSFW &DS��0DWU������

IRU L  ����9DU�/HQ

9DU�VSF  >9DU�VSF 9DU��L�@�

&DS��VSFW  >&DS��VSFW� &DS��0DWU�L���@�

&DS��VSFW  >&DS��VSFW� &DS��0DWU�L���@�

HQG

&DS��VSF &DS��VSFW������

&DS��VSF &DS��VSFW������

9DU�VSF  9DU�����

���



+��� 0DWODE &RGH )RU 3UHOLPLQDU\ 6WHSV

IRU M ����9DU�/HQ��

9DU�VSF  >9DU�VSF 9DU��M�@�

&DS��VSF  >&DS��VSF &DS��VSFW���M�@�

&DS��VSF  >&DS��VSF &DS��VSFW���M�@�

HQG

�RXW� &DS��0DWU�

�RXW� &DS��0DWU�

RXW� 9DU�VSF�

RXW� 9DU�VSF�

RXW� &DS��VSF�

RXW� &DS��VSF�

���



$SSHQGL[ +� 0DWODE &RGH )RU 0D[ZHOO 2SWLPL]DWLRQ *8,

+���� DSSUR[�P

�7KLV LV WKH P�ILOH ZKLFK GRHV WKH �UG RUGHU SRO\QRPLDO

�$SSUR[LPDWLRQ RI WKH 1RUPDOL]HG &DSDFLWDQFH SORW

VHW���
'HIDXOW$[HV)RQW6L]H
����

VL]H VHW���
'HJDXOW7H[W)RQW6L]H
����

S SRO\ILW�G�H�I�F������

] SRO\YDO�G�S�H�I��

GLII �F�]���F����

ILJXUH

PHVK�WKLQ�E��WKLQ�KDOI�D���WKLQ�KDOI�]
�
���

D[LV�>��������������@��

]ODEHO�
&B�B��?HSVLORQBV
�

[ODEHO�
?HSVLORQBP�?HSVLORQBV
��

\ODEHO�
^?LW G`�?ODPEGD
��

WLWOH�
&B�B��?HSVLORQBV� �UG�RUGHU�SRO\QRPLDO DSSUR[LPDWLRQ
�

ILJXUH

PHVK�E�D�]��

ILJXUH

PHVK�E�D�GLII��

FOHDU�
X
�
Y
�
[
�
Y�
��

ILJXUH

IRU VO ��OHQJWK�D�

X�VO� D�VO��

Y�VO��� GLII�VO����

HQG

IRU MZ ��OHQJWK�E�

[�MZ� E�MZ��

Y����MZ� Y���MZ��

HQG

PHVK�[�X�Y���

[ODEHO�
?HSVLORQBP�?HSVLORQBV
��

\ODEHO�
^?LW G`�?ODPEGD
��

]ODEHO�
'HYLDWLRQ ���
�

WLWOH�
(UURU RI �UG�RUGHU�SRO\QRPLDO
�

���



+��� 0DWODE &RGH )RU 3UHOLPLQDU\ 6WHSV

+���� ODVWGLU�P

�D OLWWOH KHOSHU IXQFWLRQ WKDW ILQGV

�WKH ODVW GLUHFWRU\ OLVWHG LQ D SDWK

IXQFWLRQ V ODVWGLU�SDWK�

>F G@ VWUWRN�SDWK� 
?
��

>H I@ VL]H�G��

LI �I   ��

V  F�

HOVH V ODVWGLU�G��

HQG

���



$SSHQGL[ +� 0DWODE &RGH )RU 0D[ZHOO 2SWLPL]DWLRQ *8,

+���� SDUDFRHI�P

�7KLV LV WKH SDUDPHWULF FRHIILFHQW URXWLQH GHVFULEHG LQ WKH

�UHSRUW�

IXQFWLRQ >H�V@ SDUDFRHI�HSVILOH�VLJILOH�SURMSDWK�

SURMQDPH ODVWGLU�SURMSDWK��

>SURMQDPH E@ VWUWRN�SURMQDPH� 
�
��

SWG,'  IRSHQ�VWUFDW�SURMSDWK�
?
�SURMQDPH�
�SWG
��
UW�
��

SWE,'  IRSHQ�VWUFDW�SURMSDWK�
?
�SURMQDPH�
�SWE
��
UW�
��

LI SWG,'   �� _ SWE,'   ��

HUURU�
(UURU 2SHQLQJ 'DWD )LOH�
��

HQG�

>Q� Q�@ VHWXSQXPV�SWE,'�SWG,'��

HSVQDPH ODVWGLU�HSVILOH�

>HSVQDPH E@  VWUWRN�HSVQDPH� 
�
��

ORDG�HSVILOH�

HSV HYDO�HSVQDPH��

VLJQDPH ODVWGLU�VLJILOH�

>VLJQDPH E@  VWUWRN�VLJQDPH� 
�
��

ORDG�VLJILOH�

VLJ HYDO�VLJQDPH��

F VL]H�VLJ��

G VL]H�HSV��

F� F����

>ILQDO MXQN@ SWEVFDQ�SWE,'��

IVHHN�SWE,'�������

IRU L ��F�

HSVVWU QXP�VWU�HSV�L����
��J 
��

VLJVWU QXP�VWU�VLJ�L����
��J 
��

Q� Q����

Q� Q����

V� QXP�VWU�Q���

V� QXP�VWU�Q���

R VWUFDW�
VHWXS
�V��
� 
�HSVVWU�VLJVWU�
) ) 7
�ILQDO��

ISULQWI�SWG,'�
�V?Q
�R��

ISULQWI�SWE,'�
 %B52: �V ?Q ?Q (B52: ?Q
�V���

HQG

IVHHN�SWE,'�������

ISULQWI�SWE,'�
�� ?Q ?Q (B52: ?Q(B'$7$ ?Q
��

H HSV�

V R�

���



+��� 0DWODE &RGH )RU 3UHOLPLQDU\ 6WHSV

IFORVH�SWG,'��

IFORVH�SWE,'��

���



$SSHQGL[ +� 0DWODE &RGH )RU 0D[ZHOO 2SWLPL]DWLRQ *8,

+���� VHWXSQXPV�P

�7KLV IXQFWLRQ ORRNV WKURXJK WKH �SWG DQG �SWE

�ILOHV WR ILQG WKH FXUUHQW VHWXS QXPEHU� ZKLFK

�LV WKH ILUVW OLQH RI WKH SDUDPHWULF VZHHSV VFUHHQ�

IXQFWLRQ >R�� R�@ VHWXSQXPV�SWEILG�SWGILG�

R� ��

R� ��

IVHHN�SWEILG�������

IVHHN�SWGILG�������

ZKLOH aIHRI�SWEILG�

OLQH� IJHWO�SWEILG��

LI OHQJWK�ILQGVWU�OLQH��
%B52:
��  �

R� VVFDQI�OLQH��
%B52: �L
��

HQG

HQG

ZKLOH aIHRI�SWGILG�

OLQH� IJHWO�SWGILG��

LI OHQJWK�ILQGVWU�OLQH��
VHWXS
��  �

R� VVFDQI�OLQH��
VHWXS�L
��

HQG

HQG

���



+��� &RGH IRU *UDSKLFDO 8VHU ,QWHUIDFH

+�� &RGH IRU *UDSKLFDO 8VHU ,QWHUIDFH

+���� *XLIXQF�P

7KLV LV WKH IXQFWLRQ ZKLFK KDQGOHV DOO RI WKH *8, DFWLRQV�

IXQFWLRQ JXLIXQF�DFWLRQ�

�)XQFWLRQ �JXLIXQF� LQWHUIDFHV WKH *8, ZLWK 0D[ZHOO� DQG KDQGOHV DOO

� FDOOEDFNV LQ WKH LQWHUIDFH�

�FDOOEDFN IXQFWLRQ IRU WKH 0D[ZHOO *8,

JOREDO KRPHG� �*OREDO KRPH GLUHFWRU\ FRQWDLQLQJ DOO UHOHYDQW SURJUDPV WR VROYH WKH

� RSWLPL]DWLRQ SUREOHP DW KDQG

JOREDO SURMHFW�� �:DYHOHQJWK ZH DUH UHDOO\ LQWHUHVWHG LQ VROYLQJ IRU

�FUHDWLQJ PRUH �SURMHFWV� ZLOO FUHDWH PRUH ZDYHOHQJWKV

JOREDO YDUYDOV� �WKH YDOXHV RI DOO WKH YDULDEOHV� LQ D YHFWRU

JOREDO YDUQDPHV� �WKH FRUUHVSRQGLQJ QDPHV RI YDULDEOHV� DOVR LQ YHFWRU IRUPDW

JOREDO YDUH[F� �ZKHWKHU WR H[FOXGH WKH UHVSHFWLYH YDULDEOH LQ RSWLPL]DWLRQ�

JOREDO RSWBURXWLQH��6WRUHV XVHU�VSHFLILHG QDPH RI RSWLPL]DWLRQ URXWLQH

JOREDO FRVWIXQFWLRQ� �1DPH RI WKH FRVW IXQFWLRQ ZKLFK WKH RSWLPL]DWLRQ URXWLQH

�ZLOO XVH

JOREDO DQVRIWBGLU� �'LUHFWRU\ ZKLFK FRQWDLQV $QVRIW DSSOLFDWLRQ SURJUDP

JOREDO RSWFKRLFH� �WKH RSWLPL]DWLRQ URXWLQH

JOREDO QXPRXWV� �WKH QXPEHU RI RXWSXW YDULDEOHV �QRW D VWULQJ�

JOREDO YOE� �WKH DEVROXWH XSSHU DQG ORZHU ERXQGV� XVHG LQ FRQVWU

JOREDO YXE�

�7KH IROORZLQJ �VZLWFK� VWUXFWXUH FRQVWLWXWHV WKH EDFNERQH RI WKLV SURJUDP

� 7KH FDVHV RI WKH VWDWHPHQW DUH FRPSULVHG RI WKH �DFWLRQV� UHTXHVWHG E\ WKH

� FDOOEDFN IXQFWLRQV RI WKH *8,� �WKH YDULRXV FDOOEDFN IXQFWLRQV FRUUHVSRQGLQJ

� WR HDFK JUDSKLF LQ WKH *8, PD\ EH VHHQ UHDGLO\ XVLQJ WKH &DOOEDFN HGLWRU LQ

� *8,'(

VZLWFK DFWLRQ

FDVH 
)XQF)LOH
 �6SHFLILFDWLRQ RI 2SWLPL]DWLRQ IXFWLRQ ILOH

RSWBIXQFBILOH  JHW�JFER� 
6WULQJ
��

FDVH 
$QVRIW'LU
�6SHFLILFDWLRQ RI WKH $QVRIW DSSOLFDWLRQ SURJUDP GLUHFWRU\

DQVRIWBGLU  JHW�JFER� 
6WULQJ
��

�6WDUW 0D[ZHOO IURP KHUH

FG �DQVRIWBGLU��

�PD[ZHOO

FDVH 
+RPH'LU
�6SHFLILFDWLRQ RI WKH 
KRPH
 GLUHFWRU\ �ZKHUH DOO VXEURXWLQHV

� DUH SODFHG WRJHWKHU�

KRPHG  JHW�JFER� 
6WULQJ
��

FG �KRPHG��

FDVH 
3URMHFW'LU�
�6SHFLILFDWLRQ RI WKH GLUHFWRU\ FRUUHVSRQGLQJ WR WKH ILUVW

���



$SSHQGL[ +� 0DWODE &RGH )RU 0D[ZHOO 2SWLPL]DWLRQ *8,

� ZDYHOHQJWK

SURMHFW�  JHW�JFER� 
6WULQJ
��

YDUQDPHV VFDQYDUV�SURMHFW���

>P Q@ VL]H�YDUQDPHV��

YDUYDOV ]HURV���P��

YDUH[F ]HURV���P��

YXE >@�

YOE >@�

9DUBSRSXSBKDQGOH  ILQGREM�JFEI�
7DJ
�
9DULDEOHV
��

VHW�9DUBSRSXSBKDQGOH�
9DOXH
���

VHW�9DUBSRSXSBKDQGOH�
6WULQJ
�YDUQDPHV�

VHW�9DUBSRSXSBKDQGOH�
(QDEOH
�
RQ
�

9DOBER[BKDQGOH ILQGREM�JFEI�
7DJ
�
9DU,QLW
��

VHW�9DOBER[BKDQGOH�
(QDEOH
�
RQ
�

JXLIXQF ,QLW9DUV

�FDVH 
6LJPD9DO
 �,QLWLDOL]DWLRQ RI 6LJPD DQG (SVLORQ YDOXHV

� VLJBLQLW  JHW�JFER� 
6WULQJ
��

� VLJBLQLW  HYDO�VLJBLQLW�

�FDVH 
(SVLORQ9DO


� HSVBLQLW  JHW�JFER� 
6WULQJ
��

� HSVBLQLW  HYDO�HSVBLQLW�

�$FWLYDWH WKH �6WDUW 0D[ZHOO� EXWWRQ RQO\ DIWHU WKH DSSURSULDWH YDOXHV

� DERYH KDYH EHHQ HQWHUHG

6WDUW+QGO  ILQGREM�JFEI� 
6WULQJ
� 
6WDUW 0D[ZHOO
��

VHW�6WDUW+QGO� 
(QDEOH
� 
RQ
�

�%\ KDYLQJ PDGH WKH LQLWLDO YDOXHV RI 6LJPD DQG (SVLORQ JOREDOV� , KDYH

� HIIHFWLYHO\ HOLPLQDWHG WKH QHFHVVLW\ RI XVLQJ LQLWJXHV�P� WKLV IXQFWLRQ

� LV QRZ QR ORQJHU XVHG�

FDVH 
&RVW)XQ


FRVWIXQFWLRQ JHW�JFER�
6WULQJ
�

FDVH 
1HZ&RVW


HGLW�

FDVH 
(GLWRU


HGLW�FRVWIXQFWLRQ�

FDVH 
1XP2XWV


QXPRXWV JHW�JFER�
6WULQJ
��

QXPRXWV VWU�QXP�QXPRXWV�

FDVH 
2SW5RXWLQH


� 8VHU LV QRZ JLYHQ FKRLFH RI RSWLPL]DWLRQ URXWLQHV WR FKRRVH IURP

FKRLFHV  JHW�JFER� 
6WULQJ
��

���



+��� &RGH IRU *UDSKLFDO 8VHU ,QWHUIDFH

RSWFKRLFH  JHW�JFER� 
9DOXH
��

RSWBURXWLQH  FKRLFHV�RSWFKRLFH���

LI RSWFKRLFH   ��

SURPSWVWU ^
8SSHU %RXQG 9HFWRU
� 
/RZHU %RXQG 9HFWRU
`�

WLWOHVWU 
$EVROXWH %RXQGDU\ 9HFWRUV
�

LQLWVWU ^PDW�VWU�YXE� PDW�VWU�YOE�`�

UHVXOW LQSXWGOJ�SURPSWVWU� WLWOHVWU� ��LQLWVWU��

LI aLVHPSW\�UHVXOW�

YXE HYDO�UHVXOW^�`��

YOE HYDO�UHVXOW^�`��

HQG

HQG

FDVH 
,QLW9DUV


9DUB3RSXSB+DQGOH ILQGREM�JFEI�
7DJ
�
9DULDEOHV
��

9DU1XP JHW�9DUB3RSXSB+DQGOH�
9DOXH
��

,QLWB%R[B+DQGOH ILQGREM�JFEI�
7DJ
�
9DU,QLW
��

VWU QXP�VWU�YDUYDOV�9DU1XP���

VHW�,QLWB%R[B+DQGOH�
6WULQJ
�VWU��

([FB+DQGOH ILQGREM�JFEI�
7DJ
�
([FOXGH
��

H[F YDUH[F�9DU1XP��

VHW�([FB+DQGOH�
9DOXH
�H[F��

FDVH 
9DU,QLW


9DUB3RSXSB+DQGOH ILQGREM�JFEI�
7DJ
�
9DULDEOHV
��

9DU1XP JHW�9DUB3RSXSB+DQGOH�
9DOXH
��

WH[W JHW�JFER�
6WULQJ
��

YDO VWU�QXP�WH[W��

YDUYDOV�9DU1XP� YDO�

FDVH 
6DYH,QLWV


ILOH� VWUFDW�SURMHFW��
?YDUYDOV
��

ILOH� VWUFDW�SURMHFW��
?YDUH[F
��

ILOH� VWUFDW�SURMHFW��
?YOE
��

ILOH� VWUFDW�SURMHFW��
?YXE
��

VDYH�ILOH��
YDUYDOV
�
�DVFLL
��

VDYH�ILOH��
YDUH[F
�
�DVFLL
��

VDYH�ILOH��
YOE
�
�DVFLL
��

VDYH�ILOH��
YXE
�
�DVFLL
��

FDVH 
/RDG,QLWV


ILOH� VWUFDW�SURMHFW��
?YDUYDOV
��

ILOH� VWUFDW�SURMHFW��
?YDUH[F
��

ILOH� VWUFDW�SURMHFW��
?YOE
��

ILOH� VWUFDW�SURMHFW��
?YXE
��

ORDG�ILOH���

ORDG�ILOH���

ORDG�ILOH���

ORDG�ILOH���

JXLIXQF ,QLW9DUV

FDVH 
([FOXGH9DU


9DUB+DQGOH ILQGREM�JFEI�
7DJ
�
9DULDEOHV
��

���



$SSHQGL[ +� 0DWODE &RGH )RU 0D[ZHOO 2SWLPL]DWLRQ *8,

9DU1XP JHW�9DUB+DQGOH�
9DOXH
��

\Q JHW�JFER�
9DOXH
��

YDUH[F�9DU1XP� \Q�

YDUH[F

FDVH 
6WDUW0D[ZHOO


FG �KRPHG�

�6LQFH ZH DUH QRZ RQO\ LQWHUHVWHG LQ RQH ZDYHOHQJWK WKH �]������ DUJXPHQWV EHLQJ

� SDVVHG WR VZHHS DUH MXVW GXPP\ DUJXPHQWV �WKHUH LV QR VXFK GLUHFWRU\��� ,W ZDV

� WKRXJKW EHWWHU WR GR WKLV� VLQFH LW DOORZV XV JUHDWHU IOH[LELOW\ LI ZH HYHU

� ZLVK WR VZLWFK EDFN WR DQDO\]LQJ � RU � ZDYHOHQJWKV� ZLWKRXW LQFXUULQJ DQ\

� GUDZEDFNV LQ WKH FDVH DW KDQG

� (QDEOH WKH IROORZLQJ EXWWRQV�

5HVWDUW+QGO  ILQGREM�JFEI� 
6WULQJ
� 
5HVWDUW
��

VHW�5HVWDUW+QGO� 
(QDEOH
� 
RQ
�

&RQWLQXH+QGO  ILQGREM�JFEI� 
6WULQJ
� 
&RQWLQXH
��

VHW�&RQWLQXH+QGO� 
(QDEOH
� 
RQ
�

$ERUW+QGO  ILQGREM�JFEI� 
6WULQJ
� 
$ERUW
��

VHW�$ERUW+QGO� 
(QDEOH
� 
RQ
�

0D[UXQ�KRPHG�SURMHFW���

�,QYRNH VWDUW� ZLWK DSSURSULDWH SDUDPHWHUV DQG 
PRGH
 WR EHJLQ H[HFXWLRQ

�6WDUW��KRPHG�SURMHFW�����

�&KDQJH L� WR G� DQG N� WR F� ZKHQ QHHGHG �ZKHQ VKLIWLQJ WR &RXHWWH�

FDVH 
&RQWLQXH0D[ZHOO
�WKH �&RQWLQXH0D[ZHOO� EXWWRQ KDV EHHQ SUHVVHG

FG �KRPHG��

6WDUW��KRPHG� SURMHFW�����

FDVH 
5HVWDUW0D[ZHOO
�WKH �5HVWDUW0D[ZHOO� EXWWRQ KDV EHHQ SUHVVHG

FG �KRPHG��

6WDUW��KRPHG� SURMHFW�����

FDVH 
$ERUW
 �WKH �$ERUW� EXWWRQ KDV EHHQ SUHVVHG

ZDUQLQJ�
$OO &RPSXWDWLRQV 7HUPLQDWHG���([LWLQJ 0DWODE
�

SDXVH���

ZDUQLQJ�
<RX ZLOO QHHG WR DERUW 0D[ZHOO VHSDUDWHO\
�

SDXVH���

H[LW

HQG

���



+��� &RGH IRU *UDSKLFDO 8VHU ,QWHUIDFH

+���� PD[UXQ�P

�7KLV LV WKH IXQFWLRQ WKDW FDOOV WKH RSWLPL]DWLRQ URXWLQHV�

�7KLV IXQFWLRQ LV FDOOHG E\ *8,IXQF RQFH WKH 6WDUW 0D[ZHOO

�EXWWRQ LV SXVKHG� ,W WKHQ KDQGOHV WKH LQFOXVLRQ�H[FOXVLRQ

�RI YDULDEOHV� QRUPDOL]HV WKHP� DQG FDOOV WKH RSWLPL]DWLRQ

�IXQFWLRQ ZLWK 
LWHU
 DV WKH FRVW IXQFWLRQ�

IXQFWLRQ 0D[UXQ�K��S��

JOREDO DQVRIWBGLU

JOREDO KRPHG

JOREDO SURMHFW�

JOREDO YDUYDOV

JOREDO YDUH[F

JOREDO SWGILOH

JOREDO SWEILOH

JOREDO SWG,'

JOREDO SWE,'

JOREDO QRUPDO

JOREDO RSWBURXWLQH

JOREDO RSWFKRLFH

JOREDO SURMQDPH

JOREDO YOE

JOREDO YXE

SURMQDPH ODVWGLU�SURMHFW���

>SURMQDPH E@ VWUWRN�SURMQDPH� 
�
��

SWGILOH  VWUFDW�SURMHFW��
?
�SURMQDPH�
�SWG
��

SWG,'  IRSHQ�SWGILOH�
UW�
��

SWEILOH VWUFDW�SURMHFW��
?
�SURMQDPH�
�SWE
��

SWE,'  IRSHQ�SWEILOH�
UW�
��

>D E@ SRVVFDQ�SWE,'�SWG,'��

IUHTIODJ ��

KRPHG K��

SURMHFW� S��

�WKLV LV WR KDQGOH WKH LQFOXVLRQ�H[FOXVLRQ RI YDULDEOHV�

O OHQJWK�YDUYDOV��

LQFYDU  >@�

IRU L  � � O

WHVW YDUH[F�L��

LI WHVW  �

LQFYDU LQFYDU�

HOVH LQFYDU >LQFYDU YDUYDOV�L�@�

HQG

HQG

���



$SSHQGL[ +� 0DWODE &RGH )RU 0D[ZHOO 2SWLPL]DWLRQ *8,

�WKLV ZLOO DOORZ XV WR UXQ WKH RSWLPL]DWLRQ URXWLQH ZLWK YDOXHV

�RI WKH VDPH RUGHU RI PDJQLWXGH

>UXQYDO QRUPDO@ QRUPDOL]H�LQFYDU�

�WKLV ZLOO PDNH WKH ORZHU DQG XSSHU ERXQGV WKH FRUUHFW RUGHU

�RI PDJQLWXGH� DV ZHOO�

YOE� YOE�����AQRUPDO

YXE� YXE�����AQRUPDO

RSWLRQV IRSWLRQV�

RSWLRQV��� ��

RSWLRQV���� �������

RSWLRQV��� ������

RSWLRQV��� ������

�VHWWLQJ WKHVH RSWLRQV ZRXOG JHW WKH SURSHU RSW URXWLQH WR UXQ�

VZLWFK RSWFKRLFH

FDVH �

RSWBURXWLQH 
IPLQX
�

RSWLRQV��� ��

FDVH �

RSWBURXWLQH 
IPLQX
�

RSWLRQV��� ��

FDVH �

RSWBURXWLQH 
IPLQX
�

RSWLRQV��� ��

FDVH �

RSWBURXWLQH 
IPLQV
�

FDVH �

RSWBURXWLQH 
IVROYH


RSWLRQV��� ��

FDVH �

RSWBURXWLQH 
IVROYH


RSWLRQV��� ��

FDVH �

RSWBURXWLQH 
OHDVWVT


RSWLRQV��� ��

FDVH �

RSWBURXWLQH 
OHDVWVT


RSWLRQV��� ��

FDVH �

RSWBURXWLQH 
FRQVWU


HQG

RSWLRQV���

RSWLRQV���

�WKLV LV WR KDQGOH WKH VWUDQJH FDVH RI WKH FRQVWUDLQWV�

���



+��� &RGH IRU *UDSKLFDO 8VHU ,QWHUIDFH

LI RSWFKRLFH  �

UXQVWU VWUFDW�RSWBURXWLQH�
�

LWHU�

�UXQYDO�RSWLRQV�YOE��YXE��
�

HOVH

UXQVWU VWUFDW�RSWBURXWLQH�
�

LWHU

�UXQYDO�RSWLRQV�
�

HQG

VROQ HYDO�UXQVWU��

�PDNLQJ RXU VROXWLRQV WKHLU RULJLQDO RUGHUV RI PDJQLWXGH

VROQ VROQ����AQRUPDO�

�7KLV FRGH LV WR UHFRQVWUXFW WKH HQWLUH VROXWLRQ YHFWRU� SXWWLQJ

�WKH YDULDEOHV H[FOXGHG IURP RSWLPL]DWLRQ EDFN�

QHZVROQ >@�

O  OHQJWK�YDUYDOV��

M ��

IRU L  ��O

WHVW YDUH[F�L��

LI WHVW   �

QHZVROQ�L� YDUYDOV�L��

HOVH

QHZVROQ�L� VROQ�M�

M M���

HQG

HQG

YDUYDOV QHZVROQ�

JXLIXQF ,QLW9DUV

���



$SSHQGL[ +� 0DWODE &RGH )RU 0D[ZHOO 2SWLPL]DWLRQ *8,

+���� LWHU�P

�7KLV LV WKH IXQFWLRQ ZKLFK LV FDOOHG RYHU DQG RYHU DJDLQ E\

�WKH PDWODE RSWLPL]DWLRQ URXWLQH LQ RUGHU WR GHULYH WKH UHVXOWV

�RI WKH SDUDPHWULF VZHHS� ,W WDNHV LQ D VLQJOH YHFWRU DV DQ

�LQSXW� DQG DOVR RXWSXWV D VLQJOH YHFWRU� DV SHU WKH VSHFLILFDWLRQV

�RI WKH RSWLPL]DWLRQ WRROER[�

IXQFWLRQ RXWYHF LWHU�LQYHF�

JOREDO DQVRIWBGLU

JOREDO KRPHG

JOREDO SURMHFW�

JOREDO SURMQDPH

JOREDO SWGILOH

JOREDO SWEILOH

JOREDO SWG,'

JOREDO SWE,'

JOREDO QRUPDO

JOREDO FRVWIXQFWLRQ

JOREDO QXPRXWV

JOREDO YDUYDOV

JOREDO YDUH[F

�SXWWLQJ WKH QRUPDOL]HG YDOXHV EDFN WR UHJXODU IRU PD[ZHOO
V VDNH

LQYHF LQYHF�����AQRUPDO��

�7KLV FRGH LV WR UHFRQVWUXFW WKH HQWLUH YDULDEOH YHFWRU� SXWWLQJ

�WKH YDULDEOHV H[FOXGHG IURP RSWLPL]DWLRQ EDFN�

QHZLQYHF >@�

O  OHQJWK�YDUYDOV��

M ��

IRU L  ��O

WHVW YDUH[F�L��

LI WHVW   �

QHZLQYHF�L� YDUYDOV�L��

HOVH

QHZLQYHF�L� LQYHF�M��

M M���

HQG

HQG

QHZLQYHF

SURMQDPH ODVWGLU�SURMHFW���

>SURMQDPH E@ VWUWRN�SURMQDPH� 
�
��

SWGILOH  VWUFDW�SURMHFW��
?
�SURMQDPH�
�SWG
��

SWG,'  IRSHQ�SWGILOH�
UW�
��

���



+��� &RGH IRU *UDSKLFDO 8VHU ,QWHUIDFH

SWEILOH VWUFDW�SURMHFW��
?
�SURMQDPH�
�SWE
��

SWE,'  IRSHQ�SWEILOH�
UW�
��

LI SWG,'   �� _ SWE,'   ��

HUURU�
(UURU 2SHQLQJ 'DWD )LOH�
��

HQG

>Q� Q�@ VHWXSQXPV�SWE,'�SWG,'��

Q� Q����

Q� Q����

V� QXP�VWU�Q���

V� QXP�VWU�Q���

YDOVWU QXP�VWU�QHZLQYHF�
��J 
��

YDOVWU >
 
� YDOVWU@�

>ILQDOVWU SWGIRUP@ SWEVFDQ�SWE,'��

�>ESRV GSRV@ SRVVFDQ�SWE,'�SWG,'��

R VWUFDW�
VHWXS
� V��YDOVWU�
) ) 7
�ILQDOVWU��

�ZULWH SWE DQG SWG ILOHV

IVHHN�SWE,'�������

ISULQWI�SWG,'�
�V?Q
�R��

ISULQWI�SWE,'�
 %B52: �V ?Q ?Q (B52: ?Q
�V���

IVHHN�SWE,'��������

ISULQWI�SWE,'�
�� ?Q ?Q (B52: ?Q(B'$7$ ?Q
��

IFORVH�SWG,'��

IFORVH�SWE,'��

FG�DQVRIWBGLU��

OHQ OHQJWK�SURMHFW���

SUM 
 
�

IRU L ��OHQ��

SUM�L� SURMHFW��L����

HQG

PD[FPG VWUFDW�
P�GIV �EDWFK YDULDEOHV
 � SUM��

GRV�PD[FPG�
�HFKR
��

SDXVH���

WHVW ��

�7KLV LV D ORRS WR WHVW LI �ORFN�LQI� H[LVWV LQ WKH SURMHFW

�GLUHFWRU\� ,I LW GRHV� LW PHDQV WKH SURMHFW LV VWLOO

�UXQQLQJ� 2WKHUZLVH� LW
V GRQH DQG ZH FDQ SURFHHG WR UHDG

�WKH UHVXOWV RXW�

ZKLOH WHVWa ��

SDXVH���

WHVW IRSHQ�VWUFDW�SURMHFW��
?ORFN�LQI
���

LI WHVWa ��

IFORVH�WHVW��

HQG

HQG

���



$SSHQGL[ +� 0DWODE &RGH )RU 0D[ZHOO 2SWLPL]DWLRQ *8,

SWG,' IRSHQ�SWGILOH��

OLQH� IJHWO�SWG,'��

F VVFDQI�OLQH��SWGIRUP��

>G H@ VL]H�F��

IUHZLQG�SWG,'��

D IVFDQI�SWG,'�SWGIRUP�>G�LQI@��

>I J@ VL]H�D��

IFORVH�SWG,'��

�7KLV FROOHFWV WKH RXWSXW YDULDEOHV LQWR RXWYHF

G QXPRXWV���

IRU N  ��QXPRXWV

RXWYHF�N� D�I�G�J��

G G���

HQG

�7KLV LV ZKHUH ZH XVH RXU VLPSOLILHG FRVW IXQFWLRQ

�WR GHULYH WKH RXWSXW YHFWRU�

FRVWIXQVWU VWUFDW�FRVWIXQFWLRQ�
�RXWYHF�
��

RXWYHF HYDO�FRVWIXQVWU��

���



+��� &RGH IRU *UDSKLFDO 8VHU ,QWHUIDFH

+���� LWHU��P

�QHDUO\ WKH VDPH IXQFWLRQDOLW\ DV LWHU� EXW WKLV RQH KDQGOHV

�WKH 
FRQVWU
 PDWODE RSWLPL]DWLRQ IXQFWLRQ� ZKLFK GHDOV ZLWK

�FRQVWUDLQWV

IXQFWLRQ >RXWYHF�FVWU@ LWHU�LQYHF�

JOREDO DQVRIWBGLU

JOREDO KRPHG

JOREDO SURMHFW�

JOREDO SURMQDPH

JOREDO SWGILOH

JOREDO SWEILOH

JOREDO SWG,'

JOREDO SWE,'

JOREDO QRUPDO

JOREDO FRVWIXQFWLRQ

JOREDO QXPRXWV

JOREDO YDUYDOV

JOREDO YDUH[F

JOREDO RSWYDUV

�SXWWLQJ WKH QRUPDOL]HG YDOXHV EDFN WR UHJXODU IRU PD[ZHOO
V VDNH

LQYHF LQYHF�����AQRUPDO��

RSWYDUV LQYHF�

�7KLV FRGH LV WR UHFRQVWUXFW WKH HQWLUH YDULDEOH YHFWRU� SXWWLQJ

�WKH YDULDEOHV H[FOXGHG IURP RSWLPL]DWLRQ EDFN�

QHZLQYHF >@�

O  OHQJWK�YDUYDOV��

M ��

IRU L  ��O

WHVW YDUH[F�L��

LI WHVW   �

QHZLQYHF�L� YDUYDOV�L��

HOVH

QHZLQYHF�L� LQYHF�M��

M M���

HQG

HQG

QHZLQYHF

SURMQDPH ODVWGLU�SURMHFW���

>SURMQDPH E@ VWUWRN�SURMQDPH� 
�
��

SWGILOH  VWUFDW�SURMHFW��
?
�SURMQDPH�
�SWG
��

SWG,'  IRSHQ�SWGILOH�
UW�
��

SWEILOH VWUFDW�SURMHFW��
?
�SURMQDPH�
�SWE
��

SWE,'  IRSHQ�SWEILOH�
UW�
��

���



$SSHQGL[ +� 0DWODE &RGH )RU 0D[ZHOO 2SWLPL]DWLRQ *8,

LI SWG,'   �� _ SWE,'   ��

HUURU�
(UURU 2SHQLQJ 'DWD )LOH�
��

HQG

>Q� Q�@ VHWXSQXPV�SWE,'�SWG,'��

Q� Q����

Q� Q����

V� QXP�VWU�Q���

V� QXP�VWU�Q���

YDOVWU QXP�VWU�QHZLQYHF�
��J 
��

YDOVWU >
 
� YDOVWU@�

>ILQDOVWU SWGIRUP@ SWEVFDQ�SWE,'��

�>ESRV GSRV@ SRVVFDQ�SWE,'�SWG,'��

R VWUFDW�
VHWXS
� V��YDOVWU�
) ) 7
�ILQDOVWU��

�ZULWH SWE DQG SWG ILOHV

IVHHN�SWE,'�������

ISULQWI�SWG,'�
�V?Q
�R��

ISULQWI�SWE,'�
 %B52: �V ?Q ?Q (B52: ?Q
�V���

IVHHN�SWE,'��������

ISULQWI�SWE,'�
�� ?Q ?Q (B52: ?Q(B'$7$ ?Q
��

IFORVH�SWG,'��

IFORVH�SWE,'��

FG�DQVRIWBGLU��

OHQ OHQJWK�SURMHFW���

SUM 
 
�

IRU L ��OHQ��

SUM�L� SURMHFW��L����

HQG

PD[FPG VWUFDW�
P�GIV �EDWFK YDULDEOHV
 � SUM��

GRV�PD[FPG�
�HFKR
��

SDXVH���

WHVW ��

�7KLV LV D ORRS WR WHVW LI �ORFN�LQI� H[LVWV LQ WKH SURMHFW

�GLUHFWRU\� ,I LW GRHV� LW PHDQV WKH SURMHFW LV VWLOO

�UXQQLQJ� 2WKHUZLVH� LW
V GRQH DQG ZH FDQ SURFHHG WR UHDG

�WKH UHVXOWV RXW�

ZKLOH WHVWa ��

SDXVH���

WHVW IRSHQ�VWUFDW�SURMHFW��
?ORFN�LQI
���

LI WHVWa ��

IFORVH�WHVW��

HQG

HQG

SWG,' IRSHQ�SWGILOH��

���



+��� &RGH IRU *UDSKLFDO 8VHU ,QWHUIDFH

OLQH� IJHWO�SWG,'��

F VVFDQI�OLQH��SWGIRUP��

>G H@ VL]H�F��

IUHZLQG�SWG,'��

D IVFDQI�SWG,'�SWGIRUP�>G�LQI@��

>I J@ VL]H�D��

IFORVH�SWG,'��

�7KLV FROOHFWV WKH RXWSXW YDULDEOHV LQWR RXWYHF

G QXPRXWV���

IRU N  ��QXPRXWV

RXWYHF�N� D�I�G�J��

G G���

HQG

FRVWIXQVWU VWUFDW�FRVWIXQFWLRQ�
�RXWYHF�RSWYDUV�
��

>RXWYHF FVWU@ HYDO�FRVWIXQVWU��

���



$SSHQGL[ +� 0DWODE &RGH )RU 0D[ZHOO 2SWLPL]DWLRQ *8,

+���� QRUPDOL]H�P

�WKLV LV WKH IXQFWLRQ ZKLFK GRHV WKH QRUPDOL]DWLRQ RI

�YHFWRUV� ,W WDNHV LQ WZR YHFWRUV DV LQSXW DQG

�WKHQ RXWSXWV WKHLU RUGHUV DV ZHOO DV WKHLU YDOXH

�LQ WKDW RUGHU�

IXQFWLRQ >YDOV �RUGHUV@ QRUPDOL]H�LQ�

O OHQJWK�LQ��

IRU L  ��O

QXP LQ�L��

ORJWKP ORJ���QXP��

RUGHUV�L� IORRU�ORJWKP��

YDOV�L� QXP����ARUGHUV�L���

HQG

���



+��� &RGH IRU *UDSKLFDO 8VHU ,QWHUIDFH

+���� FRVW��P

�WKLV LV D 6DPSOH FRVW IXQFWLRQ XVHG E\ WKH *8,

�1RWH WKLV RQH GRHV QRW KDQGOH FRQVWUDLQWV

IXQFWLRQ R FRVW��L�

R ��L�����������H������H����A����L�����������H������H����A��

���



$SSHQGL[ +� 0DWODE &RGH )RU 0D[ZHOO 2SWLPL]DWLRQ *8,

+���� SWEVFDQ�P

�WKLV LV WKH IXQFWLRQ WKDW VFDQV WKURXJK WKH �SWE ILOH WR ILQG

�YDULDEOH QDPHV DQG DOVR WKH IRUP RI WKH 
IVFDQI
 IRU WKH

��SWG ILOH�

IXQFWLRQ >RXWVWU� RXWIRUP@ SWEVFDQ�ILG�

IUHZLQG�ILG��

IOJ ��

RXWVWU 

�

RXWIRUP 
VHWXS
�

ZKLOH aIHRI�ILG�

OLQH� IJHWO�ILG��

LI aLVHPSW\�ILQGVWU�OLQH��
6ROYH
��

IOJ ��

HQG

LI IOJ  �

LI aLVHPSW\�ILQGVWU�OLQH��
7\SH
��

W\SH VVFDQI�OLQH��
7\SH �V
��

LI VWUFPS�W\SH� 
/21*
� _ VWUFPS�W\SH� 
'%/
�

RXWVWU VWUFDW�RXWVWU�
� 
��

HOVHLI VWUFPS�W\SH� 
9(&�
� _ VWUFPS�W\SH� 
&3/;
�

RXWVWU VWUFDW�RXWVWU�
�� � �� 
��

HQG

HQG

HQG

LI aLVHPSW\�ILQGVWU�OLQH��
7\SH
��

W\SH VVFDQI�OLQH��
7\SH �V
��

LI VWUFPS�W\SH� 
/21*
� _ VWUFPS�W\SH� 
'%/
�

RXWIRUP VWUFDW�RXWIRUP�
 �I
��

HOVHLI VWUFPS�W\SH� 
9(&�
� _ VWUFPS�W\SH� 
&3/;
�

RXWIRUP VWUFDW�RXWIRUP�
 ��I��I�
��

HOVHLI VWUFPS�W\SH�
675
�

RXWIRUP VWUFDW�RXWIRUP�
�L
��

HOVHLI VWUFPS�W\SH�
%22/
�

RXWIRUP VWUFDW�RXWIRUP�
 �V
��

HQG

HQG

HQG

���



+��� &RGH IRU *UDSKLFDO 8VHU ,QWHUIDFH

+���� VFDQYDUV�P

�WKLV IXQFWLRQ DOVR ORRNV WKURXJK WKH �SWE ILOHV� ,W

�LW LV LQWHUIDFHG ZLWK *XLIXQF WR JHW WKH QDPHV RI DOO WKH

�UHOHYDQW YDULDEOHV� ZKLFK ZH ODWHU GLVSOD\ LQ D OLVW�PHQX

IXQFWLRQ R VFDQYDUV�SDWK��

YDUQDPHV  >

@�

SURMQDPH ODVWGLU�SDWK��

>SURMQDPH E@ VWUWRN�SURMQDPH� 
�
��

SWE,'  IRSHQ�VWUFDW�SDWK�
?
�SURMQDPH�
�SWE
��
UW�
��

D ��

IUHZLQG�SWE,'��

ZKLOH D  �

OLQH� IJHWO�SWE,'��

LI aLVHPSW\�ILQGVWU�OLQH��
7\SH
��

LI LVHPSW\�ILQGVWU�OLQH��
%22/
��

LI LVHPSW\�ILQGVWU�OLQH��
675
��

OLQH� IJHWO�SWE,'��

QDPH  VVFDQI�OLQH��
1DPH �V
��

YDUQDPHV FKDU�YDUQDPHV�QDPH��

HQG

HOVH D ��

HQG

HQG

HQG

IFORVH�SWE,'��

>L M@ VL]H�YDUQDPHV��

IRU F ��L

R�F����� YDUQDPHV�F����

HQG

���



$SSHQGL[ +� 0DWODE &RGH )RU 0D[ZHOO 2SWLPL]DWLRQ *8,

+���� SRVVFDQ�P

�7KLV URXWLQH ZULWHV WKH QHZ GDWD WR

�QHZ �SWG DQG �SWE ILOHV� ,W UHPRYHV H[LVWLQJ

�GDWD VR WKH ILOHV GRQ
W JHW XQPDQDJDEO\ ODUJH�

IXQFWLRQ >SWE�SWG@ SRVVFDQ�SWELG�SWGLG�

JOREDO SURMHFW�

JOREDO SURMQDPH

JOREDO SWGILOH

JOREDO SWEILOH

QHZILOH� VWUFDW�SURMHFW��
?
�SURMQDPH�
�EQZ
��

QHZILOH� VWUFDW�SURMHFW��
?
�SURMQDPH�
�GQZ
��

QHZELG IRSHQ�QHZILOH��
ZW�
��

QHZGLG IRSHQ�QHZILOH��
ZW�
��

IUHZLQG�SWELG��

IUHZLQG�SWGLG��

IOJ� ��

IOJ� ��

ZKLOH aIHRI�SWELG� 	 IOJ�  �

OLQH� IJHWO�SWELG��

ISULQWI�QHZELG�
�V?Q
�OLQH���

LI aLVHPSW\�ILQGVWU�OLQH��
(B52:
��

SWE IWHOO�SWELG��

IOJ� ��

HQG

HQG

ISULQWI�QHZELG�
(B'$7$ ?Q
��

OLQH� IJHWO�SWGLG��

ISULQWI�QHZGLG�
�V?Q
�OLQH���

SWG IWHOO�SWGLG��

IFORVH�QHZELG��

IFORVH�QHZGLG��

IFORVH�SWELG��

IFORVH�SWGLG��

FRS\� >
FRS\ 
 QHZILOH� 
 
 SWEILOH@�

FRS\� >
FRS\ 
 QHZILOH� 
 
 SWGILOH@�

GRV�FRS\���

GRV�FRS\���

���



%LEOLRJUDSK\

>�@ -� 3� 5LYHQF� ?7KHRUHWLFDO DQG H[SHULPHQWDO DVSHFWV RI � b N GLHOHFWURPHWU\
ZLWK LQWHUGLJLWDWHG VHQVRUV�� WHFK� UHS�� +LJK 9ROWDJH 5HVHDUFK /DERUDWRU\� 0DV�
VDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\� &DPEULGJH� 0$� 'HF� �����

>�@ 6� /� *DUYHULFN� $�&� 0HDVXUHPHQWV ZLWK D 'HSOHWLRQ�PRGH &KDUJH�oRZ 7UDQVLV�
WRU� 3K' WKHVLV� 0DVVDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\� &DPEULGJH� 0$� �����

>�@ +� /� /HH� 2SWLPL]DWLRQ RI D 5HVLQ &XUH 6HQVRU� 3K' WKHVLV� 'HSDUWPHQW RI (OHF�
WULFDO (QJLQHHULQJ DQG &RPSXWHU 6FLHQFH� 0DVVDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\�
&DPEULGJH� 0$� $XJ� �����

>�@ 6� 0� *DVZRUWK� (OHFWULnFDWLRQ E\ /LTXLG 'LHOHFWULF )ORZ� 3K' WKHVLV� 0DV�
VDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\� &DPEULGJH� 0$� )HE� �����

>�@ 0� &� :� &ROQ� $ +LJK 3HUIRUPDQFH 'LHOHFWULF 0HDVXUHPHQW 6\VWHP� 3K' WKHVLV�
0DVVDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\� &DPEULGJH� 0$� -XQH �����

>�@ /� 0RXD\DG� ?0RQLWRULQJ RI 7UDQVIRUPHU 2LO 8VLQJ 0LFURGLHOHFWURPHWULF 6HQ�
VRUV�� 0DVWHU
V WKHVLV� 'HSDUWPHQW RI (OHFWULFDO (QJLQHHULQJ DQG &RPSXWHU 6FL�
HQFH� 0DVVDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\� &DPEULGJH� 0$� 0D\ �����

>�@ 3� /L� /RZ )UHTXHQF\� 0LOOLPHWHU :DYHOHQJWK� ,QWHUGLJLWDO 'LHOHFWURPHWU\ RI ,Q�
VXODWLQJ 0HGLD LQ D 7UDQVIRUPHU (QYLURQPHQW� 3K' WKHVLV� 'HSDUWPHQW RI (OHF�
WULFDO (QJLQHHULQJ DQG &RPSXWHU 6FLHQFH� 0DVVDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\�
&DPEULGJH� 0$� 0D\ �����

>�@ 0� &� =DUHWVN\� 3DUDPHWHU (VWLPDWLRQ 8VLQJ 0LFURGLHOHFWURPHWU\ ZLWK $SSOLFD�
WLRQ WR 7UDQVIRUPHU 0RQLWRULQJ� 3K' WKHVLV� 'HSDUWPHQW RI (OHFWULFDO (QJLQHHU�
LQJ DQG &RPSXWHU 6FLHQFH� 0DVVDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\� &DPEULGJH�
0$� 1RY� �����

>�@ 3� $� YRQ *XJJHQEHUJ� $SSOLFDWLRQ RI ,QWHUGLJLWDO 'LHOHFWURPHWU\ WR 0RLVWXUH DQG
'RXEOH /D\HU 0HDVXUHPHQWV LQ 7UDQVIRUPHU ,QVXODWLRQ� 3K' WKHVLV� 'HSDUWPHQW
RI (OHFWULFDO (QJLQHHULQJ DQG &RPSXWHU 6FLHQFH� 0DVVDFKXVHWWV ,QVWLWXWH RI 7HFK�
QRORJ\� &DPEULGJH� 0$� -XQH �����

���



%,%/,2*5$3+<

>��@ <� .� 6KHLUHWRY� ?'LHOHFWURPHWU\ 0HDVXUHPHQWV RI 0RLVWXUH '\QDPLFV LQ 2LO�
,PSUHJQDWHG 3UHVVERDUG�� 0DVWHU
V WKHVLV� 'HSDUWPHQW RI (OHFWULFDO (QJLQHHULQJ
DQG &RPSXWHU 6FLHQFH� 0DVVDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\� &DPEULGJH� 0$�
0D\ �����

>��@ '� (� 6FKOLFNHU� ?)ORZ (OHFWULnFDWLRQ RI $JHG 7UDQVIRUPHU 2LOV�� 0DVWHU
V WKH�
VLV� 'HSDUWPHQW RI (OHFWULFDO (QJLQHHULQJ DQG &RPSXWHU 6FLHQFH� 0DVVDFKXVHWWV
,QVWLWXWH RI 7HFKQRORJ\� &DPEULGJH� 0$� $XJ� �����

>��@ <� 'X� 0HDVXUHPHQWV DQG 0RGHOLQJ RI 0RLVWXUH 'LmXVLRQ 3URFHVVHV LQ 7UDQV�
IRUPHU ,QVXODWLRQ 0DWHULDOV XVLQJ ,QWHUGLJLWDO 'LHOHFWURPHWU\ 6HQVRUV� 3K' WKH�
VLV� 'HSDUWPHQW RI (OHFWULFDO (QJLQHHULQJ DQG &RPSXWHU 6FLHQFH� 0DVVDFKXVHWWV
,QVWLWXWH RI 7HFKQRORJ\� &DPEULGJH� 0$� -XQH �����

>��@ $� 9� 0DPLVKHY� <� 'X� DQG 0� =DKQ� ?0HDVXUHPHQW RI GLHOHFWULF SURSHUW\
GLVWULEXWLRQV XVLQJ LQWHUGLJLWDO GLHOHFWURPHWU\ VHQVRUV�� LQ ,((( &RQIHUHQFH RQ
(OHFWULFDO ,QVXODWLRQ DQG 'LHOHFWULF 3KHQRPHQD� �9LUJLQLD %HDFK� 9$�� SS� ���^
���� 2FW� �����

>��@ $� :DVKDEDXJK� $� 9� 0DPLVKHY� <� 'X� DQG 0� =DKQ� ?'LHOHFWULF PHDVXUHPHQWV
RI VHPL�LQVXODWLQJ OLTXLGV DQG VROLGV�� LQ ,QWHUQDWLRQDO &RQIHUHQFH RQ &RQGXFWLRQ
DQG %UHDNGRZQ LQ 'LHOHFWULF /LTXLGV� �5RPH� ,WDO\�� SS� ���^���� -XO\ �����

>��@ <� 'X� 0� =DKQ� $� 9� 0DPLVKHY� DQG '� (� 6FKOLFNHU� ?0RLVWXUH G\QDPLF PHD�
VXUHPHQWV RI WUDQVIRUPHU ERDUG XVLQJ D WKUHH�ZDYHOHQJWK GLHOHFWURPHWU\ VHQVRU��
LQ ,((( ,QWHUQDWLRQDO 6\PSRVLXP RQ (OHFWULFDO ,QVXODWLRQ� �0RQWUHDO� 4XHEHF�
&DQDGD�� SS� ��^��� -XQH �����

>��@ $� 9� 0DPLVKHY DQG 0� =DKQ� ?7HFKQLTXHV IRU VHPL�HPSLULFDO FKDUDFWHUL]DWLRQ
RI PDWHULDO DQG VHQVRU SURSHUWLHV LQ LQWHUGLJLWDO GLHOHFWURPHWU\�� LQ ,((( ,Q�
WHUQDWLRQDO 6\PSRVLXP RQ (OHFWULFDO ,QVXODWLRQ� �0RQWUHDO� 4XHEHF� &DQDGD��
SS� ���^���� -XQH �����

>��@ $� 9� 0DPLVKHY� 0� =DKQ� %� &� /HVLHXWUH� DQG %� $� %HUGQLNRY� ?,QoXHQFH
RI JHRPHWULF SDUDPHWHUV RQ FKDUDFWHULVWLFV RI DQ LQWHUGLJLWDO VHQVRU�� LQ ,(((
&RQIHUHQFH RQ (OHFWULFDO ,QVXODWLRQ DQG 'LHOHFWULF 3KHQRPHQD� �6DQ )UDQFLVFR�
&$�� SS� ���^���� 2FW� �����

>��@ $� 9� 0DPLVKHY� %� %HUGQLNRY� -� 3� 5LYHQF� %� &� /HVLHXWUH� DQG 0� =DKQ� ?6XU�
IDFH FRQWDFW HmHFWV LQ LQWHUGLJLWDO GLHOHFWURPHWU\�� LQ ��WK ,QWHUQDWLRQDO 6\PSR�
VLXP RQ +LJK 9ROWDJH (QJLQHHULQJ� YRO� �� �0RQWUHDO� &DQDGD�� SS� ���^���� $XJ�
�����

>��@ $� 9� 0DPLVKHY� %� &� /HVLHXWUH� DQG 0� =DKQ� ?3DUDPHWHU HVWLPDWLRQ XVLQJ DQ
LQWHUGLJLWDO GLHOHFWURPHWU\ VHQVRU ZLWK nQLWH�HOHPHQW VRIWZDUH�� LQ ,((( &RQ�
IHUHQFH RQ (OHFWULFDO ,QVXODWLRQ DQG 'LHOHFWULF 3KHQRPHQD� �0LQQHDSROLV� 01��
SS� ���^���� 2FW� �����
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>��@ $� 9� 0DPLVKHY� <� 'X� %� &� /HVLHXWUH� DQG 0� =DKQ� ?0HDVXUHPHQW RI VWUDWLnHG
GLVWULEXWLRQV RI GLHOHFWULF SURSHUWLHV DQG GHSHQGHQW SK\VLFDO SDUDPHWHUV�� LQ )DOO
0HHWLQJ RI 0DWHULDOV 5HVHDUFK 6RFLHW\� �%RVWRQ� 0$�� SS� ��^��� 'HF� �����

>��@ $� 9� 0DPLVKHY� &� /LQ� <� 'X� %� &� /HVLHXWUH� DQG 0� =DKQ� ?,PSURYHPHQW RI
DOJRULWKPV IRU RQ�OLQH LQWHUGLJLWDO GLHOHFWURPHWU\ PHDVXUHPHQW RI PDWHULDO SURS�
HUWLHV�� LQ ,((( ,QWHUQDWLRQDO 6\PSRVLXP RQ (OHFWULFDO ,QVXODWLRQ� �:DVKLQJWRQ�
'�&��� SS� ���^���� -XQH �����

>��@ $� 9� 0DPLVKHY� <� 'X� %� &� /HVLHXWUH� DQG 0� =DKQ� ?,QWHUGLJLWDO GLHOHFWURP�
HWU\ VHQVRUV IRU PHDVXUHPHQWV RI VSDWLDO SURnOHV RI FRPSOH[ SHUPLWWLYLW\ DQG
UHODWHG SK\VLFDO SURSHUWLHV�� LQ �UG ,QWHUQDWLRQDO &RQIHUHQFH RQ (OHFWULF &KDUJH
LQ 6ROLG ,QVXODWRUV� �7RXUV� )UDQFH�� -XQH ����� 3RVWHU SUHVHQWDWLRQ�

>��@ <� 'X� $� 9� 0DPLVKHY� %� &� /HVLHXWUH� DQG 0� =DKQ� ?$SSOLFDWLRQ RI LQWHU�
GLJLWDO GLHOHFWURPHWU\ VHQVRUV IRU PRQLWRULQJ GLmXVLRQ RI PRLVWXUH LQWR VROLG GL�
HOHFWULFV�� LQ �UG ,QWHUQDWLRQDO &RQIHUHQFH RQ (OHFWULF &KDUJH LQ 6ROLG ,QVXODWRUV�
�7RXUV� )UDQFH�� -XQH ����� 3RVWHU SUHVHQWDWLRQ�

>��@ <� 'X� $� 9� 0DPLVKHY� %� &� /HVLHXWUH� DQG 0� =DKQ� ?0HDVXUHPHQWV RI PRLV�
WXUH GLmXVLRQ LQ WUDQVIRUPHU SUHVVERDUG�� LQ ,((( &RQIHUHQFH RQ (OHFWULFDO ,Q�
VXODWLRQ DQG 'LHOHFWULF 3KHQRPHQD� �$WODQWD� *$�� SS� ���_���� 2FW� �����

>��@ $� 9� 0DPLVKHY� <� 'X� %� &� /HVLHXWUH� DQG 0� =DKQ� ?0HDVXUHPHQW RI PRLVWXUH
VSDWLDO SURnOHV LQ WUDQVIRUPHU SUHVVERDUG�� LQ ,((( &RQIHUHQFH RQ (OHFWULFDO
,QVXODWLRQ DQG 'LHOHFWULF 3KHQRPHQD� �$WODQWD� *$�� SS� ���^���� 2FW� �����

>��@ $� 9� 0DPLVKHY� <� 'X� %� &� /HVLHXWUH� DQG 0� =DKQ� ?'HYHORSPHQW DQG DS�
SOLFDWLRQV RI PXOWL�ZDYHOHQJWK LQWHUGLJLWDO GLHOHFWURPHWU\ VHQVRUV DQG SDUDPHWHU
HVWLPDWLRQ DOJRULWKPV�� LQ -RLQW 6\PSRVLXP RQ (OHFWURVWDWLFV� �6WDQIRUG 8QLYHU�
VLW\� &$�� SS� ���^���� -XQH �����

>��@ $� 9� 0DPLVKHY� %� &� /HVLHXWUH� DQG 0� =DKQ� ?2SWLPL]DWLRQ RI PXOWL�
ZDYHOHQJWK LQWHUGLJLWDO GLHOHFWURPHWU\ LQVWUXPHQWDWLRQ DQG DOJRULWKPV�� ,(((
7UDQVDFWLRQV RQ 'LHOHFWULFV DQG (OHFWULFDO ,QVXODWLRQ� SS� ���^���� �����

>��@ $� 9� 0DPLVKHY� $� 5� 7DNDKDVKL� <� 'X� %� &� /HVLHXWUH� DQG 0� =DKQ�
?&RQGXFWLYLW\�IUHTXHQF\ UHODWLRQVKLSV DSSOLHG WR GLHOHFWURPHWU\ SDUDPHWHU HVWL�
PDWLRQ�� ,((( 7UDQVDFWLRQV RQ 'LHOHFWULFV DQG (OHFWULFDO ,QVXODWLRQ� ����� 6XE�
PLWWHG IRU SXEOLFDWLRQ�

>��@ $� 9� 0DPLVKHY� $� 5� 7DNDKDVKL� <� 'X� %� &� /HVLHXWUH� DQG 0� =DKQ� ?$V�
VHVVPHQW RI SHUIRUPDQFH RI IULQJLQJ HOHFWULF nHOG VHQVRU DUUD\V�� 5HVHDUFK LQ
1RQ�'HVWUXFWLYH (YDOXDWLRQ� ����� 3UHSDUHG IRU SXEOLFDWLRQ�
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>��@ <� 'X� $� 9� 0DPLVKHY� %� &� /HVLHXWUH� 0� =DKQ� DQG 6� /LQGJUHQ� ?$ UHYLHZ
RI PRLVWXUH HTXLOLEULXP LQ WKH SDSHU�RLO V\VWHP�� (OHFWULFDO ,QVXODWLRQ 0DJD]LQH�
SS� �^��� -DQXDU\�)HEUXDU\ �����

>��@ $� 9� 0DPLVKHY� <� 'X� %� &� /HVLHXWUH� DQG 0� =DKQ� ?2QH�VLGHG PHDVXUHPHQW
RI PDWHULDO GLHOHFWULF SURSHUWLHV D XVLQJ OLTXLG GLHOHFWULF LPPHUVLRQ WHFKQLTXH�� LQ
,((( ,QWHUQDWLRQDO &RQIHUHQFH RI 'LHOHFWULF /LTXLGV� �1DUD� -DSDQ�� -XQH �����
$FFHSWHG IRU SXEOLFDWLRQ�

>��@ <� 'X� $� 9� 0DPLVKHY� %� &� /HVLHXWUH� DQG 0� =DKQ� ?0HDVXUHPHQWV RI PRLV�
WXUH VROXELOLW\ IRU GLmHUHQWO\ FRQGLWLRQHG WUDQVIRUPHU RLO�� LQ ,((( ,QWHUQDWLRQDO
&RQIHUHQFH RI 'LHOHFWULF /LTXLGV� �1DUD� -DSDQ�� -XQH ����� $FFHSWHG IRU SXEOL�
FDWLRQ�

>��@ $� :DVKDEDXJK� '� (� 6FKOLFNHU� $� 9� 0DPLVKHY� 0� =DKQ� DQG 1� *ROGnQH�
?'LHOHFWULF VHQVRU DUUD\V IRU PRQLWRULQJ RI DJLQJ LQ FRPSRVLWHV DQG RWKHU ORZ�
FRQGXFWLYLW\ PHGLD�� LQ 63,( &RQIHUHQFH� ����� 6XEPLWWHG�

>��@ $� 9� 0DPLVKHY� <� 'X� -� +� %DX� %� &� /HVLHXWUH� DQG 0� =DKQ� ?(YDOXDWLRQ
RI GLmXVLRQ�GULYHQ PDWHULDO SURSHUW\ SURnOHV XVLQJ WKUHH�ZDYHOHQJWK LQWHUGLJLWDO
VHQVRU�� ,((( 7UDQVDFWLRQV RQ 'LHOHFWULFV DQG (OHFWULFDO ,QVXODWLRQ� ����� ,Q
SUHSDUDWLRQ�

>��@ $� 9� 0DPLVKHY� <� 'X� %� &� /HVLHXWUH� DQG 0� =DKQ� ?0RGHO�EDVHG HVWLPDWLRQ
PDWHULDO SURSHUW\ SURnOHV ZLWK PXOWL�ZDYHOHQJWK GLHOHFWURPHWU\�� ,((( 7UDQV�
DFWLRQV RQ 'LHOHFWULFV DQG (OHFWULFDO ,QVXODWLRQ� ����� ,Q SUHSDUDWLRQ�

>��@ $� 9� 0DPLVKHY� <� 'X� %� &� /HVLHXWUH� DQG 0� =DKQ� ?(UURU SURSDJDWLRQ LQ
PXOWLSOH SHQHWUDWLRQ GHSWK IULQJLQJ HOHFWULF nHOG VHQVRU PHDVXUHPHQWV�� ,(((
7UDQVDFWLRQV RQ ,QVWUXPHQWDWLRQ DQG 0HDVXUHPHQWV� ����� 6XEPLWWHG�

>��@ $� 9� 0DPLVKHY� <� 'X� %� &� /HVLHXWUH� DQG 0� =DKQ� ?,QWHUGLJLWDO VHQVRUV DQG
WUDQVGXFHUV�� 3URFHHGLQJV RI WKH ,(((� ����� $EVWUDFW DFFHSWHG�

>��@ 1� *ROGnQH� 0� =DKQ� $� 9� 0DPLVKHY� DQG '� 6FKOLFNHU� ?0HWKRGV IRU SURFHVV�
LQJ� RSWLPL]DWLRQ� FDOLEUDWLRQ� DQG GLVSOD\ RI PHDVXUHG GLHOHFWURPHWU\ VLJQDOV
XVLQJ SURSHUW\ HVWLPDWLRQ JULGV�� 3DWHQW SHQGLQJ� �����

>��@ %� &� /HVLHXWUH� $� 9� 0DPLVKHY� (� .� <� 'X� 0� =DKQ� DQG *� 9HUJKHVH� ?)RU�
ZDUG DQG LQYHUVH SDUDPHWHU HVWLPDWLRQ DOJRULWKPV RI LQWHUGLJLWDO GLHOHFWURPHWU\
VHQVRUV�� LQ -RLQW 6\PSRVLXP RQ (OHFWURVWDWLFV� �%RVWRQ� 0$�� -XQH ����� $F�
FHSWHG�

>��@ <� 'X� 6� .DQJ� $� 9� 0DPLVKHY� %� &� /HVLHXWUH� DQG 0� =DKQ� ?0HDVXUHPHQWV
RI PRLVWXUH GLmXVLRQ G\QDPLFV LQ WUDQVIRUPHU LQVXODWLRQ XVLQJ LQWHUGLJLWDO GLHOHF�
WURPHWU\ PHDVXUHPHQWV�� LQ -RLQW 6\PSRVLXP RQ (OHFWURVWDWLFV� �%RVWRQ� 0$��
-XQH ����� $FFHSWHG�
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>��@ %� $� %HUGQLNRY DQG $� 9� 0DPLVKHY� ?,QYHVWLJDWLRQ RI SURSHUWLHV� RSWLPL]DWLRQ�
DQG GHYHORSPHQW RI SDUDPHWHU HVWLPDWLRQ DOJRULWKPV IRU D WKUHH�ZDYHOHQJWK LQ�
WHUGLJLWDO VHQVRU� )LQDO 8523 UHSRUW��� WHFK� UHS�� +LJK 9ROWDJH 5HVHDUFK /DER�
UDWRU\� 0DVVDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\� &DPEULGJH� 0$� )HE� �����

>��@ %� 7UXRQJ� ?6RIWZDUH GHYHORSPHQW IRU WKH FKDUDFWHUL]DWLRQ RI GLHOHFWULF SURSHUWLHV
RI LQVXODWLQJ PDWHULDOV� )LQDO 8523 UHSRUW��� WHFK� UHS�� +LJK 9ROWDJH 5HVHDUFK
/DERUDWRU\� 0DVVDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\� &DPEULGJH� 0$� 0D\ �����

>��@ -� 0LOOHU� ?6RIWZDUH GHYHORSPHQW IRU WKH FKDUDFWHUL]DWLRQ RI GLHOHFWULF SURSHUWLHV
RI LQVXODWLQJ PDWHULDOV� )LQDO 8523 UHSRUW��� WHFK� UHS�� +LJK 9ROWDJH 5HVHDUFK
/DERUDWRU\� 0DVVDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\� &DPEULGJH� 0$� $XJ� �����

>��@ &� /LQ� ?+LJK 9ROWDJH 5HVHDUFK /DERUDWRU\ 8523� )LQDO UHSRUW��� WHFK� UHS��
+LJK 9ROWDJH 5HVHDUFK /DERUDWRU\� 0DVVDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\� &DP�
EULGJH� 0$� $XJ� �����

>��@ $� 7DNDKDVKL� ?+LJK 9ROWDJH 5HVHDUFK /DERUDWRU\ 8523� )LQDO UHSRUW��� WHFK�
UHS�� +LJK 9ROWDJH 5HVHDUFK /DERUDWRU\� 0DVVDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\�
&DPEULGJH� 0$� 1RY� �����

>��@ *� 7� 7HZDUL� ?'HYHORSPHQW RI D *8, RSWLPL]DWLRQ PRGXOH WR DVVLVW LQ WKH XWL�
OL]DWLRQ RI VRIWZDUH IRU WKH FKDUDFWHUL]DWLRQ RI WKH GLHOHFWULF SURSHUWLHV RI LQVX�
ODWLQJ PDWHULDOV� 8523 UHSRUW��� WHFK� UHS�� +LJK 9ROWDJH 5HVHDUFK /DERUDWRU\�
0DVVDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\� &DPEULGJH� 0$� 0D\ �����

>��@ ,� 'HEQDWK� ?'HWHFWLRQ RI SODVWLF DQG PHWDO ODQGPLQHV XVLQJ IULQJLQJ nHOG GLHOHF�
WURPHWU\� 8523 UHSRUW��� WHFK� UHS�� +LJK 9ROWDJH 5HVHDUFK /DERUDWRU\� 0DV�
VDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\� &DPEULGJH� 0$� 2FW� �����

>��@ -� %DX� ?*HQHUDOL]DWLRQ D *8, RSWLPL]DWLRQ PRGXOH GHYHORSHG IRU VRIWZDUH FKDU�
DFWHUL]DWLRQ RI GLHOHFWULF SURSHUWLHV RI LQVXODWLQJ PDWHULDOV� 8523 UHSRUW��� WHFK�
UHS�� +LJK 9ROWDJH 5HVHDUFK /DERUDWRU\� 0DVVDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\�
&DPEULGJH� 0$� 2FW� �����

>��@ 0� 6DUGD� ?&KDUDFWHUL]DWLRQ RI DLUJDS EHWZHHQ 7HoRQ DQG DQ LQWHUGLJLWDO WKUHH�
ZDYHOHQJWK VHQVRU VXUIDFH LQ GLHOHFWURPHWU\ PHDVXUHPHQWV� $83 UHSRUW��� WHFK�
UHS�� +LJK 9ROWDJH 5HVHDUFK /DERUDWRU\� 0DVVDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\�
&DPEULGJH� 0$� 'HF� �����

>��@ $� 9� 0DPLVKHY� ?0HDVXUHPHQW RI FRQWDPLQDQW FRQFHQWUDWLRQ LQ WKH SURWHFWLYH
FKHPLFDO JHDU� LQWHUQDO UHSRUW�� WHFK� UHS�� -HQWHN 6HQVRUV� &DPEULGJH� 0$� -XO\
�����

>��@ (QKDQFHG 0DJQHWRTXDVLVWDWLF �,QGXFWLYH� 0HWDO 'HWHFWLRQ DQG 1HZ (OHFWURTXD�
VLVWDWLF �&DSDFLWLYH� 3ODVWLF 'HWHFWLRQ IRU /DQGPLQH 'HWHFWLRQ DQG ,GHQWLnFDWLRQ�
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-HQWHN 6HQVRUV� ,QF� &DPEULGJH� 0$� -XQH ����� -HQWHN 6HQVRUV )LQDO 5HSRUW
WR WKH 86 $UP\ 1LJKW 9LVLRQ 'LUHFWRUDWH�

>��@ ,� *� 0DWLV� .� $� %HUJPDQLV� DQG (� (� .ORWLQVK� ?'HYLFH IRU PHDVXULQJ SHU�
PLWWLYLW\ RU PDWHULDOV�� 8�6� 3DWHQW 1R� ���������� �����

>��@ ,� *� 0DWLV� .� $� %HUJPDQLV� DQG (� (� .ORWLQVK� ?'HYLFH IRU PHDVXULQJ SHU�
PLWWLYLW\ RU PDWHULDOV�� 8�6� 3DWHQW 1R� ���������� �����

>��@ 6� '� 6HQWXULD DQG 6� /� *DUYHULFN� ?0HWKRG DQG DSSDUDWXV IRU PLFURGLHOHFWURP�
HWU\�� 8�6� 3DWHQW 1R� ���������� 'HF� ��� �����

>��@ 5� '� %D[WHU DQG 3� -� )UHXG� ?+XPLGLW\ VHQVLQJ HOHPHQW�� 8�6� 3DWHQW
1R� ���������� -DQ� �����

>��@ -� 5� 0HOFKHU DQG 0� &� =DUHWVN\� ?$SSDUDWXV DQG PHWKRGV IRU PHDVXULQJ SHU�
PLWWLYLW\ LQ PDWHULDOV�� 8�6� 3DWHQW 1R� ���������� 0DU� ��� �����

>��@ )� :DOGPDQ DQG 3� YRQ *XJJHQEHUJ� ?$SSDUDWXV DQG PHWKRGV IRU PHDVXU�
LQJ WKH GLHOHFWULF DQG JHRPHWULF SURSHUWLHV RI PDWHULDOV�� 8�6� 3DWHQW 6HULDO
1R� ����������� 0D\ ��� �����

>��@ ,� *� 0DWLV� ?2Q PXOWLSDUDPHWHU FRQWURO RI GLHOHFWULF SURSHUWLHV RI ODPLQDWH SRO\�
PHU PDWHULDOV�� /DWYLMDV 365 =LQDWQX $NDGHPLMDV 9HVWLV� )L]LNDV XQ 7HKQLVNR
=LQDWQX 6HULMD� QR� �� SS� ��^��� �����

>��@ 6� '� 6HQWXULD DQG &� 0� 6HFKHQ� ?7KH XVH RI WKH FKDUJH�oRZ WUDQVLVWRU WR GLVWLQ�
JXLVK VXUIDFH DQG EXON FRPSRQHQWV RI WKLQ�nOP VKHHW UHVLVWDQFH�� ,((( 7UDQV�
DFWLRQV RQ (OHFWURQ 'HYLFHV� YRO� ('���� S� ����� 6HSW� �����

>��@ 5� 6� -DFKRZLF] DQG 6� '� 6HQWXULD� ?$ WKLQ�nOP FDSDFLWDQFH KXPLGLW\ VHQVRU��
6HQVRUV DQG $FWXDWRUV� YRO� �� SS� ���^���� 'HF� �����

>��@ 0� &� =DUHWVN\ DQG -� 5� 0HOFKHU� ?&RPSOH[ SHUPLWWLYLW\ PHDVXUHPHQWV RI WKLQ
nOPV XVLQJ PLFURGLHOHFWURPHWU\�� LQ &RQIHUHQFH RQ (OHFWULFDO ,QVXODWLRQ DQG 'L�
HOHFWULF 3KHQRPHQD� �&OD\PRQW� '(�� SS� ���^���� 1RY� �����

>��@ 1� -� *ROGnQH� $� 3� :DVKDEDXJK� -� 9� 'HDUORYH� DQG 3� $� YRQ *XJJHQEHUJ�
?,PSRVHG � b N PDJQHWRPHWHU DQG GLHOHFWURPHWHU DSSOLFDWLRQV�� LQ 5HYLHZ RI
3URJUHVV LQ 4XDQWLWDWLYH 1RQGHVWUXFWLYH (YDOXDWLRQ �'� 7KRPSVRQ DQG '� &KL�
PHQWL� HGV��� YRO� ��� �1HZ <RUN�� 3OHQXP 3UHVV� �����

>��@ 3� $� YRQ *XJJHQEHUJ DQG 0� &� =DUHWVN\� ?(VWLPDWLRQ RI RQH�GLPHQVLRQDO
FRPSOH[�SHUPLWWLYLW\ SURnOHV� D IHDVLELOLW\ VWXG\�� -RXUQDO RI (OHFWURVWDWLFV�
YRO� ��� SS� ���^���� 0DU� �����

���
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>��@ 9� .� 9DUDGDQ� 9� 9� 9DUDGDQ� DQG ;� 4� %DR� ?,QWHJUDWLRQ RI LQWHUGLJLWDO WUDQV�
GXFHUV� 0(06 DQG DQWHQQDV IRU VPDUW VWUXFWXUHV�� LQ 6PDUW 6WUXFWXUHV DQG
0DWHULDOV ����� 6PDUW (OHFWURQLFV DQG 0(06 &RQIHUHQFH� �6DQ 'LHJR� &$��
SS� ��^���� )HE� �����

>��@ 6� '� 6HQWXULD� 1� )� 6KHSSDUG� -U�� +� /� /HH� DQG '� 5� 'D\� ?,Q�VLWX PHDVXUH�
PHQW RI WKH SURSHUWLHV RI FXULQJ V\VWHPV ZLWK PLFURGLHOHFWURPHWU\�� -RXUQDO RI
$GKHVLRQ� YRO� ��� QR� ��� SS� ��^��� �����

>��@ 1� 7� 6PLWK DQG '� '� 6KHSDUG� ?'LHOHFWULF FXUH DQDO\VLV� WKHRU\ DQG LQGXVWULDO
DSSOLFDWLRQV�� 6HQVRUV� YRO� ��� SS� ��^��� 2FW� �����

>��@ (� 6� .ROHVDU DQG -� 0� :LVHPDQ� ?,QWHUGLJLWDWHG JDWH HOHFWURGH nHOG HmHFW WUDQ�
VLVWRU IRU WKH VHOHFWLYH GHWHFWLRQ RI QLWURJHQ GLR[LGH DQG GLLVRSURS\O PHWK\OSKRV�
SKRQDWH�� $QDO\WLFDO &KHPLVWU\� YRO� ��� SS� ����^����� �����

>��@ -� :� *DUGQHU� ?,QWHOOLJHQW JDV VHQVLQJ XVLQJ DQ LQWHJUDWHG VHQVRU SDLU�� 6HQVRUV
DQG $FWXDWRUV %� YRO� ������ SS� ���^���� �����

>��@ *� 1LHEOLQJ DQG $� 6FKODFKWHU� ?4XDOLWDWLYH DQG TXDQWLWDWLYH JDV DQDO\VLV ZLWK
QRQ�OLQHDU LQWHUGLJLWDO VHQVRU DUUD\V DQG DUWLnFLDO QHXUDO QHWZRUNV�� 6HQVRUV DQG
$FWXDWRUV %� YRO� % ������ SS� ���^���� �����

>��@ 0� &� =DUHWVN\� -� 5� 0HOFKHU� DQG &� 0� &RRNH� ?0RLVWXUH VHQVLQJ LQ WUDQV�
IRUPHU RLO XVLQJ WKLQ�nOP PLFURGLHOHFWURPHWU\�� ,((( 7UDQVDFWLRQV RQ (OHFWULFDO
,QVXODWLRQ� YRO� ��� SS� ����^����� 'HF� �����

>��@ 0� &� =DUHWVN\� 3� /L� DQG -� 5� 0HOFKHU� ?(VWLPDWLRQ RI WKLFNQHVV� FRPSOH[ EXON
SHUPLWWLYLW\ DQG VXUIDFH FRQGXFWLYLW\ XVLQJ LQWHUGLJLWDO GLHOHFWURPHWU\�� ,(((
7UDQVDFWLRQV RQ (OHFWULFDO ,QVXODWLRQ�� YRO� ��� SS� ����^����� 'HF� �����

>��@ -� 2� 6LPSVRQ DQG 6� $� %LGVWUXS� ?0RGHOLQJ FRQGXFWLYLW\ DQG YLVFRVLW\ FKDQJHV
GXULQJ HSR[\ FXUH XVLQJ 7($� '0$� DQG '6&�� 3URFHHGLQJV RI WKH $PHULFDQ
&KHPLFDO 6RFLHW\� 'LYLVLRQ RI 3RO\PHULF 0DWHULDOV� 6FLHQFH DQG (QJLQHHULQJ�
)DOO 0HHWLQJ� YRO� ��� QR� �� SS� ���^���� �����

>��@ <� .� 6KHLUHWRY DQG 0� =DKQ� ?'LHOHFWURPHWU\ PHDVXUHPHQWV RI PRLVWXUH G\�
QDPLFV LQ RLO�LPSUHJQDWHG SUHVVERDUG�� ,((( 7UDQVDFWLRQV RQ 'LHOHFWULFV DQG
(OHFWULFDO ,QVXODWLRQ� YRO� �� SS� ���^���� -XQH �����

>��@ 1� )� 6KHSSDUG� '� 5� 'D\� +� /� /HH� DQG 6� '� 6HQWXULD� ?0LFURGLHOHFWURPHWU\��
6HQVRUV DQG $FWXDWRUV� YRO� �� SS� ���^���� -XO\ �����

>��@ <� .� 6KHLUHWRY DQG 0� =DKQ� ?'LHOHFWURPHWU\ PHDVXUHPHQWV RI VSDWLDO PRLVWXUH
SURnOHV LQ RLO�LPSUHJQDWHG SUHVVERDUG�� LQ ,((( ,QWHUQDWLRQDO &RQIHUHQFH RQ
3URSHUWLHV DQG $SSOLFDWLRQV RI 'LHOHFWULF 0DWHULDOV� �8QLYHUVLW\ RI 4XHHQVODQG�
%ULVEDQH� $XVWUDOLD�� SS� ���^���� -XO\ �����

���
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>��@ 0� &� =DUHWVN\� /� 0RXD\DG� DQG -� 5� 0HOFKHU� ?&RQWLQXXP SURSHUWLHV IURP LQ�
WHUGLJLWDO HOHFWURGH GLHOHFWURPHWU\�� ,((( 7UDQVDFWLRQV RQ (OHFWULFDO ,QVXODWLRQ�
YRO� ��� SS� ���^���� 'HF� �����

>��@ 6� '� 6HQWXULD� 1� )� 6KHSSDUG� 6� 3RK� DQG +� 5� $SSHOPDQ� ?7KH IHDVLELOLW\
RI HOHFWULFDO PRQLWRULQJ RI UHVLQ FXUH ZLWK WKH FKDUJH�oRZ WUDQVLVWRU�� 3RO\PHU
(QJLQHHULQJ DQG 6FLHQFH� YRO� ��� SS� ���^���� )HE� �����

>��@ -� 5� 0HOFKHU� ?(OHFWURK\GURG\QDPLF VXUIDFH ZDYHV�� LQ :DYHV RQ )OXLG ,QWHU�
IDFHV �5� (� 0H\HU� HG��� SS� ���^���� $FDGHPLF 3UHVV� 1HZ <RUN� 1<� �����

>��@ -� 5� 0HOFKHU� ?&KDUJH UHOD[DWLRQ RQ D PRYLQJ OLTXLG LQWHUIDFH�� 3K\VLFV RI )OX�
LGV� QR� ��� SS� ���^���� �����

>��@ 6� 0� *DVZRUWK� -� 5� 0HOFKHU� DQG 0� =DKQ� ?,QGXFWLRQ VHQVLQJ RI HOHFWURNL�
QHWLF VWUHDPLQJ FXUUHQW�� LQ &RQIHUHQFH RQ ,QWHUIDFLDO 3KHQRPHQD ,Q 3UDFWLFDO
,QVXODWLQJ 6\VWHPV� �1DWLRQDO %XUHDX RI 6WDQGDUGV� *DLWKHUVEXUJ� 0'�� 6HSW�
�����

>��@ -� &� =XHUFKHU DQG -� 5� 0HOFKHU� ?'RXEOH�OD\HU WUDQVGXFWLRQ DW D PHUFXU\�
HOHFWURO\WH LQWHUIDFH ZDV LPSRVHG WHPSRUDO DQG VSDWLDO SHULRGLFLW\�� -RXUQDO RI
(OHFWURVWDWLFV� YRO� �� SS� ��^��� 2FW� �����

>��@ 0� -� *ROLV� ?7XWRULDO� 1RQ�GHVWUXFWLYH PDWHULDOV HYDOXDWLRQ ^ DQG RYHUYLHZ DG�
GUHVVLQJ LWV WKHRU\ DQG DSSOLFDWLRQ�� LQ 0DWHULDOV 5HVHDUFK 6RFLHW\ )DOO 0HHWLQJ�
�%RVWRQ� 0$�� 'HF� �����

>��@ 3� $� YRQ *XJJHQEHUJ DQG -� 5� 0HOFKHU� ?$ WKUHH�ZDYHOHQJWK oH[LEOH VHQVRU
IRU PRQLWRULQJ WKH PRLVWXUH FRQWHQW RI WUDQVIRUPHU SUHVVERDUG�� LQ 3URFHHGLQJV
RI 7KH �UG ,QWHUQDWLRQDO &RQIHUHQFH RQ 3URSHUWLHV DQG $SSOLFDWLRQV RI 'LHOHFWULF
0DWHULDOV� YRO� �� �7RN\R� -DSDQ�� SS� ����^����� -XO\ �^��� �����

>��@ ,� *� 0DWLV� ?0HWKRG DQG HTXLSPHQW IRU GHWHUPLQLQJ WKH GLHOHFWULF FRQVWDQW
RI SRO\PHU PDWHULDOV ZLWK RQH�VLGHG DFFHVV�� 3RO\PHU 0HFKDQLFV� YRO� �� QR� ��
SS� ���^���� �����

>��@ ,� *� 0DWLV DQG (� .ORWLQ
VK� ?([WHUQDO FDSDFLWLYH SUREHV IRU WKH QRQGHVWUXF�
WLYH GHWHUPLQDWLRQ RI WKH GLHOHFWULF SURSHUWLHV RI SRO\PHULF PDWHULDOV�� 3RO\PHU
0HFKDQLFV� YRO� �� QR� �� SS� ���^���� �����

>��@ ,� *� 0DWLV DQG .� '� 2]ROV� ?&DOFXODWLRQ RI WKH HOHFWURVWDWLF FDSDFLWDQFH RI
FRSODQDU DQQXODU HOHFWURGHV ZLWK WZR�OD\HU RU WKUHH OD\HU GLHOHFWULF �LQ 5XVVLDQ���
/DWYLMDV 365 =LQDWQX $NDGHPLMDV 9HVWLV� )L]LNDV XQ 7HKQLVNR =LQDWQX 6HULMD�
QR� �� SS� ��^���� �����

>��@ ,� *� 0DWLV� ?&DOFXODWLRQV RI WKH LQWHQVLW\ RI WKH HOHFWULF nHOG LQ D FRQGXFWRU
RI UHFWDQJXODU VHFWLRQ �LQ 5XVVLDQ��� /DWYLMDV 365 =LQDWQX $NDGHPLMDV 9HVWLV�
)L]LNDV XQ 7HKQLVNR =LQDWQX 6HULMD� QR� �� SS� ��^��� �����

���
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>��@ ,� *� 0DWLV DQG .� '� 2]ROV� ?(OHFWURVWDWLF FDSDFLW\ FDOFXODWLRQ RI FRSODQDU FLU�
FXODU HOHFWURGHV �LQ 5XVVLDQ��� /DWYLMDV 365 =LQDWQX $NDGHPLMDV 9HVWLV� )L]LNDV
XQ 7HKQLVNR =LQDWQX 6HULMD� QR� �� SS� ���^��� �����

>��@ .� $� %HUJPDQLV DQG ,� *� 0DWLV� ?&DOFXODWLRQ RI WKH HOHFWULF nHOG RI D FDSDFLWRU
ZLWK D F\OLQGULFDO GLHOHFWULF�� 3RO\PHU 0HFKDQLFV� YRO� �� QR� �� SS� ���^����
�����

>��@ ,� *� 0DWLV� ?7UHQGV LQ WKH GHYHORSPHQW RI PHWKRGV RI QRQGHVWUXFWLYH WHVWLQJ RI
FRPSRVLWH PDWHULDOV�� 0HFKDQLFV RI &RPSRVLWH 0DWHULDOV� YRO� ��� QR� �� SS� ���^
���� �����

>��@ 9� '� 6KWUDXV� ?1RQGHVWUXFWLYH PHWKRGV RI GHWHUPLQLQJ WKH GLHOHFWULF FRQVWDQWV
RI DQLVRWURSLF SRO\PHULF PDWHULDOV�� 3RO\PHU 0HFKDQLFV� YRO� ��� QR� �� SS� ���^
���� �����

>��@ ,� *� 0DWLV� ?$Q HOHFWURQLF FRPSXWLQJ LQVWUXPHQW IRU PHDVXULQJ GLHOHFWULF FRQ�
VWDQWV �WKH ,'3����� 3RO\PHU 0HFKDQLFV� YRO� �� QR� �� SS� ���^���� �����

>��@ 9� $� /DWLVKHQNR DQG ,� *� 0DWLVV� ?0HWKRGV DQG PHDQV IRU QRQGHVWUXFWLYH VWXG\
RI GDPDJHDELOLW\ RI FRPSRVLWH PDWHULDOV�� LQ 3URFHHGLQJV RI WKH )LUVW 86$�8665
6\PSRVLXP RQ )UDFWXUH RI &RPSRVLWH 0DWHULDOV� �5LJD� 8665�� SS� ���^����
�����

>��@ 9� '� 6KWUDXV� ?,QYHVWLJDWLRQ RI FXULQJ DQ HSR[\ UHVLQ E\ WKH SRODUL]DWLRQ FXUUHQW
PHWKRG�� 3RO\PHU 0HFKDQLFV� YRO� ��� QR� �� SS� ���^���� �����

>��@ 9� $� /DWLVKHQNR DQG ,� *� 0DWLV� ?:D\V DQG PHDQV RI VWXG\LQJ GDPDJH LQ
FRPSRVLWHV�� 0HFKDQLFV RI &RPSRVLWH 0DWHULDOV� QR� �� SS� ���^���� �����

>��@ 9� $� /DWLVKHQNR DQG ,� *� 0DWLV� ?'HWHUPLQDWLRQ RI VXVFHSWLELOLW\ WR GDPDJH
RI RUJDQLF DQG FDUERQ�nEHU UHLQIRUFHG SODVWLFV E\ QRQGHVWUXFWLYH PHWKRGV�� 0H�
FKDQLFV RI &RPSRVLWH 0DWHULDOV� QR� �� SS� ���^���� �����

>��@ ,� *� 0DWLV� (OHNWURHPNRVWQ\H 3UHREUD]RYDWHOL GOLD 1HUD]UXVKDMXVFKHJR .RQWUROLD�
5LJD� /DWYLD� =LQDWQH� �QG HG�� �����

>��@ ,� *� 0DWLVV� ?$ QHZ FDSDFLWDQFH WHFKQLTXH IRU TXDOLW\ FRQWURO RI QRQPHWDOOLF
PDWHULDOV DQG VWUXFWXUHV�� 0DWHULDOV (YDOXDWLRQ� YRO� ��� QR� �� SS� ���^����
�����

>��@ (� 6� .ULFKHYVNLL DQG 2� 6� 3URWRSRSRY� ?1RPRJUDSKV IRU nQGLQJ WKH FDSDFL�
WDQFH RI FRSODQDU�SODWH FDSDFLWRUV �XVHG DV PHDVXULQJ WUDQVGXFHUV��� 0HDVXUH�
PHQW 7HFKQLTXHV� YRO� ��� QR� �� SS� ���^���� �����

>���@ ,� *� 0DWLVV DQG 9� '� 6KWUDXVV� ?0XOWL�SDUDPHWHU GLHOHFWULF UHOD[DWLRQ VSHF�
WURPHWU\ IRU TXDOLW\ FRQWURO RI FRPSRVLWHV�� 1'7 ,QWHUQDWLRQDO� YRO� ��� QR� ��
SS� ���^���� �����

���
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>���@ ,� *� 0DWLV� ?7UHQGV LQ WKH GHYHORSPHQW RI PHWKRGV RI QRQGHVWUXFWLYH WHVWLQJ RI
FRPSRVLWH PDWHULDOV�� 0HFKDQLFV RI &RPSRVLWH 0DWHULDOV� YRO� ��� QR� �� SS� ���^
���� �����

>���@ 9� '� 6KWUDXV� ?1RQGHVWUXFWLYH UHOD[DWLRQ VSHFWURPHWU\ RI GLHOHFWULFV�� 0HFKDQ�
LFV RI &RPSRVLWH 0DWHULDOV� YRO� ��� QR� �� SS� ���^���� �����

>���@ ,� *� 0DWLV� ?0HWKRGV DQG PHDQV RI LQVSHFWLQJ WKH TXDOLW\ RI FRPSRVLWH PD�
WHULDOV�� 6RYLHW -RXUQDO RI 1RQGHVWUXFWLYH 7HVWLQJ� YRO� ��� QR� �� SS� ���^����
�����

>���@ ,� *� 0DWLV� ?6SHFWURPHWULF PHWKRGV RI LQYHVWLJDWLRQ RI WKH VWUXFWXUH RI FRPSRVLWH
PDWHULDOV� $ UHYLHZ�� 0HFKDQLFV RI &RPSRVLWH 0DWHULDOV� QR� �� SS� ���^����
�����

>���@ ,� *� 0DWLVV� ?([SHUW V\VWHPV IRU QRQGHVWUXFWLYH WHVWLQJ�� $XWRPDWLF &RQWURO
DQG &RPSXWHU 6FLHQFHV� YRO� ��� QR� �� SS� ��^��� �����

>���@ 9� 6KWUDXVV� ?,QIRUPDWLRQ SURFHVVLQJ WHFKQRORJ\ LQ WKH VWXG\ RI UHOD[DWLRQ SKH�
QRPHQD� )RUPDO WKHRU\ RI UHOD[DWLRQ V\VWHPV�� $XWRPDWLF &RQWURO DQG &RPSXWHU
6FLHQFHV� YRO� ��� QR� �� SS� ��^��� �����

>���@ 9� 6KWUDXVV� ?,QIRUPDWLRQ SURFHVVLQJ WHFKQRORJ\ LQ WKH VWXG\ RI UHOD[DWLRQ SKH�
QRPHQD� )RUPDO WKHRU\ RI UHOD[DWLRQ V\VWHPV�� $XWRPDWLF &RQWURO DQG &RPSXWHU
6FLHQFHV� YRO� ��� QR� �� SS� ��^��� �����

>���@ 9� 6KWUDXVV� '� 3DEODNV� DQG $� .DOSLQVK� ?$ PXOWLSDUDPHWHU DSSURDFK WR WKH
WHVW SURFHGXUH JHQHUDWLRQ IRU HYDOXDWLRQ RI WKH VWUXFWXUH RI PDWHULDOV�� /DWYLDQ
-RXUQDO RI 3K\VLFV DQG 7HFKQLFDO 6FLHQFHV� QR� �� SS� ��^��� �����

>���@ ,� *� 0DWLV� ?)UHTXHQF\�GHSHQGHQW PDWKHPDWLFDO PRGHOV IRU FDSDFLWLYH WUDQV�
GXFHUV� ,� 0RGHOV RI KHWHURJHQHRXV PHGLD�� 5XVVLDQ -RXUQDO RI 1RQGHVWUXFWLYH
7HVWLQJ� YRO� ��� QR� �� SS� ���^���� �����

>���@ 9� 6KWUDXVV� ?)XQFWLRQDO FRQYHUVLRQ RI VLJQDOV LQ WKH VWXG\ RI UHOD[DWLRQ SKHQRP�
HQD�� 6LJQDO 3URFHVVLQJ� YRO� ��� QR� �� SS� ���^���� �����

>���@ 9� 6KWUDXVV� $� .DOSLQVK� 8� /RPDQRYVNLV� DQG -� 5RWEDKV� ?7RPRJUDSKLF LPDJ�
LQJ E\ HOHFWULFDO PHWKRGV�� /DWYLDQ -RXUQDO RI 3K\VLFV DQG 7HFKQLFDO 6FLHQFHV�
QR� �� SS� ��^��� �����

>���@ 9� '� 6KWUDXV� ?,QIRUPDWLRQ SURFHVVLQJ WHFKQRORJ\ LQ VWXGLHV RI UHOD[DWLRQ SKH�
QRPHQD� 5HOD[DWLRQ PRGHOV JHQHUDWHG E\ D IUDFWLRQDO�RUGHU RSHUDWRU ZLWK WZR
VHFWLRQDO SDUDPHWHUV�� $YWRPDWLND L 9\FKLVOLWHOQD\D 7HNKQLND� YRO� ��� QR� ��
SS� ��^��� �����

���
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>���@ ,� *� 0DWLV� ?7KHRUHWLFDO SULQFLSOHV IRU FRQVWUXFWLQJ WKH WUDQVIHU IXQFWLRQ RI D
QRQGHVWUXFWLYH WHVW SUREH�� $XWRPDWLF &RQWURO DQG &RPSXWHU 6FLHQFHV� YRO� ���
QR� �� SS� ��^��� �����

>���@ 9� '� 6KWUDXV� ?6DPSOLQJ UHOD[DWLRQ VLJQDOV�� $XWRPDWLF &RQWURO DQG &RPSXWHU
6FLHQFHV� YRO� ��� QR� �� SS� ��^��� �����

>���@ 9� '� 6KWUDXV� ?5HVLQ FXUH PRQLWRULQJ V\VWHP EDVHG RQ QRQGHVWUXFWLYH GLHOHFWULF
VSHFWURPHWU\�� 0HFKDQLFV RI &RPSRVLWH 0DWHULDOV� YRO� ��� QR� �� SS� ���^����
�����

>���@ 9� 6KWUDXVV DQG 8� /RPDQRYVNLV� ?0XOWL�IUHTXHQF\ FDSDFLWDQFH WRPRJUDSK\ ZLWK
OLQHDU VHQVRUV�� LQ %(& 
��� 7KH �WK %LHQQLDO %DOWLF (OHFWURQLFV &RQIHUHQFH�
3URFHHGLQJV� �7DOOLQQ� (VWRQLD�� SS� ���^���� �����

>���@ 9� 6KWUDXVV� ?6SHFWUXP DQDO\VLV DQG V\QWKHVLV RI UHOD[DWLRQ VLJQDOV�� 6LJQDO 3UR�
FHVVLQJ� YRO� ��� QR� �� SS� ���^���� �����

>���@ 6� '� 6HQWXULD� &� 0� 6HFKHQ� DQG -� $� :LVKQHXVN\� ?7KH FKDUJH�oRZ WUDQVLVWRU�
D QHZ 026 GHYLFH�� $SSOLHG 3K\VLFV /HWWHUV� YRO� ��� SS� ���^���� -DQ� �����

>���@ 1� )� 6KHSSDUG� -U�� 6� /� *DUYHULFN� '� 5� 'D\� DQG 6� '� 6HQWXULD� ?0LFURGL�
HOHFWURPHWU\� D QHZ PHWKRG IRU LQ VLWX FXUH PRQLWRULQJ�� LQ 3URFHHGLQJV RI WKH
��WK 6$03( 6\PSRVLXP� �/RV $QJHOHV� &$�� SS� ��^��� $SU� �����

>���@ 6� '� 6HQWXULD� 6� /� *DUYHULFN� DQG .� 7RJDVKL� ?0RQROLWKLF LQWHJUDWHG FLUFXLW
LPSOHPHQWDWLRQV RI WKH FKDUJH�oRZ WUDQVLVWRU RVFLOODWRU PRLVWXUH VHQVRU�� 6HQVRUV
DQG $FWXDWRUV� YRO� �� SS� ��^��� $XJ� �����

>���@ 6� '� 6HQWXULD� -� 5XELQVWHLQ� 6� -� $]RXU\� DQG '� $GOHU� ?'HWHUPLQDWLRQ RI WKH
nHOG HmHFW LQ ORZ�FRQGXFWLYLW\ PDWHULDOV ZLWK WKH FKDUJH�oRZ WUDQVLVWRU�� -RXUQDO
RI $SSOLHG 3K\VLFV� YRO� ��� SS� ����^����� 0D\ �����

>���@ 7� 0� 'DYLGVRQ DQG 6� '� 6HQWXULD� ?7KH PRLVWXUH GHSHQGHQFH RI WKH HOHFWULFDO
VKHHW UHVLVWDQFH RI DOXPLQLXP R[LGH WKLQ nOPV ZLWK DSSOLFDWLRQ WR LQWHJUDWHG
PRLVWXUH VHQVRUV�� LQ ,QWHUQDWLRQDO 5HOLDELOLW\ 3K\VLFV 6\PSRVLXP� ��WK $QQXDO
3URFHHGLQJV� �1HZ <RUN� 1<�� SS� ���^���� 0DU� �����

>���@ 6� /� *DUYHULFN DQG 6� '� 6HQWXULD� ?$Q 026 GHYLFH IRU $& PHDVXUHPHQW RI
VXUIDFH LPSHGDQFH ZLWK DSSOLFDWLRQ WR PRLVWXUH PRQLWRULQJ�� ,((( 7UDQVDFWLRQV
RQ (OHFWURQ 'HYLFHV� YRO� ('���� SS� ��^���� -DQ� �����

>���@ 6� '� 6HQWXULD� 1� )� 6KHSSDUG� -U�� +� /� /HH� DQG 6� %� 0DUVKDOO� ?&XUH PRQL�
WRULQJ DQG FRQWURO ZLWK FRPELQHG GLHOHFWULF�WHPSHUDWXUH SUREHV�� LQ 3URFHHGLQJV
RI WKH ��WK 6$03( 6\PSRVLXP� �$QDKHLP� &$�� SS� ���^���� $SU� �����

���
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>���@ 7� -� /HZLV� ?7KH UROH RI HOHFWURGHV LQ FRQGXFWLRQ DQG EUHDNGRZQ SKHQRPHQD LQ
VROLG GLHOHFWULFV�� ,((( 7UDQVDFWLRQV RQ (OHFWULFDO ,QVXODWLRQ� YRO� (,���� SS� ���^
���� -XQH �����

>���@ '� (� .UDQEXHKO� 6� (� 'HORV� 3� -XH� 7� 3� -DUYLH� DQG 6� $� :LOOLDPV� ?'\QDPLF
GLHOHFWULF FKDUDFWHUL]DWLRQ RI WKHUPRVHWV DQG WKHUPRSODVWLFV XVLQJ LQWULQVLF YDUL�
DEOHV�� LQ 3URFHHGLQJV RI WKH ��WK 6$03( 6\PSRVLXP� �5HQR� 19�� SS� ����^
����� $SU� �����

>���@ 1� )� 6KHSSDUG� -U�� 0� &ROLQ� DQG 6� '� 6HQWXULD� ?$ GLHOHFWULF VWXG\ RI WKH WLPH�
WHPSHUDWXUH WUDQVIRUPDWLRQ �777� GLDJUDP RI '*(%$ HSR[\ UHVLQV FXUHG ZLWK
''6�� LQ 3URFHHGLQJV RI WKH ��WK 6$03( 6\PSRVLXP� �5HQR� 19�� SS� ����^
����� $SU� �����

>���@ '� 5� 'D\� 7� -� /HZLV� +� /� /HH� DQG 6� '� 6HQWXULD� ?7KH UROH RI ERXQGDU\
OD\HU FDSDFLWDQFHV DW EORFNLQJ HOHFWURGHV LQ WKH LQWHUSUHWDWLRQ RI GLHOHFWULF FXUH
GDWD LQ DGKHVLYHV�� -RXUQDO RI $GKHVLRQ� SS� ��^��� �����

>���@ '� (� .UDQEXHKO� 6� (� 'HORV� DQG (� <L� ?0HDVXUHPHQW DQG DSSOLFDWLRQ RI GL�
HOHFWULF SURSHUWLHV�� 63,( 7HFKQLFDO 3DSHUV� YRO� ��� QR� ���� SS� ��^��� �����

>���@ '� '� 'HQWRQ� '� 5� 'D\� '� )� 3ULRUH� 6� '� 6HQWXULD� (� 6� $QROLFN� DQG
'� 6FKHLGHU� ?0RLVWXUH GLmXVLRQ LQ SRO\LPLGH nOPV LQ LQWHJUDWHG FLUFXLWV�� -RXU�
QDO RI (OHFWURQLF 0DWHULDOV� YRO� ��� QR� �� SS� ���^���� �����

>���@ '� '� 'HQWRQ� -� %� &DPRX� DQG 6� '� 6HQWXULD� ?(mHFWV RI PRLVWXUH XSWDNH RQ
WKH GLHOHFWULF SHUPLWWLYLW\ RI SRO\LPLGH nOPV�� LQ 3URFHHGLQJV RI WKH ���� ,QWHUQD�
WLRQDO 6\PSRVLXP RQ 0RLVWXUH DQG +XPLGLW\� �:DVKLQJWRQ� '�&��� SS� ���^����
$SU� �����

>���@ 0� &� :� &ROQ DQG 6� '� 6HQWXULD� ?7KH DSSOLFDWLRQ RI OLQHDU V\VWHP WKHRU\ WR
SDUDPHWULF PLFURVHQVRUV�� LQ 75$16'8&(56 
��� ���� ,QWHUQDWLRQDO &RQIHU�
HQFH RQ 6ROLG� 6WDWH 6HQVRUV DQG $FWXDWRUV� �3KLODGHOSKLD� 3$�� SS� ���^����
-XQH �����

>���@ '� '� 'HQWRQ� 6� '� 6HQWXULD� (� 6� $QROLFN� DQG '� 6FKHLGHU� ?)XQGDPHQWDO
LVVXHV LQ WKH GHVLJQ RI SRO\PHULF FDSDFLWLYH PRLVWXUH VHQVRUV�� LQ 75$16'8&�
(56 
��� ���� ,QWHUQDWLRQDO &RQIHUHQFH RQ 6ROLG� 6WDWH 6HQVRUV DQG $FWXDWRUV�
�3KLODGHOSKLD� 3$�� SS� ���^���� -XQH �����

>���@ 6� '� 6HQWXULD� ?$Q DSSURDFK WR FKHPLFDO PLFURVHQVRU SDFNDJLQJ�� LQ 75$16�
'8&(56 
��� ���� ,QWHUQDWLRQDO &RQIHUHQFH RQ 6ROLG� 6WDWH 6HQVRUV DQG $FWX�
DWRUV� �3KLODGHOSKLD� 3$�� SS� ���^���� -XQH �����

>���@ 0� /� %URPEHUJ� '� '� 'D\� DQG .� 5� 6QDEOH� ?0HDVXUHPHQW DQG DSSOLFDWLRQ
RI GLHOHFWULF SURSHUWLHV�� ,((( (OHFWULFDO ,QVXODWLRQ 0DJD]LQH� YRO� �� SS� ��^���
0D\ �����

���
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>���@ )� :� 6PLWK� +� -� 1HXKDXV� 6� '� 6HQWXULD� =� )HLW� '� 'D\� DQG 7� /HZLV�
?(OHFWULFDO FRQGXFWLRQ LQ SRO\LPLGH EHWZHHQ �� DQG ���p&�� -RXUQDO RI (OHFWURQLF
0DWHULDOV� YRO� ��� QR� �� SS� ��^���� �����

>���@ 3� '� $OGULFK� 6� .� 7KXURZ� 0� -� 0�.HQQRQ� DQG 0� (� /\VV\� ?'LHOHFWULF UHOD[�
DWLRQ GXH WR DEVRUEHG ZDWHU LQ YDULRXV WKHUPRVHWV�� 3RO\PHU� YRO� ��� SS� ����^
����� 'HF� �����

>���@ '� 5� 'D\ DQG '� '� 6KHSDUG� ?'\QDPLF FXUH DQG GLmXVLRQ PRQLWRULQJ LQ WKLQ
HQFDSVXODQW nOPV�� LQ 1RQGHVWUXFWLYH 0RQLWRULQJ RI 0DWHULDOV 3URSHUWLHV 6\P�
SRVLXP �-� +ROEURRN DQG -� %XVVLHUH� HGV��� �%RVWRQ� 0$�� SS� ���^���� 1RY�
�����

>���@ )� %HOOXFFL� ,� .KDPLV� 6� '� 6HQWXULD� DQG 5� 0� /DWDQLVLRQ� ?0RLVWXUH HmHFWV RQ
WKH HOHFWULFDO FRQGXFWLYLW\ RI .DSWRQ SRO\LPLGH�� -RXUQDO RI WKH (OHFWURFKHPLFDO
6RFLHW\� YRO� ���� QR� �� SS� ����^����� �����

>���@ .� 1DERUV� 6� .LP� -� :KLWH� DQG 6� 6HQWXULD� ?)DVW FDSDFLWDQFH H[WUDF�
WLRQ RI JHQHUDO WKUHH�GLPHQVLRQDO VWUXFWXUHV�� LQ ,((( ,QWHUQDWLRQDO &RQIHUHQFH
RQ &RPSXWHU 'HVLJQ� 9/6, LQ &RPSXWHUV DQG 3URFHVVRUV� �&DPEULGJH� 0$��
SS� ���^���� 2FW� �����

>���@ '� 5� 'D\� '� '� 6KHSDUG� DQG .� -� &UDYHQ� ?$ PLFURGLHOHFWULF DQDO\VLV RI
PRLVWXUH GLmXVLRQ LQ WKLQ HSR[\�DPLQH nOPV RI YDU\LQJ FXUH VWDWH DQG PL[ UDWLR��
3RO\PHU (QJLQHHULQJ DQG 6FLHQFH� YRO� ��� SS� ���^���� $SU� �����

>���@ 1� )� 6KHSSDUG� -U�� ?'HVLJQ RI D FRQGXFWLPHWULF PLFURVHQVRU EDVHG RQ UH�
YHUVLEO\ VZHOOLQJ SRO\PHU K\GURJHOV�� LQ 3URFHHGLQJV RI �WK ,QWHUQDWLRQDO &RQ�
IHUHQFH RQ 6ROLG�6WDWH 6HQVRUV DQG $FWXDWRUV �7UDQVGXFHUV
���� �6DQ )UDQFLVFR�
&$�� SS� ���^���� -XQH �����

>���@ 1� )� 6KHSSDUG� -U�� 5� &� 7XFNHU� DQG &� :X� ?(OHFWULFDO FRQGXFWLYLW\ PHD�
VXUHPHQWV XVLQJ PLFURIDEULFDWHG LQWHUGLJLWDWHG HOHFWURGHV�� $QDO\WLFDO &KHPLVWU\�
YRO� ��� SS� ����^����� 0D\ �����

>���@ 6� '� 6HQWXULD� ?&RUUHODWHG PHWKRGV IRU HYDOXDWLQJ SRO\PHU SURSHUWLHV� LQWHUIDFHV�
DQG DGKHVLRQ�� ,QWHUQDWLRQDO -RXUQDO RI 0LFURHOHFWURQLFV 3DFNDJLQJ� 0DWHULDOV
DQG 7HFKQRORJLHV� YRO� �� QR� �� SS� ��^��� �����

>���@ $� 5� .� 5DOVWRQ� &� )� .OHLQ� 3� (� 7KRPD� DQG '� '� 'HQWRQ� ?$ PRGHO IRU
WKH UHODWLYH HQYLURQPHQWDO VWDELOLW\ RI D VHULHV RI SRO\LPLGH FDSDFLWDQFH KXPLGLW\
VHQVRUV�� 6HQVRUV DQG $FWXDWRUV % �&KHPLFDO�� YRO� %��� SS� ���^���� $XJ� �����

>���@ 3� $� YRQ *XJJHQEHUJ DQG -� 5� 0HOFKHU� ?$Q LPPHUVLEOH UHODWLYH VDWXUDWLRQ
PRLVWXUH VHQVRU ZLWK DSSOLFDWLRQ WR WUDQVIRUPHU RLO�� LQ 3URFHHGLQJV RI 7KH �UG
,QWHUQDWLRQDO &RQIHUHQFH RQ 3URSHUWLHV DQG $SSOLFDWLRQV RI 'LHOHFWULF 0DWHULDOV�
YRO� �� �7RN\R� -DSDQ�� SS� ����^����� -XO\ �^��� �����

���
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>���@ 3� $� YRQ *XJJHQEHUJ� 0� =DKQ� DQG -� 5� 0HOFKHU� ?'LDJQRVWLF PHWKRGV IRU
PRLVWXUH GHWHFWLRQ LQ WUDQVIRUPHU LQVXODWLRQ�� LQ 3URFHHGLQJV RI WKH 7KLUG (35,
:RUNVKRS� 6WDWLF (OHFWULnFDWLRQ LQ 3RZHU 7UDQVIRUPHUV� �6DQ -RVH� &$�� (OHFWULF
3RZHU 5HVHDUFK ,QVWLWXWH �(35,�� -DQ� ��^��� �����

>���@ 3� $� YRQ *XJJHQEHUJ� ?([SHULPHQWDO LQYHVWLJDWLRQ RI WKH KHWHURJHQHLW\ RI WKH
GRXEOH OD\HU LQ WUDQVIRUPHU RLO�� LQ &RQIHUHQFH RQ (OHFWULFDO ,QVXODWLRQ DQG 'L�
HOHFWULF 3KHQRPHQD� �3RFRQR 0DQRU� 3$�� SS� ��^��� 2FW� ��^��� �����

>���@ <� .� 6KHLUHWRY DQG 0� =DKQ� ?6WXG\ RI WKH WHPSHUDWXUH DQG PRLVWXUH GHSHQGHQW
GLHOHFWULF SURSHUWLHV RI RLO�LPSUHJQDWHG SUHVVERDUG�� LQ &RQIHUHQFH RQ (OHFWULFDO
,QVXODWLRQ DQG 'LHOHFWULF 3KHQRPHQD� �3RFRQR 0DQRU�� 2FW� �����

>���@ <� .� 6KHLUHWRY DQG 0� =DKQ� ?'LHOHFWURPHWU\ PHDVXUHPHQWV RI PRLVWXUH G\�
QDPLFV LQ RLO�LPSUHJQDWHG SUHVVERDUG�� LQ ,((( ,QWHUQDWLRQDO 6\PSRVLXP RQ
(OHFWULFDO ,QVXODWLRQ� �3LWWVEXUJK� 3$�� SS� ��^��� -XQH �����

>���@ 0� =DKQ� ?2SWLFDO� HOHFWULFDO DQG HOHFWURPHFKDQLFDO PHDVXUHPHQW PHWKRGROR�
JLHV RI nHOG� FKDUJH DQG SRODUL]DWLRQ LQ GLHOHFWULFV ����� :KLWHKHDG 0HPRULDO
/HFWXUH��� ,((( 7UDQVDFWLRQV RQ 'LHOHFWULFV DQG (OHFWULFDO ,QVXODWLRQ� YRO� ��
SS� ���^���� 2FW� �����

>���@ +� $� +DXV DQG -� 5� 0HOFKHU� (OHFWURPDJQHWLF )LHOGV DQG (QHUJ\� (QJOHZRRG
&OLmV� 1-� 3UHQWLFH +DOO� �����

>���@ 0� =DKQ� (OHFWURPDJQHWLF )LHOG 7KHRU\� D 3UREOHP 6ROYLQJ $SSURDFK� 0DODEDU�
)/� 5REHUW (� .ULHJHU 3XEOLVKLQJ &RPSDQ\� ,QF�� UHSULQW HG�� �����

>���@ 3� 'HE\H� 3RODU 0ROHFXOHV� 1HZ <RUN� &KHPLFDO &DWDORJ &R�� �����

>���@ $� 5� YRQ +LSSHO� 'LHOHFWULFV DQG :DYHV� 1HZ <RUN� -RKQ :LOH\ 	 6RQV� �����

>���@ +� )U�ROLFK� 7KHRU\ RI 'LHOHFWULFV� 2[IRUG� 8QLWHG .LQJGRP� 2[IRUG 8QLYHUVLW\
3UHVV� �����

>���@ &� 3� 6P\WK� 'LHOHFWULF %HKDYLRXU DQG 6WUXFWXUH� 1HZ <RUN� 1<� 0F*UDZ�+LOO�
�����

>���@ 9� 9� 'DQLHOV� 'LHOHFWULF 5HOD[DWLRQ� /RQGRQ� $FDGHPLF 3UHVV� �����

>���@ ,� $GDPF]HZVNL� ,RQL]DWLRQ� &RQGXFWLYLW\ DQG %UHDNGRZQ LQ 'LHOHFWULF /LTXLGV�
/RQGRQ� 7D\ORU 	 )UDQFLV� �����

>���@ &� -� )� %�RWWFKHU DQG 3� %RUGHZLMN� 7KHRU\ RI (OHFWULF 3RODUL]DWLRQ� 9ROV� , DQG
,,� (OVHYLHU 6FLHQWLnF 3XEOLVKLQJ &RPSDQ\� $PVWHUGDP� �����

>���@ 5� &RHOKR� 3K\VLFV RI 'LHOHFWULFV IRU WKH (QJLQHHU� (OVHYLHU 6FLHQWLnF 3XEOLVKLQJ
&RPSDQ\� $PVWHUGDP� �����

���
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>���@ $� 5� %O\WKH� (OHFWULFDO 3URSHUWLHV RI 3RO\PHUV� &DPEULGJH 8QLYHUVLW\ 3UHVV�
&DPEULGJH� �����

>���@ $� .� -RQVFKHU� 'LHOHFWULF 5HOD[DWLRQ LQ 6ROLGV� &KHOVHD 'LHOHFWULFV 3UHVV� /RQ�
GRQ� �����

>���@ $� .� -RQVFKHU� 8QLYHUVDO 5HOD[DWLRQ /DZ� &KHOVHD 'LHOHFWULFV 3UHVV� /RQGRQ�
�����

>���@ 3� +HGYLJ� 'LHOHFWULF 6SHFWURVFRS\ RI 3RO\PHUV� :LOH\� 1HZ <RUN� �����

>���@ -� 5� 0DF'RQDOG� ,PSHGDQFH 6SHFWURVFRS\ � (PSKDVL]LQJ 6ROLG 0DWHULDOV DQG
6\VWHPV� :LOH\� 1HZ <RUN� �����

>���@ -� 3� 5XQW DQG -� -� )LW]JHUDOG� HGV�� 'LHOHFWULF 6SHFWURVFRS\ RI 3RO\PHULF 0DWH�
ULDOV� )XQGDPHQWDOV DQG $SSOLFDWLRQV� $PHULFDQ &KHPLFDO 6RFLHW\� :DVKLQJWRQ�
'&� �����

>���@ 1� )� 0RWW DQG (� $� 'DYLV� (OHFWURQLF 3URFHVVHV LQ 1RQ�&U\VWDOOLQH 0DWHULDOV�
2[IRUG� 8QLWHG .LQJGRP� 2[IRUG 8QLYHUVLW\ 3UHVV� �����

>���@ ,� 6� =KHOXGHY� 3K\VLFV RI &U\VWDOOLQH 'LHOHFWULFV� 9ROV� , DQG ,,� 1HZ <RUN�
3OHQXP 3UHVV� �����

>���@ -� YDQ 7XUQKRXW� 7KHUPDOO\ 6WLPXODWHG 'LVFKDUJH RI 3RO\PHU (OHFWUHWV� $PVWHU�
GDP� (OVHYLHU 6FLHQWLnF 3XEOLVKLQJ &RPSDQ\� �����

>���@ *� 0� 6HVVOHU� (OHFWUHWV� %HUOLQ� 6SULQJHU�9HUODJ� �����

>���@ 6� +DYULOLDN -U� DQG -� 6� +DYULOLDN� HGV�� 'LHOHFWULF DQG 0HFKDQLFDO 5HOD[DWLRQ
LQ 0DWHULDOV� 0XQLFK� *HUPDQ\� &DUO +DQVHU 9HUODJ� �����

>���@ -� 5� 0HOFKHU� &RQWLQXXP (OHFWURPHFKDQLFV� &DPEULGJH� 0$� 7KH 0,7 3UHVV�
�����

>���@ .� 6� &ROH DQG 5� +� &ROH� ?'LVSHUVLRQ DQG DEVRUSWLRQ LQ GLHOHFWULFV�� -RXUQDO
RI &KHPLFDO 3K\VLFV� YRO� �� SS� ���^���� $SU� �����

>���@ '� :� 'DYLGVRQ DQG 5� +� &ROH� ?'LHOHFWULF UHOD[DWLRQ RI JO\FHURO� SURS\OHQH
JO\FRO� DQG Q�SURSDQRO�� -RXUQDO RI &KHPLFDO 3K\VLFV� YRO� ��� SS� ����^�����
�����

>���@ -� *� .LUNZRRG DQG 5� 0� )XRVV� ?$QRPDORXV GLVSHUVLRQ DQG GLHOHFWULF ORVV LQ
SRODU SRO\PHUV�� -RXUQDO RI &KHPLFDO 3K\VLFV� YRO� �� SS� ���^���� �����

>���@ *� :LOOLDPV DQG '� &� :DWWV� ?1RQ�V\PPHWULFDO GLHOHFWULF UHOD[DWLRQ EHKDYLRU
DULVLQJ IURP D VLPSOH HPSLULFDO GHFD\ IXQFWLRQ�� 7UDQVDFWLRQV RI )DUDGD\ 6RFLHW\�
YRO� ��� SS� ��^��� �����

���
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>���@ *� :LOOLDPV� '� &� :DWWV� 6� %� 'HY� DQG $� 0� 1RUWK� ?)XUWKHU FRQVLGHUDWLRQV
RI QRQ�V\PPHWULFDO GLHOHFWULF UHOD[DWLRQ EHKDYLRU DULVLQJ IURP D VLPSOH HPSLULFDO
GHFD\ IXQFWLRQ�� 7UDQVDFWLRQV RI )DUDGD\ 6RFLHW\� YRO� ��� SS� ����^����� �����

>���@ $� .� 9LMK� ?(OHFWURFKHPLFDO QDWXUH RI PHWDO�LQVXODWRU LQWHUIDFHV�� LQ ,((( ,QWHU�
QDWLRQDO 6\PSRVLXP RQ (OHFWULFDO ,QVXODWLRQ� �0RQWUHDO� 4XH�� &DQDGD�� SS� ���^
���� -XQH �����

>���@ +� /� :DOPVOH\ DQG *� :RRGIRUG� ?7KH JHQHUDWLRQ RI HOHFWULF FXUUHQWV E\ WKH
ODPLQDU oRZ RI GLHOHFWULF OLTXLGV�� -RXUQDO RI 3K\VLFV '� $SSOLHG 3K\VLFV� YRO� ���
SS� ����^����� 2FW� �����

>���@ +� /� :DOPVOH\� ?7KH JHQHUDWLRQ RI HOHFWULF FXUUHQWV E\ WKH WXUEXOHQW oRZ RI
GLHOHFWULF OLTXLGV� ,� /RQJ SLSHV�� -RXUQDO RI 3K\VLFV '� $SSOLHG 3K\VLFV� YRO� ���
SS� ����^����� 2FW� �����

>���@ +� /� :DOPVOH\� ?7KH JHQHUDWLRQ RI HOHFWULF FXUUHQWV E\ WKH WXUEXOHQW oRZ RI GL�
HOHFWULF OLTXLGV� ,,� 3LSHV RI nQLWH OHQJWK�� -RXUQDO RI 3K\VLFV '� $SSOLHG 3K\VLFV�
YRO� ��� SS� ���^���� $SU� �����

>���@ :� +� +DJPDQ� 7� +� &URZOH\� 5� '� 7DERUV� DQG )� &� 6FKZHSSH� ?$Q DGDSWLYH
WUDQVIRUPHU PRQLWRULQJ V\VWHP�� LQ 3URFHHGLQJV RI WKH +\GUR�4XHEHF ,QWHUQD�
WLRQDO 6\PSRVLXP IRU 'HPRQVWUDWLRQ RI ([SHUW 6\VWHP $SSOLFDWLRQV WR WKH 3RZHU
,QGXVWU\� �0RQWUHDO� 4XHEHF� &DQDGD�� 0D\ �^��� �����

>���@ -� /� .LUWOH\� :� +� +DJPDQ� %� &� /HVLHXWUH� 0� -� %R\G� (� 3� :DUUHQ� +� 3�
&KRX� DQG 5� '� 7DERUV� ?0RQLWRULQJ WKH KHDOWK RI SRZHU WUDQVIRUPHUV�� ,(((
&RPSXWHU $SSOLFDWLRQV LQ 3RZHU� YRO� �� SS� ��^��� -DQ� �����

>���@ :� /� 7HDJXH DQG -� +� 0F:KLUWHU� ?'LHOHFWULF PHDVXUHPHQWV RQ QHZ SRZHU
WUDQVIRUPHU LQVXODWLRQ�� 7UDQVDFWLRQV RI WKH $PHULFDQ ,QVWLWXWH RI (OHFWULFDO (Q�
JLQHHUV �$,((�� 3DUW ,,,� 3RZHU $SSDUDWXV DQG 6\VWHPV� YRO� ��� SS� ���^����
2FW� �����

>���@ 5� 7� 5XVKDOO� ?'LHOHFWULF SURSHUWLHV RI RLO�VRDNHG SUHVVERDUG DV DmHFWHG E\ ZD�
WHU�� 3URFHHGLQJV RI 7KH ,QVWLWXWLRQ RI (OHFWULFDO (QJLQHHUV� 3DUW ,,$� YRO� ����
SS� ��^��� 0DU� �����

>���@ $� :� 6WDQQHWW� ?7KH PHDVXUHPHQW RI ZDWHU LQ SRZHU WUDQVIRUPHUV�� LQ 3UR�
FHHGLQJV RI 7KH ,QVWLWXWLRQ RI (OHFWULFDO (QJLQHHUV� 3DUW $� 3RZHU (QJLQHHULQJ�
6XSSOHPHQW 1R� �� YRO� ���� SS� ��^��� -XQH �����

>���@ 7� (� &RQVWDQGLQRX� ?5HODWLRQ EHWZHHQ PRLVWXUH FRQWHQW DQG ORZ�YROWDJH HOHF�
WULFDO SURSHUWLHV RI RLO�LPSUHJQDWHG� UHVLQ�FRDWHG DQG XQLPSUHJQDWHG SDSHUV�� LQ
3URFHHGLQJV RI 7KH ,QVWLWXWLRQ RI (OHFWULFDO (QJLQHHUV� YRO� ���� SS� ����^�����
6HSW� �����

���
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>���@ ,� *XVVHQEDXHU� ?([DPLQDWLRQ RI KXPLGLW\ GLVWULEXWLRQ LQ WUDQVIRUPHUV PRGHOV
E\ PHDQV RI GLHOHFWULF PHDVXUHPHQWV�� LQ 3URFHHGLQJV RI WKH ,QWHUQDWLRQDO &RQ�
IHUHQFH RQ /DUJH +LJK 9ROWDJH (OHFWULF 6\VWHPV �&,*5u(�� YRO� ,� �3DULV� )UDQFH��
$XJ� ��^6HSW� �� ����� 3DSHU 1R� ����

>���@ <� 6DLWR DQG 7� +LQR� ?$ VWXG\ RI WKHUPDO GHWHULRUDWLRQ RI .UDIW SXOSV XVLQJ
D PDVV VSHFWURPHWHU�� 7UDQVDFWLRQV RI WKH $PHULFDQ ,QVWLWXWH RI (OHFWULFDO (Q�
JLQHHUV �$,((�� 3DUW ,� &RPPXQLFDWLRQ DQG (OHFWURQLFV� YRO� ��� SS� ���^����
1RY� �����

>���@ -� )DEUH DQG $� 3LFKRQ� ?'HWHULRUDWLRQ SURFHVVHV DQG SURGXFWV RI SDSHU DQG
RLO� $SSOLFDWLRQ WR WUDQVIRUPHUV�� LQ 3URFHHGLQJV RI WKH ,QWHUQDWLRQDO &RQIHUHQFH
RQ /DUJH +LJK 9ROWDJH (OHFWULF 6\VWHPV �&,*5u(�� �3DULV� )UDQFH�� -XQH ��^���
����� 3DSHU 1R� ����

>���@ '� +� 6KURm DQG $� :� 6WDQQHWW� ?$ UHYLHZ RI SDSHU DJLQJ LQ SRZHU WUDQV�
IRUPHUV�� ,(( 3URFHHGLQJV� 3DUW &� *HQHUDWLRQ� 7UDQVPLVVLRQ DQG 'LVWULEXWLRQ�
YRO� ���� SS� ���^���� 1RY� �����

>���@ )� 0� &ODUN� ?)DFWRUV DmHFWLQJ WKH PHFKDQLFDO GHWHULRUDWLRQ RI FHOOXORVH LQVXOD�
WLRQ�� 7UDQVDFWLRQV RI (OHFWULFDO (QJLQHHULQJ� YRO� ��� SS� ���^���� 2FW� �����

>���@ +� 3� 0RVHU HW� DO�� 7UDQVIRUPHUERDUG� 6W� -RKQVEXU\� 9HUPRQW� 6FLHQWLD (OHF�
WULFD� VSHFLDO SXEOLFDWLRQ� �����

>���@ +� 3� 0RVHU DQG 9� 'DKLQGHQ HW� DO�� 7UDQVIRUPHUERDUG ,,� 5DSSHUVZLO� 6ZLW]HU�
ODQG� +� :HLGPDQQ $*� �����

>���@ -� '� 3LSHU� ?0RLVWXUH HTXLOLEULXP EHWZHHQ JDV VSDFH DQG nEURXV PDWHULDOV LQ
HQFORVHG HOHFWULF HTXLSPHQW�� 7UDQVDFWLRQV RI WKH $PHULFDQ ,QVWLWXWH RI (OHFWULFDO
(QJLQHHUV �$,((�� YRO� ��� SS� ���^���� 'HF� �����

>���@ 7� 9� 2RPPHQ� ?0RLVWXUH HTXLOLEULXP FKDUWV IRU WUDQVIRUPHU LQVXODWLRQ GU\LQJ
SUDFWLFH�� ,((( 7UDQVDFWLRQV RQ 3RZHU $SSDUDWXV DQG 6\VWHPV� YRO� 3$6�����
SS� ����^����� 2FW� �����

>���@ *� %HHU� *� *DVSDULQL� )� 2VLPR� DQG )� 5RVVL� ?([SHULPHQWDO GDWD RQ WKH GU\LQJ�
RXW RI LQVXODWLRQ VDPSOHV DQG WHVW FRLO IRU WUDQVIRUPHUV�� LQ 3URFHHGLQJV RI WKH ,Q�
WHUQDWLRQDO &RQIHUHQFH RQ /DUJH +LJK 9ROWDJH (OHFWULF 6\VWHPV �&,*5u(�� YRO� ,,�
�3DULV� )UDQFH�� -XQH �^��� ����� 3DSHU 1R� ����

>���@ -� )� /HQQRQ� ?9DFXXP SURFHVV LQ GU\LQJ RI SRZHU WUDQVIRUPHU LQVXODWLRQ�� -RXU�
QDO RI 9DFXXP 6FLHQFH 	 7HFKQRORJ\� YRO� ��� SS� ����^����� $SU� �����

>���@ $� 6� $VHP DQG $� )� +RZH� ?'U\LQJ RI SRZHU�WUDQVIRUPHU LQVXODWLRQ�� ,(( 3UR�
FHHGLQJV� 3DUW &� *HQHUDWLRQ� 7UDQVPLVVLRQ DQG 'LVWULEXWLRQ� YRO� ���� SS� ���^
���� 6HSW� �����

���



%,%/,2*5$3+<

>���@ +� <RVKLGD DQG 7� 6X]XNL� ?'U\LQJ SURFHVV RI LQVXODWLQJ PDWHULDOV RI WUDQVIRUP�
HUV�� ,((( 7UDQVDFWLRQV RQ (OHFWULFDO ,QVXODWLRQ� YRO� (,���� SS� ���^���� -XQH
�����

>���@ $� &� 0� :LOVRQ� ,QVXODWLQJ /LTXLGV� 7KHLU 8VHV� 0DQXIDFWXUH� DQG 3URSHUWLHV�
FK� �� /RQGRQ� 7KH ,QVWLWXWLRQ RI (OHFWULFDO (QJLQHHUV� �����

>���@ 7� 2� 5RXVH� ?0LQHUDO LQVXODWLQJ RLO LQ WUDQVIRUPHUV�� (OHFWULFDO ,QVXODWLRQ 0DJ�
D]LQH� YRO� ��� SS� �^��� 0D\ �����

>���@ (� 7� 1RUULV� ?+LJK YROWDJH SRZHU WUDQVIRUPHU LQVXODWLRQ�� LQ 3URFHHGLQJV RI 7KH
,QVWLWXWLRQ RI (OHFWULFDO (QJLQHHUV� YRO� ���� SS� ���^���� )HE� �����

>���@ .� 0LQHUV� ?3DUWLFOHV DQG PRLVWXUH HmHFW RQ GLHOHFWULF VWUHQJWK RI WUDQVIRUPHU RLO
XVLQJ 9'( HOHFWURGHV�� ,((( 7UDQVDFWLRQV RQ 3RZHU $SSDUDWXV DQG 6\VWHPV�
YRO� 3$6����� SS� ���^���� 0DU� �����

>���@ $� 3� :DVKDEDXJK� 3� $� YRQ *XJJHQEHUJ� 0� =DKQ� DQG -� 5� 0HOFKHU� ?7HP�
SHUDWXUH DQG PRLVWXUH WUDQVLHQW oRZ HOHFWULnFDWLRQ PHDVXUHPHQWV RI WUDQVIRUPHU
SUHVVERDUG�RLO LQVXODWLRQ XVLQJ D &RXHWWH IDFLOLW\�� LQ 3URFHHGLQJV RI 7KH �UG ,Q�
WHUQDWLRQDO &RQIHUHQFH RQ 3URSHUWLHV DQG $SSOLFDWLRQV RI 'LHOHFWULF 0DWHULDOV�
YRO� �� �7RN\R� -DSDQ�� SS� ���^���� -XO\ �^��� �����

>���@ '� -� /\RQ� -� 5� 0HOFKHU� DQG 0� =DKQ� ?&RXHWWH FKDUJHU IRU PHDVXUHPHQW RI
HTXLOLEULXP DQG HQHUJL]DWLRQ oRZ SDUDPHWHUV� $SSOLFDWLRQ WR WUDQVIRUPHU LQVX�
ODWLRQ�� ,((( 7UDQVDFWLRQV RQ (OHFWULFDO ,QVXODWLRQ� YRO� ��� SS� ���^���� )HE�
�����

>���@ $� -� 0RULQ� 0� =DKQ� DQG -� 5� 0HOFKHU� ?)OXLG HOHFWULnFDWLRQ PHDVXUHPHQWV RI
WUDQVIRUPHU SUHVVERDUG�RLO LQVXODWLRQ LQ D &RXHWWH FKDUJHU�� ,((( 7UDQVDFWLRQV
RQ (OHFWULFDO ,QVXODWLRQ� YRO� ��� SS� ���^���� 2FW� �����

>���@ $� 3� :DVKDEDXJK DQG 0� =DKQ� ?)OXLG HOHFWULnFDWLRQ PHDVXUHPHQWV RI WUDQV�
IRUPHU SUHVVERDUG�RLO LQVXODWLRQ LQ D &RXHWWH FKDUJHU�� ,((( 7UDQVDFWLRQV RQ
'LHOHFWULFV DQG (OHFWULFDO ,QVXODWLRQ� YRO� �� SS� ���^���� $SU� �����

>���@ :� :� *XLGL DQG +� 3� )XOOHUWRQ � ?0DWKHPDWLFDO PHWKRGV IRU SUHGLFWLRQ RI
PRLVWXUH WDNH�XS DQG UHPRYDO LQ ODUJH SRZHU WUDQVIRUPHUV�� 3URFHHGLQJV RI ,(((
:LQWHU 3RZHU 0HHWLQJ� QR� &���� SS� ���^���� �����

>���@ 7� 9� 2RPPHQ� ?0RLVWXUH HTXLOLEULXP LQ SDSHU�RLO LQVXODWLRQ V\VWHPV�� LQ 3UR�
FHHGLQJV RI WKH ��WK (OHFWULFDO�(OHFWURQLFV ,QVXODWLRQ &RQIHUHQFH� �&KLFDJR� ,/��
SS� ���^���� 2FW� �^�� �����

>���@ 3� -� *ULpQ� &� 0� %UXFH� DQG -� '� &KULVWLH� ?&RPSDULVRQ RI ZDWHU HTXLOLEULXP
LQ VLOLFRQH DQG PLQHUDO RLO WUDQVIRUPHUV�� LQ 0LQXWHV RI WKH )LIW\�)LIWK $QQXDO
,QWHUQDWLRQDO &RQIHUHQFH RI 'REOH &OLHQWV� ����� 3DSHU 1R� �����

���
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>���@ 5� %� .DXIPDQ� (� -� 6KLPDQVNL� DQG .� :� 0F)D\G\QHQ� ?*DV DQG PRLVWXUH
HTXLOLEULXP LQ WUDQVIRUPHU RLO�� &RPPXQLFDWLRQ DQG (OHFWURQLFV� SS� ���^����
-XO\ �����

>���@ .� <� /HH� -� )URVW� &� 6WDQOH\� :� 3DWULFN� :� 6� 0DFNLH� 6� 3� %HDXPRQW�
DQG &� '� :� :LONLQVRQ� ?)DEULFDWLRQ RI XOWUDVPDOO GHYLFHV RQ WKLQ DFWLYH *D$V
PHPEUDQHV�� -RXUQDO RI 9DFXXP 6FLHQFH 	 7HFKQRORJ\ % �0LFURHOHFWURQLFV 3UR�
FHVVLQJ DQG 3KHQRPHQD�� YRO� �� QR� �� SS� ���^���� �����

>���@ .� <DPDQRXFKL� ?*+]�UDQJH 6$: GHYLFH XVLQJ QDQR�PHWHU HOHFWURGH IDEULFDWLRQ
WHFKQRORJ\�� LQ ,((( 8OWUDVRQLFV 6\PSRVLXP� YRO� �� SS� ���^���� �����

>���@ $� /H\N DQG (� .XEDOHN� ?00,& LQWHUQDO HOHFWULF nHOG PDSSLQJ ZLWK VXEPL�
FURPHWUH VSDWLDO UHVROXWLRQ DQG JLJDKHUW] EDQGZLGWK E\ PHDQV RI KLJK IUHTXHQF\
VFDQQLQJ IRUFH PLFURVFRSH WHVWLQJ�� (OHFWURQLFV /HWWHUV� YRO� ��� QR� ��� SS� ����^
����� �����

>���@ -� /LQ� 6� 0�ROOHU� DQG (� 2EHUPHLHU� ?7ZR�GLPHQVLRQDO DQG WKUHH�GLPHQVLRQDO
LQWHUGLJLWDO FDSDFLWRUV DV EDVLF HOHPHQWV IRU FKHPLFDO VHQVRUV�� 6HQVRUV DQG $F�
WXDWRUV %� YRO� �� SS� ���^���� �����

>���@ 5� =KRX� $� +LHUPDQQ� .� '� 6FKLHUEDXP� .� (� *HFNHOHU� DQG :� *�RSHO� ?'HWHF�
WLRQ RI RUJDQLF VROYHQWV ZLWK UHOLDEOH FKHPLFDO VHQVRUV EDVHG RQ FHOOXORVH GHULYD�
WLYHV�� 6HQVRUV DQG $FWXDWRUV %� YRO� ������ SS� ���^���� �����

>���@ +��(� (QGUHV� :� *�RWWOHU� +� '� -DQGHU� 6� 'URVW� DQG *� 6EHUYHJOLHUL� ?,PSURYH�
PHQWV LQ VLJQDO HYDOXDWLRQ WHFKQLTXHV IRU VHPLFRQGXFWRU JDV VHQVRUV�� 6HQVRUV DQG
$FWXDWRUV %� YRO� ��� SS� ���^���� �����

>���@ )� $� 0� 'DYLGH� &� '� 1DWDOH� $� '
$PLFR� $� +LHUOHPDQQ� -� 0LWURYLFV�
0� 6FKZHL]HU� 8� :HLPDU� :� *�RSHO� 6� 0DUFR� DQG $� 3DUGR� ?'\QDPLF FDOL�
EUDWLRQ RI 40% SRO\PHU�FRDWHG VHQVRUV E\ :LHQHU NHUQHO HVWLPDWLRQ�� 6HQVRUV
DQG $FWXDWRUV %� YRO� ������ SS� ���^���� �����

>���@ 7� /DQJ� +��'� :LHPK�RIHU� DQG :� *�RSHO� ?&DUERQDWH EDVHG &2� VHQVRUV ZLWK
KLJK SHUIRUPDQFH�� 6HQVRUV DQG $FWXDWRUV %� YRO� %��� SS� ���^���� -DQ� �����

>���@ 0� +LMLNLJDZD� 7� 6XJLKDUD� -� 7DQDND� DQG 0� :DWDQDEH� ?0LFUR�FKLS )(7 KX�
PLGLW\ VHQVRU ZLWK D ORQJ�WHUP VWDELOLW\�� LQ 75$16'8&(56 
��� ���� ,QWHU�
QDWLRQDO &RQIHUHQFH RQ 6ROLG� 6WDWH 6HQVRUV DQG $FWXDWRUV� �3KLODGHOSKLD� 3$��
SS� ���^���� -XQH �����

>���@ -� &UDQN� 7KH 0DWKHPDWLFV RI 'LmXVLRQ� S� ��� 2[IRUG� &ODUHQGRQ 3UHVV� �����

>���@ -� 6� .LP DQG '� *� /HH� ?$QDO\VLV RI GLHOHFWULF VHQVRUV IRU WKH FXUH PRQLWRULQJ RI
UHVLQ PDWUL[ FRPSRVLWH PDWHULDOV�� 6HQVRUV DQG $FWXDWRUV %� YRO� %��� SS� ���^
���� -DQ� �����

���
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>���@ *� +X\EHUHFKWV DQG /� )ULVVRQ� ?,Q VLWX IRUPDWLRQ RI KXPLGLW\�VHQVLWLYH GH�
YLFHV IRU WKH HYDOXDWLRQ RI VRODU SDQHO HQFDSVXODWLRQV�� 6HQVRUV DQG $FWXDWRUV
%� YRO� ������ SS� ���^���� �����

>���@ .� '� 6FKLHUEDXP� -� *HLJHU� 8� :HLPDU� DQG :� *�RSHO� ?6SHFLnF SDOODGLXP DQG
SODWLQXP GRSLQJ IRU 6Q2��EDVHG WKLQ nOP VHQVRU DUUD\V�� 6HQVRUV DQG $FWXDWRUV
%� YRO� ������ SS� ���^���� �����

>���@ .� +LJDNL� 6� .XGR� DQG +� 2KQLVKL� ?+LJKO\ VHOHFWLYH 12 GHWHFWLRQ XVLQJ %L�2��
EDVHG PDWHULDOV�� (OHFWURFKHPLFDO DQG 6ROLG�6WDWH /HWWHUV� YRO� �� QR� �� SS� ���^
���� �����

>���@ $� +DHXVOHU DQG -��8� 0H\HU� ?$ QRYHO WKLFN nOP FRQGXFWLYH W\SH &2� VHQVRU��
6HQVRUV DQG $FWXDWRUV %� YRO� %��� SS� ���^���� -DQ� �����

>���@ -� 3LFKOPDLHU� ?&RPSHQVDWLRQ RI WKH LQoXHQFH RI KXPLGLW\ RQ WKH PHDVXUHPHQW
RI DQ 62� VHQVRU E\ VLJQDO SURFHVVLQJ�� 6HQVRUV DQG $FWXDWRUV %� YRO� ������
SS� ���^���� �����

>���@ +��(� (QGUHV DQG 6� 'URVW� ?2SWLPL]DWLRQ RI WKH JHRPHWU\ RI JDV�VHQVLWLYH LQWHU�
GLJLWDO FDSDFLWRUV�� 6HQVRUV DQG $FWXDWRUV %� YRO� �� SS� ��^��� �����

>���@ +� (� (QGUHV� 6� 'URVW� DQG )� +XQWHU� ?,PSHGDQFH VSHFWURVFRS\ RQ GLHOHFWULF
JDV VHQVRUV�� 6HQVRUV DQG $FWXDWRUV %� YRO� ��� SS� �^��� �����

>���@ 5� )� 7D\ORU� ,� *� 0DUHQFKLF� DQG (� -� &RRN� ?$Q DFHW\OFKROLQH UHFHSWRU�
EDVHG ELRVHQVRU IRU WKH GHWHFWLRQ RI FKROLQHUJLF DJHQWV�� $QDO\WLFD &KLPLFD $FWD�
YRO� ���� SS� ���^���� �����

>���@ -� 0� )RXNH� $� '� :ROLQ� .� *� 6DQGHUV� 0� 5� 1HXPDQ� DQG (� 5� 0F)DGGHQ�
-U�� ?6HQVRU IRU PHDVXULQJ VXUIDFH oXLG FRQGXFWLYLW\ LQ YLYR�� ,((( 7UDQVDFWLRQV
RQ %LRPHGLFDO (QJLQHHULQJ� YRO� ��� SS� ���^���� 2FW� �����

>���@ 0� 1LVKL]DZD� 7� 0DWVXH� DQG ,� 8FKLGD� ?3HQLFLOOLQ VHQVRU EDVHG RQ PLFURDUUD\
HOHFWURGH FRDWHG ZLWK S+�UHVSRQVLYH SRO\S\UUROH�� $QDO\WLFDO &KHPLVWU\� YRO� ���
SS� ����^����� �����

>���@ '� &� &XOOHQ� 5� 6� 6HWKL� DQG &� 5� /RZH� ?0XOWL�DQDO\WH PLQLDWXUH FRQGXFWDQFH
ELRVHQVRU�� $QDO\WLFD &KLPLFD $FWD� YRO� ���� SS� ��^��� �����

>���@ 6� 'DWWD� 6XUIDFH $FRXVWLF :DYH 'HYLFHV� 3UHQWLFH�+DOO� (QJOHZRRG &OLmV� 1-�
�����

>���@ (� %HQHV� 0� *U�RVFKO� :� %XUJHU� DQG 0� 6FKPLG� ?6HQVRUV EDVHG RQ SLH]RHOHFWULF
UHVRQDWRUV�� 6HQVRUV DQG $FWXDWRUV $� YRO� ��� SS� �^��� �����

���
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>���@ $� /HLGO� 5� +DUWLQJHU� 0� 5RWK� DQG +��(� (QGUHV� ?$ QHZ 62� VHQVRU V\VWHP
ZLWK 6$: DQG ,'& HOHPHQWV�� 6HQVRUV DQG $FWXDWRUV %� YRO� %��� SS� ���^����
-DQ� �����

>���@ %� $� $XOG� $FRXVWLF )LHOGV DQG :DYHV LQ 6ROLGV� 9ROV� , DQG ,,� 1HZ <RUN� 1<�
:LOH\�,QWHUVFLHQFH� �����

>���@ +� 0DWWKHZV� HG�� 6XUIDFH :DYH )LOWHUV� 1HZ <RUN� 1<� :LOH\�,QWHUVFLHQFH�
�����

>���@ $� $� 2OLQHU� HG�� $FRXVWLF 6XUIDFH :DYHV� 1HZ <RUN� 1<� 6SULQJHU�9HUODJ� �����

>���@ 9� 0� 5LVWLF� 3ULQFLSOHV RI $FRXVWLF 'HYLFHV� 1HZ <RUN� 1<� :LOH\�,QWHUVFLHQFH�
�����

>���@ 5� )HLQPDQ� ?,QnQLWHVLPDO PDFKLQHU\�� -RXUQDO RI 0LFURHOHFWURPHFKDQLFDO 6\V�
WHPV� YRO� �� SS� ���^���� 0DU� �����

>���@ -� )OXLWPDQ� ?0LFURV\VWHPV WHFKQRORJ\� 2EMHFWLYHV�� 6HQVRUV DQG $FWXDWRUV $�
YRO� ��� SS� ���^���� �����

>���@ $� %� )UD]LHU� 5� 2� :DUULQJWRQ� DQG &� )ULHGULFK� ?7KH PLQLDWXUL]DWLRQ WHFKQROR�
JLHV� 3DVW� SUHVHQW� DQG IXWXUH�� ,((( 7UDQVDFWLRQV RQ ,QGXVWULDO (OHFWURQLFV�
YRO� ��� SS� ���^���� 2FW� �����

>���@ 6� '� 6HQWXULD� ?7KH IXWXUH RI PLFURVHQVRU DQG PLFURDFWXDWRU GHVLJQ�� 6HQVRUV
DQG $FWXDWRUV $� YRO� ��� SS� ���^���� 0DU� �����

>���@ 6� )� %DUW� 7� $� /REDU� 5� 7� +RZH� -� +� /DQJ� DQG 0� )� 6FKOHFKW� ?'HVLJQ FRQ�
VLGHUDWLRQV IRU PLFURPDFKLQHG HOHFWULF DFWXDWRUV�� 6HQVRUV DQG $FWXDWRUV� YRO� ���
SS� ���^���� �����

>���@ :� &� 7DQJ� 0� *� /LP� DQG 5� 7� +RZH� ?(OHFWURVWDWLF FRPE GULYH OHYLWDWLRQ DQG
FRQWURO PHWKRG�� -RXUQDO RI 0LFURHOHFWURPHFKDQLFDO 6\VWHPV� YRO� �� SS� ���^����
'HF� �����

>���@ 6� .XPDU� '� &KR� DQG :� 1� &DUU� ?$ SURSRVDO IRU HOHFWULFDOO\ OHYLWDWLQJ PL�
FURPRWRUV�� 6HQVRUV DQG $FWXDWRUV $� YRO� ��� SS� ���^���� �����

>���@ 0� 0HKUHJDQ\� 3� 1DJDUNDU� 6� '� 6HQWXULD� DQG -� +� /DQJ� ?2SHUDWLRQ RI PLFUR�
IDEULFDWHG KDUPRQLF DQG RUGLQDU\ VLGH�GULYH PRWRUV�� LQ 3URFHHGLQJV RI WKH ,(((
0LFUR (OHFWUR 0HFKDQLFDO 6\VWHPV :RUNVKRS� �1DSD 9DOOH\� &$�� SS� �^�� )HE�
�����

>���@ 0� *� /LP� -� &� &KDQJ� '� 3� 6FKXOW]� 5� 7� +RZH� DQG 5� 0� :KLWH� ?3RO\VLOLFRQ
PLFUR�VWUXFWXUHV WR FKDUDFWHUL]H VWDWLF IULFWLRQ�� LQ 3URFHHGLQJV RI WKH ,((( 0LFUR
(OHFWUR 0HFKDQLFDO 6\VWHPV :RUNVKRS� �1DSD 9DOOH\� &$�� SS� ��^��� )HE� �����

���
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>���@ &� -� .LP� $� 3� 3LVDQR� 5� 6� 0XOOHU� DQG 0� *� /LP� ?3RO\VLOLFRQ PLFURJULS�
SHU�� LQ 7HFKQLFDO 'LJHVW RI WKH ,((( 6ROLG�6WDWH 6HQVRU DQG $FWXDWRU :RUNVKRS�
�+LOWRQ +HDG� 6&�� SS� ��^��� -XQH �����

>���@ -� <XQ� 5� 7� +RZH� DQG 3� 5� *UD\� ?6XUIDFH PLFURPDFKLQHG� GLJLWDOO\ IRUFH�
EDODQFHG DFFHOHURPHWHU ZLWK LQWHJUDWHG &026 GHWHFWLRQ FLUFXLWU\�� LQ 7HFKQLFDO
'LJHVW RI WKH ,((( 6ROLG�6WDWH 6HQVRU DQG $FWXDWRU :RUNVKRS� �+LOWRQ +HDG�
6&�� SS� ���^���� -XQH �����

>���@ 0� -� 'DQHPDQ� 1� &� 7LHQ� 2� 6ROJDDUG� $� 3� 3LVDQR� .� <� /DX� DQG 5� 6�
0XOOHU� ?/LQHDU PLFURYLEURPRWRU IRU SRVLWLRQLQJ RSWLFDO FRPSRQHQWV�� -RXUQDO
RI 0LFURHOHFWURPHFKDQLFDO 6\VWHPV� YRO� �� SS� ���^���� 6HSW� �����

>���@ 9� .� 9DUDGDQ DQG 9� 9� 9DUDGDQ� ?6PDUW HOHFWURQLFV ZLWK LQWHUGLJLWDO HOHFWURGHV�
DQWHQQDV� DQG 0(06 IRU DHURVSDFH VWUXFWXUHV�� LQ 0LFURPDFKLQHG 'HYLFHV DQG
&RPSRQHQWV &RQIHUHQFH� �$XVWLQ� 7;�� SS� ���^���� 2FW� �����

>���@ 9� .� 9DUDGDQ� 9� 9� 9DUDGDQ� DQG ;� 4� %DR� ?,'7� 6$:� DQG 0(06 VHQVRUV
IRU PHDVXULQJ GHoHFWLRQ� DFFHOHUDWLRQ� DQG LFH GHWHFWLRQ RI DLUFUDIW�� LQ 6PDUW
6WUXFWXUHV DQG 0DWHULDOV ����� 6PDUW (OHFWURQLFV DQG 0(06 &RQIHUHQFH� �6DQ
'LHJR� &$�� SS� ���^���� 0DU� �����

>���@ 9� .� 9DUDGDQ DQG 9� 9� 9DUDGDQ� ?6PDUW HOHFWURQLFV DQG VHQVRUV IRU ,9+6 DQG
DXWRPRELOH FROOLVLRQ ZDUQLQJ DQWHQQD V\VWHPV�� LQ 0LFURPDFKLQHG 'HYLFHV DQG
&RPSRQHQWV &RQIHUHQFH� �$XVWLQ� 7;�� SS� ���^���� 2FW� �����

>���@ %� 'LHP� 3� 5H\� 6� 5HQDUG� 6� 9LROOHW %RVVRQ� +� %RQR� )� 0LFKHO� 0� 7� 'HOD\H�
DQG *� 'HODSLHUUH� ?62, 
6,02;
� IURP EXON WR VXUIDFH PLFURPDFKLQLQJ� D QHZ
DJH IRU VLOLFRQH VHQVRUV DQG DFWXDWRUV�� 6HQVRUV DQG $FWXDWRUV $� YRO� ��^���
SS� �^��� �����

>���@ -� :� *DUGQHU� $� 3LNH� 1� )� GH 5RRLM� 0� .RXGHOND�+HS� 3� $� &OHUF� $� +LHU�
OHPDQQ� DQG :� *�RSHO� ?,QWHJUDWHG DUUD\ VHQVRU IRU GHWHFWLQJ RUJDQLF VROYHQWV��
6HQVRUV DQG $FWXDWRUV %� YRO� ������ SS� ���^���� �����

>���@ 9� 7YDURw]HN� +� 7� 7LHQ� ,� 1RYRWQu\� 7� +LDQLN� -� 'OXJRSROVWu\� :� =LHJOHU�
$� /HLWPDQQRYuD�2WWRYuD� -� -DNDERYLwF� 9� w5HKuDwFHN� DQG 0� 8KOuDU� ?7KLQ�nOP
PLFURV\VWHPV DSSOLFDEOH LQ �ELR�FKHPLFDO VHQVRUV�� 6HQVRUV DQG $FWXDWRUV %�
YRO� ��^��� SS� ���^���� �����

>���@ +� 6XEUDPDQLDQ� 9� 9� 9DUDGDQ� DQG 9� .� 9DUDGDQ� ?:LUHOHVV UHPRWHO\ UHDGDEOH
PLFURDFFHOHURPHWHU�� LQ 6PDUW 6WUXFWXUHV DQG 0DWHULDOV ����� 6PDUW (OHFWURQLFV
DQG 0(06� �6DQ 'LHJR� &$�� SS� ���^���� 0DU� �����

>���@ 9� 9� 9DUDGDQ� 9� .� 9DUDGDQ� � ;� %DR� 6� 5DPDQDWKDQ� DQG '� 3LVFRWW\� ?:LUH�
OHVV SDVVLYH ,'7 VWUDLQ PLFURVHQVRU >DQG KHOLFRSWHU EODGH FRQWURO DSSOLFDWLRQ@��
6PDUW 0DWHULDOV DQG 6WUXFWXUHV� YRO� �� SS� ���^���� 'HF� �����

���
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>���@ /� 6DYLR� ?0DQDJLQJ RYHUORDGV� 7KH XWLOLW\ FKDOOHQJH�� LQ 3URFHHGLQJV RI WKH
(35, :RUNVKRS� 7UDQVIRUPHU 2YHUORDG DQG %XEEOH (YROXWLRQ� �3DOR $OWR� &$��
(OHFWULF 3RZHU 5HVHDUFK ,QVWLWXWH �(35,�� 'HF� �^�� ����� 3DSHU 1R� ���� (35,
7HFKQLFDO 5HSRUW (/������65� -XQH� �����

>���@ -� 0HOFKHU� <� 'DEHQ� DQG *� $UOW� ?'LHOHFWULF HmHFWV RI PRLVWXUH LQ SRO\LPLGH��
,((( 7UDQVDFWLRQV RQ (OHFWULFDO ,QVXODWLRQ� YRO� ��� SS� ��^��� )HE� �����

>���@ 'X 3RQW &RPSDQ\� (OHFWURQLFV 'HSDUWPHQW� &RPSRQHQW 0DWHULDOV 'LYLVLRQ�
:LOPLQJWRQ� '( ������ ����� ��������� .DSWRQ 3RO\LPLGH )LOP� 6XPPDU\ RI
3URSHUWLHV�

>���@ *� 'HODSLHUUH� +� *UDQJH� %� &KDPED]� DQG /� 'HVWDQQHV� ?3RO\PHU�EDVHG FD�
SDFLWLYH KXPLGLW\ VHQVRU�� 6HQVRUV DQG $FWXDWRUV� YRO� �� QR� �� SS� ��^���� �����

>���@ :� $� &OD\WRQ� 3� -� )UHXG� DQG 5� '� %D[WHU� ?&RQWDPLQDWLRQ UHVLVWDQW FDSDF�
LWLYH KXPLGLW\ VHQVRU�� LQ 3URFHHGLQJV RI WKH ���� ,QWHUQDWLRQDO 6\PSRVLXP RQ
0RLVWXUH DQG +XPLGLW\� �:DVKLQJWRQ� '�&�� SS� ���^���� $SU� �����

>���@ 3� -� 6FKXEHUW DQG -� +� 1HYLQ� ?$ SRO\LPLGH�EDVHG FDSDFLWLYH KXPLGLW\ VHQVRU��
,((( 7UDQVDFWLRQV RQ (OHFWURQ 'HYLFHV� YRO� ('���� QR� �� SS� ����^����� �����

>���@ 3RO\oRQ &RPSDQ\� 2QH :LOODUG 5RDG� 1RUZDON� &7 ������ H�PDLO�
LQIR#SRO\oRQ�FRP� ZHE� ZZZ�SRO\oRQ�FRP� SKRQH� ��� ��� ����� ID[� ��� ���
����� %%6� ��� ��� �����

>���@ 3DUDWURQL[� ,QF�� ��� %DQN 6WUHHW� $WWOHERUR� 0$ ����������� ����� ���������

>���@ 9� 7YDURw]HN� ,� 1RYRWQu\� ,� u&HUYHQ� -� .RYDuF� DQG 7� /DFNR� ?5� I� UHDFWLYH
VSXWWHULQJ RI ]LQF R[LGH nOPV RQ VLOLFRQ DQG 6L�6L2��7L1 VXEVWUDWHV�� 6HQVRUV
DQG $FWXDWRUV $� YRO� ��� SS� ���^���� �����

>���@ $� +LHUOHPDQQ� :� *�RSHO� -� 0LWURYLFV� 6� 6FKZHL]HU�%HUEHULFK� DQG 8� :HLPDU�
?3RO\PHU�EDVHG VHQVRU DUUD\V DQG WKH PXOWLFRPSRQHQW DQDO\VLV IRU WKH GHWHFWLRQ
RI KD]DUGRXV RUJDQLF YDSRXUV LQ WKH HQYLURQPHQW�� 6HQVRUV DQG $FWXDWRUV %�
YRO� ������ SS� ���^���� �����

>���@ 0� 6� 7\DJL� ,QWURGXFWLRQ WR 6HPLFRQGXFWRU 0DWHULDOV DQG 'HYLFHV� 1HZ <RUN�
1<� :LOH\� �����

>���@ $� 6� 7HQQH\� ,,,� 6� 9� 6LOYHUWKRUQH� DQG 5� '� %D[WHU� ?,QWHJUDWHG PLFURVHQ�
VRUV�� LQ 3URFHVV 6HQVLQJ DQG 'LDJQRVWLFV� YRO� �� RI $,&K( 6\PSRVLXP 6HULHV�
SS� ��^��� �����

>���@ ,� 1� %URQVKWHLQ DQG .� $� 6HPHQG\D\HY� +DQGERRN RI 0DWKHPDWLFV� 1HZ <RUN�
9DQ 1RVWUDQG 5HLQKROG &RPSDQ\� �����

>���@ 7HFK�(WFK� ,QF�� �� $OGULQ 5RDG� 3O\PRXWK� 0$ ������ ����� ���������

���
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>���@ 0ROH[ ,QWHUQDWLRQDO� ���� :HOOLQJWRQ &RXUW� /LVOH� ,/� ������ 86$� SKRQH �����
��������� ID[ ����� ���������

>���@ -� 0� 6HLIHUW� 8� 6WLHW]HO� DQG +� &� .�DUQHU� ?7KH DJHLQJ RI FRPSRVLWH LQVX�
ODWLQJ PDWHULDOV ^ QHZ SRVVLELOLWLHV WR GHWHFW DQG WR FODVVLI\ DJHLQJ SKHQRPHQD
ZLWK GLHOHFWULF GLDJQRVWLF WRROV�� LQ ,((( ,QWHUQDWLRQDO 6\PSRVLXP RQ (OHFWULFDO
,QVXODWLRQ� �$ULQJWRQ� 9$�� SS� ���^���� -XQH �����

>���@ 2UHQ (OOLRWW 3URGXFWV� ,QF���� :� 9LQH 6W�� 3�2� 'UDZHU ���� (GJHUWRQ� 2+
����� 86$� ����� ���������

>���@ :� /LQ� ?&RPSXWDWLRQ RI WKH SDUDOOHO�SODWH FDSDFLWRU ZLWK V\PPHWULFDOO\ SODFHG
XQHTXDO SODWHV�� ,((( 7UDQVDFWLRQV RQ 0LFURZDYH 7KHRU\ DQG 7HFKQLTXHV�
YRO� 077���� QR� �� SS� ���^���� �����

>���@ ?$& ORVV FKDUDFWHULVWLFV DQG SHUPLWWLYLW\ �GLHOHFWULF FRQVWDQW� RI VROLG HOHFWULFDO
LQVXODWLQJ PDWHULDOV�� $QQXDO %RRN RI $670 6WDQGDUGV� '������� �����

>���@ 6� 3� 3DUNHU� HG��0F*UDZ�+LOO (QF\FORSHGLD RI 3K\VLFV� 1HZ <RUN� 0F*UDZ�+LOO�
VHFRQG HG�� �����

>���@ )XML )LOP� ,WRFKR ,QWHUQDWLRQDO� ,QF�� ��� 0DGLVRQ $YHQXH� 1HZ <RUN� 1< ������
SKRQH ������������� ID[ �������������

>���@ 0� .LUVFKLQJ DQG 5� +� -DQVHQ� ?$FFXUDWH� ZLGH UDQJH GHVLJQ HTXDWLRQV IRU WKH
IUHTXHQF\ GHSHQGHQW FKDUDFWHULVWLFV RI SDUDOOHO FRXSOHG PLFURVWULS OLQHV�� ,(((
7UDQVDFWLRQV RQ 0LFURZDYH 7KHRU\ 7HFK�� YRO� 077���� SS� ��^��� -DQ� �����

>���@ 3� &� .RKQNH DQG &� 5DMDNXPDU� ?*HQHUDO�SXUSRVH nQLWH�HOHPHQW VRIWZDUH IRU
oXLG�VWUXFWXUH DQDO\VLV�� ,QWHUQDWLRQDO -RXUQDO RI &RPSXWHU $SSOLFDWLRQV LQ
7HFKQRORJ\� YRO� �� SS� ���^���� �����

>���@ 5� <� 6FDSSOH� ?$ WULPPDEOH SODQDU FDSDFLWRU IRU K\EULG DSSOLFDWLRQV�� LQ 3UR�
FHHGLQJV RI WKH ��WK (OHFWURQLF &RPSRQHQWV &RQI�� �1HZ <RUN� 1<�� SS� ���^����
�����

>���@ -� .HOOHU� ?,QYHUVH SUREOHPV�� $PHULFDQ 0DWKHPDWLFV 0RQWKO\� YRO� ��� SS� ���^
���� �����

>���@ +� :� (QJO� 0� +DQNH� DQG $� 1HXEDXHU� 5HJXODUL]DWLRQ RI ,QYHUVH 3UREOHPV�
1RUZHOO� 0$� .OXZHU $FDGHPLF 3XEOLVKHUV� �����

>���@ %� 6� 'R\OH� ?$QRPDORXV ORZ�IUHTXHQF\ UHVRQDQFH�W\SH EHKDYLRU DQG QHJDWLYH
FDSDFLWDQFH LQ GRSHG JODVVHV�� -� 3K\V� '� $SSO� 3K\V�� YRO� ��� SS� ����^�����
�����

>���@ $� .� -RQVFKHU� ?7KH SK\VLFDO RULJLQ RI QHJDWLYH FDSDFLWDQFH�� -RXUQDO RI WKH
&KHPLFDO 6RFLHW\ )DUDGD\� YRO� �� SW� �� SS� ��^��� �����

���
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>���@ $� .� -RQVFKHU� ?/RZ�IUHTXHQF\ GLVSHUVLRQ LQ VHPL�LQVXODWRUV�� LQ 6HFRQG ,QWHUQD�
WLRQDO &RQIHUHQFH RI &RQGXFWLRQ DQG %UHDNGRZQ LQ 6ROLG 'LHOHFWULFV� �(UODQJHQ�
:HVW *HUPDQ\�� SS� ��^��� �����

>���@ $� .� -RQVFKHU� &� 3LFNXS� DQG 6� +� =DLGL� ?'LHOHFWULF VSHFWURVFRS\ RI VHPL�
LQVXODWLQJ JDOOLXP DUVHQLGH�� 6HPLFRQGXFWRU 6FLHQFH DQG 7HFKQRORJ\� YRO� ��
SS� ��^��� -XO\ �����

>���@ $� .� -RQVFKHU DQG 0� 1� 5RELQVRQ� ?'LHOHFWULF VSHFWURVFRS\ RI VLOLFRQ EDUULHU
GHYLFHV�� 6ROLG�6WDWH (OHFWURQLFV� YRO� ��� QR� �� SS� ����^����� �����

>���@ 5� $� &ROOLQV� 6� &� (GZDUGV� )� -� -RKQVRQ� $� *� -RQHV� DQG /� '� 0F0D�
KRQ� ?7LPH�GHSHQGHQW UHYHUVH QHJDWLYH GLmHUHQWLDO UHVLVWDQFH LQ WKLQ�nOP 0,0
GHYLFHV�� 3K\VLFD 6WDWXV 6ROLGL $� YRO� ��� QR� �� SS� ���^���� �����

>���@ +� 5� =HOOHU� ?%UHDNGRZQ DQG SUHEUHDNGRZQ SKHQRPHQD LQ VROLG GLHOHFWULFV��
,((( 7UDQVDFWLRQV RQ (OHFWULFDO ,QVXODWLRQ� YRO� (,���� SS� ���^���� $SU� �����

>���@ $� ,� .U\PVNLL DQG /� .� 3RSRY� ?4XDVL�VWDWLRQDU\ QHJDWLYH FDSDFLWDQFH LQ DQ
LQKRPRJHQHRXV 0,6 VWUXFWXUH�� 0LNURHOHNWURQLND� YRO� ��� QR� �� SS� ���^����
�����

>���@ 0� %HDOH DQG 3� 0DFND\� ?7KH RULJLQV DQG FKDUDFWHULVWLFV RI QHJDWLYH FDSDFL�
WDQFH LQ PHWDO�LQVXODWRUV�PHWDO GHYLFHV�� 3KLORVRSKLFDO 0DJD]LQH %� YRO� ��� QR� ��
SS� ��^��� �����

>���@ 0� %HDOH� ?$QRPDORXV UHDFWDQFH EHKDYLRU GXULQJ WKH LPSHGDQFH DQDO\VLV RI WLPH�
YDU\LQJ GLHOHFWULF V\VWHPV�� 3KLORVRSKLFDO 0DJD]LQH %� YRO� ��� QR� �� SS� ��^���
�����

>���@ 1� $� 3HQLQ� ?1HJDWLYH FDSDFLWDQFH LQ VHPLFRQGXFWRU VWUXFWXUHV�� 6HPLFRQGXF�
WRUV� YRO� ��� SS� ���^���� $SU� �����

>���@ 0� +� $EGXOODK DQG $� 1� <XVRm� ?)UHTXHQF\ GHSHQGHQFH RI WKH FRPSOH[
LPSHGDQFHV DQG GLHOHFWULF EHKDYLRU RI VRPH 0J�=Q IHUULWHV�� -RXUQDO RI 0DWH�
ULDOV 6FLHQFH� YRO� ��� SS� ����^����� 1RY� �����

>���@ 7� -� %� 6ZDQHQEXUJ� ?,PSURYHG JHRPHWU\ IRU D VHPLFRQGXFWRU VXUIDFH�ZDYH
RVFLOODWRU�� (OHFWURQLFV /HWWHUV� YRO� �� QR� ��� SS� ���^���� �����

>���@ 7� -� %� 6ZDQHQEXUJ� ?1HJDWLYH FRQGXFWDQFH RI DQ LQWHUGLJLWDO HOHFWURGH VWUXFWXUH
RQ D VHPLFRQGXFWRU VXUIDFH�� ,((( 7UDQVDFWLRQV RQ (OHFWURQ 'HYLFHV� YRO� ('����
SS� ���^���� �����

>���@ 6� $� <� $O�,VPDLO DQG &� $� +RJDUWK� ?)RUPLQJ� QHJDWLYH UHVLVWDQFH� SUHVVXUH
HmHFW� GLHOHFWULF EUHDNGRZQ DQG HOHFWURGH GLmXVLRQ LQ WKLQ 6L2[ nOPV ZLWK ODW�
HUDOO\ VSDFHG HOHFWURGHV�� -RXUQDO RI 0DWHULDOV 6FLHQFH� YRO� ��� SS� ����^�����
�����

���
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>���@ 9� $� 9
\XQ� ?1HJDWLYH UHVLVWDQFH RI LQWHUGLJLWDO V\VWHP RI HOHFWURGHV RQ VXUIDFH
RI D VHPLFRQGXFWRU�� 6RYLHW -RXUQDO RI &RPPXQLFDWLRQV 7HFKQRORJ\ DQG (OHF�
WURQLFV� YRO� ��� QR� ��� SS� ���^���� �����

>���@ ,� 2PXUD� +� 2KDVKL� DQG :� )LFKWQHU� ?,*%7 QHJDWLYH JDWH FDSDFLWDQFH DQG
UHODWHG LQVWDELOLW\ HmHFWV�� ,((( (OHFWURQ 'HYLFH /HWWHUV� YRO� ��� SS� ���^����
'HF� �����

>���@ 5� )� 0LOVRP DQG 0� 5HGZRRG� ?,QWHUGLJLWDO SLH]RHOHFWULF 5DOHLJK�ZDYH WUDQV�
GXFHU� DQ LPSURYHG HTXLYDOHQW FLUFXLW�� (OHFWURQLFV /HWWHUV� YRO� �� QR� �� SS� ���^
���� �����

>���@ &� $� 'HVRHU DQG (� 6� .XK� HGV�� %DVLF &LUFXLW 7KHRU\� S� ���� 1HZ <RUN�
0F*UDZ +LOO %RRN &R�� �����

>���@ <� 'X� ?'LHOHFWURPHWU\ PHDVXUHPHQWV RI VROLGV DQG OLTXLGV LQ WUDQVIRUPHU HQ�
YLURQPHQW XVLQJ LQWHUGLJLWDO VHQVRU� $PHULFDO 3XEOLF 3RZHU $VVRFLDWLRQ '(('
6FKRODUVKLS )LQDO 5HSRUW��� WHFK� UHS�� +LJK 9ROWDJH 5HVHDUFK /DERUDWRU\� 0DV�
VDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\� &DPEULGJH� 0$� �����

>���@ ,� 0RXPLQH� %� *RVVH� -� 3� *RVVH� 5� &ODYUHXO� DQG &� +DQWRXFKH� ?9HJHWDEOH
RLO DV DQ LPSUHJQDQW LQ +9 $& FDSDFLWRUV�� LQ 3URFHHGLQJV RI WKH ���� ,(((
�WK ,QWHUQDWLRQDO &RQIHUHQFH RQ &RQGXFWLRQ DQG %UHDNGRZQ LQ 6ROLG 'LHOHFWULFV�
�1HZ <RUN� 1<�� SS� ���_���� �����

>���@ <� &KHQ DQG +� &RQUDG� ?(mHFWV RI ZDWHU FRQWHQW RQ WKH HOHFWURUKHRORJ\ RI FRUQ
VWDUFK�FRUQ RLO GLVSHUVLRQV�� LQ 'HYHORSPHQWV LQ 1RQ�1HZWRQLDQ )ORZV �'� 6LJ�
LQHU� :� 9� $UVGDOH� 0� $OWDQ� DQG '� $OH[DQGURX� HGV��� 1HZ <RUN� 1<� $60(�
�����

>���@ +� &RQUDG� <� /L� DQG <� &KHQ� ?7KH WHPSHUDWXUH GHSHQGHQFH RI WKH HOHFWURUKHRO�
RJ\ DQG UHODWHG HOHFWULFDO SURSHUWLHV RI FRUQ VWDUFK�FRUQ RLO VXVSHQVLRQV�� -RXUQDO
RI 5KHRORJ\� YRO� ��� QR� �� SS� ����^����� �����

>���@ 5� .� 7ULSDWKL� 0� *XSWD� DQG -� 3� 6KXNOD� ?&DSDFLWDQFH WHFKQLTXH IRU PHDVXU�
LQJ PRLVWXUH FRQWHQW XVLQJ GLHOHFWULF GDWD ^ DQ LPPHUVLRQ PHWKRG�� LQ ,QWHUQD�
WLRQDO &RQIHUHQFH RQ &RQGXFWLRQ DQG %UHDNGRZQ LQ 'LHOHFWULF /LTXLGV� �5RPH�
,WDO\�� SS� ���^���� -XO\ �����

>���@ ?6WDQGDUG WHVW PHWKRG IRU UHODWLYH SHUPLWWLYLW\ �GLHOHFWULF FRQVWDQW� DQG GLVVLSD�
WLRQ IDFWRU RI SRO\HWK\OHQH E\ OLTXLG GLVSODFHPHQW SURFHGXUH�$670 '����������
$QQXDO %RRN RI $670 6WDQGDUGV� �����

>���@ ?6WDQGDUG PHWKRGV RI VDPSOLQJ DQG WHVWLQJ HOHFWULFDO LQVXODWLQJ ERDUG �$670
'���������� $QQXDO %RRN RI $670 6WDQGDUGV� �����

���
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>���@ +DUOH\ 0RLVWXUH 6HQVRU� 0RGHO &7�����%1�+���^������;� -�:� +DUOH\ ,QF��
0RQLWRULQJ 3URGXFWV *URXS� ���� 'XWWRQ 'ULYH� 7ZLQVEXUJ� 2+ ������ �����
���������

>���@ <� 'X� %� &� /HVLHXWUH� DQG 0� =DKQ� ?'LHOHFWURPHWU\ PHDVXUHPHQWV RI HmHFWV
RI PRLVWXUH DQG DQWL�VWDWLF DGGLWLYH RQ WUDQVIRUPHU ERDUG�� LQ ,((( &RQIHUHQFH
RQ (OHFWULFDO ,QVXODWLRQ DQG 'LHOHFWULF 3KHQRPHQD� �0LQQHDSROLV� 01�� SS� ���^
���� 2FW� �����

>���@ 8� *DIYHUW� $� -DNVWV� &� 7RUQNYLVW� DQG /� :DOIULGVVRQ� ?(OHFWULFDO nHOG GLVWUL�
EXWLRQ LQ WUDQVIRUPHU RLO�� ,((( 7UDQVDFWLRQV RQ (OHFWULFDO ,QVXODWLRQ� YRO� ���
SS� ���^���� -XQH �����

>���@ %� 1HWWHOEODG� ?(mHFW RI PRLVWXUH FRQWHQW RQ WKH GLHOHFWULF SURSHUWLHV RI FHOOX�
ORVH�� LQ 125'�,6���� �����

>���@ 5� -HmULHV� ?7KH VRUSWLRQ RI ZDWHU E\ FHOOXORVH DQG HLJKW RWKHU WH[WLOH SRO\PHUV��
-RXUQDO RI WKH 7H[WLOH ,QVWLWXWH� YRO� ��� QR� �� SS� ���^���� �����

>���@ 0LQH)DFWV� D &'�520 LQWHUDFWLYH GDWDEDVH SURJUDP DYDLODEOH IURP WKH 8�6�
'HSDUWPHQW RI 'HIHQFH �QRW D FODVVLnHG LQIRUPDWLRQ��

>���@ 6� $� 6KHpHOG� 5� /� *XVWDYVHQ� DQG 5� 5� $OFRQ� ?3RURXV +0; LQLWLDWLRQ
VWXGLHV� 6XJDU DV DQ LQHUW VLPXODQW�� LQ7RSLFDO &RQIHUHQFH RQ 6KRFN &RPSUHVVLRQ
RI &RQGHQVHG 0DWWHU� �$PKHUVW� 0$�� -XO\ ����� SDSHU 1�����

>���@ 6� .HUULQ DQG (� .OHPSHUHU� ?$ SRUWDEOH VRUSWLRQ WHVWHU IRU QRQGHVWUXFWLYH WHVW�
LQJ RI FKHPLFDO SURWHFWLYH SDUPHQWV� )LQDO UHSRUW��� 7HFK� 5HS� '17,6 $'$�
�������� 7UDFHU 7HFKQRORJLHV� 6DQ 'LHJR� &$� $XJ� �����

>���@ 3� %� 0� $UFKHU� $� 9� &KDGZLFN� -� -� 0LDVLN� 0� 7DPL]L� DQG -� '� :ULJKW�
?.LQHWLF IDFWRUV LQ WKH UHVSRQVH RI RUJDQRPHWULF VHPLFRQGXFWRU JDV VHQVRUV��
6HQVRUV DQG $FWXDWRUV� YRO� ��� SS� ���^���� �����

>���@ '� %HGQDUF]XN DQG 6� 3� 'H:HHUWK� ?6PDUW FKHPLFDO VHQVLQJ DUUD\V XVLQJ WLQ R[�
LGH VHQVRUV DQG DQDORJ ZLQQHU�WDNH�DOO VLJQDO SURFHVVLQJ�� 6HQVRUV DQG $FWXDWRUV
%� YRO� ������ SS� ���^���� �����

>���@ 0� (� +� $PUDQL� 3� $� 3D\QH� DQG .� &� 3HUVDXG� ?0XOWL�IUHTXHQF\ PHDVXUH�
PHQWV RI RUJDQLF FRQGXFWLQJ SRO\PHUV IRU VHQVLQJ RI JDVHV DQG YDSRUV�� LQ 7KH �WK
,QWHUQDWLRQDO &RQIHUHQFH RQ 6ROLG�6WDWH 6HQVRUV DQG $FWXDWRUV DQG (8526(1�
625 ,;� �6WRFNKROP� 6ZHGHQ�� �����

>���@ /DERUDWRU\ IRU (OHFWURPDJQHWLF DQG (OHFWURQLF 6\VWHPV� 0,7� &DPEULGJH� 0$
������ 0RLVWXUH 0HWHU 5HIHUHQFH 0DQXDO� $SU� �����
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%LRJUDSK\

$OH[DQGHU 9� 0DPLVKHY ZDV ERUQ LQ WKH 6RYLHW 8QLRQ LQ ����� +H UHFHLYHG DQ HTXLYD�
OHQW RI %DFKHORU RI 6FLHQFH GHJUHH LQ (OHFWULFDO (QJLQHHULQJ DQG 3K\VLFV IURP WKH .LHY
3RO\WHFKQLF ,QVWLWXWH� .LHY� 8NUDLQH LQ ����� DQG 0DVWHU RI 6FLHQFH GHJUHH LQ (OHFWULFDO
(QJLQHHULQJ IURP 7H[DV $	0 8QLYHUVLW\� &ROOHJH 6WDWLRQ� 7; LQ �����

)URP ���� WR ���� KH ZDV HPSOR\HG DV D UHVHDUFK DVVLVWDQW DW WKH .LHY 3RO\WHFKQLF
,QVWLWXWH� KH ZDV DOVR D SDUW�WLPH UHVHDUFK DVVLVWDQW IURP ���� WR ���� LQ WKH ,QVWLWXWH
RI (OHFWURG\QDPLFV� .LHY� 8NUDLQH� DQG D SDUW�WLPH VRIWZDUH HQJLQHHU LQ D KLJK�WHFK
YHQWXUH 6(/7� ,QF� �6SHFLDOL]HG (OHFWULFDO 7HFKQRORJLHV�� .LHY� 8NUDLQH� +H ZDV D
UHVHDUFK DVVLVWDQW DW 7H[DV $	0 8QLYHUVLW\ 3RZHU 6\VWHP $XWRPDWLRQ /DERUDWRU\
IURP ���� WR ����� D UHVHDUFK DVVLVWDQW DW WKH 0,7 /DERUDWRU\ IRU (OHFWURPDJQHWLF
DQG (OHFWURQLF 6\VWHPV IURP ���� WR ����� DQG D SDUW�WLPH WHDFKLQJ DVVLVWDQW LQ WKH
0,7 'HSDUWPHQW RI (OHFWULFDO (QJLQHHULQJ DQG &RPSXWHU 6FLHQFH LQ WKH )DOO RI �����
DQG D VKRUW FRXUVH LQVWUXFWRU DW 0,7 LQ -DQXDU\ ����� ,Q WKH VFKRRO LQWHULP SHULRGV
RI ���� DQG ���� KH ZDV HPSOR\HG E\ -HQWHN 6HQVRUV� ,QF� DV D UHVHDUFK HQJLQHHU�

'XULQJ KLV JUDGXDWH VWXGLHV LQ WKH 8QLWHG 6WDWHV� KH UHFHLYHG WKH IROORZLQJ DZDUGV
�LQ UHYHUVH FKURQRORJLFDO RUGHU�� 0,7 *6& 7UDYHO *UDQW �2FWREHU ������ $PHULFDQ
9DFXXP 6RFLHW\ *UDGXDWH 5HVHDUFK $ZDUG �-XO\ ������ ,((( ,6(, �,QWHUQDWLRQDO
6\PSRVLXP RQ (OHFWULFDO ,QVXODWLRQ� 6FKRODUVKLS �$SULO ������ /LQN )RXQGDWLRQ (Q�
HUJ\ )HOORZVKLS �0DUFK ������ 6WXGHQW 3RVWHU &RQWHVW DW 3(6 :LQWHU 0HHWLQJ� +RQ�
RUDEOH 0HQWLRQ �)HEUXDU\ ������ 3RZHU (QJLQHHULQJ (GXFDWLRQ &RPPLWWHH 6WXGHQW
7UDYHO *UDQW IRU 3(6 :LQWHU 0HHWLQJ �-DQXDU\ ������ *UDGXDWH 6WXGHQW $ZDUG nQDO�
LVW LQ WKH 0DWHULDOV 5HVHDUFK 6RFLHW\ )DOO 0HHWLQJ �'HFHPEHU ������ $PHULFDQ 3XEOLF
3RZHU $VVRFLDWLRQ �$33$� 'HPRQVWUDWLRQ RI (QHUJ\ (pFLHQW 'HYHORSPHQWV 6FKRODU�
VKLS �6HSWHPEHU ������ ,((( 'LHOHFWULF DQG (OHFWULFDO ,QVXODWLRQ 6RFLHW\ )HOORZVKLS
�-DQXDU\ ������ ,((( &(,'3 �&RQIHUHQFH RQ (OHFWULFDO ,QVXODWLRQ DQG 'LHOHFWULF 3KH�
QRPHQD� 6FKRODUVKLS �2FW� ������ $33$ 'HPRQVWUDWLRQ RI (QHUJ\ (pFLHQW 'HYHO�
RSPHQWV 6FKRODUVKLS �6HSWHPEHU ������ 7$08 'HSDUWPHQW RI (OHFWULFDO (QJLQHHULQJ
6FKRODUVKLS �$XJXVW ������ $3,&6 'RQDOG :� )RJDUW\ ,QWHUQDWLRQDO 6WXGHQW 3DSHU
&RQWHVW� �UG 3UL]H� +RXVWRQ �-XQH ������ ,66 7$08 6WXG\ *UDQW IRU 8QLYHUVLWLHV
3RZHU (QJLQHHULQJ &RQIHUHQFH� ,UHODQG �-XQH ������ ,((( 9LQFHQW %HQGL[ 5HVHDUFK
$ZDUG �OHDGHU RI WHDP HQWU\� �0DUFK ������ ,((( 3RZHU (QJLQHHULQJ 6RFLHW\ 7� %XUNH
+D\HV %HVW 6WXGHQW 3DSHU $ZDUG �)HEUXDU\ ������ 16) 6WXGHQW 6XSSRUW *UDQW IRU
,((( 3(6 0HHWLQJV �-DQXDU\ ����� -DQXDU\ ����� -DQXDU\ ����� DQG -XO\ ������

���



(OHFWULFDO (QJLQHHULQJ *UDGXDWH 3URJUDP (QKDQFHPHQW 6FKRODUVKLS �'HFHPEHU ������
$33$ '((' 6FKRODUVKLS �2FWREHU ������ 6SHFLDO 2QH�7LPH (( 6FKRODUVKLS DQQXDOO\
DZDUGHG E\ 7$08 'HSDUWPHQW RI (OHFWULFDO (QJLQHHULQJ �6HSWHPEHU ������ ,QGXVWULDO
6FKRODUVKLS DW �WK ,QWHUQDWLRQDO 6\PSRVLXP RQ +LJK 9ROWDJH (QJLQHHULQJ� <RNRKDPD�
-DSDQ �$XJXVW ������ 7$08 ,QWHUQDWLRQDO 6WXGHQW 6HUYLFHV 7UDYHO *UDQW �-XQH ������
3HWUR -DF\N 6FKRODUVKLS ������������ *HRUJH 6RURV (GXFDWLRQDO 6FKRODUVKLS �6HSWHP�
EHU ������ +H DOVR UHFHLYHG YDULRXV DZDUGV DQG KRQRUV GXULQJ XQGHUJUDGXDWH VWXGLHV LQ
WKH 8NUDLQH ������������ LQFOXGLQJ DFDGHPLF H[FHOOHQFH VFKRODUVKLS �ORRVH HTXLYDOHQW
RI 'HDQ
V /LVW� IRU WKH HQWLUH FRXUVH RI HGXFDWLRQ� SDUWLFLSDWHG LQ YDULRXV DFDGHPLF
FRQWHVWV XS WR D QDWLRQDO OHYHO� DQG KHOG VRPH VRFLDO OHDGHUVKLS SRVLWLRQV�

0U� 0DPLVKHY LV DQ DXWKRU RI DQ ,((( HQF\FORSHGLD FKDSWHU� PRUH WKDQ �� WHFK�
QLFDO SDSHUV SXEOLVKHG LQ DUFKLYDO MRXUQDOV DQG DW LQWHUQDWLRQDO FRQIHUHQFHV LQ QLQH
FRXQWULHV� LQFOXGLQJ WZR LQYLWHG SDSHUV� KH GHOLYHUHG DERXW nIWHHQ LQGXVWULDO SUHVHQWD�
WLRQV DQG nOHG D SDWHQW DSSOLFDWLRQ�

$OH[DQGHU 0DPLVKHY LV D PHPEHU RI WKH ,((( 'LHOHFWULFV DQG (OHFWULFDO ,QVXODWLRQ
6RFLHW\ DQG ,((( 3RZHU (QJLQHHULQJ 6RFLHW\� (WD .DSSD 1X (OHFWULFDO (QJLQHHULQJ
+RQRU 6RFLHW\� (OHFWURVWDWLFV 6RFLHW\ RI $PHULFD� 0DWHULDOV 5HVHDUFK 6RFLHW\� 6LJPD
;L� $PHULFDQ 6RFLHW\ IRU 1RQGHVWUXFWLYH 7HVWLQJ� (OHFWURFKHPLFDO 6RFLHW\� $PHULFDQ
9DFXXP 6RFLHW\� ,((( 3RZHU (QJLQHHULQJ 6RFLHW\ $& )LHOG (mHFWV 'HVLJQ *XLGH 7DVN
)RUFH� DQG 0,7 +XPDQLWDULDQ 'HPLQLQJ *URXS� +H LV D UHYLHZHU IRU ,((( 7UDQVDF�
WLRQV RQ 'LHOHFWULFV DQG (OHFWULFDO ,QVXODWLRQ� +H LV DOVR VFKHGXOHG IRU OLVWLQJ LQ WKH �WK
HGLWLRQ RI :KR
V :KR LQ 6FLHQFH DQG (QJLQHHULQJ LQ $PHULFD�

$OH[DQGHU 0DPLVKHY FXUUHQWO\ OLYHV LQ &DPEULGJH� 0$ DQG LV PDUULHG WR .U\VW\QD
6]XO�
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DLU JDS� ���� ���

EDFNSODQH� ��� ���
%'2� ���
ELRJUDSK\� ���

FDOLEUDWLRQ� ��
FDSDFLWDQFH

&��� ���� ���� ���
&��� ���� ���� ���
IHHGEDFN� ���
ORDG� ���
QHJDWLYH� ���

FDVWRU RLO� ���
FKHPLFDO SURWHFWLYH JDUPHQWV� ���
FLUFXLW

oRDWLQJ YROWDJH� ���
OXPSHG HOHPHQWV� ���
YLUWXDO JURXQG� ���

FOHDQLQJ� ���� ���� ���
FRDWLQJV� ���
&ROH�&ROH SORW� ��� ��� ���� ���� ���
FRPSRXQG OD\HUV� ���
FRQQHFWRUV� ���
FRQWDFW TXDOLW\� ���� ���� ���
FRQWLQXXP PRGHO� ��� ���
FRQWUROOHU� ��� ���
FRUQ RLO� ���� ���� ���

FRQGXFWLYLW\� ���
FRUURVLRQ� ���
FRVW IXQFWLRQ� ���
FURVV�FRUUHODWLRQ� ���� ���
FURVV�FRXSOLQJ� ���
&6& VHQVRU� ���� ���
&X)ORQ� ���

'DYLGVRQ�&ROH HTXDWLRQ� ��

'HE\H PRGHO� ��� ��
GHWHFWLRQ RI oDZV� ���
GLDJQRVWLFV� ���
GLHOHFWULF PRGXOXV� ���� ���� ���
GLHOHFWULF SHUPLWWLYLW\

FRPSOH[� ��� ��
KLJK IUHTXHQF\� ��
VROLG GLHOHFWULFV� ���
VWDWLF� ��

GLHOHFWULF VSHFWURVFRS\� ���� ���
GLHOHFWURPHWU\

IUHTXHQF\�ZDYHOHQJWK� ��
IULQJLQJ nHOG� ��� ��
LQWHUGLJLWDO� ��
PXOWL�ZDYHOHQJWK� ��

GLPHQVLRQV
KLJKHVW DQG ORZHVW� ��

GLVWXUEDQFH IDFWRUV� ���
GRXEOH OD\HU� ��

HOHFWULF SRWHQWLDO GLVWULEXWLRQ� ���� ���
HOHFWURGHV

DOWHUQDWLYH VKDSHV� ��� ���� ���
FR�SODQDU� ��
LQnQLWH OHQJWK� ���
LQnQLWH SHULRGLFLW\� ���
PDQXIDFWXULQJ� ���

HQG HmHFWV� ���
HTXLYDOHQW FLUFXLW� ��� ���
HUURU SURSDJDWLRQ� ���
H[SHULPHQWDO VHWXSV� ���� ���
H[SORVLYH PDWHULDOV� ���

nQLWH HOHPHQW VLPXODWLRQ
�' YV� �'� ���� ���
H[DPSOHV� ���
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PHVKLQJ� ���
oRZ HOHFWULnFDWLRQ� ��� ���
oXLG GLHOHFWULFV� ���
IRUZDUG SUREOHP� ��� ���� ���� ���

JROGHQ VHFWLRQ� ���

KHWHURSRO\VLOR[DQH� ���
K\GURJHOV� ���
+\]RG� ���

LPSHGDQFH VSHFWURVFRS\� ���
LQGLYLGXDO OD\HUV� ���
LQnQLWH SHULRGLFLW\� ���
LQWHUGLJLWDO� ��
LQWHUGLJLWDO HOHFWURGHV� ��

HTXLYDOHQW FLUFXLW� ��
nQLWH WKLFNQHVV� ���
IRUFH� ��
WKLFNQHVV� ���
ZLGWK� ���

LQWHUIDFH FLUFXLW� ��� ���
VKRUW�FLUFXLW PRGH� ���

LQYHUVH SUREOHP� ��� ���� ���� ���
FDOLEUDWLRQ� ���
LOO�SRVHG� ���
VROXWLRQ VSDFHV� ���

-HQWHN 6HQVRUV� �� ��� ���� ���� ���� ����
���

.DSWRQ� ��

ODQGPLQH GHWHFWLRQ� ��
ODQGPLQHV� ���

GLHOHFWULF VSHFWURVFRS\� ���
XQHYHQ WHUUDLQ� ���

/H[DQ� ���� ���
OLQHDULW\ DVVXPSWLRQ� ���
OLTXLG GLHOHFWULFV� ���
ORVV WDQJHQW� ���

PDWFKLQJ oXLG DSSURDFK� ���
0DWODE� ���
0D[ZHOO

RSWLPL]DWLRQ LQWHUIDFH� ���

0D[ZHOO FDSDFLWRU� ���
0D[ZHOO VRIWZDUH� ���� ���

WLSV DQG WULFNV� ���
PHDVXUHPHQW VHWXSV� ���
0(06� ��
PHWDOOL]DWLRQ UDWLR� ���
PLFURGLHOHFWURPHWU\� ��
PRLVWXUH

GLVWULEXWLRQ� ��
PRLVWXUH FRQFHQWUDWLRQ� ��

VWDLU�VWHS SURnOHV� ���
PRLVWXUH G\QDPLFV� ��� ��� ���� ���� ���
PRLVWXUH SURnOHV� ���

QHJDWLYH FDSDFLWDQFH� ���
QRQ�GHVWUXFWLYH WHVWLQJ� ��
QRQ�GLPHQVLRQDOL]HG FDSDFLWDQFH FDOFX�

ODWLRQ� ���

RSWLPL]DWLRQ� ��� ���� ���� ���� ���

SDUDOOHO SODWH FDSDFLWRU� ���� ���
SDUDPHWHU HVWLPDWLRQ� ��� ��� ��� ���

RQH OD\HU� ���
WZR OD\HUV� ���

SDUDPHWULF DQDO\VLV� ���
3DU\OHQH� ���� ���
SHQHWUDWLRQ GHSWK� ��� ��� ���� ���� ���
SRODUL]DWLRQ� ��
SRZHU WUDQVIRUPHUV� ��
SUHVVERDUG� ��� ��� ���
SULRU ZRUN� ��� ��� ��� ��� ��� ��

VDFULnFLDO VHQVRU� ���
VDQG� GLHOHFWULF SURSHUWLHV� ���
6DUDWRJD� ���
6$: GHYLFHV� ��� ��� ��� ���
6FKZDU]�&KULVWRmHO WUDQVIRUPDWLRQ� ���
VHQVLWLYH OD\HU

KHWHURSRO\VLOR[DQH� ���
K\GURJHOV� ���

VHQVRUV
DFRXVWLF� ��
DUUD\V� ��
ELRPHGLFDO� ��
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FKHPLFDO� ��� ���
FXUH PRQLWRULQJ� ��
JDOOHU\� ���
KXPLGLW\� ��
PDQXIDFWXULQJ� ���

VHUSHQWLQH� ���
VHUSHQWLQH HOHFWURGHV� ��
VKLHOGLQJ� ���

LQ�SODQH� ���
WR LQFUHDVH VHQVLWLYLW\� ��

VSHFWURVFRS\
LPSHGDQFH� ��

VXEVWUDWHV� ��
VXJDU� GLHOHFWULF SURSHUWLHV� ���
VXUIDFH FRQGXFWLYLW\� ���

7HoRQ� ���� ���� ���� ���
WKHVLV

REMHFWLYHV� ��
RXWOLQH� ��

WKUHH�ZDYHOHQJWK VHQVRU� ���� ���� ���
LQWHUIDFH� ���

WLPH�GRPDLQ PHDVXUHPHQWV� ���
WROXHQH� ���
WUDQVIRUPHU RLO� ���
WUDQVLHQWV� ���

YLQ\O� ���

:DUEXUJ LPSHGDQFH� ��
ZHLJKWLQJ FRHpFLHQWV� ���
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