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$FNQRZOHGJHPHQWV
7KLV WKHVLV PDUNV WKH HQG RI P\ \HDUV DV D VWXGHQW KHUH DW 78 'HOIW DQG , DP KDSS\ WR FRQFOXGH WKH
LPSUHVVLQJ ULGH LW KDV EHHQ ZLWK WKH ZRUN , SUHVHQW� 3ULRU WR GLYLQJ LQWR WKH ZRQGHUV RI HQJLQHHULQJ DQG
HOHFWURO\VLV� , ZRXOG WR WKDQN DOO SHRSOH ZKLFK VXSSRUWHG PH GXULQJ WKLV SURMHFW DQG DOO SHRSOH DURXQG
PH WKDW KDYH EURXJKW PH LQ WKLV SULYLOHJHG SRVLWLRQ�

)LUVW DQG IRUHPRVW� WKLV UHVHDUFK FRXOG QRW EH GRQH ZLWKRXW WKH SHRSOH RI =()� ZKR JDYH PH WKH FKDQFH
WR WDNH XS WKLV FKDOOHQJH DQG JXLGHG PH LQ WKH SURFHVV ZKLFK KDV QRW EHHQ ZLWKRXW VWUXJJOHV DQG VHW�
EDFNV� 7KH ILUVW WR WKDQN LV GHILQLWHO\ -DQ� ZKR ZDV QRW RQO\ D ZL]DUG RQ HOHFWURQLFV� HQJLQHHULQJ DQG
VFLHQFH� EXW DOVR DQ LQVSLULQJ ILJXUH ZKR QHYHU ORVW SDFH DQG HQWKXVLDVP� ,W ZDV YHU\� YHU\ QLFH WR ZRUN
ZLWK \RX DQG , FRXOG QRW LPDJLQH EHIRUHKDQG WKDW , ZRXOG KDYH OHDUQHG WKLV PXFK LQ D VLQJOH SURMHFW�
, ZRXOG OLNH WR WKDQN SURIHVVRU :LHEUHQ GH -RQJ IRU WDNLQJ WLPH WR UHDG P\ ZRUN DQG WR SURYLGH PH
ZLWK YDOXDEOH IHHGEDFN DV P\ VXSHUYLVRU GXULQJ WKH SURMHFW� 7RJHWKHU ZLWK KLP� , ZRXOG OLNH WR WKDQN WKH
RWKHU FRPPLWWHHPHPEHUV IRU WDNLQJ WLPH WR UHDGP\ZRUN DQG SDUWLFLSDWLQJ LQ P\ JUDGXDWLRQ FRPPLWWHH�

, ZRXOG OLNH WR WKDQN 8OULFK� +HVVHO DQG 0ULJDQN LQ WKHLU FRQWLQXRXV HQGHDYRXUV WR WDNH =() WR WKH
QH[W OHYHO� <RX JDYH PH WKH FKDQFH WR ZRUN RQ WKLV DZHVRPH SURMHFW� LQ D FORVH WHDP LQ ZKLFK ZH DOO
JHW DORQJ ZKLFK ZDV WKH SHUIHFW HQYLURQPHQW WR GR WKLV UHVHDUFK� WKDQNV D ORW� $QG WKH ODWHVW =()�FRUH
WHDP PHPEHU GHVHUYHV D VSHFLDO WKDQN \RX� 3DXO� 3DXO MRLQHG WKH $(& WHDP ZKHQ , ZDV PRUH RU OHVV
KDOIZD\ P\ WKHVLV SURMHFW DQG WKH GLIIHUHQFH ZDV LPPHGLDWHO\ QRWDEOH� 7KDQNV IRU \RXU YDOXDEOH LQSXW�
RSLQLRQV DQG FOHYHU IL[HV RQFH WKH V\VWHP ZDV GRZQ DJDLQ� EHVLGHV PDQDJLQJ WKH $(& WHDP ZLWK JRRG
VSLULW DQG KXPRXU�

%HVLGHV WKH =()�FRUH WHDP� , RZH PDQ\ WKDQNV WR FROOHDJXHV DW =() DQG DV ERWK WKH WHUP ¶,QWHJUDWLRQ¶
DQG WKH SURMHFW GXUDWLRQ VXJJHVW� D ORW RI SHRSOH WR WKDQN� 0\ ¶=()�SDUHQWV¶� %DUW 0XOGHU DQG 7RP
.OHLVW� WKH\ UDLVHG PH ZLWK NLQGQHVV LQ WKH =()�IDPLO\� 7KH\ VKRZHG PH WKH V\VWHP� VWDFN DVVHPEO\
DQG V\VWHP RSHUDWLRQ� 'LVFXVVLQJ UHVXOWV RI WKHLU H[SHULPHQWV ZLWK WKH WKUHH RI XV ZDV ZKHUH , UHDOO\
JRW D IHHOLQJ IRU WKH V\VWHP� , VHH P\ ZRUN DV WKH VHTXHO WR WKHLUV� , UHIHUUHG WR %DUW 0XOGHUV DQG
7RP .OHLVWV ZRUN RYHU �� WLPHV DQG RYHU �� WLPHV UHVSHFWLYHO\� ZKLFK LOOXVWUDWHV WKHLU LPSRUWDQFH WR P\
UHVHDUFK�
7KH V\VWHP DQG WKHUHIRUH WKLV WKHVLV FRXOG QRW KDYH EHHQ PDGH ZLWKRXW WKH FRQWLQXRXV DQG YDOXDEOH
HIIRUW RI PDQ\ =()�LQWHUQV� , ZDQW WR VSHFLILFDOO\ WKDQN 6KDKUXNK� .KDOHG� 6DQGHU� 6DP� 6DPDUWK� .LQJ
.XQDO� $OH[ DQG +DQV� $OO RI WKHP KDYH KDG WKHLU VSHFLILF SURMHFWV DQG FRQWULEXWLRQV DQG WKH ILQDOO\ DF�
TXLUHG V\VWHP LV WKH UHVXOW RI WKH HIIRUW RI WKHVH SHRSOH LQ VSHFLILF� 7KDQN \RX D ORW� , DP EOHVVHG WR
KDYH KDG \RX RQ P\ VLGH�

(YLGHQWO\� , ZRXOG QRW KDYH EHHQ DEOH WR SHUVHYHUH WKURXJK P\ VWXGLHV DV SOHDVDQW DV , GLG ZLWKRXW
P\ IDPLO\ DQG IULHQGV� )LUVW� , ZRXOG OLNH WR WKDQN P\ IDPLO\ PHPEHUV ZKR DUH VWLOO SK\VLFDOO\ SUHVHQW�
PDP� /LHVEHWK� /LGZLHQ� 7HUHVD� &KDUORWWH DQG /XXN� , ZRXOG QRW KDYH EHHQ LQ WKLV SULYLOHJHG SRVLWLRQ
ZLWKRXW \RX DQG , IHHO EOHVVHG WR EH ERUQ DQG UDLVHG LQ RXU IDPLO\� WKDQNV WR 2WWH IRU PDNLQJ WKH FRYHU
SDJH� 7R P\ IULHQGV� WHDPPDWHV� �IRUPHU� URRPPDWHV DQG P\ VWXG\ PDWHV� WKDQNV D ORW� , FDQ ORRN
EDFN RQ YHU\ SOHDVDQW \HDUV DQG WKDW LV EHFDXVH RI \RX�

1RZ DOO WKH SHRSOH WKDW ZHUH HVVHQWLDO WR DUULYH DW WKLV JUDQGH ILQDOH KDYH EHHQ WKDQNHG� LW LV WLPH
WR GLJ LQWR WKH DFWXDO SURMHFW� 2U DV 0RVHV RQFH VDLG� ´/HW¶V VSOLW VRPH ZDWHU�´

%�$�7�0� %RRQV
'HOIW� -DQXDU\ ����

LLL





$EVWUDFW
7R DQWLFLSDWH IRU IXWXUH GHPDQG RI VXVWDLQDEOH OLTXLG IXHOV� =HUR (PLVVLRQ )XHOV %�9� GHYHORSV D VRODU
SRZHUHG PLFUR SODQW ZKLFK SURGXFHV PHWKDQRO IURP ZDWHU DQG FDUERQ GLR[LGH FDSWXUHG IURP RXWVLGH
DLU� $Q LQWHUPHGLDWH VWHS LQ WKLV SURFHVV LV WKH HOHFWURO\VLV RI ZDWHU WR FUHDWH K\GURJHQ ZKLFK UHDFWV
ZLWK ൈൔኼ WR PHWKDQRO� 7KLV VWXG\ HQFRPSDVVHV DQ LQWHJUDWLRQ RI WKH SUHVVXULVHG DONDOLQH HOHFWURO\VLV
V\VWHP� LQ ZKLFK SUREOHPV REVHUYHG LQ SUHYLRXV JHQHUDWLRQV RI WKH HOHFWURO\VHU KDYH EHHQ VROYHG DQG
IXQFWLRQDOLWLHV KDYH EHHQ DGGHG� ,Q DGGLWLRQ WR WKDW� HOHFWURO\WH VDPSOHV DUH WDNHQ DIWHU GLIIHUHQW SHULRGV
RI RSHUDWLRQ WR LQYHVWLJDWH HOHFWURO\WH GHWHULRUDWLRQ RYHU WLPH�

$ QHZ %DODQFH RI 3ODQW �%R3� KDV EHHQ GHVLJQHG� UHDOLVHG DQG WHVWHG� (LJKW QHZ IHDWXUHV WR WKH
V\VWHP FDQ EH GLVWLQJXLVKHG� WZR RI ZKLFK DUH LQFOXGHG WR DGG IXQFWLRQDOLW\� WKH GHJDVVHU WR GHFRQ�
WDPLQDWH WKH ൈൔኼ�ULFK IHHG ZDWHU DQG WKH SUHVVXUH ERRVWHU WR UHSOHQLVK WKH FRQVXPHG ZDWHU DW V\VWHP
SUHVVXUH� 7KH RWKHU IHDWXUHV DUH LQWHJUDWHG WR HQODUJH WKH RSHUDWLRQDO HQYHORSH� WKH GHWHUPLQDWLRQ
RI ZKLFK ZDV FHQWUDO WR WKH H[SHULPHQWV FRQGXFWHG LQ WKLV UHVHDUFK� ([SHULPHQWV DUH FRQGXFWHG WR
ILQG DQG FKDUDFWHULVH WKH IRXU OLPLWDWLRQV WR WKH RSHUDWLRQDO HQYHORSH� WKH UHODWLYH YDOYH RSHQLQJ GXW\
�592'�� IORZ VWDJQDWLRQ� WHPSHUDWXUH FRQWURO DQG FURVVRYHU�

7KH 592' H[SHULPHQWV VKRZHG GHYLDWLRQV IURP WKH PRGHOOHG YDOYH RSHQLQJ F\FOHV� DWWULEXWHG WR DG�
GLWLRQDO SUHVVXUH GURSV� YDOYH RSHQLQJ LQWHUIHUHQFH DQG VPDOOHU GLVFKDUJH YROXPHV� 6XEVHTXHQWO\ D
FRUUHFWHG PRGHO LV SUHVHQWHG WR LPSURYH YDOYH F\FOH WLPH SUHGLFWLRQV�

)ORZ VWDJQDWLRQ ZDV LQYHVWLJDWHG DW YDULRXV FXUUHQW GHQVLWLHV� SUHVVXUHV DQG WHPSHUDWXUHV XVLQJ FDP�
HUD LPDJHV DQG D FKDUDFWHULVWLF WHPSHUDWXUH UHVSRQVH WR HVWDEOLVK IORZ VWDJQDWLRQ� 7KH UHVXOWV VKRZHG
D PLQLPXP YROXPH IORZ UDWH GHFUHDVH LQ FRPSDULVRQ WR WKH SUHYLRXV V\VWHP� H[SUHVVHG LQ SDUDPHWHU
൝ ZKLFK GHFUHDVHG IURP ��� WR ����$.EDUዅኻ FPዅኼ� 7KH PLQLPXP YROXPH IORZ UDWH GHFUHDVH LV DW�
WULEXWHG WR WKH ODUJHU QXPEHU RI FHOOV DQG WKH LQFUHDVH RI WKH KHLJKW GLIIHUHQFH EHWZHHQ WKH VWDFN DQG
EXIIHU WDQNV�

,Q WKH WHPSHUDWXUH FRQWURO H[SHULPHQWV� VWHDG\ VWDWH WHPSHUDWXUHV ZHUH PRQLWRUHG DW GLIIHUHQW FXU�
UHQW GHQVLWLHV� ZLWK DQG ZLWKRXW FURVV�IORZ IDQ RSHUDWLRQ� 7KLV UHVXOWHG LQ D WHPSHUDWXUH FRQWURO PDS� LQ
ZKLFK WKH UHDFKDEOH WHPSHUDWXUHV IRU GLIIHUHQW FXUUHQW GHQVLW\ DUH GHSLFWHG� )XUWKHUPRUH� HOHFWURO\WH
PDVV IORZV DUH GHWHUPLQHG DQG SUHVVXUH GHSHQGHQF\ RI WHPSHUDWXUH FRQWURO ZDV LQYHVWLJDWHG DW ORZ
FXUUHQW GHQVLWLHV� FRQFOXGLQJ WKDW VWHDG\ VWDWH WHPSHUDWXUHV DUH LQGHSHQGHQW IURP SUHVVXUHV LQ WKH
��EDU WR ��EDU UHJLPH�

+\GURJHQ FURVVRYHU ZDV WHVWHG E\ WDNLQJ JDV VDPSOHV DW GLIIHUHQW RSHUDWLQJ FRQGLWLRQV DQG VXEVH�
TXHQW JDV FRPSRVLWLRQ DQDO\VLV LQ D JDV FKURPDWRJUDSK� R[\JHQ FURVVRYHU ZDV GHWHUPLQHG E\ DQ R[\�
JHQ VHQVRU LPSOHPHQWHG GRZQVWUHDP WKH K\GURJHQ H[KDXVW� $OO VWHDG\ VWDWH FURVVRYHUV YDOXHV ZHUH
IRXQG WR EH EHORZ WKH VDIHW\ OLPLWV� FRQFOXGLQJ WKDW FURVVRYHU LV QRW OLPLWLQJ LQ WKH DFTXLUHG V\VWHP RQ
DOO SRVVLEOH RSHUDWLQJ SRLQWV� 2YHUQLJKW GLIIXVLRQ FURVVRYHU H[SHULPHQWV VKRZHG WKDW PDLQWDLQLQJ WKH
V\VWHP XQGHU SUHVVXUH RYHUQLJKW� NHHSV FURVVRYHU YDOXHV EHORZ WKH VDIHW\ OLPLW�

,Q DGGLWLRQ WR WKH RSHUDWLRQDO HQYHORSH� FRPSOHPHQWDU\ JHQHUDO FKDUDFWHULVWLFV VXFK DV SRZHU FRQ�
VXPSWLRQ DQG HIILFLHQF\ DUH SUHVHQWHG DQG FRPSDUHG WR LQGXVWU\ DQG OLWHUDWXUH� 2Q WRS RI WKDW� XQH[�
SHFWHG ILQGLQJV� GHVLJQ GHILFLWV DQG RWKHU UHOHYDQW SKHQRPHQD DUH GHVFULEHG WR FRPSOHWH WKH SHUVSHF�
WLYH RQ V\VWHP SHUIRUPDQFH DQG EHKDYLRXU RI WKH HOHFWURO\VLV V\VWHP�

'XH WR WKH HOHFWURO\WH PLVW SXUJHG LQWR WKH GHJDVVHU DQG SUHVVXUH ERRVWHU� WKH HOHFWURO\WH GHWHULR�
UDWLRQ H[SHULPHQWV DUH GHHPHG LQFRQFOXVLYH� 0RUHRYHU� D GHPLVWHU LV IRXQG WR EH DQ HVVHQWLDO V\VWHP
IHDWXUH WR LQFOXGH LQ WKH QH[W JHQHUDWLRQ HOHFWURO\VHU� EHFDXVH ERWK GHJDVVHU DQG SUHVVXUH ERRVWHU
ZHUH GDPDJHG E\ WKH HOHFWURO\WH VSLOO�
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� ,QWURGXFWLRQ �
��� (QHUJ\ WUDQVLWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� +\GURJHQ DV IXWXUH HQHUJ\ FDUULHU � � � � � � � � � � � � � � � � � � � � � � � � � � � �
����� (OHFWURO\VLV DV SRVVLEOH RXWFRPH � � � � � � � � � � � � � � � � � � � � � � � � � � � �
����� =HUR (PLVVLRQ )XHOV %�9� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
����� =()¶V VWDWH RI WKH DUW $(& V\VWHP� � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� 5HVHDUFK 6FRSH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
����� 0RGXV 2SHUDQGL � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� 5HVHDUFK 4XHVWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� 7KHRUHWLFDO %DFNJURXQG �
��� )LUVW SULQFLSOHV RI DONDOLQH HOHFWURO\VLV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� 7KH UHDFWLRQ HTXDWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
����� (QHUJ\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
����� (IILFLHQF\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� )XQGDPHQWDO FRPSRQHQWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� (OHFWURO\WH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 6HSDUDWRU 'LDSKUDJP � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� (OHFWURGHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 5HDFWLRQ .LQHWLFV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� (OHFWURGH NLQHWLFV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� (OHFWURO\WH NLQHWLFV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 'LDSKUDJP NLQHWLFV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &URVVRYHU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 0DVV 'LIIXVLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 0DVV &RQYHFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� ,QIOXHQWLDO 3DUDPHWHUV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� $ONDOLQH (OHFWURO\VHU &RQWURO 6\VWHPV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� %DVLV RI 'HVLJQ ��
��� 6\VWHP 'HVFULSWLRQ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� ([SHULPHQWDWLRQ 	 0HWKRGRORJ\ ��
��� 'HWHUPLQDWLRQ RI WKH RSHUDWLRQDO HQYHORSH � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 5HODWLYH 9DOYH 2SHQLQJ 'XW\� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� )ORZ 6WDJQDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 7HPSHUDWXUH &RQWURO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� &URVVRYHU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� *HQHUDO V\VWHP FKDUDFWHULVWLFV FRPSOHPHQWDU\ WR WKH RSHUDWLRQDO HQYHORSH � � � � � � � � ��
��� (OHFWURO\WH 'HWHULRUDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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� 5HVXOWV 	 'LVFXVVLRQ ��
��� 2SHUDWLRQDO (QYHORSH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 5HODWLYH 9DOYH 2SHQLQJ 'XW\� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� )ORZ 6WDJQDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 7HPSHUDWXUH &RQWURO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� &URVVRYHU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� &RQFOXVLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� *HQHUDO &KDUDFWHULVWLFV 	 8QH[SHFWHG )LQGLQJV � � � � � � � � � � � � � � � � � � � � � � � ��
����� 8VH FDVH 	 &RPSDULVRQ WR LQGXVWU\ DQG OLWHUDWXUH � � � � � � � � � � � � � � � � � � ��
����� 8QH[SHFWHG ILQGLQJV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� (OHFWURO\WH 'HWHULRUDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� &RQFOXVLRQV 	 5HFRPPHQGDWLRQV ��
��� &RQFOXVLRQV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 5HFRPPHQGDWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� ([SHULPHQWDO UHFRPPHQGDWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 6\VWHP GHYHORSPHQW UHFRPPHQGDWLRQV � � � � � � � � � � � � � � � � � � � � � � � ��

%LEOLRJUDSK\ ��

$ $GGLWLRQDO ([SHULPHQWV 	 5HVLGXDO )LQGLQJV ��
$�� +\GURJHQ FURVVRYHU YHUVXV WHPSHUDWXUH � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
$�� 3UHVVXUH GLIIHUHQFH H[SHULPHQWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
$�� 'LIIHUHQFH LQ SRZHU VXSSO\ FXUUHQWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

% 0LVFHOODQHRXV LQIRUPDWLRQ ��
%�� &DOFXODWLRQV ILQQHG WXEH KHDW H[FKDQJHU � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
%�� 'HJDVVHU� ZRUNLQJ SULQFLSOH DQG GHVLJQ FRQVLGHUDWLRQV � � � � � � � � � � � � � � � � � � � ��
%�� 1RUPDO %DVHG 2SHUDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
%�� 7KUHH 'LPHQVLRQDO SORWV� 592' ([SHULPHQWV � � � � � � � � � � � � � � � � � � � � � � � � ��
%�� (YLNRQ 2� JDV VHQVRU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
%�� 592' 9DOLGDWLRQ 6FULSW 	 'DWD� 2[\JHQ VLGH� � � � � � � � � � � � � � � � � � � � � � � � � ��

& %DVLV RI 'HVLJQ ���
&�� 6\VWHP 'HVFULSWLRQ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ����

&���� )OXLG &LUFXLW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ����
&���� (OHFWULFDO &LUFXLW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ����
&���� &RQWURO 6\VWHP � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ����

&�� 2SHQ (QGV WRZDUGV ,QWHJUDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ����
&���� '\QDPLF 2SHUDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ����
&���� 6DIHW\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ����
&���� /LIHWLPH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ����

&�� 1HZ $(& 6\VWHP 'HVLJQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ����
&���� 6WDFN DGMXVWPHQWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ����
&���� 'RZQFRPHU 	 %XIIHU 7DQNV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ����
&���� 3UHVVXUH %RRVWHU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ����
&���� 'HJDVVHU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ����
&���� &DSLOODU\ 7XEHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ����
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��� *OREDO SULPDU\ HQHUJ\ FRQVXPSWLRQ E\ VRXUFH LQ ���� >��@ � � � � � � � � � � � � � � � � �
��� +\GURJHQ SURGXFWLRQ FRVWV E\ SURGXFWLRQ VRXUFH LQ ��NJ SURGXFHG K\GURJHQ� ���� >��@�

,PDJH WDNHQ IURP WHFKQLFDO UHSRUW E\ WKH ,QWHUQDWLRQDO (QHUJ\ $JHQF\�� &&86� &DUERQ
&DSWXUH� 8WLOLVDWLRQ DQG 6WRUDJH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� )ORZFKDUW RI =()¶V PLFUR�SODQW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� (TXLOLEULXP 	 7KHUPRQHXWUDO YROWDJHV IRU GLIIHUHQW YROWDJHV ,PDJH WDNHQ IURP WKH ZRUN
RI /DP\ HW DO� >��@ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� 6FKHPDWLF RYHUYLHZ RI DONDOLQH ZDWHU HOHFWURO\VLV>��@ � � � � � � � � � � � � � � � � � � � � ��
��� 7KUHH PHPEUDQH W\SHV FXUUHQWO\ LQYHVWLJDWHG IRU DONDOLQH HOHFWURFKHPLFDO DSSOLFDWLRQV�

D� SRURXV GLDSKUDJP� E� DQLRQ H[FKDQJHPHPEUDQH F� LRQ�VROYDWLQJPHPEUDQH� 2ULJLQDO
LPDJH FDQ EH IRXQG LQ WKH ZRUN RI .UDJOXQG HW DO� >��@ � � � � � � � � � � � � � � � � � � � ��

��� &RPSDULVRQ EHWZHHQ =LUIRQ DQG DQ LRQ�VROYDWLQJ P�3%, PHPEUDQH ZLWK D ��ZW� ൐ൔ്
VROXWLRQ DW �� �&�>��@ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &RPSDULVRQ RI GLIIHUHQW HOHFWURGH PDWHULDOV IRU +(5 �D� DQG 2(5 �D�� RYHUSRWHQWLDO SORW�
WHG DJDLQVW FXUUHQW GHQVLW\ 2ULJLQDO JUDSK FDQ EH IRXQG LQ WKH ZRUN RI &ROOL HW DO�>��@ � � ��

��� 'LIIHUHQW FRQWULEXWLRQV WR WKH WRWDO FHOO SRWHQWLDO DW GLIIHUHQW FXUUHQW GHQVLWLHV ,PDJH WDNHQ
IURP WKH ZRUN RI 3KLOOLSV HW DO� >��@ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH LQIOXHQFH RI D SRWHQWLDO FKDQJH RQ WKH DFWLYDWLRQ HQHUJ\ LQ DQ HOHFWURFKHPLFDO UHDF�
WLRQ 2ULJLQDO JUDSKV FDQ EH IRXQG LQ WKH ZRUN RI %DUG DQG )DXONQHU >�@ � � � � � � � � � � ��

��� $ JHQHUDO H[DPSOH RI D 7DIHO SORW� RYHUSRWHQWLDO ࿹ SORWWHG DJDLQVW WKH ORJDULWKP RI WKH
FXUUHQW GHQVLW\ ൧ 2ULJLQDO JUDSK FDQ EH IRXQG LQ WKH ZRUN RI %DUG DQG )DXONQHU >�@ � � � ��

��� %XEEOH FRYHUDJH LQIOXHQFLQJ QRPLQDO FXUUHQW GHQVLW\ �ULJKW� DQG GLYHUJHQFH EHWZHHQ
QRPLQDO DQG DFWXDO FXUUHQW GHQVLW\ �OHIW� 2ULJLQDO JUDSKV FDQ EH IRXQG LQ WKH ZRUN RI 9RJW
>��@ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 'HWDFKHG EXEEOHV IRUP D OD\HU RFFXS\LQJ D FHUWDLQ YROXPH� H[SUHVVHG DV WKH YRLG IUDF�
WLRQ ,PDJH WDNH IURP WKH ZRUN RI $OGDV HW DO� >�@ � � � � � � � � � � � � � � � � � � � � � � � ��

���� 3UHVVXUH DQG WHPSHUDWXUH GHSHQGHQF\ RI WKH /(/ DQG 8(/ ,PDJH WDNH IURP WKH ZRUN
RI -DQVVHQ HW DO�>��@ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� +\GURJHQ FRQWDPLQDWLRQ RQ WKH R[\JHQ VLGH DV D IXQFWLRQ RI FXUUHQW GHQVLW\� DV YRO��
�OHIW� DQG DV PRODU IORZ �ULJKW� *UDSKV DUH WDNHQ IURP WKH ZRUN RI +DXJ HW DO� >��@ � � � � ��

���� ,QIOXHQFH RI RSHUDWLQJ WHPSHUDWXUH RQ ്ኼ�FURVVRYHU DW GLIIHUHQW FXUUHQW GHQVLWLHV� PL[HG
HOHFWURO\WH F\FOH ,PDJH WDNHQ IURP WKH ZRUN RI +DXJ HW DO� >��@ � � � � � � � � � � � � � � ��

���� ,QIOXHQFH RI RSHUDWLQJ WHPSHUDWXUH RQ ്ኼ�FURVVRYHU DW GLIIHUHQW FXUUHQW GHQVLWLHV� IXQGD�
PHQWDO GLIIHUHQFH EHWZHHQ PL[HG DQG VHSDUDWHG F\FOHV ,PDJH WDNHQ IURP WKH ZRUN RI
+DXJ HW DO� >��@ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� ,QIOXHQFH RI HOHFWURO\WH FRQFHQWUDWLRQ RQ ്ኼ�FURVVRYHU DW GLIIHUHQW FXUUHQW GHQVLWLHV� ,P�
DJH WDNHQ IURP WKH ZRUN RI +DXJ HW DO� >��@ � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� $ FURVV�VHFWLRQDO RYHUYLHZ RI WKH ILUVW UHSRUWHG SUHVVXULVHG DONDOLQH HOHFWURO\VLV V\VWHP
'HYHORSHG E\ =GDQVN\ HW DO� IRU WKH 6ZLVV FRPSDQ\ /RQ]D LQ ����¶V >��@ � � � � � � � � ��

���� 3LSLQJ DQG LQVWUXPHQWDWLRQ GLDJUDP RI WKH V\VWHP RQ ZKLFK WKH PRGHO RI 'DYLG HW DO� LV
EDVHG� 2ULJLQDO LPDJH FDQ EH IRXQG LQ WKH ZRUN RI 'DYLG HW DO� >��@ � � � � � � � � � � � � ��

��� ILJXUH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� $ W\SLFDO H[DPSOH RI DQ R[\JHQ SXUJH YDOYH F\FOH DV PRQLWRUHG LQ WKH H[SHULPHQWDO VHWXS

2SHUDWLQJ FRQGLWLRQV� ���EDU� �� �&� ��P$FPዅኼ � � � � � � � � � � � � � � � � � � � � � ��
��� $ TXDOLWDWLYH UHSUHVHQWDWLRQ RI WKH VHTXHQWLDO HYHQWV GXULQJ D IORZ VWDJQDWLRQ F\FOH � � � ��

L[
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��� )ORZ VWDJQDWLRQ OLQHV DW GLIIHUHQW WHPSHUDWXUHV� $W D JLYHQ WHPSHUDWXUH� IORZ VWDJQDWLRQ
FDQ EH DYRLGHG E\ RSHUDWLRQ XQGHU FRQGLWLRQV RQ WKH ULJKW KDQG VLGH RI WKH FRUUHVSRQGLQJ
IORZ VWDJQDWLRQ OLQH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7HPSHUDWXUH UHVSRQVH GXULQJ D IORZ VWDJQDWLRQ F\FOH� 7HPSHUDWXUH VHQVRU LV SODFHG RQ
WRS RI WKH PLGSODWH RQ WKH R[\JHQ VLGH� DW WKH VWDUW RI WKH ULVHU FROXPQ� � � � � � � � � � � ��

��� 4XDOLWDWLYH UHSUHVHQWDWLRQ RI SRVVLEOH UHDFKDEOH WHPSHUDWXUHV DW GLIIHUHQW FXUUHQW GHQVL�
WLHV DW D FRQVWDQW SUHVVXUH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 6FKHPDWLF GHVFULSWLRQ RI ELVHFWLRQ VHDUFK XVHG WR ILQG WKH ��� /(/ LQGXFHG OLPLWDWLRQ
RQ WKH RSHUDWLRQDO HQYHORSH DW D JLYHQ SUHVVXUH DQG WHPSHUDWXUH� � � � � � � � � � � � � ��

��� 6FKHPDWLF GHSLFWLRQ RI WKH UHODWLYH YDOYH RSHQLQJ GXW\ H[SHULPHQWV� RXWFRPHV DQG GH�
YHORSPHQW RI WKH FRUUHFWHG PRGHO� 7KH DVWHULVN �ࣄ� LQGLFDWHV DQ LQHTXDOLW\ WKDW KROGV IRU
WKH R[\JHQ VLGH RQO\� 7KH FRUUHFWHG PRGHO LV EDVHG RQ WKH FRPSDULVRQ EHWZHHQ H[SHUL�
PHQWV DQG WKH PRGHO� D PRGHO LQ ZKLFK WKH R[\JHQ DQ K\GURJHQ VLGH YDOYH WLPLQJV ZHUH
GHWHUPLQHG VHSDUDWHO\ DQG LQGHSHQGHQWO\� 7KH FRUUHFWHG PRGHO RQ WKH R[\JHQ VLGH�
WKH DGGLWLRQDO SUHVVXUH GURS DFFRXQWV IRU WKH ൔኼ�YDOYH RSHQLQJ GLUHFWO\ DIWHU D ്ኼ�YDOYH
RSHQLQJ DQG WKH VPDOOHU GLVFKDUJH YROXPH DFFRXQWV IRU WKH VKRUWHQHG F\FOH WLPH GXH
WR WKH LQWHUYHQLQJ ്ኼ�YDOYH RSHQLQJ ZKLFK ULVHV WKH HOHFWURO\WH OHYHO LQ WKH R[\JHQ WDQN
DQG ORZHUV WKH SUHVVXUH DW WKH PRPHQW RI YDOYH RSHQLQJ� 7KH FRUUHFWHG PRGHO RQ WKH
K\GURJHQ VLGH� WKH DGGLWLRQDO SUHVVXUH GURS DFFRXQWV IRU D SK\VLFDO� DGGLWLRQDO SUHVVXUH
GURS RYHU WKH FDSLOODU\ WXEH� 7KH SUHVVXUH GURS UHVXOWV LQ D VPDOOHU GLVFKDUJH YROXPH� � ��

��� &\FOH WLPH YHUVXV FXUUHQW GHQVLW\ RI WKH R[\JHQ SXUJH YDOYH� 7KH YDOXHV IRXQG ZLWK WKH
H[SHULPHQWV �UHG� DQG WKH YDOXHV REWDLQHG IRUP WKH FDSLOODU\ WXEH PRGHO DW FRUUHVSRQG�
LQJ RSHUDWLQJ FRQGLWLRQV �EOXH�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 5HODWLYH YDOYH RSHQLQJ GXW\ YHUVXV FXUUHQW GHQVLW\ RI WKH R[\JHQ SXUJH YDOYH� 7KH YDOXHV
IRXQG ZLWK WKH H[SHULPHQWV �UHG� DQG WKH YDOXHV REWDLQHG IRUP WKH FDSLOODU\ WXEH PRGHO
DW FRUUHVSRQGLQJ RSHUDWLQJ FRQGLWLRQV �EOXH�� � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 2[\JHQ SXUJH YDOYH RSHQLQJ WLPH RI WKH R[\JHQ SXUJH YDOYH YHUVXV FXUUHQW GHQVLW\� 7KH
YDOXHV IRXQG ZLWK WKH H[SHULPHQWV �UHG� DQG WKH YDOXHV REWDLQHG IRUP WKH FDSLOODU\ WXEH
PRGHO DW FRUUHVSRQGLQJ RSHUDWLQJ FRQGLWLRQV �EOXH�� � � � � � � � � � � � � � � � � � � � � ��

��� 2SHQLQJ WLPHV RI WKH R[\JHQ SXUJH YDOYH YHUVXV FXUUHQW GHQVLW\� 7KH YDOXHV IRXQG ZLWK
WKH H[SHULPHQWV �UHG� DQG WKH YDOXHV REWDLQHG IRUP WKH FDSLOODU\ WXEH PRGHO DW FRUUH�
VSRQGLQJ RSHUDWLQJ FRQGLWLRQV �EOXH� DQG WKH FRUUHFWHG PRGHO �PDJHQWD�� � � � � � � � � ��

��� &\FOH WLPH RI WKH R[\JHQ SXUJH YDOYH YHUVXV FXUUHQW GHQVLW\� 7KH YDOXHV IRXQG ZLWK WKH
H[SHULPHQWV �UHG� DQG WKH YDOXHV REWDLQHG IRUP WKH FDSLOODU\ WXEH PRGHO DW FRUUHVSRQG�
LQJ RSHUDWLQJ FRQGLWLRQV �EOXH� DQG WKH FRUUHFWHG PRGHO �PDJHQWD�� � � � � � � � � � � � � ��

��� 5HODWLYH YDOYH RSHQLQJ GXW\ RI WKH R[\JHQ SXUJH YDOYH YHUVXV FXUUHQW GHQVLW\� 7KH YDOXHV
IRXQG ZLWK WKH H[SHULPHQWV �UHG� DQG WKH YDOXHV REWDLQHG IRUP WKH FDSLOODU\ WXEH PRGHO
DW FRUUHVSRQGLQJ RSHUDWLQJ FRQGLWLRQV �EOXH� DQG WKH FRUUHFWHG PRGHO �PDJHQWD�� � � � � ��

��� &\FOH WLPH RI WKH K\GURJHQ SXUJH YDOYH YHUVXV FXUUHQW GHQVLW\� 7KH YDOXHV IRXQG ZLWK
WKH H[SHULPHQWV �UHG� DQG WKH YDOXHV REWDLQHG IRUP WKH FDSLOODU\ WXEH PRGHO DW FRUUH�
VSRQGLQJ RSHUDWLQJ FRQGLWLRQV �EOXH�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 5HODWLYH YDOYH RSHQLQJ GXW\ RI WKH K\GURJHQ SXUJH YDOYH YHUVXV FXUUHQW GHQVLW\� 7KH
YDOXHV IRXQG ZLWK WKH H[SHULPHQWV �UHG� DQG WKH YDOXHV REWDLQHG IRUP WKH FDSLOODU\ WXEH
PRGHO DW FRUUHVSRQGLQJ RSHUDWLQJ FRQGLWLRQV �EOXH�� � � � � � � � � � � � � � � � � � � � � ��

���� &\FOH WLPH RI WKH K\GURJHQ SXUJH YDOYH YHUVXV FXUUHQW GHQVLW\� 7KH YDOXHV IRXQG ZLWK
WKH H[SHULPHQWV �UHG� DQG WKH YDOXHV REWDLQHG IRUP WKH FDSLOODU\ WXEH PRGHO DW FRUUH�
VSRQGLQJ RSHUDWLQJ FRQGLWLRQV �EOXH� DQG WKH FRUUHFWHG PRGHO �PDJHQWD�� � � � � � � � � ��

���� 5HODWLYH YDOYH RSHQLQJ GXW\ RI WKH K\GURJHQ SXUJH YDOYH YHUVXV FXUUHQW GHQVLW\� 7KH
YDOXHV IRXQG ZLWK WKH H[SHULPHQWV �UHG� DQG WKH YDOXHV REWDLQHG IRUP WKH FDSLOODU\ WXEH
PRGHO DW FRUUHVSRQGLQJ RSHUDWLQJ FRQGLWLRQV �EOXH� DQG WKH FRUUHFWHG PRGHO �PDJHQWD�� ��

���� 7KH �� � DQG ��� � 592' OLQH EDVHG RQ WKH FRUUHFWHG PRGHO IRU WKH K\GURJHQ SXUJH
YDOYH F\FOH WLPH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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���� ,PDJHV PDGH E\ WKH FDPHUD WR GHWHFW IORZ VWDJQDWLRQ� 'LVWLQFWLRQ EHWZHHQ WKH JDV
SKDVH DQG WKH OLTXLG HOHFWURO\WH LV PDGH E\ WKH FRORXUV� D UHODWLYHO\ OLJKW FRORXU FRUUH�
VSRQGV WR JDV EXEEOH DQG WKH UHODWLYHO\ GDUN FRORXU WR WKH OLTXLG HOHFWURO\WH� 7KH ്ኼ DQG
ൔኼ KHDGHU FKDQQHOV DUH LQGLFDWHG E\ WKH UHG DQG EOXHV FHQWUH OLQHV UHVSHFWLYHO\� � � � � ��

���� 7HPSHUDWXUH UHDGLQJ RI WKH VHQVRU SODFHG RQ WRS RI WKH VWDFN DW WKH R[\JHQ RXWOHW DQG
WKH R[\JHQ EXIIHU WDQN� WRJHWKHU ZLWK D VFDOHG VHQVRU UHDGLQJ RI WKH PLGGOH R[\JHQ OHYHO
VHQVRU ZKLFK FRQWUROV WKH R[\JHQ SXUJH YDOYH RSHQLQJV� WKH SHDN YDOXH FRUUHVSRQGV WR
D OHYHO VHQVRU GURXJKW DQG VXEVHTXHQW R[\JHQ YDOYH RSHQLQJ� � � � � � � � � � � � � � � ��

���� )ORZ VWDJQDWLRQ OLPLWDWLRQV RI WKH RSHUDWLRQDO HQYHORSH IRU GLIIHUHQW VWHDG\ VWDWH WHPSHU�
DWXUHV� $W ��EDU DQG �� �&� IORZ VWDJQDWLRQ OLPLWV IURP DSSUR[LPDWHO\ EHORZ ��P$FPዅኼ� ��

���� /RFDWLRQV RI WKH HLJKW GLIIHUHQW WHPSHUDWXUH VHQVRUV LQ WKH V\VWHP� � � � � � � � � � � � � ��
���� 7\SLFDO WHPSHUDWXUH VHQVRU UHDGLQJ DW VWHDG\ VWDWH� 7KLV PHDVXUHPHQW LV WDNHQ DW

��P$FPዅኼ DQG ��EDU� ZLWKRXW RSHUDWLRQ RI WKH IDQV� � � � � � � � � � � � � � � � � � � � ��
���� 7HPSHUDWXUH UHVSRQVH WR FURVV IORZ IDQ RSHUDWLRQ RI WKH IRXU KLJKHVW PHDVXUHG WHPSHU�

DWXUHV� 7KH 3:0�VLJQDO WR WKH FURVV IORZ IDQV FRUUHVSRQGV WR WKH OLJKW EOXH OLQH DQG
LWV YDOXHV FDQ EH UHDG RQ WKH ULJKW \�D[LV� 2SHUDWLQJ FRQGLWLRQV� ���P$FPዅኼ� ��EDU�
FRQWURO WHPSHUDWXUH �� �&� $ GHFUHDVH RI WHPSHUDWXUH SURSRUWLRQDO WR WKH IDQ SRZHU FDQ
EH VHHQ� )XUWKHUPRUH� DQ LQFUHDVH RI WHPSHUDWXUH GLIIHUHQFHV EHIRUH �൙ኺ 	 ൙ኼ� DQG DIWHU
WKH KHDW H[FKDQJHUV �൙ኻ 	 ൙ኽ� SURSRUWLRQDO WR WKH IDQ SRZHU LV YLVLEOH� � � � � � � � � � � ��

���� 6WHDG\ VWDWH WHPSHUDWXUH HVWLPDWLRQ E\ PDNLQJ XVH RI D WUDQVLHQW WHPSHUDWXUH SURILOH
DW FRQVWDQW FXUUHQW GHQVLW\ DQG SUHVVXUH� 7KH SORWV H[HPSOLILHV WKH UHODWLYHO\ ODUJH
WLPHVFDOH DW ZKLFK VWHDG\ VWDWH LV UHDFKHG DQG LW VKRZV DQ HVWLPDWLRQ RI WKH VWHDG\
VWDWH WHPSHUDWXUH LI WUDQVLHQW GDWD LV SURYLGHG RQO\� &XUYH ILW ZDV GRQH XVLQJ D QRQ
OLQHDU UHJUHVVLRQ PRGHO LQ 0DWKZRUNV¶ 0DWODE� ൙�൲�  ൠ � ൡ ॲ ൤൰൥ൢ��൲ ࢿ ൢ��ൣ�� ZLWK
ൠ  ������ ൡ  ������ ൢ �������ࢿ  ൣ  ������� ൗኼ  ������ ൓  ����� ൗ൒൘ൊ  ������ � ��

���� �� �& 7HPSHUDWXUH OLPLW IRXQG DW DSSUR[LPDWHO\ ���P$FPዅኼ ZLWKRXW FRROLQJ IURP FURVV
IORZ IDQV� &RQWURO SUHVVXUH���EDU� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� �� �& 7HPSHUDWXUH OLPLW IRXQG DW DSSUR[LPDWHO\ ���P$FPዅኼ ZLWK FURVV IORZ IDQV RSHU�
DWLQJ DW PD[LPXP SRZHU� &RQWURO SUHVVXUH���EDU� � � � � � � � � � � � � � � � � � � � � ��

���� ([SHULPHQWDOO\ IRXQG VWHDG\ VWDWH WHPSHUDWXUHV DW GLIIHUHQW FXUUHQW GHQVLWLHV� RSHUDWLQJ
SUHVVXUH� ��EDU� 6\VWHP ZLWKRXW FURVV IORZ IDQV� WKH �� �& WHPSHUDWXUH OLPLWDWLRQ LV
IRXQG WR EH DW DSSUR[LPDWHO\ ���P$FPዅኼ � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� ([SHULPHQWDOO\ IRXQG VWHDG\ VWDWH WHPSHUDWXUHV DW GLIIHUHQW FXUUHQW GHQVLWLHV� RSHUDWLQJ
SUHVVXUH� ��EDU� 6\VWHP ZLWK FURVV IORZ IDQV RSHUDWLQJ DW ���� SRZHU� WKH �� �&
WHPSHUDWXUH OLPLWDWLRQ LV IRXQG WR EH DW DSSUR[LPDWHO\ ���P$FPዅኼ � � � � � � � � � � � ��

���� 7HPSHUDWXUH FRQWURO PDS LQ ZKLFK WKH UHDFKDEOH WHPSHUDWXUHV DW HYHU\ FXUUHQW GHQVLW\
DUH VKDGHG LQ JUHHQ DW ��EDU� 7KH OLQHV LQGLFDWHG ZLWK ൙፦ፚ፱ DQG ൙፦።፧ UHSUHVHQW WKH
VWHDG\ VWDWH WHPSHUDWXUH UHVSRQVH ZLWK �� DQG ���� FURVV IORZ IDQ SRZHU UHVSHFWLYHO\
DQG DUH EDVHG RQ H[SHULPHQWDO GDWD ZKLFK FDQ EH VHHQ LQ )LJXUH ���� DQG )LJXUH ����� ��

���� 6WHDG\ VWDWH WHPSHUDWXUHV DW GLIIHUHQW RSHUDWLQJ SUHVVXUHV� DW ��P$FPዅኼ� %DVHG RQ
WKH UHVXOWV RI WKLV H[SHULPHQW� QR JHQHUDO FRQFOXVLRQ FDQ EH GUDZQ UHJDUGLQJ WKH SRVVLEOH
SUHVVXUH GHSHQGHQF\ RI WKH WHPSHUDWXUH FRQWURO� $W KLJKHU FXUUHQW GHQVLWLHV� RYHUYROW�
DJH DQG DFFRPSDQ\LQJ KHDW JHQHUDWLRQ GXH WR EXEEOH UHVLVWDQFH SOD\V DPRUH VLJQLILFDQW
UROH DQG WHPSHUDWXUH FRQWURO LV SRVVLEO\ SUHVVXUH GHSHQGHQW� � � � � � � � � � � � � � � � ��

���� (OHFWURO\WH PDVV IORZ UDWHV GHWHUPLQHG DV D IXQFWLRQ RI YROWDJH� FXUUHQW DQG WHPSHUDWXUH
GLIIHUHQFH EHWZHHQ WKH LQOHW DQG RXWOHW RI WKH VWDFN RQ WKH K\GURJHQ VLGH� (TXDWLRQ ����
([SHULPHQWV ZLWKRXW FURVV IORZ IDQ RSHUDWLRQ� ���P$FPዅኼ ZDV WHPSHUDWXUH OLPLWHG� � ��

���� (OHFWURO\WH PDVV IORZ UDWHV GHWHUPLQHG DV D IXQFWLRQ RI YROWDJH� FXUUHQW DQG WHPSHUDWXUH
GLIIHUHQFH EHWZHHQ WKH LQOHW DQG RXWOHW RI WKH VWDFN RQ WKH K\GURJHQ VLGH� (TXDWLRQ ����
([SHULPHQWV ZLWK FURVV IORZ IDQ RSHUDWLRQ DW ����� ���P$FPዅኼ ZDV WHPSHUDWXUH OLPLWHG� ��

���� ്ኼ�&URVVRYHU RI WKH QHZ$(& V\VWHP DW GLIIHUHQW FXUUHQW GHQVLWLHV IRU GLIIHUHQW SUHVVXUHV�
9DOXHV DUH DYHUDJHG RYHU PXOWLSOH VDPSOHV� � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� ്ኼ�&URVVRYHU DW GLIIHUHQW SUHVVXUHV DW D FXUUHQW GHQVLW\ RI ��P$FPዅኼ � � � � � � � � � ��
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���� +\GURJHQ FURVVRYHU H[SUHVVHG DV DQ DEVROXWH PRODU IOX[ SHU VTXDUH PHWHU YHUVXV FXU�
UHQW GHQVLW\ DW GLIIHUHQW SUHVVXUHV� &RQYHUVLRQ RI WKH YROXPH SHUFHQWDJH� DV GHSLFWHG
LQ )LJXUH ���� DUH FRQYHUWHG WR PRODU IORZV XVLQJ (TXDWLRQ ���� WDNHQ IURP WKH ZRUN RI
7ULQNH HW DO� >��@� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� +\GURJHQ FURVVRYHU DW GLIIHUHQW FXUUHQW GHQVLWLHV DQG SUHVVXUHV�FRPSDULVRQ EHWZHHQ
WKH FXUUHQW V\VWHP �EODFN� DQG =()¶V SUHYLRXV VHWXS �UHG�� YDOXHV EDVHG RQ WKH ZRUN RI
0XOGHU >��@� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� +\GURJHQ FURVVRYHU FKDUDFWHULVWLF FRPSDUHG WR �EDU DQG ��EDU DONDOLQH HOHFWURO\VLV
V\VWHPV IRXQG LQ OLWHUDWXUH� %UDXQV HW DO�>��@� 7ULQNH HW DO>��@ DQG +DXJ HW DO�>��@ � � � � ��

���� +\GURJHQ FURVVRYHU GXULQJ D VWDUW�XS H[SHULPHQW� RYHUQLJKW SUHVVXUH� ���EDU� 7KH
VWDFN ZDV WXUQHG RQ DW D FXUUHQW GHQVLW\ RI ��P$FPዅኼ� 7KH SHDN H[FHHGV WKH ��� /(/� ��

���� +\GURJHQ FURVVRYHU GXULQJ D VWDUW�XS H[SHULPHQW� RYHUQLJKW SUHVVXUH� ��EDU� 7KH VWDFN
ZDV WXUQHG RQ DW D FXUUHQW GHQVLW\ RI ��P$FPዅኼ� $OO YDOXHV DUH EHORZ WKH ��� /(/ � ��

���� (IIHFW RI WLPH RQ RYHUQLJKW FURVVRYHUV� &RPSDULVRQ RI REVHUYHG FURVVRYHUV GXULQJ VWDUW�
XS EHWZHHQ WZR H[SHULPHQWV ����EDU DQG ��EDU RYHUQLJKW SUHVVXUH� ZLWK D SHULRG RI
��KZLWKRXW SURGXFWLRQ DQG DQ D SHULRG RI ��KZLWKRXW SURGXFWLRQ �DW RYHUQLJKW SUHVVXUH
RI �EDU� 6WDUW�XS FXUUHQW GHQVLWLHV DUH ��P$FPዅኼ � � � � � � � � � � � � � � � � � � � � ��

���� 6WHDG\ VWDWH ൔኼ FURVVRYHU YHUVXV FXUUHQW GHQVLW\ IRU GLIIHUHQW SUHVVXUHV� � � � � � � � � � ��
���� $ W\SLFDO ൔኼ�FURVVRYHU VHQVRU UHDGLQJ �EODFN� DQG D VFDOHG YHUVLRQ RI WKH PLGGOH OHYHO

VHQVRU UHDGLQJ WKURXJKRXW WLPH �UHG�� 7KH ൔኼ�FURVVRYHU VHQVRU UHDGLQJ GURSV ULJKW DIWHU
DQ R[\JHQ SXUJH� ZKLFK FRUUHVSRQGV WR D VSLNH LQ WKH UHG FXUYH� 7KH VKDUS ULVH RI WKH
ൔኼ�FURVVRYHU VHQVRU UHDGLQJ LQGLFDWHV D OHDNLQJ VHQVRU KRXVLQJ� � � � � � � � � � � � � � ��

���� ([SHULPHQWDOO\ IRXQG IDUDGDLF DQG WKHUPDO HIILFLHQFLHV YHUVXV FXUUHQW GHQVLW\ DW �� �&
�EOXH� DQG �� �& �UHG� DW ��EDU� 7KH �� �& OLQH LV OLPLWHG DW KLJK FXUUHQW GHQVLWLHV E\ WKH
OLPLWHG WHPSHUDWXUH FRQWURO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� $YHUDJHG FHOO SRWHQWLDO YHUVXV FXUUHQW GHQVLW\ DW �� �& �EOXH� DQG �� �& �UHG� DW ��EDU�
7KH �� �& OLQH LV OLPLWHG DW KLJK FXUUHQW GHQVLWLHV E\ WKH WHPSHUDWXUH� � � � � � � � � � � � ��

���� 'HJDVVHU RYHUIORZ SUHVVXUH H[SHULPHQW� 7KH ZDWHU OHYHO RI RYHUIORZ WDQN DQG WKH ZDWHU
OHYHO RI WKH GHJDVVHU DUH LQGLFDWHG ZLWK WKH UHG PDUNHUV� 7KH SUHVVXUH LV JUDGXDOO\
LQFUHDVH XQWLO WKH RYHUIORZ OHYHO LV LQFUHDVHG DIWHU DQ R[\JHQ SXUJH YDOYH RSHQLQJ � � � ��

���� 3RZHU FRQVXPSWLRQ H[SUHVVHG LQ NLOR ZDWW KRXU SHU QRUPDO FXELF PHWHU� WKH OHIWPRVW EDU
UHSUHVHQWV WKH SRZHU FRQVXPSWLRQ RI =()¶V HOHFWURO\VLV V\VWHP DW DW FXUUHQW GHQVLW\ RI
���P$FPዅኼ� 7KH RWKHU EDUV UHSUHVHQW WKH SRZHU FRQVXPSWLRQ RI DONDOLQH HOHFWURO\VHUV
LQ LQGXVWU\� YDOXHV REWDLQHG IURP UHIHUHQFHV LQ RUGHU RI DSSHDUDQFH� >��� ��� ��� ��� ���
��� ��� ��@ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� &RUURGHG SUHVVXUH ERRVWHU� SLFWXUH WDNHQ IURP WKH KLJK SUHVVXUH VLGH� $OXPLQLXP K\�
GUR[LGH FDQ EH VHHQ LQ WKH KLJK SUHVVXUH OLQH LWVHOI� LQGLFDWHG E\ WKH XSSHU UHG DUURZV
DQG RQ WKH FRXSOLQJ WR ZKLFK LW LV DWWDFKHG� LQGLFDWHG E\ WKH ORZHU UHG DUURZ� � � � � � � � ��

���� $ VDPSOH WDNHQ IURP WKH OLTXLG RQ WKH KLJK SUHVVXUH VLGH� 7KH ZKLWH�JUH\ FRORXU RULJ�
LQDWHV IURP WKH IRUPHG DOXPLQLXP K\GUR[LGH � െ൪�ൔ്�ኽ� DQ LQWHUPHGLDWH SURGXFW RI WKH
FRUURVLRQ RI DOXPLQLXP LQ DONDOLQH PHGLD� S+ ���� � � � � � � � � � � � � � � � � � � � � � � ��

���� 6FKHPDWLF UHSUHVHQWDWLRQ RI WZR GLIIHUHQW ZDWHU UHSOHQLVKPHQW URXWLQJV� 7KH RULJLQDO
GHVLJQ �OHIW� DQG WKH DGDSWHG GHVLJQ �ULJKW�� � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 6WUDWLILFDWLRQ RI ZDWHU RQ WRS RI WKH UHODWLYHO\ PRUH GHQVH HOHFWURO\WH� ,Q WKLV FRQILJXUDWLRQ�
ZDWHU LV UHSOHQLVKHG LQ WKH K\GURJHQ JDV SKDVH WR DYRLG SUHVVXUH ERRVWHU FRUURVLRQ� ,W
GHPRQVWUDWHV WKDW D GHQVLW\ GLIIHUHQFH EHWZHHQ SXUH ZDWHU DQG HOHFWURO\WH UHVXOWV LQ
GLIIHUHQW OHYHOV RQ WKH K\GURJHQ DQG R[\JHQ VLGH� � � � � � � � � � � � � � � � � � � � � � � ��

���� 'LIIHUHQFH RI ZHLJKW SHUFHQWDJH RI WKH HOHFWURO\WH EHWZHHQ WKH K\GURJHQ DQG R[\JHQ
VLGH DV D IXQFWLRQ RI WKH KHLJKW GLIIHUHQFH� $ FRQFHQWUDWLRQ GLIIHUHQFH EHWZHHQ WKH WZR
VLGHV FDQ EH GHWHUPLQHG LQGLUHFWO\ E\ PHDVXULQJ WKH OLTXLG OHYHO GLIIHUHQFH� 7KH ZHLJKW
SHUFHQWDJH GLIIHUHQFH LV GHILQHG DV ́൵൲�൐ൔ്  ൵൲�൐ൔ്ፇᎴ ࢿ ൵൲�൐ൔ്ፎᎴ DQG WKH
OLTXLG OHYHO GLIIHUHQFH LV GHILQHG DV ́߶  ߶ፎᎴ ࢿ ߶ፇᎴ � � � � � � � � � � � � � � � � � � � � � ��

���� ,PDJH RI WKH EXUVW GHJDVVHU� WKH FUDFN LV ORFDWHG DQ DSSUR[LPDWH � FP IURP WKH GHJDVVHU
ERWWRP� FORVH WR WKH DLU VWRQH WKRURXJK ZKLFK WKH R[\JHQ� DQG HOHFWURO\WH PLVW� HQWHUV
WKH GHJDVVHU� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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���� $ FORVH�XS RI WKH ERWWRP SDUW RI WKH FUDFNHG GHJDVVHU GHSLFWHG LQ )LJXUH ����� VHYHUDO
VPDOO FUDFNV DQG GDPDJH DUH YLVLEOH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH FDOFXODWLRQV VWHSV WR GHWHUPLQH WKH DYHUDJH HOHFWURO\WH
YROXPH WKDW HQWHUV WKH GHJDVVHU GXULQJ R[\JHQ SXUJHV� � � � � � � � � � � � � � � � � � � ��

���� ([DPSOH RI DQ LQGXVWULDO DHURVRO ILOWHU� &OHDQDEOH +LJK (IILFLHQF\ $HURVRO )LOWUDWLRQ 6\V�
WHP �&+($)�� PDGH E\ 9HUDQWLV >��@ DQG XVHG LQ DPPRQLXP QLWUDWH SURGXFWLRQ� � � � � ��

��� 7KH H[SHULPHQWDOO\ GHWHUPLQHG RSHUDWLRQDO HQYHORSH DW �� �&� 7KH WKUHH OLPLWDWLRQV
HPHUJH IURP WKUHH GLIIHUHQW SKHQRPHQD� ��� 5HODWLYH YDOYH RSHQLQJ GXW\ DV D FRQVH�
TXHQFH RI SXUJLQJ WKURXJK FDSLOODU\ WXEHV� ��� )ORZ VWDJQDWLRQ DV D FRQVHTXHQFH RI D
EXR\DQF\ GULYHQ HOHFWURO\WH FLUFXODWLRQ� ��� 7HPSHUDWXUH FRQWURO DV FRQVHTXHQFH RI WKH
OLPLWHG FRROLQJ FDSDFLW\ RI WKH ILQQHG WXEH KHDW H[FKDQJHU� &URVVRYHUV DUH IRXQG WR EH
QRW OLPLWLQJ IRU DOO RSHUDWLQJ SRLQWV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

$�� ,QIOXHQFH RI RSHUDWLQJ WHPSHUDWXUH RQ ്ኼ�FURVVRYHU DW GLIIHUHQW FXUUHQW GHQVLWLHV� IXQGD�
PHQWDO GLIIHUHQFH EHWZHHQ PL[HG DQG VHSDUDWHG F\FOHV ,PDJH WDNHQ IURP WKH ZRUN RI
+DXJ HW DO� >��@ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

$�� 5HVXOW IURP FURVVRYHU PHDVXUHPHQWV DW D FRQVWDQW SUHVVXUH RI ��EDU� DW ���P$FPዅኼ

DQG ���P$FPዅኼ GLIIHUHQW VWHDG\ VWDWH WHPSHUDWXUHV ZHUH DFKLHYHG E\ IDQ RSHUDWLRQ
DW �� �� �� �� DQG �� � SRZHU� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

$�� 3UHVVXUH GLIIHUHQFHV GXULQJ D YDOYH RSHQLQJ� 7KH SUHVVXUH GLIIHUHQFH LV FDOFXODWHG DV
ൕፇᎴ ࢿ ൕፎᎴ DQG H[SUHVVHG LQ EDU� $ FOHDU RVFLOODWLRQ LV YLVLEOH LQ $��E� LQ FRQWUDVW WR $��D
LQ ZKLFK VLJQDO DQG QRLVH DUH QRW GLVWLQJXLVKDEOH� � � � � � � � � � � � � � � � � � � � � � � ��

$�� 3UHVVXUH GLIIHUHQFH UHIHUHQFH PHDVXUHPHQWV XQGHU DPELHQW FRQGLWLRQV� 7KH SUHVVXUH
GLIIHUHQFH LV FDOFXODWHG DV ൕፇᎴ ൕፎᎴࢿ DQG H[SUHVVHG LQ EDU� &RPSDULVRQ RI WKH WZR \�D[HV
RI WKH OHIW DQG ULJKW ILJXUHV XQGHUOLQHV WKH LQFUHDVH RI VHQVRU QRLVH� � � � � � � � � � � � � ��

$�� 3RZHU VSHFWUDO GHQVLWLHV RI WKH IDVW )RXULHU WUDQVIRUPHG VHQVRU VLJQDOV SORWWHG LQ )LJ�
XUH $��� FRUUHVSRQGLQJ WR WKH UHIHUHQFH PHDVXUHPHQWV XQGHU DPELHQW FRQGLWLRQV� &RP�
SDULVRQ RI WKH WZR \�D[HV RI WKH OHIW DQG ULJKW ILJXUHV XQGHUOLQHV WKH LQFUHDVH RI VHQVRU
QRLVH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

$�� ,PDJH WDNHQ GXULQJ DQ REVHUYDWLRQ RI WKH FXUUHQW GLIIHUHQFH EHWZHHQ WKH SRZHU VXSSOLHV ��
$�� 6FKHPDWLF GHSLFWLRQ RI WKHPLGSODWH�VWDFN� KHUH ZLWK RQO\ IRXU FHOOV� 3RVVLEO\� WKH VLOLFRQH

SOXJ GHSLFWHG LQ SXUSOH EORFNV WKH HOHFWURO\WH FLUFXODWLRQ LQ WKH ILUVW KDOI FHOO� LQWURGXFLQJ
DQ DGGLWLRQDO UHVLVWDQFH WR RQH KDOI�VWDFN GXH WR WKH KLJK YRLG IUDFWLRQ LQ WKH ILUVW KDOI FHOO� ��

%�� 6FKHPDWLF GHSLFWLRQ RI WKH KHDW IOX[HV ZLWK IRUFHG FRQYHFWLRQ IDFLOLWDWHG E\ WKH FURVV�IORZ
IDQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

%�� 6FKHPDWLF GHSLFWLRQ RI WKH PDVV WUDQVIHU DQG EXEEOH IORZ GLUHFWLRQ LQ WKH GHJDVVHU� 7KH
LPDJH LV VFDOHG WR LOOXVWUDWH WKH UHOHYDQW SKHQRPHQD LQ WKH GHJDVVHU� � � � � � � � � � � � ��

%�� 'HJDVVHU DVVHPEO\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
%�� 3LFWXUH RI WKH ILQDOO\ REWDLQHG GHJDVVHU� GHSLFWHG LQ WKH WHVW IDFLOLW\ � � � � � � � � � � � � ��
%�� 1RUPDO %DVHG 2SHUDWLRQ FRQFHSW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
%�� 5HODWLYH 9DOYH 2SHQLQJ 'XW\ �592'� DQG DEVROXWH YDOYH RSHQLQJ WLPH DV IXQFWLRQ RI

FXUUHQW GHQVLW\� DW GLIIHUHQW SUHVVXUHV IRU D VSHFLILHG FDSLOODU\ WXEH� K\GURJHQ VLGH � � � ��
%�� 5HODWLYH 9DOYH 2SHQLQJ 'XW\ �592'� DQG DEVROXWH YDOYH RSHQLQJ WLPH DV IXQFWLRQ RI

FXUUHQW GHQVLW\� DW GLIIHUHQW SUHVVXUHV IRU D VSHFLILHG FDSLOODU\ WXEH� R[\JHQ VLGH � � � � � ��

&�� 3LSLQJ 	 ,QVWUXPHQWDWLRQ 'LDJUDP �3	,'� RI WKH $(& EUDQFK � � � � � � � � � � � � � � � ���
&�� &URVV VHFWLRQ RI =()¶V HOHFWURO\VLV VWDFN ,PDJH REWDLQHG YLD )XVLRQ ��� � � � � � � � � � ���
&�� =()¶V HOHFWURO\VHU VWDFN ZLWK DX[LOLDU\ HTXLSPHQW � � � � � � � � � � � � � � � � � � � � � � ���
&�� ,QGLYLGXDO FHOO DV DSSOLHG LQ =()¶V HOHFWURO\VLV V\VWHP ,PDJH REWDLQHG YLD )XVLRQ ��� � � ���
&�� 6WDWH �� %RWK YDOYHV FORVHG ,PDJH WDNH IURP WKH WKHVLV RI ,OLDV 'DQLLO >��@ � � � � � � � � ���
&�� 6WDWH �� 2[\JHQ SXUJH YDOYH RSHQ ,PDJH WDNH IURP WKH WKHVLV RI ,OLDV 'DQLLO >��@ � � � � ���
&�� 6WDWH �� +\GURJHQ SXUJH YDOYH RSHQ ,PDJH WDNH IURP WKH WKHVLV RI ,OLDV 'DQLLO >��@ � � � ���
&�� 3	,' RI WKH QHZ $(& EUDQFK � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
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&�� 6LPSOLILHG VFKHPDWLF HOHFWULFDO UHSUHVHQWDWLRQ RI =()¶V SUHYLRXV HOHFWURO\VLV VWDFN� RQO\
IRXU FHOOV GHSLFWHG WR NHHS WKH ILJXUH FOHDU DQG FRQFLVH ,PDJH LQFOXGHG IRU TXDOLWDWLYH
GHPRQVWUDWLRQ SXUSRVHV RQO\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

&��� (OHFWULFDO HTXLYDOHQW RI WKH QHZ VWDFN ,PDJH LQFOXGHG IRU TXDOLWDWLYH GHPRQVWUDWLRQ SXU�
SRVHV RQO\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

&��� 1HZ VWDFN ZLWK PLGSODWH ,PDJH DFTXLUHG YLD )XVLRQ ��� � � � � � � � � � � � � � � � � � � ���
&��� 7KH QHZ VWDFN� SLFWXUH WDNHQ GXULQJ D OHDN WHVW � � � � � � � � � � � � � � � � � � � � � � � ���
&��� )LQLWH HOHPHQW PHWKRG UHVXOWV� XVHG LQ EXIIHU WDQN GHVLJQ� 7DQNV DUH GLVSOD\HG DW H[DFWO\

KDOI WKH DFWXDO OHQJWK� ORDG V\PPHWU\ ZDV XVHG WR LPSRVH WKH FRUUHFW ORDG FRQVWUDLQWV�
6WUHVVHV DUH H[SUHVVHG DV D VDIHW\ IDFWRU� D UDWLR RI WKH FDOFXODWHG VWUHVV DQG WKH \LHOG
VWUHVV DW �� �&� 6LPXODWLRQ ZDV SHUIRUPHG XVLQJ )XVLRQ ��� � � � � � � � � � � � � � � � ���

&��� 6FKHPDWLF UHSUHVHQWDWLRQ RI DQ HOHFWURO\WH ILOP DWWDFKHG WR WKH VXUIDFH RI WKH FRQGXFWLYH
OHYHO VHQVRU� WKH LQVXODWLRQ DQG WKH JURXQGHG WDQN ZDOO� ,W IDFLOLWDWHV DQ HOHFWULFDO FXUUHQW
ZKLFK OHDG WR WKH VHQVRU QRLVH H[SHULHQFHG ZLWK OHYHO VHQVRUV SODFHG KRUL]RQWDOO\ LQ WKH
SUHYLRXV HOHFWURO\VLV V\VWHP >��� ��@ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

&���1HZ EXIIHU WDQN GHVLJQ� ZHOGHG� ZLWK WKUHH OHYHO VHQVRUV� K\GURJHQ VLGH ,PDJH DFTXLUHG
YLD )XVLRQ ��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

&��� ,PDJH RI WKH UHDOLVHG EXIIHU WDQN� ZHOGHG� ZLWK WKUHH OHYHO VHQVRUV� K\GURJHQ VLGH � � � ���
&��� 6LPSOLILHG VFKHPDWLF RI WKH HOHFWURO\WH FLUFXODWLRQ ORRS RQ HLWKHU WKH K\GURJHQ RU WKH

R[\JHQ VLGH RI WKH V\VWHP ZLWK LQGLFDWHG IORZ GLUHFWLRQ � � � � � � � � � � � � � � � � � � � ���
&���1HZ GRZQFRPHU DQG EXIIHU WDQN GHVLJQ� HVVHQWLDO IRU FRQWUROOLQJ JDV VWRUDJH� HOHFWURO\WH

UHFLUFXODWLRQ DQG KHDW WUDQVIHU� ,PDJH DFTXLUHG YLD )XVLRQ ��� � � � � � � � � � � � � � � ���
&��� ,PDJH RI WKH UHDOLVHG GRZQFRPHU DQG EXIIHU WDQNV � � � � � � � � � � � � � � � � � � � � � ���
&��� $ UHQGHU RI WKH ILQDO YHUVLRQ RI WKH SUHVVXUH ERRVWHU� 7KH SUHVVXUH ERRVWHU LV XVHG

WR LQFUHDVH WKH IHHG ZDWHU SUHVVXUH IURP DWPRVSKHULF WR HOHFWURO\VLV SUHVVXUH� ��EDU
,PDJH DFTXLUHG YLD )XVLRQ ��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

&��� 3LFWXUH RI WKH UHDOLVHG ILQDO SUHVVXUH ERRVWHU � � � � � � � � � � � � � � � � � � � � � � � � ���
&��� 6FKHPDWLF GHSLFWLRQ RI WKH PDVV WUDQVIHU DQG EXEEOH IORZ GLUHFWLRQ LQ WKH GHJDVVHU� 7KH

LPDJH LV VFDOHG WR LOOXVWUDWH WKH UHOHYDQW SKHQRPHQD LQ WKH GHJDVVHU� � � � � � � � � � � � ���
&���'HJDVVHU DVVHPEO\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
&��� 3LFWXUH RI WKH ILQDOO\ REWDLQHG GHJDVVHU� GHSLFWHG LQ WKH WHVW IDFLOLW\ � � � � � � � � � � � � ���
&��� 6FKHPDWLF GHSLFWLRQ RI R[\JHQ PRODU IORZV GXULQJ D R[\JHQ YDOYH RSHQLQJ� 0RODU IORZ

GXH WR JDV SURGXFWLRQ DQG FRUUHODWHV ZLWK WKH FXUUHQW GHQVLW\� 0RODU IORZ � LV D IXQFWLRQ
RI RSHUDWLQJ SUHVVXUH DQG FDSLOODU\ WXEH GLPHQVLRQV � � � � � � � � � � � � � � � � � � � � ���

&��� ��� DQG ����5HODWLYH 9DOYH 2SHQLQJ 'XW\ �592'� DV IXQFWLRQ RI SUHVVXUH DQG FXUUHQW
GHQVLW\ IRU D VSHFLILHG FDSLOODU\ WXEH� VHH (TXDWLRQ &��� � � � � � � � � � � � � � � � � � � ���

&���5HODWLYH YDOYH RSHQLQJ GXW\ �592'� DV IXQFWLRQ RI FXUUHQW GHQVLW\� DW GLIIHUHQW SUHVVXUHV
DQG ZLWK D VSHFLILHG FDSLOODU\ WXEH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
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��� )LUVW LQWURGXFWLRQ WR WKH SUREOHPV DW KDQG LQ =()¶V VWDWH RI WKH DUW HOHFWURO\VLV V\VWHP � �
��� 3URSRVHG VROXWLRQV WR WKH SUREOHPV VWDWHG LQ 7DEOH ��� � � � � � � � � � � � � � � � � � � � �

��� =LUIRQ 3HUO 873 ��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 3DUWLFXODU H[SORVLRQ OLPLWV �/(/ 	 8(/� DW GLIIHUHQW WHPSHUDWXUHV DQG SUHVVXUHV >��@� � � ��
��� $ EULHI VXPPDU\ RI WKH HIIHFWV RI GLIIHUHQW LQIOXHQWLDO SDUDPHWHUV RQ FURVVRYHU� ,Q WKH

FROXPQ ODEHOOHG ¶(IIHFW¶� WKH H[SHFWHG HIIHFW RQ FURVVRYHU LV OLVWHG LI DQ LQFUHDVH RI WKH
FRUUHVSRQGLQJ SDUDPHWHU LV FRQVLGHUHG� � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� $ EULHI VXPPDWLRQ RI WKH 592' H[SHULPHQWV RQ WKH R[\JHQ VLGH� 7KH RXWFRPH� D FDXVH
IRU WKH RXWFRPH DQG WKH LPSOLFDWLRQV RI WKH RXWFRPH DUH GLVSOD\HG� 7KH FRUUHFWHG PRGHO
LV PDGH E\ DSSO\LQJ DQ DGGLWLRQDO SUHVVXUH GURS DQG D GHFUHDVH RI WKH GLVFKDUJH YROXPH�
VFDOHG DFFRUGLQJ WR D PLQLPLVHG 506( EHWZHHQ WKH H[SHULPHQWDO DQG PRGHOOHG F\FOH
WLPHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 5HVXOWV RI WKH IORZ VWDJQDWLRQ H[SHULPHQWV� 2SHUDWLQJ FRQGLWLRQV IRU WZR FDVHV DUH GLVWLQ�
JXLVKHG� LQ WKH FDVH D IORZ VWDJQDWLRQ ZDV REVHUYHG DQG LQ FDVHV ZKHUH RSHUDWLQJ FRQ�
GLWLRQV WR FRQGLWLRQV FRUUHVSRQGLQJ WR IORZ VWDJQDWLRQ GLG QRW UHVXOWV LQ IORZ VWDJQDWLRQ�
7KH YDOXHV IRU ; �൝  ፂፃॲፓ

ፏ
� LQ WKH ULJKWPRVW FROXPQ VXJJHVW D FULWLFDO YROXPH IORZ UDWH

DV H[SODLQHG LQ VXEVHFWLRQ ����� DQG LV IRXQG WR EH ILQ WKH UDQJH RI ����$.EDUዅኻ FPዅኼ

WR ����$.EDUዅኻ FPዅኼ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 7DEOH VXPPDULVLQJ WKH PRVW LPSRUWDQW RXWFRPHV DQG OLPLWDWLRQV RI WKH WHPSHUDWXUH FRQ�

WURO H[SHULPHQWV DQG SUHVHQWHG GDWD� 8VHG DEEUHYLDWLRQV� ൈ൉ LV FXUUHQW GHQVLW\� ൙ LV
WHPSHUDWXUH DQG $ VWDQGV IRU DVVXPSWLRQ� � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� ൔኼ�&URVVRYHU YDOXHV RI =()¶V SUHYLRXV HOHFWURO\VLV VHWXS� 9DOXHV REWDLQHG IURP WKH ZRUN
RI 0XOGHU >��@� 1RW DOO YDOXHV DUH DW VWHDG\ VWDWH WHPSHUDWXUH� EHFDXVH WKH SUHYLRXV
V\VWHP GLG QRW KDYH WHPSHUDWXUH FRQWURO� � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� (IILFLHQF\ DQG SRZHU FRQVXPSWLRQ EHQFKPDUNV� =()¶V HOHFWURO\VLV V\VWHP FRPSDUHG WR
VWDWH�RI�WKH�DUW SUHVVXULVHG DONDOLQH HOHFWURO\VLV V\VWHPV� 2QH EHQFKPDUN LV WDNHQ IURP
LQGXVWU\� +\3URYLGH�$�� E\ *UHHQ +\GURJHQ 6\VWHPV>��@� 2QH EHQFKPDUN LV WDNHQ
IURP OLWHUDWXUH� LQ ���� -DQJ HW� SXEOLVKHG DQ HODERUDWH PRGHOOLQJ VWXG\ RI DONDOLQH
HOHFWURO\VLV XQGHU RSHUDWLQJ FRQGLWLRQV FRUUHVSRQGLQJ WR ���P$FPዅኼ WR ���P$FPዅኼ� ��

��� 5HVXOWV RI WKH HOHFWURO\WH GHWHULRUDWLRQ H[SHULPHQWV� 7KH ILUVW WZR FROXPQV FRUUHVSRQG WR
WKH ,QGXFWLYHO\ &RXSOHG 3ODVPD �,&3� DQDO\VLV RI WKH HOHFWURO\WH VDPSOHV DIWHU UHVSHF�
WLYHO\ ��K� ZKHQ WKH HOHFWURO\WH PLVW ZDV VWLOO XQGLVFRYHUHG� DQG ��K GLUHFWO\ DIWHU WKH
DIRUHPHQWLRQHG GLVFRYHU\� 7KH ODVW VDPSOH LV WDNHQ ��� RSHUDWLRQ KRXUV DIWHU WKH HOHF�
WURO\WH KDV EHHQ UHIUHVKHG DQG ZLWKRXW GHJDVVHU RU SUHVVXUH ERRVWHU FRQQHFWHG� RQO\
WKH SRWDVVLXP OHYHO DQG WKH GHQVLW\ DUH GHWHUPLQHG IRU WKLV VDPSOH� � � � � � � � � � � � ��

$�� 5HVXOWV RI WKH FXUUHQW GLIIHUHQFH�VHWWOH WLPH H[SHULPHQWV� 7KH ODFN RI GDWD SRLQWV� WKH
ODUJH DPELJXLW\ RI GHWHUPLQLQJ WKH VHWWOH WLPH DQG WKH VKRUW GXUDWLRQ RI WKH UHVSHFWLYH
H[SHULPHQWV UHVXOW LQ LQFRQFOXVLYH RXWFRPHV� � � � � � � � � � � � � � � � � � � � � � � � � ��

$�� 5HVLGXDO ILQGLQJV FRPSOHPHQWDU\ WR WKH RSHUDWLRQDO HQYHORSH� JHQHUDO FKDUDFWHULVDWLRQ
DQG XQH[SHFWHG ILQGLQJV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

&�� (OHFWURO\VLV VWDFN FRPSRQHQWV DQG WKHLU GLPHQVLRQV � � � � � � � � � � � � � � � � � � � � ���
&�� (OHFWULFDO FRPSRQHQWV RI WKH $(& 6WDFN � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
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���� (QHUJ\ WUDQVLWLRQ
'XULQJ DQG DIWHU WKH ��WK DQG ��WK FHQWXU\� WKH LQGXVWULDO UHYROXWLRQ EURXJKW JUHDW ZHDOWK DQG SURVSHULW\
WR PRGHUQ FLYLOLVDWLRQV� %XW WKH KHULWDJH LV FOHDU� PRGHUQ VRFLHWLHV DUH KLJKO\ GHSHQGHQW RQ IRVVLO IXHOV�
ZKLFK DUH GHHSO\ HQWUHQFKHG LQ FXUUHQW HQHUJ\ V\VWHPV DFURVV WKH ZRUOG >��@� $V FDQ EH VHHQ LQ
)LJXUH ���� WKH JOREDO HQHUJ\ FRQVXPSWLRQ LQ ���� FRQVLVWHG RI ����� IRVVLO IXHOV� 0DNLQJ WKH ZRUOGV
HQHUJ\ VXSSO\ VXVFHSWLEOH WR H[WLQFWLRQ DQG VXEMHFWLQJ KXPDQLW\ WR WKH FRQVHTXHQFHV RI JOREDO ZDUPLQJ
GXH WR JUHHQ KRXVH JDV HPLVVLRQV� *OREDO ZDUPLQJ HIIHFWV DUH DOUHDG\ EHLQJ REVHUYHG� IRU H[DPSOH
ODUJHU IOXFWXDWLRQV LQ UHJLRQDO DQG VHDVRQDO ZHDWKHU RU D KLJKHU IUHTXHQF\ RI H[WUHPH IORRGV RU H[WUHPH
GURXJKW >��@� &RPELQHG ZLWK DQ HYHU LQFUHDVLQJ JOREDO HQHUJ\ GHPDQG >��@� WKH XUJHQF\ RI D SURIRXQG
DQG IXQGDPHQWDO HQHUJ\ WUDQVLWLRQ LV XQGHUOLQHG HYHQ PRUH� 7KH 8QLWHG 1DWLRQV¶ ,QWHUJRYHUQPHQWDO
3DQHO RQ &OLPDWH &KDQJH �,3&&� KDV LGHQWLILHG WKH QH[W �� \HDUV DV WKH FULWLFDO SHULRG WR EHJLQ WR KDOYH
DQG VXEVHTXHQWO\ UHDFK ]HUR FDUERQ SROOXWLRQ WR VWD\ ZLWKLQ ��� �& ZDUPLQJ DQG DYRLG XQDFFHSWDEOH
VHYHUH H[SHQVH DQG ORVV RI KHDOWK DQG OLIH >��@�

)LJXUH ���� *OREDO SULPDU\ HQHUJ\ FRQVXPSWLRQ E\ VRXUFH LQ ���� >��@

������ +\GURJHQ DV IXWXUH HQHUJ\ FDUULHU
$ IXQGDPHQWDO SURSHUW\ RI UHQHZDEOH HQHUJ\ VRXUFHV DV ZLQG PLOOV DQG VRODU SDQHOV LV WKHLU LQWHUPLWWHQW
SRZHU RXWSXW� 7KHUHIRUH� ODUJH VFDOH LPSOHPHQWDWLRQ RI LQWHUPLWWHQW UHQHZDEOH HQHUJ\ VRXUFHV UHTXLUHV
DGGLWLRQDO VWRUDJH RI �HOHFWULFDO� HQHUJ\ WR DFFRPPRGDWH YDU\LQJ HQHUJ\ GHPDQG LQ WLPH >��@� 7R IDFLOL�
WDWH WKH HQHUJ\ VWRUDJH� GLIIHUHQW SURSRVHG VROXWLRQV DUH FXUUHQWO\ LQYHVWLJDWHG� )RU H[DPSOH� K\GURJHQ
LV FRQVLGHUHG D IXWXUH HQHUJ\ FDUULHU EHFDXVH R[LGDWLRQ RI K\GURJHQ UHPRYHV ൈൔኼ HPLVVLRQV IURP WKH
HTXDWLRQ DQG SURGXFLQJ ZDWHU DV �WKH PDLQ� H[KDXVW SURGXFW� )RU WKDW UHDVRQ� K\GURJHQ VKRZV JUHDW
SRWHQWLDO DV D QRQ�SROOXWLQJ HQHUJ\ FDUULHU�
3DUHHN HW DO� GHVFULEH DQRWKHU LPSRUWDQW DVSHFW RI K\GURJHQ DV D FUXFLDO OLQN LQ WKH HQHUJ\ WUDQVLWLRQ

�



� �� ,QWURGXFWLRQ

EHLQJ WKH ODUJH YDULHW\ RI SRVVLEOH K\GURJHQ SURGXFWLRQ WHFKQRORJLHV� ´LW LV FOHDUO\ VHHQ IURP WKH ILJXUH
WKDW K\GURJHQ FDQ EH XWLOL]HG ZLWK UHVSHFW WR QHDU WHUP DQG ORQJ WHUP JRDOV QRW RQO\ IURP K\GUR�ZLQG�
VRODU�JHRWKHUPDO VRXUFHV EXW DOVR IURP ELRPDVV�FRQFHQWUDWHG VRODU SRZHU�PLFURRUJDQLVP�VHPLFRQ�
GXFWRUV´ >��@� 0DNLQJ WKH ODUJH VFDOH LPSOHPHQWDWLRQ RI K\GURJHQ LQWR WKH HQHUJ\ GLVWULEXWLRQ V\VWHP
OHVV GHSHQGHQW RQ LQGLYLGXDO WHFKQRORJLHV DQG WKHUHIRUH ORZHULQJ WKH ULVN RI LQYHVWPHQWV >��@�
+RZHYHU� ODUJH VFDOH LPSOHPHQWDWLRQ RI K\GURJHQ LQIUDVWUXFWXUH LQ FRPELQDWLRQ ZLWK UHQHZDEOH HQHUJ\
VRXUFHV UHPDLQV FKDOOHQJLQJ� DV K\GURJHQ KDV LPSUDFWLFDO SK\VLFDO SURSHUWLHV� LW LV WKH OLJKWHVW HOHPHQW
DQG LV UDWKHU KDUG WR OLTXHI\ �LW KDV D FULWLFDO WHPSHUDWXUH RI ���ࢿ �&�� ,Q DGGLWLRQ WR WKDW� LW KDV D UHO�
DWLYHO\ ORZ YROXPHWULF HQHUJ\ GHQVLW\ FRPSDUHG WR FRQYHQWLRQDO IRVVLO IXHOV �H�J� OLTXLG K\GURJHQ KDV
ࣵ ��� WLPHV OHVV HQHUJ\ SHU YROXPH WKDQ JDVROLQH�� $Q LPSRUWDQW PDWWHU WRZDUGV DQ DFWXDO VXVWDLQ�
DEOH HQHUJ\ V\VWHP LV EHVLGHV WKH JUHHQ KRXVH JDV HPLVVLRQ�IUHH FRQVXPSWLRQ RI WKH IXHO� EXW DOVR LWV
VXVWDLQDEOH SURGXFWLRQ� +\GURJHQ LV DOUHDG\ EHLQJ SURGXFHG DV D UDZ PDWHULDO IRU V\QWKHVLV RI RWKHU
FKHPLFDOV UDWKHU WKDQ DV D IXHO DQG LWV SURGXFWLRQ PDNHV XVH RI IRVVLO IXHOV IRU WKH PRVW SDUW �QDWXUDO
JDV UHIRUPLQJ DQG RLO EDVHG SURGXFWLRQ RI K\GURJHQ WDNH XS WR RYHU WZR WKLUGV RI WKH JOREDO K\GURJHQ
SURGXFWLRQ� >��� ��� �@� $V LV H[HPSOLILHG LQ )LJXUH ���� K\GURJHQ SURGXFWLRQ EDVHG RQ IRVVLO IXHOV LV
VLJQLILFDQWO\ FKHDSHU WKDQ EDVHG RQ UHQHZDEOH HQHUJ\� &RQFOXGLQJ WKDW D VXVWDLQDEOH LPSOHPHQWDWLRQ
RI K\GURJHQ DV D ODUJH VFDOH IXWXUH HQHUJ\ FDUULHU UHPDLQV D ODUJH FKDOOHQJH WR WKLV GD\�

)LJXUH ���� +\GURJHQ SURGXFWLRQ FRVWV E\ SURGXFWLRQ VRXUFH LQ ��NJ SURGXFHG K\GURJHQ� ���� >��@� ,PDJH WDNHQ IURP
WHFKQLFDO UHSRUW E\ WKH ,QWHUQDWLRQDO (QHUJ\ $JHQF\��
&&86� &DUERQ &DSWXUH� 8WLOLVDWLRQ DQG 6WRUDJH

������ (OHFWURO\VLV DV SRVVLEOH RXWFRPH
$ SRVVLELOLW\ WR SURGXFH K\GURJHQ LV WKURXJK ZDWHU HOHFWURO\VLV� ZKLFK PDNHV XVH RI HOHFWULFLW\ WR VSOLW
SXUH ZDWHU LQWR LWV FRQVWLWXHQWV� K\GURJHQ DQG R[\JHQ� 7KH ILUVW RIILFLDO UHFRUG RI K\GURJHQ SURGXFWLRQ
WKURXJK HOHFWURO\VLV GDWHV EDFN WR ����� ZKHQ -DQ 5XGROSK 'HLPDQ DQG $GULDDQ 3DHWV YDQ 7URRVWZLMN
XVHG D ¶/H\GHQ MDU¶ WR SURGXFH D VPDOO DPRXQW RI K\GURJHQ DQG R[\JHQ �WKHLU RULJLQDO VHWXS FDQ VWLOO
EH VHHQ DW WKH SODFH ZKHUH WKH\ RQFH GLG WKHLU IDPRXV H[SHULPHQW� 7H\OHUV 0XVHXP LQ +DDUOHP� WKH
1HWKHUODQGV� >��� ��@� 7KHLU H[SHULPHQW ZDV IROORZHG XS E\ WKH ILUVW HOHFWURO\VLV E\ D YROWDLF SLOH LQ
���� E\ 1LFKROVRQ DQG &DUOLVOH� ZLWKLQ ZHHNV DIWHU $OHVVDQGUR 9ROWD KDG GLVFRYHUHG WKH YROWDLF SLOH
>��@� $OWKRXJK WKH KLVWRU\ RI HOHFWURO\VLV DQG UHODWHG K\GURJHQ WHFKQRORJLHV LV ULFK DQG GHYHORSHG
FRQWLQXRXVO\ WKURXJKRXW WKH ��WK DQG ��WK FHQWXU\� ZDWHU HOHFWURO\VLV GRHV QRW FRQWULEXWH VLJQLILFDQWO\
RI WRGD\¶V K\GURJHQ SURGXFWLRQ� 7KH ,QWHUQDWLRQDO (QHUJ\ $JHQF\ UHSRUWV LQ ����� ´:KLOH OHVV WKDQ
���� RI JOREDO GHGLFDWHG K\GURJHQ SURGXFWLRQ WRGD\ FRPHV IURP ZDWHU HOHFWURO\VLV� ZLWK GHFOLQLQJ FRVWV
IRU UHQHZDEOH HOHFWULFLW\� LQ SDUWLFXODU IURP VRODU 39 DQG ZLQG� WKHUH LV JURZLQJ LQWHUHVW LQ HOHFWURO\WLF

&RQILGHQWLDO



���� (QHUJ\ WUDQVLWLRQ �

K\GURJHQ´ >��@� (OHFWURO\VLV FRXOG EH D FUXFLDO OLQN LQ WKH IXWXUH HQHUJ\ LQIUDVWUXFWXUH EULGJLQJ EHWZHHQ
LQWHUPLWWHQW �HOHFWULFDO� UHQHZDEOH HQHUJ\ VRXUFHV DQG D QHZ QRQ�SROOXWLQJ HQHUJ\ FDUULHU LQ WKH IRUP
RI K\GURJHQ� 7KHUHIRUH GHYHORSPHQW WRZDUGV IXOO\ IXQFWLRQLQJ� HIILFLHQW HOHFWURO\VLV V\VWHPV LV KLJKO\
UHOHYDQW� 7KLV WKHVLV LV GHYRWHG WR MXVW WKDW� WR PDNH D VPDOO VWHS RI LPSURYHPHQW WRZDUGV D FRPSOHWH
HOHFWURO\VLV SURWRW\SH V\VWHP� ZKLFK PLJKW WXUQ RXW WR EHFRPH DQ LPSRUWDQW WHFKQRORJ\ LQ D VXVWDLQDEOH
HQHUJ\ VXSSO\�

������ =HUR (PLVVLRQ )XHOV %�9�
=HUR (PLVVLRQ )XHOV %�9� �=()� LV D VWDUW�XS IRXQGHG E\ WKUHH SHRSOH� -DQ YDQ .UDQHQGRQN� 8OULFK
6WDUNH DQG +HVVHO -RQJHEUHXU DQG WKHLU PLVVLRQ LV WR GHYHORS D VWDQG�DORQH PLFUR�SODQW WKDW SURGXFHV
PHWKDQRO ZLWK VRODU UDGLDWLRQ DV HQHUJ\ VRXUFH� 6LQFH ����� WKH WHDP LV EDVHG LQ 78 'HOIW¶V �0H
IDFXOW\ ZKHUH LW KDV DFFHVV WR D YDULHW\ RI ODE IDFLOLWLHV DQG IUHTXHQWO\ LQWHUDFWV ZLWK XQLYHUVLW\ H[SHUWV�
7KH WHDP LV FRPSOHPHQWHG ZLWK D JURXS RI DURXQG ILIWHHQ VWXGHQWV� *HQHUDOO\ WKH VWXGHQWV DUH IURP D
GLIIHUHQW VWXG\ EDFNJURXQGV DQG�RU LQVWLWXWLRQV DQG DUH GRLQJ DQ LQWHUQVKLS RU ZULWLQJ D WKHVLV DW =()�
7KH HQG SURGXFW RI =()¶V PLFUR�SODQW LV OLTXLG PHWKDQRO UDWKHU WKDQ K\GURJHQ LWVHOI� EHFDXVH RI WKH
DIRUHPHQWLRQHG LPSUDFWLFDOLWLHV� /LTXLG IXHOV SRWHQWLDOO\ FRPELQH D ODUJH YROXPHWULF HQHUJ\ GHQVLW\ ZLWK
FXUUHQW VWRUDJH DQG GLVWULEXWLRQ LQIUDVWUXFWXUH FRPSDWLELOLW\ >��@� .RQLJ HW DO� UHSRUW LQ ����� ´$QRWKHU
HPHUJLQJ DUHD RI LQWHUHVW LV WKH XVH RI UHQHZDEOH HQHUJ\ WR SURGXFH OLTXLG HOHFWUR�IXHOV �(�IXHOV� WKDW
DUH FRPSDWLEOH ZLWK WKH H[LVWLQJ LQIUDVWUXFWXUH� FXUUHQW VWRUDJH DSSURDFKHV� DQG ORZ�FRVW WDQNV WR EH
XVHG LQ DSSOLFDWLRQV WKDW UHTXLUH KLJK�GHQVLW\ IXHOV� VXFK DV WKH DYLDWLRQ RU PDULQH VHFWRUV´ >��@� =()
DQWLFLSDWHV WKLV QHHG RI OLTXLG IXHOV E\ DSSHQGLQJ WKH HOHFWURO\VLV V\VWHP ZLWK ERWK D PHWKDQRO V\QWKHVLV
UHDFWRU DQG D GLUHFW DLU FDSWXUH XQLW� $ JHQHUDOLVHG YHUVLRQ RI WKH IORZFKDUW RI =()¶V PLFUR�SODQW FDQ EH
VHHQ LQ )LJXUH ���� ,Q WKH IORZFKDUW GLIIHUHQW EXLOGLQJ EORFNV FDQ EH GLVWLQJXLVKHG� WKH\ FRUUHVSRQG WR
IXQFWLRQ�VSHFLILF VXEV\VWHPV� 7KH VXEV\VWHP VWUXFWXUH LV LGHQWLFDO WR WKH LQWHUQDO VXEGLYLVLRQ RI =()¶V
SHRSOH LQWR LWV WHDPV�

� 'LUHFW $LU &DSWXUH �'$&�� WKH VXEV\VWHP UHVSRQVLEOH IRU WKH FDSWXUH RI ൈൔኼ DQG ZDWHU RXW RI WKH
DWPRVSKHUH� ,W DOVR FRQWDLQV D JDV�OLTXLG VHSDUDWRU� VXFK WKDW WZR GLVWLQFW SURGXFW VWUHDP OHDYH
WKLV VXEV\VWHP�

� )OXLG 0DFKLQHU\ �)0�� ZKLFK LQFUHDVHV ൈൔኼ SUHVVXUH IURP DWPRVSKHULF WR ��EDU�

� $ONDOLQH (OHFWURO\VLV &HOO �$(&�� UHVSRQVLEOH IRU VSOLWWLQJ WKH ZDWHU LQWR LWV FRQVWLWXHQWV� K\GUR�
JHQ DQG R[\JHQ� $V WKH LQWHJUDWLRQ RI WKLV VXEV\VWHP LV WKH FRUH RI WKLV WKHVLV� D GHWDLOHG V\VWHP
GHVFULSWLRQ FDQ EH IRXQG LQ VHFWLRQ &���

� 0HWKDQRO 6\QWKHVLV UHDFWRU �06�� WKH VXEV\VWHP IDFLOLWDWLQJ WKH UHDFWLRQ RI ൈൔኼ DQG K\GURJHQ
WR PHWKDQRO DQG ZDWHU

� 'LVWLOODWLRQ FROXPQ �'6�� WKH VXEV\VWHP UHVSRQVLEOH IRU WKH VHSDUDWLRQ RI PHWKDQRO DQG ZDWHU�
7KH HQG SURGXFW� SXUH PHWKDQRO� LV DFTXLUHG DQG WKH ZDWHU LV FLUFXODWHG WR WKH $(&�

7KH VRODU SDQHO LV SRZHULQJ DOO GLIIHUHQW VXEV\VWHPV� WKH RQO\ LPSRUWDQW FRPSRQHQW OHIW LQ )LJXUH ��� LV
GHSLFWHG LQ JUHHQ� 3RZHU VXSSO\ LV LQGLFDWHG ZLWK JUHHQ DUURZV DQG DFWXDO IOXLG IORZ LV LQGLFDWHG ZLWK
EODFN DUURZV� =()¶V FXUUHQW $(& VHWXS LV GHYHORSHG WR D ODUJH H[WHQW DQG FXUUHQWO\ JDV FURVVRYHU DQG
IORZ FKDUDFWHULVWLFV DUH EHLQJ LQYHVWLJDWHG LQ D IXQFWLRQDO SURWRW\SH� 7KH QH[W VWHS� V\VWHP LQWHJUDWLRQ
WR REWDLQ D IXOO\ IXQFWLRQLQJ� VWDQG�DORQH HOHFWURO\VLV V\VWHP� =()¶V LQWHUHVW LQ D REWDLQLQJ D IXOO\ IXQF�
WLRQLQJ $(& V\VWHP LV HYLGHQW� DV LW LV RQH RI WKH FUXFLDO EXLOGLQJ EORFNV RI WKHLU PLFUR�SODQW�
,Q WKH XSFRPLQJ VHFWLRQV WKH UHVHDUFK VFRSH DQG TXHVWLRQV FODULI\ ZKDW LQWHJUDWLRQ RI WKH $(& H[DFWO\
HQFRPSDVVHV DQG IURP ZKDW SHUVSHFWLYHV WKH V\VWHP LV DVVHVVHG� EXW ILUVW WKH FXUUHQW VWDWXV RI =()¶V
V\VWHP LV GHVFULEHG DQG FRQVXOWDWLRQ RI SUHYLRXV ZRUNV EULQJ WKH PRVW SUHYDOHQW SUREOHPV IRUZDUG�

������ =()¶V VWDWH RI WKH DUW $(& V\VWHP
$Q LPSRUWDQW ILUVW VWHS LQ WKLV VWXG\ LV WR FDSWXUH WKH UHOHYDQW SUREOHPV DQG UHFRPPHQGDWLRQV EDVHG
RQ WKH ZRUNV PDGH E\ =() SUHGHFHVVRUV� %\ FRQVXOWDWLRQ RI WKHLU ZRUN� DQ DFFXUDWH DQG XS WR GDWH
GHVFULSWLRQ RI WKH FXUUHQW V\VWHPV DQG LWV VKRUWFRPLQJV LV DFTXLUHG� ,Q WKLV VXEVHFWLRQ� D FRQFHSWXDO
LQWURGXFWLRQ WR WKH SUREOHPV DW KDQG LV PDGH� VHH 7DEOH ���� %RWK D GHWDLOHG V\VWHP GHVFULSWLRQ DQG
SUREOHP GHVFULSWLRQV FDQ EH IRXQG WKURXJKRXW FKDSWHU � DQG FKDSWHU ��
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)LJXUH ���� )ORZFKDUW RI =()¶V PLFUR�SODQW

1XPEHU 3UREOHP &DWHJRU\ 5HIHUHQFH
� '$& ZDWHU VXSSO\ QRW LQWHJUDWHG '\QDPLF 2SHUDWLRQ
� $EVHQFH RI WHPSHUDWXUH FRQWURO '\QDPLF 2SHUDWLRQ 	 6DIHW\ >��� ��@
� /DUJH SUHVVXUH GLIIHUHQFHV '\QDPLF 2SHUDWLRQ 	 /LIHWLPH >��@
� +LJK FURVVRYHUV 6DIHW\ >��@
� 8QNQRZQ ൐ൔ് GHJUDGDWLRQ RYHU WLPH /LIHWLPH

7DEOH ���� )LUVW LQWURGXFWLRQ WR WKH SUREOHPV DW KDQG LQ =()¶V VWDWH RI WKH DUW HOHFWURO\VLV V\VWHP

,PSRUWDQW WR QRWH LV WKDW WKH SUREOHPV DW KDQG DUH FDWHJRULVHG LQ WKUHH GLIIHUHQW WRSLFV� '\QDPLF 2S�
HUDWLRQ� 6DIHW\ DQG /LIHWLPH� $OWKRXJK WKLV VXEGLYLVLRQ LV PDLQWDLQHG WKURXJKRXW WKH UHVW RI WKLV WKHVLV�
SUREOHPV SRVVLEO\ FRYHU PXOWLSOH GLPHQVLRQV� H�J� IURP WKH ZRUN RI 0XOGHU>��@ LW IROORZV WKDW LQ WKH
FXUUHQW V\VWHP FURVVRYHUV DUH W\SLFDOO\ KLJKHU WKDQ LQGXVWU\ VWDQGDUGV �VHH VHFWLRQ ��� IRU PRUH GH�
WDLOV�� 7KLV ERWK DIIHFWV WKH VDIHW\ RI WKH V\VWHP DQG VXEVHTXHQWO\ DIIHFWV WKH G\QDPLF RSHUDWLRQV �DV
RSHUDWLRQ LV JXLGHG E\ VDIHW\ OLPLWV��
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���� 5HVHDUFK 6FRSH
6\VWHP LQWHJUDWLRQ RI =()¶V HOHFWURO\VLV V\VWHP HQFRPSDVVHV D YDULHW\ RI DVSHFWV� 7KH XOWLPDWH JRDO
RI WKLV WKHVLV LV WR \LHOG D IXOO\ IXQFWLRQDO DQG VDIHO\ RSHUDWLQJ SURWRW\SH RI WKH $(& EUDQFK� 6WDUWLQJ
ZLWK FRQWDPLQDWHG �ൈൔኼ�ULFK� ZDWHU IURP WKH '$& V\VWHP XS WR WKH RXWOHW� WKURXJK ZKLFK �KLJK SXULW\�
K\GURJHQ LV IHG LQWR WKH PHWKDQRO V\QWKHVLV UHDFWRU DW ��EDU�
7KLV WKHVLV LV GHYRWHG WR GHVFULSWLRQ RI DQG WR GHDO ZLWK WKH UROH RI LQWHUDFWLRQV EHWZHHQ VXEV\VWHPV
ZLWK UHVSHFW WR G\QDPLF RSHUDWLRQ� VDIHW\ DQG OLIH�WLPH� 7KH ODWWHU WKUHH GHVFULEH WKH GLPHQVLRQV RQ
ZKLFK WKH ILQDO VHWXS LV DVVHVVHG�

:LWKLQ WKH FRQVXOWHG LQWHUQVKLS UHSRUWV DQG PDVWHU WKHVHV� YDULRXV UHFRPPHQGDWLRQV FRPH IRUZDUG
WR VROYH WKH SUREOHPV SUHVHQWHG LQ 7DEOH ����
7R VWDUW RII ZLWK WKH SUREOHP LQGLFDWHG E\ QXPEHU �� WKH ILUVW VWHS WRZDUGV DQ LQWHJUDWHG V\VWHP LV HQ�
DEOLQJ WKH '$&�XQLW WR VXSSO\ FRQWDPLQDWHG ZDWHU DW DWPRVSKHULF SUHVVXUH� $ GHJDVVHU ZLWK D SUHVVXUH
ERRVWHU LV WKH SURSRVHG VROXWLRQ� WKH GHJDVVHU GHFRQWDPLQDWHV WKH ൈൔኼ�ULFK ZDWHU DQG WKH SUHVVXUH
ERRVWHU VHFXUHV D ZDWHU VXSSO\ DW VWDFN SUHVVXUH�
&RQVHTXHQWO\� WKH HOHFWURO\WH GHJUDGDWLRQ RYHU WLPH PLJKW IRUP DQ LVVXH UHJDUGLQJ WKH OLIH�WLPH RI WKH
V\VWHP� WKLV SUREOHP LV LQGLFDWHG E\ QXPEHU �� 7KHUHIRUH� WKH SURSRVHG DSSURDFK LV WR HYDOXDWH WKH
HOHFWURO\WH VROXWLRQ RQ D ODUJH WLPH VFDOH �H�J� �� GD\V�� (YLGHQWO\� WKLV LV IDU IURP DQ DFFXUDWH OLIH�WLPH
HVWLPDWLRQ� EXW LW LV FRQVLGHUHG WKH ILUVW VWHS WRZDUGV XQGHUVWDQGLQJ RI WKH V\VWHP¶V EHKDYLRXU DQG SHU�
IRUPDQFH RYHU WLPH�
3UREOHP QXPEHU �� WKH DEVHQFH RI WHPSHUDWXUH FRQWURO LV FXUUHQWO\ OLPLWLQJ WKH PD[LPXP FXUUHQW GHQ�
VLW\ DW ZKLFK WKH V\VWHP LV RSHUDWLQJ >��@� 7KH VROXWLRQ LV WR DFWLYHO\ FRRO WKH HOHFWURO\WH LQVWHDG RI
SDVVLYHO\ RQO\ DV LV LQ WKH FXUUHQW V\VWHP� $GGLWLRQDOO\� WHPSHUDWXUH FRQWURO PLJKW RSHQ XS QHZ WHVW
SRVVLELOLWLHV DV WHPSHUDWXUH LV QR ORQJHU D GHSHQGHQW YDULDEOH EXW FRQWUROODEOH WR D FHUWDLQ H[WHQW�
7KH ZRUN RI 'DQLLO >��@ SRLQWHG RXW WKDW WKH FXUUHQW JDV SXUJLQJ LV UDWKHU YLROHQW� FDXVLQJ ODUJH SUHVVXUH
GLIIHUHQFHV DFURVV WKH VHSDUDWRU� LQGLFDWHG E\ SUREOHP QXPEHU �� /DUJH SUHVVXUH GLIIHUHQFHV DFURVV
WKH VHSDUDWRU PDNHV WKH OHYHO FRQWURO XQVWDEOH LQ SDUWLFXODU VLWXDWLRQV >��@ DQG LPSDLUV WKH PHFKDQLFDO
LQWHJULW\ DQG WKH OLIHWLPH RI WKH PHPEUDQH� 3RVVLEO\� SUHVVXUH GLIIHUHQFHV FDXVH SUREOHP QXPEHU �
DV LV GHVFULEHG LQ VHFWLRQ ���� 7KH SURSRVHG VROXWLRQ WR ERWK SUREOHPV FRQVLVWV RI FDSLOODU\ WXEHV DQG
ODUJH GLDPHWHU GRZQFRPHUV� VXFK WKDW JDV SXUJLQJ RFFXUV VPRRWKO\ DQG RVFLOODWLQJ IOXLG LV NHSW WR D
PLQLPXP� $V WKHVH SDUWV DUH KLJKO\ LQWHUWZLQHG ZLWK VL]H DQG SODFHPHQW RI WKH EXIIHU WDQNV DQG YDOYH
RSHQLQJ WLPHV� WKH ODWWHU WZR DUH UHFRQVLGHUHG DQG UHGHVLJQHG� %RWK WKH RSHQ HQGV DQG WKH SURSRVHG
VROXWLRQV DUH H[WHQGHG WKURXJKRXW WKH UHVW RI WKLV WKHVLV
7KH SURSRVHG VROXWLRQV WR WKH PHQWLRQHG SUREOHPV DUH VXPPHG XS LQ 7DEOH ���� ,W JLYHV WKH UHDGHU
DQ LGHD WR ZKDW WKH UDWKHU JHQHUDO REMHFWLYH RI ¶LQWHJUDWLRQ¶ ERLOV GRZQ WR� 7KH VROXWLRQV DUH RQO\ PHQ�
WLRQHG LQ D FRQFHSWXDO ZD\� GHWDLOHG GHVLJQ DQG DQDO\VLV IROORZ WKURXJKRXW WKH UHVW RI WKLV WKHVLV� 2Q

1XPEHU 3URSRVHG 6ROXWLRQ 5HIHUHQFH
� 'HJDVVHU 	 3UHVVXUH ERRVWHU >��� ��@
� $FWLYH FRROLQJ >��� ��@
� &DSLOODU\ WXEHV� ODUJH GLDPHWHU GRZQFRPHUV� EXIIHU WDQNV >��� ��@
� &DSLOODU\ WXEHV� ODUJH GLDPHWHU GRZQFRPHUV� EXIIHU WDQNV DQG PLGSODWH�VWDFN GHVLJQ >��� ��@
� ൐ൔ് 4XDOLW\ WHVWLQJ

7DEOH ���� 3URSRVHG VROXWLRQV WR WKH SUREOHPV VWDWHG LQ 7DEOH ���

WKH RQH KDQG� ,PSRUWDQW WR QRWH LV WKDW VRPH VROXWLRQV DUH SURSRVHG E\ IRUPHU WKHVLV VWXGHQWV DW =()
DQG WKHUHIRUH JLYH DQ DFFXUDWH LGHD RI ZKDW LV QHHGHG WR WDNH WKH $(& V\VWHP WR WKH QH[W GHYHORSPHQW
VWDJH� 2Q WKH RWKHU KDQG� WKH SURSRVHG VROXWLRQV DUH EDVHG RQ WKRVH ZRUNV� EXW GR QRW JXDUDQWHH
D VDWLVIDFWRU\ IXQFWLRQLQJ V\VWHP RQFH LPSOHPHQWHG� 7KH SURSRVHG VROXWLRQV DUH IXUWKHU DQDO\VHG�
HODERUDWHG� DGMXVWHG� GHVLJQHG DQG WHVWHG WKURXJKRXW WKLV WKHVLV�

������ 0RGXV 2SHUDQGL
,QWHJUDWLRQ RI GLIIHUHQW VXEV\VWHPV ZLWKLQ WKH $(& V\VWHP LV H[SHFWHG WR EH DQ LWHUDWLYH SURFHVV LQ
ZKLFK WKH FXUUHQW RSHUDWLYH V\VWHP LV ILUVW DQDO\VHG DQG SUREOHPV DUH GHVFULEHG �FDWHJRULVHG WR '\�
QDPLF 2SHUDWLRQ� 6DIHW\ DQG�RU /LIH�7LPH�� 7KHUHDIWHU� WKH GHVLJQ LV DOWHUHG LQ FRUUHVSRQGHQFH ZLWK
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� �� ,QWURGXFWLRQ

WKH VROXWLRQ WR WKH GHVFULEHG SUREOHPV DQG VXEVHTXHQWO\ WKH SURSRVHG VROXWLRQ LV LPSOHPHQWHG DQG
WHVWHG� 7KH ODVW VWHS LV WR DVVHVV WKH REWDLQHG V\VWHP RQ WKH DIRUHPHQWLRQHG WKUHH SLOODUV� G\QDPLF
RSHUDWLRQ� VDIHW\ DQG OLIHWLPH� 7KH ODVW VWHS FRQQHFWV EDFN WR WKH ILUVW VWHS DQG DFFRUGLQJO\ WKH SURFHVV
LV UHSHDWHG XQWLO RQ DOO WKUHH GLPHQVLRQV D VDWLVIDFWRU\ OHYHO RI SHUIRUPDQFH LV UHDFKHG� $VVHVVPHQW RI
D VDWLVIDFWRU\ OHYHO RI SHUIRUPDQFH LV FHQWUDO WR WKH H[SHULPHQWV LQ WKLV WKHVLV� LQ ZKLFK WKH OLPLWDWLRQV
WR VDIH RSHUDWLRQ DUH LGHQWLILHG� 7KH PRGXV RSHUDQGL LV VXPPDULVHG EHORZ�

�� $QDO\VLV RI WKH FXUUHQW $(& V\VWHP� GHVFULSWLRQ RI FKDOOHQJHV�SUREOHPV WRZDUGV LQWHJUDWLRQ

�� 'HVLJQ RI WKH QHZ� FRPSOHWH $(& V\VWHP

�� ,PSOHPHQWDWLRQ DQG WHVWLQJ RI WKH QHZ $(& V\VWHP

�� $VVHVVPHQW RI WKH QHZ V\VWHP RQ WKUHH GLPHQVLRQV� G\QDPLF RSHUDWLRQ� VDIHW\ DQG OLIHWLPH

$OO VDIH RSHUDWLQJ FRQGLWLRQV RI WKH ILQDOO\ REWDLQHG V\VWHP DUH FRQGHQVHG LQWR D FRPSOHWH RSHUDWLRQDO
HQYHORSH� 7KH RSHUDWLRQDO HQYHORSH GHSLFWV DOO LGHQWLILHG VDIH RSHUDWLQJ SRLQWV H[SUHVVHG LQ RSHUDWLQJ
FRQGLWLRQV� SUHVVXUH� FXUUHQW GHQVLW\� WHPSHUDWXUH� 7KH RSHUDWLRQDO HQYHORSH LV WKHUHIRUH DQ HVVHQWLDO
GHVFULSWLYH V\VWHP FKDUDFWHULVWLF� DV LW GLUHFWO\ SUHVFULEHV WKH OLPLWDWLRQV RI XVDJH RI WKH HOHFWURO\VLV
V\VWHP�

���� 5HVHDUFK 4XHVWLRQV
7KH WKHVLV DGGUHVVHV REVWDFOHV UHODWHG WRZDUGV DQ LQWHJUDWHG $(& V\VWHP� 7KH ILQDO GHOLYHUDEOH FRQ�
VLVWV RI WKH LQWHJUDWHG V\VWHP LWVHOI DQG LWV DFFRPSDQ\LQJ RSHUDWLRQDO HQYHORSH� $GGLWLRQDOO\� HOHFWURO\WH
GHJUDGDWLRQ RYHU WLPH LV WHVWHG DQG GHJDVVHU SHUIRUPDQFH LV HYDOXDWHG�
,Q WKH SURFHVV WRZDUGV VROYLQJ WKH RSHQ HQGV WRZDUGV LQWHJUDWLRQ �VHH 7DEOH ��� RU VHFWLRQ &�� IRU PRUH
GHWDLOV� DQG REWDLQLQJ D IXOO\ IXQFWLRQDO V\VWHP� WKH IROORZLQJ UHVHDUFK TXHVWLRQV DUH DQVZHUHG�

´+RZ GRHV WKH VDIH RSHUDWLRQDO HQYHORSH ORRN LQ WHUPV RI SUHVVXUH DQG FXUUHQW GHQVLW\ RI WKH
$(& V\VWHP ZLWK WKH SURSRVHG FRQFHSWXDO VROXWLRQV LPSOHPHQWHG"´

6XEGLYLVLRQ RI WKLV JHQHULF TXHVWLRQ LQWR WKUHH DVSHFWV RI WKH SURSRVHG VROXWLRQV EULQJV WKH IROORZLQJ
VXE TXHVWLRQV IRUZDUG�

�� 7R ZKDW H[WHQW LV WKH VWDFN WHPSHUDWXUH FRQWUROODEOH"

�� :KDW LV WKH HIIHFW RI SXUJLQJ WKURXJK FDSLOODU\ WXEHV"

�� :KDW LV WKH HIIHFW RI ORQJ� ODUJH GLDPHWHU GRZQFRPHUV RQ FURVVRYHU DQG IORZ VWDJQDWLRQ"

�� :KDW LV WKH HIIHFW RI WKH PLGSODWH�VWDFN GHVLJQ RQ FURVVRYHU"

$GGLWLRQDOO\� D VHFRQG UHVHDUFK TXHVWLRQ FRYHUV WKH DPELWLRQ WR GHVFULEH WKH HOHFWURO\WH TXDOLW\ RYHU
WLPH�

´:KDW LV WKH HIIHFW RI GHJDVVLQJ ൈൔኼ�ULFK IHHGZDWHU RQ WKH TXDOLW\ RI WKH .2+ HOHFWURO\WH"´

:LWK WKHVH WZR PDLQ UHVHDUFK TXHVWLRQV DQG DFFRPSDQ\LQJ VXE TXHVWLRQV� WKH RYHUDOO DSSURDFK RI
WKLV VWXG\ LV FRYHUHG� 7KURXJKRXW WKH UHVW RI WKH WKHVLV� GHWDLOHG GHVLJQV DQG WHVWV JXLGH WKH SURFHVV
WRZDUGV WKH ILQDO GHOLYHUDEOHV� D QHZ� IXOO\ IXQFWLRQDO DQG LQWHJUDWHG $(& V\VWHP DQG LWV RSHUDWLRQDO
HQYHORSH� ,Q DGGLWLRQ WR WKDW� HOHFWURO\WH GHJUDGDWLRQ RYHU WLPH LV WHVWHG�
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,Q WKLV FKDSWHU� SKHQRPHQRORJLFDO DQG WKHRUHWLFDO DVSHFWV RI DONDOLQH ZDWHU HOHFWURO\VLV DUH SUHVHQWHG
DQG GLVFXVVHG� /LWHUDWXUH LV FRQVXOWHG WR SUHVHQW WKH UHDGHU D FOHDU RYHUYLHZ RI UHOHYDQW HOHPHQWV
WR FRQVLGHU GHVLJQLQJ D QHZ HOHFWURO\VLV V\VWHP� ,W VHUYHV DV D WKHRUHWLFDO IUDPHZRUN WKURXJK ZKLFK
V\VWHP EHKDYLRXU FDQ EH H[SODLQHG RU DW OHDVW EH UHODWHG WR�
6WDUWLQJ RQ D IXQGDPHQWDO OHYHO RI HOHFWURO\VLV� HVVHQWLDO DVSHFWV VXFK DV HQHUJHWLFV DQG HIILFLHQF\
GHWHUPLQDWLRQ DUH GLVFXVVHG� 6HFRQGO\� 5HODWHG WR WKH HQHUJHWLF DQG HIILFLHQF\ FRQVLGHUDWLRQ LV WKH
V\VWHP UHSUHVHQWDWLRQ LQ DQ HOHFWULFDO DQDORJXH� WKURXJK ZKLFK WKH LQWHUQDO UHVLVWDQFHV RI WKH V\VWHP
FDQ EH HYDOXDWHG FOHDUO\� $IWHU WKH UDWKHU KROLVWLF DSSURDFK� D GHWDLOHG DQDO\VLV RQ D PROHFXODU VFDOH LV
SUHVHQWHG LQ VHFWLRQ ���� UHVXOWLQJ LQ FRUUHODWLRQV ZKLFK H[SODLQ V\VWHP EHKDYLRXU RQ D ODUJH VFDOH�

���� )LUVW SULQFLSOHV RI DONDOLQH HOHFWURO\VLV
7R VWDUW WKH WKHRUHWLFDO EDFNJURXQG� WKH UHDFWLRQ LQ ZKLFK SXUH ZDWHU LV VSOLW LQWR LWV FRQVWLWXHQWV �്ኼ
	 ൔኼ� LV H[SODLQHG ILUVW� 2QFH WKH IXQGDPHQWDO DVSHFWV RI HOHFWURO\VLV DUH H[SODLQHG LQ D QXWVKHOO� WKH
SURFHVV LV HYDOXDWHG IURP DQ HQHUJHWLF SRLQW RI YLHZ� 'LIIHUHQW HIILFLHQF\ GHILQLWLRQV DUH LQWURGXFHG
DW WKH HQG RI WKLV VHFWLRQ� KRSHIXOO\ OHDYLQJ WKH UHDGHU ZLWK D JHQHUDO RYHUYLHZ RI UHOHYDQW DVSHFWV RI
HOHFWURO\VLV�

������ 7KH UHDFWLRQ HTXDWLRQV
&KHPLFDO UHDFWLRQV DUH RIWHQ GHVFULEHG E\ UHDFWLRQ HTXDWLRQV� ZKLFK EXQGOH WKH HQWLUH FRQYHUVLRQ LQWR
RQH RU PXOWLSOH HTXDWLRQV� :DWHU HOHFWURO\VLV FDQ EH GHVFULEHG E\ D VLQJOH GHFRPSRVLWLRQ VWHS� VHH
(TXDWLRQ ���� +RZHYHU WKLV UHSUHVHQWDWLRQ LV YHU\ VLPSOLILHG DQG WKH ILUVW GLVWLQFWLRQ WR PDNH LV EHWZHHQ
DFLGLF DQG DONDOLQH HOHFWURO\VLV� $FLGLF HOHFWURO\VLV PDNHV XVH RI SURWRQV DV WUDQVSRUWLQJ SDUWLFOHV DQG
DONDOLQH HOHFWURO\VLV PDNHV XVH RI ൔ്ዅ �K\GUR[LGH� LRQV >��@� 7KH WZR GLIIHUHQW PHWKRGV DUH FRPSDUHG
LQ VHFWLRQ ���� ,Q WKLV VHFWLRQ RQO\ DONDOLQH HOHFWURO\VLV LV FRQVLGHUHG� DV WKLV LV WKH W\SH RI HOHFWURO\VLV
DSSOLHG LQ =()¶V HOHFWURO\VLV V\VWHP�

�്ኼൔ�ፚ፪� ૞ �്ኼ�፠� � ൔኼ�፠� :DWHU (OHFWURO\VLV 5HDFWLRQ �����

$ONDOLQH HOHFWURO\VLV FDQ EH GHFRPSRVHG LQWR WKUHH VWHSV� )LUVW� DW WKH QHJDWLYH FDWKRGH ERWK K\GUR�
JHQ JDV DQG FRQVHTXHQWO\ K\GUR[LGH LRQV �ൔ്ዅ� DUH SURGXFHG� WKH UHDFWLRQ HTXDWLRQ RI WKH +\GURJHQ
(YROXWLRQ 5HDFWLRQ �+(5� LV JLYHQ LQ (TXDWLRQ ���� 6XEVHTXHQWO\� WKH QHJDWLYHO\ FKDUJHG K\GUR[LGH
LRQV WUDYHO WKURXJK WKH VHSDUDWRU GLDSKUDJP WRZDUGV WKH SRVLWLYH DQRGH DW WKH R[\JHQ VLGH �GULYHQ E\
DQ HOHFWURVWDWLF IRUFH�� $W WKH SRVLWLYH DQRGH VXUIDFH� IRXU K\GUR[LGH LRQV UHDFW� IRUPLQJ WZR ZDWHU
PROHFXOHV DQG RQH R[\JHQ PROHFXOH� 7KH UHDFWLRQ HTXDWLRQ RI WKH 2[\JHQ (YROXWLRQ 5HDFWLRQ �2(5�
LV JLYHQ LQ (TXDWLRQ ����

�്ኼൔ�ፚ፪� � �൤ዅ ૞ ്ኼ�፠� � �ൔ്ዅ�ፚ፪� &DWKRGH 5HDFWLRQ� ്ኼ SURGXFWLRQ �����

�ൔ്ዅ�ፚ፪� ૞ �്ኼൔ�ፚ፪� � ൔኼ�፠� � �൤ዅ $QRGH 5HDFWLRQ� ൔኼ SURGXFWLRQ �����

�



� �� 7KHRUHWLFDO %DFNJURXQG

7KH WZR HTXDWLRQV DUH VWLOO D VLPSOLILHG YHUVLRQ RI XQGHUO\LQJ FRPSOH[ UHDFWLRQ NLQHWLFV� IXUWKHU GHWDLOV
DQG H[SODQDWLRQ DUH SUHVHQWHG LQ VHFWLRQ ����

������ (QHUJ\
7KH HQHUJ\ UHTXLUHG IRU ZDWHU HOHFWURO\VLV FDQ EH GHWHUPLQHG WKURXJK WKHUPRG\QDPLFV� $ FOHDU ZD\
RI UHSRUWLQJ UHDFWLRQ HQHUJLHV DUH WKURXJK WKH FKDQJH LQ *LEEV IUHH HQHUJ\ DQG WKH UHDFWLRQ HQWKDOS\�
7KH PLQLPXP DPRXQW RI HOHFWULFDO HQHUJ\ UHTXLUHG LV WKH FKDQJH LQ *LEEV IUHH HQHUJ\� GHQRWHG DV ́ൌ
>��@� $GGLWLRQDOO\� D FHUWDLQ DPRXQW RI WKHUPDO HQHUJ\ LV UHTXLUHG� DV D FRQVHTXHQFH RI DQ LQFUHDVLQJ
HQWURS\ WKURXJKRXW WKH UHDFWLRQ �� PROH RI OLTXLG ZDWHU LV XVHG DQG � PROH RI JDV LV IRUPHG��7KH WKHUPDO
WHUP FDQ EH GHQRWHG DV ൙́൘� ZLWK WHPSHUDWXUH ൙ DQG HQWURS\ FKDQJH ́൘� $GGLQJ WKH *LEEV IUHH HQHUJ\
WR WKH WKHUPDO WHUP GHOLYHUV WKH UHDFWLRQ HQWKDOS\� GHQRWHG DV ്́� 7KLV JLYHV WKH WRWDO HQHUJ\ WKDW LV
FRQVXPHG LQ WKH UHDFWLRQ� HLWKHU HOHFWULFDOO\ RU WKHUPDOO\ DQG FRUUHVSRQGV WR WKH HQWKDOS\ RI IRUPDWLRQ
RI RQH PROH RI ZDWHU� 7KH WZR WHUPV DUH UHODWHG WKURXJK (TXDWLRQ ����

്́  ́ൌ � ൙́൘ 5HDFWLRQ (QWKDOS\� >N-PROዅኻ@ �����

$V PHQWLRQHG� WKH HQHUJ\ LV VXSSOLHG LQ WKH IRUP RI HOHFWULFLW\� $ FRQYHQLHQW VWHS LV WR H[SUHVV WKH
UHTXLUHG HQHUJLHV DV YROWDJHV� EHFDXVH YROWDJHV DUH GLUHFWO\ PHDVXUHG LQ WKH V\VWHP DQG WKHUHIRUH DV�
VHVVPHQW RI V\VWHP SHUIRUPDQFH FDQ HDVLO\ EH GRQH� ,Q WKH QH[W VXEVHFWLRQ HIILFLHQFLHV DUH LQWURGXFHG
DQG SUHVHQWHG DV D YROWDJH IUDFWLRQ� ,Q (TXDWLRQ ��� WKLV FRQYHUVLRQ FDQ EH VHHQ� ോ GHQRWHV )DUDGD\¶V
FRQVWDQW ������&PROዅኻ� DQG � LV WKH QXPEHU RI HOHFWURQV H[FKDQJHG� 7KH FKDQJH LQ *LEEV IUHH
HQHUJ\ ́ൌ LV ���N-PROዅኻ DW VWDQGDUG WHPSHUDWXUH DQG SUHVVXUH �673�� $ SRVLWLYH FKDQJH LQ *LEEV
IUHH HQHUJ\ LQGLFDWHV D QRQ�VSRQWDQHRXV SURFHVV >��@� VR WKH ൚ፑ፞፯ LV ����9ࢿ >��� ��@� 7KLV YROWDJH LV
NQRZQ DV HTXLOLEULXP YROWDJH� UHYHUVLEOH FHOO YROWDJH� RU RSHQ FLUFXLW SRWHQWLDO�

൚ፑ፞፯ ࢿ 
́ൌ
� ॲ ോ

(TXLOLEULXP FHOO YROWDJH� >9@ �����

൚ፑ፞፯ LV WKH PLQLPXP YROWDJH DW ZKLFK WKH HOHFWURO\VLV UHDFWLRQ RFFXUV� ,I WKH DGGLWLRQDOO\ UHTXLUHG KHDW
LV VXSSOLHG HOHFWULFDOO\� WKH UHTXLUHG YROWDJH LQFUHDVHV� 7KLV YROWDJH LV NQRZQ DV WKH WKHUPRQHXWUDO
YROWDJH DQG LV EDVHG RQ WKH UHDFWLRQ HQWKDOS\ ്́ DV FDQ EH VHHQ LQ (TXDWLRQ ����

൚ፓ፡ ࢿ 
്́
� ॲ ോ

7KHUPRQHXWUDO YROWDJH� >9@ �����

$W 673� WKH HQWKDOS\ RI IRUPDWLRQ ്́ LV ���N-PROዅኻ UHVXOWLQJ LQ D WKHUPRQHXWUDO SRWHQWLDO RI����9ࢿ>��@�
$W WKLV VSHFLILF YROWDJH� WKH UHTXLUHG HOHFWULFDO HQHUJ\ DQG DGGLWLRQDO KHDW LV VXSSOLHG SUHFLVHO\�

7KHVH WZR YROWDJHV RIWHQ SOD\ D UROH LQ WKH GHWHUPLQDWLRQ RI SURFHVV HIILFLHQF\� KRZHYHU DQ LPSRU�
WDQW QRWLRQ LV LQ SODFH� %RWK WKH HTXLOLEULXP FHOO YROWDJH DQG WKH WKHUPRQHXWUDO YROWDJH DUH GHSHQGHQW
RQ WKH VWDWH RI WKH IOXLG� $V FDQ EH VHHQ LQ )LJXUH ���� ERWK YROWDJHV YDU\ ZLWK WHPSHUDWXUH� 7KH HTXL�
OLEULXP FHOO YROWDJH LV PRUH GHSHQGHQW RQ WHPSHUDWXUH LQ FRPSDULVRQ WR WKH WKHUPRQHXWUDO YROWDJH� 7KH
WKHUPDO FRQWULEXWLRQ ൙́൘ LQ (TXDWLRQ ��� LQFUHDVHV ZLWK WHPSHUDWXUH� FRPELQHG ZLWK D GHFUHDVLQJ ́ൌ�
OHDYLQJ WKH ്́� DQG WKHUHIRUH WKH WKHUPRQHXWUDO YROWDJH OHVV GHSHQGHQW RQ WHPSHUDWXUH >��@�

,QIOXHQFH RI SUHVVXUH
/DP\ HW DO� >��@ SUHVHQW DQ HODERUDWH FRQVLGHUDWLRQ RQ WKHUPRG\QDPLFV LQ HOHFWURO\VLV DQG GLIIHUHQW
DVVXPSWLRQV OHDG WR GLIIHUHQW HTXDWLRQV GHVFULELQJ WKH LQIOXHQFH RI SUHVVXUH RQ HTXLOLEULXP YROWDJH� 7KH
WKHUPRQHXWUDO YROWDJH� EDVHG RQ WKH HQWKDOS\ RI UHDFWLRQ� LV H[SHFWHG WR EH DSSUR[LPDWHO\ FRQVWDQW ZLWK
YDU\LQJ SUHVVXUH� ´7KH HQWKDOS\ FKDQJH �്́� LV FRQVWDQW EHFDXVH WKH HIIHFW RI SUHVVXUH RQ WKH IUHH�
HQHUJ\ DQG WKH HQWURS\ FKDQJHV FDQFHO RXW HDFK RWKHU´ >��@� 7KH *LEEV IUHH HQHUJ\ FKDQJH KRZHYHU�
YDULHV ZLWK SUHVVXUH� $ VLPSOLILHG YHUVLRQ RI WKH 1HUQVW HTXDWLRQ� DVVXPLQJ DQ LGHDO JDV� VKHGV OLJKW
RQ WKH HIIHFW RI SUHVVXUH RQ WKH HTXLOLEULXP YROWDJH� VHH (TXDWLRQ ��� >��@�

൚ፑ፞፯�൙� ൮�  
́ൌኺ�൙�
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൮ፇᎴፎ
6LPSOLILHG 1HUQVW HTXDWLRQ �����
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���� )LUVW SULQFLSOHV RI DONDOLQH HOHFWURO\VLV �

)LJXUH ���� (TXLOLEULXP 	 7KHUPRQHXWUDO YROWDJHV IRU GLIIHUHQW YROWDJHV
,PDJH WDNHQ IURP WKH ZRUN RI /DP\ HW DO� >��@

:KHUH ൮ፇᎴ � ൮ፎᎴ � DQG ൮ፇᎴፎ GHQRWH WKH SDUWLDO SUHVVXUHV RI K\GURJHQ� R[\JHQ� DQG ZDWHU UHVSHFWLYHO\� ൗ
GHQRWHV WKH XQLYHUVDO JDV FRQVWDQW �ൗ  �����-PROዅኻ .ዅኻ� DQG ́ൌኺ�൙� GHQRWHV WKH FKDQJH LQ *LEEV
IUHH HQHUJ\ DW D FHUWDLQ WHPSHUDWXUH DW VWDQGDUG SUHVVXUH �EDVLFDOO\ FRUUHVSRQGLQJ WR WKH ́ൌ LQ (TXD�
WLRQ ����� 6R JHQHUDOO\� DQ LQFUHDVH LQ SUHVVXUH OHDGV WR DQ LQFUHDVH RI HTXLOLEULXP YROWDJH �LI SUHVVXUH
WKURXJKRXW WKH FHOO LV DVVXPHG WR EH FRQVWDQW�

7R FRQFOXGH WKLV VXEVHFWLRQ� D EULHI RYHUYLHZ RI WKH WKUHH GLIIHUHQW YROWDJH UHJLPHV DUH VXPPHG XS
EHORZ� ൚ LV UHIHUULQJ WR WKH DFWXDO DSSOLHG YROWDJH�

�� ൚ � ൚ፑ፞፯� WKH PLQLPXP UHTXLUHG HOHFWULFDO HQHUJ\ LV QRW VXSSOLHG� &RQVHTXHQWO\ WKH UHDFWLRQ
GRHV QRW WDNH SODFH�

�� ൚ፑ፞፯ � ൚ � ൚ፓ፡� WKH PLQLPXP HOHFWULFDO HQHUJ\ LV VXSSOLHG� WKHUHIRUH WKH UHDFWLRQ WDNHV SODFH�
+RZHYHU WKH UHTXLUHG KHDW LV QRW VXSSOLHG HOHFWULFDOO\ DQG FRQVHTXHQWO\ VXEWUDFWHG H[WHUQDOO\�

�� ൚ ! ൚ፓ፡ %RWK WKH UHTXLUHG HOHFWULFDO HQHUJ\ DQG DGGLWLRQDO KHDW LV VXSSOLHG E\ WKH SRZHU VRXUFH�
7KH YROWDJH VXUSOXV FDXVHV KHDW JHQHUDWLRQ�

������ (IILFLHQF\
$QRWKHU LPSRUWDQW SURFHVV SDUDPHWHU LV HIILFLHQF\� WKH FRQVLGHUDWLRQ RQ HQHUJ\ EHLQJ PDGH� 2IWHQ�
HIILFLHQF\ LV RQH RI WKH NH\ DVSHFWV LQ HYDOXDWLQJ RYHUDOO V\VWHP SHUIRUPDQFH >��@� WKHUHIRUH SUHFLVH
GHILQLWLRQV RI HIILFLHQF\ IRUPV D YLWDO DVSHFW LQ SHUIRUPDQFH DVVHVVPHQW DQG UHSRUW RI DQ HOHFWURO\VLV
V\VWHP� /DP\ HW DO�� VWDWH WKDW HIILFLHQF\ LV GHILQHG DV WKH UHTXLUHG HQHUJ\ XQGHU UHYHUVLEOH FRQGLWLRQV
GLYLGHG RYHU WKH UHDO VLWXDWLRQ� ZKHUH LUUHYHUVLELOLWLHV RFFXU >��@� $Q HOHFWURO\VLV V\VWHP� OLNH RWKHU V\V�
WHPV� KDV LUUHYHUVLELOLWLHV DQG RWKHU ORVVHV� 7KH ORVVHV UHVXOW LQ D KLJKHU DSSOLHG YROWDJH WKDQ IURP D
WKHRUHWLFDO SRLQW RI YLHZ LV VWULFWO\ QHFHVVDU\ DQG WKH DSSOLHG YROWDJH FDQ WKHUHIRUH EH XVHG WR LQIHU
V\VWHP HIILFLHQF\� 'HWDLOV RQ GLIIHUHQW RULJLQV RI ORVVHV FDQ EH IRXQG LQ VHFWLRQ ���� ,Q WKLV VHFWLRQ�
IRFXV LV RQ GLIIHUHQW GHILQLWLRQV RI HIILFLHQF\ DQG WKHLU SK\VLFDO EDFNJURXQG�
,Q OLWHUDWXUH� SDUWLFXODU HIILFLHQF\ GHILQLWLRQV DUH XVHG WR FRPSDUH V\VWHPV� 7KH )DUDGDLF HIILFLHQF\ LV
EDVHG VROHO\ RQ WKH HOHFWULFDO HQHUJ\ GHPDQG� $V FDQ EH VHHQ LQ (TXDWLRQ ���� WKH FKDQJH LQ *LEEV
IUHH HQHUJ\ LV XVHG DV WKH HQHUJ\ GHPDQG XQGHU UHYHUVLEOH FRQGLWLRQV >��� ��� ��@� 7KH WZR H[SUHV�
VLRQV RQ WKH ULJKW DUH REWDLQHG WKURXJK FRQYHUWLQJ WKH FKDQJH LQ *LEEV IUHH HQHUJ\ �DOVR FDOOHG ¶IUHH
HQHUJ\ FKDQJH¶ >��@� WR FHOO YROWDJHV�
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$Q LPSRUWDQW DVSHFW RI WKH )DUDGDLF HIILFLHQF\ LV WKDW LW GRHV QRW WDNH LQWR DFFRXQW WKH WKHUPDO HQHUJ\
UHTXLUHG IRU WKH UHDFWLRQ� $Q DOWHUQDWLYH DSSURDFK WR GHILQH HIILFLHQF\ FDQ EH IRXQG LQ (TXDWLRQ ����
7KLV GHILQLWLRQ WDNHV WKH WRWDO UHTXLUHG HQHUJ\ �HOHFWULFDO DQG WKHUPDO� LQWR DFFRXQW� ,I WKH KHDW UHTXLUHG
LV VXSSOLHG WKURXJK DQ RYHUYROWDJH� WKH H[SUHVVLRQ LQ WKH PLGGOH DQG RQ WKH ULJKW FDQ EH XVHG WR LQIHU
WKH V\VWHPV WKHUPDO HIILFLHQF\ >��� ��� ��@� 1RWH WKDW LI WKH KHDW LV VXSSOLHG H[WHUQDOO\ DQG WKH V\V�
WHP RSHUDWHV DW D YROWDJH EHWZHHQ ����9 DQG ����9� WKH WKHUPDO HIILFLHQF\ EDVHG RQ YROWDJH H[FHHGV
����� 7KLV LV D FRQVHTXHQFH RI D YLRODWLRQ RI WKH DVVXPSWLRQ RQ ZKLFK WKH WKHUPDO HIILFLHQF\ LV EDVHG�
WKH WRWDO HQHUJ\ GHPDQG LV VXSSOLHG HOHFWULFDOO\ DQG ERWK ORVVHV DQG KHDW UHTXLUHPHQWV DUH UHIOHFWHG LQ
WKH DSSOLHG YROWDJH ൚�

࿹ፓ፡፞፫፦ፚ፥  
്́
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,Q DGGLWLRQ WR WKH UDWKHU WKHRUHWLFDO HIILFLHQFLHV SUHVHQWHG VR IDU� LQGXVWU\ RIWHQ GHWHUPLQHV HIILFLHQF\
LQ D PRUH JHQHUDO ZD\ >��@� $OWKRXJK DXWKRUV WHQG WR FDSWXUH WKH HQWLUH V\VWHP LQ RQH HIILFLHQF\ FR�
HIILFLHQW IRU FRPSDULVRQ WR RWKHU V\VWHPV� /DP\ HW DO� UHSRUW WKDW ¶LQGXVWU\ HIILFLHQFLHV¶ DUH DPELJXRXV
WRR� )RU H[DPSOH� GLIIHUHQW WHPSHUDWXUH DQG SUHVVXUH FRQGLWLRQV OHDG WR GLIIHUHQW FDOFXODWHG HQHUJ\
FRQWHQWV RI WKH SURGXFWV RU /+9 �/RZHU +HDWLQJ 9DOXH� LV XVHG ZKLOH RWKHUV XVH WKH ++9 �+LJKHU +HDW�
LQJ 9DOXH�>��@� ,Q LQGXVWU\� HIILFLHQF\ LV QRW DOZD\V GLUHFWO\ H[SUHVVHG DV D SHUFHQWDJH� EXW VRPHWLPHV
WKH VSHFLILF HQHUJ\ FRQVXPSWLRQ LV XVHG� H[SUHVVHG LQ N:KNJዅኻ RU N:K�1Pኽ IRU H[DPSOH>��@� $
VSHFLILF H[DPSOH RI D FRPPRQO\ XVHG HIILFLHQF\ XVHG LQ LQGXVWU\ FDQ EH VHHQ LQ (TXDWLRQ ����� ,Q WKLV
H[SUHVVLRQ WKH ++9 RI K\GURJHQ FRPEXVWLRQ LQ R[\JHQ �VR LW LV WKH RSSRVLWH RI WKH HQWKDOS\ RI IRUPD�
WLRQ RI ZDWHU �����N-PROዅኻ� WLPHV WKH PRODU SURGXFWLRQ UDWH �൬̂ፇᎴ LQ PRO Vዅኻ� UHSUHVHQW WKH HQHUJ\
FRQWHQW RI WKH SURGXFW JDV SURGXFHG HYHU\ VHFRQG� 7KH GHQRPLQDWRU UHSUHVHQW WKH FRPELQDWLRQ RI
WKUHH SRZHUV� HOHFWULF� WKHUPDO� DQG DX[LOLDU\ HTXLSPHQW DQG WRJHWKHU IRUP WKH LQSXW SRZHU�

࿹ፈ፧፝፮፬፭፫፲  
്്൛ ॲ ൬̂ፇᎴ

ൕ፞ ፥፞፜፭፫።፜ፚ፥ � ൕ፭፡፞፫፦ፚ፥ � ൕፚ፮፱።፥።ፚ፫፲
������

&RQFOXGLQJ WKDW IURP HYHU\ HIILFLHQF\ SHUVSHFWLYH SUHVHQWHG� WZR GLIIHUHQW FKDUDFWHULVWLFV GHWHUPLQH
WKH V\VWHPV HIILFLHQF\� )LUVWO\� WKHUPRG\QDPLF DVSHFWV VXFK DV WHPSHUDWXUH DQG SUHVVXUH ZKLFK DOWHU
WKH UHDFWLRQ NLQHWLFV� 6HFRQGO\� LQWHUQDO ORVVHV� HQHUJ\ WKDW LV GLVVLSDWHG DQG HIIHFWLYHO\ QRW FRQWULEXW�
LQJ WKH HOHFWURO\VLV UHDFWLRQ� RKPLF KHDWLQJ IRU H[DPSOH� 7KURXJKRXW WKH UHVW RI WKLV WKHVLV� GLIIHUHQW
HIILFLHQF\ GHILQLWLRQV DUH XVHG DQG UHODWH WR WKH DIRUHPHQWLRQHG HIILFLHQFLHV�

,Q WKH QH[W VHFWLRQ� DOO IXQGDPHQWDO FRPSRQHQWV LQ DQ DONDOLQH HOHFWURO\VHU DQG WKHLU UHVSHFWLYH EDFN�
JURXQGV LQ VFLHQWLILF OLWHUDWXUH DUH SUHVHQWHG� $IWHU DOO HVVHQWLDO FRPSRQHQWV DUH LQWURGXFHG� HOHFWULFDO
UHVLVWDQFHV LQ WKH V\VWHP DUH H[SODLQHG� JLYLQJ WKH UHDGHU D PRUH GHWDLOHG SLFWXUH RI ZKDW DUH WKH PRVW
UHOHYDQW SDUDPHWHUV LQ HOHFWURO\VLV�

���� )XQGDPHQWDO FRPSRQHQWV
1RZ ZLWK WKH ILUVW SULQFLSOHV RI HOHFWURO\VLV DQG WKH RYHUDOO SURFHVV EHLQJ LQWURGXFHG� IRFXVLQJ RQ WKH
IXQGDPHQWDO QHFHVVLWLHV IRU HOHFWURO\VLV� FHUWDLQ FRPSRQHQWV LQ HOHFWURO\VLV FRPH IRUZDUG� ZKLFK DUH
VFKHPDWLFDOO\ GHSLFWHG LQ )LJXUH ���� /LWHUDWXUH FRQVXOWDWLRQ SURYLGHV WKH VFLHQWLILF FRQWH[W RI WKH IXQ�
GDPHQWDO FRPSRQHQWV LPSOHPHQWHG LQ =()¶V HOHFWURO\VLV V\VWHP� $X[LOLDU\ HTXLSPHQW LV GHVFULEHG LQ
FKDSWHU �� FRPSOHWLQJ WKH FXUUHQW VWDWH RI =()¶V HOHFWURO\VLV V\VWHP�

������ (OHFWURO\WH
7KH OLTXLG HOHFWURO\WH IDFLOLWDWHV DQLRQ WUDQVIHU DQG FRQVHTXHQWO\ UHTXLUHV D KLJK LRQLF FRQGXFWDQFH�
,Q RUGHU WR HQKDQFH WKH FRQGXFWLYLW\ RI WKH VROXWLRQ� HOHFWURO\WHV ZKLFK JHQHUDOO\ FRQVLVW RI LRQV ZLWK
KLJK PRELOLW\ DUH DSSOLHG LQ WKH HOHFWURO\VHU >��@� 3RWDVVLXP K\GUR[LGH LV PRVW FRPPRQO\ XVHG LQ ZDWHU
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)LJXUH ���� 6FKHPDWLF RYHUYLHZ RI DONDOLQH ZDWHU HOHFWURO\VLV>��@

HOHFWURO\VLV� DYRLGLQJ WKH KXJH FRUURVLRQ ORVV FDXVHG E\ DFLG HOHFWURO\WHV DQG WKH XVH RI SUHFLRXVPHWDOV
VXFK DV SODWLQXP JURXS PHWDOV �3*0¶V� >��@� =()¶V HOHFWURO\WH VROXWLRQ FRQVLVWV RI ZDWHU ZLWK ��ZW�
SRWDVVLXP K\GUR[LGH �.2+�� ��ZW� WR ��ZW� LV FRQVLGHUHG DQ RSWLPXP YDOXH LQ LQGXVWU\ �W\SLFDOO\ DW
WHPSHUDWXUHV LQ WKH UDQJH RI �� �& WR �� �&� >��� ��� ��@� ,Q UHFHQW ZRUN E\ -X HW DO� LQ ���� >��@� DOVR D
��ZW� LV XVHG� 7KURXJKRXW WKH UHVW RI WKLV WKHVLV� WKH HOHFWURO\WH FRPSRVLWLRQ DW WKH VWDUW RI RSHUDWLRQ
LV DVVXPHG�

������ 6HSDUDWRU 'LDSKUDJP
7KH VHSDUDWRU IXQFWLRQV DV D VHPL�SHUPHDEOH EDUULHU� LW VHSDUDWHV WKH R[\JHQ DQG K\GURJHQ VLGHV VXFK
WKDW QR H[SORVLYH JDV�PL[WXUHV IRUP DQG KLJK SXULW\ K\GURJHQ LV JXDUDQWHHG� 2Q WKH RWKHU KDQG� WKH
VHSDUDWRU RXJKW WR HQDEOH FKDUJH�FDUU\LQJ K\GUR[LGH LRQV WR WUDYHO IURP WKH FDWKRGH WR WKH DQRGH VLGH�
7KLV SURSHUW\ FDQ EH DFKLHYHG WKURXJK YDULRXV URXWHV DQG WKXV GLIIHUHQW SURGXFWLRQ PHWKRGV DUH GH�
YHORSHG VR IDU� ZKLFK DUH URXJKO\ GLYLGHG LQWR WKUHH GLIIHUHQW FDWHJRULHV� GLDSKUDJPV� DQLRQ H[FKDQJH
PHPEUDQHV �$(0V� DQG LRQ�VROYDWLQJ PHPEUDQHV� DV LOOXVWUDWHG LQ )LJXUH ��� >��@
7KH PRVW UHFHQW GHYHORSPHQW LQ VHSDUDWLRQ WHFKQRORJ\ LQ HOHFWURO\VLV WHFKQRORJ\ LV WKH LRQ�VROYDWLQJ

)LJXUH ���� 7KUHH PHPEUDQH W\SHV FXUUHQWO\ LQYHVWLJDWHG IRU DONDOLQH HOHFWURFKHPLFDO DSSOLFDWLRQV� D� SRURXV GLDSKUDJP� E�
DQLRQ H[FKDQJH PHPEUDQH F� LRQ�VROYDWLQJ PHPEUDQH�

2ULJLQDO LPDJH FDQ EH IRXQG LQ WKH ZRUN RI .UDJOXQG HW DO� >��@

PHPEUDQH� .UDJOXQG HW DO� GHVFULEH WKH ZRUNLQJPHFKDQLVP RI WKLV QRYHO W\SH DV IROORZV� ´,RQ�VROYDWLQJ
PHPEUDQHV DUH SRO\PHULF PHPEUDQHV� ZKLFK ZKHQ LPELEHG ZLWK ൐ൔ് VZHOO DQG IRUP D KRPRJHQHRXV
WHUQDU\ HOHFWURO\WH V\VWHP RI SRO\PHU�ZDWHU�.2+� ,RQ�VROYDWLQJ PHPEUDQHV XWLOL]H WKH XSWDNH DQG SUHV�
HQFH RI DQ DTXHRXV DONDOLQH HOHFWURO\WH WR DFKLHYH LRQLF FRQGXFWLYLW\� DQG DUH QRW QHFHVVDULO\ LQWULQVLF
K\GUR[LGH FRQGXFWRUV� EXW XQOLNH GLDSKUDJPV WKH\ DUH GHQVH �QRQ�SRURXV� DQG FDQ EH SUHSDUHG DV WKLQ
DV RWKHU SRO\PHULF PHPEUDQHV´ >��@� 7KLV LV LOOXVWUDWHG LQ WKH ULJKW�PRVW LPDJH LQ )LJXUH ����
$ODP HW DO� SHUIRUPHG D QXPHULFDO DQDO\VLV WR FRPSDUH DQ P�3%, PHPEUDQH �SRO\EHQ]LPLGD]ROH� DQ
H[DPSOH RI DQ LRQ�VROYDWLQJ PHPEUDQH� DQG WKH FRQYHQWLRQDO =LUIRQ GLDSKUDJP� 7KH QRYHO PHPEUDQH
WHFKQRORJ\ VKRZHG SRWHQWLDO� ´6XSHULRU FHOO SHUIRUPDQFH ZDV DFKLHYHG ZLWK WKH P�3%, PHPEUDQH DQG
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GHWDLOHG RYHUSRWHQWLDO DQDO\VLV FOHDUO\ LQGLFDWHG WKDW WKH RKPLF RYHUSRWHQWLDO ZDV VLJQLILFDQWO\ UHGXFHG
E\ XVLQJ WKHP�3%, PHPEUDQH´ >�@� 7KLV ILQGLQJ LV LQ DFFRUGDQFH ZLWK WKH ZRUN RI .UDJOXQG HW DO� LQ �����
ZKLFK LV GLVSOD\HG LQ )LJXUH ���� 7KH DXWKRUV VXJJHVW WKH FRPELQHG HIIHFW RI WKH VPDOOHU WKLFNQHVV DQG

)LJXUH ���� &RPSDULVRQ EHWZHHQ =LUIRQ DQG DQ LRQ�VROYDWLQJ P�3%, PHPEUDQH ZLWK D ኼ኿ZW� ፊፎፇ VROXWLRQ DW ዂኺ �&�>��@

LWV KLJKHU LRQLF FRQGXFWLYLW\ FDXVHG WKH REVHUYHG LQFUHDVH LQ FHOO SHUIRUPDQFH XVLQJ P�3%, PHPEUDQHV
FRPSDUHG WR XVDJH RI =LUIRQ PHPEUDQHV� +\GURJHQ DQG R[\JHQ LPSXULWLHV �GXH WR FURVVRYHU� ZHUH
GHHPHG VXIILFLHQWO\ ORZ >�@� )XUWKHU LQYHVWLJDWLRQ DQG VXEVHTXHQW RSWLPLVDWLRQ RI WKLV WHFKQLTXH PLJKW
OHDG WR LRQ�VROYDWLQJ PHPEUDQHV RXWSHUIRUPLQJ SRURXV GLDSKUDJPV >��@ �H�J� GXH WR ODFN RI 3*0V
VXFK DV LULGLXP >��@�� <HW� H[SORUDWLRQ DQG ORQJ WHUP WHVWLQJ RI GHJUDGDWLRQ PRGHV RI LRQ�VROYDWLQJ
PHPEUDQHV VXFK DV P�3%, LV UHTXLUHG WR SURYLGH VXIILFLHQW VFLHQWLILF EDVH IRU D FHOO GHVLJQ LQ ZKLFK
ORQJ WHUP VWDELOLW\ LV DFTXLUHG >��@�

$QLRQ H[FKDQJH PHPEUDQHV �$(0V� DUH FRQVLGHUHG D SURPLVLQJ DOWHUQDWLYH WR WKH FRQYHQWLRQDO SRURXV
GLDSKUDJPV DV LW KDV SRWHQWLDO WR EH PXFK WKLQQHU >��@� $(0 HOHFWURO\VLV FHOOV LQYROYH D VHSDUDWRU PHP�
EUDQH WKDW IDFLOLWDWHV WKH K\GUR[LGH LRQ WUDQVIHU YLD FRXSOLQJV ZLWK SRVLWLYHO\ FKDUJHG JURXSV �LQ OLWHUDWXUH
ODEHOOHG ´&DWLRQLF VLGH JURXSV´ >��@�� 0HPEUDQH K\GUDWLRQ LV HVVHQWLDO WR SURSHU IXQFWLRQLQJ RI DQ $(0�
DV LW SURYLGHV WKH PRELOLW\ RI WKH DQLRQV LQ WKH HOHFWURO\WH VROXWLRQ >��@�
5HVHDUFK RQ $(0V LV UDSLGO\ HYROYLQJ LQ UHFHQW \HDUV DQG ZLWK LW WKH PHPEUDQHV¶ SURSHUWLHV� +LFNQHU HW
DO� UHSRUW WKDW ODUJH VWHSV KDYH EHH WDNHQ WRZDUGV D PRUH FRPSOHWH XQGHUVWDQGLQJ RI WKH LQYROYHG SKH�
QRPHQD DQG OLIHWLPH LVVXHV KDYH EHHQ LPSURYHG GUDVWLFDOO\ LQ UHFHQW \HDUV >��@� %XW WKH PRVW SUHYDOHQW
FKDOOHQJH WKDW VWLOO UHPDLQV LV LW¶V FKHPLFDO DQG PHFKDQLFDO VWDELOLW\� =KHJXU HW DO� SUHVHQW D GHWDLOHG
DQDO\VLV RI FKHPLFDO GHJUDGDWLRQ RI DQ $(0 LQ WHUPV RI LWV PRVW LPSRUWDQW SURSHUWLHV� LRQ H[FKDQJH
FDSDFLW\� ZDWHU XSWDNH DQG FRQGXFWLYLW\ >���@� 7KH H[SHULPHQWV VKRZHG D VLJQLILFDQW GHJUDGDWLRQ RI
WKH LRQ H[FKDQJH FDSDFLW\ RYHU WLPH �WKH RUGHU RI PDJQLWXGH RI GD\V�� ,Q FRQFOXVLRQ� $(0 HOHFWURO\VLV
DUH QRW FRPPHUFLDOO\ DYDLODEOH \HW DQG WR REWDLQ D ORQJ OLIHWLPH DSSOLFDWLRQ� IXUWKHU LQYHVWLJDWLRQV DUH
FRQVLGHUHG QHFHVVDU\ >��� ���� ��� ��@�

3RURXV GLDSKUDJPV DUH FRPPRQO\ XVHG LQ DONDOLQH HOHFWURO\VLV WRGD\ >��@� %HIRUH WKH ����¶V DVEHVWRV
ZDV FRPPRQO\ XVHG DV SRURXV GLDSKUDJP LQ HOHFWURFKHPLFDO SURFHVVHV� EHFDXVH LW KDV ORZ RKPLF
ORVVHV >��@� +RZHYHU� DVEHVWRV ODFNHG SURSHU FRUURVLRQ UHVLVWDQFH DW HOHYDWHG WHPSHUDWXUH LQ DOND�
OLQH PHGLD� 0RUHRYHU� LWV FDUFLQRJHQLF SURSHUW\ ZDV GLVFRYHUHG DQG DVEHVWRV ZDV JUDGXDOO\ UHSODFHG
E\ RWKHU GLDSKUDJPV >��@� ,Q SDUWLFXODU� WKH DIRUHPHQWLRQHG =LUIRQ GLDSKUDJP LV FXUUHQWO\ ZLGHO\ XVHG
DQG RIWHQ XVHG DV UHIHUHQFH WR QHZO\ GHYHORSHG VHSDUDWRUV LQ OLWHUDWXUH� 7KH =LUIRQ 3HUO 873 ��� LV
D FRPPHUFLDOO\ DYDLODEOH SURGXFW DQG XVHG LQ =()¶V HOHFWURO\VLV V\VWHP� $OWKRXJK WKH =LUIRQ 3HUO 873
��� LV DOUHDG\ DSSOLHG LQ LQGXVWU\� QHZ DQG PRUH DGYDQFHG SUH�FRPPHUFLDO YHUVLRQV DUH FXUUHQWO\ EH�
LQJ GHYHORSHG >��@� IRU H[DPSOH =LUIRQ (FR DQG =LUIRQ WKLQ� 7KH WHFKQLFDO VSHFLILFDWLRQV RI WKH XVHG
GLDSKUDJP DUH UHSRUWHG LQ 7DEOH ����
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3DUDPHWHU 9DOXH 6WDQGDUG 'HYLDWLRQ 8QLW 5HIHUHQFH
7KLFNQHVV ��� �� �P 7HFKQLFDO 'DWD 6KHHW =LUIRQ >�@
3RUHVL]H ��� �� �P %UDXQV HW DO� >��@
3RULVW\ �� �� � 7HFKQLFDO 'DWD 6KHHW =LUIRQ >�@
'HQVLW\ ���� ��� J FPዅኽ 7HFKQLFDO 'DWD 6KHHW =LUIRQ >�@
0D[LPXP 7HPSHUDWXUH ��� �& 7HFKQLFDO 'DWD 6KHHW =LUIRQ >�@

7DEOH ���� =LUIRQ 3HUO 873 ���

������ (OHFWURGHV
7KH HOHFWURGHV DUH GLUHFWO\ LQYROYHG LQ WKH HOHFWURFKHPLFDO FRQYHUVLRQ UHDFWLRQV �+(5 DQG 2(5� DQG
UHTXLUH VSHFLILF SURSHUWLHV� (YLGHQWO\� D PD[LPDO FDWDO\WLF DFWLYLW\ LV GHVLUHG IRU ERWK WKH +(5 DQG 2(5
ZKLOVW UHVLVWLQJ D YHU\ FRUURVLYH HQYLURQPHQW >��@� $ FOHDU DGYDQWDJH RI DONDOLQH HOHFWURO\VLV RYHU DFLGLF
HOHFWURO\VLV� VXFKD V 3URWRQ ([FKDQJH 0HPEUDQH �3(0� HOHFWURO\VLV� FRPHV IRUZDUG LQ WKH FDWDO\VW RQ
WKH HOHFWURGH VXUIDFH� ,Q FRQWUDVW WR HOHFWURO\VLV LQ DQ DFLGLF HQYLURQPHQW� SUHFLRXV PHWDOV DUH JHQHUDOO\
QRW UHTXLUHG DQG WKHUHIRUH DONDOLQH HOHFWURO\VLV KDV D FRPPHUFLDO HGJH� -X HW DO� VWDWH� ´ $ONDOLQH ZDWHU
HOHFWURO\VLV LV D SURYHQ DQG FRVW�HIIHFWLYH WHFKQLTXH� ZKLFK KDV EHHQ FRPPHUFLDOL]HG DW ODUJH VFDOH´
>��@�

1LFNHO LV D SRSXODU HOHFWURGH PDWHULDO GXH WR LWV KLJK DFWLYLW\ DQG DYDLODELOLW\ DV ZHOO DV ORZ FRVW >���
��@� +RZHYHU� -X HW DO� UHSRUW WKDW D WUXH FRPSDULVRQ RI GLIIHUHQW HOHFWURGHV LV VRPHZKDW FRQWHVWDEOH�
´,Q JHQHUDO� UHSRUWHG DFWLYLWLHV LQ WKH OLWHUDWXUH DUH RIWHQ GLIILFXOW WR FRPSDUH DV WKH\ DUH WUHPHQGRXVO\
DIIHFWHG E\ WKH FKDOOHQJLQJ VXUIDFH DUHD HVWLPDWLRQ RI HOHFWURFDWDO\VWV´ >��@� &RQFOXGLQJ WKDW ERWK WKH
PDWHULDO VHOHFWLRQ LWVHOI DQG LWV PRUSKRORJ\ RXJKW WR EH FRQVLGHUHG ZKHQ GHVFULELQJ DQG HYDOXDWLQJ
HOHFWURGHV� 'HVSLWH SXUH QLFNHO LV UHSRUWHG DV D VWDEOH FDWDO\VW IRU ERWK +(5 DQG 2(5� LWV SHUIRUPDQFH
LV RIWHQ IRXQG WR EH UDWKHU SRRU >��@� 5DQH\ QLFNHO LV QLFNHO ZKLFK KDV EHHQ WUHDWHG LQ D SDUWLFXODU ZD\�
ZKLFK KDV EHHQ GHYHORSHG WKURXJK H[WHQVLYH UHVHDUFK RYHU WKH \HDUV� 5DQH\ QLFNHO LV FRQYHQWLRQDOO\
PDGH E\ GLVVROYLQJ QLFNHO LQ PROWHQ DOXPLQLXP� IROORZHG E\ WKH DGGLWLRQ RI ]LQF RU FKURPLXP ZKLOVW
TXHQFKLQJ >��@� 7KH GLVVROYHG FRPSRQHQWV OHDYH WKH QLFNHO ZLWK D ODUJH LQWHUQDO VXUIDFH DUHD� ZKLFK
LV LQ WXUQ UHVXOWLQJ LQ D ODUJH QXPEHU RI SRVVLEOH UHDFWLRQ VLWHV� 5DQH\ QLFNHO LV ZLGHO\ XVHG LQ DONDOLQH
ZDWHU HOHFWURO\VLV V\VWHPV WRGD\� DV LW LV FRQVLGHUHG D FRVW�HIIHFWLYH� ZHOO�SHUIRUPLQJ HOHFWURGH PDWHULDO
>��@� $OWKRXJK LQYHVWLJDWHG LQ SDUWLFXODU IRU WKH +(5 >��@� 5DQH\ QLFNHO LV NQRZQ WR SHUIRUP ZHOO DW WKH
DQRGLF 2(5 WRR >��@�
=()¶V HOHFWURGHV LQ WKH ]HUR�JDS GHVLJQ DUH FRDWHG ZLWK 5DQH\ QLFNHO� SURGXFHG E\ 3HUPDVFDQG� ,Q

�D� 3RODULVDWLRQ FXUYH IRU GLIIHUHQW HOHFWURGH PDWHULDOV IRU +(5� �DJHG�
QLFNHO YHUVXV 5DQH\ QLFNHO �E� 3RODULVDWLRQ FXUYH IRU GLIIHUHQW HOHFWURGH PDWHULDOV IRU 2(5

)LJXUH ���� &RPSDULVRQ RI GLIIHUHQW HOHFWURGH PDWHULDOV IRU +(5 �D� DQG 2(5 �D�� RYHUSRWHQWLDO SORWWHG DJDLQVW FXUUHQW GHQVLW\
2ULJLQDO JUDSK FDQ EH IRXQG LQ WKH ZRUN RI &ROOL HW DO�>��@

=()¶V QRQ�]HUR JDS GHVLJQ KRZHYHU� WKH HOHFWURGHV DQG ELSRODU SODWHV DUH LQWHJUDWHG LQWR D VLQJOH �PP
WKLFN QLFNHO SODWH �DQG FXUUHQW FROOHFWRUV DUH XQQHFHVVDU\�� $Q LPSRUWDQW QRWLRQ LV LQ SODFH� WKH QLFNHO
SODWHV DUH QRW WUHDWHG QRU FRDWHG ZLWK 5DQH\ QLFNHO DQG VLPSO\ FRQVLVW RI ��� QLFNHO� 3HUIRUPDQFH DQG
VXLWDELOLW\ LQ =()¶V HOHFWURO\VLV V\VWHP KDYH \HW WR EH SURYHQ� $Q LQWHQVLYH VWXG\ KDV EHHQ GRQH E\
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&ROOL HW DO� RQ GLIIHUHQW HOHFWURGH PDWHULDOV� LQFOXGLQJ SXUH QLFNHO DQG 5DQH\ QLFNHO� 7KH ZRUN UHYHDOHG
VLPLODU GLIIHUHQFHV EHWZHHQ QLFNHO DQG 5DQH\ QLFNHO DV WKH DIRUHPHQWLRQHG ZRUN E\ 6FKDOHQEDFK HW
DO� >��@� 7KH LQIOXHQFH RI SUHWUHDWPHQW RI WKH QLFNHO ZDV HPSKDVLVHG LQ WKH ZRUN RI &ROOL HW DO� � ´,W ZDV
QRWHZRUWK\ WKDW 1L UHTXLUHG DQ DJLQJ�DFWLYDWLRQ SURFHVV RI VRPH ��K LQ FRQFHQWUDWHG .2+ �� 0� EHIRUH
SHUIRUPLQJ DW LWV EHVW�´ 7KLV SUHWUHDWPHQW LV UHIHUUHG WR DJLQJ� $V FDQ EH VHHQ LQ )LJXUH ���D� 5DQH\
QLFNHO RXWSHUIRUPV WKH SXUH �DJHG� QLFNHO IRU +(5� +RZHYHU� )LJXUH ���E VKRZV DQ RSSRVLWH HIIHFW IRU
WKH 2(5� ZKHUH WKH RYHUSRWHQWLDO IRU WKH SRURXV QLFNHO �VXFK DV 5DQH\ 1LFNHO� LV DFWXDOO\ ODUJHU WKDQ
IRU SXUH QLFNHO�

���� 5HDFWLRQ .LQHWLFV
:LWK JHQHUDO V\VWHP FKDUDFWHULVWLFV DQG WKH IXQGDPHQWDO FRPSRQHQWV EHLQJ LQWURGXFHG� WKH QH[W VWHS
LV WR GLYH LQWR GHWDLO� UHDFWLRQ NLQHWLFV� ,Q WKH XSFRPLQJ VHFWLRQ� UHOHYDQW SKHQRPHQD DUH GLVFXVVHG WR
FRPH WR D GHWDLOHG XQGHUVWDQGLQJ RI LQIOXHQFHV RQ WKH DSSOLHG SRWHQWLDO� $ WKRURXJK XQGHUVWDQGLQJ RI
SRWHQWLDO FRQVWLWXHQWV LV FRQVLGHUHG HVVHQWLDO DV LW H[SODLQV V\VWHP EHKDYLRXU DQG LW FRXOG JXLGH IXWXUH
V\VWHP GHYHORSPHQW� ,Q WKH XSFRPLQJ VHFWLRQV� WKH SRWHQWLDO FRQVWLWXHQWV DUH GHVFULEHG DQG H[SODLQHG�

2YHUSRWHQWLDOV
'LIIHUHQW HOHPHQWV RI WKH V\VWHP HDFK LQWURGXFH WKHLU XQLTXH UHVLVWDQFHV� 'LIIHUHQW XQGHUO\LQJ SKH�
QRPHQD UHVXOW LQ GLIIHUHQW RYHUSRWHQWLDO FKDUDFWHULVWLFV� )LUVW� GLIIHUHQW FRQWULEXWLRQV WR WKH WRWDO DSSOLHG
SRWHQWLDO DUH LQWURGXFHG� OHDGLQJ WR WKH DFWXDO WRWDO FHOO YROWDJH� 7KHUHDIWHU� HDFK UHOHYDQW FRQWULEXWLRQ
WR WKH WRWDO YROWDJH LV IXUWKHU GHWDLOHG�
7KH WRWDO FHOO YROWDJH DQG LWV FRQVWLWXHQWV FDQ EH VHHQ LQ (TXDWLRQ ����� ,Q ZKLFK ൚ፑ፞፯ GHQRWHV WKH
UHYHUVLEOH FHOO YROWDJH� ࿹፜ፚ፭፡፨፝፞ DQG ࿹ፚ፧፨፝፞ GHQRWH WKH RYHUSRWHQWLDOV DW WKH FDWKRGH DQG DQRGH UH�
VSHFWLYHO\� 7KH ODVW WHUP ൎ ॲ ൗ፜፞፥፥ GHQRWHV WKH 2KPLF FHOO UHVLVWDQFH� 7KH HTXDWLRQ LV REWDLQHG IURP WKH
ZRUN RI 3KLOOLSV HW DO� >��@� EXW VLPLODU HTXDWLRQV FDQ EH IRXQG LQ PDQ\ GLIIHUHQW VWXGLHV >��� ��� ��@

൚ፂ፞፥፥  ൚ፑ፞፯ � ࿹፜ፚ፭፡፨፝፞ � ࿹ፚ፧፨፝፞ � ൎ ॲ ൗ፜፞፥፥ 7RWDO FHOO SRWHQWLDO ������

%HIRUH GLVFXVVLRQ WKH GLIIHUHQW SDUWV RI (TXDWLRQ ����� DQ D SULRUL FRPSDULVRQ RI ZKDW WHUPV GRPLQDWH
RWKHUV LQ WHUPV RI PDJQLWXGH FDQ EH VHHQ LQ )LJXUH ���� $Q LPPHGLDWH QRWLRQ FDQ EH PDGH� VRPH
FRQWULEXWLRQV GR QRW YDU\ ZLWK FXUUHQW GHQVLW\ �H�J� WKH HTXLOLEULXP YROWDJH� ZKLOH RWKHU VLJQLILFDQWO\ YDU\
ZLWK FXUUHQW GHQVLW\ �H�J� RKPLF ORVVHV� >��@� 7KH HTXLOLEULXP YROWDJH ൚ፑ፞፯ LV GHILQHG LQ VXEVHFWLRQ �����
DQG WKHUHIRUH QRW H[SODLQHG LQ WKH XSFRPLQJ VXEVHFWLRQV�

)LJXUH ���� 'LIIHUHQW FRQWULEXWLRQV WR WKH WRWDO FHOO SRWHQWLDO DW GLIIHUHQW FXUUHQW GHQVLWLHV
,PDJH WDNHQ IURP WKH ZRUN RI 3KLOOLSV HW DO� >��@
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������ (OHFWURGH NLQHWLFV
7KH ILUVW NLQHWLFV WR FRQVLGHU DUH WKH UHDFWLRQ NLQHWLFV DW WKH HOHFWURGHV� IRU WKLV LV ZKHUH WKH GHFRPSRVL�
WLRQ UHDFWLRQ LWVHOI WDNHV SODFH� =HQJ HW DO� >��@ FOHDUO\ VWDWH ZKDW WKH XOWLPDWH JRDO RI HOHFWURGH NLQHWLFV
LV� ´7KH VWXG\ RI HOHFWURGH NLQHWLFV VHHNV WR HVWDEOLVK WKH PDFURVFRSLF UHODWLRQVKLS EHWZHHQ WKH FXUUHQW
GHQVLW\ DQG WKH VXUIDFH RYHUSRWHQWLDO�´ $V WKH FXUUHQW GHQVLW\ LV DFWXDOO\ D PHDVXUH RI WKH SURGXFWLRQ
UDWH� VXFK D UHODWLRQVKLS LV LPSRUWDQW DV LW PDSV RYHUSRWHQWLDOV �DQ LQSXW SDUDPHWHU� WR SURGXFWLRQ UDWHV
�DQ RXWSXW SDUDPHWHU� DW WKH HOHFWURGHV� 7KLV SDUWLFXODU W\SH RI RYHUSRWHQWLDOV LV RIWHQ UHIHUUHG WR DV
DFWLYDWLRQ SRWHQWLDOV� ,Q (TXDWLRQ ���� DFWLYDWLRQ SRWHQWLDOV DUH GHQRWHG E\ ࿹፜ፚ፭፡፨፝፞ DQG ࿹ፚ፧፨፝፞� UHIHU�
ULQJ WR WKH DFWLYDWLRQ RYHUSRWHQWLDOV DW WKH FDWKRGH DQG DQRGH VLGH UHVSHFWLYHO\�
,Q PDQ\ VWXGLHV� WKH HTXDWLRQV GHVFULELQJ WKH UHODWLRQVKLS EHWZHHQ RYHUSRWHQWLDO DQG FXUUHQW GHQVLW\
DW WKH HOHFWURFDWDO\WLF VXUIDFH DUH WKH %XWOHU�9ROPHU DQG�RU 7DIHO HTXDWLRQV >��� ��� ��@�

%XWOHU�9ROPHU HTXDWLRQ
$ ZHOO�NQRZQ PHWKRG WR UHODWH WKH FXUUHQW GHQVLW\ �DQG WKXV WKH UHDFWLRQ UDWH LQGLUHFWO\� WR WKH DSSOLHG
YROWDJH LV WKURXJK WKH %XWOHU�9ROPHU HTXDWLRQ�
$ GHWDLOHG GHULYDWLRQ RI WKH %XWOHU�9ROPHU HTXDWLRQ FDQ EH IRXQG LQ WKH ZRUN RI %DUG DQG )DXONQHU
�FKDSWHU �� >�@� ,Q WKHLU GHULYDWLRQ� LPSRUWDQW DVVXPSWLRQV KDYH EHHQ PDGH� D VR�FDOOHG ¶RQH�VWHS�
RQH�HOHFWURQ SURFHVV¶ DSSURDFK LV XVHG� PHDQLQJ WKDW LQ WKHLU GHULYDWLRQ� RQH HOHFWURQ LV LQYROYHG LQ WKH
UDWH GHWHUPLQLQJ UHDFWLRQ VWHS� $QRWKHU LPSRUWDQW DVVXPSWLRQ LV WKDW WKH UHDFWLRQ UDWH FRQVWDQW FDQ EH
GHWHUPLQHG E\ XVH RI WKH $UUKHQLXV HTXDWLRQ ZKLFK FDQ EH VHHQ LQ (TXDWLRQ ���� >��@�

൩  ൉൤ዅ
ᐼᑒ
ᑉᑋ $UUKHQLXV HTXDWLRQ ������

,Q ZKLFK ൉ GHQRWHV WKH IUHTXHQF\ IDFWRU GHVFULELQJ WKH PROHFXODU FROOLVLRQ IUHTXHQF\ �� ൗ WKH XQLYHUVDO
JDV FRQVWDQW DQG ൙ WKH WHPSHUDWXUH� 7KH PRVW LPSRUWDQW TXDQWLW\ IRU WKH UHVW RI WKLV DQDO\VLV LV WKH
DFWLYDWLRQ HQHUJ\ GHQRWHG E\ ൊፚ� EHFDXVH WKH DFWLYDWLRQ HQHUJ\ LV LQIOXHQFHG E\ WKH DSSOLHG SRWHQWLDO
>��� ��@� WKLV FDQ EH VHHQ JUDSKLFDOO\ LQ )LJXUH ����
)LJXUH ��� VKRZV WKH VWDQGDUG IUHH HQHUJ\ �ൌ� DV IXQFWLRQ RI D VR�FDOOHG UHDFWLRQ FRRUGLQDWH� ZKLFK

�D� $FWLYDWLRQ HQHUJLHV DV IXQFWLRQ RI WKH UHDFWLRQ FRRUGLQDWH �E� &ORVH XS RI WKH VKDGHG DUHD LQ WKH LPDJH RQ WKH OHIW

)LJXUH ���� 7KH LQIOXHQFH RI D SRWHQWLDO FKDQJH RQ WKH DFWLYDWLRQ HQHUJ\ LQ DQ HOHFWURFKHPLFDO UHDFWLRQ
2ULJLQDO JUDSKV FDQ EH IRXQG LQ WKH ZRUN RI %DUG DQG )DXONQHU >�@

H[SUHVVHV SURJUHVV RI WKH UHDFWLRQ�� ,I WKH DFWLYDWLRQ HQHUJ\ LV SURYLGHG� LQWHUVHFWLRQ RI WKH FDWKRGLF DQG
DQRGLF IUHH HQHUJ\ OLQHV LV UHDFKHG DQG UHDFWLRQ RFFXUV� 7KH UHTXLUHG DFWLYDWLRQ HQHUJLHV DUH LQGLFDWHG
LQ )LJXUH ���D �́ൌ፜ GHQRWLQJ WKH FDWKRGLF DQG ́ൌፚ WKH DQRGLF DFWLYDWLRQ HQHUJ\� DQG WKH LQIOXHQFH RI D
SRWHQWLDO FKDQJH FDQ EH LQIHUUHG JUDSKLFDOO\�
=RRPLQJ LQ RQ WKH LQWHUVHFWLRQV LQ )LJXUH ���E DQG IROORZLQJ WKH GHULYDWLRQ RI %DUG DQG )DXONQHU� WZR
DGGLWLRQDO SDUDPHWHUV DUH LQWURGXFHG� ോ DQG ࿳�
�$OWKRXJK WKH IUHTXHQF\ RI FROOLVLRQV DQG WKHUHIRUH WKH IUHTXHQF\ IDFWRU LV WHPSHUDWXUH GHSHQGHQW� WKH WHPSHUDWXUH GHSHQGHQFH
LV VLJQLILFDQWO\ OHVV LQ FRPSDULVRQ WR WR WKH ፞Ꮍ

ᐼᑒ
ᑉᑋ WHUP >�@

�%DUN DQG )DXONQHU >�@ DERXW WKH XVH RI UHDFWLRQ FRRUGLQDWHV� ´,Q JHQHUDO� WKH UHDFWLRQ FRRUGLQDWH H[SUHVVHV SURJUHVV DORQJ D
IDYRXUHG SDWK RQ WKH PXOWLGLPHQVLRQDO VXUIDFH GHVFULELQJ SRWHQWLDO HQHUJ\ DV D IXQFWLRQ RI DOO LQGHSHQGHQW SRVLWLRQ FRRUGLQDWHV
LQ WKH V\VWHP�´

&RQILGHQWLDO



�� �� 7KHRUHWLFDO %DFNJURXQG

ോ LV D SURSRUWLRQDOLW\ FRQVWDQW ZKLFK PDSV SRWHQWLDO FKDQJH WR FKDQJH LQ VWDQGDUG IUHH HQHUJ\ RI D
VSHFLILF HOHWURFDWDO\WLF VXUIDFH� ࿳ LV D WUDQVIHU FRHIILFLHQW� ZKLFK LV D PHDVXUH RI V\PPHWU\ EHWZHHQ WKH
DQRGLF DQG FDWKRGLF IUHH HQHUJ\ FKDQJH GXH WR WKH SRWHQWLDO FKDQJH DQG YDULHV EHWZHHQ � DQG � >��
��@� ,Q )LJXUH ���E� ࿳ FDQ EH LQWHUSUHWHG JUDSKLFDOO\ DV DQ RXWFRPH RI WKH SDUWLFXODU VORSHV RI WKH DQRGLF
DQG FDWKRGLF IUHH HQHUJ\ OLQHV� ,QWURGXFLQJ WKUHH PRUH FDOLEUDWLRQ FRQVWDQWV �ൈፎ��� ൲�� ൈፑ��� ൲� DQG ൩ኺ�
ZKLFK DUH GHSHQGHQW RQ WKH UHIHUHQFH SRLQW �� ILQDOO\ HQGLQJ XS ZLWK WKH %XWOHU�9ROPHU HTXDWLRQ�

ൢ൥൧  ോെ൩ኺ ॲ > ൈፎ��� ൲�൤ዅᎎ፟�ፔዅፔ
Ꮂ� ࢿ ൈፑ��� ൲�൤�ኻዅᎎ�፟�ፔዅፔ

Ꮂ�@ %XWOHU�9ROPHU HTXDWLRQ ������

:LWK ൥  ፅ
ፑፓ

DQG �൚ ࢿ ൚ኺ� EHLQJ WKH SRWHQWLDO FKDQJH UHODWLYH WR WKH HTXLOLEULXP SRWHQWLDO� %RWK WKH
DVVXPSWLRQV DQG WKH HTXDWLRQ EHLQJ LQWURGXFHG� WKH QH[W VWHS LV WR PDNH D VLPSOLILFDWLRQ RI WKH %XWOHU�
9ROPHU HTXDWLRQ ZKLFK FDQ EH XWLOLVHG WR FRPSDUH HOHFWURGHV LQ D UHODWLYHO\ VLPSOH IDVKLRQ XVLQJ WZR
SDUDPHWHUV DQG WKH ZHOO NQRZQ 7DIHO SORWV� 7R GR VR� DQ LQLWLDO VLPSOLILFDWLRQ LV PDGH� DVVXPLQJ QRPDVV
WUDQVIHU OLPLWDWLRQV �H�J� LI FXUUHQW GHQVLW\ LV FRQVLGHUDEO\ ORZ� WKH %XWOHU�9ROPHU HTXDWLRQ DV SUHVHQWHG
LQ (TXDWLRQ ���� FDQ EH VLPSOLILHG WR ZKDW LV KLVWRULFDOO\ NQRZQ DV WKH %XWOHU�9ROPHU HTXDWLRQ�

൧  ൧ኺ ॲ > ൤ዅᎎ፟᎔ ࢿ ൤�� ࢿ ࿳�൥࿹@ 6LPSOLILHG %XWOHU�9ROPHU HTXDWLRQ ������

7KH DIRUHPHQWLRQHG WHUP ൚ ࢿ ൚ኺ LV UHSODFHG E\ ࿹� ZKLFK LV NQRZQ DV WKH RYHUSRWHQWLDO� ൧ኺ GHQRWHV
WKH H[FKDQJH FXUUHQW� ZKLFK LV HTXLYDOHQW WR WKH DIRUHPHQWLRQHG ൩ኺ� GHVFULELQJ WKH UHDFWLRQ UDWH DW
HTXLOLEULXP FRQGLWLRQV�� WKXV DW ࿹  ��

7DIHO (TXDWLRQ 	 3ORW
6WDUWLQJ IURP (TXDWLRQ ���� DQG KDYLQJ LQWURGXFHG WKH FRQFHSWV RI H[FKDQJH FXUUHQW ൧ኺ DQG RYHUSR�
WHQWLDO ࿹� RQH VPDOO DGGLWLRQ FDQ EH PDGH WR GHULYH DQRWKHU ZHOO�NQRZQ IRUPXOD� WKH 7DIHO HTXDWLRQ� %\
FDUHIXOO\ H[DPLQLQJ WKH WZR H[SRQHQWLDO WHUPV LQ (TXDWLRQ ���� LW FDQ EH REVHUYHG WKDW DW HLWKHU ODUJH
SRVLWLYH RU DW ODUJH QHJDWLYH RYHUSRWHQWLDOV� RQH RI WKH WZR WHUPV GRPLQDWHV WKH RWKHU� >��@�
$W ODUJH QHJDWLYH RYHUSRWHQWLDO IRU H[DPSOH� ൤ዅᎎ᎔ !! ൤�ኻዅᎎ�᎔� 6R LI D ODUJH QHJDWLYH RYHUSRWHQWLDO LV
DVVXPHG DQG WKH UHPDLQLQJ WHUP LV VROYHG IRU WKH RYHUSRWHQWLDO� WKH 7DIHO HTXDWLRQ HPHUJHV�

࿹  ൠ � ൡ ॲ OQ ൧ 7DIHO HTXDWLRQ ������

:LWK ൠ  ፑፓ
ᎎፅ

OQ ൧ኺ DQG ൡ ࢿ 
ፑፓ
ᎎፅ
� 7KH WZR SDUDPHWHUV FKDUDFWHULVH WKH HOHFWURFDWDO\WLF SHUIRUPDQFH RI

WKH HOHFWURGH VXUIDFH IRU D VSHFLILF UHDFWLRQ DQG DUH WKHUHIRUH RIWHQ XVHG WR �TXLFNO\� FRPSDUH GLIIHUHQW
HOHFWURGHV >��� ��� ��@� ൡ LV NQRZQ DV WKH 7DIHO VORSH DQG GHWHUPLQHV WKH DGGLWLRQDO UHTXLUHG RYHUSR�
WHQWLDO LI FXUUHQW GHQVLW\ LV LQFUHDVHG E\ D FHUWDLQ DPRXQW� ൠ GHSHQGV GLUHFWO\ RQ WKH H[FKDQJH FXUUHQW
GHQVLW\ DQG GHILQHV WKH VWDUWLQJ SRLQW RI ZKDW LV FDOOHG D 7DIHO SORW� $ JHQHUDO H[DPSOH RI D 7DIHO SORW LV
GHSLFWHG LQ )LJXUH ���� 1RWH WKDW WKH FXUUHQW GHQVLW\ LV SORWWHG RQ D ORJDULWKPLF VFDOH DW WKH ൷�D[LV DQG
WKH OLQHDU HTXDWLRQ RI (TXDWLRQ ���� LQGHHG KROGV IRU ODUJH RYHUSRWHQWLDOV� 7KH WZR GLIIHUHQW EUDQFKHV
LQGLFDWH WKH DQRGLF RQ WKH OHIW DQG WKH FDWKRGLF UHDFWLRQ RQ WKH ULJKW�
7DIHO SORWV DQG DFFRPSDQ\LQJ 7DIHO HTXDWLRQV DUH RIWHQ PDGH H[SHULPHQWDOO\ DQG XVHG WR FRPSDUH
GLIIHUHQW HOHFWURGHV >��� ��@� )LJXUH ��� DQG ��� GHVFULEH SHUIRUPDQFH RI GLIIHUHQW HOHFWURGH PDWHULDOV
DQG VHSDUDWRUV UHVSHFWLYHO\� EXW DUH LQ IDFW H[SHULPHQWDO YDULDQWV RI WKH MXVW WKHRUHWLFDOO\ GHULYHG PHWK�
RGV�

$SSO\LQJ WKH FRQYHQWLRQDO %XWOHU�9ROPHU DQG�RU 7DIHO HTXDWLRQV FDQ QRW EH GRQH ZLWKRXW FDXWLRQ� 6KL�
QDJDZD HW DO�>��@ VWDWH� ´$OWKRXJK WKH 7DIHO DQDO\VLV LV XVHIXO LQ HOXFLGDWLQJ WKH UDWH�GHWHUPLQLQJ VWHSV�
�7KH UHIHUHQFH SRLQW LV RIWHQ FKRVHQ WR EH DW HTXLOLEULXP FRQGLWLRQV >��� �@� ,Q WKLV SDUWLFXODU FDVH� WKLV FDQ EH FRQILUPHG E\
FRPSDULQJ WKH DFWLYDWLRQ HQHUJ\ RQ WKH FDWKRGH �ጂፆᎲᑔ� DQG DQRGH VLGH �ጂፆᎲᑒ� LQ )LJXUH ���D DW HTXLOLEULXP SRWHQWLDO LQGLFDWHG
E\ ፄᎲ� 7KH WZR DFWLYDWLRQ HQHUJLHV DUH LQGHHG HTXDO� )RU H[DPSOH� ፤Ꮂ LQGLFDWHV WKH UHDFWLRQ UDWH FRQVWDQW DW HTXLOLEULXP
FRQGLWLRQV� $OWKRXJK QR QHW FXUUHQW FDQ EH PHDVXUHG� UHDFWLRQV WDNH SODFH EDFN DQG IRUWK

�1RWH WKDW ።Ꮂ LV H[SUHVVHG DV D FXUUHQW� EXW DV KDV EHHQ VWDWHG� DW HTXLOLEULXP FRQGLWLRQV� WKHUH LV QR QHW FXUUHQW� ።Ꮂ RQO\
GHVFULEHV WKH PDJQLWXGH RI WKH FDWKRGLF DQG DQRGLF UHDFWLRQ� ZKLFK DUH ERWK HTXDO LQ PDJQLWXGH

�=HQJW HW DO� >��@ VSHFLI\ D ODUJH RYHUSRWHQWLDO DV ኻኻዂP9 DW ኼ኿ �&
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)LJXUH ���� $ JHQHUDO H[DPSOH RI D 7DIHO SORW� RYHUSRWHQWLDO ᎔ SORWWHG DJDLQVW WKH ORJDULWKP RI WKH FXUUHQW GHQVLW\ ።
2ULJLQDO JUDSK FDQ EH IRXQG LQ WKH ZRUN RI %DUG DQG )DXONQHU >�@

WRR VLPSOLILHG GLVFXVVLRQ� VXFK DV GHWHUPLQDWLRQ RI WKH NLQHWLFV EDVHG RQO\ RQ WKH %XWOHU�9ROPHU DV�
VXPSWLRQ� IDLOV WR DFFXUDWHO\ GHVFULEH WKH VXUIDFH HOHFWURFDWDO\VLV�´ 7KH DXWKRUV HPSKDVLVH WKH %XWWOHU�
9ROPHU HTXDWLRQ DSSO\ VWULFWO\ WR HOHFWURQ WUDQVIHU NLQHWLFV DQG WR FDVHV ZKHUH WKH UHDFWLRQ UDWH LV GH�
WHUPLQHG E\ HOHFWURQ WUDQVIHU� ZKLFK KROGV LQ VSHFLILF FDVHV RQO\�

5DWH GHWHUPLQLQJ VWHS
$V WKH DIRUHPHQWLRQHG DQDO\VLV LV EDVHG RQ DVVXPLQJ D VSHFLILF UDWH GHWHUPLQLQJ VWHS� 7KLV VXJJHVWV
WKDW WKH UHDFWLRQV DFWXDOO\ FRQVLVW RI D VHTXHQFH RI PXOWLSOH VWHSV LQVWHDG RI LQ RQH VLQJOH VWHS� /LWHU�
DWXUH LQGHHG VXJJHVWV WKDW WKH UHDFWLRQV DV SUHVHQWHG LQ (TXDWLRQ ��� DQG (TXDWLRQ ��� GR QRW WHOO WKH
FRPSOHWH VWRU\ RI KRZ K\GURJHQ DQG R[\JHQ DUH IRUPHG LQ DONDOLQH HOHFWURO\VLV�
$GGLWLRQDO FODULILFDWLRQ RQ WKH GLIIHUHQW UHDFWLRQ VWHSV DQG RQ ZKDW D UDWH GHWHUPLQLQJ VWHS HQFRPSDVVHV
LV JLYHQ LQ WKH XSFRPLQJ SDUDJUDSK�
7KH +(5 �+\GURJHQ (YROXWLRQ 5HDFWLRQ� LV WDNHQ DV DQ H[DPSOH WR VKRZ WKDW D PRUH FRPSOH[ VH�
TXHQFH RI UHDFWLRQV XQGHUOLHV WKH VLPSOHU DIRUHPHQWLRQHG HTXDWLRQV� ,Q UHDOLW\� WKUHH GLIIHUHQW VWHSV
FDQ EH GLVWLQJXLVKHG�

്ኼൔ � ൤ዅ �൒ ࡹ ൒് � ൔ്ዅ 9ROPHU 6WHS ������
�൒്� ࡹ �൒ � ്ኼ 7DIHO 6WHS ������

൒് �്ኼൔ � ൤ዅ ࡹ ൒ �്ኼ � ൔ്ዅ +H\URYVN\ 6WHS ������

൒ GHQRWHV WKH HOHFWURFDWDO\VW RQ WKH HOHFWURGH VXUIDFH LQYROYHG LQ WKH UHDFWLRQ� )LUVW RI DOO� WKH WKUHH
HTXDWLRQV XQGHUOLQH WKH LPSRUWDQFH RI WKH HOHFWURGH VXUIDFH DQG PDWHULDO� DV WKH SDUDPHWHU ൒ KDV D
SURPLQHQW UROH LQ DOO WKUHH VWHSV�
7KH SRLQW RI SURYLGLQJ WKH WKUHH VWHSV LV WR VKRZ WKDW WKH +(5 LV DFWXDOO\ D VHTXHQWLDO SURFHVV� 7KH
VORZHVW RI WKH WKUHH LV FKDUDFWHULVHG E\ WKH WHUP UDWH GHWHUPLQLQJ VWHS� DV LW VHWV WKH UHDFWLRQ UDWH IRU
WKH RYHUDOO +(5�

%DUG DQG )DXONQHU >�@ VWDWH� ´D ZLGHO\ KHOG FRQFHSW LQ HOHFWURFKHPLVWU\ LV WKDW WUXO\ HOHPHQWDU\ HOHFWURQ�
WUDQVIHU UHDFWLRQV DOZD\V LQYROYH WKH H[FKDQJH RI RQH HOHFWURQ� VR WKDW DQ RYHUDOO SURFHVV LQYROYLQJ D
FKDQJH RI ൬ HOHFWURQV PXVW LQYROYH ൬ GLVWLQFW HOHFWURQ WUDQVIHU VWHSV�´ 7KLV LV KLJKO\ UHOHYDQW IRU WKH SUH�
VHQWHG GHULYDWLRQ RI WKH %XWOHU�9ROPHU DQG 7DIHO HTXDWLRQV� DV WKH DIRUHPHQWLRQHG ZLGHO\ KHOG FRQFHSW
FRQILUPV WKH ¶RQH�VWHS� RQH�HOHFWURQ¶ DVVXPSWLRQ� 1HYHUWKHOHVV� DQRWKHU LPSRUWDQW DVVXPSWLRQ LV GRQH
LQ WKH %XWOHU�9ROPHU GHULYDWLRQ� WKH UDWH�GHWHUPLQLQJ VWHS LV DQ HOHFWURQ�WUDQVIHU SURFHVV� (YLGHQWO\�
HDFK VWHS KDV LWV RZQ UHDFWLRQ UDWH� DOO GLIIHUHQWO\ GHSHQGHQW RQ EXEEOH FRYHUDJH RI WKH HOHFWURGH� LRQLF
DFWLYLW\ DQG UHDFWLRQ VSHFLILF NLQHWLF UDWH FRQVWDQWV >��@� %HFDXVH RI WKH GLIIHUHQW GHSHQGHQFLHV� WKH
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�� �� 7KHRUHWLFDO %DFNJURXQG

UDWH�GHWHUPLQLQJ VWHS LV VLWXDWLRQ VSHFLILF DQG RQH JHQHUDO DSSURDFK �H�J� WKURXJK %XWOHU�9ROPHU� LV
QRW DSSOLFDEOH LQ DOO FDVHV�
7KH 2(5 �2[\JHQ (YROXWLRQ 5HDFWLRQ� FDQ EH VXEGLYLGHG LQWR ILYH GLIIHUHQW VWHSV� EXW WKH SUHYLRXV
UHDVRQLQJ KROGV� 'LIIHUHQW XQGHUO\LQJ UHDFWLRQ VWHSV LPSOLFDWH QRW RQH JHQHUDOO\ DSSOLFDEOH PHWKRG WR
GHVFULEH FXUUHQW GHQVLW\ DV IXQFWLRQ RI RYHUSRWHQWLDO�

������ (OHFWURO\WH NLQHWLFV
7KH HOHFWURO\WH� DV PHQWLRQHG EHIRUH� LV DQ DTXHRXV VROXWLRQ RI �� ZW� SRWDVVLXP K\GUR[LGH �൐ൔ്��
&RQVLGHULQJ ORVVHV DQG WKH DFFRPSDQ\LQJ RYHUSRWHQWLDOV� WKUHH UHOHYDQW DVSHFWV DUH GLVFXVVHG�

(OHFWURO\WH FRQGXFWLYLW\
&RQVLGHULQJ WKH HOHFWURO\WH DV D FRPSRQHQW LQ WKH HOHFWULFDO FLUFXLW� LW GRHV QRW KDYH DQ LQILQLWH FRQGXF�
WLYLW\ DQG WKHUHIRUH LQWURGXFHV D QHZ UHVLVWDQFH LQ WKH V\VWHP� 7KH RYHUSRWHQWLDO DV D FRQVHTXHQFH RI
WKH HOHFWURO\WH UHVLVWLYLW\� RU RIWHQ UHIHUUHG WR DV 2KPLF ORVVHV� LV VWDWHG E\ 3KLOLSV HW DO� >��@ DV IROORZV�

ൎൗ፞፥፞፜፭፫፨፥፲፭፞  
൧ ॲ ൪
࿼

������

:LWK ࿼ EHLQJ WKH FRQGXFWLYLW\ LQ 6LHPHQV SHU FHQWLPHWUH DQG GHSHQGHQW RQ HOHFWURO\WH FRQFHQWUDWLRQ
DQG WHPSHUDWXUH� $ W\SLFDO YDOXH IRU ࿼ DW �� ZW� ൐ൔ് DW �� �& LV ���6FPዅኻ >��� ��@� ൧ LV WKH FXUUHQW
GHQVLW\ �$FPዅኼ�� ൪ LV WKH VSDFLQJ EHWZHHQ WKH GLDSKUDJP DQG HOHFWURGH �PP�� RI ZKLFK WKH RUGHU
RI PDJQLWXGH KLJKO\ GHSHQGV RQ FHOO FRQILJXUDWLRQ �IRU D ]HUR�JDS GHVLJQ� � ���PP>��@�� 7KH ODWWHU
PRWLYDWHG HOHFWURFKHPLVW WR GHYHORS D ]HUR�JDS GHVLJQ LQ ZKLFK WKH RYHUSRWHQWLDO GXH WR HOHFWURO\WH
UHVLVWLYLW\ LV PLQLPLVHG E\ PLQLPLVLQJ ൪>��@�

(OHFWURGH EXEEOH FRYHUDJH
$Q LPSRUWDQW VRXUFH RI RYHUSRWHQWLDO LV GXH WR WKH FRYHUDJH RI WKH HOHFWURGH E\ HYROYLQJ JDV EXEEOHV�
7KH HYROYLQJ JDV EXEEOHV SUHYHQW WKH OLTXLG IURP PDNLQJ FRQWDFW ZLWK WKH DFWLYH FDWDO\VW RQ WKH HOHF�
WURGHV� HIIHFWLYHO\ UHGXFLQJ WKH DFWLYH UHDFWLRQ VXUIDFH DQG WKHUHIRUH LQFUHDVLQJ WKH DSSOLHG FXUUHQW
GHQVLW\ >��@� 7KH PHDVXUHG FXUUHQW GHQVLW\� RIWHG UHIHUUHG WR DV ¶QRPLQDO¶ RU ¶VXSHUILFLDO¶� FDQ EH XVHG
WR H[SUHVV WKH DFWXDO DSSOLHG FXUUHQW GHQVLW\ DV IROORZV�

൨  
൧

� ࢿ ࿺
������

,Q ZKLFK ൧ GHQRWHV WKH QRPLQDO FXUUHQW GHQVLW\� ൨ WKH DFWXDO FXUUHQW GHQVLW\ DQG ࿺ WKH IUDFWLRQ RI WKH
HOHFWURGH VXUIDFH FRYHUHG E\ EXEEOHV� 7KH GLVWLQFWLRQ EHWZHHQ WKH WZR FXUUHQW GHQVLWLHV LQFUHDVHV ZLWK
EXEEOH FRYHUDJH DV LV FOHDUO\ GHSLFWHG LQ )LJXUH ���D�
9RJW HW DO�>��@ VWDWH WKUHH SDUDPHWHUV ZKLFK LQIOXHQFH WKH EXEEOH FRYHUDJH RI DQ HOHFWURGH�

� 7KH UDWH RI JDV HYROXWLRQ DW WKH HOHFWURGH

� 7KH DYHUDJH UHVLGHQFH WLPH RI EXEEOHV DW WKH HOHFWURGH VXUIDFH

� 7KH DYHUDJH EXEEOH YROXPH DW GHSDUWXUH IURP WKH HOHFWURGH VXUIDFH

7KH WKUHH GLIIHUHQW SKHQRPHQD DUH LQWHUUHODWHG DQG GHSHQGLQJ RQ WKH FXUUHQW GHQVLW\� WHPSHUDWXUH�
SUHVVXUH DQG PDWHULDOV� GLIIHUHQW SKHQRPHQD DUH GRPLQDQW� 0DQ\ �VHPL�� H[SHULPHQWDO FRUUHODWLRQ
IXQFWLRQV DQG WKHLU UHVSHFWLYH DSSOLFDEOH FRYHUDJH UHJLPHV FDQ EH IRXQG LQ UHIHUHQFHV >��� ��� ��� ��@�
([SHULPHQWDO LQYHVWLJDWLRQV DQG FXUYH ILWV RI VXFK IXQFWLRQV DUH VKRZQ LQ )LJXUH ���E�

%XEEOH GLVSHUVLRQ
%HVLGHV EXEEOH FRYHUDJH RI WKH HOHFWURGH VXUIDFH� EXEEOH GLVSHUVLRQ DIIHFWV WKH UHDFWLRQ NLQHWLFV DV
ZHOO� 7KH WHUP EXEEOH GLVSHUVLRQ UHIHUV WR GHWDFKHG EXEEOHV WKDW VLPSO\ ¶RFFXS\¶ HOHFWURO\WH YROXPH�
HIIHFWLYHO\ UHGXFLQJ WKH HOHFWURO\WH YROXPH WKURXJK ZKLFK WKH LRQ WUDQVIHU WDNHV SODFH� 7KLV LV LOOXVWUDWHG
JHQHUDOO\ �L�H� FHOO FRQILJXUDWLRQ LV QRW UHOHYDQW LQ WKLV H[DPSOH� LQ )LJXUH ����� 7KH YROXPH WKDW LV RF�
FXSLHG E\ JDV UHODWLYH WR WKH OLTXLG PHGLXP LV RIWHQ GHVFULEHG DV WKH YRLG IUDFWLRQ� 7KH DYHUDJH YRLG
IUDFWLRQ LV KLJKO\ GHSHQGHQW RQ SUHVVXUH �KLJK SUHVVXUH LQGXFH VPDOO EXEEOHV�� FHOO JHRPHWU\� FXUUHQW
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���� 5HDFWLRQ .LQHWLFV ��

�D� 1RPLQDO DQG DFWXDO FXUUHQW GHQVLW\ SORWWHG DJDLQVW
EXEEOH FRYHUDJH

�E� 1RPLQDO FXUUHQW GHQVLW\ SORWWHG DJDLQVW EXEEOH
FRYHUDJH� H[SHULPHQWDO UHVXOWV FRPSOHPHQWHG ZLWK D

FXUYH ILW

)LJXUH ���� %XEEOH FRYHUDJH LQIOXHQFLQJ QRPLQDO FXUUHQW GHQVLW\ �ULJKW� DQG GLYHUJHQFH EHWZHHQ QRPLQDO DQG DFWXDO FXUUHQW
GHQVLW\ �OHIW�

2ULJLQDO JUDSKV FDQ EH IRXQG LQ WKH ZRUN RI 9RJW >��@

GHQVLW\� IOXLG SURSHUWLHV DQG RWKHU SURSHUWLHV� 7KH ILJXUH VKRZV WKDW WKH ORFDO YRLG IUDFWLRQ PD\ YDU\
ZLWKLQ WKH FHOO�

7KH YRLG IUDFWLRQ GLUHFWO\ FRUUHVSRQGV WR WKH HOHFWURO\WH UHVLVWDQFH� GHVFULEHG E\ WKH %UXJJHPDQ HTXD�
WLRQ IRU VSKHULFDO EXEEOHV >��� ��@�

ൗ፞
ൗ፞ኺ

 �� ࢿ ဍ�ዅ
Ꮅ
Ꮄ ������

,Q ZKLFK ဍ GLUHFWO\ UHODWHV WR YRLG IUDFWLRQ ࿺� ဍ  ኼ
ኽ
࿺ >��@� 1DJDL HW DO� VKRZHG WKDW HVSHFLDOO\ DW KLJK

FXUUHQW GHQVLWLHV DQG VPDOO HOHFWURGH VSDFLQJ� WKH YRLG IUDFWLRQ EHFRPHV ODUJH DQG FDXVHV D VLJQLILFDQW
LQFUHDVH LQ FHOO UHVLVWDQFH >��@� 6LQFH WKH YRLG IUDFWLRQ GLUHFWO\ FRUUHVSRQGV WR WKH JDV SURGXFWLRQ ZKLFK
LQ WXUQ FRUUHVSRQGV WR WKH FXUUHQW GHQVLW\� WKH RYHUSRWHQWLDO LQGXFHG E\ WKH YRLG IUDFWLRQ LQFUHDVHV ZLWK
LQFUHDVLQJ FXUUHQW GHQVLW\�

)LJXUH ����� 'HWDFKHG EXEEOHV IRUP D OD\HU RFFXS\LQJ D FHUWDLQ YROXPH� H[SUHVVHG DV WKH YRLG IUDFWLRQ
,PDJH WDNH IURP WKH ZRUN RI $OGDV HW DO� >�@

������ 'LDSKUDJP NLQHWLFV
$FFRUGLQJ WR 3KLOOLSV HW DO�>��@� WKH GLDSKUDJP FDXVHV D FRQVWDQW RYHUYROWDJH� VLPSO\ EHFDXVH LWV DUHD
DQG WKLFNQHVV DUH FRQVWDQW WKURXJKRXW WKH SURFHVV� +RZHYHU� LQ WKH ZRUN RI -DQJ HW DO� >��@� D WHPSHU�

&RQILGHQWLDO
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DWXUH GHSHQGHQW UHVLVWDQFH RI D =LUIRQ GLDSKUDJP� LV SUHVHQWHG� DVVXPLQJ �� ZW� ൐ൔ് VROXWLRQ�

ൗ፬፞፩  
���� � ��൤ዅፓ�኿ኺ

�����൘፦
������

,Q ZKLFK ൙ GHQRWHV WHPSHUDWXUH �LQ .HOYLQ� DQG ൘፦ GHQRWHV WKH PHPEUDQH VXUIDFH DUHD �FPኼ�� $Q
H[SHULPHQWDO URXWH ZDV FKRVHQ E\ 9HUPHLUHQ HW DO� >��@� WKH DXWKRUV FRQFOXGHG WKDW D � 0 ൐ൔ് VR�
OXWLRQ �ZKLFK DSSUR[LPDWHO\ FRUUHVSRQGV WR D �� ZW� ൐ൔ് VROXWLRQ� DW �� �& KDV DQ LRQLF UHVLVWLYLW\ RI
���͕ FPዅኼ� 7KH\ VLPSO\ PHDVXUHG WKH HOHFWULFDO FHOO UHVLVWDQFH ZLWK DQG ZLWKRXW SUHVHQFH RI D VHSD�
UDWRU� 'HWDLOHG DUFKLWHFWXUH RI WKH PHPEUDQH LV OHVV UHOHYDQW WR GLVFXVV IURP DQ HOHFWULFDO UHVLVWDQFH
SHUVSHFWLYH� ,Q WKH VHFWLRQ DERXW FURVVRYHU� D PRUH GHWDLOHG DQDO\VLV RI WKH PHPEUDQH LV LQFOXGHG

���� &URVVRYHU
$Q LPSRUWDQW SKHQRPHQRQ LQ DONDOLQH HOHFWURO\VLV LV WKH FRQWDPLQDWLRQ RI WKH SURGXFW JDVVHV� ,GHDOO\�
K\GURJHQ DQG R[\JHQ DUH DFTXLUHG ZLWK ���� SXULW\� EXW LQ UHDOLW\ VRPH FRQWDPLQDWLRQ RI R[\JHQ RQ
WKH K\GURJHQ VLGH DQG YLFH YHUVD LV REVHUYHG >��@� 7KLV SKHQRPHQRQ LV NQRZQ DV JDV FURVVRYHU� *DV
FURVVRYHU� RU VKRUWO\ FURVVRYHU� LV DIIHFWHG E\ D YDULHW\ RI IDFHWV� %RWK RSHUDWLQJ SDUDPHWHUV� VXFK DV
WHPSHUDWXUH DQG SUHVVXUH� DQG FHOO JHRPHWU\� HOHFWURO\WH FRQFHQWUDWLRQ DQG DX[LOLDU\ �%R3� HTXLSPHQW
DIIHFW SXULW\ RI WKH ILQDO DFTXLUHG JDVVHV >��@� &XUUHQWO\� PDWKHPDWLFDO GHVFULSWLRQV RI JDV SXULWLHV LQ
ZDWHU HOHFWURO\VLV KDYH DQ HPSLULFDO EDVLV EHFDXVH RI WKH PDQ\ LQIOXHQFLQJ SDUDPHWHUV >��� ��@� )URP
D VDIHW\ SHUVSHFWLYH� GHWHUPLQLQJ SXULW\ �DQG WKHUHIRUH JDV FURVVRYHU� LV SDUDPRXQW� $ WRR KLJK FRQ�
WHQW RI R[\JHQ LQ WKH K\GURJHQ WDQN �RU YLFH YHUVD� SRVVLEO\ IRUPV DQ H[SORVLYH PL[WXUH� 7KH H[SORVLRQ
OLPLWV GHVFULEH WKH PD[LPXP DOORZHG FURVVRYHU DQG DUH H[SUHVVHG DV SHUFHQWDJHV RI K\GURJHQ� 7KHUH�
IRUH� WKH /RZHU ([SORVLRQ /LPLW /(/ GHQRWHV WKH PLQLPXP SHUFHQWDJH RI K\GURJHQ LQ DQ R[\JHQ ULFK
HQYLURQPHQW � DQG ZLWK WKDW WKH PD[LPXP DOORZHG K\GURJHQ FRQWHQW LQ WKH R[\JHQ WDQN� 7KH 8SSHU
([SORVLRQ /LPLW �8(/� GHQRWHV D PD[LPXP K\GURJHQ FRQWHQW WR KDYH DQ H[SORVLYH PL[WXUH� 7KHUHIRUH�
WKH 8(/ GHQRWHV WR PD[LPXP DOORZDEOH SHUFHQWDJH RI R[\JHQ LQ WKH K\GURJHQ WDQN� ([SORVLRQ OLPLWV
DUH VRPHWLPHV H[SUHVVHG DV YROXPH SHUFHQWDJHV� EXW PRUH RIWHQ DV D PRODU SHUFHQWDJH� $Q LPSRUWDQW
QRWLRQ LV WKDW WKH H[SORVLRQ OLPLWV DUH KLJKO\ GHSHQGHQW RQ WHPSHUDWXUH DQG SUHVVXUH� DV LV GHSLFWHG LQ
)LJXUH �����
7KH PRVW LPSRUWDQW /(/ DQG 8(/� UHJDUGLQJ =()¶V V\VWHP� DUH GHSLFWHG LQ )LJXUH ���� ,Q WKH WKHVLV

)LJXUH ����� 3UHVVXUH DQG WHPSHUDWXUH GHSHQGHQF\ RI WKH /(/
DQG 8(/

,PDJH WDNH IURP WKH ZRUN RI -DQVVHQ HW DO�>��@

7HPSHUDWXUH >�&@ �� �� �� ��
3UHVVXUH >EDU@ � �� � ��
/(/ >PRO�� ്ኼ@ ��� ��� ��� ���
8(/ >PRO�� ്ኼ@ ���� ���� ���� ����

7DEOH ���� 3DUWLFXODU H[SORVLRQ OLPLWV �/(/ 	 8(/� DW
GLIIHUHQW WHPSHUDWXUHV DQG SUHVVXUHV >��@�

VWXG\ RI 0XOGHU� D =() FRZRUNHU� WKHVH YDOXHV ZHUH XVHG WR DVVHVV WKH V\VWHPV VDIHW\� %RWK LQ WKH
ZRUN RI 0XOGHU� LQ VFLHQWLILF OLWHUDWXUH DQG LQ LQGXVWU\� D W\SLFDO VDIHW\ PHDVXUH LV WR RSHUDWH WKH V\VWHP
�=() XVHV D =LUIRQ 873 ��� GLDSKUDJP� GHWDLOHG FRQVLGHUDWLRQ RI GLIIHUHQW VHSDUDWRUV FDQ EH IRXQG LQ FKDSWHU �
�6FKU|GHU HW DO�>��@ VWDWH WKDW WKH /(/ IRU K\GURJHQ DLU PL[WXUHV DUH QHDUO\ LGHQWLFDO WR K\GURJHQ R[\JHQ PL[WXUHV� EHFDXVH LQ
ERWK FDVHV DQ R[\JHQ VXUSOXV LV SUHVHQW
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RQO\ EHORZ ��� RI WKH /(/�8(/ >��� ��@� )RU H[DPSOH� DW �EDU DQG �� �& WKH ORZHU H[SORVLRQ OLPLW LV
��� PRO��� VR ZKHQHYHU WKH JDV PHDVXUHPHQW RQ WKH R[\JHQ VLGH UHDFKHV ��� PRO�� K\GURJHQ� WKH
V\VWHP LV VZLWFKHG RII �DQG SRVVLEO\ RWKHU VDIHW\ PHDVXUHV FRPH LQ WR HIIHFW�� ,Q FDVH RI WKH XSSHU
H[SORVLRQ OLPLW DW �EDU DQG �� �&� WKH ��� VDIHW\ PHDVXUH ERLOV GRZQ WR VZLWFKLQJ RI WKH HOHFWURO\VHU
ZKHQHYHU WKH R[\JHQ FRQWHQW LV UHDFKLQJ ��� � RQ WKH K\GURJHQ VLGH�

'HVSLWH WKH GHSHQGHQF\ RQ D ODUJH YDULHW\ RI V\VWHP DVSHFWV� SDUWLFXODU FURVVRYHU PHFKDQLVPV FDQ
EH GLVWLQJXLVKHG DQG DUH H[SODLQHG LQ PRUH GHWDLO� ,QVLJKW LQWR FURVVRYHU PHFKDQLVPV FRXOG IDFLOLWDWH
JXLGDQFH LQ LPSURYLQJ WKH V\VWHP ZLWK UHVSHFW WR FURVVRYHUV� $FFRUGLQJ WR 7ULQNH HW DO� >��@ WZR PDLQ
FURVVRYHU FDWHJRULHV FDQ EH GLVWLQJXLVKHG� PDVV GLIIXVLRQ 	 PDVV FRQYHFWLRQ WKURXJK WKH VHSDUDWRU�
EHVLGHV WKH FURVVRYHU WKURXJK WKH SUHVVXUH HTXDOLVLQJ WXEH�

������ 0DVV 'LIIXVLRQ
,I WKH HOHFWURO\VHU LV LQ RSHUDWLRQ� GLIIHUHQW JDVVHV VWDUW WR GHYHORS RQ DQRGH DQG FDWKRGH VLGH� %HVLGHV
LQ JDV EXEEOHV� R[\JHQ DQG K\GURJHQ PROHFXOHV DUH GLVVROYHG LQWR WKH OLTXLG HOHFWURO\WH WRR� &RQ�
VHTXHQWO\� D FRQFHQWUDWLRQ GLIIHUHQFH GHYHORSV DFURVV WKH VHSDUDWRU ZKLFK LQ WXUQ LQGXFHV GLIIXVLYH
FURVVRYHU� 'LIIXVLYH PDVV WUDQVSRUW LV EHVW GHVFULEHG E\ WKH IDPRXV )LFN¶V ODZ >��� ��@� RI ZKLFK D
VLPSOLILHG YHUVLRQ �DVVXPSWLRQ� VWHDG\ VWDWH� FDQ EH VHHQ LQ (TXDWLRQ ����� )ROORZLQJ WKH DQDO\VLV
RI 7ULQNH HW DO�� DQ LPSRUWDQW DGGLWLRQDO DVVXPSWLRQ �EDVHG RQ WKH ZRUN RI +DXJ HW DO� >��@� LV WKDW QR
GLIIXVLRQ RFFXUV WKURXJK WKH VROLG SKDVH RI WKH VHSDUDWRU� $GGLWLRQDOO\� JDV EXEEOHV DUH W\SLFDOO\ WRR
ODUJH WR ILW WKURXJK WKH SRUHV DQG WKHUHIRUH RQO\ GLVVROYHG SDUWLFOHV GLIIXVH WKURXJK WKH PHPEUDQH�

൓፝።፟፟ፇᎴ  ൉፞፟፟ፇᎴ
́ൢፇᎴ
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,Q ZKLFK൉፞፟፟ፇᎴ GHQRWHV WKH HIIHFWLYH GLIIXVLRQ FRHIILFLHQW� ࿶፬፞፩ WKH PHPEUDQH WKLFNQHVV DQG ́ൢፇᎴ GHQRWHV
WKH K\GURJHQ FRQFHQWUDWLRQ GLIIHUHQFH EHWZHHQ WKH WZR VLGHV RI WKH VHSDUDWRU �IRU ZKLFK RIWHQ WKH
FRQFHQWUDWLRQ DW WKH FDWKRGH VLGH WDNHQ� DV WKH K\GURJHQ FRQFHQWUDWLRQ RQ WKH DQRGH VLGH LV FRQVLGHUHG
QHJOLJLEOH >��� ��@�� 7KH HIIHFWLYH GLIIXVLRQ FRHIILFLHQW LV D IXQFWLRQ RI SRURVLW\ ࿹� WRUWXRVLW\ ဆ DQG D PRUH
JHQHUDO GLIIXVLRQ FRHIILFLHQW ൉ፇᎴ ZKLFK LV D GLIIXVLRQ FRHIILFLHQW RI K\GURJHQ WKURXJK WKH HOHFWURO\WH
PHGLD LQ DEVHQFH RI D VHSDUDWRU� 7KH HIIHFWLYH GLIIXVLRQ FRHIILFLHQW FDQ EH IRXQG XVLQJ (TXDWLRQ ����

൉፞፟፟ፇᎴ  ൉ፇᎴ
࿹
ဆ

������

,Q =()¶V HOHFWURO\VLV V\VWHP� D =LUIRQ �3HUO 873 ���� PHPEUDQH LV XVHG� ZKLFK KDV D ����P WKLFNQHVV
DQG D SRURVLW\ RI DSSUR[LPDWHO\ ��� >��� �@� *LYHQ WKHVH SDUDPHWHUV� DQ H[SHULPHQWDO VWXG\ �LQ ZKLFK
IRU D JLYHQ SRURVLW\ RI ��� D UDWLR EHWZHHQ WKH HIIHFWLYH DQG WKH VHFRQG� PRUH JHQHUDO W\SH RI GLIIXVLRQ
FRHIILFLHQW LV IRXQG �൉፞፟፟ፇᎴ �൉ፇᎴ ������� E\ 6FKDOHQEDFK HW DO� >��@ LV XVHG WR GHULYH WKH WRUWXRVLW\ RI �����
*LYHQ D FHUWDLQ VXSHU VDWXUDWLRQ RU K\GURJHQ FRQFHQWUDWLRQ D WKH FDWKRGH VLGH� WKH GLIIXVLYH FURVVRYHU
FDQ EH HVWLPDWHG� 2[\JHQ GLIIXVLQJ WR WKH FDWKRGH VLGH LV JRYHUQHG E\ )LFN¶V ODZ DV ZHOO� EXW GLIIHUHQW
GLIIXVLRQ SDUDPHWHUV DUH XVHG�

������ 0DVV &RQYHFWLRQ
0DVV FRQYHFWLRQ LV WKH VHFRQG LPSRUWDQW FKDUDFWHULVWLF FURVVRYHU PHFKDQLVP� ,Q GLIIXVLYH PDVV WUDQV�
IHU� WKH GULYLQJ IRUFH IRU K\GURJHQ WR PRYH WR WKH DQRGH VLGH RU R[\JHQ WR PRYH WR WKH R[\JHQ VLGH� LV
D FRQFHQWUDWLRQ GLIIHUHQFH� 7KH FRQYHFWLYH SDUW RI WKH FURVVRYHUV RULJLQDWH GLIIHUHQWO\� *HQHUDOO\� WZR
GLIIHUHQW PDVV FRQYHFWLRQ PHFKDQLVPV DUH GLVWLQJXLVKHG� D SUHVVXUH GLIIHUHQFH DFURVV WKH VHSDUDWRU
DQG HOHFWUR�RVPRWLF GUDJ

3UHVVXUH 'LIIHUHQFH
$ SUHVVXUH GLIIHUHQFH EHWZHHQ WKH DQRGH DQG FDWKRGH VLGH FRXOG LQGXFH OLTXLG HOHFWURO\WH WR IORZ IURP
WKH KLJK SUHVVXUH WR WKH ORZ SUHVVXUH VLGH WKURXJK WKH VHSDUDWRU� 7KLV LQGXFHV D SDUWLFXODU FURVVRYHU�
VLPSO\ EHFDXVH RI WKH GLVVROYHG VSHFLHV LQ WKDW OLTXLG HOHFWURO\WH�
7KH IDPRXV /DZ RI 'DUF\ FDQ EH XVHG WR HVWLPDWH WKH YROXPH IORZ WKURXJK WKH VHSDUDWRU>��@�

ൖ  ́൮ ॲ ൐፬፞፩ ॲ
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,Q ZKLFK െ GHQRWHV WKH VHSDUDWRUV FURVV�VHFWLRQDO DUHD� ࿾ WKH G\QDPLF YLVFRVLW\� ࿶፬፞፩ WKH VHSDUDWRU
WKLFNQHVV DQG ́൮ WKH SUHVVXUH GLIIHUHQFH DFURVV WKH VHSDUDWRU� ൐፬፞፩ LV WKH SHUPHDELOLW\ RI WKH VHSDUDWRU
DQG LV D IXQFWLRQ RI WKH GLDPHWHU RI WKH SRUHV� WKH SRURVLW\ DQG WKH WRUWXRVLW\ �IROOZLQJ WKH +DJHQ�
3RLVHXLOOH RU .R]HQ\�&DUPDQ UHODWLRQV >��� ��@�

(OHFWUR�2VPRWLF 'UDJ
$Q DGGLWLRQDO W\SH RI PDVV FRQYHFWLRQ FURVVRYHU RULJLQDWHV IURP WKH K\GUR[LGH LRQV PRYLQJ WKURXJK
WKH VHSDUDWRU DQG GUDJJLQJ OLTXLG VROYHQW ZLWK WKHP� $JDLQ GLVVROYHG VSHFLHV LQ WKH VROYHQW LQWURGXFH
DQ H[WUD FURVVRYHU WHUP� 7KH FRQWULEXWLRQ RI HOHFWUR�RVPRWLF GUDJ WR WKH WRWDO FURVVRYHU LV QRW H[SOLF�
LWO\ GHWHUPLQHG LQ OLWHUDWXUH >��� ��� ��@� 7KH PDJQLWXGH DQG LPSDFW RI HOHFWUR�RVPRWLF GUDJ LV KLJKO\
VLWXDWLRQ VSHFLILF DQG FDQ GLIIHU ORFDOO\ >��@� 7ULQN HW DO� >��@ UHSRUW WKHLU HVWLPDWLRQV RI HOHFWUR�RVPRWLF
GUDJ WR EH QHJOLJLEOH LQ FRPSDULVRQ WR RWKHU FURVVRYHU PHFKDQLVPV� +RZHYHU� WKH DXWKRUV VWDWH WKDW LW
PLJKW KDYH VLJQLILFDQW LPSDFW DW KLJK FXUUHQW GHQVLWLHV DQG KLJK V\VWHP SUHVVXUHV�

(OHFWURO\WH 0L[LQJ
,Q PDQ\ VWXGLHV� WKH HOHFWURO\WH FRPLQJ IURP WKH K\GURJHQ DQG R[\JHQ IODVK WDQNV DUH PL[HG LQWR D VLQ�
JOH HOHFWURO\WH UHFLUFXODWHG EDFN WR WKH VWDFN >��� ��� ��� ��@� 7ULQNH HW DO� UHSRUW WKDW LW LV UHVSRQVLEOH
IRU DURXQG ��� RI WKH FURVVRYHUV� +DXJ HW DO� >��@ UHSRUWV WKDW PL[LQJ WKH HOHFWURO\WH VWUHDPV LV WKH
ODUJHVW FRQWULEXWLRQ WR FURVVRYHU� VHYHUDO GLIIHUHQW V\VWHP FRQILJXUDWLRQV DUH WHVWHG RQ WKHLU SURGXFW
JDV SXULW\ DQG WKH DXWKRUV VKRZ WKDW FURVVRYHU FDQ EH GHFUHDVHG E\ D IDFWRU RI � ZKHQ VHSDUDWLQJ WKH
WZR HOHFWURO\WH IORZV �GHSHQGLQJ RQ FXUUHQW GHQVLW\�� WKLV FDQ EH VHHQ LQ )LJXUH ����D� 7KH H[SODQDWLRQ
IRU WKLV VWURQJ LQIOXHQFH LV VLPSO\ GXH WR WKH IDFW WKDW HOHFWURO\WH IORZV KDYH D ODUJH DPRXQW RI GLVVROYHG
VSHFLHV LQ LW� ,I WKH HOHFWURO\WH IORZV DUH PL[HG� D ORW RI GLVVROYHG K\GURJHQ HQGV XS DW WKH R[\JHQ VLGH
DIWHU UHFLUFXODWLRQ DQG YLFH YHUVD�
)LJXUH ����E VKRZV WKDW WKH FXUUHQW GHQVLW\ KDV QR VLJQLILFDQW LPSDFW RQ WKH PRODU FURVVRYHU IOX[�

�D� 7KH LQIOXHQFH RI WKH FXUUHQW GHQVLW\ DQG WKH LQIOXHQFH RI HOHFWURO\WH
UHFLUFXODWLRQ FRQILJXUDWLRQV �PL[HG RU VHSDUDWHG HOHFWURO\WH VWUHDPV�

�E� 0RODU FURVVRYHU IOX[ IRU GLIIHUHQW HOHFWURO\WH UHFLUFXODWLRQ
FRQILJXUDWLRQV �PL[HG RU VHSDUDWHG HOHFWURO\WH VWUHDPV� DQG IRU

GLIIHUHQW HOHFWURO\WH FLUFXODWLRQ UDWHV

)LJXUH ����� +\GURJHQ FRQWDPLQDWLRQ RQ WKH R[\JHQ VLGH DV D IXQFWLRQ RI FXUUHQW GHQVLW\� DV YRO�� �OHIW� DQG DV PRODU IORZ
�ULJKW�

*UDSKV DUH WDNHQ IURP WKH ZRUN RI +DXJ HW DO� >��@

LQGLFDWHG E\ WKH QHDUO\ IODW FXUYHV� )XUWKHUPRUH� WKH JUDSKV VKRZ D FOHDU SUHIHUHQFH IRU VHSDUDWH
HOHFWURO\WH UHFLUFXODWLRQ DV ERWK WKH DEVROXWH PRODU FURVVRYHU DQG WKHUHIRUH DOVR WKH UHODWLYH FURVVRYHU
GHFUHDVH GUDPDWLFDOO\ ZKHQ VZLWFKLQJ WR VHSDUDWHG HOHFWURO\WH UHFLUFXODWLRQ�

������ ,QIOXHQWLDO 3DUDPHWHUV
+DYLQJ LQWURGXFHG GLIIHUHQW FURVVRYHU SKHQRPHQD� DQ LPSRUWDQW DGGLWLRQ LV WR LQIHU WKH LQIOXHQFH RI GLI�
IHUHQW SDUDPHWHUV RQ FURVVRYHU� $V GHVFULEHG DERYH� ERWK FURVVRYHUV GXH WR GLIIXVLRQ DQG FRQYHFWLRQ

&RQILGHQWLDO
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FRQVLVW RI GLVVROYHG VSHFLHV WUDYHOOLQJ WR WKH RSSRVLWH VLGH RI WKH VHSDUDWRU� &RQVHTXHQWO\� WKH OHYHO RI
GLVVROYHG VSHFLHV GHWHUPLQHV WKH FURVVRYHU IOX[� ,Q WKH XSFRPLQJ SDUDJUDSKV� LQIOXHQFHV RI GLIIHUHQW
RSHUDWLQJ SDUDPHWHUV RQ WKH OHYHO RI GLVVROYHG VSHFLHV DUH H[SODLQHG�

&XUUHQW 'HQVLW\
&XUUHQW GHQVLW\ LV GLUHFWO\ UHODWHG WR WKH SURGXFWLRQ YROXPH DQG LV RIWHQ XVHG LQ H[SUHVVLQJ GLIIHUHQW
HOHFWURO\VHU FKDUDFWHULVWLFV� $FFRUGLQJ WR )LJXUH ����E� WKH FXUUHQW GHQVLW\ GRHV QRW LPSDFW WKH PRODU
IORZ WR WKH RSSRVLWH VLGH RI WKH VHSDUDWRU� 7KHUHIRUH LW GRHV QRW LQIOXHQFH WKH FURVVRYHUV LQ DEVROXWH
VHQVH� EXW GRHV KRZHYHU LPSDFW WKH UHODWLYH FURVVRYHUV� $V WKH PRODU IORZ UHPDLQV FRQVWDQW IRU HYHU\
FXUUHQW GHQVLW\� WKH WRWDO YROXPH RI SURGXFW JDV LQFUHDVHV ZLWK FXUUHQW GHQVLW\ DQG WKHUHIRUH WKH FRQVWDQW
DPRXQW RI PRODU FURVVRYHU LV D VPDOOHU SHUFHQWDJH RI WKH SURGXFW JDV DW KLJK FXUUHQW GHQVLWLHV >��@�
7KLV SKHQRPHQRQ JHQHUDOO\ GRPLQDWHV RYHU WKH LQIOXHQFH RI RWKHU SDUDPHWHUV >��@�

3UHVVXUH
7KH LQIOXHQFH RI V\VWHP SUHVVXUH FDQ EH XQGHUVWRRG E\ FRQVLGHULQJ +HQU\¶V ODZ (TXDWLRQ ����� :LWK
+HQU\¶V /DZ� WKH K\GURJHQ FRQFHQWUDWLRQ FDQ EH FDOFXODWHG DV D IXQFWLRQ RI� ൮፜ፚ፭ፇᎴ � K\GURJHQ¶V SDUWLDO
SUHVVXUH LQ WKH FDWKRGH FRPSDUWPHQW DQG ൘ፇᎴ � WKH VROXELOLW\ RI K\GURJHQ�

ൢፇᎴ  ൘ፇᎴ ॲ ൮
፜ፚ፭
ፇᎴ ������

7KLV LQGLFDWHV WKDW LQFUHDVLQJ V\VWHP SUHVVXUH� LQFUHDVHV WKH DPRXQW RI GLVVROYHG K\GURJHQ DQG WKHUH�
IRUH DQ LQFUHDVH LQ K\GURJHQ FURVVRYHU LV H[SHFWHG >��@�

7HPSHUDWXUH
7KH LQIOXHQFH RI WHPSHUDWXUH RQ FURVVRYHU LV D UDWKHU LQWHUHVWLQJ SKHQRPHQRQ� DV WZR FRPSHWLQJ HIIHFWV
WDNH SODFH� )LUVW RI DOO� DQ LQFUHDVH LQ WHPSHUDWXUH GHFUHDVHV WKH HOHFWURO\WH¶V VROXELOLW\ DQG WKHUHIRUH
FURVVRYHU ZRXOG EH OLNHO\ WR GHFUHDVH OLNHZLVH� %XW DW WKH VDPH WLPH� DQ LQFUHDVH LQ WHPSHUDWXUH LV
DVVRFLDWHG ZLWK DQ LQFUHDVH LQ GLIIXVLRQ FRHIILFLHQW ZKLFK HQKDQFHV FURVVRYHU >��@ �� 7KH H[SHULPHQWV
WKDW OHDG WR WKH JUDSK LQ )LJXUH ���� LQGLFDWH WKDW WKH GHFUHDVLQJ VROXELOLW\ GXH WR D WHPSHUDWXUH LQFUHDVH
RXWZHLJKV WKH LQFUHDVH RI WKH GLIIXVLRQ FRHIILFLHQW LQ WKH FDVH RI D PL[HG HOHFWURO\WH F\FOH� )XUWKHUPRUH�
WKH GLIIHUHQFHV VHHPV WR YDQLVK DW KLJK FXUUHQW GHQVLWLHV>��@� ,Q )LJXUH ����� D PL[HG HOHFWURO\WH F\FOH
LV FRPSDUHG WR VHSDUDWHG HOHFWURO\WH F\FOHV� LQ ZKLFK FURVVRYHU LV JHQHUDOO\ VLJQLILFDQWO\ ORZHU� )LJ�
XUH ���� VXJJHVWV WKDW FRQVLGHULQJ VHSDUDWHG F\FOHV WKH EDODQFH EHWZHHQ WKH WZR FRPSHWLQJ HIIHFWV WLSV
RYHU DQG GLIIXVLRQ DSSHDUV WR EH GRPLQDQW LQ D VHSDUDWHG F\FOH DQG WKHUHIRUH FURVVRYHU LQFUHDVHV ZLWK
LQFUHDVLQJ WHPSHUDWXUHV� :KHUHDV WKH GLVVROXWLRQ RI JDV RXWZHLJKV WKH LQFUHDVH RI GLIIXVLRQ DW KLJKHU
WHPSHUDWXUHV LQ FDVH RI D PL[HG HOHFWURO\WH F\FOH >��@� *LYHQ WKLV GLVWLQFWLRQ� D FURVVRYHU�WHPSHUDWXUH
FKDUDFWHULVWLF FDQ EH XVHG WR GHWHUPLQH WR ZKDW H[WHQW WKH REWDLQHG V\VWHP FDQ EH FRQVLGHUHG WR KDYH
VHSDUDWHG HOHFWURO\WH F\FOHV RU D PL[HG HOHFWURO\WH F\FOH�

(OHFWURO\WH &RQFHQWUDWLRQ
7KH HOHFWURO\WH FRQFHQWUDWLRQ SULPDULO\ DIIHFWV WKH FRQFHQWUDWLRQ RI GLVVROYHG VSHFLHV� (OHFWURO\WH VROX�
ELOLW\ LV GLUHFWO\ GHSHQGHQW RQ HOHFWURO\WH ൐ൔ്�FRQFHQWUDWLRQ� WKH KLJKHU WKH HOHFWURO\WH FRQFHQWUDWLRQ�
WKH ORZHU WKH VROXELOLW\� ,Q WKH ZRUN RI +DXJ HW DO�>��@� WKH GHFUHDVH RI VROXELOLW\ LV H[SODLQHG E\ WKH
¶VDOWLQJ RXW HIIHFW¶� 6HFRQGO\� LW DIIHFWV WKH GLIIXVLRQ FRHIILFLHQW DV ZHOO� 7KDP HW DO�>��@ GLG DQ HODER�
UDWH H[SHULPHQWDO VWXG\ RQ GLIIXVLRQ FRHIILFLHQWV LQ ����� 7KH FRQFOXVLRQ FDQ EH UHSRUWHG VLPSO\� WKH
KLJKHU WKH HOHFWURO\WH FRQFHQWUDWLRQ� WKH ORZHU WKH GLIIXVLRQ FRHIILFLHQW� ,Q FRQFOXVLRQ� ERWK HIIHFWV WHQG
WR GHFUHDVH WUDQVIHU RI VSHFLHV WR WKH RWKHU VLGH RI WKH VHSDUDWRU� 7KLV FRQFOXVLRQ LV FRQILUPHG E\ WKH
H[SHULPHQWDO GDWD SUHVHQWHG LQ )LJXUH ����� 6LPLODU WR WKH LQIOXHQFH RI WHPSHUDWXUH RQ FURVVRYHUV� WKH
HIIHFWV GZLQGOHV DW UHODWLYHO\ ODUJH FXUUHQW GHQVLWLHV�

6XSHUVDWXUDWLRQ
6XSHUVDWXUDWLRQ KDSSHQV LI WKH FRQFHQWUDWLRQ RI D GLVVROYHG VSHFLHV H[FHHGV LWV VDWXUDWLRQ FRQFHQWUD�
WLRQ� DW D JLYHQ WHPSHUDWXUH� SUHVVXUH DQG HOHFWURO\WH FRQFHQWUDWLRQ� 7ULQNH HW DO�>��@ UHSRUW WKDW LW LV
�$FFRUGLQJ WR 6FKDOHQEDFK HW DO�>��@� WKH GLIIXVLRQ FRHIILFLHQW LV IRXQG WR ILW DQ $UUKHQLXV HTXDWLRQ� VHH (TXDWLRQ ����� LQ ZKLFK
D WHPSHUDWXUH LQFUHDVH LQGHHG UHVXOWV LQ D KLJKHU UHDFWLRQ UDWH FRQVWDQW� RU LQ WKLV SDUWLFXODU FDVH� D KLJKHU GLIIXVLRQ FRHIILFLHQW�

&RQILGHQWLDO
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)LJXUH ����� ,QIOXHQFH RI RSHUDWLQJ WHPSHUDWXUH RQ
ፇᎴ�FURVVRYHU DW GLIIHUHQW FXUUHQW GHQVLWLHV� PL[HG HOHFWURO\WH

F\FOH
,PDJH WDNHQ IURP WKH ZRUN RI +DXJ HW DO� >��@

)LJXUH ����� ,QIOXHQFH RI RSHUDWLQJ WHPSHUDWXUH RQ
ፇᎴ�FURVVRYHU DW GLIIHUHQW FXUUHQW GHQVLWLHV� IXQGDPHQWDO

GLIIHUHQFH EHWZHHQ PL[HG DQG VHSDUDWHG F\FOHV
,PDJH WDNHQ IURP WKH ZRUN RI +DXJ HW DO� >��@

)LJXUH ����� ,QIOXHQFH RI HOHFWURO\WH FRQFHQWUDWLRQ RQ ፇᎴ�FURVVRYHU DW GLIIHUHQW FXUUHQW GHQVLWLHV�
,PDJH WDNHQ IURP WKH ZRUN RI +DXJ HW DO� >��@

JHQHUDOO\ DVVXPHG WKDW JDV EXEEOHV DUH IRUPHG IURP GLVVROYHG VSHFLHV DQG WKDW HOHFWURO\VLV SURGXFWV
DUH IRUPHG SULPDULO\ LQ GLVVROYHG IRUP� 1XFOHDWLRQ VLWHV� LQ WKH IRUP RI VXUIDFH LUUHJXODULWLHV �GHSHQGLQJ
RQ PDWHULDO DQG VXUIDFH URXJKQHVV�� DUH QHFHVVDU\ WR IRUP EXEEOHV� )RU WKH QXFOHDWLRQ VLWHV WR EHFRPH
DFWLYH D VXIILFLHQW GHYLDWLRQ IURP HTXLOLEULXP FRQFHQWUDWLRQ LV UHTXLUHG >��@� 6R WKH HOHFWURO\WH QHHGV WR
EH VXSHUVDWXUDWHG �ORFDOO\� SULRU WR QXFOHDWLRQ RI EXEEOHV� 7KH VXSHUVDWXUDWLRQ KDV EHHQ IRXQG H[SHUL�
PHQWDOO\ >��@�
(YLGHQWO\� WKH GHJUHH RI VXSHUVDWXUDWLRQ LV LQ LWVHOI VLWXDWLRQ GHSHQGHQW� GXH WR GLIIHUHQW RSHUDWLQJ FRQ�
GLWLRQV DQG GLIIHUHQW PDWHULDOV DQG VXUIDFH URXJKQHVV� %XW WKH GHJUHH RI VXSHUVDWXUDWLRQ LV KLJKO\
LQIOXHQFLQJ FURVVRYHU >��� ��@� DV WKH UHDVRQLQJ JLYHQ DW WKH EHJLQQLQJ RI WKLV VXEVHFWLRQ KROGV� WKH
KLJKHU WKH FRQFHQWUDWLRQ RI D VSHFLHV� WKH KLJKHU WKH FURVVRYHU LV H[SHFWHG WR EH�

&RQILGHQWLDO
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3DUDPHWHU (IIHFW 5HDVRQ
3UHVVXUH ,QFUHDVH +LJKHU FRQFHQWUDWLRQ JUDGLHQW

7HPSHUDWXUH 'HFUHDVH 5HGXFHG VROXELOLW\ GRPLQDWHV RYHU LQFUHDVHG GLIIXVLYLW\
&XUUHQW 'HQVLW\ 'HFUHDVH &RQVWDQW DEVROXWH FURVVRYHU SRUWLRQ� UHGXFHG UHODWLYHO\

(OHFWURO\WH &RQFHQWUDWLRQ 'HFUHDVH 5HGXFHG VROXELOLW\ 	 GLIIXVLYLW\
6XSHUVDWXUDWLRQ ,QFUHDVH +LJKHU FRQFHQWUDWLRQ JUDGLHQW

7DEOH ���� $ EULHI VXPPDU\ RI WKH HIIHFWV RI GLIIHUHQW LQIOXHQWLDO SDUDPHWHUV RQ FURVVRYHU� ,Q WKH FROXPQ ODEHOOHG ¶(IIHFW¶� WKH
H[SHFWHG HIIHFW RQ FURVVRYHU LV OLVWHG LI DQ LQFUHDVH RI WKH FRUUHVSRQGLQJ SDUDPHWHU LV FRQVLGHUHG�

���� $ONDOLQH (OHFWURO\VHU &RQWURO 6\VWHPV
:DWHU HOHFWURO\VLV LQKHUHQWO\ LQYROYHV HYROYLQJ JDVVHV WKDW FRXOG IRUP DQ H[SORVLYH PL[WXUH� 7KH WZR
JDVHV HYROYH DW GLIIHUHQW UDWHV DQG JDV PL[WXUH VKRXOG EH SUHYHQWHG DW DOO WLPHV� 7KHUHIRUH D UREXVW
DQG UHOLDEOH FRQWURO V\VWHP LV HVVHQWLDO WR VDIH RSHUDWLRQ� ,Q JHQHUDO� H[SOLFLWO\ GHVFULEHG FRQWURO PHFK�
DQLVPV RI HOHFWURO\VLV V\VWHPV DUH QRW IRXQG LQ VFLHQWLILF OLWHUDWXUH >��@�
$FFRUGLQJ WR .UHXWHU HW DO� >��@� WKH ILUVW ODUJH VFDOH HOHFWURO\VLV V\VWHP RSHUDWLQJ DW HOHYDWHG SUHV�
VXUH ZDV GHYHORSHG E\ HQJLQHHU (ZDOG =GDQVN\ DQG SDWHQWHG E\ WKH 6ZLVV &RPSDQ\ /RQ]D 6$ LQ
WKH ����¶V� $ GHWDLOHG V\VWHP GHVFULSWLRQ� LQFOXGLQJ WKH FRQWURO V\VWHP� FDQ EH IRXQG LQ UHIHUHQFH >��@
�� $V FDQ EH VHHQ LQ )LJXUH ����� YDULRXV DX[LOLDU\ HTXLSPHQW LV QHFHVVDU\ WR RSHUDWH D �SUHVVXULVHG�
HOHFWURO\VLV V\VWHP� 7KH UHVHPEODQFH WR =()¶V V\VWHP FRPHV IRUZDUG LQ FKDSWHU �� ZKHUH =()¶V V\V�
WHP LV H[SODLQHG LQ GHWDLO�

)LJXUH ����� $ FURVV�VHFWLRQDO RYHUYLHZ RI WKH ILUVW UHSRUWHG SUHVVXULVHG DONDOLQH HOHFWURO\VLV V\VWHP
'HYHORSHG E\ =GDQVN\ HW DO� IRU WKH 6ZLVV FRPSDQ\ /RQ]D LQ ����¶V >��@

$OWKRXJK WKH ZRUNLQJ SULQFLSOHV DQG HYHQ WKH SK\VLFDO DSSHDUDQFH RI WKH /RQ]D V\VWHP DQG =()¶V
V\VWHP VKRZ UHVHPEODQFH WR D ODUJH H[WHQW� VRPH LPSRUWDQW GLVWLQFWLRQV DUH QRWHZRUWK\� 7KH PRVW
LPSRUWDQW GLIIHUHQFH EHWZHHQ WKH WZR LV WKH SUHVVXUH HTXDOLVDWLRQ WXEH� LQGLFDWHG E\ QXPEHU �� LQ
)LJXUH ����� 7KLV WXEH LV GLUHFWO\ OLQNHG WR WKH WZR IODVK WDQNV EHORZ WKH OLTXLG JDV LQWHUIDFH DQG SULPDU�
LO\ IDFLOLWDWHV HTXDOLVDWLRQ EHWZHHQ WKH WZR OLTXLG OHYHOV� FRUUHVSRQGLQJ WR SUHVVXUH HTXDOLVDWLRQ LQ WKH
R[\JHQ DQG K\GURJHQ IODVK WDQNV� %XW� LW SUREDEO\ IDFLOLWDWHV ODUJH FURVVRYHUV WRR DQG WKHUHIRUH =()¶V
V\VWHP KDV D GLIIHUHQW SUHVVXUH HTXDOLVDWLRQ FRQILJXUDWLRQ DV LV H[SODLQHG LQ WKH QH[W FKDSWHU�
�7KH ULJKWV RI WKH KLJK SUHVVXUH HOHFWURO\VHU ZDV VROG WR D *HUPDQ &RPSDQ\ E\ WKH QDPH RI /85*,� ZKLFK SXEOLVKHG WKH
WHFKQLFDO GHVFULSWLRQ �ZKLFK LV UHIHUUHG WR� RI WKH KLJK SUHVVXUH HOHFWURO\VHU
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7KH VHFRQG LPSRUWDQW GLVWLQFWLRQ OD\V LQ WKH HOHFWURO\WH PL[LQJ� WKH GHJDVVHG HOHFWURO\WH UHFLUFXODWLQJ
IURP WKH IODVK WDQNV EDFN WR WKH VWDFN LV SXPSHG DQG PL[HG WR RQH VLQJOH HOHFWURO\WH IHHG WR WKH VWDFN�
$JDLQ WKLV PLJKW EH D VRXUFH RI FURVVRYHU DQG =()¶V HOHFWURO\WH FLUFXODWLRQ LV VXEGLYLGHG LQWR D K\GUR�
JHQ DQG R[\JHQ VLGH�

-X HW DO� >��@ SUHVHQW D V\VWHP LQ ZKLFK OLTXLG OHYHO HTXDOLVDWLRQ LV REWDLQHG YLD PDVV FRQWUROOHUV DW
WKH R[\JHQ DQG K\GURJHQ RXWOHWV RI WKH IODVK WDQNV� ZKHUHDV =()¶V V\VWHP PDNHV XVH RI OHYHO VHQVRU
FRQWURO� ,Q WKLV V\VWHP� OHYHO VHQVRUV DUH XVHG DV DQ HPHUJHQF\ WRRO� LI WKH OLTXLG OHYHO ULVHV XS WR ���
RI WKH IODVK WDQN� WKH SRZHU VXSSO\ LV VZLWFKHG RII WR SUHYHQW IODVK WDQN RYHUIORZ UHVXOWLQJ LQ H[SRVXUH
WR FRUURVLYH IOXLGV >��@�
,Q WKH ZRUN RI -DQVVHQ HW DO� >��@� SUHVVXUH DQG OHYHO VHQVRUV DUH XVHG WR FRQWURO OLTXLG OHYHOV LQ WKH
WZR FHOO FRPSDUWPHQWV� ([FHHGLQJ WKH GHVLJQ SUHVVXUH FDXVHV WKH R[\JHQ FRQWURO YDOYH WR RSHQ� 6HF�
RQGO\� WKH SUHVVXUH DQG OHYHO GLIIHUHQFH WKLV YDOYH RSHQLQJ LQGXFHV� WULJJHUV WKH K\GURJHQ FRQWURO YDOYH
WR RSHQ� VXFK WKDW OLTXLG OHYHOV DUH HTXDOLVHG�

)LJXUH ����� 3LSLQJ DQG LQVWUXPHQWDWLRQ GLDJUDP RI WKH V\VWHP RQ ZKLFK WKH PRGHO RI 'DYLG HW DO� LV EDVHG�
2ULJLQDO LPDJH FDQ EH IRXQG LQ WKH ZRUN RI 'DYLG HW DO� >��@

,Q D UHFHQW ZRUN E\ 'DYLG HW DO� >��@ D �H[SHULPHQWDOO\ YDOLGDWHG� PRGHO WR SUHGLFW JDV DQG OLTXLG IORZV�
SUHVVXUH EXLOG�XS� DQG FURVVRYHUV LV SUHVHQWHG LQ D VHOI�SUHVVXULVLQJ DONDOLQH HOHFWURO\VHU� ,QIOXHQFH RI
VXGGHQ YDOYH RSHQLQJ LV LQYHVWLJDWHG LQ WKH VWXG\ RQ FURVVRYHUV� ORFDO SUHVVXUHV� DQG SUHVVXUH JUDGL�
HQWV DFURVV WKH PHPEUDQH��� 7KH V\VWHP HYDOXDWHG LQW KH WKH ZRUN RI 'DYLG HW DO� GRHV KDYH VHSDUDWH
HOHFWURO\WH FLUFXODWLRQ V\VWHPV DQG D VWUDWHJLF SUHVVXUH HTXDOLVDWLRQ FRQILJXUDWLRQ� ERWK VLPLODU WR =()¶V
V\VWHP� 7KH 3	,' RI WKH PRGHOOHG V\VWHP FDQ EH VHHQ LQ )LJXUH ����� )ODVK WDQN SUHVVXUHV DQG OLTXLG
OHYHOV DUH FRQWUROOHG E\ PRWRULVHG YDOYHV WKDW UHOHDVH SURGXFWLRQ JDVVHV� $OWKRXJK WKH UHVXOWLQJ EH�
KDYLRXU �LQ WHUPV RI OLTXLG OHYHOV� SUHVVXUHV DQG SUHVVXUH GLIIHUHQFHV� LV YHU\ PXFK VLPLODU WR WKH PRGHO
LQVSLUHG E\ =()¶V V\VWHP� WKH FRQWURO VFKHPH�DOJRULWKP LV QRW H[SODLQHG LQ GHWDLO� &RQFOXGLQJ WKDW WKH
SODFH RI =()¶V FRQWURO DOJRULWKP �ZKLFK LV GHWDLOHG LQ FKDSWHU �� LQ WKH ZRUOG RI DONDOLQH HOHFWURO\VLV LV
QRW H[SOLFLWO\ GHWHUPLQHG� DOWKRXJK D ORW RI VLPLODULWLHV FDQ EH VHHQ EHWZHHQ =()¶V HOHFWURO\VLV V\VWHP
DQG RWKHUV IRXQG LQ OLWHUDWXUH�

��$ VLPLODU GHWDLOHG PRGHOOLQJ RI =()¶V V\VWHP LV GRQH E\ ,OLDV 'DQLLO >��@ DQG UHYHDOV LQWHUHVWLQJ UHVXOWV� ZKLFK DUH LQFOXGHG LQ
VHFWLRQ &��

&RQILGHQWLDO
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%DVLV RI 'HVLJQ

&RQYHQWLRQDOO\� D %DVLV RI 'HVLJQ �%R'� LV PDGH SULRU WR WKH DFWXDO GHVLJQ� ,W VHUYHV DV D GRFXPHQW WR
UHFRUG HYHU\ OLQH RI UHDVRQLQJ LQ GHFLVLRQ PDNLQJ ZLWK UHVSHFW WR WKH GHVLJQ� ,W PDSV WKH ¶:KDW¶� RIWHQ
GRFXPHQWHG LQ WKH 2ZQHU¶V 3URMHFW 5HTXLUHPHQWV �235�� WR WKH ¶+RZ¶� )LUVW LW WDNHV WKH �RIWHQ QRQ�
WHFKQLFDO� GHVLUHG UHTXLUHPHQWV DQG VWUXFWXUHV WKHP LQWR GLVWLQJXLVKDEOH WHFKQLFDO IXQFWLRQV� SXUSRVHV
DQG VXEV\VWHPV >��@�
+RZHYHU� WKH %R' RI =()¶V HOHFWURO\VLV V\VWHP LV VRPHZKDW GLIIHUHQW� DV LW LV PDGH LQ UHWURVSHFW DQG
WKHUHIRUH WKH ¶ZK\¶ TXHVWLRQV DUH FHQWUDO� 6SHFLILFDOO\ UHFRUGLQJ GHVLJQ FRQVLGHUDWLRQV LV YHU\ FRQ�
YHQLHQW� ERWK IRU IXWXUH HQJLQHHUV WR DFNQRZOHGJH UHDVRQLQJ PDGH LQ WKH SDVW DQG IRU NHHSLQJ WKH
RYHUYLHZ� 7KH ODWWHU LV HVSHFLDOO\ EHQHILFLDO LQ DQ LQWHJUDWLRQ RI GLIIHUHQW VXEV\VWHPV�

���� 6\VWHP 'HVFULSWLRQ
'XH WR ,3 UHDVRQV� WKH GHWDLOHG V\VWHP GHVLJQ� VXPPDWLRQ RI WKH RSHQ HQGV WRZDUG DQ LQWHJUDWHG VHWXS
DQG WKH QHZ V\VWHP GHVLJQ FDQ EH IRXQG LQ $SSHQGL[ &�

��





�
([SHULPHQWDWLRQ 	 0HWKRGRORJ\

,Q WKLV FKDSWHU WKH H[SHULPHQWDO PHWKRGV DUH H[SODLQHG� WKURXJK ZKLFK WKH REWDLQHG V\VWHP LV FKDU�
DFWHULVHG DQG WKH UHVHDUFK TXHVWLRQV DQVZHUHG� 7KH FRPSOHWH EDODQFH RI SODQW �%R3� LV UHGHVLJQHG
WR VROYH DOO DIRUHPHQWLRQHG RSHQ HQGV� WKHUHIRUH V\VWHP EHKDYLRXU DQG SHUIRUPDQFH KDYH WR EH UH�
GHWHUPLQHG DQG WKH LPSOHPHQWHG VROXWLRQV KDYH WR EH H[DPLQHG�
7R DQVZHU WKH ILUVW PDLQ UHVHDUFK TXHVWLRQ DQ RSHUDWLRQDO HQYHORSH LV PDSSHG H[SHULPHQWDOO\ DQG LWV
OLPLWDWLRQV FKDUDFWHULVHG
6HFRQGO\� UHOHYDQW V\VWHP WUDLWV WKDW DUH FRPSOHPHQWDU\ WR WKH RSHUDWLRQDO HQYHORSH DUH FDSWXUHG�
/DVWO\� WR DQVZHU WKH VHFRQG PDLQ UHVHDUFK TXHVWLRQ� HOHFWURO\WH VDPSOHV DUH DQDO\VHG WR LQYHVWLJDWH
SRVVLEOH GHWHULRUDWLRQ RI WKH HOHFWURO\WH RYHU WLPH�

���� 'HWHUPLQDWLRQ RI WKH RSHUDWLRQDO HQYHORSH

)LJXUH ���� 4XDOLWDWLYH UHSUHVHQWDWLRQ RI D SRVVLEOH RSHUDWLRQDO HQYHORSH� 7KH FXUUHQW GHQVLW\�SUHVVXUH FKDUDFWHULVWLFV RI WKH
IRXU OLPLWDWLRQV DUH IRXQG H[SHULPHQWDOO\�

�� 7KH ��� 592' OLPLWDWLRQ LV EDVHG RQ D PRGHO LQYROYLQJ WKH FDSLOODU\ WXEHV DV GHVFULEHG LQ VXEVHFWLRQ &�����
�� 7KH IORZ VWDJQDWLRQ OLPLWDWLRQ LV EDVHG RQ WKH ZRUN RI .OHLVW >��@�

�� 7KH WHPSHUDWXUH FRQWURO OLPLWDWLRQ LV QHLWKHU EDVHG RQ SUHYLRXV ZRUN QRU RQ PRGHOV� EXW LV GHSLFWHG LQGLFDWLYH RQO\� D
SRVVLEOH OLPLWDWLRQ ZLWK LWV H[SHFWHG VKDSH� RULHQWDWLRQ DQG DSSUR[LPDWH ORFDWLRQ RQ WKH RSHUDWLRQDO HQYHORSH�

�� 7KH FURVVRYHU OLPLWDWLRQ LV EDVHG RQ WKH ZRUN RI 0XOGHU >��@� WKH ZRUN RI %UDXQV HW DO� >��@ DQG RQ WKH ZRUN RI 7ULQNH HW
DO� >��@�

7KH PDLQ GHOLYHUDEOH RI WKLV WKHVLV LV WKH RSHUDWLRQDO HQYHORSH RI =()¶V LQWHJUDWHG $(& VHWXS� $Q
RSHUDWLRQDO HQYHORSH LV D VFKHPDWLF GHSLFWLRQ RI DOO VDIH RSHUDWLQJ SRLQWV RI D V\VWHP� H[SUHVVHG LQ

��



�� �� ([SHULPHQWDWLRQ 	 0HWKRGRORJ\

WHUPV RI UHOHYDQW SDUDPHWHUV� 7KH RSHUDWLRQDO HQYHORSH RI WKH LQWHJUDWHG $(& V\VWHP LV GHWHUPLQHG
H[SHULPHQWDOO\� IRFXVLQJ RQ PDSSLQJ WKH OLPLWDWLRQV LQ WHUPV RI FXUUHQW GHQVLW\� SUHVVXUH DQG WHPSHU�
DWXUH� ,Q )LJXUH ��� D TXDOLWDWLYH H[DPSOH RI D FRPSOHWH RSHUDWLRQDO HQYHORSH FDQ EH VHHQ� 7KH IRXU
SRVVLEOH OLPLWDWLRQV DQG WKH FRUUHVSRQGLQJ VKDSH LQ )LJXUH ��� DUH GHWDLOHG LQ WKH XSFRPLQJ VXEVHF�
WLRQV�

������ 5HODWLYH 9DOYH 2SHQLQJ 'XW\
$V H[SODLQHG LQ VXEVHFWLRQ &����� WKH 592' V\VWHP FKDUDFWHULVWLF LV D FRQVHTXHQFH RI WKH LPSOHPHQWD�
WLRQ RI FDSLOODU\ WXEHV DQG DFFRPSDQ\LQJ RSHQLQJ WLPHV WKDW IROORZHG IURP D VWHDG\ VWDWH PDVV�EDODQFH
DQG ODPLQDU IORZ PRGHO ZKLFK LV EDVHG RQ D IL[HG GLVFKDUJH YROXPH�
7KH H[SHULPHQWDWLRQ UHJDUGLQJ WKLV VSHFLILF OLPLWDWLRQ FRQVLVWV RI ORJJLQJ WKH F\FOH WLPHV RI R[\JHQ DQG
K\GURJHQ SXUJH F\FOHV� &\FOH WLPH LV GHILQHG LQ (TXDWLRQ &�� DV WKH VXP RI WKH WLPH D YDOYH LV FORVHG
DQG RSHQHG GXULQJ D VLQJOH SXUJH� 7KH FXUUHQW� SUHVVXUH DQG WHPSHUDWXUH RI WKH HOHFWURO\WH DUH PHD�
VXUHG DQG XVHG WR GHGXFH YDOYH RSHQLQJ WLPHV ZKLFK DUH LPSRVHG RQ WKH YDOYHV E\ WKH FRQWURO VFKHPH�
&RQVHTXHQWO\� WKH F\FOH WLPHV DUH PRQLWRUHG DQG XVHG WR YDOLGDWH WKH PRGHO�
7KUHH LPSRUWDQW QRWLRQV DUH LQ SODFH� )LUVWO\� WKH GHYHORSHG PRGHO FRQVLGHUV VWHDG\ VWDWH RSHUDWLRQ
DQG WKHUHIRUH DVVXPHV D FRQVWDQW SUHVVXUH DQG WHPSHUDWXUH� ,Q UHDOLW\ KRZHYHU� ERWK WHPSHUDWXUH
DQG SUHVVXUH DUH G\QDPLF TXDQWLWLHV DQG FKDQJH WKURXJKRXW D YDOYH F\FOH� 3DUWLFXODUO\ SUHVVXUH LV
LQIOXHQFHG E\ YDOYH RSHQLQJV DQG FDQ GHYLDWH XS WR ��� �� ZKLFK LQ WXUQ LQIOXHQFHV WKH PRODU IORZ UDWH
WKURXJK WKH FDSLOODU\ WXEHV� 'XULQJ WKH F\FOH WLPH H[SHULPHQWV� SUHVVXUH LV PRQLWRUHG DQG DYHUDJHG
VXFK WKDW F\FOH WLPHV FDQ EH YHULILHG DSSUR[LPDWHO\�
6HFRQGO\� WKH PRGHO WUHDWV WKH R[\JHQ DQG K\GURJHQ VLGHV LQGHSHQGHQWO\� EXW LQ UHDOLW\ WKH WZR DUH
KLJKO\ LQWHUWZLQHG� )RU H[DPSOH� LI WKH K\GURJHQ SXUJH YDOYH LV RSHQHG GXH WR DQ H[FHHGDQFH RI WKH
FRQWURO SUHVVXUH� WKH K\GURJHQ OHYHO LQFUHDVHV DQG FRQVHTXHQWO\ WKH R[\JHQ VLGH HOHFWURO\WH OHYHO GH�
FUHDVHV� OHDGLQJ WR D VKRUWHU F\FOH WLPH RQ WKH R[\JHQ VLGH� 2Q WKH RWKHU KDQG� LI R[\JHQ LV SXUJHG GXH
WR WKH PLGGOH OHYHO VHQVRU RQ WKH R[\JHQ VLGH IDOOLQJ GU\� WKH RSSRVLWH HIIHFW LV H[SHFWHG� $Q DGGLWLRQDO
SUHVVXUH GURS LV SUHVHQW GXULQJ WKH K\GURJHQ SXUJH YDOYH F\FOH WLPH PRQLWRULQJ DQG WKHUHIRUH D ORQJHU
F\FOH WLPH LV H[SHFWHG WR EH REVHUYHG LQ FRPSDULVRQ WR WKH FDOFXODWHG F\FOH WLPH�
/DVWO\� WKH FDSLOODU\ WXEH PRGHO RQ ZKLFK WKH F\FOH WLPH PRGHO LV EDVHG LV LPSHUIHFW DQG WKHUHIRUH GH�
YLDWLRQ IURP WKH FDOFXODWHG F\FOH WLPHV DUH H[SHFWHG� PRGHO GHYLDWHV XS WR ��� >��@�

)LJXUH ���� $ W\SLFDO H[DPSOH RI DQ R[\JHQ SXUJH YDOYH F\FOH DV PRQLWRUHG LQ WKH H[SHULPHQWDO VHWXS
2SHUDWLQJ FRQGLWLRQV� ኽ�ዂEDU� ኼኺ �&� ዀኾP$FPᎽᎴ

+\GURJHQ SXUJH YDOYH F\FOH WLPH PHDVXUHPHQW
7KH DIRUHPHQWLRQHG H[DPSOHV H[HPSOLI\ WKDW WKH FRQWURO VFKHPH IRU QRUPDO RSHUDWLRQ KDV WR EH DG�
MXVWHG WR YDOLGDWH WKH F\FOH WLPHV XQGHU GLIIHUHQW RSHUDWLQJ FRQGLWLRQV LQ RUGHU WR DYRLG YDOYH LQWHUIHU�

�%DVHG RQ D EDFN�RI�WKH�HQYHORSH FDOFXODWLRQ� JLYHQ WKH GLVFKDUJH YROXPH� WKH WRWDO JDV YROXPH LQ WKH EXIIHU WDQN DQG DVVXPLQJ
DQ DGLDEDWLF H[SDQVLRQ �፩ ॲ ፕᑔᑡ�ᑔᑧ ዆ ፜፨፧፬፭ፚ፧፭�

&RQILGHQWLDO



���� 'HWHUPLQDWLRQ RI WKH RSHUDWLRQDO HQYHORSH ��

HQFH� 7R YDOLGDWH WKH K\GURJHQ SXUJH YDOYH F\FOH WLPH� R[\JHQ OHYHO FRQWURO LV VZLWFKHG RII DQG WKH
DGGLWLRQDO SUHVVXUH GURS LV DYRLGHG� 7KH WLPH EHWZHHQ WZR DFWXDWLRQV RI WKH K\GURJHQ SXUJH YDOYH LV
PHDVXUHG DV D F\FOH WLPH�

2[\JHQ SXUJH YDOYH F\FOH WLPH PHDVXUHPHQW
7R FRPSDUH WKH DFWXDO F\FOH WLPHV RI WKH R[\JHQ SXUJH YDOYH WR WKH FDOFXODWHG F\FOH WLPHV� SUHVVXUH
FRQWURO LV VZLWFKHG RII� VR WKDW WKH HOHFWURO\WH OHYHO DUH QRW GLVWXUEHG E\ K\GURJHQ SXUJLQJ� 7KH DIRUH�
PHQWLRQHG SUHVVXUH FRUUHFWLRQ LV DSSOLHG GXULQJ WKHVH H[SHULPHQWV� 7KH F\FOH WLPHV DUH PHDVXUHG DV
WKH WLPH EHWZHHQ WR WZR VXEVHTXHQW GURXJKWV RI WKH PLGGOH HOHFWURO\WH OHYHO VHQVRU RQ WKH R[\JHQ VLGH
VHQVRU� $Q H[DPSOH RI KRZ WKH R[\JHQ SXUJH YDOYH F\FOH WLPH LV PRQLWRUHG FDQ EH VHHQ LQ )LJXUH ����

������ )ORZ 6WDJQDWLRQ
)ORZ VWDJQDWLRQ LQ =()¶V HOHFWURO\VLV V\VWHP LV ILUVW UHSRUWHG E\ .OHLVW >��@� ,Q KLV ZRUN� IORZ VWDJQDWLRQ
LV GHILQHG DV D FHUWDLQ SHULRG RI WLPH LQ ZKLFK WKH SURGXFW JDV VWRSV IORZLQJ WKURXJK WKH WRS FKDQQHO RI
D FHOO WR WKH KHDGHU� 7KH H[SODQDWLRQ FDQ EH IRXQG LQ FRDOHVFHQFH RI EXEEOHV DQG EXEEOH JURZWK DW WKH
WRS RI D FHOO WR D VL]H ODUJH HQRXJK WR EORFN WKH WRS FKDQQHO� 7KH VHULHV RI HYHQWV EHIRUH� GXULQJ DQG
DIWHU IORZ VWDJQDWLRQ DUH GHSLFWHG LQ )LJXUH ���� 'HWDLOHG DQDO\VLV RI WKLV SKHQRPHQRQ FDQ EH IRXQG

1RW LQFOXGHG IRU FRS\ULJKW UHDVRQV

)ORZ6WDJQDWLRQ�GUDZLR�SQJ

)LJXUH ���� $ TXDOLWDWLYH UHSUHVHQWDWLRQ RI WKH VHTXHQWLDO HYHQWV GXULQJ D IORZ VWDJQDWLRQ F\FOH

LQ WKH ZRUN RI .OHLVW >��@� %HVLGHV� WKH UHOHYDQFH RI DYRLGLQJ IORZ VWDJQDWLRQ LV LOOXVWUDWHG LQ KLV ZRUN�
GXULQJ D IORZ VWDJQDWLRQ H[SHULPHQW WKH SURGXFW JDV FDXJKW ILUH LQVLGH WKH VWDFN� 7KH ZRUNLQJ SULQFLSOH
EHLQJ LOOXVWUDWHG LQ )LJXUH ���� WKH FRPSHWLQJ IRUFHV JRYHUQLQJ IORZ VWDJQDWLRQ HPHUJH WR EH EXR\DQF\�
UHVSRQVLEOH IRU WKH HOHFWURO\WH FLUFXODWLRQ IORZ� DQG VXUIDFH WHQVLRQ RQ WKH RWKHU KDQG� 7KH ODWWHU LV
FRQVLGHUHG WR EH IL[HG DW D JLYHQ WHPSHUDWXUH� HOHFWURO\WH DQG JDV FRPSRVLWLRQ DQG LV UHODWHG WR WKH
LQFUHDVH LQ FXUYDWXUH RI D EXEEOH UHTXLUHG WR SDVV WKURXJK WKH WRS FKDQQHO� H[SUHVVHG DV D /DSODFH
SUHVVXUH�
+RZHYHU� EXR\DQF\ IRUFH LV GLUHFWO\ SURSRUWLRQDO WR WKH JDV YROXPH LQ WKH ULVHU� ZKLFK LV D IXQFWLRQ RI
WKH YRLG IUDFWLRQ DQG ULVHU KHLJKW� DV FDQ EH VHHQ LQ (TXDWLRQ &��� 7KH YRLG IUDFWLRQ LQ WKH ULVHU LV
SURSRUWLRQDO WR WKH QXPEHU RI FHOOV DQG WKH YROXPH SURGXFWLRQ LQ HDFK FHOO DQG WKHUHIRUH GHSHQGV RQ
RSHUDWLQJ FRQGLWLRQV GLUHFWO\� ,Q RWKHU ZRUGV� D VXIILFLHQW JDV YROXPH IORZ UDWH SUHYHQWV IORZ VWDJQDWLRQ�
EHFDXVH HQRXJK EXR\DQF\ IRUFH LV JHQHUDWHG WR RYHUFRPH WKH /DSODFH SUHVVXUH DW DOO WLPHV�
7KLV LV LQ FRUUHVSRQGHQFH ZLWK WKH H[SHULPHQWDO GDWD VHW RI .OHLVW� LQ ZKLFK IORZ VWDJQDWLRQ ZDV RE�
VHUYHG GRPLQDQWO\ RQ WKH R[\JHQ VLGH ZKHUH JDV YROXPH SURGXFWLRQ LV RQO\ KDOI RI WKH JDV YROXPH
SURGXFWLRQ DW WKH K\GURJHQ VLGH�
7KH FULWLFDO YROXPH IORZ UDWH LV GUDZQ IURP WKH H[SHULPHQWDO GDWD VHW DQG FDQ EH VHHQ DV D V\VWHP
FKDUDFWHULVWLF� )RU GLIIHUHQW H[SHULPHQWV� D QXPEHU RI FULWLFDO YROXPH IORZ UDWHV DUH GHWHUPLQHG DQG

&RQILGHQWLDO



�� �� ([SHULPHQWDWLRQ 	 0HWKRGRORJ\

D PD[LPXP YDOXH RI ��� LV IRXQG �DW ���P$FPዅኼ� �� �& DQG ��EDU�� 7DNLQJ WKH PRVW FRQVHUYDWLYH
YDOXH� D FRQFUHWH IORZ VWDJQDWLRQ FULWHULRQ LV GHGXFHG LQ WHUPV RI WKH RSHUDWLQJ FRQGLWLRQV DQG FDQ EH
VHHQ LQ (TXDWLRQ ���� ,Q WKLV HTXDWLRQ ൧ LV WKH FXUUHQW GHQVLW\ LQ $PSqUH SHU VTXDUHG FHQWL PHWHU� ൙
WHPSHUDWXUH LQ .HOYLQ DQG V\VWHP SUHVVXUH ൮ LV H[SUHVVHG LQ EDU� WDNLQJ RYHU WKH XQLWV XVHG LQ WKH ZRUN
RI .OHLVW�

൧ ॲ ൙
൮

! ൝ )ORZ VWDJQDWLRQ SUHYHQWLRQ FULWHULRQ� SUHYLRXV VHWXS ; ��� �����

7KH JUHHQ OLQH LQ LWHP ��� UHSUHVHQWV WKH OLPLW DW ZKLFK WKLV LQHTXDOLW\ KROGV� 2SHUDWLRQ LQ WKH DUHD LQGL�
FDWHG E\ WKH QXPEHU � LQGXFHV D ULVN RI IORZ VWDJQDWLRQ DQG LV WKHUHIRUH FRQVLGHUHG D OLPLWDWLRQ RI WKH
RSHUDWLRQDO HQYHORSH� 2QO\ RQH OLQH� DW �� �&� LV GHSLFWHG IRU FODULW\ UHDVRQV� ,Q )LJXUH ���� WKUHH GLIIHU�
HQW IORZ VWDJQDWLRQ OLQHV DUH GHSLFWHG FRUUHVSRQGLQJ WR �� �&� �� �& DQG �� �&� $V )LJXUH ��� VKRZV�
IORZ VWDJQDWLRQ W\SLFDOO\ RFFXUV DW KLJK SUHVVXUHV LQ FRPELQDWLRQ ZLWK D ORZ FXUUHQW GHQVLW\� 7KH IORZ
VWDJQDWLRQ OLQHV LQ )LJXUH ��� DQG LWHP ��� DUH EDVHG RQ H[SHULPHQWV RQ WKH SUHYLRXV HOHFWURO\VLV VHWXS�
$V WKH EXR\DQF\ IRUFH GHSHQGV RQ WKH ULVHU KHLJKW DQG QXPEHU RI FHOOV DV H[SODLQHG DERYH� WKH QHZ
V\VWHP LV WKHUHIRUH H[SHFWHG WR EH OHVV SURQH WR IORZ VWDJQDWLRQ� 7KLV UHVXOWV LQ D VPDOOHU IORZ VWDJ�
QDWLRQ SUHYHQWLRQ FULWHULRQ YDOXH� VWHHSHU IORZ VWDJQDWLRQ OLQHV DQG FRQVHTXHQWO\ D ODUJHU RSHUDWLRQDO
HQYHORSH ZLWK UHVSHFW WR IORZ VWDJQDWLRQ OLPLWDWLRQ�

)LJXUH ���� )ORZ VWDJQDWLRQ OLQHV DW GLIIHUHQW WHPSHUDWXUHV�
$W D JLYHQ WHPSHUDWXUH� IORZ VWDJQDWLRQ FDQ EH DYRLGHG E\
RSHUDWLRQ XQGHU FRQGLWLRQV RQ WKH ULJKW KDQG VLGH RI WKH

FRUUHVSRQGLQJ IORZ VWDJQDWLRQ OLQH�

)LJXUH ���� 7HPSHUDWXUH UHVSRQVH GXULQJ D IORZ
VWDJQDWLRQ F\FOH� 7HPSHUDWXUH VHQVRU LV SODFHG RQ WRS RI
WKH PLGSODWH RQ WKH R[\JHQ VLGH� DW WKH VWDUW RI WKH ULVHU

FROXPQ�

)ORZ 6WDJQDWLRQ 0HDVXUHPHQW
7ZR GLIIHUHQW DVSHFWV DUH XVHG WR GHWHFW IORZ VWDJQDWLRQ� )LUVW DQG IRUHPRVW� WKH WHPSHUDWXUH UHVSRQVH
RI WKH WHPSHUDWXUH VHQVRUV DW WKH WRS RI WKH VWDFN DUH FDSWXUHG� DQ H[DPSOH RI ZKLFK LV JLYHQ LQ )LJ�
XUH ���� 7KH IOXLG IORZ LQ WKH ULVHU VWRSV DQG WKHUHIRUH WKH VWDJQDQW OLTXLG LQ WKH ULVHU FRROV GRZQ� ZKLFK
LV LQGLFDWHG E\ WKH VPDOO WHPSHUDWXUH GHFUHDVH ULJKW EHIRUH WKH VKDUS ULVH LQ )LJXUH ���� 7KH VKDUS
ULVH LQ WHPSHUDWXUH LQGLFDWHV VXGGHQ FRQWLQXDWLRQ RI IORZ LQ WKH ULVHU DQG WKH KHDWHG OLTXLG LQ WKH FHOOV
SDVVLQJ WKH WHPSHUDWXUH VHQVRU� 7KH XVH RI WKLV FKDUDFWHULVWLF WHPSHUDWXUH UHVSRQVH WR GHWHFW IORZ
VWDJQDWLRQ LV GHYHORSHG DQG YHULILHG E\ .OHLVW� LQ ZKLFK YLGHR IRRWDJH FRQILUPHG WKH FKDUDFWHULVWLF WHP�
SHUDWXUH UHVSRQVH UHODWHG WR IORZ VWDJQDWLRQ�
6HFRQGO\� RQH KHDGHU FKDQQHO LV YLVLEOH DQG GLVWLQFWLRQ EHWZHHQ D VWDJQDQW HOHFWURO\WH DQG D WZR�SKDVH
IORZ LV PDGH YLVXDOO\�

������ 7HPSHUDWXUH &RQWURO
$V H[SODLQHG LQ VXEVHFWLRQ &����� D ILQQHG WXEH KHDW H[FKDQJHU LV LPSOHPHQWHG WR DFKLHYH WHPSHUD�
WXUH FRQWURO� 7KH KLJKHVW DOORZDEOH WHPSHUDWXUH LV �� �& DQG LV OLPLWHG E\ PDWHULDO SURSHUWLHV RI WKH
VWDFN� +HDW LV JHQHUDWHG E\ WKH RYHUSRWHQWLDOV LQ WKH VWDFN� DV H[SODLQHG LQ FKDSWHU � WKH RYHUSRWHQWLDO
LQFUHDVHV ZLWK LQFUHDVLQJ FXUUHQW GHQVLW\ DQG VR WKH KHDW JHQHUDWLRQ� 7KH HOHFWURO\WH KHDWV XS LQ WKH
FHOOV� FLUFXODWHV DQG LV FRROHG LQ WKH WDQNV DQG GRZQFRPHUV E\ QDWXUDO FRQYHFWLRQ IRU RQH SDUW DQG

&RQILGHQWLDO



���� 'HWHUPLQDWLRQ RI WKH RSHUDWLRQDO HQYHORSH ��

E\ IRUFHG FRQYHFWLRQ E\ WKH FURVVIORZ IDQV� 7KH WHPSHUDWXUH FRQWURO V\VWHP LV GHVLJQHG WR FRRO WKH
HOHFWURO\WH RQO\ DQG OHDYHV WKH KHDW JHQHUDWLRQ WR WKH VWDFN LWVHOI� UHVXOWLQJ LQ DQ LQKHUHQW SDUWLDO WHP�
SHUDWXUH FRQWURO� $W UHODWLYHO\ ORZ FXUUHQW GHQVLWLHV IRU LQVWDQFH� RYHUSRWHQWLDOV DUH VPDOO DQG WKHUHIRUH
KHDW JHQHUDWLRQ LV UHODWLYHO\ VPDOO DQG SDVVLYH FRQYHFWLRQ VXIILFHV WR NHHS WKH HOHFWURO\WH DW D FRQVWDQW
WHPSHUDWXUH� DV ZDV REVHUYHG LQ SDVW JHQHUDWLRQV RI =()¶V HOHFWURO\VLV V\VWHP >��� ��@� 7KH GHJUHH RI
WHPSHUDWXUH FRQWURO LV H[SHULPHQWDOO\ FKDUDFWHULVHG E\ D PLQLPXP DQG D PD[LPXP DFKLHYDEOH WHPSHU�
DWXUH DW D JLYHQ FXUUHQW GHQVLW\� 7KH PLQLPXP VWHDG\ VWDWH RSHUDWLRQDO WHPSHUDWXUH DW D JLYHQ FXUUHQW
GHQVLW\ LV IRXQG E\ RSHUDWLQJ WKH FURVV�IORZ IDQV DW PD[LPXP FDSDFLW\� 7KH PD[LPXP DFKLHYDEOH
WHPSHUDWXUH DW D JLYHQ FXUUHQW GHQVLW\ LV IRXQG E\ RSHUDWLRQ ZLWKRXW WKH FURVV IORZ IDQV� $ SRVVLEOH
RXWFRPH RI WKH H[SHULPHQWV FDQ EH VHHQ LQ )LJXUH ���� LQ ZKLFK WKH JUHHQ DUHD UHSUHVHQWV WKH SRVVLEOH
UHDFKDEOH WHPSHUDWXUHV� 7KH PRGHVW SUHVVXUH GHSHQGHQF\ RI WKH WHPSHUDWXUH FRQWURO OLPLWDWLRQ RI WKH

)LJXUH ���� 4XDOLWDWLYH UHSUHVHQWDWLRQ RI SRVVLEOH UHDFKDEOH WHPSHUDWXUHV DW GLIIHUHQW FXUUHQW GHQVLWLHV DW D FRQVWDQW SUHVVXUH

V\VWHP� DV GHSLFWHG LQ WKH LQGLFDWLYH RSHUDWLRQDO HQYHORSH LQ LWHP ���� LV D FRQVHTXHQFH RI GHFUHDVLQJ
JDV YROXPH SURGXFWLRQ ZLWK LQFUHDVLQJ SUHVVXUH DW FRQVWDQW WHPSHUDWXUH DQG FXUUHQW GHQVLW\� $V H[�
SODLQHG LQ SUHYLRXV VHFWLRQV DQG LQ SDUWLFXODU LQ VHFWLRQ %��� WKH JDV YROXPH SURGXFWLRQ GHWHUPLQHV WKH
OHYHO RI IORZ FLUFXODWLRQ DQG LV WKHUHIRUH D GHWHUPLQLQJ IDFWRU LQ WKH KHDW WUDQVIHU�

������ &URVVRYHU
,Q VHFWLRQ ���� WKH LQIOXHQFH RI RSHUDWLQJ SDUDPHWHUV LV GLVFXVVHG DQG LQ 7DEOH ��� D EULHI VXPPDU\ RI
WKH LQIOXHQWLDO SDUDPHWHUV FDQ EH IRXQG�
5HFDSLWXODWRU\� DQ LQFUHDVH LQ SUHVVXUH LV DVVRFLDWHG ZLWK DQ LQFUHDVH LQ FURVVRYHU� DQ LQFUHDVH LQ
WHPSHUDWXUH LV DVVRFLDWHG ZLWK D GHFUHDVH LQ FURVVRYHU� +RZHYHU� WKH GHFUHDVH RI FURVVRYHU UHODWHG
WR DQ LQFUHDVH LQ FXUUHQW GHQVLW\ W\SLFDOO\ GRPLQDWHV WKH RWKHU LQIOXHQFHV >��@� 5HVXOWLQJ LQ WKH UHG OLQH
GHSLFWHG LQ LWHP ���� WKH DUHD LQGLFDWHG E\ QXPEHU � LV UHVWULFWHG GXH WR FURVVRYHU� 7KH UHG OLQH LV
EDVHG RQ OLWHUDWXUH >��� ��@ DQG RQ WKH FURVVRYHU SHUIRUPDQFH RI =()¶V SUHYLRXV V\VWHP� $Q LPSRUWDQW
QRWLRQ LV LQ SODFH� DV H[SODLQHG LQ VXEVHFWLRQ &����� WKH VWDFN GHVLJQ LV DGMXVWHG GUDVWLFDOO\ WR VROYH
WKH FURVVRYHU OLPLWDWLRQV IRXQG LQ =()¶V SUHYLRXV HOHFWURO\VLV VHWXS >��@� &RQVHTXHQWO\� WKH FURVVRYHU
OLPLWDWLRQ LV OLNHO\ WR GHYLDWH VXEVWDQWLDOO\ IURP SUHYLRXVO\ GHWHUPLQHG FURVVRYHU OLPLWDWLRQV� KHQFH WKH
UHG OLQH LV LQGLFDWLYH RQO\ DQG QRW D TXDQWLWDWLYH HVWLPDWH� 1HYHUWKHOHVV� WKH K\SRWKHVLV RI SDUDVLWLF
K\GURJHQ SURGXFWLRQ DQG DSSOLHG VROXWLRQ DUH H[SHULPHQWDOO\ YDOLGDWHG�

&URVVRYHU PHDVXUHPHQW
2[\JHQ FURVVRYHU LV PHDVXUHG E\ DQ RSWLFDO R[\JHQ VHQVRU� WKH VSHFLILFDWLRQV VKHHW FDQ EH IRXQG LQ
VHFWLRQ %��� 7KH RXWSXW VLJQDO LV FRQYHUWHG WR D YROXPH SHUFHQWDJH DQG VXEVHTXHQWO\ FRPSDUHG WR WKH

&RQILGHQWLDO



�� �� ([SHULPHQWDWLRQ 	 0HWKRGRORJ\

8(/� 8S WR ��� RI WKH 8(/ �DQG /(/� LV GHHPHG VDIH LQ LQGXVWU\ >��� ��@� 7KH VHQVRU KHDG LV SODFHG
LQ D 39& VHQVRU KRXVLQJ WR VHFXUH DQ DFFXUDWH PHDVXUHPHQW DQG DYRLGV PL[LQJ ZLWK WKH VXUURXQGLQJ
DLU� GHWDLOV DQG GHPRQVWUDWLRQV RI PDQ\ UHSHDWDEOH FURVVRYHU PHDVXUHPHQWV DUH LQFOXGHG LQ WKH ZRUN
RI 0XOGHU>��@�
0HDVXUHPHQW RI K\GURJHQ FURVVRYHU LV OHVV VWUDLJKWIRUZDUG� DV WKH SXUH R[\JHQ HQYLURQPHQW VKRZHG
WR LPSRVH D UHODWLYHO\ KLJK GHWHULRUDWLRQ UDWH RQ WKH HOHFWURFKHPLFDO VHQVRU XVHG LQ =()¶V SUHYLRXV
HOHFWURO\VLV VHWXS� 7KH PRUH FRPPRQO\ XVHG FDORULF VHQVRU RU WKH FDWDO\WLF PHWDO�R[LGH VHQVRU FDQQRW
ZLWKVWDQG WKH KLJK R[\JHQ FRQWHQW WR ZKLFK LW LV H[SRVHG >��@� &RPPHUFLDOO\ DYDLODEOH HOHFWURFKHPLFDO
K\GURJHQ VHQVRUV� VXFK DV WKH .���� IURP ., ,QVWUXPHQWV XVHG LQ WKH ZRUNV RI %UDXQV HW DO�>��@� +DXJ
HW DO� >��@ DQG 7ULQNH HW DO�>��@� DUH GHHPHG WRR H[SHQVLYH� 7KHUHIRUH� JDV FKURPDWRJUDSK\ LV FKRVHQ
DV ILQDO RSWLRQ WKURXJK ZKLFK WKH JDV FRPSRVLWLRQ RQ WKH R[\JHQ VLGH LV PHDVXUHG� *DV VDPSOHV DW GLI�
IHUHQW WHPSHUDWXUHV� SUHVVXUHV DQG FXUUHQW GHQVLWLHV DUH WDNHQ DQG DQDO\VHG XVLQJ WKH 9DULDQ &3�����
0LFUR�*&� 6WDUWLQJ DW D SRLQW RI ZKLFK WKH PHDVXUHG FURVVRYHU GHILQLWHO\ H[FHHGHG WKH ���/(/ LQ WKH
SUHYLRXV VHWXS� ��P$FPዅኼ� ��EDU DQG �� �& DQG GHSHQGLQJ RQ WKH RXWFRPH� WKH FXUUHQW GHQVLW\ LV
LQFUHDVHG RU GHFUHDVHG DW FRQVWDQW WHPSHUDWXUH DQG SUHVVXUH� $ VFKHPDWLF RI WKH ELVHFWLRQ VHDUFK WR
WKH ��� /(/ LQGXFHG OLPLWDWLRQ FDQ EH VHHQ LQ )LJXUH ����

)LJXUH ���� 6FKHPDWLF GHVFULSWLRQ RI ELVHFWLRQ VHDUFK XVHG WR ILQG WKH ��� /(/ LQGXFHG OLPLWDWLRQ RQ WKH RSHUDWLRQDO HQYHORSH
DW D JLYHQ SUHVVXUH DQG WHPSHUDWXUH�

���� *HQHUDO V\VWHP FKDUDFWHULVWLFV FRPSOHPHQWDU\ WR WKH RSHUD�
WLRQDO HQYHORSH

7KH VHFRQG OLQH RI UHVHDUFK KDV D JHQHULF FKDUDFWHU� IRFXVLQJ RQ ILQGLQJ FKDUDFWHU WUDLWV RI WKH QHZ
%R3 GHVLJQ DQG FDSWXULQJ DOO UHOHYDQW LQIRUPDWLRQ FRPSOHPHQWDU\ WR WKH RSHUDWLRQDO HQYHORSH� ,Q VHF�
WLRQ &��� DOO GHVFULEHG HOHPHQWV DUH LQFOXGHG WR LPSURYH WKH V\VWHP LQ GLIIHUHQW ZD\V DQG WKHUHIRUH� WKHLU
SHUIRUPDQFH DUH WR EH H[DPLQHG� 7KH UHOHYDQFH RI WKLV UHVHDUFK OLQH RULJLQDWHV IURP WKH IDFW WKDW QRW
DOO DGMXVWPHQWV WR WKH %R3 GHVLJQ DUH H[SUHVVHG LQ WKH RSHUDWLRQDO HQYHORSH QHFHVVDULO\� )RU H[DPSOH�
WHVWLQJ WKH GHJDVVHU UHSOHQLVKLQJ PHWKRG� ,Q DGGLWLRQ WR H[DPLQDWLRQ RI H[SHFWHG V\VWHP EHKDYLRXU�
WKLV UHVHDUFK OLQH FDSWXUHV DOO UHOHYDQW XQIRUHVHHQ V\VWHP WUDLWV DQG GHVLJQ GHILFLHQFLHV WKDW PD\ DULVH
GXULQJ H[SHULPHQWDWLRQ� %HVLGHV UHOHYDQW IRUHVHHQ DQG XQIRUHVHHQ JHQHUDO V\VWHP WUDLWV WKDW DUH QRW
FDSWXUHG LQ WKH RSHUDWLRQDO HQYHORSH� WKLV UHVHDUFK OLQH LV LQWHQGHG WR JLYH WKH UHDGHU D JHQHUDO VHQVH
RI KRZ WKH V\VWHP DV D ZKROH SHUIRUPV� 7KHUHIRUH� HIILFLHQFLHV DQG SRZHU FRQVXPSWLRQ DUH FDSWXUHG
DQG HOHFWURO\WH PDVV IORZV DUH FDOFXODWHG XVLQJ DQ HQHUJ\ EDODQFH� 8OWLPDWHO\� UHOHYDQW DVSHFWV� VXFK
DV HIILFLHQFLHV DUH FRPSDUHG WR WDUJHWV VHW E\ =() DQG WR LQGXVWU\ VWDQGDUGV�
7KLV UHVHDUFK OLQH GRHV QRW UHTXLUH DQ\ DGGLWLRQDO H[SHULPHQWV EHIRUHKDQG� 2EMHFWLYHV RI WKLV UHVHDUFK
FDQ EH VXPPDULVHG E\ WKH IROORZLQJ WKUHH SRLQWV�

� 5HOHYDQW V\VWHP�RSHUDWLRQDO WUDLWV QRW FDSWXUHG LQ WKH RSHUDWLRQDO HQYHORSH�

� 5HOHYDQW XQIRUHVHHQ V\VWHP WUDLWV DQG GHVLJQ GHILFLHQFLHV�

� *HQHUDO V\VWHP SURSHUWLHV� ്ኼ�SURGXFWLRQ UDWHV� HIILFLHQFLHV� SRZHU FRQVXPSWLRQ UHODWHG WR WKH
=()�WDUJHWV DQG FRPSDUHG WR LQGXVWU\ DQG OLWHUDWXUH�

���� (OHFWURO\WH 'HWHULRUDWLRQ
7KH HOHFWURO\WH GHWHULRUDWLRQ KDV QRW EHHQ LQIHUUHG H[SHULPHQWDOO\ LQ SUHYLRXV JHQHUDWLRQV RI =()¶V $(&
VHWXS� ,QVLJKW LQ HOHFWURO\WH GHWHULRUDWLRQ DQG WKH SRVVLEOH FRQWDPLQDWLRQ E\ FDUERQDWHV LV D UHOHYDQW

&RQILGHQWLDO



���� (OHFWURO\WH 'HWHULRUDWLRQ ��

RXWFRPH WR LQIHU WKH SHUIRUPDQFH RI WKH LQVWDOOHG GHJDVVHU DQG IRUPV WKH ILUVW VWHS LQ WKH OLIHWLPH DQDO\VLV
RI WKH $(&�EUDQFK RI WKH PLFUR SODQW� 7KH HOHFWURO\WH GHWHULRUDWLRQ GXH WR ൈൔኼ FRQWDPLQDWLRQ LV QRW
D FRPSOHWH FKDUDFWHULVDWLRQ RI SRVVLEOH V\VWHP SHUIRUPDQFH GHWHULRUDWLRQ RYHU WLPH� )RU H[DPSOH�
GHWHULRUDWLRQ RI QLFNHO HOHFWURGHV LV GHVFULEHG DV D GLIIHUHQW VRXUFH RI VLJQLILFDQW ORVV LQ HOHFWURO\VLV
SHUIRUPDQFH LQ OLWHUDWXUH DQG LV FDXVHG E\ K\GURJHQ DEVRUSWLRQ DQG K\GULGH IRUPDWLRQ >��� ��� ��@�

5HIHUHQFH &DOFXODWLRQV
7KH ൈൔኼ LQ WKH IHHG ZDWHU LV LQYROYHG LQ VHYHUDO HTXLOLEULXP UHDFWLRQV� ZKLFK DUH OLVWHG EHORZ LQ WKH OHIW
FROXPQ� 7KH GHJDVVHU LV LQWHQGHG WR VKLIW WKH ILUVW UHDFWLRQ WR WKH JDVHRXV ൈൔኼ E\ UHPRYLQJ WKH ൈൔኼ
DGKHUHG WR WKH ൔኼ�ULFK EXEEOHV� VXFK WKDW WKH HTXLOLEULXP LV QRW VXVWDLQHG EXW WKH UHDFWLRQ UDWH RI WKH
IRUZDUG UHDFWLRQ LV ODUJHU WKDQ WKH UHYHUVH UHDFWLRQ� HVVHQWLDOO\ UHPRYLQJ WKH GLVVROYHG ൈൔኼ�
7KH ULJKW FROXPQ RI WKH FKHPLFDO UHDFWLRQ HTXDWLRQV VKRZQ EHORZ GLVSOD\ WKH UHDFWLRQV RFFXUULQJ LQ
WKH HOHFWURO\WH� LI WKH FDUERQDWHV RI WKH IHHG ZDWHU DUH LQWURGXFHG WR WKH HOHFWURO\WH� 7KH ULJKW FROXPQV
VWDUWV ZLWK WKH DFLG�EDVH UHDFWLRQ� EHWZHHQ WKH K\GUR[LGH �ൔ്ዅ� DQG WKH K\GURQLXP �്ኽൔዄ� LRQV� 7KH
RWKHU WZR UHDFWLRQV VKRZQ LQ WKH ULJKW FROXPQ GLVSOD\ D GHSRVLWLRQ UHDFWLRQ EHWZHHQ SRWDVVLXP DQG WKH
DYDLODEOH FDUERQDWHV� ,Q WKH IROORZLQJ DQDO\VLV LV WKH FRQVXPSWLRQ RI K\GUR[LGH LRQV LQ WKH DFLG�EDVH
UHDFWLRQ DVVXPHG WR EH VROHO\ UHVSRQVLEOH IRU WKH ORVV RI FRQGXFWLYLW\ RI WKH HOHFWURO\WH� 7KLV DVVXPS�
WLRQV LV PDGH WR VLPSOLI\ WKH HIIHFW RI UHVLGXDO ൈൔኼ LQ WKH IHHG ZDWHU� DQDORJRXVO\ WR WKH DQDO\VLV PDGH
LQ WKH ZRUN RI 1DXWD >��@� ,Q UHDOLW\� WKH IRUPHG FDUERQDWH LRQV DUH FKDUJHG DQG WKHUHIRUH KDYH D FRQWUL�
EXWLRQ WR FRQGXFWLYLW\ LQ SULQFLSOH� 2Q WKH RWKHU KDQG� FDUERQDWHV PLJKW LQGXFH VLGH UHDFWLRQV WKDW OHDG
WR SDVVLYLVDWLRQ >��@�$V WKH FKHPLFDO HTXLOLEULD VKRZ� WKH DPRXQW LI FRQVXPHG K\GUR[LGH LRQV GHSHQGV
GLUHFWO\ RQ WKH PROHV RI ൈൔኼ LQ WKH IHHG ZDWHU� 7KH ZRUN RI 1DXWD VKRZV D OLQHDU GHSHQGHQF\ RI WKH
൐ൔ് FRQFHQWUDWLRQ GHFUHDVH DQG WKH QXPEHU RI PROHV ൈൔኼ SUHVHQW LQ WKH IHHG ZDWHU�
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7KH IROORZLQJ DQDO\VLV LV EDVHG RQ WKH ZRUN RI 1DXWD DQG DGMXVWHG WR WKH V\VWHP GLPHQVLRQV RI WKH
DFTXLUHG HOHFWURO\VLV V\VWHP� *LYHQ WKH =()�WDUJHW RI �� \HDUV OLIHWLPH DQG VWDUWLQJ IURP D PD[LPDO
DOORZDEOH HOHFWURO\WH GHWHULRUDWLRQ RI �� � ൐ൔ് FRQFHQWUDWLRQ GHFUHDVH� WKH PD[LPXP DOORZDEOH ൈൔኼ
FRQFHQWUDWLRQ DOORZHG LQ WKH IHHG ZDWHU FDQ EH GHGXFHG�
7KH PRGHO PDGH E\ 1DXWD GHWHUPLQHV WKDW ��� ൵൲�ൈൔኼ FRUUHVSRQGV WR D ��� ORVV RI K\GUR[LGH FRQ�
FHQWUDWLRQ� 6XEVHTXHQWO\ (TXDWLRQ ��� LV XVHG WR GHWHUPLQH WKH WRWDO DOORZHG QXPEHU PROHV RI ൈൔኼ
JLYHQ WKH ��� ൵൲�� WKH HOHFWURO\WH YROXPH RI ���/� WKH HOHFWURO\WH GHQVLW\ RI ����� � ��ኽ J/ዅኻ DQG WKH
PROHFXODU ZHLJKW RI ൈൔኼ� �� JPROዅኻ� 7KH WRWDO DOORZHG QXPEHU RI PROHV ൬ፂፎᎴ LV ����PRO�
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$V GHVFULEHG LQ WKH ZRUN RI 'LPLWURX >��@� WKH GHJDVVHU LV GHVLJQHG IRU D V\VWHP SURGXFLQJ DSSUR[�
LPDWHO\ ��PROGዅኻ PHWKDQRO� :LWK D OLIHWLPH� GHQRWHG ൑൙� RI �� \HDUV DQG WKH GHGXFHG PD[LPXP
QXPEHU RI PROHV RI ൈൔኼ� WKH PD[LPXP DOORZDEOH ൈൔኼ FRQFHQWUDWLRQ LQ WKH IHHG ZDWHU LV GHWHUPLQHG WR
EH ����SSP RU ���� � ��ዅኾPRO/ዅኻ YLD (TXDWLRQ ����
7KH H[SHULPHQWV GHVFULEHG E\ $O 6KDUHHI� VKRZ D ൈൔኼ FRQFHQWUDWLRQ RI EHORZ ���SSP>�@� WKH H[SHF�
WDWLRQ LV WKHUHIRUH WKDW WKH HVWLPDWHG HOHFWURO\WH OLIHWLPH EDVHG RQ WKH H[SHULPHQWV LV DW OHDVW �� \HDUV�

0HWKRGRORJ\
7KH LPSDFW RI ൈൔኼ UHVLGXHV RQ =()¶V HOHFWURO\VLV V\VWHP KDV QRW EHHQ LQIHUUHG H[SHULPHQWDOO\ LQ WKH
SDVW DV PHQWLRQHG EHIRUH� )RU WKH ILUVW WLPH� WKH GHJDVVHU LV SXW LQWR XVH ZLWK SXUH R[\JHQ DQG LQ
WKH G\QDPLF HQYLURQPHQW ZKLFK KDV RQO\ EHHQ VLPXODWHG EHIRUH� %HVLGHV WKH G\QDPLF XVH RI WKH GH�
JDVVHU� WKH LPSDFW RI WKH FDUERQDWHV� VDOW GHSRVLWLRQ DQG WKH K\GUR[LGH FRQFHQWUDWLRQ GHFUHDVH DUH

&RQILGHQWLDO



�� �� ([SHULPHQWDWLRQ 	 0HWKRGRORJ\

H[SHULPHQWDOO\ LQYHVWLJDWHG E\ PDNLQJ XVH RI ,QGXFWLYHO\ &RXSOHG 3ODVPD �,&3�� ZLWK ZKLFK WKH SRWDV�
VLXP OHYHO LQ WKH HOHFWURO\WH LV PHDVXUHG� 0RUHRYHU� LW GHWHFWV D ODUJH YDULHW\ RI SRVVLEOH FRQWDPLQDQWV�
ZKLFK SRVVLEO\ JLYHV LQVLJKW LQ HOHFWURO\WH GHWHULRUDWLRQ E\ SKHQRPHQD \HW XQNQRZQ� ,Q SULQFLSOH� ,&3
GHOLYHUV WKH WRWDO SRWDVVLXP OHYHO LQ WKH VDPSOH� ERWK WKH SRWDVVLXP GLVVROYHG LQ WKH HOHFWURO\WH DV LRQV
DQG WKH SRWDVVLXP ERQGHG DV SRWDVVLXP �K\GURJHQ� FDUERQDWH� 7KHUHIRUH� WKH VDPSOHV DUH WDNHQ
IURP WKH HOHFWURO\WH OHYHO LQ WKH EXIIHU WDQNV� WKH KLJKHVW SRVVLEOH ORFDWLRQV LQ WKH V\VWHP� VXFK WKDW
WKH GHSRVLWHG SRWDVVLXP FDUERQDWH VDOWV DUH XQOLNHO\ WR HQG XS LQ WKH HOHFWURO\WH VDPSOH� %\ WDNLQJ
HOHFWURO\WH VDPSOHV WKURXJKRXW WLPH� WKH DPRXQW RI GHSRVLWHG SRWDVVLXP FDUERQDWHV LV HVWLPDWHG E\
WDNLQJ WKH GLIIHUHQFH EHWZHHQ WKH SRWDVVLXP OHYHO LQ WKH ,&3 VDPSOHV DQG WKH EHQFKPDUN SRWDVVLXP
OHYHO ZKLFK FRUUHVSRQGV WR D VDPSOH RI XQXVHG HOHFWURO\WH�

&RQILGHQWLDO
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,Q WKLV FKDSWHU� RXWFRPHV RI WKH DIRUHPHQWLRQHG H[SHULPHQWDWLRQ DUH FHQWUDO� 7KH LQWHUSUHWDWLRQ DQG
H[SODQDWLRQ RI WKH RXWFRPHV LV HVVHQWLDO WR FRPH WR D FRPSOHWH XQGHUVWDQGLQJ RI WKH V\VWHP DQG WR
YDOLGDWH GHVLJQ DGMXVWPHQWV DV GHVFULEHG LQ VHFWLRQ &���
7KH H[SHULPHQWDO RSHUDWLRQDO HQYHORSH� WKH PDLQ GHOLYHUDEOH RI WKLV WKHVLV� LV SUHVHQWHG LQ WKH ILUVW VHF�
WLRQ DQG WKH IRXU OLPLWDWLRQV DUH GHWDLOHG LQ FRUUHVSRQGLQJ VXEVHFWLRQV� 5HJDUGLQJ WKH IRXU OLPLWDWLRQV�
SHUIRUPDQFH RI WKH LQWHJUDWHG $(& VHWXS LV FRPSDUHG WR WKH SUHYLRXV VHWXS DQG WR DONDOLQH HOHFWURO\VLV
V\VWHPV IRXQG LQ OLWHUDWXUH LI DSSOLFDEOH DQG SRVVLEOH� ,Q WKH VHFRQG VHFWLRQ� UHOHYDQW FKDUDFWHULVWLFV
QRW FDSWXUHG LQ WKH RSHUDWLRQDO HQYHORSH DUH SUHVHQWHG� )XUWKHUPRUH� GLIIHUHQW GHVLJQ FKRLFHV DUH YDOL�
GDWHG DQG SRVVLEO\ UHFRQVLGHUHG DQG WKH SHUIRUPDQFH RI WKH DFTXLUHG VHWXS LV FRPSDUHG WR WKH WDUJHWV
VHW E\ =()� $GGLWLRQDOO\� UHOHYDQW XQIRUHVHHQ RXWFRPHV �DQG DGGLWLRQDO H[SHULPHQWDWLRQ� DUH LQFOXGHG�
/DVWO\� LQ WKH WKLUG VHFWLRQ WKH RXWFRPHV RI WKH GHWHULRUDWLRQ H[SHULPHQWV DV GHVFULEHG LQ VHFWLRQ ���
DUH SUHVHQWHG DQG H[DPLQHG�

���� 2SHUDWLRQDO (QYHORSH
7KH RSHUDWLRQDO HQYHORSH LV FRQVLGHUHG WKH PDLQ GHOLYHUDEOH RI WKLV WKHVLV DQG FDQ EH VHHQ LQ LWHP �����
7KH IROORZLQJ VXEVHFWLRQV VKRZ WKH UHVXOWV� LQWHUSUHWDWLRQ DQG DQDO\VLV RI WKH UHVXOWV RI WKH H[SHULPHQWV
DQG DFFRPSDQ\LQJ OLPLWDWLRQV�

������ 5HODWLYH 9DOYH 2SHQLQJ 'XW\
7KH UHODWLYH YDOYH RSHQLQJ GXW\ �592'� H[SHULPHQWV VHUYH WZR SXUSRVHV� )LUVW DQG IRUHPRVW� ILQGLQJ
WKH RSHUDWLRQDO OLPLWDWLRQV RI WKH FDSLOODU\ WXEHV RQ WKH RSHUDWLRQDO HQYHORSH� 6HFRQGO\� YDOLGDWLRQ RI
WKH 592' PRGHO SUHVHQWHG LQ VXEVHFWLRQ ����� �EDVHG RQ WKH FDSLOODU\ WXEH VL]LQJ ZKLFK LV UHSRUWHG LQ
VXEVHFWLRQ &������ 6R WKDW FDSLOODU\ WXEHV FDQ EH VHOHFWHG LQ IXWXUH JHQHUDWLRQV RI =()¶V HOHFWURO\VLV
V\VWHP LQ FDVH GLIIHUHQW FRQWURO DOJRULWKPV RU EXIIHU WDQN VL]HV DUH LPSOHPHQWHG� 'DWD LV H[WUDFWHG
DW GLIIHUHQW SUHVVXUHV� WHPSHUDWXUHV DQG FXUUHQW GHQVLWLHV� WKH GDWD H[WUDFWLRQ FDQ EH VXPPDULVHG DV
IROORZV�
�� 3UHVVXUH� FXUUHQW DQG WHPSHUDWXUHV DUH SORWWHG GLUHFWO\ IURP WKH UDZ GDWD�

�� $ UHODWLYHO\ ORQJ SHULRG RI RSHUDWLRQ XQGHU WKH VDPH SUHVVXUH DQG FXUUHQW LV VHOHFWHG�

�� 7KH QXPEHU DQG GXUDWLRQ RI YDOYH RSHQLQJV DUH UHWULHYHG IURP WKH ORJ�ILOH FRUUHVSRQGLQJ WR WKH
SHULRG ZKLFK KDV EHHQ VHOHFWHG�

�� 7KH DYHUDJH F\FOH WLPH LV FDOFXODWHG E\ GLYLGLQJ WKH WRWDO SHULRG OHQJWK E\ WKH QXPEHU RI YDOYH
RSHQLQJV� 7KH ORJJHG RSHQLQJ WLPHV DQG WKH WHPSHUDWXUH DUH DYHUDJHG DQG VXEVHTXHQWO\ WKH
592' LV GHWHUPLQHG�

�� )RU WKH VDPH SUHVVXUH� FXUUHQW GHQVLW\ DQG WHPSHUDWXUH WKH FRUUHVSRQGLQJ F\FOH WLPH DQG 592'
DUH FDOFXODWHG E\ WKH PRGHO� 6XEVHTXHQWO\ WKH H[SHULPHQWDO YDOXHV DQG WKH PRGHOOHG YDOXHV IRU
WKH F\FOH WLPH DQG 592' DUH FRPSDUHG� 7KH 0DWODE FRGH DQG H[SHULPHQWDO GDWD XVHG WR YDOLGDWH
WKH RSHQLQJ WLPH PRGHO FDQ EH IRXQG LQ VHFWLRQ %���

��



�� �� 5HVXOWV 	 'LVFXVVLRQ

,Q WKH FRPLQJ WZR VXEVHFWLRQV� WKH UHVXOWV RI WKH 592' H[SHULPHQWV DUH SUHVHQWHG DQG FRPSDUHG
WR WKH PRGHOOHG YDOYH RSHQLQJ WLPHV� 6XEVHTXHQWO\� H[SODQDWLRQV DQG VROXWLRQV WR WKH HVWDEOLVKHG
GLVFUHSDQF\ DUH IRUPXODWHG DQG D FRUUHFWHG PRGHO LV SUHVHQWHG� $ VFKHPDWLF GHSLFWLRQ LQ )LJXUH ���
VXPPDULVHV WKH 592' H[SHULPHQWV DQG RXWFRPHV�

)LJXUH ���� 6FKHPDWLF GHSLFWLRQ RI WKH UHODWLYH YDOYH RSHQLQJ GXW\ H[SHULPHQWV� RXWFRPHV DQG GHYHORSPHQW RI WKH FRUUHFWHG
PRGHO� 7KH DVWHULVN �ࣄ� LQGLFDWHV DQ LQHTXDOLW\ WKDW KROGV IRU WKH R[\JHQ VLGH RQO\� 7KH FRUUHFWHG PRGHO LV EDVHG RQ WKH
FRPSDULVRQ EHWZHHQ H[SHULPHQWV DQG WKH PRGHO� D PRGHO LQ ZKLFK WKH R[\JHQ DQ K\GURJHQ VLGH YDOYH WLPLQJV ZHUH

GHWHUPLQHG VHSDUDWHO\ DQG LQGHSHQGHQWO\�
7KH FRUUHFWHG PRGHO RQ WKH R[\JHQ VLGH� WKH DGGLWLRQDO SUHVVXUH GURS DFFRXQWV IRU WKH ፎᎴ�YDOYH RSHQLQJ GLUHFWO\ DIWHU D
ፇᎴ�YDOYH RSHQLQJ DQG WKH VPDOOHU GLVFKDUJH YROXPH DFFRXQWV IRU WKH VKRUWHQHG F\FOH WLPH GXH WR WKH LQWHUYHQLQJ ፇᎴ�YDOYH

RSHQLQJ ZKLFK ULVHV WKH HOHFWURO\WH OHYHO LQ WKH R[\JHQ WDQN DQG ORZHUV WKH SUHVVXUH DW WKH PRPHQW RI YDOYH RSHQLQJ�
7KH FRUUHFWHG PRGHO RQ WKH K\GURJHQ VLGH� WKH DGGLWLRQDO SUHVVXUH GURS DFFRXQWV IRU D SK\VLFDO� DGGLWLRQDO SUHVVXUH GURS RYHU

WKH FDSLOODU\ WXEH� 7KH SUHVVXUH GURS UHVXOWV LQ D VPDOOHU GLVFKDUJH YROXPH�
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&\FOH 7LPH 	 592'� 2[\JHQ VLGH
7KH UHVXOWV RI WKH 592' H[SHULPHQWV IRU WKH R[\JHQ SXUJH YDOYH FDQ EH VHHQ LQ )LJXUH ��� DQG ����

)LJXUH ���� &\FOH WLPH YHUVXV FXUUHQW GHQVLW\ RI WKH R[\JHQ
SXUJH YDOYH� 7KH YDOXHV IRXQG ZLWK WKH H[SHULPHQWV �UHG� DQG

WKH YDOXHV REWDLQHG IRUP WKH FDSLOODU\ WXEH PRGHO DW
FRUUHVSRQGLQJ RSHUDWLQJ FRQGLWLRQV �EOXH��

)LJXUH ���� 5HODWLYH YDOYH RSHQLQJ GXW\ YHUVXV FXUUHQW GHQVLW\
RI WKH R[\JHQ SXUJH YDOYH� 7KH YDOXHV IRXQG ZLWK WKH

H[SHULPHQWV �UHG� DQG WKH YDOXHV REWDLQHG IRUP WKH FDSLOODU\
WXEH PRGHO DW FRUUHVSRQGLQJ RSHUDWLQJ FRQGLWLRQV �EOXH��

7KH H[SHULPHQWV VKRZ VKRUWHU F\FOH WLPHV WKDQ WKH PRGHOOHG F\FOH WLPHV DQG KLJKHU 592'� $V GH�
VFULEHG LQ VXEVHFWLRQ ������ WKH RSHQLQJ WLPHV DUH JRYHUQHG E\ WKH RSHUDWLQJ FRQGLWLRQV YLD (TXD�
WLRQ &�� DQG D OLQHDULVDWLRQ RI WKH 'DUF\�:HLVEDFK FDSLOODU\ WXEH PRGHO �UHODWLQJ PRODU IORZ WKURXJK WKH
FDSLOODU\ WXEH DV D OLQHDU IXQFWLRQ RI WKH SUHVVXUH GLIIHUHQFH RYHU WKH FDSLOODU\ WXEH��
+RZHYHU� WKH RSHQLQJ WLPHV LPSOHPHQWHG E\ WKH FRQWURO DOJRULWKP DQG RSHQLQJ WLPHV DV FDOFXODWHG E\
WKH PRGHO VKRZ GHYLDWLRQ ZLWK UHVSHFW WR HDFK RWKHU� VHH )LJXUH ����

)LJXUH ���� 2[\JHQ SXUJH YDOYH RSHQLQJ WLPH RI WKH R[\JHQ SXUJH YDOYH YHUVXV FXUUHQW GHQVLW\� 7KH YDOXHV IRXQG ZLWK WKH
H[SHULPHQWV �UHG� DQG WKH YDOXHV REWDLQHG IRUP WKH FDSLOODU\ WXEH PRGHO DW FRUUHVSRQGLQJ RSHUDWLQJ FRQGLWLRQV �EOXH��

8QGHUHVWLPDWLRQ RI WKH RSHQLQJ WLPHV
7KH PRGHO VWUXFWXUDOO\ XQGHUHVWLPDWHV WKH RSHQLQJ WLPHV LPSOHPHQWHG E\ WKH FRQWURO DOJRULWKP DQG
KDV D PD[LPXP RI �� � XQGHUHVWLPDWLRQ IRU WKH DFTXLUHG GDWD VHW�
7ZR SRVVLEOH VRXUFHV RI WKH GLVFUHSDQF\ EHWZHHQ RSHQLQJ WLPHV UHJLVWHUHG GXULQJ H[SHULPHQWV DQG
WKH PRGHOOHG RSHQLQJ WLPHV FDQ EH GLVWLQJXLVKHG� EHVLGHV WKH JHQHUDO QRWLRQ WKDW WKH RSHQLQJ WLPHV
GHSHQG RQ D OLQHDU DSSUR[LPDWLRQ RI DQ LPSHUIHFW PRGHO� )LUVW DQG IRUHPRVW� WKH GDWD DFTXLVLWLRQ LV
QRW GRQH DFFRUGLQJ WR WKH VWHSV GHVFULEHG LQ VXEVHFWLRQ ����� GXH WR WLPH FRQVWUDLQWV� ZKLFK UHVXOWV LQ
WKH ODFN RI LQGHSHQGHQFH EHWZHHQ F\FOH WLPH PHDVXUHPHQWV EHWZHHQ WKH K\GURJHQ DQG R[\JHQ VLGH�
1HYHUWKHOHVV� D ODUJH GDWD EDVH ZDV DYDLODEOH LQ ZKLFK RSHUDWLQJ FRQGLWLRQV DQG YDOYH RSHQLQJ WLPHV
DUH VWRUHG� $Q HVVHQWLDO FRQVHTXHQFH RI WKH LQWHUIHUHQFH RI WKH ്ኼ DQG ൔኼ YDOYH RSHQLQJV LV WKDW WKH
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R[\JHQ YDOYH JHQHUDOO\ RSHQV GLUHFWO\ DIWHU WKH K\GURJHQ YDOYH � DQG WKHUHIRUH WKH R[\JHQ SXUJH YDOYH
RSHQLQJ WLPHV DUH GHWHUPLQHG E\ WKH FRQWURO DOJRULWKP DW ORZHU SUHVVXUHV WKDQ LQ WKH PRGHO �ZKLFK
XVHV WKH WLPH�DYHUDJHG SUHVVXUH�� DSSUR[LPDWHO\ � ���
,I WKH SUHVVXUHV DUH FRUUHFWHG ZLWK DQ DGGLWLRQDO SUHVVXUH GURS WR SUHVVXUHV DW WKH PRPHQW RI YDOYH
RSHQLQJ� D VPDOOHU RYHUHVWLPDWLRQ LV VWLOO REVHUYHG� VHH )LJXUH ���� $Q DGGLWLRQDO H[SODQDWLRQ LV UH�
TXLUHG WR H[SODLQ WKLV UHVLGXDO GLVFUHSDQF\�

)LJXUH ���� 2SHQLQJ WLPHV RI WKH R[\JHQ SXUJH YDOYH YHUVXV FXUUHQW GHQVLW\� 7KH YDOXHV IRXQG ZLWK WKH H[SHULPHQWV �UHG� DQG
WKH YDOXHV REWDLQHG IRUP WKH FDSLOODU\ WXEH PRGHO DW FRUUHVSRQGLQJ RSHUDWLQJ FRQGLWLRQV �EOXH� DQG WKH FRUUHFWHG PRGHO

�PDJHQWD��

7KH VHFRQG H[SODQDWLRQ IRU WKH GLVFUHSDQF\ LQ WKH RSHQLQJ WLPHV LV WKDW WKH FRHIILFLHQWV XVHG LQ WKH
OLQHDULVDWLRQ RI WKH FDSLOODU\ WXEH PRGHO DUH FRQVWDQW DQG FRUUHVSRQGLQJ WR RSHUDWLRQ DW �� �&� $W ORZ
WHPSHUDWXUHV� WKLV UHVXOWV LQ DQ XQGHUHVWLPDWLRQ RI WKH PRODU IORZV WKURXJK WKH FDSLOODU\ WXEHV DQG VXE�
VHTXHQWO\ DQ RYHUHVWLPDWLRQ RI WKH RSHQLQJ WLPHV FRUUHVSRQGLQJ WR WKH � FP HOHFWURO\WH OHYHO ULVH� 7KH
GLIIHUHQFH LQ PRODU IORZV DW GLIIHUHQW WHPSHUDWXUHV LQFUHDVHV ZLWK SUHVVXUH� $W ��EDU WKH GLIIHUHQFH LQ
�PRGHOOHG� PRODU IORZ WKURXJK WKH R[\JHQ VLGH FDSLOODU\ WXEH DW �� �& DQG �� �& LV D ��� GHFUHDVH�

2YHUHVWLPDWLRQ RI WKH F\FOH WLPHV
7KH F\FOH WLPHV VKRZ DQ RSSRVLWH WUHQG� WKH PRGHO RYHUHVWLPDWHV WKH F\FOH WLPH� *LYHQ WKH RYHUHVWL�
PDWLRQ RI WKH RSHQLQJ WLPHV� WKH FORVLQJ WLPHV DUH VLJQLILFDQWO\ ORZHU LQ WKH H[SHULPHQWV FRPSDUHG WR
WKH PRGHO� $JDLQ� WKLV FDQ EH DWWULEXWHG WR WKH LQWHUIHUHQFH RI WKH K\GURJHQ SXUJH YDOYH RSHQLQJV� D
K\GURJHQ YDOYH RSHQLQJ ORZHUV WKH HOHFWURO\WH OHYHO RQ WKH R[\JHQ VLGH DQG VXEVHTXHQWO\ WKH OHYHO VHQ�
VRU EHFRPHV GU\ EHIRUH WKH FDOFXODWHG FORVLQJ WLPH� HIIHFWLYHO\ VKRUWHQLQJ LWV F\FOH� 7KH FRPELQDWLRQ
RI WKH ODUJHU RSHQLQJ WLPH DQG VKRUWHU FORVLQJ WLPH LQ WKH H[SHULPHQWV FRPSDUHG WR WKH PRGHO UHVXOWV LQ
D UHODWLYH ODUJH GLIIHUHQFH EHWZHHQ WKH PRGHOOHG 592' DQG WKH 592' GHWHUPLQHG LQ H[SHULPHQWV DV
FDQ EH VHHQ LQ )LJXUH ���� 5HFDSLWXODWRU\� WKH LQWHUIHUHQFH RI WKH K\GURJHQ SXUJH YDOYH RSHQLQJV HIIHF�
WLYHO\ VKRUWHQV WKH R[\JHQ SXUJH YDOYH F\FOH DQG HVVHQWLDOO\ ORZHUV WKH SUHVVXUH DW ZKLFK WKH RSHQLQJ
WLPHV DUH FDOFXODWHG DQG LPSOHPHQWHG E\ WKH FRQWURO VFKHPH� ,Q 7DEOH ���� WKH RXWFRPHV� VXVSHFWHG
FDXVHV DQG LPSOLFDWLRQV DUH VXPPHG XS�
$ FRUUHFWLRQ PRGHO KDV EHHQ PDGH WR LPSURYH WKH SUHGLFWLRQV RQ F\FOH WLPH DQG 592'� 7KH WZR DIRUH�
PHQWLRQHG FRQVHTXHQFHV RI WKH K\GURJHQ SXUJH YDOYH LQWHUIHUHQFH DUH DGRSWHG LQ WKH PRGHO DV D

�$ JHQHUDO WUHQG LV REVHUYHG� LI WKH FRQWURO SUHVVXUH LV UHDFKHG� WKH K\GURJHQ YDOYH LV RSHQHG UHVXOWLQJ LQ DQ HOHFWURO\WH OHYHO GURS
LQ WKH R[\JHQ WDQN� 7KHUHDIWHU WKH R[\JHQ YDOYH LV RSHQHG GXH WR WKH OHYHO VHQVRU GURXJKW� 7KH REVHUYHG WUHQG LV FRQVLGHUHG
D FRQVHTXHQFH RI UHDFKLQJ WKH H[DFW ��� UDWLR LQ WKH EXIIHU WDQNV�

�7KH SUHVVXUH GURS GXH WR WKH K\GURJHQ SXUJH YDOYH RSHQLQJ FDQ EH GHWHUPLQHG E\ DVVXPLQJ DQ DGLDEDWLF H[SDQVLRQ LQ WKH
R[\JHQ JDV SKDVH �፩ॲፕᒏ ዆ ፜�� *LYHQ WKDW WKH HOHFWURO\WH OHYHO GURSV DSSUR[LPDWHO\ ኼ FP�EDVHG RQ WKH DVVXPSWLRQ WKDW ፓᑠᑡᑖᑟ�ᐿᎴ
LV FRUUHFW DQG FRUUHVSRQGV WR D ኻ FP HOHFWURO\WH OHYHO ULVH LQ WKH K\GURJHQ WDQN� ZKLFK FRUUHVSRQGV WR DQ DSSUR[LPDWH ኼ FP
HOHFWURO\WH OHYHO ULVH LQ WKH R[\JHQ WDQN� DQG WKH F\OLQGULFDO EXIIHU WDQN KDV D WRWDO OHQJWK RI ኻኼኺ FP� $VVXPLQJ ᎗ ዆ ኻ�ኾ >��@� WKH
SUHVVXUH GURS LV ࣩ� �� ZKLFK KDV WKH VDPH RUGHU RI PDJQLWXGH DV WKH �� IRXQG LQ WKH H[SHULPHQWV �ZKLFK ZHUH FDSWXUHG DW
WKH VWDUW RI WKH R[\JHQ YDOYH RSHQLQJ DQG QRW QHFHVVDULO\ DW WKH HQG RI WKH R[\JHQ H[SDQVLRQ GXH WR WKH K\GURJHQ SXUJH YDOYH
RSHQLQJ��
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SUHVVXUH UHGXFWLRQ RI ࣩ��� � DQG E\ D VFDOLQJ RI WKH GLVFKDUJH YROXPH E\ D IDFWRU ����� %RWK YDOXHV
DUH IRXQG E\ D ELVHFWLRQ RSWLPLVDWLRQ LQ ZKLFK WKH URRW PHDQ VTXDUHG HUURU �506(� EHWZHHQ WKH H[�
SHULPHQWDO F\FOH WLPH DQG LWV FRUUHVSRQGLQJ PRGHO YDOXH KDV EHHQ PLQLPLVHG� 7KH UHVXOWV FDQ EH VHHQ
LQ )LJXUH ��� DQG ��� DQG ����

)LJXUH ���� &\FOH WLPH RI WKH R[\JHQ SXUJH YDOYH YHUVXV
FXUUHQW GHQVLW\� 7KH YDOXHV IRXQG ZLWK WKH H[SHULPHQWV �UHG�
DQG WKH YDOXHV REWDLQHG IRUP WKH FDSLOODU\ WXEH PRGHO DW

FRUUHVSRQGLQJ RSHUDWLQJ FRQGLWLRQV �EOXH� DQG WKH FRUUHFWHG
PRGHO �PDJHQWD��

)LJXUH ���� 5HODWLYH YDOYH RSHQLQJ GXW\ RI WKH R[\JHQ SXUJH
YDOYH YHUVXV FXUUHQW GHQVLW\� 7KH YDOXHV IRXQG ZLWK WKH

H[SHULPHQWV �UHG� DQG WKH YDOXHV REWDLQHG IRUP WKH FDSLOODU\
WXEH PRGHO DW FRUUHVSRQGLQJ RSHUDWLQJ FRQGLWLRQV �EOXH� DQG

WKH FRUUHFWHG PRGHO �PDJHQWD��

7KH F\FOH WLPHV DUH FDSWXUHG PRUH DFFXUDWHO\ �506( RI WKH XQFRUUHFWHG PRGHO LV WZLFH WKH 506( RI
WKH FRUUHFWHG PRGHO�� QHYHUWKHOHVV WKH PRGHOOHG YDOXHV GHYLDWH IURP WKH H[SHULPHQWDO YDOXHV� 7KH GH�
YLDWLRQ LQ WKH 592' LV DWWULEXWHG WR WKH IDFW WKDW WKH PRGHOOHG RSHQLQJ WLPHV FRUUHVSRQG WR D V\VWHP ZLWK
WKH SUHVVXUH GURS DQG VPDOOHU GLVFKDUJH YROXPH GXH WR WKH K\GURJHQ SXUJH YDOYH RSHQLQJ� ZKHUHDV
WKH FRQWURO DOJRULWKP FDOFXODWHV WKH RSHQLQJ WLPHV DV LI WKH GLVFKDUJH YROXPH UHPDLQHG XQFKDQJHG�

0RGHO YV� ([SHULPHQW &DXVH ,PSOLFDWLRQ
W2SHQ 0�( ൔኼ�9DOYH RSHQLQJ GLUHFWO\ ൮ DW PRPHQW RI YDOYH

DIWHU ്ኼ�9DOYH RSHQLQJ RSHQLQJ ORZHU WKDQ DYHUDJH ൮
W&ORVHG 0घ( 9DOYH LQWHUIHUHQFH 6PDOOHU ൛፝ ።፬፜፡ፚ፫፠፞�VKRUWHQHG F\FOH

W&\FOH 0!( 9DOYH LQWHUIHUHQFH 6PDOOHU ൛፝ ።፬፜፡ፚ፫፠፞�VKRUWHQHG F\FOH
DQG SUHVVXUH GLIIHUHQFH

592' 0ग( &RPELQDWLRQ RI ൲ፎ፩፞፧ DQG ൲ፂ፲፜፥፞ 8QGHUHVWLPDWLRQ RI 592'

7DEOH ���� $ EULHI VXPPDWLRQ RI WKH 592' H[SHULPHQWV RQ WKH R[\JHQ VLGH� 7KH RXWFRPH� D FDXVH IRU WKH RXWFRPH DQG WKH
LPSOLFDWLRQV RI WKH RXWFRPH DUH GLVSOD\HG� 7KH FRUUHFWHG PRGHO LV PDGH E\ DSSO\LQJ DQ DGGLWLRQDO SUHVVXUH GURS DQG D

GHFUHDVH RI WKH GLVFKDUJH YROXPH� VFDOHG DFFRUGLQJ WR D PLQLPLVHG 506( EHWZHHQ WKH H[SHULPHQWDO DQG PRGHOOHG F\FOH WLPHV�

&\FOH 7LPH 	 592'� +\GURJHQ VLGH
7KH UHVXOWV RI WKH 592' H[SHULPHQWV IRU WKH K\GURJHQ SXUJH YDOYH FDQ EH VHHQ LQ )LJXUH ��� DQG ����

$ VLPLODU WUHQG DV WKH R[\JHQ SXUJH YDOYH RSHQLQJ LV REVHUYHG� H[FHSW WKDW WKH YDOYH RSHQLQJ WLPHV
DUH QRW QHFHVVDULO\ RYHUHVWLPDWHG WKDW DUH WKHUHIRUH QRW GHSLFWHG� $ VLPLODU FRUUHFWHG PRGHO KDV EHHQ
LPSOHPHQWHG WR LPSURYH WKH SUHGLFWLRQ RI F\FOH WLPHV DQG 592'� 7KH UHVXOW RI ZKLFK FDQ EH VHHQ LQ
)LJXUH ���� DQG ����� 7KH DGGLWLRQDO SUHVVXUH GURS LV IRXQG WR EH ࣩ ���� DQG D � � VPDOOHU GLVFKDUJH
YROXPH RU� HTXLYDOHQWO\� VKRUWHQHG F\FOH�
7KH H[SODQDWLRQ DQG MXVWLILFDWLRQ RI WKH DGGLWLRQDO SUHVVXUH GURS DQG DFFRPSDQ\LQJ VPDOOHU GLVFKDUJH
YROXPH LV KRZHYHU GLIIHUHQW IURP WKH UHDVRQLQJ JLYHQ WR H[SODLQ WKH R[\JHQ VLGH GLVFUHSDQF\� 7ZR UHO�
HYDQW GLIIHUHQFHV EHWZHHQ WKH K\GURJHQ DQG R[\JHQ VLGH FDQ EH PDGH ZLWK UHVSHFW WR YDOYH RSHQLQJ
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)LJXUH ���� &\FOH WLPH RI WKH K\GURJHQ SXUJH YDOYH YHUVXV
FXUUHQW GHQVLW\� 7KH YDOXHV IRXQG ZLWK WKH H[SHULPHQWV �UHG�
DQG WKH YDOXHV REWDLQHG IRUP WKH FDSLOODU\ WXEH PRGHO DW

FRUUHVSRQGLQJ RSHUDWLQJ FRQGLWLRQV �EOXH��

)LJXUH ���� 5HODWLYH YDOYH RSHQLQJ GXW\ RI WKH K\GURJHQ SXUJH
YDOYH YHUVXV FXUUHQW GHQVLW\� 7KH YDOXHV IRXQG ZLWK WKH

H[SHULPHQWV �UHG� DQG WKH YDOXHV REWDLQHG IRUP WKH FDSLOODU\
WXEH PRGHO DW FRUUHVSRQGLQJ RSHUDWLQJ FRQGLWLRQV �EOXH��

WLPHV� )LUVWO\� WKH K\GURJHQ SXUJH YDOYH LV RSHQHG ZKHQ WKH FRQWURO SUHVVXUH LV UHDFKHG DQG LV WKHUH�
IRUH QRW ORZHU WKDQ WKH DYHUDJH SUHVVXUH� KHQFH WKH RSHQLQJ WLPHV DUH QRW QHFHVVDULO\ RYHUHVWLPDWHG�
D GLIIHUHQW UHDVRQLQJ LV UHTXLUHG WR H[SODLQ WKH UHTXLUHG SUHVVXUH GURS� 7KH VHFRQG GLIIHUHQFH LV WKDW WKH
K\GURJHQ VLGH FDSLOODU\ WXEH KDV D VLJQLILFDQWO\ VPDOOHU GLDPHWHU ������PP YHUVXV �����PP�� 7KLV�
WRJHWKHU ZLWK WKH WXEH OHQJWK� ZDV D GHVLJQ FKRLFH� VHH VXEVHFWLRQ &����� PDGH IURP D VDIHW\ SHU�
VSHFWLYH WR HQVXUH WKDW WKH K\GURJHQ VLGH 592' LV KLJKHU WKDQ WKH R[\JHQ VLGH 592' DQG HOHFWURO\WH
OHYHOV FDQ EH FRQWUROOHG XQGHU DOO FLUFXPVWDQFHV� 7KH XQLQWHQGHG FRQVHTXHQFH LV WKDW WKH K\GURJHQ
VLGH LV PRUH SURQH WR FORJJLQJ RU RWKHU REVWUXFWLRQV WKDW LQGXFH DQ DGGLWLRQDO SUHVVXUH GURS� KHQFH WKH
UHTXLUHG SUHVVXUH GURS LV ��� � RQO\� $QRWKHU SRVVLELOLW\ LV WKDW WKH FDSLOODU\ WXEH LV VLPSO\ WRR ORQJ�
7KH LQVWDOOHG ILOWHUV ZKLFK LQWHUFHSWV SDUWLFOHV WKDW SRVVLEO\ EORFN WKH FDSLOODU\ WXEHV KDYH D ����P JDS
VL]H� WKDW LV LQ EHWZHHQ WKH GLDPHWHUV RI WKH FDSLOODU\ WXEHV� VR SRVVLEO\ DQ REMHFW ZLWK D VL]H ����P
WR ����P �SDUWLDOO\� EORFNV WKH FDSLOODU\ WXEH RU FRQWULEXWHV WR DQ DGGLWLRQDO SUHVVXUH GURS� $V FDQ EH
UHDG LQ VXEVHFWLRQ ������ REVHUYDWLRQV RI HOHFWURO\WH GURSOHWV KDYH EHHQ PDGH RQ WKH ORZ SUHVVXUH VLGH
RI WKH R[\JHQ FDSLOODU\ WXEH� 7KH HOHFWURO\WH PLVW� RU HOHFWURO\WH GURSOHWV� SRVVLEO\ FDXVH WKH DGGLWLRQDO
SUHVVXUH GURS RQ WKH K\GURJHQ VLGH�

)LJXUH ����� &\FOH WLPH RI WKH K\GURJHQ SXUJH YDOYH
YHUVXV FXUUHQW GHQVLW\� 7KH YDOXHV IRXQG ZLWK WKH
H[SHULPHQWV �UHG� DQG WKH YDOXHV REWDLQHG IRUP WKH
FDSLOODU\ WXEH PRGHO DW FRUUHVSRQGLQJ RSHUDWLQJ

FRQGLWLRQV �EOXH� DQG WKH FRUUHFWHG PRGHO �PDJHQWD��

)LJXUH ����� 5HODWLYH YDOYH RSHQLQJ GXW\ RI WKH K\GURJHQ
SXUJH YDOYH YHUVXV FXUUHQW GHQVLW\� 7KH YDOXHV IRXQG

ZLWK WKH H[SHULPHQWV �UHG� DQG WKH YDOXHV REWDLQHG IRUP
WKH FDSLOODU\ WXEH PRGHO DW FRUUHVSRQGLQJ RSHUDWLQJ
FRQGLWLRQV �EOXH� DQG WKH FRUUHFWHG PRGHO �PDJHQWD��

$QDORJRXVO\ WR WKH FRUUHFWHG PRGHO IRU WKH R[\JHQ SXUJH YDOYH F\FOH WLPH� WKH 592' RI WKH FRUUHFWHG
PRGHO GHYLDWHV VLJQLILFDQWO\ IURP WKH H[SHULPHQWDO YDOXHV� 7KLV LV DWWULEXWHG WR WKH IDFW WKDW WKH FRQWURO
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DOJRULWKP GRHV QRW WDNH LQ WR DFFRXQW WKH VKRUWHQHG YDOYH RSHQLQJ F\FOH �HTXLYDOHQW WR WKH VPDOOHU GLV�
FKDUJH YROXPH F\FOH� DQG WKHUHIRUH WKH RSHQLQJ WLPHV DUH UHODWLYHO\ ODUJH DQG DQG WKH FORVLQJ WLPHV
UHODWLYHO\ VKRUW� UHVXOWLQJ LQ DQ RYHUHVWLPDWHG 592'� 7KHUHIRUH� WKH FRUUHFWHG PRGHO LV FRQVLGHUHG WR
EH WKH EHVW UHSUHVHQWDWLRQ RI F\FOH WLPHV RI WKH SK\VLFDO V\VWHP LI WKH YDOYH LQWHUIHUHQFH LV LQFRUSRUDWHG
LQ WKH FRQWURO VFKHPH E\ PHDQV RI DQ DGGLWLRQDO SUHVVXUH GURS DQG VPDOOHU GLVFKDUJH YROXPH�

*HQHUDO ILQGLQJV
$GGLWLRQDO WR F\FOH WLPH DQG 592' FRPSDULVRQ� WZR JHQHUDO ILQGLQJ ZLWK UHVSHFW WR WKH ZRUNLQJ RI WKH
FDSLOODU\ WXEHV DUH FRQVLGHUHG ZRUWK PHQWLRQLQJ�

�� ([DFW ��� UDWLR LQ WKH EXIIHU WDQNV
$ ILUVW JHQHUDO ILQGLQJ LV WKDW WKH JDV SKDVHV UHDFK WKH ��� UDWLR LQ WKH EXIIHU WDQNV� )RU H[DPSOH� LI
WKH V\VWHP LV QRW RSHUDWLQJ DQG DW DWPRVSKHULF SUHVVXUH� WKH HOHFWURO\WH OHYHOV DUH HTXDO DQG WKH
R[\JHQ JDV YROXPH LV VOLJKWO\ VPDOOHU WKDQ RQH KDOI RI WKH K\GURJHQ JDV YROXPH� &RQVHTXHQWO\
LI WKH V\VWHP LV VZLWFKHG RQ� WKH HOHFWURO\WH OHYHO LQ WKH R[\JHQ WDQN GHFUHDVHV DQG WKHUHIRUH WKH
R[\JHQ JDV YROXPH LQFUHDVHV DQG WKH K\GURJHQ JDV YROXPH GHFUHDVHV GXH WR WKH HOHFWURO\WH
OHYHO ULVH LQ WKH K\GURJHQ WDQN� 6XEVHTXHQWO\ WKH JDV YROXPHV DSSHDU WR UHDFK WKH H[DFW ���
UDWLR� EHFDXVH D SUHVVXUH LV EXLOW XS WR WKH FRQWURO SUHVVXUH ZLWKRXW YDOYH RSHQLQJV�� 7KLV ILQGLQJ
LV KLJKO\ UHOHYDQW WR WKH VHFRQG JHQHUDO ILQGLQJ DV LW SUHYHQWV SRVVLEOH HOHFWURO\WH RYHUIORZV�

�� 0LQLPXP UHTXLUHG RSHUDWLQJ SUHVVXUH RI � EDU
$ VHFRQG ILQGLQJ LV WKDW EHORZ ࣩ�EDU� WKH OHYHO DQG SUHVVXUHV DUH QRW FRQWUROODEOH ZLWK WKH RSHQ�
LQJ WLPHV DV GHVFULEHG LQ (TXDWLRQ &�� DQG WKLV REVHUYDWLRQ LV DWWULEXWHG WR WKH ORZ SUHVVXUH
GLIIHUHQFH RYHU WKH FDSLOODU\ WXEH� 2FFDVLRQDOO\� WKLV OHDG WR RYHUIORZ RI HOHFWURO\WH RQ WKH R[\JHQ
VLGH� EHFDXVH WKLV FDSLOODU\ WXEH LV OHVV WKURWWOLQJ LQ FRPSDULVRQ WR WKH K\GURJHQ VLGH� &RQFOXGLQJ
WKDW D ILUVW OLPLWDWLRQ RI WKH V\VWHP KDV EHHQ IRXQG� D �EDU PLQLPXP RSHUDWLQJ SUHVVXUH��

&RQFOXGLQJ WKLV VXEVHFWLRQ ZLWK WKH FRQWULEXWLRQ RI WKH OLPLWDWLRQ WR WKH RSHUDWLRQDO HQYHORSH� WKH �� �
DQG ��� � 592' OLQHV FDQ EH VHHQ LQ )LJXUH ���� DQG DUH EDVHG RQ WKH FRUUHFWHG PRGHO�

)LJXUH ����� 7KH �� � DQG ��� � 592' OLQH EDVHG RQ WKH FRUUHFWHG PRGHO IRU WKH K\GURJHQ SXUJH YDOYH F\FOH WLPH�

�7KH EXIIHU WDQNV¶ FURVV�VHFWLRQDO DUHDV DUH FORVH WR WKH ��� UDWLR ��������� DVVXPLQJ WKDW WKH EXIIHU WDQNV DUH H[DFWO\ ��� ILOOHG
ZLWK HOHFWURO\WH� D OHYHO GLIIHUHQFH RI ዀ�ዂPP LV UHTXLUHG WR UHDFK WKH ��� UDWLR� 7KLV VKRZV WKDW JDVHV UHDFKLQJ FRQWURO SUHVVXUH
ZLWKRXW SXUJH YDOYH RSHQLQJV LV D UHDVRQDEOH VFHQDULR� +RZHYHU� WKH HOHFWURO\WH YROXPH LQ WKH V\VWHP FKDQJHV ZLWK UHVSHFW
WR WLPH DV ZDWHU LV FRQVXPHG� WKHUHIRUH D OLPLWHG QXPEHU RI R[\JHQ SXUJH YDOYH RSHQLQJV GXULQJ SUHVVXUH EXLOGXS KDYH DOVR
EHHQ REVHUYHG�

�(YLGHQWO\� WKLV OLPLWDWLRQ RQO\ DSSOLHV WR D V\VWHP ZKHUH WKH JDVVHV IORZ WKURXJK WKH FDSLOODU\ WXEHV IRU DOO RSHUDWLQJ FRQGLWLRQV�
$ E\SDVV YDOYH ZLWKRXW FDSLOODU\ WXEHV� DV LV LQFOXGHG LQ WKH 3	 ,' �)LJXUH &�� LQ VHFWLRQ &���� VROYHV WKLV OLPLWDWLRQ DQG LV
WKHUHIRUH UHFRPPHQGHG
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������ )ORZ 6WDJQDWLRQ
7KH IORZ VWDJQDWLRQ H[SHULPHQWV SULPDULO\ PDGH XVH RI WKH FKDUDFWHULVWLF WHPSHUDWXUH UHVSRQVH DV H[�
SODLQHG LQ VXEVHFWLRQ ������ +RZHYHU WKLV WHPSHUDWXUH UHVSRQVH DSSHDUHG WR EH QRW GHFLVLYH HQRXJK�
$ FOHDU GLVWLQFWLRQ EHWZHHQ IORZ VWDJQDWLRQ DQG D VLWXDWLRQ ZLWKRXW IORZ VWDJQDWLRQ FDQ QRW EH PDGH
XQDPELJXRXVO\ FRQVLGHULQJ WHPSHUDWXUH VLJQDOV RQO\� 7KHUHIRUH� LQ DGGLWLRQ WR H[DPLQLQJ WHPSHUDWXUH
SURILOHV� D YLGHR FDPHUD ZDV LQVWDOOHG WR YLVXDOO\ GHWHFW IORZ VWDJQDWLRQ� ([DPSOHV RI IUDPHV FRUUH�
VSRQGLQJ WR �D� WKH HQG RI D IORZ VWDJQDWLRQ F\FOH� �E� QRUPDO RSHUDWLRQ �F� DQG IORZ VWDJQDWLRQ DUH
GHSLFWHG LQ )LJXUH �����

)LJXUH ����� ,PDJHV PDGH E\ WKH FDPHUD WR GHWHFW IORZ VWDJQDWLRQ� 'LVWLQFWLRQ EHWZHHQ WKH JDV SKDVH DQG WKH OLTXLG
HOHFWURO\WH LV PDGH E\ WKH FRORXUV� D UHODWLYHO\ OLJKW FRORXU FRUUHVSRQGV WR JDV EXEEOH DQG WKH UHODWLYHO\ GDUN FRORXU WR WKH OLTXLG

HOHFWURO\WH� 7KH ፇᎴ DQG ፎᎴ KHDGHU FKDQQHOV DUH LQGLFDWHG E\ WKH UHG DQG EOXHV FHQWUH OLQHV UHVSHFWLYHO\�

7KH UHVXOWV RI WKH IORZ VWDJQDWLRQ H[SHULPHQWV FDQ EH VHHQ LQ 7DEOH ���� WKH YDULDEOH LQGLFDWHG ZLWK ൝ LV
LQWURGXFHG LQ VXEVHFWLRQ ����� DQG UHSUHVHQWV WKH JDV SURGXFWLRQ YROXPH IORZ UDWH ZKLFK LV WKH GULYLQJ
IRUFH IRU WKH HOHFWURO\WH FLUFXODWLRQ DV H[SODLQHG LQ VXEVHFWLRQ &����� SDUDJUDSK WLWOHG ´,QFUHDVLQJ HOHF�
WURO\WH UHFLUFXODWLRQ YHORFLW\´� 7KH GHWHUPLQHG YDOXHV IRU ൝ VKRZ D GLVWLQFWLRQ EHWZHHQ RSHUDWLRQ ZLWK
IORZ VWDJQDWLRQ DQG ZLWKRXW IORZ VWDJQDWLRQ� ZKLFK LQGLFDWHV WKH H[LVWHQFH RI WKH SUHYLRXVO\ GHVFULEHG
FULWLFDO YROXPH IORZ UDWH� D PLQLPXP JDV SURGXFWLRQ SHU XQLW RI WLPH WR DYRLG IORZ VWDJQDWLRQ� 6WDUWLQJ
IURP WKH DFTXLUHG GDWD� WKH FULWLFDO YDOXH IRU ൝ LV EHWZHHQ ����$.EDUዅኻ FPዅኼ WR ����$.EDUዅኻ FPዅኼ�
,Q FRPSDULVRQ WR WKH VHWXS RSHUDWHG E\ .OHLVW� WKH FULWLFDO YROXPH IORZ UDWH KDV GHFUHDVHG VLJQLILFDQWO\
IURP ��� WR ����$.EDUዅኻ FPዅኼ� 7KLV GHFUHDVH LV H[SHFWHG DQG LV DWWULEXWHG WR WKH QXPEHU RI FHOOV
DQG WKH LQFUHDVHG ULVHU OHQJWK DV H[SODLQHG LQ VXEVHFWLRQ &����� SDUDJUDSK WLWOHG ´,QFUHDVLQJ HOHF�
WURO\WH UHFLUFXODWLRQ YHORFLW\´� (YLGHQWO\� D ORZHU FULWLFDO YROXPH IORZ UDWH LV FRQVLGHUHG WR EH EHQHILFLDO
LQ SHUVSHFWLYH RI WKH RSHUDWLRQDO IOH[LELOLW\�
+RZHYHU� WKH TXDOLILFDWLRQ RI IORZ VWDJQDWLRQ LV LQKHUHQWO\ DPELJXRXV� 6SHFLILFDOO\ DW ORZ FXUUHQW GHQ�
VLWLHV� WKH JDV EXEEOHV WUDYHO LQ D GLVFRQWLQXRXV PDQQHU WKURXJK WKH WRS FKDQQHO� 7KH IORZ LV TXDOLILHG
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WR EH VWDJQDWHG ZKHQ QR PRYHPHQW LV REVHUYHG LQ WKH KHDGHU FKDQQHO DQG WRS FKDQQHOV IRU RYHU ��
VHFRQGV�� $V GHVFULEHG E\ .OHLVW� IORZ VWDJQDWLRQ LV D VWRFKDVWLF SURFHVV DQG LWV GHWHUPLQDWLRQ LV D
PDWWHU RI LQWHUSUHWDWLRQ� 7R DYRLG IORZ VWDJQDWLRQ ZLWK PRUH FHUWDLQW\� RSHUDWLRQ DW D VLJQLILFDQWO\ KLJKHU
JDV YROXPH SURGXFWLRQ UDWH LV UHFRPPHQGHG� ,Q DGGLWLRQ WR WKDW� WKH UHVXOWV RI WKH IORZ VWDJQDWLRQ H[�
SHULPHQWV FRQVLVWV RI D OLPLWHG GDWD VHW DQG WKH DIRUHPHQWLRQHG LQKHUHQW DPELJXLW\ RI TXDOLI\LQJ D IORZ
DV VWDJQDWHG� 7KHUHIRUH� LW LV UHFRPPHQGHG WR ERWK HQODUJH WKH GDWD VHW E\ FRQGXFWLQJ H[SHULPHQWV
DQG WR GHILQH D IORZ VWDJQDWLRQ FULWHULRQ WKDW LV OHVV LQWHUSUHWDWLRQ�GHSHQGHQW�

3 >EDU@ &' >P$FPዅኼ@ 7 >�&@ ; >$.EDUዅኻ FPዅኼ@

)ORZ 6WDJQDWLRQ� �� �� �� ������
�� ��� �� ������
�� ��� �� ������

1RW )ORZ 6WDJQDWLRQ� �� ��� �� ������
�� ��� �� ������
�� ��� �� ������
�� ��� �� ������
�� ��� �� ������
�� ��� �� ������

7DEOH ���� 5HVXOWV RI WKH IORZ VWDJQDWLRQ H[SHULPHQWV� 2SHUDWLQJ FRQGLWLRQV IRU WZR FDVHV DUH GLVWLQJXLVKHG� LQ WKH FDVH D IORZ
VWDJQDWLRQ ZDV REVHUYHG DQG LQ FDVHV ZKHUH RSHUDWLQJ FRQGLWLRQV WR FRQGLWLRQV FRUUHVSRQGLQJ WR IORZ VWDJQDWLRQ GLG QRW UHVXOWV

LQ IORZ VWDJQDWLRQ� 7KH YDOXHV IRU ; �ፗ ዆ ᐺᐻॲᑋ
ᑇ

� LQ WKH ULJKWPRVW FROXPQ VXJJHVW D FULWLFDO YROXPH IORZ UDWH DV H[SODLQHG LQ
VXEVHFWLRQ ����� DQG LV IRXQG WR EH ILQ WKH UDQJH RI ኺ�ዀኼ$.EDUᎽᎳ FPᎽᎴ WR ኺ�዁ኾ$.EDUᎽᎳ FPᎽᎴ

)ORZ VWDJQDWLRQ DQG SXUJH YDOYH RSHQLQJV
'XULQJ WKH IORZ VWDJQDWLRQ H[SHULPHQWV� LW KDV EHHQ K\SRWKHVLVHG WKDW WKH FRQWURO VFKHPH SRVVLEO\ LQ�
WHUIHUHV ZLWK IORZ VWDJQDWLRQ� )RU H[DPSOH� LI WKH IORZ DSSHDUV WR VWDJQDWH DQG WKH R[\JHQ SXUJH YDOYH
RSHQV� WKH IORZ VWDJQDWLRQ LV SRVVLEO\ UHVROYHG GXH WR WKH VXGGHQ SUHVVXUH GURS DQG DFFRPSDQ\LQJ
YROXPH H[SDQVLRQ DVVRFLDWHG ZLWK D YDOYH RSHQLQJ� &RQVHTXHQWO\� LI IORZ VWDJQDWLRQ KDV QRW EHHQ RE�
VHUYHG LQ D JLYHQ DPRXQW RI WLPH� EXW D SXUJH YDOYH LV RSHQHG LQ WKDW VDPH SHULRG RI WLPH� RQH FDQQRW
GLUHFWO\ GLVFDUG IORZ VWDJQDWLRQ XQGHU WKHVH RSHUDWLQJ FRQGLWLRQV� +RZHYHU� WKH WHPSHUDWXUH SURILOHV
RQ WKH R[\JHQ VLGH UHYHDO DQ DGGLWLRQDO LQVLJKW DERXW WKH UHODWLRQVKLS EHWZHHQ IORZ VWDJQDWLRQ DQG WKH
R[\JHQ SXUJH YDOYH RSHQLQJV�

)LJXUH ����� 7HPSHUDWXUH UHDGLQJ RI WKH VHQVRU SODFHG RQ WRS RI WKH VWDFN DW WKH R[\JHQ RXWOHW DQG WKH R[\JHQ EXIIHU WDQN�
WRJHWKHU ZLWK D VFDOHG VHQVRU UHDGLQJ RI WKH PLGGOH R[\JHQ OHYHO VHQVRU ZKLFK FRQWUROV WKH R[\JHQ SXUJH YDOYH RSHQLQJV� WKH

SHDN YDOXH FRUUHVSRQGV WR D OHYHO VHQVRU GURXJKW DQG VXEVHTXHQW R[\JHQ YDOYH RSHQLQJ�

,Q )LJXUH ����� WKH WHPSHUDWXUHV RI WKH R[\JHQ WDQN DQG WKH R[\JHQ VLGH VWDFN�WRS DUH SORWWHG WRJHWKHU
��� VHFRQGV LV FKRVHQ LQ FRUUHVSRQGHQFH WR WKH PLQLPXP REVHUYHG IORZ VWDJQDWLRQ GXUDWLRQ RI ኻ዁ V UHSRUWHG LQ WKH ZRUN RI .OHLVW
>��@
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ZLWK D VFDOHG YHUVLRQ RI WKH PLGGOH OHYHO VHQVRU RI WKH R[\JHQ WDQN� 7KH WHPSHUDWXUH LQFUHDVH RI WKH
VWDFN�WRS WHPSHUDWXUH VHQVRU LV WKH FKDUDFWHULVWLF HQGLQJ RI D IORZ VWDJQDWLRQ� LQ ZKLFK WKH ZDUPHG XS
OLTXLG HOHFWURO\WH IORZV SDVW WKH VHQVRU DQG DV RQH FDQ VHH� WKH LQFUHDVH LV SULRU WR WKH YDOYH RSHQLQJ�
0RUHRYHU� WKH IORZ VWDJQDWLRQ LV UHVROYHG ILUVW� VXFK WKDW WKH JDV IORZV WR WKH EXIIHU WDQN UHVXOWLQJ LQ WKH
VXEVHTXHQW HOHFWURO\WH OHYHO GURS DQG OHYHO VHQVRU GURXJKW� LQGLFDWHG E\ WKH VSLNH RI WKH EODFN OLQH LQ
)LJXUH ����� 7KH OHYHO VHQVRU GURXJKW VXEVHTXHQWO\ UHVXOWV LQ WKH RSHQLQJ RI WKH R[\JHQ SXUJH YDOYH�
LPSO\LQJ WKDW WKH RSHQLQJ GLG QRW LQWHUIHUH ZLWK WKH IORZ VWDJQDWLRQ� 7KLV FDVFDGH RI HYHQWV LV RQO\ DS�
SOLFDEOH WR WKH R[\JHQ VLGH� EHFDXVH WKH K\GURJHQ SXUJH YDOYH LV SUHVVXUH FRQWUROOHG� VR LQWHUIHUHQFH
RI WKH K\GURJHQ SXUJH YDOYH RSHQLQJ ZLWK IORZ VWDJQDWLRQ LV SRVVLEOH DQG DYRLGDQFH RI RSHQLQJV GXULQJ
D VWDJQDWLRQ F\FOH LV QHFHVVDU\ WR DFTXLUH FRUUHFW LQVLJKW LQ IORZ VWDJQDWLRQ FRQGLWLRQV�

&RQFOXGLQJ WKLV VXEVHFWLRQ ZLWK WKH OLPLWDWLRQV IORZ VWDJQDWLRQ KDYH RQ WKH RSHUDWLRQDO HQYHORSH� ,Q
)LJXUH ���� WKUHH GLIIHUHQW IORZ VWDJQDWLRQ OLQHV FDQ EH VHHQ� VLPLODU WR VXEVHFWLRQ ������ H[FHSW WKDW
LQ WKH QHZ V\VWHP IORZ VWDJQDWLRQ DW �� �& LV OLPLWLQJ EHORZ ��P$FPዅኼ DQG LQ WKH SUHYLRXV V\VWHP
EHORZ ���P$FPዅኼ� ZKLFK XQGHUOLQHV WKH LPSURYHPHQW RQ WKH RSHUDWLRQDO IOH[LELOLW\�

)LJXUH ����� )ORZ VWDJQDWLRQ OLPLWDWLRQV RI WKH RSHUDWLRQDO HQYHORSH IRU GLIIHUHQW VWHDG\ VWDWH WHPSHUDWXUHV� $W ኿ኺEDU DQG
ዃኺ �&� IORZ VWDJQDWLRQ OLPLWV IURP DSSUR[LPDWHO\ EHORZ ዂ዁P$FPᎽᎴ�
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������ 7HPSHUDWXUH &RQWURO
7KH LQVWDOODWLRQ RI WKH 3,'�FRQWUROOHG FURVV�IORZ IDQV SURYLGHV D FHUWDLQ GHJUHH RI WHPSHUDWXUH FRQ�
WURO� DV H[SODLQHG LQ VXEVHFWLRQ ������ 7R ZKDW H[WHQW WKH RSHUDWLRQDO WHPSHUDWXUH LV FRQWUROODEOH DQG
ZKDW UHOHYDQW LPSOLFDWLRQV WKDW UHYHDOV DUH FHQWUDO LQ WKLV VXEVHFWLRQ� WKH PRVW LPSRUWDQW RXWFRPHV DQG
OLPLWDWLRQV RI WKH WHPSHUDWXUH FRQWURO H[SHULPHQWV DUH VXPPHG XS LQ 7DEOH ��� DW WKH HQG RI WKLV VXE�
VHFWLRQ� ,Q )LJXUH ����� WKH ORFDWLRQV RI WKH HLJKW WHPSHUDWXUH VHQVRUV DUH LQGLFDWHG DQG LQ )LJXUH �����
DQ H[DPSOH RI W\SLFDO VWHDG\ VWDWH WHPSHUDWXUH UHDGLQJV FDQ EH VHHQ�
)RU DOO H[SHULPHQWV ൙኿ �R[\JHQ VWDFN WRS VHQVRU� LV H[FHSWLRQDOO\ ORZHU WKDQ DOO RWKHU YDOXHV� LQFOXGLQJ
WKH R[\JHQ WDQN �൙ኼ� DQG R[\JHQ�VLGH HOHFWURO\WH EXON WHPSHUDWXUH DIWHU WKH ILQQHG WXEH KHDW H[FKDQJHU
�൙ኽ�� )XUWKHUPRUH� ൙኿ LV FORVHU WR WKH KHDW JHQHUDWLQJ VWDFN DQG WKHUHIRUH� DQ H[SODQDWLRQ WR WKH VLJ�
QLILFDQW GLIIHUHQFH LQ PHDVXUHG WHPSHUDWXUHV FDQ EH IRXQG LQ VHQVRU SODFHPHQW LPSHUIHFWLRQV� )RU
H[DPSOH� WKH ൙኿ VHQVRU LV EDGO\ WDSHG RU WDSHG ZLWK LVRODWLRQ PDWHULDO LQ EHWZHHQ WKH VHQVRUV DQG WKH
ULVHU ZDOO� RU DQ DGGLWLRQDO UHVLVWDQFH LQ WKH VHQVRU FDEOH RU FRQQHFWLRQV LQWURGXFHV D VLJQLILFDQW RIIVHW�

1RW LQFOXGHG IRU FRS\ULJKW UHDVRQV

7HPS6HQVRUV�GUDZLR�SQJ

)LJXUH ����� /RFDWLRQV RI WKH HLJKW GLIIHUHQW WHPSHUDWXUH VHQVRUV LQ WKH
V\VWHP�

)LJXUH ����� 7\SLFDO WHPSHUDWXUH VHQVRU UHDGLQJ DW
VWHDG\ VWDWH� 7KLV PHDVXUHPHQW LV WDNHQ DW

኿ኺP$FPᎽᎴ DQG ኻኺEDU� ZLWKRXW RSHUDWLRQ RI WKH
IDQV�

%HFDXVH WKHPD[LPXPDOORZDEOH WHPSHUDWXUH LV WKH OLPLWLQJ IDFWRU UHJDUGLQJ WHPSHUDWXUH FRQWURO� VWHDG\
VWDWH WHPSHUDWXUHV VWDWHG WKURXJKRXW WKLV VXEVHFWLRQ DUH WKH PD[LPXPPHDVXUHG YDOXHV RI DOO VHQVRUV�
,Q )LJXUH ����� WKH LQIOXHQFH RI FURVV IORZ IDQ RSHUDWLRQ FDQ EH LQIHUUHG� $W ILUVW JODQFH� WKH GHFUHDVH RI
WHPSHUDWXUHV DIWHU WKH IDQV KDYH WXUQHG RQ �DW D FRQVWDQW FXUUHQW GHQVLW\� GLUHFWO\ VKRZ WKDW LPSOHPHQ�
WDWLRQ RI WKH IDQV H[WHQWV WKH PD[LPXP DOORZDEOH RSHUDWLRQDO FXUUHQW GHQVLW\� $SSURDFKLQJ WKH �� �&
FRQWURO WHPSHUDWXUH� WKH 3,'�FRQWURO VWDUWV IDQ RSHUDWLRQ� 7KH IOXFWXDWLRQV RI WKH IDQ SRZHU RULJLQDWH
IURP WKH 3,'�FRQWURO DQG WKH PHDVXUHG WHPSHUDWXUH UHVSRQVHV IOXFWXDWH OLNHZLVH� $QRWKHU FKDUDFWHU�
LVWLF WKDW FDQ EH VHHQ LQ )LJXUH ���� LV WKDW WHPSHUDWXUH GLIIHUHQFHV EHWZHHQ WKH WDQNV �൙ኺ 	 ൙ኼ� DQG WKH
HOHFWURO\WH EXON WHPSHUDWXUH PHDVXUHG DIWHU WKH KHDW H[FKDQJHUV �൙ኻ 	 ൙ኽ� VLJQLILFDQWO\ LQFUHDVH DIWHU
WKH FURVV IORZ IDQV DUH WXUQHG RQ�
7KH KLJKHVW DOORZDEOH FXUUHQW GHQVLWLHV WKDW FRUUHVSRQG WR D VWHDG\ VWDWH WHPSHUDWXUH RI �� �& DW ��EDU
DUH H[SHULPHQWDOO\ IRXQG WR EH DSSUR[LPDWHO\ ���P$FPዅኼ DQG ���P$FPዅኼ FRUUHVSRQGLQJ WR RS�
HUDWLRQ ZLWKRXW FURVV IORZ IDQV DQG ZLWK ���� SRZHU FURVV IORZ IDQ RSHUDWLRQ� )LJXUH ���� DQG ����
UHVSHFWLYHO\� +RZHYHU� WHPSHUDWXUH VHQVRU VLJQDOV WDNH WLPH �RUGHU RI PDJQLWXGH� KRXUV� WR UHDFK
VWHDG\ VWDWH DQG FRQVHTXHQWO\ WKH ¶WKHUPDO KLVWRU\¶ RI WKH VLJQDO SOD\V D UROH� 7KH DPELHQW DLU FRQGL�
WLRQV PD\ YDU\ EHWZHHQ H[SHULPHQWV DQG RWKHU SUDFWLFDOLWLHV �H�J� D GLIIHUHQW RSHUDWRU MXGJHV GLIIHUHQWO\
DERXW VWHDG\ VWDWH� OLPLWLQJ WKH FHUWDLQW\ RI WKH REVHUYHG YDOXHV� $Q H[DPSOH RI D QRQ�OLQHDU FXUYH ILW
PRGHO LV GLVSOD\HG LQ )LJXUH ����� LW XVHG WR HVWLPDWH D VWHDG\ VWDWH WHPSHUDWXUH EDVHG RQ WUDQVLHQW
GDWD� DFTXLUHG LQ D WLPH UHVWULFWHG H[SHULPHQW�
7KH KHDW WUDQVIHU DQG WKHUHIRUH WKH VWHDG\ VWDWH WHPSHUDWXUHV GHSHQG WR D ODUJH H[WHQW RQ VXUURXQG�
LQJ FRQGLWLRQV� WHPSHUDWXUH UHVSRQVHV DQG WKHUHIRUH WHPSHUDWXUH FRQWURO DUH LQKHUHQWO\ GHSHQGHQW RQ
�SRVVLEO\ XQFRQWUROODEOH� VXUURXQGLQJ IDFWRUV� &RQVHTXHQWO\� DSSO\LQJ WKLV V\VWHP XQGHU GLIIHUHQW FRQ�
GLWLRQV� H�J� LQ WKH 6DKDUD GHVVHUW LQ VWHDG RI WKH ODE IDFLOLW\� LV H[SHFWHG WR \LHOG GLIIHUHQW WHPSHUDWXUH
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)LJXUH ����� 7HPSHUDWXUH UHVSRQVH WR FURVV IORZ IDQ RSHUDWLRQ RI WKH IRXU KLJKHVW PHDVXUHG WHPSHUDWXUHV� 7KH 3:0�VLJQDO WR
WKH FURVV IORZ IDQV FRUUHVSRQGV WR WKH OLJKW EOXH OLQH DQG LWV YDOXHV FDQ EH UHDG RQ WKH ULJKW \�D[LV� 2SHUDWLQJ FRQGLWLRQV�
ዀኺኺP$FPᎽᎴ� ኿ኺEDU� FRQWURO WHPSHUDWXUH ዂዂ �&� $ GHFUHDVH RI WHPSHUDWXUH SURSRUWLRQDO WR WKH IDQ SRZHU FDQ EH VHHQ�

)XUWKHUPRUH� DQ LQFUHDVH RI WHPSHUDWXUH GLIIHUHQFHV EHIRUH �ፓᎲ 	 ፓᎴ� DQG DIWHU WKH KHDW H[FKDQJHUV �ፓᎳ 	 ፓᎵ� SURSRUWLRQDO WR
WKH IDQ SRZHU LV YLVLEOH�

UHVSRQVHV� 7KH H[SHULPHQWV UHSRUWHG LQ WKLV UHVHDUFK ZHUH FRQGXFWHG ZLWK DQ DPELHQW WHPSHUDWXUH RI
���� �& WR ���� �&�

)LJXUH ����� 6WHDG\ VWDWH WHPSHUDWXUH HVWLPDWLRQ E\ PDNLQJ XVH RI D WUDQVLHQW WHPSHUDWXUH SURILOH DW FRQVWDQW FXUUHQW GHQVLW\
DQG SUHVVXUH� 7KH SORWV H[HPSOLILHV WKH UHODWLYHO\ ODUJH WLPHVFDOH DW ZKLFK VWHDG\ VWDWH LV UHDFKHG DQG LW VKRZV DQ HVWLPDWLRQ

RI WKH VWHDG\ VWDWH WHPSHUDWXUH LI WUDQVLHQW GDWD LV SURYLGHG RQO\�
&XUYH ILW ZDV GRQH XVLQJ D QRQ OLQHDU UHJUHVVLRQ PRGHO LQ 0DWKZRUNV¶ 0DWODE� ፓ�፭� ዆ ፚ ዄ ፛ ॲ ፞፫፟፜��፭ ዅ ፜��፝�� ZLWK

ፚ ዆ ኼዀ�ኼኼ� ፛ ዆ ኿ኾ�኿ኽ� ፜ ዆ ዅኻዀ኿�዁ኾ� ፝ ዆ ኻኾኻ�ኾዃ� ፑᎴ ዆ ኺ�ዃዃ዁�ፍ ዆ ኼኼዀ዁� ፑፌፒፄ ዆ ኺ�ኺ኿኿ዃ

6WHDG\ VWDWH WHPSHUDWXUHV DW GLIIHUHQW FXUUHQW GHQVLWLHV DW FRQVWDQW SUHVVXUH
,Q )LJXUH ����� WKH WKHUPDO OLPLWDWLRQ RI WKH V\VWHP ZLWKRXW FURVV IORZ IDQ RSHUDWLRQ LV GLVSOD\HG� $W
FRQVWDQW WHPSHUDWXUH RI ULJKW EHORZ �� �&� ���P$FPዅኼ LV WKH OLPLWLQJ FXUUHQW GHQVLW\ IRU ZKLFK IDQV
DUH MXVW QRW VZLWFKHG RQ E\ WKH 3,'�FRQWUROOHU� )RU WKH V\VWHP ZLWK FURVV IORZ IDQ RSHUDWLRQ� )LJXUH �����
D PD[LPXP FXUUHQW GHQVLW\ RI DSSUR[LPDWHO\ ���P$FPዅኼ LV UHDFKHG� $V RQH FDQ VHH� LI WKH FXUUHQW
GHQVLW\ LV LQFUHDVHG WR ���P$FPዅኼ� WHPSHUDWXUH H[FHHGV �� �&�
7HVWLQJ DW GLIIHUHQW FXUUHQW GHQVLWLHV GHOLYHUV XOWLPDWHO\ WKH GHVLUHG WHPSHUDWXUH FRQWURO PDS� ZKLFK KDV
EHHQ LQWURGXFHG LQ VXEVHFWLRQ ������ 7KH VWHDG\ VWDWH WHPSHUDWXUHV IRU D V\VWHP ZLWKRXW FURVV IORZ
IDQ RSHUDWLRQ FDQ EH VHHQ LQ )LJXUH ���� DQG LQ )LJXUH ���� WKH VWHDG\ VWDWH WHPSHUDWXUHV FDQ EH VHHQ
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)LJXUH ����� ዃኺ �& 7HPSHUDWXUH OLPLW IRXQG DW DSSUR[LPDWHO\
ኾ኿ኺP$FPᎽᎴ ZLWKRXW FRROLQJ IURP FURVV IORZ IDQV� &RQWURO

SUHVVXUH�኿ኺEDU�
)LJXUH ����� ዃኺ �& 7HPSHUDWXUH OLPLW IRXQG DW DSSUR[LPDWHO\
ዂ኿ኺP$FPᎽᎴ ZLWK FURVV IORZ IDQV RSHUDWLQJ DW PD[LPXP

SRZHU� &RQWURO SUHVVXUH�኿ኺEDU�

ZLWK WKH FURVV IORZ IDQV RSHUDWLQJ DW ���� SRZHU� ERWK RSHUDWLQJ SUHVVXUHV DUH ��EDU� (YLGHQWO\� WKH
QXPEHU RI GDWD SRLQWV LV OLPLWHG DQG WKH OLQHDU UHODWLRQVKLS EHWZHHQ FXUUHQW GHQVLW\ DQG VWHDG\ VWDWH
WHPSHUDWXUH LV DQ DVVXPSWLRQ� *LYHQ WKH DIRUHPHQWLRQHG GLIILFXOWLHV ZLWK PHDVXULQJ VWHDG\ VWDWH WHP�
SHUDWXUHV� DGGLWLRQDO ORQJ GXUDWLRQ H[SHULPHQWV DW LQWHUPHGLDWH FXUUHQW GHQVLWLHV� DUH UHFRPPHQGHG�
6XFK WKDW WKH V\VWHP DQDO\VLV LV EDVHG RQ PRUH UHOLDEOH GDWD DQG WKH UHODWLRQVKLS EHWZHHQ FXUUHQW
GHQVLW\ DQG VWHDG\ VWDWH WHPSHUDWXUH FDQ EH GHVFULEHG LQ PRUH GHWDLO�

)LJXUH ����� ([SHULPHQWDOO\ IRXQG VWHDG\ VWDWH WHPSHUDWXUHV
DW GLIIHUHQW FXUUHQW GHQVLWLHV� RSHUDWLQJ SUHVVXUH� ኿ኺEDU�
6\VWHP ZLWKRXW FURVV IORZ IDQV� WKH ዃኺ �& WHPSHUDWXUH
OLPLWDWLRQ LV IRXQG WR EH DW DSSUR[LPDWHO\ ኾ኿ኺP$FPᎽᎴ

)LJXUH ����� ([SHULPHQWDOO\ IRXQG VWHDG\ VWDWH WHPSHUDWXUHV
DW GLIIHUHQW FXUUHQW GHQVLWLHV� RSHUDWLQJ SUHVVXUH� ኿ኺEDU�
6\VWHP ZLWK FURVV IORZ IDQV RSHUDWLQJ DW ���� SRZHU� WKH
ዃኺ �& WHPSHUDWXUH OLPLWDWLRQ LV IRXQG WR EH DW DSSUR[LPDWHO\

ዂ኿ኺP$FPᎽᎴ

*LYHQ WKH DSSUR[LPDWLRQ RI WKH PLQLPXP DQG PD[LPXP UHDFKDEOH WHPSHUDWXUHV� WKH H[SHULPHQWDO
YHUVLRQ RI WKH TXDOLWDWLYH WHPSHUDWXUH FRQWURO PDS LQ VXEVHFWLRQ ����� LV SUHVHQWHG LQ )LJXUH �����
7KH WHPSHUDWXUH LV FRQWUROODEOH ZLWKLQ WKH UDQJHV RI SRVVLEOH WHPSHUDWXUHV DQG FXUUHQW GHQVLWLHV FRUUH�
VSRQGLQJ WR WKH JUHHQ VKDGHG DUHD� 7KH UDWLR RI WKH JUHHQ DUHD DQG WKH DUHD OLPLWHG E\ H[WHUQDO IDFWRUV�
LQ WKLV VLWXDWLRQ� �� �& WR �� �& � DQG �P$FPዅኼ WR ����P$FPዅኼ �� JLYHV D PHDVXUH RI WKH GHJUHH
RI WHPSHUDWXUH FRQWURO �'R7&� DQG WKH PDWKHPDWLFDO H[SUHVVLRQ LV JLYHQ LQ (TXDWLRQ ���� *LYHQ WKH
DVVXPSWLRQ RI D OLQHDU UHODWLRQVKLS EHWZHHQ WKH VWHDG\ VWDWH WHPSHUDWXUHV DQG FXUUHQW GHQVLW\� (TXD�
WLRQ ��� FDQ EH VROYHG E\ PDNLQJ XVH RI WKH WULDQJXODU DQG UHFWDQJXODU VKDSHV LQ )LJXUH ����� 7KH
GHJUHH RI WHPSHUDWXUH FRQWURO LV GHWHUPLQHG WR EH ����� 7KH GHJUHH RI WHPSHUDWXUH FRQWURO FDQ EH

�7HPSHUDWXUH OLPLWDWLRQ RI ኻዀ �& WR ዃኺ �& LV OLPLWHG E\ WKH DPELHQW DLU WHPSHUDWXUH DQG WKH PDWHULDO OLPLWDWLRQV UHVSHFWLYHO\
�&XUUHQW GHQVLW\ LV OLPLWHG E\ WKH SRZHU VXSSOLHV

&RQILGHQWLDO
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XVHG FRPSDULQJ RSHUDWLRQDO IOH[LELOLW\ WR RWKHU HOHFWURO\VLV V\VWHPV�

൉൭൙ൈ  
ࣘ
።ᑞᑒᑩ
።ᑞᑚᑟ
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 ���� �����

)LJXUH ����� 7HPSHUDWXUH FRQWURO PDS LQ ZKLFK WKH UHDFKDEOH WHPSHUDWXUHV DW HYHU\ FXUUHQW GHQVLW\ DUH VKDGHG LQ JUHHQ DW
኿ኺEDU� 7KH OLQHV LQGLFDWHG ZLWK ፓᑞᑒᑩ DQG ፓᑞᑚᑟ UHSUHVHQW WKH VWHDG\ VWDWH WHPSHUDWXUH UHVSRQVH ZLWK �� DQG ���� FURVV IORZ

IDQ SRZHU UHVSHFWLYHO\ DQG DUH EDVHG RQ H[SHULPHQWDO GDWD ZKLFK FDQ EH VHHQ LQ )LJXUH ���� DQG )LJXUH �����

6WHDG\ 6WDWH 7HPSHUDWXUHV DW GLIIHUHQW SUHVVXUHV DW FRQVWDQW FXUUHQW GHQVLW\
,Q SULQFLSOH� WKH FRROLQJ FDSDFLW\ GHSHQGV RQ WKH HOHFWURO\WH IORZ YHORFLW\� ZKLFK LQ WXUQ GHSHQGV RQ WKH
EXR\DQF\ GULYLQJ IRUFH ZKLFK LQ WXUQ GHSHQGV RQ WKH JDV YROXPH LQ WKH ULVHU ZKLFK LQ WXUQ GHSHQGV RQ
WKH SUHVVXUH� 6R LQ SULQFLSOH� D KLJKHU SUHVVXUH LV H[SHFWHG WR UHVXOW LQ D KLJKHU VWHDG\ VWDWH WHPSHUD�
WXUH DW D JLYHQ FXUUHQW GHQVLW\ DQ G KHDW JHQHUDWLRQ� 7KH YROWDJHV DUH UHSRUWHG WRJHWKHU ZLWK WKH VWHDG\
VWDWH WHPSHUDWXUHV DV WKH KHDW JHQHUDWLRQ SRVVLEO\ GLIIHUV ZLWK SUHVVXUHV�

)LJXUH ����� 6WHDG\ VWDWH WHPSHUDWXUHV DW GLIIHUHQW RSHUDWLQJ SUHVVXUHV� DW ኿ኺP$FPᎽᎴ� %DVHG RQ WKH UHVXOWV RI WKLV
H[SHULPHQW� QR JHQHUDO FRQFOXVLRQ FDQ EH GUDZQ UHJDUGLQJ WKH SRVVLEOH SUHVVXUH GHSHQGHQF\ RI WKH WHPSHUDWXUH FRQWURO� $W
KLJKHU FXUUHQW GHQVLWLHV� RYHUYROWDJH DQG DFFRPSDQ\LQJ KHDW JHQHUDWLRQ GXH WR EXEEOH UHVLVWDQFH SOD\V D PRUH VLJQLILFDQW UROH

DQG WHPSHUDWXUH FRQWURO LV SRVVLEO\ SUHVVXUH GHSHQGHQW�

5HVXOWV RI WKH SUHVVXUH GHSHQGHQF\ WHVWV FDQ EH VHHQ LQ )LJXUH ����� WKH H[SHULPHQWV ZHUH FRQGXFWHG
DW ��P$FPዅኼ� ([SHULPHQWV LQ WKH ���P$FPዅኼ UDQJH ZHUH QRW FRQGXFWHG� DV WKH 592' DSSURDFKHG
WKH ������� UHJLPH ZKLFK LV GHHPHG XQVDIH WR RSHUDWH EH\RQG� VHH VXEVHFWLRQ ������
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7KH DYHUDJH FHOO YROWDJH� LQGLFDWHG E\ WKH UHG GLDPRQGV� GRHV QRW VKRZ D SUHVVXUH GHSHQGHQFH� 7KH
VWHDG\ VWDWH WHPSHUDWXUHV DSSHDU WR EH LQGHSHQGHQW IURP SUHVVXUH� H[FHSW IURP WKH UHJLRQ ��EDU WR
��EDU ZKHUH DQ LQFUHDVH RI DSSUR[LPDWHO\ � �& LV REVHUYHG� 7KLV FRXOG EH H[SODLQHG E\ WKH SRVVLELOLW\
WKDW WKH DIRUHPHQWLRQHG UHDVRQLQJ SOD\V D VLJQLILFDQW UROH DW SUHVVXUHV H[FHHGLQJ D FHUWDLQ WKUHVKROG� $
GLIIHUHQW� PRUH SODXVLEOH H[SODQDWLRQ LV WKDW WKH HOHFWURO\WH FLUFXODWLRQ YHORFLW\ DQG WKHUHIRUH WKH FRROLQJ
FDSDFLW\ LV LQIOXHQFHG E\ IORZ VWDJQDWLRQ LQ WKLV H[SHULPHQW� DV WKH UHODWLYHO\ ORZ FXUUHQW GHQVLW\ LQ FRP�
ELQDWLRQ ZLWK WKH ORZ WHPSHUDWXUHV DQG KLJK SUHVVXUH WULJJHUV IORZ VWDJQDWLRQ� VHH VXEVHFWLRQ ������ ,I
IORZ VWDJQDWLRQ LV SUHVHQW� WKH WLPH�DYHUDJHG HOHFWURO\WH YHORFLW\ DQG FRQVHTXHQWO\ WKH FRROLQJ FDSDFLW\
LV ORZHU LQ FRPSDULVRQ WR WKH FRROLQJ FDSDFLW\ GXULQJ QRUPDO RSHUDWLRQ�
%HVLGHV� DW KLJKHU FXUUHQW GHQVLWLHV� RYHUYROWDJH DQG DFFRPSDQ\LQJ KHDW JHQHUDWLRQ GXH WR EXEEOH
UHVLVWDQFH SOD\V D PRUH VLJQLILFDQW UROH DQG WHPSHUDWXUH FRQWURO LV SRVVLEO\ SUHVVXUH GHSHQGHQW�
&RQFOXGLQJ WKDW WKH FRQGXFWHG H[SHULPHQWV RQ WKH SUHVVXUH GHSHQGHQF\ RI WHPSHUDWXUH FRQWURO RU
FHOO YROWDJHV GR QRW UHYHDO D UHODWLRQVKLS DW UHODWLYHO\ ORZ FXUUHQW GHQVLWLHV� )XUWKHU UHVHDUFK LV UHF�
RPPHQGHG WR LQYHVWLJDWH WKH SUHVVXUH GHSHQGHQFH RI WKH WHPSHUDWXUH FRQWURO DQG YROWDJHV DW KLJK
FXUUHQW GHQVLWLHV DQG DW ORZHU FXUUHQW GHQVLWLHV EXW ZLWKRXW LQWHUIHUHQFH RI GLIIHUHQW SKHQRPHQD VXFK
DV IORZ VWDJQDWLRQ�
(OHFWURO\WH PDVV IORZ FDOFXODWLRQV
7KH PDVV IORZ UDWHV RI WKH HOHFWURO\WH FDQ EH GHWHUPLQHG E\ YLD DQ HQHUJ\ EDODQFH� SUHVHQWHG LQ (TXD�
WLRQ %��� ZKLFK ZDV XVHG WR GHVLJQ WKH ILQQHG WXEH KHDW H[FKDQJHUV� ,Q VHFWLRQ %��� WKH IORZ WKHUPDO
FDSDFLW\ �GHVFULEHG E\ 0LOOV HW DO�>��@� LV LQWURGXFHG DQG DQ HVWLPDWLRQ RI ��� RI WKH KHDW WUDQVIHU LV
DWWULEXWHG WR WKH HOHFWURO\WH� $VVXPLQJ KHDW WUDQVIHU E\ WKH HOHFWURO\WH RQO\� (TXDWLRQ %�� VLPSOLILHV WR�

ൖ̂ፒ፭ፚ፜፤  ́൙ ॲ ൫̂፞፥  �൛ፒ፭ፚ፜፤ ࢿ ���� ॲ ൓� ॲ ൎ �����

5HDUUDQJLQJ (TXDWLRQ ��� JLYHV WKH HOHFWURO\WH PDVV IORZ DV IXQFWLRQ RI PHDVXUHG YDOXHV� 9ROWDJH�
FXUUHQW DQG WKH WHPSHUDWXUH GLIIHUHQFH RYHU WKH VWDFN� $Q LPSRUWDQW QRWLRQ LV LQ SODFH� GXH WR WKH
DIRUHPHQWLRQHG ൙኿ VHQVRU IDLOXUH� WKLV DSSURDFK LV QRW DSSOLHG RQ WKH R[\JHQ VLGH� $V WKH JDV SUR�
GXFWLRQ UDWH LV H[DFWO\ KDOI WKH K\GURJHQ SURGXFWLRQ� DQ HVWLPDWLRQ RI WKH HOHFWURO\WH PDVV IORZ RQ WKH
R[\JHQ VLGH FDQ EH GRQH�� ,Q )LJXUH ���� DQG )LJXUH ���� WKH DSSUR[LPDWH HOHFWURO\WH PDVV IORZV FDQ
EH VHHQ LQ D VLWXDWLRQ ZLWK �� DQG ���� FURVV IORZ IDQ RSHUDWLRQ UHVSHFWLYHO\�

)LJXUH ����� (OHFWURO\WH PDVV IORZ UDWHV GHWHUPLQHG DV D
IXQFWLRQ RI YROWDJH� FXUUHQW DQG WHPSHUDWXUH GLIIHUHQFH

EHWZHHQ WKH LQOHW DQG RXWOHW RI WKH VWDFN RQ WKH K\GURJHQ VLGH�
(TXDWLRQ ���� ([SHULPHQWV ZLWKRXW FURVV IORZ IDQ RSHUDWLRQ�

ኾ኿ኺP$FPᎽᎴ ZDV WHPSHUDWXUH OLPLWHG�

)LJXUH ����� (OHFWURO\WH PDVV IORZ UDWHV GHWHUPLQHG DV D
IXQFWLRQ RI YROWDJH� FXUUHQW DQG WHPSHUDWXUH GLIIHUHQFH

EHWZHHQ WKH LQOHW DQG RXWOHW RI WKH VWDFN RQ WKH K\GURJHQ VLGH�
(TXDWLRQ ���� ([SHULPHQWV ZLWK FURVV IORZ IDQ RSHUDWLRQ DW

����� ዂ኿ኺP$FPᎽᎴ ZDV WHPSHUDWXUH OLPLWHG�

7KH KHDW H[FKDQJHU GHVLJQ� VHFWLRQ %��� GHWHUPLQHG D UHTXLUHG HOHFWURO\WH PDVV IORZ RI DSSUR[LPDWHO\
��� J Vዅኻ�7KH ��� J Vዅኻ LV LQ WKH EDOO SDUN RI WKH H[SHULPHQWDOO\ IRXQG YDOXHV SUHVHQWHG LQ )LJXUH �����
�:LWK PRUH GDWD SRLQWV DW LQWHUPHGLDWH FXUUHQW GHQVLWLHV� D UHODWLRQVKLS EHWZHHQ HOHFWURO\WH PDVV IORZ DQG JDV SURGXFWLRQ UDWH
FDQ EH PDGH� $GGLWLRQDOO\� WKH HOHFWURO\WH PDVV IORZ UDWH RQ WKH R[\JHQ VLGH FDQ EH GHWHUPLQHG�
)RU WKH H[SHULPHQWDO UHVXOWV DV SUHVHQWHG� WKH HOHFWURO\WH PDVV IORZ UDWH RQ WKH R[\JHQ VLGH DUH DSSUR[LPDWHG E\ WKH HOHFWURO\WH
PDVV IORZ UDWH RQ WKH K\GURJHQ VLGH DW GRXEOH FXUUHQW GHQVLW\�
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$QDORJRXVO\ WR WKH SUHVVXUH GHSHQGHQF\ DQG WHPSHUDWXUH FRQWURO H[SHULPHQWV� PRUH ORQJ GXUDWLRQ
H[SHULPHQWV DW LQWHUPHGLDWH FXUUHQW GHQVLWLHV DUH UHFRPPHQGHG WR GHVFULEH WKH UHODWLRQVKLS EHWZHHQ
FXUUHQW GHQVLW\ DQG HOHFWURO\WH PDVV IORZ UDWH LQ GHWDLO�

7KH FRQWULEXWLRQ WR WKH RSHUDWLRQDO HQYHORSH FRQFOXGHV WKLV VXEVHFWLRQ� 7KH ���P$FPዅኼ FXUUHQW GHQ�
VLW\ OLPLWDWLRQ LV H[SHULPHQWDOO\ IRXQG LQ WKH WHPSHUDWXUH FRQWURO H[SHULPHQWV� $GGLWLRQDOO\� WKH VWHDG\
VWDWH WHPSHUDWXUHV GLG QRW VKRZ D UHODWLRQVKLS ZLWK SUHVVXUH LQGHSHQGHQWO\ IURP RWKHU SKHQRPHQD �H�J�
LQWHUIHUHQFH RI IORZ VWDJQDWLRQ� DQG WKHUHIRUH WKH WHPSHUDWXUH FRQWURO OLQH LQ WKH RSHUDWLRQDO HQYHORSH
LV YHUWLFDOO\ RULHQWHG DQG ORFDWHG DW ���P$FPዅኼ� $V PHQWLRQHG EHIRUH� WKLV LV QRW GLUHFWO\ WHVWHG DQG
WKHUHIRUH LV XOWLPDWHO\ DVVXPHG� 7KH RXWFRPHV DQG OLPLWDWLRQV WR WKH WHPSHUDWXUH FRQWURO H[SHULPHQWV
DUH VXPPHG XS LQ 7DEOH ����

*HQHUDO 6WHDG\ 6WDWH 7HPSHUDWXUH 0HDVXUHPHQWV
2XWFRPHV /LPLWDWLRQ )LJXUHV

��� 	 ���P$FPዅኼ ൈ൉ OLPLWV 'HSHQGHQF\ RQ VXUURXQGLQJ ൙ ���������������
7LPHVFDOH WR UHDFK VWHDG\ VWDWH WHPSHUDWXUHV ��������������

3UDFWLFDOLWLHV� H�J� GLIIHUHQW RSHUDWRUV
7HPSHUDWXUH VHQVRU DFFXUDF\

6WHDG\ 6WDWH 7HPSHUDWXUHV DW GLIIHUHQW FXUUHQW GHQVLWLHV DW FRQVWDQW SUHVVXUH
2XWFRPHV /LPLWDWLRQ )LJXUHV

5HDFKDEOH ൙¶V IRU GLIIHUHQW ൈ൉¶V 'DWD VHW VL]H ���������
7HPSHUDWXUH &RQWURO 0DS $� D OLQHDU ൙ ࢿ ൈ൉�UHODWLRQVKLS ����

'R7&  ���� ([SHULPHQWV RQO\ DW ��EDU

6WHDG\ VWDWH WHPSHUDWXUHV DW GLIIHUHQW SUHVVXUHV DW FRQVWDQW FXUUHQW GHQVLW\
2XWFRPHV /LPLWDWLRQ )LJXUHV

1R UHODWLRQVKLS KDV EHHQ IRXQG 7HVWHG RQO\ DW ��P$FPዅኼ ����
)ORZ VWDJQDWLRQ LQIOXHQFHG ൙ PHDVXUHPHQW

(OHFWURO\WH PDVV IORZ FDOFXODWLRQV
2XWFRPHV /LPLWDWLRQ )LJXUHV

0DVV IORZ DW FXUUHQW GHQVLWLHV /LPLWHG GDWD VHW ���������
$� FRQVWDQW WKHUPRQHXWUDO YROWDJH
$� HOHFWURO\WH KHDW WUDQVIHU RQO\

$� ]HUR KHDW ORVV WKURXJK WKH VWDFN ZDOOV
0DVV IORZ RQ ൔኼ VLGH LV EDVHG RQ ്ኼ PDVV IORZV RQO\
/LPLWHG YROWDJH 	 FXUUHQW PHDVXUHPHQW DFFXUDF\

7DEOH ���� 7DEOH VXPPDULVLQJ WKH PRVW LPSRUWDQW RXWFRPHV DQG OLPLWDWLRQV RI WKH WHPSHUDWXUH FRQWURO H[SHULPHQWV DQG
SUHVHQWHG GDWD� 8VHG DEEUHYLDWLRQV� ፂፃ LV FXUUHQW GHQVLW\� ፓ LV WHPSHUDWXUH DQG $ VWDQGV IRU DVVXPSWLRQ�
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������ &URVVRYHU
2SHUDWLRQDO IOH[LELOLW\ RI =()¶V SUHYLRXV HOHFWURO\VLV VHWXS ZDV OLPLWHG E\ K\GURJHQ FURVVRYHU WR ODUJH
H[WHQW DQG E\ WKH ODFN RI FRROLQJ IRU WKH RWKHU SDUW� $Q LPSURYHPHQW ZLWK UHVSHFW WR FURVVRYHU ZDV D
FHQWUDO WKHPH LQ WKH GHVLJQ RI WKH QHZ V\VWHP� UHSRUWHG LQ VHFWLRQ &��� 0RUHRYHU� WKH FDSLOODU\ WXEHV�
ODUJH GLDPHWHU GRZQFRPHU DQG PLGSODWH VWDFN DUH GHVLJQHG WR PLWLJDWH �്ኼ��FURVVRYHU DPRQJ RWKHU
WKLQJV� &RQVHTXHQWO\� WKH K\GURJHQ FURVVRYHU SHUIRUPDQFH RI WKH QHZ V\VWHP LV FRQVLGHUHG WR EH
D NH\ SDUDPHWHU WR YDOLGDWH ERWK WKH QHZ V\VWHP GHVLJQ DQG WKH SDUDVLWLF K\GURJHQ SURGXFWLRQ K\�
SRWKHVLV GHVFULEHG LQ VXEVHFWLRQ &����� $V H[SODLQHG LQ VXEVHFWLRQ ������ FURVVRYHU H[SHULPHQWV KDYH
DQ H[SORUDWLYH QDWXUH� EHFDXVH HIIHFWV RI WKH GLIIHUHQW V\VWHP DGMXVWPHQWV KDYH QRW EHHQ PRGHOOHG
TXDQWLWDWLYHO\� 0RUHRYHU� LQ WKH VDPH VXEVHFWLRQ LW KDV EHHQ H[SODLQHG WKDW WKH FURVVRYHU H[SHULPHQWV
ZHUH JXLGHG E\ WKH RXWFRPHV WKHPVHOYHV� VHDUFKLQJ IRU WKH ��� /(/ OLQH LQ WKH RSHUDWLRQDO HQYHORSH�
5HVXOWV RI WKH VWHDG\ VWDWH K\GURJHQ FURVVRYHU WHVWV FDQ EH VHHQ LQ )LJXUH ���� DQG �����

)LJXUH ����� ፇᎴ�&URVVRYHU RI WKH QHZ $(& V\VWHP DW GLIIHUHQW
FXUUHQW GHQVLWLHV IRU GLIIHUHQW SUHVVXUHV� 9DOXHV DUH DYHUDJHG

RYHU PXOWLSOH VDPSOHV�

)LJXUH ����� ፇᎴ�&URVVRYHU DW GLIIHUHQW SUHVVXUHV DW D FXUUHQW
GHQVLW\ RI ኿ኺP$FPᎽᎴ

,Q )LJXUH ����� WKH DFTXLUHG GDWD LV SORWWHG GLUHFWO\ DQG DV RQH FDQ VHH� WKH GHYLDWLRQ LQ GDWD SRLQWV
LV UHODWLYHO\ ODUJH� 7KLV FRXOG EH H[SODLQHG E\ VHYHUDO SKHQRPHQD� )LUVWO\� WKH JDV SKDVH DERYH WKH
OLTXLG HOHFWURO\WH KDV D FHUWDLQ WLPHVFDOH WR UHDFK VWHDG\ VWDWH DQDORJRXVO\ WR WHPSHUDWXUH� ,I D VDPSOH
LV WDNHQ EHIRUH VWHDG\ VWDWH LV UHDFKHG� WKH GDWD LV GLVWXUEHG E\ WKH ORZHU RU KLJKHU K\GURJHQ FRQWHQW
IURP WKH SDVW� %HVLGHV� WKH JDV LV DQDO\VHG E\ PDQXDOO\ WDNLQJ VDPSOHV DQG VXEVHTXHQW DQDO\VLV XVLQJ
D JDV FKURPDWRJUDSK �*&� DQG WKHUHIRUH LQKHUHQWO\ GHSHQGHQW RQ SUDFWLFDOLWLHV LQIOXHQFLQJ WKH PHD�
VXUHPHQWV H�J� GHDG YROXPH LQ WKH V\ULQJHV DQG WKH OHDN WLJKWQHVV RI WKH FRXSOLQJV RI WKH V\ULQJHV�
$OVR WKH H[DFW WHPSHUDWXUH� HOHFWURO\WH FRQFHQWUDWLRQ DQG SUHVVXUH WKH VDPSOH ZDV WDNHQ DW LQ SULQFLSOH
GHYLDWH RYHU WLPH KDV DQG KDYH LPSDFW RQ WKH REWDLQHG FURVVRYHU YDOXH�
6HFRQGO\� WLPH EHWZHHQ VDPSOLQJ DQG DQDO\VLV LQ WKH *& LV GHPRQVWUDWHG WR KDYH D VLJQLILFDQW LPSDFW
RQ WKH REWDLQHG FURVVRYHU YDOXH �� WLPH EHWZHHQ VDPSOLQJ DQG DQDO\VLV UHWXUQV HIIHFWLYHO\ DQ XQGHU�
HVWLPDWLRQ RI WKH ്ኼ�FURVVRYHU�

6WDUWLQJ IURP WKH REWDLQHG YDOXHV LQ WKH SUHVHQWHG ILJXUHV� VHYHUDO QRWHZRUWK\ DVSHFWV FDQ EH GLV�
WLQJXLVKHG� )LUVW DQG IRUHPRVW� DOO WKH REWDLQHG YDOXHV DUH VLJQLILFDQWO\ EHORZ WKH ��� /(/ ����� DW
��EDUDQG�� �&� DQG WKHUHIRUH RSHUDWLRQ LQ WKLV HQWLUH UHJLPH FDQ EH GHHPHG VDIH��� &RQFOXGLQJ WKDW
WKH V\VWHP DGMXVWPHQWV SURYLGH WKH GHVLUHG LPSURYHPHQW RI RSHUDWLRQDO IOH[LELOLW\ E\ PHDQV RI D K\�
GURJHQ FURVVRYHU GHFUHDVH�
6HFRQGO\� FURVVRYHU LQFUHDVHV ZLWK LQFUHDVLQJ V\VWHP SUHVVXUH� ZKLFK LV DQ H[SHFWHG FRQVHTXHQFH
RI D KLJKHU GLVVROYHG K\GURJHQ FRQWHQW DFFRUGLQJ WR +HQU\¶V ODZ DV GHVFULEHG LQ VXEVHFWLRQ ������

�7R H[HPSOLI\ WKH LPSDFW RI WLPH EHWZHHQ VDPSOLQJ DQG DQDO\VLV� WZR VDPSOHV ZLWK LGHQWLFDO V\ULQJHV KDYH EHHQ WDNHQ GLUHFWO\
DIWHU RQH DQRWKHU DW VWHDG\ VWDWH RSHUDWLRQ� 7KH ILUVW ZDV GLUHFWO\ DQDO\VHG DQG \LHOGHG D ኺ�ዂ኿ኽ ፯፨፥� ፇᎴ FRQWHQW� WKH VHFRQG
ZDV DQDO\VHG DIWHU ኼኽ�኿K DQG \LHOGHG ኺ�኿ኻኽ ፯፨፥�� D GHFUHDVH RI ����

��$Q DGGLWLRQDO H[SHULPHQW KDV EHHQ FRQGXFWHG DW ኿ኺEDU� ኼኺ �& DQG WKH PLQLPXP SRVVLEOH FXUUHQW GHQVLW\ RI ኻኺP$FPᎽᎴ�
ZKLFK LV OLPLWHG E\ WKH SRZHU VXSSOLHV� $ PD[LPXP YDOXH RI ��� ፯፨፥� ZDV REVHUYHG� QRWDEO\ EHORZ WKH ��� /(/ RI ��� ፯፨፥�
DW ኿ኺEDU�
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)LJXUH ����� +\GURJHQ FURVVRYHU H[SUHVVHG DV DQ DEVROXWH PRODU IOX[ SHU VTXDUH PHWHU YHUVXV FXUUHQW GHQVLW\ DW GLIIHUHQW
SUHVVXUHV� &RQYHUVLRQ RI WKH YROXPH SHUFHQWDJH� DV GHSLFWHG LQ )LJXUH ���� DUH FRQYHUWHG WR PRODU IORZV XVLQJ (TXDWLRQ ����

WDNHQ IURP WKH ZRUN RI 7ULQNH HW DO� >��@�

$QRWKHU QRWHZRUWK\ FKDUDFWHULVWLF� LV WKDW WKH ്ኼ�FURVVRYHU LV JHQHUDOO\ GHFUHDVLQJ ZLWK FXUUHQW GHQVLW\�
ZLWK DQ H[FHSWLRQ IRU ORZ FXUUHQW GHQVLWLHV� ��P$FPዅኼ WR ���P$FPዅኼ� 7KH WUHQG RI DQ LQFUHDVH DW
UHODWLYHO\ ORZ FXUUHQW GHQVLWLHV� UHDFKLQJ D SODWHDX� DQG D VXEVHTXHQW GHFUHDVH DW KLJKHU FXUUHQW GHQ�
VLWLHV LV DOVR IRXQG LQ OLWHUDWXUH� H�J� LQ WKH ZRUN RI 7ULQNH HW DO >��� ��@� )RFXVLQJ RQ WKH UHODWLYHO\ KLJK
FXUUHQW GHQVLWLHV ILUVW� WKH GHFUHDVH RI FURVVRYHU ZLWK LQFUHDVLQJ FXUUHQW GHQVLW\ LV H[SODLQHG E\ WKH
LQFUHDVH RI SURGXFHG R[\JHQ ZLWK LQFUHDVLQJ FXUUHQW GHQVLW\� ZKLFK GHFUHDVHV WKH IUDFWLRQ RI K\GURJHQ
FURVVRYHU �ZKLFK LV DSSUR[LPDWHO\ FRQVWDQW LQ WKH KLJK FXUUHQW GHQVLW\ UHJLPH DW D JLYHQ SUHVVXUH��

7R XQGHUVWDQG WKH FURVVRYHU LQFUHDVH DW ORZ FXUUHQW GHQVLWLHV� WKH DEVROXWH PRODU IOX[ RI K\GURJHQ
FURVVRYHU LV FDOFXODWHG DQG GHSLFWHG LQ )LJXUH ����� 7KH PRODU IOX[� H[SUHVVHG LQ PPROPዅኼ Vዅኻ
LV GHWHUPLQHG YLD (TXDWLRQ ���� ZKLFK FRQYHUWV WKH PHDVXUHG FURVVRYHU DV YROXPH SHUFHQWDJH �GH�
QRWHG ͒ፇᎴ � H[SUHVVHG DV D IUDFWLRQ� LQ WR D PRODU IOX[ E\ PDNLQJ XVH RI WKH FXUUHQW GHQVLW\ �ൈ൉� XQLWV�
P$Pዅኼ�� WKH )DUDGD\ FRQVWDQW �ോ  �����&PROዅኻ� DQG WKH DVVXPSWLRQ WKDW ERWK R[\JHQ DQG K\�
GURJHQ KDYH WKH VDPH PRODU YROXPH� 7KH HTXDWLRQ LV IRXQG LQ WKH ZRUN RI 7ULQNH HW DO�>��@ DQG LV
DSSOLFDEOH WR FHOOV ZLWK HTXDO VHSDUDWRU DQG HOHFWURGH DUHDV�
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7KH WUHQG LQ )LJXUH ���� LV DSSUR[LPDWHO\ VLPLODU WR ZKDW LV IRXQG LQ WKH ZRUN RI 7ULQNH HW DO�� IRU UHODWLYHO\
KLJK FXUUHQW GHQVLWLHV� WKH PRODU IOX[ QHLWKHU GHFUHDVHV QRU LQFUHDVHV VLJQLILFDQWO\ ZLWK FXUUHQW GHQVLW\�
2Q WKH RWKHU KDQG� IRU ORZ FXUUHQW GHQVLWLHV WKH PRODU IOX[ LQFUHDVHV ZLWK LQFUHDVLQJ FXUUHQW GHQVLW\�
7KH ODWWHU FRXOG H[SODLQ WKH LQFUHDVH RI FURVVRYHU H[SUHVVHG DV D YROXPH SHUFHQWDJH LQ )LJXUH ���� ZLWK
LQFUHDVLQJ FXUUHQW GHQVLW\ LQ WKH ORZ FXUUHQW GHQVLW\ UHJLPH� ,I WKH PRODU ്ኼ FURVVRYHU IOX[ LQFUHDVHV
UHODWLYHO\ PRUH WKDQ WKH SURGXFWLRQ RI R[\JHQ� WKH YROXPH SHUFHQWDJH RI ്ኼ LQFUHDVHV ZLWK LQFUHDVLQJ
FXUUHQW GHQVLW\�
*LYHQ WKH UHDVRQLQJ DERYH� WKH XQGHUO\LQJ TXHVWLRQ LV UHSKUDVHG� :K\ GRHV WKH PRODU ്ኼ IOX[ LQFUHDVH
ZLWK FXUUHQW GHQVLW\ LQ WKH ORZ FXUUHQW GHQVLW\ UHJLPH" $Q H[SODQDWLRQ FDQ EH IRXQG LQ WKH ZRUN RI
9RJW HW DO�>��@ DQG 7ULQNH HW DO�>��@� 7KH H[SODQDWLRQ PDNHV XVH RI WKH WHUP JDV HYROXWLRQ HIILFLHQF\�
ZKLFK LV WKH UDWLR RI WKH SURGXFW JDV DGKHUHG LQ JDV EXEEOHV WR WKH WRWDO JHQHUDWHG SURGXFW JDV DW WKH
HOHFWURGH� $W ORZ FXUUHQW GHQVLWLHV� WKH JDV HYROXWLRQ HIILFLHQF\ LV IRXQG WR EH UHODWLYHO\ ORZ� D UHODWLYHO\
ODUJH SRUWLRQ RI WKH SURGXFHG K\GURJHQ LV WUDQVSRUWHG LQ GLVVROYHG IRUP HLWKHU WR WKH HOHFWURO\WH EXON
RU WR WKH RWKHU VLGH RI WKH VHSDUDWRU DV FURVVRYHU� $Q LQFUHDVH RI FXUUHQW GHQVLW\ UHVXOWV LQ D KLJKHU
GLVVROYHG K\GURJHQ FRQWHQW DQG WKHUHIRUH LQFUHDVH RI FURVVRYHU� 7KLV KROGV XS WR WKH SRLQW ZKHUH WKH
�ORFDO� K\GURJHQ FRQFHQWUDWLRQ LV KLJK HQRXJK IRU EXEEOH QXFOHDWLRQ� FRQVHTXHQWO\ WKH JDV HYROXWLRQ
HIILFLHQF\ LQFUHDVHV� 7KH JDV HYROXWLRQ HIILFLHQF\ W\SLFDOO\ KDV WKH IRUP� ࿹  ൠ ॲ ൧፛ ZLWK ൠ� ൡ ࢵ >�� �@�
LQGLFDWLQJ WKH VWURQJ UHODWLRQVKLS ZLWK FXUUHQW GHQVLW\� VSHFLILFDOO\ DW ORZ FXUUHQW GHQVLWLHV�
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%HQFKPDUNV
,W KDV EHHQ FRQFOXGHG WKDW IRU WKH QHZ V\VWHP� K\GURJHQ FURVVRYHUV DUH EHORZ WKH ��� /(/ DQG
WKHUHIRUH WKH RSHUDWLRQDO HQYHORSH LV QRW OLPLWHG E\ FURVVRYHU� ,Q )LJXUH ����� WKH REWDLQHG YDOXH DUH
FRPSDUHG WR WKH SUHYLRXV HOHFWURO\VLV VHWXS� WKH SORWWHG GDWD FDQ EH IRXQG LQ WKH ZRUN RI 0XOGHU >��@�
7KH VLJQLILFDQW VKLIW RI WKH OLQHV GRZQZDUGV LV DWWULEXWHG WR WKH UHPRYDO RI WKH SDUDVLWLF K\GURJHQ SUR�
GXFWLRQ E\ LPSOHPHQWDWLRQ RI WKH PLGSODWH VWDFN�

)LJXUH ����� +\GURJHQ FURVVRYHU DW GLIIHUHQW FXUUHQW GHQVLWLHV DQG SUHVVXUHV�FRPSDULVRQ EHWZHHQ WKH FXUUHQW V\VWHP �EODFN�
DQG =()¶V SUHYLRXV VHWXS �UHG�� YDOXHV EDVHG RQ WKH ZRUN RI 0XOGHU >��@�

+RZHYHU D FRPSDULVRQ ZLWK DONDOLQH HOHFWURO\VLV V\VWHPV LQ OLWHUDWXUH KDV QRW EHHQ LQFOXGHG \HW� ,Q
)LJXUH ����� WKH ��EDU OLQH LV SORWWHG WRJHWKHU ZLWK �EDU V\VWHPV GHVFULEHG LQ WKH ZRUN RI +DXJ HW
DO� >��@ DQG ZLWK �EDU DQG ��EDU V\VWHPV GHVFULEHG LQ WKH ZRUNV RI 7ULQNH HW DO�>��@ DQG %UDXQV HW
DO�>��@� ,W FDQ EH VHHQ WKDW WKH REVHUYHG FURVVRYHUV RI WKH REWDLQHG V\VWHP DW ��EDU DUH FRPSDUDEOH
WR V\VWHPV RSHUDWLQJ DW DWPRVSKHULF SUHVVXUHV ZLWK PL[HG F\FOHV� ,Q WKH ERWWRP OHIW FRUQHU� LW EDQ
EH VHHQ WKDW WKH REWDLQHG V\VWHP DW ��EDU DQG ��P$FPዅኼ KDV RQO\ D VOLJKWO\ KLJKHU FURVVRYHU LQ
FRPSDULVRQ WR DQ DWPRVSKHULF V\VWHP ZLWK VHSDUDWHG HOHFWURO\WH F\FOHV� *LYHQ WKH WHQIROG SUHVVXUH
LQFUHDVH� WKH UHVXOWV VXJJHVWV WKDW =()¶V HOHFWURO\VLV V\VWHP LV PRUH WKDQ FRPSHWLWLYH ZLWK UHVSHFW WR
FURVVRYHU SHUIRUPDQFH�

)LJXUH ����� +\GURJHQ FURVVRYHU FKDUDFWHULVWLF FRPSDUHG WR ኻEDU DQG ኼኺEDU DONDOLQH HOHFWURO\VLV V\VWHPV IRXQG LQ OLWHUDWXUH�
%UDXQV HW DO�>��@� 7ULQNH HW DO>��@ DQG +DXJ HW DO�>��@

$Q LQKHUHQW V\VWHP SURSHUW\ LV WKDW WKH QXPEHU RI YDOYH RSHQLQJV DW D JLYHQ SUHVVXUH LV SURSRUWLRQDO WR
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WKH JDV SURGXFWLRQ UDWH� SUHYLRXVO\ UHSRUWHG E\ 0XOGHU >��@� 7KH JDV SURGXFWLRQ UDWH GHSHQGV RQ WKH
FXUUHQW GHQVLW\� SUHVVXUH DQG WHPSHUDWXUH �൛̂ፇᎴ ࣩ

።ॲፓ
ፏ
� DV GHVFULEHG LQ (TXDWLRQ ���� &RQVHTXHQWO\ ERWK

D SUHVVXUH GHFUHDVH DQG D FXUUHQW GHQVLW\ LQFUHDVH UHVXOW LQ D KLJKHU JDV YROXPH SURGXFWLRQ UDWH DQG
ZLWK WKDW DQ LQFUHDVHG YDOYH RSHQLQJ IUHTXHQF\ UHVXOWLQJ LQ KLJKHU FRQYHFWLRQDO FURVVRYHU� &RQFOXGLQJ
WKDW ERWK WKH GHFUHDVH RI FURVVRYHU ZLWK LQFUHDVLQJ FXUUHQW GHQVLW\ DQG WKH LQFUHDVH RI FURVVRYHU ZLWK
LQFUHDVLQJ RI SUHVVXUH WKDW LV REVHUYHG LQ OLWHUDWXUH LV H[SHFWHG WR EH PLWLJDWHG LQ WKH DFTXLUHG V\VWHP�
ZKLFK FDQ EH REVHUYHG LQ WKH SUHVHQWHG ILJXUHV� ���� DQG �����

&RQFOXGLQJ WKLV VXEVHFWLRQ ZLWK WKH UHOHYDQW QRWLRQ RI WKH GLIIHUHQFH EHWZHHQ D ]HUR JDS DQG QRQ�
]HUR JDS GHVLJQ� 7KH FRQVXOWHG OLWHUDWXUH FRQVLVWHQWO\ SUHVHQWHG ]HUR JDS GHVLJQV� D FHOO LQ ZKLFK WKH
GLVWDQFH EHWZHHQ HOHFWURGHV DQG VHSDUDWRU LV PLQLPLVHG� 7KLV GHVLJQ LV FRQVLGHUHG WR EH VXSHULRU WR
JDS GHVLJQV LQ WHUPV RI UHVLVWDQFH ORVVHV DQG HIILFLHQF\� +RZHYHU� D ]HUR JDS GHVLJQ LV H[SHFWHG
WR KDYH ODUJHU FURVVRYHUV WKURXJK WKH VHSDUDWRU GXH WR D GHFUHDVH LQ GLVWDQFH EHWZHHQ WKH �VXSHU�
VDWXUDWHG ]RQHV DFURVV WKH VHSDUDWRU� &RQVHTXHQWO\� VLJQLILFDQWO\ OHVV FURVVRYHUV LQ FRPSDULVRQ WR
V\VWHPV IRXQG LQ WKH FRQVXOWHG OLWHUDWXUH LV H[SHFWHG�

2YHUQLJKW GLIIXVLRQ
,I WKH HOHFWURO\VLV LV SXW LQ WR WKH FRQWH[W RI =()¶V VRODU SRZHUHG PHWKDQRO V\QWKHVLV SODQW� SHULRGV
ZLWKRXW SURGXFWLRQ DUH FRQFHLYDEOH H�J� GXULQJ QLJKWWLPH� 'XULQJ D SHULRG ZLWKRXW SURGXFWLRQ� GLIIXVLRQ
WDNHV SODFH DQG WKH WZR JDV YROXPHV VWDUW WR HTXLOLEULDWH RYHU WLPH� UHVXOWLQJ LQ WKH ¶6SLNH DIWHU VWDUW�
XS¶ DV REVHUYHG E\ 0XOGHU >��@ DQG SUHGLFWHG E\ 6FKZDU]H >��@� 7KH RYHUQLJKW GLIIXVLRQ H[SHULPHQWV�
LQWHQGHG WR TXDQWLI\ WKH DPRXQW RI RYHUQLJKW GLIIXVLRQ DUH UHSHDWHG IRU WKH QHZ V\VWHP� WR FRPSOHWH
WKH SHUVSHFWLYH RQ RSHUDWLRQDO IOH[LELOLW\ LQ WHUPV RI FURVVRYHU� 7KH UHVXOWV DUH GHSLFWHG EHORZ� ,Q
)LJXUH ����� FURVVRYHU UHVXOWV DUH VKRZQ RI WKH VWDUW�XS DIWHU OHDYLQJ WKH V\VWHP XQGHU D SUHVVXUH
RI ���EDU IRU RYHU D QLJKW� DSSUR[LPDWHO\ ��K� WKH ��� /(/ LV H[FHHGHG DQG WKHUHIRUH DQ RYHUQLJKW
SUHVVXUH RI ���EDU LV FRQVLGHUHG WR EH WRR ORZ� ,Q )LJXUH ����� FURVVRYHU UHVXOWV DUH VKRZQ RI WKH VWDUW�
XS DIWHU OHDYLQJ WKH V\VWHP XQGHU D SUHVVXUH RI ����EDU� WKH ��� /(/ LV QRW UHDFKHG DQG VR OHDYLQJ
SUHVVXUH RQ WKH V\VWHP LV FRQVLGHUHG WR EH IDYRXUDEOH LQ FRPSDULVRQ WR DWPRVSKHULF FRQGLWLRQV� $SDUW
IURP WKH VDIHW\ DVSHFW� D VHFRQG EHQHILW LV WKDW WKH V\VWHP UHTXLUHV OHVV WLPH WR VWDUW XS WR FRQWLQXH
DW ��EDU RSHUDWLRQ� 7KH FURVVRYHU SHDN YDOXH GXH WR RYHUQLJKW GLIIXVLRQ GHFUHDVHV ZLWK LQFUHDVLQJ

)LJXUH ����� +\GURJHQ FURVVRYHU GXULQJ D VWDUW�XS
H[SHULPHQW� RYHUQLJKW SUHVVXUH� ኻ�ኽEDU� 7KH VWDFN ZDV
WXUQHG RQ DW D FXUUHQW GHQVLW\ RI ኿ኺP$FPᎽᎴ� 7KH SHDN

H[FHHGV WKH ��� /(/�

)LJXUH ����� +\GURJHQ FURVVRYHU GXULQJ D VWDUW�XS
H[SHULPHQW� RYHUQLJKW SUHVVXUH� ኿ኺEDU� 7KH VWDFN ZDV

WXUQHG RQ DW D FXUUHQW GHQVLW\ RI ኿ኺP$FPᎽᎴ� $OO YDOXHV DUH
EHORZ WKH ��� /(/

SUHVVXUH� WKLV WUHQG ZDV DOVR REVHUYHG LQ WKH ZRUN RI 0XOGHU >��@ DQG LV DWWULEXWHG WR WKH LQFUHDVHG
QXPEHU RI R[\JHQ PROHFXOHV LQ WKH JDV SKDVH� 7KLV UHVXOWV LQ D ORZHU UHODWLYH K\GURJHQ FRQWHQW LQ JDV
SKDVH� RQFH WKH V\VWHP LV WXUQHG RQ DQG WKH GLVVROYHG K\GURJHQ LQ WKH HOHFWURO\WH LQ WKH VWDFN VWDUWV
WR WUDQVIHU WR WKH R[\JHQ JDV SKDVH RYHU WLPH� /HDYLQJ WKH V\VWHP XQGHU D �EDU SUHVVXUH IRU RYHU
D ZHHNHQG� DSSUR[LPDWHO\ ��K ODWHU� UHVXOWHG LQ D PD[LPXP REVHUYHG FRQFHQWUDWLRQ RI � ൴൭൪�� QRW
RQO\ H[FHHGLQJ WKH ��� /(/ EXW DOVR WKH ���� /(/� 7KH HIIHFW RI WLPH RQ WKH PHDVXUHG FURVVRYHU LV
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LOOXVWUDWHG E\ WKLV H[SHULPHQW RI ZKLFK WKH UHVXOWV FDQ EH VHHQ LQ )LJXUH �����

)LJXUH ����� (IIHFW RI WLPH RQ RYHUQLJKW FURVVRYHUV� &RPSDULVRQ RI REVHUYHG FURVVRYHUV GXULQJ VWDUW�XS EHWZHHQ WZR
H[SHULPHQWV �ኻ�ኽEDU DQG ኿ኺEDU RYHUQLJKW SUHVVXUH� ZLWK D SHULRG RI ኻዀK ZLWKRXW SURGXFWLRQ DQG DQ D SHULRG RI ዀኾK ZLWKRXW

SURGXFWLRQ �DW RYHUQLJKW SUHVVXUH RI ኽEDU� 6WDUW�XS FXUUHQW GHQVLWLHV DUH ኿ኺP$FPᎽᎴ

+\GURJHQ FURVVRYHU YHUVXV WHPSHUDWXUH
,Q DGGLWLRQ WR WKH H[SHULPHQWV GHVFULEHG DERYH� ്ኼ�FURVVRYHU LV WHVWHG DW GLIIHUHQW WHPSHUDWXUHV DW
FRQVWDQW FXUUHQW GHQVLW\ DQG SUHVVXUH LQ DQ DWWHPSW WR LQYHVWLJDWH WR ZKDW H[WHQW WKH V\VWHP FDQ EH
FRQVLGHUHG ZLWK VHSDUDWHG RU PL[HG HOHFWURO\WH F\FOHV DV GHVFULEHG LQ WKH ZRUN RI +DXJ HW DO� >��@� $V
WKLV H[SHULPHQW \LHOGHG LQFRQFOXVLYH UHVXOWV� WKH UHVXOWV DQG EDFNJURXQG LQIRUPDWLRQ FDQ IRXQG LQ DQ
DSSHQGL[� VHFWLRQ $���

2[\JHQ FURVVRYHU
7KH H[SHULPHQWV DQG DQDO\VLV UHJDUGLQJ WKH R[\JHQ FURVVRYHU DUH OHVV H[WHQVLYH LQ FRPSDULVRQ WR WKH
K\GURJHQ FURVVRYHU� 7KH R[\JHQ FURVVRYHU LQ WKH SUHYLRXV HOHFWURO\VLV V\VWHP KDV EHHQ GHVFULEHG LQ
GHWDLO E\ 0XOGHU >��@� ,Q KLV ZRUN� R[\JHQ FURVVRYHU LV FRQFOXGHG WR QRW EH OLPLWLQJ LQ =()¶V HOHFWURO\�
VLV VHWXS� +\GURJHQ FURVVRYHU LV UHSRUWHG WR EH OLPLWLQJ LQ OLWHUDWXUH DV ZHOO >��� ��� ��� ��@� WKLV FDQ
EH DWWULEXWHG WR WKH KLJKHU DEVROXWH PRODU FURVVRYHU IORZ GXH WR D KLJKHU ്ኼ GLIIXVLRQ FRHIILFLHQW DQG
D HTXDO RU KLJKHU ്ኼ VROXELOLW\ �GHSHQGLQJ RQ HOHFWURO\WH PRODULW\�� 7KH DIRUHPHQWLRQHG� LQ FRPELQD�
WLRQ ZLWK WHVWLQJ WKH SDUDVLWLF K\GURJHQ SURGXFWLRQ K\SRWKHVLV SULRULWLVHG WKH LQYHVWLJDWLRQ RQ K\GURJHQ
FURVVRYHU� UDWKHU WKDQ R[\JHQ FURVVRYHU� 1R VLJQLILFDQW FKDQJHV ZLWK UHVSHFW WR R[\JHQ FURVVRYHU DUH
H[SHFWHG� $V FDQ EH VHHQ LQ )LJXUH ����� WKH VWHDG\ VWDWH YDOXHV DUH EHORZ WKH �� � 8(/ IRU DOO FXUUHQW

)LJXUH ����� 6WHDG\ VWDWH ፎᎴ FURVVRYHU YHUVXV FXUUHQW GHQVLW\
IRU GLIIHUHQW SUHVVXUHV�

)LJXUH ����� $ W\SLFDO ፎᎴ�FURVVRYHU VHQVRU UHDGLQJ �EODFN�
DQG D VFDOHG YHUVLRQ RI WKH PLGGOH OHYHO VHQVRU UHDGLQJ

WKURXJKRXW WLPH �UHG�� 7KH ፎᎴ�FURVVRYHU VHQVRU UHDGLQJ GURSV
ULJKW DIWHU DQ R[\JHQ SXUJH� ZKLFK FRUUHVSRQGV WR D VSLNH LQ
WKH UHG FXUYH� 7KH VKDUS ULVH RI WKH ፎᎴ�FURVVRYHU VHQVRU

UHDGLQJ LQGLFDWHV D OHDNLQJ VHQVRU KRXVLQJ�
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GHQVLWLHV DQG DOO SUHVVXUHV� $ VLJQLILFDQW LQFUHDVH LQ FRPSDULVRQ WR WKH SUHYLRXV V\VWHP LV REVHUYHG�
DV FDQ EHH VHHQ LQ 7DEOH ���� +RZHYHU� WKH GDWD LV FRQVLGHUHG WR EH GLVWRUWHG E\ D OHDNLQJ VHQVRU
KRXVLQJ� 7KH VHQVRU KRXVLQJ XVHG LQ WKH ZRUN RI 0XOGHU KDV VKRZQ WR SURGXFH VWHDG\ ൔኼ�FURVVRYHU
YDOXH IRU ࣩ��� V DIWHU D SXUJH YDOYH �ILJXUH ���� LQ >��@�� ,Q DGGLWLRQ WR WKDW� 0XOGHU VKRZHG WKDW OHDN�
WLJKWQHVV RI WKH VHQVRU KRXVLQJ LV SDUDPRXQW WR VWDEOH DQG UHOLDEOH ൔኼ�FURVVRYHU VHQVRU UHDGLQJV DQG
LV UDWKHU FKDOOHQJLQJ WR REWDLQ >��@� $V FDQ EH VHHQ LQ )LJXUH ����� WKH VHQVRU UHDGLQJV GURS WR WKH

&XUUHQW 'HQVLW\ >P$FPዅኼ@
��� ��� ��� ���

��EDU ���� ���� ���� ����
��EDU ���� ���� ���� ����
��EDU ���� ����

7DEOH ���� ፎᎴ�&URVVRYHU YDOXHV RI =()¶V SUHYLRXV HOHFWURO\VLV VHWXS� 9DOXHV REWDLQHG IURP WKH ZRUN RI 0XOGHU >��@� 1RW DOO
YDOXHV DUH DW VWHDG\ VWDWH WHPSHUDWXUH� EHFDXVH WKH SUHYLRXV V\VWHP GLG QRW KDYH WHPSHUDWXUH FRQWURO�

PLQLPXP YDOXH LQ D UHODWLYHO\ VKRUW WLPH� WKLV FRUUHVSRQGV WR WKH K\GURJHQ SURGXFW JDV HQWHULQJ WKH
VHQVRU KRXVLQJ� 'LUHFWO\ DIWHU UHDFKLQJ WKH PLQLPXP YDOXH� WKH VHQRU UHDGLQJ UDSLGO\ LQFUHDVHV DJDLQ
LQGLFDWLQJ D OHDN RI DPELHQW DLU ZLWK ���� ൴൭൪� ൔኼ LQ WR WKH VHQVRU KRXVLQJ� 7KH ORFDO PLQLPXP ൔኼ�
FURVVRYHU YDOXH LV FRQVLGHUHG WR UHSUHVHQW WKH ൔኼ�FURVVRYHU LQ WKH K\GURJHQ JDV� EXW LV OLNHO\ WR EH
DQ RYHUHVWLPDWLRQ� +RZHYHU� DV D FRQVWDQW YDOXH LV QRW REWDLQHG RYHU D SHULRG RI WLPH� WKH TXHVWLRQ
UHPDLQV DERXW KRZ UHOLDEOH WKH REWDLQHG YDOXHV DUH� $V PHQWLRQHG EHIRUH� WKH SUREDEO\ RYHUHVWLPDWHG
YDOXHV DUH QHYHUWKHOHVV EHORZ WKH ��� 8(/� 7KHUHIRUH WKH ൔኼ�FURVVRYHU LV QRW FRQVLGHUHG WR EH VDIHW\
ULVN� EXW LW LV KLJKO\ UHFRPPHQGHG WR LPSURYH WKH VHQVRU KRXVLQJ DQG UHSHDW WKH H[SHULPHQWV WR REWDLQ
UHOLDEOH GDWD DQG LQVLJKW LQ WKH ൔኼ�FURVVRYHU RI WKH DFTXLUHG V\VWHP� DV WKH GHVFULEHG H[SHULPHQWV DUH
FRQVLGHUHG LQFRQFOXVLYH�
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������ &RQFOXVLRQ
$OO WKH H[SHULPHQWV� OLPLWDWLRQV DQG LPSDFW RQ WKH RSHUDWLRQDO HQYHORSH EHLQJ GHVFULEHG� WKH FRQWULEX�
WLRQV RI WKH OLPLWDWLRQV WR WKH RSHUDWLRQDO HQYHORSH DUH VXPPHG XS LQ WKH H[SHULPHQWDOO\ IRXQG RSHUD�
WLRQDO HQYHORSH� ZKLFK FDQ EH VHHQ LQ )LJXUH �����

)LJXUH ����� 2SHUDWLRQDO HQYHORSH DV GHWHUPLQHG WKURXJK H[SHULPHQWV� WKLV YHUVLRQ FRUUHVSRQGV WR RSHUDWLRQ DW ዃኺ �&� 7KH
FXUUHQW GHQVLW\�SUHVVXUH FKDUDFWHULVWLFV RI WKUHH OLPLWDWLRQV DUH IRXQG H[SHULPHQWDOO\�

�� 7KH ��� 592' OLPLWDWLRQ LV EDVHG RQ WKH FRUUHFWHG PRGHO LQYROYLQJ WKH FDSLOODU\ WXEHV� VXEVHFWLRQ ������
�� 7KH IORZ VWDJQDWLRQ OLPLWDWLRQ LV H[SHULPHQWV LQ ZKLFK IORZ VWDJQDWLRQ KDV EHHQ GHWHUPLQHG E\ XVH RI D YLGHR FDPHUD

DQG WHPSHUDWXUH SURILOHV� 7KH SDUDPHWHU ፗ ZKLFK UHSUHVHQWV WKH FULWLFDO YROXPH IORZ UDWH LV IRXQG WR EH LQ WKH UDQJH RI
ኺ�ዀኼ$.EDUᎽᎳ WR ኺ�዁ኾ$.EDUᎽᎳ� VXEVHFWLRQ ������

�� 7KH WHPSHUDWXUH FRQWURO OLPLWDWLRQ LV EDVHG RQ WKH H[SHULPHQWDOO\ IRXQG ዂ኿ኺP$FPᎽᎴ DW ZKLFK WKH WHPSHUDWXUH
UHDFKHG ዃኺ �& ZLWK WKH IDQV EORZLQJ DW PD[LPXP SRZHU� 7KH SUHVVXUH GHSHQGHQFH RI WKH WHPSHUDWXUH KDV QRW EHHQ

IRXQG LQ WKH H[SHULPHQWV� DOWKRXJK WKLV FRXOG QRW EH WHVWHG DW ዂ኿ኺP$FPᎽᎴ� VXEVHFWLRQ ������
�� 7KH H[SHULPHQWV RI ZKLFK WKH UHVXOWV DQG DQDO\VLV DUH UHSRUWHG LQ VXEVHFWLRQ ����� VKRZ WKDW FURVVRYHU GRHV QRW KDYH

DQ RSHUDWLRQDO OLPLWDWLRQ RQ WKH V\VWHP�

7KH OLPLWDWLRQV JRYHUQ WR ZKDW H[WHQW WKH HOHFWURO\VLV V\VWHP FDQ EH RSHUDWHG XQGHU GLIIHUHQW RSHUDWLQJ
FRQGLWLRQV� $ UHODWLYH IOH[LEOH V\VWHP KDV D UHODWLYH ODUJH QXPEHU RI VDIH RSHUDWLQJ SRLQWV LQ FRPSDUL�
VRQ WR DOO SRVVLEOH RSHUDWLQJ SRLQWV WR ZKLFK WKH V\VWHP LV GHVLJQHG� UHVXOWLQJ LQ D UHODWLYH ODUJH DUHD
PDUNHG ZLWK ¶6DIH 2SHUDWLRQ¶ LQ WKH RSHUDWLRQDO HQYHORSH� 7KHUHIRUH WKH 'HJUHH RI )OH[LELOLW\ LV GHILQHG
DV WKH UDWLR RI WKH VDIH RSHUDWLQJ SRLQWV WR DOO SRVVLEOH RSHUDWLQJ SRLQWV� JLYHQ WKH GHVLJQ FULWHULD� $OO
SRVVLEOH RSHUDWLQJ SRLQWV IRU ZKLFK WKH V\VWH LV GHVLJQHG� &' �P$FPዅኼ WR ����P$FPዅኼ� SUHVVXUH
�EDU WR ��EDU DQG WHPSHUDWXUH �� �& WR �� �&� $W �� �& WKH GHJUHH RI IOH[LELOLW\ LV GHWHUPLQHG WR EH
������� ,Q SULQFLSOH� WKH GHJUHH RI IOH[LELOLW\ FDQ EH XVHG WR FRPSDUH HOHFWURO\VLV V\VWHPV� WRJHWKHU ZLWK
SRZHU FRQVXPSWLRQ� FRVWV� SXULW\� HIILFLHQF\ DQG K\GURJHQ \LHOG IRU H[DPSOH� ,Q D VFHQDULR RI XVLQJ DQ
HOHFWURO\VLV V\VWHP LQ FRPELQDWLRQ ZLWK LQWHUPLWWHQW HQHUJ\ VRXUFHV� WKH GHJUHH RI IOH[LELOLW\ LV SRVVLEO\
D UHOHYDQW SDUDPHWHU WR WDNH LQWR FRQVLGHUDWLRQ LI RSHUDWLRQ XQGHU PXOWLSOH FRQGLWLRQV LV GHVLUHG� 7KH
LGHD RI GHILQLQJ D GHJUHH RI IOH[LELOLW\ LV QRW QHFHVVDULO\ OLPLWHG WR VDIH DQG XQVDIH RSHUDWLRQ� EXW FDQ
EH H[WHQGHG WR IRU H[DPSOH HIILFLHQFLHV RU FRVWV� 7KH JHQHUDO LGHD LV WR PDS WKH UHODWLYH QXPEHU RI
RSHUDWLQJ SRLQWV VDWLVI\LQJ D FHUWDLQ FULWHULRQ� LQ WKLV WKHVLV� VDIH RSHUDWLRQ� WR WKH RSHUDWLQJ UDQJH IRU
ZKLFK WKH V\VWHP LV RULJLQDOO\ GHVLJQHG�
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���� *HQHUDO &KDUDFWHULVWLFV 	 8QH[SHFWHG )LQGLQJV
$V GHVFULEHG LQ VXEVHFWLRQ ������ GLIIHUHQW HIILFLHQFLHV DUH XVHG WR GHVFULEH WKH SHUIRUPDQFH RI HOHF�
WURO\VLV V\VWHPV� 7KH PRVW FRPPRQO\ XVHG DUH WKH )DUDGDLF HIILFLHQF\� ZKLFK XVHV WKH HTXLOLEULXP
FHOO SRWHQWLDO �����9 XQGHU VWDQGDUG FRQGLWLRQV�� VHH (TXDWLRQ ���� DQRWKHU FRPPRQO\ XVHG HIILFLHQF\
LV WKH WKHUPDO HIILFLHQF\� (TXDWLRQ ��� ZKLFK LV EDVHG RQ WKH WRWDO HQHUJ\ GHPDQG �KHDW � HOHFWULFLW\�
RI WKH UHDFWLRQ DQG XVHV WKH WKHUPDO QHXWUDO YROWDJH �����9 XQGHU VWDQGDUG FRQGLWLRQV�� 7KH WKHUPDO
QHXWUDO YROWDJH GRHV QRW KDYH D VWURQJ WHPSHUDWXUH GHSHQGHQFH DV WKH HTXLOLEULXP SRWHQWLDO� PDNLQJ
LW D VXLWDEOH HIILFLHQF\ PHDVXUH� %RWK H[SHULPHQWDOO\ IRXQG HIILFLHQFLHV DW ��EDU DW WZR GLIIHUHQW WHP�
SHUDWXUHV DUH GHSLFWHG LQ )LJXUH ����� 7KH DYHUDJH FHOO YROWDJHV DUH DOVR FRPPRQO\ XVHG WR LQGLFDWH
HOHFWURO\VLV SHUIRUPDQFH� DV WKLV DYRLGV XVLQJ D SDUWLFXODU GHILQLWLRQ RI DQ HIILFLHQF\� WKH ,9�FXUYH RI WKH
DFTXLUHG V\VWHP RSHUDWLQJ DW ��EDU IRU WZR GLIIHUHQW WHPSHUDWXUHV FDQ EH VHHQ LQ )LJXUH �����

)LJXUH ����� ([SHULPHQWDOO\ IRXQG IDUDGDLF DQG WKHUPDO
HIILFLHQFLHV YHUVXV FXUUHQW GHQVLW\ DW ዃኺ �& �EOXH� DQG ዀኺ �&
�UHG� DW ኿ኺEDU� 7KH ዀኺ �& OLQH LV OLPLWHG DW KLJK FXUUHQW

GHQVLWLHV E\ WKH OLPLWHG WHPSHUDWXUH FRQWURO �

)LJXUH ����� $YHUDJHG FHOO SRWHQWLDO YHUVXV FXUUHQW GHQVLW\ DW
ዃኺ �& �EOXH� DQG ዀኺ �& �UHG� DW ኿ኺEDU� 7KH ዀኺ �& OLQH LV
OLPLWHG DW KLJK FXUUHQW GHQVLWLHV E\ WKH WHPSHUDWXUH�

7KH WDUJHWV VHW E\ =() DUH LQ WHUPV RI HIILFLHQF\� FURVVRYHU� OLIHWLPH DQG FRVWV DW D VSHFLILF RSHUDW�
LQJ SRLQWV� ���P$FPዅኼ� ��EDU DQG �� �&� $ GHWDLOHG FRVW DQG OLIHWLPH HVWLPDWLRQ LV QRW LQFOXGHG LQ
WKLV UHVHDUFK DQG LV OHIW DV D UHFRPPHQGDWLRQ� 7ZR RWKHU WDUJHWV DUH� �� � IDUDGDLF HIILFLHQF\ DQG
D FURVVRYHU EHORZ WKH ��� /(/� ,W LV FRQFOXGHG WKDW ERWK WDUJHWV KDYH EHHQ DFFRPSOLVKHG ZLWK WKH
DFTXLUHG V\VWHP� 7KH HOHFWURO\WH GHWHULRUDWLRQ H[SHULPHQWV RI ZKLFK UHVXOWV DUH UHSRUWHG LQ VHFWLRQ ���
IRUP WKH ILUVW VWHS RI D OLIHWLPH HVWLPDWLRQ�

3UHVVXUH ERRVWHU IORZ UDWHV
7KH SUHVVXUH ERRVWHU ZDV WHVWHG DW GLIIHUHQW SUHVVXUHV DV SDUW RI WKH HOHFWURO\VLV VHWXS� ,I WKH SUHVVXUH
ERRVWHU ZDV FRUUHFWO\ SULPHG DQG RSHUDWLRQDO ��� WKH SUHVVXUH ERRVWHU ZDV DEOH WR RYHUFRPH WKH V\VWHP
SUHVVXUH DW UHSOHQLVK WKH FRQVXPHG ZDWHU DW WKH HQWLUH SUHVVXUH UDQJH RI �EDU WR ��EDU� 7KH YROXPH
IORZ UDWH RI WKH SUHVVXUH ERRVWHU DW ��EDU LV GHULYHG E\ VKXWWLQJ GRZQ WKH HOHFWURO\VLV V\VWHP DQG
VZLWFKLQJ RQ WKH SUHVVXUH ERRVWHU DQG UHFRUG WKH SUHVVXUH LQFUHDVH ZLWK UHVSHFW WR WLPH� 8QGHU WKH
DVVXPSWLRQ WKDW WKH JDVVHV DUH FRPSUHVVHG DGLDEDWLFDOO\� DQ DYHUDJH YROXPH IORZ UDWH LV GHWHUPLQHG WR
EH DSSUR[LPDWHO\ �P/PLQዅኻ� 7KHUHZLWK WKH PD[LPXP DOORZHG ZDWHU FRQVXPSWLRQ LV VHW LI� 8VLQJ WKH
QXPEHU RI FHOOV ����� WKH )DUDGD\ FRQVWDQW ������&PROዅኻ DQG WKH FHOO DUHD ��� FPኼ�� WKH PD[LPXP
DOORZDEOH FXUUHQW GHQVLW\ LV GHWHUPLQHG WR EH ����P$FPዅኼ� WKLV LV KLJKHU WKDQ WKH PD[LPXP FXUUHQW
GHQVLW\ RI WKH SRZHU VXSSOLHV DQG WKHUHIRUH WKH SUHVVXUH ERRVWHU LV QRW H[SHFWHG WR IRUP D ERWWOHQHFN
DQG WKH GLPHQVLRQV DQG SRZHU FRQVXPSWLRQ DUH FRQVLGHUHG WR EH VDWLVIDFWRU\�

'HJDVVHU RYHUIORZ
$Q LPSRUWDQW ILQGLQJ UHJDUGLQJ WKH GHJDVVHU LV WKDW LW RYHUIORZV IURP D SUHVVXUH RI ��EDU DQG KLJKHU�
D SLFWXUH RI WKH H[SHULPHQW LQ ZKLFK WKH ��EDU RYHUIORZ SUHVVXUH LV IRXQG LV LQFOXGHG LQ )LJXUH �����
7KH RYHUIORZ W\SLFDOO\ WDNHV SODFH ULJKW DIWHU WKH VWDUW RI WKH R[\JHQ SXUJH� LQWURGXFLQJ D UHODWLYH ODUJH
��)UHTXHQWO\ WKH SUHVVXUH ERRVWHU ZDV QRW RSHUDWLRQDO DV D FRQVHTXHQFH RI XQH[SHFWHG V\VWHP WUDLWV� VHH VXEVHFWLRQ ������
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DPRXQW RI JDV LQWR WKH GHJDVVHU ZKLFK SXVKHV WKH OLTXLG XSZDUGV FDXVLQJ WKH RYHUIORZ� ,QVWHDG D PRUH
TXLHVFHQW IORZ LV GHVLUHG LQ ZKLFK UHODWLYHO\ VPDOO EXEEOHV DUH IRUPHG DQG WKH SXVKHG XS ZDWHU IORZV
GRZQ DORQJ WKH EXEEOHV� +RZHYHU WKH LQLWLDO JDV LV SXUJHG WR YLROHQWO\ WKURXJK WKH GHJDVVHU�

1RW LQFOXGHG IRU FRS\ULJKW UHDVRQV

2YHUIORZB/HYHO/DEHOV�SQJ

)LJXUH ����� 'HJDVVHU RYHUIORZ SUHVVXUH H[SHULPHQW� 7KH ZDWHU OHYHO RI RYHUIORZ WDQN DQG WKH ZDWHU OHYHO RI WKH GHJDVVHU DUH
LQGLFDWHG ZLWK WKH UHG PDUNHUV� 7KH SUHVVXUH LV JUDGXDOO\ LQFUHDVH XQWLO WKH RYHUIORZ OHYHO LV LQFUHDVHG DIWHU DQ R[\JHQ SXUJH

YDOYH RSHQLQJ

3ULRU WR LQVWDOODWLRQ DW WKH HOHFWURO\VLV VHWXS� WKH GHJDVVHU ZDV WHVWHG LQ D VHSDUDWH WHVW IDFLOLW\ XVLQJ
ZDWHU DQG QLWURJHQ� 2YHUIORZ ZDV VROHO\ REVHUYHG DW WKH HOHFWURO\VLV VHWXS DQG QRW LQ WKH VHSDUDWH WHVW
IDFLOLW\� 7KHUHIRUH WKH GHJDVVHU ZDV FRQVLGHUHG VDWLVIDFWRU\ DQG LQVWDOOHG LQ WKH HOHFWURO\VLV V\VWHP�
$Q LPSRUWDQW GLIIHUHQFH EHWZHHQ WKH WHVW IDFLOLW\ DQG WKH HOHFWURO\VLV VHWXS DUH WKH FDSLOODU\ WXEHV RQ
WKH R[\JHQ VLGH� EHVLGHV WKH GLIIHUHQFH LQ RSHUDWLQJ JDV �R[\JHQ YHUVXV QLWURJHQ�� 7KH FDSLOODU\ WXEH
XVHG LQ WKH WHVW IDFLOLW\ ZDV VLJQLILFDQWO\ ORQJHU DQG SRVVLEO\ KDV D VPDOOHU GLDPHWHU� 7KHUHIRUH WKH JDV
IORZ LV HQWHUHG PRUH JUDGXDO DQG RYHUIORZ LV SUHYHQWHG�
7KH RYHUIORZ FDQ ILQDOO\ EH DWWULEXWHG WR WKH IDFW WKDW WKH GHJDVVHU LV GHYHORSHG LQGHSHQGHQWO\ IRUP
WKH HOHFWURO\VLV VHWXS DQG WKH FDSLOODU\ WXEHV� RSHQLQJ WLPHV DQG DFFRPSDQ\LQJ IORZV LQ VSHFLILF� 7KH
UHFRPPHQGDWLRQ IROORZLQJ IURP WKLV ILQGLQJ LV GXDO�IROG� )LUVW RI DOO� LW LV UHFRPPHQGHG WR GHVLJQ WKH
GHJDVVHU QRW LQGHSHQGHQWO\ IURP WKH HOHFWURO\VLV VHWXS� EXW WR VL]H DQG WHVW WKH GHJDVVHU DFFRUGLQJO\�
7KH VHFRQG UHFRPPHQGDWLRQ LV� FRQVLGHULQJ WKH DFTXLUHG V\VWHP� WR HQODUJH WKH GHJDVVHU GLDPHWHU
WR DFFRPPRGDWH WKH PRUH YLROHQW JDV SXUJHV DQG WR LQFUHDVH WKH R[\JHQ RXWOHW GLDPHWHU RQ WRS RI WKH
GHJDVVHU���
9DOYH RSHQLQJ WLPHV ZHUH DGMXVWHG WR DFFRPPRGDWH WKH LQLWLDO JDV SXUJH ZKLFK FDXVHV RYHUIORZ� 7KH
R[\JHQ SXUJH YDOYH LV RSHQHG IRU ���PV DQG VXEVHTXHQWO\ FORVHG IRU ���PV DQG WKHQ WKH R[\JHQ
SXUJH YDOYH LV RSHQHG IRU WKH UHPDLQLQJ YDOYH RSHQLQJ WLPH� 7KLV LQFUHDVHG WKH RYHUIORZ SUHVVXUH IURP
��EDU WR ��EDU� 7KH GHJDVVHU ZDV GLVUHJDUGHG IRU WKH H[SHULPHQWV UHJDUGLQJ WKH OLPLWDWLRQV RI WKH
RSHUDWLRQDO HQYHORSH�

��$Q DGGLWLRQDO REVHUYDWLRQ KDV EHHQ PDGH� LQ DQ H[SHULPHQW LQ ZKLFK WKH GHJDVVHU GLG QRW RYHUIORZ� R[\JHQ UHDFKHG WKH ERWWRP
RI WKH RYHUIORZ WDQN DQG EXEEOH WKURXJK WKH RYHUIORZ WDQN ZDWHU WR WKH DWPRVSKHUH� 7KLV LQGLFDWHG WKDW WKH SUHVVXUH GURS RYHU
WKH R[\JHQ RXWOHW LV WRR ODUJH DQG SUHVVXUH EXLOGV XS LQ WKH GHJDVVHU ZKLFK LV GHVLJQHG WR KDYH DWPRVSKHULF SUHVVXUH�
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������ 8VH FDVH 	 &RPSDULVRQ WR LQGXVWU\ DQG OLWHUDWXUH
$SDUW IURP WKH DIRUHPHQWLRQHG HIILFLHQFLHV� RWKHU UHOHYDQW SURSHUWLHV DUH LQFOXGHG WR JLYH D FRPSOHWH
SLFWXUH RI V\VWHP SHUIRUPDQFH� 7KH ���FHOO VWDFN FRUUHVSRQGV WR D PLFUR SODQW LQ ZKLFK DSSUR[LPDWHO\
�� JKዅኻ LV SURGXFHG� *LYHQ WKH ��� UDWLR LQ WKH UHDFWLRQ EHWZHHQ K\GURJHQ DQG PHWKDQRO PROHV� WKH
PRODU PDVV RI PHWKDQRO ��� JPROዅኻ�� WKH QXPEHU RI FHOOV ���� DQG FHOO DUHD ��� FPኼ�� WKH UHTXLUHG
FXUUHQW GHQVLW\ LV FDOFXODWHG WR EH ࣩ���P$FPዅኼ� *LYHQ WKH LQWHUPLWWHQW HQHUJ\ VRXUFH LQ WKH IRUP RI
VRODU SRZHU� D VFHQDULR ZKLFK GHYLDWHV IURP WKLV SDUWLFXODU SRLQW LV FRQFHLYDEOH DQG WKHUHIRUH D UDQJH
RI FXUUHQW GHQVLWLHV LV FRQVLGHUHG� ���P$FPዅኼ WR ���P$FPዅኼ DW ��EDU DQG �� �&�
=()¶V HOHFWURO\VLV V\VWHP LV FRPSDUHG RQ GLIIHUHQW DVSHFWV ZLWK RQH H[DPSOH WDNHQ IURP OLWHUDWXUH�
WKH UHFHQW ZRUN RI -DQJ HW DO� SUHVHQWV DQ HODERUDWH DQDO\VLV RQ WKH LQIOXHQFH RI SUHVVXUH RQ DONDOLQH
HOHFWURO\VLV� EDODQFH RI SODQW SRZHU DQG RYHUDOO V\VWHP HIILFLHQF\ >��@� )XUWKHUPRUH� WKH SHUIRUPDQFH
RI WKH DFTXLUHG V\VWHP LV FRPSDUHG WR DQ H[DPSOH IURP LQGXVWU\� WKH +\3URYLGH $�� IURP *UHHQ +\�
GURJHQ 6\VWHPV >��@� 7DEOH ��� VKRZV WKH FKDUDFWHULVWLF SURSHUWLHV RI WKH WKUHH HYDOXDWHG V\VWHPV�
+RZHYHU� ERWK WKH V\VWHP HYDOXDWHG LQ WKH ZRUN RI -DQJ HW DO� DQG WKH +\3URYLGH $�� DUH FRQVLGHUDEO\
GLIIHUHQW IURP WKH DFTXLUHG V\VWHP� WKH +\3URYLGH V\VWHP RSHUDWHV DW ��EDU DQG KDV D VLJQLILFDQWO\
ODUJHU ്ኼ�SURGXFWLRQ IRU H[DPSOH� $V RQH FDQ VHH LV =()¶V V\VWHP FRPSDUDEOH LQ WHUPV RI SRZHU FRQ�

&RPSDULVRQ DW ��� ORDG FRQGLWLRQV� ���P$ FPዅ� LQ =()¶V V\VWHP DQG -DQJ HW DO�>��@

3DUDPHWHU 8QLW =() +\3URYLGH -DQJ HW DO�>��@
3UHVVXUH EDU �� �� ��

7HPSHUDWXUH �& �� � ��
്ኼ�3URGXFWLRQ UDWH 1Pኽ Kዅኻ ����� � ��ዅኽ �� �����
്ኼ�3URGXFWLRQ UDWH NJKዅኻ ���� � ��ዅኽ ��� ����
$YHUDJH FHOO YROWDJH 9 ����� � ����
3RZHU FRQVXPSWLRQ N:K�1Pኽ ���� ���� ����
(IILFLHQF\ �++9� � ���� ���� ����

&RPSDULVRQ DW ���� ORDG FRQGLWLRQV� ���P$ FPዅ� LQ =()¶V V\VWHP DQG -DQJ HW DO�>��@

3DUDPHWHU 8QLW =() +\3URYLGH -DQJ HW DO�>��@
3UHVVXUH EDU �� �� ��

7HPSHUDWXUH �& �� � ��
്ኼ�3URGXFWLRQ UDWH 1Pኽ Kዅኻ ����� � ��ዅኽ �� �����
്ኼ�3URGXFWLRQ UDWH NJKዅኻ ���� � ��ዅኽ ��� ����
$YHUDJH FHOO YROWDJH 9 ���� � ����
3RZHU FRQVXPSWLRQ N:K�1Pኽ ���� ���� ����
(IILFLHQF\ �++9� � ���� ���� ����

7DEOH ���� (IILFLHQF\ DQG SRZHU FRQVXPSWLRQ EHQFKPDUNV� =()¶V HOHFWURO\VLV V\VWHP FRPSDUHG WR VWDWH�RI�WKH�DUW SUHVVXULVHG
DONDOLQH HOHFWURO\VLV V\VWHPV� 2QH EHQFKPDUN LV WDNHQ IURP LQGXVWU\� +\3URYLGH�$�� E\ *UHHQ +\GURJHQ 6\VWHPV>��@� 2QH
EHQFKPDUN LV WDNHQ IURP OLWHUDWXUH� LQ ���� -DQJ HW� SXEOLVKHG DQ HODERUDWH PRGHOOLQJ VWXG\ RI DONDOLQH HOHFWURO\VLV XQGHU

RSHUDWLQJ FRQGLWLRQV FRUUHVSRQGLQJ WR ኻኺኺP$FPᎽᎴ WR ኼኺኺP$FPᎽᎴ�

VXPSWLRQ DQG HIILFLHQF\� 7KH UHODWLYHO\ VPDOO VFDOH RI =()¶V HOHFWURO\VLV LV DOVR GLUHFWO\ UHIOHFWHG LQ WKH
WDEOH� DOPRVW D IDFWRU ���� VPDOOHU LQ WHUPV RI SURGXFWLRQ UDWH LQ FRPSDULVRQ WR WKH EHQFKPDUN V\V�
WHPV� ,Q DGGLWLRQ WR WKH PRUH HODERUDWH FRPSDULVRQ SUHVHQWHG LQ 7DEOH ���� DQ DGGLWLRQDO FRPSDULVRQ
FRQVLGHULQJ SRZHU FRQVXPSWLRQV RQO\ DQG FRPPHUFLDOO\ DYDLODEOH DONDOLQH HOHFWURO\VHUV FDQ EH VHHQ
LQI )LJXUH ����� 6WDUWLQJ IURP )LJXUH ����� LW FDQ EH VHHQ WKDW WKH DFTXLUHG V\VWHP �OHIWPRVW EDU� KDV
D FRPSDUDEOH SRZHU FRQVXPSWLRQ DV FRPPHUFLDOO\ DYDLODEOH V\VWHPV� +RZHYHU� RQO\ FRPSDULVRQ RI D
UDWKHU JHQHULF PHWULF LV GLVSOD\HG DQG UHOHYDQW GHWDLOV RI WKH V\VWHPV DUH QRW H[SUHVVHG� )RU H[DPSOH�
ZKHWKHU VWDFN SRZHU RQO\� RU %R3 SRZHU LV DOVR LQFOXGHG LQ WKH SRZHU FRQVXPSWLRQ� ,Q WKH VWXG\ RI
-DQJ HW DO�� WKH SRZHU FRQVXPSWLRQ RI WKH %R3 LV DQDO\VHG VHSDUDWHO\� ,Q 7DEOH ���� RQO\ WKH VWDFN
SRZHU FRQVXPSWLRQ DQG HIILFLHQF\ DUH FRPSDUHG� &RPSDULVRQ RI %R3 SRZHU FRQVXPSWLRQ GHSHQGV
ODUJHO\ RQ WKH GHILQLWLRQ RI WKH %R3 DQG ZLWK WKDW ZKDW LV FRQVLGHUHG WR EH SDUW RI WKH %R3 DQG ZKDW QRW�
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)LJXUH ����� 3RZHU FRQVXPSWLRQ H[SUHVVHG LQ NLOR ZDWW KRXU SHU QRUPDO FXELF PHWHU� WKH OHIWPRVW EDU UHSUHVHQWV WKH SRZHU
FRQVXPSWLRQ RI =()¶V HOHFWURO\VLV V\VWHP DW DW FXUUHQW GHQVLW\ RI ኻ኿ኺP$FPᎽᎴ� 7KH RWKHU EDUV UHSUHVHQW WKH SRZHU

FRQVXPSWLRQ RI DONDOLQH HOHFWURO\VHUV LQ LQGXVWU\� YDOXHV REWDLQHG IURP UHIHUHQFHV LQ RUGHU RI DSSHDUDQFH� >��� ��� ��� ��� ���
��� ��� ��@

%HVLGHV� WKH H[DFW SRZHU FRQVXPSWLRQ RI DOO HOHFWURQLFV LV =()¶V HOHFWURO\VLV V\VWHP LV QRW GHWHUPLQHG
DQG SRVVLEO\ GLIIHU VXEVWDQWLDOO\ IURP WKH ILQDO SURGXFW� EHFDXVH WKH FXUUHQW VHWXS KDV D QXPEHU RI VHQ�
VRUV LPSOHPHQWHG IRU UHVHDUFK LQ FRQWUDVW WR WKH ILQDO SURGXFW ZKLFK KDV WR EH PRUH FRVW�HIIHFWLYH >��@�
7KHUHIRUH� %R3 SRZHU FRQVXPSWLRQ LV FRQVLGHUHG QRW VXLWDEOH IRU FRPSDULVRQ LQ WKLV VWDJH RI =()¶V
HOHFWURO\VLV V\VWHP DQG LV WKHUHIRUH QRW LQFOXGHG�
7R FRPSOHWH WKH SHUVSHFWLYH RQ =() LQ UHODWLRQ WR LQGXVWU\ DQG OLWHUDWXUH� D GHWDLOHG OLIH F\FOH DVVHVV�
PHQW� %R3 SRZHU FRQVXPSWLRQ GHWHUPLQDWLRQ DQG FRVW DQDO\VLV LV UHFRPPHQGHG�

������ 8QH[SHFWHG ILQGLQJV
,Q WKH H[SHULPHQWDWLRQ SKDVH� GLIIHUHQW XQIRUHVHHQ ILQGLQJV KDYH EHHQ GRQH DQG WKH PRVW UHOHYDQW
DUH GHVFULEHG LQ WKLV VXEVHFWLRQ� 2WKHU XQH[SHFWHG ILQGLQJV DUH FRQVLGHUHG LUUHOHYDQW LQ YLHZ RI =()¶V
GHVLUHG HOHFWURO\VLV VHWXS RU WKH VFLHQWLILF UHSRUWLQJ RI WKH V\VWHP FKDUDFWHULVWLFV DQG DUH WKHUHIRUH
QRW LQFOXGHG LQ WKLV UHVHDUFK� 7KH ILQGLQJV DUH UHSRUWHG FKURQRORJLFDOO\� EHFDXVH VSHFLILF DGGLWLRQDO
YHULILFDWLRQ H[SHULPHQWV RU LPSRVHG VROXWLRQV OHG WR RWKHU UHOHYDQW ILQGLQJV� 7KH ILQGLQJV DUH VWUXFWXUHG
DV IROORZV� ILUVW� WKH QRWDEOH REVHUYDWLRQV DUH VWDWHG ZKLFK OHG WR IXUWKHU LQYHVWLJDWLRQ� 6HFRQGO\� D
SRVVLEOH H[SODQDWLRQ IRU WKH IRXQG REVHUYDWLRQ LV SUHVHQWHG� ,Q DGGLWLRQ� YHULILFDWLRQ RI WKH SURSRVHG
H[SODQDWLRQ LV GHVFULEHG� LI DSSOLFDEOH� /DVWO\� UHFRPPHQGDWLRQV DUH IRUPXODWHG VXFK WKDW WKH GHVFULEHG
SKHQRPHQRQ FDQ EH FRQVLGHUHG LQ WKH GHVLJQ RI IXWXUH JHQHUDWLRQV RI =()¶V HOHFWURO\VLV V\VWHP�

3UHVVXUH %RRVWHU 3ULPLQJ LVVXHV
2EVHUYDWLRQ � �� 7KH SUHVVXUH ERRVWHU VKRZHG GLIILFXOWLHV GXULQJ LQVWDOODWLRQ� EXEEOHV VWXFN LQ WKH FRP�
SUHVVLRQ FKDPEHUV DQG LW ZDV QRW DEOH WR EXLOG XS SUHVVXUH� �� 2QFH WKH SUHVVXUH ERRVWHU ZDV SULPHG
LW VKRZHG GLIILFXOWLHV VLPLODU WR WKH DIRUHPHQWLRQHG SULPLQJ LVVXHV� EXW DIWHU D ORQJ SHULRG RI VPRRWK
RSHUDWLRQ� %XEEOHV ZHUH REVHUYHG LQ WKH ILOWHU ULJKW RQ WKH ORZ SUHVVXUH VLGH RI WKH SUHVVXUH ERRVWHU�
,Q DGGLWLRQ WR WKDW� D SUHVVXUH LQFUHDVH IURP ���EDU WR ���EDU RYHUQLJKW ZDV REVHUYHG ZKLOH WKH VWDFN
ZDV WXUQHG RII�
([SODQDWLRQ � �� 7KH SUHVVXUH ERRVWHU LV WDNHQ IURP D SUHVVXUH ZDVKHU ZLWK D VLJQLILFDQWO\ YROXPHWULF
IORZ UDWH DQG D PRWRU ZLWK D KLJKHU URWDWLRQDO VSHHG WKDQ DSSOLHG LQ WKH HOHFWURO\VLV V\VWHP� 3RVVLEO\�
WKH LQWHUQDO FKHFN YDOYHV OHDN DQG WKHUHIRUH ORRVH WKH DELOLW\ WR EXLOG XS SUHVVXUH DW YHU\ ORZ YROXPHWULF
IORZ UDWHV� �� $ ILUVW SRVVLEOH H[SODQDWLRQ FRPSUHKHQGV D OHDNLQJ FKHFN YDOYH RQ WKH KLJK SUHVVXUH

&RQILGHQWLDO



�� �� 5HVXOWV 	 'LVFXVVLRQ

VLGH� :LWK D OHDNLQJ FKHFN YDOYH� HOHFWURO\WH ��� ZW� .2+ VROXWLRQ� OHDNV LQWR WKH DOXPLQLXP SUHVVXUH
ERRVWHU ZKLFK VXEVHTXHQWO\ FRUURGHV� VHH )LJXUH ����D� ,Q WKLV FRUURVLRQ SURFHVV� K\GURJHQ JDV LV
SURGXFHG DQG DOXPLQLXP LV R[LGLVHG WR DOXPLQLXP K\GUR[LGH� 6XEVHTXHQWO\� WKH IRUPHG K\GURJHQ JDV
LQ WKH SUHVVXUH ERRVWHU RSSRVHV WKH LQLWLDOO\ SULPHG VWDWH RI WKH SUHVVXUH ERRVWHU�

)LJXUH ����� &RUURGHG SUHVVXUH ERRVWHU� SLFWXUH WDNHQ IURP WKH KLJK SUHVVXUH VLGH�
$OXPLQLXP K\GUR[LGH FDQ EH VHHQ LQ WKH KLJK SUHVVXUH OLQH LWVHOI� LQGLFDWHG E\ WKH XSSHU UHG

DUURZV DQG RQ WKH FRXSOLQJ WR ZKLFK LW LV DWWDFKHG� LQGLFDWHG E\ WKH ORZHU UHG DUURZ�

)LJXUH ����� $ VDPSOH WDNHQ IURP
WKH OLTXLG RQ WKH KLJK SUHVVXUH
VLGH� 7KH ZKLWH�JUH\ FRORXU
RULJLQDWHV IURP WKH IRUPHG

DOXPLQLXP K\GUR[LGH � ፀ፥�ፎፇ�Ꮅ�
DQ LQWHUPHGLDWH SURGXFW RI WKH

FRUURVLRQ RI DOXPLQLXP LQ DONDOLQH
PHGLD� S+ ����

9HULILFDWLRQ � �� 7KH SULPLQJ LVVXHV DUH VROYHG E\ PDQXDOO\ ORRVHQLQJ WKH EXEEOHV E\ KLWWLQJ WKH SUHV�
VXUH ERRVWHU� LQGLFDWLQJ WKDW LQGHHG WKH EXEEOHV DUH FDXVLQJ WKH LQLWLDO SULPLQJ LVVXHV� 6HFRQGO\� DQ�
RWKHU PRWRU� ZLWK KLJKHU URWDWLRQDO VSHHG� LV WHVWHG DQG SUHVVXUH ZDV LQGHHG EXLOW XS UDSLGO\ DW D KLJKHU
530� DSSUR[LPDWHO\ ��� 530 VXIILFHV WR EXLOG XS SUHVVXUH� �� 7KH SUHVVXUH ERRVWHU LV RSHQHG DQG D
ODUJH GHSRVLWLRQ ZDV IRXQG� VHH )LJXUH ����� $V RQH FDQ VHH LQ )LJXUH ����� WKH OLTXLG LQVLGH WKH KLJK
SUHVVXUH OLQH ZDV JUH\�ZKLWH FRORXUHG DQG D S+ RI ���� ZDV PHDVXUHG� LQGLFDWLQJ DQ DONDOLQH VROXWLRQ
ZKLFK FDQ EH H[SODLQHG E\ HOHFWURO\WH UHDFKLQJ WKH SUHVVXUH ERRVWHU� 7KH JUH\�ZKLWH FRORXU LQGLFDWHV
WKH SUHVHQFH RI DOXPLQLXP K\GUR[LGH VDOW � െ൪�ൔ്�ኽ ZKLFK LV DQ LQWHUPHGLDWH SURGXFW LQ DOXPLQLXP
FRUURVLRQ LQ DONDOLQH VROXWLRQV ZLWK D OLPLWHG VROXELOLW\ >���� ��@� 7KH RYHUDOO UHDFWLRQ HTXDWLRQ �ZLWKRXW
LQWHUPHGLDWH VWHSV� RI DOXPLQLXP FRUURVLRQ LQ DONDOLQH PHGLD FDQ EH VHHQ LQ (TXDWLRQ ��� DQG LV EDVHG
RQ WKH ZRUN RI =KDQJ HW DO�>���@ DQG 3\XQ HW DO�>��@���

െ൪ � �്ኼൔ � ൔ്ዅ ૞ െ൪�ൔ്�ዅኾ �
�
�
്ኼ $OXPLQLXP FRUURVLRQ LQ DONDOLQH PHGLD �����

7KH ,&3 UHVXOWV RI WKH OLTXLG LQVLGH WKH KLJK SUHVVXUH OLQH RI WKH SUHVVXUH ERRVWHU� GHSLFWHG LQ )LJ�
XUH ����� VKRZHG D ODUJH GLVVROYHG DOXPLQLXP FRQWHQW� DSSUR[LPDWHO\ ��� SSP� ,Q DGGLWLRQ� WKH FKHFN
YDOYHV ZHUH WHVWHG VHSDUDWHO\ ERWK DW KLJK SUHVVXUH GLIIHUHQFHV DQG ORZ SUHVVXUH GLIIHUHQFH DFURVV WKH
FKHFN YDOYH� $ SRVVLEOH FKHFN YDOYH OHDNDJH ZDV QRW GHWHFWHG�
5HFRPPHQGDWLRQ � �� $ VLPSOH VROXWLRQ WR WKH SULPLQJ LVVXHV LV WR LQVWDOO D PRWRU ZLWK D KLJKHU URWD�
WLRQDO VSHHG� ,I WKH VDPH SXPS LV XVHG� WKH UHVXOWLQJ KLJKHU YROXPHWULF IORZ UDWH FDQ EH FRPSHQVDWHG
E\ D VKRUWHU ILOOLQJ GXUDWLRQ� �� 7KH ZDWHU OLQH IURP WKH SUHVVXUH ERRVWHU WR WKH V\VWHP LV URXWHG GLIIHU�
HQWO\� VHH )LJXUH ����E� ,QVWHDG RI UHSOHQLVKLQJ ZDWHU DW WKH ERWWRP RI WKH SUHVVXUH HTXDOLVDWLRQ WXEH�
WKH WRS OHYHO VHQVRU RQ WKH K\GURJHQ VLGH LV UHSODFHG E\ D WXEH FRQQHFWHG WR WKH KLJK SUHVVXUH VLGH RI
WKH SUHVVXUH ERRVWHU� ,Q WKLV FRQILJXUDWLRQ� ZDWHU LV UHSOHQLVKHG LQ WKH JDV SKDVH LQ WKH K\GURJHQ WDQN�
VXFK WKDW WKH ZDWHU OLQH DQG WKH HOHFWURO\WH GR QRW ORQJHU PDNH FRQWDFW�
��,Q ZKLFK WKH R[\JHQ FRQWHQW LV DVVXPHG WR EH QHJOLJLEOH LQ WKH HOHFWURO\WH VROXWLRQ DW WKH DOXPLQLXP VXUIDFH� ,Q WKH SUHVHQFH
RI R[\JHQ� DQ R[\JHQ UHGXFWLRQ UHDFWLRQ WDNHV SODFH LQ DGGLWLRQ WR WKH ZDWHU UHGXFWLRQ WR K\GURJHQ>��@
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1RW LQFOXGHG IRU FRS\ULJKW UHDVRQV

2OGB)LOOLQJ�GUDZLR�SQJ

�D� 2ULJLQDO GHVLJQ� ZDWHU LV UHSOHQLVKHG DW WKH ERWWRP RI
WKH GRZQFRPHU WXEH� /HDNDJH WKURXJK WKH FKHFN YDOYH
FRXOG KDYH OHG WR WKH REVHUYHG FRUURVLRQ RI WKH SUHVVXUH
ERRVWHU DQG WKH DONDOLQH VROXWLRQ IRXQG LQ WKH SUHVVXUH

ERRVWHU�

1RW LQFOXGHG IRU FRS\ULJKW UHDVRQV

1HZB)LOOLQJ�GUDZLR�SQJ

�E� $GDSWHG ZDWHU UHSOHQLVKPHQW� ,Q WKLV FRQILJXUDWLRQ WKH ZDWHU OLQH DQG WKH
HOHFWURO\WH DUH QRW VHSDUDWHG E\ D FKHFN YDOYH SURQH WR OHDNLQJ� EXW E\ D JDV
SKDVH� ,Q WKLV FRQILJXUDWLRQ� HOHFWURO\WH UHDFKLQJ WKH SUHVVXUH ERRVWHU LV

DYRLGHG�

)LJXUH ����� 6FKHPDWLF UHSUHVHQWDWLRQ RI WZR GLIIHUHQW ZDWHU UHSOHQLVKPHQW URXWLQJV� 7KH RULJLQDO GHVLJQ �OHIW� DQG WKH DGDSWHG
GHVLJQ �ULJKW��

6SLOOLQJ DFFLGHQW 1RYHPEHU ��፭፡ ����
2EVHUYDWLRQ � �� 'XULQJ ZDWHU UHSOHQLVKPHQW� WKH OHYHO VHQVRUV �RQ WKH ERWWRP DQG LQ WKH PLGGOH RI
WKH WDQN� RQ WKH K\GURJHQ VLGH GLG QRW VKRZ D ORZ YDOXH FRUUHVSRQGLQJ WR D ZHW OHYHO VHQVRU EXW FRQ�
WLQXHG WR VKRZ D KLJK YDOXH� FRUUHVSRQGLQJ WR D GU\ OHYHO VHQVRU� 2Q WKH R[\JHQ VLGH KRZHYHU� WKH
FRUUHVSRQGLQJ OHYHO VHQVRUV VKRZHG YDOXHV DV H[SHFWHG� ILUVW WKH ERWWRP OHYHO VHQVRU EHFDPH ZHW DQG
VXEVHTXHQWO\ WKH PLGGOH OHYHO VHQVRU� $ORQJVLGH� SUHVVXUH RQ ERWK VLGHV LQFUHDVHG GXULQJ WKH H[FHV�
VLYH ILOOLQJ� LQGLFDWLQJ DQ LQFUHDVH LQ OLTXLG YROXPH� FRUUHVSRQGLQJ WR D FRPSUHVVLRQ RI WKH JDVVHV� ��
$IWHU VZLWFKLQJ RQ WKH V\VWHP IRU D VHFRQG� WKH K\GURJHQ OHYHO VHQVRUV GLG VKRZ ORZ YROWDJH YDOXHV�
FRUUHVSRQGLQJ WR ZHW OHYHO VHQVRUV� 6XEVHTXHQWO\� WKH V\VWHP WXUQHG RXW WR EH RYHUILOOHG DQG WKHUHIRUH
DQ HOHFWURO\WH YROXPH ZDV GUDLQHG DW DWPRVSKHULF SUHVVXUH� 7KH OHYHO VHQVRUV RQ WKH R[\JHQ VLGH
DJDLQ VKRZ YDOXHV DV H[SHFWHG� ILUVW WKH PLGGOH VHQVRU DQG VXEVHTXHQWO\ WKH ERWWRP VHQVRU EHFDPH
GU\� 7KH K\GURJHQ VLGH KRZHYHU UHPDLQHG DW ORZ YROWDJHV� FRUUHVSRQGLQJ WR ZHW OHYHO VHQVRUV� 5H�
PRYDO RI D OHYHO VHQVRU RQ WKH K\GURJHQ VLGH OHG WR D VSLOODJH RI WUDQVSDUHQW� XQFRORXUHG OLTXLG�
([SODQDWLRQ � %RWK REVHUYDWLRQV FDQ EH H[SODLQHG E\ VWUDWLILFDWLRQ RI ZDWHU RQ WRS RI WKH HOHFWURO\WH�
EHFDXVH ZDWHU KDV D VLJQLILFDQWO\ ORZHU GHQVLW\ ������ JP/ዅኻ� WKDQ WKH HOHFWURO\WH� �� ZW� .2+ VR�
OXWLRQ ������ JP/ዅኻ >��@� DQG WKH SRRU FRQGXFWDQFH RI GHPL ZDWHU LQ FRPSDULVRQ WR WKH HOHFWURO\WH�
&RQGXFWLRQ WKURXJK WKH OLTXLG LV HVVHQWLDO WR OHYHO GHWHFWLRQ RI WKDW OLTXLG XVLQJ WKH SDUWLFXODU OHYHO VHQ�
VRUV DV H[SODLQHG LQ VXEVHFWLRQ &����� 7KH VKRUW GXUDWLRQ RI VWDFN RSHUDWLRQ LQ EHWZHHQ REVHUYDWLRQ
� DQG � PL[HG WKH ZDWHU VWUDWLILFDWLRQ HQRXJK WR UHFRYHU WKH FRQGXFWDQFH WKURXJKRXW WKH ZDWHU OD\HU�
+RZHYHU� WKH GHQVLW\ GLIIHUHQFH EHWZHHQ WKH ZDWHU OD\HU DQG WKH HOHFWURO\WH UHPDLQHG DQG H[SODLQV WKH
GLIIHUHQFH LQ OHYHOV PHDVXUH E\ WKH OHYHO VHQVRU RQ K\GURJHQ DQG R[\JHQ VLGH DQG WKH VSLOO DFFLGHQW�
7KH VWUDWLILFDWLRQ LV GHSLFWHG VFKHPDWLFDOO\ LQ )LJXUH �����
9HULILFDWLRQ � $Q HODERUDWH YHULILFDWLRQ RI WKH DIRUHPHQWLRQHG H[SODQDWLRQ LV QRW H[HFXWHG� $OWKRXJK�
WKH DIRUHPHQWLRQHG VSLOO DFFLGHQW VKRZHG FRKHUHQFH WR WKH JLYHQ H[SODQDWLRQV� WKH VSLOOHG OLTXLG GLG
QRW OHDYH VDOW GHSRVLWV DQG GLG QRW GLVFRORXU SDSHU WRZHO� %RWK REVHUYDWLRQV GR QRW DSSO\ WR HOHFWURO\WH
VSLOO� ,Q OLJKW RI WKH YROXPH RI VSLOOHG OLTXLG DQG WKH FLUFXPVWDQFHV RI WKH VSLOO DFFLGHQW� S+ PHDVXUHPHQW
ZDV GHHPHG XQIHDVLEOH�
5HFRPPHQGDWLRQ � 7R DYRLG WKH VWUDWLILFDWLRQ DQG PDOIXQFWLRQLQJ OHYHO VHQVRUV� PXOWLSOH VROXWLRQ VXI�
ILFH� )LUVWO\� ZDWHU UHSOHQLVKPHQW RQO\ GXULQJ VWDFN RSHUDWLRQ VHFXUHV PL[LQJ DQG SUHYHQWV WKH VWUDWLIL�

&RQILGHQWLDO



�� �� 5HVXOWV 	 'LVFXVVLRQ

1RW LQFOXGHG IRU FRS\ULJKW UHDVRQV

VSLOOHYHQW�����������GUDZLR�SQJ

)LJXUH ����� 6WUDWLILFDWLRQ RI ZDWHU RQ WRS RI WKH UHODWLYHO\ PRUH
GHQVH HOHFWURO\WH� ,Q WKLV FRQILJXUDWLRQ� ZDWHU LV UHSOHQLVKHG LQ WKH

K\GURJHQ JDV SKDVH WR DYRLG SUHVVXUH ERRVWHU FRUURVLRQ� ,W
GHPRQVWUDWHV WKDW D GHQVLW\ GLIIHUHQFH EHWZHHQ SXUH ZDWHU DQG
HOHFWURO\WH UHVXOWV LQ GLIIHUHQW OHYHOV RQ WKH K\GURJHQ DQG R[\JHQ

VLGH�

)LJXUH ����� 'LIIHUHQFH RI ZHLJKW SHUFHQWDJH RI WKH
HOHFWURO\WH EHWZHHQ WKH K\GURJHQ DQG R[\JHQ VLGH DV D

IXQFWLRQ RI WKH KHLJKW GLIIHUHQFH� $ FRQFHQWUDWLRQ
GLIIHUHQFH EHWZHHQ WKH WZR VLGHV FDQ EH GHWHUPLQHG
LQGLUHFWO\ E\ PHDVXULQJ WKH OLTXLG OHYHO GLIIHUHQFH� 7KH

ZHLJKW SHUFHQWDJH GLIIHUHQFH LV GHILQHG DV
ጂ፰፭�ፊፎፇ ዆ ፰፭�ፊፎፇᐿᎴ ዅ ፰፭�ፊፎፇᑆᎴ DQG WKH OLTXLG

OHYHO GLIIHUHQFH LV GHILQHG DV ጂ፡ ዆ ፡ᑆᎴ ዅ ፡ᐿᎴ

FDWLRQ� 6HFRQGO\� UHYHUWLQJ WKH URXWLQJ RI WKH ZDWHU UHSOHQLVKPHQW OLQH WR WKH ERWWRP RI WKH GRZQFRPHU
DQG WKH XVH RI IXQFWLRQLQJ FKHFN YDOYHV DYRLGV VWUDWLILFDWLRQ LQGHSHQGHQW IURP VWDFN RSHUDWLRQ�
1HYHUWKHOHVV� WKH VSLOOLQJ DFFLGHQW SRLQWV RXW DQ XQIRUHVHHQ� EXW SRVVLEO\ UHOHYDQW IHDWXUH RI WKH FXU�
UHQW V\VWHP� DQ DYHUDJH FRQFHQWUDWLRQ GLIIHUHQFH EHWZHHQ WKH HOHFWURO\WH RQ WKH K\GURJHQ DQG R[\JHQ
VLGH FDQ EH GHWHUPLQHG LQGLUHFWO\� 'XH WR WKH PXOWLSOH OHYHO VHQVRUV DQG GXH WR WKH IDFW WKDW D ൐ൔ്�
FRQFHQWUDWLRQ GLIIHUHQFH FRUUHVSRQGV WR D GHQVLW\ GLIIHUHQFH DQG FRQVHTXHQWO\ D OHYHO KHLJKW GLIIHUHQFH�
7KH PHDVXUHG OLTXLG OHYHO GLIIHUHQFH FDQ EH XVHG WR GHWHUPLQH WKH FRQFHQWUDWLRQ GLIIHUHQFH XVLQJ D
IRUFH EDODQFH� (TXDWLRQ ���� DQG DVVXPLQJ WKDW WKH ZHLJKWHG DYHUDJH RI WZR GHQVLWLHV LV HTXDO WR WKH
GHQVLW\ RI �� ZW� ൐ൔ്�VROXWLRQ� GHQRWHG DV ဃ፞፥� ZKLFK LV HVVHQWLDOO\ D PDVV EDODQFH� (TXDWLRQ ����

ဃ፞፥�ፇᎴ ॲ ൦ ॲ ߶ፇᎴ  ဃ፞፥�ፎᎴ ॲ ൦ ॲ ߶ፎᎴ )RUFH %DODQFH �����

ဃ፞፥  
൛፞ ፥�ፇᎴ ॲ ဃ፞፥�ፇᎴ � ൛፞ ፥�ፎᎴ ॲ ဃ፞፥�ፎᎴ

൛፞ ፥�ፇᎴ � ൛፞ ፥�ፎᎴ
0DVV %DODQFH �����

,Q )LJXUH ����� D JUDSKLFDO UHSUHVHQWDWLRQ RI WKH WZR JRYHUQLQJ HTXDWLRQV FDQ EH VHHQ DQG D OHYHO
GLIIHUHQFH FDQ EH OLQNHG WR D FRQFHQWUDWLRQ GLIIHUHQFH� 7KH UHOHYDQFH RI WKLV IHDWXUH HPHUJHV IURP WKH
SRVVLELOLW\ RI FUHDWLQJ FRQFHQWUDWLRQ GLIIHUHQFHV RYHU WLPH DQG LWV LPSOLFDWLRQV� $ SRVVLEOH VRXUFH RI
FRQFHQWUDWLRQ GLIIHUHQFH LV FRQWLQXRXV RSHUDWLRQ IRU D UHODWLYHO\ ORQJ WLPH� LQ ZKLFK ZDWHU LV FRQVXPHG
LQ WKH FDWKRGLF K\GURJHQ VLGH �LQFUHDVLQJ WKH ൐ൔ്�FRQFHQWUDWLRQ RQ WKH K\GURJHQ VLGH� DQG FUHDWLQJ
ZDWHU DW WKH R[\JHQ VLGH �GHFUHDVLQJ WKH ൐ൔ്�FRQFHQWUDWLRQ�� DV FDQ EH VHHQ LQ WKH KDOI UHDFWLRQV�
(TXDWLRQ ��� DQG (TXDWLRQ ���� 'HYLDWLRQ IURP WKH �� ZW�൐ൔ് RSWLPXP SRVVLEO\ OHDGV WR ORVV RI
HIILFLHQF\� ,Q OLWHUDWXUH� WKLV FRQFHQWUDWLRQ JUDGLHQW LQ WKH HOHFWURO\WH LV SXW IRUZDUG DV DQ DUJXPHQW WR
XVH PL[HG HOHFWURO\WH F\FOHV� GHVSLWH WKH DFFRPSDQ\LQJ LQFUHDVHG FURVVRYHUV >��� ��@�

&RQILGHQWLDO



���� *HQHUDO &KDUDFWHULVWLFV 	 8QH[SHFWHG )LQGLQJV ��

(OHFWURO\WH 0LVW
2EVHUYDWLRQ � �� $IWHU FRQWLQXRXV RSHUDWLRQ� WKH SUHVVXUH ERRVWHU ZDV LQ DQ XQSULPHG VWDWH HQ EXE�
EOHV ZHUH YLVLEOH LQ WKH IXHO ILOWHU RQ WKH ORZ SUHVVXUH VLGH� �� 7KH SRO\FDUERQDWH GHJDVVHU WXEH ZDV
EXUVW DV FDQ EH VHHQ LQ )LJXUH ���� DQG OHDNHG� ,Q )LJXUH ����� D FORVH XS RI WKH ERWWRP SDUW RI WKH
GHJDVVHU WXEH FDQ EH VHHQ� LQ ZKLFK PRUH DQG VPDOOHU FUDFNV FDQ EH VHHQ� �� 7KH ZDWHU OHIW LQ WKH
FUDFNHG GHJDVVHU WXEH KDG D S+ RI ��� LQGLFDWLQJ DQ DONDOLQH VROXWLRQ�

1RW LQFOXGHG IRU FRS\ULJKW UHDVRQV

'HJDVVHUBEXUVW�MSJ

)LJXUH ����� ,PDJH RI WKH EXUVW
GHJDVVHU� WKH FUDFN LV ORFDWHG DQ

DSSUR[LPDWH ዁ FP IURP WKH GHJDVVHU
ERWWRP� FORVH WR WKH DLU VWRQH

WKRURXJK ZKLFK WKH R[\JHQ� DQG
HOHFWURO\WH PLVW� HQWHUV WKH GHJDVVHU�

)LJXUH ����� $ FORVH�XS RI WKH ERWWRP SDUW RI WKH FUDFNHG GHJDVVHU
GHSLFWHG LQ )LJXUH ����� VHYHUDO VPDOO FUDFNV DQG GDPDJH DUH YLVLEOH

([SODQDWLRQ � $OO WKUHH REVHUYDWLRQV FDQ EH H[SODLQHG E\ HOHFWURO\WH UHDFKLQJ WKH GHJDVVHU WXEH
WKURXJK WKH OLQH FRQQHFWLQJ WKH R[\JHQ EXIIHU WDQN DQG WKH GHJDVVHU ERWWRP� 3RO\FDUERQDWH GHJUDGHV
LQ DONDOLQHPHGLD� ZKLFK FRXOG OHDG WR WKH REVHUYHG FUDFN >��@�7KH HQWHULQJ RI HOHFWURO\WH LQ WKH GHJDVVHU
LV FRQVLGHUHG WR KDYH WZR SRVVLEOH URRW FDXVHV� )LUVWO\� LW KDV EHHQ REVHUYHG GXULQJ FRPPLVVLRQLQJ WKDW
WKH V\VWHP ZDV DFFLGHQWDOO\ RYHUILOOHG� SRVVLEO\ WKH HOHFWURO\WH ZDV LQMHFWHG GLUHFWO\ LQ WR WKH GHJDVVHU
RU UHVLGXHV LQ WKH R[\JHQ SXUJH OLQH KDYH EHHQ WUDQVSRUWHG WR WKH GHJDVVHU E\ WKH SXUJHG R[\JHQ� $
VHFRQG H[SODQDWLRQ FDQ IRXQG LQ ZKDW LV UHIHUUHG WR DV HOHFWURO\WH PLVW� VPDOO GURSOHWV OHDYLQJ WKH EXIIHU
WDQN DQG HQGLQJ XS LQ WKH GHJDVVHU� FDUULHG E\ R[\JHQ JDV GXULQJ YDOYH RSHQLQJV�
,Q UHWURVSHFW� LW H[SODLQV WKH LQLWLDO FRUURVLRQ RI WKH SUHVVXUH ERRVWHU� 7KH UHVXOW RI WKH DIRUHPHQWLRQHG
FKHFN YDOYH OHDNLQJ WHVW ZDV QRW LQ DJUHHPHQW ZLWK WKH LQLWLDO K\SRWKHVLV RI HOHFWURO\WH OHDNLQJ WKURXJK
WKH FKHFN YDOYH�
9HULILFDWLRQ � 7KH VXUURXQGLQJV RI WKH GHJDVVHU DUH H[DPLQHG WR H[FOXGH WKH SRVVLELOLW\ RI D EHQGLQJ
PRPHQW FDXVLQJ WKH FUDFNV� 6HFRQGO\� WKH R[\JHQ SXUJH OLQH LV UHSODFHG E\ D QHZ OLQH DQG FRXSOLQJV
DUH FOHDQHG WKRURXJKO\� $ ���P/ GHPL ZDWHU VDPSOH LV FRQQHFWHG DW WR WKH R[\JHQ SXUJH OLQH DQG WKH
V\VWHP LV RSHUDWHG IRU VHYHUDO KRXUV� 'XULQJ WKH YHULILFDWLRQ H[SHULPHQW� WKH WRS OHYHO VHQVRU RQ WKH
R[\JHQ VLGH UHPDLQHG GU\� H[FOXGLQJ WKH GLUHFW HOHFWURO\WH VSLOO FDVH� S+�0HDVXUHPHQW EHIRUH DQG DIWHU
WKH VWDFN RSHUDWLRQ VKRZHG D VLJQLILFDQW LQFUHDVH� IURP � WR ����� :LWK WKH QXPEHU RI R[\JHQ SXUJHV
GXULQJ VWDFN RSHUDWLRQ� ��� DQ DYHUDJH RI ��� � ��ዅኾP/ HOHFWURO\WH HQWHULQJ WKH GHJDVVHU SHU R[\JHQ
SXUJH LV GHWHUPLQHG� 7KH FDOFXODWLRQV DUH GHSLFWHG VFKHPDWLFDOO\ LQ )LJXUH ����� 7KLV H[SHULPHQW DQG
DGGLWLRQDO FDOFXODWLRQV DUH GRQH LQ WKLV VSHFLILF VLWXDWLRQ� WKH SRVVLEOH GHSHQGHQF\ RI HOHFWURO\WH PLVW
YROXPH RQ RSHUDWLQJ FRQGLWLRQV LV QRW LQYHVWLJDWHG�

&RQILGHQWLDO



�� �� 5HVXOWV 	 'LVFXVVLRQ

)LJXUH ����� 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH FDOFXODWLRQV VWHSV WR GHWHUPLQH WKH DYHUDJH HOHFWURO\WH YROXPH WKDW HQWHUV WKH
GHJDVVHU GXULQJ R[\JHQ SXUJHV�

5HFRPPHQGDWLRQ � 7R DYRLG GDPDJLQJ WKH GHJDVVHU� SUHVVXUH ERRVWHU DQG WKH PHWKDQRO V\QWKHVLV
UHDFWRU LQ IXWXUH JHQHUDWLRQV RI =()¶V VHWXS� UHPRYDO RI HOHFWURO\WH IURP WKH SURGXFW JDVHV LV QHFHVVDU\�

)LJXUH ����� ([DPSOH RI DQ LQGXVWULDO DHURVRO ILOWHU�
&OHDQDEOH +LJK (IILFLHQF\ $HURVRO )LOWUDWLRQ 6\VWHP

�&+($)�� PDGH E\ 9HUDQWLV >��@ DQG XVHG LQ DPPRQLXP
QLWUDWH SURGXFWLRQ�

&RQVXOWDWLRQ RI OLWHUDWXUH PDQLIHVWV WKH ZLGHO\ DSSOLHG
VROXWLRQ WR WKLV XQGHVLUHG SKHQRPHQRQ� GHPLVWHU SDGV
RU JDV ZDVKHUV >��� ��� ��� ��� ��� ��� ��@� ,Q )LJ�
XUH ����� DQ H[DPSOH RI DQ DHURVRO ILOWHU IURP LQGXVWU\
LV GHSLFWHG� LQ ZKLFK WKH ILOWHUHG OLTXLG FDQ EH UHLQWUR�
GXFHG LQ SULQFLSOH� 5HFXSHUDWLRQ RI WKH VSLOOHG HOHF�
WURO\WH HQVXUHV D FRQVWDQW HOHFWURO\WH FRQFHQWUDWLRQ�
7KH LPSOHPHQWDWLRQ RI GHPLVWHUV RU JDV ZDVKHUV LV
FRQVLGHUHG WR EH SDUDPRXQW WR REWDLQ D GXUDEOH HOHF�
WURO\VLV VHWXS DQ LV WKHUHIRUH FRQVLGHUHG WR EH RQH RI
WKH PRVW LPSRUWDQW RXWFRPHV RI WKLV UHVHDUFK�

5HVLGXDO )LQGLQJV
,Q DGGLWLRQ WR WKH RSHUDWLRQDO HQYHORSH� WKH JHQHUDO
FKDUDFWHULVDWLRQ DQG WKH ILQGLQJV GHVFULEHG DERYH� DG�
GLWLRQDO ILQGLQJV� H[SHULPHQWV DQG RXWFRPHV FDQ EH
IRXQG LQ DQ DSSHQGL[ �$SSHQGL[ $� )RU H[DPSOH WKH
REVHUYHG ��� FXUUHQW GLIIHUHQFH LQ SRZHU VXSSOLHV LQ
VHFWLRQ $��� RU WKH SUHVVXUH GLIIHUHQFH WHVWV WR H[SOLF�
LWO\ FDSWXUH WKH LQIOXHQFH RI WKH FDSLOODU\ WXEHV GXULQJ
YDOYH RSHQLQJV LQ VHFWLRQ $��� $OO H[SHULPHQWV GH�
VFULEHG LQ $SSHQGL[ $ KDYH LQ FRPPRQ WKDW FRQFOX�
VLRQV FRXOG QRW KDYH EHHQ GUDZQ IURP WKH H[SHULPHQWV
DQG DUH WKHUHIRUH LQFOXGHG LQ WKH DSSHQGLFHV� ,Q DG�
GLWLRQ WR WKH DIRUHPHQWLRQHG DGGLWLRQDO H[SHULPHQWV� D
WDEOH RI UHVLGXDO ILQGLQJV FDQ EH IRXQG LQ D WDEOH LQ 7D�
EOH $��� 7KH UHVLGXDO ILQGLQJV DUH UHOHYDQW WR REWDLQ D
FRPSOHWH LPDJH RI WKH V\VWHP� EXW QHLWKHU DGGLWLRQDO
H[SHULPHQWV KDYH EHHQ FRQGXFWHG� QRU DOO H[SODQD�
WLRQV WR ILQGLQJV DUH YDOLGDWHG� 7KH UHVLGXDO ILQGLQJV
DUH FRPSOHPHQWDU\ WR WKH SUHYLRXVO\ GHVFULEHG ILQG�
LQJV�

&RQILGHQWLDO



���� (OHFWURO\WH 'HWHULRUDWLRQ ��

���� (OHFWURO\WH 'HWHULRUDWLRQ
7KH UHVXOWV RI WKH DQDO\VHG HOHFWURO\WH VDPSOHV FDQ EHH VHHQ LQ 7DEOH ���� 7KH SUHYLRXVO\ GHVFULEHG
HOHFWURO\WH PLVW KDV D VLJQLILFDQW HIIHFW RQ WKH HOHFWURO\WH GHWHULRUDWLRQ H[SHULPHQWV DV FDQ EH VHHQ
LQ WKH WDEOH GLUHFWO\� )LUVWO\� WKH LQFUHDVLQJ DOXPLQLXP FRQWHQW ZKLFK RULJLQDWHV IURP WKH FRUURVLRQ RI
WKH SUHVVXUH ERRVWHU� 6HFRQGO\� D �� ZW� ൐ൔ് VROXWLRQ FRUUHVSRQGV WR D SRWDVVLXP OHYHO RI DERXW
��� � ��ኽPJNJዅኻ� 7DEOH ��� PDQLIHVWV WKH ORVV LQ SRWDVVLXP OHYHO� HLWKHU YLD UHDFWLRQV RU YLD HOHF�
WURO\WH PLVW� 7KH SXUJLQJ RI HOHFWURO\WH PLVW GLOXWHV WKH HOHFWURO\WH� EHFDXVH HOHFWURO\WH OHDYHV WKH V\V�
WHP WKURXJK WKH FDSLOODU\ WXEHV DW DSSUR[LPDWHO\ ��� � ��ዅኾP/ SHU R[\JHQ SXUJH DQG LV UHSOHQLVKHG
ZLWK GHPLQHUDOLVHG ZDWHU� 7KHUHIRUH WKH ORVV LQ SRWDVVLXP LV QRW RQO\ GXH WR WKH GHSRVLWLRQ RI VDOWV� EXW
DOVR GXH WR JDV SXUJHV� 7KH VDPSOHV DUH WDNHQ ZLWK UHODWLYHO\ ORQJ SHULRGV RI RSHUDWLRQ LQ EHWZHHQ�
JLYHQ WKH ODUJH YDULHW\ RI RSHUDWLQJ FRQGLWLRQV �DQG WKXV YDOYH RSHQLQJ IUHTXHQF\� DQG WKH XQFHUWDLQW\
LQ WKH H[DFW YROXPH RI WRWDO VSLOOHG HOHFWURO\WH� WKH SRWDVVLXP ORVV DV D FRQVHTXHQFH RI WKH HOHFWURO\WH
PLVW FDQQRW EH GHWHUPLQHG UHOLDEO\�
7KH HOHFWURO\WH GHWHULRUDWLRQ H[SHULPHQWV DUH GLVWXUEHG LQ D VHFRQG IRUP� WKH REVHUYHG LQFUHDVH RI ൮്
LQ WKH GHJDVVHU ZDWHU LV QRW UHSUHVHQWDWLYH WR QRUPDO RSHUDWLRQ IURP D FKHPLFDO SHUVSHFWLYH� 7KH UH�
DFWLRQV EHWZHHQ ൈൔኼ� ്ൈൔዅኽ�ፚ፪� DQG K\GUR[LGH LRQV� (TXDWLRQ ��� DQG ��� KDYH D KLJKHU UHDFWLRQ UDWH
LQ FRPSDULVRQ WR WKH HTXLOLEULD UHSUHVHQWHG LQ VHFWLRQ ��� >�� ��@� &RQVHTXHQWO\� WKH FDUERQDWH OHYHO LQ
WKH IHHG ZDWHU LV KLJKHU LQ FRPSDULVRQ WR D VLWXDWLRQ ZLWK QHXWUDO IHHG ZDWHU LQ WKH GHJDVVHU� (VVHQWLDOO\
LQWURGXFLQJ D UHODWLYHO\ KLJK DPRXQW RI FDUERQDWHV LQ WKH HOHFWURO\WH� ZKLFK LQ WXUQ GLVWRUW WKH RXWFRPHV�

ൈൔኼ�ፚ፪� � ൔ്ዅ ૢ ്ൈൔዅኽ�ፚ፪� ����� ്ൈൔዅኽ�ፚ፪� � ൔ്ዅ ૢ ൈൔኼዅኽ�ፚ፪� �����

)RFXVLQJ RQ WKH WKLUG VDPSOH� ERWK WKH SRWDVVLXP OHYHO DQG GHQVLW\ RI WKH VDPSOH WDNHQ DIWHU DSSUR[L�
PDWHO\ ���K DUH GHWHUPLQHG� 6WDUWLQJ IURP WKH GHQVLW\� XVLQJ (TXDWLRQ ��� IRXQG LQ WKH ZRUN RI *LOOLDP
HW DO�>��@� GHOLYHUV D FRUUHVSRQGLQJ ZHLJKW SHUFHQWDJH RI ���� ZW� RI ൐ൔ്� ZKLFK XQGHUOLQHV WKH VLJQLI�
LFDQW HOHFWURO\WH ORVV GXH WR HOHFWURO\WH PLVW� 8QGHU WKH DVVXPSWLRQ WKDW RQO\ ZDWHU DQG ൐ൔ് IRUP WKH
HOHFWURO\WH� WKH GHWHUPLQHG ZHLJKW SHUFHQWDJH SUHVFULEHV D SRWDVVLXP OHYHO RI ������ኽPJNJዅኻ� +RZ�
HYHU 7DEOH ��� VKRZV D SRWDVVLXP OHYHO RI ��� � ��ኽPJNJዅኻ� LQGLFDWLQJ WKDW SRWDVVLXP KDV UHDFWHG
ZLWK FDUERQDWHV DQG GHSRVLWHG DV GHVFULEHG LQ VHFWLRQ ���� 7KLV H[DPSOH VKRZV WKDW DGGLWLRQDO GHQ�
VLW\ PHDVXUHPHQW JLYHV LQVLJKW LQ WKH DFWXDO HOHFWURO\WH FRQFHQWUDWLRQ DQG LV WKHUHIRUH UHFRPPHQGHG
WR LQFOXGH LQ IROORZ�XS UHVHDUFK� ,Q DGGLWLRQ WR GHQVLW\ PHDVXUHPHQWV� ൮് PHDVXUHPHQWV DQG LRQLF
FKURPDWRJUDSK\ DUH FRQVLGHUHG WR JLYH PRUH LQVLJKW LQ WKH FRPSRVLWLRQ RI WKH HOHFWURO\WH�

ဃ፞፥  െ ॲ ൤�ኺ�ኺኺዂዀॲ፰፭�� )RU ൙  �� �&� െ  ������ >��@ �����

,Q FRQFOXVLRQ� WKH HOHFWURO\WH GHWHULRUDWLRQ H[SHULPHQWV DUH GHHPHG LQFRQFOXVLYH DQG FRQILUPDWLRQ RI
DSSURSULDWH GHJDVVHU SHUIRUPDQFH UHJDUGLQJ OLPLWHG HOHFWURO\WH GHWHULRUDWLRQ E\ ൈൔኼ LV OHIW DV D UHFRP�
PHQGDWLRQ�

&RQILGHQWLDO
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$SSUR[LPDWH 2SHUDWLRQ 'XUDWLRQ
��K ��K ���K

ဃ >NJPዅኽ@ ����� �� � ��ኽ
(OHPHQW

. >PJNJዅኻ@ ������ ���� ��� � ��ኽ

$O >PJNJዅኻ@ ���� ����
1L >PJNJዅኻ@ � ���
6L >PJNJዅኻ@ ���� ���

5HPDUNV 'XULQJ SUHVVXUH $IWHU SUHVVXUH :LWKRXW GHJDVVHU
ERRVWHU FRUURVLRQ ERRVWHU FRUURVLRQ DQG SUHVVXUH ERRVWHU

7DEOH ���� 5HVXOWV RI WKH HOHFWURO\WH GHWHULRUDWLRQ H[SHULPHQWV�
7KH ILUVW WZR FROXPQV FRUUHVSRQG WR WKH ,QGXFWLYHO\ &RXSOHG 3ODVPD �,&3� DQDO\VLV RI WKH HOHFWURO\WH VDPSOHV DIWHU UHVSHFWLYHO\
ኻኺK� ZKHQ WKH HOHFWURO\WH PLVW ZDV VWLOO XQGLVFRYHUHG� DQG ኿ኺK GLUHFWO\ DIWHU WKH DIRUHPHQWLRQHG GLVFRYHU\� 7KH ODVW VDPSOH LV
WDNHQ ��� RSHUDWLRQ KRXUV DIWHU WKH HOHFWURO\WH KDV EHHQ UHIUHVKHG DQG ZLWKRXW GHJDVVHU RU SUHVVXUH ERRVWHU FRQQHFWHG� RQO\

WKH SRWDVVLXP OHYHO DQG WKH GHQVLW\ DUH GHWHUPLQHG IRU WKLV VDPSOH�

&RQILGHQWLDO



�
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���� &RQFOXVLRQV
,Q WKLV UHVHDUFK� WKH H[SHULPHQWDO FKDUDFWHULVDWLRQ RI DQ LQWHJUDWHG ��EDU DONDOLQH HOHFWURO\VLV V\VWHP
ZDV FHQWUDO� $ QHZ EDODQFH RI SODQW LV GHVLJQHG DQG UHDOLVHG WR VROYH SUREOHPV LQ WKH SUHYLRXV VHWXS
DQG WR DGG IXQFWLRQDOLWLHV� 7KH V\VWHP LV FKDUDFWHULVHG E\ PHDQV RI DQ RSHUDWLRQDO HQYHORSH� ZKLFK
GHSLFWV DO VDIH RSHUDWLQJ SRLQWV LQ WHUPV RI FXUUHQW GHQVLW\ DQG SUHVVXUH DW D JLYHQ WHPSHUDWXUH� )XU�
WKHUPRUH� WKH HOHFWURO\WH TXDOLW\ LV WHVWHG WR LQYHVWLJDWH D SRVVLEOH GHFUHDVH RI V\VWHP SHUIRUPDQFH
RYHU WLPH� 7KH UHVHDUFK TXHVWLRQV� DV GHILQHG LQ VHFWLRQ ���� DUH DQVZHUHG WKURXJKRXW WKH V\VWHP
FKDUDFWHULVDWLRQ DQG RSHUDWLRQDO HQYHORSH�

´+RZ GRHV WKH VDIH RSHUDWLRQDO HQYHORSH ORRN LQ WHUPV RI SUHVVXUH 	 FXUUHQW GHQVLW\ RI WKH
$(& V\VWHP ZLWK WKH SURSRVHG FRQFHSWXDO VROXWLRQV LPSOHPHQWHG"´

7KLV UHVHDUFK TXHVWLRQ LV DQVZHUHG E\ WKH H[SHULPHQWDOO\ GHWHUPLQHG RSHUDWLRQDO HQYHORSH� )LJXUH ����

)LJXUH ���� 7KH H[SHULPHQWDOO\ GHWHUPLQHG RSHUDWLRQDO HQYHORSH DW ዃኺ �&� 7KH WKUHH OLPLWDWLRQV HPHUJH IURP WKUHH GLIIHUHQW
SKHQRPHQD� ��� 5HODWLYH YDOYH RSHQLQJ GXW\ DV D FRQVHTXHQFH RI SXUJLQJ WKURXJK FDSLOODU\ WXEHV� ��� )ORZ VWDJQDWLRQ DV D
FRQVHTXHQFH RI D EXR\DQF\ GULYHQ HOHFWURO\WH FLUFXODWLRQ� ��� 7HPSHUDWXUH FRQWURO DV FRQVHTXHQFH RI WKH OLPLWHG FRROLQJ

FDSDFLW\ RI WKH ILQQHG WXEH KHDW H[FKDQJHU� &URVVRYHUV DUH IRXQG WR EH QRW OLPLWLQJ IRU DOO RSHUDWLQJ SRLQWV�

$Q DGGLWLRQDO SDUDPHWHU� WKH 'HJUHH RI )OH[LELOLW\� ZDV GHILQHG WR FDSWXUH WR ZKDW H[WHQW WKH V\VWHP

��



�� �� &RQFOXVLRQV 	 5HFRPPHQGDWLRQV

DOORZV WR RSHUDWH VDIHO\ XQGHU GLIIHUHQW RSHUDWLQJ FRQGLWLRQV DQG LV FDOFXODWHG E\ WKH UDWLR RI QXPEHU RI
VDIH RSHUDWLQJ SRLQWV WR WKH WRWDO QXPEHU RI SRVVLEOH RSHUDWLQJ SRLQWV WKH V\VWHP LV GHVLJQHG IRU� WKH
GHJUHH RI IOH[LELOLW\ �DW �� �&� FRUUHVSRQGV WR WKH UDWLR RI WKH DUHD PDUNHG ZLWK ¶6DIH 2SHUDWLRQ¶ WR WKH
WRWDO DUHD ERXQGHG E\ WKH KRUL]RQWDO DQG YHUWLFDO D[LV LQ )LJXUH ��� DQG KDV D YDOXH RI ������
,Q WKH GHULYDWLRQ RI WKH RSHUDWLRQDO HQYHORSH DQG WKH HYDOXDWLRQ RI WKH EDODQFH RI SODQW GHVLJQ� WKH
IROORZLQJ VXE TXHVWLRQV DUH DQVZHUHG�

7R ZKDW H[WHQW LV WKH VWDFN WHPSHUDWXUH FRQWUROODEOH"

$ ILQQHG WXEH KHDW H[FKDQJHU ZLWK FURVV�IORZ IDQV LV GHVLJQHG DQG LPSOHPHQWHG WR FRRO WKH HOHFWURO\WH
DQG WKHUHIRUH DFTXLUH WHPSHUDWXUH FRQWURO� $ IXQGDPHQWDO FKDQJH ZLWK UHVSHFW WR WKH SUHYLRXV V\VWHP
LQ ZKLFK WHPSHUDWXUH ZDV XQFRQWUROODEOH DQG DQ RXWFRPH RI WKH RWKHU RSHUDWLQJ FRQGLWLRQV� SUHVVXUH
DQG FXUUHQW GHQVLW\�
%DVHG RQ D OLPLWHG GDWD VHW� WKH WHPSHUDWXUH FRQWURO H[SHULPHQWV VKRZHG WKDW WKH OLPLWLQJ �� �& LV
UHDFKHG DW DSSUR[LPDWHO\ ���P$FPዅኼ DQG ���P$FPዅኼ FRUUHVSRQGLQJ WR RSHUDWLRQ DW � � DQG ���
� FURVV�IORZ IDQ SRZHU UHVSHFWLYHO\ DW DQ RSHUDWLQJ SUHVVXUH RI ��EDU� $ SUHVVXUH GHSHQGHQF\ RI
WKH WHPSHUDWXUH FRQWURO LV QRW IRXQG DW ORZ FXUUHQW GHQVLWLHV� UHODWLYH YDOYH RSHQLQJ GXW\ SURKLELWHG WR
WHVW WKH SUHVVXUH GHSHQGHQF\ DW KLJK FXUUHQW GHQVLWLHV� 7KH HOHFWURO\WH PDVV IORZV DUH GHULYHG IURP
WKH WHPSHUDWXUH GLIIHUHQFH RYHU WKH VWDFN IRU GLIIHUHQW FXUUHQW GHQVLWLHV� 7KH UHTXLUHG HOHFWURO\WH IORZ
LQ WKH KHDW H[FKDQJHU GHVLJQ ZDV IRXQG WR EH LQ WKH EDOO SDUN RI WKH HOHFWURO\WH PDVV IORZV IRXQG H[�
SHULPHQWDOO\� 7KH GHJUHH RI WHPSHUDWXUH FRQWURO LV GHILQHG DV D PHDVXUH WR GHVFULEH WR ZKDW H[WHQW
WKH WHPSHUDWXUH LV FRQWUROODEOH RQ WKH DYDLODEOH FXUUHQW GHQVLW\ DQG WHPSHUDWXUH GRPDLQ� LWV QXPHULFDO
YDOXH LV GHWHUPLQHG WR EH �����

:KDW LV WKH HIIHFW RI SXUJLQJ WKURXJK FDSLOODU\ WXEHV "

7KH FDSLOODU\ WXEHV DUH LPSOHPHQWHG WRJHWKHU ZLWK D FRQWURO DOJRULWKP WKDW LV GHVLJQHG WR FDOFXODWH
YDOYH RSHQLQJ WLPHV FRUUHVSRQGLQJ WR D GLVFKDUJH YROXPH FRUUHVSRQGLQJ WR D � FP HOHFWURO\WH OHYHO
GURS� DW D JLYHQ FXUUHQW GHQVLW\� SUHVVXUH DQG WHPSHUDWXUH� 7KH UHODWLYH YDOYH RSHQLQJ GXW\ �592'��
WKDW LV WKH SHUFHQWDJH RI WLPH WKH YDOYH LV RSHQHG� LV GHILQHG DV D SDUDPHWHU WR H[DPLQH VDIH RSHU�
DWLRQ� WKH RSHUDWLRQDO FRQGLWLRQV FRUUHVSRQGLQJ WR D 592' ODUJHU WKDW �� � DUH FRQVLGHUHG XQVDIH�
7KH PRGHO SUHGLFWLQJ WKH F\FOH WLPHV DQG 592' LV YDOLGDWHG DQG WKH H[SHULPHQWV VKRZ DQ DGGLWLRQDO
SUHVVXUH GURS UHVXOWLQJ LQ D VPDOOHU GLVFKDUJH YROXPH DQG D VKRUWHQHG F\FOH� 2Q WKH R[\JHQ VLGH�
ERWK DUH DWWULEXWHG WR WKH LQWHUGHSHQGHQF\ RI WKH WZR YDOYH F\FOHV� RQ WKH K\GURJHQ VLGH� WKH DGGLWLRQDO
SUHVVXUH GURS UHVXOWV LQ DQ VPDOOHU GLVFKDUJH YROXPH DQG LV FRQVLGHUHG D UHVXOW RI �SDUWLDOO\� FORJJLQJ
RI WKH FDSLOODU\ WXEH�
$ FRUUHFWHG KDV EHHQ PDGH ZKLFK DSSUR[LPDWHV WKH F\FOH WLPHV PRUH DFFXUDWH� )XUWKHUPRUH� D �EDU
PLQLPXP RSHUDWLQJ SUHVVXUH ZDV IRXQG WR FRQWURO WKH HOHFWURO\WH OHYHOV�
7KH FDSLOODU\ WXEHV LQFUHDVH WKH RSHQLQJ WLPHV VLJQLILFDQWO\ DQG WKHUHIRUH WKH HOHFWURO\WH OHYHOV GURS
DQG UDLVH OHVV YLROHQWO\� ZLWK WKH LQWHQWLRQ WR UHVXOW LQ OHVV SUHVVXUH GLIIHUHQFH DFURVV WKH PHPEUDQH�
OHVV PL[LQJ WKURXJK WKH SUHVVXUH HTXDOLVDWLRQ WXEH DQG WKHUHIRUH OHVV FURVVRYHU� 7KH SUHVVXUH GLI�
IHUHQFHV DFURVV WKH PHPEUDQH GXULQJ D YDOYH RSHQLQJ KDYH EHHQ PHDVXUHG H[SHULPHQWDOO\� EXW WKH
VHQVRU QRLVH ZDV WRR ODUJH WR GUDZ FRQFOXVLRQV�

:KDW LV WKH HIIHFW RI ORQJ� ODUJH GLDPHWHU GRZQFRPHUV RQ FURVVRYHU DQG IORZ VWDJQDWLRQ"
$V D FRQVHTXHQFH RI DQ LQFUHDVH RI WKH QXPEHU RI FHOOV DQG WKH LQFUHDVHG KHLJKW GLIIHUHQFH EHWZHHQ
WKH VWDFN DQG WKH EXIIHU WDQNV� WKH RSHUDWLRQDO OLPLWDWLRQ GXH WR IORZ VWDJQDWLRQ LV GHFUHDVHG VLJQLIL�
FDQWO\� $ GHILQHG YDOXH ൝� ZKLFK UHSUHVHQWV WKH JDV YROXPH SURGXFWLRQ UDWH� KDV EHHQ XVHG WR GHULYH
D IORZ VWDJQDWLRQ SUHYHQWLRQ FULWHULRQ� ൝ !����$.EDUዅኻ FPዅኼ� 7KH ODUJH KHLJKW GLIIHUHQFH EHWZHHQ
WKH VWDFN DQG WKH EXIIHU WDQNV KDYH GHFUHDVHG WKH PLQLPXP FXUUHQW GHQVLW\ WR DYRLG IORZ VWDJQDWLRQ DW
D JLYHQ SUHVVXUH DQG WHPSHUDWXUH� UHVXOWLQJ LQ D PLQLPXP FXUUHQW GHQVLW\ FULWHULRQ RI ࣩ��P$FPዅኼ DW
�� �& DQG ��EDU�
7KH ODUJH YROXPH SUHVVXUH HTXDOLVDWLRQ WXEH GHFUHDVHV WKH FURVVRYHU GXH WR HOHFWURO\WH PL[LQJ EH�
WZHHQ WKH K\GURJHQ DQG R[\JHQ VLGH� DOWKRXJK WKH SDUWLFXODU FRQWULEXWLRQ RI WKH ODUJH YROXPH SUHVVXUH
HTXDOLVDWLRQ WXEH WR FURVVRYHU GHFUHDVH KDV QRW EHHQ WHVWHG H[SOLFLWO\�

&RQILGHQWLDO
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:KDW LV WKH HIIHFW RI WKH PLGSODWH�VWDFN GHVLJQ RQ FURVVRYHU"

7KH PLGSODWH�VWDFN GHVLJQ ZDV EDVHG RQ WKH SDUDVLWLF K\GURJHQ SURGXFWLRQ K\SRWKHVLV GHVFULEHG LQ
VXEVHFWLRQ &����� ZKLFK KDV EHHQ FRQILUPHG� 7KH FURVVRYHUV DUH VLJQLILFDQWO\ EHORZ WKH �� � /(/
DQG �� � 8(/ VDIHW\ FULWHULD� &RQFOXGLQJ WKDW FURVVRYHU GRHV QRW IRUP D OLPLWDWLRQ RQ WKH RSHUDWLRQDO
HQYHORSH� XS WR WKH ORZHVW WHVWHG FXUUHQW GHQVLW\ RI ��P$FPዅኼ�

$SDUW IURP WKH RSHUDWLRQDO HQYHORSH LWVHOI� WKH V\VWHP KDV DGGLWLRQDO SURSHUWLHV ZKLFK DUH QRW� RU QRW
GLUHFWO\� H[SUHVVHG LQ WKH RSHUDWLRQDO HQYHORSH�
7KH SUHVVXUH ERRVWHU� ZKLFK UHSOHQLVKHV WKH FRQVXPHG ZDWHU� LV IRXQG WR EH VHQVLWLYH WR SULPLQJ LV�
VXHV GXH WR WKH FRPELQDWLRQ RI LQWHUQDOO\ OHDNLQJ FKHFN YDOYHV DQG UHODWLYHO\ ORZ DQJXODU YHORFLW\ RI WKH
PRWRU VKDIW� $SDUW IURP SULPLQJ LVVXHV� WKH SUHVVXUH ERRVWHU ZDV DEOH WR SURYLGH DSSURSULDWH SUHVVXUH
DQG IORZ UDWH WR UHSOHQLVK WKH ZDWHU IRU DOO RSHUDWLQJ SRLQWV�
)URP ��EDU DQG KLJKHU� DQ RYHUIORZ RI WKH GHJDVVHU ZDV REVHUYHG DQG WKLV ZDV DWWULEXWHG WR WKH PLV�
PDWFK EHWZHHQ WKH FDSLOODU\ WXEHV XVHG LQ WKH HOHFWURO\VLV VHWXS DQG LQ WKH WHVW IDFLOLW\� RQ ZKLFK WKH
GHJDVVHU KDV EHHQ WHVWHG DW DOO RSHUDWLQJ SUHVVXUHV� 7KH ODUJHU GLDPHWHU FDSLOODU\ WXEH XVHG LQ WKH
V\VWHP OHDG WR UHODWLYHO\ YLROHQW R[\JHQ SXUJHV ZKLFK FDXVHG WKH RYHUIORZ DQG FDQ EH SUHYHQWHG E\
XVLQJ D ODUJHU GLDPHWHU GHJDVVHU�
7KH SUHVVXUH ERRVWHU DQG GHJDVVHU KDYH EHHQ GDPDJHG E\ HOHFWURO\WH PLVW� ZKLFK OHDG WR ZKDW LV
FRQVLGHUHG WR EH RQH RI WKH PRVW LPSDFWIXO ILQGLQJV� D JDV ZDVKHU RU GHPLVWHU LV HVVHQWLDO WR \LHOG SXUH
SURGXFW JDVHV DQG WR DYRLG GDPDJH DQG PDOIXQFWLRQLQJ RI WKH GHJDVVHU DQG SUHVVXUH ERRVWHU�
7KH V\VWHP HIILFLHQF\ RQ WKH UHIHUHQFH SRLQW RI ���P$FPዅኼ� ��EDU DQG �� �& LV FRQFOXGHG WR EH VDW�
LVIDFWRU\ DFFRUGLQJ WR WKH WDUJHWV VHW E\ =()� �� � )DUDGDLF HIILFLHQF\� 7KH SRZHU FRQVXPSWLRQ DW WKH
VDPH RSHUDWLQJ SRLQW LV ����N:K�1Pኽ ZKLFK LV FRPSDUDEOH WR V\VWHPV IRXQG LQ OLWHUDWXUH DQG LQGXVWU\�

´:KDW LV WKH HIIHFW RI GHJDVVLQJ ൈൔኼ�ULFK IHHGZDWHU RQ WKH TXDOLW\ RI WKH .2+ HOHFWURO\WH"´

'HWHUPLQDWLRQ RI HOHFWURO\WH GHWHULRUDWLRQ FRXOG QRW KDYH EHHQ GHWHUPLQHG LQ WKLV UHVHDUFK� 7KH UH�
VXOWV RI WKH LQGXFWLYHO\ FRXSOHG SODVPD DQDO\VHV DUH FRQVLGHUHG LQFRQFOXVLYH DV D FRQVHTXHQFH RI
WKH HOHFWURO\WH PLVW� 7KH HOHFWURO\WH LV GLOXWHG RYHU WLPH� EHFDXVH HOHFWURO\WH OHDYHV WKH V\VWHP DQG LV
UHSOHQLVKHG E\ GHPLQHUDOLVHG ZDWHU� )XUWKHUPRUH� WKH K\GUR[LGH LRQV SXUJHG LQWR WKH GHJDVVHU ZDWHU
FRQYHUW WKH ൈൔኼ LQ WKH GHJDVVHU ZDWHU WR FDUERQDWHV� HVVHQWLDOO\ LQFUHDVLQJ WKH OHYHO RI FRQWDPLQDQWV
LQ WKH HOHFWURO\WH ZKLFK LPSHGHV UHOLDEOH HOHFWURO\WH GHWHULRUDWLRQ GHWHUPLQDWLRQ�

&RQILGHQWLDO
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���� 5HFRPPHQGDWLRQV
7KH ILQDO VHFWLRQ RI WKLV WKHVLV LV GHGLFDWHG WR IRUPXODWH DQG SURSRVH QH[W VWHSV LQ WKH GHYHORSPHQW
RI =()¶V HOHFWURO\VLV VHWXS� 7KLV ZRUN SUHVHQWHG D V\VWHP FKDUDFWHULVDWLRQ FRQVLGHULQJ D YDULHW\ RI
DVSHFWV� EXW DGGLWLRQDO H[SHULPHQWV FDQ EH GRQH WR FRPSUHKHQG V\VWHP EHKDYLRXU RQ HYHU\ DVSHFW
DQG LQ PRUH GHWDLO� ,Q VXEVHFWLRQ ������ UHFRPPHQGDWLRQV LQ WKH IRUP RI H[SHULPHQWV DUH OLVWHG� 7KH
H[SHULPHQWV FDQ EH FRQGXFWHG GLUHFWO\� RU ZLWK D VOLJKW PRGLILFDWLRQ WR WKH V\VWHP DQG DUH DLPHG DW
LPSURYLQJ RU FRPSOHPHQWLQJ WKH GDWD SUHVHQWHG LQ WKLV WKHVLV�
5HFRPPHQGDWLRQV UHJDUGLQJ V\VWHP GHYHORSPHQW DUH FHQWUDO WR VXEVHFWLRQ ����� DQG FRQVLVW RI FRP�
SRQHQWV� V\VWHP DGMXVWPHQWV DQG SURSRVDOV LQWHQGHG WR DGYDQFH WKH HOHFWURO\VLV V\VWHP WRZDUGV LQWH�
JUDWLRQ LQ =()¶V PLFURSODQW�

������ ([SHULPHQWDO UHFRPPHQGDWLRQV

� ,RQLF FKURPDWRJUDSK\�
,QVWHDG RI XVLQJ ,&3 DQG ൮് WR GHWHUPLQH HOHFWURO\WH GHWHULRUDWLRQ� LRQLF FKURPDWRJUDSK\ FDQ
EH XVHG WR GHWHUPLQH WKH OHYHO RI WKH LRQLF FRPSRQHQWV� 7KH OHYHO RI GLVVROYHG SRWDVVLXP LQ
WKH HOHFWURO\WH� WKH FDUERQDWH LRQV DQG WKH K\GUR[LGH LRQV FDQ EH GHWHUPLQHG� 6XEVHTXHQWO\ WKH
H[SHFWHG HOHFWURO\WH GHWHULRUDWLRQ FDQ EH DVVHVVHG ZLWK UHVSHFW WR WKH GHVLUHG OLIHWLPH RI �� \HDUV�

� &RQWLQXRXV V\VWHP RSHUDWLRQ IRU VHYHUDO GD\V DQG QLJKWV�
:LWK ORQJ GXUDWLRQ H[SHULPHQWV� WKH GHYHORSPHQW RI D FRQFHQWUDWLRQ JUDGLHQW LQ WKH HOHFWURO\WH EH�
WZHHQ WKH R[\JHQ DQG K\GURJHQ VLGH FDQ EH TXDQWLILHG H[SHULPHQWDOO\� )XUWKHUPRUH� WKH UREXVW�
QHVV RI VWDQG�DORQH ZDWHU UHSOHQLVKPHQW E\ WKH SUHVVXUH ERRVWHU DQG GHJDVVHU FDQ EH WHVWHG�

� $GGLWLRQDO IORZ VWDJQDWLRQ H[SHULPHQWV�
0RUH IORZ VWDJQDWLRQ H[SHULPHQWV DUH UHFRPPHQGHG� DV WKH SUHVHQWHG GDWD VHW LQ 7DEOH ��� LV
OLPLWHG LQ VL]H� ,I WKH GXUDWLRQ RI WKH H[SHULPHQWV LV H[WHQGHG� IORZ VWDJQDWLRQ LV HQVXUHG DW FHUWDLQ
RSHUDWLQJ FRQGLWLRQV DQG IORZ VWDJQDWLRQ DV D FRQVHTXHQFH RI RSHUDWLQJ FRQGLWLRQV LQ WKH SDVW LV
H[FOXGHG� $ ODUJHU GDWD VHW UHVXOWV LQ HLWKHU D PRUH UHOLDEOH FODLP UHJDUGLQJ WKH IORZ VWDJQDWLRQ
SUHYHQWLRQ FULWHULRQ LQ WHUPV RI WKH GHILQHG YDOXH ൝� RU SRVVLEO\ UHYHDOV DQ XQGHUO\LQJ FRKHUHQFH
WR RSHUDWLQJ FRQGLWLRQV IRU H[DPSOH�

� ([SOLFLW FDSLOODU\ WXEH PRGHO WHVWV�
7KH FDSLOODU\ WXEH PRGHO LV RQO\ WHVWHG LPSOLFLWO\ LQ WKLV WKHVLV� WKDW LV WR VD\ ZLWK WKH LQWHUIHUHQFH RI
WKH WZR SXUJH YDOYHV� 7KH RULJLQDO H[SHULPHQWDWLRQ PHWKRGRORJ\ DV GHVFULEHG LQ VXEVHFWLRQ �����
FDQ EH XVHG WR UHPRYH WKH YDOYH LQWHUIHUHQFH� 2Q WKH RWKHU KDQG� WKH YDOYH LQWHUIHUHQFH RFFXUV
LQ UHDOLW\ DQG WKHUHIRUH WKH DGGLWLRQDO SUHVVXUH GURS DQG VPDOOHU GLVFKDUJH YROXPH RXJKW WR EH
LPSOHPHQWHG LQ WKH FRQWURO VFKHPH DV GHVFULEHG LQ VXEVHFWLRQ ������ 7KH HOHFWURO\WH PLVW PLJKW
FDXVH WKH DGGLWLRQDO SUHVVXUH GURS� DV GHVFULEHG LQ VXEVHFWLRQ ������ ZKLFK FDQ EH YDOLGDWHG
H[SHULPHQWDOO\�

� $GGLWLRQDO WHPSHUDWXUH FRQWURO H[SHULPHQWV�
:LWK PRUH VWHDG\ VWDWH WHPSHUDWXUHV DW GLIIHUHQW FXUUHQW GHQVLWLHV� WKH PLQLPXP DQG PD[LPXP
WHPSHUDWXUH OLQHV FDQ EH HVWDEOLVKHG ZLWK PRUH DFFXUDF\ DQG WKH DVVXPHG OLQHDU UHODWLRQ EH�
WZHHQ VWHDG\ VWDWH WHPSHUDWXUH DQG FXUUHQW GHQVLW\ LV SRVVLEO\ IDOVLILHG�
7KH LQIOXHQFH RI SUHVVXUH RQ WHPSHUDWXUH FRQWURO LV RQO\ LQYHVWLJDWHG DW ��P$FPዅኼ LQ WKLV UH�
VHDUFK� ,QYHVWLJDWLRQ RI SUHVVXUH GHSHQGHQF\ RI WHPSHUDWXUH FRQWURO DW KLJK FXUUHQW GHQVLWLHV LV
WKHUHIRUH UHFRPPHQGHG� DV WKLV SRVVLEO\ GLIIHUV IURP SUHVVXUH LQIOXHQFH DW ORZ FXUUHQW GHQVLWLHV
DQG ���P$FPዅኼ LV IRXQG WR EH WKH OLPLWLQJ FXUUHQW GHQVLW\ DW ��EDU�

� 3UHVVXUH GLIIHUHQFH WHVWV�
7KH FDSLOODU\ WXEHV DUH LQVWDOOHG IRU PXOWLSOH UHDVRQV� RQH LV WR UHGXFH WKH SUHVVXUH GLIIHUHQFH
DFURVV WKH PHPEUDQHV GXULQJ D YDOYH RSHQLQJ� 7KH SUHVVXUH GLIIHUHQFHV KDYH EHHQ WHVWHG LQ WKH
SUHYLRXV HOHFWURO\VLV VHWXS ZKLFK RSHUDWHG ZLWKRXW FDSLOODU\ WXEHV� $Q H[DPSOH RI WKH REVHUYHG
GDPSHG RVFLOODWLRQ FDQ EH IRXQG LQ WKH ZRUN RI 0XOGHU >��@� 7KH UHFRPPHQGDWLRQ LV WR UHSHDW WKH
H[SHULPHQWV LQ WKH DFTXLUHG V\VWHP EXW ZLWK SUHVVXUH VHQVRUV VXIIHULQJ OHVV IURP VHQVRU QRLVH�
VXFK WKDW WKH HIIHFW RI FDSLOODU\ WXEHV RQ SUHVVXUH GLIIHUHQFHV FDQ EH DVVHVVHG GLUHFWO\� 7KH

&RQILGHQWLDO



���� 5HFRPPHQGDWLRQV ��
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FRQVHTXHQFH RI UHODWLYHO\ ODUJH VHQVRU QRLVH�
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ZLWK D KLJKHU 530�
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KDV WR EH FRQWUROOHG GLIIHUHQWO\ WKDQ LQ WKH DFTXLUHG V\VWHP� 9LD FDOFXODWLRQ RI WKH FRQVXPHG ZDWHU
XVLQJ WKH FXUUHQW GHQVLW\ DQG WLPH IRU LQVWDQFH�
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WKH WRS OHYHO VHQVRUV FDQ EH LPSOHPHQWHG DV FLUFXLW EUHDNHUV WR VZLWFK RII VWDFN SRZHU� $OO VHQ�
VRUV FDQ EH LQFRUSRUDWHG LQ D 1RUPDO�%DVHG 2SHUDWLRQ VFKHPH� LQ ZKLFK DQ\ DQRPDO\ LQ VHQVRU
YDOXHV OHDGV WR D VDIH VKXW GRZQ IRU H[DPSOH� %DFNJURXQG LQIRUPDWLRQ UHJDUGLQJ =()¶V 1%2
VWUDWHJ\ FDQ EH IRXQG LQ DQ DSSHQGL[� VHFWLRQ %���
$ VWDUW�XS SURWRFRO LV DGYLVHG WR GHYHORS DQG LPSOHPHQW� VXFK WKDW FDWDVWURSKHV GXH WR WKH PLQL�
PXP RSHUDWLQJ SUHVVXUH UHTXLUHPHQW RI �EDU RU D FXUUHQW GHQVLW\ LQFUHDVH GXULQJ D YDOYH RSHQLQJ
DW ORZ SUHVVXUHV DUH SUHYHQWHG�
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WKLV� DFFXUDWH R[\JHQ FURVVRYHU GDWD FDQ EH DFTXLUHG VXEVHTXHQWO\�
$Q HIIHFWLYH LPSURYHPHQW WR WKH FURVVRYHU PHDVXUHPHQWV LV D K\GURJHQ FURVVRYHU VHQVRU WKDW
FDQ RSHUDWH LQ DQ R[\JHQ ULFK HQYLURQPHQW� VXFK DV DQ HOHFWURFKHPLFDO VHQVRU� 6XFK WKDW WKH
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%R3 SURYLGHV HQRXJK KHDW JHQHUDWLRQ WR UHDFK �� �& DW ORZ FXUUHQW GHQVLWLHV DQG LV DQ RSSRUWXQLW\
WR WHVW WKH FDSDELOLWLHV RI WKH %R3 WR SURFHVV ODUJHU JDV SURGXFWLRQ UDWHV�

� 3URGXFW 'HYHORSPHQW 7KH DFTXLUHG VHWXS LV QRW D FRPSOHWH� VDOHDEOH SURGXFW \HW� $VPHQWLRQHG
EHIRUH� D GHWDLOHG OLIH WLPH DQG OLIH F\FOH DQDO\VLV LV QRW LQFOXGHG LQ WKLV UHVHDUFK� )XUWKHUPRUH�
D GHWDLOHG FRVW DQDO\VLV LV DGYLVHG WR DVVHVV WKH V\VWHP RQ WKH ILQDO =()�WDUJHW UHJDUGLQJ FRVWV
SHU NLORJUDP SURGXFHG K\GURJHQ� ¼���� SHU NLORJUDP K\GURJHQ�
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