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0LFUR�LQMHFWLRQPRXOGLQJ IRU SURGXFWLRQ RI SRO\PHULF ODE�RQ�D�FKLS�VLPXODWLRQ� SUR�
GXFWLRQ DQG RSWLPL]DWLRQ

0DVWHU 7KHVLV
)HEUXDU\� ����

%\
/XGRYLFR 5LFFL

&RS\ULJKW� 5HSURGXFWLRQ RI WKLV SXEOLFDWLRQ LQ ZKROH RU LQ SDUW PXVW LQFOXGH WKH FXVWRP�
DU\ ELEOLRJUDSKLF FLWDWLRQ� LQFOXGLQJ DXWKRU DWWULEXWLRQ� UHSRUW WLWOH� HWF�



3UHIDFH
7KH SUHVHQWHG ZRUN LV SDUW RI WKH LQQRYDWLYH $FRX3ODVW SURMHFW� WKDW DLPV WR PRYH IURP D
JODVV FKLS WR D SRO\PHU�EDVHG SODWIRUP IRU WKH VHSDUDWLRQ RI EORRG FHOOV� PRYLQJ IURP FRQ�
YHQWLRQDO FHQWULIXJH VHSDUDWLRQ WR DFRXVWLF VHSDUDWLRQ ZKHUH D VWDQGLQJ ZDYH VHSDUDWHV
WKH SDUWLFOHV�

7KLV WKHVLV ZDV FDUULHG RXW IURP 6HSWHPEHU ���� WR )HEUXDU\ ���� DW WKH 'HSDUWPHQW
RI 0DQXIDFWXULQJ (QJLQHHULQJ RI WKH 7HFKQLFDO 8QLYHUVLW\ RI 'HQPDUN �'78�� XQGHU WKH
VXSHUYLVLRQ RI $VVRFLDWH 3URIHVVRU *XLGR 7RVHOOR� 6HQLRU 5HVHDUFKHU 0DWWHR &DODRQ� 5H�
VHDUFKHU 0DUFR 6RUJDWR DQG 3K' 6WXGHQW .RPHLO 6DHHGDEDGL�

.RQJHQV /\QJE\
)HEUXDU\ ����
/XGRYLFR 5LFFL
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$FNQRZOHGJHPHQWV
+HUH , ZRXOG OLNH WR H[WHQG P\ WKDQNV WR HYHU\RQH WKDW VXSSRUWHG PH GXULQJ WKLV ZRUN�

)LUVWO\� , ZRXOG OLNH WR H[SUHVV P\ JUDWLWXGH WR P\ VXSHUYLVRU� .RPHLO 6DHHGDEDGL� IRU KDY�
LQJ EHHQ DOZD\V DYDLODEOH ZKHQ , QHHGHG KHOS� )XUWKHUPRUH� WKH IUXLWIXO GLVFXVVLRQV ZLWK
KLP GXULQJ WKH ZHHNO\ PHHWLQJ KDYH VLJQLILFDQWO\ LPSURYHG WKH RXWFRPH RI WKH ZRUN�

0RUHRYHU� , ZRXOG OLNH WR WKDQN 3URI� *XLGR 7RVHOOR DQG 0DWWHR &DODRQ� ZKR DOVR VXS�
SRUWHG P\ SHUPDQHQFH LQ 'HQPDUN DQG DOO WKH VWDII PHPEHUV RI WKH 6HFWLRQ RI 0DQXIDF�
WXULQJ ZKR KHOSHG PH LQ WKH PROGLQJ H[SHULPHQWV DQG VXEVHTXHQW PHDVXUHPHQWV RI WKH
SURGXFHG SDUWV�

/DVW EXW QRW OHDVW , ZRXOG OLNH WR WKDQN P\ IDPLO\� ZKLFK JDYH PH WKH RSSRUWXQLW\ WR OLYH
D VHPHVWHU DEURDG� ZKHUH , FRXOG LPSURYH P\ NQRZOHGJH DQG PDNH IULHQGV IURP DOO RYHU
WKH ZRUOG� DV ZHOO DV IRU WKHLU VXSSRUW WKURXJKRXW P\ ZKROH 8QLYHUVLW\ FDUHHU�
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$EVWUDFW
&XUUHQWO\ PLFUR LQMHFWLRQ PRXOGLQJ LV DQ HIILFLHQW UHSOLFDWLRQ WHFKQRORJ\ WKDW FRPELQHV
PDVV SURGXFWLRQ ZLWK D ORZ FRVW� %HFDXVH RI LWV LQFUHDVLQJ DSSOLFDWLRQ LQ PDQ\ ILHOGV
QRZDGD\V RQH RI WKHPDLQ FKDOOHQJHV LV WKH SRVVLELOLW\ WR VLPXODWH D SURFHVV DW PLFURVFDOH�
7KLV ZRUN DLPV WR H[SORLW WKH SRWHQWLDO RI SURFHVV VLPXODWLRQ WR LPSURYH WKH SURGXFWLRQ RI
D ODE�RQ�D�FKLS ZLWK WZR GLIIHUHQW PDWHULDOV� 300$ DQG &2&� $Q LQLWLDO EHQFKPDUN EDVHG
RQ SUHYLRXV SURGXFWLRQ DQG GDWDVKHHWV DOORZHG LGHQWLI\LQJ VXLWDEOH SURFHVV SDUDPHWHUV
E\ YDU\LQJ IRXU IDFWRUV� 0RXOG WHPSHUDWXUH� 0HOW WHPSHUDWXUH� 3DFNLQJ SUHVVXUH DQG ,Q�
MHFWLRQ YHORFLW\� 7KH FRPELQDWLRQV RI GLIIHUHQW YDOXHV RI WKHVH IDFWRUV ZHUH XVHG WR VHW
XS WKH H[SHULPHQWDO GHVLJQ� 7KHQ� WKH HIIHFWV RI WKH SURFHVV SDUDPHWHUV RQ WKH 9ROXPHW�
ULF VKULQNDJH RI WKH FKLS� FDXVHG E\ WKH FRROLQJ SURFHVV� ZHUH TXDQWLILHG ZLWK D SURSHU
PHWURORJ\ DQDO\VLV�

)LQDOO\� WKH UHVXOWV ZHUH FRPSDUHG ZLWK WKH VLPXODWLRQ�

%DVHG RQ WKH PHWURORJ\ DQDO\VLV RI SURGXFHG FKLSV DQG WKH VLPXODWLRQV� &2& VKRZHG
EHWWHU UHVXOWV LQ WHUP RI YROXPHWULF VKULQNDJH� ZLWK WKH GLPHQVLRQV RI WKH FKDQQHO FORVHU
WR WKH PROG YDOXH� +DV WKH OHDVW VKULQNDJH YDOXHV ERWK LQ SUDFWLFH DQG VLPXODWLRQ�

)RU HDFK PDWHULDO WKH IXOO IDFWRULDO GHVLJQ ZDV DOVR DQDO\]HG ZLWK D VWDWLVWLFDO VRIWZDUH
�0LQLWDE�� PDNLQJ LW SRVVLEOH WR GHWHUPLQH ZKLFK RI WKH IRXU SDUDPHWHUV XQGHU DQDO\VLV
FRQWULEXWHV PRUH WR PRGLI\LQJ WKH YROXPHWULF VKULQNDJH� 7KH DFFXUDF\ RI WKH VLPXODWLRQV
IRU &2& FRPSDUHG WR WKH LQMHFWLRQ PROGHG SDUWV VKRZHG GHYLDWLRQ ZLWKLQ ���� ZKLOVW
300$ KDV ODUJHU GHYLDWLRQV IURP WKH UHDO YDOXHV �DURXQG ����� ���

(YHQ WKRXJK WKH VLPXODWLRQV GLIIHU D ELW IURP WKH H[SHULPHQWV D FRPPRQ WUHQG FRXOG EH
LGHQWLILHG� LQ DOO WKH VLPXODWLRQ WKH SDUWV VKULQN OHVV WKDQ WKH UHDO RQH� KHQFH WKH UHVXOWV
FDQ EH XVHG IRU IXUWKHU SURGXFWLRQ NHHSLQJ LQ PLQG WKDW WKH VLPXODWLRQV XQGHUHVWLPDWH
DFWXDO EHKDYLRXU�
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&RQWHQWV

3UHIDFH LL

$FNQRZOHGJHPHQWV LLL
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� ,QWURGXFWLRQ �
��� 0RWLYDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� 3URMHFW GHILQLWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� 2EMHFWLYHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� /LWHUDWXUH �
��� &RQYHQWLRQDO LQMHFWLRQ PRXOGLQJ � � � � � � � � � � � � � � � � � � � � � � � � �
��� 0LFUR LQMHFWLRQ PRXOGLQJ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� 3URFHVV VLPXODWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 'HVLJQ RI ([SHULPHQW ��
��� 'HVLJQ RI ([SHULPHQW �'R(� � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� ([SHULPHQWDO 3DUW ��
��� 3URGXFW VSHFLILFDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 0DWHULDOV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 0DFKLQH DQG PROG � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� ,QMHFWLRQ PROGLQJ VHVVLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 0HWURORJ\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� ,QMHFWLRQ PROGLQJ GHIHFWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 0ROGH[�' VLPXODWLRQV ��
��� 6LPXODWLRQ VHW�XS � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 5HVXOWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 5HVXOWV DQG 'LVFXVVLRQ ��
��� 'R( &2& UHVXOWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 'R( 300$ UHVXOWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� /LQHDU VKULQNDJH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 9ROXPHWULF VKULQNDJH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� &RQFOXVLRQ ��
��� (SLORJXH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 6XJJHVWLRQV IRU IXWXUH ZRUNV � � � � � � � � � � � � � � � � � � � � � � � � � � ��

%LEOLRJUDSK\ ��

$ 6XSSOHPHQWDU\ 0DWHULDO ��

&217(176 Y
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1RPHQFODWXUH
7KH QH[W OLVW UHSRUWV DOO WKH DEEUHYLDWLRQV WKDW ZLOO EH ODWHU XVHG ZLWKLQ WKH ERG\ RI WKH
GRFXPHQW

µIM 0LFUR ,QMHFWLRQ 0RXOGLQJ

CAE &RPSXWHU $LGHG (QJLQHHULQJ

CMM &RRUGLQDWH 0HDVXULQJ 0DFKLQH

COC &\FOLF 2OHILQ &RSRO\PHU

DoE 'HVLJQ RI ([SHULPHQW

EDM (OHFWULFDO 'LVFKDUJH 0DFKLQLQJ

HTC +HDW 7UDQVIHU &RHIILFLHQW

Ls /LQHDU VKULQNDJH

LASER /LJKW $PSOLILFDWLRQ E\ WKH 6WLPXODWHG (PLVVLRQ RI 5DGLDWLRQ

LOC /DE�RQ�D�FKLS

LSCM /DVHU 6FDQQLQJ &RQIRFDO 0LFURVFRSH

PMMA 3RO\�PHWK\O PHWKDFU\ODWH�

SI ,QWHUQDWLRQDO 6\VWHP RI 8QLWV

Vs 9ROXPHWULF VKULQNDJH

120(1&/$785( YLL



/LVW RI )LJXUHV
��� *OREDO PLFURLQMHFWLRQ PROGLQJ PDUNHW E\ 5HJLRQ >��@� � � � � � � � � � � � � � �
��� :RUNLQJ SULQFLSOH RI DFRXVWLF VHSDUDWLRQ >�@� � � � � � � � � � � � � � � � � � � �
��� :RUNIORZ RI WKH SURMHFW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� ,QMHFWLRQ 0ROGLQJ 0DFKLQH >��@ � � � � � � � � � � � � � � � � � � � � � � � � � �
��� 6FKHPDWLF RI WKH SODVWLFDWLQJ XQLW >��@ � � � � � � � � � � � � � � � � � � � � � �
��� 3URFHVVLQJ F\FOH RI FRQYHQWLRQDO ,0 >��@ � � � � � � � � � � � � � � � � � � � � �
��� +HVLWDWLRQ HIIHFW RI WKH PHOW IORZ LQ WKH SUR[LPLW\ RI PLFUR FKDQQHOV >��@ � � ��
��� PLFURSDUW >��@ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 'HVLJQ VSHFLILFDWLRQ RI WKH SRO\PHU FKLS ZLWK WKH PLFUR FKDQQHO � � � � � � � ��
��� 3LFWXUH RI D PROGHG SDUW� 7KH PLFUR�FKDQQHO FDQ EH VHHQ DV ZHOO DV �

HMHFWRU SLQV PDUNV DQG WKH WZR KROHV� � � � � � � � � � � � � � � � � � � � � � ��
��� ,QMHFWLRQ PROGLQJ HTXLSPHQW XVHG LQ SODVWLF ODE WR SURGXFH WKH SDUWV � � � � ��
��� 0ROG GHWDLOV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� %RXQGDU\ FRQGLWLRQV� 7KHPHOW WHPSHUDWXUH SURILOH WKURXJK WKH EDUUHO� 1RWH

WKH WHPSHUDWXUH QHDU WKH KRSSHU LV ORZHU WR DYRLG WKH SHOOHWV VWLFN LQ WKH EDUUHO� ��
��� (IIHFW RI DQ KLJK 3DFNLQJ SUHVVXUH� 1RWH WKDW WKH SDUW LV EURNHQ LQ WKH

PLGGOH� KHQFH GLVFDUGHG IRU WKH PHWURORJ\ DQDO\VLV� � � � � � � � � � � � � � ��
��� ([SHULPHQWDO LVVXHV� 7KH GDPDJHG FDYLW\ SUHYHQWV DQ DXWRPDWLF GHWDFK�

PHQW RI WKH SDUW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 7KH SLFWXUH VKRZV WKH � FURVV VHFWLRQV HYDOXDWHG RQ WKH ERWWRP � � � � � � ��
���� 0HDVXUHPHQW 6HWWLQJV� �D� �' YLHZ RI WKH VHFWLRQ� �E� 1RWH WKH WZR DUURZV

RQ WRS DQG ERWWRP RI WKH VHFWLRQ� 7KLV LV WKH SURILOH DIWHU WKH DSSOLFDWLRQ RI
WKH ILOWHU� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 0HDVXUHPHQWV 6HWWLQJV� �D� �' YLHZ� �E� ,PDJH DIWHU QRLVH UHGXFWLRQ� 1RWH
WKH WZR DUURZV LQ WKH RSSRVLWH VLGH RI WKH FKDQQHO� � � � � � � � � � � � � � � ��

���� 0ROG PHDVXUHPHQWV UHVXOWV� ,Q HDFK ER[SORW WKHUH DUH � PHDVXUHPHQWV� � ��
���� 3LFWXUH IURP WKH PHWURORJ\ VHVVLRQ � � � � � � � � � � � � � � � � � � � � � � � ��
���� 63,3� 6HW�XS IRU ZLGWK� � FURVV VHFWLRQV IRU HDFK DFTXLVLWLRQ� 7KH FRORUHG

EDU LQGLFDWHV WKH KHLJKW PHDVXUHG E\ WKH PLFURVFRSH� 7KH LPDJHV ZHUH
WDNHQ ZLWK D ��; PDJQLILFDWLRQ OHQV� � � � � � � � � � � � � � � � � � � � � � � ��

���� 1RWH WKDW WKH ZLGWK LV FDOFXODWHG ORFDWLQJ WKH WZR DUURZV LQ WKH OLPLW SDUW IRU
HDFK VLGH RI WKH FKDQQHO� ZKLOH WKH GHSWK E\ ORFDWLQJ WKH EOXH DUURZ DW WKH
KLJKHVW SRLQW DQG WKH UHG RQH DW WKH FHQWHU ERWWRP RI WKH FKDQQHO� � � � � � ��

���� 6HW�XS PHDVXUHPHQWV IRU WKH FKDQQHO OHQJWK � � � � � � � � � � � � � � � � � ��
���� &KDQQHO KHLJKW PHDVXUHPHQWV� 7KH ER[SORW LQFOXGHV DOO WKH YDOXHV� � � � � ��
���� +HLJKW PDWHULDOV FRPSDULVRQ� &2& VKULQNV PRUH WKDQ 300$ LQ WKLV GLUHFWLRQ� ��
���� &KDQQHO ZLGWK PHDVXUHPHQWV GHULYHG IURP WKH SURGXFHG SDUWV� � � � � � � � ��
���� :LGWK PDWHULDOV FRPSDULVRQ� &2& VKULQNV OHVV WKDQ 300$� XQOLNH WKH KHLJKW� ��
���� /HQJWK PDWHULDOV FRPSDULVRQ� � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� 300$ /XFLWH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� &2& � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� 0HWURORJ\ SLFWXUH RI WKH SURGXFHG VDPSOHV � � � � � � � � � � � � � � � � � � ��

��� )ORZ FKDUW RI ,0 VLPXODWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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��� 0DWHULDO SURSHUWLHV� �D� 3Y7 FKDUW IRU &2& �E� 3Y7 FKDUW IRU 300$ /* ���
>��@ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &RROLQJ V\VWHP OD\RXW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 6HHGLQJ RI WKH FKLS� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� )LQDO PHVK � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� )LQDO PHVK � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 3URFHVV VHWWLQJV� �D� )LOOLQJ�3DFNLQJ VHWWLQJV �E� 6XPPDU\ RI WKH SURFHVV

ZL]DUG � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 6LQN0DUNV GHWHFWHG ZLWK 300$ /XFLWH EHWZHHQ WKH HMHFWRU SLQ DQG WKH

KROH� 1RWH WKH JRRG DJUHHPHQW ZLWK WKH DFWXDO SDUW �)LJXUH ����E�� � � � � � ��
��� &2& VLPXODWLRQ� $ORQJ WKH FKLS WKH EOXH DUHD PHDQV WKH VLQNPDUNV DUH

QHJOLJLEOH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� )LOOLQJ UHVXOWV � PHOW IURQW WLPH IRU &2& � � � � � � � � � � � � � � � � � � � � � ��
���� 9ROXPHWULF VKULQNDJH 300$ � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� 9ROXPHWULF VKULQNDJH &2& � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� 7KH VDPH VWUDWHJ\ ZDV DGRSWHG IRU WKH VLPXODWLRQV� WKH UHG OLQHV LQGLFDWH

WKH FURVV VHFWLRQV LQYHVWLJDWHG � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� 0HDVXUHPHQWV VHWWLQJV� �D�&KLS OHQJWK � �E�]RRP � � � � � � � � � � � � � � ��
���� 6HW�XS� �D� WRS� �E� PLGGOH �F�ERWWRP � � � � � � � � � � � � � � � � � � � � � � ��
���� 6HW�XS� �D� WRS� �E� PLGGOH �F�ERWWRP � � � � � � � � � � � � � � � � � � � � � � ��

��� 0DLQ (IIHFWV 3ORW IRU 9ROXPHWULF 6KULQNDJH � � � � � � � � � � � � � � � � � � � ��
��� ,QWHUDFWLRQ 3ORW IRU 6KULQNDJH � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 0DLQ HIIHFWV 3ORW IRU 9ROXPHWULF 6KULQNDJH � � � � � � � � � � � � � � � � � � � ��
��� ,QWHUDFWLRQ 3ORW IRU 9ROXPHWULF 6KULQNDJH � � � � � � � � � � � � � � � � � � � � ��
��� 6KULQNDJH FRPSDULVRQ IRU &2& DORQJ WKH OHQJWK� ZLGWK DQG GHSWK� 7KH

HUURU EDUV LQ WKH SORW LQGLFDWH WKH VWDQGDUG GHYLDWLRQ FDOFXODWHG EHWZHHQ
WKH UHFLSHV RI WKH 'R(� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 6KULQNDJH FRPSDULVRQ IRU 300$ DORQJ WKH OHQJWK� ZLGWK DQG GHSWK� 7KH
HUURU EDUV LQ WKH SORW LQGLFDWH WKH VWDQGDUG GHYLDWLRQ FDOFXODWHG EHWZHHQ WKH
UHFLSHV RI WKH 'R(� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 9ROXPHWULF 6KULQNDJH FRPSDULVRQ EHWZHHQ 300$ DQG &2&� 7KH HUURU
EDUV LQ WKH SORW LQGLFDWH WKH VWDQGDUG GHYLDWLRQ FDOFXODWHG EHWZHHQ WKH
UHFLSHV RI WKH 'R(� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &$' GHIHFW� 1RWH WKH SDUW LV ORQJHU WKDQ LW VXSSRVHG WR EH� � � � � � � � � � ��

$�� 300$ /* 'DWD VKHHW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
$�� 300$ /* 'DWD VKHHW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
$�� &2& 7RSDV ����/��� 'DWD VKHHW � � � � � � � � � � � � � � � � � � � � � � � � ��
$�� 300$ /* %URFKXUH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
$�� 300$ /* %URFKXUH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
$�� 300$ /* %URFKXUH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
$�� 300$ /* %URFKXUH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
$�� 300$ /* %URFKXUH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
$�� &2& %URFKXUH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
$��� %RWWRP VHFWLRQ RI WKH FKDQQHO� 7KH GLIIHUHQFH RI KHLJKW PLJKW DIIHFW WKH

PHDVXUHPHQW RI WKLV VHFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
$��� 300$ YLVFRVLW\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
$��� 300$ YLVFRHODVWLFLW\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
$��� &2& YLVFRVLW\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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$��� &2& YLVFRHODVWLFLW\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
$��� 3DUHWR FKDUW IRU &2&� 0RXOG 7HPSHUDWXUH �$�� 0HOW 7HPSHUDWXUH �%�� ,QMHF�

WLRQ YHORFLW\ �'�� 3DFNLQJ SUHVVXUH,QMHFWLRQ YHORFLW\ �&'�� 0HOW 7HPSHUD�
WXUH,QMHFWLRQ YHORFLW\ �%'� DUH VLJQLILFDQW IRU WKH RXWSXW >��@ � � � � � � � � � ��

$��� 3DUHWR FKDUW IRU 300$� $Q\ HIIHFWV WKDW H[WHQG EH\RQG WKH UHIHUHQFH OLQH
DUH VLJQLILFDQW� 3DFNLQJ SUHVVXUH�&�� 0HOW WHPSHUDWXUH �&�� 0RXOG 7HPSHU�
DWXUH3DFNLQJ SUHVVXUH�$&�� 0HOW 7HPSHUDWXUHLQMHFWLRQ YHORFLW\�%'� DUH
DOO VLJQLILFDQW� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

$��� &2& 6KULQNDJH DORQJ WKH GHSWK RI WKH FKDQQHO� &RPSDULVRQ H[SHULPHQW YV
VLPXODWLRQ UHVXOWV� 7KH HUURU EDUV LQ WKH SORW LQGLFDWH WKH VWDQGDUG GHYLDWLRQ
FDOFXODWHG IURP WKH WKUHH GLIIHUHQW VDPSOHV RI HDFK UHFLSH� � � � � � � � � � � ��

$��� &2& 6KULQNDJH DORQJ WKH ZLGWK� &RPSDULVRQ H[SHULPHQW YV VLPXODWLRQ
UHVXOWV� 7KH HUURU EDUV LQ WKH SORW LQGLFDWH WKH VWDQGDUG GHYLDWLRQ FDOFXODWHG
IURP WKH WKUHH GLIIHUHQW VDPSOHV RI HDFK UHFLSH� � � � � � � � � � � � � � � � � ��

$��� &2& 6KULQNDJH DORQJ WKH OHQJWK� &RPSDULVRQ H[SHULPHQW YV VLPXODWLRQ
UHVXOWV� 7KH HUURU EDUV LQ WKH SORW LQGLFDWH WKH VWDQGDUG GHYLDWLRQ FDOFXODWHG
IURP WKH WKUHH GLIIHUHQW VDPSOHV RI HDFK UHFLSH� � � � � � � � � � � � � � � � � ��

$��� 300$ 6KULQNDJH DORQJ WKH GHSWK� &RPSDULVRQ H[SHULPHQW YV VLPXODWLRQ
UHVXOWV� 7KH HUURU EDUV LQ WKH SORW LQGLFDWH WKH VWDQGDUG GHYLDWLRQ FDOFXODWHG
IURP WKH WKUHH GLIIHUHQW VDPSOHV RI HDFK UHFLSH� � � � � � � � � � � � � � � � � ��

$��� 300$ 6KULQNDJH DORQJ WKH ZLGWK� &RPSDULVRQ H[SHULPHQW YV VLPXODWLRQ
UHVXOWV� 7KH HUURU EDUV LQ WKH SORW LQGLFDWH WKH VWDQGDUG GHYLDWLRQ FDOFXODWHG
IURP WKH WKUHH GLIIHUHQW VDPSOHV RI HDFK UHFLSH� � � � � � � � � � � � � � � � � ��

$��� 300$ 6KULQNDJH DORQJ WKH OHQJWK� &RPSDULVRQ H[SHULPHQW YV VLPXODWLRQ
UHVXOWV� 7KH HUURU EDUV LQ WKH SORW LQGLFDWH WKH VWDQGDUG GHYLDWLRQ FDOFXODWHG
IURP WKH WKUHH GLIIHUHQW VDPSOHV RI HDFK UHFLSH� � � � � � � � � � � � � � � � � ��

$��� 9ROXPHWULF VKULQNDJH IRU ERWK WKH PDWHULDOV H[SHULPHQW YV VLPXODWLRQ� 7KH
HUURU EDUV LQ WKH SORW LQGLFDWH WKH VWDQGDUG GHYLDWLRQ FDOFXODWHG IURP WKH
WKUHH EDWFKHV PHDVXUHG� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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/LVW RI 7DEOHV
��� 3URGXFW FODVVLILFDWLRQ IRU PLFUR�LQMHFWLRQ PROGLQJ ��,0� >��@� � � � � � � � � � �

��� 0RGHOLQJ JRYHUQLQJ HTXDWLRQV GHSHQGLQJ RQ VFDOH VL]H >��@� � � � � � � � � �

��� 0DLQ SDUDPHWHUV LQYROYHG LQ WKH H[SHULPHQWDO VHW�XS � � � � � � � � � � � � � ��
��� ,QLWLDO 'R( YDOXHV IRU &2&� 7ZR OHYHOV IRU HDFK IDFWRU � � � � � � � � � � � � ��
��� ,QLWLDO 3DUDPHWHUV IRU 300$ � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 3KLV\FDO SURSHUWLHV IRU 300$ � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 3KLV\FDO SURSHUWLHV IRU &2& � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 1HZ GDWD WDEOH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 1HZ GDWD IRU 300$ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 0ROG PHDVXUHPHQWV UHVXOWV� � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� &KLS PHDVXUHPHQWV UHVXOWV � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 8QFHUWDLQW\ FRQWULEXWLRQV DQG H[SDQGHG XQFHUWDLQW\ U IRU &2&� � � � � � � � ��
��� 8QFHUWDLQW\ FRQWULEXWLRQV DQG H[SDQGHG XQFHUWDLQW\ U IRU 300$� � � � � � � ��
��� 8QFHUWDLQW\ FRQWULEXWLRQV DQG H[SDQGHG XQFHUWDLQW\ U IRU WKH FDYLW\� � � � � ��

��� 0HVK GHWDLOV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� /LQHDU VKULQNDJH RI VLPXODWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� /LQHDU VKULQNDJH RI SURGXFHG SDUWV � � � � � � � � � � � � � � � � � � � � � � � ��
��� 9ROXPHWULF VKULQNDJH RI VLPXODWLRQV � � � � � � � � � � � � � � � � � � � � � � ��
��� 9ROXPHWULF VKULQNDJH RI DFWXDO SDUW � � � � � � � � � � � � � � � � � � � � � � � ��

$�� 6SHFLILFDWLRQ RI WKH LQMHFWLRQ PRXOGLQJ PDFKLQH $UEXUJ ���$ $OOURXQGHU
XVHG WR SURGXFH WKH FKLS>�@� � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

$�� ([SHULPHQWDO 3DUDPHWHUV IRU &2&� 1RWH WKH SUHVVXUH XQLW LV LQ %DU VLQFH
WKH $UEXUJ PDFKLQH GRHVQ¶W ZRUN LQ 3D� � � � � � � � � � � � � � � � � � � � � ��

$�� ([SHULPHQWDO 3DUDPHWHUV IRU 300$� 7KH SUHVVXUH XQLW LV LQ %DU VLQFH WKH
$UEXUJ PDFKLQH GRHVQ¶W ZRUN LQ 3D� � � � � � � � � � � � � � � � � � � � � � � ��

$�� /(;7 PHDVXUHPHQWV VHWWLQJV IRU PROG � � � � � � � � � � � � � � � � � � � � � ��
$�� 'H0HHW PHDVXUHPHQWV VHWWLQJV IRU PROG � � � � � � � � � � � � � � � � � � � ��
$�� /(;7 PHDVXUHPHQWV VHWWLQJV IRU PROGHG SDUWV � � � � � � � � � � � � � � � � ��
$�� 'H0HHW PHDVXUHPHQWV VHWWLQJV IRU PROGHG SDUWV � � � � � � � � � � � � � � � ��
$�� )XOO IDFWRULDO GHVLJQ IRU &2&� 1RWH WKDW WKH UHFLSHV ��� DUH ERWK ZLWK KLJK

OHYHOV RI 0HOW 7HPSHUDWXUH� 0RXOG 7HPSHUDWXUH DQG 3DFNLQJ SUHVVXUH� � � � ��
$�� ,QFRPSOHWH 'R( IRU 300$� 2QO\ �� UHFLSHV ZHUH PROGHG� � � � � � � � � � � ��
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� ,QWURGXFWLRQ
7KH FXUUHQW FKDSWHU LQWURGXFHV WKH SURMHFW WR WKH UHDGHUV� $IWHU PRWLYDWLRQ� GHILQHV WKH
SURMHFW EDFNJURXQG DQG VHWV WKH JRDOV RI WKH WKHVLV�

��� 0RWLYDWLRQ
,Q WKH ODVW GHFDGHV� WKH PLQLDWXUL]DWLRQ RI SODVWLF FRPSRQHQWV KDV EHFRPH WKH SULQFLSDO
WUHQG LQ VHYHUDO ILHOGV VXFK DV PHGLFLQH� DXWRPRWLYH� FRPPXQLFDWLRQ FRPSRQHQWV� DQG
VR RQ >�@� 0LFUR LQMHFWLRQ PROGLQJ ��,0� LV WKH PRVW GLIIXVHG WHFKQRORJ\ LQ WKH LQGXVWU\ RI
SRO\PHU PLFUR FRPSRQHQWV VLQFH LW FDQ HQVXUH QHW�VKDSHG SODVWLF SDUWV ZLWK WLJKW WROHU�
DQFHV DQG VKRUW F\FOH WLPHV� WZR DVSHFWV WKDW DUH EHFRPLQJ PRUH DQG PRUH LPSRUWDQW�
,W LV FRQVLGHUHG RQH RI WKH NH\ WHFKQRORJLHV RI WKH ��VW FHQWXU\� ,Q IDFW� LW DFFRXQWV IRU
PRVW RI WRGD\¶V SURGXFWLRQ RI SODVWLF SDUWV� $ UHVHDUFK IURP )LRU PDUNHWV >��@ UHSRUWV WKDW
WKH 0HGLFDO 	 +HDOWKFDUH VHJPHQW GRPLQDWHV WKH PDUNHW LQ �,0 SDUWV� 7KLV JURZWK LV
DWWULEXWHG WR WKH LQFUHDVLQJ QXPEHU RI PLFUR�VL]H FRPSRQHQWV LQ WKH PHGLFDO DQG KHDOWK�
FDUH LQGXVWU\� $GGLWLRQDOO\� WKH JOREDO SRO\PHU PLFURLQMHFWLRQ PROGLQJ PDUNHW LV H[SHFWHG
WR JURZ IURP 86' ����� ELOOLRQ LQ ���� DQG WR UHDFK 86' ����� ELOOLRQ E\ ����� 1RUWK
$PHULFD LV H[SHFWHG WR KROG D VLJQLILFDQW VKDUH LQ WKH JOREDO SRO\PHU PLFURLQMHFWLRQ PROG�
LQJ PDUNHW IROORZHG E\ $VLD 3DFLILF� 0DQ\ RI WKH NH\ SOD\HUV DUH SULPDULO\ IRFXVLQJ RQ
GHYHORSHG HFRQRPLHV RI 1RUWK $PHULFD� �VHH WKH )LJXUH ����

)LJXUH ���� *OREDO PLFURLQMHFWLRQ PROGLQJ PDUNHW E\ 5HJLRQ >��@�

6DWLVI\LQJ SURGXFW VSHFLILFDWLRQV DQG IXQFWLRQDO UHTXLUHPHQWV IRU DOO LQMHFWLRQ PRXOGHG
FRPSRQHQWV LV D FKDOOHQJLQJ WDVN >�@� 0HWURORJ\ LQVSHFWLRQV DUH DQ HVVHQWLDO VWHS WR HQ�
VXUH JRRG TXDOLW\ SDUW EXW DUH QRW HQRXJK� $OVR VLPXODWLRQ SURJUDPV VXFK DV 0ROGH[�'
DQG $XWRGHVN 0ROGIORZ DUH GHYHORSHG WR DFKLHYH WKLV SXUSRVH� 7KH\ DUH FDUULHG RXW IRU
WKH VDPH UHDVRQV DV IRU FRQYHQWLRQDO LQMHFWLRQ PROGLQJ� WR HDVH WDVNV� WR DYRLG ZDVWH RI
WLPH DQG KHQFH OHDGLQJ WR FRVW VDYLQJV� DQG� ODVW EXW QRW OHDVW� IRUHFDVW SRVVLEOH GHIHFWV
RQ WKH ILQDO SDUW� ,Q RUGHU WR REWDLQ UHOLDEOH UHVXOWV WKDW FRPSO\ ZLWK WKH SURGXFW VSHFL�
ILFDWLRQV� WKH VLPXODWLRQV QHHG WR EH YDOLGDWH E\ FRPSDULVRQ ZLWK H[SHULPHQWDO UHVXOWV�
$Q DFFXUDWH VLPXODWLRQ VHW�XS LQFOXGLQJ DOO HOHPHQWV LQYROYHG LQ WKH SURFHVV FDQ JUHDWO\
LPSURYH WKH DFFXUDF\ RI WKH VLPXODWHG UHVXOWV� >��@�

&+$37(5 �� ,1752'8&7,21 �



��� 3URMHFW GHILQLWLRQ
7KLV ZRUN LV SDUW RI WKH LQQRYDWLYH $FRX3ODVW SURMHFW� WKDW DLPV WR PRYH IURP D JODVV FKLS WR
D SRO\PHU�EDVHG SODWIRUP IRU WKH VHSDUDWLRQ RI EORRG FHOOV� 7KH ZHOO�NQRZQ FRQYHQWLRQDO
FHQWULIXJH LV LQ WKLV ZD\ UHSODFHG E\ H[SORLWLQJ WKH SULQFLSOH RI DFRXVWLF VHSDUDWLRQ ZKHUH
D VWDQGLQJ ZDYH VHSDUDWHV WKH SDUWLFOHV� �6HH )LJXUH �����

)LJXUH ���� :RUNLQJ SULQFLSOH RI DFRXVWLF VHSDUDWLRQ >�@�

/DE�RQ�D�FKLS �/2&� LV D GHYLFH WKDW LQWHJUDWHV RQH RU VHYHUDO IXQFWLRQV RQ D VLQJOH LQWH�
JUDWHG FLUFXLW� ,Q WKH UHFHQW \HDUV WKLV V\VWHP KDV EHFRPH ZLGHO\ ZLGHVSUHDG EHFDXVH
RI WKH ORZHU PDQXIDFWXULQJ FRVWV� IDVWHU DQDO\VLV DQG UHVSRQVH WLPHV� DQG DOVR IRU WKH
FRPSDFWQHVV >��@� )RU LWV GLPHQVLRQV D �,0 SDUW LV FRQVLGHUHG � :KHQ GHDOLQJ ZLWK
PLFUR�LQMHFWLRQ PROGLQJ� LW LV ZRUWK WR FODULI\ KRZ PLFUR LV GHILQHG� $FFRUGLQJ WR WKH OLW�
HUDWXUH� WKHUH DUH WKUHH GHILQLWLRQV IRU PLFURPROGHG SODVWLF SURGXFWV >��@ DV GHVFULEHG LQ
7DEOH ����

�� 0LFURIHDWXUHG SDUWV ZLWK RXWHU GLPHQVLRQ LQ WKH PLOOLPHWHU UDQJH RU ODUJHU� EXW ORFDOO\
IHDWXULQJ VWUXFWXUHV LQ WKH PLFURPHWHU UDQJH�

�� 0LFURSDUWV ZLWK YHU\ VPDOO RXWHU GLPHQVLRQV� WLSLFDOO\ LQ WKH PLFURPHWHU UDQJH� DQG
ZHLJKWV LQ WKH RUGHU RI PLOOLJUDPV�

�� 3DUWV ZLWK ODUJHU GLPHQVLRQV� EXW WROHUDQFHV LQ WKH PLFURPHWHU UDQJH�

�,0 3URGXFW $YHUDJH
3DUW
6L]H

3DUW 0DVV 'LPHQVLRQDO
7ROHUDQFH
5DQJH

(TXLSPHQW

6LQJOH 0LFURSDUWV ��� PP ���������� J �� �P �,0 PHWHULQJ DQG
GRVLQJ V\VWHP

3DUWV IHDWXULQJ
PLFUR�RU QDQRV�
WUXFWXUHV

!�� PP !��� J ������ �,0 �RQ
IHDWXUHV�

&RQYHQWLRQDO ,0
LQMHFWLRQ V\VWHP

0LFUR SUHFLVLRQ
,0 3DUWV

!�� PP !��� J ������ �P �,0 DQG ,0 V\V�
WHPV

7DEOH ���� 3URGXFW FODVVLILFDWLRQ IRU PLFUR�LQMHFWLRQ PROGLQJ ��,0� >��@�

6HYHUDO FRPSDQLHV DUH LQYROYHG� $FRX6RUW ZLOO GHVLJQ FKLSV EDVHG RQ VLPXODWLRQV IURP
'78 ZKLFK DUH WKHQ PDQXIDFWXUHG E\ 2UWRIRQ DQG WHVWHG WRJHWKHU ZLWK /XQG 8QLYHUVLW\
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WR LWHUDWLYHO\ DUULYH DW D ZHOO�IXQFWLRQLQJ SURGXFW� $OVR LQYROYHG DUH '78 SK\VLFV� ZKRVH
RXWSXWV REWDLQHG IURP )(0 QXPHULFDO VLPXODWLRQV DUH XVHG DV LQSXW IRU WKLV ZRUN� $W WKH
VWDUW RI WKH SURMHFW D SURWRW\SH RI WKH FKLS REWDLQHG IURP D SUHYLRXV VWXG\ ZDV DOUHDG\
DYDLODEOH >�@� 7KH LQLWLDO HIIRUWV ZHUH DGGUHVVHG WR WKH TXDOLW\ SDUW� LQ SDUWLFXODU� KRZ WR
DYRLG WKH VLQN PDUNV WKDW PD\ SXW LQ ULVN WKH SKLVLFV EHKLQG DFRXVWLF VHSDUDWLRQ DQG WKH
IXQFWLRQDOLW\ RI WKH FKLS�

��� 2EMHFWLYHV
6WDUWLQJ IURP D SUHYLRXV ZRUN >�@� WKH SXUSRVH RI WKLV WKHVLV LV WR IXUWKHU PLQLPLVH WKH
GHIRUPDWLRQ RI WKH SURGXFHG VDPSOHV E\ LQYHVWLJDWLQJ GLIIHUHQW PDWHULDOV DQG SURFHVV
SDUDPHWHUV� 7KH PDLQ IRFXV LV WKH VKULQNDJH RI WKH PLFUR�FKDQQHO� ZKRVH GLPHQVLRQV
KDYH WR EH PRQLWRUHG WR DYRLG WR SXWWLQJ DW ULVN WKH IXQFWLRQDOLW\ RI WKH FKLS� %RWK WKH
YROXPHWULF VKULQNDJH DQG OLQHDU RQH ZHUH PHDVXUHG IRU WKH WZR PDWHULDOV WHVWHG�

7KLV ZDV DFKLHYHG WKURXJK VHYHUDO VWHSV �)LJXUH ����� )LUVW RI DOO� D YLUWXDO 'HVLJQ RI
([SHULPHQW ZDV GHYHORSHG WR VWXG\ WKH UHODWLRQVKLS EHWZHHQ WKH LQSXW YDULDEOHV �0ROG
7HPSHUDWXUH� 0HOW 7HPSHUDWXUH� 3DFNLQJ 3UHVVXUH� ,QMHFWLRQ YHORFLW\� DQG WKH NH\ RXWSXW
RI WKH H[SHULPHQW �6KULQNDJH�� 7KLV ODWWHU ZDV REWDLQHG E\ UXQQLQJ DOO WKH UHFLSHV RQ
0ROGH[�'� 2QFH WKLV KDG EHHQ GRQH� WZR ODE VHVVLRQV ZHUH SHUIRUPHG WR SURGXFH WKH
FKLSV ZLWK 'R( SDUDPHWHUV DQG ILQDOO\ DQ DFFXUDWH PHWURORJ\ DQDO\VLV RQ WKH SURGXFHG
VDPSOHV WR PHDVXUH WKH GHIRUPDWLRQ LQ WKH FKDQQHO� ,Q WKH HQG� WKH VKULQNDJH RI WKH
VLPXODWLRQV ZDV FRPSDUHG ZLWK WKH PROGHG SDUW�

7KURXJK WKH FRPSDULVRQ EHWZHHQ 0ROGH[�' VLPXODWLRQV DQG H[SHULPHQWV LW LV DOVR SRV�
VLEOH WR FDUU\ RXW WKH RWKHU LPSRUWDQW JRDO RI WKH WKHVLV� HYDOXDWH WKH DFFXUDF\ RI WKH
VLPXODWLRQ SUHGLFWLRQV�

)LJXUH ���� :RUNIORZ RI WKH SURMHFW
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� /LWHUDWXUH
7KH VHFRQG FKDSWHU IRFXVHV RQ WKH PDQXIDFWXUH WHFKQRORJ\ RI WKH LQMHFWLRQ PROGLQJ� LQ
SDUWLFXODU LQ WKH GHYHORSPHQW WKDW RFFXUV LQ WKH UHFHQW \HDUV�

)LUVWO\� PDNHV D UHPLQGHU RI WKH FRQYHQWLRQDO LQMHFWLRQ PROGLQJ� WKH FRPSRQHQWV RI WKH
PDFKLQH DQG LWV PDLQ SKDVHV� 7KHQ� LW GLVFXVVHG WKH UHFHQW LQWURGXFWLRQ RI �,0 WRPHHW WKH
IDVW JURZLQJ RI PLQLDWXUL]HG SDUWV� ,W HQGV ZLWK D EULHI RYHUYLHZ RI WKH SURFHVV VLPXODWLRQV�

��� &RQYHQWLRQDO LQMHFWLRQ PRXOGLQJ
&RQYHQWLRQDO LQMHFWLRQ PRXOGLQJ LV WKH PRVW XVHG PDQXIDFWXULQJ SURFHVV IRU WKH ODUJH
VFDOH SURGXFWLRQ RI SDUWV PDGH RI SRO\PHULF PDWHULDOV� EDVLFDOO\ EHFDXVH HQVXUHV WR JHQ�
HUDWH IRUP DQG JHRPHWU\ HYHQ FRPSOH[ ZLWK D ORZ FRVW >��@� ,W LV D GLVFRQWLQXRXV DQG
F\FOLF UHSOLFDWLRQ WHFKQRORJ\ WKDW HQDEOHV D ORZ F\FOH WLPH DQG UHSHDWDEOH PDQXIDFWXULQJ
RI QHW�VKDSHG SDUWV� 7KH SURFHVV FDQ EH IXOO\ DXWRPDWL]HG WR DFKLHYH WKH H[WUHPHO\ KLJK
WKURXJKSXW UDWHV UHTXLUHG IRU VHWWLQJ ODUJH�YROXPH SURGXFWLRQV� ,Q ILJXUH ��� LV GHSLFWHG
D W\SLFDO LQMHFWLRQ PROGLQJ PDFKLQH� (DFK PDFKLQH XVXDOO\ KDV D VSHFLILF FRGH ZKLFK
LQGLFDWHV�

T/P

� 7 LV WKH &ODPSLQJ IRUFH� KHQFH UHSUHVHQWV WKH SHUIRUPDQFH RI WKH FODPSLQJ XQLW�

� 3 LV DQ LQGLFDWRU RI SHUIRUPDQFH IRU WKH FODPSLQJ XQLW�

P =
VMAX(cm3) · PMAX(Bar)

1000
�����

$V LW LV GLVFXVVHG EHORZ WKHUH DUH VHYHUDO SDUWV RI DQ LQMHFWLRQ PROGLQJ PDFKLQH� WKH PDMRU
FRPSRQHQWV DUH�

� 3ODVWLFDWLQJ�,QMHFWLRQ XQLW�

� 0ROG�

� &ODPSLQJ XQLW�

)LJXUH ���� ,QMHFWLRQ 0ROGLQJ 0DFKLQH >��@

&+$37(5 �� /,7(5$785( �



7KH SODVWLFDWLQJ XQLW LV GHVLJQHG WR�

� 0HOW WKH SRO\PHU SHOOHWV�

� $FFXPXODWH WKH PHOW LQ WKH VFUHZ FKDPEHU�

� ,QMHFW WKH PHOW LQWR WKH FDYLW\�

� 0DLQWDLQ WKH KROGLQJ SUHVVXUH GXULQJ FRROLQJ�

)LJXUH ���� 6FKHPDWLF RI WKH SODVWLFDWLQJ XQLW >��@

LW FRQVLVWV RI D KRSSHU DQG D UHFLSURFDWLQJ VFUHZ� ZKRVH IXQFWLRQ LV WR PHOW WKH SRO\PHU
DQG WR LQMHFW LW LQWR WKH FDYLW\� $ KRSSHU LV WKH ILUVW SDUW RI WKH LQMHFWLRQ XQLW DQG FDQ EH
GHVFULEHG DV D ODUJH FRQWDLQHU LQ ZKLFK SODVWLF LQ WKH IRUP RI VPDOO SHOOHWV DUH SRXUHG
WKURXJK WKH KRSSHU WKURDW LQWR WKH EDUUHO� 7KH PRUH FRPPRQ WHFKQLTXH DSSOLHG WR KHDWLQJ
DQG LQMHFWLQJ LV WKH XVH RI D UHFLSURFDWLQJ VFUHZ� WKDW PRYHV WKH PDWHULDO IRUZDUG E\ ERWK
URWDWLQJ DQG VOLGLQJ D[LDOO\� 7KH UHFLSURFDWLQJ VFUHZ FRQVLVWV RI WKUHH ]RQHV FDOOHG WKH
IHHGLQJ ]RQH� WKH FRPSUHVVLRQ ]RQH DQG WKH PHWHULQJ ]RQH� 7KH GHSWK RI WKH IOLJKWV RQ
WKH VFUHZ GHFUHDVHV IURP WKH IHHGLQJ ]RQH WR WKH EHJLQQLQJ RI WKH PHWHULQJ ]RQH� ZKRVH
UROH LV WR FRPSUHVV WKH PDWHULDO DJDLQVW WKH LQVLGH GLDPHWHU WKDW PHOWV WKH PDWHULDO� 7KH
KHDWHU EDQGV RXWVLGH WKH EDUUHO KHOS PDLQWDLQ WKH PDWHULDO WR UHPDLQ LQ WKH PROWHQ VWDWH� ,Q
JHQHUDO� D PROGLQJ PDFKLQH FDQ KDYH WKUHH RU PRUH KHDWHU EDQGV RU ]RQHV ZLWK GLIIHUHQW
WHPSHUDWXUH VHWWLQJV�

'XULQJ WKLVPRYHPHQW� WKHPDWHULDO JHWVPHOWHG E\ SUHVVXUH� IULFWLRQ� DQG DGGLWLRQDO KHDWHUV
WKDW VXUURXQG WKH UHFLSURFDWLQJ VFUHZ� 'XH WR WKH EXLOGXS RI SUHVVXUH DQG WKH IRUZDUG DF�
WLRQ RI WKH VFUHZ� WKH PROWHQ SODVWLF LV WKHUHDIWHU LQMHFWHG YHU\ TXLFNO\ LQWR WKH PROG WKURXJK
WKH QR]]OH DW WKH HQG RI WKH EDUUHO�

7KLV LQFUHDVLQJ SUHVVXUH DOORZV WKH PDWHULDO WR EH SDFNHG DQG IRUFLEO\ KHOG LQ WKH PROG�
2QFH WKH PDWHULDO KDV EHHQ VROLGLILHG RU FRROHG LQVLGH WKH PROG� WKH VFUHZ FDQ UHWUDFW DQG
ILOO ZLWK PRUH PDWHULDO IRU WKH QH[W VKRW�

7KH PROG LV WKH FRUH RI WKH LQMHFWLRQ PROGLQJ SURFHVV DQG LW PXVW EH PDNH SUHFLVH IXQF�
WLRQV�

� 'LVWULEXWH WKH SRO\PHU PHOW LQWR DQG WKURXJKRXW WKH FDYLWLHV�

� 6KDSH WKH SDUW�

� 6ROLGLI\ WKH SDUW E\ FRROLQJ�

� (MHFW WKH ILQLVKHG SDUW�

7KH VLPSOHVW W\SH RI PROGV LV FROG UXQQHUV� ZKLFK FDQ EH RI WZR W\SHV�

� 7ZR SODWHV� FRQVLVWLQJ RI D PRYDEOH SODWH WKDW VHSDUDWHV IURP WKH IL[HG SODWH� 7KLV
VROXWLRQ LV VLPSOH� LQH[SHQVLYH� EXW WHFKQRORJLFDOO\ FRQVWUDLQV WKH SRZHU VXSSO\ V\V�
WHP RQ WKH SDUWLWLRQ SODQH EHFDXVH RQO\ LQ WKLV ZD\ FDQ HYHU\WKLQJ EH H[WUDFWHG�
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� 7KUHH SODWHV� LQ WKLV FDVH DQ LQWHUPHGLDWH SODWH LV DGGHG� FDOOHG IORDWLQJ� ZKLFK DO�
ORZV WKH H[WUDFWLRQ RI WKH IHHG V\VWHP� VHSDUDWLQJ LW IURP WKH UHVW RI WKH FRPSRQHQW�
2Q RQH KDQG LW LQFUHDVHV WKH FRPSOH[LW\ RI WKH PROG� EXW WKHUH LV PRUH IUHHGRP LQ
WKH SRVLWLRQLQJ RI WKH JDWH�

$V DQ DOWHUQDWLYH WR FROG UXQQHUV� WKHUH DUH KRW UXQQHUV� D V\VWHP LQ ZKLFK WKH VSUXH DQG
IHHG V\VWHP DUH ORFDWHG LQ WKH PDFKLQHU\ DQG JURXSHG LQ WKH PDQLIROG� ZKLFK KDV WKH WDVN
RI UHGLVWULEXWLQJ WKH KRW PHOW WR WKH LQMHFWRUV� 7KH ZKROH PDQLIROG LV NHSW ZDUP WKURXJK DQ
DSSURSULDWH KHDWLQJ V\VWHP WR DOZD\V NHHS WKH SODVWLF PHOWHG� IRU WKLV UHDVRQ LW LV FDOOHG
KRW UXQQHUV� 7KH LQMHFWRU LV HTXLSSHG ZLWK D YDOYH� DQG WKLV DOORZV IXUWKHU DGMXVWPHQW IRU
WKH RSHQLQJ RI HDFK LQGLYLGXDO JDWH� DQG WKLV DOORZV WR JXDUDQWHH�

� +LJK FRQWURO RI WKH PHOW LQMHFWLRQ�

� $ UHGXFWLRQ LQ WKH UHTXLUHG F\FOH WLPH� DV \RX GR QRW KDYH WR ZDLW IRU WKH VSUXH WR
FRRO GRZQ�

� 7KH DEVHQFH RI FRROLQJ RI WKH VSUXH GRHV QRW JHQHUDWH SRO\PHULF ZDVWH�

� )UHHGRP LQ WKH SRVLWLRQLQJ RI WKH LQMHFWLRQ SRLQW ZLWK D ORW RI UHGXFHG XQVLJKWO\ PDUN�

&OHDUO\ WKLV WHFKQRORJ\ FRPSDUHG WR WKH FROG UXQQHU KDV KLJKHU FRVWV DQG HQHUJ\ FRQ�
VXPSWLRQ�

7KH PROGV DUH XVXDOO\ PDGH RI KDUGHQHG VWHHO� ZKLFK OHQGV LWVHOI WR SRVVLEOH SURFHVVLQJ
DQG LV HDV\ WR WUHDW HYHQ WKHUPDOO\� $V DQ DOWHUQDWLYH WR WKLV PDWHULDO WKHUH LV DOXPLQXP�
ZKLFK LV HYLGHQW WKDW LW ZLOO ZHDU RXW PRUH HDVLO\ DQG ZLOO EH OHVV ULJLG WKDQ KDUGHQHG VWHHO�
EXW \RX KDYH VRPH DGYDQWDJHV WKDW DUH QRW HQWLUHO\ QHJOLJLEOH� VXFK DV JUHDWHU HDVH
RI SURFHVVLQJ DQG ZLWK UHGXFHG WLPHV �WLPHV DUH UHGXFHG LQ FODVVLFDO PLOOLQJ FRPSDUHG
WR ('0�� JUHDWHU WKHUPDO FRQGXFWLYLW\ �UHGXFWLRQ RI F\FOH WLPH� DQG LW LV DOVR OLJKWHU DQG
HDVLHU WR KDQGOH� 7KHUH DUH DOVR VRPH YDULDEOHV LQ WKH PDWHULDO DGRSWHG IRU WKH PROGV� DQ
H[DPSOH DUH WKH FRSSHU�EHU\OOLXP LQVHUWV� ZKLFK DUH XVHG LQ WKRVH VORZ�FRROLQJ UHJLRQV WR
DFFHOHUDWH DQG XQLIRUP LW ZLWK UHVSHFW WR WKH HQWLUH FRPSRQHQW� ,Q VXPPDU\� WKH SURSHUWLHV
WKDW D PDWHULDO PXVW KDV LQ RUGHU WR EH XVHG DV D PROG DUH�

� :RUNDELOLW\�

� $ UHGXFHG FRHIILFLHQW RI WKHUPDO H[SDQVLRQ�

� $ KLJK WKHUPDO FDSDFLW\�

� +LJK WKHUPDO FRQGXFWLYLW\�

� :HOGDELOLW\� DV LW PD\ EH QHFHVVDU\ WR DSSO\ FRDWLQJV LQ FDVH WKDW WKH PROG SUHVHQWV
GHIHFWV�

0RXOGV DUH PDQXIDFWXUHG WKURXJK WZR PDLQ PHWKRGV� VWDQGDUG PDFKLQLQJ DQG (OHFWULFDO
'LVFKDUJH0DFKLQLQJ �('0�� 6WDQGDUGPDFKLQLQJ� LQ LWV FRQYHQWLRQDO IRUP� KDV KLVWRULFDOO\
EHHQ WKH PHWKRG RI EXLOGLQJ LQMHFWLRQ PRXOGV� :LWK WHFKQRORJLFDO GHYHORSPHQWV� &1&
PDFKLQLQJ EHFDPH WKH SUHGRPLQDQW PHDQV RI PDNLQJ PRUH FRPSOH[ PRXOGV ZLWK PRUH
DFFXUDWH PRXOG GHWDLOV LQ OHVV WLPH�

7KH (OHFWULFDO 'LVFKDUJH 0DFKLQLQJ �('0�� DOVR NQRZQ DV VSDUN HURVLRQ� KDV EHFRPH
ZLGHO\ XVHG LQ PRXOG PDNLQJ� 3ULPDULO\ XVHG IRU KDUG PHWDOV RU WKRVH WKDW ZRXOG EH YHU\
GLIILFXOW WR PDFKLQH ZLWK WUDGLWLRQDO WHFKQLTXHV�

7KH FODPSLQJ XQLW LV GHVLJQHG WR VHFXUHO\ FORVH WKH WZR KDOYHV RI WKH PROG EHIRUH LQ�
MHFWLQJ WKH PROWHQ SODVWLF LQWR WKH PROG� KHQFH WR JHQHUDWH HQRXJK SUHVVXUH WR SUHYHQW
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IODVK GXULQJ PROG ILOOLQJ DQG KROGLQJ� 7KHUH DUH WZR W\SHV RI FODPSLQJ PHWKRGV� QDPHO\
WKH WRJJOH W\SH DQG WKH K\GUDXOLF W\SH� ,Q WKH ILUVW RQH WKH PROG LV PRYHG ZLWK DQ HOHF�
WULF SUHVV� LQ WKH K\GUDXOLF W\SH WKH PROG LV GLUHFWO\ RSHQHG DQG FORVHG ZLWK D K\GUDXOLF
F\OLQGHU� 7KH PDLQ DGYDQWDJHV RI WKH PHFKDQLFDO FORVXUH DUH WKH JUHDWHU FODPSLQJ IRUFH
�XS WR ��� WRQV�� PRUH DFFXUDWH� OHVV QRLVHG DQG FRQVXPH OHVV WKDQ K\GUDXOLF RQH� 2Q
EDFNZDUG LW LV FRUUHODWHG ZLWK D SUHFLVH WKLFNQHVV RI WKH PROG� 2QFH WKH SDUW LV FRROHG�
WKH FODPSLQJ PRWRU RSHQV WKH PROG DQG SXVKHV WKH VROLGLILHG SDUW RXW RI WKH FDYLW\�

$V DERYH PHQWLRQHG ,0 LV D F\FOLF SURFHVV� 7KH GLIIHUHQW SKDVHV RI D SURFHVV F\FOH DUH
WKH IROORZLQJ�

� 3ODVWLILFDWLRQ�

� ,QMHFWLRQ�

� 3DFNLQJ�

� &RROLQJ�

� 0RXOG RSHQLQJ�(MHFWLRQ�

)LJXUH ���� 3URFHVVLQJ F\FOH RI FRQYHQWLRQDO ,0 >��@

��� 0LFUR LQMHFWLRQ PRXOGLQJ
0LFUR LQMHFWLRQ PROGLQJ LV D PROGLQJ SURFHVV IRU WKH PDQXIDFWXUH RI PLFUR�VFDOH SODVWLF
FRPSRQHQWV ZLGHO\ XVHG IRU VKRW ZHLJKWV RI � WR ��� JUDPV ZLWK WROHUDQFHV LQ WKH UDQJH
RI �� WR ��� PLFURPHWHUV� 7KLV PROGLQJ SURFHVV SHUPLWV WKH PDQXIDFWXUH RI FRPSOLFDWHG
VPDOO JHRPHWULHV ZLWK PD[LPXP SRVVLEOH DFFXUDF\ DQG SUHFLVLRQ DQG LV FRPSULVHG IURP
WKH VDPH SURFHVV SKDVHV DV WKH FRQYHQWLRQDO RQH >��@�

� 0HOWLQJ RI WKH SODVWLF JUDQXOHV�

� 0HWHULQJ RI WKH PROWHQ SODVWLF�

� ,QMHFWLRQ RI WKH PDWHULDO LQWR WKH FDYLW\ RI WKH PROG�

� 3DFNLQJ RI WKH SDUW�

� &RROLQJ�

� (MHFWLRQ IURP WKH PROG�

7KLV SDUDJUDSK LQWHQGV WR UHYLHZ WKH VWDWH RI WKH DUW RI PLFUR LQMHFWLRQ PRXOGLQJ IRU PLFUR
FRPSRQHQWV� WR KLJKOLJKW WKH GLIIHUHQFHV ZLWK WKH FRQYHQWLRQDO RQH DQG UHVHDUFK JDSV RI
WKLV SURFHVV�
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7KLV WHFKQRORJ\ ZDV ILUVWO\ LQWURGXFHG IURP WUDGLWLRQDO LQMHFWLRQ PRXOGLQJ VLQFH ODWH HLJKW�
LHV EXW QR DSSURSULDWH PDFKLQH WHFKQRORJ\ ZDV DYDLODEOH DQG RQO\ PRGLILHG FRPPHU�
FLDO XQLWV RI WUDGLWLRQDO LQMHFWLRQ PRXOGLQJ PDFKLQH FRXOG EH XVHG� 2QO\ LQ WKH PLGGOH RI
QLQHWLHV� VSHFLDO QHZ PLFUR LQMHFWLRQ PDFKLQHV ZHUH GHYHORSHG VSHFLILFDOO\ DGGUHVVLQJ
PLFUR PRXOGLQJ SDUWV DQG WKXV� UHVHDUFK HIIRUWV KDYH VWLOO WR EH GRQH� ,Q RUGHU WR PHHW WKH
IDVW JURZLQJ GHPDQG RI �,0 SURGXFWV LQ VHYHUDO HQJLQHHULQJ ILHOGV� FRQYHQWLRQDO LQMHFWLRQ
PROGLQJ KDV EHHQ DGDSWHG WR WKH PLFUR�VFDOH ZLWK VRPH DGGLWLRQDO IDFWRUV WKDW PXVW EH
NHSW LQ PLQG�

� &RQYHQWLRQDO ,0PDFKLQHV KDYH D UHFLSURFDWLQJ VFUHZ� ZKLOH �,0 RQHV KDYH D VFUHZ
IRU SODVWLFLVLQJ SHOOHWV DQG D VHSDUDWH SOXQJHU IRU PHWHULQJ DQG LQMHFWLRQ�

� 'HGLFDWHG �,0 PDFKLQHV KDYH KLJKHU LQMHFWLRQ VSHHGV UHTXLUHG WR SUHYHQW WKH SUH�
PDWXUH VROLGLILFDWLRQ RI WKH SDUWV�

� 7KH QR�VOLS ERXQGDU\ FRQGLWLRQ DW WKH ZDOO LV QR ORQJHU D YDOLG K\SRWKHVLV�

� &DSLOODU\ HIIHFWV JHQHUDWHG E\ VXUIDFH WHQVLRQ IRUFHV EHFRPH UHOHYDQW�

� $ ORFDO KHDW WUDQVIHU FRHIILFLHQW �+7&� LV DVVLJQHG WR WKH PRGHO SURSHUWLHV�

� ,PSHUIHFW YHQWLQJ RI PLFUR�LQMHFWLRQ PROGV DQG WKH FRQVHTXHQFH FRXQWHU SUHVVXUH�

$ FRPSDULVRQ IURP �,0 DQG FRQYHQWLRQDO LV VKRZQ LQ 7DEOH ����

0DFUR�0HVR 0LFUR ��� 1DQR �Q�
&RQVHUYDWLRQ RI 0DVV :DOO�6OLS (IIHFW
&RQVHUYDWLRQ RI 0RPHQWXP 6XUIDFH WHQVLRQ
&RQVHUYDWLRQ RI (QHUJ\ /RFDO +7& 0ROHFXODU '\QDPLFV
3RO\PHU FRQVWLWXWLYH HTXDWLRQ �3Y7� 8QYHQWHG DLU
9LVFRVLW\ PRGHO 6XUIDFH 5RXJKQHVV

7DEOH ���� 0RGHOLQJ JRYHUQLQJ HTXDWLRQV GHSHQGLQJ RQ VFDOH VL]H >��@�

,W LV DOVR LPSRUWDQW WR XQGHUOLQH WKDW LQ PLFUR LQMHFWLRQ PROGLQJ WKH UXQQHU V\VWHP DQG WKH
VSUXH RI WKH PRXOGHG SDUWV XVXDOO\ RFFXS\ D YROXPH ODUJHU WKDQ WKH YROXPH RI WKH SDUWV�
WKLV IDFW FRQWULEXWHV WR ZDVWH D ORW RI WKH PDWHULDO DV ZHOO DV DIIHFWLQJ WKH FRROLQJ DQG WKH
ZKROH F\FOH WLPH�

'HWHUPLQLQJ WKH PRVW HIIHFWLYH SURFHVVLQJ FRQGLWLRQV IRU PLFUR LQMHFWLRQ PRXOGLQJ ZDV WKH
VXEMHFW RI PDQ\ VWXGLHV >�@� ZKLFK XVHG GLIIHUHQW H[SHULPHQWDO FRQGLWLRQV DQG WHVW SDUWV�
,W KDV EHHQ VKRZQ WKDW WKH PDLQ SURFHVV SDUDPHWHUV DIIHFWLQJ WKH SDUW TXDOLW\ LQFOXGH�

� 0RXOG 7HPSHUDWXUH�

� 0HOW 7HPSHUDWXUH�

� ,QMHFWLRQ VSHHG�

� ,QMHFWLRQ SUHVVXUH�

� +ROGLQJ WLPH�

� +ROGLQJ SUHVVXUH�

� &RROLQJ WLPH�
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ZLWK UHJDUG WR WKH PDWHULDO� WKH IORZDELOLW\ PDNHV YHU\ SURSHU IRU PLFURSDUWV� VLQFH D YHU\
ORZ IORZ UHVLVWDQFH LV QHHGHG WR FRPSOHWHO\ ILOO WKH PLFURFDYLWLHV� ,Q WKH QH[W UDZV LW ZLOO
EH DQDO\]HG PRUH DFFXUDWHO\ VRPH RI WKH DVSHFWV WKDW GLVWLQJXLVK WKLV SURFHVV�

0RVW RI WKH PLFUR�LQMHFWLRQ PROGLQJ SDUWV DUH FKDUDFWHUL]HG E\ DQ KLJKHU DVSHFW UDWLR DQG
WKXV KDV WR EH LQYHVWLJDWHG� 7KH DVSHFW UDWLR RI D VKDSH LV GHILQHG DV WKH UDWLR RI LWV
ORQJHU RQH WR LWV VKRUWHU GLPHQVLRQ >��@� 7KH DVSHFW UDWLR� DFKLHYDEOH LQ UHSOLFDWLQJ PLFUR
IHDWXUHV LV RQH RI WKH PRVW LPSRUWDQW FKDUDFWHULVWLF RI WKH PLFUR IDEULFDWLRQ SURFHVVHV DQG
LW FRQVWLWXWHV D FRQVWUDLQW LQ DSSO\LQJ LQMHFWLRQ PRXOGLQJ� &RQFHUQLQJ DFKLHYDEOH DVSHFW
UDWLRV� WKHUH LV D OLPLWDWLRQ ZKLFK LV D IXQFWLRQ RI WKH JHRPHWU\ RI WKH PLFUR�IHDWXUHV� WKHLU
SRVLWLRQ RQ WKH VDPSOH� WKH SRO\PHU W\SH DQG WKH SURFHVV SDUDPHWHUV�

$SDUW IURP DVSHFW UDWLR� DOVR SK\VLFDO SKHQRPHQD KDYH WR EH WDNHQ LQWR DFFRXQW LQ WKH
PLFUR ZRUOG GLIIHUHQWO\ IURP PDFUR DV IRU H[DPSOH WKH KHVLWDWLRQ HIIHFW� 7KLV HIIHFW �)LJXUH
���� LV D SKHQRPHQRQ WKDW FDQ RFFXU GXULQJ WKH ILOOLQJ RI SRO\PHUV� DQG LW LV FRPPRQ
ZKHQ DQ LQMHFWLRQ PRXOGHG SDUW FRQWDLQV GLIIHUHQW WKLFNQHVVHV� 7KH SRO\PHU PHOW IORZV
PRUH HDVLO\ LQWR ODUJHU FDYLWLHV ZLWK UHODWLYHO\ ORZ UHVLVWDQFH� RQ WKH RWKHU KDQG LW WHQGV
WR KHVLWDWH ZKHQ HQWHUV LQ WKH VPDOO VHFWLRQV EHFDXVH RI WKH KLJKHU IORZ UHVLVWDQFH� WKH
UHVXOW LV WKDW WKH PHOW IUHH]HV LQ WKLV DUHD EHFDXVH WKH ILOOLQJ WLPH RI WKH VXEVWUDWH LV XVXDOO\
JUHDWHU WKDQ WKH IUHH]LQJ WLPH RI WKH PLFUR IHDWXUH�

)LJXUH ���� +HVLWDWLRQ HIIHFW RI WKH PHOW IORZ LQ WKH SUR[LPLW\ RI PLFUR FKDQQHOV >��@

2QH RI WKH PDLQ JRDOV UHODWHG WR WKH GHVLJQ RI D PLFUR PRXOGDEOH FRPSRQHQW LV WKH UH�
GXFWLRQ RI WKH VKULQNDJH DIIHFWLQJ VKDSH VWDELOLW\ LQ WKH IRUP RI LQGXFHG ZDUSDJH� 7KH
ZDUSDJH LV GXH WR WKH QRQ�XQLIRUPLW\ RI WKH VKULQNDJH LQGXFHG E\ WKH FRPSOH[ WKHUPDO
YDULDWLRQ LQVLGH WKH PRXOG� :DUSDJH SUHGLFWLRQ LV LPSRUWDQW IRU SDUWV ZLWK UHODWLYHO\ ODUJH
DUHD FRPSDUHG WR WKHLU WKLFNQHVV� 'LIIHUHQW WHFKQLTXHV KDYH EHHQ VXJJHVWHG WR GHFUHDVH
WKH HIIHFW RI VKULQNDJH�

� %\ LQFUHDVLQJ WKH YDOXH RI KROGLQJ SUHVVXUH� ZKLFK� RQ WKH RWKHU KDQG� ZLOO DOVR
LQFUHDVH VWUHVVHV LQVLGH WKH SDUW�

� 7R KDYH D ORQJ FRROLQJ WLPH VR WKDW WKH SDUW FDQ WKHUPDOO\ HTXLOLEUDWH LQVLGH WKH
PRXOG FDYLW\ DQG EHFRPH DSSUR[LPDWHO\ XQLIRUP�

� %\ LQFUHDVLQJ WKH F\FOH WLPH� DV D WUDGH�RII RI D ORQJ FRROLQJ WLPH�
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)LJXUH ���� PLFURSDUW >��@

��� 3URFHVV VLPXODWLRQ
6LPXODWLRQV DUH KHOSIXO WRROV ZLGHO\ DSSOLHG LQ WKH SODVWLF LQGXVWU\ EXW QRW RQO\� LQ JHQHUDO
DOVR ZKHQ WKH REMHFWLYH LV WR VLPSOLI\ DQG DVVLVW WKH SURGXFW GHYHORSPHQW� 0RUH LQ JHQ�
HUDO ZH FDQ LQGLFDWH ZLWK &RPSXWHU�$LGHG (QJLQHHULQJ �&$(� DOO WKH WRROV WKDW DVVLVW WKH
HQJLQHHU E\ FUHDWLQJ YLUWXDO SURWRW\SHV� ,W LV WDNHQ IRU JUDQWHG WKDW WKLV DSSURDFK DYRLG WR
VDYH D ORW RI WLPH DQG PRQH\� VLQFH LV QRW UHTXLUHG WR SURGXFHG WKH UHDO SDUW� ,Q WKH FDVH RI
3URFHVV VLPXODWLRQ LW LV SRVVLEOH WR FUHDWH D GLJLWDO WZLQ� ZKLFK VLPXODWHV DV FORVH DV SRV�
VLEOH WKH ERXQGDU\ FRQGLWLRQV RI WKH UHDO SURFHVV RU HYHQ EHWWHU FDQ JLYH DQ RYHUYLHZ RI
WKH EHKDYLRXU EHIRUH WKH SDUW LV PDQXIDFWXUHG� HQDEOLQJ XV WR LQYHVWLJDWH V\VWHPV GHWDLOV
WKDW LQ UHDOLW\ ZRXOG EH QRW SRVVLEOH�

7KH VLPXODWLRQV DUH FDUULHG RXW LQ PLFUR LQMHFWLRQ PROGLQJ ZLWK WKH VDPH SXUSRVH DV LQ
FRQYHQWLRQDO RQH� 1RZDGD\V� RQH RI WKH PDLQ FKDOOHQJHV LV WKH SRVVLELOLW\ WR VLPXODWH WKH
SURFHVV DW PLFURVFDOH� 1RQHWKHOHVV� LW PXVW EH NHSW LQ PLQG WKDW WKH LPSOHPHQWHG PRGHO
LQ VLPXODWLRQ VRIWZDUH LQFOXGHG DVVXPSWLRQV� LGHDOL]DWLRQ WKDW DUH QRW LQ WKH DFWXDO SDUW�
0RUHRYHU LW LV ZRUWK SRLQWLQJ RXW WKDW WKH DYDLODEOH VLPXODWLRQ VRIWZDUH ULJKW QRZ DUH QRW
ZHOO VXLWHG IRU �,0 EHFDXVH WKH\ DUH GHYHORSHG IRU FRQYHQWLRQDO SDUW�

7KH PDLQ JRDOV� WKDW UHVHDUFKHUV DOO RYHU WKH ZRUOG WU\ WR DFKLHYH� FDQ EH VXPPHG XS LQ
WKH IROORZLQJ VWHSV�

� 9LVXDOL]DWLRQ RI WKH IORZ DQG SUHGLFWLRQ RI WKH ODVW�ILOOHG VHFWLRQV RI WKH PRXOG� $
PHWKRG WR HYDOXDWH DOO WKHVH DVSHFWV LV WKH VKRUW�VKRWV PHWKRG� LQ ZKLFK WKH PRXOG
LV ILOOHG ZLWK GLIIHUHQW DPRXQWV RI PDWHULDO LQ RUGHU WR HYDOXDWH WKH GLVWULEXWLRQ RI WKH
IORZ GXULQJ WKH LQMHFWLRQ SKDVH� 7KLV PHWKRG LV XVHIXO WR LGHQWLI\ VRPH GHIHFWV WKDW
DUH XVXDOO\ LQ WKH ODVW ILOOHG SDUWV OLNH LQFRPSOHWH ILOOLQJ� ZHOG OLQHV DQG YRLGV�

� 2SWLPL]DWLRQ RI WKH GHVLJQ RI WKH PRXOGV EHIRUH PDQXIDFWXULQJ LQ RUGHU WR SUHYHQW
KLJK FRVW RI UHFRQVWUXFWLRQ RU UHPDNLQJ� 7KH VLPXODWLRQ DSSURDFK ZRXOG EH YHU\
XVHIXO WR WU\ GLIIHUHQW JHRPHWULFDO GHVLJQV� VSUXH DQG JDWLQJ V\VWHPV� IORZ�SDWKV WR
GHWHUPLQH WKH RSWLPXP PRXOG GHVLJQ�

� 6LPXODWLRQ RI WKH WKHUPDO FRQGLWLRQV RI WKH IORZ GXULQJ ILOOLQJ DQG FRROLQJ ZKLFK ZRXOG
EH XVHIXO LQ HVWLPDWLQJ WKH F\FOH WLPH DQG GHWHUPLQH WKH FULWLFDO SURFHVVLQJ DUHDV�

� 7R LGHQWLI\ SRVW�SURFHVVLQJ SURSHUWLHV� VXFK DV UHVLGXDO VWUHVVHV� VKULQNDJHV DQG
ZDUSDJH� ,Q IDFW GXULQJ PLFUR LQMHFWLRQ PRXOGLQJ SURFHVV� WKH PDWHULDO LV VXEMHFW WR
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WKH LQFUHDVLQJ RI SUHVVXUH DQG WHPSHUDWXUH GXH WR VLJQLILFDQW VKHDU GHIRUPDWLRQ� IRO�
ORZHG E\ D UDSLG GHFD\ RI WHPSHUDWXUH DQG SUHVVXUH LQ WKH PRXOG FDYLW\� 7KLV OHDGV
WR VROLGLILFDWLRQ� KLJK UHVLGXDO VWUHVV� FRPSOH[ PROHFXODU RULHQWDWLRQ� WKDW GHWHUPLQH
WKH PRXOGHG SDUW TXDOLW\�

� 6XSSRUWLQJ WKH H[SHULPHQWDWLRQ DQG LQ SDUWLFXODU WKH GHVLJQ RI H[SHULPHQWV LQ GH�
WHUPLQLQJ WKH PRVW LQIOXHQWLDO SURFHVVLQJ SDUDPHWHUV RQ WKH SDUW TXDOLW\�

,Q D PRUH JHQHUDO DSSURDFK YLUWXDO SURWRW\SLQJ LV FDUULHG RXW WR SHUIRUP WKHVH JRDOV >��@�

� 5HGXFH GHYHORSPHQW WLPH DQG WLPH�WR�PDUNHW IRU WKH QHZ SURGXFW�

� 6XSSRUW WKH SDUW GHVLJQ� VLQFH WKH HDUO\ VWDJHV�

� $YRLG GHVLJQ HUURUV DQG FRQVHTXHQWO\ FRVWO\ UH�HQJLQHHULQJ

� (OLPLQDWH WKH QHHG WR UHDOL]H SURWRW\SHV

� *LYH DQ DSSUR[LPDWHG LGHD RI WKH ILQDO SURGXFW

����� 6WDWH�2I�7KH�$UW DQG &KDOOHQJHV RI 0LFUR ,QMHFWLRQ 0ROGLQJ
6LPXODWLRQV

1XPHULFDO VLPXODWLRQ IRU LQMHFWLRQ PROGLQJ KDV EHHQ GHYHORSHG DQG DFFHSWHG E\ WKH SUR�
FHVVLQJ LQGXVWU\ WR LPSURYH SURGXFWLYLW\� SDUW TXDOLW\ DQG WR VKRUWHQ VWDUW�XS WLPHV >��@>�@�
,Q WKH SDUWLFXODU FDVH RI PLFUR LQMHFWLRQ PROGLQJ� QXPHULFDO VLPXODWLRQ LV DOO WKH PRUH FUX�
FLDO VLQFH SURFHVVRUV GHDO ZLWK PXFK PRUH EDVLF SUREOHPV WKDQ LQ WKH FDVH RI FODVVLFDO
LQMHFWLRQ PROGLQJ� 'XH WR WKH VPDOO SDUW GLPHQVLRQV SUHYDLOLQJ LQ PLFUR PROGLQJ� LW LV QRW
XQFRPPRQ WR EH IDFHG ZLWK WKH WRWDO LQFDSDFLW\ WR DFKLHYH FRPSOHWH ILOOLQJ RI WKH PLFUR
FDYLW\ RU WR HMHFW WKH VROLG SDUW� 7KLV HQWDLOV VROXWLRQV VXFK DV FKDQJLQJ WKH SURFHVVLQJ
SDUDPHWHUV� WU\LQJ DQRWKHU PDWHULDO� PRGLI\LQJ WKH PROG LQVHUWV� RU HYHQ PDNLQJ D QHZ
PROG LQVHUW� ZKHQ WKH WULDO�PROGLQJ KDV UHVXOWHG LQ LUUHYHUVLEOH LQVHUW GDPDJH� QHHGOHVV
WR VD\ KRZ H[SHQVLYH DQG WLPH�FRQVXPLQJ WKLV WULDO DQG HUURU SURFHVV FDQ EH� 7KHUH LV�
WKHUHIRUH� FRQVLGHUDEOH QHHG IRU UHOLDEOH QXPHULFDO VLPXODWLRQ WRROV GHGLFDWHG WR PLFUR
LQMHFWLRQ PROGLQJ� &RPPHUFLDO VLPXODWLRQ SDFNDJHV DUH EDVHG RQ D XVXDOO\ OHJLWLPDWH DS�
SUR[LPDWLRQ� ZKHQ GHDOLQJ ZLWK WUDGLWLRQDO LQMHFWLRQ PROGLQJ� ZKLFK FRQVLVWV LQ GLVUHJDUG�
LQJ D GLPHQVLRQ LQ IURQW RI WKH RWKHU WZR� ,QGHHG� WKH\ IDLO WR FDSWXUH LPSRUWDQW DVSHFWV
RI LQMHFWLRQ PROG ILOOLQJ� VXFK DV HGJH HIIHFWV WKURXJK QDUURZ FKDQQHOV� WUDQVYHUVH IORZ LQ
FRUQHUV� WUDQVYHUVH IORZ DW FKDQJHV LQ PROG WKLFNQHVV XQOHVV WKHUH DUH DSSURSULDWH ERXQG�
DU\ FRQGLWLRQV LQ WKHVH ]RQHV� 2I FRXUVH� WKHVH HIIHFWV DUH PRUH VLJQLILFDQW IRU VPDOO SDUWV
WKDQ IRU FRQYHQWLRQDO RQHV� $V D PDWWHU RI IDFW HYHQ LI KDYH VRPH VLPLODULW\� PLFUR LQMHF�
WLRQ PROGLQJ VKRZ VLJQLILFDQW GLIIHUHQFHV FRPSDUHG WR WKH FRQYHQWLRQDO LQMHFWLRQ PROGLQJ
SURFHVV� 7KHVH GLIIHUHQFHV WKXV LQIOXHQFH WKH VLPXODWLRQ DFFXUDF\ RI VRIWZDUH SULPDULO\
GHYHORSHG IRU PDFURVFRSLF WKHUPRSODVWLF SDUWV�

� 5HOHYDQWPLFURVFRSLF HIIHFWV VXFK DV ZDOO VOLS� VXUIDFH WHQVLRQ� RU PLFURVFDOH YLVFRV�
LW\ DUH QRW RU LQVXIILFLHQWO\ LPSOHPHQWHG LQ WRGD\¶V FRPPHUFLDOO\ DYDLODEOH VLPXODWLRQ
SDFNDJHV�

� 7KHUH DUH GHGLFDWHGPLFUR LQMHFWLRQPROGLQJPDFKLQHV� 7KH VFUHZ RI WKH ,0PDFKLQH
KDV D JUHDWHU GLDPHWHU DQG D GLIIHUHQW VKDSH� WKH PHWHULQJ VHFWLRQ LV ORQJHU LQ WKH
PLFUR�,0� 7KH GLDPHWHU RI WKH ,0 EHLQJ VPDOOHU� OHDGV WR D PRUH DFFXUDWH WROHUDQFH
WKDQ WKH VFUHZ RI WKH ,0 PDFKLQH� 7KHVH DUH RQO\ VRPH RI WKH GLIIHUHQFHV WKDW
GLVWLQJXLVK IURP FRQYHQWLRQDO PDFKLQHV�

7KH ,0 PDFKLQH DOVR SUHVHQWV DQ DGGLWLRQDO NH\ FRPSRQHQW IRU JXDUDQWHHLQJ D KLJK
TXDOLW\ PHWHULQJ� D SUHVVXUH VHQVRU LQ WKH ERUHG KROH WKDW DFFXUDWHO\ PHDVXUHV WKH
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OLTXLG PDWHULDO FKDUDFWHULVWLF LQ IURQW RI WKH LQMHFWLRQ SOXQJHU >�@� +RZHYHU� FRQYHQ�
WLRQDO PDFKLQHV DUH WKH RQO\ DYDLODEOH IRU VRIWZDUH WRROV DQG PLFUR PDFKLQHV DUH
QRW SURYLGHG�

� 'XH WR WKH ODUJHU VXUIDFH�WR�YROXPH UDWLR DQG WKH VPDOOHU WKLFNQHVV� WKH VXUIDFH
URXJKQHVV DQG WKH DOWHULQJ KHDW WUDQVIHU FRHIILFLHQW DUH QR ORQJHU QHJOLJLEOH� &XU�
UHQW VLPXODWLRQ VRIWZDUH� QRQHWKHOHVV� SURYLGHV RQO\ YHU\ OLPLWHG SRVVLELOLWLHV WR DF�
FRXQW IRU FKDQJLQJ WKH KHDW WUDQVIHU FRHIILFLHQW� QRW WR PHQWLRQ WKH LPSOHPHQWDWLRQ
RI VXUIDFH URXJKQHVV�

� 7KH VPDOOHU FDYLW\ VL]H LQ PLFUR FDYLWLHV FDXVHV FRQVLGHUDEO\ LQFUHDVHG VKHDU UDWHV
DQG VKHDU KHDWLQJ� 7KH PDWHULDO GDWD RIIHUHG PLJKW RQO\ EH DYDLODEOH RU YDOLG RYHU D
OLPLWHG UDQJH RI WHPSHUDWXUHV RU VKHDU UDWHV DQG DUH SHUKDSV DOVR RXWGDWHG� OHDGLQJ
WR D GHPDQG IRU WKH H[WUDSRODWLRQ RI PDWHULDO GDWD RU WKH DFTXLVLWLRQ RI VXFK GDWD E\
QRQ�VWDQGDUG PHWKRGV�

7KH SURJUDPV KDYH HVSHFLDOO\ GLIILFXOWLHV ZLWK PLFUR FDYLWLHV H[KLELWLQJ KLJK DVSHFW UDWLRV�
,Q RUGHU WR LPSURYH WKH VLPXODWLRQV UHVXOWV� D PXOWLWXGH RI VWXGLHV RQ WKH SURFHVV DQG
RQ VLPXODWLRQ YDOLGDWLRQV KDYH EHHQ SHUIRUPHG LQ VFLHQFH DQG UHVHDUFK LQ UHFHQW \HDUV
>��@>��@>��@>��@�
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� 'HVLJQ RI ([SHULPHQW
��� 'HVLJQ RI ([SHULPHQW �'R(�
,Q WKH 'R( DSSURDFK� D VHW RI FRQGLWLRQV IRU D VWDEOH LQMHFWLRQ PROGLQJ SURFHVV WKDW SUR�
GXFHV DFFHSWDEOH PROGHG SDUWV LV ILUVW VXSSRVHG� 7KH IRXU IDFWRUV FKRVHQ DUH�

� 0HOW 7HPSHUDWXUH >�&@

� 0RXOG 7HPSHUDWXUH >�&@

� ,QMHFWLRQ VSHHG >PP�V@

� 3DFNLQJ SUHVVXUH >03D@

$FFRUGLQJ WR ZHOO�HVWDEOLVKHG UHVHDUFK >�@>��@� WKHVH DUH DPRQJ WKH PRVW UHOHYDQW SDUDP�
HWHUV DIIHFWLQJ WKH TXDOLW\ RI LQMHFWLRQ PROGLQJ FRPSRQHQWV� 2WKHU LQIRUPDWLRQ UHJDUGLQJ
WKH PROG DQG LQMHFWLRQ PROGLQJ PDFKLQH ZHUH JLYHQ DW WKH VWDUW RI WKH SURMHFW� 7KHQ� IRU
HDFK PDWHULDO� WKH SDUDPHWHU YDOXHV DORQJ ZLWK WKH QXPEHU RI OHYHOV KDYH EHHQ HVWDE�
OLVKHG IURP WKH GDWD VKHHW SURYLGHG E\ WKH VXSSOLHU >��@>��@ DQG IURP SUHYLRXV SURGXFWLRQ
RQ WKLV SURMHFW >�@� ,Q WKLV FDVH� WKH � IDFWRUV DUH WKH LQGHSHQGHQW YDULDEOHV LQ WKH SURFHVV
PRGHO� 7KH GHSHQGHQW YDULDEOH LV WKH YROXPHWULF VKULQNDJH RI WKH PLFUR�FKDQQHO �L�H� WKH
RXWSXW RI WKH 'R(��

$ IXOO IDFWRULDO VWDWLVWLFDOO\ GHVLJQHG H[SHULPHQW ZDV XWLOL]HG LQ RUGHU WR LQYHVWLJDWH WKH
H[SHULPHQWDO SURFHVV ZLQGRZ� 7KH WRWDO QXPEHU RI UXQV IRU HDFK PDWHULDO UHTXLUHG IRU
WKH IXOO IDFWRULDO LV 24 = 16� 6RPH VWXGLHV >��@� DV D PDWWHU RI IDFW� UHSRUW WKDW WKH PRVW
HIILFLHQW DQG HIIHFWLYH VWUDWHJ\ LV WR LPSOHPHQW WKH IXOO IDFWRULDO� REYLRXVO\ WLPH SHUPLWWLQJ�
7KH FRPELQDWLRQ RI WKH YDOXHV RI WKHVH GLIIHUHQW IDFWRUV DUH XVHG WR VHW XS WKH H[SHULPHQWDO
GHVLJQV� 7KH JRDO ZDV WR ILJXUH RXW KRZ WR UHGXFH YROXPHWULF VKULQNDJH E\ XQGHUVWDQGLQJ
WKH HIIHFWV RI WKHVH YDULDEOHV� 7KH PHDVXUHPHQWV RQ WKH PROGHG SDUWV ZHUH FDUULHG RXW
WR GHWHUPLQH WKH YDOXHV RI YROXPHWULF VKULQNDJH�

7KHQ� WKH HIIHFWV RI WKH IRXU SDUDPHWHUV DQG WKHLU LQWHUDFWLRQ� ZHUH LQYHVWLJDWHG XVLQJ WKH
VWDWLVWLFDO VRIWZDUH 0LQLWDE�

)L[HG YDULDEOHV )UHH YDULDEOHV 5HVSRQVH
0DWHULDO 0ROG 7HPSHUDWXUH 9ROXPHWULF VKULQNDJH
0RXOG GHVLJQ 0HOW 7HPSHUDWXUH
$UEXUJ 0DFKLQH 3DFNLQJ 3UHVVXUH
,QMHFWLRQ SUHVVXUH ,QMHFWLRQ YHORFLW\

7DEOH ���� 0DLQ SDUDPHWHUV LQYROYHG LQ WKH H[SHULPHQWDO VHW�XS

,W ZLOO EH H[SODLQHG WKDW WKLV LQLWLDO VHW XS KDG WR EH FKDQJHG GXH WR LQFRQYHQLHQFHV GXULQJ
H[SHULPHQWV� $V D PDWWHU RI IDFW� LW ZDV QRW SRVVLEOH WR UXQ DOO �� FRPELQDWLRQV�
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����� &2& 'R( SDUDPHWHUV
7ZR SDUDPHWHU OHYHOV �7DEOH ���� ZHUH VHOHFWHG UHVSHFW WR HTXLSPHQW FDSDELOLWLHV DQG
WKH OLPLW RI WKH SURFHVV ZLQGRZ SURYLGHG E\ WKH PDWHULDO GDWDVKHHW >��@� 1RWH WKDW WKH
SUHVVXUH LV UHSRUWHG LQ >03D@ DFFRUGLQJ WR WKH LQWHUQDWLRQDO V\VWHP RI XQLWV �6,� EXW WKH
SUHVVXUH RQ WKH $UEXUJ PDFKLQH ZDV VHW�XS LQ >%DU@�

)DFWRUV /HYHO � /HYHO �
0RXOG WHPSHUDWXUH >�&@ ��� ���
0HOW WHPSHUDWXUH >�&@ ��� ���
3DFNLQJ SUHVVXUH >03D@ �� ��
,QMHFWLRQ YHORFLW\ >PP�V@ �� ���

7DEOH ���� ,QLWLDO 'R( YDOXHV IRU &2&� 7ZR OHYHOV IRU HDFK IDFWRU

����� 300$ /* ��� 'R( SDUDPHWHUV
7KH 'R( YDOXHV ZHUH GHULYHG IURP /* WHFKQLFDO GDWDVKHHW >��@ DQG EDVHG RQ SUHYLRXV
SURGXFWLRQV�

)DFWRUV /HYHO � /HYHO �
0RXOG WHPSHUDWXUH >�&@ �� ��
0HOW WHPSHUDWXUH >�&@ ��� ���
3DFNLQJ SUHVVXUH >03D@ �� ���
,QMHFWLRQ YHORFLW\ >PP�V@ �� ���

7DEOH ���� ,QLWLDO 3DUDPHWHUV IRU 300$
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� ([SHULPHQWDO 3DUW
,Q WKLV FKDSWHU� DIWHU D GHVFULSWLRQ RI WKH SURGXFW VSHFLILFDWLRQ DQG WKH PDWHULDOV XVHG� WKH
VHW�XS ZLOO EH H[SODLQHG� DV ZHOO DV WKH HTXLSPHQW XVHG LQ WKH H[SHULPHQWDO SDUW RI WKH
SURMHFW� )LQDOO\ PHWURORJ\ UHVXOWV DQG WKH XQFHUWDLQW\ HYDOXDWLRQ ZLOO EH UHSRUWHG�

��� 3URGXFW VSHFLILFDWLRQ
7KH PLFUR SDUW REMHFW RI VWXG\ LV D WKHUPRSODVWLF FRPSRQHQW IRU PHGLFDO DSSOLFDWLRQV �VHH
)LJXUH ���� ZKRVH &$' PRGHO ZDV JLYHQ DW SURMHFW VWDUW �)LJXUH ����� $V LW KDV EHHQ
VDLG EHIRUH� DFFRUGLQJ WR WKH OLWHUDWXUH >��@ WKH FKLS LV FRQVLGHUHG D PLFUR SDUW� 7KH PRVW
LPSRUWDQW GLPHQVLRQV WKDW HQVXUH WKH IXQFWLRQDOLW\ RI WKH SDUW� DUH IRFXVHG RQ WKH PLFUR�
FKDQQHO�

� &KDQQHO GHSWK ZLWK QRPLQDO YDOXH RI ����� PP�

� &KDQQHO ZLGWK ZLWK QRPLQDO YDOXH RI ����� PP�

� &KDQQHO OHQJWK ZLWK QRPLQDO YDOXH RI ������ PP�

)LJXUH ���� 'HVLJQ VSHFLILFDWLRQ RI WKH SRO\PHU FKLS ZLWK WKH PLFUR FKDQQHO

$OO WKH HIIRUWV ZHUH FRQFHQWUDWHG RQ WKHVH WKUHH GLPHQVLRQV�
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)LJXUH ���� 3LFWXUH RI D PROGHG SDUW� 7KH PLFUR�FKDQQHO FDQ EH VHHQ DV ZHOO DV � HMHFWRU
SLQV PDUNV DQG WKH WZR KROHV�

��� 0DWHULDOV
7KH SRO\PHU PDWHULDOV XVHG IRU WKH SURGXFWLRQ RI WKH FKLSV ZHUH &2& �����/���� PDQX�
IDFWXUHG E\ 723$6� DQG 300$ /* ����

300$ /* ��� LV D SDUWLFXODU W\SH RI 3RO\PHWK\O PHWKDFU\ODWH� D WUDQVSDUHQW DQG ULJLG
WKHUPRSODVWLF PDWHULDO� FRPSOHWHO\ DPRUSKRXV ZLWK H[FHOOHQW RSWLFDO SURSHUWLHV DQG UHVLV�
WDQFH WR DWPRVSKHULF DJHQWV� 7UDQVSDUHQF\ LQ ZKLWH OLJKW UHDFKHV ���� HYHQ PRUH WKDQ
JODVV� ,W LV YHU\ UHVLVWDQW WR 89 UD\V DQG GRHV QRW WXUQ \HOORZ� 7KDQNV WR LWV YHU\ KLJK
WUDQVSDUHQF\ DQG LWV ORZ FRVW� LW KDV VXFFHHGHG LQ PDQ\ DSSOLFDWLRQV WR UHSODFH JODVV
>��@�

+RZHYHU� 300$KDV DOVRPDQ\ OLPLWDWLRQV RYHU RWKHU WUDQVSDUHQW SRO\PHU �3&� SRO\VW\UHQH
HWF��� IHZ RI WKHP LQFOXGH�

� 3RRU LPSDFW UHVLVWDQFH�

� /LPLWHG KHDW UHVLVWDQFH ����&��

� /LPLWHG FKHPLFDO UHVLVWDQFH� SURQH WR DWWDFN E\ RUJDQLF VROYHQWV�

� 3RRU ZHDU DQG DEUDVLRQ UHVLVWDQFH�

� &UDFNLQJ XQGHU ORDG LV SRVVLEOH�

:LWK UHJDUGV WR OLIH�F\FOH� 300$ LV ���� UHF\FODEOH DQG QRQ�ELRGHJUDGDEOH PDWHULDO�

7KHUH DUH VHYHUDO ZD\V WR UHF\FOH 300$� 2IWHQ� WKHVH UHF\FOLQJ SURFHVVHV LQYROYH S\URO\�
VLV� LQ ZKLFK WKH 300$ LV H[WUHPHO\ KHDWHG LQ WKH DEVHQFH RI R[\JHQ� $QRWKHU SURFHGXUH
LQYROYHV GHSRO\PHUL]DWLRQ RI 300$� +RZHYHU� WKLV UHF\FOLQJ SURFHVV LV QRW HQYLURQPHQ�
WDOO\ YLDEOH GXH WR WKH XVH RI OHDG DQG WKH JHQHUDWLRQ RI KDUPIXO JDVHV�

&2&� ZKLFK VWDQGV IRU F\FOR ROHSKL FRSRO\PHU RU F\FOLF ROHILQ FRSRO\PHU� LV DQ DPRUSKRXV
WKHUPRSODVWLF PDWHULDO ZLWK VHYHUDO LQWHUHVWLQJ FKDUDFWHULVWLF� 6RPH RI WKHVH DUH UHSRUWHG�

� +LJK IORZDELOLW\ DQG H[FHOOHQW RSWLFDO SURSHUWLHV�
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� ([FHOOHQW FODULW\ ZLWK D WUDQVPLVVLRQ DERYH ����

� /RZ GHQVLW\�

� *RRG PHFKDQLFDO SURSHUWLHV DQG EDUULHU SURSHUWLHV �HVSHFLDOO\ DJDLQVW PRLVWXUH��

� *RRG HOHFWULFDO LQVXODWLRQ�

� +LJK WUDQVLWLRQ WHPSHUDWXUH �XS WR ����&��

� *RRG UHF\FODELOLW\ DQG QR JHQHUDWLRQ RI KDUPIXO JDVHV ZKHQ PHOWHG�

� 'LVVROYHV HDVLO\ LQ WKH K\GURFDUERQV�

7KHVH PDWHULDOV DUH UHFRPPHQGHG IRU DSSOLFDWLRQV VXFK DV RSWLFDO SDUWV� H�J� OHQVHV� DQG
RSWLFDO VWRUDJH PHGLD� ZKHUH ORZ ELUHIULQJHQFH DQG KLJK PROGLQJ DFFXUDF\ DUH HVVHQWLDO�
DV ZHOO DV IRU PHGLFDO DQG GLDJQRVWLF DSSOLFDWLRQV� 7DEOH ��� DQG ��� VKRZ WKH PDLQ SURS�
HUWLHV RI 300$ DQG &2&� UHVSHFWLYHO\� )RU PRUH LQIRUPDWLRQ DERXW WKHUPDO SURSHUWLHV
VHH WKH DSSHQGL[ >��@�

3URSHUW\ 9DOXHV
'HQVLW\ >g/cm3@ ����
+HDW GHIOHFWLRQ 7HPSHUDWXUH >�&@ ���
*ODVV WUDQVLWLRQ WHPSHUDWXUH >�&@ ��

7DEOH ���� 3KLV\FDO SURSHUWLHV IRU 300$

3URSHUW\ 9DOXHV
'HQVLW\ >g/cm3@ ����
+HDW GHIOHFWLRQ WHPSHUDWXUH>�&@ ���
*ODVV WUDQVLWLRQ WHPSHUDWXUH >�&@ ���

7DEOH ���� 3KLV\FDO SURSHUWLHV IRU &2&

��� 0DFKLQH DQG PROG
����� 0DFKLQH
7KH H[SHULPHQWV ZHUH SHUIRUPHG XVLQJ D K\EULG $UEXUJ ,QMHFWLRQ�PRXOGLQJ PDFKLQH $OO�
URXQGHU ��� $ ��������� �$UEXUJ *PE+ 	 &R .*� /RVVEXUJ� *HUPDQ\�� ZLWK D FODPSLQJ
XQLW RI PD[LPXP ��� N1 FODPSLQJ IRUFH DQG D VFUHZ ZKRVH GLDPHWHU LV �� PP� )LJXUH ���
VKRZV WKH LQMHFWLRQ PROGLQJ PDFKLQH XVHG� DQG 7DEOH $�� FRQWDLQV DOO WKH VSHFLILFDWLRQV�
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�D� $UEXUJ PDFKLQH �E� 0ROG 7HPSHUDWXUH FRQWUROOHU

)LJXUH ���� ,QMHFWLRQ PROGLQJ HTXLSPHQW XVHG LQ SODVWLF ODE WR SURGXFH WKH SDUWV

����� 0ROG
7KHPRXOG ZDV JLYHQ DW WKH SURMHFW VWDUW DQG WKH QRPLQDO GLPHQVLRQV DUH UHSRUWHG LQ )LJXUH
���� 7KH PRXOG LV PDGH RI DOXPLQXP� KDV D VLQJOH FDYLW\ DQG D FROG UXQQHU V\VWHP� ,W
FRQVLVWV RQ WZR SDUWV ZLWK DQ HMHFWLRQ V\VWHP EDVHG RQ SLQV LQVWDOOHG LQ WKH PRELOH KDOI
WKDW DXWRPDWLFDOO\ VHSDUDWHV WKH FROG UXQQHU V\VWHP IURP WKH PRXOGHG FRPSRQHQWV� 7KH
PRXOG ZDV FRQQHFWHG WR D WHPSHUDWXUH FRQWUROOHU �VHH )LJXUH ���� LQ RUGHU WR PRQLWRULQJ
LWV WHPSHUDWXUH GXULQJ WKH H[SHULPHQWV�

�D� 7KH PROG� � FDYLW\� � HMHFWRU SLQV �E� 0ROG GUDZLQJ

)LJXUH ���� 0ROG GHWDLOV�

��� ,QMHFWLRQ PROGLQJ VHVVLRQV
7KH DLP RI WKH LQMHFWLRQ PROGLQJ VHVVLRQV ZDV WR FDUU\ RXW WKH 'R( IRU &2& DQG 300$
LQ RUGHU WR GHWHUPLQH WKH YROXPHWULF VKULQNDJH� 7KHQ� WKHVH YDOXHV ZHUH SOXJJHG LQWR
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0LQLWDE� VWDWLVWLFDO DQDO\VLV VRIWZDUH WR XQGHUVWDQG WKH LQGLYLGXDO DQG FRPELQHG HIIHFWV
RI WKH IRXU SDUDPHWHUV RQ WKH YROXPHWULF VKULQNDJH� 'XH WR VRPH LVVXHV WKDW RFFXUHG
GXULQJ WKH PROGLQJ VHVVLRQ� LW ZDV QRW SRVVLEOH WR FDUU\ RXW DOO WKH �� VLPXODWLRQV� ,Q WKLV
VHFWLRQ WKH UHDGHU ZLOO EH JXLGHG WKURXJK WKH WZR H[SHULPHQWDO VHVVLRQV� 7DEOHV $�� DQG
$�� LQ WKH DSSHQGL[ UHSRUW LQ GHWDLO DOO WKH SURFHVV SDUDPHWHUV� 7KHVH FDQ EH XVHIXO IRU
IXUWKHU VWXGLHV�

����� &2& SURGXFWLRQ
7KH ILUVW VWHS� IRU HDFK H[SHULPHQWDO VHVVLRQ� LV WKH GU\LQJ RI WKH SODVWLF� 7KH UHVLQV FDQ
EH XVHG ZLWKRXW SUH�GU\LQJ EXW WKH\ DEVRUE PRLVWXUH LI WKH\ DUH VWRUHG IRU D ORQJ WLPH RU
XQGHU XQIDYRUDEOH FRQGLWLRQV� :KHQ PRLVWXUH DEVRUSWLRQ UDWH H[FHHGV ��� �� WKHUH LV D
FKDQFH WKDW VLOYHU VWUHDNV ZLOO IRUP RQ WKH PROGHG SURGXFW¶V VXUIDFH� )RU WKLV UHDVRQ� LW LV
GHVLUDEOH WR SHUIRUP SUHOLPLQDU\ GU\LQJ�

$FFRUGLQJ WR WKH SURFHVVLQJ GDWDVKHHW >��@ &2& QHHGV WR EH GULHG IRU � KRXUV DW ����&�
+HQFH� WKH GD\ EHIRUH WKH H[SHULPHQWV� WKH PDWHULDO ZDV SXW LQ D GU\HU� 7KH PDFKLQH ZDV
SUH�KHDWHG IRU DW OHDVW � KRXU EHIRUH WKH H[SHULPHQW DQG WKH EDUUHO ZDV SXUJHG FRPSOHWHO\
EHIRUH DQG DIWHU WKH VHVVLRQ� 7KLV ZDV GRQH WR SUHYHQW FRQWDPLQDWLRQ RI PDWHULDOV�

6LQFH WKHUH ZHUH � GLIIHUHQW SDUDPHWHUV �VHH 7DEOH ���� DQG WKH SURFHVV WDNHV VRPH
WLPH WR EHFDPH VWDEOH� DQ DWWHPSW ZDV PDGH WR ILUVW SULQW DOO WKH SDUWV ZLWK ORZ PRXOG
WHPSHUDWXUH DQG WKHQ VKLIW WR KLJKHU WHPSHUDWXUHV� $IWHU VZLWFKLQJ SDFNLQJ SUHVVXUH DQG
LQMHFWLRQ YHORFLW\� RQO\ �� SDUWV ZHUH GLVFDUGHG EHIRUH FROOHFWLQJ WKH RQHV RI WKH QH[W
UHFLSH� +RZHYHU� WKH FKDQJH RI PHOW WHPSHUDWXUH DQG PRXOG WHPSHUDWXUH WRRN ORQJHU
WKDQ H[SHFWHG EHFDXVH WKH PROG WHPSHUDWXUH FRQWUROOHU WDNHV D ORW RI WLPH WR FKDQJH WKH
WHPSHUDWXUH DQG FRQVHTXHQWO\ WKH SURFHVV WDNHV ORQJHU WR DFTXLUH VWDELOLW\� 6R� LW ZDV
GHFLGHG WR GLVFDUG PXFK PRUH SDUWV �DSSUR[LPDWHO\ ���� 2QFH WKH SURFHVV ZDV VWDEOH�
�� SDUWV ZHUH FROOHFWHG LQ D EDJ IRU HDFK FRPELQDWLRQ RI SDUDPHWHUV DQG � RI WKHVH ZHUH
WDNHQ IRU WKH PHDVXUHPHQWV RI WKH PLFUR�FKDQQHO�

2WKHU FRQVLGHUDWLRQV ZHUH REVHUYHG�

)RU WKH VHVVLRQ WKH PHOW WHPSHUDWXUH SURILOH ZDV VHW E\ XVLQJ � �& LQWHUYDOV SHU HDFK KHDW�
LQJ ]RQH RI WKH UHFLSURFDWLQJ VFUHZ WR IDFLOLWDWH D JUDGXDO KHDWLQJ RI WKHPDWHULDO WKURXJKRXW
WKH EDUUHO �)LJXUH ����� 7KLV GLIIHUV FRPSDUHG WR WKH VLPXODWLRQ LQ ZKLFK WKH WHPSHUDWXUH
LV FRQVWDQW�

0RUHRYHU WKH FRROLQJ WLPH GLIIHUV D ELW LQ WKH H[SHULPHQWV� 7R EH SUHFLVH� �� V ZDV VHW�XS
WR PDNH VXUH WKDW SDUWV KDG HQRXJK WLPH WR FRRO GRZQ EHIRUH EHLQJ HMHFWHG IURP WKH PROG�
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)LJXUH ���� %RXQGDU\ FRQGLWLRQV� 7KH PHOW WHPSHUDWXUH SURILOH WKURXJK WKH EDUUHO� 1RWH
WKH WHPSHUDWXUH QHDU WKH KRSSHU LV ORZHU WR DYRLG WKH SHOOHWV VWLFN LQ WKH EDUUHO�

7KH LQLWLDO YDOXHV RI LQMHFWLRQ YHORFLW\ FKRVHQ IRU WKH 'R( �7DEOH ����� DOWKRXJK LQ WKH UDQJH
UHFRPPHQGHG RI WKH SURFHVVLQJ GDWDVKHHW� ZHUH FKDQJHG EHFDXVH QRW FRPSDWLEOH ZLWK
WKLV FDVH�VWXG\� $V D PDWWHU RI IDFW� WKH ILUVW YDOXHV UHVXOW LQ DQ H[FHVVLYHO\ VKRUW ILOOLQJ
WLPH� 5HVSHFWLYHO\ �� PP�V DQG ��� PP�V KDYH EHHQ UHSODFHG ZLWK �� PP�V DQG ��
PP�V��VHH 7DEOH �����

)DFWRUV /HYHO � /HYHO �
0RXOG WHPSHUDWXUH >�&@ ��� ���
0HOW WHPSHUDWXUH >�&@ ��� ���
3DFNLQJ SUHVVXUH >03D@ �� ��
,QMHFWLRQ YHORFLW\ >PP�V@ �� ��

7DEOH ���� 1HZ GDWD WDEOH

(YHQ ZLWK WKLV DGMXVWPHQW RI WKH LQMHFWLRQ YHORFLW\� GXULQJ WKH &2& VHVVLRQ VRPH LVVXHV
ZHUH H[SHULHQFHG � ,W ZDV QRW SRVVLEOH WR FDUU\ RXW DOO �� UHFLSHV� 7R EH SUHFLVH� LQ WKH
ODVW WZR UHFLSHV� D EURNHQ SDUW ZDV REWDLQHG �VHH )LJXUH ���� ZLWK KLJK YDOXHV RI 0ROG
WHPSHUDWXUH �����&� DQG 3DFNLQJ SUHVVXUH ��� 03D��
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)LJXUH ���� (IIHFW RI DQ KLJK 3DFNLQJ SUHVVXUH� 1RWH WKDW WKH SDUW LV EURNHQ LQ WKH PLGGOH�
KHQFH GLVFDUGHG IRU WKH PHWURORJ\ DQDO\VLV�

����� 300$ SURGXFWLRQ
%DVLFDOO\ DOO WKH SURFHGXUHV IROORZHG IRU &2& DQG GHVFULEHG DERYH DUH WKH VDPH RI WKH
300$� %HIRUH SURFHHGLQJ ZLWK WKH PROGLQJ RI WKH SDUW 300$ ZDV VWRUHG DW �� �& IRU �
KRXUV DV UHTXLUHG E\ WKH SURWRFRO >��@� 7KHQ� WKH VWUDWHJ\ LV WKH VDPH DV IRU &2&� 7KH
VDPH DPRXQW RI VDPSOHV FROOHFWHG DQG HYHQ LQ WKLV FDVH WKH VHVVLRQ WRRN D ORW RI WLPH
EHFDXVH RI WKH QHHG WR ZDLW EHWZHHQ RQH UHFLSH DQG WKH RWKHU WR KDYH D VWDEOH SURFHVV�

7KH LQLWLDO YDOXHV RI WKH 'R( DUH UHSRUWHG LQ 7DEOH ���� EXW GXULQJ WKH VHVVLRQ LW ZDV QRWLFHG
WKDW ZLWK �� DQG ��� PP�V RI LQMHFWLRQ VSHHG WKH ILOOLQJ WLPHV ZHUH WRR VKRUW�

)RU WKLV UHDVRQ� WKHVH YDOXHV ZHUH UHSODFHG UHVSHFWLYHO\ ZLWK �� DQG �� PP�V� �VHH 7DEOH
����

)DFWRUV /HYHO � /HYHO �
0RXOG WHPSHUDWXUH >�&@ �� ��
0HOW WHPSHUDWXUH >�&@ ��� ���
3DFNLQJ SUHVVXUH >03D@ �� ���
,QMHFWLRQ YHORFLW\ >PP�V@ �� ��

7DEOH ���� 1HZ GDWD IRU 300$

,Q DGGLWLRQ� DQRWKHU LVVXH ZDV H[SHULHQFHG� DIWHU WKH WHQWK UHFLSH� DV LW FDQ EH VHHQ IURP
WKH SLFWXUH ���� WKH PROG ZDV GDPDJHG� ZKLFK FDXVHG DQ XQDFFHSWDEOH SDUW�
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�D� 9LVLEOH PDUN RQ WKH PROG� &RPSDUH ZLWK )LJ�
XUH ��� WR VHH WKH GLIIHUHQFH� �E� &URRNHG SDUW

)LJXUH ���� ([SHULPHQWDO LVVXHV� 7KH GDPDJHG FDYLW\ SUHYHQWV DQ DXWRPDWLF GHWDFKPHQW
RI WKH SDUW

,I� LQ IXWXUH� VRPHRQH ZDQW WR UHSHDW WKH H[SHULPHQWV� 7DEOHV $�� DQG $�� LQ WKH DSSHQGL[
SURYLGH GHWDLOV RQ WKH SURFHVV SDUDPHWHUV RI WKH WZR VHVVLRQV�

��� 0HWURORJ\
$IWHU SURGXFLQJ WKH VSHFLPHQV� WKH\ ZHUH H[DPLQHG LQ WKH PHWURORJ\ ODE DW OHDVW � GD\V
DIWHU PRXOGLQJ LQ RUGHU WR DOORZ WKHP WR VKULQN DQG UHDFK WKHLU ILQDO GLPHQVLRQV� 7KLV
VHFWLRQ ZLOO GHVFULEH WKH PDFKLQHV XVHG� WKH VWUDWHJ\ IRU WKH PHDVXUHPHQWV� DQG� ILQDOO\�
WKH UHVXOWV REWDLQHG�

,Q RUGHU WR GHWHUPLQH KRZ WKH SURGXFHG FKLS ZDUSV� D /DVHU 6FDQQLQJ &RQIRFDO 0LFUR�
VFRSH �/6&0�� PRGHO /(;7� 2/6 ���� >��@ PDQXIDFWXUHG E\ 2O\PSXV FRPSDQ\� ZDV
XVHG LQ FRPELQDWLRQ ZLWK 7KH 'H0HHW ��� FRRUGLQDWH PHDVXULQJ PDFKLQH� ,Q SDUWLFXODU�
WKH ILUVW RQH ZDV XVHG WR GHWHUPLQH WKH GHSWK DQG ZLGWK RI WKH FKDQQHO� VLQFH WKHVH GL�
PHQVLRQV DUH LQ WKH RUGHU RI PLFURPHWUHV� 'H0HHW ��� ZDV XVHG IRU PHDVXULQJ OHQJWK�
,I WKH 'H0HHW��� KDG EHHQ XVHG IRU GHSWK DQG ZLGWK� WKHUH ZRXOG KDYH EHHQ D ODUJH
XQFHUWDLQW\ LQ WKH PHDVXUHPHQW RI WKH FKLS�

7KH PHDVXUHPHQWV RI WKH GHSWK DQG WKH ZLGWK RI WKH PLFUR�FKDQQHO ZHUH EDVHG E\ WDNLQJ
WKUHH DFTXLVLWLRQV LQ WKUHH GLIIHUHQW SRVLWLRQV �723�0,'�%27720� IRU HDFK VDPSOH� WR VHH
LI WKHUH LV D YDULDWLRQ RI WKHP DORQJ WKH OHQJWK RI WKH FKDQQHO�

7KHPLFURVFRSH ZDV IRFXVHGPDQXDOO\ XVLQJ D ��;PDJQLILFDWLRQ OHQV �LPDJH VL]H RI ����
ȝP [ ���� ȝP�� ,PDJH DFTXLVLWLRQ ZDV SHUIRUPHG XVLQJ WKH /(;7� VRIWZDUH �2O\PSXV�
2/6 ����� 3URGXFW YHUVLRQ� ������ ZKLFK DOORZV WKH XVHU WR SUHYLHZ WKH LPDJH DQG JLYH
D URXJK HVWLPDWH RI WKH GLPHQVLRQV�

$OO WKH DFTXLVLWLRQV ZHUH SHUIRUPHG E\ XVLQJ D PDQXDO VHWXS ZLWK ),1( RSWLRQ� 2QFH
LGHQWLI\LQJ WKH ERWWRP DQG WKH WRS RI WKH FKDQQHO E\ UHJXODWLQJ WKH IRFXV� DQ DFTXLVLWLRQ
ZDV WDNHQ� $OO LPDJHV ZHUH FDSWXUHG IURP WKH VDPH SHUVSHFWLYH WR DOORZ DQ HDVLHU SRVW�
SURFHVVLQJ�

)LQDOO\� DOO WKH /(;7 ILOHV ZHUH VWRUHG LQ D SHQ GULYH DQG VXEVHTXHQWO\ WUHDWHG XVLQJ WKH
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63,3� VRIWZDUH >��@>��@� +HUH� DIWHU DSSO\LQJ WKH VXLWDEOH ILOWHU� D SURILOH ZDV FUHDWHG E\
VHOHFWLQJ WKH /LQH 'UDZLQJ WRROEDU EXWWRQ DQG D OLQH ZDV GUDZQ RQ WKH LPDJH�

7KH VRIWZDUH ZRXOG WKHQ FUHDWH WKH FRUUHVSRQGLQJ SURILOH �)LJXUH ������ ,Q HDFK DFTXL�
VLWLRQ WKUHH FURVV VHFWLRQV ZHUH HYDOXDWHG LQ RUGHU WR REWDLQ D PRUH DFFXUDWH DYHUDJH
YDOXH IRU HDFK SRVLWLRQ DORQJ WKH OHQJWK RI WKH PLFUR�FKDQQHO� +HQFH� LQ WRWDO� 3 · 3 = 9
PHDVXUHPHQWV ZHUH WDNHQ IRU HDFK VDPSOH�

)RU WKH OHQJWK WKUHH PHDVXUHPHQWV ZHUH WDNHQ IRU HDFK VDPSOH�

$Q XQFHUWDLQW\ HYDOXDWLRQ ZDV DOVR FRQGXFWHG� LQ RUGHU WR YHULI\ WKH TXDOLW\ RI WKH PHD�
VXUHPHQWV� 7KLV KDV EHHQ HVWLPDWHG EDVHG RQ WKH ,62 ������� >��@� 7KH XQFHUWDLQW\
ZDV FDOFXODWHG ZLWK D FRYHUDJH IDFWRU k = 2 WR DFKLHYH D FRQILGHQFH OHYHO RI �� ��

����� 0ROG PHDVXUHPHQWV
1RW RQO\ PHDVXUHPHQWV RI WKH PROGHG SDUWV KDYH EHHQ GRQH� EXW DOVR WKH FDYLW\ ZDV
PHDVXUHG WR FRPSDUH WKH &$' YDOXHV �)LJXUH ���D� ZLWK WKH RQHV REWDLQHG ZLWK WKH PL�
FURVFRSH� WKH YDOXHV PHDVXUHG ZHUH XVHG WKHQ IRU HVWLPDWH WKH VKULQNDJH� 7KH VDPH
VWUDWHJ\ PHQWLRQHG IRU WKH FKLS ZDV DGRSWHG WR HYDOXDWH WKH GHSWK DQG WKH ZLGWK RI WKH
PLFUR�FKDQQHO LQ WKH PROG� EXW LQ WKLV FDVH � PHDVXUHPHQWV ZHUH WDNHQ IRU ERWWRP� PLGGOH
DQG WRS �VHH )LJXUH ����� 7KH OHQJWK ZDV PHDVXUHG ZLWK 'H0HHW�

,Q )LJXUH ���E� D SLFWXUH RI WKH HTXLSPHQW LV VKRZQ�

�D� 0ROG GHVLJQ VSHFLILFDWLRQ�
�E� /(;7� /LJKW 2SWLFDO 0LFURVFRSH
XVHG IRU PHDVXUHPHQWV RI WKH PROG�

)LJXUH ���
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)LJXUH ���� 7KH SLFWXUH VKRZV WKH � FURVV VHFWLRQV HYDOXDWHG RQ WKH ERWWRP

&KDQQHO GHSWK
2QFH WDNHQ WKH DFTXLVLWLRQ ZLWK /(;7�� WKH ILOH ZDV RSHQ RQ 63,3� WR DQDO\]H WKH FURVV
VHFWLRQ� 7R UHGXFH QRLVH� WKH ILOWHU 0HDQ ��[�� IXOO ZDV XVHG� 3LFWXUH ���� VKRZV WKH �'
SURILOH RI WKH VHFWLRQ RQ RQH VLGH� DQG RQ WKH RWKHU WKH FURVV VHFWLRQ SURILOH�

1RWH WKH EOXH DQG UHG FXUVRU ORFDWHG RQ WKH WRS DQG ERWWRP RI WKH FKDQQHO� ,Q WKLV PRGH� LW
LV SRVVLEOH WR LQWHUDFWLYHO\ PRYH WKH EOXH DQG UHG FXUVRU WR FDXVH WKH DVVRFLDWHG GLVWDQFH
DQG KHLJKW YDOXHV WR EH GLVSOD\HG LQ WKH ER[ WR WKH ULJKW� 7KH KHLJKW GLIIHUHQFH LV JLYHQ
E\ 0��0��

,W LV FOHDU WKDW WKH GHSWK PHDVXUH PLJKW FKDQJHV D OLWWOH ELW EHFDXVH WKHUH DUH VRPH SHDNV
LQ WKH SURILOH�
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�D�

�E�

)LJXUH ����� 0HDVXUHPHQW 6HWWLQJV� �D� �' YLHZ RI WKH VHFWLRQ� �E� 1RWH WKH WZR DUURZV
RQ WRS DQG ERWWRP RI WKH VHFWLRQ� 7KLV LV WKH SURILOH DIWHU WKH DSSOLFDWLRQ RI WKH ILOWHU�

&KDQQHO ZLGWK
7KH ZLGWK ZDV PHDVXUHG XVLQJ D SURFHGXUH VLPLODU WR WKH RQH MXVW GHVFULEHG� 7KLV WLPH�
WKH WZR DUURZV DUH ORFDWHG RQ WKH RSSRVLWH VLGH RI WKH FKDQQHO WR WDNH WKH ZLGWK� 7KH
EXLOW�LQ IXQFWLRQ PHDQ ��[�� ZDV XVHG WR UHGXFH QRLVH�
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�D�

�E�

)LJXUH ����� 0HDVXUHPHQWV 6HWWLQJV� �D� �' YLHZ� �E� ,PDJH DIWHU QRLVH UHGXFWLRQ� 1RWH
WKH WZR DUURZV LQ WKH RSSRVLWH VLGH RI WKH FKDQQHO�

7KH PHDVXUHPHQWV VHWWLQJV DUH UHSRUWHG LQ WKH $SSHQGL[ �7DEOH $�� DQG $���� )RU WKH
FKDQQHO OHQJWK WKH VDPH SURFHGXUH DV IRU WKH FKLS ZDV DGRSWHG� 6HH 6HFWLRQ ������
5HVXOWV
7KH 7DEOH ��� SUHVHQWV WKH DYHUDJH OHQJWK� ZLGWK DQG GHSWK IRU WKH PLFUR�FKDQQHO RI WKH
PROG� $UH UHSRUWHG DOVR WKH YDOXHV GHULYHG IURP WKH &$' �)LJXUH ���D�� ,W LV LPSRUWDQW
WR XQGHUOLQH WKDW WKH FKDQQHO ZLGWK DQG GHSWK ZHUH PHDVXUHG ZLWK /(;7�� XQOLNH WKH
OHQJWK� ZKLFK ZDV SHUIRUPHG XVLQJ 'H0HHW�

)RU WKH PHDVXUHG YDOXHV DOVR WKH XQFHUWDLQW\ ZDV UHSRUWHG�

/HQJWK >PP@ :LGWK >�P@ 'HSWK >�P@
&KDQQHO �&$' YDOXHV� ����� ��� ���
&KDQQHO �PHDVXUHG YDOXHV� ������±0.105 �����±1.5 �����±0.7

7DEOH ���� 0ROG PHDVXUHPHQWV UHVXOWV�

7KH SORWV VKRZHG LQ )LJXUH ���� PXVW EH NHSW LQ PLQG IRU WKH PHDVXUHPHQWV RI WKH FKLS�
:H ZLOO VHH D VLPLODU GLVWULEXWLRQ RI WKH GHSWK DQG ZLGWK RQ WKH SURGXFHG FKLSV� LQ SDUWLFXODU
DOO WKH VDPSOHV KDYH D PLQLPXP RI ZLGWK LQ WKH PLG VHFWLRQ�

:H FDQ REVHUYH WKDW WKH GHSWK RI WKH PROG LQFUHDVHV IURP WKH WRS WR WKH ERWWRP� ZLWK
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D YHU\ VPDOO GHYLDWLRQ RI WKH PHDVXUHPHQWV� $OO WKH YDOXHV DUH ZLWKLQ D UDQJH RI ±5µm
H[FHSW IRU WKH RXWOLHUV� :LWK UHJDUGV WR ZLGWK� WKH PLQLPXP LV LQ WKH PLGGOH ZLWK D GHYLDWLRQ
VOLJKWO\ ODUJHU WKDQ WKH GHSWK �ZLWKLQ ±10µm��

�D� 'HSWK SORW DORQJ WKH FKDQQHO

�E� :LGWK SORW DORQJ WKH FKDQQHO

)LJXUH ����� 0ROG PHDVXUHPHQWV UHVXOWV� ,Q HDFK ER[SORW WKHUH DUH � PHDVXUHPHQWV�

6RPH VFUDWFKHV KDYH EHHQ GHWHFWHG LQ WKH VXUIDFH RI WKH PROG� SHUKDSV FDXVHG E\ WKH
PDQXIDFWXULQJ SURFHVV�
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����� &KLS PHDVXUHPHQWV
$V DQWLFLSDWHG LQ WKH SUHYLRXV SDUDJUDSK IRU HDFK FRPELQDWLRQV RI SDUDPHWHUV �L�H�� UHFLSH�
ZHUH PHDVXUHG WKUHH SDUWV WR KDYH PRUH GDWD WR DQDO\]H� ,Q 7DEOH $�� LW FDQ EH VHHQ WKH
GHWDLOV RI WKH DFTXLVLWLRQV PDGH ZLWK WKH PLFURVFRSH�

�D� 6HW�XS
�E� 7KLV SLFWXUH VKRZV ZKHUH KDYH
EHHQ WDNHQ WKH DFTXLVLWLRQ

)LJXUH ����� 3LFWXUH IURP WKH PHWURORJ\ VHVVLRQ

&KDQQHO ZLGWK DQG KHLJKW
2QFH LPSRUWHG WKH /(;7 ILOHV� WKUHH FURVV�VHFWLRQ SURILOHV KDYH EHHQ FUHDWHG DV VHHQ LQ
)LJXUH ���� IRU HDFK DFTXLVLWLRQ� 7KH SURILOHV REWDLQHG ZLWK 63,3� �YHUVLRQ ������ ZDV
ILOWHUHG LQ RUGHU WR UHGXFH WKH QRLVH� $IWHU FOLFNHG RQ QRLVH UHGXFWLRQ� 0HGLDQ ��[�� IXOO
ZDV FKRVHQ�
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�D� %RWWRP

�E� 7RS

�F� 0LGGOH

)LJXUH ����� 63,3� 6HW�XS IRU ZLGWK� � FURVV VHFWLRQV IRU HDFK DFTXLVLWLRQ� 7KH FRORUHG
EDU LQGLFDWHV WKH KHLJKW PHDVXUHG E\ WKH PLFURVFRSH� 7KH LPDJHV ZHUH WDNHQ ZLWK D ��;
PDJQLILFDWLRQ OHQV�
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�D� GHSWK

�E� ZLGWK

)LJXUH ����� 1RWH WKDW WKH ZLGWK LV FDOFXODWHG ORFDWLQJ WKH WZR DUURZV LQ WKH OLPLW SDUW IRU
HDFK VLGH RI WKH FKDQQHO� ZKLOH WKH GHSWK E\ ORFDWLQJ WKH EOXH DUURZ DW WKH KLJKHVW SRLQW
DQG WKH UHG RQH DW WKH FHQWHU ERWWRP RI WKH FKDQQHO�

&KDQQHO OHQJWK
7KH 'H0HHW ��� RSWLFDO &00 PDFKLQH >��@ ZDV XVHG RQO\ IRU WKH PHDVXUHPHQWV RI WKH
OHQJWK VLQFH LW KDV D UHVROXWLRQ RI ��� �P� 7R EH PRUH SUHFLVH LQ WKH PHDVXUHPHQWV� WKH
XVHG UHIHUHQFHV VKRXOG EH FRQVWDQW IURP RQH SDUW WR DQRWKHU� KHQFH� XVLQJ WKH 'H0HHW�
VRIWZDUH �$SSURYH IRU 'H0HHW�� ������ DIWHU VHOHFWLQJ WKH EXLOW�LQ FLUFOH IXQFWLRQ� DV LW FDQ
EH VHHQ LQ 3LFWXUH ����� D UHG FLUFOH ZDV LQVFULEHG LQ WKH LQOHW�RXWOHW KROH� 7KH OHQJWK RI
WKH FKDQQHO LV PHDVXUHG DV WKH GLVWDQFH EHWZHHQ WKH FHQWHU RI WKH LQOHW�RXWOHW KROH� 7KLV
FKRLFH HQVXUH DQ RSWLPDO DSSUR[LPDWLRQ RI WKH PHDVXUHPHQWV� (DFK PHDVXUHPHQWV ZDV
UHSHDWHG � WLPHV�

,Q 7DEOH $�� DUH UHSRUWHG WKH VHWWLQJV IRU WKH 'H0HHW�
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�D� 'H0HHW PDFKLQH �E� 5HIHUHQFH SRLQW�LQOHW�RXWOHW KROHV

)LJXUH ����� 6HW�XS PHDVXUHPHQWV IRU WKH FKDQQHO OHQJWK

5HVXOWV
,Q 7DEOH ��� DUH VHHQ WKH DYHUDJH OHQJWK� ZLGWK DQG GHSWK RI WKH SURGXFHG SDUWV� WKH
YDOXHV REWDLQHG IURP WKH &$' ILOH DQG WKH YDOXHV PHDVXUHG IURP WKH PROG�

/HQJWK >PP@ :LGWK >�P@ 'HSWK >�P@
&$' ILOHV ������ ��� ���
0ROG �PHDVXUHG� ������±0.105 �����±1.5 �����±0.7
&2& � 3URGXFHG SDUW ������±0.007 �����±1.1 �����±0.7
300$ � 3URGXFHG SDUW ������±0.008 �����±1.1 �����±0.6

7DEOH ���� &KLS PHDVXUHPHQWV UHVXOWV

7KH ER[ SORWV LQ )LJXUH ���� >��@ VKRZ WKH UHVXOWV RI WKH GHSWK DORQJ WKH FKDQQHO� 7KH
GLIIHUHQFHV REVHUYHG LQ WKH GLPHQVLRQV DORQJ WKH FKDQQHO FDQ EH H[SODLQ ORRNLQJ DW WKH
VDPH GLVWULEXWLRQ RI WKH PRXOG LQVHUW�

.HHSLQJ LQ PLQG WKH PROG YDOXHV� IRU 300$ LW FDQ EH FRQFOXGHG WKDW�

� 2EVHUYLQJ WKH GLVWULEXWLRQ LQ WKH SORW� WKH GHSWK RI WKH PLFUR�FKDQQHO LQFUHDVHV IURP
WKH WRS WR WKH PLG DQG UHPDLQV DOPRVW FRQVWDQW IURP WKH PLG WR WKH WRS�

� ,Q WKH ER[SORW RI WKH WRS VHFWLRQ� ERWK WKH PHDQ DQG WKH ILUVW TXDUWLOH DUH KLJKHU WKDQ
WKH PLG RQH�

� ,Q WKH ER[SORW RI WKH ERWWRP VHFWLRQ� FRPSDUHG WR WKDW RI WKHPLG VHFWLRQ� WKH YDULDQFH
LV KLJKHU�

� 7KH DVWHULVN� LQ WKH ER[SORW RI ERWWRP VHFWLRQ� LGHQWLILHV VRPH RXWOLHUV� ZKLFK FRXOG
EH FDXVHG E\ QRLVH LQ WKH DFTXLVLWLRQ� ZKLFK QHJDWLYHO\ DIIHFWV WKH PHDVXUHPHQWV�
,Q WKLV FDVH� WKH UHDVRQ FRXOG EH H[SODLQHG E\ ORRNLQJ DW WKH ERWWRP VHFWLRQ �VHH
)LJXUH $����� ZKLFK KDV D VWHS� WKDW PLJKW EULQJ GLIIHUHQW YDOXHV� ,Q IDFW� LI WKH VOLGHU
LV ORFDWHG DERYH WKH VWHS� WKH KHLJKW ZRXOG EH ORZHU FRPSDUHG WR WKH RWKHU VHFWLRQV�
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� &XPXODWLYH PHDQV WKDW LQFOXGH DOO WKH VDPSOHV FROOHFWHG�

� ,W LV LPSRUWDQW WR QRWH WKDW WKH GLIIHUHQFH LQ DYHUDJH KHLJKW EHWZHHQ WRS DQG PLG LV
LQ WKH RUGHU RI 1µm� VR WKH YDOXHV DUH UHODWLYHO\ FORVH WR HDFK RWKHU�

)RU &2& LW LV ZRUWK SRLQWLQJ RXW�

� $W ILUVW JODQFH� REVHUYLQJ WKH SORW WKH DYHUDJH GHSWK VKRZV D YHU\ OLWWOH YDULDWLRQ
DORQJ WKH OHQJWK RI WKH PLFUR�FKDQQHO�

� (YHQ WKRXJK WKH PHDQ LV DOPRVW DW WKH VDPH OHYHO IRU WKH VHFWLRQV� WKH ILUVW DQG WKH
WKLUG TXDUWLOH LQ WKH WRS ER[SORW DUH ORZHU FRPSDUHG WR WKH PLG�

� 7KH ER[SORW LQ WKH ERWWRP VHFWLRQ VKRZV WKH KLJKHVW YDULDQFH RI WKH PHDVXUHPHQWV
DQG WKH ORZHVW ILUVW TXDUWLOH�

� 7KH RXWOLHUV� LQ WKLV FDVH� DUH SUHVHQW LQ ERWK PLG DQG ERWWRP VHFWLRQV� DV LW FDQ EH
VHHQ E\ WKH SUHVHQFH RI DVWHULVNV ��� )RU WKH ERWWRP VHFWLRQ WKH UHDVRQ FRXOG EH
DJDLQ WKH VWHS� 5HJDUGLQJ WKH PLG VHFWLRQ� LW PLJKW EH GXH WR HUURUV LQ WKH DFTXLVLWLRQ
RU LQ SODFLQJ WKH DUURZV LQ 63,3��

� 7KH GDWD UDQJH ±2µm IURP WKH DYHUDJH YDOXH�

� 7KLV JUDSK LV FXPXODWLYH RI DOO WKH FROOHFWHG VDPSOHV�
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�D� &KDQQHO KHLJKW PHDVXUHPHQWV IRU 300$

�E� &KDQQHO KHLJKW PHDVXUHPHQWV IRU &2&

)LJXUH ����� &KDQQHO KHLJKW PHDVXUHPHQWV� 7KH ER[SORW LQFOXGHV DOO WKH YDOXHV�

7KH ILJXUH ���� RIIHUV DQ LQWHUHVWLQJ FRPSDULVRQ EHWZHHQ WKH WZR PDWHULDOV�

6RPH RXWOLHUV FDQ EH QRWHG LQ &2& PHDVXUHPHQWV� ,Q SDUWLFXODU WKHVH UHIHU WR WKH �QG
DQG �WK UHFLSHV RI WKH 'R(� ZKHUH WKH YDOXHV RI WKH PHDVXUHPHQWV DUH IDU DZD\ FRPSDUHG
WR WKH VLPXODWLRQV� �VHH )LJXUH $����� 7KH PHDQV LQ WKH ER[SORWV FRUUHVSRQG WR ��� �P
IRU 300$ DQG ����� �P IRU &2&�
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)LJXUH ����� +HLJKW PDWHULDOV FRPSDULVRQ� &2& VKULQNVPRUH WKDQ 300$ LQ WKLV GLUHFWLRQ�

7KH UHVXOWV RI WKH ZLGWK DORQJ WKH FKDQQHO DUH UHSRUWHG LQ )LJXUH ����>��@� 6RPH FRP�
PHQWV FDQ EH PDGH�

)RU 300$

� 7KH GLVWULEXWLRQ RI GDWD LQ WKH WKUHH GLIIHUHQW VHFWLRQV ORRNV YHU\ VLPLODU WR WKH RQH RI
WKH PROG� WKLV FRQILUPHG WKDW WKH PLQLPXP LQ WKH PLG VHFWLRQ LV GXH WR QRQ FRQVWDQW
GLPHQVLRQV RI WKH PROG�

� 7KH YDULDQFH RI GDWD �L�H� KHLJKW RI ER[SORW� LQ WKH WRS DQG ERWWRP VHFWLRQ LV DOPRVW
HTXDO� 7KH PHDQ YDOXH LV KLJKHU LQ WKH WRS VHFWLRQ�

� 2EVHUYLQJ WKH SORW� WKH WHQGHQF\ RI WKH ZLGWK RI WKH PLFUR�FKDQQHO LV WR GHFUHDVH
IURP WKH WRS WR WKH PLG� DQG WR LQFUHDVH IURP WKH PLG WR WKH ERWWRP�

� )RU WKH PLG VHFWLRQ� WKH RQH ZLWK WKH KLJKHVW GLVSHUVLRQ RI GDWD� WKH �� � RI YDOXHV
DUH LQFOXGHG LQ D UDQJH RI � �P� 7KH PHDVXUH LV VWDEOH�

)RU &2& WKH GLVWULEXWLRQ LV VLPLODU�

� 7KH PLG VHFWLRQ� HYHQ WKRXJK KDV WKH KLJKHVW GLVSHUVLRQ RI GDWD� LQFOXGHV WKH ��
� RI WKH PHDVXUHPHQWV LQ D UDQJH RI � �P� 7KLV LQGLFDWHV D JRRG VWDELOLW\ RI WKH
PHDVXUHPHQWV�

� 7KH KLJKHVW PHDQ YDOXH LV LQ WKH ERWWRP VHFWLRQ�

� 6RPH YDOXHV RXW DUH REVHUYHG LQ WKH WRS VHFWLRQ� EXW H[FHSW RI WKLV� WKH GLVWULEXWLRQ
RI GDWD DUH LQ WKH UDQJH RI ±10µm DURXQG WKH PHDQ YDOXH�
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�D� &KDQQHO ZLGWK PHDVXUHPHQWV IRU 300$

�E� &KDQQHO ZLGWK PHDVXUHPHQWV IRU &2&

)LJXUH ����� &KDQQHO ZLGWK PHDVXUHPHQWV GHULYHG IURP WKH SURGXFHG SDUWV�

7KH )LJXUH ���� GHSLFWV� LQ RQH FKDUW� WKH GLVWULEXWLRQ RI ZLGWK IRU &2& DQG 300$�

:LWK UHJDUG WR 300$� QRWKLQJ UHOHYDQW LV REVHUYHG� EHFDXVH WKH UHVXOWV DUH UHODWLYHO\
FORVH WR HDFK RWKHU �)LJXUH $����� 2Q WKH RWKHU KDQG IRU &2& ZH FDQ QRWH WKH RXWOLHU
ZKLFK FRUUHVSRQG WR WKH VHFRQG UHFLSH �VHH )LJXUH $�����

7KH PHDVXUHG YDOXH LV� DV D PDWWHU RI IDFW� RYHU WKH PROG� ZKLFK PHDQV H[SDQVLRQ�
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)LJXUH ����� :LGWK PDWHULDOV FRPSDULVRQ� &2& VKULQNV OHVV WKDQ 300$� XQOLNH WKH
KHLJKW�

)RU WKH OHQJWK� WKH WDUJHW YDOXH GHULYHG IURP PRXOG PHDVXUHPHQWV LV ������ PP� 5HVXOWV
DUH UHSRUWHG LQ )LJXUH ����� $OO WKH PHDVXUHPHQWV DUH EHORZ WKDW YDOXH� VKRZLQJ DJDLQ
WKH SUHVHQFH RI VKULQNDJH�
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)LJXUH ����� /HQJWK PDWHULDOV FRPSDULVRQ�

����� 8QFHUWDLQW\ (YDOXDWLRQ
7KH PHDVXUHPHQW XQFHUWDLQW\ ZDV HYDOXDWHG DFFRUGLQJ WR WKH SURFHGXUH GHWDLOHG LQ WKH
,62 �������� >��@� 7KH XQFHUWDLQW\ FDOFXODWLRQ LV GHILQHG DV IROORZV�

U = k · uc

0XOWLSO\LQJ WKH uc E\ D FRYHUDJH IDFWRU k JLYHV D UHVXOW ZKLFK LV FDOOHG WKH FRPELQHG
H[SDQGHG XQFHUWDLQW\� XVXDOO\ VKRZQ E\ WKH V\PERO U � uc LV WKH FRPELQHG VWDQGDUG XQ�
FHUWDLQW\� ZKLFK FDQ DOVR EH ZULWWHQ DV�

U = k ·
√

u2cal · u2p �����

k LV WKH FRYHUDJH IDFWRU WKDW JLYHV D SDUWLFXODU FRQILGHQFH OHYHO IRU U � LW ZDV DVVXPHG
k = 2 SURYLGLQJ D OHYHO RI FRQILGHQFH RI DSSUR[LPDWHO\ ����

0RUHRYHU� DVVXPLQJ WKDW WKH LQSXW TXDQWLWLHV LQ WKH IRUPXOD DUH LQGHSHQGHQW RI HDFK RWKHU�
WKH FRPELQHG VWDQGDUG XQFHUWDLQW\ ZDV IRXQG XVLQJ WKH ODZ RI SURSDJDWLRQ RI XQFHUWDLQW\
E\ VTXDULQJ WKH XQFHUWDLQWLHV� DGGLQJ WKHP DOO WRJHWKHU� DQG WKHQ WDNLQJ WKH VTXDUH URRW
RI WKH WRWDO� 7ZR XQFHUWDLQW\ FRQWULEXWLRQV ZHUH WDNHQ LQWR DFFRXQW�

� ucal LV WKH VWDQGDUG XQFHUWDLQW\ RI &DOLEUDWLRQ �LQIRUPDWLRQ VXSSOLHG E\ '78 (TXLS�
PHQW ,QIRUPDWLRQ 6\VWHP�� ucal = 0, 3µm �/(;7� ucal = 2µm �'H0HHW�

� up LV WKH VWDQGDUG XQFHUWDLQW\ RI WKH PHDVXUHPHQW SURFHGXUH DQG FRUUHVSRQGV WR
WKH VWDQGDUG GHYLDWLRQ RI WKH n UHSHDWHG PHDVXUHPHQWV�
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up =
STD√

n
�����

7KH QXPEHU RI PHDVXUHPHQWV n XVHG WR FDOFXODWH 67' FRUUHVSRQGV WR WKH VDPSOHV LQ�
YHVWLJDWHG� )RU &2&� � VDPSOHV IRU HDFK RI WKH �� FRPELQDWLRQV �n = 42�� )RU 300$
WKH UHFLSHV PROGHG DUH ��� KHQFH �� GLIIHUHQW PHDVXUHV�

7KH H[WHQGHG IRUPXOD WR FDOFXODWH WKH FRPELQHG VWDQGDUG XQFHUWDLQW\ uc ZRXOG LQFOXGH
RWKHU HUURU VRXUFHV �H�J� ZRUNSLHFH H[SDQVLRQ� LQVWUXPHQW H[SDQVLRQ DQG VR RQ� EXW LQ
WKLV FDVH ZHUH QHJOHFWHG�

8QFHUWDLQW\ &RQWULEXWLRQ OHQJWK >PP@ ZLGWK >�P@ 'HSWK >�P@
67' ����� ���� ����
up ����� ���� ����
ucal ����� ��� ���
U �N �� ����� ��� ���

7DEOH ���� 8QFHUWDLQW\ FRQWULEXWLRQV DQG H[SDQGHG XQFHUWDLQW\ U IRU &2&�

8QFHUWDLQW\ &RQWULEXWLRQ OHQJWK >PP@ ZLGWK >�P@ 'HSWK >�P@
67' ����� ���� ����
up ����� ���� ����
ucal ����� ��� ���
U �N �� ����� ��� ���

7DEOH ���� 8QFHUWDLQW\ FRQWULEXWLRQV DQG H[SDQGHG XQFHUWDLQW\ U IRU 300$�

7KH XQFHUWDLQW\ ZDV DOVR FDOFXODWHG IRU WKH FDYLW\ PHDVXUHPHQWV� 7KH XQFHUWDLQW\ ZDV
FDOFXODWHG XVLQJ (TXDWLRQ ��� DQG DOZD\V D FRYHUDJH IDFWRU N �� ,Q WKH FDOFXODWLRQ RI
ZLGWK DQG GHSWK n = 21� DV D PDWWHU RI IDFW ZDV WDNHQ � PHDVXUHV IRU WKH WKUHH FURVV
VHFWLRQV� )RU OHQJWK n = 7� 7KH XQFHUWDLQWLHV DUH SUHVHQWHG LQ 7DEOH ���

8QFHUWDLQW\ &RQWULEXWLRQ OHQJWK >PP@ ZLGWK >�P@ +HLJKW >�P@
67' ����� ���� ����
up ����� ���� ����
ucal ����� ��� ���
U �N �� ����� ��� ���

7DEOH ���� 8QFHUWDLQW\ FRQWULEXWLRQV DQG H[SDQGHG XQFHUWDLQW\ U IRU WKH FDYLW\�

��� ,QMHFWLRQ PROGLQJ GHIHFWV
,Q WKH ILUVW SDUW RI WKH SURMHFW� WKH VLQNPDUNV WKDW ZHUH UHSRUWHG GXULQJ WKH SUHYLRXV SUR�
GXFWLRQ ZLWK 300$ /XFLWH >�@� DGGUHVVHG WKH HIIRUWV LQWR WKH LQYHVWLJDWLRQ RI WKH SURSHU
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SURFHVV SDUDPHWHUV WKDW FDQ DYRLG WKLV W\SH RI GHIHFWV� 7KH SLFWXUH ����E VKRZV WKH UHO�
HYDQW VLQNPDUNV EHWZHHQ WKH KROH DQG WKH HMHFWRU SLQ PDUN� &KDQJLQJ WKH PDWHULDO IURP
300$ /XFLWH WR &2&� WKH HQWLW\ RI WKH GHIHFW LV QHJOLJLEOH� ����� �P GHSWK DJDLQVW �����
�P RI 300$ /XFLWH �)LJXUH ����E�� 7KH ODWWHU LQ SDUWLFXODU FRXOG EH QRWHG ZLWKRXW WKH
PLFURVFRSH� VLPSO\ WRXFKLQJ WKH VXUIDFH RI WKH ZRUNSLHFH�

�D� FURVV VHFWLRQ

�E� YLHZ IURP DERYH

)LJXUH ����� 300$ /XFLWH
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�D� FURVV VHFWLRQ

�E� YLHZ IURP DERYH

)LJXUH ����� &2&

2WKHU PLFURVFRSLF SLFWXUHV RI WKH VDPSOHV UHYHDOHG WKH SUHVHQFH RI VHYHUDO FRPPRQ
LQMHFWLRQ�PRXOGLQJ GHIHFWV� DQG� VRPH LVVXHV WKDW ZHUH H[SHULHQFHG LQ WKH SURGXFWLRQ� ,Q
WKH ILJXUH ����D LW FDQ EH VHHQ WKH GURSOHWV RI RLO WKDW IHOO RQ WKH SDUWV GXULQJ WKH ILUVW &2&
SURGXFWLRQ�
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�D� 2LO GURSV �E� 6FUDWFKHV �F� $LU EXEEOHV DQG EUHDFK

)LJXUH ����� 0HWURORJ\ SLFWXUH RI WKH SURGXFHG VDPSOHV

,Q )LJXUH ����F LW ZDV GHWHFWHG D EUHDFK DORQJ WKH FKDQQHO� 7KLV FDQ EH H[SODLQHG E\
WKH IDFW WKDW PRXOG DQG SDUW DUH DW GLIIHUHQW WHPSHUDWXUHV� 7KH\ KDYH GLIIHUHQW WKHUPDO
H[SDQVLRQ FRHIILFLHQWV WKURXJKRXW WKH FRROLQJ SURFHVV� KHQFH WKH ULVN LV WKH IRUPDWLRQ
RI UHVLGXDO VWUHVV DQG FRQVHTXHQWO\� EUHDFKHV� 6RPH 300$ ZRUNSLHFHV FRQWDLQHG DLU
EXEEOHV �)LJXUH ����F�� 7KLV FRXOG EH D UHVXOW RI DQ KLJK LQMHFWLRQ VSHHG RU GXH WR WKH
SODVWLF PDWHULDOV WKDW PD\ KDYH DEVRUEHG D FHUWDLQ TXDQWLW\ RI PRLVWXUH� 7KLV VXUIDFH
GHIHFW ZDV REVHUYHG DFWXDOO\ ZLWK KLJKHU YDOXHV RI LQMHFWLRQ YHORFLW\�

&HUWDLQ 300$ VDPSOHV FRQWDLQHG VFUDWFKHV LQ WKH VXUIDFH� DV LOOXVWUDWHG LQ )LJXUH ����E�
ZKLFK FRXOG EH H[SODLQHG ZLWK WKH GDPDJH RI WKH PROG RFFXUHG GXULQJ WKH VHVVLRQ� $V
D PDWWHU RI IDFW� DQ LPSURSHU PROG PDWFKLQJ GHVLJQ EULQJ WKH FRUH DQG WKH FDYLW\ WR EH
PLVDOLJQHG GXULQJ WKH PROG RSHQLQJ SURFHVV� PDNLQJ WKH SURGXFW WR EH SURQH WR VFUDWFKHV�
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� 0ROGH[�' VLPXODWLRQV
��� 6LPXODWLRQ VHW�XS
,Q WKLV VHFWLRQ� HDFK VWHS RI WKH VLPXODWLRQV LQ 0ROGH[�' ZLOO EH H[SODLQHG� 7KH GHWDLOHG
SURFHGXUH LV DV IROORZLQJ�

� ,PSRUWLQJ WKH &$' PRGHO

� 6HOHFWLQJ WKH PDWHULDO

� 0HVKLQJ

� 6HW�XS SURSHU SURFHVV 3DUDPHWHU

� 5XQ $QDO\VLV

� 5HVXOW DQDO\VLV

%\ VHWWLQJ WKH SURFHVV SDUDPHWHUV LW LV SRVVLEOH WR VSHFLI\ WKH 0ROG WHPSHUDWXUH� 0HOW
WHPSHUDWXUH� LQMHFWLRQ YHORFLW\ DQG SDFNLQJ SUHVVXUH� $W WKH VWDUW RI WKH SURMHFW� WKH SODQ
ZDV WR FDUU\ RXW DOO �� VLPXODWLRQV RI WKH 'HVLJQ RI ([SHULPHQWV �'R(� WR RSWLPL]H WKH
VKULQNDJH RI WKH SDUW�

$ EULHI IORZ FKDUW RI WKH SURFHGXUH IROORZHG LQ 0ROGH[�' LV UHSRUWHG LQ )LJXUH ���

)LJXUH ���� )ORZ FKDUW RI ,0 VLPXODWLRQ

����� ,PSRUWLQJ &$' DQG DWWULEXWH
7KH ILUVW VWHS LV LPSRUWLQJ WKH JLYHQ &$' ILOH� JLYLQJ D QDPH WR WKH SURMHFW DQG DWWULEXWLQJ
WKH IXQFWLRQ RI HDFK FRPSRQHQWV� LQ WKLV ZD\ WKH SURJUDP FDQ GLVWLQJXLVK EHWZHHQ WKH
GLIIHUHQW SDUWV� ,Q WKLV FDVH WKHUH DUH WKUHH GLIIHUHQW SDUWV LQ WKH DVVHPEOHG PRGHO� WZR
FROG UXQQHU DQG WKH SDUW RQ ZKLFK ZLOO EH IRFXVHG WKH DWWHQWLRQ� ,Q WKH QH[W VHFWLRQ ZLOO EH
SURYLGHG WKH GHWDLOV� $ SLQ JDWH ZDV SRVLWLRQHG RQ WKH WRS RI WKH FROG UXQQHU�

����� 6HOHFWLRQ RI WKH PDWHULDO
*RRG VLPXODWLRQ UHVXOW UHOLHV RQ PDQ\ IDFWRUV� DQG PDWHULDO LV WKH FUXFLDO RQH� 7KH VHF�
RQG VWHS FRQVLVWV RI VHOHFWLQJ WKH PDWHULDO� IRU ERWK RI WKH RQHV XVHG LQ WKH SURGXFWLRQ
0ROGH[�' ZL]DUG SURYLGH WKH VDPH H[DFW JUDGH RI PDWHULDO� 7KLV HQVXUH WR KDYH JRRG
DJUHHPHQW LQ WKH EHKDYLRXU RI WKH SRO\PHU ZKHQ ILOO WKH FDYLW\�

,Q WKH FKDUW EHORZ LW FDQ EH VHHQ WKH 3Y7 FXUYH IRU &2& DQG 300$ /* ��� WDNHQ IURP
VRIWZDUH GDWDEDVH� )RU RWKHU SURSHUWLHV VHH DSSHQGL[ $���� 7KH PDFKLQH $5%85* ���
$ ��������� XVHG IRU WKH H[SHULPHQWV ZDV DOVR SUHVHQW LQ 0ROGH[�' DQG KHQFH XVHG LQ
WKH VLPXODWLRQV�
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�E�

)LJXUH ���� 0DWHULDO SURSHUWLHV� �D� 3Y7 FKDUW IRU &2& �E� 3Y7 FKDUW IRU 300$ /* ���
>��@
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����� &RROLQJ V\VWHP
2QFH WKH PROGEDVH KDG EHHQ FUHDWHG� LW ZDV VHW LWV GLPHQVLRQV LQ WKH ZRUNVSDFH� )RU
WKH FRROLQJ OD\RXW LW ZDV IROORZHG WKH GHIDXOW YDOXHV� H[FHSW IRU WKH SDUDPHWHU + �FRROLQJ
FKDQQHO GHSWK��

2WKHU SDUDPHWHUV� GLDPHWHU RI WKH FKDQQHO �'�� QXPEHU RI FKDQQHOV RQ WKH WRS DQG ERWWRP
�1�� GLVWDQFH EHWZHHQ RQH WR DQRWKHU �&�� $OO WKHVH GHWDLOV DUH VKRZQ LQ )LJXUH ����

�D� 0ROGEDVH ZL]DUG �E� &RROLQJ FKDQQHO /D\RXW :L]DUG

)LJXUH ���� &RROLQJ V\VWHP OD\RXW

+ LV WKHPRVW FUXFLDO GLPHQVLRQ� )RU WKH FRROLQJ OLQH GHSWK �+� WZR DVSHFWV ZHUH HYDOXDWHG�

� 6WUXFWXUDO FRQVLGHUDWLRQV� LW LV GHVLUDEOH WR SODFH WKH FRROLQJ OLQHV IDU IURP WKH VXU�
IDFH RI WKH PROG FDYLW\� LI WKH FRROLQJ FKDQQHOV DUH WRR FORVH WR WKH JHRPHWU\ WKLV
PD\ OHDG WR ZDUSDJH�

� 7KH FRROLQJ OLQH GHSWK LQIOXHQFHV WKH FRROLQJ WLPH� WKH UDWH RI KHDW WUDQVIHU LV PD[L�
PL]HG E\ SODFLQJ WKH FRROLQJ OLQHV DV FORVH WR WKH VXUIDFH DV SRVVLEOH�

$IWHU VHWWLQJ FRROLQJ FKDQQHO� 0ROGH[�' KDV WKH IXQFWLRQ &KHFN &RROLQJ 6\VWHP ZKLFK
GHWHFWV SRVVLEOH SUREOHPV RI WKH FXUUHQW FRROLQJ FKDQQHO� ,I FHUWDLQ HUURUV RFFXU LQ WKH
FRROLQJ V\VWHP� D ZDUQLQJ PHVVDJH DSSHDUV� 6RPHWLPHV LW FRXOG EH FDXVHG ZKHQ WKH
FRROLQJ FKDQQHOV DUH WRR FORVH WR WKH JHRPHWU\�

����� 0HVKLQJ
:KHQ ZRUNLQJ ZLWK PLFUR�FRPSRQHQWV� LW LV QHFHVVDU\ WR GHFUHDVH WKH PHVKLQJ VL]H WR
LQFUHDVH WKH SUHFLVLRQ RI WKH UHVXOWV� %\ GHIDXOW� 0ROGH[�' DXWRPDWLFDOO\ FUHDWHV D PHVK
VL]H� ,Q WKH SLFWXUH EHORZ �)LJXUH ����� LW KDV EHHQ UHSRUWHG� $FFRUGLQJ WR WKH VRIWZDUH�
WKH QRGHV DUH DERXW ����� PLOOLPHWHUV DSDUW IURP RQH DQRWKHU� KRZHYHU LQ WKLV ZRUN LW LV
LPSRUWDQW WR IRFXV RQ WKH FKLS UHVXOWV DQG IRU WKLV UHDVRQ LW LV HVVHQWLDO WR ILQG D PLGGOH
SRLQW WKDW JLYHV D UHDVRQDEOH FRPSURPLVH EHWZHHQ FRPSXWDWLRQ WLPH DQG UHVROXWLRQ� $V
WKH UHDGHU DOUHDG\ NQRZV� WR GHWHUPLQH D SURSHU PHVK VL]H WZR DVSHFW DUH QHHGHG WR
EH WDNHQ LQWR DFFRXQW� E\ GHFUHDVLQJ WKH PHVK VL]H PRUH DFFXUDWH ZLOO EH WKH UHVXOW EXW
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XQIRUWXQDWHO\ WKLV LQFUHDVHV WKH FRPSXWDWLRQ WLPH� 2Q WKH RWKHU KDQG� D ORZ QXPEHU RI
HOHPHQWV OHDGV WR VKRUWHU FRPSXWDWLRQ WLPHV EXW UHVXOWV LQ D OHVV DFFXUDWH PRGHO FRP�
SDUHG WR WKH VPDOOHU PHVK� $ JRRG XVHU VKRXOG EH DZDUH WR ILQG D PLGGOH SRLQW WKDW JLYHV
D UHDVRQDEOH VROXWLRQ EHWZHHQ WKH WZR DVSHFW EHIRUH PHQWLRQHG� $ PXOWL�VFDOH PHVK ZDV
XVHG IRU WKH VLPXODWLRQV� WKH GHIDXOW YDOXH IRU WKH PDFUR PHVK DQG D VPDOOHU IRU WKH UHILQHG
QHDU WKH FKDQQHO� 7DEOH ��� UHSRUWV DOO WKH GHWDLOV�

)LJXUH ���� 6HHGLQJ RI WKH FKLS�

7KH VRIWZDUH JLYH XV WKH SRVVLELOLW\ WR LQFUHDVH WKH VHHGLQJ LQ SDUWLFXODU DUHDV WKDW KDYH
PRUH FRPSOH[ JHRPHWULHV� $IWHU VHOHFWHG WKH LQWHUHVWHG JHRPHWULHV WKHLU VHHGV DUH LQ�
FUHDVHG WR LQFUHDVH WKH UHVROXWLRQ RI WKH PRGHO� $V LW FDQ EH VHHQ LQ WKH )LJXUH ����
WKH PHVK LV GHQVHU LQ WKH WZR KROHV DQG DORQJ WKH FKDQQHO� OHVV GHQVH LQ WKH UHVW RI WKH
JHRPHWU\�

)LJXUH ���� )LQDO PHVK
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)LJXUH ���� )LQDO PHVK

0RGHO 'HWDLOV
0HVK W\SH 6ROLG
6ROLG 0HVK HOHPHQWV ���������
3DUW ���������
&ROG 5XQQHU ������
0ROGEDVH ���������
&RROLQJ &KDQQHO ������
6XUIDFH 0HVK (OHPHQWV �������
3DUW �������
5XQQHU �����

7DEOH ���� 0HVK GHWDLOV

����� 3URFHVV VHWWLQJV
3URFHVV SDUDPHWHUV DUH DOVR FUXFLDO IDFWRUV WR VLPXODWLRQ� ,PSURSHU SURFHVV SDUDPHWHUV
ZLOO OHDG LQWR DQ XQUHDVRQDEOH VLPXODWLRQ UHVXOW� VR LW LV YHU\ LPSRUWDQW WKDW XVHU VHWV WKH
FRUUHFW SDUDPHWHUV� 2QFH WKH SURFHVV ZL]DUG KDV EHHQ RSHQHG� WKHUH LV D IXQFWLRQ FODVVLF
PRGH LQ ZKLFK WKH XVHU FDQ VSHFLI\ WKH SURSHU SURFHVV SDUDPHWHUV� FRPSDUHG WR VLPSOH
PRGH WKH FODVVLF RQH KDV PRUH GHWDLOV DV LW FDQ EH VHHQ LQ WKH )LJXUH ��� EHORZ�
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�D� �E�

)LJXUH ���� 3URFHVV VHWWLQJV� �D� )LOOLQJ�3DFNLQJ VHWWLQJV �E� 6XPPDU\ RI WKH SURFHVV
ZL]DUG

)RU HDFK FRPELQDWLRQ� LQ WKLV ZLQGRZ ZHUH VHW�XS WKH IRXU SDUDPHWHUV RI WKH 'R(�

,Q SDUWLFXODU ZDV VHOHFWHG WKH RSWLRQ 3DFNLQJ SUHVVXUH UHIHUV WR PDFKLQH SUHVVXUH LQ RUGHU
WR REWDLQ WKH SURILOH RI 3DFNLQJ SUHVVXUH >03D@ YHUVXV WLPH >V@� 7R DGMXVW WKH 3DFNLQJ SUHV�
VXUH SURILOH PDNLQJ LW DV FORVH DV SRVVLEOH DW WKH RQH RI WKH PDFKLQH D VHWWLQJ PHWKRG ZDV
FKRVHQ LQ 3URILOH W\SH� 3RO\OLQH� 7KH SDFNLQJ WLPH XVHG ZDV WKH VDPH RI WKH SURGXFWLRQ�

7KH SURILOH RI LQMHFWLRQ YHORFLW\ ZDV VHW VLPLODU RI WKH LQMHFWLRQ PRXOGLQJ PDFKLQH DQG
VZLWFK�RYHU DW �� � RI ILOOHG YROXPH� 5HJDUGLQJ WKH PHOW WHPSHUDWXUH LW LV ZRUWK WR FODULI\
WKDW WKH RQH LQ WKH VHWWLQJV LV WKH WHPSHUDWXUH RI WKH SODVWLF PHOW DW WKH PHOW LQOHW RI WKH
PHVK PRGHO� ,Q SUDFWLFH� LW LV GLIIHUHQW IURP WKH EDUUHO WHPSHUDWXUH DW WKH QR]]OH� DV PHOW
WHPSHUDWXUH PD\ ULVH GXH WR YLVFRXV KHDWLQJ� 7KLV PLJKW GLIIHU IURP WKH DFWXDO FRQGLWLRQV�

����� $QDO\VLV
7KH VRIWZDUH KDV PDQ\ DQDO\VLV W\SHV� IRU WKLV SURMHFW LW KDV EHHQ FKRVHQ D )XOO $QDO\VLV�
& ) 3 & :� ZKLFK DUH WKH )LOOLQJ�)� 3DFNLQJ�3� &RROLQJ�&� :DUSDJH�:� 7KH PRVW UHOHYDQW
UHVXOWV ZLOO EH IRFXV RQ WKH ZDUSDJH RI WKH FKLS�

��� 5HVXOWV
:LWK WKH FRPSOHWH DQDO\VLV� WKH VRIWZDUH JLYHV WKH XVHU D ORW RI LQIRUPDWLRQ WKDW FDQ KHOS
WR SUHGLFW DQG RSWLPL]H WKH SURGXFWLRQ RI WKH FRPSRQHQW� 6HYHUDO SDUDPHWHUV OLNH 0HOW
WHPSHUDWXUH DQG VSUXH SUHVVXUH FDQ EH YLVXDOL]HG EXW IRU WKLV SURMHFW DUH QRW UHOHYDQW� ,Q
WKH VXEVHTXHQW SLFWXUHV ZLOO EH UHSRUW WKH PDLQ UHVXOWV�

����� 6LQNPDUNV
6LQN PDUN LV D GHSUHVVLRQ RQ WKH VXUIDFH RI D PROGHG SDUW� $OWKRXJK VLQN PDUNV GR QRW
DIIHFW SDUW VWUHQJWK RU IXQFWLRQ� WKH\ DUH SHUFHLYHG WR EH VHULRXV TXDOLW\ GHIHFWV� 7HFKQL�
FDOO\� VLQN PDUN RFFXUV ZKHQ LQVLGH SODVWLF VKULQN DQG WKH VWUHQJWK RI VROLGLILHG VXUIDFH
OD\HU GHIRUPV GXH WR LQQHU SUHVVXUH RI VKULQNDJH DW FRROLQJ VWDJH� &RPSDUHG WR WKH SUH�
YLRXV SURGXFWLRQ ZLWK 300$ /XFLWH �)LJXUH ����� ZLWK &2& �)LJXUH ���� WKHUH DUH QR PRUH
VLQNPDUNV GHWHFWHG� )RU 300$ /* ��� QHLWKHU UHOHYDQW VLQNDPUNV ZHUH REVHUYHG�
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)LJXUH ���� 6LQN0DUNV GHWHFWHG ZLWK 300$ /XFLWH EHWZHHQ WKH HMHFWRU SLQ DQG WKH KROH�
1RWH WKH JRRG DJUHHPHQW ZLWK WKH DFWXDO SDUW �)LJXUH ����E��

)LJXUH ���� &2& VLPXODWLRQ� $ORQJ WKH FKLS WKH EOXH DUHD PHDQV WKH VLQNPDUNV DUH QHJ�
OLJLEOH�

����� )LOOLQJ UHVXOWV
7KH ILOOLQJ RI WKH FDYLW\ LV YLVXDOL]HG LQ )LJXUH ����� %OXH UHSUHVHQWV WKH ORQJHVW WLPH VLQFH
WKH PDWHULDO KDV OHIW WKH PHOW HQWUDQFH� ,W LV FOHDU WKDW WKH GHVLJQ RI WKH VSUXH� LQMHFWLRQ
YHORFLW\ DQG WKH JDWH KDYH DQ LPSDFW RQ KRZ WKH FDYLW\ ILOOV�
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)LJXUH ����� )LOOLQJ UHVXOWV � PHOW IURQW WLPH IRU &2&

����� 6KULQNDJH
9ROXPHWULF VKULQNDJH UHVXOW VKRZV WKH GLVWULEXWLRQ RI SDUW YROXPH FKDQJH SHUFHQWDJH DV
WKH SDUW LV FRROHG IURP KLJK WHPSHUDWXUH DQG KLJK SUHVVXUH DW WKH HQG RI SDFNLQJ WR DP�
ELHQW WHPSHUDWXUH� 7KLV FDOFXODWLRQ LV EDVHG RQ 3Y7 UHODWLRQVKLS RI WKH SODVWLF PDWHULDO�
3RVLWLYH YDOXH UHSUHVHQWV YROXPH VKULQNDJH ZKLOH QHJDWLYH YDOXH UHSUHVHQWV YROXPH H[�
SDQVLRQ >��@�

)RU DQ RSWLPL]HG UHVXOW� XQLIRUP YROXPHWULF VKULQNDJH LV GHVLUHG� 1RQ�XQLIRUP YROXPHWULF
VKULQNDJH LV FDXVHG E\ WZR UHDVRQV�

� 1RQ�XQLIRUP SUHVVXUH GLVWULEXWLRQ

� 1RQ�XQLIRUP WHPSHUDWXUH GLVWULEXWLRQ

1RQ�XQLIRUP YROXPHWULF VKULQNDJH FDQ OHDG WR :DUSDJH DIWHU WKH SDUW LV HMHFWHG�

)LJXUH ���� DQG ���� SUHVHQW WKH YROXPHWULF VKULQNDJH IRU ERWK WKHPDWHULDOV JLYLQJ D URXJK
LGHD RI WKH 6KULQNDJH RI WKH SDUW� 7KH FRORU GLVWULEXWLRQ LV D UHSUHVHQWDWLRQ RI KRZ PXFK
HDFK QRGH PRYH DIWHU WKH SURFHVV DQG LV VLPLODU IRU &2& DQG 300$� 7KH PDWHULDO VKULQNV
PRUH QHDU WKH VSUXH �JUHHQ FRORU�� ZKLFK LV QRW DQ LVVXH EHFDXVH LV D ZDVWH SDUW� 7KH
OLJKW EOXH RQ WKH FKLS SUHGLFW D XQLIRUP VKULQNDJH�
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)LJXUH ����� 9ROXPHWULF VKULQNDJH 300$

)LJXUH ����� 9ROXPHWULF VKULQNDJH &2&

����� 3RVW SURFHVVLQJ
$IWHU UXQQHG WKH VLPXODWLRQV� LW KDV EHHQ H[SRUWHG WKH GHIRUPHG PRGHO DV DQ 67/ ILOH >��@�
,Q WKH VRIWZDUH WKHUH LV D EXLOW�LQ ([SRUW 'HIRUPHG 0RGHO IXQFWLRQ WKDW DOORZV WKH XVHU WR
H[SRUW WKH SDUW�

)LQDOO\ ZDV RSHQHG LQ 6ROLGZRUNV >��@ LQ RUGHU WR FDOFXODWH WKH GLPHQVLRQV RI WKH FKDQQHO�
$QG WKHQ� RQFH FDOFXODWHG IRU DOO WKH WKUHH GLUHFWLRQV� WKH GDWD ZHUH FROOHFWHG LQ DQ ([FHO
VSUHDGVKHHW DQG XVHG WR FDOFXODWH WKH /LQHDU DQG YROXPHWULF VKULQNDJH� 6HH WKH IRUPXODV
��� DQG ����

)ROORZLQJ WKH VDPH VWUDWHJ\ RI WKH DFWXDO SDUW LW KDV EHHQ WDNHQ WKUHH VHFWLRQV RI WKH FKLS�
ERWWRP� PLG� WRS� )RU HDFK VHFWLRQ ZDV WDNHQ WKUHH PHDVXUHPHQWV IRU WKH ZLGWK DQG IRU
WKH GHSWK� 3 · 3 = 9 PHDVXUHPHQWV LQ WRWDO IRU HDFK YLUWXDO SDUW�
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)LJXUH ����� 7KH VDPH VWUDWHJ\ ZDV DGRSWHG IRU WKH VLPXODWLRQV� WKH UHG OLQHV LQGLFDWH
WKH FURVV VHFWLRQV LQYHVWLJDWHG

&KDQQHO OHQJWK
)RU WKH FKDQQHO OHQJWK ZDV FKRVHQ WKH H[WHUQDO GLDPHWHU DV D UHIHUHQFH SRLQW� KHQFH WKH
GLVWDQFH ZDV FDOFXODWHG LQ WKLV ZD\�

Length = Distanceinlet−outlet −Diameterhole �����

7KH GLDPHWHU RI WKH KROH LV ���� PP

7R DYRLG PLVXQGHUVWRRG VHH WKH )LJXUH ����
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�D�

�E�

)LJXUH ����� 0HDVXUHPHQWV VHWWLQJV� �D�&KLS OHQJWK � �E�]RRP

&KDQQHO ZLGWK
$V PHQWLRQHG DERYH IRU WKH FKDQQHO ZLGWK ZDV WDNHQ WKUHH PHDVXUHPHQWV IRU HDFK FURVV
VHFWLRQV� ERWWRP� PLGGOH� WRS� 6HH WKH )LJXUH ����
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�D�

�E�

�F�

)LJXUH ����� 6HW�XS� �D� WRS� �E� PLGGOH �F�ERWWRP

&KDQQHO KHLJKW
$V VKRZQ LQ )LJXUH ���� WR PHDVXUH WKH KHLJKW ZDV RQFH DJDLQ XVHG WKH EXLOW�LQ 0HDVXUH
IXQFWLRQ JLYHQ IURP 6ROLGZRUNV��
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7KH XVHU FDQ� DIWHU VHOHFW WZR QRGHV LQ WKH SDUW� PHDVXUH WKH GLVWDQFH EHWZHHQ WKHP�
2QH UHIHUHQFH ZDV ORFDWHG LQ WKH KLJKHVW SRLQW ZKLOVW WKH RWKHU LV ORFDWHG DW WKH ERWWRP�
7KH PHDVXUHPHQWV ZHUH GRQH RQ ERWK VLGHV RI WKH FKDQQHO�

7KLV SURFHGXUH ZDV UHSHDWHG IRU WKUHH FURVV�VHFWLRQV� 723� 0,''/(� %27720�

�D�

�E�

�F�

)LJXUH ����� 6HW�XS� �D� WRS� �E� PLGGOH �F�ERWWRP
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� 5HVXOWV DQG 'LVFXVVLRQ
,Q WKLV FKDSWHU LW ZLOO GLVFXVV WKH UHVXOWV REWDLQHG IURP WKH H[SHULPHQWV DQG WKH RQHV IURP
WKH VLPXODWLRQV�7KH DLP LV WR FRPSDUH WKH WZR GLIIHUHQW YDOXHV� %ULHIO\ VRPH FRPPHQWV
ZLOO EH JLYH DOVR RQ WKH 'R( UHVXOWV�

��� 'R( &2& UHVXOWV
)LUVW RI DOO� WKH GDWD GHULYHG IURP WKH SURGXFWLRQ ZHUH UHSRUWHG LQ 7DEOH $���

7KH FRQILGHQFH OHYHO XVHG IRU WKH DQDO\VLV LV RI �� ��

)RU &2&� DOO WKH UHVXOWV RI WKH PDLQ HIIHFWV SORW DUH UHSRUWHG LQ )LJXUH ����

7KH PRVW VLJQLILFDQW IDFWRUV �L�H� WKH RQHV WKDW FRQWULEXWH WR PRGLI\LQJ WKH YROXPHWULF
VKULQNDJH� DUH WKH PHOW WHPSHUDWXUH� PRXOG WHPSHUDWXUH DQG LQMHFWLRQ YHORFLW\� 6LQFH WKH
VORSH RI WKH OLQH ZKLFK FRQQHFWV WKH WZR SRLQW GHWHUPLQHV WKHPDJQLWXGH RI WKH PDLQ HIIHFW�
ZH FDQ VD\ WKH PRXOG WHPSHUDWXUH DIIHFWV WKH UHVSRQVH WR D JUHDWHU H[WHQW FRPSDUHG WR
WKH RWKHU WZR� ,I WKHUH ZHUH QR VLJQLILFDQW LQWHUDFWLRQV EHWZHHQ WKH IDFWRUV� D PDLQ HIIHFWV
SORW ZRXOG DGHTXDWHO\ GHVFULEH WKH UHODWLRQVKLS EHWZHHQ HDFK IDFWRU DQG WKH UHVSRQVH�
+HUH� LW LV DOVR QHFHVVDU\ WR H[DPLQH WKH LQWHUDFWLRQ SORW DQG 3DUHWR FKDUW�

$Q LQWHUDFWLRQ SORW ZDV FUHDWHG XVLQJ WKH SURFHVV ZLQGRZ ZLWK WKH QHZ YDOXHV RI LQMHFWLRQ
YHORFLW\� 7KH UHVXOWV DUH SUHVHQWHG LQ )LJXUH ���� 7KH ILUVW DVSHFW WKDW FDQ EH VHHQ LV WKDW
VKULQNDJH LV FRQVLVWHQWO\ ORZHU ZLWK KLJK YDOXHV RI SDFNLQJ SUHVVXUH DQG LQMHFWLRQ YHORFLW\�
7KLV LV D ORJLFDO UHVXOW H[SODLQHG E\ WKH IDFW WKDW WKH SDFNLQJ SUHVVXUH SOD\V DQ LPSRUWDQW
UROH LQ WKH FRPSHQVDWLRQ RI VKULQNDJH� 3DFNLQJ SUHVVXUH PXVW EH KLJK HQRXJK WR RYHU�
FRPH WKH JDWH UHVLVWDQFH IRU VKULQNDJH FRPSHQVDWLRQ� 0RUHRYHU� LQFUHDVLQJ WKH SDFNLQJ
SUHVVXUH DQG SURORQJLQJ SDFNLQJ WLPH ZRXOG GHOD\ WKH VROLGLILFDWLRQ WLPH IRU SRO\PHUV�
ZKLFK KHOS HQKDQFH SUHVVXUH WUDQVPLVVLRQ DQG UHGXFH WKH YROXPHWULF VKULQNDJH UDWH RI
SODVWLF SDUWV�

5HJDUGLQJ WKH LQMHFWLRQ VSHHG LI LW LV WRR ORZ� WKH ILOOLQJ WLPH ZRXOG LQFUHDVH� 7KH ULVN LV
WKDW PHOWHG SRO\PHU ZLOO EH FRROHG EHIRUH WKH FDYLW\ LV FRPSOHWHO\ ILOOHG�

,W LV DOVR FOHDU WKDW WKHUH LV QR LQIOXHQFH RI ORZ OHYHOV RI SDFNLQJ SUHVVXUH DQG LQMHFWLRQ
YHORFLW\� /RZ OHYHOV RI LQMHFWLRQ YHORFLW\ VKRZ� RQ WKH RWKHU KDQG� KLJKHVW DPRXQW RI
VKULQNDJH� 7KLV FDQ EH H[SODLQHG E\ WKH IDFW WKDW D ORZ LQMHFWLRQ YHORFLW\ LPSOLHV D ORQJHU
ILOOLQJ WLPH� WKXV� WKH ULVN LV WKDW WKH SODVWLF IUHH]H EHIRUH DSSO\LQJ SDFNLQJ SUHVVXUH�

,W FDQ DOVR EH VHHQ WKDW DQ KLJK 0HOW WHPSHUDWXUH FRPELQHG ZLWK KLJK LQMHFWLRQ YHORFLW\
VKRZV JRRG UHVXOWV LQ WHUP RI VKULQNDJH� $V D PDWWHU RI IDFW� WKH SRO\PHU DG KLJK WHP�
SHUDWXUH� LQ DGGLWLRQ UHSOLFDWLQJ EHWWHU WKH VXUIDFH� KDV ORZ YLVFRVLW\ WKDW PDNH HDVLHU WR
ILOO WKH FDYLW\� +HQFH WKHUH LV QR ULVN RI VROLGLILFDWLRQ RI WKH SRO\PHU EHIRUH WKH FDYLW\ LV
FRPSOHWHO\ ILOOHG�
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)LJXUH ���� 0DLQ (IIHFWV 3ORW IRU 9ROXPHWULF 6KULQNDJH

)LJXUH ���� ,QWHUDFWLRQ 3ORW IRU 6KULQNDJH
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��� 'R( 300$ UHVXOWV
$OVR LQ WKLV FDVH� WKH UHDGHU FDQ REVHUYH LQ GHWDLO WKH UHVXOWV LQ WKH $SSHQGL[ LQ 7DEOH $���

$OO WKH UHVXOWV RI WKH PDLQ HIIHFWV SORW DQG LQWHUDFWLRQV DUH UHSRUWHG LQ )LJXUH ��� DQG ����
7KH PRVW VLJQLILFDQW IDFWRUV DUH WKH PHOW WHPSHUDWXUH DQG WKH SDFNLQJ SUHVVXUH� /RRNLQJ
DW WKH )LJXUH $��� WKH PRVW LQWHUHVWLQJ LQWHUDFWLRQV DUH�

� 7KH RQH WKDW OLQNV 0HOW WHPSHUDWXUH DQG LQMHFWLRQ YHORFLW\� $V WKH WZR IDFWRUV DUH GL�
UHFWO\ GHILQLQJ WKH SRO\PHU PHOW YLVFRVLW\ >��@� NHHSLQJ D ORZ OHYHO RI LQMHFWLRQ YHORFLW\
DQG 0HOW WHPSHUDWXUH� DQ KLJK DPRXQW RI VKULQNDJH LV REVHUYHG� :H FDQ H[SODLQ
WKLV IDFW ZLWK WKH WKHRU\� D ORZ PHOW WHPSHUDWXUH LPSOLHV KLJK YLVFRVLW\ DQG WKHUHIRUH
KLJKHU UHVLVWDQFH IRU WKH IORZ WR ILOO WKH FDYLW\� 7KH SUHVVXUH JUDGLHQW DW WKH JDWH DQG
DW WKH HQG RI WKH IORZ ZLOO EH KLJK� +HQFH� VKULQNDJH DOVR ZLOO EH LQFUHDVHG�

2Q WKH RWKHU KDQG LI WKH LQMHFWLRQ VSHHG LV WRR ORZ WKH PHOWHG SRO\PHU PLJKW IUHH]H
EHIRUH WKH FDYLW\ LV FRPSOHWHO\ ILOOHG� 7KHUHIRUH� WKH VKULQNDJH ZLOO EH KLJKHU�

,W LV FOHDU WKDW WKH FRPELQDWLRQV RI WKHVH IDFWRUV PLJKW OHDG WR D SUHPDWXUH VROLGLIL�
FDWLRQ RI WKH SODVWLF EHIRUH WKH SDFNLQJ SKDVH�

� 7KH RQH EHWZHHQPROG WHPSHUDWXUH DQG SDFNLQJ SUHVVXUH� :KHQ ERWK WKH OHYHOV DUH
NHSW RQ KLJK OHYHOV WKH VKULQNDJH LV PLQLPL]HG� 7KLV FRPELQDWLRQ LV WKH PRVW HIIHF�
WLYH� %HKLQG WKLV UHVXOW WKHUH LV RQFH DJDLQ DQ H[SODQDWLRQ� DIWHU WKH PHOWHG SRO\PHU
LQMHFWHG LQWR WKH FDYLW\� WKH WHPSHUDWXUH GLIIHUHQFH EHWZHHQ WKH PHOW DQG WKH PROG
ZLOO FDXVH WKH PHOW WR FRRO DQG VKULQN TXLFNO\� 7KHUHIRUH� LI WKH PROG WHPSHUDWXUH
LV KLJK� WKLV SURFHVV ZLOO EH VORZHU� 2WKHUZLVH� PRUH SRO\PHU PDWHULDO QHHGV WR EH
ILOOHG LQWR WKH FDYLW\ WR FRQWLQXRXVO\ FRPSHQVDWH WKH VKULQNDJH� :LWK KLJK SDFNLQJ
SUHVVXUH� PRUH PDWHULDO LV LQMHFWHG LQWR WKH FDYLW\ PLQLPL]LQJ VKULQNDJH�

)LJXUH ���� 0DLQ HIIHFWV 3ORW IRU 9ROXPHWULF 6KULQNDJH
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)LJXUH ���� ,QWHUDFWLRQ 3ORW IRU 9ROXPHWULF 6KULQNDJH

��� /LQHDU VKULQNDJH
)RU HDFK VLPXODWLRQ LW ZDV GHWHUPLQHG WKH OLQHDU VKULQNDJH XVLQJ WKH IRUPXOD ���� ZKHUH
' LV HLWKHU WKH ZLGWK� GHSWK DQG OHQJWK RI WKH PLFUR�FKDQQHO� 7KH WDUJHW YDOXHV DUH WKH
RQH IURP WKH &$' PRGHO ������ ZKLOH WKH VLPXODWHG SDUW LV WKH GLPHQVLRQ RI WKH GHIRUPHG
PRGHO�

'XH WR WKH QHHG WR EH FORVHU WR WKH DFWXDO SDUW LW ZDV PHDVXUHG DORQJ WKH WKUHH GLUHFWLRQV�
DV D PDWWHU RI IDFW WKH VKULQNDJH XVXDOO\ RFFXUV GLIIHUHQWO\ LQ ;<=�

7DEOH ��� GLVSOD\V WKH DYHUDJH OLQHDU VKULQNDJH RI VLPXODWLRQV IRU WKH WZR PDWHULDOV IRU WKH
GHSWK� ZLGWK DQG OHQJWK�

Ls =
Dtargetvalue −Dsimulatedpart

Dtargetvalue
· 100� �����

7DEOH ���� /LQHDU VKULQNDJH RI VLPXODWLRQV

$YHUDJH GHSWK >�@ $YHUDJH ZLGWK >�@ $YHUDJH OHQJWK >�@

&2& ���� ���� ����
300$ ���� ���� ����

$V ZHOO IRU WKH VLPXODWLRQ� WKH OLQHDU VKULQNDJH IRU WKH PROGHG FKLS� LV FDOFXODWLQJ ZLWK WKH
IROORZLQJ IRUPXOD ���� ,Q WKLV FDVH WKH WDUJHW YDOXHV DUH WKH GLPHQVLRQV PHDVXUHG RI WKH
PROG �7DEOH �����

Ls =
Dtargetvalue −Dactualpart

Dtargetvalue
· 100� �����
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7DEOH ��� GLVSOD\V WKH DYHUDJH PHDVXUHG OLQHDU VKULQNDJH RI PROGHG SDUWV IRU WKH WZR
PDWHULDOV IRU WKH GHSWK� ZLGWK DQG OHQJWK� 7KH PHDQ UHIHUV WR DOO WKH GLIIHUHQW FRPELQDWLRQV
RI SDUDPHWHUV�

7DEOH ���� /LQHDU VKULQNDJH RI SURGXFHG SDUWV

$YHUDJH GHSWK >�@ $YHUDJH ZLGWK >�@ $YHUDJH OHQJWK >�@

&2& ���� ���� ����
300$ ���� ���� ����

7KH WZR WDEOHV DERYH JLYH XV VRPH LPSRUWDQW UHVXOWV�

� &2& DQG 300$ GRQ¶W VKULQN LQ DQ LVRWURSLF ZD\ �L�H� HTXDOO\ LQ DOO WKH GLUHFWLRQV�
EXW SUHVHQW GLIIHUHQW YDOXHV�

� 7KH KLJKHVW YDOXHV UHJLVWHUHG LQ SURGXFWLRQ DQG VLPXODWLRQ DUH DORQJ WKH ZLGWK GL�
UHFWLRQ�

� 300$ VKULQNV PRUH DORQJ WKH ZLGWK� EXW OHVV LQ WKH RWKHU WZR GLUHFWLRQV�
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7KH JUDSKV VKRZQ LQ )LJXUH ��� DQG ��� KDYH EHHQ SORWWHG IRU WKH VKULQNDJH YDOXHV IRU
&2& DQG 300$ UHVSHFWLYHO\� ,Q DOO FDVHV WKH VLPXODWHG VKULQNDJH YDOXHV DSSHDU WR EH
OHVV WKDQ WKH VKULQNDJH RI WKH LQMHFWLRQ PRXOGHG SDUWV�

)LJXUH ���� 6KULQNDJH FRPSDULVRQ IRU &2& DORQJ WKH OHQJWK� ZLGWK DQG GHSWK� 7KH HUURU
EDUV LQ WKH SORW LQGLFDWH WKH VWDQGDUG GHYLDWLRQ FDOFXODWHG EHWZHHQ WKH UHFLSHV RI WKH 'R(�

)LJXUH ���� 6KULQNDJH FRPSDULVRQ IRU 300$ DORQJ WKH OHQJWK� ZLGWK DQG GHSWK� 7KH HUURU
EDUV LQ WKH SORW LQGLFDWH WKH VWDQGDUG GHYLDWLRQ FDOFXODWHG EHWZHHQ WKH UHFLSHV RI WKH 'R(�
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7KH KLVWRJUDPV SORWWHG LQ )LJXUH $��� $��� $��� VKRZ WKH UHVXOWV IRU WKH VLQJOH UHFLSHV�

� )RU WKH GHSWK ZH FDQ QRWH D JRRG DJUHHPHQW EHWZHHQ VLPXODWLRQ DQG PHWURORJ\
H[FHSW IRU WKH �QG UHFLSH DQG IRU WKH QLQWK� ZKHUH WKH LQMHFWLRQ PROGHG SDUWV VKRZ
PXFK KLJKHU VKULQNDJH�

� )RU WKH ZLGWK WKHUH LV VRPHWKLQJ ZHLUG LQ WKH �QG UHFLSH� ZKHUH DSSDUHQWO\ WKH
PHWURORJ\ UHYHDOV D QHJDWLYH VKULQNDJH �L�H� H[SDQVLRQ RI WKH SODVWLF�� 3HUKDSV
GXH WR QRLVH LQ WKH DFTXLVLWLRQ WKDW KDYH DIIHFWHG WKH PHDVXUH�

� 7KH OHQJWK UHVXOW VHHP WR FRQILUP WKH WUHQG� H[FHSW RI VRPH UDUH FDVHV WKH YLUWXDO
SDUW SUHGLFW OHVV VKULQNDJH�

)URP WKH DQDO\VLV RI WKH KLVWRJUDPV RI GHSWK� ZLGWK DQG OHQJWK UHVSHFWLYHO\ LQ )LJXUH $���
$��� $��� WKH H[WHQW RI VKULQNDJH LV DOPRVW KLJKHU IRU WKH PROGHG SDUWV�

� /RRNLQJ DW WKH GHSWK RQO\ WKH VLPXODWLRQ Q�� RYHUHVWLPDWHV WKH VKULQNDJH�

� ,Q ILJXUH $��� RQO\ WKH VLPXODWLRQ ��� ZKHUH WKH VLPXODWLRQ LV VOLJKWO\ KLJKHU�

� 7KH VKULQNDJH RI WKH DFWXDO SDUW DORQJ WKH OHQJWK LV KLJKHU LQ DOO WKH FRQILJXUDWLRQV
H[FHSW WKH Q�� DQG Q���

��� 9ROXPHWULF VKULQNDJH
7KH YROXPHWULF VKULQNDJH IRU WKH VLPXODWLRQV ZDV FDOFXODWHG XVLQJ WKH IRUPXOD ���

Vs =
Vnominal − Vsimulated

Vnominal
· 100� �����

ZKHUH Vnominal LQGLFDWHV WKH YROXPH RI WKH PLFUR�FKDQQHO FDOFXODWHG ZLWK WKH QRPLQDO
YDOXHV GHULYHG IURP WKH &$' DQG Vsimulated LV FDOFXODWHG RQFH WKH GHIRUPHG SDUW ZDV
H[SRUWHG IURP 0ROGH[�'�

WKH WDEOH ��� UHSRUWV WKH PD[LPXP� PLQLPXP DQG DYHUDJH YDOXH IRU HDFK RI WKH PDWHULDO
IRU WKH VLPXODWLRQV�

7DEOH ���� 9ROXPHWULF VKULQNDJH RI VLPXODWLRQV

0D[LPXP >�@ 0LQLPXP >�@ $YHUDJH >�@

&2& ���� ���� ����
300$ ���� ���� ����

7KH VDPH DSSURDFK ZDV XVHG WR GHWHUPLQH WKH VKULQNDJH RI WKH DFWXDO SDUW�

Vs =
Vnominal − Vmoldedpart

Vnominal
· 100� �����

Vnominal LQ WKLV FDVH LV WKH YROXPH RI WKH PLFUR�FKDQQHO RI WKH PROG� Vmoldedpart LV GHULYHG
IURP WKH PHWURORJ\ GDWD�
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7DEOH ��� EHORZ VKRZV WKH H[SHULPHQWDO UHVXOWV�

7DEOH ���� 9ROXPHWULF VKULQNDJH RI DFWXDO SDUW

0D[LPXP >�@ 0LQLPXP >�@ $YHUDJH >�@

&2& ���� ���� ����
300$ ���� ���� ����

7KH ILJXUH ��� LV YHU\ LPSRUWDQW VLQFH DOORZV WKH UHDGHU WR ORRN LQ RQH JUDSK DW WKH GHYLDWLRQ
EHWZHHQ LQMHFWLRQ PROGHG SDUW DQG VLPXODWLRQ�

&2& LQ SDUWLFXODU VKRZV VDWLVI\LQJ UHVXOWV� 2EVHUYLQJ WKH PHDQ IRU LQMHFWLRQ PRXOGHG
VDPSOHV WKH VKULQNDJH ZDV DURXQG ���� DJDLQVW WKH SUHGLFWHG UDQJH RI �����

300$ VKRZHG VKULQNDJH YDOXHV RI SUDFWLFDO VDPSOHV LQ WKH UDQJH ��� í ���� DJDLQVW WKH
SUHGLFWLRQ RI ��� í ��� �� 7KXV LW FDQ EH REVHUYHG WKDW WKH SUHGLFWLRQV YDU\ E\ D PD[LPXP
RI �� ��

)LJXUH ���� 9ROXPHWULF 6KULQNDJH FRPSDULVRQ EHWZHHQ 300$ DQG &2&� 7KH HUURU EDUV
LQ WKH SORW LQGLFDWH WKH VWDQGDUG GHYLDWLRQ FDOFXODWHG EHWZHHQ WKH UHFLSHV RI WKH 'R(�

,Q $SSHQGL[ DUH UHSRUWHG WKH YROXPHWULF VKULQNDJH IRU HDFK UHFLSH RI WKH 'R( IRU ERWK WKH
PDWHULDOV� �)LJXUH $���D DQG $���E�

+HQFH� VXPPDUL]LQJ�

� 7KH GLVFUHSDQF\ EHWZHHQ WKH H[SHULPHQWV DQG VLPXODWLRQV PD\ FRPH IURP WKH IDFW
WKDW DOO WKH VLPXODWLRQV ZHUH UXQ ZLWK D FRROLQJ WLPH D ELW VKRUWHU ��� V�� LQ WKH H[�
SHULPHQWV KDV EHHQ VHW D FRROLQJ WLPH RI �� V WR PDNH VXUH WR KDYH D FRROHG SDUW
RQFH HMHFWHG IURP WKH PROG�
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� 7KH SURILOH WHPSHUDWXUH RI WKH PHOW ZDV VHW E\ XVLQJ � �& LQWHUYDOV SHU HDFK KHDW�
LQJ ]RQH RI WKH UHFLSURFDWLQJ VFUHZ WR IDFLOLWDWH D JUDGXDO KHDWLQJ RI WKH PDWHULDO
WKURXJKRXW WKH EDUUHO >)LJXUH ���@� 7KLV GLIIHUV FRPSDUHG WR WKH VLPXODWLRQ LQ ZKLFK
WKH WHPSHUDWXUH LV FRQVWDQW� 0RUHRYHU WKH WHPSHUDWXUH QHDU WKH KRSSHU LV ORZHU WR
DYRLG WKH SHOOHWV VWLFN LQ WKH EDUUHO�

� $V PHQWLRQHG LQ WKH VHFRQG FKDSWHU LW PXVW QRW EH IRUJRWWHQ WKDW 0ROGH[�' LV GH�
YHORSHG WR VLPXODWH WKH EHKDYLRXU RI WUDGLWLRQDO LQMHFWLRQ PRXOGLQJ >��@� KHQFH WKH
UHDGHU VKRXOG QRW EH VXUSULVHG WR VHH GLIIHUHQW UHVXOWV�

� ,W FDQ EH QRWHG D FRPPRQ WUHQG LQ WKH FKDUWV� DOO WKH VLPXODWLRQV SUHGLFW D VPDOOHU
VKULQNDJH FRPSDUHG WR WKH H[SHULPHQWV�

� 7KH SUHYLRXV SRLQW EULQJV XV WR D FRQFOXVLRQ� HYHQ LI WKH UHVXOWV SUHGLFWHG IURP
WKH VLPXODWLRQV DUH QRW FRPSOHWHO\ H[DFW� WKLV FRPSDULVRQ PD\ EH XVHG IRU IXUWKHU
VWXGLHV RQ WKLV SURMHFW NHHSLQJ LQ PLQG WKDW DOO WKH VLPXODWLRQV XQGHUHVWLPDWH WKH
YROXPHWULF VKULQNDJH RI WKH DFWXDO SDUW�
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� &RQFOXVLRQ
7KH ILQDO FKDSWHU SUHVHQWV D GLVFXVVLRQ EDVHG RQ WKH ZKROH FRQWHQW RI WKH ZRUN� ,W VXP�
PDUL]HV WKH FRQFOXVLRQ DQG VXJJHVWV VRPH LQSXWV IRU IXWXUH ZRUNV�

��� (SLORJXH
7ZR GLIIHUHQW PDWHULDOV ZHUH WHVWHG GXULQJ WKLV ZRUN� ZLWK WKH DLP WR RSWLPL]H WKH SURGXF�
WLRQ RI WKH FKLS E\ PLQLPLVLQJ WKH GHIRUPDWLRQ RI WKH PLFUR�FKDQQHO FDXVHG IURP WKH FRRO�
LQJ SURFHVV� $OO WKH HIIRUWV ZHUH FRQFHQWUDWHG RQ WKH PLFUR�FKDQQHO� VLQFH WKH VKULQNDJH
LV FULWLFDO LQ SUHVHQFH RI PLFUR�IHDWXUHV DQG WKH DFRXVWLF UHVRQDQFH IRU EORRG VHSDUDWLRQ
LV VHQVLWLYH WR WKH FKDQQHO GLPHQVLRQV�

%DVHG RQ WKH PHWURORJ\ DQDO\VLV RI SURGXFHG FKLSV DQG WKH VLPXODWLRQV� &2& VKRZHG
VDWLVI\LQJ UHVXOWV LQ WHUP RI YROXPHWULF VKULQNDJH� ZLWK WKH GLPHQVLRQV RI WKH FKDQQHO FORVHU
WR WKH PROG YDOXH� &2& KDV WKH OHDVW VKULQNDJH YDOXHV ERWK LQ SUDFWLFH DQG VLPXODWLRQ�
7KH ORZHVW DPRXQW RI YROXPHWULF VKULQNDJH LV ���� � �VHH 7DEOH $����

300$� DPRUSKRXV SRO\PHU OLNH &2&� VKRZV KLJKHU VKULQNDJH EXW VWLOO DFFHSWDEOH IRU WKH
IXQFWLRQDOLW\ RI WKH FKLS�

,W ZDV GHPRQVWUDWHG WKDW IRU ERWK WKH PDWHULDOV� LQ RUGHU WR REWDLQ DQ DFFHSWDEOH SDUW� WKH
LQMHFWLRQ VSHHG KDV WR EH FKDQJHG� 7KH YDOXHV XVHG LQ WKH SURGXFWLRQ DUH FRQVLGHUDEO\
ORZHU WKDQ WKH SDUDPHWHUV UHFRPPHQGHG E\ WKH UHVLQ PDQXIDFWXUHU�

$QRWKHU DLP RI WKH WKHVLV ZDV DOVR WKH YDOLGDWLRQ RI WKH VLPXODWLRQV UHVXOWV� 7R REWDLQ FORV�
HVW SRVVLEOH UHVXOWV WKH VDPH LQSXWV ZHUH XVHG IRU LQMHFWLRQ PRXOGLQJ DQG WKH VLPXODWLRQ�
VRPH RXWSXWV UHFHLYHG IURP WKH PRXOGLQJ SURFHVV ZHUH DOVR XVHG IRU VLPXODWLRQV� $V D
PDWWHU RI IDFW� ZKHQ LQ SURGXFWLRQ WKH YDOXHV RI LQMHFWLRQ YHORFLW\ ZHUH FKDQJHG� WKH QHZ
YDOXHV ZHUH XVHG DV LQSXW WR UXQ WKH VLPXODWLRQV� 3UDFWLFDO DQG WKH VLPXODWHG UHVXOWV ZHUH
FRPSDUHG WR JHW DQ HVWLPDWLRQ RI WKH DFFXUDF\ RI VLPXODWLRQV� ,Q SDUWLFXODU� DQ DFFXUDWH
FRPSDULVRQ ZDV GRQH ZLWK WKH 'R( FDUULHG RXW GXULQJ WKH ODE VHVVLRQV� &RPSDULVRQV
ZHUH PDGH XVLQJ OLQHDU DQG YROXPHWULF VKULQNDJH� :LWK UHJDUG WR YROXPHWULF VKULQNDJH�
PDLQ JRDO RI WKH WKHVLV� WKH PRVW DFFXUDWH VLPXODWLRQ UHVXOWV VKRZHG GHYLDWLRQV LQ WKH
RUGHU RI ��� � IRU &2&� 2EVHUYLQJ WKH PHDQ IRU LQMHFWLRQ PRXOGHG &2& VDPSOHV WKH
VKULQNDJH ZDV DURXQG ���� DJDLQVW WKH SUHGLFWHG RI �����

$OO WKH VLPXODWLRQV IRU 300$ KDYH ODUJHU GHYLDWLRQV IURP WKH UHDO YDOXHV� 300$ VKRZHG
VKULQNDJH YDOXHV RI SUDFWLFDO VDPSOHV LQ WKH UDQJH ��� í ���� DJDLQVW WKH SUHGLFWLRQ RI
��� í ��� �� 7KXV� LW FDQ EH REVHUYHG WKDW WKH SUHGLFWLRQV YDU\ E\ D PD[LPXP RI �� �
�WDNLQJ WKH DYHUDJH YDOXH IRU ERWK VLPXODWLRQV DQG H[SHULPHQWV� VHH )LJXUH ����

(YHQ LI ZKDW SUHGLFWHG IURP WKH VLPXODWLRQV LV QRW FRPSOHWHO\ H[DFW� WKH UHVXOWV REWDLQHG
IURP WKLV FRPSDULVRQ PD\ EH XVHG IRU IXUWKHU VWXGLHV RQ WKLV SURMHFW NHHSLQJ LQ PLQG
WKDW DOO WKH VLPXODWLRQV XQGHUHVWLPDWH WKH YROXPHWULF VKULQNDJH RI WKH DFWXDO SDUW� 7KH
VLPXODWHG UHVXOWV VKRZ ORZHU YDOXHV RI VKULQNDJH FRPSDUHG WR WKH SUDFWLFDO VLQFH LQFOXGH
VRPH DSSUR[LPDWLRQV DQG ERXQGDU\ FRQGLWLRQV WKDW DUH QRW LQ WKH UHDOLW\� )XUWKHUPRUH�
0ROGH[�' ZRUNV RQ D PDFUR VFDOH� QRW WDNLQJ LQWR FRQVLGHUDWLRQ VSHFLILF DVSHFWV VXFK DV
>��@�

� 7KH PHOW KDV DQ KLJKHU ULVN RI VOLSSLQJ LQ ȝ,0 GXH WR WKH YLVFRHODVWLF EHKDYLRU DQG
LQFUHDVHG SUHVVXUH�
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� +HDW WUDQVIHU FRHIILFLHQW� YHQWLODWLRQ� ZDOO VOLS� DQG IUHH]H WHPSHUDWXUH DUH FUXFLDO LQ
ȝ,0�

� 0LFURFDYLWLHV KDYH D PRUH GLIILFXOW ILOOLQJ EHKDYLRU WKDQ PRUH H[WHQVLYH FDYLWLHV�

(YHQ WKRXJK QRW FRPSOHWHO\ DFFXUDWH� WKH VLPXODWHG GDWD FDQ EH XVHG LQ FDVHV RI QHZ
GHYHORSPHQWV RU WR XQGHUVWDQG WKH HIIHFWV RI GHVLJQ FKDQJHV� PDWHULDO FKDQJHV RU DQ\
RWKHU SURFHVV FKDQJHV ZLWKRXW PXFK ZDVWDJH RI PRQH\� WLPH� DQG PDWHULDO�

��� 6XJJHVWLRQV IRU IXWXUH ZRUNV
%DVHG RQ WKH UHVXOWV RI WKLV SURMHFW� LW LV ZRUWK WR SRLQW RXW VRPH FRQVLGHUDWLRQV IRU SRWHQWLDO
IXWXUH GHYHORSPHQWV�

� )LUVW RI DOO� WKH QH[W XVHU VKRXOG FRQVLGHU WR PDNH D QHZ PROG� VLQFH WKH RQH WKDW
LW ZDV XVHG VR IDU LV TXLWH ROG DQG QRZ SUHVHQWV D GDPDJHG FDYLW\ WKDW DIIHFWV WKH
TXDOLW\ RI WKH PROGHG SDUW� 7KH UHDVRQ EHKLQG WKLV FRXOG EH WKH PDWHULDO� 7KH PRXOG
XVHG ZDV PDGH RI DOXPLQLXP VLQFH LW LV QRW GHVLJQHG IRU DQ LQGXVWULDO SURGXFWLRQ�
,I WKH PROG KDG EHHQ PDGH RI VWHHO SHUKDSV WKH LVVXH ZRXOG QRW KDYH RFFXUUHG�
7KH FKRLFH RI WKH PDWHULDO WR EXLOG D PRXOG LV SULPDULO\ HFRQRPLF� LQ JHQHUDO� VWHHO
PRXOGV DUH PRUH H[SDQVLYH� EXW WKHLU ORQJHU OLIHVSDQ RIIVHWV WKH KLJKHU LQLWLDO FRVW�

� $OVR WKH &$' PRGHO VKRXOG EH PRGLILHG� FXUUHQWO\ WKH FKLS LV QRW WKH VDPH DV LQ WKH
UHDO SDUW EXW LQFOXGHV WKH FROG UXQQHU� DV LW FDQ EH VHHQ LQ )LJXUH ���� 7KLV FRXOG
EULQJ PRUH SUHFLVH UHVXOWV EHWZHHQ VLPXODWLRQV DQG H[SHULPHQWV�

)LJXUH ���� &$' GHIHFW� 1RWH WKH SDUW LV ORQJHU WKDQ LW VXSSRVHG WR EH�

� 7KH LVVXHV GXULQJ WKH ODE VHVVLRQ ZLWK &2& FRXOG EH GXH WR KLJK YDOXHV RI PROG
WHPSHUDWXUH� PHOW WHPSHUDWXUH DQG SDFNLQJ SUHVVXUH LQ WKH VDPH UXQ� ,Q SDUWLFXODU
WKH ODWWHU� RQ RQH KDQG� FRQWULEXWHV WR UHGXFH WKH VKULQNDJH DV PXFK DV SRVVLEOH
WKDQNV WR D FRQWLQXRXV DSSOLFDWLRQ RI SUHVVXUH GXULQJ WKH SDFNLQJ SKDVH� 2Q WKH
RWKHU KDQG� VXFK KLJK YDOXHV FRXOG ULVN WR GDPDJH WKH PROG ZKLFK LV PDGH RI DOX�
PLQLXP� ,W ZDV GHFLGHG WR DGRSW WKHVH YDOXHV IRU WKH SUHVVXUH EHFDXVH RI SUHYLRXV
SURGXFWLRQV� ,W LV UHFRPPHQGHG WR UHGXFH VOLJKWO\ WKH KLJK OHYHO RI SDFNLQJ SUHVVXUH
IRU IXWXUH 'R(�
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7DEOH $��� 6SHFLILFDWLRQ RI WKH LQMHFWLRQ PRXOGLQJ PDFKLQH $UEXUJ ���$ $OOURXQGHU XVHG
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6FUHZ GLDPHWHU >PP@ ��
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3DUDPHWHUV 9DOXHV
,QMHFWLRQ SUHVVXUH >%DU@ ���
6ZLWFK�RYHU E\ YROXPH>�@ ILOOHG ��
)LOOLQJ WLPH >V@ ���
6FUHZ VSHHG >USP@ ���
%DFN SUHVVXUH >%DU@ ���
3DFNLQJ SUHVVXUH >%DU@ �����������
V �������
&RROLQJ WLPH >V@ ��

7DEOH $��� ([SHULPHQWDO 3DUDPHWHUV IRU &2&� 1RWH WKH SUHVVXUH XQLW LV LQ %DU VLQFH WKH
$UEXUJ PDFKLQH GRHVQ¶W ZRUN LQ 3D�

3DUDPHWHUV 9DOXHV
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%ULJKWQHVV ����
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/DVHU OLJKW
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7DEOH $��� /(;7 PHDVXUHPHQWV VHWWLQJV IRU PROGHG SDUWV

0HDVXUHPHQW VHWWLQJV
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7DEOH $��� 'H0HHW PHDVXUHPHQWV VHWWLQJV IRU PROGHG SDUWV
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)LJXUH $���� 3DUHWR FKDUW IRU &2&� 0RXOG 7HPSHUDWXUH �$�� 0HOW 7HPSHUDWXUH �%�� ,Q�
MHFWLRQ YHORFLW\ �'�� 3DFNLQJ SUHVVXUH,QMHFWLRQ YHORFLW\ �&'�� 0HOW 7HPSHUDWXUH,QMHFWLRQ
YHORFLW\ �%'� DUH VLJQLILFDQW IRU WKH RXWSXW >��@

)LJXUH $���� 3DUHWR FKDUW IRU 300$� $Q\ HIIHFWV WKDW H[WHQG EH\RQG WKH UHIHUHQFH OLQH
DUH VLJQLILFDQW� 3DFNLQJ SUHVVXUH�&�� 0HOW WHPSHUDWXUH �&�� 0RXOG 7HPSHUDWXUH3DFNLQJ
SUHVVXUH�$&�� 0HOW 7HPSHUDWXUHLQMHFWLRQ YHORFLW\�%'� DUH DOO VLJQLILFDQW�
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)LJXUH $���� &2& 6KULQNDJH DORQJ WKH GHSWK RI WKH FKDQQHO� &RPSDULVRQ H[SHULPHQW YV
VLPXODWLRQ UHVXOWV� 7KH HUURU EDUV LQ WKH SORW LQGLFDWH WKH VWDQGDUG GHYLDWLRQ FDOFXODWHG
IURP WKH WKUHH GLIIHUHQW VDPSOHV RI HDFK UHFLSH�

)LJXUH $���� &2& 6KULQNDJH DORQJ WKH ZLGWK� &RPSDULVRQ H[SHULPHQW YV VLPXODWLRQ UH�
VXOWV� 7KH HUURU EDUV LQ WKH SORW LQGLFDWH WKH VWDQGDUG GHYLDWLRQ FDOFXODWHG IURP WKH WKUHH
GLIIHUHQW VDPSOHV RI HDFK UHFLSH�
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)LJXUH $���� &2& 6KULQNDJH DORQJ WKH OHQJWK� &RPSDULVRQ H[SHULPHQW YV VLPXODWLRQ
UHVXOWV� 7KH HUURU EDUV LQ WKH SORW LQGLFDWH WKH VWDQGDUG GHYLDWLRQ FDOFXODWHG IURP WKH
WKUHH GLIIHUHQW VDPSOHV RI HDFK UHFLSH�

)LJXUH $���� 300$ 6KULQNDJH DORQJ WKH GHSWK� &RPSDULVRQ H[SHULPHQW YV VLPXODWLRQ
UHVXOWV� 7KH HUURU EDUV LQ WKH SORW LQGLFDWH WKH VWDQGDUG GHYLDWLRQ FDOFXODWHG IURP WKH WKUHH
GLIIHUHQW VDPSOHV RI HDFK UHFLSH�
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)LJXUH $���� 300$ 6KULQNDJH DORQJ WKH ZLGWK� &RPSDULVRQ H[SHULPHQW YV VLPXODWLRQ
UHVXOWV� 7KH HUURU EDUV LQ WKH SORW LQGLFDWH WKH VWDQGDUG GHYLDWLRQ FDOFXODWHG IURP WKH
WKUHH GLIIHUHQW VDPSOHV RI HDFK UHFLSH�

)LJXUH $���� 300$ 6KULQNDJH DORQJ WKH OHQJWK� &RPSDULVRQ H[SHULPHQW YV VLPXODWLRQ
UHVXOWV� 7KH HUURU EDUV LQ WKH SORW LQGLFDWH WKH VWDQGDUG GHYLDWLRQ FDOFXODWHG IURP WKH WKUHH
GLIIHUHQW VDPSOHV RI HDFK UHFLSH�
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�D� &2& UHVXOWV�

�E� 300$ UHVXOWV

)LJXUH $���� 9ROXPHWULF VKULQNDJH IRU ERWK WKH PDWHULDOV H[SHULPHQW YV VLPXODWLRQ� 7KH
HUURU EDUV LQ WKH SORW LQGLFDWH WKH VWDQGDUG GHYLDWLRQ FDOFXODWHG IURP WKH WKUHH EDWFKHV
PHDVXUHG�
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