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3DWRQ %�(�� 0HGRYDU /�%� DQG 6DHQNR 9�<D�

,PSURYHPHQW RI HIILFLHQF\ LQ (65 PHWDO SURGXFWLRQ ������������������������ �

5\DEWVHY $�'�� 7UR\DQVN\ $�$�� 3DVKLQVN\ 9�9��
6DPERUVN\ 0�9� DQG &DUWHU :�7� $SSOLFDWLRQ RI
HOHFWURVODJ WHFKQRORJ\ IRU UHILQLQJ WLWDQLXP DQG WLWDQLXP

DOOR\V IURP QLWURJHQ�ULFK LQFOXVLRQV ������������������������������������������������ �

(/(&7521 %($0 352&(66(6

6KSDN 3�$�� *UHFKDQ\XN 9�*� DQG 2VRNLQ 9�$� (IIHFW RI

HOHFWURQ EHDP UHPHOWLQJ RQ VWUXFWXUH DQG SURSHUWLHV RI

KLJK�VSHHG VWHHO 5�0� ���������������������������������������������������������������� ��

0RJLOQLNRYD 7�7�� 1HURGHQNR /�0� DQG 0RYFKDQ %�$�
$PSOLWXGH GHSHQGHQFH DQG PLFURVFRSLF HODVWLFLW\ OLPLW RI
WKH 1L��� � &R PDWHULDO GHSRVLWHG IURP WKH YDSRU SKDVH ������������� ��

3/$60$�$5& 7(&+12/2*<

6KDSRYDORY 9�$� +HDW PRGHO RI SODVPD�DUF SURFHVV RI
JURZLQJ WXQJVWHQ VLQJOH FU\VWDOV ��������������������������������������������������� ��

'HPFKLVKLQ $�9�� .XUDSRY <X�$�� 0LFKHQNR 9�$��
.RVWLQ (�*� DQG 7HUQRYRM (�*� &\OLQGULFDO FDWKRGH�DUF
SODVPD VRXUFHV IRU YDFXXP HYDSRUDWLRQ ��������������������������������������� ��

9$&880�$5& 5(0(/7,1*

/LVLHQNR 9�*�� 1DV\MURY <D�$�� .OLPRY 0�,�� $OWPDQ
3�6�� 7DVKNLQRY $�<X� DQG *RQFKDURY $�(� 6SHFLILFV RI
GLVWULEXWLRQ RI DUF YROWDJH DQG IUHTXHQF\ RI GURSOHW
VKRUW�FLUFXLWV GXULQJ YDFXXP�DUF UHPHOWLQJ RI WLWDQLXP

DOOR\V ������������������������������������������������������������������������������������������� ��

9$&880�,1'8&7,21 0(/7,1*

7DUDVHYLFK 1�,�� 'XERGHORY 9�,�� *RU\XN 0�6� DQG
5\ELWVN\ $�,� 0DWKHPDWLFDO VLPXODWLRQ RI WKH PRGHV RI

FDVW LURQ KHDWLQJ DQG VRDNLQJ LQ D PDJQHWRG\QDPLF

KROGLQJ IXUQDFH ���������������������������������������������������������������������������� ��

*(1(5$/ 352%/(06 2) 0(7$//85*<

*ULJRUHQNR *�0�� 3RPDULQ <X�0�� /DNRPVN\ 9�9� DQG
2UORYVN\ 9�<X� $ERXW EHKDYLRXU RI QLWURJHQ LQ
JDVwVODJwPHWDO V\VWHP ���������������������������������������������������������������� ��

*DVLN 0�,� DQG *ULJRURYLFK .�9� ,GHQWLILFDWLRQ RI W\SHV RI
R[LGH LQFOXVLRQV LQ VWHHO ���*��/ E\ IUDFWLRQDO JDV

DQDO\VLV HYDORJUDPV ��������������������������������������������������������������������� ��

(GLWRU�LQ�&KLHI %�(� 3DWRQ

(GLWRULDO %RDUG�

'�ª� '\DFKHQNR�
H[HF� VHFU� �8NUDLQH��

-� )RFW �)UDQFH��
°� (O *¾PP¾O �*HUPDQ\��

ª�,� *DVLN �8NUDLQH��
*�ª� *ULJRUHQNR�

YLFH�FKLHI HG� �8NUDLQH��

9�,� ¨¾VKLQ �5XVVLD��
%� ¨RURXVKLFK �6ORYHQLD��
9�,� /DNRPVN\ �8NUDLQH��
9�¨� /HEHGHY �8NUDLQH��
6�)� ªHGLQD �6SDLQ��

/�%� ªÃGÌY¾U �8NUDLQH��
�� ªLWFKHO �&DQDGD��

%��� ªÌYFKDQ �8NUDLQH��
��1� 3HWUXQNR �8NUDLQH��

9� 5DPDNULVKQD 5DR �,QGLD��
7V�9� 5¾VKÃY �%XOJDULD��
1�3� °ULJXE �8NUDLQH��

$�$� 7UR\DQVN\ �8NUDLQH��
ª�/� =KDGNHYLFK �8NUDLQH�

([HFXWLYH GLUHFWRU

$�7� =HOQLFKHQNR

7UDQVODWRUV

6�$� )RPLQD� $�9� *RUVND\D
,�1� .XWLDQRYD� 7�.� 9DVLOHQNR

(GLWRU

1�$� 'PLWULHYD

(OHFWURQ JDOOH\
,�9� 3HWXVKNRY�
7�<X� 6QHJLUHYD

(GLWRULDO DQG DGYHUWLVLQJ RIILFHV
DUH ORFDWHG DW 3:,�

,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ��
7KH (� 2� 3DWRQ (OHFWULF

:HOGLQJ ,QVWLWXWH
RI WKH 1$6 RI 8NUDLQH�

��� %R]KHQNR VWU�� ������

.\LY� 8NUDLQH
7HO�� ������� ��� �� ���

��� �� ���
)D[� ������� ��� �� ��

(�PDLO� MRXUQDO#SDWRQ�NLHY�XD
KWWS���ZZZ�QDV�JRY�XD�SZM

6XEVFULSWLRQV�
����� � LVVXH SHU \HDU�

SRVWDJH DQG SDFNDJLQJ LQFOXGHG�

%DFN LVVXH DYDLODEOH
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7KH 1DWLRQDO $FDGHP\ RI 6FLHQFHV RI 8NUDLQH

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH

,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�

4XDUWHUO\

� 7KH 1$6 RI 8NUDLQH� WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH 1$6 RI 8NUDLQH� ,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�� ����

(QJOLVK WUDQVODWLRQ RI WKH TXDUWHUO\ �3UREOHP\ 6SHWVLDOQRM (OHFWURPHWDOOXUJLL� MRXUQDO SXEOLVKHG LQ 5XVVLDQ VLQFH -DQXDU\ ����
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%�(� 3$721� /�%� 0('29$5 DQG 9�<D� 6$(1.2

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

7KH VWDWH�RI�WKH�DUW RI (65 PHWDO SURGXFWLRQ LV DQDO\]HG DQG SURVSHFWV IRU WKH GHYHORSPHQW RI HOHFWURVODJ WHFKQRORJLHV

DQG HTXLSPHQW� ZKLFK DUH EDVHG RQ WKH HOHFWURVODJ SURFHVV� DUH FRQVLGHUHG� $VVRUWPHQW RI LQJRWV� ELOOHWV DQG VHPL�ILQLVKHG

SURGXFWV LV RIIHUHG ZKRVH SURGXFWLRQ FDQ EH UHDOL]HG HIIHFWLYHO\ LQ WKH LQGXVWULDO FRQGLWLRQV DIWHU PRGLILFDWLRQ �RU

UHFRQVWUXFWLRQ� RI WKH HOHFWURVODJ HTXLSPHQW DQG LPSOHPHQWDWLRQ RI QHZ HOHFWURVODJ WHFKQRORJLHV�

.H\ ZRU G V � HOHFWURVODJ UHPHOWLQJ� HOHFWURVODJ VXUIDFLQJ�

(65 ZLWK OLTXLG PHWDO� (65 IXUQDFH� FKDPEHU (65 IXUQDFH�
(65 LQJRWV� ELPHWDOOLF (65 LQJRWV

$QDO\VLV RI WKH WHQGHQFLHV LQ WKH GHYHORSPHQW RI PDLQ
KHDY\ LQGXVWU\ EUDQFKHV� SULPDULO\ WKH PRGHUQ PD�
FKLQH EXLOGLQJ� VKRZV WKDW ZLWKRXW XVLQJ WKH QHZHVW

WHFKQRORJLHV RI VSHFLDO PHWDOOXUJ\ LQ SURGXFWLRQ RI

DGYDQFHG VWUXFWXUDO PDWHULDOV DQG GLIIHUHQW KDOI�ILQ�

LVKHG SURGXFWV RI KLJK�DOOR\ VWHHOV DQG DOOR\V ZLWK

SUHVHW SURSHUWLHV LW LV LPSRVVLEOH QRZDGD\V WR SURGXFH

PHWDOOXUJLFDO DQG PDFKLQH�EXLOGLQJ SURGXFWV FRP�

SHWLWLYH DW WKH ZRUOG PDUNHW�

7KHUHIRUH� LW LV H[WUHPHO\ LPSRUWDQW WR GHWHUPLQH
D ULJKW GLUHFWLRQ IRU SURGXFWLRQ RI WKH (65 PHWDO LQ

IXWXUH� 7KH XUJHQF\ RI WKLV WDVN IRU 8NUDLQH LV VSHFL�
ILHG E\ WKH VXIILFLHQWO\ ODUJH QXPEHU RI (65 SURGXF�
WLRQ FDSDFLWLHV LQ WKH FRXQWU\� ZKLFK ZHUH FUHDWHG DV

HDUO\ DV LQ WKH ��w��V ERWK LQ PHWDOOXUJ\

��'QHSURVSHWVVWDO�� �$]RYVWDO�� DQG PDFKLQH�EXLOG�
LQJ �1RYR�.UDPDWRUVN 0DFKLQH�EXLOGLQJ 3ODQW�

PDLQO\ WR PHHW WKH GHPDQGV RI WKH GHIHQVH LQGXVWU\�

SRZHU HQJLQHHULQJ� VKLS�EXLOGLQJ DQG WUDQVSRUW� 7R�

GD\ WKHVH FDSDFLWLHV DUH SUDFWLFDOO\ XQORDGHG�
$EURDG LQ VXFK FRXQWULHV DV 86$� *HUPDQ\� *UHDW

%ULWDLQ� $XVWULD� ,WDO\� -DSDQ DQG RWKHUV PDQ\ (65
VKRSV WKDW ZHUH RULHQWHG IRU SURGXFWLRQ RI KLJK�VSHHG

VWHHO� VXSHUDOOR\V �LQ WHFKQRORJLFDO FKDLQ 9,0 �

(65 � 9$5� DQG ODUJH LQJRWV IRU SRZHU PDFKLQH�

EXLOGLQJ FRQWLQXH VXFFHVVIXOO\ DQG SURILWDEO\ RSHUDW�
LQJ DV ZHOO DV QHZ (65 IXUQDFHV DUH EHLQJ FRQVWUXFWHG

>�w�@�

7KH ZRUOG OHDGLQJ ILUPV SUHVHQWHG DW WKH ��WK

,QWHUQDWLRQDO )RUJHPDVWHUV 0HHWLQJ >�w�@ RUJDQL]HG

E\ WKH *HUPDQ ,QVWLWXWH RI )HUURXV 0HWDOOXUJ\ WKHLU
UHSRUW WHVWLI\LQJ WR WKH HIIHFWLYH DSSOLFDWLRQ RI WKH

(65 IRU SURGXFWLRQ RI ODUJH LQJRWV IRU URWRU IRUJLQJV

DQG GLVFV IRU SRZHUIXO VWHDP DQG JDV WXUELQHV�

7KH *HUPDQ ILUP �6DDUVFKPLHGH *PE+� WRJHWKHU

ZLWK WKH $PHULFDQ ILUP �*( 3RZHU 6\VWHP� IRUJHG

IURP WKH (65 LQJRW ���� PP LQ GLDPHWHU DQG ��� W
PDVV D URWRU VKDIW ELOOHW RI ���� PP LQ GLDPHWHU IRU

VLQJOH�EORFN SRZHU XQLWV RI ORZ DQG LQWHUPHGLDWH SUHV�

VXUH RI WKH VWHDP WXUELQH� 6XEVHTXHQWO\ WKH ELOOHW ZDV

VXEMHFWHG WR GLIIHUHQWLDO KDUGHQLQJ� 'HVSLWH RI WKH

JLJDQWLF VL]H RI WKH URWRU ELOOHW WKH IRUJLQJ PHWDO ZDV

GLVWLQJXLVKHG E\ D UHTXLUHG FRPELQDWLRQ RI KLJK
VWUHQJWK �σ���  ��� 03D� DQG LPSDFW VWUHQJWK �EULW�

WOH WUDQVIRUPDWLRQ WHPSHUDWXUH LV w�� �&� >�@�

7KH UHSRUW >�@ SUHVHQWHG E\ -DSDQ ILUPV �.REH

6WHHO� DQG �0LWVXELVKL +HDY\ ,QGXVWULHV� LQIRUPV

WKDW D ���WRQ HOHFWURVODJ LQJRW RI KLJK�FKURPLXP �XS

WR ���&U� VWHHO RI WKH QHZ JHQHUDWLRQ WKH\ GHYHORSHG

�ZLWK DGGLWLYHV RI PRO\EGHQXP� WXQJVWHQ� FREDOW�
QLRELXP� YDQDGLXP DQG ERURQ� ZDV IRUJHG WR SURGXFH

D ELOOHW IRU WKH VWHDP WXUELQH URWRU RSHUDWLQJ XQGHU

��� �&� 4XDOLW\ FRQWURO RI WKH SURGXFHG URWRU ELOOHW

VKRZHG WKDW UHVLVWDQFH RI WKLV (65 VWHHO XQGHU FUHHS

WHVW LV ��� WLPHV KLJKHU WKDQ LQ WKH VWHHOV XVHG EHIRUH�

*HUPDQ\ LQ WKH ODVW GHFDGH FRQVLGHUDEO\ LQFUHDVHG
(65 SURGXFWLRQ FDSDFLWLHV� 7KH ILUP �*UR

..
GLW]HU

6WDKOZHUNH� SXW LQWR RSHUDWLRQ LQ 6HSWHPEHU ���� D

QHZ GRXEOHG (65 XQLW >�@� ZKLFK DOORZV UHPHOWLQJ

WKH FRQVXPDEOH HOHFWURGHV ���w��� PP LQ GLDPHWHU�

XS WR ���� PP ORQJ DQG XS WR �� W PDVV LQWR LQJRWV

���w���� PP LQ GLDPHWHU� OHQJWK LQ WKH UDQJH RI ���
XS WR �P DQG PDVV ZLWKLQ �w�� W� 7KH XQLW LV HTXLSSHG

ZLWK D GHYLFH IRU LQJRW ZLWKGUDZDO DQG HOHFWURGH UH�

SODFHPHQW� ,W KDV WZR PRYDEOH JDQWULHV ZKHUH WKH

V\VWHPV IRU IHHG DQG UHSODFHPHQW RI WKH HOHFWURGHV DUH

ORFDWHG� 7KHVH V\VWHPV KDQGOH WZR UHPHOWLQJ VWDQGV�
,W LV QRWHZRUWK\ WKDW WKH �*UR

..
GLW]HU 6WDKOZHUNH� EH�

IRUH SXWWLQJ WKH (65 IXUQDFH LQWR RSHUDWLRQ KDG DO�
UHDG\ RSHUDWHG WZR VWHHO�PHOWLQJ IDFLOLWLHV RI

��� WKRXV� WRQV RI DQQXDO FDSDFLW\� 7ZR DUF IXUQDFHV
��� DQG � W�� ODGOH IXUQDFH� YDFXXP�R[\JHQ GHFDU�
EXUL]DWLRQ XQLW DQG PDLQ VWHHO�WHHPLQJ ODGOHV ZLWK
VOLGH JDWH DQG ERWWRP EORZLQJ DUH DOVR RSHUDWLQJ

WKHUH�

7KH ILUP �.UXSS 9'0*PE+� LQYHVWHG DSSUR[L�

PDWHO\ �� POQ '0 LQWR FRQVWUXFWLRQ RI WKH (65 DQG

9$5 IXUQDFHV DERXW � WKRXV� WRQV RI UHPHOWLQJ FDSDF�

LW\ HDFK LQ WKH WHUULWRU\ RI WKH SODQW LQ WRZQ 8QQD

ZKHUH WKH PHOWLQJ DQG FDVWLQJ RSHUDWLRQV RI WKH ILUP

DUH FRQFHQWUDWHG >�@� 3XWWLQJ LQWR RSHUDWLRQ RI QHZ

IXUQDFHV ZLOO DOORZ SURGXFLQJ VWUXFWXUDO SDUWV RI KLJK
DOOR\V GHPDQGHG E\ WKH DYLDWLRQ LQGXVWU\ DQG PDWH�

ULDOV ZLWK VSHFLILF PDJQHWLF FKDUDFWHULVWLFV IRU HOHF�
� %�(� 3$721� /�%� 0('29$5 DQG 9�<D� 6$(1.2� ����
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WURQLF LQGXVWU\� 7KLV ZLOO RSHQ QHZ PDUNHWV WR WKH

ILUP�

$ORQJ ZLWK HOHFWURVODJ UHPHOWLQJ LQ FRQYHQWLRQDO

IXUQDFHV WKHUH LV DQ LQFUHDVLQJ GHPDQG IRU FKDPEHU

(65 IXUQDFHV LQ WKH FRQWUROOHG DWPRVSKHUH >��@� 8Q�

GHU UHPHOWLQJ RI VWHHOV DQG DOOR\V DOOR\HG ZLWK OLJKWO\

R[LGL]HG HOHPHQWV LW LV QHFHVVDU\ WR SURWHFW WKH VODJ

SRRO DQG HOHFWURGH IURP DPELHQW DLU ZLWK LQHUW JDV�

,W LV QRWHZRUWK\ WKDW WKH ILUVW LQ WKH ZRUOG FKDPEHU

(65 IXUQDFH 8���� GHVLJQHG IRU HOHFWURVODJ UHPHOWLQJ

RI SUHFLVLRQ VWHHOV DQG DOOR\V ZDV HVSHFLDOO\ GHYHORSHG

DW WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH

1DWLRQDO $FDGHP\ RI 6FLHQFHV RI 8NUDLQH DQG SXW LQWR

RSHUDWLRQ DV HDUO\ DV LQ WKH ��V >��@� 7KH IXUQDFH

8���� LV HTXLSSHG ZLWK DQ DLU�WLJKW FKDPEHU ZLWK D

UHPRYDEOH FDS IRU LQVHUWLQJ D FRQVXPDEOH HOHFWURGH

DQG SURYLGHV WKH (65 SURFHVV XQGHU IXOO DLU�WLJKWQHVV

LQVLGH WKH PRXOG DQG DURXQG FRQVXPDEOH HOHFWURGH�

7KH IXUQDFH ZRUNV E\ D VFKHPH RI ILOOLQJ WKH VWDWLRQDU\

PRXOG DQG SURGXFHV LQJRWV ��� PP LQ GLDPHWHU DQG

���� PP ORQJ LQ WKH FRQWUROOHG JDV DWPRVSKHUH XQGHU

QRUPDO SUHVVXUH� 'XH WR D QXPEHU RI UHDVRQV WKH FKDP�

EHU IXUQDFHV GLG QRW JDLQ DFFHSWDQFH LQ RXU FRXQWU\�

+RZHYHU� QHZ SURPLVLQJ DSSOLFDWLRQ DUHDV KDYH DS�

SHDUHG IRU (65 FKDPEHU IXUQDFHV LQ WKH ODVW GHFDGH�

7KLV KDV EHHQ QHFHVVLWDWHG E\ UHPHOWLQJ RI VWHHOV DQG

DOOR\V DOOR\HG ZLWK OLJKWO\ R[LGL]HG HOHPHQWV DQG E\

SHFXOLDULWLHV LQ XVLQJ PHWDOOLF FDOFLXP DQG UDUH HDUWK

PHWDOV XQGHU (65 >��@� &KDPEHU IXUQDFHV DUH DOVR

UHTXLUHG IRU LQGXVWULDO LPSOHPHQWDWLRQ RI WKH DUF�VODJ

UHPHOWLQJ GHYHORSHG DW WKH 3:, HVSHFLDOO\ XQGHU DO�

OR\LQJ RI PHWDOV ZLWK QLWURJHQ IURP WKH JDV SKDVH DQG

SURGXFLQJ KLJK�QLWURJHQ VWHHOV DQG DOOR\V DOVR XQGHU

SUHVVXUH IXOO\ H[FOXGLQJ WKH XVH RI H[SHQVLYH QLWUR�

JHQ�FRQWDLQLQJ DGGLWLYHV �QLWULGHG IHUURDOOR\V� VLOLFRQ

QLWULGH DQG RWKHUV� IURP WKH WHFKQRORJLFDO SURFHVV

>��� ��@�

7KH NQRZQ ILUP �$/'9DFXXP 7HFKQRORJ\� ZLWK

LWV EUDQFKHV LQ *HUPDQ\ DQG 86$ SURSRVHG WKH (65

IXUQDFH GHVLJQ ZLWK D SURWHFWLRQ DWPRVSKHUH� ZKLFK

FDQ RSHUDWH XQGHU SUHVVXUH >��@� $Q LQJRW ��� PP LQ

GLDPHWHU ZLWK SUDFWLFDOO\ VLPLODU FRQWHQW RI &D2�

)H2� 0Q2� &U�2� LQ LWV ORZHU DQG XSSHU SDUW EXW

ZLWK YDU\LQJ FRQWHQW RI 6L2� ZLWKLQ ��� WR ��� � ZDV

SURGXFHG LQ WKLV IXUQDFH� 7KLV YDULDWLRQ OLHV ZLWKLQ

���w���� � IRU FRQYHQWLRQDO (65� %HVLGHV� DOX�

PLQLXP� WLWDQLXP DQG VLOLFRQ EXUQW RXW WR D OHVVHU

GHJUHH�

7KH *HUPDQ ILUP �96* (QHUJLH� XQG

6FKPLHGWHFKQLN *PE+� DSSOLHG WKH (65 WHFKQRORJ\

XQGHU SUHVVXUH LQ WKH FRQWUROOHG DWPRVSKHUH IRU PHOW�

LQJ ODUJH LQJRWV ����� PP LQ GLDPHWHU� RI KLJK�FKUR�

PLXP VWHHO ����� � &� ���� � 6L� ���� � &U� ���� �

0R� ZLWK VXSHU�HTXLOLEULXP QLWURJHQ FRQWHQW

����� ��� (TXLOLEULXP FRQWHQW RI QLWURJHQ LQ WKLV VWHHO

XQGHU DLU SUHVVXUH DQG WHPSHUDWXUH ���� �& LQ WKH

OLTXLG VWDWH LV RQO\ ���� �� ,W LV QRWHZRUWK\ WKDW WKH

DFWXDO UHVLVWDQFH RI EHDULQJV SURGXFHG RI WKLV VWHHO

SURYHG DIWHU WUDLOV �� WLPHV VWURQJHU WKDQ WKH GHVLJQHG

UHVLVWDQFH SURYLGHG WKDW WKH EHDULQJVZHUH QRW EURXJKW

WR GHVWUXFWLRQ >��@� 7KH VDPH *HUPDQ ILUP WRJHWKHU

ZLWK WKH EUDQFKHV RI WKH 6ZLVV ILUP �$%% $OVWRP

3RZHU 7HFKQRORJ\� GHYHORSHG KLJK�QLWURJHQ �XS WR

���� � 1� KLJK�FKURPLXP �XS WR �� � &U� VWHHO ZLWK

\LHOG VWUHQJWK ���� 03D IRU JDV WXUELQH GLVF DSSOL�

FDWLRQV� /DUJH LQJRWV ZHUH PHOWHG LQ WKH FKDPEHU

IXUQDFH E\ WKH FRQYHQWLRQDO (65 WHFKQRORJ\ IRU KLJK�

FKURPLXP VWHHO >��@�

7KH ILUP �,QWHFR� �%UXFN� $XVWULD� LQ ���� FRQ�

VWUXFWHG DQG SXW LQWR RSHUDWLRQ DW WKH ILUP �$FFLDHULH

9DOEUXQD� LQ 9LFHQ]D �,WDO\� WKH (65 XQLW SHUIRUP�

LQJ HOHFWURVODJ UHPHOWLQJ LQ WKH FRQWUROOHG SURWHFWLYH

JDV DWPRVSKHUH FUHDWHG LQVLGH WKH FDS WLJKWO\ SODFHG

RQ WKH VKRUW ZDWHU�FRROHG PRXOG >��@� 6TXDUH ��� DQG

��� PP DQG URXQG LQJRWV ���� ��� DQG ��� PP LQ

GLDPHWHU� XS WR � P OHQJWK DQG XS WR � W PDVV ZHUH

SURGXFHG E\ WKH VR�FDOOHG (OHFWURVODJ 5DSLG 5HPHOW�

LQJ �(655� SDWHQWHG E\ �,QWHFR�� ,Q WKLV PHWKRG D

VHFWLRQ RI D FRQVXPDEOH HOHFWURGH �w�� WLPHV H[FHHGV

D VHFWLRQ RI WKH LQJRW GUDZQ IURP WKH PRXOG� 4XDOLW\

RI (65 LQJRWV RI VWDLQOHVV VWHHO DQG VSHFLDO DOOR\V

PHOWHG LQ WKLV IXUQDFH ZLWK WKH HOHFWURGH H[FKDQJH

PHHWV WKH UHTXLUHPHQWV LPSRVHG RQ WKH KDOI�ILQLVKHG

SURGXFWV IRU SRZHU� DYLDWLRQ DQG QXFOHDU HQJLQHHULQJ

E\ WKH UHVSHFWLYH VWDQGDUGV >��@�

4XDOLW\ FKDQJHV LQ SURGXFWLRQ RI LQJRWV DQG KDOI�

ILQLVKHG SURGXFWV RI (65 PHWDO KDYH EHHQ REVHUYHG

LQ WKH ODVW \HDUV DW WKH SODQWV RI WKH5XVVLDQ)HGHUDWLRQ

DQG 8NUDLQH�

3URGXFWLRQ RI SLSHV IRU FULWLFDO DSSOLFDWLRQV �IRU QX�

FOHDU HQJLQHHULQJ� RLO DQG JDV FRPSOH[ DQG RWKHUV� E\

D GLUHFW (65 LQJRW UROOLQJ KDV EHHQ PDVWHUHG DW WKH

&KHO\DELQVN 0HWDOOXUJLFDO :RUNV DQG &KHO\DELQVN

3LSH 5ROOLQJ 3ODQW >��@� &DVW FRQVXPDEOH HOHFWURGHV

RI ����w��� W VLQJOH PDVV H[FKDQJHG LQ WKH FRXUVH RI

PHOWLQJ ZHUH XVHG WR SURGXFH LQJRWV ���� ���� ���

DQG ��� PP LQ GLDPHWHU DQG ���w��� W VLQJOH PDVV LQ

WKH IXUQDFHV 5���� DQG (6K3����� $Q LQFUHDVH RI D

VLQJOH PDVV RI LQJRWV IURP ��� XS WR ��� W DQG RSWL�

PL]DWLRQ RI WKHLU ZHLJKLQJ KDYH DOORZHG FRQVLGHUDEO\

H[SDQGLQJ D UDQJH RI WKH PHWDO SURGXFWV DQG UDLVLQJ

WKHLU FRPSHWLWLYHQHVV� ZKLFK KDYH UHVXOWHG LQ IXOO

XWLOL]DWLRQ RI SURGXFWLRQ FDSDFLW\ RI WKH (65 IXU�

QDFHV�

0RUHRYHU� WKH DYDLODEOH YDFXXP�DUF IXUQDFH '69�

��� DQG '69���� GXH WR D GHFUHDVLQJ FRQVXPSWLRQ RI

WKH 9$5 PHWDO DQG LQFUHDVLQJ GHPDQG IRU WKH (65

PHWDO DUH RSHUDWLQJ DV (65 XQLWV >��@ DW WKH &KHO\D�

ELQVN 0HWDOOXUJLFDO :RUNV� )RU WKLV SXUSRVH WKH IXU�

QDFHV ZHUH HTXLSSHG ZLWK WKH GHYLFH IRU IHHG RI IOX[

DQG GHR[LGL]HUV DQG D V\VWHP IRU VXFWLRQ RI WKH UH�

OHDVHG JDVHV� 0RXOGV� ERWWRP�SODFHV� HOHFWURGH�PRY�

LQJ PHFKDQLVPV� SRZHU VXSSO\ VRXUFHV ZHUH XVHG

ZLWKRXW FKDQJHV�

,QFUHDVLQJO\ PRUH DWWHQWLRQ DW WKH SODQW

�'QHSURVSHWVVWDO� DQG PHWDOOXUJLFDO ZRUNV

�$]RYVWDO� LV SDLG ODWHO\ WR VHHNLQJ QHZ VROXWLRQV RQ

FUHDWLRQ RI UHVRXUFH� DQG SRZHU�VDYLQJ WHFKQRORJLHV�

LQFUHDVLQJ D UDQJH RI WKH SURGXFHG (65 PHWDO DQG

GHFUHDVLQJ LWV SURGXFWLRQ FRVW >��w��@� 3XWWLQJ LQWR
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RSHUDWLRQ RI WKH ILUVW LQGXVWULDO (65 IXUQDFH 5����

DW WKH �'QHSURVSHWVVWDO� LQ 0D\ ���� LQLWLDWHG D

UDSLG GHYHORSPHQW RI HOHFWURVODJ UHPHOWLQJ� )RU WKLV

SHULRG PRUH WKDQ ��� JUDGHV RI WKH (65 VWHHO KDYH

EHHQ GHYHORSHG DW WKH SODQW ZLWK WKH (65 LQJRW SUR�

GXFWLRQ DFKLHYLQJ ��� WKRXV� W D \HDU� 1RZ DERXW

��� WKRXV� W RI (65 VWHHO LV SURGXFHG PRQWKO\� ��w

�� � RI WKH PHWDO EHLQJ H[SRUWHG DEURDG� $ UDQJH RI

(65 VWHHOV DQG DOOR\V SURGXFHG E\ WKH SODQW FRXQWV

�� JUDGHV �FKURPLXP DQG FKURPLXP�QLFNHO VWDLQOHVV�

EHDULQJ� VWUXFWXUDO DQG WRRO DOOR\HG� KLJK�VSHHG DQG

RWKHU VWHHOV��

:LWK WKH DLP RI IXUWKHU H[SDQGLQJ RI WKH SURGXF�

WLRQ YROXPHV RQ WKH DYDLODEOH FDSDFLWLHV WKH SODQW KDV

GHYHORSHG QHZ (65 SURGXFWV LQFOXGLQJ FKLVHO VWHHOV�

KHDW�UHVLVWDQW DOOR\ (,��8� WRRO VWHHO .K��) >��@�

)RU GHFUHDVLQJ D FRVW RI HOHFWURVODJ PHWDO D QHZ WHFK�

QRORJLFDO VFKHPH KDV EHHQ GHYHORSHG� $FFRUGLQJ WR

WKLV VFKHPH KDOI�ILQLVKHG VWULSV ���×���PP LQ VHFWLRQ

UROOHG IURP ���� W LQJRWV RQ WKH EORRPLQJ PLOO RI WKH

SODQW DUH XVHG DV FRQVXPDEOH HOHFWURGHV IRU (65� 3UH�

YLRXVO\ WKH UROOHG VODEV REWDLQHG RQ FRRSHUDWLRQ EDVLV

DQG SURGXFHG DW WKH �=DSRUR]KVWDO� SODQW ZHUH XVHG

IRU WKLV SXUSRVH� 7KLV DOORZV XQGHU SUHVHUYLQJ WKH

GHVLUHG TXDOLW\ RI WKH KLJK�VWUHQJWK SODWH VWHHO D GH�

FUHDVH RI LWV FRVW E\ �� � DQG D UHGXFWLRQ RI WKH PHWDO

SURFHVV VWDJH E\ KDOI D PRQWK�

$ WHFKQRORJ\ IRU FRQWLQXRXV FDVWLQJ RI

���×��� PP FRQVXPDEOH HOHFWURGHV IRU SURGXFWLRQ RI

(65 LQJRWV LQ WKH ���×����PP PRXOGV KDV EHHQ LP�

SURYHG� 7KLV KDV SHUPLWWHG LQFUHDVLQJ XWLOL]DWLRQ HI�

ILFLHQF\ FRHIILFLHQW RI WKH LQLWLDO PHWDO DQG \LHOG RI

WKH UROOHG VWRFN RI VWHHO ��.K1�$6K IURP ���� XS WR

���� � ZLWK WKH VWHHO TXDOLW\ PHHWLQJ WKH VWDQGDUG�

&RQVLGHUDEOH HIIHFW ZDV SURGXFHG DW WKH SODQW E\ D

UHSHDWHG XWLOL]DWLRQ RI WKH VSHQW IOX[HV �XS WR �� ��

ZLWK UHJDUG WR WKHLU UHJHQHUDWLRQ� WKXV DOORZLQJ IRU

��w�� � GHFUHDVH RI WKHLU FRQVXPSWLRQ DJDLQVW WKH

HDUOLHU LQGLFHV >��@�

:LWK WKH DLP RI VDYLQJ PDWHULDO DQG SRZHU UH�

VRXUFHV DW WKH �$]RYVWDO� WKH (65 IXUQDFHV �� 9*

DORQJ ZLWK SURGXFWLRQ RI ODUJH SODWH ���×���� DQG

���×���� PP LQJRWV ��w�� W PDVV IRU WKH ILUVW WLPH

VWDUWHG SURGXFLQJ ���×���� DQG ���×��� PP ELOOHWV�

7KH FRQVXPDEOH HOHFWURGHV XVHG IRU WKLV UHPHOWLQJ

ZHUH SURGXFHG E\ D ORQJLWXGLQDO FXWWLQJ RI FRQWLQX�

RXVO\ FXW ���×���� PP VODEV RI PHWDO SURGXFHG LQ

SODQW RZQ R[\JHQ FRQYHUWHU >��@�

,W VKRXOG EH QRWHG WKDW LW LV LPSRVVLEOH WR LQFUHDVH

WKH FRPSHWLWLYHQHVV RI WKH (65 PHWDO ZLWKRXW D GH�

FUHDVH RI LWV FRVW PRVWO\ GHWHUPLQHG E\ WKH H[SHQVHV

RQ SURGXFWLRQ RI FRQVXPDEOH HOHFWURGHV DQG WKH (65

PHWDO SURFHVV LWVHOI� 3URGXFWLRQ FRVWV FDQ EH HVVHQ�

WLDOO\ GHFUHDVHG E\ XVLQJ WKH VSHQW ORQJ�GLPHQVLRQDO

SURGXFWV DV FRQVXPDEOH HOHFWURGHV�

$ WHFKQRORJ\ IRU (65 XWLOL]DWLRQ RI GLIIHUHQW PHW�

DOOXUJLFDO ZDVWHV IURP WKH SODQW RZQ SURGXFWLRQ

�VSHQW FRQWLQXRXV FDVWLQJ UROOV� ZRUQ�RXW SDQHOV RI

FRSSHU PRXOGV� VFUDSSHG UDLOV� SODWH FXWV� KDV EHHQ

GHYHORSHG DW WKH �$]RYVWDO�� 8QGHU DVVHPEOLQJ RI

FRQVXPDEOH HOHFWURGHV GLIIHUHQW ZDVWH SDUWV DUH MRLQW

E\ ZHOGLQJ� $V D UHVXOW RI WKHVHV HIIRUWV WKH (65

HIILFLHQF\ KDV EHHQ LQFUHDVHG ERWK HFRQRPLFDOO\ DQG

HFRORJLFDOO\ E\ UHGXFWLRQ RI WKH FRQVXPDEOH HOHFWURGH

SURGXFWLRQ VWDJHV� 1R FUXFLDO FKDQJHV LQ WKH (65 IXU�

QDFH GHVLJQ ZHUH QHHGHG >��@� 6LPLODUO\ WKH VSHQW

FDVW LURQ UROOV ��� PP LQ GLDPHWHU EXWW MRLQW LQ SDLUV

ZHUH XVHG DV FRQVXPDEOH HOHFWURGHV E\ DXWKRUV RI

>��@� ,Q WKLV FDVH WKH HOHFWULF SRZHU FRQVXPSWLRQ XQ�

GHU UHPHOWLQJ LQ WKH ZLGHQHG PRXOG ��� PP LQ GL�

DPHWHU E\ D VFKHPH RI GUDZLQJ RI WKH FDVW LURQ ELOOHWV

LQWHQGHG IRU IORXU�PLOOLQJ UROOV GLG QRW H[FHHG

���� N:�W ZKLOH WKH LQJRW FODGGLQJ YHORFLW\

DFKLHYHG ��� NJ�K�

0RGLILFDWLRQ �UHFRQVWUXFWLRQ� RI WKH H[LVWLQJ (65

IXUQDFHV DORQJ ZLWK FUHDWLRQ RI QHZ RQHV LV QRZ RQH

RI WKH SRVVLEOH DQG SURPLVLQJ ZD\V IRU LQFUHDVLQJ HI�

ILFLHQF\ RI HOHFWURVODJ WHFKQRORJLHV IRU SURGXFLQJ VROLG

DQG KROORZ ELOOHWV �LQJRWV� RI GLIIHUHQW VWHHOV DQG

DOOR\V� ,Q PRGHUQ FRQGLWLRQV RI PDUNHW HFRQRP\ WKH

WDUJHWV VHW IRU WKLV PRGLILFDWLRQ DUH UDWKHU WRXJK� GH�

FUHDVH RI WKH FRVW RI SURGXFWLRQ RU DFKLHYLQJ VXFK

TXDOLW\ RI WKH SURGXFW� ZKLFK FRXOG IXOO\ PHHW QHZ

LQFUHDVHG GHPDQGV RI WKH FRQVXPHUV� EH FRPSHWLWLYH

DQG SURYLGH PLQLPDO SHULRG IRU UHFRXSPHQW RI WKH

LQFUHDVHG H[SHQVHV�

+RZHYHU� D OHYHO RI PDLQ FRQVWUXFWLYH� WHFKQLFDO

DQG WHFKQRORJLFDO VROXWLRQV SURYLGHG LQ WKH PRGLILFD�

WLRQ SURMHFW WKDW VKRXOG EH DW OHDVW RQ SDU ZLWK WKH

DFKLHYHG ZRUOG OHYHOV LV XQGRXEWHGO\ WKH PRVW LPSRU�

WDQW DQG GHFLVLYH FRQGLWLRQV GHWHUPLQLQJ VXFFHVV DQG

WHUPV IRU IXOILOOLQJ WKH VHW WDVN�

,Q WKLV FRQQHFWLRQ D KLJK TXDOLW\ OHYHO RI WKH DXWR�

PDWLRQ RI PRGHUQ (65 IXUQDFHV DSSHDUHG LQ WKH ODVW

\HDUV DEURDG VKRXOG EH HVSHFLDOO\ HPSKDVL]HG� )LUVW

RI DOO QHZ (65 XQLWV DUH IXOO\ FRPSXWHUL]HG� HTXLSSHG

ZLWK SHUIHFW V\VWHPV RI DXWRPDWLF FRQWURO� LQ SDUWLFX�

ODU ZLWK V\VWHP IRU DXWRPDWLF ZHLJKLQJ RI FRQVXPDEOH

HOHFWURGH� EDWFK IHHG RI IOX[ DQG GHR[LGL]HUV� SLFNXSV

RI WKH PHWDO SRRO OHYHO LQ WKH PRXOG DQG RWKHUV�
(OHFWULF SRZHU FRVWV DUH RQH RI WKH PRVW LPSRUWDQW

H[SHQGLWXUH LWHPV LQ WKH (65PHWDO SURFHVV� $ VSHFLILF
FRQVXPSWLRQ RI HOHFWULF SRZHU YDULHV FRQVLGHUDEO\
IURP PHOW WR PHOW� (QHUJ\ FRQVXPSWLRQ PDLQO\ GH�
SHQGV RQ WKH IXUQDFH GHVLJQ� ILUVW RI DOO RQ WKH GHVLJQ
RI VKRUW �SRZHU� PDLQV� $SSOLFDWLRQ RI WKH RSWLPDO
GHVLJQ RI WKH VKRUW IXUQDFH PDLQV PD\ FRQVLGHUDEOH
VDYH WKH HOHFWULF SRZHU �E\ ��w�� ��� 0RGHUQ RQH�
SKDVH (65 IXUQDFHV KDYH FRPSHQVDWHG VKRUW PDLQV
ZLWK D KLJK GHJUHH RI FRD[LDOLW\ RI HOHFWURGHV DQG
FXUUHQW OHDGV�

0HOWLQJ RI (65 LQJRWV ZLWK LQFUHDVHG VSDFH IDFWRU

�XS WR ���w��� LQVWHDG RI ���w��� FRQYHQWLRQDO IRU

XV�� XVH RI VPDOOHU VODJ YROXPHV WKDQ LW LV DGRSWHG LQ

WKLV FRXQWU\� LQFUHDVH RI WKH VODJ HOHFWULF UHVLVWDQFH�

UHPHOWLQJ RI WKH HOHFWURGH ZLWK WKH PHOWLQJ YHORFLW\

DSSURDFKLQJ WKH XSSHU SHUPLVVLEOH OLPLW �ZLWK D IODW

HOHFWURGH IDFH�� DXWRPDWLF FRQWURO RI WHFKQRORJLFDO

PHOWLQJ SURFHVV QRW RQO\ E\ HOHFWULF SDUDPHWHUV DQG

PDWKHPDWLFDO PRGHOV EXW DOVR E\ RWKHU GLUHFW PHDV�

XUHPHQWV� IRU H[DPSOH� HOHFWURGH PDVV x WKLV LV WKH
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OLVW RI PDLQ IHDWXUHV FKDUDFWHUL]LQJ UHPHOWLQJ WHFKQR�

ORJ\ LQ PRGHUQ IXUQDFHV�

2QH RI WKH RULJLQDO VROXWLRQV RI WKH ODVW \HDUV IRXQG

LQ 8NUDLQH FRQVLVWV LQ WKH QHZ SURFHVV RI HOHFWURVODJ

UHPHOWLQJ RI LQJRWV LQ FXUUHQW�VXSSO\ PRXOG E\ WKH

WZR�FLUFXLW VFKHPH >��� ��@ ZKHQ WKH HOHFWULF SRZHU

WR FXUUHQW�VXSSO\ PRXOG DQG FRQVXPDEOH HOHFWURGH LV

VXSSOLHG LQ WZR VHSDUDWHG FLUFXLWV IURP VHSDUDWH SRZHU

VRXUFHV� $V D UHVXOW HOHFWULF SRZHU VXSSOLHG WR WKH

QRQ�FRQVXPDEOH HOHFWURGH LV PDLQO\ FRQVXPHG IRU

KHDWLQJ RI SHULSKHUDO �ODWHUDO� SDUW RI WKH VODJ SRRO

SURYLGLQJ D JRRG IRUPDWLRQ RI ODWHUDO VXUIDFH RI WKH

(65 LQJRW GUDZQ IURP WKH PRXOG� &RQVXPDEOH PH�

WDOOLF HOHFWURGH� ZKLFK LV XVXDOO\ ORFDWHG LQ WKH FHQWHU

RI WKH VODJ SRRO� LV PHOWLQJ PDLQO\ E\ WKH KHDW UHOHDVHG

LQ WKH VODJ SRRO IURP WKH HOHFWULF FXUUHQW VXSSOLHG

GLUHFWO\ WR WKH HOHFWURGH�

7KHUHIRUH� WKH WZR�FLUFXLW (65 VFKHPH TXDOLWD�

WLYHO\ FKDQJHV QRW RQO\ WKH PHOWLQJ FRQGLWLRQV RI WKH

FRQVXPDEOH HOHFWURGH EXW DOVR D VKDSH �JHRPHWULFDO

SDUDPHWHUV� RI WKH PHWDOOLF SRRO� WKXV FKDQJLQJ D

QDWXUH RI WKH LQJRW VROLGLILFDWLRQ� ,Q WKLV FDVH LQ FRQ�

WUDVW WR WKH FODVVLFDO (65 VFKHPH WKHUH DSSHDUV D

SRVVLELOLW\ WR FRQVLGHUDEO\ ZHDNHQ D GHSHQGHQFH RI

WKH HOHFWURGH PHOWLQJ YHORFLW\ RQ WKH VXSSOLHG HOHFWULF

SRZHU DOORZLQJ IRU D ZLGHU YDULDWLRQ FRQWURO RI WKH

PHWDOOLF SRRO GHSWK WR IRUP WKH UHJXODWHG VWUXFWXUH

RI WKH LQJRW DQG WR SURYLGH D SUHVHW OHYHO RI SK\VLFDO�

PHFKDQLFDO SURSHUWLHV LUUHVSHFWLYH RI WKH SURFHVV SUR�

GXFWLYLW\� 7KH XVH RI WKH WZR�FLUFXLW (65 VFKHPH

SURYHV YHU\ SURPLVLQJ IRU FUHDWLRQ RI QHZ WHFKQRORJL�

FDO SURFHVVHV ZKHUH DSSOLFDWLRQ RI WKH FODVVLFDO VFKHPH

LV OLPLWHG� IRU H[DPSOH� IRU SURGXFWLRQ RI ODUJH (65

LQJRWV RI VXSHUDOOR\V H[SRVHG WR WKH VR�FDOOHG JKRVW�

$QDO\VLV RI WKH ODWHVW DFKLHYHPHQWV LQ WKH VSKHUH

RI HOHFWURVODJ WHFKQRORJLHV LQ 8NUDLQH DQG LQ WKH

ZRUOG EDVHG RQ QXPHURXV SXEOLFDWLRQV LQ WKH KRPH

DQG IRUHLJQ OLWHUDWXUH DV ZHOO DV RQ GLVFXVVLRQV GXULQJ

PDQ\ LQWHUQDWLRQDO V\PSRVLXPV LQFOXGLQJ WKH UHFHQW

,QWHUQDWLRQDO 0HPRULDO 6\PSRVLXP WR FRPPHPRUDWH

3URI� %�,� 0HGRYDU �006������ >��@ WHVWLILHV WR WKH

IDFW WKDW D QHZ JHQHUDWLRQ RI HOHFWURVODJ WHFKQRORJLHV

DQG HTXLSPHQW� ZKLFK GHQLHV WKH XVH RI FRQVXPDEOH

HOHFWURGHV DQG DGRSWV WKH XVH RI WKH OLTXLGPHWDO XQGHU

(65 �(65 /0� LV UDWKHU SHUVSHFWLYH >��@�

,W VKRXOG EH UHFRJQL]HG WKDW DW SUHVHQW WKH HOHF�

WURVODJ UHPHOWLQJ DV D PHWKRG RI PHWDO UHILQLQJ IURP

R[\JHQ� QLWURJHQ� VXOIXU DQG IRU SURGXFLQJ VWHHO IUHH

IURP QRQ�PHWDOOLF LQFOXVLRQV KDV ORVW LWV OHDGLQJ SR�

VLWLRQ� $ OHYHO RI PDVV VWHHO SURGXFWLRQ DOORZV WRGD\

WHFKQRORJLFDO SURFHVVHV SURYLGLQJ SURGXFWLRQ RI HVSH�

FLDOO\ SXUH OLTXLG PHWDO LQ WKH QHFHVVDU\ TXDQWLWLHV

DQG UDWKHU FKHDS� +RZHYHU� HYHQ WKH SXUH OLTXLGPHWDO

GRHV QRW DOZD\V SURYLGH LQ LQGXVWULDO FRQGLWLRQV D

SURGXFWLRQ RI LQJRWV ZLWK JXDUDQWHHG KLJK TXDOLW\ RI

PLFURVWUXFWXUH� FKHPLFDO DQG SK\VLFDO KRPRJHQHLW\

DW D OHYHO RI WKH (65 PHWDO� 1RQH RI WKH NQRZQ SURF�

HVVHV RI WKH OLTXLG PHWDO FDVWLQJ LV FRPSDUDEOH WR (65

LQ WKHVH LPSRUWDQW LQGLFHV�

$ UROH RI (65SURFHVV DPRQJ WKHPHWKRGV RI VSHFLDO

HOHFWULF PHWDOOXUJ\ LV QRZ HVVHQWLDOO\ H[SDQGLQJ GXH

WR WKH DSSHDUDQFH RI WKH (65 /0� )LUVW RI DOO D FUHD�

WLRQ RI FRQWLQXRXV HOHFWURVODJ UHPHOWLQJ ZLWK D OLTXLG

PHWDO LV LPSOLHG �&(65 /0��

$ SRVVLELOLW\ WR SURGXFH LQJRWV RI QRW RQO\ VTXDUH

DQG URXQG FURVV VHFWLRQ EXW DOVR KROORZ LQJRWV RI WKH

PDWHULDOV RI D ZLGH FRPSRVLWLRQ YDULHW\ �VWDLQOHVV�

VWUXFWXUDO DQG KLJK�VSHHG VWHHOV� KHDW�UHVLVWDQW QLFNHO

DOOR\V DQG RWKHUV� DQG WR GHFUHDVH WKH (65 FRVW LV D

GRXEWOHVV DGYDQWDJH RI WKLV PHWKRG DV FRPSDUHG WR

WKH SUHYLRXVO\ PHQWLRQHG UDSLG (65 �(655��

$Q HVVHQWLDO DGYDQWDJH RI WKH (65 /0 SURFHVV LV

D SRVVLELOLW\ WR DSSO\ LW IRU KLJK�SURGXFWLRQ FODGGLQJ

XQGHU PDQXIDFWXULQJ RI FRPSRVLWH DQG ELPHWDOOLF ILQ�

LVKHG DQG VHPL�ILQLVKHG SURGXFWV �UROOV� SODWHV� VHFWLRQ

UROOHG VWRFN� WXEHV DQG RWKHUV��

,Q WKH PLG RI WKH ��V WKHUH DSSHDUHG QXPHURXV

SXEOLFDWLRQV >��w��@ GHYRWHG WR GLIIHUHQW DVSHFWV RI

WKH XVH DQG SURGXFWLRQ RI ELPHWDO E\ WKH PHWKRGV RQ

WKH EDVLV RI WKH (65 SURFHVV� ,W LV QRWHG LQ WKHVH ZRUNV

WKDW SURGXFWLRQ RI FRUURVLRQ�UHVLVWDQW ELPHWDOOLF ELO�

OHWV E\ WKH (65 PHWKRG SURYLGHV WKH KLJKHVW VWUHQJWK

RI WKH MRLQW RI WKH FODGGLQJ DQG PDLQ OD\HUV �τVKHDU !
! ��� 03D� DQG PD[LPDO FRQWLQXLW\ RI WKH OD\HU FR�

KHVLRQ LQ WKH DUHD RI WKH SODWH DV FRPSDUHG WR RWKHU

PHWKRGV RI ELPHWDO SURGXFWLRQ� 7KLV DOORZV SURGXFLQJ

ELPHWDOOLF UROOHG VWRFN RI DQ\ WKLFNQHVV ZKHUH WKH

TXDOLW\ RI WKH OD\HU MRLQW GRHV QRW GHSHQG RQ WKH

GHIRUPDWLRQ GHJUHH RI WKH LQLWLDO ELPHWDOOLF ELOOHW�

'HYHORSPHQW RI WKH WHFKQRORJ\ IRU YHUWLFDO HOHF�

WURVODJ VXUIDFLQJ �(66� RI ELPHWDOOLF ELOOHWV RI UHF�

WDQJXODU DQG VTXDUH VHFWLRQV RQ WKH DYDLODEOH (65

IXUQDFHV� ZKLFK DFFRUGLQJ WR >��@ DUH DSSOLHG IRU WKLV

SUDFWLFDOO\ ZLWKRXW UHFRQVWUXFWLRQ RI WKH EDVLF HOH�

PHQWV DQG XQLWV LV UHSRUWHG� ,W LV DOVR QRWHG >��@ WKDW

WKH XVH RI WKH (65 SURFHVV DOORZV IRUPDWLRQ RI WKH

VXUIDFLQJ OD\HU EXW QRW RI WKH ELPHWDOOLF LQJRW LWVHOI�

8QGHU FRUUHODWLRQ RI OD\HUV ��� D FRQVXPSWLRQ RI HOHF�

WULF SRZHU� IOX[ DQG FRROLQJ ZDWHU DQG D ZHDU RI WKH

HTXLSPHQW SHU � W RI WKH SURGXFW �ELPHWDOOLF LQJRW�

LV � WLPHV OHVV WKDQ XQGHU (65 RI WKH KRPRJHQHRXV

LQJRW RI WKH VDPH PDVV� ,QLWLDO PDWHULDOV IRU (65 RI

ELPHWDOOLF ELOOHW DQG SRZHU VRXUFHV DUH WKH VDPH DV

XQGHU FRQYHQWLRQDO (65� 7KHVH DUH RQO\ TXDOLWDWLYH

LQGLFHV WKDW FKDQJH� LQ SDUWLFXODU SRZHU FRQVXPSWLRQ

IRU � W RI WKH FODG ELPHWDOOLF ELOOHW LV ��� N:⋅K�
,W LV QRWHZRUWK\ WKDW WKH LGHD WR XVH WKH HOHFWURVODJ

UHPHOWLQJ IRU SURGXFWLRQ RI ELPHWDOOLF ELOOHWV ZDV IRU

WKH ILUVW WLPH SURSRVHG DV HDUO\ DV LQ WKH ��V RI WKH

SUHYLRXV FHQWXU\ DW WKH 3:, >��@� +RZHYHU� WKLV LGHD

ZDV QRW LPSOHPHQWHG DW WKH LQGXVWULDO VFDOH VLQFH WKH

PDLQ GLIILFXOW\� L�H� ODUJH DQG KHWHURJHQHRXV SHQHWUD�

WLRQ RI WKH EDVLF PHWDO XQGHU FODGGLQJ RI WKH VXUIDFH

OD\HU ZDV KDUG WR RYHUFRPH >��@� 7KLV FDXVHV D ZLGH

UDQJH RI YDULDWLRQV LQ WKH WKLFNQHVV RI WKH FODGGLQJ

OD\HU HYHQ LQ RQH SODWH� -XGJLQJ IURP WKH OLWHUDWXUH

WKLV SUREOHP LV VWLOO YDOLG ZKHQ WKH FODVVLFDO (65 LV

DSSOLHG�
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$SSHDUDQFH RI WKH (65 /0 SURFHVV RSHQV QHZ

SRWHQWLDOLWLHV IRU LPSURYLQJ D WHFKQRORJ\ IRU SURGXF�

WLRQ RI ELPHWDOOLF ELOOHWV >��w��@� 7KH PDGH UHVHDUFK

KDV VKRZQ WKDW WKH DSSOLFDWLRQ RI WKH HOHFWURVODJ VXU�

IDFLQJ E\ WKH OLTXLG PHWDO �(66 /0� DOORZV VXUIDFLQJ

D FODG OD\HU ZLWK D PLQLPDO SHQHWUDWLRQ GHSWK RI WKH

EDVLF OD\HU ERWK LQ WKH VHFWLRQ DQG LQ WKH KHLJKW RI

WKH SURGXFW� ,Q FDVH RI QHHG LW LV SRVVLEOH WR XVH WKLV

PHWKRG IRU VXUIDFLQJ E\ D ZHOGLQJ�EUD]LQJ VFKHPH�

L�H� SUDFWLFDOO\ ZLWKRXW JXDUDQWHHG SHQHWUDWLRQ RI WKH

EDVLF OD\HU >��� ��@� ,Q WKLV FDVH WKH FRQWDFW VXUIDFH

RI WKH EDVLF OD\HU RI WKH ELOOHW LV WUHDWHG ZLWK WKH PHOW

RI WKH V\QWKHWLF VODJ WR SXULI\ LW IURP R[LGHV DQG RWKHU

LPSXULWLHV DQG RQFH D FHUWDLQ WHPSHUDWXUH LV DFKLHYHG

WKH ELOOHW LV ZHWWHG ZLWK WKH PHWDO PHOW SRXUHG LQWR

WKH PRXOG JDS �WKH PHWDO PHOW LV IRUPLQJ D FODGGLQJ

OD\HU� ZKLFK LV D QHFHVVDU\ FRQGLWLRQ IRU WKH ZHOGLQJ�

EUD]LQJ SURFHVV��

3URFHVVLQJ RI KLJK�DOOR\HG VWHHO ZDVWHV� LQ SDUWLFX�

ODU� KLJK�VSHHG VWHHO ZDVWHV� LV RQH RI WKH PRVW HIIHF�

WLYH WUHQGV LQ WKH HOHFWURVODJ WHFKQRORJ\ DSSOLFDWLRQV�

$Q LPSRUWDQW SHFXOLDULW\ RI WKH HOHFWURVODJ WHFKQROR�

JLHV EDVHG RQ WKH XVH RI WKH OLTXLG PHWDO LV WKH XVH RI

QRW RQO\ VSHQW PDFKLQH SDUWV RU FRPSRQHQWV RI WKH

PHWDOOLF VWUXFWXUHV LQFOXGLQJ GLIIHUHQW REMHFWV RI PLOL�

WDU\ HQJLQHHULQJ >��� ��@ IRU WKH PHOWHG PDWHULDO EXW

DOVR QRQ�FRPSDFWPDWHULDOV RI UHODWLYHO\ VPDOO IUDFWLRQ

FRPSRVLWLRQ �FKLSV� FKRSV� JUDQXOHV� SRZGHU DQG RWK�

HUV�� ZKLFK DOORZV SUDFWLFDOO\ H[FOXGLQJ WKH ORVVHV RI

WXQJVWHQ� PRO\EGHQXP� FKURPLXP� QLFNHO DQG RWKHU

VFDUFH PHWDOV� ,Q WKLV FDVH� DV LW KDV EHHQ LQGLFDWHG�

WKHUH LV QR QHHG LQ SURGXFLQJ RI FRQVXPDEOH HOHF�

WURGHV� ZKLFK PDNHV WKH SURFHVV PXFK FKHDSHU DQG

GRHV QRW UHTXLUH FRPSOH[ WHFKQRORJLFDO HTXLSPHQW IRU

LPSOHPHQWDWLRQ RI WKH SURFHVV� $ QHZ HOHFWURVODJ WHFK�

QRORJ\ RQ WKH EDVLV RI WKH ZDVWHV XWLOL]DWLRQ FDQ EH

VXFFHVVIXOO\ DSSOLHG LQ SURGXFWLRQ RI WKH DOOR\HG ELO�

OHWV LQFOXGLQJ KLJK�SHUFHQW ���w�� �� IHUURWLWDQLXP

IRU ZKLFK LW LV LPSRUWDQW >��@ WR SURYLGH D KRPRJH�

QHLW\ RI WKH LQJRWV ZLWK PLQLPDO VHJUHJDWLRQ DQG D

ORZ FRQWHQW RI FDUERQ DQG QLWURJHQ�

7KH XVH RI WKH (67 /0 RSHQV IXQGDPHQWDOO\ QHZ

SRVVLELOLWLHV IRU UHSDLU RI UROOV DQG FRQWLQXRXV FDVWLQJ

PDFKLQH UROOHUV� $ GRXEWOHVV DGYDQWDJH RI WKH HOHF�

WURVODJ WHFKQRORJ\ ZLWK D OLTXLG PHWDO OLHV LQ D SRV�

VLELOLW\ WR VXUIDFH WKH ELOOHWV ZLWK WKH PDWHULDOV RI

YDULRXV FKHPLFDO FRPSRVLWLRQ� LQFOXGLQJ KLJK�FKUR�

PLXP FDVW LURQ� KLJK�VSHHG VWHHO DQG RWKHUV�

,Q VROYLQJ WKH VWUDWHJLF DQG WDFWLF SUREOHPV RI WKH

PRGLILFDWLRQ �UHFRQVWUXFWLRQ� RI WKH HOHFWURVODJ

HTXLSPHQW LW LV LPSRUWDQW LQ WKH ILUVW SODFH WR LGHQWLI\

WKH EDVLF UDQJH RI ILQLVKHG DQG KDOI�ILQLVKHG SURGXFWV

WR EH FRPPHUFLDOO\ PDQXIDFWXUHG E\ WKH LQWURGXFWLRQ

RI QHZ HOHFWURVODJ WHFKQRORJLHV�

7KLV UDQJH RI SURGXFWV PD\ LQFOXGH ELOOHWV RI KLJK�

VSHHG DQG WRRO VWHHOV LQFOXGLQJ WKH ZDVWHV XWLOL]DWLRQ�

ELPHWDOOLF ELOOHWV IRU SURGXFWLRQ RI SODWHV� SLSHV DQG

VSHFLDO UHLQIRUFHPHQW ZLWK FRUURVLRQ�UHVLVWDQW FRDW�

LQJ� FDVW URXQG ELOOHWV LQFOXGLQJ KROORZ ELOOHWV RI

DXVWHQLWH VWHHOV DQG DOOR\V IRU QXFOHDU HQJLQHHULQJ�

RLO FKHPLVWU\ DQG RWKHUV� UROOV DQG FRQWLQXRXV FDVWLQJ

PDFKLQH UROOHUV� KROORZ ELOOHWV RI VWHHOV DQG DOOR\V IRU

VXEVHTXHQW KRW UROOLQJ RQ WKH ULQJ�UROOLQJ PLOO� LQJRWV

RI KLJK�DOOR\ VWHHOV DQG DOOR\V FRQWDLQLQJ KLJK�UHDF�

WLRQ DOOR\LQJ HOHPHQWV �WLWDQLXP� DOXPLQLXP DQG RWK�

HUV�� DOOR\LQJ FRPSRVLWLRQ ELOOHWV RQ WKH EDVLV RI WKH

ZDVWHV XWLOL]DWLRQ�

,W VKRXOG EH� KRZHYHU� UHFRJQL]HG WKDW PDQ\ (65

IXUQDFHV� HVSHFLDOO\ RQH�SKDVH� GHYHORSHG LQ WKH PLG

RI ��V HDUO\ ��V DQG VXSSOLHG WKHQ WR WKH SODQWV DQG

VKRSV RI WKH &,6 FRXQWULHV� GR QRW FRUUHVSRQG WR WKH

PRGHUQ OHYHO RI IXUQDFHV IRU PHOWLQJ RI LQJRWV DQG

ELOOHWV RI WKH PHQWLRQHG UDQJH DV ZHOO DV WR WKH UH�

TXLUHPHQWV QHFHVVDU\ IRU LQGXVWULDO LPSOHPHQWDWLRQ

RI WKH QHZO\ GHYHORSHG WHFKQRORJLFDO (65 SURFHVVHV�

7KRXJK WKHVH IXUQDFHV XVHG WR EH WKH EHVW LQ WKH ZRUOG

DV WR WKHLU GHVLJQ� QRZ WKH\ UHTXLUH PRGLILFDWLRQ �RU

UHFRQVWUXFWLRQ�� ,Q VRPH FDVHV WKH\ VKRXOG EH UHSODFHG

ZLWK QHZ PRGHUQ IXUQDFHV�

,Q WKLV UHODWLRQ WKH 1RYR�.UDPDWRUVN 0DFKLQH�

EXLOGLQJ 3ODQW �1.0= &RPSDQ\�� WKH OHDGHU RI WKH

8NUDLQLDQPDFKLQH�EXLOGLQJ DQG WKHZRUOG UHFRJQL]HG

SURGXFHU RI WKH UROOLQJ HTXLSPHQW PD\ VHUYH DV D JRRG

H[DPSOH IRU GRPHVWLF �DQG QRW RQO\ GRPHVWLF� SUR�

GXFHUV RI WKH (65 PHWDO� 7KUHH�SKDVH (65 IXUQDFH

IRU LQGXVWULDO SURGXFWLRQ RI IRUJLQJ LQJRWV ZDV IRU WKH

ILUVW WLPH SXW LQWR RSHUDWLRQ DW WKLV SODQW� (6K3�� IRU

SURGXFLQJ ��� W LQJRWV LQ ���� DQG (6K3��� IRU SUR�

GXFLQJ ��w�� W LQJRWV ZLWK VLPXOWDQHRXV UHPHOWLQJ

RI WKUHH FRQVXPDEOH HOHFWURGHV LQ RQH PRXOG LQ ����

>��@� 7KHVH HYHQWV SLRQHHUHG WKH GRPHVWLF DQG ZRUOG

SURGXFWLRQ RI ODUJH (65 LQJRWV IRU PDQXIDFWXULQJ RI

WXUELQH URWRU QHFNV� UROOV IRU FROG UROOLQJ DQG RWKHU

FULWLFDO FRPSRQHQWV� ,Q WKH QH[W \HDUV LQ OLQH ZLWK

WKH QHZ WDVNV DQG JDLQHG H[SHULHQFH WKH (65 HTXLS�

PHQW ZDV XQGHU FRQWLQXRXV SURFHVV RI HODERUDWLRQ DQG

UHQRYDWLRQ� ZKLFK UHVXOWHG LQ FUHDWLRQ RI WKH (65

VKRS ODUJHVW LQ WKH KHDY\ PDFKLQH�EXLOGLQJ DQG XQUL�

YDOOHG ERWK LQ WKH IRUPHU 8665 DQG DEURDG�

(YHQ WRGD\ XQGHU HFRQRPLFDO FRQVWUDLQV 1.0=

&RPSDQ\ KDV IRXQG WKH QHFHVVDU\ IDFLOLWLHV WR FDUU\

RXW WKH SURMHFW IRU DGDSWDWLRQ RI WKH ���W (65 IXUQDFH

DQG WR FUHDWH LQ WKH VSHFLDOL]HG VKRS DQ LQGXVWULDO XQLW

IRU HOHFWURVODJ OLTXLG PHWDO VXUIDFLQJ >��w��@� 7KH

XQLW LV GHVLJQHG IRU SURGXFWLRQ RI WKH FRPSRVLWH UROO

ELOOHWV XS WR ���� PP LQ GLDPHWHU DQG ZLWK WKH OHQJWK

RI WKH VXUIDFHG ERG\ XS WR ���� PP DQG XS WR �� W

PDVV E\ WKH PHWKRG RI (66 /0� $ WHFKQRORJ\ IRU

VXUIDFLQJ RI UROOV IRU KRW VWULS PLOO RI ��� PP LQ

GLDPHWHU ZLWK D ZRUNLQJ OD\HU RI KLJK�VSHHG VWHHO ZDV

DGRSWHG DW WKLV XQLW DQG WKH ILUVW ORWV RI WKHVH UROOV

ZHUH SURGXFHG� 7ULDOV RI WKH FRPSRVLWH (66 /0 UROOV

RQ WKH ZLGH�VWULS PLOO KDYH H[SRVHG WKHLU �w��� WLPHV

LQFUHDVHG UHVLVWDQFH DV FRPSDUHG WR WKDW RI WKH SUH�

YLRXVO\ XVHG FDVW LURQ UROOV ZLWK D FKLOO OD\HU� ,Q WKH

QHDUHVW IXWXUH WKH FRPSRVLWH (66 /0 UROOV ZLOO EH

UHDG\ WR D ZLGH HQWUDQFH WR WKH ZRUOG PDUNHW DQG

EHFRPH D VHULRXV DOWHUQDWLYH WR WKH DYDLODEOH FRPSRV�

LWH UROOV� LQ SDUWLFXODU SURGXFHG E\ WKH PHWKRG RI

FHQWULIXJDO FDVWLQJ >��@�
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1RZ 1.0= &RPSDQ\ KDV SXW LQWR RSHUDWLRQ WKH

VHFRQG PRUH SRZHUIXO IXUQDFH IRU SURGXFWLRQ RI WKH

ELPHWDOOLF UROOV DQG RWKHU FRPSRQHQWV XS WR ����w

���� PP LQ GLDPHWHU E\ WKH (66 /0 PHWKRG�

7KHUHIRUH� PRGLILFDWLRQ �UHFRQVWUXFWLRQ� RI WKH

DYDLODEOH HOHFWURVODJ IXUQDFHV DQG LQWURGXFWLRQ RI QHZ

HOHFWURVODJ WHFKQRORJLHV LV WKH PDLQ FRQGLWLRQ IRU HI�

IHFWLYH SURGXFWLRQ RI WKH (65 PHWDO DW WKH SODQWV LQ

8NUDLQH� 7KLV LV WKH RQO\ ZD\ WR LQFUHDVH WKH SURGXF�

WLRQ YROXPHV RI WKH (65 PHWDO� GHFUHDVH RI WKH FRVWV

DQG PDQXIDFWXULQJ RI KLJK�TXDOLW\ SURGXFW FRPSDWL�

WLYH DW WKH ZRUOG PDUNHWV�

�� 3DWRQ� %�(�� 0HGRYDU� %�,�� 0HGRYDU� /�%� ������ 3RVVL�
ELOLWLHV RI (65� ZKDW LW ZLOO EH LQ WKH QH[W GHFDGH�
3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL� �� �w���

�� 3DWRQ� %�(�� 0HGRYDU� %�,�� 0HGRYDU� /�%� ������ �� \HDUV
RI (65� DUH WKHUH DQ\ SURVSHFWV� 6WDO� ��� ��w���

�� 0HGRYDU� %�,�� 0HGRYDU� /�%�� 6DHQNR� 9�<D� ������ (OHF�
WURVODJ WHFKQRORJLHV LQ WKH ;;, FHQWXU\� ,Q� 3URF� RI $VLD
6WHHOs���� &RQI�� &KLQD� 6HSW� ��w��� �����

�� ������ 3URFHHGLQJV RI ��WK ,QW� )RUJHPDVWHUV 0HHWLQJ�
:LHVEDGHQ� *HUPDQ\� 6HSW� �w�� �����

�� 7\XULQ� 9�$�� 2YHFKNLQ� 9�9� ������ )RUJH VWHHO x PDWH�
ULDO RI WKH ;;, FHQWXU\� 6WDO� �� ��w���

�� 0DQQLQJ� 0�3�� 6FKRHQIHOG� .�+� ������ 7KH HIIHFW RI JDVK�
LQJ DQG WHPSHULQJ SDUDPHWHUV RQ )$77 RI � � &U0R1L:9
DOOR\ VWHHO URWRU IRUJLQJV� ,Q� 3URF� RI ��WK ,QW� )RUJHPDVWHUV
0HHW�� :LHVEDGHQ� *HUPDQ\� 6HSW� �w�� �����

�� .DJDZD� -�� 7DPXUD� )�� ,VKL\DPD� 2� HW DO� ������ 'HYHO�
RSPHQW DQG PDQXIDFWXULQJ RI QH[W JHQHUDWLRQ RI DGYDQFHG
�� � &U VWHHO URWRU IRU ��� �& VWHDP WHPSHUDWXUH� ,ELG�

�� %URZQ� -�%�� %HUU\� *� ������ (DUO\ H[SHULHQFH RI DWPRV�
SKHUH FRQWURO GXULQJ (65� ,Q� &RPSHQG� RI �WK 6\PS� RQ
$GYDQFHG 7HFKQRORJLHV DQG 3URFHVVHV IRU 0HWDOV DQG $O�
OR\V� )UDQNIXUW� *HUPDQ\� -XQH ��w��� �����

�� ������ *HUPDQ\� 1HZ (65 XQLW� &K\RUQ� 0HWDOO\� $SULO� ��
��� ������ 0HWDOOXUJ\ QHZV EXOOHWLQ E\ FRXQWULHV DQG UHJLRQV�

,QYHVWPHQWV RI .UXSS 9'0 6RFLHW\ LQ UHPHOWLQJ WHFKQRO�
RJ\� &K\RUQ� 0HWDOO\� 2FW�� ��

��� 0HGRYDU� %�,�� /DWDVK� <X�9�� /LWYLQFKXN� 0�'� HW DO�
������ 5HYLHZ RI VWUXFWXUHV RI HOHFWURVODJ UHPHOWLQJ XQLW�
,Q� (OHFWURVODJ UHPHOWLQJ� (G� E\ %�(� 3DWRQ� 0RVFRZ�
0HWDOOXUJL\D�

��� 0HGRYDU� /�%�� 6DHQNR� 9�<D�� 3RPDULQ� <X�0� HW DO�
������ 3URVSHFWV RI XVH RI PHWDOOLF FDOFLXP DQG 5(0 GXU�
LQJ HOHFWURVODJ UHPHOWLQJ� 3UREOHP\ 6SHWV� (OHNWURPHWDOOXU�
JLL� �� ��w���

��� 3DWRQ� %�(�� 0HGRYDU� %�,�� 6DHQNR� 9�<D� HW DO� ������
5ROH RI HOHFWURVODJ WHFKQRORJ\ LQ VXSHUKLJK QLWURJHQ VWHHO
SURGXFWLRQ� ,ELG�� �� �w���

��� 3DWRQ� %�(�� 6DHQNR� 9�<D�� 3RPDULQ� <X�0� HW DO� ������
$UF�VODJ UHPHOWLQJ x VWDWH�RI�WKH�DUW DQG SURVSHFWV RI GH�
YHORSPHQW� ,Q� 3URF� RI ,QW� 6\PS� RQ (65 7HFKQRORJ\ DQG
(TXLSPHQW� .\LY� 8NUDLQH� 0D\ ��w��� �����

��� %LHEULFKHU� 8�� &KRXGKXUH\� $�� 6FKRXGKXU\� +� HW DO�
������ 0DQXIDFWXUH RI ODUJH IRUJLQJ LQJRWV E\ DGYDQFHG
(65 SURFHVVHV� ,Q� 3URF� RI ��WK ,QW� )RUJHPDVWHUV 0HHW��
:LHVEDGHQ� *HUPDQ\� 6HSW� �w�� �����

��� +XFNOHQEURLFK� ,�� 6WHLQ� *� ������ +LJK QLWURJHQ VWHHOV IRU
DYLDWLRQ DQG DHURVSDFH DSSOLFDWLRQV� ,ELG�

��� *RVPHQ� $�� 3URVV� -�� (UQVW� 3� HW DO� ������ 'HVLJQ DQG
PDQXIDFWXULQJ RI D KLJK QLWURJHQ �� � FKURPLXP VWHHO IRU
JDV WXUELQH GLVN DSSOLFDWLRQV� ,ELG�

��� ������ ,WDO\� &RQVWUXFWLRQ RI (65 XQLW E\ �$FFLDHULH 9DO�
EUXQD� &RPSDQ\� &K\RUQ� 0HWDOO\� 0D\� ��

��� $OJKLVL� '�� 0LODQR� 0�� 3D]LHQ]D� /� ������ 7KH HOHF�
WURVODJ UDSLG UHPHOWLQJ SURFHVV XQGHU SURWHFWLYH DWPRVSKHUH
RI ��� PP ELOOHWV� ,Q� 3URF� RI ,QW� 6\PS� RQ (65 7HFKQRO�
RJ\ DQG (TXLSPHQW� .\LY� 8NUDLQH� 0D\ ��w��� �����

��� *HUDVLPFKXN� $�3�� .RU\VWHO\RYD� 1�9�� )LODWRYD� %�$� HW
DO� ������ ([SHULHQFH RI URXQG ELOOHW SURGXFWLRQ E\ (65
SURFHVV� 6WDO� �� ��w���

��� 6WDURVWLQ� %�0�� 9RURELRY� 9�,�� 6KLQNLQD� 1�6� HW DO�
������ 7ULDO SURGXFWLRQ RI VWHHO E\ (65 SURFHVV DW GLUHFW
FXUUHQW LQ YDFXXP�DUF IXUQDFHV� ,ELG�� �� ������

��� *DEXHY� <X�*�� .D]DNRY� 6�6� ������ ,QFUHDVH RI (65 FDVW
FRQVXPDEOH HOHFWURGH \LHOG� ,ELG�� �� ��w���

��� /HMEHQ]RQ� 9�$�� .D]DNRY� 6�6�� 0RVKNHYLFK� (�,� HW DO�
������ $FKLHYHPHQWV DQG SURVSHFWV RI (65 WHFKQRORJ\ LQ
�'QHSURVSHWVVWDO� PHWDOOXUJLFDO SODQW� 3UREOHP\ 6SHWV�
(OHNWURPHWDOOXUJLL� �� �w��

��� .DSXVWLQ� ,�9�� *DOXVKND� $�$�� $NXORY� 9�3� HW DO� ������
,PSURYHPHQW RI (65 WHFKQRORJ\ LQ �$]RYVWDO� PHWDOOXUJL�
FDO ZRUNV� 6WDO� �� ��w���

��� $NXORY� 9�3�� .DSXVWLQ� ,�9�� *DOXVKND� $�$� HW DO� ������
(OHFWURVODJ UHPHOWLQJ RI PHWDOOXUJLFDO UHMHFWV LQ �$]RYVWDO�
PHWDOOXUJLFDO ZRUNV� 3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL� ��
�w���

��� 'UR]GRY� 9�6�� 0DV\XN� $�0�� 9RONRY� $�(� HW DO� ������
7HFKQRORJ\ RI ELOOHWV SURGXFWLRQ GHVLJQHG IRU LURQ F\OLQGHUV
LQ (65 IXUQDFHV� 6WDO� �� ��w���

��� 0HGRYDU� %�,�� 0HGRYDU� /�%�� 7V\NXOHQNR� $�.� HW DO�
������ 2Q SUREOHP RI HOHFWURVODJ PHOWLQJ RI ODUJH�WRQQDJH
ELOOHWV IURP KLJK�DOOR\ VWHHOV DQG DOOR\V� 3UREOHP\ 6SHWV�
(OHNWURPHWDOOXUJLL� �� ��w���

��� 0HGRYDU� /�%�� 7V\NXOHQNR� $�.�� &KHUQHWV� $�9� HW DO�
������ 6WXG\ RI LQIOXHQFH RI WZR�FLUFXLW (65 GLDJUDP SD�
UDPHWHUV RQ PHWDO SRRO VL]HV DQG VKDSH� ,ELG�� �� �w��

��� ������ 3URFHHGLQJV RI ,QW� 6\PSRVLXP RQ (65 7HFKQRORJ\
DQG (TXLSPHQW� .\LY� 8NUDLQH� 0D\ ��w��� �����

��� 0HGRYDU� /�%�� 7V\NXOHQNR� $�.�� 6DHQNR� 9�<D� ������
1HZ HOHFWURVODJ UHPHOWLQJ WHFKQRORJLHV� ,ELG�

��� 0HGRYDU� %�,�� 6DHQNR� 9�<D�� .XP\VK� 9�,� ������ 3UR�
GXFWLRQ RI ELPHWDOOLF ELOOHWV E\ PHWKRGV EDVHG RQ WKH HOHF�
WURVODJ SURFHVV� 5HSRUW �� $GYDQFHV LQ 6SHFLDO (OHFWURPHW�
DOOXUJ\� �� ���w����

��� 6KDOLPRY� $O�*�� 6DODXWLQ� 9�$� ������ $GYDQFHG GHYHORS�
PHQWV LQ WKH ILHOG RI HOHFWULF IXUQDFH VWHHOPDNLQJ� 6WDO� ��
��w���

��� 6KDUDSRY� $�$�� 5RGLRQRYD� ,�*�� 6KDOLPRY� $�*� HW DO�
������ 3URGXFWLRQ RI ELOOHWV IRU FRUURVLRQ�UHVLVWDQW ELPHWDO
LQ HOHFWURVODJ IXUQDFHV XVLQJ FODGGLQJ PHWKRG� ,Q� 7UDQVDFW�
RI �UG &RQJU� RI 6WHHOPDNHUV� 0RVFRZ�

��� 6KDUDSRY� $�$�� 5RGLRQRYD� ,�*�� 3X]DFK\RY� 9�,� HW DO�
������ ([SHULHQFH RI GHYHORSPHQW RI WHFKQRORJ\ IRU FRUUR�
VLRQ�UHVLVWDQW ELPHWDOOLF ELOOHWV SURGXFWLRQ XVLQJ HOHFWURVODJ
UHPHOWLQJ� 6WDO� ��� ��w���

��� 3DWRQ� %�(�� /XWV\XN�.KXGLQ� 9�$�� 6DHQNR� 9�<D� 0RXOG�
8665 DXWKRUsV FHUW� ������� 3ULRULW\ ��������� 3XEO� �����

��� 0HGRYDU� %�,�� 6DHQNR� 9�<D�� 1DJDHYVN\� ,�'� HW DO�
������ (OHFWURVODJ WHFKQRORJ\ LQ PDFKLQH�EXLOGLQJ� (G� E\
%�(� 3DWRQ� .\LY� 7HNKQLND�

��� 0HGRYDU� %�,�� &KHUQHWV� $�9�� 0HGRYDU� /�%� HW DO� ������
(OHFWURVODJ FODGGLQJ E\ OLTXLG ILOOHU PHWDO� ,Q� 3URF� RI �WK
(8520$7s�� (XURS� &RQI� RQ $GYDQFHG 0DWHULDOV DQG
3URFHVVHV� 3URF� RI 6\PS� RQ )�0DWHULDOV DQG 3URFHVVLQJ
&RQWURO� 9HQLFH� ,WDO\� 6HSW� ��w��� �����

��� 0HGRYDU� %�,�� 6DHQNR� 9�<D�� 0HGRYDU� /�%� ������ (OHF�
WURVODJ SURFHVVHV XVHG LQ SURGXFWLRQ RI FODG VWHHO� 7KH 3DWRQ
:HOGLQJ -�� 3LORW ,VVXH� -XO\� ��w���

��� 0HGRYDU� %�,�� 6DHQNR� 9�<D�� 0HGRYDU� /�%� ������ 3URGXF�
WLRQ RI FRUURVLRQ�UHVLVWDQW ELPHWDO ELOOHWV E\ HOHFWURVODJ FODG�
GLQJ PHWKRG� 3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL� �� �w���

��� 0HGRYDU� %�,�� 0HGRYDU� /�%�� 6DHQNR� 9�<D� HW DO� ������
(OHFWURVODJ VDOYDJLQJ RI PLOLWDU\ WHFKQRORJ\ REMHFWLYHV�
,ELG�� �� �w���

��� 3DWRQ� %�(�� 0HGRYDU� %�,�� 6DHQNR� 9�<D� ������ 6DO�
YDJLQJ RI DUWLOOHU\ EDUUHOV XVLQJ DUF�VODJ UHPHOWLQJ SURFHVV
ZLWK VLPXOWDQHRXV QLWURJHQ DOOR\LQJ RI PHWDO� ,ELG�� ��
��w���

��� $OWPDQ� 3�6�� 7UXELQ� $�1�� 'HPLGRY� %�$� HW DO� ������
(VWLPDWLRQ DQG LPSURYHPHQW RI WHFKQRORJLFDO SURFHVVHV RI
KLJK�JUDGH IHUURWLWDQLXP SURGXFWLRQ� 7LWDQ� �� ��w���

��� .RYDO� 6�,�� $NXOLQLQ� 0�$�� %RURYNR� $�,� ������ 3URGXF�
WLRQ RI ODUJH�VL]HG ELOOHWV E\ HOHFWURVODJ SURFHVV� ,Q� (OHF�
WURVODJ UHPHOWLQJ� (G� E\ %�(� 3DWRQ� 0RVFRZ� 0HWDOOXU�
JL\D�

��� 6KDEDQRY� 9�%�� 6YLULGRY� 2�9�� %HOREURY� <X�1� HW DO�
������ &UHDWLRQ RI HOHFWURVODJ FODGGLQJ FRPSOH[ ZLWK OLT�
XLG ILOOHU PHWDO RI KRW UROOLQJ ZRUNLQJ UROOV IRU FRQWLQXRXV
ZLGH�VWULS PLOOV� $YWRPDWLFK� 6YDUND� �� ��w���

��� 0HGRYDU� %�,�� 0HGRYDU� /�%�� &KHUQHWV� $�9� HW DO� ������
/LTXLG PHWDO HOHFWURVODJ FODGGLQJ x QHZ SURFHVV RI KLJK�
TXDOLW\ FRPSRVLWH ELOOHWV SURGXFWLRQ IRU PLOO UROOV� ,Q�
7UDQVDFW� RI �UG &RQJU� RI 6WHHOPDNHUV� /LSHWVN� 2FW� ��w
��� ����� 0RVFRZ� &KHUPHWLQIRUPDWVL\D�

��� 0HGRYDU� %�,�� 0HGRYDU� /�%�� &KHUQHWV� $�9� HW DO� ������
8NUDLQLDQ (66 /0 +66 UROOV IRU KRW VWULS PLOOV� ,Q� 3URF�
RI ��QG 0:63 &RQI�

��� 6KDEDQRY� 9�%�� 6YLULGRY� 2�9�� %HOREURY� <X�1� HW DO�
������ (OHFWURVODJ UHPHOWLQJ WHFKQRORJ\ DW 1.0=� \HVWHU�
GD\� WRGD\ DQG WRPRUURZ� ,Q� 3URF� RI ,QW� 6\PS� RQ (65
7HFKQRORJ\ DQG (TXLSPHQW� .\LY� 8NUDLQH� 0D\ ��w���
�����
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$�'� 5<$%76(9
�
� $�$� 752<$16.<

�
� 9�9� 3$6+,16.<

�
� 0�9� 6$0%256.<

�
DQG :�7� &$57(5

�

�
'RQHWVN 1DWLRQDO 7HFKQLFDO 8QLYHUVLW\� 'RQHWVN� 8NUDLQH
�
*HQHUDO (OHFWULF &RUS� 5HVHDUFK DQG 'HYHORPSHQW� 86$

7KH IHDVLELOLW\ RI XVH RI D FKDPEHU HOHFWURVODJ UHPHOWLQJ IRU UHILQLQJ WLWDQLXP DOOR\V IURP QLWURJHQ�ULFK LQFOXVLRQV ZDV

FKHFNHG H[SHULPHQWDOO\� ,W ZDV HVWDEOLVKHG WKDW WKH DSSOLFDWLRQ RI &D)
�
w&D IOX[ V\VWHP PDNHV LW SRVVLEOH WR FUHDWH WKH

QHFHVVDU\ WKHUPRG\QDPLF FRQGLWLRQV IRU GHFRPSRVLWLRQ RI QLWURJHQ�ULFK LQFOXVLRQV GXULQJ WKH SURFHVV RI D FKDPEHU

HOHFWURVODJ PHOWLQJ�

.H\ ZRU G V � HOHFWURVODJ UHPHOWLQJ� FDOFLXP IOX[� WLWDQLXP

DOOR\� QLWURJHQ�ULFK LQFOXVLRQV� UHILQLQJ

,W LV NQRZQ WKDW TXDOLW\ DQG VHUYLFH FKDUDFWHULVWLFV
RI WLWDQLXP DQG WLWDQLXP�EDVH FRPSRQHQWV ZLWK WKHLU

LQFUHDVLQJ DSSOLFDWLRQ DUHDV GHSHQG RQ WKH SXULW\ RI

WKH PDWHULDO DQG RQ WKH DYDLODELOLW\ DQG FRPSRVLWLRQ

RI QRQ�PHWDOOLF LQFOXVLRQV� 7KH VR�FDOOHG QLWURJHQ�ULFK

LQFOXVLRQV �15,� SURYH WR EH D VHULRXV KD]DUG IRU

SK\VLFDO SURSHUWLHV RI WKLV PDWHULDO� 7KHVH LQFOXVLRQV

KDYH� DV D UXOH� D FRUH RI 7L1
[
VXUURXQGHG ZLWK OD\HUV

FRQWDLQLQJ α�7L DQG β�7L� 15, NQRZQ LQ OLWHUDWXUH DV

�KDUG� α�LQFOXVLRQV DUH EULWWOH LQ WKHLU QDWXUH DQG

XQGHU YDULRXV ORDGV PD\ FDXVH FUDFN LQLWLDWLRQ LQ PH�

WDO� 3UREOHP LQ WKLV FDVH FRQVLVWV QRW LQ WKH SUHVHQFH

RI QLWURJHQ LQ WKH V\VWHP� EXW LQ WKH VXVFHSWLELOLW\ RI

15, WR FUDFNLQJ� +DUG RU EULWWOH LQFOXVLRQV DQG SRUHV�

WKHLU FRPELQDWLRQV RU RWKHU KRPRJHQHLW\ GLVWXUEDQFHV

DUH WKH FHQWHUV RI FUDFN QXFOHDWLRQ� 7KH JUHDWHU LV WKH

FUDFN QXFOHDWLRQ FHQWHU� WKH ODUJHU LV WKH LQLWLDO

FUDFN x WKH JUHDWHU LV WKH IDWLJXH FUDFN JURZWK YH�

ORFLW\ DQG WKH VKRUWHU LV WKH WLPH EHIRUH IDLOXUH XQGHU
ORZ�HQGXUDQFH IDWLJXH >�� �@�

15, DUH IRUPHG XQGHU SURGXFWLRQ RI WLWDQLXP

VSRQJH DQG GXULQJ LWV SURFHVV VWDJHV DQG DUH QRW IXOO\

UHPRYHG XQGHU PHOWLQJ >�� �@� *ULQGLQJ RI VSRQJ\

WLWDQLXP LQWR VPDOOHU SDUWV >�@ DQG DSSOLFDWLRQ RI

PHOWLQJ WHFKQLTXHV H[SDQGLQJ WKH WLPH SHULRG RI LWV

OLTXLG VWD\ �WULSOH YDFXXP�DUF� HOHFWURQ EHDP DQG
SODVPD UHPHOWLQJ� LPSURYH WKH VLWXDWLRQ EXW GR QRW

JXDUDQWHH D FRPSOHWH UHPRYDO RI WKH LQFOXVLRQV� 7KH

SUREOHP� WKHUHIRUH� OLHV LQ UHPRYDO RU PLQLPL]DWLRQ

RI WKH VL]H RI 15, LQ WLWDQLXP DQG WLWDQLXP�EDVH DOOR\V�

$QDO\VLV RI WKH 7Lw1 FRQVWLWXWLRQ GLDJUDP VKRZV
WKDW DOO 15, PHOW XQGHU KLJKHU WHPSHUDWXUH WKDQ WL�

WDQLXP >�@� %HVLGHV� D GHQVLW\ RI WLWDQLXP QLWULGH 7L1

����� J�FP�� H[FHHGV GHQVLW\ RI WLWDQLXP
���� J�FP�� DQG LWV DOOR\V >�@� +HQFH� UHPRYDO RI
15, IURP WKH OLTXLG WLWDQLXP XQGHU HOHFWURVODJ UH�

PHOWLQJ �(65� E\ PHOWLQJ DQG IORDWLQJ VHHPV LPSURE�

DEOH�

6WXG\ RI GLVVROXWLRQ YHORFLW\ RI 15, VXEPHUJHG
LQWR OLTXLG WLWDQLXP KDV VKRZQ WKDW WKLV SURFHVV LV

YHU\ VORZ �DERXW ��� µP�V� >�@� WKXV UHVWULFWLQJ GH�

FUHDVH RI WKH 15, VL]H GXULQJ WKHLU GLVVROXWLRQ LQ WKH

OLTXLG WLWDQLXP XQGHU FDQRQLF (65�
$SSOLFDWLRQ RI HOHFWURVODJ UHPHOWLQJ XQGHU &D�

FRQWDLQLQJ IOX[HV PD\ SURYH WKHUPRG\QDPLFDOO\ ID�

YRUDEOH IRU UHPRYDO RI VXFK LQFOXVLRQV >�@� 7KLV SURF�

HVV SURYLGHV D ORZ �DERXW ��
w�� N3D� SDUWLDO SUHVVXUH

RI QLWURJHQ LQ VODJ PDNLQJ LW SRVVLEOH WR UHILQH WLWD�

QLXP DQG WLWDQLXP DOOR\V IURP 15, >��@�

7KLV ZRUN UHSRUWV WKH UHVXOWV RI WKH H[SHULPHQWV

RQ UHPRYDO RI 15, XQGHU (65 RI FRPPHUFLDO WLWDQLXP

DOOR\ 97���� 7KLV DOOR\ LV ZLGHO\ XVHG DV VWUXFWXUDO

PDWHULDO LQ DYLDWLRQ� FKHPLFDO DQG SRZHU PDFKLQH�

EXLOGLQJ� 8VXDOO\ LW LV SURGXFHG IURP WLWDQLXP VSRQJH
E\ WKH PHWKRG RI YDFXXP�DUF UHPHOWLQJ DQG VXEMHFWHG
WR IXOO XOWUDVRQLF LQYHVWLJDWLRQ� 0HWDO ZLWK WKH GH�

WHFWHG 15, GHIHFWV LV UHMHFWHG DQG VHQW EDFN WR D

UHSHDWHG SURFHVV VWDJH� ZKLFK EULQJV DERXW ODUJH HFR�

QRPLFDO ORVVHV�

(OHFWURVODJ UHPHOWLQJ LV FRQGXFWHG LQ WKH FKDPEHU

HOHFWURODJ IXUQDFH FUHDWHG RQ WKH EDVLV RI WKH XQLW

$���� >��@� LQ WKH FRSSHU ZDWHU�FRROHG PRXOG ��� PP

LQ GLDPHWHU ����PP ORQJ� :DWHU�FRROHG FKDPEHU LV

LQVWDOOHG GLUHFWO\ RQ WKH XSSHU SDUW RI WKH PRXOG� $

V\VWHP LV GHVLJQHG ZLWK FRUUHVSRQGLQJ VHDODQW� ZKLFK

DOORZV FUHDWLQJ YDFXXP RU H[FHVVLYH SUHVVXUH LQ WKH

ZRUNLQJ VSDFH� %HIRUH PHOWLQJ WKH FKDPEHU LV HYDFX�

DWHG DQG WKHQ ILOOHG ZLWK DUJRQ� $Q H[FHVVLYH SUHVVXUH

RI DUJRQ �DERXW �� N3D� LV PDLQWDLQHG LQ WKH V\VWHP

WR FRPSHQVDWH ORVVHV FDXVHG E\ YDULRXV VHDOV�

� $�'� 5<$%76(9� $�$� 752<$16.<� 9�9� 3$6+,16.<� 0�9� 6$0%256.< DQG :�7� &$57(5� ����

)LJXUH �� 'LDJUDP RI WKH HOHFWURGH ZLWK 15, LQ LWV D[LV
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&RQVXPDEOH HOHFWURGHV �GH  �� PP� PDGH RI WL�
WDQLXP DOORZ 97��� �)LJXUH �� ZLWK DUWLILFLDOO\ SUH�
SDUHG 15, LQWURGXFHG LQWR WKHLU XSSHU SDUW DUH XVHG
IRU WKH H[SHULPHQWV� 15, DUH PDGH RI 7L1 SRZGHU
FRQWDLQLQJ �� DW�� ��� ZW��� RI QLWURJHQ E\ SUHVVLQJ
LQWR WKH WLWDQLXP DOOR\ WXEH� ZKLFK DIWHU VHDOLQJ DQG
(%: RI IDFH HQGV LV VXEMHFWHG WR LVRVWDWLF SUHVVLQJ
DW WKH WHPSHUDWXUH ���� . DQG SUHVVXUH �⋅��� N3D
GXULQJ � K� ,Q WKH D[HV RI WKH HOHFWURGHV D KROH ZDV
GULOOHG WR ZKHUH WKH DUWLILFLDOO\ SUHSDUHG 15, �G15,  
 � PP� DUH SODFHG� 7KH KROH LV VHDOHG ZLWK WKH WLWD�
QLXP DOOR\ SOXJ DQG ZHOGHG E\ DUJRQ�DUF ZHOGLQJ�
7KH UHDG\ HOHFWURGH ZDV VXEMHFWHG WR KRW LVRVWDWLF
SUHVVLQJ �)LJXUH ��� $ FRQVWUXFWLRQ RI WKH DUWLILFLDO
D[LDO LQFOXVLRQ XVHG LQ WKH HOHFWURGH SUDFWLFDOO\ H[�
FOXGHV LWV GURS�RXW XQGHU UHPHOWLQJ�

$ SRZGHU RI FDOFLXP IOXRULGH RI �&K� JUDGH �78
���������w��� FDOFLQDWHG DW WKH WHPSHUDWXUH ��� .
GXULQJ � K DQG PHWDOOLF FDOFLXP DUH XVHG DV IOX[�IRUP�
LQJ PDWHULDOV� )OX[ LV PHOWHG GLUHFWO\ LQ WKH PRXOG
XVLQJ WKH �KDUG� VWDUW� &DOFLXP YDSRUV IRUPHG XQGHU
PHOWLQJ RI &D)�w&D GHFUHDVH WKH SDUWLDO SUHVVXUH RI
QLWURJHQ DQG R[\JHQ RYHU WKH VODJ SRRO GRZQ WR WKH
YDOXHV ��

w��
N3D�

7HVW PHOWV DUH SHUIRUPHG ZLWK VLPLODU HOHFWULF SD�
UDPHWHUV �8  �� 9� ,  � N$� SURYLGLQJ D VDWLVIDFWRU\
TXDOLW\ RI WKH VXUIDFH IRUPDWLRQ LQ WKH LQJRWV HTXDO
LQ PDVV� $ IOX[ FRPSRVLWLRQ �&D)� RU &D)� � &D� DQG
D OHQJWK RI WKH PHOWHG SDUW RI WKH HOHFWURGH ZLWK WKH
LQWURGXFHG DUWLILFLDO 15, DUH FKDQJHG�

$ PHOW 1R�� �VHH WKH 7DEOH� XQGHU SXUH FDOFLXP
IOXRULGH ����� J PDVV� LV FKRVHQ DV D VWDQGDUG RQH�
/HQJWK RI WKH IXVHG SDUW RI WKH HOHFWURGH ZLWK 15, LV
O15,  ��� PP� 0HOWV 1R�� DQG � GLIIHU IURP WKH
VWDQGDUG RQH E\ DGGLWLRQ RI PHWDOOLF FDOFLXP ���� J�
WR WKH FDOFLXP IOXRULGH DQG E\ WKH OHQJWK RI WKH IXVHG
SDUWV RI WKH HOHFWURGHV ZLWK 15, x �� DQG �� PP�
UHVSHFWLYHO\�

7HVW LQJRWV DUH VXEMHFWHG WR XOWUDVRQLF LQYHVWLJD�
WLRQ E\ D .UDXWNUDPHU %UDQVRQ GHYLFH 861 �� DW WKH
IUHTXHQF\ �0+]� OD\HU IDFLQJ RQ WKH WXUQLQJ PDFKLQH
DQG YLVXDO FRQWURO� *DV FRQWHQW LQ WKH PHWDO LV GH�
WHFWHG DW WKH /(&2 GHYLFH LQ WKH FDUULHU JDV IORZ LQ

WKH VSHFLPHQV IURP WKH WUDQVYHUVDO WHPSODWHV ��� PP
WKLFN FXW IURP WKH KHDG RI WKH LQJRWV�

([DPLQDWLRQ RI WKH VXUIDFH RI WKH SURGXFHG LQJRWV
WHVWLILHV WR WKH IDFW WKDW DGGLWLRQV RI WKH PHWDOOLF
FDOFLXP WR WKH FDOFLXP IOXRULGH VKDUSO\ GHFUHDVH D
UHVLGXDO FRQWHQW RI R[\JHQ DQG QLWURJHQ LQ WKH PHOWLQJ
]RQH� 7KLV LV SURYHG E\ D YLYLGO\ H[SUHVVHG VLOYHU\
�QRQ�R[LGL]HG� FRORU RI WKH VXUIDFH RI LQJRWV �PHOWV
1R�� DQG �� DV FRPSDUHG WR WKH GDUN JROGLVK FRORU RI
PHOW 1R�� LQJRW� 0RUHRYHU� XQGHU VWULSSLQJ RI LQJRWV
1R�� DQG � VHOI�LJQLWLRQ RI WKH VODJ IXPHV RQ WKH VXU�

&RQWHQW �ZW��� RI QLWURJHQ DQG R[\JHQ LQ WKH DOOR\ 97���

0HOW 1R� >2@ >1@

,QLWLDO ����w���� �����w�����

� ����w���� �����w�����

� ����w���� �����w�����

� ����w���� �����w�����

)LJXUH �� $SSHDUDQFH RI WKH HOHFWURGH RI WLWDQLXP DOORZ 97���
ZLWK 15,

)LJXUH �� (65 LQJRW RI WLWDQLXP DOOR\ 97��� �PHOW 1R���

)LJXUH �� 'LDJUDP RI ORFDWLRQ RI WKH XOWUDVRQLF ZDYH UHIOHFWLRQV�
D x LQ WKH PHOW 1R�� LQJRW� E x LQ WKH PHOW 1R�� LQJRW� F x LQ
WKH PHOW 1R�� LQJRW
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IDFH RI WKH PROG LV REVHUYHG� ZKLFK LV FDXVHG E\ D
VXUSOXV RI WKH PHWDOOLF FDOFLXP YDSRUV LQ WKH PHOWLQJ
]RQH� 7KLV LQGLUHFWO\ SURYHV WKH IDFW WKDW DGGLWLRQV RI
PHWDOOLF FDOFLXP WR FDOFLXP IOXRULGH FUHDWH D GHHSO\
GHR[LGL]HG PHGLXP�

8OWUDVRQLF LQYHVWLJDWLRQ RI WKH WHVW PHWDO GHWHFWV
WKH SUHVHQFH RI WZR ]RQHV RI ORFDOL]HG UHIOHFWLRQV LQ
DOO LQJRWV �)LJXUH ��� 7KH ILUVW ]RQH LV ORFDWHG LQ WKH
XSSHU SDUW RI LQJRWV DQG LV FKDUDFWHUL]HG E\ PXOWLSOH
UHIOHFWLRQV FRQFHQWUDWHG LQ WKHLU FHQWUDO D[LV� $Q DUHD
RFFXSLHG E\ WKHVH UHIOHFWLRQV DQG WKHLU ORFDWLRQ LQ
GLIIHUHQW LQJRWV DUH RI VLPLODU QDWXUH� ([WHQVLRQ RI
WKHVH ]RQHV E\ WKH KHLJKW RI WKH LQJRW GRHV QRW H[FHHG
��w�� PP IURP WKH XSSHU IDFH� %DVHG RQ WKH DPSOL�
WXGH DQG ORFDOL]DWLRQ RI WKH UHIOHFWLRQV LW LV DVVXPHG
WKDW WKH\ DUH LQGXFHG E\ WKH VKULQNDJH GHIHFWV� 7KH
VHFRQG ORFDOL]DWLRQ ]RQH RI WKH GHIHFWV LV ORFDWHG DW D
GLVWDQFH RI ��w�� PP IURP WKH XSSHU IDFHV RI WKH
LQJRWV� 7KH QXPEHU RI UHIOHFWLRQV LQ WKHP LV GLIIHUHQW
IRU GLIIHUHQW PHOWV� 7KH PD[LPDO QXPEHU RI VLJQDOV
LV UHFRUGHG LQ WKH VWDQGDUG LQJRW� ,Q LQJRW 1R�� WKHUH
DUH DOPRVW QR UHIOHFWLRQV LQ WKLV ]RQH� 7KH QXPEHU
DQG DPSOLWXGH RI WKH UHIOHFWLRQV LQ LQJRW 1R�� LV HV�
VHQWLDOO\ ORZHU WKDQ LQ WKH VWDQGDUG�

7KH UHVXOWV RI XOWUDVRQLF LQYHVWLJDWLRQ DUH FKHFNHG
E\ PDFKLQLQJ RI LQJRWV LQ WKH WXUQLQJ PDFKLQH� VWHS
E\ VWHS PHWDO OD\HUV DUH UHPRYHG E\ IDFLQJ DQG WKH

)LJXUH �� 6KULQNDJH SRUHV

)LJXUH �� 5HVLGXHV RI WKH XQGHVWUR\HG 15, �LQJRW 1R���

)LJXUH �� 1LWULGHG ]RQHV LQ LQJRW 1R��

)LJXUH �� (QG IDFH RI WKH HOHFWURGH ZLWK SURWUXGLQJ 15, �PHOW
1R���

)LJXUH �� (QG IDFH RI WKH HOHFWURGH �PHOW 1R���
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H[SRVHG VXUIDFH LV YLHZHG� ,W LV HVWDEOLVKHG WKDW XSSHU
VLJQV RI XOWUDVRQLF LQYHVWLJDWLRQ �)LJXUH �� FRUUHVSRQG
WR WKH VKULQNDJH SRUHV ZLWK FOHDQ QRQ�R[LGL]HG LQQHU
VXUIDFH �)LJXUH ��� 0XOWLSOH UHVLGXHV RI WKH XQ�
GHVWUR\HG 15, DUH REVHUYHG LQ WKH PLGGOH SDUW RI
LQJRW 1R�� �)LJXUH ��� (FKR VLJQDOV LQ WKH LQJRWV 1R��
DQG � FRUUHVSRQG WR WKH QLWULGHG ]RQHV �)LJXUH ��
GHWHFWHG PHWDORJUDSKLFDOO\� 7KH\ DUH WKH VLWHV RI VROLG
VROXWLRQ RI QLWURJHQ LQ WLWDQLXP DQG DUH VKDUSO\ GLI�
IHUHQW LQ WKHLU FRPSRVLWLRQ DQG VWUXFWXUH IURP WKH
DUWLILFLDOO\ LQWURGXFHG HTXLDWRPLF WLWDQLXP QLWULGH�
1HJDWLYH LPSDFW RI WKHVH VLWHV RQ WKH PHFKDQLFDO FKD�
UDFWHULVWLFV RI WKH DOOR\ �SDUWLFXODUO\ RQ IDWLJXH
VWUHQJWK� LV FRQVLGHUDEO\ ORZHU WKDQ WKH LPSDFW RI
7L1 SDUWLFOHV� ZKLFK VKDUSO\ GLIIHU LQ VWUXFWXUH� SK\VL�
FDO DQG PHFKDQLFDO SURSHUWLHV IURP WKH EDVLF DOOR\�

*DV FRQWHQW LQ PHWDO� SDUWLFXODUO\ WKH FRQWHQW RI
QLWURJHQ LQ WKH DOOR\ 97��� LV GHWHUPLQHG ZLWK WKH
DLP RI FRQWURO RI SRVVLEOH SURFHVVHV RI GHFRPSRVLWLRQ
RI 156 XQGHU UHPHOWLQJ XVLQJ GLIIHUHQW VODJ� $V LW LV
VHHQ IURP WKH 7DEOH� WKH FRQWHQW RI QLWURJHQ LQ WKH
PHWDO RI LQJRW 1R�� LQFUHDVHV LQVLJQLILFDQWO\ LQ GHVSLWH
RI WKH ODUJHU TXDQWLW\ RI WKH LQWURGXFHG 15, ����PP�
DV FRPSDUHG WR LQJRWV 1R�� DQG �� $GGLWLYHV RI PH�
WDOOLF FDOFLXP LQWR WKH VODJ XQGHU FKDPEHU (65 UHVXOW
LQ WKH LQFUHDVH RI QLWURJHQ FRQWHQW LQ WKH PHWDO� L�H�
WKH ODUJHU LV WKH DPRXQW RI WKH DGGHG PHWDOOLF FDOFLXP�
WKH JUHDWHU LV WKH PDVV RI WKH LQWURGXFHG 15, �PHOWV
1R�� DQG ��� 7KLV WHVWLILHV WR WKH IDFW WKDW GXULQJ
FKDPEHU UHPHOWLQJ XQGHU &D�FRQWDLQLQJ VODJ WKH QHF�
HVVDU\ WKHUPRG\QDPLF FRQGLWLRQV IRU 15, GHFRPSR�
VLWLRQ DQG WUDQVIHU RI QLWURJHQ LQWR WKH LQJRW PHWDO
DUH FUHDWHG� 7KH R[\JHQ FRQWHQW LQ WKH WLWDQLXP DOOR\
LV SUDFWLFDOO\ XQFKDQJHG XQGHU FRQVLGHUHG UHPHOWLQJ
YDULDQWV�

$ QDWXUH RI WKH IXVLRQ RI HOHFWURGHV ZLWK WKH LQ�
WURGXFHG D[LDO LQFOXVLRQV FRQILUPV WKH FRQFOXVLRQ RQ
IDYRUDEOH WKHUPRG\QDPLF FRQGLWLRQV RI WKH 15, GH�
FRPSRVLWLRQ XQGHU DSSOLFDWLRQ RI WKH &D�FRQWDLQLQJ
IOX[HV�

6R� XQGHU PHOW 1R�� WKH HOHFWURGH PHOWLQJ UDWH
FRQVLGHUDEO\ H[FHHGV WKH GHFRPSRVLWLRQ UDWH RI WKH
15, URG� ZKLFK E\ WKHVH PHDQV UHDFKHV WKH VODJwPHWDO
LQWHUIDFH� LQGXFHV VKRUW�FLUFXLWV DQG GHVWUR\V PH�
FKDQLFDOO\ SUHFLSLWDWLQJ LQ WKH PHWDO SRRO �)LJXUH ���
)XVLRQ QDWXUH RI HOHFWURGHV XQGHU PHOWV 1R�� DQG �
LV GLIIHUHQW �)LJXUH ��� ,W LV VHHQ WKDW WKH UDWHV RI
HOHFWURGH PHOWLQJ DQG 15, GHFRPSRVLWLRQ DUH FRPSD�
UDEOH LQ WKHVH FDVHV�

7KHUHIRUH� WKH UHVXOWV RI WKH VWXGLHV KDYH SURYHG
DSSURSULDWHQHVV WR DSSO\ WKH FKDPEHU HOHFWURVODJ UH�
PHOWLQJ XQGHU &D�FRQWDLQLQJ IOX[ IRU UHILQLQJ WLWD�
QLXP DQG WLWDQLXP�EDVH DOOR\V IURP WKH 15,� ,PSOH�
PHQWDWLRQ RI WKLV WHFKQRORJ\ ZLOO SHUPLW UHWXUQLQJ WR
WKH SURGXFWLRQ F\FOH FRQVLGHUDEOH TXDQWLWLHV RI SUH�
YLRXVO\ UHMHFWHG WLWDQLXP DOOR\V�

�� *UDOD� (�0� ������ &KDUDFWHUL]DWLRQ RI DOSKD VHJUHJDWLRQ
GHIHFWV LQ 7Lw�$Ow�9 DOOR\� ,Q� 7HFKQLFDO 5HSRUW $)0/�

75�������� 6HSW�
�� +HQU\� -�/�� +LOO� 6�'�� 6FKDOOHU� -�/� HW DO� ������ 1LWULGH

LQFOXVLRQV LQ WLWDQLXP LQJRWV� D VWXG\ RI SRVVLEOH VRXUFHV LQ
SURGXFWLRQ RI PDJQHVLXP�UHGXFHG VSRQJH� 0HWDO� 7UDQVDFW��
�� ����w�����

�� +HQU\� -�/�� +LOO� 6�'�� $QDEOH� :�(� HW DO� ������ 6RXUFH
DQG FRQWURO RI QLWULGH LQFOXVLRQV LQ WLWDQLXP� ,Q� %XUHDX RI

0LQHV 5, ����� :DVKLQJWRQ� 86 'HSDUWPHQW RI WKH ,QWHULRU�
�� 6HDJOH� 6�5�� )LVKHU� 5�/� ������ &ULWLFDO UHYLHZ� UDZ PDWH�

ULDOV� ,Q� 3URF� RI �WK :RUOG &RQI� RQ 7LWDQLXP� )UDQFH�
�� %DQLD� 3�-� 3URGXFWLRQ RI WLWDQLXP DUWLFOHV WKDW DUH IUHH

IURP ORZ GHQVLW\ LQFOXVLRQV� 3DW� ������� 86$� 3XEO�
���������

�� ������ 6WDWH GLDJUDPV RI ELQDU\ PHWDO V\VWHPV� 5HIHU�
%RRN� (G� E\ 1�3� /\DNLVKHY� 0RVFRZ� 0DVKLQRVWURHQLH�

�� 5DELQRYLFK� 9�9�� .KDYLQ� =�<D� ������ &RQFLVH FKHPLFDO

UHIHU� ERRN� /HQLQJUDG� .KLPL\D�
�� %HZOD\� %�5�� *LJOLRWWL� 0�)�;� ������ 'LVVROXWLRQ UDWH

PHDVXUHPHQWV RI 7L1 LQ 7Lw����� $FWD 0DWHU�� �� ���w����
�� %HQ]� 0�*�� 0HVFKWHU� 3�-�� 1LF� -�3� HW DO� ������ (65 DV

D IDVW WHFKQLTXH WR GLVVROYH QLWURJHQ�ULFK LQFOXVLRQV LQ WLWD�
QLXP� 0DWHULDOV 5HVHDUFK ,QQRYDWLRQV� ,VVXH ��

��� 7UR\DQVN\� $�$�� 5\DEWVHY� $�'�� 7DUORY� 2�9� HW DO�
������ ([DPLQDWLRQ RI PHFKDQLVP RI QLWULGH LQFOXVLRQV UXS�
WXUH LQ WLWDQLXP DOOR\V GXULQJ HOHFWURVODJ UHPHOWLQJ XQGHU
DFWLYH PHWDO�FRQWDLQLQJ IOX[HV� 7HRUL\D L 3UDNWLND 0HWDO�

OXUJLL� �� ��w���
��� 5\DEWVHY� $�'� ������ (OHFWURVODJ UHPHOWLQJ XQLW IRU KLJK�

UHDFWLYH PHWDOV DQG DOOR\V XQGHU DFWLYH FDOFLXP�FRQWDLQLQJ
IOX[HV LQ FRQWUROOHG DWPRVSKHUH RU YDFXXP� ,Q� 7UDQVDFW� RI
'RQ*78 RQ 0HWDOOXUJ\� ,VVXH ��� 'RQHWVN� 'RQ*78�
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3�$� 6+3$.� 9�*� *5(&+$1<8. DQG 9�$� 262.,1

5HVHDUFK�3URGXFWLRQ (QWHUSULVH �*(.217�� 9LQQLWVD� 8NUDLQH

5HVXOWV RI H[DPLQDWLRQ RI SK\VLFDO�PHFKDQLFDO SURSHUWLHV� PLFURVWUXFWXUH� FKHPLFDO DQG SKDVH FRPSRVLWLRQV RI KLJK�VSHHG

VWHHO 5�0�� SURGXFHG E\ HOHFWURQ EHDP UHPHOWLQJ RI LQGXVWULDO ZDVWH� DUH JLYHQ� 7KH GHFUHDVH LQ FKHPLFDO LQKRPRJHQHLW\�

KLJK GLVSHUVLW\ DQG XQLIRUPLW\ RI GLVWULEXWHG FDUELGH SKDVH LQ WKH SURGXFHG (%5 LQJRWV DUH RXWOLQHG� 7KH OLIH RI D WRRO

PDQXIDFWXUHG IURP WKH VWHHO H[DPLQHG ���w��� WLPHV H[FHHGV WKH OLIH RI D WRRO IURP KLJK�VSHHG VWHHO �IRUJLQJV� RI D WUD�

GLWLRQDO PHOWLQJ�

.H\ ZRU G V � HOHFWURQ EHDP UHPHOWLQJ� KLJK�VSHHG VWHHO� LQ�

JRW� PLFURVWUXFWXUH� GHIHFWV� JUDLQ� FDUELGHV� FDUELGH QHWZRUN�

PHFKDQLFDO SURSHUWLHV� KHDW WUHDWPHQW� UHG�KDUGQHVV

7KLV ZRUN LV GHYRWHG WR WKH VWXG\ RI PDFUR� DQG PL�
FURVWUXFWXUH� FKHPLFDO DQG SKDVH FRPSRVLWLRQ DV ZHOO

DV FHUWDLQ SK\VLFDO�PHFKDQLFDO DQG VHUYLFH SURSHUWLHV

RI KLJK�VSHHG VWHHO 5�0� SURGXFHG IURP LQGXVWULDO

ZDVWHV RI WRRO SURGXFWLRQ E\ WKH HOHFWURQ EHDP UH�

PHOWLQJ �(%5� WHFKQRORJ\ GHYHORSHG DW WKH5HVHDUFK�

3URGXFWLRQ (QWHUSULVH �*(.217� �8NUDLQH� >�� �@

DQG WRROV PDGH RI WKLV VWHHO� 7KH UHVXOWV KDYH VKRZQ

WKDW WKH �FUXGH� LQJRWV RI KLJK�VSHHG VWHHO 5�0� RI

(%5 �)LJXUH �� DUH GLVWLQJXLVKHG E\ KLJK KDUGQHVV�
HVSHFLDOO\ RQ WKH VXUIDFH EHFDXVH VWHHO XQGHUJRHV

PDUWHQVLWH WUDQVIRUPDWLRQ �KDUGHQLQJ� XQGHU KLJK

UDWH RI VROLGLILFDWLRQ DQG FRROLQJ RI PHWDO LQ WKH ZDWHU�

FRROHG FRSSHU PRXOG� 7KHUHIRUH� IRU PDQXIDFWXULQJ

RI WRROV WKH SURGXFHG LQJRWV DUH VXEMHFWHG WR KLJK�

WHPSHUDWXUH VSKHURLGL]LQJ DQQHDOLQJ E\ WKH VFKHPH�

VORZ KHDWLQJ XS WR ���w��� �& ZLWK ��KRXU KROGLQJ�

FRROLQJ GRZQ WR ���w��� �& ZLWK ��KRXU KROGLQJ DQG

WKHQ VORZ FRROLQJ ZLWK IXUQDFH�

6WXG\ RI WKH (%5 LQJRWV PDFURVWUXFWXUH RQ WKH
ORQJLWXGLQDO WHPSODWHV KDV VKRZQ WKDW WKH PDFUR�
VWUXFWXUH LV GHQVH ZLWKRXW SRURVLW\� XQGHUPHOWLQJ�

IODZV� GLVFRQWLQXLWLHV� FUDFNV DQG VKULQNDJH GHIHFWV�

&KHPLFDO FRPSRVLWLRQ DQG GLVWULEXWLRQ RI DOOR\LQJ

HOHPHQWV LQ WKH VHFWLRQ RI LQJRWV LV KRPRJHQHRXV DQG

PHHWV WKH UHTXLUHPHQWV RI *267 �����w�� �7DEOH ���

,QFRQVLGHUDEOH UHODWLYH LQFUHDVH RI WKH FDUERQ� WXQJ�

VWHQ� PRO\EGHQXP DQG YDQDGLXP FRQWHQW LQ WKH LQJRWV

DV FRPSDUHG WR WKH ZDVWHV IRU UHPHOWLQJ LV DWWULEXWHG

WR WKH ORVV RI PHWDO� LQ SDUWLFXODU LURQ� FKURPLXP�

PDQJDQHVH DQG FRSSHU EHFDXVH RI WKHLU HYDSRUDWLRQ

LQ YDFXXP XQGHU WKH DFWLRQ RI HOHFWURQ EHDPV� $ GH�

FUHDVH LQ WKH FRQWHQW RI VXOIXU� QLWURJHQ DQG R[\JHQ

LQ VWHHO LV DOVR REVHUYHG� 7RWDO ORVVHV RI PHWDO GXH WR

LWV HYDSRUDWLRQ DUH ��� ZW�� XQGHU UHPHOWLQJ�

/RQJLWXGLQDO VSHFLPHQV IRU PHFKDQLFDO WHVWV DQG

WUDQVYHUVDO VSHFLPHQV IURP WRS� PLGGOH DQG ERWWRP

SDUWV RI WKH LQJRWV IRU VWUXFWXUDO DQG GXURPHWULF DQDO\�

VLV DUH FXW IURP �FUXGH� DQG DQQHDOHG LQJRWV� )RU

KDUGHQLQJ WKH VSHFLPHQV DUH KHDWHG LQ WKH VDOW SRRO
FRQWDLQLQJ �� � %D&O� DQG � � 0J)� ZLWKLQ ����w

���� �& ZLWK FRROLQJ LQ WKH DONDOLQH SRRO DW WKH WHP�

SHUDWXUH ���w��� �&� 7KH KDUGHQHG VSHFLPHQV DUH VXE�

MHFWHG WR WZR�IROG VDOW WHPSHULQJ IRU � K DW WKH WHP�

SHUDWXUH ��� �&�

7HQVLOH VWUHQJWK WHVWV DUH SHUIRUPHG DW WKH URRP

WHPSHUDWXUH RQ WKH XQLYHUVDO WHVWLQJ PDFKLQH �����5

ZLWK WKH GLVSODFHPHQW UDWH RI WKH DFWLYH PDFKLQH JULS

� PP�PLQ XVLQJ WHQ�IROG F\OLQGULFDO VSHFLPHQV ZLWK

D ZRUNLQJ SDUW GLDPHWHU � PP �*267 ����w����

6SHFLPHQV DIWHU KDUGHQLQJ ZLWK VXEVHTXHQW WHP�

SHULQJ DUH H[SRVHG WR EULWWOH IDLOXUH �ZLWKRXW SODVWLF

GHIRUPDWLRQ�� 9LVXDO REVHUYDWLRQV VKRZ WKDW WKLV IDLO�

XUH LV SUHPDWXUH �WKH PDWHULDO KDV QRW H[KDXVWHG LWV

XOWLPDWH VWUHQJWK� DQG LV DWWULEXWHG ERWK WR KLJK EULW�

WOHQHVV RI WKH PDWHULDO DQG WR GLIILFXOWLHV RI WKH WHVWV

�LW LV LPSRVVLEOH WR FRPSOHWHO\ JHW ULG RI HFFHQWULF
DSSOLFDWLRQ RI IRUFHV�� ,PSDFW EHQGLQJ WHVWV �LPSDFW

VWUHQJWK� DUH SHUIRUPHG RQ WKH VSHFLPHQV ZLWK D 9�

VKDSH FRQFHQWUDWRU LQ OLQH ZLWK *267 ����w��� 7KH

UHVXOWV RI PHFKDQLFDO WHVWV DUH SUHVHQWHG LQ 7DEOH ��

5HODWLYHO\ ORZ LPSDFW VWUHQJWK RI VSHFLPHQV LV
H[SODLQHG E\ WKH SUHVHQFH RI FDUELGH QHWZRUN� ZKLFK

FDQ EH UHPRYHG RQO\ E\ DSSO\LQJ D FRPSOH[ DQG OD�

ERU�FRQVXPLQJ WKHUPRPHFKDQLFDO WUHDWPHQW �IRUJ�
LQJ � DQQHDOLQJ�� 2QO\ DQQHDOLQJ DW LQFUHDVHG WHP�

SHUDWXUH DQG KROGLQJ ZLWKRXW IRUJLQJ UHVXOWV LQ D FRQ�

VLGHUDEOH HQODUJHPHQW RI DXVWHQLWH JUDLQ DQG GHYHO�

RSPHQW RI FDUELGH KHWHURJHQHLW\ >�@�
� 3�$� 6+3$.� 9�*� *5(&+$1<8. DQG 9�$� 262.,1� ����

)LJXUH �� $SSHDUDQFH RI WKH LQJRW �� PP LQ GLDPHWHU IURP KLJK�
VSHHG VWHHO 5�0� SURGXFHG E\ (%5
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)UDFWRJUDSKLF VWXGLHV RI IUDFWXUHV LQ VSHFLPHQV GH�
VWUR\HG XQGHU PHFKDQLFDO WHVWV DV ZHOO DV PLFURVWUXF�
WXUH LQYHVWLJDWLRQ DUH SHUIRUPHG RQ WKH UDVWHU HOHFWURQ
PLFURVFRSH 5(0����� $ SKDVH FRPSRVLWLRQ LV VWXGLHG
E\ WKH UHVXOWV RI ;�UD\ GLIIUDFWLRQ DQDO\VLV RI FU\VWDO
VWUXFWXUH RI VSHFLPHQV LQ WKH GLIIUDFWRPHWHU '521��
LQ WKH FKDUDFWHULVWLF FREDOW UDGLDWLRQ�

$QDO\VLV RI PLFURVWUXFWXUH DQG D QDWXUH RI IDLOXUH
RI FHUWDLQ VLWHV LQ WKH VSHFLPHQV DOORZV GHWHFWLQJ VRPH
SHFXOLDULWLHV RI VWUXFWXUH DQG SURSHUWLHV RI KLJK�VSHHG
VWHHO 5�0� RI (%5� 0LFURVWUXFWXUH RI WKH WUDQVYHUVDO
VHFWLRQ SURGXFHG IURP WKH �FUXGH� LQJRW FRQVLVWV RI
JOREXODU PDUWHQVLWH JUDLQV �JUDLQ LQGH[ LV �w��� UH�
VLGXDO DXVWHQLWH� EURNHQ FDUELGH QHWZRUN ��w� LQGH[
RI FDUELGH KHWHURJHQHLW\ DFFRUGLQJ WR *267 �����w
��� VFDOH �� RQ WKH ERXQGDULHV RI JUDLQ DQG GLVSHUVH
FDUELGHV XQLIRUPO\ GLVWULEXWHG LQVLGH WKH PDUWHQVLWH
JUDLQV �)LJXUH ���

&DUELGH VL]H LV �w� µP� WKLFNQHVV RI FDUELGH QHW�
ZRUN LV �w� µP� 7KH QXPEHU RI UHVLGXDO DXVWHQLWH LV
GHWHUPLQHG E\PHDQV RI D PDJQHW DXVWHQRPHWHU0$.�
�0 LQ WKH FDOLEUDWHG VWDQGDUG RI VWHHO 5�0�� ,WV
IUDFWLRQ IRU FDVW VWHHO LV ��w�� YRO��� 7KH HOHFWURQ
PLFURIUDFWRJUDP RI WKH GHVWUR\HG VSHFLPHQ RI FDVW
VWHHO �)LJXUH �� D� VKRZV D PL[HG EULWWOH�YLVFRXV QD�
WXUH RI IDLOXUH �WUDQVFU\VWDO DQG LQWHUFU\VWDO VKHDU �
�FXS� IUDFWXUH�� $VLGH IURP HXWHFWLF FDUELGHV 0�&
KDYLQJ D GHQGULWH PRUSKRORJ\ DQG IRUPLQJ D FDUELGH
QHWZRUN DURXQG DXVWHQLWH JUDLQV �)LJXUH �� WKH ;�UD\
DQDO\VLV RI VSHFLPHQV VKRZV �w�� YRO�� RI PHWDVWDEOH
FDUELGHV 0�& �JOREXODU VKDSH� DQG LQFRQVLGHUDEOH
TXDQWLW\ RI SULPDU\ YDQDGLXP FDUELGHV �9&� DV LU�
UHJXODU SRO\KHGURQV �VHH )LJXUH �� D� LQ WKH VWUXFWXUH
RI WKH FDVW VWHHO� 7KLV FDQ EH DWWULEXWHG WR DQ LQFUHDVHG
FRQFHQWUDWLRQ RI YDQDGLXP EHFDXVH RI VHOHFWLYH HYDSR�
UDWLRQ RI HOHPHQWV DQG VPDOO RYHUKHDWLQJ RI WKH PHOW
DV ZHOO DV WR D KLJK UDWH RI VROLGLILFDWLRQ DQG FRROLQJ
RI WKH PHOW� 2QH PD\ DOVR DVVXPH WKDW YDQDGLXP

FDUELGHV DUH WKH FHQWHUV RI QXFOHDWLRQ XQGHU PHOW VR�
OLGLILFDWLRQ�

$QDO\VLV RI WKH UHVXOWV REWDLQHG XQGHU VWXG\ RI
VSHFLPHQV DIWHU DQQHDOLQJ DQG KDUGHQLQJ ZLWK VXE�
VHTXHQW WZR�IROG WHPSHULQJ DOORZV QRWLQJ WKH IROORZ�
LQJ SHFXOLDULWLHV RI WKH VWHHO 5�0� RI (%5�

6WUXFWXUH RI WKH DQQHDOHG VWHHO FRQVLVWV RI JOREXODU
VRUELWLF SHDUOLWH �JUDLQ LQGH[ �w��� UHVLGXHV RI WKH
FDUELGH QHWZRUN RQ LWV ERXQGDULHV DQG GLVSHUVHG FDU�
ELGHV� $ WRWDO IUDFWLRQ RI FDUELGHV GHFUHDVHV GRZQ WR
��w�� YRO�� DV DJDLQVW FDVW VWHHO EHFDXVH RI WKHLU
SDUWLDO GLVVROXWLRQ LQ DXVWHQLWH XQGHU KROGLQJ DW WKH
WHPSHUDWXUH DERYH ��� �&� 7KLV IDFWRU DV ZHOO DV D
KLJK FRQFHQWUDWLRQ RI DOOR\LQJ HOHPHQWV LQ WKH VROLG

7DEOH �� &KHPLFDO FRPSRVLWLRQ RI KLJK�VSHHG VWHHO 5�0� EHIRUH DQG DIWHU (%5

2EMHFW RI LQYHVWLJDWLRQ
&RQWHQW� ZW��

& 0Q 6L &U : 9 0R &X 6 3 >2@ >1@

5�0�

�*267 �����w���

����w
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����w
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����w
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����w

����

≥���� ≥����� ≥����� w w

6FUDS �DYHUDJH FKHPL�

FDO FRPSRVLWLRQ�

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

,QJRW �ERWWRP SDUW� ���� ���� ���� ���� ���� ���� ���� ���� ����� ����� ����� �����

,QJRW �WRS SDUW� ���� ���� ���� ���� ���� ���� ���� ���� ����� ����� ����� �����

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI KLJK�VSHHG VWHHO 5�0� RI (%5

6SHFLPHQV σ���� ª3¾ σW� ª3¾ ϕ, � .&9� -�ÏP
�

+5& &KDUDFWHU RI IDLOXUH

&DVW ��� ��� ��� �w�� ��w�� w

$IWHU DQQHDOLQJ ��� ��� ��� ��w�� �� w

$IWHU KHDW WUHDWPHQW

�KDUGHQLQJ � WHPSHULQJ�

w ��� w �w� ��w�� %ULWWOH

$IWHU DQQHDOLQJ DQG KHDW WUHDWPHQW w ��� w �w�� ��w�� 6DPH

)LJXUH �� 0LFURVWUXFWXUH RI FDVW KLJK�VSHHG VWHHO 5�0� RI (%5
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VROXWLRQ DFFRXQW IRU D VRPHZKDW LQFUHDVHG KDUGQHVV
RI WKH DQQHDOHG VWHHO �+% ���w���� DQG LWV UHODWLYHO\
ORZ LPSDFW VWUHQJWK >�@� )DLOXUH DOVR SURFHHGV E\ D
PL[HG PHFKDQLVP ZLWK D GHFUHDVH RI D TXDQWLW\ RI WKH
IDFHWV RI VKHDU �LQFUHDVH RI D IUDFWLRQ RI D YLVFRXV
FRPSRQHQW RI WKH IDLOXUH� �)LJXUH �� E��

6WUXFWXUH RI KLJK�VSHHG VWHHO 5�0� RI (%5 DIWHU
KDUGHQLQJ DQG WZR�IROG DQQHDOLQJ �)LJXUH �� F� FRQ�
VLVWV RI JOREXODU KLJK�DOOR\HG PDUWHQVLWH �JUDLQ LQGH[
�w���� EURNHQ FDUELGH QHWZRUN �LQGH[ �w�� DQG
JOREXODU FDUELGH� PHWDVWDEOH 0�& DQG KLJK�VWDEOH 9&
ZKRVH WRWDO YROXPH IUDFWLRQ LV DERXW ��w�� � RI FDU�
ELGH SKDVH� 7KH TXDQWLW\ RI DXVWHQLWH LV LQFRQVLGHU�
DEOH x XS WR � YRO��� )DLOXUH SURFHHGV E\ D PL[HG
PHFKDQLVP RI GLVSHUVHG TXDVLVKHDU ZLWK LQFRQVLGHU�
DEOH IUDFWLRQ RI YLVFRXV �FXS� IUDFWXUH� 6WHHO KDUGQHVV
LV KLJK x +5& ��w��� 5HG�KDUGQHVV RI VWHHO �WHP�
SHULQJ UHVLVWDQFH� FRUUHVSRQGV WR+5& �� DW WKH WHP�
SHUDWXUH ��� �& IRU � K�

$QQHDOHG LQJRWV RI KLJK�VSHHG VWHHO 5�0� RI (%5
DUH XVHG IRU SURGXFWLRQ RI FXWWLQJ SDUWV RI GULOOV
�� PP LQ GLDPHWHU ZLWKRXW VKDQNV DQG VLGH PLOOV ��w
�� PP LQ GLDPHWHU �)LJXUH �� DW WKH &RPSDQ\ �9LQ�
QLWVN\ ,QVWUXPHQWDOQ\ =DYRG�� $IWHU VWDQGDUG KHDW
WUHDWPHQW �KDUGHQLQJ DQG WKUHH�IROG WHPSHULQJ� WRROV
ZHUH WHVWHG LQ WKH IROORZLQJ FRQGLWLRQV�

• GULOOV �� PP LQ GLDPHWHU x IHHG UDWH LV
���� PP�UHY� FXWWLQJ UDWH LV �� P�PLQ� WKH QXPEHU
RI UHYROXWLRQV LV ��� USP XQGHU GULOOLQJ RI FDUERQ
VWHHO �� *267 ����w�� �KDUGQHVV+5& ����� DYHUDJH
UHVLVWDQFH LV �� PLQ�

• VLGH PLOOV �� DQG �� PP LQ GLDPHWHU x FXWWLQJ
UDWH LV �� P�PLQ� IHHG UDWH LV ���� DQG
���� PP�WRRWK� WKH QXPEHU RI UHYROXWLRQV LV ��� DQG
��� USP IRU WKH VDPH VWHHO� DYHUDJH UHVLVWDQFH RI WRRO
LV �� DQG �� PLQ� UHVSHFWLYHO\�

5HVXOWV RI WKH LQGXVWULDO WHVWV KDYH VKRZQ WKDW
UHVLVWDQFH RI WRROV IURP KLJK�VSHHG VWHHO 5�0� RI
(%5 RI LQGXVWULDO ZDVWHV LV ���w��� WLPHV KLJKHU WKDQ
WKH UHVLVWDQFH RI WRROV SURGXFHG IURP KLJK�VSHHG VWHHO
�IRUJLQJ� RI WUDGLWLRQDO PHOWLQJ�

)LJXUH �� (OHFWURQ PLFURIUDFWRJUDPV RI IUDFWXUHV RI KLJK�VSHHG VWHHO 3�0� RI (%5� D x FDVW PHWDO� E x DIWHU DQQHDOLQJ� F x DIWHU
KDUGHQLQJ DQG WZR�IROG WHPSHULQJ

)LJXUH �� 7RROV RI KLJK�VSHHG VWHHO 3�0� SURGXFHG E\ (%5 RI
LQGXVWULDO ZDVWHV

�� *UHFKDQ\XN� 1�,�� 6KSDN� 3�$�� $IDQDVLHY� ,�%� ������
(OHFWURQ EHDP PHOWLQJ �x DGYDQFHG PHWKRG RI SURGXFWLRQ
RI KLJK�TXDOLW\ KLJK�VSHHG VWHHO LQJRWV� 3UREOHP\ 6SHWV�

(OHNWURPHWDOOXUJLL� �� ��w���
�� *UHFKDQ\XN� 1�,�� $IDQDVLHY� ,�%�� 6KSDN� 3�$� HW DO� 3URF�

HVV RI SURGXFWLRQ RI ELOOHWV IRU KLJK�VSHHG VWHHO WRRO DQG

XQLW IRU LWV UHDOLVDWLRQ� 3DW� ����$ 8NUDLQH� ,QW� &O� &�� %
����� & �� &������ 3XEO� ���������

�� $UWLQJHU� ,� ������ 7RRO VWHHOV DQG WKHLU KHDW WUHDWPHQW�
0RVFRZ� 0HWDOOXUJL\D�

�� 6DPRWXJLQ� 6�6� ������ 3ODVPD TXHQFKLQJ RI 5�0� VWHHO DI�
WHU EXON\ KDUGHQLQJ� 3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL� ��
��w���
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�
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�
1DWLRQDO 6FLHQWLILF &HQWHU �.KDUNLY 3K\VLFDO�7HFKQLFDO ,QVWLWXWH�� .KDUNLY� 8NUDLQH

�
7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

7KH DPSOLWXGH GHSHQGHQFH RI LQWHUQDO IULFWLRQ ZDV LQYHVWLJDWHG� DQG WKH PLFURVFRSLF HODVWLFLW\ OLPLW RI FRPSRVLWH

FRQGHQVDWHV 1L��� � &R SURGXFHG E\ HOHFWURQ EHDP HYDSRUDWLRQ DQG VXEVHTXHQW FRQGHQVDWLRQ LQ YDFXXP ZDV GHWHUPLQHG�

7KH UROH RI WKH PHFKDQLVP RI PLFURSODVWLF GHIRUPDWLRQ LQ IRUPDWLRQ RI KLJK GDPSLQJ DELOLW\ RI WKH PDWHULDO XQGHU

LQYHVWLJDWLRQ ZDV HYDOXDWHG�

.H\ ZRU G V � HOHFWURQ EHDP HYDSRUDWLRQ� GDPSLQJ IDFWRU�

PLFURVFRSLF HODVWLFLW\ OLPLW

([SHULPHQWDO VWXG\ RI LQLWLDO VWDJHV RI SODVWLF GHIRU�
PDWLRQ KDV VKRZQ WKDW WKH ODWWHU LV FRQGLWLRQHG E\

WKH SURFHVVHV SURFHHGLQJ XQGHU PLFURSODVLF GHIRUPD�
WLRQ� $ VSHFLILF VXEVWUXFWXUH RI PHWDOV DQG DOOR\V GH�
WHUPLQLQJ EHKDYLRU RI WKH PDWHULDO XQGHU VXEVHTXHQW
ORDGLQJ LV IRUPHG DW WKH VWDJH RI PLFURSODVLFLW\�

,W LV NQRZQ WKDW 1Lw&R DOOR\V SRVVHVV D KLJK OHYHO
RI GDPSLQJ� ,Q &RFKDUGWsV ZRUNV >�� �@ LW LV QRWHG

WKDW GDPSLQJ LQ IHUURPDJQHWLF PDWHULDOV LV PDLQO\
FRQGLWLRQHG E\ WKH PDJQHWR�PHFKDQLFDO K\VWHUHVLV�

L�H� LUUHYHUVLEOH VKLIW RI WKH GRPDLQ ERXQGDULHV XQGHU

DOWHUQDWLQJ ORDG�

(DUOLHU WKH DPSOLWXGH GHSHQGHQFH RI 1Lw&R DOOR\V
ZDV VWXGLHG LQ >�@� ,Q SDUWLFXODU� DQ DPSOLWXGH GH�

SHQGHQFH RI WKH DOOR\ FRQWDLQLQJ �� � &R ZDV LQYHV�

WLJDWHG� $ QRQ�PRQRWRQRXV GHSHQGHQFH RI WKH LQQHU
IULFWLRQ RQ WKH GHIRUPDWLRQ DPSOLWXGH ZDV HVWDE�

OLVKHG� $ SHDN ZDV REVHUYHG RQ WKH FXUYH RI WKH DP�

SOLWXGH GHSHQGHQFH DW WKH URRP WHPSHUDWXUH LQ WKH

DEVHQFH RI PDJQHWLF ILHOG XQGHU GHIRUPDWLRQ DPSOL�

WXGH γ  �⋅��w�� 7KH DXWKRUV DWWULEXWH WKH SUHVHQFH

RI SHDN WR WZR SURFHVVHV x LUUHYHUVLEOH VKLIW RI WKH

GRPDLQ ERXQGDULHV DW γ ≈��w�w�⋅��w� DQG PLFURSODVWLF

GHIRUPDWLRQ RFFXUULQJ DW γ! ! �⋅��w�� ,Q >�@ LW LV DOVR

VKRZQ WKDW XQGHU GHIRUPDWLRQ DPSOLWXGH γ  �⋅��w�
GDPSLQJ RQO\ VOLJKWO\ GHSHQGV RQ WKH YDOXH RI WKH
FRQVWDQW PDJQHWLF ILHOG� 7KH DERYH VXJJHVWV WKDW XQ�

GHU ORZHU GHIRUPDWLRQ DPSOLWXGHV WKH GDPSLQJ GRHV
QRW GHSHQG RQ WKH YDOXH RI PDJQHWLF ILHOG�

,Q RUGHU WR LGHQWLI\ D UROH RI PLFURSODVLF GHIRUPD�
WLRQ LQ GDPSLQJ DQ DPSOLWXGH GHSHQGHQFH RI WKH LQ�

WHUQDO IULFWLRQ XQGHU VPDOO GHIRUPDWLRQ DPSOLWXGHV
���⋅��w�w���⋅��w� LV VWXGLHG DQG D PLFURVFRSLF HODVWLF�
LW\ OLPLW τ6 RI QLFNHO FRQGHQVDWH FRQWDLQLQJ �� � &R

LV GHWHUPLQHG�

&RPSRVLWH PDWHULDO 1L��� � &R LV SURGXFHG E\
HOHFWURQ EHDP HYDSRUDWLRQ ZLWK VXEVHTXHQW FRQGHQ�

VDWLRQ LQ YDFXXP >�@� 6SHFLPHQV a ���×� PP LQ VHFWLRQ

ZLWK D ZRUNLQJ SDUW �� PP ORQJ DUH PDGH RI WKLV

PDWHULDO� %HIRUH WHVWV WKH VSHFLPHQV DUH DQQHDOHG LQ

YDFXXP DW WKH WHPSHUDWXUH ��� �& IRU � K�
$ ORJDULWKPLF GDPSLQJ IDFWRU δ� RI WRUVLRQDO IUHHO\

GDPSHG RVFLOODWLRQV LV DVVXPHG DV D YDOXH RI LQWHUQDO

IULFWLRQ� 0HDVXUHPHQWV DUH SHUIRUPHG DW URRP WHP�

SHUDWXUH LQ WKH DLU� $ IUHTXHQF\ RI WRUVLRQDO RVFLOOD�

WLRQV LV a ��� RVF�V�

$Q DPSOLWXGH GHSHQGHQFH RI WKH GDPSLQJ IDFWRU
REWDLQHG XQGHU VXFFHVVLYH LQFUHDVH RI WKH LQLWLDO GH�

IRUPDWLRQ DPSOLWXGH IURP ���⋅��w� WR ���⋅��w� LV SUH�
VHQWHG LQ )LJXUH �� $V LW LV VHHQ� WKH GDPSLQJ IDFWRU

LQFUHDVHV XQGHU UDWKHU VPDOO DPSOLWXGHV ���w���⋅��w��
:LWKLQ WKH UDQJH RI DPSOLWXGHV ��

w�

w��

w�

WKLV GH�

SHQGHQFH KDV D OLQHDU FKDUDFWHU� 6WDUWLQJ IURP WKH

DPSOLWXGH γ ��w� WKH LQQHU IULFWLRQ VKDUSO\ LQFUHDVHV�
$ RQH�IROG LQFUHDVH RI WKH GHIRUPDWLRQ DPSOLWXGH UH�
VXOWV LQ DOPRVW ��WLPHV LQFUHDVH RI δ��

0LFURVFRSLF HODVWLFLW\ OLPLW LV GHWHUPLQHG DV D
PLQLPDO VKHDU VWUHVV XQGHU ZKLFK WKH YDOXH RI WKH

GDPSLQJ IDFWRU LQFUHDVHV� L�H� LUUHYHUVLEOH SODVWLF
ORVVHV LQ WKH PLFURGRPDLQV WDNH SODFH� ,QQHU IULFWLRQ
LV PHDVXUHG VLPXOWDQHRXVO\ XQGHU WRUVLRQ RI WKH VSHFL�
PHQ ZLWKLQ LWV PDFURHODVWLVLW\ E\ WKH PHWKRG GH�

VFULEHG LQ >�@� $Q LQFUHDVH UDWH RI WKH DGGLWLRQDO WDQ�

JHQWLDO VWUHVV LV �� J��PP
�⋅V��

:LWKLQ WKH LQGLFDWHG UDQJHV RI WKH PHDVXUHG DPSOL�
WXGHV WKH GDPSLQJ IDFWRU GHSHQGV ERWK RQ WKH GHIRUPD�
WLRQ �VWUHVV� DPSOLWXGH RI WRUVLRQDO RVFLOODWLRQV DQG RQ
WKH DSSOLHG DGGLWLRQDO VKHDU VWUHVV� 7KHUHIRUH� WZR FRP�

SHWLQJ SURFHVVHV DGYHUVHO\ DIIHFWLQJ WKH HQHUJ\ GLVVLSD�

WLRQ VLPXOWDQHRXVO\ SURFHHG LQ WKH PDWHULDO�
)LUVW� LQQHU IULFWLRQ GHFUHDVHV WRJHWKHU ZLWK WKH

GHIRUPDWLRQ DPSOLWXGH� 6HFRQG� ZKHQ DGGLWLRQDO

)LJXUH �� 'HSHQGHQFH RI WKH ORJDULWKPLF GDPSLQJ IDFWRU RI FRQ�
GHQVDWH 1L��� � &R RQ WKH GHIRUPDWLRQ DPSOLWXGH� 7�7� 02*,/1,.29$� /�0� 1(52'(1.2 DQG %�$� 029&+$1� ����
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VWUHVV DFKLHYHV D YDOXH RI PLFURVFRSLF HODVWLFLW\ OLPLW
WKH LQQHU IULFWLRQ JURZV� 7KLV OHDGV WR D FRPSOH[ GH�
SHQGHQFH RI WKH GDPSLQJ IDFWRU RI WKH VWUHVV DSSOLHG
WR WKH VSHFLPHQ�

+HQFH� XQGHU DSSOLFDWLRQ RI WKH DOWHUQDWLQJ VWUHVV
WKH LQQHU IULFWLRQ GHFUHDVHV ZLWK WKH JURZWK RI WKH
QXPEHU RI RVFLOODWLRQV ZKLOH XQGHU VLPXOWDQHRXV DS�
SOLFDWLRQ RI ERWK DOWHUQDWLQJ DQG DGGLWLRQDO VKHDU
VWUHVV WKH LQQHU IULFWLRQ LQFUHDVHV� 7KLV LV LOOXVWUDWHG
LQ )LJXUH � ZKHUH YDOXHV RI WKH GDPSLQJ IDFWRU DUH
ODLG RII DORQJ WKH D[LV RI RUGLQDWHV DQG WKH QXPEHU
RI RVFLOODWLRQ Q x DORQJ WKH D[LV RI DEVFLVVDH� 7KH
FXUYH DE FRUUHVSRQGV WR WKH GHSHQGHQFH RI WKH GDPS�
LQJ IDFWRU RQ WKH VWUHVV DPSOLWXGH RI WKH WRUVLRQDO
RVFLOODWLRQV� WKH FXUYH FG x WR WKH FKDQJH RI WKH
GDPSLQJ IDFWRU XQGHU DSSOLFDWLRQ RI DGGLWLRQDO VWUHVV
LQ WKH DEVHQFH RI WKH DPSOLWXGH GHSHQGHQFH� 6WUHVV
LQ WKH SRLQW I LV HTXDO WR D PLFURVFRSLF HODVWLFLW\ OLPLW�
%RWK SURFHVVHV SURFHHG VLPXOWDQHRXVO\ XQWLO ORFDO
VWUHVVHV UHVXOWHG IURP WKH LUUHYHUVLEOH PLFURSODVWLF GH�
IRUPDWLRQ DUH VXIILFLHQW WR EORFN WKH VKLIW RI WKH
ERXQGDULHV RI GRPDLQV� $V LW LV VHHQ IURP WKH )LJXUH ��
WKH FXUYHV FURVV LQ WKH SRLQW H� 7KH REWDLQHG FXUYH
DHG VKRZV D FKDUDFWHU RI WKH GDPSLQJ IDFWRU FKDQJH
LQ WKH SURFHVV RI PRQRWRQRXV LQFUHDVH RI DGGLWLRQDO
WDQJHQWLDO VWUHVV XQGHU FRQGLWLRQV RI WKH DPSOLWXGH
GHSHQGHQFH� $ GHVFHQGLQJ EUDQFK RI WKH FXUYH LV GH�
WHUPLQHG PDLQO\ E\ WKH DPSOLWXGH GHSHQGHQFH� DQ
DVFHQGLQJ RQH LV FRQGLWLRQHG E\ LUUHYHUVLEOH PLFUR�
SODVWLF ORVVHV� $ PLQLPXP SRVLWLRQ GHSHQGV RQ WKH
FRUUHODWLRQ RI WKH GHYHORSPHQW UDWHV RI WKHVH SURF�
HVVHV� 7KH SRLQW H FRUUHVSRQGV WR WKH PLFURVFRSLF HODV�
WLFLW\ OLPLW�

)RU FRPSDULVRQ WKH UHVXOWV RI WKH PHDVXUHPHQWV
RI WKH LQQHU IULFWLRQ XQGHU LQFUHDVH RI WKH DGGLWLRQDO
VWUHVV LQ SUHVHQFH RI WKH DPSOLWXGH GHSHQGHQFH DUH
VKRZQ LQ )LJXUH �� $V LW LV VHHQ IURP WKH JUDSK� WKH
PLFURVFRSLF HODVWLFLW\ OLPLW SURYHV WR EH ��� J�PP��
L�H� LW HTXDOV DSSUR[LPDWHO\ ���� RI WKH VWDWLF HODV�
WLFLW\ OLPLW �WKH VWDWLF HODVWLFLW\ OLPLW LV GHWHUPLQHG
XQGHU WHQVLRQ DQG LQ WHUPV RI WDQJHQWLDO VWUHVV LW
HTXDOV ���� NJ�PP��� 7KH YDOXH RI WKH PLFURVFRSLF
HODVWLFLW\ OLPLW DOORZV HYDOXDWLQJ WKH OHQJWK O RI WKH

VRXUFHV FDSDEOH WR JHQHUDWHG GLVORFDWLRQ LQ FRPSOLDQFH
ZLWK WKH GHSHQGHQFH

O = *%
τ6 �

ZKHUH* LV WKH VKHDU PRGXOXV� % LV WKH %XUJHUV YHFWRU�
7KH REWDLQHG YDOXH O  ��� µP FRLQFLGHV ZLWK WKH

VL]H RI WKH FRQGHQVDWH JUDLQ �a � µP� DIWHU DQQHDOLQJ
DW ��� �& IRU � K� $GGLWLRQDO ORDGLQJ XQGHU GHVFULEHG
FRQGLWLRQV OHDGV WR KDUGHQLQJ LQ FRQVHTXHQFH RI ZKLFK
τ6 DFKLHYHV WKH YDOXH ��� P�PP�� L�H� LQFUHDVHV DO�
PRVW WZLFH�

7KH YDOXH RI τ6 REWDLQHG H[SHULPHQWDOO\ PD\ QRW
FRUUHVSRQG WR WKH FDOFXODWHG YDOXH RI τ6′ � L�H� LI WKH
HQHUJ\ GLVVLSDWLRQ FRQGLWLRQHG E\ WKH DPSOLWXGH GH�
SHQGHQFH SURYHV KLJKHU WKDQ WKH GLVVLSDWHG HQHUJ\
UHODWHG WR WKH ORVVHV DV D UHVXOW RI LUUHYHUVLEOH SODVWLF
GHIRUPDWLRQ LQPLFURGRPDLQV ZLWKLQ WKH UDQJH OLPLWHG
E\ WKH YDOXHV τ6 DQG τ6′ � 7KHQ WKH PHDVXUHG YDOXH τ6
ZLOO EH VRPHZKDW KLJKHU WKDQ τ6′ �

+RZHYHU� WKLV GLIIHUHQFH FDQQRW EH FRQVLGHUDEOH
VLQFH HYHQ DIWHU ��� RVFLOODWLRQV WKH DPSOLWXGH GH�
SHQGHQFH VWLOO WDNHV SODFH ZKLOH DQ LQFUHDVH RI WKH
LQQHU IULFWLRQ XQGHU MRLQW DFWLRQ RI SHULRGLF DQG LQ�
FUHDVLQJ VKHDU VWUHVV DSSHDUV DOUHDG\ DIWHU VHYHUDO RV�
FLOODWLRQV�

&21&/86,216

�� $ YDOXH RI τ6 XQGHU FRQGLWLRQV RI DPSOLWXGH GH�
SHQGHQFH RI IUHHO\ GDPSHG RVFLOODWLRQV IRU WKH FRQ�
GHQVDWH 1L��� � &R LV GHWHUPLQHG�

�� 7KH YDOXH O FDOFXODWHG E\ WKH YDOXH τ6 VDWLVIDF�
WRULO\ FRUUHODWHV ZLWK WKH VL]H RI WKH JUDLQ�

�� &RFKDUGW� $�0� ������ 6RPH QHZ PDJQHWR�PHFKDQLFDO WRU�
VLRQ H[SHULPHQW� -� $SSO� 3K\VLFV� �� ���w����

�� &RFKDUGW� $� ������ 0DJQHWLF SURSHUWLHV RI PHWDOV DQG DO�
OR\V� 0RVFRZ� ,QRVWU� /LWHUDWXUD�

�� 3RVWQLNRY� 9�6�� %HONR� 9�1�� 6KDUVKDNRY� ,�1� ������ 2Q
PHFKDQLFDO DWWHQXDWLRQ LQ FREDOW�QLFNHO DOOR\V� ,Q� ,QWHUQDO
IULFWLRQ LQ PHWDOOLF PDWHULDOV� 0RVFRZ� 1DXND�

�� 1HURGHQNR� /�0�� 0RJLOQLNRYD� 7�7�� 0RORGNLQD� 7�$� HW
DO� ������ 0LFURVFRSLF HODVWLFLW\ OLPLW DQG GLVORFDWLRQ VWUXF�
WXUH XQGHU 1Lw&R DOOR\V GHIRUPDWLRQ� 3UREOHP\ 6SHWV� (OHN�
WURPHWDOOXUJLL� �� ��w���

�� *DUEHU� 5�,�� 0RJLOQLNRYD� 7�7� ������ 2Q SUREOHP RI GH�
WHUPLQDWLRQ RI HODVWLFLW\ OLPLW LQ UHDO VROLGV� )L]LND 0HWDO�
ORY L 0HWDOORYHGHQLH� ,VVXH ��

)LJXUH �� 'HSHQGHQFH RI WKH GDPSLQJ IDFWRU RI FRQGHQVDWH 1L�
�� � &R RQ WKH QXPEHU RI RVFLOODWLRQV LQ SUHVHQFH RI PRQRWRQRXVO\
LQFUHDVHG VWUHVV XQGHU FRQGLWLRQV RI WKH DPSOLWXGH GHSHQGHQFH

)LJXUH �� &XUYHV RI WKH GHSHQGHQFH RI WKH GDPSLQJ IDFWRU RQ WKH
QXPEHU RI RVFLOODWLRQ� FXUYH DEx XQGHU FRQGLWLRQV RI WKH DPSOLWXGH
GHSHQGHQFH LQ WKH DEVHQFHRI DGGLWLRQDO VWUHVV� FXUYH FGx LQ SUHVHQFH
RI DGGLWLRQDO VWUHVV LQ WKH DPSOLWXGH�LQGHSHQGHQW GRPDLQ
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+HDW PRGHO RI SODVPD�DUF SURFHVV RI JURZLQJ URGV RI WXQJVWHQ VLQJOH FU\VWDOV LV SUHVHQWHG� 5HVXOWV RI QXPHULFDO VROXWLRQ

RI KHDW FRQGXFWLYLW\ HTXDWLRQ DUH JLYHQ� ,W LV VKRZQ WKDW ZLWK LQFUHDVH LQ VLQJOH FU\VWDO KHLJKW WKH SRZHU LV LQFUHDVHG

ZKLOH WKH SRRO SDUDPHWHUV DUH QRW DOPRVW FKDQJHG� ,W ZDV HVWDEOLVKHG WKDW WKH KHDW SRZHU LV VWDELOL]HG DW WKH VLQJOH

FU\VWDO KHLJKW HTXDO WR LWV WKUHH GLDPHWHUV�

.H\ ZRU G V � WXQJVWHQ VLQJOH FU\VWDO� SODVPD�DUF ]RQDO
PHOWLQJ� KHDW PRGHO

,W LV PRVW UDWLRQDO WR SURGXFH WKH RULHQWHG VLQJOH FU\V�

WDOV RI UHIUDFWRU\ PHWDOV E\ XVLQJ GLIIHUHQW PHWKRGV

RI D ]RQDO PHOWLQJ� 2QH RI WKHP LV WKH SODVPD�DUF

]RQDO PHOWLQJ �3$=0��

$ SODVPDWURQ RI GLUHFW RU LQGLUHFW DFWLRQ VHUYHV DV

D KHDW VRXUFH LQ SODVPD�DUF SURFHVV RI JURZLQJ VLQJOH

FU\VWDOV� 'LUHFW�DFWLRQ SODVPDWURQV DUH XVHG LQ D WHFK�

QRORJLFDO HTXLSPHQW IRU JURZLQJ VLQJOH FU\VWDOV RI WKH

UHIUDFWRU\ PHWDOV� 7KH SODVPDWURQ DUF FROXPQ EORZQ

ZLWK D IORZ RI WKH SODVPD JDV �DUJRQ DQG KHOLXP

PL[WXUH� IRUPV D SODVPD IODPH ZKLFK ORRNV OLNH D EHOO

DW D YLVXDO REVHUYDWLRQ� ,Q WKH SODVPD DUF WUDQVYHUVH

VHFWLRQ UHJLRQV RI D GLIIHUHQW LQWHQVLW\ RI UDGLDWLRQ

DQG� DV D FRQVHTXHQFH� RI GLIIHUHQW WHPSHUDWXUH FDQ

EH REVHUYHG� 7KH UHJLRQ DGMDFHQW WR WKH SODVPD IODPH
D[LDO SDUW� LQ ZKLFK DQ DUF FROXPQ LV ORFDWHG� LV PRVWO\

KHDWHG� 7KH FROXPQ FURVV VHFWLRQ DUHD LV FKDQJHG GH�

SHQGLQJ RQ WKH FRROLQJ FRQGLWLRQV ZKLFK DUH FRQWURO�

OHG E\ WKH JDV FRPSRVLWLRQ DQG GHJUHH RI WXUEXOL]DWLRQ
RI WKH IORZ� 7KH PDLQ IUDFWLRQ RI FXUUHQW LV SDVVLQJ

KHUH� )URP WKH OLWHUDWXUH GDWD >�� �@ LW DPRXQWV WR

DERXW �� � IRU WKH RSHQ DUF�

$UF FROXPQ LV VXSSRUWHG RQ HOHFWURGH VSRWV� 7KH

DUHD RI HDFK VSRW LV OHVV WKDQ WKH DUHD RI WKH DUF FROXPQ

FURVV VHFWLRQ� 7DNLQJ LQWR DFFRXQW WKDW WKH GLVWULEX�

WLRQ RI WHPSHUDWXUHV LQ DUF FURVV VHFWLRQ LV FORVH WR

WKDW RI *DXVV >�@� WKHQ LW FDQ EH DVVXPHG WKDW WKH

HQHUJ\ GHQVLW\ LQ D VSRW LV QRW FRQVWDQW� 7KHUHIRUH�

RQ WKH FXUYH RI GLVWULEXWLRQ RI WHPSHUDWXUHV IRU UH�

IUDFWRU\ PHWDOV D FRQYH[LW\ LQ WKH DUF VSRW PLGGOH LV
SRVVLEOH� 7KH FXUYH DSH[ FDQ EH QRW VR DFXWH DV WKH

WHPSHUDWXUH RI WXQJVWHQ PHOWLQJ H[FHHGV DSSUR[L�

PDWHO\ � WLPHV WKH WHPSHUDWXUH RI PHOWLQJ PHWDOV XVHG

HDUOLHU LQ WKH H[SHULPHQWV >�@� )URP GLIIHUHQW HVWLPD�

WLRQV WKH WHPSHUDWXUH LQ WKH FHQWHU RI WKH SODVPD DUF

JHQHUDWHG E\ D SODVPDWURQ LV ZLWKLQ ����w����� .

>�w�@� (ODVWLFLW\ RI YDSRUV DQG RYHUKHDWLQJ WHPSHUD�

WXUH RI UHIUDFWRU\ PHWDOV DUH ORZHU DQG� FRQVHTXHQWO\�

WKH GHJUHH RI DUF VSRW VFUHHQLQJ LV ORZHU�

,I WR DGRSW WKLV DV D EDVLV WKHQ LW FDQ EH FRQVLGHUHG

WKDW FXUYH RI GLVWULEXWLRQ RI WHPSHUDWXUHV RQ WKH SRRO

VXUIDFH KHDWHG E\ SODVPDWURQ FDQ DSSURDFK WKH *DXVV

GLVWULEXWLRQ� EXW XQOLNH WKH FXUYH RI GLVWULEXWLRQ RI

WHPSHUDWXUHV LQ KHDWLQJ E\ HOHFWURQ EHDP� LW KDV OHVV

DFXWH DSH[ DQG ODUJHU ZLGWK DW VLPLODU SRZHU� 7DNLQJ

LQWR DFFRXQW WKH DERYH�GHVFULEHG� DQG DOVR PHWKRG RI

IRUPDOL]DWLRQ RI VL]HV RI HIIHFWLYH GLDPHWHU RI KHDWLQJ
VSRW >�@� DFFHSWHG LQ HOHFWURQ EHDP KHDWLQJ� IRU PRG�

HOOLQJ KHDW SURFHVVHV LQ JURZLQJ VLQJOH FU\VWDOV ZLWK

XVH RI WKH SODVPD�DUF VRXUFH RI KHDWLQJ LW ZLOO EH

DVVXPHG WKDW DUHD RI KHDWLQJ ZLWK SODVPD DUF FRQVLVWV

RI WZR UHJLRQV� FHQWUDO DQG SHULSKHU\� 7KH FHQWUDO

DUHD RFFXSLHV WKH VPDOOHU SDUW RI WKH WRWDO DUHD DQG

KDV KLJKHU WHPSHUDWXUH� 7KH OLPLWLQJ YDOXH RI WKH
WHPSHUDWXUH VKRXOG QRW EH KLJKHU WKDQ WKH PHWDO ERLO�

LQJ WHPSHUDWXUH� 7KH SHULSKHU\ UHJLRQ KDV WKH WHP�

SHUDWXUH H[FHHGLQJ WKDW RI PHWDO PHOWLQJ E\ VHYHUDO

KXQGUHGV RI GHJUHHV� ,Q D SHUIHFW FDVH WKH WHPSHUDWXUH
RI SRRO VXUIDFH ZLWKLQ HDFK ]RQH LV VLPLODU LQ DOO WKH

SRLQWV�

7KH K\SRWKHVLV FRQILUPDWLRQ ZDV UHIOHFWHG LQ D
UHDO LQYHVWLJDWLRQ ZKLFK VKRZHG >�� �@ WKDW WKHUH DUH

WZR UHJLRQV DW WKH SRRO VXUIDFH ZLWK D WHPSHUDWXUH

GLIIHUHG E\ VHYHUDO KXQGUHGV RI GHJUHHV� 0RUHRYHU�
WKH WHPSHUDWXUH WUDQVLWLRQ EHWZHHQ UHJLRQV KDV QRW D

VPRRWK� EXW D MXPS\ QDWXUH� 7KH FXUYH RI GLVWULEXWLRQ

RI WHPSHUDWXUHV DW WKH SRRO VXUIDFH� DQG� FRQVH�

TXHQWO\� WKH VSHFLILF KHDW FDSDFLW\� FDQ EH SUHVHQWHG

DV IROORZV�







T = 4

T = K4

U = �� 5
D
�

U = 5
D�
5O�

���

ZKHUH T LV WKH VSHFLILF KHDW IORZ HQWHULQJ WKH PHWDO

LQ WKH DUF KHDWLQJ ]RQH� 4 LV WKH VSHFLILF KHDW IORZ

HQWHUHG WKH PHWDO LQ WKH DUF VSRW ]RQH� K LV WKH QRU�

PDOL]DWLRQ IDFWRU� U LV WKH FXUUHQW YDOXH RI UDGLXV LQ

WKH DUF KHDWLQJ ]RQH� 5
D
UDGLXV RI DUF VSRW� 5O LV WKH

� 9�$� 6+$329$/29� ����
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UDGLXV RI ]RQH RI D PHWDOOLF SRRO KHDWHG E\ WKH SODVPD

DUF�

,Q D UHDO SURFHVV WKH LQWHQVLW\ RI KHDW H[FKDQJH

EHWZHHQ WKH SODVPD DUF DQG PHWDO GHSHQGV DOVR RQ

WKH FXUYDWXUH RI WKH PHWDO SRRO VXUIDFH ZKLFK LV

IRUPHG DV D UHVXOW RI HIIHFW RI WKH DUF JDV�G\QDPLF

SUHVVXUH RQ PHWDO� 7KHUH DUH DWWHPSWV WR GHWHUPLQH

WKH HIIHFW RI VXUIDFH FXUYDWXUH RQ WKH KHDW H[FKDQJH

SURFHVVHV >��w��@� +RZHYHU� WKLV SKHQRPHQRQ LV TXLWH

FRPSOH[ DQG UHSUHVHQWV D VHOI�VXVWDLQLQJ SUREOHP RI

WKH PDWKHPDWLFDO SK\VLFV� ,Q FDVH RI WKLV SKHQRPHQRQ

FRQVLGHUDWLRQ� VRPH GLIILFXOWLHV DUH HQFRXQWHUHG LQ

IXUWKHU REWDLQLQJ DQG XVH RI QXPHULFDO RU DQDO\WLF

VROXWLRQ� 7KH DFFXUDF\ RI REWDLQHG UHVXOWV RI KHDW

PRGHOOLQJ RI WKH REMHFW ZLOO LQFUHDVH QHJOLJLEO\� ZKLOH

KDUGZDUH GLIILFXOWLHV ZLOO PDQ\ WLPHV LQFUHDVH� 7KHUH�

IRUH� WR DQDO\]H WKH KHDW SURFHVVHV SURFHHGLQJ LQ JURZ�

LQJ VLQJOH FU\VWDOV WKH HIIHFW RI DUF SUHVVXUH RQ PHWDO

VXUIDFH ZLOO QRW EH DFFRXQWHG�

7R FRQVWUXFW WKH KHDW PRGHO RI WKH SURFHVV RQH

IRUPDOL]DWLRQ RI WKH SODVPD�DUF KHDW VRXUFH LV QRW VXI�

ILFLHQW� 'LVWULEXWLRQ RI WHPSHUDWXUHV LQ D FU\VWDO ERG\

ZLOO EH GHWHUPLQHG DGHTXDWHO\� LI WR SUHVHW LQLWLDO DQG

ERXQGDU\ FRQGLWLRQV IRU QRQ�VWDWLRQDU\ WZR�GLPHQ�

VLRQDO HTXDWLRQ RI KHDW FRQGXFWLYLW\�

ρF
Y

∂7
∂W = �

U

∂
∂U




Uλ

∂7
∂U





+
∂
∂]




λ

∂7
∂]




� ���

ZKHUH W LV WKH FXUUHQW WLPH� 7 LV WKH FXUUHQW WHPSHUD�

WXUH� ρ  ρ�7� LV WKH PHWDO GHQVLW\� F
Y
 F

Y
�7� LV WKH

LVRFKRULF KHDW FRQWHQW RI PDVV XQLW� λ  λ�7� LV WKH
FRHIILFLHQW RI PHWDO KHDW FRQGXFWLYLW\� :H VKDOO FRQ�

VLGHU D GHILQLWH VFKHPH RI SODVPD�DUF KHDWLQJ LQ JURZ�

LQJ VLQJOH FU\VWDOV RI D F\OLQGULFDO VKDSH XVLQJ WKH

PHWKRG GHYHORSHG DW WKH $�$� %DMNRY ,QVWLWXWH RI

0HWDOOXUJ\ RI 5XVVLDQ $FDGHP\ RI 6FLHQFHV� 7KH SH�

FXOLDU IHDWXUH RI WKH PHWKRG LV WKDW WKH SODVPDWURQ

DQG FU\VWDO DUH FRD[LDO DQG WKH D[LV LV DUUDQJHG YHU�

WLFDOO\� 7KH SRVVLEOH VFKHPH RI PRGHOOLQJ KHDW ILHOG

RI D VLQJOH FU\VWDO LV SUHVHQWHG LQ )LJXUH �� 7KH D[LV

RI D VLQJOH FU\VWDO FRLQFLGHV ZLWK WKH D[LV RI FRRUGL�

QDWHV 2=� 'XH WR D V\PPHWU\ RI WKH REMHFW D KDOI RI

VHFWLRQ RI WKH VLQJOH FU\VWDO LV LOOXVWUDWHG LQ WKH )LJXUH�

)RU WKH SURFHVV PRGHOLQJ ZH VKDOO DVVXPH WKH IROORZ�

LQJ FRQGLWLRQV�

• KHDW IORZ IURP SODVPD�DUF VRXUFH HQWHUV WKH VLQ�

JOH FU\VWDO WKURXJK LWV XSSHU HGJH� 7KLV KHDW IORZ LV

UHVXOWLQJ DQG DFFRXQWV IRU DOO WKH KHDW SURFHVVHV� KHDW

WUDQVIHU IURP DUF RZLQJ WR FRQYHFWLRQ DQG UDGLDWLRQ�

KHDW HYROXWLRQ LQ DQRGH VSRW RI DUF� KHDW FRQVXPHG

IRU YDSRXU IRUPDWLRQ� KHDW� HYROYLQJ LQ FRQGHQVDWLRQ

RI PHWDOOLF YDSRXU DW WKH SRRO VXUIDFH� UDGLDWLRQ RI

WKH PHWDO SRRO LQWR D IXUQDFH ZRUNLQJ VSDFH�

• GLVWULEXWLRQ RI GHQVLW\ RI KHDW IORZ LV SUHVHW E\

HTXDWLRQ ���� ,Q WKH SURFHVV RI PRGHOOLQJ WKH QRUPDOL�

]DWLRQ IDFWRU FDQ WDNH DQ\ YDOXHV ZLWKLQ WKH LQWHUYDO

������

• KHDW DW WKH ODWHUDO VXUIDFH RI FU\VWDO DQG DW LWV

ORZHU HQG LV WUDQVIHUUHG E\ FRQYHFWLRQ DQG UDGLDWLRQ

LQWR WKH IXUQDFH VSDFH�

• DW WKH LQLWLDO PRPHQW RI WLPH WKH WHPSHUDWXUH

RI D VLQJOH FU\VWDO LV HTXDO WR WKH WHPSHUDWXUH RI HQ�

YLURQPHQW 7  W = �
= 7��

%RXQGDU\ FRQGLWLRQV ZLOO KDYH WKH IROORZLQJ IRUP�

• DW WKH FU\VWDO D[LV wλ
∂7
∂U

 U = �
= ��

• DW WKH H[WHUQDO VXUIDFH RI F\OLQGHU 6� H[FHSW WKH

DUHD 6D� wλ
∂7
∂Q
__  6 = 4O + 4F � ZKHUH Q

__
LV WKH QRUPDO

WR VXUIDFH�4O = σ%


η6 7

� 
6

w 7�

�
DUH ORVVHV LQ UD\V�

η6 LV WKH FRHIILFLHQW RI KHDW UDGLDWLRQ� σ% LV WKH 6WH�

IDQw%ROW]PDQQ FRQVWDQW� 7 6 LV WKH WHPSHUDWXUH DW

VXUIDFH 6� H[FHSW DUHD 6D� 4F = N1 
7

6

w 7�
DUH WKH

)LJXUH �� 6FKHPH RI PRGHOOLQJ RI KHDW ILHOG RI D VLQJOH FU\VWDO�
Dx KHDW IORZ HQWHULQJ WKH PHWDO LQ WKH UHJLRQ RI DUF KHDWLQJ� E x
VLQJOH FU\VWDO LQ D F\OLQGULFDO V\VWHP RI FRRUGLQDWHV �+� 5� x
KHLJKW DQG UDGLXV RI VLQJOH FU\VWDO� UHVSHFWLYHO\�
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FRQYHFWLYH ORVVHV� N1 LV WKH FRHIILFLHQW RI KHDW H[�

FKDQJH ZLWK HQYLURQPHQW �1HZWRQsV IDFWRU��

• DW WKH VXUIDFH� RQ ZKLFK WKH DUF VSRW LV VXSSRUWHG
LQ DUHD 6D� 7 6

D

= 7E� ZKHUH 7E LV WKH PHWDO ERLOLQJ

WHPSHUDWXUH�

• DW WKH VXUIDFH RI WKH SKDVH WUDQVLWLRQ *Q

�VROLG�OLTXLG SKDVH x K�/�

wλ
/
JUDG7  *

Q(/)
+ λ

K
JUDG7  *

Q(K)
= ρε

/
ϑ
/
�

ZKHUH λ/� K LV WKH KHDW FRQGXFWLYLW\ RI OLTXLG DQG VROLG

SKDVHV� ε/ LV WKH HQHUJ\ RI PHOWLQJ� ϑ/ LV WKH UDWH RI

LQWHUIDFH ERXQGDU\ PRYHPHQW�

1XPHULFDO VROXWLRQ RI HTXDWLRQ RI KHDW FRQGXFWLY�

LW\ LV SUHVHQWHG LQ WKH IRUP RI JUDSKLFDO UHODWLRQVKLSV

LQ )LJXUH �� 7KH FU\VWDO JURZLQJ XVLQJ 3$=0 LV IHD�

WXUHG E\ WKDW WKH PHWDO SRRO LV PDLQWDLQHG IURP IORZ�

LQJ RXW E\ WKH VXUIDFH WHQVLRQ IRUFHV� 7KHUHIRUH� WKH

FRQGLWLRQ RI FRQVWDQF\ RI PHOW KHLJKW DW WKH SRRO

ODWHUDO VXUIDFH DQG FRQVWDQF\ RI GLDPHWHU RI WKH FU\VWDO

EHLQJ JURZQ ZHUH NHSW LQ PRGHOOLQJ� ,W ZDV GHWHU�

PLQHG H[SHULPHQWDOO\ WKDW WKH KHLJKW RI PHOW DW WKH

ODWHUDO VXUIDFH LV XVXDOO\ ZLWKLQ �w��� PP� ,Q PRG�

HOOLQJ WKH PHOW KHLJKW ZDV WDNHQ HTXDO WR ��� PP�

0RGHOOLQJ FRXOG UHYHDO VRPH ODZV RI FKDQJLQJ WKH

SRZHU RI SODVPD�DUF KHDWLQJ LQ WKH SURFHVV RI WKH

FU\VWDO JURZWK� 7KH SRZHU LV FKDQJHG IURP PLQLPXP

YDOXH� DW ZKLFK WKH SURFHVV LV VWDUWHG RQ WKH SULPLQJ

FU\VWDO� DOPRVW WR PD[LPXP DW WKH FU\VWDO KHLJKW HTXDO

DSSUR[LPDWHO\ WR WKUHH LWV GLDPHWHUV �)LJXUH ��� )XU�

WKHU� WKH UHVXOWV RI PRGHOOLQJ VKRZHG WKDW LW LV QHF�

HVVDU\ WR LQFUHDVH WKH SRZHU� EXW WKLV LQFUHDVH LV VR

QHJOLJLEOH LQ SUDFWLFH WKDW LW LV YHU\ GLIILFXOW WR UHDOL]H

LW IURP WKH WHFKQLFDO SRLQW RI YLHZ� 7KHUHIRUH� ZKHQ

WKH FU\VWDO UHDFKHV WKH KHLJKW HTXDO WR WKUHH LWV GL�

DPHWHUV WKH SRZHU RI KHDWLQJ LV VWDELOL]HG DQG UHPDLQV

XQFKDQJHG XQWLO WKH SURFHVV FRPSOHWLRQ�

,QWHUHVWLQJ UHVXOWV ZHUH REWDLQHG RQ HVWLPDWLRQ RI

WKH SRRO GHSWK �)LJXUH �� D� E�� ,Q VSLWH RI LQFUHDVH

LQ KHDW SRZHU� WKH SRRO SDUDPHWHUV DUH FKDQJHG QHJ�

OLJLEO\ ZLWK LQFUHDVH LQ D VLQJOH FU\VWDO KHLJKW� 7KLV

PDNHV LW SRVVLEOH WR SURGXFH WKH VXEJUDLQ VWUXFWXUH�

QRW FKDQJLQJ LQ WKH VLQJOH FU\VWDO KHLJKW� &XUYDWXUH

RI WKH VXUIDFH VHSDUDWLQJ VROLG DQG OLTXLG SKDVH LV DOVR

FKDQJHG QHJOLJLEO\� 7KH IURQW RI FU\VWDOOL]DWLRQ UH�

PDLQV FRQFDYH ERWK DW WKH EHJLQQLQJ RI WKH SURFHVV

RI JURZLQJ DQG DW LWV HQG� 7KH FRQFDYH IURQW RI FU\V�

)LJXUH �� 7HPSHUDWXUH ILHOGV� .� LQ WXQJVWHQ VLQJOH FU\VWDOV RI
KHLJKW RI �� �D� F� DQG ��� �E� G� PP� D� E x UHJLRQ RI PHWDO
SRRO� F� G x ORQJLWXGLQDO VHFWLRQ
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WDOOL]DWLRQ SUHGLFWV WKDW QRUPDOV RI ORFDO UHJLRQV RI

VROLG�OLTXLG SKDVH LQWHUIDFH ZLOO EH RULHQWHG XQGHU

WKH DQJOH WR WKH FU\VWDO D[LV DQG GLUHFWHG LQVLGH� 7KH\

SUHGHWHUPLQH WKH GLUHFWLRQ RI JURZWK �ILQDO ILOOLQJ�

RI FU\VWDO ODWWLFH� EXW QRW WKH FU\VWDOORJUDSKLF GLUHF�

WLRQ ZKLFK LV QRW FKDQJHG� 7KH GLUHFWLRQ RI VXEJUDLQV

LV DOVR QRW FKDQJHG� :LWK FU\VWDO JURZWK WKH MRLQLQJ

RI VHYHUDO VXEERXQGDULHV LV SRVVLEOH RQ WKH D[LV� 7HU�

QDU\ EXWWV DUH HVSHFLDOO\ GDQJHURXV� 7KH\ DUH ZHDNHVW

DW DFWLRQ RI PHFKDQLFDO ORDGV� )URP WKH SRLQW RI YLHZ

RI IRUPDWLRQ RI SHUIHFW VWUXFWXUH LW LV PRVW UDWLRQDO

WR KDYH D SODQH LQWHUIDFH VXUIDFH� +RZHYHU� GXH WR

VSHFLILFV LQ KHDWLQJ VRXUFH� FRQGLWLRQV RI KHDW H[�

FKDQJH RI FU\VWDO ZLWK D VXUURXQGLQJ PHGLXP LQ

3$=0 LW LV LPSRVVLEOH WR REWDLQ WKLV IURQW� 5HVXOWV

RI PRGHOOLQJ RI KHDW SURFHVVHV FRQILUP WKLV �)LJXUH ��

F� G��

7KHVH UHVXOWV JLYH DQ LGHD DERXW FKDQJLQJ WKH WHP�

SHUDWXUH JUDGLHQW LQ VROLG SKDVH ZLWK LQFUHDVH LQ FU\V�

WDO KHLJKW� +HUH� WKH ORZHU SDUW RI FU\VWDO EHFRPHV

FROGHU DQG QHDU WKH LQWHUIDFH VXUIDFH WKH WHPSHUDWXUH

JUDGLHQW LV LQFUHDVHG� 7KLV UHVXOWV LQ JURZWK RI WHP�

SHUDWXUH VWUHVVHV ZKLFK FDQ FDXVH WKH FKDQJHV LQ VXE�

VWUXFWXUH� DQG PRUH FOHDUO\� WKH FKDQJH LQ GLVORFDWLRQ

VWUXFWXUH RI WKH VLQJOH FU\VWDO�

7KXV� WKH PRGHOOLQJ RI KHDW SURFHVVHV PDNHV LW

SRVVLEOH WR VWXG\ WKH HIIHFW RI WHFKQRORJLFDO SDUDPH�

WHUV RQ WKH IRUPDWLRQ RI KHDW ILHOG DQG WR SUHGLFW WKH

JURZWK RI D VLQJOH FU\VWDO ZLWK D SHUIHFW VXEVWUXFWXUH�

�� )LQNHOEXUJ� )�� 0HNNHU� *� ������ (OHFWULF DUFV DQG WKHU�

PDO SODVPD� 0RVFRZ� ,QRVWU� /LWHUDWXUD�
�� .KRYDWVRQ� $�0� ������ ,QWURGXFWLRQ WR JDV GLVFKDUJH WKH�

RU\� 0RVFRZ� $WRPL]GDW�
�� 'UHVYLQ� 6�9�� 'RQVNRM� $�9�� *ROGIDUE� 9�0� HW DO� ������

3K\VLFV DQG WHFKQLTXH RI ORZ�WHPSHUDWXUH SODVPD� 0RVFRZ�
$WRPL]GDW�

�� 6KDSRYDORY� 9�$�� *ULJRUHQNR� *�0�� .RQVWDQWLQRY� 9�6�
HW DO� ������ 0HDVXUHPHQW RI WHPSHUDWXUH RQ VXUIDFH RI OLT�
XLG WLWDQLXP GXULQJ SODVPD�DUF UHPHOWLQJ� ,Q� 3UREOHPV RI

6SHFLDO (OHFWURPHWDOOXUJ\� ,VVXH ��� ��w���
�� /DNWLRQRY� $�9�� 6WRPDNKLQ� $�<D�� *ULJRU\DQ� 9�$� HW DO�

������ 7HPSHUDWXUH RQ VXUIDFH RI PHWDO GXULQJ SODVPD PHOW�
LQJ� ,]Y� 9X]RY� &K\RUQ� 0HWDOOXUJL\D� �� ��w���

�� 'HPERYVN\� 9� ������ 3ODVPD PHWDOOXUJ\� 0RVFRZ� 0HWDO�
OXUJL\D�

�� .O\XHY� 0�0� ������ 3ODVPD�DUF UHPHOWLQJ� 0RVFRZ� 0H�
WDOOXUJL\D�

�� /DNRPVN\� 9�,� ������ 3ODVPD�DUF UHPHOWLQJ� .\LY� 7HNK�
QLND�

�� )DUQDVRY� *�$�� )ULGPDQ� $�*�� .DULQVN\� $�1� ������
3ODVPD PHOWLQJ� 0RVFRZ� 0HWDOOXUJL\D�

��� 5DURY� 1�.�� 8JORY� $�$�� =XHY� 1�9� ������ 2Q HVWLPDWL�
RQ RI LQIOXHQFH RI KHDW VRXUFH SDUDPHWHUV RQ GHSUHVVLRQ
VKDSH DQG GHIRUPDWLRQ YDOXH RI OLTXLG SKDVH� 'RNODG\

$1 6665� �� ��w���
��� 6WROERY� 9�,�� 9HUNKRYVND\D� 6�6� ������ 6KDSHV RI IUHH

VXUIDFH RI ZHOGLQJ SRRO� 6YDURFKQ� 3URL]YRGVWYR� �� �w��
��� .LVHOHYVN\� )�1�� %XWDNRY� *�$�� /LQNHYLFK� 1�'� ������

3UHVVXUH HIIHFW RI ZHOGLQJ DUF RQ WHPSHUDWXUH GLVWULEXWLRQ LQ
LWHP� $YWRPDWLFK� 6YDUND� �� ��w���

)LJXUH �� &KDQJH LQ FDSDFLW\ RI SODVPD�DUF KHDWLQJ GHSHQGLQJ RQ
KHLJKW RI D WXQJVWHQ VLQJOH FU\VWDO ��� PP GLDPHWHU URG�
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

3UREOHP RI FRDWLQJ ORQJ DQG ODUJH�VL]HG SURGXFWV LQ PHFKDQLFDO HQJLQHHULQJ QHFHVVLWDWHG GHYHORSPHQW RI H[WHQGHG SODVPD

VRXUFHV� ([DPSOHV RI WKH GHYHORSHG ORQJ F\OLQGULFDO SXOVHG HYDSRUDWRUV� WKHLU DGYDQWDJH DQG GUDZEDFNV DUH FRQVLGHUHG�

$ QHZ ORQJ F\OLQGULFDO FDWKRGH�DUF SODVPD VRXUFH ZLWK D FRQWLQXRXV DGMXVWDEOH PRGH RI DUFLQJ LV SURSRVHG DQG LWV GHVLJQ

IHDWXUHV DUH GHVFULEHG� 0RGLILFDWLRQV RI HYDSRUDWRUV ZLWK D FDWKRGH OHQJWK RI ��� DQG ���� PP DUH WHVWHG�

.H\ ZRU G V � FDWKRGH�DUF HYDSRUDWLRQ� LRQLVHG YDSRXU

IORZ� ORQJ LWHPV� H[WHQGHG F\OLQGULFDO HYDSRUDWRUV� SXOVHG DUF�
LQJ PRGH� FRQWLQXRXV DUFLQJ PRGH� FRQWUROODEOH DUF

9DFXXP FRDWLQJV� SURGXFHG E\ WKH PHWKRGV RI WKHU�
PDO� HOHFWURQ EHDP� FDWKRGH�DUF DQG PDJQHWURQ

HYDSRUDWLRQ� DUH EHFRPLQJ HYHU ZLGHU DSSOLHG LQ GLI�

IHUHQW ILHOGV RI VFLHQFH DQG HQJLQHHULQJ� 7KHVH PHWK�

RGV LQ WKH PRVW FRPSOHWH PDQQHU HQDEOH SURGXFWLRQ

RI VRXQG SRUHOHVV FRDWLQJV ZLWK D JRRG DGKHVLRQ WR

WKH SURGXFW VXUIDFH� $PRQJ WKH DERYH PHWKRGV� KRZ�

HYHU� FDWKRGH�DUF HYDSRUDWLRQ SURYLGHV WKH EHVW DGKH�

VLRQ� LQ YLHZ RI KLJKHU HQHUJ\ SDUDPHWHUV RI GHSRVLWLRQ

GXH WR WKH SUHVHQFH RI DQ LRQLVHG YDSRXU IORZ >�@�
ZKLFK JLYHV LW DQ DGYDQWDJH RYHU RWKHU PHWKRGV RI

YDFXXP FRDWLQJ IRUPDWLRQ�

&DWKRGH�DUF SODVPD VRXUFHV ZLWK D F\OLQGULFDO
FDWKRGH ZLWK LWV HQG IDFH EHLQJ WKH ZRUNLQJ VXUIDFH�

EHFDPH WKH PRVW ZLGHO\ DSSOLHG QRZ� 6XFK FDWKRGH�
DUF SODVPD VRXUFHV DUH ZLGHO\ XVHG LQ WKH XQLWV IRU

LRQ�SODVPD VSUD\LQJ RI WKH W\SH RI �%XODW�� �3XVN��

98��%6� 119��� 983��� HWF� >�� �@� ,Q WKHVH SODVPD

VRXUFHV WKH H[WHUQDO HOHFWURPDJQHWLF V\VWHP FRQWDLQV

WKH FDWKRGH VSRWV RQ WKH FDWKRGH HQG IDFH DQG URWDWHV

WKHP DORQJ FLUFXODU RUELWV RQ WKH DERYH VXUIDFH� 6XFK

VRXUFHV JHQHUDWH D QRQ�XQLIRUP SODVPD IORZ RI D OLP�

LWHG VL]H� ZKLFK OLPLWV WKHLU SUDFWLFDO DSSOLFDWLRQ�

+RZHYHU� HYHU JURZLQJ GHPDQGV RI PHFKDQLFDO

HQJLQHHULQJ DUH UDLVLQJ QHZ SUREOHPV RI SURFHVVLQJ

H[WHQGHG DQG ODUJH�VL]HG SURGXFWV� DQG WKLV UHTXLUHV

SURGXFWLRQ RI D SODVPD IORZ XQLIRUP RYHU WKH FURVV�

VHFWLRQ� ZKLFK FDQQRW DOZD\V EH LPSOHPHQWHG E\ LQ�

FUHDVLQJ WKH QXPEHU RI LQGLYLGXDO SRLQW VRXUFHV RI WKH

FDWKRGH�DUF SODVPD� ,Q WKLV FRQQHFWLRQ� WKH PRVW XU�

JHQW SUREOHPV LQ GHYHORSPHQW RI YDFXXP FDWKRGH�DUF

SODVPD VRXUFHV DUH GHYHORSPHQW RI OLQHDU HOHFWULF�DUF

VRXUFHV RI H[WHQGHG W\SH� FRQWUROOLQJ FDWKRGH VSRWV

RQ WKH FDWKRGH ZRUNLQJ VLGH VXUIDFH DQG LPSURYHPHQW

RI WKH UHOLDELOLW\ RI WKHLU FRQWDLQPHQW LQ WKH VSHFLILHG

]RQH RI FDWKRGH PDWHULDO HURVLRQ�

2YHU WKH ODVW \HDUV OLQHDU VRXUFHV ZLWK PDJQHWLF
VWDELOLVDWLRQ RI WKH FDWKRGH VSRW KDYH EHHQ GHYHORSHG�

,Q RSHUDWLRQ RI DQ H[WHQGHG F\OLQGULFDO SXOVHG HYDSR�
UDWRU WKH FDWKRGH VSRW PRYHPHQW LV LQIOXHQFHG E\ WKH

PDJQHWLF ILHOG RI WKH FXUUHQW FKDQQHO LQ WKH SODVPD

DQG WKH FXUUHQW� IORZLQJ LQ WKH FDWKRGH >�� �@� 0DJ�

QHWLF ILHOG OLQHV� LQGXFHG LQ WKLV FDVH DUH WDQJHQWLDO

WR WKH FDWKRGH VXUIDFH� &DWKRGH VSRWV PRYH IURP WKH

ILULQJ HOHFWURGH WRZDUGV WKH FXUUHQW OHDG�LQ XQGHU WKH
LPSDFW RI ORQJLWXGLQDO DQG D]LPXWKDO FRPSRQHQWV�

7KXV� WKH FDWKRGH VSRWV� ZKLOH PDNLQJ D URWDU\PRWLRQ
DERXW D F\OLQGULFDO FDWKRGH� DUH VKLIWHG WRZDUGV WKH

FXUUHQW OHDG�LQ� +DYLQJ UHDFKHG WKH DUF�VXSSUHVVLQJ

VKLHOG� WKH FDWKRGH VSRWV SHQHWUDWH LQWR D JDS EHWZHHQ

WKH FDWKRGH DQG QHXWUDO VKLHOG� ZKLFK LV ZKDW OHDGV

WR H[WLQJXLVKLQJ RI WKH GLVFKDUJH� 7KH OLIH RI FDWKRGH

VSRWV RQ WKH FDWKRGH ZRUNLQJ VXUIDFH LV GHWHUPLQHG

E\ WKH WLPH RI WKHLU GLVSODFHPHQW WR WKH DUF�VXSSUHVV�
LQJ VKLHOG DQG GHSHQGV RQ WKH PDJQLWXGH RI GLVFKDUJH

FXUUHQW�

$XWKRUV RI >�@ VXJJHVWHG WKH GHVLJQ RI DQ H[WHQGHG

SODVPD VRXUFH� RSHUDWLQJ LQ WKH SXOVHG PRGH DQG IRUP�

LQJ D GLUHFWHG VWULS IORZ GXH WR WKH SUHVHQFH RI DQ

H[WHUQDO PDJQHWLF V\VWHP� 7KH VXSHUSRVHG PDJQHWLF

ILHOG SUHYHQWV D]LPXWKDO GLVSODFHPHQW RI WKH FDWKRGH
VSRWV GXH WR LWV RUWKRJRQDO FRPSRQHQW RI LQGXFWLRQ�

ZKLOH WKH WDQJHQWLDO FRPSRQHQW HQVXUHV WKHLU ORQJL�

WXGLQDO GLVSODFHPHQW DORQJ D VWUDLJKW�OLQH WUDMHFWRU\�

$ XQLIRUP GLVWULEXWLRQ RI LRQ FXUUHQW GHQVLW\ DORQJ
WKH FDWKRGH D[LV DQG DQ RUGHUHG QDWXUH RI FDWKRGH

VSRW GLVSODFHPHQW RYHU WKH FDWKRGH ZRUNLQJ VXUIDFH

DOORZ SURGXFLQJ D FRDWLQJ� XQLIRUP DORQJ WKH KHLJKW

RI WKH ODUJH�VL]HG SURGXFW�

)RU IXUWKHU LPSURYHPHQW RI WKH SODVPD VRXUFH GH�

VLJQ DQG LQFUHDVH RI WKH QXPEHU RI VLPXOWDQHRXVO\

SURFHVVHG SURGXFWV WKH DXWKRUV RI >�@ GHYHORSHG D

F\OLQGULFDO SODVPD VRXUFH ZLWK D UDGLDOO\ GLYHUJHQW

SODVPD IORZ� 7KH RSHUDWLQJ SULQFLSOH RI WKLV SODVPD

VRXUFH LV EDVHG RQ FRQWUROOLQJ WKH PRYHPHQW RI FDWK�

RGH VSRWV� XVLQJ DQ H[WHUQDO PDJQHWLF ILHOG� LQGXFHG

E\ DQ H[WHQGHG HOHFWURPDJQHWLF V\VWHP� PDGH LQ WKH
IRUP RI D VSLUDO� $ QHJDWLYH SROH RI WKH DUF SRZHU
VRXUFH LQ WKLV FDVH LV FRQQHFWHG YLD D EDOODVW UHVLVWDQFH

WR WKH FXUUHQW OHDG�LQ RI WKH H[WHQGHG FDWKRGH� DQG

WKH SRVLWLYH SROH LV FRQQHFWHG WR WKH HOHFWURPDJQHWLF

V\VWHP LQSXW IURP WKH VLGH RI WKH ILULQJ HOHFWURGH� LV

JURXQGHG DQG LV DW WKH DQRGH SRWHQWLDO� (OHFWURPDJ�

� $�9� '(0&+,6+,1� <X�$� .85$329� 9�$� 0,&+(1.2� (�*� .267,1 DQG (�*� 7(51292-� ����
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QHWLF V\VWHP LV PDGH RI D FRSSHU WXEH DQG KDV ZDWHU

FRROLQJ�

:KHQ D SXOVH LV DSSOLHG WR WKH ILULQJ HOHFWURGH�

DQ DUF LV VWUXFN� FDWKRGH VSRWV DUH IRUPHG DQG WKH

LQWHU�HOHFWURGH VSDFH LV ORFDOO\ ILOOHG ZLWK WKH SODVPD

RI YDFXXP�DUF GLVFKDUJH EHWZHHQ WKH FDWKRGH DQG DQ�

RGH� 7KH OLIH RI FDWKRGH VSRWV RQ WKH FDWKRGH VXUIDFH

LV GHWHUPLQHG E\ WKH WLPH RI WKHLU PRYHPHQW WR WKH

DUF�VXSSUHVVLQJ VKLHOG� &DWKRGH VSRW PRYHPHQW LQ WKLV

FDVH LV RI DQ RUGHUHG QDWXUH� DV D UHVXOW RI WKHLU OR�

FDOLVDWLRQ RQ WKH FDWKRGH ZRUNLQJ VXUIDFH XQGHU WKH

DUFK RI WKH PDJQHWLF ILHOG� LQGXFHG E\ WKH VSLUDO PDJ�

QHWLF V\VWHP� ZKHQ WKH DUF GLVFKDUJH FXUUHQW IORZV LQ

LW� :KHQ WKH FDWKRGH VSRWV SHQHWUDWH LQWR WKH JDS RI

WKH DUF�VXSSUHVVLQJ VKLHOG� WKH DUF GLVFKDUJH LV H[WLQ�

JXLVKHG DQG WKH V\VWHP JRHV EDFN WR WKH LQLWLDO FRQ�

GLWLRQ� 7KH LQWHUYDO EHWZHHQ WKH ILULQJ SXOVHV LV VHW

WR EH ODUJHU RU HTXDO WR WKH PHDQ�URRW�VTXDUH OLIH RI

FDWKRGH VSRWV RQ FDWKRGH VXUIDFH�

7KH SXOVHG RSHUDWLQJ PRGH RI WKH HYDSRUDWRU DQG

FRQWUROODEOH QDWXUH RI PRYHPHQW RI FDWKRGH VSRWV SUR�

YLGH D ORZHU ZRUNLQJ WHPSHUDWXUH RI WKH FDWKRGH�

ZKLFK UHVXOWV LQ UHGXFWLRQ RI WKH QXPEHU RI GURSV�

JHQHUDWHG LQ WKH SODVPD IORZ DQG LPSURYHPHQW RI WKH

FRDWLQJ TXDOLW\�

2SHUDWLRQ RI VXFK GHVLJQV� KRZHYHU� UHYHDOHG FHU�

WDLQ GLIILFXOWLHV >�@� 7KH SXOVHG PRGH UHVXOWV LQ PXFK

PRUH FRPSOLFDWHG RSHUDWLQJ FRQGLWLRQV RI WKH HOHF�

WURGH V\VWHP RI GLVFKDUJH LQLWLDWLRQ� ZKLFK LQ WKLV

FDVH VKRXOG VWDQG D JUHDWHU QXPEHU RI VWDUWLQJ SXOVHV

XQGHU WKH LPSDFW RI HOHFWURWKHUPDO VKRFN ORDGV RI D

KLJK LQWHQVLW\�

2SHUDWLRQ RI WKH GHYLFH >�@ IXUWKHU UHYHDOHG WKDW

DQ DUF�VXSSUHVVLQJ VKLHOG UDQGRPO\ ORFDWHG DW WKH FXU�

UHQW OHDG�LQ KDV D VLJQLILFDQW LQIOXHQFH RQ WKH ILQDO

OLIH RI FDWKRGH VSRWV RQ WKH ZRUNLQJ VXUIDFH� 2EVHUYHG

GZHOOLQJ RI FDWKRGH VSRWV LQ WKH UHJLRQ RI WKH DUF�

VXSSUHVVLQJ VKLHOG RI XS WR �w� τ �τ LV WKHLU RSWLPDO

WLPH RI IOLJKW� OHDGV WR D QRQ�XQLIRUP HURVLRQ RI WKH

SODVPD�IRUPLQJ PDWHULDO RI WKH FDWKRGH� ,W VKRXOG EH

QRWHG WKDW HYHQ ZLWK D WLPHO\ H[WLQJXLVKLQJ RI WKH

GLVFKDUJH LQ IURQW RI WKH DUF�VXSSUHVVLQJ VKLHOG D SLW

LV IRUPHG RQ WKH FDWKRGH VXUIDFH� ZKLFK OHDGV WR WKH

FDWKRGH VSRWV GZHOOLQJ LQ WKLV ]RQH� JUHDWHU HURVLRQ

RI WKH FDWKRGH PDWHULDO� DQG� DV D UHVXOW� WR DQ LQHI�

IHFWLYH XVH RI WKH SODVPD�IRUPLQJ PDWHULDO� ,Q DGGL�

WLRQ� WKH WKLFNQHVV RI WKH IRUPHG FRDWLQJ RQ WKH SURG�

XFW EHLQJ SURFHVVHG EHFRPHV JUHDWHU RSSRVLWH WKH SLW

DUHD� 7R HOLPLQDWH WKLV GUDZEDFN� DQ DGGLWLRQDO VKLHOG

ZDV PRXQWHG� IRUPLQJ D UHFWLOLQHDU VHFWLRQ RI WKH

ZRUNLQJ VXUIDFH� IURP ZKLFK HURVLRQ RI WKH SODVPD�

IRUPLQJ PDWHULDO SURFHHGV�

,Q WKH GHVLJQ RI DQ H[WHQGHG F\OLQGULFDO FDWKRGH�

DUF SODVPD VRXUFH� RSHUDWLQJ LQ WKH FRQWLQXRXV PRGH�

ZKLFK LV SURSRVHG E\ XV �)LJXUH ��� WKLV SUREOHP LV

VROYHG E\ DGMXVWPHQW RI WKH IUHTXHQF\ DQG UDWH RI

PRWLRQ RI WKH FDWKRGH VSRW� 7KH RSHUDWLQJ SULQFLSOH

RI WKLV SODVPD VRXUFH LV DOVR EDVHG RQ FRQWUROOLQJ WKH

PRWLRQ RI FDWKRGH VSRWV� XVLQJ DQ H[WHUQDO PDJQHWLF

ILHOG� LQGXFHG E\ DQ H[WHQGHG HOHFWURPDJQHWLF V\VWHP�

PDGH LQ WKH IRUP RI VSLUDO IURP D FRSSHU WXEH� +RZ�

HYHU� QRW DUF�VXSSUHVVLQJ� EXW DUF�OLPLWLQJ VKLHOGV DUH

PRXQWHG DW WKH HQGV RI WKH WXEXODU ZDWHU�FRROHG FDWK�

RGH� :KHQ WKH FDWKRGH VSRW FRPHV FORVHU WR WKH DUF�

OLPLWLQJ VKLHOG� VZLWFKLQJ RI WKH DSSOLHG ORDG RFFXUV

DQG WKH GLUHFWLRQ RI WKH FDWKRGH VSRW PRWLRQ LV UH�

YHUVHG� 7KXV� WKH FRQWUROOHG FDWKRGH VSRW URWDWHV

DERXW WKH F\OLQGULFDO FDWKRGH� FRQWLQXRXVO\ PDNLQJ

D UHFLSURFDO PRWLRQ ZLWK DQ DGMXVWDEOH IUHTXHQF\ DQG

VSHHG�

$Q H[WHQGHG F\OLQGULFDO FDWKRGH�DUF SODVPD

VRXUFH� RSHUDWLQJ LQ WKH FRQWLQXRXVPRGH� DOORZV SUDF�

WLFDOO\ GRXEOLQJ WKH HIILFLHQF\� FRPSDUHG WR D VLPLODU

VRXUFH� RSHUDWLQJ LQ WKH SXOVHG PRGH� E\ HOLPLQDWLQJ

WKH SDXVH EHWZHHQ WKH ILULQJ SXOVHV� $ XQLIRUP GLV�

WULEXWLRQ RI WKH LRQ FXUUHQW GHQVLW\ DORQJ WKH FDWKRGH

D[LV� DQ RUGHUHG QDWXUH RI FRQWLQXRXV GLVSODFHPHQW

)LJXUH �� 6FKHPDWLF RI DQ H[WHQGHG YDFXXP�DUF HYDSRUDWRU RI D
F\OLQGULFDO W\SH� � x YDFXXP OHDG�LQV� � x DUF�OLPLWHU� � x
FDWKRGH� � x DQRGH� � x YDFXXP FKDPEHU� � x SURFHVVHG SDUW

)LJXUH �� 5HODWLYH GLVWULEXWLRQ RI WKLFNQHVV K RI D FRDWLQJ DORQJ
OHQJWK O RI D SURGXFW� � x ZLWKRXW FDWKRGH VSRW GZHOOLQJ DW WKH
FDWKRGH HQGV� � x ZLWK FDWKRGH VSRW GZHOOLQJ DW FDWKRGH HQGV�
� x RSWLPDO UHJXODWLRQ
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RI FDWKRGH VSRWV RYHU WKHZRUNLQJ VXUIDFH RI WKHZDWHU�

FRROHG FDWKRGH SURYLGH D ORZ ZRUNLQJ WHPSHUDWXUH RI

WKH FDWKRGH� ZKLFK UHVXOWV LQ UHGXFWLRQ RI WKH QXPEHU

RI GURSV� JHQHUDWHG LQ WKH SODVPD IORZ� DQG LPSURYH�

PHQW RI WKH FRDWLQJ TXDOLW\�

,Q WKH FRQWLQXRXV DUFLQJ PRGH WKH RSHUDWLRQ RI

WKH HOHFWURGH V\VWHP RI GLVFKDUJH LQLWLDWLRQ LV JUHDWO\

VLPSOLILHG� DV LW RSHUDWHV RQO\ DW WKH LQLWLDO VWDJH RI

WKH DUF ILULQJ� DV ZHOO DV XQGHU WKH FRQGLWLRQV RI LWV

UDQGRP H[WLQJXLVKLQJ� ,Q WKLV FDVH D PRUH XQLIRUP

FRQVXPSWLRQ RI WKH SODVPD�IRUPLQJ PDWHULDO RI WKH

FDWKRGH LV DFKLHYHG� WKLV DOORZLQJ IRUPDWLRQ RI D XQL�

IRUP FRDWLQJ E\ WKLFNQHVV RQ DQ H[WHQGHG SURGXFW�

2Q WKH RWKHU KDQG� XQGHU WKH FRQGLWLRQV RI D FRQWLQX�

RXV PRGH RI WKH DUF VSRW PRWLRQ� WKH XQLIRUPLW\ RI

WKH GHSRVLWHG FRDWLQJ WKLFNQHVV DORQJ WKH SURGXFW

OHQJWK PD\ EH DGMXVWHG E\ FKDQJLQJ WKH VSHHG RI WKH

FDWKRGH VSRW GLVSODFHPHQW DORQJ WKH FDWKRGH DQG DW

LWV HQGV �)LJXUH ���

$ F\OLQGULFDO FDWKRGH�DUF SODVPD VRXUFH ZLWK D

FRQWLQXRXV DUFLQJ PRGH ZDV PDQXIDFWXUHG DQG WHVWHG

LQ D PRGHO YDULDQW ZLWK WKH FDWKRGH OHQJWK RI ��� PP

�)LJXUH ��� $W FRPSOHWH ORDGLQJ ZLWK H[WHQGHG SURG�

XFWV WKH IROORZLQJ YDOXHV RI YROW�DPSHUH FKDUDF�

WHULVWLFV ZHUH REWDLQHG� FXUUHQW RI ���w��� $� YROWDJH

RI ��w�� 9� ELDV FXUUHQW RI � $� ELDV YROWDJH RI ��� 9

DQG RSHQ�FLUFXLW YROWDJH RI �� 9� $ QHZ F\OLQGULFDO

FDWKRGH�DUF SODVPD VRXUFH ZLWK D FRQWLQXRXV DUFLQJ

PRGH KDV EHHQ PDQXIDFWXUHG DQG WHVWHG QRZ� LWV FDWK�

RGH OHQJWK EHLQJ ���� PP�

7KXV� D QHZ OLQHDU F\OLQGULFDO FDWKRGH�DUF SODVPD

VRXUFH ZLWK D FRQWLQXRXV DUFLQJ PRGH IRU FRDWLQJ

GHSRVLWLRQ LQ YDFXXP KDV EHHQ GHYHORSHG� ZKLFK DO�

ORZV DSSO\LQJ VRXQG FRDWLQJV RI D XQLIRUP WKLFNQHVV

DORQJ WKH SURGXFW OHQJWK GXH WR FRQWUROOLQJ WKH VSHHG

RI FDWKRGH VSRW GLVSODFHPHQW DERXW DQG DORQJ WKH D[LV

RI D ZDWHU�FRROHG FDWKRGH� DQG WKXV HQDEOHV VROYLQJ

PDQ\ SUREOHPV RI PHFKDQLFDO HQJLQHHULQJ RQ SURFHVV�

LQJ H[WHQGHG DQG ODUJH�VL]HG SURGXFWV�

�� 'DQLOLQ� %�6�� .LUHHY� 9�<X� ������ $SSOLFDWLRQ RI ORZ
WHPSHUDWXUH SODVPD IRU HWFKLQJ DQG FOHDQLQJ RI PDWHULDOV�
0RVFRZ� (QHUJRDWRPL]GDW�

�� 3RSRY� 9�)�� *RULQ� <X�1� ������ 3URFHVVHV DQG XQLWV IRU
HOHFWURQ�LRQ WHFKQRORJ\� 0RVFRZ� 9\VVKD\D 6KNROD�

�� 'RURGQRY� $�0� ������ 6RPH DSSOLFDWLRQV RI SODVPD DFFHOH�
UDWRUV LQ WHFKQRORJ\ GHYHORSPHQW� ,Q� 3K\VLFV DQG DSSOLFD�
WLRQ RI SODVPD DFFHOHUDWRUV� (G� E\ $�,� 0RUR]RY� 0LQVN�
1DXND L 7HNKQLND�

�� 6DNVDJDQVN\� *�/� ������ (OHFWURSK\VLFDO YDFXXP SXPSV�
0RVFRZ� (QHUJRDWRPL]GDW�

�� 9HWURY� 1�=�� /LVHQNRY� $�$� ������ ([WHQGHG YDFXXP�DUF
VRXUFHV� ,Q� &ROO� SDS� RI �WK ,QW� 6\PS� RQ 9DFXXP 7HFK�
QRORJLHV DQG (TXLSPHQW� .KDUNRY� .K)7,�

�� $EUDPRY� ,�6�� %\VWURY� <X�$�� /\VHQNRY� $�$� HW DO� 9DFX�
XP�DUF XQLW� 3DW� ������� 5XVVLD� ,QW� &O� & �� & ������
3XEO� ���������

�� $EUDPRY� ,�6�� %\VWURY� <X�$�� /\VHQNRY� $�$� 9DFXXP�DUF
XQLW� 3DW� ������� 5XVVLD� ,QW� &O� �& �� &������ 3XEO�
���������

)LJXUH �� ([WHQGHG YDFXXP�DUF F\OLQGULFDO HYDSRUDWRU ZLWK WKH VLGH ZRUNLQJ VXUIDFH RI WKH FDWKRGH ��� PP ORQJ� D x DSSHDUDQFH RI
HYDSRUDWRU LQVLGH YDFXXP FKDPEHU �FDWKRGH GLDPHWHU RI ��� PP�� E x HYDSRUDWRU LQ RSHUDWLRQ �FDWKRGH GLDPHWHU RI �� PP�
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9HUNKQ\D\D 6DOGD 0HWDOOXUJLFDO :RUNV� 9HUNKQ\D\D 6DOGD� 5XVVLD

7KH 9HUNKQ\D\D 6DOGD 0HWDOOXUJLFDO :RUNV FRQGXFWHG DQ H[SHULPHQW XQGHU LQGXVWULDO FRQGLWLRQV RQ YDFXXP�DUF UH�

PHOWLQJ RI ��� PP GLDPHWHU HOHFWURGH LQWR ��� PP GLDPHWHU WLWDQLXP DOOR\ LQJRW� 'LVWULEXWLRQ RI DUF YROWDJH GURS DQG

GURSOHW VKRUW�FLUFXLWLQJ IUHTXHQF\ GHSHQGLQJ RQ WKH DUF FXUUHQW� LQWHUHOHFWURGH VSDFLQJ DQG SUHVVXUH ZHUH LQYHVWLJDWHG�

6WDWLVWLFDO PRGHOV ZHUH FRQVWUXFWHG DOORZLQJ WKH SULQFLSOH RI VXFK GHSHQGHQFLHV WR EH HVWDEOLVKHG� 7KH PRGHOV VKRZHG

D FOHDU FRUUHODWLRQ LQ GLVWULEXWLRQ RI DUF YROWDJH GURSV DQG WKH GURSOHW VKRUW�FLUFXLWLQJ IUHTXHQF\ ZLWK YDULDWLRQV LQ WKH
LQWHUHOHFWURGH VSDFLQJ� $ PRGHO LV VXJJHVWHG RQ WKH EDVLV RI ZKLFK LW LV SRVVLEOH WR PRQLWRU DQG FRQWURO WKH PHOWLQJ

SURFHVV�

.H\ ZRU G V � YDFXXP�DUF UHPHOWLQJ� WLWDQLXP DOOR\V� DUF

YROWDJH GURS� IUHTXHQF\ RI GURSOHW VKRUW�FLUFXLWLQJ� VWDWLVWLF

PRGHOV

,QWURGXFWLRQ�0DLQ SDUDPHWHUV RI YDFXXP�DUF UHPHOW�

LQJ �9$5� FRQWURO DUH DUF FXUUHQW ,� LQWHUHOHFWURGH

VSDFLQJ / DQG SUHVVXUH 3 LQ IXUQDFH� ,QYHVWLJDWLRQ RI

HIIHFW RI WKHVH SDUDPHWHUV RQ WKH PHOWLQJ SURFHVV ZDV

FDUULHG RXW DV ORQJ DJR DV WKH ����V E\ WKH 86 VFLHQ�

WLVWV XVLQJ OLQHDU UHJUHVVLRQ PRGHOV >�w�@� $PRQJ

WKHVH SDUDPHWHUV WKH LQWHUHOHFWURGH VSDFLQJ LV PRVW

GLIILFXOW IRU FRQWURO� 7KH PRGHUQ V\VWHPV RI 9$5
FRQWURO XVH WKH DUF YROWDJH GURS DQG IUHTXHQF\ RI

GURSOHW VKRUW�FLUFXLWV DV LQGLFHV RI GHWHUPLQDWLRQ RI
WKH LQWHUHOHFWURGH VSDFLQJ� 7KH SHUIHFW FRQWURO RI 9$5

SURFHVV UHTXLUHV VHDUFK DQG XVH RI GDWD FRQWDLQLQJ

YDOLG LQIRUPDWLRQ DERXW WKH YDOXH RI WKH LQWHUHOHFWURGH

VSDFLQJ�

7KH DLP RI WKH ZRUN LV WR VWXG\ WKH SDUDPHWHUV RI
YROWDJH GURS DQG IUHTXHQF\ RI GURSOHW VKRUW�FLUFXLWV

DQG WR HYDOXDWH WKHLU VXLWDELOLW\ IRU WKH 9$5 SURFHVV

PRQLWRU DQG FRQWURO� 7KH DUWLFOH LV EDVHG RQ LQGXVWULDO

H[SHULPHQW GXULQJ ZKLFK WKH HIIHFW RI DUF YROWDJH

GURS DQG IUHTXHQF\ RI GURSOHW VKRUW�FLUFXLWV RQ FKDQJH
LQ LQWHUHOHFWURGH VSDFLQJ DQG FXUUHQW LQ IXUQDFH ZDV

VWXGLHG >�@� )RU HDFK H[SHULPHQW WKH PHDQ YDOXH RI

GLVWULEXWLRQ RI YROWDJH� IUHTXHQF\ RI GURSOHW VKRUW�
FLUFXLWLQJ ZDV FDOFXODWHG DQG WKH VWDWLVWLFPRGHOV IURP

WKHVH GDWD ZHUH GHYHORSHG� 7KHVH PRGHOV ZHUH EDVHG

RQ LQGHSHQGHQW YDULDEOHV� 3UHVVXUH ZDV NHSW FRQVWDQW

IRU HDFK H[SHULPHQW�
([SHULPHQWDO� 7KH LQWHUHOHFWURGH VSDFLQJ ZDV

FKDQJHG DW VLPLODU UDWH� L�H� ��� ± ��� PP�V� (DFK

H[SHULPHQW WRRN �� PLQ� WKHQ WKH IXUQDFH RSHUDWLRQ

ZDV VWDELOL]HG IRU �� PLQ DQG WKH QH[W PHDVXUHPHQW

ZDV VWDUWHG� 'XULQJ H[SHULPHQW ZHUH UHFRUGHG� DUF

YROWDJH GURS� DUF FXUUHQW YDOXH� IUHTXHQF\ RI GURSOHW

VKRUW�FLUFXLWV DQG HOHFWURGH PRYHPHQW DW � +] IUH�

TXHQF\� $OO WKH GDWD ZHUH UHGXFHG WR D WRWDO WLPH

XVLQJ LQGXVWULDO FRPSXWHU RI $GYDQWHFK &RPSDQ\�

6LJQDO RI DUF YROWDJH GURS ZDV VHQW WR WKH GHYLFH RI

GLVWLQJXLVKLQJ WKH GURSOHW VKRUW�FLUFXLWLQJV� 7KH ODW�
WHU JHQHUDWHG SXOVHV RI �� PV GXUDWLRQ DW VKRUW�FLU�

FXLWLQJV� ZKLFK ZDV VXIILFLHQW IRU UHFRUGLQJ VHSDUDWH

GURSOHW VKRUW�FLUFXLWV� 0RGHOOLQJ ZDV SHUIRUPHG E\
WKH PHWKRG RI D UHJUHVVLRQ DQDO\VLV ZKLFK ZDV PDGH
LQ ,%0 FRPSXWHU XVLQJ SDFNDJH 6WDWLVWLND ����

$UF YROWDJH GURS� 0DWKHPDWLFDO PRGHOOLQJ ZDV

PDGH XVLQJ H[SHULPHQWDO UHVXOWV� ,W ZDV GHFLGHG RQ

WKH EDVLV RI WKHVH UHVXOWV WKDW WKH GHSHQGHQFH RI DUF

YROWDJH GURS RQ LQWHUHOHFWURGH VSDFLQJ ZLOO EH GH�

VFULEHG LQ WKH UDQJH RI PHDVXUHPHQWV IURP � WR

��� PP E\ D OLQHDU HTXDWLRQ >�@

8
D
 � �  OQ�/�� ���

ZKHUH 8
D
LV WKH DUF YROWDJH GURS� $ DQG % DUH WKH

FRHIILFLHQWV RI D PDWKHPDWLFDO PRGHO�

7KH 7DEOH JLYHV YDOXHV RI FRHIILFLHQWV IRU WKH

PDWKHPDWLFDO PRGHO E\ DUF YROWDJH GURS� &RHIILFLHQWV

$ DQG % ZHUH REWDLQHG IURP HTXDWLRQ ���� 5 DQG '

DUH WKH FRHIILFLHQWV RI UHJUHVVLRQ DQG GLVSHUVLRQ� UH�

VSHFWLYHO\�

)LJXUH � VKRZV GHSHQGHQFH RI WKH DUF YROWDJH GURS

RQ WKH YDOXH RI LQWHUHOHFWURGH VSDFLQJ DW GLIIHUHQW

YDOXHV RI FXUUHQW� 7R SORW WKHVH UHODWLRQVKLSV WKHPD[L�

PXP YDOXH RI UHJUHVVLRQ FRHIILFLHQW IRU HDFK YDOXH RI

FXUUHQW ZDV XVHG�

$IWHU GHWHUPLQDWLRQ RI FRHIILFLHQWV $ DQG % RI

HTXDWLRQ ��� WKHLU GHSHQGHQFHV RQ DUF FXUUHQW ZHUH

DQDO\]HG� 5HVXOWV DUH SUHVHQWHG LQ )LJXUH �� D DQG E�

&RQVHTXHQWO\� NQRZLQJ WKH DUF FXUUHQW DQG DUF
YROWDJH GURS IRU HDFK PRGHO LW LV SRVVLEOH WR FDOFXODWH

ZLWK D FHUWDLQ DFFXUDF\ WKH LQWHUHOHFWURGH VSDFLQJ >�@�

/
FDOF

= Ã

 (8D

w $)�%

�

���

� 9�*� /,6,(1.2� <D�$� 1$6<-529� 0�,� ./,029� 3�6� $/70$1� $�<X� 7$6+.,129 DQG $�(� *21&+$529� ����
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0D[LPXP HUURU RI LQWHUHOHFWURGH VSDFLQJ PHDVXUH�
PHQW E\ HTXDWLRQ ��� IRU DOO WKH FDOFXODWHG PRGHOV
KDV GLIIHUHQW YDOXHV� )RU H[DPSOH� IRU �� PP VSDFLQJ
WKH PHDVXUHPHQW HUURU LV ± ��� PP� IRU VSDFLQJ �� PP
WKH HUURU LV ± ��� PP� IRU VSDFLQJ �� PP LW LV
± ��� PP� IRU VSDFLQJ ��� PP x ± ���� PP� ,W LV
VHHQ WKDW ZLWK LQFUHDVH LQ LQWHUHOHFWURGH VSDFLQJ WKH
PHDVXUHPHQW HUURU LV DOVR LQFUHDVHG�

)UHTXHQF\ RI GURSOHW VKRUW�FLUFXLWV� )UHTXHQF\
RI GURSOHW VKRUW�FLUFXLWV )VK��F GHSHQGLQJ RQ WKH LQ�
WHUHOHFWURGH VSDFLQJ LV GHVFULEHG ZLWK D VXIILFLHQW SUH�
FLVLRQ E\ D QRQ�OLQHDU HTXDWLRQ >�@�

)VK��F  $�/�
%
� ���

ZKHUH $ DQG % DUH WKH FRHIILFLHQWV IURP WKH 7DEOH IRU
WKHPDWKHPDWLFDOPRGHO E\ IUHTXHQF\ RI GURSOHW VKRUW�
FLUFXLWV� $FFRUGLQJ WR WKH 7DEOH GDWD� ZLWK LQFUHDVH
LQ DUF FXUUHQW DW XQFKDQJHG LQWHUHOHFWURGH VSDFLQJ WKH
IUHTXHQF\ RI GURSOHW VKRUW�FLUFXLWV LV GHFUHDVHG� +HUH�
WKH FRHIILFLHQW $ LV DOVR GHFUHDVHG� ,W LV LPSRUWDQW WR
QRWH WKDW WKH FRHIILFLHQW RI UHJUHVVLRQ LV LQFUHDVHG
ZLWK WKH FXUUHQW ULVH� L�H� TXDOLW\ RI FRQVWUXFWHG PR�
GHOV LV JURZLQJ DQG WKH\ EHFRPH PRUH WUXH� 'HSHQG�
HQFHV RI FRHIILFLHQWV $ DQG % RI HTXDWLRQ ��� RQ DUF
FXUUHQW DUH VKRZQ LQ )LJXUH �� D DQG E� )LJXUH � VKRZV
GHSHQGHQFLHV RI IUHTXHQF\ RI VKRUW�FLUFXLWV RQ YDOXHV
RI LQWHUHOHFWURGH VSDFLQJ DW GLIIHUHQW DUF FXUUHQW� 7R
SORW WKH UHODWLRQVKLSV WKH PD[LPXP YDOXHV RI UHJUHV�
VLRQ FRHIILFLHQW IRU HDFK YDOXH RI DUF FXUUHQW ZHUH
XVHG�

&RPLQJ IURP HTXDWLRQ ��� WKH YDOXH RI WKH LQ�
WHUHOHFWURGH VSDFLQJ LV GHWHUPLQHG E\ IRUPXOD

/FDOF =
%

√ )
VK�−F �$ � ���

(UURU LQ HYDOXDWLRQ RI WKH LQWHUHOHFWURGH VSDFLQJ IRU
HDFK PRGHO LV LQFUHDVHG ZLWK D JURZWK RI LWV YDOXH�
)RU H[DPSOH� IRU VSDFLQJ RI DERXW � PP DQG ORZ
FXUUHQWV ����w� N$� WKH PHDVXUHPHQW HUURU LV
± ��� PP� ZKLOH IRU KLJK FXUUHQWV ���w�� N$� LW LV
± ��� PP� )RU �� PP JDS DQG ORZ FXUUHQWV WKH HUURU
LV ± ��� PP� ZKLOH IRU KLJK FXUUHQWV LW LV ± ��� PP�
$W HOHFWURGH VSDFLQJ RI DERXW �� PP DQG PRUH WKH
PHDVXUHPHQW HUURU LV ± � PP IRU FXUUHQWV ���w� N$
DQG ± ��� PP IRU FXUUHQWV ��w�� N$�

'LVFXVVLRQ RI UHVXOWV� ,Q WKH JLYHQ H[SHULPHQW
WKH DYHUDJHG YDOXHV RI DUF YROWDJH GURS DQG IUHTXHQF\

([SHULPHQW
&XUUHQW�

$

0RGHO E\ 8
D

0RGHO E\ )
VK��F 3�

µP +J
$ % 5 '� � $ % 5 '� �

D� ���� �� ��� ���� ���� ���� w���� ���� �� ����

D� ���� ��� ���� �� ��� w��� ���� �� �����

D� �� ��� ���� �� ��� w��� ���� �� ����

E� ���� ���� ��� ���� �� ���� w���� ���� �� ����

E� ���� ��� ���� �� ���� w���� ���� �� ����

E� ����� ��� ���� �� ���� w���� ���� �� ����

F� ����� ����� ��� ���� ���� ���� w���� ���� �� ���

F� ���� ��� ��� �� ��� w���� ���� �� ����

F� ���� ��� ���� �� ���� w���� ���� ���� ����

G� ����� �� ��� ���� �� ���� w���� ���� �� �����

G� �� ��� ���� ���� ���� w���� ���� �� ����

G� ���� � ���� �� ���� w���� ���� ���� ��

H� ����� ���� ��� ���� �� ���� w���� ���� �� ����

H� ���� � ���� ���� ���� w���� ���� �� �

H� ���� ��� ���� �� ���� w���� ���� �� ��

I� ����� ����� ��� ���� �� ��� w���� ���� �� ����

I� �� ��� ���� �� ���� w���� ��� �� ����

I� ���� ��� ���� �� ���� w� ���� �� ����

J� ����� ����� ��� ���� ���� � w���� ���� �� w

J� ���� ��� ���� ���� ��� w���� ���� �� ����

J� ����� ��� ���� ���� ��� w���� ��� �� ����

)LJXUH �� 3UHGLFWDEOH DUF YROWDJH GURS DV D IXQFWLRQ RI WKH LQ�
WHUHOHFWURGH VSDFLQJ DW GLIIHUHQW DUF FXUUHQW YDOXHV
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RI GURSOHW VKRUW�FLUFXLWV ZHUH LQYHVWLJDWHG GHSHQGLQJ
RQ FKDQJH LQ DUF FXUUHQW DQG LQWHUHOHFWURGH VSDFLQJ�
3UHVVXUH LQ IXUQDFH ZDV PDLQWDLQHG LQ WKH UDQJH IURP
� WR �� µP +J� 7KH UHVXOWV REWDLQHG VKRZ WKDW WKH
DERYH�PHQWLRQHG SDUDPHWHUV DUH SUHGLFWDEOH ZLWK D
FKDQJH LQ DUF FXUUHQW DQG LQWHUHOHFWURGH VSDFLQJ� 7KH
FRQVWUXFWHG PDWKHPDWLFDO PRGHOV GR QRW GHSHQG RQ
SUHVVXUH DQG DUH QRW FRUUHODWHG ZLWK LW LQ DQ\ ZD\�
$UF YROWDJH GURS LV PRGHOOHG ZLWK D VXIILFLHQW DFFX�
UDF\ E\ HTXDWLRQ ��� GHSHQGLQJ RQ WKH LQWHUHOHFWURGH
VSDFLQJ�

,W LV NQRZQ WKDW WKH PHDQ DUF YROWDJH GURS UHDFWV
DOPRVW OLQHDUO\ RQ WKH FKDQJH LQ WKH LQWHUHOHFWURGH
VSDFLQJ� 0DQ\ FRQWUROOHUV RI YDFXXP DUF UHPHOWLQJ
ZHUH EDVHG RQ WKLV SKHQRPHQRQ� ,Q RXU LQYHVWLJDWLRQV
WKH QRQ�OLQHDU PRGHOV RI FDOFXODWLRQ RI WKH LQWHUHOHF�
WURGH VSDFLQJ ZHUH FRQVWUXFWHG E\ YDULDWLRQ LQ DUF
YROWDJH�

(TXDWLRQ ��� LV QRQH RWKHU WKDQ 2KPsV ODZ� WKH
YROWDJH GURS LV JURZLQJ ZLWK LQFUHDVH LQ GLVWDQFH EH�
WZHHQ DQRGH DQG FDWKRGH� L�H� LQWHUHOHFWURGH VSDFLQJ
SOD\V D UROH RI �UHVLVWDQFH�� &RHIILFLHQW $� WKH ILUVW
WHUP RI HTXDWLRQ ���� LV FRQVWDQW DQG LWV YDOXH GRHV
QRW GHSHQG RQ YDULDWLRQ RI WKH LQWHUHOHFWURGH VSDFLQJ�
&RHIILFLHQW $ LV JURZLQJ OLQHDUO\ ZLWK LQFUHDVH LQ FXU�
UHQW YDOXH IURP ��� WR �� N$ DQG GHFUHDVHG DW IXUWKHU
FXUUHQW LQFUHDVH WKDW LV LOOXVWUDWHG LQ )LJXUH �� D� 7KLV
IDFW ZDV FDXVHG� SUREDEO\� E\ WKH HIIHFW RI PDJQHWLF
ILHOG JHQHUDWHG GLUHFWO\ E\ WKH HOHFWULF DUF DQG LQIOX�
HQFLQJ WKH PRYHPHQW DQG IRUPDWLRQ RI FDWKRGH VSRWV�
7KH YROWDJH GURS RFFXUV� DV LV NQRZQ� LQ WKH QHDU�
FDWKRGH UHJLRQ DQG GHSHQGV RQ GHQVLW\ DQG DPRXQW
RI FDWKRGH VSRWV ZKLFK SOD\ D UROH RI SDUDOOHO�FRQ�
QHFWHG FRQGXFWRUV RI UHVLVWDQFHV�

&RHIILFLHQW % �)LJXUH �� E� LV LQFUHDVHG SURSRU�
WLRQDOO\ ZLWK D JURZWK RI FXUUHQW YDOXH� 7KLV SURYHV
WKDW WKH VKDUH RI YROWDJH GURS EHWZHHQ DQRGH DQG
FDWKRGH� EURXJKW LQ E\ WKH VHFRQG WHUP RI HTXDWLRQ
��� ZLWK UHVSHFW WR WKH WRWDO DUF YROWDJH GURS� LV
LQFUHDVHG GHSHQGLQJ RQ WKH DUF FXUUHQW YDOXH�

7KH FKDQJH LQ IUHTXHQF\ RI GURSOHW VKRUW�FLUFXLWV
E\ YDOXH RI LQWHUHOHFWURGH VSDFLQJ GHSHQGV RQ WKH DUF
FXUUHQW YDOXH� )LJXUH � VKRZV PRGHOV RI FKDQJLQJ
IUHTXHQF\ RI GURSOHW VKRUW�FLUFXLWV GHSHQGLQJ RQ WKH
LQWHUHOHFWURGH VSDFLQJ IRU HDFK FXUUHQW YDOXH� 7KH
KLJKHU DUF FXUUHQW YDOXH� WKH ORZHU IUHTXHQF\ RI GURS�

)LJXUH �� 'HSHQGHQFH RI FRHIILFLHQWV $ �D� DQG % �E� RI HTXDWLRQ
��� RQ DUF FXUUHQW YDOXH

)LJXUH �� 'HSHQGHQFH RI FRHIILFLHQWV $ �D� DQG % �E� RI HTXDWLRQ
��� RQ DUF FXUUHQW YDOXH

)LJXUH �� 3UHGLFWDEOH IUHTXHQF\ RI GURSOHW VKRUW�FLUFXLWLQJ DV D
IXQFWLRQ RI WKH LQWHUHOHFWURGH VSDFLQJ DW GLIIHUHQW DUF FXUUHQW YDOXHV
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OHW VKRUW�FLUFXLWV DW XQFKDQJHG YDOXH RI WKH LQWHUHOHF�
WURGH VSDFLQJ� &RPLQJ IURP WKLV LW LV SRVVLEOH WR FRQ�
FOXGH WKDW ZLWK D JURZWK LQ DUF FXUUHQW YDOXH WKH
IUHTXHQF\ RI GURSSLQJ LV GHFUHDVHG�

)RU HDFK FRQVWUXFWHG PDWKHPDWLFDO PRGHO D PD[L�
PXP GHYLDWLRQ ∆8D DQG ∆)VK��F IURP UHDO YDOXH� ZKLFK
OHDGV WR HUURU LQ PHDVXUHPHQW RI WKH LQWHUHOHFWURGH
VSDFLQJ� ZDV GHWHUPLQHG� 7KH HUURU LV LQFUHDVHG ZLWK
D JURZWK RI WKH LQWHUHOHFWURGH VSDFLQJ�

7KH WUDQVLWLRQ SURFHVV VKRXOG EH RXWOLQHG VSH�
FLDOO\� ,W RFFXUV LQ FKDQJLQJ D GLIIXVLYH GLVFKDUJH IRU
D FRQVWULFWHG GLVFKDUJH DQG YLFH YHUVD DQG FDXVHV WKH
MXPS LQ YROWDJH GURS DQG LQFUHDVH LQ IUHTXHQF\ RI
GURSOHW VKRUW�FLUFXLWV LQ WKH LQWHUHOHFWURGH VSDFLQJ RI
��w�� PP� 7KLV LV HVSHFLDOO\ W\SLFDO RI ORZ FXUUHQW
��� N$� $W KLJK FXUUHQWV RI RUGHU ��w�� N$ WKLV WUDQ�
VLWLRQ SURFHVV LV QRW REVHUYHG DQG SDUDPHWHUV RI YROW�
DJH GURS DQG IUHTXHQF\ RI GURSOHW VKRUW�FLUFXLWV EH�
KDYH WKHPVHOYHV �FDOPO\�� QRW FKDQJLQJ PXFK� 0R�
GHOV� FRQVWUXFWHG IRU KLJK FXUUHQWV� DUH PRUH WUXH WKDW
LV FRQILUPHG E\ YDOXHV RI FRHIILFLHQWV RI UHJUHVVLRQ
DQG GLVSHUVLRQ IURP WKH 7DEOH�

&21&/86,21

5HVXOWV RI D PXOWLIDFWRU H[SHULPHQW FDUULHG RXW DW
9HUNKQ\D\D 6DOGD 0HWDOOXUJLFDO :RUNV XQGHU WKH LQ�
GXVWULDO FRQGLWLRQV JLYH WKH IROORZLQJ FRQFOXVLRQV�

�� $UF YROWDJH GURS KDV D QRQ�OLQHDU GHSHQGHQFH
RQ LQWHUHOHFWURGH VSDFLQJ DQG GHILQHG E\ QRQH RWKHU
WKDQ 2KPsV ODZ� ,Q WKLV FDVH WKH LQWHUHOHFWURGH VSDF�

LQJ SOD\V WKH UROH RI UHVLVWDQFH� $FFXUDF\ RI D SUH�
GLFWDEOH VSDFLQJ IRU HDFK PRGHO LV ± ��� PP DW �� PP
DQG GHFUHDVHG ZLWK LQFUHDVH LQ VSDFLQJ�

�� )UHTXHQF\ RI GURSOHW VKRUW�FLUFXLWV KDV D QRQ�
OLQHDU GHSHQGHQFH RQ WKH LQWHUHOHFWURGH VSDFLQJ DQG
GHFUHDVHG ZLWK LWV LQFUHDVH� 7KH DFFXUDF\ LQ GHWHUPL�
QDWLRQ RI VSDFLQJ YDOXH IRU HDFK PRGHO LV GHFUHDVHG
ZLWK LQFUHDVH LQ DUF FXUUHQW YDOXH�

�� 7UDQVLWLRQ SURFHVVHV RFFXUULQJ LQ FKDQJLQJ WKH
W\SH RI GLVFKDUJH� LQIOXHQFH WKH SDUDPHWHUV RI YROWDJH
GURS DQG IUHTXHQF\ RI GURSOHW VKRUW�FLUFXLWV� WKXV
OHDGLQJ WR D QRQ�DGHTXDWH HYDOXDWLRQ RI WKH LQWHUHOHF�
WURGH VSDFLQJ�

�� 7KH REWDLQHG PRGHOV RI FKDQJLQJ YROWDJH DQG
IUHTXHQF\ RI GURSOHW VKRUW�FLUFXLWV GHSHQGLQJ RQ WKH
LQWHUHOHFWURGH VSDFLQJ FDQ EH XVHG ZLWK D VXIILFLHQW
DFFXUDF\ IRU GHWHUPLQDWLRQ RI WKH ODWWHU LQ WKH SURFHVV
RI D YDFXXP�DUF UHPHOWLQJ RI WLWDQLXP DOOR\V DQG KLJK�
DOOR\HG VWHHOV�

�� %HUWUDP� $�� =DQQHU� )�-� ������ 0HWDOOXUJLFDO DSSOLFDWLRQ
RI PDJQHWRK\GURG\QDPLFV� /RQGRQ� 7KH 0HWDOV 6RF�

�� 5RGQL� /�'� ������ 3DUWLFXODULWLHV RI DUF YROWDJH GLVWULEX�
WLRQ GHSHQGLQJ RQ FXUUHQW� JDS XQGHU WKH HOHFWURGH DQG &2
SUHVVXUH GXULQJ YDFXXP�DUF UHPHOWLQJ� -� 007� 6HULHV %�
���w����

�� 6DQQHU� )�'�� $GDWVLN� .�� 2s%ULDQ� 7� HW DO� ������ 2EVHU�
YDWLRQ RI PHOWLQJ UDWH GHSHQGLQJ RQ DUF SRZHU� &2 SUHVVXUH
DQG LQWHUHOHFWURGH JDS GXULQJ YDFXXP�DUF UHPHOWLQJ ZLWK ,Q�
FRQHO ��� FRQVXPDEOH HOHFWURGH� 7UXG\ SR 0HWDOOXUJLL�
��%� ���w����

�� +DUULVRQ� 5�3�� )ODQGHUV� *�'� ������ 9DFXXP�DUF UHPHOW�
LQJ RI ,QFRQHO ��� DOOR\� -� 007� 6HULHV %� ���w����

�� *RQFKDURY� $�(� 9DFXXP�DUF UHPHOWLQJ SURFHVV RI LQJRWV�
3DW� ������� 5XVVLD� 3XEO� ���������
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1�,� 7$5$6(9,&+� 9�,� '8%2'(/29� 0�6� *25<8. DQG $�,� 5<%,76.<

3K\VLFDO�7HFKQRORJLFDO ,QVWLWXWH RI 0HWDOV DQG $OOR\V� 1$68� .\LY� 8NUDLQH

,QYHVWLJDWLRQ UHVXOWV DUH JLYHQ RQ WKHUPDO PRGHV RI RSHUDWLRQ RI D PDJQHWRG\QDPLF KROGLQJ IXUQDFH IRU KHDWLQJ DQG

SRXULQJ RI FDVW LURQ� $ PDWKHPDWLFDO PRGHO RI WKH SURFHVV XQGHU LQYHVWLJDWLRQ ZDV GHYHORSHG� ,QWHJUDWHG FRPSXWDWLRQDO

H[SHULPHQW DQG IXOO�VFDOH WHVWV LQ RSHUDWLQJ HTXLSPHQW ZHUH FRQGXFWHG� )DFWRUV� GHWHUPLQLQJ RFFXUUHQFH RI WKHUPDO

SURFHVVHV LQ WKH IXUQDFH� ZHUH HVWDEOLVKHG� 3URFHVV SDUDPHWHUV ZHUH HVWDEOLVKHG� DOORZLQJ RSWLPLVDWLRQ RI WKH FRQGLWLRQV

RI KHDWLQJ DQG KROGLQJ WKH FDVW LURQ LQ D PDJQHWRG\QDPLF KROGLQJ IXUQDFH�

.H\ ZRU G V � PDJQHWRG\QDPLF KROGLQJ IXUQDFH� PDWKHPDWL�

FDO PRGHO� WHPSHUDWXUH� FDVW LURQ KHDWLQJ� KROGLQJ� SRZHU� PH�

WDO PRWLRQ UDWH

7KHUPDO FKDUDFWHULVWLFV RI HOHFWURWHFKQLFDO FDVWLQJ LQ�

VWDOODWLRQV LQ WKH PRGH RI KROGLQJ� KHDWLQJ DQG SRXU�

LQJ RI WKH PHOW DUH KLJKO\ LPSRUWDQW IRU SURGXFWLRQ�

DV WKH\ GHWHUPLQH SRZHU ORVVHV IRU SUHSDUDWLRQ DQG

SRXULQJ RI PHWDO� LWV KROGLQJ GXULQJ WKH QRQ�ZRUNLQJ

VKLIWV� DV ZHOO DV LQ WKH SDXVHV EHWZHHQ WKH RSHUDWLRQV

RI WKH WHFKQRORJLFDO F\FOH RI FDVWLQJ� /RZHULQJ WKH

SRZHU FRQVXPSWLRQ RI WKHVH LQVWDOODWLRQV LQ FDVWLQJ

SURGXFWLRQ LV D WDVN RI SULPDU\ LPSRUWDQFH WR UHGXFH

WKH FRVW RI SURGXFWV DQG LPSURYH LWV FRPSHWLWLYHQHVV�

7KLV LV SDUWLFXODUO\ WUXH IRU HTXLSPHQW� XVHG IRU PHOW�
LQJ DQG PL[LQJ RI PHWDOV� LQ SDUWLFXODU� LQGXFWLRQ

FKDQQHO IXUQDFHV DQG HOHFWURWHFKQLFDO LQVWDOODWLRQV IRU

FDVW LURQ KROGLQJ� RYHUKHDWLQJ DQG SRXULQJ >�@� LQ�

FOXGLQJ VXFK DVPDJQHWRG\QDPLF KROGLQJ IXUQDFHV >�@�

$ IHDWXUH RI FKDQQHO�W\SH HOHFWURWHFKQLFDO LQVWDO�

ODWLRQV FRQVLVWV LQ WKDW KHDWLQJ RI WKH PDLQ PDVV RI
PHWDO LQ WKH FUXFLEOH LV GXH FKLHIO\ WR WKH RYHUKHDWHG

PHOW IORZ� FRPLQJ IURP WKH FKDQQHO >�@� 7KHUHIRUH�

G\QDPLFV RI PHWDO KHDWLQJ LQ WKH FUXFLEOH GHSHQGV
ERWK RQ WKH KROGLQJ IXUQDFH GHVLJQ� DSSOLHG WKHUPDO
LQVXODWLRQ DQG UHIUDFWRU\PDWHULDOV� DQG RQ WKH HOHFWULF

SRZHU DQG K\GURG\QDPLFV RI PHOW IORZ LQ WKH FKDQQHO

RI VXFK DQ LQVWDOODWLRQ�

$QDO\VLV RI RSHUDWLRQ RI D PDJQHWRG\QDPLF KROG�

LQJ IXUQDFH IRU FDVW LURQ SRXULQJ VKRZV WKDW LW� DV D

UXOH� FRQWDLQV D FRQVLGHUDEOH PDVV RI WKH PHWDO� ZKLFK

GXULQJ FDVWLQJV SURGXFWLRQ YDULHV LQ D EURDG UDQJH�
ZKLFK PD\ OHDG WR D FKDQJH RI WKH PHOW SRXULQJ WHP�

SHUDWXUH� 7KHUHIRUH� IHDWXUHV RI PHWDO KHDWLQJ DQG

KROGLQJ VKRXOG EH WDNHQ LQWR DFFRXQW� ZKHQ GHYHORS�

LQJ WKH WHFKQRORJ\ WR SURYLGH D VWDEOH WKHUPDO FRQ�

GLWLRQ RI WKH PHOW�

7KHUPDO SURFHVVHV LQ D PDJQHWRG\QDPLF KROGLQJ
IXUQDFH LQ SURGXFWLRQ RI FDVW LURQ FDVWLQJV ZHUH VWXG�

LHG� XVLQJ WKH GHYHORSHG PDWKHPDWLFDO PRGHO� 0RGHO

DGHTXDF\ WR WKH DFWXDO SURFHVVHV ZDV FRQILUPHG E\

HDUOLHU FRQGXFWHG LQYHVWLJDWLRQV XQGHU WKH FRQGLWLRQV

RI DQ RSHUDWLQJ IRXQGU\ >�@� :KHQ D FRPSXWDWLRQDO

H[SHULPHQW ZDV FRQGXFWHG� SURFHVV SDUDPHWHUV ZHUH

YDULHG LQ WKH IROORZLQJ UDQJHV� LQGXFWRU SRZHU 3LQG  

 �w���� N:� FDVW LURQ ZHLJKW LQ WKH FUXFLEOH 0  

 ����w���� NJ� VSHHG RI PHOW IORZ LQ WKH LQGXFWLRQ

FKDQQHO Y
PRY

 ����w��� P�V� ,QWHQVLW\ RI FDVW LURQ

KHDWLQJ LQ PDJQHWRG\QDPLF KROGLQJ IXUQDFH GHSHQGV�
SULPDULO\� RQ LQGXFWRU SRZHU DQG PHOW ZHLJKW� 7UHDW�

PHQW E\ UHJUHVVLRQ DQDO\VLV PHWKRGV RI WKH REWDLQHG

UHVXOWV RQ FDVW LURQ RYHUKHDWLQJ LQ WKH KROGLQJ IXUQDFH

XS WR WHPSHUDWXUHV LQ H[FHVV RI ���� �&� \LHOGHG DQ
DQDO\WLFDO GHSHQGHQFH RI YDULDWLRQ RI PHWDO WHPSHUD�

WXUH 7 LQ WLPH RQ LQGXFWRU SRZHU DQG PHOW PDVV LQ

WKH KROGLQJ IXUQDFH DW D IL[HG UDWH RI WUDQVLW IORZ RI

WKH PHWDO LQ WKH FKDQQHO RI ���� P�V�

7 = ��������� w ������⋅��w� τ� + ������ τ 3LQG w

w ������⋅��w� τ 0 w ������⋅��w� τ 3
LQG
0�

���

ZKHUH τ LV WKH WLPH RI FDVW LURQ KHDWLQJ DW D VSHFLILHG

HOHFWULF SRZHU RI LQGXFWRU� V� &RUUHODWLRQ IDFWRU LV

�������

+DYLQJ GLIIHUHQWLDWHG H[SUHVVLRQ ��� ZLWK UHVSHFW

WR WLPH� ZH REWDLQ DQ H[SUHVVLRQ IRU HYDOXDWLRQ RI

KHDWLQJ UDWH ��&�V� RI WKH PHWDO LQ WKH KROGLQJ IXU�
QDFH FUXFLEOH�

∂W
∂τ = w ������⋅��w� τ + ������ 3LQG w

w ������⋅��w�0 w ������⋅��w� 3LQG 0�

���

6ROYLQJ HTXDWLRQ ��� RQ FRQGLWLRQ RI WKH UDWH RI
FDVW LURQ KHDWLQJ EHLQJ HTXDO WR ]HUR� DOORZHG HVWDE�

OLVKLQJ VXFK D UHODWLRQVKLS RI WKH PHOW PDVV LQ WKH
KROGLQJ IXUQDFH DQG WKH LQGXFWRU SRZHU� ZKLFK HQ�

DEOHV PDLQWDLQLQJ WKH VSHFLILHG YROXPH RI FDVW LURQ

IRU WKH UHTXLUHG WLPH DW D IL[HG WHPSHUDWXUH ZLWK
PLQLPDO SRZHU ORVVHV� 5HVXOWV RI WKH FRPSXWDWLRQDO

H[SHULPHQW DUH JLYHQ LQ )LJXUH � DQG DUH LQWHUSUHWHG

DV IROORZV� )RU LQVWDQFH� PLQLPDO PDVV RI WKH PHOW�

� 1�,� 7$5$6(9,&+� 9�,� '8%2'(/29� 0�6� *25<8. DQG $�,� 5<%,76.<� ����
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ZKLFK PD\ EH KHOG LQ WKH IXUQDFH DW WKH WHPSHUDWXUH
RI ���� �&� GHSHQGLQJ RQ LQGXFWRU SRZHU� PD\ EH
GHWHUPLQHG IURP H[SUHVVLRQ ����

0 =
������ 3LQG

������⋅��w� + ������⋅��w� 3LQG
� ���

&XUYHV �w� LQ WKH DERYH )LJXUH FRUUHVSRQG WR WKH
RSHUDWLRQ RI FDVW LURQ KROGLQJ LQ PDJQHWRG\QDPLF
KROGLQJ IXUQDFH DW PHOW WHPSHUDWXUHV LQ WKH UDQJH RI
����w���� �&� 7KH UHJLRQ XQGHU HDFK FXUYH FRUUH�
VSRQGV WR WKH PRGH RI PHWDO KHDWLQJ DERYH WKH VSHFL�
ILHG WHPSHUDWXUH� DQG WKH UHJLRQ DERYH DQ\ FXUYH FRU�
UHVSRQGV WR WKH PRGH� ZKLFK LV LQDGPLVVLEOH XQGHU
WKH FRQGLWLRQV RI SURGXFWLRQ� DV LQ WKLV FDVH WKH PHOW
LV FRROHG EHORZ WKH VSHFLILHG KROGLQJ WHPSHUDWXUH�

$Q LQWHJUDWHG FRPSXWDWLRQDO H[SHULPHQW DOORZHG
GHWHUPLQDWLRQ RI WKH WRWDO KHDW ORVVHV LQ D PDJQHWRG\�
QDPLF KROGLQJ IXUQDFH RI 0'����� PRGHO DW GLIIHUHQW
PDVV DQG WHPSHUDWXUH RI FDVW LURQ� KHOG LQ LW� DQG
WKXV HYDOXDWLRQ RI WKH SRZHU FRQVXPSWLRQ LQ WKHPHWDO
KROGLQJ PRGHV >�@� ,W ZDV HVWDEOLVKHG WKDW ZLWK WKH
LQFUHDVH RI WKH PHOW PDVV IURP ���� XS WR ���� NJ�
DQG LQFUHDVH RI LWV WHPSHUDWXUH IURP ���� XS WR
���� �&� KHDW ORVVHV ULVH PRUH WKDQ ��� WLPHV x IURP
�� XS WR ��� N:� $FFRUGLQJ WR WKH REWDLQHG GDWD� LQ
RUGHU WR VDYH SRZHU� LW LV UHFRPPHQGHG WR KROG FDVW
LURQ LQ WKH KROGLQJ IXUQDFH DW D PLQLPDO DGPLVVLEOH
WHPSHUDWXUH RI ���� �&� 3URFHHGLQJ IURP WKH PDVV RI
WKH PHOW LQ WKH KROGLQJ IXUQDFH� LQGXFWRU SRZHU LQ
WKH KROGLQJ PRGH PD\ EH FKRVHQ� VXIILFLHQW IRU FRP�
SHQVDWLRQ RI KHDW ORVVHV DW D JLYHQ WHPSHUDWXUH�

7KH VHFRQG IDFWRU LQ LPSRUWDQFH� ZKLFK LV UHVSRQ�
VLEOH IRU WKH WKHUPDO FRQGLWLRQ RI FDVW LURQ LQ WKH
PDJQHWRG\QDPLF KROGLQJ IXUQDFH� LV WKH LQWHQVLW\ RI
KHDW H[FKDQJH EHWZHHQ WKH ]RQH RI WKH PDLQ KHDW
HYROXWLRQ x LQGXFWLRQ FKDQQHO RI WKH IXUQDFH x DQG
WKH FUXFLEOH� ZKLFK PD\ KROG XS WR �� � RI XVHIXO
PDVV RI WKH PHOW� FRQWDLQHG LQ WKH IXUQDFH� ,Q SUDFWLFDO
ZRUN VXFK D PRGH RI PHWDO PRYLQJ LQ WKH FKDQQHOw
FUXFLEOH V\VWHP LV VRXJKW WKDW WKH IROORZLQJ UHFXUUHQW
IDFWRUV DUH WDNHQ FDUH RI�

• DW D ORZ UDWH RI PHWDO PRWLRQ KLJK RYHUKHDWLQJ
RI FDVW LURQ LQ WKH FKDQQHO RFFXUV� FDXVLQJ D SUHPDWXUH
IDLOXUH RI WKH KROGLQJ IXUQDFH LQGXFWLRQ SDUW� EHFDXVH
RI OLQLQJ ZHDU�

• DW D KLJK UDWH RI PHOW FLUFXODWLRQ EHWZHHQ WKH
FKDQQHO DQG FUXFLEOH DQG FRQFXUUHQW FRQVLGHUDEOH
SRZHU RI KHDW UHOHDVHG LQ WKH FKDQQHO� WKH HQWLUH YRO�
XPH RI PHWDO LQ WKH KROGLQJ IXUQDFH KDV D KLJK WHP�
SHUDWXUH� WKLV OHDGLQJ WR KLJKHU KHDW ORVVHV DQG LQ�
FUHDVHG SRZHU FRQVXPSWLRQ� DFFRUGLQJO\� JUHDWHU ORVV
RI WKH PDLQ DQG DOOR\LQJ HOHPHQWV RI WKH DOOR\� SUH�
PDWXUH ZHDU RI WKH FUXFLEOH OLQLQJ DQG LQ WKH JHQHUDO
FDVH� KLJKHU SURGXFW FRVW�

,Q RUGHU WR ILQG WKH PHWKRGV IRU RSWLPLVDWLRQ RI
VXFK KHDWLQJ� D FRPSXWDWLRQDO H[SHULPHQW ZDV SHU�
IRUPHG WR HYDOXDWH WKH LQIOXHQFH RI WKH VSHHG RI FDVW
LURQ PRWLRQ LQ WKH KROGLQJ IXUQDFH FKDQQHO RQ WKH
WKHUPDO FRQGLWLRQ RI WKH PHWDO� ,W LV IRXQG WKDW DW
FDVW LURQ IORZ UDWH LQ WKH FKDQQHO RI ���� P�V WKH

PHOW LV LQ WKH ]RQH RI WKH PDLQ KHDW HYROXWLRQ IRU D
ORQJ WLPH �PRUH WKDQ �PLQ�� EHFDXVH RI D FRQVLGHUDEOH
OHQJWK RI WKH FKDQQHO �DERXW ��� P� DQG EHFRPHV
FRQVLGHUDEO\ RYHUKHDWHG� 2Q WKH RWKHU KDQG� D PXFK
VPDOOHU DPRXQW RI KHDW LV DSSOLHG WR WKH PDLQ PDVV
RI WKH PHWDO� ZKLFK LV LQ WKH PL[HU FUXFLEOH� WKDQ DW
LQWHQVLYH FLUFXODWLRQ RI FDVW LURQ LQ WKH FKDQQHOwFUX�
FLEOH V\VWHP�

$V IROORZV IURP WKH GHULYHG UHVXOWV� DW WKH LQLWLDO
PRPHQW RI WLPH� WKH PHWDO LQ WKH IXUQDFH FUXFLEOH LV
KHOG DW WKH LQLWLDO WHPSHUDWXUH DQG RQO\ DIWHU VRPH
WLPH� ZLWK WKH DUULYDO RI KLJKO\ RYHUKHDWHG PHOW IURP
WKH FKDQQHO� WKH FDVW LURQ WHPSHUDWXUH LQ WKH FUXFLEOH
EHJLQV ULVLQJ �)LJXUH �� FXUYHV �� ���

7KH KLJK VSHHG RI PHWDO PRWLRQ RI ���P�V �FXUYHV
�� �� OHDGV WR WKH PHOW EHLQJ LQ WKH LQGXFWLRQ FKDQQHO
IRU MXVW � WR � V� EHLQJ RQO\ VOLJKWO\ KHDWHG� DQG WKH
KHDW DEVRUEHG E\ WKH PHOW EHLQJ LPPHGLDWHO\ DQG
DOPRVW FRPSOHWHO\ WUDQVIHUUHG WR WKH FDVW LURQ� FRQ�
WDLQHG LQ WKH LQVWDOODWLRQ FUXFLEOH� $V D UHVXOW� WKH
HQWLUH YROXPH RI FDVW LURQ� ERWK LQ WKH FKDQQHO DQG
WKH IXUQDFH FUXFLEOH LV DW WKH VDPH WHPSHUDWXUH�

4XDVLVWDWLRQDU\ PRGH LV FKDUDFWHULVHG E\ D VWHDG\�
VWDWH OLQHDU ULVH RI FDVW LURQ WHPSHUDWXUH DQG FRQVWDQW
OHYHO RI PHWDO RYHUKHDWLQJ LQ WKH FKDQQHOwFUXFLEOH
V\VWHP� DQG VXFK D PRGH LV UHDFKHG E\ WKH SURFHVV DW

)LJXUH �� 9DULDWLRQ RI FDVW LURQ WHPSHUDWXUH LQ D PDJQHWRG\QDPLF
KROGLQJ IXUQDFH DW GLIIHUHQW VSHHGV RI PHWDO PRWLRQ �0  ���� NJ�
3

LQG
 ��� N:�� �� � x LQ WKH FKDQQHO DQG WKH FUXFLEOH� DW YPRY  

 ���� P�V� UHVSHFWLYHO\� �� � x VDPH DW Y
PRY

 ��� P�V

)LJXUH ��5HODWLRQVKLS RI WKHPDVV RI FDVW LURQ LQ DPDJQHWRG\QDPLF
KROGLQJ IXUQDFH DQG LQGXFWRU SRZHU� �w� x UHVXOWV RI FRPSXWD�
WLRQDO H[SHULPHQW �KROGLQJ DW WKH WHPSHUDWXUH RI ���� ���� ����
���� ���� ���� ���� ���� ���� ��� �&�� 4 x GDWD RI IXOO�VFDOH
H[SHULPHQW� REWDLQHG DW WKH WHPSHUDWXUH RI FDVW LURQ KROGLQJ RI
���� �&
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YPRY  ���� P�V DIWHU ≈ �� PLQ� DQG DW YPRY  ��� P�V
DIWHU ≈ �� PLQ�

,Q DGGLWLRQ� GLIIHUHQW DQJOHV RI LQFOLQDWLRQ RI WKH
UHFWLOLQHDU VHFWLRQV LQ )LJXUH � LQGLFDWH WKDW IRU D
TXDVLVWDWLRQDU\ PRGH WKH UHODWLYH UDWH RI FDVW LURQ
KHDWLQJ DW D ORZ VSHHG RI PHOW PRWLRQ LV KLJKHU WKDQ
DW D KLJK UDWH�

3URFHVVLQJ RI WKH FRPSXWDWLRQDO H[SHULPHQW UH�
VXOWV E\ WKH PHWKRGV RI UHJUHVVLRQ DQDO\VLV IRU D IL[HG
PDVV RI FDVW LURQ RI ���� NJ LQ WKH LQVWDOODWLRQ \LHOGHG
WKH IROORZLQJ GHSHQGHQFH RI YDULDWLRQ RI RYHUKHDWLQJ
WHPSHUDWXUH�

7 = ��������� w ������ τ w ������ τ� w ������ 3LQG +

+ �������� 3LQG
� + ������ τ 3LQG w ������� YPRY +

+ ������� YPRY
�

w ����⋅��w� τ YPRY 3LQG�

���

&RUUHODWLRQ IDFWRU ZDV �������
([SHULPHQWDO YHULILFDWLRQ RI WKH UHVXOWV RI PDWKH�

PDWLFDO VLPXODWLRQ ZDV FRQGXFWHG LQ DQ RSHUDWLQJ
IRXQGU\� ZKHQ SURGXFLQJ FDVW LURQ FDVWLQJV ZLWK DS�
SOLFDWLRQ RI D PDJQHWRG\QDPLF KROGLQJ IXUQDFH� 7KH
SRZHU RI WKH KROGLQJ IXUQDFH LQGXFWRU ZDV YDULHG LQ
WKH UDQJH RI ���w��� N:� (OHFWULF SDUDPHWHUV RI WKH
IXUQDFH ZHUH FKDQJHG E\ UHPRWH FRQWURO IURP WKH
SDQHO� XVLQJ DXWRWUDQVIRUPHUV $2(6.���������
PRXQWHG LQ HOHFWULF SRZHU FLUFXLWV RI ERWK WKH LQGXF�
WRUV�

7KHUPDO FRQGLWLRQ RI FDVW LURQ ZDV FRQWUROOHG XV�
LQJ D FRQWLQXRXV WHPSHUDWXUH PRQLWRULQJ XQLW� GH�
VLJQHG E\ 3K\VLFDO�7HFKQRORJLFDO ,QVWLWXWH RI 0HWDOV
DQG $OOR\V RI WKH 1$6 RI 8NUDLQH >�@� 7KH PDLQ
HOHPHQW RI WKH XQLW LV WKH OLJKW JXLGH� ,Q DGGLWLRQ�
WKHUPRFRXSOHV RI 35 ���� DQG 95 ���� W\SH ZLWK
GLVSRVDEOH PHWHULQJ QR]]OHV DQG PLOOLYROWPHWHUV DV
LQGLFDWLQJ LQVWUXPHQWV ZHUH DOVR XVHG IRU WKHVH SXU�
SRVHV�

7KHUPDO FRQGLWLRQ RI FDVW LURQ ZDV VWXGLHG LQ LWV
KROGLQJ LQ GLIIHUHQW ]RQHV RI WKH FUXFLEOH DQG WKH
FKDQQHO RI PDJQHWRG\QDPLF KROGLQJ IXUQDFH E\ GLUHFW
PHDVXUHPHQW RI WHPSHUDWXUH LQ IL[HG SRLQWV� ,W ZDV
HVWDEOLVKHG WKDW WHPSHUDWXUH JUDGLHQW LQ WKH FUXFLEOH
DQG WKH FKDQQHO �LQ WKH ZRUNLQJ ]RQH DW WKH IXUQDFH
SRXULQJ QR]]OH� LV QRW KLJKHU WKDQ �� �&� 7KLV FRQILUPV
WKH SUHVHQFH RI LQWHQVLYH KHDW H[FKDQJH EHWZHHQ WKH
FKDQQHO DQG WKH FUXFLEOH RI WKH IXUQDFH� GXH WR WKH
LPSDFW RI HOHFWURPDJQHWLF IRUFHV LQ WKH FKDQQHO ZRUN�
LQJ ]RQH� .QRZLQJ WKH JHRPHWULFDO GLPHQVLRQV RI WKH
FKDQQHO� WKH VSHHG RI PHOW PRWLRQ LQ WKH LQGXFWLRQ
GHYLFH FKDQQHO PD\ EH FDOFXODWHG E\ WKH H[WHQW RI
PHWDO RYHUKHDWLQJ >�@�

YPRY =
ηHO ηWK 3LQG

∆76Fρ �
���

ZKHUH ηHO� ηWK DUH WKH HOHFWULF DQG WKHUPDO HIILFLHQF\
RI WKH GHYLFH �LQ WKLV FDVH� PDJQHWRG\QDPLF KROGLQJ
IXUQDFH�� ∆7 LV WKH PHOW WHPSHUDWXUH GLIIHUHQFH EH�
WZHHQ WZR SRLQWV DORQJ FKDQQHO OHQJWK� �&� 6 LV WKH
FURVV�VHFWLRQDO DUHD RI WKH LQGXFWLRQ FKDQQHO� P�� F LV

WKH VSHFLILF KHDW FDSDFLW\ RI WKH PHWDO� -��NJ⋅�&�� ρ
LV WKH PHOW GHQVLW\� NJ�P��

8VLQJ H[SHULPHQWDO GDWD REWDLQHG GXULQJ IXOO�
VFDOH LQYHVWLJDWLRQV DQG GHSHQGHQFH ���� LW ZDV FDO�
FXODWHG WKDW WKH VSHHGV RI PHOW PRWLRQ LQ WKH PDJQH�
WRG\QDPLF KROGLQJ IXUQDFH FDQ EH LQ WKH UDQJH RI
����w� P�V� ZKHQ FDVW LURQ FLUFXODWLRQ LQ WKH FKDQ�
QHOwFUXFLEOH V\VWHP LV SURYLGHG�

7KH DGHTXDF\ RI WKH PDWKHPDWLFDO PRGHO� GHYHO�
RSHG DQG XVHG LQ WKH FRPSXWDWLRQDO H[SHULPHQW� ZDV
FRQILUPHG GXULQJ H[SHULPHQWDO GHWHUPLQDWLRQ RI WKH
UDWLRQDO PRGHV RI FDVW LURQ KROGLQJ LQ WKH PDJQHWRG\�
QDPLF KROGLQJ IXUQDFH� 6R� IRU LQVWDQFH� DW WKH KROGLQJ
WHPSHUDWXUH RI ���� �& WKH GHSHQGHQFH EHWZHHQ WKH
FDVW LURQ SRZHU DQG PDVV LQ VXFK D KROGLQJ IXUQDFH�
GHULYHG LQ RSHUDWLQJ HTXLSPHQW� GLIIHUV E\ QRW PRUH
WKDQ � � IURP WKH FDOFXODWHG GHSHQGHQFH �VHH )L�
JXUH ���

7KH UHVXOWV REWDLQHG GXULQJ WKH FRPSXWDWLRQDO DQG
IXOO�VFDOH H[SHULPHQWV ZHUH XVHG IRU GHYHORSPHQW RI
DGYDQFHG SRZHU�VDYLQJ WHFKQRORJ\ RI LQGXFWLRQ RYHU�
KHDWLQJ RI FDVW LURQ LQ LWV HOHFWURPDJQHWLF SRXULQJ
ZLWK DSSOLFDWLRQ RI D PDJQHWRG\QDPLF KROGLQJ IXU�
QDFH >�� �@� %\ WKH SURSRVHG WHFKQRORJ\ LW LV UHFRP�
PHQGHG WR KROG WKH PHOW DW D ORZ WHPSHUDWXUH DQG
RYHUKHDW LW WR WKH SRXULQJ WHPSHUDWXUH GXULQJ GLV�
FKDUJH IURP WKH KROGLQJ IXUQDFH� 3UDFWLFDO DSSOLFDWLRQ
RI WKH QHZ WHFKQRORJ\ ZLOO DOORZ�

• UHGXFLQJ WKH SRZHU FRQVXPSWLRQ GXULQJ KROGLQJ�
RYHUKHDWLQJ DQG SRXULQJ RI FDVW LURQ E\ �w� N:⋅K�W�

• UHGXFLQJ WKH ORVV RI WKH PDLQ DQG DOOR\LQJ FRP�
SRQHQWV E\ �w� � GXH WR PHWDO KROGLQJ LQ WKH IXUQDFH
DW D ORZHU WHPSHUDWXUH�

• H[WHQGLQJ WKH VHUYLFH OLIH RI OLQLQJ RI PDJQH�
WRG\QDPLF LQVWDOODWLRQ DQG UHGXFLQJ WKH FRVW RI UH�
IUDFWRU\ PDWHULDOV E\ ��w�� � GXH WR ORZHULQJ RI
WKHUPDO ORDGV RQ WKH ZRUNLQJ OD\HU RI OLQLQJ�

• FRPSXWHULVLQJ DQG DXWRPDWLRQ RI WKH PRGHV RI
KROGLQJ DQG GLIIHUHQWLDWHG KHDWLQJ RI FDVW LURQ IRU D
EURDG UDQJH RI FDVWLQJV� PDGH IURP LQLWLDO PHWDO RI
WKH VDPH FRPSRVLWLRQ�

�� '\RFK� (� ������ 0RGHUQ ILOOLQJ XQLWV ZLWK LQGXFWLRQ KHDW�
LQJ RI PHWDO� ,Q� )RXQGU\ SURGXFWLRQ DQG FDVWLQJ WHFKQRO�
RJ\�

�� 3RJRUVN\� 9�.� ������ +ROGLQJ IXUQDFH IRU LQWHQVLYH KHDW�
LQJ DQG SRXULQJ RI FDVW LURQ� 3URWVHVV\ /LWLD� �� ��w���

�� )DUEPDQ� 6�$�� .ROREQHY� ,�)� ������ ,QGXFWLRQ IXUQDFHV
IRU PHWDOV DQG DOOR\V PHOWLQJ� 0RVFRZ� 0HWDOOXUJL\D�

�� 7DUDVHYLFK� 1�,�� 'XERGHORY� 9�,�� 3RJRUVN\� 9�.� HW DO�
������ 0DWKHPDWLFDO PRGHOOLQJ RI WKHUPDO PRGHV LQ D KROG�
LQJ IXUQDFH RI PDJQHWRG\QDPLF W\SH IRU KHDWLQJ DQG SRXU�
LQJ RI FDVW LURQ� 3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL� �� ��w
���

�� 'XERGHORY� 9�,�� 7DUDVHYLFK� 0�,�� 3RJRUVN\� 9�.� ������
(QHUJ\�HIILFLHQW WHFKQRORJ\ RI LQGXFWLRQ RYHUKHDWLQJ RI FDVW
LURQ LQ HOHFWURPDJQHWLF SRXULQJ XVLQJ PDJQHWRG\QDPLF KROG�
LQJ IXUQDFH� 0HWDOR]QDYVWYR WD 2EUREND 0HWDOLY� �� ��w���

�� =KXNRY� /�)�� .XFKDHY� $�$� ������ 0HDVXUHPHQW RI OLTXLG
PHWDO WHPSHUDWXUH LQ PDJQHWRG\QDPLF XQLWV� 0DJQLWQD\D
*LGURGLQDPLND� �� ���w����

�� 7LU� /�$�� 6WRORY� 0�<D� ������ (OHFWURPDJQHWLF GHYLFHV
IRU FRQWURO RI PHOW FLUFXODWLRQ LQ HOHFWULF IXUQDFHV� 0RVFRZ�
0HWDOOXUJL\D�

�� 3RJRUVN\� 9�.�� 'XERGHORY� 9�,�� *RU\XN� 0�6� HW DO�
������ 1HZ HQHUJ\�HIILFLHQW WHFKQRORJ\ DQG KROGLQJ IXU�
QDFHV RI PDJQHWRG\QDPLF W\SH IRU KROGLQJ� RYHUKHDWLQJ DQG
SRXULQJ RI FDVW LURQ� 3URWVHVV\ /LWLD� �� ��w���

30 3/2002



����������	
�������

�����




����������������������
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$QDO\VLV RI EHKDYLRXU RI QLWURJHQ LQ WKH JDVwVODJwPHWDO WHUQDU\ V\VWHP ZDV PDGH RQ WKH EDVLV RI UHYLHZ RI OLWHUDWXUH

GDWD� ,QWHUUHODWLRQ RI QLWURJHQ VROXELOLW\ DQG WUDQVSRUW LQ VODJV ZLWK WKHLU VWUXFWXUH LV FRQVLGHUHG� ,W KDV EHHQ HVWDEOLVKHG
WKDW PHWDO FDQ EH QLWULGHG GLUHFWO\ IURP WKH JDV SKDVH WKURXJK R[LGH�IOXRULGH VODJV�

.H\ ZRU G V � QLWULGLQJ� R[LGH�IOXRULGH VODJV� VROXELOLW\�

R[LGL]LQJ SRWHQWLDO

'HPDQG IRU KLJK�QLWURJHQ VWHHOV GXULQJ UHFHQW \HDUV
PDGH WKH UHVHDUFKHUV�PHWDOOXUJLVWV WR IDFH WKH SUREOHP

RI PHWDO QLWULGLQJ GLUHFWO\ IURP JDV SKDVH GXULQJ WKH

SURFHVV RI LWV PHOWLQJ�

)RU SODVPD�DUF UHPHOWLQJ� ZKLFK SURYLGHV D FRQ�
WDFW RI JDV DFWLYDWHG LQ SODVPD ZLWK D PROWHQ PHWDO�
WKLV SUREOHP ZDV VROYHG WR D FHUWDLQ H[WHQW GXH WR
IXQGDPHQWDO VWXGLHV RI ELQDU\ JDVwPHWDO V\VWHP >��
�@� +RZHYHU� LQ SDUDOOHO ZLWK SODVPD�DUF UHPHOWLQJ
WKHUH DUH RWKHU PHWKRGV RI UHPHOWLQJ LQ ZKLFK VSHFLDO
VODJV DUH XVHG DV DQ REOLJDWRU\ HOHPHQW� ,W LV QDWXUDOO\�

WKDW WKH SUHVHQFH RI D VODJ SRRO RYHU WKH PHWDO PHOW
FKDQJHV VLJQLILFDQWO\ WKH SURFHVV RI DEVRUSWLRQ RI QL�

WURJHQ ZLWK PHWDO IURP WKH JDV SKDVH DQG� WKHUHIRUH�
D WKRURXJK VWXG\ RI QLWURJHQ EHKDYLRXU LQ WHUQDU\

JDVwVODJwPHWDO V\VWHP LV UHTXLUHG�

$ EDQN RI SXEOLFDWLRQV GHYRWHG WR WKH QLWURJHQ
EHKDYLRXU LQ WKH WHUQDU\ V\VWHP FRQVLVWV RI VHYHUDO
WHQV RI ZRUNV� VRPH RI WKHP DUH JLYHQ LQ UHIHUHQFH DW
WKH HQG RI DUWLFOH� 7KH DQDO\VLV RI WKHVH ZRUNV VKRZV
WKDW� ILUVWO\� WKH SURFHVV RI QLWURJHQ GLVVROXWLRQ IURP
WKH JDV LQ D VODJ PHOW LV JRYHUQHG E\ D ODZ RI D VTXDUH
URRW >�w��@ DQG� VHFRQGO\� WKHUH LV QR VLQJOH RSLQLRQ

DPRQJ WKH UHVHDUFKHV LQ GHVFULSWLRQ RI D IRUP RI QL�

WURJHQ H[LVWHQFH LQ OLTXLG R[LGH DQG R[LGH�IOXRULGH
PHOWV� $FFRUGLQJ WR VRPH GDWD WKH QLWURJHQ LQ VODJV

LV DYDLODEOH LQ WKH IRUP RI LRQ 1
�w

>�� �� ��� ��@� ZKLOH
IURP RWKHU GDWD LW LV LQ WKH IRUP RI LRQV RI F\DQLGHV

&1
w

DQG F\DQDPLGHV &1�

�w
>�� �@� WKRXJK WKHUH LV DQ

RSLQLRQ DERXW D VLPXOWDQHRXV H[LVWHQFH RI HLWKHU LRQV

>�� �w��@� 7KH GLIIHUHQFHV LQ RSLQLRQV DUH EDVHG RQ
GLIIHUHQW LQWHUSUHWDWLRQ RI WKH UROH RI FDUERQ DYDLODEOH
HLWKHU LQ PHWDO RU LQ JDV� RU LQ D FUXFLEOH PDWHULDO� ,I

FDUERQ FRPHV LQWR UHDFWLRQ ZLWK QLWURJHQ� WKHQ F\D�

QLGHV RU F\DQDPLGHV DUH IRUPHG�

�

�
(2�w) + �

�
& + �

�



 1�

 = (&1w) + �

�



 &2



 �

�

�
(2�w) + �

�
& +  1�



 = (&1�

�w) + �

�



 &2

 �

DQG� LI FDUERQ SOD\V D UROH RI D VODJ GHR[LGL]HU� WKHQ

QLWURJHQ H[LVWV LQ LW LQ WKH IRUP RI LRQ 1
�w

�

�

�
(2�w) + �

�
& + �

�



 1�



 = (1�w) + �

�



 &2



 �

%XW GHVSLWH RI WKH GLIIHUHQFH LQ IRUPV RI QLWURJHQ

H[LVWHQFH LQ WKH VODJ� DOO WKH UHVHDUFKHUV RXWOLQH WKH

GHSHQGHQFH RI LWV FRQWHQW RQ D SDUWLDO SUHVVXUH RI
R[\JHQ >�� ��� ��� ��� ��@ RU &2 >��@ LQ D JDV SKDVH�

,Q DFFRUGDQFH ZLWK WKH WKHRU\ RI PHGLDZLWK FRYDOHQFH
HOHFWURQV >��@� EDVHG RQ WKH /X[HsV UHGR[ WKHRU\ >��@�

ZHOO�NQRZQ WR FKHPLVWV DQG IRUJRWWHQ VRPHWLPHV E\

PHWDOOXUJLVWV� DQ\ LQWHUDFWLRQ LQ D FRQGHQVHG SKDVH�

FRQWDLQLQJ D VWURQJ R[LGL]HU� LV JRYHUQHG E\ WKH UHOD�

WLRQVKLS

DFLG � < ↔ EDVH�

ZKHUH < LV WKH QHJDWLYHO\ FKDUJHG SDUWLFOH �HOHFWURQ�

DQLRQV 2
�w
� )

w
� HWF���

,I WR NHHS D SDUWLDO SUHVVXUH RI LPSXULW\ FRPSRQHQW
�QLWURJHQ� VXOSKXU� HWF�� RYHU WKH R[LGH SKDVH FRQ�

VWDQW DQG WR YDU\ DQ R[LGL]LQJ SRWHQWLDO LQ V\VWHP�

WKHQ� LQ VSLWH RI XQFKDQJHG DFWLYLW\ RI WKH LPSXULW\�

LWV VROXELOLW\ FDQ FKDQJH E\ VHYHUDO RUGHUV >��@�

FL = NL D2

ν
�

�

ZKHUH ν LV WKH YDODQFH RI LPSXULW\ LQ VODJ ZLWK DS�

SURSULDWH VLJQ �QLWURJHQ LQ VODJV KDV D YDODQFH �w�� N

LV WKH FRHIILFLHQW ZKLFK GHSHQGV RQ WHPSHUDWXUH� VODJ

FRPSRVLWLRQ DQG QDWXUH RI LPSXULW\� D2 LV WKH R[\JHQ

DFWLYLW\ LQ VODJ� $V WR WKH QLWURJHQ VROXELOLW\ LQ VODJV�

WKH ODZ RI VTXDUH URRW LV H[SUHVVHG DV >��� ��@�

OJ (1) = N S1
�

� S2
�

w
�

�
�

ZKHUH S1� S2�
DUH WKH SDUWLDO SUHVVXUH RI QLWURJHQ DQG

R[\JHQ� UHVSHFWLYHO\� 7KHUHIRUH� LQ VWXG\ RI QLWURJHQ

VROXELOLW\ LQ VODJV� EDVHG RQ R[LGHV� LW LV QHFHVVDU\ WR

WDNH LQWR DFFRXQW WKH SUHVHQFH RI DFWLYH R[\JHQ ERWK

LQ VODJ DQG VODJ SKDVH�

,Q RXU RSLQLRQ� WKH UROH RI FDUERQ LQ WKH SURFHVVHV

FRQVLGHUHG LV WKH IROORZLQJ� (QWHULQJ WKH R[LGH PHOW

WKH FDUERQ GHR[LGL]HV LW� L�H� LW LQWHUDFWV ZLWK DFWLYH

R[\JHQZLWK &2 IRUPDWLRQ� 2QO\ DIWHU WKH FRPSOHWLRQ

RI GHR[LGDWLRQ WKH FDUERQ LQWHUDFWV ZLWK VODJ FDWLRQV

� *�0� *5,*25(1.2� <X�0� 320$5,1� 9�9� /$.206.< DQG 9�<X� 25/296.<� ����
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IRUPLQJ FRPSRXQGV FORVH WR FDUELGHV E\ FRPSRVLWLRQ�
DQG WKH\ UHDFW LQ WXUQ ZLWK QLWURJHQ IURP WKH JDV
DWPRVSKHUH IRUPLQJ F\DQLGHV RU F\DQDPLGHV� 7KLV ZDV
FRQILUPHG E\ LQYHVWLJDWLRQV RI VROXELOLW\ RI QLWURJHQ
LQ SXUH FDOFLXP IOXRULGH PHOWHG LQ D JUDSKLWH FUXFLEOH
DQG EXEEOLQJ ZLWK D JDVHRXV QLWURJHQ >��@�

,Q VWXG\ RI QLWULGLQJ WKH UHVHDUFKHUV VWXG\ QRW VR
PXFK WKH QLWURJHQ VROXELOLW\ DV LWV WUDQVIHU WKURXJK
WKH VODJ WR WKHPROWHQPHWDO� 7KLV LV D GLIIXVLRQ SURFHVV
DQG FKDUDFWHUL]HG E\ D ORZ UDWH� L�H� WKH GLIIXVLRQ
FRHIILFLHQW IRU R[LGH VODJV RI &D2w6L2�w$O�2� V\VWHP
LV ��w��⋅��w� FP��V >��� ��@� $V LV NQRZQ� WKH FRHI�
ILFLHQW RI GLIIXVLRQ RI HOHPHQW LV LQYHUVHO\ SURSRUWLRQDO
WR WKH PHGLXP YLVFRVLW\� LQ ZKLFK WKH HOHPHQW LV GLI�
IXVHG� 7KHUHIRUH� LW LV SRVVLEOH WR DFFHOHUDWH D OLWWOH
WKH QLWURJHQ WUDQVIHU E\ VODJ GLOXWLRQ �IRU H[DPSOH�
E\ DGGLQJ &D)��� ,W LV SRVVLEOH DOVR WR FRQWURO WKH
QLWURJHQ WUDQVIHU DFURVV WKH VODJ WKLFNQHVV DQG E\
FKDQJLQJ WKH R[LGL]LQJ SRWHQWLDO DW WKH LQWHUIDFH RI
SKDVHV >��@� ,I WKH R[LGL]LQJ SRWHQWLDO DW WKH VODJw
PHWDO LQWHUIDFH LV ORZHU WKDQ WKDW DW WKH JDVwVODJ
LQWHUIDFH� WKHQ WKH QLWURJHQ ZLOO WHQG WR WKH PHWDO�

5HVHDUFKHUV GLG QRW DOPRVW GHDO ZLWK WKH VWXG\ RI
QLWURJHQ WUDQVLWLRQ LQWR PHWDO IURP VODJ� WKRXJK D
GLIIHUHQFH RI SRWHQWLDOV FDQ EH FUHDWHG DW LQWHUIDFH RI
WKHVH SKDVHV WR SUHYHQW WKH QLWURJHQ WUDQVLWLRQ LQWR
PHWDO� 7KHUHIRUH� WKH WUDQVLWLRQ RI QLWURJHQ IURP VODJ
LQWR PHWDO� DFFRPSDQLHG� SUREDEO\� E\ HOHFWURQ HPLV�
VLRQ� VKRXOG SURFHHG VLPXOWDQHRXVO\ ZLWK WUDQVLWLRQ
RI DQ\ RWKHU HOHPHQWV IURP PHWDO WR VODJ ZLWK DQ
DEVRUSWLRQ RI WKH VDPH RU ODUJHU DPRXQW RI HOHFWURQV�

2YHU WKH UHFHQW \HDUV PDQ\ ZRUNV DSSHDUHG GH�
YRWHG WR VWUXFWXUH RI R[LGH PHOWV� (DUOLHU� WKH UH�
VHDUFKHUV VWXGLHG WKH VROLGLILHG VODJ DQG PDGH DVVXPS�
WLRQV DERXW LWV VWUXFWXUH LQ WKH PROWHQ VWDWH� 7KH XVH
RI VSHFWUDO PHWKRGV DV UHJDUGV WR VODJ PHOWV PDNHV LW
SRVVLEOH WR VWXG\ WKHLU UHDO VWUXFWXUH� 7KHUHIRUH� LW LV
QHFHVVDU\ WR GZHOO PRUH LQ GHWDLO RQ WKH PRGHUQ FRQ�
FHSWLRQV DERXW WKH VODJ PHOWV�

7KH R[LGH VODJV DUH WKH SDFNLQJ RI R[\JHQ DQLRQV�
ZKLFK LV FORVH WR WKH PRVW GHQVH SDFNLQJ� ZKHUH EDVLF
DQG DFLG FDWLRQV DUH FOXVWHUHG LQ RFWD� DQG WHWUDYRLGV�
UHVSHFWLYHO\ >�� ��� ��� ��@� 7KLV V\VWHP LV FDSDEOH WR
EH UHFRQVWUXFWHG YHU\ TXLFNO\ WKDW LV FDXVHG E\ WKH
SURFHVVHV RI LQWHUDFWLRQ ERWK LQ WKH VODJ LWVHOI DQG
DOVR ZLWK FRQWDFWLQJ SKDVHV� VXFK DV JDV� PHWDO DQG
FUXFLEOH PDWHULDO� $W VXFK UHFRQVWUXFWLRQV WKH DPRXQW
RI DFWLYH R[\JHQ� DYDLODEOH LQ WKH VSDFH EHWZHHQ WKH
FOXVWHUV RI FRPSOH[ FRPSRXQGV� DQG �RU� WKH RFFXSD�
WLRQ RI ERQGV 0Hw2 DQG 2w2� +HUH� R[\JHQ FDQ
H[LVW LQ DWRPLF RU LRQL]HG VWDWH >��� ��@� 7KLV OHDGV
WR WKH FKDQJH LQ R[\JHQ DFWLYLW\� VR WR WKH FKDQJH LQ
R[LGL]LQJ SRWHQWLDO� &RQVHTXHQWO\� DW WKH VODJ LQWHU�
IDFHV DQ R[LGL]LQJ SRWHQWLDO LV HVWDEOLVKHG ZKLFK LV
W\SLFDO RI HDFK RI WKH FRQWDFWLQJ SKDVHV� 7KLV SRWHQWLDO
ZLOO GHILQH WKH LQWHUDFWLRQ RI VODJ FRPSRQHQWV ZLWK
WKRVH RI FRQWDFWLQJ SKDVHV >��@�

7KH UROH RI FDOFLXP IOXRULGH LQ R[LGH PHOWV LV DOVR
LQWHUHVWLQJ�:HOGLQJ H[SHUWV FRQVLGHU WKDW FDOFLXP IOXR�
ULGH LV DGGHG WR VODJ WR FUHDWH D SURWHFWLYH DWPRVSKHUH
RYHU WKH VODJ PHOW FRQVLVWLQJ RI YRODWLOH IOXRULGHV� IRU
H[DPSOH� 6L)�� 0HWDOOXUJLVWV FRQVLGHU FDOFLXP IOXRULGH

DV D GLOXWHU RI VODJ PHOWV� +RZHYHU� QRERG\ FRQVLGHUV
LW DV DQ DFWLYH SDUWLFLSDQW LQ WKH SURFHVVHV RI LQWHUDF�
WLRQ� WKRXJK WKHUH DUH GDWD DERXW PHWDO QLWULGLQJ LQ
(65 XQGHU WKH R[\IOXRULGH VODJV >�� ��@�

7KXV� WKH DQDO\VLV RI OLWHUDWXUH GDWD PDNHV LW SRV�
VLEOH WR FRQFOXGH WKDW� ILUVWO\� WKH PHWDO QLWULGLQJ
GLUHFWO\ IURP WKH JDV SKDVH WKURXJK R[LGH DQG R[\�
IOXRULGH VODJV LV SRVVLEOH� DQG� VHFRQGO\� LW LV QHFHVVDU\
WR GHILQH FRQGLWLRQV LQIOXHQFLQJ WKH UDWH RI PHWDO QL�
WULGLQJ WKURXJK WKH VODJ DQG WR PDVWHU WKH FRQWURO RI
WKLV SURFHVV�

�� /DNRPVN\� 9�,� ������ 3ODVPD�DUF UHPHOWLQJ� .\LY�
7HNKQLND�

�� *ULJRUHQNR� *�0�� 3RPDULQ� <X�0� ������ +\GURJHQ DQG
QLWURJHQ LQ PHWDOV GXULQJ SODVPD PHOWLQJ� .\LY� 1DXNRYD
'XPND�

�� <DYRMVN\� 9�,� ������ 7UDQVIHU RI JDVHV WR PHWDO WKURXJK UH�
ILQHG VODJV� 6WDO� �� ���w����

�� &KXMNR� 1�0� ������ 6ROXELOLW\ RI K\GURJHQ DQG QLWURJHQ
LQ VODJV DQG WKHLU DEVRUSWLRQ GXULQJ PHOWLQJ RI VWHHO� ,]Y�
$1 6665� 0HWDOO\� �� ��w���

�� .DP\VKRY� 9�0�� (VLQ� 2�$�� &KXFKPDUHY� 6�.� ������
6ROXELOLW\ RI QLWURJHQ LQ LURQ�IUHH VODJV� ,]Y� 9X]RY� &K\RUQ�
0HWDOOXUJL\D� �� ��w���

�� (UVKRY� *�6�� 2UORY� <X�*� ������ 1LWURJHQ EHKDYLRU LQ
VODJ DQG PHWDOOLF SKDVHV GXULQJ PHOWLQJ RI DOOR\HG VWHHOV�
,]Y� $1 6665� 0HWDOO\� �� ��w���

�� 0RUR]RY� $�1�� 3RQRPDUHQNR� $�*�� .R]ORY� <X�(� ������
2Q VROXELOLW\ RI QLWURJHQ LQ VODJV� ,ELG�� �� ��w���

�� 2HOVHQ� :�� 6DXHU� .��+�� 6FKXEHUW� +�*� HW DO� ������
(LQIOXβ YRQ 6LOL]LXP XQG $OXPLQLXP DXI GLH .RKOHQVWRII�
XQG 6WLFNVWRIIDXIQDKPH GXUFK &D)

�w$O�2�� $UFKLY IX
..
U GDV

(LVHQKX
..
WWHQZHVHQ� �� ���w����

�� 0DMGLF� $�� $PPHUOLQJ� :��-�� 6FKHQN� +� ������ $XI�
VWLFNXQJ YRQ 6FKODFNHQ GHV 6\VWHPV &D2w6L2�w$O�2��
,ELG�� �� ��w���

��� 6KLPRR� 7�� .LPXUD� +�� .DZDL� 0� ������ 6ROXELOLW\ RI QL�
WURJHQ LQ PROWHQ WHUQDU\ VODJV RI &D2w$O�2�w6L2� LQ JUDSK�
LWH FUXFLEOHV� -� -DSDQ ,QVW� RI 0HWDOV� ��� ����w�����

��� &KRK� 7�� +DQDNL� <�� .DWR� 7� HW DO� ������ 1LWURJHQ DE�
VRUSWLRQ RI OLTXLG &D2w$O�2� DQG &D2w$O�2�w6L2� VODJV
XQGHU UHGXFLQJ DWPRVSKHUH� 7UDQVDFW� RI ,URQ DQG 6WHHO
,QVW� RI -DSDQ� �� ���w����

��� 3DYORY� $�9�� 8WRFKNLQ� <X�,�� *ULJRU\DQ� 9�$� HW DO�
������ ([SHULPHQWDO VWXG\ RI VROXELOLW\ RI QLWURJHQ LQ R[LGH
PHOWV� ,]Y� 9X]RY� &K\RUQ� 0HWDOOXUJL\D� �� ��w���

��� 0DUWLQH]� (� ������ 7KHUPRG\QDPLFV RI VROXELOLW\ RI QLWUR�
JHQ LQ VODJV� 7HWVX�WR +DJDQH� �� ����

��� +HQGU\� $� ������ %HKDYLRU RI QLWURJHQ LQ R[LGH PHOWV� ,Q�
3URF� RI �UG ,QW� &RQI� RQ 0ROWHQ 6ODJV DQG )OX[HV� *ODV�
JRZ� �����

��� 7XUNGRJDQ� (�7� ������ 3K\VLFDO FKHPLVWU\ RI KLJK�WHP�
SHUDWXUH SURFHVVHV� 0RVFRZ� 0HWDOOXUJL\D�

��� 3RO\DNRY� $�<X� ������ 7KHRUHWLFDO SULQFLSOHV RI VWHHO�
PHOWLQJ EDWK UHILQLQJ� 0RVFRZ� 1DXND�

��� *ULJRU\DQ� 9�$�� %HO\DQFKLNRY� /�1�� 6WRPDNKLQ� $�<D�
������ 7KHRUHWLFDO SULQFLSOHV RI HOHFWULF VWHHO�PHOWLQJ SURF�
HVVHV� 0RVFRZ� 0HWDOOXUJL\D�

��� 9LWLQJ� /�0� ������ +LJK�WHPSHUDWXUH VROXWLRQV�PHOWV�
0RVFRZ� 0*8�

��� 0HGRYDU� %�,�� 6DHQNR� 9�<D�� *ULJRUHQNR� *�0� HW DO�
������ $UF�VODJ UHPHOWLQJ RI VWHHO DQG DOOR\V� &DPEULGJH
,QW� 6RF� 3XEO�

��� .DP\VKRY� 9�0�� (VLQ� 2�$�� &KXFKPDU\RY� 6�.� ������
1LWURJHQ SHUPHDELOLW\ RI PROWHQ VODJV� ,]Y� 9X]RY� &K\RUQ�
0HWDOOXUJL\D� �� ��w���

��� &KXFKPDU\RY� 6�.�� (VLQ� 2�$�� .DP\VKRY� 9�0� HW DO�
������ .LQHWLFV RI VROXELOLW\ RI QLWURJHQ LQ PROWHQ LURQ�IUHH
VODJV� ,ELG�� �� ��w���

��� 3RQRPDUHQNR� $�*�� .R]ORY� <X�(� ������ 6RPH SHFXOLDUL�
WLHV RI WUDQVIHU LQ R[LGH SKDVHV� ,ELG�� �� ��w���

��� 'HOLPDUVN\� <X�.� ������ 7KHRUHWLFDO SULQFLSOHV RI HOHF�
WURO\VLV RI LRQ PHOWV� 0RVFRZ� 0HWDOOXUJL\D

��� 6RNROVN\� 9�(�� .D]LPLURY� 9�3�� .X]PHQNR� 9�*� ������
0RGHO RI R[LGH�IOXRULGH PHOWV VWUXFWXUH EDVHG RQ FORVH SDFN�
LQJ RI R[\JHQ DWRPV� 3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL�
�� ��w���

��� %XUGRQRY� %�$� ������ 'LVWULEXWLRQ RI R[\JHQ EHWZHHQ
PHWDO DQG VODJV RI GLIIHUHQW FRPSRVLWLRQ� ,Q� 3K\VLFDO�
FKHPLFDO SULQFLSOHV RI VWHHOV DQG DOOR\V PHOWLQJ SURFHVVHV�
0RVFRZ� 0HWDOOXUJL\D�
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1DWLRQDO 0HWDOOXUJLFDO $FDGHP\ RI 8NUDLQH� 'QHSURSHWURYVN� 8NUDLQH

�
$�$� %DMNRY ,QVWLWXWH IRU 0HWDOOXUJ\ DQG 0DWHULDOV 6FLHQFH� 5XVVLDQ $FDGHP\ RI 6FLHQFHV� 0RVFRZ� 5XVVLD

7KH FRQWHQW RI R[\JHQ FRPELQHG LQWR GLIIHUHQW W\SHV RI QRQ�PHWDOOLF LQFOXVLRQV LQ FRPPHUFLDOO\ PHOWHG VWHHO ���*��/

VDPSOHV ZDV HYDOXDWHG E\ WKH PHWKRG RI IUDFWLRQDO JDV DQDO\VLV XVLQJ WKH LQJHQLRXV VRIWZDUH 2[6H3 DQG WKH /(&2 JDV

DQDO\VHU 76����� ,W KDV EHHQ FRQILUPHG WKDW WKH R[\JHQ FRQWHQW RI LQFOXVLRQV DQG WKHLU W\SHV GHSHQG XSRQ WKH UHVLGXDO

FRQWHQW RI D GHR[LGLVLQJ HOHPHQW �DOXPLQLXP� LQ VWHHO�

.H\ ZRU G V � +DGILHOG VWHHO� PHOWLQJ WHFKQRORJ\� PHFKDQL�
FDO SURSHUWLHV� IUDFWLRQDO JDV DQDO\VLV� R[LGH LQFOXVLRQV� QLWUR�

JHQ

,QFUHDVLQJ UHTXLUHPHQWV LPSRVHG E\ FXVWRPHUV RQ WKH
TXDOLW\ RI PHWDO SURGXFWVPDNH LW QHFHVVDU\ WR LPSURYH

H[LVWLQJ WHFKQLFDO VROXWLRQV DQG ORRN IRU WKH QHZ RQHV

IURP WKH VFLHQWLILFDOO\ JURXQGHG VWDQGSRLQWV� 7KLV
SUREOHP LV HVSHFLDOO\ SUHVVLQJ IRU KLJK�PDQJDQHVH

DXVWHQLWLF VWHHO ���*��/ �ZW��� ����w����0Q� ���w

���&� ���w���6L� ≤ ����6� �*267 ����w���� WKH FDVW�

LQJV RI ZKLFK DUH ZLGHO\ DSSOLHG LQ WUDQVSRUW HQJL�

QHHULQJ WR PDQXIDFWXUH FRUHV DQG DOO�FDVW IURJV RI

VZLWFKHV RI WUXQN UDLOZD\V� SDUWV RI PLQLQJ DQG DJUL�

FXOWXUDO PDFKLQHU\ DQG RWKHU FULWLFDO SURGXFWV >�@�

&DVWLQJV RI VWHHO ���*��/ DUH PDGH� DV D UXOH� DW

QXPHURXV IRXQGULHV RI PDFKLQH EXLOGLQJ IDFWRULHV DQG

PHWDOOXUJLFDO SODQWV XVLQJ WKH IROORZLQJ SURFHVV IORZ

GLDJUDP� PHOWLQJ RI VWHHO LQ EDVLF DUF IXUQDFHV XVLQJ
UDZ FKDUJH RU LQ�KRXVH ZDVWHV� SRXULQJ RI PHWDO LQWR

VDQG�ORDP PRXOGV �RU SHUPDQHQW PRXOGV� DQG VXE�

VHTXHQW KHDW WUHDWPHQW RI FDVWLQJV >�@�

$W RQH RI WKH IDFWRULHV VWHHO ���*��/ LV PDGH LQ

EDVLF HOHFWULF IXUQDFHV RI WKH '61�� W\SH XVLQJ WKH
FKDUJH FRQVLVWLQJ RI WKH FDUERQ VWHHO VFUDS� 7KH FRQ�

FHQWUDWLRQ RI FDUERQ DIWHU PHOWLQJ LV ���w��� �� 2[L�

GDWLRQ RI SKRVSKRUXV DQG FDUERQ LV GRQH XVLQJ LURQ
RUH� 7KH R[LGDWLRQ SHULRG LV HQGHG XSRQ UHDFKLQJ WKH

��� � 3 DQG ����w��� � & FRQWHQW RI WKH VWHHO� WKH

R[LGDWLRQ UDWH EHLQJ ����w��� � & SHU KRXU� 6ODJ LV

UHPRYHG DW WKH HQG RI WKH R[LGDWLRQ SHULRG WR SUHYHQW

D UHYHUVH WUDQVIHU RI SKRVSKRUXV IURP VODJ WR PHWDO

GXULQJ DOOR\LQJ WKH VWHHO ZLWK PDQJDQHVH� /XPS\ IHU�
URVLOLFLXP DQG IHUURPDQJDQHVH DUH IHG WR WKH PHWDO

VXUIDFH LQ VXFK DPRXQWV WKDW WKH VWHHO ZLOO FRQWDLQ

��� � 6L DQG ��� � 0Q� 7KHQ WKH UHGXFLQJ VODJ ZLWK

D EDVLFLW\ RI ���w���� FRQVLVWLQJ RI OLPH� IOXRUVSDU�

JURXQG FRNH DQG ILQHO\ FUXVKHG IHUURVLOLFLXP� LV LQ�

GXFHG� $IWHU GHR[LGDWLRQ WKH PHWDO LV DOOR\HG ZLWK
IHUURPDQJDQHVH )0Q��� )LQDO GHR[LGDWLRQ RI WKH VWHHO
LV SHUIRUPHG XVLQJ DOXPLQLXP SLJV LQ WKH IXUQDFH DQG

ODGOH� WKH DOXPLQLXP FRQVXPSWLRQ EHLQJ XS WR � NJ
SHU WRQ RI WKH VWHHO� &DVW FRUHV DQG IURJV DUH SURGXFHG

LQ VDQG�ORDP PRXOGV� 7KH FRUHV DQG DOO�FDVW IURJV DUH

VXEMHFWHG WR KHDW WUHDWPHQW XQGHU WKH IROORZLQJ FRQ�

GLWLRQV� KHDWLQJ WR ���� �&� LVRWKHUPDO KROGLQJ IRU
�w� K DW D WHPSHUDWXUH RI ����w���� �& DQG ZDWHU

TXHQFKLQJ�

6WXG\ RI VWUXFWXUH RI WKH FDVW VWHHO ���*��/� FRQ�

VLVWLQJ RI KLJK�PDQJDQHVH DXVWHQLWH� VKRZHG WKDW LW

FRQWDLQHG R[LGH LQFOXVLRQV >�@ DQG SUHFLSLWDWHV RI WKH

FDUERQ SKRVSKLGH SKDVHV� WKH PRUSKRORJ\ DQG DPRXQW

RI ZKLFK DUH GHWHUPLQHG LQ PDQ\ UHVSHFWV E\ WKH FKH�

PLVWU\ RI WKH VWHHO� VROLGLILFDWLRQ FRQGLWLRQV� FRROLQJ

RI FDVWLQJV DQG WKHLU KHDW WUHDWPHQW SDUDPHWHUV >�@�

,W VKRXOG EH HPSKDVLVHG WKDW VRPH GHIHFWV UHYHDOHG

LQ FDVWLQJV RI WKLV VWHHO �FRQWDPLQDWLRQZLWK HQGRJHQLF

QRQ�PHWDOOLF LQFOXVLRQV� LQFUHDVHG JDV FRQWHQW� VLHYH�

W\SH SRURVLW\� KRW DQG FROG FUDFNV� DUH DVVRFLDWHG

PRVWO\ ZLWK WKH WHFKQRORJ\ XVHG LQ WKH R[LGDWLRQ DQG

UHGXFWLRQ SHULRGV RI PHOWLQJ� SDUDPHWHUV RI GHR[LGD�

WLRQ RI VWHHO LQ WKH IXUQDFH DQG ODGOH DQG FDVWLQJ

SDUDPHWHUV� ZKHUHDV KHDW WUHDWPHQW IDLOV WR UHPRYH

WKHP� 7KHUHIRUH� WKH KLJK�TXDOLW\ FDVW FRUHV DQG IURJV

FDQ EH SURYLGHG RQO\ E\ NHHSLQJ WR WKH VFLHQWLILFDOO\

JURXQGHG SDUDPHWHUV RI HDFK VWDJH RI WKHLU VWDUW�WR�

ILQLVK FRPSOLFDWHG SURGXFWLRQ WHFKQRORJ\�
0HFKDQLFDO SURSHUWLHV RI WKH FDVW FRUHV DQG IURJV

RI VWHHO ���*��/ IRU WUXQN UDLOZD\V VKRXOG PHHW UH�

TXLUHPHQWV RI *267 ����w�� �7DEOH ���

6WDWLVWLFDO SURFHVVLQJ RI D ODUJH DUUD\ RI GDWD RQ
SURGXFWLRQ RI UDLOZD\ VZLWFK FRUHV DQG IURJV IURP

VWHHO ���*��/ VKRZHG >�� �@ WKDW ZLWK WKH HDUOLHU

VWHHO PDNLQJ WHFKQRORJ\ WKH \LHOG RI WKH ILUVW JURXS

RI SURGXFWV GLG QRW H[FHHG ��w�� �� ZKLFK OHG WR

� 0�,� *$6,. DQG .�9� *5,*2529,&+� ����
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GHFUHDVH LQ FRVW HIIHFWLYHQHVV DQG FRPSHWLWLYHQHVV RI
WKHVH PHWDO SURGXFWV LQ WKH QDWLRQDO DQG IRUHLJQ PDU�
NHWV RI PHWDOOXUJLFDO DQG PDFKLQH EXLOGLQJ LQGXVWULHV�

,Q YLHZ WKDW TXDOLW\ RI WKH FRUHV DQG IURJV RI D
KLJK�PDQJDQHVH VWHHO GHSHQGV XSRQ D QXPEHU RI WHFK�
QRORJ\ IDFWRUV� WKH SXUSRVH RI WKH VWXG\ GHVFULEHG LQ
WKLV DUWLFOH ZDV WR HYDOXDWH WKH FRQWHQW RI R[\JHQ DQG
QLWURJHQ� DV ZHOO DV WKH W\SHV �SKDVH FRPSRVLWLRQ� RI
R[LGH LQFOXVLRQV LQ FDVWLQJV RI GLIIHUHQW TXDOLW\
JURXSV�

,QYHVWLJDWLRQ REMHFWV DQG SURFHGXUH�

 7KH JDV

�R[\JHQ DQG QLWURJHQ� FRQWHQW ZDV GHWHUPLQHG RQ
PHWDO VDPSOHV RI �� FRPPHUFLDO KHDWV VXEMHFWHG WR
PHFKDQLFDO WHVWV �7DEOHV � DQG ��� $FFRUGLQJ WR WKH
VWDQGDUGV LQ IRUFH� VSHFLPHQV IRU PHFKDQLFDO WHVWV
ZHUH FXW IURP D WHFKQRORJ\ VDPSOH� L�H� EDU �)L�
JXUH ��� DIWHU LWV KHDW WUHDWPHQW WRJHWKHU ZLWK D EDWFK
RI WKH FDVW FRUHV DQG IURJV�

7KH DPRXQW RI R[\JHQ DGVRUEHG E\ WKH VDPSOH
VXUIDFH� GLVVROYHG LQ PHWDO DQG FRPELQHG ZLWK LW WR
IRUP GLIIHUHQW W\SHV RI R[LGH QRQ�PHWDOOLF LQFOXVLRQV
ZDV GHWHUPLQHG E\ WKH IUDFWLRQDO JDV DQDO\VLV �)*$�
PHWKRG GHYHORSHG DQG XVHG WR DGYDQWDJH IRU LQYHVWL�
JDWLRQV E\ WKH 'LDJQRVWLFV /DERUDWRU\ RI WKH $�$� %D�
MNRY ,QVWLWXWH IRU 0HWDOOXUJ\ DQG 0DWHULDOV 6FLHQFH
RI WKH 5XVVLDQ $FDGHP\ RI 6FLHQFHV >�� �@�

7KH )*$ PHWKRG LV D PRGLILFDWLRQ RI UHGXFWLRQ
PHOWLQJ RI VWHHO VDPSOHV LQ WKH JUDSKLWH FUXFLEOH LQ D
FDUULHU JDV IORZ DW D SUHVHW KHDWLQJ UDWH� $QDO\WLFDO

SURFHGXUH RI WKH )*$ PHWKRG LQYROYLQJ WKH /(&2
DQDO\VHU 76����� DOORZLQJ IUDFWLRQDWLRQ WR EH FRQ�
GXFWHG XVLQJ WKH VSHFLDOO\ GHYHORSHG LQJHQLRXV VRIW�
ZDUH� LQFOXGHV WKH IROORZLQJ RSHUDWLRQV� DQDO\VLV RI
D VDPSOH E\ WKH RSWLPDO SURJUDP LQ WHUPV RI UHVROXWLRQ
RI WKH R[LGH VSHFWUXP� SURFHVVLQJ RI WKH DQDO\VLV UH�
VXOWV XVLQJ WKH 2[6H3 VRIWZDUH IURP WKH DQDO\VHU GDWD
EXIIHU DQG LGHQWLILFDWLRQ RI WKH SUHFLSLWDWHG R[LGH
W\SHV�

'DWD SURFHVVLQJ LV SHUIRUPHG DXWRPDWLFDOO\ ZLWK
QR LQYROYHPHQW RI DQ RSHUDWRU� DQG LQFOXGHV WKH IRO�
ORZLQJ VWDJHV�

• EODQN SURFHGXUH IRU GXPP\ FRUUHFWLRQ RI QRQ�
LVRWKHUPDO DQDO\VLV� L�H� DFFRXQWLQJ IRU WKH HIIHFW RI
WHPSHUDWXUH�GHSHQGHQW IXQFWLRQV RI JDV HYROXWLRQ
IURP DQ HPSW\ FUXFLEOH GXULQJ WKH KHDWLQJ SURFHVV�
DQG HIIHFW RI DFWLYH VXEOLPDWHV DQG LPSXULWLHV LQ WKH
FDUULHU JDV GXULQJ WKH QRQ�LVRWKHUPDO DQDO\VLV�

• SURFHGXUH IRU UHFRQVWUXFWLRQ RI WKH LQLWLDO FXUYH
RI JDV HYROXWLRQ IURP WKH DQDO\VLV UHVXOWV� 7KH SURFH�
GXUH HOLPLQDWHV WKH HIIHFW RI GLOXWLRQ RI VLJQDO RI FDUE�
RQ R[LGH LQ WKH FDUULHU JDV� HIIHFW RI JDV HYROXWLRQ RI
WKH V\VWHP LQ PRYHPHQW RI WKH DQDO\WLFDO JDV IURP
WKH JUDSKLWH FUXFLEOH RI WKH IXUQDFH WR WKH ,5�FHOO RI
WKH DQDO\VHU�

• SURFHGXUH IRU VHSDUDWLRQ RI WKH DQDO\WLFDO FXUYH
LQWR WKH VSHFWUXP RI SHDNV RI R[LGH JDV HYROXWLRQ�
EDVHG RQ VROXWLRQ RI WKH LQYHUVH SUREOHP XVLQJ WKH
GHYHORSHG SK\VLFDO�FKHPLFDO PRGHO RI WKH SURFHVV�

7KH VWDQGDUG VDPSOH RI WKH ,URQ DQG 6WHHO ,QVWLWXWH
RI -DSDQ �-66�&�6��F�� KDYLQJ WKH IROORZLQJ
PHWURORJLFDO FKDUDFWHULVWLFV� ZDV XVHG IRU FDOLEUDWLRQ
RI WKH LQVWUXPHQW� FHUWLILHG YDOXH RI WKH PDVV IUDFWLRQ
RI R[\JHQ ����� � DQG WKDW RI QLWURJHQ ������ �� DW
WKH YDOXHV RI DQ DEVROXWH HUURU IRU R[\JHQ HTXDO WR
������� � DQG QLWURJHQ ������ �� ,Q DGGLWLRQ� WKH
XVH ZDV DOVR PDGH RI WKH /(&2 VWDQGDUG FDOLEUDWLRQ
VWHHO VDPSOH KDYLQJ WKH IROORZLQJ PHWURORJLFDO FKDU�
DFWHULVWLFV� FHUWLILHG YDOXHV RI PDVV IUDFWLRQ RI R[\JHQ

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI VWHHO ���*��/ FDVWLQJV

*URXS

RI

FDVWLQJV

7HQVLOH

VWUHQJWK�

NJI�PP
�

<LHOG

VWUHVV�

NJI�PP�

(ORQJD�

WLRQ�

�

5HGXFWLRQ

LQ DUHD�

�

,PSDFW

WRXJKQHVV

.&8�

NJI⋅P�FP�

, !���� !�� !���� !���� !����

,, ����w�� !�� ��w�� ����w�� ����w��

,,, ��w�� !�� ��w�� ��w�� ��w��


/�6� .YDVRYD SDUWLFLSDWHG LQ WKH LQYHVWLJDWLRQV�

7DEOH �� &KHPLVWU\ RI WKH FRPPHUFLDOO\ PHOWHG VWHHO ���*��/

+HDW

1R�

&RQWHQW RI HOHPHQWV� ZW��

0Q & 6L 3 6 $O

����� ���� ���� ���� ����� ����� �����w�����

����� ���� ���� ���� ����� ����� �����w�����

����� ���� ���� ���� ����� ����� �����w�����

����� ���� ���� ���� ����� ����� �����w�����

����� ���� ���� ���� ����� ����� �����w�����

����� ���� ���� ���� ����� ����� �����w�����
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������ � DQG QLWURJHQ ������ �� 7KH DEVROXWH HUURU
IRU R[\JHQ ZDV ������ � DQG IRU QLWURJHQ x
������ ��

7KH R[\JHQ DQG QLWURJHQ FRQWHQWV RI WKH VDPSOHV
VWXGLHG ZHUH GHWHUPLQHG E\ WKH PHWKRG RI UHGXFWLRQ
PHOWLQJ RI VWHHO VDPSOHV ���w��� J LQ ZHLJKW LQ WKH
LQHUW JDV �KHOLXP� DWPRVSKHUH XQGHU WKH IROORZLQJ
FRQGLWLRQV� WLPH RI GHJDVVLQJ WKH FUXFLEOH �� V� WHP�
SHUDWXUH RI GHJDVVLQJ WKH FUXFLEOH ���� �&� PLQLPXP
WLPH RI DQDO\VLV RI R[\JHQ �� V� WKDW RI QLWURJHQ x
�� V� DQDO\VLV WHPSHUDWXUH ���� �& DQG DQDO\VLV WLPH
��� V�

([SHULPHQWDO UHVXOWV DQG WKHLU DQDO\VLV� 7DEOH �
JLYHV GDWD RQ WKH FRQWHQW RI GLIIHUHQW W\SHV RI R[\JHQ
FRQWDLQHG LQ VWHHO VDPSOHV� WRWDO FRQWHQW� LQFOXGLQJ
VXUIDFH R[\JHQ DQG GXPP\ FRUUHFWLRQ R[\JHQ >2@��
R[\JHQ FRQWHQW RI WKH VDPSOH� LQFOXGLQJ VXUIDFH R[\�
JHQ OHVV WKH GXPP\ FRUUHFWLRQ R[\JHQ >2@�� GXPP\
FRUUHFWLRQ IRU WKH R[\JHQ FRQWHQW >2@�� DPRXQW RI
R[\JHQ DGVRUEHG E\ WKH VDPSOH VXUIDFH >2@� DQG R[\�
JHQ FRQWHQW RI LQFOXVLRQV >2@��

,W IROORZV IURP WKLV 7DEOH WKDW� GHVSLWH NHHSLQJ
WR WKH H[LVWLQJ WHFKQRORJ\ IRUPHOWLQJ DQG ORDP�PRXOG
FDVWLQJ RI VWHHO ���*��/� WKH WRWDO R[\JHQ FRQWHQW
RI WKH LQYHVWLJDWHG VDPSOHV RI GLIIHUHQW KHDWV YDULHV
ZLWKLQ ZLGH UDQJHV IURP DPLQLPXP YDOXH RI ����⋅��w�

WR D PD[LPXP RI ���⋅��w�ZW��� ,Q WKLV FDVH WKH PDMRU
DPRXQW RI R[\JHQ LQ WKH VDPSOHV LV FRQWDLQHG LQ R[LGH
LQFOXVLRQV� IURP ����⋅��w� WR ���⋅��w� ZW��� ZKLFK LV

FDXVHG E\ ERWK GLIIHUHQFHV LQ UHVLGXDO FRQFHQWUDWLRQ
RI DOXPLQLXP DQG HQGR� DQG H[RJHQLF FKDUDFWHU RI
WKHLU RULJLQ�

2I VFLHQWLILF DQG SUDFWLFDO LQWHUHVW DUH WKH UHVXOWV
RI IUDFWLRQDO JDV DQDO\VLV RI WKH VWHHO VDPSOHV LQ WHUPV
RI HYDOXDWLRQ RI GLIIHUHQW W\SHV RI QRQ�PHWDOOLF R[LGH
LQFOXVLRQV XVLQJ WKH 2[6H3 VRIWZDUH�

*LYHQ EHORZ LV WKH DQDO\VLV RI HYDORJUDPV �)L�
JXUHV �w�� RI JDV HYROXWLRQ LQ UHGXFWLRQ PHOWLQJ RI D
VDPSOH DQG VHSDUDWLRQ RI WKH DQDO\WLFDO FXUYH LQWR WKH
VSHFWUXP RI HYROXWLRQ RI JDVHV RI GLIIHUHQW W\SHV RI
R[LGHV� EDVHG RQ WKH SURFHGXUH IRU VROXWLRQ RI WKH
LQYHUVH SUREOHP E\ WKH GHYHORSHG SK\VLFDO�FKHPLFDO
PRGHO RI WKH SURFHVV� (YDORJUDPV DUH JLYHQ LQ WKH
RUGHU RI DQ LQFUHDVLQJ FRQWHQW RI R[\JHQ FRPELQHG WR
IRUP LQFOXVLRQV� ,GHQWLILFDWLRQ RI SHDNV RI WKH LQFOX�
VLRQV ZDV SHUIRUPHG E\ SDUDPHWHU 7E XVLQJ WKH VSHFLDO
2;,' VRIWZDUH�

6DPSOH ����� �)LJXUH ��� >2@�  ����⋅��w� ZW���
7KH IROORZLQJ W\SHV RI LQFOXVLRQV ZHUH LGHQWLILHG IURP
WKH HYDORJUDP� �0Q� )H�2� 6L2�� 0Q2⋅$O�2� DQG
$O�2�⋅6L2�� 7HPSHUDWXUHV �7E� .� ZHUH�
�)H2⋅6L2� x ����� 0Q2 x ����� 6L2� x �����
$O�2�⋅6L2� x ����� 0Q2⋅$O�2� x ���� DQG
$O�2� x �����

6DPSOH ����� �)LJXUH ��� >2@�  ����⋅��w� ZW���
� SHDNV FRUUHVSRQGLQJ WR WKH IROORZLQJ W\SHV RI LQ�
FOXVLRQV ZHUH LGHQWLILHG IURP WKH HYDORJUDP�
�)H2⋅6L2�� 0Q2� 0Q2⋅6L2�� 6L2� DQG 0Q2⋅$O�2��

)LJXUH �� ([SHULPHQWDO EDU IRU HYDOXDWLRQ RI PHFKDQLFDO SURSHUWLHV RI VWHHO ���*��/

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI WKH FRPPHUFLDOO\ PHOWHG VWHHO ���*��/ FDVWLQJV

+HDW 1R�
7HQVLOH VWUHQJWK�

NJI�PP
�

<LHOG VWUHVV�

NJI�PP
�

(ORQJDWLRQ�

�

5HGXFWLRQ LQ DUHD�

�

,PSDFW WRXJKQHVV

.&8� NJI⋅P�FP�

����� ���� ���� ����� ���� ����

����� ���� ���� ���� ���� ����

����� ���� ���� ����� ���� ����

����� ���� ���� ����� ���� ����

����� ���� ���� ����� ���� ����

����� ���� ���� ����� ���� ����

����� ���� ���� ����� ���� ����

����� ���� ���� ����� ���� ����

����� ���� ���� ����� ���� ����

���� ���� ���� ����� ���� ����
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)LJXUH �� (YDORJUDP RI IUDFWLRQDO JDV DQDO\VLV RI VWHHO ���*��/ �KHDW ������

)LJXUH �� (YDORJUDP RI IUDFWLRQDO JDV DQDO\VLV RI VWHHO ���*��/ �KHDW ������

7DEOH �� 5HVXOWV RI GHWHUPLQDWLRQ RI WKH PDVV IUDFWLRQ RI R[\JHQ LQ VWHHO ���*��/ E\ WKH )*$ PHWKRG

+HDW

1R�

&RQWHQW� �⋅��� ZW��

>2@� >¬@� >¬@� >¬@� >¬@�

����� ���� ���� ���� ��� ����

����� ���� ���� ���� ���� ����

����� ����� ����� w ���� �����

����� ���� ���� ��� ��� ����

����� ����� ����� ���� ��� �����

����� ����� ����� ���� ���� �����

����� ����� ����� ���� ��� �����

����� ���� ���� ��� ��� ����
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7HPSHUDWXUHV �7E� .� ZHUH� �)H2⋅6L2� x �����
0Q2x ����� 0Q2⋅6L2�x ����� 6L2�x ���� DQG
0Q2⋅$O�2� x �����

6DPSOH ����� �)LJXUH ��� >2@�  ����⋅��w� ZW���
7KH HYDORJUDP LV UHSUHVHQWHG E\ � SHDNV� 7KH ILUVW
SHDN FRUUHVSRQGV WR R[LGHV )H2 DQG 6L2�

��)H2⋅6L2��� WKH VHFRQG DQG WKLUG SHDNV x WR 0Q2�
WKH IRXUWK DQG ILIWK SHDNV x WR LQFOXVLRQV ZLWK D
KLJK DOXPLQD FRQWHQW� DQG WKH VL[WK SHDN x WR FR�
UXQGXP� 7HPSHUDWXUHV �7E� .� ZHUH� )H2w6L2� x
����� 0Q2 x ����� 6L2� x ����� $O�2�⋅6L2� x
����� 0Q2⋅$O�2� x ���� DQG $O�2� x �����

6DPSOH ����� �)LJXUH ��� >2@�  ����⋅��w� ZW���
7KH HYDORJUDP LV UHSUHVHQWHG E\ � SHDNV LQGLFDWLQJ
WR VHYHUDO R[\JHQ FRPSRXQGV SUHVHQW LQ WKH VDPSOH�
V\VWHP)H2w6L2��0Q2w6L2� DQG $O�2�w6L2�� 7HP�
SHUDWXUHV �7E� .� ZHUH� �)H2⋅6L2�x ����� 0Q2x

����� 6L2� x ����� $O�2� x ����� 0Q2⋅$O�2� x
����� $O�2� x �����

6DPSOH ����� �)LJXUH ��� >2@�  �����⋅��w� ZW���
7KH HYDORJUDP FRPSULVHV �� SHDNV� $ORQJ ZLWK R[LGHV
VLPLODU WR WKRVH LGHQWLILHG LQ WKH SUHYLRXV VDPSOHV�
R[LGHV RI WKH $O�2�w�&D� 0J�2 V\VWHP ZHUH UHYHDOHG
LQ VDPSOH ������ 7HPSHUDWXUHV �7E� .� ZHUH�
�)H2⋅6L2� x ����� 6L2� x ����� 0Q2 x �����
$O�2�⋅6L2� x ����� 0Q2⋅$O�2� x ����� $O�2� x
����� $OORZLQJ IRU D FRPSOH[ VSHFWUXP RI R[LGHV LQ
WKH LQFOXVLRQV DQG WKH SUHVHQFH RI �&D� 0J�2� LW FDQ
EH DVVXPHG WKDW VRPH RI WKHP KDYH DQ H[RJHQLF RULJLQ
�VODJ LQFOXVLRQV��

6DPSOH ����� �)LJXUH ��� >2@�  �����⋅��w� ZW���
7KH HYDORJUDP FRPSULVHV �� SHDNV� 7KH ILUVW WKUHH
SHDNV FRUUHVSRQG WR LQFOXVLRQV 0Q2w)H2 DQG 0Q2�
WKH QH[W VL[ SHDNV FRUUHVSRQG WR WKH 0Q2w6L2� DQG

)LJXUH �� (YDORJUDP RI IUDFWLRQDO JDV DQDO\VLV RI VWHHO ���*��/ �KHDW ������

)LJXUH �� (YDORJUDP RI IUDFWLRQDO JDV DQDO\VLV RI VWHHO ���*��/ �KHDW ������
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6L2� V\VWHP� DQG WKH ODVW WKUHH SHDNV FRUUHVSRQG WR
0Q2⋅$O�2� DQG $O�2�� 7HPSHUDWXUHV �7E� .� ZHUH�
�)H2⋅6L2� x ����� 6L2� x ����� 0Q2 x �����
$O�2�⋅6L2� x ����� 0Q2⋅$O�2� x ���� DQG
$O�2� x ����� 2I QRWH LV WKH IDFW WKDW UHGXFWLRQ RI
DOO R[LGHV LV HQGHG ZLWKLQ D VKRUW SHULRG RI WLPH�

6DPSOH ����� �)LJXUH ��� >2@�  �����⋅��w�ZW���
7KH HYDORJUDP FRPSULVHV �� SHDNV� 7KH ILUVW IRXU
SHDNV DUH R[LGHV )H2� 0Q2 DQG 6L2�� WKH QH[W VL[
SHDNV DUH R[LGHV 0Q2� 6L2� DQG $O�2�� DQG WZR

ODWWHU SHDNV DUH $O�2�⋅6L2�� 7HPSHUDWXUHV �7E� .�
ZHUH� �)H2⋅6L2� x ����� 0Q2 x ����� 6L2� x
����� $O�2�⋅6L2� x ����� 0Q2⋅$O�2� x ���� DQG
$O�2� x ����� 7KH KLJK WRWDO R[\JHQ FRQWHQW RI
LQFOXVLRQV LV LQGLFDWLYH WKDW SDUW RI WKHP DUH RI WKH
H[RJHQLF RULJLQ� OLNH LQ VDPSOHV ������ ����� DQG ��
����

,W IROORZV IURP WKH GDWD VKRZQ LQ )LJXUHV �w�
WKDW� GHVSLWH WKH VWHHO PHOWLQJ WHFKQRORJ\ DFFHSWHG
DW WKH IDFWRU\� NHHSLQJ WR WKH SDUDPHWHUV RI WKH R[L�

)LJXUH �� (YDORJUDP RI IUDFWLRQDO JDV DQDO\VLV RI VWHHO ���*��/ �KHDW ������

)LJXUH �� (YDORJUDP RI IUDFWLRQDO JDV DQDO\VLV RI VWHHO ���*��/ �KHDW ������
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GDWLRQ SHULRG RI PHOWLQJ� SUHOLPLQDU\ GHR[LGDWLRQ RI
VWHHO� DOOR\LQJ WKH VWHHO SRRO ZLWK IHUURPDQJDQHVH DQG
ILQDO GHR[LGDWLRQ RI WKH VWHHO LQ WKH IXUQDFH DQG ODGOH
ZLWK DOXPLQLXP� WKH DPRXQW RI R[\JHQ FRPELQHG LQWR
QRQ�PHWDOOLF R[\JHQ�FRQWDLQLQJ LQFOXVLRQV �R[LGHV�
VLOLFDWHV� DOXPLQDWHV� HWF�� LQ WKH LQYHVWLJDWHG VDPSOHV
LV FKDUDFWHULVHG E\ D ZLGH KHDW�WR�KHDW YDULDWLRQ� 7KH
VWHHO VDPSOHV ���w��� J LQ ZHLJKW DUH QDWXUDOO\ QRW
HQWLUHO\ UHSUHVHQWDWLYH LQ WHUPV RI HYDOXDWLRQ RI WKH
GHJUHH RI FRQWDPLQDWLRQ RI WKH WHFKQRORJ\ VDPSOH�
L�H� EDU� ZLWK QRQ�PHWDOOLF LQFOXVLRQV� DOO WKH PRUH VR
WKH FDVW FRUHV RU IURJV� 1HYHUWKHOHVV� WKH UHVXOWV RI
HYDOXDWLRQ RI WKH R[\JHQ FRQWHQW RI LQFOXVLRQV FKD�
UDFWHULVH WKH HQWLUH VSHFWUXP RI R[LGHV SUHVHQW LQ WKH
FDVWLQJV RI WKLV RU WKDW KHDW RI WKH VWHHO�

7KH VDPSOHV RI PHWDO RI KHDWV ����� �)LJXUH ���
����� �)LJXUH ��� ����� �)LJXUH �� DQG ����� �)L�
JXUH ��� ZLWK WKH R[\JHQ FRQWHQW RI LQFOXVLRQV HTXDO
WR ����⋅��w�� ����⋅��w�� ����⋅��w� DQG ����⋅��w� ZW���
UHVSHFWLYHO\� FRQWDLQ LQFOXVLRQV ZKLFK FDQ EH FODVVHG
SULPDULO\ ZLWK WKH HQGRJHQLF W\SH� ,Q WKH UHVW RI WKH
VWHHO VDPSOHV �)LJXUHV �w�� WKH KLJK R[\JHQ FRQWHQW
DQG D ZLGH VSHFWUXP RI WKH JDV HYROXWLRQ SHDNV DUH
OLNHO\ WR EH FDXVHG E\ LQJUHVV RI VODJ LQFOXVLRQV GXULQJ
FDVWLQJ WKH PHWDO LQWR WKH PRXOGV� 7KHUHIRUH� LQ DG�
GLWLRQ WR HQGRJHQLF LQFOXVLRQV� WKH VWHHO VDPSOHV DOVR
FRQWDLQHG D GLIIHUHQW DPRXQW RI LQFOXVLRQV RI WKH H[R�
JHQLF RULJLQ�

&RPSDUDWLYH DQDO\VLV RI GDWD RQ PHFKDQLFDO SUR�
SHUWLHV RI PHWDO RI GLIIHUHQW KHDWV DQG R[\JHQ FRQWHQW
RI LQFOXVLRQV IDLOHG WR UHYHDO D GHILQLWH UHODWLRQVKLS
EHWZHHQ WKHVH YDOXHV� 7KLV SURYHV WKH NQRZQ SRVWX�
ODWH WKDW PHFKDQLFDO SURSHUWLHV RI FDVWLQJV RI WKH KLJK�
PDQJDQHVH DXVWHQLWLF VWHHO ���*��/ GHSHQG QRW RQO\
XSRQ WKH PHOWLQJ SURFHVV SDUDPHWHUV� EXW DOVR WR D
FRQVLGHUDEOH GHJUHH XSRQ WKH SDUDPHWHUV RI KHDW WUHDW�
PHQW RI WKH FDVWLQJV�

&RUUHFWLRQ RI SDUDPHWHUV RI PHOWLQJ DQG GHR[LGD�
WLRQ RI VWHHO ZLWK DOXPLQLXP ZDV GRQH RQ WKH EDVLV
RI UHVXOWV RI WKH VWXG\ GHVFULEHG LQ WKLV DUWLFOH� 2WKHU
SDUDPHWHUV RI WKH VWDUW�WR�ILQLVK WHFKQRORJ\ EHLQJ
NHSW WR� WKLV FRUUHFWLRQ DOORZHG WKH \LHOG RI WKH ILUVW
JURXS RI WKH FDVWLQJV WR EH LQFUHDVHG IURP ��w�� WR
��w�� ��

,Q DGGLWLRQ WR WKH H[SHULPHQWV RQ LGHQWLILFDWLRQ
RI WKH W\SHV RI R[LGH LQFOXVLRQV� WKH 76���� DQDO\VHU
ZDV DOVR XVHG WR HYDOXDWH WKH QLWURJHQ FRQWHQW �7D�
EOH ���

7DEOH �� 1LWURJHQ FRQWHQW RI FRPPHUFLDOO\ PHOWHG VWHHO ���*��/
VDPSOHV

+HDW

1R�

1LWURJHQ FRQWHQW DFFRUGLQJ WR GDWD RI VHYHUDO

HYDOXDWLRQV� ZW��

0HDQ

FRQWHQW�

ZW��

���� ������� ������� ������ ������

����� ������� ������ ������

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

����� ������� ������ ������

����� ������� ������� ������� ������� ������ ������
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$V IROORZV IURP WKH GDWD RI WKLV 7DEOH� D PLQLPXP
PHDQ QLWURJHQ FRQWHQW RI WKH VDPSOH RI KHDW �����
ZDV ������� DQG D PD[LPXP FRQWHQW ZDV ������ ZW��
LQ WKH VDPSOH RI KHDW ������ ,W LV OLNHO\ WKDW D KHDW�
WR�KHDW YDULDWLRQ LQ WKH DPRXQW RI QLWURJHQ VKRXOG EH
WDNHQ LQWR DFFRXQW DOVR LQ DQDO\VLV RI FRPSOH[ UHOD�
WLRQVKLSV EHWZHHQ PHFKDQLFDO SURSHUWLHV RI VWHHO�
PHOWLQJ WHFKQRORJ\ DQG KHDW WUHDWPHQW RI FDVWLQJV�

�� *DVLN� 0�,�� 3HWURY� <X�1�� 6HPHQRY� ,�$� HW DO� ������
0HWDOOXUJ\ RI KLJK�PDQJDQHVH VWHHO� .\LY� 7HNKQLND�

�� =KLWQRY� 6�9�� 'DY\GRY� 1�*�� %UDWFKLNRY� 6�*� ������
+LJK�PDQJDQHVH VWHHOV� 0RVFRZ� 0HWDOOXUJL\D�

�� *DVLN� 0�,�� .YDVRYD� /�6�� .D]DNRY� 6�6� HW DO� ������ ;�
UD\ PLFURSUREH DQDO\VLV RI QRQ�PHWDOOLF LQFOXVLRQV LQ FDVW�
LQJV PDQXIDFWXUHG IURP +DGILHOG VWHHO GHR[LGL]HG E\ DOX�

PLQLXP� 0HWDOOXUJLFK� L *RUQRUXGQD\D 3URP\VKOHQQRVW� ��
��w���

�� *DVLN� 0�,�� 6HPHQRY� ,�$�� <XVKNHYLFK� 2�3� HW DO� ������
6LPXODWLRQ RI ZHDU UHVLVWDQFH FKDUDFWHULVWLFV RI KLJK�PDQJD�
QHVH VWHHO WXUQRXW IURJV LQ VHUYLFH� $GYDQFHV LQ (OHFWURPHW�
DOOXUJ\� �� ��w���

�� .YDVRYD� /�6�� %UDWXQLQ� 9�*� ������ 5HJUHVVLRQ DQDO\VLV
RI PHFKDQLFDO SURSHUWLHV RI FDVWLQJV RI HOHFWULF VWHHO
���*��/ WR SUHGLFW RSWLPXP FKHPLFDO FRPSRVLWLRQ� 0HWDO�
OXUJLFK� L *RUQRUXGQD\D 3URP\VKOHQQRVW� �� ��w���

�� *ULJRURYLWFK� .�9�� .DWVQHOVRQ� $�0�� .U\ORY� $�6� HW DO�
������ 1HZ DSSURDFK WR WKH IUDFWLRQDO JDV DQDO\VLV DSSOLFD�
WLRQ LQ PHWDOOXUJ\ DQG PDWHULDO FRQWURO XVLQJ R[LGH VHSDUD�
WLRQ VRIWZDUH GHYHORSHG� ,Q� 3URF� RI �WK ,QW� &RQI� RQ $QD�
O\WLFDO &KHPLVWU\ LQ WKH 6WHHO DQG 0HWDO ,QGXVWULHV� /X[�
HPERXUJ� �����

�� *ULJRURYLWFK� .�9�� .UDVRYVNLL� 3�9�� .U\ORY� $�6� ������
)UDFWLRQDO JDV DQDO\VLV�EDVLF SULQFLSOHV DQG DSSOLFDWLRQ LQ
VWHHO TXDOLW\� ,Q� 3URF� RI ��WK &KHPLVWV &RQIHUHQFH� 8.
%ULWLVK 6WHHO SOF�� �����
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