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$ 6WXG\ RI &HOO &\FOH &RQWURO 0RGHOLQJ

LQ (XNDU\RWLF &HOO

+LGHWRVKL 'DWH

6FKRRO RI .QRZOHGJH 6FLHQFH�

-DSDQ $GYDQFHG ,QVWLWXWH RI 6FLHQFH DQG 7HFKQRORJ\

6HSWHPEHU ����

.H\ZRUGV� SURWHLQ LQWHUDFWLRQ� FHOO F\FOH� PRGHOLQJ� GLIIHUHQWLDO HTXDWLRQ� VLPXODWLRQ

� 3XUSRVH

&HOO EHKDYLRU LV JRYHUQHG E\ WKRXVDQGV RI ELRFKHPLFDO LQWHUDFWLRQ RI JHQHV DQG

SURWHLQV� :KLOH WKH HDFK PROHFXODU LQWHUDFWLRQ KDV IDLUO\ VLPSOH PHFKDQLVP� QHWZRUNV RI WKH

ELRFKHPLFDO LQWHUDFWLRQV UHJXODWH FHOO DFWLYLWLHV SUHFLVHO\� 2QH RI VXFK ELRFKHPLFDO

LQWHUDFWLRQV LV D FHOO F\FOH� ZKLFK LV D UHSURGXFWLRQ E\ GXSOLFDWLQJ WKHLU FRQWHQWV DQG GLYLGLQJ

WKHPVHOYHV LQ WZR� :H IRFXV RQ WKH FHOO F\FOH� EHFDXVH WKH FHOO F\FOH LV WKH IXQGDPHQWDO

PHDQV E\ ZKLFK DOO OLYLQJ WKLQJV DUH SURSDJDWHG� 7KH FHOO F\FOH LV FDXVHG E\ VRPH SURWHLQ

V\QWKHVLV� FRXSOHG ZLWK LQWHUPLWWHQW SURWHRO\VLV� ,Q WKLV SDSHU� :H WU\ WR GHVFULEH PDWKHPDWLFDO

IRUPV DV DQ LQWUDFHOOXODU PROHFXODU HYHQW� DQG GHSLFW FHOO F\FOH FRQWURO ZLWK GLIIHUHQWLDO

HTXDWLRQV DQG VLPXODWH WKLV PROHFXODU HYHQW�

� %DFNJURXQG

7KH &HOO GLYLVLRQ UHVXOWV LQ WKH SURGXFWLRQ RI WZR GDXJKWHU FHOOV FRQWDLQLQJ LGHQWLFDO

JHQHWLF FRPSOHPHQWV� $FKLHYLQJ WKLV UHTXLUHV D FDUHIXOO\ RUFKHVWUDWHG VHULHV RI QXFOHDU DQG

F\WRSODVPLF HYHQWV OHDGLQJ WR WKH DFFXUDWH UHSOLFDWLRQ DQG VHJUHJDWLRQ RI WKH FKURPRVRPHV� ,Q

XQLFHOOXODU VSHFLHV� VXFK DV EDFWHULD DQG \HDVW� HDFK FHOO GLYLVLRQ SURGXFHV DQ DGGLWLRQDO

&RS\ULJKW p ���� E\ +LGHWRVKL 'DWH
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RUJDQLVP� ,Q PXOWLFHOOXODU VSHFLHV PDQ\ URXQGV RI FHOO GLYLVLRQ DUH UHTXLUHG WR PDNH D QHZ

LQGLYLGXDO� DQG FHOO GLYLVLRQ LV DOVR QHHGHG LQ WKH DGXOW ERG\� WR UHSODFH FHOOV WKDW DUH ORVW E\

ZHDU DQG WHDU RU E\ SURJUDPPHG FHOO GHDWK� 7KXV DQ DGXOW KXPDQ PXVW PDQXIDFWXUH

PLOOLRQV RI QHZ FHOOV HDFK VHFRQG VLPSO\ WR PDLQWDLQ� DQG LI DOO FHOO GLYLVLRQ LV KDOWHG ¤ IRU

H[DPSOH� E\ D ODUJH GRVH RI LRQL]LQJ UDGLDWLRQ ¤ WKH LQGLYLGXDO ZLOO GLH ZLWKLQ D IHZ GD\V�

$ SRZHUIXO FRPELQDWLRQ RI PROHFXODU JHQHWLFV� FHOO ELRORJ\� DQG ELRFKHPLVWU\ KDV

OHG WR WKH LVRODWLRQ RI NH\ VWUXFWXUDO� HQ]\PDWLF� DQG UHJXODWRU\ FRPSRQHQWV JRYHUQLQJ WKHVH

HYHQWV� 2QH RI WKH PRVW JUDWLI\LQJ DVSHFWV RI WKLV UHVHDUFK KDV EHHQ WKH UHDOL]DWLRQ WKDW PDQ\

RI WKHVH FRPSRQHQWV DUH KLJKO\ FRQVHUYHG WKURXJKRXW WKH SK\OD� 7KHUHIRUH PXFK RI WKH

NQRZOHGJH OHDUQHG IURP RQH V\VWHP ZLOO SUREDEO\ DSSOLHG WR RWKHUV�

7KH GHWDLO RI WKH FHOO F\FOH PD\ YDU\� EXW FHUWDLQ UHTXLUHG DUH XQLYHUVDO� )LUVW DQG

IRUHPRVW� WR SURGXFH D SDLU RI JHQHWLFDOO\ LGHQWLFDO GDXJKWHU FHOOV� WKH '1$ PXVW EH IDLWKIXOO\

UHSOLFDWHG� DQG WKH UHSOLFDWHG FKURPRVRPHV PXVW EH VHJUHJDWHG LQWR WZR VHSDUDWH FHOOV� 7KH

FHOO F\FOH FRPSULVHV� DW D PLQLPXP� WKH VHW RI SURFHVVHV WKDW D FHOO PXVW SHUIRUP WR

DFFRPSOLVK WKHVH WDVNV� 7KH YDVW PDMRULW\ RI FHOOV DOVR GRXEOH WKHLU PDVV DQG GXSOLFDWHV DOO

WKHLU F\WRSODVPLF RUJDQHOOHV LQ HDFK FHOO F\FOH� 7KXV D FRPSOH[ VHW RI F\WRSODVPLF DQG QXFOHDU

SURFHVVHV KDYH WR EH FRRUGLQDWHG ZLWK RQH DQRWKHU GXULQJ WKH FHOO F\FOH�

7KH PDMRU WUDQVLWLRQV LQ WKH FHOO F\FOH DUH GULYHQ E\ WKH VXFFHVVLYH DFWLYDWLRQ RI D

IDPLO\ RI F\FOLQ�GHSHQGHQW NLQDVH �&'.V�� 7KH &'.V DUH VWUXFWXUDOO\ UHODWHG DQG WKHLU

DFWLYLW\ UHTXLUHV D SK\VLFDO DVVRFLDWLRQ ZLWK F\FOLQ� 5HJXODWLRQ RI &'. DFWLYLW\ RFFXUV

WKURXJK SRVW�WUDQVODWLRQDO PRGLILFDWLRQV DQG WKURXJK DVVRFLDWLRQV ZLWK D FRQVHUYHG IDPLO\ RI

DFWLYDWLQJ F\FOLQV DQG D IDPLO\ RI &'. LQKLELWRUV� (QWU\ LQWR PLWRVLV RFFXUV WKURXJK WKH

DFWLYDWLRQ RI D XQLYHUVDO PLWRWLF &'.� $FWLYDWLRQ RFFXUV LQ D VWHSZLVH IDVKLRQ� ILUVW E\ LWV

DVVRFLDWLRQ ZLWK F\FOLQ DQG WKHQ WKURXJK WKH SURJUHVVLYH DOWHUDWLRQ RI WKH SKRVSKRU\ODWLRQ

VWDWHV RI NH\ UHVLGXHV� 7KH DFWLYDWHG PLWRWLF &'. LQLWLDWHV D GLYHUVH DUUD\ RI F\WRSODVPLF DQG

QXFOHDU HYHQWV GULYLQJ WKH FHOO LQWR PLWRVLV� 7KH PLWRWLF &'. DOVR DFWLYDWHV WKH DQDSKDVH�

SURPRWLQJ FRPSOH[� D XELTXLWLQ OLJDVH UHVSRQVLEOH IRU WKH GHJUDGDWLRQ RI F\FOLQ DQG RWKHU

LQKLELWRUV RI DQDSKDVH� 7KLV DOORZV WKH FHOO WR SURJUHVV WKURXJK DQDSKDVH� IRUPLQJ WZR

GDXJKWHU FHOOV� 1RZ� WKH WUHQG RI FHOO F\FOH VWXGLHV KDV WZR GLUHFWLRQV� WXPRU VXSSUHVVRU JHQH

DQG XELTXLWLQ�SURWHDVRPH V\VWHP�

8QFRQWUROOHG FHOO SUROLIHUDWLRQ LV WKH KDOOPDUN RI FDQFHU� DQG WXPRU FHOOV KDYH

W\SLFDOO\ DFTXLUHG GDPDJH WR JHQHV WKDW GLUHFWO\ UHJXODWH WKHLU FHOO F\FOHV� *HQHWLF DOWHUDWLRQV

DIIHFWLQJ S�� �,1.�D�� &'. LQKLELWRU� DQG F\FOLQ '�� SURWHLQV WKDW JRYHUQ SKRVSKRU\ODWLRQ RI

WKH UHWLQREODVWRPD SURWHLQ �5%� DQG FRQWURO H[LW IURP WKH SUH '1$ V\QWKHVLV SKDVH RI WKH FHOO

F\FOH� DUH VR IUHTXHQW LQ KXPDQ FDQFHUV WKDW LQDFWLYDWLRQ RI WKLV SDWKZD\ PD\ ZHOO EH
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QHFHVVDU\ IRU WXPRU GHYHORSPHQW� /LNH WKH WXPRU VXSSUHVVRU SURWHLQ S��� FRPSRQHQWV RI WKLV

�5% SDWKZD\�� DOWKRXJK QRW HVVHQWLDO IRU WKH FHOO F\FOH� PD\ SDUWLFLSDWH LQ FKHFNSRLQW

IXQFWLRQV WKDW UHJXODWH KRPHRVWDWLF WLVVXH UHQHZDO WKURXJKRXW OLIH�

�UHWLQREODVWRPD� DQ LQKHULWHG SUHGLVSRVLWLRQ WR D UDUH FDQFHU WKDW RFFXUV LQ WKH H\HV RI

FKLOGUHQ�

8ELTXLWLQ LV D VPDOO DQG FRYDOHQW PRGLILHU WKDW IRUPV D SRO\�XELTXLWLQ FKDLQ RQ

SURWHLQ� ZKLFK EHFRPHV D GHJUDGDWLRQ VLJQDO DWWDFNHG E\ D FDVFDGH UHDFWLRQ LQYROYLQJ WKUHH

HQ]\PHV� (� �XELTXLWLQ�DFWLYDWLQJ HQ]\PH�� (� �XELTXLWLQ�FRQMXJDWLQJ HQ]\PH� DQG (�

�XELTXLWLQ�OLJDWLQJ HQ]\PH�� DFWLQJ DV D VXEVWUDWH�UHFRJQLWLRQ PROHFXOH� $ OLQN EHWZHHQ

3DUNLQVRQ GLVHDVH DQG WKH XELTXLWLQ V\VWHP KDV EHHQ VXJJHVWHG LQ SDWKRORJLFDO VWXGLHV DQG

DQDO\VHV RI WZR JHQH SURGXFWV� 8&+/�� �XELTXLWLQ FDUER[\O�WHUPLQDO K\GURODVH� DQG DOSKD�

V\QXFOHLQ� ZKRVH PXWDWLRQV FDXVH DXWRVRPDO GRPLQDQW IDPLOLDO 3DUNLQVRQ GLVHDVH� 8&+/�� LV

WKRXJKW WR SURGXFH XELTXLWLQ E\ ERWK FOHDYLQJ SRO\PHULF XELTXLWLQ DQG UHOHDVLQJ XELTXLWLQ

IURP VPDOO DGGXFWV VXFK DV JOXWDWKLRQH DQG FHOOXODU DPLQHV� $OSKD�V\QXFOHLQ� RQH RI WKH

PDMRU FRPSRQHQWV RI /HZ\ ERGLHV� LV GHJUDGHG E\ WKH ��6 SURWHDVRPH� LQGLFDWLQJ WKDW LW LV

PRGLILHG E\ XELTXLWLQ� DQG LWKV PXWDWLRQ LV NQRZQ WR H[WHQG WKH KDOI�OLIH RI WKH SURWHLQ� $QG

UHFHQWO\� SHUNLQ� PXWDWLRQV RI ZKLFK FDXVH MXYHQLOH SDUNLQVRQLVP� LV LQYROYHG LQ SURWHLQ

GHJUDGDWLRQ DV D XELTXLWLQ�SURWHLQ OLJDVH FROODERUDWLQJ ZLWK WKH XELTXLWLQ�FRQMXJDWLQJ HQ]\PH�

� 0HWKRGV DQG 5HVXOWV

$OO ELRFKHPLVWV DUH IDPLOLDU ZLWK 0LFKDHOLV�0HQWHQ WKHRU\� ZKHUH D VLPSOH

PHFKDQLVP RI HQ]\PH FDWDO\VLV LV GHVFULEHG E\ GLIIHUHQWLDO HTXDWLRQV ZKRVH VROXWLRQ JLYHV

WKH WLPH�FRXUVH RI WKH UHDFWLRQ� :H WUDQVODWHG WKH PHFKDQLVP LQWR UDWH HTXDWLRQV �D VHW RI

GLIIHUHQWLDO HTXDWLRQV � RQH IRU HDFK WLPH�GHSHQGHQW FKHPLFDO FRQFHQWUDWLRQ� DQG VROYHG WKHVH

HTXDWLRQV WR UHYHDO WKH H[SHFWHG EHKDYLRU RI WKH PHFKDQLVP� ,Q WKLV KHUH� ZH FRQYHUWHG WKH

PHFKDQLVP RI FHOO GLYLVLRQ F\FOH LQWR D VHW RI GLIIHUHQWLDO HTXDWLRQV GHVFULELQJ KRZ WKH

FRQFHQWUDWLRQV RI WKH PDMRU FRQWURO YDULDEOHV FKDQJH ZLWK WLPH�

� 'LVFXVVLRQ

7R GHYHORS D SUHFLVH PDWKHPDWLFDO PRGHO RI SURWHLQ LQWHUDFWLRQ� ZH KDG PDGH PDQ\

VSHFLILF DVVXPSWLRQV� VRPH RI ZKLFK ZHUH FUXFLDO WR WKH PRGHO DQG RWKHUV LQFRQVHTXHQWLDO� ,Q

WKLV VHFWLRQ� ZH UHSRUW WKH WZR SRLQWV RI YLHZ WR DFFRPSOLVK IRU PDNLQJ WKH PRUH UHDOLVWLF

PRGHOHG FHOO� 2QH RI WKH SRLQWV LV KRZ WR FRQVWUXFW WKH PDWKHPDWLFDO PRGHO� $QG DQRWKHU LV
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KRZ WR GHDO ZLWK H[SHULPHQWDO UDZ GDWD�

7KH SURFHVV RI PRGHO EXLOGLQJ DQG DQDO\VLV LV QRW LWVHOI DQ K\SRWKHVLV VXEMHFW WR

IDOVLILFDWLRQ� EXW UDWKHU D WRRO IRU H[SORULQJ PROHFXODU PHFKDQLVPV� &RQVWUXFWLQJ WKH FRUUHFW

PHFKDQLVP IRU D FRPSOH[ ELRFKHPLFDO FRQWURO V\VWHP OLNH WKH FHOO F\FOH LV DNLQ WR DVVHPEOLQJ

D MLJVDZ SX]]OH� :H KDYH XVHG WKH FRPSXWHU DV D WDEOH WR OD\RXW DOO WKH SLHFHV ZH NQRZ RI WKH

VWDUW SX]]OH LQ HXNDU\RWLF FHOO� 2EYLRXVO\� VRPH SLHFHV DUH PLVVLQJ DQG ZH KDYH KDG WR ILOO LQ

WKH JDSV ZLWK K\SRWKHWLFDO LQWHUDFWLRQV� %XW ZH EHOLHYH WKH EDVLF IHDWXUHV RI WKH RYHUDOO SLFWXUH

DUH EHFRPLQJ FOHDU� )XWXUH ZRUN ZLOO SUREDEO\ VKRZ WKDW ZH KDYH VRPH RI WKH SLHFHV LQ

XSVLGH�GRZQ� EXW� LQ WKH PHDQWLPH� ZH KRSH WKLV SURSRVHG VROXWLRQ ZLOO VHUYH DV D VHULRXV

ZRUNLQJ K\SRWKHVLV IRU FHOO F\FOH FRQWURO LQ HXNDU\RWLF FHOO�


