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$ ODUJH QXPEHU RI LQGXVWULDO V\VWHPV DGRSW D FRXQWHU�FXUUHQW WZR�

SKDVH IORZ FRQILJXUDWLRQ LQ ZKLFK WKH JDV SKDVH IORZV XSZDUGV DQG

WKH OLTXLG SKDVH GRZQZDUGV� ,Q RUGHU WR DFKLHYH PD[LPXP IORZ

UDWHV RI FRXQWHU�FXUUHQW WZR�SKDVH IORZ ZLWK D IL[HG SXPSLQJ SRZHU�

HDFK SKDVH VKRXOG IORZ VHSDUDWHO\� ,I D FLUFXODU IORZ SDWK LV YHUWL�

FDOO\ LQVWDOOHG� WKH GRPLQDQW IORZ SDWWHUQ ZRXOG EH DQ DQQXODU IORZ

UHJLPH� /HW XV DVVXPH DQ DQQXODU IORZ UHJLPH LQ ZKLFK DZDWHU ILOP

IORZV GRZQZDUGV DORQJ WKH LQVLGH RI D FLUFXODU SLSH DQG D JDV VWUHDP

IORZV XSZDUGV DORQJ WKH FHQWUDO UHJLRQ VXUURXQGHG E\ WKH OLTXLG

ILOP� :LWK ORZ JDV DQG OLTXLG IORZ UDWHV� WZR VHSDUDWH IOXLGV IORZ

SUHVHUYLQJ DQQXODU IORZ UHJLPH� :KHQ JDV IORZ UDWH LQFUHDVHV� WKH

LQWHUIDFLDO IULFWLRQ EHWZHHQ WZR SKDVHV LQFUHDVHV DQG ZDYHV DUH GH�

YHORSHG RQ WKH LQWHUIDFH� 6LQH ZDYHV ZLWK VPDOO DPSOLWXGH DQG YDU�

LRXV ZDYHOHQJWKV DUH LQLWLDOO\ JHQHUDWHG LQ WKH XSSHU SDUW RI WKH WHVW

VHFWLRQ� $V WKH\PRYH GRZQZDUGV� WKH ZDYHV JURZ� FRPSHWLQJ ZLWK

HDFK RWKHU LQ DEVRUELQJ WKH NLQHWLF HQHUJ\ RI JDV IORZ� ,W LV VSHFX�

ODWHG WKDW ZDYHV ZLWK WKH PRVW GDQJHURXV ZDYHOHQJWK �ZLWK ZKLFK

ZDYHV JURZ IDVWHVW� JURZ GRPLQDQWO\ DQG DUH FRQYHUWHG LQWR ODUJH

UROO ZDYHV >3HQJ� ����@� :KHQ WKH JDV IORZ UDWH UHDFKHV D FULWLFDO

YDOXH� UROO ZDYHV JURZ LQVWDQWDQHRXVO\� DQG LQ WXUQ� D VPRRWK DQQX�

ODU IORZ UHJLPH FDQ SHUVLVW QR ORQJHU� 7KH IORZ FRQILJXUDWLRQ WXUQV

LQWR D FKDRWLF IORZ SDWWHUQ DQG WKH SHQHWUDWLRQ IORZ UDWH RI WKH OLTXLG

SKDVH GHFUHDVHV VLJQLILFDQWO\� 8QGHU WKLV VLWXDWLRQ� WKH OLTXLG SHQH�

WUDWLRQ UDWH GRHV QRW LQFUHDVH HYHQ LI PRUH OLTXLG LV VXSSOLHG� 7KLV

WUDQVLWLRQ SKHQRPHQRQ LV FDOOHG D &RXQWHU�&XUUHQW )ORZ /LPLWD�

WLRQ �&&)/� RU IORRGLQJ� 7KH JDV SKDVH YHORFLW\ WKDW PDNHV &&)/

RFFXU LV FDOOHG &&)/ JDV YHORFLW\ RU IORRGLQJ JDV YHORFLW\� :LWK

OHVV IORZ UDWH WKDQ &&)/ OLTXLG YHORFLW\� DOO WKH ZDWHU VXSSOLHG WR D

OLTXLG HQWUDQFH SHQHWUDWHV WKH IORZ SDWK� +RZHYHU� PRVW RI VXS�

SOLHG OLTXLG DFFXPXODWHV DERYH WKH OLTXLG HQWUDQFH LI IORRGLQJ RFFXUV�

6LQFH WKLV FKDUDFWHULVWLF RI WKH &&)/ SKHQRPHQRQ VHWV DQ RSHUD�

WLRQ OLPLW RI FKHPLFDO SURFHVV SODQWV LQ ZKLFK KHDW DQG PDVV WUDQV�

IHU RFFXU EHWZHHQ JDV DQG OLTXLG SKDVHV� FKHPLFDO HQJLQHHUV EHJDQ

LQYHVWLJDWLQJ WKLV SKHQRPHQRQ DURXQG ILYH GHFDGHV DJR� 1RZDGD\V�

FKHPLFDO HQJLQHHUV DUH LQWHUHVWHG LQ IORRGLQJ VLQFH SDFNHG FROXPQV

>+DQ DQG +RQJ� ����@ DQG VWUXFWXUHG SDFNLQJV >&KR HW DO�� ����@

KDYH EHHQ ZLGHO\ DGRSWHG E\ WKH FKHPLFDO DQG DOOLHG LQGXVWULHV�

$OVR� WKH &&)/ SKHQRPHQRQ LV RI LPSRUWDQFH LQ WKH ILHOG RI VDIHW\

DQDO\VLV RI QXFOHDU SRZHU SODQWV �133V� DV LW SUHYHQWV WKH HPHU�

JHQF\ FRUH FRROLQJ V\VWHP �(&&6� RI 133V IURP SHUIRUPLQJ LWV

IXQFWLRQ VXFFHVVIXOO\�

&&)/ SKHQRPHQD KDYH EHHQ LQYHVWLJDWHG LQ DQDO\WLFDO DV ZHOO

DV H[SHULPHQWDO ZD\V VR WKDW PDQ\ PRGHOV KDYH EHHQ GHYHORSHG�

7KH DQDO\WLFDO PRGHOV FDQ EH FDWHJRUL]HG LQ WKUHH JURXSV DV IRO�

ORZV�

���:DYH G\QDPLFVPRGHO� EDVHGRQ WKH LGHD WKDWZDYHV DUH GHYHO�

RSHGRQ D OLTXLG ILOP DQG WKHZDYHV EHFRPH XQVWDEOH WR LQGXFH&&)/

SKHQRPHQD� &HWLQEXGDNODU DQG -DPHVRQ >����@� 5LFKWHU >����@�

6KHDUHU DQG 'DYLGVRQ >����@� :DOOLV DQG .XR >����@ PRGHOV DUH

LQ WKLV JURXS�

��� 'URS G\QDPLFV PRGHO� EDVHG RQ WKH LGHD WKDW &&)/ RFFXUV

ZKHQ WKH JUDYLW\ IRUFH H[HUWHG RQ D OLTXLG GURS LV LQ D EDODQFH ZLWK

WKH GUDJ IRUFH E\ JDV IORZ� /HH HW DO� >����@� 0F&DUWK\ DQG /HH

>����@ PRGHO DUH LQ WKLV JURXS�

��� /LTXLG ILOP G\QDPLFV PRGHO� 7KH YHORFLW\ GLVWULEXWLRQ RI D

OLTXLG ILOP LV FDOFXODWHG� 6HYHUDO PRGHOV ZHUH GHYHORSHG DW WKH FRQ�

GLWLRQ WKDW QHW OLTXLG IORZ UDWH EHFRPHV ]HUR DQG VRPH PRGHOV DUH

DW DQ LQVWDELOLW\ FRQGLWLRQ RI OLTXLG ILOP� 0DURQ DQG'XNOHU >����@�

7DLWHO HW DO� >����@� :DOOLV >����@� %KDUDWKDQ HW DO� >����@ PRGHOV

DUH LQ WKLV JURXS�

0RVW RI WKH &&)/ PRGHOV� LQFOXGLQJ HPSLULFDO FRUUHODWLRQV� DUH

H[SUHVVHG LQ WHUPV RI QRQ�GLPHQVLRQDO SDUDPHWHUV VXFK DV :DOOLV

SDUDPHWHU DQG .XWDWHODG]H QXPEHU�
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ZKHUH� J� '�σ� ρ� DQG M GHQRWH JUDYLWDWLRQDO DFFHOHUDWLRQ� FKDUDFWHU�
LVWLF OHQJWK� VXUIDFH WHQVLRQ� GHQVLW\� DQG VXSHUILFLDO YHORFLW\� UHVSHF�

WLYHO\� 7KH VXEVFULSWV J� I� DQG N UHSUHVHQW JDV SKDVH� OLTXLG SKDVH

DQG DUELWUDU\ SKDVH� ,W LV ZHOO NQRZQ WKDW &&)/ YHORFLW\ LV VLJQLIL�

FDQWO\ LQIOXHQFHG E\ JHRPHWULF FRQGLWLRQV� HVSHFLDOO\� OLTXLG HQWUDQFH

DQG H[LW JHRPHWULHV >-HRQJ DQG1R� ����@� $V LW LV KDUG WR WDNH WKHVH

JHRPHWULHV¶ LQIRUPDWLRQ LQWR DQDO\WLFDO PRGHOV� PRVW RI WKH PRGHOV

LQ WKH OLWHUDWXUH ZHUH GHYHORSHG ZLWK WKH DVVXPSWLRQ WKDW WKH IORZ

SDWK LV FLUFXODU DQG LQILQLWHO\ ORQJ� 2U� LQ VRPH OLWHUDWXUH� LW LV DV�

VXPHG WKDW WKH VPRRWK OLTXLG VXSSO\ DQG H[WUDFWLRQ WR DQG IURP FLU�

FXODU IORZ SDWK DFWV DV LI WKH OLTXLG SKDVH LV VXSSOLHG DQG H[WUDFWHG

WKURXJK D SRURXV PHGLXP >/DF\ DQG'XNOHU� ����@� ,Q UHDOLW\� KRZ�

HYHU� WKH QRQ�VPRRWK JHRPHWU\ RI D OLTXLG HQWUDQFH DQG H[LW KDYH

PRUH ZLGHU DSSOLFDWLRQ WKDQ D VPRRWK RQH� ,Q FRQVHTXHQFH� PDQ\

HPSLULFDO FRUUHODWLRQV KDYH EHHQ GHYHORSHG WR FRQVLGHU WKH JHRPH�

WU\ HIIHFWV RQ&&)/ DQGPRVW RI WKHP DUH LQ WKH IRUP RI VLPSOH OLQHDU

HTXDWLRQV DV IROORZV�

���

���

7KHUH DUH WZR WXQLQJ SDUDPHWHUV LQ (TV� ��� DQG ���� ZKLFK DUH

NQRZQ WR EH IXQFWLRQV RI JHRPHWULF FRQGLWLRQV RI IORZ SDWK� 7KHVH

SDUDPHWHUV DUH XVXDOO\ WXQHG WR ILW H[SHULPHQWDO PHDVXUHPHQWV�

:DOOLV DQG .XR >����@ GHULYHG D PDWKHPDWLFDO H[SUHVVLRQ WKDW

VKRZV WKH LQWHUIDFH VKDSH RI KDQJLQJ ILOP RQ WKH VTXDUH HGJH� 7KH

UHVXOWV RI WKHLU ZRUN JLYH VRPH LQVLJKWV LQWR OLTXLG EHKDYLRU RQ D

VTXDUH HGJH� +RZHYHU� WKHLU IRUPXOD GRHV QRW VHHP WR EH DSSURSUL�

DWH IRU SUHGLFWLQJ &&)/ RFFXUULQJ DW D VKDUS�HGJHG OLTXLG HQWUDQFH�

,W LV EHFDXVH WKH IRUPXOD LV GHULYHG ZLWK DQ DVVXPSWLRQ WKDW OLTXLG

ILOP LV VWDWLRQDU\� KDQJLQJ E\ WKH PRPHQWXP RI XSZDUG IORZLQJ

JDV SKDVH� 7KH REMHFWLYH RI WKH SUHVHQW ZRUN LV WR GHYHORS DQ DQDO\WL�

FDO &&)/ PRGHO WKDW LV DSSOLFDEOH WR WKH JHRPHWU\ RI VKDUS�HGJHG

OLTXLG HQWUDQFH DURXQG ZKLFK D QRQ�XQLIRUP IORZ RI OLTXLG SKDVH

GHYHORSV� $ PRGHO EDVHG RQ WKH FRQFHSW RI ZDYH LQVWDELOLW\ LV GH�

YHORSHG DQG FRPSDUHG ZLWK H[SHULPHQWDO PHDVXUHPHQWV�

$118/$5 7:2�3+$6( )/2: 6<67(0

,Q RUGHU WR GHYHORS D &&)/PRGHO� D YHUWLFDO DQQXODU IORZ UHJLPH

LV DVVXPHG DV VFKHPDWLFDOO\ VKRZQ LQ )LJ� �� $ JDV SKDVH IORZV

XSZDUGV DQG OLTXLG SKDVH GRZQZDUGV� 7KH RSSRVLWH GLUHFWLRQ WR

JUDYLW\ LV VHW WR EH SRVLWLYH� 7KH PDVV FRQVHUYDWLRQ HTXDWLRQ IRU

HDFK SKDVH LV DV IROORZV�

9DSRXU PDVV

���

/LTXLG PDVV

���

ZKHUH� 9J� 9I UHSUHVHQWV XJ� −XI LQ )LJ� �� UHVSHFWLYHO\ DQG WKH αJ�

αI UHSUHVHQWV YRLG IUDFWLRQ� DQG OLTXLG IUDFWLRQ� UHVSHFWLYHO\�

7KH PRPHQWXP HTXDWLRQV RI WZR SKDVHV DUH GHULYHG RQ WKH DV�

VXPSWLRQV WKDW WKH YDSRXU SUHVVXUH LV HTXDO WR WKH LQWHUIDFLDO SUHV�

VXUH RI D SKDVH� DQG WKH VSDWLDO GHULYDWLYH RI WKH SUHVVXUH GLIIHUHQFH

EHWZHHQ WZR SKDVHV� ∆3 3I−3J� LV D IXQFWLRQ RI WKH YRLG IUDFWLRQ

RQO\� 7KHUHIRUH� LWV VSDWLDO GHULYDWLYH FDQ EH H[SUHVVHG DV ∂∆3�∂] 
�∂∆3�∂αJ�∂αJ�∂]� :LWK WKHVH DVVXPSWLRQV� WKH PRPHQWXP FRQVHU�

YDWLRQ HTXDWLRQ IRU HDFK SKDVH LV DV IROORZV�

9DSRXU PRPHQWXP

���

/LTXLG PRPHQWXP

���

ZKHUH�

7KH DERYH HTXDWLRQV DUH UHDUUDQJHG WR EXLOG D V\VWHP RI ILUVW�RUGHU

SDUWLDO GLIIHUHQWLDO HTXDWLRQV �3'(� DV IROORZV�

���

7KH PDWUL[HV DQG YHFWRUV� � � � DUH DV IROORZV�
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ZKHUH� � DUH VRQLF YHORFLW\ WHUPV�

7KH SURSDJDWLRQ RI WKH ZDYH IURQW FDQ EH H[SUHVVHG DV D ZDYH FR�

RUGLQDWH� ξ� GHILQHG E\

ξ ]�λW ����

,Q (T� ����� λ PHDQV WKH YHORFLW\ RI LQIRUPDWLRQ SURSDJDWLRQ IURP

XSVWUHDP WR GRZQVWUHDP� %\ WUDQVIRUPLQJ WKH FRRUGLQDWH �W� ]� LQWR

ξ� (T� ��� LV WUDQVIRUPHG LQWR WKH IRUP RI

����

$IWHU QHJOHFWLQJ WKH HOHPHQWV ZLWK VRQLF YHORFLW\ &J
−� DQG &I

−� ZKLFK

DUH PXFK VPDOOHU FRPSDUHG ZLWK WKH RUWKHU WHUPV� RQH FDQ REWDLQ

WKH JUDGLHQW RI WKH YRLG IUDFWLRQ DPRQJ WKH JUDGLHQW RI �

����

ZKHUH�

����

����

,I ∆≠�� WKH SRLQWV LQ WKH SKDVH VSDFH DUH UHJXODU SRLQWV� EXW LI ∆ ��
WKH\ EHFRPH VLQJXODU SRLQWV� 7KH SURSDJDWLRQ YHORFLW\ RI LQIRUPD�

WLRQ� λ� REWDLQHG IURP WKH FKDUDFWHULVWLF HTXDWLRQ� ∆�λ� �� LV DOO GLV�
WLQFW DQG UHDO IRU D K\SHUEROLF V\VWHP >$PHV� ����@� /D[ >����@

SURYHG WKDW WKH UHTXLUHPHQWV RI ZHOO�SRVHGQHVV RI OLQHDU 3'( OLNH

(T� ��� DUH WKH VDPH DV WKRVH RI K\SHUEROLFLW\� 7KH ZHOO�SRVHG SURE�

OHP JXDUDQWHHV WKH VWDELOLW\ RI LWV VROXWLRQV� :KHQ λ EHFRPHV LP�

DJLQDU\� WKH K\SHUEROLFLW\ EUHDNV GRZQ� WKDW LV� WKH V\VWHP LV QRW K\�

SHUEROLF DQ\ PRUH� $V λ PHDQV WKH SURSDJDWLRQ YHORFLW\ RI LQIRU�

PDWLRQ� WKH LPDJLQDU\ SDUW RI λ PHDQV WKDW WKH LQIRUPDWLRQ RI XS�

VWUHDP FDQQRW WUDQVIHU WR WKH GRZQVWUHDP� ,Q FRQVHTXHQFH� WKH V\V�

WHP ZLOO PRYH WR DQRWKHU VWDEOH FRQGLWLRQ� 7KHUHIRUH� WKH FRQGLWLRQ

RI K\SHUELOLFLW\ EUHDNLQJ IRU D ILUVW�RUGHU 3'( V\VWHP UHSUHVHQWV

WKH QHXWUDO VWDELOLW\ FRQGLWLRQ� 7KH &&)/ SKHQRPHQRQ LV EHOLHYHG

WR EH XQGHU WKH VDPH VLWXDWLRQ� :KHQ WKH OLTXLG IORZ UDWH LV ORZ�

WKH ZKROH VXSSOLHG OLTXLG SHQHWUDWHV WKH IORZ SDWK� ,I WKH OLTXLG IORZ

UDWH LV EHORZ D FHUWDLQ FULWLFDO YDOXH� WKH LQFUHDVH LQ WKH OLTXLG VXS�

SO\ UHVXOWV LQ WKH LQFUHDVH LQ WKH SHQHWUDWLRQ IORZ UDWH� :KHQ WKH

OLTXLG VXSSO\ UHDFKHV RU H[FHHGV WKH &&)/ FRQGLWLRQ� PRVW RI WKH

OLTXLG FDQQRW SHQHWUDWH WKH IORZ SDWK EXW DFFXPXODWHV DERYH WKH

OLTXLG HQWUDQFH� $W WKH VDPH WLPH� DQQXODU IORZ UHJLPH FKDQJHV LQWR

D FKDRWLF IORZ SDWWHUQ� 7KLV PHDQV WKDW WKH LQIRUPDWLRQ RI OLTXLG

VXSSO\ LQFUHDVH GRHV QRW WUDQVIHU WR WKH GRZQVWUHDP DQG WKH DQQX�

ODU IORZ UHJLPH FKDQJHV LQWR D QHZ VWDEOH FRQGLWLRQ RI FKDRWLF IORZ

SDWWHUQ� ,Q WKLV UHJDUG� WKH SUHVHQW &&)/PRGHO ZLOO EH GHULYHG IURP

WKH QHXWUDO VWDELOLW\ FRQGLWLRQ�

7KH VROXWLRQ RI WKH FKDUDFWHULVWLF HTXDWLRQ ∆�λ� � LV

����

ZKHUH�

����

����

7KH QHXWUDO VWDELOLW\ FRQILWLRQ LV REWDLQHG E\ VHWWLQJ WKH VTXDUH URRW

SDUW RI (T� ���� WR ]HUR�

����

,QWURGXFLQJ VXSHUILFLDO YHORFLWLHV DQG:DOOLV SDUDPHWHU LQWR (T� ����

JLYHV

����

ZKHUH�

����

6HYHUDO LQYHVWLJDWRUV KDYH XVHG WKLV NLQG RI DSSURDFK LQ RWKHU

DUHDV RI WZR�SKDVH IORZ SUREOHPV� 7XUQHU >����@ DSSOLHG WKLV DS�

SURDFK WR WKH LQVWDELOLW\ RI GHQVLW\ FXUUHQWV DQG ,\HU DQG 7KHRIDQRXV

>����@ DSSOLHG LW WR WKH WKHUPDOPL[LQJ LQ QXFOHDU SRZHU SODQWV XQGHU

KLJK SUHVVXUH LQMHFWLRQ�

&&)/02'(/

,Q RUGHU WR HYDOXDWH (T� ����� LQIRUPDWLRQ RQ WKH SUHVVXUH GLIIHU�

HQFH EHWZHHQ OLTXLG ILOP DQG JDV SKDVH LV QHFHVVDU\� )RU WKLV SXU�

SRVH� DQ LGHDO ULQJ�OLNH VROLWDU\ ZDYH DV VKRZQ LQ )LJ� � LV FRQVLG�

HUHG� 7KH ZDYH SURILOH LV DVVXPHG WR EH WKH VDPH DV WKH .RUWHZHJ�

GH 9ULHV¶V VROLWDU\ ZDYH >'UD]LQ� ����@�
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'HYHORSPHQW RI &RXQWHU�&XUUHQW )ORZ /LPLWDWLRQ 0RGHO $SSOLFDEOH WR D 6KDUS�(GJHG /LTXLG (QWUDQFH ���

.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

ZKHUH� δ� δ�� K�� κ UHSUHVHQW ILOP WKLFNQHVV� WKLFNQHVV RI VXEVWUDWH�

ILOP KHLJKW DW WKH FHQWHU RI WKH VROLWDU\ ZDYH �K�δ��� DQGZDYH QXP�

EHU ��π�λZ�� UHVSHFWLYHO\� 7KH JDV YHORFLW\ UHDFKHV WKH PD[LPXP DW

WKH SHDN RI D VROLWDU\ ZDYH� LQ FRQVHTXHQFH� JDV SKDVH SUHVVXUH UH�

DFKHV WKH PLQLPXP E\ %HUQRXOOL¶V HTXDWLRQ� 7KHUHIRUH� LW FDQ EH

DVVXPHG WKDW D VROLWDU\ ZDYH EHFRPHV XQVWDEOH IURP WKH SHDN� 7KH

SUHVVXUH GLIIHUHQFH EHWZHHQ WZR SKDVHV UHDFKHV WKH PD[LPXP DW

WKH SHDN RI WKH ZDYH DQG LV GHVFULEHG DV IROORZV�

DW ξ � ����

ZKHUH�

5� 5− �K�δ�� ����

����

,Q WKH DERYH HTXDWLRQV� 5 UHSUHVHQWV WKH UDGLXV RI IORZ SDWK DQG ��

5�� ��5� GHQRWH WKH UDGLXV RI FXUYDWXUHV RI D VROLWDU\ ZDYH LQ D]L�

PXWKDO DQG OHQJWK GLUHFWLRQV� UHVSHFWLYHO\� ,QPRVW FDVHV� ��5� LVPXFK

VPDOOHU WKDQ ��5�� VR WKDW ��5� FDQ EH QHJOHFWHG VDIHO\� 7KHQ� (T�

���� EHFRPHV

∆3 �σκ��K�−δ�� ����

7KH UHODWLRQ EHWZHHQ YRLG IUDFWLRQ DW WKH SHDN DQG ZDYH KHLJKW LV

αJ ��−�K��'��� 6XVWLWXWLQJ WKLV UHODWLRQ LQWR (T� ���� DQG GLIIHUHQWL�
DWLQJ ∆3 ZLWK UHVSHFW WR αJ� ZH FDQ JHW DQ H[SUHVVLRQ IRU ∂∆3�∂αJ�

6XEVWLWXWLQJ WKLV H[SUHVVLRQ DQG κ �π�λZ LQWR (T� ���� JLYHV

����

,W LV DVVXPHG WKDW WKH ZDYHOHQJWK RI WKH VROLWDU\ ZDYH LV WKH VDPH

DV WKDW RI WKH IDVWHU JURZLQJ ZDYH DW PDUJLQDO +HOPKROW] LQVWDELO�

LW\� 7KDW LV� � 7KLV DVVXPSWLRQ PHDQV WKDW D VROL�

WDU\ ZDYH ZLOO ORVH LWV VWDELOLW\ E\ +HOPKROW] LQVWDELOLW\� 6XEVWLWXWLQJ

WKLV ZDYHOHQJWK IRUPXOD DQG (T� ���� LQWR (T� ���� DQG QHJOHFWLQJ

WKH VHFRQG WHUP LQ WKH VTXDUH URRW� WKH IROORZLQJ VLPSOLILHG IRUP LV

REWDLQHG�

����

ZKHUH� αJ GHQRWHV WKH YRLG IUDFWLRQ DW WKH SHDN RI WKHZDYH� ,Q RUGHU

WR XVH (T� ���� WR SUHGLFW &&)/ RFFXUUHQFH� LQIRUPDWLRQ RI YRLG

IUDFWLRQ RU OLTXLG IUDFWLRQ LV UHTXLUHG�

,Q WKLV ZRUN� D VTXDUH OLTXLG HQWUDQFH LV VHOHFWHG DV VKRZQ LQ )LJ�

�� ZKLFK VKRZV WKH OHIW KDOI RI WKH FURVV VHFWLRQDO YLHZ RI D FLU�

FXODU IORZ SDWK� 7KH OLTXLG SKDVH IORZV KRUL]RQWDOO\ DQG ODWHU YHUWL�

FDOO\ GRZQZDUGV� $ QRQ�XQLIRUP IORZ GHYHORSV DURXQG WKH HQWUDQFH

WR PDNH D IRUFH EDODQFH EHWZHHQ KRUL]RQWDO PRPHQWXP RI OLTXLG

IORZ DQG VXUIDFH WHQVLRQ IRUFH� 7KLV KRUL]RQWDO IRUFH EDODQFH FDQ

EH H[SUHVVHG DV IROORZV�

����

7KLV IRUFH EDODQFH HTXDWLRQ LV HVWDEOLVKHG WR FDOFXODWH WKH OLTXLG

IUDFWLRQ DW WKH SHDN RI WKH QRQ�XQLIRUP IORZ� 7KH ��5�� ��5� GHQRWH

WKH UDGLXV RI FXUYDWXUH RI D]LPXWKDO DQG YHUWLFDO GLUHFWLRQV RI WKH

QRQ�XQLIRUP IORZ� 6LQFH ��5� LV PXFK ODUJHU WKDQ ��5�� ��5� FDQ EH

QHJOHFWHG LQ (T� ����� $V WKHUH LV QRW D IXQWLRQ WKDW GHVFULEHV WKH

VXUIDFH VKDSH RI WKH QRQ�XQLIRUP IORZ DYDLODEH� DQ DVVXPSWLRQ WR

FDOFXODWH ��5� LV QHFHVVDU\� ,W LV DVVXPHG WKDW ��5� LV SURSRUWLRQDO

WR WKH KHLJKW� K� 7KHQ�

����

,Q WKH KRUL]RQWDO IORZ UHJLRQ� OLTXLG SKDVH YHORFLW\ �ν� DQG GHSWK
�G� DUH LQ UHODWLRQ RI � DQG OLTXLG YROXPH IORZ UDWH SHU XQLW

OHQJWK RI SHULSKHU\ LV TI νÂG� &RPELQLQJ WKHVH UHODWLRQV� ZH JHW D
UHODWLRQ EHWZHHQ OLTXLG YHORFLW\ DQG YROXPH IORZ UDWH�

ν �JTI�
��� ����
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)LJ� �� 6FKHPDWLF RI D QRQ�XQLIRUP IORZ DURXQG D UHFWDQJXODU OLT�

XLG HQWUDQFH�

)LJ� �� 6FKHPDWLF GLDJUDP RI H[SHULPHQWDO DSSDUDWXV�

��:DWHU UHVHUYRLU %� $LU EORZHU
�� 7HVW VHFWLRQ 3� 3XPS
�� 8SSHU SOHQXP 5� )ORZ PHWHU
�� /RZHU SOHQXP



��� -� +� -HRQJ

1RYHPEHU� ����

����

6LQFH WKH OLTXLG IUDFWLRQ RI V\PPHWULFDO DQQXODU IORZ FDQ EH DS�

SUR[LPDWHG DV � (T� ���� LV UHDUUDQJHG WR JLYH OLTXLG IUDF�

WLRQ DV IROORZV�

����

(;3(5,0(17$/ $33$5$786

7KH H[SHULPHQWDO PHDVXUHPHQWV ZHUH PDGH LQ RUGHU WR SURYH

WKH DSSOLFDELOLW\ RI WKH SUHVHQW &&)/ PRGHO� $ VFKHPDWLF GLDJUDP

RI WKH H[SHULPHQWDO ORRS LV VKRZQ LQ )LJ� �� $LU DQG GH�PLQHUDO�

L]HG ZDWHU DUH XVHG DV ZRUNLQJ IOXLGV� 7KH DSSDUDWXV FRQVLVWV RI DQ

XSSHU SOHQXP� D ORZHU SOHQXP DQG D WHVW VHFWLRQ FRQQHFWLQJ ERWK

RI WKHP� DOO RI WKHP DUH PDGH RI DFU\OLF UHVLQ WR DOORZ YLVXDO RE�

VHUYDWLRQV� 7KH WHVW VHFWLRQ LV D FLUFXODU SLSH RI ZKLFK OHQJWK DQG

LQQHU GLDPHWHU DUH ��� FP DQG � FP� UHVSHFWLYHO\� $ KRUL]RQWDO FLU�

FXODU SODWH RI ���PP LQ GLDPHWHU LV LQVWDOOHG DW WKH XSSHU HQG RI

WKH WHVW VHFWLRQ WR VLPXODWH D VTXDUH OLTXLG HQWUDQFH� 7KH ORZHU HQG

LV PDFKLQHG WR EH URXQG LQ RUGHU WR PLQLPL]H WKH LQWHUDFWLRQ EH�

WZHHQ DLU IORZLQJ LQWR DQG ZDWHU FRPLQJ RXW RI WHVW VHFWLRQ� $ � KS

EORZHU VXSSOLHV DLU� 7KH VXSSOLHG DLU WR WKH ORZHU SOHQXP JRHV WR

WKH WHVW VHFWLRQ YLD D KRQH\FRPE W\SH IORZ GLVWULEXWRU LQ RUGHU WR

PDNH WKH DLU IORZ HYHQ� 7KH ORZHU SOHQXP DQG WKH GLVWULEXWRU DOVR

SOD\ WKH UROH RI GDPSHU WR DQ DLU SUHVVXUH IOXFWXDWLRQ� 7KH ZDWHU LV

SXPSHG WR WKH ERWWRP RI WKH XSSHU SOHQXP IURP D UHVHUYRLU� DQG

IORZV XSZDUG YLD D KRQH\FRPE W\SH IORZ GLVWULEXWRU WR PDNH WKH

ZDWHU IORZ XQLIRUP� 7KH ZDWHU SHQHWUDWLQJ WKH WHVW VHFWLRQ LV DF�

FXPXODWHG LQ WKH ORZHU SOHQXP� DQG WKH ZDWHU OHYHO LQ WKH ORZHU

SOHQXP LV NHSW FRQVWDQW E\ FRQWUROOLQJ WKH UHWXUQLQJ IORZ UDWH WR

WKH UHVHUYRLU� $V WKH ORRS LV FORVHG� WKH WKHUPDO HQHUJ\ E\ SXPSLQJ

ZRUN LV FRQWLQXRXVO\ DGGHG WR WKH ZDWHU GXULQJ UXQV� ,Q RUGHU WR

JHW ULG RI WKH HQHUJ\ DQG NHHS WKH ZDWHU WHPSHUDWXUH DW D FRQVWDQW

OHYHO� D KHDW H[FKDQJHU PDGH RI D KHOLFDO FRSSHU WXEH LV LQVWDOOHG LQ

WKH UHVHUYRLU� 7KH RFFXUUHQFH RI &&)/ LV QRWLFHG E\ YLVXDO REVHU�

YDWLRQV DQG WKH IORZ UDWHV RI WZR SKDVHV DUH PHDVXUHG E\ URWDPH�

WHUV�

5(68/76 $1' ',6&866,21

,Q WKLV H[SHULPHQW� WKH&&)/ SRLQW LV UHDFKHG E\ VHWWLQJ WKHZDWHU

IORZ UDWH DW D FRQVWDQW OHYHO DQG VWHS�ZLVHO\ LQFUHDVLQJ WKH DLU IORZ

UDWH� ,Q WKH UDQJH RI KLJK ZDWHU IORZ UDWH� D QRQ�XQLIRUP IORZ GH�

YHORSV DURXQG D VKDUS�HGJHG OLTXLG HQWUDQFH�:KHQ WKH DLU IORZ UDWH

UHDFKHV D FHUWDLQ OHYHO� WKH VPRRWK QRQ�XQLIRUP IORZ EXUVWV LQWR D

FKDRWLF IORZ SDWWHUQ DQG WKH ZDWHU SHQHWUDWLRQ UHGXFHV VLJQLILFDQWO\�

7KLV FKDQJH RI IORZ UHJLPH KDSSHQV LQVWDQWDQHRXVO\ VR WKDW WKH RF�

FXUUHQFH RI &&)/ LV QRWLFHG HDVLO\ E\ YLVXDO REVHUYDWLRQ� -HRQJ DQG

1R >����@ UHIHUUHG WR WKLV NLQG RI &&)/ DV HQWUDQFH IORRGLQJ VLQFH

WKH IORRGLQJ LV LQLWLDWHG QHDU WKH OLTXLG SKDVH HQWUDQFH� ,Q WKH UDQJH

RI ORZ ZDWHU IORZ UDWH� &&)/ LV LQLWLDWHG DURXQG WKH OLTXLG H[LW HYHQ

WKRXJK D QRQ�XQLIRUP IORZ GHYHORSV DURXQG WKH OLTXLG HQWUDQFH� ,W

LV EHFDXVH WKH SHDN RI WKH QRQ�XQLIRUP IORZ LV ORZHU WKDQ WKDW RI

VROLWDU\ ZDYH GHYHORSHG RQ WKH OLTXLG ILOP DURXQG WKH OLTXLG H[LW�

7KDW LV� WKH VROLWDU\ ZDYHV GHYHORSHG RQ WKH OLTXLG ILOP DURXQG WKH

OLTXLG H[LW EHFRPH XQVWDEOH HDUOLHU WKDQ WKH QRQ�XQLIRUP IORZ GRHV�

7KLV NLQG RI &&)/ ZDV UHIHUUHG WR DV H[LW IORRGLQJ VLQFH WKH IORRG�

LQJ LV LQLWLDWHG QHDU WKH OLTXLG SKDVH H[LW� 7KH SUHVHQW PRGHO LV RQO\

DSSOLFDEOH WR SUHGLFWLRQ RI WKH HQWUDQFH IORRGLQJ VLQFH WKH SUHVHQW

IORRGLQJ PRGHO� (T� ����� ZDV GHULYHG EDVHG RQ WKH FKDUDFWHULVWLFV RI

QRQ�XQLIRUP IORZ GHYHORSLQJ DURXQG D VKDUS�HGJHG OLTXLG HQWUDQFH�

7KH OLTXLG IUDFWLRQ DW WKH SHDN RI D QRQ�XQLIRUP IORZ� (T� �����

QHHGV WR EH LGHQWLILHG LQ RUGHU WR XVH (T� ���� LQ SUHGLFWLQJ &&)/

RFFXUUHQFH� 7KH OLTXLG IUDFWLRQ PHDVXUHPHQWV PDGH E\ -HRQJ DQG

1R >����@ ZHUH XVHG LQ GHYHORSLQJ D VHPL�HPSLULFDO FRUUHODWLRQ�

7KH\ PHDVXUHG OLTXLG IUDFWLRQ LQ WHVW VHFWLRQV RI ZKLFK L�G� DUH ��

�� �� DQG � FP� ,Q WKHLU H[SHULPHQWV� D &&' FDPHUD LV YHUWLFDOO\

LQVWDOOHG DERYH WKH XSSHU SOHQXP LQ DOLJQPHQW ZLWK WKH WHVW VHFWLRQ
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)LJ� �� /LTXLG IUDFWLRQ DW WKH SHDN RI QRQ�XQLIRUP IORZ�

)LJ� �� &RPSDULVRQV DPRQJ SUHVHQWPRGHO DQG H[SHULPHQWDOPHDV�

XUHPHQWV�



'HYHORSPHQW RI &RXQWHU�&XUUHQW )ORZ /LPLWDWLRQ 0RGHO $SSOLFDEOH WR D 6KDUS�(GJHG /LTXLG (QWUDQFH ���

.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

WR FDSWXUH WKH LPDJHV RI QRQ�XQLIRUP IORZ� 7KH LPDJHV ZHUH SUR�

FHVVHG RQ D SHUVRQDO FRPSXWHU ZLWK JUDSKLF VRIWZDUH WR FDOFXODWH

WKH OLTXLG IUDFWLRQ DW WKH SHDN RI QRQ�XQLIRUP IORZ� )LJ� � VKRZV

WKH PHDVXUHPHQWV DQG D OLQH PDGH E\ UHJUHVVLRQ DQDO\VLV� $ VHPL�

HPSLULFDO OLTXLG IUDFWLRQ PRGHO WKDW IROORZV (T� ���� ZDV IRXQG WR

EH DV IROORZV�

����

(T� ���� LV WKH VDPH IRUP DV .DPLQDJD HW DO�¶V >����@ HPSLULFDO FRU�

UHODWLRQ RI ZKLFK WKH SURSRUWLRQDO FRHIILFLHQW LV ������ 7KH\ PHDV�

XUHG WKH OLTXLG IUDFWLRQ RI QRQ�XQLIRUP IORZ E\ YLVXDO REVHUYDWLRQ

DQG ILW WKH PHDVXUHPHQWV ZLWKRXW SK\VLFDO UDWLRQDOH�

7KH SUHGLFWLRQ E\ WKH SUHVHQW PRGHO DQGPHDVXUHPHQWV DUH FRP�

SDUHG LQ )LJ� ��.DPLQDJD HW DO�¶V >����@PHDVXUHPHQWV DUH DOVR FRP�

SDUHG LQ WKLV SORW� 7KH VROLG OLQH LQ )LJ� � UHSUHVHQWV WKH SUHGLFWLRQ

E\ (T� ���� DQG ���� IRU � FP L�G� FLUFXODU SLSH� 7KHUH DUH VROLG V\P�

EROV �;�5 DQG7� DV ZHOO DV RSHQ V\PEROV �:�ð DQGò� IRU

WKH VDPH VKDSHV LQ )LJ� �� 7KH VROLG V\PEROV UHSUHVHQW WKH RFFXU�

UHQFH RI HQWUDQFH IORRGLQJ RFFXUULQJ DW WKH QRQ�XQLIRUP IORZ GH�

YHORSHG DURXQG WKH VKDUS�HGJHG OLTXLG HQWUDQFH� 7KH SUHGLFWLRQ E\

WKH SUHVHQW PRGHO DQG H[SHULPHQWDO PHDVXUHPHQWV PDGH E\ .DP�

LQDJD HW DO� >����@ DV ZHOO DV WKRVH E\ WKH SUHVHQW ZRUN DUH LQ JRRG

DJUHHPHQW LQ WKH UDQJH RI KLJK ZDWHU IORZ UDWH� 7KH RSHQ V\PEROV

UHSUHVHQW WKH RFFXUUHQFH RI H[LW IORRGLQJ RFFXUULQJ DURXQG WKH OLTXLG

H[LW� 7KHVH GDWD SRLQWV DUH RXW RI WKH VFRSH RI WKH SUHVHQW PRGHO

VLQFH WKH SUHVHQW PRGHO KDV LWV DSSOLFDWLRQ WR WKH HQWUDQFH IORRGLQJ

RFFXUULQJ DW WKH VKDUS�HGJHG OLTXLG SKDVH HQWUDQFH�

7KH FLUFXODU V\PEROV �:�;� GHQRWH WKH SUHVHQW PHDVXUHPHQWV

LQ D � FP L�G� WHVW VHFWLRQ� 7KH UHJXODU DQG LQYHUWHG WULDQJOHV �ð�5�

ò DQG7� GHQRWH .DPLQDJD HW DO�V PHDVXUHPHQWV PDGH LQ ��� FP

L�G� FLUFXODU SLSH� 7KH JHRPHWU\ RI WKH WHVW VHFWLRQ IRU UHJXODU WULDQJOH

SRLQWV �ð�5� LV WKH VDPH DV WKH SUHVHQW H[SHULPHQWV� 7KH OLTXLG

SKDVH HQWUDQFH DQG H[LW RI WKHP DUH VKDUS�HGJHG DQG VPRRWKO\

FXUYHG� UHVSHFWLYHO\� +RZHYHU� WKH JHRPHWU\ RI WKH ERWK HQGV IRU

WKH LQYHUWHG WULDQJOH SRLQWV �ò� 7� LV VKDUS�HGJHG� ,Q WKLV FDVH�

WKH LQWHUDFWLRQ EHWZHHQ ZDWHU FRPLQJ RXW RI DQG DLU FRPLQJ LQWR

WKH WHVW VHFWLRQ EHFRPHV YHU\ HQHUJHWLF QHDU WKH OLTXLG H[LW� ,Q RWKHU

ZRUGV� PXFK SHUWXUEDWLRQ LV LQWURGXFHG LQWR WKH OLTXLG ILOP DW DURXQG

OLTXLG H[LW� 7KHUHIRUH� &&)/ SKHQRPHQD PD\ VWDUW WR KDSSHQ DW

WKH OLTXLG H[LW EHIRUH WKH QRQ�XQLIRUP IORZ DW WKH HQWUDQFH ORVHV LWV

VWDELOLW\� :KHWKHU HQWUDQFH IORRGLQJ RFFXUV RU H[LW IORRGLQJ RFFXUV

GHSHQGV RQ WKH OLTXLG IORZ UDWH� 7KH HQWUDQFH IORRGLQJ DQG WKH H[LW

IORRGLQJ FRPSHWH ZLWK HDFK RWKHU WR WDNH SODFH DFFRUGLQJ WR WKH OLT�

XLG DQG JDV IORZ UDWHV� )ORRGLQJ ZLOO RFFXU DW WKH SODFH ZKHUH OLT�

XLG SKDVH ORVHV LWV VWDELOLW\ ILUVW� ,I OLTXLG IORZ UDWH LV ODUJH� WKH SHDN

KHLJKW RI WKH QRQ�XQLIRUP IORZ GHYHORSHG QHDU OLTXLG HQWUDQFH LV

ODUJHU WKDQ WKH ZDYH KHLJKWV RI VROLWDU\ ZDYHV GHYHORSHG RQ WKH IDOO�

LQJ OLTXLG ILOP VR WKDW WKH QRQ�XQLIRUP IORZ ORVHV LWV VWDELOLW\ HDU�

OLHU� ,I OLTXLG IORZ UDWH LV VPDOO� WKH SHDN KHLJKW RI WKH QRQ�XQLIRUP

IORZ LV VPDOOHU WKDQ WKH ZDYH KHLJKW RI WKH VROLWDU\ ZDYH IXOO\ GH�

YHORSHG QHDU WKH OLTXLG H[LW VR WKDW IDOOLQJ OLTXLG ILOP QHDU WKH H[LW

ORVHV LWV VWDELOLW\ HDUOLHU� ,Q WKLV UHJDUG� LW FDQ EH VWDWHG WKDW HQWUDQFH

IORRGLQJ �7� RFFXUV ZKHQ WKH OLTXLG SKDVH IORZ UDWH LV ODUJH� ZKLOH

H[LW IORRGLQJ �ò� RFFXUV ZKHQ WKH OLTXLG IORZ UDWH LV VPDOO� 7KH

VDPH VLWXDWLRQ KDSSHQV LQ WKH FDVHV ZKHUH WKH JHRPHWU\ RI WKH OLT�

XLG H[LW LV VPRRWKO\ FXUYHG �:�;�ð DQG5�� :KHQ OLTXLG IORZ

UDWH LV VPDOO� &&)/ LQLWLDWHV DW WKH OLTXLG H[LW HYHQ LI WKH OLTXLG HQ�

WUDQFH LV VTXDUH� ,W LV EHFDXVH WKH SHDN RI D VROLWDU\ ZDYH IXOO\ GH�

YHORSHG RQ WKH IDOOLQJ OLTXLG ILOP FDQ EH KLJKHU WKDQ WKDW RI WKH QRQ�

XQLIRUP IORZ GHYHORSHG DW WKH HQWUDQFH� ,Q WKHVH FDVHV� KRZHYHU� D

SRVVLEOH SHUWXUEDWLRQ LQWURGXFHG LQWR WKH OLTXLG ILOP LV UHODWLYHO\

VPDOO EHFDXVH WKH OLTXLG H[LW LV VPRRWKO\ FXUYHG� ,W PHDQV WKDW HQ�

WUDQFH IORRGLQJ SUHYDLOLQJ UHJLRQ LV ZLGHU WKDQ WKH SUHYLRXV FDVH�

0RUH GHWDLOHG SKHQRPHQRORJLFDO REVHUYDWLRQ LV GHVFULEHG LQ -HRQJ

DQG 1R >����@� 7KLV SK\VLFDO IDFW LV FRQVLGHUHG WR FDXVH WKH GL�

VFUHSDQF\ EHWZHHQ WKH H[LW IORRGLQJ GDWD DQG WKH SUHVHQW PRGHO LQ

)LJ� ��
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$Q DQDO\WLFDO PRGHO IRU &&)/ SUHGLFWLRQ LV GHYHORSHG IURP WKH

FKDUDFWHULVWLF HTXDWLRQ RI D WZR�IOXLG HTXDWLRQ V\VWHP� 7KH EDVLF

LGHD LV WKDW D VROXWLRQ WR WKH FKDUDFWHULVWLF HTXDWLRQ UHSUHVHQWV WKH

YHORFLW\ RI LQIRUPDWLRQ WUDQVSRUW� ,I WKH VROXWLRQ KDV DQ LPDJLQDU\

SDUW� WKH LQIRUPDWLRQ RI WKH XSVWUHDP GRHV QRW SURSDJDWH WR WKH GRZQ�

VWUHDP� 7KH &&)/ RFFXUV XQGHU WKLV VLWXDWLRQ� 7KDW LV� WKH LQFUHDVH

LQ OLTXLG VXSSO\ WR WKH XSVWUHDP GRHV QRW UHVXOW LQ WKH LQFUHDVH LQ

OLTXLG SHQHWUDWLRQ IORZ UDWH EXW DFFXPXODWHV LQ WKH XSSHU SOHQXP

ZKHQ &&)/ RFFXUV�

7KLV PRGHO LV DSSOLFDEOH WR SUHGLFWLRQ RI &&)/ RFFXUULQJ ZKHUH

WKH OLTXLG HQWUDQFH LV VKDUS VR WKDW QRQ�XQLIRUP IORZ GHYHORSV DURXQG

LW� ,Q RUGHU WR XVH WKLV PRGHO WR SUHGLFW WKH &&)/ RFFXUUHQFH E\

QRQ�XQLIRUP IORZ LQVWDELOLW\� WKH OLTXLG IUDFWLRQ PRGHO IRU WKH SHDN

RI WKH QRQ�XQLIRUP IORZ LV GHYHORSHG� 7KH SDUDPHWULF VWUXFWXUH ZDV

GHULYHG E\ DQ DQDO\WLFDO PHWKRG DQG D SURSRUWLRQDO FRHIILFLHQW ZDV

GHWHUPLQHG E\ H[SHULPHQWDO PHDVXUHPHQWV� $QDO\WLFDO &&)/PRG�

HOV DSSOLFDEOH WR WKH JHRPHWU\ RI VKDUS�HGJHG OLTXLG HQWUDQFH ZHUH

UDUH LQ WKH OLWHUDWXUH� 'XH WR WKLV FLUFXPVWDQFH� WKH FRPSDULVRQ RI

DGHTXDF\ EHWZHHQ WKH SUHVHQWPRGHO DQGRWKHUPRGHOVZDV QRWPDGH�

2QO\ WKH FRPSDULVRQV DPRQJ WKH SUHVHQW PRGHO� WKH SUHVHQW PHDV�

XUHPHQWV� DQG RWKHU LQYHVWLJDWRU¶V PHDVXUHPHQWV VKRZ WKDW WKH SUHV�

HQW PRGHO LV LQ JRRG DJUHHPHQW ZLWK H[SHULPHQWDO GDWD�

120(1&/$785(

& � FRQVWDQW

' � GLDPHWHU

I � IULFWLRQ FRHIILFLHQW

J � JUDYLWDWLRQDO DFFHOHUDWLRQ

MN � QRQ�GLPHQVLRQDO VXSHUILFLDO YHORFLW\ RI N�SKDVH

MN

 � :DOOLV¶ SDUDPHWHU > @

.N


 � .XWDWHODG]H QXPEHU > @

P � FRQVWDQW

3 � SUHVVXUH

W � WLPH

9� X � YHORFLW\

*UHHN /HWWHUV

α � DYHUDJH YROXPH IUDFWLRQ

δ � ILOP WKLFNQHVV

κ � ZDYH QXPEHU

λ � LQIRUPDWLRQ SURSDJDWLRQ YHORFLW\
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��� -� +� -HRQJ

1RYHPEHU� ����

λZ � ZDYH OHQJWK E\ +HOPKROW] LQVWDELOLW\

ρ � GHQVLW\

σ � VXUIDFH WHQVLRQ

τL � LQWHUIDFLDO IULFWLRQ

ξ � ZDYH FRRUGLQDWH �ξ ]�λW�

6XEVFULSWV

J � JDV SKDVH

I � OLTXLG SKDVH

L � LQWHUIDFH

Z � ZDOO

5()(5(1&(6

$PHV� :� )�� ³1XPHULFDO 0HWKRGV IRU 3DUWLDO 'LIIHUHQWLDO (TXDWLRQV�́

$FDGHPLF 3UHVV �������

%KDUDWKDQ� '��:DOOLV� *� %� DQG5LFKWHU� +� -�� ³$LU�:DWHU &RXQWHUFXU�

UHQW$QQXODU )ORZ�́ (35, 5HSRUW� 13����� �������

&HWLQEXGDNODU� $�* � DQG -DPHVRQ�*� -�� ³7KH0HFKDQLVP RI)ORRGLQJ

LQ 9HUWLFDO &RXQWHUFXUUHQW 7ZR�3KDVH )ORZ� &KHPLFDO (QJLQHHULQJ

6FLHQFH ���́ ���� �������

&KR� 6�<�� /HH� <�<� DQG .LP� 6� -�� ³$ 6WXG\ RQ &KDUDFWHULVWLFV RI D

0RGHUQ 6WUXFWXUHG 3DFNLQJ�́ .RUHDQ -� &KHP� (QJ�� ��� ���

�������

'UD]LQ� 3�*�� ³6ROLWLRQV� /HFWXUH 1RWH 6HULHV ���́ /RQGRQ0DWKHPDWL�

FDO 6RFLHW\ �������

+DQ� '�+� DQG +RQJ�:�+�� ³5HDFWLYH ([WUDFWLRQ RI /DFWLF $FLG LQ D

3DFNHG &ROXPQ�́ .RUHDQ -� &KHP� (QJ�� ��� ��� �������

,\HU� .� DQG 7KHRIDQRXV� 7�*�� ³)ORRGLQJ�/LPLWHG 7KHUPDO 0L[LQJ�

WKH &DVH RI +LJK )URXGH 1XPEHU ,QMHFWLRQ�́ 1XFOHDU 6FLHQFH (QJL�

QHHULQJ����� ��� �������

-HRQJ� -� +� DQG1R�+� &�� ³&ODVVLILFDWLRQ RI )ORRGLQJ'DWD$FFRUGLQJ

WR7\SH RI 7XEH�(QG*HRPHWU\�́ 1XFOHDU (QJLQHHULQJ'HVLJQ� ����

��� �������

-HRQJ� -� +� DQG 1R� +�&�� ³([SHULPHQWDO 6WXG\ RI WKH (IIHFW RI 3LSH

/HQJWK DQG 3LSH�(QG *HRPHWU\ RQ )ORRGLQJ�́ ,QW� -� 0XOWLSKDVH

)ORZ� ��� ��� �������

.DPLQDJD� )�� 2NDPRWR� <� DQG 6KLEDWD� <�� ³(YDOXDWLRQ RI (QWUDQFH

*HRPHWU\ (IIHFW RQ )ORRGLQJ�́ 3URF� �VW -60(�$60( -RLQW ,QW�

&RQIHUHQFH 2Q1XFO� (QJ�� 7RN\R� �� �������

/DF\� &� (� DQG 'XNOHU� $� (�� ³)ORRGLQJ LQ 9HUWLFDO 7XEHV�,,� $ )LOP

0RGHO IRU (QWU\ 5HJLRQ )ORRGLQJ�́ ,QW� -�0XOWLSKDVH )ORZ� ��� ���

�������

/D[� 3�'�� ³'LIIHUHQWLDO (TXDWLRQV� 'LIIHUHQFH (TXDWLRQV DQG 0DWUL[

7KHRU\�́ &RPP� 3XUH $SSO� 0DWK� ;,� ��� �������

/HH� +�0�� 0D&DUWK\� *� (� DQG 7LHQ� &� /�� ³/LTXLG &DUU\�RYHU DQG

(QWUDLQPHQW LQ $LU�:DWHU &RXQWHUFXUUHQW )ORRGLQJ�́ (35, 5HSRUW�

13����� �������

0D&DUWK\� *� (� DQG /HH� +�0�� ³5HYLHZ RI (QWUDLQPHQW 3KHQRPHQD

DQG $SSOLFDWLRQ WR 9HUWLFDO 7ZR�3KDVH &RXQWHUFXUUHQW )ORRGLQJ�́

(35, 5HSRUW� 13����� �������

0DURQ�'�0RDOHPDQG'XNOHU�$�(�� ³)ORRGLQJDQG8SZDUG)LOP)ORZ

LQ 9HUWLFDO 7XEHV�,,� 6SHFXODWLRQV RQ )LOP )ORZ 0HFKDQLVPV�́ ,QW�

-� 0XOWLSKDVH )ORZ� ��� ��� �������

3HQJ�&�$�� -XUPDQ� /� $� DQG0F&UHDG\�0� -�� ³)RUPXODWLRQ RI 6ROL�

WDU\ :DYHV RQ*DV�6KHDUHG /LTXLG /D\HUV�́ ,QW� -� 0XOWLSKDVH )ORZ�

��� ��� �������

5LFKWHU� +� -�� ³)ORRGLQJ LQ 7XEHV DQG$QQXOL�́ ,QW� -� 0XOWLSKDVH )ORZ�

�� ��� �������

6KHDUHU�&� -� DQG'DYLGVRQ� -� )�� ³7KH ,QYHVWLJDWLRQ RI D 6WDQGLQJ:DYH

'XH WR *DV %ORZLQJ 8SZDUGV RYHU D /LTXLG )LOP� ,WV 5HODWLRQ WR

)ORRGLQJ LQ:HWWHG�:DOO &ROXPQV�́ -� RI )OXLG0HFKDQLFV� ��� ���

�������

7DLWHO� <�� %DUQHD� '� DQG'XNOHU� $� (�� ³$ )LOP0RGHO IRU WKH 3UHGLF�

WLRQ RI )ORRGLQJ DQG)ORZ5HYHUVDO IRU *DV�/LTXLG )ORZ LQ9HUWLFDO

7XEHV�́ ,QW� -� 0XOWLSKDVH )ORZ� �� � �������

7XUQHU� -� 6�� ³%XR\DQF\ (IIHFWV LQ )OXLGV�́ &DPEULGJH 8QLYHUVLW\ 3UHVV

�������

:DOOLV� *� %�� ³2QH 'LPHQVLRQDO 7ZR�3KDVH )ORZ�́ 0F*UDZ +LOO

�������

:DOOLV� *�%� DQG.XR� -� 7�� ³7KH%HKDYLRU RI*DV�/LTXLG ,QWHUIDFHV LQ

9HUWLFDO 7XEHV�́ ,QW� -� 0XOWLSKDVH )ORZ� �� ��� �������


