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.DUD\DQQLV ����D��

)XUWKHU� WZR PRUH DSSURDFKHV� WKH SODVWLF WKHRU\ DQG WKH VNHZ EHQGLQJ WKHRU\ �+VX ������ KDYH

EHHQ SURSRVHG IRU WKH HVWLPDWLRQ RI WKH WRUVLRQDO VWUHQJWK RI FRQFUHWH HOHPHQWV� +RZHYHU� ZKLOH WKH

IRUPHU LV QRW WKHRUHWLFDOO\ TXLWH VDWLVIDFWRU\� WKH VNHZ�EHQGLQJ WKHRU\ �DOWKRXJK GHVFULEHV WKH IDLOXUH

PRGH RI FRQFUHWH HOHPHQWV RI UHFWDQJXODU FURVV�VHFWLRQ YHU\ ZHOO� LV UHQGHUHG XVHOHVV LQ SUDFWLFH

EHFDXVH RI WKH PDWKHPDWLFDO FRPSOH[LW\ LQYROYHG IRU XVXDO IODQJHG VHFWLRQ �&RZDQ ����� +VX

������

)RU SUHVWUHVVHG FRQFUHWH LQ WRUVLRQ� +VX ������ KDV SURSRVHG WKDW IURP WKH IDLOXUH FULWHULD LW LV

SRVVLEOH WR GHULYH D VLPSOH SUHVWUHVV IDFWRU� ZKLFK LV GHILQHG DV WKH VWUHQJWK UDWLR RI D SUHVWUHVVHG

HOHPHQW WR D QRQSUHVWUHVVHG HOHPHQW� +H KDV VKRZQ WKDW WKLV SUHVWUHVV IDFWRU FDQ EH XVHG

FRPSOHPHQWDU\ WR WKH HODVWLF� SODVWLF DQG VNHZ EHQGLQJ WKHRULHV�

5HFHQWO\� DQ HIILFLHQW QXPHULFDO DSSURDFK IRU WKH SUHGLFWLRQ RI WKH WRUVLRQDO EHKDYLRU RI FRQFUHWH

HOHPHQWV KDV EHHQ SURSRVHG �.DUD\DQQLV DQG 6RXOLV ������ 7KLV DOJRULWKP� LQLWLDOO\ EDVHG RQ WKH

FODVVLFDO HODVWLF WKHRU\� XVHV D VSHFLDO QXPHULF RI WHFKQLTXH IRU WKH VROXWLRQ RI WKH JRYHUQLQJ

HTXDWLRQ RI WRUVLRQ� 5HFHQWO\ WKH WHFKQLTXH LQFOXGHV D ILQLWH GLIIHUHQFH VFKHPH UHVXOWLQJ IURP D

VHFRQG�RUGHU ILQLWH HOHPHQW VKDSH IXQFWLRQ IRU WKH VROXWLRQ RI WKH HTXDWLRQ RI WRUVLRQ DQG LW FDQ EH

DSSOLHG WR HOHPHQWV ZLWK SUDFWLFDOO\ DQ\ FURVV�VHFWLRQ VLQFH LW XWLOL]HV LVRSDUDPHWULF QXPHULFDO

PDSSLQJ� 7KH HIILFLHQF\ DQG WKH DFFXUDF\ RI WKLV DSSURDFK LQ SUHGLFWLQJ WKH XOWLPDWH WRUVLRQDO

VWUHQJWK RI FRQFUHWH EHDPV QRW UHLQIRUFHG LQ WKH WUDQVYHUVH GLUHFWLRQ KDV EHHQ GUDPDWLFDOO\ LPSURYHG

DIWHU D PDMRU PRGLILFDWLRQ E\ .DUD\DQQLV �����D�� 7KH PRGLILFDWLRQ WDNHV LQWR DFFRXQW D ELOLQHDU

VWUHVV�VWUDLQ UHODWLRQVKLS IRU WKH FRQFUHWH LQ WHQVLRQ WR FDWHU IRU WKH WHQVLRQ VRIWHQLQJ SKHQRPHQRQ�

DQG DOORZV IRU D UHDOLVWLF SUHGLFWLRQ RI WKH HQWLUH UHVSRQVH RI D FRQFUHWH HOHPHQW VXEMHFWHG WR

PRQRWRQLFDOO\ LQFUHDVLQJ WRUTXH �.DUD\DQQLV ����D�� ,QLWLDO HIIRUWV IRU WKH DSSOLFDWLRQ RI WKH

PRGLILHG PHWKRG LQ SUHVWUHVVHG JLUGHUV �.DUD\DQQLV ����� \LHOGHG SURPLVLQJ UHVXOWV�

$ IXUWKHU XVH RI WKLV DQDO\WLFDO PHWKRG� SURSHUO\ DGDSWHG LQ RUGHU WR LQFOXGH WUL�OLQHDU DQG

H[SRQHQWLDO VWUHVV�VWUDLQ UHODWLRQVKLSV IRU WKH PDWHULDO LQ WHQVLRQ� KDV DOUHDG\ EHHQ SURSRVHG IRU WKH

SUHGLFWLRQ RI WKH WRUVLRQDO EHKDYLRU RI VWHHO�ILEHU FRQFUHWH �.DUD\DQQLV ����E�� 9HULILFDWLRQ RI WKLV

DSSURDFK EDVHG RQ UHVXOWV RI H[SHULPHQWDO ZRUN FRQGXFWHG IRU WKLV SXUSRVH� KDV DOVR EHHQ

VXFFHVVIXOO\ DWWHPSWHG �.DUD\DQQLV ������

7KH DLP RI WKH SUHVHQW ZRUN LV WZRIROG� ILUVW� WKH SURSHU PRGLILFDWLRQ RI WKH GHYHORSHG DQDO\WLFDO

PHWKRG DQG LWV YDOLGDWLRQ LQ RUGHU WR GHVFULEH WKH WRUVLRQDO EHKDYLRU RI SUHVWUHVVHG FRQFUHWH EHDPV�

DQG VHFRQG� WKH XVH RI WKH PHWKRG DV DQ DQDO\WLFDO WRRO IRU WKH LQYHVWLJDWLRQ RI WKH LQIOXHQFH RI WKH

SUHVWUHVVLQJ IRUFH RQ WKH WRUVLRQDO VWUHQJWK RI WKHVH HOHPHQWV�

7KH SURSRVHG PHWKRG LV PDLQO\ DSSOLHG WR SODLQ SUHVWUHVVHG FRQFUHWH HOHPHQWV� EXW LV DOVR

DSSOLFDEOH WR SUHVWUHVVHG FRQFUHWH EHDPV ZLWKRXW KHDY\ WUDQVYHUVH UHLQIRUFHPHQW� 7KLV LV MXVWLILHG

EHFDXVH LQ WKHVH FDVHV WKH KLJKO\ FRPSUHVVLYH DFWLRQ RI WKH SUHVWUHVVLQJ IRUFH LPSURYHV WKH HODVWLF

EHKDYLRU DQG WKH SHDN VWUHQJWK RI WKH VSHFLPHQ EXW VLPXOWDQHRXVO\ LQFUHDVHV VLJQLILFDQWO\ WKH

SRVVLELOLW\ IRU D VKRUW EULWWOH SRVW SHDN UHVSRQVH� 7KXV� WKH REVHUYHG EHKDYLRU RI FRQFUHWH HOHPHQWV

ZLWK KLJK SUHVWUHVVLQJ DV D ZKROH LV YHU\ DOLNH WR WKH EHKDYLRU RI WKH VDPH HOHPHQWV VXEMHFWHG WR WKH

VDPH FRPELQDWLRQ RI ORDGLQJ �WRUVLRQ ZLWK D[LDO IRUFH� ZLWKRXW WDNLQJ LQWR DFFRXQW WKH VPDOO

LQIOXHQFH RI WKH H[LVWLQJ UHLQIRUFHPHQW�

7KH YDOLGDWLRQ RI WKH GHYHORSHG DQDO\VLV LV DFKLHYHG E\ SURYLGLQJ FRPSDULVRQV EHWZHHQ

H[SHULPHQWDO UHVXOWV DQG DQDO\WLFDO SUHGLFWLRQV� 7KHVH FRPSDULVRQV FRPSULVH SUHVWUHVVHG FRQFUHWH

EHDPV LQ SXUH WRUVLRQ DV ZHOO DV LQ WRUVLRQ FRPELQHG ZLWK VKHDU DQG EHQGLQJ� FRPSLOHG IURP ZRUNV

DURXQG WKH ZRUOG LQ DQ DWWHPSW WR HVWDEOLVK WKH YDOLGLW\ EDVHG RQ D EURDG UDQJH RI VWXGLHV� 7KH
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VHFRQG DLP RI WKH SUHVHQW ZRUN LV DSSURDFKHG E\ D SDUDPHWULFDO VWXG\ RI WKH WRUVLRQDO UHVSRQVHV RI

UHFWDQJXODU DQG IODQJHG SUHVWUHVVHG FRQFUHWH EHDPV� 7KH LQWHUDFWLRQ RI WRUVLRQ DQG EHQGLQJ GXH WR

HFFHQWULF SUHVWUHVVLQJ DQG WKH LQIOXHQFH RI WKH FRPELQHG ORDGLQJ RQ WKH XOWLPDWH VWUHQJWK RI WKHVH

HOHPHQWV DUH DOVR VWXGLHG� 7KH UHVXOWV RI WKLV LQYHVWLJDWLRQ DQG WKH SURGXFHG LQWHUDFWLRQ FXUYHV DUH

FRPSDUHG ZLWK WKH UHVXOWV RI SUHYLRXV ZRUNV �ERWK H[SHULPHQWDO DQG DQDO\WLFDO� DQG ZLWK WKH

SURYLVLRQV RI GHVLJQ FRGHV�

�� *RYHUQLQJ HTXDWLRQV

���� 7RUVLRQ

7KH WKHRU\ RI 6DLQW 9HQDQW DQG WKH FRPSOLPHQWDU\ DSSURDFK E\ 3UDQGWO �+VX ����� GHVFULEH WKH

UHVSRQVH LQ WRUVLRQ RI D KRPRJHQHRXV VWUXFWXUDO HOHPHQW EDVHG RQ WKH DVVXPSWLRQV WKDW �L� WKH

HOHPHQW KDV D FRQVWDQW FURVV�VHFWLRQ DORQJ LWV OHQJWK DQG LWV D[LV FRLQFLGHV ZLWK WKH D[LV RI WRUVLRQ�

�LL� WKH DQJOH RI WZLVW SHU XQLW OHQJWK LV FRQVWDQW DQG �LLL� WKHUH LV QR VNHZ UHVWUDLQW� 7KH DERYH�

PHQWLRQHG WKHRULHV \LHOG WKH HTXDWLRQ

���

ZKHUH ) VWUHVV IXQFWLRQ ZKLFK VDWLVILHV DOO ERXQGDU\ FRQGLWLRQV�  DQJOH RI WZLVW SHU XQLW OHQJWK

DQG * VKHDU PRGXOXV RI ULJLGLW\�

,Q FDVHV ZKHUH WKH PDWHULDO©V SURSHUWLHV YDU\ RYHU WKH FURVV�VHFWLRQ� (T� ��� FDQ EH ZULWWHQ LQ WKH

IRUP

���

7KH UHODWLRQVKLSV RI WKH GHYHORSLQJ VKHDU VWUHVV FRPSRQHQWV � ZLWK WKH IXQFWLRQ )� DUH

���

DQG WKH VKHDU VWUHVV DW D SRLQW LV

���

6LQFH� RQO\ VKHDU VWUHVVHV GHYHORS RQ WKH FURVV�VHFWLRQ RI DQ HOHPHQW VXEMHFWHG WR SXUH WRUVLRQ

ZLWKRXW VNHZ UHVWUDLQW� DQ LQILQLWHVLPDO HOHPHQW RQ WKLV FURVV�VHFWLRQ LV LQ SXUH VKHDU VWUHVV VWDWH� ,Q

)LJ� � DQ LQILQLWHVLPDO HOHPHQW LQ SXUH VKHDU VWUHVV VWDWH LV GLVSOD\HG� )URP WKLV ILJXUH LW LV GHGXFHG

WKDW LQ WKH FDVH RI SXUH WRUVLRQ WKH UHVSRQVH FDQ EH FKDUDFWHUL]HG E\ WKH EHKDYLRU RI WKH PDWHULDO LQ

GLUHFW WHQVLRQ ZKHUH WKH WHQVLOH VWUHVV LV HTXDO WR WKH GHYHORSLQJ VKHDU VWUHVV� 7KLV LV LQ IXOO

FRPSOLDQFH ZLWK WKH FRQFOXVLRQV GUDZQ IURP HDUO\ H[SHULPHQWDO HIIRUWV IRU WKH VWXG\ RI WKH EHKDYLRU

RI SODLQ FRQFUHWH VXEMHFWHG WR SXUH WRUVLRQ� ZKLFK UHYHDOHG WKDW WKH PDWHULDO IDLOV LQ WHQVLRQ UDWKHU

WKDQ VKHDU �$QGHUVRQ ����� &RZDQ ������
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���� 3UHVWUHVVLQJ

7KH QRUPDO VWUHVVHV σL DW D SRLQW L LQ WKH FURVV�VHFWLRQ ZKLFK GHYHORS GXH WR WKH SUHVWUHVVLQJ IRUFH

3� DUH FDOFXODWHG DV

���

ZKHUH H LV WKH GLVWDQFH RI WKH SRLQW ZKHUH WKH SUHVWUHVVLQJ IRUFH LV DSSOLHG IURP WKH FHQWURLGDO D[LV

�HFFHQWULFLW\�� $F LV WKH FURVV�VHFWLRQ DUHD� , LV WKH PRPHQW RI LQHUWLD DQG \L LV WKH GLVWDQFH RI SRLQW L

IURP WKH FHQWURLGDO D[LV�

�� 1XPHULFDO IRUPXODWLRQ

$Q HIILFLHQW QXPHULFDO DOJRULWKP IRU WKH DQDO\VLV RI FRQFUHWH HOHPHQWV LQ WRUVLRQ� UHFHQWO\

SURSRVHG E\ .DUD\DQQLV �����D�� LV HPSOR\HG LQ WKH SUHVHQW ZRUN� 7KH HOHPHQW VHFWLRQ LV

GLVFUHWL]HG E\ ��QRGH LVRSDUDPHWULF HOHPHQWV� 7KDW LV� DOO SK\VLFDO HOHPHQWV �[� \� UHJDUGOHVV RI WKHLU

FRQILJXUDWLRQ DUH PDSSHG WR WKH �ξ� η� FRRUGLQDWHV �LVRSDUDPHWULF PDSSLQJ� VXFK WKDW

DQG � ZKHUH WKH QRGHV RI WKH PDSSHG HOHPHQWV DUH ORFDWHG DW DQG �

/HW - EH WKH -DFRELDQ WUDQVIRUPDWLRQ PDWUL[ DQG 7 GHQRWHV WKH WUDQVSRVH PDWUL[� WKHQ + -7 -� ,W

IROORZV WKDW LI +−� LV WKH LQYHUVH RI PDWUL[ +� WKH VKHDU VWUHVV FRPSRQHQWV LQ WKH FRPSXWDWLRQDO ILHOG

DUH GHULYHG DV

���

,I ∆ GHQRWHV WKH GHWHUPLQDQW RI PDWUL[ - DQG * LV WKH VKHDU PRGXOXV RI HODVWLFLW\ WKHQ WKH

JRYHUQLQJ HTXDWLRQ RI WRUVLRQ �(T� �� FDQ EH WUDQVIRUPHG LQWR WKH ORFDO �ξ� η� GRPDLQ DV

���

$W WKH FHQWHU �L� M� RI DQ HOHPHQW LQ WKH FRPSXWDWLRQDO JULG (T� � PD\ EH GLVFUHWL]HG DV
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���

7KXV� WKH JRYHUQLQJ HTXDWLRQ RI WRUVLRQ FDQ EH DSSUR[LPDWHG LQ D ILQLWH GLIIHUHQFH IRUP �.DUD\DQQLV

����D��

�� 0DWHULDO PRGHO

7KH IRUPXODWLRQ LV LQWHQGHG WR GHVFULEH WKH UHVSRQVH RI FRQFUHWH HOHPHQWV XQGHU FRPELQHG

ORDGLQJV ZLWK WKH SUHGRPLQDQW DQG FULWLFDO DFWLRQ EHLQJ WKH WRUVLRQDO PRPHQW� :LWK WKLV LQ PLQG�

VSHFLDO FDUH KDV EHHQ WDNHQ IRU WKH PDWHULDO PRGHO LQ WHQVLRQ VLQFH LQ WKHVH FDVHV WKH EHKDYLRU RI WKH

PDWHULDO LQ WHQVLRQ FKDUDFWHUL]HV WKH UHVSRQVH RI WKH HOHPHQW�

7KXV� LQ WKH SUHVHQW ZRUN� D ELOLQHDU VWUHVV�VWUDLQ PRGHO IRU WKH EHKDYLRU RI FRQFUHWH LQ GLUHFW

WHQVLRQ ZKLFK LQFOXGHV SRVW�FUDFNLQJ WHQVLRQ VRIWHQLQJ EUDQFK LV DGRSWHG �)LJ� ��� $FFRUGLQJ WR WKLV

PRGHO WKH VWUHVV DQG VWUDLQ DUH VKRZQ WR LQFUHDVH SURSRUWLRQDOO\ XS WR WKH SRLQW RI XOWLPDWH WHQVLOH

VWUHQJWK RI FRQFUHWH� IFW� $W WKLV SRLQW �X LQ )LJ� �� WKH VWUDLQ YDOXH εFU LV HTXDO WR IFW�(FV� ZKHUH (FV LV

WKH VHFDQW PRGXOXV RI HODVWLFLW\ RI FRQFUHWH LQ WHQVLRQ DW SHDN� $IWHU WKDW SRLQW RQO\ WKH VWUDLQ

LQFUHDVHV ZKLOH WKH VWUHVV GHFUHDVHV OLQHDUO\ WR ]HUR DW WKH SRLQW � I LQ )LJ� �� ZKHUH WKH VWUDLQ LV

HTXDO WR WKH XOWLPDWH H[SHULPHQWDOO\ REVHUYHG WHQVLOH VWUDLQ RI FRQFUHWH εFWX� ,I WKH VWUHVV LV UHOD[HG DW
D SRLQW LQ WKH VRIWHQLQJ EUDQFK �VD\ SRLQW D LQ )LJ� �� WKHQ WKH XQORDGLQJ RFFXUV DORQJ WKH OLQH �D

�VPDOO FUDFNV FORVH� DQG WKH QHZ XSGDWHG VWUHVV�VWUDLQ UHODWLRQVKLS IROORZV WKH SDWK �DI� 7KXV�

LUUHYHUVLELOLW\ LV LQYRNHG GXH WR WKH VWLIIQHVV GHJUDGDWLRQ� 7KH VORSH RI WKH OLQH �D GHFUHDVHV DV WKH

SRLQW D DSSURDFKHV WKH XOWLPDWH VWUDLQ εFWX� 7KLV ZD\ WKH SRVW�FUDFNLQJ SDUW RI WKH DGRSWHG PRGHO LV

FKDUDFWHUL]HG E\ WKH PD[LPXP DFFHSWDEOH VWUDLQ εFWX� ZKLFK FDQ EH H[SUHVVHG DV

���

ZKHUH α LV D FRHIILFLHQW ZKLFK UHSUHVHQWV WKH OHYHO RI WKH LQYROYHG WHQVLRQ VRIWHQLQJ� &RHIILFLHQW α
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FDQ EH FRQVLGHUHG DV D PDWHULDO SURSHUW\ ZKLFK� H[FHSW IRU WKH LQIOXHQFH RI WKH VWUHVV GLVWULEXWLRQ�

PDLQO\ GHSHQGV RQ WKH QDWXUH DQG WKH VL]H RI WKH DJJUHJDWHV DQG WKH RWKHU LQJUHGLHQWV RI FRQFUHWH�

7KH LQIOXHQFLQJ UROH RI VL]H HIIHFW RQ WKLV FRHIILFLHQW VKRXOG DOVR EH FRQVLGHUHG� 5HDOLVWLF YDOXHV IRU

WKH FRHIILFLHQW α FDQ EH REWDLQHG HLWKHU GLUHFWO\ IURP H[SHULPHQWDO ZRUNV RQ WKH WHQVLOH EHKDYLRU RI

FRQFUHWH �*RSDODUDWQDP DQG 6KDK ����� RU IURP FRPSDULVRQV EHWZHHQ H[SHULPHQWDO FXUYHV IRU

FRQFUHWH EHDPV LQ WRUVLRQ DQG WKHLU DQDO\WLFDO SUHGLFWLRQV XVLQJ WKH SURSRVHG DQDO\VLV �.DUD\DQQLV

����D�� 7KXV� IRU WKH FRPPRQO\ XVHG FRQFUHWH PL[WXUHV� WKH YDOXHV α  � WR � FDQ EH FRQVLGHUHG DV

UHDOLVWLF RQHV �.DUD\DQQLV ����� ����D� ����E��

�� 0DWHULDO IDLOXUH FULWHULD

$V SRLQWHG RXW HDUOLHU� FRQFUHWH LV H[SHFWHG WR IDLO LQ WHQVLRQ GXH WR WRUVLRQ VLQFH LQ WKH H[DPLQHG

FDVHV WKH WRUVLRQ LV WKH SUHGRPLQDQW DQG FULWLFDO DFWLRQ� ,W LV REYLRXV� WKRXJK� WKDW WKH VWUHQJWK RI

FRQFUHWH DW HDFK SRLQW RI WKH FURVV�VHFWLRQ LV JUHDWO\ LQIOXHQFHG E\ WKH GHYHORSLQJ VWUHVV VWDWH DW WKLV

SRLQW� 7KXV� LQ WKH FDVH RI SUHVWUHVVHG FRQFUHWH EHDPV XQGHU WKH VLPXOWDQHRXV DFWLRQ RI WRUVLRQ�

EHQGLQJ DQG VKHDU� LW KDV WR EH FRQVLGHUHG WKDW DW HDFK SRLQW RI WKH HOHPHQW©V FURVV�VHFWLRQ D ELD[LDO

VWDWH RI VWUHVV LV GHYHORSHG �)LJ� ��� )RU WKLV UHDVRQ WKH GXDO IDLOXUH FULWHULD E\ &RZDQ IRU WKH

FRQFUHWH XQGHU ELD[LDO ORDGLQJ �&RZDQ ����� +VX ����� DUH HPSOR\HG� $FFRUGLQJ WR WKHVH FULWHULD�

0RKU©V IDLOXUH HQYHORSH KDV EHHQ VLPSOLILHG LQWR WZR VWUDLJKW OLQHV $% DQG %' DV VKRZQ LQ )LJ� ��

)LJ� � %LD[LDO VWUHVV VWDWH XQGHU FRPELQHG DFWLRQV RI SUHVWUHVVLQJ� IOH[XUH� VKHDU DQG WRUVLRQ

)LJ� � 0RKU©V IDLOXUH HQYHORSH IRU FRQFUHWH LQ ELD[LDO VWUHVV�VWDWH� DV VLPSOLILHG E\ &RZDQ



6WUHQJWK RI SUHVWUHVVHG FRQFUHWH EHDPV LQ WRUVLRQ ���

7KH LQFOLQHG OLQH $% LV DVVXPHG WR EH WDQJHQWLDO WR WKH FLUFOH &� IRU WKH XQLD[LDO FRPSUHVVLRQ DQG

KDV DQ DQJOH WR WKH KRUL]RQWDO HTXDO WR ��R ZKLFK UHSUHVHQWV WKH LQWHUQDO IULFWLRQ DQJOH� 7KLV OLQH

GHWHUPLQHV WKH IDLOXUH VWDWH ZKHQ FRQFUHWH IDLOV SULPDULO\ LQ FRPSUHVVLRQ� 7KH OLQH %' LV WDQJHQWLDO

WR FLUFOH &� IRU XQLD[LDO WHQVLRQ DQG GHWHUPLQHV WKH IDLOXUH VWDWH ZKHQ FRQFUHWH IDLOV SULPDULO\ LQ

WHQVLRQ� 7KLV FULWHULRQ LV GLUHFWO\ DSSOLFDEOH E\ WKH SUHVHQW DSSURDFK VLQFH WKH SURFHGXUH XVHV WKH

VKHDU VWUHVV REWDLQHG E\ WKH DQDO\VLV DW HDFK PHVK SRLQW� )RU D JLYHQ VWUHVV VWDWH �σ� τ� WKH IDLOXUH
FULWHULRQ LV JLYHQ E\ WKH H[SUHVVLRQV

����

����

:KHUH LV WKH F\OLQGHU FRQFUHWH VWUHQJWK LQ FRPSUHVVLRQ� IFW LV WKH WHQVLOH VWUHQJWK RI FRQFUHWH DV

LW LV REWDLQHG IURP WKH VWUHVV�VWUDLQ PRGHO �)LJ� �� DQG σ LV WKH QRUPDO VWUHVV�

�� ,QIOXHQFH RI FRQFHQWULF SUHVWUHVVLQJ RQ WKH WRUVLRQDO VWUHQJWK

7KH YDOLGDWLRQ RI WKH GHVFULEHG DQDO\VLV E\ SURYLGLQJ FRPSDULVRQV EHWZHHQ UHVXOWV IURP

H[SHULPHQWDO VWXGLHV DQG DQDO\WLFDO SUHGLFWLRQV LV ILUVW DWWHPSWHG� ([SHULPHQWDO UHVXOWV FRQFHUQLQJ

WKH LQIOXHQFH RI FRQFHQWULF SUHVWUHVVLQJ RQ WKH XOWLPDWH WRUVLRQDO VWUHQJWK RI UHFWDQJXODU EHDPV KDYH

EHHQ FRPSLOHG IURP VWXGLHV E\ :DID HW DO� ������� $OORV DQG 5DVKLG ������ DQG 0XNKHUMHH DQG

:DUZDUXN ������� $ JURXS RI UHFWDQJXODU EHDPV ZKLFK LQFOXGHV � VSHFLPHQV ZLWK  ����� WR

τ
IFW
���� 

IF′
IFW
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IF′
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7DEOH �� &RPSDULVRQ RI H[SHULPHQWDO GDWD DQG SUHGLFWHG YDOXHV IRU UHFWDQJXODU EHDPV ZLWK FRQFHQWULF
SUHVWUHVVLQJ VXEMHFWHG WR SXUH WRUVLRQ �  ����� WR ����� ZLWK PHDQ YDOXH RI ������

&RGH
QDPH

E�K
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IU
�03D�

IFW
�03D�

3
�N1�

7H[S
�N1FP�

7SUHG
�N1FP�

7SUHG�3 �
�N1FP�

:DID HW DO� ������

%����� ����� ���� ���� ����� ���� ����� ����� ���� ����� ���� ����

%�����D ����� ���� ���� ����� ������ ����� ����� ���� ����� ���� ����

%�����E ����� ����� ���� ���� ����� ������ ����� ����� ���� ����� ���� ����

%�����D ����� ���� ���� ����� ������ ����� ����� ���� ����� ���� ����

%�����E ����� ���� ���� ����� ������ ����� ����� ���� ����� ���� ����

$OORV DQG 5DVKLG ������

$� ������� ����� ���� ���� ����� ������ ����� ����� ���� ����� ���� ����

$� ����� ���� ���� ����� ������ ����� ����� ���� ����� ���� ����

0XNKHUMHH DQG :DUZDUXN ������

&��� ����������� ����� ���� ���� ����� ������ ������ ������ ���� ����� ���� ����

0HDQ YDOXH� ����� ���� ���� ����� �����

IU ���

IF′�IFW
IF′ IF′

IFW
�������

7H[S

7SUHG

����������
3

EKIF′
������������

73

73 �

����������

IF′



��� &KULV *� .DUD\DQQLV DQG &RQVWDQWLQ (� &KDOLRULV

����� DQG FRQFHQWULF SUHVWUHVVLQJ� WHVWHG LQ SXUH WRUVLRQ� DUH SUHVHQWHG LQ 7DEOH �� *HRPHWULFDO GDWD�

WHVW UHVXOWV� DQDO\WLFDO SUHGLFWLRQV DUH DOVR SUHVHQWHG LQ 7DEOH �� )XUWKHUPRUH� FRPSDULVRQV RI WKH

DQDO\WLFDO UHVXOWV WR WKH H[SHULPHQWDO RQHV �7H[S�7SUHG� DQG WKH UDWLR 7S�73 � RI WKH LQFUHDVHG XOWLPDWH

WRUVLRQDO VWUHQJWK GXH WR WKH LQIOXHQFH RI WKH SUHVWUHVVLQJ �73� WR WKH XOWLPDWH WRUVLRQDO VWUHQJWK

ZLWKRXW WKH SUHVWUHVVLQJ �73 ��� DUH DOVR LQFOXGHG LQ 7DEOH �� $ VHFRQG JURXS RI H[SHULPHQWDO GDWD

IRU SUHVWUHVVHG UHFWDQJXODU EHDPV ZLWK  ���� WR ���� WHVWHG LQ SXUH WRUVLRQ �:DID HW DO�

������ DUH SUHVHQWHG LQ 7DEOH ��

)XUWKHU� )LJ� � SUHVHQWHG WKH LQIOXHQFH RI WKH SUHVWUHVVLQJ OHYHO� ν3 3�EK �� RQ WKH XOWLPDWH

WRUVLRQDO VWUHQJWK 73 RI UHFWDQJXODU HOHPHQWV LQ WHUPV RI WKH UDWLR 73�73 �� 7KXV� FXUYHV � DQG � LQ

)LJ� � UHSUHVHQW WKH LQIOXHQFH RI ν3 RQ WKH WRUVLRQDO VWUHQJWK RI FRQFUHWH IRU VWUHQJWK UDWLRV

 ����� DQG ����� UHVSHFWLYHO\� DQG DUH FRPSDUHG ZLWK WKH H[SHULPHQWDO UHVXOWV RI 7DEOHV �

DQG �� UHVSHFWLYHO\� 7KH VWUHQJWK UDWLRV RI WKH FRQFUHWH �FRPSUHVVLYH VWUHQJWK WR WHQVLOH VWUHQJWK�� IRU

WKH WHVWV LQ 7DEOHV � DQG �� ZHUH  ����� WR ����� ZLWK PHDQ YDOXH RI ������ DQG  ����

WR ���� ZLWK PHDQ YDOXH RI ����� UHVSHFWLYHO\� ZKHUHDV WKH DQDO\WLFDO FXUYHV � DQG �� VKRZQ LQ )LJ�

�� ZHUH FDOFXODWHG EDVHG RQ WKH SURSRVHG DQDO\VLV IRU  ����� DQG ����� UHVSHFWLYHO\� )URP

WKHVH FRPSDULVRQV LW FDQ EH GHGXFHG WKDW WKH DQDO\WLFDO UHVXOWV DUH LQ YHU\ JRRG FRPSOLDQFH ZLWK WKH

PHDVXUHG RQHV�

$OVR VKRZQ LQ )LJ� � DUH WKH DQDO\WLFDO SUHGLFWLRQV GHGXFHG E\ WKH DSSURDFK RI WKH SUHVWUHVV IDFWRU

DV LW KDV EHHQ LQWURGXFHG E\ +VX ������ WR DFFRXQW IRU WKH LQIOXHQFH RI WKH SUHVWUHVV LQ WKH HODVWLF�

SODVWLF DQG VNHZ EHQGLQJ WKHRULHV� $FFRUGLQJ WR WKLV DSSURDFK

7Q 7QS γ ����

ZKHUH 7Q LV WKH XOWLPDWH WRUVLRQDO VWUHQJWK RI WKH SUHVWUHVVHG PHPEHU� 7QS WKH XOWLPDWH WRUVLRQDO

VWUHQJWK RI WKH QRQSUHVWUHVVHG PHPEHU GHGXFHG E\ WKH VNHZ EHQGLQJ WKHRU\ DQG γ WKH SUHVWUHVV

IDFWRU ZKLFK LQ WKLV FDVH LV JLYHQ DV �+VX �����

����

IF′�IFW

IF′

IF′�IFW

IF′�IFW IF′�IFW
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7DEOH �� &RPSDULVRQ RI H[SHULPHQWDO DQG SUHGLFWHG GDWD IRU UHFWDQJXODU EHDPV ZLWK FRQFHQWULF SUHVWUHVVLQJ
VXEMHFWHG WR SXUH WRUVLRQ �  ���� WR ���� ZLWK D PHDQ YDOXH RI ����� FRQFUHWH ZLWK VWHHO�ILEHU
YROXPH IUDFWLRQ ��� WR �����

6SHFLPHQV ν3 UH[S USUHG
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:DID HW DO� ������

%����� ����� ���� ���� ���� ������ ���� ���� ���� ����

%����� ����� ���� ���� ���� ������ ���� ���� ���� ����

%����� ����� ���� ���� ���� ������ ���� ���� ���� ����

%����� ����� ���� ���� ���� ������ ���� ���� ���� ����

%����� ����� ���� ���� ���� ������ ���� ���� ���� ����

0HDQ YDOXH� ����� ���� ���� ���� �����
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IF′ IF′
IFW
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6WUHQJWK RI SUHVWUHVVHG FRQFUHWH EHDPV LQ WRUVLRQ ���

ZKHUH σ LV WKH SUHVWUHVVLQJ VWUHVV DQG IU WKH PRGXOXV RI UXSWXUH�

7KXV� EDVHG RQ WKLV DSSURDFK� DQDO\WLFDO FXUYHV �D DQG �D IRU WKH VWUHQJWK YDOXHV RI WKH WHVWV LQ

7DEOHV � DQG �� UHVSHFWLYHO\� DUH DOVR SUHVHQWHG LQ )LJ� ��

)XUWKHU� FRPSDULVRQV RI WKH HQWLUH H[SHULPHQWDO UHVSRQVH FXUYHV RI WRUTXH PRPHQW 7 YHUVXV

URWDWLRQ ϑ� IRU SUHVWUHVVHG FRQFUHWH EHDPV LQ WRUVLRQ �:DID HW DO� ������ ZLWK SUHGLFWHG EHKDYLRU

FXUYHV \LHOGHG E\ WKH SURSRVHG DQDO\VLV� DUH SUHVHQWHG LQ )LJ� �� 7KHVH FRPSDULVRQV FRPSULVH RI �

FDVHV �VHH DOVR 7DEOH �� ZLWK SUHVWUHVVLQJ OHYHOV ν3 3�EK � �� ����� ����� ���� DQG ����� 7KH

PHDQ YDOXH RI WKH UDWLR RI WKH PHDVXUHG XOWLPDWH WRUVLRQDO FDSDFLW\ 7H[S WR WKH SUHGLFWHG RQH 7SUHG IRU

WKHVH FDVHV LV 7H[S�7SUHG ���� �7DEOH �� ZLWK D VWDQGDUG GHYLDWLRQ RI ������ )URP WKHVH FRPSDULVRQV

LW FDQ EH VKRZQ WKDW IRU WKH H[DPLQHG FDVHV WKH SURSRVHG DQDO\WLFDO PHWKRG GHVFULEHV WKH HQWLUH

UHVSRQVH RI WKH SUHVWUHVVHG EHDPV YHU\ ZHOO� 0RUHRYHU� VRPH GLIIHUHQFHV LQ EHKDYLRU EHWZHHQ

H[SHULPHQWDO DQG WKHRUHWLFDO UHVXOWV REVHUYHG QHDU WKH XOWLPDWH WRUTXH DUH DWWULEXWHG WR WKH ORDG

FRQWURO FRQGLWLRQV XQGHU ZKLFK WKH EHDPV �:DID HW DO� ����� ZHUH WHVWHG�

,Q )LJ� � WKH DQDO\WLFDO EHKDYLRU FXUYHV RI WKH EHDPV FRQVLGHULQJ VWUHVV�VWUDLQ UHODWLRQVKLS IRU

FRQFUHWH LQ WHQVLRQ ZLWKRXW SRVW�FUDFNLQJ SDUW DUH DOVR VKRZQ� )URP WKHVH UHVXOWV LW FDQ EH VHHQ WKDW

IRU WKH H[DPLQHG FDVHV WKH UDWLR 7X�VRIW�7X�α � ≅ ����� ZKHUH 7X�VRIW LV WKH XOWLPDWH WRUTXH WDNLQJ LQWR

DFFRXQW WKH WHQVLRQ VRIWHQLQJ SKHQRPHQRQ �SRVW�FUDFNLQJ SDUW RI WKH VWUHVV�VWUDLQ UHODWLRQVKLS� DQG

α �� VHH DOVR (T� ���� DQG 7X�α � LV WKH XOWLPDWH WRUTXH FRQVLGHULQJ α � LQ (T� ��� �HODVWLF VWUHVV�

VWUDLQ UHODWLRQVKLS ZLWKRXW SRVW�FUDFNLQJ SDUW��

)XUWKHUPRUH� H[SHULPHQWDO UHVXOWV FRQFHUQLQJ WKH LQIOXHQFH RI FRQFHQWULF SUHVWUHVVLQJ RQ WKH

IF′

)LJ� � 3UHGLFWHG LQWHUDFWLRQ FXUYHV RI FRQFHQWULF SUHVWUHVVLQJ IRUFH DQG XOWLPDWH WRUVLRQDO VWUHQJWK RI FRQFUHWH
HOHPHQWV DQG FRPSDULVRQ ZLWK H[SHULPHQWDO YDOXHV



��� &KULV *� .DUD\DQQLV DQG &RQVWDQWLQ (� &KDOLRULV

)LJ� � &RPSDULVRQ RI H[SHULPHQWDO UHVSRQVH FXUYHV RI SUHVWUHVVHG FRQFUHWH EHDPV LQ WRUVLRQ ZLWK SUHGLFWHG
EHKDYLRU FXUYHV REWDLQHG E\ WKH SURSRVHG DQDO\VLV

7DEOH � &RPSDULVRQ RI H[SHULPHQWDO DQG SUHGLFWHG YDOXHV IRU IODQJHG EHDPV ZLWK FRQFHQWULF SUHVWUHVVLQJ
VXEMHFWHG WR SXUH WRUVLRQ �  ���� WR ���� ZLWK D PHDQ YDOXH RI �����

6SHFLPHQV ν3 UH[S USUHG
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���������� �FP�

3
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9LFWRU DQG $UDYLQGDQ ������ − 7�EHDPV

7&�� ���� ������ ���� ���� ���� ����

7&�� ���� ������ ���� ���� ���� ����

7%�� ���� ������ ���� ���� ���� ����

7%�� ���� ������ ���� ���� ���� ����

7%�� ���� ������ ���� ���� ���� ����

7%�� ���� ������ ���� ���� ���� ����

7%�� ���� ������ ���� ���� ���� ����

7%�� ���� ������ ���� ���� ���� ����

7%�� ���� ������ ���� ���� ���� ����

7%�� ���� ������ ���� ���� ���� ����

7%�� ���� ������ ���� ���� ���� ����

7%�� ���� ������ ���� ���� ���� ����

7%�� ���� ������ ���� ���� ���� ����
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0DWWRFN DQG :\VV ������ − ,�EHDP
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0HDQ YDOXH� ���� �����

IF′�IFW

IF′
IFW
������� 3

$FIF′
�����������

7H[S

7H[S�3 �

����������������
7SUHG

7SUHG�3 �

������������������
UH[S
USUHG
���������



6WUHQJWK RI SUHVWUHVVHG FRQFUHWH EHDPV LQ WRUVLRQ ���

XOWLPDWH VWUHQJWK RI IODQJHG EHDPV FRPSLOHG IURP WKH ZRUN RI 9LFWRU DQG $UDYLQGDQ ������ DQG

0DWWRFN DQG :\VV ������� DUH SUHVHQWHG LQ 7DEOH � DQG )LJ� � DQG FRPSDUHG ZLWK WKH DQDO\WLFDO

SUHGLFWLRQV E\ WKH SURSRVHG DSSURDFK�

&RPSDULVRQV RI DQDO\WLFDO SUHGLFWLRQV RI WKH XOWLPDWH WRUTXH DQG H[SHULPHQWDO GDWD FRPSLOHG IURP

0DWWRFN DQG :\VV ������ IRU IODQJHG JLUGHUV �ZLWK ,�VKDSH FURVV�VHFWLRQ� WHVWHG LQ WRUVLRQ FRPELQHG

ZLWK IOH[XUH� VKHDU DQG SUHVWUHVVLQJ DUH SUHVHQWHG LQ 7DEOH �� )URP WKHVH FRPSDULVRQV LW FDQ EH

FRQFOXGHG WKDW WKH SURSRVHG DQDO\WLFDO PRGHO SUHGLFWV ZHOO WKH XOWLPDWH WRUTXH RI IODQJHG EHDPV

VXEMHFWHG LQ WRUVLRQ FRPELQHG ZLWK IOH[XUH� VKHDU DQG SUHVWUHVVLQJ �.DUD\DQQLV ������

)LJ� � 3UHGLFWHG LQWHUDFWLRQ FXUYH RI FRQFHQWULF SUHVWUHVVLQJ IRUFH DQG XOWLPDWH WRUVLRQDO VWUHQJWK RI IODQJHG
EHDPV DQG FRPSDULVRQ ZLWK H[SHULPHQWDO YDOXHV

7DEOH � &RPSDULVRQ RI H[SHULPHQWDO �0DWWRFN DQG :\VV ����� DQG SUHGLFWHG YDOXHV IRU IODQJHG JLUGHUV �,�
VKDSH� WHVWHG LQ WRUVLRQ FRPELQHG ZLWK IOH[XUH� VKHDU DQG SUHVWUHVVLQJ �,Q WKH DQDO\VLV WKH VRIWHQLQJ
FRHIILFLHQW LV WDNHQ α ����

&RGH QDPH
IVS 3 0 9 7H[S 7FDO 7H[S

�03D� �03D� �N1� �N1FP� �N1� �N1FP� �N1FP� 7FDO

$� ����� ���� ������ − ����� ���� ���� ����

$� ����� ���� ������ ����� ������ ���� ���� ����

$� ����� ���� ������ ����� ������ ���� ���� ����

$� ����� ���� ������ ����� ������ ���� ���� ����

$� ����� ���� ������ ����� ����� ���� ���� ����

$� ����� ���� ������ ����� ������ ���� ���� ����

$� ����� ���� ������ ����� ������ ���� ���� ����

0HDQ YDOXH� �����

6WDQGDUG GHYLDWLRQ� �����

IF′



��� &KULV *� .DUD\DQQLV DQG &RQVWDQWLQ (� &KDOLRULV

7KH ODFN RI NQRZOHGJH RI WKH FRQWULEXWLRQ RI WKH IODQJHV RI 7�EHDPV WR WKH VKHDU UHVLVWDQFH LV

HPSKDVL]HG �=DUDULV DQG 3HQHOLV ������ ,Q WKLV ZRUN� WKH FRQWULEXWLRQ RI WKH IODQJH RI 7�EHDPV WR

WKH WRUVLRQDO FDSDFLW\ EDVHG RQ WKH SURSRVHG PHWKRG LV DOVR H[DPLQHG� 7KXV� LQ )LJ� � WKH FXUYH RI

WKH UDWLR 7X�7X�UHFW YHUVXV EI �E LV SUHVHQWHG� 7X�UHFW� LV WKH XOWLPDWH WRUTXH RI WKH EHDP ZLWKRXW IODQJHV

�UHFWDQJXODU FURVV�VHFWLRQ� DQG EI LV WKH ZLGWK RI WKH IODQJHV�

)LQDOO\� LQWHUDFWLRQ FXUYHV RI WKH WRUVLRQDO VWUHQJWK LQFUHDVH 7S �73 � YHUVXV WKH DSSOLHG SUHVWUHVVLQJ

)LJ� � &RQWULEXWLRQ RI 7�EHDP IODQJHV WR WKH WRUVLRQDO FDSDFLW\

)LJ� � ,QWHUDFWLRQ FXUYHV RI FRQFHQWULF SUHVWUHVVLQJ IRUFH DQG XOWLPDWH WRUVLRQDO VWUHQJWK IRU  ��� �� DQG
�� 03D

IF′



6WUHQJWK RI SUHVWUHVVHG FRQFUHWH EHDPV LQ WRUVLRQ ���

OHYHO ν3 3�$F � REWDLQHG XVLQJ WKH SURSRVHG DQDO\VLV� IRU KLJK VWUHQJWK FRQFUHWH  �� 03D

�FXUYH +�� IRU FRPPRQO\ XVHG FRQFUHWH  �� 03D �FXUYH 0� DQG IRU ORZ VWUHQJWK FRQFUHWH

 �� 03D �FXUYH /�� DUH SUHVHQWHG LQ )LJ� �� ,W LV QRWHG WKDW WKH HIIHFW RI WKH FRQFUHWH VWUHQJWK RQ

WKH WRUVLRQDO FDSDFLW\ RI SUHVWUHVVHG FRQFUHWH HOHPHQWV QHHGV PRUH GLVFXVVLRQ VLQFH WKH YDOLGDWLRQ

FRPSDULVRQV LQFOXGHG LQ WKH SUHVHQW ZRUN ZHUH PDLQO\ IRU FRQFUHWH VWUHQJWK EHWZHHQ �� WR �� 03D�

�� ,QWHUDFWLRQ RI WRUVLRQ DQG HFFHQWULF SUHVWUHVVLQJ

7KH LQIOXHQFH RI HFFHQWULF SUHVWUHVVLQJ RQ WKH XOWLPDWH WRUVLRQDO VWUHQJWK RI FRQFUHWH EHDPV LV DOVR

VWXGLHG� ,Q WKLV FDVH� D FRQVWDQW EHQGLQJ PRPHQW ZLWKRXW VKHDU IRUFH DORQJ WKH HQWLUH OHQJWK RI WKH

EHDP LV GHYHORSHG�

,QWHUDFWLRQ FXUYHV RI 7S�73 � YHUVXV WKH DSSOLHG SUHVWUHVVLQJ OHYHO ν3 3��$F �� IRU WKUHH GLIIHUHQW

SUHVWUHVVLQJ HFFHQWULFLWLHV H[SUHVVHG LQ WHUPV RI WKH GHYHORSHG IOH[XUDO PRPHQW� DUH SUHVHQWHG LQ

)LJ� ��� 7KH OHYHO RI WKH DSSOLHG IOH[XUDO PRPHQW LV H[SUHVVHG LQ WHUPV RI WKH UDWLR ν0 RI WKH

DSSOLHG PRPHQW 0 WR WKH XOWLPDWH IOH[XUDO PRPHQW 0X RI WKH HOHPHQW ZLWKRXW SUHVWUHVVLQJ �3 ��

DQG WRUVLRQ �7 ��� ZKLFK LV HDVLO\ FDOFXODWHG DV

ZKLFK IRU UHFWDQJXODU VHFWLRQV EHFRPHV ����

ZKHUH IU LV WKH PRGXOXV RI UXSWXUH DQG \F WKH GLVWDQFH RI WKH FHQWURLGDO D[LV IURP ERWWRP�

,QWHUDFWLRQ FXUYHV RI )LJ� �� ZHUH FDOFXODWHG IRU FRQFUHWH FRPSUHVVLRQ VWUHQJWK  �� 03D

ZKLOH WKH WHQVLOH VWUHQJWK IFW DQG WKH PRGXOXV RI UXSWXUH IU ZHUH HVWLPDWHG �$&, ���� DV IFW ���

DQG IU ��� �LQ 6, XQLWV�� UHVSHFWLYHO\�

)URP )LJ� �� LW FDQ EH FRQFOXGHG WKDW LQFUHDVLQJ WKH HFFHQWULFLW\ RI WKH DSSOLHG SUHVWUHVVLQJ IRUFH
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)LJ� �� ,QWHUDFWLRQ FXUYHV RI SUHVWUHVVLQJ IRUFH DQG XOWLPDWH WRUVLRQDO VWUHQJWK FRPELQHG ZLWK IOH[XUH
�HFFHQWULF SUHVWUHVVLQJ�



��� &KULV *� .DUD\DQQLV DQG &RQVWDQWLQ (� &KDOLRULV

GHFUHDVHV WKH LQIOXHQFH RI WKH SUHVWUHVVLQJ RQ WKH XOWLPDWH WRUVLRQDO VWUHQJWK RI WKH HOHPHQW� )RU WKH

H[DPLQHG FDVHV� WKLV GHFUHDVH UDQJHV IURP � WR ����� IRU DSSOLHG IOH[XUDO PRPHQW OHYHO ν0 � WR

����� UHVSHFWLYHO\�

�� ,QWHUDFWLRQ RI WRUVLRQ DQG SUHVWUHVVLQJ FRPELQHG ZLWK VKHDU DQG IOH[XUH

7KH LQIOXHQFH RI WKH SUHVWUHVVLQJ IRUFH RQ WKH XOWLPDWH VWUHQJWK RI FRQFUHWH EHDPV VXEMHFWHG WR

WRUVLRQ FRPELQHG ZLWK VKHDU DQG IOH[XUH� LV DOVR VWXGLHG LQ WKLV ZRUN�

,QWHUDFWLRQ FXUYHV RI 7S�73 � YHUVXV WKH DSSOLHG SUHVWUHVVLQJ OHYHO ν3� IRU FRQFUHWH FRPSUHVVLRQ

VWUHQJWK  �� 03D DQG ORDGLQJV ZKLFK LQFOXGH FRPELQHG VKHDU DQG IOH[XUH� DUH SUHVHQWHG LQ )LJ�

��� 7KH OHYHO RI WKH DSSOLHG VKHDU IRUFH LV H[SUHVVHG DV WKH UDWLR ν9 RI WKH DFWLQJ VKHDU 9 WR WKH

XOWLPDWH VKHDU VWUHQJWK 9X RI WKH VHFWLRQ LQ SXUH VKHDU VWDWH ZLWKRXW SUHVWUHVVLQJ DQG WRUVLRQ �3 �

DQG 7 ��� 7KH PD[LPXP VKHDU VWUHVV IRU D UHFWDQJXODU FURVV�VHFWLRQ LV JLYHQ DV τPD[ ������9�EK�
DQG FRQVLGHULQJ WKDW LW FRQFOXGHG WKDW �

7KXV� IURP )LJ� �� LW LV FRQFOXGHG WKDW LQ HOHPHQWV XQGHU FRPELQHG WRUVLRQ DQG VKHDU� WKH XOWLPDWH

WRUVLRQDO VWUHQJWK FDQ EH VLJQLILFDQWO\ LPSURYHG E\ WKH LQIOXHQFH RI WKH DFWLQJ SUHVWUHVVLQJ IRUFH�

)XUWKHU� LQ WKH )LJ� �� VKRZQ LV WKDW IRU WKH FDVH RI DQ HOHPHQW XQGHU VKHDU OHYHO ν9 ���� ZLWKRXW

IF′

τPD[ IFW≅ 9X ���( )≅ EKIFW

)LJ� �� ,QWHUDFWLRQ FXUYHV RI SUHVWUHVVLQJ IRUFH DQG XOWLPDWH WRUVLRQDO VWUHQJWK IRU FRPELQHG ORDGLQJ ZLWK
VKHDU DQG IOH[XUH



6WUHQJWK RI SUHVWUHVVHG FRQFUHWH EHDPV LQ WRUVLRQ ���

IOH[XUH� WKH XOWLPDWH WRUVLRQDO VWUHQJWK 73 FDQ EH LQFUHDVHG XS WR ���� WLPHV IRU DQ DSSOLHG

SUHVWUHVVLQJ OHYHO RI ν3 ���� FRPSDUHG ZLWK WKH WRUVLRQDO VWUHQJWK RI WKH HOHPHQW ZLWKRXW WKH

LQIOXHQFH RI WKH SUHVWUHVVLQJ IRUFH 73 �� 7KH IDYRUDEOH LQIOXHQFH RI WKH SUHVWUHVVLQJ IRUFH RQ WKH

XOWLPDWH WRUTXH GHFUHDVHV DV WKH IOH[XUDO ORDG LQFUHDVHV� 7KXV� IRU WKH SUHYLRXV FDVH� LI D IOH[XUDO

PRPHQW HTXDO WR ����0X LV DOVR DSSOLHG RQ WKH HOHPHQW WKH XOWLPDWH WRUVLRQDO VWUHQJWK EHFRPHV RQO\

��� WLPHV JUHDWHU WKDQ WKH WRUVLRQDO VWUHQJWK ZLWKRXW WKH LQIOXHQFH RI WKH SUHVWUHVVLQJ IRUFH 73 ��

)XUWKHUPRUH� DLPLQJ WR D EHWWHU XQGHUVWDQGLQJ RI WKH LQIOXHQFH RI WKH SUHVWUHVVLQJ IRUFH RQ WKH

FDSDFLW\ RI HOHPHQWV XQGHU FRPELQHG WRUVLRQ DQG VKHDU� LQWHUDFWLRQ FXUYHV RI WRUVLRQ YHUVXV VKHDU

IRU GLIIHUHQW OHYHOV RI SUHVWUHVVLQJ �ν3 �� ���� ����� ���� DUH SUHVHQWHG LQ )LJ� ��� 7KH WRUVLRQ DQG

WKH VKHDU DUH H[SUHVVHG LQ WHUPV RI WKH UDWLR 7�7FX DQG 9�9FX� UHVSHFWLYHO\� ZKHUH 7FX DQG 9FX DUH WKH

XOWLPDWH WRUTXH DQG WKH VKHDU VWUHQJWK RI SODLQ FRQFUHWH� UHVSHFWLYHO\� ,Q )LJ� �� WKH YDOXHV RI 7FX
DQG 9FX DUH WDNHQ DV �$&, �����

7FX ��� E�K �SVL� �RU 7FX ���� E�K LQ 6, XQLWV� ����

9FX ���� EG �SVL� �RU 9FX ���� EG LQ 6, XQLWV� ����

,Q )LJ� �� WKH SUHGLFWHG LQWHUDFWLRQ FXUYHV DUH DOVR FRPSDUHG WR WKH FXUYH SURGXFHG E\ WKH UHODWLRQ

�7�7FX�
���9�9FX�

� � ����

ZKLFK KROGV IRU HOHPHQWV ZLWKRXW SUHVWUHVVLQJ ν3 � �$&, ��� ���� WKURXJK ������

�� &RQFOXGLQJ UHPDUNV

$ WKHRUHWLFDO WRRO IRU WKH DQDO\VLV DQG WKH SUHGLFWLRQ RI WKH XOWLPDWH VWUHQJWK RI SUHVWUHVVHG

FRQFUHWH EHDPV XQGHU WRUVLRQ DQG WRUVLRQ FRPELQHG ZLWK VKHDU DQG IOH[XUH� KDV EHHQ LQWURGXFHG�

IF′ IF′

IF′ IF′

)LJ� �� ,QWHUDFWLRQ FXUYHV RI 7�7FX YHUVXV 9�9FX IRU YDULRXV OHYHOV RI SUHVWUHVVLQJ �ν3 �� ���� ���� DQG ����
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7KH DSSURDFK WDNHV LQWR DFFRXQW WKH SRVW FUDFNLQJ VRIWHQLQJ UHVSRQVH RI FRQFUHWH LQ WHQVLRQ DQG LW

FDQ EH DSSOLHG WR HOHPHQWV ZLWK SUDFWLFDOO\ DQ\ FURVV�VHFWLRQ VLQFH LW XWLOL]HV QXPHULFDO PDSSLQJ�

3UHGLFWLRQV E\ WKH SURSRVHG PHWKRG KDYH EHHQ FRPSDUHG ZLWK WKH H[SHULPHQWDO UHVXOWV FRPSLOHG

IURP ZRUNV DURXQG WKH ZRUOG LQ DQ DWWHPSW WR HVWDEOLVK WKH YDOLGLW\ RI WKH DSSURDFK EDVHG RQ D

EURDG UDQJH RI VWXGLHV� 7KHVH FRPSDULVRQV ZHUH PDGH IRU SUHVWUHVVHG FRQFUHWH UHFWDQJXODU DQG

IODQJHG EHDPV LQ SXUH WRUVLRQ DV ZHOO DV LQ WRUVLRQ FRPELQHG ZLWK VKHDU DQG IOH[XUH� )URP WKHVH

FRPSDULVRQV LW FDQ EH FRQFOXGHG WKDW IRU DOO WKH FDVHV H[DPLQHG� WKH SURSRVHG DQDO\WLFDO PHWKRG

SUHGLFWV ZHOO WKH XOWLPDWH WRUVLRQDO VWUHQJWK DQG WKH LQIOXHQFH RI WKH SUHVWUHVV RQ LW� )XUWKHU� XVLQJ

WKH SURSRVHG DQDO\VLV DV D WRRO� VWUHQJWK LQWHUDFWLRQ FXUYHV EHWZHHQ XOWLPDWH WRUVLRQ DQG SUHVWUHVV

OHYHO KDYH EHHQ SURGXFHG� 7KH LQIOXHQFH RI IOH[XUH RQ WKHVH LQWHUDFWLRQ FXUYHV KDV EHHQ H[DPLQHG

WRR� )LQDOO\� WKH LQIOXHQFH RI WKH DSSOLHG SUHVWUHVV OHYHO RQ WKH VWUHQJWK RI EHDPV XQGHU WRUVLRQ

FRPELQHG ZLWK VKHDU KDV DOVR EHHQ H[DPLQHG DQG SUHVHQWHG LQ WKH IRUP RI LQWHUDFWLRQ FXUYHV�
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