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'HSDUWPHQW RI %XLOGLQJ (QJLQHHULQJ� 7RQJML 8QLYHUVLW\� 6KDQJKDL ������� &KLQD

�5HFHLYHG $SULO ��� ����� $FFHSWHG 0DUFK ��� �����

$EVWUDFW� 7KH LPSRUWDQFH RI WKH UHVHDUFK RQ PRPHQW�UHVLVWDQW SURSHUWLHV RI XQVWLIIHQHG WXEXODU MRLQWV DQG
WKH UHVHDUFK EDFNJURXQG DUH LQWURGXFHG� 7KH SHUIRUPHG H[SHULPHQWDO UHVHDUFK RQ WKH EHQGLQJ ULJLGLW\ DQG
FDSDFLW\ RI WKH MRLQWV LV UHSRUWHG� 7KH HPSKDVLV LV SXW RQ WKH GLVFXVVLRQ RI WKH IOH[XUDO EHKDYLRU RI WKH MRLQWV
LQFOXGLQJ VHWV RI JHRPHWULFDO SDUDPHWHUV RI WKH MRLQWV DQG VHYHUDO ORDGLQJ FRPELQDWLRQV� 3URFHGXUHV DQG UHVXOWV
RI ORDGLQJ WHVWV RQ IRXU IXOO VL]H MRLQWV LQ SODQDU .. DQG ; FRQILJXUDWLRQ DUH GHVFULEHG LQ GHWDLOV DW ILUVW�
0HFKDQLFDO PRGHOV DUH SURSRVHG WR DQDO\]H WKH MRLQW VSHFLPHQV� 7KUHH�GLPHQVLRQDO QRQOLQHDU )( PRGHOV DUH
HVWDEOLVKHG DQG YHULILHG ZLWK WKH H[SHULPHQWDO UHVXOWV� %\ FRPSDULQJ WKH H[SHULPHQWDO GDWD ZLWK WKH UHVXOWV RI
WKH DQDO\VLV� LW LV UHSRUWHG UHDVRQDEOH WR FDUU\ RXW WKH VWUXFWXUDO DQDO\VLV XQGHU WKH DVVXPSWLRQ WKDW WKH MRLQW LV
IXOO\ ULJLGO\ FRQQHFWHG� DQG WKHLU EHQGLQJ FDSDFLWLHV FDQ DVVXUH WKH VWUHQJWK RI WKH PHPEHUV FRQQHFWHG XQGHU
FHUWDLQ OLPLWDWLRQ� )XUWKHUPRUH� D SDUDPHWULF IRUPXOD IRU LQSODQH EHQJGLQJ ULJLGLW\ RI 7 DQG< W\SH WXEXODU MRLQWV
LV SURSRVHG RQ WKH EDVLV RI )( FDOFXODWLRQ DQG UHJUHVVLRQ DQDO\VLV� &RPSDUHG ZLWK WHVW UHVXOWV� LW LV VKRZQ WKDW
WKH SDUDPHWULF IRUPXOD GHYHORSHG LQ WKLV SDSHU KDV JRRG DSSOLFDELOLW\�

.H\ ZRUGV� XQVWLIIHQHG WXEXODU MRLQW� IOH[XUDO EHKDYLRU� EHQGLQJ ULJLGLW\� ORDGLQJ WHVW� QRQ�OLQHDU )( DQDO\�
VLV� MRLQW ULJLGLW\ HYDOXDWLRQ�

�� ,QWURGXFWLRQ

%\ WKH ODWH ����V� PDQ\ VWHHO PLOOV DOO RYHU WKH ZRUOG KDG EHJXQ WR SURGXFH KROORZ VWUXFWXUDO VHFWLRQV

�+66�� DV WKHLU H[FHOOHQW SURSHUWLHV VXLWDEOH IRU EXLOGLQJ VWUXFWXUHV ZHUH UHFRJQL]HG� 2QH RI WKH PRVW

SRSXODU DSSOLFDWLRQV RI FLUFXODU KROORZ VHFWLRQ �&+6� WR DUFKLWHFWXUDO VWUXFWXUHV� LV ZHOGHG WXEXODU WUXVVHV RU

UHWLFXODWHG VKHOOV� PRVW RIWHQ LQ D ZDUUHQ �³.´ FRQQHFWLRQ� RU 3UDWW �³1´ FRQQHFWLRQ� FRQILJXUDWLRQ� 7KH

WXEXODU PHPEHUV DUH QRUPDOO\ MRLQHG WRJHWKHU E\ XQVWLIIHQHG MRLQW ZKLFK FRQQHFWV WKH FDUHIXOO\

FRQWRXUHG HQGV RI WKH EUDFH PHPEHUV WR WKH FRQWLQXRXV FKRUG E\ SHQHWUDWHG RU ILOOHW ZHOGV� 7KLV NLQG RI

MRLQW UHTXLUHV QR DGGLWLRQDO FRQQHFWLQJ HOHPHQWV� PDNHV PDWHULDOV VDYLQJ� DQG LV ZLWK KLJK ORDG�EHDULQJ

FDSDFLW\� %HFDXVH RI WKHVH PHULWV� WKHUH KDV EHHQ DQ HYHU LQFUHDVLQJ XVH RI WKLV MRLQW W\SH LQ VWHHO�WXEH

VWUXFWXUHV�

6LQFH ����� UHVHDUFKHUV KDYH FDUULHG RXW D ODUJH DPRXQW RI H[SHULPHQWDO DQG WKHRUHWLFDO DQDO\VHV RQ

WKH VWUXFWXUDO EHKDYLRU RI XQVWLIIHQHG WXEXODU MRLQWV� 0RVW RI WKLV UHVHDUFK IRFXVHG RQ LVVXHV VXFK DV WKH

GHWHUPLQDWLRQ RI VWDWLF VWUHQJWK �<XUD DQG =HWWOHPR\HU ����� .XUREDQH DQG 0DNLQR HW DO� �����
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:DUGHQLHU HW DO� ������ WKH HYDOXDWLRQ RI VWUHVV FRQFHQWUDWLRQ IDFWRUV �*LEVWHLQ ����� DQG DOVR WKH

IDWLJXH EHEDYLRXU �6RK HW DO� ����� 0RIIDW HW DO� ������ 0DLQ UHVHDUFK DFKLHYHPHQWV KDYH EHHQ

LQWURGXFHG LQWR WKH GHVLJQLQJ VSHFLILFDWLRQV RU KDQGERRNV� +RZHYHU� WKRVH UHVHDUFK ZRUN DUH PDLQO\

OLPLWHG WR WKH ILHOG RI EHDULQJ FDSDFLW\� UDUHO\ GHDOLQJ ZLWK WKH ULJLGLW\ RI WKH MRLQW ]RQH�

7KH FRQYHQWLRQDO SURFHGXUH IRU WKH GHVLJQ DQG DQDO\VLV RI RIIVKRUH VWUXFWXUHV LV WR DVVXPH WKDW WKH

MRLQWV DUH FRPSOHWHO\ ULJLG �5RGDEDXJK ������ ,Q RWKHU ZRUGV� LW LV VXSSRVHG WKDW QR ORFDO GLVWRUWLRQ RI

WKH FKRUGV LQ FLUFXODU FURVV�VHFWLRQ RFFXUV DQG KHQFH WKHUH DUH QR WLOW� FRPSUHVVLYH RU WHQVLOH

GHIRUPDWLRQ LQ WKH GLUHFWLRQ RI EUDFH PHPEHUV ZLWKLQ WKH MRLQW ]RQH RI FKRUG PHPEHU� $V D PDWWHU RI

IDFW� PRVW XQVWLIIHQHG WXEXODU MRLQV DUH QRW FRPSOHWHO\ ULJLG DQG WKH ORDGHG EUDFHV DOZD\V FDXVH ORFDO

GLVWRUWLRQ RI WKH FKRUG FURVV�VHFWLRQ� 5HFHQW UHVHDUFK KDV LQGLFDWHG WKDW WKH LQFOXVLRQ RI WKH ILQLWH MRLQW

VWLIIQHVV LQ D VWUXFWXUDO DQDO\VLV \LHOGV PDUNHGO\ GLIIHUHQW PHPEHU DFWLRQV IURP WKRVH UHVXOWV DFTXLUHG

E\ FRQYHQWLRQDO ULJLG�MRLQW PRGHO� %\ QXPHULFDO DQDO\VLV SHUIRUPHG E\ +ROPDV ������� EHQGLQJ�

PRPHQWV RI FHUWDLQ PHPEHUV LQ D MDFNHW VWUXFWXUH FKDQJHG DSSUR[LPDWHO\ ��� SHUFHQW� ZKLOH RWKHU

VWUXFWXUDO DFWLRQV DQG RWKHU VWUXFWXUDO PHPEHUV ZHUH DIIHFWHG WR D VPDOOHU EXW VWLOO VLJQLILFDQW H[WHQW� 7HVWV

E\ RWKHU DXWKRUV KDYH OHG WR VLPLODU FRQFOXVLRQV� ,Q WKH ILHOG RI WKHRUHWLFDO VWXG\� UHVXOWV IURP OLPLWHG

DQDO\WLFDO VWXGLHV XVLQJ D PRGLILHG WKUHH�GLPHQVLRQDO ILQLWH HOHPHQW IRUPXODWLRQ KDYH LQGLFDWHG WKDW WKH

HIIHFWV RI WXEXODU MRLQW ULJLGLW\ IRU WRZHUV WDOOHU WKDQ ��� IHHW PD\ EH VLJQLILFDQW �%RXZNDPS ������

2Q WKH RWKHU VLGH� LQ WKH ODUJH�VSDQ WUXVV VWUXFWXUHV� WKH PHPEHUV EHWZHHQ MRLQWV DUH XVXDOO\ VXSSRVHG

DV SLQ�FRQQHFWHG� SHUPLWWLQJ D UHPDUNDEOH VLPSOLILFDWLRQ LQ WKH GHVLJQLQJ SURFHGXUHV� 7KH GHVLJQHU FDQ

DFTXLUH WKH DQDO\]LQJ UHVXOWV ZLWK WROHUDEOH HUURUV LQ WKH YLHZ RI HQJLQHHULQJ� +RZHYHU� LQ VXFK D FDVH

WKDW D PRQROD\HU UHWLFXODWHG VKHOO VWUXFWXUH FRPSRVHG RI WXEH PHPEHUV LV GHVLJQHG� IRU H[DPSOH� WKH

HQJLQHHUV KDYH WR FRQVLGHU WKH ULJLGLW\ RI WKH MRLQW� ,I WKHUH LV QR HQRXJK IOH[XUDO ULJLGLW\� WKH VWUXFWXUH

ZLOO QRW EH D VWDWLFDOO\ GHWHUPLQDWH RQH�

%HVLGHV WKDW VSHFLDO FDVH� SURSHU DVVHVVPHQW RI WKH ORFDO MRLQW ULJLGLW\ FRQFHUQV ZKHWKHU WKH

HLJHQYDOXH RI D WXEXODU VWUXFWXUH FDQ EH HVWLPDWHG PRUH DFFXUDWHO\� KRZ WKH HIIHFWLYH OHQJWK RI

FRPSUHVVLYH PHPEHUV FDQ EH GHWHUPLQHG UHDVRQDEO\� DQG ZKHWKHU WKH VWUHVV GLVWULEXWLRQ FRPSXWHG LV

FORVH WR WKH UHDO VLWXDWLRQ�

,Q WKH ODVW IHZ \HDUV� VRPH DWWHQWLRQ KDV EHHQ SDLG WR WKH ORFDO ULJLGLW\ RI XQVWLIIHQHG WXEXODU MRLQWV�

0DQJ HW DO� SURSRVHG D PHWKRG WR HVWLPDWH WKH VWLIIQHVV RI XQUHLQIRUFHG 7 PRPHQW 5+6 MRLQWV

�6]OHQGDN DQG %URGND ������ )HVVOHU DQG 6SRRQHU ������ WHVWHG �� $UDOGLWH PRGHO WXEXODU MRLQWV�

LQFOXGLQJ VHYHQ PXOWL�EUDFH MRLQWV DQG GHULYHG SDUDPHWULF HTXDWLRQV IRU WKH IOH[LELOLW\ PDWULFHV RI

VLQJOH EUDFH MRLQWV� 7KLV ZDV WKH RQO\ SXEOLVKHG SUHYLRXV ZRUN LQ ZKLFK WKH FURVV�IOH[LELOLWLHV EHWZHHQ

WZR EUDFHV DW D SRLQW KDG EHHQ PHDVXUHG� 8UH ������ SUHVHQWHG D PHWKRG RI GHWHUPLQLQJ ORFDO MRLQW

IOH[LELOLW\ RI IODWWHQHG�HQGHG WXEXODU FRQQHFWLRQV XVLQJ ILQLWH HOHPHQW PRGHOLQJ� -DSDQHVH UHVHDUFKHUV

�2JDZD HW DO� ����� SURGXFHG DQ RXW�RI�SODQH ULJLGLW\ HTXDWLRQ RI WXEXODU MRLQWV� $ FDOFXODWLQJ IRUPXOD

IRU HIIHFWLYH OHQJWK RXW�RI�SODQH EDVHG RQ WKH UHVHDUFK ZDV WKHQ GHYHORSHG� &,'(&7 �5RQGDO �����

DOVR SXW IRUZDUG DQ HTXDWLRQ RQ WKLV VXEMHFW�

$V PHQWLRQHG DERYH� WKH ORFDO MRLQW ULJLGLW\ LQYROYHV ERWK WKH FDSDELOLW\ WR UHVLVW WKH IOH[XUDO

GLVWRUWLRQ DQG WR WKH HYHQ GHIRUPDWLRQ WRZDUG WKH D[LV RI FKRUG� ,Q WKLV SDSHU� WKH DXWKRUV UHSRUW WKHLU

UHVHDUFK ZRUN RQ WKH IRUPHU LVVXH� 7KH SURFHGXUHV DQG UHVXOWV RI WHVWV RQ WZR XQL�SODQDU .. MRLQWV DQG WZR;

MRLQWV DUH ILUVW GHWDLOHG� $QDO\WLFDO PRGHOV FDOOHG ULJLGO\ FRQQHFWHG PRGHO DQG ULJLG ILHOG PRGHO LQ RUGHU WR

DVFHUWDLQ WKH VWLIIQHVV DUH H[SODLQHG EULHIO\� %\ FRPSDULQJ WHVW UHVXOWV ZLWK QXPHULFDO DQDO\VLV� WKH HODVWLF

EHQGLQJ ULJLGLW\ RI WKH MRLQW LV DSSUDLVHG� 1H[W WKH HVWDEOLVKHG )( PRGHO DORQJ ZLWK WKH YDOLGDWLRQ RI WKH

PRGHO DJDLQVW WKH H[SHULPHQWDO UHVXOWV DUH GHVFULEHG� )LQDOO\� D SDUDPHWULF IRUPXOD IRU ORFDO ULJLGLW\ RI 7 DQG

< W\SH WXEXODU MRLQWV LV SURSRVHG RQ WKH EDVLV RI )( FDOFXODWLRQ DQG UHJUHVVLRQ DQDO\VLV�



)OH[XUDO EHKDYLRU DQG UHVLVWDQFH RI XQL�SODQDU .. DQG ; WXEXODU MRLQWV ���

�� (QJLQHHULQJ EDFNJURXQG RI WKH UHVHDUFK

7KRXJK XQVWLIIHQHG WXEXODU MRLQWV GR KDYH FHUWDLQ EHQGLQJ ULJLGLW\� WKH FRPPRQO\ VLPSOLILHG SLQ�MRLQW

DQDO\VLV VDWLVILHV WKH QHHGV RI PRVW GHVLJQ ZRUN IRU DUFKLWHFWXUDO VWUXFWXUHV� 7KXV ZKHQ D PRQROD\HU

UHWLFXODWHG F\OLQGULFDO VKHOO VWUXFWXUH IRU D QHZ DLUSRUW WHUPLQDO ZDV GHVLJQHG� KRZ WR GHWHUPLQH WKH

MRLQW ULJLGLW\ RI XQVWLIIHQHG WXEXODU MRLQWV EHFDPH DQ XQDYRLGDEOH SUREOHP� %\ WKH H[SHULHQFH RI

UHVHDUFKHUV DQG HQJLQHHUV� WKH JHRPHWULFDO SDUDPHWHUV RI WKH VWHHO SLSHV ZHUH WKHUHIRUH FDUHIXOO\

FKRVHQ� VR WKDW WKH MRLQW FRXOG EHKDYH ULJLG HQRXJK� $W WKH VDPH WLPH� WKH ODERUDWRU\ H[SHULPHQW DQG

QXPHULFDO DQDO\VLV ZHUH SODQHG WR FRQILUP WKH SUHGLFWHG VWLIIQHVV RI WKH MRLQW� +RZHYHU� WKH UHVHDUFKHUV

FRYHUHG PRUH FRPSUHKHQVLYH WDVNV LQ WKH ZRUN� QRW RQO\ WR LQYHVWLJDWH ZKHWKHU WKH GHWHUPLQHG MRLQW

JHRPHWU\ PHHW WKH UHTXLUHPHQWV RU QRW� EXW DOVR WR VWXG\ WKH SDUDPHWHUV ZKLFK DIIHFW WKH MRLQW VWLIIQHVV

DQG WR ILQG D ZD\ WR DVVHVV WKH VWLIIQHVV� %DVHG RQ VXFK D EDFNJURXQG� WKH UHVHDUFK ZDV RUJDQL]HG LQ WKH

IROORZLQJ VWHSV�

� WR VWUXFWXUH D IOH[LEOH WHVW V\VWHP LQFOXGLQJ ORDGLQJ GHYLFH DQG VXUYH\LQJ PHWKRG WR REWDLQ WKH

QHFHVVDU\ GDWD RI WKH MRLQW VWLIIQHVV UHDVRQDEO\ DQG UHOLDEO\�

� WR LQYHVWLJDWH WKH IXOO VFDOH XQVWLIIHQHG WXEXODU MRLQW VSHFLPHQV ZKLFK PDWFK ZLWK WKH SURWRW\SH LQ

PDLQ JHRPHWULFDO FRQILJXUDWLRQ�

� WR HVWDEOLVK VLPSOH DQDO\WLFDO PRGHO DQG ILQH )( VKHOO PRGHO LQ RUGHU WR IRXQG D EDVH IRU IXUWKHU

SDUDPHWULF UHVHDUFK�

�� ([SHULPHQWV

���� %DVLF PHWKRG

7KHUH DUH WZR GLIIHUHQW ZD\V LQ LQYHVWLJDWLQJ WKH ORFDO MRLQW ULJLGLW\� GLUHFW PHWKRG DQG LQGLUHFW

PHWKRG� 7KH IRUPHU LV WR GHWHUPLQH WKH MRLQW EHQGLQJ ULJLGLW\ E\ VXUYH\LQJ WKH EHQGLQJ PRPHQW DQG WKH

UHODWLYH URWDWLRQ� ZKLFK DUH GHILQHG DV WKH FKDQJHV RI WKH LQFOXGHG DQJOH EHWZHHQ WKH D[HV RI WKH FKRUG

DQG WKH EUDFH� +RZHYHU� LW LV GLIILFXOW WR VXUYH\ WKH PRPHQWV GLUHFWO\� ,Q DGGLWLRQ� LQ RUGHU WR DFTXLUH WKH

UHODWLYH URWDWLRQ� WKH URWDWLRQ LQGXFHG E\ PHPEHU GHIRUPDWLRQ PXVW EH GHGXFWHG IURP WKH VXUYH\HG

YDOXH� 7KH EDVLF LGHD RI WKH ODWWHU PHWKRG LV WR REWDLQ WKH FXUYHV RI ODWHUDO IRUFHV RQ WKH EUDFH HQGV DQG

WKH FRUUHVSRQGLQJ GLVSODFHPHQWV� WKXV WKH ULJLGLW\ FDQ EH HVWLPDWHG E\ FRPSDULVRQ ZLWK WKH UHVXOWV RI

WKHRUHWLFDO DQDO\VLV�

,QGLUHFW PHWKRG KDV EHHQ ZLGHO\ XVHG LQ WKH WHVWV RI WKH EHDP�WR�FROXPQ FRQQHFWLRQV RI VWHHO IUDPH

DQG LV DOVR DGRSWHG KHUHLQ�

���� 6SHFLPHQV

6LQFH WKH MRLQW ULJLGLW\ LV FORVHO\ UHODWHG WR WKH JHRPHWULFDO SDUDPHWHUV RI VHFWLRQ� WKH H[SHULPHQWDO

UHVHDUFKZDV FDUULHG RXW RQ IRXU IXOO�VFDOH WXEXODU MRLQWV� 7ZR RI WKHP� QDPHG'./ DQG'.6 UHVSHFWLYHO\� KDYH

.. FRQILJXUDWLRQ DQG WKH RWKHU WZR� QDPHG 6;1 DQG 6;5 UHVSHFWO\� KDYH ; FRQILJXUDWLRQ� 7KH W\SLFDO

.. MRLQW RI WKH SURWRW\SH LV QHDU WR XQL�SODQDU MRLQW WKRXJK WKH EUDFHV FRQQHFWHG DUH VORZO\ FXUYHG DV

VKRZQ LQ )LJ� �� 7KH WZR XQL�SODQDU ; MRLQWV DUH VKRZQ LQ )LJ� �� 7KH GLIIHUHQFH EHWZHHQ 6;1 DQG

6;5 LV WKDW 6;5 KDV VWLIIHQHUV ZHOGHG RQ LW� 7KH GRXJKQXW OLNH VWLIIHQHUV� ZLWK WKH VL]H RI ��î�� PP�

DUH ZHOGHG DURXQG WKH RXWVLGH RI WKH FKRUG ZDOO� �� PP DZD\ IURP WKH HGJH RI WKH EUDFH�
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7KH JHRPHWULFDO FKDUDFWHULVWLFV DQG GHWDLOV RI WKH WHVW VSHFLPHQV DUH OLVWHG LQ 7DEOH �� :KHUH�'� 7� G� W

UHIHU WR WKH GLDPHWHU� WKH ZDOO WKLFNQHVV RI FKRUG DQG WKRVH RI EUDFH UHVSHFWLYHO\� DQG D WR WKH JDS

EHWZHHQ WZR EUDFHV LQ WKH LQWHUIDFH RI WKH FKRUG� 7KH JHRPHWULFDO GHWDLOV DUH LQ DFFRUGDQFH ZLWK

OLPLWDWLRQV RI GHVLJQLQJ VSHFLILFDWLRQV� 7KH UDWLR RI WKH GLDPHWHU WR WKH ZDOO WKLFNQHVV RI WKH FKRUG LV

JLYHQ WKH PLQLPXQ YDOXH ZLWKLQ WKH UDQJH RI WKH DFWXDO VWUXFWXUH� 7KLFN FRYHU SODWHV DUH ZHOGHG RQ HDFK

HQGV RI WKH FKRUG DQG EUDFH PHPEHUV VR WKDW WKH FRPSUHVVLYH ORDGV FDQ EH DSSOLHG RQ XQLIRUPO\� (DU

SODWHV ZHOGHG RQ WKH HQGV RI WHQVLOH EUDFHV ZLOO EH FRQQHFWHG WR WKH WHQVLOH EDUV ZKLFK ZLOO WUDQVIHU

WHQVLRQ WR WKH WHVW VSHFLPHQ�

0HFKDQLFDO SURSHUWLHV RI WKH VWHHO SLSHV REWDLQHG IURP WHQVLOH FRXSRQV DUH OLVWHG LQ 7DEOH �� :KHUH� I\�

)LJ� � 6SHFLPHQ './ DQG '.6

)LJ� � 6SHFLPHQ 6;1 DQG 6;5



)OH[XUDO EHKDYLRU DQG UHVLVWDQFH RI XQL�SODQDU .. DQG ; WXEXODU MRLQWV ���

IX DUH UHIHUHG WR WKH \LHOG VWUHVV DQG WHQVLOH VWUHQJWK� δ WR WKH SURORQJDWLRQ RI WHQVLOH FRXSRQV�

���� /RDGLQJ HTXLSPHQWV

7R H[HFXWH WKH ORDGLQJ WHVWV RQ GLIIHUHQW W\SHV RI WXEXODU MRLQW� D SODQDU VHOI�EDODQFHG UHDFWLRQ IUDPH

DV VKRZQ LQ )LJ� � LV GHVLJQHG� 7KH IUDPH LV PDGH XS RI WZR IUDPH EHDPV DQG WZR WHQVLOH URGV� ,Q WKH

IUDPH EHDP RQ WKH ULJKW VLGH IRXU HDU SODWHV DUH ZHOGHG� WKURXJK ZKLFK ULJLG WHQVLOH EDUV FDQ FRQQHFW

WKH EUDFHV RI VSHFLPHQ� WKXV WKH WHQVLOH IRUFH LQ YDU\LQJ GLUHFWLRQV FDQ EH DSSOLHG� 7KH EHDP RQ WKH OHIW

VLGH LV HTXLSSHG ZLWK WZR WULDQJXODU EHDULQJ VXSSRUWV� ZKLFK ZDV DEOH WR EH UHPRYHG HDVLO\� DQG LI WKH

GHFOLQHG DQJOH RI WKH EHDUHU LV FKDQJHG� WKH FRPSUHVVLYH ORDGV FDQ FKDQJH WKH GLUHFWLRQ ZLWK HDVH�

7DEOH � *HRPHWULFDO FKDUDFWHULVWLFV RI VSHFLPHQ

6SHFLPHQ
&KRUG

'�7 �PP�
%UDFH

G�W �PP�
'�7 G�W G�' W�7 D�7

$QJOH EHWZHHQ
FKRUG DQG EUDFH

'./ ������ ����� ���� ���� ���� ���� ���� ��R

'.6 ������ ����� ���� ���� ���� ���� ����� ��R

6;1 ������ ����� ���� ���� ���� ���� � ��R

6;5 ������ ����� ���� ���� ���� ���� � ��R

7DEOH � 0HFKDQLFDO SURSHUWLHV RI WKH VWHHOV XVHG LQ WKH VSHFLPHQ �$YHUDJH�

3LSH VL]H �PP� I\ �1�PP
�� IX �1�PP

�� δ ��� I\ � IX

������ ��� ��� �� ����

������ ��� ��� �� ����

����� ��� ��� �� ����

����� ��� ��� �� ����

)LJ� � 5HDFWLRQ IUDPH DQG ORDGLQJ
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/RDGV FDQ EH DSSOLHG RQ WKH MRLQW QRW RQO\ E\ WKH K\GUDXOLF MDFNV LQWHUSRVHG EHWZHHQ WKH IUDPH EHDP RU

WKH EHDULQJ VXSSRUWV DQG WKH VSHFLPHQ EXW DOVR E\ WKH ULJLG WHQVLOH EDUV FRQQHFWHG ZLWK WKH HDU SODWHV�

6XFK D ORDGLQJ�EDODQFH V\VWHP LV UDWKHU IOH[LEOH� 9DULRXV ORDGLQJ FDVHV FDQ EH H[HFXWHG E\ FKDQJLQJ WKH

UHODWLYH SRVLWLRQ RI WKH MDFNV WR WKH D[LV RI WKH PHPEHUV� WKH FRPELQDWLRQ RI MDFNV ZLWK GLIIHUHQW

FDSDFLWLHV DQG WKH LQLWLDO DQJOH EHWZHHQ WKH WHQVLOH EDU DQG WKH D[LV RI WHQVLOH EUDFH RI WKH WHVW VSHFLPHQ�

7KH K\GUDXOLF MDFN �� KDYLQJ ���� N1 ORDGLQJ FDSDFLW\ DQG WKH MDFN � WR �� KDYLQJ ��� N1 FDSDFLW\�

DUH XWLOL]HG LQ WKLV WHVW� ,Q SDUWLFXODU� WKH PRPHQWV RXW RI WKH SODQH RI WKH FKRUGV�EUDFHV DUH DSSOLHG E\

HFFHQWULF ORDGV H[HUWHG E\ MDFN � DQG � RQ WKH HQGV RI WKH FKRUG�

%\ LQVWDOOLQJ UROOHUV XQGHU WKH IUDPH DQG WKH VSHFLPHQ� WKH H[WHUQDO ORDG DQG LQQHU IRUFHV LQ WKH

KRUL]RQWDO DUH EDODQFHG ZLWKLQ WKH V\VWHP RI IUDPH�VSHFLPHQ� $FFRUGLQJ WR WKH EDODQFLQJ FRQGLWLRQ RI

WKH EHDP � DQG �� WKH IRUFHV RI WKH WHQVLOH URGV DQG WKH EDUV FDQ EH UHVSHFWLYHO\ FRPSXWHG E\ WKH ORDGV

RI MDFNV� WKDW LV WR VD\� WKH LQQHU IRUFHV RI WKH VSHFLPHQ ZLOO EH GHWHUPLQHG�

���� /RDGLQJ FDVHV

)LYH ORDGLQJ FDVHV DUH SURJUDPPHG WR HDFK .. MRLQW VSHFLPHQ WR ILQG LI WKH FRPELQDWLRQ RI D[LDO

IRUFH DQG PRPHQW RI WKH FKRUG� WKH FRPELQDWLRQ RI D[LDO IRUFH DQG VKHDU IRUFH RI WKH EUDFH DQG WKH

FRPELQDWLRQ RI GLIIHUHQW D[LDO IRUFHV RI WKH FRPSUHVVLYH DQG WHQVLOH EUDFHV DIIHFW WKH MRLQW IOH[XUDO

EHKDYLRU RU QRW� 7KH FRPSUHVVLYH EUDFHV DUH ORDGHG GLUHFWO\ E\ MDFN � DQG �� DQG WKH WHQVLOH EUDFHV E\

ULJLG WHQVLOH EDUV� 7KH ORDGLQJ GLUHFWLRQV DQG HFFHQWULFLWLHV� H� DQG H�� DV VKRZQ LQ )LJ� ��� DUH UHJDUGHG

DV SRVLWLYH�

)RXU ORDGLQJ FDVHV DUH DOVR SURJUDPPHG WR HDFK ; MRLQW VSHFLPHQ� 7KH ILUVW FDVH LV WKH RXW�RI�SODQH

EHQGLQJ RI WKH EUDFHV DQG HQG ORDGV SHUSHQGLFXODU WR WKH FKRUG�EUDFH SODQH DUH DSSOLHG WR WZR EUDFH

PHPEHUV� 7KH VHFRQG LV WKH FRPELQDWLRQ RI WKH FRPSUHVVLRQ DQG LQ�SODQH EHQGLQJ� 7KH WKLUG LV WKH

7DEOH � 2YHUYLHZ RI ORDGLQJ FDVHV

6SHFLPHQ /RDGLQJ FDVH 1FU � 1FO H� �PP� H� �PP� 1EW � +EW 1EF � +EF 1EF � 1EW

'./
'.6

'./T�
'.6T�

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

'./T�
'.6T�

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

'./T�
'.6T�
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'./T�
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'./T�
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6;5
6;1

6;5T�
6;1T�

� � � � � �

6;5T�
6;1T�
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)OH[XUDO EHKDYLRU DQG UHVLVWDQFH RI XQL�SODQDU .. DQG ; WXEXODU MRLQWV ���

FRPELQDWLRQ RI WKH WHQVLRQ DQG LQ�SODQH EHQGLQJ� $QG WKH ODVW FDVH LV WKH SXUH EHQGLQJ LQ�SODQH ZLWKRXW

D[LDO IRUFHV DSSOLHG RQ EUDFHV�

7DEOH � JLYHV WKH RYHUYLHZ RI DOO ORDGLQJ FDVHV� ,Q WKH WDEOH�1FU�1FO� H�� H��1EW�1EF�+EW DQG+EF DUH GHILQHG

LQ 1RWDWLRQ DW WKH HQG RI WKLV SDSHU� ZLWK WKH VXEVFULSW µW¶ WR WHQVLOH EUDFH DQG µF¶ WR FRPSUHVVLYH RQH�

7KH PD[LPXP ORDGV DUH OLPLWHG LQ DGYDQFH VR WKDW WKH VSHFLPHQ FRXOG EH LQ HODVWLF EHKDYLRUV H[FHSW

IRU WKH ODVW ORDGLQJ FDVH� :KLOH WKH EHQGLQJ UHVLVWDQFH LV LQYHVWLJDWHG LQ WKH ODVW ORDGLQJ FDVH RI HDFK

VSHFLPHQ�

���� 0HDVXUHPHQWV

7KH DUUDQJHPHQW RI WKH PHDVXULQJ LQVWUXPHQWV XVHG LQ .. MRLQW VSHFLPHQV LV VKRZQ LQ )LJ� ��

$PRQJ WKHP� RQH�ZD\ VWUDLQ JDJHV �6�a6��� DUH XVHG WR FKHFN LQQHU IRUFHV RI PHPEHUV DQG WHQVLOH

EDUV VR DV WR PRQLWRU WKH ORDGLQJ SURFHVVHV� WKUHH�ZD\ VWUDLQ JDJHV �7�a7�� WR OHDUQ DERXW WKH

FRPSOH[ VWUHVV GLVWULEXWLRQ RI WKH MRLQW ILHOG� DQG GLVSODFHPHQW FHQVRUV �'�a '��� WR VXUYH\ WKH

GLVSODFHPHQWV DORQJ WKUHH RUWKRJRQDO GLUHFWLRQV LQ WKH HQG RI HYHU\ EUDFH PHPEHU DQG LQ WKH

PLGSRLQW RI WKH FKRUG�

�� $QDO\WLFDO PRGHO

7KH EHKDYLRU RI WKH XQVWLIIHQHG MRLQW LV GHSHQGHQW RQ WKH VHFWLRQ VL]H RI WKH FRQQHFWLQJ PHPEHUV�

:KHQ WKH ZDOO EHFRPHV WKLQ WR VRPH H[WHQW� WKH MRLQW ZLOO WDNH RQ D UHODWLYH URWDWLRQ DW WKH LQWHUVHFWLRQ

EHWZHHQ WKH EUDFH DQG WKH FKRUG ZDOO� ZKLFK LV FDXVHG E\ WKH EHQGLQJ PRPHQW� $ PRGHO ZLWK OLPLWHG

FRQVWUDLQW DJDLQVW URWDWLRQ PD\ DFFRXQW IRU WKLV FDVH YHU\ ZHOO� %XW RQ WKH RWKHU KDQG� ZKHQ WKH ZDOO LV

H[WUHPHO\ WKLFN� WKH OHQJWK RI WKH IOH[XUDO GHIRUPDWLRQ RI WKH EUDFH ZLOO EH VKRUWHQHG� DV FDQ EH VHHQ LQ

)LJ� �E� VR WKDW WKH MRLQW FDQ EH FKDUDFWHUL]HG E\ D PRGHO ZLWK ULJLG ILHOG LQ WKH HQGV RI WKH EUDFH D[LV

ZLWKLQ WKH ]RQH RI WKH FKRUG PHPEHU�

5LJLGO\ FRQQHFWHG PRGHO�)LJ� �D�� QDPHG KHUH PRGHO $� LQWHUPHGLDWH EHWZHHQ WKH XSSHU WZR PRGHOV�

)LJ� � ([DPSOH RI DUUDQJHPHQW RI PHDVXULQJ LQVWUXPHQWV



��� <L\L &KHQ DQG :HL :DQJ

DQG WKH ULJLG ILHOG PRGHO� QDPHG KHUH PRGHO %� DUH XVHG LQ WKH DQDO\VLV RI WKHVH IRXU MRLQW VSHFLPHQV�

0RGHO $ LV DOVR ZKDW WKH HQJLQHHUV RIWHQ XVHG WR DQDO\]H WKH VWUXFWXUH ERWK IRU LWV VWUHQJWK DQG VWDELOLW\�

7KRXJK RWKHU DQDO\WLFDO PRGHOV FDQ EH FRQVWLWXWHG� WKH SUHGLFWLRQ E\ WKHVH WZR LGHDO PRGHOV ZLOO FRYHU

WKH WHVW GDWD ZHOO DV VKRZQ QH[W�

)LJ� � $QDO\WLFDO PRGHO

)LJ� � /DWHUDO IRUFH�HODVWLF GHIOHFWLRQ FXUYHV RI './ DQG '.6

)LJ� � /DWHUDO IRUFH� HODVWR�SODVWLF GHIOHFWLRQ FXUYHV RI './ DQG '.6



)OH[XUDO EHKDYLRU DQG UHVLVWDQFH RI XQL�SODQDU .. DQG ; WXEXODU MRLQWV ���

�� ([SHULPHQWDO UHVXOWV DQG FRPSDULVRQ ZLWK DQDO\WLFDO PRGHO

)LJV� � WR � DUH SDUW RI WKH ODWHUDO IRUFH�GHIOHFWLRQ FXUYHV IRU WKH GLIIHUHQW VSHFLPHQV WHVWHG XQGHU

YDULRXV ORDGLQJ FDVHV� )LJ� �� DUH WKH YHUWLFDO IRUFH�GHIOHFWLRQ FXUYHV IRU 6;1 DQG 6;5 XQGHU WKHLU ILUVW

ORDGLQJ FDVHV� :KHUH� YHUWLFDO D[LV UHSUHVHQWV WKH ODWHUDO RU YHUWLFDO IRUFH DW WKH EUDFH HQG� + RU 4�

ZKLFK LV SHUSHQGLFXODU WR WKH D[LV RI WKH EUDFH� DQG KRUL]RQWDO D[LV UHSUHVHQWV WKH HQG GLVSODFHPHQW� ∆
RU ξ� FRUUHVSRQGLQJO\� ZKLFK LV JDLQHG E\ VXEWUDFWLQJ ULJLG ERG\ PRYHPHQW IURP WKH PHDVXUHG GDWD DW

WKH HQGV RI WKH EUDFHV� ,Q HDFK ILJXUH WKH ODWHUDO RU YHUWLFDO IRUFH�GHIOHFWLRQ FXUYHV RI WKH DQDO\WLFDO

)LJ� � /DWHUDO IRUFH� HODVWLF GHIOHFWLRQ FXUYHV RI 6;1 DQG 6;5

)LJ� � /DWHUDO IRUFH� HODVWR�SODVWLF GHIOHFWLRQ FXUYHV RI 6;1 DQG 6;5

)LJ� �� 9HUWLFDO IRUFH� HODVWLF RXW�RI�SODQH GHIOHFWLRQ FXUYHV RI 6;1 DQG 6;5



��� <L\L &KHQ DQG :HL :DQJ

PRGHOV PHQWLRQHG LQ WKH ODVW VHFWLRQ DUH JLYHQ� 6KHDU GHIRUPDWLRQ DQG VHFRQG�RUGHU HIIHFW DUH

QHJOHFWHG LQ WKH DQDO\WLFDO UHVXOWV�

%\ WKH FRPSDULVRQ RI H[SHULPHQWDO UHVXOWV ZLWK WKHRUHWLFDO PRGHOV� WKH MRLQW ULJLGLW\ FDQ EH HVWLPDWHG�

)XUWKHUPRUH� WKH JUHDWHU WKH VORSH RI WKH H[SHULPHQWDO FXUYH LQ HODVWLF UDQJH LV� WKH PRUH ULJLG WKH MRLQW LV�

7KH VORSH YDOXH �RU LQLWLDO VWLIIQHVV� RI WKH HODVWLF FXUYHV IRU GLIIHUHQW W\SHV RI MRLQW H[DPLQHG DUH OLVWHG LQ

7DEOH � DQG 7DEOH � UHVSHFWLYHO\� :KHUH� WKH WHVW YDOXH LV WKH DYHUDJH RI WKH WZR V\PPHWULFDO EUDFHV�

���� (ODVWLF IOH[XUDO EHKDYLRU

)URP )LJV� �� � DQG 7DEOH � LW HPHUJHV WKDW WKH LQLWLDO VWLIIQHVV RI WKH MRLQWV './ DQG '.6 DUH DOPRVW

ZLWKLQ WKH UDQJH WKDW PRGHO $ DQG % SUHGLFW� )RU './� WHVW YDOXHV RI WHQVLOH EUDFHV OLH EHWZHHQ LQLWLDO

VWLIIQHVV RI PRGHO $ DQG %� DQG WHVW YDOXHV RI FRPSUHVVLYH EUDFHV DUH FORVH WR WKDW RI PRGHO %� )RU

'.6� WHVW YDOXHV DUH D OLWWOH VPDOOHU WKDQ './� %XW DFFRUGLQJ WR WKH FODVVLILFDWLRQ RI FRQQHFWLRQV LQ

(XURFRGH IRU VWHHO IUDPH VWUXFWXUHV� '.6 FDQ EH FRQVLGHUHG DV ULJLG MRLQW� 7KH VLPLODU IDFW LV DOVR

REVHUYHG WR WKH MRLQV 6;5 DQG 6;1 IURP )LJ� � WR )LJ� �� DQG 7DEOH �� 2Q WKH ZKROH� WKH UHVXOWV

LQGLFDWH WKDW WHVWHG XQVWLIIHQHG WXEXODU MRLQWV KDYH ORFDO IOH[XUDO ULJLGLW\ KLJK HQRXJK WR EH VXSSRVHG DV

ULJLGO\ FRQQHFWHG LQ WKH JLYHQ FRQGLWLRQV�

7KH PDJQLWXGH DQG WKH VWDWH RI D[LDO IRUFH� WHQVLRQ RU FRPSUHVVLRQ� DV ZHOO DV WKH ORDGLQJ FRQGLWLRQV

RI WKH QHLJKERULQJ PHPEHUV KDYH LQIOXHQFH RQ WKH IOH[XUDO EHKDYLRU RI WXEXODU MRLQW� )URP 7DEOH ��

VWURQJ HYLGHQFHV WKDW MRLQW ]RQH XQGHU WKH FRPSUHVVLYH EUDFH GHYHORSV DQ REYLRXV ULJLG EHKDYLRU FDQ EH

VHHQ� 7KLV SKHQRPHQRQ PD\ EH H[SODLQHG E\ WKDW WKH UHODWLYH URWDWLRQ DW WKH LQWHUVHFWLRQ EHWZHHQ WKH

7DEOH � 1XPHULFDO FRPSDULVRQ EHWZHHQ DQDO\WLFDO DQG WHVW UHVXOWV IRU '. MRLQWV �N1�PP�

/RDGLQJ
FDVH

7HQVLOH EUDFH &RPSUHVVLYH EUDFH
/RDGLQJ
FDVH

7HQVLOH EUDFH &RPSUHVVLYH EUDFH

7HVW
YDOXH

0RGHO
$

0RGHO
%

7HVW
YDOXH

0RGHO
$

0RGHO
%

7HVW
YDOXH

0RGHO
$

0RGHO
%

7HVW
YDOXH

0RGHO
$

0RGHO
%
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/RDGLQJ
FDVH

'HVFULSWLRQ RI EUDFH
7HVW
YDOXH

0RGHO
$

0RGHO
%

/RDGLQJ
FDVH

'HVFULSWLRQ RI EUDFH
7HVW
YDOXH

0RGHO
$

0RGHO
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6;5T�
7HQVLRQ DQG LQ�SODQH
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��� ����
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��� ����
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)OH[XUDO EHKDYLRU DQG UHVLVWDQFH RI XQL�SODQDU .. DQG ; WXEXODU MRLQWV ���

FKRUG ZDOO DQG FRPSUHVVLYH EUDFH DUH FRXQWHUDFWHG EHFDXVH RI WKH ELJJHU DEVROXWH D[LDO YDOXH RI WHQVLOH

EUDFH WKDQ WKDW RI FRPSUHVVLYH EUDFH� %\ FRQWUDVW RI WKH IRXUWK FDVH ZLWK WKH RWKHU FDVHV RI .. MRLQWV�

ZH FDQ ILQG WKDW WKH QHLJKERULQJ FRPSUHVVLYH EUDFH LV FRQWULEXWLQJ WR WKH UHODWLYH URWDWLRQDO GHIRUPDWLRQ RI

WHQVLOH EUDFH�

%\ VFDOLQJ )LJ� � DQG )LJ� ��� LW FDQ EH UHDG WKDW WKH UDWLR RI WKH RXW�RI�SODQH GHIOHFWLRQ WHVWHG WR WKDW

RI PRGHO $ LV ����� ZKLOH WKH LQ�SODQH GHIOHFWLRQ WHVWHG LV ��� SHUFHQW RI WKDW RI PRGHO $� ,W

GHPRQVWUDWHV WKH GLIIHUHQFH RI URWDWLRQDO FRQVWUDLQW DSSOLHG WR WKH EUDFHV EHWZHHQ ERWK GLUHFWLRQV�

���� )DFWRUV DIIHFWLQJ WKH MRLQW IOH[XUDO EHKDYLRU

7KH IOH[XUDO EHKDYLRU RI WKH MRLQW LV DWWULEXWHG WR WKH LQWHUDFWLYH HIIHFWV RI IROORZLQJ SULQFLSDO IDFWRUV�

E\ REVHUYDWLRQ IURP WKH WHVWV�

� *HRPHWULFDO FKDUDFWHULVWLFV

*HRPHWULFDO SDUDPHWHUV RI WKH PHPEHU VHFWLRQ� QDPHO\ β �G�'�� γ �'��7�� DQG τ �W�7�� SOD\ DQ

LPSRUWDQW UROH LQ WKH IOH[XUDO EHKDYLRU RI WKH MRLQW� $PRQJ WKHP� IRU DQ\ WZR JLYHQ JHRPHWU\� MRLQW

ULJLGLW\ LQFUHDVHV ZLWK WKH RWKHU SDUDPHWHU GHFUHDVLQJ� ,Q RWKHU ZRUGV� WR HQKDQFH WKH FKRUG ZLOO

SURYLGH WKH EUDFH PRUH VROLG FRQVWUDLQW EDVH�

� ,QLWLDO LQFOXGHG DQJOH EHWZHHQ FKRUG DQG EUDFH

,I RWKHU IDFWRUV UHPDLQ VDPH� WKH VPDOOHU DQJXODU GHJUHH OHDGV WR PRUH ULJLG MRLQW EHKDYLRU GXH WR WKH

LQFUHDVH RI WKH LQWHUVHFWLRQ DUHD RI FKRUG DQG EUDFH� 7KH FRPSDULVRQ RI '.6 ZLWK 6;1 LV D JRRG FDVH

IRU WKLV SRLQW�

� 6WLIIHQHU

7KRXJK OLWWOH GLIIHUHQFH FDQ EH IRXQG IRU 6;5 DQG 6;1 LQ HODVWLF VWLIIQHVV ZLWK EUDFHV WHQVLRQHG RU

QR D[LDO ORDGHG IURP )LJ� � DQG )LJ� �� WKH HODVWLF VWLIIQHVV RI 6;5 ZLWK EUDFHV FRPSUHVVHG DQG LWV

SRVW\LHOGLQJ VWLIIQHVV DUH KLJKHU WKDQ WKDW RI 6;1�

���� )DLOXUH PRGHV

)DLOXUH PRGHV RI DOO WKHVH VSHFLPHQV DUH GHVFULEHG LQ 7DEOH �� 2Q WKH ZKROH� IDLOXUH PRGHV RI WKHP FDQ EH

FODVVLILHG LQWR EUDFH \LHOGLQJ W\SH� WKRXJK VOLJKW ORFDO SODVWLF GHIRUPDWLRQRI WKH FKRUG RFFXUUHG LQ WKH MRLQW ]RQH�

7DEOH � )DLOXUH PRGHV RI MRLQW VSHFLPHQV

6SHFLPHQ
'HVFULSWLRQ

%UDFH &KRUG :HOGV

'./
6OLJKW UHVLGXDO IOH[XUDO GHIRUPDWLRQ LQ WHQVLOH EUDFH
DQG ORFDO EXFNOLQJ RQ WKH FRPSUHVVLRQ VLGH DW WKH
WHQVLOH EUDFH HQG

1R REVHUYDEOH FRQYH[ DQG
FRQFDYH ZDOO GHIRUPDWLRQ

1R FUDFNLQJ

'.6
2EYLRXV UHVLGXDO IOH[XUDO GHIRUPDWLRQ LQ WHQVLOH
EUDFH� RYDO VHFWLRQ DW WKH WHQVLOH EUDFH HQG DQG
VOLJKW IOH[XUDO GHIRUPDWLRQ LQ FRPSUHVVLYH EUDFH

6DPH WR './ 1R FUDFNLQJ

6;5
2EYLRXV UHVLGXDO IOH[XUDO GHIRUPDWLRQ DQG HODVWR�
SODVWLF ORFDO EXFNOLQJ RQ WKH FRPSUHVVLRQ VLGH DW
WKH EUDFH HQG

6OLJKW SODVWLF GHIRUPDWLRQ LQ
WKH MRLQW ]RQH

1R FUDFNLQJ

6;1
2EYLRXV UHVLGXDO IOH[XUDO GHIRUPDWLRQ LQ WHQVLOH
EUDFH DQG RYDOL]HG VHFWLRQ DW WKH EUDFH HQG

6DPH WR 6;5 1R FUDFNLQJ
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���� %HQGLQJ UHVLVWDQFH

$FFRUGLQJ WR WKH XOWLPDWH DQDO\VLV FRQVLGHULQJ WKH HIIHFW RI D[LDO ORDGV� 1�0 FRUUHODWLRQ IRU FLUFXODU

WXEH VHFWLRQ GHGXFHG E\ &KHQ ������ LV SXW IRUZDUG DV IROORZV�

� ú 1�1S ú ���� 0�0S  �T���� �1�1S�
�

���� ú 1�1S ú � 0�0S ���� ��T1�1S� ���

:KHUH� 1S� 0S� UHIHU WR WKH SODVWLF D[LDO ORDG DQG SODVWLF PRPHQW�

7KH GLPHQVLRQOHVV D[LDO IRUFH 1�1S LV ���� IRU './ DQG ����� IRU '.6� UHVSHFWLYHO\� ZKHQ WKH EUDFH

HQG VHFWLRQ \LHOGV� ZKLOH ]HUR IRU 6;5 DQG 6;1� 7KHRUHWLFDO XOWLPDWH FDOFXODWHG WKURXJK (T� ��� DUH

SORWWHG LQ D VWUDLJKW OLQH LQ )LJ� � DQG )LJ� �� ,W FDQ EH QRWLFHG WKDW WKH WHVW YDOXHV FRUUHVSRQGLQJ WR EUDFH

\LHOGLQJ DQG WKH SUHGLFWHG YDOXHV VKRZ JRRG DJUHHPHQW IRU .. DQG ; VSHFLPHQV�

7HVW UHVXOWV FOHDUO\ GHPRQVWUDWH WKDW WKH LQLWLDO VWLIIQHVV RI WKH FXUYHV FDQ EH PDLQWDLQHG E\ WKH MRLQW

ULJLGLW\ XQWLO WKHRUHWLFDO XOWLPDWH LV UHDFKHG� ,Q RWKHU ZRUGV� WKH EHQGLQJ FDSDFLWLHV RI XQVWLIIHQHG MRLQWV

FDQ DVVXUH WKH VWUHQJWK RI WKH PHPEHUV FRQQHFWHG XQGHU FHUWDLQ OLPLWDWLRQ RI JHRPHWULFDO SDUDPHWHUV�

���� 3RVW\LHOGLQJ IOH[XUDO EHKDYLRU

$IWHU \LHOGLQJ� WKH VWLIIQHVV RI WKH EUDFH GHFUHDVHV GUDVWLFDOO\ DQG VWUDLQ�KDUGHQLQJ EHKDYLRU LV

REVHUYHG XS WR WKH HQG RI ORDGLQJ� 1R HYLGHQFH DERXW WKH GUDPDWLF ORVV RI EHDULQJ FDSDFLW\ LV REWDLQHG

LQ WKH SHUIRUPHG WHVWV� 7KH UDWLR RI WKH SRVW\LHOGLQJ VWLIIQHVV WR WKH HODVWLF VWLIIQHVV IRU WKHVH IRXU MRLQWV

DUH GHWHUPLQHG IURP WKH HODVWR�SODVWLF FXUYHV WR EH �����'./�� �����'.6�� �����6;5� DQG ������6;1�

UHVSHFWLYHO\� 7KLV VLJQLILHV WKDW WKH HIIHFW RI WKH JHRPHWULFDO SDUDPHWHUV RQ SRVW\LHOGLQJ VWLIIQHVV EHDUV D

UHVHPEODQFH WR WKDW RQ HODVWLF VWLIIQHVV�

�� )LQLWH HOHPHQW YDOLGDWLRQ

���� 1XPHULFDO SURFHGXUH

7KH SXUSRVH RI WKH ILQLWH HOHPHQW DQDO\VHV LV WR H[WHQG WKH LQWHUSUHWDWLRQ RI WKH UHVXOWV DQG

REVHUYDWLRQV REWDLQHG LQ WKH WHVWV� WR JDLQ D EHWWHU XQGHUVWDQGLQJ RI WKH IOH[XUDO EHKDYLRXU RI WXEXODU

MRLQWV� 7KH ILUVW VWDJH RI DQ\ )( VWXG\ ZKLFK DLPV WR WKLV SXUSRVH LV QHFHVVDULO\ WKH YDOLGDWLRQ RI WKH

VWUDWHJ\ DJDLQVW UHOLDEOH WHVW UHVXOWV WR HQVXUH WKDW� DV IDU DV SRVVLEOH� WKH DFWXDO MRLQW EHKDYLRXU FDQ EH

ZHOO VLPXODWHG� 7KH VWUDWHJ\ XVHG PXVW UHOLDEO\ UHSURGXFHV WKH RYHUDOO ORDG�GHIRUPDWLRQ EHKDYLRXU DQG

PRGHO WKH IDLOXUH PRGHV� )RU WKH VDNH RI LW� WKH FODVVLFDO WKHRU\ RI WKLQ VKHOOV DQG WKH WHFKQLTXHV RI WKH

ILQLWH HOHPHQW PHWKRG DUH FRPELQHG�

)RXU WHVW MRLQWV DUH VHOHFWHG IRU YDOLGDWLRQ� *HRPHWULFDO GHWDLOV RI WKHP DUH JLYHQ LQ 6HFWLRQ ����

(LJKW�QRGHG� WKUHH�GLPHQWLRQDO VWUXFWXUDO VKHOO HOHPHQWV DUH XVHG WKURXJKRXW WKH PRGHOV H[FHSW IRU WKH

VWHHO WHQVLOH EDUV� ZKLFK DUH PRGHOHG XVLQJ ��' EHDP HOHPHQW� 7KH VKHOO HOHPHQW� KDYLQJ VL[ GHJUHHV RI

IUHHGRP DW HDFK QRGH� WUDQVODWLRQV LQ WKH QRGDO [� \� DQG ] GLUHFWLRQV DQG URWDWLRQV DERXW WKH QRGDO [� \�

DQG ] D[LV� LV SDUWLFXODUO\ ZHOO VXLWHG WR PRGHO FXUYHG VKHOOV� ,WV GHIRUPDWLRQ VKDSHV DUH TXDGUDWLF LQ

ERWK LQ�SODQH GLUHFWLRQV� 7KH FRQQHFWLRQ EHWZHHQ WKH VKHOO HOHPHQW DQG WKH EHDP HOHPHQW LV DFKLHYHG

E\ WKH FRXSOLQJ RI QRGDO '2)V�

$ VWXG\ LV FDUULHG RXW WR GHWHUPLQH WKH UHDVRQDEOH PHVK GHQVLW\ LQ WHUPV RI FRPSXWDWLRQ WLPH DQG
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DFFXUDF\� E\ YDU\LQJ WKH QXPEHU RI HOHPHQWV XVHG IRU WKH PRGHO� 1RWH WKDW WKH PD[LPXP WKLFNQHVV WR

OHQJWK�RU ZLGWK� UDWLR LV ��� IRU DOO HOHPHQWV LQFOXGLQJ WKRVH VLWXDWHG QHDU WKH JHRPHWULFDO GLVFRQWLQXLW\�

7KH PHVK XVHG KHUH LV UHODWLYHO\ FRDUVH WR DOORZ D TXLFN WXUQRYHU RI DQDO\VLV� EXW LV DGHTXDWH WR PRGHO

WKH PDLQ IHDWXUHV RI WKH IRUFH�GHIOHFWLRQ UHVSRQVHV WR WKH ORDGLQJ FDVHV�

7KH )( PRGHO RI WKH MRLQW './ XVHG LQ WKH SUHVHQW ZRUN LV VKRZQ LQ )LJ� ��� 7KH JOREDO FRRUGLQDWH

V\VWHP LV D UHFWDQJXODU &DUWHVLDQ �;<=� V\VWHP� 7KH ERXQGDU\ UHVWUDLQV DSSOLHG� )LJ� ��� VLPXODWH

WKRVH XVHG LQ WKH WHVWV� 'XH WR V\PPHWU\ DQG ORDGV� RQO\ RQH�KDOI RI WKH MRLQW LV PRGHOHG H[SOLFLWO\� ZLWK

V\PPHWU\ ERXQGDU\ FRQGLWLRQV EHLQJ DSSOLHG DORQJ WKH SODQH RI V\PPHWU\�

7KH JHQHUDO�SXUSRVH QRQOLQHDU )( SDFNDJH SURJUDP $16<6 �$16<6 ����� LV HPSOR\HG IRU WKH

DQDO\VHV� 7KH DQDO\VHV LQFOXGH JHRPHWULF DQG PDWHULDO QRQ�OLQHDULW\ HIIHFWV� GXH WR WKH ODUJH GLVSODFHPHQWV RI

WKH FKRUG ZDOO GXULQJ GHIRUPDWLRQ DQG WKH HODVWLF�SODVWLF EHKDYLRXU RI WKH PDWHULDO GXULQJ IDLOXUH� 7KH

PDWHULDOV DUH DVVXPHG WR REH\ WKH 9RQ 0LVHV \LHOG FULWHULRQ DQG WKH DVVRFLDWHG 3UDQGWO�5HXVV IORZ UXOH�

<RXQJ¶V PRGXOXV RI WKH PDWHULDO LV WDNHQ DV ��� N1�PP� DQG 3RLVVRQ¶V UDWLR DV ���� 7KH PDWHULDO ODZV

DUH PRGHOHG E\ D SLHFHZLVH OLQHDU UHSUHVHQWDWLRQ RI WKH VWUHVV�VWUDLQ FXUYHV� 7KH DQDO\VHV DUH ERWK

LQFUHPHQWDO DQG LWHUDWLYH DQG WKH PRGLILHG 1HZWRQ�5DSKVRQ VROXWLRQ DOJRULWKP LV XVHG�

)LJ� �� )( PRGHO RI WKH MRLQW './ )LJ� �� /RDGLQJ DQG ERXQGDU\ FRQGLWLRQV

)LJ� �� /RDG�GLVSODFHPHQW UHVXOWV IRU MRLQW './ )LJ� �� /RDG�GLVSODFHPHQW UHVXOWV IRU MRLQW '.6
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���� 9HULILFDWLRQ RI )( PRGHO

7KH ORDG�GLVSODFHPHQW FXUYHV REWDLQHG IURP WKH )( FDOFXODWLRQV DUH FRPSDUHG ZLWK WKH H[SHULPHQWDO

FXUYHV� 7KH FXUYHV� ERWK )( DQG H[SHULPHQWDO� DUH REWDLQHG XVLQJ WKH ODWHUDO IRUFH DW WKH HQG RI WKH

EUDFH DQG FRUUHVSRQGLQJ GHIOHFWLRQ� 7KH PRGHOV DUH FUHDWHG WR WKH PLG�VXUIDFH GLPHQVLRQV RI WKH WHVW

MRLQWV� ,W FDQ EH VHHQ WKDW WKH )( PRGHO FDSWXUHV WKH IOH[XUDO EHKDYLRU LQ D VDWLVIDFWRU\ ZD\� 7KH LQLWLDO

VWLIIQHVV DQG SRVW\LHOGLQJ VWLIIQHVV DJUHH ZLWK WKDW RI WKH WHVW MRLQW ZHOO� KRZHYHU� WKH XOWLPDWH ORDG LV

VRPH GLIIHUHQW IRU './ DQG '.6� 7KLV GLVSDULW\ LV GXH SUREDEO\ WR QR ZHOG PRGHOLQJ� 7KRXJK QR ZHOG

HIIHFW LV FRQVLGHUHG LQ WKH FRQGXFWHG )( DQDO\VLV� LW LV LQGLFDWHG WKDW ZHOG PRGHOLQJ PD\ QRW EH LPSRUWDQW

IRU WKH LQYHVWLJDWLRQ RI IOH[XUDO GHIRUPDELOLW\ RI WXEXODU MRLQWV �'H[WHU HW DO� ������ )XUWKHUPRUH� WKH WHVW

MRLQW IDLOHG ZLWK WKH SKHQRPHQRQ RI ORFDO EXFNOLQJ DW EUDFH HQG� ZKLFK FDQ EH VHHQ LQ )LJ� ��D� LV ZHOO

VLPXODWHG E\ WKH )( PRGHO DQDO\VLV� UHIHUULQJ WR WKH GHIRUPHG PHVK LQ )LJ� ��E�

7KH H[FHOOHQW FRUUHODWLRQ REWDLQHG EHWZHHQ WKH QXPHULFDO DQG WKH WHVW UHVXOWV LQWLPDWHV WKDW WKH )(

VWUDWHJ\ GHYHORSHG LV YDOLG DQG DFFXUDWH� HVSHFLDOO\ IRU WKH DVVHVVPHQW RI WKH MRLQW VWLIIQHVV� 7KH

VWUDWHJ\ LV WKHQ XVHG WR GHYHORS WKH SDUDPHWULF IRUPXOD IRU ORFDO ULJLGLW\ RI 7 DQG < W\SH WXEXODU MRLQWV

LQ QH[W VHFWLRQ�

)LJ� �� /RDG�GLVSODFHPHQW UHVXOWV IRU MRLQW 6;1 )LJ� �� /RDG�GLVSODFHPHQW UHVXOWV IRU MRLQW 6;5

)LJ� �� &RPSDULVRQ RI IDLOXUH PRGHV IRU MRLQW './
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�� 3DUDPHWULF IRUPXOD IRU ORFDO LQSODQH EHQGLQJ ULJLGLW\ RI 7 DQG < WXEXODU MRLQWV

���� 'HILQLWLRQ

7KH ORFDO MRLQW EHQGLQJ ULJLGLW\ RI WXEXODU MRLQWV� .0� FDQ EH GHILQHG DV WKH UDWLR RI WKH EUDFH�HQG

PRPHQW WR WKH URWDWLRQ GXH WR WKH ORFDO GHIRUPDWLRQ RI FKRUG ZDOO� ,Q WKLV SDSHU� KRZHYHU� RQO\ WKH

LQSODQH ULJLGLW\ LV GLVFXVVHG�

)RU 7 DQG < MRLQWV �)LJ� ����

���

ZKHUH 0 GHQRWHV WKH LQSODQH EHQGLQJ PRPHQWV DW WKH EUDFH HQG VHFWLRQ DGMDFHQW WR FKRUG ZDOO� DQG

φ GHQRWHV WKH ORFDO LQSODQH URWDWLRQ DW WKH VDPH SRLQW� ZKLFK LV FDXVHG E\ 0�

,Q SUDFWLFDO FDOFXODWLRQ� WKH UHIHUHQFH SRLQWV ORFDWHG RQ WKH LQWHUVHFWLRQ RI WKH EUDFH DQG WKH FKRUG

ZDOO DUH FKRVHQ� $V VKRZQ LQ )LJ� ��� WKH GHIRUPDWLRQ DW SRLQW � DQG �� GHQRWHG DV Z� DQG Z�� LV WKH

ORFDO ZDOO FRQYH[ RU FRQFDYH� H[FOXVLYH RI WKH JOREDO GHIRUPDWLRQ RI WKH FRQQHFWHG PHPEHUV� 7KXV WKH

WRWDO LQSODQH URWDWLRQ DW WKH UHIHUHQFH SRLQWV LV FRPSXWHG DV IROORZV�

���

DQG

.0  0 �G−W� � >�Z� − Z�� VLQθ @ ���

ZKHUH θ LV WKH DQJOH EHWZHHQ WKH EUDFH DQG WKH FKRUG� G DQG W DUH WKH EUDFH GLDPHWHU DQG WKLFNQHVV

UHVSHFWLYHO\�

���� 3DUDPHWULF IRUPXODH

)RU WKH FRQYLHQFH RI SUDFWLFDO GHVLJQ� D SDUDPHWULF IRUPXOD IRU HYDOXDWLQJ WKH LQSODQH EHQGLQJ

ULJLGLW\ RI WKH SODQDU 7 DQG < WXEXODU MRLQWV LV SURSRVHG E\ WKH DXWKRUV� ZKLFK LV IRUPXODWHG WKURXJK

UHJUHVVLRQ RI WKH GDWD IURP WKH )( DQDO\VHV�

���
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)LJ� �� /RFDO GHIRUPDWLRQ RI 7 MRLQW
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7KH DERYH IRUPXOD LV YDOLG IRU WXEXODU MRLQWV ZLWK JHRPHWULF SDUDPHWHUV β  �������� γ  ������

τ  ������� DQG θ  ��R���R�

���� &RPSDULVLRQ ZLWK WHVW UHVXOWV

7KH YDOXH RI WKH EHQGLQJ ULJLGLWLHV JLYHQ E\ WKH SDUDPHWULF IRUPXOD ��� LV FRPSDUHG ZLWK WKH WHVW GDWD

IURP MRLQW VSHFLPHQ 6;1� 7KH FRPSDULVRQ LV VKRZQ JUDSKLFDOO\ LQ )LJ� ��� ,W PD\ EH VHHQ WKDW WKH

SDUDPHWULF IRUPXOD JHQHUDOO\ SURYLGH D JRRG ILW WR WKH WHVW UHVXOWV� ,W FDQ EH FRQFOXGHG WKDW WKH IRUPXOD LV

UHOLDEOH RQ WKH ZKROH LQ HYDOXDWLQJ WKH ORFDO ULJLGLW\ RI WXEXODU MRLQWV DQG FDQ EH UHFRPPHQGHG LQ XVH LQ WKH

JOREDO VWUXFWXUDO DQDO\VLV RI VWHHO�WXEH VWUXFWXUHV�

7KH HYDOXDWLRQ RI WKH EHQGLQJ ULJLGLW\ RI . MRLQW RQ 8QL�.. MRLQW ZLOO GHILQLWHO\ UHODWH WR WKH ORFDO

D[LDO GHIRUPDWLRQ DQG WKH LQIOXHQFH RI WKH WZR EUDFHV� DQG PRUH SDUDPHWHUV VKRXOG EH WDNHQ LQWR

DFFRXQW� 7KH H[SUHVVLRQ RI WKH MRLQW ULJLGLW\ ZLOO EH PRUH FRPSOH[� /LPLWHG E\ WKH SDJHV� WKH FRQWHQWV

ZLOO EH LQWURGXFHG LQ RWKHU UHSRUWV�

�� &RQFOXVLRQV

7ZR XQL�SODQDU .. XQVWLIIHQHG WXEXODU MRLQWV DQG WZR ; WXEXODU MRLQWV DUH WHVWHG XQGHU VHYHUDO

ORDGLQJ FRPELQDWLRQV UHVSHFWLYHO\� $QDO\WLFDO PRGHOV DUH HVWDEOLVKHG WR PDNH D FRPSDUDWLYH EDVH IRU

ULJLGLW\ HVWLPDWLRQ� )( VWUDWHJLHV IRU PRGHOLQJ WXEXODU MRLQWV DUH YHULILHG DJDLQVW WHVW GDWD� )DLOXUH

PRGHV FDQ EH DFFXUDWHO\ UHSURGXFHG� $ SDUDPHWULF IRUPXOD IRU ORFDO ULJLGLW\ RI 7 DQG < MRLQWV LV

SURSRVHG RQ WKH EDVLV RI )( FDOFXODWLRQ DQG UHJUHVVLRQ DQDO\VLV�

%DVHG XSRQ WKH H[SHULPHQWDO EHKDYLRU RI MRLQWV DQG WKHRUHWLFDO DQDO\VHV� WKH IROORZLQJ FRQFOXVLRQV

KDYH EHHQ UHDFKHG�

��� 7KH EHQGLQJ ULJLGLW\ LV ODUJHO\ GHSHQGHQW RQ WKH JHRPHWULFDO SDUDPHWHUV RI WKH MRLQW� 7KH

XQVWLIIHQHG MRLQWV FDQ EH UHIHUUHG DV IXOO ULJLG MRLQWV� DQG WKHLU EHQGLQJ FDSDFLWLHV FDQ DVVXUH WKH

VWUHQJWK RI WKH PHPEHUV FRQQHFWHG XQGHU FHUWDLQ OLPLWDWLRQ�

��� ,W ZLOO EH QHFHVVDU\ WR HVWDEOLVK VXIILFLHQW WXEXODU FRQQHFWLRQ GHIRUPDWLRQ GDWD IRU WKH

GHYHORSPHQW RI SDUDPHWULF IRUPXODH JLYLQJ WKH ULJLGLW\ DVVRFLDWHG ZLWK YDULRXV FRQQHFWLRQ� 7KH

)LJ� �� &RPSDULVRQ RI IRUPXODH ZLWK WHVW YDOXH
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GDWD RI FRQQHFWLRQ ULJLGLW\ UHSRUWHG LQ WKLV SDSHU UHSUHVHQW D FRQWULEXWLRQ WR WKLV HQGHDYRXU�

��� 7KH )( VWUDWHJLHV GHYHORSHG KHUH FDQ EH XVHG WR FDUU\ RXW D SDUDPHWULF VWXG\ RQ XQVWLIIHQHG

WXEXODU MRLQWV�

��� 3DUDPHWULF IRUPXOD IRU ORFDO ULJLGLW\ RI 7 DQG < WXEXODU MRLQWV GHYHORSHG LQ WKLV SDSHU KDV JRRG

DSSOLFDELOLW\� DQG WKLV ZRUN OD\V D IRXQGDWLRQ IRU SURYLGLQJ D FOHDU FULWHULD WR FODVVLI\ WKH

XQVWLIIHQHG WXEXODU MRLQW�
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1RWDWLRQ

1FU FRPSUHVVLRQ DSSOLHG WR FKRUG ULJKW WR MRLQW ]RQH
1FO FRPSUHVVLRQ DSSOLHG WR FKRUG OHIW WR MRLQW ]RQH
1EW D[LDO IRUFH RI WHQVLOH EUDFH
+EW VKHDU IRUFH RI WHQVLOH EUDFH
1EF D[LDO IRUFH RI FRPSUHVVLYH EUDFH
+EF VKHDU IRUFH RI FRPSUHVVLYH EUDFH
H� RXW�RI�SODQH HFFHQWULFLW\ RI ORDGLQJ RQ WKH ULJKW HQG RI FKRUG
H� RXW�RI�SODQH HFFHQWULFLW\ RI ORDGLQJ RQ WKH OHIW HQG RI FKRUG
β EUDFH GLDPHWHU WR FKRUG GLDPHWHU UDWLR �G�'�
γ FKRUG UDGLXV WR FKRUG ZDOO WKLFNQHVV UDWLR �'��7�
τ EUDFH ZDOO WKLFNQHVV WR FKRUG ZDOO WKLFNQHVV UDWLR �W�7�
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