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8QLYHUVLGDG 1DFLRQDO GHO &RPDKXH� %XHQRV $LUHV �����
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(�PDLO� P�L�YDOOD#LHHH�RUJ

$EVWUDFW� 7KLV SDSHU GHDOV ZLWK URWRU SRVLWLRQ DQG VSHHG HVWLPDWLRQ RI SHUPDQHQW

PDJQHW V\QFKURQRXV PRWRUV� $ UHGXFHG RUGHU REVHUYHU EDVHG RQ EDFN HOHFWURPRWLYH
IRUFH HVWLPDWLRQ LV SURSRVHG IRU HVWLPDWLQJ PHFKDQLFDO YDULDEOHV� 5REXVWQHVV DJDLQVW

PRGHO XQFHUWDLQW\ LV DQDO\]HG� 8QGHU H[DFW PRGHO DVVXPSWLRQ WKH HVWLPDWLRQ HUURU

FRQYHUJHV WR ]HUR LQ H[SRQHQWLDO ZD\� ZKLOH D UHVLGXDO HVWLPDWLRQ HUURU DSSHDUV LQ

SUHVHQFH RI XQFHUWDLQWLHV� )RU WKLV UHDVRQ� HVWLPDWLRQ HUURU ERXQGV DUH FDOFXODWHG

ZKHQ XQFHUWDLQW\ LQ ERWK WKH PHFKDQLFDO DQG WKH HOHFWULFDO VXEPRGHOV DUH WDNHQ LQWR
DFFRXQW� 7KH REVHUYHU SHUIRUPDQFH LV WHVWHG WKURXJK VLPXODWLRQV�

.H\ZRUGV� HOHFWULFDO PDFKLQHV� UREXVW HVWLPDWLRQ� REVHUYHUV

�� ,1752'8&7,21

5HFHQWO\� D JUHDW GHDO RI DWWHQWLRQ KDV EHHQ GUDZQ
IRU LPSURYLQJ WKH SHUIRUPDQFH RI HOHFWULFDO GULYHV

WKDW XVH DV\QFKURQRXV DQG V\QFKURQRXV PRWRUV�

$GYDQFHPHQWV LQ WKH WHFKQRORJ\ RI PDJQHWLF PD�

WHULDOV� HOHFWURQLF GHYLFHV DQG 9/6, FLUFXLWV SUR�

YLGH WKH WRROV IRU GHVLJQLQJ KLJK SHUIRUPDQFH DG�
MXVWDEOH VSHHG GULYHV �1RYRWQ\ DQG /LSR� ������

7KHVH GULYHV QHHG D SUHFLVH NQRZOHGJH RI URWRU

SRVLWLRQ WR V\QFKURQL]H WKH VWDWRU FXUUHQWV ZLWK

WKH URWRU� )RU GL�HUHQW UHDVRQV� LQ VRPH DSSOLFD�

WLRQV LW LV GHVLUDEOH WR DYRLG PHFKDQLFDO VHQVRUV�

,Q VXFK GULYHV URWRU SRVLWLRQ DQG VSHHG PXVW EH
HVWLPDWHG DQG WKH HVWLPDWHG YDOXHV XVHG WR FRP�

SXWH WKH FRQWURO ODZ� 5RWRU SRVLWLRQ DQG VSHHG RI

SHUPDQHQW PDJQHW V\QFKURQRXV PRWRUV �3060V�

� 3DUWLDOO\ VXSSRUWHG E\ 8QFRPD� &21,&(7 DQG $1&\7
� 3DUWLDOO\ VXSSRUWHG E\ 81/3� &21,&(7 DQG $1&\7

PD\ EH HVWLPDWHG ZLWK REVHUYHUV EDVHG XSRQ PHD�

VXUHPHQWV RI WKH HOHFWULFDO YDULDEOHV RI WKH PRWRU�
'L�HUHQW DSSURDFKHV IRU HVWLPDWLQJ 3060V VWDWH

YDULDEOHV FDQ EH IRXQG LQ WKH OLWHUDWXUH �-RKQVRQ

HW DO�� ������ $PRQJ RWKHU WHFKQLTXHV� QRQOLQHDU

IXOO RUGHU REVHUYHUV ZHUH HPSOR\HG IRU VSHHG HV�

WLPDWLRQ DQG WKHQ URWRU SRVLWLRQ ZDV REWDLQHG
LQWHJUDWLQJ WKH VSHHG HVWLPDWH LQ RSHQ�ORRS �-RQHV

DQG /DQJ� ����� /RZ HW DO�� ������ $Q DOJRULWKP

IRU HVWLPDWLQJ �X[ DQG FXUUHQW E\ WKH LQWHJUDWLRQ

RI GL�HUHQWLDO HTXDWLRQV ZDV SURSRVHG E\ (UWXJUXO

DQG $FDUQOH\ �(UWXJUXO DQG $FDUQOH\� ������ $Q
RSHQ ORRS PRGHO RI WKH PRWRU EDFN HOHFWURPRWLYH

IRUFH �(0)� XQGHU HOHFWULFDO VWHDG\�VWDWH RSHU�

DWLRQ LV FRQVLGHUHG E\ .LP DQG 6XO �.LP DQG

6XO� ����� IRU URWRU SRVLWLRQ DQG VSHHG HVWLPDWLRQ�

,Q RWKHU ZRUNV �%RORJQDQL HW DO�� ����� 'KDRXDGL

HW DO�� ������ WKH ([WHQGHG .DOPDQ )LOWHU �(.)�
ZDV XVHG IRU REWDLQLQJ VSHHG DQG URWRU SRVLWLRQ
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HVWLPDWHV� 1HYHUWKHOHVV� LW PXVW EH QRWHG WKDW

UHGXFHG RUGHU REVHUYHUV DUH D JRRG DOWHUQDWLYH IRU

GHFUHDVLQJ WKH FRPSXWDWLRQDO EXUGHQ� 6HYHUDO UH�
VHDUFKHUV KDYH GHYHORSHG DOJRULWKPV EDVHG RQ UH�

GXFHG RUGHU REVHUYHUV� $PRQJ RWKHUV� 6KRXVH DQG

7D\ORU SURSRVHG D GHVLJQ XVLQJ VLQJXODU SHUWXUED�

WLRQ WKHRU\ �6KRXVH DQG 7D\ORU� ������ ZKHUHDV

3// WKHRU\ ZDV XVHG E\ +DUQHIRUV DQG 1HH

�+DUQHIRUV DQG 1HH� ������ ,Q RWKHU DSSURDFKHV
�2UORZVND�.RZDOVND� ����� 7RPLWD HW DO�� �����

6ROVRQD HW DO�� ������ OLQHDU DQG QRQOLQHDU UHGXFHG

RUGHU REVHUYHUV ZHUH XVHG IRU HVWLPDWLQJ WKH (0)

DQG URWRU SRVLWLRQ DQG VSHHG HVWLPDWHV ZHUH RE�

WDLQHG IURP WKH UHODWLRQVKLS EHWZHHQ (0) DQG
URWRU YDULDEOHV� ,Q WKHVH FDVHV� WKH (0) PXVW

EH HVWLPDWHG ZLWK ORZ HUURU� VLQFH WKH (0) HV�

WLPDWLRQ HUURU LV SURSDJDWHG WR URWRU YDULDEOHV�

8VXDOO\� (0) HVWLPDWLRQ HUURUV DSSHDU ZKHQ WKH

PRWRU PRGHO LV QRW H[DFWO\ NQRZQ� ,Q VXFK D
FDVH� ERXQGV IRU HVWLPDWLRQ HUURUV FDQ EH FDOFX�

ODWHG DVVXPLQJ WKDW XQFHUWDLQWLHV DUH ERXQGHG�

7KHVH ERXQGV JXDUDQWHH WKDW WKH URWRU SRVLWLRQ

DQG VSHHG HVWLPDWLRQ HUURU LV OHVVHU WKDQ D YDOXH

GHSHQGLQJ RQ WKH XQFHUWDLQW\ ERXQG�

,Q WKLV SDSHU� URWRU SRVLWLRQ DQG VSHHG HVWLPDWLRQ

RI 3060V WDNLQJ LQWR DFFRXQW SDUDPHWHUV XQFHU�

WDLQWLHV LV FRQVLGHUHG� 7KH UHGXFHG RUGHU REVHUYHU

EDVHG RQ WKH QRPLQDO PRGHO SURSRVHG E\ 6ROVRQD

HW DO�� ���� LV DQDO\]HG LQ SUHVHQFH RI XQFHUWDLQW\�
,Q DGGLWLRQ� D ERXQG IRU HVWLPDWLRQ HUURU LV FDO�

FXODWHG DQG LW LV LOOXVWUDWHG KRZ WKH LQWURGXFHG

IRUPXODWLRQ FDQ EH XVHG IRU DQDO\]LQJ VHYHUDO RE�

VHUYHUV ZKLFK ZHUH SUHVHQWHG LQ RWKHU ZRUNV� 7KH

SDSHU LV RUJDQL]HG DV IROORZV� ,Q VHFWLRQ �� WKH

PRWRU PRGHO DQG WKH REVHUYHU DUH UHYLHZHG� ,Q
VHFWLRQ �� DQ HVWLPDWLRQ HUURU ERXQG LV FDOFXODWHG�

,Q VHFWLRQ �� VRPH LPSOHPHQWDWLRQ DVSHFWV DUH

FRQVLGHUHG� ,Q VHFWLRQ �� WKH REVHUYHU SHUIRUPDQFH

LQ SUHVHQFH RI XQFHUWDLQW\ LV LOOXVWUDWHG� )LQDOO\� LQ

VHFWLRQ � FRQFOXVLRQV DUH GUDZQ�

�� 326,7,21 $1' 63((' (67,0$7,21

��� 0RWRU PRGHO

7KH PRWRU LV GHVFULEHG LQ D VWDWLRQDU\ WZR�D[HV

UHIHUHQFH IUDPH� DQG WKH PHFKDQLFDO YDULDEOHV DUH

FRQYHUWHG WR HOHFWULFDO DQJOHV� 7KH PDFKLQH PRGHO

FDQ EH ZULWWHQ DV IROORZV�
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WKH G\QDPLF HTXDWLRQV IRU WKH (0) IURP ��� DQG
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0LVPDWFKHV EHWZHHQ PDFKLQH PRGHO DQG REVHUYHU

SDUDPHWHUV DUH XVHG IRU UHSUHVHQWLQJ XQFHUWDLQ�

WLHV� 7KXV� VXEVFULSW � VWDQGV IRU REVHUYHU SD�
UDPHWHUV� 7KH FRQVWDQW YDOXH J FDQ EH FKRVHQ

WR JXDUDQWHH WKDW WKH HVWLPDWLRQ HUURU FRQYHUJHV

VHPLJOREDOO\ WR ]HUR LQ H[SRQHQWLDO ZD\ ZKHQ WKH

PRGHO LV SHUIHFWO\ NQRZQ �6ROVRQD HW DO�� ������

7KH URWRU SRVLWLRQ DQG VSHHG FDQ EH UHFRQVWUXFWHG
IURP (0) HVWLPDWHV DV IROORZV�
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EH XVHG �VHH +DUQHIRUV DQG 1HH� ���� DQG UHIHU�
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DQG VSHHG�

7KH IROORZLQJ YHFWRUV DUH GH�QHG LQ RUGHU WR
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,W PXVW EH UHPDUNHG WKDW OLQHDU REVHUYHUV SUR�

SRVHG LQ RWKHU ZRUNV �2UORZVND�.RZDOVND� �����

7RPLWD HW DO�� ����� FRLQFLGH ZLWK WKH SURSRVHG

REVHUYHU ZKHQ A��  � �L�H� SUHGLFWLRQ HTXDOV WR

]HUR�� 1RWH WKDW LQ �+DUQHIRUV DQG 1HH� �����

DFFHOHUDWLRQ SUHGLFWLRQ LV HTXDO WR ]HUR DV ZHOO�

ZKHUHDV DQ REVHUYHU EDVHG RQ VLQJXODU SHUWXU�

EDWLRQ WKHRU\ �6KRXVH DQG 7D\ORU� ����� FDQ EH
REWDLQHG E\ VHWWLQJ /�  ��

�� $ %281' )25 7+( (67,0$7,21

(5525
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WKH IROORZLQJ /\DSXQRY FDQGLGDWH IXQFWLRQ 9  

H7 H� 7KHUHIRUH� WKH WLPH GHULYDWLYH RI /\DSXQRY

FDQGLGDWH IXQFWLRQ LV JLYHQ E\�
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7KLV IXQFWLRQ FDQ EH ERXQGHG DV IROORZV�
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ZKHUH � LV WKH PD[LPXP RI ]�W��

2EVHUYHUV EDVHG RQ VLPSOL�HG PRGHOV KDYH EHHQ

SUHVHQWHG LQ RWKHU ZRUNV �6KRXVH DQG 7D\ORU�

����� 7RPLWD HW DO�� ����� 2UORZVND�.RZDOVND�

����� +DUQHIRUV DQG 1HH� ������ 7KH PRGHO VLP�

SOL�FDWLRQV FDQ EH PRGHOHG DV XQFHUWDLQWLHV VXFK



DV UHPDUNHG LQ VHFWLRQ �� 7KHQ� DQ HVWLPDWLRQ

HUURU ERXQG FDQ EH REWDLQHG LQ HDFK FDVH� ,Q

DGGLWLRQ� LW PXVW EH UHPDUNHG WKDW ZKHQ XQFHU�
WDLQW\ LQ WKH HOHFWULFDO VXEPRGHO LV HTXDO WR ]HUR

�L�H� �  ��� D ELJ YDOXH RI J FDQ EH FKRVHQ IRU

GLPLQLVKLQJ WKH ERXQG RI WKH (0) HVWLPDWLRQ

HUURU� +RZHYHU� LI WKH XQFHUWDLQW\ LQ WKH HOHFWULFDO

VXEPRGHO LV QRW HTXDO WR ]HUR� WKHQ J YDOXH ZLOO

EH FKRVHQ WDNLQJ LQWR DFFRXQW WKH XQFHUWDLQW\ LQ
ERWK WKH HOHFWULFDO VXEPRGHO DQG WKH PHFKDQLFDO

RQH�

(0) HUURUV DUH SURSDJDWHG WR PHFKDQLFDO YDUL�

DEOHV DV IROORZV�
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%RXQGV IRU URWRU SRVLWLRQ DQG VSHHG HVWLPDWHV FDQ

EH REWDLQHG IURP ���� DQG ���� DV IXQFWLRQ RI

(0) HVWLPDWLRQ ERXQG� 7KH\ UHVXOW LQ�
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,Q WKH LPSOHPHQWDWLRQ RI WKH REVHUYHU� PHFKDQLFDO

YDULDEOHV LQ PHFKDQLFDO GHJUHHV DUH FRQVLGHUHG�
)RU WKLV UHDVRQ� WKRVH LQ HOHFWULFDO GHJUHHV DUH GL�

YLGHG E\ WKH QXPEHU RI SROH SDLUV �S�� ,Q DGGLWLRQ�

LQ RUGHU WR DYRLG WDNLQJ GHULYDWLYHV RI WKH PHD�

VXUHPHQWV� WKH IROORZLQJ HTXDWLRQV DUH DFWXDOO\

LPSOHPHQWHG IRU WKH REVHUYHU�
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$ PRGHO RI WKH 3060 LV EXLOW DQG VLPXODWHG�
7KH REVHUYHU PHDVXUHV YROWDJHV DQG FXUUHQWV RI

WKLV PRGHO DQG SHUIRUPV WKH HVWLPDWLRQ LQ RSHQ

ORRS� 7KH URWRU SRVLWLRQ DQG VSHHG HUURUV DUH EXLOW

FRPSDULQJ WKH HVWLPDWHG YDOXHV RI WKH REVHUYHU

DJDLQVW WKH URWRU SRVLWLRQ DQG VSHHG RI WKH VLPX�
ODWHG GULYH DV VKRZQ LQ WKH EORFN GLDJUDP RI )LJ�

�� 7KH GDWD DQG SDUDPHWHUV RI WKH PRWRU DUH
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WLPHV VPDOOHU WKDQ WKH DFWXDO %� %HVLGHV� WKHUH LV

D ELJ GL�HUHQFH EHWZHHQ WKH DFWXDO DQG PRGHOOHG
PHFKDQLFDO WLPH FRQVWDQWV� )LJV� � DQG � VKRZ

WKH WUDQVLHQW EHKDYLRU IRU WKH PRWRU UXQQLQJ DW

WZR FRQVWDQW VSHHGV� QRPLQDO VSHHG ���� UDG VHF��

DQG ORZ VSHHG �� UDG VHF�� UHVSHFWLYHO\� 7KH RE�

VHUYHU SUHVHQWV DQ HUURU VPDOOHU WKDQ �� RI WKH
UXQQLQJ VSHHG LQ WKH ZKROH VSHHG UDQJH� %HVLGHV�

WKH SRVLWLRQ HUURU LV VPDOOHU WKDQ ���� UDG� 7KHVH

UHVXOWV VKRZ WKDW WKH SURSRVHG REVHUYHU KDYH DQ

DFFHSWDEOH SHUIRUPDQFH HYHQ ZKHQ WKH PHFKDQLFDO

VXEPRGHO LV SUDFWLFDOO\ XQNQRZQ�

1H[W� WKH REVHUYHU SHUIRUPDQFH GXULQJ WUDQVLHQW

RSHUDWLRQ RI WKH GULYH LV VKRZQ LQ )LJ��� XVLQJ WKH

VDPH SDUDPHWHUV DV LQ WKH SUHYLRXV WHVW� $ UHIHU�

HQFH VSHHG SUR�OH LV DSSOLHG WR WKH GULYH� 7KH PR�
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�QRPLQDO VSHHG� DQG WKHQ LV GHFUHDVHG DJDLQ WR
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HUURUV ZKHQ WKH SUHYLRXV VSHHG SUR�OH LV DSSOLHG
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$ QRQOLQHDU REVHUYHU IRU HVWLPDWLQJ URWRU SRVL�
WLRQ DQG VSHHG LQ 3060V KDV EHHQ DQDO\]HG�

8QFHUWDLQWLHV LQ PHFKDQLFDO DQG HOHFWULFDO SDUDP�

HWHUV KDYH EHHQ FRQVLGHUHG� ,Q DEVHQFH RI XQFHU�

WDLQWLHV� WKH (0) HVWLPDWLRQ HUURU FRQYHUJHV WR

]HUR VHPLJOREDOO\ LQ H[SRQHQWLDO ZD\� %\ DVVXP�

LQJ ERXQGHG XQFHUWDLQWLHV LQ WKH PRGHO GHVFULE�



LQJ WKH PRWRU� D ERXQG IRU HVWLPDWLRQ HUURUV KDV

EHHQ FDOFXODWHG� 7KH REVHUYHU EHKDYLRU ZDV WHVWHG

WKURXJK VLPXODWLRQV VKRZLQJ D JRRG SHUIRUPDQFH
HYHQ ZLWK ELJ PLVPDWFKHV LQ WKH PHFKDQLFDO VXE�

PRGHO� ,Q DGGLWLRQ� WKH ERXQG FDOFXODWHG LQ VHF�

WLRQ � FDQ EH H[WHQGHG WR VHYHUDO REVHUYHUV EDVHG
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%RORJQDQL� 6�� 5� 2ERH DQG 0� =LJOLRWWR �������

6HQVRUOHVV IXOO�GLJLWDO SPVP GULYH ZLWK HNI
HVWLPDWLRQ RI VSHHG DQG URWRU SRVLWLRQ� ,(((
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'KDRXDGL� 5�� 1� 0RKDQ DQG /� 1RUXP �������

'HVLJQ DQG LPSOHPHQWDWLRQ RI DQ H[WHQGHG

NDOPDQ �OWHU IRU WKH VWDWH HVWLPDWLRQ RI D

SHUPDQHQW PDJQHW V\QFKURQRXV PRWRU� ,(((

7UDQV� RQ 3RZHU (OHFWURQLFV �� ���^����
(UWXJUXO� 1� DQG 3� $FDUQOH\ ������� $ QHZ DOJR�

ULWKP IRU VHQVRUOHVV RSHUDWLRQ RI SHUPDQHQW
PDJQHW PRWRUV� ,((( 7UDQV� RQ ,QG� (OHF
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+DUQHIRUV� /� DQG +� 1HH ������� $ JHQHUDO DOJR�

ULWKP IRU VSHHG DQG SRVLWLRQ HVWLPDWLRQ RI DF

PRWRUV� ,((( 7UDQV� RQ ,QG� (OHF� ��� ��^���
-RKQVRQ� -�� 0� (KVDQL DQG

<� *¦X]HOJ¦XQOHU ������� 5HYLHZ RI VHQVRUOHVV

PHWKRGV IRU EUXVKOHVV GF� ,Q� ��WK� $QQXDO

0HHWLQJ � ,((( ,QGXVWU\ $SSOLFDWLRQV 6RFL�
HW\ �,$6
���� SS� ���^����

-RQHV� /� DQG -� /DQJ ������� $ VWDWH REVHUYHU IRU
WKH SHUPDQHQW�PDJQHW V\QFKURQRXV PRWRU�

,((( 7UDQV� RQ ,QG� (OHF� ��� ���^����
.LP� -� DQG 6� 6XO ������� 1HZ DSSURDFK IRU KLJK�

SHUIRUPDQFH SPVP GULYHV ZLWKRXW URWDWLRQDO

SRVLWLRQ VHQVRUV� ,((( 7UDQV� RQ 3RZHU (OHF�
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/RZ� 7�� 7� /HH DQG .� &KDQJ ������� $ QRQ�

OLQHDU VSHHG REVHUYHU IRU SHUPDQHQW�PDJQHW

V\QFKURQRXV PRWRU� ,((( 7UDQV� RQ ,QG� (OHF
��� ���^����

1RYRWQ\� '� DQG 7� /LSR ������� 9HFWRU &RQ�

WURO DQG '\QDPLFV RI $& 'ULYHV� &ODUHQGRQ

3UHVV� 2[IRUG�
2UORZVND�.RZDOVND� 7� ������� &RPSDULVRQ RI

VSHHG HVWLPDWLRQ PHWKRGV IRU WKH VHQVRU�

OHVV SHUPDQHQW PDJQHW DF GULYHV� ,Q� 3RZHU

(OHFWURQLFV DQG 0RWLRQ &RQWURO &RQIHUHQFH
�3(0&
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6KRXVH� .� DQG '� 7D\ORU ������� 6HQVRUOHVV YHORF�
LW\ FRQWURO RI SHUPDQHQW�PDJQHW V\QFKURQRXV

PRWRUV� ,((( 7UDQV� RQ &RQWU� 6\VW� 7HFK�
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6ROVRQD� -�� 0�,� 9DOOD DQG &� 0XUDYFKLN �������

$ QRQOLQHDU UHGXFHG RUGHU REVHUYHU IRU SHU�

PDQHQW PDJQHW V\QFKURQRXV PRWRUV� ,(((

7UDQV� RQ ,QG� (OHF� ��� ���^����
7RPLWD� 0�� 7� 6HQM\X� 6� 'RNL DQG 6� 2NXPD

������� 1HZ VHQVRUOHVV FRQWURO IRU EUXVKOHVV

GF PRWRUV XVLQJ GLVWXUEDQFH REVHUYHUV DQG

DGDSWLYH YHORFLW\ HVWLPDWLRQV� ,((( 7UDQV�

RQ ,QG� (OHFW� ��� ���^����


