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7KH LPSRUWDQFH RI JHQHUDWLQJ D PXOWL�GHJUHHV RI

IUHHGRP �'2)� PRWLRQ LV LQFUHDVLQJO\ JURZLQJ LQ RUGHU WR

GHYHORS GH[WHURXV URERWV� $XWKRUV GHYHORSHG D

EDU�VKDSHG XOWUDVRQLF PRWRU FDSDEOH RI JHQHUDWLQJ D

PXOWL�'2) PRWLRQ� 7KH PXOWL�'2) XOWUDVRQLF PRWRU

FRQVLVWV RI D EDU�VKDSHG VWDWRU DQG D VSKHULFDO URWRU� 7KH

VSKHULFDO URWRU LV URWDWHG DURXQG WKUHH SHUSHQGLFXODU D[HV

E\ WKH WKUHH QDWXUDO YLEUDWLRQV H[FLWHG RQ WKH VWDWRU� ,Q WKH

SUHVHQW VWXG\� WKH GULYLQJ DQG FRQWURO FKDUDFWHULVWLFV

DURXQG RQH GULYLQJ D[LV� ZKLFK LV SHUSHQGLFXODU WR WKH

VWDWRU¶V JHRPHWULF D[LV� DUH PHDVXUHG LQ GHWDLO� 1DPHO\�

WKH UHODWLRQVKLS EHWZHHQ WKH IUHTXHQF\ RI WKH LQSXW VLJQDO

DQG WKH URWDWLRQDO VSHHG� WKH UHODWLRQVKLS EHWZHHQ WKH

WRUTXH DQG WKH URWDWLRQDO VSHHG DQG WKH VWHS UHVSRQVH RI

WKH XOWUDVRQLF PRWRU DUH PHDVXUHG� 7KH PD[LPXP

URWDWLRQDO VSHHG DQG WKH PD[LPXP WRUTXH DUH ��� USP

DQG � P1P� UHVSHFWLYHO\� 7KH URWDWLRQDO VSHHG LV

FRQWUROOHG VXFFHVVIXOO\�

�� ,QWURGXFWLRQ

1RZDGD\V� WKH VSKHUH RI URERWLFV LV ZLGHO\ VSUHDGLQJ

WR PDQ\ ILHOGV� D PHGLFDO ILHOG� DQ DPXVHPHQW ILHOG DQG VR
RQ� $V JURZLQJ VXFK D WHQGHQF\� WKH PRWLRQ SDWWHUQV RI
WKH URERWV DUH UHTXLUHG WR EH PRUH KXPDQ�IULHQGO\�
1DPHO\� WKH GH[WHURXV�SUHFLVH� PXOWL�'2) PRWLRQ LV

H[SHFWHG WR WKH PHFKDQLVPV� )RU GHVLJQLQJ WKH PRWLRQ
XQLW FDSDEOH RI JHQHUDWLQJ D PXOWL�'2) PRWLRQ� WKH
YROXPH RI HDFK DFWXDWRUV KDYH WR EH FRQVLGHUHG� ,I WKH
JHQHUDO HOHFWURPDJQHWLF PRWRUV DUH XVHG WR FRQVWUXFW WKH
PXOWL�'2) PRWLRQ XQLW� WKH YROXPH RI WKH XQLW LQFUHDVHV
EHFDXVH UHGXFWLRQ GHYLFHV PXVW EH FRQQHFWHG WR WKH

RXWSXW D[LV WR GHFUHDVH WKH URWDWLRQDO VSHHG ZKLOH
LQFUHDVLQJ WKH RXWSXW WRUTXH� $GGLWLRQDOO\� WKH WRWDO

QXPEHU RI PRWRUV UHTXLUHG PXVW EH HTXDO WR WKH QXPEHU
RI '2) RI PRWLRQ� )XUWKHUPRUH� VXFK PRWRUV UHTXLUH
HOHFWULF SRZHU HYHQ ZKHQ WKH URWRU VWRSV� LQ RUGHU WR
JHQHUDWH D KROGLQJ WRUTXH WR NHHS WKH URWRU VWDWLRQ� 7KXV�
FRQVWUXFWLQJ D PXOWL�'2) XQLW XVLQJ JHQHUDO RQH�'2)
DFWXDWRUV LV GLIILFXOW�

%HFDXVH RI WKHVH UHDVRQV� WKH DFWXDWRUV FDSDEOH RI
JHQHUDWLQJ WKH PRWLRQV GLIIHUHQW IURP WKH RQHV RI JHQHUDO

HOHFWURPDJQHWLF PRWRUV DUH UHTXLUHG WR EH GHYHORSHG WR
DGGUHVV WKH SUREOHPV DV PHQWLRQHG DERYH>�@� 6RPH
DFWXDWRUV PHHWLQJ WKHVH UHTXLUHPHQWV DUH SURSRVHG RU
GHYHORSHG >�@>�@>�@� KRZHYHU� WKH\ DUH QRW SUDFWLFDO DW DOO�

2Q WKH RWKHU KDQG� WKH XOWUDVRQLF PRWRUV QHHG QR
UHGXFWLRQ GHYLFH EHFDXVH RI LWV FKDUDFWHULVWLF RI KLJK
WRUTXH DW ORZ URWDWLRQDO VSHHG� DQG QR HOHFWULF SRZHU WR
NHHS WKH URWRU VWDWLRQ EHFDXVH RI LWV FKDUDFWHULVWLF RI KLJK

VWDWLRQDU\ OLPLWLQJ WRUTXH� :KDW LV PRUH� WKH XOWUDVRQLF
PRWRUV RIIHU WKH DGYDQWDJHV RI VLOHQFH� VLPSOLFLW\ RI
GHVLJQ� DEVHQFH RI HOHFWURPDJQHWLF ZDYHV� DQG KLJK
FRQWUROODELOLW\� %HFDXVH RI VXFK FKDUDFWHULVWLFV� WKH

XOWUDVRQLF PRWRUV DUH WKRXJKW WR EH VXLWDEOH IRU DUUDQJLQJ
DW WKH MRLQWV RI URERW DUPV RU PDQLSXODWRUV� +RZHYHU�
PRVW XOWUDVRQLF PRWRUV SURSRVHG KDYH RQO\ RQH�'2)� L�H�
URWDWLRQDO RU OLQHDU PRWLRQ >�@>�@>�@� 6R� LI WKH XOWUDVRQLF

PRWRU WKDW FDQ JHQHUDWH WKH GH[WHURXV PRWLRQ LV GHYHORSHG�
WKH URERWLFV FDQ EHFRPH PRUH ZLGHO\ DSSOLFDEOH�

%HFDXVH RI WKH EDFNJURXQG DV PHQWLRQHG DERYH� VRPH
PXOWL�'2) XOWUDVRQLF PRWRUV DUH GHYHORSHG� %DQVHYLVLXV

>�@ GHYHORSHG D SLH]RHOHFWULF PXOWL�'2) DFWXDWRU� ,W FDQ
JHQHUDWH D VL[�'2) PRWLRQ E\ RQH VWDWRU� +RZHYHU� WKH
FRQVWUXFWLRQ RI WKH VWDWRU �YLEUDWRU� LV QRW VLPSOH HQRXJK
IRU PDVV SURGXFWLRQ� 7R\DPD >�@ GHYHORSHG D VSKHULFDO

XOWUDVRQLF PRWRU LQ ZKLFK WKUHH RU IRXU ULQJ�VKDSHG VWDWRUV



�YLEUDWRUV� DUH DUUDQJHG DURXQG D VSKHULFDO URWRU LQ RUGHU
WR JHQHUDWH D WKUHH� RU WZR�'2) PRWLRQ� +RZHYHU� WKH
XQXVHG VWDWRUV JHQHUDWH WKH H[FHVV ORDG DQG KHDW ZKHQ
RWKHU VWDWRU LQ FRQWDFW ZLWK WKH URWRU LV YLEUDWLQJ�

1DNDPXUD >��@ SURSRVHG D EDU�VKDSHG XOWUDVRQLF PRWRU
FDSDEOH RI JHQHUDWLQJ D WKUHH�'2) PRWLRQ� ,W JHQHUDWHV
WKUHH�'2) DFWXDWLRQ XVLQJ RQO\ RQH VWDWRU� KRZHYHU� WKH
VWUXFWXUH RI WKH VWDWRU DQG WKH FRQWDFW SRLQWV EHWZHHQ WKH

VWDWRU�URWRU DUH QRW RSWLPL]HG� $XWKRUV >��@ GHYHORSHG D
EDU�VKDSHG XOWUDVRQLF PRWRU FDSDEOH RI JHQHUDWLQJ D
PXOWL�'2) PRWLRQ XVLQJ RQH VWDWRU� DQG FRQILUPHG LWV
EDVLF FKDUDFWHULVWLFV� +RZHYHU� WKH GULYLQJ FKDUDFWHULVWLFV

DQG WKH PHWKRG WR FRQWURO WKH PRWRU ZHUH QRW FOHDU
HQRXJK WR PDNH WKH PRWRU SUDFWLFDEOH� 6R� ZH SURYLGH WKH
URWDWLRQDO D[HV RI WKH URWRU DURXQG RQH D[LV WKDW LV
SHUSHQGLFXODU WR WKH VWDWRU¶V JHRPHWULFDO D[LV� DQG VWXG\

WKH GULYLQJ FKDUDFWHULVWLFV DQG WKH PHWKRG WR FRQWURO� 7KH
UHDVRQ WR FKRRVH WKH URWDWLRQ DURXQG WKH D[LV DV PHQWLRQHG
DERYH LV WKDW LWV GULYLQJ SULQFLSOH LV D QHZ LGHD LQ WKH
KLVWRU\ RI XOWUDVRQLF PRWRUV� )XUWKHUPRUH� WKH URWDWLRQ

DURXQG WKH D[LV WKDW LV SHUSHQGLFXODU WR WKH VWDWRU¶V
JHRPHWULF D[LV� WKH HOERZ�VKDSHG EHQG� LV GLIIHUHQW IURP
WKH PRWLRQ SDWWHUQV RI JHQHUDO HOHFWURPDJQHWLF PRWRUV� ,W
LV SURILWDEOH IRU WKH GHYHORSPHQW RI WKH URERWLFV LQ LWVHOI�

,Q WKH SUHVHQW SDSHU� WKH GULYLQJ SULQFLSOH DQG WKH

JHRPHWU\ RI WKH XOWUDVRQLF PRWRU DUH GHVFULEHG LQ FKDSWHU
� DQG �� UHVSHFWLYHO\� 7KH GULYLQJ FKDUDFWHULVWLFV DQG
FRQWURO FKDUDFWHULVWLFV RI WKH PRWRU DUH JLYHQ LQ FKDSWHU �
DQG �� UHVSHFWLYHO\� 7KHQ� LQ FKDSWHU �� WKH FRQFOXVLRQ DQG
WKH DSSOLFDWLRQ RI WKH XOWUDVRQLF PRWRU DUH VKRZQ�

�� 'ULYLQJ 3ULQFLSOH

7KH XOWUDVRQLF PRWRU LV D IULFWLRQDOO\ GULYHQ PRWRU� ,W

XVXDOO\ FRQVLVWV RI D VWDWRU DQG D URWRU� 7KH HQHUJ\ RI WKH
QDWXUDO YLEUDWLRQ RI WKH VWDWRU LV WUDQVPLWWHG WR WKH URWDWLRQ
RI WKH URWRU E\ WKH IULFWLRQDO IRUFH EHWZHHQ WKH VWDWRU DQG
WKH URWRU�

7KH PXOWL�'2) XOWUDVRQLF PRWRU ZH GHYHORSHG
FRQVLVWV RI D EDU�VKDSHG VWDWRU DQG D VSKHULFDO URWRU DV
VKRZQ LQ )LJXUH �� 7KUHH D[HV VKRZQ LQ )LJ� � DUH
FRPPRQ E\ XVH LQ WKLV SDSHU� 7KH PXOWL�'2) XOWUDVRQLF

PRWRU FDQ JHQHUDWH WKH URWDWLRQV RI WKH VSKHULFDO URWRU
DURXQG [�� \� DQG ]�D[LV� 7KH GULYLQJ SULQFLSOH LV VKRZQ LQ
)LJXUH �� )LJ� � �D� VKRZV WKH QDWXUDO YLEUDWLQJ PRGHV RI
WKH VWDWRU XVHG ZKHQ WKH URWRU URWDWHV DURXQG ]�D[LV�

)LJXUHV �L� DQG �LLL� VKRZ WKH VHFRQG EHQGLQJ PRGH RI WKH
VWDWRU LQ ]�[ SODQH �PRGH $�� DQG ILJXUHV �LL� DQG �LY� VKRZ
WKH VHFRQG EHQGLQJ PRGH RI WKH VWDWRU LQ \�] SODQH �PRGH
%�� :KHQ WKHVH WZR QDWXUDO YLEUDWLQJ PRGHV� $ DQG %� DUH

FRPELQHG ZLWK WKH SKDVH GLIIHUHQFH RI �� GHJUHHV� WKH WLS
RI WKH VWDWRU URWDWHV DURXQG ]�D[LV� 7KHQ� WKH VSKHULFDO
URWRU LQ FRQWDFW ZLWK WKH VWDWRU¶V KHDG DOVR URWDWHV DURXQG
]�D[LV E\ WKH IULFWLRQDO IRUFH� )LJ� � �E� VKRZV WKH QDWXUDO

YLEUDWLQJ PRGHV RI WKH VWDWRU XVHG ZKHQ WKH URWRU URWDWHV
DURXQG [�D[LV� )LJXUHV �L� DQG �LLL� VKRZ WKH ILUVW
ORQJLWXGLQDO PRGH RI WKH VWDWRU DORQJ ]�D[LV �PRGH &�� DQG
ILJXUHV �LL� DQG �LY� VKRZV WKH VHFRQG EHQGLQJ PRGH RI WKH
VWDWRU LQ \�] SODQH �PRGH %�� :KHQ WKHVH WZR QDWXUDO

YLEUDWLQJ PRGHV� % DQG &� DUH FRPELQHG ZLWK WKH SKDVH
GLIIHUHQFH RI �� GHJUHHV� WKH WLS RI WKH VWDWRU URWDWHV
DURXQG [�D[LV� 7KHQ� WKH VSKHULFDO URWRU LQ FRQWDFW ZLWK WKH
VWDWRU¶V KHDG DOVR URWDWHV DURXQG [�D[LV E\ WKH IULFWLRQDO
IRUFH� DV ZHOO� 7KH URWRU URWDWHV DURXQG \�D[LV� ZKHQ PRGH
$ DQG PRGH & DUH FRPELQHG LQ WKH VDPH ZD\ DV )LJ� � �E��

�LY�0RGH %�LL�0RGH %
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0RGH $ � %HQGLQJ PRGH LQ ]�[ S ODQH

0RGH % � %HQGLQJ PRGH LQ \�] S ODQH

0RGH & � /RQJLWXGLQDO PRGH DORQJ ] D[LV

)LJXUH � � 'ULYLQJ SULQFLSOH RI WKH XOWUDVRQLF PRWRU
FDSDEOH RI JHQHUDWLQJ D PXOWL�'2) PRWLRQ

]

\

[

6SKHLFDO URWRU

%DU�VKDSHG 6WDWRU

)LJXUH � � (QWLUH YLHZ RI WKH XOWUDVRQLF PRWRU

FDSDEOH RI JHQHUDWLQJ D PXOWL�'2) PRWLRQ



7KH SRLQW WR QRWLFH LV WKDW WKH QDWXUDO IUHTXHQFLHV RI WKHVH
WKUHH QDWXUDO YLEUDWLQJ PRGHV� $� % DQG &� VKRXOG
FRUUHVSRQG�

�� *HRPHWU\

7KH QDWXUDO IUHTXHQFLHV RI WKH VHFRQG EHQGLQJ PRGHV
DQG WKH ILUVW ORQJLWXGLQDO PRGH RI WKH EDU�VKDSHG VWDWRU

VKRXOG FRUUHVSRQG� DV PHQWLRQHG DERYH� 6R� ZH GHVLJQHG
WKH VWDWRU E\ FDOFXODWLQJ WKH QDWXUDO YLEUDWLQJ PRGHV DQG
WKH QDWXUDO IUHTXHQFLHV XVLQJ D ILQLWH HOHPHQW DQDO\VLV�
)LJXUH � LV WKH FRQILJXUDWLRQ RI WKH XOWUDVRQLF PRWRU ZH
GHYHORSHG� 7KH VWDWRU FRQVLVWV RI WKH PHWDO ULQJV�
ULQJ�VKDSHG SLH]RHOHFWULF FHUDPLFV DQG VKDIW� 7KH
SLH]RHOHFWULF FHUDPLFV DUH XVHG WR H[FLWH WKH QDWXUDO
YLEUDWLRQV RI WKH VWDWRU� 7KH VKDIW LV VFUHZHG XS LQWR WKH

KHDG� 7KH WLS RI WKH FURVV�VKDSHG VXSSRUW SODWH LV IL[HG WR
KROG WKH VWDWRU� 7KH GLDPHWHU DQG WKH KHLJKW RI WKH VWDWRU
DUH �� PP DQG ����� PP� UHVSHFWLYHO\� 7KH GLDPHWHU RI
WKH VSKHULFDO URWRU LV �� PP� DV ZHOO�

,Q RUGHU WR PHDVXUH WKH FKDUDFWHULVWLFV RI WKH

PXOWL�'2) XOWUDVRQLF PRWRU SUHFLVHO\� ZH SURYLGH WKH

URWDWLRQDO D[LV RI WKH VSKHULFDO URWRU DURXQG RQH D[LV WKDW
LV SHUSHQGLFXODU WR WKH VWDWRU¶V D[LV� )LJXUH � LV WKH
VWUXFWXUH RI WKH GHYLFH WR PHDVXUH WKH FKDUDFWHULVWLFV RI
WKH PXOWL�'2) XOWUDVRQLF PRWRU DURXQG [�D[LV� 7KH
QRUPDO ORDG EHWZHHQ WKH VWDWRU DQG WKH URWRU LV JDLQHG E\

WKH FRLO VSULQJ DUUDQJHG XQGHU WKH SHGHVWDO� 7KH QRUPDO
ORDG LV DGMXVWHG E\ WXUQLQJ WKH VFUHZ VKRZQ LQ )LJ� �� 7KH
URWDWLRQDO VSHHG LV PHDVXUHG XVLQJ DQ RSWLFDO HQFRGHU
FRQQHFWHG WR WKH URWDWLRQDO D[LV� 7KH RXWSXW WRUTXH LV

PHDVXUHG E\ D ZHLJKW DWWDFKHG WR D VWULQJ WKDW LV UHHOHG WR
D SXOOH\�

�� 'ULYLQJ &KDUDFWHULVWLFV

'ULYLQJ FKDUDFWHULVWLFV RI WKH PXOWL�'2) XOWUDVRQLF
PRWRU DURXQG [�D[LV DUH PHDVXUHG XVLQJ WKH GHYLFH VKRZQ
LQ )LJ� �� 7KH H[SHULPHQWDO UHVXOWV RI WKH GULYLQJ

FKDUDFWHULVWLFV RI WKH XOWUDVRQLF PRWRU DUH GHVFULEHG DV
IROORZV�

���� I�1 &XUYH
+HUH VKRZV WKH UHODWLRQVKLS EHWZHHQ WKH IUHTXHQF\ RI

DQ LQSXW VLJQDO DQG WKH URWDWLRQDO VSHHG RI WKH URWRU

DURXQG [�D[LV �I�1 FXUYH�� $PSOLWXGH RI WKH LQSXW VLJQDO WR
H[FLWH WKH VHFRQG EHQGLQJ PRGH LV �� 9S�S� DQG RQH WR
H[FLWH WKH ILUVW ORQJLWXGLQDO PRGH LV �� 9S�S� $ SKDVH
GLIIHUHQFH EHWZHHQ WKHVH WZR LQSXW VLJQDOV LV �� GHJUHHV�
7KH URWDWLRQDO VSHHG RI WKH URWRU LV PHDVXUHG FRQWLQXRXVO\�
ZKLOH WKH IUHTXHQFLHV RI WKH LQSXW VLJQDOV DUH VZHSW IURP
�� N+] WR �� N+] LQ �� V� 7KH PHDVXUHG I�1 FXUYHV DUH
VKRZQ LQ )LJXUH �� )LJ� � �D���H� DUH ZKHQ WKH QRUPDO ORDG

EHWZHHQ WKH VWDWRU DQG WKH URWRU LV �� 1� � 1� � 1� � 1 DQG
� 1� UHVSHFWLYHO\� 7KH YLEUDWLRQV RI FXUYHV GHSHQG RQ WKH

5HVLQ ULQJ

+HDG

5LQJ �

5LQJ �

5LQJ �

6XSSRUW SODWH

,VRODWLRQ SODWH

(OHFWURGH

3=7 IRU VHQVRU

3=7 IRU ORQJLWXGLQDO PRGH

6KDIW

(OHFWURGH

(OHFWURGH

,VRODWLRQ SODWH

3=7 IRU EHQGLQJ PRGH

6SKHULFDO URWRU

)LJXUH � � &RQILJXUDWLRQ RI WKH XOWUDVRQLF PRWRU

FDSDEOH RI JHQHUDWLQJ D PXOWL�'2) PRWLRQ

6WDWRU5RWRU(QFRGHU 3XOOH\

&RLO VSULQJ3HGHVWDO 6FUHZ

)LJXUH � � 'HYLFH WR SURYLGH WKH URWDWLRQDO D[LV RI WKH

VSKHULFDO URWRU DURXQG [�D[LV



HUURU RI SURFHVVLQJ� ,W LV VHHQ IURP )LJ� � WKDW WKH
PD[LPXP YDOXHV RI WKH URWDWLRQDO VSHHG GR QRW FKDQJH D
ORW ZKLOH WKH QRUPDO ORDG EHWZHHQ WKH VWDWRU DQG WKH URWRU
LV FKDQJHG IURP �� 1 WR � 1� ,W LV DOVR VHHQ WKDW WKH UDQJH

RI WKH IUHTXHQF\ ZKHUH WKH PRWRU FDQ EH GULYHQ VWDEO\ LV
ZLGH ZKHQ WKH ORDG LV VPDOO�

���� 7�1 &XUYH
+HUH VKRZV WKH UHODWLRQVKLS EHWZHHQ WKH WRUTXH DQG

WKH URWDWLRQDO VSHHG RI WKH URWRU DURXQG [�D[LV �7�1 FXUYH��

$PSOLWXGH RI WKH LQSXW VLJQDO WR H[FLWH WKH VHFRQG EHQGLQJ
PRGH LV �� 9S�S DQG RQH WR H[FLWH ILUVW ORQJLWXGLQDO PRGH
LV �� 9S�S� 7KH SKDVH GLIIHUHQFH EHWZHHQ WKHVH WZR LQSXW
VLJQDOV LV �� GHJUHHV� WKH VDPH FRQGLWLRQ DV WKDW IRU

PHDVXULQJ WKH I�1 FXUYH� 7KH WRUTXH LV PHDVXUHG XVLQJ WKH
ZHLJKWV DWWDFKHG WR WKH SXOOH\ VKRZQ LQ )LJ� �� 7KH
IUHTXHQFLHV RI WKH LQSXW VLJQDOV DUH HTXDO WR WKH QDWXUDO
IUHTXHQFLHV RI WKH VHFRQG EHQGLQJ PRGH DQG WKH ILUVW
ORQJLWXGLQDO PRGH RI WKH VWDWRU� 7KH PHDVXUHG 7�1 FXUYH
LV VKRZQ LQ )LJXUH �� ,W LV VHHQ IRUP )LJ� � WKDW WKH
URWDWLRQDO VSHHG GHFUHDVHV ZKHQ WKH WRUTXH LQFUHDVHV� DQG
WKDW WKH PD[LPXP WRUTXH LQFUHDVHV ZKHQ WKH QRUPDO ORDG

EHWZHHQ WKH VWDWRU DQG WKH URWRU LQFUHDVHV� 7KH PD[LPXP
YDOXHV RI WKH URWDWLRQDO VSHHG DQG WKH WRUTXH XQGHU WKH
SUHVHQW FRQGLWLRQ DUH ��� USP DQG � P1P� UHVSHFWLYHO\�

�� &RQWURO &KDUDFWHULVWLFV

,W LV VHHQ IURP )LJ� � WKDW WKH URWDWLRQDO VSHHG RI WKH
URWRU FDQ EH FRQWUROOHG E\ FKDQJLQJ WKH IUHTXHQF\ RI WKH

LQSXW VLJQDO� 6R� ZH FRQWURO WKH URWDWLRQDO VSHHG RI WKH
URWRU E\ FKDQJLQJ WKH IUHTXHQF\ RI WKH LQSXW VLJQDO� 7KH
IUHTXHQF\ RI WKH LQSXW VLJQDO DUH FKDQJHG DV�
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ZKHUH� IQH[W LV D IUHTXHQF\ RI DQ LQSXW VLJQDO LQ WKH QH[W
VWHS� IQRZ LV D SUHVHQW IUHTXHQF\ RI DQ LQSXW VLJQDO� .S LV D
SURSRUWLRQDO JDLQ� 1QRZ LV D SUHVHQW URWDWLRQDO VSHHG DQG

1WDUJHW LV D WDUJHW URWDWLRQDO VSHHG� 7KH DPSOLWXGH RI WKH
LQSXW VLJQDOV WR H[FLWH WKH VHFRQG EHQGLQJ PRGH DQG WKH
ILUVW ORQJLWXGLQDO PRGH DUH �� 9S�S DQG �� 9S�S�
UHVSHFWLYHO\� 7KH SKDVH GLIIHUHQFH EHWZHHQ WKHVH WZR

LQSXW VLJQDOV LV �� GHJUHHV� 7KH QRUPDO ORDG EHWZHHQ WKH
VWDWRU DQG WKH URWRU LV � 1� 7KH WDUJHW URWDWLRQDO VSHHG LV
��� USP�

7KH H[SHULPHQWDO UHVXOWV RI WKH VWHS UHVSRQVH DUH
VKRZQ LQ )LJXUH �� )LJ� � �D���H� VKRZ UHVXOWV ZKHQ .S LV
HTXDO WR ���� ���� ���� ��� DQG ����� UHVSHFWLYHO\� )LJ� �
VKRZV WKDW WKH URWDWLRQDO VSHHGV FRQYHUJH WR WKH VWHDG\
VWDWH� ��� USP� DIWHU D VXIILFLHQW WLPH� 7KH UHVSRQVH WLPH

LV LPSURYHG DV .S LQFUHDVHV� )LJXUH � LV WKH PHDVXUHG
UHVSRQVH WLPH ZKHQ .S LV YDULHG� 7KH UHVSRQVH WLPH
GHFUHDVHV VKDUSO\ DV .S LQFUHDVHV� +RZHYHU� WKH RYHUVKRRW
LV VHHQ ZKHQ .S LV HTXDO WR ���� DV VKRZQ LQ )LJ� � �H�� ,Q

WKH IXWXUH VWXG\� WKH GHULYDWLYH FRPSRQHQW PXVW EH DGGHG
WR WKH HTXDWLRQ ��� WR UHGXFH WKH RYHUVKRRW� ,Q )LJ� �� WKH
VWHDG\�VWDWH HUURU GRHV QRW WDNH SODFH� +RZHYHU� WKHUH
UHPDLQV WKH YLEUDWLRQ DURXQG ��� USP� ,W LV GXH WR WKH
VWHDG\�VWDWH YLEUDWLRQ DQG WKH HFFHQWULFLW\ RI WKH URWRU�

�� &RQFOXVLRQ

,Q WKH SUHVHQW VWXG\� WKH FKDUDFWHULVWLFV RI WKH
PXOWL�'2) XOWUDVRQLF PRWRU DUH PHDVXUHG SUHFLVHO\� )LUVW�
ZH PDGH D PHDVXULQJ GHYLFH WKDW SURYLGHV WKH URWDWLRQDO
D[LV RI WKH VSKHULFDO URWRU DURXQG [�D[LV� LQ RUGHU WR
PHDVXUH WKH FKDUDFWHULVWLFV RI WKH VSKHULFDO URWRU DURXQG

[�D[LV� 1H[W� WKH GULYLQJ DQG FRQWURO FKDUDFWHULVWLFV RI WKH
VSKHULFDO URWRU DURXQG [�D[LV DUH PHDVXUHG XVLQJ WKH
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)LJXUH � � &RQWURO FKDUDFWHULVWLFV RI WKH XOWUDVRQLF
PRWRU DURXQG [�D[LV
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)LJXUH � � 5HODWLRQVKLS EHWZHHQ .S DQG
WKH UHVSRQVH WLPH



GHYLFH PHQWLRQHG DERYH� 7KH UHVXOW RI WKH SUHVHQW VWXG\
VKRXOG EH H[WHQGHG WR WKH PXOWL�'2) GULYH RI WKH PRWRU
LQ RXU IXWXUH VWXGLHV�

$IWHU DFKLHYLQJ WKH PXOWL�'2) SRVLWLRQ FRQWURO RI WKH
VSKHULFDO URWRU� ZH ZLOO DSSO\ WKH PXOWL�'2) XOWUDVRQLF
PRWRU WR WKH IRUFHSV IRU D ODSDURVFRSLF VXUJHU\� 7KH LPDJH
ILJXUH RI WKH PXOWL�'2) IRUFHSV ZH SURSRVH LV VKRZQ LQ

)LJXUH �� 7KH PXOWL�'2) IRUFHSV FDQ JHQHUDWH WKH PRWLRQ
VLPLODU WR WKDW RI KXPDQ ZULVWV E\ XVLQJ WKH PXOWL�'2)
XOWUDVRQLF PRWRU DQG FDQ JHQHUDWH WKH JUDVSLQJ PRWLRQ E\
XVLQJ D VROHQRLG VKRZQ LQ )LJ� �� 7KHQ WKH GH[WHURXV

PDQLSXODWLRQ XQGHU WKH ODSDURVFRSLF VXUJHU\ FDQ EH
DFKLHYHG� FRQVHTXHQWO\�

5HIHUHQFHV

>�@ 7� <DQR� 0XOWL�'2) $FWXDWRUV� -� 5RERWLFV 6RFLHW\
RI -DSDQ� YRO� ��� QR��� SS� �������� ����� �LQ
-DSDQHVH�

>�@ 7� <DQR� $Q $FWXDWRU :LWK 0XOWL 'HJUHH RI )UHHGRP
+DYLQJ DQ ,GHQWLFDO &HQWHU RI 5RWDWLRQ ���WK 5HSRUW�
5HDO 7LPH &RQWURO RI WKH �' VWHSSLQJ PRWRU

ZLWKMR\VWLFN� 3URF� ��WK $QQXDO &RQI� 5RERWLFV
6RFLHW\ RI -DSDQ� YRO� �� SS��������� ����� �LQ
-DSDQHVH�

>�@ 5� 5RWK DQG .RN�0HQJ /HH� 'HVLJQ 2SWLPL]DWLRQ RI

D 7KUHH 'HJUHHV�RI�)UHHGRP 9DULDEOH�5HOXFWDQFH
6SKHULFDO :ULVW 0RWRU� 7UDQV� $60(� YRO� ���� SS�
�������� �����

>�@ .� 6DVDH� HW DO� 'HYHORSPHQW RI D 6PDOO $FWXDWRU

ZLWK 7KUHH 'HJUHHV RI 5RWDWLRQDO )UHHGRP ��QG

UHSRUW� �6LPXODWLRQ DQG ([SHULPHQW RI D )ULFWLRQ
'ULYH�� -� -DSDQ 6RFLHW\ RI 3UHFLVLRQ (QJLQHHULQJ�
YRO���� QR��� ����� �LQ -DSDQHVH�

>�@ ,� 2NXPXUD� $ 'HVLJQ 0HWKRG RI D %DU�7\SH
8OWUDVRQLF 0RWRU IRU $XWRIRFXV /HQVHV� 3URF�
,)7R00�MF ,QWO� 6\PS� RQ 7KHRU\ RI 0DFKLQHV DQG
0HFKDQLVPV� SS� ������ �����

>�@ .� 1DNDPXUD HW DO�� 8OWUDVRQLF 0RWRU 8VLQJ )UHH
%HQGLQJ 9LEUDWLRQ RI D 6KRUW &\OLQGHU� -RXUQDO RI
WKH $FRXVWLFDO 6RFLHW\ RI -DSDQ� SS� �������� �����
�LQ -DSDQHVH�

>�@ 7� )XQDNXER HW DO�� 8OWUDVRQLF /LQHDU 0RWRU 8VLQJ
0XOWLOD\HU 3LH]RHOHFWULF $FWXDWRUV� -DSDQHVH -RXUQDO
RI $SSOLHG 3K\VLFV� YRO���� SDUW �� QR� �%� SS�
���������� �����

>�@ 5� %DQVHYLFLXV� 3LH]RHOHFWULF 0XOWL�GHJUHH RI

)UHHGRP $FWXDWRUV�6HQVRUV� 3URF� �UG ,QWHUQDWLRQDO
&RQIHUHQFH RQ 0RWLRQ DQG 9LEUDWLRQ &RQWURO� SS�
.��.��� �����

>�@ 6� 7R\DPD HW DO�� 'HYHORSPHQW RI DQ $FWXDWRU IRU D
5RERWLF 0DQLSXODWRU ZLWK 8OWUDVRQLF 0RWRU ±�QG

'HYHORSPHQW RI 3URWRW\SDO 6SKHULFDO 8OWUDVRQLF
0RWRU�� -RXUQDO RI WKH 5RERWLFV 6RFLHW\ RI -DSDQ�
9RO� ��� 1R� �� SS� �������� ����� �LQ -DSDQHVH�

>��@ .� 1DNDPXUD HW DO�� 'HVLJQV RI DQ 8OWUDVRQLF
$FWXDWRU ZLWK 0XOWL�GHJUHH RI IUHHGRP XVLQJ
%HQGLQJ DQG /RQJLWXGLQDO 9LEUDWLRQV �,,�� -RXUQDO RI
WKH $FRXVWLFDO 6RFLHW\ RI -DSDQ� SS� �������� ����

�LQ -DSDQHVH�
>��@ .� 7DNHPXUD� 1� .RMLPD DQG 7� 0DHQR�

'HYHORSPHQW RI D %DU�6KDSHG 8OWUDVRQLF 0RWRU IRU
7KUHH 'HJUHHV�RI�)UHHGRP 0RWLRQ� 3URF� �WK

,QWHUQDWLRQDO &RQIHUHQFH RQ 0RWLRQ DQG 9LEUDWLRQ
&RQWURO� SS� �������� �����

*UDVSLQJ KDQG

6WDWRU

6ROHQRLG

5RWRU

)LJXUH � � ,PDJH ILJXUH RI D PXOWL�'2) IRUFHSV


