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0ODGHQ 9XFLF DQG +UYRMH %DELF

)DFXOW\ RI (OHFWULFDO (QJLQHHULQJ DQG &RPSXWLQJ

8QVND �� =DJUHE� +5������ &URDWLD

$%675$&7

$ FODVV RI RSWLPXP ,,5 GLVFUHWH WLPH V\VWHPV EDVHG RQ WKH

LPSXOVH UHVSRQVH V\PPHWU\ FULWHULRQ LV SUHVHQWHG� 2SWLPL]DWLRQ

RI UDWLRQDO WUDQVIHU IXQFWLRQ SDUDPHWHUV RI WKH VHFRQG WR WKH WHQWK

RUGHU� ZLWK �L� ]HURV DW WKH RULJLQ DQG �LL� ]HURV ORFDWHG RQ WKH UHDO

D[LV� LV FDUULHG RXW� 7KH RSWLPXP V\VWHPV KDYH WKH VPDOOHVW

V\PPHWU\ HUURU IRU D JLYHQ V\VWHP RUGHU� ,Q WKH IUHTXHQF\

GRPDLQ WKH\ DSSUR[LPDWH D FRQVWDQW JURXS GHOD\ DQG KDYH D

TXDVL JDXVVLDQ DPSOLWXGH UHVSRQVH� 7KH ILOWHU GHVLJQ SURFHGXUH LV

RXWOLQHG� 7KH LPSXOVH LQYDULDQFH PHWKRG EDVHG RQ FRQWLQXRXV

WLPH V\VWHPV ZLWK V\PPHWULF LPSXOVH UHVSRQVH >�@ LV DOVR

FRQVLGHUHG�

�� ,1752'8&7,21

,Q WKH GLVFUHWH WLPH V\VWHPV WKH ILQLWH LPSXOVH UHVSRQVH �),5� LV

SRVVLEOH� ZKDW HQDEOHV UHDOL]DWLRQ RI FDXVDO V\VWHPV ZLWK D

V\PPHWULF LPSXOVH UHVSRQVH DQG DQ LGHDO OLQHDU SKDVH� 7KH

UHDOL]DWLRQ RI ),5 ILOWHUV W\SLFDOO\ UHTXLUHV TXLWH D ODUJH QXPEHU

RI PHPRU\ ORFDWLRQV DQG PXOWLSOLFDWLRQV� ,Q SUDFWLFDO

DSSOLFDWLRQV� KRZHYHU� DQ LGHDO OLQHDU SKDVH V\VWHP LV QRW DOZD\V

QHFHVVDU\� 7KLV PHDQV WKDW ,,5 V\VWHPV ZLWK DSSUR[LPDWHO\

V\PPHWULF LPSXOVH UHVSRQVH RU DSSUR[LPDWH OLQHDU SKDVH ZLOO

KDYH DSSOLFDWLRQ LQ SDUWLFXODU� EHFDXVH WKH\ DUH FRPSXWDWLRQDOO\

PRUH HIILFLHQW WKDQ ),5 ILOWHUV�

7KH ILQLWH RUGHU V\VWHPV EDVHG RQ GHVLJQ UHTXLUHPHQW LQ WKH WLPH

DUH� JHQHUDOO\� GLIIHUHQW IURP WKRVH EDVHG RQ WKH IUHTXHQF\

GRPDLQ FULWHULRQ� 7KHUHIRUH ZH KDYH UHFHQWO\ XVHG WKH V\PPHWULF

LPSXOVH UHVSRQVH DV WKH GHVLJQ FULWHULRQ IRU FRQWLQXRXV V\VWHPV

>�@� ,Q WKLV SDSHU ZH ZLOO RSWLPL]H ,,5 ILOWHU WUDQVIHU IXQFWLRQV WR

REWDLQ PD[LPXP LPSXOVH UHVSRQVH V\PPHWU\ IRU D JLYHQ V\VWHP

RUGHU�

�� ,038/6( 5(63216( 6<00(75<

7KH GLVFUHWH IRUP RI LPSXOVH UHVSRQVH V\PPHWU\ HUURU LV JLYHQ
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ZKHUH K�Q� LV ILOWHU LPSXOVH UHVSRQVH� 6\PPHWU\ OLQH LV SODFHG

EHWZHHQ VDPSOHV 6�� DQG 6� $UUDQJLQJ ���� ZH REWDLQ
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6XPPDWLRQ (� UHSUHVHQWV WKH HQHUJ\ RI WKH LPSXOVH UHVSRQVH WR

ZKLFK V\PPHWU\ HUURU LV QRUPDOL]HG� 7KXV� WKH HUURU RI WKH

LPSXOVH UHVSRQVH V\PPHWU\ ZLOO EH JLYHQ E\
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7KH FULWHULRQ ( ZLOO EH H[SUHVVHG E\ WUDQVIHU IXQFWLRQ SROHV DQG

]HURV DQG XVHG DV D JRDO IXQFWLRQ LQ WKH RSWLPL]DWLRQ SURFHVV� )RU

WKH 1�WK RUGHU V\VWHP WKH WUDQVIHU IXQFWLRQ LV JLYHQ E\
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ZKHUH GL DQG FN DUH WUDQVIHU IXQFWLRQ SROHV DQG ]HURV� ,I WKH SROHV

DUH VLPSOH DQG 0d1� WKH LPSXOVH UHVSRQVH FDQ EH H[SUHVVHG DV
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$V WKH JRDO IXQFWLRQ YDULDEOHV� WKH UHDO DQG LPDJLQDU\ SDUW RI

SROHV DQG ]HURV ZHUH XVHG� )LQDOO\� WKH RSWLPXP SROHV DQG ]HURV
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)LJXUH �� 6\PPHWU\ HUURU RI RSWLPL]HG V\VWHPV ZLWK �L�

DOO ]HURV DW WKH RULJLQ DQG �LL� 1�� UHDO ]HURV�
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)LJXUH �� 3ROH ORFDWLRQV RI WKH RSWLPXP V\VWHP ZLWK DOO

]HURV DW WKH RULJLQ� 6 ���

)RU VHDUFKLQJ PLQLPXP D 4XDVL�1HZWRQ PHWKRG ZLWK %)*6

IRUPXOD IRU +HVVLDQ PDWUL[ XSGDWH ZDV XVHG >�@� ,Q HDFK

LWHUDWLRQ� D ELVHFWLRQ W\SH OLQH VHDUFK ZDV SHUIRUPHG IROORZHG E\

TXDGUDWLF LQWHUSRODWLRQ� ,Q VLWXDWLRQV ZKHQ +HVVLDQ PDWUL[ KDG

LUUHJXODU LQYHUVH� D JUDGLHQW PHWKRG ZDV IRUFHG E\ VHWWLQJ

+HVVLDQ PDWUL[ WR LGHQWLW\�

7KH RSWLPL]DWLRQ SURFHGXUH ZDV SHUIRUPHG IRU WKH VHFRQG WR WKH

WHQWK RUGHU WUDQVIHU IXQFWLRQV� ZLWK 6 � WR 6 ���

�� 237,080 ),/7(56 :,7+ $// =(526 $7

7+( 25,*,1

)LUVW ZH RSWLPL]HG WUDQVIHU IXQFWLRQ ZLWK DOO ]HURV �0 1� DW WKH

RULJLQ RI WKH ]�SODQH� ZKLFK LV HTXLYDOHQW WR WKH DOO SROH WUDQVIHU

IXQFWLRQ LQ WKH FRQWLQXRXV V\VWHPV� 7KH UHVXOWV RI RSWLPL]DWLRQ

DUH QXPHULFDO YDOXHV RI WKH WUDQVIHU IXQFWLRQ SROHV� 7KH REWDLQHG

V\PPHWU\ HUURU LV JHQHUDOO\ VPDOOHU IRU KLJKHU V\VWHP RUGHU DV

VKRZQ LQ )LJXUH ��� E\ WKH GLDJUDP �L��

3ROH SRVLWLRQV� DV DQ H[DPSOH� IRU RUGHU 1 �� � DQG �� DQG 6 ���

DUH JLYHQ LQ )LJXUH �� ,W LV LQWHUHVWLQJ WR QRWH WKDW SROHV DUH YHU\

QHDUO\ HTXLGLVWDQW LQ WKH IUHTXHQF\�
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)LJXUH �� ,PSXOVH UHVSRQVHV RI WKH RSWLPXP V\VWHPV

ZLWK DOO ]HURV DW WKH RULJLQ� 6 ���
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)LJXUH �� $PSOLWXGH UHVSRQVH RI WKH RSWLPXP V\VWHP

ZLWK DOO ]HURV DW WKH RULJLQ� 6 ���

7KH LPSXOVH UHVSRQVHV RI WKH RSWLPXP V\VWHPV DUH JLYHQ LQ

)LJXUH �� 7KH\ DUH TXDVL JDXVVLDQ UHVSRQVHV ZLWK EHWWHU V\PPHWU\

DQG VPDOOHU ULQJLQJ IRU ODUJHU V\VWHP RUGHU� 1� 'HOD\ RI WKH

UHVSRQVH LV 6����� ZKLOH WKH OHQJWK LV SUDFWLFDOO\ / �6���

7KH DPSOLWXGH UHVSRQVH LQ G% LV JLYHQ YHUVXV IUHTXHQF\ LQ OLQHDU

VFDOH LQ WKH )LJXUH �� ,W LV SRVVLEOH WR VHH SDUDEROLF FKDUDFWHU RI

WKH DWWHQXDWLRQ WKURXJKRXW WKH EDQG XS WR �Z�G%� 7KLV PHDQV WKDW

GRPLQDQW SDUW RI WKH IUHTXHQF\ UHVSRQVH DSSUR[LPDWH JDXVVLDQ

UHVSRQVH�

7KH JURXS GHOD\ FXUYHV DSSUR[LPDWH D FRQVWDQW ZLWK D ULSSOH� DV

VKRZQ LQ )LJXUH �� 7KH ULSSOH� KRZHYHU� IRU D JLYHQ 1 LV QRW

HTXDO� EXW LW LV LQFUHDVLQJ ZLWK WKH IUHTXHQF\� $SSDUHQWO\� D ODUJHU

JURXS GHOD\ HUURU LV WROHUDEOH LQ WKH IUHTXHQF\ UHJLRQ ZKHUH

DPSOLWXGH DWWHQXDWLRQ LV KLJK�

*HQHUDOO\� SURSHUWLHV RI WKH REWDLQHG V\VWHPV DUH VLPLODU WR WKH

FRQWLQXRXV WLPH V\VWHPV ZLWK V\PPHWULF LPSXOVH UHVSRQVH

SUHVHQWHG LQ >�@� IRU WKH DOO SROH WUDQVIHU IXQFWLRQV� +HUH ZH KDYH

WUDQVIHU IXQFWLRQV ZLWK PXOWLSOH ]HURV ORFDWHG DW WKH RULJLQ RI WKH

] SODQH� 6XFK SRVLWLRQ RI ]HURV GRHV QRW LQIOXHQFH WKH V\VWHP

UHVSRQVH�
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)LJXUH �� *URXS GHOD\ UHVSRQVH RI WKH RSWLPXP V\VWHP

ZLWK DOO ]HURV DW WKH RULJLQ� 6 ���
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)LJXUH �� $PSOLWXGH UHVSRQVHV RI GLVFUHWH WLPH V\VWHPV

ZLWK DOO ]HURV DW WKH RULJLQ�

�� ),/7(5 '(6,*1

7KH ILOWHU GHVLJQ VWDUWV E\ VHOHFWLRQ RI WKH QHFHVVDU\ V\VWHP RUGHU

1� ZKLFK PLJKW EH EDVHG RQ �D� WROHUDEOH V\PPHWU\ HUURU� RU �E�

DWWHQXDWLRQ DW WKH VWRS EDQG IUHTXHQF\ ZV�

�D� 6\VWHP RUGHU� 1� FDQ EH VHOHFWHG IURP WKH WROHUDEOH V\PPHWU\

HUURU ��� XVLQJ GLDJUDP �L� LQ )LJXUH �� 6\PPHWU\ OLQH� 6� FDQ EH

VHOHFWHG IURP WKH UHTXLUHG LPSXOVH UHVSRQVH OHQJWK / �6��� :H

PD\ FRQVLGHU VXFK ,,5 ILOWHU HTXLYDOHQW WR D JDXVVLDQ ),5 ILOWHU

ZLWK WKH VDPH OHQJWK /�

�E� 'HVLJQ LQ WKH IUHTXHQF\ GRPDLQ VHHPV WR EH FRPSOH[ EHFDXVH

WKHUH DUH D ODUJH QXPEHU RI SRVVLELOLWLHV WR GHVLJQ WKH ILOWHU ZLWK

SUHVFULEHG Z�G%� )RUWXQDWHO\� WKH VHW RI DPSOLWXGH UHVSRQVH

FXUYHV LV SUDFWLFDOO\ LGHQWLFDO IRU YDULRXV 6 ZKHQ JLYHQ YHUVXV

QRUPDOL]HG IUHTXHQF\ Z�Z�G%� DV VKRZQ LQ )LJXUH ��

1RZ� WKH QHFHVVDU\ V\VWHP RUGHU� 1� FDQ EH IRXQG IURP )LJXUH ��

DQG WKH UHTXLUHG DWWHQXDWLRQ DW WKH VWRS EDQG IUHTXHQF\� RU

ZV � Z�G%� 7KH UHTXLUHG 6 FDQ EH IRXQG IURP GLDJUDPV LQ

)LJXUH ��� XVLQJ VHOHFWHG 1 DQG UHTXLUHG Z�G%�
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)LJXUH �� &XWRII IUHTXHQFLHV Z�G%� RI WKH RSWLPXP

V\VWHPV ZLWK DOO ]HURV DW WKH RULJLQ�

:KHQ SDUDPHWHUV 1 DQG 6 DUH NQRZQ� RQO\ RQH UXQ RI WKH

RSWLPL]DWLRQ SURFHVV ��� LV QHFHVVDU\ WR REWDLQ WKH QXPHULFDO

YDOXHV RI SROHV�

�� ,,5 ),/7(56 2%7$,1(' )520 &217,18286

),/7(56

7KH UHFXUVLYH GLJLWDO ILOWHUV FDQ EH GHVLJQHG IURP FRQWLQXRXV

SURWRW\SH XVLQJ WKH LPSXOVH LQYDULDQFH PHWKRG >�@� 7KH ,,5

ILOWHUV ZLWK V\PPHWULF LPSXOVH UHVSRQVH FDQ DOVR EH GHVLJQHG

IURP FRQWLQXRXV SURWRW\SH FDOFXODWHG DQG WDEXODWHG LQ >�@� 7KH

SROH SRVLWLRQ RI WKH ,,5 ILOWHUV DUH HDVLO\ REWDLQHG E\

WUDQVIRUPDWLRQ

7S
L

LHG  � ���

%\ WKLV� ZKHUH SL DUH SURWRW\SH SROHV DQG 7 LV WKH VDPSOLQJ WLPH�

WKH RSWLPL]DWLRQ LV QRW QHFHVVDU\� %HFDXVH WKH VDPSOLQJ WLPH FDQ

EH VHOHFWHG FRQWLQXRXVO\� RQH PD\ KDYH DQ\ GLVWULEXWLRQ RI

VDPSOHV ZLWKLQ D V\PPHWULF HQYHORSH DQG DQ\ GHOD\ RU FXWRII

Z�G%� 7KH LPSXOVH LQYDULDQFH PHWKRG RIIHUV� WKHUHIRUH� PRUH

IOH[LELOLW\ LQ WKH ILOWHU GHVLJQ WKDQ RSWLPXP V\VWHP EDVHG RQ WKH

FULWHULRQ ���� ZKHUH 6 LV DQ LQWHJHU�

7KH DSSOLFDWLRQ RI LPSXOVH LQYDULDQFH PHWKRG RQ WKH DOO SROH

WUDQVIHU IXQFWLRQ RI WKH FRQWLQXRXV V\VWHP JLYHV� DQ ,,5 WUDQVIHU

IXQFWLRQ ZLWK ]HURV VSUHDG DORQJ WKH UHDO D[LV� 7KLV FDXVHV WKH

KLJKHU DWWHQXDWLRQ LQ WKH VWRS EDQG DQG DW WKH 1\TXLVW IUHTXHQF\�

7R LOOXVWUDWH WKLV� WKH IUHTXHQF\ VFDOHV RI WKH RSWLPXP GLVFUHWH

DQG FRQWLQXRXV SURWRW\SH ILOWHU DUH DGMXVWHG WR PHHW DW � G%

FXWRII� )LJXUH ��

7KH SUHVHQFH RI ]HURV RXWVLGH RI WKH RULJLQ PDNHV WKH ILOWHU

UHDOL]DWLRQ PRUH FRPSOH[ WKDQ LQ WKH FDVH ZLWK ]HURV DW WKH

RULJLQ� 7KH VWUXFWXUH FRPSOH[LW\ FDQ EH VRPHZKDW UHGXFHG LI

VRPH ]HURV DUH FORVH WR WKH RULJLQ EHFDXVH WKH\ FDQ EH DVVXPHG

WR EH DW WKH RULJLQ� $OVR� WKH ]HURV IDU DZD\ IURP WKH RULJLQ FDQ

EH FRQVLGHUHG WKDW WKH\ DW LQILQLW\�
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)LJXUH �� $PSOLWXGH UHVSRQVH RI WKH RSWLPXP ILOWHU �L��

FRQWLQXRXV SURWRW\SH� DQG WKH ILOWHU REWDLQHG

E\ LPSXOVH LQYDULDQFH PHWKRG� 1 ��
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)LJXUH �� 3ROH ORFDWLRQV RI WKH RSWLPXP V\VWHP ZLWK

1�� UHDO ]HURV�

$ JRRG LQIOXHQFH RI ]HURV LQ WKH LPSXOVH LQYDULDQFH PHWKRG KDV

VXJJHVWHG WKH RSWLPL]DWLRQ RI ,,5 WUDQVIHU IXQFWLRQV ZLWK DOO ]HURV

RQ WKH UHDO D[LV�

�� 237,080 ,,5 ),/7(56 :,7+ =(526 21

7+( 5($/ $;,6

7KH RSWLPL]DWLRQ SURFHGXUH ZDV DOVR FDUULHG RXW ZLWK 1�� ]HURV

RQ WKH UHDO D[LV DQG RQH ]HUR DW WKH RULJLQ� 7KH RSWLPXP

ORFDWLRQV RI ]HURV DUH YHU\ LQWHUHVWLQJ� $OO 1�� ]HURV DUH YHU\

QHDUO\ HTXDO DQG WKH\ PD\ EH FRQVLGHUHG DV D PXOWLSOH ]HUR� 7KH

]HUR�SROH ORFDWLRQV IRU V\VWHP RUGHUV 1 �� � DQ �� DQG 6 �� DUH

JLYHQ LQ )LJXUH ��� ZKHUH RQH ]HUR LV DW WKH RULJLQ� DQG WKH VHFRQG

]HUR LV RQ WKH UHDO D[LV ZLWK PXOWLSOLFLW\ 1��� DV LW LV VKRZQ LQ

)LJXUH ���

7KH ILOWHU DPSOLWXGH DQG JURXS GHOD\ UHVSRQVHV DUH VRPHZKDW

EHWWHU WKDQ IRU ILOWHU REWDLQHG E\ LPSXOVH LQYDULDQFH PHWKRG� DV

IRU H[DPSOH LV VKRZQ LQ )LJXUH ��� *HQHUDOO\� LPSXOVH LQYDULDQFH

PHWKRG JLYHV 1\TXLVW DWWHQXDWLRQ KDOI ZD\ EHWZHHQ

DQDORJ SURWRW\SH

RSWLPXP ILOWHU

LPS� LQYDULDQFH
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)LJXUH ��� $PSOLWXGH UHVSRQVH RI WKH RSWLPXP ILOWHU �LL��

FRQWLQXRXV SURWRW\SH� DQG WKH ILOWHU REWDLQHG

E\ LPSXOVH LQYDULDQFH PHWKRG� 1 ��

ERWK RSWLPXP V\VWHPV �L� ZLWK DOO ]HURV DW WKH RULJLQ DQG �LL� ZLWK

]HURV RQ WKH UHDO D[LV� DV LW LV VKRZQ LQ )LJXUH �� DQG )LJXUH ���

7KH GHVLJQ RI WKH RSWLPXP ,,5 ILOWHU ZLWK ]HURV RQ WKH UHDO D[LV LV

VLPLODU WR WKH GHVLJQ RXWOLQHG LQ WKH VHFWLRQ � XVLQJ WKH

GLDJUDP �LL� LQ )LJXUH ��

�� &21&/86,21

$ PHWKRG IRU RSWLPXP ,,5 ILOWHUV GHVLJQ ZLWK V\PPHWULF LPSXOVH

UHVSRQVH ZDV GHYHORSHG� 7KH WUDQVIHU IXQFWLRQ ZLWK �L� DOO ]HURV

DW WKH RULJLQ DQG �LL� 1�� ]HURV DW WKH UHDO D[LV ZHUH FRQVLGHUHG�

%RWK RSWLPDO ILOWHUV DUH LQWHUHVWLQJ EHFDXVH WKH ILUVW HQDEOHV

V\PPHWULF UHVSRQVH ZLWK VLPSOH VWUXFWXUHV� 7KH VHFRQG LV ZLWK

EHWWHU SURSHUWLHV� EXW UHTXLUH PRUH FRPSOH[ VWUXFWXUH� 7KH XVHG

HUURU FULWHULRQ SURGXFHV WKH EHVW V\PPHWU\ RI VDPSOHV DERXW WKH

V\PPHWU\ OLQH� IRU D JLYHQ V\VWHP RUGHU�

7KH LPSXOVH LQYDULDQFH PHWKRG� EDVHG RQ RSWLPXP FRQWLQXRXV

V\VWHPV LQ >�@� FDQ DOVR EH XVHG IRU ,,5 ILOWHUV GHVLJQ�

�� $&.12:/('*(0(17

7KLV VWXG\ ZDV PDGH DW WKH 'HSDUWPHQW IRU (OHFWURQLF 6\VWHPV

DQG ,QIRUPDWLRQ 3URFHVVLQJ RI WKH )DFXOW\ RI (OHFWULFDO

(QJLQHHULQJ DQG &RPSXWLQJ� 8QLYHUVLW\ RI =DJUHE� &URDWLD� ,W

ZDV VXSSRUWHG E\ 0LQLVWU\ RI 6FLHQFH DQG 7HFKQRORJ\ RI

&URDWLD� XQGHU JUDQWV 1R� ������ DQG 1R� �������

�� 5()(5(1&(6

>�@ 9XFLF 0�� %DELF +� �$ &ODVV RI 6\VWHPV ZLWK 6\PPHWULF

,PSXOVH 5HVSRQVH�� 3URFHHGLQJV RI ���� ,((( 6\PSRVLXP

RQ &LUFXLW DQG 6\VWHPV� 9ROXPH �� 0RQWHUH\� &$� 86$�

����� SDJHV �������

>�@ )OHWFKHU 5� 3UDFWLFDO 0HWKRGV RI 2SWLPL]DWLRQ� 9ROXPH ��

-RKQ :LOH\ 	 6RQV� ����

>�@ 0LWUD 6� .� 'LJLWDO 6LJQDO 3URFHVVLQJ� 1HZ <RUN�

0F*UDZ � +LOO &R� ,QF� �����
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