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Abstract—7KLV OHWWHU LQWURGXFHV D GHVLJQ DQG SURRI�RI�FRQFHSW
LPSOHPHQWDWLRQ RI *DERU ¿OWHUV EDVHG RQ VWRFKDVWLF FRPSXWDWLRQ
IRU DUHD�HI¿FLHQW KDUGZDUH� 7KH *DERU ¿OWHU H[KLELWV D SRZHUIXO
LPDJH IHDWXUH H[WUDFWLRQ FDSDELOLW\� EXW LW UHTXLUHV VLJQL¿FDQW FRP�
SXWDWLRQDO SRZHU� 8VLQJ VWRFKDVWLF FRPSXWDWLRQ� D VLQH IXQFWLRQ
XVHG LQ WKH *DERU ¿OWHU LV DSSUR[LPDWHG E\ H[SORLWLQJ VHYHUDO VWR�
FKDVWLF WDQK IXQFWLRQV GHVLJQHG EDVHG RQ D VWDWH PDFKLQH� $ VWR�
FKDVWLF *DERU ¿OWHU UHDOL]HG XVLQJ WKH VWRFKDVWLF VLQH VKDSHU DQG
D VWRFKDVWLF H[SRQHQWLDO IXQFWLRQ LV VLPXODWHG DQG FRPSDUHG ZLWK
WKH RULJLQDO *DERU ¿OWHU WKDW VKRZV DOPRVW HTXLYDOHQW EHKDYLRXU
DW YDULRXV IUHTXHQFLHV DQG YDULDQFH� $ URRW�PHDQ�VTXDUH HUURU RI
����� DW PRVW LV REVHUYHG� ,Q RUGHU WR UHGXFH ORQJ ODWHQF\ GXH WR
VWRFKDVWLF FRPSXWDWLRQ� �� SDUDOOHO VWRFKDVWLF *DERU ¿OWHUV DUH LP�
SOHPHQWHG LQ 6LOWHUUD P &026 WHFKQRORJ\� $V D UHVXOW� WKH
SURSRVHG *DERU ¿OWHUV DFKLHYH D ��� DUHD UHGXFWLRQ FRPSDUHG
ZLWK D FRQYHQWLRQDO *DERU ¿OWHU ZKLOH PDLQWDLQLQJ WKH FRPSDUDEOH
VSHHG�

Index Terms—'LJLWDO FLUFXLW LPSOHPHQWDWLRQ� VWRFKDVWLF FRP�
SXWLQJ�
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7 +( *DERU ¿OWHU >�@ LV D SRZHUIXO WRRO WKDW FDQ H[WUDFW RUL�
HQWHG EDUV DQG HGJHV RI DQ LPDJH ZLWK D VLPLODU EHKDYLRXU

WR WKH KXPDQ YLVXDO V\VWHP >�@±>�@� 7KH *DERU ¿OWHU GHVLJQHG
XVLQJ DPXOWLSOLFDWLRQ RI VLQ�FRV IXQFWLRQ E\ D *DXVVLDQ IXQFWLRQ
LV RIWHQ XVHG IRU YDULRXV LPDJH SURFHVVLQJ DQG FRPSXWHU YLVLRQ
DSSOLFDWLRQV� VXFK DV IDFH UHFRJQLWLRQ >�@ DQG YHKLFOH YHUL¿FD�
WLRQ >�@� >�@�
+RZHYHU� UHDO�WLPH LPSOHPHQWDWLRQ RI WKH *DERU ¿OWHU

LV FKDOOHQJLQJ� GXH WR WKH FRPSOH[LW\ RI WKH *DXVVLDQ DQG
VLQH IXQFWLRQ LPSOHPHQWDWLRQ� 6HYHUDO DSSURDFKHV KDYH EHHQ
SURSRVHG� EDVHG GHFRPSRVLWLRQ DOJRULWKPV� FHOOXODU QHXUDO
QHWZRUNV RU &2RUGLQDWH 5RWDWLRQ ',JLWDO &RPSXWHU �&25',&�
>�@±>��@� 'LJLWDO KDUGZDUH LPSOHPHQWDWLRQV KDYH EHHQ VKRZQ

0DQXVFULSW UHFHLYHG $XJXVW ��� ����� UHYLVHG 1RYHPEHU ��� ����� DFFHSWHG
-DQXDU\ ��� ����� 'DWH RI SXEOLFDWLRQ -DQXDU\ ��� ����� GDWH RI FXUUHQW YHUVLRQ
-DQXDU\ ��� ����� 7KLV ZRUN ZDV VXSSRUWHG E\ 0(;7 %UDLQZDUH /6, 3URMHFW
DQG -636 .$.(1+, XQGHU *UDQW ��������� 7KLV VLPXODWLRQ ZDV VXSSRUWHG
E\ 9/6, 'HVLJQ DQG (GXFDWLRQ &HQWHU �9'(&�� WKH 8QLYHUVLW\ RI 7RN\R LQ
FROODERUDWLRQ ZLWK 6\QRSV\V� ,QF� 7KH DVVRFLDWH HGLWRU FRRUGLQDWLQJ WKH UHYLHZ
RI WKLV PDQXVFULSW DQG DSSURYLQJ LW IRU SXEOLFDWLRQ ZDV 3URI� -RVHSK &DYDOODUR�
1� 2QL]DZD LV ZLWK )URQWLHU 5HVHDUFK ,QVWLWXWH RI ,QWHUGLVFLSOLQDU\ 6FLHQFHV�

7RKRNX 8QLYHUVLW\� 6HQGDL� -DSDQ �H�PDLO� QRQL]DZD#P�WRKRNX�DF�MS��
.� 'DLVDNX� .� 0DWVXPL\D� DQG 7� +DQ\X DUH ZLWK 5HVHDUFK ,QVWLWXWH RI (OHF�

WULFDO &RPPXQLFDWLRQ� 7RKRNX8QLYHUVLW\� 6HQGDL� -DSDQ �H�PDLO� NDWDJLUL#QJF�
ULHF�WRKRNX�DF�MS� NPDW#ULHF�WRKRNX�DF�MS� KDQ\X#QJF�ULHF�WRKRNX�DF�MS��
:� -� *URVV LV ZLWK 'HSDUWPHQW RI (OHFWULFDO DQG &RPSXWHU (QJL�

QHHULQJ� 0F*LOO 8QLYHUVLW\� 0RQWUpDO� 4& +�$ �(� &DQDGD �H�PDLO�
ZDUUHQ�JURVV#PFJLOO�FD��
&RORU YHUVLRQV RI RQH RU PRUH RI WKH ¿JXUHV LQ WKLV SDSHU DUH DYDLODEOH RQOLQH

DW KWWS���LHHH[SORUH�LHHH�RUJ�
'LJLWDO 2EMHFW ,GHQWL¿HU ��������/63�������������

WR DFKLHYH KLJK�VSHHG� DW WKH FRVW RI ODUJH DUHD GXH WR WKH FRP�
SOH[ DULWKPHWLF IXQFWLRQ LPSOHPHQWDWLRQV� 2Q WKH RWKHU KDQG�
DSSURDFKHV XVLQJ DQDORJ RU PL[HG�VLJQDO FLUFXLW UHDOL]DWLRQV
RI WKH *DXVVLDQ DQG VLQH IXQFWLRQV FDQ UHVXOW LQ DUHD�HI¿FLHQW
KDUGZDUH LPSOHPHQWDWLRQ >��@±>��@� +RZHYHU� DQDORJ LPSOH�
PHQWDWLRQV GR QRW VFDOH ZHOO WR PRUH DGYDQFHG &026 SURFHVV
QRGHV DQG XQGHU SURFHVV YDULDWLRQV�
,Q WKLV OHWWHU ZH SURYLGH D GHVLJQ DQG SURRI�RI�FRQFHSW

LPSOHPHQWDWLRQ RI *DERU ¿OWHUV XVLQJ stochastic computation
>��@� >��@� 6WRFKDVWLF FRPSXWDWLRQ LV D SXUHO\�GLJLWDO LPSOH�
PHQWDWLRQ WHFKQLTXH WKDW UHSUHVHQWV GDWD DV VWUHDPV RI UDQGRP
ELWV� /LNH DQDORJ FLUFXLWV� VWRFKDVWLF FRPSXWDWLRQ FDQ SHUIRUP
FRPSOH[ IXQFWLRQV� VXFK DV WKH QRQ�OLQHDU H[SRQHQWLDWLRQ
IXQFWLRQ� ZLWK VLPSOH� DUHD�HI¿FLHQW KDUGZDUH� KRZHYHU LW
HQMR\V WKH VFDODELOLW\ RI GLJLWDO FLUFXLWV� 7R WKH EHVW RI RXU
NQRZOHGJH� WKLV LV WKH ¿UVW KDUGZDUH DOJRULWKP DQG DUFKLWHF�
WXUH RI D VLQH IXQFWLRQ DQG *DERU ¿OWHU EDVHG RQ VWRFKDVWLF
FRPSXWDWLRQ�
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6WRFKDVWLF FRPSXWLQJ ZDV ¿UVW LQWURGXFHG LQ WKH ���� V >��@�
7KHUH KDV UHFHQWO\ EHHQ D UHYLYDO RI LQWHUHVW LQ WKLV WHFKQLTXH DQG
VWRFKDVWLF LPSOHPHQWDWLRQV KDYH EHHQ GHPRQVWUDWHG IRU VHYHUDO
DSSOLFDWLRQV� VXFK DV /'3& GHFRGLQJ >��@±>��@ DQG LPDJH SUR�
FHVVLQJ >��@±>��@� 6WRFKDVWLF FRPSXWLQJ UHSUHVHQWV LQIRUPDWLRQ
E\ VHTXHQFHV RI UDQGRP ELWV� ,QIRUPDWLRQ LV FDUULHG E\ WKH IUH�
TXHQF\ RI RQHV LQ D VHTXHQFH� 7KH UHSUHVHQWDWLRQ LV QRW XQLTXH�
IRU H[DPSOH GLIIHUHQW VHTXHQFHV VXFK DV DQG �
UHSUHVHQW WKH VDPH LQIRUPDWLRQ�
7KHUH DUH WZR PDSSLQJV FRPPRQO\ XVHG EHWZHHQ WKH IUH�

TXHQF\ RI RQHV LQ D VHTXHQFH DQG WKH UHSUHVHQWHG LQIRUPDWLRQ�
)RU D VHTXHQFH RI ELWV � GHQRWH WKH SUREDELOLW\ RI REVHUYLQJ
D µ�¶ WR EH � ,Q unipolar FRGLQJ� WKH UHSUH�
VHQWHG YDOXH LV � � ,Q bipolar FRGLQJ� WKH
UHSUHVHQWHG YDOXH LV � � ,Q WKLV
OHWWHU� WKH ELSRODU IRUPDW LV XVHG� )LJ� ��D� VKRZV D ELSRODU VWR�
FKDVWLF PXOWLSOLHU� ZKLFK LV VLPSO\ D WZR�LQSXW ;125 JDWH >��@�
7KH VWRFKDVWLF ELW VWUHDPV DUH JHQHUDWHG XVLQJ D GLJLWDO�WR�VWR�
FKDVWLF FRQYHUWHU VKRZQ LQ )LJ� ��E�� ZKHUH WKH UDQGRP QXPEHU
JHQHUDWRU LV RIWHQ UHDOL]HG XVLQJ D OLQHDU�IHHGEDFN VKLIW UHJLVWHU�
7KH LQSXW YDULDEOH� � LV FRPSDUHG ZLWK D UDQGRP QXPEHU WKDW
JHQHUDWHV D VWRFKDVWLF ELW VWUHDP�
6WRFKDVWLF FRPSXWLQJ� DV RULJLQDOO\ SURSRVHG� XVHV WHQV

RU KXQGUHGV RI FORFN F\FOHV WR SHUIRUP DQ RSHUDWLRQ RQ ELW
VHTXHQFHV� +RZHYHU UHFHQW ZRUN KDV UHVXOWHG LQ VHYHUDO VWR�
FKDVWLF KDUGZDUH LPSOHPHQWDWLRQV DFKLHYH VLPLODU VSHHG WR
FRQYHQWLRQDO GLJLWDO LPSOHPHQWDWLRQV E\ UHGXFLQJ WKH QXPEHU

��������� � ���� ,(((� 3HUVRQDO XVH LV SHUPLWWHG� EXW UHSXEOLFDWLRQ�UHGLVWULEXWLRQ UHTXLUHV ,((( SHUPLVVLRQ�
6HH KWWS���ZZZ�LHHH�RUJ�SXEOLFDWLRQVBVWDQGDUGV�SXEOLFDWLRQV�ULJKWV�LQGH[�KWPO IRU PRUH LQIRUPDWLRQ�
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)LJ� �� 6WRFKDVWLF FRPSXWDWLRQ� �D� ELSRODU VWRFKDVWLF PXOWLSOLHU� DQG �E� GLJ�
LWDO�WR�VWRFKDVWLF FRQYHUWHU�

)LJ� �� 6WRFKDVWLF WDQK IXQFWLRQ� �D� EORFN GLDJUDP DQG �E� VWDWH WUDQVLWLRQ GL�
DJUDP�

RI UHTXLUHG FORFN F\FOHV� DQG PDLQWDLQ WKH VDPH IXQFWLRQDOLW\
>��@� >��@�
7R LPSOHPHQW D *DERU ¿OWHU� ZH QHHG WR ¿QG HI¿FLHQW LPSOH�

PHQWDWLRQ RI *DXVVLDQ DQG VLQH IXQFWLRQV >�@� ,Q WKLV VHFWLRQ� D
VLQH VKDSHU EDVHG RQ VWRFKDVWLF FRPSXWDWLRQ LV SUHVHQWHG DQG LQ
WKH QH[W VHFWLRQ� WKH H[SRQHQWLDO IXQFWLRQ LV FRQVLGHUHG� ,QVSLUHG
E\ WKH DQDORJ LPSOHPHQWDWLRQ RI D VLQH VKDSHU LQ >��@� ZH FDQ
DSSUR[LPDWH WKH VLQH IXQFWLRQ ZLWK VHYHUDO WDQK IXQFWLRQV DV�

���

ZKHUH LV WKH LQSXW YDULDEOH� LV D VKDSH�¿WWLQJ FRQVWDQW� DQG
LV D FRQVWDQW WKDW GHWHUPLQHV WKH F\FOH OHQJWK RI WKH VLQH
7KH WDQK IXQFWLRQ FDQ EH DSSUR[LPDWHG E\ D ELSRODU VWRFKDVWLF

FLUFXLW WKDW LPSOHPHQWV WKH IXQFWLRQ >��@� >��@�

���

DQG LV LPSOHPHQWHG XVLQJ D VWDWH PDFKLQH ZLWK VWDWHV DV
VKRZQ LQ )LJ� � �VHH GHWDLO LQ >��@�� 7KH KDUGZDUH UHSUHVHQWDWLRQ
RI WKH 6WDQK IXQFWLRQ LV D �ELW XS�GRZQ FRXQWHU� 8VLQJ
��� DQG ���� WKH VLQH IXQFWLRQ LV GHVFULEHG DV IROORZV�

���

ZKHUH �
7KH VXPPDWLRQ LV UHDOL]HG XVLQJ D VFDOHG DGGLWLRQ >��@ DQG LV

GHVFULEHG DV IROORZV�

���

)LJ� �� %ORFN GLDJUDP RI WKH SURSRVHG VWRFKDVWLF VLQH VKDSHU� ZKHUH LV ����

ZKHUH DQG DUH LQSXW YDULDEOHV� LV DQ RXWSXW YDULDEOH� DQG
LV D SUREDELOLW\ RI VHOHFWLQJ DV WKH RXWSXW� 8VLQJ ��� DQG

���� WKH VLQH IXQFWLRQ LV GHVFULEHG DV IROORZV�

���

1RZ� ZH GH¿QH WKH SURSRVHG VWRFKDVWLF VLQH VKDSHU� 6VLQ� � ��
WKDW LV GHVFULEHG DV IROORZV�

���

ZKHUH � 1RWH WKDW D VWRFKDVWLF FRV VKDSHU FDQ EH
DOVR GHVLJQHG E\ UHSODFLQJ WR LQ
HTXDWLRQ ����
)LJ� � VKRZV D EORFN GLDJUDP RI WKH SURSRVHG VWRFKDVWLF VLQH

VKDSHU� ZKHUH � 7KH YDOXH RI LV GHWHUPLQHG
XVLQJ WKH VFDOHG DGGLWLRQ UHDOL]HG XVLQJ D PXOWLSOH[RU �VHH GH�
WDLO LQ >��@�� 7KH WKUHH 6WDQK IXQFWLRQ EORFNV DUH LPSOHPHQWHG
ZLWK UDQJLQJ IURP WR �� 7KH 6WDQK IXQFWLRQ EORFN LV
UHDOL]HG XVLQJ D ���VWDWH ¿QLWH�VWDWH�PDFKLQH LPSOHPHQWHG DV
D ��ELW XS�GRZQ FRXQWHU� 7KH RXWSXW RI RQH RI WKUHH EORFNV
FKDQJHV GHSHQGLQJ RQ DV HDFK 6WDQK IXQFWLRQ SHUIRUPV LQ D
GLIIHUHQW UHJLRQ RI � 7KH RXWSXWV RI WKH RWKHU WZR EORFNV DUH
¿[HG WR RU � WKDW GHWHUPLQHV WKH VLJQ RI WKH RXWSXW RI WKH
VWRFKDVWLF VLQH VKDSHU� +HQFH� WKH VXPPDWLRQ RI WKH RXWSXWV
RI WKH WKUHH 6WDQK IXQFWLRQV FDQ EH VLPSO\ UHDOL]HG XVLQJ D
WKUHH�LQSXW ;125 JDWH� 1RWH WKDW WKH VXPPDWLRQ LV UHDOL]HG
XVLQJ DQ ;125 JDWH ZKHQ LV RGG DQG LW LV UHDOL]HG XVLQJ
DQ ;25 JDWH ZKHQ HYHQ�
)LJ� � VKRZV VLPXODWLRQ UHVXOWV RI WKH RULJLQDO VLQH IXQFWLRQ

DQG WKH SURSRVHG VWRFKDVWLF VLQH VKDSHU� ZKHUH WKH FXUYH�¿WWLQJ
YDULDEOH� � LV VHW WR ����� 7KH VLPXODWLRQ UHVXOWV DUH REWDLQHG
XVLQJ 0$7/$%� 7KH IUHTXHQF\ RI WKH VWRFKDVWLF VLQH VKDSHU
LV FRQWUROOHG E\ LQ WKH 6WDQK IXQFWLRQ� 7KH VLPXODWLRQ UHVXOWV
VKRZ WKDW WKH VWRFKDVWLF VLQH VKDSHU JHQHUDWHV DOPRVW WKH VDPH
YDOXH RI WKH RULJLQDO VLQH IXQFWLRQ� $ 506 HUURU EHWZHHQ WKH
RULJLQDO DQG WKH VWRFKDVWLF VLQH IXQFWLRQV LV VXPPDL]HG DV D
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)LJ� �� 6LPXODWLRQ UHVXOWV RI WKH SURSRVHG VWRFKDVWLF VLQH VKDSHU� ZKHUH
LV ����� ZLWK WKH RULJLQDO VLQH IXQFWLRQ� �D� 6VLQ�����[�� �E� 6VLQ������[� DQG
�F� 506 HUURU YV� IUHTXHQF\ RI VLQH IXQFWLRQ�

IXQFWLRQ RI WKH IUHTXHQF\ LQ )LJ� ��F�� 7KH 506 HUURU DW ��� +]
LV WKH ZRUVW YDOXH EHFDXVH WKH VLQH ZDYH RI WKH SURSRVHG VLQH
VKDSHU LV QRW JHQHUDWHG DW WKH HGJHV DV VKRZQ LQ )LJ� ��E�� 7KLV
VLWXDWLRQ RFFXUV ZKHQ � � LV PRUH WKDQ ���� +RZHYHU�
WKH YDOXH GLIIHUHQFHV DW WKH HGJHV DUH GLPLQLVKHG E\ D *DXVVLDQ
IXQFWLRQ RI D *DERU ¿OWHU�

,,,� 672&+$67,& *$%25 ),/7(5
$ RQH�GLPHQVLRQDO VLQH� �RU RGG�� SKDVH *DERU�¿OWHU IXQF�

WLRQ LV D VLQH IXQFWLRQ PXOWLSOLHG E\ WKH *DXVVLDQ IXQFWLRQ >�@
GHVFULEHG DV IROORZV�

���

ZKHUH LV WKH FDUULHU IUHTXHQF\ IRU ZKLFK WKLV ¿OWHU JLYHV WKH
JUHDWHVW RXWSXW DQG LV WKH VSUHDG RI WKH *DXVVLDQ IXQFWLRQ�
6WRFKDVWLF LPSOHPHQWDWLRQV RI WKH H[SRQHQWLDO IXQFWLRQ DUH

SUHVHQWHG LQ >��@� >��@ DQG OLNH WKH WDQK IXQFWLRQ� DUH UHDOL]HG
XVLQJ D VWDWH PDFKLQH DV VKRZQ LQ )LJ� �� 7KH LQSXW VLJQDO� �
LV HQFRGHG LQ WKH ELSRODU IRUPDW DQG WKH RXWSXW VLJQDO� � LV
HQFRGHG LQ WKH XQLSRODU IRUPDW� LV D SRVLWLYH LQWHJHU ZLWK

� ZKHUH LV WKH QXPEHU RI VWDWHV LQ WKH VWRFKDVWLF
H[SRQHQWLDO IXQFWLRQ� 7KH VWRFKDVWLF H[SRQHQWLDO IXQFWLRQ LV DS�
SUR[LPDWHG DV IROORZV�

���

7R PDWFK WKH GHJUHHV RI WZR H[SRQHQWLDO IXQFWLRQV LQ HTXD�
WLRQV ��� DQG ���� WKH LQSXW VLJQDO� � ZLWK D VFDOLQJ FRQVWDQW�
� LV VTXDUHG DQG LV WKHQ XVHG LQ WKH 6([S IXQFWLRQ DV IROORZV�

���

)LJ� �� 6WRFKDVWLF H[SRQHQWLDO IXQFWLRQ� �D� EORFN GLDJUDP DQG �E� VWDWH WUDQVL�
WLRQ GLDJUDP�

)LJ� �� %ORFN GLDJUDP RI WKH SURSRVHG VWRFKDVWLF *DERU ¿OWHU�

$V LV HQFRGHG XVLQJ WKH XQLSRODU IRUPDW� WKH FRGLQJ IRUPDW RI
LV FRQYHUWHG IURP XQLSRODU WR ELSRODU IRU WKH VWRFKDVWLF VLQH

VKDSHU UHDOL]HG XVLQJ ELSRODU FRGLQJ� LQ WKH ELSRODU IRUPDW LV
GHVFULEHG DV IROORZV�

����

8VLQJ HTXDWLRQV ���� ��� DQG ����� WKH *DERU ¿OWHU LV DSSUR[�
LPDWHG DV IROORZV�

����

)LJ� � VKRZV D EORFN GLDJUDP RI WKH SURSRVHG VWRFKDVWLF *DERU
¿OWHU� %RWK LQSXW VLJQDO� � DQG RXWSXW VLJQDO� � DUH HQFRGHG
XVLQJ WKH ELSRODU IRUPDW� LV VFDOHG E\ DQG LV WKHQ VTXDUHG
XVLQJ D VWRFKDVWLF VTXDULQJ FLUFXLW SUHVHQWHG LQ >��@� 7KH IRUPDW
RI WKH RXWSXW RI WKH 6([S IXQFWLRQ LV FRQYHUWHG IURP XQLSRODU WR
ELSRODU XVLQJ D XQLSRODU�WR�ELSRODU FRQYHUWHU UHDOL]HG XVLQJ WKH
VFDOHG DGGLWLRQ� 6LPXOWDQHRXVO\� WKH 6VLQ IXQFWLRQ LV SHUIRUPHG
ZLWK � $W WKH HQG� LV JHQHUDWHG XVLQJ D WKUHH�
LQSXW PXOWLSOLFDWLRQ UHDOL]HG E\ WKH WKUHH�LQSXW ;25 JDWH�
)LJ� ��D� DQG �E� VKRZ VLPXODWHG UHVXOWV RI WKH RULJLQDO DQG

WKH SURSRVHG VWRFKDVWLF *DERU ¿OWHUV DW GLIIHUHQW IUHTXHQFLHV
DQG YDULDQFHV� ZKHUH LV ��� DQG LV ��� 7KH VLPXODWLRQ
UHVXOWV DUH REWDLQHG XVLQJ 0$7/$%� FDQ EH VHOHFWHG WR GH�
WHUPLQH LQ WKH VWRFKDVWLF H[SRQHQWLDO IXQFWLRQ ZKLOH PDLQ�
WDLQLQJ WKH VDPH � 7KH VLPXODWLRQ UHVXOWV VKRZ WKDW WKH VWR�
FKDVWLF *DERU ¿OWHU DSSUR[LPDWHV WKH RULJLQDO *DERU ¿OWHU� 7KH
506 HUURUV DUH ����� LQ )LJ� ��D� DQG ����� LQ )LJ� ��E� ZKHQ

LV �� )LJ� ��F� VXPPDUL]HV D UHODWLRQVKLS EHWZHHQ 506 HU�
URUV DQG ZKHQ LV ����� 7KH VLPXODWLRQ UHVXOWV VKRZ WKDW
ODUJH DQG DFKLHYH VPDOO 506 HUURUV�
7DEOH , VKRZV SHUIRUPDQFH FRPSDULVRQV RI *DERU ¿OWHUV� 7KH

SURSRVHG *DERU ¿OWHU LV GHVLJQHG EDVHG RQ SDUDPHWHUV XVHG LQ
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)LJ� �� 6LPXODWLRQ UHVXOWV RI WKH RULJLQDO DQG WKH SURSRVHG VWRFKDVWLF *DERU
¿OWHUV� ZKHUH LV ���� �D� � DQG � �E� �

� DQG � DQG �F� 506 HUURUV YV� ZKHQ LV �����

7$%/( ,
3(5)250$1&( &203$5,6216 ,1 $6,& '(6,*1

)LJ� ��E�� ,Q DGGLWLRQ� �� SDUDOOHO VWRFKDVWLF *DERU ¿OWHUV DUH
GHVLJQHG WR UHGXFH WKH ORQJ ODWHQF\ GXH WR VWRFKDVWLF FRPSX�
WDWLRQ� 7KH SURSRVHG *DERU ¿OWHUV DUH V\QWKHVL]HG XVLQJ 6\Q�
RSV\V 'HVLJQ &RPSLOHU LQ 6LOWHUUD P &026 WHFKQRORJ\�
ZKHUH WKH QXPEHU RI FORFN F\FOHV WKDW LV HTXLYDOHQW WR WKH VWR�
FKDVWLF ELW OHQJWK LV ������� 7KH QXPEHU ������ ZDV FKRVHQ MXVW
IRU GHPRQVWUDWLRQ SXUSRVHV WKDW H[KLELW DOPRVW WKH VDPH YDOXHV
DV WKH RULJLQDO *DERU ¿OWHU� )XWXUH ZRUN ZLOO H[SORUH WKH PLQ�
LPL]LQJ WKH QXPEHU RI FORFN F\FOHV XVLQJ VHYHUDO XVHIXO WHFK�
QLTXHV IRU VWRFKDVWLF FRPSXWDWLRQ SUHVHQWHG LQ >��@� >��@� ,Q UH�
ODWHG ZRUN� >�@ UHDOL]HV D KLJK�VSHHG *DERU ¿OWHULQJ XVLQJ ODUJH
QXPEHU RI PXOWLSOLHUV DQG PHPRULHV� EXW LW ODFNV WKH ÀH[LELOLW\
RI ORFDO IUHTXHQF\ DQG RULHQWDWLRQ RI DQ LPDJH DQG WKH NHUQHO
VL]H LV OLPLWHG WR � ,Q >��@� D FRQYHQWLRQDO &25',&�EDVHG

)LJ� �� ([DPSOH RI WKH VSDWLDO IUHTXHQF\ DQG WKH VWDQGDUG GHYLDWLRQ RI WKH VWR�
FKDVWLF *DERU ¿OWHU H[SORLWHG LQ LPDJH SURFHVVLQJ� 7KH\ KDYH WZR GHJUHHV RI
IUHHGRP� DQG LQ HTXDWLRQ ����� DQG D SL[HO OHQJWK� � DVVLJQHG WR WR �
RI DQ LQSXW VLJQDO LQ VWRFKDVWLF FRPSXWDWLRQ� ZKHUH LV RGG�

*DERU ¿OWHU LV GHVLJQHG ZLWK VPDOO DUHD ZKLOH UHDOL]LQJ NHUQHO
VL]HV DQG WKH ÀH[LELOLW\� ZKHUH WKH FRQYHQWLRQDO ¿OWHU LV WZR�GL�
PHQWLRQDO� $V WKH SURSRVHG *DERU ¿OWHU SUHVHQWHG LQ WKLV SDSHU
LV RQH�GLPHQWLRQDO� WKH DUHD RYHUKHDG IURP ��' WR ��' LV HV�
WLPDWHG� 6XSSRVH WKH DUHD RYHKHDG LV QHJOLJLEO\ VPDOO IRU WKH
SHUIRUPDQFH FRPSDULVRQ DV WKH SURSRVHG ��' *DERU ¿OWHU FDQ
EH H[WHQGHG WR WKH ��' *DERU ¿OWHU E\ DGGLQJ WZR VFDOHG DG�
GLWLRQV DQG D VTXDULQJ FLUFXLW� $V D UHVXOW� WKH �� SDUDOOHO VWR�
FKDVWLF *DERU ¿OWHUV DFKLHYH D ��� DUHD UHGXFWLRQ ZKLOH PDLQ�
WDLQLQJ WKH FRPSDUDEOH GHOD\ WLPH FRPSDUHG ZLWK WKH FRQYHQ�
WLRQDO *DERU ¿OWHU�
)LJ� � VKRZV DQ H[DPSOH RI WKH VSDWLDO IUHTXHQF\ DQG WKH

VWDQGDUG GHYLDWLRQ RI WKH VWRFKDVWLF *DERU ¿OWHU� 7KH VSDWLDO
IUHTXHQF\ LV GH¿QHG DV WKH QXPEHU RI OLJKW DQG GDUN UHJLRQV
LPDJHG ZLWKLQ D JLYHQ GLVWDQFH� ,Q WKH VWRFKDVWLF *DERU ¿OWHU�
GLIIHUHQW OHQJWKV RI SL[HOV RI DQ LPDJH FDQ EH DVVLJQHG WR
WR � RI DQ LQSXW VLJQDO� � 6XSSRVH WKDW WKH VWRFKDVWLF *DERU
¿OWHU LV DSSOLHG WR SL[HOV RI DQ LPDJH� ZKHUH LV RGG� 7KH
VSDWLDO IUHTXHQF\ LV DQG WKH VWDQGDUG GHYLDWLRQ
LV � $V D FRQFOXVLRQ� WKH VSDWLDO IUHTXHQF\ DQG
WKH VWDQGDUG GHYLDWLRQ RI WKH VWRFKDVWLF *DERU ¿OWHU H[SORLWHG
LQ LPDJH SURFHVVLQJ KDYH WZR GHJUHHV RI IUHHGRP� DQG LQ
HTXDWLRQ ����� DQG D SL[HO OHQJWK DVVLJQHG WR WR � RI DQ LQSXW
VLJQDO LQ VWRFKDVWLF FRPSXWDWLRQ�
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,Q WKLV OHWWHU� WKH *DERU ¿OWHU EDVHG RQ VWRFKDVWLF FRPSXWDWLRQ
KDV EHHQ SURSRVHG IRU DUHD�HI¿FLHQW KDUGZDUH LPSOHPHQWDWLRQ�
$ VWRFKDVWLF VLQH VKDSHU LV DSSUR[LPDWHG E\ XVLQJ VHYHUDO VWR�
FKDVWLF WDQK IXQFWLRQV GHVLJQHG EDVHG RQ D VWDWH PDFKLQH� ZKHUH
WKH VWDWH PDFKLQH LV VLPSO\ UHDOL]HG XVLQJ DQ XS�GRZQ FRXQWHU
LQ KDUGZDUH� 7KH VWRFKDVWLF *DERU ¿OWHU UHDOL]HG XVLQJ WKH VWR�
FKDVWLF VLQH VKDSHU DQG WKH H[SRQHQWLDO IXQFWLRQ LV VLPXODWHG
DQG FRPSDUHG ZLWK WKH RULJLQDO *DERU ¿OWHU WKDW VKRZV DOPRVW
HTXLYDOHQW EHKDYLRXUV DW GLIIHUHQW IUHTXHQFLHV DQG YDULDQFHV DUH
JHQHUDWHG� ZKHUH WKH 506 HUURU RI ����� DW PRVW LV REVHUYHG�
7KH SURSRVHG ¿OWHU LPSOHPHQWHG LQ 6LOWHUUD P &026
WHFKQRORJ\ DFKLHYHV D ��� DUHD UHGXFWLRQ FRPSDUHG ZLWK WKH
FRQYHQWLRQDO *DERU ¿OWHU EDVHG RQ &25',& ZKLOH PDLQWDLQLQJ
WKH FRPSDUDEOH VSHHG�
,Q IXWXUH ZRUN� WKH VWRFKDVWLF *DERU ¿OWHU ZLOO EH H[WHQGHG WR

D WZR�GLPHQVLRQDO *DERU ¿OWHU IRU H[WUDFWLQJ RULHQWHG EDUV DQG
HGJHV RI DQ LPDJH� ,Q DGGLWLRQ� WKH VWRFKDVWLF VLQH VKDSHU ZRXOG
EH XVHIXO WR LPSOHPHQW RWKHU DOJRULWKPV WKDW UHTXLUH D VLQXVRLGDO
ZDYH LQ KDUGZDUH�
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