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$EVWUDFW� $XWRPDWLF QHWZRUN UHFRJQLWLRQ DQG FODVVLILFDWLRQ PD\ SURYH WR EH
DQ LPSRUWDQW FRQFHSW LQ WKH IUDPHZRUN RI FRJQLWLYH UDGLR DQG QHWZRUNV� )RU
SUDFWLFDO LPSOHPHQWDWLRQV� WKHVH RSHUDWLRQV PXVW EH FDUULHG RXW LQ D VLPSOH
ZD\ E\ XVLQJ VLPSOH GHYLFHV DQG DOJRULWKPV WKDW UHTXLUH ORZ FRPSXWDWLRQDO
ORDG� 7KH $,5�$:$5( DSSURDFK SURSRVHV WR XVH 0$& VXE�OD\HU IHDWXUHV
IRU WHFKQRORJ\ UHFRJQLWLRQ SXUSRVHV ZKHUH D UXGLPHQWDU\ GHYLFH OLNH DQ
HQHUJ\ GHWHFWRU LV XVHG IRU WHFKQRORJ\�VSHFLILF IHDWXUH H[WUDFWLRQ� 7KH DLP
RI WKLV ZRUN LV DXWRPDWLF %OXHWRRWK FODVVLILFDWLRQ� 7R WKLV SXUSRVH� WZR
0$& IHDWXUHV UHIOHFWLQJ SURSHUWLHV� UHODWHG WR WKH WLPH�YDU\LQJ SDWWHUQ RI
0$& SDFNHW H[FKDQJHV� DUH SURSRVHG� ([SHULPHQWDO GDWD REWDLQHG E\ XVLQJ
WKH 8QLYHUVDO 6RIWZDUH 5DGLR 3HULSKHUDO DV HQHUJ\ GHWHFWRU VKRZ WKDW WKH
WZR SURSRVHG IHDWXUHV DUH FDSDEOH RI KLJKOLJKWLQJ 0$& VXE�OD\HU EHKDYLRXU
SHFXOLDU WR %OXHWRRWK� 7KHVH IHDWXUHV PD\ WKHUHIRUH OHDG WR VXFFHVVIXO
%OXHWRRWK UHFRJQLWLRQ DQG WKH UHVXOWV REWDLQHG SURYLGH VXSSRUW WR WKH YDOLGLW\
RI WKH $,5�$:$5( DSSURDFK�

&RS\ULJKW © 2��� ,QGHUVFLHQFH (QWHUSULVHV /WG�



%OXHWRRWK DXWRPDWLF QHWZRUN UHFRJQLWLRQ ���

.H\ZRUGV� FRJQLWLYH QHWZRUNLQJ� QHWZRUN GLVFRYHU\� DXWRPDWLF QHWZRUN
FODVVLILFDWLRQ� HQHUJ\ GHWHFWLRQ� 8653� XQLYHUVDO VRIWZDUH UDGLR SHULSKHUDO�
%OXHWRRWK DXWRPDWLF UHFRJQLWLRQ� DGDSWLYH FRPPXQLFDWLRQV V\VWHPV�

5HIHUHQFH WR WKLV SDSHU VKRXOG EH PDGH DV IROORZV� %ROGULQL� 6�� %HQFR� 6��
$QQHVH� 6�� *KLWWLQR� $� DQG 'L %HQHGHWWR� 0�*� ������ µ%OXHWRRWK DXWRPDWLF
QHWZRUN UHFRJQLWLRQ ± WKH $,5�$:$5( DSSURDFK¶� ,QW� -� $XWRQRPRXV DQG
$GDSWLYH &RPPXQLFDWLRQV 6\VWHPV� 9RO� �� 1R� �� SS����±����

%LRJUDSKLFDO QRWHV� 6WHIDQR %ROGULQL REWDLQHG KLV %DFKHORU¶V GHJUHH LQ
7HOHFRPPXQLFDWLRQV (QJLQHHULQJ LQ ���� IURP 8QLYHUVLW\ RI 7UHQWR DQG KLV
0DVWHU RI 6FLHQFH LQ 7HOHFRPPXQLFDWLRQV (QJLQHHULQJ LQ ���� IURP 6DSLHQ]D
8QLYHUVLW\ RI 5RPH� &XUUHQWO\� KH LV D 3K' VWXGHQW LQ ,QIRUPDWLRQ DQG
&RPPXQLFDWLRQ (QJLQHHULQJ DW 6DSLHQ]D 8QLYHUVLW\ RI 5RPH� DQG KLV PDLQ
UHVHDUFK WRSLFV DUH FRJQLWLYH UDGLR DQG FRJQLWLYH QHWZRUNLQJ� ZLWK SDUWLFXODU
IRFXV RQ DXWRPDWLF ZLUHOHVV QHWZRUN UHFRJQLWLRQ DQG FODVVLILFDWLRQ�

6HUJLR %HQFR UHFHLYHG KLV %DFKHORU¶ GHJUHH DQG 0DVWHU RI 6FLHQFH LQ
7HOHFRPPXQLFDWLRQ (QJLQHHULQJ IURP 6DSLHQ]D 8QLYHUVLW\ RI 5RPH� ,WDO\� LQ
���� DQG ����� UHVSHFWLYHO\� ,Q ����� KH REWDLQHG D UHVHDUFK JUDQW IURP
&63 ± ,&7 ,QQRYDWLRQ IRFXVHG RQ DXWRPDWLF ZLUHOHVV QHWZRUN UHFRJQLWLRQ�
+H LV FXUUHQWO\ ZRUNLQJ DV D &RQVXOWDQW (QJLQHHU LQ WKH ,1/$% JURXS
�&63 ± ,&7 ,QQRYDWLRQ� DQG DV DIILOLDWHG UHVHDUFKHU LQ WKH $&76 ODE RI
6DSLHQ]D 8QLYHUVLW\ RI 5RPH� ',(7 GHSDUWPHQW� +LV UHVHDUFK DFWLYLWLHV IRFXV
RQ VSHFWUXP VHQVLQJ WHFKQLTXHV IRU VRIWZDUH GHILQHG UDGLR�

6WHIDQR $QQHVH UHFHLYHG WKH 7HOHFRPPXQLFDWLRQ (QJLQHHULQJ GHJUHH IURP WKH
3ROLWHFQLFR GL 7RULQR� ,WDO\� LQ ����� 6LQFH WKHQ KH ZRUNV IRU &63 ± ,&7
,QQRYDWLRQ DV -XQLRU 5HVHDUFKHU DQG WKHQ DV D 6HQLRU 5HVHUFKHU RQ EURDGEDQG
ZLUHOHVV WHFKQRORJLHV� +H LV FXUUHQWO\ WKH ,QWHJUDWHG 1HWZRUNV /DERUDWRU\
0DQDJHU LQ WKH 5HVHDUFK DQG 'HYHORSPHQW GHSDUWPHQW� +LV UHVHDUFK DFWLYLWLHV
DUH IRFXVHG RQ WKH ILUVW WKUHH OD\HUV SURWRFROV LQ ZLUHOHVV QHWZRUNV� +H LV WKH
FR�DXWKRU RI RQH SDWHQW�

$QGUHD *KLWWLQR UHFHLYHG WKH 7HOHFRPPXQLFDWLRQ (QJLQHHULQJ GHJUHH �VXPPD
FXP ODXGH� IURP WKH 3ROLWHFQLFR GL 7RULQR� ,WDO\� LQ ����� +H ZRUNV IRU
&63 ± ,&7 ,QQRYDWLRQ VLQFH WKHQ DQG KH LV FXUUHQWO\ WKH 1HWZRUNV DQG
:LUHOHVV &RPPXQLFDWLRQV $UHD 0DQDJHU LQ WKH 5HVHDUFK DQG 'HYHORSPHQW
GHSDUWPHQW� +LV UHVHDUFK DFWLYLWLHV DUH IRFXVHG RQ SURWRFROV DQG TXDOLW\ RI
VHUYLFH PDQDJHPHQW LQ ZLUHOHVV QHWZRUNV� +H LV WKH FR�DXWKRU RI RQH SDWHQW�

0DULD�*DEULHOOD 'L %HQHGHWWR REWDLQHG KHU 3K' LQ 7HOHFRPPXQLFDWLRQV LQ
���� IURP 6DSLHQ]D 8QLYHUVLW\ RI 5RPH� ,WDO\� ,Q ����� VKH MRLQHG WKH
)DFXOW\ RI (QJLQHHULQJ RI 6DSLHQ]D 8QLYHUVLW\ RI 5RPH� ZKHUH FXUUHQWO\ VKH
LV D )XOO 3URIHVVRU RI 7HOHFRPPXQLFDWLRQV� 6KH KDV KHOG YLVLWLQJ SRVLWLRQV
DW WKH 0,7� WKH 8QLYHUVLW\ RI &DOLIRUQLD� %HUNHOH\� DQG WKH 8QLYHUVLW\ RI
3DULV ;,� )UDQFH� ,Q ����� VKH UHFHLYHG WKH 0DF .D\ 3URIHVVRUVKLS DZDUG
IURP WKH 8QLYHUVLW\ RI &DOLIRUQLD� %HUNHOH\� +HU UHVHDUFK LQWHUHVWV LQFOXGH
ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV DQG VSHHFK� )URP ���� WR ����� VKH GLUHFWHG
IRXU (XURSHDQ SURMHFWV RQ 8076 GHVLJQ� 6LQFH ����� VKH KDV EHHQ DFWLYH LQ
IRVWHULQJ WKH GHYHORSPHQW RI 8:% FRPPXQLFDWLRQV LQ (XURSH� DQG UHFHQWO\
LQFUHDVHG DFWLYLW\ LQ FRJQLWLYH QHWZRUNV� 6KH FXUUHQWO\ FRRUGLQDWHV &267
$FWLRQ ,&���� DQG SDUWLFLSDWHV LQ WKH 1HWZRUN RI ([FHOOHQFH $&5232/,6�
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,Q 2FWREHU ����� VKH UHFHLYHG WKH ([FHOOHQFH LQ 5HVHDUFK DZDUG µ6DSLHQ]D
5LFHUFD¶� XQGHU WKH DXVSLFHV RI 3UHVLGHQW RI ,WDO\� ,Q 2FWREHU ����� VKH
UHFHLYHG WKH ([FHOOHQFH LQ 5HVHDUFK DZDUG µ6DSLHQ]D 5LFHUFD¶� XQGHU WKH
DXVSLFHV RI 3UHVLGHQW RI ,WDO\� *LRUJLR 1DSROLWDQR�

3RUWLRQV RI WKH GDWD UHSRUWHG KHUH ZHUH SUHVHQWHG DW WKH 7KLUG
,QWHUQDWLRQDO :RUNVKRS RQ &RJQLWLYH 5DGLR DQG $GYDQFHG 6SHFWUXP
0DQDJHPHQW ± &RJ$57 ����� DV SXEOLVKHG LQ %HQFR HW DO� ������� WKDW
UHFHLYHG WKH &RJ$57 ���� %HVW 3DSHU $ZDUG�

� ,QWURGXFWLRQ

$Q LPSRUWDQW FRQFHSW LQ WKH FRQWH[W RI FRJQLWLYH UDGLR DQG FRJQLWLYH QHWZRUNLQJ LV
ZLUHOHVV QHWZRUN UHFRJQLWLRQ� ,Q IDFW� D FRJQLWLYH UDGLR� LQ RUGHU WR DGDSW DQG UHFRQILJXUH
LWV SDUDPHWHUV EDVHG RQ WKH HQYLURQPHQW LQ ZKLFK LW LV VHW� PXVW EH DEOH WR UHFRJQLVH
WKH HQYLURQPHQW� L�H�� WR GHWHUPLQH LI WKHUH DUH RWKHU DFWLYH ZLUHOHVV QHWZRUNV LQ WKDW
SUHFLVH LQVWDQW LQ WKDW DUHD� 7KLV LV� WKHUHIRUH� D SUREOHP RI ZLUHOHVV QHWZRUN GHWHFWLRQ
DQG UHFRJQLWLRQ� 7KH $,5�$:$5( 3URMHFW� µERUQ¶ DW WKH ',(7 'HSDUWPHQW RI 6DSLHQ]D
8QLYHUVLW\ RI 5RPH� DQG ILUVW PHQWLRQHG LQ 'L %HQHGHWWR HW DO� ������� DGGUHVVHV WKLV
SUREOHP� 7KH PDLQ VFRSH RI WKLV SURMHFW LV WR UHDFK DXWRPDWLF QHWZRUN UHFRJQLWLRQ DQG
FODVVLILFDWLRQ LQ D VLPSOH ZD\� E\ XVLQJ VLPSOH GHYLFHV DQG DOJRULWKPV WKDW UHTXLUH D
ORZ FRPSXWDWLRQDO ORDG�

7KLV NH\ZRUG� VLPSOH� ZDV SUDFWLFHG LQ WKH $,5�$:$5( 3URMHFW XVLQJ 0$&
VXE�OD\HU IHDWXUHV� ,Q IDFW� HYHU\ ZLUHOHVV QHWZRUN SUHVHQWV D 0$& EHKDYLRXU WKDW LV
GHILQHG E\ LWV RZQ VWDQGDUG DQG� PRVW LPSRUWDQW� WKDW LV FKDUDFWHULVWLF DQG SHFXOLDU
RI WKDW VLQJOH WHFKQRORJ\� 7KLV LPSOLHV WKDW DQ DQDO\VLV RI SDFNHW H[FKDQJH SDWWHUQV
FDQ UHYHDO WKH WHFQRORJ\ SUHVHQW RYHU WKH DLU DW D FHUWDLQ WLPH� OHDGLQJ WR QHWZRUN
UHFRJQLWLRQ� 7R GR VR� LW LV WKHUHIRUH QHFHVVDU\ WR LGHQWLI\ 0$& IHDWXUHV IRU HDFK
ZLUHOHVV WHFKQRORJ\�

7R NHHS WKH $,5�$:$5( PRGXOH DV VLPSOH DV SRVVLEOH� D µUXGLPHQWDU\¶ GHYLFH PXVW
EH XVHG IRU IHDWXUH GHWHFWLRQ� 7KHUHIRUH� WKLV SURMHFW LQWHQGV WR XVH DQ HQHUJ\ GHWHFWRU
�('� LQ RUGHU WR REWDLQ� WKURXJK VHQVLQJ DQG FDOFXODWLRQ RI WKH VKRUW�WHUP HQHUJ\� D
WLPH�GRPDLQ SDFNHW GLDJUDP�

7KH LQGXVWULDO� VFLHQWLILF DQG PHGLFDO �,60� ��� *+] XQOLFHQVHG EDQG LV WKH PRVW
ZLGHO\ XVHG EDQG IRU D ORW RI ZLGHVSUHDG ZLUHOHVV WHFKQRORJLHV� ([DPSOHV DUH :L�)L
�,((( 6WDQGDUG ������� ������ %OXHWRRWK �,((( 6WDQGDUG ��������� ����� DQG =LJ%HH
�,((( 6WDQGDUG ��������� ������ ,Q WKLV ZRUN� WKH %OXHWRRWK WHFKQRORJ\ ZDV DQDO\VHG�
DQG WZR 0$& VXE�OD\HU IHDWXUHV ZHUH LGHQWLILHG WKDW FDQ KLJKOLJKW DQG GLVWLQJXLVK WKLV
W\SH RI QHWZRUN DPRQJ RWKHUV LQ WKH VDPH IUHTXHQF\ EDQG� 7KH XQLYHUVDO VRIWZDUH UDGLR
SHULSKHUDO �8653� VRIWZDUH GHILQHG UDGLR �6'5� ZDV XVHG DV (' LQ RUGHU WR REWDLQ
WKH QHFHVVDU\ SDFNHW GLDJUDP� 8VLQJ WKHVH VLPSOH GHYLFH DQG UHFRJQLWLRQ SURFHGXUHV� DQ
LGHQWLILFDWLRQ RI SDFNHW H[FKDQJH SDWWHUQV VSHFLILF RI %OXHWRRWK ZDV FDUULHG RXW�

7KH SDSHU LV RUJDQLVHG DV IROORZV� 6HFWLRQ � GHILQHV HQHUJ\ GHWHFWLRQ DQG H[SODLQV
KRZ SDFNHW GLDJUDPV ZHUH REWDLQHG EDVHG RQ WLPH�YDU\LQJ HQHUJ\ SURILOHV� 6HFWLRQ �
FRQWDLQV D EULHI RYHUYLHZ RI %OXHWRRWK WHFKQRORJ\� WKH DQDO\VLV RI LWV 0$& EHKDYLRXU�
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WKH SURSRVHG IHDWXUHV DQG KRZ WKH\ ZHUH DSSOLHG WR WKH FDVH XQGHU DQDO\VLV� ,Q
6HFWLRQ �� WKH 8653 SODWIRUP DQG WKH H[SHULPHQWDO VHW�XS DUH SUHVHQWHG� 5HVXOWV RI
H[SHULPHQWDWLRQ DUH SUHVHQWHG LQ 6HFWLRQ �� ZKLOH 6HFWLRQ � FRQWDLQV D GLVFXVVLRQ RI WKH
UHVXOWV REWDLQHG DQG IXWXUH GLUHFWLRQV RI WKLV UHVHDUFK LQYHVWLJDWLRQ�

� (QHUJ\ GHWHFWLRQ DQG SDFNHW GLDJUDPV

,Q WKH JHQHUDO IUDPHZRUN RI VSHFWUXP VHQVLQJ� WKH (' DSSURDFK KDV JDLQHG JUHDW LQWHUHVW
GXH WR LWV IOH[LELOLW\ DQG UHODWLYH ORZ FRPSOH[LW\ �0DULDQL HW DO�� ������ 7KH (' LV EDVHG
RQ WKH FRPSXWDWLRQ RI UHFHLYHG HQHUJ\ LQ D SUHGHILQHG WLPH ZLQGRZ �DYHUDJHG RYHU N
VDPSOHV RI UHFHLYHG VLJQDO�� 7KLV RSHUDWLRQ JLYHV ULVH WR D VHTXHQFH RI HQHUJ\ YDOXHV
WKDW ZH LQGLFDWH DV HQHUJ\ VDPSOHV� 7KHVH HQHUJ\ VDPSOHV DUH WKHQ FRPSDUHG DJDLQVW
D WKUHVKROG WKDW GHSHQGV RQ QRLVH OHYHO� 1RWH WKDW HQHUJ\ GHWHFWLRQ GRHV QRW UHTXLUH
DQ\ SULRU NQRZOHGJH RQ VSHFWUXP RFFXSDQF\� DQG WKLV SURYLGHV D EHQHILFLDO IOH[LELOLW\
WRZDUGV ZLUHOHVV WHFKQRORJ\ LGHQWLILFDWLRQ�

'HWHFWLRQ RI UDQGRP VLJQDOV LQ SUHVHQFH RI DGGLWLYH ZKLWH *DXVVLDQ QRLVH �$:*1�
LV D WUDGLWLRQDO SUREOHP WKDW KDV EHHQ VROYHG E\ GHWHFWLRQ WKHRU\� 8QGHU WKH K\SRWKHVLV
WKDW WKH XVHIXO VLJQDO LV XQNQRZQ DQG LV PRGHOOHG DV D ]HUR�PHDQ ZLGH�VHQVH VWDWLRQDU\
�:66� *DXVVLDQ SURFHVV ZLWK YDULDQFH σ2

s � ZKHUHDV QRLVH LV $:*1 ZLWK YDULDQFH σ2
w�

WKH VXIILFLHQW VWDWLVWLF T (U)� L�H�� WKH H[SUHVVLRQ RI (' LQSXW±RXWSXW FKDUDFWHULVWLF� LV�

T (U) =
N∑

n=1

|rn|2 ���

,Q HTXDWLRQ ���� U UHSUHVHQWV WKH UHFHLYHG YHFWRU RI FRPSOH[ VDPSOHV rn DQG N WKH
QXPEHU RI VDPSOHV XVHG LQ HDFK HQHUJ\ FDOFXODWLRQ �L�H�� ZLQGRZ OHQJWK�� 7KH ZLQGRZ
OHQJWK N PXVW EH VHOHFWHG EDVHG RQ D WUDGH�RII EHWZHHQ UHVROXWLRQ LQ DYHUDJH HQHUJ\
YV� WLPH�YDU\LQJ HQHUJ\ SDWWHUQV� 7KH VKRUW�WHUP HQHUJ\ IXQFWLRQ LV REWDLQHG IURP WKH
SURGXFW RI HTXDWLRQ ��� E\ WKH (' VDPSOLQJ SHULRG TV� ZKHUH NTV = ZLQGRZ GXUDWLRQ�
L�H�

EN (U) =
N∑

n=1

|rn|2TV ���

6LQFH WKH VDPSOLQJ IUHTXHQF\ ZDV ��0+] �DV IXUWKHU GHVFULEHG LQ 6HFWLRQ ��� WKH
VDPSOLQJ SHULRG ZDV TV = 40 QV� %DVHG RQ %OXHWRRWK SDFNHW GXUDWLRQ� DV H[SODLQHG ODWHU
LQ 6HFWLRQ �� D UHDVRQDEOH ZLQGRZ GXUDWLRQ ZDV �� µVHF� DQG WKHUHIRUH� LQ RUGHU WR
REWDLQ WKLV YDOXH� D UHFWDQJXODU ZLQGRZ N RI ��� VDPSOHV ZDV XVHG� 7KLV QXPEHU RI
VDPSOHV RIIHUV D JRRG WUDGH�RII EHWZHHQ EN YDOXHV DQG DYHUDJH YDOXHV� ,Q RWKHU ZRUGV�
N YDOXH LV QRW µWRR KLJK¶� RWKHUZLVH EN ZRXOG EH FRPSXWHG FRQVLGHULQJ WRR PDQ\
VDPSOHV� QRW SHUPLWWLQJ WR IROORZ LQ DQ DFFXUDWH ZD\ WKH FKDQJHV LQ WKH VKRUW�WHUP
HQHUJ\� LW LV DOVR QRW µWRR ORZ¶� RWKHUZLVH WKH PHDQ LQ WKH VKRUW�WHUP HQHUJ\ FRPSXWDWLRQ
ZRXOG UHIHU WR D YHU\ ORZ QXPEHU RI VDPSOHV� )XUWKHUPRUH� FRQVHFXWLYH EN ZLQGRZV
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ZHUH RYHUODSSHG E\ ��� LQ RUGHU WR LPSURYH WLPH UHVROXWLRQ WR �µVHF LQVWHDG RI
�� µVHF�

$Q H[DPSOH RI VKRUW�WHUP HQHUJ\ GLDJUDP LV GHSLFWHG LQ )LJXUH �� 7KH EN

GLDJUDP RI )LJXUH � ZDV REWDLQHG E\ FDSWXULQJ WKH GDWD WUDQVIHUHG EHWZHHQ WZR QHDUE\
�DERXW �P� %OXHWRRWK GHYLFHV� 7KH VLJQDOV ZHUH FDSWXUHG E\ 8653� WKDW ZDV SRVLWLRQHG
DERXW KDOI ZD\ EHWZHHQ WKH WZR %OXHWRRWK GHYLFHV� 7KH 8653� EDQGZLGWK ZDV VHW DW
��0+] DQG FHQWUHG DW �����*+]�

)LJXUH � $ VKRUW�WHUP HQHUJ\ GLDJUDP REWDLQHG DIWHU FDSWXUH RI %OXHWRRWK GDWD VLJQDOV�
VKRUW�WHUP HQHUJ\ YDOXHV DUH H[SUHVVHG LQ ORJDULWKPLF XQLWV �VHH RQOLQH YHUVLRQ
IRU FRORXUV�

,Q )LJXUH �� WKH OLQH RYHU WKH QRLVH OHYHO UHSUHVHQWV WKH HVWLPDWLRQ RI WKH DYHUDJH
QRLVH SRZHU FDOOHG QRLVH IORRU �JUHHQ OLQH RQ ILJXUH�� 7KLV YDOXH ZDV FDOFXODWHG XVLQJ
D PRYLQJ DYHUDJH ILOWHU DSSOLHG RQ UHFRUGHG EN GDWD ZKHQ QR VLJQDO ZDV EHLQJ
WUDQVPLWWHG�

6KRUW�WHUP HQHUJ\ GLDJUDPV DUH XVHG WR JHQHUDWH SDFNHW GLDJUDPV� $ SDFNHW GLDJUDP
VKRZV WKH SUHVHQFH �ORJLFDO YDOXH µ�¶� RU DEVHQFH �ORJLFDO YDOXH µ�¶� RI D SDFNHW�
VHQW RYHU WKH DLU E\ D GHYLFH� FRQWDLQLQJ HLWKHU FRQWURO GDWD RU XVHU GDWD� 1RWH WKDW
GLVWLQJXLVKLQJ GDWD YV� FRQWURO SDFNHWV LV QRW UHOHYDQW IRU WKH VFRSH RI WKLV ZRUN JLYHQ
WKDW WKH DQDO\VLV IRFXVHV RQ 0$& SDFNHW H[FKDQJH SDWWHUQV� UHJDUGOHVV RI WKHLU FRQWHQW�

7R REWDLQ WKH SDFNHW GLDJUDP� DQ DSSURSULDWH WKUHVKROG YDOXH PXVW EH GHWHUPLQHG�
$OO HQHUJ\ YDOXHV EHORZ WKH WKUHVKROG DUH FRQVLGHUHG DV µORZ¶� L�H�� WKH VHQVHG HQHUJ\
LV WRR ORZ WR EH FRQVLGHUHG DV HQHUJ\ WUDQVPLWWHG E\ D GHYLFH LQ WKH VXUURXQGLQJ
DUHD� 6LPLODUO\� HQHUJ\ YDOXHV DERYH WKH WKUHVKROG DUH FRQVLGHUHG DV µKLJK¶� L�H�� WKH
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VHQVHG HQHUJ\ LV KLJK HQRXJK WR EH FRQVLGHUHG DV HQHUJ\ WUDQVPLWWHG E\ D GHYLFH LQ
WKH VXUURXQGLQJ DUHD� DQG DV VXFK PXVW EH SDUW RI D VHQW SDFNHW� 7KH QRLVH IORRU ZDV
REWDLQHG E\ DYHUDJLQJ WKH GHWHFWHG HQHUJ\ LQ DEVHQFH RI DQ\ UHFHLYHG VLJQDO LQ WKH ,60
���*+] EDQG� 7KH WKUHVKROG YDOXH ZDV GHWHUPLQHG E\ DGGLQJ �� G% WR WKH QRLVH IORRU�
7KLV FKRLFH ZDV LQVSLUHG E\ WKH HQHUJ\ GHWHFWLRQ DGRSWHG LQ =LJ%HH �,((( 6WDQGDUG
��������� ������ 7KH YDOLGLW\ RI WKLV FKRLFH ZDV DOVR FRQILUPHG E\ 'HQNRYVNL HW DO�
������� WKDW LQGLFDWHV WKDW D �� G% PDUJLQ LV D UHFRPPHQGHG FKRLFH IRU SDUDPHWHU
VHWWLQJV RI D 8653� GHYLFH RSHUDWLQJ LQ WKH ���*+] ,60 EDQG� ,Q SDUWLFXODU� WKH
PHDVXUHG QRLVH IORRU ZDV −����� G%-� DQG WKHUHIRUH WKH WKUHVKROG YDOXH ZDV VHW DW
−����� G%-�

%DVHG RQ WKH DERYH WKUHVKROG� WKH SDFNHW GLDJUDP ZDV REWDLQHG E\ GHFLGLQJ� DV
SUHYLRXVO\ LQGLFDWHG� ZKHWKHU VKRUW�WHUP HQHUJ\ YDOXHV ZHUH µORZ¶ RU µKLJK¶� $ VHTXHQFH
RI µKLJK¶ YDOXHV LQGLFDWHV WKDW IRU D FHUWDLQ SHULRG RI WLPH D XVHIXO VLJQDO ZDV SUHVHQW
RYHU WKH DLU LQWHUIDFH� L�H�� D SDFNHW ZDV VHQW� &RQYHUVHO\� D VHTXHQFH RI µORZ¶ YDOXHV
LQGLFDWHV VLOHQFH� L�H�� DQ LQWHU�SDFNHW LQWHUYDO� )LJXUH � VKRZV DQ H[DPSOH RI SDFNHW
GLDJUDP WKDW LV GLUHFWO\ GHULYHG IURP )LJXUH ��

)LJXUH � ([DPSOH RI SDFNHW GLDJUDP� FRUUHVSRQGLQJ WR WKH HQHUJ\ SURILOH RI )LJXUH �
�VHH RQOLQH YHUVLRQ IRU FRORXUV�

)RU HDFK GHWHFWHG SDFNHW D YHFWRU �WLPHVWDPS� GXUDWLRQ� LV VWRUHG� ZKHUH µWLPHVWDPS¶ LV
WKH SDFNHW DUULYDO WLPH LQVWDQW DQG µGXUDWLRQ¶ LV WKH SDFNHW GXUDWLRQ� 7KLV YHFWRU LV XVHG
WR H[WUDFW WLPH�GRPDLQ WHFKQRORJ\�VSHFLILF IHDWXUHV� DV GLVFXVVHG LQ 6HFWLRQ ��

1RWH WKDW GXULQJ ERWK GDWD DQG YRLFH WUDQVIHUV� WKH GHVFULEHG VHQVLQJ DOJRULWKP ZDV
WHVWHG E\ FDSWXULQJ HQRXJK GDWD WR VWDWLVWLFDOO\ DQDO\VH WKH IHDWXUHV DQG WKHLU SRWHQWLDO
VHSDUDELOLW\ FDSDELOLWLHV LQ D PXOWL�VWDQGDUG IHDWXUH FODVVLILHU�
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� %OXHWRRWK 0$& IHDWXUHV

%OXHWRRWK WHFKQRORJ\ LV GHVFULEHG LQ ,((( 6WDQGDUG �������� ������ DQG LV XVHG IRU
ZLUHOHVV SHUVRQDO DUHD QHWZRUNV �:3$1V�� )RU WKH SXUSRVH RI WKLV ZRUN� LW LV LPSRUWDQW
WR QRWLFH LWV SDUWLFXODU DQG SHFXOLDU 0$& VXE�OD\HU EHKDYLRXU� $ %OXHWRRWK QHWZRUN LV
RUJDQLVHG LQWR FOXVWHUV RI GHYLFHV FDOOHG SLFRQHWV� :LWKLQ D SLFRQHW� FRPPXQLFDWLRQ FDQ
EH HVWDEOLVKHG RQO\ EHWZHHQ D PDVWHU GHYLFH DQG D VODYH GHYLFH �WKHUH DUH XS WR VHYHQ
VODYH GHYLFHV LQ D SLFRQHW�� %OXHWRRWK XVHV D WLPH GLYLVLRQ GXSOH[�WLPH GLYLVLRQ PXOWLSOH
DFFHVV �7''�7'0$� SDFNHW FRPPXQLFDWLRQ VFKHPH� &RPPXQLFDWLRQ LV VORWWHG� DQG
WLPH VORW GXUDWLRQ LV IL[HG DW T6/27 RI ���µVHF� %OXHWRRWK SDFNHWV FDQ RFFXS\ RQH��
WKUHH� RU ILYH�WLPH VORWV� ,Q HDFK FDVH� SDFNHW GXUDWLRQ PD\ YDU\ EHWZHHQ D PLQLPXP
DQG D PD[LPXP YDOXH WKDW LV UHSRUWHG LQ 7DEOH � �IRU D �0E VHF−1 ELWUDWH�� 3DFNHWV
FRQWDLQLQJ FRQWURO GDWD RFFXS\ RQO\ RQH�WLPH VORW� DQG KDYH LQ JHQHUDO D IL[HG GXUDWLRQ�
DV LQGLFDWHG LQ 7DEOH � �IRU D �0E VHF−1 ELWUDWH�� 7KHVH PLQLPXP� PD[LPXP DQG IL[HG
GXUDWLRQV� DV GHILQHG E\ ,((( 6WDQGDUG �������� ������� DUH LPSRUWDQW IRU WKH VFRSH
RI WKLV ZRUN� 1RWH RQ 7DEOH � WKH ��µVHF IL[HG GXUDWLRQ RI WKH ,' SDFNHW� WKDW LV WKH
VKRUWHVW %OXHWRRWK SDFNHW�

$ FRPPRQ SDFNHW H[FKDQJH SDWWHUQ FRQVLVWV RI '$7$ ± $&. SDFNHWV� WKDW DUH
H[FKDQJHG EHWZHHQ WKH PDVWHU DQG D VODYH� '$7$ SDFNHWV KDYH QR SUHGHWHUPLQHG
GXUDWLRQV� SDFNHWV DUH ILOOHG ZLWK DOO WKH GDWD WKDW PXVW EH VHQW �DQG WKH QHFHVVDU\
RYHUKHDG�� DOZD\V UHVSHFWLQJ WKH GXUDWLRQ UXOHV GHILQHG E\ WKH VWDQGDUG� )RU WKH
DFNQRZOHGJHPHQW� D FRQWURO SDFNHW FDOOHG 18// SDFNHW LV XVHG� 7KLV SDFNHW KDV D
IL[HG VL]H RI ��� ELWV� L�H�� D IL[HG GXUDWLRQ RI ���µVHF� DW D �0E VHF−1 ELWUDWH� )RU
FRPSOHWHQHVV� WKHUH LV DQRWKHU FRQWURO SDFNHW� WKH 32// SDFNHW� XVHG IRU SROOLQJ� WKDW
KDV WKH VDPH IL[HG GXUDWLRQ RI WKH 18// SDFNHW�

7DEOH � %OXHWRRWK SDFNHW GXUDWLRQV

)L[HG GXUDWLRQ 0LQLPXP GXUDWLRQ 0D[LPDP GXUDWLRQ
�µsec� �µsec� �µsec�

7LPH VORW ���
,' SDFNHW ��
18//�32// SDFNHW ���
2QH�WLPH VORW SDFNHW ��� ���
7KUHH�WLPH VORW SDFNHW ����� �����
)LYH�WLPH VORW SDFNHW ����� �����

:KHQ WKH %OXHWRRWK FRPPXQLFDWLRQ LV XVHG IRU YRLFH WUDQVPLVVLRQ� L�H�� D VR�
FDOOHG V\QFKURQRXV FRQQHFWLRQ�RULHQWHG �6&2� OLQN LV HVWDEOLVKHG� '$7$ SDFNHWV DUH
RQH�WLPH VORW RQO\� )XUWKHUPRUH� WKH PDVWHU SURYLGHV WKH VODYH UHVHUYHG WLPH VORWV
IROORZLQJ WKH VFKHPH UHSRUWHG LQ 7DEOH �� 7KHVH UHVHUYHG VORWV SHUPLW WR REWDLQ
D WZR�ZD\ �� NE VHF−1 SXOVH FRGH PRGXODWLRQ �3&0� HQFRGHG V\PPHWULF YRLFH
FRPPXQLFDWLRQ�

7KLV 0$& VXE�OD\HU EHKDYLRXU� WKDW LV FKDUDFWHULVWLF RI %OXHWRRWK� FDQ EH H[SORLWHG
LQ RUGHU WR UHDFK LWV UHFRJQLWLRQ LQ D VLPSOH ZD\� VWDUWLQJ IURP WKH REWDLQHG SDFNHW
GLDJUDP� $V VHHQ EHIRUH� WKH VKRUWHVW SDFNHW GHILQHG LQ %OXHWRRWK WHFKQRORJ\ LV WKH
,' SDFNHW� ZKRVH GXUDWLRQ LV IL[HG DW ��µVHF� 7KLV PHDQV WKDW DOO GHWHFWHG SDFNHWV
ZKRVH GXUDWLRQ LV OHVV WKDQ ��µVHF FDQ EH GLVFDUGHG� EHFDXVH WKH\ FDQQQRW EH %OXHWRRWK
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SDFNHWV� )RU WKLV UHDVRQ� D VLPSOH SDFNHW ILOWHU ZDV LPSOHPHQWHG XVLQJ 0$7/$%� DQG
DOO SDFNHWV ZLWK D GXUDWLRQ ORZHU WKDQ �� µVHF ZHUH GLVFDUGHG� FRQVLGHULQJ WKHP DV
µIDOVH SRVLWLYH SDFNHWV¶� 7KH FKRLFH RI �� µVHF LQVWHDG RI �� µVHF IRU WKH SDFNHW ILOWHU
WKUHVKROG DGGHG VRPH WROHUDQFH WR WKH SDFNHW LGHQWLILFDWLRQ SURFHGXUH�

7DEOH � %OXHWRRWK 6&2 OLQN GHWDLOV

3DFNHW W\SH 5HVHUYHG WLPH VORW HYHU\ � � � �WLPH VORW� TSCO YDOXH �PVHF�

+9� � ����
+9� � ����
+9� � ����

7KH SDFNHW GLDJUDP ZDV WKHQ UHDG\ WR EH XVHG IRU %OXHWRRWK UHFRJQLWLRQ� $FFRUGLQJ WR
WKH 0$& VXE�OD\HU IHDWXUH DSSURDFK RI WKH $,5�$:$5( 3URMHFW� WZR 0$& IHDWXUHV
ZHUH SURSRVHG�

� SDFNHW GXUDWLRQ

� SDFNHW LQWHU�DUULYDO LQWHUYDO

7KH UHDVRQ IRU VHOHFWLQJ WKH ILUVW IHDWXUH ZDV EDVHG RQ WKH FRQVLGHUDWLRQ WKDW RQH FDQ
H[SHFW D OLQN PDQDJHU WR VHJPHQW GDWD E\ HIILFLHQWO\ ILOOLQJ WKH DYDLODEOH SDFNHW IRUPDWV�
,I WKDW LV WUXH� LW FDQ EH H[SHFWHG WKDW SUHGRPLQDQW SDFNHW GXUDWLRQ YDOXHV ZLOO DVVXPH
WKHLU PD[LPXP DOORZHG YDOXHV� DQG WKH GHWHFWHG SDFNHW GXUDWLRQV ZLOO EH FRQFHQWUDWHG
DURXQG WKH YDOXHV UHSRUWHG LQ WKH ILUVW DQG ODVW FROXPQV RI 7DEOH ��

7KH VHOHFWLRQ RI WKH VHFRQG IHDWXUH GHULYHV IURP WKH VWUXFWXUH RI WKH 7''�7'0$
V\VWHP� L�H�� D VORWWHG WLPH�D[LV� )RU WKLV UHDVRQ� LW FDQ EH H[SHFWHG WKDW SDFNHW
LQWHU�DUULYDO LQWHUYDO YDOXHV EH FRQFHQWUDWHG DURXQG T6/27 ����µVHF� RU LWV PXOWLSOHV�
ZKHQ VLQJOH�VORW YV� PXOWL�VORW SDFNHWV DUH GHWHFWHG�

7KHVH WZR SURSRVHG IHDWXUHV FDQ EH FDOFXODWHG IURP WKH SDFNHW GLDJUDP LQ D YHU\
VLPSOH ZD\� 'HVSLWH WKLV VLPSOLFLW\� WKH\ FDQ KLJKOLJKW DQG UHYHDO D 0$& VXE�OD\HU
EHKDYLRXU WKDW LV FKDUDFWHULVWLF RI %OXHWRRWK� OHDGLQJ WR VXFFHVVIXO UHFRJQLWLRQ�

� ([SHULPHQWDO VHW�XS

7KH 8653 LV D ZLGHO\ XVHG 6'5 SODWIRUP GHYHORSHG E\ (WWXV 5HVHDUFK //&
�D VXEVLGLDU\ RI 1DWLRQDO ,QVWUXPHQWV &RUS��� 7KLV GHYLFH KDV JDLQHG JUHDW LQWHUHVW IURP
WKH UHVHDUFK FRPPXQLW\ WKDQNV WR LWV H[FHOOHQW LQWHJUDWLRQ ZLWK WKH RSHQ VRXUFH *18
5DGLR 6'5 IUDPHZRUN� ,Q WKLV ZRUN� WKH 8653 YHUVLRQ � �RU VLPSO\ 8653�� DQG *18
5DGLR YHUVLRQ ��� KDYH EHHQ XVHG�

7KH 8653� LV DQ KDUGZDUH SODWIRUP IRU 6'5 DSSOLFDWLRQV WKDW KRVWV D PDLQERDUG
ZLWK D ILHOG SURJUDPPDEOH JDWH DUUD\ �)3*$� �;LOLQ[ 6SDUWDQ ������� D 5,6&
�� ELW PLFURSURFHVVRU�� WZR ���06 VHF−1 �� ELW DQDORJ WR GLJLWDO FRQYHUWHUV �$'&V�
�/7&������ WZR ���06 VHF−1 �� ELW GLJLWDO WR DQDORJ FRQYHUWHUV �'$&V� �$'������
D VHFXUH GLJLWDO �6'� FDUG UHDGHU WR ORDG )3*$ ILUPZDUH DQG GULYHUV DQG D *LJDELW
(WKHUQHW FRQWUROOHU WR FRQQHFW WKH KRVW FRPSXWHU� 7KH UDGLR IUHTXHQF\ �5)� DQG
LQWHUPHGLDWH IUHTXHQF\ �,)� VWDJHV RI WKH 8653� FDQ EH FKDQJHG E\ VZLWFK WKH



��� 6� %ROGULQL HW DO�

GDXJKWHUERDUG EHLQJ XVHG� 7KHUH LV D ZLGH UDQJH RI 8653� GDXJKWHUERDUGV WR FRYHU
DOPRVW HYHU\ UDGLR DSSOLFDWLRQ� 7KH *18 5DGLR HQYLURQPHQW DOORZV WR FRQWURO DOO
WKH IXQGDPHQWDO SDUDPHWHUV RI WKH 8653�� VXFK DV� GLJLWDO GRZQ FRQYHUWHU �''&�
IUHTXHQF\� )3*$ GHFLPDWLRQ� SURJUDPPDEOH JDLQ DPSOLILHU �3*$� JDLQ� ORFDO RVFLOODWRU
�/2� RIIVHW� VDPSOLQJ PXOWLSOH[HU �08;� VFKHPH� KDOIEDQG ILOWHUV DQG WKH SUHFLVLRQ
RI WKH GDWD VHQW DQG UHFHLYHG IURP WKH FRPSXWHU� 2QH IXQGDPHQWDO DVSHFW RI D 6'5
KDUGZDUH LV UHSUHVHQWHG E\ WKH VDPSOLQJ VFKHPH DQG VSHHG� 7KH 8653� DGRSWV D
TXDGUDWXUH VDPSOLQJ VFKHPH WKDW LV GHSLFWHG LQ )LJXUH � UHDOLVHG E\ D ''& LQ WKH )3*$�
WKDW FRQVLVWV RI D QXPHULFDOO\�FRQWUROOHG RVFLOODWRU �1&2�� D IRXU�VWDJH GHFLPDWLQJ
FDVFDGHG LQWHJUDWRU�FRPE �&,&� ILOWHU DQG WZR KDOIEDQG ILOWHUV �+%)V�� 7KH TXDGUDWXUH
VDPSOLQJ VFKHPH GRXEOHV WKH EDQGZLGWK RI WKH WUDQVFHLYHU WKXV HQDEOLQJ D UHFHLYHU
EDQGZLGWK RI ���0+] IURP WKH ���06 VHF−1 $'& VDPSOLQJ IUHTXHQF\ �fV� DQG LW
SURGXFHV WZR VWUHDPV� WKH LQ�SKDVH DQG WKH TXDGUDWXUH EDVHEDQG VLJQDOV �, DQG 4��

)LJXUH � 7KH ''& VFKHPH RI WKH 8653�

7KH *LJDELW (WKHUQHW LQWHUIDFH JXDUDQWHHV D IXOO�GXSOH[ GDWD UDWH RI ���0% VHF−1 WKDW
DOORZV DQ HTXLYDOHQW FRPSOH[ 5) EDQGZLGWK RI DERXW �����0+]� 'XH WR WKLV FKRLFH
WKH GDWD UDWH SURFHVVHG E\ WKH )3*$ KDV WR EH GHFLPDWHG E\ D PLQLPXP IDFWRU RI �
RU JUHDWHU WKXV GHWHUPLQLQJ D PD[LPXP 5) UHFHLYHU EDQGZLGWK RI DERXW ��0+]� ,I
WKH 8653� GHFLPDWLRQ YDOXH LV DQ RGG LQWHJHU� WKH UHVXOWLQJ ''& ILOWHULQJ FRQVLVWV RI
&,& ILOWHUV ZLWK QR +%)V� LQWURGXFLQJ DOLDVLQJ RXW RI fV/2� 8VLQJ DQ HYHQ UDWH EXW
QRW PXOWLSOH RI � UHVXOWV LQ RQH KDOIEDQG ILOWHU �D ORZ UDWH +%) ZLWK �� WDSV WKDW
GHFLPDWHV E\ D IL[HG UDWH RI ��� )LQDOO\� WKH DGRSWLRQ RI D GHFLPDWLRQ IDFWRU PXOWLSOH RI �
GHWHUPLQHV WKH XVH RI &,& ILOWHUV �GHFLPDWLQJ LQ WKH UDQJH �±���� DQG RI ERWK DYDLODEOH
KDOIEDQG ILOWHUV� WKH ORZ UDWH RQH DQG WKH KLJKHU UDWH VHYHQ WDSV RQH� 7KH XVH RI WKHVH
WZR ILOWHUV UHVXOWV LQ D IL[HG GHFLPDWLRQ UDWH RI � �WKH PLQLPXP DOLDVLQJ�IUHH GHFLPDWLRQ
UDWH� DQG WKH XVH RI RQH RI WKH DYDLODEOH &,& SHUPLWV WR UHDFK KLJKHU GHFLPDWLRQ� *LYHQ
WKH ���06DPSOHV VHF−1 �� ELW $'& FRQYHUWHUV DQG WKH GHFLPDWLRQ UDWH RI �� WKH
XVHG VDPSOLQJ IUHTXHQF\ ZDV ��0+]� WKDW FRUUHVSRQGV WR D VDPSOLQJ SHULRG RI �� QV
�DV SUHYLRXVO\ PHQWLRQHG LQ 6HFWLRQ ���

,Q WKLV ZRUN� WKH GRZQ�FRQYHUWHG VWUHDP FRQVLVWHG RI �� ELW FRPSOH[ VDPSOHV
��� ELWV IRU UHDO DQG �� ELWV IRU WKH LPDJLQDU\ SDUW� DW WKH PD[LPXP DOORZHG 5)
EDQGZLGWK ���0+]�� 7KH UHVXOWLQJ GDWD IORZ �RI $'& VDPSOH YDOXHV� ZDV WKHQ UHFRUGHG
LQ D ELQDU\ ILOH XVLQJ WKH *18 5DGLR OLEUDULHV� 7KH DFWXDO VKRUW�WHUP HQHUJ\ FDOFXODWLRQ
ZDV SHUIRUPHG XVLQJ 0$7/$% VFULSWV ZLWK UHDO WUDIILF GDWD LQSXWV� 7KH HTXLSPHQW XVHG
LQ WKLV ZRUN ZDV WKXV FRQVLVWLQJ RI�
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• D 8653� GHYLFH

• DQ ;&95���� ����*+] ± �*+]� GDXJKWHUERDUG

• D YHUWLFDO DQWHQQD �GXDO EDQG ���*+] ±�*+]� � G%L JDLQ�

• D KRVW 3& ZLWK D *18�/LQX[ 26 �8EXQWX� DQG *18 5DGLR ���

• WZR %OXHWRRWK HQKDQFHG GDWD UDWH �('5� GHYLFHV �GDWD UDWH� �0E VHF−1��

,Q WKH H[SHULPHQWDO VHW�XS� WKH 8653� ZDV SODFHG OHVV WKDQ �P DZD\ IURP WKH WZR
FRPPXQLFDWLQJ %OXHWRRWK GHYLFHV� 7KH %OXHWRRWK WHFKQRORJ\ LV FKDUDFWHULVHG �VHH DOVR
6HFWLRQ �� E\ QDUURZ EDQG FKDQQHOV RI �0+] XVHG LQ D IUHTXHQF\ KRSSLQJ VSUHDG
VSHFWUXP �)+66� RYHU ��0+] RI WRWDO EDQGZLGWK� 7KH IUHTXHQF\ KRSV DUH WULJJHUHG
E\ D SVHXGR�UDQGRP QRLVH �31� FRGH� WKDW GHWHUPLQHV D XQLIRUP GLVWULEXWLRQ RI WKH
WUDQVPLWWHG SDFNHWV RYHU WKH HQWLUH EDQGZLGWK� $V SUHYLRXVO\ PHQWLRQHG� WKH UHFHLYHG
VLJQDO SDVVHV WKURXJK D FDVFDGH RI +%) DQG &,& ILOWHUV DQG WKLV UHVXOWV LQ D VLJQDO
VSHFWUXP IODW HQRXJK MXVW IRU D EDQGZLGWK RI DERXW ��0+]� 7KLV PHDQV WKDW WKH 8653�
FDQ FDSWXUH RQO\ �� %OXHWRRWK FKDQQHOV RXW RI ��� ORVLQJ DERXW 3/4 RI WRWDO WUDQVPLWWHG
SDFNHWV�

7KH VHQVLQJ DOJRULWKP ZDV WHVWHG XVLQJ VLJQDOV SURGXFHG E\ FRPPHUFLDO
%OXHWRRWK GHYLFHV ZLWK HPEHGGHG DQWHQQDV� 'XH WR WKLV QRQ�LGHDO 5) FRQGLWLRQ�
WKH H[SHULPHQWDO VHW�XS ZDV FKDUDFWHULVHG E\ YHU\ ORZ UDQJHV �DQG FRQVHTXHQWO\
KLJK VLJQDO�WR�QRLVH UDWLRV� 615V� EHWZHHQ %OXHWRRWK GHYLFHV DQG WKH VHQVLQJ GHYLFH�
,Q WKLV ZD\� WKH GHWHFWLRQ RI DOO H[FKDQJHG SDFNHWV �LQ WKH FRQVLGHUHG EDQG� ZDV
JXDUDQWHHG� &RQVHTXHQWO\� WKH IRFXV FDQ EH UHGXFHG H[FOXVLYHO\ RQ %OXHWRRWK SDFNHW
SUHVHQFH�DEVHQFH SDWWHUQV DQDO\VLV� WKDW LV WKH VFRSH RI WKLV ZRUN�

7KH SDUDPHWHUV XVHG LQ WKLV ZRUN WR VHW�XS WKH 8653� ZHUH WKH IROORZLQJ� 7KH 3*$
JDLQ ZDV �� G%� WKH 8653� FHQWUH IUHTXHQF\ ZDV �����*+] DQG WKH EDQGZLGWK ZDV
��0+] ZLGH �GHFLPDWLRQ YDOXH RI ��� 7KH FDSWXUH ZDV GULYHQ E\ *18 UDGLR FRPSDQLRQ
ILOH VLQN PRGXOH WR UHFRUG WKH UHFHLYHG FRPSOH[ VDPSOHV LQ D YHFWRU�

� ([SHULPHQWDO UHVXOWV

7KH FRQVLGHUHG VFHQDULR ZDV FKDUDFWHULVHG E\ WZR FRPPXQLFDWLQJ %OXHWRRWK ('5
GHYLFHV XVLQJ HLWKHU WKH �DV\QFKURQRXV FRQQHFWLRQ�OHVV� $&/ OLQN RU WKH 6&2 OLQN�
7KH %OXHWRRWK FRPPXQLFDWLQJ GHYLFHV ZHUH ORFDWHG DW D GLVWDQFH RI DERXW �P IURP
HDFK RWKHU� 'XULQJ %OXHWRRWK FRPPXQLFDWLRQV� WKH 8653� ZDV SODFHG FORVH WR WKH
FRPPXQLFDWLQJ GHYLFHV �DW D GLVWDQFH � �P� WR JXDUDQWHH D VWURQJ UHFHLYHG VLJQDO� ,Q
WKLV ZD\� LW ZDV SRVVLEOH WR FROOHFW DQG DQDO\VH D ODUJH VHW RI GLIIHUHQW UHDO VFHQDULR
FDSWXUHV�

7KH SDFNHW GXUDWLRQ IHDWXUH PHDVXUHG RYHU DQ $&/ OLQN �HVWDEOLVKHG E\ D ILOH
WUDQVIHU EHWZHHQ WZR %OXHWRRWK ('5 GHYLFHV� FDQ EH REVHUYHG LQ )LJXUH �� *LYHQ
WKH SUR[LPLW\ RI WUDQVPLWWHU DQG UHFHLYHU� DQG WKH DEVHQFH RI LQWHUIHUHUV ZLWKLQ UDQJH�
WKH 615 ZDV UHDVRQDEO\ KLJK� DQG LW ZDV WKHUHIRUH VWUDLJKWIRUZDUG WR FDSWXUH DOO WKH
H[FKDQJHG SDFNHWV �DOPRVW ���� LQ WKH REVHUYLQJ WLPH �DERXW � VHF�� ,W ZDV SRVVLEOH
WR YHULI\ WKH H[LVWHQFH RI WKUHH SDFNHW GXUDWLRQ FODVVHV� FRUUHVSRQGLQJ WR WKH RQH��
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WKUHH� DQG ILYH� VORW SDFNHW GXUDWLRQV SURYLGHG E\ D %OXHWRRWK $&/ OLQN� 1RWH RQ
)LJXUH � WKDW HDFK FODVV DYHUDJH YDOXH UHVXOWV DV D IXOO�SD\ORDG VORW YDOXH� 7R EH ULJRURXV�
D GDWD SDFNHW OHQJWK VKRXOG EH PRGHOOHG DV D UDQGRP YDULDEOH� +RYHZHU� WKH REVHUYHG
UHDO GDWD VKRZ YHU\ IUHTXHQW RFFXUUHQFHV RI VORW PD[LPXP YDOXHV �KLJK SHDNV LQ WKH
KLVWRJUDP��

)LJXUH � +LVWRJUDP IRU WKH SDFNHW GXUDWLRQ IHDWXUH PHDVXUHG RYHU DQ $&/ OLQN �VHH RQOLQH
YHUVLRQ IRU FRORXUV�

)LJXUH � +LVWRJUDP IRU WKH SDFNHW GXUDWLRQ IHDWXUH PHDVXUHG RYHU DQ 6&2 OLQN �VHH RQOLQH
YHUVLRQ IRU FRORXUV�
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6LPLODU WR WKH $&/ FDVH� LQ WKH YRLFH �6&2� OLQN RI )LJXUH � WKHUH LV RQH PDLQ SHDN�
FRUUHVSRQGLQJ WR D VSHFLILF SDFNHW GXUDWLRQ FODVV� 7KH PHDVXUHG DYHUDJH SDFNHW GXUDWLRQ
LQ D YRLFH OLQN LV DERXW ���µVHF� ,Q WKLV FDVH� WKH SDFNHW GXUDWLRQ GLVWULEXWLRQ VKRZV
LQFUHDVHG VSUHDG� DOWKRXJK ZHOO FRQFHQWUDWHG DW D VSHFLILF YDOXH� DQG PD\ WKXV SURYH WR
EH VWLOO XVHIXO IRU WHFKQRORJ\ FODVVLILFDWLRQ SXUSRVHV�

$V IRU WKH VHFRQG IHDWXUH� SDFNHW LQWHU�DUULYDO LQWHUYDO IRU WKH $&/ FDVH IROORZV
D WUHQG WHQGLQJ WR UDQGRPQHVV GXH WR VHYHUDO XQFRQWUROODEOH HOHPHQWV� IUHTXHQF\
KRSSLQJ RYHU D ODUJHU EDQGZLGWK WKDQ WKH FRQVLGHUHG RQH� SDFNHW ORVVHV DQG UHODWHG
UHWUDQVPLVVLRQV� LQWULQVLF UDQGRPQHVV RI WKH GDWD WUDQVIHU� +RZHYHU� HYHQ LQ WKH $&/
OLQN� WKH VORWWHG VWUXFWXUH RI WKH SDFNHW H[FKDQJH PD\ DULVH� VKRZLQJ D SHULRGLFLW\
WKDW IROORZV PXOWLSOHV RI D WLPHVORW GXUDWLRQ ����µVHF�� )LJXUH � VKRZV WKH KLVWRJUDP
IRU WKH SDFNHW LQWHU�DUULYDO IHDWXUH PHDVXUHG RYHU DQ $&/ OLQN� ZKHUH WKH SHULRGLFLW\
FRUUHVSRQGV WR DOPRVW H[DFWO\ T6/27 ����µVHF��

)LJXUH � +LVWRJUDP IRU WKH SDFNHW LQWHU�DUULYDO IHDWXUH PHDVXUHG RYHU DQ $&/ OLQN
�VHH RQOLQH YHUVLRQ IRU FRORXUV�

)RU 6&2 OLQNV� WKH SDFNHW LQWHU�DUULYDO LQWHUYDO IHDWXUH LV HYHQ PRUH LQWHUHVWLQJ EHFDXVH
RI WKH V\QFKURQRXV QDWXUH RI WKH OLQN DQG WKH SUHVHQFH RI UHVHUYHG SHULRGLF VORWV IRU
YRLFH SDFNHWV �DV H[SODLQHG LQ 6HFWLRQ ��� 7KH UHVXOWLQJ KLVWRJUDP LV SORWWHG LQ )LJXUH ��

)URP UHDO GDWD� WKH SDFNHW GXUDWLRQ DQG WKH SDFNHW LQWHU�DUULYDO LQWHUYDO IHDWXUHV
DSSHDU WR RIIHU DQ H[FHOOHQW VHSDUDELOLW\ SURSHUW\� 7KLV KDSSHQV ERWK LQ WKH GDWD OLQN
�$&/� DQG LQ WKH YRLFH OLQN �6&2�� 8VLQJ WKHVH IHDWXUHV VKRXOG JXDUDQWHH JRRG
VHSDUDELOLW\ RI %OXHWRRWK 0$& IHDWXUHV IURP RWKHU ZLUHOHVV WHFKQRORJ\ 0$& IHDWXUHV�
EDVHG RQ D VLPSOH (' FDSDEOH RI SURYLGLQJ SDFNHW GLDJUDPV IURP ZKLFK WKH SURSRVHG
IHDWXUHV FDQ EH GLUHFWO\ DQG HDVLO\ H[WUDFWHG ZLWK ORZ�FRPSOH[LW\ DOJRULWKPV�

1RWH WKDW LQ FRQGLWLRQ RI LQWHUIHUHQFH� WKDW PLJKW RFFXU IUHTXHQWO\ FRQVLGHULQJ WKDW
WKH DQDO\VHG EDQG LV WKH ���*+] ,60 EDQG� WKH SDFNHW GLDJUDP PLJKW EH LQIOXHQFHG
DQG FKDQJHG E\ WKH RYHUODSSLQJ RI RWKHU WHFKQRORJLHV SDFNHWV� %XW WKLV KDSSHQV QRW
RQO\ E\ XVLQJ WKLV 0$& IHDWXUHV DSSURDFK� L�H�� LW LV QRW D OLPLWDWLRQ LQWURGXFHG E\
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WKH SURSRVHG DSSURDFK� ,Q IDFW WKLV KDSSHQV HYHQ LI WKH DGRSWHG DSSURDFK LV VSHFWUXP
VHQVLQJ �0DWH HW DO�� ����� <XFHO DQG $UVODQ� ����� =HQJ HW DO�� ������ ,Q WKDW FDVH�
LQWHUIHUHQFH FDXVHG E\ RWKHU WHFKQRORJLHV VLJQDOV PLJKW VLJQLILFDQWO\ DIIHFW WKH UHFHLYHG
VLJQDO �6KL DQG GH )UDQFLVFR� ������ OHDGLQJ WR PRUH GLIILFXOWLHV LQ WKH SURFHVV RI
WHFKQRORJ\ UHFRJQLWLRQ DQG DXWRPDWLF FODVVLILFDWLRQ� ,Q RWKHU ZRUGV� GLIILFXOWLHV FDXVHG
E\ LQWHUIHUHQFH PXVW EH FRQVLGHUHG IRU ERWK DSSURDFKHV� WKH 0$& IHDWXUHV DSSURDFK DV
ZHOO DV WKH VSHFWUXP VHQVLQJ RQH�

)LJXUH � +LVWRJUDP IRU WKH SDFNHW LQWHU�DUULYDO LQWHUYDO IHDWXUH PHDVXUHG RYHU D 6&2 OLQN
�VHH RQOLQH YHUVLRQ IRU FRORXUV�

� 'LVFXVVLRQ RI UHVXOWV DQG IXWXUH GLUHFWLRQV

7KH VFRSH RI $,5�$:$5( LV WR FUHDWH D EODFN�ER[� WKH $,5�$:$5( PRGXOH� DEOH WR
GHWHFW� UHFRJQLVH� GLVWLQJXLVK DQG FODVVLI\ GLIIHUHQW ZLUHOHVV WHFKQRORJLHV RSHUDWLQJ LQ
WKH ,60 ���*+] EDQG� :H SURSRVHG WR FDUU\ RXW QHWZRUN UHFRJQLWLRQ DQG DXWRPDWLF
FODVVLILFDWLRQ LQ D VLPSOH ZD\� L�H�� XVLQJ 0$& VXE�OD\HU WHFKQRORJ\�VSHFLILF IHDWXUHV
EDVHG RQ HQHUJ\ GHWHFWLRQ�

7KLV ZRUN DQDO\VHG WKH %OXHWRRWK WHFKQRORJ\� 7ZR 0$& IHDWXUHV ZHUH SURSRVHG�
SDFNHW GXUDWLRQ DQG SDFNHW LQWHU�DUULYDO LQWHUYDO� 7KH 8653� GHYLFH ZDV XVHG DV ('� LQ
RUGHU WR FRPSXWH D VKRUW�WHUP HQHUJ\ GLDJUDP� IURP ZKLFK D 0$& SDFNHW GLDJUDP ZDV
REWDLQHG� %DVHG RQ SDFNHW GLDJUDP SDWWHUQV� WKH WZR SURSRVHG IHDWXUHV ZHUH FRPSXWHG�
'DWD OLQNV �$&/ OLQN� DV ZHOO DV YRLFH OLQNV �6&2 OLQN� ZHUH WDNHQ LQWR FRQVLGHUDWLRQ�

$Q DQDO\VLV RI WKH REWDLQHG UHVXOWV IRU WKH ILUVW IHDWXUH �SDFNHW GXUDWLRQ� ZDV FDUULHG
RXW IRU ERWK $&/ DQG 6&2 OLQNV� ,Q $&/ OLQNV� SDFNHW GXUDWLRQ YDOXHV ZHUH ZHOO
FRQFHQWUDWHG DURXQG WKUHH PDLQ SHDNV FRUUHVSRQGLQJ WR WKH WKUHH PDLQ SDFNHW W\SHV
�RQH�� WKUHH� RU ILYH� WLPH VORW SDFNHWV�� ,Q 6&2 OLQNV� D VLPLODU EHKDYLRXU ZDV REVHUYHG�
WKH KLVWRJUDP SUHVHQWHG D VLQJOH PDLQ SHDN� DURXQG ZKLFK DERXW ��� RI SDFNHWV ZHUH
FRQFHQWUDWHG� WKLV SHDN FDQ EH UHODWHG WR WKH GXUDWLRQ RI RQH�WLPH VORW SDFNHWV�



%OXHWRRWK DXWRPDWLF QHWZRUN UHFRJQLWLRQ ���

7KH VHFRQG IHDWXUH �SDFNHW LQWHU�DUULYDO LQWHUYDO� KLVWRJUDP SUHVHQWHG D SUHYDOHQW
SHDN� FHQWUHG DW WKH WLPH VORW GXUDWLRQ YDOXH IRU ERWK $&/ DQG 6&2 OLQNV� 6HFRQGDU\
SHDNV DW PXOWLSOHV RI WLPH VORW GXUDWLRQ ZHUH DOVR SUHVHQW� WKHVH VHFRQGDU\ SHDNV ZHUH
SDUWLFXODUO\ HYLGHQW LQ WKH YRLFH WUDQVPLVVLRQ FDVH �6&2 OLQN��

,Q FRQFOXVLRQ� WKH WZR SURSRVHG IHDWXUHV VHHP WR EH YDOLG IRU WKH SXUSRVH RI
%OXHWRRWK QHWZRUN UHFRJQLWLRQ� VLQFH WKH\ DUH FDSDEOH RI KLJKOLJKWLQJ D 0$& VXE�OD\HU
EHKDYLRXU WKDW LV VSHFLILF DQG SHFXOLDU WR %OXHWRRWK�

1RLVH XQFHUWDLQW\ VKRXOG EH FRQVLGHUHG LQ IXWXUH LQYHVWLJDWLRQV� ZKHUH WKH XVH RI
EOLQG FRPELQHG (' �%&('� PHWKRGV VKRXOG EH WHVWHG� $V GHVFULEHG LQ =HQJ HW DO�
������� WKH %&(' DOJRULWKP PD\ RYHUFRPH QRLVH HVWLPDWLRQ SUREOHPV �EOLQG PHWKRG��
ZKLOH PDLQWDLQLQJ WKH IOH[LELOLW\ RI WKH ('�

)XUWKHU LQYHVWLJDWLRQ VKRXOG IRFXV RQ WHVWLQJ FDVHV ZKHUH WKH SUHVHQFH RI LQWHUIHUHQFH
SURYRNHG E\ RWKHU ZLUHOHVV WHFKQRORJLHV VXFK DV :L�)L DQG =LJ%HH DUH WDNHQ LQWR
FRQVLGHUDWLRQ� 3RVVLEOH :L�)L UHFRJQLWLRQ IHDWXUHV DV SURSRVHG LQ 'L %HQHGHWWR HW DO�
������ VKRXOG DOVR EH FRQVLGHUHG DQG WHVWHG LQ SDUWLFXODU IRU %OXHWRRWK YV� :L�)L
UHFRJQLWLRQ� 5HFRJQLWLRQ RI XQGHUOD\ QHWZRUNV OLNH 8:% �'L %HQHGHWWR DQG *LDQFROD�
����� 'L %HQHGHWWR DQG 9RMFLF� ����� EDVHG RQ 0$& IHDWXUHV �'H 1DUGLV DQG 'L
%HQHGHWWR� ����� 'L %HQHGHWWR HW DO� ����� 'L %HQHGHWWR HW DO�� ����� ZLOO IRUP WKH
REMHFW RI IXWXUH ZRUN� ZLWK WKH DLP RI LQWHJUDWLQJ WKH $,5�$:$5( PRGXOH ZLWK
UHFRJQLWLRQ FDSDELOLWLHV EH\RQG WKH ,60 EDQG�

$FNQRZOHGJHPHQWV

7KLV ZRUN ZDV SDUWO\ VXSSRUWHG E\ &267 $FWLRQ ,&���� µ&RJQLWLYH 5DGLR DQG
1HWZRUNLQJ IRU &RRSHUDWLYH &RH[LVWHQFH RI +HWHURJHQHRXV :LUHOHVV 1HWZRUNV¶� IXQGHG
E\ WKH (XURSHDQ 6FLHQFH )RXQGDWLRQ� DQG SDUWO\ E\ (XURSHDQ &RPPLVVLRQ 1HWZRUN RI
([FHOOHQFH $&5232/,6 µ$GYDQFHG FRH[LVWHQFH WHFKQRORJLHV IRU UDGLR RSWLPLVDWLRQ LQ
OLFHQVHG DQG XQOLFHQVHG VSHFWUXP¶�

5HIHUHQFHV

%HQFR� 6�� %ROGULQL� 6�� *KLWWLQR� $�� $QQHVH� 6� DQG 'L %HQHGHWWR� 0�*�
������ µ,GHQWLILFDWLRQ RI SDFNHW H[FKDQJH SDWWHUQV EDVHG RQ HQHUJ\ GHWHFWLRQ�
7KH EOXHWRRWK FDVH¶� $SSOLHG 6FLHQFHV LQ %LRPHGLFDO DQG &RPPXQLFDWLRQ
7HFKQRORJLHV �,6$%(/�� ���� 7KLUG ,QWHUQDWLRQDO 6\PSRVLXP RQ SS��±��
'2,� ��������,6$%(/�������������∼&RJ$57����%HVW3DSHU$ZDUG�

'H 1DUGLV� /� DQG 'L %HQHGHWWR� 0�*� ������ µ0HGLXP DFFHVV FRQWURO GHVLJQ IRU 8:%
FRPPXQLFDWLRQ V\VWHPV� UHYLHZ DQG WUHQGV¶� -RXUQDO RI &RPPXQLFDWLRQV DQG 1HWZRUNV�
9RO� �� SS����±����

'HQNRYVNL� '�� 3DYORVNL� 0�� $WDQDVRYVNL� 9� DQG *DYULORYVND� /� ������ µ3DUDPHWHU
VHWWLQJV IRU ���*+] LVP VSHFWUXP PHDVXUHPHQWV¶� $SSOLHG 6FLHQFHV LQ %LRPHGLFDO DQG
&RPPXQLFDWLRQ 7HFKQRORJLHV �,6$%(/�� ���� �UG ,QWHUQDWLRQDO 6\PSRVLXP RQ SS��±��
'2,� ��������,6$%(/� �������������

'L %HQHGHWWR� 0�*�� %ROGULQL� 6�� 0DUWLQ� &�-�0� DQG 'LD]� -�5� ������ µ$XWRPDWLF QHWZRUN
UHFRJQLWLRQ E\ IHDWXUH H[WUDFWLRQ� D FDVH VWXG\ LQ WKH LVP EDQG¶� &RJQLWLYH 5DGLR
2ULHQWHG :LUHOHVV 1HWZRUNV &RPPXQLFDWLRQV �&52:1&20�� ���� 3URFHHGLQJV RI WKH )LIWK
,QWHUQDWLRQDO &RQIHUHQFH RQ� SS��±��
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'L %HQHGHWWR� 0�*�� 'H 1DUGLV� /�� *LDQFROD� *� DQG 'RPHQLFDOL� '� ������ µ7KH $ORKD DFFHVV
(UWB)2 SURWRFRO UHYLVLWHG IRU ,((( ��������D¶� 67 -RXUQDO� 9RO� �� SS����±����

'L %HQHGHWWR� 0�*�� 'H 1DUGLV� /�� -XQN� 0� DQG *LDQFROD� *� ������ µ(UWB)2�
XQFRRUGLQDWHG� ZLUHOHVV� EDVHERUQ� PHGLXP DFFHVV FRQWURO IRU 8:% FRPPXQLFDWLRQ
QHWZRUNV¶� -RXUQDO RQ 6SHFLDO 7RSLFV LQ 0RELOH 1HWZRUNV DQG $SSOLFDWLRQV� 9RO� ���
SS����±���� '2,� ��������V���������������]�

'L %HQHGHWWR� 0�*� DQG *LDQFROD� *� ������ 8QGHUVWDQGLQJ 8OWUD :LGH %DQG 5DGLR
)XQGDPHQWDOV� 3UHQWLFH +DOO &RPPXQLFDWLRQV (QJLQHHULQJ DQG (PHUJLQJ 7HFKQRORJLHV
6HULHV� 3UHQWLFH�+DOO 375� S����� ,6%1� ��������������

'L %HQHGHWWR� 0�*� DQG 9RMFLF� %� ������ µ8OWUD�ZLGHEDQG �8:%� ZLUHOHVV FRPPXQLFDWLRQV�
D WXWRULDO¶� -RXUQDO RI &RPPXQLFDWLRQV DQG 1HWZRUNV� 9RO� �� SS����±����

,((( VWDQGDUG IRU LQIRUPDWLRQ WHFKQRORJ\�WHOHFRPPXQLFDWLRQV DQG LQIRUPDWLRQ H[FKDQJH EHWZHHQ
V\VWHPV�ORFDO DQG PHWURSROLWDQ DUHD QHWZRUNV�VSHFLILF UHTXLUHPHQWV ± SDUW ��� :LUHOHVV
/$1 PHGLXP DFFHVV FRQWURO �0$&� DQG SK\VLFDO OD\HU �3+<� VSHFLILFDWLRQV� ,(((
6WG ����������� �5HYLVLRQ RI ,((( 6WG ������������� �'HFHPEHU ������ SS�&�±�����
'2,� ��������,(((67'� ������������

,((( VWDQGDUG IRU LQIRUPDWLRQ WHFKQRORJ\�WHOHFRPPXQLFDWLRQV DQG LQIRUPDWLRQ H[FKDQJH EHWZHHQ
V\VWHPV�ORFDO DQG PHWURSROLWDQ DUHD QHWZRUNV±VSHFLILF UHTXLUHPHQWV ± 3DUW ����� :LUHOHVV
PHGLXP DFFHVV FRQWURO �0$&� DQG SK\VLFDO OD\HU �3+<� VSHFLILFDWLRQV IRU ZLUHOHVV SHUVRQDO
DUHD QHWZRUNV �:3$1V�� ,((( 6WG ������������� �5HYLVLRQ RI ,((( 6WG ��������������
�������

,((( VWDQGDUG IRU LQIRUPDWLRQ WHFKQRORJ\�WHOHFRPPXQLFDWLRQV DQG LQIRUPDWLRQ H[FKDQJH EHWZHHQ
V\VWHPV�ORFDO DQG PHWURSROLWDQ DUHD QHWZRUNV�VSHFLILF UHTXLUHPHQWV SDUW ����� :LUHOHVV
PHGLXP DFFHVV FRQWURO �0$&� DQG SK\VLFDO OD\HU �3+<� VSHFLILFDWLRQV IRU ORZ�UDWH
ZLUHOHVV SHUVRQDO DUHD QHWZRUNV �:3$16�� ,((( 6WG ������������� �5HYLVLRQ RI ,(((
6WG� �������������� �������

0DULDQL� $�� *LRUJHWWL� $� DQG &KLDQL� 0� ������ µ(QHUJ\ GHWHFWRU GHVLJQ IRU FRJQLWLYH UDGLR
DSSOLFDWLRQV¶� :DYHIRUP 'LYHUVLW\ DQG 'HVLJQ &RQIHUHQFH �:''�� ���� ,QWHUQDWLRQDO�
SS�������±������� '2,� ��������:''��������������

0DWH� $�� /HH� .�+� DQG /X� ,�7� ������ µ6SHFWUXP VHQVLQJ EDVHG RQ WLPH FRYDULDQFH PDWUL[
XVLQJ *18 UDGLR DQG 8653 IRU FRJQLWLYH UDGLR¶� 6\VWHPV� $SSOLFDWLRQV DQG 7HFKQRORJ\
&RQIHUHQFH �/,6$7�� ���� ,((( /RQJ ,VODQG� SS��±�� '2,� ��������/,6$7��������������

6KL� ;� DQG GH )UDQFLVFR� 5� ������ µ$GDSWLYH VSHFWUXP VHQVLQJ IRU FRJQLWLYH UDGLRV� DQ
H[SHULPHQWDO DSSURDFK¶� :LUHOHVV &RPPXQLFDWLRQV DQG 1HWZRUNLQJ &RQIHUHQFH �:&1&��
���� ,(((� SS�����±����� '2,� ��������:&1&��������������

<XFHN� 7� DQG $UVODQ� +� ������ µ$ VXUYH\ RI VSHFWUXP VHQVLQJ DOJRULWKPV IRU FRJQLWLYH
UDGLR DSSOLFDWLRQV¶� &RPPXQLFDWLRQV 6XUYH\V 7XWRULDOV� ,(((� 9RO� ��� 1R� �� SS����±����
,661� ��������;� '2,� ��������6859�������������

=HQJ� <�� /LDQJ� <�&� DQG =KDQJ� 5� ������ µ%OLQGO\ FRPELQHG HQHUJ\ GHWHFWLRQ IRU VSHFWUXP
VHQVLQJ LQ FRJQLWLYH UDGLR¶� ,((( 6LJQDO 3URFHVVLQJ /HWWHUV� 9RO� ��� SS����±����

=HQJ� <�� /LDQJ� <�&�� +RDQJ� $�7� DQG =KDQJ� 5� ������ µ$ UHYLHZ RQ VSHFWUXP VHQVLQJ
IRU FRJQLWLYH UDGLR� FKDOOHQJHV DQG VROXWLRQV¶� (85$6,3 -RXUQDO RQ $GYDQFHV LQ 6LJQDO
3URFHVVLQJ� 9RO� ����� $UWLFOH ,' ������� �� SDJHV� GRL� ��������������������


