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3LORWLQJ D URWRUFUDIW LV W\SLFDOO\ D KLJK JDLQ WDVN�
DQG XQGHU DGYHUVH FRQGLWLRQV WKH ZRUNORDG PD\
LQFUHDVH WR WKH H[WHQW WKDW WKH SLORW LV QRW DEOH
WR DFKLHYH DOO JRDOV VLPXOWDQHRXVO\� ,QFUHDVHG H[�
FHHGDQFHV RI RSHUDWLQJ OLPLWV PD\ RFFXU DV D UHVXOW
RI WKLV KLJK ZRUNORDG� 7KH JRDO RI WKLV UHVHDUFK KDV
EHHQ WR LPSOHPHQW LQ SLORWHG VLPXODWLRQV D V\VWHP
WKDW UHGXFHV ZRUNORDG DQG KHOSV SLORWV WR DYRLG DLU�
FUDIW OLPLWV� 7KH V\VWHP XVHV QHXUDO QHWZRUNV WR
SUHGLFW QHDU�IXWXUH OLPLW H[FHHGDQFHV� DQG DOHUWV SL�
ORWV WR WKHVH LPSHQGLQJ H[FHHGDQFHV WKURXJK WDFWLOH
FXHV RQ WKH FRQWURO LQFHSWRUV DQG YLVXDO FXHV RQ
WKH KHDG�XS�GLVSOD\� 7KH V\VWHP ZDV GHPRQVWUDWHG
LQ SLORWHG VLPXODWLRQV RI WKH 8+���$ DQG 2+���'
DQG ZDV IRXQG WR UHGXFH OLPLW H[FHHGDQFHV DQG SLORW
ZRUNORDG� ,Q WKHVH H[SHULPHQWV� WDFWLOH FXHV DORQH
JHQHUDOO\ SHUIRUPHG EHWWHU WKDQ YLVXDO FXHV DORQH�
EXW WKH FRPELQDWLRQ RI YLVXDO DQG WDFWLOH FXHV JHQ�
HUDOO\ SHUIRUPHG EHVW� 3LORW FRPPHQWV DQG KDQGOLQJ
TXDOLWLHV UDWLQJV RI WKH V\VWHP ZHUH KLJKO\ IDYRUDEOH�
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(YHQ XQGHU LGHDO FRQGLWLRQV� URWRUFUDIW SLORWV IDFH
D KLJK ZRUNORDG� ,Q FRQGLWLRQV VXFK DV DGYHUVH
ZHDWKHU RU RSHUDWLRQ LQ DQ DUHD RI HQHP\ WKUHDWV� WKH
SLORW
V ZRUNORDG PD\ EH LQFUHDVHG WR WKH H[WHQW WKDW
KH FDQQRW DGHTXDWHO\ PRQLWRU DQG H[HUFLVH FRQWURO
WR DYRLG H[FHHGDQFHV RI RSHUDWLQJ OLPLWV� &RQVH�
TXHQFHV RI WKHVH OLPLW H[FHHGDQFHV LQFOXGH LPSDLUHG
qLJKW VDIHW\ DQG VKRUWHQHG HTXLSPHQW OLIHWLPHV� 7KH
FXUUHQW UHVHDUFK KDV VRXJKW WR LPSOHPHQW D V\VWHP
WKDW DLGV SLORWV LQ DYRLGLQJ OLPLW H[FHHGDQFHV�

7KH FXUUHQW ZRUN KDV EXLOW RQ WKH pQGLQJV RI
D QXPEHU RI SULRU UHVHDUFK HoRUWV� 7KHVH LQ�
FOXGHG D VWXG\ FRQGXFWHG E\ -HUHP\ +RZLWW DW
WKH 'HIHQFH 5HVHDUFK $JHQF\ �8�.�� WKDW VKRZHG
IRUFH IHHGEDFN FXHLQJ WR EH EHQHpFLDO IRU UHGXFLQJ

&RS \ULJK W Fq ���� E \ %DUURQ $V V RFLDWHV � ,Q F� 3X E OLV K HG E \
WK H $P HULFDQ ,Q V WLWX WH RI $HURQ DX WLFV DQ G $V WURQ DX WLFV � ,Q F� ZLWK
S HUP LV V LRQ �

OLPLW H[FHHGDQFHV�� 7KLV VWXG\ XVHG D ?QRYHO KHDYH�
D[LV DXWRPDWLF qLJKW FRQWURO V\VWHP �$)&6� PRGH
WKDW EOHQGV EHWZHHQ FROOHFWLYH EODGH SLWFK FRPPDQG
�d��� WRUTXH FRPPDQG �4H� DQG URWRUVSHHG FRP�
PDQG �nU� DV D IXQFWLRQ RI FROOHFWLYH OHYHU SRVLWLRQ
�rF���

� $W KLJK FROOHFWLYH LQSXW SRVLWLRQV� FROOHFWLYH
SRVLWLRQ FRPPDQGHG WRUTXH DQG D VRIW�VWRS �IRUFH
IHHGEDFN� RQ WKH FROOHFWLYH VWLFN LQGLFDWHG WKH FRQ�
WLQXRXV WRUTXH OLPLW� 7KH XVH RI WKLV FXH ZDV VKRZQ
WR UHGXFH OLPLW H[FHHGDQFH� UHGXFH WDVN WLPH� DQG
LPSURYH KDQGOLQJ TXDOLWLHV�

2WKHU UHVHDUFK KDV VKRZQ WKDW IRUFH IHHGEDFN LV
VXSHULRU WR RWKHU W\SHV RI FXHLQJ WR DOHUW D SLORW
WR OLPLW H[FHHGDQFHV� 7KH +HO0(( ,, �+HOLFRSWHU
0DQHXYHU (QYHORSH ([SDQVLRQ� VWXG\ FRQGXFWHG E\
WKH $UP\ $HURqLJKWG\QDPLFV 'LUHFWRUDWH �$)''�
FRPSDUHG WKH EHQHpWV RI FROOHFWLYH VWLFN IRUFH IHHG�
EDFN� DXUDO WRQHV� YRLFH ZDUQLQJV� DQG YLVXDO�KHDG�
XS�GLVSOD\ �+8'� LQIRUPDWLRQ DV OLPLW FXHV� ZKLOH
SHUIRUPLQJ DQ DLU�WR�DLU WDVN DQG D WXUQLQJ DXWR�
URWDWLRQ WDVN� 7KH VWDWLVWLFDO GDWD DQG SLORW FRP�
PHQWV IURP WKRVH H[SHULPHQWV VWURQJO\ VXSSRUWHG
WKH XVH RI FRQWURO IRUFH IHHGEDFN� FRPSOHPHQWHG E\
HLWKHU D YLVXDO RU DXUDO FRQpUPDWLRQ RI WKH OLPLW H[�
FHHGDQFH� $ NH\ pQGLQJ RI WKH +HO0(( ,, VWXGLHV
WKDW OHG WR WKH FXUUHQW ZRUN ZDV WKDW LI PHDVXUHG YDO�
XHV RI WKH VWDWHV UHODWHG WR OLPLWV ZHUH XVHG WR GULYH
YLVXDO� DXUDO� RU WDFWLOH FXHV� WKH G\QDPLF QDWXUH RI
WKHVH VWDWHV DQG OLPLWV ZDV VXFK WKDW ZDUQLQJV FDPH
WRR ODWH WR SUHYHQW H[FHHGDQFHV� 7KH UHVXOWV LQGL�
FDWHG D QHHG WR SUHGLFW QHDU�IXWXUH OLPLW H[FHHGDQFHV
DQG WR XVH WKH SUHGLFWLRQV UDWKHU WKDQ WKH FXUUHQW
REVHUYDEOHV WR GULYH OLPLW FXHV�

7KH DXWKRUV FKRVH WR XVH SRO\QRPLDO QHXUDO QHW�
ZRUNV �311V� WR SURYLGH WKH LQGLFDWHG SUHGLFWLRQV
RI QHDU�IXWXUH OLPLW H[FHHGDQFHV� 8QGHU D 3KDVH
, 6%,5 FRQWUDFW� %DUURQ $VVRFLDWHV� ,QF� �%$,�
GHPRQVWUDWHG WKH IHDVLELOLW\ RI XVLQJ 311V IRU WKLV
DSSOLFDWLRQ�� )HDVLELOLW\ ZDV VKRZQ SULQFLSDOO\ E\
GHPRQVWUDWLQJ WKDW UHSUHVHQWDWLYH FULWLFDO YDULDEOHV
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FRXOG EH DFFXUDWHO\ PRGHOHG E\ 311V XVLQJ VLPXOD�
WLRQ RU qLJKW GDWD� 7KH TXDQWLWLHV H[DPLQHG LQ WKH
3KDVH , HoRUW ZHUH PDLQ URWRU WRUTXH� PDLQ URWRU DQ�
JXODU VSHHG� QRUPDO ORDG IDFWRU� ODWHUDO YHORFLW\� DQG
PDLQ URWRU EODGH EHQGLQJ PRPHQW �qDSSLQJ D[LV��

,Q 3KDVH ,, RI WKLV 6%,5 SURJUDP� %DUURQ $VVR�
FLDWHV ZRUNHG ZLWK 0DWWKHZ :KDOOH\ RI WKH $)''
WR LPSOHPHQW D QHXUDO QHWZRUN OLPLW DYRLGDQFH V\V�
WHP IRU URWRUFUDIW �QQ/$65�� 7KH V\VWHP XVHV 311V
WR SUHGLFW IXWXUH URWRUFUDIW RSHUDWLQJ SDUDPHWHUV
RQ WKH EDVLV RI SLORW FRPPDQGV DQG V\VWHP RE�
VHUYDEOHV DQG SURYLGHV WKH SLORW ZLWK LQIRUPDWLRQ
UHJDUGLQJ IXWXUH OLPLW H[FHHGDQFHV EDVHG RQ WKHVH
SUHGLFWLRQV� ,QIRUPDWLRQ LV SULPDULO\ SURYLGHG WR WKH
SLORW WKURXJK WDFWLOH IHHGEDFN RQ WKH YDULRXV LQFHS�
WRUV� ZLWK D VHFRQGDU\ FXH RQ WKH +8' IRU FRQpU�
PDWLRQ� 7KH HoHFWLYHQHVV RI WKH V\VWHP IRU UHGXFLQJ
PDLQ URWRU WRUTXH H[FHHGDQFHV GXULQJ D EREXS WDVN
ZDV GHPRQVWUDWHG LQ WKH +HO0(( ,9 H[SHULPHQWV��

7KHVH H[SHULPHQWV ZHUH SHUIRUPHG LQ WKH 9HUWLFDO
0RWLRQ 6LPXODWRU �906� IDFLOLW\ DW 1$6$ $PHV
XVLQJ D 8+���$ PRGHO� 6XEVHTXHQW p[HG�EDVHG SL�
ORWHG VLPXODWLRQ H[SHULPHQWV RI WKH 2+���' GHPRQ�
VWUDWHG FXHLQJ RYHU D UDQJH RI PDQHXYHUV XVLQJ D
VOLJKWO\ PRGLpHG FXHLQJ DSSURDFK� 7KLV PRGLpHG
FXHLQJ DSSURDFK ZDV VXFFHVVIXOO\ DSSOLHG WR PXOWL�
SOH PDQHXYHUV DQG PXOWLSOH OLPLWV IRU WKH 8+���$
GXULQJ WKH +HO0(( 9 H[SHULPHQWV �ZKLFK DOVR XVHG
WKH PRYLQJ EDVH 906 IDFLOLW\�� 7KHVH SLORW�LQ�WKH�
ORRS GHPRQVWUDWLRQV UHSUHVHQWHG PDMRU VWHSV WRZDUG
WUDQVLWLRQLQJ WKH QQ/$65 WHFKQRORJ\ WR SURGXFWLRQ
DLUFUDIW�

7KLV SDSHU GLVFXVVHV WKH JHQHUDO DUFKLWHFWXUH RI
WKH FXHLQJ V\VWHPV� WKH VSHFLpF LPSOHPHQWDWLRQV IRU
WKH 8+���$ DQG 2+���' VLPXODWRUV� DQG WKH UH�
VXOWV RI SLORWHG VLPXODWLRQ H[SHULPHQWV RI ERWK KHOL�
FRSWHUV�
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7KH SRO\QRPLDO QHXUDO QHWZRUN PRGHOV XVHG LQ
WKLV ZRUN ZHUH V\QWKHVL]HG ZLWK WKH *126,670

VRIWZDUH SDFNDJH� *126,670 LV DQ DGYDQFHG LQ�
GXFWLYH PRGHOLQJ HQYLURQPHQW GHYHORSHG E\ %DUURQ
$VVRFLDWHV WR VROYH PXOWLYDULDWH HVWLPDWLRQ DQG FODV�
VLpFDWLRQ SUREOHPV�

&RQVLGHUDWLRQV IRU &UHDWLQJ 6\QWKHVLV

'DWDEDVHV

7R FUHDWH 311 PRGHOV WKDW SHUIRUP ZHOO IRU VLWXD�
WLRQV QRW HQFRXQWHUHG GXULQJ QHWZRUN V\QWKHVLV� WKH
GDWDEDVHV XVHG IRU PRGHO V\QWKHVLV PXVW EH FDUH�

IXOO\ FRQVWUXFWHG� 1RQOLQHDU PRGHOV SHUIRUP EHVW
ZKHQ LQWHUURJDWHG ZLWKLQ WKH V\QWKHVLV GDWD UDQJH�
VR LW LV LPSRUWDQW WKDW V\QWKHVLV GDWD HQFRPSDVV WKH
UDQJH RI qLJKW FRQGLWLRQV DQG PDQHXYHUV RQ ZKLFK
WKH PRGHO ZLOO EH HYDOXDWHG� %HFDXVH RI WKH KLJK
GLPHQVLRQDO VSDFHV LQYROYHG� DQDO\WLFDOO\ GHWHUPLQ�
LQJ UHJLRQV RI VSDFH SRSXODWHG E\ WKH V\QWKHVLV GDWD
FDQ EH D GLrFXOW WDVN� 7KH DXWKRUV KDYH HPSOR\HG D
PXOWL�GLPHQVLRQDO FOXVWHULQJ DQDO\VLV WR VFUHHQ HYDO�
XDWLRQ GDWD LQ VRPH FDVHV� EXW� EHFDXVH RI WKH OLP�
LWDWLRQV RI VXFK DSSURDFKHV� LW LV LPSRUWDQW WR XVH
NQRZOHGJH RI qLJKW UHJLPHV VHHQ LQ V\QWKHVLV WR GH�
WHUPLQH DSSURSULDWH LQWHUURJDWLRQ UHJLPHV�

7KH DXWKRUV KDYH DOVR IRXQG LW LPSRUWDQW WR XVH
V\QWKHVLV GDWD WKDW FDSWXUH WKH YDULHG G\QDPLFV RI
PXOWLSOH SLORWV� ,Q V\QWKHVL]LQJ QHWZRUNV WR SUHGLFW
OLPLW H[FHHGDQFHV IRU D VLQJOH W\SH RI PDQHXYHU� WKH
DXWKRUV IRXQG WKDW QHWZRUNV FUHDWHG XVLQJ GDWD IRU D
VLQJOH SLORW ZRXOG SHUIRUP ZHOO RQ XQVHHQ PDQHXYHUV
IRU WKH VDPH SLORW EXW QRW IRU PDQHXYHUV SHUIRUPHG
E\ RWKHU SLORWV� 7KLV VXJJHVWV WKDW 311V PRG�
HOHG WKH EHKDYLRU RI WKH VSHFLpF SLORW �RU FRPELQHG
SLORW�YHKLFOH V\VWHP� UDWKHU WKDQ MXVW WKH DLUFUDIW G\�
QDPLFV� 7KLV VSHFLDOL]DWLRQ LV XQGHVLUDEOH IRU PRVW
FXHLQJ V\VWHP DSSOLFDWLRQV�

311 $UFKLWHFWXUHV

7ZR GLVWLQFW 311 DUFKLWHFWXUHV KDYH EHHQ XVHG
LQ QQ/$65 LPSOHPHQWDWLRQV� 7KH pUVW� KHUHDIWHU
UHIHUUHG WR DV WKH ?LQYHUVH DUFKLWHFWXUH�� ZDV XVHG
IRU PDLQ URWRU WRUTXH FXHLQJ LQ WKH +HO0(( ,9 H[�
SHULPHQWV� 8VLQJ WKH LQYHUVH PRGHOLQJ DSSURDFK WR
WRUTXH FXHLQJ� D 311 ZDV V\QWKHVL]HG WR HVWLPDWH
WKH FXUUHQW VWLFN SRVLWLRQ XVLQJ WKH FXUUHQW URWRU�
FUDIW VWDWHV DQG WKH WUXH YDOXH RI IXWXUH WRUTXH DV
LQSXWV� :KHQ WKH UHVXOWLQJ 311 ZDV LPSOHPHQWHG
LQ WKH FXHLQJ V\VWHP� WKH YDOXH RI WKH WRUTXH OLPLW
ZDV XVHG LQ SODFH RI WUXH IXWXUH WRUTXH LQSXW� 7KH
LQWHQWLRQ ZDV IRU WKH 311 WR FRPSXWH WKH FXUUHQW
LQFHSWRU SRVLWLRQ WKDW ZRXOG FDXVH WRUTXH WR EH
SUHFLVHO\ DW LWV OLPLW RQH SUHGLFWLRQ KRUL]RQ LQ WKH
IXWXUH� )LJ� � LOOXVWUDWHV WKH LQYHUVH 311 FRQpJXUD�
WLRQV DV XVHG LQ PRGHO V\QWKHVLV DQG LQ WKH FXHLQJ
V\VWHP LPSOHPHQWDWLRQ� UHVSHFWLYHO\�

7KH LQYHUVH DUFKLWHFWXUH LV DWWUDFWLYH EHFDXVH LW
H[SOLFLWO\ FRPSXWHV D ?VRIW�VWRS� ORFDWLRQ WKDW FDQ
EH DSSOLHG WR WKH FROOHFWLYH VWLFN� +RZHYHU� VRPH
SUREOHPV GR H[LVW ZLWK WKLV DUFKLWHFWXUH� DPRQJ
WKHVH DUH WKH DUELWUDU\ SDLULQJ RI FXUUHQW YHKLFOH
VWDWHV ZLWK D IXWXUH WRUTXH HTXDO WR WKH OLPLW� 7KLV
FRPELQDWLRQ RI LQSXWV PD\ QRW EH UHDOL]DEOH IRU WKH
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PNN 
Model

Estimate of TRUE
Current Stick Position

Current Rotorcraft States

TRUE FUTURE TORQUE

Configuration Used for Synthesis (and Evaluation)

PNN 
Model

Estimate of Current Stick 
Position to Reach Precise 
Torque Limit ∆t Sec. in 
Future

Current Rotorcraft States

 TORQUE LIMIT

Configuration Used for Cueing
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SK\VLFDO V\VWHP� DQG 311 EHKDYLRU IRU XQUHDOL]DEOH
LQSXW VHWV PD\ EH XQSUHGLFWDEOH� $OVR� LQ PXOWL�D[LV
PDQHXYHUV� PXOWLSOH LQFHSWRUV PD\ VLPXOWDQHRXVO\
LQqXHQFH D OLPLW RI LQWHUHVW� ,Q WKHVH FDVHV� WKHUH
PD\ QRW EH D XQLTXH VHW RI LQFHSWRU SRVLWLRQV WKDW
FDXVHV WKH OLPLW RI LQWHUHVW WR EH UHDFKHG� DQG WKH
311 FDQQRW pQG D XQLTXH VROXWLRQ LI VXFK D VROX�
WLRQ GRHV QRW H[LVW� $Q DGGLWLRQDO GLrFXOW\ H[LVWV LQ
PDNLQJ Ro�OLQH HYDOXDWLRQV RI LQYHUVH QHWZRUN SHU�
IRUPDQFH� 7KH ?VRIW�VWRS� ORFDWLRQ HVWLPDWHG E\
WKH LQYHUVH QHWZRUN LV QRW D SDUDPHWHU RI WKH SK\VL�
FDO V\VWHP VR WKH WUXWK YDOXH FDQQRW EH GHWHUPLQHG�
(VWLPDWLRQ HUURU IRU WKH QHWZRUN LQ WKH FXHLQJ FRQ�
pJXUDWLRQ WKHUHIRUH FDQQRW EH GHWHUPLQHG�

7KH DXWKRUV EHOLHYH DQ DOWHUQDWH FXHLQJ FRQpJXUD�
WLRQ� UHIHUUHG WR KHUH DV WKH ?IRUZDUG� DUFKLWHFWXUH�
LV PRUH DSSURSULDWH IRU PXOWL�D[LV WDVNV� DQG WKLV
VWUXFWXUH ZDV XVHG LQ SLORWHG VLPXODWLRQ H[SHULPHQWV
LQYROYLQJ PXOWL�D[LV PDQHXYHULQJ� ,Q WKH IRUZDUG
DUFKLWHFWXUH� WKH IXWXUH YDOXH RI WKH SDUDPHWHU RI LQ�
WHUHVW LV HVWLPDWHG XVLQJ FXUUHQW �DQG� LQ VRPH FDVHV�
SULRU� REVHUYDEOHV� )LJ� � VKRZV WKLV DUFKLWHFWXUH� $
GUDZEDFN WR WKLV DSSURDFK LV WKDW DQ DGGLWLRQDO VWHS
LV UHTXLUHG WR FRPSXWH DQ DSSURSULDWH LQFHSWRU OLPLW
SRVLWLRQ EDVHG RQ WKH QHWZRUN RXWSXW�
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3UHGLFWLRQ +RUL]RQ

7KH SUHGLFWLRQ KRUL]RQ XVHG IRU WKH 311V LV DQ
LPSRUWDQW SDUDPHWHU WKDW DoHFWV WKH SHUIRUPDQFH
RI ERWK WKH 311 DQG WKH FXHLQJ V\VWHP ZLWK D SL�
ORW LQ WKH ORRS� ,Q VHOHFWLQJ SUHGLFWLRQ KRUL]RQV�
WKH DXWKRUV KDYH XVHG VHYHUDO FULWHULD ZLWK WKH JRDO
RI PDNLQJ D UHDVRQDEOH DVVHVVPHQW RI ZKDW KRUL�
]RQ�V� ZLOO \LHOG WKH EHVW FORVHG�ORRS FXHLQJ V\VWHP
SHUIRUPDQFH� 8OWLPDWHO\� KRZHYHU� SLORW�LQ�WKH�ORRS
WHVWLQJ LV UHTXLUHG WR GHWHUPLQH FRQFOXVLYHO\ WKH EHVW
SUHGLFWLRQ KRUL]RQ�V��
2QH FULWHULRQ FRQVLGHUHG LQ WKH VHOHFWLRQ RI SUHGLF�

WLRQ KRUL]RQV KDV EHHQ WKH OLQHDU FRUUHODWLRQ EHWZHHQ
WKH LQFHSWRU SRVLWLRQ DQG OLPLWV RI LQWHUHVW� 3ULRU
WR WKH +HO0(( 9 H[SHULPHQWV� OLQHDU FRUUHODWLRQV
EHWZHHQ FXUUHQW LQFHSWRU SRVLWLRQ DQG WKH OLPLW YDUL�
DEOH Q VDPSOHV LQ WKH IXWXUH ZHUH FRPSXWHG IRU DOO
LQWHJHU YDOXHV RI Q IURP ]HUR WR ��� ZKHUH HDFK LQWH�
JHU FRUUHVSRQGV WR D �� PV LQFUHPHQW� )LJ� � VKRZV
WKH FRUUHODWLRQV EHWZHHQ WRUTXH DQG FROOHFWLYH SRVL�
WLRQ SORWWHG DJDLQVW WKH WLPH VKLIW� Q� ZLWK HDFK FXUYH
UHSUHVHQWLQJ D VHSDUDWH PDQHXYHU� �7KH PDQHX�
YHUV VKRZQ LQ WKLV pJXUH DUH QRQ�EREXS PDQHXYHUV
UHFRUGHG LQ WKH 906 IDFLOLW\ GXULQJ WKH +HO0(( ,9
H[SHULPHQWV��
)LJ� � VKRZV D FOHDU WUHQG DFURVV PDQHXYHUV� ZLWK

PD[LPXP OLQHDU FRUUHODWLRQ IRU WKH PDQHXYHUV RF�
FXUULQJ DW DQ DYHUDJH RoVHW RI �� VDPSOHV� 7KLV
VXJJHVWV WKDW D KRUL]RQ RI DSSUR[LPDWHO\ �� VDP�
SOHV KDV VRPH SK\VLFDO VLJQLpFDQFH LQ WKH V\VWHP
DQG ZRXOG EH D JRRG FKRLFH IRU D SUHGLFWLRQ KRUL]RQ�
H[FOXGLQJ FRQVLGHUDWLRQ RI KXPDQ IDFWRUV� /LQHDU
FRUUHODWLRQV ZHUH LQYHVWLJDWHG IRU DOO OLPLWV H[SORUHG
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LQ WKH +HO0(( 9 H[SHULPHQWV� DQG VLPLODU WUHQGV
ZHUH IRXQG IRU RWKHU SDLUV RI LQFHSWRU LQSXWV DQG
OLPLWV�e

$ VHFRQG DVSHFW FRQVLGHUHG LQ WKH VHOHFWLRQ RI
SUHGLFWLRQ KRUL]RQV ZDV WKH SHUIRUPDQFH RI 311V
IRU YDULRXV KRUL]RQV� (YHQ ZKHQ WKH OLQHDU FRUUH�
ODWLRQV EHWZHHQ LQFHSWRU SRVLWLRQ �RU UDWH� DQG WKH
YDULDEOH EHLQJ OLPLWHG VKRZ D GHpQLWLYH PD[LPXP
DW VRPH KRUL]RQ� WKH SHUIRUPDQFH RI WKH QRQOLQHDU
311 LV QRW JXDUDQWHHG WR EH EHVW DW WKLV KRUL]RQ�
311 SHUIRUPDQFH LV DQ LPSRUWDQW FRPSRQHQW WKDW
LQqXHQFHV RYHUDOO V\VWHP SHUIRUPDQFH DQG VKRXOG
EH FRQVLGHUHG ZKHQ VHOHFWLQJ D SUHGLFWLRQ KRUL]RQ�
311 SHUIRUPDQFH LV QRW� KRZHYHU� WKH VROH IDFWRU
LQqXHQFLQJ RYHUDOO V\VWHP SHUIRUPDQFH� DQG LW KDV
EHHQ IRXQG WKDW WKH FORVHG�ORRS V\VWHP SHUIRUPDQFH
LV VRPHWLPHV LPSURYHG E\ LQFUHDVLQJ WKH SUHGLFWLRQ
KRUL]RQ HYHQ DW WKH H[SHQVH RI VRPH VDFULpFH LQ 311
DFFXUDF\� 7KLV UHVXOW HPSKDVL]HV WKDW Ro�OLQH DQDO\�
VLV DORQH LV QRW VXrFLHQW WR HYDOXDWH D FXHLQJ V\VWHP�
DQG WKDW SLORW�LQ�WKH�ORRS HYDOXDWLRQ LV D FULWLFDO SDUW
RI V\VWHP GHYHORSPHQW�

0DSSLQJ 311 2XWSXW LQWR &XHLQJ )RUFH

7\SHV RI &XHV 8VHG

7KH 8+���$ DQG 2+���' SLORWHG VLPXODWLRQ H[�
SHULPHQWV ERWK XVHG D EUHDNRXW DQG JUDGLHQW FXH
IRU PDLQ URWRU WRUTXH�\ )LJ� � VKRZV WKH FROOHFWLYH
VWLFN IHHGEDFN IRUFH DV D IXQFWLRQ RI LQFHSWRU SRVLWLRQ
ZLWK UHVSHFW WR WKH PRYLQJ OLPLW DV LPSOHPHQWHG LQ
8+���$ H[SHULPHQWV� 1RWH WKDW WKH EUHDNRXW ZDV
QRW D SXUH VWHS IRUFH� EXW ZDV D ���� OE��LQ� JUDGL�
HQW� 7KLV QHFHVVLWDWHG D VOLJKW FRUUHFWLRQ LQ WKH IRUFH
FDOFXODWLRQ WR HQVXUH WKDW WKH VWLFN ZRXOG RYHUFRPH
WKH IULFWLRQ IRUFH DQG UHWXUQ SUHFLVHO\ WR WKH OLPLW
SRVLWLRQ ZKHQ WKH SLORW UHOD[HG KLV LQSXW DJDLQVW WKH
XSSHU JUDGLHQW� 7KH 2+���' H[SHULPHQWV XVHG D
VLPLODU DSSURDFK� WKRXJK WKH H[DFW IRUP ZDV PRGL�
pHG IRU GLoHUHQW KDUGZDUH�
7KH FXH XVHG IRU WKH EODGH VWDOO OLPLW LQ WKH 8+�

��$ H[SHULPHQWV ZDV D VWLFN VKDNHU DW WKH EODGH VWDOO

e,Q Y HVWLJDWLRQ RI OLQ HDU FRU U HODWLRQ V DOVR VX S S RU WHG WK H X VH
RI D G DP S LQ J FX H WR OLP LW LQ FHS WRU U DWH U DWK HU WK DQ D IRU FH
FX H WR OLP LW S RVLWLRQ IRU K X E P RP HQ W FX HLQ J LQ 8 + ���$ H[ �
S HU LP HQ WV� ,W Z DV IRX Q G WK DW OLWWOH RU Q R OLQ HDU FRU U HODWLRQ
H[ LVWV E HWZ HHQ F\ FOLF LQ FHS WRU S RVLWLRQ DQ G K X E P RP HQ W IRU
WK H 8 + ���$ � E X W WK DW D FRU U HODWLRQ G RHV H[ LVW E HWZ HHQ F\ FOLF
LQ FHS WRU U DWH DQ G K X E P RP HQ W�

\ 7 K H + HO0( ( ,9 H[ S HU LP HQ WV FRP S DU HG D E U HDN RX W DQ G
JU DG LHQ W FX H WR D VWLFN VK DN HU DQ G IRX Q G WK H E U HDN RX W DQ G
JU DG LHQ W WR E H VX S HU LRU � $ VWLFN VK DN HU Z DV DOVR HY DOX DWHG
E U LHq \ LQ WK H 2+ ���' H[ S HU LP HQ WV DQ G S LORW FRP P HQ WV DJDLQ
LQ G LFDWHG D S U HIHU HQ FH IRU WK H E U HDN RX W DQ G JU DG LHQ W�
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) LJ� �� 7D FW LOH & X H LQ J ) RUFH IRU 0 D LQ 5RW RU
7RUT X H D V D ) X Q FW LRQ RI & ROOH FW LYH 6 W LFN 3 RV LW LRQ

OLPLW� 8VLQJ WKH VWLFN VKDNHU FXH IRU EODGH VWDOO DO�
ORZHG SLORWV WR GLVWLQJXLVK EHWZHHQ WKH PDLQ URWRU
WRUTXH DQG EODGH VWDOO FXHV ZKHQ ERWK ZHUH XVHG�
)RU FXHLQJ RI KXE PRPHQW H[FHHGDQFHV RQ WKH

F\FOLF LQFHSWRU� LQFUHDVHG VWLFN GDPSLQJ UDWKHU WKDQ
D VWLFN IRUFH ZDV XVHG DV D FXH� 7KH LQFUHDVHG
GDPSLQJ FXH ZDV VHOHFWHG EHFDXVH KXE PRPHQW FRU�
UHVSRQGV PRUH FORVHO\ WR VWLFN UDWH WKDQ WR VWLFN
SRVLWLRQ� PDNLQJ LW DSSURSULDWH WR FXH WKH SLORW WR
OLPLW VWLFN UDWH�

&RPSXWLQJ ,QFHSWRU /LPLW 3RVLWLRQV

$V GLVFXVVHG DERYH� 311V XVLQJ WKH LQYHUVH DUFKL�
WHFWXUH GLUHFWO\ HVWLPDWH WKH PRYLQJ OLPLW SRVLWLRQ
RU GDPSLQJ WKDW LV VHQW WR WKH IRUFH IHHO V\VWHP� )RU�
ZDUG DUFKLWHFWXUH 311V HVWLPDWH D OLPLW H[FHHGDQFH
ZKLFK PXVW WKHQ EH XVHG WR FRPSXWH DQ DSSURSULDWH
OLPLW SRVLWLRQ� ,Q WKH FDVH RI PDLQ URWRU WRUTXH WKLV
OLPLW SRVLWLRQ LV FRPSXWHG DV

rFOLP  rF b.4��3UHGLFWHG b �/LPLW� ���

ZKHUH rFOLP LV WKH FROOHFWLYH VWLFN OLPLW SRVLWLRQ� DQG
rF LV WKH FXUUHQW FROOHFWLYH VWLFN SRVLWLRQ� 7KH JUDGL�
HQW .4 UHSUHVHQWV WKH FROOHFWLYH VWLFN GLVSODFHPHQW
FRUUHVSRQGLQJ WR D XQLW FKDQJH LQ WRUTXH� 7KLV DS�
SURDFK LV EDVHG RQ WKH DVVXPSWLRQ WKDW WRUTXH FDQ
EH PRGHOHG ORFDOO\ DV D OLQHDU IXQFWLRQ RI VWLFN SR�
VLWLRQ DQG WKDW WKH YDOXH RI .4� ZKLFK GHpQHV WKH
VORSH RI WKH OLQHDU UHODWLRQVKLS� FDQ EH IRXQG� 7KH
DSSURDFK XVHG WR GHWHUPLQH .4 LQ WKH FXUUHQW ZRUN
KDV EHHQ WR XVH OLQHDU UHJUHVVLRQ LQ Ro�OLQH HYDOXDWLRQ
WR HVWLPDWH WKH GHVLUHG VORSH� 7KH LQLWLDO HVWLPDWH
ZDV WKHQ WXQHG EDVHG RQ SLORW IHHGEDFN LQ SUHOLP�

�

$P HU LF DQ ,QVW LW XW H RI $HU RQDXW LF V DQG $VW U RQDXW LF V



$,$$ �������

LQDU\ V\VWHP HYDOXDWLRQ� $ FRQVWDQW YDOXH RI .4

GHWHUPLQHG LQ WKLV PDQQHU KDV EHHQ IRXQG DGHTXDWH
LQ WKH H[SHULPHQWV FRQGXFWHG WKXV IDU� EXW IRU VRPH
KLJKO\ QRQOLQHDU FRQWURO V\VWHPV D PHDQV RI RQ�OLQH
DGDSWDWLRQ PLJKW EH UHTXLUHG� RU WKH .4 YDOXH LWVHOI
FRXOG EH PRGHOHG YLD D 311�

,QFHSWRU OLPLW SRVLWLRQV IRU WKH EODGH VWDOO DQG KXE
PRPHQW FXHV ZHUH FRPSXWHG LQ VLPLODU IDVKLRQ�

% , $6 &255( &7 , 21 )25 21 /, 1 (
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,Q WKH pUVW 8+���$ H[SHULPHQWV ZLWK QHXUDO QHW�
ZRUN OLPLW DYRLGDQFH FXHLQJ� LW ZDV IRXQG WKDW qLJKW
FRQGLWLRQV QRW VHHQ LQ WUDLQLQJ FRXOG OHDG WR D ELDV
LQ WKH 311 HVWLPDWH� $ ELDV FRUUHFWLRQ ZDV DS�
SOLHG ZKLFK XVHG UHFHQW SULRU 311 RXWSXW HUURUV WR
HVWLPDWH WKH FXUUHQW RXWSXW HUURU� ,Q WKH LQYHUVH
FRQpJXUDWLRQ WKH RXWSXW HUURU RI WKH 311 LQ WKH
FXHLQJ FRQpJXUDWLRQ LV QRW NQRZQ HYHQ DIWHU D WLPH
GHOD\� VR WKH WLPH GHOD\HG HUURU RI WKH 311 RXWSXW
LQ WKH V\QWKHVLV FRQpJXUDWLRQ ZDV XVHG WR DSSUR[L�
PDWH WKH HUURU LQ WKH FXHLQJ FRQpJXUDWLRQ� )LJ� �
VKRZV KRZ WKH ELDV FRUUHFWLRQ ZDV DSSOLHG WR WRUTXH
FXHLQJ ZLWK WKH LQYHUVH 311 DUFKLWHFWXUH�
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) LJ� �� % LD V & RUUH FW LRQ $ S S OLH G W R ,Q YH UV H 3 1 1
$ UFK LW H FW X UH

7KH ELDV FRUUHFWLRQ DSSOLHG WR WKH LQYHUVH DUFKL�
WHFWXUH ZDV IRXQG WR LPSURYH FXHLQJ V\VWHP SHUIRU�
PDQFH� EXW WKH LQDELOLW\ WR DSSO\ D ELDV FRUUHFWLRQ
EDVHG RQ WUXH SULRU HUURU ZDV YLHZHG DV D GUDZEDFN
WR WKH LQYHUVH 311 DUFKLWHFWXUH� )RU WKH IRUZDUG
311 DUFKLWHFWXUH� D WLPH GHOD\HG 311 HUURU FDQ EH
FRPSXWHG SURYLGHG WKH OLPLWHG SDUDPHWHU RI LQWHU�
HVW LV REVHUYDEOH� )LJ� � VKRZV WKH DSSOLFDWLRQ RI WKH
ELDV FRUUHFWLRQ IRU WRUTXH FXHLQJ ZLWK WKH IRUZDUG
311 DUFKLWHFWXUH�
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) LJ� �� % LD V & RUUH FW LRQ $ S S OLH G W R D ) RUZ D UG
3 1 1 IRU 7RUT X H 3 UH G LFW LRQ

7KLV ELDV FRUUHFWLRQ DSSURDFK ZDV XVHG LQ WKH 2+�
��' H[SHULPHQWV DQG WKRVH 8+���$ H[SHULPHQWV
WKDW HPSOR\HG WKH IRUZDUG 311 DUFKLWHFWXUH�
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( ;3 ( 5, 0 ( 1 7 6

3LORWHG VLPXODWLRQ H[SHULPHQWV XVLQJ D p[HG EDVHG
2+���' VLPXODWRU ZHUH FRQGXFWHG DW %HOO +HOLFRSWHU
7H[WURQ� ,QF� ,Q WKH pUVW SKDVH RI WKH ZRUN� GDWD
ZHUH UHFRUGHG IRU DSSUR[LPDWHO\ ��� PDQHXYHUV RI
YDULRXV W\SHV XVLQJ WZR SLORWV� 7KHVH GDWD ZHUH
XVHG WR V\QWKHVL]H 311V WKDW FRPSULVHG WKH FRUH RI
WKH WDFWLOH FXHLQJ VRIWZDUH� 7KH H[SHULPHQWV ZHUH
LQLWLDOO\ LQWHQGHG WR FRQVLGHU FXHLQJ IRU WZR OLPLWV
�PDLQ URWRU WRUTXH DQG HQJLQH WRUTXH� DQG FXHLQJ
VRIWZDUH ZDV GHYHORSHG IRU ERWK OLPLWV� 'XH WR XQ�
H[SHFWHGO\ VKRUWHQHG VLPXODWLRQ WLPH� KRZHYHU� LW
ZDV QRW SRVVLEOH WR HYDOXDWH WKH SHUIRUPDQFH RI WKH
FXHLQJ V\VWHP IRU HQJLQH WRUTXH� 7KH GLVFXVVLRQ LQ
WKLV SDSHU LV WKXV OLPLWHG WR PDLQ URWRU WRUTXH FXHLQJ
H[SHULPHQWV� ZKLFK� WKRXJK DOVR VKRUWHQHG E\ WHFK�
QLFDO GLrFXOWLHV ZLWK WKH %+7, VLPXODWLRQ� SURYLGHG
VXrFLHQW UHVXOWV IRU SUHOLPLQDU\ HYDOXDWLRQ�

311 6\QWKHVLV

%HFDXVH WKH DXWKRUV EHOLHYH WKH IRUZDUG 311 DU�
FKLWHFWXUH RoHUV FHUWDLQ FRQFHSWXDO DGYDQWDJHV� DV
GLVFXVVHG DERYH� LQLWLDO QHWZRUN V\QWKHVLV ZDV GRQH
XVLQJ WKDW DUFKLWHFWXUH� 1HWZRUNV ZHUH FUHDWHG XV�
LQJ SUHGLFWLRQ KRUL]RQV RI ERWK ���� DQG ��� VHF� �,Q
Ro�OLQH HYDOXDWLRQ� QHWZRUNV XVLQJ D SUHGLFWLRQ KRUL�
]RQ RI ���� VHF� ZHUH IRXQG WR SHUIRUP VLJQLpFDQWO\
EHWWHU WKDQ WKRVH XVLQJ D ��� VHF� KRUL]RQ�� )LJV� �
DQG � VKRZ WUXWK DQG PRGHO RXWSXW IRU WKH ���� DQG
��� VHF� SUHGLFWLRQ KRUL]RQ QHWZRUNV� UHVSHFWLYHO\�
%HFDXVH RI WKH DXWKRUV
 VXFFHVV XVLQJ WKH LQYHUVH

DUFKLWHFWXUH LQ SULRU UHVHDUFK� D 311 XVLQJ WKH LQ�
YHUVH DUFKLWHFWXUH ZDV DOVR V\QWKHVL]HG� LW XVHG D
SUHGLFWLRQ KRUL]RQ RI ��� VHF� 7KLV QHWZRUN ZDV V\Q�
WKHVL]HG DQG HYDOXDWHG ZLWK WKH VDPH GDWDEDVHV XVHG
IRU WKH IRUZDUG DUFKLWHFWXUH 311� 3HUIRUPDQFH RI
WKH LQYHUVH PRGHO ZDV FRPSDUHG WR WKDW RI WKH IRU�
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ZDUG PRGHO LQ WHUPV RI WKH DELOLW\ RI HDFK WR SUHGLFW
DFFXUDWHO\ ZKHWKHU RU QRW D OLPLW H[FHHGDQFH ZRXOG
RFFXU�] ,W ZDV IRXQG WKDW WKH LQYHUVH PRGHO LQFRU�
UHFWO\ SUHGLFWHG ZKHWKHU D OLPLW H[FHHGDQFH ZRXOG
RFFXU DSSUR[LPDWHO\ WKUHH WLPHV PRUH IUHTXHQWO\
WKDQ WKH IRUZDUG QHWZRUN� $V GLVFXVVHG SUHYLRXVO\�
WKH DXWKRUV EHOLHYH WKDW ZKLOH WKH LQYHUVH DUFKLWHF�
WXUH PD\ EH DSSURSULDWH IRU VLQJOH�D[LV WDVNV� WKH
IRUZDUG DUFKLWHFWXUH LV EHWWHU VXLWHG WR SUHGLFWLQJ
LQ PXOWL�D[LV WDVNV� 7KH LQIHULRU SHUIRUPDQFH RI WKH
LQYHUVH 311 LQ WKLV FRQWH[W ZDV WKHUHIRUH QRW XQH[�
SHFWHG�

1000 1050 1100 1150 1200 1250 1300
6600

6800

7000

7200

7400

7600

7800

8000

M
ai

n 
R

ot
or

 T
or

qu
e

Samples

True TORQUE_A5
Model TORQUE_A5

) LJ� �� 2+ ���' 0 D LQ 5RW RU 7RUT X H 3 1 1 2X W �
S X W � ���� V H F� 3 UH G LFW LRQ + RUL]RQ �

1000 1050 1100 1150 1200 1250 1300
6600

6800

7000

7200

7400

7600

7800

8000

M
ai

n 
R

ot
or

 T
or

qu
e

Samples

True TORQUE_A10
Model TORQUE_A10

) LJ� �� 2+ ���' 0 D LQ 5RW RU 7RUT X H 3 1 1 2X W �
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] $ FRP S DU LVRQ E HWZ HHQ WK H S HU IRU P DQ FH RI WK H WZ R Q HW�
Z RU N V LQ WHU P V RI D P RU H VWDQ G DU G P HWU LF VX FK DV Q RU P DOL]HG
506 HU U RU LV Q RW S RVVLE OH E HFDX VH� DV G LVFX VVHG DE RY H� WK H
WU X H RX WS X W Y DOX H IRU WK H LQ Y HU VH Q HWZ RU N LQ WK H FX HLQ J FRQ �
p JX U DWLRQ LV Q RW N Q RZ Q �

,W ZDV GHFLGHG WKDW IRUZDUG DUFKLWHFWXUH 311V
ZLWK SUHGLFWLRQ KRUL]RQV RI ERWK ���� VHF� DQG ���
VHF� ZRXOG EH XVHG IRU WKH SLORWHG HYDOXDWLRQ� 7KH
QHWZRUN ZLWK ��� VHF� SUHGLFWLRQ KRUL]RQ ZDV UH�
WDLQHG IRU SLORWHG HYDOXDWLRQ GHVSLWH LWV OHVV SURPLV�
LQJ SHUIRUPDQFH LQ Ro�OLQH HYDOXDWLRQ EHFDXVH WKLV
SUHGLFWLRQ KRUL]RQ ZRUNHG ZHOO LQ SULRU UHVHDUFK� $V
GLVFXVVHG SUHYLRXVO\� WKH FULWLFDO PHDVXUH RI WKH FXH�
LQJ V\VWHP LV SLORW�LQ�WKH�ORRS SHUIRUPDQFH� DQG WKLV
FDQ EH VLJQLpFDQWO\ LQqXHQFHG E\ IDFWRUV RWKHU WKDQ
Ro�OLQH QHWZRUN SHUIRUPDQFH�

7HVW &RQpJXUDWLRQV DQG 7DVNV

3LORWV ZHUH JLYHQ WKH RSSRUWXQLW\ WR q\ WKH V\VWHP
ZLWK QXPHURXV FRQpJXUDWLRQV DQG IRU D YDULHW\ RI
WDVNV LQ D EULHI SUHOLPLQDU\ HYDOXDWLRQ� %DVHG RQ
IHHGEDFN IURP WKLV SUHOLPLQDU\ HYDOXDWLRQ� WKH WHDP
GHFLGHG WR OLPLW WKH H[SHULPHQW WR WKUHH PDQHXYHU
W\SHV �EREXS� ERE�GRZQ� DQG VODORP�� D VLQJOH KHDY\
ZHLJKW ������ OE��� PDLQ URWRU WRUTXH FXHLQJ RQO\�
DQG WKH IROORZLQJ FXHLQJ V\VWHP FRQpJXUDWLRQV�

�� )RUFH EUHDNRXW FXH XVLQJ ���� VHF� SUHGLFWLRQ
KRUL]RQ 311 ZLWK ELDV FRUUHFWLRQ �VHH )LJ� ��

�� )RUFH EUHDNRXW FXH RQ FXUUHQW WRUTXH �VHH
)LJ� ��

�� 6KDNHU FXH RQ FXUUHQW WRUTXH

�� 1R FXH

3LORWHG (YDOXDWLRQ

7KH pUVW SLORW WR HYDOXDWH WKH V\VWHP ZDV 0U� -LP
/LQGVH\� ZKR qHZ WKH V\VWHP XVLQJ FRQpJXUDWLRQV
�� �� DQG � OLVWHG DERYH� :KHQ D FXH ZDV XVHG�
0U� /LQGVH\ ZDV XQDZDUH RI ZKLFK FXHLQJ FRQpJ�
XUDWLRQ ZDV LQ XVH� 0U� /LQGVH\ UHSRUWHG WKDW WKH
VRIW VWRS ZLWK SUHGLFWLRQ ZDV WKH SUHIHUUHG FRQpJXUD�
WLRQ� +H IRXQG WKH VWRS WR EH EHWWHU GHpQHG ZLWK WKH
SUHGLFWLRQ� DQG UHSRUWHG D VOLJKW SLORW�LQGXFHG RVFLO�
ODWLRQ �3,2� ZKHQ SUHGLFWLRQ ZDV RPLWWHG� +H DOVR
IRXQG WKDW WKH FXH QRWLFHDEO\ UHGXFHG SLORW ZRUN�
ORDG DQG DOORZHG KLP WR FKHFN WKH FRFNSLW JDXJHV
OHVV IUHTXHQWO\�
6XEVHTXHQW WR WKH HYDOXDWLRQ E\ 0U� /LQGVH\� WKH

DXWKRUV DQDO\]HG WKH GDWD IURP WKH EREXS PDQHX�
YHUV� VXPPDU\ VWDWLVWLFV DUH VKRZQ LQ 7DEOH �� :KLOH
VXrFLHQW GDWD FRXOG QRW EH FROOHFWHG WR PDNH GH�
WDLOHG FRQFOXVLRQV� WKH LQGLFDWLRQV FRQpUPHG WKH UH�
VXOWV RI WKH 1$6$�$UP\ 906 H[SHULPHQWV� L�H��
WKH FXH ZLWK SUHGLFWLRQ DOORZHG WKH SLORW WR SHUIRUP
WKH PDQHXYHU PRUH TXLFNO\ DQG ZLWK VPDOOHU WRUTXH
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H[FHHGDQFHV DV PHDVXUHG E\ ERWK PD[LPXP DQG LQ�
WHJUDWHG WRUTXH H[FHHGDQFHV�

7D E OH �� 3 H UIRUPD Q FH RQ % RE X S 0 D Q H X YH UV G X U�
LQ J ) LUV W 'D \ RI 2+ ���' ([S H ULPH Q W V � 3 LORW �
0 U� / LQ G V H \�

&X HLQ J �$YJ�� 0 DQ HX � �$YJ�� 0 D[� �$YJ�� ,Q WHJ�
&RQ p JX � YHU 7LP H 7RUT X H 7RUT X H
UDWLRQ �6 HF�� ([FHHG DQ FH ([FHHG DQ FH

1R &X H ��� ���� ����

&X H RQ
&X UUHQ W ���� ��� ����
7RUT X H
&X H RQ
3UHG LFWHG ��� ���� ����
7RUT X H

7KH VHFRQG SLORW WR HYDOXDWH WKH V\VWHP ZDV
0U� 6WHYHQ .LKDUD�[ 7KRXJK WLPH FRQVWUDLQWV SUH�
YHQWHG GDWD UHFRUGLQJ RI PDQHXYHUV qRZQ E\ 0U� .L�
KDUD� KH ZDV DEOH WR FRPSDUH WKUHH DSSURDFKHV DQG
SURYLGH VXEMHFWLYH FRPPHQWV� +H UHSRUWHG WKDW WKH
FXHLQJ V\VWHP ZLWK SUHGLFWLRQ SURYLGHG VXrFLHQW
DGYDQFH ZDUQLQJ WR SUHYHQW RYHU�WRUTXHV GXULQJ DJ�
JUHVVLYH FROOHFWLYH LQSXWV� +H SUHIHUUHG WKH VRIW VWRS
FRQpJXUDWLRQ WR D VWLFN VKDNHU� DQG EHOLHYHG WKDW WKH
VRIW VWRS ZRXOG ZRUN ZHOO LQ D UHDO HQYLURQPHQW�

5HVXOWV RI 2+���' ([SHULPHQWV

7KH 2+���' VLPXODWLRQ H[SHULPHQWV VXFFHVVIXOO\
GHPRQVWUDWHG WDFWLOH FXHLQJ IRU PXOWLSOH PDQHXYHUV�
7KH\ DOVR GHPRQVWUDWHG WKH XVH RI WKH IRUZDUG 311
DUFKLWHFWXUH LQ D SUHGLFWLYH OLPLW DYRLGDQFH FXHLQJ
V\VWHP DQG GHPRQVWUDWHG WKH XVH RI VXFK D V\VWHP
IRU D VHFRQG W\SH RI KHOLFRSWHU�
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7KH +HO0(( 9 H[SHULPHQWV ZHUH FRQGXFWHG E\
0U� :KDOOH\ ZLWK VXSSRUW IURP %DUURQ $VVRFLDWHV�
7KHVH H[SHULPHQWV FRQWLQXHG WKH +HO0(( VHULHV RI
8+���$ SLORWHG VLPXODWLRQ VWXGLHV LQ WKH 906 ID�
FLOLW\ DQG SURYLGHG DQ LQ GHSWK VWXG\ RI FXHV IRU
PXOWLSOH OLPLWV HYDOXDWHG IRU D YDULHW\ RI PDQHXYHUV�
&XHLQJ ZDV SURYLGHG IRU WKH PDLQ URWRU WRUTXH OLPLW�
WKH EODGH VWDOO OLPLW� DQG WKH KXE PRPHQW RU PDVW
EHQGLQJ OLPLW� 7R WKH DXWKRUV
 NQRZOHGJH� WKHVH

[ $ WK LU G S LORW q HZ WK H VLP X ODWRU DIWHU 0U � /LQ G VH\ DQ G
E HIRU H 0U � .LK DU D E X W K DG VLJQ Lp FDQ W FRP S ODLQ WV DE RX W WK H
2+ ���' VLP X ODWLRQ DQ G G LG Q RW HY DOX DWH WK H FX HLQ J V\ VWHP �

ZHUH WKH pUVW H[SHULPHQWV WR SURYLGH WDFWLOH FXH�
LQJ IRU PXOWLSOH OLPLWV� DQG WKH pUVW WR SURYLGH FXHV
RQ ERWK WKH FROOHFWLYH DQG F\FOLF LQFHSWRUV� $OVR�
WKH FXHV ZHUH GHPRQVWUDWHG RYHU D EURDGHU UDQJH RI
qLJKW FRQGLWLRQV WKDQ LQ SUHYLRXV H[SHULPHQWV�

)DFLOLW\ 'HVFULSWLRQ

7KH +HO0(( 9 LQYHVWLJDWLRQ ZDV FRQGXFWHG XVLQJ
WKH VL[�GHJUHH�RI�IUHHGRP 9HUWLFDO 0RWLRQ 6LPXODWRU
�906� DW WKH 1$6$ $PHV 5HVHDUFK &HQWHU� 7KH
906 LV XQLTXH DPRQJ qLJKW VLPXODWRUV LQ LWV ODUJH
UDQJH RI PRWLRQ� 7KLV ODUJH PRWLRQ FDSDELOLW\ SUR�
YLGHV FXHV WR WKH SLORW WKDW DUH LPSRUWDQW WR WKH
VWXG\ RI KDQGOLQJ TXDOLWLHV� 7KH VSHFLpF VLPXODWRU
FRQpJXUDWLRQ XVHG IRU WKH H[SHULPHQWV LQFOXGHG D
VLQJOH SLORW FRFNSLW ZLWK VWDQGDUG KHOLFRSWHU FRQWUROV
DQG D WKUHH ZLQGRZ FRPSXWHU JHQHUDWHG LPDJHU\
GLVSOD\� 7KH LQVWUXPHQW SDQHO ZDV FRQpJXUHG WR
UHSUHVHQW D 8+���$� 7KH KHDGV�XS�GLVSOD\ �+8'�
LQFOXGHG� D WRUTXH PHWHU� D UDGDU DOWLWXGH WKHU�
PRPHWHU� D KRUL]RQ EDU� D KHDGLQJ WDSH� D VLGH�VOLS
EDOO� DQG GLJLWDO UHDGRXWV RI WRUTXH� ORDG IDFWRU� DLU�
VSHHG� DQG UDGDU DOWLWXGH�

&RPSDULVRQ RI 311V WR $OWHUQDWLYH

3UHGLFWLRQ $SSURDFKHV

$Q LPSRUWDQW TXHVWLRQ UDLVHG LQ SUHYLRXV H[SHUL�
PHQWV ZDV ZKHWKHU QRQOLQHDU PRGHOV SHUIRUP EHWWHU
WKDQ OLQHDU PRGHOV IRU SUHGLFWLQJ OLPLW H[FHHGDQFHV�
7KRXJK QR FRPSDULVRQ ZDV PDGH EHWZHHQ WKH SHU�
IRUPDQFH RI OLQHDU DQG QRQOLQHDU PRGHOV GXULQJ SL�
ORWHG HYDOXDWLRQV� LW ZDV SRVVLEOH WR SRVW�SURFHVV
GDWD JDWKHUHG GXULQJ WKH H[SHULPHQWV WR DOORZ D
VWDWLVWLFDO FRPSDULVRQ RI WKH SUHGLFWLRQ DFFXUDF\ RI
QRQOLQHDU DQG OLQHDU PRGHOV� 7KDW LV� GDWD UHFRUGHG
GXULQJ SLORWHG H[SHULPHQWV ZHUH XVHG WR PDNH DQ
Ro�OLQH FRPSDULVRQ RI WKH SHUIRUPDQFH RI DOWHUQD�
WLYH SUHGLFWLRQ WHFKQLTXHV� 7KH DXWKRUV VRXJKW WR
SHUIRUP WKH FRPSDULVRQ LQ D PDQQHU WKDW ZRXOG ID�
YRU QHLWKHU WKH OLQHDU QRU WKH QRQOLQHDU PRGHO� 7KH
OLQHDU PRGHOV XVHG IRU WKH FRPSDULVRQ ZHUH WKXV FRQ�
VWUXFWHG XVLQJ WKH VDPH LQSXW VHW DV WKH QRQOLQHDU
PRGHOV WR ZKLFK WKH\ ZHUH FRPSDUHG� DQG WKH FR�
HrFLHQWV RI WKH OLQHDU PRGHOV ZHUH RSWLPL]HG XVLQJ
WKH VDPH GDWDEDVH XVHG WR FUHDWH WKH QRQOLQHDU PRG�
HOV� 7KH FXUUHQW YDOXH RI WKH SDUDPHWHU RI LQWHUHVW
ZDV DOVR FRPSDUHG DV D SRVVLEOH SUHGLFWRU� 7KH FXU�
UHQW YDOXH PD\ EH D JRRG SUHGLFWRU IRU D VLJQDO WKDW
W\SLFDOO\ YDULHV OLWWOH RYHU WKH WLPH VSDQ RI RQH SUH�
GLFWLRQ KRUL]RQ� $OO SUHGLFWRUV ZHUH FRPSDUHG ZLWK
DQG ZLWKRXW ELDV FRUUHFWLRQ�

�
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7KH SUHGLFWLRQ PRGHOV XVHG LQ WKLV UHVHDUFK ZHUH
FUHDWHG IRU WKH SXUSRVH RI SURYLGLQJ LQWHUSRODWLRQ
ZLWKLQ WKH UDQJH RI FRQGLWLRQV VHHQ LQ V\QWKHVLV� 7KH
LQWHQW RI WKH DXWKRUV LV IRU PRGHOV WR EH V\QWKHVL]HG
XVLQJ GDWD HQFRPSDVVLQJ WKH UDQJH RI FRQGLWLRQV IRU
ZKLFK WKH\ ZLOO EH HYDOXDWHG� %HFDXVH WKH GDWD
DYDLODEOH WR V\QWKHVL]H WKH QHWZRUNV ZHUH OLPLWHG LQ
WKH QXPEHU DQG VFRSH RI PDQHXYHUV UHSUHVHQWHG� LW
ZDV LPSRUWDQW LQ DVVHVVLQJ QHWZRUN SHUIRUPDQFH WR
LQVXUH WKDW WKH 311V ZHUH LQWHUURJDWHG LQ UHJLRQV
UHSUHVHQWHG LQ WKHLU V\QWKHVLV GDWDEDVHV� 7ZR DS�
SURDFKHV ZHUH XVHG WR DQDO\]H WKH LQSXW GDWD UDQJHV�
2QH DSSURDFK FRQVLGHUHG WKH UDQJHV RI LQGLYLGXDO
LQSXW SDUDPHWHUV �WKH HYDOXDWLRQ UDQJH DOORZHG ZDV
W\SLFDOO\ z h ���� ZKLOH WKH VHFRQG LQYROYHG D VLP�
SOH PXOWLGLPHQVLRQDO FOXVWHULQJ DQDO\VLV�� %RWK DS�
SURDFKHV ZHUH XVHG WR UHVWULFW LQSXW UDQJHV FRQVLG�
HUHG LQ WKH 311 SHUIRUPDQFH DQDO\VLV�
,Q FRQVLGHULQJ WKH FRPSDULVRQ RI PRGHO SHUIRU�

PDQFH SUHVHQWHG KHUH LW LV LPSRUWDQW WR UHFDOO WKDW
WKLV LV DQ Ro�OLQH FRPSDULVRQ� 7KH DXWKRUV EHOLHYH
WKDW WKH VWDWLVWLFDO SHUIRUPDQFH RI SUHGLFWRUV LQ Ro�
OLQH HYDOXDWLRQ LV DQ LPSRUWDQW IDFWRU LQqXHQFLQJ
FXHLQJ V\VWHP SHUIRUPDQFH� EXW LW LV QRW WKH RQO\
IDFWRU LQqXHQFLQJ SLORW�LQ�WKH�ORRS SHUIRUPDQFH� DQG
Ro�OLQH HYDOXDWLRQ LV QRW LQWHQGHG WR HOLPLQDWH WKH
QHHG IRU SLORWHG FRPSDULVRQV�

0DLQ 5RWRU 7RUTXH

0DLQ URWRU WRUTXH SUHGLFWLRQ 311V ZHUH V\QWKH�
VL]HG ZLWK SUHGLFWLRQ KRUL]RQV RI �� DQG �� VDPSOHV�
FRUUHVSRQGLQJ WR WKH SUHGLFWLRQ KRUL]RQV VXFFHVVIXOO\
XVHG LQ SULRU 2+���' DQG 8+���$ ZRUN� ,Q SUHOLP�
LQDU\ HYDOXDWLRQ� SLORWV SUHIHUUHG WKH QHWZRUN ZLWK
WKH ORQJHU SUHGLFWLRQ KRUL]RQ EHFDXVH RI WKH JUHDWHU
OHDG WLPH LW SURYLGHG� GHVSLWH WKH VXSHULRU Ro�OLQH
SHUIRUPDQFH RI QHWZRUN ZLWK WKH ���VDPSOH SUHGLF�
WLRQ KRUL]RQ� 7KH ���VDPSOH SUHGLFWLRQ KRUL]RQ ZDV
WKXV DGRSWHG IRU WKH pQDO SLORWHG HYDOXDWLRQ�
7DEOH � VKRZV WKH SHUIRUPDQFH RI WKH WKUHH SUHGLF�

WRUV FRQVLGHUHG �WKH 311� OLQHDU PRGHO� DQG FXUUHQW
WRUTXH�� 7KH SHUIRUPDQFH RI HDFK SUHGLFWRU LV VKRZQ
ZLWK DQG ZLWKRXW ELDV FRUUHFWLRQ�^ 7KH UHVXOWV
VKRZQ LQ WKH WDEOH DUH EDVHG RQ ��� UHFRUGHG PDQHX�
YHUV� 506 HUURUV ZHUH FRPSXWHG VHSDUDWHO\ IRU HDFK
PDQHXYHU DQG DYHUDJHG WR \LHOG WKH UHVXOWV VKRZQ�

^ 7 K U HH G LoHU HQ W VHWV RI E LDV p OWHU FRHr FLHQ WV Z HU H X VHG �
v�  ���� v�  ���� v�  ���� v�  ���� DQ G v�  �����
v�  ����� 5HVX OWV U HS RU WHG DU H LQ DOO FDVHV WK RVH IRU WK H VHW
RI FRHr FLHQ WV Z K LFK \ LHOG HG WK H E HVW S HU IRU P DQ FH� 1 R IX U WK HU
WX Q LQ J Z DV DWWHP S WHG WR RS WLP L]H S HU IRU P DQ FH IRU DQ \ RI WK H
E LDV�FRU U HFWHG S U HG LFWRU V�

$OVR VKRZQ LQ WKH WDEOH DUH WKH ELDV�FRUUHFWLRQ FRHI�
pFLHQWV WKDW �RI WKH WKUHH VHWV HYDOXDWHG� \LHOGHG WKH
EHVW SHUIRUPDQFH IRU HDFK SUHGLFWRU�

7D E OH �� & RPS D ULV RQ RI 7K UH H $ S S URD FK H V IRU
3 UH G LFW LQ J 8+ ���$ 0 D LQ 5RW RU 7RUT X H � X Q LW V �
� RI Q RPLQ D O OLPLW �

3UHGLFWRU $YHUDJH 506 %HVW %LDV
(UURU &RHrFLHQWV

311 ������ �
311 � %LDV ������ ���� ���
/LQHDU 0RGHO ������ �
/LQHDU � %LDV ������ ���� ���
&XUUHQW 7RUTXH ������ �
&XUUHQW � %LDV ������ ����� ����

,Q WKH DEVHQFH RI ELDV FRUUHFWLRQ� WKH SHUIRUPDQFH
RI WKH QRQOLQHDU PRGHO LV IDU VXSHULRU WR WKDW RI WKH
RWKHU SUHGLFWRUV� :LWK ELDV FRUUHFWLRQ� WKH JDS EH�
WZHHQ WKH OLQHDU DQG QRQOLQHDU PRGHOV LV QDUURZHG
VLJQLpFDQWO\� EXW WKH QRQOLQHDU PRGHO VWLOO VLJQLp�
FDQWO\ RXWSHUIRUPV WKH OLQHDU PRGHO�

%ODGH 6WDOO

(TXLYDOHQW 5HWUHDWLQJ ,QGLFDWHG 7LS 6SHHG �(5�
,76� LV D QXPHULFDO SDUDPHWHU XVHG E\ 6LNRUVN\ WR
LQGLFDWH PDLQ URWRU VWDOO� 7KH YDOXH RI WKH (5,76
SDUDPHWHU LV UHODWHG WR WKH VL]H RI WKH UHYHUVH qRZ
UHJLRQ DQG WR EODGH ORDGLQJ� 7DEOH � FRPSDUHV WKH
SHUIRUPDQFH RI D 311 PRGHO� D OLQHDU PRGHO� DQG
WKH WUXH FXUUHQW YDOXH RI (5,76 DV SUHGLFWRUV RI
IXWXUH (5,76� $JDLQ WKH OLQHDU PRGHO XVHG LQ WKH
FRPSDULVRQ HPSOR\HG WKH VDPH LQSXWV DV WKH 311
DQG ZDV RSWLPL]HG ZLWK WKH VDPH GDWDEDVH XVHG IRU
311 V\QWKHVLV�

7D E OH �� & RPS D ULV RQ RI 7K UH H $ S S URD FK H V W R
3 UH G LFW LQ J 8+ ���$ (5,76

3UHGLFWRU $YHUDJH 506 %HVW %LDV
(UURU &RHrFLHQWV

311 ����� �
311 � %LDV ����� ����� ����
/LQHDU 0RGHO ����� �
/LQHDU � %LDV ����� ���� ���
&XUUHQW (5,76 ����� �
&XUUHQW � %LDV ����� ����� ����

,W LV XQFOHDU ZKHWKHU WKH WUXH YDOXH RI (5,76 FDQ

�
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EH SUDFWLFDOO\ REVHUYHG IRU D SURGXFWLRQ URWRUFUDIW�
,Q V\QWKHVL]LQJ WKH 311V� WKH DXWKRUV WUHDWHG WKLV
SDUDPHWHU DV XQREVHUYDEOH DQG GLG QRW DOORZ LW DV D
QHWZRUN LQSXW� ,I (5,76 LV XQREVHUYDEOH� WKHQ RQO\
WKH OLQHDU DQG QRQOLQHDU PRGHOV �ZLWKRXW ELDV FRUUHF�
WLRQ� DUH UHDOL]DEOH DV SUHGLFWRUV �WKH ELDV FRUUHFWLRQ
UHTXLUHV WKH FXUUHQW YDOXH RI (5,76� DQG RI WKHVH
WKH QRQOLQHDU PRGHO SHUIRUPV VLJQLpFDQWO\ EHWWHU� ,I
(5,76 FDQ EH REVHUYHG� WKHQ DOO RI WKH SUHGLFWRUV
LQ 7DEOH � DUH UHDOL]DEOH DV SUHGLFWRUV� DQG WKH 311
ZLWK ELDV FRUUHFWLRQ SURYLGHV WKH EHVW SHUIRUPDQFH�
$OVR� LI (5,76 LV REVHUYDEOH ERWK WKH OLQHDU DQG
QRQOLQHDU PRGHOV FRXOG EH V\QWKHVL]HG XVLQJ FXUUHQW
(5,76 DV DQ LQSXW DQG WKLV ZRXOG LPSURYH PRGHO
SHUIRUPDQFH�

/RQJLWXGLQDO +XE 0RPHQW

7KH ORQJLWXGLQDO KXE�PRPHQW 311 XVHG LQ WKH
pQDO H[SHULPHQWV ZDV V\QWKHVL]HG XVLQJ D GDWD VHW
FRQWDLQLQJ RQO\ D VLQJOH W\SH RI PDQHXYHU� DQG DOO
PDQHXYHUV LQ WKH GDWDEDVH ZHUH qRZQ E\ D VLQJOH
QRQ�UDWHG HQJLQHHULQJ SLORW� :KHQ WKLV QHWZRUN ZDV
LQLWLDOO\ HYDOXDWHG LQ SLORWHG VLPXODWLRQ� LWV SHUIRU�
PDQFH ZDV GHHPHG DGHTXDWH� EXW LW ZDV QRW IRXQG
WR RoHU VLJQLpFDQW LPSURYHPHQW RYHU SUHYLRXV OLQ�
HDU PRGHOV� 6XEVHTXHQW PRGHOV� V\QWKHVL]HG ZKHQ
PRUH GDWD EHFDPH DYDLODEOH� \LHOGHG LPSURYHG Ro�
OLQH SHUIRUPDQFH EXW ZHUH QRW LQFRUSRUDWHG LQWR WKH
RQ�OLQH V\VWHP� $QDO\VLV SHUIRUPHG DIWHU WKH H[�
SHULPHQWV LQGLFDWHG WKDW OLQHDU PRGHOV ZRXOG KDYH
SHUIRUPHG DV ZHOO DV RU EHWWHU WKDQ WKH QRQOLQHDU
PRGHO XVHG LQ SLORWHG HYDOXDWLRQV� 7KH DXWKRUV EH�
OLHYH� KRZHYHU� WKDW ZLWK GDWD IURP D JUHDWHU UDQJH RI
PDQHXYHUV DYDLODEOH IRU V\QWKHVLV� QRQOLQHDU PRGHO�
LQJ WHFKQLTXHV ZRXOG OLNHO\ VKRZ VLJQLpFDQW EHQHpWV
IRU WKH KXE PRPHQW SDUDPHWHU�

5HVXOWV RI 3LORWHG (YDOXDWLRQ RI WKH

&XHLQJ 6\VWHP

3LORWHG HYDOXDWLRQ RI WKH FXHLQJ V\VWHP LQYROYHG
WKUHH VWDQGDUG PDQHXYHUV �D EREXS� DQ DFFHOHU�
DWLRQ�GHFHOHUDWLRQ� DQG D PD[LPXP SHUIRUPDQFH
WXUQ� DQG D PRUH FRPSOH[ VHDUFK DQG UHVFXH PLV�
VLRQ WDVN� 2QO\ D EULHI IDPLOLDUL]DWLRQ SHULRG ZDV
UHTXLUHG EHIRUH SLORWV ZHUH DEOH WR HoHFWLYHO\ XVH WKH
FXHLQJ V\VWHP� %HQHpWV IURP FXHLQJ ZHUH UHDOL]HG
IRU DOO PDQHXYHUV� DQG LPSURYHPHQWV ZHUH VHHQ ZLWK
UHJDUG WR H[FHHGDQFHV RI HDFK OLPLW FRQVLGHUHG�

7KH EODGH VWDOO OLPLW ZDV HQFRXQWHUHG SULPDULO\ LQ
WKH PD[LPXP SHUIRUPDQFH WXUQ WDVN DQG WKH VHDUFK
DQG UHVFXH PLVVLRQ� ,Q ERWK FDVHV WKH +8' FXH DORQH

UHGXFHG OLPLW H[FHHGDQFHV� WKH IRUFH FXH DORQH IXU�
WKHU UHGXFHG H[FHHGDQFHV� DQG WKH FRPELQHG +8'
DQG IRUFH FXHV \LHOGHG WKH JUHDWHVW SHUIRUPDQFH LP�
SURYHPHQWV�

7KH ORQJLWXGLQDO KXE PRPHQW OLPLW ZDV HQFRXQ�
WHUHG SULPDULO\ LQ WKH DFFHOHUDWLRQ�GHFHOHUDWLRQ PD�
QHXYHU DQG LQ WKH VHDUFK DQG UHVFXH PLVVLRQ� 7KH
+8' DQG WDFWLOH FXHV DORQH \LHOGHG QHDUO\ WKH VDPH
OHYHO RI LPSURYHPHQW� WKRXJK WKH +8'�RQO\ FXH ZDV
VOLJKWO\ EHWWHU� +HUH� WKH FRPELQHG +8' DQG WDF�
WLOH FXH \LHOGHG ZRUVH SHUIRUPDQFH WKDQ HLWKHU FXH
DORQH� 7KH UHVXOWV LQGLFDWH WKDW FXHLQJ IRU WKH KXE
PRPHQW OLPLW LV EHQHpFLDO� EXW IXUWKHU UHVHDUFK ZLOO
EH UHTXLUHG WR FRQFOXVLYHO\ GHWHUPLQH WKH EHVW W\SH
RI FXH WR EH XVHG�

0DLQ URWRU H[FHHGDQFHV ZHUH WUDFNHG IRU DOO WKUHH
WDVNV DQG WKH VHDUFK DQG UHVFXH PLVVLRQ� +8'�RQO\
FXHLQJ \LHOGHG OLWWOH UHGXFWLRQ LQ URWRU WRUTXH H[�
FHHGDQFHV IRU WKH PD[LPXP SHUIRUPDQFH WXUQ� DQG
DFWXDOO\ FDXVHG LQFUHDVHG H[FHHGDQFHV IRU WKH DFFHO�
HUDWLRQ�GHFHOHUDWLRQ PDQHXYHU DQG EREXS� +8'�
RQO\ FXHLQJ SHUIRUPHG PDUJLQDOO\ EHWWHU WKDQ IRUFH
FXHLQJ IRU WKH VHDUFK DQG UHVFXH PLVVLRQ� )RUFH
FXHLQJ DORQH ZDV EHQHpFLDO LQ DOO FDVHV� EXW WKH
FRPELQHG +8' DQG IRUFH FXH \LHOGHG WKH JUHDWHVW
SHUIRUPDQFH LPSURYHPHQWV�

4XDQWLWDWLYH LPSURYHPHQWV LQ WKH IRUP RI UHGXFHG
OLPLW H[FHHGDQFHV DUH D FRQYLQFLQJ GHPRQVWUDWLRQ RI
WKH HoHFWLYHQHVV RI FXHLQJ IRU OLPLW DYRLGDQFH� ,I
VXFK D V\VWHP LV WR EH VXFFHVVIXO LQ qHHW URWRUFUDIW�
KRZHYHU� JDLQLQJ SLORW DFFHSWDQFH ZLOO DOVR EH FULWL�
FDO� 7KH IROORZLQJ VHFWLRQV SUHVHQW KDQGOLQJ TXDOL�
WLHV UDWLQJV DQG FRPPHQWV IURP SLORWV ZKR HYDOXDWHG
WKH FXHLQJ V\VWHP�

+DQGOLQJ 4XDOLWLHV 5DWLQJV

)LJV� ���� VKRZ KDQGOLQJ TXDOLWLHV UDWLQJV IRU WKH
YDULRXV FXHLQJ FRQpJXUDWLRQV IRU EREXS� DFFHOHUD�
WLRQ�GHFHOHUDWLRQ� DQG PD[LPXP SHUIRUPDQFH WXUQ
PDQHXYHUV� UHVSHFWLYHO\ �WKH FHQWHU GRW LQGLFDWHV WKH
DYHUDJH UDWLQJ DQG WKH YHUWLFDO EDU LQGLFDWHV D ���
FRQpGHQFH LQWHUYDO�� )RU DOO WKUHH PDQHXYHUV� SLORWV
JDYH EHWWHU KDQGOLQJ TXDOLWLHV UDWLQJV WR WKH IRUFH
FXH WKDQ WR WKH +8' FXH DORQH� WKRXJK WKH FRP�
ELQHG +8' DQG IRUFH FXH UHFHLYHG WKH EHVW KDQGOLQJ
TXDOLWLHV UDWLQJ IRU DOO PDQHXYHUV�

5HSUHVHQWDWLYH SLORW FRPPHQWV IRU HDFK PDQHX�
YHU�FXHLQJ FRQpJXUDWLRQ IROORZ�

3LORW &RPPHQWV� %REXS 0DQHXYHU

�� %DVHOLQH FRQpJXUDWLRQ �QR FXHLQJ�
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s 2QO\ DZDUHQHVV ZDV E\ ORRNLQJ DW WKH
WRUTXH JDXJH� 'LrFXOW WR JHW WKH H[�
FHHGDQFH IDFWRU �3LORW $��

s &DQ
W LQFRUSRUDWH WKH JDXJH LQWR D FRQWLQ�
XRXV FRQWURO WDVN �3LORW &��

s +DYLQJ WR ORRN EDFN LQ WKH FRFNSLW LV PRUH
GLrFXOW �3LORW (��

s 7KHUH LV VRPH PHQWDO ZRUNORDG QRZ DVVR�
FLDWHG ZLWK ZDWFKLQJ WKH JDXJH� +DUGHU
WKDQ ZLWK IRUFH FXHLQJ �3LORW )��

�� +8' &XHV 2QO\

s 1RWLFHG WKDW \RX QHHGHG WR VSOLW DW�
WHQWLRQ EHWZHHQ WKH FRQHV DQG WKH
WRUTXH���:LWKRXW WKH IRUFH FXH \RX KDG WR
SD\ DWWHQWLRQ WR ZKDW WKH WRUTXH WDSH ZDV
GRLQJ �3LORW $��

s &RXOG LQFRUSRUDWH WKH +8' FXHV EXW FRXOG
QRW EH DV DJJUHVVLYH �3LORW $��

s &DQQRW XVH WKH ZKROH HQYHORSH� -XVW QRW
DZDUH ZKHUH WKH XSSHU WRUTXH OLPLW LV �3L�
ORW $��

s *RRG VHQVH RI H[FHHGDQFHV DV ORQJ DV \RX
DUH ORRNLQJ DW LW �3LORW %��

s 1RW DEOH WR FRQpGHQWO\ XVH WKH DYDLODEOH
WRUTXH �3LORW &��

s 1RW DV PXFK DZDUHQHVV RI H[FHHGDQFHV �3L�
ORW '��

s 1R FRQIXVLRQ RQ QHHGHG UHVSRQVH �3LORW '��

�� 7DFWLOH &XHV 2QO\

s 9DJXH DZDUHQHVV RI H[FHHGDQFHV� +DYLQJ
LW YLVXDOO\ DYDLODEOH JLYHV \RX D EHWWHU LGHD
�3LORW $��

s 1R FRQIXVLRQ LQ UHTXLUHG FRQWURO LQSXW �3L�
ORW $��

s 1R QHHG WR UHIHU WR WKH SDQHO �3LORW %��

s 0XFK PRUH FRPIRUWDEOH� 0RUH RSSRUWX�
QLW\ WR FRQFHQWUDWH RQ ORQJLWXGLQDO SHUIRU�
PDQFH� �3LORW %��

s 1R FRQIXVLRQ RYHU UHTXLUHG FRQWURO LQSXW�
)HHGEDFN LV GLUHFWO\ WR WKH FRQWUROOLQJ DS�
SHQGDJH �3LORW &��

s &DQ
W VHH DQ\ ZD\ WKLV FRXOG LQWHUIHUH ZLWK
RSHUDWLRQ LQ FRFNSLW �3LORW &��

� �
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s :DV FRQpGHQW LQ XVLQJ WKH V\VWHP �3LORW
'��

s $EOH WR FRQpGHQWO\ XVH WKH V\VWHP �3LORW
)��

s &RQpGHQW LQ WKH XVH RI DOO WKH HQYHORSH �3L�
ORW +��

�� 7DFWLOH DQG +8' &XHV

s $EOH WR SHUFHLYH WKH FROOHFWLYH FXH� 'LGQ
W
QRWLFH WKH YLVXDO FXHV IRU WKH OLPLWV �3LORW
$��

s $EOH WR FRQpGHQWO\ XVH WKH HQYHORSH ZLWK�
RXW H[FHHGDQFHV �3LORW $��

s *RRG DZDUHQHVV RI WKH WDFWLOH FXHLQJ� )DLU
DZDUHQHVV RI WKH V\PERORJ\ �3LORW %��

s &XH ZDV HDV\ WR SHUFHLYH DQG LQFRUSRUDWH
LQWR WKH FRQWURO VWUDWHJ\ �3LORW &��

s +DYLQJ LQIRUPDWLRQ IURP ERWK WKH +8'
DQG WKH WDFWLOH FXH DOORZHG IRFXV HQWLUHO\
RXWVLGH WKH DLUFUDIW �3LORW *��

s $OO WKH LQIR \RX QHHG LV WKHUH� &DQ
W WKLQN
RI DQ\ ZD\ WR LPSURYH LW �3LORW *��

3LORW &RPPHQWV� $FFHOHUDWLRQ�'HFHOHUDWLRQ

�� %DVHOLQH &RQpJXUDWLRQ �QR FXHLQJ�

s 1RW DZDUH RI H[FHHGDQFHV� 3HUKDSV D
JODQFH DW WKH JDXJH PLJKW WHOO \RX DERXW
WRUTXH �3LORW $��

s 1R LGHD RI ZKHUH WKH KXE PRPHQW LV �3LORW
$��

s &RPSOHWHO\ XQDZDUH RI KXE PRPHQW H[�
FHHGDQFHV �3LORW &��

s 1RW FRQpGHQWO\ DEOH WR XWLOL]H DOO WKH DYDLO�
DEOH HQYHORSH �3LORW &��

s *UHDWO\ UHGXFHG DELOLW\ WR PHHW SHUIRU�
PDQFH VWDQGDUGV� SDUWLFXODUO\ KXE PR�
PHQW �3LORW '��

s +DYLQJ WR VWDUH DW WRUTXH JDXJH LV D SURE�
OHP �3LORW )��

�� +8' &XHV 2QO\

s 0RPHQW FXH LV NLQG RI DQ RQ�Ro FXH� 1R
SUR[LPLW\ LQIR �3LORW )��

s )ODVK RI KXE V\PERO ZDV QRW HQRXJK WR FXH
��� DZDUH RI LW EXW LW ZDVQ
W HQRXJK WR NHHS
ZLWKLQ WKH OLPLW �3LORW *��

s +XE FXH LV D ELW DPELJXRXV� WKH qLFNHU RI
WKH V\PERO GRHV QRW FRQWDLQ HQRXJK LQIR
�3LORW *��

�� 7DFWLOH &XHV 2QO\

s &\FOLF FXH ZDV VRPHZKDW YDJXH� PLJKW EH
FRQIXVHG ZLWK IRUFH WULP �3LORW $��

s *RLQJ IURP QR FXHV WR FXHV UHDOO\ LV D VLJ�
QLpFDQW WKLQJ IRU HYHU\ERG\ WR ORRN DW�
,W UHDOO\ HPSKDVL]HV KRZ PXFK WKH WDFWLOH
FXHLQJ KHOSV �3LORW '��

s *HWWLQJ ERWK WKH WRUTXH DQG KXE OLPLW FXH�
LQJ �3LORW '��

s 1RW IHHOLQJ WKH F\FOLF FXHLQJ �3LORW (��

s 1R LGHD ZKDW ,
P GRLQJ WR FDXVH KXE PR�
PHQW H[FHHGDQFHV �3LORW )��

s 7RUTXH FXH LV HDV\ WR SHUFHLYH� &RXOG RF�
FDVLRQDOO\ IHHO WKH F\FOLF FXH EXW LW LV VXEWOH
�3LORW )��

s 1R FRQIXVLRQ LQ UHVSRQVH WR WKH FXH �3LORW
*��

�� 7DFWLOH DQG +8' &XHV

s 7KH SHUFHSWLRQ RI WKH FROOHFWLYH FXH LV SUH�
GRPLQDQW DV FRPSDUHG WR WKH KXE PRPHQW
FXH �3LORW $��

s $EOH WR LQFRUSRUDWH WKH FROOHFWLYH FXH EXW
QRW LQ WKH F\FOLF� 1RW LQFUHDVLQJ DJJUHV�
VLYHQHVV WR HQFRXQWHU WKH FXH �3LORW )��

s +XE IRUFH FXHLQJ LV YHU\ OLJKW �3LORW *��

s 5HGXFHG DJJUHVVLYHQHVV LQ UHVSRQVH WR IHHO�
LQJ WKH FXH� 6WLOO QRW UHDOO\ LQFRUSRUDWHG
LQWR FRQWURO VWUDWHJ\ WKRXJK �3LORW *��

3LORW &RPPHQWV� 0D[LPXP 3HUIRUPDQFH 7XUQ

�� %DVHOLQH &RQpJXUDWLRQ �QR FXHLQJ�

s $EOH WR DFTXLUH WKH WRUTXH YDOXH VRPHZKDW
EXW QRW WKH VWDOO �3LORW $��

s /LPLWLQJ IDFWRU ZDV QRW NQRZLQJ ZKHUH WKH
VWDOO OLPLW ZDV VR KDG WR EH FRQVHUYDWLYH WR
DYRLG LW �3LORW $��

s 6WDOO FXHLQJ LV PLVVHG WKH PRVW �3LORW %��

s 3HUIRUPDQFH ZDV FRQVLVWHQWO\ EDG �3LORW
'��

s 1RW DEOH WR FRQpGHQWO\ XVH WKH HQYHORSH
�3LORW '��
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s $JJUHVVLYHQHVV OLPLWHG E\ ODFN RI LQIRUPD�
WLRQ �3LORW *��

s 1R FRQpGHQFH ZKDWVRHYHU �3LORW +��

�� +8' &XHV 2QO\

s &RXOG LQFRUSRUDWH OLPLW FXHV E\ EDFNLQJ Ro
RQ WKH VWLFN LQ UHVSRQVH WR WKH +8' FXHV
�3LORW $��

s :RXOG KDYH EHHQ EHWWHU ZLWK WKH IRUFH FXHV
�3LORW $��

s +DUG WR pQG WKH HGJH RI WKH HQYHORSH �3LORW
$��

s 1RW VDWLVIDFWRU\ ZLWKRXW LPSURYHPHQW�
EXW SUHWW\ VWUDLJKWIRUZDUG �3LORW %��

s &RQpGHQFH OHYHO KDV GURSSHG LQ DELOLW\ WR
XVH WKH HQYHORSH �3LORW '��

s ,QFUHDVHG SK\VLFDO DQG PHQWDO ZRUNORDG
�3LORW '��

s $EOH WR LQFRUSRUDWH WKH OLPLW FXHV LQWR FRQ�
WURO VWUDWHJ\ �3LORW *��

�� 7DFWLOH &XHV 2QO\

s 9HU\ DZDUH RI OLPLW H[FHHGDQFHV� 0RUH SUH�
FLVH LQ XVH RI FRQWUROV� 8VLQJ WKH FXHV LQ
FRQWURO VWUDWHJ\ E\ QLEEOLQJ RQ WKH VWDOO
FXH �3LORW %��

s 9HU\ DZDUH RI OLPLWV �3LORW &��

s $EOH WR XVH WKH HQYHORSH FRQpGHQWO\ �3LORW
&��

s $EOH WR LQFRUSRUDWH WKH OLPLW FXHV� :RUNHG
YHU\ ZHOO �3LORW '��

s :RUNORDG KDV JRQH GRZQ IURP WKH +8'
RQO\ FRQpJXUDWLRQ �3LORW )��

�� 7DFWLOH DQG +8' &XHV

s *RRG LQGLFDWLRQ RI H[FHHGDQFH PDJQLWXGH
ZLWK WKH +8' SOXV VWLFN �3LORW $��

s (DV\ WR SHUFHLYH WKH FXHV �3LORW $��

s ,PPHGLDWHO\ DZDUH RI WKH OLPLW H[�
FHHGDQFHV �3LORW &��

s $LU YHKLFOH SHUIRUPDQFH LV QRZ WKH OLPLWLQJ
IDFWRU �3LORW &��

s $ZDUHQHVV RI H[FHHGDQFHV LV YHU\ REYLRXV�
$ELOLW\ WR SHUFHLYH H[FHHGDQFHV LV KLJK �3L�
ORW '��

s 9HU\ FRQpGHQW WKDW , FDQ q\ FORVH WR WKH
HQYHORSH �3LORW )��

s +DYLQJ WKH +8' DGGV WR WKH LQIR RQ WRUTXH
LI QRW IHHOLQJ DQ\WKLQJ �3LORW )��
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7KH HoHFWLYHQHVV RI SUHGLFWLYH FXHLQJ IRU OLPLW
DYRLGDQFH XVLQJ QHXUDO QHWZRUNV ZDV GHPRQVWUDWHG
LQ PXOWLSOH SLORWHG VLPXODWLRQ H[SHULPHQWV� 3LORW�LQ�
WKH�ORRS H[SHULPHQWV RI WKH 8+���$ LQLWLDOO\ GHPRQ�
VWUDWHG FXHLQJ RI D VLQJOH OLPLW �PDLQ URWRU WRUTXH�
IRU D VLQJOH�D[LV EREXS WDVN XVLQJ D 311 ZLWK
DQ ?LQYHUVH� DUFKLWHFWXUH� 6XEVHTXHQW H[SHULPHQWV
ZLWK WKH 2+���' GHPRQVWUDWHG FXHLQJ IRU D VLQJOH
OLPLW �PDLQ URWRU WRUTXH� IRU PXOWLSOH PDQHXYHUV XV�
LQJ D ?IRUZDUG� DUFKLWHFWXUH 311� $ VHFRQG VHW RI
8+���$ H[SHULPHQWV GHPRQVWUDWHG FXHLQJ RI PXOWL�
SOH OLPLWV GXULQJ D YDULHW\ RI PDQHXYHUV�
4XDQWLWDWLYH DQDO\VLV RI PDQHXYHU SHUIRUPDQFH

GHPRQVWUDWHG WKDW WKH FXHLQJ V\VWHP HoHFWLYHO\ DO�
ORZHG SLORWV WR DFKLHYH PD[LPXP PDQHXYHU SHUIRU�
PDQFH ZLWK PLQLPDO OLPLW H[FHHGDQFHV� +DQGOLQJ
TXDOLWLHV HYDOXDWLRQV E\ SLORWV DOVR VKRZHG WKH FXH�
LQJ V\VWHP WR EH EHQHpFLDO� DQG SLORW FRPPHQWV ZHUH
JHQHUDOO\ SRVLWLYH� 3LORWV IHOW PRUH FRQpGHQW LQ WKHLU
DELOLW\ WR DFKLHYH PD[LPXP DLUFUDIW SHUIRUPDQFH
EHFDXVH RI LQFUHDVHG DZDUHQHVV RI WKH RSHUDWLRQDO
OLPLWV� 3LORWV DOVR UHSRUWHG UHGXFHG ZRUNORDG DV D
UHVXOW RI WKH OLPLW DYRLGDQFH FXHLQJ�

$&.1 2:/( '*0 ( 1 7 6

7KLV ZRUN ZDV VXSSRUWHG E\ WKH $YLDWLRQ $SSOLHG
7HFKQRORJLHV 'LUHFWRUDWH �$$7'� RI WKH 8�6� $UP\
$YLDWLRQ DQG 7URRS &RPPDQG� )W� (XVWLV� 9$� XQ�
GHU 6%,5 3KDVH ,, &RQWUDFW '$$-������&������
?1HXUDO 1HWZRUN /LPLW $YRLGDQFH 6\VWHP IRU 5RWRU�
FUDIW �QQ/$65��� ZLWK %DUURQ $VVRFLDWHV� ,QF� 7KH
%DUURQ $VVRFLDWHV� ,QF� DXWKRUV JUDWHIXOO\ DFNQRZO�
HGJH WKH VXSSRUW� JXLGDQFH� DQG WHFKQLFDO FROODERUD�
WLRQ RI SHUVRQQHO RI WKH $$7' $HURqLJKWG\QDPLFV
'LUHFWRUDWH DW WKH 1$6$ $PHV 5HVHDUFK &HQWHU�
0RoHWW )LHOG� &$� 7KH DXWKRUV DOVR H[SUHVV WKHLU
DSSUHFLDWLRQ WR 7KRPDV +� /DZUHQFH RI 6LNRUVN\
$LUFUDIW &RUSRUDWLRQ DQG 0DUN (� 'UHLHU RI %HOO +H�
OLFRSWHU 7H[WURQ ,QF� DPRQJ RWKHUV IRU WKHLU SDUWLFL�
SDWLRQ LQ WKH ZRUN RQ EHKDOI RI WKRVH RUJDQL]DWLRQV�

5( )( 5( 1 &( 6
� - � + RZ LWW� ?& DU HIU HH P DQ RHX Y U LQ J LQ K HOLFRS WHU q LJK W FRQ �

WU RO�� LQ 3 U RF� $ PHU LFDQ + HOLFRSW HU 6 RFLHW \ ��VW $ Q Q XDO )R�

U XP� �)RU W : RU WK �� �����
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�5� % DU U RQ � - � 6 WD\ P DQ � 1 � 1 LJU R� ?1 HX U DO 1 HWZ RU N /LP LW
$ Y RLG DQ FH 6 \ VWHP IRU 5RWRU FU DIW� 3 K DVH , � 1 RQ OLQ HDU ( VWLP D�
WLRQ DQ G & ODVVLp FDWLRQ RI 5RWRU 7 RU T X H� 5RWRU 6 S HHG � 1 RU P DO
$ FFHOHU DWLRQ � /DWHU DO 9 HORFLW\ � DQ G % ODG H 6 WU HVV IU RP ,Q �
)OLJK W 2E VHU Y DE OHV�� )LQ DO 7 HFK � 5HS W� IRU 1 $ 6 $ �8 �6 � $ U P \
$ )''� & RQ WU DFW 1 $ 6 �������� % DU U RQ $ VVRFLDWHV� ,Q F�� 6 HS W�
�����

�0� : K DOOH\ � ?$ 3 LORWHG 6 LP X ODWLRQ ,Q Y HVWLJDWLRQ RI D + H�
OLFRS WHU /LP LW $ Y RLG DQ FH 6 \ VWHP 8 VLQ J D 3 RO\ Q RP LDO 1 HX U DO
1 HWZ RU N �� 8 6 $ $ 7 & 20 7 HFK � 5HS W� ���$ ����� 1 $ 6 $ � - DQ �
�����

� $ � % DWHP DQ � '� : DU G � 5� % DU U RQ � DQ G 0� : K DOOH\ �
?1 HX U DO 1 HWZ RU N /LP LW $ Y RLG DQ FH 6 \ VWHP IRU 5RWRU FU DIW��
)LQ DO 7 HFK � 5HS � IRU $ Y LDWLRQ $ S S OLHG 7 HFK RQ RORJ\ 'LU HF�
WRU DWH� 8 �6 � $ U P \ $ Y LDWLRQ DQ G 7 U RRS & RP P DQ G � & RQ WU DFW
'$ $ - ������& ������ % DU U RQ $ VVRFLDWHV� ,Q F�� 6 HS W� �����
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