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:H DGGUHVV WKH SUREOHP RI GHSHQGHQF\ DQDO\VLV DQG FDFKLQJ
LQ WKH FRQWH[W RI WKH w�FDOFXOXV� 7KH GHSHQGHQFLHV RI D w�
WHUP DUH �URXJKO\� WKH SDUWV RI WKH w�WHUP WKDW FRQWULEXWH
WR WKH UHVXOW RI HYDOXDWLQJ LW� :H LQWURGXFH D PHFKDQLVP IRU
NHHSLQJ WUDFN RI GHSHQGHQFLHV� DQG GLVFXVV KRZ WR XVH WKHVH
GHSHQGHQFLHV LQ FDFKLQJ�

� ,QWURGXFWLRQ

6XSSRVH WKDW ZH KDYH HYDOXDWHG WKH IXQFWLRQ DSSOLFDWLRQ
I��� ��� DQG WKDW LWV UHVXOW LV �� ,I ZH FDFKH WKH HTXDOLW\
I��� ��  �� ZH PD\ VDYH RXUVHOYHV WKH ZRUN RI HYDOXDWLQJ
I��� �� LQ WKH IXWXUH� 6XSSRVH IXUWKHU WKDW� LQ WKH FRXUVH RI
HYDOXDWLQJ I��� ��� ZH QRWLFHG WKDW WKH nUVW DUJXPHQW RI I
ZDV QRW DFFHVVHG DW DOO� 7KHQ ZH FDQ PDNH D PRUH JHQHUDO
FDFKH HQWU\� I�Q� ��  � IRU DOO Q� ,Q FDOO�E\�QDPH HYDOXD�
WLRQ� ZH PD\ QRW HYHQ FDUH DERXW ZKHWKHU Q LV GHnQHG RU
QRW� /DWHU� LI DVNHG DERXW WKH UHVXOW RI I��� ��� IRU H[DPSOH�
ZH PD\ PDWFK I��� �� DJDLQVW RXU FDFKH HQWU\� DQG GHGXFH
WKDW I��� ��  � ZLWKRXW KDYLQJ WR FRPSXWH I �
7KHUH DUH WKUHH SDUWV LQ WKLV FDFKLQJ VFKHPH� �L� WKH

GHSHQGHQF\ DQDO\VLV �LQ WKLV FDVH� QRWLFLQJ WKDW I GLG QRW
XVH LWV nUVW DUJXPHQW LQ WKH FRXUVH RI WKH FRPSXWDWLRQ��
�LL� ZULWLQJ GRZQ GHSHQGHQF\ LQIRUPDWLRQ� LQ VRPH ZD\� DQG
FDFKLQJ LW� �LLL� WKH FDFKH ORRNXS� (DFK RI WKH SDUWV FDQ EH
FRPSOH[� +RZHYHU� WKH FDFKLQJ VFKHPH LV ZRUWKZKLOH LI WKH
FRPSXWDWLRQ RI I LV H[SHQVLYH DQG LI ZH H[SHFW WR HQFRXQWHU
VHYHUDO VLPLODU LQSXWV �H�J�� I��� ��� I��� ��� � � � ��
:H DGGUHVV WKH SUREOHP RI GHSHQGHQF\ DQDO\VLV DQG FDFK�

LQJ LQ WKH FRQWH[W RI WKH w�FDOFXOXV� :H LQWURGXFH D PHFKD�
QLVP IRU NHHSLQJ WUDFN RI GHSHQGHQFLHV� DQG VKRZ KRZ WR XVH
WKHVH GHSHQGHQFLHV LQ FDFKLQJ� �+RZHYHU� ZH VWRS VKRUW RI
FRQVLGHULQJ LVVXHV RI FDFKH RUJDQL]DWLRQ� UHSODFHPHQW SROLF\�
HWF�� 2XU WHFKQLTXHV DSSO\ WR SURJUDPV ZLWK KLJKHU�RUGHU
IXQFWLRQV� DQG QRW MXVW WR WULYLDO nUVW�RUGHU H[DPSOHV OLNH
I��� ��� 7KH SUHVHQFH RI KLJKHU�RUGHU IXQFWLRQV FUHDWHV WKH
QHHG IRU VRSKLVWLFDWHG GHSHQGHQF\ SURSDJDWLRQ�
$V DQ H[DPSOH� FRQVLGHU WKH KLJKHU�RUGHU IXQFWLRQ�
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ZKHUH SDLUV DUH HQFRGHG DV XVXDO�
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7KH IXQFWLRQ I WDNHV WZR DUJXPHQWV [ DQG \� SUHVXPDEO\ [
LV D IXQFWLRQ DQG \ LV D SDLU� 7KH IXQFWLRQ I DSSOLHV [ WR
WKH nUVW DQG VHFRQG FRPSRQHQWV RI \� DQG WKHQ H[WUDFWV WKH
nUVW FRPSRQHQW RI WKH UHVXOW� $ SULRUL� LW PD\ VHHP WKDW I
GHSHQGV RQ [ DQG RQ DOO RI \� &RQVLGHU QRZ WKH IROORZLQJ
DUJXPHQWV IRU I �
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%RWK IXQFWLRQV J DQG J� VHHP WR GHSHQG RQ WKHLU UHVSHFWLYH
DUJXPHQWV� +RZHYHU� DOO WKHVH D SULRUL H[SHFWDWLRQV DUH WRR
FRDUVH� $IWHU HYDOXDWLQJ I�J��U� WR �� ZH FDQ GHGXFH WKDW
I�J���U�� DOVR \LHOGV �� )RU WKLV ZH QHHG WR H[SUHVV WKDW I
DFFHVVHV RQO\ SDUW RI WKH SDLU WKDW J SURGXFHV� WKDW J DFFHVVHV
RQO\ SDUW RI WKH SDLU WKDW I IHHGV LW� DQG WKDW J DQG J� ORRN
VXpFLHQWO\ VLPLODU� :H GHYHORS D VLPSOH ZD\ RI FDSWXULQJ
DQG RI H[SORLWLQJ WKHVH IDLUO\ HODERUDWH GHSHQGHQFLHV�
2XU DSSURDFK LV EDVHG RQ D ODEHOOHG w�FDOFXOXV >/uHY��@�

5RXJKO\� RXU ODEHOOHG w�FDOFXOXV LV OLNH D w�FDOFXOXV ZLWK
QDPHV IRU VXEH[SUHVVLRQV� ,Q WKH FRXUVH RI FRPSXWDWLRQ� WKH
QDPHV SURSDJDWH� DQG VRPH RI WKHP HQG XS LQ WKH UHVXOW� ,I
D UHGXFHV WR Y� WKHQ Y ZLOO FRQWDLQ WKH QDPHV RI WKH VXEH[�
SUHVVLRQV RI D WKDW FRQWULEXWH WR SURGXFLQJ Y� 7KHQ� LI ZH
DUH JLYHQ D� WKDW FRLQFLGHV ZLWK D RQ WKRVH VXEH[SUHVVLRQV�
ZH PD\ GHGXFH WKDW D� UHGXFHV WR Y�
,Q RXU H[DPSOH� ZH ZRXOG SURFHHG DV IROORZV� )LUVW� ZKHQ

JLYHQ WKH H[SUHVVLRQ I�J��U�� ZH ZRXOG ODEHO VRPH RI LWV
VXEH[SUHVVLRQV� 7KH PRUH ODEHOV ZH XVH� WKH PRUH LQIRU�
PDWLRQ ZH REWDLQ� ,Q WKLV H[DPSOH� ZKLFK LV VWLOO UHODWLYHO\
VLPSOH� ZH ODEHO RQO\ FRPSRQHQWV RI J DQG U�
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ZKHUH H�� H�� H�� DQG H� DUH GLVWLQFW ODEHOV� :H H[WHQG WKH
UHGXFWLRQ UXOHV RI WKH w�FDOFXOXV WR KDQGOH ODEHOV� LQ WKLV
FDVH� I�AJ��AU� UHGXFHV WR H��H���� 6WULSSLQJ Rm DOO WKH ODEHOV�
ZH FDQ GHGXFH WKDW I�J��U� UHGXFHV WR �� 6WXG\LQJ WKH OD�
EHOV� ZH PD\ QRWLFH WKDW H� DQG H� GR QRW DSSHDU LQ WKH
UHVXOW� $V ZH ZLOO SURYH� WKLV PHDQV WKDW I�Je��Ue� UHGXFHV
WR � IRU DQ\ H[SUHVVLRQV Je DQG Ue RI WKH IRUPV�
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2EYLRXVO\� J� DQG U� PDWFK WKLV SDWWHUQ� DQG KHQFH I�J���U��
UHGXFHV WR �� $V WKLV VPDOO H[DPSOH VXJJHVWV� RXU WHFKQLTXHV
IRU GHSHQGHQF\ DQDO\VLV DUH HmHFWLYH� UHDVRQDEO\ HpFLHQW�
DQG KHQFH SRWHQWLDOO\ SUDFWLFDO�
,Q WKH QH[W VHFWLRQ ZH UHYLHZ WKH EDFNJURXQG IRU RXU

ZRUN DQG VRPH UHODWHG ZRUN� ,Q VHFWLRQ �� ZH VWXG\ GH�
SHQGHQF\ DQDO\VLV DQG FDFKLQJ LQ WKH SXUH w�FDOFXOXV� ,Q
VHFWLRQV �� ZH H[WHQG RXU WHFKQLTXHV WR D PRUH UHDOLVWLF ODQ�
JXDJH� WKLV ODQJXDJH LQFOXGHV UHFRUGV DQG KDV D ZHDN RSHU�
DWLRQDO VHPDQWLFV EDVHG RQ H[SOLFLW VXEVWLWXWLRQV >$&&/���
)LH��@�

� 0RWLYDWLRQ DQG 5HODWHG :RUN

7KH PRWLYDWLRQ IRU WKLV ZRUN DURVH LQ WKH FRQWH[W RI D V\VWHP�
PRGHOOLQJ V\VWHP FDOOHG 9HVWD >/0��� +/��@_URXJKO\ D UH�
SODFHPHQW IRU WRROV OLNH PDNH DQG UFV� ,Q 9HVWD� WKH DQD�
ORJXH RI D PDNHnOH LV D SURJUDP ZULWWHQ LQ D VSHFLDOL]HG� XQ�
W\SHG� KLJKHU�RUGHU� IXQFWLRQDO� OD]\� LQWHUSUHWHG ODQJXDJH�
7KH IXQFWLRQDO FKDUDFWHU RI WKH ODQJXDJH JXDUDQWHHV WKDW WKH
UHVXOWV RI V\VWHP EXLOGLQJ DUH SUHGLFWDEOH DQG UHSURGXFLEOH�
,Q 9HVWD� WKH EDVLF FRPSXWDWLRQ VWHSV DUH H[SHQVLYH FDOOV

WR IXQFWLRQV OLNH FRPSLOH DQG OLQN� KHQFH LW LV LPSRUWDQW WR
DYRLG XQQHFHVVDU\ UHFRPSXWDWLRQV� 7KH SURJUDPV FDQ EH
UHDVRQDEO\ ODUJH� LW LV WKHUHIRUH GHVLUDEOH WR QRWLFH FDFKH
KLWV IRU ODUJH VXEH[SUHVVLRQV UDWKHU WKDQ IRU LQGLYLGXDO FDOOV
WR SULPLWLYHV �H�J�� LQGLYLGXDO FRPSLODWLRQV�� )XUWKHUPRUH�
LUUHOHYDQW FKDQJHV LQ SDUDPHWHUV DUH H[SHFWHG WR EH IUHTXHQW�
ZKHQ WKHUH DUH VXFK FKDQJHV� D VLPSOH PHPRLVDWLRQ >0LF���
+XJ��@ GRHV QRW VXpFH IRU DYRLGLQJ UHFRPSXWDWLRQV� DQG D
PRUH VDYY\ FDFKLQJ VWUDWHJ\ LV QHFHVVDU\�
7KLV SDSHU� KRZHYHU� LV QRW DERXW 9HVWD� 7KHUH KDV EHHQ

VRPH UHVHDUFK RQ FDFKLQJ LQ 9HVWD >+/��@� DQG PRUH LV FXU�
UHQWO\ LQ SURJUHVV� +HUH ZH GLVFXVV WHFKQLTXHV IRU WKH w�
FDOFXOXV� WKHVH DUH VRPHZKDW VLPSOHU� HDVLHU WR H[SODLQ� DQG
SHUKDSV RI PRUH JHQHUDO LQWHUHVW�
,Q WKH w�FDOFXOXV� WKH ZRUN WKDW VHHPV PRVW FORVHO\ UH�

ODWHG WR RXUV LV WKDW RI )LHOG DQG 7HLWHOEDXP >)7��@� 7KH\
KDYH LQYHVWLJDWHG WKH SUREOHP RI UHGXFWLRQV RI VLPLODU H[�
SUHVVLRQV �ZKLFK PD\ QRW HYHQ \LHOG WKH VDPH UHVXOW�� 7KHLU
DSSURDFK LV EDVHG RQ D w�FDOFXOXV ZLWK D QHZ ?IRUN� SULPL�
WLYH �c� UDWKHU WKDQ RQ D ODEHOOHG w�FDOFXOXV� )RU H[DPSOH�
WKH\ FDQ UHSUHVHQW WKH WZR VLPLODU H[SUHVVLRQV E�D� DQG E��D�
DV WKH VLQJOH H[SUHVVLRQ c�E� E���D�� ZLWK D UXOH IRU GXSOLFD�
WLRQ� QDPHO\ c�E� E���D�  c�E�D�� E��D��� 7KHLU DOJRULWKP
VHHPV SDUWLFXODUO\ DSSURSULDWH IRU GHDOLQJ ZLWK SDLUV RI H[�
SUHVVLRQV WKDW GLmHU DW RQO\ RQH RU D IHZ SUHGLFWDEOH VXEH[�
SUHVVLRQV�
7KHUH KDV EHHQ PXFK RWKHU ZRUN RQ LQFUHPHQWDO FRP�

SXWDWLRQ� DQG VRPH RI LW LV UHODWHG WR RXUV� ,Q SDUWLFXODU�
3XJK
V GLVVHUWDWLRQ FRQFHUQV LQFUHPHQWDO HYDOXDWLRQ RI IXQF�
WLRQDO SURJUDPV� LW UDLVHV WKH LVVXH RI FDFKLQJ IRU IXQFWLRQV
WKDW GR QRW GHSHQG RQ DOO RI WKHLU DUJXPHQWV >3XJ��� SS� ��^
��@�
'HSHQGHQF\ DQDO\VLV LV DOVR VLPLODU WR WUDGLWLRQDO DQDO�

\VHV VXFK DV VWULFWQHVV DQDO\VLV �H�J�� >%+$��@�� 7KHUH LV
HYHQ D UHFHQW YHUVLRQ RI VWULFWQHVV DQDO\VLV WKDW UHOLHV RQ
D ODEHOOHG w�FDOFXOXV >*96��@� 6WULFWQHVV DQDO\VLV LV FRQ�
FHUQHG ZLWK ZKDW SDUWV RI D SURJUDP PXVW EH HYDOXDWHG� LQ
FRQWUDVW� IRU GRLQJ FDFKH ORRNXSV� ZH QHHG WR NQRZ ZKDW
SDUWV RI D SURJUDP PD\ DmHFW WKH UHVXOW� )XUWKHUPRUH� ZH
GR QRW XVH DSSUR[LPDWH DEVWUDFW LQWHUSUHWDWLRQV� EXW UDWKHU
UHO\ RQ SUHYLRXV� DFWXDO H[HFXWLRQV RI SURJUDPV VLPLODU WR
WKH RQH EHLQJ DQDO\]HG�

� 'HSHQGHQFLHV LQ WKH 3XUH w�FDOFXOXV

,Q WKLV VHFWLRQ ZH FRQVLGHU LQFUHPHQWDO FRPSXWDWLRQ LQ WKH
FRQWH[W RI WKH SXUH w�FDOFXOXV� 7KLV LV D PLQLPDO V\VWHP�
EXW LW HQDEOHV XV WR LOOXVWUDWH RXU LGHDV� )LUVW ZH UHYLHZ
VRPH FODVVLFDO UHVXOWV WKDW VXJJHVW DQ DSSURDFK WR GHSHQ�
GHQF\ DQDO\VLV� WKHQ ZH GHVFULEH D ODEHOOHG FDOFXOXV� D EDVLF
VFKHPH IRU FDFKLQJ� VRPH H[DPSOHV� DQG D PRUH VRSKLVWL�
FDWHG VFKHPH IRU FDFKLQJ� nQDOO\� ZH FRQVLGHU FDOO�E\�YDOXH
HYDOXDWLRQ�

��� 7KH w�FDOFXOXV

7KH VWDQGDUG w�FDOFXOXV KDV WKH IROORZLQJ JUDPPDU IRU H[�
SUHVVLRQV�

D� E� F ��  WHUPV
M [ YDULDEOH �[ � 9 �
M w[�D DEVWUDFWLRQ �[ � 9 �
M E�D� DSSOLFDWLRQ

ZKHUH 9 LV D VHW RI YDULDEOHV�
7KH n UXOH LV� DV XVXDO�

�w[�E�D � EID [J
ZKHUH EID [J LV WKH UHVXOW RI UHSODFLQJ [ ZLWK D LQ E� :KHQ &
LV D FRQWH[W �D WHUP ZLWK D KROH�� ZH ZULWH &IDJ IRU WKH UHVXOW
RI nOOLQJ &
V KROH ZLWK D �SRVVLEO\ ZLWK YDULDEOH FDSWXUHV��
:H DGRSW WKH IROORZLQJ FRQJUXHQFH UXOH�

D� E

&IDJ � &IEJ
7KH UHGXFWLRQ UHODWLRQ�" LV WKH UHoH[LYH� WUDQVLWLYH FORVXUH
RI �� $ FRPSXWDWLRQ VWRSV ZKHQ LW UHDFKHV D QRUPDO IRUP�
:H FDQ QRZ UHIRUPXODWH WKH SUREOHP SRVHG LQ WKH LQWUR�

GXFWLRQ� 6XSSRVH WKDW D LV D WHUP DQG D �" Y� :KHQ FDQ
ZH VD\ WKDW E �" Y VLPSO\ E\ FRPSDULQJ D DQG E" ,Q RUGHU
WR DGGUHVV WKLV TXHVWLRQ� ZH UHFDOO D IHZ NQRZQ WKHRUHPV�

7KHRUHP � �&KXUFK�5RVVHU� 7KH FDOFXOXV LV FRQoXHQW�

7KHRUHP � �1RUPDOL]DWLRQ� ,I D WHUP FDQ EH UHGXFHG WR
D QRUPDO IRUP� WKHQ LWV OHIWPRVW RXWHUPRVW UHGXFWLRQ �ZKLFK
UHGXFHV WKH OHIWPRVW RXWHUPRVW UHGH[ DW HDFK VWHS� UHDFKHV
WKLV QRUPDO IRUP�

&OHDUO\ WKH OHIWPRVW RXWHUPRVW UHGXFWLRQ UHGXFHV RQO\ VXEH[�
SUHVVLRQV QHFHVVDU\ WR JHW WR WKH QRUPDO IRUP�
$ SUHn[ LV DQ H[SUHVVLRQ SRVVLEO\ ZLWK VHYHUDO PLVVLQJ

VXEH[SUHVVLRQV�

D� E� F ��  SUHn[HV
M KROH
M [ YDULDEOH �[ � 9 �
M w[�D DEVWUDFWLRQ �[ � 9 �
M E�D� DSSOLFDWLRQ

$ SUHn[ D LV SUHn[ RI DQRWKHU SUHn[ �RU H[SUHVVLRQ� E LI D
PDWFKHV E H[FHSW LQ VRPH KROHV� ZH ZULWH D x E� )RU LQVWDQFH�
ZH KDYH WKDW �[�� ��w\� �\�� x \�[��[��w\� �\��� )RU WKH
SXUSRVHV RI UHGXFWLRQ� ZH WUHDW OLNH D IUHH YDULDEOH� IRU
H[DPSOH� �w[�[� ���D�� D� ��
7KH IROORZLQJ WKUHH UHVXOWV FRQFHUQ WKH SUHn[ RUGHULQJ

DQG UHGXFWLRQ�



3URSRVLWLRQ � �0D[LPDOLW\ RI WHUPV� ,I E x G DQG E LV
D WHUP� WKHQ E  G�

3URSRVLWLRQ � �0RQRWRQLFLW\� ,I D� E� DQG F DUH SUH�
n[HV� D �" E� DQG D x F� WKHQ WKHUH H[LVWV D SUHn[ G VXFK
WKDW F �" G DQG E x G�

7KHRUHP � �6WDELOLW\� ,I D LV D WHUP� Y LV D WHUP LQ QRU�
PDO IRUP� DQG D �" Y� WKHQ WKHUH LV D PLQLPXP SUHn[
D� x D VXFK WKDW D� �" Y�

3URRI 7KH VWDELOLW\ WKHRUHP IROORZV IURP WKH VWDELOLW\ RI
%�RKP WUHHV >%HU��@� +HUH ZH VNHWFK D VLPSOH� DOWHUQDWLYH
SURRI�
)LUVW ZH VKRZ WKDW LI D DQG E DUH FRPSDWLEOH �KDYH D

FRPPRQ XSSHU ERXQG� LQ WKH SUHn[ RUGHULQJ� DQG D DQG E
UHGXFH WR D WHUP Y LQ QRUPDO IRUP� WKHQ WKH JUHDWHVW ORZHU
ERXQG RI D DQG E �ZULWWHQ DAE� DOVR UHGXFHV WR Y� 7KH SURRI
LV E\ LQGXFWLRQ RQ WKH OHQJWKV RI WKH OHIWPRVW RXWHUPRVW
UHGXFWLRQV WR Y� DQG VHFRQGDULO\ RQ WKH VL]HV RI D DQG E� :H
SURFHHG E\ FDVHV RQ WKH IRUP RI D�

q ,I D  [� WKHQ Y  [ DQG E  [� VR �D A E�  Y�

q ,I D  w[�D�� WKHQ E LV RI WKH IRUP w[�E�� ZLWK D�
DQG E� FRPSDWLEOH� 7KH UHVXOW IROORZV E\ LQGXFWLRQ
K\SRWKHVLV�

q ,I D  [�D�� � � � �DQ�� WKHQ E LV RI WKH IRUP [�E�� � � � �EQ�
ZLWK DL DQG EL FRPSDWLEOH IRU HDFK L � ���Q� 7KH UHVXOW
IROORZV E\ LQGXFWLRQ K\SRWKHVLV�

q 7KH FDVHV ZKHUH D  RU D  �D�� � � � �DQ� DUH LPSRV�
VLEOH� VLQFH D UHGXFHV WR D WHUP LQ QRUPDO IRUP�

q )LQDOO\� LI D  �w[�D���D�� � � � �DQ�� WKHQ E LV RI WKH IRUP
�w[�E���E�� � � � �EQ�� /HW D

�  D�ID� [J�D�� � � � �DQ� DQG
E�  E�IE� [J�E�� � � � �EQ�� D� DQG E� DUH FRPSDWLEOH�
DQG WKH\ UHGXFH WR Y ZLWK VKRUWHU OHIWPRVW RXWHUPRVW
UHGXFWLRQV WKDQ D DQG E� %\ LQGXFWLRQ K\SRWKHVLV�
D� A E� UHGXFHV WR Y� 6LQFH D A E UHGXFHV WR D� A E�� ZH
REWDLQ WKDW D A E UHGXFHV WR Y E\ WUDQVLWLYLW\�

1RZ VXSSRVH WKDW D DQG Y DUH DV LQGLFDWHG LQ WKH VWDWH�
PHQW RI WKH WKHRUHP� 7KH SUHn[HV RI D WKDW UHGXFH WR Y DUH
FRPSDWLEOH� VLQFH WKH\ KDYH D DV XSSHU ERXQG� WKHLU JUHDWHVW
ORZHU ERXQG LV WKH SUHn[ D� GHVFULEHG LQ WKH VWDWHPHQW� 


:H FDQ JLYH D nUVW VROXWLRQ WR RXU SUREOHP� DV IROORZV�
6XSSRVH WKDW D �" Y DQG Y LV D WHUP LQ QRUPDO IRUP� /HW
D� EH WKH PLQLPXP SUHn[ RI D VXFK WKDW D� �" Y� JLYHQ E\
7KHRUHP �� %\ 3URSRVLWLRQ �� LI D� LV D SUHn[ RI E WKHQ E�"

Y� IRU VRPH Y� VXFK WKDW Y LV D SUHn[ RI Y�� E\ 3URSRVLWLRQ ��
Y� LV Y� 7KHUHIRUH� LI D� LV D SUHn[ RI E WKHQ ZH FDQ UHXVH WKH
FRPSXWDWLRQ D�" Y DQG FRQFOXGH WKDW E �" Y�
,W UHPDLQV IRU XV WR FRPSXWH D�� $V ZH ZLOO VKRZ� WKLV

FRPSXWDWLRQ FDQ EH SHUIRUPHG DW WKH VDPH WLPH DV ZH HYDO�
XDWH D� DQG GRHV QRW UHTXLUH PXFK DGGLWLRQDO ZRUN� ,QWX�
LWLYHO\� ZH ZLOO PDUN HYHU\ VXEH[SUHVVLRQ RI D QHFHVVDU\ WR
FRPSXWH Y DORQJ WKH OHIWPRVW RXWHUPRVW UHGXFWLRQ�

��� $ ODEHOOHG w�FDOFXOXV

,Q RUGHU WR FRPSXWH PLQLPXP SUHn[HV DV GLVFXVVHG DERYH�
ZH IROORZ WKH XQGHUOLQHG PHWKRG RI %DUHQGUHJW >%DU��@� JHQ�
HUDOL]HG E\ XVH RI ODEHOV DV LQ WKH ZRUN RI )LHOG� /uHY\� RU
0DUDQJHW >)LH��� /uHY��� 0DU��@� 2XU DSSOLFDWLRQ RI WKLV

PHWKRG JLYHV ULVH WR D QHZ ODEHOOHG FDOFXOXV� ZKLFK ZH GH�
nQH QH[W�
:H FRQVLGHU D w�FDOFXOXV ZLWK WKH IROORZLQJ H[WHQGHG

JUDPPDU IRU H[SUHVVLRQV�

D� E� F ��  WHUPV
M � � � DV LQ VHFWLRQ ���
M H�D ODEHOOHG WHUP �H � (�

ZKHUH ( LV D VHW RI ODEHOV�
7KHUH LV RQH QHZ RQH�VWHS UHGXFWLRQ UXOH�

�H�E��D� � H��E�D��

7KH HVVHQWLDO SXUSRVH RI WKLV UXOH LV WR PRYH ODEHOV RXWZDUGV
DV OLWWOH DV SRVVLEOH LQ RUGHU WR SHUPLW n UHGXFWLRQ� )RU H[�
DPSOH� �H���w[�[�[����H��\� UHGXFHV WR H����w[�[�[���H��\��
YLD WKH QHZ UXOH� DQG WKHQ \LHOGV H����H��\��H��\�� E\ WKH n
UXOH�
7KHUH DUH FOHDU FRUUHVSRQGHQFHV EHWZHHQ WKH XQODEHOOHG

FDOFXOXV DQG WKH ODEHOOHG FDOFXOXV� :KHQ D� LV D ODEHOOHG
WHUP� OHW VWULS�D
� EH WKH XQODEHOOHG WHUP REWDLQHG E\ UH�
PRYLQJ HYHU\ ODEHO LQ D�� :H KDYH�

3URSRVLWLRQ � �6LPXODWLRQ� /HW D� E EH WHUPV� DQG OHW D��
E� EH ODEHOOHG WHUPV�

q ,I D� � E�� WKHQ VWULS�D
��" VWULS�E
��

q ,I D  VWULS�D
� DQG D � E� WKHQ D� �" E� IRU VRPH E�

VXFK WKDW E  VWULS�E
��

7KH ODEHOOHG FDOFXOXV HQMR\V WKH VDPH IXQGDPHQWDO WKHR�
UHPV DV WKH XQODEHOOHG FDOFXOXV� FRQoXHQFH� QRUPDOL]DWLRQ�
DQG VWDELOLW\� 7KH FRQoXHQFH WKHRUHP IROORZV IURP .ORS
V
GLVVHUWDWLRQ ZRUN� EHFDXVH WKH ODEHOOHG FDOFXOXV LV D UHJXODU
FRPELQDWRU\ UHGXFWLRQ V\VWHPV >.OR��@� WKH ODEHOOHG FDOFX�
OXV LV OHIW�OLQHDU DQG ZLWKRXW FULWLFDO SDLUV� 7KH QRUPDO�
L]DWLRQ WKHRUHP FDQ DOVR EH GHULYHG IURP .ORS
V ZRUN� DO�
WHUQDWLYHO\ LW FDQ EH REWDLQHG IURP UHVXOWV DERXW DEVWUDFW
UHGXFWLRQV V\VWHPV >*/0��@� YLD 2
'RQQHOO
V QRWLRQ RI OHIW
V\VWHPV >2
'��@� 7KH SURRI RI WKH VWDELOLW\ WKHRUHP LV VLP�
LODU WR WKH RQH LQ >+/��@�

��� %DVLF FDFKLQJ

6XSSRVH WKDW D�" Y� ZKHUH D LV D WHUP DQG Y LV LWV QRUPDO
IRUP� 3XW D GLmHUHQW ODEHO RQ HYHU\ VXEH[SUHVVLRQ RI D�
REWDLQLQJ D ODEHOOHG WHUP D�� %\ 3URSRVLWLRQ �� D� �" Y� IRU
VRPH Y� VXFK WKDW Y  VWULS�Y
�� &RQVLGHU DOO WKH ODEHOV LQ
Y�� WR HDFK RI WKHVH ODEHOV FRUUHVSRQGV D VXEWHUP RI D� DQG
WKXV RI D� /HW *�D� EH D SUHn[ REWDLQHG IURP D E\ UHSODFLQJ
ZLWK HDFK VXEWHUP ZKRVH ODEHO GRHV QRW DSSHDU LQ Y�� :H
FDQ SURYH WKDW *�D� LV ZHOO�GHnQHG� ,Q SDUWLFXODU� WKH YDOXH
RI *�D� GRHV QRW GHSHQG RQ WKH FKRLFH RI D� RU Y�� DQG LI WKH
ODEHO IRU D VXEWHUP RI D DSSHDUV LQ Y� WKHQ VR GR WKH ODEHOV
IRU DOO VXEWHUPV WKDW FRQWDLQ LW�
:KHQ D�" Y� ZH PD\ FDFKH WKH SDLU �*�D�� Y�� :KHQ ZH

FRQVLGHU D QHZ WHUP E� LW LV VXpFLHQW WR FKHFN WKDW *�D� x E
LQ RUGHU WR SURGXFH Y DV WKH UHVXOW RI E� $V *�D� LV WKH SDUW
RI D VXpFLHQW WR JHW Y �ZKDW ZH FDOOHG D� LQ VHFWLRQ ����� ZH
REWDLQ WKH IROORZLQJ WKHRUHP�

7KHRUHP � ,I D LV D WHUP� Y LV D WHUP LQ QRUPDO IRUP�
D�" Y� DQG *�D� x E� WKHQ E�" Y�

7KHRUHP � VXSSRUWV D VLPSOH FDFKLQJ VWUDWHJ\� ,Q WKLV
VWUDWHJ\� ZH PDLQWDLQ D FDFKH ZLWK WKH IROORZLQJ LQYDULDQWV�



q WKH FDFKH LV D VHW RI SDLUV �D�� Y�� FRQVLVWLQJ HDFK RI
DQ XQODEHOOHG SUHn[ D� DQG DQ XQODEHOOHG WHUP Y LQ
QRUPDO IRUP�

q LI �D�� Y� LV LQ WKH FDFKH DQG D� x E WKHQ E�" Y�

7KHUHIRUH� ZKHQHYHU ZH NQRZ WKDW Y LV WKH QRUPDO IRUP RI
D� ZH PD\ DGG WR WKH FDFKH WKH SDLU �*�D�� Y�� 7KHRUHP �
LPSOLHV WKDW WKLV SUHVHUYHV WKH FDFKH LQYDULDQWV�
6XSSRVH WKDW D LV D WHUP ZLWKRXW ODEHOV� ,Q RUGHU WR

HYDOXDWH D� ZH GR�

q LI WKHUH LV D FDFKH HQWU\ �D�� Y� VXFK WKDW D� x D� WKHQ
UHWXUQ Y�

q RWKHUZLVH�
^ OHW D� EH WKH UHVXOW RI DGGLQJ GLVWLQFW ODEHOV WR D�
DW HYHU\ VXEH[SUHVVLRQ�

^ VXSSRVH WKDW� E\ UHGXFWLRQ� ZH nQG WKDW D� �" Y�

IRU Y� LQ QRUPDO IRUP�

^ OHW Y  VWULS�Y
� DQG D�  *�D��

^ RSWLRQDOO\� DGG WKH HQWU\ �D�� Y� WR WKH FDFKH�

^ UHWXUQ Y�

%RWK FDVHV SUHVHUYH WKH FDFKH LQYDULDQWV� ,Q ERWK� WKH Y
UHWXUQHG LV VXFK WKDW D�" Y�
,Q D UHnQHPHQW RI WKLV VFKHPH� ZH PD\ SXW ODEHOV DW RQO\

VRPH VXEH[SUHVVLRQV RI D� ,Q WKLV FDVH� ZH UHSODFH ZLWK D
VXEH[SUHVVLRQ RI D RQO\ LI WKLV VXEH[SUHVVLRQ ZDV ODEHOOHG
EHIRUH UHGXFWLRQ� 7KH PRUH ODEHOV ZH XVH� WKH PRUH JHQHUDO
WKH SUHn[ REWDLQHG� WKLV UHVXOWV LQ EHWWHU FDFKH HQWULHV� DW D
PRGHUDWH FRVW� +RZHYHU� LQ H[DPSOHV� ZH SUHIHU WR XVH IHZ
ODEHOV LQ RUGHU WR HQKDQFH UHDGDELOLW\�
$QRWKHU UHnQHPHQW RI WKH VFKHPH FRQVLVWV LQ FDFKLQJ

SDLUV RI ODEHOOHG SUHn[HV DQG UHVXOWV� 7KH DGYDQWDJH RI QRW
VWULSSLQJ WKH ODEHOV LV WKDW WKH FDFKH UHFRUGV WKH SUHFLVH GH�
SHQGHQFLHV RI UHVXOWV RQ SUHn[HV� :H UHWXUQ WR WKLV VXEMHFW
LQ VHFWLRQ ����

��� ([DPSOHV

7KH PDFKLQHU\ WKDW ZH KDYH GHYHORSHG VR IDU KDQGOHV WKH
H[DPSOH RI WKH LQWURGXFWLRQ �WKH WHUP I�J��U��� :H OHDYH
WKH VWHS�E\�VWHS FDOFXODWLRQ IRU WKDW H[DPSOH DV DQ H[HUFLVH
WR WKH UHDGHU� $V WKDW H[DPSOH LOOXVWUDWHV� SDLULQJ EHKDYHV
QLFHO\� LQ WKH VHQVH WKDW IVWKD� EL GHSHQGV RQO\ RQ D� DV RQH
ZRXOG H[SHFW�
$V D VHFRQG H[DPSOH� ZH VKRZ WKDW WKH &KXUFK ERROHDQV

EHKDYH QLFHO\ WRR� 7KH HQFRGLQJ RI ERROHDQV LV DV XVXDO�

WUXH
c

 w[�w\�[

IDOVH
c

 w[�w\�\

LI D WKHQ E HOVH F
c

 D�E��F�

,Q WKH VHWWLQJ RI WKH ODEHOOHG w�FDOFXOXV� ZH REWDLQ DV D GH�
ULYHG UXOH WKDW�

LI �H�D� WKHQ E HOVH F�" H��LI D WKHQ E HOVH F�

,W IROORZV IURP WKLV UXOH WKDW� IRU H[DPSOH�

�w[� LI H��[ WKHQ H��\ HOVH H��]��H��WUXH��" H��H��H��\

:H REWDLQ WKH XQODEHOOHG SUHn[�

�w[� LI [ WKHQ \ HOVH ��WUXH�

DQG ZH FDQ GHGXFH WKDW DQ\ H[SUHVVLRQ WKDW PDWFKHV WKLV
SUHn[ UHGXFHV WR \�
6LPLODU H[DPSOHV DULVH LQ WKH FRQWH[W RI 9HVWD �VHH VHF�

WLRQ � DQG >+/��@�� $ VLPSOH RQH LV WKH WHUP�

�LI LV& �nOH� WKHQ &FRPSLOH HOVH 0�FRPSLOH��nOH�

ZKHUH LV& �I � UHWXUQV WUXH ZKHQHYHU I LV D & VRXUFH nOH�
DQG nOH LV HLWKHU D & VRXUFH nOH RU DQ 0� VRXUFH nOH� ,I
LV& �nOH� UHWXUQV WUXH� WKHQ WKDW WHUP \LHOGV &FRPSLOH�nOH��
8VLQJ ODEHOV� ZH FDQ HDVLO\ GLVFRYHU WKDW WKLV UHVXOW GRHV QRW
GHSHQG RQ WKH YDOXH RI 0�FRPSLOH� DQG KHQFH WKDW LW QHHG
QRW EH UHFRPSXWHG ZKHQ WKDW YDOXH FKDQJHV� ,Q IDFW� HYHQ
LV& �nOH� DQG WKH FRQGLWLRQDO QHHG QRW EH UHHYDOXDWHG�
,Q D KLJKHU�RUGHU YDULDQW RI WKLV H[DPSOH� WKH FRQGLWLRQDO

FRPSLODWLRQ IXQFWLRQ LV SDVVHG DV DQ DUJXPHQW�

�w[� [�nOH��
�w\� LI LV& �\� WKHQ &FRPSLOH�\� HOVH 0�FRPSLOH�\��

2XU DQDO\VLV LV QRW GLVWXUEHG E\ WKH KLJKHU�RUGHU DEVWUDF�
WLRQ� DQG \LHOGV WKH VDPH LQIRUPDWLRQ�

��� /LPLWDWLRQV RI WKH EDVLF FDFKLQJ VFKHPH

7KH EDVLF FDFKLQJ VFKHPH RI VHFWLRQ ��� KDV VRPH OLPLWDWLRQV�
LOOXVWUDWHG E\ WKH IROORZLQJ WZR FRQFUHWH H[DPSOHV�
6XSSRVH WKDW ZH KDYH WKH FDFKH HQWU\�

��w[�KVQG�[�� IVW�[�L��KWUXH� IDOVHL�� KIDOVH� WUXHL�
6XSSRVH IXUWKHU WKDW ZH ZLVK WR HYDOXDWH WKH WHUP�

IVW��w[�KVQG�[�� IVW�[�L��KWUXH� IDOVHL��
,PPHGLDWHO\ WKH FDFKH HQWU\ HQDEOHV XV WR UHGXFH WKLV WHUP
WR IVW�KIDOVH� WUXHL��� DQG HYHQWXDOO\ ZH REWDLQ IDOVH� +RZ�
HYHU� LQ WKH FRXUVH RI WKLV FRPSXWDWLRQ� ZH KDYH QRW OHDUQHG
KRZ WKH UHVXOW GHSHQGV RQ WKH LQSXW� :H DUH XQDEOH WR PDNH
DQ LQWHUHVWLQJ FDFKH HQWU\ IRU WKH WHUP ZH KDYH HYDOXDWHG�
*LYHQ WKH QHZ� VLPLODU WHUP

IVW��w[�KVQG�[�� IVW�[�L��KIDOVH� IDOVHL��
ZH FDQQRW LPPHGLDWHO\ WHOO WKDW LW \LHOGV WKH VDPH UHVXOW�
$V D VHFRQG H[DPSOH� VXSSRVH WKDW ZH KDYH WKH FDFKH

HQWU\�
�LI WUXH WKHQ WUXH HOVH � WUXH�

DQG WKDW ZH ZLVK WR HYDOXDWH WKH WHUP�

QRW�LI WUXH WKHQ WUXH HOVH WUXH�

,Q RXU EDVLF FDFKLQJ VFKHPH� ZH ZRXOG LQLWLDOO\ ODEHO WKLV
WHUP� IRU H[DPSOH DV�

QRW�LI WUXH WKHQ H��WUXH HOVH H��WUXH�

7KHQ ZH ZRXOG KDYH WR UHGXFH WKLV WHUP� DQG DV SDUW RI WKDW
WDVN ZH ZRXOG KDYH WR UHGXFH WKH VXEWHUP

�LI WUXH WKHQ H��WUXH HOVH H��WUXH�

$W WKLV SRLQW RXU FDFKH HQWU\ ZRXOG WHOO XV WKDW WKH VXE�
WHUP \LHOGV WUXH� PRGXOR VRPH ODEHOV� :H FDQ FRPSOHWH WKH



UHGXFWLRQ� REWDLQLQJ IDOVH� DQG ZH FDQ PDNH D WULYLDO FDFKH
HQWU\�

�QRW�LI WUXH WKHQ WUXH HOVH WUXH�� IDOVH�

+RZHYHU� ZH KDYH ORVW WUDFN RI ZKLFK SUHn[ RI WKH LQSXW
GHWHUPLQHV WKH UHVXOW� DQG ZH FDQQRW PDNH WKH EHWWHU FDFKH
HQWU\�

�QRW�LI WUXH WKHQ WUXH HOVH �� IDOVH�

7KH PRUDO IURP WKHVH H[DPSOHV LV WKDW FDFKH HQWULHV
VKRXOG FRQWDLQ GHSHQGHQF\ LQIRUPDWLRQ WKDW LQGLFDWHV KRZ
HDFK SDUW RI WKH UHVXOW GHSHQGV RQ HDFK SDUW RI WKH LQSXW�
2QH REYLRXV SRVVLELOLW\ LV QRW WR VWULS WKH ODEHOV RI SUHn[HV
DQG UHVXOWV EHIRUH PDNLQJ FDFKH HQWULHV� DIWHU DOO� WKHVH OD�
EHOV HQFRGH WKH GHVLUHG GHSHQGHQF\ LQIRUPDWLRQ� :H KDYH
GHYHORSHG D UHnQHPHQW RI WKH EDVLF FDFKLQJ VFKHPH WKDW GRHV
SUHFLVHO\ WKDW� EXW ZH RPLW LWV GHWDLOHG GHVFULSWLRQ LQ WKLV
SDSHU� 1H[W ZH JLYH DQRWKHU VROXWLRQ WR WKH OLPLWDWLRQV RI
WKH EDVLF FDFKLQJ VFKHPH�

��� $ PRUH VRSKLVWLFDWHG FDFKLQJ VFKHPH

,Q WKLV VHFWLRQ ZH GHVFULEH DQRWKHU FDFKLQJ VFKHPH� 7KLV
VFKHPH GRHV QRW UHO\ GLUHFWO\ RQ WKH ODEHOOHG w�FDOFXOXV� EXW
LW FDQ EH XQGHUVWRRG RU HYHQ LPSOHPHQWHG LQ WHUPV RI WKDW
FDOFXOXV�
:LWK HDFK UHGXFWLRQ D �" Y RI D WHUP D� ZH DVVRFLDWH D

IXQFWLRQ G IURP SUHn[HV RI Y WR SUHn[HV RI D� 9HU\ URXJKO\�
LI Y� LV D SUHn[ RI D WKHQ G�Y�� LV WKH SUHn[ RI D WKDW \LHOGV
Y� LQ WKH UHGXFWLRQ D �" Y� :H ZULWH D �"

G Y WR LQGLFDWH
WKH IXQFWLRQ G� 7KLV DQQRWDWHG UHGXFWLRQ UHODWLRQ LV GHnQHG
E\ WKH IROORZLQJ UXOHV�

q 5HoH[LYLW\�
D�"

LG D

ZKHUH LG LV WKH LGHQWLW\ IXQFWLRQ RQ SUHn[HV�

q 7UDQVLWLYLW\�
D�"

G E E �"

G�
F

D�"

�G��G�
F

ZKHUH G�� G LV WKH IXQFWLRQ FRPSRVLWLRQ RI G� DQG G�

q &RQJUXHQFH� *LYHQ D IXQFWLRQ G IURP SUHn[HV RI E WR
SUHn[HV RI D� ZH GHnQH D IXQFWLRQ &IGJ IURP SUHn[HV RI
&IEJ WR SUHn[HV RI &IDJ� ,I F� x & WKHQ &IGJ�F��  
F�� RWKHUZLVH� WKHUH H[LVWV D XQLTXH E� x E VXFK WKDW
F�  &IE�J� DQG ZH OHW &IGJ�F��  &IG�E��J� :H
REWDLQ WKH UXOH�

D�"

G E

&IDJ �"

&IGJ
&IEJ

q n�
�w[�E��D��"

Gn
EID [J

ZKHUH Gn� �  DQG� IRU F� � DQG F� x EID [J�
Gn�F��  �w[�E���D�� ZKHUH D� DQG E� DUH WKH OHDVW
SUHn[HV VXFK WKDW D� x D� E� x E� DQG F� x E�ID� [J�

7KHVH UXOHV DUH DQ DXJPHQWDWLRQ RI WKH UHGXFWLRQ UXOHV RI
VHFWLRQ ���� LQ WKH IROORZLQJ VHQVH�

3URSRVLWLRQ � q ,I D�"

G E WKHQ D�" E�

q ,I D�" E WKHQ D�"

G E IRU VRPH G�

7KH UXOHV PD\ VHHP D OLWWOH P\VWHULRXV� EXW WKH\ FDQ EH
XQGHUVWRRG LQ WHUPV RI ODEHOV� ,PDJLQH WKDW HYHU\ VXEH[�
SUHVVLRQ RI D LV ODEHOOHG �ZLWK DQ LQYLVLEOH ODEHO�� WKDW D�"

G

Y� DQG WKDW Y� x Y� WKHQ G�Y�� LV WKH OHDVW SUHn[ RI D WKDW
FRQWDLQV DOO RI WKH ODEHOV WKDW HQG XS LQ Y��
$V DQ H[DPSOH� FRQVLGHU WKH WHUP �w[�[�[���D�� ZKHUH D

LV DUELWUDU\� %\ n� ZH KDYH

�w[�[�[���D��"

Gn
D�D�

ZKHUH Gn LV VXFK WKDW� IRU LQVWDQFH� Gn� � LV � Gn�D�D�� LV
WKH HQWLUH �w[�[�[���D�� DQG Gn�D� �� LV �w[�[� ���D�� ,I ZH
KDG ODEHOOHG WKH LQLWLDO WHUP �w[�[�[���D� EHIRUH UHGXFWLRQ�
WKHQ WKH ODEHOV WKDW ZRXOG GHFRUDWH WKH UHVXOW SUHn[ D� �
ZRXOG EH DOO WKRVH RI WKH LQLWLDO WHUP H[FHSW IRU WKH ODEHO RI
WKH DUJXPHQW RFFXUUHQFH RI [� WKLV MXVWLnHV WKDW Gn�D� �� EH
�w[�[� ���D��
:H REWDLQ�

7KHRUHP � ,I D LV D WHUP� D �"

G
Y� DQG G�Y� x E� WKHQ

E�"

G Y�

7KLV WKHRUHP JLYHV ULVH WR D QHZ FDFKLQJ VFKHPH� 7KH
FDFKH HQWULHV LQ WKLV VFKHPH FRQVLVW RI MXGJHPHQWV D �"

G
Y�

ZKHUH D DQG Y DUH WHUPV DQG G LV D IXQFWLRQ IURP SUHn[HV
RI Y WR SUHn[HV RI D� 7KH UHSUHVHQWDWLRQ RI G FDQ EH LWV
JUDSK �L�H�� D VHW RI SDLUV RI SUHn[HV� RU D IRUPDO H[SUHVVLRQ
�ZULWWHQ LQ WHUPV RI LG � Gn � HWF��� LW FDQ HYHQ EH WKH SDLU RI D
ODEHOOLQJ RI D DQG D FRUUHVSRQGLQJ ODEHOOLQJ RI Y� $FFRUGLQJ
WR WKH WKHRUHP� ZKHQHYHU ZH HQFRXQWHU D WHUP E VXFK WKDW
G�Y� x E� ZH PD\ GHGXFH WKDW E�"

G Y�
7KLV FDFKLQJ VFKHPH GRHV QRW VXmHU IURP WKH OLPLWDWLRQV

RI WKH EDVLF RQH� ,Q SDUWLFXODU� HDFK FDFKH HQWU\ FRQWDLQV
GHSHQGHQF\ LQIRUPDWLRQ IRU HYHU\ SDUW RI WKH UHVXOW� UDWKHU
WKDQ IRU WKH ZKROH UHVXOW� 0RUHRYHU� WKH UXOHV RI LQIHUHQFH
SURYLGH D ZD\ RI FRPELQLQJ GHSHQGHQF\ LQIRUPDWLRQ IRU VXE�
FRPSXWDWLRQV� WKHUHIRUH� ZH FDQ PDNH DQ LQWHUHVWLQJ FDFKH
HQWU\ ZKHQHYHU ZH GR DQ HYDOXDWLRQ� HYHQ LI ZH XVHG WKH
FDFKH LQ WKH FRXUVH RI WKH HYDOXDWLRQ�

��� &DOO�E\�YDOXH

6R IDU� ZH KDYH FRQVLGHUHG RQO\ FDOO�E\�QDPH HYDOXDWLRQ�
+HUH ZH GHnQH D FDOO�E\�YDOXH YHUVLRQ RI WKH ODEHOOHG w�
FDOFXOXV� VKRZLQJ WKDW ZH FDQ DGDSW RXU DSSURDFK WR FDOO�
E\�YDOXH HYDOXDWLRQ� 7KH PRYH IURP D FDOO�E\�QDPH WR D
FDOO�E\�YDOXH ODEHOOHG w�FDOFXOXV GRHV QRW DmHFW WKH EDVLF
FDFKLQJ VFKHPH RI VHFWLRQ ���� ZKLFK UHPDLQV VRXQG�
7KH V\QWD[ RI WKH FDOO�E\�YDOXH ODEHOOHG w�FDOFXOXV LV WKDW

JLYHQ LQ VHFWLRQ ���� 7KH n UXOH LV UHVWULFWHG WR�

�w[�E�Y � EIY [J

ZKHUH Y UDQJHV RYHU WHUPV RI WKH IRUP [� [�D�� � � � �DQ�� RU
w[�D� VXFK WHUPV DUH FDOOHG YDOXHV� $V LQ VHFWLRQ ���� ZH
KDYH D UXOH IRU PRYLQJ ODEHOV RXWZDUGV IURP WKH OHIW�KDQG
VLGH RI DSSOLFDWLRQV�

�H�E��D� � H��E�D��

:H KDYH DQ DGGLWLRQDO UXOH IRU WKH ULJKW�KDQG VLGH RI DSSOL�
FDWLRQV�

�w[�E��H�D� � H���w[�E��D��

2QH PLJKW EH WHPSWHG WR DGRSW D VWURQJHU UXOH� QDPHO\
E�H�D�� H��E�D��� EXW WKLV UXOH FUHDWHV FULWLFDO SDLUV�



:LWK FDOO�E\�QDPH HYDOXDWLRQ� WKH WHUP �w[�E��D� GRHV
QRW GHSHQG RQ D LI [ GRHV QRW RFFXU IUHH LQ E� ,Q SDUWLFXODU�
DQ\ WHUP WKDW KDV �w[�E�� � DV SUHn[ \LHOGV WKH VDPH UHVXOW�
:LWK FDOO�E\�YDOXH HYDOXDWLRQ� RQ WKH RWKHU KDQG� WKH EH�
KDYLRU RI �w[�E��D� GHSHQGV RQ D� LW GHSHQGV RQ ZKHWKHU D
FDQ EH UHGXFHG WR D YDOXH RU QRW� 7KHUHIRUH� D WHUP PD\
PDWFK WKH SUHn[ �w[�E�� � EXW QRW \LHOG WKH VDPH UHVXOW DV
�w[�E��D��
7KH WUHDWPHQW RI ODEHOV LQ RXU UXOHV IRU FDOO�E\�YDOXH

WDNHV LQWR DFFRXQW WKDW �w[�E��D� GHSHQGV RQ D HYHQ LI [
GRHV QRW RFFXU IUHH LQ E� 6XSSRVH WKDW D FDQ EH UHGXFHG
WR D YDOXH Y� 7R VHH KRZ �w[�E��D� GHSHQGV RQ D� ZH DGG
D ODEHO LQ IURQW RI D� REWDLQLQJ �w[�E��H�D�� /DEHOOHG UHGXF�
WLRQ \LHOGV H���w[�E��D��� WKHQ H���w[�E��Y��� DQG nQDOO\ H�E�
7KH ODEHO H GRHV QRW GLVDSSHDU� DV LW ZRXOG LQ FDOO�E\�QDPH
HYDOXDWLRQ�
)RU LQVWDQFH� OHW XV FRQVLGHU WKH FDVH ZKHUH D LV WKH

YDOXH \�]�� )URP D ODEHOOHG UHGXFWLRQ ZH REWDLQ WKH SUH�
n[ �w[�E�� � ��� $Q\ WHUP WKDW PDWFKHV WKLV SUHn[ UHGXFHV
WR WKH VDPH UHVXOW DV �w[�E��\�]��� ,Q IDFW� WKH HYDOXDWLRQ
RI �w[�E��\�]�� UHYHDOV WKDW WKLV WHUP GHSHQGV RQ WKH ?YDO�
XHQHVV� RI \�]�� EXW GRHV QRW GHSHQG RQ \�]� LQ DQ\ RWKHU
ZD\� 7KH SUHn[ �w[�E�� � �� GRHV QRW H[SUHVV WKLV LQIRUPD�
WLRQ ZLWK IXOO DFFXUDF\� EXW DSSUR[LPDWHV LW�

� 'HSHQGHQFLHV LQ D :HDN w�FDOFXOXV ZLWK 5HFRUGV

7KH WHFKQLTXHV GHYHORSHG LQ WKH SUHYLRXV VHFWLRQ DUH QRW
OLPLWHG WR WKH SXUH w�FDOFXOXV� ,Q WKLV VHFWLRQ� ZH GHPRQ�
VWUDWH WKHLU DSSOLFDELOLW\ WR D PRUH UHDOLVWLF ODQJXDJH� ZLWK
SULPLWLYH ERROHDQV� SULPLWLYH UHFRUGV� DQG H[SOLFLW VXEVWLWX�
WLRQV� 7KH RSHUDWLRQDO VHPDQWLFV RI WKLV ODQJXDJH LV ZHDN
�VR IXQFWLRQ DQG UHFRUG FORVXUHV DUH QRW UHGXFHG��

��� $ ZHDN FDOFXOXV ZLWK UHFRUGV

:H FRQVLGHU DQ H[WHQGHG w�FDOFXOXV ZLWK WKH JUDPPDU IRU
WHUPV DQG IRU VXEVWLWXWLRQV JLYHQ LQ )LJXUH �� ,Q WKH JUDP�
PDU� / LV D VHW RI QDPHV �nHOG QDPHV IRU UHFRUGV� DQG HOVH LV
D NH\ZRUG XVHG IRU ?HOVH� FODXVHV LQ UHFRUGV DQG LQ VXEVWL�
WXWLRQV� $V ZH VKRZ EHORZ� WKHVH ?HOVH� FODXVHV DUH XVHIXO
LQ GHSHQGHQF\ DQDO\VLV� :H W\SLFDOO\ WKLQN RI WKH ?HOVH�
FODXVHV DV FRUUHVSRQGLQJ WR UXQ�WLPH HUURUV �PLVVLQJ nHOGV�
XQERXQG YDULDEOHV�� 7KH WHUP DQ�� LQ DQ ?HOVH� FODXVH FDQ
EH DUELWUDU\� D WHUP WKDW UHSUHVHQWV D UXQ�WLPH HUURU ZLOO GR�
:H XVH WKH IROORZLQJ QRWDWLRQ IRU H[WHQGLQJ VXEVWLWX�

WLRQV� /HW V EH [�  D�� � � � � [Q  DQ� HOVH  DQ��� WKHQ
�[  D� c V LV [  D� [�  D�� � � � � [Q  DQ� HOVH  DQ�� LI [
LV QRW DPRQJ WKH YDULDEOHV [�� � � � � [Q� DQG LW LV [  D� [�  
D�� � � � � [Lb�  DLb�� [L��  DL��� � � � � [Q  DQ� HOVH  DQ��

LI [ LV [L�
7KH RQH�VWHS UHGXFWLRQ UXOHV QRZ XVH H[SOLFLW VXEVWLWX�

WLRQV� 7KH\ DUH JLYHQ LQ )LJXUH �� ,Q SDUWLFXODU� WKH DQD�
ORJXH IRU WKH n UXOH LV ��w[�E�>V@�D � E>�[  D� c V@� ZKLFK
H[WHQGV DQ H[SOLFLW VXEVWLWXWLRQ� WKH UHSODFHPHQW RI D IRU
[ KDSSHQV JUDGXDOO\� WKURXJK RWKHU UXOHV ZKLFK SXVK WKH
VXEVWLWXWLRQ LQZDUGV LQ E�
$Q DFWLYH FRQWH[W LV D FRQWH[W JHQHUDWHG E\ WKH JUDPPDU

RI )LJXUH �� :H DGRSW WKH IROORZLQJ FRQJUXHQFH UXOH� IRU DQ\
DFWLYH FRQWH[W &�

D� E

&IDJ � &IEJ
1RWLFH WKDW WKLV UXOH DOORZV XV WR FRPSXWH LQVLGH VXEVWLWX�
WLRQV� EXW QRW XQGHU w� LQVLGH UHFRUGV� RU LQ WKH WHUP SDUW RI

FORVXUHV �VLQFH w[�&� K� � � � OL  &� � � �L� K� � � � HOVH  &L� DQG
&>V@ DUH QRW OLVWHG DV DFWLYH FRQWH[WV�� 7KH UHODWLRQ �" LV
WKH UHoH[LYH� WUDQVLWLYH FORVXUH RI ��
7KH SUHn[ RUGHULQJ IRU WKLV ODQJXDJH LV LQWHUHVWLQJ� /HW

V EH WKH VXEVWLWXWLRQ [�  D�� � � � [Q  DQ� HOVH  DQ���
OHW U EH WKH UHFRUG KO�  D�� � � � � OQ  DQ� HOVH  DQ��L� :H
DVVRFLDWH ZLWK V DQG U WKH IROORZLQJ IXQFWLRQV IURP YDULDEOHV
RU nHOG QDPHV WR SUHn[HV�

>>V@@�[�  
Q

DL LI [  [L IRU VRPH L
DQ�� RWKHUZLVH

>>U@@�O�  
Q

DL LI O  OL IRU VRPH L
DQ�� RWKHUZLVH

,QWXLWLYHO\� >>V@@�[� LV WKH LPDJH RI [ WKURXJK V� DQG >>U@@�O� LV
WKH LPDJH RI O WKURXJK U� 7KH SUHn[ RUGHULQJ LV DV EHIRUH
H[FHSW IRU VXEVWLWXWLRQV DQG UHFRUGV ZKHUH V x V� LI >>V@@�[� x
>>V�@@�[� IRU DOO [ � 9 � DQG U x U� LI >>U@@�O� x >>U�@@�O� IRU DOO
O � /�
$FFRUGLQJ WR WKLV GHnQLWLRQ� WKH RUGHU RI WKH FRPSRQHQWV

RI VXEVWLWXWLRQV DQG UHFRUGV GRHV QRW PDWWHU� ,Q DGGLWLRQ�
ZH REWDLQ WKDW� LI WKH ?HOVH� FODXVH KDV D KROH� WKHQ DQ\
RWKHU KROHV FDQ EH FROODSVHG LQWR LW� IRU H[DPSOH� WKH SUHn[HV
KO�  D� O�  � HOVH  L� KO�  � O�  D� HOVH  L� DQG
KO�  D� HOVH  L DUH DOO HTXLYDOHQW�
7KLV w�FDOFXOXV HQMR\V WKH VDPH WKHRUHPV DV WKH SXUH

w�FDOFXOXV RI VHFWLRQ ��� �PRGXOR WKDW QRZ x LV DFWXDOO\
D SUH�RUGHU� QRW DQ RUGHU�� 7KHVH WKHRUHPV VKRXOG QRW EH
WDNHQ IRU JUDQWHG� KRZHYHU� 7KHLU SURRIV DUH OHVV HDV\� EXW
WKH\ FDQ EH GRQH E\ XVLQJ UHVXOWV RQ DEVWUDFW UHGXFWLRQ V\V�
WHPV >*/0��@� 7KH VWDELOLW\ WKHRUHP HQVXUHV WKDW WKHUH LV
D PLQLPXP SUHn[ IRU REWDLQLQJ DQ\ UHVXOW� PRUHRYHU� WKH
PD[LPDOLW\ DQG PRQRWRQLFLW\ SURSRVLWLRQV DUH WKH EDVLV IRU
D FDFKLQJ PHFKDQLVP�
)LQDOO\� ZH VKRXOG QRWH WKDW� LQ WKLV FDOFXOXV� FORVXUHV

PD\ FRQWDLQ LUUHOHYDQW ELQGLQJV� )RU H[DPSOH� FRQVLGHU WKH
IXQFWLRQ FORVXUH �w\�\�>[  ]� HOVH  Z@� ZKHUH ] LV D YDUL�
DEOH DQG Z LV DQ DUELWUDU\ QRUPDO IRUP� 7KLV FORVXUH UHGXFHV
RQO\ WR LWVHOI� WKH LUUHOHYDQW VXEVWLWXWLRQ GRHV QRW GLVDSSHDU�
,Q WKLV FDVH� ZH ZLOO FRQVLGHU WKDW WKH UHVXOW GHSHQGV RQ WKH
VXEVWLWXWLRQ� :H FRXOG DGG UXOHV IRU PLQLPL]LQJ VXEVWLWX�
WLRQV EXW� IRU WKH VDNH RI VLPSOLFLW\� ZH GR QRW�

��� $ ZHDN ODEHOOHG FDOFXOXV ZLWK UHFRUGV

)ROORZLQJ WKH VDPH DSSURDFK DV LQ VHFWLRQ �� ZH GHnQH D
ODEHOOHG FDOFXOXV�

D� E� F ��  WHUPV
M � � � DV LQ VHFWLRQ ���
M H�D ODEHOOHG WHUP �H � (�

7KHUH DUH QHZ RQH�VWHS UHGXFWLRQ UXOHV LQ DGGLWLRQ WR
WKRVH RI VHFWLRQ ����

�H�E��D� � H��E�D��
�H�E�>V@ � H��E>V@�
�H�E��O � H��E�O�

LI �H�D� WKHQ E HOVH F � H��LI D WKHQ E HOVH F�

7KH JUDPPDU IRU DFWLYH FRQWH[WV LV H[WHQGHG ZLWK RQH
FODXVH�

& ��  DFWLYH FRQWH[WV
M � � � DV LQ VHFWLRQ ���
M H�& ODEHOOHG FRQWH[W �H � (�



D� E� F ��  WHUPV
M [ YDULDEOH �[ � 9 �
M w[�D DEVWUDFWLRQ �[ � 9 �
M E�D� DSSOLFDWLRQ
M D>V@ FORVXUH
M KO�  D�� � � � � OQ  DQ� HOVH  DQ��L UHFRUG �OL � /� GLVWLQFW�
M D�O VHOHFWLRQ �O � /�
M WUXH WUXH
M IDOVH IDOVH
M LI D WKHQ E HOVH F FRQGLWLRQDO

V ��  [�  D�� � � � � [Q  DQ� HOVH  DQ�� VXEVWLWXWLRQV
�[L � 9� GLVWLQFW�

)LJXUH �� *UDPPDU IRU WKH ZHDN w�FDOFXOXV�

[>[�  D�� � � � � [Q  DQ� HOVH  DQ��@ � DL �[  [L�
[>[�  D�� � � � � [Q  DQ� HOVH  DQ��@ � DQ�� �[� DOO [L�

�E�D��>V@ � E>V@�D>V@�
��w[�E�>V@�D � E>�[  D� c V@

�E�O�>V@ � �E>V@��O
�KO�  D�� � � � � OQ  DQ� HOVH  DQ��L�>V@�O � DL>V@ �O  OL�
�KO�  D�� � � � � OQ  DQ� HOVH  DQ��L�>V@�O � DQ��>V@ �O � DOO OL�

WUXH>V@ � WUXH
IDOVH>V@ � IDOVH

�LI D WKHQ E HOVH F�>V@ � LI D>V@ WKHQ E>V@ HOVH F>V@
LI WUXH WKHQ E HOVH F � E
LI IDOVH WKHQ E HOVH F � F

)LJXUH �� 2QH�VWHS UHGXFWLRQ UXOHV IRU WKH ZHDN w�FDOFXOXV�

& ��  DFWLYH FRQWH[WV
M KROH
M &�D� DSSOLFDWLRQ �OHIW�
M E�&� DSSOLFDWLRQ �ULJKW�
M D>6@ FORVXUH
M &�O VHOHFWLRQ �O � /�
M LI & WKHQ E HOVH F FRQGLWLRQDO �JXDUG�
M LI D WKHQ & HOVH F FRQGLWLRQDO �WKHQ�
M LI D WKHQ E HOVH & FRQGLWLRQDO �HOVH�

6 ��  [�  D�� � � � � [L  &L� � � � [Q  DQ� HOVH  DQ�� VXEVWLWXWLRQV
M [�  D�� � � � � [Q  DQ� HOVH  & �[L � 9� GLVWLQFW�

)LJXUH �� *UDPPDU IRU DFWLYH FRQWH[WV IRU WKH ZHDN w�FDOFXOXV�



$V XVXDO� WKH FRQJUXHQFH UXOH SHUPLWV UHGXFWLRQ LQ DQ\ DF�
WLYH FRQWH[W�
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IRU DQ\ DFWLYH FRQWH[W &�

��� 'HSHQGHQF\ DQDO\VLV DQG FDFKLQJ �E\ H[DPSOH�

7KH ODEHOOHG FDOFXOXV SURYLGHV D EDVLV IRU GHSHQGHQF\ DQDO�
\VLV DQG FDFKLQJ� 7KH VHTXHQFH RI GHnQLWLRQV DQG UHVXOWV
ZRXOG EH PXFK DV LQ VHFWLRQ �� :H GR QRW JR WKURXJK LW�
EXW UDWKHU JLYH RQH LQVWUXFWLYH H[DPSOH�
:H FRQVLGHU WKH WHUP�

��w[� [�O��KO�  \�� O�  \�� HOVH  ZL�
>\�  ]�� \�  ]�� HOVH  Z@

7KLV WHUP \LHOGV ]�� :H ODEHO WKH WHUP� REWDLQLQJ�

��w[� [�O��KO�  �H��\��� O�  �H��\��� HOVH  �H��Z�L�
>\�  �H��]��� \�  �H��]��� HOVH  �H��Z�@

7KLV ODEHOOHG WHUP \LHOGV H��H��]�� VR ZH LPPHGLDWHO\ FRQ�
FOXGH WKDW WKH IROORZLQJ SUHn[ DOVR \LHOGV ]��

��w[� [�O��KO�  \�� O�  � HOVH  L�
>\�  ]�� \�  � HOVH  @

7KDQNV WR RXU GHnQLWLRQ RI WKH SUHn[ RUGHULQJ� WKLV SUHn[ LV
HTXLYDOHQW WR�

��w[� [�O��KO�  \�� HOVH  L�>\�  ]�� HOVH  @

6XSSRVH WKDW� LQ RXU FDFKH� ZH UHFRUG WKLV SUHn[ ZLWK WKH
DVVRFLDWHG UHVXOW ]�� DQG VXSSRVH WKDW ODWHU ZH DUH JLYHQ WKH
WHUP�

��w[� [�O��KO�  \�� O�  \���\���� HOVH  Z�L�
>\��  ]�� \�  ]�� HOVH  Z�@

7KLV WHUP PDWFKHV WKH SUHn[ LQ WKH FDFKH HQWU\� VR ZH LP�
PHGLDWHO\ GHGXFH WKDW LW UHGXFHV WR ]��
$V WKLV H[DPSOH LOOXVWUDWHV� WKH ODEHOOHG UHGXFWLRQV KHOS

XV LGHQWLI\ LUUHOHYDQW FRPSRQHQWV RI ERWK VXEVWLWXWLRQV DQG
UHFRUGV� 7KH SUHn[ RUGHULQJ DQG WKH XVH RI HOVH WKHQ DOORZ
XV WR GHOHWH WKRVH LUUHOHYDQW FRPSRQHQWV DQG WR DGG QHZ
LUUHOHYDQW FRPSRQHQWV�
,Q VRPH DSSOLFDWLRQV� LUUHOHYDQW FRPSRQHQWV PD\ EH FRP�

PRQ� )RU H[DPSOH� LQ WKH FRQWH[W RI 9HVWD� D ODUJH UHFRUG
PD\ EXQGOH FRPSLOHU VZLWFKHV� HQYLURQPHQW YDULDEOHV� HWF��
IRU PDQ\ FRPSXWDWLRQV� PRVW RI WKHVH FRPSRQHQWV DUH LUUHO�
HYDQW� ,Q VXFK VLWXDWLRQV� WKH DELOLW\ WR GHWHFW DQG WR LJQRUH
LUUHOHYDQW FRPSRQHQWV LV TXLWH XVHIXO_LW PHDQV PRUH FDFKH
KLWV�

� &RQFOXVLRQV

:H KDYH GHYHORSHG WHFKQLTXHV IRU FDFKLQJ LQ KLJKHU�RUGHU
IXQFWLRQDO ODQJXDJHV� 2XU DSSURDFK UHOLHV RQ XVLQJ GHSHQ�
GHQF\ LQIRUPDWLRQ IURP SUHYLRXV H[HFXWLRQV LQ DGGLWLRQ WR
WKH RXWSXWV RI WKRVH H[HFXWLRQV� 7KLV GHSHQGHQF\ LQIRUPD�
WLRQ LV UHDGLO\ DYDLODEOH DQG HDV\ WR H[SORLW �RQFH WKH SURSHU
WRROV DUH LQ SODFH�� LW \LHOGV UHVXOWV WKDW FRXOG EH GLpFXOW WR
REWDLQ FRPSOHWHO\ VWDWLFDOO\� 7KH WHFKQLTXHV DUH EDVHG RQ D
ODEHOOHG w�FDOFXOXV DQG� GHVSLWH WKHLU SUDJPDWLF VLPSOLFLW\�
EHQHnW IURP D VXEVWDQWLDO ERG\ RI WKHRU\�

$FNQRZOHGJHPHQWV

:H WKDQN <DQKRQJ /LX DQG 7LP 7HLWHOEDXP IRU GLVFXVVLRQV
DERXW UHODWHG ZRUN� $OODQ +H\GRQ� -LP +RUQLQJ� 5R\ /HYLQ�
DQG <XDQ <X IRU GLVFXVVLRQV DERXW 9HVWD� $ODLQ 'HXWVFK DQG
6LPRQ 3H\WRQ -RQHV IRU FRPPHQWV RQ VWULFWQHVV DQDO\VLV�
DQG *HRUJHV *RQWKLHU IRU DVVRUWHG UHPDUNV RQ D GUDIW RI
WKLV SDSHU�
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>$&&/��@ 0� $EDGL� /� &DUGHOOL� 3��/� &XULHQ� DQG -��-�
/uHY\� ([SOLFLW VXEVWLWXWLRQV� -RXUQDO RI )XQF�
WLRQDO 3URJUDPPLQJ� ��������^���� �����

>%DU��@ +HQN 3� %DUHQGUHJW� 7KH /DPEGD &DOFXOXV�
1RUWK +ROODQG� 5HYLVHG HGLWLRQ� �����

>%HU��@ *� %HUU\� 6WDEOH PRGHOV RI W\SHG ODPEGD�FDOFXOL�
,Q 3URF� �WK &ROO� RQ $XWRPDWD� /DQJXDJHV DQG
3URJUDPPLQJ� /HFWXUHV 1RWHV LQ &RPSXWHU 6FL�
HQFH� SDJHV ��^��� 6SULQJHU�9HUODJ� �����

>%+$��@ *� /� %XUQ� &� +DQNLQ� DQG 6� $EUDPVN\� 6WULFW�
QHVV DQDO\VLV IRU KLJKHU�RUGHU IXQFWLRQV� 6FLHQFH
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>)LH��@ -RKQ )LHOG� 2Q OD]LQHVV DQG RSWLPDOLW\ LQ ODPEGD
LQWHUSUHWHUV� 7RROV IRU VSHFLnFDWLRQ DQG DQDO\VLV�
,Q 3URFHHGLQJV RI WKH 6HYHQWHHQWK $QQXDO $&0
6\PSRVLXP RQ 3ULQFLSOHV RI 3URJUDPPLQJ /DQ�
JXDJHV� SDJHV �^��� �����

>)7��@ -RKQ )LHOG DQG 7LP 7HLWHOEDXP� ,QFUHPHQWDO UH�
GXFWLRQ LQ WKH ODPEGD FDOFXOXV� ,Q 3URFHHGLQJV
RI WKH ���� $&0 &RQIHUHQFH RQ /,63 DQG )XQF�
WLRQDO 3URJUDPPLQJ� SDJHV ���^���� $&0� �����

>*/0��@ *HRUJHV *RQWKLHU� -HDQ�-DFTXHV /uHY\� DQG 3DXO�
$QGUuH 0HOOLtHV� $Q DEVWUDFW VWDQGDUGLVDWLRQ WKH�
RUHP� ,Q 6HYHQWK $QQXDO ,((( 6\PSRVLXP RQ
/RJLF LQ &RPSXWHU 6FLHQFH� �����

>*96��@ 0LOLQG *DQGKH� *� 9HQNDWHVK� DQG $PLWDEKD
6DQ\DO� /DEHOHG w�FDOFXOXV DQG D JHQHUDOLVHG QR�
WLRQ RI VWULFWQHVV� ,Q $VLDQ &RPSXWLQJ 6FLHQFH
&RQIHUHQFH� /HFWXUH 1RWHV LQ &RPSXWHU 6FLHQFH�
6SULQJHU�9HUODJ� 'HFHPEHU �����

>+/��@ *uHUDUG +XHW DQG -HDQ�-DFTXHV /uHY\� &RPSX�
WDWLRQV LQ 2UWKRJRQDO 7HUP 5HZULWLQJ 6\VWHPV�
0,7 3UHVV� �����

>+/��@ &KULV +DQQD DQG 5R\ /HYLQ� 7KH 9HVWD ODQJXDJH
IRU FRQnJXUDWLRQ PDQDJHPHQW� 5HVHDUFK 5H�
SRUW ���� 'LJLWDO (TXLSPHQW &RUSRUDWLRQ� 6\V�
WHPV 5HVHDUFK &HQWHU� -XQH ����� $YDLODEOH IURP
KWWS���ZZZ�UHVHDUFK�GLJLWDO�FRP�65&�

>+XJ��@ -RKQ +XJKHV� /D]\ PHPR�IXQFWLRQV� ,Q -HDQ�
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>.OR��@ -DQ :LOOHP .ORS� &RPELQDWRU\ 5HGXFWLRQ 6\V�
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>/uHY��@ -HDQ�-DFTXHV /uHY\� 5uHGXFWLRQV &RUUHFWHV HW 2S�
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>/0��@ 5R\ /HYLQ DQG 3DXO 5� 0F-RQHV� 7KH
9HVWD DSSURDFK WR SUHFLVH FRQnJXUDWLRQ RI
ODUJH VRIWZDUH V\VWHPV� 5HVHDUFK 5HSRUW ����
'LJLWDO (TXLSPHQW &RUSRUDWLRQ� 6\VWHPV 5H�
VHDUFK &HQWHU� -XQH ����� $YDLODEOH IURP
KWWS���ZZZ�UHVHDUFK�GLJLWDO�FRP�65&�

>0DU��@ /XF 0DUDQJHW� 2SWLPDO GHULYDWLRQV LQ ZHDN
ODPEGD�FDOFXOL DQG LQ RUWKRJRQDO WHUP UHZULWLQJ
V\VWHPV� ,Q 3URFHHGLQJV RI WKH (LJKWHHQWK $QQXDO
$&0 6\PSRVLXP RQ 3ULQFLSOHV RI 3URJUDPPLQJ
/DQJXDJHV� �����
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 IXQFWLRQV DQG PDFKLQH OHDUQ�
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>2
'��@ 0LFKDHO 2
'RQQHOO� &RPSXWLQJ LQ 6\VWHPV GH�
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