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$UWLILFLDO QHXUDO QHWZRUNV SURYLGH D SRZHUIXO SDUDGLJP IRU LQIRUPDWLRQ SURFHVVLQJ WKDW KDV
WUDQVIRUPHG GLYHUVH ILHOGV� :LWKLQ OLYLQJ FHOOV� JHQHWLFDOO\ HQFRGHG V\QWKHWLF PROHFXODU QHWZRUNV
FRXOG� LQ SULQFLSOH� KDUQHVV SULQFLSOHV RI QHXUDO FRPSXWDWLRQ WR FODVVLI\ PROHFXODU VLJQDOV� +HUH�
ZH FRPELQH GH QRYR GHVLJQHG SURWHLQ KHWHURGLPHUV DQG HQJLQHHUHG YLUDO SURWHDVHV WR
LPSOHPHQW D V\QWKHWLF SURWHLQ FLUFXLW WKDW SHUIRUPV ZLQQHU�WDNH�DOO QHXUDO QHWZRUN FRPSXWDWLRQ�
7KLV ³SHUFHSWHLQ´ FLUFXLW LQFOXGHV PRGXOHV WKDW FRPSXWH ZHLJKWHG VXPV RI LQSXW SURWHLQ
FRQFHQWUDWLRQV WKURXJK UHYHUVLEOH ELQGLQJ LQWHUDFWLRQV� DQG DOORZ IRU VHOI�DFWLYDWLRQ DQG PXWXDO
LQKLELWLRQ RI SURWHLQ FRPSRQHQWV XVLQJ LUUHYHUVLEOH SURWHRO\WLF FOHDYDJH UHDFWLRQV� $OWRJHWKHU�
WKHVH LQWHUDFWLRQV FRPSULVH D QHWZRUN RI ��� FKHPLFDO UHDFWLRQV VWHPPLQJ IURP � H[SUHVVHG
SURWHLQ VSHFLHV� 7KH FRPSOHWH V\VWHP DFKLHYHV VLJQDO FODVVLILFDWLRQ ZLWK WXQDEOH GHFLVLRQ
ERXQGDULHV LQ PDPPDOLDQ FHOOV� 7KHVH UHVXOWV GHPRQVWUDWH KRZ HQJLQHHUHG SURWHLQ�EDVHG
QHWZRUNV�FDQ�HQDEOH�SURJUDPPDEOH�VLJQDO�FODVVLILFDWLRQ�LQ�OLYLQJ�FHOOV�

2QH�6HQWHQFH�6XPPDU\

$ V\QWKHWLF SURWHLQ FLUFXLW WKDW SHUIRUPV ZLQQHU�WDNH�DOO QHXUDO QHWZRUN FRPSXWDWLRQ LQ
PDPPDOLDQ�FHOOV

,QWURGXFWLRQ

&HOOV DUH FODVVLILFDWLRQ PDFKLQHV� 8VLQJ FLUFXLWV RI LQWHUDFWLQJ JHQHV DQG SURWHLQV� WKH\ PDNH
TXDOLWDWLYHO\ GLVWLQFW GHFLVLRQV LQ UHVSRQVH WR WKH OHYHOV RU G\QDPLFV RI PXOWLSOH LQSXW VLJQDOV� )RU
H[DPSOH� S�� IXQFWLRQV DV D WXPRU VXSSUHVVRU E\ FODVVLI\LQJ WKH W\SHV DQG OHYHOV RI VWUHVV WKH
FHOO HQFRXQWHUV� DQG LQGXFLQJ VHQHVFHQFH RU FHOO GHDWK LQ UHVSRQVH ���� ,Q WKH FRQWH[W RI
GHYHORSPHQW� FHOOV LQ WKH QHXUDO WXEH WDNH RQ VSHFLILF SURJHQLWRU IDWHV E\ FODVVLI\LQJ WKH OHYHOV RI
%03 DQG +HGJHKRJ VLJQDOLQJ ���� ,Q WKH KXPDQ LPPXQH V\VWHP� WKH FODVVLILFDWLRQ RI PXOWLSOH
F\WRNLQH LQSXWV FDQ FRQWURO WKH IDWH RI D 7 FHOO ���� 7KH DELOLW\ WR SURJUDP V\QWKHWLF VLJQDO
FODVVLILFDWLRQ V\VWHPV FRXOG IDFLOLWDWH HQJLQHHUHG JHQH DQG FHOO WKHUDSLHV E\ DOORZLQJ FHOOV WR
UREXVWO\ GLVWLQJXLVK GLVHDVHG DQG QRUPDO FHOO VWDWHV ���� )RU WKLV UHDVRQ� D PDMRU JRDO RI
V\QWKHWLF ELRORJ\ KDV EHHQ WR GHVLJQ V\QWKHWLF FODVVLILFDWLRQ FLUFXLWV WKDW FRXOG IXQFWLRQ LQ OLYLQJ
FHOOV��UHVSRQG�WR�GLIIHUHQW�W\SHV�RI�VLJQDOV�DV�LQSXWV�DQG�FRQWURO�FHOOXODU�IXQFWLRQV�DV�RXWSXWV ����
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2QH RI WKH PRVW SRZHUIXO FLUFXLW DUFKLWHFWXUHV IRU FODVVLILFDWLRQ LV WKH ZLQQHU�WDNH�DOO QHXUDO
QHWZRUN ���� ,Q WKHVH V\VWHPV� DQ RXWSXW QHXURQ LV 21 LI DQG RQO\ LI WKH ZHLJKWHG VXP RI LWV
LQSXWV H[FHHGV WKDW RI DOO RWKHU QHXURQV LQ WKH RXWSXW OD\HU �)LJ� �$� %�� 7KLV DUFKLWHFWXUH KDV
VHYHUDO EHQHILWV� )LUVW� LW RIIHUV D FRPSDFW PHFKDQLVP IRU VLJQDO FODVVLILFDWLRQ� UHTXLULQJ RQO\ D
VLQJOH OD\HU QHXUDO QHWZRUN� 6HFRQG� LW HQVXUHV WKDW RXWSXWV DUH DOO�RU�QRQH �)LJ� �%�� )LQDOO\� LW
DOORZV�RQH�WR�DOWHU�WKH�GHFLVLRQ�ERXQGDU\�VLPSO\�E\�WXQLQJ�ZHLJKWV��)LJ���&��

3UHYLRXV WKHRUHWLFDO ZRUN VXJJHVWHG VSHFLILF VFKHPHV IRU HQJLQHHULQJ ELRFKHPLFDO QHXUDO
FRPSXWDWLRQ V\VWHPV ��±���� ([SHULPHQWDOO\� HIIRUWV WR EXLOG V\QWKHWLF FODVVLILFDWLRQ V\VWHPV
KDYH UHVXOWHG LQ '1$ FODVVLILHUV LQ WHVW WXEHV ���� ���� DQG PL51$�EDVHG FODVVLILHUV LQ
PDPPDOLDQ FHOOV ���� ���� ,Q FRQWUDVW� D SURWHLQ OHYHO FODVVLILHU ZRXOG RIIHU VHYHUDO DGYDQWDJHV� LW
FRXOG EH H[SUHVVHG WUDQVLHQWO\ LQ FHOOV� LQWHUIDFH GLUHFWO\ ZLWK HQGRJHQRXV LQSXWV DQG RXWSXWV�
WULJJHU GLIIHUHQW RXWSXW SDWKZD\V GHSHQGLQJ RQ LQSXW VWDWH� DQG VKRXOG LQ SULQFLSOH ZRUN LQ
GLYHUVH FHOO W\SHV ZLWKRXW UHO\LQJ RQ HQGRJHQRXV WUDQVFULSWLRQDO UHJXODWLRQV� 0RUH JHQHUDOO\� D
SURWHLQ�EDVHG QHXUDO QHWZRUN ZRXOG DOVR WHVW WKH DELOLW\ WR FRQVWUXFW VRSKLVWLFDWHG FRPSXWDWLRQDO
GHYLFHV�RXW�RI�LQWHUDFWLQJ�SURWHLQV �����

$ NH\ FKDOOHQJH LQ GHVLJQLQJ D SURWHLQ�EDVHG QHXUDO QHWZRUN KDV EHHQ WKH LQFUHDVHG GLIILFXOW\ RI
SURJUDPPLQJ VSHFLILF ELQGLQJ LQWHUDFWLRQV DQG FRQGLWLRQDO DFWLYLW\ XVLQJ SURWHLQV FRPSDUHG WR
QXFOHLF DFLGV� 5HFHQWO\� KRZHYHU� VHWV RI PRGXODU SURWHLQ LQWHUDFWLRQ GRPDLQV KDYH EHHQ
GHYHORSHG� LQFOXGLQJ GH QRYR GHVLJQHG KHWHURGLPHUV �'+'V� ���±���� $GGLWLRQDOO\� PXOWLSOH
JURXSV KDYH XVHG FRQGLWLRQDO UHFRQVWLWXWLRQ RI VSOLW YLUDO SURWHDVHV DV D ZD\ WR FRQWURO SURWHLQ
DFWLYLWLHV ���±���� +HUH� WDNLQJ DGYDQWDJH RI WKHVH DGYDQFHV� ZH GHVLJQHG D SURWHLQ EDVHG
ZLQQHU�WDNH�DOO FRPSDUDWRU FLUFXLW XVLQJ '+'V DQG VSOLW SURWHDVHV WKDW VHQVHV DQG SURFHVVHV
LQSXW VLJQDOV� 7KLV FLUFXLW DFFXUDWHO\ FRPSDUHG WKH UHODWLYH OHYHOV RI WZR LQSXWV LQ OLYLQJ
PDPPDOLDQ FHOOV� ZLWK D WXQDEOH GHFLVLRQ ERXQGDU\� 7KLV V\QWKHWLF SURWHLQ QHXUDO QHWZRUN
SURYLGHV�D�IRXQGDWLRQ�IRU�UDWLRQDOO\�HQJLQHHULQJ�SURWHLQ�FODVVLILFDWLRQ�LQ�OLYLQJ�FHOOV�

5HVXOWV

6\VWHP�GHVLJQ

:LQQHU�WDNH�DOO G\QDPLFV FDQ EH DFKLHYHG ZLWK PROHFXODU FRPSRQHQWV WKDW H[KLELW WKUHH NH\
IHDWXUHV �)LJ� �'�� )LUVW� WKH\ VKRXOG UHVSRQG WR LQSXW PROHFXOHV ZLWK WXQDEOH VWUHQJWKV�
DQDORJRXV WR ZHLJKWV LQ QHXUDO QHWZRUNV� WR HQDEOH ZHLJKWHG VXPPDWLRQ RI LQSXWV� 6HFRQG� WKH\
VKRXOG EH FDSDEOH RI PXWXDO LQKLELWLRQ� DOORZLQJ WKH HOLPLQDWLRQ RI OHVV DEXQGDQW VSHFLHV� 7KLUG�
WKH\�VKRXOG�EH�DEOH�WR�VHOI�DFWLYDWH��VR�WKDW�VXUYLYLQJ�VSHFLHV�FDQ�DPSOLI\�WKHLU�RZQ�DFWLYLW\ �����

:H FUHDWHG IXVLRQ SURWHLQV WKDW SRVVHVV WKHVH IHDWXUHV E\ JHQHWLFDOO\ FRPELQLQJ GH QRYR
GHVLJQHG SURWHLQ KHWHURGLPHUV �'+'V� ����� GRPDLQV IURP YLUDO SURWHDVHV VXFK DV 7REDFFR (WFK
9LUXV �7(9� DQG 7REDFFR 9HLQ 0RWWOLQJ 9LUXV �7909� �)LJ� �(�� DQG WKH GLK\GURIRODWH UHGXFWDVH
�'+)5� GHJURQ� %ULHIO\� WKH SURWHDVHV DUH VSOLW LQWR WZR LQDFWLYH GRPDLQV� ZKRVH UHFRQVWLWXWLRQ
LQWR DQ DFWLYH SURWHDVH FDQ EH FRQWUROOHG E\ DWWDFKHG '+' GRPDLQV ���� ���� 7KH LQWHUPROHFXODU
GLPHUL]DWLRQ RI WKHVH '+' GRPDLQV FDQ EH UHJXODWHG E\ LQSXW '+'V WKDW GLVUXSW D FRPSHWLQJ
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LQKLELWRU\ VHOI�FDJLQJ LQWHUDFWLRQ �)LJ� �(� ����� 7KH VWUHQJWK RI WKLV LQSXW ELQGLQJ LQWHUDFWLRQ�
DQDORJRXV WR D ZHLJKW LQ D QHXUDO QHWZRUN� LV WXQDEOH E\ YDU\LQJ WKH FRQFHQWUDWLRQV RI
'+'�SURWHDVH IXVLRQV �)LJ� �*�� 2QFH UHFRQVWLWXWHG� SURWHDVHV FDQ LQDFWLYDWH RQH DQRWKHU E\
FOHDYLQJ RII DWWDFKHG GLPHUL]DWLRQ GRPDLQV� DFKLHYLQJ PXWXDO LQKLELWLRQ �)LJ� �)�� )LQDOO\� WKH
VDPH SURWHDVHV FDQ DOVR VHOI�DFWLYDWH E\ FOHDYLQJ RII GHJURQV WKDW ZRXOG RWKHUZLVH GHVWDELOL]H
WKHP �)LJ� �)�� 7RJHWKHU� WKHVH FRPSRQHQWV JHQHUDWH WKH NH\ LQWHUDFWLRQV UHTXLUHG IRU
FRQVWUXFWLQJ D VHW RI SURWHLQ�EDVHG ZLQQHU�WDNH�DOO QHXUDO QHWZRUNV ZH WHUP SHUFHSWHLQ
QHWZRUNV� LQ ORRVH DQDORJ\ ZLWK WKH SHUFHSWURQ� D IRXQGDWLRQDO DUWLILFLDO QHXUDO QHWZRUN
DUFKLWHFWXUH �����

,Q WKH ODQJXDJH RI QHXUDO QHWZRUNV� WKH SHUFHSWHLQ QHWZRUN FRPSULVHV D OD\HU RI LQSXWV �'+'
LQSXW SURWHLQV� ;L�� DV ZHOO DV D OD\HU RI QRGHV �1L� WKDW SURFHVV LQIRUPDWLRQ IURP LQSXWV DQG
FRXSOH WR RXWSXWV �)LJ� ��� ,Q WKLV PROHFXODU LPSOHPHQWDWLRQ� HDFK QRGH FRQVLVWV RI WZR SDUWV�
ODEHOHG 1�QRGHV DQG &�QRGHV� 7KH 1�QRGHV DUH FRPSRVHG RI 1MN

' RU 1MN� FRQVLVWLQJ RI
1�WHUPLQDO SURWHDVH KDOYHV IXVHG WR '+'V� ZLWK �1MN

'� RU ZLWKRXW �1MN� DQ DWWDFKHG GHJUDGDWLRQ
WDJ� 7KH &�QRGHV� ODEHOHG &O� FRQWDLQ &�WHUPLQDO SURWHDVH KDOYHV IXVHG WR '+'V �)LJ� �(�� ,Q
WKH VLPSOH FDVH RI WZR LQSXWV DQG WZR RXWSXWV� DOO LQGLFHV UDQJH IURP � WR �� VXFK WKDW WKH ZKROH
V\VWHP FRQVLVWV RI WZR ;L� IRXU 1MN

'� DQG WZR &O FRPSRQHQWV� RU HLJKW SURWHLQV DOWRJHWKHU�
7KURXJKRXW WKH WH[W� 1L UHIHUV WR WKH QRGH FRQVLVWLQJ RI 1�QRGH DQG &�QRGH SURWHLQV� ZKLOH 1MN

'

DQG�1MN UHIHUV�WR�LQGLYLGXDO�1�QRGH�SURWHLQV�

2XU GHVLJQ HQDEOHV ZHLJKWHG VXPPDWLRQ RI LQSXWV� 7KH LWK LQSXW VSHFLHV� ;L� LV SDUWLWLRQHG DPRQJ
GLIIHUHQW SRWHQWLDO ELQGLQJ SDUWQHUV 1MN

' �IRU ZKLFK L  M� LQ SURSRUWLRQ WR WKHLU UHODWLYH DEXQGDQFHV�
7KH HIIHFWLYH ZHLJKWV� ZLM� DUH WKXV GHWHUPLQHG E\ WKH DEXQGDQFHV RI WKH FRUUHVSRQGLQJ 1MN

'

FRPSRQHQWV� )RU H[DPSOH� LQ WKH FDVH RI � LQSXWV DQG � RXWSXWV� Z�� LV GHILQHG DV WKH
FRQFHQWUDWLRQ RI 1��

' GLYLGHG E\ WKH VXP RI WKH FRQFHQWUDWLRQV RI 1��
' DQG 1��

' �)LJ� �*��
%LQGLQJ WR DQ LQSXW XQFDJHV ���� WKH '+' GRPDLQ IXVHG WR 1MN

' FRPSRQHQWV� H[SRVLQJ WKH 1MN
'

ELQGLQJ GRPDLQ �JUD\�� ZKLFK FDQ LQWHUDFW ZLWK &O GRPDLQV WR SURGXFH HLWKHU D IXQFWLRQDO
SURWHDVH �LI N  O� RU D QRQ�IXQFWLRQDO K\EULG RI PLVPDWFKHG SURWHDVH KDOYHV �LI N � O� �)LJ� �(��
(DFK LQSXW FDQ� LQ WKLV ZD\� JHQHUDWH ERWK IXQFWLRQDO UHFRQVWLWXWHG SURWHDVHV DV ZHOO DV
QRQ�IXQFWLRQDO K\EULGV� ,QSXW VXPPDWLRQ RFFXUV EHFDXVH WKH WRWDO VHW RI IXQFWLRQDO UHFRQVWLWXWHG
SURWHDVHV�RI�D�JLYHQ�W\SH�LQ�JHQHUDO�LQFOXGHV�FRQWULEXWLRQV�IURP�DOO�LQSXWV�

7KH GHVLJQ DOVR HQDEOHV VHOI�DFWLYDWLRQ DQG PXWXDO LQKLELWLRQ� 7R DFKLHYH VHOI�DFWLYDWLRQ�
IXQFWLRQDO SURWHDVHV FDQ IXUWKHU DFWLYDWH WKHLU RZQ DFWLYLW\ E\ FOHDYLQJ RII D GHJURQ WKDW LV
SUHVHQW RQ WKH 1MN

' FRPSRQHQWV RI WKH VDPH SURWHDVH W\SH� ZKLFK ZRXOG RWKHUZLVH FDXVH UDSLG
SURWHDVH GHJUDGDWLRQ �)LJ� �)�� 7KH IXQFWLRQDO UHFRQVWLWXWHG SURWHDVHV RI HDFK W\SH FDQ DOVR
LQDFWLYDWH�RWKHU�IXQFWLRQDO�SURWHDVHV�E\�FOHDYLQJ�RII�'+'V�RQ�WKHLU�&O GRPDLQV��)LJ���)��

0RGHOLQJ�DQG�VLPXODWLRQ

7R XQGHUVWDQG ZKHWKHU WKLV GHVLJQ FRXOG SURGXFH ZLQQHU�WDNH�DOO EHKDYLRU ZLWKLQ SK\VLRORJLFDOO\
UHOHYDQW SDUDPHWHU UHJLPHV� ZH ILUVW VLPXODWHG LWV UHVSRQVH WR D PDWUL[ RI LQSXW YDOXHV �;L

FRQFHQWUDWLRQV� �6XSSOHPHQWDU\ 7H[W�� %ULHIO\� LQSXWV ;L ELQG FRRSHUDWLYHO\ WR 1MN
' DQG &O WR IRUP
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WULPHULF FRPSOH[HV WKDW UHFRQVWLWXWH HLWKHU IXQFWLRQDO SURWHDVHV RU QRQIXQFWLRQDO K\EULGV ZLWK
PLVPDWFKHG SURWHDVH KDOYHV� 7R PRGHO WKLV FRRSHUDWLYH ELQGLQJ SURFHVV� ZH GLYLGHG WKH
SURFHVV RI WULPHU IRUPDWLRQ LQWR WZR VWHSV� )LUVW� ;L ELQGV WR 1LM

' WR IRUP DQ XQVWDEOH GLPHU ZLWK
IDVW RII UDWHV� 7KLV VWHS DOVR H[SRVHV WKH ELQGLQJ VLWH IRU &O� ,Q WKH VHFRQG VWHS� WKLV GLPHU ELQGV
WR &O WR IRUP VWDEOH WULPHULF FRPSOH[HV ZLWK VORZHU RII UDWHV ����� &RPSOH[HV ZLWK PDWFKLQJ
SURWHDVH KDOYHV DUH DVVXPHG WR UHFRQVWLWXWH DFWLYH SURWHDVH� (DFK UHFRQVWLWXWHG SURWHDVH FDQ
FOHDYH LWV YDULRXV FRJQDWH WDUJHW VLWHV RQ RWKHU SURWHLQ FRPSRQHQWV� $OO WKH ZKLOH� DOO SURWHLQ
EXLOGLQJ EORFNV DUH FRQWLQXRXVO\ V\QWKHVL]HG DW FRQVWDQW UDWHV DQG GHJUDGHG DW GLIIHUHQW UDWHV
GHSHQGLQJ RQ ZKHWKHU WKH\ FRQWDLQ D GHJURQ� )LQDOO\� ZH HVWLPDWHG SK\VLRORJLFDOO\ UHDVRQDEOH
YDOXHV IRU SURWHLQ V\QWKHVLV DQG GHJUDGDWLRQ UDWHV� SURWHDVH FDWDO\WLF UDWHV� DQG RWKHU
ELRFKHPLFDO�SDUDPHWHUV�XVLQJ�UHIHUHQFHV�LQ�WKH�%LR1XPEHUV ���� GDWDEDVH��7DEOH����

:LWK WKHVH SDUDPHWHU YDOXHV� WKH VLPXODWHG FLUFXLW H[KLELWHG WKH GHVLUHG ZLQQHU�WDNH�DOO
FODVVLILFDWLRQ EHKDYLRU �)LJ� �$� ILUVW URZ�� :KHQ ;� H[FHHGHG ;�� WKH 1� SURWHDVH DFWLYDWLRQ
DSSURDFKHG LWV PD[LPXP SRVVLEOH OHYHO RYHU WLPHVFDOHV RI a���K� +RZHYHU� WKH GHFLVLRQ
DSSHDUHG WR EH PDGH PXFK HDUOLHU� DV ODUJH IROG GLIIHUHQFHV EHWZHHQ 1� DQG 1� ZHUH DSSDUHQW
ZLWKLQ � KRXUV �)LJ� �$� ILUVW URZ LQVHW�� 6LPXODWLRQV IXUWKHU UHYHDOHG WKDW LQQHU�WDNH�DOO
FODVVLILFDWLRQ IXQFWLRQV DFURVV D EURDG UDQJH RI DEVROXWH FRQFHQWUDWLRQV IRU ;� DQG ;�� DQG
UHPDLQHG DFFXUDWH HYHQ IRU GLIIHUHQFHV DV VPDOO DV ��� EHWZHHQ WKH WZR OLJDQG FRQFHQWUDWLRQV
�)LJ��6�&��

7R XQGHUVWDQG ZKLFK IHDWXUHV RI WKH FLUFXLW DUH QHFHVVDU\ RU VXIILFLHQW IRU FODVVLILFDWLRQ� ZH DOVR
DQDO\]HG FLUFXLW YDULDQWV ODFNLQJ FURVV�DFWLYDWLRQ E\ LQSXWV �)LJ� �$� VHFRQG URZ�� VHOI�DFWLYDWLRQ
�)LJ� �$� WKLUG URZ�� RU PXWXDO LQKLELWLRQ �)LJ� �$� IRXUWK URZ�� 5HPRYLQJ FURVV LQWHUDFWLRQV �L�H��
UHPRYLQJ 1��

' DQG 1��
'� SURGXFHG D VLPSOLILHG FLUFXLW GHVLJQ ZH WHUP WKH FRPSDUDWRU �)LJ� �$�

VHFRQG URZ� WKDW LV VWLOO FDSDEOH RI ZLQQHU�WDNH�DOO FODVVLILFDWLRQ� 5HPRYLQJ VHOI�DFWLYDWLRQ UHWDLQV
DOO�RU�QRQH EHKDYLRU DW ORZHU LQSXW OHYHOV� EXW DW D ORZHU G\QDPLF UDQJH RI RXWSXWV �)LJ� �$� WKLUG
URZ�� $W KLJKHU LQSXW OHYHOV� LW ORVHV FODVVLILFDWLRQ DELOLW\ DOWRJHWKHU� %\ FRQWUDVW� UHPRYLQJ PXWXDO
UHSUHVVLRQ DFFHOHUDWHG WKH UHVSRQVH RI WKH FLUFXLW EXW HOLPLQDWHG WKH DOO�RU�QRQH RXWSXW EHKDYLRU�
DQG DOVR ORVW FODVVLILFDWLRQ DELOLW\ DW KLJKHU LQSXW OHYHOV �)LJ� �$� ERWWRP URZ�� 7KHUHIRUH� ERWK
VHOI�DFWLYDWLRQ DQG PXWXDO LQKLELWLRQ DUH LQGLVSHQVDEOH IRU ZLQQHU�WDNH�DOO FRPSXWDWLRQ LQ WKLV
DUFKLWHFWXUH�

:H QH[W DQDO\]HG VHQVLWLYLW\ WR SDUDPHWHU YDOXHV ZLWKLQ WKH FLUFXLW� 3URWHDVH FDWDO\WLF UDWHV DQG
SURWHLQ GHJUDGDWLRQ UDWHV ERWK KDG VWURQJ HIIHFWV RQ FODVVLILFDWLRQ DFFXUDF\ �)LJ� 6�$� %�� /RZHU
YDOXHV RI NFDW OHG WR UHGXFHG FOHDYDJH� KLQGHULQJ VHOI�DFWLYDWLRQ DQG FURVV�LQKLELWLRQ DQG
WKHUHIRUH GHFUHDVLQJ FODVVLILFDWLRQ SHUIRUPDQFH� +RZHYHU� DV ORQJ DV NFDW YDOXHV IRU ERWK
SURWHDVHV ZHUH DERYH ���� VHF��� WKH FLUFXLW RSHUDWHG FRUUHFWO\� LGHQWLI\LQJ WKH ODUJHU RI WKH WZR
LQSXWV �)LJ� 6�$�� $GGLWLRQDOO\� WKH ZLQQHU�WDNH�DOO EHKDYLRU ZDV PRUH SURQRXQFHG DW KLJKHU
GHJUDGDWLRQ UDWHV� FRUUHVSRQGLQJ WR VWURQJHU GHJURQV LQ WKH H[SHULPHQWDO FLUFXLW �)LJ� 6�%�
[�D[LV�� %\ VXSSUHVVLQJ EDFNJURXQG SURWHDVH DFWLYLW\� GHJUDGDWLRQ DPSOLILHV WKH HIIHFWV RI
VHOI�DFWLYDWLRQ�
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,Q JHQHUDO� GLIIHUHQW LQSXWV FDQ YDU\ RYHU GLIIHUHQW UDQJHV� $Q LGHDO FLUFXLW ZRXOG DOORZ RQH WR
WXQH WKH GHFLVLRQ ERXQGDU\ WR PDWFK WKH VFDOHV RI WKH LQSXWV� ,Q WKHVH FLUFXLWV� WKH GHFLVLRQ
ERXQGDU\ FDQ LQ IDFW EH WXQHG E\ YDU\LQJ ZHLJKWV� UHSUHVHQWHG KHUH DV FRPSRQHQW
FRQFHQWUDWLRQV� ,Q WKH FRPSDUDWRU� ZKHQ 1��

' DQG 1��
' DUH IL[HG DW WKH VDPH OHYHO� WKH FLUFXLW

FRPSDUHV LQSXW OHYHOV ZLWKRXW ELDV� 2Q WKH RWKHU KDQG� YDU\LQJ WKH UHODWLYH DEXQGDQFHV RI 1��
'

DQG 1��
' DOORZV WKH FRQVWUXFWLRQ RI ELDVHG FRPSDUDWRUV� ZKHUH 1� LV 21 RQO\ ZKHQ ;� ! ;�1Į�

ZKHUH Į GHSHQGV RQ WKH UHODWLYH OHYHOV RI 1��
' DQG 1��

'� 6LPXODWLRQV FRQILUPHG WKDW WKH FLUFXLW
FRXOG�LPSOHPHQW�VXFK�WXQDEOH�GHFLVLRQ�ERXQGDULHV��)LJ���%��

:LWKLQ FHOOV� VWRFKDVWLF IOXFWXDWLRQV FDQ VWURQJO\ LPSDFW FLUFXLW EHKDYLRUV ����� 6WRFKDVWLF
VLPXODWLRQV RI WKH FLUFXLW UHYHDOHG WKDW ERWK WKH IXOO QHWZRUN DQG WKH FRPSDUDWRU FLUFXLWV FRXOG
IXQFWLRQ DFFXUDWHO\ GHVSLWH VXFK QRLVH �)LJ� �&� )LJ� 6�'�)�� (YHQ ZLWK D GLIIHUHQFH LQ LQSXW
YDOXHV RI RQO\ ��� �H�J� ;� ����� ;� ������ QR ³UHYHUVDO´ HYHQWV ZHUH REVHUYHG� DV VKRZQ E\
LQGLYLGXDO WUDFHV �UHG DQG RUDQJH OLQHV� )LJ� �&�� 2Q WKH RWKHU KDQG� ZKHQ VWDUWLQJ IURP HTXDO
LQSXWV �;� ;� ������ LQGLYLGXDO WUDMHFWRULHV FRQYHUJHG RYHU D VORZHU WLPHVFDOH WR HLWKHU RI WKH
WZR RXWSXW VWDWHV� ZLWK DQ DYHUDJH UHVSRQVH RI QHLWKHU �GDUN JUD\ OLQH� )LJ� �&�� VKRZLQJ WKDW
WKH RXWSXW LV ELVWDEOH� 7R DQDO\]H WKH VHQVLWLYLW\ WR LQSXW GLIIHUHQFHV LQ WKH SUHVHQFH RI QRLVH� ZH
YDULHG ;��;� DQG DQDO\]HG WKH IUDFWLRQ RI FRUUHFW GHFLVLRQV� 7KLV DQDO\VLV VXJJHVWHG WKDW
GLIIHUHQFHV RI RQO\ ��� ZHUH VXIILFLHQW IRU DFFXUDWH FODVVLILFDWLRQ PRUH WKDQ ��� RI WKH WLPH
�)LJ���'��

7KHVH UHVXOWV VXJJHVW WKDW WKH SHUFHSWHLQ DUFKLWHFWXUH VKRXOG IXQFWLRQ DFURVV D EURDG�
ELRORJLFDOO\ SODXVLEOH UDQJH RI SDUDPHWHU YDOXHV� 2Q WKH RWKHU KDQG� WKH SHUFHSWHLQ SURGXFHV DQ
HQRUPRXV QXPEHU RI GLVWLQFW PROHFXODU VSHFLHV� (YHQ LQ WKH VPDOOHVW LPSOHPHQWDWLRQ� LQYROYLQJ
WZR LQSXWV DQG WZR QHXURQV �)LJ� �$� ILUVW URZ�� VWDUWLQJ IURP MXVW � SURWHLQ VSHFLHV� WKH V\VWHP
JHQHUDWHV �E\ FOHDYDJH DQG SURWHLQ FRPSOH[ IRUPDWLRQ� ��� XQLTXH SURWHLQV DQG SURWHLQ
FRPSOH[HV� WKDW SDUWLFLSDWH LQ ��� GLVWLQFW FKHPLFDO UHDFWLRQV� LQFOXGLQJ SURWHLQ ELQGLQJ�
V\QWKHVLV� GHJUDGDWLRQ� DQG SURWHDVH FOHDYDJH �6XSSOHPHQWDU\ 7H[W�� 0RGHOLQJ WKHVH UHDFWLRQV
UHTXLUHG D VHW RI ��� RUGLQDU\ GLIIHUHQWLDO HTXDWLRQV FRQWDLQLQJ ���� WHUPV� 7KLV FRPSOH[LW\�
ZKLFK H[FHHGV WKDW RI PRVW SUHYLRXV V\QWKHWLF ELRORJLFDO FLUFXLWV� SURYRNHV WKH TXHVWLRQ RI
ZKHWKHU�WKH�V\VWHP�FRXOG�DFWXDOO\�IXQFWLRQ�LQ�PDPPDOLDQ�FHOOV�

([SHULPHQWDO�YDOLGDWLRQ

:H FRQVWUXFWHG WKH VHW RI � SHUFHSWHLQ FRPSRQHQWV DQG � LQSXW SURWHLQV QHFHVVDU\ WR
LPSOHPHQW WKH IXOO FLUFXLW �)LJ� �$� 6��� :H FKRVH WKH VSOLW WREDFFR HWFK YLUXV SURWHDVH �7(93�
DQG WREDFFR YHLQ PRWWOLQJ YLUXV SURWHDVH �79093� ���� DV WKH WZR RUWKRJRQDO SURWHDVHV� DQG
JHQHWLFDOO\ IXVHG WKH VSOLW KDOYHV WR '+' GRPDLQV� SURWHDVH FOHDYDJH VHTXHQFHV� DQG
GHJUDGDWLRQ GRPDLQV IRU FRQWUROOHG UHFRQVWLWXWLRQ RI IXOO SURWHDVHV �)LJ� �$� 6�� 7DEOH ��� ,Q
RUGHU WR WHVW PDQ\ FRPELQDWLRQV RI FRPSRQHQWV DQG H[SUHVVLRQ OHYHOV E\ FR�WUDQVIHFWLRQ� HDFK
SURWHLQ ZDV HQFRGHG RQ D GLVWLQFW SODVPLG� 7R PHDVXUH WKH RXWSXW RI WKH FLUFXLW� ZH HQJLQHHUHG
D VWDEOH +(.��� UHSRUWHU FHOO OLQH FRQWDLQLQJ D PXOWL�FLVWURQLF FRQVWUXFW FR�H[SUHVVLQJ WZR
IOXRUHVFHQW SURWHLQV²P&LWULQH DQG P&KHUU\²HDFK WDJJHG ZLWK D FOHDYDJH�DFWLYDWHG 1�GHJURQ
IRU HLWKHU RI WKH WZR LQSXW SURWHDVHV ���� �)LJXUH �%�� :H YHULILHG WKDW HDFK SURWHDVH YDULDQW
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H[FOXVLYHO\ UHGXFHG IOXRUHVFHQFH IURP LWV WDUJHW UHSRUWHU �)LJXUH 6�$�� 7RJHWKHU� WKHVH
FRQVWUXFWV�DQG�WKH�UHSRUWHU�FHOO�OLQH�SHUPLWWHG�UDSLG��LWHUDWLYH�WHVWLQJ�RI�FLUFXLW�GHVLJQV�

8VLQJ WKHVH FRPSRQHQWV� ZH H[SHULPHQWDOO\ YDOLGDWHG HDFK PRGXOH RI WKH ZLQQHU�WDNH�DOO QHXUDO
QHWZRUN� VWDUWLQJ IURP WKH WRS RI )LJXUH �'� (DFK H[SHULPHQW ZDV SHUIRUPHG ZLWK YDU\LQJ
DPRXQWV RI LQSXW SODVPLGV WR LGHQWLI\ FRPELQDWLRQV WKDW PD[LPL]H G\QDPLF UDQJH DQG PLQLPL]H
EDFNJURXQG DFWLYLWLHV� )LUVW� ZH DVNHG ZKHWKHU LQSXWV FRXOG WULJJHU UHFRQVWLWXWLRQ RI
FRUUHVSRQGLQJ SURWHDVH DFWLYLWLHV� DV GHSLFWHG LQ )LJXUH �(� &R�WUDQVIHFWLQJ LQSXW ;� ZLWK
FRJQDWH 1� DQG &�QRGH SURWHLQV LQDFWLYDWHG WKH FRUUHVSRQGLQJ IOXRUHVFHQW SURWHLQ UHSRUWHU�
FRQVLVWHQW ZLWK UHFRQVWLWXWLRQ RI WKH FRUUHVSRQGLQJ SURWHDVH �)LJXUH �&� 6�&� 6�'��
,QSXW�WULJJHUHG SURWHDVH DFWLYLWLHV ZHUH FRPSDUDEOH WR SRVLWLYH FRQWUROV� FRQVLVWLQJ RI VSOLW
SURWHDVH KDOYHV IXVHG WR KHWHURGLPHUL]LQJ GRPDLQV� ,Q WKH DEVHQFH RI LQSXW� UHSRUWHU OHYHOV
ZHUH VLPLODU WR WKRVH LQ D QHJDWLYH FRQWURO FRQVLVWLQJ RI VSOLW SURWHDVH KDOYHV ODFNLQJ '+'
GRPDLQV��7KHVH�UHVXOWV�VXJJHVW�WKDW�LQSXWV�FDQ�UHFRQVWLWXWH�FRJQDWH�SURWHDVH�DFWLYLWLHV�

1H[W� ZH IRFXVHG RQ WKH ZHLJKW PXOWLSOLFDWLRQ VWHS� ZKLFK VKRXOG LGHDOO\ GLVWULEXWH LQSXW SURWHLQV
EDVHG RQ WKH UHODWLYH DEXQGDQFH RI 1�QRGH SURWHLQV �)LJ� �*�� ,Q RUGHU WR REWDLQ D
KRPRJHQHRXV GLVWULEXWLRQ RI FRQVWUXFWV LQ HDFK FHOO� ZH XVHG P51$V HQFRGLQJ WHVW FRQVWUXFWV
IRU WUDQVIHFWLRQ� :H WUDQVIHFWHG FHOOV ZLWK YDU\LQJ UDWLRV RI 1�� DQG 1��� ZKLOH NHHSLQJ ;�

FRQVWDQW� 7KH DPRXQW RI DFWLYDWHG �SURWHDVH UHFRQVWLWXWHG� 1� DQG 1�� ZKLFK GHWHUPLQHV WKH
IOXRUHVFHQFH RI P&LWULQH DQG P&KHUU\� VKRXOG EH OLQHDUO\ GHSHQGHQW RQ WKH UDWLR RI 1�� DQG 1��

H[SUHVVLRQ OHYHOV� )ORZ F\WRPHWU\ DQDO\VLV FRQILUPHG WKDW WKH FKDQJHV LQ IOXRUHVFHQFH IROORZHG
D OLQHDU WUHQG FRQVLVWHQW ZLWK WKH FRQFHQWUDWLRQ UDWLRV RI WUDQVIHFWHG 1�� DQG 1�� FRQVWUXFWV �)LJ�
�'��

2QFH DFWLYDWHG� WKH SHUFHSWHLQ FRPSRQHQWV FDQ VHOI�DFWLYDWH DQG PXWXDOO\ LQKLELW �)LJ� �)��
6HOI�DFWLYDWLRQ LQYROYHV SURWHDVH FOHDYDJH�GHSHQGHQW UHPRYDO RI D IXVHG '+)5 GHJURQ IURP
WKH KDOI SURWHDVH� VWDELOL]LQJ SURWHDVHV RI LWV RZQ NLQG� 7R HYDOXDWH WKH H[WHQW RI VHOI�DFWLYDWLRQ�
ZH WUDQVIHFWHG +(.��� FHOOV ZLWK SODVPLGV HQFRGLQJ HLWKHU 1�QRGH FRQVWUXFWV ZLWK D SURWHDVH
FOHDYDEOH GHJURQ� RU VLPLODU QHJDWLYH FRQWURO FRQVWUXFWV ODFNLQJ WKH FOHDYDJH VLWH WKDW DUH
WKHUHIRUH XQDEOH WR VHOI DFWLYDWH� )ORZ F\WRPHWU\ UHYHDOHG D � IROG FKDQJH LQ SURWHDVH DFWLYLW\
XSRQ VHOI�DFWLYDWLRQ� %\ FRQWUDVW� WKH QHJDWLYH FRQWURO UHPDLQHG FORVH WR WKH EDFNJURXQG �)LJ�
�& DQG 6�(�� 0XWXDO LQKLELWLRQ LQWHUDFWLRQV �)LJ� �)� DOVR IXQFWLRQHG DV H[SHFWHG� $V VKRZQ LQ
)LJXUH �&� SURWHDVH DFWLYLWLHV RI WKH 1� QRGH ZHUH VWURQJO\ UHSUHVVHG E\ DQ H[FHVV RI WKH 1�

QRGH FRPSRQHQWV �1��
' DQG &��� 0XWXDO LQKLELWLRQ ZRUNHG VLPLODUO\ LQ WKH RSSRVLWH GLUHFWLRQ

ZKHQ WKHUH ZDV PRUH 1� WKDQ 1� �)LJ� 6�(�� 7DNHQ WRJHWKHU� WKHVH UHVXOWV LQGLFDWH WKDW HDFK
PRGXOH�RI�WKH�IXOO�FLUFXLW�FDQ�IXQFWLRQ�LQGLYLGXDOO\�

7R WHVW ZKHWKHU WKH IXOO FLUFXLW EHKDYHG DV SUHGLFWHG� ZH FR�WUDQVIHFWHG UHSRUWHU FHOOV �)LJ� �%�
ZLWK YDU\LQJ FRQFHQWUDWLRQV RI WKH LQSXWV� IL[HG DPRXQWV RI WKH 1� DQG &� KDOI�QRGH SURWHLQV �LQ D
PXOWLFLVWURQLF PDQQHU�� DQG D %)3 FR�WUDQVIHFWLRQ PDUNHU �)LJXUH 6��� DQG UHDG RXW UHSRUWHU
IOXRUHVFHQFH� :H VHW WKH FRQFHQWUDWLRQV RI WKH 1��

' DQG 1��
' SODVPLGV � WLPHV KLJKHU WKDQ WKH

FRQFHQWUDWLRQV RI WKH 1��
' DQG 1��

' SODVPLGV WR SXW WKH FLUFXLW LQWR D FRPSDUDWLYH UHJLPH �)LJ�
�(� OHIW�� :H QRUPDOL]HG SURWHDVH DFWLYLWLHV EDVHG RQ IOXRUHVFHQFH �0DWHULDOV DQG PHWKRGV�� DQG
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SORWWHG WKH GLIIHUHQFHV LQ QRUPDOL]HG SURWHDVH DFWLYLWLHV LQ 1� DQG 1�� $V H[SHFWHG� WKH RXWSXW
ZDV SRVLWLYH ZKHQ ;� H[FHHGHG ;� DQG QHJDWLYH ZKHQ ;� H[FHHGHG ;�� ZLWK PLQLPDO UHVSRQVH
DW HTXDO LQSXW FRQFHQWUDWLRQV �)LJ� �(� ULJKW�� 7KH RXWSXW EHFDPH PRUH ELQDU\ ZLWK JUHDWHU
DEVROXWH GLIIHUHQFH EHWZHHQ WKH WZR LQSXWV� DSSURDFKLQJ WKH ELQDU\ UHVSRQVH REVHUYHG LQ
VLPXODWLRQV� $GGLWLRQDOO\� YDU\LQJ WKH UHODWLYH OHYHOV RI SHUFHSWHLQ FRPSRQHQWV UHVXOWHG LQ D
ELDVHG FRPSDUDWRU ZKHUH� LQ DJUHHPHQW ZLWK SUHGLFWLRQ �)LJ� �)� OHIW�� 1RGH � ZDV WKH ZLQQHU
UHJDUGOHVV RI WKH WZR LQSXW YDOXHV �)LJ� �)� ULJKW�� 7KHVH UHVXOWV VKRZ WKDW WKH IXOO FLUFXLW FDQ
FRPSDUH�WKH�UHODWLYH�OHYHOV�RI�WZR�LQSXWV�

,Q WKH PRGHO� HOLPLQDWLQJ WKH FURVV LQWHUDFWLRQV� ;��1� DQG ;��1� DOWRJHWKHU� OHDGV WR D VLPSOHU
FRPSDUDWRU UHJLPH WKDW VKRXOG DOORZ LQSXW FODVVLILFDWLRQ ZLWK D GHFLVLRQ ERXQGDU\ ZKRVH
SRVLWLRQ FDQ EH WXQHG E\ PRGXODWLQJ WKH UHODWLYH H[SUHVVLRQ OHYHOV RI WKH SHUFHSWHLQ
FRPSRQHQWV �)LJ� �$� VHFRQG URZ�� 7R WHVW WKLV FDSDELOLW\� ZH WUDQVIHFWHG FHOOV ZLWK YDU\LQJ
UHODWLYH OHYHOV RI WKH 1��

' DQG 1��
' SODVPLGV� ZKLOH RPLWWLQJ WKH 1��

' DQG 1��
' SODVPLGV HQWLUHO\�

$W D ��� UDWLR RI 1��
'�1��

'� ZH REVHUYHG VLPLODU FODVVLILFDWLRQ EHKDYLRU WR WKDW VHHQ ZLWK WKH IXOO
FLUFXLW �)LJ� �(�� 0RGXODWLQJ WKH UHODWLYH OHYHOV RI 1��

' DQG 1��
' VKLIWHG WKH GHFLVLRQ ERXQGDU\�

VLPLODU WR SUHGLFWLRQV �)LJ� �*�� 7KHVH UHVXOWV VXSSRUW WKH DELOLW\ RI WKH FLUFXLW WR HQDEOH WXQDEOH
FODVVLILFDWLRQ�

7KH�SHUFHSWHLQ�FDQ�SURGXFH�VFDODEOH�FODVVLILFDWLRQ

+RZ ZHOO FDQ WKLV SURWHLQ�EDVHG QHXUDO QHWZRUN VFDOH" 7R DGGUHVV WKLV TXHVWLRQ� ZH VLPXODWHG
KLJKHU GLPHQVLRQ FRPSDUDWRUV� HDFK FRPSRVHG RI P LQSXWV DQG P QRGHV �)LJ� �$�� )RU HDFK
YDOXH RI P� ZH VLPXODWHG WKH UHVSRQVH WR D PDWUL[ RI LQSXW YDOXHV� /DUJHU V\VWHPV UHWDLQHG
FODVVLILFDWLRQ DELOLW\� GHVSLWH VRPH ORVV RI RXWSXW G\QDPLF UDQJH �)LJ� �%� &�� 2YHUDOO FLUFXLW
FRPSOH[LW\� PHDVXUHG E\ WKH QXPEHU RI FKHPLFDO UHDFWLRQV� VFDOHG DSSUR[LPDWHO\ OLQHDUO\ ZLWK
WKH�VL]H�RI�WKH�FRPSDUDWRU� P �)LJ���&��

)LQDOO\� VLPXODWLRQV VKRZHG WKDW WKH SHUFHSWHLQ V\VWHP FDQ DOVR SHUIRUP PRUH FRPSOH[ W\SHV RI
FODVVLILFDWLRQ� )RU H[DPSOH� E\ DGGLQJ D WKLUG QRGH WR WKH WZR�LQSXW FODVVLILHU� RQH FDQ REWDLQ D
ZLQQHU�WDNH�DOO UHVSRQVH LQ ZKLFK QRGHV � DQG � UHVSRQG WR ;� RU ;� DORQH� ZKLOH QRGH �
UHVSRQGV RQO\ WR WKH SUHVHQFH RI ERWK �)LJ� �'�� &RQYHUVHO\� ZLWK WKUHH LQSXWV DQG WZR QRGHV
RQH FDQ� LQ D VLQJOH OD\HU V\VWHP� FRPSXWH FRPSRVLWH IXQFWLRQV VXFK DV �;� 25 ;�� $1' 127
;� WKDW UHTXLUH PXOWLSOH OD\HUV RI FRQYHQWLRQDO %RROHDQ ORJLF JDWHV �)LJ� �(�� 2QH FDQ DOVR
DXJPHQW WKH V\VWHP ZLWK ³KLGGHQ´ XQLWV WKDW HVWDEOLVK WKUHVKROGV IRU WKH WUXH LQSXWV LQ RUGHU WR
FRPSXWH HYHQ PRUH FRPSOH[ IXQFWLRQV� )RU H[DPSOH� E\ DGGLQJ D VLQJOH KLGGHQ XQLW WR WKH
��LQSXW� ��QRGH V\VWHP� RQH FDQ REWDLQ D FLUFXLW WKDW FRPSXWHV DQ $1< � 287 2) � IXQFWLRQ�
ZKHUH QRGH � LV DFWLYDWHG ZKHQ DW OHDVW WZR RI WKH WKUHH LQSXWV DUH SUHVHQW �)LJ� �)�� 7RJHWKHU�
WKHVH UHVXOWV VKRZ WKDW WKH SHUFHSWHLQ V\VWHP FDQ LQ SULQFLSOH EH VFDOHG DQG H[WHQGHG WR VROYH
D�EURDGHU�YDULHW\�RI�FODVVLILFDWLRQ�SUREOHPV�

'LVFXVVLRQ
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+HUH� LQVSLUHG E\ WKH FODVVLF ZLQQHU�WDNH�DOO QHXUDO QHWZRUN GHVLJQ� ZH LQWURGXFHG WKH
SHUFHSWHLQ DUFKLWHFWXUH IRU SURWHLQ OHYHO ZLQQHU�WDNH�DOO FODVVLILFDWLRQ ZLWKLQ OLYLQJ PDPPDOLDQ
FHOOV� 7KH FLUFXLW GHVLJQ LV EDVHG RQ WKUHH GHVLJQ SULQFLSOHV� )LUVW� WKUHH�ZD\ FRRSHUDWLYH ELQGLQJ
LQWHUDFWLRQV HQDEOH LQSXW�GHSHQGHQW SURWHDVH DFWLYDWLRQ ����� SURGXFLQJ WKH VSHFLHV RQ WKH ULJKW
LQ )LJ� �(� 7KHVH FRRSHUDWLYH LQWHUDFWLRQV DUH LQ WXUQ HQDEOHG E\ WKH XVH RI IXVLRQV RI GH QRYR
GHVLJQHG KHWHURGLPHUV� $QDORJRXV IXQFWLRQV FRXOG LQ SULQFLSOH EH DFKLHYHG ZLWK QDWXUDOO\
FRRSHUDWLYH SURWHLQ ELQGLQJ V\VWHPV VXFK DV WKRVH LQ WKH 1�:$63 V\VWHP ����� +RZHYHU� WKH
GH QRYR GHVLJQHG SURWHLQV RIIHU D ODUJHU UHSHUWRLUH RI GLVWLQFW ELQGLQJ VSHFLILFLWLHV� DQG PLQLPL]H
XQLQWHQGHG LQWHUDFWLRQV ZLWK HQGRJHQRXV FHOOXODU SURWHLQV� 6HFRQG� WKH GHVLJQ WDNHV DGYDQWDJH
RI WKH LUUHYHUVLELOLW\ RI SURWHDVH�EDVHG FOHDYDJH� LQ FRPELQDWLRQ ZLWK GHJURQV �����
6HOI�DFWLYDWLRQ LQYROYHV SURWHRO\WLF GHJURQ UHPRYDO� ZKLOH PXWXDO LQKLELWLRQ LV DFKLHYHG E\
SURWHRO\WLF LQDFWLYDWLRQ �)LJ� �)�� :H QRWH WKDW RWKHU PHFKDQLVPV� VXFK DV SRVW WUDQVODWLRQDO
PRGLILFDWLRQ� FRXOG DOVR EH H[SORLWHG WR DOORZ RUWKRJRQDO VLJQDO SURFHVVLQJ DQG HQDEOH
PXOWL�OD\HU SURWHLQ QHWZRUNV� 7KLUG� SHUFHSWHLQ FRPSRQHQWV IXUWKHU H[SORLW PROHFXODU FRPSHWLWLRQ
EHWZHHQ SURWHDVH KDOYHV� 6SOLWWLQJ SURWHDVHV DQG OHWWLQJ WKHP FRPSHWH WR IRUP SURGXFWLYH RU
LQDFWLYH FRPSOH[HV DFKLHYHV WZR IXQFWLRQDO JRDOV� LW PDNHV HDFK SURWHDVH DFWLYLW\ GHSHQGHQW RQ
D FRJQDWH LQSXW� DQG LW VXSSRUWV WKH ZLQQHU�WDNH�DOO EHKDYLRU� DV SURWHDVH KDOYHV HIIHFWLYHO\
TXHQFK WKH DFWLYLW\ RI WKHLU QRQ�PDWFKLQJ SDUWQHUV �)LJ� �(�� &RPELQLQJ WKHVH SULQFLSOHV
VXFFHVVIXOO\�HQDEOHG�WZR�LQSXW�ZLQQHU�WDNH�DOO�FODVVLILFDWLRQ�LQ�PDPPDOLDQ�FHOOV��)LJ�����

$ NH\ IHDWXUH RI QHXUDO FRPSXWDWLRQ LV WKH DELOLW\ WR PRGXODWH LQSXW�RXWSXW IXQFWLRQV E\ WXQLQJ
ZHLJKWV LQ DQ H[LVWLQJ QHWZRUN ����� $QDORJRXVO\� YDU\LQJ WKH H[SUHVVLRQ OHYHOV RI SHUFHSWHLQ
FLUFXLW FRPSRQHQWV VXFK DV 1��

' DQG 1��
' V\VWHPDWLFDOO\ VKLIWHG WKH GHFLVLRQ ERXQGDU\ LQ WKH

FODVVLILFDWLRQ FLUFXLW ZLWKRXW UHTXLULQJ DGGLWLRQDO SURWHLQ FRPSRQHQWV �)LJ� �%� �*�� %HFDXVH
WXQLQJ FDQ EH DFKLHYHG WKURXJK H[SUHVVLRQ� WKLV GHVLJQ DOORZV FHOOV WR FRQWURO WKHLU RZQ GHFLVLRQ
WKUHVKROGV�E\�PRGXODWLQJ�JHQH�H[SUHVVLRQ�

7KH SHUFHSWHLQ DUFKLWHFWXUH FDQ EH VFDOHG XS WR SHUIRUP KLJKHU GLPHQVLRQDO FODVVLILFDWLRQ WDVNV�
$ IXOO\ FRQQHFWHG QHWZRUN �)LJ� �$� ILUVW URZ� ZLWK S LQSXWV DQG T QHXURQV JURZV PXOWLSOLFDWLYHO\�
UHTXLULQJ D WRWDO RI S � T � ST GLVWLQFW SURWHLQV� +RZHYHU� LQ WKH FDVH RI WKH VLPSOHU FRPSDUDWRU
DUFKLWHFWXUH �)LJ� �$� VHFRQG URZ�� HOLPLQDWLRQ RI FURVV LQWHUDFWLRQV EHWZHHQ LQSXWV DQG QRGH
SURWHLQV OHDGV WR OLQHDU VFDOLQJ� ZLWK S � T VWDUWLQJ FRPSRQHQWV� :KHQ FRQVLGHULQJ VFDOLQJ� LW LV
LQWHUHVWLQJ WR DOVR FRQVLGHU WKH UHPDUNDEO\ ODUJH QXPEHU RI GLIIHUHQW SURWHLQ VSHFLHV DQG
FRPSOH[HV �H�J� ��� IRU WKH ��LQSXW� ��RXWSXW V\VWHP� WKDW DUH JHQHUDWHG LQ WKH RSHUDWLRQ RI WKLV
V\VWHP� (IIHFWLYHO\� WKLV ODUJH QXPEHU RI PROHFXODU VSHFLHV LV ³FRPSUHVVHG´ LQWR WKH PXFK
VPDOOHU QXPEHU �H�J� � IRU WKH ��LQSXW� ��RXWSXW V\VWHP� RI VWDUWLQJ SURWHLQ VSHFLHV IURP ZKLFK
WKH\ DUH JHQHUDWHG� 7KLV LV UHPLQLVFHQW RI WKH ZD\ FHUWDLQ SURWHLQ IDPLOLHV FDQ SURGXFH KXJH
GLYHUVLWLHV RI SURWHLQ SURGXFWV WKURXJK DOWHUQDWLYH VSOLFLQJ ����� SURWHRO\WLF FOHDYDJH RI
SUR�SURWHLQV ����� RU FRPELQDWRULDO DVVHPEO\ RI DOWHUQDWLYH PXOWLPHULF FRPSOH[HV ����� 3UHYLRXV
PDPPDOLDQ V\QWKHWLF ELRORJ\ ZRUN KDV XVHG DV PDQ\ DV �� XQLTXH JHQHV LQ D VLQJOH V\VWHP
����� 7R VFDOH XS SURWHLQ FRPSXWDWLRQ IXUWKHU ZLOO UHTXLUH H[SUHVVLRQ RI PRUH VWDUWLQJ SURWHLQ
VSHFLHV� ,W LV OLNHO\ WKDW WKH PDMRU OLPLWDWLRQV DUH WHFKQLFDO� UHODWLQJ WR PDPPDOLDQ JHQRPH
HQJLQHHULQJ� UDWKHU WKDQ SUREOHPV ZLWK SURWHLQ�SURWHLQ LQWHUDFWLRQV� :H DQWLFLSDWH WKDW DV
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JHQRPH HQJLQHHULQJ WHFKQLTXHV FRQWLQXH WR DGYDQFH ����� WKH\ ZLOO SHUPLW FUHDWLRQ RI ODUJHU
V\VWHPV��RSHQLQJ�XS�WKH�SRVVLELOLW\�RI�HYHQ�PRUH�FRPSOH[�FRPSXWDWLRQ�

)LQDOO\� WKH SHUFHSWHLQ RXWSXW SURWHLQV DUH SURWHDVHV� ZKRVH DFWLYLWLHV FDQ EH HQJLQHHUHG WR
FRQWURO GLYHUVH WDUJHWV� LQFOXGLQJ DFWLYDWLRQ RI HQGRJHQRXV SDWKZD\V� VXFK DV FHOO GHDWK�
WUDQVFULSWLRQ IDFWRUV� RU RWKHU V\QWKHWLF SURWHLQ V\VWHPV ���� ���� 7KH\ FDQ DOVR EH ZLUHG WR
DGGLWLRQDO SHUFHSWHLQ OD\HUV� DOORZLQJ WKH FRQVWUXFWLRQ RI PRUH SRZHUIXO� DQG PRUH IDXOW�WROHUDQW�
PXOWL�OD\HU QHWZRUNV ����� )XWXUH LWHUDWLRQV RI WKLV GHVLJQ FRXOG WKHUHIRUH HQDEOH WKH
SURJUDPPLQJ RI PRUH FRPSOH[ ELRFKHPLFDO FRPSXWDWLRQV� ULYDOLQJ WKRVH SURGXFHG E\ HYROXWLRQ�
LQ�OLYLQJ�FHOOV�

5HIHUHQFHV�DQG�1RWHV

�� $��+DIQHU��0��/��%XO\N��$��-DPEKHNDU��*��/DKDY� 7KH�PXOWLSOH�PHFKDQLVPV�WKDW�UHJXODWH�S��
DFWLYLW\�DQG�FHOO�IDWH� 1DW��5HY��0RO��&HOO�%LRO� �������±�����������

�� 0��=DJRUVNL��<��7DEDWD��1��%UDQGHQEHUJ��0��3� /XWROI��*��7NDþLN��7��%ROOHQEDFK��-��%ULVFRH�
$��.LFKHYD��'HFRGLQJ�RI�SRVLWLRQ�LQ�WKH�GHYHORSLQJ�QHXUDO�WXEH�IURP�DQWLSDUDOOHO�PRUSKRJHQ
JUDGLHQWV� 6FLHQFH� ���������±������������

�� <��(��$QWHEL��6��5HLFK�=HOLJHU��<��+DUW��$��0D\R� ,��(L]HQEHUJ��-��5LPHU��3��3XWKHWL��'��3H¶HU�
1��)ULHGPDQ��0DSSLQJ�GLIIHUHQWLDWLRQ�XQGHU�PL[HG�FXOWXUH�FRQGLWLRQV�UHYHDOV�D�WXQDEOH
FRQWLQXXP�RI�7�FHOO�IDWHV� 3/R6�%LRO� ����H������� �������

�� 0��+RQJ��-��'��&OXEE��<��<��&KHQ��(QJLQHHULQJ &$5�7�&HOOV�IRU�1H[W�*HQHUDWLRQ�&DQFHU
7KHUDS\� &DQFHU�&HOO ��������GRL���������M�FFHOO�������������

�� <��%HQHQVRQ��%LRPROHFXODU�FRPSXWLQJ�V\VWHPV��SULQFLSOHV� SURJUHVV�DQG�SRWHQWLDO� 1DW�
5HY��*HQHW� �������±�����������

�� :��0DDVV��2Q�WKH�FRPSXWDWLRQDO�SRZHU�RI�ZLQQHU�WDNH�DOO� 1HXUDO�&RPSXW� ��������±����
�������

�� $��-��*HQRW��7��)XMLL��<��5RQGHOH]��&RPSXWLQJ ZLWK�FRPSHWLWLRQ�LQ�ELRFKHPLFDO�QHWZRUNV�
3K\V��5HY��/HWW� �������������������

�� *HQRW�$QWKRQ\�-���)XMLL�7HUXR��5RQGHOH]�<DQQLFN� 6FDOLQJ�GRZQ�'1$�FLUFXLWV�ZLWK
FRPSHWLWLYH�QHXUDO�QHWZRUNV� -��5��6RF��,QWHUIDFH� ��������������������

�� &��&��6DPDQLHJR��$��0RRUPDQ��*��*LRUGDQR��(��)UDQFR� 6LJQDOLQJ�EDVHG�QHXUDO�QHWZRUNV
IRU�FHOOXODU�FRPSXWDWLRQ� &ROG�6SULQJ�+DUERU�/DERUDWRU\ ��������S��������������������

��� 2��.DQDNRY��5��.RWHOQLNRY��$��$OVDHGL��/��7VLPULQJ� 5��+XHUWD��$��=DLNLQ��0��,YDQFKHQNR�
0XOWL�LQSXW�GLVWULEXWHG�FODVVLILHUV�IRU�V\QWKHWLF�JHQHWLF�FLUFXLWV� 3/R6�2QH� ����H�������
�������

��� $��'LGRY\N��2��,��.DQDNRY��0��9��,YDQFKHQNR� -��+DVW\��5��+XHUWD��/��7VLPULQJ��'LVWULEXWHG
FODVVLILHU�EDVHG�RQ�JHQHWLFDOO\�HQJLQHHUHG�EDFWHULDO�FHOO�FXOWXUHV� $&6�6\QWK��%LRO� �����±��
�������

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 11, 2022. ; https://doi.org/10.1101/2022.07.10.499405doi: bioRxiv preprint 

https://paperpile.com/c/jZuNFK/YVG4
https://paperpile.com/c/jZuNFK/LhoF+Fd6i
https://paperpile.com/c/jZuNFK/GQGA
http://paperpile.com/b/jZuNFK/Jxjr
http://paperpile.com/b/jZuNFK/Jxjr
http://paperpile.com/b/jZuNFK/xENL
http://paperpile.com/b/jZuNFK/xENL
http://paperpile.com/b/jZuNFK/xENL
http://paperpile.com/b/jZuNFK/aSYu
http://paperpile.com/b/jZuNFK/aSYu
http://paperpile.com/b/jZuNFK/aSYu
http://paperpile.com/b/jZuNFK/9uor
http://paperpile.com/b/jZuNFK/9uor
http://dx.doi.org/10.1016/j.ccell.2020.07.005
http://paperpile.com/b/jZuNFK/9uor
http://paperpile.com/b/jZuNFK/HVMJ
http://paperpile.com/b/jZuNFK/HVMJ
http://paperpile.com/b/jZuNFK/RecF
http://paperpile.com/b/jZuNFK/RecF
http://paperpile.com/b/jZuNFK/luUs
http://paperpile.com/b/jZuNFK/luUs
http://paperpile.com/b/jZuNFK/37gn
http://paperpile.com/b/jZuNFK/37gn
http://paperpile.com/b/jZuNFK/Ufy5
http://paperpile.com/b/jZuNFK/Ufy5
http://paperpile.com/b/jZuNFK/dNwQ
http://paperpile.com/b/jZuNFK/dNwQ
http://paperpile.com/b/jZuNFK/dNwQ
http://paperpile.com/b/jZuNFK/nOBT
http://paperpile.com/b/jZuNFK/nOBT
http://paperpile.com/b/jZuNFK/nOBT
https://doi.org/10.1101/2022.07.10.499405
http://creativecommons.org/licenses/by-nc-nd/4.0/


��� /��4LDQ��(��:LQIUHH��-��%UXFN��1HXUDO�QHWZRUN�FRPSXWDWLRQ�ZLWK�'1$�VWUDQG�GLVSODFHPHQW
FDVFDGHV� 1DWXUH� ��������±�����������

��� .��0��&KHUU\��/��4LDQ��6FDOLQJ�XS�PROHFXODU�SDWWHUQ UHFRJQLWLRQ�ZLWK�'1$�EDVHG
ZLQQHU�WDNH�DOO�QHXUDO�QHWZRUNV� 1DWXUH� ��������±��� �������

��� =��;LH��/��:UREOHZVND��/��3URFKD]ND��5��:HLVV� <��%HQHQVRQ��0XOWL�LQSXW�51$L�EDVHG�ORJLF
FLUFXLW�IRU�LGHQWLILFDWLRQ�RI�VSHFLILF�FDQFHU�FHOOV� 6FLHQFH� ���������±������������

��� 3��0RKDPPDGL��1��%HHUHQZLQNHO��<��%HQHQVRQ��$XWRPDWHG 'HVLJQ�RI�6\QWKHWLF�&HOO
&ODVVLILHU�&LUFXLWV�8VLQJ�D�7ZR�6WHS�2SWLPL]DWLRQ�6WUDWHJ\� &HOO�6\VW� ������±����H��
�������

��� =��&KHQ��0��%��(ORZLW]��3URJUDPPDEOH�SURWHLQ FLUFXLW�GHVLJQ� &HOO� ���������±������������

��� =��&KHQ��6��(��%R\NHQ��0��-LD��)��%XVFK��'��)ORUHV�6ROLV� 0��-��%LFN��3��/X��=��/��9DQ$HUQXP�
$��6DKDVUDEXGGKH��5��$��/DQJDQ��6��%HUPHR��7��-��%UXQHWWH��9��.��0XOOLJDQ��/��3��&DUWHU��)�
'L0DLR��1��*��6JRXUDNLV��9��+��:\VRFNL��'��%DNHU��3URJUDPPDEOH�GHVLJQ�RI�RUWKRJRQDO
SURWHLQ�KHWHURGLPHUV� 1DWXUH� ��������±�����������

��� )��7KRPDV��$��/��%R\OH��$��-��%XUWRQ��'��1��:RROIVRQ� $�VHW�RI�GH�QRYR�GHVLJQHG�SDUDOOHO
KHWHURGLPHULF�FRLOHG�FRLOV�ZLWK�TXDQWLILHG�GLVVRFLDWLRQ�FRQVWDQWV�LQ�WKH�PLFURPRODU�WR
VXE�QDQRPRODU�UHJLPH� -��$P��&KHP��6RF� ���������±���� �������

��� +��*UDGLãDU��5��-HUDOD��'H�QRYR�GHVLJQ�RI�RUWKRJRQDO SHSWLGH�SDLUV�IRUPLQJ�SDUDOOHO
FRLOHG�FRLO�KHWHURGLPHUV� -��3HSW��6FL� �������±��� �������

��� $��:��5HLQNH��5��$��*UDQW��$��(��.HDWLQJ��$�V\QWKHWLF FRLOHG�FRLO�LQWHUDFWRPH�SURYLGHV
KHWHURVSHFLILF�PRGXOHV�IRU�PROHFXODU�HQJLQHHULQJ� -��$P��&KHP��6RF� ���������±����
�������

��� ;��-��*DR��/��6��&KRQJ��0��6��.LP��0��%��(ORZLW]� 3URJUDPPDEOH�SURWHLQ�FLUFXLWV�LQ�OLYLQJ
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6WUPãHN��)��/DSHQWD��0��%HQþLQD��5��-HUDOD��'HVLJQ�RI�IDVW�SURWHRO\VLV�EDVHG�VLJQDOLQJ�DQG
ORJLF�FLUFXLWV�LQ�PDPPDOLDQ�FHOOV� 1DW��&KHP��%LRO� �������±�����������

��� +��.��&KXQJ��;��=RX��%��7��%DMDU��9��5��%UDQG� <��+XR��-��)��$OFXGLD��-��(��)HUUHOO�-U��0��=��/LQ�
$�FRPSDFW�V\QWKHWLF�SDWKZD\�UHZLUHV�FDQFHU�VLJQDOLQJ�WR�WKHUDSHXWLF�HIIHFWRU�UHOHDVH�
6FLHQFH� ��� ��������GRL���������VFLHQFH�DDW�����

��� 5��0��+DUWILHOG��.��$��6FKZDU]��-��-��0XOGRRQ� 1��%DJKHUL��-��1��/HRQDUG��0XOWLSOH[LQJ
(QJLQHHUHG�5HFHSWRUV�IRU�0XOWLSDUDPHWULF�(YDOXDWLRQ�RI�(QYLURQPHQWDO�/LJDQGV� $&6
6\QWK��%LRO� �������±������������

��� -��.LP��-��+RSILHOG��(��:LQIUHH��LQ $GYDQFHV LQ�1HXUDO�,QIRUPDWLRQ�3URFHVVLQJ�6\VWHPV����
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6FLHQFH� �������±����������
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��� 0��=KDQJ��&��<DQJ��,��7DVDQ��+��=KDR��([SDQGLQJ WKH�3RWHQWLDO�RI�0DPPDOLDQ�*HQRPH
(QJLQHHULQJ�YLD�7DUJHWHG�'1$�,QWHJUDWLRQ� $&6�6\QWK� %LRO� �������±�����������

��� 8��$ORQ� $Q�LQWURGXFWLRQ�WR�V\VWHPV�ELRORJ\� GHVLJQ�SULQFLSOHV�RI�ELRORJLFDO�FLUFXLWV
�&KDSPDQ�DQG�+DOO�&5&��������

��� '��7��*LOOHVSLH��$�JHQHUDO�PHWKRG�IRU�QXPHULFDOO\ VLPXODWLQJ�WKH�VWRFKDVWLF�WLPH�HYROXWLRQ�RI
FRXSOHG�FKHPLFDO�UHDFWLRQV� -��&RPSXW��3K\V� �������±��� �������

��� -��%H]DQVRQ��$��(GHOPDQ��6��.DUSLQVNL��9��%� 6KDK��-XOLD��$�)UHVK�$SSURDFK�WR�1XPHULFDO
&RPSXWLQJ� 6,$0�5HY� ������±����������

��� 0��.��'RKHUW\��'��(��+DPPRQG��0��-��&ODJXH��6� -��*DVNHOO��5��-��%H\QRQ��7XUQRYHU�RI�WKH
KXPDQ�SURWHRPH��GHWHUPLQDWLRQ�RI�SURWHLQ�LQWUDFHOOXODU�VWDELOLW\�E\�G\QDPLF�6,/$&� -�
3URWHRPH�5HV� ������±�����������

��� $��3HWK��-��$��1DWKDQ��$��/��*ROGEHUJ��7KH�$73 FRVWV�DQG�WLPH�UHTXLUHG�WR�GHJUDGH
XELTXLWLQDWHG�SURWHLQV�E\�WKH����6�SURWHDVRPH� -� %LRO��&KHP� ����������±�������������

��� -��7|]VpU��-��(��7URSHD��6��&KHUU\��3��%DJRVVL� 7��'��&RSHODQG��$��:ORGDZHU��'��6��:DXJK�
&RPSDULVRQ�RI�WKH�VXEVWUDWH�VSHFLILFLW\�RI�WZR�SRW\YLUXV�SURWHDVHV� )(%6�-� ��������±���
�������

��� .��/XE\�3KHOSV��&\WRDUFKLWHFWXUH�DQG�SK\VLFDO SURSHUWLHV�RI�F\WRSODVP��YROXPH��YLVFRVLW\�
GLIIXVLRQ��LQWUDFHOOXODU�VXUIDFH�DUHD� ,QW��5HY��&\WRO� ��������±�����������
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$FNQRZOHGJHPHQWV

:H WKDQN /� &KRQJ� ;�-� *DR� DQG 8� $ORQ IRU VFLHQWLILF LQSXW� -� *UHJURZLF]� 5� 'X� %� (PHUW� %�
*X��)��+RUQV��'��/L��$��/X��.��/XR��<��7DNHL��DQG�6��;LD�IRU�FULWLFDO�IHHGEDFN�

)XQGLQJ� 7KLV UHVHDUFK ZDV VXSSRUWHG E\ WKH 1DWLRQDO ,QVWLWXWH RI +HDOWK JUDQW 5�� 0+������
DQG WKH $OOHQ 'LVFRYHU\ &HQWHU SURJUDP XQGHU $ZDUG 1R� 8:6&������ D 3DXO *� $OOHQ
)URQWLHUV *URXS DGYLVHG SURJUDP RI WKH 3DXO *� $OOHQ )DPLO\ )RXQGDWLRQ� 0�%�(� LV D +RZDUG
+XJKHV 0HGLFDO ,QVWLWXWH ,QYHVWLJDWRU� =�&� LV VXSSRUWHG E\ WKH 'DPRQ 5XQ\RQ &DQFHU
5HVHDUFK )RXQGDWLRQ '5*�������� DQG LV D IHOORZ RI WKH %XUURXJKV :HOOFRPH )XQG &DUHHU
$ZDUGV�DW�WKH�6FLHQWLILF�,QWHUIDFH�

$XWKRU FRQWULEXWLRQV� =�&� DQG 0�%�(� FRQFHLYHG DQG GHVLJQHG WKH VWXG\� =�&� SHUIRUPHG
PDWKHPDWLFDO PRGHOLQJ ZLWK KHOS IURP 5�=� DQG 0�%�(�� =�&� DQG -�0�/� SHUIRUPHG H[SHULPHQWV�
5�=� FRQVWUXFWHG WKH UHSRUWHU FHOO OLQH� =�&� DQG 0�%�(� ZURWH WKH PDQXVFULSW ZLWK LQSXW IURP DOO
DXWKRUV�

&RPSHWLQJ LQWHUHVWV� =�&� DQG 0�%�(� KDYH ILOHG D SURYLVLRQDO SDWHQW DSSOLFDWLRQ EDVHG RQ WKLV
ZRUN�

'DWD DQG PDWHULDOV DYDLODELOLW\� 5DZ GDWD DQG FRGH XVHG IRU VLPXODWLRQ DQG GDWD DQDO\VLV FDQ EH
GRZQORDGHG�IURP�KWWSV���GDWD�FDOWHFK�HGX�UHFRUGV�������

7KLV DUWLFOH LV VXEMHFW WR ++0,¶V 2SHQ $FFHVV WR 3XEOLFDWLRQV SROLF\� ++0, ODE KHDGV KDYH
SUHYLRXVO\ JUDQWHG D QRQH[FOXVLYH && %< ��� OLFHQVH WR WKH SXEOLF DQG D VXEOLFHQVDEOH OLFHQVH
WR ++0, LQ WKHLU UHVHDUFK DUWLFOHV� 3XUVXDQW WR WKRVH OLFHQVHV� WKH DXWKRU�DFFHSWHG PDQXVFULSW RI
WKLV DUWLFOH FDQ EH PDGH IUHHO\ DYDLODEOH XQGHU D && %< ��� OLFHQVH LPPHGLDWHO\ XSRQ
SXEOLFDWLRQ�
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6XSSOHPHQWDU\�0DWHULDOV

0DWHULDOV�DQG�0HWKRGV
6XSSOHPHQWDU\�7H[W
)LJV��6��WR�6�
7DEOHV�6��WR�6�
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)LJXUH �� :LQQHU�WDNH�DOO QHXUDO QHWZRUN FRPSXWDWLRQ FDQ EH LPSOHPHQWHG XVLQJ
HQJLQHHUHG SURWHLQV� �$� $ ZLQQHU�WDNH�DOO QHXUDO QHWZRUN� RSHUDWLQJ LQVLGH FHOOV� ZRXOG XVH D
VHW RI LQWHUDFWLQJ SURWHLQV �1M� WR DFWLYDWH H[DFWO\ RQH RI LWV RXWSXWV �FRORUHG SURWHDVHV� \M�
GHSHQGLQJ RQ WKH UHODWLYH YDOXHV RI LWV LQSXWV �;L�� �%� )RUPDO GHVFULSWLRQ RI WKH V\VWHP LQ �$��
7KH QHWZRUN FRQVLVWV RI P LQSXWV �;L�� HDFK WDNLQJ SRVLWLYH UHDO YDOXHV� 7KH LQSXWV LQWHUDFW ZLWK
WKH Q QRGHV �1M� ZLWK ZHLJKWV ZLM �� � L � P� � � M � Q� � � ZLM � �� FRQQHFWLQJ LQSXW ;L WR QHXURQ 1M�
(DFK QHXURQ SHUIRUPV ZHLJKWHG VXP RSHUDWLRQV WR LQWHJUDWH WKH LQSXW VLJQDOV LW UHFHLYHV� DQG
ZLQQHU�WDNH�DOO LV DFKLHYHG WKURXJK VHOI�DFWLYDWLRQ DQG PXWXDO LQKLELWLRQ� 7KH RXWSXW \M IURP D
QHXURQ 1M LV DFWLYH RQO\ LI LWV ZHLJKWHG VXP LV JUHDWHU WKDQ WKDW IURP DQ\ RWKHU QHXURQ� �&� 7KH
GHFLVLRQ ERXQGDU\� Į� IRU D ��LQSXW� ��QHXURQ QHWZRUN FDQ EH WXQHG E\ YDU\LQJ WKH ZHLJKWV ZLM�
�'� ,Q D ��LQSXW� ��QRGH FLUFXLW� HDFK LQSXW SURWHLQ DFWLYDWHV HLWKHU QRGH SURWHLQ E\ IRUPLQJ
LQSXW�QRGH FRPSOH[HV� 6XFK FRPSOH[HV WKHQ XQGHUJR VHOI�DFWLYDWLRQ DQG PXWXDO LQKLELWLRQ WR
SHUIRUP WKH ZLQQHU�WDNH�DOO FRPSXWDWLRQ� 7KH ILQDO VWDWH RI WKH V\VWHP LV GHILQHG E\ WKH
DEXQGDQFH RI WKH DFWLYH QRGH� �(� 7KH ZHLJKWHG VXP RSHUDWLRQ LV FDUULHG RXW WKURXJK
FRPSHWLWLYH DQG FRRSHUDWLYH ELQGLQJ� 7KH WZR LQSXWV DUH GH QRYR GHVLJQHG RUWKRJRQDO '+'V �;�

DQG ;��� (DFK QRGH FRQVLVWV RI WZR JURXSV RI SURWHLQV� WKH 1�QRGHV� ZKHUH WKH FRJQDWH ELQGLQJ
SDUWQHUV RI ;� DQG ;� DUH FDJHG E\ D JHQHWLFDOO\ IXVHG '+' FDJLQJ GRPDLQ� DQG IXUWKHU OLQNHG WR
WKH 1�WHUPLQDO KDOI RI D SURWHDVH� LWV FOHDYDJH VLWH� DQG D '+)5 GHJURQ� WKH &�QRGHV� PDGH
IURP WKH FRJQDWH ELQGLQJ SDUWQHU RI WKH '+' FDJLQJ GRPDLQ LQ SULPDU\ KDOI�QRGHV� IXVHG WR WKH
FOHDYDJH VHTXHQFH RI WKH RWKHU SURWHDVH� DQG WKH &�WHUPLQDO KDOI RI D SURWHDVH� 7KH LQSXWV�
1�QRGH� DQG &�QRGH ELQG FRRSHUDWLYHO\� VXFK WKDW QHLWKHU RI WKH WZR SURWHLQV FDQ ELQG ZLWK KLJK
DIILQLW\ ZLWKRXW WKH WKLUG SURWHLQ� 7KH\ DOVR LQWHUDFW FRPSHWLWLYHO\� VXFK WKDW WKH 1�QRGHV FRPSHWH
WR ELQG WR WKH LQSXW SURWHLQ� DQG WKH &�QRGHV� 7ZR W\SHV RI LQWHUPHGLDWH SURGXFWV UHVXOW IURP
WKHVH ��ZD\ ELQGLQJ HYHQWV� WKH DFWLYH EXW GHVWDELOL]HG SURWHDVHV ZKHUH WKH WZR SURWHDVH
KDOYHV UHFRQVWLWXWH D IXQFWLRQDO SURWHDVH� RU WKH LQDFWLYH DQG GHVWDELOL]HG K\EULGV ZKHUH WKH WZR
SURWHDVH KDOYHV GR QRW PDWFK� 7KH EOXH DQG JUHHQ VWULSHV LQGLFDWH WKDW WKH '+' GRPDLQV FDQ
EH HLWKHU EOXH �;�� RU JUHHQ �;��� �)� :LQQHU�WDNH�DOO RSHUDWLRQ LV DFKLHYHG WKURXJK WZR W\SHV RI
UHDFWLRQV� PXWXDO LQKLELWLRQ� ZKHUH HDFK SURWHDVH FDQ LQDFWLYDWH WKH RSSRVLWH SURWHDVH W\SH E\
FOHDYLQJ LWV &�WHUPLQDO KDOI SURWHDVHV RII WKH &�QRGHV� VHOI�DFWLYDWLRQ� ZKHUH WKH LQWHUPHGLDWH
'+'�SURWHDVH FRPSOH[HV FOHDYH RII '+)5 GHJURQV IURP WKHLU 1�QRGHV� FRQYHUWLQJ WKHP WR
VWDEOH SURWHDVHV� ZKLFK FDQ LQ WXUQ DFWLYDWH DQG LQKLELW RWKHU SURWHDVH FRPSOH[HV� �*� 7KH
ZHLJKWV FRQQHFWLQJ LQSXWV WR QHXURQV DUH VHW EDVHG RQ WKH DEXQGDQFH RI HDFK SULPDU\
KDOI�QHXURQ FRPSOH[� )RU H[DPSOH� Z��� WKH ZHLJKW WKDW FRQQHFWV LQSXW ;� WR 1HXURQ �� LV GHILQHG
DV WKH FRQFHQWUDWLRQ RI WKH 1�� 1�QRGH GLYLGHG E\ WKH VXP RI WKH FRQFHQWUDWLRQV RI DOO 1�QRGHV
WKDW�FDQ�SRWHQWLDOO\�ELQG�WR�;���LQ�WKLV�FDVH�1�� ��1���
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)LJXUH �� 6LPXODWHG WZR�LQSXW FLUFXLWV SHUIRUP ZLQQHU�WDNH�DOO FODVVLILFDWLRQ� �$�
6LPXODWLRQV RI FLUFXLW YDULDQWV �OHIW� UHYHDO FLUFXLW G\QDPLFV �PLGGOH� DQG FODVVLILFDWLRQ DELOLW\
�ULJKW�� ,QSXW YDOXHV� ZHLJKWV� DQG ZHLJKWHG VXPV �GHQRWHG Ȉ� DUH LQGLFDWHG RQ WKH FLUFXLW
GLDJUDPV� ZLWK ODUJHU ZHLJKWV UHSUHVHQWHG E\ WKLFNHU OLQHV� (DFK FHOO LQ WKH KHDWPDS UHSUHVHQWV
WKH GLIIHUHQFH EHWZHHQ DFWLYH 1� DQG 1� SURWHDVHV DW VWHDG\ VWDWH� %RWK WKH IXOO FLUFXLW DQG WKH
FRPSDUDWRU DUH DEOH WR FODVVLI\ DFURVV WKH IXOO UDQJH RI LQSXW OHYHOV� ZKLOH FLUFXLWV ODFNLQJ
VHOI�DFWLYDWLRQ RU PXWXDO LQKLELWLRQ RQO\ FODVVLI\ ZLWKLQ D OLPLWHG LQSXW UDQJH� �%� 7KH GHFLVLRQ
ERXQGDU\ �JUD\ OLQHV� RI WKH FRPSDUDWRU FLUFXLW FDQ EH WXQHG E\ YDU\LQJ WKH UHODWLYH OHYHOV RI WKH
WZR QRGH SURWHLQV� 1��

' DQG 1��
'� �&� 6WRFKDVWLF VLPXODWLRQV RI WKH FRPSDUDWRU� 7ZHQW\

VLPXODWLRQV ZHUH SHUIRUPHG IRU HDFK FRQGLWLRQ �OLJKW WUDFHV�� DQG WKHLU DYHUDJH WUDFHV DUH
SORWWHG LQ GDUN OLQHV� &RORUV LQGLFDWH WKH LQSXW OHYHOV �OHJHQG�� 6HH VXSSOHPHQWDU\ PDWHULDOV IRU
VLPXODWLRQ PHWKRGV� �'� 3HUFHQWDJH RI �� HTXLYDOHQW VLPXODWLRQV WKDW FRUUHFWO\ FODVVLI\ LQSXWV DV
D IXQFWLRQ RI WKH FRQFHQWUDWLRQ GLIIHUHQFH EHWZHHQ WKH WZR LQSXWV� ,QSXW ;� LV IL[HG DW ����
PROHFXOHV�V� (YHQ ZLWK VWRFKDVWLFLW\� LQSXW GLIIHUHQFHV RI DW OHDVW ��� FODVVLI\ FRUUHFWO\ a��� RI
WKH�WLPH�
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)LJXUH �� 7KH ZLQQHU�WDNH�DOO QHXUDO QHWZRUN FLUFXLW FODVVLILHV LQSXWV LQ PDPPDOLDQ FHOOV�
�$� 3ODVPLGV DQG WKH HQFRGHG SURWHLQ FRQVWUXFWV� $OO SODVPLGV XVH WKH KXPDQ F\WRPHJDORYLUXV
SURPRWHU �3&09� WR H[SUHVV HDFK HQJLQHHUHG SURWHLQ� 'HJ GHQRWHV '+)5 GHJURQ� 2UDQJH DQG
\HOORZ FLUFOHV GHQRWH FOHDYDJH VLWHV IRU FRUUHVSRQGLQJ SURWHDVHV� '+'V DUH GHVLJQHG
KHWHURGLPHUL]LQJ SURWHLQV� $ VFKHPDWLF UHSUHVHQWDWLRQ RI HDFK IXVLRQ SURWHLQ LV VKRZQ WR WKH
ULJKW RI WKH FRQVWUXFW� �%� 7KH VWDEOH UHSRUWHU FHOO OLQH FRQVWLWXWLYHO\ FR�H[SUHVVHV P&LWULQH DQG
P&KHUU\ IOXRUHVFHQW SURWHLQV WKDW FDQ EH FOHDYHG DW WKH 1�WHUPLQXV E\ 7(93 DQG 79093�
UHVSHFWLYHO\� WR UHYHDO 1�WHUPLQDO GHJURQV WKDW GHVWDELOL]H WKH IOXRUHVFHQW SURWHLQV� 3*.�
��SKRVSKRJO\FHUDWH NLQDVH SURPRWHU� �&� (QJLQHHUHG SURWHDVH FDQ UHVSRQG WR LQSXWV�
VHOI�DFWLYDWH� DQG PXWXDOO\ LQKLELW� 1RUPDOL]HG SURWHDVH DFWLYLWLHV XQGHU GLIIHUHQW H[SHULPHQWDO
VHWXSV LQGLFDWH H[SHFWHG IXQFWLRQV� �'� 7HVWLQJ WKH ZHLJKW PXOWLSOLFDWLRQ PRGXOH E\ IL[LQJ LQSXW
;� DQG YDU\LQJ QRGHV 1��

' DQG 1��
'� ,GHDO EHKDYLRUV DUH VKRZQ LQ VROLG OLQHV� H[SHULPHQWDO GDWD

SRLQWV DUH PHDQ � V�G IURP WKUHH ELRORJLFDO UHSHDWV� �(� $ IXOO\ FRQQHFWHG ��LQSXW� ��QHXURQ
FLUFXLW WKDW FRPSDUHV UHODWLYH LQSXW OHYHOV �OHIW�� �)� $ IXOO\ FRQQHFWHG ��LQSXW� ��QHXURQ FLUFXLW
WKDW� E\ FRQVWUXFWLRQ� VKRXOG DOZD\V UHVXOW LQ 1� EHLQJ WKH ZLQQHU� �*� 7KH GHFLVLRQ ERXQGDULHV
RI D WZR�LQSXW FRPSDUDWRU FDQ EH WXQHG E\ YDU\LQJ WKH UDWLRV RI 1� WR 1� SURWHLQ FRQFHQWUDWLRQV�
'DWD�LQ�(�*�DUH�DYHUDJHV�RI�WZR�ELRORJLFDO�UHSOLFDWHV�
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)LJXUH �� 6FDOLQJ RI WKH ZLQQHU�WDNH�DOO FLUFXLW� �$� $Q P�LQSXW� P�QHXURQ FRPSDUDWRU FLUFXLW�
�%� &ODVVLILFDWLRQ DELOLWLHV RI FRPSDUDWRUV WKDW WDNH �� �� DQG � LQSXWV� $V WKH VL]H RI WKH
FRPSDUDWRU LQFUHDVHV� WKH DELOLW\ WR FRPSDUH UHODWLYH LQSXW OHYHOV LV UHWDLQHG� ZKLOH G\QDPLF
UDQJH LV UHGXFHG GXH WR WKH LQFUHDVHG WRWDO QXPEHU RI VXEVWUDWHV IRU HDFK SURWHDVH� �&� 7KH
QXPEHU RI UHDFWLRQV LQ D FRPSDUDWRU FLUFXLW LQFUHDVHV URXJKO\ OLQHDUO\ ZLWK LWV VL]H� DV WKH FLUFXLW
G\QDPLF UDQJH GHFUHDVHV� �'� $ ��LQSXW FODVVLILHU FDQ JHQHUDWH GLVWLQFW UHVSRQVHV WR DOO � LQSXW
VWDWHV� �(� $ ��LQSXW ZLQQHU�WDNH�DOO FLUFXLW SHUIRUPV WKH �;� 25 ;�� $1' 127 ;� FDOFXODWLRQ�
1HXURQ � ZLQV LI WKH FRQGLWLRQ LV PHW� �)� $ ��LQSXW ZLQQHU�WDNH�DOO FLUFXLW SHUIRUPV ³$Q\ � RXW RI
�´ ORJLF� $ IRXUWK ³KLGGHQ XQLW´ LQSXW ZDV DGGHG WR VHW WKH WKUHVKROG DQG PDNH WKH FLUFXLW PRUH
FRPSDFW��1HXURQ���ZLQV�LI�WKH�FRQGLWLRQ�LV�PHW�
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