
%UDLQ RUJDQL]DWLRQ� QRW VL]H DORQH� DV NH\ WR KLJK�OHYHO YLVLRQ� (YLGHQFH IURP PDUPRVHW
PRQNH\V

$OH[DQGHU�-�(��.HOO������6RSKLH�/��%RNRU�����<RX�1DK -HRQ��� ��7DKHUHK�7RRVL�����(OLDV�%��,VVD����
�� =XFNHUPDQ�0LQG�%UDLQ�%HKDYLRU�,QVWLWXWH��&ROXPELD�8QLYHUVLW\
�� 'HSDUWPHQW�RI�1HXURVFLHQFH��&ROXPELD�8QLYHUVLW\
� &RUUHVSRQGHQFH��DOH[�NHOO#FROXPELD�HGX��HOLDV�LVVD#FROXPELD�HGX

%LJJHU EUDLQV DUH WKRXJKW WR VXSSRUW ULFKHU DELOLWLHV� LQFOXGLQJ SHUFHSWXDO DELOLWLHV� %XW ELJJHU EUDLQV
DUH W\SLFDOO\ RUJDQL]HG GLIIHUHQWO\ �H�J�� ZLWK PRUH FRUWLFDO DUHDV�� 7KXV� WKH H[WHQW WR ZKLFK D QHXUDO
V\VWHP¶V VL]H YHUVXV RUJDQL]DWLRQ XQGHUOLHV FRPSOH[ DELOLWLHV UHPDLQV XQFOHDU� 7KH PDUPRVHW PRQNH\
LV HYROXWLRQDULO\ SHFXOLDU� LW KDV D VPDOO EUDLQ� \HW PDQ\ FRUWLFDO DUHDV� :H XVHG WKLV QDWXUDO
H[SHULPHQW WR WHVW RUJDQL]DWLRQ DV VRXUFH RI KLJK�OHYHO YLVXDO DELOLWLHV LQGHSHQGHQW RI VL]H� YLD
ODUJH�VFDOH SV\FKRSK\VLFV FRPSDULQJ PDUPRVHWV WR GLIIHUHQW VSHFLHV RQ LGHQWLFDO WDVNV� 0DUPRVHWV
IDU RXW�SHUIRUPHG UDWV²D PDUPRVHW�VL]HG URGHQW²RQ D VLPSOH YLVXDO UHFRJQLWLRQ WDVN� 2Q DQRWKHU
YLVXDO WDVN� ZKLFK LV GLIILFXOW IRU ERWK KXPDQV DQG PDFKLQHV� PDUPRVHWV DFKLHYHG KLJK SHUIRUPDQFH�
6WULNLQJO\� WKHLU LPDJH�E\�LPDJH EHKDYLRU UHYHDOHG WKDW WKH\ GLG VR LQ D PDQQHU KLJKO\ VLPLODU WR
KXPDQV²PDUPRVHWV ZHUH QHDUO\ DV KXPDQ�OLNH DV ZHUH PDFDTXHV� 7KHVH UHVXOWV VXJJHVW D NH\ UROH
IRU�EUDLQ�RUJDQL]DWLRQ²QRW�VLPSO\�VL]H²LQ�WKH�HYROXWLRQ�RI�VRSKLVWLFDWHG�DELOLWLHV�

�

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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 preprintthis version posted December 22, 2021. ; https://doi.org/10.1101/2020.10.19.345561doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.19.345561
http://creativecommons.org/licenses/by-nc/4.0/


,QWURGXFWLRQ
$ ELJJHU EUDLQ LV WKRXJKW WR FRQIHU DQ RUJDQLVP ZLWK ULFKHU DELOLWLHV�±�� 2ULJLQDOO\� D ODUJH EUDLQ UHODWLYH

WR ERG\ VL]H²D KLJK ³HQFHSKDOL]DWLRQ TXRWLHQW´�²ZDV EHOLHYHG WR EH FULWLFDO� EXW UHFHQW ZRUN KDV

VXJJHVWHG DEVROXWH VL]H PD\ EH GHFLVLYH�±�� DQG SHUKDSV WKH QXPEHU RI FRUWLFDO QHXURQV LQ

SDUWLFXODU�±�� :KLOH EUDLQ VL]H LV W\SLFDOO\ VWXGLHG LQ UHODWLRQ WR GRPDLQV FRQVLGHUHG ³FRJQLWLYH´�±�� WKH

K\SRWKHVLV�LV�WKRXJKW�WR�DSSO\�JHQHULFDOO\��LQFOXGLQJ�WR�KLJK�OHYHO�SHUFHSWXDO�DELOLWLHV�±���

%LJJHU EUDLQV� KRZHYHU� WHQG WR EH RUJDQL]HG GLIIHUHQWO\ WKDQ VPDOOHU EUDLQV� $V EUDLQ VL]H LQFUHDVHV�

HDFK QHXURQ V\QDSVHV ZLWK D VPDOOHU SURSRUWLRQ RI WRWDO QHXURQV� UHVXOWLQJ LQ D PRUH PRGXODU

RUJDQL]DWLRQ �H�J�� ZLWK PRUH FRUWLFDO DUHDV���±��� 2UJDQL]DWLRQDO IDFWRUV OLNH WKHVH KDYH DOVR EHHQ

K\SRWKHVL]HG WR EHVWRZ ULFKHU DELOLWLHV��������� EXW WKH FRUUHODWLRQ EHWZHHQ EUDLQ VL]H DQG RUJDQL]DWLRQ

KDV�PDGH�LW�GLIILFXOW�WR�DVVHVV�WKH�XQLTXH�FRQWULEXWLRQ�RI�EUDLQ�RUJDQL]DWLRQ�

7KH PDUPRVHW PRQNH\ KDV D VPDOO EUDLQ \HW PDQ\ FRUWLFDO DUHDV� DQG WKHUHIRUH RIIHUV D QDWXUDO

H[SHULPHQW WR DGGUHVV WKLV TXHVWLRQ� :HLJKLQJ MXVW ��� JUDPV� PDUPRVHWV DUH SK\OHWLF GZDUYHV��±���

VKUXQNHQ IURP IDU ODUJHU DQFHVWRUV� 3K\OHWLF GZDUILVP LV HYROXWLRQDULO\ XQXVXDO����� DQG FDQ OHDG WR

DW\SLFDO FRQILJXUDWLRQV RI SKHQRW\SHV������ :KHWKHU D OHJDF\ RI WKLV HYROXWLRQDU\ KLVWRU\ RU QRW� WKH

PDUPRVHW EUDLQ KDV PDQ\ FRUWLFDO DUHDV �a������±��²E\ FRPSDULVRQ� PLFH� PDFDTXHV� DQG KXPDQV

UHVSHFWLYHO\ KDYH a��� a��� DQG a������ 0RVW DQLPDOV� LQFOXGLQJ ODUJHU SULPDWHV VXFK DV VTXLUUHO

PRQNH\V� RZO PRQNH\V� DQG UKHVXV PDFDTXHV� IROORZ D ODZIXO UHODWLRQVKLS EHWZHHQ WKH VL]H RI WKH

FRUWLFDO VKHHW DQG WKH QXPEHU RI FRUWLFDO DUHDV� EXW PDUPRVHWV KDYH IDU PRUH DUHDV WKDQ H[SHFWHG

JLYHQ�WKHLU�VPDOO�EUDLQ���

:H WRRN DGYDQWDJH RI WKH XQXVXDO ELRORJ\ RI WKH PDUPRVHW PRQNH\ WR WHVW WKH UROH RI EUDLQ VL]H

YHUVXV RUJDQL]DWLRQ LQ VXSSRUWLQJ KLJK�OHYHO YLVXDO DELOLWLHV� 'HVSLWH LWV DSSDUHQW HDVH WR KXPDQV�

LQYDULDQWO\ UHFRJQL]LQJ REMHFWV LV D KLJKO\ VRSKLVWLFDWHG EHKDYLRU� WKH FXOPLQDWLRQ RI PDQ\ VWDJHV RI

FRPSOH[ YLVXDO SURFHVVLQJ��±��� ,QGHHG� KXPDQ OHYHOV RI SHUIRUPDQFH RQ VXFK KLJK�OHYHO YLVXDO WDVNV LV

QRW VXSSRUWHG E\ HDUO\ RU HYHQ LQWHUPHGLDWH VWDJHV RI YLVXDO FRUWH[������ DQG HQJLQHHULQJ V\VWHPV KDYH

RQO\�UHFHQWO\�EHHQ�DEOH�WR�DFKLHYH�KXPDQ�OHYHOV�RI�SHUIRUPDQFH������

7KH PDUPRVHW EUDLQ KDV RUJDQL]DWLRQDO IHDWXUHV EHOLHYHG WR EH FULWLFDO IRU WKHVH YLVXDO EHKDYLRUV�

LQFOXGLQJ D ODUJH QXPEHU RI KLHUDUFKLFDOO\ RUJDQL]HG YHQWUDO YLVXDO DUHDV������ %XW D PDUPRVHW¶V EUDLQ LV

WZR RUGHUV RI PDJQLWXGH VPDOOHU WKDQ D KXPDQ¶V �� YV ���� JUDPV�� ZLWK RUGHUV RI PDJQLWXGH IHZHU

FRUWLFDO QHXURQV� ERWK LQ DJJUHJDWH DQG SHU FRUWLFDO DUHD� 7KHVH IDFWRUV DUH WKRXJKW WR OHDG WR OHVVHU

DELOLWLHV LQ JHQHUDO��������� DQG KDYH EHHQ VXJJHVWHG WR OLPLW WKH PDUPRVHWV¶ KLJK�OHYHO DELOLWLHV LQ
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SDUWLFXODU������ +HUH ZH WHVWHG ZKHWKHU PDUPRVHWV FDQ DFKLHYH KLJK SHUIRUPDQFH RQ VRSKLVWLFDWHG

YLVXDO WDVNV� ILUVW FRPSDULQJ WKHLU EHKDYLRU ZLWK WKDW RI UDWV²D PDUPRVHW�VL]HG URGHQW EXW ZLWK IHZHU

FRUWLFDO DUHDV²DV D WHVW RI WKH HIIHFW RI YDU\LQJ EUDLQ RUJDQL]DWLRQ DQG WKHQ ZLWK PDFDTXHV DQG

KXPDQV� ODUJHU�EUDLQHG EXW ZLWK URXJKO\ VLPLODU QXPEHUV RI FRUWLFDO DUHDV� ,I EUDLQ VL]H LV RI SULPDU\

LPSRUWDQFH� WKHQ ZH ZRXOG H[SHFW PDUPRVHW YLVXDO EHKDYLRU WR EH PXFK FORVHU WR WKH VLPLODUO\ VL]HG

UDW DQG IDU IURP WKH KXPDQ� $OWHUQDWLYHO\� LI EUDLQ RUJDQL]DWLRQ SOD\V DQ LPSRUWDQW UROH� ZH H[SHFW

PDUPRVHWV¶ EHKDYLRU WR EH FORVHU WR WKDW RI KXPDQV� &ULWLFDOO\� LW¶V XQFOHDU KRZ DGHTXDWH� LI DW DOO� WKLV

VLPLODULW\�LQ�RUJDQL]DWLRQ�LV�IRU�FORVLQJ�WKH�JDS�EHWZHHQ�D�VPDOO�DQLPDO�DQG�WKH�KXPDQ�

5HVXOWV
0DUPRVHWV�IDU�RXWSHUIRUPHG�UDWV�RQ�D�VLPSOH�YLVXDO�UHFRJQLWLRQ�WDVN
:H EHJDQ E\ FRPSDULQJ PDUPRVHW YLVXDO EHKDYLRU WR WKDW RI UDWV� D PDUPRVHW�VL]HG URGHQW WKDW KDV D

PRGHVWO\ VPDOOHU EUDLQ� EXW IDU IHZHU FRUWLFDO DUHDV��� 5DWV DQG RWKHU URGHQWV �H�J�� PLFH� KDYH

EHFRPH�LQFUHDVLQJO\�SRSXODU�FKRLFH�IRU�VWXG\LQJ�YLVLRQ�LQ�WKH�ILHOG�RI�QHXURVFLHQFH��±���

:H WHVWHG PDUPRVHWV RQ D YLVXDO WDVN WKDW KDG EHHQ ILUVW XVHG LQ UDWV� WKH UHVXOWV RI ZKLFK KDG EHHQ

LQWHUSUHWHG DV HYLGHQFH RI WKH URGHQW¶V VRSKLVWLFDWHG YLVXDO DELOLWLHV��� $QLPDOV ZHUH WUDLQHG RQ D

WZR�DOWHUQDWLYH IRUFHG�FKRLFH WDVN WR UHFRJQL]H WZR V\QWKHWLF REMHFWV LQ LVRODWLRQ RQ EODFN EDFNJURXQGV

DQG WKHQ WHVWHG RQ QRYHO LPDJHV RI WKRVH VDPH LVRODWHG REMHFWV XQGHU SUHYLRXVO\ XQHQFRXQWHUHG

FRQMXQFWLRQV RI URWDWLRQV DQG VFDOHV �)LJ� �D�� 8VLQJ LGHQWLFDO LPDJHV DQG WDVN GHVLJQ� ZH IRXQG WKDW

PDUPRVHWV SHUIRUPHG VXEVWDQWLDOO\ EHWWHU WKDQ UDWV �PHDQ DFFXUDF\ PDUPRVHWV� ���� UDWV� ����

WZR�WDLOHG W WHVW� W��  ����� S  ���� [ ������ )LJ� �E DQG �F�� :H WKHQ H[DPLQHG SHUIRUPDQFH DW D ILQHU

VFDOH� VHSDUDWLQJ RXW WKRVH LPDJHV WKDW PDUPRVHWV DQG UDWV KDG HQFRXQWHUHG LQ WUDLQLQJ DQG WKRVH

WKDW WKH\ KDG QRW� :KHQ HQFRXQWHULQJ QRYHO URWDWLRQV DQG VFDOHV� UDWV SHUIRUPHG IDU ZRUVH� ZKHUHDV

WKH PDUPRVHWV ZHUH XQDIIHFWHG DQG LQVWHDG VLPSO\ LQYDULDQW �)LJ� �G DQG �H� $129$�

VSHFLHV�E\�VFDOH LQWHUDFWLRQ )����  ����� S  ���� [ ������ VSHFLHV�E\�URWDWLRQ LQWHUDFWLRQ )����  ����� S

 ���� [ ������ 7KHVH GLIIHUHQFHV ZHUH REVHUYHG HYHQ WKRXJK LPDJH VL]H ZDV VFDOHG XS WR �� GHJUHHV

IRU WKH UDWV� LQ RUGHU WR DFFRPPRGDWH WKHLU FRDUVH YLVXDO DFXLW\ �YLVXDO DFXLW\ RI KXPDQ� PDUPRVHW�

DQG UDW� UHVSHFWLYHO\� ��� ��� DQG � F\FOHV SHU GHJUHH��±���� 7KHVH UHVXOWV VKRZ WKDW PDUPRVHWV¶ YLVXDO

DELOLWLHV VXEVWDQWLDOO\ VXUSDVV WKRVH RI DQ DQLPDO ZLWK D UHODWLYHO\ FRPSDUDEOH EUDLQ VL]H EXW IHZHU

FRUWLFDO�DUHDV�

,Q D VXEVHTXHQW FRQWURO H[SHULPHQW� KRZHYHU� ZH IRXQG WKDW WKLV WDVN� DW OHDVW IURP RQH SHUVSHFWLYH� LV

QRW SDUWLFXODUO\ KLJK OHYHO� $ OLQHDU FODVVLILHU WUDLQHG VLPSO\ RQ WKH LPDJH SL[HOV DFKLHYHG DQ DFFXUDF\

RI ������ GHPRQVWUDWLQJ WKDW KLJK WDVN SHUIRUPDQFH FRXOG EH DWWDLQHG ZLWK UHWLQD�OLNH UHSUHVHQWDWLRQV
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�L�H�� LPDJH SL[HOV�� %\ FRQWUDVW� WKH VWURQJHVW IRUP RI LQYDULDQW REMHFW UHFRJQLWLRQ LV WKRXJKW WR UHTXLUH

PXOWLSOH VWDJHV RI FRPSOH[ FRUWLFDO SURFHVVLQJ��������²LQGHHG� LQ WKH EUDLQ� KLJK SHUIRUPDQFH FDQQRW EH

DFKLHYHG XQWLO DIWHU PXOWLSOH VWDJHV RI FRUWLFDO SURFHVVLQJ��� $V WKLV ILUVW WDVN DSSHDUV QRW WR EH D VWURQJ

WHVW RI WKH PDUPRVHWV¶ KLJK�OHYHO DELOLWLHV� ZH WHVWHG PDUPRVHWV RQ D IDU PRUH FKDOOHQJLQJ YLVXDO WDVN

EHORZ�

)LJ� �� &RPSDULQJ PDUPRVHWV WR UDWV� D PDUPRVHW�VL]HG URGHQW� �D� 7KH WZR REMHFWV XVHG LQ D SULRU URGHQW VWXG\�� �OHIW�

DQG DOO LPDJHV JHQHUDWHG E\ YDU\LQJ REMHFW URWDWLRQ DQG VFDOH �ULJKW�� 7R WHVW JHQHUDOL]DWLRQ� UDWV DQG PDUPRVHWV ZHUH

WUDLQHG RQ D VXEVHW RI LPDJHV �WKH FURVV RXWOLQHG LQ JUD\� DQG WKHQ HYDOXDWHG RQ DOO� �E� 5DW DFFXUDF\ DW HDFK URWDWLRQ DQG
VFDOH� UHSURGXFHG IURP =RFFRODQ HW DO�� ����� 2YHUODLG� 3HUFHQW FRUUHFW IRU HDFK LPDJH� *UD\ RXWOLQH LQGLFDWHV LPDJHV RQ

ZKLFK PDUPRVHWV DQG UDWV ZHUH WUDLQHG� �F� 0DUPRVHW DFFXUDF\ DW HDFK URWDWLRQ DQG VFDOH� 3ORWWLQJ FRQYHQWLRQV� LQFOXGLQJ

FRORU VFDOH� VDPH DV �E�� �G� *HQHUDOL]DWLRQ WR QRYHO LPDJHV DW HDFK URWDWLRQ� %RWK VSHFLHV ZHUH WUDLQHG DW �� �IURQWDO YLHZ��

(UURU EDUV DUH 6(0 RYHU VFDOHV� �H� *HQHUDOL]DWLRQ WR QRYHO LPDJHV DW HDFK VFDOH� %RWK VSHFLHV ZHUH WUDLQHG DW ���[� (UURU

EDUV�DUH�6(0�RYHU�URWDWLRQV�

0DUPRVHWV�DFKLHYHG�KLJK�SHUIRUPDQFH�RQ�D�FKDOOHQJLQJ�KLJK�OHYHO�YLVXDO�WDVN
:H WKHQ HYDOXDWHG PDUPRVHWV¶ YLVXDO EHKDYLRU RQ D WDVN WKDW XVHG QDWXUDOLVWLF LPDJHV DQG LQWXLWLYHO\

DSSHDUV IDU PRUH FKDOOHQJLQJ WKDQ WKH WDVN XVHG LQ URGHQWV DERYH� WKH LQYDULDQW LGHQWLILFDWLRQ RI
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REMHFWV LQ WKH IDFH RI FKDQJHV LQ REMHFW VFDOH� SRVLWLRQ� DQG SRVH RQ ULFK� QDWXUDO EDFNJURXQGV �)LJ�

�D�� 2Q HDFK WULDO� SDUWLFLSDQWV �KXPDQ RU PDUPRVHW� FKRVH ZKLFK RI WZR EDVLF�OHYHO REMHFWV �H�J��

FDPHO�RU�ZUHQFK��ZDV�SUHVHQW�LQ�D�EULHIO\�IODVKHG�LPDJH��)LJ���E��6XSS��)LJ�����

:H ILUVW WHVWHG ZKHWKHU WKLV WDVN ZDV LQGHHG FKDOOHQJLQJ� HYDOXDWLQJ KXPDQ SHUIRUPDQFH RQ WKHVH

LPDJHV �Q �� Q WULDOV ��������� &RQVLVWHQW ZLWK SUHYLRXV ZRUN WKDW XVHG LGHQWLFDO LPDJHV��� ZH IRXQG

WKDW KXPDQV SHUIRUPHG WKLV WZR�DOWHUQDWLYH IRUFHG�FKRLFH WDVN ZHOO� EXW E\ QR PHDQV SHUIHFWO\�

DFKLHYLQJ ��� DFFXUDF\ �)LJ� �G�� )XUWKHUPRUH� ZH IRXQG WKDW D OLQHDU FODVVLILHU WUDLQHG RQ SL[HOV IRU

WKLV WDVN ZDV QHDU FKDQFH SHUIRUPDQFH ������ VXJJHVWLQJ WKDW WKLV WDVN UHTXLUHG QRQWULYLDO YLVXDO

SURFHVVLQJ� 7DNHQ WRJHWKHU� WKHVH UHVXOWV VKRZ WKDW WKHVH LPDJHV FRPSULVH D FKDOOHQJLQJ REMHFW

UHFRJQLWLRQ�WDVN�DQG�DUH�WKHUHIRUH�D�VWURQJ�WHVW�RI�D�KLJK�OHYHO�FRPSOH[�YLVXDO�DELOLW\�

)LJXUH �� +LJK�OHYHO LQYDULDQW REMHFW UHFRJQLWLRQ WDVN DQG PDUPRVHW EHKDYLRU� �D� ([DPSOH LPDJHV �RI ��� WRWDO� IURP

WKH IRXU REMHFWV WHVWHG� �E� 7DVN GHVLJQ� �F� +LVWRJUDP RI WULDOV SHU GD\ E\ PDUPRVHWV� �G� 7DVN SHUIRUPDQFH IRU KXPDQV�

HDFK PDUPRVHW VXEMHFW� DQG D EDVHOLQH FRQWURO PRGHO� :KLOH SHUIRUPDQFH ZDV PHDVXUHG RQ LGHQWLFDO LPDJHV� SUHVHQWDWLRQ

WLPH�GLIIHUHG�DFURVV�PDUPRVHWV�DQG�KXPDQV������DQG����PVHF��UHVSHFWLYHO\��

:H WKHQ WHVWHG PDUPRVHWV¶ DELOLWLHV RQ WKLV FKDOOHQJLQJ KLJK�OHYHO SHUFHSWXDO WDVN� :H HYDOXDWHG

PDUPRVHWV RQ WKH VDPH ��� LPDJHV RQ WKH VDPH WRXFKVFUHHQ WDEOHWV �Q �� Q WULDOV �������� )LJ� �F�

6XSS� )LJ� �� 6XSS� 9LGHR ��� 5HPDUNDEO\� PDUPRVHW PRQNH\V SHUIRUPHG DW ��� DFFXUDF\� 0HDQ

DFFXUDF\ IRU HDFK PDUPRVHW ZDV ���� ���� ���� ���� DQG ��� �)LJ� �G�� :H HPSOR\HG QR VXEMHFW

LQFOXVLRQ RU VHOHFWLRQ FULWHULD²DQG WKXV WKHVH LQGLYLGXDO SHUIRUPDQFHV DUH UHSUHVHQWDWLYH RI

PDUPRVHWV¶ FDSDELOLWLHV� UDWKHU WKDQ D UHIOHFWLRQ RI D IHZ RXWOLHU KLJK�SHUIRUPLQJ DQLPDOV� 7KH KLJK

SHUIRUPDQFH RI HDFK VXEMHFW GHPRQVWUDWHV WKDW WKLV VPDOO�EUDLQHG 1HZ :RUOG SULPDWH SHUIRUPV ZHOO DW

D�GHPDQGLQJ�KLJK�OHYHO�SHUFHSWXDO�WDVN�
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0DUPRVHWV�H[KLELWHG�KXPDQ�OLNH�HUURU�SDWWHUQV
:KLOH PDUPRVHWV DQG KXPDQV ERWK DFKLHYHG KLJK SHUIRUPDQFH RQ WKLV WDVN� LW UHPDLQHG XQFOHDU WKH

H[WHQW WR ZKLFK WKH WZR XVHG VLPLODU VWUDWHJLHV� 0DUPRVHWV DUH VPDOO� DUERUHDO SULPDWHV ZLWK

VXEVWDQWLDOO\ GLIIHUHQW YLVXDO HFRORJ\ DQG DIIRUGDQFHV WKDQ KXPDQV� DQG WKXV LW LV QRW REYLRXV WKDW WKHLU

YLVXDO VWUDWHJLHV ZRXOG EH VLPLODU WR WKRVH RI KXPDQV� 0RUHRYHU� ZKLOH WKH KXPDQ SDUWLFLSDQWV LQ WKLV

VWXG\ FRXOG EH LQVWUXFWHG DV WR WKH WDVN GHVLJQ� WKH PDUPRVHW PRQNH\V KDG WR EH WUDLQHG ZLWK RSHUDQW

FRQGLWLRQLQJ WR SHUIRUP WKLV WDVN RYHU ZHHNV �QRWH� WKH\ ZHUH WUDLQHG ZLWK GLIIHUHQW LPDJHV WKDQ XVHG

IRU WHVWLQJ�� 3HUKDSV WKURXJK WKLV XVH RI UHZDUGV ZH WUDLQHG LQ D QRQ�HFRORJLFDO EHKDYLRU DQG� DV D

FRQVHTXHQFH� PDUPRVHWV²ZKLOH KLJK DFKLHYLQJ²DUH SHUIRUPLQJ WKLV WDVN LQ D VWDUNO\ GLIIHUHQW

PDQQHU WKDQ WKH XQWUDLQHG KXPDQV� %\ FRQWUDVW� FRPPRQ VWUDWHJLHV DFURVV KXPDQV DQG PDUPRVHWV�

LQ VSLWH RI WUDLQLQJ GLIIHUHQFHV� FRXOG EH RQH FRQVHTXHQFH RI FRPPRQ DVSHFWV RI EUDLQ RUJDQL]DWLRQ

DFURVV�WKH�WZR�VSHFLHV�

:H WHVWHG WKH SHUIRUPDQFH VLJQDWXUHV RI PDUPRVHWV DQG KXPDQV LQ WKLV WDVN E\ FRPSDULQJ

LPDJH�E\�LPDJH SHUIRUPDQFH DFURVV VSHFLHV� XQGHU WKH ORJLF WKDW D VLPLODU YLVXDO VWUDWHJ\ ZRXOG

UHVXOW LQ VLPLODU LPDJHV EHLQJ HDV\ RU GLIILFXOW IRU ERWK PDUPRVHWV DQG KXPDQV� :H FRPSXWHG WKH

GLIILFXOW\ RI HDFK LPDJH DQG VXEWUDFWHG RII WKH DYHUDJH GLIILFXOW\ RI HDFK REMHFW �)LJ� �D� VHH 0HWKRGV

IRU GHWDLOV�� 8QOLNH RQH�GLPHQVLRQDO VXPPDULHV RI RYHUDOO SHUIRUPDQFH� WKLV LPDJH�E\�LPDJH

����OHQJWK YHFWRU LV D ULFK� KLJK�GLPHQVLRQDO VLJQDWXUH RI YLVXDO SHUFHSWLRQ WKDW LV UREXVW WR JOREDO�

QRQ�SHUFHSWXDO IDFWRUV OLNH DWWHQWLRQDO ODSVHV RU PRWRU HUURUV� 6XFK JOREDO IDFWRUV OHDG WR DEVROXWH

VKLIWV LQ SHUIRUPDQFH EXW OHDYH WKH UHODWLYH LPDJH�E\�LPDJH SDWWHUQ LQWDFW� 7KLV PHWULF ZDV WKHUHIRUH

ZHOO�VXLWHG�IRU�FRPSDULQJ�PDUPRVHWV�DQG�KXPDQV�GHVSLWH�WKHLU�GLIIHUHQFHV�LQ�PHDQ�SHUIRUPDQFH�

:H IRXQG WKDW PDUPRVHWV DQG KXPDQV WHQGHG WR ILQG WKH VDPH LPDJHV HDV\ RU GLIILFXOW� DV

LPDJH�E\�LPDJH SHUIRUPDQFH ZDV UHPDUNDEO\ FRUUHODWHG �U  ����� S  ���� [ ������ )LJ� �E�� +XPDQV

KDYH DSSUR[LPDWHO\ WZLFH WKH IRYHDO DFXLW\ DV PDUPRVHWV �a�� YV� �� F\FOHV SHU GHJUHH������� DQG VR LW

LV QRW REYLRXV KRZ WR HTXDWH LPDJH VL]H DFURVV WKH VSHFLHV� :H WKHUHIRUH WHVWHG PDUPRVHWV DW LPDJH

VL]HV WKDW GLIIHUHG E\ DQ RFWDYH� DQG IRXQG WKDW PDUPRVHWV H[KLELWHG KXPDQ�OLNH EHKDYLRU LUUHVSHFWLYH

RI VL]H �PDUPRVHWV a��� LPDJHV� Q WULDOV  ������� U  ����� S  ���� [ ������ PDUPRVHWV a��� LPDJHV�

Q WULDOV  �������� U  ����� S  ���� [ ������� 7KH KLJK FRUUHODWLRQ EHWZHHQ PDUPRVHWV DQG KXPDQV LV

UHQGHUHG HYHQ PRUH LPSUHVVLYH E\ WKH IDFW WKDW GLIIHUHQW KXPDQV H[KLELWHG VOLJKWO\ GLIIHUHQW LPDJH

SHUIRUPDQFH VLJQDWXUHV� HYHQ DIWHU DFFRXQWLQJ IRU PHDVXUHPHQW QRLVH �PHDQ FURVV�VXEMHFW

FRUUHODWLRQ� U  ����� )LJ� �F�� 7KHVH UHVXOWV VXJJHVW WKDW PDUPRVHWV²GHVSLWH KDYLQJ ERWK D EUDLQ DQG

D ERG\ VL]H �����WK WKH PDVV RI KXPDQV¶²SHUIRUP LQYDULDQW YLVXDO REMHFW UHFRJQLWLRQ LQ D VWULNLQJO\

KXPDQ�OLNH�PDQQHU�

�
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)LJ� �� ,PDJH�E\�LPDJH EHKDYLRUDO FRPSDULVRQV RI VLPLDQ SULPDWHV� �D� ,PDJH�E\�LPDJH EHKDYLRUDO PHWULF �L�Q�� /HIW�

1RUPDOL]DWLRQ VXEWUDFWV RII REMHFW�OHYHO PHDQV� OHDYLQJ WKH ILQH�JUDLQHG� LPDJH�E\�LPDJH SDWWHUQ� 5LJKW� L�Q VLJQDWXUHV

�EDUFRGHV� IRU PDUPRVHWV� KXPDQV� PDFDTXHV� DQG DQ DUWLILFLDO GHHS QHXUDO QHWZRUN �$OH[1HW�� VRUWHG E\ OHIW�RXW KXPDQ
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GDWD� �E� 6FDWWHU FRPSDULQJ PDUPRVHW DQG KXPDQ EHKDYLRU IRU HDFK RI ��� LPDJHV� &RORU LQGLFDWHV REMHFW� UQF GHQRWHV

QRLVH�FRUUHFWHG FRUUHODWLRQ �FRUUHFWLQJ IRU WHVW�UHWHVW UHOLDELOLW\ RI WKH GDWD�� ,QVHW� ,PDJHV IRU H[DPSOH SRLQWV� �F� 6FDWWHU RI
WZR KXPDQ SDUWLFLSDQWV¶ DJDLQVW HDFK RWKHU� �G� 6FDWWHU FRPSDULQJ PDFDTXH DQG KXPDQ EHKDYLRU� �H� 3DLUZLVH FRUUHODWLRQ

EHWZHHQ VLPLDQ SULPDWHV¶ L�Q SHUIRUPDQFH VLJQDWXUHV DQG WKRVH RI SL[HO FODVVLILHUV� D GHHS QHXUDO QHWZRUN� DQG HDFK RWKHU�

(UURU�EDUV�LQGLFDWH�����FRQILGHQFH�LQWHUYDOV�

0DUPRVHWV�DUH�QHDUO\�DV�KXPDQ�OLNH�DV�DUH�PDFDTXHV
7R EHWWHU LVRODWH WKH HIIHFW RI EUDLQ VL]H� ZH FDQ FRPSDUH PDUPRVHWV WR UKHVXV PDFDTXHV VLQFH WKRVH

WZR VSHFLHV KDYH VLPLODU QXPEHU RI EUDLQ DUHDV �a��� DQG a���� UHVSHFWLYHO\��� EXW PDUPRVHWV¶ EUDLQV

DUH IDU VPDOOHU� 8VLQJ SUHYLRXVO\ FROOHFWHG PDFDTXH GDWD RQ WKH VDPH LPDJHV��� ZH IRXQG WKDW

PDUPRVHWV DQG PDFDTXHV H[KLELWHG KLJKO\ VLPLODU LPDJH�E\�LPDJH EHKDYLRU �U  ����� S  ���� [

������ )LJ� �G� DQG WKDW� UHPDUNDEO\� PDFDTXHV ZHUH RQO\ VOLJKWO\ PRUH KXPDQ�OLNH WKDQ ZHUH

PDUPRVHWV �PDFDTXH�KXPDQ U  ����� PDUPRVHW�KXPDQ U  ����� GHSHQGHQW WHVW RI FRUUHODWLRQ

FRHIILFLHQWV����W���  �������S� ��������

+RZHYHU� VRPH GHWDLOV RI H[SHULPHQWDO GHVLJQ LQ WKH SUHYLRXV ZRUN GLIIHUHG IURP RXUV �H�J�� ZKHWKHU

REMHFWV ZHUH LQWHUOHDYHG ZLWKLQ RU DFURVV VHVVLRQV� VHH 0HWKRGV IRU GHWDLOV�� ZKLFK UDLVHV WKH

SRVVLELOLW\ WKDW ZH PD\ KDYH XQGHUHVWLPDWHG WKH PDFDTXH�KXPDQ VLPLODULW\ UHODWLYH WR WKH

PDUPRVHW�KXPDQ VLPLODULW\� GHVSLWH WKH XVH RI LGHQWLFDO LPDJHV DFURVV DOO WKUHH VSHFLHV� ,W VHHPV

XQOLNHO\ WKDW WKHVH GLIIHUHQFHV ZHUH SDUWLFXODUO\ FRQVHTXHQWLDO IRU WKH LPDJH SHUIRUPDQFH VLJQDWXUHV�

+XPDQ VLJQDWXUHV FROOHFWHG DFURVV WKH WZR VHWWLQJV ZHUH KLJKO\ FRUUHODWHG �U  ����� S  ���� [ ��������

0RUHRYHU� WKH PDFDTXH�KXPDQ VLPLODULW\ UHSRUWHG LQ WKH SUHYLRXV ZRUN� ZKHQ PDFDTXHV DQG KXPDQV

ZHUH LQ PRUH VLPLODU WDVN VHWWLQJV� ZDV KLJKO\ VLPLODU WR ZKDW ZH HVWLPDWHG KHUH DFURVV WDVN VHWWLQJV

�SUHYLRXV ZRUN��� PDFDTXH�KXPDQ U  ����� KHUH� U  ������ 7KH LPDJH SHUIRUPDQFH VLJQDWXUHV

WKHUHIRUH DSSHDUHG WR EH SULPDULO\ GHWHUPLQHG E\ WKH SHUFHSWXDO FKDOOHQJH RI FRUH EDVLF�OHYHO REMHFW

UHFRJQLWLRQ� ZKLFK ZDV FRPPRQ DFURVV H[SHULPHQWDO VHWWLQJV LQ PDFDTXHV� PDUPRVHWV� DQG KXPDQV�

7DNHQ WRJHWKHU� WKHVH UHVXOWV GHPRQVWUDWH KRZ VWULNLQJO\ VLPLODU PDUPRVHW KLJK�OHYHO YLVXDO EHKDYLRU

LV�WR�WKDW�RI�KXPDQV�

'RHV WKLV VLPLODU LPDJH�E\�LPDJH SHUIRUPDQFH DFURVV YLVXDO V\VWHPV RI WZR SULPDWH VSHFLHV UHYHDO

FRPPRQ SURFHVVLQJ VWUDWHJLHV IRU WKRVH WZR V\VWHPV" 2U PLJKW WKH\ LQVWHDG UHIOHFW VRPHWKLQJ DERXW

WKH LPDJHV²H�J�� PLJKW VRPH LPDJHV VLPSO\ EH LQWULQVLFDOO\ PRUH GLIILFXOW WKDQ RWKHUV" ,I WKH ODWWHU

ZHUH WKH FDVH� WKHQ DQ\ KLJK�SHUIRUPLQJ YLVXDO V\VWHP ZRXOG H[KLELW VLPLODU LPDJH�E\�LPDJH

SHUIRUPDQFH��� 7R WHVW WKLV SRVVLELOLW\� ZH HYDOXDWHG WKH SHUIRUPDQFH FKDUDFWHULVWLFV RI

KLJK�SHUIRUPLQJ DUWLILFLDO QHXUDO QHWZRUNV� :H IRXQG WKDW WKHVH QHWZRUNV SHUIRUPHG WKLV WDVN DV ZHOO

DV PDUPRVHWV EXW QRQHWKHOHVV H[KLELWHG LPDJH�E\�LPDJH SHUIRUPDQFH WKDW ZDV VXEVWDQWLDOO\ OHVV
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KXPDQ�OLNH WKDQ PDUPRVHWV¶ SHUIRUPDQFH �)LJ� �H� 6XSS� )LJ� � DQG �� $OH[1HW���KXPDQV U  �����

GHSHQGHQW WHVW RI FRUUHODWLRQ FRHIILFLHQWV W���  ����� S  ���� [ ������ VHH 0HWKRGV IRU GHWDLOV�� 7KLV

UHVXOW GRYHWDLOV ZLWK SULRU ZRUN VKRZLQJ D JDS EHWZHHQ PRGHOV DQG KXPDQV��� VXJJHVWLQJ WKDW WKH

VLPLODULW\ EHWZHHQ PDUPRVHW DQG KXPDQ EHKDYLRU LV QRW D WULYLDO FRQVHTXHQFH RI KLJK WDVN

SHUIRUPDQFH� EXW LQVWHDG PD\ UHIOHFW D FRQVHTXHQFH RI FRPPRQ RUJDQL]DWLRQDO SULQFLSOHV DFURVV WKH

EUDLQV�RI�WKH�WZR�VSHFLHV�

'LVFXVVLRQ
7R GLVVRFLDWH WKH UHODWLYH FRQWULEXWLRQ RI EUDLQ VL]H DQG EUDLQ RUJDQL]DWLRQ WR KLJK�OHYHO YLVXDO DELOLWLHV�

ZH WRRN DGYDQWDJH RI WKH QDWXUDO H[SHULPHQW RI WKH PDUPRVHW PRQNH\� ZKLFK KDV D VPDOO EUDLQ \HW

PDQ\ FRUWLFDO DUHDV� :H FRQGXFWHG ODUJH�VFDOH� FURVV�VSHFLHV SV\FKRSK\VLFV FRPSDULQJ WKH YLVXDO

EHKDYLRU RI PDUPRVHWV ZLWK WKDW RI UDWV� PDFDTXHV� DQG KXPDQV RQ LGHQWLFDO VWLPXOL DQG WDVNV� :H

IRXQG WKDW PDUPRVHWV GUDPDWLFDOO\ RXW�SHUIRUPHG WKH URGHQWV²ZKLOH UDWV ZHUH VXEVWDQWLDOO\ DIIHFWHG

E\ REMHFW VL]H DQG SRVH� PDUPRVHWV ZHUH VLPSO\ LQYDULDQW� :H WKHQ FRPSDUHG PDUPRVHWV WR D

SULPDWH ZLWK D EUDLQ WZR�KXQGUHGV WLPHV WKH VL]H� KXPDQV� 2Q DQ LQYDULDQW REMHFW UHFRJQLWLRQ WDVN WKDW

FKDOOHQJHV KXPDQV DQG PDFKLQH YLVLRQ V\VWHPV� PDUPRVHWV DFKLHYHG KLJK SHUIRUPDQFH�

5HPDUNDEO\� PDUPRVHWV¶ ILQH�JUDLQHG� LPDJH�E\�LPDJH SHUIRUPDQFH VLJQDWXUH DFURVV KXQGUHGV RI

LPDJHV FORVHO\ PLUURUHG WKRVH RI KXPDQV²LQGHHG� PDUPRVHWV ZHUH QHDUO\ DV KXPDQ�OLNH DV ZHUH

PDFDTXHV� 7KHVH UHVXOWV VKRZ WKDW WKH VPDOO PDUPRVHW PRQNH\ H[KLELWV FRPSXWDWLRQDOO\ FKDOOHQJLQJ

KLJK�OHYHO SHUFHSWXDO DELOLWLHV� VKRZLQJ WKDW EUDLQ RUJDQL]DWLRQ� QRW VL]H DORQH� SOD\V D NH\ UROH LQ

VXSSRUWLQJ�VRSKLVWLFDWHG�DELOLWLHV�

+LJK�OHYHO�YLVLRQ�DV�D�WHVW�GRPDLQ�IRU�VL]H�YHUVXV�RUJDQL]DWLRQ
2QH SRWHQWLDO FRQFHUQ ZLWK XVLQJ D YLVXDO WDVN LV WKDW VLPLDQ SULPDWHV� VXFK DV PDUPRVHWV� KXPDQV�

DQG PDFDTXHV� KDYH SHULSKHUDO DGDSWDWLRQV WKDW LQFUHDVH WKH ILGHOLW\ RI WKH YLVXDO VHQVRUV²H�J�� D

KLJK�DFXLW\ IRYHD ZLWK PLQLPDO UHWLQDO VXPPDWLRQ��� +RZHYHU� WKH QHXURSK\VLRORJ\ VXSSRUWLQJ

KLJK�OHYHO YLVXDO EHKDYLRUV LV ZHOO HVWDEOLVKHG� PDQ\ VWDJHV RI FRUWLFDO SURFHVVLQJ DUH UHTXLUHG WR

DFKLHYH KLJK SHUIRUPDQFH RQ WKLV WDVN��±��� DQG VXFK SHUIRUPDQFH FDQQRW EH VXSSRUWHG E\ HYHQ

FRPSOH[ PLG�OHYHO FRUWLFDO DUHDV������ 7KXV� LQFUHDVHG VHQVRU\ SUHFLVLRQ LQ WKH SHULSKHU\ LV� E\ LWVHOI�

LQVXIILFLHQW WR DFFRXQW IRU PDUPRVHWV¶ KLJK SHUIRUPDQFH� ZKLFK GHSHQGV RQ FHQWUDO FRUWLFDO

SURFHVVLQJ�

,QGHHG� KLJK�OHYHO YLVLRQ ZDV DQ DSSHDOLQJ WHVW GRPDLQ SUHFLVHO\ EHFDXVH WKH XQGHUO\LQJ

QHXURVFLHQFH LV UHODWLYHO\ DGYDQFHG� 3UHYLRXV ZRUN PDGH FOHDU WKDW PDUPRVHW EUDLQV H[KLELW

DQDWRPLFDO IHDWXUHV WKRXJKW WR EH LPSRUWDQW IRU WKHVH NLQGV RI KLJK�OHYHO YLVXDO EHKDYLRUV� LQFOXGLQJ DQ
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HODERUDWLRQ RI PDQ\ YLVXDO DUHDV� RUJDQL]HG KLHUDUFKLFDOO\������ 'HVSLWH WKHVH RUJDQL]DWLRQDO SURSHUWLHV�

LW ZDV QRW REYLRXV WKDW PDUPRVHWV ZRXOG FORVH WKH EUDLQ VL]H JDS DQG EH DEOH WR H[KLELW KXPDQ�OLNH

KLJK�OHYHO YLVXDO EHKDYLRUV� DV SUHYLRXV ZRUN KDG RQO\ VKRZQ VLPLODULWLHV IRU UHODWLYHO\ ORZHU�OHYHO

EHKDYLRUV� VXFK DV H\H PRYHPHQWV������ 0RUHRYHU� PDUPRVHWV¶ KLJK�OHYHO DELOLWLHV KDYH EHHQ GRXEWHG

VSHFLILFDOO\ EHFDXVH RI WKHLU VPDOO EUDLQ������ 2XU UHVXOWV UHYHDO WKDW PDUPRVHWV DUH LQGHHG FDSDEOH RI

VRSKLVWLFDWHG� KLJK�OHYHO YLVXDO EHKDYLRU� VXJJHVWLQJ WKDW DVSHFWV RI EUDLQ RUJDQL]DWLRQ DUH LPSRUWDQW

IRU�VXSSRUWLQJ�VRSKLVWLFDWHG�EHKDYLRUV�

&RPSDULQJ�IHZHU�VSHFLHV�ZLWK�JUHDWHU�SUHFLVLRQ
3UHYLRXV WHVWV RI WKH UHODWLRQVKLS EHWZHHQ EUDLQ VL]H DQG EHKDYLRUDO FDSDELOLWLHV RIWHQ VXPPDUL]HG WKH

EHKDYLRU RI DQ DQLPDO ZLWK D VLQJOH QXPEHU �H�J�� PHDQ SHUIRUPDQFH RQ D JLYHQ WDVN��±�� :H WDNH D

GLIIHUHQW DSSURDFK� QDUURZHU LQ WKDW ZH RQO\ H[DPLQH D IHZ VSHFLHV� EXW GHHSHU LQ WKDW ZH TXDQWLI\ WKH

EHKDYLRUDO SKHQRW\SH LQ JUHDW GHWDLO²L�H�� XVLQJ D ����GLPHQVLRQDO EHKDYLRUDO VLJQDWXUH WR FRPSDUH

PDUPRVHWV� KXPDQV� DQG PDFDTXHV� 6XFK KLJKHU GLPHQVLRQDO PHDVXUHV DYRLG UHGXFLQJ WKH

FRPSOH[LWLHV RI DQ DQLPDO¶V HWKRORJ\ WR D VLQJOH QXPEHU� ,Q VR GRLQJ� WKH\ EHWWHU FDSWXUH WKH ULFKQHVV

RI WKH EHKDYLRUDO SKHQRW\SH� DOORZLQJ TXDQWLWDWLYH ULJRU ZLWKRXW VDFULILFLQJ KROLVP RU QXDQFH� 7KH FRVW

RI VXFK KLJKHU�GLPHQVLRQDO FRPSDULVRQV LV WKDW UHOLDEO\ PHDVXULQJ WKHVH VLJQDWXUHV UHTXLUHG

KXQGUHGV RI WKRXVDQGV RI WULDOV� ZKLFK PDGH LW SUDFWLFDO RQO\ WR FRPSDUH D KDQGIXO RI VSHFLHV²DQG

HQFRXUDJHG�WKH�VHOHFWLRQ�RI�VSHFLHV�WKDW�RIIHU�D�QDWXUDO�H[SHULPHQW��OLNH�WKH�PDUPRVHW�

)XWXUH ZRUN FRXOG IXUWKHU FODULI\ WKH UROH RI EUDLQ VL]H DQG RUJDQL]DWLRQ LQ KLJK�OHYHO YLVXDO DELOLWLHV E\

XVLQJ WKH VDPH VWLPXOL DQG WDVNV WR DVVHVV GLXUQDO VSHFLHV WKDW OLNHO\ KDYH IHZHU FRUWLFDO DUHDV WKDQ

WKH PDUPRVHW EXW DUH VLPLODUO\ VPDOO LQ VL]H� VXFK DV OHPXUV RU WUHH VKUHZV� DV ZHOO DV WHVWLQJ

QRQ�SULPDWHV OLNH FDWV� )XWXUH ZRUN FRXOG DOVR PDUU\ VXFK KLJKHU�GLPHQVLRQDO EHKDYLRU SKHQRW\SLQJ

ZLWK KLJKHU�GLPHQVLRQDO QHXUDO SKHQRW\SLQJ WR HVWDEOLVK PRUH QXDQFHG UHODWLRQVKLSV EHWZHHQ EUDLQ

VWUXFWXUH�DQG�EHKDYLRU�

$�QHXUDO�V\VWHP¶V�VL]H��RUJDQL]DWLRQ��DQG�FDSDELOLWLHV
%RWK EUDLQ VL]H DQG RUJDQL]DWLRQ OLNHO\ PDWWHU IRU DQ DQLPDO¶V DELOLWLHV� %UDLQV DUH VWULNLQJO\

PHWDEROLFDOO\ H[SHQVLYH DQG WKHLU VL]H DSSHDUV WR EH FRQVWUDLQHG E\ WKLV H[SHQVH������ &RQVHTXHQWO\�

RUJDQL]LQJ QHXUDO V\VWHPV HIIHFWLYHO\ PD\ EH D QDWXUDO PHDQV WR PDNH WKH PRVW RI D JLYHQ QXPEHU RI

QHXURQV� 0RUHRYHU� WKH UHSRUWHG FRUUHODWLRQV EHWZHHQ EUDLQ VL]H DQG EHKDYLRUDO DELOLWLHV DUH

VRPHZKDW PRGHVW�±�� DQG WKXV OHDYH URRP IRU DGGLWLRQDO H[SODQDWRU\ IDFWRUV� OLNH RUJDQL]DWLRQ� WR

FRQWULEXWH�
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%UDLQ RUJDQL]DWLRQ KDV DOVR EHHQ LQYRNHG WR DFFRXQW IRU WKH DELOLWLHV RI RWKHU DQLPDOV� VXFK DV ELUGV�

'HVSLWH WKHLU VPDOO EUDLQV� ELUGV FDQ H[KLELW VRSKLVWLFDWHG EHKDYLRU������ ZKLFK KDV EHHQ VXJJHVWHG WR

UHVXOW IURP WKH VKHHU QXPEHU RI QHXURQV GHQVHO\ SDFNHG LQWR WKHLU IRUHEUDLQ�� 5HFHQW ZRUN� KRZHYHU�

KDV DOVR VXJJHVWHG WKDW WKH SDOOLXP� D SDUW RI WKHLU IRUHEUDLQ� LV RUJDQL]HG LQ D UDWKHU VRSKLVWLFDWHG

ZD\� H[KLELWLQJ D FRUWH[�OLNH PLFURDUFKLWHFWXUH�� DQG IROORZLQJ LQIRUPDWLRQ SURFHVVLQJ SULQFLSOHV VLPLODU

WR WKRVH REVHUYHG LQ FRUWH[��� 7KHVH VLPLODULWLHV DUH DW D GLIIHUHQW VFDOH WKDQ ZKDW ZH IRFXV RQ KHUH

�PLFURDUFKLWHFWXUH UDWKHU WKDQ PHVRDUFKLWHFWXUH�� EXW QRQHWKHOHVV DUH FRQVLVWHQW ZLWK D UROH RI

RUJDQL]DWLRQ��QRW�VL]H�DORQH��LQ�JHQHUDWLQJ�DQ�RUJDQLVP¶V�VRSKLVWLFDWHG�DELOLWLHV�

:KDW DVSHFWV RI EUDLQ RUJDQL]DWLRQ VXSSRUW PRUH VRSKLVWLFDWHG DELOLWLHV" 7KH RUJDQL]DWLRQ RI WKH

PDUPRVHWV¶ YHQWUDO YLVXDO VWUHDP VXJJHVWV� DPRQJ RWKHUV� WZR GLVWLQFW IDFWRUV� D JUHDWHU GHJUHH RI

PRGXODULW\ �L�H�� JUHDWHU QXPEHU RI DUHDV� DQG WKH RUJDQL]DWLRQ RI WKRVH DUHDV LQWR D KLHUDUFK\�

$UHDOL]DWLRQ PD\ EH EHQHILFLDO DV LW PD\ DOORZ IRU JUHDWHU GLYLVLRQ RI ODERU� ZLWK GLIIHUHQW DUHDV

VSHFLDOL]LQJ LQ GLIIHUHQW IXQFWLRQV��� 0HDQZKLOH� D GHHSHU KLHUDUFK\ PD\ SURYLGH JUHDWHU

HIILFLHQF\²LQGHHG� WKHRUHWLFDO ZRUN DURXQG WKH UHQDLVVDQFH LQ DUWLILFLDO QHXUDO QHWZRUNV KDV VKRZQ

WKDW GHHSHU KLHUDUFKLHV PD\ UHGXFH WKH QXPEHU RI QHXURQV UHTXLUHG WR VXSSRUW D JLYHQ WDVN DQG WKH

DPRXQW RI GDWD QHHGHG WR OHDUQ������ (YHQ LQ LQYHUWHEUDWHV VXFK DV LQVHFWV� WKHVH WZR IDFWRUV�

PRGXODULW\ DQG KLHUDUFK\� KDYH EHHQ K\SRWKHVL]HG WR DFFRXQW IRU FRPSDUDWLYHO\ VRSKLVWLFDWHG PRWRU�

VRFLDO� DQG FRJQLWLRQ DELOLWLHV��� )XWXUH FRPSDUDWLYH ZRUN DFURVV VSHFLHV DQG DQDWRPLFDO

FKDUDFWHUL]DWLRQ RI WKHLU PHVRDUFKLWHFWXUH DQG PLFURDUFKLWHFWXUH FDQ IXUWKHU FODULI\ WKH UHODWLRQVKLS

EHWZHHQ EUDLQ RUJDQL]DWLRQ DQG EHKDYLRUDO DELOLW\ DQG� LQ GRLQJ VR� KHOS HOXFLGDWH ZKDW SURSHUWLHV RI

RUJDQL]DWLRQ�VXSSRUW�ULFK�DELOLWLHV�
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0HWKRGV

6XEMHFWV
)LYH FRPPRQ PDUPRVHWV �&DOOLWKUL[ MDFFKXV� DQG VHYHQ KXPDQV SDUWLFLSDWHG LQ RXU H[SHULPHQWV� 7KH

ILYH DXWKRUV ZHUH DPRQJ WKH KXPDQ SDUWLFLSDQWV� 7KH KXPDQ GDWD ZHUH FROOHFWHG LQ DFFRUGDQFH ZLWK

WKH ,QVWLWXWLRQDO 5HYLHZ %RDUG RI &ROXPELD 8QLYHUVLW\ 0HGLFDO &HQWHU� DQG WKH PDUPRVHW GDWD ZHUH

FROOHFWHG LQ DFFRUGDQFH ZLWK WKH 1,+ JXLGHOLQHV DQG DSSURYHG E\ WKH &ROXPELD 8QLYHUVLW\ ,QVWLWXWLRQDO

$QLPDO &DUH DQG 8VH &RPPLWWHH �,$&8&�� :H DOVR XVHG GDWD IURP WZR SUHYLRXVO\ SXEOLVKHG

VWXGLHV����� IURP ILYH PDFDTXHV� ����� KXPDQV� DQG VL[ UDWV� 7KHVH GDWD ZHUH FROOHFWHG LQ DFFRUGDQFH

ZLWK 1,+ JXLGHOLQHV� WKH 0DVVDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\ &RPPLWWHH RQ $QLPDO &DUH� 7KH

0DVVDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\ &RPPLWWHH RQ WKH 8VH RI +XPDQV DV ([SHULPHQWDO 6XEMHFWV

�&28+(6���DQG�WKH�+DUYDUG�,QVWLWXWLRQDO�$QLPDO�&DUH�DQG�8VH�&RPPLWWHH�

7ZR�ZD\�VWLPXOXV�UHVSRQVH�WDVN
0DUPRVHW� KXPDQ� DQG PDFDTXH SHUIRUPDQFH ZDV PHDVXUHG RQ WKH LGHQWLFDO VHW RI LPDJHV �VDPH

REMHFW� SRVH� SRVLWLRQ� VFDOH� DQG EDFNJURXQG�� 6HH 6XSSOHPHQWDO )LJXUH � IRU WKHVH ��� LPDJHV�

+XPDQV� PDFDTXHV� DQG PDUPRVHWV LQLWLDWHG HDFK WULDO E\ WRXFKLQJ D GRW DW WKH FHQWHU RI WKH VFUHHQ�

$ VDPSOH LPDJH ZDV WKHQ IODVKHG �IRU PDUPRVHWV ��� PVHF DQG IRU KXPDQV �� PVHF� ZH YDULHG

SUHVHQWDWLRQ GXUDWLRQ WR LQGXFH D VXIILFLHQW QXPEHU RI HUURUV WR \LHOG UHOLDEOH KXPDQ LPDJH�E\�LPDJH

SHUIRUPDQFH VFRUHV� WKH PDFDTXH GDWD WKDW ZDV FROOHFWHG LQ SUHYLRXV ZRUN SUHVHQWHG LPDJHV IRU ���

PVHF�� $IWHU WKH LPDJH GLVDSSHDUHG� WZR H[DPSOH WRNHQ LPDJHV ZHUH SUHVHQWHG �L�H�� RI WKH REMHFW RQ

D JUD\ EDFNJURXQG DW D FDQRQLFDO YLHZLQJ DQJOH�� DQG WKH VXEMHFW KDG WR WRXFK ZKLFK RI WZR LPDJHV

ZDV LQ WKH SUHFHGLQJ VDPSOH LPDJH� :H XVHG D WZR�DOWHUQDWLYH IRUFHG�FKRLFH VWLPXOXV�UHVSRQVH

SDUDGLJP²IRU D JLYHQ WDVN VHVVLRQ� ZKHWKHU IRU PDUPRVHW RU KXPDQ� RQO\ D SDLU RI REMHFWV ZDV WHVWHG

�H�J�� RQH GD\ ZRXOG EH FDPHO�ZUHQFK� DQRWKHU ZRXOG EH ZUHQFK�OHJ�� 7KLV ZDV YDULHG DFURVV

VHVVLRQV VR WKDW LPDJHV RI D JLYHQ REMHFW ZHUH WHVWHG LQ DOO SRVVLEOH WZR�ZD\ WDVN VHWWLQJV �H�J��

FDPHO YV� UKLQR� FDPHO YV� ZUHQFK� DQG FDPHO YV� OHJ�� )RU D JLYHQ EHKDYLRUDO VHVVLRQ� HDFK REMHFW

ZDV FRQVLVWHQWO\ RQ WKH VDPH VLGH RI WKH GHFLVLRQ VFUHHQ �H�J�� FDPHO ZRXOG DOZD\V EH RQ OHIW DQG

ZUHQFK DOZD\V RQ ULJKW�� 2QH PRWLYDWLRQ IRU XVLQJ WKLV NLQG RI WZR�ZD\ VWLPXOXV�UHVSRQVH GHVLJQ LV

WKDW LW UHGXFHV WKH ZRUNLQJ PHPRU\ GHPDQGV RQ WKH SDUWLFLSDQW� $V VRRQ DV WKH SDUWLFLSDQW UHFRJQL]HV

ZKDW LV LQ WKH LPDJH� WKH\ FDQ SODQ WKHLU PRWRU DFWLRQ� ,Q SDUW EHFDXVH RI WKLV VLPSOLFLW\� WKH WZR�ZD\

VWLPXOXV UHVSRQVH SDUDGLJP LV EURDGO\ XVHG DFURVV WKH QHXURVFLHQFHV� LQFOXGLQJ LQ URGHQWV��� DQG LW

WKHUHIRUH DOORZV EHKDYLRUDO EHQFKPDUNLQJ IRU FRPSDUDWLYH VWXGLHV DFURVV DQ DUUD\ RI FDQGLGDWH PRGHO

VSHFLHV� 0RUHRYHU� DV UHSRUWHG LQ WKH PDLQ WH[W� ZH IRXQG WKDW WKH SDWWHUQ RI LPDJH�E\�LPDJH HUURUV

ZDV KLJKO\ VLPLODU DFURVV KXPDQV ZKR SHUIRUPHG WKH WZR�ZD\ VWLPXOXV�UHVSRQVH GHVLJQ DQG WKRVH
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WKDW SHUIRUPHG WKH PDWFK�WR�VDPSOH GHVLJQ �WKH ODWWHU RI ZKLFK ZDV FROOHFWHG LQ WKH SUHYLRXV ZRUN�� LQ

ZKLFK SDLU�ZLVH LPDJH GLVFULPLQDWLRQV ZHUH LQWHUOHDYHG ZLWKLQ D VHVVLRQ UDWKHU WKDQ DFURVV VHVVLRQV �U

 ����� WKLV IXOO\�LQWHUOHDYHG PDWFK�WR�VDPSOH GHVLJQ ZDV XVHG LQ WKH SUHYLRXV ZRUN ZLWK WKH

PDFDTXHV�� 7KH VLPLODULW\ RI WKHVH VLJQDWXUHV DFURVV H[SHULPHQWDO GHVLJQV VXJJHVWV WKDW ZKHQ

FRPSDULQJ PRGHO V\VWHPV RQ SXUHO\ SHUFHSWXDO JURXQGV� D VLPSOLILHG� WZR�DOWHUQDWLYH

VWLPXOXV�UHVSRQVH WDVN FDQ VHUYH DV D XQLYHUVDO PHWKRG IRU FRPSDUDWLYH VWXGLHV DFURVV

DQLPDOV²HYHQ�WKRVH�ZKHUH�D�FKDOOHQJLQJ�PDWFK�WR�VDPSOH�WDVN�GHVLJQ�PD\�EH�GLIILFXOW�WR�HPSOR\�

)RU WKH URGHQW WDVN� WKH GHVLJQ ZDV VLPLODU WR WKDW RI WKH FRUH UHFRJQLWLRQ WDVN� EXW VDPSOH VWLPXOL ZHUH

QRW IODVKHG DQG ZHUH LQVWHDG SUHVHQW RQ WKH VFUHHQ XQWLO WKH VXEMHFW PDGH WKHLU FKRLFH� :H XVHG WKLV

GHVLJQ EHFDXVH LW PLPLFNHG =RFFRODQ DQG FROOHDJXHV¶ VWXG\��� ,QVWHDG RI UHTXLULQJ WKH PDUPRVHWV WR

XVH D QRVH�SRNH LQWR WZR SRUWV� ZH KDG WKH PDUPRVHWV WRXFK RQH RI WZR ZKLWH FLUFOHV RQ�VFUHHQ� RQH

RQ WKH OHIW DQG RQH RQ WKH ULJKW� WR LQGLFDWH WKHLU FKRLFH� :H XVHG ZKLWH FLUFOHV UDWKHU WKDQ WRNHQ

LPDJHV WR DYRLG DOORZLQJ WKH PDUPRVHWV WR HPSOR\ D SL[HO�PDWFKLQJ VWUDWHJ\ ZLWK WKH LPDJH RQ WKH

VFUHHQ�

6WLPXOL
)RU WKH FRUH REMHFW UHFRJQLWLRQ WDVN LQ PDUPRVHWV� ZH XVHG D VXEVHW RI LPDJHV IURP D SUHYLRXV VWXG\

LQ PDFDTXHV �VHH 6XSSOHPHQWDO )LJXUH � IRU DOO ��� LPDJHV�� :H EULHIO\ GHVFULEH WKH LPDJH

JHQHUDWLRQ SURFHVV EHORZ� EXW VHH 5DMDOLQJKDP HW DO�� ���� IRU PRUH GHWDLOV��� 7KHVH VWLPXOL ZHUH

GHVLJQHG WR H[DPLQH EDVLF�OHYHO��� FRUH REMHFW UHFRJQLWLRQ� 7KH\ ZHUH V\QWKHWLFDOO\ JHQHUDWHG�

QDWXUDOLVWLF LPDJHV RI IRXU REMHFWV �FDPHO� ZUHQFK� UKLQR� DQG OHJ� GLVSOD\HG RQ D UDQGRPO\ FKRVHQ

QDWXUDO LPDJH EDFNJURXQG� 7KH IRXU REMHFWV ZHUH D UDQGRPO\ VHOHFWHG VXEVHW RI WKH WZHQW\�IRXU XVHG

LQ WKH SUHYLRXV ZRUN� 7KH VSDWLDO �[�\� SRVLWLRQ RI WKH FHQWHU RI WKH REMHFW� WKH WZR DQJOHV

SDUDPHWHUL]LQJ LWV SRVH �L�H�� �G URWDWLRQ�� DQG WKH YLHZLQJ GLVWDQFH �L�H�� VFDOH� ZHUH UDQGRPO\

VHOHFWHG IRU HDFK LPDJH� 6WLPXOL ZHUH GHVLJQHG WR KDYH D KLJK GHJUHH RI YDULDWLRQ� ZLWK GLVSDUDWH

YLHZLQJ SDUDPHWHUV DQG UDQGRPL]HG QDWXUDO LPDJH EDFNJURXQGV� LQ DQ HIIRUW WR FDSWXUH NH\ DVSHFWV RI

WKH FKDOOHQJH RI LQYDULDQW REMHFW UHFRJQLWLRQ� DQG WR UHPRYH SRWHQWLDO ORZ OHYHO FRQIRXQGV WKDW PD\

HQDEOH�D�VLPSOHU�YLVXDO�V\VWHP��HLWKHU�ELRORJLFDO�RU�DUWLILFLDO��WR�DFKLHYH�KLJK�SHUIRUPDQFH���

,Q DGGLWLRQ WR WKLV PDLQ VHW RI ��� WHVW LPDJHV ���� IRU HDFK REMHFW�� ZH HPSOR\HG IRXU DGGLWLRQDO VHWV

RI LPDJHV LQ WUDLQLQJ WKH PDUPRVHWV WR GR WKH WDVN �IRU WUDLQLQJ GHWDLOV� VHH ³0DUPRVHW WUDLQLQJ

SURFHGXUH´ EHORZ�� 7KH ILUVW FRQVLVWHG RI D VLQJOH WRNHQ LPDJH� WKH REMHFW UHQGHUHG DW WKH FHQWHU RI D

JUD\ EDFNJURXQG LQ D UHODWLYHO\ FDQRQLFDO SRVH �H�J�� VLGH YLHZ RI DQ XSULJKW FDPHO�� 7KH VHFRQG VHW

FRQVLVWHG RI ��� LPDJHV RI HDFK REMHFW DW UDQGRP SRVHV� SRVLWLRQV� DQG VFDOHV� DOO RQ D XQLIRUP� JUD\

EDFNJURXQG� 7KH WKLUG VHW FRQVLVWHG RI D GLIIHUHQW VDPSOH RI LPDJHV WKDW ZHUH GUDZQ IURP WKH VDPH
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GLVWULEXWLRQ RI JHQHUDWLYH SDUDPHWHUV DV RXU ��� WHVW LPDJHV �L�H�� YDULDWLRQ LQ SRVH� SRVLWLRQ� DQG

VFDOH RQ UDQGRPO\ VHOHFWHG QDWXUDO EDFNJURXQGV�� 7R DVVHVV WKH JHQHUDOLW\ RI RXU LPDJH�E\�LPDJH

SHUIRUPDQFH VFRUHV� ZH FROOHFWHG PDUPRVHW EHKDYLRU WR WKH WHVW LPDJHV DW WZR GLIIHUHQW VL]HV�

0DUPRVHW SRVLWLRQ DQG GLVWDQFH IURP WKH YLHZLQJ VFUHHQ ZDV QRW VWULFWO\ FRQWUROOHG EXW ZDV

QRQHWKHOHVV UHODWLYHO\ VWHUHRW\SHG �VHH ³+RPHFDJH WHVWLQJ ER[HV´ EHORZ�� DQG WKH WZR LPDJH VL]HV

VXEWHQGHG a��� DQG a��� RI YLVXDO DQJOH� )RU KXPDQV� ZH FROOHFWHG D VLQJOH LPDJH VL]H� +XPDQV

ZHUH QRW FRQVWUDLQHG LQ KRZ WKH\ KHOG WKH WDEOHWV RQ ZKLFK WKH LPDJHV ZHUH GLVSOD\HG� DQG WKLV LPDJH

VL]H�VXEWHQGHG�a������RI�YLVXDO�DQJOH��GHSHQGLQJ�RQ�KRZ�WKH�WDEOHW�ZDV�KHOG�

)RU FRPSDULQJ PDUPRVHWV WR URGHQWV� LGHQWLFDO LPDJHV ZHUH XVHG DV LQ D SULRU VWXG\ LQ UDWV� VHH )LJ�

�D IRU DOO LPDJHV� DQG VHH =RFFRODQ HW DO�� ���� IRU PRUH GHWDLOV��� ,Q EULHI� WKHVH VWLPXOL ZHUH RI RQH RI

WZR V\QWKHWLF� DUWLILFLDO REMHFWV� ZKLFK ZHUH UHQGHUHG DW WKH FHQWHU RI WKH VFUHHQ RQ D XQLIRUP EODFN

EDFNJURXQG� 2EMHFWV ZHUH UHQGHUHG DW RQH RI QLQH GLIIHUHQW D]LPXWKDO URWDWLRQV ����� WR ����� LQ VWHSV

RI ���� DQG RQH RI VL[ GLIIHUHQW VFDOHV� VSDQQLQJ a��� RFWDYHV RI VL]H �IURP ���[ WR ���[ WKH VL]H RI D

WHPSODWH� IRU PDUPRVHWV� ���[ VXEWHQGHG a�� GHJUHHV YLVXDO DQJOH�� 5RWDWLRQV DQG VFDOHV ZHUH IXOO\

FURVVHG�IRU�HDFK�REMHFW�WR�\LHOG�D�WRWDO�RI�����LPDJHV����URWDWLRQV�[���VFDOHV�[���REMHFWV��

:HE�EDVHG��KRPHFDJH�EHKDYLRUDO�WUDLQLQJ�V\VWHP
,Q SDUW LQVSLUHG E\ WKH KLJK�WKURXJKSXW EHKDYLRUDO V\VWHPV XVHG LQ VRPH URGHQW ZRUN������ ZH

GHYHORSHG�D�V\VWHP�ZKHUH�EHKDYLRU�ZRXOG�EH�FROOHFWHG�LQ�SDUDOOHO�IURP�D�ODUJH�QXPEHU�RI�DQLPDOV�

:HE�EDVHG EHKDYLRUDO SODWIRUP� :H GHYHORSHG WKH 0N7XUN ZHE�EDVHG SODWIRUP �PNWXUN�FRP� WR

FROOHFW WKH GDWD RQ PRELOH GHYLFHV �L�H�� WDEOHWV� WKDW FRXOG EH GHSOR\HG DQ\ZKHUH� :H RSWHG IRU D

ZHE�EDVHG V\VWHP IRU D YDULHW\ RI UHDVRQV� )LUVW� 0N7XUN MXVW QHHGV D ZHE EURZVHU WR UXQ� DQG DV D

UHVXOW WKH VHWXS DQG LQVWDOODWLRQ DFURVV WDEOHWV LV UHODWLYHO\ ORZ FRVW� ERWK LQ WHUPV RI WKH UHVHDUFKHU¶V

WLPH DV ZHOO DV PRQH\� DV FRQVXPHU WRXFKVFUHHQ WDEOHWV DUH RIWHQ FKHDSHU WKDQ PRUH WUDGLWLRQDO

EHKDYLRUDO ULJV� 6HFRQG� VXFK D V\VWHP PDGH LW UHODWLYHO\ WXUQNH\ WR HYDOXDWH KXPDQV DQG PDUPRVHWV

LQ DV VLPLODU HQYLURQPHQW DV SRVVLEOH²ZH VLPSO\ GLVWULEXWHG WKH VDPH WDEOHWV WR KXPDQV� ZKR

SHUIRUPHG WKH WRXFKVFUHHQ WDVNV MXVW DV PDUPRVHWV GLG� 7KLUG� EHLQJ EDVHG RQ WKH ZHE QDWXUDOO\

HQDEOHV UHDO�WLPH VWUHDPLQJ RI WKH DQLPDOV¶ SHUIRUPDQFH WR DXWRPDWLF DQDO\VLV SLSHOLQHV LQ WKH FORXG�

ZKLFK DOORZV VHDPOHVV PRQLWRULQJ RI WKH DQLPDOV RQ DQ\ GHYLFH WKDW FDQ DFFHVV WKDW ZHE �H�J�� D

UHVHDUFKHU¶V VPDUWSKRQH�� $V D UHVXOW� PRQLWRULQJ DQLPDO SHUIRUPDQFH DQG WURXEOHVKRRWLQJ LVVXHV LQ

UHDO�WLPH LV PRUH VWUDLJKWIRUZDUG� 0RUHRYHU� VLQFH WDVN SDUDPHWHUV DUH SDVVHG IURP WKH FORXG WR WKH

WDEOHWV LQ UHDO WLPH� WDVN SDUDPHWHUV FDQ EH DGMXVWHG RQ WKH IO\ UHPRWHO\� ZKLFK ZDV SDUWLFXODUO\ KHOSIXO

GXULQJ�WUDLQLQJ�RI�PDQ\�VXEMHFWV�LQ�SDUDOOHO�
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)RU H[WHUQDO KDUGZDUH� ZH OHYHUDJHG WKH RSHQ�VRXUFH $UGXLQR SODWIRUP �$UGXLQR /HRQDUGR� FRXSOHG WR

D ORZ�SRZHU SLH]RHOHFWULF GLDSKUDJP SXPS IRU IOXLG GHOLYHU\ �7DNDVDJR )OXLGLF 6\VWHPV� DQG 5),'

UHDGHU IRU LQGLYLGXDO DQLPDO LGHQWLILFDWLRQ �,' ,QQRYDWLRQV�� DOO SRZHUHG E\ D VLQJOH �9 86% EDWWHU\

SDFN� 7KXV� RXU V\VWHP PD\ QRW EH DV SRZHUIXO DV VRPH WUDGLWLRQDO� IXOO\�HTXLSSHG H[SHULPHQWDO ULJV�

EXW RXU EHKDYLRU ER[ ZDV KLJKO\ RSWLPL]HG IRU 6:D3�& �VL]H� a� IW�� ZHLJKW� a�� OEV� SRZHU� a�:� DQG

FRVW������������

0DUPRVHW KRPHFDJH EHKDYLRU FROOHFWLRQ� 0DUPRVHWV ZHUH WHVWHG LQ DQ �´ [ �´ [ ��´ �ZLGWK [ KHLJKW
[ GHSWK� PRGLILHG QHVW ER[ WKDW ZDV DWWDFKHG WR WKHLU KRXVLQJ XQLW� 7KH\ ZHUH JUDQWHG DFFHVV WR WKLV

ER[ WKUHH KRXUV D GD\� 0DUPRVHWV FRXOG PRYH IUHHO\ LQ DQG RXW RI WKH WHVWLQJ ER[ IRU DG OLELWXP DFFHVV

WR IRRG GXULQJ WKH WKUHH KRXUV� DQG LQ VRPH LQVWDQFHV ZKHUH 5),' ZDV HPSOR\HG IRU DXWRPDWHG

LGHQWLILFDWLRQ� PDUPRVHWV FRXOG HQJDJH ZLWK FDJHPDWHV LQ VRFLDO EHKDYLRU ZKHQ QRW SHUIRUPLQJ WKH

WDVN� 0DUPRVHWV SHUIRUPHG WULDOV RQ WRXFKVFUHHQ WDEOHWV �*RRJOH 3L[HO &� LQVHUWHG LQWR D YHUWLFDO VORW

LQ WKH UHDU RI WKH QHVW ER[� 2QFH LQ WKH QHVW ER[� PDUPRVHW ERG\ DQG KHDG SRVLWLRQ ZHUH QRW VWULFWO\

FRQWUROOHG �H�J�� YLD FKDLULQJ RU KHDG�IL[LQJ�� EXW PDUPRVHWV ZHUH HQFRXUDJHG LQWR D UHODWLYHO\

VWHUHRW\SHG SRVLWLRQ LQ D IHZ ZD\V� )LUVW� WKH ER[HV ZHUH DXJPHQWHG ZLWK GLYLGHUV RQ ERWK WKH OHIW DQG

ULJKW VLGHV WR UHVWULFW GHJUHHV RI ODWHUDO IUHHGRP ZKLOH PDUPRVHWV ZHUH SHUIRUPLQJ WKH WDVN� 6HFRQG�

DFFHVV WR WKH WRXFK VFUHHQ ZDV RQO\ DYDLODEOH WKURXJK D VPDOO ����´ E\ ���´� DUPKROH LQ WKH IURQW

SOH[LJODVV EDUULHU� 7KLUG� D PHWDO UHZDUG WXEH ZDV HPEHGGHG LQ WKH IURQW SOH[LJODVV EDUULHU DQG

SRVLWLRQHG DW WKH FHQWHU RI WKH VFUHHQ� *LYHQ WKDW PDUPRVHWV WHQGHG WR SHUIRUP ZHOO� WKH\ UHFHLYHG

UHJXODU UHZDUGV RI GLOXWHG VZHHWHQHG FRQGHQVHG PLON YLD WKLV WXEH �� SDUW PLON � � SDUWV ZDWHU�� DQG

WKH\ WHQGHG WR SRVLWLRQ WKHPVHOYHV DW WKLV WXEH FRQVLVWHQWO\� \LHOGLQJ D UHODWLYHO\ VWHUHRW\SHG YLHZLQJ

SRVLWLRQ �H�J�� VHH 6XSSOHPHQWDO 0RYLH ��� %\ FROOHFWLQJ EHKDYLRU IURP DQLPDOV LQ WKHLU KRXVLQJ XQLW LQ

WKH FRORQ\� ZH ZHUH DEOH WR DFTXLUH GDWD IURP DOO PDUPRVHWV VLPXOWDQHRXVO\� ,QGHHG� LQ SDUW EHFDXVH

RI WKLV KLJK�WKURXJKSXW EHKDYLRUDO V\VWHP� ZH ZHUH DEOH WR PHDVXUH SHUIRUPDQFH IRU HDFK RI ���

LPDJHV ZLWK KLJK SUHFLVLRQ E\ FROOHFWLQJ PDQ\ WULDOV SHU LPDJH �WULDO VSOLW�KDOI FRUUHODWLRQ IRU

PDUPRVHW¶V�L�Q��3HDUVRQ¶V�U� �������

+XPDQ EHKDYLRU FROOHFWLRQ� +XPDQ GDWD ZDV FROOHFWHG RQ WKH VDPH WDEOHW KDUGZDUH XVLQJ WKH VDPH
0N7XUN ZHE DSS VRIWZDUH� $V ZLWK WKH PDUPRVHWV� KXPDQV ZHUH DOORZHG WR SHUIRUP WULDOV LQ WKHLU

KRPH HQYLURQPHQWV� 0RUHRYHU� ZH DOVR PHDVXUHG KXPDQ LPDJH�E\�LPDJH SHUIRUPDQFH ZLWK KLJK

SUHFLVLRQ�DQG�UHOLDELOLW\��WULDO�VSOLW�KDOI�FRUUHODWLRQ�IRU�KXPDQ�L�Q��3HDUVRQ¶V�U� �������

0DUPRVHW�WUDLQLQJ�SURFHGXUH
0DUPRVHWV ZHUH WUDLQHG RQ WKH WDVN WKURXJK D VHULHV RI VWDJHV� 7KH ILUVW VWDJH DLPHG WR IDPLOLDUL]H WKH

PDUPRVHWV ZLWK WKH PRWRU PDSSLQJ� ,Q WKLV FDVH WKH VDPSOH LPDJH WKDW ZDV IODVKHG ZDV VLPSO\ RQH RI

��
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WKH WRNHQ LPDJHV� DQG WKXV ZDV WKH VDPH DV WKH LPDJHV XVHG DV EXWWRQV LQ WKH GHFLVLRQ VWDJH� 7KLV

WDVN WKHUHIRUH UHTXLUHG QR YLVXDO SURFHVVLQJ EH\RQG SL[HO�PDWFKLQJ� EXW ZDV KHOSIXO WR IDPLOLDUL]H

PDUPRVHWV ZLWK WKH WDVN SDUDGLJP� ,Q WKH VHFRQG VWDJH� ZH LQWURGXFHG UDQGRP SRVLWLRQ� SRVH DQG

VFDOH� EXW VWLOO SUHVHQWHG WKH LPDJHV RQ SODLQ JUD\ EDFNJURXQGV� DQG WKLV WDVN VHUYHG DV D KHOSIXO

EULGJH EHWZHHQ WKH VLPSOH PRWRU�PDSSLQJ FRPSRQHQW DQG WKH IXOO�VFDOH FRUH REMHFW UHFRJQLWLRQ WDVN

WKDW ZDV WKH JRDO RI RXU WUDLQLQJ� ,Q WKH WKLUG DQG ILQDO WUDLQLQJ VWDJH� PDUPRVHWV ZHUH WUDLQHG RQ WKH

KLJK�YDULDWLRQ LPDJHV ZLWK GLVSDULWLHV LQ SRVLWLRQ� SRVH� DQG VFDOH DQG ZLWK QDWXUDO�LPDJH

EDFNJURXQGV� :KHQ PDUPRVHWV VDWXUDWHG SHUIRUPDQFH RQ WKLV ILQDO VWDJH� ZH VZLWFKHG WKHP WR WHVW

LPDJHV��DQG�ZH�UHSRUW�WKH�EHKDYLRU�IURP�WKHVH�VHSDUDWH�WHVW�LPDJHV�QRW�XVHG�LQ�WKH�WUDLQLQJ�VWDJHV�

%HKDYLRUDO�PHWULF��L�Q
'HILQLWLRQ RI L�Q� 7R FRPSDUH KXPDQ DQG PDUPRVHW FRUH REMHFW UHFRJQLWLRQ� ZH HPSOR\HG DQ

LPDJH�E\�LPDJH PHWULF� WKH L�Q� ZKLFK KDV EHHQ VKRZQ LQ SUHYLRXV ZRUN WR EH KLJKO\ GLVFHUQLQJ

EHWZHHQ YLVXDO V\VWHPV�� DQG D XVHIXO WRRO IRU VHOHFWLQJ EHKDYLRUDOO\ FKDOOHQJLQJ VWLPXOL IRU VWXG\LQJ

QHXUDO SURFHVVLQJ LQ YHQWUDO YLVXDO FRUWH[��� 7KH L�Q PHDVXUHV WKH GLVFULPLQDELOLW\ RI HDFK LPDJH� DQG

LV GHVLJQHG WR EH D PHWULF RI D V\VWHP¶V VHQVLWLYLW\� DV IRUPDOL]HG E\ VLJQDO GHWHFWLRQ WKHRU\� )RU HDFK

LPDJH M��WKH�GLIILFXOW\ 9M LV�GHILQHG�DV�

�

ZKHUH 9 LV D ����OHQJWK YHFWRU� +5M DQG )$5M DUH� UHVSHFWLYHO\� WKH KLW UDWH DQG WKH IDOVH DODUP

UDWH²WKH SURSRUWLRQ RI WULDOV WKDW LPDJH M ZDV FRUUHFWO\ FODVVLILHG DQG WKH SURSRUWLRQ RI WULDOV WKDW DQ\

LPDJH ZDV LQFRUUHFWO\ FODVVLILHG DV WKDW REMHFW� ]� � LV WKH LQYHUVH FXPXODWLYH GHQVLW\ IXQFWLRQ RI D

*DXVVLDQ GLVWULEXWLRQ� ZKLFK DOORZV HYDOXDWLQJ WKH GLIIHUHQFH EHWZHHQ WKH KLW UDWH DQG IDOVH DODUP LQ

]�VFRUHG XQLWV� )RU LPDJHV ZKHUH D V\VWHP ZDV FRUUHFW RQ HYHU\ WULDO� WKH ]�WUDQVIRUPHG KLW UDWH LV

LQILQLW\� DQG ZH FDSSHG WKHVH YDOXHV WR EH �� DV WKLV YDOXH ZDV MXVW RXWVLGH WKH FHLOLQJ RI RXU

HPSLULFDOO\ PHDVXUHG KLW UDWHV JLYHQ WKH QXPEHU RI WULDOV WKDW ZHUH LQ HDFK ELQ� 1R LPDJHV IRU SRROHG

PDUPRVHWV QRU KXPDQV UHDFKHG WKLV WKUHVKROG� IRU LQGLYLGXDO KXPDQ VXEMHFWV �)LJ� �F�� VXE� KDG �� RI

��� SRLQWV DW FHLOLQJ� VXE� KDG � RI ���� H[FOXGLQJ WKHVH FHLOLQJ SRLQWV GLG QRW VXEVWDQWLDOO\ DOWHU WKH

FRUUHODWLRQ EHWZHHQ WKH WZR �DOO SRLQWV� UQF  ������ H[FOXGLQJ FHLOLQJ SRLQWV� UQF  ������� 1LQH RI WKH

IRXU KXQGUHG PDFDTXH LPDJHV UHDFKHG WKLV WKUHVKROG� :H WKHQ VXEWUDFWHG RII WKH PHDQ YDOXH IRU

HDFK REMHFW WR \LHOG WKH L�Q� 1RUPDOL]LQJ WKHVH YDOXHV EXW VXEWUDFWLQJ RII REMHFW�OHYHO SHUIRUPDQFH �WKH

³Q´ LQ WKH ³L�Q´�� PDNHV WKLV PHWULF UREXVW WR PHDQ VKLIWV LQ SHUIRUPDQFH IRU HDFK REMHFW DQG KHOSV

UHPRYH GLIIHUHQWLDO SHUIRUPDQFH DFURVV EHKDYLRU VHVVLRQV� ,Q WKH VWLPXOXV�UHVSRQVHV GHVLJQ WKDW ZH

HPSOR\HG� REMHFW FRUUHODWHV ZLWK VHVVLRQ� %\ FRQWUDVW� ZKHQ WULDOV RI GLIIHUHQW SDLUZLVH GLVFULPLQDWLRQV

DUH LQWHUOHDYHG ZLWKLQ D VHVVLRQ OLNH LQ D PDWFK�WR�VDPSOH GHVLJQ� DQ\ GD\�E\�GD\ YDULDELOLW\ LQ

SHUIRUPDQFH LV QRW FRUUHODWHG ZLWK REMHFW�OHYHO SHUIRUPDQFH� ,Q SUDFWLFH� ZKHWKHU RU QRW WKLV
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REMHFW�OHYHO QRUPDOL]DWLRQ ZDV LQFOXGHG GLG QRW DIIHFW WKH PDLQ UHVXOWV²6XSSOHPHQWDU\ )LJXUH �

VKRZV�WKDW�NH\�UHVXOWV�DUH�HVVHQWLDOO\�WKH�VDPH�ZKHQ�XVLQJ�DQ�³L�´�LQVWHDG�RI�DQ�L�Q�

&RQWH[WXDOL]LQJ WKH L�Q� :KLOH WKH FDOFXODWLRQ RI WKH PHWULF ZDV LGHQWLFDO LQ RXU ZRUN DQG LQ WKH ZRUN

E\ 5DMDOLQJKDP DQG FROOHDJXHV��� GLIIHUHQFHV LQ WKH LQSXWV WR WKH L�QV PD\ OHDG WR VRPH PLOG

GLIIHUHQFHV EHWZHHQ WKH QDWXUH RI HDFK RI RXU L�QV� )LUVW� RXU L�Q ZDV FRPSXWHG ZLWK PRUH LPDJHV�

5DMDOLQJKDP DQG FROOHDJXHV UHSRUWHG KXPDQ�PDFDTXH FRUUHODWLRQV RI LPDJH�OHYHO PHWULFV RQ D

VXEVHW RI ��� RI WKH ���� LPDJHV WHVWHG ��� RI ��� LPDJHV RI HDFK RI WKH �� REMHFWV�� EHFDXVH

KXPDQ GDWD ZDV VRPHZKDW H[SHQVLYH WR DFTXLUH DQG� LPDJH�OHYHO PHWULFV UHTXLUH ODUJH DPRXQWV RI

GDWD SHU LPDJH WR EH UHOLDEO\ HVWLPDWHG� ,Q RXU ZRUN� EHFDXVH ZH FRQFHQWUDWHG GDWD FROOHFWLRQ RQ IRXU

REMHFWV� ZH FROOHFWHG PDQ\ WULDOV RQ ��� LPDJHV RI HDFK REMHFW� DQG WKXV FRPSXWHG L�Q IURP ���

LPDJHV WRWDO� 7KH FRQVHTXHQFHV RI GLIIHUHQW QXPEHUV RI LPDJHV DUH OLNHO\ QRW SDUWLFXODUO\ VXEVWDQWLDO�

WKRXJK KLJK FRUUHODWLRQ FRHIILFLHQWV DUH VRPHZKDW OHVV OLNHO\ EHWZHHQ ����GLPHQVLRQDO WKDQ ZLWK

����GLPHQVLRQDO YHFWRUV �H�J�� WKH VWDQGDUG GHYLDWLRQ RI D QXOO GLVWULEXWLRQ RI FRUUHODWLRQV FRHIILFLHQWV

EHWZHHQ UDQGRP *DXVVLDQ ���� DQG ����GLPHQVLRQDO YHFWRUV DUH� UHVSHFWLYHO\� ����� DQG ������� $

VHFRQG� DQG SRWHQWLDOO\ PRUH FRQVHTXHQWLDO� GLIIHUHQFH EHWZHHQ RXU L�Q DQG WKH L�Q XVHG E\

5DMDOLQJKDP DQG FROOHDJXHV LV WKDW WKH\ PHDVXUHG WKH SHUIRUPDQFH RI HDFK LPDJH DJDLQVW

WZHQW\�WKUHH GLIIHUHQW GLVWUDFWRU REMHFWV� ZKHUHDV ZH RQO\ PHDVXUHG RXUV DJDLQVW WKUHH� %\ DYHUDJLQJ

RYHU IDU PRUH GLVWUDFWRU REMHFWV� WKHLU L�Q OLNHO\ PLQLPL]HV WKH HIIHFW RI WKH FKRLFH RI GLVWUDFWRU PXFK

PRUH WKDQ RXU L�Q GRHV� 2XU L�Q WKHUHIRUH OLNHO\ PHDVXUHV VRPHWKLQJ EHWZHHQ 5DMDOLQJKDP DQG

FROOHDJXH¶V L�Q DQG WKHLU L�Q� ZKLFK DYHUDJHV RYHU QR GLVWUDFWRUV� 1RQHWKHOHVV� WKHVH GLIIHUHQFHV

EHWZHHQ RXU L�Q DQG WKH L�Q XVHG LQ SUHYLRXV ZRUN PD\ QRW OHDG WR VXEVWDQWLDO GLIIHUHQFHV� DV

UHSRUWHG LQ WKH PDLQ WH[W� ZH ILQG WKDW RXU ����GLPHQVLRQDO PDFDTXH L�Q �DYHUDJHG RYHU WKUHH

GLVWUDFWRUV� DQG WKHLU ����GLPHQVLRQDO PDFDTXH L�Q �DYHUDJHG RYHU �� GLVWUDFWRUV� DUH ERWK HTXDOO\

VLPLODU WR WKH FRUUHVSRQGLQJ KXPDQ L�QV FROOHFWHG LQ FRPSDUDEOH VLWXDWLRQV �UQF�PDFDTXH�KXPDQ�  

�����LQ�ERWK�FDVHV��

&RPSDULQJ L�QV� FRUUHFWLQJ FRUUHODWLRQ FRHIILFLHQWV IRU WHVW�UHWHVW UHOLDELOLW\� 7R DVVHVV WKH

VLPLODULW\ RI GLIIHUHQW YLVXDO V\VWHPV� ZH PHDVXUHG WKH FRQVLVWHQF\ RI WKH LPDJH�E\�LPDJH

SHUIRUPDQFH RI HDFK E\ FRUUHODWLQJ L�QV �3HDUVRQ¶V FRUUHODWLRQ FRHIILFLHQW�� :H VXEMHFWHG WKH ³UDZ´

FRUUHODWLRQ FRHIILFLHQWV WR D FRUUHFWLRQ WKDW DFFRXQWV IRU WKH WHVW�UHWHVW UHOLDELOLW\ RI WKH GDWD� DV

GLIIHUHQW V\VWHPV¶ L�QV ZLOO KDYH GLIIHUHQW WHVW�UHWHVW UHOLDELOLW\ GXH WR� IRU LQVWDQFH� GLIIHUHQW DPRXQWV RI

GDWD DQG�RU GLIIHUHQW UDWHV RI HUURUV� 5HOLDELOLW\ FRUUHFWLRQ DGGUHVVHV SRWHQWLDOO\ XQGHVLUDEOH SURSHUWLHV

RI FRPSDULQJ UDZ� XQFRUUHFWHG FRHIILFLHQWV DFURVV SDLUV RI V\VWHPV� )RU LQVWDQFH� WKH FRQVLVWHQF\ RI D

V\VWHP ZLWK LWVHOI VKRXOG EH DW FHLOLQJ �L�H�� D FRUUHODWLRQ FRHIILFLHQW RI ��� EXW DQ XQFRUUHFWHG

FRUUHODWLRQ FRHIILFLHQW ZLOO KDYH D YDOXH OHVV WKDQ RQH� DV LW ZLOO EH GHWHUPLQHG E\ WKH WHVW�UHWHVW
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UHOLDELOLW\� %HFDXVH RI WKLV� WKH FHLOLQJ ZRXOG LQ JHQHUDO EH GLIIHUHQW DFURVV SDLUV RI V\VWHPV� DQG OHIW

XQFRUUHFWHG� WKLV FRXOG OHDG WR LQDFFXUDWH LQIHUHQFHV²H�J�� RQH FRXOG QDLYHO\ FRQFOXGH WKDW V\VWHP �

DQG V\VWHP � DUH PRUH VLPLODU WKDQ V\VWHP � DQG V\VWHP �� MXVW EHFDXVH WKH UHVHDUFKHUV PHDVXUHG

PRUH UHOLDEOH L�QV LQ V\VWHP � WKDQ LQ V\VWHP �� 7R DGGUHVV WKHVH FRQFHUQV� ZH PHDVXUHG DQG

FRUUHFWHG IRU WKH WHVW�UHWHVW UHOLDELOLW\ RI WKH L�Q IRU HDFK V\VWHP� E\ DSSO\LQJ WKH FRUUHFWLRQ IRU

DWWHQXDWLRQ��� ZKLFK HVWLPDWHV WKH QRLVHOHVV FRUUHODWLRQ FRHIILFLHQW EHWZHHQ WKH WZR²L�H�� WKH

FRUUHODWLRQ FRHIILFLHQW WKDW ZRXOG EH REVHUYHG DV WKH QXPEHU RI WULDOV JRHV WR LQILQLW\� ,Q GRLQJ VR� ZH

HQVXUHG WKDW DOO FRPSDULVRQV EHWZHHQ SDLUV RI V\VWHPV ZHUH RQ WKH VDPH VFDOH²L�H�� WKH FHLOLQJ IRU

HDFK ZDV LQGHHG D FRUUHODWLRQ FRHIILFLHQW RI �²DQG WKXV ZHUH IUHH WR FRPSDUH L�QV DFURVV WKHVH

GLIIHUHQW�V\VWHPV�

:H PHDVXUHG WKH QRLVH�FRUUHFWHG FRUUHODWLRQ IRU D SDLU RI V\VWHPV¶ L�QV E\ UDQGRPO\ SDUWLWLRQLQJ WULDOV

IRU HDFK LPDJH LQWR WZR KDOYHV� FRPSXWLQJ L�QV IRU HDFK KDOI IRU HDFK V\VWHP� WDNLQJ WKH PHDQ RI WKH

FRUUHODWLRQ FRHIILFLHQWV RI L�QV DFURVV V\VWHPV DFURVV WKH WZR VSOLW KDOYHV� DQG GLYLGLQJ LW E\ WKH

JHRPHWULF PHDQ RI WKH UHOLDELOLW\ DFURVV V\VWHPV �WKLV GHQRPLQDWRU EHLQJ WKH FRUUHFWLRQ IRU

DWWHQXDWLRQ��

�

ZKHUH 5QF GHQRWHV WKH QRLVH�FRUUHFWHG FRUUHODWLRQ FRHIILFLHQW� U� � LV D IXQFWLRQ WKDW UHWXUQV WKH 3HDUVRQ

FRUUHODWLRQ FRHIILFLHQW EHWZHHQ LWV WZR DUJXPHQWV� 9D� DQG 9D� GHQRWH VSOLWV RI WULDOV IRU V\VWHP D� DQG

9E� DQG 9E� GHQRWH VSOLWV RI WULDOV IRU V\VWHP E� )RU HDFK FRPSDULVRQ� WR PLWLJDWH YDULDWLRQ GXH WR KRZ

WKH GDWD ZDV UDQGRPO\ SDUWLWLRQHG� ZH WRRN WKH PHDQ RI WKLV QRLVH�FRUUHFWHG FRUUHODWLRQ FRHIILFLHQW

DFURVV������UDQGRP�SDUWLWLRQV�

7R WHVW ZKHWKHU WKH FRUUHODWLRQ FRHIILFLHQWV EHWZHHQ WZR SDLUV RI V\VWHPV ZHUH GLIIHUHQW �H�J��

PDUPRVHW�KXPDQ FRUUHODWLRQ YHUVXV PDFDTXH�KXPDQ FRUUHODWLRQ�� ZH HPSOR\HG D GHSHQGHQW WHVW RI

FRUUHODWLRQ FRHIILFLHQWV������ ZKLFK WDNHV LQWR DFFRXQW WKH GHSHQGHQF\ RI WKH WZR FRUUHODWLRQ FRHIILFLHQWV

DV WKH\ VKDUH D FRPPRQ YDULDEOH �LQ WKLV FDVH KXPDQV�� $FFRXQWLQJ IRU WKLV GHSHQGHQFH LQFUHDVHV

WKH�VWDWLVWLFDO�SRZHU�RI�WKH�WHVW�

'DWD�DQDO\VLV�ZDV�FRQGXFWHG�LQ�3\WKRQ�DQG�PDGH�XVH�RI�WKH�QXPS\����VFLS\����DQG�VNOHDUQ�� OLEUDULHV�

&ODVVLILHUV��'HHS�QHXUDO�QHWZRUNV�DQG�SL[HOV
&ODVVLILHUV RYHUYLHZ� 7R FRQWH[WXDOL]H WKH EHKDYLRU RI VLPLDQ SULPDWHV� ZH DOVR HYDOXDWHG WKH RYHUDOO

SHUIRUPDQFH DQG LPDJH�E\�LPDJH SHUIRUPDQFH IRU D YDULHW\ RI DUWLILFLDO V\VWHPV� :H WUDLQHG OLQHDU
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FODVVLILHUV IRU RXU WDVN RQ WRS RI UHSUHVHQWDWLRQV IURP GHHS QHXUDO QHWZRUNV� ZKLFK KDYH EHHQ VKRZQ

WR EH SRZHUIXO PRGHOV RI YLVXDO EHKDYLRU DQG QHXURSK\VLRORJ\��������� :H HYDOXDWHG VWDQGDUG

,PDJH1HW�WUDLQHG GHHS QHWZRUNV� GRZQORDGLQJ SUHWUDLQHG PRGHOV IURP WKH WRUFKYLVLRQ SDFNDJH RI

3\7RUFK� $V D ORZ�OHYHO FRQWURO� ZH DOVR FRPSDUHG SHUIRUPDQFH RI OLQHDU FODVVLILHUV WUDLQHG RQ LPDJH

SL[HOV ���� [ ��� SL[HO LPDJHV�� ZKLFK LQ SDUW DVVHVVHV WKH H[WHQW WR ZKLFK IHDWXUHV OLNH OXPLQDQFH

DQG�FRQWUDVW�FRYDU\�ZLWK�ODEHOV�DQG�WKXV�FDQ�EH�XVHG�WR�SHUIRUP�WKH�WDVN�

&ODVVLILHUV IRU WDVN SHUIRUPDQFH� :H HYDOXDWHG OLQHDU FODVVLILHUV RQ WKH SHQXOWLPDWH OD\HU RI GHHS

QHWZRUNV� WUDLQLQJ OLQHDU VXSSRUW YHFWRU PDFKLQHV �690V� RQ WKH VDPH LPDJHV DQG VDPH ELQDU\ WDVNV

WKDW WKH SULPDWHV SHUIRUPHG� :H XVHG D KLQJH ORVV DQG /� UHJXODUL]DWLRQ� 7KH IHDWXUHV ZHUH

QRQQHJDWLYH� EHFDXVH WKH\ ZHUH WKH DFWLYDWLRQV RI UHFWLILHG OLQHDU XQLWV LQ WKH QHWZRUN� DQG VR ZH GLG

QRW FHQWHU WKH GDWD DV WKDW ZRXOG DOWHU WKH FRQVHTXHQFHV RI /� UHJXODUL]DWLRQ :H LQVWHDG

H[SHULPHQWHG ZLWK DOORZLQJ WKH PRGHO WR OHDUQ DQ LQWHUFHSW WHUP RU QRW� DQG REVHUYHG VLPLODU UHVXOWV LQ

ERWK FDVHV� ZH UHSRUW UHVXOWV ZKHQ OHDUQLQJ DQ LQWHUFHSW� 7R VHOHFW WKH VWUHQJWK RI UHJXODUL]DWLRQ� ZH

VHDUFKHG RYHU D UDQJH RI �� ORJDULWKPLFDOO\ VSDFHG K\SHUSDUDPHWHUV DQG VHOHFWHG K\SHUSDUDPHWHU

YDOXHV YLD ����� VSOLWV ZLWKLQ WKH WUDLQLQJ VHW� 7R PLWLJDWH YDULDWLRQ RI UHVXOWV GXH WR ZKLFK LPDJHV ZHUH

VHOHFWHG�IRU�WUDLQLQJ�RU�WHVWLQJ��ZH�WUDLQHG������FODVVLILHUV�RQ�UDQGRP�WUDLQ�WHVW�SDUWLWLRQV�

:H FRQILUPHG WKDW ZH ZHUH VDWXUDWLQJ SHUIRUPDQFH ZLWK WKH DPRXQW RI WUDLQLQJ GDWD� E\ YDU\LQJ WKH

QXPEHU RI LPDJHV ZH WUDLQHG RQ� XVLQJ YDOXHV RI ��� ��� ��� DQG �� LPDJHV SHU REMHFW �RXW RI ���

WRWDO LPDJHV SHU REMHFW�� 0RUHRYHU� LQ D SLORW H[SHULPHQW ZH HVWDEOLVKHG WKDW ZH ZHUH QRW

XQGHUHVWLPDWLQJ GHHS QHWZRUN SHUIRUPDQFH GXH WR WKH IDFW WKDW WKH PDUPRVHWV� KXPDQV� DQG

PDFDTXHV ZHUH DEOH WR JHQHUDWH DQ H[SDQGHG ³WUDLQLQJ VHW´ RI UHWLQDO DFWLYDWLRQV EHFDXVH WKH\ ZHUH

IUHH WR IL[DWH DQ\ZKHUH GXULQJ LPDJH SUHVHQWDWLRQ� 7R WHVW WKLV SRVVLELOLW\� ZH JHQHUDWHG DQ DXJPHQWHG

WUDLQLQJ VHW WKDW ZDV ���[ ELJJHU� WDNLQJ ��� UDQGRP FURSV RI GLIIHUHQW VL]HV DQG FHQWHU ORFDWLRQV �EXW

QRW KRUL]RQWDO UHIOHFWLRQV� WR PLPLF WKH YDULHG IL[DWLRQV WKDW PDUPRVHWV DQG KXPDQV ZHUH DOORZHG� :H

WKHQ WUDLQHG FODVVLILHUV RQ $OH[1HW UHSUHVHQWDWLRQV� DV WKDW ZDV WKH QHWZRUN ZLWK WKH ORZHVW

SHUIRUPDQFH DQG WKXV JUHDWHVW SRWHQWLDO IRU LPSURYHPHQW� ,W VHHPHG SODXVLEOH WKDW WKLV DXJPHQWHG

GDWDVHW ZRXOG OHDG WR LPSURYHG SHUIRUPDQFH� DV FRQYROXWLRQDO QHWZRUNV DUH QRW LQYDULDQW WR PRGHVW

WUDQVODWLRQ RU VFDOLQJ��� DQG WKLV NLQG RI GDWD DXJPHQWDWLRQ LV D FHQWUDO FRPSRQHQW RI FRQWHPSRUDU\

GHHS QHWZRUN WUDLQLQJ SLSHOLQHV� 1RQHWKHOHVV� H[SDQGLQJ WKH GDWDVHW KDUGO\ LPSURYHG GHFRGHU

SHUIRUPDQFH DW DOO� GHPRQVWUDWLQJ WKDW� DW OHDVW IRU WKH DPRXQW RI WUDLQLQJ GDWD XVHG KHUH� YDULHG

³IL[DWLRQV´ GR QRW VXEVWDQWLDOO\ LPSURYH FODVVLILHU SHUIRUPDQFH RQ WRS RI D SUHWUDLQHG QHWZRUN� DQG WKXV

ZH�DSSHDU�QRW�WR�EH�RYHUHVWLPDWLQJ�WKH�GLIILFXOW\�RI�WKLV�WDVN�IRU�GHHS�QHWZRUN�UHSUHVHQWDWLRQV�
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&ODVVLILHUV IRU L�QV� 7R HYDOXDWH WKH L�Q RI DUWLILFLDO YLVXDO V\VWHPV �GHHS QHXUDO QHWZRUNV DQG SL[HO

UHSUHVHQWDWLRQV�� ZH FRPSXWHG WKH GLVWDQFH RI HDFK LPDJH IURP WKH K\SHUSODQH OHDUQHG E\ D OLQHDU

690� :H WRRN ����� VSOLWV RI LPDJHV� WUDLQHG FODVVLILHUV RQ HDFK KDOI DQG HYDOXDWHG GLVWDQFHV IRU WKH

OHIW�RXW LPDJHV� 7R GHULYH DQ L�Q IRU HDFK DUWLILFLDO YLVXDO V\VWHP� ZH DYHUDJHG WKH GLVWDQFH IRU HDFK

LPDJH RYHU LWV YDOXH LQ WKH WKUHH WDVNV� DQG VXEWUDFWHG RII PHDQ YDOXHV IRU HDFK WDVN� 7R JHW KLJKO\

UHOLDEOH HVWLPDWHV RI WKH QHWZRUN¶V L�Q� ZH SHUIRUPHG WKLV SURFHGXUH ����� WLPHV IRU HDFK WDVN DQG

HDFK QHWZRUN� DV ZHOO DV IRU SL[HO UHSUHVHQWDWLRQV� 7KH DELOLW\ WR UXQ DUELWUDULO\ ODUJH QXPEHU RI

FODVVLILHUV LQ VLOLFR \LHOGV WKH DELOLW\ WR GULYH WKH VSOLW�KDOI FRUUHODWLRQ RI WKH UHVXOWLQJ L�QV DUELWUDULO\

KLJK� ,QGHHG� ZKLOH WKH GLVWDQFHV IURP WKH K\SHUSODQH DUH UHODWLYHO\ UHOLDEOH DFURVV LQGLYLGXDO SDUWLWLRQV

�IRU QHWZRUN FODVVLILHUV� FRUUHODWLRQ FRHIILFLHQW UDQJHV IURP ���� WR ����� IRU SL[HOV�EDVHG FODVVLILHU�

������ WKH UHOLDELOLW\ RI WKH GLVWDQFHV DYHUDJHG DFURVV ��� UDQGRP WUDLQ�WHVW SDUWLWLRQV LV JUHDWHU WKDQ

���� IRU DOO FODVVLILHUV� %HFDXVH RI WKHVH H[FHHGLQJO\ KLJK WHVW�UHWHVW UHOLDELOLWLHV� ZH GLG QRW DSSO\

QRLVH�FRUUHFWLRQ�WR�WKH�FODVVLILHU�L�QV�OHDUQHG�IURP�SL[HO�RU�GHHS�QHWZRUN�IHDWXUHV�

&ODVVLILHUV IRU URGHQW WDVN� 7R HYDOXDWH WKH NLQGV RI YLVXDO UHSUHVHQWDWLRQV UHTXLUHG WR JHQHUDOL]H RQ

WKH WDVN XVHG E\ =RFFRODQ DQG FROOHDJXHV� ZH PLPLFNHG WKH WUDLQLQJ WKDW WKH DQLPDOV UHFHLYHG LQ KRZ

ZH WUDLQHG RXU FODVVLILHUV� :H WUDLQHG FODVVLILHUV RQ SL[HOV IURP WKH �� LPDJHV XVHG LQLWLDOO\ LQ WUDLQLQJ

��� LPDJHV DW HLWKHU �� URWDWLRQ RU ���[ VFDOH IRU HDFK RI WZR REMHFWV�� DQG HYDOXDWHG WKH SHUIRUPDQFH

RI WKH UHVXOWLQJ FODVVLILHU RQ WKH �� KHOG�RXW WHVW LPDJHV ��� LPDJHV IRU HDFK RI WKH WZR REMHFWV�� :H

DJDLQ XVHG D OLQHDU 690 FODVVLILHU ZLWK D KLQJH ORVV DQG /� UHJXODUL]DWLRQ DQG VHOHFWHG WKH

UHJXODUL]DWLRQ VWUHQJWK K\SHUSDUDPHWHU YLD FURVV�YDOLGDWLRQ ZLWKLQ WKH �� WUDLQ LPDJHV� :H HYDOXDWHG �

FDQGLGDWH YDOXHV IRU UHJXODUL]DWLRQ VWUHQJWK ZKLFK ZHUH ORJDULWKPLFDOO\ VSDFHG� DQG SHUIRUPHG ��

UDQGRP VSOLWV ZLWKLQ WKH WUDLQLQJ VHW� WUDLQLQJ FODVVLILHUV ZLWK HDFK UHJXODUL]DWLRQ VWUHQJWK RQ �� LPDJHV

DQG HYDOXDWLQJ WKH TXDOLW\ RI WKH ILW ZLWK WKH UHPDLQLQJ �� :H WKHQ VHOHFWHG WKH UHJXODUL]DWLRQ VWUHQJWK

WKDW SHUIRUPHG EHVW RQ OHIW�RXW WUDLQ LPDJHV� DQG WUDLQHG D VLQJOH FODVVLILHU ZLWK DOO �� LPDJHV ZLWK WKLV

UHJXODUL]DWLRQ FRHIILFLHQW� :H HYDOXDWHG WKH SHUIRUPDQFH RI WKLV FODVVLILHU RQ WKH XQVHHQ �� WHVW

LPDJHV� DQG IRXQG WKDW LW FODVVLILHG DOO EXW WZR FRUUHFWO\ �RYHUDOO SHUIRUPDQFH� ������²WKH WZR WKDW LW

JRW LQFRUUHFW ZHUH DW WKH VPDOOHVW VL]H ����[� FRPELQHG ZLWK WKH PRVW GUDPDWLF URWDWLRQ ���� RU �����

�ERWWRP OHIW DQG ULJKW FRUQHUV RI )LJ� �D�� *LYHQ WKH DOUHDG\ KLJK SHUIRUPDQFH RI LPDJH SL[HOV� ZH GLG

QRW�IXUWKHU�HYDOXDWH�GHHS�QHWZRUN�SHUIRUPDQFH�RQ�WKLV�WDVN��EXW�VHH�9LQNHQ�DQG�2S�GH�%HHFN����
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$FNQRZOHGJHPHQWV
7KH DXWKRUV WKDQN 5REHUW 'HVLPRQH� -DPHV 'L&DUOR� DQG *XRSLQJ )HQJ IRU HDUO\ SURMHFW VXSSRUW�

+HFWRU &KR� (OL]DEHWK <RR� DQG 0LFKDHO /L IRU WHFKQLFDO VXSSRUW� -DPHV 'L&DUOR DQG 5LVKL

5DMDOLQJKDP IRU WKH PDFDTXH GDWD� 'DYLGH =RFFRODQ IRU SURYLGLQJ WKH RULJLQDO LPDJHV XVHG LQ WKH UDW

EHKDYLRU VWXG\� DQG +HFWRU &KR� $QLUXGGKD 'DV� $VLI *KD]DQIDU� 1DQF\ .DQZLVKHU� -DFN /LQGVD\�

5LVKL 5DMDOLQJKDP� DQG (ULFD 6KRRN IRU FRPPHQWV RQ D SUHYLRXV YHUVLRQ RI WKH PDQXVFULSW� 7KH ZRUN

ZDV IXQGHG E\ DQ 1,+ 3RVWGRFWRUDO 156$ IHOORZVKLS WR $�.� �)�� '&�������� DQ 1,+ 5�� WR (�,�

�(<���������DQG�D�.OLQJHQVWHLQ�6LPRQV�)HOORZVKLS�LQ�1HXURVFLHQFH�WR�(�,�

$XWKRU�&RQWULEXWLRQV
$�-�(�.� DQG (�%�, GHVLJQHG WKH UHVHDUFK� $�-�(�.�� 6�/�%�� <�-� 7�7�� DQG (�%�,� GHYHORSHG WKH

H[SHULPHQWDO DSSDUDWXV� $�-�(�.�� 6�/�%�� <�-�� 7�7�� DQG (�%�,� FROOHFWHG WKH GDWD� $�-�(�.� DQDO\]HG

WKH GDWD� $�-�(�.� DQG (�%�,� ZURWH WKH PDQXVFULSW� $OO DXWKRUV UHYLHZHG DQG HGLWHG WKH PDQXVFULSW�

(�%�,��DFTXLUHG�IXQGLQJ�DQG�VXSHUYLVHG�WKH�UHVHDUFK�
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6XSSOHPHQWDO )LJXUH �� $OO ��� LPDJHV� $OO IRXU KXQGUHG LPDJHV RI FDPHOV� ZUHQFKHV� UKLQRV� DQG
OHJV VXSHULPSRVHG RQ QDWXUDO EDFNJURXQGV� :H PHDVXUHG PDUPRVHW DQG KXPDQ SHUIRUPDQFH RQ
HDFK RI WKHVH LPDJHV� DQG FRPSDUHG WKHVH SHUIRUPDQFHV ZLWK HDFK RWKHU DQG ZLWK PDFDTXH
SHUIRUPDQFH�RQ�WKH�VDPH�LPDJHV�FROOHFWHG�LQ�SUHYLRXV�ZRUN���
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6XSSOHPHQWDO )LJXUH �� &RQWUROOHG ZDWHU DFFHVV LV VDIH DQG HIIHFWLYH LQ PDUPRVHWV RYHU
H[WHQGHG�SHULRGV�RI�WLPH�

D� &RQWUROOHG ZDWHU DFFHVV SLORW H[SHULPHQW� ,Q FRQWUROOHG ZDWHU DFFHVV SDUDGLJPV� DQLPDOV
RQO\ UHFHLYH IOXLG IURP SHUIRUPLQJ WKH WDVN� 7KLV DSSURDFK� WKRXJK VWDQGDUG LQ PDFDTXH DQG

��

.CC-BY-NC 4.0 International licenseavailable under a
(which 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 preprintthis version posted December 22, 2021. ; https://doi.org/10.1101/2020.10.19.345561doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.19.345561
http://creativecommons.org/licenses/by-nc/4.0/


URGHQW ZRUN� KDG EHHQ ODUJHO\ DYRLGHG LQ PDUPRVHWV� SRWHQWLDOO\ GXH WR D UHSXWDWLRQ RI EHLQJ WRR
IUDJLOH� :H HYDOXDWHG WKH SRWHQWLDO RI XVLQJ ZDWHU UHVWULFWLRQ LQ PDUPRVHWV� SURFHHGLQJ FDUHIXOO\ DW
ILUVW ZLWK D VPDOO SLORW H[SHULPHQW GHVLJQHG WR WHVW ZKHWKHU FRQWUROOHG ZDWHU DFFHVV PD\ EH VDIH
DQG HIIHFWLYH� :H GLUHFWO\ FRPSDUHG EHKDYLRU RI RQH DQLPDO ZKHQ PHDVXUHG XQGHU FRQWUROOHG
ZDWHU DFFHVV YHUVXV DG OLELWXP ZDWHU DFFHVV� ,Q DQ HIIRUW WR JLYH WKH DG OLELWXP FRQGLWLRQ WKH
JUHDWHVW FKDQFH RI VXFFHVV� LQ WKLV FRQGLWLRQ ZH UHPRYHG WKH PDUPRVHW¶V DFFHVV WR ZDWHU WKUHH
KRXUV EHIRUH WKH WDVN WR LQGXFH D JUHDWHU SUREDELOLW\ RI WKLUVW DQG XVHG D KLJK�YDOXH UHZDUG GXULQJ
WKH WDVN �VZHHWHQHG FRQGHQVHG PLON�� 1RQHWKHOHVV� XQGHU WKH FRQWUROOHG ZDWHU DFFHVV FRQGLWLRQ�
WKH PDUPRVHW SHUIRUPHG DSSUR[LPDWHO\ ��[ WKH QXPEHU RI WULDOV �L�� ZLWK KLJKHU SHUIRUPDQFH �LL��
ZKLOH�PDLQWDLQLQJ�D�UHODWLYHO\�VWDEOH�ZHLJKW��LLL��
E� 6WDEOH ZHLJKWV LQ FKURQLF FRQWUROOHG ZDWHU DFFHVV IRU PRUH WKDQ D \HDU� ,Q IROORZ�XS
VWXGLHV XVLQJ PRUH DQLPDOV DQG ORQJHU WLPH SHULRGV� DQLPDOV PDLQWDLQHG VWDEOH ZHLJKWV XQGHU
FRQWUROOHG ZDWHU DFFHVV IRU PRUH WKDQ D \HDU� 'DVKHG OLQH LQGLFDWHV EDVHOLQH ZHLJKW PHDVXUHG
EHIRUH�&:$��6KDGHG�DUHD�LV�WKDW�EDVHOLQH��������
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6XSSOHPHQWDO )LJXUH �� 'HHS QHWZRUNV� 3HUIRUPDQFH DV D IXQFWLRQ RI DPRXQW RI WUDLQLQJ GDWD
DQG�VLPLODULW\�WR�VLPLDQ�SULPDWHV�LQ�L�Q�

D� 'HHS QHWZRUN SHUIRUPDQFH RQ FRUH UHFRJQLWLRQ WDVN� 7KH GLIILFXOW\ RI D GLVFULPLQDWLRQ WDVN
YDULHV GUDVWLFDOO\ GHSHQGLQJ RQ WKH FKRLFH RI VWLPXOL��� DQG VR ZH YHULILHG WKDW RXU LPDJHV \LHOGHG D
FKDOOHQJLQJ WDVN QRW RQO\ E\ DVVHVVLQJ KXPDQ SHUIRUPDQFH DV ZH UHSRUW LQ WKH PDLQ WH[W� EXW DOVR
E\ HYDOXDWLQJ WKH SHUIRUPDQFH RI VWDWH�RI�WKH�DUW HQJLQHHULQJ V\VWHPV� :H WUDLQHG ELQDU\
FODVVLILHUV DWRS WKH SHQXOWLPDWH OD\HU RI DUWLILFLDO GHHS QHXUDO QHWZRUNV� XVLQJ ��� ��� ��� RU ��
LPDJHV SHU REMHFW �WRWDO LPDJHV SHU REMHFW� ����� YDU\LQJ WKH WUDLQLQJ UHJLPH WR HVWDEOLVK WKDW ZH
UHDFKHG D SHUIRUPDQFH SODWHDX ZLWK WKH DPRXQW RI WUDLQLQJ GDWD WKDW ZH KDG DYDLODEOH� (DFK OLQH LV
D GLIIHUHQW QHWZRUN �9**���EQ GHQRWHV D 9**�� DUFKLWHFWXUH WUDLQHG ZLWK EDWFK QRUPDOL]DWLRQ��
(UURU EDUV DUH 6(0 RYHU ����� FODVVLILHUV WUDLQHG RQ UDQGRP WUDLQ�WHVW SDUWLWLRQV� VWDQGDUG HUURUV
LQFUHDVH DV DPRXQW RI WUDLQLQJ GDWD LQFUHDVHV VLQFH WKH WHVW GDWDVHW VL]H FRQFRPLWDQWO\ GHFUHDVHV
�L�H�� WUDLQ VL]H RI �� OHDYHV RQO\ � LPDJH SHU REMHFW IRU WHVWLQJ�� $V ZH UHSRUW LQ WKH PDLQ WH[W� WKH
UDZ LQSXW ZDV LQVXIILFLHQW WR VXSSRUW WDVN SHUIRUPDQFH� DV LPDJH SL[HO UHSUHVHQWDWLRQV SHUIRUPHG
QHDU WKH ��� FKDQFH OHYHO� $GGLWLRQDO VHQVRU\ SURFHVVLQJ� DV LQVWDQWLDWHG E\ GHHS DUWLILFLDO QHXUDO
QHWZRUNV� \LHOGHG SHUIRUPDQFH DW ������ LQGLFDWLQJ WKDW KLJK SHUIRUPDQFH ZDV DFKLHYDEOH� EXW
WKDW HYHQ KLJK�TXDOLW\ FRPSXWHU YLVLRQ V\VWHPV GLG QRW UHDGLO\ SHUIRUP WKH WDVN SHUIHFWO\� 7KHVH
DQDO\VHV FRPSOHPHQW WKH KXPDQ SHUIRUPDQFH UHVXOWV LQ GHPRQVWUDWLQJ WKDW UHFRJQL]LQJ WKH
REMHFWV�LQ�WKHVH�LPDJHV�UHTXLUHV�QRQWULYLDO�VHQVRU\�FRPSXWDWLRQ�
E� &RUUHODWLRQ EHWZHHQ FODVVLILHUV RQ GLIIHUHQW QHWZRUNV¶ IHDWXUHV DQG VLPLDQ SULPDWHV�
)URP OHIW WR ULJKW� ZH FRPSDUHG PDUPRVHW� PDFDTXH� DQG KXPDQ L�QV ZLWK L�Q RI WKH VL[ QHWZRUNV�
7KH FRQVLVWHQF\ EHWZHHQ QHWZRUNV DQG VLPLDQV ZDV UHODWLYHO\ VLPLODU DFURVV WKH GLIIHUHQW
QHWZRUNV�
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6XSSOHPHQWDO )LJXUH �� ,PDJH�E\�LPDJH EHKDYLRUDO VLPLODULW\ EHWZHHQ PDUPRVHWV DQG KXPDQV
LV�UREXVW�WR�GHWDLOV�RI�WKH�FRPSDULVRQ�PHWULF�

D� 7KH LPDJH�E\�LPDJH GLIILFXOW\ VFRUH LQ WKH PDLQ WH[W �L�Q� KDG WKH PHDQ GLIILFXOW\ RI WKH REMHFW
UHPRYHG IURP HDFK LPDJH�ZLVH VFRUH �VHH PDLQ WH[W )LJ� �D�� 3UHYLRXV ZRUN KDG IRXQG WKDW VXFK
D PHWULF RI ZLWKLQ�REMHFW LPDJH GLIILFXOW\ LV KLJKO\ GLVFULPLQDWLQJ EHWZHHQ PRGHO V\VWHPV
�5DMDOLQJKDP HW DO�� ������ +HUH� ZH SORW WKH VDPH LPDJH�E\�LPDJH PHWULF� EXW ZLWKRXW WKLV
REMHFW�OHYHO GH�PHDQLQJ VWHS� :H ILQG WKDW WKDW WKH VLPLODULW\ EHWZHHQ PDUPRVHWV DQG KXPDQV LV
UREXVW WR WKLV GHWDLO RI WKH FRPSDULVRQ PHWULF� $GGLWLRQDOO\� DV WKLV PHWULF GRHV QRW LQFOXGH D
GH�PHDQLQJ VWHS� WKLV SORW VKRZV WKH GLIIHUHQFH LQ RYHUDOO SHUIRUPDQFH OHYHO EHWZHHQ PDUPRVHWV
DQG KXPDQV²PDUPRVHW LPDJH�ZLVH G¶ UDQJHV IURP MXVW XQGHU � WR DSSUR[LPDWHO\ ���� ZKLOH
KXPDQ G¶ VFRUHV UDQJH IURP MXVW XQGHU � WR MXVW RYHU �� :KLOH RYHUDOO SHUIRUPDQFH YDULHV DFURVV
VLPLDQV �DV VKRZQ LQ PDLQ WH[W )LJ� �H�� WKH FRPSDUDWLYH GLIILFXOW\ RI HDFK LPDJH ZDV UHODWLYHO\
UREXVW DV VHHQ LQ WKH KLJK FRUUHODWLRQ EHWZHHQ PDUPRVHWV DQG KXPDQV �KHUH DQG PDLQ WH[W� )LJ�
���
E� :KHQ ZH FRPSDUH WKH XQQRUPDOL]HG L�V IURP SL[HO FODVVLILHUV� GHHS QHWZRUN FODVVLILHUV� DQG
VLPLDQ SULPDWHV� ZH VHH D VLPLODU SDWWHUQ RI UHVXOWV DV ZH VHH ZLWK L�QV �FRPSDUH WR PDLQ WH[W�
)LJ���J��
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