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7UHH'7=#*HQH#0DSSLQJ#E\#7UHH#'LVHTXLOLEULXP#7HVW

î

3HWWHUL#6HYRQ/#+DQQX#7171#7RLYRQHQ/#DQG#9HVD#2OOLNDLQHQ

î



LL

7UHH'7=#*HQH#0DSSLQJ#E\#7UHH#'LVHTXLOLEULXP#7HVW
+H[WHQGHG#YHUVLRQ,

3HWWHUL#6HYRQ
'HSW1#RI#&RPSXWHU#6FLHQFH#)#)LQQLVK#*HQRPH#&HQWHU/#8QLYHUVLW\#RI#+HOVLQNL/
3121#%R[#59/#),1033347#8QLYHUVLW\#RI#+HOVLQNL/#)LQODQG
SHWWHUL1VHYRQ#FV1KHOVLQNL1IL

+DQQX#7171#7RLYRQHQ
1RNLD#5HVHDUFK#&HQWHU#)#5ROI#1HYDQOLQQD#,QVWLWXWH/#8QLYHUVLW\#RI#+HOVLQNL/
3121#%R[#73:/#),1033378#1RNLD#*URXS/#)LQODQG
KDQQX1WW1WRLYRQHQ#QRNLD1FRP

9HVD#2OOLNDLQHQ
)LQQLVK#*HQRPH#&HQWHU/#8QLYHUVLW\#RI#+HOVLQNL
3121#%R[#96/#),1033347#8QLYHUVLW\#RI#+HOVLQNL/#)LQODQG
YHVD1ROOLNDLQHQ#FV1KHOVLQNL1IL

8QLYHUVLW\#RI#+HOVLQNL/#'HSDUWPHQW#RI#&RPSXWHU#6FLHQFH
3121#%R[#59/#),1033347#8QLYHUVLW\#RI#+HOVLQNL/#)LQODQG
5HSRUW#&05334065/#-XQH#5334/#LL.46#SDJHV1

$%675$&7

:H# LQWURGXFH# DQG# HYDOXDWH#7UHH'7/# D# QRYHO# JHQH#PDSSLQJ#PHWKRG/#ZKLFK# LV# EDVHG# RQ# GLVFRYHULQJ# DQG
DVVHVVLQJ# WUHH0OLNH# SDWWHUQV# LQ# JHQHWLF# PDUNHU# GDWD1# *HQH# PDSSLQJ# DLPV# DW# GLVFRYHULQJ# D# VWDWLVWLFDO
FRQQHFWLRQ# IURP# D#SDUWLFXODU#GLVHDVH#RU# WUDLW# WR# D#QDUURZ# UHJLRQ# LQ# WKH# JHQRPH1# ,Q# D# W\SLFDO# FDVH0FRQWURO
VHWWLQJ# RI# D# JHQH#PDSSLQJ# VWXG\/# GDWD# FRQVLVWV# RI# JHQHWLF#PDUNHUV# W\SHG# IRU# D# VHW# RI# GLVHDVH0DVVRFLDWHG
FKURPRVRPHV# DQG# D# VHW# RI# FRQWURO# FKURPRVRPHV1#$# FRPSXWHU# VFLHQWLVW#ZRXOG# YLHZ# WKLV# GDWD# DV# D# VHW# RI
VWULQJV1

7UHH'7# H[WUDFWV/# HVVHQWLDOO\# LQ# WKH# IRUP# RI# VXEVWULQJV# DQG# SUHIL[# WUHHV/# LQIRUPDWLRQ# DERXW# WKH# KLVWRULFDO
UHFRPELQDWLRQV#LQ#WKH#SRSXODWLRQ1#7KLV#LQIRUPDWLRQ#LV#XVHG#WR#ORFDWH#IUDJPHQWV#SRWHQWLDOO\#LQKHULWHG#IURP#D
FRPPRQ#GLVHDVHG# IRXQGHU/#DQG# WR#PDS# WKH#GLVHDVH#JHQH# LQWR# WKH#PRVW# OLNHO\# VXFK# IUDJPHQW1#7KH#PHWKRG
PHDVXUHV#IRU#HDFK#FKURPRVRPDO#ORFDWLRQ#WKH#GLVHTXLOLEULXP#RI#WKH#SUHIL[#WUHH#RI#PDUNHU#VWULQJV#VWDUWLQJ#IURP
WKH#ORFDWLRQ/#WR#DVVHVV#WKH#GLVWULEXWLRQ#RI#GLVHDVH0DVVRFLDWHG#FKURPRVRPHV1

:H#HYDOXDWH#H[SHULPHQWDOO\#WKH#SHUIRUPDQFH#RI#7UHH'7#RQ#UHDOLVWLF/#VLPXODWHG#GDWD#VHWV/#DQG#FRPSDULVRQV#WR
VWDWH#RI#WKH#DUW#PHWKRGV#+7'7/#+30,#VKRZ#WKDW#7UHH'7#LV#YHU\#FRPSHWLWLYH1

&DWHJRULHV#DQG#6XEMHFW#'HVFULSWRUV
+151;#>'DWDEDVH#0DQDJHPHQW@=#'DWDEDVH#$SSOLFDWLRQV#±#GDWD#PLQLQJ/#VFLHQWLILF#GDWDEDVHV

-16##>/LIH#DQG#0HGLFDO#6FLHQFHV@=##%LRORJ\#DQG#*HQHWLFV

*16#>3UREDELOLW\#DQG#6WDWLVWLFV@=##6WDWLVWLFDO#&RPSXWLQJ

*HQHUDO#7HUPV=#$OJRULWKPV/#([SHULPHQWDWLRQ1

.H\ZRUGV=#*HQH#PDSSLQJ/#DOJRULWKPV/#SHUPXWDWLRQ#WHVWV/#SUHIL[#WUHHV1
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41# ,1752'8&7,21
*HQH#PDSSLQJ#DLPV#DW#GLVFRYHULQJ#D#VWDWLVWLFDO#FRQQHFWLRQ#IURP#D#JLYHQ#WUDLW#RU#GLVHDVH#WR#D#QDUURZ
UHJLRQ#LQ#WKH#JHQRPH/#ZKLFK#FDQ#WKHQ#EH#IXUWKHU#LQYHVWLJDWHG#E\#ODERUDWRU\#PHWKRGV#IRU#D#JHQH#WKDW
DIIHFWV# WKH# WUDLW1# ,Q# SDUWLFXODU/# WKH# GLVFRYHU\# RI# QHZ# GLVHDVH# VXVFHSWLELOLW\# JHQHV# FDQ# KDYH# DQ
LPPHQVH#LPSRUWDQFH#IRU#KXPDQ#KHDOWK#FDUH1#7KH#JHQH#DQG#WKH#SURWHLQV#LW#SURGXFHV#FDQ#EH#DQDO\]HG
WR#XQGHUVWDQG#WKH#GLVHDVH#FDXVLQJ#PHFKDQLVPV#DQG#WR#GHVLJQ#QHZ#PHGLFLQHV1#)XUWKHU/#JHQH#WHVWV#RQ
SDWLHQWV# FDQ# EH# XVHG# WR# DVVHVV# LQGLYLGXDO# ULVNV# DQG# IRU# SUHYHQWLYH# DQG# LQGLYLGXDOO\# WDLORUHG
PHGLFDWLRQV1#2EYLRXVO\/#JHQH#PDSSLQJ#LV#UHFHLYLQJ#LQFUHDVLQJ#LQWHUHVW#DPRQJ#PHGLFDO#LQGXVWU\1

*HQHWLF#PDUNHUV#DORQJ#FKURPRVRPHV#SURYLGH#GDWD#WKDW#FDQ#EH#XVHG#WR#GLVFRYHU#DVVRFLDWLRQV#EHWZHHQ
SDWLHQW#SKHQRW\SHV#+H1J1/#GLVHDVHG#YV1#KHDOWK\,#DQG#FKURPRVRPDO#UHJLRQV#+L1H1/#SRWHQWLDO#GLVHDVH#JHQH
ORFL,1#7KH#JURZLQJ#QXPEHU#RI#DYDLODEOH#JHQHWLF#PDUNHUV/#DQWLFLSDWHG#WR#UHDFK#KXQGUHGV#RI#WKRXVDQGV
LQ#WKH#QH[W#IHZ#\HDUV/#RIIHUV#QHZ#RSSRUWXQLWLHV#EXW#DOVR#DPSOLILHV#WKH#FRPSXWDWLRQDO#FRPSOH[LW\#RI
WKH#WDVN1

+XPDQ#JHQRPH#VHTXHQFLQJ#HIIRUWV/#WKH#ILUVW#RQHV#QRZ#DOPRVW#FRPSOHWH/#UHDG#WKH#IXOO#KXPDQ#'1$
VHTXHQFH1#7KHUH#DUH#PHWKRGV#IRU#UHFRJQL]LQJ#ZKHUH#WKHUH#DUH#JHQHV#LQ#WKH#VHTXHQFH#²#WKH#QXPEHU
RI#ZKLFK# LV#FXUUHQWO\#HVWLPDWHG# WR#EH#DURXQG# 63/3331#+RZHYHU/#ZH# ODFN#PHWKRGV# IRU#GHULYLQJ# WKH
IXQFWLRQ#RI#D#JHQH#IURP#WKH#VHTXHQFH#LQIRUPDWLRQ1#*HQH#PDSSLQJ#DSSURDFKHV#WKLV#SUREOHP#IRU#RQH
GLVHDVH# DW# D# WLPH1# ,W# DLPV# DW# GLVFRYHULQJ# DUHDV# LQ# WKH# JHQRPH# ±# KRSHIXOO\# VPDOO# ±# WKDW# KDYH# D
VWDWLVWLFDO#FRQQHFWLRQ#WR#D#JLYHQ#WUDLW/#WKXV#QDUURZLQJ#GRZQ#WKH#DUHD#WR#EH#DQDO\]HG#ZLWK#H[SHQVLYH
ODERUDWRU\#PHWKRGV1

$# W\SLFDO# VHWWLQJ# IRU#JHQH#PDSSLQJ# LV#D#FDVH0FRQWURO# VWXG\#RI# VRPH#FKURPRVRPH#RI#GLVHDVHG#DQG
KHDOWK\#LQGLYLGXDOV1#,QVWHDG#RI#ORRNLQJ#DW#WKH#'1$#RI#WKH#ZKROH#FKURPRVRPH/#RQO\#FHUWDLQ#PDUNHU
VHJPHQWV#GLVWULEXWHG#DORQJ# WKH#FKURPRVRPH#DUH#FRQVLGHUHG1#%\# WKH#DQDO\VLV#RI# VLPLODULWLHV#ZLWKLQ
WKH#GLVHDVH0DVVRFLDWHG#FKURPRVRPHV#RQ#RQH#KDQG#DQG#WKH#GLIIHUHQFHV#EHWZHHQ#WKH#GLVHDVH0DVVRFLDWHG
DQG#FRQWURO#FKURPRVRPHV#RQ#WKH#RWKHU/#RQH#FDQ#WU\#WR#ORFDWH#OLNHO\#DUHDV#IRU#D#JHQH#WKDW#SUHGLVSRVHV
SHRSOH#WR#WKH#GLVHDVH#DQDO\]HG1

:H# LQWURGXFH# 7UHH'7/# D# QRYHO# PHWKRG# IRU# JHQH# PDSSLQJ1# ,W# DQDO\VHV# WKH# REVHUYHG# VWULQJV# RI
PDUNHUV#E\#FRQVWUXFWLQJ#WUHH0VWUXFWXUHG#SDWWHUQV#WKDW#UHIOHFW#WKH#SRVVLEOH#JHQHWLF#KLVWRU\#RI#D#GLVHDVH
VXVFHSWLELOLW\#+'6,#JHQH1#7KH#JHQH#LV#WKHQ#SUHGLFWHG#WR#EH#ZKHUH#WKH#VWURQJHVW#JHQHWLF#FRQWULEXWLRQ#LV
YLVLEOH#LQ#WKH#WUHHV1#7KH#FRQWULEXWLRQV#RI#7UHH'7#DUH=

+4,#D#QRYHO#DSSURDFK#WR#JHQH#PDSSLQJ#XVLQJ#WUHH#SDWWHUQV/

+5,#DQ#HIILFLHQW#DOJRULWKP#IRU#JHQHUDWLQJ#DQG#WHVWLQJ#WUHH#SDWWHUQV/

+6,#D#PHWKRG# IRU#HVWLPDWLQJ# WKH#VWDWLVWLFDO#VLJQLILFDQFH#RI# LQGLYLGXDO# ILQGLQJV#DV#ZHOO#DV# WKH#ZKROH
SURFHVV/#EDVHG#RQ#PXOWLSOH#SHUPXWDWLRQV#EXW#FDUULHG#RXW#DW#WKH#FRVW#RI#D#VLQJOH#SHUPXWDWLRQ1

:H#HYDOXDWH# WKH#PHWKRG#H[SHULPHQWDOO\#ZLWK# UHDOLVWLF/#VLPXODWHG#GDWD/#DQG#FRPSDUH# LW# WR#SUHYLRXV
VWDWH# RI# WKH# DUW#PHWKRGV# LQ# JHQH#PDSSLQJ1# ,Q# WKH# QH[W# VHFWLRQ# ZH# UHYLHZ# WKH# SUREOHP1# ,Q# WKH
IROORZLQJ# VHFWLRQV#ZH# VSHFLI\# WKH#SURSRVHG#PHWKRG#DQG# WKHQ#JLYH#DOJRULWKPV# IRU# LW1#$IWHU#D#EULHI
UHYLHZ# RI# UHODWHG#ZRUN/#ZH# HYDOXDWH# DQG# FRPSDUH# WKH# SHUIRUPDQFH# RI# WKH#PHWKRG1# )LQDOO\/# ZH
FRQFOXGH#ZLWK#VRPH#GLUHFWLRQV#IRU#IXWXUH#ZRUN1

7KLV#UHSRUW#LV#DQ#H[WHQGHG#YHUVLRQ#RI#UHIHUHQFH#>46@1
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51# 352%/(0#%$&.*5281'
/HW#XV#DVVXPH#WKH#JRDO#LV#WR#ORFDWH#D#GLVHDVH0VXVFHSWLELOLW\#JHQH#IRU#D#JLYHQ#GLVHDVH1#:H#QH[W#EULHIO\
UHYLHZ#WKH#JHQHWLF#EDFNJURXQG>#ZLWKRXW#ORVV#RI#JHQHUDOLW\/#ZH#UHVWULFW#WKH#GLVFXVVLRQ#LQ#WKLV#SDSHU#WR
RQH#FKURPRVRPH1

0DUNHU#'DWD# #$#JHQHWLF#PDUNHU#LV#D#VKRUW#SRO\PRUSKLF#UHJLRQ# LQ# WKH#'1$/#GHQRWHG#KHUH#E\#04/
05/#«1#7KH#GLIIHUHQW#YDULDQWV#RI#'1$# WKDW#GLIIHUHQW#SHRSOH#KDYH#DW# WKH#PDUNHU#DUH#FDOOHG#DOOHOHV/
GHQRWHG#LQ#RXU#H[DPSOHV#E\#4/#5/#6/#«1#7KH#QXPEHU#RI#DOOHOHV#SHU#PDUNHU#LV#VPDOO=#W\SLFDOO\#OHVV#WKDQ
WHQ# +IRU# VR# FDOOHG#PLFURVDWHOOLWH#PDUNHUV,# RU# H[DFWO\# WZR# +IRU# VR# FDOOHG#613V,1#7KH# FROOHFWLRQ# RI
PDUNHUV# XVHG# LQ# D# SDUWLFXODU# VWXG\# LV# LWV#PDUNHU#PDS/# DQG# WKH# FRUUHVSRQGLQJ# DOOHOHV# LQ# D# JLYHQ
FKURPRVRPH#FRQVWLWXWH#LWV#KDSORW\SH#+)LJXUH#4,1#,W#LV#D#PDMRU#WDVN#RI#D#JHQH#PDSSLQJ#VWXG\#WR#GHVLJQ
WKH#PDUNHU#PDS# DQG# WR#REWDLQ# WKH#KDSORW\SH#GDWD1#7KDW# LV/#KRZHYHU/#ZKHUH#ZH# VWDUW/# DQG# IRU# WKH
SXUSRVHV#RI#WKLV#SDSHU#WKH#LQSXW#GDWD#FRQVLVWV#RI#KDSORW\SHV#RI#GLVHDVHG#DQG#FRQWURO#SHUVRQV#±#RU/#LQ
FRPSXWHU#VFLHQFH#WHUPV/#DOLJQHG#DOOHOH#VWULQJV/#FODVVLILHG#WR#SRVLWLYH#DQG#QHJDWLYH#H[DPSOHV1

/LQNDJH#GLVHTXLOLEULXP##$OO#WKH#FXUUHQW#FDUULHUV#RI#D#GLVHDVH0VXVFHSWLELOLW\#PXWDWLRQ#KDYH#LQKHULWHG
LW# IURP#D# IRXQGHU#ZKR# LQWURGXFHG# LW# WR# WKH#SRSXODWLRQ# +)LJXUH#5,1# ,I# WKHUH#KDV#EHHQ#RQO\#RQH#VXFK
IRXQGHU/# WKHQ# FXUUHQW# FDUULHUV# DUH# UHODWHG# DQG# VHJPHQWV# IURP# WKH# PXWDWLRQ# FDUU\LQJ# IRXQGHU
FKURPRVRPH#DUH#RYHU0UHSUHVHQWHG#DPRQJ#WKH#DIIHFWHG#DW#PXWDWLRQ#ORFXV1#5HODWLYHO\#\RXQJ#+H1J1#4333
\HDUV,#SRSXODWLRQ#LVRODWHV#DUH#SURPLVLQJ#VRXUFHV#RI#GDWD#LQ#WKLV#UHVSHFW=#D#GLVHDVH0VXVFHSWLELOLW\#DOOHOH
PD\#KDYH#EHHQ#LQWURGXFHG#E\#RQH#RU#WZR#IRXQGHUV#RQO\/#DQG#WKH#DOOHOH#PD\#EH#RYHU0UHSUHVHQWHG# LQ
WKH#SRSXODWLRQ1#.DLQXX# UHJLRQ# LQ#HDVWHUQ#)LQODQG# LV#DQ#H[DPSOH#RI#VXFK#D# IUXLWIXO#DUHD# IRU#JHQHWLF
VWXGLHV1

,I# WKHUH# DUH# FRQVHUYHG# UHJLRQV# DW# WKH#PXWDWLRQ# ORFXV/# WKHQ# LW# FDQ# EH# SRVVLEOH# WR# REVHUYH# OLQNDJH
GLVHTXLOLEULXP#+/',/#QRQ0UDQGRP#DVVRFLDWLRQ#EHWZHHQ#QHDUE\#PDUNHUV1

*HQH#0DSSLQJ# # ,Q#GLVHDVHV#ZLWK# D# UHDVRQDEOH#JHQHWLF# FRQWULEXWLRQ/# DQG# HVSHFLDOO\# LQ#SRSXODWLRQ
LVRODWHV#ZKHUH# IHZ# IRXQGHUV#KDYH# LQWURGXFHG# WKH#PXWDWLRQ/#DIIHFWHG# LQGLYLGXDOV#DUH# OLNHO\# WR#KDYH
KLJKHU# IUHTXHQFLHV# RI# IRXQGHU# DOOHOHV# DQG# KDSORW\SH# SDWWHUQV# QHDU# WKH# '6# JHQH# WKDQ# FRQWURO
LQGLYLGXDOV1#7KLV#LV#WKH#VWDUWLQJ#SRLQW#RI#/'0EDVHG#PDSSLQJ#PHWKRGV=#ZKHUH#GRHV#WKH#VHW#RI#DIIHFWHG
FKURPRVRPHV# VKRZ# OLQNDJH# GLVHTXLOLEULXP"# 7KH# SUREOHP# LV# IDU# IURP# WULYLDO/# KRZHYHU1# 7KH
FRDOHVFHQFH#SURFHVV#LV#VWRFKDVWLF>#PXWDWLRQ#FDUULHUV#RIWHQ#RQO\#KDYH#D#KLJKHU#ULVN#RI#EHLQJ#GLVHDVHG
WKDQ#QRQ0FDUULHUV/#DQG# LQ#D#FDVH0FRQWURO# VWXG\#ERWK#JURXSV#DUH#XVXDOO\#PL[HV#RI#FDUULHUV#DQG#QRQ0
FDUULHUV>#ILQDOO\/#WKHUH#LV#PLVVLQJ#LQIRUPDWLRQ1

6XPPDU\# RI# %DFNJURXQG# DQG# 3UREOHP# 6WDWHPHQW# *HQHWLF# PDUNHUV# SURYLGH# DQ# HFRQRPLFDO/
VSDUVH# YLHZ# RI# FKURPRVRPHV1#(YHQ# VSDUVHO\# ORFDWHG#PDUNHUV# FDQ# EH# YHU\# LQIRUPDWLYH=# JLYHQ# DQ

        allele

3  2  2  5  3  1  3  4  1  6       haplotype

M1 M2 M3 M4 M5 M6 M7 M8 M9 M10      marker map

                       Marker

)LJXUH#41#$#PDUNHU#PDS#RI#WHQ#PDUNHUV#DQG
D#VDPSOH#KDSORW\SH#FRQVLVWLQJ#RI#DOOHOHV#LQ

DGMDFHQW#PDUNHUV1

#                           mutation

generation 0

generation 1

generation 2

....

generation 20

inherited region

inherited alleles       5  3  1  3  4  1

)LJXUH#51#$#FDUULHU#RI#WKH#PXWDWLRQ#LQ
JHQHUDWLRQ#53#KDV#LQKHULWHG#DOOHOHV#IURP#WKH
DQFHVWUDO#FKURPRVRPH#LQ#JHQHUDWLRQ#3

DURXQG#WKH#JHQH#ORFXV1
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DQFHVWRU#ZLWK#D#PXWDWHG#JHQH/#WKH#GHVFHQGDQWV#WKDW#LQKHULW#WKH#JHQH#DUH#DOVR#OLNHO\#WR#LQKHULW#DOOHOHV
RI#QHDUE\#PDUNHUV1#7KH#H[DFW#SUREDELOLW\#RI#LQKHULWLQJ#DQ\#FRPELQDWLRQ#RI#PDUNHUV#GHSHQGV#RQ#WKH
JHQH# ORFDWLRQ#ZLWK# UHVSHFW# WR# WKH#PDUNHUV/# WKH#SRSXODWLRQ#KLVWRU\#RU# WKH# FRDOHVFHQFH#KLVWRU\/# DQG
PDUNHU#PXWDWLRQV>#DOO#RI#WKHVH#DUH#XQNQRZQ1

2XU# IUDPHZRUN# FRQVLVWV# RI# D# FDVH0FRQWURO# VHWWLQJ/#ZKHUH# WKH# LQSXW# FRQVLVWV# RI# KDSORW\SHV1# (DFK
LQGLYLGXDO#FRQWULEXWHV#D#FKURPRVRPH#SDLU/#VR# WKH#QXPEHU#RI#FKURPRVRPHV# LV# WZLFH# WKH#QXPEHU#RI
LQGLYLGXDOV1#:H#LJQRUH#WKH#IDFW#WKDW#FKURPRVRPHV#FRPH#LQ#SDLUV#DQG#VLPSO\#FRQVLGHU#WKH#LQSXW#GDWD
DV# FRQVLVWLQJ# RI# D# VHW# RI# GLVHDVH0DVVRFLDWHG# KDSORW\SHV# +IURP# WKH# FDVHV,# DQG# D# VHW# RI# FRQWURO
KDSORW\SHV1

7KH#/'0EDVHG#JHQH#PDSSLQJ#SUREOHP#LV#QRZ#WKH#IROORZLQJ1#7KH#LQSXW#FRQVLVWV#RI#D#PDUNHU#PDS/
DQG#D#VHW#RI#GLVHDVH0DVVRFLDWHG#KDSORW\SHV#DQG#D#VHW#RI#FRQWURO#KDSORW\SHV#RQ# WKH#JLYHQ#PDS1#7KH
WDVN#LV#WR#SUHGLFW#WKH#ORFDWLRQ#RI#D#GLVHDVH#VXVFHSWLELOLW\#JHQH#RQ#WKH#PDS1

61# 0(7+2'
)RU# DQ\# SDLU# RI# FKURPRVRPHV# LQ# WKH# VDPSOH# WKHUH# KDV# EHHQ# D# FRPPRQ# RULJLQ# LQ# WKH# SRSXODWLRQ
KLVWRU\/# DQ# DQFHVWUDO# FKURPRVRPH# DW# ZKLFK# WKHLU# SDWKV# KDYH# GLYHUJHG1# 'XH# WR# UHFRPELQDWLRQV
GLIIHUHQW#SDUWV#RI#FKURPRVRPHV#KDYH#GLIIHUHQW#KLVWRULHV/#DQG#DW#DQ\#JLYHQ#ORFDWLRQ#WKH#FKURPRVRPHV
LQ#WKH#VDPSOH#DQG#WKHLU#PRVW#UHFHQW#FRPPRQ#RULJLQV#IRUP#D#FRDOHVFHQFH#WUHH1#,Q#WKH#FRDOHVFHQFH#WUHH
IRU#WKH#'6#JHQH#ORFDWLRQ/#DOO#WKH#FKURPRVRPHV#LQ#RQH#RU#PRUH#VXEWUHHV#FDUU\#WKH#'6#PXWDWLRQ/#DQG
ZH#VKRXOG#REVHUYH#H[FHVV#RI#GLVHDVH0DVVRFLDWHG#KDSORW\SHV#DV#WKH#OHDYHV#RI#WKHVH#VXEWUHHV1#/RRNLQJ
DW#FRDOHVFHQFH# WUHHV# IRU#YDULRXV# ORFDWLRQV/# WKH#FORVHU# WKH# ORFDWLRQ# LV# WR# WKH#'6#JHQH# WKH#PRUH#DQG
ODUJHU#VXEWUHHV#DUH#LGHQWLFDO#WR#WKRVH#LQ#WKH#WUHH#DW#WKH#'6#JHQH#ORFDWLRQ1

%DVHG#RQ#WKH#REVHUYHG#KDSORW\SHV/#7UHH'7#HYDOXDWHV#WKH#PRVW#OLNHO\#FRDOHVFHQFH#WUHH#DW#D#QXPEHU#RI
ORFDWLRQV# DORQJ# WKH# DQDO\]HG# FKURPRVRPH/# DQG# WKHQ# DVVHVVHV# WKH# VXEWUHH# FOXVWHULQJ# RI# GLVHDVH0
DVVRFLDWHG#KDSORW\SHV#LQ#WKHVH#WUHHV1#)RU#WKH#ODWWHU#WDVN#ZH#LQWURGXFH#D#QRYHO#WUHH#GLVHTXLOLEULXP#WHVW/
LQWHQGHG#IRU#SUHGLFWLQJ#'6#JHQH#ORFDWLRQV1#7KH#YLFLQLW\#RI#WKH#ORFDWLRQ#IRU#ZKLFK#WKH#WHVW#JLYHV#WKH
ORZHVW#S#YDOXH#LV#WKH#PRVW#OLNHO\#FDQGLGDWH#DUHD#IRU#WKH#'6#JHQH#ORFDWLRQ1#7KH#PHWKRG#DOVR#FRPSXWHV
WKH# FRUUHFWHG# RYHUDOO# S# YDOXH# IRU# WKH# EHVW# ILQGLQJ1# ,W# FDQ# EH# XVHG# IRU# SUHGLFWLQJ# ZKHWKHU# WKH
FKURPRVRPH#FDUULHV#D#'6#JHQH#DW#DOO#RU#QRW1

614# +DSORW\SH#3UHIL[#7UHHV
*LYHQ#D#ORFDWLRQ#LQ#WKH#FKURPRVRPH#±#D#SRWHQWLDO#JHQH#ORFXV#±#WKH#KDSORW\SHV#WR#WKH#ULJKW#+RU#WR#WKH
OHIW,#RI#WKH#ORFDWLRQ#FDQ#EH#RUJDQL]HG#LQWR#D#SUHIL[#WUHH#+)LJXUHV#6#DQG#7,1#7KH#WUHH#VWUXFWXUH#PD\#EH
FRQVLGHUHG#DV#D#SRVVLEOH#FRDOHVFHQFH# WUHH# IRU# WKH# ORFDWLRQ/#ZLWK# WKH# IROORZLQJ# H[FHSWLRQV=# 4,#7KH
RUGHU# RI# QRGHV#PD\# GLIIHU# IURP# WKDW# LQ# WKH# WUXH# FRDOHVFHQFH# WUHH/# H1J1/# LQ# )LJXUH# 7/# 67000#PLJKW
DFWXDOO\#EH# D#PRUH# UHFHQW#QRGH# WKDQ# 674401#+RZHYHU/#EHFDXVH# WKH# H[SHFWHG# OHQJWK#RI# WKH# VKDUHG

 2 3 5 1 5 1 1 2 5 2   Control
 1 5 1 4 3 1 3 4 3 2   Control
 2 5 5 2 4 1 3 5 6 1   Control
 4 6 5 3 1 3 4 1 1 1   Affected
 2 5 5 3 1 3 4 1 1 2   Affected
 3 3 1 3 1 3 4 3 2 1   Affected

)LJXUH#61#6WULQJ0VRUWHG#VHW#RI
KDSORW\SHV#WR#WKH#ULJKW#IURP#WKH
ORFDWLRQ#SRLQWHG#E\#WKH#DUURZ1

   -----         time
                                  mutation

      1----
34---

          13---
                         3411-

11252  13432  13561  34111  34112   34321

)LJXUH#71#7KH#SUHIL[#WUHH/#DQG#DOVR#D#SRVVLEOH
FRDOHVFHQFH#WUHH/#IRU#WKH#KDSORW\SHV#RI#)LJXUH#61
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UHJLRQ#RI#WZR#FKURPRVRPHV#GHFUHDVHV#PRQRWRQLFDOO\#DV#WKH#WLPH#IURP#WKHLU#GLYHUJHQFH#LQFUHDVHV/#LW
LV#HDV\#WR#VHH#WKDW#WKH#RUGHU#JLYHQ#E\#VXEVXPSWLRQ#LV#WKH#PRVW#OLNHO\#RQH1#5,#%HFDXVH#KDSORW\SHV#PD\
DOVR#VKDUH#D#VXEVWULQJ#E\#FKDQFH/# WKH# LQWHUQDO#QRGHV#PD\#UHSUHVHQW#D#FRPELQDWLRQ#RI#QRGHV# LQ# WUXH
FRDOHVFHQFH#WUHH1

,QVWHDG# RI# FRQVLGHULQJ# DOWHUQDWLYH# FRDOHVFHQFH# WUHHV# OHDGLQJ# WR# WKH# VDPH# REVHUYHG# KDSORW\SHV/
7UHH'7# XVHV# WKH# XQLTXH# KDSORW\SH# SUHIL[# WUHH# DV# D# FDQRQLFDO# UHSUHVHQWDWLRQ# RI# VXFK# D# VHW# RI
FRDOHVFHQFH#WUHHV1#7UHH'7#EXLOGV#WZR#SUHIL[#WUHHV/#RQH#WR#WKH#OHIW#DQG#RQH#WR#WKH#ULJKW/#EHWZHHQ#HDFK
SDLU#RI#FRQVHFXWLYH#PDUNHUV#DQG#WHVWV#WKHLU#GLVHTXLOLEULXP1

615# 7UHH#'LVHTXLOLEULXP#7HVW
7KH# WUHH# GLVHTXLOLEULXP# WHVW# IRU# D# KDSORW\SH# +SUHIL[,# WUHH# 7# WHVWV# WKH# DOWHUQDWLYH# K\SRWKHVLV# 7KH
GLVWULEXWLRQ# RI# WKH# GLVHDVH0DVVRFLDWLRQ# VWDWXVHV# GHYLDWHV# LQ# VRPH# VXEWUHHV# RI# 7# IURP# WKH# RYHUDOO
GLVWULEXWLRQ#RI#VWDWXVHV#DJDLQVW# WKH#QXOO#K\SRWKHVLV#7KH#GLVHDVH0DVVRFLDWLRQ# VWDWXVHV#DUH# UDQGRPO\
GLVWULEXWHG#LQ#WKH#OHDYHV#RI#71#7UHH'7#LGHQWLILHV#WKH#VHW#6#RI#VXEWUHHV#LQ#ZKLFK#WKH#REVHUYHG#VWDWXV
GLVWULEXWLRQ#GHYLDWHV#PRVW#IURP#WKH#H[SHFWDWLRQ#XQGHU#WKH#QXOO#K\SRWKHVLV1#,Q#WKH#QH[W#VXEVHFWLRQ#ZH
GLVFXVV#KRZ#WR#HVWLPDWH#WKH#VLJQLILFDQFH#RI#WKH#GHYLDWLRQ#DV#D#S#YDOXH#DQG#WR#XVH#LQ#JHQH#PDSSLQJ1

)RU#PHDVXULQJ#WKH#GLVHTXLOLEULXP#RI#D#WUHH/#ZH#XVH#D#YDULDQW#RI#WKH#=#WHVW1#7KH#WHVW#VWDWLVWLF#=N#IRU#D
WUHH#ZLWK#N#GHYLDQW#VXEWUHHV#74/#«/#7N#LV

∑
= −

−=
N

L L

LL
N SSQ

SQD=
4

/
,4+

ZKHUH#DL# LV# WKH#QXPEHU#RI#GLVHDVH0DVVRFLDWHG#KDSORW\SHV#DQG#QL# WKH# WRWDO#QXPEHU#RI#KDSORW\SHV# LQ
VXEWUHH#7L#∈#6/#DQG#S# LV# WKH#SURSRUWLRQ#RI#GLVHDVH0DVVRFLDWHG#KDSORW\SHV# LQ# WKH# VDPSOH1#7KH# VFRUH
PHDVXUHV# WKH# GLVWDQFH# RI# WKH# REVHUYHG# QXPEHU# RI# GLVHDVH0DVVRFLDWHG# FKURPRVRPHV# +DL,# IURP# WKH
H[SHFWDWLRQ#+QL#S,#LQ#VWDQGDUG#GHYLDWLRQV#+VTXDUH#URRW#RI#QL#S#+40S,,/#XQGHU#WKH#DVVXPSWLRQ#RI#ELQRPLDO
GLVWULEXWLRQ#ZLWK# SDUDPHWHUV# QL# DQG# S1#:H# XVH# D# RQH0WDLOHG# WHVW/# VLQFH#ZH# DUH# LQWHUHVWHG# RQO\# LQ
VXEWUHHV#LQ#ZKLFK#WKH#SURSRUWLRQ#RI#GLVHDVH0DVVRFLDWHG#KDSORW\SHV#LV#JUHDWHU#WKDQ#H[SHFWHG1

:H# FRXOG# XVH# D# 5×+N.4,# χ50VWDWLVWLF# DV# D#PHDVXUH# RI# GHYLDWLRQ# IRU# D# JLYHQ# VXEWUHH# VHW# 61# 7KH
χ50VWDWLVWLF/# KRZHYHU/# LV# QRW# HDVLO\# PD[LPL]HG# LQ# WKH# VSDFH# RI# DOO# SRVVLEOH# VXEWUHH# VHWV# DQG# LV
WKHUHIRUH#QRW#D#YHU\#SUDFWLFDO#FKRLFH1

616# 6LJQLILFDQFH#7HVWV
=N# LV#D#PHDVXUH# IRU# WKH#GLVHTXLOLEULXP#RI# D#JLYHQ# WUHH/# FRUUHVSRQGLQJ# WR# D# FHUWDLQ# ORFDWLRQ# LQ# WKH
FKURPRVRPH/#ZLWK# JLYHQ# N# GHYLDQW# VXEWUHHV1#*LYHQ# D# WUHH/#7UHH'7# ILQGV# IRU# HDFK# N# WKH# VHW# 6# RI
VXEWUHHV# WKDW#PD[LPL]HV# =N1# +=N# FDQ# EH# HIILFLHQWO\#PD[LPL]HG# VLPXOWDQHRXVO\# IRU# DOO# N# XVLQJ# D
UHFXUVLYH#DOJRULWKP/#DV#VKRZQ#LQ#WKH#$OJRULWKPV#VHFWLRQ1,#+RZHYHU/#LQ#RUGHU#WR#ILQG#WKH#EHVW#YDOXH
RI#N#IRU#WKH#JLYHQ#WUHH/#VLPSOH#PD[LPL]DWLRQ#LV#QRW#SRVVLEOH1#6LQFH#WKH#VWDWLVWLFV#IRU#GLIIHUHQW#GHJUHHV
RI#IUHHGRP#N#DUH#QRW#FRPSDUDEOH/#7UHH'7#HVWLPDWHV#WKH#S#YDOXH#IRU#HDFK#PD[LPL]HG#=N# +XQGHU# WKH
QXOO#K\SRWKHVLV#RI#UDQGRP#GLVWULEXWLRQ#RI#GLVHDVH#VWDWXV,1#%HFDXVH#WKH#GLVWULEXWLRQ#RI#WKH#PD[LPL]HG
=N#LV#YHU\#FRPSOH[#DQG#GHSHQGHQW#RQ#WKH#WUHH#VWUXFWXUH/#S#YDOXHV#DUH#HVWLPDWHG#E\#D#SHUPXWDWLRQ#WHVW1

,Q#RUGHU#WR#JHW#D#VLQJOH#S#YDOXH#IRU#WKH#GLVHTXLOLEULXP#DW#D#JLYHQ#ORFDWLRQ/#ZH#QHHG#WR#FRPELQH#WKH
LQIRUPDWLRQ#IURP#WKH#WUHHV#WR#WKH#OHIW#DQG#WR#WKH#ULJKW#RI#WKH#ORFDWLRQ1#$V#D#FRPELQHG#PHDVXUH#ZH#XVH
WKH# SURGXFW# RI# WKH# ORZHVW# S# YDOXH# RYHU# DOO# N# IURP# HDFK# VLGH1#$JDLQ/# VLQFH# WKH#PHDVXUHV# DUH# QRW



8

QHFHVVDULO\#GLUHFWO\#FRPSDUDEOH/#D#QHZ#S#YDOXH#IRU#WKH#FRPELQDWLRQ#LV#HVWLPDWHG1#7KH#UHVXOWV#DUH#QRZ
FRPSDUDEOH#EHWZHHQ#GLIIHUHQW#ORFDWLRQV14

7KH#RXWSXW#RI#7UHH'7#LV#HVVHQWLDOO\#WKH#S#YDOXH#UDQNHG#OLVW#RI#ORFDWLRQV1#$#SRLQW#SUHGLFWLRQ#IRU#WKH
JHQH#ORFDWLRQ#LV#REWDLQHG#E\#WDNLQJ#WKH#EHVW#ORFDWLRQ>#D#+SRWHQWLDOO\#IUDJPHQWHG,#UHJLRQ#RI#OHQJWK#O#LV
REWDLQHG#E\#WDNLQJ#EHVW#ORFDWLRQV#XQWLO#D#OHQJWK#RI#O#LV#FRYHUHG1

6LQFH#PXOWLSOH#ORFDWLRQV#DUH#WHVWHG#IRU#D#S#YDOXH/#DQG#DOVR#VLQFH#WKH#S#YDOXHV#DW#QHDUE\#ORFDWLRQV#DUH
QRW#LQGHSHQGHQW/#D#GLUHFW#OLQN#EHWZHHQ#WKH#S#YDOXH#DQG#WKH#SUREDELOLW\#WKDW#WKH#JHQH#LV#LQGHHG#FORVH#WR
WKH# ORFDWLRQ# FDQQRW# EH# HVWDEOLVKHG1# 7KH# S# YDOXHV# DUH# XVHG# VLPSO\# DV# D# PHWKRG# RI# UDQNLQJ# WKH
ORFDWLRQV1

+RZHYHU/#D#VLQJOH#FRUUHFWHG#S#YDOXH#IRU#WKH#EHVW#ILQGLQJ#FDQ#EH#REWDLQHG#ZLWK#D#WKLUG#WHVW#XVLQJ#WKH
ORZHVW# ORFDO# S# YDOXH# DV# WKH# WHVW# VWDWLVWLF1#7KLV# S# YDOXH# FDQ# DOVR# EH# XVHG# WR# DQVZHU# WKH# TXHVWLRQ
ZKHWKHU# WKHUH# LV#D#JHQH# LQ# WKH# LQYHVWLJDWHG#DUHD# LQ# WKH# ILUVW#SODFH#RU#QRW1#$OO# WKHVH# WKUHH#QHVWHG#S
YDOXH#WHVWV#+IRU#HDFK#WUHH#DQG#N/#IRU#HDFK#ORFDWLRQ/#IRU#WKH#EHVW#ORFDWLRQ,#FDQ#EH#FDUULHG#RXW#HIILFLHQWO\
DW#WKH#FRVW#RI#D#VLQJOH#WHVW1

71# $/*25,7+06

714# &RQVWUXFWLQJ#+DSORW\SH#3UHIL[07UHHV
7KH# KDSORW\SH# SUHIL[0WUHHV# WR# WKH# OHIW# DQG# ULJKW# IURP# HDFK# DQDO\]HG# ORFDWLRQ# FDQ# EH# HIILFLHQWO\
LGHQWLILHG#XVLQJ#D#VWULQJ0VRUWLQJ#DOJRULWKP1#7KH#DOJRULWKP#SURGXFHV#DV#LQWHUPHGLDWH#UHVXOWV#IRU#HDFK
PDUNHU#WKH#VRUWHG#OLVW#RI#WKH#SDUWLDO#KDSORW\SHV#WR#WKH#ULJKW#IURP#WKH#PDUNHU1#$OO#WKH#ULJKW0VLGH#WUHHV
FDQ#EH# HDVLO\#GHULYHG# IURP# WKHVH# LQWHUPHGLDWH# OLVWV/#EHFDXVH# WKH#KDSORW\SHV#EHORQJLQJ# WR# D# VLQJOH
QRGH# IRUP#D#FRQWLQXRXV#EORFN# LQ# WKH# VRUWHG# OLVW1#7KH# OHIW0VLGH# WUHHV#FDQ#EH# LGHQWLILHG# VLPLODUO\#E\
VRUWLQJ#WKH#LQYHUWHG#KDSORW\SHV1#7KH#FRPSXWDWLRQDO#FRVW#RI#FRQVWUXFWLQJ#WKH#WUHHV#LV#OLQHDU#ERWK#LQ#WKH
QXPEHU#RI#PDUNHUV#DQG#WKH#QXPEHU#RI#KDSORW\SHV/#DQG# LW# LV#QHJOLJLEOH#FRPSDUHG# WR# WKH#FRVW#RI# WKH
SHUPXWDWLRQ#WHVW#SURFHGXUH1

715# $Q#$OJRULWKP#IRU#0D[LPL]LQJ#WKH#7UHH#'LVHTXLOLEULXP
,W# LV#HVVHQWLDO# WKDW# WKH# WLPH0FRPSOH[LW\#RI# WKH#DOJRULWKP# IRU#PD[LPL]LQJ# WKH#=#YDOXHV# LV#DV# ORZ#DV
SRVVLEOH/# EHFDXVH# LW#PXVW# EH# H[HFXWHG# IRU# HDFK# WUHH# ORFDWLRQ# DQG# SHUPXWDWLRQ# LQ# WXUQ1# 7KH# NH\
REVHUYDWLRQ# LV# WKDW# LI# VXEWUHH# VHW#6#PD[LPL]HV#=_6_# LQ# D# WUHH#7/# WKHQ# WKH# UHVWULFWLRQ#6¶#RI#6# WR# DQ\
VXEWUHH#7¶#RI#7#PD[LPL]HV#=_6¶_#IRU#7¶1#$OVR/#LI#64#∩#65# #∅#WKHQ#=+64∪65,# #=+64,#.#=+65,1#7KHVH
REVHUYDWLRQV#OHDG#XV# WR# WKH#IROORZLQJ#UHFXUVLYH#DOJRULWKP# WKDW#SURSDJDWHV# WKH# ORFDOO\#PD[LPL]HG#=
YDOXHV#XSZDUGV#LQ#WKH#WUHH1

,QSXW=#$#KDSORW\SH#SUHIL[#WUHH#7

2XWSXW=#0D[LPXP#YDOXHV#RI#=N#LQ#WKH#WUHH#7#IRU#HDFK#N

&DOO#0D[LPL]H+7,

################################################
4#:H#DUH#DZDUH#WKDW#WKH#PD[LPL]DWLRQ#RI#WKH#WHVW#VWDWLVWLF#LQWURGXFHV#D#VHOHFWLRQ#ELDV#IDYRULQJ#VPDOOHU
VXEWUHHV/#EXW#DW#WKLV#SRLQW#ZH#KDYH#QRW#WDNHQ#DQ\#DFWLRQV#WR#FRPSHQVDWH#IRU#LW1
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0D[LPL]H+7,=

,I#7#LV#QRW#D#OHDI=
41# )RU#HDFK#LPPHGLDWH#VXEWUHH#7L#RI#7=#5HFXUVLYHO\#FDOO#0D[LPL]H+7L,1
51# )RU#HDFK#N=#FDOFXODWH# WKH#PD[LPXP#YDOXH#=0$;/# N+7,# IRU#=N#RYHU#DOO#6# WKDW#FDQ#EH#REWDLQHG#E\

FRPELQLQJ#VXEWUHH#VHWV#IURP#HDFK#VXEWUHH#7L#RI#71

61# &DOFXODWH#=4#IRU#71#,I##=4!=0$;/#4+7,#WKHQ#VHW#=0$;/#4+7,#= #=41

,I#7#LV#D#OHDI/#WKHQ#VHW#=0$;/#4+7,#= #31

6WHS#5#FDQ#EH#IXUWKHU#UHILQHG=

514#6HW#<N#= #3#DQG#=0$;/#N+7,#= #3#IRU#DOO#N/#4#≤#N#≤#Q/#ZKHUH#Q#LV#WKH#QXPEHU#RI#OHDYHV#LQ#71

515#)RU#HDFK#VXEWUHH#7¶#RI#7#=

51514# )RU#HDFK#SDLU#+L/M,/#4#≤#L#≤#S#DQG#4#≤#M#≤#T/#ZKHUH#S#LV#WKH#QXPEHU#RI#OHDYHV#LQ#7¶#DQG#T#LV#WKH
WRWDO#QXPEHU#RI#OHDYHV#LQ#DOO#WKH#VXEWUHHV#SURFHVVHG#SULRU#WR#7�=

,I#=0$;/#L+7¶,#.#<M#!#=0$;/#L.M+7,/#WKHQ#VHW#=0$;/#L.M+7,#=# #=0$;/#L+7¶,#.#<M1

51515# )RU#HDFK#N/#4#≤#N#≤#S=

,I#=0$;/#N+7¶,#!#=0$;/#N+7,/#WKHQ#VHW#=0$;/#N+7,#=# #=0$;/#N+7¶,1

51516# )RU#HDFK#N/#4#≤#N#≤#S.T=

,I#=0$;/#N+7,#!#<N+7,/#WKHQ#VHW#<N+7,#=# #=0$;/#N+7,

7KH#WLPH#FRPSOH[LW\#RI#WKH#DOJRULWKP#LV#2+Q5,#+SURRI#RPLWWHG,/#ZKHUH#Q#LV#WKH#QXPEHU#RI#OHDYHV#LQ
WKH#WUHH#L1H1#WKH#QXPEHU#RI#KDSORW\SHV#LQ#WKH#GDWD#VHW1#%\#VHWWLQJ#DQ#XSSHU#OLPLW#N#IRU#WKH#VL]H#RI#WKH
VXEWUHH# VHWV/# WKH# DYHUDJH# WLPH# FRPSOH[LW\# FDQ# EH# UHGXFHG# WR# 2+Q,# ZLWK# D# FRQVWDQW# FRHIILFLHQW
SURSRUWLRQDO#WR#N5/#N#EHLQJ#W\SLFDOO\#VPDOO/#≤#431#,Q#SULQFLSOH#WKHUH#LV#QR#QHHG#WR#VHW#DQ#XSSHU#OLPLW#±
WKH#QXPEHU#RI#FKURPRVRPHV# LV# WKH#PD[LPXP#QXPEHU#RI#VXEWUHHV#±#EXW#ZKHQHYHU#/'0PDSSLQJ# LV
DSSOLFDEOH/#WKH#PDMRULW\#RI#PXWDWLRQ#FDUULHUV#LV#FRQFHQWUDWHG#LQ#RQO\#IHZ#VXEWUHHV#RI#WKH#SUHIL[#WUHHV
DW#WKH#'6#JHQH#ORFXV1#,Q#WKH#H[SHULPHQWV#IRU#WKLV#SDSHU#ZH#XVH#DQ#XSSHU#OLPLW#RI#9#VXEWUHHV1

716# $Q#(IILFLHQW#$OJRULWKP#IRU#0XOWLSOH#1HVWHG#3HUPXWDWLRQ#7HVWV
7KH# VWUDLJKWIRUZDUG#DOJRULWKP# IRU#D# WKUHH0OHYHO#QHVWHG#SHUPXWDWLRQ# WHVW#XVLQJ#QHVWHG# ORRSV#ZRXOG
KDYH#WLPH#FRPSOH[LW\#SURSRUWLRQDO#WR#Q6/#ZKHUH#Q#LV#WKH#QXPEHU#RI#SHUPXWDWLRQV#DW#HDFK#OHYHO1#7KH
WHVW#ZRXOG#EH#LQWUDFWDEOH#DOUHDG\#ZLWK#UDWKHU#ORZ#SHUPXWDWLRQ#FRXQWV1#+RZHYHU/#WKH#WLPH#FRPSOH[LW\
FDQ#EH#GUDVWLFDOO\#UHGXFHG#XVLQJ#WKH#VDPH#VHW#RI#SHUPXWDWLRQV#DW#HDFK#OHYHO#RI#WKH#WHVW#DQG#WKXV#RQO\
PD[LPL]LQJ#WKH#=#YDOXHV#Q#LQVWHDG#RI#Q6#WLPHV#IRU#HDFK#ORFDWLRQ1

41# &RPSXWH# =0$;/# N+7,#  #PD[# =N+7/6,# IRU# HDFK# VXEWUHH# FRXQW# N# DQG# HDFK# SUHIL[# WUHH# 7# RYHU# DOO
6#∈#6XEWUHH6HWV+7,1

51# 5DQGRPO\#JHQHUDWH#Q.4#SHUPXWDWLRQV#RI#GLVHDVH0DVVRFLDWLRQ#VWDWXVHV#IRU#WKH#KDSORW\SHV#DQG#IRU
HDFK#SHUPXWDWLRQ#L#DQG#+7/N,=#FRPSXWH#=0$;/#N+L/7,# #PD[#=N+L/7/6,#RYHU#DOO#6#∈#6XEWUHH6HWV+7,1

22#/HYHO#4

61# )RU#HDFK#+7/N,=

614# &DOFXODWH#D#S#YDOXH#S+7/N,#E\#FRPSDULQJ#=0$;/#N+7,#WR#=0$;/#N+L/7,/#4≤#L#≤#Q1



:

615# )RU# HDFK# SHUPXWDWLRQ# L=# FDOFXODWH# D# S# YDOXH# S+L/7/N,# E\# FRPSDULQJ# =0$;/# N+L/7,# WR# DOO
=0$;/#N+M/7,/#M#≠#L1

22#/HYHO#5

71# )RU#HDFK#SDLU#RI#RSSRVHG#WUHHV#URRWHG#DW#WKH#VDPH#ORFDWLRQ#W# #+74/75,=
714# &KRRVH#S0,1+W,# #PLQ#S+74/N4,S+75/N5,#RYHU#DOO#N4/#N5
715# )RU#HDFK#SHUPXWDWLRQ#L=#FKRRVH#S0,1+L/W,# #PLQ#S+L/74/N4,#S+L/75/N5,#RYHU#DOO#N4/#N51

716# &DOFXODWH#D#S#YDOXH#S+W,#E\#FRPSDULQJ#S0,1+W,#WR#S0,1+L/W,/#4≤#L#≤#Q1

717# )RU#HDFK#SHUPXWDWLRQ#L=#FDOFXODWH#D#S#YDOXH#S+L/W,#E\#FRPSDULQJ#S0,1+L/W,#WR#DOO#S0,1+M/W,/#M#≠#L1

22#/HYHO#6

81# &KRRVH#S0,1# #PLQ#S+W,#RYHU#DOO#W1

91# )RU#HDFK#SHUPXWDWLRQ#L=#FKRRVH#S0,1+L,# #PLQ#S+L/W,#RYHU#DOO#W1

:1# &DOFXODWH#WKH#RYHUDOO#FRUUHFWHG#S#YDOXH#E\#FRPSDULQJ#S0,1#WR#S0,1+L,#/#4≤#L#≤#Q1

7KH# WLPH# FRPSOH[LW\#RI# VWHSV# 615# DQG# 717# LV#2+Q# ORJ#Q,# XVLQJ# DQ# DOJRULWKP#ZKLFK# ILUVW# VRUWV# WKH
YDOXHV#RI#WKH#WHVW#VWDWLVWLF#IRU#DOO#WKH#SHUPXWDWLRQV1#6WHS#5#SUHGRPLQDWHV#WKH#WLPH#FRPSOH[LW\#RI#WKH
DOJRULWKP/#2+QTU,/#ZKHUH#T#LV#WKH#WLPH#FRPSOH[LW\#RI#PD[LPL]LQJ#WKH#=N0VWDWLVWLF#IRU#DOO#N/#DQG#U#LV
WKH#QXPEHU#RI#WHVWHG#ORFDWLRQV#LQ#WKH#FKURPRVRPH1

'XH#WR#WKH#ILQLWH#QXPEHU#RI#SHUPXWDWLRQV/#WKH#SUHFLVLRQ#RI#WKH#S#YDOXHV#JLYHQ#E\#D#SHUPXWDWLRQ#WHVWV
PD\# QRW# EH# VXIILFLHQW# IRU# DFFXUDWH# ORFDOL]DWLRQ1# ,Q# VRPH# VLWXDWLRQV# HYHQ# D# YHU\# ODUJH# QXPEHU# RI
SHUPXWDWLRQV# GRHV# QRW# SURGXFH# DQ\# YDOXHV# IRU# WKH# WHVW# VWDWLVWLF#PRUH# H[WUHPH# WKDQ# WKH# REVHUYHG
YDOXHV# IRU# VHYHUDO# FRQVHFXWLYH# ORFDWLRQV1#)RU# WKLV# SXUSRVH# WKH# S# YDOXHV# UHWXUQHG# E\# WKH# ILUVW# DQG
VHFRQG# OHYHO# SHUPXWDWLRQ# WHVWV# DUH# GHWHUPLQHG# VOLJKWO\# XQFRQYHQWLRQDOO\=# $W# OHYHO# 4# ZH# XVH# D
PRGLILHG#YHUVLRQ#RI#DOJRULWKP#5# WR#REWDLQ#DQ#XSSHU#ERXQG#RI#=N# IRU#DOO#N1#$W# OHYHO# 5# WKH# VPDOOHVW
SRVVLEOH#YDOXH# IRU# WKH# WHVW# VWDWLVWLF# LV#]HUR1#7KHVH#YDOXHV#FRUUHVSRQG# WR#S#YDOXHV#RI# 425+Q.4,1#7KH
UHWXUQHG#S#YDOXH# LV# LQWHUSRODWHG#EHWZHHQ# WKH#S#YDOXHV#FRUUHVSRQGLQJ# WR# WKH#QH[W# ORZHU#DQG#KLJKHU
YDOXHV#IRU#WKH#WHVW#VWDWLVWLF#REWDLQHG#E\#SHUPXWDWLRQV1#7KH#WRS0OHYHO#WHVW#UHWXUQLQJ#WKH#RYHUDOO#S#YDOXH
LV#LPSOHPHQWHG#LQ#WKH#XVXDO#FRQVHUYDWLYH#PDQQHU1

81# 5(/$7('#:25.
0RVW#FXUUHQW#JHQH#PDSSLQJ#PHWKRGV#EDVHG#RQ#OLQNDJH#GLVHTXLOLEULXP#ORRN#MXVW#DW#LQGLYLGXDO#PDUNHUV
RU#QHLJKERULQJ#PDUNHUV/#PHDVXUH#WKHLU#DVVRFLDWLRQ#WR#WKH#GLVHDVH#VWDWXV/#DQG#SUHGLFW#WKH#JHQH#ORFXV#WR
EH# FR0ORFDWHG# ZLWK# WKH# VWURQJHVW# DVVRFLDWLRQ1# +RZHYHU/# VLQFH# GLIIHUHQW# PXWDWLRQ# FDUULHUV# VKDUH
GLIIHUHQW#VHJPHQWV/#WKHUH#LV#QR#VLQJOH#PDUNHU#RU#SDWWHUQ#WKDW#LV#UHSUHVHQWDWLYH#RI#WKH#VKDUHG#VHJPHQWV1

,Q#WKH#UHFHQW#\HDUV/#VHYHUDO#VWDWLVWLFDO#PHWKRGV#KDYH#EHHQ#SURSRVHG# WR#GHWHFW#/'#>7@>:@><@>44@>49@1
7KH#HPSKDVLV#KDV#EHHQ#RQ#IDLUO\#LQYROYHG#VWDWLVWLFDO#PRGHOV#RI#/'#DURXQG#D#'6#JHQH1#7KH\#PRGHO
ZKROH# UHFRPELQDWLRQ#KLVWRULHV# DQG# VRPH# DUH# UREXVW# WR#KLJK# OHYHOV#RI#KHWHURJHQHLW\1#2Q# WKH#RWKHU
KDQG/#WKH#PRGHOV#DUH#EDVHG#RQ#D#QXPEHU#RI#DVVXPSWLRQV#DERXW#WKH#LQKHULWDQFH#PRGHO#RI#WKH#GLVHDVH
DQG# WKH# VWUXFWXUH# RI# WKH# SRSXODWLRQ/#ZKLFK#PD\# EH#PLVOHDGLQJ# IRU# WKH# VWDWLVWLFDO# LQIHUHQFH1# 7KH
PHWKRGV#WHQG#WR#EH#FRPSXWDWLRQDOO\#KHDY\#DQG#WKHUHIRUH#EHWWHU#VXLWHG#IRU#ILQH#PDSSLQJ#WKDQ#JHQRPH
VFUHHQLQJ1

+DSORW\SH#3DWWHUQ#0LQLQJ#RU#+30#>4:@#LV#EDVHG#RQ#DQDO\]LQJ#WKH#/'#RI#VHWV#RI#KDSORW\SH#SDWWHUQV/
HVVHQWLDOO\# VWULQJV#ZLWK#ZLOGFDUG#FKDUDFWHUV1#7KH#PHWKRG# ILUVW# ILQGV#DOO#KDSORW\SH#SDWWHUQV# WKDW#DUH
VWURQJO\#DVVRFLDWHG#ZLWK#WKH#GLVHDVH#VWDWXV/#XVLQJ#LGHDV#VLPLODU#WR#WKH#GLVFRYHU\#RI#DVVRFLDWLRQ#UXOHV



;

>4@>5@1#6LQFH#WKH#SDWWHUQV#PD\#FRQWDLQ#JDSV#WKH\#FDQ#DFFRXQW#IRU#VRPH#PLVVLQJ#DQG#HUURQHRXV#GDWD1
,Q#WKH#VHFRQG#VWHS/#HDFK#PDUNHU#LV#UDQNHG#E\#WKH#QXPEHU#RI#SDWWHUQV#WKDW#FRQWDLQ#LW1#(LWKHU#WKLV#VFRUH
LV#XVHG#DV#D#EDVLV#IRU#WKH#SUHGLFWLRQ#RU/#SUHIHUDEO\/#D#SHUPXWDWLRQ#WHVW#LV#XVHG#WR#REWDLQ#PDUNHU0ZLVH#S
YDOXHV1#+30# KDV# EHHQ# H[WHQGHG# IRU# GHWHFWLQJ#PXOWLSOH# JHQHV# VLPXOWDQHRXVO\# >4;@# DQG# WR# KDQGOH
TXDQWLWDWLYH#SKHQRW\SHV#DQG#FRYDULDWHV#>45@1

1DND\D#HW#DO#LQYHVWLJDWH#WKH#HIIHFW#RI#PXOWLSOH#VHSDUDWH#PDUNHUV/#HDFK#RQH#WKRXJKW#WR#FRUUHVSRQG#WR
RQH# JHQH/# RQ# TXDQWLWDWLYH# SKHQRW\SHV# >43@1#7KHLU#ZRUN# LV# D# JHQHUDOL]DWLRQ# RI# WKH# /2'# VFRUH# WR
PXOWLSOH#ORFL/#DQG#LW#GRHV#QRW#KDQGOH#KDSORW\SH#SDWWHUQV1

$Q#DOWHUQDWLYH#DSSURDFK# IRU#/'0EDVHG#PDSSLQJ# LV# OLQNDJH#DQDO\VLV1#7KH# LGHD# LV# WR#DQDO\]H# IDPLO\
WUHHV/# DQG# WR# ILQG# RXW#ZKLFK#PDUNHUV# WHQG# WR# EH# LQKHULWHG# WR# RIIVSULQJ# LQ# FRQMXQFWLRQ#ZLWK# WKH
GLVHDVH1#/LQNDJH#DQDO\VLV#GRHV#QRW# UHO\#RQ#FRPPRQ# IRXQGHUV/#VR# LQ# WKDW# UHVSHFW# LW# LV#PRUH#ZLGHO\
DSSOLFDEOH# WKDQ#/'0EDVHG#PHWKRGV1#7KH#GRZQVLGH# LV# WKDW#HVWLPDWHV#DUH# URXJK# +GXH# WR# WKH# VPDOOHU
HIIHFWLYH#QXPEHU#RI#PHLRVHV#VDPSOHG,/#DQG#WKDW#FROOHFWLQJ#LQIRUPDWLRQ#IURP#ODUJHU#IDPLOLHV#LV#PRUH
GLIILFXOW#DQG#H[SHQVLYH1

7UDQVPLVVLRQ2GLVHTXLOLEULXP# WHVWV# +7'7,# >47@# DUH# DQ# HVWDEOLVKHG#ZD\# RI# WHVWLQJ# DVVRFLDWLRQ# DQG
OLQNDJH# LQ# D# VDPSOH#ZKHUH# OLQNDJH# GLVHTXLOLEULXP# H[LVWV# EHWZHHQ# WKH#PXWDWLRQ# ORFXV# DQG# QHDUE\
PDUNHU#ORFL1#7'7#GHWHFWV#GHYLDWLRQV#EHWZHHQ#REVHUYHG#DQG#H[SHFWHG#FRXQWV#IRU#HDFK#DOOHOH/#RU/#LQ#LWV
PXOWLSRLQW#YDULDQW/#KDSORW\SH#RI#VHYHUDO#DOOHOHV/# WUDQVPLWWHG# IURP#KHWHUR]\JRXV#SDUHQWV# WR#DIIHFWHG
RIIVSULQJ1#:H#SHUIRUPHG#WKH#7'7#DQDO\VLV#XVLQJ#*(1(+817(55#VRIWZDUH#SDFNDJH#>8@1

6LQJOH#SHUPXWDWLRQ#WHVWV#KDYH#EHHQ#XVHG#LQ#PDSSLQJ#VWXGLHV#EHIRUH#>6@>9@>;@/#EXW#ZH#DUH#QRW#DZDUH
RI#DQ\#PXOWLSOH#SHUPXWDWLRQ#WHVWV#VLPLODU#WR#WKH#RQHV#SUHVHQWHG#LQ#WKLV#SDSHU1

91# (;3(5,0(176
:H#FRPSDUH#7UHH'7#HPSLULFDOO\# WR#7'7/# WR#PXOWLSRLQW#7'7# +P07'7,#XVLQJ#KDSORW\SHV#RI#XS# WR
IRXU#DOOHOHV/#DQG#WR#+30/#RXU#UHFHQW#SURSRVDO#EDVHG#RQ#SDWWHUQ#GLVFRYHU\1#:H#HYDOXDWH#WKH#PHWKRGV
RQ#GLIILFXOW#GDWD#FROOHFWLRQV#FDUHIXOO\#VLPXODWHG#WR#UHVHPEOH#D#UHDOLVWLF#SRSXODWLRQ#LVRODWH1

914# 'DWD
:H#GHVLJQHG#VHYHUDO#GLIIHUHQW#WHVW#VHWWLQJV/#ZLWK#YDULDWLRQ#LQ#WKH#IUDFWLRQ#+$,#RI#PXWDWLRQ#FDUULHUV#LQ
WKH#GLVHDVH0DVVRFLDWHG#FKURPRVRPHV/#LQ#WKH#QXPEHU#RI#IRXQGHUV#ZKR#LQWURGXFHG#WKH#PXWDWLRQ#WR#WKH
SRSXODWLRQ/# LQ# WKH#DPRXQW#RI#PLVVLQJ# LQIRUPDWLRQ/#DQG# LQ# WKH#VDPSOH#VL]H1#)RU#VWDWLVWLFDO#DQDO\VHV/
ZH#FUHDWHG#433#LQGHSHQGHQW#DUWLILFLDO#GDWD#VHWV#LQ#HDFK#WHVW#VHWWLQJ1#*UHDW#FDUH#ZDV#WDNHQ#WR#JHQHUDWH
UHDOLVWLF#GDWD#E\#D#VLPXODWLRQ#SURFHGXUH#WKDW#LQFOXGHG#IRXU#VWHSV=#SHGLJUHH#JHQHUDWLRQ/#VLPXODWLRQ#RI
LQKHULWDQFH/#GLDJQRVLQJ/#DQG#VDPSOLQJ1

7KH#SRSXODWLRQ#SHGLJUHH#ZDV#VHW#WR#JURZ#H[SRQHQWLDOO\#IURP#433#WR#433/333#LQGLYLGXDOV#LQ#D#SHULRG
RI#53#JHQHUDWLRQV1#,Q#HDFK#JHQHUDWLRQ/# WKH# LQGLYLGXDOV#ZHUH#ILUVW#UDQGRPO\#FRXSOHG1#7KHQ/#IRU#HDFK
FKLOG/# D# FRXSOH#ZDV# UDQGRPO\# VHOHFWHG# IRU# WKH# SDUHQWV1# 7KH# WRWDO# QXPEHU#1# RI# FKLOGUHQ# LQ# HDFK
JHQHUDWLRQ# LV# IL[HG/# WKXV# WKH#QXPEHU#RI#FKLOGUHQ# IRU#HDFK#FRXSOH# IROORZV# WKH#ELQRPLDO#GLVWULEXWLRQ
ZLWK#SDUDPHWHUV#1#DQG#4#2#+QXPEHU#RI#FRXSOHV,1

7KH#LQKHULWDQFH#RI#FKURPRVRPHV#ZLWKLQ#WKH#SRSXODWLRQ#SHGLJUHH#ZDV#VLPXODWHG#E\#ILUVW#DOORFDWLQJ#D
FRQWLQXRXV#FKURPRVRPDO#VHJPHQW#RI#433#F05#WR#HDFK#IRXQGHU#LQGLYLGXDO#LQ#JHQHUDWLRQ#31#1H[W/#WKH
HQWLUH#SHGLJUHH#ZDV# WUDYHUVHG# WRS0GRZQ/# DQG/# LQ# HDFK# LQKHULWDQFH# HYHQW/#JDPHWHV#ZHUH# FUHDWHG#E\
################################################
5#0RUJDQ#LV#D#XQLW#RI#JHQHWLF#OHQJWK1#4#F0#LV#WKH#GLVWDQFH#DW#ZKLFK#UHFRPELQDWLRQ#RFFXUV#4#RXW#RI#433
WLPHV/#RQ#DYHUDJH#DERXW#439#EDVH#SDLUV1#+XPDQ#FKURPRVRPHV#DUH#DERXW#83±633#F01



<

VLPXODWLQJ#PHLRVHV#XQGHU# WKH#DVVXPSWLRQ# WKDW# WKH#QXPEHU#RI#FKLDVPDWD# LQ# WKH#SDLU#RI#KRPRORJRXV
FKURPRVRPHV#ZDV#GUDZQ# IURP# WKH#3RLVVRQ#GLVWULEXWLRQ#ZLWK#SDUDPHWHU#RQH# +FRUUHVSRQGLQJ# WR# WKH
JHQHWLF#OHQJWK#RI#433#F0,/#DQG#WKHLU#ORFDWLRQV#VHOHFWHG#UDQGRPO\1#$#UHODWHG#DSSURDFK#ZDV#RULJLQDOO\
SUHVHQWHG#LQ#>48@1

7KH#ORFDWLRQ#RI#WKH#PXWDWLRQ#ZDV#VHOHFWHG#UDQGRPO\#IRU#HDFK#RI#WKH#433#GDWD#VHWV#SURGXFHG/#EXW#WKH
VRXUFHV# +IRXQGHU#FKURPRVRPHV,#RI# WKH#PXWDWLRQ#ZHUH# VHOHFWHG#HDFK# WLPH# VSHFLILFDOO\# WR#PDNH# WKH
IUHTXHQF\#RI#WKH#PXWDWLRQ#LQ#WKH#ILQDO#JHQHUDWLRQ#DV#FORVH#WR#5(#DV#SRVVLEOH1#,Q#WKH#EDVHOLQH#VHWWLQJ
WKHUH#LV#RQH#PXWDWLRQ0FDUU\LQJ#IRXQGHU#FKURPRVRPH1

7KH# ULVN# IRU#EHFRPLQJ# DIIHFWHG#ZDV# VHW# LQ# VXFK# D#ZD\# WKDW# WKH# H[SHFWHG#SURSRUWLRQ#RI#PXWDWLRQ0
FDUU\LQJ#FKURPRVRPHV#DPRQJ#WKH#DIIHFWHG#LQ#WKH#ILQDO#JHQHUDWLRQ#ZDV#HTXDO#WR#D#SDUDPHWHU#$1#)RU#D
EDVHOLQH# WHVW# VHWWLQJ# ZH# VHOHFWHG# D# FKDOOHQJLQJ# GLVHDVH# PRGHO# ZKHUH# RQO\# D# VPDOO# SURSRUWLRQ
+$ 43(,# RI# WKH# GLVHDVH0DVVRFLDWHG# FKURPRVRPHV# FDUULHV# WKH# GLVHDVH0SUHGLVSRVLQJ# PXWDWLRQ/# D
FRPSOLFDWLRQ#WKDW#RIWHQ#LV#HQFRXQWHUHG#LQ#WKH#DQDO\VLV#RI#FRPPRQ#GLVHDVHV1

1H[W/# 433# UDQGRP# VDPSOHV#RI# DIIHFWHG# LQGLYLGXDOV# +433# LQ# WKH#EDVHOLQH# VHWWLQJ,# DQG# WKHLU#SDUHQWV
ZHUH# VHOHFWHG1#6LQFH# WKH#QXPEHU#RI#PXWDWLRQ0FDUULHUV#ZDV# IL[HG#RQO\# DW# WKH# OHYHO#RI#JHQHUDWLRQ#±
UDWKHU# WKDQ# D# VLQJOH# VDPSOH# ±# FRQVLGHUDEOH# YDULDQFH# UHPDLQV# LQ# WKH# QXPEHU# RI#PXWDWLRQ0FDUULHUV
EHWZHHQ#VDPSOHV/#ZKLFK#PDNHV# ORFDOL]DWLRQ#PRUH#FKDOOHQJLQJ# WKDQ#IRU#GDWD#VHWV#SUHVHQWHG# LQ# >4:@1
)RU#DOO#PHPEHUV# LQ# WKH#VDPSOH/#DOOHOLF#GDWD#ZHUH#FUHDWHG#XVLQJ#D#PDS#RI#434#HTXLGLVWDQWO\#VSDFHG
PDUNHUV/# HDFK#KDYLQJ# 8# DOOHOHV/#RQH#RI#ZKLFK#KDG# D# IUHTXHQF\#RI# 317#ZKHUHDV# WKH# WKH# IRXU# RWKHU
DOOHOHV#KDG#HTXDO#IUHTXHQFLHV#RI#31481

,Q# UHDO0OLIH# WKH# KDSORW\SHV# RI# DQ# LQGLYLGXDO# FDQQRW# EH# UHDG# GLUHFWO\1# )RU# HDFK# PDUNHU# RQO\# LWV
JHQRW\SH/# WKH# SDLU# RI# DOOHOHV# ZLWKRXW# NQRZOHGJH# DERXW# WKHLU# SDUHQWDO# RULJLQV/# LV# REVHUYHG1# 7R
FRQVWUXFW#WKH#KDSORW\SHV#LQ#D#UHDOLVWLF#ZD\#ZH#DOVR#QHHG#WR#XWLOL]H#WKH#JHQRW\SH#LQIRUPDWLRQ#IURP#WKH
SDUHQWV1#%\# ORRNLQJ#DW# WKH#JHQRW\SHV#RI# WKH#RIIVSULQJ0SDUHQWV0WULR#ZH#FDQ# LQIHU#ZKLFK#DOOHOHV#KDYH
EHHQ# WUDQVPLWWHG# WR# WKH#RIIVSULQJ1#7KH#KDSORW\SHV#FRQVWUXFWHG# IURP# WKH#DOOHOHV# WUDQVPLWWHG# WR#HDFK
DIIHFWHG#LQGLYLGXDO#LQ#D#VDPSOH#ZHUH#ODEHOHG#GLVHDVH0DVVRFLDWHG/#ZKHUHDV#WKH#KDSORW\SHV#FRQVWUXFWHG
IURP#WKH#QRQ0WUDQVPLWWHG#DOOHOHV#RI#WKH#SDUHQWV#FDQ#EH#FRQYHQLHQWO\#XVHG#DV#FRQWUROV1#+RZHYHU/#LQ#D
UDUH# FDVH# RI# WKUHH# VLPLODU# KHWHUR]\JRWH# JHQRW\SHV# DW# D#PDUNHU# +ERWK# SDUHQWV# DQG# WKH# RIIVSULQJ,/
GHWHUPLQLQJ# WKH#SDUHQWDO#RULJLQ#RI# WKH# LQKHULWHG# DOOHOHV# LV# LPSRVVLEOH1#:H# FKRVH# WR# WDNH# WKLV# LQWR
DFFRXQW#E\#VHWWLQJ#WKH#DOOHOHV#XQNQRZQ#LQ#WKHVH#FDVHV1#7KXV/#61:(#RI#DOOHOHV#DUH#PLVVLQJ/#PDNLQJ#WKH
PDSSLQJ#WDVN#PRUH#GLIILFXOW/#EXW#DOVR#PRUH#UHDOLVWLF1

,Q#RQH#RI# WKH#H[SHULPHQWV/#ZH# UDQGRPO\# UHPRYHG# 8(#RI# WKH#DOOHOHV# LQ# WKH#JHQRW\SH#GDWD/# DGGLQJ
IXUWKHU#FRPSOH[LW\# WR# WKH#GHWHUPLQDWLRQ#RI#SDUHQWDO#RULJLQ1#&RQVHTXHQWO\/#DERXW# 48(#RI# WKH#DOOHOH
LQIRUPDWLRQ#LQ#WKH#UHVXOWLQJ#KDSORW\SHV#LV#PLVVLQJ1

7KH# ILQDO# RXWSXW# RI# WKLV# VLPXODWLRQ# SURFHGXUH# LV# D# FROOHFWLRQ# RI# 433# GDWD# VHWV# +ZLWK# D#PXWDWLRQ
SURSRUWLRQ#RI#$# DPRQJ# WKH# DIIHFWHG# FKURPRVRPHV,# FRQVLVWLQJ# RI# 533# GLVHDVH0DVVRFLDWHG# DQG# 533
FRQWURO#FKURPRVRPHV#LQ#WKH#EDVHOLQH#VHWWLQJ/#HDFK#FRQWDLQLQJ#WKH#DOOHOHV#RI#434#DGMDFHQW#PDUNHUV1

915# $QDO\VLV#RI#7UHH'7
)LUVW#ZH# DVVHVV# WKH# SUHGLFWLRQ# DFFXUDF\# RI#7UHH'7#ZLWK# GLIIHUHQW# YDOXHV# RI#$/# WKH# SURSRUWLRQ# RI
GLVHDVH0DVVRFLDWHG# FKURPRVRPHV# WKDW# DFWXDOO\# FDUU\# WKH# PXWDWLRQ# +)LJXUH# 8$,1# 7KH# UHVXOWV# DUH
UHSRUWHG#DV#FXUYHV#WKDW#VKRZ#WKH#SHUFHQWDJH#RI#433#GDWD#VHWV#ZKHUH#WKH#JHQH#LV#ZLWKLQ#WKH#SUHGLFWHG
UHJLRQ/#DV#D#IXQFWLRQ#RI#WKH#OHQJWK#RI#WKH#SUHGLFWHG#UHJLRQ1#2U/#LQ#RWKHU#ZRUGV/#WKH#[#FRRUGLQDWH#WHOOV
WKH#FRVW#D#JHQHWLFLVW#LV#ZLOOLQJ#WR#SD\/#LQ#WHUPV#RI#WKH#OHQJWK#RI#WKH#UHJLRQ#WR#EH#IXUWKHU#DQDO\]HG/#DQG
WKH#\#FRRUGLQDWH#JLYHV# WKH#SUREDELOLW\# WKDW# WKH#JHQH# LV#ZLWKLQ# WKH# UHJLRQ1#)RU#$ 53(#RU# 48(# WKH
DFFXUDF\#LV#YHU\#JRRG/#DQG#ZLWK#ORZHU#YDOXHV#RI#$#WKH#DFFXUDF\#GHFUHDVHV#XQWLO#ZLWK#$ 8(#RQO\#LQ
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53063(#RI#GDWD#VHWV#FDQ#WKH#JHQH#EH#ORFDOL]HG#ZLWKLQ#D#UHDVRQDEOH#DFFXUDF\#RI#43053#F01#:H#UHPLQG
WKH#UHDGHU# WKDW# WKH# WHVW#VHWWLQJV#KDYH#EHHQ#GHVLJQHG# WR#EH#FKDOOHQJLQJ/#DQG# WR# WHVW# WKH# OLPLWV#RI# WKH
DSSURDFK1

1H[W#ZH#HYDOXDWH# WKH#HIIHFW#RI# WKH#RQO\#SDUDPHWHU#RI#7UHH'7/# WKH#QXPEHU#RI#GHYLDQW#VXEWUHHV# WKDW
DUH#VHDUFKHG# IRU# LQ#HDFK# WUHH1#$Q#XSSHU# OLPLW#RI#9#VXEWUHHV/#XVHG# LQ# WKH#SUHYLRXV# WHVW/# LV#HYDOXDWHG
DJDLQVW#IL[HG#DPRXQWV#RI#4/#5#RU#6#VXEWUHHV/#ZLWK#D#YDU\LQJ#QXPEHU#RI#IRXQGHUV#WKDW#LQWURGXFHG#WKH
PXWDWLRQ# +)LJXUH# 8%,1#$V#ZH# LQFUHDVH# WKH#QXPEHU#RI# IRXQGHUV/# HYLGHQFH# DERXW# WKH#JHQH# ORFDWLRQ
EHFRPHV# PRUH# IUDJPHQWHG/# DQG# DFFRUGLQJO\# WKH# SHUIRUPDQFH# GHJUDGHV1# :KLOH# WKH# GLIIHUHQFHV
EHWZHHQ#GLIIHUHQW#QXPEHUV#RI#VXEWUHHV#DUH#QRW#ODUJH/#LW#LV#LQWHUHVWLQJ#WR#QRWH#WKDW#IRU#HDFK#QXPEHU#RI
IRXQGHUV/# WKH# VDPH# QXPEHU# RI# VXEWUHHV# JLYHV#PDUJLQDOO\# WKH# EHVW# UHVXOW1# 7KH# XSSHU# OLPLW# RI# 9
VXEWUHHV# JLYHV# FRQVLVWHQWO\# FRPSHWLWLYH# UHVXOWV/# VR# ZH# FRQWLQXH# XVLQJ# LW# LQ# WKH# IROORZLQJ
H[SHULPHQWV1#:H#DOVR#HYDOXDWHG#WKH#HIIHFW#RI#WKH#VDPSOH#VL]H/#VKRZQ#LQ#)LJXUH#8&1#$V#H[SHFWHG/#WKH
ORFDOL]DWLRQ#SRZHU#LQFUHDVHV#ZLWK#WKH#VDPSOH#VL]H/#DOWKRXJK#LQFUHDVLQJ#WKH#VDPSOH#VL]HV#IURP#;33#WR
4533#FKURPRVRPHV#GRHV#QRW#LPSURYH#WKH#UHVXOWV#VLJQLILFDQWO\#DQ\#PRUH1

*HQH#PDSSLQJ# VWXGLHV# OLNH# WKH# RQHV# LPLWDWHG# LQ# WKH# DERYH# WHVWV# DVVXPH/# EDVHG# RQ# VRPH# RWKHU
DQDO\VHV/# WKDW#D#GLVHDVH#VXVFHSWLELOLW\#JHQH# LV# LQGHHG#SUHVHQW# LQ# WKH#DQDO\]HG#DUHD1#7UHH'7#KDV# WKH
LPSRUWDQW#DGYDQWDJH#RYHU#SODLQ#JHQH#ORFDOL]DWLRQ#PHWKRGV#WKDW#LW#FDQ#DOVR#EH#XVHG#WR#SUHGLFW#ZKHWKHU
WKH#DQDO\]HG#UHJLRQ#FRQWDLQV#D#GLVHDVH#VXVFHSWLELOLW\#JHQH#DW#DOO#RU#QRW1#7KH#RYHUDOO#S#YDOXH#7UHH'7
SURGXFHV#LQGLFDWHV#WKH#FRUUHFWHG#VLJQLILFDQFH#RI#WKH#EHVW#VLQJOH#ILQGLQJ/#DQG#E\#VHWWLQJ#DQ#XSSHU#OLPLW
IRU#LWV#YDOXH#7UHH'7#FDQ#EH#XVHG#WR#FODVVLI\#GDWD#VHWV#WR#RQHV#WKDW#GR#RU#GR#QRW#FRQWDLQ#D#PXWDWLRQ1#,Q
RUGHU#WR#YHULI\#WKH#FRUUHFWQHVV#RI#WKH#SHUPXWDWLRQ#SURFHGXUH/#ZH#JHQHUDWHG#433#GDWD#VHWV#ZKHUH#WKH
GLVHDVH0DVVRFLDWLRQ#VWDWXVHV#ZHUH# UDQGRPO\#FKRVHQ# IRU#HDFK# LQGLYLGXDO/# WKDW# LV/# WKHUH# LV#QR#JHQHWLF
FRQWULEXWLRQ#IURP#WKH#VLPXODWHG#FKURPRVRPH1#)RU#WKHVH#GDWD#VHWV/#7UHH'7#VKRXOG#SURGXFH#RYHUDOO#S
YDOXHV# DV# ZHOO# DV# ORFDO# S# YDOXHV# IURP# WKH# XQLIRUP# GLVWULEXWLRQ# LQ# >3/4@1# )LJXUH# 9$# VKRZV# WKH
FXPXODWLYH#GLVWULEXWLRQ#RI#WKH#REVHUYHG#RYHUDOO#S#YDOXHV#RQ#WKHVH#GDWD#VHWV>#IRU#RQO\#433#GDWD#SRLQWV
WKH# GHYLDWLRQ# IURP# WKH# GLDJRQDO# LV# ZLWKLQ# H[SHFWDWLRQV1# 7KH# ORFDO# S# YDOXHV# IROORZ# WKH# XQLIRUP
GLVWULEXWLRQ#YHU\#FRQYLQFLQJO\#+)LJXUH#9%,1

6PDOOHU#WKUHVKROGV#IRU#S#UHVXOW#LQ#OHVV#IDOVH#SRVLWLYHV/#EXW#DOVR#LQ#OHVV#WUXH#SRVLWLYHV1#)LJXUH#9&#VKRZV
WKH#H[SHULPHQWDO#UHODWLRQVKLS#EHWZHHQ#SRZHU#+UDWLR#WUXH#SRVLWLYHV2DOO#SRVLWLYHV,#DQG#RYHUDOO#S#+UDWLR
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H[WHQG#RYHU#WKH#ORFXV>#REYLRXVO\#ZH#PLVV#VRPH#LQIRUPDWLRQ1#$QRWKHU#ZD\#RI#LPSURYLQJ#WKH#PRGHO
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