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0B1  HOverview 

3$0/��IRU�3K\ORJHQHWLF�$QDO\VLV�E\�0D[LPXP�/LNHOLKRRG��LV�D�SDFNDJH�RI�SURJUDPV�IRU�
SK\ORJHQHWLF�DQDO\VHV�RI�'1$�DQG�SURWHLQ�VHTXHQFHV�XVLQJ�PD[LPXP�OLNHOLKRRG����

12BPAML documentation 

%HVLGHV�WKLV�PDQXDO��SOHDVH�QRWH�WKH�IROORZLQJ�UHVRXUFHV���

•� 3$0/�ZHE�VLWH�� HKWWS���DEDFXV�JHQH�XFO�DF�XN�VRIWZDUH�3$0/�KWPOH�KDV�LQIRUPDWLRQ�DERXW�
GRZQORDGLQJ�DQG�FRPSLOLQJ�WKH�SURJUDPV��

•� 3$0/�)$4�SDJH��KWWS���DEDFXV�JHQH�XFO�DF�XN�VRIWZDUH�SDPO)$4V�SGI�

•� 3$0/�GLVFXVVLRQ�JURXS�DW�HKWWS���ZZZ�UDQQDOD�RUJ�SKS%%��H��ZKHUH�\RX�FDQ�SRVW�EXJ�
UHSRUWV�DQG�TXHVWLRQV��

13BWhat PAML programs can do 

7KH�3$0/�SDFNDJH�FXUUHQWO\�LQFOXGHV�WKH�IROORZLQJ�SURJUDPV��EDVHPO��EDVHPOJ��FRGHPO��HYROYHU��
SDPS��\Q����PFPFWUHH��DQG�FKL����$�EULHI�RYHUYLHZ�RI�WKH�PRVW�FRPPRQO\�XVHG�PRGHOV�DQG�
PHWKRGV�LPSOHPHQWHG�LQ�3$0/�LV�SURYLGHG�E\�<DQJ����������7KH�ERRN��<DQJ�������GHVFULEHV�WKH�
VWDWLVWLFDO�DQG�FRPSXWDWLRQDO�GHWDLOV���([DPSOHV�RI�DQDO\VHV�WKDW�FDQ�EH�SHUIRUPHG�XVLQJ�WKH�SDFNDJH�
LQFOXGH�

•� &RPSDULVRQ�DQG�WHVWV�RI�SK\ORJHQHWLF�WUHHV��EDVHPO�DQG�FRGHPO���

•� (VWLPDWLRQ�RI�SDUDPHWHUV�LQ�VRSKLVWLFDWHG�VXEVWLWXWLRQ�PRGHOV��LQFOXGLQJ�PRGHOV�RI�YDULDEOH�UDWHV�
DPRQJ�VLWHV�DQG�PRGHOV�IRU�FRPELQHG�DQDO\VLV�RI�PXOWLSOH�JHQHV�RU�VLWH�SDUWLWLRQV��EDVHPO�DQG�
FRGHPO���

•� /LNHOLKRRG�UDWLR�WHVWV�RI�K\SRWKHVHV�WKURXJK�FRPSDULVRQ�RI�LPSOHPHQWHG�PRGHOV��EDVHPO��
FRGHPO��FKL����

•� (VWLPDWLRQ�RI�GLYHUJHQFH�WLPHV�XQGHU�JOREDO�DQG�ORFDO�FORFN�PRGHOV��EDVHPO�DQG�FRGHPO���

•� /LNHOLKRRG��(PSLULFDO�%D\HV��UHFRQVWUXFWLRQ�RI�DQFHVWUDO�VHTXHQFHV�XVLQJ�QXFOHRWLGH��DPLQR�
DFLG�DQG�FRGRQ�PRGHOV��EDVHPO�DQG�FRGHPO���

•� *HQHUDWLRQ�RI�GDWDVHWV�RI�QXFOHRWLGH��FRGRQ��DQG�DPLQR�DFLG�VHTXHQFH�E\�0RQWH�&DUOR�
VLPXODWLRQ��HYROYHU���

•� (VWLPDWLRQ�RI�V\QRQ\PRXV�DQG�QRQV\QRQ\PRXV�VXEVWLWXWLRQ�UDWHV�DQG�GHWHFWLRQ�RI�SRVLWLYH�
VHOHFWLRQ�LQ�SURWHLQ�FRGLQJ�'1$�VHTXHQFHV��\Q���DQG�FRGHPO���

•� %D\HVLDQ�HVWLPDWLRQ�RI�VSHFLHV�GLYHUJHQFH�WLPHV�LQFRUSRUDWLQJ�XQFHUWDLQWLHV�LQ�IRVVLO�FDOLEUDWLRQV�
�PFPFWUHH���

7KH�VWUHQJWK�RI�3$0/�LV�LWV�FROOHFWLRQ�RI�VRSKLVWLFDWHG�VXEVWLWXWLRQ�PRGHOV���7UHH�VHDUFK�DOJRULWKPV�
LPSOHPHQWHG�LQ�EDVHPO�DQG�FRGHPO�DUH�UDWKHU�SULPLWLYH��VR�H[FHSW�IRU�YHU\�VPDOO�GDWD�VHWV�ZLWK�VD\��
����VSHFLHV��\RX�DUH�EHWWHU�RII�WR�XVH�DQRWKHU�SDFNDJH��VXFK�DV�SK\OLS��SDXS��RU�PU%D\HV��WR�LQIHU�WKH�
WUHH�WRSRORJ\���<RX�FDQ�JHW�D�FROOHFWLRQ�RI�WUHHV�IURP�RWKHU�SURJUDPV�DQG�HYDOXDWH�WKHP�XVLQJ�
EDVHPO�RU�FRGHPO�DV�XVHU�WUHHV��

EDVHPO�DQG�FRGHPO���7KH�SURJUDP�EDVHPO�LV�IRU�PD[LPXP�OLNHOLKRRG�DQDO\VLV�RI�QXFOHRWLGH�
VHTXHQFHV���7KH�SURJUDP�FRGHPO�LV�IRUPHG�E\�PHUJLQJ�WZR�ROG�SURJUDPV��FRGRQPO��ZKLFK�
LPSOHPHQWV�WKH�FRGRQ�VXEVWLWXWLRQ�PRGHO�RI�*ROGPDQ�DQG�<DQJ��������IRU�SURWHLQ�FRGLQJ�
'1$�VHTXHQFHV��DQG�DDPO��ZKLFK�LPSOHPHQWV�PRGHOV�IRU�DPLQR�DFLG�VHTXHQFHV���7KHVH�WZR�
DUH�QRZ�GLVWLQJXLVKHG�E\�WKH�YDULDEOH�VHTW\SH�LQ�WKH�FRQWURO�ILOH�FRGHPO�FWO��ZLWK���IRU�FRGRQ�
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VHTXHQFHV�DQG���IRU�DPLQR�DFLG�VHTXHQFHV���,Q�WKLV�GRFXPHQW�,�XVH�FRGRQPO�DQG�DDPO�WR�
PHDQ�FRGHPO�ZLWK�VHTW\SH� ���DQG����UHVSHFWLYHO\���7KH�SURJUDPV�EDVHPO��FRGRQPO��DQG�
DDPO�XVH�VLPLODU�DOJRULWKPV�WR�ILW�PRGHOV�E\�PD[LPXP�OLNHOLKRRG��WKH�PDLQ�GLIIHUHQFH�EHLQJ�
WKDW�WKH�XQLW�RI�HYROXWLRQ�LQ�WKH�0DUNRY�PRGHO��UHIHUUHG�WR�DV�D��VLWH��LQ�WKH�VHTXHQFH��LV�D�
QXFOHRWLGH��D�FRGRQ��RU�DQ�DPLQR�DFLG�IRU�WKH�WKUHH�SURJUDPV��UHVSHFWLYHO\���0DUNRY�SURFHVV�
PRGHOV�DUH�XVHG�WR�GHVFULEH�VXEVWLWXWLRQV�EHWZHHQ�QXFOHRWLGHV��FRGRQV�RU�DPLQR�DFLGV��ZLWK�
VXEVWLWXWLRQ�UDWHV�DVVXPHG�WR�EH�HLWKHU�FRQVWDQW�RU�YDULDEOH�DPRQJ�VLWHV����

HYROYHU���7KLV�SURJUDP�FDQ�EH�XVHG�WR�VLPXODWH�VHTXHQFHV�XQGHU�QXFOHRWLGH��FRGRQ�DQG�DPLQR�DFLG�
VXEVWLWXWLRQ�PRGHOV���,W�DOVR�KDV�VRPH�RWKHU�RSWLRQV�VXFK�DV�JHQHUDWLQJ�UDQGRP�WUHHV��DQG�
FDOFXODWLQJ�WKH�SDUWLWLRQ�GLVWDQFHV��5RELQVRQ�DQG�)RXOGV�������EHWZHHQ�WUHHV��

EDVHPOJ���7KLV�SURJUDP�LPSOHPHQWV�WKH��FRQWLQXRXV��JDPPD�PRGHO�RI�<DQJ����������,W�LV�YHU\�VORZ�
DQG�XQIHDVLEOH�IRU�GDWD�RI�PRUH�WKDQ���RU���VSHFLHV���,QVWHDG�WKH�GLVFUHWH�JDPPD�PRGHO�LQ�
EDVHPO�VKRXOG�EH�XVHG���

PFPFWUHH���7KLV�LPSOHPHQWV�WKH�%D\HVLDQ�0&0&�DOJRULWKP�RI�<DQJ�DQG�5DQQDOD��������DQG�
5DQQDOD�DQG�<DQJ��������IRU�HVWLPDWLQJ�VSHFLHV�GLYHUJHQFH�WLPHV����

SDPS���7KLV�LPSOHPHQWV�WKH�SDUVLPRQ\�EDVHG�DQDO\VLV�RI�<DQJ�DQG�.XPDU���������

\Q�����7KLV�LPSOHPHQWV�WKH�PHWKRG�RI�<DQJ�DQG�1LHOVHQ��������IRU�HVWLPDWLQJ�V\QRQ\PRXV�DQG�
QRQV\QRQ\PRXV�VXEVWLWXWLRQ�UDWHV��d6�DQG�d1��LQ�SDLUZLVH�FRPSDULVRQV�RI�SURWHLQ�FRGLQJ�
'1$�VHTXHQFHV����

FKL����7KLV�FDOFXODWHV�WKH�χ��FULWLFDO�YDOXH�DQG�p�YDOXH�IRU�FRQGXFWLQJ�WKH�OLNHOLKRRG�UDWLR�WHVW���5XQ�
WKH�SURJUDP�E\�W\SLQJ�WKH�SURJUDP�QDPH�³FKL�´��LW�ZLOO�SULQW�RXW�WKH�FULWLFDO�YDOXHV�IRU�
GLIIHUHQW�GI��IRU�H[DPSOH�WKH����FULWLFDO�YDOXH�ZLWK�G�I�� ���LV���������,I�\RX�UXQ�WKH�SURJUDP�
ZLWK�RQH�FRPPDQG�OLQH�DUJXPHQW��WKH�SURJUDP�HQWHUV�D�ORRS�WR�DVN�\RX�WR�LQSXW�WKH�G�I��DQG�
WKH�WHVW�VWDWLVWLF�DQG�WKHQ�FDOFXODWHV�WKH�p�YDOXH���$�WKLUG�ZD\�RI�UXQQLQJ�WKH�SURJDP�LV�WR�
LQFOXGH�WKH�G�I��DQG�WHVW�VWDWLVWLF�ERWK�DV�FRPPDQG�OLQH�DUJXPHQW��
chi2 
chi2 p 
chi2 1 3.84��

14BWhat PAML programs cannot do 

7KHUH�DUH�PDQ\�WKLQJV�WKDW�\RX�PLJKW�ZHOO�H[SHFW�D�SK\ORJHQHWLFV�SDFNDJH�VKRXOG�GR�EXW�3$0/�
FDQQRW���+HUH�LV�D�SDUWLDO�OLVW��SURYLGHG�LQ�WKH�KRSH�WKDW�LW�PLJKW�KHOS�\RX�DYRLG�ZDVWLQJ�WLPH����

•� 6HTXHQFH�DOLJQPHQW���<RX�VKRXOG�XVH�VRPH�RWKHU�SURJUDPV�VXFK�DV�&OXVWDO�RU�7UHH$OLJQ�WR�
DOLJQ�WKH�VHTXHQFHV�DXWRPDWLFDOO\�RU�GR�D�PDQXDO�DOLJQPHQW��SHUKDSV�ZLWK�DVVLVWDQFH�IURP�
SURJUDPV�VXFK�DV�%LR(GLW�DQG�*HQH'RF���0DQXDO�DGMXVWPHQW�GRHV�QRW�VHHP�WR�KDYH�UHDFKHG�
WKH�PDWXUH�VWDJH�WR�EH�HQWLUHO\�WUXVWDEOH�VR�\RX�VKRXOG�DOZD\V�GR�PDQXDO�DGMXVWPHQW�LI�\RX�
FDQ���,I�\RX�DUH�FRQVWUXFWLQJ�WKRXVDQGV�RI�DOLJQPHQWV�LQ�JHQRPH�ZLGH�DQDO\VLV��\RX�VKRXOG�
LPSOHPHQW�VRPH�TXDOLW\�FRQWURO��DQG��VD\��FDOFXODWH�VRPH�PHDVXUH�RI�VHTXHQFH�GLYHUJHQFH�
DV�DQ�LQGLFDWLRQ�RI�WKH�XQUHOLDELOLW\�RI�WKH�DOLJQPHQW���)RU�FRGLQJ�VHTXHQFHV��\RX�PLJKW�DOLJQ�
WKH�SURWHLQ�VHTXHQFHV�DQG�FRQVWUXFW�WKH�'1$�DOLJQPHQW�EDVHG�RQ�WKH�SURWHLQ�DOLJQPHQW���
1RWH�WKDW�DOLJQPHQW�JDSV�DUH�WUHDWHG�DV�PLVVLQJ�GDWD�LQ�EDVHPO�DQG�FRGHPO��LI�cleandata�
 ������,I�cleandata� ����DOO�VLWHV�ZLWK�DPELJXLW\�FKDUDFWHUV�DQG�DOLJQPHQW�JDSV�DUH�
UHPRYHG��

•� *HQH�SUHGLFWLRQ���7KH�FRGRQ�EDVHG�DQDO\VLV�LPSOHPHQWHG�LQ�FRGRQPO��FRGHPO�IRU�FRGRQV�
ZLWK�VHTW\SH� ����DVVXPHV�WKDW�WKH�VHTXHQFHV�DUH�SUH�DOLJQHG�H[RQV��WKH�VHTXHQFH�OHQJWK�LV�
DQ�H[DFW�PXOWLSOH�RI����DQG�WKH�ILUVW�QXFOHRWLGH�LQ�WKH�VHTXHQFH�LV�FRGRQ�SRVLWLRQ�����,QWURQV��
VSDFHUV�DQG�RWKHU�QRQFRGLQJ�UHJLRQV�PXVW�EH�UHPRYHG�DQG�WKH�FRGLQJ�VHTXHQFHV�PXVW�EH�
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DOLJQHG�EHIRUH�UXQQLQJ�WKH�SURJUDP���7KH�SURJUDP�FDQQRW�SURFHVV�VHTXHQFHV�GRZQORDGHG�
GLUHFWO\�IURP�*HQ%DQN��HYHQ�WKRXJK�WKH�&'6�LQIRUPDWLRQ�LV�WKHUH���,W�FDQQRW�SUHGLFW�FRGLQJ�
UHJLRQV�HLWKHU��

•� 7UHH�VHDUFK�LQ�ODUJH�GDWD�VHWV���$V�PHQWLRQHG�HDUOLHU��\RX�VKRXOG�XVH�DQRWKHU�SURJUDP�WR�JHW�
D�WUHH�RU�VRPH�FDQGLGDWH�WUHHV�DQG�XVH�WKHP�DV�XVHU�WUHHV�WR�ILW�PRGHOV�WKDW�PLJKW�QRW�EH�
DYDLODEOH�LQ�RWKHU�SDFNDJHV���

�
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1B2  Compiling and punning PAML programs  

3$0/�SURJUDPV�XVH�WKH�ROG�VLPSOH�FRPPDQG�OLQH�LQWHUIDFH���<RX�GRZQORDG�WKH�DUFKLYH�IURP�WKH�
3$0/�ZHE�VLWH��W\SLFDOO\�QDPHG�3$0/
�
�WDU�J]��DQG�XQSDFN�WKH�ILOHV�RQWR�\RXU�KDUG�GLVN���7KLV�LV�
RQH�ILOH�IRU�DOO�SODWIRUPV���([HFXWDEOHV�IRU�ZLQGRZV�DUH�LQFOXGHG��ZKLOH�IRU�81,;�RU�0$&�26�;��
\RX�QHHG�FRPSLOH�WKH�SURJUDPV�EHIRUH�UXQQLQJ�WKHP����

15BWindows 

7KH�H[HFXWDEOHV�IRU�:LQGRZV�DUH�LQFOXGHG�LQ�WKH�SDFNDJH����

��� *R�WR�WKH�3$0/�ZHE�VLWH�HKWWS���DEDFXV�JHQH�XFO�DF�XN�VRIWZDUH�SDPO�KWPOH�DQG�GRZQORDG�WKH�
ODWHVW�DUFKLYH�DQG�VDYH�LW�RQ�\RXU�KDUG�GLVN���8QSDFN��VD\��XVLQJ�:LQ=LS��WKH�DUFKLYH�LQWR�D�
IROGHU��VD\�'�?VRIWZDUH?SDPO?���5HPHPEHU�WKH�QDPH�RI�WKH�IROGHU��

��� 6WDUW�D��&RPPDQG�3URPSW����*R�WR��6WDUW�±�3URJUDPV�±�$FFHVVRULHV´����$OWHUQDWLYHO\��
FKRRVH�³6WDUW�±�5XQ´�DQG�W\SH�WKH�FRPPDQG�FPG�DQG�KLW�2.���<RX�FDQ�ULJKW�FOLFN�RQ�WKH�
WLWOH�EDU�WR�FKDQJH�WKH�IRQW��FRORXU��VL]H�HWF��RI�WKH�ZLQGRZ��

��� &KDQJH�GLUHFWRU\�WR�WKH�SDPO�IROGHU���)RU�H[DPSOH�\RX�W\SH�RQH�RI�WKH�IROORZLQJ��
d: 
cd \software\paml 
dir 

4.� Note that Windows commands and file names are case-insensitive.  The folder src\ contains the source 
files.  The examples\ contains various example files, and bin\ contains Windows executables.  You can 
use Windows Explorer to look at the files.  To run the program baseml using the default control file 
baseml.ctl in the current folder, you can a command somewhat like the following.   

bin\baseml 

D:\software\paml4\bin\baseml 

7KLV�FDXVHV�EDVHPO�WR�UHDG�WKH�GHIDXOW�FRQWURO�ILOH�EDVHPO�FWO�LQ�WKH�FXUUHQW�IROGHU�DQG�GR�WKH�
DQDO\VLV�DFFRUGLQJ�WR�LWV�VSHFLILFDWLRQV���1RZ�\RX�FDQ�SULQW�RXW�D�FRS\�RI�EDVHPO�FWO��DQG�
RSHQ�D�WH[W�HGLWRU�WR�YLHZ�WKH�UHOHYDQW�VHTXHQFH�DQG�WUHH�ILOHV����
6LPLODUO\�\RX�FDQ�UXQ�FRGHPO�DQG�ORRN�DW�WKH�FRQWURO�ILOH�FRGHPO�FWO����

1H[W�\RX�FDQ�SUHSDUH�\RXU�RZQ�VHTXHQFH�GDWD�ILOHV�DQG�WUHH�ILOHV���&RQWURO�ILOHV�DQG�RWKHU�LQSXW�ILOHV�
DUH�DOO�SODLQ�WH[W�ILOHV���$�FRPPRQ�SUREOHP�RFFXUV�GXH�WR�GLIIHUHQFHV�LQ�WKH�ZD\�81,;�DQG�
:LQGRZV�GHDO�ZLWK�FDUULDJH�UHWXUQ�RU�OLQH�EUHDNV���,I�\RX�XVH�06�:RUG�WR�SUHSDUH�WKH�LQSXW�ILOHV��
\RX�VKRXOG�VDYH�WKHP�DV�³7H[W�ZLWK�OLQH�EUHDNV´�RU�³7H[W�ZLWKRXW�OLQH�EUHDNV´���6RPHWLPHV�RQO\�RQH�
RI�WKRVH�WZR�ZRUNV���'R�QRW�VDYH�WKH�ILOH�DV�D�:RUG�GRFXPHQW���,�KDYH�FROOHFWHG�VRPH�QRWHV�LQ�WKH�
VHFWLRQ�³2YHUFRPLQJ�:LQGRZV�$QQR\DQFHV´�LQ�$SSHQGL[�%���

,I�\RX�LQVLVW�RQ�GRXEOH�FOLFNLQJ��\RX�FDQ�VWDUW�:LGRZV�([SORUHU��DQG�FRS\�WKH�H[HFXWDEOHV�WR�WKH�
IROGHU�WKDW�FRQWDLQV�WKH�FRQWURO�ILOH��DQG�WKHQ�GRXEOH�FOLFN�RQ�WKH�H[HFXWDEOHV���

16BUNIX 

81,;�H[HFXWDEOHV�DUH�QRW�SURYLGHG�LQ�WKH�SDFNDJH��VR�\RX�ZLOO�KDYH�WR�FRPSLOH�WKHP�XVLQJ�WKH�
VRXUFH�ILOHV�LQFOXGHG�LQ�WKH�SDFNDJH��LQ�WKH�VUF�IROGHU���1RWH�WKDW�81,;�FRPPDQGV�DQG�ILOH�RU�IROGHU�
QDPHV�DUH�FDVH�VHQVLWLYH���7KH�IROORZLQJ�DVVXPHV�WKDW�\RX�DUH�DW�WKH�81,;�SURPSW��

��� *R�WR�WKH�3$0/�ZHE�VLWH�HKWWS���DEDFXV�JHQH�XFO�DF�XN�VRIWZDUH�SDPO�KWPOH�DQG�GRZQORDG�WKH�
ODW�
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��� HVW�DUFKLYH�DQG�VDYH�RQ�\RXU�KDUG�GLVN���8QSDFN�LW�XVLQJ�J]LS��ZLWK�D�FRPPDQG�OLNH�WKH�
IROORZLQJ��UHSODFH�WKH�YHUVLRQ�QXPEHUV�DQG�XVH�WKH�FRUUHFW�QDPH�IRU�WKH�DUFKLYH�ILOH��
        gzip –d paml4.tar.gz 
        tar xf paml4.tar�

3.� You can use ls to look at the files in the folder.  Delete the Windows executables (.exe files) in the bin folder.  
Then cd to the src/ folder to compile using make. 

ls -lF bin   
rm –r bin/*.exe (this removes the .exe files in the bin folder) 
cd src 
make 
ls -lF  
rm *.o  
mv baseml basemlg codeml pamp evolver yn00 chi2 ../bin  
cd ..  
bin/codeml 

��� 7KRVH�FRPPDQGV�FRPSLOH�WKH�SURJUDPV�DQG�JHQHUDWH�H[HFXWDEOHV�FDOOHG�EDVHPO��EDVHPOJ��
FRGHPO��SDPS��HYROYHU��\Q����DQG�FKL���ZKLFK�\RX�FDQ�VHH�ZLWK�WKH�OV�FRPPDQG���7KHQ�
UHPRYH��UP��WKH�LQWHUPHGLDWH�REMHFW�ILOHV�
�R��DQG�PRYH��PY��WKH�FRPSLOHG�H[HFXWDEOHV�LQWR�
ELQ��IROGHU�LQ�WKH�3$0/�PDLQ�IROGHU��WKDW�LV�����ELQ�IURP�SDPO�VUF�����7KHQ�FG��WR�WKH�3$0/�
PDLQ�IROGHU�DQG�UXQ�FRGHPO��XVLQJ�WKH�GHIDXOW�FRQWURO�ILOH�FRGHPO�FWO���<RX�FDQ�WKHQ�SULQW�
RXW�D�FRS\�RI�FRGHPO�FWO�DQG�ORRN�DW�LW��DQG�WKH�PDLQ�UHVXOW�ILOH�POF���

,I�WKH�FRPSLODWLRQ��WKH�PDNH�FRPPDQG��LV�XQVXFFHVVIXO��\RX�PLJKW�KDYH�WR�RSHQ�DQG�HGLW�WKH�ILOH�
0DNHILOH�EHIRUH�LVVXLQJ�WKH�PDNH�FRPPDQG���)RU�H[DPSOH��\RX�FDQ�FKDQJH�FF�WR�JFF�DQG��IDVW�WR��
2��RU��2����,I�WKDW�QRQH�RI�WKHVH�ZRUNV��ORRN�DW�WKH�ILOH�UHDGPH�W[W�LQ�WKH�VUF��IROGHU�IRU�FRPSLOLQJ�
LQVWUXFWLRQV���<RX�FDQ�FRS\�WKH�FRPSLOLQJ�FRPPDQGV�RQWR�WKH�FRPPDQG�OLQH���)RU�H[DPSOH��

cc –o baseml baseml.c tools.c –lm 
cc –o codeml codeml.c tools.c -lm 

ZRXOG�FRPSLOH�EDVHPO�DQG�FRGHPO�XVLQJ�WKH�&�FRPSLOHU�FF���+RZHYHU��LQ�WKLV�FDVH�FRGH�
RSWLPL]DWLRQ�LV�QRW�WXUQHG�RQ���<RX�VKRXOG�XVH�FRPSLOHU�VZLWFKHV�WR�RSWLPL]H�WKH�FRGH��VD\���

cc –o codeml –O3 codeml.c tools.c -lm 

)LQDOO\��LI�\RXU�FXUUHQW�IROGHU�LV�QRW�RQ�\RXU�VHDUFK�SDWK��\RX�ZLOO�KDYH�WR�DGG����LQ�IURQW�RI�WKH�
H[HFXWDEOH�ILOH�QDPH�HYHQ�LI�WKH�H[HFXWDEOH�LV�LQ�\RXU�FXUUHQW�ZRUNLQJ�IROGHU��WKDW�LV��XVH���FRGHPO�
LQVWHDG�RI�FRGHPO�WR�UXQ�FRGHPO���

17BMac OS X 

6LQFH�0DF�26;�LV�81,;��\RX�VKRXOG�IROORZ�WKH�LQVWUXFWLRQV�IRU�81,;�DERYH���2SHQ�D�FRPPDQG�
WHUPLQDO��$SSOLFDWLRQV�8WLOLWLHV�7HUPLQDO��DQG�WKHQ�FRPSLOH�DQG�UXQ�WKH�SURJUDPV�IURP�WKH�WHUPLQDO���
<RX�FG�WR�WKH�SDPO�VUF��IROGHU�DQG�ORRN�DW�WKH�UHDGPH�W[W�RU�0DNHILOH�ILOHV���6HH�DERYH���,I�\RX�W\SH�
FRPPDQGV�JFF�RU�PDNH�DQG�JHW�D��&RPPDQG�QRW�IRXQG��HUURU��\RX�ZLOO�KDYH�WR�GRZQORDG�WKH�$SSOH�
'HYHORSHU¶V�7RRONLW�DW�WKH�$SSOH�ZHE�VLWH�HKWWS���GHYHORSHU�DSSOH�FRP�WRROV� H���7KHUH�DUH�VRPH�QRWHV�
DERXW�UXQQLQJ�SURJUDPV�RQ�0$&�26�;�RU�81,;�DW�WKH�)$4�SDJH��

,�KDYH�VWRSSHG�GLVWULEXWLQJ�H[HFXWDEOHV�IRU�ROG�0$&V�UXQQLQJ�26���RU�HDUOLHU��

18BRunning a program 

$V�LQGLFDWHG�DERYH��\RX�UXQ�D�SURJUDP�E\�W\SLQJ�LWV�QDPH�IURP�WKH�FRPPDQG�OLQH���<RX�VKRXOG�
NQRZ�ZKLFK�IROGHU�\RXU�VHTXHQFH�ILOH��WUHH�ILOH��DQG�FRQWURO�ILOH�DUH��UHODWLYH�WR�\RXU�ZRUNLQJ�IROGHU���
,I�LQH[SHULHQFHG��\RX�PD\�FRS\�WKH�H[HFXWDEOHV�WR�WKH�IROGHU�FRQWDLQLQJ�\RXU�GDWD�ILOHV���'HSHQGLQJ�
RQ�WKH�PRGHO�XVHG��codeml�PD\�QHHG�D�GDWD�ILOH�VXFK�DV�grantham.dat��dayhoff.dat��
jones.dat��wag.dat��PtREV24.dat��RU�mtmam.dat��VR�\RX�VKRXOG�FRS\�WKHVH�ILOHV�DV�ZHOO����
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7KH�SURJUDPV�SURGXFH�UHVXOW�ILOHV��ZLWK�QDPHV�VXFK�DV�rub��lnf��rst��RU�rates���<RX�VKRXOG�
QRW�XVH�WKHVH�QDPHV�IRU�\RXU�RZQ�ILOHV�DV�RWKHUZLVH�WKH\�ZLOO�EH�RYHUZULWWHQ��

19BExample data sets 

7KH�examples/�IROGHU�FRQWDLQV�PDQ\�H[DPSOH�GDWD�VHWV���7KH\�ZHUH�XVHG�LQ�WKH�RULJLQDO�SDSHUV�WR�
WHVW�WKH�QHZ�PHWKRGV��DQG�,�LQFOXGHG�WKHP�VR�WKDW�\RX�FRXOG�GXSOLFDWH�RXU�UHVXOWV�LQ�WKH�SDSHUV���
6HTXHQFH�DOLJQPHQWV��FRQWURO�ILOHV��DQG�GHWDLOHG�UHDGPH�ILOHV�DUH�LQFOXGHG���7KH\�DUH�LQWHQGHG�WR�
KHOS�\RX�JHW�IDPLOLDU�ZLWK�WKH�LQSXW�GDWD�IRUPDWV�DQG�ZLWK�LQWHUSUHWDWLRQ�RI�WKH�UHVXOWV��DQG�DOVR�WR�
KHOS�\RX�GLVFRYHU�EXJV�LQ�WKH�SURJUDP���,I�\RX�DUH�LQWHUHVWHG�LQ�D�SDUWLFXODU�DQDO\VLV��JHW�D�FRS\�RI�
WKH�SDSHU�WKDW�GHVFULEHG�WKH�PHWKRG�DQG�DQDO\]H�WKH�H[DPSOH�GDWDVHW�WR�GXSOLFDWH�WKH�SXEOLVKHG�
UHVXOWV���7KLV�LV�SDUWLFXODUO\�LPSRUWDQW�EHFDXVH�WKH�PDQXDO��DV�LW�LV�ZULWWHQ��GHVFULEHV�WKH�PHDQLQJV�RI�
WKH�FRQWURO�YDULDEOHV�XVHG�E\�WKH�SURJUDPV�EXW�GRHV�QRW�FOHDUO\�H[SODLQ�KRZ�WR�VHW�XS�WKH�FRQWURO�ILOH�
WR�FRQGXFW�D�SDUWLFXODU�DQDO\VLV����

examples/HIVNSsites/:�7KLV�IROGHU�FRQWDLQV�H[DPSOH�GDWD�ILOHV�IRU�WKH�+,9���HQY�9��UHJLRQ�
DQDO\]HG�LQ�<DQJ�et al.������E����7KH�GDWD�VHW�LV�IRU�GHPRQVWUDWLQJ�WKH�16VLWHV�PRGHOV�
GHVFULEHG�LQ�WKDW�SDSHU��WKDW�LV��PRGHOV�RI�YDULDEOH�ω�UDWLRV�DPRQJ�DPLQR�DFLG�VLWHV���7KRVH�
PRGHOV�DUH�FDOOHG�WKH�³UDQGRP�VLWHV´�PRGHOV�E\�<DQJ�	�6ZDQVRQ��������VLQFH�a priori�ZH�
GR�QRW�NQRZ�ZKLFK�VLWHV�PLJKW�EH�KLJKO\�FRQVHUYHG�DQG�ZKLFK�XQGHU�SRVLWLYH�VHOHFWLRQ���
7KH\�DUH�DOVR�NQRZQ�DV�³ILVKLQJ�H[SHGLWLRQ´�PRGHOV���7KH�LQFOXGHG�GDWD�VHW�LV�WKH���WK�GDWD�
VHW�DQDO\]HG�E\�<DQJ�et al.������E��DQG�WKH�UHVXOWV�DUH�LQ�WDEOH����RI�WKDW�SDSHU���/RRN�DW�WKH�
UHDGPH�ILOH�LQ�WKDW�IROGHU��

examples/lysin/:�7KLV�IROGHU�FRQWDLQV�WKH�VSHUP�O\VLQ�JHQHV�IURP����DEDORQH�VSHFLHV�
DQDO\]HG�E\�<DQJ��6ZDQVRQ�	�9DFTXLHU������D��DQG�<DQJ�DQG�6ZDQVRQ����������7KH�GDWD�
VHW�LV�IRU�GHPRQVWUDWLQJ�ERWK�WKH�³UDQGRP�VLWHV´�PRGHOV��DV�LQ�<DQJ��6ZDQVRQ�	�9DFTXLHU�
�����D���DQG�WKH�³IL[HG�VLWHV´�PRGHOV��DV�LQ��<DQJ�DQG�6ZDQVRQ����������,Q�WKH�ODWWHU�SDSHU��
ZH�XVHG�VWUXFWXUDO�LQIRUPDWLRQ�WR�SDUWLWLRQ�DPLQR�DFLG�VLWHV�LQ�WKH�O\VLQ�LQWR�WKH�³EXULHG´�DQG�
³H[SRVHG´�FODVVHV�DQG�DVVLJQHG�DQG�HVWLPDWHG�GLIIHUHQW�ω�UDWLRV�IRU�WKH�WZR�SDUWLWLRQV���7KH�
K\SRWKHVLV�LV�WKDW�WKH�VLWHV�H[SRVHG�RQ�WKH�VXUIDFH�DUH�OLNHO\�WR�EH�XQGHU�SRVLWLYH�VHOHFWLRQ���
/RRN�DW�WKH�UHDGPH�ILOH�LQ�WKDW�IROGHU��

examples/lysozyme/:�7KLV�IROGHU�FRQWDLQV�WKH�SULPDWH�O\VR]\PH�c�JHQHV�RI�0HVVLHU�DQG�
6WHZDUW���������UH�DQDO\]HG�E\�<DQJ����������7KLV�LV�IRU�GHPRQVWUDWLQJ�FRGRQ�PRGHOV�WKDW�
DVVLJQ�GLIIHUHQW�ω�UDWLRV�IRU�GLIIHUHQW�EUDQFKHV�LQ�WKH�WUHH��XVHIXO�IRU�WHVWLQJ�SRVLWLYH�
VHOHFWLRQ�DORQJ�OLQHDJHV���7KRVH�PRGHOV�DUH�VRPHWLPHV�FDOOHG�EUDQFK�PRGHOV�RU�EUDQFK�
VSHFLILF�PRGHOV���%RWK�WKH�³ODUJH´�DQG�WKH�³VPDOO´�GDWD�VHWV�LQ�<DQJ��������DUH�LQFOXGHG���
7KRVH�PRGHOV�UHTXLUH�WKH�XVHU�WR�ODEHO�EUDQFKHV�LQ�WKH�WUHH��DQG�WKH�UHDGPH�ILOH�DQG�LQFOXGHG�
WUHH�ILOH�H[SODLQ�WKH�IRUPDW�LQ�JUHDW�GHWDLO���6HH�DOVR�WKH�VHFWLRQ�³7UHH�ILOH�DQG�
UHSUHVHQWDWLRQV�RI�WUHH�WRSRORJ\´�ODWHU�DERXW�VSHFLI\LQJ�EUDQFK�QRGH�ODEHOV��

7KH�O\VR]\PH�GDWD�VHW�ZDV�DOVR�XVHG�E\�<DQJ�DQG�1LHOVHQ��������WR�LPSOHPHQW�WKH�VR�
FDOOOHG�³EUDQFK�VLWH´�PRGHOV��ZKLFK�DOORZ�WKH�ω�UDWLR�WR�YDU\�ERWK�DPRQJ�OLQHDJHV�DQG�
DPRQJ�VLWHV���/RRN�DW�WKH�UHDGPH�ILOH�WR�OHDUQ�KRZ�WR�UXQ�WKRVH�PRGHOV��

examples/MouseLemurs/:�7KLV�IROGHU�LQFOXGHV�WKH�PW'1$�DOLJQPHQW�WKDW�<DQJ�DQG�<RGHU�
�������DQDO\]HG�WR�HVWLPDWH�GLYHUJHQFH�GDWHV�LQ�PRXVH�OHPXUV���7KH�GDWD�VHW�LV�IRU�
GHPRQVWUDWLQJ�PD[LPXP�OLNHOLKRRG�HVWLPDWLRQ�RI�GLYHUJHQFH�GDWHV�XQGHU�PRGHOV�RI�JOREDO�
DQG�ORFDO�FORFNV���7KH�PRVW�VRSKLVWLFDWHG�PRGHO�GHVFULEHG�LQ�WKDW�SDSHU�XVHV�PXOWLSOH�
FDOLEUDWLRQ�QRGHV�VLPXOWDQHRXVO\��DQDO\]HV�PXOWLSOH�JHQHV��RU�VLWH�SDUWLWLRQV��ZKLOH�
DFFRXQWLQJ�IRU�WKHLU�GLIIHUHQFHV��DQG�DOVR�DFFRXQW�IRU�YDULDEOH�UDWHV�DPRQJ�EUDQFK�JURXSV���
7KH�UHDGPH�ILOH�H[SODLQV�WKH�LQSXW�GDWD�IRUPDW�DV�ZHOO�DV�PRGHO�VSHFLILFDWLRQ�LQ�GHWDLO���7KH�
UHDGPH��ILOH�H[SODLQV�WKH�DG�KRF�UDWH�VPRRWKLQJ�SURFHGXUH�RI�<DQJ���������
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examples/mtCDNA/:�7KLV�IROGHU�LQFOXGHV�WKH�DOLJQPHQW�RI����SURWHLQ�FRGLQJ�JHQHV�RQ�WKH�VDPH�
VWUDQG�RI�WKH�PLWRFKRQGULDO�JHQRPH�IURP�VHYHQ�DSH�VSHFLHV�DQDO\]HG�E\�<DQJ��1LHOVHQ��	�
+DVHJDZD��������XQGHU�D�QXPEHU�RI�FRGRQ�DQG�DPLQR�DFLG�VXEVWLWXWLRQ�PRGHOV���7KH�GDWD�
VHW�LV�WKH�³VPDOO´�GDWD�VHW�UHIHUUHG�WR�LQ�WKDW�SDSHU��DQG�ZDV�XVHG�WR�ILW�ERWK�WKH�
³PHFKDQLVWLF´�DQG�HPSLULFDO�PRGHOV�RI�DPLQR�DFLG�VXEVWLWXWLRQ�DV�ZHOO�DV�WKH�³PHFKDQLVWLF´�
PRGHOV�RI�FRGRQ�VXEVWLWXWLRQ����7KH�PRGHO�FDQ�EH�XVHG��IRU�H[DPSOH��WR�WHVW�ZKHWKHU�WKH�UDWHV�
RI�FRQVHUYHG�DQG�UDGLFDO�DPLQR�DFLG�VXEVWLWXWLRQV�DUH�HTXDO���6HH�WKH�UHDGPH�ILOH�IRU�GHWDLOV���

examples/TipDate/:�7KLV�IROGHU�LQFOXGHV�WKH�DOLJQPHQW�RI����6,9�+,9���VHTXHQFHV��
FRPSLOHG�DQG�DQDO\]HG�E\�/HPH\�HW�DO���������DQG�UH�DQDO\]HG�E\�6WDGOHU�DQG�<DQJ����������
7KH�UHDGPH�ILOH�H[SODLQV�KRZ�WR�GXSOLFDWH�WKH�0/�DQG�%D\HVLDQ�UHVXOWV�SXEOLVKHG�LQ�WKDW�
SDSHU���1RWH�WKDW�WKH�VDPSOH�GDWH�LV�WKH�ODVW�ILHOG�LQ�WKH�VHTXHQFH�QDPH��

6RPH�RWKHU�GDWD�ILOHV�DUH�LQFOXGHG�LQ�WKH�SDFNDJH�DV�ZHOO���7KH�GHWDLOV�IROORZ��

brown.nuc�DQG�brown.trees��WKH�����ES�PW'1$�GDWD�RI�%URZQ�et al.���������XVHG�LQ�<DQJ�et 
al.��������DQG�<DQJ������E��WR�WHVW�PRGHOV�RI�YDULDEOH�UDWHV�DPRQJ�VLWHV��

mtprim9.nuc�DQG�9s.trees���PLWRFKRQGULDO�VHJPHQW�FRQVLVWLQJ�RI�����DOLJQHG�VLWHV�IURP���
SULPDWH�VSHFLHV��+D\DVDND�HW�DO���������XVHG�E\�<DQJ������D��WR�WHVW�WKH�GLVFUHWH�JDPPD�
PRGHO�DQG�<DQJ��������WR�WHVW�WKH�DXWR�GLVFUHWH�JDPPD�PRGHOV���

abglobin.nuc�DQG�abglobin.trees��WKH�FRQFDWHQDWHG�α��DQG�β�JORELQ�JHQHV��XVHG�E\�
*ROGPDQ�DQG�<DQJ��������LQ�WKHLU�GHVFULSWLRQ�RI�WKH�FRGRQ�PRGHO���abglobin.aa�LV�WKH�
DOLJQPHQW�RI�WKH�WUDQVODWHG�DPLQR�DFLG�VHTXHQFHV��

stewart.aa�DQG�stewart.trees��O\VR]\PH�SURWHLQ�VHTXHQFHV�RI�VL[�PDPPDOV��6WHZDUW�HW�DO��
�������XVHG�E\�<DQJ�et al.������D��WR�WHVW�PHWKRGV�IRU�UHFRQVWUXFWLQJ�DQFHVWUDO�DPLQR�DFLG�
VHTXHQFHV���

�
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2B3  Data file formats 

Sequence data file format 

+DYH�D�ORRN�DW�VRPH�RI�WKH�H[DPSOH�GDWD�ILOHV�LQ�WKH�SDFNDJH���QXF���DD��DQG��QH[����$V�ORQJ�DV�\RX�
JHW�\RXU�GDWD�ILOH�LQWR�RQH�RI�WKH�IRUPDWV��3$0/�SURJUDPV�VKRXOG�EH�DEOH�WR�UHDG�LW���7KH�³QDWLYH´�
IRUPDW�LV�WKH�3+</,3�IRUPDW�XVHG�LQ�-RH�)HOVHQVWHLQ¶V�3+</,3�SDFNDJH��)HOVHQVWHLQ��������EXW�VHH�
EHORZ����3$0/�KDV�OLPLWHG�VXSSRUW�IRU�WKH�1(;86�ILOH�IRUPDW�XVHG�E\�3$83�DQG�0DF&ODGH���2QO\�
WKH�VHTXHQFH�GDWD�RU�WUHHV�DUH�UHDG��DQG�FRPPDQG�EORFNV�DUH�LJQRUHG���3$0/�GRHV�QRW�GHDO�ZLWK�
FRPPHQW�EORFNV�LQ�WKH�VHTXHQFH�GDWD�EORFN��VR�SOHDVH�DYRLG�WKHP��

Sequential and interleaved formats 

%HORZ�LV�DQ�H[DPSOH�RI�WKH�3+</,3�IRUPDW��)HOVHQVWHLQ���������7KH�ILUVW�OLQH�FRQWDLQV�WKH�QXPEHU�
RI�VSHFLHV�DQG�WKH�VHTXHQFH�OHQJWK��SRVVLEO\�IROORZHG�E\�RSWLRQ�FKDUDFWHUV���For codon sequences 
(codeml with seqtype = 1), the sequence length in the sequence file refers to the number of 
nucleotides rather than the number of codons. 7KH�RQO\�RSWLRQV�DOORZHG�LQ�WKH�VHTXHQFH�ILOH�DUH�,��6��
3��&��DQG�*��7KH�VHTXHQFHV�PD\�EH�LQ�HLWKHU�interleaved IRUPDW��RSWLRQ�,��H[DPSOH�GDWD�ILOH�
abglobin.nuc���RU�sequential IRUPDW��RSWLRQ�6��H[DPSOH�GDWD�ILOH�brown.nuc���7KH�GHIDXOW�RSWLRQ�
LV�6��VR�\RX�GRQ¶W�KDYH�WR�VSHFLI\�LW��2SWLRQ�*�LV�XVHG�IRU�FRPELQHG�DQDO\VLV�RI�PXOWLSOH�JHQH�GDWD�
DQG�LV�H[SODLQHG�EHORZ���7KH�IROORZLQJ�LV�DQ�H[DPSOH�GDWD�VHW�LQ�WKH�VHTXHQWLDO�IRUPDW��,W�KDV���
VHTXHQFHV�HDFK�RI����QXFOHRWLGHV��RU����FRGRQV����

   4 60 
sequence 1 
AAGCTTCACCGGCGCAGTCATTCTCATAAT 
CGCCCACGGACTTACATCCTCATTACTATT 
sequence 2 
AAGCTTCACCGGCGCAATTATCCTCATAAT 
CGCCCACGGACTTACATCCTCATTATTATT 
sequence 3 
AAGCTTCACCGGCGCAGTTGTTCTTATAAT 
TGCCCACGGACTTACATCATCATTATTATT 
sequence 4 
AAGCTTCACCGGCGCAACCACCCTCATGAT 
TGCCCATGGACTCACATCCTCCCTACTGTT 

Species/sequence names. 'R�QRW�XVH�WKH�IROORZLQJ�VSHFLDO�V\PEROV�LQ�D�VSHFLHV�VHTXHQFH�QDPH��³����
�������� ´�LQ�D�VSHFLHV�QDPH�DV�WKH\�DUH�XVHG�IRU�VSHFLDO�SXUSRVHV�DQG�PD\�FRQIXVH�WKH�SURJUDPV���
7KH�V\PERO�#�FDQ�EH�XVHG�DV�SDUW�DQG�HQG�RI�WKH�VHTXHQFH�QDPH�WR�VSHFLI\�WKH�GDWH�RI�
GHWHUPLQDWLRQ�RI�WKDW�VHTXHQFH��IRU�H[DPSOH��YLUXV�#�������7KH�#�V\PERO�LV�FRQVLGHUHG�SDUW�RI�WKH�
QDPH�DQG�WKH�VHTXHQFH�ZDV�GHWHUPLQHG�LQ��������7KH�PD[LPXP�QXPEHU�RI�FKDUDFWHUV�LQ�D�VSHFLHV�
QDPH��/631$0(��LV�VSHFLILHG�DW�WKH�EHJLQQLQJ�RI�WKH�PDLQ�SURJUDPV�baseml.c�DQG�codeml.c���
,Q�3+</,3��H[DFWO\����FKDUDFWHUV�DUH�XVHG�IRU�D�VSHFLHV�QDPH��ZKLFK�,�RIWHQ�IRXQG�WR�EH�WRR�
UHVWULFWLYH���6R�,�XVH�D�GHIDXOW�YDOXH�RI������7R�PDNH�WKLV�GLVFUHSDQF\�OHVV�D�SUREOHP��3$0/�
FRQVLGHUV�WZR�FRQVHFXWLYH�VSDFHV�DV�WKH�HQG�RI�D�VSHFLHV�QDPH��VR�WKDW�WKH�VSHFLHV�QDPH�GRHV�QRW�
KDYH�WR�KDYH�H[DFWO\�����RU�����FKDUDFWHUV���7R�PDNH�WKLV�UXOH�ZRUN��\RX�VKRXOG�QRW�KDYH�WZR�
FRQVHFXWLYH�VSDFHV�within�D�VSHFLHV�QDPH���)RU�H[DPSOH�WKH�DERYH�GDWD�VHW�FDQ�KDYH�WKH�IROORZLQJ�
IRUPDW�WRR���

�������  4 60 
sequence 1  AAGCTTCACCGGCGCAGTCATTCTCATAAT 
CGCCCACGGACTTACATCCTCATTACTATT 
sequence 2  AAGCTTCACCGGCGCAATTATCCTCATAAT 
CGCCCACGGACTTACATCCTCATTATTATT 
sequence 3  AAGCTTCACC GGCGCAGTTG TTCTTATAAT 
TGCCCACGGACTTACATCATCATTATTATT 
sequence 4  AAGCTTCACCGGCGCAACCACCCTCATGAT 
TGCCCATGGACTCACATCCTCCCTACTGTT 
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,I�\RX�ZDQW�WKH�ILOH�WR�EH�UHDGDEOH�E\�ERWK�3+</,3�DQG�3$0/��\RX�VKRXOG�OLPLW�WKH�QXPEHU�RI�
FKDUDFWHUV�LQ�WKH�QDPH�WR����DQG�VHSDUDWH�WKH�QDPH�DQG�WKH�VHTXHQFH�E\�DW�OHDVW�WZR�VSDFHV���

,Q�D�VHTXHQFH��7��&��$��*��8��W��F��D��J��X�DUH�UHFRJQL]HG�DV�QXFOHRWLGHV��IRU�baseml��basemlg�DQG�
codonml���ZKLOH�WKH�VWDQGDUG�RQH�OHWWHU�FRGHV��$��5��1��'��&��4��(��*��+��,��/��.��0��)��3��6��7��:��
<��9�RU�WKHLU�ORZHUFDVH�HTXLYDOHQWV��DUH�UHFRJQL]HG�DV�DPLQR�DFLGV���$PELJXLW\�FKDUDFWHUV�
�XQGHWHUPLQHG�QXFOHRWLGHV�RU�DPLQR�DFLGV��DUH�DOORZHG�DV�ZHOO���7KUHH�VSHFLDO�FKDUDFWHUV�����������DQG�
�"��DUH�LQWHUSUHWHG�OLNH�WKLV��D�GRW�PHDQV�WKH�VDPH�FKDUDFWHU�DV�LQ�WKH�ILUVW�VHTXHQFH��D�GDVK�PHDQV�DQ�
DOLJQPHQW�JDS��DQG�D�TXHVWLRQ�PDUN�PHDQV�DQ�XQGHWHUPLQHG�QXFOHRWLGH�RU�DPLQR�DFLG���1RQ�
DOSKDEHWLF�V\PEROV�VXFK�DV�!��¶����	A>@��{}�����������LQVLGH�D�VHTXHQFH�DUH�VLPSO\�LJQRUHG�DQG�
FDQ�EH�IUHHO\�XVHG�DV�VLJQSRVWV���/LQHV�GR�QRW�KDYH�WR�EH�HTXDOO\�ORQJ�DQG�\RX�FDQ�SXW�WKH�ZKROH�
VHTXHQFH�RQ�RQH�OLQH��

7KH�ZD\�WKDW�DPELJXLW\�FKDUDFWHUV�DQG�DOLJQPHQW�JDSV�DUH�WUHDWHG�LQ�baseml�DQG�codeml�GHSHQGV�
RQ�WKH�YDULDEOH�cleandata�LQ�WKH�FRQWURO�ILOH���,Q�WKH�PD[LPXP�OLNHOLKRRG�DQDO\VLV��VLWHV�DW�ZKLFK�DW�
OHDVW�RQH�VHTXHQFH�LQYROYHV�DQ�DPELJXLW\�FKDUDFWHU�DUH�UHPRYHG�IURP�DOO�VHTXHQFHV�EHIRUH�DQDO\VLV�
LI�cleandata� ����ZKLOH�LI�cleandata� ����ERWK�DPELJXLW\�FKDUDFWHUV�DQG�DOLJQPHQW�JDSV�DUH�WUHDWHG�
DV�DPELJXLW\�FKDUDFWHUV���,Q�WKH�SDLUZLVH�GLVWDQFH�FDOFXODWLRQ��WKH�ORZHU�GLDJRQDO�GLVWDQFH�PDWUL[�LQ�
WKH�RXWSXW���cleandata� ���PHDQV�³FRPSOHWH�GHOHWLRQ´��ZLWK�DOO�VLWHV�LQYROYLQJ�DPELJXLW\�FKDUDFWHUV�
DQG�DOLJQPHQW�JDSV�UHPRYHG�IURP�DOO�VHTXHQFHV��ZKLOH�cleandata� ���PHDQV�³SDLUZLVH�GHOHWLRQ´��
ZLWK�RQO\�VLWHV�ZKLFK�KDYH�PLVVLQJ�FKDUDFWHUV�LQ�WKH�SDLU�UHPRYHG��

7KHUH�DUH�QR�PRGHOV�IRU�LQVHUWLRQV�DQG�GHOHWLRQV�LQ�WKH�3$0/�SURJUDPV���6R�DQ�DOLJQPHQW�JDS�LV�
WUHDWHG�DV�DQ�DPELJXLW\��WKDW�LV��D�TXHVWLRQ�PDUN�"����1RWH�DOVR�WKDW�IRU�FRGRQ�VHTXHQFHV��UHPRYDO�RI�
DQ\�QXFOHRWLGH�PHDQV�UHPRYDO�RI�WKH�ZKROH�FRGRQ����

1RWHV�PD\�EH�SODFHG�DW�WKH�HQG�RI�WKH�VHTXHQFH�ILOH�DQG�ZLOO�EH�LJQRUHG�E\�WKH�SURJUDPV���

Option G:�7KLV�RSWLRQ�LV�IRU�FRPELQHG�DQDO\VHV�RI�KHWHURJHQHRXV�GDWD�VHWV�VXFK�DV�GDWD�RI�PXOWLSOH�
JHQHV�RU�GDWD�RI�WKH�WKUHH�FRGRQ�SRVLWLRQV��7KH�VHTXHQFHV�PXVW�EH�FRQFDWHQDWHG�DQG�WKH�RSWLRQ�LV�
XVHG�WR�VSHFLI\�ZKLFK�JHQH�RU�FRGRQ�SRVLWLRQ�HDFK�VLWH�LV�IURP���

7KHUH�DUH�WKUHH�IRUPDWV�ZLWK�WKLV�RSWLRQ��7KH�ILUVW�IRUPDW�LV�LOOXVWUDWHG�E\�DQ�H[FHUSW�RI�D�VHTXHQFH�
ILOH�OLVWHG�EHORZ��7KH�H[DPSOH�GDWD�RI�%URZQ�et al. �������DUH�DQ�����ES�VHJPHQW�IURP�WKH�
PLWRFKRQGULDO�JHQRPH��ZKLFK�FRGHV�IRU�SDUWV�RI�WZR�SURWHLQV��1'��DQG�1'���DW�WKH�WZR�HQGV�DQG�
WKUHH�W51$V�LQ�WKH�PLGGOH��6LWHV�LQ�WKH�VHTXHQFH�IDOO�QDWXUDOO\�LQWR���FODVVHV��WKH�WKUHH�FRGRQ�
SRVLWLRQV�DQG�WKH�W51$�FRGLQJ�UHJLRQ��7KH�ILUVW�OLQH�RI�WKH�ILOH�FRQWDLQV�WKH�RSWLRQ�FKDUDFWHU�*��7KH�
VHFRQG�OLQH�EHJLQV�ZLWK�D�*�DW�WKH�ILUVW�FROXPQ��IROORZHG�E\�WKH�QXPEHU�RI�VLWH�FODVVHV��7KH�
IROORZLQJ�OLQHV�FRQWDLQ�WKH�VLWH�PDUNV��RQH�IRU�HDFK�VLWH�LQ�WKH�VHTXHQFH��RU�HDFK�FRGRQ�LQ�WKH�FDVH�RI�
codonml���7KH�VLWH�PDUN�VSHFLILHV�ZKLFK�FODVV�HDFK�VLWH�LV�IURP��,I�WKHUH�DUH�g FODVVHV��WKH�PDUNV�
VKRXOG�EH������������g��DQG�LI�g !����WKH�PDUNV�QHHG�WR�EH�VHSDUDWHG�E\�VSDFHV��7KH�WRWDO�QXPEHU�RI�
PDUNV�PXVW�EH�HTXDO�WR�WKH�WRWDO�QXPEHU�RI�VLWHV�LQ�HDFK�VHTXHQFH��

 5 895 G 
G 4 
3 
123123123123123123123123123123123123123123123123123123123123 
123123123123123123123123123123123123123123123123123123123123 
123123123123123123123123123123123123123123123123123123123123 
123123123123123123123123123123123123123123123123123123123123 
123123123123123123123123123123123123123123123123123123123123 
123123123123123123123123123123123123123123123123123123123123 
123123123123123123123123123123123123123123123123123123123123 
1231231231231231231231231231231231231 
444444444444444444444444444444444444444444444444444444444444 
444444444444444444444444444444444444444444444444444444444444 
444444444444444444444444444444444444444444444444444444444444 
444444444444444444 
123123123123123123123123123123123123123123123123123123123123 
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123123123123123123123123123123123123123123123123123123123123 
123123123123123123123123123123123123123123123123123123123123 
12312312312312312312312312312312312312312312312312312312312 
Human 
AAGCTTCACCGGCGCAGTCATTCTCATAATCGCCCACGGACTTACATCCTCATTACTATT 
CTGCCTAGCAAACTCAAACTACGAACGCACTCACAGTCGCATCATAATC........ 
Chimpanzee 
......... 

7KH�VHFRQG�IRUPDW�LV�XVHIXO�LI�WKH�GDWD�DUH�FRQFDWHQDWHG�VHTXHQFHV�RI�PXOWLSOH�JHQHV��VKRZQ�EHORZ�
IRU�DQ�H[DPSOH�GDWD�VHW��7KLV�VHTXHQFH�KDV������QXFOHRWLGHV�IURP���JHQHV��REWDLQHG�IURP�
FRQFDWHQDWLQJ�IRXU�JHQHV�ZLWK����������������DQG�����QXFOHRWLGHV�IURP�JHQHV����������DQG����
UHVSHFWLYHO\��7KH��OHQJWKV��IRU�WKH�JHQHV�PXVW�EH�RQ�WKH�OLQH�WKDW�VWDUWV�ZLWK�*��i.e.��RQ�WKH�VHFRQG�
OLQH�RI�WKH�VHTXHQFH�ILOH���7KLV�UHTXLUHPHQW�DOORZV�WKH�SURJUDP�WR�GHWHUPLQH�ZKLFK�RI�WKH�WZR�
IRUPDWV�LV�EHLQJ�XVHG���7KH�VXP�RI�WKH�OHQJWKV�IRU�WKH�JHQHV�VKRXOG�EH�HTXDO�WR�WKH�QXPEHU�RI�
QXFOHRWLGHV��DPLQR�DFLGV��RU�FRGRQV�LQ�WKH�FRPELQHG�VHTXHQFH�IRU�baseml��RU�basemlg���aaml��DQG�
codonml��UHVSHFWLYHO\���

5 1000 G 
G 4 100 200 300 400 
Sequence 1 
TCGATAGATAGGTTTTAGGGGGGGGGGTAAAAAAAAA....... 

7KH�WKLUG�IRUPDW�DSSOLHV�WR�SURWHLQ�FRGLQJ�'1$�VHTXHQFHV�RQO\��IRU�baseml���<RX�XVH�RSWLRQ�
FKDUDFWHUV�*&�RQ�WKH�ILUVW�OLQH�LQVWHDG�RI�*�DORQH��7KH�SURJUDP�ZLOO�WKHQ�WUHDW�WKH�WKUHH�FRGRQ�
SRVLWLRQV�GLIIHUHQWO\�LQ�WKH�QXFOHRWLGH�EDVHG�DQDO\VLV��,W�LV�DVVXPHG�WKDW�WKH�VHTXHQFH�OHQJWK�LV�DQ�
H[DFW�PXOWLSOH�RI�WKUHH���

  5  855  GC 
human      GTG CTG TCT CCT ... 

Option G for codon sequences (codeml with seqtype = 1).��7KH�IRUPDW�LV�VLPLODU�WR�WKH�VDPH�RSWLRQ�
IRU�EDVHPO��EXW�QRWH�WKDW�WKH�VHTXHQFH�OHQJWK�LV�LQ�QXPEHU�RI�QXFOHRWLGHV�ZKLOH�WKH�JHQH�OHQJWKV�DUH�
LQ�QXPEHU�RI�FRGRQV���7KLV�KDV�EHHQ�D�VRXUFH�RI�FRQIXVLRQ���%HORZ�LV�DQ�H[DPSOH��

  5  300  G 
G2   40  60 

7KLV�GDWD�VHW�KDV���VHTXHQFHV��HDFK�RI�����QXFOHRWLGHV������FRGRQV���ZKLFK�DUH�SDUWLWLRQHG�LQWR�WZR�
JHQHV��ZLWK�WKH�ILUVW�JHQH�KDYLQJ����FRGRQV�DQG�WKH�VHFRQG�JHQH����FRGRQV��

Site pattern counts 

7KH�VHTXHQFH�DOLJQPHQW�FDQ�DOVR�EH�LQSXW�LQ�WKH�IRUP�RI�VLWH�SDWWHUQV�DQG�FRXQWV�RI�VLWHV�KDYLQJ�
WKRVH�VLWH�SDWWHUQV���7KLV�IRUPDW�LV�VSHFLILHG�E\�WKH�RSWLRQ�³3´�RQ�WKH�ILUVW�OLQH�RI�WKH�LQSXW�GDWD�ILOH��
DV�LOOXVWUDWHG�E\�WKH�IROORZLQJ�H[DPSOH���+HUH�WKHUH�DUH���VHTXHQFHV����VLWH�SDWWHUQV��ZLWK��3��
LQGLFDWLQJ�WKDW�WKH�GDWD�DUH�VLWH�SDWWHUQV�DQG�QRW�VLWHV���7KH��3��RSWLRQ�LV�XVHG�LQ�WKH�VDPH�ZD\�DV�
RSWLRQV��,��IRU�LQWHUOHDYHG�IRUPDW�DQG��6��IRU�VHTXHQWLDO�IRUPDW��GHIDXOW����7KH���QXPEHUV�EHORZ�WKH�
DOLJQPHQW�DUH�WKH�QXPEHUV�RI�VLWHV�KDYLQJ�WKH���SDWWHUQV�DERYH���)RU�H[DPSOH��DW�����VLWHV��DOO�WKUHH�
VSHFLHV�KDV�*��DQG�DW�����VLWHV�DOO�WKUHH�VSHFLHV�KDV�7��DQG�VR�RQ���,Q�WRWDO�WKHUH�DUH������������������
«������ �����VLWHV����

  3  8  P 
 
human   GTACTGCC 
rabbit  GTACTACT 
rat     GTACAGAC 
 
100 200 40 50 11 12 13 14 

7KLV�H[DPSOH�DSSOLHV�WR�EDVHPO�DQG�EDVHPOJ��SURJUDP�IRU�QXFOHRWLGH�EDVHG�DQDO\VLV���7R�VSHFLI\�
PXOWLSOH�JHQHV��VLWH�SDUWLWLRQV���RQH�PD\�XVH�RSWLRQ�*�WRJHWKHU�ZLWK�RSWLRQ�3����

  3  10  PG 
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G 2    4 6 
 
human   GTTA CATGTC 
rabbit  GTCA CATATT 
rat     GTTA CAAGTC 
 
100 200 40 50 120 61 12 13 54 12 

+HUH�WKHUH�DUH����VLWH�SDWWHUQV�DQG���JHQHV��VLWH�SDUWLWLRQV����7KH�ILUVW���SDWWHUQV�DUH�IRU�WKH�ILUVW�JHQH�
ZKLOH�WKH�QH[W���SDWWHUQV�DUH�IRU�WKH�VHFRQG�JHQH��ZLWK�D�WRWDO�RI����VLWH�SDWWHUQV���,Q�SDUWLWLRQ���WKHUH�
DUH����VLWHV�KDYLQJ�WKH�GDWD�$$$��QXFOHRWLGH�$�LQ�DOO�WKUHH�VSHFLHV���DQG�ZKLOH�LQ�SDUWLWLRQ���WKHUH�
DUH����VXFK�VLWHV����

7KH�VDPH�IRUPDW�DSSOLHV�WR�SURWHLQ�VHTXHQFHV��FRGHPO�ZLWK�VHTW\SH� �����ZLWK�DPLQR�DFLGV�UHSODFLQJ�
QXFOHRWLGHV�LQ�WKH�H[DPSOHV�DERYH��

)RU�FRGRQ�VHTXHQFHV��FRGHPO�ZLWK�VHTW\SH� �����WKH�IRUPDW�LV�DV�IROORZV���7KHUH�DUH���VSHFLHV��DQG���
VLWH�SDWWHUQV��ZLWK���VLWHV�KDYLQJ�WKH�ILUVW�VLWH�SDWWHUQ��ZKLFK�KDV�WKH�FRGRQ�*7*�LQ�DOO�WKUHH�VSHFLHV����
1RWH�WKDW���� ��
����7KH�SURJUDP�UHTXLUHV�WKDW�\RX�XVH���WLPHV�WKH�QXPEHU�RI�FRGRQ�VLWH�SDWWHUQV�
KHUH���7KLV�LV�VWUDQJH�EXW�FRQVLVWHQW�ZLWK�WKH�VHTXHQWLDO�RU�LQWHUOHDYHG�VHTXHQFH�IRUPDW��ZKHUH�WKH�
VHTXHQFH�OHQJWK�LV�VSHFLILHG�LQ�WKH�QXPEHU�RI�QXFOHRWLGHV�UDWKHU�WKDQ�QXPEHU�RI�FRGRQV����,QLWLDOO\�,�
GLG�WKLV�VR�WKDW�WKH�VDPH�ILOH�FDQ�EH�UHDG�E\�ERWK�EDVHPO�IRU�QXFOHRWLGH�EDVHG�DQDO\VLV�DQG�FRGRQPO�
IRU�FRGRQ�EDVHG�DQDO\VLV���

      3  27  P G 
 
human     GTG CTG TCT CCT GCC GAC AAG ACC  
rabbit    ... ... ... G.C ... ... ... T..  
rat       ... ... ... ..C ..T ... ... ...  
 
    6 1 1 1 1 4 3 1 1 

7R�VSHFLI\�PXOWLSOH�JHQHV�IRU�FRGRQ�VLWH�SDWWHUQV��VHH�WKH�IROORZLQJ�H[DPSOH��

      3  27  P G 
G 2      4   5 
 
human     GTG CTG TCT CCT GCC GAC AAG ACC  
rabbit    ... ... ... G.C ... ... ... T..  
rat       ... ... ... ..C ..T ... ... ...  
 
    6 1 1 1 1 4 3 1 1 

+HUH�WKHUH�DUH�DJDLQ���FRGRQ�VLWH�SDWWHUQV�LQ�WRWDO��ZLWK�WKH�ILUVW���SDWWHUQV�IRU�JHQH���DQG�WKH�QH[W���
SDWWHUQV�IRU�JHQH����

)XUWKHUPRUH��RSWLRQ�YDULDEOH�3�FDQ�EH�XVHG�WRJHWKHU�ZLWK�RSWLRQ�YDULDEOH�,�RU�6���3,�PHDQV�WKDW�WKH�
VLWH�SDWWHUQV�DUH�OLVWHG�XVLQJ�WKH�LQWHUOHDYHG�IRUPDW�ZKLOH�36�PHDQV�WKDW�WKH�VLWH�SDWWHUQV�DUH�OLVWHG�
XVLQJ�WKH�VHTXHQWLDO�IRUPDW���3�ZLWKRXW�,�RU�6�XVHV�WKH�GHIDXOW�VHTXHQWLDO�IRUPDW���+DYLQJ�WKH�ZKROH�
VHTXHQFH�RI�DOO�VLWH�SDWWHUQV�RQ�RQH�OLQH�FRQIRUPV�ZLWK�ERWK�WKH�,�DQG�6�IRUPDWV��VR�WKHUH�LV�QR�QHHG�
WR�VSHFLI\�,�RU�6��

,I�\RX�UXQ�EDVHPO�DQG�FRGHPO�WR�UHDG�WKH�VHTXHQWLDO�RU�LQWHUOHDYHG�IRUPDWV�RI�VHTXHQFHV��WKH�RXWSXW�
ZLOO�LQFOXGH�D�SULQW�RXW�LQ�WKLV�SDUWLWLRQHG�IRUPDW���/RRN�IRU�WKH�OLQH�³3ULQWLQJ�RXW�VLWH�SDWWHUQ�
FRXQWV´���<RX�FDQ�PRYH�WKLV�EORFN�LQWR�D�QHZ�ILOH�DQG�ODWHU�RQ�UHDG�WKDW�ILOH�LQVWHDG��LI�LW�WDNHV�D�ORQJ�
WLPH�WR�SDFN�VLWHV�LQWR�SDWWHUQV���1RWH�WKH�UHVWULFWLRQV�ZLWK�WKH�3�IRUPDW�EHORZ��

+HUH�DUH�VRPH�UHVWULFWLRQV�WR�WKLV�RSWLRQ���6RPH�RXWSXWV�DUH�GLVDEOHG�IRU�WKLV�RSWLRQ��LQFOXGLQJ�
DQFHVWUDO�VHTXHQFH�UHFRQVWUXFWLRQ�DQG�SRVWHULRU�HVWLPDWHV�RI�UDWHV�IRU�VLWHV��RU�VLWH�SDWWHUQV���WKDW�\RX�
FDQ�JHW�IRU�VHTXHQFHV�E\�XVLQJ�5DWH$QFHVWRU� �����6HFRQG��VRPH�RI�WKH�FDOFXODWLRQV�UHTXLUH�WKH�
VHTXHQFH�OHQJWK��ZKLFK�,�VHW�WR�WKH�VXP�RI�WKH�VLWH�SDWWHUQ�IUHTXHQFLHV���,I�WKH�VLWH�SDWWHUQ�IUHTXHQFLHV�
DUH�QRW�FRXQWV�RI�VLWHV�EXW�DUH�LQVWHDG�VLWH�SDWWHUQ�SUREDELOLWLHV��FDOFXODWLRQV�LQYROYLQJ�VHTXHQFH�
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OHQJWK�ZLOO�QRW�EH�FRUUHFW���6XFK�FDOFXODWLRQV�LQFOXGH�WKH�6(V�IRU�0/(V��WKH�QXPEHUV�RI�VLWHV�S�DQG�N�
LQ�FRGRQPO��IRU�H[DPSOH��

Possible uses of this option.��6RPHWLPHV�,�XVH�HYROYHU�WR�VLPXODWH�YHU\�ORQJ�VHTXHQFHV��ZLWK�!�0�
VLWHV��DQG�LW�FDQ�WDNH�PLQXWHV�RU�KRXUV�WR�FROODSVH�VLWHV�LQWR�SDWWHUQV��ZKLFK�LV�LUULWDWLQJ�ZKHQ�WKH�
PD[LPXP�OLNHOLKRRG�LWHUDWLRQ�WDNHV�D�IHZ�VHFRQGV�DQG�,�ZDQW�WR�XVH�WKH�VDPH�GDWD�WR�UXQ�PXOWLSOH�
PRGHOV���$�VLPLODU�FDVH�LV�DQDO\VLV�RI�ODUJH�JHQRPLF�GDWD�RI�ORQJ�VHTXHQFHV�ZLWK�!���0E�VLWHV���,Q�
WKLV�FDVH�\RX�FDQ�UXQ�EDVHPO�RU�FRGHPO�RQFH��DQG�WKHQ�FRS\�WKH�SDWWHUQ�FRXQWV�IURP�WKH�RXWSXW�ILOH�
LQWR�D�GDWD�ILOH���1H[W�WLPH��\RX�UXQ�WKH�SURJUDP�\RX�FDQ�UHDG�WKH�QHZ�ILOH���7KLV�ZD\�WKH�SURJUDP�
VNLSV�WKH�VWHS�RI�FRXQWLQJ�VLWH�SDWWHUQV���1RWH�WKDW�WKH�SDWWHUQ�FRXQWV�GR�QRW�KDYH�WR�EH�LQWHJHUV���<RX�
FDQ�FDOFXODWH�WKH�VLWH�SDWWHUQ�SUREDELOLWLHV�XQGHU�D�PRGHO�DQG�WKHQ�UHDG�WKH�SUREDELOLWLHV�IRU�DQDO\VLV�
XVLQJ�D�GLIIHUHQW�PRGHO�WR�VHH�ZKHWKHU�WKH�FRUUHFW�WUHH�LV�VWLOO�UHFRYHUHG���7KH�VLWH�SDWWHUQ�
SUREDELOLWLHV�XQGHU�WKH�PRGHO�DPRXQW�WR�D�GDWDVHW�RI�LQILQLWH�VL]H��LQILQLWHO\�PDQ\�VLWHV����7KLV�ZD\��
\RX�FDQ�FKHFN�ZKHWKHU�WKH�WUHH�UHFRQVWUXFWLRQ�PHWKRG�LV�VWLOO�FRQVLVWHQW���6HH�'HEU\��������DQG�
<DQJ������F��IRU�VXFK�DQDO\VLV����,�QHHG�WR�HQDEOH�EDVHPO�DQG�FRGHPO�IRU�SULQWLQJ�VLWH�SDWWHUQ�
SUREDELOLWLHV���

Tree file format and representations of tree topology 

$�tree structure file�LV�XVHG�ZKHQ�runmode� ���RU����7KH�ILOH�QDPH�LV�VSHFLILHG�LQ�WKH�DSSURSULDWH�
FRQWURO�ILOH���7KH�WUHH�WRSRORJ\�LV�W\SLFDOO\�VSHFLILHG�XVLQJ�WKH�SDUHQWKHVLV�QRWDWLRQ��DOWKRXJK�LW�LV�
SRVVLEOH�WR�XVH�D�EUDQFK�UHSUHVHQWDWLRQ��DV�GHVFULEHG�EHORZ��

Parenthesis notation:�7KH�ILUVW�LV�WKH�IDPLOLDU�SDUHQWKHVLV�UHSUHVHQWDWLRQ��XVHG�LQ�PRVW�SK\ORJHQHWLF�
VRIWZDUH��7KH�VSHFLHV�FDQ�EH�UHSUHVHQWHG�XVLQJ�HLWKHU�WKHLU�QDPHV�RU�WKHLU�LQGH[HV�FRUUHVSRQGLQJ�WR�
WKH�RUGHU�RI�WKHLU�RFFXUUHQFHV�LQ�WKH�VHTXHQFH�GDWD�ILOH���,I�VSHFLHV�QDPHV�DUH�XVHG��WKH\�KDYH�WR�
PDWFK�H[DFWO\�WKRVH�LQ�WKH�VHTXHQFH�GDWD�ILOH��LQFOXGLQJ�VSDFHV�RU�VWUDQJH�FKDUDFWHUV����%UDQFK�
OHQJWKV�DUH�DOORZHG���7KH�IROORZLQJ�LV�D�SRVVLEOH�WUHH�VWUXFWXUH�ILOH�IRU�D�GDWD�VHW�RI�IRXU�VSHFLHV�
�KXPDQ��FKLPSDQ]HH��JRULOOD��DQG�RUDQJXWDQ��RFFXUULQJ�LQ�WKLV�RUGHU�LQ�WKH�GDWD�ILOH���7KH�ILUVW�WUHH�LV�
D�VWDU�WUHH��ZKLOH�WKH�QH[W�IRXU�WUHHV�DUH�WKH�VDPH���

    4 5 // 4 species, 5 trees 
(1,2,3,4); // the star tree 
((1,2),3,4); // species 1 and 2 are clustered together 
((1,2),3,4); // Commas are needed with more than 9 species 
((human,chimpanzee),gorilla,orangutan); 
((human:.1,chimpanzee:.2):.05,gorilla:.3,orangutan:.5); 

,I�WKH�WUHH�KDV�EUDQFK�OHQJWKV��EDVHPO�DQG�FRGHPO�DOORZ�\RX�WR�XVH�WKH�EUDQFK�OHQJWKV�LQ�WKH�WUHH�DV�
VWDUWLQJ�YDOXHV�IRU�PD[LPXP�OLNHOLKRRG�LWHUDWLRQ��

:KHWKHU�\RX�VKRXOG�XVH�URRWHG�RU�XQURRWHG�WUHHV�GHSHQGV�RQ�WKH�PRGHO��IRU�H[DPSOH��RQ�ZKHWKHU�D�
PROHFXODU�FORFN�LV�DVVXPHG���:LWKRXW�WKH�FORFN��FORFN� �����XQURRWHG�WUHHV�VKRXOG�EH�XVHG��VXFK�DV�
������������RU���������������:LWK�WKH�FORFN�RU�ORFDO�FORFN�PRGHOV��WKH�WUHHV�VKRXOG�EH�URRWHG�DQG�WKHVH�
WZR�WUHHV�DUH�GLIIHUHQW�DQG�ERWK�DUH�GLIIHUHQW�IURP�����������������,Q�3$0/��D�URRWHG�WUHH�KDV�D�
ELIXUFDWLRQ�DW�WKH�URRW��ZKLOH�DQ�XQURRWHG�WUHH�KDV�D�WULIXUFDWLRQ�RU�PXOWLIXUFDWLRQ�DW�WKH�URRW��

Tree files produced by PAUP and MacClade���3$0/�SURJUDPV�KDYH�RQO\�OLPLWHG�FRPSDWLELOLW\�ZLWK�
WKH�WUHH�ILOH�JHQHUDWHG�E\�3$83�RU�0DF&ODGH���)LUVW�WKH�³>	8@´�QRWDWLRQ�IRU�VSHFLI\LQJ�DQ�XQURRWHG�
WUHH�LV�LJQRUHG���)RU�WKH�WUHH�WR�EH�DFFHSWHG�DV�DQ�XQURRWHG�WUHH�E\�3$0/��\RX�KDYH�WR�PDQXDOO\�
PRGLI\�WKH�WUHH�ILOH�VR�WKDW�WKHUH�LV�D�WULIXUFDWLRQ�DW�WKH�URRW��IRU�H[DPSOH��E\�FKDQJLQJ�³�������������´�
LQWR�³�����������´���6HFRQG��WKH�³7UDQVODWH´�NH\ZRUG�LV�LJQRUHG�E\�3$0/�DV�ZHOO��DQG�LW�LV�DVVXPHG�
WKDW�WKH�RUGHULQJ�RI�WKH�VHTXHQFHV�LQ�WKH�WUHH�ILOH�LV�H[DFWO\�WKH�VDPH�DV�WKH�RUGHULQJ�RI�WKH�VHTXHQFHV�
LQ�WKH�VHTXHQFH�GDWD�ILOH��

Branch or node labels. �6RPH�PRGHOV�LPSOHPHQWHG�LQ�baseml�DQG�codeml�DOORZ�VHYHUDO�JURXSV�
RI�EUDQFKHV�RQ�WKH�WUHH��ZKLFK�DUH�DVVLJQHG�GLIIHUHQW�SDUDPHWHUV�RI�LQWHUHVW���)RU�H[DPSOH��LQ�WKH�
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ORFDO�FORFN�PRGHOV��clock� ���RU����LQ�EDVHPO�RU�FRGHPO��\RX�FDQ�KDYH��VD\����EUDQFK�UDWH�JURXSV��
ZLWK�ORZ��PHGLXP��DQG�KLJK�UDWHV�UHVSHFWLYHO\���$OVR�WKH�EUDQFK�VSHFLILF�FRGRQ�PRGHOV��model� ���
RU���IRU�codonml��DOORZ�GLIIHUHQW�EUDQFK�JURXSV�WR�KDYH�GLIIHUHQW�ωV��OHDGLQJ�WR�VR�FDOOHG�³WZR�
UDWLRV´�DQG�³WKUHH�UDWLRV´�PRGHOV���$OO�WKRVH�PRGHOV�UHTXLUH�EUDQFKHV�RU�QRGHV�LQ�WKH�WUHH�WR�EH�
ODEHOHG���%UDQFK�labels�DUH�VSHFLILHG�LQ�WKH�VDPH�ZD\�DV�EUDQFK�lengths�H[FHSW�WKDW�WKH�V\PERO�³�´�LV�
XVHG�UDWKHU�WKDQ�³�´���7KH�EUDQFK�ODEHOV�DUH�FRQVHFXWLYH�LQWHJHUV�VWDUWLQJ�IURP����ZKLFK�LV�WKH�GHIDXOW�
DQG�GRHV�QRW�KDYH�WR�EH�VSHFLILHG���)RU�H[DPSOH��WKH�IROORZLQJ�WUHH�

((Hsa_Human, Hla_gibbon) #1, ((Cgu/Can_colobus, Pne_langur), Mmu_rhesus), (Ssc_squirrelM, Cja_marmoset));��

LV�IURP�WKH�WUHH�ILOH�examples/lysozyme/lysozyme.trees��ZLWK�D�EUDQFK�ODEHO�IRU�ILWWLQJ�PRGHOV�RI�
GLIIHUHQW�ω�UDWLRV�IRU�EUDQFKHV���7KH�LQWHUQDO�EUDQFK�DQFHVWUDO�WR�KXPDQ�DQG�JLEERQ�KDV�WKH�UDWLR�ω���
ZKLOH�DOO�RWKHU�EUDQFKHV��ZLWK�WKH�GHIDXOW�ODEHO�����KDYH�WKH�EDFNJURXQG�UDWLR�ω����7KLV�ILWV�WKH�
PRGHO�LQ�WDEOH��&�IRU�WKH�VPDOO�GDWD�VHW�RI�O\VR]\PH�JHQHV�LQ�<DQJ����������6HH�WKH�UHDGPH�ILOH�LQ�
WKH�examples/lysozyme/�IROGHU��

2Q�D�ELJ�WUHH��\RX�PLJKW�ZDQW�WR�ODEHO�DOO�EUDQFKHV�ZLWKLQ�D�FODGH���)RU�WKLV�SXUSRVH��\RX�FDQ�XVH�WKH�
FODGH�ODEHO�������LV�IRU�∆��ZKLFK�ORRNV�OLNH�D�JRRG�FODGH�V\PERO�EXW�LV�PLVVLQJ�RQ�PRVW�NH\ERDUGV���
6R��FODGH�����LV�HTXLYDOHQW�WR�ODEHOLQJ�DOO�QRGHV�EUDQFKHV�ZLWKLQ�WKH�FODGH�ZLWK������7KH�IROORZLQJ�
WZR�WUHHV�DUH�WKXV�HTXLYDOHQW��

(((rabbit, rat) $1, human), goat_cow, marsupial);��
(((rabbit #1, rat #1) #1, human), goat_cow, marsupial);�

+HUH�DUH�WKH�UXOHV�FRQFHUQLQJ�QHVWHG�FODGH�ODEHOV���7KH�V\PERO���WDNHV�SUHFHGHQFH�RYHU�WKH�V\PERO�
���DQG�FODGH�ODEHOV�FORVH�WR�WKH�WLSV�WDNH�SUHFHGHQFH�RYHU�FODGH�ODEHOV�IRU�DQFHVWUDO�QRGHV�FORVH�WR�WKH�
URRW���6R�WKH�IROORZLQJ�WZR�WUHHV�DUH�HTXLYDOHQW���,Q�WKH�ILUVW�WUHH�EHORZ�����LV�ILUVW�DSSOLHG�WR�WKH�
ZKROH�FODGH�RI�SODFHQWDO�PDPPDOV��H[FHSW�IRU�WKH�KXPDQ�OLQHDJH���DQG�WKHQ����LV�DSSOLHG�WR�WKH�
UDEELW�UDW�FODGH��

((((rabbit, rat) $2, human #3), goat_cow) $1, marsupial);  
((((rabbit #2, rat #2) #2, human #3) #1, goat_cow #1) #1, marsupial); 

1RWH�WKDW�ZLWK�WKLV�UXOH��LW�PD\�PDNH�D�GLIIHUHQFH�ZKHWKHU�RU�QRW�\RX�LQFOXGH�D�ODEHO������)RU�
H[DPSOH��

((a, b) $0, (c, d)) $1; 

ODEHOV�WKH�WKUHH�EUDQFKHV�RQ�WKH�OHIW�VLGH��WR�D��WR�E��DQG�WR�ERWK�D�DQG�E��DV�����ZKLOH�WKH�RWKHU�
EUDQFKHV�DUH������+RZHYHU�WKH�IROORZLQJ�ZRXOG�ODEHO�DOO�EUDQFKHV�LQ�WKH�WUHH�DV�����

((a, b), (c, d)) $1; 

,�KDYH�IRXQG�LW�FRQYHQLHQW�WR�FUHDWH�WKH�WUHH�ILOH�ZLWK�ODEHOV�DQG�UHDG�WKH�WUHH�XVLQJ�5RG�SDJH¶V�
�������7UHH9LHZ�WR�FKHFN�WKDW�WKH�WUHH�DQG�ODEHOV�DUH�ULJKW���7KH�H[DPSOH�WUHHV�DERYH�VKRXOG�EH�
UHDGDEOH�E\�7UHH9LHZ���)RU�7UHH9LHZ�;��KRZHYHU��\RX�PD\�KDYH�WR�SXW�WKH�ODEHOV�LQVLGH�VLQJOH�
TXRWDWLRQ�PDUNV��OLNH�WKH�IROORZLQJ��

((((rabbit '#2', rat '#2') '#2', human '#3') '#1', goat_cow '#1') '#1', marsupial); 

7KLV�ZD\��WKH�WUHH�LV�UHDGDEOH�E\�ERWK�7UHH9LHZ�DQG�7UHH9LHZ�;��DQG�E\�EDVHPO�FRGHPO�DV�ZHOO����
1RWH�WKDW�7UHH9LHZ�DQG�7UHH9LHZ�;�GR�QRW�DFFHSW�ODEHOV�IRU�WLSV�RU�WLS�EUDQFKHV��DQG�PD\�LQWHUSUHW�
WKH�ODEHOV�DV�SDUW�RI�WKH�VHTXHQFH�QDPH���$QRWKHU�SURJUDP�WKDW�\RX�FDQ�XVH�WR�FUHDWH�DQG�RU�YLHZ�
EUDQFK�RU�QRGH�ODEHOV�LV�$QGUHZ�5DPEDXW¶V�)LJ7UHH��DYDLODEOH�IRU�WKH�0$&���,�KDYH�QR�H[SHULHQFLQJ�
RI�XVLQJ�LW��

Divergence date symbol @. �)RVVLO�FDOLEUDWLRQ�LQIRUPDWLRQ�LV�VSHFLILHG�XVLQJ�WKH�V\PERO�#���7KLV�LV�
XVHG�IRU�WKH�FORFN�DQG�ORFDO�FORFN�PRGHOV�LQ�EDVHPO�DQG�FRGHPO���6HH�WKH�UHDGPH�ILOH�LQ�WKH�
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H[DPSOHV�0RXVH/HPXUV��IROGHU���6R�LQ�WKH�IROORZLQJ�H[DPSOH��WKH�KXPDQ�FKLPSDQ]HH�GLYHUJHQFH�LV�
IL[HG�DW��0<����

((gorilla, (human, chimpanzee) '@0.05'), orangutan); 

7KLV�NLQG�RI�FDOLEUDWLRQ�LQIRUPDWLRQ��SRLQW�FDOLEUDWLRQ��LV�QRW�XVHG�E\�WKH�%D\HVLDQ�GDWLQJ�SURJUDP�
mcmctree���6HH�GHVFULSWLRQV�ODWHU����

Branch representation of tree topology:��$�VHFRQG�ZD\�RI�UHSUHVHQWLQJ�WKH�WUHH�WRSRORJ\�XVHG�LQ�
3$0/�LV�E\�HQXPHUDWLQJ�LWV�EUDQFKHV��HDFK�RI�ZKLFK�LV�UHSUHVHQWHG�E\�LWV�VWDUWLQJ�DQG�HQGLQJ�QRGHV���
7KLV�UHSUHVHQWDWLRQ�LV�DOVR�XVHG�LQ�WKH�UHVXOW�ILOHV�IRU�RXWSXWWLQJ�WKH�HVWLPDWHG�EUDQFK�OHQJWKV��EXW�
\RX�FDQ�DOVR�XVH�LW�LQ�WKH�WUHH�ILOH��)RU�H[DPSOH��WKH�WUHH�������������FDQ�EH�VSHFLILHG�E\�HQXPHUDWLQJ�
LWV���EUDQFKHV���

       5 
     5 6    6 1    6 2    5 3    5 4 

7KH�QRGHV�LQ�WKH�WUHH�DUH�LQGH[HG�E\�FRQVHFXWLYH�QDWXUDO�QXPEHUV��ZLWK������������s�UHSUHVHQWLQJ�WKH�s�
NQRZQ�VHTXHQFHV�LQ�WKH�GDWD��LQ�WKH�VDPH�RUGHU�DV�LQ�WKH�GDWD���$�QXPEHU�ODUJHU�WKDQ�s�ODEHOV�DQ�
LQWHUQDO�QRGH��DW�ZKLFK�WKH�VHTXHQFH�LV�XQNQRZQ���6R�LQ�WKH�DERYH�WUHH��QRGH���LV�DQFHVWUDO�WR�QRGHV�
������DQG����ZKLOH�QRGH���LV�DQFHVWUDO�WR�QRGHV���DQG����

7KLV�QRWDWLRQ�LV�FRQYHQLHQW�WR�VSHFLI\�D�WUHH�LQ�ZKLFK�VRPH�VHTXHQFHV�LQ�WKH�GDWD�DUH�GLUHFW�DQFHVWRUV�
WR�VRPH�RWKHUV���)RU�H[DPSOH��WKH�IROORZLQJ�WUHH�IRU���VHTXHQFHV�KDV���EUDQFKHV��ZLWK�VHTXHQFH���WR�
EH�WKH�FRPPRQ�DQFHVWRU�RI�VHTXHQFHV����������DQG���� 

  4      
5 1     5 2     5 3     5 4 

�Warning.��,�GLG�QRW�WU\�WR�PDNH�WKLV�WUHH�UHSUHVHQWDWLRQ�ZRUN�ZLWK�DOO�PRGHOV�LPSOHPHQWHG�LQ�
EDVHPO�DQG�FRGHPO���,I�\RX�XVH�WKLV�UHSUHVHQWDWLRQ��\RX�VKRXOG�WHVW�WKH�SURJUDP�FDUHIXOO\���,I�LW�GRHV�
QRW�ZRUN��\RX�FDQ�OHW�PH�NQRZ�VR�WKDW�,�ZLOO�WU\�WR�IL[�LW��
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3B4  baseml  

Nucleotide substitution models 

)RU�GHWDLOHG�GHVFULSWLRQV�RI�0DUNRY�PRGHOV�RI�QXFOHRWLGH�VXEVWLWXWLRQ��VHH�:KHODQ�et al.���������
)HOVHQVWHLQ��������RU�<DQJ��������&KDSWHU�����

0RGHOV�XVHG�LQ�3$0/�LQFOXGH�-&����-XNHV�DQG�&DQWRU��������.����.LPXUD��������)����)HOVHQVWHLQ�
�������)����)HOVHQVWHLQ��'1$0/�SURJUDP�VLQFH�������3+</,3�9HUVLRQ�������+.<����+DVHJDZD�
HW�DO��������+DVHJDZD�HW�DO���������7DPXUD���������7DPXUD�DQG�1HL���������DQG�5(9��DOVR�NQRZQ�
DV�*75�IRU�JHQHUDO�WLPH�UHYHUVLEOH��<DQJ�����E��=KDUNLNK���������7KH�UDWH�PDWULFHV�DUH�
SDUDPHWUL]HG�DV�IROORZV��
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20BThe control file  

7KH�GHIDXOW�FRQWURO�ILOH�IRU�baseml�LV�baseml.ctl��DQG�DQ�H[DPSOH�LV�VKRZQ�EHORZ��1RWH�WKDW�
VSDFHV�DUH�UHTXLUHG�RQ�ERWK�VLGHV�RI�WKH�HTXDO�VLJQ��DQG�EODQN�OLQHV�RU�OLQHV�EHJLQQLQJ�ZLWK��
��DUH�
WUHDWHG�DV�FRPPHQWV��2SWLRQV�QRW�XVHG�FDQ�EH�GHOHWHG�IURP�WKH�FRQWURO�ILOH���7KH�RUGHU�RI�WKH�
YDULDEOHV�LV�XQLPSRUWDQW��

      seqfile = brown.nuc * sequence data file name 
      outfile = mlb * main result file 
     treefile = brown.trees * tree structure file name 
 
        noisy = 3   * 0,1,2,3: how much rubbish on the screen 
      verbose = 0   * 1: detailed output, 0: concise output 
      runmode = 0   * 0: user tree;  1: semi-automatic;  2: automatic 
                    * 3: StepwiseAddition; (4,5):PerturbationNNI  
 
        model = 5   * 0:JC69, 1:K80, 2:F81, 3:F84, 4:HKY85 
                    * 5:T92, 6:TN93, 7:REV, 8:UNREST, 9:REVu; 10:UNRESTu 
        Mgene = 0   * 0:rates, 1:separate; 2:diff pi, 3:diff kapa, 4:all diff 
 
*       ndata = 1   * number of data sets  
        clock = 0   * 0:no clock, 1:clock; 2:local clock; 3:CombinedAnalysis 
      TipDate = 0 100  * TipDate (1) & time unit 
    fix_kappa = 0  * 0: estimate kappa; 1: fix kappa at value below 
        kappa = 2.5   * initial or fixed kappa 
 
    fix_alpha = 1   * 0: estimate alpha; 1: fix alpha at value below 
        alpha = 0.  * initial or fixed alpha, 0:infinity (constant rate) 
       Malpha = 0   * 1: different alpha's for genes, 0: one alpha 
        ncatG = 5   * # of categories in the dG, AdG, or nparK models of rates 
 
      fix_rho = 1   * 0: estimate rho; 1: fix rho at value below  
          rho = 0.  * initial or fixed rho,   0:no correlation 
        nparK = 0   * rate-class models. 1:rK, 2:rK&fK, 3:rK&MK(1/K), 4:rK&MK  
 
        nhomo = 0   * 0 & 1: homogeneous, 2: kappa for branches, 3: N1, 4: N2, 5: user 
        getSE = 0   * 0: don't want them, 1: want S.E.s of estimates 
 RateAncestor = 0   * (0,1,2): rates (alpha>0) or ancestral states 
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   Small_Diff = 1e-6 
*   cleandata = 1   * remove sites with ambiguity data (1:yes, 0:no)? 
*       icode = 0   * (RateAncestor=1 for coding genes, "GC" in data) 
* fix_blength = 0   * 0: ignore, -1: random, 1: initial, 2: fixed 
       method = 0   * 0: simultaneous; 1: one branch at a time 

7KH�FRQWURO�YDULDEOHV�DUH�GHVFULEHG�EHORZ���

seqfile��outfile��DQG�treefile�VSHFLILHV�WKH�QDPHV�RI�WKH�VHTXHQFH�GDWD�ILOH��PDLQ�UHVXOW�ILOH��
DQG�WKH�WUHH�VWUXFWXUH�ILOH��UHVSHFWLYHO\����<RX�VKRXOG�QRW�KDYH�VSDFHV�LQVLGH�D�ILOH�QDPH���,Q�
JHQHUDO�WU\�WR�DYRLG�VSHFLDO�FKDUDFWHUV�LQ�D�ILOH�QDPH�DV�WKH\�PLJKW�KDYH�VSHFLDO�PHDQLQJV�
XQGHU�WKH�26��

noisy�FRQWUROV�KRZ�PXFK�RXWSXW�\RX�ZDQW�RQ�WKH�VFUHHQ���,I�WKH�PRGHO�EHLQJ�ILWWHG�LQYROYHV�PXFK�
FRPSXWDWLRQ��\RX�FDQ�FKRRVH�D�ODUJH�QXPEHU�IRU�noisy WR�DYRLG�ORQHOLQHVV��verbose�
FRQWUROV�KRZ�PXFK�RXWSXW�LQ�WKH�UHVXOW�ILOH���

runmode� ���PHDQV�HYDOXDWLRQ�RI�WKH�WUHH�WRSRORJLHV�VSHFLILHG�LQ�WKH�WUHH�VWUXFWXUH�ILOH��DQG�
runmode� ���RU���PHDQV�KHXULVWLF�WUHH�VHDUFK�E\�WKH�VWDU�GHFRPSRVLWLRQ�DOJRULWKP��:LWK�
runmode� ����WKH�DOJRULWKP�VWDUWV�IURP�WKH�VWDU�WUHH��ZKLOH�LI�runmode� ����WKH�SURJUDP�ZLOO�
UHDG�D�PXOWLIXUFDWLQJ�WUHH�IURP�WKH�WUHH�VWUXFWXUH�ILOH�DQG�WU\�WR�HVWLPDWH�WKH�EHVW�ELIXUFDWLQJ�
WUHH�FRPSDWLEOH�ZLWK�LW��runmode� ���PHDQV�VWHSZLVH�DGGLWLRQ��runmode� ���PHDQV�11,�
SHUWXUEDWLRQ�ZLWK�WKH�VWDUWLQJ�WUHH�REWDLQHG�E\�D�SDUVLPRQ\�DOJRULWKP��ZKLOH�runmode� ���
PHDQV�11,�SHUWXUEDWLRQ�ZLWK�WKH�VWDUWLQJ�WUHH�UHDG�IURP�WKH�WUHH�VWUXFWXUH�ILOH��7KH�WUHH�
VHDUFK�RSWLRQV�GR�QRW�ZRUN�ZHOO��DQG�VR�XVH�runmode� ���DV�PXFK�DV�\RX�FDQ���)RU�
UHODWLYHO\�VPDOO�GDWD�VHW��WKH�VWHSZLVH�DGGLWLRQ�DOJRULWKP�VHHPV�XVDEOH����

model�VSHFLILHV�WKH�PRGHO�RI�QXFOHRWLGH�VXEVWLWXWLRQ���0RGHOV�������«����UHSUHVHQW�PRGHOV�-&����
.����)����)����+.<����7����71����5(9��DOVR�NQRZQ�DV�*75���DQG�815(67��
UHVSHFWLYHO\���&KHFN�<DQJ������E��RU�<DQJ��������WDEOH������IRU�QRWDWLRQ���7ZR�PRUH�XVHU�
VSHFLILHG�PRGHOV�DUH�LPSOHPHQWHG�DV�VSHFLDO�FDVHV�RI�WKH�5(9�*75�PRGHO��PRGHO� ����RU�
RI�WKH�815(67�PRGHO��PRGHO� �������7KHVH�PRGHOV�DUH�FDOOHG�5(9X�DQG�815(67X���7KH�
IRUPDW�LV�LOOXVWUDWHG�LQ�WKH�IROORZLQJ�H[DPSOHV���7KH�QXPEHU�LQ�WKH�EUDFNHWV�>@�LV�WKH�QXPEHU�
RI�IUHH�UDWH�SDUDPHWHUV��WKLV�LV�WKHQ�IROORZHG�E\�QXFOHRWLGH�SDLUV�ZKLFK�VKRXOG�KDYH�WKH�VDPH�
UDWHV��JURXSHG�LQ�WKH�VDPH�SDLU�RI�SDUHQWKHVHV���)RU�H[DPSOH��WKH�OLQH�IRU�6<0�VSHFLILHV�DQ�
815(67X�PRGHO�ZLWK���UDWHV��ZLWK�RQH�UDWH�IRU�$→&�DQG�&→$�FKDQJHV��RQH�UDWH�IRU�
$→*�DQG�*→$�FKDQJHV��DQG�VR�RQ���7KH�PRGHO�KDV�D�V\PPHWULFDO�UDWH�PDWUL[�Q��VR�WKDW�
WKH�HTXLOLEULXP�IUHTXHQFLHV�DUH�ó�IRU�HDFK�QXFOHRWLGH���1RWH�WKDW�XQGHU�815(67�DQG�
815(67X��WKH�HTXLOLEULXP�QXFOHRWLGH�IUHTXHQFLHV�DUH�QRW�SDUDPHWHUV�EXW�DUH�JLYHQ�E\�WKH�
UDWH�SDUDPHWHUV��VHH�HTXDWLRQ������LQ�<DQJ����������6LPLODUO\�PRGHO� ���VSHFLILHV�VSHFLDO�
FDVHV�RI�WKH�5(9�*75�PRGHO��RU�5(9X�PRGHOV���,Q�RQH�VSHFLILHV�7&�RU�&7��EXW�QRW�ERWK�RI�
WKHP��VLQFH�WKRVH�DUH�DVVXPHG�WR�KDYH�WKH�VDPH�UDWH��H[FKDQJHDELOLW\��SDUDPHHUV����

model = 10  [0]  /* JC69 */ 
model = 10  [1 (TC CT AG GA)]  /* K80 */ 
model = 10  [11 (TA) (TG) (CT) (CA) (CG) (AT) (AC) (AG) (GT) (GC) (GA) ]  /* UNREST */ 
model = 10  [5 (AC CA) (AG GA) (AT TA) (CG GC) (CT TC)]  /* SYM */ 
model = 9   [2 (TA TG CA CG) (AG)]    /* TN93 */ 

Mgene�LV�XVHG�LQ�FRPELQDWLRQ�ZLWK�RSWLRQ�*�LQ�WKH�VHTXHQFH�GDWD�ILOH��IRU�FRPELQHG�DQDO\VLV�RI�GDWD�
IURP�PXOWLSOH�JHQHV�RU�PXOWLSOH�VLWH�SDUWLWLRQV��VXFK�DV�WKH�WKUHH�FRGRQ�SRVLWLRQV���<DQJ�
����D���SDJHV�������LQ�<DQJ���������6XFK�PRGHOV�DUH�DOVR�FDOOHG�SDUWLWLRQ�PRGHOV���&KRRVH�
��LI�RSWLRQ�*�LV�QRW�XVHG�LQ�WKH�GDWD�ILOH���

7KH�GHVFULSWLRQ�KHUH�UHIHUV�WR�PXOWLSOH�JHQHV��EXW�DSSO\�WR�DQ\�VWUDWHJ\�RI�SDUWLWLRQLQJ�VLWHV��
VXFK�DV�E\�FRGRQ�SRVLWLRQ���6LPLODU�SDUWLWLRQ�PRGHOV�DUH�LPSOHPHQWHG�LQ�FRGHPO�IRU�
DQDO\]LQJ�FRGRQ�RU�DPLQR�DFLG�VHTXHQFHV��
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7KH�PRGHOV�DUH�VXPPDUL]HG�LQ�WDEOH�X� X���7KH�VLPSOHVW�PRGHO�ZKLFK�DVVXPHV�FRPSOHWH�
KRPRJHQHLW\�DPRQJ�JHQHV�FDQ�EH�ILWWHG�E\�FRQFDWHQDWLQJ�GLIIHUHQW�JHQHV�LQWR�RQH�VHTXHQFH�
ZLWKRXW�XVLQJ�WKH�RSWLRQ�*��DQG�E\�VSHFLI\LQJ�Mgene� ���LQ�WKH�FRQWURO�ILOH����7KH�PRVW�
JHQHUDO�PRGHO�LV�HTXDYLOHQW�WR�D�VHSDUDWH�DQDO\VLV��DQG�FDQ�EH�GRQH�E\�ILWWLQJ�WKH�VDPH�
PRGHO�WR�HDFK�GDWD�VHW��HDFK�JHQH���EXW�FDQ�DOVR�EH�GRQH�E\�VSHFLI\LQJ�Mgene� ���ZLWK�WKH�
RSWLRQ�*�LQ�WKH�FRPELQHG�GDWD�ILOH���7KH�VXP�RI�WKH�ORJ�OLNHOLKRRG�YDOXHV�RYHU�GLIIHUHQW�
JHQHV�LV�WKHQ�WKH�ORJ�OLNHOLKRRG�RI�WKH�PRVW�JHQHUDO�PRGHO�FRQVLGHUHG�KHUH���0RGHOV�
DFFRXQWLQJ�IRU�VRPH�DVSHFWV�RI�WKH�KHWHURJHQHLW\�RI�PXOWLSOH�JHQHV�DUH�ILWWHG�E\�VSHFLI\LQJ�
Mgene�LQ�FRPELQDWLRQ�ZLWK�WKH�RSWLRQ�*�LQ�WKH�VHTXHQFH�GDWD�ILOH��Mgene� ���PHDQV�D�
PRGHO�WKDW�DVXPHV�GLIIHUHQW�VXEVWLWXWLRQ�UDWHV�EXW�WKH�VDPH�SDWWHUQ�RI�QXFOHRWLGH�VXEVWLWXWLRQ�
IRU�GLIIHUHQW�JHQHV��Mgene� ���PHDQV�GLIIHUHQW�IUHTXHQF\�SDUDPHWHUV�IRU�GLIIHUHQW�JHQHV�EXW�
WKH�VDPH�UDWH�UDWLR�SDUDPHWHUV��κ�LQ�WKH�.����)����+.<���PRGHOV�RU�WKH�UDWH�SDUDPHWHUV�LQ�
WKH�71���DQG�5(9�PRGHOV���Mgene� ���PHDQV�GLIIHUHQW�UDWH�UDWLR�SDUDPHWHUV�DQG�WKH�VDPH�
IUHTXHQF\�SDUDPHWHUV��Mgene� ���PHDQV�ERWK�GLIIHUHQW�UDWH�UDWLR�SDUDPHWHUV�DQG�GLIIHUHQW�
IUHTXHQF\�SDUDPHWHUV�IRU�GLIIHUHQW�JHQHV��3DUDPHWHUV�DQG�DVVXPSWLRQV�PDGH�LQ�WKHVH�PRGHOV�
DUH�VXPPDUL]HG�LQ�WKH�IROORZLQJ�WDEOH��ZLWK�WKH�+.<���PRGHO�XVHG�DV�DQ�H[DPSOH��:KHQ�
VXEVWLWXWLRQ�UDWHV�DUH�DVVXPHG�WR�YDU\�IURP�VLWH�WR�VLWH��WKH�FRQWURO�YDULDEOH�Malpha�
VSHFLILHV�ZKHWKHU�RQH�JDPPD�GLVWULEXWLRQ�ZLOO�EH�DSSOLHG�DFURVV�DOO�VLWHV��Malpha� ����RU�D�
GLIIHUHQW�JDPPD�GLVWULEXWLRQ�LV�XVHG�IRU�HDFK�JHQH��RU�FRGRQ�SRVLWLRQ����

7DEOH����6HWXSV�RI�SDUWLWLRQ�PRGHOV�RI�QXFOHRWLGH�VXEVWLWXWLRQ�
6HTXHQFH�ILOH�� &RQWURO�ILOH�� 3DUDPHWHUV�DFURVV�JHQHV�
1R�*�� Mgene� ���� HYHU\WKLQJ�HTXDO�
2SWLRQ�*�� Mgene� ���� WKH�VDPH�κ�DQG�π��EXW�GLIIHUHQW�cV��SURSRUWLRQDO�

EUDQFK�OHQJWKV��
2SWLRQ�*�� Mgene� ���� WKH�VDPH�κ��EXW�GLIIHUHQW�πV�DQG�cV�
2SWLRQ�*�� Mgene� ���� WKH�VDPH�π��EXW�GLIIHUHQW�κV�DQG�cV�
2SWLRQ�*�� Mgene� ���� GLIIHUHQW�κ��πV��DQG�cV�
2SWLRQ�*�� Mgene� ���� GLIIHUHQW�κ��πV��DQG�GLIIHUHQW��XQSURSRUWLRQDO��EUDQFK�

OHQJWKV�

7KH�GLIIHUHQW�cV�IRU�GLIIHUHQW�JHQHV�PHDQ�WKDW�EUDQFK�OHQJWKV�HVWLPDWHG�IRU�GLIIHUHQW�JHQHV�
DUH�SURSRUWLRQDO��3DUDPHWHUV�π�UHSUHVHQW�WKH�HTXLOLEULXP�QXFOHRWLGH�IUHTXHQFLHV��ZKLFK�DUH�
HVWLPDWHG�XVLQJ�WKH�REVHUYHG�IUHTXHQFLHV��nhomo� �����7KH�WUDQVLWLRQ�WUDQVYHUVLRQ�UDWH�UDWLR�
κ�LQ�+.<���FDQ�EH�UHSODFHG�E\�WKH�WZR�RU�ILYH�UDWH�UDWLR�SDUDPHWHUV�XQGHU�WKH�71���RU�
5(9�PRGHOV��UHVSHFWLYHO\��7KH�OLNHOLKRRG�UDWLR�WHVW�FDQ�EH�XVHG�WR�FRPSDUH�WKHVH�PRGHOV��
XVLQJ�DQ�DSSURDFK�FDOOHG�WKH�DQDO\VLV�RI�GHYLDQFH��0F&XOODJK�DQG�1HOGHU��������ZKLFK�LV�
YHU\�VLPLODU�WR�WKH�PRUH�IDPLOLDU�DQDO\VLV�RI�YDULDQFH���

ndata��VSHFLILHV�WKH�QXPEHU�RI�VHSDUDWH�GDWD�VHWV�LQ�WKH�ILOH���7KLV�YDULDEOH�LV�XVHIXO�IRU�VLPXODWLRQ���
<RX�FDQ�XVH�evolver�WR�JHQHUDWH�����UHSOLFDWH�GDWD�VHWV��DQG�WKHQ�VHW�ndata� �����WR�XVH�
baseml�WR�DQDO\]H�WKHP����

clock�VSHFLILHV�PRGHOV�FRQFHUQLQJ�UDWH�FRQVWDQF\�RU�YDULDWLRQ�DPRQJ�OLQHDJHV���clock� ���PHDQV�
QR�FORFN�DQG�UDWHV�DUH�HQWLUHO\�IUHH�WR�YDU\�IURP�EUDQFK�WR�EUDQFK���$Q�XQURRWHG�WUHH�VKRXOG�
EH�XVHG�XQGHU�WKLV�PRGHO���)RU�D�ELQDU\�WUHH�ZLWK�n�VSHFLHV��VHTXHQFHV���WKLV�PRGHO�KDV���n�±�
���SDUDPHWHUV��EUDQFK�OHQJWKV�����clock� ���PHDQV�WKH�JOREDO�FORFN��DQG�DOO�EUDQFKHV�KDYH�
WKH�VDPH�UDWH���7KLV�PRGHO�KDV��n�±����SDUDPHWHUV�FRUUHVSRQGLQJ�WR�WKH��n�±����LQWHUQDO�QRGHV�
LQ�WKH�ELQDU\�WUHH���6R�D�WHVW�RI�WKH�PROHFXODU�FORFN�DVVXPSWLRQ��ZKLFK�FRPSDUHV�WKRVH�WZR�
PRGHOV��VKRXOG�KDYH�G�I�� �n�±����

clock� ���VSHFLILHV�WKH�ORFDO�FORFN�PRGHOV�<RGHU�DQG�<DQJ�������<DQJ�DQG�<RGHU���������
0RVW�EUDQFKHV�LQ�WKH�SK\ORJHQ\�FRQIRUP�ZLWK�WKH�FORFN�DVVXPSWLRQ�DQG�KDV�WKH�GHIDXOW�UDWH�
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�r�� �����EXW�VRPH�SUH�GHILQHG�EUDQFKHV�PD\�KDYH�GLIIHUHQW�UDWHV���5DWHV�IRU�EUDQFKHV�DUH�
VSHFLILHG�XVLQJ�EUDQFK�ODEHOV����DQG����LQ�WKH�WUHH�ILOH���)RU�H[DPSOH��WKH�WUHH�����������������
���VSHFLILHV�UDWH�r��IRU�WKH�EUDQFK�DQFHVWUDO�WR�VSHFLHV���DQG���ZKLOH�DOO�RWKHU�EUDQFKHV�KDYH�
WKH�GHIDXOW�UDWH�r���ZKLFK�GRHV�QRW�KDYH�WR�EH�VSHFLILHG���7KH�XVHU�QHHG�WR�VSHFLI\�ZKLFK�
EUDQFK�KDV�ZKLFK�UDWH��DQG�WKH�SURJUDP�HVWLPDWHV�WKH�XQNQRZQ�UDWHV��VXFK�DV�r��LQ�WKH�DERYH�
H[DPSOH��r�� ���LV�WKH�GHIDXOW�UDWH����<RX�QHHG�WR�EH�FDUHIXO�ZKHQ�VSHFLI\LQJ�UDWHV�IRU�
EUDQFKHV�WR�PDNH�VXUH�WKDW�DOO�UDWHV�FDQ�EH�HVWLPDWHG�E\�WKH�PRGHO��LI�\RX�VSHFLI\�WRR�PDQ\�
UDWH�SDUDPHWHUV��HVSHFLDOO\�IRU�EUDQFKHV�DURXQG�WKH�URRW��LW�PD\�QRW�EH�SRVVLEOH�WR�HVWLPDWH�
DOO�RI�WKHP�DQG�\RX�ZLOO�KDYH�D�SUREOHP�ZLWK�LGHQWLILDELOLW\���7KH�QXPEHU�RI�SDUDPHWHUV�IRU�
D�ELQDU\�WUHH�LQ�WKH�ORFDO�FORFN�PRGHO�LV��n�±����SOXV�WKH�QXPEHU�RI�H[WUD�UDWH�SDUDPHWHUV�IRU�
EUDQFKHV���,Q�WKH�DERYH�WUHH�RI���VSHFLHV��\RX�KDYH�RQO\�RQH�H[WUD�UDWH�SDUDPHWHU�r���DQG�VR�
WKH�ORFDO�FORFN�PRGHO�KDV��n�±�������� �n� ���SDUDPHWHUV���7KH�QR�FORFN�PRGHO�KDV���
SDUDPHWHUV�ZKLOH�WKH�JOREDO�FORFN�KDV���SDUDPHWHUV�IRU�WKDW�WUHH��

7KH�RSWLRQ�clock� ���LV�IRU�FRPELQHG�DQDO\VLV�RI�PXOWLSOH�JHQH�RU�PXOWLSOH�SDUWLWLRQ�GDWD��
DOORZLQJ�WKH�EUDQFK�UDWHV�WR�YDU\�LQ�GLIIHUHQW�ZD\V�DPRQJ�WKH�GDWD�SDUWLWLRQV��<DQJ�DQG�
<RGHU���������7R�DFFRXQW�IRU�GLIIHUHQFHV�LQ�WKH�HYROXWLRQDU\�SURFHVV�DPRQJ�GDWD�SDUWLWLRQV��
\RX�KDYH�WR�XVH�WKH�RSWLRQ�*�LQ�WKH�VHTXHQFH�ILOH�DV�ZHOO�DV�WKH�FRQWURO�YDULDEOH�0JHQH�LQ�
WKH�FRQWURO�ILOH��EDVHPO�FWO�RU�FRGHPO�FWO����5HDG�<DQJ�DQG�<RGHU��������DQG�WKH�UHDGPH�ILOH�
LQ�WKH�H[DPSOHV�0RXVH/HPXUV��IROGHU�WR�GXSOLFDWH�WKH�DQDO\VLV�RI�WKDW�SDSHU���$OVR�WKH�
YDULDEOH�� ���RU����LV�XVHG�WR�LPSOHPHQW�WKH�DG�KRF�UDWH�VPRRWKLQJ�SURFHGXUH�RI�<DQJ�
���������6HH�WKH�ILOH�UHDGPH��W[W�IRU�LQVWUXFWLRQV�DQG�WKH�SDSHU�IRU�GHWDLOV�RI�WKH�PRGHO��

)RU�FORFN� ���RU����D�URRWHG�WUHH�VKRXOG�EH�XVHG���,I�IRVVLO�FDOLEUDWLRQ�LQIRUPDWLRQ�LV�VSHFLILHG�
LQ�WKH�WUHH�ILOH�XVLQJ�WKH�V\PERO�#�RU� ��WKH�DEVROXWH�UDWH�ZLOO�EH�FDOFXODWHG���0XOWLSOH�
FDOLEUDWLRQ�SRLQWV�FDQ�EH�VSHFLILHG�WKLV�ZD\��EXW�RQO\�SRLQW�FDOLEUDWLRQV��ZKHUH�D�QRGH�DJH�LV�
DVVXPHG�WR�EH�NQRZQ�ZLWKRXW�HUURU��DUH�DFFHSWHG�DQG�ERXQGV�DUH�QRW�DFFHSWHG���6HH�
LQVWUXFWLRQV�DERXW�WKH�PFPFWUHH�SURJUDP��ZKLFK�DFFHSWV�ERXQGV�RU�RWKHU�GLVWULEXWLRQV�DV�
FDOLEUDWLRQV����

TipDate�LV�XVHG�WR�HVWLPDWH�DJHV�RI�QRGH�DJHV�RQ�WKH�URRWHG�WUHH�ZKHQ�WKH�VHTXHQFHV�DW�WKH�WLSV�
KDYLQJ�VDPSOLQJ�GDWHV��DV�LQ�WKH�FDVH�RI�VHTXHQWLDOO\�VDPSOHG�YLUDO�VHTXHQFHV���7KH�VDPSOH�
GDWHV�DUH�WKH�WKH�ODVW�ILHOG�LQ�WKH�VHTXHQFH�QDPH���7KH�WLPH�XQLW�LV�VSHFLILHG�E\�WKH�XVHU�RQ�
WKLV�OLQH���/RRN�DW�5($'0(�W[W�LQ�H[DPSOHV�7LS'DWH���

fix_kappa�VSHFLILHV�ZKHWKHU�κ�LQ�.����)����RU�+.<���LV�JLYHQ�DW�D�IL[HG�YDOXH�RU�LV�WR�EH�
HVWLPDWHG�E\�LWHUDWLRQ�IURP�WKH�GDWD��,I�fix_kappa� ����WKH�YDOXH�RI�DQRWKHU�YDULDEOH��
kappa��LV�WKH�JLYHQ�YDOXH��DQG�RWKHUZLVH�WKH�YDOXH�RI�kappa�LV�XVHG�DV�WKH�LQLWLDO�HVWLPDWH�
IRU�LWHUDWLRQ��7KH�YDULDEOHV�fix_kappa�DQG�kappa�KDYH�QR�HIIHFW�ZLWK�-&���RU�)���ZKLFK�
GRHV�QRW�LQYROYH�VXFK�D�SDUDPHWHU��RU�ZLWK�71���DQG�5(9�ZKLFK�KDYH�WZR�DQG�ILYH�UDWH�
SDUDPHWHUV�UHVSHFWLYHO\��ZKHQ�DOO�RI�WKHP�DUH�HVWLPDWHG�IURP�WKH�GDWD���

fix_alpha�DQG�alpha�ZRUN�LQ�D�VLPLODU�ZD\��ZKHUH�alpha�UHIHUV�WR�WKH�VKDSH�SDUDPHWHU�α�RI�WKH�
JDPPD�GLVWULEXWLRQ�IRU�YDULDEOH�VXEVWLWXWLRQ�UDWHV�DFURVV�VLWHV��<DQJ�����D���7KH�PRGHO�RI�D�
VLQJOH�UDWH�IRU�DOO�VLWHV�LV�VSHFLILHG�DV�fix_alpha� ���DQG�alpha� ������PHDQV�LQILQLW\���
ZKLOH�WKH��GLVFUHWH���JDPPD�PRGHO�LV�VSHFLILHG�E\�D�SRVLWLYH�YDOXH�IRU�alpha��DQG�ncatG�LV�
WKHQ�WKH�QXPEHU�RI�FDWHJRULHV�IRU�WKH�GLVFUHWH�JDPPD�PRGHO��baseml����9DOXHV�VXFK�DV�������
���RU����DUH�UHDVRQDEOH���1RWH�WKDW�WKH�GLVFUHWH�JDPPD�PRGHO�KDV�RQH�SDUDPHWHU��α���OLNH�WKH�
FRQWLQXRXV�JDPPD�PRGHO��DQG�WKH�QXPEHU�RI�FDWHJRULHV�LV�QRW�D�SDUDPHWHU��

7KH�PGHO�RI�LQYDULDEOH�VLWHV�LV�QRW�LPSOHPHQWHG�LQ�3$0/�SURJUDPV���,�GRQ¶W�OLNH�WKH�PRGHO�
DV�LW�JHQHUDWHV�D�VWURQJ�FRUUHODWLRQ�EHWZHHQ�WKH�SURSRUWLRQ�RI�LQYDULDEOH�VLWHV�DQG�WKH�JDPPD�
VKDSH�SDUDPHWHU���,W�LV�LPSOHPHQWHG�LQ�3$83�DQG�0U%D\HV��IRU�H[DPSOH����
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7R�LQIHU�UDWHV�DW�LQGLYLGXDO�VLWHV��XVH�5DWH$QFHVWRU� �����6HH�EHORZ���8VLQJ�D�ODUJH�QXPEHU�
RI�FDWHJRULHV��VD\��QFDW*� �����PD\�EH�KHOSIXO�LI�\RX�DUH�LQWHUHVWHG�LQ�FDOFXODWLQJ�VXFK�UDWHV��

)RU�GHWDLOHG�GHVFULSWLRQV�RI�WKRVH�PRGHOV��VHH�<DQJ������E���&KDSWHU���RI�<DQJ��������DQG�
FKDSWHUV����DQG����RI�)HOVHQVWHLQ���������

fix_rho�DQG�rho�ZRUN�LQ�D�VLPLODU�ZD\�DQG�FRQFHUQ�LQGHSHQGHQFH�RU�FRUUHODWLRQ�RI�UDWHV�DW�
DGMDFHQW�VLWHV��ZKHUH�ρ��UKR��LV�WKH�FRUUHODWLRQ�SDUDPHWHU�RI�WKH�DXWR�GLVFUHWH�JDPPD�PRGHO�
�<DQJ��������7KH�PRGHO�RI�LQGHSHQGHQW�UDWHV�IRU�VLWHV�LV�VSHFLILHG�DV�fix_rho� ���DQG�rho�
 ����FKRRVLQJ�alpha� ���IXUWKHU�PHDQV�D�FRQVWDQW�UDWH�IRU�DOO�VLWHV��7KH�DXWR�GLVFUHWH�
JDPPD�PRGHO�LV�VSHFLILHG�E\�SRVLWLYH�YDOXHV�IRU�ERWK�alpha�DQG�rho��7KH�PRGHO�RI�D�
FRQVWDQW�UDWH�IRU�VLWHV�LV�D�VSHFLDO�FDVH�RI�WKH��GLVFUHWH��JDPPD�PRGHO�ZLWK�α� �∞��alpha� �
����DQG�WKH�PRGHO�RI�LQGHSHQGHQW�UDWHV�IRU�VLWHV�LV�D�VSHFLDO�FDVH�RI�WKH�DXWR�GLVFUHWH�JDPPD�
PRGHO�ZLWK�ρ� ����rho� ������

nparK�VSHFLILHV�QRQSDUDPHWULF�PRGHOV�IRU�YDULDEOH�DQG�0DUNRY�GHSHQGHQW�UDWHV�DFURVV�VLWHV��nparK�
 ���RU���PHDQV�VHYHUDO��ncatG��FDWHJRULHV�RI�LQGHSHQGHQW�UDWHV�IRU�VLWHV��ZKLOH�nparK� ���
RU���PHDQV�WKH�UDWHV�DUH�0DUNRY�GHSHQGHQW�DW�DGMDFHQW�VLWHV��nparK� ���DQG���KDYH�WKH�
UHVWULFWLRQ�WKDW�HDFK�UDWH�FDWHJRU\�KDV�HTXDO�SUREDELOLW\�ZKLOH�nparK� ���DQG���GR�QRW�KDYH�
WKLV�UHVWULFWLRQ��<DQJ��������7KH�YDULDEOH�nparK�WDNHV�SUHFHGHQFH�RYHU�alpha�RU�rho��

nhomo�LV�IRU�baseml�RQO\��DQG�FRQFHUQV�WKH�IUHTXHQF\�SDUDPHWHUV�LQ�VRPH�RI�WKH�VXEVWLWXWLRQ�
PRGHOV���7KH�RSWLRQ�nhomo� ���ILWV�D�KRPRJHQHRXV�PRGHO��EXW�HVWLPDWHV�WKH�IUHTXHQF\�
SDUDPHWHUV��π7��π&�DQG�π$��π*�LV�QRW�D�IUHH�SDUDPHWHU�DV�WKH�IUHTXHQFLHV�VXP�WR����E\�
PD[LPXP�OLNHOLKRRG�LWHUDWLRQ���7KLV�DSSOLHV�WR�)����)����+.<����7����LQ�ZKLFK�FDVH�RQO\�
π*&�LV�D�SDUDPHWHU���71����RU�5(9�PRGHOV���:LWK�nhomo� ����WKHVH�DUH�HVWLPDWHG�E\�WKH�
DYHUDJHV�RI�WKH�REVHUYHG�IUHTXHQFLHV���)RU�ERWK�nhomo� ���DQG����\RX�VKRXOG�FRXQW����RU���
IRU�7����IUHH�SDUDPHWHUV�IRU�WKH�EDVH�IUHTXHQFLHV���

2SWLRQV�nhomo� �������DQG���ZRUN�ZLWK�)����+.<����RU�7����VHH�QRWH�EHORZ�DERXW�*75����
7KH\�ILW�WKH�QRQKRPRJHQHRXV�PRGHOV�RI�<DQJ�DQG�5REHUWV��������DQG�*DOWLHU�DQG�*RX\�
���������7KH�QXFOHRWLGH�VXEVWLWXWLRQ�LV�VSHFLILHG�E\�WKH�YDULDEOH�model�DQG�LV�RQH�RI�)����
+.<���RU�7����EXW�ZLWK�GLIIHUHQW�IUHTXHQF\�SDUDPHWHUV�XVHG�LQ�WKH�UDWH�PDWUL[�IRU�GLIIHUHQW�
EUDQFKHV�LQ�WKH�WUHH��WR�DOORZ�IRU�XQHTXDO�EDVH�IUHTXHQFLHV�LQ�GLIIHUHQW�VHTXHQFHV��7KH�
SRVLWLRQ�RI�WKH�URRW�WKHQ�PDNHV�D�GLIIHUHQFH�WR�WKH�OLNHOLKRRG��DQG�URRWHG�WUHHV�DUH�XVHG���
%HFDXVH�RI�WKH�SDUDPHWHU�ULFKQHVV��WKH�PRGHO�PD\�RQO\�EH�XVHG�ZLWK�VPDOO�WUHHV�H[FHSW�WKDW�
\RX�KDYH�H[WUHPHO\�ORQJ�VHTXHQFHV���<DQJ�DQG�5REHUWV��������XVHG�WKH�+.<���RU�)���
PRGHOV��DQG�VR�WKUHH�LQGHSHQGHQW�IUHTXHQF\�SDUDPHWHUV�DUH�XVHG�WR�GHVFULEH�WKH�VXEVWLWXWLRQ�
SDWWHUQ��ZKLOH�*DOWLHU�DQG�*RX\��������XVHG�WKH�7���VXEVWLWXWLRQ�PRGHO�DQG�XVHV�WKH�*&�
FRQWHQW�π*&�RQO\��ZLWK�WKH�EDVH�IUHTXHQFLHV�JLYH�DV�π7� �π$� ����±�π*&����DQG�π&� �π*� �
π*&�����7KH�RSWLRQ�nhomo� ���DVVLJQV�RQH�VHW�RI�IUHTXHQF\�SDUDPHWHUV�IRU�WKH�URRW��ZKLFK�
DUH�WKH�LQLWLDO�EDVH�IUHTXHQFLHV�DW�WKH�URRW��DQG�RQH�VHW�IRU�HDFK�EUDQFK�LQ�WKH�WUHH���7KLV�LV�
PRGHO�1��LQ�<DQJ�DQG�5REHUWV��������LI�WKH�VXEVWLWXWLRQ�PRGHO�LV�)���RU�+.<���RU�WKH�
PRGHO�RI�*DOWLHU�DQG�*RX\��������LI�WKH�VXEVWLWXWLRQ�PRGHO�LV�7�����2SWLRQ�nhomo� ���XVHV�
RQH�VHW�RI�EDVH�IUHTXHQFLHV�IRU�HDFK�WLS�EUDQFK��RQH�VHW�IRU�DOO�LQWHUQDO�EUDQFKHV�LQ�WKH�WUHH��
DQG�RQH�VHW�IRU�WKH�URRW���7KLV�VSHFLILHV�PRGHO�1��LQ�<DQJ�DQG�5REHUWV���������

7KH�RSWLRQ�nhomo� ���OHWV�WKH�XVHU�VSHFLI\�KRZ�PDQ\�VHWV�RI�IUHTXHQF\�SDUDPHWHUV�VKRXOG�
EH�XVHG�DQG�ZKLFK�QRGH��EUDQFK��VKRXOG�XVH�ZKLFK�VHW���7KH�VHW�IRU�WKH�URRW�VSHFLILHV�WKH�
LQLWLDO�EDVH�IUHTXHQFLHV�DW�WKH�URRW�ZKLOH�WKH�VHW�IRU�DQ\�RWKHU�QRGH�LV�IRU�SDUDPHWHUV�LQ�WKH�
VXEVWLWXWLRQ�PDWUL[�DORQJ�WKH�EUDQFK�OHDGLQJ�WR�WKH�QRGH���<RX�XVH�EUDQFK��QRGH��ODEHOV�LQ�
WKH�WUHH�ILOH��VHH�WKH�VXEVHFWLRQ�³7UHH�ILOH�DQG�UHSUHVHQWDWLRQV�RI�WUHH�WRSRORJ\´�DERYH��WR�WHOO�
WKH�SURJUDP�ZKLFK�VHW�HDFK�EUDQFK�VKRXOG�XVH���7KHUH�LV�QR�QHHG�WR�VSHFLI\�WKH�GHIDXOW�VHW�
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������6R�IRU�H[DPSOH�nhomo� ���DQG�WKH�IROORZLQJ�WUHH�LQ�WKH�WUHH�ILOH�VSHFLHV�VHWV�������������
DQG���IRU�WKH�WLS�EUDQFKHV��VHW���IRU�WKH�URRW��ZKLOH�DOO�WKH�LQWHUQDO�EUDQFKHV��QRGHV��ZLOO�KDYH�
WKH�GHIDXOW�VHW�����7KLV�LV�HTXLYDOHQW�WR�nhomo� ����

((((1 #1, 2: #2), 3 #3), 4 #4), 5 #5) #6; 

7KH�RXWSXW�IRU�nhomo� ���������LV�XQGHU�WKH�KHDGLQJ�³EDVH�IUHTXHQF\�SDUDPHWHUV����VHWV��IRU�
EUDQFKHV��DQG�IUHTXHQFLHV�DW�QRGHV´���7ZR�VHWV�RI�IUHTXHQFLHV�DUH�OLVWHG�IRU�HDFK�QRGH���7KH�
ILUVW�VHW�DUH�WKH�SDUDPHWHUV��XVHG�LQ�WKH�VXEVWLWXWLRQ�UDWH�PDWUL[�IRU�WKH�EUDQFK�OHDGLQJ�WR�WKH�
QRGH���DQG�WKH�VHFRQG�VHW�DUH�WKH�H[SHFWHG�EDVH�IUHTXHQFLHV�DW�WKH�QRGH��FDOFXODWHG�IURP�WKH�
PRGHO���<DQJ�DQG�5REHUWV��������SDJH�����FROXPQ�WRS����,I�WKH�QRGH�LV�WKH�URRW��WKH�VDPH�
VHW�RI�IUHTXHQFLHV�DUH�SULQWHG�WZLFH��

1RWH�WKDW�WKH�XVH�RI�WKH�YDULDEOH�fix_kappa�KHUH�ZLWK�nhomo� ������RU���LV�XQXVXDO���
fix_kappa� ���PHDQV�RQH�FRPPRQ�κ�LV�DVVXPHG�DQG�HVWLPDWHG�IRU�DOO�EUDQFKHV��ZKLOH�
fix_kappa� ���PHDQV�RQH�κ�LV�HVWLPDWHG�IRU�HDFK�EUDQFK����

nhomo� ���XVHV�RQH�WUDQVLWLRQ�WUDQVYHUVLRQ�UDWH�UDWLR��κ��IRU�HDFK�EUDQFK�LQ�WKH�WUHH�IRU�WKH�
.����)����DQG�+.<���PRGHOV��<DQJ�����E��<DQJ�DQG�<RGHU���������

1RWH�DERXW�*75�QKRPR���7KH�*75�PRGHO�LV�LPSOHPHQWHG�IRU�QKRPR ��DV�ZHOO���,�WKLQN�
RQH�VHW�RI�UDWH�SDUDPHWHUV�D��E��F��G��H�DUH�HVWLPDWHG�ZKHWKHU�IL[BNDSSD� ���RU����

getSE� �������RU���WHOOV�ZKHWKHU�ZH�ZDQW�HVWLPDWHV�RI�WKH�VWDQGDUG�HUURUV�RI�HVWLPDWHG�SDUDPHWHUV��
7KHVH�DUH�FUXGH�HVWLPDWHV��FDOFXODWHG�E\�WKH�FXUYDWXUH�PHWKRG��i.e.��E\�LQYHUWLQJ�WKH�PDWUL[�
RI�VHFRQG�GHULYDWLYHV�RI�WKH�ORJ�OLNHOLKRRG�ZLWK�UHVSHFW�WR�SDUDPHWHUV��7KH�VHFRQG�
GHULYDWLYHV�DUH�FDOFXODWHG�E\�WKH�GLIIHUHQFH�PHWKRG��DQG�DUH�QRW�DOZD\V�UHOLDEOH��(YHQ�LI�WKLV�
DSSUR[LPDWLRQ�LV�UHOLDEOH��WHVWV�UHO\LQJ�RQ�WKH�6(
V�VKRXOG�EH�WDNHQ�ZLWK�FDXWLRQ��DV�VXFK�
WHVWV�UHO\�RQ�WKH�QRUPDO�DSSUR[LPDWLRQ�WR�WKH�PD[LPXP�OLNHOLKRRG�HVWLPDWHV��7KH�OLNHOLKRRG�
UDWLR�WHVW�VKRXOG�DOZD\V�EH�SUHIHUUHG��7KH�RSWLRQ�LV�QRW�DYDLODEOH�DQG�FKRRVH�getSE = 0�
ZKHQ�WUHH�VHDUFK�LV�SHUIRUPHG���

RateAncestor� ���RU�����8VXDOO\�XVH�����7KH�YDOXH���IRUFHV�WKH�SURJUDP�WR�GR�WZR�DGGLWLRQDO�
DQDO\VHV��ZKLFK�\RX�FDQ�LJQRUH�LI�\RX�GRQ¶W�QHHG�WKH�UHVXOWV���)LUVW�XQGHU�D�PRGHO�RI�YDULDEOH�
UDWHV�DFURVV�VLWHV�VXFK�DV�WKH�JDPPD��RateAncestor� ���IRUFHV�WKH�SURJUDP�WR�FDOFXODWH�
UDWHV�IRU�LQGLYLGXDO�VLWHV�DORQJ�WKH�VHTXHQFH��RXWSXW�LQ�WKH�ILOH�rates���XVLQJ�WKH�HPSLULFDO�
%D\HV�SURFHGXUH��<DQJ�DQG�:DQJ�����������

6HFRQG�RateAncestor� ���IRUFHV�WKH�SURJUDP�WR�SHUIRUP�WKH�HPSLULFDO�%D\HVLDQ�
UHFRQVWUXFWLRQ�RI�DQFHVWUDO�VHTXHQFHV��<DQJ�HW�DO������D��.RVKL�DQG�*ROGVWHLQ�������<DQJ�
�����SDJHV������������$QFHVWUDO�VWDWH�UHFRQVWUXFWLRQ�E\�SDUVLPRQ\��)LWFK�������+DUWLJDQ�
������LV�ZHOO�NQRZQ��LPSOHPHQWHG�LQ�WKH�SURJUDP�SDPS�LQ�3$0/����,W�FDQ�DOVR�EH�DFKLHYHG�
XVLQJ�WKH�OLNHOLKRRG�HPSLULFDO�%D\HV�DSSURDFK���2IWHQ�WKH�WZR�DSSURDFKHV�SURGXFH�VLPLODU�
UHVXOWV��EXW�WKH�OLNHOLKRRG�EDVHG�UHFRQVWUXFWLRQ�KDV�WZR�DGYDQWDJHV�RYHU�SDUVLPRQ\��LW�XVHV�
LQIRUPDWLRQ�IURP�WKH�EUDQFK�OHQJWKV�DQG�WKH�UHODWLYH�VXEVWLWXWLRQ�UDWHV�EHWZHHQ�FKDUDFWHUV�
�QXFOHRWLGHV���DQG�LW�SURYLGHV�D�PHDVXUH�RI�XQFHUWDLQWLHV�LQ�WKH�IRUP�RI�SRVWHULRU�
SUREDELOLWLHV�IRU�UHFRQVWUXFWHG�DQFHVWUDO�VWDWHV����

7KH�RXWSXWV�DUH�OLVWHG��E\�VLWH��LQ�WKH�ILOH�rst���<RX�FDQ�DOVR�XVH�WKH�YDULDEOH�verbose�WR�
FRQWURO�WKH�DPRXQW�RI�RXWSXW���,I�verbose� ����RQO\�WKH�EHVW�QXFOHRWLGH��WKH�RQH�ZLWK�WKH�
KLJKHVW�SRVWHULRU�SURREDELOLW\��DW�HDFK�QRGH�DW�HDFK�VLWH�LV�OLVWHG��ZKLOH�ZLWK�verbose� ���
�WU\���LI���GRHV�QRW�ZRUN���WKH�IXOO�SRVWHULRU�SUREDELOLW\�GLVWULEXWLRQ�IURP�WKH�PDUJLQDO�
UHFRQVWUXFWLRQ�LV�OLVWHG���,I�WKH�PRGHO�LV�KRPRJHQRXV��QKRPR� �������DQG�DVVXPHV�RQH�UDWH�
IRU�DOO�VLWHV��ERWK�WKH�MRLQW�DQG�PDUJLQDO�DQFHVWUDO�UHFRQVWUXFWLRQV�ZLOO�EH�FDOFXODWHG���,I�WKH�
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PRGHO�DVVXPHV�YDULDEOH�UDWHV�DPRQJ�VLWHV�OLNH�WKH�JDPPD�PRGHO��RQO\�WKH�PDUJLQDO�
UHFRQVWUXFWLRQV�DUH�FDOFXODWHG����

Marginal�DQG�joint�UHFRQVWUXFWLRQV���0DUJLQDO�UHFRQVWUXFWLRQ�FRQVLGHUV�FKDUDFWHU�
DVVLJQPHQWV�WR�RQH�VLQJOH�LQWHULRU�QRGH�DQG�WKH�FKDUDFWHU�ZLWK�WKH�KLJKHVW�SRVWHULRU�
SUREDELOLW\�LV�WKH�EHVW�UHFRQVWUXFWLRQ��HT����LQ�<DQJ�HW�DO������D���RU�(T�������LQ�<DQJ��������
7KH�DOJRULWKP�IRU�PDUJLQDO�UHFRQVWUXFWLRQ�LPSOHPHQWHG�LQ�3$0/�ZRUNV�XQGHU�ERWK�WKH�
PRGHO�RI�D�FRQVWDQW�UDWH�IRU�DOO�VLWHV�DQG�WKH�JDPPD�PRGHO�RI�UDWHV�DW�VLWHV���-RLQW�
UHFRQVWUXFWLRQ�FRQVLGHUV�DOO�DQFHVWUDO�QRGHV�DW�WKH�VDPH�WLPH�DQG�WKH�UHFRQVWUXFWLRQ��WKH�VHW�
RI�FKDUDFWHUV�DW�D�VLWH�DVVLJQHG�WR�DOO�LQWHULRU�QRGHV��ZLWK�WKH�KLJKHVW�SRVWHULRU�SUREDELOLW\�LV�
WKH�EHVW�UHFRQVWUXFWLRQ��HT����LQ�<DQJ�HW�DO������D���RU�(T�������LQ�<DQJ���������7KH�
DOJRULWKP�IRU�MRLQW�UHFRQVWUXFWLRQ�LPSOHPHQWHG�LQ�3$0/�LV�EDVHG�RQ�WKDW�RI�3XSNR�et al.�
��������ZKLFK�JLYHV�WKH�EHVW�UHFRQVWUXFWLRQ�DW�HDFK�VLWH�DQG�LWV�SRVWHULRU�SUREDELOLW\���7KLV�
ZRUNV�XQGHU�WKH�PRGHO�RI�RQH�UDWH�IRU�DOO�VLWHV�RQO\����,W�ZRUNV�XQGHU�WKH�SDUWLWLRQ�PRGHOV����
7KH�PDUJLQDO�DQG�MRLQW�DSSURDFKHV�XVH�VOLJKWO\�GLIIHUHQW�FULWHULD��DQG�H[SHFWHG�WR�SURGXFH�
FRQVLVWHQW�UHVXOWV��WKDW�LV��WKH�PRVW�SUREDEOH�MRLQW�UHFRQVWUXFWLRQ�IRU�D�VLWH�VKRXOG�DOPRVW�
DOZD\V�FRQVLVW�RI�FKDUDFWHUV�WKDW�DUH�DOVR�WKH�EHVW�LQ�WKH�PDUJLQDO�UHFRQVWUXFWLRQ���&RQIOLFWV�
PD\�DULVH�LQ�ERUGHUOLQH�FDVHV�ZKHUH�WZR�RU�PRUH�UHFRQVWUXFWLRQV�KDYH�VLPLODU�SRVWHULRU�
SUREDELOLWLHV����

$�JRRG�XVH�RI�DQFHVWUDO�VHTXHQFH�UHFRQVWUXFWLRQ�LV�WR�V\QWKHVL]H�WKH�LQIHUUHG�DQFHVWUDO�
SURWHLQV�DQG�PHDVXUH�WKHLU�ELRFKHPLFDO�SURSHUWLHV�LQ�WKH�ODE��3DXOLQJ�DQG�=XFNHUNDQGO�������
&KDQJ�DQG�'RQRJKXH�������7KRUQWRQ���������,W�LV�DOVR�YHU\�SRSXODU�WR�XVH�UHFRQVWUXFWHG�
DQFHVWUDO�VHTXHQFHV�DV�LI�WKH\�ZHUH�UHDO�REVHUYHG�GDWD�WR�SHUIRUP�IXUWKHU�DQDO\VLV���<RX�
VKRXOG�UHVLVW�WKLV�LUUHVLVWLEOH�WHPSWDWLRQ�DQG�XVH�IXOO�OLNHOLKRRG�PHWKRGV�LI�WKH\�DUH�DYDLODEOH�
�H�J���<DQJ���������6HH�VHFWLRQ�������LQ�<DQJ��������IRU�D�GLVFXVVLRQ�RI�V\VWHPDWLF�ELDVHV�LQ�
DQFHVWUDO�UHFRQVWUXFWLRQ��

)RU�QXFOHRWLGH�EDVHG��baseml��DQDO\VLV�RI�SURWHLQ�FRGLQJ�'1$�VHTXHQFHV��RSWLRQ�*&�LQ�
WKH�VHTXHQFH�GDWD�ILOH���WKH�SURJUDP�DOVR�FDOFXODWHV�WKH�SRVWHULRU�SUREDELOLWLHV�RI�DQFHVWUDO�
DPLQR�DFLGV���,Q�WKLV�DQDO\VLV��EUDQFK�OHQJWKV�DQG�RWKHU�SDUDPHWHUV�DUH�HVWLPDWHG�XQGHU�D�
QXFOHRWLGH�VXEVWLWXWLRQ�PRGHO��EXW�WKH�UHFRQVWUXFWHG�QXFOHRWLGH�WULSOHWV�DUH�WUHDWHG�DV�D�FRGRQ�
WR�LQIHU�WKH�PRVW�OLNHO\�DPLQR�DFLG�HQFRGHG���3RVWHULRU�SUREDELOLWLHV�IRU�VWRS�FRGRQV�DUH�
VPDOO�DQG�UHVHW�WR�]HUR�WR�VFDOH�WKH�SRVWHULRU�SUREDELOLWLHV�IRU�DPLQR�DFLGV���7R�XVH�WKLV�
RSWLRQ��\RX�VKRXOG�DGG�WKH�FRQWURO�YDULDEOH�icode�LQ�WKH�FRQWURO�ILOH�baseml.ctl��7KLV�LV�
QRW�OLVWHG�LQ�WKH�DERYH��7KH�YDULDEOH�icode�FDQ�WDNH�D�YDOXH�RXW�RI����������������
FRUUHVSRQGLQJ�WR�WKH����JHQHWLF�FRGHV�LQFOXGHG�LQ�3$0/��6HH�WKH�FRQWURO�ILOH�codeml.ctl�
IRU�WKH�GHILQLWLRQ�RI�GLIIHUHQW�JHQHWLF�FRGHV���$�QXFOHRWLGH�VXEVWLWXWLRQ�PRGHO�WKDW�LV�YHU\�
FORVH�WR�D�FRGRQ�VXEVWLWXWLRQ�PRGHO�FDQ�EH�VSHFLILHG�DV�IROORZV��<RX�DGG�WKH�RSWLRQ�
FKDUDFWHUV�*&�DW�WKH�HQG�RI�WKH�ILUVW�OLQH�LQ�WKH�GDWD�ILOH�DQG�FKRRVH�PRGHO� ����+.<����DQG�
Mgene� ����7KH�PRGHO�WKHQ�DVVXPHV�GLIIHUHQW�VXEVWLWXWLRQ�UDWHV��GLIIHUHQW�EDVH�IUHTXHQFLHV��
DQG�GLIIHUHQW�WUDQVLWLRQ�WUDQVYHUVLRQ�UDWH�UDWLR��NDSSD��IRU�WKH�WKUHH�FRGRQ�SRVLWLRQV��
$QFHVWUDO�UHFRQVWUXFWLRQ�IURP�VXFK�D�QXFOHRWLGH�VXEVWLWXWLRQ�VKRXOG�EH�YHU\�VLPLODU�WR�
FRGRQ�EDVHG�UHFRQVWUXFWLRQ���

Ancestral reconstruction under nonhomogeneous models����,�KDYH�DGGHG�WKH�RSWLRQ�RI�MRLQW�
DQFHVWUDO�UHFRQVWUXFWLRQ�XQGHU�WKH�QRQKRPRJHQHRXV�PRGHOV���7KH�RSWLRQ�YDULDEOHV�DUH�
QKRPR� ����1��LQ�<5����������1��LQ�<5�������DQG����XVHU�VSHFLILHG�EUDQFK�W\SHV��DQG�
PRGHO� �������������������)������+.<������7������71������5(9����7KLV�ZRUNV�RQO\�IRU�WKH�
PRGHO�RI�RQH�UDWH�IRU�DOO�VLWHV��DQG�GRHV�QRW�ZRUN�IRU�WKH�PRGHO�RI�JDPPD�UDWHV�IRU�VLWHV�RU�
WKH�SDUWLWLRQ�PRGHOV��RSWLRQ�*����2QO\�MRLQW�UHFRQVWUXFWLRQ�LV�DYDLODEOH�DV�WKH�DOJRULWKP�,�
XVHG�IRU�PDUJLQDO�UHFRQVWUXFWLRQ�GRHV�QRW�ZRUN�IRU�QRQKRPRJHQHRXV�PRGHOV��

Small_Diff�LV�D�VPDOO�YDOXH�XVHG�LQ�WKH�GLIIHUHQFH�DSSUR[LPDWLRQ�RI�GHULYDWLYHV���8VH�D�YDOXH�
EHWZHHQ��H���DQG��H���DQG�FKHFN�WKDW�WKH�UHVXOWV�DUH�QRW�VHQVLWLYH�WR�WKH�YDOXH�XVHG� 
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cleandata�� ���PHDQV�VLWHV�LQYROYLQJ�DPELJXLW\�FKDUDFWHUV��XQGHWHUPLQHG�QXFOHRWLGHV�VXFK�DV�1��
"��:��5��<��HWF��DQ\WKLQJ�RWKHU�WKDQ�WKH�IRXU�QXFOHRWLGHV��RU�DOLJQPHQW�JDSV�DUH�UHPRYHG�
IURP�DOO�VHTXHQFHV���7KLV�OHDGV�WR�IDVWHU�FDOFXODWLRQ���FOHDGGDWD� ����GHIDXOW��XVHV�WKRVH�VLWHV��

method���7KLV�YDULDEOH�FRQWUROV�WKH�LWHUDWLRQ�DOJRULWKP�IRU�HVWLPDWLQJ�EUDQFK�OHQJWKV�XQGHU�D�PRGHO�
RI�QR�FORFN���method� ���LPSOHPHQWV�WKH�ROG�DOJRULWKP�LQ�3$0/��ZKLFK�XSGDWHV�DOO�
SDUDPHWHUV�LQFOXGLQJ�EUDQFK�OHQJWKV�VLPXOWDQHRXVO\���method�� ���VSHFLILHV�DQ�DOJRULWKP�
QHZO\�LPSOHPHQWHG�LQ�3$0/��ZKLFK�XSGDWHV�EUDQFK�OHQJWKV�RQH�E\�RQH���method� ���GRHV�
QRW�ZRUN�XQGHU�WKH�FORFN�PRGHOV��clock� ������������

icode���7KLV�VSHFLILHV�WKH�JHQHWLF�FRGH�WR�EH�XVHG�IRU�DQFHVWUDO�UHFRQVWUXFWLRQ�RI�SURWHLQ�FRGLQJ�
'1$�VHTXHQFHV���7KLV�LV�LPSOHPHQWHG�WR�FRPSDUH�UHVXOWV�RI�DQFHVWUDO�UHFRQVWUXFWLRQ�ZLWK�
FRGRQ�EDVHG�DQDO\VLV���)RU�H[DPSOH�WKH�)�×��FRGRQ�PRGHO�RI�*ROGPDQ�DQG�<DQJ��������LV�
YHU\�VLPLODU�WR�WKH�QXFOHRWLGH�PRGHO�+.<���ZLWK�GLIIHUHQW�VXEVWLWXWLRQ�UDWHV�DQG�EDVH�
IUHTXHQFLHV�IRU�WKH�WKUHH�FRGRQ�SRVLWLRQV���7KH�ODWWHU�LV�LPSOHPHQWHG�E\�XVLQJ�XVH�RSWLRQV�
*&�LQ�WKH�VHTXHQFH�GDWD�ILOH�DQG�model� ���DQG�Mgene� �����7R�XVH�WKH�RSWLRQ�icode��
\RX�KDYH�WR�FKRRVH�RateAncestor� ����

fix_blength���7KLV�WHOOV�WKH�SURJUDP�ZKDW�WR�GR�LI�WKH�WUHH�KDV�EUDQFK�OHQJWKV���8VH���LI�\RX�ZDQW�
WR�LJQRUH�WKH�EUDQFK�OHQJWKV��8VH�±��LI�\RX�ZDQW�WKH�SURJUDP�WR�VWDUW�IURP�UDQGRP�VWDUWLQJ�
SRLQWV���7KLV�PLJKW�EH�XVHIXO�LI�WKHUH�DUH�PXOWLSOH�ORFDO�RSWLPD���8VH���LI�\RX�ZDQW�WR�XVH�WKH�
EUDQFK�OHQJWKV�DV�LQLWLDO�YDOXHV�IRU�WKH�0/�LWHUDWLRQ���7U\�WR�DYRLG�XVLQJ�WKH�³EUDQFK�
OHQJWKV´�IURP�D�SDUVLPRQ\�DQDO\VLV�IURP�3$83��DV�WKRVH�DUH�QXPEHUV�RI�FKDQJHV�IRU�WKH�
HQWLUH�VHTXHQFH��UDWKHU�WKDQ�SHU�VLWH��DQG�DUH�YHU\�SRRU�LQLWLDO�YDOXHV���8VH���LI�\RX�ZDQW�WKH�
EUDQFK�OHQJWKV�WR�EH�IL[HG�DW�WKRVH�JLYHQ�LQ�WKH�WUHH�ILOH��UDWKHU�WKDQ�HVWLPDWLQJ�WKHP�E\�
0/����,Q�WKLV�FDVH��\RX�VKRXOG�PDNH�VXUH�WKDW�WKH�EUDQFK�OHQJWKV�DUH�VHQVLEOH��IRU�H[DPSOH��LI�
WZR�VHTXHQFHV�LQ�WKH�GDWD�ILOH�DUH�GLIIHUHQW��EXW�WKH�EUDQFK�OHQJWKV�FRQQHFWLQJ�WKH�WZR�
VHTXHQFHV�LQ�WKH�WUHH�DUH�DOO�]HUR��WKH�GDWD�DQG�WUHH�ZLOO�EH�LQ�FRQIOLFW�DQG�WKH�SURJUDP�ZLOO�
FUDVK��

2XWSXW��7KH�RXWSXW�VKRXOG�EH�VHOI�H[SODQDWRU\��'HVFULSWLYH�VWDWLVWLFV�DUH�DOZD\V�OLVWHG��7KH�
REVHUYHG�VLWH�SDWWHUQV�DQG�WKHLU�IUHTXHQFLHV�DUH�OLVWHG��WRJHWKHU�ZLWK�WKH�SURSRUWLRQV�RI�FRQVWDQW�
SDWWHUQV��1XFOHRWLGH�IUHTXHQFLHV�IRU�HDFK�VSHFLHV��DQG�IRU�HDFK�JHQH�LQ�FDVH�RI�PXOWLSOH�JHQH�GDWD��
DUH�FRXQWHG�DQG�OLVWHG���OPD[� �OQ�/PD[��LV�WKH�XSSHU�OLPLW�RI�WKH�ORJ�OLNHOLKRRG�DQG�PD\�EH�
FRPSDUHG�ZLWK�WKH�OLNHOLKRRG�IRU�WKH�EHVW��RU�WUXH��WUHH�XQGHU�WKH�VXEVWLWXWLRQ�PRGHO�WR�WHVW�WKH�
PRGHO
V�JRRGQHVV�RI�ILW�WR�GDWD��*ROGPDQ�������<DQJ�HW�DO������E����<RX�FDQ�LJQRUH�LW�LI�\RX�GRQ¶W�
NQRZ�ZKDW�LW�PHDQV���7KH�SDLUZLVH�VHTXHQFH�GLVWDQFHV�DUH�LQFOXGHG�LQ�WKH�RXWSXW�DV�ZHOO��DQG�DOVR�LQ�
D�VHSDUDWH�ILOH�FDOOHG�2base.t���7KLV�LV�D�ORZHU�GLDJRQDO�GLVWDQFH�PDWULFH��UHDGDEOH�E\�WKH�
NEIGHBOR�SURJUDP�LQ�)HOHVHQVWHLQ
V�3+</,3�SDFNDJH��)HOVHQVWHLQ���������)RU�PRGHOV�-&����.����
)����)����WKH�DSSURSULDWH�GLVWDQFH�IRUPXODV�DUH�XVHG��ZKLOH�IRU�PRUH�FRPSOH[�PRGHOV��WKH�71���
IRUPXOD�LV�XVHG���EDVHPO�LV�PDLQO\�D�PD[LPXP�OLNHOLKRRG�SURJUDP��DQG�WKH�GLVWDQFH�PDWUL[�LV�
SULQWHG�RXW�IRU�FRQYHQLHQFH�DQG�UHDOO\�KDV�QRWKLQJ�WR�GR�ZLWK�WKH�ODWHU�OLNHOLKRRG�FDOFXODWLRQ���

:LWK�JHW6(� ����WKH�6�(�V�DUH�FDOFXODWHG�DV�WKH�VTXDUH�URRWV�RI�WKH�ODUJH�VDPSOH�YDULDQFHV�DQG�OLVWHG�
H[DFWO\�EHORZ�WKH�SDUDPHWHU�HVWLPDWHV��=HURV�RQ�WKLV�OLQH�PHDQ�HUURUV��HLWKHU�FDXVHG�E\�GLYHUJHQFH�
RI�WKH�DOJRULWKP�RU�]HUR�EUDQFK�OHQJWKV��7KH�6�(V�RI�WKH�FRPPRQ�SDUDPHWHUV�PHDVXUH�WKH�UHOLDELOLW\�
RI�WKH�HVWLPDWHV��)RU�H[DPSOH���κ�−����6(�κ���ZKHQ�κ�LV�HVWLPDWHG�XQGHU�.����FDQ�EH�FRPSDUHG�ZLWK�
D�QRUPDO�GLVWULEXWLRQ�WR�VHH�ZKHWKHU�WKHUH�LV�UHDO�GLIIHUHQFH�EHWZHHQ�.���DQG�-&����7KH�WHVW�FDQ�EH�
PRUH�UHOLDEO\�SHUIRUPHG�E\�FRPSDULQJ�WKH�ORJ�OLNHOLKRRG�YDOXHV�XQGHU�WKH�WZR�PRGHOV��XVLQJ�WKH�
OLNHOLKRRG�UDWLR�WHVW��,W�KDV�WR�EH�VWUHVVHG�WKDW�WKH�6�(�¶V�RI�WKH�HVWLPDWHG�EUDQFK�OHQJWKV�VKRXOG�QRW�EH�
PLVLQWHUSUHWHG�DV�DQ�HYDOXDWLRQ�RI�WKH�UHOLDELOLW\�RI�WKH�HVWLPDWHG�WUHH�WRSRORJ\��<DQJ�����F���
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,I�WKH�WUHH�ILOH�KDV�PRUH�WKDQ�RQH�WUHH��WKH�SURJUDPV�baseml�DQG�codeml�ZLOO�FDOFXODWH�WKH�
ERRWVWUDS�SURSRUWLRQV�XVLQJ�WKH�5(//�PHWKRG��.LVKLQR�DQG�+DVHJDZD��������DV�ZHOO�DV�WKH�PHWKRG�
RI�6KLPRGDLUD�DQG�+DVHJDZD��������ZLWK�D�FRUUHFWLRQ�IRU�PXOWLSOH�FRPSDULVRQ���7KH�ERRWVWUDS�
UHVDPSOLQJ�DFFRXQWV�IRU�SRVVLEOH�GDWD�SDUWLWLRQV��RSWLRQ�*�LQ�WKH�VHTXHQFH�GDWD�ILOH������
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4B5  basemlg  

basemlg�XVHV�WKH�VDPH�FRQWURO�ILOH�baseml.ctl��DV�baseml.��7UHH�VHDUFK�RU�WKH�DVVXPSWLRQ�RI�D�
PROHFXODU�FORFN�DUH�QRW�DOORZHG�DQG�VR�FKRRVH�runmode� ���DQG�clock� ����6XEVWLWXWLRQ�PRGHOV�
DYDLODEOH�IRU�basemlJ�DUH�-&����)����.����)���DQG�+.<����DQG�D�FRQWLQXRXV�JDPPD�LV�DOZD\V�
DVVXPHG�IRU�UDWHV�DW�VLWHV��7KH�YDULDEOHV�ncatG��given_rho��rho��nhomo KDYH�QR�HIIHFW���7KH�
6�(�
V�RI�SDUDPHWHU�HVWLPDWHV�DUH�DOZD\V�SULQWHG�RXW�EHFDXVH�WKH\�DUH�FDOFXODWHG�GXULQJ�WKH�LWHUDWLRQ��
DQG�VR�JHW6(�KDV�QR�HIIHFW����

%HFDXVH�RI�WKH�LQWHQVLYH�FRPSXWDWLRQ�UHTXLUHG�E\�basemlg��WKH�GLVFUHWH�JDPPD�PRGHO�
LPSOHPHQWHG�LQ�baseml�LV�UHFRPPHQGHG�IRU�GDWD�DQDO\VLV��,I�\RX�FKRRVH�WR�XVH�basemlJ��\RX�
VKRXOG�UXQ�baseml�ILUVW��DQG�WKHQ�UXQ�basemlg.�7KLV�DOORZV�baseml�WR�FROOHFW�LQLWLDO�YDOXHV�LQWR�D�
ILOH�QDPHG�in.basemlg��IRU�XVH�E\�basemlg��1RWH�WKDW�basemlg�LPSOHPHQWV�RQO\�D�VXEVHW�RI�
PRGHOV�LQ�baseml���
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5B6  codeml (codonml and aaml) 

Codon substitution models 

7KHUH�LV�QRZ�D�ODUJH�FROOHFWLRQ�RI�FRGRQ�VXEVWLWXWLRQ�PRGHOV���6HH�<DQJ�DQG�%LHODZVNL���������<DQJ�
�������DQG�<DQJ��������&KDSWHU����IRU�GHWDLOHG�GLVFXVVLRQV����

7KH�EDVLF�PRGHO�LV�D�VLPSOLILHG�YHUVLRQ�RI�WKH�PRGHO�RI�*ROGPDQ�DQG�<DQJ��������DQG�VSHFLILHV�WKH�
VXEVWLWXWLRQ�UDWH�IURP�FRGRQ�i�WR�FRGRQ�j�DV��

�

�� � LI�WKH�WZR�FRGRQV�GLIIHU�DW�PRUH�WKDQ RQH�SRVLWLRQ�
� IRU�V\QRQ\PRXV�WUDQVYHUVLRQ�
� IRU�V\QRQ\PRXV�WUDQVLWLRQ�
� IRU�QRQV\QRQ\PRXV�WUDQVYHUVLRQ�
� IRU�QRQV\QRQ\PRXV�WUDQVLWLRQ�

j

ij j

j

j

q
π
κπ
ωπ
ωκπ

­
°
°
°= ®
°
°
°
¯

�

�<DQJ�HW�DO����������7KH�HTXLOLEULXP�IUHTXHQF\�RI�FRGRQ�j��πj��FDQ�EH�FRQVLGHUHG�D�IUHH�SDUDPHWHU��
EXW�FDQ�DOVR�EH�FDOFXODWHG�IURP�WKH�QXFOHRWLGH�IUHTXHQFLHV�DW�WKH�WKUHH�FRGRQ�SRVLWLRQV��FRQWURO�
YDULDEOH�CodonFreq����8QGHU�WKLV�PRGHO��WKH�UHODWLRQVKLS�KROGV�WKDW�ω� �d1�d6��WKH�UDWLR�RI�
QRQV\QRQ\PRXV�V\QRQ\PRXV�VXEVWLWXWLRQ�UDWHV��7KLV�EDVLF�PRGHO�LV�ILWWHG�E\�VSHFLI\LQJ�PRGHO� ���
16VLWHV� ����LQ�WKH�FRQWURO�ILOH�FRGHPO�FWO����

7KH�ω�UDWLR�LV�D�PHDVXUH�RI�QDWXUDO�VHOHFWLRQ�DFWLQJ�RQ�WKH�SURWHLQ���6LPSOLVWLFDOO\��YDOXHV�RI�ω������ �
���DQG�!���PHDQV�QHJDWLYH�SXULI\LQJ�VHOHFWLRQ��QHXWUDO�HYROXWLRQ��DQG�SRVLWLYH�VHOHFWLRQ���+RZHYHU��
WKH�UDWLR�DYHUDJHG�RYHU�DOO�VLWHV�DQG�DOO�OLQHDJHV�LV�DOPRVW�QHYHU�!����VLQFH�SRVLWLYH�VHOHFWLRQ�LV�
XQOLNHO\�WR�DIIHFW�DOO�VLWHV�RYHU�SURORQJHG�WLPH���7KXV�LQWHUHVW�KDV�EHHQ�IRFXVHG�RQ�GHWHFWLQJ�SRVLWLYH�
VHOHFWLRQ�WKDW�DIIHFWV�RQO\�VRPH�OLQHDJHV�RU�VRPH�VLWHV��

7KH�branch modelV�DOORZ�WKH�ω�UDWLR�WR�YDU\�DPRQJ�EUDQFKHV�LQ�WKH�SK\ORJHQ\�DQG�DUH�XVHIXO�IRU�
GHWHFWLQJ�SRVLWLYH�VHOHFWLRQ�DFWLQJ�RQ�SDUWLFXODU�OLQHDJHV��<DQJ�������<DQJ�DQG�1LHOVHQ���������
7KH\�DUH�VSHFLILHG�XVLQJ�WKH�YDULDEOH�model���model� ���ILWV�WKH�VR�FDOOHG�free-ratios�PRGHO��ZKLFK�
DVVXPHV�DQ�LQGHSHQGHQW�ω�UDWLR�IRU�HDFK�EUDQFK���7KLV�PRGHO�LV�YHU\�SDUDPHWHU�ULFK�DQG�LWV�XVH�LV�
GLVFRXUDJHG���PRGHO� ���DOORZV�\RX�WR�KDYH�VHYHUDO�ω�UDWLRV���<RX�KDYH�WR�VSHFLI\�KRZ�PDQ\�UDWLRV�
DQG�ZKLFK�EUDQFKHV�VKRXOG�KDYH�ZKLFK�UDWHV�LQ�WKH�WUHH�ILOH�E\�XVLQJ�EUDQFK�ODEHOV���6HH�³%UDQFK�RU�
QRGH�ODEHOV´�LQ�WKH�VHFWLRQ�³7UHH�ILOH�IRUPDW´�LQ�&KDSWHU�����7KH�O\VR]\PH�H[DPSOH�GDWD�ILOHV�DUH�
LQFOXGHG�LQ�WKH�H[DPSOHV�O\VR]\PH��IROGHU��FKHFN�WKH�UHDGPH�ILOH��

7KH site models�DOORZ�WKH�ω�UDWLR�WR�YDU\�DPRQJ�VLWHV��DPRQJ�FRGRQV�RU�DPLQR�DFLGV�LQ�WKH�SURWHLQ��
�1LHOVHQ�DQG�<DQJ�������<DQJ�HW�DO������E����$�QXPEHU�RI�VXFK�PRGHOV�DUH�LPSOHPHQWHG�LQ�
codeml�XVLQJ�WKH�YDULDEOH�Nssites��DQG�model� ������<RX�FDQ�UXQ�VHYHUDO�1VVLWHV�PRGHOV�LQ�RQH�
JR��E\�VSHFLI\LQJ�VHYHUDO�YDOXHV�IRU�16VLWHV���)RU�H[DPSOH��16VLWHV� �����������ZLOO�ILW���PRGHOV�WR�
WKH�VDPH�GDWD�LQ�RQH�JR���7KH�VLWH�PRGHOV�KDYH�EHHQ�XVHG�LQ�UHDO�GDWD�DQDO\VHV�DQG�HYDOXDWHG�LQ�
FRPSXWHU�VLPXODWLRQ�VWXGLHV��$QLVLPRYD�HW�DO��������$QLVLPRYD�HW�DO��������$QLVLPRYD�HW�DO��������
:RQJ�HW�DO����������7ZR�SDLUV�RI�PRGHOV�DSSHDU�WR�EH�SDUWLFXODUO\�XVHIXO��IRUPLQJ�WZR�OLNHOLKRRG�
UDWLR�WHVWV�RI�SRVLWLYH�VHOHFWLRQ���7KH�ILUVW�FRPSDUHV�0�D��1HDUO\1HXWUDO��DQG�0�D�
�3RVLWLYH6HOHFWLRQ���ZKLOH�WKH�VHFRQG�FRPSDUHV�0���EHWD��DQG�0���EHWD	ω����0�D��1HDUO\1HXWUDO��
DQG�0�D��3RVLWLYH6HOHFWLRQ��DUH�VOLJKW�PRGLILFDWLRQV�RI�PRGHOV�0���QHXWUDO��DQG�0���VHOHFWLRQ��LQ�
�1LHOVHQ�DQG�<DQJ���������7KH�ROG�PRGHOV�0��DQG�0��IL[�ω�� ���DQG�ω�� ����DQG�DUH�XQUHDOLVWLF�DV�
WKH\�GR�QRW�DFFRXQW�IRU�VLWHV�ZLWK�����ω�������,Q�WKH�QHZ�PRGHOV�0�D�DQG�0�D��GHVFULEHG�LQ�:RQJ�
et al.��������DQG�<DQJ�et al.��������DQG�LPSOHPHQWHG�VLQFH�YHUVLRQ������������������ω������LV�
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HVWLPDWHG�IURP�WKH�GDWD�ZKLOH�ω�� ���LV�IL[HG���$OVR�VLQFH�YHUVLRQ�������WKH�%(%�SURFHGXUH�IRU�
LGHQWLI\LQJ�SRVLWLYHO\�VHOHFWHG�VLWHV�LV�LQFOXGHG�EHVLGHV�WKH�1(%�SURFHGXUH�^<DQJ������������`���,Q�
ERWK�WHVWV�FRPSDULQJ�0�D�DJDLQVW�0�D�RU�0��DJDLQVW�0���GI� ���PD\�EH�XVHG���7KH�0�D�0�D�
FRPSDULVRQ�DSSHDUV�WR�EH�PRUH�VWULQJHQW�WKDQ�WKH�0��0��FRPSDULVRQ���6HH�WKH�WDEOH�EHORZ����

$�WKLUG�WHVW�FRPSDUHV�WKH�QXOO�K\SRWKHVLV�0�D��EHWD	ωs� ���DQG�0���6ZDQVRQ�HW�DO��������:RQJ�HW�
DO����������0�D�LV�VSHFLILHG�XVLQJ�NSsites� ����fix_omega� ����omega� �����7KH�QXOO�GLVWULEXWLRQ�LV�WKH�
������PL[WXUH�RI�SRLQW�PDVV���DQG� 2

1χ ��6HOI�DQG�/LDQJ���������7KH�FULWLFDO�YDOXHV�DUH������DW����DQG�
�����DW�����DV�RSSRVHG�WR������IRU����DQG������IRU����IRU� 2

1χ ����1RWH�WKDW�WKH�p�YDOXH�IRU�D�������
PL[WXUH�RI� 2

jχ �DQG� 2
kχ �LV�MXVW�WKH�DYHUDJH�RI�WKH�WZR�p�YDOXHV�IURP�WKH�WZR�GLVWULEXWLRQV��LQ�WKH�FDVH�

RI�0�D�0��FRPSDULVRQ��\RX�JHW�WKH�p�YDOXH�IURP�� 2
1χ �DQG�WKHQ�KDOI�LW�WR�JHW�WKH�p�YDOXH�IRU�WKH�

PL[WXUH�GLVWULEXWLRQ���<RX�FDQ�DOVR�XVH� 2
1χ ��:RQJ�HW�DO�������� 

:H�VXJJHVW�WKDW�7KH�0��0��FRPSDULVRQ�VKRXOG�EH�XVHG�DV�D�WHVW�RI�YDULDEOH�ω�DPRQJ�VLWHV�UDWKHU�
WKDQ�D�WHVW�RI�SRVLWLYH�VHOHFWLRQ���+RZHYHU��WKH�PRGHO�RI�D�VLQJOH�ω�IRU�DOO�VLWHV�LV�SUREDEO\�ZURQJ�LQ�
HYHU\�IXQFWLRQDO�SURWHLQ��VR�WKHUH�LV�OLWWOH�SRLQW�RI�WHVWLQJ��

7KH�QDwYH�HPSLULFDO�%D\HV��1(%���1LHOVHQ�DQG�<DQJ�������<DQJ�HW�DO������E��DQG�WKH�%D\HV�
HPSLULFDO�%D\HV��%(%���<DQJ�HW�DO��������DUH�DYDLODEOH�IRU�FDOFXODWLQJ�WKH�SRVWHULRU�SUREDELOLWLHV�IRU�
VLWH�FODVVHV��DQG�FDQ�EH�XVHG�WR�LGHQWLI\�VLWHV�XQGHU�SRVLWLYH�VHOHFWLRQ�LI�WKH�OLNHOLKRRG�UDWLR�WHVW�LV�
VLJQLILFDQW���1(%�XVHV�WKH�0/(V�RI�SDUDPHWHUV��VXFK�DV�WKH�SURSRUWLRQV�DQG�ω�UDWLRV��EXW�GR�QRW�
DFFRXQW�IRU�WKHLU�VDPSOLQJ�HUURUV��ZKLOH�%(%�GHDOV�ZLWK�WKH�VDPSOLQJ�HUURUV�E\�DSSO\LQJ�D�%D\HVLDQ�
SULRU���%(%�LV�LPSOHPHQWHG�XQGHU�PRGHOV�0�D�DQG�0��RQO\���:H�VXJJHVW�WKDW�\RX�LJQRUH�WKH�1(%�
RXWSXW�DQG�XVH�WKH�%(%�UHVXOWV�RQO\��

7KH�%(%�RXWSXW�KDV�WKH�IROORZLQJ�IRUPDW��

3URE�Z!���PHDQ�Z��

7DEOH����3DUDPHWHUV�LQ�WKH�VLWH�PRGHOV�

0RGHO� 16VLWHV� �S� 3DUDPHWHUV� 1RWH�
0���RQH�UDWLR�� �� �� ω� �*ROGPDQ�DQG�<DQJ�������

<DQJ�DQG�1LHOVHQ�������
0�D��QHXWUDO�� �� �� p���p�� ���±�p����

ω�������ω�� ���
�1LHOVHQ�DQG�<DQJ�������
<DQJ�HW�DO��������

0�D��VHOHFWLRQ�� �� �� p���p���p�� ���±�p��±�p����
ω�������ω�� �����ω��!���

�1LHOVHQ�DQG�<DQJ�������
<DQJ�HW�DO��������

0�DBUHI� ��� �� p���p���p�� ���±�p��±�p����
ω�������ω�� �����ω��!���

ω��!����IRU�XVH�DV�QXOO�IRU�
WHVWLQJ�WKH�FODGH�PRGHO�
�:HDGLFN�DQG�&KDQJ�������

� � �   
0���GLVFUHWH�� �� �� p���p���p�� ���±�p��±�p���

ω���ω���ω��
�<DQJ�HW�DO������E��

0���EHWD�� �� �� p��q� �<DQJ�HW�DO������E��
0���EHWD	ω�� �� �� p���p�� ���±�p����

p��q��ωs�!���
�<DQJ�HW�DO������E��

127(�⎯���S�LV�WKH�QXPEHU�RI�IUHH�SDUDPHWHUV�LQ�WKH�ω�GLVWULEXWLRQ���3DUDPHWHUV�LQ�SDUHQWKHVHV�
DUH�QRW�IUHH�DQG�VKRXOG�QRW�EH�FRXQWHG��IRU�H[DPSOH��LQ�0�D��p��LV�QRW�D�IUHH�SDUDPHWHU�DV�p�� ���±�
p����,Q�ERWK�OLNHOLKRRG�UDWLR�WHVWV�FRPSDULQJ�0�D�DJDLQVW�0�D�DQG�0��DJDLQVW�0���GI� �����7KH�
VLWH�PRGHOV�DUH�VSHFLILHG�XVLQJ�NSsites��
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,QWHUSUHWDWLRQ��������LV�WKH�DSSUR[LPDWH�PHDQ�RI�WKH�SRVWHULRU�GLVWULEXWLRQ�IRU�Z��DQG�������LV�WKH�VTXDUH�URRW�
RI�WKH�YDULDQFH�LQ�WKH�SRVWHULRU�GLVWULEXWLRQ�IRU�Z����7KH�SURJUDP�SULQWV�RXW�DQ�
�LI�WKH�SRVWHULRU�SUREDELOLW\�LV�
!�����DQG�

�LI�WKH�SUREDELOLW\�LV�!�������

Suzuki and Gojobori’s (1999) method for detecting sites under positive selection.��,Q�WKH�
WHUPLQRORJ\�XVHG�KHUH��7KH�6*���PHWKRG�WHVWV�ZKHWKHU�WKH�ω�UDWLR�IRU�HDFK�VLWH�LV�!��RU������,W�XVHV�
SDUVLPRQ\�WR�UHFRQVWUXFW�DQFHVWUDO�VHTXHQFHV��DQG�WKHQ�IRU�HDFK�VLWH��FRXQWV�WKH�QXPEHUV�RI�
V\QRQ\PRXV�DQG�QRQV\QRQ\PRXV�GLIIHUHQFHV�DQG�WKH�QXPEHUV�RI�V\QRQ\PRXV�DQG�QRQV\QRQ\PRXV�
VLWV���,W�WKHQ�WHVW�ZKHWKHU�WKH�ω�UDWLR�DW�WKH�VLWH�LV�VLJQLILFDQWO\�GLIIHUHQW�IURP�����(UURUV�LQ�WKH�
DQFHVWUDO�VHTXHQFH�UHFRQVWUXFWLRQ�DUH�LJQRUHG���6X]XNL�KDV�D�SURJUDP�FDOOHG�$GDSW6LWH�WKDW�
LPSOHPHQWV�WKH�WHVW���7KLV�LV�DQ�LQWXLWLYH�WHVW��DQG�LV�NQRZQ�WR�ODFN�SRZHU��

,Q�FRGHPO��D�WHVW�RI�WKLV�NLQG�LV�LPSOHPHQWHG�DV�D�E\�SURGXFW�RI�DQFHVWUDO�VHTXHQFH�UHFRQVWUXFWLRQ�LQ�
FRGHPO�DQG�EDVHPO��ZKLFK�XVH�0/�WR�UHFRQVWUXFW�DQFHVWUDO�VHTXHQFHV���8VH�5DWH$QFHVWRU� �����7KH�
FKRLFH�RI�EDVHPO�YHUVXV�FRGHPO�DQG�DOVR�WKH�FKRLFH�RI�VXEVWLWXWLRQ�PRGHO�IRU�HDFK�SURJUDP�DIIHFWV�
DQFHVWUDO�VHTXHQFH�UHFRQVWUXFWLRQ�RQO\���7KH�ODWHU�VWHSV�DUH�WKH�VDPH��DQG�IROORZ�6X]XNL�	�*RMRERUL�
���������)RU�FRGHPO��\RX�FDQ�XVH�0���16VLWHV� ���DQG�PRGHO� ������,I�\RX�ZDQW��\RX�FDQ�WU\�VRPH�
RWKHU�PRGHOV��VXFK�DV�16VLWHV� ���RU�����7KH�PRGHOV�IRU�DQFHVWUDO�UHFRQVWUXFWLRQ�W\SLFDOO\�PDNH�OLWWOH�
GLIIHUHQFH���)RU�EDVHPO��\RX�VKRXOG�KDYH��*&��RQ�WKH�ILUVW�OLQH�RI�WKH�VHTXHQFH�GDWD�ILOH�WR�LQGLFDWH�
WKDW�WKH�VHTXHQFHV�DUH�SURWHLQ�FRGLQJ���8VH�LFRGH�� ���IRU�WKH�XQLYHUVDO�FRGH�DQG���IRU�YHUWHEUDWH�
PLWRFKRQGULDO�FRGH��LQ�WKH�FRQWURO�ILOH�WR�VSHFLI\�WKH�JHQHWLF�FRGH��DV�LQ�FRGHPO���7KH�IROORZLQJ�
³PXOWLSOH�JHQH´�PRGHO�LV�FORVH�WR�0���PRGHO� ���0JHQH� ����VHH��<DQJ�����D��DQG�WKH�VHFWLRQ�
WLWOHG�³0RGHOV�IRU�FRPELQHG�DQDO\VLV�RI�SDUWLWLRQHG�GDWD´�����

16VLWHV� ����QRZ�VSHFLILHV�WKH�VLWH�PRGHO�0�DBUHO�RI�:HDGLFN�	�&KDQJ����������7KLV�LV�WKH�VDPH�DV�
0�D�H[FHSW�WKDW�ω��!����ZKLOH�PRGHO�0�D��16VLWHV� ����KDV�ω��!�����0�DBUHO�LV�WKH�QXOO�PRGHO�IRU�
WKH�OLNHOLKRRG�UDWLR�WHVW�EDVHG�RQ�FODGH�PRGHO�&��:HDGLFN�DQG�&KDQJ��������

7KH�branch-site�PRGHOV�DOORZ�ω�WR�YDU\�ERWK�DPRQJ�VLWHV�LQ�WKH�SURWHLQ�DQG�DFURVV�EUDQFKHV�RQ�WKH�
WUHH�DQG�DLP�WR�GHWHFW�SRVLWLYH�VHOHFWLRQ�DIIHFWLQJ�D�IHZ�VLWHV�DORQJ�SDUWLFXODU�OLQHDJHV��FDOOHG�
IRUHJURXQG�EUDQFKHV����,QLWLDOO\�<DQJ�DQG�1LHOVHQ��������LPSOHPHQWHG�PRGHO�$��PRGHO� ���16VLWHV�
 ����DQG�PRGHO�%��PRGHO� ���16VLWHV� ������7KH�WHVWV�GLG�QRW�ZRUN�ZHOO�LQ�VLPXODWLRQV��=KDQJ�
�������VR�D�FKDQJH�ZDV�LQWURGXFHG�WR�PRGHO�$��WDEOH�X� X���<DQJ�HW�DO��������=KDQJ�HW�DO���������ZLWK�
WZR�WHVWV�FRQVWUXFWHG���7HVW����DOVR�NQRZQ�WKH�EUDQFK�VLWH�WHVW�RI�SRVLWLYH�VHOHFWLRQ��LV�WKH�
UHFRPPHQGHG�WHVW���7KLV�FRPSDUHV�WKH�PRGLILHG�PRGHO�$�ZLWK�WKH�FRUUHVSRQGLQJ�QXOO�PRGHO�ZLWK�ω��
 ���IL[HG��IL[BRPHJD� ���DQG�RPHJD� ������7KH�QXOO�GLVWULEXWLRQ�LV�WKH�������PL[WXUH�RI�SRLQW�PDVV���
DQG� 2

1χ ��ZLWK�FULWLFDO�YDOXHV������DW����DQG������DW������7R�FDOFXODWH�WKH�p�YDOXH�EDVHG�RQ�WKLV�
PL[WXUH�GLVWULEXWLRQ��\RX�FDOFXODWH�WKH�p�YDOXH�XVLQJ� 2

1χ ��DQG�WKHQ�GLYLGH�LW�E\�����6XSSRVH�\RXU��∆"��
 �������\RX�ZLOO�JHW������IURP� 2

1χ ��WKH�WKH�p�YDOXH�IRU�WKH�PL[WXUH�LV�������� ������:H�UHFRPPHQG�
WKDW�\RX�XVH� 2

1χ ��ZLWK�FULWLFDO�YDOXHV������DQG�������LQVWHDG�RI�WKH�PL[WXUH�WR�JXLGH�DJDLQVW�
YLRODWLRQV�RI�PRGHO�DVVXPSWLRQV����

6LPLODUO\�ERWK�WKH�1(%�DQG�%(%�PHWKRGV�IRU�FDOFXODWLQJ�SRVWHULRU�SUREDELOLWLHV�IRU�VLWH�FODVVHV�DUH�
LPSOHPHQWHG�IRU�WKH�PRGLILHG�EUDQFK�VLWH�PRGHO�$��QRW�IRU�PRGHO�%����<RX�VKRXOG�XVH�PRGHO�$�LQ�
FRPELQDWLRQ�ZLWK�WKH�%(%�SURFHGXUH�DQG�LJQRUH�WKH�1(%�RXWSXW��
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7DEOH����3DUDPHWHUV�LQ�EUDQFK�VLWH�PRGHO�$��QS� ����

6LWH�FODVV� 3URSRUWLRQ� %DFNJURXQG� )RUHJURXQG
�� p�� ����ω������ ����ω������
�� p�� ω�� ��� ω�� ���
�D� ���±�p��±�p�� p���p����p��� ����ω������ ω��≥���
�E� ���±�p��±�p�� p���p����p��� ω�� ��� ω��≥���

127(�⎯�%UDQFK�VLWH�PRGHO�$�LV�VSHFLILHG�XVLQJ�PRGHO� ���16VLWHV� �����7KLV�LV�WKH�DOWHUQDWLYH�
PRGHO�LQ�WKH�EUDQFK�VLWH�WHVW�RI�SRVLWLYH�VHOHFWLRQ���7KH�QXOO�PRGHO��IL[HV�ω�� �����7KH�OLNHOLKRRG�
UDWLR�WHVW�KDV�GI� ����VHH�WH[W���

Clade model�&�LV�VSHFLILHG�E\�PRGHO� ���1VVLWHV� ���ZKLOH�FODGH�PRGHO�'�LV�VSHFLILHG�E\�PRGHO� ���
16VLWHV� ����%LHODZVNL�DQG�<DQJ��������VHH�DOVR�)RUVEHUJ�DQG�&KULVWLDQVHQ���������,Q�ERWK�PRGHOV��
WKH�QXPEHU�RI�VLWH�FODVVHV��QFDW*��LV�IL[HG�DW�����&ODGH�PRGHO�&�ZHQW�WKURXJK�D�PRGLILFDWLRQ��LQ�D�
VLPLODU�ZD\�WR�EUDQFK�VLWH�PRGHO�$���7KH�QHZ�PRGHO�&�UHSODFHV�ω�� ���E\�����ω������DQG�KDV���
SDUDPHWHUV�LQ�WKH�ω�GLVWULEXWLRQ��LI�WKHUH�DUH�WZR�FODGHV�RU�EUDQFK�W\SHV���p���p���ω���ω���DQG�ω����7KH�
QHZ�PRGHO�&�FDQ�EH�FRPSDUHG�ZLWK�WKH�QHZ�0�D��1HDUO\1HXWUDO���ZKLFK�KDV���SDUDPHWHUV��ZLWK�G�I��
≈�����$�PRUH�SRZHUIXO�WHVW�LV�WR�XVH�WKH�VLWH�PRGHO�0�DBUHO�RI�:HDGLFN�	�&KDQJ��������DV�WKH�QXOO�
PRGHO��ZLWK�GI� ������

7DEOH����3DUDPHWHUV�LQ�FODGH�PRGHOV�&�RU�'��ZLWK�PRUH�WKDQ�WZR�FODGHV��EUDQFK�W\SHV��

6LWH�FODVV� 3URSRUWLRQ� &ODGH��� &ODGH��� &ODGH��� &ODGH���
�� p�� ω�� ω�� ω�� ω��
�� p�� ω�� ω�� ω�� ω��
�� p�� ���±�p��±�p�� ω�� ω�� ω�� ω��
,Q�FODGH�PRGHO�&��ω�� ���LV�IL[HG��ZKLOH�LQ�FODGH�PRGHO�'��ω�������ω����∞��LV�HVWLPDWHG�DV�D�IUHH�
SDUDPHWHU���,Q�ERWK�PRGHOV��ω��LV�HVWLPDWHG�XQGHU�WKH�FRQVWUDLQW�����ω�������

7KH�%(%�SURFHGXUH�LV�LPSOHPHQWHG�IRU�FODGH�PRGHOV�&�DQG�'���1RWH�WKDW�%(%�LV�SUHIHUUHG�RYHU�
1(%��

$Q�H[WHQVLRQ�KDV�EHHQ�PDGH�WR�FODGH�PRGHOV�&�DQG�'�WR�DOORZ�IRU�PRUH�WKDQ�WZR�FODGHV�RU�EUDQFK�
W\SHV���7KH�EUDQFK�W\SHV�DUH�VSHFLILHG�XVLQJ�ODEHOV�LQ�WKH�WUHH�ILOH���,I�\RX�KDYH�IRXU�EUDQFK�W\SHV�
�ODEHOOHG�XVLQJ������������������WKH�FODGH�PRGHO�ZLOO�ORRN�OLNH�WKH�IROORZLQJ���+HUH�ω�� ω�� ω�� ω��DUH�
LQGHSHQGHQW�SDUDPHWHUV��RSWLPL]HG�LQ�WKH�UDQJH�����∞����7KH�%(%�FDOFXODWLRQ�XQGHU�FODGH�PRGHO�&�LV�
YHU\�H[SHQVLYH��ZLWK�HDFK�DGGLWLRQDO�EUDQFK�W\SH�LQFUHDVLQJ�WKH�FRPSXWDWLRQ�E\����IROGV���VR�WKDW�
WKH�PRGHO�VKRXOG�EH�XVHG�ZLWK�MXVW�D�IHZ�EUDQFK�W\SHV���7KH�PD[LPXP�QXPEHU�RI�FODGHV�LV�VHW�E\�
WKH�YDULDEOH�NBTYPE�QHDU�WKH�EHJLQQLQJ�RI�WKH�VRXUFH�ILOH�FRGHPO�F���,�WKLQN�WKLV�LV�ULJKW�QRZ�VHW�WR�
�����+RZHYHU��WKH�%(%�FDOFXODWLRQ�PD\�EH�WRR�H[SHQVLYH�LI�\RX�KDYH�PRUH�WKDQ���RU���FODGHV��

7KH�PXWDWLRQ�VHOHFWLRQ�PRGHOV�RI�<DQJ�DQG�1LHOVHQ��������DUH�LPSOHPHQWHG�XVLQJ�WKH�FRQWURO�
YDULDEOHV��

    CodonFreq = 7  * 0:1/61 each, 1:F1X4, 2:F3X4, 3:codon table 
                   * 4:F1x4MG, 5:F3x4MG, 6:FMutSel0, 7:FMutSel 
      estFreq = 0  * 0: use observed freqs; 1: estimate freqs by ML 

ZKHUH�&RGRQ)UHT� ���VSHFLILHV�)0XW6HO��DQG���VSHFLILHV�)PXW6HO���,I�HVW)UHT� ����WKH�
IUHTXHQF\�ILWQHVV�SDUDPHWHUV�DUH�HVWLPDWHG�E\�0/�IURP�WKH�GDWD��ZKLOH�LI�HVW)UHT� ����WKH\�DUH�
FDOFXODWHG�XVLQJ�WKH�REVHUYHG�IUHTXHQFLHV�LQ�WKH�GDWD���6HH�<DQJ�DQG�1LHOVHQ��������IRU�GHWDLOV�RI�
WKH�PRGHO���/RRN�DW�WKH�5($'0(�ILOH�LQ�WKH�H[DPSOHV�PW&'1$DSH��IROGHU��WR�VHH�KRZ�WR�GXSOLFDWH�
UHVXOWV�RI�WDEOH���LQ�WKDW�SDSHU��
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Amino acid substitution models 

,�PDGH�D�GLVWLQFWLRQ�EHWZHHQ�HPSLULFDO�DQG�PHFKDQLVWLF�PRGHOV�RI�DPLQR�DFLG�VXEVWLWXWLRQ��<DQJ�HW�
DO��������������&KDSWHU������(PSLULFDO�PRGHOV�LPSOHPHQWHG�LQ�FRGHPO�LQFOXGH�'D\KRII��'D\KRII�HW�
DO���������-77��-RQHV�HW�DO���������:$*��:KHODQ�DQG�*ROGPDQ��������PW0DP��<DQJ�HW�DO���������
PW5(9��$GDFKL�DQG�+DVHJDZD�����D���HWF���7KHVH�DUH�HVWLPDWHV�RI�VXEVWLWXWLRQ�UDWH�SDUDPHWHUV�
XQGHU�WKH�JHQHUDO�WLPH�UHYHUVLEOH�PRGHO�IURP�UHDO�GDWDVHWV��

0HFKDQLVWLF�PRGHOV�DUH�IRUPXODWHG�E\�FRQVLGHULQJ�WKH�PXWDWLRQDO�GLVWDQFH�EHWZHHQ�WKH�DPLQR�DFLGV�
DV�GHWHUPLQHG�E\�WKH�ORFDWLRQV�RI�WKHLU�HQFRGLQJ�FRGRQV�LQ�WKH�JHQHWLF�FRGH��DQG�WKH�ILOWHULQJ�RI�
PXWDWLRQV�E\�QDWXUDO�VHOHWLRQ�RSHUDWLQJ�RQ�WKH�SURWHLQ�OHYHO��<DQJ�HW�DO����������7KH�SURJUDP�aaml�
LPSOHPHQWV�D�IHZ�VXFK�PRGHOV��VSHFLILHG�E\�WKH�YDULDEOH�aaDist��

21BThe control file 

6LQFH�WKH�FRGRQ�EDVHG�DQDO\VLV�DQG�WKH�DPLQR�DFLG�EDVHG�DQDO\VLV�XVH�GLIIHUHQW�PRGHOV��DQG�VRPH�RI�
WKH�FRQWURO�YDULDEOHV�KDYH�GLIIHUHQW�PHDQLQJV��LW�PD\�EH�D�JRRG�LGHD�WR�XVH�GLIIHUHQW�FRQWURO�ILOHV�IRU�
FRGRQ�DQG�DPLQR�DFLG�VHTXHQFHV��7KH�GHIDXOW�FRQWURO�ILOH�IRU�codeml�LV�codeml.ctl��DV�VKRZQ�
EHORZ���

      seqfile = stewart.aa * sequence data file name 
      outfile = mlc * main result file name 
     treefile = stewart.trees * tree structure file name 
 
        noisy = 9  * 0,1,2,3,9: how much rubbish on the screen 
      verbose = 0  * 1: detailed output, 0: concise output 
      runmode = 0  * 0: user tree;  1: semi-automatic;  2: automatic 
                   * 3: StepwiseAddition; (4,5):PerturbationNNI; -2: pairwise 
 
      seqtype = 2  * 1:codons; 2:AAs; 3:codons-->AAs 
    CodonFreq = 2  * 0:1/61 each, 1:F1X4, 2:F3X4, 3:codon table 
*       ndata = 10 
        clock = 0   * 0:no clock, 1:clock; 2:local clock 
 
       aaDist = 0  * 0:equal, +:geometric; -:linear, 1-6:G1974,Miyata,c,p,v,a 
                   * 7:AAClasses 
   aaRatefile = wag.dat * only used for aa seqs with model=empirical(_F) 
                  * dayhoff.dat, jones.dat, wag.dat, mtmam.dat, or your own 
 
        model = 2 
                   * models for codons: 
                       * 0:one, 1:b, 2:2 or more dN/dS ratios for branches 
                   * models for AAs or codon-translated AAs: 
                       * 0:poisson, 1:proportional,2:Empirical,3:Empirical+F 
                       * 6:FromCodon, 8:REVaa_0, 9:REVaa(nr=189) 
 
      NSsites = 0  * 0:one w;1:neutral;2:selection; 3:discrete;4:freqs; 
                   * 5:gamma;6:2gamma;7:beta;8:beta&w;9:beta&gamma; 
                   * 10:beta&gamma+1; 11:beta&normal>1; 12:0&2normal>1; 
                   * 13:3normal>0 
 
        icode = 0  * 0:universal code; 1:mammalian mt; 2-11:see below 
        Mgene = 0  * 0:rates, 1:separate;  
 
    fix_kappa = 0  * 1: kappa fixed, 0: kappa to be estimated 
        kappa = 2  * initial or fixed kappa 
    fix_omega = 0  * 1: omega or omega_1 fixed, 0: estimate  
        omega = .4 * initial or fixed omega, for codons or codon-based AAs 
 
    fix_alpha = 1  * 0: estimate gamma shape parameter; 1: fix it at alpha 
        alpha = 0. * initial or fixed alpha, 0:infinity (constant rate) 
       Malpha = 0  * different alphas for genes 
        ncatG = 3  * # of categories in dG of NSsites models 
 
      fix_rho = 1  * 0: estimate rho; 1: fix it at rho 
          rho = 0. * initial or fixed rho,   0:no correlation 
 
        getSE = 0  * 0: don't want them, 1: want S.E.s of estimates 
 RateAncestor = 0  * (0,1,2): rates (alpha>0) or ancestral states (1 or 2) 
 
   Small_Diff = .5e-6 
*   cleandata = 0  * remove sites with ambiguity data (1:yes, 0:no)? 
* fix_blength = 0   * 0: ignore, -1: random, 1: initial, 2: fixed 
       method = 0   * 0: simultaneous; 1: one branch at a time 

�
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7KH�YDULDEOHV�seqfile��outfile��treefile��noisy��Mgene��fix_alpha��alpha��Malpha��
fix_rho��rho��clock��getSE��RateAncestor��Small_Diff��cleandata��ndata��
fix_blength��DQG�method�DUH�XVHG�LQ�WKH�VDPH�ZD\�DV�LQ�baseml.ctl�DQG�DUH�GHVFULEHG�LQ�WKH�
SUHYLRXV�VHFWLRQ���7KH�YDULDEOH�seqtype�VSHFLILHV�WKH�W\SH�RI�VHTXHQFHV�LQ�WKH�GDWD��seqtype� ���
PHDQV�FRGRQ�VHTXHQFHV��WKH�SURJUDP�LV�WKHQ�codonml�����PHDQV�DPLQR�DFLG�VHTXHQFHV��WKH�
SURJUDP�LV�WKHQ�aaml���DQG���PHDQV�FRGRQ�VHTXHQFHV�ZKLFK�DUH�WR�EH�WUDQVODWHG�LQWR�SURWHLQV�IRU�
DQDO\VLV���

27BCodon sequences (seqtype = 1) 

CodonFreq�VSHFLILHV�WKH�HTXLOLEULXP�FRGRQ�IUHTXHQFLHV�LQ�FRGRQ�VXEVWLWXWLRQ�PRGHO��7KHVH�
IUHTXHQFLHV�FDQ�EH�DVVXPHG�WR�EH�HTXDO�������HDFK�IRU�WKH�VWDQGDUG�JHQHWLF�FRGH��
CodonFreq� �����FDOFXODWHG�IURP�WKH�DYHUDJH�QXFOHRWLGH�IUHTXHQFLHV��CodonFreq� �����
IURP�WKH�DYHUDJH�QXFOHRWLGH�IUHTXHQFLHV�DW�WKH�WKUHH�FRGRQ�SRVLWLRQV��CodonFreq� �����RU�
XVHG�DV�IUHH�SDUDPHWHUV��CodonFreq� ������7KH�QXPEHU�RI�SDUDPHWHUV�LQYROYHG�LQ�WKRVH�
PRGHOV�RI�FRGRQ�IUHTXHQFLHV�LV����������DQG�����IRU�WKH�XQLYHUVDO�FRGH���IRU�CodonFreq� ����
������DQG���UHVSHFWLYHO\��

clock�6HH�WKH�QRWHV�IRU�WKH�EDVHPO�FRQWURO�ILOH��

aaDist�VSHFLILHV�ZKHWKHU�HTXDO�DPLQR�DFLG�GLVWDQFHV�DUH�DVVXPHG�� ����RU�*UDQWKDP
V�PDWUL[�LV�
XVHG�� �����<DQJ�HW�DO�����������7KH�H[DPSOH�PLWRFKRQGULDO�GDWD�VHW�DQDO\]HG�LQ�WKDW�SDSHU�LV�
LQFOXGHG�LQ�WKH�H[DPSOH�PWGQD�IROGHU�LQ�WKH�SDFNDJH���DD'LVW� ����$$&ODVVHV���ZKLFK�LV�
LPSOHPHQWHG�IRU�ERWK�FRGRQ�DQG�DPLQR�DFLG�VHTXHQFHV��DOORZ�\RX�WR�KDYH�VHYHUDO�W\SHV�RI�
DPLQR�DFLG�VXEVWLWXWLRQV�DQG�OHW�WKH�SURJUDP�HVWLPDWH�WKHLU�GLIIHUHQW�UDWHV���7KH�PRGHO�ZDV�
LPSOHPHQWHG�LQ�<DQJ�et al.����������7KH�QXPEHU�RI�VXEVWLWXWLRQ�W\SHV�DQG�ZKLFK�SDLU�RI�
DPLQR�DFLG�FKDQJHV�EHORQJ�ZKLFK�W\SH�LV�VSHFLILHG�LQ�D�ILOH�FDOOHG�2PHJD$$�GDW���<RX�FDQ�
XVH�WKH�PRGHO�WR�ILW�GLIIHUHQW�ω�UDWLRV�IRU�³FRQVHUYHG´�DQG�³FKDUJHG´�DPLQR�DFLG�
VXEVWLWXWLRQV���7KH�IROGHU�H[DPSOHV�PW&'1$�FRQWDLQ�H[DPSOH�ILOHV�IRU�WKLV�PRGHO��FKHFN�
WKH�UHDGPH�ILOH�LQ�WKDW�IROGHU��

runmode� ����SHUIRUPV�0/�HVWLPDWLRQ�RI�d6�DQG�d1�LQ�SDLUZLVH�FRPSDULVRQV�RI�SURWHLQ�FRGLQJ�
VHTXHQFHV��VHTW\SH� ������7KH�SURJUDP�ZLOO�FROOHFW�HVWLPDWHV�RI�d6�DQG�d1�LQWR�WKH�ILOHV�
2ML.dS�DQG�2ML.dN���6LQFH�PDQ\�XVHUV�VHHP�LQWHUHVWHG�LQ�ORRNLQJ�DW�d1�d6�UDWLRV�DPRQJ�
OLQHDJHV��H[DPLQDWLRQ�RI�WKH�WUHH�VKDSHV�LQGLFDWHG�E\�EUDQFK�OHQJWKV�FDOFXODWHG�IURP�WKH�WZR�
UDWHV�PD\�EH�LQWHUHVWLQJ�DOWKRXJK�WKH�DQDO\VLV�LV�ad hoc���,I�\RXU�VSHFLHV�QDPHV�KDYH�QR�
PRUH�WKDQ����FKDUDFWHUV��\RX�FDQ�XVH�WKH�RXWSXW�GLVWDQFH�PDWULFHV�DV�LQSXW�WR�3K\OLS�
SURJUDPV�VXFK�DV�neighbor�ZLWKRXW�DQ\�FKDQJH���2WKHUZLVH�\RX�QHHG�WR�HGLW�WKH�ILOHV�WR�
FXW�WKH�QDPHV�VKRUW���)RU�DPLQR�DFLG�VHTXHQFHV��VHTW\SH� �����RSWLRQ�UXQPRGH� ����OHWV�WKH�
SURJUDP�FDOFXODWH�0/�GLVWDQFHV�XQGHU�WKH�VXEVWLWXWLRQ�PRGHO�E\�QXPHULFDO�LWHUDWLRQ��HLWKHU�
XQGHU�WKH�PRGHO�RI�RQH�UDWH�IRU�DOO�VLWHV��DOSKD� ����RU�XQGHU�WKH�JDPPD�PRGHO�RI�UDWHV�IRU�
VLWHV��DOSKD��������,Q�WKH�ODWWHU�FDVH��WKH�FRQWLQXRXV�JDPPD�LV�XVHG�DQG�WKH�YDULDEOH�QFDW*�LV�
LJQRUHG����:LWK�UXQPRGH� ����WKH�GLVFUHWH�JDPPD�LV�XVHG���
runmode = -3�LPSOHPHQWV�D�%D\HVLDQ�PHWKRG�IRU�HVWLPDWLQJ�GLVWDQFH�t�DQG�G1�G6�UDWLR�
ω�LQ�SDLUZLVH�FRPSDULVRQV��$QJHOLV�HW�DO����������7KH�GHIDXOW�JDPPD�SULRUV�DUH�t�a�*������
�����DQG�ω�a�*�������������7R�FKDQJH�WKH�JDPPD�SDUDPHWHUV�XVH�

�       runmode = -3 1.1 1.1 1.1 2.2   * -3: pairwise Bayesian 

� 7KH�IRXU�QXPEHUV�DUH�αt��βt���αω��βω��

model�VSHFLILHV�WKH�branch�PRGHOV��<DQJ�������<DQJ�DQG�1LHOVHQ���������model� ���PHDQV�RQH�ω�
UDWLR�IRU�DOO�EUDQFKHV����PHDQV�RQH�UDWLR�IRU�HDFK�EUDQFK��WKH�IUHH�UDWLR�PRGHO���DQG���PHDQV�
DQ�DUELWUDU\�QXPEHU�RI�UDWLRV��VXFK�DV�WKH���UDWLRV�RU���UDWLRV�PRGHOV����:KHQ�model� ����
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\RX�KDYH�WR�JURXS�EUDQFKHV�RQ�WKH�WUHH�LQWR�EUDQFK�JURXSV�XVLQJ�WKH�V\PEROV���RU���LQ�WKH�
WUHH���6HH�WKH�VHFWLRQ�DERYH�DERXW�VSHFLI\LQJ�EUDQFK�QRGH�ODEHOV����

:LWK�model� ����WKH�YDULDEOH�fix_omega�IL[HV�WKH�ODVW�ω�UDWLR��ωk�−���LI�\RX�KDYH�k�UDWLRV�LQ�
WRWDO��DW�WKH�YDOXH�RI�omega�VSHFLILHG�LQ�WKH�ILOH���7KLV�RSWLRQ�LV�XVHG�WR�WHVW�ZKHWKHU�WKH�UDWLR�
IRU�WKH�IRUHJURXQG�EUDQFK�LV�VLJQLILFDQWO\�JUHDWHU�WKDQ�RQH���6HH�WKH�
examples/lysozyme/�IROGHU�WR�GXSOLFDWH�WKH�UHVXOWV�RI�<DQJ���������

NSsites�VSHFLILHV�WKH�VLWH�PRGHOV��ZLWK�NSsites� �m�FRUUHVSRQGV�WR�PRGHO�0m�LQ�<DQJ�et al.�
�����E����7KH�YDULDEOH�ncatG�LV�XVHG�WR�VSHFLI\�WKH�QXPEHU�RI�FDWHJRULHV�LQ�WKH�ω�
GLVWULEXWLRQ�XQGHU�VRPH�PRGHOV���,Q�<DQJ�et al.������E���WKLV�LV���IRU�0���GLVFUHWH�����IRU�0��
�IUHT������IRU�WKH�FRQWLQXRXV�GLVWULEXWLRQV��0���JDPPD��0����JDPPD��0���EHWD��
0��EHWD	Z��0��EHWD	JDPPD��0����EHWD	JDPPD����0���EHWD	QRUPDO!���DQG�
0����	�QRUPDO!���0����QRUPDO!�����)RU�H[DPSOH��0��KDV����VLWH�FODVVHV�����IURP�WKH�
EHWD�GLVWULEXWLRQ�SOXV���DGGLWLRQDO�FODVV�IRU�SRVLWLYH�VHOHFWLRQ�ZLWK�ωV�≥������6HH�WKH�VHFWLRQ�
&RGRQ�VXEVWLWWLRQ�PRGHOV�DERYH�DERXW�WKH�FKDQJHV�WR�0��DQG�0��LQWURGXFHG�LQ�3$0/�
YHUVLRQ�������

<RX�FDQ�UXQ�VHYHUDO�Nssites�PRGHOV�LQ�RQH�EDWFK��DV�IROORZV��LQ�ZKLFK�FDVH�WKH�GHIDXOW�
YDOXHV�RI�ncatG��DV�LQ�<DQJ�et al.������E���DUH�XVHG��

      NSsites = 0 1 2 3 7 8 

7KH�SRVWHULRU�SUREDELOLWLHV�IRU�VLWH�FODVVHV�DV�ZHOO�DV�WKH�H[SHFWHG�ω�YDOXHV�IRU�VLWHV�DUH�
OLVWHG�LQ�WKH�ILOH�rst��ZKLFK�PD\�EH�XVHIXO�WR�LGHQWLI\�VLWHV�XQGHU�SRVLWLYH�VHOHFWLRQ����

/RRN�DW�WKH�H[DPSOHV�KLY16VLWHV��DQG�H[DPSOHV�O\VLQH��IROGHUV�IRU�H[DPSOH�RI�DQDO\VLV�
XQGHU�WKH�VLWH�PRGHOV���

7KH�branch-site�PRGHO�$��VHH�WKH�VHFWLRQ�&RGRQ�VXEVWLWXWLRQ�PRGHOV�DERYH��LV�VSHFLILHG�E\�
XVLQJ�ERWK�YDULDEOHV�model�DQG�NSsites��

Model A: model = 2, NSsites = 2,  fix_omega = 0 

7KLV�LV�WKH�DOWHUQDWLYH�PRGHO�IRU�WKH�EUDQFK�VLWH�WHVW�RI�SRVLWLYH�VHOHFWLRQ���7KH�QXOO�PRGHO�LV�
DOVR�WKH�EUDQFK�VLWH�PRGHO�$�EXW�ZLWK�ω�� ���IL[HG��VSHFLILHG�E\��

Model A1: model = 2, NSsites = 2,  fix_omega = 1, omega = 1 

+HUH�DUH�VRPH�QRWHV�DERXW�WZR�ROG�WHVWV�WKDW�ZH�GR�QRW�UHFRPPHQG���7KH�ROG�EUDQFK�VLWH�
PRGHO�%��<DQJ�DQG�1LHOVHQ�������LV�VSHFLILHG�E\��

Model B: model = 2, NSsites = 3 

7KH�QXOO�PRGHO�IRU�WKH�ROG�WHVW�%�LV�WKH�16VLWHV�PRGHO����GLVFUHWH��ZLWK���VLWH�FODVVHV��

Site model 3: model = 0, NSsites = 3,  ncatG = 2 

8VH�G�I�� �����7KH�ODUJH�O\VR]\PH�GDWD�VHW�DQDO\]HG�E\�<DQJ�DQG�1LHOHVQ��������LV�LQ�WKH�
H[DPSOHV�O\VR]\PH�IROGHU��

$OVR�EUDQFK�VLWH�WHVW���GHVFULEHG�E\�<DQJ�et al.��������DQG�=KDQJ�et al.��������XVHV�WKH�
PRGLILHG�EUDQFK�VLWH�PRGHO�$�DV�WKH�DOWHUQDWLYH�K\SRWKHVLV��ZKLOH�WKH�QXOO�K\SRWKHVLV�LV�WKH�
QHZ�VLWH�PRGHO�0�D��1HDUO\1HXWUDO���ZLWK�G�I�� �����7KLV�WHVW�FDQ�EH�VLJQLILFDQW�ZKHQ�WKH�
IRUHJURXQG�EUDQFKHV�DUH�HLWKHU�XQGHU�UHOD[HG�VHOHFWLYH�FRQVWUDLQW�RU�XQGHU�SRVLWLYH�VHOHFWLRQ���
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7KH�DGYLFH�LV�WKDW�\RX�XVH�WHVW���LQVWHDG��ZKLFK�LV�DOVR�NQRZQ�DV�WKH�EUDQFK�VLWH�WHVW�RI�
SRVLWLYH�VHOHFWLRQ���

7KH�clade�PRGHOV�&�DQG�'�RI�%LHODZVNL�DQG�<DQJ��������DUH�VSHFLILHG�E\�

Model C: model = 3, NSsites = 2 
Model D: model = 3, NSsites = 3  ncatG = 2 

6HH�WKDW�SDSHU�IRU�GHWDLOV���6LPLODUO\�PRGHO�&�LV�PRGLILHG�DQG�WKH�%(%�SURFHGXUH�LV�
LPSOHPHQWHG�IRU�PRGHO�&�RQO\��VHH�DERYH����

LFRGH�VSHFLILHV�WKH�JHQHWLF�FRGH���(OHYHQ�JHQHWLF�FRGH�WDEOHV�DUH�LPSOHPHQWHG�XVLQJ�icode� ���WR�
���FRUUHVSRQGLQJ�WR�WUDQVOBWDEOH���WR����LQ�*HQ%DQN���7KHVH�DUH���IRU�WKH�XQLYHUVDO�FRGH����
IRU�WKH�PDPPDOLDQ�PLWRFKRQGULDO�FRGH����IRU�PROG�PW�����IRU�LQYHUWHEUDWH�PW�����IRU�FLOLDWH�
QXFOHDU�FRGH����IRU�HFKLQRGHUP�PW�����IRU�HXSORWLG�PW�����IRU�DOWHUQDWLYH�\HDVW�QXFOHDU����IRU�
DVFLGLDQ�PW���DQG����IRU�EOHSKDULVPD�QXFOHDU���7KHUH�LV�DOVR�DQ�DGGLWLRQDO�FRGH��FDOOHG�
<DQJ¶V�regularized code��VSHFLILHG�E\�icode� ������,Q�WKLV�FRGH��WKHUH�DUH����DPLQR�DFLGV��
DOO�GLIIHUHQFHV�DW�WKH�ILUVW�DQG�VHFRQG�FRGRQ�SRVLWLRQV�DUH�QRQV\QRQ\PRXV�DQG�DOO�
GLIIHUHQFHV�DW�WKH�WKLUG�FRGRQ�SRVLWLRQV�DUH�V\QRQ\PRXV��WKDW�LV��DOO�FRGRQV�DUH���IROG�
GHJHQHUDWH���7KHUH�LV�\HW�QR�UHSRUW�RI�DQ\�RUJDQLVPV�XVLQJ�WKLV�FRGH��

0JHQH��LQ�FRPELQDWLRQ�ZLWK�RSWLRQ�*�LQ�WKH�VHTXHQFH�GDWD�ILOH��VSHFLILHV�SDUWLWLRQ�PRGHOV��<DQJ�DQG�
6ZDQVRQ��������DV�VXPPDUL]HG�LQ�WDEOH� X� X���7KH�O\VLQ�GDWD�VHW�XVHG�LQ�WKDW�SDSHU�LV�LQFOXGHG�
LQ�WKH�H[DPSOHV��IROGHU�RI�WKH�SDFNDJH���7KH�DQDO\VLV�VHSDUDWHV�WKH�EXULHG�DQG�H[SRVHG�
DPLQR�DFLGV�LQ�WKH�O\VLQ�LQWR�WZR�SDUWLWLRQV��³JHQHV´���DQG�KHWHURJHQHLW\�EHWZHHQ�WKH�
SDUWLWLRQV�DUH�DFFRXQWHG�IRU�LQ�WKH�DQDO\VLV���<RX�FDQ�UHDG�WKH�UHDGPH�ILOH�DQG�WU\�WR�
GXSOLFDWH�WKH�UHVXOWV�LQ�WDEOH���RI�<DQJ�	�6ZDQVRQ�����������

7DEOH����6HWXSV�RI�SDUWLWLRQ�PRGHOV�RI�FRGRQ�VXEVWLWXWLRQ�
6HTXHQFH�ILOH�� &RQWURO�ILOH�� 3DUDPHWHUV�DFURVV�JHQHV�
1R�*�� Mgene� ���� HYHU\WKLQJ�HTXDO�
2SWLRQ�*�� Mgene� ���� WKH�VDPH��κ��ω� DQG�π��EXW�GLIIHUHQW�cV�

�SURSRUWLRQDO�EUDQFK�OHQJWKV��
2SWLRQ�*�� Mgene� ���� WKH�VDPH��κ�ω���EXW�GLIIHUHQW�πV�DQG�cV�
2SWLRQ�*�� Mgene� ���� WKH�VDPH�π��EXW�GLIIHUHQW��κ��ω��DQG�cV�
2SWLRQ�*�� Mgene� ���� GLIIHUHQW��κ��ω���πV��DQG�cV�
2SWLRQ�*�� Mgene� ���� VHSDUDWH�DQDO\VLV�

IL[BDOSKD��DOSKD���)RU�FRGRQ�PRGHOV��WKH�SDLU�IL[BDOSKD�DQG�DOSKD�VSHFLI\�WKH�PRGHO�RI�JDPPD�UDWHV�
IRU�VLWHV��LQ�ZKLFK�WKH�UHODWLYH�UDWH�IRU�D�VLWH�YDULHV�DPRQJ�FRGRQV�DFFRUGLQJ�WR�WKH�JDPPD�
GLVWULEXWLRQ��EXW�WKH�ω�UDWLR�VWD\V�WKH�VDPH�RYHU�DOO�VLWHV���7KLV�LV�D�OD]\�H[WHQVLRQ�RI�WKH�
JDPPD�PRGHO�RI�UDWHV�IRU�QXFOHRWLGHV�DQG�DPLQR�DFLGV���,�GRQ¶W�OLNH�WKLV�PRGHO�DQG�VXJJHVW�
WKDW�\RX�XVH�WKH�16VLWHV�PRGHOV�LQVWHDG��ZKLFK�LV�VSHFLILHG�XVLQJ�WKH�16VLWHV�YDULDEOH��ZLWK�
IL[BDOSKD� ����DOSKD� ������7KH�SURJUDP�VKRXOG�DERUW�LI�\RX�VSHFLI\�ERWK�16VLWHV�DQG�DOSKD��

5DWH$QFHVWRU���6HH�GHVFULSWLRQV�IRU�WKH�EDVHPO�FRQWURO�ILOH���

2XWSXW�IRU�FRGRQ�VHTXHQFHV��seqtype� �����7KH�FRGRQ�IUHTXHQFLHV�LQ�HDFK�VHTXHQFH�DUH�FRXQWHG�
DQG�OLVWHG�LQ�D�JHQHWLF�FRGH�WDEOH��WRJHWKHU�ZLWK�WKHLU�VXPV�DFURVV�VSHFLHV���(DFK�WDEOH�FRQWDLQV�VL[�RU�
IHZHU�VSHFLHV���)RU�GDWD�RI�PXOWLSOH�JHQHV��RSWLRQ�*�LQ�WKH�VHTXHQFH�ILOH���FRGRQ�IUHTXHQFLHV�LQ�HDFK�
JHQH��VXPPHG�RYHU�VSHFLHV��DUH�DOVR�OLVWHG��7KH�QXFOHRWLGH�GLVWULEXWLRQV�DW�WKH�WKUHH�FRGRQ�SRVLWLRQV�
DUH�DOVR�OLVWHG��7KH�PHWKRG�RI�1HL�DQG�*RMRERUL��������LV�XVHG�WR�FDOFXODWH�WKH�QXPEHU�RI�
V\QRQ\PRXV�VXEVWLWXWLRQV�SHU�V\QRQ\PRXV�VLWH��d6��DQG�WKH�QXPEHU�RI�QRQV\QRQ\PRXV�VXEVWLWXWLRQV�
SHU�QRQV\QRQ\PRXV�VLWH��d1��DQG�WKHLU�UDWLR��d1�d6���7KHVH�DUH�XVHG�WR�FRQVWUXFW�LQLWLDO�HVWLPDWHV�RI�
EUDQFK�OHQJWKV�IRU�WKH�OLNHOLKRRG�DQDO\VLV�EXW�DUH�QRW�0/(V�WKHPVHOYHV���
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5HVXOWV�RI�DQFHVWUDO�UHFRQVWUXFWLRQV��RateAncestor� ����DUH�FROOHFWHG�LQ�WKH�ILOH�rst���8QGHU�
PRGHOV�RI�YDULDEOH�d1�d6�UDWLRV�DPRQJ�VLWHV��NSsites�PRGHOV���WKH�SRVWHULRU�SUREDELOLWLHV�IRU�VLWH�
FODVVHV�DV�ZHOO�DV�SRVLWLYHO\�VHOHFWHG�VLWHV�DUH�OLVWHG�LQ�rst���

28BAmino acid sequences (seqtype = 2) 

PRGHO�VSHFLILHV�WKH�PRGHO�RI�DPLQR�DFLG�VXEVWLWXWLRQ����IRU�WKH�3RLVVRQ�PRGHO�DVVXPLQJ�HTXDO�UDWHV�
IRU�DQ\�DPLQR�DFLG�VXEVWLWXWLRQV��%LVKRS�DQG�)ULGD\����������IRU�WKH�SURSRUWLRQDO�PRGHO�LQ�
ZKLFK�WKH�UDWH�RI�FKDQJH�WR�DQ�DPLQR�DFLG�LV�SURSRUWLRQDO�WR�WKH�IUHTXHQF\�RI�WKDW�DPLQR�
DFLG��0RGHO� ���VSHFLILHV�D�FODVV�RI�HPSLULFDO�PRGHOV��DQG�WKH�HPSLULFDO�DPLQR�DFLG�
VXEVWLWXWLRQ�UDWH�PDWUL[�LV�JLYHQ�LQ�WKH�ILOH�VSHFLILHG�E\�aaRatefile���)LOHV�LQFOXGHG�LQ�WKH�
SDFNDJH�DUH�IRU�WKH�HPSLULFDO�PRGHOV�RI�'D\KRII��dayhoff.dat���-77��:$*��ZDJ�GDW���
PW0$0��mtmam.dat���PW5(9����mtREV24.dat���HWF��

,I�\RX�ZDQW�WR�VSHFLI\�\RXU�RZQ�VXEVWLWXWLRQ�UDWH�PDWUL[��KDYH�D�ORRN�DW�RQH�RI�WKRVH�ILOHV��
ZKLFK�KDV�QRWHV�DERXW�WKH�ILOH�VWUXFWXUH��2WKHU�RSWLRQV�IRU�DPLQR�DFLG�VXEVWLWXWLRQ�PRGHOV�
VKRXOG�EH�LJQRUHG���7R�VXPPDUL]H��WKH�YDULDEOHV�model��aaDist��CodonFreq��
NSsites��DQG�icode�DUH�XVHG�IRU�FRGRQ�VHTXHQFHV��seqtype� �����ZKLOH�model��
alpha���DQG�aaRatefile�DUH�XVHG�IRU�DPLQR�DFLG�VHTXHQFHV���

Mgene��LQ�FRPELQDWLRQ�ZLWK�RSWLRQ�*�LQ�WKH�VHTXHQFH�GDWD�ILOH��VSHFLILHV�SDUWLWLRQ�PRGHOV��<DQJ�
DQG�6ZDQVRQ��������DV�VXPPDUL]HG�LQ�WDEOH� X� X���7KH�O\VLQ�GDWD�VHW�XVHG�LQ�WKDW�SDSHU�LV�
LQFOXGHG�LQ�WKH�H[DPSOHV��IROGHU�RI�WKH�SDFNDJH���7KH�DQDO\VLV�VHSDUDWHV�WKH�EXULHG�DQG�
H[SRVHG�DPLQR�DFLGV�LQ�WKH�O\VLQ�LQWR�WZR�SDUWLWLRQV��³JHQHV´���DQG�KHWHURJHQHLW\�EHWZHHQ�
WKH�SDUWLWLRQV�DUH�DFFRXQWHG�IRU�LQ�WKH�DQDO\VLV���<RX�FDQ�UHDG�WKH�UHDGPH�ILOH�DQG�WU\�WR�
GXSOLFDWH�WKH�UHVXOWV�LQ�WDEOH���RI�<DQJ�	�6ZDQVRQ�����������

7DEOH����6HWXSV�RI�SDUWLWLRQ�PRGHOV�RI�DPLQR�DFLG�VXEVWLWXWLRQ�
6HTXHQFH�ILOH�� &RQWURO�ILOH�� 3DUDPHWHUV�DFURVV�JHQHV�
1R�*�� Mgene� ���� HYHU\WKLQJ�HTXDO�
2SWLRQ�*�� Mgene� ���� WKH�VDPH�π��EXW�GLIIHUHQW�cV��SURSRUWLRQDO�EUDQFK�

OHQJWKV��
2SWLRQ�*�� Mgene� ���� GLIIHUHQW�πV�DQG�cV�
2SWLRQ�*�� Mgene� ���� VHSDUDWH�DQDO\VLV�

�

runmode�DOVR�ZRUNV�LQ�WKH�VDPH�ZD\�DV�LQ�baseml�FWO���6SHFLI\LQJ�runmode� �−��ZLOO�IRUFHV�WKH�
SURJUDP�WR�FDOFXODWH�WKH�0/�GLVWDQFHV�LQ�SDLUZLVH�FRPSDULVRQV���<RX�FDQ�FKDQJH�WKH�
IROORZLQJ�YDULDEOHV�LQ�WKH�FRQWURO�ILOH�codeml.ctl��aaRatefile��model��DQG�alpha���

,I�\RX�GR�SDLUZLVH�0/�FRPSDULVRQ��runmode� �����DQG�WKH�GDWD�FRQWDLQ�DPELJXLW\�
FKDUDFWHUV�RU�DOLJQPHQW�JDSV��WKH�SURJUDP�ZLOO�UHPRYH�DOO�VLWHV�ZKLFK�KDYH�VXFK�FKDUDFWHUV�
IURP�DOO�VHTXHQFHV�EHIRUH�WKH�SDLUZLVH�FRPSDULVRQ�LI�cleandata� ����7KLV�LV�NQRZQ�DV�
�FRPSOHWH�GHOHWLRQ���,W�ZLOO�UHPRYH�DOLJQPHQW�JDSV�DQG�DPELJXLW\�FKDUDFWHUV�LQ�HDFK�
SDLUZLVH�FRPSDUVLRQ���SDLUZLVH��GHOHWLRQ��LI�cleandata� ����>>7KLV�GRHV�QRW�VHHP�WR�EH�
WUXH���7KH�SURJUDP�FXUUHQWO\�UHPRYHV�DOO�VLWHV�ZLWK�DQ\�DPELJXLWLHV�LI�runmode� ������1HHG�
FKHFNLQJ���1RWH�E\�=LKHQJ����������@@��1RWH�WKDW�LQ�D�OLNHOLKRRG�DQDO\VLV�RI�PXOWLSOH�
VHTXHQFHV�RQ�D�SK\ORJHQ\��DOLJQPHQW�JDSV�DUH�WUHDWHG�DV�DPELJXLW\�FKDUDFWHUV�LI�
cleandata� ����DQG�ERWK�DOLJQPHQW�JDSV�DQG�DPELJXLW\�FKDUDFWHUV�DUH�GHOHWHG�LI�
cleandata� �����1RWH�WKDW�UHPRYLQJ�DOLJQPHQW�JDSV�DQG�WUHDWLQJ�WKHP�DV�DPELJXLW\�
FKDUDFWHUV�ERWK�XQGHUHVWLPDWH�VHTXHQFH�GLYHUJHQFHV��$PELJXLW\�FKDUDFWHUV�LQ�WKH�GDWD�
�cleandata� ����PDNH�WKH�OLNHOLKRRG�FDOFXODWLRQ�VORZHU��
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2XWSXW�IRU�DPLQR�DFLG�VHTXHQFHV��seqtype� ������7KH�RXWSXW�ILOH�LV�VHOI�H[SODQDWRU\�DQG�YHU\�
VLPLODU�WR�WKH�UHVXOW�ILOHV�IRU�WKH�QXFOHRWLGH��DQG�FRGRQ�EDVHG�DQDO\VHV���7KH�HPSLULFDO�PRGHOV�RI�
DPLQR�DFLG�VXEVWLWXWLRQ��VSHFLILHG�E\�GD\KRII�GDW��MRQHV�GDW��ZDJ�GDW��PWPDP�GDW��RU�PW5(9���GDW��
GR�QRW�LQYROYH�DQ\�SDUDPHWHUV�LQ�WKH�VXEVWLWXWLRQ�UDWH�PDWUL[���:KHQ�RateAncestor� ����UHVXOWV�
IRU�DQFHVWUDO�UHFRQVWUXFWLRQ�DUH�LQ�WKH�ILOH�rst��&DOFXODWHG�VXEVWLWXWLRQ�UDWHV�IRU�VLWHV�XQGHU�PRGHOV�
RI�YDULDEOH�UDWHV�IRU�VLWHV�DUH�LQ�rates����
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ϯϵ

6B7  evolver  

7KLV�SURJUDP�JHQHUDWHV�D�QDwYH�PHQX��OLNH�WKH�IROORZLQJ����

        (1) Get random UNROOTED trees? 
        (2) Get random ROOTED trees? 
        (3) List all UNROOTED trees into file trees? 
        (4) List all ROOTED trees into file trees? 
        (5) Simulate nucleotide data sets (use MCbase.dat)? 
        (6) Simulate codon data sets      (use MCcodon.dat)? 
        (7) Simulate amino acid data sets (use MCaa.dat)? 
        (8) Calculate identical bi-partitions between trees? 
        (9) Calculate clade support values (read 2 treefiles)? 
        (0) Quit? 

2SWLRQV��������������7KH�SURJUDP�FDQ�EH�XVHG�WR�JHQHUDWH�D�UDQGRP�WUHH��HLWKHU�XQURRWHG�RU�URRWHG��
HLWKHU�ZLWK�RU�ZLWKRXW�EUDQFK�OHQJWKV���,W�FDQ�DOVR�OLVW�DOO�WKH�WUHHV�IRU�D�IL[HG�QXPEHU�RI�VSHFLHV���2I�
FRXUVH��\RX�VKRXOG�GR�WKLV�IRU�D�VPDOO�QXPEHU�RI�VSHFLHV�RQO\�DV�RWKHUZLVH�\RXU�KDUG�GULYH�ZLOO�EH�
ILOOHG�E\�XVHOHVV�WUHHV���2SWLRQ���LV�IRU�UHDGLQJ�PDQ\�WUHHV�IURP�D�WUHH�ILOH�DQG�WKHQ�FDOFXODWLQJ�EL�
SDUWLWLRQ�GLVWDQFHV�HLWKHU�EHWZHHQ�WKH�ILUVW�DQG�DOO�WKH�UHPDLQLQJ�WUHHV�RU�EHWZHHQ�HYHU\�SDLU����

2SWLRQ����&ODGH�VXSSRUW�YDOXHV��FDQ�EH�XVHG�WR�VXPPDUL]H�ERRWVWUDS�RU�%D\HVLDQ�DQDO\VHV���7KLV�
UHDGV�WZR�WUHH�ILOHV���7KH�ILUVW�ILOH�VKRXOG�LQFOXGH�RQH�WUHH��VD\��WKH�PD[LPXP�OLNHOLKRRG�WUHH���<RX�
VKRXOG�KDYH�WKH�QXPEHU�RI�VSHFLHV�DQG�WKH�QXPEHU�RI�WUHH��VKRXOG�EH����DW�WKH�EHJLQQLQJ�RI�WKLV�ILOH���
7KH�VHFRQG�WUHH�ILOH�VKRXOG�LQFOXGH�D�FROOHFWLRQ�RI�WUHHV��VXFK�DV������PD[LPXP�OLNHOLKRRG�WUHHV�
HVWLPDWHG�IURP������ERRWVWUDS�SVHXGR�VDPSOHV���7KLV�RSWLRQ�ZLOO�WKHQ�FDOFXODWH�WKH�ERRWVWUDS�
VXSSRUW�YDOXH�IRU�HDFK�FODGH�RQ�WKH�0/�WUHH�LQ�WKH�ILUVW�WUHH�ILOH��WKDW�LV��WKH�SURSRUWLRQ�RI�WUHHV�LQ�WKH�
VHFRQG�ILOH�WKDW�FRQWDLQ�WKH�QRGH�RU�FODGH�LQ�WKH�WUHH�LQ�WKH�ILUVW�ILOH���7KH�VHFRQG�WUHH�ILOH�GRHV�QRW�
KDYH�WR�KDYH�WKH�QXPEHUV�RI�VSHFLHV�DQG�WUHHV�RQ�WKH�ILUVW�OLQH���,I�\RX�UXQ�0U%D\HV��\RX�FDQ�PRYH�
WKH�PD[LPXP�OLNHOLKRRG�WUHH�RU�PD[LPXP�a posteriori�WUHH�LQWR�WKH�ILUVW�ILOH��DQG�WKH�VHFRQG�WUHH�ILOH�
FDQ�EH�WKH��W�ILOH�JHQHUDWHG�E\�0U%D\HV��ZLWK�QR�FKDQJH�QHFHVVDU\���5LJKW�QRZ�VSHFLHV�DUH�
UHSUHVHQWHG�E\�QXPEHUV�RQO\�LQ�WKH�WUHH�ILOHV��,�WKLQN���<RX�FDQ�FKRRVH�WKLV�RSWLRQ�E\�UXQQLQJ�
HYROYHU��WKHQ�RSWLRQ�����7KH�SURJUDP�ZLOO�WKHQ�DVN�\RX�WR�LQSXW�WZR�ILOH�QDPHV���$Q�DOWHUQDWLYH�ZD\��
ZKLFK�E\SDVVHV�WKH�QDwYH�PHQX��LV�WR�SXW�WKH�RSWLRQ�DQG�WZR�ILOH�QDPHV�DW�WKH�FRPPDQG�OLQH��
�����HYROYHU����0DVWHU7UHH)LOH!��7UHHV)LOH!�

2SWLRQV����������6LPXODWLRQV���7KH�SURJUDP�evolver�VLPXODWHV�QXFOHRWLGH��FRGRQ��DQG�DPLQR�DFLG�
VHTXHQFHV�ZLWK�XVHU�VSHFLILHG�WUHH�WRSRORJ\�DQG�EUDQFK�OHQJWKV���7KH�XVHU�VSHFLILHV�WKH�VXEVWLWXWLRQ�
PRGHO�DQG�SDUDPHWHUV�LQ�D�FRQWURO�ILOH��VHH�EHORZ���7KH�SURJUDP�JHQHUDWHV�PXOWLSOH�GDWD�VHWV�LQ�RQH�
ILOH�LQ�HLWKHU�3$0/��RXWSXW�mc.paml��RU�3$83
��RXWSXW�mc.paup��IRUPDW���,I�\RX�FKRRVH�WKH�
3$83
�IRUPDW��WKH�SURJUDP�ZLOO�ORRN�IRU�ILOHV�ZLWK�WKH�IROORZLQJ�QDPHV��paupstart��ZKLFK�WKH�
SURJUDP�FRSLHV�WR�WKH�VWDUW�RI�WKH�GDWD�ILOH���paupblock��ZKLFK�WKH�SURJUDP�FRSLHV�WR�WKH�HQG�RI�
HDFK�VLPXODWHG�GDWD�VHW���DQG�paupend��ZKLFK�WKH�SURJUDP�LQFRUSRUDWHV�DW�WKH�HQG�RI�WKH�ILOH����
7KLV�PDNHV�LW�SRVVLEOH�WR�XVH�3$83
�WR�DQDO\]H�DOO�GDWD�VHWV�LQ�RQH�UXQ���3DUDPHWHUV�IRU�VLPXODWLRQ�
DUH�VSHFLILHG�LQ�WKUHH�ILOHV��MCbase.dat��MCcodon.dat��DQG�MCaa.dat�IRU�VLPXODWLQJ�
QXFOHRWLGH��FRGRQ��DQG�DPLQR�DFLG�VHTXHQFHV��UHVSHFWLYHO\���5XQ�WKH�GHIDXOW�RSWLRQV�ZKLOH�ZDWFKLQJ�
RXW�IRU�VFUHHQ�RXWSXW���7KHQ�KDYH�D�ORRN�DW�WKH�DSSURSULDWH�.dat�ILOHV���$V�DQ�H[DPSOH��WKH�
MCbase.dat�ILOH�LV�UHSURGXFHG�EHORZ���1RWH�WKDW�WKH�ILUVW�EORFN�RI�WKH�ILOH�KDV�WKH�LQSXWV�IRU�
HYROYHU��ZKLOH�WKH�UHVW�DUH�QRWHV���7KH�WUHH�OHQJWK�LV�WKH�H[SHFWHG�QXPEHU�RI�VXEVWLWXWLRQV�SHU�VLWH�
DORQJ�DOO�EUDQFKHV�LQ�WKH�SK\ORJHQ\��FDOFXODWHG�DV�WKH�VXP�RI�WKH�EUDQFK�OHQJWKV���7KLV�YDULDEOH�ZDV�
LQWURGXFHG�ZKHQ�,�ZDV�GRLQJ�VLPXODWLRQV�WR�HYDOXDWH�WKH�HIIHFW�RI�VHTXHQFH�GLYHUJHQFH�ZKLOH�
NHHSLQJ�WKH�VKDSH�RI�WKH�WUHH�IL[HG���HYROYHU�ZLOO�VFDOH�WKH�WUHH�VR�WKDW�WKH�EUDQFK�OHQJWKV�VXP�XS�WR�
WKH�VSHFLILHG�WUHH�OHQJWK���,I�\RX�XVH�±��IRU�WKH�WUHH�OHQJWK��WKH�SURJUDP�ZLOO�XVH�WKH�EUDQFK�OHQJWKV�
JLYHQ�LQ�WKH�WUHH�ZLWKRXW�WKH�UH�VFDOLQJ���$OVR�QRWH�WKDW�WKH�EDVH�IUHTXHQFLHV�KDYH�WR�EH�LQ�D�IL[HG�
RUGHU��WKLV�LV�WKH�VDPH�IRU�WKH�DPLQR�DFLG�DQG�FRGRQ�IUHTXHQFLHV�LQ�MCaa.dat�DQG�MCcodon.dat��
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ϰϬ

0       * 0: paml format (mc.paml); 1:paup format (mc.nex) 
367891      * random number seed (odd number) 
5 1000000 1 * <# seqs>  <# nucleotide sites>  <# replicates> 
-1          * <tree length, use -1 if tree has absolute branch lengths> 
(((A :0.1, B :0.2) :0.12, C :0.3) :0.123, D :0.4, E :0.5) ; 
 
3           * model: 0:JC69, 1:K80, 2:F81, 3:F84, 4:HKY85, 5:T92, 6:TN93, 7:REV 
5           * kappa or rate parameters in model 
0  0        * <alpha>  <#categories for discrete gamma> 
 
0.1 0.2 0.3 0.4    * base frequencies 
  T   C   A   G 

7KH�VLPXODWLRQ�RSWLRQV�����������RI�HYROYHU�FDQ�EH�UXQ�XVLQJ�D�FRPPDQG�OLQH�IRUPDW��E\SDVVLQJ�WKH�
QDwYH�PHQX���6R�KHUH�DUH�DOO�WKH�SRVVLEOH�ZD\V�RI�UXQQLQJ�HYROYHU��

 evolver  
 evolver 5 MyMCbaseFile 
 evolver 6 MyMCcodonFile 
 evolver 7 MyMCaaFile 

6LPXODWLRQ�XQGHU�FRGRQ�PRGHOV��RSWLRQ������<RX�VSHFLI\�WKH�IUHTXHQFLHV�IRU�DOO����FRGRQV���8QOLNH�
FRGHPO��WKHUH�LV�QR�YDULDEOH�IRU�JHQHWLF�FRGH�KHUH��\RX�VLPSO\�VSHFLI\���IRU�WKH�VWRS�FRGRQV���$OVR�
XQOLNH�FRGHPO��WKHUH�LV�QR�&RGRQ)UHT�YDULDEOH���<RX�FDQ�VSHFLI\�WKH�VDPH�IUHTXHQF\�IRU�DOO��VHQVH��
FRGRQV�WR�VSHFLI\�WKH�)HTXDO�PRGHO���)RU�PRGHOV�VXFK�DV�)�[��DQG�)�[���\RX�FDQ�FDOFXODWH�WKH�
UHVXOWLQJ�IUHTXHQFLHV�IRU�WKH�VHQVH�FRGRQV�DQG�VSHFLI\�WKHP�LQ�0&FRGRQ�GDW���,I�\RX�FKRRVH�YHUERVH�
 ���ZKHQ�\RX�UXQ�FRGHPO�XQGHU�)�[��RU�)�[��PRGHOV��WKH�SURJUDP�ZLOO�SULQW�RXW�WKH�FRGRQ�
IUHTXHQFLHV�H[SHFWHG�XQGHU�WKRVH�PRGHOV��FDOFXODWHG�XVLQJ�WKH�REVHUYHG�QXFOHRWLGH�IUHTXHQFLHV�LQ�
WKH�GDWDVHW���/RRN�LQ�WKH�UHVXOW�ILOH�IRU�³&RGRQ�IUHTXHQFLHV�XQGHU�PRGHO��IRU�XVH�LQ�HYROYHU´��

$OVR�WKH�PRGHO�RI�FRGRQ�VXEVWLWXWLRQ�XVHG�KHUH�DVVXPHV�WKH�VDPH�ω�UDWLR�IRU�DOO�EUDQFKHV�LQ�WKH�
SK\ORJHQ\�DQG�IRU�DOO�VLWHV�LQ�WKH�JHQH���7KLV�LV�NQRZQ�DV�PRGHO�0���RQH�UDWLR����7R�VLPXODWH�XQGHU�
WKH�VLWH�PRGHOV�ZLWK�YDULDEOH�ω¶V�DPRQJ�VLWHV��RU�WKH�EUDQFK�PRGHOV�ZLWK�GLIIHUHQW�ωV�DPRQJ�
EUDQFKHV��RU�WKH�EUDQFK�VLWH�PRGHOV�ZLWK�ω�YDU\LQJ�ERWK�DPRQJ�VLWHV�DQG�DPRQJ�EUDQFKHV��SOHDVH�
UHDG�WKH�ILOH�&RGRQ6LPXODWLRQ�W[W�LQ�WKH�SDPO�7HFKQLFDO�6LPXODWLRQ�&RGRQ��IROGHU��

7KH�ILUVW�YDULDEOH�FRQWUROV�WKH�VHTXHQFH�GDWD�IRUPDW�WR�EH�XVHG��ZLWK���PHDQLQJ�WKH�SDPO�SK\OLS�
IRUPDW����VLWH�SDWWHUQ�FRXQWV�DQG���WKH�QH[XV�IRUPDW���7KH�VLWH�SDWWHUQ�FRXQWV�PD\�EH�UHDG�E\�EDVHPO�
RU�FRGHPO�ODWHU��DQG�LV�XVHIXO�LI�\RX�KDYH�ODUJH�GDWD�VHWV�ZLWK�PDQ\��!�����VLWHV����6HH�WKH�VHFWLRQ�RQ�
VHTXHQFH�GDWD�ILOH�IRUPDW�DERYH���

HYROYHU�DOVR�FDQ�VLPXODWH�GDWD�XVLQJ�D�UDQGRP�WUHH�ZLWK�UDQGRP�EUDQFK�OHQJWKV�IRU�HDFK�VLPXODWHG�
GDWD�VHW���<RX�ZLOO�KDYH�WR�FKDQJH�WKH�VRXUFH�FRGH�DQG�UHFRPSLOH���2SHQ�HYROYHU�F�DQG�ILQG�IL[WUHH ��
LQ�WKH�URXWLQH�6LPXODWH���DQG�FKDQJH�WKH�YDOXH���LQWR�����7KHQ�UHFRPSLOH�DQG�QDPH�WKH�SURJUDP�DV�
HYROYHU5DQGRP7UHH��VD\��

    cc -o evolverRandomTree -O2 evolver.c tools.c –lm 
    evolver 5 MCbaseRandomTree.dat 

7KH�FRQWURO�GDWD�ILOH�VXFK�DV�0&EDVH�GDW�KDV�WR�EH�FKDQJHG�DV�ZHOO���$Q�H[DPSOH�ILOH�QDPHG�
0&EDVH5DQGRP7UHH�GDW�LV�LQFOXGHG�LQ�WKH�SDFNDJH���7KLV�KDV�WKH�OLQHV�IRU�³WUHH�OHQJWK´�DQG�WUHH�
WRSRORJ\�UHSODFHG�E\�D�OLQH�IRU�WKH�ELUWK�UDWH�λ��GHDWK�UDWH�µ��VDPSOLQJ�IUDFWLRQ�ρ��DQG�WKH�WUHH�KHLJKW�
�WKH�H[SHFWHG�QXPEHU�RI�VXEVWLWXWLRQV�SHU�VLWH�IURP�WKH�URRW�WR�WKH�WLSV����7KH�WUHHV�DUH�JHQHUDWHG�
XVLQJ�WKH�ELUWK�GHDWK�SURFHVV�ZLWK�VSHFLHV�VDPSOLQJ��<DQJ�DQG�5DQQDOD���������7KH�FORFN�LV�
DVVXPHG���<RX�ZLOO�KDYH�WR�FKDQJH�WKH�VRXUFH�FRGH�WR�UHOD[�WKH�FORFN���,I�\RX�FKRRVH����SDPO��IRU�WKH�
ILOH�IRUPDW��WKH�UDQGRP�WUHHV�DUH�SULQWHG�RXW�LQ�WKH�ILOH�DQFHVWUDO�W[W��"���WKLV�\RX�FDQ�UHDG�IURP�ZLWKLQ�
5RG�3DJH¶V�7UHH9LHZ���,I�\RX�FKRRVH����QH[XV��IRU�ILOH�IRUPDW��WKH�SURJUDP�SULQWV�RXW�WKH�WUHH�LQ�D�
WUHH�EORFN�LQ�WKH�VHTXHQFH�GDWD�ILOH��

7KH�HYROYHU�SURJUDP�DOVR�KDV�D�IHZ�RSWLRQV�IRU�OLVWLQJ�DOO�WUHHV�IRU�D�VSHFLILHG�VPDOO�QXPEHU�RI�
VSHFLHV��DQG�IRU�JHQHUDWLQJ�UDQGRP�WUHHV�IURP�D�PRGHO�RI�FODGRJHQHVLV��WKH�ELUWK�GHDWK�SURFHVV�ZLWK�
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ϰϭ

VSHFLHV�VDPSOLQJ��<DQJ�DQG�5DQQDOD���������,W�DOVR�KDV�DQ�RSWLRQ�IRU�FDOFXODWLQJ�WKH�SDUWLWLRQ�
GLVWDQFH�EHWZHHQ�WUHH�WRSRORJLHV��

Monte Carlo simulation algorithm used in evolver.��<RX�FDQ�UHDG�DERXW�PRUH�GHWDLOV�LQ�WKH�VHFWLRQ�
³0RGHOV�DQG�$QDO\VHV´���6HH�DOVR�&KDSWHU���LQ�<DQJ����������+HUH�DUH�VRPH�EULHI�QRWHV���(YROYHU�
VLPXODWHV�GDWD�VHWV�E\�³HYROYLQJ´�VHTXHQFHV�DORQJ�WKH�WUHH���)LUVW��D�VHTXHQFH�LV�JHQHUDWHG�IRU�WKH�
URRW�XVLQJ�WKH�HTXLOLEULXP�QXFOHRWLGH��DPLQR�DFLG��RU�FRGRQ�IUHTXHQFLHV�VSHFLILHG�E\�WKH�PRGHO�
DQG�RU�WKH�GDWD�ILOH��MCbase.dat��MCcodon.dat��DQG�MCaa.dat��UHVSHFWLYHO\����7KHQ�HDFK�
VLWH�HYROYHV�DORQJ�WKH�EUDQFKHV�RI�WKH�WUHH�DFFRUGLQJ�WR�WKH�EUDQFK�OHQJWKV��SDUDPHWHUV�LQ�WKH�
VXEVWLWXWLRQ�PRGHO�HWF���:KHQ�WKH�VLWHV�LQ�WKH�VHTXHQFH�HYROYH�DFFRUGLQJ�WR�WKH�VDPH�SURFHVV��WKH�
WUDQVLWLRQ�SUREDELOLW\�PDWUL[�LV�FDOFXODWHG�RQO\�RQFH�IRU�DOO�VLWHV�IRU�HDFK�EUDQFK���)RU�VR�FDOOHG�VLWH�
FODVV�PRGHOV��VXFK�DV�WKH�JDPPD��DQG�WKH�16VLWHV�FRGRQ�PRGHOV���GLIIHUHQW�VLWHV�PLJKW�KDYH�
GLIIHUHQW�WUDQVLWLRQ�SUREDELOLW\�PDWULFHV���*LYHQ�WKH�FKDUDFWHU�DW�WKH�VWDUW�RI�WKH�EUDQFK��WKH�FKDUDFWHU�
DW�WKH�HQG�RI�WKH�EUDQFK�LV�VDPSOHG�IURP�D�PXOWLQRPLDO�GLVWULEXWLRQ�VSHFLILHG�E\�WKH�WUDQVLWLRQ�
SUREDELOLWLHV�IURP�WKH�VRXUFH�FKDUDFWHU���6HTXHQFHV�DW�WKH�DQFHVWUDO�QRGHV�DUH�JHQHUDWHG�GXULQJ�WKH�
VLPXODWLRQ�DQG�SULQWHG�RXW�LQ�WKH�ILOH�DQFHVWUDO�W[W��

6RPH�SHRSOH�ZDQWHG�WR�VSHFLI\�WKH�VHTXHQFH�DW�WKH�URRW�UDWKHU�WKDQ�OHWWLQJ�WKH�SURJUDP�JHQHUDWH�D�
UDQGRP�VHTXHQFH���7KLV�FDQ�EH�DFKLHYHG�E\�SXWWLQJ�D�VHTXHQFH�LQ�WKH�ILOH�5RRW6HT�W[W���7KH�VHTXHQFH�
FDQQRW�KDYH�DPELJXLWLHV�RU�JDSV�RU�VWRS�FRGRQV���,Q�DOPRVW�DOO�VLPXODWLRQV��LW�LV�VLPSO\�ZURQJ�WR�IL[�
WKH�URRW�VHTXHQFH��VR�\RX�VKRXOG�UHVLVW�WKH�WHPSWDWLRQ�RI�PDNLQJ�WKH�PLVWDNH���,I�\RX�ZDQW�WKH�
VLPXODWLRQ�WR�UHIOHFW�\RXU�SDUWLFXODU�JHQH��\RX�PD\�HVWLPDWH�SDUDPHWHUV�XQGHU�D�PRGHO�IURP�WKDW�
JHQH�DQG�WKHQ�VLPXODWH�GDWD�VHWV�XVLQJ�WKH�SDUDPHWHU�HVWLPDWHV��
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7B8  yn00 

7KH�SURJUDP�yn00�LPSOHPHQWV�WKH�PHWKRG�RI�<DQJ�DQG�1LHOVHQ��������IRU�HVWLPDWLQJ�V\QRQ\PRXV�
DQG�QRQV\QRQ\PRXV�VXEVWLWXWLRQ�UDWHV�EHWZHHQ�WZR�VHTXHQFHV��d6�DQG�d1����7KH�PHWKRG�RI�1HL�DQG�
*RMRERUL��������LV�DOVR�LQFOXGHG���7KH�DG�KRF�PHWKRG�LPSOHPHQWHG�LQ�WKH�SURJUDP�DFFRXQWV�IRU�WKH�
WUDQVLWLRQ�WUDQVYHUVLRQ�UDWH�ELDV�DQG�FRGRQ�XVDJH�ELDV��DQG�LV�DQ�DSSUR[LPDWLRQ�WR�WKH�0/�PHWKRG�
DFFRXQWLQJ�IRU�WKH�WUDQVLWLRQ�WUDQVYHUVLRQ�UDWH�UDWLR�DQG�DVVXPLQJ�WKH�)�[��FRGRQ�IUHTXHQF\�PRGHO��
:H�UHFRPPHQG�WKDW�\RX�XVH�WKH�0/�PHWKRG��runmode �����CodonFreq� ���LQ�codeml.ctl��
DV�PXFK�DV�SRVVLEOH�HYHQ�IRU�SDLUZLVH�VHTXHQFH�FRPSDULVRQ���

      seqfile = abglobin.nuc * sequence data file name 
      outfile = yn           * main result file 
      verbose = 0      * 1: detailed output (list sequences), 0: concise output 
 
        icode = 0  * 0:universal code; 1:mammalian mt; 2-10:see below 
    weighting = 0  * weighting pathways between codons (0/1)? 
   commonf3x4 = 0  * use one set of codon freqs for all pairs (0/1)?  

7KH�FRQWURO�ILOH�yn00.ctl��DQ�H[DPSOH�RI�ZKLFK�LV�VKRZQ�DERYH��VSHFLILHV�WKH�VHTXHQFH�GDWD�ILOH�
QDPH��seqfile���RXWSXW�ILOH�QDPH��outfile���DQG�WKH�JHQHWLF�FRGH��icode����6LWHV��FRGRQV��
LQYROYLQJ�DOLJQPHQW�JDSV�RU�DPELJXLW\�QXFOHRWLGHV�LQ�DQ\�VHTXHQFH�DUH�UHPRYHG�IURP�DOO�VHTXHQFHV���
7KH�YDULDEOH�weighting�GHFLGHV�ZKHWKHU�HTXDO�ZHLJKWLQJ�RU�XQHTXDO�ZHLJKWLQJ�ZLOO�EH�XVHG�ZKHQ�
FRXQWLQJ�GLIIHUHQFHV�EHWZHHQ�FRGRQV��7KH�WZR�DSSURDFKHV�ZLOO�EH�GLIIHUHQW�IRU�GLYHUJHQW�VHTXHQFHV��
DQG�XQHTXDO�ZHLJKWLQJ�LV�PXFK�VORZHU�FRPSXWDWLRQDOO\���7KH�WUDQVLWLRQ�WUDQVYHUVLRQ�UDWH�UDWLR�κ�LV�
HVWLPDWHG�IRU�DOO�VHTXHQFHV�LQ�WKH�GDWD�ILOH�DQG�XVHG�LQ�VXEVHTXHQW�SDLUZLVH�FRPSDULVRQV���
commonf3x4�VSHFLILHV�ZKHWKHU�FRGRQ�IUHTXHQFLHV��EDVHG�RQ�WKH�)�[��PRGHO�RI�codonml��VKRXOG�
EH�HVWLPDWHG�IRU�HDFK�SDLU�RU�IRU�DOO�VHTXHQFHV�LQ�WKH�GDWD���%HVLGHV�WKH�PDLQ�UHVXOW�ILOH��WKH�SURJUDP�
DOVR�JHQHUDWHV�WKUHH�GLVWDQFH�PDWULFHV��2YN.dS�IRU�V\QRQ\PRXV�UDWHV��2YN.dN�IRU�QRQV\QRQ\PRXV�
UDWHV��2YN.t�IRU�WKH�FRPELQHG�FRGRQ�UDWH��t�LV�PHDVXUHG�DV�WKH�QXPEHU�RI�QXFOHRWLGH�VXEVWLWXWLRQV�
SHU�FRGRQ����7KRVH�DUH�ORZHU�GLDJRQDO�GLVWDQFH�PDWULFHV�DQG�DUH�GLUHFWO\�UHDGDEOH�E\�VRPH�GLVWDQFH�
SURJUDPV�VXFK�DV�NEIGHBOR�LQ�)HOHVHQVWHLQ
V�3+</,3�SDFNDJH��
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8B9  mcmctree 

Overview  

7KH�SURJUDP�mcmctree�PD\�EH�WKH�ILUVW�%D\HVLDQ�SK\ORJHQHWLF�SURJUDP��<DQJ�DQG�5DQQDOD�������
5DQQDOD�DQG�<DQJ���������EXW�ZDV�YHU\�VORZ�DQG�GHFRPPLVVLRQHG�VLQFH�WKH�UHOHDVH�RI�0U%D\HV�
�+XHOVHQEHFN�DQG�5RQTXLVW��������

6LQFH�3$0/�YHUVLRQ��������������PFPFWUHH�LPSOHPHQWV�WKH�0&0&�DOJRULWKPV�RI�<DQJ�DQG�
5DQQDOD��������DQG�WKHQ�RI�5DQQDOD�DQG�<DQJ��������IRU�HVWLPDWLQJ�VSHFLHV�GLYHUJHQFH�WLPHV�RQ�D�
JLYHQ�URRWHG�WUHH�XVLQJ�PXOWLSOH�IRVVLO�FDOLEUDWLRQV���7KLV�LV�VLPLODU�WR�WKH�PXOWLGLYWLPH�SURJUDP�RI�
-HII�7KRUQH�DQG�+LUR�.LVKLQR���7KH�GLIIHUHQFHV�EHWZHHQ�WKH�WZR�SURJUDPV�DUH�GLVFXVVHG�E\�<DQJ�
DQG�5DQQDOD��������DQG�<DQJ��������6HFWLRQ�������VHH�DOVR�EHORZ����

3OHDVH�UHIHU�WR�DQ\�ERRN�RQ�%D\HVLDQ�FRPSXWDWLRQ��IRU�H[DPSOH��&KDSWHU���LQ�<DQJ��������IRU�WKH�
EDVLFV�RI�0&0&�DOJRULWKPV����

+HUH�DUH�VRPH�QRWHV�DERXW�WKH�SURJUDP��

•� %HIRUH�VWDUWLQJ�WKH�SURJUDP��UHVL]H�WKH�ZLQGRZ�WR�KDYH�����FROXPQV�LQVWHDG�RI�������2Q�
:LQGRZV�;3�9LVWD��ULJKW�FOLFN�WKH�FRPPDQG�SURPSW�ZLQGRZ�WLWOH�EDU�DQG�FKDQJH�3URSHUWLHV���
/D\RXW���:LQGRZ�6L]H���:LGWK���

•� 7KH�WUHH��VXSSOLHG�LQ�WKH�WUHH�ILOH��PXVW�EH�D�URRWHG�ELQDU\�WUHH��HYHU\�LQWHUQDO�QRGH�VKRXOG�KDYH�
H[DFWO\�WZR�GDXJKWHU�QRGHV���<RX�VKRXOG�QRW�XVH�D�FRQVHQVXV�WUHH�ZLWK�SRO\WRPLHV�IRU�
GLYHUJHQFH�WLPH�HVWLPDWLRQ�XVLQJ�0&0&75((���,QVWHDG�\RX�VKRXOG�XVH�D�ELIXUFDWLQJ�0/�WUHH�RU�
1-�WUHH�RU�WUDGLWLRQDO�PRUSKRORJ\�WUHH���1RWH�WKDW�D�ELQDU\�WUHH�KDV�D�FKDQFH�RI�EHLQJ�FRUUHFW��
ZKLOH�D�SRO\WRP\�WUHH�KDV�QRQH��

•� 7KH�WUHH�PXVW�QRW�KDYH�EUDQFK�OHQJWKV���)RU�H[DPSOH����D������E������������F������
!�������
���GRHV�
QRW�ZRUN��ZKLOH���D��E���F��
!�������
���LV�ILQH��

•� 8QGHU�WKH�UHOD[HG�FORFN�PRGHOV��FORFN� ���RU����DQG�LI�WKHUH�LV�QR�FDOLEUDWLRQ�RQ�WKH�URRW��D�ORRVH�
XSSHU�ERXQG��PD[LPDO�DJH�FRQVWUDLQW��PXVW�EH�VSHFLILHG�LQ�WKH�FRQWURO�ILOH��5RRW$JH�����7KHUH�
VKRXOG�EH�QR�QHHG�WR�XVH�5RRW$JH�LI�FORFN� ����EXW�WKH�SURJUDP�LQVLVWV�WKDW�\RX�KDYH�LW���,�ZLOO�
WU\�WR�IL[�WKLV����

•� Choice of time unit.��7KH�WLPH�XQLW�VKRXOG�EH�FKRVHQ�VXFK�WKDW�WKH�QRGH�DJHV�DUH�URXJKO\�LQ�WKH�
UDQJH�����������,I�WKH�GLYHUJHQFH�WLPHV�DUH�DURXQG���������0<��WKHQ����0<�PD\�EH�RQH�WLPH�
XQLW���7KH�SULRUV�RQ�WLPHV�DQG�RQ�UDWHV�DQG�WKH�IRVVLO�FDOLEUDWLRQV�VKRXOG�DOO�EH�VSHFLILHG�EDVHG�RQ�
\RXU�FKRLFH�RI�WKH�WLPH�VFDOH���)RU�H[DPSOH��LI�RQH�WLPH�XQLW�LV����0<��WKH�IROORZLQJ�
�
   rgene_gamma = 100 1000 2 0  * conditional iid prior for locus rates  
  sigma2_gamma = 10 100 2      * conditional iid prior for sigma^2  (for clock=2 or 3) 
 

PHDQV�DQ�RYHUDOO�DYHUDJH�UDWH�RI���������� �����VXEVWLWXWLRQV�SHU�VLWH�SHU����0<�RU���±��
VXEVWLWXWLRQV�SHU�VLWH�SHU�\HDU���,I�\RX�FKDQJH�WKH�WLPH�XQLW��\RX�VKRXOG�NHHS�WKH�VKDSH�SDUDPHWHU�
IL[HG�DQG�FKDQJH�WKH�VFDOH�SDUDPHWHU�βµ�WR�KDYH�WKH�FRUUHFW�PHDQ���,Q�RWKHU�ZRUGV��WR�XVH�RQH�
WLPH�XQLW�WR�UHSUHVHQW���0<��WKH�SULRU�VKRXOG�EHFRPH��
�
   rgene_gamma = 100 100 2 0  * conditional iid prior for locus rates  
  sigma2_gamma = 10 100 2     * conditional iid prior for sigma^2  (for clock=2 or 3) 
 

1RWH�WKDW�XQGHU�WKH�LQGHSHQGHQW�UDWHV�PRGHO��FORFN ����WKH�FKDQJH�RI�WKH�WLPH�XQLW�VKRXOG�QRW�
OHDG�WR�D�FKDQJH�WR�WKH�SULRU�IRU�σ���EHFDXVH�σ��LV�WKH�YDULDQFH�RI�WKH�ORJ�UDWH��WKH�YDULDQFH�RI�WKH�
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ORJDULWKP�RI�WKH�UDWH�GRHV�QRW�FKDQJH�ZKHQ�\RX�UHVFDOH�WKH�UDWH�E\�D�FRQVWDQW���+RZHYHU��IRU�WKH�
FRUUHODWHG�UDWHV�PRGHO��FORFN ����WKH�FKDQJH�RI�WKH�WLPH�XQLW�VKRXOG�DOVR�OHDG�WR�D�FKDQJH�WR�σ���
XQGHU�WKDW�PRGHO��WKH�YDULDQFH�RI�WKH�ORJ�QRUPDO�GLVWULEXWLRQ�LV�tσ���ZKHUH�t�LV�WKH�WLPH�JDS�
VHSDUDWLQJ�WKH�PLGSRLQWV�RI�WKH�EUDQFKHV����
�
:KHQ�\RX�FKDQJH�WKH�WLPH�XQLW��WKH�IRVVLO�FDOLEUDWLRQV�LQ�WKH�WUHH�ILOH�VKRXOG�EH�FKDQJHG�
DFFRUGLQJO\���:KLOH�LGHDOO\�RQH�ZRXOG�ZDQW�WKH�ELRORJLFDO�UHVXOWV�WR�EH�XQFKDQJHG�ZKHQ�RQH�
FKDQJHV�WKH�WLPH�XQLW��ZH�NQRZ�WKDW�WZR�FRPSRQHQWV�RI�WKH�PRGHO�DUH�QRW�LQYDULDQW�WR�WKH�WLPH�
VFDOH��WKH�ORJ�QRUPDO�GLVWULEXWLRQ�IRU�UDWHV�DQG�WKH�ELUWK�GHDWK�PRGHO�IRU�WLPHV���1HYHUWKHOHVV��
*URXVVLQ�HW�DO��^������������`�VXJJHVWHG�WKDW�WKH�FKRLFH�RI�WLPH�VFDOH�KDG�PLQLPDO�HIIHFWV�RQ�
WKH�SRVWHULRU�WLPH�DQG�UDWH�HVWLPDWHV���

•� Specifying the prior on rates.��&KRRVH�αµ�IRU�rgene_gamma��µ��EDVHG�RQ�KRZ�FRQILGHQW�\RX�DUH�
DERXW�WKH�RYHUDOO�UDWH���)RU�H[DPSOH��αµ� ���������RU���PHDQ�TXLWH�GLIIXVH��XQLQIRUPDWLYH��SULRUV���
7KHQ�DGMXVW�βµ�VR�WKDW�WKH�PHDQ�αµ�βµ�LV�UHDVRQDEOH���7R�JHW�D�URXJK�PHDQ�IRU�WKH�RYHUDOO�UDWH��
\RX�FDQ�XVH�D�IHZ�SRLQW�FDOLEUDWLRQV�WR�UXQ�WKH�0/�SURJUDP�EDVHPO�RU�FRGHPO�XQGHU�D�VWULFW�
FORFN��FORFN� ������)RU�H[DPSOH��LI�D�QRGH�KDV�WKH�FDOLEUDWLRQ�%��������������\RX�FDQ�IL[�WKH�QRGH�
DJH�DW������ZKHQ�\RX�UXQ�EDVHPO�FRGHPO���,I�\RX�DUH�DQDO\]LQJ�PXOWLSOH�ORFL�SDUWLWLRQV��ZKLFK�
KDYH�TXLWH�GLIIHUHQW�UDWHV��\RX�FDQ�XVH�DQ�LQWHUPHGLDWH�YDOXH��RU�WKH�PHDQ�RU�PHGLDQ�DPRQJ�WKH�
ORFXV�UDWHV���7KH�SURJUDP�XVHV�WKH�VDPH�SULRU�IRU�µ�IRU�DOO�ORFL��

•� ,W�LV�LPSRUWDQW�WKDW�\RX�UXQ�WKH�VDPH�DQDO\VLV�DW�OHDVW�WZLFH�WR�FRQILUP�WKDW�WKH�GLIIHUHQW�UXQV�
SURGXFHG�YHU\�VLPLODU��DOWKRXJK�QRW�LGHQWLFDO��UHVXOWV���,W�LV�FULWLFDO�WKDW�\RX�HQVXUH�WKDW�WKH�
DFFHSWDQFH�SURSRUWLRQV�DUH�QHLWKHU�WRR�KLJK�QRU�WRR�ORZ���6HH�EHORZ�DERXW�WKH�YDULDEOH�ILQHWXQH����

•� ,W�LV�LPSRUWDQW�WKDW�\RX�UXQ�WKH�SURJUDP�ZLWKRXW�VHTXHQFH�GDWD��XVHGDWD� ����ILUVW�WR�H[DPLQH�WKH�
PHDQV�DQG�&,V�RI�GLYHUJHQFH�WLPHV�VSHFLILHG�LQ�WKH�SULRU���,Q�WKHRU\��WKH�MRLQW�SULRU�GLVWULEXWLRQ�
RI�DOO�WLPHV�VKRXOG�EH�VSHFLILHG�E\�WKH�XVHU���1HYHUWKHOHVV�LW�LV�QHDUO\�LPSRVVLEOH�WR�VSHFLI\�VXFK�
D�FRPSOH[�KLJK�GLPHQVLRQDO�GLVWULEXWLRQ���,QVWHDG�WKH�SURJUDP�JHQHUDWHV�WKH�MRLQW�SULRU�E\�XVLQJ�
WKH�FDOLEUDWLRQ�GLVWULEXWLRQV�DQG�WKH�FRQVWDLQW�RQ�WKH�URRW�DV�ZHOO�DV�WKH�ELUWK�GHDWK�SURFHVV�
PRGHO�WR�JHQHUDWH�WKH�MRLQW�SULRU���7KLV�WKH�SULRU�XVHG�E\�WKH�SURJUDP�LQ�WKH�GDWLQJ�DQDO\VLV���
<RX�KDYH�WR�H[DPLQH�LW�WR�PDNH�VXUH�LW�LV�VHQVLEOH��MXGJHG�E\�\RXU�NQRZOHGJH�RI�WKH�VSHFLHV�DQG�
WKH�UHOHYDQW�IRVVLO�UHFRUG���,I�QHFHVVDU\��\RX�PD\�KDYH�WR�FKDQJH�WKH�IRVVLO�FDOLEUDWLRQV�VR�WKDW�
WKH�SULRU�ORRN�UHDVRQDEOH����

•� 7KH�SURJUDP�ULJKW�QRZ�GRHV�D�VLPSOH�VXPPDU\�RI�WKH�0&0&�VDPSOHV��FDOFXODWLQJ�WKH�PHDQ��
PHGLDQ�DQG�WKH�����&,V�IRU�WKH�SDUDPHWHUV���,I�\RX�ZDQW�PRUH�VRSKLVWLFDWHG�VXPPDULHV�VXFK�DV�
��'�DQG���'�GHQVLW\�HVWLPDWHV��\RX�FDQ�UXQ�D�VPDOO�SURJUDP�GV�DW�WKH�HQG�RI�WKH�PFPFWUHH�UXQ��
E\�W\SLQJ����GV�PFPF�RXW��

•� 7R�XVH�KDUG�ERXQGV��\RX�FDQ�VSHFLI\�WKH�WDLO�SUREDELOLWLHV�DV���±����LQVWHDG�RI�WKH�GHIDXOW���������
6HH�WDEOH���EHORZ��

�

The control file  

<RX�FDQ�XVH�WKH�ILOHV�LQ�WKH�IROGHU�H[DPSOHV�6RIW%RXQG��WR�GXSOLFDWH�WKH�UHVXOWV�RI�<DQJ�DQG�
5DQQDOD��������WDEOH����DQG�5DQQDOD�DQG�<DQJ��������WDEOH������%HORZ�LV�D�FRS\�RI�WKH�FRQWURO�ILOH�
PFPFWUHH�FWO����

          seed = -1234567 
       seqfile = mtCDNApri123.txt 
      treefile = mtCDNApri.trees 
      mcmcfile = mcmc.txt 

�
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       outfile = out 
 
         ndata = 3 
       usedata = 1    * 0: no data; 1:seq like; 2:use in.BV; 3: out.BV 
         clock = 1    * 1: global clock; 2: independent rates; 3: correlated rates 
*       TipDate = 1 100  * TipDate (1) & time unit 
 
       RootAge = '>0.8<1.2' 
 
         model = 0    * 0:JC69, 1:K80, 2:F81, 3:F84, 4:HKY85 
         alpha = 0    * alpha for gamma rates at sites 
         ncatG = 5    * No. categories in discrete gamma 
 
     cleandata = 0    * remove sites with ambiguity data (1:yes, 0:no)? 
 BlengthMethod = 0    * 0: arithmetic; 1: geometric; 2: Brownian 
 
       BDparas = 1 1 0    * birth, death, sampling 
   kappa_gamma = 6 2      * gamma prior for kappa 
   alpha_gamma = 1 1      * gamma prior for alpha 
 
   rgene_gamma = 2 2 1 0   * prior for locus rates (rates for genes) 
  sigma2_gamma = 1 1 1     * prior for sigma^2     (for clock=2 or 3) 
 
      finetune = 1: .01 .2 .1 .1 .2 .1 * auto (0 or 1): times, musigma2, rates, mixing, paras, FossilErr 
 
         print = 1 (print = 2 to print rates for branches with clock=2 or 3) 
        burnin = 4000 
      sampfreq = 2 
       nsample = 10000 

�
VHHG�VKRXOG�EH�DVVLJQHG�D�QHJDWLYH�RU�SRVLWLYH�LQWHJHU���$�QHJDWLYH�LQWHJHU��VXFK�DV�±���PHDQV�WKDW�
WKH�UDQGRP�QXPEHU�VHHG�LV�GHWHUPLQHG�IURP�WKH�FXUUHQW�FORFN�WLPH���'LIIHUHQW�UXQV�ZLOO�VWDUW�IURP�
GLIIHUHQW�SODFHV�DQG�JHQHUDWH�GLIIHUHQW�UHVXOWV�GXH�WR�WKH�VWRFKDVWLF�QDWXUH�RI�WKH�0&0&�DOJRULWKP���
<RX�VKRXOG�XVH�WKLV�RSWLRQ�DQG�UXQ�WKH�SURJUDP�DW�OHDVW�WZLFH��WR�FRQILUP�WKDW�WKH�UHVXOWV�DUH�YHU\�
VLPLODU�EHWZHHQ�UXQV��LGHQWLFDO�WR��0<�RU����0<��GHSHQGLQJ�RQ�WKH�GHVLUHG�SUHFLVLRQ����,I�\RX�
REWDLQ�LQWROHUDEO\�GLIIHUHQW�UHVXOWV�IURP�GLIIHUHQW�UXQV��\RX�REYLRXVO\�ZRQ¶W�KDYH�DQ\�FRQILGHQFH�LQ�
WKH�UHVXOWV���7KLV�ODFN�RI�FRQVLVWHQF\�EHWZHHQ�UXQV�FDQ�EH�GXH�WR�PDQ\�UHDVRQV��LQFOXGLQJ�VORZ�
FRQYHUJHQFH��SRRU�PL[LQJ��LQVXIILFLHQW�VDPSOHV�WDNHQ��RU�HUURUV�LQ�WKH�SURJUDP���7KXV�\RX�FDQ�FKHFN�
WR�PDNH�VXUH��L��WKDW�WKH�FKDLQ�LV�DW�UHDVRQDEO\�JRRG�SODFH�ZKHQ�LW�UHDFKHG�����WKH�HQG�RI�EXUQ�LQ���
LQGLFDWLQJ�WKDW�WKH�FKDLQ�PD\�KDYH�FRQYHUJHG���LL��WKDW�WKH�DFFHSWDQFH�SURSRUWLRQ�RI�DOO�SURSRVDOV�
XVHG�E\�WKH�DOJRULWKP�DUH�QHLWKHU�WRR�KLJK�QRU�WRR�ORZ��VHH�EHORZ�DERXW�ILQHWXQH��LQGLFDWLQJ�WKDW�WKH�
FKDLQ�LV�PL[LQJ�ZHOO���LLL��WKDW�\RX�KDYH�WDNHQ�HQRXJK�VDPSOHV��VHH�QVDPSOH�DQG�EXUQLQ�EHORZ�����
,I�\RX�JLYH�VHHG�D�SRVLWLYH�QXPEHU��WKDW�QXPEHU�ZLOO�EH�XVHG�DV�WKH�UHDO�VHHG���7KHQ�UXQQLQJ�WKH�
SURJUDP�PXOWLSOH�WLPHV�ZLOO�SURGXFH�H[DFWO\�WKH�VDPH�UHVXOWV���7KLV�LV�XVHIXO�IRU�GHEXJJLQJ�WKH�
SURJUDP�DQG�VKRXOG�QRW�EH�WKH�GHIDXOW�RSWLRQ�IRU�UHDO�GDWD�DQDO\VLV���

QGDWD�LV�WKH�QXPEHU�RI�ORFL��RU�VLWH�SDUWLWLRQV��LQ�D�FRPELQHG�DQDO\VLV���7KH�SURJUDP�DOORZV�VRPH�
VSHFLHV�WR�EH�PLVVLQJ�DW�VRPH�ORFL���7KH�PW�SULPDWH�GDWD�LQFOXGHG�SURWHLQ�FRGLQJ�JHQHV��DQG�WKH�
WKUHH�FRGRQ�SRVLWLRQV�DUH�WUHDWHG�DV�WKUHH�GLIIHUHQW�SDUWLWLRQV���,Q�WKH�FRPELQHG�DQDO\VLV�RI�PXOWLSOH�
JHQH�ORFL��WKH�VDPH�VXEVWLWXWLRQ�PRGHO�LV�XVHG��EXW�GLIIHUHQW�SDUDPHWHUV�DUH�DVVLJQHG�DQG�HVWLPDWHG�
IRU�HDFK�SDUWLWLRQ���

XVHGDWD� ���
XVHGDWD� ���
XVHGDWD� ���LQ%9ILOHQDPH��
XVHGDWD�����PHDQV�WKDW�WKH�VHTXHQFH�GDWD�ZLOO�QRW�EH�XVHG�LQ�WKH�0&0&��ZLWK�WKH�OLNHOLKRRG�VHW�WR����
VR�WKDW�WKH�0&0&�DSSUR[LPDWHV�WKH�SULRU�GLVWULEXWLRQ���7KLV�RSWLRQ�LV�XVHIXO�IRU�WHVWLQJ�DQG�
GHEXJJLQJ�WKH�SURJUDP��DQG�LV�DOVR�XVHIXO�IRU�JHQHUDWLQJ�WKH�SULRU�GLVWULEXWLRQ�RI�WKH�GLYHUJHQFH�
WLPHV���7KH�IRVVLO�FDOLEUDWLRQV�DQG�WKH�FRQVWUDLQWV�RQ�WKH�URRW�\RX�VSHFLI\�DUH�QRW�WKH�UHDO�SULRU�WKDW�LV�
LPSOHPHQWHG�LQ�WKH�SURJUDP��IRU�H[DPSOH��WKH\�PD\�QRW�HYHQ�VDWLVI\�WKH�UHTXLUHPHQW�WKDW�DQFHVWRUV�
VKRXOG�EH�ROGHU�WKDQ�GHVFHQGHQWV���7KH�SULRU�WKDW�LV�XVHG�E\�WKH�SURJUDP�FDQ�EH�JHQHUDWHG�E\�
UXQQLQJ�WKH�FKDLQ�ZLWKRXW�GDWD���XVHGDWD� ���PHDQV�WKDW�WKH�VHTXHQFH�GDWD�ZLOO�EH�XVHG�LQ�WKH�
0&0&��ZLWK�WKH�OLNHOLKRRG�FDOFXODWHG�XVLQJ�WKH�SUXQLQJ�DOJRULWKP�RI�)HOVHQVWHLQ���������ZKLFK�LV�
H[DFW�EXW�YHU\�VORZ�H[FHSW�IRU�YHU\�VPDOO�VSHFLHV�WUHHV���7KLV�RSWLRQ�LV�DYDLODEOH�IRU�QXFOHRWLGH�
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VHTXHQFHV�RQO\��DQG�WKH�PRVW�FRPSOH[�PRGHO�DYDLODEOH�LV�+.<���Γ���XVHGDWD� ���DQG���LPSOHPHQW�
D�PHWKRG�RI�DSSUR[LPDWH�OLNHOLKRRG�FDOFXODWLRQ��GRV�5HLV�DQG�<DQJ���������7KH\�FDQ�EH�XVHG�WR�
DQDO\]H�QXFOHRWLGH��DPLQR�DFLG��DQG�FRGRQ�VHTXHQFHV��XVLQJ�QXFOHRWLGH��DPLQR�DFLG��DQG�FRGRQ�
VXEVWLWXWLRQ�PRGHOV��UHVSHFWLYHO\���VSHFLILHV�WKH�DSSUR[LPDWH�OLNHOLKRRG�FDOFXODWLRQ��ZLWK�WKH�LQSXW�
�JUDGLHQW�	�+HVVLDQ�PDWUL[�HWF���LQ�WKH�ILOH��

FORFN���7KH�FORFN�YDULDEOH�LV�XVHG�WR�LPSOHPHQW�WKUHH�PRGHOV�FRQFHUQLQJ�WKH�PROHFXODU�FORFN����
PHDQV�JOREDO�PROHFXODU�FORFN��VR�WKDW�WKH�UDWH�LV�FRQVWDQW�DFURVV�DOO�OLQHDJHV�RQ�WKH�WUHH��HYHQ�WKRXJK�
WKH�UDWH�PD\�YDU\�DPRQJ�PXOWLSOH�JHQHV�����PHDQV�WKH�LQGHSHQGHQW�UDWHV�PRGHO��DQG���WKH�DXWR�
FRUUHODWHG�UDWHV�PRGHO���6HH�5DQQDOD�DQG�<DQJ��������DQG�6HFWLRQ������LQ�<DQJ��������IRU�GHWDLOV��

7LS'DWH���7KLV�RSWLRQ�LV�XVHG�WR�HVWLPDWH�DJHV�RI�LQWHUQDO�QRGHV�RQ�WKH�JLYHQ�URRWHG�WUHH�ZKHQ�WKH�
VHTXHQFHV�DW�WKH�WLSV�KDYLQJ�VDPSOLQJ�GDWHV��DV�LQ�WKH�FDVH�RI�VHTXHQWLDOO\�VDPSOHG�YLUDO�VHTXHQFHV���
7KH�VDPSOH�GDWHV�DUH�WKH�WKH�ODVW�ILHOG�LQ�WKH�VHTXHQFH�QDPH���7KH�WLPH�XQLW�LV�VSHFLILHG�E\�WKH�XVHU�
RQ�WKLV�OLQH���/RRN�DW�WKH�VHFWLRQ�'DWLQJ�YLUDO�GLYHUJQFHV�DQG�5($'0(�W[W�LQ�H[DPSOHV�7LS'DWH���

5RRW$JH���7KH�5RRW$JH�YDULDEOH�LV�XVHG�WR�VSHFLI\�D�ORRVH�FRQVWDLQW�RQ�WKH�DJH�RI�WKH�URRW��WR�
FRQVWUDLQ�WKH�URRW�DJH�IURP�DERYH���,W�LV�XVHG�LI�QR�VXFK�FRQVWUDLQW�LV�DYDLODEOH�WKURXJK�D�IRVVLO�
FDOLEUDWLRQ�RQ�WKH�URRW���1RWH�WKDW�IRVVLO�FDOLEUDWLRQV�DUH�VSHFLILHG�LQ�WKH�WUHH�ILOH���7ZR�IRUPDWV�DUH�
DFFHSWHG��VSHFLI\LQJ�HLWKHU�D�PD[LPXP�ERXQG��H�J���5RRW$JH� �
����
��RU�D�SDLU�RI�PLQLPXP�DQG�
PD[LPXP�ERXQGV��H�J���5RRW$JH� �
!�������
����7KH�5RRW$JH�YDULDEOH�LV�LJQRUHG�LI�D�IRVVLO�
FDOLEUDWLRQ�RQ�WKH�URRW�LV�VSHFLILHG�LQ�WKH�WUHH�ILOH�LQ�WKH�IRUP�RI�D�PD[LPXP�ERXQG��D�SDLU�RI�
PLQLPXP�DQG�PD[LPXP�ERXQGV��RU�D�JDPPD�GLVWULEXWLRQ���,I�WKH�IRVVLO�FDOLEUDWLRQ�LQ�WKH�WUHH�ILOH�LV�
D�PLQLPXP�ERXQG�RQ�WKH�URRW��H�J��
!���
���DQG�\RX�VSHFLI\�5RRW$JH� �
����
��WKHQ�WKH�SURJUDP�
LPSOHPHQWV�WKH�SDLU�RI�ERXQGV��HTXLYDOHQW�WR�VSHFLI\LQJ�WKH�FDOLEUDWLRQ�
!�������
�RQ�WKH�URRW��

PRGHO��DOSKD��QFDW*�DUH�XVHG�WR�VSHFLI\�WKH�QXFOHRWLGH�VXEVWLWXWLRQ�PRGHO���7KHVH�DUH�WKH�VDPH�
YDULDEOHV�DV�XVHG�LQ�EDVHPO�FWO���,I�DOSKD������WKH�SURJUDP�ZLOO�DVVXPH�D�JDPPD�UDWHV�PRGHO��ZKLOH�
DOSKD� ���PHDQV�WKDW�WKH�PRGHO�RI�RQH�UDWH�IRU�DOO�VLWHV�ZLOO�EH�XVHG���7KRVH�YDULDEOHV�KDYH�QR�HIIHFW�
ZKHQ�XVHGDWD� ����

FOHDQGDWD� ���PHDQV�WKDW�DOLJQPHQW�JDSV�DQG�DPELJXLW\�FKDUDFWHUV�ZLOO�EH�WUHDWHG�DV�PLVVLQJ�GDWD�LQ�
WKH�OLNHOLKRRG�FDOFXODWLRQ��VHH�SDJHV���������LQ�<DQJ��������� ���PHDQV�WKDW�DQ\�VLWHV�DW�ZKLFK�DW�
OHDVW�RQH�VHTXHQFH�KDV�DQ�DOLJQPHQW�JDS�RU�DPELJXLW\�FKDUDFWHU�ZLOO�EH�GHOHWHG�EHIRUH�DQDO\VLV���
7KLV�YDULDEOH�LV�XVHG�IRU�XVHGDWD� ���DQG���DQG�KDV�QR�HIIHFW�LI�XVHGDWD� ����

%'SDUDV� ��������VSHFLILHV�WKH�WKUHH�SDUDPHWHUV���ELUWK�UDWH�λ��GHDWK�UDWH�µ�DQG�VDPSOLQJ�IUDFWLRQ�ρ��
LQ�WKH�ELUWK�GHDWK�SURFHVV�ZLWK�VSHFLHV�VDPSOLQJ��<DQJ�DQG�5DQQDOD��������ZKLFK�LV�XVHG�WR�VSHFLI\�
WKH�SULRU�RI�GLYHUJHQFH�WLPHV��<DQJ�DQG�5DQQDOD���������7KH�QRGH�WLPHV�DUH�RUGHU�VWDWLVWLFV�IURP�D�
NHUQHO�GHQVLW\��ZKLFK�LV�VSHFLILHG�E\�WKRVH�SDUDPHWHUV���$�IHZ�NHUQHO�GHQVLWLHV�DUH�VKRZQ�LQ�ILJXUH���
RI�<DQJ�DQG�5DQQDOD��������RU�ILJXUH������LQ�<DQJ����������7KH�0DWKHPDWLFD�FRGH�IRU�SORWWLQJ�WKH�
GHQVLW\�IRU�JLYHQ�SDUDPHWHUV�λ��µ�DQG�ρ�LV�SRVWHG�DW�WKH�ZHE�VLWH�
HKWWS���DEDFXV�JHQH�XFO�DF�XN�]LKHQJ�GDWD�KWPOH���%\�DGMXVWLQJ�SDUDPHWHUV�λ��µ�DQG�ρ�WR�JHQHUDWH�
GLIIHUHQW�WUHH�VKDSHV��RQH�FDQ�DVVHVV�WKH�LPSDFW�RI�WKH�SULRU�RQ�SRVWHULRU�GLYHUJHQFH�WLPH�HVWLPDWLRQ���
,QWXLWLYHO\��WKH�QRGH�DJHV�DQG�WKXV�WKH�VKDSH�RI�WKH�WUHH�DUH�GHWHUPLQHG�E\�WKH�SDUDPHWHUV�DV�IROORZV���
7KHUH�DUH�s�±���LQWHUQDO�QRGHV�DQG�WKXV�s�±���QRGH�DJHV�LQ�WKH�URRWHG�WUHH�RI�s�VSHFLHV���7KH�DJH�RI�WKH�
URRW�LV�IL[HG��VR�WKH�s�±���QRGH�DJHV�DUH�UHODWLYH�WR�WKH�URRW�DJH��WKH\�DUH�DOO�EHWZHHQ���DQG������:H�
GUDZ�s�±���LQGHSHQGHQW�UDQGRP�YDULDEOHV�IURP�WKH�NHUQHO�GHQVLW\�DQG�RUGHU�WKHP���7KRVH�RUGHUHG�
YDULDEOHV�ZLOO�WKHQ�EH�WKH�QRGH�DJHV���7KXV�LI�WKH�NHUQHO�GHQVLW\�KDV�WKH�/�VKDSH��DOO�LQWHUQDO�QRGHV�
WHQG�WR�EH�\RXQJ��UHODWLYH�WR�WKH�URRW���DQG�WKH�WUHH�ZLOO�KDYH�ORQJ�LQWHUQDO�EUDQFKHV�DQG�VKRUW�WLS�
EUDQFKHV���,Q�FRQWUDVW��LI�WKH�NHUQHO�GHQVLW\�KDV�WKH�UHYHUVH�/�VKDSH��WKH�QRGH�DJHV�DUH�ODUJH�DQG�WKH�
QRGHV�FORVH�WR�WKH�URRW��WKHQ�WKH�WUHH�ZLOO�EH�EXVK�OLNH���6HH�SDJHV���������LQ�<DQJ�����������6WULFWO\�
VSHDNLQJ�WKH�DERYH�GHVFULSWLRQ�LV�DFFXUDWH�LI�IRVVLO�FDOLEUDWLRQ�LV�DYDLODEOH�IRU�WKH�URRW�RQO\�EXW�QRW�
IRU�DQ\�RWKHU�QRGHV���2WKHUZLVH�WKH�NHUQHO�GHQVLW\�VSHFLILHV�WKH�GLVWULEXWLRQ�RI�WKH�DJHV�RI�QRQ�
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FDOLEUDWLRQ�QRGHV�RQO\��DQG�WKH�LPSDFW�RI�WKH�NHUQHO�RQ�WKH�MRLQW�GLVWULEXWLRQ�RI�DOO�QRGH�DJHV�PD\�EH�
FRPSOH[��GHSHQGLQJ�RQ�WKH�ORFDWLRQV�RI�WKH�FDOLEUDWLRQ�QRGHV���

NDSSDBJDPPD� �����VSHFLILHV�WKH�VKDSH�DQG�VFDOH�SDUDPHWHUV��α�DQG�β��LQ�WKH�JDPPD�SULRU�IRU�
SDUDPHWHU�κ��WKH�WUDQVLWLRQ�WUDQVYHUVLRQ�UDWH�UDWLR��LQ�PRGHOV�VXFK�DV�.���DQG�+.<�����7KLV�KDV�QR�
HIIHFW�LQ�PRGHOV�VXFK�DV�-&����ZKLFK�GRHV�QRW�KDYH�WKH�SDUDPHWHU���1RWH�WKDW�WKH�JDPPD�GLVWULEXWLRQ�
ZLWK�SDUDPHWHUV�α�DQG�β�KDV�WKH�PHDQ�α�β�DQG�YDULDQFH�α�β����7KRVH�YDULDEOHV�DUH�XVHG�RQO\�ZKHQ�
XVHGDWD� ���DQG�KDYH�QR�HIIHFW�ZKHQ�XVHGDWD� ���RU����

DOSKDBJDPPD� �����VSHFLILHV�WKH�VKDSH�DQG�VFDOH�SDUDPHWHUV��α�DQG�β��LQ�WKH�JDPPD�SULRU�IRU�WKH�
VKDSH�SDUDPHWHU�IRU�JDPPD�UDWHV�DPRQJ�VLWHV�LQ�PRGHOV�VXFK�DV�-&���Γ��.���Γ�HWF���7KH�JDPPD�
PRGHO�RI�UDWH�YDULDWLRQ�LV�DVVXPHG�RQO\�LI�WKH�YDULDEOH�DOSKD�LV�DVVLJQHG�D�SRVLWLYH�YDOXH���7KLV�SULRU�
LV�XVHG�RQO\�ZKHQ�XVHGDWD� ���DQG�KDV�QR�HIIHFW�ZKHQ�XVHGDWD� ���RU����

UJHQHBJDPPD� ��������������VSHFLILHV�WKH�SDUDPHWHUV�LQ�WKH�SULRU�IRU�WKH�ORFXV�UDWHV���7ZR�SULRUV�
DUH�LPSOHPHQWHG�IRU�ORFXV�UDWHV��µi���DV�VXPPDUL]HG�LQ�=KX�HW�DO����������VSHFLILHG�LQ�WKH�IRUP�

   rgene_gamma = au bu a prior�

ZKHUH�DX�LV�αµ��EX�LV�βµ��D�LV�α��DQG�SULRU� ���LV�WKH�FRQGLWLRQDO�L�L�G��SULRU��=KX�HW�DO�������6\V�%LRO��
S�����HTXDWLRQ����ZKLOH�SULRU� ����GHIDXOW��LV�WKH�JDPPD�'LULFKOHW�SULRU�GRV�5HLV�HW�DO��������6\V�
%LRO��HTXDWLRQV��������7KXV�WKH�IROORZLQJ�VSHFLILHV�WKH�FRQGLWLRQDO�L�L�G��SULRU�ZLWK�αµ� ������βµ� �
������α� �����IRU�ORFXV�UDWHV�µi����

7KH�σi
��SULRU�KDV�SDUDPHWHUV�DX��EX��D��VSHFLILHG�LQ�WKH�VDPH�ZD\���7KH�VDPH�IRUP�RI�SULRU�

�FRQGLWLRQDO�LLG�RU�JDPPD�GLULFKOHW��LV�XVHG�IRU�ERWK�µi�DQG�σi
���

   rgene_gamma = 100 1000 1.0 0  * conditional iid prior for locus rates 
  sigma2_gamma = 4 100 1.0       * conditional iid for sigma^2 (for clock=2 or 3) 

7KH�GHIDXOW�YDOXH�RI�α�LV���DQG�WKH�GHIDXOW�SULRU�LV����JDPPD�'LULFKOHW���VR�WKDW�WKH�DERYH�LV�
HTXLYDOHQW�WR�WKH�IROORZLQJ��

   rgene_gamma = 100 1000  * gamma-dirichlet prior for locus rates 
  sigma2_gamma = 4 100     * conditional iid for sigma^2 (for clock=2 or 3) 

7KH�JDPPD�GLULFKHOW�SULRU��GHVFULEHG�LQ�GRV�5HLV�HW�DO����������LV�VSHFLILHG�DV�IROORZV��

   rgene_gamma = 100 1000 1 1  * gamma-dirichlet prior for locus rates 
  sigma2_gamma = 4 100 1       * gamma-dirichlet for sigma^2 (for clock=2 or 3) 

+HUH�DUH�VRPH�QRWHV�DERXW�WKH�SULRU�PRGHOV���6HH�GRV�5HLV�HW�DO��^������������`�DQG�=KX�HW�DO��^��
����������`�IRU�GHWDLOV���8QGHU�WKH�JOREDO�FORFN�PRGHO��FORFN ����WKH�LQGHSHQGHQW�UDWHV�PRGHO�
�FORFN� �����DQG�WKH�FRUUHODWHG�UDWHV�PRGHO��FORFN� �����µi�LV�WKH�RYHUDOO�UDWH�IRU�ORFXV�i���,Q�WKH�
H[DPSOH��µi�KDV�WKH�SULRU�PHDQ���������� ������WKDW�LV��RQH�FKDQJH�SHU�VLWH�SHU�WLPH�XQLW���,I�RQH�WLPH�
XQLW�LV����0<��WKLV�PHDQV�DQ�RYHUDOO�DYHUDJH�UDWH�RI���±��VXEVWLWXWLRQV�SHU�VLWH�SHU�\HDU���7KH�
YDULDQFH������������ ������LQ�WKH�H[DPSOH��RI�WKLV�JDPPD�SULRU�VSHFLILHV�KRZ�FRQILGHQW�\RX�DUH�
DERXW�WKH�RYHUDOO�UDWH���3DUDPHWHU�α�� ���LQ�WKH�H[DPSOH��VSHFLILHV�KRZ�YDULDEOH�WKH�RYHUDOO�UDWHV�DUH�
DPRQJ�ORFL���7KLV�KDV�PRUH�RU�OHVV�WKH�VDPH�LQWHUSUHWDWLRQ�DV�WKH�VKDSH�SDUDPHWHU�α�IRU�WKH�JDPPD�
PRGHO�RI�YDULDEOH�UDWHV�DPRQJ�VLWHV�^<DQJ�����������`��ZLWK�D�ODUJH�α�������VD\��PHDQLQJ�QHDUO\�
LGHQWLFDO�UDWHV�DPRQJ�ORFL�DQG�VPDOO�YDOXHV��VXFK�DV���RU������KLJKO\�YDULDEOH�UDWHV�DPRQJ�ORFL��

<RX�QHHG�WR�DGMXVW�WKLV�SULRU�WR�VXLW�\RXU�GDWD�DQG�WKH�FKRVHQ�WLPH�VFDOH���'RQ¶W�XVH�WKH�GHIDXOW���,I�
RX�GR�QRW�KDYH�LQIRUPDWLRQ�DERXW�WKH�RYHUDOO�UDWH��RQH�ZD\�RI�GHULYLQJ�D�URXJK�UDWH�HVWLPDWH��IRU�XVH�
DV�WKH�SULRU�PHDQ��PD\�EH�WR�UXQ�PFPFWUHH�ZLWK�WKH�FORFN��FORFN� �����
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VLJPD�BJDPPD� �������VSHFLILHV�WKH�VKDSH�DQG�VFDOH�SDUDPHWHUV��α�DQG�β��LQ�WKH�FRQGLWLRQDO�L�L�G��
RU�JDPPD�'LULFKOHW�SULRU�IRU�SDUDPHWHU�σi

����6HH�QRWHV�DERYH�DERXW�UJHQHBJDPPD���1RWH�WKDW�σi
��

VSHFLILHV�KRZ�YDULDEOH�WKH�UDWHV�DUH�DFURVV�EUDQFKHV�RU�KRZ�VHULRXVO\�WKH�FORFN�LV�YLRODWHG�DW�WKH�
ORFXV���7KLV�SULRU�LV�XVHG�IRU�WKH�WZR�YDULDEOH�UDWHV�PRGHOV��FORFN� ���RU�����ZLWK�D�ODUJHU�σ��
LQGLFDWLQJ�PRUH�YDULDEOH�UDWHV��5DQQDOD�DQG�<DQJ���������,I�FORFN� ����WKLV�SULRU�KDV�QR�HIIHFW����

,Q�WKH�LQGHSHQGHQW�UDWHV�PRGHO��FORFN� �����UDWHV�IRU�EUDQFKHV�DUH�LQGHSHQGHQW�YDULDEOHV�IURP�D�ORJ�
QRUPDO�GLVWULEXWLRQ��5DQQDOD�DQG�<DQJ�������HTXDWLRQ�������

� ( ){ }��

�� �� � �
���

� _ � � H[S ORJ � ���
r

f r r r
σπσ

µ σ µ σª º= − + < < ∞¬ ¼ �� ����

+HUH�σ��LV�WKH�YDULDQFH�LQ�WKH�ORJDULWKP�RI�WKH�UDWHV���7KH�UDWH�r�KDV�PHDQ�µ�DQG�YDULDQFH�
� ��H ��σ µ− ����

7KH�FRUUHODWHG�UDWHV�PRGHO��FORFN� ����VSHFLILHV�WKH�GHQVLW\�RI�WKH�FXUUHQW�UDWH�r��JLYHQ�WKDW�WKH�
DQFHVWUDO�UDWH�WLPH�t�DJR�LV�rA��DV��

� ( )��

� � �� � �
���

� _ � � H[S^ �ORJ � `� ���A Atr t
f r r t r r t r

σπ σ
σ σ= − + < < ∞ � ����

�5DQQDOD�DQG�<DQJ�������HTXDWLRQ������3DUDPHWHU�σ��KHUH�LV�HTXLYDOHQW�WR�ν�LQ�.LVKLQR�et al.����������
7KXV�r�KDV�PHDQ�rA�DQG�YDULDQFH�

� ��H ��t
Ar

σ − ��

1RWH�WKDW�σ���FORFN� ����RU�tσ���FORFN� ����LV�QRW�WKH�YDULDQFH�RI�WKH�UDWH��LW�LV�WKH�YDULDQFH�RI�WKH�
ORJDULWKP�RI�WKH�UDWH����

ILQHWXQH���7KH�IROORZLQJ�OLQH�LQ�WKH�FRQWURO�ILOH��

      finetune = 0: 0.04 0.2 0.3 0.1 0.3     * auto (0 or 1) : times, musigma2, rates, mixing, paras,   

      finetune = 1: .05 .05 .05 .05 .05 .05  * auto (0 or 1) : times, musigma2, rates, mixing, paras, 

LV�DERXW�WKH�VWHS�OHQJWKV�XVHG�LQ�WKH�SURSRVDOV�LQ�WKH�0&0&�DOJRULWKP���7KH�ILUVW�YDOXH��EHIRUH�WKH�
FRORQ��LV�D�VZLWFK��ZLWK���PHDQLQJ�QR�DXWRPDWLF�DGMXVWPHQWV�E\�WKH�SURJUDP�DQG���PHDQLQJ�
DXWRPDWLF�DGMXVWPHQWV�E\�WKH�SURJUDP���)ROORZLQJ�WKH�FRORQ�DUH�WKH�VWHS�OHQJWKV�IRU�WKH�SURSRVDOV�
XVHG�LQ�WKH�SURJUDP���7KH�SURSRVDOV�DUH�DV�IROORZV���D��WR�FKDQJH�WKH�GLYHUJHQFH�WLPHV���E��WR�FKDQJH�
µ��DQG�σ��LQ�WKH�UHOD[HG�UDWHV�PRGHOV����F��WR�FKDQJH�WKH�UDWH�IRU�ORFL�IRU�WKH�UHOD[HG�FORFN�PRGHOV��
�G��WR�SHUIRUP�WKH�PL[LQJ�VWHS��SDJH�����LQ�<DQJ�DQG�5DQQDOD��������DQG��H��WR�FKDQJH�SDUDPHWHUV�
LQ�WKH�VXEVWLWXWLRQ�PRGHO��VXFK�DV�κ�DQG�α�LQ�+.<�Γ����,I�\RX�FKRRVH�WR�OHW�WKH�SURJUDP�DGMXVW�WKH�
VWHS�OHQJWKV��EXUQLQ�KDV�WR�EH�!�����DQG�WKHQ�WKH�VWHS�OHQJWKV�VSHFLILHG�KHUH�ZLOO�EH�WKH�LQLWLDO�VWHS�
OHQJWKV��DQG�WKH�SURJUDP�ZLOO�WU\�WR�DGMXVW�WKHP�XVLQJ�WKH�LQIRUPDWLRQ�FROOHFWHG�GXULQJ�WKH�EXUQLQ�
VWHS���,W�GRHV�WKLV�WZLFH��RQFH�DW�KDOI�RI�WKH�EXUQLQ�DQG�DQRWKHU�WLPH�DW�WKH�HQG�RI�WKH�EXUQLQ���7KH�
RSWLRQ�RI�DXWRPDWLF�DGMXVWPHQW�LV�QRW�ZHOO�WHVWHG��

7KH�IROORZLQJ�QRWHV�DUH�IRU�PDQXDOO\�DGMXVWLQJ�WKH�VWHS�OHQJWKV���<RX�FDQ�XVH�WKHP�WR�JHQHUDWH�JRRG�
LQLWLDO�VWHS�OHQJWKV�DV�ZHOO�IRU�WKH�RSWLRQ�RI�DXWRPDWLF�VWHS�OHQJWK�DGMXVWPHQW����

-20% 0.33 0.01 0.25 0.00 0.00  1.022 0.752 0.252 0.458 0.133 0.843 - 0.074 0.787 -95294.7 
-15% 0.33 0.01 0.25 0.00 0.00  1.021 0.751 0.253 0.457 0.130 0.841 - 0.067 0.783 -95295.4 
-10% 0.33 0.00 0.26 0.00 0.00  1.022 0.752 0.254 0.458 0.129 0.842 - 0.065 0.781 -95294.6 
 -5% 0.33 0.00 0.25 0.00 0.00  1.022 0.751 0.254 0.457 0.128 0.841 - 0.063 0.780 -95292.4 
  0% 0.32 0.00 0.25 0.00 0.00  1.022 0.751 0.254 0.457 0.128 0.841 - 0.063 0.780 -95290.2 
  2% 0.32 0.00 0.27 0.00 0.00  1.014 0.746 0.253 0.453 0.126 0.833 - 0.059 0.784 -95290.4 

$�IHZ�VHFRQGV�RU�PLQXWHV��KRSHIXOO\�QRW�KRXUV��DIWHU�\RX�VWDUW�WKH�SURJUDP��WKH�VFUHHQ�RXWSXW�ZLOO�
ORRN�OLNH�WKH�DERYH���7KH�RXWSXW�KHUH�LV�JHQHUDWHG�IURP�D�UXQ�XQGHU�WKH�-&�PRGHO�DQG�JOREDO�FORFN�
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�FORFN� ������7KH�SHUFHQWDJH���LQGLFDWHV�WKH�SURJUHVV�RI�WKH�UXQ��ZLWK�QHJDWLYH�YDOXHV�IRU�WKH�EXUQ�
LQ���7KHQ�WKH�ILYH�SURSRUWLRQV��H�J����������������������������RQ�WKH�ILUVW�OLQH��DUH�WKH�DFFHSWDQFH�
SURSRUWLRQV��PMXPS��IRU�WKH�FRUUHVSRQGLQJ�SURSRVDOV���7KH�RSWLPDO�DFFHSWDQFH�SURSRUWLRQV�DUH�DURXQG�
�����DQG�\RX�VKRXOG�WU\�WR�PDNH�WKHP�IDOO�LQ�WKH�LQWHUYDO������������RU�DW�OHDVW���������������,I�WKH�
DFFHSWDQFH�SURSRUWLRQ�LV�WRR�VPDOO��VD\����������\RX�GHFUHDVH�WKH�FRUUHVSRQGLQJ�ILQHWXQH�SDUDPHWHU���
,I�WKH�DFFHSWDQFH�SURSRUWLRQ�LV�WRR�ODUJH��VD\��!�������\RX�LQFUHDVH�WKH�FRUUHVSRQGLQJ�ILQHWXQH�
SDUDPHWHU���,Q�WKH�H[DPSOH�KHUH��WKH�VHFRQG�DFFHSWDQFH�SURSRUWLRQ��DW������RU�������LV�WRR�VPDOO��VR�
\RX�VKRXOG�VWRS�WKH�SURJUDP��&WUO�&��DQG�PRGLI\�WKH�FRQWURO�ILOH�WR�GHFUHDVH�WKH�FRUUHVSRQGLQJ�
ILQHWXQH�SDUDPHWHU��FKDQJH�����LQWR�������IRU�H[DPSOH����7KHQ�UXQ�WKH�SURJUDP�DJDLQ��XVH�WKH�XS�↓�
DQG�GRZQ�↑�DUURZ�NH\V�WR�UHWULHYH�SDVW�FRPPDQGV���REVHUYH�LW�IRU�D�IHZ�VHFRQGV�RU�PLQXWHV�DQG�
WKHQ�NLOO�LW�DJDLQ�LI�WKH�SURSRUWLRQV�DUH�VWLOO�QRW�JRRG���5HSHDW�WKLV�SURFHVV�D�IHZ�WLPHV�XQWLO�HYHU\�
DFFHSWDQFH�SURSRUWLRQ�LV�UHDVRQDEOH���7KLV�LV�QRW�TXLWH�VR�WHGLRXV�DV�LW�PD\�VRXQG��

7KH�ILQHWXQH�SDUDPHWHUV�LQ�WKH�FRQWURO�ILOH�DUH�LQ�D�IL[HG�RUGHU�DQG�DOZD\V�UHDG�E\�WKH�SURJUDP�HYHQ�
LI�WKH�FRQFHUQHG�SURSRVDO�LV�QRW�XVHG��LQ�ZKLFK�FDVH�WKH�FRUUHVSRQGLQJ�ILQHWXQH�SDUDPHWHU�KDV�QR�
HIIHFW����,Q�WKH�DERYH�H[DPSOH��-&�GRHV�QRW�LQYROYH�DQ\�VXEVWLWXWLRQ�SDUDPHWHUV��VR�WKDW�WKH��WK�
ILQHWXQH�SDUDPHWHU�KDV�QR�HIIHFW��DQG�WKH�FRUUHVSRQGLQJ�DFFHSWDQFH�SURSRUWLRQ�LV�DOZD\V�����7KLV�
SURSRUWLRQ�LV�DOZD\V���DOVR�ZKHQ�WKH�DSSUR[LPDWH�OLNHOLKRRG�FDOFXODWLRQ�LV�XVHG��XVHGDWD� ����
EHFDXVH�LQ�WKDW�FDVH�WKH�OLNHOLKRRG�LV�FDOFXODWHG�E\�ILWWLQJ�WKH�EUDQFK�OHQJWKV�WR�D�QRUPDO�GHQVLW\��
LJQRULQJ�DOO�VXEVWLWXWLRQ�SDUDPHWHUV�OLNH�κ��α�HWF���,I�FORFN� ����WKHUH�DUH�QR�SDUDPHWHUV�LQ�WKH�UDWH�
GULIW�PRGHO��VR�WKDW�WKH��WK�DFFHSWDQFH�SURSRUWLRQ�LV�DOZD\V����

1RWH�WKDW�WKH�LPSDFW�RI�WKH�ILQHWXQH�SDUDPHWHUV�LV�RQ�WKH�HIILFLHQF\�RI�WKH�DOJRULWKP��RU�RQ�KRZ�
SUHFLVH�WKH�UHVXOWV�DUH�ZKHQ�WKH�FKDLQ�LV�UXQ�IRU�D�IL[HG�OHQJWK���(YHQ�LI�WKH�DFFHSWDQFH�SURSRUWLRQV�
DUH�WRR�KLJK�RU�WRR�ORZ��UHOLDEOH�UHVXOWV�ZLOO�EH�REWDLQHG�LQ�WKHRU\�LI�WKH�FKDLQ�LV�UXQ�VXIILFLHQWO\�ORQJ���
7KLV�HIIHFW�LV�GLIIHUHQW�IURP�WKH�HIIHFW�RI�WKH�SULRU��ZKLFK�DIIHFWV�WKH�SRVWHULRU�HVWLPDWHV��

SULQW� ���PHDQV�WKDW�VDPSOHV�ZLOO�EH�WDNHQ�LQ�WKH�0&0&�DQG�ZULWWHQ�WR�GLVN�DQG�WKH�SRVWHULRU�
UHVXOWV�ZLOO�EH�VXPPDUL]HG�����PHDQV�WKDW�WKH�SRVWHULRU�PHDQV�ZLOO�EH�SULQWHG�RQ�WKH�PRQLWRU�EXW�
QRWKLQJ�HOVH��WKLV�LV�PDLQO\�XVHIXO�IRU�WHVWLQJ�WKH�SURJUDP���7KH�UHOD[HG�FORFN�PRGHOV��FORFN ��RU����
JHQHUDWHV�D�ORW�RI�RXWSXW�ZLWK�UDWHV�IRU�EUDQFKHV�IRU�HDFK�ORFXV��SDUWLWLRQ���VR�WKRVH�UDWHV�DUH�SULQWHG�
RXW�RQO\�LI�\RX�FKRRVH�SULQW� ����

EXUQLQ� �������VDPSIUHT� ����QVDPSOH� ��������,Q�WKH�H[DPSOH�KHUH��WKH�SURJUDP�ZLOO�GLVFDUG�WKH�
ILUVW������LWHUDWLRQV�DV�EXUQ�LQ��DQG�WKHQ�UXQ�WKH�0&0&�IRU���î�������LWHUDWLRQV��VDPSOLQJ��ZULWLQJ�
WR�GLVN��HYHU\���LWHUDWLRQV���7KH�������VDPSOHV�ZLOO�WKHQ�EH�UHDG�LQ�DQG�VXPPDUL]HG���,�WKLQN�\RX�
VKRXOG�WDNH�DW�OHDVW������VDPSOHV���

�

Fossil calibration 

)RVVLO�FDOLEUDWLRQ�LQIRUPDWLRQ��LQ�WKH�IRUP�RI�VWDWLVWLFDO�GLVWULEXWLRQV�RI�GLYHUJHQFH�WLPHV��RU�DJHV�RI�
QRGHV�LQ�WKH�VSHFLHV�WUHH���LV�VSHFLILHG�LQ�WKH�WUHH�ILOH���6HH�WDEOH�X� X�IRU�D�VXPPDU\���+HUH�³IRVVLO´�
PHDQV�DQ\�NLQG�RI�H[WHUQDO�FDOLEUDWLRQ�GDWD��LQFOXGLQJ�JHRORJLFDO�HYHQWV���)RU�D�VHQVLEOH�DQDO\VLV��
RQH�VKRXOG�KDYH�DW�OHDVW�RQH�ORZHU�ERXQG�DQG�DW�OHDVW�RQH�XSSHU�ERXQG�RQ�WKH�WUHH��HYHQ�WKRXJK�WKH\�
PD\�QRW�EH�RQ�WKH�VDPH�QRGH���7KH�JDPPD��VNHZ�QRUPDO��DQG�VNHZ�t�GLVWULEXWLRQV�FDQ�DFW�DV�ERWK�
ERXQGV��VR�RQH�VXFK�FDOLEUDWLRQ�LV�HQRXJK�WR�DQFKRU�WKH�WUHH�WR�HQDEOH�D�VHQVLEOH�DQDO\VLV��
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7DEOH�����&DOLEUDWLRQ�GLVWULEXWLRQV��

&DOLEUDWLRQ� #p� 6SHFLILFDWLRQ� 'HQVLW\�
/��
�ORZHU�RU�PLQLPXP�
ERXQG��

�� 
!����
�RU��

/������
�RU�

/�����������
�RU�

/����������������
�RU�

/�����������������������
�

/�tL��p��c��pL��VSHFLILHV�WKH�PLQLPXP�DJH�
ERXQG�tL��ZLWK�RIIVHW�p��DQG�VFDOH�
SDUDPHWHU�c��DQG�OHIW�WDLO�SUREDELOLW\�pL���
7KH�GHIDXOW�YDOXHV�DUH�p� ������c� ����DQG�
pL� ��������VR�!�����RU�/�������PHDQV�
/�����������������������DQG�/������������
PHDQV�/������������������������,I�\RX�
ZRXOG�OLNH�WKH�PLQLPXP�ERXQG�WR�EH�
KDUG��XVH�pL� ��H������EXW�GR�QRW�XVH�pL� �
����,Q�RWKHU�ZRUGV��XVH�/����������������H�
������QRW�/�������������������

8��
�XSSHU�RU�PD[LPXP�
ERXQG��

�� 
�����
�RU�

8������
�RU�

8�������������
�

(T�����	�ILJ���E�LQ�<5����
8�tU��pR��VSHFLILHV�WKH�PD[LPXP�DJH�
ERXQG�tU��ZLWK�ULJKW�WDLO�SUREDELOLW\�pR���
7KH�GHIDXOW�YDOXH�LV�pU� ��������VR�������
RU�8�������PHDQV�8����������������)RU�
H[DPSOH�8������������PHDQV�WKDW�WKHUH�LV�
����SUREDELOLW\�WKDW�WKH�PD[LPXP�
ERXQG��0<�LV�YLRODWHG��L�H���WKH�WUXH�DJH�
LV�ROGHU�WKDQ��0<���

%��
�ORZHU�	�XSSHU�ERXQGV�
RU�PLQLPXP�	�
PD[LPXP�ERXQGV��

�� 
!���������
�RU�

%������������
�RU�

%��������������������������
�

(T�����	�ILJ���F�LQ�<5���
%�tL��tU��pL��pU��VSHFLILHV�D�SDLU�ERXQG��VR�
WKDW�WKH�WUXH�DJH�LV�EHWZHHQ�tL�DQG�tU��
ZLWK�WKH�OHIW�DQG�ULJKW�WDLO�SUREDELOLWLHV�WR�
EH�pL�DQG�pU��UHVSHFWLYHO\���7KH�GHIDXOW�
YDOXHV�DUH�pL� �pU� ����������

*��*DPPD�� �� 
*�DOSKD��EHWD�
� (T�����	�ILJ���G�LQ�<5���
61��VNHZ�QRUPDO�� �� 
61�ORFDWLRQ��VFDOH��VKDSH�
� (T��X� X�	�SORWV�EHORZ�
67��VNHZ�t�� �� 
67�ORFDWLRQ��VFDOH��VKDSH��

GI�
�
(T��X� X�	�SORWV�EHORZ�

6�1��VNHZ���QRUPDOV�� �� 
61��p���ORF���VFDOH���VKDSH���
ORF���VFDOH���VKDSH��
�

p�����±�p��PL[WXUH�RI�WZR�VNHZ�QRUPDOV��

1RWH��⎯���p�LV�WKH�QXPEHU�RI�SDUDPHWHUV�LQ�WKH�GLVWULEXWLRQ��WR�EH�VXSSOLHG�E\�WKH�XVHU���)LJXUH���LQ�
<5����<DQJ�DQG�5DQQDOD�������LV�ILJXUH������LQ�<DQJ���������

����/RZHU�ERXQG��PLQLPDO�DJH��LV�VSHFLILHG�DV�
!����
�RU�
/������
��PHDQLQJ�WKDW�WKH�QRGH�DJH�LV�DW�
OHDVW��0<���+HUH�ZH�DVVXPH�WKDW�RQH�WLPH�XQLW�LV�����PLOOLRQ�\HDUV���,Q�3$0/�YHUVLRQ������WKH�
LPSOHPHQWDWLRQ�RI�WKH�PLQLPXP�ERXQG�KDV�FKDQJHG���,QVWHDG�RI�WKH�LPSURSHU�VRIW�IODW�GHQVLW\�RI�
)LJXUH��D�LQ�<DQJ�DQG�5DQQDOD��������RU�ILJXUH�����D�LQ�<DQJ���������D�KHDY\�WDLOHG�GHQVLW\�EDVHG�
RQ�D�WUXQFDWHG�&DXFK\�GLVWULEXWLRQ�LV�QRZ�XVHG��,QRXH�HW�DO����������7KH�&DXFK\�GLVWULEXWLRQ�ZLWK�
ORFDWLRQ�SDUDPHWHU�tL�����p��DQG�VFDOH�SDUDPHWHU�ctL�LV�WUXQFDWHG�DW�tL��DQG�WKHQ�PDGH�VRIW�E\�DGGLQJ�
αL� ������RI�GHQVLW\�PDVV�OHIW�RI�tL���7KH�UHVXOWLQJ�GLVWULEXWLRQ�KDV�PRGH�DW�tL�����p����7KH�αL� �
�����OLPLW�LV�RI�FRXUVH�DW�tL�DQG�WKH�������OLPLW�LV�DW��

t������ � �>� FRW� �@R

L

A
Lt p c π α

α−+ + ��

ZKHUH�αR� ���±�������DQG�A� � ( )�� �
� WDQ p

cπ
−+ ���7KLV�LV�VOLJKWO\�PRUH�JHQHUDO�WKDQ�WKH�IRUPXOD�LQ�WKH�

SDUDJUDSK�EHORZ�HTXDWLRQ������LQ��,QRXH�HW�DO���������LQ�WKDW�αL�DQG�αR�DUH�DUELWUDU\��WR�JHW�WKH�����
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OLPLW�ZKHQ�tL�LV�D�KDUG�PLQLPXP�ERXQG��XVH�αL� ���DQG�αR� ������VR�WKDW�t���� �tL>����p���c�
FRW�����πA�@��

,I�WKH�PLQLPXP�ERXQG�tL�LV�EDVHG�RQ�JRRG�IRVVLO�GDWD��WKH�WUXH�WLPH�RI�GLYHUJHQFH�PD\�EH�FORVH�WR�
WKH�PLQLPXP�ERXQG��VR�WKDW�D�VPDOO�p�DQG�VPDOO�c�VKRXOG�EH�XVHG���,W�LV�QRWHG�WKDW�c�KDV�D�JUHDWHU�
LPSDFW�WKDWQ�p�RQ�SRVWHULRU�WLPH�HVWLPDWLRQ���7KH�SURJUDP�XVHV�WKH�GHIDXOW�YDOXHV�p� �����DQG�c� �����
+RZHYHU��\RX�DUH�DGYLVHG�WR�XVH�GLIIHUHQW�YDOXHV�RI�p�DQG�c�IRU�HDFK�PLQLPXP�ERXQG��EDVHG�RQ�D�
FDUHIXO�DVVHVVPHQW�RI�WKH�IRVVLO�GDWD�RQ�ZKLFK�WKH�ERXQG�LV�EDVHG���%HORZ�DUH�D�IHZ�SORWV�RI�WKLV�
GHQVLW\���7KH�PLQLPXP�ERXQG�LV�IL[HG�DW�tL� ����EXW�RQH�WLPH�XQLW�FDQ�PHDQ�DQ\WKLQJ�OLNH����0\U�RU�
����0\U���)RU�HDFK�YDOXH�RI�p������DQG�������WKH�IRXU�FXUYHV�FRUUHVSRQG�WR�c� �����������������IURP�
WRS�WR�ERWWRP�QHDUWKH�SHDN����7KH������OLPLW�LV�DW����ZKLOH�WKH�������OLPLWV�IRU�WKRVH�YDOXHV�RI�c�DUH�
���������������������������UHVSHFWLYHO\��ZKHQ�p� ������DQG�DUH��������������������������ZKHQ�p� �������
�1RWH�WKDW�WKRVH�YDOXHV�ZHUH�LQFRUUHFWO\�FDOFXODWHG�LQ�,QRXH�HW�DO��������

�

�����8SSHU�ERXQG��PD[LPDO�DJH��LV�VSHFLILHG�DV�
�����
�RU�
8������
��PHDQLQJ�WKDW�WKH�QRGH�DJH�LV�DW�
PRVW��0<����

����%RWK�ORZHU�DQG�XSSHU�ERXQGV�RQ�WKH�VDPH�QRGH�DUH�VSHFLILHG�DV�
!���������
�RU�
%������������
��
PHDQLQJ�WKDW�WKH�QRGH�DJH�LV�EHWZHHQ��0<�DQG��0<����
1RWH�WKDW�LQ�DOO�WKH�DERYH�WKUHH�FDOLEUDWLRQV��/��8��%���WKH�ERXQGV�DUH�VRIW��LQ�WKDW�WKHUH�LV�D������
SUREDELOLW\�WKDW�WKH�DJH�LV�EH\RQG�WKH�ERXQG��VHH�ILJXUH���LQ�<DQJ�DQG�5DQQDOD��������RU�ILJXUH������
LQ�<DQJ����������

����7KH�JDPPD�GLVWULEXWLRQ���
*�����������
�VSHFLILHV�WKH�JDPPD�GLVWULEXWLRQ�ZLWK�VKDSH�
SDUDPHWHU�α� �����DQG�UDWH�SDUDPHWHU�β� ��������7KLV�KDV�WKH�PHDQ�α�β� ������DQG�WKH�����DQG������
SHUFHQWLOHV�DW�����DQG�������,Q�HDUOLHU�YHUVLRQV���������D�	��E���WKH�JDPPD�ZDV�VSHFLILHG�DV�
µ>.06=0.0693<.08¶��EXW�WKLV�IRUPDW�LV�QRW�XVHG�DQ\PRUH��

((((human, (chimpanzee, bonobo)) 'G(188, 2690)', gorilla), (orangutan, sumatran)) 
'>.12<.16', gibbon); 

,Q�WKH�WUHH�DERYH��WKH�KXPDQ�FKLPS�GLYHUJHQFH�WLPH�KDV�D�JDPPD�GLVWULEXWLRQ�*�������������ZKLOH�
WKH�RUDQJ�XWDQ�GLYHUJHQFH�WLPH�KDV�VRIW�ERXQGV�EHWZHHQ���0<�DQG���0<����

7KH�DERYH�WUHH�FDQ�EH�UHDG�LQ�7UHH9LHZ��ZLWK�WKH�FDOLEUDWLRQ�LQIRUPDWLRQ�LQ�TXRWDWLRQ�PDUNV�WUHDWHG�
DV�QRGH�ODEHOV� 

<RX�FDQ�XVH�WKH�06�([FHO�IXQFWLRQ�*$00$',67�;��DOSKD��EHWD�����WR�FDOFXODWH�DQG�SORW�WKH�
GHQVLW\�IXQFWLRQ��SGI��RI�WKH�JDPPD�GLVWULEXWLRQ��DQG�WKH�IXQFWLRQ�*$00$,19��������DOSKD��EHWD��
WR�FDOFXODWH�WKH������SHUFHQWLOH���+RZHYHU��QRWH�WKDW�EHWD�LQ�([FHO�LV���β�LQ�0&0&75((��DQG�RWKHU�
3$0/�SURJUDPV����,Q�RWKHU�ZRUGV��WKH�PHDQ�LV�α�β�LQ�0&0&75((�DQG�αβ�LQ�([FHO��

����6NHZ�QRUPDO�GLVWULEXWLRQ�61�ORFDWLRQ��VFDOH��VKDSH��RU�61�ξ��ω��α���$]]DOLQL�DQG�*HQWRQ�
���������7KH�EDVLF�IRUP�RI�WKH�VNHZ�QRUPDO�GLVWULEXWLRQ�KDV�GHQVLW\��
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� f�z��α�� ��φ�z�Φ�αz��� ����

ZKHUH�φ���DQG�Φ���DUH�WKH�3')�DQG�&')�RI�WKH�VWDQGDUG�QRUPDO�GLVWULEXWLRQ�UHVSHFWLYHO\���7KHQ�x� �
ξ���ωz��KDV�WKH�VNHZ�QRUPDO�GLVWULEXWLRQ�61�ξ��ω��α��ZLWK�ORFDWLRQ�SDUDPHWHU�ξ��VFDOH�SDUDPHWHU�ω��
DQG�VKDSH�SDUDPHWHU�α���7KH�GHQVLW\�LV�

� f61�x��ξ��ω��α�� �
( )

�
�

� �

� �
�� � �H H G

� �

x
u

x

u
ξ

ω
ξ

α
ω

ω π π

−−− −

−∞
× ³ �� ����

IRU�±∞���ξ���∞������ω���∞��±∞���α���∞���/HW�δ� � ��α α+ ���7KH�PHDQ�DQG�YDULDQFH�DUH�

� ( )�� �

� � � �

9DU� � � �

E x

x δ
π

ξ ωδ π

ω

= +

= −
� ����

����6NHZ�t�GLVWULEXWLRQ��67�ORFDWLRQ��VFDOH��VKDSH��GI��RU�67�ξ��ω��α��ν���$]]DOLQL�DQG�*HQWRQ�
�������ZLWK�ORFDWLRQ�SDUDPHWHU�ξ��VFDOH�SDUDPHWHU�ω��VKDSH�SDUDPHWHU�α��DQG�GHJUHH�RI�IUHHGRP�ν��
KDV�GHQVLW\�

� ( )�
67

�� � � � � � � � � � �� � �� �f x t z T z zξ ω α ν ν α ν ν ν
ω

= + + + �� ����

ZKHUH�z� ��x�±�ξ��ω��t�DQG�T�DUH�WKH�3')�DQG�&')�RI�WKH�VWDQGDUG�t�GLVWULEXWLRQ��UHVSHFWLYHO\���7KHVH�
DUH�GHILQHG�DV�IROORZV��

�

( )
( )

( )�

� �� ���
�

�
�

� � �
� � �� �

� ��
� � � � �

� � LI� ��
� � �

� � � �� LI� ��
z
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T z z

ν
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ν
ν

ν

− +

+

Γ + ª º= +« »Γ ¬ ¼

­ <°= ®
− − ≥°̄

� ����

ZKHUH�Γ���LV�WKH�JDPPD�IXQFWLRQ��DQG��

� � �

�

�� � � �� � G
� � �

p a b
pI a b u u u

B a b
− −= −³ � ����

LV�WKH�LQFRPSOHWH�EHWD�IXQFWLRQ�UDWLR��RU�WKH�&')�RI�WKH�EHWD�a��b��GLVWULEXWLRQ��ZKLOH��

�
� � �

�

� � � �� � � �� � G
� �

a b a bB a b u u u
a b

− − Γ Γ= − =
Γ +³ � ����

LV�WKH�EHWD�IXQFWLRQ��
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���

� � ���
61������������
67�����������������

�

���

���

���

���

���

��� �� � �
�

���

���

���

���

���

��� �� � � �
61���������±���
67���������±��������

�

���

���

���

���

���

� � � � � ��
�

���

���

���

���

���

� � � � � ���
61�������������
67����������������

�

���

���

���

���

���

� � �� �� ��
�

���

���

���

���

���

� � �� �� ���
61�������������
67����������������

)LJXUH����'HQVLW\�IXQFWLRQV�IRU�VNHZ�QRUPDO��EOXH��DQG�VNHZ�t �UHG��GLVWULEXWLRQV����
6NHZ�t�KDV�KHDYLHU�WDLOV�WKDQ�VNHZ�QRUPDO��

+HUH�DUH�D�IHZ�QRWHV�DERXW�WKH�VNHZ�QRUPDO�DQG�VNHZ�t�GLVWULEXWLRQV��

•� :KHQ�WKH�VKDSH�SDUDPHWHU�α� ����WKH�GLVWULEXWLRQV�EHFRPH�WKH�VWDQGDUG��V\PPHWULFDO��
QRUPDO�DQG�t�GLVWULEXWLRQV��

•� &KDQJLQJ�α�WR�±α�IOLSV�WKH�GHQVLW\�DW�x� �ξ��WKH�ORFDWLRQ�SDUDPHWHU����)RVVLO�FDOLEUDWLRQV�

VKRXOG�KDYH�ORQJ�ULJKW�WDLOV��ZKLFK�PHDQV�α�!����

•� $�ODUJHU�_α_�PHDQV�PRUH�VNHZHG�GLVWULEXWLRQV���:KHQ�_α_� �∞��WKH�GLVWULEXWLRQ�LV�FDOOHG�

IROGHG�QRUPDO�RU�IROGHG�t�GLVWULEXWLRQ��WKDW�LV��WKH�QRUPDO�RU�t�GLVWULEXWLRQ�WUXQFDWHG�DW�ξ�IURP�

WKH�OHIW��α� �∞��RU�IURP�WKH�ULJKW��α� �±∞���

•� :KHQ�WKH�GHJUHH�RI�IUHHGRP�ν� �∞��WKH�t�RU�VNHZ�t�GLVWULEXWLRQ�EHFRPHV�WKH�QRUPDO�RU�VNHZ�

QRUPDO�GLVWULEXWLRQ���7KH�VPDOOHU�ν�LV��WKH�KHDYLHU�WKH�WDLOV�DUH���$�VPDOO�ν��������VD\��ZLWK�D�

ODUJH�VKDSH�SDUDPHWHU�α�LQ�WKH�VNHZ�t�GLVWULEXWLRQ�UHSUHVHQWV�YLUWXDOO\�KDUG�PLQLPDO�ERXQG�

DQG�YHU\�XQFHUWDLQ�PD[LPDO�ERXQG���:KHQ�ν� ����WKH�t�GLVWULEXWLRQ�LV�NQRZQ�DV�&DXFK\�
GLVWULEXWLRQ��ZKLFK�GRHV�QRW�KDYH�PHDQ�RU�YDULDQFH��

•� %RWK�VNHZ�QRUPDO�DQG�VNHZ�t�GLVWULEXWLRQV�JR�IURP�±∞�WR�∞���,Q�0&0&75((��QHJDWLYH�

YDOXHV�DUH�DXWRPDWLFDOO\�WUXQFDWHG��VR�RQO\�WKH�SRVLWLYH�SDUW�LV�XVHG���,I�IHDVLEOH��WU\�WR�
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FRQVWUXFW�WKH�GLVWULEXWLRQ�VR�WKDW�WKH�SUREDELOLW\�IRU�QHJDWLYH�YDOXHV�LV�VPDOO���������VD\���

•� 3OHDVH�YLVLW�WKH�ZHE�VLWH�KWWS���D]]DOLQL�VWDW�XQLSG�LW�61��WR�SORW�VNHZ�QRUPDO�DQG�VNHZ�t�
GLVWULEXWLRQV���5�URXWLQHV�DUH�DOVR�DYDLODEOH�IRU�VXFK�SORWV���7KH�HTXDWLRQV�DERYH�DUH�IRU�P\�
WHVWLQJ�DQG�GHEXJJLQJ���,�WKLQN�,�VKRXOG�UHPRYH�WKHP�ODWHU�RQ��

24B�

Dating viral divergences 

7KLV�RSWLRQ�LV�VSHFLILHG�E\�WKH�IROORZLQJ�OLQH�LQ�WKH�FRQWURO�ILOH���

       TipDate = 1 100  * TipDate (1) & time unit 

7KH�H[DPSOH�GDWD�ILOH�LV�LQ�WKH�H[DPSOHV�7LS'DWH����:KHQ�\RX�UXQ�WKH�GHIDXOW�DQDO\VLV��\RX�ZLOO�VHH�
WKH�IROORZLQJ�SULQWRXW�RQ�WKH�PRQLWRU��

TipDate model 
Date range: (1994.00, 1956.00) => (0, 0.38). TimeUnit = 100.00. 

7KH�HQG�RI�HDFK�VHTXHQFH�QDPH�KDV�WKH�VDPSOLQJ�\HDU��ZKLFK�JRHV�IURP������WR��������7KH�SURJUDP�
WKHQ�VHWV�WKH�PRVW�UHFHQW�VHTXHQFH�GDWH��������WR�WLPH����DQG�WKHQ�WKH�ROGHVW�VHTXHQFH�KDV�DJH�������
DV������LV����\HDUV�HDUOLHU�WKDQ������DQG�RQH�WLPH�XQLW�LV�VSHFLILHG�WR�EH�����\HDUV����

2WKHU�FRQWURO�YDULDEOHV�ZRUN�LQ�WKH�VDPH�ZD\�DV�LQ�WKH�FDVH�RI�GDWLQJ�VSHFLHV�GLYHUJHQFH�XVLQJ�IRVVLO�
FDOLEUDWLRQV���7KH�SULRU�RQ�WKH�DJH�RI�WKH�URRW�LV�EHOLHYHG�WR�EH�LPSRUWDQW���3OHDVH�XVH�WKH�VDPSOH�
GDWHV�DQG�WLPH�XQLW�WR�VSHFL\�WKH�ERXQJV�RQ�WKH�UDWH�DJH���)RU�WKH�H[DPSOH�GDWDVHW�PHQWLRQHG�DERYH��
WKH�IROORZLQJ�VSHFLILHV�D�VRIW�XQLIRUP�IRU�WKH�URRW�DJH�LQ�WKH�LQWHUYDO���������������ZLWK�WDLO�
SUREDELOLW\���±���RQ�ERWK�WKH�OHIW�DQG�ULJKW�WDLOV���7KLV�XQLIRUP�SULRU�LV�VRIW�EXW�TXLWH�VKDUS��

       RootAge = B(0.8, 1.2, 1e-10, 1e-10)  * root age constraints, used if no fossil for root 

,GHDOO\�\RX�VKRXOG�XVH�ZKDWHYHU�ELRORJLFDO�LQIRUPDWLRQ�DYDLODEOH�WR�VSHFLI\�WKH�SULRU���$OVR�\RX�
VKRXOG�FKDQJH�WKLV�SULRU�WR�DVVHVV�LWV�LPSDFW�RQ�WKH�SRVWHULRU�WLPH�HVWLPDWHV��

6LPLODUO\��WKH�SULRU�RQ�PXWDWLRQ�UDWH��UJHQHBJDPPD��PD\�EH�LPSRUWDQW�DV�ZHOO���7KH�UHOD[HG�FORFN�
PRGHOV�DUH�VSHFLHV�XVLQJ�FORFN� ���RU����ZKLOH�FORFN� ���LV�WKH�VWULFW�FORFN����

7KH�QHZO\�LPSOHPHQWHG�SULRU�RI�WLPHV�LV�EDVHG�RQ�7DQMD�6WDGOHU¶V�ELUWK�GHDWK�VDPSOLQJ�PRGHO���<RX�
VKRXOG�XVH�UKR� ����DQG�SVL�!����IRU�GDWLQJ�YLUDO�GLYHUJHQFHV���<RX�FDQ�FKDQJH�WKH�SDUDPHWHUV�
ODPEGD��PX��DQG�SVL�WR�DVVHVV�WKH�LPSDFW�RI�WKH�SULRU��

       BDparas = 2 1 0 0.8  * lambda, mu, rho, psi for birth-death-sampling model 

�

Approximate likelihood calculation 

7KRUQH�et al.��������VXJJHVWHG�WKH�XVH�RI�WKH�PXOWLYDULDWH�QRUPDO�GLVWULEXWLRQ�RI�0/(V�RI�EUDQFK�
OHQJWKV�WR�DSSUR[LPDWH�WKH�OLNHOLKRRG�IXQFWLRQ���7R�LPSOHPHQW�WKLV�DSSUR[LPDWLRQ��RQH�KDV�WR�REWDLQ�
WKH�0/(V�RI�WKH�EUDQFK�OHQJWKV�DQG�FDOFXODWH�WKHLU�YDULDQFH�FRYDULDQFH�PDWUL[�RU�HTXLYDOHQWO\�WKH�
PDWUL[�RI�VHFRQG�GHULYDWLYHV�RI�WKH�ORJ�OLNHOLKRRG�ZLWK�UHVSHFW�WR�WKH�EUDQFK�OHQJWKV��WKLV�PDWUL[�LV�
DOVR�FDOOHG�WKH�+HVVLDQ�PDWUL[����,Q�7KRUQH¶V�PXOWLGLYWLPH�SDFNDJH��WKLV�LV�DFKLHYHG�XVLQJ�WKH�
SURJUDP�HVWEUDQFKHV����

,�KDYH�LPSOHPHQWHG�WKLV�DSSUR[LPDWLRQ�XVLQJ�WKH�RSWLRQ�XVHGDWD� �����:LWK�WKLV�RSWLRQ��PFPFWUHH�
ZLOO�SUHSDUH�WKUHH�WHPSRUDU\�ILOHV�IRU�HDFK�ORFXV�DQG�WKHQ�LQYRNH�EDVHPO�RU�FRGHPO�WR�FDOFXODWH�WKH�
0/(V�RI�EUDQFK�OHQJWKV�DQG�WKH�+HVVLDQ�PDWUL[���7KHVH�UHVXOWV�DUH�JHQHUDWHG�LQ�WKH�ILOH�UVW��DQG�
FRSLHG�LQWR�WKH�ILOH�RXW�%9�E\�PFPFWUHH���7KH�WKUHH�WHPSRUDU\�ILOHV�IRU�HDFK�ORFXV�DUH�WKH�FRQWURO�
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ILOH�WPS��FWO��WKH�VHTXHQFH�DOLJQPHQW�WPS��W[W��DQG�WKH�WUHH�ILOH�WPS��WUHHV��ZKHUH���PHDQV�WKH�LQGH[�
IRU�WKH�ORFXV���7KH�WUHH�IRU�WKH�ORFXV�LV�JHQHUDWHG�E\�PFPFWUHH�E\�SUXQLQJ�WKH�PDVWHU�WUHH�RI�DOO�
VSHFLHV�VR�WKDW�RQO\�WKRVH�VSHFLHV�SUHVHQW�DW�WKH�ORFXV�UHPDLQ��DQG�E\�GH�URRWLQJ�WKH�UHVXOWLQJ�WUHH���
<RX�VKRXOG�QRW�HGLW�WKLV�WUHH�ILOH���<RX�FDQ�HGLW�WKH�FRQWURO�ILOH�WPS��FWO�WR�XVH�DQRWKHU�PRGHO�
LPSOHPHQWHG�LQ�EDVHPO�RU�FRGHPO��DQG�WKLV�RSWLRQ�VKRXOG�DOORZ�\RX�WR�XVH�DPLQR�DFLG�RU�FRGRQ�
VXEVWLWXWLRQ�PRGHOV���7KH�FDOFXODWLRQ�RI�WKH�+HVVLDQ�PDWUL[�PD\�EH�VHQVLWLYH�WR�WKH�VWHS�OHQJWK�XVHG�
LQ�WKH�GLIIHUHQFH�DSSUR[LPDWLRQ��DQG�LW�LV�DGYLVDEOH�WKDW�\RX�FKDQJH�WKH�YDULDEOH�6PDOOB'LII�LQ�WKH�
FRQWURO�ILOH�WPS��FWO�WR�VHH�ZKHWKHU�WKH�UHVXOWV�DUH�VWDEOH��

7KH�RXWSXW�ILOH�RXW�%9�IURP�XVHGDWD� ���VKRXOG�WKHQ�EH�UHQDPHG�LQ�%9���7KLV�ILOH�KDV�RQH�EORFN�RI�
UHVXOWV�IRU�HDFK�ORFXV���,I�\RX�PDQXDOO\�HGLW�WKH�FRQWURO�ILOH�WPS��FWO�DQG�WKHQ�LQYRNH�EDVHPO�RU�
FRGHPO�IURP�WKH�FRPPDQG�OLQH��IRU�H[DPSOH��E\�W\SLQJ��FRGHPO�WPS��FWO���\RX�ZLOO�KDYH�WR�
PDQXDOO\�FRS\�WKH�FRQWHQW�RI�UVW��LQWR�LQ�%9���

:LWK�XVHGDWD� ����PFPFWUHH�ZLOO�UHDG�WKH�0/(V�DQG�+HVVLDQ�PDWUL[�IURP�LQ�%9�DQG�DSSO\�WKH�
DSSUR[LPDWH�PHWKRG�IRU�FDOFXODWLQJ�WKH�OLNHOLKRRG�LQ�WKH�0&0&����

,Q�HIIHFW��PFPFWUHH�XVHGDWD� ���SHUIRUPV�WKH�IXQFWLRQ�RI�HVWEUDQFKHV�DQG�\RX�FDQ�PDQXDOO\�SHUIRUP�
WKLV�VWHS�E\�UXQQLQJ�EDVHPO�RU�FRGHPO�H[WHUQDOO\�DIWHU�WKH�WUHH�ILOH�WPS��FWO�LV�JHQHUDWHG���6LPLODUO\�
PFPFWUHH�XVHGDWD� ���SHUIRUPV�WKH�IXQFWLRQ�RI�POXWLGLYWLPH��

0RGHOV�RI�DPLQR�DFLG�RU�FRGRQ�VXEVWLWXWLRQ�DUH�QRW�LPSOHPHQWHG�LQ�WKH�PFPFWUHH�SURJUDP�IRU�WKH�
H[DFW�OLNHOLKRRG�FDOFXODWLRQ���7KH�RQO\�ZD\�WR�XVH�WKRVH�PRGHOV�LV�WKURXJK�WKH�DSSUR[LPDWH�PHWKRG�
�XVHGDWD� ���DQG������,I�LV�DGYLVDEOH�WKDW�\RX�HGLW�WKH�LQWHUPHGLDWH�FRQWURO�ILOH�WPS��FWO�WR�FKRRVH�WKH�
DSSURSULDWH�PRGHO�RI�DPLQR�DFLG�RU�FRGRQ�VXEVWLWXWLRQ�LQ�WKH�FRGHPO�DQDO\VLV��DQG�WKHQ�FRS\�WKH�
UHVXOWV�LQWR�WKH�LQ�%9�ILOH���$OVR�KDYH�D�ORRN�DW�WKH�HVWLPDWHG�EUDQFK�OHQJWKV�LQ�WKH�WUHH���,I�PDQ\�RI�
WKHP�DUH�QHDU����\RX�VKRXOG�EH�FRQFHUQHG�DV�SHUKDSV�\RX�KDYH�WRR�OLWWOH�GDWD�RU�WKH�WUHH�LV�ZURQJ�IRU�
WKH�ORFXV���)LQDOO\�UXQ�PFPFWUHH�XVHGDWD� ����

,Q�WKH�GHVFULSWLRQ�KHUH��D�JHQH�RU�ORFXV�PHDQV�D�VLWH�SDUWLWLRQ���)RU�H[DPSOH��VLQFH�WKH�WKUHH�FRGRQ�
SRVLWLRQV�W\SLFDOO\�KDYH�YHU\�GLIIHUHQW�UDWHV��GLIIHUHQW�EDVH�FRPSRVLWLRQV��HWF���\RX�PD\�WUHDW�WKHP�DV�
VHSDUDWH�SDUWLWLRQV���

7KH�WKHRU\�LV�GHVFULEHG�LQ�GHWDLO�LQ�GRV�5HLV�DQG�<DQJ����������7KH�GHIDXOW�WUDQVIRUPDWLRQ�XVHG�LQ�
WKH�SURJUDP�LV�WKH�-&�WUDQVIRUPDWLRQ��
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Infinitesites program 

<RX�FDQ�FRPSLOH�LQILQLWHVLWHV�DV�IROORZV��

   cc -o infinitesites -DINFINITESITES -O3 mcmctree.c tools.c -lm 

7KLV�JHQHUDWHV�WKH�OLPLWLQJ�SRVWHULRU�GLVWULEXWLRQ�ZKHQ�WKH�QXPEHU�RI�VLWHV�LQ�WKH�VHTXHQFH�DOLJQPHQW�
DSSURDFKHV�LQILQLW\�^<DQJ��������������5DQQDOD������������`���,QVWHDG�RI�UHDGLQJ�DQG�DQDO\]LQJ�
VHTXHQFH�DOLJQPHQWV��WKH�SURJUDP�XVH�WKH�HVWLPDWHG�EUDQFK�OHQJWKV�DV�WKH�GDWD��FRQVLGHULQJ�WKHP�WR�
EH�ZLWKRXW�HUURUV���)RU�WKH�FORFN�PRGHO��FORFN� �����WKH�LQSXW�ILOH�LV�FDOOHG�)L[HG'V&ORFN��W[W��ZKLOH�
IRU�FORFN� ���RU����WKH�ILOH�LV�FDOOHG�)L[HG'V&ORFN���W[W���7KHUH�LV�DQ�H[DPSOH�LQ�WKH�
H[DPSOHV�'DWLQJ6RIW%RXQG��IROGHU��DQG�WKH�PFPFWUHH�WXWRULDO�H[SODLQV�KRZ�WR�UXQ�WKLV�SURJUDP��

:LWK�FORFN ���WKH�ILOH�)L[HG'V&ORFN��W[W�VKRXOG�KDYH�WKH�IROORZLQJ�IRUPDW����
9 
1.0  0.7  0.2  0.4  0.1  0.8  0.3  0.5 
1.5 
0.8 
1.8 

7KH�ILUVW�QXPEHU�LV�WKH�QXPEHU�RI�VSHFLHV��s� ���LQ�WKH�H[DPSOH���7KH�QH[W�OLQH�KDV�s�±���QRGH�
DJHV��WKH�GLVWDQFHV�IURP�WKH�s�±���LQWHUQDO�QRGHV�LQ�WKH�WUHH�WR�WKH�SUHVHQW�WLPH����+HUH�WKH�LPSOLHG�
WUHH�WRSRORJ\�PXVW�EH�WKH�VDPH�DV�WKDW�LQ�WKH�WUHH�ILOH�UHIHUUHG�WR�LQ�WKH�FRQWURO�ILOH�PFPFWUHH�FWO��VR�
WKDW�WKH�QRGH�QXPEHUV�VWD\�WKH�VDPH���,I�\RX�XVHG�EDVHPO�RU�FRGHPO��ZLWK�FORFN ���WR�HVWLPDWH�WKH�
EUDQFK�OHQJWKV�XQGHU�WKH�FORFN�XVLQJ�WKH�VDPH�URRWHG�WUHH��WKH�RXWSXW�VKRXOG�EH�LQ�WKH�FRUUHFW�RUGHU����

,I�WKUH�DUH�PRUH�WKDQ�RQH�ORFXV��WKH�QH[W�OLQHV�ZLOO�KDYH�WKH�DJHV�RI�WKH�URRW�IRU�WKRVH�ORFL��DJDLQ�
PHDVXUHG�E\�GLVWDQFH��7KH�H[DPSOH�DERYH�VKRZV���ORFL���7KH�GLVWDQFH�IURP�WKH�URRW�WR�WKH�WLSV�DUH����
���������DQG�����DW�WKH�IRXU�ORFL�UHVSHFWLYHO\���1RWH�WKDW�LI�WKH�FORFN�KROGV��WKH�QRGH�DJHV�VKRXOG�EH�
SURSRUWLRQDO�EHWZHHQ�ORFL��VR�WKDW�DGGLWLRQDO�ORFL�SURYLGH�QR�H[WUD�LQIRUPDWLRQ�DERXW�WKH�UHODWLYH�
QRGH�DJHV��

:LWK�FORFN ��RU����WKH�LQSXW�ILOH�)L[HG'V&ORFN���W[W�VKRXOG�KDYH�WKH�EUDQFK�OHQJWKV�IRU�WKH�
XQURRWHG�WUHHV�DW�WKH�PXOWLSOH�ORFL���7KH�IROORZLQJ�H[DPSOH�LV�IRU���ORFL��DQG�WKHUH�DUH���VSHFLHV�LQ�
WKH�WUHH����
 
7 
 
((((human: 0.029043, (chimpanzee: 0.014557, bonobo: 0.010908): 0.016729): 
0.015344, gorilla: 0.033888): 0.033816, (orangutan: 0.026872, sumatran: 0.022437): 
0.069648): 0.073309, gibbon: 0.024637); 
 
((((human: 0.012463, (chimpanzee: 0.002782, bonobo: 0.003835): 0.003331): 
0.004490, gorilla: 0.014278): 0.006308, (orangutan: 0.010818, sumatran: 0.008845): 
0.030551): 0.004363, gibbon: 0.029246); 
 
((((human: 0.270862, (chimpanzee: 0.066698, bonobo: 0.056883): 0.124104): 
0.139082, gorilla: 0.310797): 0.391342, (orangutan: 0.152555, sumatran: 0.114176): 
0.696518): 0.017607, gibbon: 1.394718); 

7KH�WUHH�WRSRORJ\�LV�URRWHG��ZLWK�D�ELIXUFDWLRQ�DW�WKH�URRW��7KH�SURJUDP�WKHQ�FROODVSVHV�WKH�WZR�
EUDQFKHV�DURXQG�WKH�URRW�LQWR�RQH�EUDQFK�EHIRUH�GRLQJ�DQ\�DQDO\VLV���,�WKLQN�WKH�URRWHG�WUHH�VKRXOG�
EH�WKH�VDPH�WUHH�DV�LQ�WKH�WUHH�ILOH�UHIHUUHG�WR�E\�PFPFWUHH�FWO���(YHU\�VSHFLHV�KDV�WR�EH�SUHVHQW�DW�
HYHU\�ORFXV��
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9B10  Miscelaneous notes 

$OVR�VHH�WKH�)$4�SDJH��EXW�SOHDVH�QRWH�WKDW�GRFXPHQW�LV�QRW�XS�WR�GDWH��

Analysing large data sets and iteration algorithms 

7KH�PD[LPXP�OLNHOLKRRG�PHWKRG�HVWLPDWHV�SDUDPHWHUV�E\�PD[LPL]LQJ�WKH�OLNHOLKRRG�IXQFWLRQ���7KLV�
LV�PXOWL�GLPHQVLRQDO�RSWLPLVDWLRQ�SUREOHP�WKDW�KDV�WR�EH�VROYHG�QXPHULFDOO\��VHH�<DQJ�����D�IRU�DQ�
H[FHSWLRQ����3$0/�LPSOHPHQWV�WZR�LWHUDWLRQ�DOJRULWKPV���7KH�ILUVW�RQH��method� ����LV�D�JHQHUDO�
SXUSRVH�PLQLPL]DWLRQ�DOJRULWKP�WKDW�GHDOV�ZLWK�XSSHU�DQG�ORZHU�ERXQGV�IRU�SDUDPHWHUV�EXW�QRW�
JHQHUDO�HTXDOLW\�RU�LQHTXDOLW\�FRQVWUDLQWV���7KH�DOJRULWKP�UHTXLUHV�ILUVW�GHULYDWLYHV��ZKLFK�DUH�
FDOFXODWHG�XVLQJ�WKH�GLIIHUHQFH�DSSUR[LPDWLRQ��DQG�DFFXPXODWHV�LQIRUPDWLRQ�DERXW�WKH�FXUYDWXUH�
�VHFRQG�GHULYDWLYHV��GXULQJ�WKH�LWHUDWLRQ�XVLQJ�WKH�%)*6�XSGDWLQJ�VFKHPH���$W�HDFK�LWHUDWLRQ�VWHS��LW�
FDOFXODWHV�D�VHDUFK�GLUHFWLRQ��DQG�GRHV�D�RQH�GLPHQVLRQDO�VHDUFK�DORQJ�WKDW�GLUHFWLRQ�WR�GHWHUPLQH�
KRZ�IDU�WR�JR���$W�WKH�QHZ�SRLQW��WKH�SURFHVV�LV�UHSHDWHG��XQWLO�WKHUH�LV�QR�LPSURYHPHQW�LQ�WKH�ORJ�
OLNHOLKRRG�YDOXH��DQG�FKDQJHV�WR�WKH�SDUDPHWHUV�DUH�YHU\�VPDOO���7KH�DOJRULWKP�XSGDWHV�DOO�
SDUDPHWHUV�LQFOXGLQJ�EUDQFK�OHQJWKV�VLPXOWDQHRXVO\��

$QRWKHU�DOJRULWKP��PHWKRG� ����ZRUNV�LI�DQ�LQGHSHQGHQW�UDWH�LV�DVVXPHG�IRU�HDFK�EUDQFK��FORFN� ����
�<DQJ�����E����7KLV�DOJRULWKP�F\FOHV�WKURXJK�WZR�SKDVHV���3KDVH�,�HVWLPDWHV�EUDQFK�OHQJWKV�ZLWK�
VXEVWLWXWLRQ�SDUDPHWHUV��VXFK�DV�WKH�WUDQVLWLRQ�WUDQVYHUVLRQ�UDWH�UDWLR�κ�DQG�WKH�JDPPD�VKDSH�
SDUDPHWHU�α��IL[HG���3KDVH�,,�HVWLPDWHV�VXEVWLWXWLRQ�SDUDPHWHUV�XVLQJ�WKH�%)*6�DOJRULWKP��
PHQWLRQHG�DERYH��ZLWK�EUDQFK�OHQJWKV�IL[HG���7KH�SURFHGXUH�LV�UHSHDWHG�XQWLO�WKH�DOJRULWKP�
FRQYHUJHV���,Q�SKDVH�,�RI�WKH�DOJRULWKP��EUDQFK�OHQJWKV�DUH�RSWLPL]HG�RQH�DW�D�WLPH���7KH�DGYDQWDJH�
RI�WKH�DOJRULWKP�LV�WKDW�ZKHQ�WKH�OLNHOLKRRG�LV�FDOFXODWHG�IRU�GLIIHUHQW�YDOXHV�RI�RQH�VLQJOH�EUDQFK�
OHQJWK��DV�LV�UHTXLUHG�ZKHQ�WKDW�EUDQFK�OHQJWK�RQO\�LV�RSWLPLVHG��PXFK�RI�OLNHOLKRRG�FDOFXODWLRQV�RQ�
WKH�SK\ORJHQ\�LV�WKH�VDPH�DQG�FDQ�EH�DYRLGHG�E\�VWRULQJ�LQWHUPHGLDWH�UHVXOWV�LQ�WKH�FRPSXWHU�
PHPRU\���$�F\FOH�LV�FRPSOHWHG�DIWHU�DOO�EUDQFK�OHQJWKV�DUH�RSWLPL]HG���$V�HVWLPDWHV�RI�EUDQFK�
OHQJWKV�DUH�FRUUHODWHG��VHYHUDO�F\FOHV�DUH�QHHGHG�WR�DFKLHYH�FRQYHUJHQFH�RI�DOO�EUDQFK�OHQJWKV�LQ�WKH�
WUHH��WKDW�LV��WR�FRPSOHWH�SKDVH�,�RI�WKH�DOJRULWKP��

,I�EUDQFK�OHQJWKV�DUH�WKH�RQO\�SDUDPHWHUV�WR�EH�HVWLPDWHG��WKDW�LV��LI�VXEVWLWXWLRQ�SDUDPHWHUV�DUH�IL[HG��
WKH�VHFRQG�DOJRULWKP��PHWKRG� ����LV�PXFK�PRUH�HIILFLHQW���7KXV�WR�SHUIRUP�KHXULVWLF�WUHH�VHDUFK�
XVLQJ�VWHSZLVH�DGGLWLRQ��IRU�H[DPSOH��\RX�DUH�DGYLVHG�WR�IL[�VXEVWLWXWLRQ�SDUDPHWHUV��VXFK�DV�κ�DQG�
α����7KH�VHFRQG�DOJRULWKP�LV�DOVR�PRUH�HIILFLHQW�LI�WKH�GDWD�FRQWDLQ�PDQ\�VHTXHQFHV�VR�WKDW�WKH�WUHH�
KDV�PDQ\�EUDQFK�OHQJWKV��

�7LS��7R�JHW�JRRG�LQLWLDO�YDOXHV�IRU�ODUJH�GDWD�VHWV�RI�SURWHLQ�FRGLQJ�'1$�VHTXHQFHV��\RX�FDQ�XVH�
EDVHPO���$GG�WKH�RSWLRQV�FKDUDFWHUV�³*&´�DW�WKH�HQG�RI�WKH�ILUVW�OLQH�LQ�WKH�VHTXHQFH�GDWD�ILOH���7KHQ�
UXQ�WKH�GDWD�ZLWK�EDVHPO���,Q�WKH�UHVXOW�ILOH�JHQHUDWHG�E\�EDVHPO��VD\�POE���ORRN�IRU�³EUDQFK�OHQJWKV�
IRU�FRGRQ�PRGHOV´�DQG�FRS\�WKH�WUHH�ZLWK�EUDQFK�OHQJWKV�LQWR�WKH�WUHH�ILOH���7KHQ�UXQ�FRGHPO�DQG�
FKRRVH�³���LQLWLDO�YDOXHV´�ZKHQ�DVNHG�DERXW�ZKDW�WR�GR�ZLWK�WKH�EUDQFK�OHQJWKV�LQ�WKH�WUHH��

Tree search algorithms 

2QH�KHXULVWLF�WUHH�VHDUFK�DOJRULWKP�LPSOHPHQWHG�LQ�baseml��FRGRQPO�DQG�aaml�LV�D�GLYLVLYH�
DOJRULWKP��FDOOHG��VWDU�GHFRPSRVLWLRQ��E\�$GDFKL�DQG�+DVHJDZD������E���7KH�DOJRULWKP�VWDUWV�IURP�
HLWKHU�WKH�VWDU�WUHH��runmode� ����RU�D�PXOWLIXUFDWLQJ�WUHH�UHDG�IURP�WKH�WUHH�VWUXFWXUH�ILOH�
�runmode� �����7KH�DOJRULWKP�MRLQV�WZR�WD[D�WR�DFKLHYH�WKH�JUHDWHVW�LQFUHDVH�LQ�ORJ�OLNHOLKRRG�RYHU�
WKH�VWDU�OLNH�WUHH��7KLV�ZLOO�UHGXFH�WKH�QXPEHU�RI�278V�E\�RQH��7KH�SURFHVV�LV�UHSHDWHG�WR�UHGXFH�WKH�
QXPEHU�RI�278V�E\�RQH�DW�HDFK�VWDJH��XQWLO�QR�PXOWLIXUFDWLRQ�H[LVWV�LQ�WKH�WUHH��7KLV�DOJRULWKP�
ZRUNV�HLWKHU�ZLWK�RU�ZLWKRXW�WKH�FORFN�DVVXPSWLRQ���7KH�VWHSZLVH�DGGLWLRQ�DOJRULWKP�LV�LPSOHPHQWHG�
ZLWK�WKH�RSWLRQ�runmode� ����2SWLRQV�runmode� ���RU���DUH�XVHG�IRU�QHDUHVW�QHLJKERU�
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LQWHUFKDQJHV���ZLWK�WKH�LQWLDO�WUHH�GHWHUPLQHG�ZLWK��VWHSZLVH�DGGLWLRQ�XQGHU�WKH�SDUVLPRQ\�FULWHULRQ�
�runmode� ����RU�UHDG�IURP�WKH�WUHH�VWUXFWXUH�ILOH��runmode� �����7KH�UHVXOWV�DUH�VHOI�H[SODQDWRU\���

%HVLGHV�WKH�IDFW�WKDW�0/�FDOFXODWLRQV�DUH�VORZ��P\�LPSOHPHQWDWLRQV�RI�WKHVH�DOJRULWKPV�DUH�FUXGH���
,I�WKH�GDWD�VHW�LV�VPDOO��VD\��ZLWK�����RU����VSHFLHV���WKH�VWHSZLVH�DGGLWLRQ�DOJRULWKP��runmode� ����
DSSHDUV�XVDEOH���&KRRVH�clock� ����DQG�method� ���WR�XVH�WKH�DOJRULWKP�WKDW�XSGDWHV�RQH�EUDQFK�
DW�D�WLPH��DQG�IL[�VXEVWLWXWLRQ�SDUDPHWHUV�LQ�WKH�PRGHO��VXFK�DV�κ�DQG�α��VR�WKDW�RQO\�EUDQFK�OHQJWKV�
DUH�RSWLPL]HG���3DUDPHWHUV�κ�DQG�α�FDQ�EH�IL[HG�LQ�WKH�WUHH�VHDUFK�XVLQJ�fix_kappa�DQG�
fix_alpha�LQ�WKH�FRQWURO�ILOHV���2WKHU�SDUDPHWHUV��VXFK�DV�VXEVWLWXWLRQ�UDWHV�IRU�JHQHV�RU�FRGRQ�
SRVLWLRQV�RU�VLWH�SDUWLWLRQV��FDQQRW�EH�IL[HG�WKLV�ZD\��WKH\�FDQ�LQVWHDG�EH�VSHFLILHG�LQ�WKH�ILOH�RI�
LQLWLDO�YDOXHV��in.baseml�RU�in.codeml����6XSSRVH�\RX�XVH�D�FDQGLGDWH�WUHH�WR�HVWLPDWH�EUDQFK�
OHQJWKV�DQG�VXEVWLWXWLRQ�SDUDPHWHUV�ZLWK�runmode� �����<RX�FDQ�WKHQ�PRYH�WKH�VXEVWLWXWLRQ�
SDUDPHWHUV��EXW�QRW�WKH�EUDQFK�OHQJWKV��LQWR�WKH�ILOH�RI�LQLWLDO�YDOXHV���<RX�WKHQ�FKDQJH�WKH�IROORZLQJ�
YDULDEOHV�IRU�WUHH�VHDUFK��runmode� ����method� �����7KH�SURJUDP�ZLOO�XVH�WKH�VXEVWLWXWLRQ�
SDUDPHWHUV�DV�IL[HG�LQ�WKH�WUHH�VHDUFK��DQG�RSWLPL]HV�EUDQFK�OHQJWKV�RQO\���,W�LV�LPSRUWDQW�WKDW�WKH�
VXEVWLWXWLRQ�SDUDPHWHUV�DUH�LQ�WKH�ULJKW�RUGHU�LQ�WKH�ILOH��VR�FRS\�DQG�SDVWH�IURP�3$0/�RXWSXW�LV�
SUREDEO\�WKH�VDIHVW���,W�LV�DOVR�LPSRUWDQW�WKDW�\RX�GR�QRW�FKDQJH�WKH�SDUDPHWHU�VSHFLILFDWLRQV�LQ�WKH�
FRQWURO�ILOH��WKH�FRQWURO�ILOH�VKRXOG�LQGLFDWH�WKDW�\RX�ZDQW�WR�HVWLPDWH�WKH�VXEVWLWXWLRQ�SDUDPHWHUV��EXW�
ZKHQ�WKH�SURJUDP�GHWHFWV�WKH�ILOH�RI�LQLWLDO�YDOXHV��IL[HG�SDUDPHWHU�YDOXHV�DUH�XVHG�LQVWHDG��

Generating bootstrap data sets 

7R�JHQHUDWH�ERRWVWUDS�SVHXGR�VDPSOHV�IURP�\RXU�RULJLQDO�GDWD��XVH�WKH�FRQWURO�YDULDEOH�bootstrap�
LQ�WKH�FRQWURO�ILOHV�baseml.ctl�RU�codeml.ctl��DV�IROORZV�

bootstrap = 1000   * generate 1000 bootstrap datasets 

7KH�UHVXOWLQJ�ILOH�LV�QDPHG�boot.txt���<RX�PD\�ZDQW�WR�UHQDPH�LW���8VH�baseml�WR�JHQHUDWH�VDPSOHV�
IRU�QXFOHRWLGH�EDVHG�DQDO\VLV�DQG�codeml�IRU�DPLQR�DFLG�DQG�FRGRQ�EDVHG�DQDO\VLV���,I�WKH�GDWD�DUH�
SDUWLWLRQHG��XVLQJ�RSWLRQ�*���WKH�SURJUDPV�XVH�VWUDWLILHG�VDPSOLQJ�WR�JHQHUDWH�ERRWVWUDS�VDPSOHV��
SUHVHUYLQJ�WKH�QXPEHU�RI�VLWHV�LQ�HDFK�SDUWLWLRQ���

7R�DQDO\]H�WKH�ERRWVWUDS�VDPSOHV�XVLQJ�baseml�RU�codeml��\RX�FDQ�VHW�ndata = 1000��

The rub file recording the progress of iteration 

,I�\RX�XVH�D�ODUJH�YDOXH�IRU�WKH�YDULDEOH�QRLV\��VD\�!����WKH�SURJUDPV�baseml�DQG�codeml�ZLOO�ORJ�
RXWSXW�WR�WKH�VFUHHQ��LQGLFDWLQJ�WKH�SURJUHVV�RI�WKH�LWHUDWLRQ�SURFHVV��L�H���WKH�PLQLPL]DWLRQ�RI�WKH�
QHJDWLYH�ORJ�OLNHOLKRRG��7KH\�ZLOO�DOVR�SULQW�LQ�WKH�rub�ILOH��WKH�VL]H��QRUP��RI�WKH�JUDGLHQW�RU�VHDUFK�
GLUHFWLRQ��h���WKH�QHJDWLYH�ORJ�OLNHOLKRRG��DQG�WKH�FXUUHQW�YDOXHV�RI�SDUDPHWHUV�IRU�HDFK�URXQG�RI�
LWHUDWLRQ��$�KHDOWK\�LWHUDWLRQ�LV�LQGLFDWHG�E\�WKH�GHFUHDVH�RI�ERWK�h�DQG�WKH�QHJDWLYH�ORJ�OLNHOLKRRG��
DQG�h�LV�SDUWLFXODUO\�VHQVLWLYH��,I�\RX�UXQ�D�FRPSOLFDWHG�PRGHO�KDUG�WR�FRQYHUJH�RU�DQDO\]LQJ�D�ODUJH�
GDWD�VHW�ZLWK�KXQGUHGV�RU�WKRXVDQGV�RI�VHTXHQFHV��\RX�PD\�VZLWFK�RQ�WKH�RXWSXW��<RX�FDQ�FKHFN�WKLV�
ILOH�WR�VHH�ZKHWKHU�WKH�DOJRULWKP�KDV�FRQYHUJHG��$�W\SLFDO�V\PSWRP�RI�IDLOXUH�RI�WKH�DOJRULWKP�LV�
WKDW�HVWLPDWHV�RI�SDUDPHWHUV�DUH�DW�WKH�SUHVHW�ERXQGDULHV��ZLWK�YDOXHV�OLNH�������������������:KHQ�
method� ����WKH�RXWSXW�LQ�WKH�rub�ILOH�OLVWV�WKH�ORJ�OLNHOLKRRG�DQG�SDUDPHWHU�HVWLPDWHV�RQO\���

Specifying initial values 

<RX�PD\�FKDQJH�YDOXHV�RI�SDUDPHWHUV�LQ�WKH�FRQWURO�ILOH�VXFK�DV�NDSSD��DOSKD��RPHJD��HWF��WR�VWDUW�
WKH�LWHUDWLRQ�IURP�GLIIHUHQW�LQLWLDO�YDOXHV��,QLWLDO�YDOXHV�IRU�WKH�VHFRQG�DQG�ODWHU�WUHHV�DUH�GHWHUPLQHG�
E\�WKH�SURJUDP��DQG�VR�\RX�GR�QRW�KDYH�PXFK�FRQWURO�LQ�WKLV�ZD\���
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<RX�FDQ�FROOHFW�LQLWLDO�YDOXHV�LQWR�D�ILOH�FDOOHG�in.baseml�LI�\RX�DUH�UXQQLQJ�baseml�RU�
in.codeml�LI�\RX�DUH�UXQQLQJ�codeml���7KLV�ILOH�VKRXOG�FRQWDLQ�DV�PDQ\�QXPEHUV��VHSDUDWHG�E\�
ZKLWH�VSDFHV��DV�WKH�QXPEHU�RI�SDUDPHWHUV�WKDW�DUH�EHLQJ�RSWLPL]HG�E\�WKH�SURJUDP���6R�LI�WKH�
SURJUDP�LV�HVWLPDWLQJ����SDUDPHWHUV��VD\����EUDQFK�OHQJWKV����NDSSD��DQG���RWKHU�SDUDPHWHUV�IURP�
WKH�ω�GLVWULEXWLRQ���\RX�VKRXOG�SXW����QXPEHUV�LQ�WKH�ILOH���7KH�SDUDPHWHUV�DUH�RUGHUHG�LQWHUQDOO\�LQ�
WKH�SURJUDP�DQG�\RX�KDYH�QR�FRQWURO�RI�WKH�RUGHULQJ���1HYHUWKHOHVV��WKH�RUGHU�LV�WKH�VDPH�DV�LQ�WKH�
PDLQ�RXWSXW��EHORZ�WKH�OQ/�OLQH�IRU�HDFK�WUHH����2QH�ZD\�RI�JHQHUDWLQJ�WKH�LQ�FRGHPO�RU�LQ�EDVHPO�
ILOHV�LV�WR�UXQ�D�GDWD�VHW��DQG�WKHQ�FRS\�LQLWLDO�YDOXHV�IURP�WKH�UXE�ILOH�RU�IURP�WKH�PDLQ�RXWSXW�ILOH���
7KH�rub�ILOH�UHFRUGV�WKH�LWHUDWLRQ�SURFHVV�DQG�KDV�RQH�OLQH�IRU�HDFK�URXQG�RI�LWHUDWLRQ��(DFK�OLQH�OLVWV�
WKH�FXUUHQW�SDUDPHWHU�YDOXHV�DIWHU�WKH�V\PERO�[��\RX�FDQ�FRS\�WKRVH�QXPEHUV��QRW�WKH�V\PERO�[��LQWR�
WKH�ILOH�RI�LQLWLDO�YDOXHV��DQG�LI�\RX�OLNH��FKDQJH�RQH�RU�D�IHZ�RI�WKH�SDUDPHWHU�YDOXHV�WRR���:KHQ�\RX�
UXQ�WKH�SURJUDP��ORRN�DW�OQ/��SULQWHG�RXW�RQ�WKH�VFUHHQ�DQG�FKHFN�WKDW�LW�LV�WKH�VDPH�DV�UHFRUGHG�LQ�
UXE����

:KHQ�WKH�SURJUDP�UXQV��LW�FKHFNV�WR�VHH�ZKHWKHU�D�ILOH�RI�LQLWLDO�YDOXHV�H[LVWV��DQG�LW�GRHV��WKH�
SURJUDP�ZLOO�UHDG�LQLWLDO�YDOXHV�IURP�LW��7KLV�PD\�EH�XVHIXO�LI�WKH�LWHUDWLRQ�LV�VRPHKRZ�DERUWHG��DQG�
WKHQ�\RX�FDQ�FROOHFW�FXUUHQW�YDOXHV�RI�SDUDPHWHUV�IURP�WKH�ILOH�rub�LQWR�WKLV�ILOH�RI�LQLWLDO�YDOXHV��VR�
WKDW�WKH�QHZ�LWHUDWLRQ�FDQ�KDYH�D�EHWWHU�VWDUW�DQG�PD\�FRQYHUJH�IDVWHU��7KH�ILOH�RI�LQLWLDO�YDOXHV�PD\�
DOVR�EH�XVHIXO�LI�\RX�H[SHULHQFH�SUREOHPV�ZLWK�FRQYHUJHQFH����,I�\RX�KDYH�DOUHDG\�REWDLQHG�
SDUDPHWHU�HVWLPDWHV�EHIRUH�DQG�GR�QRW�ZDQW�WKH�SURJUDP�WR�UH�HVWLPDWH�WKHP�DQG�RQO\�ZDQW�WR�GR�
VRPH�DQDO\VLV�EDVHG�RQ�WKRVH�HVWLPDWHV�VXFK�DV�UHFRQVWUXFWLQJ�DQFHVWUDO�VHTXHQFHV��LQVHUW����EHIRUH�
WKH�LQLWLDO�YDOXHV���

:DUQLQJ��$�FRPSOLFDWLRQ�LV�WKDW�LQ�VRPH�PRGHOV�D�WUDQVIRUPDWLRQ�LV�DSSOLHG�GXULQJ�WKH�LWHUDWLRQ�
ZKLOH�WKH�SULQWRXW�XVHV�WKH�RULJLQDO�YDULDEOHV���([DPSOHV�RI�WKLV�DUH�WKH�IUHTXHQF\�SURSRUWLRQ�
SDUDPHWHUV�IRU�EDVH�IUHTXHQFLHV��QKRPR� ���LQ�EDVHPO���SURSRUWLRQV�RI�VLWH�FODVVHV�LQ�WKH�16VLWHV�
PRGHOV��H[FHSW�IRU�PRGHOV�DOZD\V�KDYLQJ�RQO\�WZR�FODVVHV�LQ�ZKLFK�FDVH�QR�WUDQVIRUPDWLRQ�LV�
DSSOLHG���DQG�WLPHV�RU�QRGH�DJHV�LQ�FORFN�PRGHOV��FORFN� ����������������EXW�QRW������)RU�WKRVH�PRGHOV��
\RX�FDQ�VHH�WKDW�WKH�OLQH�RI�RXWSXW�LQ�WKH�PDLQ�RXWSXW�ILOH�ORRNV�GLIIHUHQW�IURP�WKH�ODVW�OLQH�RI�UXE�
DIWHU�WKH�LWHUDWLRQ�ILQLVKHV���,Q�WKH�ILOH�RI�LQLWLDO�YDOXHV��LI�\RX�XVH����DW�WKH�VWDUW��WKH�SURJUDP�DVVXPHV�
WKH�RULJLQDO�YDULDEOHV��ZKLOH�LI�\RX�GRQ¶W��WKH�SURJUDP�DVVXPHV�WUDQVIRUPHG�YDULDEOHV���

Fine-tuning the iteration algorithm 

7KH�LWHUDWLRQ�DOJRULWKP�XVHV�WKH�GLIIHUHQFH�DSSUR[LPDWLRQ�WR�FDOFXODWH�GHULYDWLYHV��7KLV�PHWKRG�
FKDQJHV�WKH�YDULDEOH��x��VOLJKWO\��VD\�E\�D�VPDOO�QXPEHU�H��DQG�VHH�KRZ�WKH�IXQFWLRQ�YDOXH�FKDQJHV��
2QH�VXFK�IRUPXOD�LV�Gf�Gx� �>f�x���e��−�f�x�@�e��7KH�VPDOO�QXPEHU�e�VKRXOG�EH�VPDOO�WR�DOORZ�DFFXUDWH�
DSSUR[LPDWLRQ�EXW�VKRXOG�QRW�EH�WRR�VPDOO�WR�DYRLG�URXQGLQJ�HUURUV��<RX�FDQ�FKDQJH�WKLV�YDOXH�E\�
DGGLQJ�D�OLQH�LQ�WKH�FRQWURO�ILOHV�baseml.ctl�RU�codeml.ctl��

Small_Diff = 1e-6 

7KH�LWHUDWLRQ�LV�UDWKHU�VHQVLWLYH�WR�WKH�YDOXH�RI�WKLV�YDULDEOH���7KLV�YDULDEOH�DOVR�DIIHFWV�WKH�
FDOFXODWLRQ�RI�WKH�6(
V�IRU�SDUDPHWHUV��ZKLFK�DUH�PXFK�PRUH�GLIILFXOW�WR�DSSUR[LPDWH�WKDQ�WKH�ILUVW�
GHULYDWLYHV��,I�WKH�FDOFXODWHG�6(
V�DUH�VHQVLWLYH�WR�VOLJKW�FKDQJH�LQ�WKLV�YDULDEOH��WKH\�DUH�QRW�UHOLDEOH���

,I�\RX�FRPSLOH�WKH�VRXUFH�FRGHV��\RX�FDQ�DOVR�FKDQJH�WKH�ORZHU�DQG�XSSHU�ERXQGV�IRU�SDUDPHWHUV��,�
KDYH�QRW�SXW�WKHVH�YDULDEOHV�LQWR�WKH�FRQWURO�ILOHV��6HH�EHORZ���

Adjustable variables in the source codes 

7KLV�VHFWLRQ�LV�UHOHYDQW�RQO\�LI�\RX�FRPSLOH�WKH�VRXUFH�FRGHV�\RXUVHOI���7KH�PD[LPXP�YDOXHV�RI�
FHUWDLQ�YDULDEOHV�DUH�OLVWHG�DV�FRQVWDQWV�LQ�XSSHUFDVH�DW�WKH�EHJLQQLQJ�RI�WKH�PDLQ�SURJUDPV�
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�baseml.c��basemlJ.c��codeml.c���7KHVH�YDOXHV�FDQ�EH�UDLVHG�ZLWKRXW�LQFUHDVLQJ�WKH�
PHPRU\�UHTXLUHPHQW�E\�WRR�PXFK��

16��PD[LPXP�QXPEHU�RI�VHTXHQFHV��VSHFLHV��
/631$0(��PD[LPXP�QXPEHU�RI�FKDUDFWHUV�LQ�D�VSHFLHV�QDPH�
1*(1(��PD[LPXP�QXPEHU�RI��JHQHV��LQ�GDWD�RI�PXOWLSOH�JHQHV��RSWLRQ�*���
1&$7*��PD[LPXP�QXPEHU�RI�UDWH�FDWHJRULHV�LQ�WKH��DXWR���GLVFUHWH�JDPPD�PRGHO��EDVHPO�F��FRGHPO�F��

�

<RX�FDQ�FKDQJH�WKH�YDOXH�RI�LSPNAME���2WKHU�YDULDEOHV�WKDW�PD\�EH�FKDQJHG�LQFOXGH�WKH�ERXQGV�
IRU�SDUDPHWHUV��VSHFLILHG�DW�WKH�EHJLQQLQJ�RI�WKH�IXQFWLRQ�testx�RU�SetxBound�LQ�WKH�PDLQ�
SURJUDPV��baseml.c�DQG�codeml.c���)RU�H[DPSOH��WKHVH�YDULDEOHV�DUH�GHILQHG�LQ�WKH�IXQFWLRQ�
SetxBound�LQ�codeml.c��

 double tb[]={.0001,9}, rgeneb[]={0.1,99}, rateb[]={1e-4,999}; 

 double alphab[]={0.005,99}, rhob[]={0.01,0.99}, omegab[]={.001,99}; 

7KH�SDLUV�RI�YDULDEOHV�VSHFLI\�ORZHU�DQG�XSSHU�ERXQGV�IRU�YDULDEOHV��tb�IRU�EUDQFK�OHQJWKV��
rgeneb�IRU�UHODWLYH�UDWHV�RI�JHQHV�XVHG�LQ�PXOWLSOH�JHQH�DQDO\VLV��alphab�IRU�WKH�JDPPD�VKDSH�
SDUDPHWHU��rhob�IRU�WKH�FRUUHODWLRQ�SDUDPHWHU�LQ�WKH�DXWR�GLVFUHWH�JDPPD�PRGHO��DQG�omegab�IRU�
WKH�d1�d6�UDWLR�LQ�FRGRQ�EDVHG�DQDO\VLV��

26BWindows notes 

Turn on file extensions in Windows Explorer.��:LQGRZV�([SORUHU�E\�GHIDXOW�KLGHV�ILOH�H[WHQVLRQV�
IRU�NQRZQ�ILOH�W\SHV���<RX�VKRXOG�JR�WR��:LQGRZV�([SORUHU���7RROV���)ROGHU�RSWLRQV���9LHZ��DQG�
XQ�WLFN��+LGH�H[WHQVLRQV�IRU�NQRZQ�ILOH�W\SHV���VR�WKDW�\RX�FDQ�VHH�WKH�IXOO�ILOH�QDPHV�IURP�
:LQGRZV�([SORUHU����

Using Task Manger to change job priority.��6WDUW�7DVN�0DQJHU��IRU�H[DPSOH��ULJKW�FOLFN�RQ�WDVN�EDU�
DQG�FKRRVH�7DVN�0DQDJHU����&OLFN�RQ�3URFHVVHV�EXWWRQ���/RFDWH�WKH�ELJ�MRE��VD\��FRGHPO���5LJKW�FOLFN�
DQG�6HW�3ULRULW\�WR�/RZ���1RWH�WKDW�WKH�SURFHVV�UXQQLQJ�WKH�&RPPDQG�3URPSW�LV�FPG���,I�\RX�FKDQJH�
WKH�SULRULW\�RI�FPG�WR�ORZ��DOO�MREV�VWDUWHG�IURP�WKDW�ZLQGRZ�ZLOO�UXQ�DW�ORZ�SULRULW\���<RX�FDQ�
FKDQJH�9LHZ�±�8SGDWH�6SHHG�WR�/RZ�DQG�FKDQJH�9LHZ�±�6HOHFW�&ROXPQV���&KDQJH�2SWLRQV�±�
0LQLPL]H�RQ�8VH���7KHQ�\RX�FDQ�PLQLPL]H�UDWKHU�WKDQ�FORVH�7DVN�0DQJHU� 

All input and output files are plain text files.��,Q�WKH�&RPPDQG�3URPSW�ER[��6WDUW���3URJUDPV�±�
$FFHVVDULHV�±�&RPPDQG�3URPSW���\RX�FDQ�XVH�W\SH�RU�PRUH�WR�YLHZ�D�WH[W�ILOH���,I�\RX�VHH�VWUDQJH�
FKDUDFWHUV�RQ�WKH�VFUHHQ�DQG�SHUKDSV�DOVR�KHDU�EHHSV��WKH�ILOH�LV�QRW�D�SODLQ�WH[W�ILOH���<RX�FDQ�DOVR�
XVH�D�WH[W�HGLWRU�WR�YLHZ�DQG�HGLW�D�SODLQ�WH[W�ILOH���,I�\RX�XVH�0LFURVRIW�:RUG�RU�:RUGSDG�WR�VDYH�D�
ILOH��PDNH�VXUH�WKDW�WKH�ILOHV�DUH�VDYHG�DV�D�SODLQ�WH[W�ILOH���8VH�)LOH�±�6DYH�$V�DQG�FKDQJH�WKH�ILOH�
W\SH���:KHQ�\RX�GR��:RUG�RU�RWKHU�SURJUDPV�PLJKW�DXWRPDWLFDOO\�DGG�WKH�ILOH�H[WHQVLRQ��W[W��DQG�
\RX�ZLOO�KDYH�WR�UHQDPH�WKH�ILOH�LI�\RX�GRQ¶W�ZDQW�WKH��W[W����

+RZ�WR�FKDQJH�\RXU�VHDUFK�SDWK�WR�LQFOXGH�SDPO�SURJUDPV���<RX�FDQ�FUHDWH�D�IROGHU�FDOOHG�ELQ�
XQGHU�\RXU�DFFRXQW���7KH�IROGHU�QDPH�VKRXOG�EH�VKRZQ�ZKHQ�\RX�PRYH��FG���WR�WKDW�IROGHU���/HW¶V�
VD\�WKLV�LV�'�?ELQ���&RS\�RU�PRYH�WKH�H[HFXWDEOH�ILOHV�IURP�WKH�SDPO�ELQ��IROGHU�LQWR�WKLV�IROGHU����

1RZ�FKDQJH�WKH�HQYLURQPHQW�YDULDEOH�SDWK���2Q�:LQGRZV�9LVWD�RU�;3��RSHQ�&RQWURO�3DQHO�±�
6\VWHP�±�$GYDQFHG�6\VWHP�6HWWLQJV�±�(QYLURQPHQW�YDULDEOHV���8QGHU�³8VHU�YDULDEOHV�IRU�=LKHQJ´��
ILQG�SDWK��DQG�(GLW���$GG�WKH�IROGHU�QDPH��'�?ELQ�LQ�P\�H[DPSOH��WR�WKH�HQG�RU�EHJLQQLQJ�RI�WKH�
VWULQJ���7KH�ILHOGV�DUH�VHSDUDWHG�E\�VHPL�FRORQV���1RWH�WKDW�:LQGRZV�'RV�LV�FDVH�LQVHQVLWLYH��VR�
'�?ELQ�LV�WKH�VDPH�DV�'�?%,1�RU�G�?ELQ��
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UNIX/Linux/Mac OSX notes 

+RZ�WR�FKDQJH�\RXU�VHDUFK�SDWK�WR�LQFOXGH�SDPO�SURJUDPV���<RX�FDQ�FUHDWH�D�IROGHU�ELQ�LQ�\RXU�
URRW�GLUHFWRU\�DQG�FRS\�SDPO�H[HFXWDEOHV�LQWR�WKDW�IROGHU��DQG�WKHQ�LQFOXGH�WKH�IROGHU�LQ�\RXU�VHDUFK�
SDWK���7KLV�ZD\�\RX�FDQ�UXQ�WKH�SURJUDP�QR�PDWWHU�ZKHUH�\RX�DUH���,I�\RX�KDYH�VHYHUDO�YHUVLRQV�RI�
WKH�SDPO��\RX�PD\�HYHQ�QDPH�WKH�H[HFXWDEOHV�EDVHPO������EDVHPO���HWF���WR�GLVWLQJXLVK�WKHP���
6LPLODUO\�\RX�FDQ�FRS\�RWKHU�SURJUDPV�VXFK�DV�PE��GQDGLVW��HWF��LQWR�WKDW�IROGHU��

7\SH�FG���WR�PRYH�WR�\RXU�URRW�GLUHFWRU\���&UHDWH�D�ELQ��IROGHU�LQ�\RXU�URRW�GLUHFWRU\��

���PNGLU�ELQ����

&RS\�H[HFXWDEOHV�VXFK�DV�FRGHPO��EDVHPO��DQG�PFPFWUHH�LQWR�WKH�ELQ��IROGHU����

7KHQ�PRGLI\�\RXU�SDWK�HQYLURQPHQW�YDULDEOH�WR�LQFOXGH�WKH�ELQ��IROGHU�LQ�WKH�LQLWLDOL]DWLRQ�ILOH�
IRU�WKH�VKHOO���<RX�FDQ�XVH��PRUH��HWF�SDVVZG�WR�VHH�ZKLFK�VKHOO�\RX�UXQ���%HORZ�DUH�QRWHV�IRU�WKH�&�
VKHOO�DQG�EDVK�VKHOO���7KHUH�DUH�RWKHU�VKHOOV��EXW�WKHVH�WZR�DUH�FRPPRQO\�XVHG��
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������

<DQJ��=������D��0D[LPXP�OLNHOLKRRG�PRGHOV�IRU�FRPELQHG�DQDO\VHV�RI�PXOWLSOH�VHTXHQFH�GDWD��
-RXUQDO�RI�0ROHFXODU�(YROXWLRQ�������������

<DQJ��=������E��$PRQJ�VLWH�UDWH�YDULDWLRQ�DQG�LWV�LPSDFW�RQ�SK\ORJHQHWLF�DQDO\VHV��7UHQGV�(FRO��
(YRO��������������

<DQJ��=��������/LNHOLKRRG�UDWLR�WHVWV�IRU�GHWHFWLQJ�SRVLWLYH�VHOHFWLRQ�DQG�DSSOLFDWLRQ�WR�SULPDWH�
O\VR]\PH�HYROXWLRQ��0ROHFXODU�%LRORJ\�DQG�(YROXWLRQ�������������

<DQJ��=������D��&RPSOH[LW\�RI�WKH�VLPSOHVW�SK\ORJHQHWLF�HVWLPDWLRQ�SUREOHP��3URF��5��6RF��%��%LRO��
6FL���������������

<DQJ��=������E��0D[LPXP�OLNHOLKRRG�HVWLPDWLRQ�RQ�ODUJH�SK\ORJHQLHV�DQG�DQDO\VLV�RI�DGDSWLYH�
HYROXWLRQ�LQ�KXPDQ�LQIOXHQ]D�YLUXV�$��-RXUQDO�RI�0ROHFXODU�(YROXWLRQ�������������
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<DQJ��=���DQG�5��1LHOVHQ��������(VWLPDWLQJ�V\QRQ\PRXV�DQG�QRQV\QRQ\PRXV�VXEVWLWXWLRQ�UDWHV�
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RI�FXWH�ORRNLQJ�PRXVH�OHPXU�VSHFLHV��6\VWHPDWLF�%LRORJ\�������������

<DQJ��=���DQG�%��5DQQDOD��������%D\HVLDQ�HVWLPDWLRQ�RI�VSHFLHV�GLYHUJHQFH�WLPHV�XQGHU�D�PROHFXODU�
FORFN�XVLQJ�PXOWLSOH�IRVVLO�FDOLEUDWLRQV�ZLWK�VRIW�ERXQGV��0ROHFXODU�%LRORJ\�DQG�(YROXWLRQ�
������������

<DQJ��=���DQG�5��1LHOVHQ��������0XWDWLRQ�VHOHFWLRQ�PRGHOV�RI�FRGRQ�VXEVWLWXWLRQ�DQG�WKHLU�XVH�WR�
HVWLPDWH�VHOHFWLYH�VWUHQJWKV�RQ�FRGRQ�XVDJH��0ROHFXODU�%LRORJ\�DQG�(YROXWLRQ�������������

<DQJ��=���1��*ROGPDQ��DQG�$��)ULGD\��������&RPSDULVRQ�RI�PRGHOV�IRU�QXFOHRWLGH�VXEVWLWXWLRQ�XVHG�
LQ�PD[LPXP��OLNHOLKRRG�SK\ORJHQHWLF�HVWLPDWLRQ��0ROHFXODU�%LRORJ\�DQG�(YROXWLRQ�������������

<DQJ��=���6��.XPDU��DQG�0��1HL������D��$�QHZ�PHWKRG�RI�LQIHUHQFH�RI�DQFHVWUDO�QXFOHRWLGH�DQG�
DPLQR�DFLG�VHTXHQFHV��*HQHWLFV����������������

<DQJ��=���1��*ROGPDQ��DQG�$��(��)ULGD\������E��0D[LPXP�OLNHOLKRRG�WUHHV�IURP�'1$�VHTXHQFHV��D�
SHFXOLDU�VWDWLVWLFDO�HVWLPDWLRQ�SUREOHP��6\VWHPDWLF�%LRORJ\�������������

<DQJ��=���5��1LHOVHQ��DQG�0��+DVHJDZD��������0RGHOV�RI�DPLQR�DFLG�VXEVWLWXWLRQ�DQG�DSSOLFDWLRQV�
WR�PLWRFKRQGULDO�SURWHLQ�HYROXWLRQ��0ROHFXODU�%LRORJ\�DQG�(YROXWLRQ���������������

<DQJ��=���:��-��6ZDQVRQ��DQG�9��'��9DFTXLHU������D��0D[LPXP�OLNHOLKRRG�DQDO\VLV�RI�PROHFXODU�
DGDSWDWLRQ�LQ�DEDORQH�VSHUP�O\VLQ�UHYHDOV�YDULDEOH�VHOHFWLYH�SUHVVXUHV�DPRQJ�OLQHDJHV�DQG�VLWHV��
0ROHFXODU�%LRORJ\�DQG�(YROXWLRQ���������������

<DQJ��=���:��6��:��:RQJ��DQG�5��1LHOVHQ��������%D\HV�HPSLULFDO�%D\HV�LQIHUHQFH�RI�DPLQR�DFLG�
VLWHV�XQGHU�SRVLWLYH�VHOHFWLRQ��0ROHFXODU�%LRORJ\�DQG�(YROXWLRQ���������������

<DQJ��=���5��1LHOVHQ��1��*ROGPDQ��DQG�$��0��.��3HGHUVHQ������E��&RGRQ�VXEVWLWXWLRQ�PRGHOV�IRU�
KHWHURJHQHRXV�VHOHFWLRQ�SUHVVXUH�DW�DPLQR�DFLG�VLWHV��*HQHWLFV��������������

<RGHU��$��'���DQG�=��<DQJ��������(VWLPDWLRQ�RI�SULPDWH�VSHFLDWLRQ�GDWHV�XVLQJ�ORFDO�PROHFXODU�
FORFNV��0ROHFXODU�%LRORJ\�DQG�(YROXWLRQ���������������

=KDQJ��-��������)UHTXHQW�IDOVH�GHWHFWLRQ�RI�SRVLWLYH�VHOHFWLRQ�E\�WKH�OLNHOLKRRG�PHWKRG�ZLWK�EUDQFK�
VLWH�PRGHOV��0ROHFXODU�%LRORJ\�DQG�(YROXWLRQ���������������

=KDQJ��-���5��1LHOVHQ��DQG�=��<DQJ��������(YDOXDWLRQ�RI�DQ�LPSURYHG�EUDQFK�VLWH�OLNHOLKRRG�PHWKRG�
IRU�GHWHFWLQJ�SRVLWLYH�VHOHFWLRQ�DW�WKH�PROHFXODU�OHYHO��0ROHFXODU�%LRORJ\�DQG�(YROXWLRQ�
��������������

=KDUNLNK��$��������(VWLPDWLRQ�RI�HYROXWLRQDU\�GLVWDQFHV�EHWZHHQ�QXFOHRWLGH�VHTXHQFHV��-RXUQDO�RI�
0ROHFXODU�(YROXWLRQ�������������
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