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OQPSRUTVPAW PYX[Z]\^XU_a`CPYb�\cbedC_cTVfgZVhUi^j �
k R5PYT � blPA\mXnfeXUd�o+pq_cT]PsrMPAtuZVfe`CPYb k flX�pqPAT TVfeXnd=RUh k bl_mv
dcPAXUPsZVflt+Z TVPYPGWYw � hUPxiyPYZ hU_�z{flWy|n\CW}PGz~_CX~Z hnP^�[�n\cT}ZVPsZyiyPsZ hn_>z{Rn\cTV\Cz�fedCi�\mXnz'flW
dc�:\mT�\mX[Z PAPAz�ZV_�T PGts_a`CPYT]Z hUP�|5PAW}Z+W �URUR5_cT Z PAz�PGz�dcPGWy_mp�Z hUP=�UX:z�PYTVb k flXUd�RUh k be_CdcPAX k
|n\CW}PGz._cX.Z hnP���feZ XUPGW W��[�n\mT Z PYZxW}PYZAw � hnflWxflW+R:PAT}pq_CT iyPGz�Ps�StsflPYX[ZVb k �nW feXUd�\~ts_Cbgv
b�\mRnW feXnd~iyPAt�hn\cXUflW i�Z hn\mZxPAi�Rnbe_ k Wxi�PAiy_cT kU� Z fliyP=Z T�\cz�PA_mr!Z _'PAXnW �UT P�XU_'bl_CWVWS_cp
flX�pq_cTVi�\aZ fl_cX�w � hnflW�PAXn\m|nbePGW �"k R:PAT � blPA\cXUflXUd>oSZ _=W _cbl`cP�Z hnP�T PAbl\m�>PGz�`CPYT�W}fl_cX�_mp#Z hUP
� \m�>fli��ni]v}���n\cT}ZVPsZ}v � _cX:W}f�W�ZVPYXnt k RUT _C|UblPYi�pqPG\cW fe|nb k jmZ h>�nWKRUT _a`>f�z�flXUd�\*`�\cbe�:\m|UblP#Z _>_cb
pq_cT�flX�pqPAT TVfeXnd�Rnh k bl_cdCPYXUflPAW#�nW feXndy�[�n\cT}ZVPsZ�|n\CW}PGzx\cXn\mb k W}f�WYw
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� hUPQW�ZV�nz k _mp RUh k bl_cdcPAXUPsZVflt^flX�pqPAT PAXntsP�flW+pq�UXnzU\ciyPYX[ZV\cb
ZV_~Z hnP��UXnzUPYT�W�Z�\mXnz�flXUd~_cp
|Ufl_cbl_cdCfltA\mbMPY`C_cbl��Z fl_cX^\aZ�ZVhUP iy_cblPAtY�Ubl\cT�bePA`cPAb w 	 h k bl_cdCPYXUPYZ f�tYW#XU_cZ"_cXUb k R5_CW PAW�\cX�flX�v
Z PAT PGW�ZVfeXnd�RUTV_c|UblPYi feX�feZVW]_a��X�TVfedChCZ |n��Z�\cblW _�RUb�\ k W \��cP k TV_cblPypq_cT�W}_Cbe`>flXUd�i�\mX k
_mZVhUPYT�RUTV_c|UblPYi�W�feXQts_Ci�Rn��ZV\mZ fl_cXn\cb�|nfe_Cbe_Cd k w � _�zU\mZ PCjMZ hUP�RUTV_c|UblPYi hn\CW�RnT _a`CPYX^Z _
|5P]PY�[ZVT PAiyPYb k hn\mT�z^pqTV_ci |5_mZ h \x|Ufe_Cbe_Cdcf�tY\cb�\mX:z�ts_CiyRU��ZV\mZ fl_cXn\cb�W}ZV\cXnz�R5_cflX[ZAw � hUP
|Ufl_cbl_cdCfltA\mbMz�fg�StY�UbgZ k W�ZVPYi�W�pqT _Ci Z hUP*b�\ct
��_mp��UXnz�PATVW}ZV\cXnz�flXUd�_mp ZVhUP�ts_ciyRUblPs�SPA`c_Cbe��v
Z fl_cX:\mT k RUT _�tYPAWVWYw � hUP�ts_CiyRU��ZV\mZ fl_cXn\cbNz�fg�StY�UbgZ k \mTVT fl`cPGWKpqTV_ci Z hUP�fliyRUbef�tsfeZ�Z T�\czUPY_mr
|5PsZ��#PYPYX�ZVhUP�PsrMPAtsZ fl`cPYXnPAWVW � W}_CRUhUf�W�ZVfltA\aZ fl_cX�_mpE\mX=\cbedC_cTVfgZVhUi \mX:z+feZVW�ts_ciyRU�UZV\aZVfe_CXn\mb
TVPAW _c�UT�tsP^TVPA�[�UflT PAi�PAX[ZVWAw � _CRUhUf�W�ZVfltA\aZVPAz.iyPsZVhU_�zUWxW �nt�h�\cW � \a��fli��Ui � f��cPAbeflhU_>_�z
� ��� %�� � 9��3jC\mXnz � \a��fli��Ui 	 \mT�W feiy_cX k � ��	 %�� ��� �3jc\cT P �
	 v3hn\cTVz*_CR�Z fliyf��G\aZVfe_CX�RUTV_c|�v
blPYi�WYj�i�\��[flXUd�Z hnPYi tY_ciyRU��Z�\aZVfe_CXn\mblb k feX�pqPG\cW fe|nbePCw

� hUP]���n\cT}ZVPsZ & \cW PAzxRn\mT�\czUfedCi � W PYP 3�w [ % \cXnz�X[�ni�PAT _C�nW�\mbldc_CT feZ hniyW#RUTV_�z��ntYPAz��UX�v
z�PAT�feZAjchn\�`cP#|:PAPYXyz�PAW fldcXUPGz�Z _*PY�>Rnbe_CfgZKW _ciyP�_cpUZ hnP-pqPA\aZV�UTVPAW�_mp�� ��� v3blf��CP��a\mbldc_CT feZ hniyW
|U��Z#\aZKZVhUP
WV\miyP�Z fliyP��cPAPYR�Z hnP�ts_CiyRU��ZV\mZ fl_cXn\cbUTVPA�[�UflT PAi�PAX[ZVW�Z T�\ctsZV\c|UbePCw � hnP"i�\mflX
f�z�PA\�|5PYhnfeXnz�Z hUP����n\mT Z PYZ 	 \mT�\cz�fldci�flWKZ _��:TVW}Z�|UTVPA\�� Z hnP
_cTVfldcflXn\mbURnT _C|UbePAi W PsZ�feX[Z _
W iy\cbeblPYT�W}�n|URUTV_c|UblPYi�W]_mp"flXURU��ZSW f��APSpq_c�nTAjKtA\mblbePGz~\��[�n\cT}ZVPsZAw � ��R5PYXnW fl`cP+iyPYZ hU_�zUW
W �nt�h�\cW ��� tY\cX{ZVhUPYX1|:P�PAiyRUbe_ k PAz�ZV_~W}_Cbe`CP^Z hUPGW}P��[�n\cT}ZVPsZ�WYw � hUPAX \~�[�n\mT Z PYZ
iyPsZVhU_�zx��flblb \mXn\cb k �YP�\cXnzx\CW W PYi]|UblP�\��nXn\cb W}_Cbe�UZ fl_cXxZ _yZ hnP�_a`CPYT�\mblbMRUT _C|UblPYi |n\CW}PGz
_cX ZVhUP+W _cbl��Z fl_cX:W�Z _�Z hUP��C�:\mT Z PsZ�W flX~\�ts_CXnW flW}Z PAXCZ]iy\cXUXUPATAw � _a�#PY`CPYTGj��UX:z�PYT]Z hUP
�[�n\mT Z PYZ#R:\mT�\cz�fldci^j�\mX k \aZ Z PAi�RUZ�Z _y\cWVW}PAi�|UblP�\yW _cbl��Z fl_cXx_cR�ZVfei�\cbeb k pqTV_ci ZVhUP�W}_Cbe��v
Z fl_cX:WE_mpMZ hnP
W}�n|URUTV_c|UblPYi�W � �[Xn_a��Xy\CW�Z hnP � \m�>fli��ni]v}���n\cT}ZVPsZ}v � _cX:W}f�W�ZVPYXnt k � � � � %
RUTV_c|UblPYi % f�W�fgZ�W}PAbgp ��	 v hn\mT�z � T(7 � w � \mX k �[�n\mT Z PYZ
|n\cW PAz^iyPYZ hU_�zUW�W}�:t�h�\cW*���n\mT Z PYZ
	 �����YblflXUd � � 	 %	� [ � �3j#O � iyPsZVhU_�z � T � �3j � hU_CT}Z����:\mT Z PsZ � PYZ hU_�z � �N[ ��W _cbl`cPGW�Z hUP
� � � RUTV_c|nbePAi flX�\+hUPY�nT f�W�ZVflt]W}PAXnW Pcw � XUP�iyPsZVhU_�z�tA\mblbePGz �"k R5PYT � bePG\mXUflXUd � 2 �E��flbeb
W _cbl`cP�\�W befldch[Z�TVPYb�\a��PGzS`cPATVW fl_cX�_mp�Z hUP � � � RnT _C|UbePAi Ps�U\ctsZ b k � �nXnz�PYT#ZVhUP�\cWVW}�UiyR�v
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Z fl_cX�ZVhn\aZ�tYPYT ZV\mflXyR:PATVtYPYX[ZV\cdcP#_mpN\mblb�Z hnP
�[�n\mT Z PYZVW � W i�\mblbePATKW}�n|URUTV_c|UblPYi�W % \mTVP-W _cbl`cPGz
ts_CT TVPAtsZ b k w � _CT PA_a`cPAT�|5_mZVh Z hUPSTV�UXUXnfeXUd�ZVfeiyP+\cXnz \ctYtY�UT�\ct k _mp �"k R:PAT � blPA\cXUflXUd^flW
hUfldchUb k ts_c�nRUbePGz�Z _�ZVhUP]�[�n\cbefeZ k _cpEZ hUP]W}_Cbe��ZVfe_CXnW"_CX^Z hUP��[�n\mT Z PYZ
W}PYZAw � h>�nW �
k R:PAT}v
� blPA\mXnfeXUd�RnT _a`>f�z�PAW�\y`a\mbl�n\c|UbeP*ZV_>_cbNpq_CT
W}_Cbe`>flXUd�Ps�U\CtuZ b k ZVhUP TVPYb�\a��PAzx`cPATVW fl_cX�_mp�Z hUP
� � � RUT _C|UblPYi pq_CT�feX�pqPAT TVflXUdyRUh k bl_cdCPYXUflPAWAw

� hUPAT Py\mTVP�hU_a�#PY`CPYT�Z���_�W}hn_cT ZVts_CiyfeXUd[W
_cp �
k R5PYT � blPA\mXnfeXUd���hUf�t�h�\cT P]Z hUP�pq_�ts�:W�_cp
Z hnflW�ZVhUPAW flW � � % �"k R:PAT � blPA\cXUflXUd
ZVT PG\aZ�W�ZVhUP"W _cbl��Z fl_cX�Z _�\mblb[Z hUP"�[�n\cT}ZVPsZEW}�U|Uv3RUTV_c|nbePAiyW
��feZ h�PG�C�:\mb��#PYfldch[ZVfeXUd:j:��hnflt�h=f�W
Xn_mZ�|nfe_Cbe_Cdcf�tY\mblb k W _c�UXnz=W flXntsP�W}_Ci�P]W}�U|Uv3RUTV_c|nbePAiyW
\mTVP�i��nt�hxhn\mT�z�PYT#ZV_�Z�\ct
�>beP�Z h:\mX�_mZ hnPYT�W��U\cXnz 3 % �
k R:PAT � blPA\cXUfeXnd]TV�UXnW#flXxRn\cTV\ciyPsZ}v
TVfltxR:_Cb k XU_Ciyfl\cb�ZVfeiyP � Rn\cTV\ciyPsZ PAT f��YPGz�_cX{|:_cZ h{Z hUP�RUTV_c|UblPYi�flXURU�UZ�W f��YPcj#\mXnz~Z hUP
�[�n\mblfeZ k _cp�Z hUPxfeX�pqPAT TVPAz��[�n\cT}ZVPsZyW}PYZ % w & �UZ]�UXnzUPYT�T PG\mblflW}Z f�t � feX[Z PAT PGW�ZVfeXnd=|Ufe_Cbe_Cdcf�tY\cb
WVtsPYX:\mTVfe_[WYjcZ hUP�W}_Cbe��ZVfe_CXnW�RUT _a`>f�z�PAz�ZV_ ZVhUP��[�n\cT}ZVPsZ-W}PYZ#ts_CX[ZV\mflXSPAXU_c�UdChSflXn\ctAts�UT�\ctYfePGW
Z _Qpq_CTVtYP�\�hnfedCh�flXURU�UZSRn\mT�\miyPsZVPYTypq_CT �"k R:PAT � blPA\cXUflXUdQZ _~W _cbl`cPxZ hUP � � � RUTV_c|�v
blPYi^w � hUflW�flXSZ �nT XSflXnz��:tsPAW �"k R5PYT � bePG\mXUflXUd�Z _�TV�UXSflXShUfldch+_cT�z�PYT�R:_Cb k XU_Ci�f�\mb:Z fliyPcw
� hUPxiy\cfeX{ts_cX[ZVT fl|U��ZVfe_CX�_mp�Z hnflW�Z hUPGW}f�W]flW�Z hUPAX~ZV_�RUTVPAW PYX[Z]\�Z fli�P � W Rn\ctYP�Z T�\czUPY_mr
ts_Cbeb�\mR:W}flXUd�iyPAt�hn\cXUf�W}i Z h:\aZ#\cbebl_a�"WK�:WKZV_'�cPAPYRyZVhUP�\CtYtY�UTV\Ct k dc�n\cTV\cXCZVPYPGWE_cX�ZVhUP�W _mv
bl��Z fl_cXnW�RUTV_>zU�ntsPGzy| ky�"k R5PYT � bePG\mXUflXUd:jC|U�UZ#\mb�W _�T PGz��ntsP"Z hUP�T �UXnXUfeXnd�Z fliyP"Z _�T PAXnz�PYT
feZ�ts_Ci�Rn��ZV\mZ fl_cXn\cbeb k PY�StsflPYX[Z�\aZ�Z hUP�Ps��R:PAXnW P"_mpNiy_cTVP�iyPYiy_cT k w � hUf�WKf�W�\ct�hnfePA`cPAz�| k
ts_Cbeb�\mR:W}flXUd�ZVhUP�flXURU��Z�W Rn\ctYP]W �nt�h=Z h:\aZ
ZVhUP�RUT _C|UblPYi tY\cX�|:P�W}_Cbe`CPAz^PY��tYfePAX[Z b k jM|U��Z
��feZ h�Z hUP�WV\miyP�\CtYtY�UTV\Ct k dc�:\mT�\mX[Z PAPAW�\cW�RUTV_a`[f�z�PGz�| k��"k R5PYT � bePG\mXUflXUdnw � _cTVPY_a`CPYTGj
�#P�PAXn\m|nbeP�\�dcPAXUPYT�\mbN�#PYfldch[Z flXUdyW t�hnPYiyP�Z _�|5P \mRURUblflPAz+Z _yZ hnP �C�:\mT Z PsZ�WYw


 X~ZVhUP^T PGW�Z�_mp"ZVhUf�W�t�hn\mR�ZVPYTGjE��P�flXCZVT _�z��:tsP�feX{i�_CT P^z�PAR�Z h'Z hUP^RUTV_c|UblPYi�z�_Ci�\mflX
_mp#RUh k be_CdcPYXnPsZ f�tYW�\mX:z�pq_CT i�\mblb k z�Pd�nXnP]ZVhUP�RUTV_c|UblPYi �nXnz�PYT W}Z �:z k j _C�UT*iy_mZ fl`a\aZVfe_CX
pq_cT"W}Z �:z k feXUd�ZVhUflW"RUT _C|UblPYi \cXnz^\]|nT flPsp�_c��ZVbeflXUP*_mp�Z hnP�T PAiy\cfeXnfeXUdyt�hn\cR�Z PATVWAw
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	 h k bl_cdcPAXUPsZVfltAWKf�W#Z hUP�W}Z �nz k _mp�PA`c_Cbe��ZVfe_CXn\mT k T PAbl\mZ fl_cXnW hUflRnW#\miy_cXUd�\]W PsZ�_cp�_c|%$�PGtuZ�WYw
& 
 X+|Ufl_cbl_cd k ZVhUP*_c|%$�PGtuZVW�flXx�[�UPAW}Z fl_cXx\mTVP
�nW �n\mblb k � % _CT d[\mXUf�W iyWAj(3 % dCPYXU_Ci�PGWYj[_cT 2 %
dcPAXUPyW}PG�C�nPYXntYPAWAw � hUP�pq�UX:zU\miyPYX[Z�\mbK\cWVW �UiyR�Z fl_cX�_mp�PA`c_Cbe��ZVfe_CX�_CXQ\^W PsZ�_mp#_c|%$�PGtuZVW
f�W"ZVhn\aZ�Z hUPGW}P�_c|%$�PGtuZ�W
\mTVP�TVPYb�\aZVPAz^| k z�PAWVtsPAX[Z
pqTV_ci \+tY_ciyiy_cX�\cXntsPGW�ZV_cTGw � W�W}�:t�h
Z hnPS_c|%$�PGtuZ�W�Z hUTV_c�UdCh PY`c_Cbe�UZ fl_cXn\cT k RnT PGW W �UTVPy\cXnzQi���Z�\aZVfe_CXQ�nXnz�PYTVdc_=\=W R:PGtsf�\aZVfe_CX
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��hUPAT PxdcPYXnPsZ f�tSi�\mZ PYTVf�\mb#flW�tY\cT TVfePGz�\ctYT _[W W]W}R5PAtYfePGW�| k `>feTV�nW PAWAjE_cT 68<�:[+�C`H012<>gT:2687912+
��hUPAT P�ZVhUP�dcPYXnPsZ f�t i�\mZ PYTVf�\mb�f�W
ZV\J�CPYX=�UR�| k \xW}R5PAtYfePGW"pqTV_ci Z hnP�PYX>`>flT _CXUiyPYX[Z�\mX:z
W �U|nW PA�[�UPYX[ZVb k flXCZVPYdCTV\mZ PAz�feX[ZV_xfeZVW�_a��X�dCPYXU_CiyPcw � fedC�UT P � 2 % W hU_a�"W�\mX�Ps�U\miyRUblP]_cp
hU_CT f��Y_CXCZ�\mb�dCPYXUP-ZVTV\cXnW�pqPATAw � _CT�\*iy_cTVP-Z hU_CT _C�Udch]Z TVPA\mZ iyPYX[ZK_cXyZVhUP�|Ufl_cbl_cdCfltA\mb�|n\Ct
�Cv
dcTV_c�nXnz _cp5PA`c_cbl��ZVfe_CX jmRUh k be_CdcPAXUPsZVfltAW�\cXnz�PAW}ZV\c|Ubef�W hUPAz�Z PGt�hUXUf��C�nPAWAjcts_CXnW}�nbgZ � [�2 � j � 2�T �3w


 X�|Ufe_Cbe_Cd k jEZ hUP=tYbl\CW W fltA\mb-W�ZV�nz k _cp�PA`c_cbl��ZVfe_CX{W PYP���W]Z _Qpq�Ub��nblb � \mTV��feXR� Wyz�TVPA\mi�_cp
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sequence

root gene

.  .  .
.  .  .

� fedC�UTVP 2 � � dCTV\cRUh�i��:W�Z*|:P��nW PAz�Z _�Ps��R:_C�UXnz�Z hUP�PY`C_cbl��Z fl_cXn\cT k TVPYb�\aZ fl_cX:W}hUflR�|5Psv
Z��#PYPYX�dcPAXUPAW-h:\�`[flXUd�Ps��R5PYTVfePAXntsPGzxhn_cTVf��A_cX[ZV\cb5dCPYXUP�ZVTV\cXnW�pqPAT

w

z�PGz��ntsflXUd�Z hnP�TVPAW _cbl`cPGz � fep�R:_[W W fe|nbeP % PA`c_Cbe��ZVfe_CXn\mT k Z TVPYP�_cXxZ hUP*PAXCZVfeTVP�W}PYZ#_cp�W R:PGtsflPAW
_mp:_cTVdC\mXnflW i�W pq_C�UXnz]feX � \mZ �UTVPcw � hUP�W�ZV�nz k _cpnRUh k be_CdcPYXnPsZ f�tYW�\mZ�ZVhUP-dcPYXnP�_CT�dCPYXU_CiyP
W PA�[�UPYX:tsP"blPY`CPYbnf�W�\cblW _ |5PAtY_ciyfeXnd RUTVPY`a\mblPYX[Z�flXS`a\mTVfe_C�nWK\cRURUblfltA\aZ fl_cX:WE_mp�tY_ciyRn\mT�\aZVfe`CP
|Ufl_cbl_cd k \mX:z�dcPAXU_ciyf�tYWAjC��hUPAT P
T PAbef�\m|UblP�\cXnz�PYr5PGtuZ fl`cP�\mXn\cb k W flWK_mp RUh k be_CdcPAXUPsZVflt�TVPYb�\av
Z fl_cX:W}hUflRnW-f�W�TVPA�[�UflT PGzNw � hUP�pq_cblbe_a��flXUdybef�W}ZVW�\�pqPY��W}�:t�h^\cRURUblfltA\aZVfe_CXnWYw

G M�M /1�1� ) ������
 # ��: M�;�A /���B ! 
 ! ����� # �1
-B ! 
+�0Q]�1� # ) 
�� M �\��� ! �0Q]�1� #��

� � \aZ�\m|n\CW}PSW PA\cTVt�h iyPsZVhU_�zUW�pq_CT�hU_Ciy_cbl_cdc_C�nW�W PA�[�UPYX:tsPAWAj�tY\mX�|5PSi�\czUPSiy_cTVP
PY�StsflPYX[Z"�nW feXUd�\cX�PA`c_Cbe��ZVfe_CXn\mT k Z TVPYP�\cW�\ydC�Uf�z�P � T 3*�3w

� � PsZVPAtsZ flXUd�R5_mZVPYX[Z f�\mb#dcPAXUPSPs��RUTVPAWVW fe_CXQTVPYdC�Ub�\aZ _CT k PYblPYiyPYX[Z�W�| k �nXnz�flXUd�tY_cX�v
W PYTV`cPGz.T PAdcfl_cXnW+feX!\'W PsZx_cp�_cT Z hn_cbl_cdc_C�nWAj�XU_CX�v ts_�z�flXUd ���
� W}PG�[�UPYXntYPAW � [ �3j
TVPA�[�UflTVPAW�\ctAts�UT�\aZVP�Rnh k bl_cdCPYXUPYZ f�t�flX�pq_CT i�\aZVfe_CX w

� 	 h k bl_cdCPYXUPYZ f�t \mXn\cb k W flW=tA\mX)RUTV_a`[f�z�P `a\mbl�n\m|nbeP�iyPsZVT f�tYW=pq_cT�dC_a`cPYTVXUflXUd�dcPYXnP
pq�nXntuZVfe_CX�RnT PGz�fltsZ fl_cX=\mbldc_CT feZ hniyWAw � 2&7 j ��2 �3w

� � `c_Cbe��ZVfe_CXn\mT k ZVT PAPAW�tY\cX~|:Px�nW PAz~\CW�`a\mbl�n\c|UbePxT _[\cz�i�\cRnW*pq_cT�flX�pqPYTVT flXUd�dcPYXnP
zU�URUblfltA\aZ fl_cX�PY`CPYX[ZVW�feX�dcPYXn_ciyPAW � ��T � j � 7 �EflX�pqPYTVTVfeXUdxdcPAXUP�TVPA\cT T�\mXUdCPYiyPYX[Z�W � T �3j
\cXnz�hU_cTVf��Y_cX[Z�\mbMdcPAXUP�Z T�\mXnW}pqPYT-RUTV_c|UblPYi�W � 3 2 � j � T g0� w

g



����� � �� �"#�{�{ �"#���

OQP
hn\�`CP
blflW}Z PGzS\�pqPA� _mpNZVhUP�i�\cX k |Ufl_cbl_cdCfltA\mbUiy_cZ fl`�\mZ fl_cXnW�pq_cT-W}Z �nz k flXUd ZVhUP�RUh k bl_mv
dcPAXUPsZVflt*flX�pqPAT PAXntsP�RUTV_c|nbePAi�w � _Szn\aZ P Z hUP RnT _C|UbePAi f�W"ts_CXnW flz�PAT PGz^\�� hn\cTVzR�URUTV_c|UblPYi
pqTV_ci |5_mZVhQ\�|Ufl_cbl_cdCfltA\mbE\mXnzQts_CiyRU��ZV\mZ fl_cXn\cb�R:PATVW R:PGtuZVfe`CPcw � TV_ci \�|Ufl_cbl_cdCfltA\mb�R:PAT}v
W R:PGtuZ fl`cPCj-Z hUPQt�hn\mblblPYXUdCP=beflPAWxfeX1_c�UTSblfli�feZ PGz �UX:z�PYT�W�Z�\mXnzUfeXUd'_mp*Z hUP�PY`C_cbl��Z fl_cXn\cT k
RUTV_�tsPAWVWAw � _CXnW}PG�[�UPYX[Z b k ��P \cT P �nXn\m|UblP�ZV_+ts_CXnW�ZVT �:tuZ�\�W ���StsflPYX[Z b k T PG\mblflW}Z f�t*iy_�z�PYb
_mp-PY`C_cbl��Z fl_cX�Z h:\aZ�tY\cXQ\cbe�-\ k W*ts_cTVTVPAtuZVb k flX[Z PAT RUTVPsZ�ZVhUP�flXURU��Z]zn\aZV\^z�PGW tYT fl|UflXUd^_c�UT
W PsZK_mpM_cTVdC\cXUf�W}i�W�feX��[�UPGW�ZVfe_CXy\CW�Z _�TVPAW _cbl`cP�Z hUPAfeT�PY`c_Cbe�UZ fl_cXn\cT k TVPYb�\aZVfe_CXnW}hnfeR w � fedC�UTVP

. . . .

. . . .

Collar−flagellates

Fungi

Microsporidia

Green Plants

Animals

Red Algae

Collar−flagellates

. . . .

. . . .

Animals

Fungi

Microsporidia

Green Plants

Red Algae

Resolved Eukaryote Phylogeny Possible Hypothesis

Opisthokonts

� fedC�UTVP T � � hUP=RUh k be_CdcPYX k _CX'ZVhUP=bePYp ZxW hU_a�"W]Z hUP�tY�UT TVPYX[Z�TVPAW _cbl`cPAz'T PAbl\mZ fl_cXnW hUflR
|5PsZ��#PYPYX]W}_Ci�P � � �a\mT k _cZ PGWYw � hnPKZ TVPYP�_cX�ZVhUP�TVfldch[Z�f�W�\
R:_[W W fe|nbeP�h k R5_mZVhUPAW flW Z hn\mZ�f�W�\
W befldch[Z b k iy_cTVP�TVPAW _cbl`cPGz*`cPYT�W fe_CX _mpUZVhUP#PY`c_Cbe�UZ fl_cXn\cT k T PAbl\mZ fl_cXnW hUflR�_cpUZ hUP � ����\cT k _mZVPAWAj
��hUPAT P �t<@-@-E+ � 3e:[+S6?CNO��,-NWm),3 u(:(- \mTVP"PA`c_cbl��ZVfe_CXn\mTVfeb k tsbl_CW PYT�Z _�PA\ct�h+_mZ hnPYT�Z hn\cXx\mX k
_mZVhUPYT � � �a\mT k _cZ PAWAw

� T % W hU_a�"W�Z hUP*ts�nT TVPYX[Z b k �>XU_a��X+PA`c_cbl��ZVfe_CXn\mT k TVPYb�\aZVfe_CXnW hUfeR � 2 g0�N|:PYZ���PAPYXxW _ciyP � ��v
�a\mT k _cZ PAW � f w Pcw^_CT d[\mXUf�W}i�W*R5_CWVW}PGW W flXUd�\=X>�ntsblPY�:W�feX~Z hUPAfeT�tsPYblb�W % w � �nT�ts�UTVTVPYX[Z �UX�v
z�PATVW}ZV\cXnz�flXUd _mp PA`c_Cbe��ZVfe_CXS\mXnz+\�`�\cfeb�\m|nfeblfgZ k _mpMZVhUP�XnPAtsPGW WV\mT k zn\aZV\�RUTVPY`cPAX[ZVWE�nW�pqTV_ci
z�PYZ PYTViyfeXnfeXUdQW \ k Z hUP�PY`C_cbl��Z fl_cX:\mT k T PAbl\mZ fl_cXnW hUflR~|5PsZ��#PYPYX �c<�-N-E+ � 3e:2+Y69CNO���-NW ),3�
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uv:K- jU\mXnzSZ hUP�T PGW}_Cbe`CPAzSW �U|�ZVT PAP � � 7PCN6`R�:��K1[+S6?C w � TV_ci \]tY_ciyRU��Z�\aZVfe_CXn\mb5R:PATVW R5PAtuZVfe`CPcj
\mX k \mbldc_CT feZ hUi�pq_cT#W}_Cbe`>flXUd�Z hnP
RUh k be_CdcPAXCZVflt"feX�pqPAT PAXntsP
RUT _C|UblPYi i��nW}Z#z�PG\mb5��fgZVh�Z��#_
fli�Rnbef�tsfeZ
ts_Ci�RnbePY�>feZ flPAW �

� w � hnP]PY�>R5_cXnPYX[Z f�\mb�W}f��YP]_mpEZVhUP�ZVT PAP]W _cbl��Z fl_cX�W}Rn\CtsP]��T}Z�Z hUPyW}f��YP]_mpEZVhUP]flXURU�UZAw
� hnflW-TV�UblPAW#_c��Z"\cX k \cbedC_cTVfgZVhUi ��hUf�t�h+ZVT flPAW�ZV_�PY��hn\m�nW}Z fl`cPAb k W PA\cTVt�h�\mXnzxW tY_cTVP
ZVhUP�PYX[ZVfeTVP�W}PYZ"_mpEtY\mX:z�flzn\aZ PGW#pqT _Ci Z hnP*Z TVPYP�W}R:\ctsPCw

3Uw & fl_cbl_cdCfltA\mb"iy_�z�PYblblfeXUd:w � Wx�#P���feblb*W}PAP�feX!W}PGtuZ fl_cX 3�j-Z hnPYTVP�flW�\mX�fliyRUblfltYfgZ
ZVTV\Cz�PY_crQflX�\cX k \mbldc_CT feZ hni pq_CT�W _cbl`[flXUd�ZVhUP�RUh k bl_cdCPYXUPYZ f�t�flX�pqPYTVPYXntYP�RUTV_c|nbePAi�j
|5PsZ��#PYPAX�Z hnP�W _cRUhnflW}Z f�tY\mZ fl_cX � T PG\mblflW i _cp�Z hUP�feX:ts_cTVR5_cT�\aZ PGzQ|Ufe_Cbe_Cdcf�tY\cb�iy_�z�PYb
\cXnz ZVhUPx\cbedC_cTVfgZVhUi	� W tY_ciyRUblPs��feZ k w � bldc_CT feZ hniyW���hUf�t�h~feX:ts_cTVR5_cT�\aZ P�tY_ciyRUblPs�
iy_�z�PAblW�flX.dcPAXUPYT�\mb"\cT P=W �UR:PAT fl_cT�\mZSfeX�pqPAT TVflXUdQZ hUP�tY_cTVT PGtuZyPY`C_cbl��Z fl_cXn\cT k TVPsv
b�\aZVfe_CXnW hUfeR:W*Z hn\cXQZ hU_[W}Py��feZ h�W}fliyRUblP�i�_�z�PAblW _mp-PY`c_Cbe�UZ fl_cX j |n��Z]\aZ \=tY_CW}Z*_cp
flXntYT PG\cW PAzStY_ciyRUblPs��fgZ k ��hUf�t�hxW _ciyPsZVfeiyP�iy\��cPGWEZ hnP�iyPsZVhU_�z+tY_ciyRU��Z�\aZ fl_cX:\mblb k
flX[Z T�\ctsZV\m|nbePCw

� h>�nW-p \CtsPAz^��feZ h�|:_cZ h^Z hnP |Ufl_cbl_cdcf�tY\cb RUTV_c|UblPYi _mpEXU_cZ
hn\�`>feXndS\yT PG\mblflW}Z f�t*iy_>zUPYb�_cp
PY`C_cbl��Z fl_cX^\mX:zSZVhUP ts_Ci�Rn��ZV\mZ fl_cXn\cbNRUT _C|UblPYi�W-_mp�hn\�`>feXnd�\cX�PY��R:_CXUPYX[Z f�\mblb k bl\cT dCP�W _mv
bl��Z fl_cX^W}R:\ctsP*\cW#�#PYblb \cW�Z hnP�PA`c_Cbe��ZVfe_CXxiy_�z�PAb � ts_ciyRU�UZV\aZVfe_CXn\mbMts_CiyRUbePY��fgZ k ZVTV\Cz�PY_cr�j
Z hnP�RUh k bl_cdCPYXUPYZ f�t
RnT _C|UbePAi f�W�feX^dCPYXUPATV\cb5`CPYT k hn\mT�zNw


 X~ZVhUf�W�ZVhUPAW f�W]�#P�Ps��RUbl_cTVPx\�i�PYZ hU_�z{tY\mblblPAz �
k R:PAT � blPA\cXUfeXnd � ��hUf�t�h'f�W]|:\cW PAz�_CX
Z hnP^���n\cT}ZVPsZ � PsZ hn_>z 	 \mT�\cz�fldci � W PYPxW PAtsZ fl_cX 3Uw [ % w �"k R:PAT � blPA\cXUflXUd � ZV\Ct
�[blPAW Z hUP
RUh k be_CdcPAXUPsZVflt�feXUpqPYTVPYXntYP�RUT _C|UblPYi�RU�nT PAb k pqTV_ci�Z hUP"tY_ciyRU��Z�\aZ fl_cX:\mbUts_CiyRUbePY��fgZ k `>flPY��w
OQP
flXCZVT _�z��:tsP
\ W Rn\CtsP � Z fliyP-Z T�\cz�PA_mrxiyPGt�hn\mXUf�W i�ZVhn\aZ#PYXn\c|UbePGW �"k R5PYT � bePG\mXUflXUd � Z _
WVtY\mblP �UR�Z _�bl\cT dCP flXURU��Z�W}PYZVWAw � hUflW�iyPAt�hn\cXUf�W}i f�W�dCPYXUPATV\cb�\cXnz�tA\mX�|5P�\cRURUblfePGz^Z _
_mZVhUPYT*�[�n\mT Z PYZ�|:\cW PAz=iyPsZVhU_�zUW�pq_cT*W R:PAPAz��UR�w � _cTVPY_a`CPYTGjn�#P�\CzUz�TVPAWVW�ZVhUP�\ctYtY�UT�\ct k
_mp�Z hUP �[�n\cT}ZVPsZ"W PsZ"flX�pqPYTVPYXntYP�W�Z�\mdcP*�nW flXUdyPYXnW PYi]|UbeP�blPA\cT XnfeXUd]Z PGt�hUXUf��[�UPAWAw

� _
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� hUP�ts_CX[Z TVfe|U�UZ fl_cX�_mp�Z hUf�W-Z hnPAW flW�\cT P �

� � PAXUPYT�\mblf��YP�Z hUP �
k R:PAT � blPA\cXUfeXndy\cbedC_cTVfgZVhUi Z _�h:\mXnz�blP*��PAfedCh[Z PAz��[�n\mT Z PYZVWAw

� 
 X[ZVT _�z��ntYPK\�W}R:\ctsP � ZVfeiyP�Z T�\czUPY_mr �@MN123Q3e: � C>7Q+vu�% iyPAt�hn\cXUf�W}i1Z hn\mZ�PYXn\c|UblPAWMh k R:PATVtYbePG\mXUflXUd �
ZV_SW tA\mblP*�UR+ZV_�feXUpqPYT"PA`c_cbl��ZVfe_CXn\mT k Z TVPYPAW-_a`CPYT-b�\mTVdcP*zU\aZ�\�W PsZ�WYw

� � iy_�z��Ub�\mT�fliyRUblPYiyPYX[ZV\mZ fl_cX^_mp �"k R5PYT � bePG\mXUflXUd � feX ��
�
 w


 X t�hn\cR�Z PAT+3�jG��P�dcfl`cPK\�Rn\cTV\Cz�fldci |n\CW}PGz*_a`cPAT `>flPY��_cpUW}PA`cPYT�\mbaRnh k bl_cdCPYXUPYZ f�t�feX�pqPAT PAXntsP
\mbldc_CT feZ hniyWAj���fgZVh~PYiyRUhn\CW}f�W _CX~W}_CiyPS��PAbeb �>XU_a��X�iyPsZVhU_�zUW � � PYfldch>|:_C�UT �C_cflXUflXUdnj
� \m�>fli��ni � f��CPYblfehn_[_�zNj 	 \cTVW fli�_CX k j�\mXnz W _ciyP����n\mT Z PYZ & \cW PAz�iyPYZ hU_�zUWAw 
 X�t�hn\mRUZ PYT
2 jGZVhUP�h k R5PYT�tsblPA\mXnfeXUd � \cbedC_cTVfgZVhUi!f�W�RUT PGW}PAX[Z PAz feX�zUPsZV\cfeb3w � hn\mR�ZVPYT T dcfl`cPGW�\�z�PsZ�\mflbePGz
\ctAts_C�UX[Z _mp>Z hUP#ts_Cbeb�\mRnW flXUd�iyPAt�hn\cXUflW i ZVhn\aZ�i�\J�cPGWNh k R:PATVtYbePG\mXUflXUd � Ps�StsflPYX[Z�_CX*bl\cT dCP
zU\mZV\cW PsZ�WYw 
 X � h:\mR�ZVPYT [ �#P�RUTVPAW PYX[Z
ZVhUP��nW}P�_mpKPAXnW PYi�|nbeP�bePG\mTVXUflXUd�Z PGt�hUXUf��[�UPAW�pq_cT
Z hnP��[�n\cT}ZVPsZ�W PsZ�feXUpqPYTVPYXntYP�W}ZV\cdcPcjM\mX:z=hU_a�)Z _�fli�RnT _a`CP�Z hUPy�[�n\mblfeZ k _cpEZ hUP���feZ XUPGW W
�[�n\mT Z PYZ�W PsZGw 
 X�t�hn\mR�ZVPYT � �#P]RnT PGW}PAXCZ�_c�UT�Ps��R5PYTVfeiyPYX[Z�\mb�T PGW}�UbeZVWAj5pq�UT Z hUPAT*\�`CPYX>�UPGW
_mp�T PGW}PG\mT�t�hx\cXnzSZVhUP ts_CXntsbl�nW fe_CX w

�9�
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� �UP=Z _ ZVhUP=TVPAtsPAX[ZSPs��R:_CXUPYX[ZVfl\cb
\ctAts�Ui]�Ubl\mZ fl_cX�_mp W PA�[�UPYX:tsP=zU\aZ�\�\cW��#PYblb
\CWyZ hUP
\czU`�\cXntsPGW�flX�W}PG�C�nPYXntYfeXUdyZVPAt�hUXn_cbl_cd k jU|Ufl_cbl_cdCfltA\mb W PA�[�UPYX:tsPAW
\mTVP�|:PGts_ciyflXUd+\cX��n|Ufl�Cv
�UfeZ _C�nW�W _c�UT�tsP
_mp zU\aZ�\*pqTV_ci ��hUf�t�h�feX�pq_CT i�\mZ fl`cP��>XU_a��blPAz�dCP"\m|5_c��Z�Z hUP�PY`C_cbl��Z fl_cXn\cT k
RUTV_�tsPAWVWKtA\mXy|:P�dcblPA\cXUPAzNw � blbn|nfe_Cbe_Cdcf�tY\mbnfeX�pq_CT i�\mZ fl_cXy_cXS\*dCfe`CPYX�_cTVdC\cXUf�W}i�f�W�W}Z _CT PGz
flX�T�\�� pq_CT i feX^feZVW ���
� W PA�[�UPAXntsP � tY\cbeblPAz�feZVW uv-0+;12gT-�% jn_CX�\cX=\mblRUhn\m|5PsZ"_cp�W f��YP T w
� X:ts_�z�PAzQflX Z hUPGW}PxW}PG�C�nPYXntYPAW \cT PS\cbebEZVhUPSflXnW}Z TV�ntuZVfe_CXnW XUPGtsPGW WV\mT k pq_cT]\^Rn\mT Z f�ts�Ub�\mT
_cTVdC\cXUf�W}i�Z _yW}�UTV`>fe`CP"flXSfgZ�W-ts�UTVT PAX[Z�PYX>`>feTV_cXni�PAX[ZAw � iy_cXUd�Z hUP ���
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Use collapsing mechanism
to collapse all but one 
cluster. Collapsed
clusters in this case
reduces to a
single supernode s1
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Run HC* on thie
reduced input size
with a higher m (e.g. m=10)
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Consider the resulting
tree thus fa ...

Employ collasping
again. This time
our choice of which
cluster remains induces
two collapsed supernodes.
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run HC* on this
reduced set with
a higher m value
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run HC* on m=2
recovers 4 edges:
e1, .., e4
resulting in following 
cluster tree
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� � ��"*# � � � � � % � � � ����� �(� % "*#&%
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� h>�nWNZVhUP�tY_cblbl\cRnW feXUd�iyPGt�hn\mXUf�W i!f�W�zUPd�nXUPGz�| k \
ts_cblb�\mRnW feXnd"W t�hUPAiyP � ~ � � � �9A �  � � % j
_cX�_c�UT�_cTVfedCfeX:\mb��nXUT PGW}_Cbe`CPAz^ZVT PAP A � jMflXUfgZVfl\cbeb k _cXQ�[�n\mT Z PYZ�W PsZ # w � hnP]RUTV_�tsPGz��UTVP
� � 	 	�� � F � f�W"z�Pd�:XUPAz�| k \yW}PG�[�UPYXntYP*_mp�RUT _�tYPAz��UTVP*tY\mblb�W �
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	�	'"�� Ps��PAtY��Z PGW�Z hUP # ZVh)tY_cblbl\cRnW P \CW^z�fltsZV\mZ PAz�| k
� � 	 	 � �`A �  ��� % w�O�hUPAXxts_Cbeb�\mR:W}flXUd*Z hnP # v ZVh+tsbl�nW}Z PATAj[RUTV_>tYPAz��nT P�� � 	 	 ��� F � +� j
PYX:W}�UTVPAW�ZVhn\aZ�\cX��URMzU\mZ PAz �[�n\cT}ZVPsZ W}PYZ # � ��� _CX�ZVhUP�T PGW}�nbgZVfeXUd^`CPYT Z Ps�QW}PYZ � � ��� ��flbeb
WV\aZ f�W}p k Z hnP�feXUpq_cTViy\mZ fl_cX.bl_CWVW�v bePGW W�tY_cXnzUfgZVfe_CX w � p Z PATx\mblb
tYbe�nW}Z PATVWSPs�UtsPAR�Z � � hn\�`CP
|5PYPYX~tY_cblbl\cRnW PAzNj���P�h:\�`cPS\=W feXUdCbePxtsbl�nW�ZVPYT � �� _cX�`CPYT Z Ps� W}PYZ � �

� � \cbe_CXUd^��fgZVh�Z hUP
ts_CT TVPAW R5_cXnz�flXUd]��PAfedChCZVPAz��[�n\mT Z PYZ�W PsZ # �
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 X{Z hUf�Wybl\CW�Z�W PAtuZVfe_CX j��#P^W}�Uiyi�\mTVf��YPxZ hUP^R5PYT pq_cTViy\cXntsPx_mp�Z hUP ��� � \cbedC_cTVfgZVhUi�flX
Z PAT i�W�_mpnfeZVW�PY��tYfePAXnt k \cXnz�PYr5PGtuZ fl`cPAXUPAWVWAw � hUP#Ps��R5PYTVfeiyPYX[Z�W��#PYTVP�R5PYT pq_cTViyPAz _CX TVPA\mb
zU\mZV\+W PsZ�W*W \ci�RnbePGz=pqTV_ci Z hnP � fl|5_CW _ci�\mb � \mZV\c|n\cW P � �"��	 %�� 2([ �3w � blb�PY��R:PAT fliyPYX[ZVW
\mTVP�tA\mTVT flPAz*_C��Z��:W}flXUd�\ 	 PYX[Z fl�Ui 
}
 v 2&[ _ ��� � 	#� ��feZ h=3 [-� � PAdCWN_cpniyPYiy_cT k TV�UXUXnfeXUd
� flX>���Nw � flXn\mblb k �#PSbef�W}Z�W}_Ci�P�TVPYb�\aZVPAz _CR:PAXQRnT _C|UbePAi�W � pq��Z �UTVPAW ��_CTU��W�pq_cblbl_a��PGz�| k
Z hnP ts_cX:tsbl�nW}fl_cX�w


c��� ��
 �r"���� � � ��� � � ����� � �#��� �,"�� � �

� XUP�\CW}R5PAtsZ�_cpKPs�StsflPYXnt k flW
Z hUP]iyPA\cW �UTVP�Z hnP]W R:PAPAz��UR�_mp �*� � _a`CPYT �*� w � _xW hU_a�
Z hnflWAj-��P=z�PGW}fldcXUPGz{Z hUP^pq_Cbebl_a��feXndQPY��R:PAT fliyPYX[ZS��hUf�t�h��UZ flbef��YPGWS\�pqPA\aZV�UTVP=_mp ��� � � W
ts_Cbeb�\mR:W}flXUd�i�PGt�hn\mXnflW i � Z hUP�\c|UflbefeZ k Z _�flXntY_cTVR:_CTV\mZ P�Ps�>Z PAT Xn\cbP�>XU_a��bePGz�dcP�\c|:_C��Z�Z hUP
flX�pqPYTVPYXntYP�RnT _C|UbePAi \aZ-hn\mXnzSZ _yW}fldcXnf �:tA\mX[Z b k W}R5PYPGz��URxfgZ�W�TV�UX+Z fli�PCw � _cXnW f�z�PYT-W}_CiyP
dcfl`cPAX+W PsZ F _cp � _c|�$�PAtuZ�W#_cX+��hnflt�h���P���f�W}h+Z _�feX�pqPAT-Z hUP�RUh k be_CdcPAX k w � �URUR5_CW P�ZVhn\aZ
| k W}_Ci�P]Ps�>Z PAT X:\mb�iyPG\mXnW�W}�:t�h�\cW�|Ufl_cbl_cdcf�tY\cb�PY�>R5PYTVfli�PAX[ZAjM��P]T PGW}_Cbe`CP \+z�PAPYR�PAz�dCP
� f3w Pcw � � � � "�� % ��hnPYTVP  �  \mX:z  �  \cT P�T _C�Udch �& � % w ( Xnz�PYT �*� � ��P^tY\cX
flXnts_CT R5_cT�\aZVP"Z hnflW-PGz�dcP�feX[ZV_�ZVhUP*feX�pqPAT PAXntsP*RUTV_�tsPGz��UTVP
| k hn\�`>flXUd�feZ�feXnzU�ntsP�\�tsbl�nW�ZVPYT
Z TVPYPStY_cXnW f�W�ZVfeXUd=_cp-Z���_=b�\mTVdcPStYbe�nW}Z PATVW _mp�T _C�Udchnb k PA�[�n\mb�W}f��YPCw �*� � tA\mXQZ hUPAX'ts_Cbgv
b�\mRnW P
_CXUP
_cp Z hUP*tsbl�nW}Z PATVW�feX[ZV_]\�W}�UR5PYTVXU_�z�P�\mXnz+T PGW}_Cbe`CP"PAz�dCPAW�pqT _Ci Z hUP�T PAi�\mflXUfeXnd
tsbl�nW}Z PATAw � hUf�WyPsrMPAtuZVfe`CPYb k TVPAz��ntYPAW]Z hnP=_cTVfedCfeXn\cb�flXURU�UZ+W}Rn\CtsP�| k hn\mbep�w � _cTVPY_a`CPYTGj
�#P�tA\mXQfeXUfeZ f�\mblb k RUflt
��\xW i�\mblb  `a\cbe�UP�pq_CT�TVPAW _cbl`>feXnd+hUfldch ts_CX^�:z�PAXntsP�PAz�dCPAW�pqTV_ci
Z hnP�_CXUP�tYbe�:W�ZVPYTGw � p Z PAT#_CXUP�T _C�UXnzS_cp�ts_Cbeb�\mR:W}flXUdnj ��� � flXnts_CT R5_cT�\aZVPAW#\mblb5tY_ciyRn\mZ fl|UbeP
PAzUdcPAW�pqTV_ci Z hUP*TVPAW �UbeZ flXUd]W PsZ � � ���'�! �"$#&% feX[ZV_�ZVhUP�PGW�ZVfei�\mZ P�Z TVPYP�\cXnzSRnT _�tsPAPAzUW�Z _
RUf�t
�^Z hUPyXUPY�>Z*b�\mTVdcPGW�Z*tsbl�nW}Z PYT�ZV_xTVPAW _cbl`cPCw � hUPyRUT _�tYPAz��UTVP�feZ PATV\mZ PGW��nXCZVfebK\cbeb � � 2
XU_CX�v ZVT fl`>fl\cbEPAz�dCPAW�_cp-Z hUP�ZVT PAPS\mTVP�feXUpqPYTVT PGzNw � fldc�UTVP � �N7 % z�PARUfltsZVW]W tYT PAPYX�tY\cR�Z �UTVPAW
_mp#Z hnP�fgZVPYT�\aZ fl`cPStY_cblbl\cRnW Py\cXnzQT PGW}_Cbe�UZ fl_cXQ_mp�\^TV\cXnz�_ciyb k WV\miyRUblPAz �"��	 2 _av3ZV\m��_cX
Z TVPYP*�UX:z�PYT�ZVhUf�W"W t�hnPYiyPcw � hnP*Z _cRUv3blPsp Z"��flXnz�_a��W}hU_a�"W#ZVhUP _CT fldcflXn\mbNW}ZV\cT-Z TVPYP \cW-TVPsv
W _cbl`cPAzy| k \�W feXndcblP
z�PYPARSPAzUdcPcj[flXnz��ntYfeXUd�Z���_�bl\cT dCP
tsbl�nW}Z PYT�WAw � hUP
Z _CR�v3TVfldch[Z���flXnz�_a�
W hU_a�"W _CXUPxTV_c�nXnz�_mp�ts_cblb�\mRnW Pcj�TVPAW _cbl��Z fl_cX jE��hnPYTVPxW _ciyPxPGz�dcPGW�flX~ZVhUPxZ _cR{tsbl�nW�ZVPYT
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� _Ci�R:\mTVflW _cXx_mp�TV�UXUXnfeXUdyZVfeiyP � ��� `>WAw ��� � _cX 2 _av3ZV\m��_cX�ZVT PAPAW
��� ��� �

ZVT PAP Z fliyP � W % TVPAW \CtYtY�UTV\Ct k Z fli�P � W % T PGW \ctAts�UT�\ct k
� T&7 3 3�9 � 3 � _ 3�9 ��T
3 3 7 g 3 T g � 9 3�9 9
2 2�T 3 3 � � _ �N[ 3 � ��2
T 2�T(7 3 [ ��2 � _ 3�9 ���
[ 3 7 _ 3 T ��� ��T 3 � � 9

� \m|UblP � � � ��tYfePAXnt k iyPG\cW �UT P�_cX 2 _mv Z�\a��_cX^ZVT PAPcw � hUP�ZVfeiyP�ts_Cbe�UiyX�i�PG\cW �UTVPAW�Z hUP
�#	�( �:W \cdcP-feXSW PAtY_cXnznWYj � TVPAW��aflWKZ hUP�\miy_c�UX[ZK_cp5PGz�dcPGWET PGW}_Cbe`CPAzNjm\cXnz�\ctAts�UT�\ct k flWKZ hUP
X>�Ui�|5PYT�_cp�tY_cTVT PGtuZVb k flX�pqPYTVTVPAzxPAz�dCPAWAw � _cT �*� j�Z hUP  `�\cbe�nP��-\cW�W PsZ-ZV_ 3�_Uw

\mTVP TVPAW _cbl`cPGzNw � hUP�iyflznz�bePYv3blPsp Z*��flXnz�_a��W hU_a�"W"ZVhUPyts_cblb�\mRnW P�\mX:z�TVPAW _cbl��Z fl_cX=_cpKZ hUP
|5_mZ}ZV_ci tsbl�nW}Z PYTGw � hUflW
fgZVPYT�\aZVfe`CP�RUT _�tYPAWVW"ts_CXCZVfeX>�UPGW��UX[Z flb ZVhUP �nX:\mb�TVPAW _cbl`cPGzSZVT PAP�\cW
dcfl`cPAXyfeX�ZVhUP"|5_mZ Z _ci�v T fldch[Z���flXnz�_a��w � _cZ P�ZVhn\aZ�pq_cTEZVhUP
_CT fldcflXn\cb ��� \mbldc_CT feZ hni�jcZ hUP
�>XU_a��blPAz�dCP�_cp�\yz�PAPYR�PAz�dCP tY\mXnXU_mZ�|5P�Ps��RUbl_cfeZ PAzxflXxZVhUf�W-p \cW hUfl_cX w

� _CTyZ hUP�Ps��R:PAT fliyPYX[ZS�#P=TV\cXnz�_ciyb k WV\miyRUblPAz 2 _mv Z�\a��_cX�\mXnz T$[ v3ZV\a��_CX'ZVT PAPAW�pqTV_ci
Z hnP �"��	 zU\aZ�\m|n\CW}PCw�OQP T�\mX^|5_mZ h �*� \mXnz �*� � _CXxZVhUPAW P�ZVT PAPAW"�nXnz�PYT"Z hUP�ts_cX:z�fgv
Z fl_cX�_mp#T PGW}_Cbe`>flXUdx\cbeiy_CW}Z�\mblb�_cp�ZVhUP � � 2 �UXnz�PAT b k feXUd�XU_CX�v ZVT fl`>fl\cb�PGz�dcPGWYw � _CT �*�
�#P�RUf�t
�cPGz�\+W ���StsflPYX[Z b k hUfldch  `a\mbl�UP �( � 3�_ypq_CT 2 _av3ZV\a��_CX^Z TVPYPAWAjM\mXnz  � 3 [
pq_cT T([ v Z�\a��_cXQZVT PAPAW % \mX:z�Z hnPYX{W PYblPAtsZ PGz Z hU_[W}P�ts_Ci�R:\aZ fl|UblPxPGz�dcPGW _cp"Z hUP�TVPAW �UbgZVfeXnd
� � ���'�! �"$#&% W PsZ flXQ\�dCT PAPAz k p \CW}hUfl_cX�w � _cT �*� � ��PyflXnts_CT R5_cT�\aZVPAz�_CXUP�z�PYPAR PAz�dCP
Z _+p \ctYfeblfgZ�\aZVP Z hnP�feZ PYT�\aZVfe`CP RUTV_�tsPAWVW�pq_CT�flX�pqPAT TVfeXnd�Z hUPyts_CiyRn\aZVfe|UblP PGz�dcPGW
flX=Z hnP Z TVPYP
PAW}Z fli�\aZVPcw � _cT�PA\Ct�h�WV\miyRUblP^Z TVPYPCj��#P�ts_CiyRn\mTVPAz'Z hUP=TV�UXUXnfeXUd ZVfeiyP � �#	�( ZVfeiyP % j
Z hnP \miy_c�UX[Z"_cp�PGz�dcPGW-T PGts_a`CPYTVPAz+\cXnzxZ hUP]\ctYtY�UT�\ct k _CX=|:_cZ h ��� \cXnz ��� � w � \m|UblPAW
� � % j � 3 % W hU_a�"W�ZVhUP�TVPAW �UbeZVW"_CX^Z hUP 2 _mv Z�\a��_cX j T([ v Z�\a��_cX=WV\miyRUblPAW"TVPAW R5PAtuZVfe`CPYb k w � hUP
iyPsZVT f�t"�nW PAz�pq_cT-\ctYtY�UT�\ct k f�W�|n\CW}PGz�_cXSZ hUP � _c|UflXnW _cX�v � _C�Ub�zUW � �"� % iyPG\cW �UT PCjC��hnPYTVP
Z hnP �"� \CtYts�nTV\Ct k f�W
Z hUP]X[�ni�|5PYT�_mpKPAzUdcPAW � f3w PCw�|nfeRn\cT}ZVfgZVfe_CXnW % W hn\mTVPAz^|5PsZ��#PYPAX=Z hUP
tY\cXnz�f�zU\aZVP�Z TVPYP�\mXnzxZVhUP*Z TV�UP�ZV\cT dCPsZ-Z TVPYPCw
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� _Ci�R:\mTVflW _cXx_mp�TV�UXUXnfeXUdyZVfeiyP � ��� `>WAw ��� � _cX T([ v3ZV\m��_cX�ZVT PAPAW
�*� ��� �

ZVT PAP Z fliyP � i � W % T PGW \ctAts�UT�\ct k ZVfeiyP � i � W % T PGW \CtYts�nTV\Ct k
� 3 � 3 � [ 9 2-� � g � � T(2 T _ 39_
3 3 T�� � ��2 2 g �N7 � � �\[ 2 9 39_
2 3�_ � � 3 T 2-� 39_ � � T(2 297 3 �
T 3 � 9 � 393 2 g 3 � � � T(7 T _ 3 2
[ 3 2 _ � � g 2 9 �N7 � � T&T T � 3 �

� \c|UbeP<3 � � �StsflPYXnt k iyPA\CW}�UTVP�_cX T([ v Z�\a��_cX�ZVT PAP

\�`>d�TV�UXxZ fliyP�_cX Rn\c�UR � � Rn\c�UR 	 \mT�W Rn\c�UR 	 ��� 	 \mT�W ��� �
2 _av3ZV\m�>_CX � w43 � w 7 39_Uw T � 9>w �
T$[ v3ZV\m�>_CX 3�w 2 7 w � �&� _Uw 7 7 3�w [
�([ v3ZV\m�>_CX T w _ 3&3�w g [ 3 2 w 9 7 3 2 w T

� \c|UblP 2 � � _ciyRn\cT f�W}_CX+_cp�\�`cPATV\cdcP�T �UXxZ fliyP�feX=W PAtY_cXnzUW�\CtsTV_CWVW#i�PYZ hU_�zUW

� Xn_mZ hnPYT+\CW}R5PAtsZS_mp*Ps�StsflPYXnt k f�WyZ hnP�ts_Ci�R:\mTVflW _cX�_mp�Z hUP�T �UXUv ZVfeiyP=_mp ��� � ts_Ci]v
Rn\cT PGz�Z _xZ hUP]T �UXUv ZVfeiyP�_mpKPs�StYfePAXCZ�feiyRUblPYiyPAXCZ�\aZVfe_CXnW�_mpEZ hnP]PGW�Z�\m|UblflW hUPGz=iyPsZ hn_>znWYj
W R:PGtsf��:tY\cbeb k'	 \mT�W feiy_cX k j � PYfldch>|5_c�UT �C_cflXUflXUdnj#\mXnz����n\mT Z PYZ 	 � ���YblfeXUd:w � _mZVPxZVhn\aZ
� \m�>fli��ni � f��CPYblfehU_>_�z�iyPsZ hn_>znW���flbeb:XU_mZ#|:P�ts_cX:W}f�z�PYTVPAz jCW feXntYP"PY`CPYXyZVhUP"p \CW�ZVPAW}Z�fei�v
RUblPYiyPYX[Z�\aZ fl_cX�_mp ��� PYiyRUbl_ k feXnd
hUPA�UT f�W}Z f�tYW � Pcw dnw�p \cW}Z ���
����� ja_CT ��� flX Z hnP 	N��(�	
Rn\Ct
��\cdcP % |:PGts_ciyP�tY_ciyRU��Z�\aZVfe_CXn\mblb k fli�RnTV\CtuZ f�tY\cb�_CX=bl\cT dCP zU\aZ�\SW}PYZVWAw�O�P]TV\cX ��� �
\md[\mflXnW}Z
Z hnP 	N��(�	 � [ 3*�KRn\ct
�a\cdcP�fliyRUblPYiyPYX[ZV\mZ fl_cXQ_mp�XnPYfldch>|:_CTt$�_cflXUfeXnd � Rn\m�nR � � % j
Rn\cTVW feiy_CX k � Rn\m�UR 	 \mT�W % jM\cXnzQ�C�:\mT Z PsZ*RU� ���YblfeXnd � Rn\mRn� 	 � � 	 \mT�W % ��hUflt�hQ�nW PAW�Rn\cTVW fgv
iy_cX k Z _ ts_CXnW}Z TV�ntuZyfgZ�W��[�n\mT Z PYZyW PsZGw'OQP�T�\mX:z�_ciyb k WV\miyRUblPAz{W}fe�~ZVT PAPAW�pqT _Ci�Z hUP
�"��	 _mp�W f��APAW 2 _]\cXnz T$[ w � hUPYX��#P
ZV_[_ ��Z hnP*\�`CPYT�\mdCP � �#	�( Z fliyP % TV�UX[Z fli�P*_cp�PA\Ct�h
_mpEZVhUP�iyPYZ hU_�zUWAw � \m|nbeP � 2 % W �Uiyiy\cT f��YPGW�ZVhUP�TVPAW �UbeZVW�\mXnz � fldc�UTVP � [ w � % W}hU_a�"W"Z hUP
RUbl_mZ�_mp#Z hnP�T _C�UdchQ\mRURUTV_���fei�\mZ fl_cX�_cp�ZVhUPS\�`cPATV\cdcP�TV�UX[Z fliyPS\ctYT _[W W
Z hUPGW}P�iyPYZ hU_�zUW
\cW�\]pq�UX:tuZ fl_cX^_cp�flXURU��Z
W f��YPcw

9�g



30 35 40 45 50 55 60 65
0

200

400

600

800

Size of Input

A
vg

 ti
m

e 
fo

r 
ne

ar
−

fu
ll 

re
so

lu
tio

n 
(s

ec
)

paupNJ     
paupPars   
paupPuzpars
HC*        

� fedC�UTVP 3�_ � � ��R:PAT fliyPYX[ZV\cb"TV�UX.Z fliyP�_mp*Z hnP�feXUpqPYTVPYXntYP=i�PYZ hU_�zUW+��fgZVh TVPAW R:PGtuZ�Z _
flXURU��Z
W f��AP

9 7




c��� ���m� �� �"V���^�	��
x
 ��� � � ����� � �#�����,"�� � �

� _�Z PGW�Z"ZVhUP]\CtYtY�UTV\Ct k _mp ��� � j5��P�zUPAW fedCXUPAz=\cX=Ps��R:PAT fliyPYX[Z
�nW flXUdSTVPA\mb�zU\aZ�\cW PsZ"| k
ZV\��>feXUd]\ T�\mXnz�_Ci WV\miyRUblP
_cp�W}�n|�Z TVPYPGW�_cp `�\cT fl_c�:WKW}f��YPGW�_cpNZ hUP �"��	 zU\mZV\c|n\cW Pcw � PY�[Z
�#PKTV\cX*_c�UT fliyRUblPYiyPYX[ZV\mZ fl_cX _cp ��� � \cdC\cfeXnW}Z Rn\c�UR � �:jYR:\m�UR 	 \cTVW�\mXnz*Rn\c�UR 	 � � 	 \cTVWAw
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