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Q�RTS�UWVWRYX�Z\[�UH]�^;_OS�V`]ba(cedAZ.VWRYf�UgR�]ba7[IXHZ;^.hji�S
klamf�UWRjUW^.UgS�n2opVrqLZ.S�osVWS�UgR�X�]�hNtuZIv.fwR�X�f�x1dAophjopysa.S{z�a
RT|�S�V}f�RTUwv�xIQ�~l�p�s�p�s�����ophTa�x(��^
VWophY]ba(c

S�~��,]bRjh��*f�U}]b^;_OS�V���UgZ.�N��^.a.R�~���o�S�hjaN��c;S

��� fwUWV}]pX�U��LqLZ.S�f�Rj��RThY]bVWRjUwv{obnAUgZ.S�S�|�ophj^.UWRjopa,obnAZI^.�,]�a,h�]ba
yp^(]�ypS�f>�2opVr]bhj�.Z(]C~
� S�U}f�x � RjVHc�f�opa
y�f�xO�T�j���`UWo � RTophjopysR�X�]�h;S�|�oshT^.UgRTosa�o�n�f��(S�X�RjS�f RYf9^.UgRThTRji�S�c�Ugo�f�Ug^(c;v���RTUWZ
^.��UWo����b�L�(S�os�.hTS`UWZ
S�VWR�fwS`]ba(c{n�]bhTh
obnNhY]ba.ys^(]bysS�f�S�RTUWZ
S�V � v{�,]sX�VWo fWX�os�.R�X¡c;R�_OS�VgS�a;~
UgR�]bh�SC¢B^(]�UWRjopa(fufwRT��Rjh�]�VPUWo � RjophTosypRYX�]bh(£(opUg�p]�~�¤AoshTUWS�VWVH]`S�¢B^m]bUWRjopaNx�opV � v��¥R�X�Vgo�fWX�op�.RYX
¦§osa;UgS�d¡]bVWhjo�f�RT��^.hY]bUWRjopa(fNobn � RjU�~lf�UgVWRTa
y�fuRTa(X�opVW�(osVH]bUgRTa.y�UgZ.S � RTVWUgZNxp�,]�UW^.VgRTUwv�x�]�a(c
c;SC]bUWZ{o�nOS�|�S�VWvrRTa(c;Rj|;RYc;^(]�h��N¨.opV©op^.V � RTU�~lf�UgVWRja.y���oIc;S�h�x�c;S��(S�amc;RTa.yropa{�(]�VH]b�¥S�UWS�V}f
S�RjUWZ.S�V�opa.S�h�]ba
yp^(]�ypS¥X�op���
VWR�fwS�f�UgZ.S>�ª]�«WopVgRTUwv¬o�n­f��(S�]b��S�VHf���c;os��RTa(]�a(X�Sp�}x.opV`UWZ.S
�(op�
^.h�]�UWRTosa�fw�.hTRjUHfNRTaIUWo��ª]baIv�h�]�a.yp^(]�ypS�fAZ(]�|;Rja.y`RTa{opV}c;S�Vuo�nO�,]bysa.RTUg^(c;SLUgZ.S`fW]���S
aI^.� � S�V9o�n*f��(S�]���S�VHf���n2VH]bys��S�aIUH]�UWRTosaP�H®sRTa{UWZ
S�hY]bUWUgS�VAX�]sf�S`UWZ.Srf�Rji�S`c;RYf�UWVgR � ^
UWRTosa{R�f
hjopyb~�a.osVW�,]�h�x.��RTUgZ§^.�I��]�VHc\c;S�|IR�]bUgRTosa(f­n2osV�fw�,]bhjhNfwRTi�S�f�xp«W^mf�Ur]pf�RTa§VgS�]bhjRTUwv{n2opV�ZI^;~
�,]�a�h�]�a.yp^m]bypSCf���¯�a\]{h�]�UWUWRYX�S�Uw�Lo�cIR�_OS�VWS�a;U­c;op��Rja(]bUgRTa.y�h�]�a.yp^(]�ypS�f`X�]�a§X�o�S�°;RYf�U
Rjaea.S�RTysZ � os^.VWRja.y�VWS�ypRTosa(f�xN��RjUWZ.os^.U � S�RTa.y¬n�]�|�os^.VWS�c§osV�c;RYfln�]�|�op^.VgS�c � vec;R±_PS�VWS�aIU
fwUH]bUg^(f���²7S�c;S�]bh©��RTUWZ\��oIc;R±³OX�]bUgRTosa(f�]bamceX�op���(S�UgRTUgRTopa,n2opV�S�°;RYf�UWRja.y�h�]ba
yp^(]�ypS�f�x
a.osU���RjUWZ,UWZ
S�S�|�ophT^
UWRTosa�opV`hTSC]bVWa
RTa.y{o�nuosa.S>hY]ba.ys^(]bysS��

��S�vI�LopV}c.f��L[ oIX�RTos�.Z;v
f�RYX�f�x.hjRTa.ys^.R�fwUWRYX�f�x��.Z(]sf�S�UWVH]�a(f�RjUWRjopaNx � RjU�~lf�UgVWRTa
y�f�x(fgX�]bhjRTa.y
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k�a � RToshTopysR�X�]�h(«W^(fwU{]pf�Rja¿�.ZIv
f�R�X�]bhAX�os���.^.UgS�V�fwRT��^.h�]�UWRTosa(f�xOopa.S��,]�v\f�UW^mc;v¿�
Z.S�~
a.os��S�a(]���R�X�Vgo�fwop�.RYX�]bhjhTv�opV��,]pX�VWo�fgX�op�
R�X�]�hThTv ��¦§R�X�Vgo�fWX�op�.RYX��.ZIv.fwR�X�f`f�Rj�¬^
h�]bUgRTosa(f
^(fwS�¦§osa;UgS�d¡]bVghTo�opV¡¦§ophjS�X�^.hY]bVAQ`v;a(]���R�X�f ��S�UWZ.oIc.f©f�RTamX�S�Z(]bh±n*]�X�S�aIUW^
VWv�S��Ày
�9Ugo
fwUW^(c;vÁf�Rja.yphjS{]bUgop�,f���¦e]pX�Vgo�fgX�op�.RYX>fwRT��^.h�]�UWRTosa(f�]�|�S�VH]�ypS{o�|�S�V��,]�a;v\]�UWop�ªf�]�a(c
fwUW^(c;veUgZ.S�RjV>]�|�S�V}]bysS¬�.Vgop�(S�VgUWRTSCf�S���y.� � v7c;R±_PS�VWS�aIUWRY]bhuS�¢�^(]�UWRTosa(f�osV�opUWZ
S�V>��SC]ba
³(S�h�c7]b�.�.Vgo�°;Rj�,]bUgRTopamf�®uZIv.c;VgoIc;vIa(]b��RYX�f�opV{VgS�]pX�UgRTosa¿S�¢�^(]�UWRTosa(f�n2opV�UWZ.SªX�opa(X�S�a;~
UgVH]bUgRTosa(f�obn­X�Z
S���R�X�]bhNX�op���(op^
a(c.f�]bVgS>n�]b��os^(f�S�°
]b���
hTS�f���[�Rj��RThY]bVWhjv�x;Rja � RToshTosypv
�¡S��,]�v�S�RTUgZ.S�VAhTo�os��]�ULUWZ
S � RTVgUWZNx�UgZ.S�]bysS�RTa
y.x.]�a(c¬UgZ.S�cIS�]bUgZ�obn*S�|�S�VWv�f�Rja.yphjS�Rja;~
c;Rj|;RYc;^(]�h.RTa¥]���R�X�Vgo�fgX�op�.RYXLfwUW^(c;v �L¯�V©�LS`�,]�v���VgRTUgS�c;o���a¥]ba(c¥f�ophj|�S`c;R�_OS�VgS�aIUWR�]�h
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S�¢�^(]�UWRTosa(f�n2opV�UWZ
S¬UgopUH]�hAa;^.� � S�V`obn�Rja(c;Rj|;RYc;^(]bhYf�RTa7]��,]sX�VWo fWX�os�.R�X{cIS�fWX�VgRT�.UgRTosaNx
hjRT��S>RjaeUWZ.S,£(opUg�s]C~�¤�oshTUgS�VWV}]ªSC¢B^(]�UWRjopa(f�n2opV��.VgS�ve]�a(c¿�.VgS�c.]�UWopV���t��S��p]�h�fw�;R��±���uVgS�~
|IRTS��¡S�c�Z.o��?UWZ.S�fwS��.VWS�vB~��.VWSCc.]bUgopVuVgS�h�]�UWRTosa(fuX�]�a � S`f�Ug^(c;RjS�c{]bhYf�o���RYX�VWo fWX�os�.R�X�]bhThjv�x
]�a(c���S�ng���À�	�Afw^.���,]�VWRTi�S�fL�,]baIv�VgS�X�S�aIU��¥R�X�Vgo�fWX�op�.RYX>]bamc§�,]pX�Vgo�fgX�op�.RYX>fwRT��^.h�]�~
UgRTopamf�obn*SCX�o�fwv.fwUWS��,f��*kla¥UWZ.Srf�oIX�Rjob~�S�X�osa.op��RYX�fgX�RTS�a(X�S�f�xp��R�X�VWo�fgX�op�
R�X�f�Ug^(c;RjS�fu�,]�v
� S�X�]bhjhTS�c�
H]bysS�aIU�~ � ]pfwS�c
�;�

¯`a.S�RT�¥�1osVWU}]baIUu]sf��(S�X�UAobn�]���RYX�VWo fWX�os�.R�XAf�Ug^(c;v�R�f9UgZ.SL³(a.RjUWS�hTR±n2S�UWRj��Suo�nP�ª]baIv
³(a
RTUWS��(op�
^.h�]�UWRTosa(f�xO��Z.R�XHZ§hjRT|�S�Rja;³(a.RjUWS�hjv�hTosa.y¬Rjae]�a7]C|�S�VH]bysS�c��,]pX�VWo�fgX�op�
R�X�]b�;~
�.Vgo�]sX�ZN�©k��,]bysRTa.Su�¡S�fwUH]bVgUu��RTUgZ�� RTa(cIRT|IR�c;^(]�h�f�x�]ba(c{]�U9S�]sX�Z�UWRj��SAf�UgS��>V}]ba(cIop��hjv
UgZ.S�aI^.� � S�Vuobn�RTa(cIRT|IR�c;^(]�h�fuR�fuS�RjUWZ.S�VuRTa(X�VWS�]sf�S�c � v{osa.S`opV�cIS�X�VWSC]pf�SCc � v{opa.S �L¯�a
]�|�S�V}]bypS xuUWZ.S�VgS�n2opVgS�xuUWZ
S�a;^
� � S�V�f�U}]�v.f{X�osa(f�U}]baIU����L^.U���R�X�VWo�fgX�op�
R�X�]�hThTv x RjU>S�°�~
Z.R � RTU}fu]�V}]ba(cIop� ��]�hT�Ox���RThTh � SCX�op��S¡i�S�Vgo>]�n2UWS�V¡fwop��S�UgRT��S�xs]bamc¬opa(X�S�RjU � S�X�op�¥S�f
i�S�VWo.x.UgZ.S��(op�.^.hY]bUgRTopa\R�fLS�°IUWRja(X�UAn2opVWS�|�S�V��À�����L¯`a.hTv�n2opV`]ba\RTa;³ma.RTUgS�hTv�h�]�VWypS��(op�.^;~
hY]bUWRjopa\]bhYf�o�UWZ.S�UwvI�.R�X�]�hPS�°IUWRja(X�UgRTopa¥UWRT�¥S�RYfLRTa;³(a
RTUWS�hTv{h�]�VWysS��

qLZ.RYfLc;o�S�fAa.opU¡��S�]�aNx�Z.o��LS�|�S�V�xpUWZm]bUL�ª]pX�Vgo�fWX�op�.RYX�����S�]�a;~2³(S�h�c(�*c;S�fgX�VWRj�.UWRjopa(f
� S�X�os��S�X�opVWVgS�X�U¡]bamc¬]�ypVWS�S���RjUWZ���R�X�Vgo�fgX�op�.RYX�osa.S�f9n2opV­f�^��ªX�RTS�a;UghTv�h�]�VWypS`�(op�.^
h�]C~
UgRTopamf��{qLZ.S�opa
S�~wcIRT��S�amf�RTosa(]bh©kwf�Rja.y,XHZ(]bRjae��RTUWZea
S�]bVgS�f�Uw~�a.S�RTypZ � op^.V�RTaIUWS�V}]pX�UgRTosa(f
]�U��(o f�RTUgRT|�S{UgS����(S�VH]�UW^.VgS�f�Z(]pf�a.o\�.Z(]pfwS¬UgVH]�a(f�RjUWRTosaF]�a(cea.o\f��(opaIUH]�a.S�op^mf��,]�yb~
a.S�UWRTiC]bUWRjopaNxNS�|�S�aeUWZ.os^.ypZFRjaF],��S�]�a§³(S�h�c7]b�
�.VWo�°IRT�,]�UWRTosaeRTU�Z(]sf � opUgZN�§dAhTo f�S�V
Ugo � RToshTopysv�x1[ Z.a.S�V � S�U`]bh������*fwRT��^.h�]�UWS�c{]>Uw�Lo�~wfw�(S�X�RTSCfL��oIc;S�h(opa\]{h�]�UWUWRYX�S`��Z.S�VWS
� opUgZ0fw�1SCX�RTS�f�f�^.Vg|;Rj|�S�S�|�S�a UWZ.os^.ypZKopa.S,�,]�ve|s]ba.RYf�Z?RTaK]�a ]��.�.Vgob°IRT�ª]bUWRjopa � v
c;R±_OS�VWS�aIUWRY]bhAS�¢�^(]bUgRTosa(f��7qLZI^(f�xuRjaFypS�a
S�VH]�h�x9�¡S���RYf�UWVg^(f�U�]�|�S�V}]bypSCcFc;S�fgX�VWRj�.UWRjopa(f
UgZ.VWos^.ypZ7c;R±_OS�VWS�aIUWRY]bhOS�¢B^m]bUWRjopa(f�®1R±nuS�|�S�VWv � oIc;v,X�]�a§RTaIUWS�VH]pX�U���RTUWZ\S�|�S�Vgv � oIc;v�Rja;~
c;S��1S�a(c;S�aIU�obn`fw�(]bUgR�]�hLcIR�f�U}]ba(X�S�x9UgZ.S�a ]ª�ª]pX�Vgo�fWX�op�.RYX{c;S�fWX�VWRT�
UWRTosa¿�ª]Cv � S�X�os��S
S�°
]pX�ULn2opV�RTaI³(a.RTUgS��(op�.^
h�]bUgRTosa(f�xO]bU`hTS�]sf�U�R±nA]>a.osR�fwS>UWS�VW� R�f�]pc
c;S�cP�

qLZ.S¡�.VWS�fwS�aIUNVWS�|IRTS�� c;S�]�h�fN��RTUgZ�hY]ba.ys^(]bysS�fu]�a(c>UWZI^(fNopa.S¡�,]�v�]sf�����Z(]bU©RTUNZ(]sf
Ugo{c;o{��RjUWZ � Rjophjopypvª]ba(c¬�
Z;v
f�RYX�f��L¯`a(X�S`UWZ
S�f�Rj�¬^.hY]bUgRTopa{�¥S�UWZ.oIc
fL]bVgS�S�°I�.h�]�RTa.SCcPx
UgZ.S{]�a(f��¡S�V���RThjh � S>o � |IRTop^mf��`qLZ.S>�¥S�UWZ.oIc
f�]�VWS>UgZ.S{fg]b��S�S�|�S�a,R�n�UWZ.S�]bRT�ªf�]bVWS
c;R±_OS�VWS�aIU��Kk�a(f�UgS�]pcFo�n��.VWS�v ]�a(c �
VWS�c.]�UWosV¬Rja � RjophTosypv�xA�LSÁf�Ug^(c;vFUw�Lo7opV���osVWS
hY]ba.ys^(]bysS�f�Z.S�VWS xP]�a(c§UWZ.S�v»�ª]Cv � S{VgS��.VgS�f�S�aIUWSCc � v\] � RjU�~lf�UWVgRTa.y «W^(f�U�hjRT��S��ª]baIv
��oIcIS�h�fNRTa � Rjophjopypv����;x��Ix������ � n2UWS�Vu]�c;RYfWX�^(fgf�Rjopa�obnNUgZ.S��.Vgo � hjS��,fNUWo � S`f�ophj|�S�c>�LS
³(V}f�Uuhjo�op��]bUAVWS�X�S�a;UN�ª]pX�Vgo�fWX�op�.RYXLf�Rj�¬^
h�]bUgRTosa(fPobnOopUgZ.S�V}fu]ba(c{UWZ
S�a�]bUu�¥R�X�Vgo�fWX�op�.RYX
¦§osa;UgS d¡]�VWhjo�f�RT��^.hY]bUWRjopa(f��
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qLZ.S�|�S�VWv�ophYc»RYc;S�]>UWo¥c;S�fgX�VWR � S>h�]�a.yp^m]bypS�S�|�ophj^.UWRjopa\]pfrf�RT�¥RTh�]�VAUWo�UWZ.S�S�|�ophj^.UWRjopa
o�n � RToshTopysR�X�]�hOf��(S�X�RjS�f��­]pfL¢�^(]�a;UgR�³(S�c{VWSCX�S�aIUWhTv � v,[�^.UgZ.S�Vgh�]bamc ���	��xI��Z.o{]�h�fwo�X�RTUgS�f
��osVWSuhjRTUgS�VH]�UW^.VgS�osa>S��¥�.RTVgR�X�]�hCn�]sX�UHfNopa�h�]�a.yp^(]�ypS�f�� � X�ophjhTS�X�UgRTosa�obn(VgS�X�S�aIUNVWS�|;RjS��`f
osa§h�]�a.yp^m]bypSCf�RYfL�.^ � hjR�f�Z
S�c�RTa �À�����

²0Z(]�U�R�f�]�h�]ba
yp^(]�ypS�
Kkwf�RTUr]�c;R�]�hTS�X�U���RjUWZe]�a(]�|;vÁ]ba(ce]�a7]bVW��v � S�Z.Rja(c§RTU�x
]sf�VWS��ª]bVW��SCc � v,hjRTa.ys^.R�fwU`¦e]b°§²7S�Rja.VWS�RYX�ZÁ��]pX�X�opV}c;RTa.y�UWo¥op^.V�VgS�n2S�VgS�Sp��
7[��(]�a.R�fwZ
]�a(c¿t*opVWUg^.yp^
S�f�S,]�VWS�VWS�y ]bV}c;S�c7]pf>cIR�_OS�VWS�a;U�hY]ba.ys^(]bysS�f � ^.U � osUWZ?fw�(S�]b��S�V}f��,]�v
X�osa;|�S�VHf�S � S�UWUWS�V�RTa�
Ht9osVWUg^��a.osh �¬UgZ(]baÁf��(S�]���S�VHf�n2Vgop� UWZ.S�a.osVWUgZ.S�VWaI~���o f�U�RYf�h�]�a(c.f
o�n��`S�Vg�,]baIv?]�a(c UgZ.o�fwS§n2VWos� UWZ
Sef�os^.UWZ
S�VWa;~���o f�U���os^.aIUH]bRja(f{obn��`S�VW�,]�a;v x�R±n
UgZ.S�v � opUgZF^(f�S¥UWZ.S�RjV�c;RY]bhTSCX�U�obn	�`S�VW�ª]baN�¥¦e]baIvea(]bUgRTopamf�Z(]�|�S{��osVWS�UWZ(]�aFopa.S
o��,X�RY]bhAh�]�a.yp^m]bypS xA]ba(cF�,]�a;vÁc;R�_OS�VgS�a;U�a(]�UWRjopa(f>�,]�vÁf��(S�]b� opa.S,]�a(c¿UgZ.S,fW]���S
hY]ba.ys^(]bysS�UgZ.op^.ysZ�RTa�cIR�_OS�VWS�a;U©c;R�]�hTS�X�UHf��A[�RT�¥RTh�]�VN�.VWo � hTS��,f9]�VWRYf�S�RTa{UgZ.S � RjophTosypRYX�]bh
U}]b°Iopa.os�¬vO®�UWZ.S¡c;S�³(a.RTUgRTosa�obnOfw�(S�X�RTSCf1UWZ
VWop^
ypZ>UgZ.S¡] � RjhTRjU�v�Ugo�Zm]C|�S©|;RY] � hjSuob_�f��
VWRTa
y
UgopypS�UWZ.S�V`n�]bRThYf�n2opV�]sf�S�°I^(]bh � ]sX�UWS�VWR�]IxP��Z.S�VgS{opa.S{�ª]Cv,Z(]�|�S{Ugo»^mf�S�]ba ]bV � RTUgVH]�VWv
�(S�V}X�S�aIUH]bysS>o�n�Q�� � ]�ypVWS�S���S�aIU�UWo�ysVWos^.� � ]pX�UgS�VWRY] Rja;Ugo,f��(S�X�RjS�f�����S�|�S�VgUWZ.S�hTS�fgf�x
UgZ.S�VWS�fwS�S��,fuUWo � S�] ��RYc;S�f��
VWS�]sc»]�ypVgS�S���S�aIUAUWZ(]�U�UgoIc.]�v,Z;^.�ª]ba(f¡f��(S�]b�\fwS�|�S�VH]�h
UgZ.op^(fg]ba(c§hY]ba.ys^(]bysS�f�x(obn©��Z.RYX�Z,�,]�a;v�]�VWS>Rja\c.]ba.ysS�V�obn�S�°;UgRTa(X�UWRTosa��������

qLZ.S\f�Rji�S����`obn ]§h�]�a.yp^(]�ypS�����R�f>UgZ.S,a;^
� � S�V�obnr�(S�op�
hTS\f��(S�]��;Rja.y¿RjU�xA]�a(c
UgZ.S�f�Rji�S{Z.R�fwUWosypVH]������ �A�HxPysRT|IRTa.y¥UWZ.S{aI^.� � S�V�o�n�h�]�a.yp^m]bypSCf o�n`]�ypRj|�S�aefwRTi�S xPR�f
Vgop^.ysZ.hTv�hjopy�~�a.osVW�,]�h�x.��RjUWZ,S�a.Z(]�a(X�S�c�aI^.� � S�VHf�n2osV`f��,]�hTh�f�RTi�S�f �!� ���
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Abrams-Strogatz model for a = 1.31 and s = 0.1 (+), 0.2 (x). 0.3 (*), 0.4 (sq.), 0.5 (flat)
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Abrams-Strogatz model for a = 1.31 and s = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 (bottom to top); unsymmetric
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Size distribution for real languages (+) and log-normal parabola 1800*exp[-0.05*ln(Size/7000)^2]

10

100

1000

10000

100000

1 10 100

nu
m

be
r

size

2,500,000 people, 16 bits, 0.03 mutations per bit; and powerlaw size ^3.4; sum over ten samples
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Dominance (vertical lines, p=0.224) versus fragmentation (parabolic curve, p=0.256), 16 bits
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10 M people, 1000 iterations, 16 bits: 1000*mutations per bit = 16, 18, ... 30 top to bottom
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Number of people (+) and languages (x), sizes for original language (*) and winning language (line) 
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