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'#%.@?:(A%0("#2+-#6'=(0'-&($%4'&("#$'#+%0"'2(+'#/(+%(5'(2+0.6+.0'/("#(2.6?(-(4-1(+?-+(5-6F
$%4'&2(+'#/(+%(?-$'(+?'(2-,'(?'"@?+(6%#+%.0(-2(>0%#+($%4'&2=(1'+(+?'0'("2(#%(>%06'("#(+?'2'
,%/'&2(-66%0/"#@(+%(4?"6?(2.6?(21,,'+0"'2(-0'('#>%06'/=(-#/("#/''/(+?'($%4'&("#$'#+%0"'2
+?-+(0'2.&+(>0%,(+?'(2",.&-+"%#2(%>(+?'2'(-.+?%02(+'#/(+%(5'(-21,,'+0"6(3^%'02,-(GHHSK(L8]9:
[%(0','/1(+?"2(*0%5&',=(+?'(2",.&-+"%#2(4%.&/(?-$'(+%(5'('<+'#/'/(4"+?(+0"6F2(+%("#6%0*%0-+'
-#('>>"6"'#+(.2'(%>(-$-"&-5&'(-./"+%01=(-0+"6.&-+%01=(-#/! %0(*?%#%&%@"6-&(>'-+.0'2:

\(*0%5&',(+?-+("2(,.6?(,%0'(/">>"6.&+(+%(0','/1("2(+?'("#?'0'#+(+'&'%&%@1("#(+?'2'(,%/'&2:
c#(%0/'0(+%(-00"$'(-+(-#(%*+",-&($%4'&("#$'#+%01=(-(,%/'&(+1*"6-&&1(2+-0+2(4"+?(-(0-#/%,(#%#)
%*+",-&($%4'&("#$'#+%01(-#/(+0"'2(+%(,%$'(+%4-0/2(-#(%*+",-&('#/(0'2.&+(51(,-F"#@(2,-&&
6?-#@'2(+%(+?'(&%6-+"%#2(%>(+?'($%4'&2("#(+?'($%4'&(2*-6'=(4?'0'( '$'01(6?-#@'(?-2(+%(5'
%*+","Z"#@=(":':('$'01(6?-#@'(?-2(+%(",*0%$'(+?'(-./"+%01(/"2+"#6+"$"+1(%>(+?'(4?%&'(212+',:
V$'#( -+(+?'( ,%2+(6%#60'+'(&'$'&(%>( ,%/'&&"#@=(+?'#=(+?'2'( ,%/'&2(4%0F(4"+?(+'&'%&%@"6-&
/'$"6'2:

((((((((((((((((((((((((((((((((((((((((((((((((((
I c+( "2( -&2%( *%22"5&'( +?-+( +?'(-4&(1)*4( `d[(6%#+"#..,( 6%00'2*%#/2(#%+(+%( -(2"#@&'( -./"+%01( `d[

6%#+"#..,=(5.+(+%(+4%(2'*-0-+'(-./"+%01(6%#+"#.-=(2.6?(-2(*'0"%/"6(,.0,.0(-#/(#%"2"#'22:



!

"#$%&'('#(#)*+,(- ,++#.$&/-#0- ,.1*&#23-1*/4'2/*#$-5,6'-7''$-42#4#/'1- ,/-8'((9- :('6*$/
;<==>?-<@AB<@CD-/E'&+5'/-5#8-8*&5*$-,-02,F'8#2E-85'2'-(*/&'$'2/-/&#2'-,.1*&#23-'6'$&/-,/
'G'F4(,2/- *$- '4*/#1*+- F'F#23- ,$1- /.7/'H.'$&(3- 2'./'- &5'/'- 'G'F4(,2/- *$- 42#1.+&*#$I
0#((#8*$)-J*'22'5.F7'2&-;<==KDI-/4',E'2/-F,3-&'$1-&#-+5##/'-'G'F4(,2/-&5,&-,2'-(*&&('-(*E'(3
&#-7'-4'2+'*6'1-,/-,$3&5*$)-7.&-&5'-*$&'$1'1-+,&')#239-L$-'G4(*+*&-,++#.$&-#0-&5'-1'&,*(/-#0
/.+5-,-/+5'F'-*/-42#6*1'1-73-M'1'(-;<==>I-<==ND9-M'-1*/+.//-&5*/-*$-1'&,*(-*$-O!9<9

P'8-#0-&5'-$#$%QR-,++#.$&/-F'$&*#$'1-*$-&5*/-/'+&*#$-F,E'-+#$&,+&-8*&5-45#$#(#)*+,(
&5'#23-73-F#1'((*$)-&5'-*$&'2,+&*#$-#0-&5'-/*F.(,&'1-*$6'$&#2*'/-8*&5-45#$#(#)*+,(-2.('/-#2
+#$/&2,*$&/9- Q$(3- 'G'F4(,2- F#1'(/- ,2'- (*E'(3- &#- 42#6*1'- /.+5- ,- (*$E?- *&- /''F/- 4'20'+&(3
4#//*7('-&#-+#F7*$'-M'1'(S/-;<==ND-1*/4'2/*#$-F#1'(-8*&5-5*/-('G*+,(-,$,(#)3-F#1'(-;M'1'(
<==!DI-85*+5-'9)9-*F4('F'$&/-6*#(,7('-F'&2*+,(-+#$/&2,*$&/-,/-4#&'$&*,((3-+#$0(*+&*$)-7*,/'/
&5,&-(',1-&#-&5'-'F'2)'$+'-#0-T#21#$S/-;KCCCD-02'H.'$+3%*$0#2F'1-2').(,2-4,&&'2$/-#0-8'*)5&%
/&2'//-*$&'2,+&*#$9-U$-&5'-$'G&-/'+&*#$-8'-1*/+.//-,&&'F4&/-&#-*$&')2,&'-&5'-1*/4'2/*#$-*1',-*$&#
,-&'/&'1-,$1-&2*'1-02,F'8#2E-0#2-45#$#(#)*+,(-&5'#23I-$,F'(3-Q4&*F,(*&3-R5'#239

!"#$$%&$'(()*+,-$).$'*/0,)12$/0-341-0)+

R5'- #2*)*$,(- 42#4#/,(- #0- Q4&*F,(*&3- R5'#23- 73- J2*$+'- V- WF#('$/E3- ;KCCXD- 5,$1('1
*$6'$&#2*'/-73-&5'-1'6*+'-#0-!"#$%&''()*(+$&(,-'&-,$1-+#$/&2,*$&-*$&'2,+&*#$9-L/-*$-&5'-0',&.2,(
F,2E'1$'//-,++#.$&/-F'$&*#$'1-,7#6'I-,-F,2E'1-45#$#(#)*+,(-'('F'$&-8,/-#$(3-,((#8'1-&#
/.20,+'-*$-,-(,$).,)'-*0-&5'-.$F,2E'1-+#.$&'24,2&-#0-&5,&-45#$#(#)*+,(-'('F'$&-,(/#-/.20,+'1
*$-&5,&-(,$).,)'9-J2*$+'-V-WF#('$/E3S/-,442#,+5-*/-&5'2'0#2'-42#7('F,&*+-0#2-&5'-/,F'-2',/#$
,/- F'$&*#$'1- ',2(*'2?- *&- +,$$#&- ,++#.$&- 0#2- &5'- Y'G+(.1'1- +'$&2'Z- '00'+&I- 85'2'- F,2E'1
/')F'$&/-,44',2-8*&5#.&-&5'-.$F,2E'1-+#.$&'24,2&I-,/-$#&'1-73-P('FF*$)-;KCCA-[<==<?-X!\I
<==>?-<XAI-<==A?-KN>I-<==N?-<A=D9-W#- ,$-QR- ,++#.$&-2'H.*2'/- /#F'&5*$)-F#2'-&5,$- ]./&
F,2E'1$'//-,$1-0,*&50.($'//-+#$/&2,*$&/9

P('FF*$)- ;KCCAD-&2,$/(,&'1-^*$17(#FS/-1*/4'2/*#$-*1',I- ,$1- /4'+*0*+,((3-R'$- :#/+5S/
*1',-#0-F,G*F*_*$)-&5'-F*$*F.F-1*/&,$+'I- *$&#-QR-73- *$&2#1.+*$)- `U"a UWR- +#$/&2,*$&/I
85*+5- 'G4(*+*&(3- F*(*&,&'- ,),*$/&- *$6'$&#2*'/- 8*&5- /F,((- ,.1*&#23- 1*/&,$+'/- 7'&8''$- *&/
F'F7'2/9-a*/4'2/*#$-+#$/&2,*$&/-/.+5-,/-P('FF*$)S/-`U"a UWRI-,/-8'((-,/-&5'-2'0#2F.(,&*#$/
73-J,1)'&&-;<==KD-,$1-W,$1'2/- ;<==XDI-8#2E-6'23-8'((-*$-0#2F,(*_*$)-&5'-1*/4'2/*#$-*1',9
b#8'6'2I-&5'3-,2'-'G4(*+*&(3-&'('#(#)*+,(-8*&5-2'/4'+&-&#-,.1*&#23-1*/4'2/*#$9-P.2&5'2F#2'I-,$
'F4*2*+,(-42#7('F-*/-&5,&-&5'/'-+#$/&2,*$&/-'6,(.,&'-F.(&*4('-*$4.&/-,&-,-&*F'?-&5'3-+,$-7'-/,*1
&#-'6,(.,&'-85#('-*$6'$&#2*'/-;P('FF*$)-KCCA-[<==<?-XXBXA\I-:#'2/F,-KCC@?-XNKI-`+c,2&53
<==<?-<<NB<<!D-#2-'6'$-'$&*2'-(,$).,)'/-;J,1)'&&-<==X,?-XKKI-P('FF*$)-<==>?-<N@D9-R5'/'
+#$/&2,*$&/- ,2'-&5'2'0#2'-5,21-&#-2'+#$+*('-8*&5-&5'- /*$)('%*$4.&-+#$/&2,*$&/- *$&2#1.+'1-73
J2*$+'- V- WF#('$/E3I- ,$1- &5'- &,7(',./- ,2'- 5,21- &#- 2'+#$+*('- 8*&5- &,7(',./- &5,&- 7,/*+,((3
'6,(.,&'- &5'- 42#+'//*$)- #0- ,- /*$)('- 0#2F- *$- 42#1.+&*#$- ;J2*$+'- V- WF#('$/E3- KCCXD- #2
+#F42'5'$/*#$- ;WF#('$/E3-KCCND9-R5'- )'$'2,(-1'0'$+'-73-P('FF*$)- ,$1-J,1)'&&- */-&5,&
45#$#(#)*+,(-&5'#23-*/-,7#.&-4#//*7('-(,$).,)'/I-2,&5'2-&5,$-,7#.&-42#+'//*$)-/*$)('-0#2F/9
M'-0''(-&5,&-&5*/- /&,$14#*$&-.$1'2'/&*F,&'/-&5'-4#8'2-#0-Q4&*F,(*&3-R5'#23- ,/- ,-1'+*/*#$
F'+5,$*/F?-85'$-./'1-&#-'6,(.,&'-/*$)('-*$4.&/I-QR-+,$-7'-,$1-5,/-7''$-,44(*'1-/.++'//0.((3
&#-42#+'//'/-/.+5-,/-42#1.+&*#$I-+#F42'5'$/*#$I-,$1-,+H.*/*&*#$9-U0-1*/4'2/*#$-'00'+&/-+,$-7'
/5#8$-&#-'F'2)'-*$-QR-'6'$-02#F-F#1'((*$)-/*$)('%0#2F-42#+'//*$)I-QR-8*((-$#&-5,6'-&#-7'
*$6#E'1-/'4,2,&'(3-&#-'6,(.,&'-&5'-'$&*2'-(,$).,)'9

R5'- 0,+&- &5,&- P('FF*$)I- J,1)'&&- ,$1- W,$1'2/- 5,$1('- 1*/4'2/*#$- '00'+&/- 73- 1'1*+,&'1
*$5'2'$&(3- &'('#(#)*+,(- F',$/- ;&5'- 1*/4'2/*#$- +#$/&2,*$&/D- *$- ,- /3$+52#$*+- )2,FF,2- */
/#F'&*F'/- /''$-,/- .$42#7('F,&*+-;'9)9-b,3'/-V-W&'2*,1'-<==>?-<!DI-7.&-,-&5'#23-*$-85*+5



!"#$!$%&'()*&+!&,!-(.*)&/0!.*12$/1*&+!*+!3*.*/$4)*&+-'!4&+1)/-*+)!5/-66-/1!!!!

"#$%$&$''$("%&)*+%$&),"-.)"+()//0&)%&%+1$&$''$("%&-'&.-*$&2$3$*)/&+31$4$31$3"/0&3$$1$1&1$5+($%
%#-,/1&6$&4*$'$**$1&60&7(().8%&*)9-*&+'&%,(#&)&"#$-*0&$:+%"%;&<)12$""&=>??@6A&!?B&*$)/+9$%&"#+%
%#-*"(-.+32&)31&%,22$%"%&"#)"&1+%4$*%+-3&(-3%"*)+3"%&.)0&C,%"&$:4*$%%&)6%"*)("&-6%$*5)"+-3%
)6-,"& +35$3"-*+$%& D#+/$& )"& "#$& %).$& "+.$& "#$& *$)/& ,31$*/0+32& .$(#)3+%.& .)0& 6$& .-*$
(-3(*$"$&)31&4$*#)4%&3-"&$:4/+(+"/0&2-)/E-*+$3"$1;&F$&)2*$$G&)31&+3&"#$&4*$%$3"&4)4$*&D$
4*-5+1$&C,%"&%,(#&)3&,31$*/0+32&.$(#)3+%.&D+"#+3&7H&=+3&IJ;K&D$&%#-D&"#)"&+"&)/%-&D-*L%&+3
-"#$*& (-3%"*)+3"E6)%$1& '*).$D-*L%B;& <*-5+1+32& "#$& ,31$*/0+32& .$(#)3+%.& +%& 3$($%%)*0
6$(),%$&D$&%$$L&"#$&/-(,%&-'&$:4/)3)"+-3&+3&)3&)(M,+%+"+-3&6+)%&-3&"#$&4)*"&-'&"#$&/$)*3$*N
'-*.)/+9+32&)(M,+%+"+-3&#)%&"-&6$&1-3$&D+"#&"#$&(-3%"*)+3"%&"#)"&)*$&+3&"#$&/$)*3$*8%&6*)+3G&3-"
D+"#&(-3%"*)+3"%&"#)"&1$%(*+6$&6$#)5+-,*&)"&)&#+2#$*&/$5$/&-'&)6%"*)("+-3;

O3&"#$&4*$%$3"&4)4$*G&D$&$.4/-0&3$+"#$*&1+%4$*%+-3&3-*&')+"#',/3$%%&(-3%"*)+3"%&"-&)((-,3"
'-*&1+%4$*%+-3&$''$("%;&F$&%#-D&"#)"&1+%4$*%+-3&$''$("%&()3&+3%"$)1&)*+%$&D+"#+3&)&3,.6$*&-'
2$3$*)"+-3%&)%&"#$&),"-.)"+(&*$%,/"&-'&4($! 4&+1)/-*+)1G&D#+(#&)*$&+31$4$31$3"/0&3$$1$1&"-
.-1$/& /)32,)2$E%4$(+'+(& 4$*($4"+-3& =$;2;& P%(,1$*-& Q& R-$*%.)& >??SBG& )31&-/)*4('-)&/0
4&+1)/-*+)1G& D#+(#& )*$& +31$4$31$3"/0& 3$$1$1& "-& .-1$/& )*"+(,/)"-*0& $''-*"& +3& 4#-3$"+(
+.4/$.$3")"+-3&=$;2;&T+*(#3$*&UVV!G&R-$*%.)&UVV!B;&H#$&-3/0&)%%,.4"+-3&"#)"&D$&3$$1&"-
)11&"-&"#$&4*$E$:+%"+32&D-*L&-3&7H&4#-3$"+(%&+%&"#)"&"#$&%4$)L$*&)31&"#$&/+%"$3$*&,%$&"#$&%).$
2*)..)*;&H#$&4-+3"&+%&"#)"&"#$&%).$&(-3%"*)+3"%&)*$&,%$1&3*.*/$4)*&+-''0G& +;$;& 6-"#& 60& "#$
/+%"$3$*&+3&(-.4*$#$3%+-3&)31&60&"#$&%4$)L$*&+3&4*-1,("+-3;&H#$&'-//-D+32&%$("+-3&+//,%"*)"$%
"#+%&+3&.-*$&1$")+/;

!"##$%&%'()*%+,-.#/0+,(*%)1

W& '-*.)/& )((-,3"& -'& )& /+32,+%"+(& 4#$3-.$3-3& #)%& "-& %")*"& 60& %")"+32& "#$& *$4*$%$3")"+-3%
+35-/5$1;&X-*&-,*&4,*4-%$%&D$&3$$1&-3/0&"D-G&3).$/0&"#$&=)6%"*)("G&1+%(*$"$B&4#-3-/-2+()/
1(/,-4$! ,&/6&)31&)&=(-3(*$"$G&(-3"+3,-,%B&),1+"-*0E)*"+(,/)"-*0&2#&+$)*4! ,&/6;&H#$%$&"D-
*$4*$%$3")"+-3%& =%$$& X+2;& >B& )*$& 4)*"& -'& )& .-*$& $/)6-*)"$& (-.4*$#$3%+5$& .-1$/& '-*
6+1+*$("+-3)/&4#-3-/-20&)31&4#-3$"+(%&=R-$*%.)&>??J)BG&6,"&)30&*$4*$%$3")"+-3%&Y)6-5$8&"#$
%,*')($&'-*.G&%,(#&)%&"#$&,31$*/0+32&'-*.G&)*$&3-"&1+%(,%%$1&+3&"#+%&4)4$*&=$:($4"&6*+$'/0&+3
IZ;@&)31&IJ;UB&6$(),%$&"#$0&)*$&3-"&*$M,+*$1&'-*&+//,%"*)"+32&-,*&4-+3";&W/%-G&X+2,*$&>&L$$4%
+.4/+(+"&)30&1+%"+3("+-3&6$"D$$3&"#$&),1+"-*0&4)*"&)31&"#$&)*"+(,/)"-*0&4)*"&-'&"#$&4#-3$"+(
'-*.;

perception phonetic implementation

/ surface form/

[phonetic form]

7*5(/$!8
<*-($%%+32&.-1$/%&'-*&4#-3$"+(%&)31&+"%&+3"$*')($&D+"#&4#-3-/-20;

H#$& 2*)..)*& .-1$/& -'& X+2,*$& >& +%& 6+1+*$("+-3)/G& +;$;& +"& +%& ,%$1& +3& "D-& 1+*$("+-3%& -'
4*-($%%+32A& (-.4*$#$3%+-3& )31& 4*-1,("+-3G& )((-*1+32& "-& "#$& )**-D%& +3& "#$& '+2,*$;& O3& "#$
(-.4*$#$3%+-3&1+*$("+-3G&"#$&=Y4*$/$:+()/8B&2$/4$2)*&+&4*-($%%&.)4%&)3&),1+"-*0E4#-3$"+(
'-*.&"-&)&4#-3-/-2+()/&%,*')($&'-*.N&+3&"#$&4*-1,("+-3&1+*$("+-3G&"#$&2#&+$)*4!*62'$6$+)-)*&+
4*-($%%&.)4%&)&4#-3-/-2+()/&%,*')($&%"*,(",*$&"-&)3&),1+"-*0E)*"+(,/)"-*0&4#-3$"+(&'-*.;



!

"#$ %&'()*+,#$ -.#$ '#*)-+&/0$ 1#-2##/$ -.#$ '#3'#0#/-)-+&/0$ +/$ 4+56'#$ 7$ 2+-.$ 8+&*)1*#
9&/0-')+/-0:$)0$+/$4+56'#$;<

/ surface form/

[phonetic form]

CUE

*A RT

*STRUCT

!"#$%&'(
=')(()'$(&>#*$%&'$3.&/#-+90<

?/#$ &%$ -.#$ '#)0&/0$ %&'$ (&>#**+/5$ 3.&/#-+90$ 2+-.$ 9&/0-')+/-0$ +0$ -.)-$ -.#$ &6-36-$ &%$ -.#
3#'9#3-+&/$3'&9#00$-#/>0$-&$1#$'#0-'+9-#>$1@$-.#$0)(#$0-'69-6')*$9&/0-')+/-0$ABCDEFGD$+/$-.#
%+56'#H$-.)-$.)8#$1##/$3'&3&0#>$%&'$3.&/&*&5+9)*$3'&>69-+&/<$4&'$+/0-)/9#:$I&*+8)/&8$AJ!;JH
3'&3&0#0$ -.)-$ K)3)/#0#$ *#)'/#'0$ &%$ E600+)/$ 3#'9#+8#$ -.#$ E600+)/$ 3.&/#-+9$ %&'($ L-)MN$ )0
! <-)<M6<! $1#9)60#$&%$)$K)3)/#0#$9&/0-')+/-$&/$9&>)$9&/0&/)/-0:$)/>$-.#$3.&/#-+9$%&'($L>')()N
)0$! <>&<')<()<! $1#9)60#$&%$)$K)3)/#0#$9&/0-')+/-$)5)+/0-$9&(3*#O$&/0#-0<P$D.60:$-.#$3'&9#00
-.)-$()30$)$3.&/#-+9$%&'($A&'$Q&8#'-$%&'(R$+/$-.#$-#'(0$&%$D#0)'$S$C(&*#/0M@$7TTTH$-&$)
3.&/&*&5+9)*$06'%)9#$%&'($+0$1#0-$'#5)'>#>$)0$1#+/5$*+/56+0-+9$+-0#*%$)/>$-.#'#%&'#$)(#/)1*#$-&
9&/0-')+/-U1)0#>$ (&>#**+/5:$ )$ 3&+/-$ ()>#$ 1#%&'#$ 1@$ D#0)'$ S$ C(&*#/0M@$ AJ!!V:$ 7TTTH:
W&#'0()$AJ!!V:$7TTX1H:$)/>$I)-#'$A7TTYH<

"#$*+M#$-&$3&+/-$&6-$.#'#$-.)-$(&>#**+/5$3.&/#-+9$3'&9#00+/5$2+-.+/$)$9&/0-')+/-U1)0#>
%')(#2&'M$069.$)0$?D$>&#0$/&-$+(3*@$-.)-$2#$ '#5)'>$*&2U*#8#*$)6>+-&'@$)/>$)'-+96*)-&'@
3'&9#00+/5$)0$1#*&/5+/5$-&$)$%&'()*$0@(1&*+9$0@0-#($03#9+%+9$-&$-.#$.6()/$*)/56)5#$%)96*-@<
?/$-.#$9&/-')'@:$)$9&/0-')+/-U1)0#>$>#9+0+&/$(#9.)/+0($*+M#$?D$)/>! &'$Z)'(&/+9$=')(()'
AZ=[$ C(&*#/0M@$ S$ \#5#/>'#$ 7TT]H$ ()@$ 2#**$ 1#$ -@3+9)*$ &%$ /#6')*$ 3'&9#00+/5$ +/$ 5#/#')*
AW&#'0()$7TT;1^$YYY_YYPH:$)/>$-.#$0699#00$&%$?D$+/$3.&/&*&5+9)*$-.#&'@$()@$2#**$1#$1)0#>
&/$-.#$%)9-$-.)-$.6()/$3.&/&*&5+9)*$3'&9#00+/5$`60-$60#0$-.+0$(&'#$5#/#')*$(#9.)/+0(<

Z)8+/5$()>#$3*)60+1*#$-.)-$3.&/#-+9$3'&9#00+/5$9)/$1#$(&>#**#>$2+-.$?D$&'$Z=:$2#$9)/
-6'/$-&$-.#$9&/0-')+/-0$3'&3&0#>$+/$4+56'#$;<$D.#$'#*)-+&/$1#-2##/$-.#$3.&/&*&5+9)*$)/>$-.#
3.&/#-+9$%&'($+0$#8)*6)-#>$1@$96#$9&/0-')+/-0$ABGFa H:$)/>$-.#$3.&/#-+9$%&'($&/$+-0$&2/$+0
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I$(+! ! !" )(8+#$%%8#'85+6*'>+)+5$''85+#K(J80+Z8+#)%+&88<+I$(+*%&')%#8<+'>)'+I$(+)+&C8#'()7+N8)%
J)7K8+$I+.10:+2(3+D.";/+_HE<+'>8+5$''85+#K(J8+8%5&+KC+>)J*%L+)+()%Q*%L+J)7K8+$I+!:?0:<+)%5
'>8+&$7*5+#K(J8+$%8+$I+;?0:0+G>*&+N8)%&+'>)'+'>8+#K8+#$%&'()*%'+,-.10:+2(34! ! !"8%5&+KC+38*%L
()%Q85+NK#>+>*L>8(+'>)%+,-.10:+2(34! !! <+)%5+'>K&+'>8+'$Q8%+-.10:+2(34+*&+N$&'+$I'8%+C8(#8*J85
)&+! ! !" *%+ '>8+ I*%)7+ C8(#8C'*$%+ L()NN)(+ D%$'+ )76)9&<+ 38#)K&8+ $I+ '>8+ 8J)7K)'*$%+ %$*&8E0+ P%
L8%8()7<+'>8+7$68&'+#K(J8+58'8(N*%8&+6>*#>+#)'8L$(9+*&+C8(#8*J85+N$&'+$I'8%+)'+)%9+&C8#*I*#
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:4)64:0/;5$8)2??2)>$2<04)$@ABBBA$@BABBBA$@BBABBBA$25C$@ABBBABBB$/5:10$0;D45>E

-$6;?:3404$FG$2523H>/>$;<$2$:);*34?$8454)233H$/5.;3.4>$0=;$:2)0>A$52?43H$2$C4>6)/:0/;5
;<$094$6;5>0)2/50$)25D/58$25C$2$C4>6)/:0/;5$;<$=920$;10:10>$094$8)2??2)$2>>/85>$0;$233$;<$/0>
/5:10>E$I9/34$094$)25D/58$;<$233$J@@$6;5>0)2/50>$/>$8/.45$/5$K/81)4$LA$2$C4>6)/:0/;5$ ;<$094
=;)D/58>$;<$094$8)2??2)$=;13C$/5.;3.4$8/./58$!M!$/5:10N;10:10$:2/)>A$:4)92:>$/5$094$<;)?$;<
!M!$:4)64:0/;5$02*3421>$0920$2)4$2523;8;1>$0;$02*3421$O@PE$-5C$4.45$094>4$!M!$02*3421>$=;13C
5;0$>1<</64A$*4621>4$2>$2$)4>130$;<$094$4.23120/;5$5;/>4$;<$Q0;692>0/6$FG$/0$/>$<133H$:;>>/*34$0920
094$>2?4$>:460)23N?425$.2314$/>$>;?40/?4>$:4)64/.4C$2>$! !! A$>;?40/?4>$2>$! >! E$-$<133$266;150
;<$ 9;=$ 094$ !M!$ >:460)23N?425$ .2314>$ 2)4$ 925C34C$ *H$ 094$ :4)64:0/;5$ 8)2??2)$ 094)4<;)4
/5.;3.4>$8/./58$<;)$4269$;<$094$!M!$>:460)23N?425$.2314>$094$:);*2*/3/0H$0920$/0$/>$:4)64/.4C$2>
! !! $25C$094$:);*2*/3/0H$0920$/0$/>$:4)64/.4C$2>$! >! E$-5$4>0/?204$;<$094>4$/>$8/.45$/5$K/81)4$RE
G9/>$</81)4$92>$*445$6;?:104C$*H$)155/58$4269$;<$094$!M!$>:460)23N?425$.2314>$09);189$094
</523$:4)64:0/;5$8)2??2)$!BBABBB$0/?4>$O=/09$25$4.23120/;5$5;/>4$;<$@EBA$2>$C1)/58$342)5/58PA
25C$5;0/58$9;=$;<045$094$;10:10$=2>$! !! S$C/./C/58$4269$;<$094$!M!$)4>130>$*H$!BBABBB$H/43C>$25
4>0/?204$;<$094$:);*2*/3/0H$0920$4269$>:460)23N?425$/>$632>>/</4C$2>$! !! E!! $G94$:);*2*/3/0H$;<
632>>/<H/58$/0$2>$! >! $/>$4>0/?204C$/5$25$2523;8;1>$=2HE
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.2314>$! $<;)$=9/69$094$61).4$;<$&'! $()*+! !! $3/4>$<2)094>0$*43;=$094$61).4$&'! $()*+! >! $/5$K/81)4
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7*5(/$!8
*+,-./0/12./3-$1456,7$035$.8,$6/5.429$9/7.,-,5$30$:/;45,$<$'0/-29$7.2.,)=

:/;45,$>$13-0/5?7$.82.$.8,$@52+429$A,25-/-;$B9;35/.8?$9,2+7$.3$3C./?29$C,51,C./3-$/0$.8,
9,25-,5$/7$;/6,-$7400/1/,-.$/-035?2./3-=$*-$.8,$5,;/3-7$D8,5,$78,$827$8,25+$2$925;,$-4?E,5$30
7C,1.529F?,2-$ .3G,-7$ '/=,=$E,.D,,-$2CC53H/?2.,9I$ !J$2-+$JJ$K5EL$21135+/-;$ .3$ :/;45,$M)L
:/;45,$>$783D7$.82.$.8,$9,25-,5$827$E,13?,$2-$3C./?29$'C53E2E/9/.IF?2.18/-;)$9/7.,-,5=$:35
/-7.2-1,L$.8,$7C,1.529$?,2-$30$!<=N$K5E$827$'21135+/-;$.3$:/;45,$>)$2$<NO$C53E2E/9/.I$30$E,/-;
C,51,/6,+$27$! ! ! $2-+$2$!NO$182-1,$30$E,/-;$C,51,/6,+$27$! 7! P$8,-1,L$.8,$3++7$30$C,51,/6/-;
!<=N$K5E$27$! !! $25,$J$./?,7$8/;8,5$.82-$.8,$3++7$30$C,51,/6/-;$/.$27$! 7! P$.8/7$52./3$30$J$.3$Q
1355,7C3-+7$,H21.9I$.3$.8,$5,92./6,$8,/;8.7$30$.8,$.D3$1456,7$/-$:/;45,$M$2.$R!<=N$K5ES=

T3D,6,5L$.8,$9,25-,5$+3,7$-3.$E,13?,$3C./?29$/0$78,$/7$;/6,-$.33$9/..9,$/-035?2./3-=$*-$.8,
9,0.$C,5/C8,5I$30$.8,$24+/.35I$7C21,$'2534-+$!Q$K5E)L$.8,$C53E2E/9/.I$.82.$7418$2$7C,1.529F?,2-
6294,$D27$/-.,-+,+$27$! !! $/7$6,5I$?418$8/;8,5$.82-$.82.$/.$D27$/-.,-+,+$27$! 7! L$2-+$.8/7$D349+
C5,+/1.$.82.$2$C53E2E/9/.IF?2.18/-;$9/7.,-,5$C,51,/6,7$7418$7C,1.529F?,2-$6294,7$27$! !! $Q""
C,51,-.$30$.8,$./?,=$U,6,5.8,9,77L$:/;45,$>$783D7$.82.$/-$.8/7$5,;/3-$.8,$9,25-,5V7$C,51,C./3-
;52??25$625/,7$E,.D,,-$C,51,/6/-;$! !! $2-+$! 7! =$W8/7$/?C,50,1./3-$25/7,7$E,1247,$.8,$9,25-,5
827$-3.$8,25+$,-34;8$C,5/C8,529$.3G,-7$.3$+52;$.8,$.D3$1456,7$2C25.$/-$.8/7$5,;/3-=Q!$W8,$72?,
839+7$035$.8,$5/;8.$C,5/C8,5I$30$.8,$24+/.35I$7C21,$'2534-+$JN$K5E)=

*.$/7$/-.,5,7./-;$.3$7,,$035$D8/18$7C,1.529F?,2-$6294,7$.8,$C53E2E/9/./,7$25,$?2H/?29=$W8,
C53E2E/9/.IF?2.18/-;$15/.,5/3-$D349+$C5,+/1.$.82.$.8,$C53E2E/9/./,7$D349+$E,$?2H/?29$/-$.8,
5,;/3-7$-,25$!"$2-+$JM$K5EL$E4.$.8,$71251/.I$30$7418$.3G,-7$827$?36,+$.8,$C3/-.$30$?2H/?29
7,C252./3-$X4/.,$025$.3D25+$.8,$1,-.5,7$30$.8,$.D3$12.,;35/,7L$/=,=$.3D25+7$!N=J$2-+$J"=<$K5E=
W8,$7C,1.529F?,2-$6294,7$035$D8/18$.8,$.D3$1456,7$25,$025.8,7.$2C25.$25,$2CC53H/?2.,9I$!Y=Z
2-+$JQ=Q$K5E=$W8,7,$9312./3-7$12-$.847$E,$72/+$.3$5,C5,7,-.$.8,$9,27.$13-0472E9,$7C,1.529F?,2-

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
Q! [-,$?/;8.$.8/-G$.82.$13-7/+,52./3-7$30$24+/.35I$+/7.2-1,$'!Q$K5E$/7$1937,5$.3$.8,$1,-.5,$30$.8,$! !!

12.,;35I$.82-$.3$.8,$1,-.5,$30$.8,$! 7! $12.,;35I)$C5,+/1.$.82.$5,29$9/7.,-,57$29D2I7$19277/0I$R!Q$K5ES$27
! !! =$T3D,6,5L$.8,$4-1,5.2/-.I$.82.$345$6/5.429$9/7.,-,5$+/7C92I7$2534-+$!Q$K5E$?2I$D,99$E,$5,29/7./1%
053?$K714+,53$\$]3,57?2$'!""Y%$0/;=J)$/.$12-$E,$7,,-$.82.$^34.8,5-$]5/./78$K-;9/78$9/7.,-,57$826,
.534E9,$19277/0I/-;$R"S$27$2-$/-7.2-1,$30$.8,$24+/.35/9I$1937,5$12.,;35I$! #! $52.8,5$.82-$30$.8,$5,?3.,5
12.,;35I$! /! =
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90$'$/'4&)! !! )*'+) ! (! )3&0(&.5:

!"!##$%&#'&()*+,-./(0#1'20.3%#0.3-&'&)43#,)&5&))&6#,)+678-.+'9#-%&#,)+-+-:,&#&55&8-

;')*) !"#"$%&'"()*+)<$+&.)$5)93$'&#-4(=)#3&)4/&)4$'(#0*-'#()*'+)0*'%-'7()#3*#)#3&).-(#&'&0)/(&()-'
9&04&9#-$') *0&) *.($) /(&+) 1>) 3&0) -') 93$'&#-4) -<9.&<&'#*#-$':) ?3&') -<9.&<&'#-'7) *'
*0#-4/.*#-$'=)#3&)4/&)4$'(#0*-'#)@A!B:B)C01D! ! !"-()0&*+)*()E*')! ! ! )(3$/.+)'$#)1&)90$+/4&+),-#3)*
(9&4#0*.)<&*')$5)A!B:B)C01DF=)*'+)($)$':

;')GHI),&)(&&)3$,)#3&)2-0#/*.).&*0'&0)$5)JK:H),$/.+)'$,)90$+/4&)*')! ! ! =)-5)$'.>)#3&)4/&
4$'(#0*-'#()*'+)0*'%-'7()$5)6-7/0&)8),&0&)-'2$.2&+:

GHI),-.$(#/&'"()-'*!+%*/-0"'1-&/%-&()2'$*")'2-()+3

! s! @ALB:MD
! ! !
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! ! !
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! ! !
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! ! !
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! ! !
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! ! !
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! ! !
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! ! !

@AL":!D
! ! !

@AL":"D
! ! !

ALB:M)C01D@P

ALB:8)C01D @P

ALB:N)C01D @P

ALB:O)C01D @P

AL":B)C01D @P

! ))AL":")C01D @

AL":!)C01D @P

AL":L)C01D @P

AL":H)C01D @P

AL":K)C01D @P

Q3&)4*'+-+*#&)AL":")C01D)-')GHI),-'()1&4*/(&)#3&)4/02&)$5)#3&)4/&)4$'(#0*-'#()5$0)! ! ! )-')6-7/0&
8)-().$,&(#)*#)#3-()2*./&)G,3-43)-()*.($),3&0&)#3&)#,$)4/02&()*0&)<*R-<*..>)(&9*0*#&+I:);5),&
4$<9*0&)#3-()93$'&#-4)$/#9/#)#$)#3&)#$%&'),-#3)#3&)3-73&(#)50&S/&'4>)-')#3&)+-(#0-1/#-$')$5
6-7/0&)M=),3-43)3*()LB:8)C01=),&)4*')(&&)#3*#)$/0)(9&*%&0)90$+/4&()*')! ! !" #3*#)3*()(3-5#&+
(.-73#.>)1>)B:H)C01)50$<)#3&)! ! !"#3*#)-()<$(#)4$<<$'.>)90$+/4&+)1>)3&0)(/00$/'+-'7:

?&)'$,)(3$,)#3*#)#3&)(3-5#)-()*4#/*..>).*07&0)#3*')#3&)B:H)C01)(&&')-')GHI:)T()*)0&(/.#)$5
#3&)&2*./*#-$')'$-(&)$5)U#$43*(#-4)VQ=)#3&),-''&0)-')GHI),-..)'$#)*.,*>()1&)L":")C01:);'(#&*+=
#3&),-''&0),-..)1&)#3&)(9&4#0*.W<&*')2*./&),3$(&)4/&)4$'(#0*-'#)G5$0)! (! I),-..)3*99&')#$)1&
.$,&(#W0*'%&+),3&')&2*./*#-$')'$-(&)-()*++&+)#$)#3&)0*'%-'7)$5)&*43)4$'(#0*-'#:);5),&)*99.>
#3&) (*<&) &2*./*#-$') '$-(&) *() -') 9&04&9#-$'=) '*<&.>) ,-#3) *) (#*'+*0+) +&2-*#-$') $5) !:B=) *..
(9&4#0*.W<&*')2*./&() ,-#3)*)0*'%-'7) '$#)</43)3-73&0)#3*')#3*#)$5)@AL":")C01D! (! )*0&)*.($
.-%&.>)#$),-':);')6-7/0&)8),&)(&&)#3*#)#3&)4/02&)$5)@A4)C01D! (! )3*()*).$,)9.*#&*/)-')#3&),3$.&
0&7-$')1&#,&&'=)(*>=)LB:B)*'+)L!:N)C01=)*'+)#3&(&)*0&)*..)S/-#&).-%&.>)#$),-':)Q3&)0-73#W3*'+
(-+&) $5) 6-7/0&) O) (3$,() #3&) +-(#0-1/#-$') $5) (9&4#0*.) 2*./&() #3*#) ,&) $1#*-') 1>) 0/''-'7) #3&
4*#&7$0>)! (! )"B)<-..-$')#-<&()#30$/73)90$+/4#-$')#*1.&*/(),-#3)#3&)0*'%-'7()$5)6-7/0&)8:
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"#$%#$&'()$*(+#$(,-)&,.&$/0&(-10*$0'&%0*20%$(,-&3*4554*&6'()$*(+#$(,-)&,.&7%*,$,$8%0)9:;

</0&410*430&)%02$*4=&504-&,.&$/0&! !! &24$03,*8&()&!>;?@&A*+B&$/4$&,.&$/0&! )! &24$03,*8&CD;CE&A*+;
</0&)(F0&,.&$/0&)/(.$&6.*,5&$/0&,*(3(-4=&!E;E&4-'&CG;E&A*+:&$,H4*')&$/0&%0*(%/0*8&()&$/0*0.,*0
4%%*,I(54$0=8&G;JC&A*+;

K/4$& ()& +0/(-'& $/()& )/(.$L& M*,5& $/0& '()2#))(,-& 4$& $/0& 0-'& ,.& NE;>& H0& 3=04-& $/4$& 4
%*,+4+(=($8O54$2/(-3&=04*-(-3&4=3,*($/5&$0-')&$,&=,H0*&.4*$/0)$&$/0&2,-)$*4(-$)&.,*&14=#0)&$/4$
4*0&=04)$&=(P0=8&$,& /410&+00-&(-$0-'0'&+8&$/0&)%04P0*&4)&4-8$/(-3&0=)0&$/4-&$/0& ',5(-4-$
24$03,*8&(-&$/4$&*03(,-;&Q0*8&*,#3/=8B&$/0&=04*-(-3&4=3,*($/5&24#)0)&2#0&2,-)$*4(-$)&$,&0-'&#%
*4-P0'&=,H0)$&(-&4#'($,*8&*03(,-)&H/0*0&$/0&=04*-0*&/4)&/04*'&$/0&=4*30)$&-#5+0*&,.&=04)$
2,-.#)4+=0&$,P0-);&<0=0,=,3(24==8&)%04P(-3B&,#*&)%04P0*&%*0.0*)&$,&%*,'#20&4&! ! ! &$/4$&()&5,*0
%0*(%/0*4=&$/4-&$/0&410*430&$,P0-&$/4$&)/0&/4)&/04*'&/0*)0=.B&+024#)0&$/0&4#'($,*8&'()$4-20&,.
)#2/& 4& $,P0-& .*,5& $/0& 2,5%0$(-3&! ! !" ()& =4*30*;& K/4$& H0& ,+)0*10& /0*0& ()& $/0& ),O24==0'
2/&)&)02$!$,,$4)&(-&"<&6R,0*)54&!GG?:;&</()&%/0-,50-,-&/4)&+00-&4$$0)$0'&(-&0I%0*(50-$)&(-
$/0&=4+,*4$,*8S&H/0-&)%04P0*)&,.&4&=4-3#430&4*0&4)P0'&$,&2/,,)0&$/0&+0)$&4#'($,*8&(-)$4-20&,.
4&),#-'&24$03,*8B&$/08&2/,,)0&4&5,*0&%0*(%/0*4=&$,P0-&$/4-&$/08&H,#='&42$#4==8&%*,'#20
$/05)0=10)&6T,/-),-B&M=055(-3&U&K*(3/$&D@@C:B&4%%4*0-$=8&+024#)0&$/08&2/,,)0&$/0&$,P0-
$/4$&()&=04)$&=(P0=8&$,&%*0)0-$&4-8&,$/0*&24$03,*8&$/4-&$/0&,-0&*0V#0)$0';&W$&()&(5%,*$4-$&$,&-,$0
$/4$& 4=$/,#3/&$/()&0I%=4-4$(,-& ()& 2,#2/0'& (-&$0=0,=,3(24=&$0*5)&64)& (.&$/0&=()$0-0*O)%04P0*
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whose ranking reflects the articulatory effort associated with producing a spectral mean of
31.2 Erb. In the following we assume the independently plausible hypothesis (§2.1, §4) that
articulatory effort is minimal (though definitely not zero) for central auditory values of the
spectral mean, and that more peripheral auditory values are harder to produce. If this
hypothesis is correct (at least it explained the central tendency in single-sibilant inventories in
§2.1), the articulatory constraints for peripheral auditory values must be ranked higher than
those for more central auditory values.

In the production of a sound, articulatory constraints interact with the cue constraints. This
is illustrated with the production grammar in Figure 10, where articulatory constraints are
drawn in thick grey, following a parabolic shape reminiscent of effort curves known from
biophysics (Hoyt & Taylor 1981). The cue constraints have the same rankings as in the
perception grammar in Figure 7, and are again represented as solid and dotted curves.
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A production grammar for the two sibilant categories in English.

Following Kirchner (1998), we simplifyingly assume that the ranking of articulatory
constraints is fixed and not influenced by language-specific learning.13

The interactions of articulatory and cue constraints in production become clear with the
example of tableau (5), where our learner tries to articulate ! ! ! .

                                                  

13 A more realistic model would involve articulatory learning, which should lower the ranking of
articulatory constraints for spectral-mean values that the speaker has been practising (Boersma
1998: ch.14).
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