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O#((#8*$)-J*'22'5.F7'2&-;<==KDI-/4' E'2/-F,3-&'$1-&#-+5##/'-' G'FA(,2/-&5,&-, 2'- (*&&(- (*E'(3
&H-T'-4'2+%6'1- |- $3&5*$)-7.&-&5'-*$&'$1'1-+,&')#230-L$-' GA(*+*&- , ++#.$&-#0-&5"- 1'&  *(/-#0
|45+ -[+5'F'-+/-42#6*1'1-73-M'1'(-;<==>|-<==ND9-M'"-1*/+ //-&5*/-*$-1'& *(-*$-019<9

P'8-#0-&5'-$#$%QR- , ++#.$8&/- F'S&*H$' 1-*$- &5*/- '+ &*#$- F,E'- +#$&, +&- 8*&5- ASHSH(#)*+ (
&5'#23-73-F#1'((*$)-&5'-*$&'2, +&*#$-#0-&5'-[*F.(,&'1-*$6'S&H2*'/- 8*&5- ASHSH(H) *+, (- 2.(']-#2
+#$/8&2,*$&19- Q$(3-'G'FA(,2- F#1'(J- ,2'- (*E'(3- &#- 42#6*1'- [ +5- - (*$E?- *&- /"F/- 4'20'+&(3
QT (-&H-+HFT*$'-M'1'(S/-;<==ND-1*/4'2/*#$-F#1'(-8*&5-5*/-('G*+,(-,$, (#)3-F#1'(-;M"L'(
<==IDI-85%+5-'9)9-*FA('F'$&/- 6*#(, 7(-F'&2%+, (- +#$/182 *$&/- |- 4#&'$&* ((3- +H#S0(*+&*$)-7*,I'
&5,&-(',1-8&#-&5'-'F'2) $+'-#0-T#21#$S/-:KCCCD-02'H.'$+3%*$04#2F 1-2").(,2-4,&&'2$/-#0-8'%)5&%
182'1-*$8&'2,+&*#$9-U$-&5'-$'G&-/'+&*#$-8'- 1¥/+./|- &&'FA&I-&H#-*$&')2,&'-&5'- 1*/4'2/*#$-*1' - *$&H
-&'1&'1- $1-82%'1-02, F'8H#2E-0#2-A5#$H#(#)*+,(-&5#231-$, F'(3-Q4&*F, (*&3-R5'#239

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

R5'- #2%)*$, (- 42#4#] (- #0- Q4&*F,(*&3- R5'#23- 73- J2*$+'"- V- WF#('$/E3- ;KCCXD- 5,$1('1
*$6'$&H2*[-73-85'-1'6*+-#OEBYE&" () *(+$&(,-' & $L-+H#$/&2, *$&-*$&'2,+&* H#$9-L/-*$-&5'-0',&.2,
F2E'1$/- ++#.$&/-F'$S&*H#$'1- TH6'I- -F,2E'1-A5HSH(#H)*+ (- (F'$&-8,/-#$(3-, (#8'1-&#
1.20,4'-*$- -(,$).,)'-*0-&5'- $F ,2E'1-+#.$8'24, 2&-#0-8&5, &- A5H#SH(#)*+,(-'(F'$&-,(/#-1.20,+'1
*$-&5,8-(,9).,)'9-J2*$+-V-WFH#('$/E3S/-, 4424 ,+5-*/-8&5'2'0#2"-424#T (F,&*+-0#2-85'-1 F'-2' [#$
J-F'S&MHS'L-" 2(F27- *&- + SSHE&- ++#.$&- 0#2- &5'- Y'G+(.1'1- +'$&2'Z-'00'+&I- 85'2'- F,2E'1
I)F'$&- 44" 2-8*&5#.8&-&5'- $F, 2E'1-+#.$8'24,2&- /-$#&'1-73-P(FF*$)-;KCCA-[<==<?-X\
<==>7- <XAl- <==A?-KN>|- <==N?- <A=D9- W#- ,$- QR- , ++#.$&- 2'H.*2'/- [#F'&5*$)- F#2'- &5,$-]./¢
F,2E'1$//-,$1-0,*&50.($//-+#$/&2,*$&/9

P(FF*$)-:KCCAD-&2,$/(,& 1- M*$17(#FS/- 1¥/4'2/*#$-*1' |- $1-/4'+*0*+,((3-R'$- :#/+5S/
*1' -#0-F,G*F*_*$)- &5'- F*$*F.F- 1%/& $+'|- *$&#- QR- 73- *$&2#1 . HEEX OWRH1$/&2, *$&/I
85*+5- 'GA(*+*&(3- F*(*&,&- ,),*$/&- *$6'S&H#2*' - 8*&5- IF,((- ,.1*&#23- 1*/&,$+'/- 7'&8"$- *&/
F'F7'2/9-a%/4'2/*#$-+#3$/82,*$&/-1. +5- /-P(FF*$)S/- U"a UWR,/-8'((- /-&5'- 2 0#2F..(,&*#$/
73-J,1)'&&-;<==KD-,$1-W,$1'2/-:<==XDI- 8#2E-6'23-8'((-*$- 0#2F, (*_*$)-&5'- 1*/4'2/*#$-*1',9
b#8'6'21-85'3- 2" GA(*+*&(3-&'(H(#)*+,(-8*&5-2'[4'+&-&H-, 1 *&#23-1¥/4'2[*#$9-P 2&5'2F#2'|-. $
'FA*2%+ (-42HT (F-*/-&5,&-85'['-+#$/&2 *$&/-'6,(.,&'-F.(&*4(-*$4.&/-  &-,-&*F'?-&5'3-+,$-7'-/,*1
&#-'6,(.,&'-85#(-*$6'$8#2* |-:P('FF*$)-KCCA-[<==<?-XXBXA\l-:#2/F,-KCC@?-XNKI-"+c,2853
<==<?-<<NB<<ID-#2-'6'$-'$&*2'-(,$).,)/-:J, 1) &&-<==X,?-XKKI-P(FF*$)-<==>?-<N@D9-R5/
HHPI&2 *$&/- | 2'- &5'2'0#2'- 5,21 &#t- 2'+#$+*('- 8+&5- &5'- [*$)(%*$4.&- +H#$/&2 *$&I-*$&2HL . +'1- 77
J2*$+-V-WFH#('S/E3I- ,$1- &5'- &, 7(,./- ,2'- 5,21 &#- 2'+#$+*(- 8*&5- &, 7(', /- &5,&- 7 ,/*+,((3
'6,(.,&'- &5'- 42H+'[1*$)- #O- - [*$) (- OH2F- *$- 4241 +&*#$- ;J2*$+'- V- WFH#('$/E3- KCCXD- #2
+#F42'5'$/#$- \WF#('$/E3-KCCND9- R5"-)'$'2,(- 1'0'$+"- 73- P(FF*$)- ,$1- J,1)'&&-*/-&5,&
ASHSHE) (- &5'H23-*- TH.&-A#IFT(-(,$).,)/I-2,85'2- &5, $- , TH#.&- 42#+1/*$)-1*$) (- O#2F/9
M'-0"(- &5, &- &5*/- 18, $144#*$&- $1'2'/&*F &'- &5'- A#8'2-#0- Q4&*F, (*&3-R5'#23- /- - 1'+*/*#$
F'+5,$*/F?-85'S-./'1-&#-'6,(..&'-/*$)(-*$4.&/I-QR-+,$-7'- $1-5,/-7"$-, 44(* 1-/.++1/0.((3
8tt- A28+ [-] +5- [-A2#1 +&*HS|-+H#FA2'S'SIHS|- $1- +H . */*&*#$9-U0- 1%/4'2/*4$-'00'+&/-+,$- 7'
[5H#8$-&#-"F'2)'-*$-QR-'6'$-024F-F#1'((*$)-/*$) (YO 2F-424#+'1/*$) |- QR-8*((-$#8&-5,6'-&#-T'
*$BHE'1-'4,2,&'(3-8#-'6,(.,&'-&5'-'$&*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'$8(3- &' (HH)*+,(- F',$/- ;&5'- 1¥A2/*#S$- +#$/82 *$&/D- *$- - [3$+524$*+-)2,FF,2- */
IHF & F'[-1"$- |- $42#T('F,&*+-:'9)9-D,3'/-V-W&'2*,1'-<==>7-<IDI- 7.&- - &5'#23-*$-85*+5



I"HSISY08 () &+ &, 1-(X)&JO! ¥ 12/ 1*&+1*+13% */$A)*&+-"14&+1)/-*+)15/-66-/ 111!

"HEUSES"B("%&)*+%$&),"-.) " +()//0&) %&%6+1$8$"$("%&-'&.-*$82$35*)/&+31$4$31$3"/0&3$$1$16
ot~ /18638 4*$'S*$186087(().8%8*)9-*&+'&%, (H&) & HS-*0&S:+%6"%:8<)12$ " &=>?? @BA&!I ?B&*
ott-+"(-.+32&)31&%,22$%" % & "#)"& 1 +%4$*%6+-38 (-3%"*)+3"%&.)0& C, %" & $:4*$%6%68. ) 6%"*) ("&
)6-,"& +35$3"-*+$%& DH+/$& )"& "H#$& %).$8& "+.$& "#$& *$)/& ,31$*/0+32& .$(#)3+%.& .)0& 6$& .-
(-3(*$"$&)31& 4$*#)4%8& 3-"& $:4/+(+"/08& 2-)[E-*+$3"$1;& F$& ) 2*$$G & ) 31& +3& "#$8& 4*$%$3"& 4
4*-5+1$&C, %" &%, (#8)3&,31$*/0+328.$(#)3+%.&D+"#+3& TH&=+3&1J;K&D$&Yo#-D&"#)"&+"&)/%
S HE*E (-3%"%)+3"EB)%$1& *).$D-*LI6B; & <*-5+1+32& "#$& ,31$*/0+328 .$(#)3+%.& +%& 3$($
6$(),%$& D$& %$PLE "H$& /-(,%& -'& $:4/)3)"+-38 +38&)3& ) (M, +%6+"+-3& 6+)%& -3& "#$& 4)*"& & "#
% )[+9+328&) (M, +%+"+-3&#) %&"-& 6$& 1-3$& D+"H& " #$& (-3%"*)+3"%& "#)" &) *$&+3& " #$&/$)*3$*8
D+"#&(-3%")+3"06&"#)" &1 3% (*+ 6S&6H)5+- *&)"&) &H+ 2H$+&IS5$/&-'&)6%") ("+-3;

03&"#$84*$%$3"84)4$*G&D$ES. 4/-0& 3$+"HE*& 1 +%64$*%+-383-*&')+"#' 135%%6& (-3%"*)+3"
' %8 1+964$*%0+-38.$"$("%: & F$& Yo#t-D&"#)" & 1+%A4$*%o+-38.$"$("%& ()38 +3%"$) 1& ) *+06$& D+"#+
2$3$*)"+-3%6& )%& "H$& ),"-.)"+(& *SU(BIRIER 1)/-*+YE& DH+(#&)*$8& +31$4$31$3"/08 3$$1$1& "
-1$/&/)32,)2SE%AS(+'+(& 4$*($4"+-3& =$;2;8 PY%(,1$*-& Q& R-$*%.)& >P?SBGR/IB1&
A&+1)/-*+)B& D#+(#& )*$& +31$4$31$3"/0& 33$1$1& "-& .-1$/& )*"+(,/)"-*0& $"-*"& +3& 4#-3F"-
+.4/$.$3")"+-38&=$;2:& T+*(#3$*& UVVIG&R-$*%.)& UVVIB; & H#$&-3/08) %%, .4"+-3& "#)"& D$& 3%
)118"-&"HS&A*SES: +%6"+328D-*L&-3& TH&AH-3$"+(%8+%68"#)"& " #$&YA$) L$*&) 31&"HS&I+ %" $3$
2%). )% & HHS& 4-+3"& +%0& "#)"& "#$& %) $& (-3%"*)+ 3" BRABE) ‘TS 1 AE & +:$: & 6-"#& 60& "#$
[+9%"$3$*&+3& (- 4*$#$3%+-3&)31& 60& " #$&Y6A$) L $*&+3&4*-1,("+-3;& H#S&-//-D+328 % $("+-3&
"H06&+3&.-*$&1$")+H;

I"#H$%8%' ()* %o+, - #/0+,(*%) 1

W& '-*)/&)((-,3"& -'& )& [+32,+ %" +(& A#$3-.$3-3& #)%& "-& %")*"& 60& %")"+32& "#$& *$4*$%$3"
+35-/5$1;& X-*& - *& 4 *4-%$%& D$& 3$$1&-3/0& "D-G& 3).$/0& "#$8& =)6%"*) ("G & 1 +%6(*$"$BE& 4#-
1(/,-49",8/6 &)31&)&=(-3(*$"$G& (-3"+3,-,%B&), 1+"-*0E) " +F#R+DRA!  &/B H#$%$&"D-

*$4*$06$3")"+-3%8& =%$$& X+2;& >B& )*$& 4)*"& -'& )& .-*$& $/)6-*)"$& (-.4*$#$3%+53& .-1$/
6+1+%$("+-3)/&4#-3-/-20&) 31& 4#-3%"+(%&=R-$*%.)&>?2J)BG&6,"&)308&*$4*$%$3")"+-3%& Y) 6-
%,*)($&'-*.G& %, (#&)%& "H#$&,31$*/0+328 -+ G&)*$&3-"& 1+%(, %% $1&+3& "#+%& 4)4$*&=$:($4"
1Z: @&)31&I1J:UB&6$(), %38 "#$0& )*$& 3-"&*$M, +*$18& -*&+//,%6"*)"+328 - *& 4-+3";, & W/%-G&X+2,’
+.4/+(+"8)30& 1+%6"+3("+-38 63" D$$3& "#$& ), 1 +"-*08& 4)*"& ) 31L& "#$& ) *"+(,/)"-+0& 4)*"& - & "#$& 4%

g
| surface form

perception< > phonetic implementation

[

7*5(/$!8

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

phonetic fornj

H#$& 2%)..)*& -1$/& -'& X+2,*$& >& +%8& 6+1+*$("+-3)/G& +;$:& +"& +%6& ,%$1& +3& "D-& 1+*
4*-($%%+32A& (- 4*$#$3%+-3& )31& 4*-1,("+-3G& ) ((-*1+32& "-& "#$& )**-D%& +3& "#$& '+2,*$:&
(- 4*$#$3%+-3& 1+*$("+-3G & "H#$& =Y 4*SPHMPBBEE 4*-($%%& ) 4%& )3& ), 1 +"-*OE4#-3%"+(

% 8- &) &AH-3-1-2+()/&Y%,*)($&'-* N&+3&"HS&A*-1,("+-3& 1 +*$("IHBGR) WBEH 2 $6$+)-)*&+
4 ($%6%8&.) A%&) &At-3-1-2+()/ &Y, *') ($&Y6™ (" *$&"-&)3&), 1+"-*OE)*"+(,/)"-*0&AH#-3$" +(&'-*



"HE 06& ()*+ HS - HS H¥)-+8&/0$ 1#-2HHS - #S HIHOH/-)-+&I0$ +/$ 4+56'HS 7$ 2+-.$ 8+8&*)1*#
9&/0-")+/-0:$)0$+/$4+56'#%$;<

[ surface form - *STRUCT

cue

[phonetic forn} ................. *ART
1"#$9%&(

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

21#$ &%S$ - #$ '#)0&/0$ %&'$ (&>#**+/5$ 3.&/#-+90% 2+-.$ 9&/0-')+/-0$ +0% -.)-$ -.#$ &6-36-$ &%
3#'I#3-+&/$3'&9H#00$-#/>0$-&$ 1#$ #0-'+9-#>$ 1 @$-.#$0) (#$0-'69-6')*$ D&IGIHHOSABC
%+56'#HS$-.)-$.)8#$ 1##/$3'&3&0#>$%&'$3.8&/&*&5+9)*$3'€>69-+&/<$4&'$+/0-)/9#:$1&*+8)/&8$ A
3'&3&0#0% -.)-$ K)3)/#0#$ *#)'/#'0$ &%$ E600+)/$ 3# 9#+8#$ - #$ E600+)/$ 3.&/#-+9$ %&'($ L-)MI
| <-)<M@K#9)60#$&%$)$K)3)/#0#$9&/0-")+/-$&/$9&>)$9&/0&/)/-0:$)/>$- #$3.&/#-+9$%&'($L>") ON
)0% <>&<")< ()5 1#9)60#$&%$)$K)3)/#0#$9&/0-")+/-$)5)+/0-$ 9& (3*#HIB HOB-04S 3' & 9#00
-.)-$()30$)$3.&/#-+9%%& ' (FA&'$ Q&8#'-$%&' (RS +/$-. #$-#'(0$ &%$ D#0)'$ SSC(&*#/OM@S7TTTH
3.&/&*&5+9)*$06'%) 9#$%& ' ($+0S1#0-$'#5) >#>F) 05 1#+/55*+/56+0-+9$+-04#*%$)/>$- # HY&'#S) (#
9&/0-)+/-U1)0#>$ (&>#**+/5:$)$ 3&+/-$ ()>#$ 1#%&'#$ 1@$ D#0)'$ S$ C(&*#/OM@$ AINV:$ 7TT
WE#'0()SAINV:$7TTTXIH:$)/>$1)-#SATTTYH<

"H*+M#S-8& S 3&+/-$86-$ #'#S$-.)-$ (&>#**+/5$ 3.&/#-+9$ 3'&9#00+/5$ 2+-.+/$)$9&/0-")+/-U1) 07
%")(#2&'M$069.$)0$ ?D$ >&H#0$/&-$+(3*@$-.)-$ 2#$ '#5)' >$ *&2U*#8#*$)6>+-&' @$)/>$)'-+96%)-4
3'&9#00+/5$)0$1#*&/5+/53-&$)$%&'()*$0@ (1&*+9$0@0-#($03#9+%+9%-&$- . #$.6()/$*)/56)5#$%
?2/$- #$9&/-) @:$)$9&/0-)+/-U1)0#>$>#9+0+&/$(#9.)/+0($*+MH#& TP &/+9%=")(()'
AZ=[$ C(&*#/OM@S$ S$\H5#/>'#S TTTIHS ) @$ 2#**$ 1#$-@3+9)*$ &%$ /#6')*$ 3'&9#00+/5$ +/$ 5#
AWEH#0()S7TT;17$YYY_YYPH:$)/>$-.#$0699#00$&%$?D$+/$3.&/&*&5+9)*$- #&' @S () @$2#**$1
&I%- #$%)9-$-.)-$.6()/$3.&/&*8&5+9)*$3'&9#00+/5$ 60-$60#0$-.+0B(& #P5H/#)*$(#9.)/+0(<

Z)8+/5$()>#$3*)60+1*#$-.)-$3.&/#-+9$3'&9#00+/5$9)/$1#P(&>#+*#>$2+-.$?7DS&'$SZ=:$2#$9)/
-6'/$-&$-.#$98&/0-")+/-0$3'&3&O0H>$+/$4+56'#$ ;<P D.#$ '#*)-+&/S 1#-2##1$- #$3.&/&*&5+9)*$)/>$-.
3.&/#-+93%&'($+0$#8)*6)-#>$ 1 @$ 9643 9&/0 £ A ABCHS 3.&/#-+9$ % &' ($&/$+-0$&2/$+0
#8)*6)-#>$1@$)"-+96*)-& @$9&/0-")+HEAFARDS)/$#0) (3*#$8%0$) $96#$98&/0-")+/-:$9&/0+>#'$- . #
%)9-$-.)-$-.#$>6")-+&/$&%$)$88&2#*$+0$)$ () &'$ 96#$-&$-. #$88&+9+/5$ &%$)$ %&**&2+/5$ & 1.
a/5*+0.:$1&-.$+/$3# I#3-+&ISACH#0$IIPP:$E)3.)#*$ IIXTHS)/>$+/$ 3'8&>69-+&/S AZ#% Y% /#'$ I
Z&60#$ S$4)+'1)/IMO$ JIP;H:$ 16-$/&-$ 0&$ +/$ )/ @$ &-.#'$ *)/56)5#0% AO##S - #$ 9'&00U*)/56)5
3#'9#3-+&/$ 0-6>+#0$ 1@$ d&"+0&/$ 7TTT7$ )/>$ W'&#'0()$ 7TTTPH<$ Z#/9#:$ - #$ 96#$ 9&/0-")
BL*&/5$8&82#*$>6")-4&/MN0; 8&+HBH0$')/M#>$.+5.$+/$a/5*+0.$16-$*&2$#*0#2 #'#<

W#9)60#$ &%$ - #$ 3#'9#3-+&/U3'&>69-+&/$ 0@ ((#-'@$ "60-$/&-#>$ 2#3$ %&**&2$ WE&H#'0()$ A
7TTX)1HS$+/$)006(+/5%-.)-$- #$9&/0-')+/-0$+/$4+56'#$:$) #$60#>$ 1 +>+#9-+&/) * @<SW+>+#9-+
+/$?2D$2)0$3'8&380#>$#) *+#'$%&'$ %) +-.%6*/#00$9&/0-)+/-03 1 @$ C(&*#/OM@$AJ!|H:$%&'$0
9&/0-")+/-0$1@$D#0)'$AJIXHS)/>$D#0)'$SSC(&*#/OM@$AIIV:$7TTTH:$)/>$%&'$96#$98&/0-)+/
WE&#'0()SAINIVAS+/$)$9&/-'&*U*&&3$(&>#*$-.)-$>8#0$/&-$0.&2$>+03#'0+&/H<

$$

P 18*+8)/&8R0$3'&3&0)*$2)0$9&/%6+ (#>$-+/$ 34 O#3-+&/SHOIH +(#/-038 D SEGBRIBEYS$+/$1') +/
)9-+8+-@S$HO 3 +(#/-0$ 1 @ SK) SR PHEAET T; H<ShS$ #068. (6%)-+&/$+/$?D$-#'(0$) 33#) #>$+/$a096>#'&
SSWEHO()SATTTYHS)/>$(& HSHO3*+9+-* @S+ SWEHO()SATTTX1H<




I"HBIB68 () &+1&, 1-(¥)&IO! ¥1 2/ 1 *&+1*+13* */$A)*&-+-"14&+1)/-*+)15/-66/ 111!

H$%& # ()%*& +,& -'.'%*/0'$123'04& 5$%67& 27& 853335798 :1& ;*%/*;0'$1,& 0<*& /<$'/+& -*!
121.".20*& 7)%82/*& 8$%=7& '1>$3>*7& 70%)/0)%23& 21.& /)*& /$170%2'1079& :1& 0<'7& .'%
[06$/*77'1(,& 0<*& /)*& /$170%2'107& *>23)20*& 321()2(*?7;*/'8'/& /)*& '10*(%20'$1& @AT/).*%$
C$*%67=28& D""EF9& #$%& '17021/* 8 0<*& <'(<& %216'1 (& $8& GH3$ UG- FSB58 & )& 20'$1I
AL(3'7<&;%*./07& 0<20& 21& A1(3'7<& 3'70*1*%,& 5<*1& /$18%$10*.& 5'0<& 21& 2).'0$%'348& 3*
>$5*3,85'338&-%&)13'6*34& 0$& *%6/*'>*& 0<*&8$33$5'1(&/$17$12108 27& 2&>$'/*3*77&$-70%)* 1
0<*& ;$77'-34& /$183'/0'1(& /$170%2'107& 8$%& $0<*%& /)*7& @$%& ;*%<2;7& /$=;*0'1(& 7
1$170%2'107F&8$%/*&<*%&0%$9

&:1&;<$1*0'/&'=;3*=*1020'$1,8 0<*&/<$'/*&-*05**1&/21.' 20*&;<$1*0'/&8$%=7&'1>$3>*7&/)*
/$170%2'107& 21.& 2%0'/)320$%4& /$170%2'1079& #$%& '17021/*,& 0<*& <'(<& %2
GH3$1(&>$5*3&.)%AMBTLI>$'/*1 & '1& AL(3'7<& ;%*./078 0<20& 21& AL(3'7<& 7;*26*%,& 5<*1
'10*1.'1(&0$& %*23'K*& 2& >$'/*3*77&$-70%)*10,85'33& -*&) 13'6*34& 0$& 3*1 (0<*1& 0<*& ;%6*/*."1 (
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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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I"#$%8&'()
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. "

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

" 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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N7@1(+,-/'0&0/,89::3;<,G3&,'$.&, $A, F&'?&F)1$0, 10, #./C1?, (1>1./0), (7()&*(<, HO, 4&)&', a$()/+, [$/00/
" 1(0?0/6+,[&0(, Z'/(&6+, 1€5%*1./, D&1()+,/0%, -/'O&0/, N7 @1 (J8868 (97 5-)* &+ 1! *+)&! O&/6-'
M'-%*4IH*+5(*1)*41@! G&+)/*3()*&+1! &, )#3$! O&(/)#! Q(/&2%-+! G&+,$/$+4$! &+! O&/6-'|$14/*2)*&+! &,
M'-%*41H-+5(-581Z'/06A5")T,4&)&' 1/0@<,MILKMRJ<
N7@1(+,-/'O&0/+,/0%,#1.6&,]/*/00,89::3;<,4&?&F)5/.,/0%,/?$5()1?, ?5&(, $A,4%$.1(3,?$'$0/.,A'L?/) LC&(<
=/84$$.+511&, HSIAR:) $/+-)*&+-1G&+,$/$+4B1&, |=#8&+$)*4IMA*$#281$0/< JQRKIQW<



