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Cue constraints and their interactions in phonological

perception and production1

Paul Boersma, November 11, 2007

Abstract. The phonology-phonetics interface can be described in terms of cue constraints.

This paper illustrates the workings of cue constraints in interaction with each other and in

interaction with other classes of constraints. Beside their general usefulness in describing

prelexical perception and phonetic implementation, cue constraints help to account for

special phenomena such as poverty of the base, the prototype effect, foreign-language

perception, and loanword adaptation.

In this paper I show how one can formalize the phonology-phonetics interface within

constraint-based frameworks such as Optimality Theory (OT) or Harmonic Grammar

(HG) and why it is necessary and advantageous to do so.

1  Where is the phonology-phonetics interface?

My first task is to make the phonology-phonetics interface explicit. Figure 1 shows

where it resides in an explicit multi-level model of phonology and phonetics (Boersma

1998, 2007a; Apoussidou 2007). In the following two sections I briefly clarify why

phonological theory requires at least the five representations shown in Figure 1, and

why the phonology-phonetics interface must be where it is in Figure 1.
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Fig. 1  The BiPhon model (Boersma 2007a, Apoussidou 2007): the five levels of representation

minimally required for doing bidirectional phonology and phonetics.

                                                
1 Parts of this paper were presented to audiences at the Meeting on Cochlear Implants and First Language
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Hopkins University (September 22, 2004), at Utrecht University (April 13, 2006), at the University of

Santa Catarina (November 24, 2006), at the III Congresso Internacional de Fonética e Fonologia in Belo

Horizonte (November 29, 2006), and at the Workshop on Computing and Phonology in Groningen

(December 8, 2006). For comments on earlier versions of the written text I thank Silke Hamann and the

phonologists at the University of Tromsø, who include Bruce Morén, Christian Uffmann, Peter Jurgec,

Ove Lorentz, Silvia Blaho, and Martin Krämer.
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"-$0\#(1"/.0>'(290"-$0&,.(.1'(.0&,.01'(2#4"&%'-0'10&,.01"%&,1#4-.330/'-3&("%-&3901'44'=3
2'(.0 /4'3.4)0 &,.0 `'((.3+'-$.-/.0 "//'#-&0 8)0 C/`"(&,)0 S0 X(%-/.0 E?GGQIW0 &,.
1"%&,1#4-.330/'-3&("%-&30&,.(.1'(.0.;"4#"&.0&,.03%2%4"(%&)08.&=..-0#-$.(4)%-50"-$03#(1"/.
1'(290"-$0&,.03&(#/&#("40/'-3&("%-&30.;"4#"&.0&,.03#(1"/.01'(20"4'-.607,.0,0*%!"(,*/01
!/)$*0,%)*$0"(.0&,.0'-.30&,"&0=.(.0+('+'3.$08)0a%(/,-.(0E?GGKI0"-$0J'.(32"0E?GGKI0"-$
2."3#(.0"(&%/#4"&'()0.11'(&W01'44'=%-50J'.(32"0E?GGKI90&,.3.0/'-3&("%-&30.;"4#"&.0&,.
"(&%/#4"&'()*+,'-.&%/01'(290-'&0&,.0+,'-'4'5%/"403#(1"/.01'(2607,.0(#2%!,(. !/)$*0,%)*$
.M+(.330 &,.0 (.4"&%'-0 8.&=..-0 #-$.(4)%-50 1'(20 "-$0 2'(+,.2.30 E'(0 2."-%-5I0 %-0 &,.
4.M%/'-W0&,.)0=.(.0$%3/#33.$08)0J'.(32"0E]UU?I0"-$0O3/#$.('0E]UUQ<0]?!b]VZI0"-$
1'(2#4"&.$0%-0&.(230'10"0/'--./&%'-08.&=..-0&='03.+"("&.04.;.430'10(.+(.3.-&"&%'-0E"30%-
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"#$%&'( )*( +,( -./%00#1/%( 2)334*5( 67'(cue constraints( '8.&'00( 97'( :;<$%;$'( %0'&=0
></?:'1$'( /@(A%'0(2BC5D*E(#5'5(97'(&':;9#/<(+'9?''<( ;%1#9/&,(@/&F( ;<1( .7/</:/$#A;:
0%&@;A'(@/&FG(97'0'(A/<09&;#<90(;..';&'1(#<(H/'&0F;(2CIIJE()333*E(K0A%1'&/(L(H/'&0F;
2)33M*E(;<1(N;9'&(2)33M*E(;:97/%$7(97'(9'&F(OA%'(A/<09&;#<9=(?;0(</9(#<9&/1%A'1(+'@/&'
H/'&0F;(2)334;*(;<1(K0A%1'&/(2)33!*5("#<;::,E(97'(sensorimotor constraints(2H/'&0F;
)33P;*('8.&'00(97'(:;<$%;$'(%0'&=0(></?:'1$'(/@(97'(&':;9#/<(+'9?''<(;&9#A%:;9#/<(;<1
0/%<1G(?#97(97'FE(97'(0.';>'&(></?0(7/?(9/(;&9#A%:;9'(;($#Q'<(0/%<1(;<1(A;<(.&'1#A9
?7;9(;(A'&9;#<(;&9#A%:;9/&,($'09%&'(?#::(0/%<1(:#>'5

<morphemes>
lexical constraints

!underlying form !

/ surface form/

[auditory form ]

[articulatory form]

faithfulness constraints
structural constraints
cue constraints

sensorimotor constraints
articulatory constraints

!"#$%&(("/&F;:#R;9#/<(/@(+#1#&'A9#/<;:(.7/</:/$,(;<1(.7/<'9#A0(+,(F';<0(/@(A/<09&;#<905

67'(A%'(A/<09&;#<90E(?7#A7(;&'(97'(A'<9&;:(0%+S'A9(/@(97#0(.;.'&E(?#::(+'(0''<(9/(+'
;+:'(9/(#<9'&;A9(?#97(;::(/@(97'(&'F;#<#<$(@#Q'(9,.'05(67#0(;+#:#9,(A&%A#;::,(&':#'0(/<(9?/
.&/.'&9#'0(/@(97'(H#N7/<(F/1':T(bidirectionality of constraintsE(?7#A7(#0(97'(%0'(/@(97'
0;F'(A/<09&;#<90( ;<1(&;<>#<$0(+,(+/97(97'( :#09'<'&( ;<1(97'(0.';>'&E( ;<1(cross-level

paralellismE(?7#A7(#0(97'(A;.;+#:#9,(/@(;::(97'(A/<09&;#<90(/@(;::(97'(:'Q':0(9/(#<9'&;A9(?#97
';A7(/97'&5(U(1#0A%00(97'0'(9?/(.&/.'&9#'0(#<(97'(<'89(9?/(0'A9#/<05

'$(%%)"*"+,-."/012".3%/4%-/05.+1"0.5

V';&:,(;::(97'(A/<09&;#<90(#<("#$%&'()(;&'(%0'1(+/97(+,(97'(0.';>'&(;<1(+,(97'(:#09'<'&5
67'(9;0>(/@(97'(0.';>'&(#0(9/(9%&<(;<(#<9'<1'1(F';<#<$(#<9/(;<(;&9#A%:;9#/<E(;<1(97'(9;0>
/@(97'(:#09'<'&(#0(9/(9%&<(;<(#<A/F#<$(;%1#9/&,(@/&F(#<9/(;(F';<#<$5(W'Q'&;:(A;0'0(/@
+#1#&'A9#/<;:(%0'(/@(A/<09&;#<90(7;Q'(+''<(1#0A%00'1(#<(97'(:#9'&;9%&'E(;<1(U(&'Q#'?(97'F
7'&'5

)"*"+,-."/012".3%/4%41".64720,55%-/05.+1"0.5$(W#<A'(N&#<A'(L(WF/:'<0>,(2CIID*(?'
7;Q'(></?<(97;9(O.7/</:/$#A;:(.&/1%A9#/<=E(#5'5(97'(F;..#<$(@&/F(%<1'&:,#<$(9/(0%&@;A'
@/&F( #<( "#$%&'( )E( #<Q/:Q'0( ;<( #<9'&;A9#/<( /@( 09&%A9%&;:( ;<1( @;#97@%:<'00( A/<09&;#<905
"#$%&'( )( F;>'0( 97#0( #<9'&;A9#/<( '8.:#A#9( +,( 07/?#<$( 97;9( 97'( 09&%A9%&;:( A/<09&;#<90
'Q;:%;9'( 97'( /%9.%9( /@( 97#0( F;..#<$E( ?7#:'( 97'( @;#97@%:<'00( A/<09&;#<90( 'Q;:%;9'( 97'
&':;9#/<(+'9?''<(97'(#<.%9(;<1(97'(/%9.%9(/@(97#0(F;..#<$5(WF/:'<0>,(2CIIP*(7;0(07/?<
97;9( 97#0( F;..#<$( A;<( +'( &'Q'&0'1T( 97'( F;..#<$( @&/F( 0%&@;A'( 9/( %<1'&:,#<$( @/&F
2O.7/</:/$#A;:(A/F.&'7'<0#/<=*(#0('Q;:%;9'1(+,(97'(0;F'(@;#97@%:<'00(A/<09&;#<90(97;9
'Q;:%;9'(.7/</:/$#A;:(.&/1%A9#/<E(;<1(?#97(97'(0;F'(&;<>#<$05(U<("#$%&'()(?'(0''(97;9
97#0( F;..#<$( #0( 'Q;:%;9'1( +,( @;#97@%:<'00( A/<09&;#<90( ;:/<'E( +'A;%0'( 97'&'( ;&'( </
A/<09&;#<90(97;9( 'Q;:%;9'(#90( /%9.%9(2<;F':,(97'(%<1'&:,#<$(@/&F*5(WF/:'<0>,(F;>'0
'8.:#A#9(97'( ./#<9(97;9(97'(09&%A9%&;:(A/<09&;#<90(A;<</9(+'(#<Q/:Q'1(#<(97#0(F;..#<$E
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;-%33%-(3+9#0(8.)*(<&')()8+(0#/#0'(+5(-#1-#'#,)%).+,(2&,9#-04.,;(%,9('&-5%$#(5+-36=

!"#"$%&'"()*+"',-(.-/'$0&'0$*+-&()/'$*")'/1 (>,(%(;-%33%-(3+9#0(8.)*()*-##(0#/#0'
+5(-#1-#'#,)%).+,7(')-&$)&-%0($+,')-%.,)'(!"# ("#(&'#9(".9.-#$).+,%0047(%)(0#%')(.5()*#('&-5%$#
5+-3(.'()*#(.,)#-3#9.%)#(0#/#0=(?#'%-(2@AAB6(1-+1+'#9(%(3+9#0(5+-(3#)-.$%0(1*+,+0+;4
8.)*(%,(&,9#-04.,;(5+-37(%( '&-5%$#(5+-37(%,9(%(3+-#(C1*+,#).$D($%&'() *$'+:( .,()*%)
3+9#07( ')-&$)&-%0($+,')-%.,)'(#/%0&%)#( "+)*( )*#(+&)1&)(+5( )*#( '1#%E#-D'(1*+,+0+;.$%0
1-+9&$).+,(%'(8#00(%'()*#(+&)1&)(+5()*#(0.')#,#-D'(3%11.,;(5-+3(+/#-)()+('&-5%$#(5+-3
2C-+"&')( .,)#-1-#)./#(1%-'.,;D6=(F.,$#( )*#(0%))#-(3%11.,;(3%4( .,/+0/#(%99.).+,%0($&#
$+,')-%.,)'7(>(9.'$&''()*.'('&"<#$)(.,(9#)%.0(.,(GH=

!"#"$%&'"()*+"',-(.-+%2"&*+-&()/'$*")'/1(>,($+31-#*#,'.+,7(0#I.$%0($+,')-%.,)'(*%/#
"##,( '*+8,()+(*#01(8+-9(-#$+;,.).+,7(5+-(.,')%,$#("4(9.'%3".;&%).,;(1*+,+0+;.$%004
%3".;&+&'(&))#-%,$#'(2J+#-'3%(KLL@7(M'$&9#-+(KLLNO(K@HPKQ!67(%,9( .,(1-+9&$).+,
)*#4(*%/#("##,( '*+8,()+("#(%"0#()+(-#;&0%)#(%00+3+-1*4(2R1+&''.9+&(KLLBO($*=!6=(R
9.'$&''.+,(+5()*#.-(.,)#-%$).+,'(8.)*($&#($+,')-%.,)'(%11#%-'(.,(GS=

!"#"$%&'"()*+"',-(.-&0%-&()/'$*")'/1(T&#($+,')-%.,)'(*%/#("##,('*+8,()+("#(%"0#()+
*%,90#()*#(0.')#,#-D'(C1-#0#I.$%0(1#-$#1).+,D7(.=#=()*#(3%11.,;(5-+3(%&9.)+-4()+('&-5%$#
5+-3( 2J+#-'3%( @AAS:( M'$&9#-+( U( J+#-'3%( KLLH:( M'$&9#-+( KLLN67( %'( 8#00( %'( )*#
'1#%E#-D'( 1*+,#).$( .310#3#,)%).+,( 2J+#-'3%( KLLB%7( KLL!%":( J+#-'3%( U( V%3%,,
KLLB%6=(?*#(1-#'#,)(1%1#-(.00&')-%)#'("+)*(+5()*#'#(-+0#'(+5($&#($+,')-%.,)'7(#'1#$.%004(%'
)*#4(.,)#-%$)(8.)*(')-&$)&-%07(5%.)*5&0,#''7(%-).$&0%)+-47(%,9(0#I.$%0($+,')-%.,)'=

314--5$(//6+%7%+-8*$*++%+"/9

>,)#-%$).+,'( +5( $&#( $+,')-%.,)'( 8.)*( %00( )*#( +)*#-( )41#'( +5( $+,')-%.,)'( %-#( ,+)
%&)+3%).$%004(%00+8#9("4(<&')(%,4(3+9#0(+5(1-+$#''.,;=

T+,'.9#-7(5+-(.,')%,$#7()*#('#-.%0(1-+$#''.,;(3+9#0(.,(W.;&-#(Q=(X,()*#(0#5)('.9#(8#
'##( )*#(1-+$#''.,;( )%'E(+5( )*#(0.')#,#-7( ,%3#04(3%11.,;(%,( .,$+3.,;(%&9.)+-4(5+-3
2'+&,96(%00()*#(8%4()+(3+-1*#3#'(%,9(3#%,.,;=(>,()*#('#-.%0(3+9#0(+5(W.;&-#(Q7()*.'
)%'E($+,'.')'(+5()*-##('&")%'E'()*%)(1-+$#''()*#(.,$+3.,;(.,5+-3%).+,('#Y&#,).%004O(5.-')7
)*#(3+9&0#(+5(1-#0#I.$%0(1#-$#1).+,(3%1'()*#(%&9.)+-4(5+-3()+(%('&-5%$#(5+-3:()*#,7()*#
3+9&0#(+5(8+-9(-#$+;,.).+,(3%1'()*.'('&-5%$#(5+-3()+(%,(&,9#-04.,;(5+-3:(5.,%0047()*#
3+9&0#(+5(0#I.$%0(%$$#''($+,,#$)'()*#(&,9#-04.,;(5+-3()+()*#(3+-1*#3#(%,9(3#%,.,;=K

X,()*#(-.;*)('.9#(+5(W.;&-#(Q(8#('##()*#(1-+$#''.,;()%'E(+5()*#('1#%E#-7(,%3#04(3%11.,;
%(3+-1*+0+;.$%0(2%,9(1#-*%1'('#3%,).$6(-#1-#'#,)%).+,(%00()*#(8%4()+(%,(%-).$&0%).+,=(>,
)*#('#-.%0(3+9#0(9#1.$)#9(*#-#7()*.'()%'E($+,'.')'(+5(5+&-('&")%'E'O(%(3+9&0#(+5(0#I.$%0
-#)-.#/%07(8*+'#(+&)1&)(.'()*#(&,9#-04.,;(5+-37(8*.$*(.'()*#(.,1&)()+()*#(1*+,+0+;.$%0
1-+9&$).+,(3+9&0#7(8*+'#(+&)1&)(.'()*#('&-5%$#(5+-37(8*.$*(.'()*#(.,1&)()+()*#(1*+,#).$
.310#3#,)%).+,(3+9&0#7(8*+'#(+&)1&)(.'(%,(%&9.)+-4(5+-3(2.=#=()*#('1#%E#-D'(/.#8(+5
8*%)(*#(8.00('+&,9(0.E#67(8*.$*(.'()*#(.,1&)()+()*#(5.,%0('#,'+-.3+)+-(1-+$#''.,;(3+9&0#=

((((((((((((((((((((((((((((((((((((((((((((((((
K(?*#(9+))#9($&-/#(5-+3(%&9.)+-4()+(%-).$&0%)+-4(5+-3(.,(W.;&-#(Q(.'(,+)(1%-)(+5()*#($+31-#*#,'.+,()%'E7
"&)( .'( 1-#9.$)#9( )+( +$$&-( ,#/#-)*#0#''O( 8*#,( %( '+&,9( $+3#'( .,7( %-).$&0%)+-4( -#1-#'#,)%).+,'( 8.00( "#
%&)+3%).$%004(%$)./%)#9=(?*#(%$)./.)4(+5(3.--+-(,#&-+,'(.,(-#%0(*&3%,("-%.,'(3%4("#(%('.;,(+5()*.'=
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!underlying form !

/ surface form/

[auditory form ]

[articulatory form]

Fig. 3  The processing routes of serial comprehension and serial production.

In the serial (‘modular’) view of comprehension in Figure 3, the extent to which

cue constraints can interact with other constraints is quite limited. When comparing the

arrows in Figure 3 with the constraints in Figure 2, we see only three modules in which

constraints of various types are allowed to interact: on the comprehension side,

prelexical perception is handled by an interaction of structural constraints and cue

constraints, and on the production side, phonological production is handled by an

interaction of structural and faithfulness constraints while sensorimotor processing is

handled by an interaction of articulatory and sensorimotor constraints. The remaining

four modules are handled by a single type of constraint: word recognition by

faithfulness constraints, lexical access and lexical retrieval by lexical constraints, and

phonetic implementation by cue constraints. The only interaction that is allowed for cue

constraints is an interaction with structural constraints, and this interaction only occurs

in comprehension.

The situation is strikingly different for the parallel (or ‘interactive’) processing

model in Figure 4. On the left side we see that comprehension now involves a parallel

handling of prelexical perception, word recognition, and lexical access; in Optimality-

Theoretic terms, the listener, given an auditory form as input, has to decide on a

simultaneously optimal triplet of surface form, underlying form, and morphemes. On

the right side of Figure 4 we see that production now involves a parallel handling of

lexical retrieval, phonological production, phonetic implementation, and sensorimotor

processing; in Optimality-Theoretic terms, the speaker, given a sequence of morphemes

as input, has to decide on a simultaneously optimal quadruplet of underlying, surface,

auditory and articulatory forms.
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/ surface form/
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!"#$%&""#$%"&'()%**+,-"'(./%*"(0"&1'122%2")(3&'%$%,*+(,"1,4"&1'122%2"&'(4.)/+(,5

#$%"&1'122%2"6+%7"(0"8+-.'%"9"122(7*"31,:"+,/%'1)/+(,*";%/7%%,"31,:"3('%"/:&%*
(0")(,*/'1+,/*"/$1,"/$%"*%'+12"3(4%2"(0"8+-.'%"<"4(%*5"=,"/$%")(3&'%$%,*+(,"4+'%)/+(,>
).%")(,*/'1+,/*>"*/'.)/.'12")(,*/'1+,/*>"01+/$0.2,%**")(,*/'1+,/*"1,4"2%?+)12")(,*/'1+,/*")1,
122"+,/%'1)/"7+/$"%1)$"(/$%'>"/$(.-$",(/"7+/$"*%,*('+3(/('"('"1'/+).21/(':")(,*/'1+,/*5"=,
/$%" &'(4.)/+(," 4+'%)/+(,>" 122" /$%" *+?" /:&%*" (0" )(,*/'1+,/*" /$1/" ()).'" +," 8+-.'%" @" )1,
+,/%'1)/"7+/$"%1)$"(/$%'5

#$%"%?/%,/"/("7$+)$"2+,-.+*/+)"&'()%**+,-"+*"*%'+12"('"&1'122%2"+*"1,"(&%,"A.%*/+(,5
B*&%)+122:"+,"&'(4.)/+(,"1"-((4")1*%"0('"%?/%,*+6%"&1'122%2+*3")1,";%"314%C"7%"$16%
7+/,%**%4" +,/%'1)/+(,*" (0" 01+/$0.2,%**" 1,4" 1'/+).21/(':" )(,*/'1+,/*" DE(%'*31" FGG!H>
+,/%'1)/+(,*"(0"1'/+).21/(':"1,4").%")(,*/'1+,/*"DE(%'*31"@IIJ1>"E(%'*31"K"L131,,
@IIM1H>"1,4"%6%,"A.14'.&2%"+,/%'1)/+(,*"(0"01+/$0.2,%**>"*/'.)/.'12>").%>"1,4"1'/+).21/(':
)(,*/'1+,/*"DE(%'*31"@IIM1H5"#$%"&'%*%,/"&1&%'"4+*).**%*"3(*/"(0"/$%"&(**+;2%"/:&%*"(0
+,/%'1)/+(,*";%/7%%,").%")(,*/'1+,/*"1,4"(/$%'")(,*/'1+,/*>"+5%5"3(*/"(0"/$%"+,/%'1)/+(,*
/$1/"+,6(26%"/$%"&$(,(2(-:N&$(,%/+)*"+,/%'01)%5"#$%"0().*"(0"/$%"&1&%'"DO@NO9H"+*"(,
+,/%'1)/+(,*"(0").%")(,*/'1+,/*"1,4"*/'.)/.'12")(,*/'1+,/*"+,")(3&'%$%,*+(,>";%)1.*%"*.)$
+,/%'1)/+(,*"1'%"&'%4+)/%4";(/$";:"/$%"*%'+12"1,4";:"/$%"&1'122%2"3(4%2P"1"0('312+Q1/+(,"(0
/$%*%"+,/%'1)/+(,*"%?&21+,*" *%6%'12" (24"+**.%*"+,"&$(,(2(-+)12" /$%(':"1,4" *$(7*" /$1/
&$(,%/+)" )(,*+4%'1/+(,*" $16%" /(" ;%" 0('312+Q%4" +," /$%" *13%" 71:" 1*" &$(,(2(-+)12
)(,*+4%'1/+(,*>";%)1.*%"/$%:"+,/%'1)/"+,"/$%"*13%"&'()%**5

'%%()*+),-"./%0/1%"-2%3.*405"60-"./
R0"/$%"*%6%'12"2+,-.+*/+)"&'()%**%*"/$1/"+,6(26%").%")(,*/'1+,/*>"/$%"0+'*/"1,4"31+,"(,%
/$1/"="0('312+Q%"+*"D&'%2%?+)12H"&%')%&/+(,5"#$%"&'+31):"(0"/$+*"&'()%**"2+%*"+,"/$%"01)/
/$1/" +/" +*" /$%" &'()%**" /$1/" 2%1*/" )(,/'(6%'*+122:" +,6(26%*" /$%" &$(,(2(-:N&$(,%/+)*
+,/%'01)%>" 1,4" 1/" /$%" *13%" /+3%" *$(7*" /$1/" &$(,(2(-+)12" )(,*+4%'1/+(,*" D*/'.)/.'12
)(,*/'1+,/*H" 1'%" +," 4+'%)/" )(3&%/+/+(," 7+/$" 3('%" &$(,%/+)" )(,*+4%'1/+(,*" D).%
)(,*/'1+,/*HP"/$%+'"+,/%'1)/+(,"*$(7*"/$1/"perception is phonological5

'$7%%890-%"2%,)*+),-"./:

=,"-%,%'12>"&%')%&/+(,"+*"/$%"31&&+,-"0'(3" '17"*%,*(':"41/1"/("3('%"1;*/'1)/"3%,/12
'%&'%*%,/1/+(,*>"('"1,:"*/%&"/$%'%+,5"=,"&$(,(2(-:>"/$%"&%')%&/+(,"/1*S"0('"/$%"2+*/%,%'"+*
/(" 31&"1" '17" )(,/+,.(.*" 1.4+/(':" '%&'%*%,/1/+(,"DT.48H" /(" 1"4+*)'%/%"&$(,(2(-+)12
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27(6*2%2(")*84)72%%($(6*)&#72*4$>)%4$<")&")*1()"&<()5146494=2'&9)"*$#'*#$(?);)8299)"&>)*1&*
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*1(>) 84#97) '9&""2%>) &") *1() "&<() 5146(<(/) E146(*2'2&6") 26) *1() 9&:) '&99) *12") &
discrimination)*&"3/)01()72"'$2<26&:292*>)4%)*84)&#72*4$>)%4$<")2")5&$*9>)7(*($<26(7):>
*1(2$)&#72*4$>)72"*&6'(?)5&$*9>):>)81(*1($)*1(>)&$()'9&""2%2(7)&")*1()"&<()5146494=2'&9
'&*(=4$>)26)*1(2$)9&6=#&=(F)%$4<)!)<46*1")4%)&=(?)1#<&6)92"*(6($")26)814"()9&6=#&=()&
'($*&26) 5&2$) 4%) &#72*4$>) *43(6") :(946=") *4) *84) 72%%($(6*) '&*(=4$2(") &$() :(**($) &*
72"'$2<26&*26=)*1(<)*1&6)&$()92"*(6($")26)814"()9&6=#&=() *12") "&<()5&2$)4%)&#72*4$>
*43(6") :(946=") *4)&) "26=9() '&*(=4$>)+%4$)&6)4A($A2(8?) "(()G#"'H>3) I!!J./)01#"?) *1(
72"'$2<26&*246) *&"3) <(&"#$(") &) 5&$*9>) #62A($"&9?) 5&$*9>) 9&6=#&=(K"5('2%2') 7(=$(() 4%
5($'(5*&:292*>)4%)&)'46*$&"*?)81($(&")*1()27(6*2%2'&*246)*&"3)<(&"#$(")81&*)*1()92"*(6($
$(=&$7")&")*1()"5(&3($B")<4"*)923(9>)26*(67(7)9&6=#&=(K"5('2%2')5146494=2'&9)"#$%&'(
"*$#'*#$(/)01()*84)*&"3"?)*1(6?)&$()72%%($(6*?)&67)"26'()*1()=4&9)4%)"5(('1)'4<5$(1(6"246
2") *4) $('46"*$#'*) *1() "5(&3($B") 26*(67(7) <(""&=(?) ;) 8299) 2=64$() *1() (L*$&926=#2"*2'
72"'$2<26&*246) *&"3)&67)#"() *1() *($<)@5($'(5*246B)469>)%4$) *1()926=#2"*2') 5($'(5*246
5$4'(""?)812'1)'&6):()(M#&*(7)82*1)*1()27(6*2%2'&*246)*&"3")*1&*)5146(*2'2&6")'46'(2A()26
*1()9&:/)N*1($)54""2:9()*($<")%4$)*1()"&<()*126=)&$()prelexical perception)&67)phonetic

parsing/

!"!##$%&'(()*+#,%-./0#(1*+.1+'2/3'4)5)4#3',4'30)%*#)*#67

04)"*&$*)<47(9926=)5($'(5*246)26)N5*2<&92*>)01(4$>?);)"26=9()4#*)*1()&#72*4$>K*4K"#$%&'(
<&5526=) %$4<) -2=#$(") O?) P?) &67) Q/) 012") >2(97") -2=#$() R?) 812'1) "148") :4*1) *1(
5$4'(""26=)+&")&)'#$A(7)&$$48.)&67)*1()=$&<<&$)+*1()'46"*$&26*"./

/ surface form/

[auditory form ]
cue constraints
structural constraints

8)+"#9))E$(9(L2'&9)5($'(5*246/

01()"*$#'*#$&9)'46"*$&26*")(A&9#&*()*1()4#*5#*)4%)*1()5($'(5*246)5$4'("")+"#$%&'()%4$<?
,-.?)&67)*1() '#() '46"*$&26*")(A&9#&*()*1()<&5526=):(*8((6)*1()265#*)+&#72*4$>)%4$<?
S#7-.)&67)*1()4#*5#*)+,-./)01()"*$#'*#$&9)'46"*$&26*")&$()*1()"&<()46(")&")26)5$47#'*246
+E$26'()T),<49(6"3>)I!!P.?)81($()*1(>)26*($&'*)82*1)%&2*1%#96("")'46"*$&26*"/)01()'#(
'46"*$&26*")'4<5&$()*84)26'4<<(6"#$&:9()3267")4%)$(5$("(6*&*246"F)*1()&#72*4$>)%4$<?
812'1) '46"2"*") 4%) #62A($"&99>) &A&29&:9() '46*26#4#") %4$<&6*"?) 52*'1("?) 642"(") &67
7#$&*246"?) &67) *1() 5146494=2'&9) "#$%&'() %4$<?) 812'1) '46"2"*") 4%) 9&6=#&=(K"5('2%2'
&:"*$&'*)72"'$(*()"*$#'*#$("/)G#"*)&")*1()84$7)faithfulness)*1()*($<)cue)2<592(")&)$(9&*246
:(*8((6)*84)$(5$("(6*&*246")+U&)"#$%&'()%4$<)'&6):()faithful to)&6)#67($9>26=)%4$<VW
U&6)&#72*4$>)%4$<)'&6):()&)cue for)&)"#$%&'()%4$<V./)01()'#()'46"*$&26*")*1&*)1&A():((6
5$454"(7) 26) *1() N0) 92*($&*#$() &$() NXE) +C4($"<&) I!!Y.) &67) *1() =(6($&92H(7
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categorization constraint family “!! "Aud is not perceived as /"/S” (Escudero & Boersma

2003, 2004; Boersma & Escudero to appear [2004]; Escudero 2005). Some examples

from the pre-OT literature are Polivanov (1931) and Cornulier (1981); I have discussed

the latter  elsewhere (Boersma 2007a), and discuss the former in the next section.

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

In his discussion of the perception of sounds in a foreign language, Polivanov (1931)

proposes an account in terms of inviolable structural constraints and violable cue

constraints. This section shows that Polivanov’s proposal can be formulated in all

details with the decision mechanism of Optimality Theory (Prince & Smolensky 1993)

and fits well within the models of Figures 1, 2, 3, 4, and 5.

!34""#-/5-,6&$)

The first example of constraint ranking in perception was provided by Polivanov

(1931), who observed that Japanese learners of Russian perceive the Russian

pronunciation !#$%" (which reflects the underlying form &#$%& ‘so’) as the Japanese

phonological surface structure /.ta.ku./. The present section translates this into OT.

Consider the auditory form ! t
a_

k". As you can see in a spectrogram when you say

[tak], this sound consists of a high-frequency brief noise (“burst”) ([
t
]), followed by a

loud periodic (“sonorant”) sound with formants around 1000 Hz ([a]), followed by a

silence ([ _ ]), followed by a burst with a peak around 2500 Hz ([
k
]). A listener of

Russian will have to map this sound to the phonological form /'#$%'/, which is a single

syllable (syllables are delimited by periods here) that consists of an ordered sequence of

three of the 40 (or so) Russian phonemes (‘ordered’ because /'%$#'/ would mean

something else). The Russian listener can subsequently easily look this up in her lexicon

and finds &#$%& ‘so’, a common interjection expressing agreement. How can we model

the Russian perception of !$", or equivalently, !#$%&'(&), *'+'%,+- , F1 = 800 Hz", i.e. an

auditorily periodic and sonorant sound with a first formant of, say, 800 Hz? Simply like

the following tableau:

(1)  ./**&,+0#$%)$#-&'+0'102,3

[#$%&'(&),

*'+'%,+- ,

F1 = 800 Hz]

*/t/

[#$%&'(&)]

*/b/

[*'+'%,+- ]

*/i/

[F1=800Hz]

*/e/

[F1=800Hz]

*/a/

[F1=800Hz]

!      /a/ *

/e/ *!

/i/ *!

/b/ *!

/t/ *!

                                                
3 The observation that Polivanov’s account involves the ranking of violable constraints and can therefore

be translated directly into an Optimality-Theoretic formalism was made by Escudero & Boersma (2004).

The specific formulation of sections 3 and 4 was presented before by the author at Edinburgh University

on June 3, 2004, and at Johns Hopkins University on September 22, 2004.



!!

"#$$%&'( )&$( *+,-.( /)+'-0-$( $#1)( &$(/&/2(/- /( &'3(/%/2( /-4%+3%1(5%6-6( *+%1-37( '+'8
$+'+4&'9(1+'$+'&'9(/)+'-0-$($#1)(&$(/: /2(&'3('+'8/-4%+3%1(5%6-6(*+%1-.-$$7(/)+'-0-$
$#1)(&$(/9/6(;)-'()-&4%'<( [a]2(9)-(.%$9-'-4(,%..()&*-(9+(1)++$-(=4+0(&0+'<(&9(.-&$9(9)-$-
>($+#'3$6(?-1&#$-(9)-($+#'3(%$(/-4%+3%12(9)-($/-&@-4(1&''+9()&*-(%'9-'3-3(9+($&A(/9/6
B)%$(%$($#1)(&'(%0/+49&'9(4-$94%19%+'(5!"#$%&'(#%7(9)&9(C(/#9(%9(+'(9+/(5%6-6(%'(9)-(.-=9
1+.#0'76(B)-(!'#)()'%* (/-41-/9%+'(/t/(9)#$(+(",'%*$(9)-(1+'$94&%'9(D&(/-4%+3%1(5*+%1-37
&#3%9+4A(=+40(1&''+9(:-(/9/E(5&::4-*%&9-3(&$(F/9/([-*&(")(! ]76(B)%$(*%+.&9%+'(%$(0&4@-3
%'(9)-(=%4$9(1+.#0'(:A(&'(&$9-4%$@(5DFE76(?-1&#$-(9)%$(1+'$94&%'9(%$($+()%<)84&'@-32(%9$
*%+.&9%+'( %00-3%&9-.A( 4#.-$( +#9( 9)-(/9/( 1&'3%3&9-6( C'( +43-4( ,+43$2( 9)%$( *%+.&9%+'( %$
!&.!(', 2(&'3(,-(3-'+9-(9)&9(,%9)(&'(-G1.&0&9%+'(0&4@(5DHE76

B)-( $-1+'3( 1&'3%3&9-( 9)&9( 1&'( :-( 4#.-3( +#9( %$(/: /2( :-1&#$-(&($+'+4&'9(5I( .+#3
/-4%+3%17(&#3%9+4A(=+40(1&''+9(4-=-4(9+(&(/.+$%*-6(B)%$(%$(9)-($-1+'38)%<)-$9(1+'$94&%'96
"-<&43%'<(+'.A(9)-(9+/(9,+(1+'$94&%'9$2(&..(*+,-.$(&4-($9%..(<++3(1&'3%3&9-$2(:-1&#$-(&..
*+,-.$( &4-( /-4%+3%1( &'3( $+'+4&'96( ;-( 9)-'( .++@( &9( 9)-( =+40&'9( %'=+40&9%+'6( B)-
/)+'-0-( /%/(9A/%1&..A(1+0-$(,%9)(&'(J!(+=(KLL(MN2(/-/(/-4)&/$(,%9)(>LL(MN2(&'3(/&/
/-4)&/$(,%9)(O>L(MN6(C=(A+#()-&4(&'(J!(+=(PLL(MN2(%9(%$(*-4A(#'.%@-.A(9)&9(9)-($/-&@-4
1+#.3()&*-(%'9-'3-3(9+(/#9(&'(#'3-4.A%'<(|i|(%'9+(A+#4()-&36(B)&9(%$(9)-(9)%43(1+'$94&%'96
C9(0#$9(&.$+(:-($.%<)9.A(#'.%@-.A(9)&9(9)-($/-&@-4Q$(%'9-'9%+'(,&$(|e|6(B)&9(%$(9)-(=+#49)
1+'$94&%'96(B)-4-(%$($9%..(&(3%==-4-'1-(:-9,--'(O>L(&'3(PLL(MN2(:#9(9)%$(3%==-4-'1-(%$('+9
$+(:&32($+(9)-(=%=9)(1+'$94&%'9(%$(/4+:&:.A(4-&..A(.+,84&'@-36(B)-(4-0&%'%'<(1&'3%3&9-(%$
/&/R(%9(*%+.&9-$(+'.A(9)-(=%=9)(1+'$94&%'92(&'3(9)%$(*%+.&9%+'(3+-$('+9(4#.-(+#9(/&/(5$%'1-
9)-4-( &4-( '+( +9)-4( 1&'3%3&9-$( .-=972( )-'1-( '+( -G1.&0&9%+'( 0&4@( &//-&4$( %'( 9)-( .&$9
1+.#0'6

B)%$(%$(&..(9)-(9)-+4-9%1&.(0&1)%'-4A(,-('--3(=+4(&'(S/9%0&.%9A8B)-+4-9%1(0+3-.(+=
/-41-/9%+'6

T+,(1+'$%3-4(9)-(&#3%9+4A(=+40(U9&V@W(&<&%'6(;-($&,()+,("#$$%&'$(,+#.3(/-41-%*-
%92(:#9()+,(,+#.3(X&/&'-$-(/-41-%*-(%9Y(X&/&'-$-(,+43$(1&''+9()&*-(&(/.+$%*-(&9(9)-(-'3
+=(&($A..&:.-(5%6-6(%'(!")' 76(Z(X&/&'-$-(.%$9-'-4(/4+:&:.A(9&@-$(9)&9(%'9+(&11+#'9(,)-'
)-&4%'<(U9&@W2($+(9)-(/-41-/9%+'(/69&@6/(%$(#'.%@-.A6([+(,)&9(,%..(&(X&/&'-$-(.-&4'-4(+=
"#$$%&'(3+(,)-'(=%4$9()-&4%'<(&("#$$%&'($&A(9)-(#99-4&'1-(U9&V@WY

C=( 9)-( 1&'3%3&9-( /-41-/9%+'(/69&@6/( %$( +#9( +=( 9)-( \#-$9%+'2( /-4)&/$( 9)-( X&/&'-$-
.%$9-'-4(%<'+4-$(9)-(U@W(4-.-&$-(:#4$9(&'3(3-1%3-$(9+(/-41-%*-(]#$9(/69&6/Y(S4(/-4)&/$(9)-
X&/&'-$-(.%$9-'-4()-&4$(9)-(U@W(4-.-&$-(:#4$9(&'3(3-1%3-$(9)&9(9)-($/-&@-4(%'9-'3-3(&(/@/2
,)%1)(0#$9(9)-'()&*-(:--'(=+..+,-3(:A(&(*+,-.2($+(9)&9($+0-(0+4-(1&'3%3&9-($94#19#4-$
&4-(/69&6@+6/(&'3(/.ta.ku./Y

B+($9&49(9+(<-9(&9(&'(&'$,-42(1+'$%3-4(,)&9(X&/&'-$-($+#'3$(.%@-6([)+49()%<)(*+,-.$
9)&9(&4-('+9(&3]&1-'9(9+(&(*+%1-3(1+'$+'&'9(9-'3(9+(:-(/4+'+#'1-3(*+%1-.-$$6(B)#$2(9)-
,+43(|ka!ku|(%$(#$#&..A(/4+'+#'1-3([ka!Vku"]6([#1)(&(3-*+%1-3(*+,-.(,%..(+=9-'(.+$-(&..(+=
%9$(&#3%9+4A(1#-$2(%=(9)-4-(%$(-*-'(&($.%<)9(:&1@<4+#'3( '+%$-6([+(9)-(&#3%9+4A(=+40(%$
+=9-'( '+9(0#1)(0+4-(9)&'([ka!Vk]6(B)#$2(X&/&'-$-( .%$9-'-4$(&4-(#$-3(9+(%'9-4/4-9%'<(&
$%.-'1-2(%6-6(9)-(&#3%9+4A(=+40([(]2(&$(9)-(*+,-.(/#/6(B)-A(,%..(/-41-%*-(9)-("#$$%&'(U9&V@W
&$(/69&6@#6/6( B&:.-&#( 5^7( $)+,$( 9)-( 1&'3%3&9-$( 9)&9( C( )&*-( :--'( 3%$1#$$%'<2( &'3( 9)-
4-&$+'$(,)A(9)4--(+=(9)-0(&4-(4#.-3(+#96



!"

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

&'() *+ , - . /-0123 4-56 7! %! %&*+ 7! 8! %&%+ 7! 9! %&%+

! :'(*: ! 7;

! :'(: ! 7;

! %%%%%%%! :'(:*9: ! 7

! :'(:*8: ! 7;

1<%=(>?@(9%#"$%'A@%B(C(<@D@%>(<%8<%C?8DEF@%G8H(D%A(D%>@@<%I8JK(?EL@H%(D%'A@%G8<D'J(E<'
, - . /-0123 4-56 M% E'% (DDEN<D% (% FE8?('E8<% K(J*% '8% (<O% C?8DEF@% 'A('% 8GG9JD% E<% (% G8H(
C8DE'E8<%E<%'A@%D9JI(G@%D'J9G'9J@:%=A@%?ED'@<@JPD%J@DED'(<G@%'8%EN<8JE<N%'A@%&*+%J@?@(D@%>9JD'
ED%@QCJ@DD@H%(D%'A@%G9@%G8<D'J(E<'%7! %! %&*+:%=A@%G9@%G8<D'J(E<'D%(N(E<D'%A(??9GE<('E<N%'A@
F8R@?D%! 8! %(<H%! 9! %(J@%RJE''@<%(D%7! 8! %&%+%(<H%7! 9! %&%+M%'A@%B(C(<@D@SDC@GEIEG%J89'E<@%8I
IE??E<N%E<%'A@%F8R@?%! 9! %ED%J@I?@G'@H%(D%(%?8R%J(<*E<N%8I%'A@%?(''@J%G8<D'J(E<':

=AED%B(C(<@D@%>@A(FE89J%8I%A(??9GE<('E<N%(%F8R@?%RA@<%G8<IJ8<'@H%RE'A%I8J@EN<
G8H(D% N@<@J(?EL@D% '8% DE?@<G@D% <@Q'% '8% F8EG@H% G8<D8<(<'DT% @:N:% B(C(<@D@% A(F@% >@@<
J@C8J'@H%<8'%'8%A@(J%'A@%HED'E<G'E8<%>@'R@@<%&@>L8+%(<H%&@>9L8+%('%(??T%E<'@JCJ@'E<N%>8'A
(D%! :@:>9:L8:! %#59C89QT%U(*@AET%VEJ8D@T%.(??E@JT%WE'<@F(%X%Y@A?@J%!ZZZ$:%1'%ED%'A@%G(9D@
>@AE<H%B(C(<@D@%?8(<R8JH%(H(C'('E8<DT%D9GA%(D%! :@:*E:D9:'8:! (: ! %I8J%'A@%39J8C@(<%R8JH
%31*":

=A@%CA@<8K@<8<%E<%'(>?@(9%#"$%9<H@J?E<@D%'A@%?(<N9(N@SDC@GEIEGE'O%8I%C@JG@C'E8<T
>@G(9D@%<('EF@%?ED'@<@JD%8I%[9DDE(<%RE??%C@JG@EF@%'A@%D(K@%(9HE'8JO%I8JK%!'() *"%(D%'A@
D9JI(G@%D'J9G'9J@%! #$%&#! :%1<%'(>?@(9D%?E*@%#"$T%D9GA%(<%89'G8K@%G(<%>@%(GAE@F@H%>O%(
K9GA%?8R@J%J(<*E<N%8I%,- . /-0123 4-56 :%=A@%?(<N9(N@SDC@GEIEGE'O%8I%C@JG@C'E8<T%'A@<T
G8JJ@DC8<HD%'8%'A@%IJ@@H8K%'A('%@F@JO%?(<N9(N@%C8DD@DD@D%'8%J(<*%'A@%G8<D'J(E<'D%E<%E'D
8R<%8JH@J:

=A@%D@G8<H%\39J8C@(<P%R8JH%'A('%.8?EF(<8F%HEDG9DD@D%ED%4*"5" :%1'D%(9HE'8JO%I8JK
E<%[9DDE(<%ED%!%%%"H'%(%"T%RA@J@%'A@%I9<<O%DOK>8?%E<%'A@%>@NE<<E<N%D'(<HD%I8J%'A@%D89<H
8I%F8EGE<N%RE'A%O89J%K89'A%G?8D@HT%(<H%'A@%D9C@JDGJEC'%H%D'(<HD%I8J%'A@%](?F@8?(J^%#AENAS
IJ@_9@<GO$%C?8DEF@%>9JD':

6%[9DDE(<%?ED'@<@J%R89?H%C@JG@EF@%'AED%(9HE'8JO%I8JK%(D%'A@%CA8<8?8NEG(?%D'J9G'9J@
! #)'%#(%#! :%6%B(C(<@D@%?ED'@<@J%RE??%<8'%C@JG@EF@%E'%(D%! #)!%#(%#! T%>@G(9D@%'A('%I8JK
G8<'(E<D% (% DO??(>?@% 8<D@'% 'A('% G8<DED'D% 8I% 'R8% G8<D8<(<'DT% (<H% D9GA% D'J9G'9J@D% (J@
I8J>EHH@<% E<% B(C(<@D@:% =A@% G(<HEH('@%! #)!%#(%#! % 'A@J@I8J@% FE8?('@D% (% D'J9G'9J(?
G8<D'J(E<'%('%09JI(G@%W8JKT%D(O%7! :44 ! %#]<8%G8KC?@Q%8<D@'D^$:%=(>?@(9%#`$%K(*@D%'AED
@QC?EGE':



!"

#"$%%Japanese foreign-language perception of Russian

&%%!' hi-freq(
burst) !"#" *

+/,-- / +/%/
&burst*

+/./ / +/dor/

&hi-freq*
+/! cont/

&burst*
+/0/
&%*

+// /
&%*

/$%""$#"$/ +1

/$""$#"$/ +1

/$%&$""$#"$/ +1 +

/$#&$""$#"$/ +1 +

/$'&$""$#"$/ +1 +

! %%%%%%%/$%($""$#"$/ +

234% 567% 80% 968:9;7% 8<4% =6>63494% 03948% ?0398@6:38% :9% 80% >4@?4:A4%)%%%!. !"#"* %69
/$""$#"$/(%5<:?<%.049%308%<6A4%6%?0B>C4D%03948,%E<:9%50/C.%:3A0CA4%8<@05:3F%6567
90B4% >09:8:A4% 6/.:80@7% ?/49(% 36B4C7% 8<4% A0:?:3F% B/@B/@% 63.% 8<4% <:F<G;@4H/43?7
#6CA40C6@$%I/@98,%J9%:3%8<4%?694%0;%)86KL*(%=6>63494%C:98434@9%944B%308%80%C:L4%8<@05:3F
6567%>09:8:A4%?/49(%:,4,%6%?0398@6:38%C:L4%+/%/&burst*%:9%@63L4.%<:F<,%E<:9%86L49%?6@4%0;
?63.:.684%M,

E<4%8<:@.%0>8:03%:9%80%>4@?4:A4%/$%&$""$#"$/(%<6CC/?:368:3F%63%/&/%636C0F0/9C7%80%8<4
/$+"$,&$/%?694,%N/8%=6>63494%<6>>439%308%80%6CC05%8<4%98@/?8/@4%/%&/%03%8<4%9/@;6?4,%E<:9
:9%5<68%8<4%8<:@.%?0398@6:38%4D>@49949,%O8%:9%6308<4@%98@/?8/@6C%?0398@6:38,

E<4%;0/@8<%0>8:03%:9%80%>4@?4:A4%/$#&$""$#"$/,%E<:9%<69%8<4%6CC054.%94H/43?4%/#&/,
N/8%8<:9%?63.:.684(%5:8<%:89%/dor/%#.0@96C$%A6C/4%;0@%8<4%><030C0F:?6C%/place/%;468/@4(
:F30@49%8<4%<:F<G;@4H/43?7%?/49%;0@%6CA40C6@%>C6?4(%69%4D>@4994.%I7%8<4%;0/@8<%?0398@6:38,

E<4%;:;8<%0>8:03%:9%80%>4@?4:A4%/$'&$""$#"$/(%6%><03086?8:?6CC7%6CC054.%94H/43?4%8<68
50/C.% I4% >@030/3?4.% 69%)%'&""#"* ,%E<:9%.049%<030/@%8<4%9>4?8@6C%>C6?4%?/49%I/8
:F30@49% 8<4% 6/.:80@7% ?/4% ;0@% >C09:A43499% #36B4C7% 8<4% I/@98$(% >09:8:3F% :39846.% 6
><030C0F:?6C%;@:?68:A4%#.43084.%:3%8<4%86IC46/%5:8<%8<4%;468/@4%A6C/4%/Pcont/$,%N4?6/94
8<:9%?63.:.684%:9%B0@4%0@%C499%>099:IC4%#6??0@.:3F%80%Q0C:A630A$(%54%B/98%?03?C/.4%8<68
8<4%6CA40C6@%>C6?4%?/4%:9%B0@4%:B>0@8638%8<63%8<4%>C09:A43499%?/4,%E<:9%:9%63%4D6B>C4%0;
cue weighting,% E<4% 86IC46/% 9<059% 8<:9% 69% 6% ;:D4.% @63L:3F% 0;% 8<4% ;0/@8<% 63.% ;:;8<
?0398@6:389,

E<4%9:D8<%0>8:03%:9%80%>4@?4:A4%/$%($""$#"$/,%E<:9%<030/@9%6CC%8<4%>C6?4%63.%B6334@
?/49%;0@%/%/%I/8%<69%8<4%.@65I6?L%0;%<6CC/?:368:3F%8<4%;/CC%A054C%/( /%@68<4@%8<63%8<4
<6C;GA054C%/&/,%O8%5:39%I4?6/94%8<4@4%:9%30%I4884@%0>8:03,

QC4694%3084%8<68%8<4%@63L:3F%0;%8<4%?0398@6:389%:3%86IC46/%#M$%98:CC%0??/@9%:3%86IC46/
#"$,%E<:9%<69%80%I4,%J%9:3FC4%?0398@6:38%@63L:3F%#:,4,%6%9:3FC4%F@6BB6@$%<69%80%6??0/38%;0@
6CC%8<4%;0@B9%:3%8<4%C63F/6F4,

Q0C:A630A%9/FF4984.%8<68%90B4%9>46L4@9%B:F<8%?<0094%8<4%;:;8<%?63.:.684,%R/?<
9>46L4@9%50/C.%<6A4%8<4%@63L:3F%:3%86IC46/%#S$,
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(4)  !"#"$%&%'()*%+,$-."$,/",%'#%*0%#1+)$')('2/&&+"$

[  !{3+-(*%4,
5/*&1}rama]

*! .CC! *!  !
[5/*&1]

*! du! *! 6)* !
[3+-(*%4]

*! o!
[ ]

*!+0)$1!
[5/*&1]

*! u!
[ ]

! !" "#!$#!! *!

! !"#!$#!! *!

! !"%!"#!$#!! *! *

! !#%!"#!$#!! *! *

!       ! !&%!"#!$#!! * *

! !"'! "#!$#!! *!

Polivanov says that for this variation two constraints compete. They are the fifth and

sixth constraints in tableau (4). There is a way to express this variation in a single

tableau. In tableau (5), the two constraints are ranked at the same height. This is to be

interpreted in the following way: when the tableau is evaluated (i.e. when the listener

hears (   !d)#$#*), the listener perceives ! !&%!"#!$#!!  in 50 percent of the cases, and

! !"'! "#!$#!!  in the remaining 50 percent of the cases. Hence the two pointing fingers.

(5)  78)')#1+9".'0"$6+6"1%&

[  !{3+-(*%4,
5/*&1}rama]

*! .CC! *!  !
[5/*&1]

*! du! *! 6)* !
[3+-(*%4]

*!+0)$1!
[5/*&1]

*! o!
[ ]

*! u!
[ ]

! !" "#!$#!! *!

! !"#!$#!! *!

! !"%!"#!$#!! *! *

! !#%!"#!$#!! *! *

!       ! !&%!"#!$#!! * *

!       ! !"'! "#!$#!! *

This concludes Polivanov’s story. It involves three inviolable structural constraints

and two competing cue constraints. In the light of possible abstract analyses of Japanese

surface forms, however, the story is not yet complete. I defer this issue to §3.4.

Now that Polivanov’s Japanese learner of Russian has perceived the sound [drama]

as the phonological surface structure ! !"'! "#!$#!! , the next question is what the learner

does with this: in what form will he store it in her lexicon, and how will he pronounce

it? Although the answer may seem obvious (underlying form +"' "#$#+, pronunciation

["' "#$#]), we have to check that our OT grammar indeed generates those forms. This is

what sections 3.2 and 3.3 do.

!"#$$%&'$(')*+,-.$/,0'123$,4$2&'$567'

If Polivanov’s Japanese listener wants to learn Russian, he will want to store the 6*"9"
word in his early L2-Russian lexicon. Alternatively, if the European concept of ‘drama’

is useful and distinctive enough to include into his Japanese vocabulary, he may want to

store it as a loanword in his native L1-Japanese lexicon. In either case, the form in



15

which the word is stored is likely to be influenced by his Japanese foreign-language

perception of Russian. There are two straightforward strategies for this.

The first straightforward strategy for including the !"#$#  word into his lexicon

relies on %&"'#()*+$,"&-&.%'+.: the listener takes the output of the prelexical perception,

which is /!"#! !$!%$!/, and uses this as the input for the next process, that of word

recognition. This is summarized in Figure 6.

!underlying form !

/ surface form/

[auditory form ]
cue constraints
structural constraints
faithfulness constraints

!"#$%&  Serial comprehension.

Once the ‘serial’ listener, given the sound ["# !$%$], has constructed /!"#! !$!%$!/, he

will subsequently map it to the fully faithful underlying form &"#!$%$&:

(6)  /0&*+1.'2'+.3)+4)!"#$#

/!"#!!$!%$!/ */.CC/ DEP MAX

!        &"#!$%$&

&"!$%$& *!

&"#!%$& *!

&"#!$%$! '(#& ****

It is worthwhile to look into the details of (6).

First, the structural constraint */.CC/ evaluates surface forms, not underlying

forms; therefore, it can only evaluate the input /!"#! !$!%$!/, which is the same for all

four candidates and which does not violate this constraint. Specifically, the candidate

&"!$%$& does .+2 violate */.CC/, because &"!$%$&, as an underlying form, is not affected

by structural constraints (see also Figure 6). The same point was made explicit by

Smolensky (1996) in a discussion of how young children may be hindered by structural

constraints in their productions but not in their comprehension.

Second, the candidate &"!$%$& violates DEP (McCarthy & Prince 1995), a constraint

against having surface material (the /o/ in /!"#!!$!%$!/) that is not present underlyingly

(in &"!$%$&). Note that although DEP is usually thought of as being an anti-insertion

constraint (in a production tableau), in a recognition tableau such as (6) it acts as an

anti-deletion constraint: the perceived /o/ is deleted from the recognition output.

Finally, the candidate underlying form &"#!$%$! '(#&  violates fourfold MAX

(McCarthy & Prince 1995), a constraint against having underlying material (&! '(#&) that

does not surface (in /!"#!!$!%$!/).
In the end, the winner of the recognition process is &"#!$%$&, which is completely

faithful to the surface form /!"#! !$!%$!/. This principle of complete faithfulness is



!"

#$%&$'($')*%$%+%,(-.+'/*0%12'31%4'/*0'(50$/(-.+')1%-066'%3'!"#$%&'(&)*$+$,-*$&''781($-0
9':4%+0$6#2'!;;<=>'?2'&*(-*'.-/@.++2'0A(6/($,'@$501+2($,'3%146'-%40'/%'103+0-/'/*0
+.$,@.,0B6' *(,*C1.$#05'6/1@-/@1.+' -%$6/1.($/6' ($5(10-/+2>'6(4)+2' ?0-.@60' /*0' 6@13.-0
3%146'/0$5'/%'*%$%@1'/*060'-%$6/1.($/6D'E010>'/*(6'(50.'0A/0$56'/%'3%146'/*./'*.F0'?00$
3(+/0105'($'/*0'3(16/')01-0)/(%$'6/0)>'6@-*'.6'G!"#$# HD'I*@6>'/*0'4.))($,'31%4'G!"#$# H'/%
%!&!#$#%'5%06'$%/'($F%+F0'.'F(%+./(%$'%3'3.(/*3@+$066>'?0-.@60'/*0'0$5'106@+/'%!&!#$#%'(6
-%4)+0/0+2'3.(/*3@+'/%'/*0'($/01405(./0'3%14'/'!&' !#'$#' /DJ

I*0'60-%$5'6/1.(,*/3%1&.15'6/1./0,2'/%'($-+@50'/*0'&%15'./-+- '($'/*0'+0A(-%$'10+(06
%$')-/-!!"!(%&+)/"0"'1$&' K'/*0'/&%')1%-06606'%3')01-0)/(%$'.$5'10-%,$(/(%$'.10'*.$5+05
./'/*0'6.40'/(40'.$5'($'($/01.-/(%$D'L(,@10'M'6@44.1(N06'/*(6D

!underlying form !

/ surface form/

[auditory form ]
cue constraints
structural constraints
faithfulness constraints

!"#$%&''8.1.++0+'7%1'($/01.-/(F0='-%4)10*0$6(%$D

I*0').1.++0+'4.))($,'31%4'/*0'.@5(/%12'3%14'/%'/*0'6@13.-0'.$5'@$501+2($,'3%146'-.$'?0
(4)+040$/05' ($' OI' ?2' 3100+2' -%4?($($,' ).(16' %3' 6@13.-0' .$5' @$501+2($,' 3%14' .6
-.$5(5./06'($'.'6($,+0')-/-!!"!(%&+)/"0"'1$&'(*-2!"-3 >'.6'($'7M=D

7M=''4"/%")*$&'(-'.(/"%&5'$*$&'($'()-/-!!"!

G''"P0$67/"8>
23/1*Q1.4.H

R/DSS/ R/5@/ TU8 R/! %&'*/
G23/1*H

V WX R/%/
G'H

R/@/
G'H

/'! !#'$#' /%!&!#$#% RY R

/'! !#'$#' /%!!#$#% RY

/'!(' !#'$#' /%!(!#$#% RY R

/')(' !#'$#' /%)(!#$#% RY R

! '''' /'!&' !#'$#' /%!&!#$#% R

/'!&' !#'$#' /%!!#$#% RY R

Z$'7M='(/'5%06'$%/'4.//01'*%&'/*0'3.(/*3@+$066'-%$6/1.($/6'TU8'.$5'V WX'.10'($/016)01605
.4%$,'/*0'6/1@-/@1.+'.$5'-@0'-%$6/1.($/6K'6($-0'/*0')01-0)/@.++2'%)/(4.+'-.$5(5./0').(1
/'!&' !#'$#' /%!&!#$#%'F(%+./06'$0(/*01'TU8'$%1'VWX>' /*(6' ).(1'&(++'?0'%)/(4.+'3%1' /*0
&*%+0'-%4)10*0$6(%$')1%-066'($50)0$50$/+2'%3'&*0/*01'/*02'.10'1.$#05'*(,*'%1'+%&'7%1
($'/*0'4(55+0>'.6'*010=D

''''''''''''''''''''''''''''''''''''''''''''''''
J' S.606' &*010' 3.(/*3@+$066' (6' ($6/0.5' F(%+./05' ($' /*0' 10-%,$(/(%$' )1%-066' &(++' %--@1' &*0$' /*010' .10
).1.5(,46'&(/*'.+/01$./(%$6D':00'W)%@66(5%@'7[\\MK'-*D'"='.$5']^D



!"

#$%&'%()*+,-&.$%,-&/)''&0%&1%,2),%'3&')4).%5&03&.$%&6.72*.278'&*+,6.78),.6-&86&'+,1&86
.$%6%&+2.78,9&.$%&7%'%:8,.&*2%&*+,6.78),.6;&#$%6%&')4).8.)+,6&+,&'%()*8'&6.72*.27%6&$8:%
0%%,&*8''%5&!"#$%&'(")(&*$(+,-$&<=+%7648&!>>?@&A>BC&=7+6%'+/&DEEAC&6%%&8'6+&FGH;

!"!##$%&'()*+&,

I+/&.$8.&/%&9,+/&.$8.&J8K8,%6%&')6.%,%76&K%7*%):%&8,&+:%7.&L57848M&86&! .do.!a.ma.! &8,5
6.+7%&).&),&.$%)7&'%()*+,&86&|do!ama| -&/$8.&/)''&.$%3&K7+,+2,*%&).&86N&O%7%&818),-&/%
5)6.),12)6$&0%./%%,&6%7)8'&8,5&K878''%'&K7+*%66),1;

P,& 8& 6%7)8'& :)%/-& K$+,+'+1)*8'QK$+,%.)*& K7+52*.)+,& *+,6)6.6& +R& .$7%%& 6.%K6-& 86
624487)S%5& ),& T)127%& ?;& T)76.-& 8& K7+*%66& +R&!*"."/"012,/( !%"342&1".& 48K6& 8
K$+,+'+1)*8'&2,5%7'3),1&R+74&.+&8&K$+,+'+1)*8'&627R8*%&R+74C&6206%U2%,.'3-&8&K7+*%66
+R&!*".$&12(15!/$5$.&,&1".&R)76.&48K6&.$)6&627R8*%&R+74&.+&8,&825).+73QK$+,%.)*&R+74-
8,5&R),8''3&48K6&.$)6&825).+73&R+74&.+&8,&87.)*2'8.+73QK$+,%.)*&R+74;

!underlying form !

/ surface form/

[auditory form ]

[articulatory form]articulatory constraints
sensorimotor constraints

cue constraints
structural constraints

faithfulness constraints

-+."#/&&V%7)8'&K7+52*.)+,;

#$%& R)76.& +R& .$%& .$7%%& 620K7+*%66%6-& K$+,+'+1)*8'& K7+52*.)+,-& 48K6& .$%& 2,5%7'3),1
|do!ama|&6.78)1$.R+7/875'3& .+&! .do.!a.ma. ! -&8&R+74&.$8.&68.)6R)%6&0+.$&.$%&6.72*.278'
*+,6.78),.6&8,5&.$%&R8).$R2',%66&*+,6.78),.6-&86&6$+/,&),&<?H;

<?H&&6*"."/"012,/(!%"342&1".

|do!ama| W! ;XX! W! 52! YZ[ \ ]^ PYZI#

! .d!a.ma.! W_ W

! .du.!a.ma.! W_ W

! .zu.!a.ma.! W_W

! &&&! .do.!a.ma.!

#$%& 6%*+,5& 620K7+*%66& 48K6&! .do.!a.ma. ! &.+&L&&"̀ *17)%$8-+4%-&ao!amaM-&8&R+74&.$8.
68.)6R)%6& 8''& $)1$Q78,9%5& *2%& *+,6.78),.6-& 86& 6$+/,& ),& <>H;& #+& 72'%& +2.& /%)75
K7+,2,*)8.)+,6&')9%&LS27848M-&P&$8:%&855%5&.$%&*2%&*+,6.78),.&W! ! 2".&! L."1-$M-&/$)*$
4)').8.%6&818),6.&*+,,%*.),1&K$+,+'+1)*8'&K'+6):%,%66&/).$&825).+73&R7)*8.)+,&,+)6%-&8,5
.$%&*2%&*+,6.78),.6&W! o! LuM-&/$)*$&4)').8.%6&818),6.&$8:),1&.$%&825).+73&:+*8')*&48.%7)8'
L2M&.$8.&)6&),8KK7+K7)8.%&R+7&.$%&*+77%6K+,5),1&K$+,+'+1)*8'&:+/%'&! o! ;&T27.$%7&K'%86%
,+.%&.$8.&.$%&,+.8.)+,&+R&K$+,%.)*&*8,5)58.%6&),&.%746&+R&P[]&6340+'6-&62*$&86&LdoM-&)6
b26.&8&6$+7.$8,5&R+7&8,&%(K7%66)+,&),& .%746&+R&*+,.),2+26&825).+73&R%8.27%6-&62*$&86
L#"121.0(54%54%C&+%1$)(*10*7)%$84$.2'(."1-$C&/"43(!$%1"3121&'(91&*(513(:;(,.3(/"9(:<MC



!"

#$%#&'())*+,-.,/#%/#$#-0(0'.-(),'1#-0'0*,2'03,$'4')(/5)..6'-7,$8/9(&#,$0/8&08/#$,$8&3,($
/!"#!/,'$,'-0#-1#1:,'-1##1+,03#,)(00#/,'$,(,$3./03(-1,9./,(,1'$&/#0#,%3.-.).7'&(),$0/8&08/#
$8&3, ($,/;!,<+,"!"#$+,"#%&+,!"' +,! (") :,=+,"*)+*+,","- +,! .%!/ ,>!/, ;./, (-*, ()0#/-(0'?#
9./48)(0'.-,03(0,$8'0$,.-#@$,%(/0'&8)(/,03#./*,.9,%3.-.).7'&(),9#(08/#$>A

;B>,,0*"#1$)!2)34,131#$%$)"#

/!"#!!$!%$!/ C/! !"#$/
D.5'&$E

C/"!"#$/
D#")&1E

C/. /
D&E

C/. /
D,E

C/8/
D,E

D'& !(4(E CF C

D'# !(4(E CF

D"&!(4(E CF

! ,,,,D"# !(4(E

D" !(4(E CF

G-,03#,4(%%'-7,9/.4,$8/9(&#,9./4,0.,(81'0./*,9./4+,$0/8&08/(),&.-$0/('-0$,%)(*,-.,/.)#H
03#*,2.8)1,I8$0,#?()8(0#,03#,'-%80,0.,03'$,%/.&#$$+,23'&3,'$,(-,'-?(/'(J)#,/!"#! !$!%$!/
$3(/#1, (4.-7, ()), &(-1'1(0#$+, ()), .9, 23'&3, 2.8)1, 03#/#9./#, ?'.)(0#, 03#, #K(&0, $(4#
$0/8&08/(),&.-$0/('-0$A,L3#/#9./#+,03#,4(%%'-7,'$,#-0'/#)*,1#0#/4'-#1,J*,&8#,&.-$0/('-0$+
(-1,03#*,(/#,'-,9(?.8/,.9,03#,&(-1'1(0#,D"# !$%$E+,23'&3,?'.)(0#$,-.-#,.9,03#4A

L3#,03'/1,$8J%/.&#$$,%/#$84(J)*,4(%$, (-, (81'0./*,D"# !$%$E, 0., (-, (/0'&8)(0./*
D"# !$%$EA,G,3(?#,-.0,9./4()'M#1,03#,$#-$./'4.0./,&.-$0/('-0$,3#/#+,(-1,9./,$'4%)'&'0*,G
($$84#,03(0,03#*,9(?.8/,03#,(/0'&8)(0./*,9./4,D"# !$%$EA,G9,(/0'&8)(0./*,&.-$0/('-0$,(/#
-.0,'-,03#,2(*,;$##,NO>+,03#-,03#,$%#(6#/,2')),'-1##1,%/.-.8-&#,D"# !$%$EA

G-, 03#, %(/())#), ?'#2+, %/.18&0'.-, &.-$'$0$, .9, (, $'48)0(-#.8$, 4(%%'-7, 9/.4, 03#
8-1#/)*'-7,9./4,0.,(-,.%0'4(),0/'%)#0,.9,$8/9(&#,9./4+,(81'0./*,9./4+,(-1,(/0'&8)(0./*
9./4+,($,'-,P'78/#,BA

!underlying form !

/ surface form/

[auditory form ]

[articulatory form]articulatory constraints
sensorimotor constraints

cue constraints
structural constraints

faithfulness constraints

!"#$%&,,Q(/())#),;./,'-0#/(&0'?#>,%/.18&0'.-A

G7-./'-7,03#,(/0'&8)(0./*,9./4, (7('-+, (-,8-1#/)*'-7, ("#!$%$(,2')),J#,4(%%#1,.-,03#
$8/9(&#5(81'0./*,%('/,/!"#! !$!%$!/D"# ! (4(E+,I8$0,($,'-,03#,$#/'(),?'#2A,L3'$,'$,$3.2-,'-
0(J)#(8,;!R>A



!"

#!$%&&Parallel production

|do!ama| ' /()) / ' /*+/ ' /! cont/

,burst-
. /0 12345 ' /6/

,+-
' /6/
,&-

/.d!a.ma./,d!787- ' 9 '

/.d!a.ma./,do!787- ' 9 '

/.du.!a.ma./,du!787- ' 9 '

/.zu.!a.ma./,zu!787- ' 9'

/.zu.!a.ma./,d!787- ' 9 ''

! &&&/.do.!a.ma./,do!787-

/.do.!a.ma./,d!787- ' 9

/.do.!a.ma./,du!787- ' 9

:;<=>&?@>&A;<<>B&;<&?7CD>7+&#!$%&E;6D7?>F&<6<>&6G&?@>&=6<F?B7;<?FH&;?&;F&6I?;87D&B>J7B*D>FF
6G&?@>&=6<F?B7;<?&B7<K;<J(&5@>&B>F+D?&6G&?@>&I7B7DD>D&IB6*+=?;6<&;F&?@>B>G6B>&?@>&F78>&7F
?@>&B>F+D?&6G&F>B;7D&IB6*+=?;6<&#;<&?@;F&>L78ID>M&G6B&>L78ID>F&A@>B>&?@>&?A6&7B>&*;GG>B><?
F>>&NO(P&7<*&Q6>BF87&P$$O7H&P$$RC%(

5@>&><*&B>F+D?&;F&?@7?&?@>&86*>DD>*&S7I7<>F>&D>7B<>B&6G&T+FF;7<&@>7BF&7<&;<=68;<J
7+*;?6BU&,*B787-&C+?&IB6*+=>F&7<&7B?;=+D7?6BU&,do!ama-(

V>& @7E>& ?6& <6?>& ?@7?& ;<& 6B*>B& G6B& ?@;F& =7F>& ?6& @7E>& C>><& F6& ;<?>B>F?;<J& ?@7?
W6D;E7<6E&+F>*&?@;F&7F&7<&>L78ID>H&?@>&<7?;E>&T+FF;7<&I>B=>I?;6<&ID7UF&7&=B+=;7D&B6D>&7F
A>DDX&W6D;E7<6EH&A;?@&@;F&T+FF;7<&I>B=>I?;6<H&;<?>BIB>?>*&?@>&6B;J;<7D&7+*;?6BU&,*B787-
7F& ?@>& T+FF;7<Y=68I7?;CD>& F+BG7=>& F?B+=?+B>&/.dra.ma./H&A@>B>7F&@>&;<?>BIB>?>*&?@>
S7I7<>F>& IB6<+<=;7?;6<& ,do! 787-& 7F& ?@>& T+FF;7<Y=68I7?;CD>& F+BG7=>& F?B+=?+B>
/.do.ra.ma./M&?@>&*;F=B>?>&*;GG>B><=>&C>?A>><&?@>&?A6&F+BG7=>&F?B+=?+B>F&;F&A@7?&8+F?
@7E>&D>*&@;8&?6&?7K>&?@;F&7F&7<&>L78ID>&G6B&@;F&F?+*U&6<&G6B>;J<&D7<J+7J>&I>B=>I?;6<(

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

:68>?@;<J&;F&8;FF;<J&;<&?@>&F?6BU&6G&NZ(!&?@B6+J@&NZ(ZX&?@>&=7F>&6G&,?B-(&5@>&3+B6I>7<
A6B*&extraH& G6B& ;<F?7<=>H& ;F& C6BB6A>*& ;<?6& S7I7<>F>& 7F&/(>(K;(F+(?6(! 7(/&7<*&<6?&7F
/(>(K;(F+(?+(!7(/H&A;?@&?@>&D>FF&7+*;CD>&/+/&E6A>D(&1<&;?F&=@6;=>&6G&?@>&@7DD+=;<7?>*&E6A>D
?@>&=7F>&6G&,?B-&;F&?@>B>G6B>&F;8;D7B&?6&?@>&=7F>&6G&,*B-H&7<*&7&F7?;FG7=?6BU&7==6+<?&6G&?@>
I>B=>I?;6<&6G&S7I7<>F>&=6<F6<7<?&=D+F?>BF&F@6+D*&IB>G>B7CDU&J><>B7D;[>&6E>B&?@>&,*B-&7<*
,?B-&=7F>F(&V>&=6+D*&?@>B>G6B>&I6F;?&7<&;<E;6D7CD>&=6<F?B7;<?&'/?+/H&7<7D6J6+FDU&?6&'/*+/H
7<*&IB6C7CDU&=6DD7IF>&?@>&?A6&;<?6&7&G6B8+D7?;6<&F+=@&7F&'/\)H! contH! nasHcor] u/(

1G&6<>&87;<?7;<F&7<&7CF?B7=?&E;>A&6G&S7I7<>F>&F+BG7=>&G6B8FH&@6A>E>BH&?@>&7<7DUF;F
A;?@&'/tu/&#6B&7&J><>B7D;[>*&G6B8+D7?;6<%&J6>F&AB6<J(&5@;F&;F&C>=7+F>&?@>&?B7*;?;6<7D
7CF?B7=?&E;>A&6G&?@>&S7I7<>F>&FUDD7CD>&B>^+;B>F&?@7?&?@>&F+BG7=>&G6B8&/.tu./&>L;F?FX&6<&?@>
C7F;F&6G&=6<F;*>B7?;6<F&6G&*;F?B;C+?;6<&7<*&7D?>B<7?;6<FH&?@>&S7I7<>F>&FUDD7CD>&?@7?&;F
IB6<6+<=>*&7F&,tsu-&;F&B>J7B*>*&7F&@7E;<J&?@>&F+BG7=>&G6B8&/.tu./(&_6B&;<F?7<=>H&7&A6B*
?@7?&8>7<F&`=6<<>=?;6<a&@7F&?@>&F+BG7=>&G6B8&/.tu." i./&7D?@6+J@&;?&;F&IB6<6+<=>*&,tsu" i-(
1G&?@>&7CF?B7=?&E;>A&;F&=6BB>=?H&?@>B>&=7<<6?&?@>B>G6B>&>L;F?&7&@;J@YB7<K>*&=6<F?B7;<?
' /.tu./(&5@+FH&A@7?&B+D>F&6+?&/.tu.!a./&7F&?@>&I>B=>I?+7D&B>F+D?&6G&,?B7-&;F&<6?&?@>&F?B+=?+B>
/.tu./&;<&;?F>DGH&C+?&;?F&7FF6=;7?>*&IB6<+<=;7?;6<&[tsu](&5@>&F6D+?;6<&?@>B>G6B>&D;>F&;<&?@>
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fact that the naked auditory release burst !"#, without affrication noise (as in [ekstra]),

cannot be a good representative of the structure ! "$! , which must be pronounced with a

full affricate [ts]. The way to handle this is with the cue constraint *! tu! [!"#!"$%&], i.e.

“the structure ! tu!  cannot go without auditory frication noise”.

The cue constraint *! tu! [!"# !"$%&] handles both perception and production. In

(prelexical) perception we get tableau (11).

(11)  '()(!&%&#*"+&$,!-.(!,/(,&#)&+0&)1$"!#"*#2/%%$(!#-1+(

[{3$-*+&4,5/+%1,
!"#!"$%&}ra]

*! .CC! *!  !
[5/+%1]

*! tu!
[!"#!"$%&]

*! 6"+!
[3$-*+&4]

*! ! 0"!1!
[5/+%1]

*! o!
[ ]

*! u!
[ ]

! %"!&%! *!

! %!&%! *!

! %"$%!&%! *! *

! %'$%!&%! *! *

! %($%!&%! *! *

!        ! %")%!&%! *

In (11) we see the ! tu! -specific cue constraint in the same position as *! du!  in previous

tableaus; it accomplishes the required elimination of the candidate ! %"$%!&%! . In

production (phonetic implementation), the same cue constraint is again crucial; without

it, the surface form ! %"$%" *%!  would be pronounced ["$" *] instead of ["($" *]:

(12)  73"!&1$0#$8).&8&!1(1$"!

! %"$%" *%! *! u!
[) ]

*! tu!
[!"#!"$%&]

*!!0"!1!
[!"$%&]

["$" *] *!

!     ["($" *] *

[") " *] *! *

Perhaps Japanese has a general cue constraint *!!0"!1! [!"$%&] that says that

phonological plosives should not be phonetically affricated; such a constraint would

account for the affricationless pronunciations of ! "&! , ! "+! , ! ") ! , ! ,&! , ! ,+ ! , ! ,* ! , ! ,) ! ,

! ,$ ! , ! '& ! , ! '+ ! , ! '* ! , ! ') ! , and ! '$ ! , and their voiced counterparts. For the affricated

exceptions this general constraint has to be overridden by more specific constraints such

as *! tu! [!"#!"$%&]. Perhaps these exceptions could be handled by a more general

*! {C,!0"!1,!!(%,0"+}{V, ! 3$,3}! [!"#!"$%&], which would also turn ! ti!  into ["#*] and

! du!  into [dzu]. Whether such a more general constraint is viable depends on the extent

to which ["*] is allowed to contrast with ["#*] in Japanese and on the analysis of the

merger of underlying -.$- and -/$- into [dzu]. In-depth investigations that could shed

light on this matter are outside the scope of the present paper, but I mention the issues

here in order to illustrate that one can do ‘real’ phonology around cue constraints.
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#$%&'()*+(*),-&+./'(),0/('&10'+*''%1&0/&23&$,4%&)%'()0+(%1&5%)+%5(0./&,-./%6&7&101&/.(
10'+*''&,/8&%99%+(&($%8&:0;$(&$,4%&./&5).1*+(0./<&#$%0)&()*-8&=010)%+(0./,-&%99%+('&,)%
0--*'(),(%1&0/&2>?&,/1&9.)&,&@,5,/%'%A-0B%&+,'%&0/&2C<><

4  Robust perception: Richness of the Base is in comprehension

#$%&robust perception& :%/(0./%1& 0/& 23& 0'& )%-,(%1& (.& (D.& +./+%5('& ($,(& $,4%& =%%/
5).5.'%1&%,)-0%)&0/&E#<&F0)'(&($%)%&0'&richness of the base&GH)0/+%&I&J:.-%/'B8&"KK3L?
,++.)10/;&(.&D$0+$&0/5*('&G(.&5).1*+(0./L&+,/&=%&,/8($0/;M&%4%/&$85.($%(0+,-&*/1%)-80/;
9.):'&($,(&1.&/.(&,+(*,--8&.++*)&0/&($%&-%N0+./&.9&($%&-,/;*,;%&,(&$,/1&D0--&=%&+./4%)(%1
=8&($%&;),::,)&G+./'(),0/(&),/B0/;L&(.&D%--A9.):%1&'*)9,+%&'()*+(*)%'<&7/&($%&5%)+%5(0./
+,'%?&)0+$/%''&.9&($%&=,'%&)%'01%'&0/&($%&,*10(.)8&9.):?&D$0+$&0'&($%&0/5*(&(.&5%)+%5(0./
,/1&+,/&=%&,/8($0/;M&%4%/&,*10(.)8&%4%/('&($,(&1.&/.(&/.):,--8&.++*)&0/&($%&-0'(%/%)O'
-,/;*,;%&%/40)./:%/(&D0--&=%&+./4%)(%1&=8&($%&;),::,)&(.&G:.)%&.)&-%''L&D%--A9.):%1
'*)9,+%& '()*+(*)%'<& J0/+%& D%& )%9%)& (.& ($0'& ,'& ).=*'(& 5%)+%5(0./?& D%& '$.*-1& 5%)$,5'
)%/,:%&H)0/+%&I&J:.-%/'B8O'&4%)'0./&.9&)0+$/%''&.9&($%&=,'%&(.&robust production?&(.
:,B%&0('&.)0%/(,(0./&%N5-0+0(<&#$%&'%+./1&+./+%5(&)%-,(%1&(.&).=*'(&5%)+%5(0./&0'&robust

interpretive parsing&G#%',)&I&J:.-%/'B8&"KKP?&!QQQL?&,++.)10/;&(.&D$0+$&($%&-0'(%/%)
'*++%%1'&0/&:,B0/;&'%/'%&.9&,/8&overt form&G0/&#%',)&I&J:.-%/'B8O'&%N,:5-%&($0'&0'&,
'%R*%/+%&.9&'8--,=-%'&:,)B%1&9.)&'()%''L&=8&+./4%)(0/;&0(&(.&,&'%/'0=-%&'*)9,+%&'()*+(*)%
G0/&#%',)&I&J:.-%/'B8O'&%N,:5-%&,&'%R*%/+%&.9&9%%(&D0($&$%,1&'8--,=-%'L?&%4%/&09&($%
-0'(%/%)O'&;),::,)&+.*-1&/%4%)&;%/%),(%&'*+$&,&'()*+(*)%&0/&5).1*+(0./<&#.&($%&%N(%/(
($,(&#%',)&I&J:.-%/'B8O'&0/(%)5)%(04%&5,)'0/;&+,/&=%&%R*,(%1&D0($&D$,(&.($%)'&+,--
5%)+%5(0./?&($%&+./+%5('&.9&).=*'(&5%)+%5(0./&,/1&).=*'(&0/(%)5)%(04%&5,)'0/;&,)%&/.(&S*'(
)%-,(%1&=*(&01%/(0+,-&G,&1099%)%/+%&=%(D%%/&($%:&D0--&=%&10'+*''%1&-,(%)L<&7&D0--&/.D
:,B%&5-,*'0=-%&($,(&($%&(D.&+./+%5('&+,/&0/1%%1&=%&%R*,(%1<

T'&,/&%N,:5-%&.9&-,/;*,;%A1%5%/1%/(&0/(%)5)%(04%&5,)'0/;?&#%',)&G"KKUL&:%/(0./'
($%&V.4%)(&9.):O&W! &!! &! X?&D$0+$&0'&,&'%R*%/+%&.9&($)%%&'8--,=-%'&.9&D$0+$&($%&:011-%&./%
0'&'()%''%1<&#$%&(,'B&.9&($%&-0'(%/%)&0'&(.&:,5&($0'&.4%)(&9.):&(.&,&:.)%&,='(),+(&:%()0+,-
'()*+(*)%<&T++.)10/;&(.&#%',)?&($%&.4%)(&9.):&W! &!! &! X&D0--&=%&0/(%)5)%(%1&,'&($%&9..(
'()*+(*)%&/G! &!! L&! /&0/& ,& -%9(A,-0;/0/;&0,:=0+&-,/;*,;%?&,/1&(.&/! &G!! &! L/&0/& ,& )0;$(A
,-0;/0/;&().+$,0+&-,/;*,;%?&1%5%/10/;&./&($%&-,/;*,;%A'5%+090+&),/B0/;&.9&($%&'()*+(*),-
G:%()0+,-L& +./'(),0/('<& #$0'& -..B'& '(),0;$(9.)D,)1-8& -0B%& D$,(& 7& $,4%& 1%90/%1& ,'
5%)+%5(0./<&T-($.*;$&#%',)&G,/1&J:.-%/'B8L&/%4%)&1),D&,&(,=-%,*&($,(&$,'&($%&.4%)(
9.):&,'&0('&0/5*(&,/1&($%&0/(%)5)%(%1&'()*+(*)%&,'&0('&.*(5*(&G,--&.9&($%0)&(,=-%,*'&0/+-*1%
($%&D0//0/;&+,/101,(%'&0/&productionLC?&'*+$&,&(,=-%,*&+,/&=%&1),D/&%,'0-8?&,'&$%)%&0/
(,=-%,*'&G"3L&,/1&G">L&D$0+$&*'%&,&'*='%(&.9&#%',)O'&+./'(),0/('<

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&
C&#%',)O'&G"KKUL&#,=-%&>?&9.)&0/'(,/+%?&+./(,0/'&($%&.5(0:,-&9.):&0/&+.:5)%$%/'0./&G+,--%1&VD0//%)OL?&=*(
,-'.&+./(,0/'&,/&%4%/&:.)%&$,):./0+&9.):?&/,:%-8&($%&.5(0:,-&9.):&0/&production&G+,--%1&V-.'%)OL<&#$0'
:,B%'&0(&+-%,)&($,(&($%&;.,-&.9&'*+$&(,=-%,*'&0'&/.(&(.&:.1%-&($%&+.:5)%$%/'0./&5).+%''?&=*(&(.&+.:5,)%
9.):'&./&=%$,-9&.9&,&-%,)/0/;&,-;.)0($:<&7/&-,(%)&D.)B?&#%',)&G"KKKM&#,=-%,*&PL&1.%'&5).401%&,&(,=-%,*
-0B%&G"3L&.)&G">L<
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"#$%&&!"#$%&'()*"$&"*#%+,)%,)')("-#.'(%/,%,/)%'01%&)(',/2'/"

' ! &!! &! ( ) **+ , *)+ -./0-1 +2314.-1 ) **+ 2 -54+

! &&&&&&&! "! &!! %&! ! 6 6

! ! &"!! &! %! 67 6

"#8%&&!"#$%&'()*"$&"*#%+,)%,)')$%/3#.'(%/,%,/)#$+&3'%&)(',/2'/"

' ! &!! &! ( ) **+ 2 -54+ +2314.-1 -./0-1 ) **+ , *)+

! "! &!! %&! ! 67 6

! &&&&&&&! ! &"!! &! %! 6 6

9:;<=&+=>?@&A&BCD<=E>FGH>&>I@J?K=&>L@IKLI@=>&?@=&IEKDEL@DM=@>;?<<G&L:=&>?C=&F;EN&DJ
L:;EO&?>&L:=&DILPIL&DJ&P=@K=PL;DE&;E&CG&=?@<;=@&P=@K=PL;DE&L?Q<=?I>R&L:=&>?C=&K?EEDL&Q=
;CC=N;?L=<G&K<?;C=N&?QDIL&L:=&DM=@L&JD@C>&;E&"#$%&?EN&"#8%S&.@=&L:=G&@=?<<G&?IN;LD@G
JD@C>T& .JL=@& ?<<R& L:=& ;EPIL& JD@C& '! &!! &! (& ?<@=?NG& KDE>;>L>& DJ& >G<<?Q<=>R& U:;K:& ?@=
<?EOI?O=VN=P=EN=EL& :;O:=@V<=M=<& >L@IKLI@=>R& ?EN& CG& I>=& DJ& L:=& N;>K@=L=& -W.& >L@=>>
>GCQD<&?<@=?NG&?Q>L@?KL>&?U?G&J@DC&L:=&KDEL;EIDI>&?IN;LD@G&KD@@=<?L=>&DJ&>L@=>>&>IK:&?>
;EL=E>;LGR&P;LK:R&?EN&NI@?L;DES&0IL&-&U?EL&LD&?>>=@L&L:?L&L:=&JDDL&>L@IKLI@=>&;E&L:=&+2#*2#
K?EN;N?L=>&DJ&"#$%&?EN&"#8%&?@=&=M=E&CD@=&?Q>L@?KL&?EN&:;O:V<=M=<&L:?E&L:;>&DM=@L&;EPIL
JD@CS&9:?L&U=&>==& ;E&"#$%&?EN&"#8%R&L:=ER&;>&?&>L=P&DE&L:=&U?G&J@DC&L:=& IE;M=@>?<
?IN;LD@G&JD@C&LD&L:=&<?EOI?O=V>P=K;J;K&P:DED<DO;K?<&>I@J?K=&>L@IKLI@=S&+:I>R&L?Q<=?I>
"#$%&?EN&"#8%&@=P@=>=EL&?&>L=P&;E&L:=&P=@K=PL;DE&P@DK=>>S&XDUR&-&ND&EDL&C=?E&LD&;CP<G
L:?L&L:=&P=@K=PL;DE&P@DK=>>&KDE>;>L>&DJ&?&>=YI=EK=&DJ&>L=P>S&+:=&C?PP;EO&J@DC&?IN;LD@G
KI=>&LD&>=OC=EL>R&J@DC&>=OC=EL>&LD&>G<<?Q<=>R&?EN&J@DC&>G<<?Q<=>&LD&J==L&KDI<N&U=<<&Q=
NDE=&;E&P?@?<<=<S&-E&L:?L&K?>=R&L:=&C?PP;EO&J@DC&>=OC=EL&LD&>G<<?Q<=&KDI<N&U=<<&N=P=EN
DE&L:=&JDDL&>L@IKLI@=&L:?L&L:=&<;>L=E=@&:?>&LD&K@=?L=&?L&L:=&>?C=&L;C=S&-&?>>IC=&L:?LR
;EN==NR&L:=&M?@;DI>&J?K=L>&DJ&P=@K=PL;DE&UD@F&;E&P?@?<<=<&;E&CIK:&L:=&>?C=&U?G&?>&L:=
M?@;DI>&J?K=L>&DJ&P@DNIKL;DE&UD@F&;E&P?@?<<=<&;E&CD>L&PIQ<;>:=N&3+&?E?<G>=>S&.EN&>;EK=
;E&3+&?E?<G>=>&DJ&P@DNIKL;DE&DE=&K?E&J;EN&C?PP;EO>&?L&M?@;DI>&<=M=<>&DJ&?Q>L@?KL;DER&-
L?F=&L:=&<;Q=@LG&DJ&ND;EO&L:=&>?C=&JD@&P=@K=PL;DE&?EN&N=K<?@=&L?Q<=?I>&"#$%&?EN&"#8%&?>
P=@K=PL;DE&L?Q<=?I>R&L:I>&;N=EL;JG;EO&+=>?@&A&BCD<=E>FGH>&;EL=@P@=L;M=&P?@>;EO&U;L:&L:=
P=@K=PL;DE&P@DK=>>S

+:=&O@?CC?L;K?<&J@?C=UD@F&QG&+=>?@&A&BCD<=E>FG&;>&<=>>&@=>L@;KL;M=&L:?E&L:?L&QG
WD<;M?EDMS& 9:=@=?>& WD<;M?EDM& ?>>IC=>& L:?L& >L@IKLI@?<& KDE>L@?;EL>& ?@=& ;E& 5* X

";EM;D<?Q<=%&?EN&KI=&KDE>L@?;EL>&;E&13X &"M;D<?Q<=%R&+=>?@&A&BCD<=E>FG&JD<<DU&L:=&I>I?<
3PL;C?<;LGV+:=D@=L;K?<&>L?ENPD;EL&L:?L&>L@IKLI@?<&KDE>L@?;EL>&?@=&M;D<?Q<=R&;S=S&@=>;N=&;E
13X S&+:;>&M;D<?Q;<;LG&;>&K@IK;?<&;E&L?Q<=?I>&"#$%&?EN&"#8%&?EN&-&U;<<&?>>IC=&L:?L&;L&;>
KD@@=KLS& -E& DL:=@& UD@N>R& P:DEDL?KL;K& KDE>L@?;EL>& K?E& KDEJ<;KL& U;L:& =?K:& DL:=@& ;E
P=@K=PL;DER&;E&U:;K:&K?>=&L:=;@&@=<?L;M=&@?EF;EO&Q=KDC=>&K@IK;?<S

+:=& @DQI>LE=>>& DJ& L:=& P=@K=PL;DE& P@DK=>>& :?>& ?<@=?NG& Q==E& ;<<I>L@?L=N& U;L:& L:=
Z?P?E=>=&P=@K=PL;DE&DJ&?&JD@=;OE&!"#$%S&+=>?@&A&BCD<=E>FGH>&@DQI>LE=>>&PD;EL&?PP<;=>&LD
J;@>LV<?EOI?O=&?KYI;>;L;DER&?EN&>P=K;J;K?<<G&LD&L:=;@&P@DPD>?<&L:?L&?&>P=?F=@! <;>L=E=@&I>=>
L:=&>?C=&KDE>L@?;EL&@?EF;EO&;E&P@DNIKL;DE&?>&;E&P=@K=PL;DES&.&K:;<N&<=?@E;EO&L:=&<=JLV
?<;OE;EO&;?CQ;K&<?EOI?O=&DJ&L?Q<=?I& "#$%R&JD@&;E>L?EK=R&C?G&:?M=&?L&?&K=@L?;E&PD;EL
NI@;EO&:=@&?KYI;>;L;DE&P=@;DN&L:=&O@?CC?@&)**+ , *)+ &[[&+2314.-1 &[[&-./0-1 &[[
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#$$%&'()% *+ %,-.+ /01234/-56-65+ 2789,4-9+ 574::47+ -.+ -69877092;+ .-690+ -2+ 94<.0.+ 46
<6=07/>-65+|! +! +! |+28+?0+@78=<90=+4.+2,0+.<71490+187:+/A!! +! B+! /*+C,06+.<9,+4+9,-/=
,047.+2,0+9877092+8D072+187:+E! +!! +! F;+,8G0D07;+.,0+G-//+-6207@702+-2+4.+/A! +!! B+! /;+G,-9,
946+04.-/>+?0+.006+?>+70D07.-65+2,0+2G8+18823187:+986.274-62.+-6+AH"B*+I-690+2,0+9,-/=J.
78?<.2+@0790@2-86+946+:4K0+.06.0+81+4+187:+2,42+.,0+G8</=+60D07+@78=<90+,07.0/1;+2,0
9,-/=+-.+4?/0+28+682-90+2,0+=-.970@469>+?02G006+2,0+2G8+187:.+/A!! +! B+! /+46=+/A! +!! B+! /;
46=+946+24K0+492-86;+@07,4@.+?>+70D07.-65+2,0+746K-65+81+%&LM)N'M +OO+'NPQ'M+-6+,07
574::47*+%,<.;+%0.47+R+I:8/06.K>J.+@8-62+-.+2,42+78?<.260..+,0/@.+/0476-65*+'6+.<:;
G0+9869/<=0+2,42+2,0+78?<.260..+81+2,0+@0790@2-86+@7890..+@78@8.0=+-6+2,-.+.092-86+,0/@.
-6+2,0+49S<-.-2-86+81+4+1-7.2+46=+.0986=+/465<450+46=+-6+/846G87=+4=4@242-86*

N//+81+%0.47+R+I:8/06.K>J.+0T4:@/0.+81+78?<.2+-6207@702-D0+@47.-65+470+,46=/0=
G-2,+.27<92<74/+986.274-62.+4/860U+-6+6860+81+2,0-7+0T4:@/0.+=8+2,0>+4==70..+2,0+-..<0+81
9<0+ 986.274-62.*+ '6+ 4+ 1<//+ 4998<62+ 81+ .270..+ @0790@2-86+ 860+ G8</=+ ,4D0+ 28+ -69/<=0
986.274-62.+187+2,0+ :4@@-65+81+ .270..+9<0.*+#87+ -6.24690;+ /465<4503.@09-1-9+4<=-287>
0D062.+A-6206.-2>;+@-29,;+=<742-86B+470+9<0.+28+@,868/85-94/+.270..+A-*0*+@,868/85-94/+1882
,04=0=60..+187+4//+.270..0=+.>//4?/0.;+46=+@,868/85-94/3G87=+,04=0=60..+187+@7-:47>3
.270..0=+.>//4?/0.B*+ '+G-//+682+@<7.<0+2,-.+46>+1<72,07+,070*+N6+0T4:@/0+81+.27<92<74/
986.274-62.+ 2,42+ 470+ 97<9-4//>+ ?-=-7092-864/+ A-*0*+ 2,42+ 70.27-92+ @0790@2-86+ 4.+ G0//+ 4.
@78=<92-86+ -6+ 686327-D-4/+ 46=+ 6863-=062-94/+ G4>.B+ 46=+ 97<9-4//>+ -6207492+ G-2,+ 9<0
986.274-62.+-.+@78D-=0=+-6+VW*X*

5  More examples of perception in OT

%,-.+.092-86+70D-0G.+.8:0+:870+0T4:@/0.+81+,8G+@0790@2-86+,4.+?006+187:4/-Y0=+-6
L@2-:4/-2>+%,087>*+'+-6D0.2-5420+6860+81+2,0.0+0T4:@/0.+-6+1<//+=024-/U+742,07;+'+@78D-=0
2,0:+,070+-6+87=07+28+14:-/-47-Y0+2,0+704=07+G-2,+2,0+=-7092-86.+2,42+1<//+@,868/85-94/
-6D0.2-542-86.+-628+9<0+986.274-62.+:4>+24K0*

5.1  Autosegmental constraints on tone

N6+047/>+0T4:@/0+81+4+.27<92<74/+986.274-62+-6+@,868/85>+-.+2,0+L?/-54287>+M8628<7
Z7-69-@/0+ A[0?06+ H\]";+ (8/=.:-2,+ H\]^B*+ '6+ 2,087-0.+ 81+ .<@74.05:0624/+ 2860;+ 2,-.
986.274-62+:-/-2420.+454-6.2+2,0+899<770690+81+2G8+-=062-94/+2860.+-6+4+78G*+P>07.+AH\\]B
-6D0.2-5420=+2,0+LMZ+4.+4+986.274-62+-6+L%*+ '6+Q807.:4+AH\\_;+ !```B+2,0+LMZ+G4.
-6207@7020=+4.+2,0+98<6207@472+81+2,0+[-60+M78..-65+M86=-2-86;+-6+2,0+.06.0+2,42+:46>
.27<92<70.+2,42+D-8/420+2,0+LMZ+=8+682+D-8/420+2,0+[MM+46=+D-90+D07.4+A-6+2,-.+70.@092;
2,0+2G8+986.274-62.+470+.-:-/47+28+82,07+@4-7.+81+8@@8.-20.+.<9,+4.+N['(a #$$%[ $#%+46=
N['(a #$$%&'()% ;+ 87+ 'NPQ'M +46=+%&LM)N'M B*+ %,0+ 0T@/-9-2+ =01-6-2-86.+ 81+ 2,0+ 2G8
986.274-62.+470+5-D06+-6+AHWB*

AHWB++Autosegmental constraints

4* LMZ+Afeature value;+materialBb+2,0+.<71490+187:+946682+98624-6+2G8+-6.24690.+81
feature value+-1+682+:870+2,46+4+90724-6+4:8<62+81+material+-6207D060.U

?* [ MM+Afeature value;+materialBb+4+.-65/0+-6.24690+81+feature value+-6+2,0+.<71490
187:+946682+.@46+4978..+4+90724-6+4:8<62+81+material*

%,0.0+=01-6-2-86.+470+=-1107062+178:+2,8.0+-6+Q807.:4+AH\\_B;+G,070+2,0.0+986.274-62.
G070+9<0+986.274-62.*+%,0+9<77062+=01-6-2-86+-.+9/8.07+28+G,42+@,868/85-.2.+470+<.0=+28



!"
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#,5/''Shona perception of a suprasyllabic high tone

G! a"#$a"H G! "H'" '!
!

H

! I JK'#LF'M! N! '/ OJJ' #LF'M! N! '/

!''''''' !
! a " # a

H

! P

!
! ! " # !

" "
! PQ

!
! ! ! " !

"
! PQ

#,./'' Mandarin perception of a sequence of syllabic high tones

G%a"fa"H G! "H'" '!
!

!
! OJJ' #LF'M! N! '/ I JK'#LF'M! N! '/

!
! a f a

H

'
! PQ

!''''''' !
! ! " !

# #

'
! P

!
! ! " !

#

'
! PQ

A6'R8961F'=896939&DC13'=*9C$++$+'9>'+=*$17D6&'167'7$3$BD96'D67DC1B$'B81B'7D+)3312DC
:9*7+':DB8'B:9'8D&8SB96$7'+)33123$+F'+4C8'1+'[! a"#$a"]'TU6D>$VF'81E$'963)'96$'467$*3)D6&
L'B96$'#()$*+',--./%'A>'=*$3$;DC13'=$*C$=BD96'D+'1D<$7'1B'<1;D<133)'>1CD3DB1BD6&'3$;DC13
1CC$++F5' 1' +$W4$6C$' 9>' B:9' 8D&8SB96$7' +)33123$+' +89437' B8$*$>9*$' =*$>$*123)' 2$
D6B$*=*$B$7'96'B8$'=896939&DC13'+4*>1C$'3$E$3'1+'81ED6&'1'+D6&3$'8D&8'B96$'#L/%'0123$14
#,5/'7$+C*D2$+'D6'7$B1D3'89:'1' :9*7' :DB8'+4C8'1'+$W4$6C$'D+'=$*C$DE$7%'08$'147DB9*)
>9*<'9>'B8$' :9*7'TU6D>$V'D+'[! a"#$a"]%'08$'B8D*7'C167D71B$'D6'#,5/'D+'*43$7'94B'2$C14+$

''''''''''''''''''''''''''''''''''''''''''''''''
5' 08D+'1D<'9>'=*$3$;DC13'=$*C$=BD96'81+'2$$6'>9*<431B$7'2)'=+)C893D6&4D+B+'#$%&%' (CX4$$6'Y'J4B3$*
,--./F'167'81+'2$$6'>9*<431B$7'>9*'I0'2)'?9$*+<1'#!@@@/%'A6'<43BDS3$E$3'I0F'B8$'+D<D31*DB)'9>'+4*>1C$
167'467$*3)D6&'>9*<+'D+'&$6$*133)'17E9C1B$7'2)'>1DB8>436$++'C96+B*1D6B+%'Z8$B8$*'>1DB8>436$++'C96+B*1D6B+
D67$$7'8$3='B8$'$<$*&$6C$'9>'B8$'IJK'167'OJJ'*16UD6&+'D6'#,5/'167'#,./'74*D6&'1CW4D+DBD96F'9*':8$B8$*
B8$)':9437'D6+B$17'+D<=3)'9E$**D7$'B8$'=*$>$*$6C$+'9>'IJK'167'OJJ'D6'1'=1*133$3'C9<=*$8$6+D96'<97$3
+4C8'1+'B81B'D6'[D&4*$'5F'C9437'2$'7$B$*<D6$7'2)'C9<=4B$*'+D<431BD96+'9>'B8$'C96C4**$6B'1CW4D+DBD96'9>
+B*4CB4*13F'C4$F'167'>1DB8>436$++'C96+B*1D6B+F'=$*81=+'1396&'B8$'3D6$+'9>'?9$*+<1'#!@@52/%
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L-&%' &%4%A*.#' B(#$(.' #$%' :&%)%.#' 7&*8%B-&;' ()' #$%' -5)%&A*#(-.' #$*#' (7' :&%4%T(+*4
:%&+%:#(-.' ()'*(8%2'*#'8*T(8*44/'7*+(4(#*#(.0'4%T(+*4'*++%))F'*' )%^,%.+%'-7'#B-'$(0$1
#-.%2')/44*54%)F'),+$'*)'N&a"fa"O'_)-7*`F')$-,42':&%7%&*54/'5%':%&+%(A%2'B(#$'#B-')%:*&*#%
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''''''''''''''''''''''''''''''''''''''''''''''''
9'C7'+-,&)%'#$%'*,2(#-&/'7-&8'2-%)'.-#'&%*44/'+-.#*(.')/44*54%)F'B$(+$'*&%':$-.-4-0(+*4')#&,+#,&%)?'M'8*;%
#$%')*8%')(8:4(7(+*#(-.'$%&%'*)'@%)*&'c'I8-4%.);/'=)%%'dQ>?
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'
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N

'
/ 34

#$5&''3$)%*4'()$*)(+,-%'-.'/)56)%+#1'%#/#1,+0
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"
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/
S A ! ç
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'
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'
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67'89:;:7</'7:=:>?@A'?=':==?B7CD':@'@EC'FG;D'>CHC>I'@EC;C':;C'FG;D='J;G7G97KCD':='&!"!#$!'
L8GDM':7D'&!"#$''LNCDM/'N9@'7G'FG;D='J;G7G97KCD':='3&!"!#$''G;'3&!"#$!' O'PEC'9=9:>'H?CF
#COBO'.?BBG@@'$55!/'Q:>RC;'$55%&'?='@E:@'@EC'SG;T'&!"!#$!' 'E:='@G'NC'?7@C;J;C@CD':='E:H?7B':
=?7B>C'7:=:>?@A'#U&'H:>9C' :@'@EC'=9;S:KC'>CHC>O'P:N>C:9'#$%&'SG;T:>?VC='@E?=' :=' :'E?BE
;:7R?7B' GS' @EC' ,-.' SG;' 7:=:>?@A' ?7' 89:;:7<O' 67' W;C7KE/' @EC' 7:=:>?@A' GS' KG7=CK9@?HC
HGFC>=' ?=' 97KG;;C>:@CD/' =?7KC' @EC;C' :;C' FG;D=' J;G7G97KCD' :='&"#!%$!' ' L=G7BM/'&($#%!'
L;:NN?@M/'&"$#)' 'LE:@M/':7D'&#$!%)''LJGJJAMO'PE?='TC:7='@E:@'7:=:>?@A'E:='@G'NC'=@G;CD
=CJ:;:@C>A'F?@E'CHC;A'HGFC>'?7'@EC'>CX?KG7O'6S'JC;KCJ@?G7'?='@G'NC':?TCD':@'T:X?T:>>A
S:K?>?@:@?7B'>CX?K:>' :KKC==/'W;C7KE'JC;KCJ@?G7'T9=@'T:J'@EC'@FG'7:=:>?VCD'HGFC>='?7
&"#!%$!' '@G'@FG'D?SSC;C7@'/U/'SC:@9;C'H:>9C='?7'@EC'JEG7G>GB?K:>'=9;S:KC'=@;9K@9;C/':='?7
@:N>C:9'#$5&O

Y:7A'JEG7G>GB?K:>'?==9C=';CT:?7'@E:@'6'K:77G@'S9>>A':DD;C=='EC;CO'PEC'DGT:?7'GS
@EC'=?7B>C'7:=:>'=JCK?S?K:@?G7'?7'#$%&/':='FC>>':='GS'@EC'=?7B>C'Z'@G7C'?7'#$"&/'?='@EC'FG;DO
[9@'G7'@EC'J;C>CX?K:>'>CHC>'>?=@C7C;='DG'7G@'EC:;'FG;D'NG97D:;?C=O'PEC'\9C=@?G7'@EC7'?=I
:;C'JEG7C@?K'E?BE]@G7C'=@;C@KEC=' :7D'JEG7C@?K'7:=:>?@A'=@;C@KEC='?7@C;;9J@CD'NA'FG;D
NG97D:;?C='G;'7G@/'COBO'DG'>?=@C7C;='?7@C;J;C@'(!" !#$!)':='E:H?7B':'=?7B>C'7:=:>'CHC7'?S'@EC;C
?=':'FG;D'NG97D:;A'NC@FCC7'(!" !)':7D'(#$!)^'PECA'KG9>D'?7DCCD'DG'@E?='?S'@EC'>CX?KG7'?=
:>>GFCD'@G'J:=='G7'?7SG;T:@?G7':NG9@'FG;D'NG97D:;?C='@G'@EC'>GFC;'J;C>CX?K:>'>CHC>/':=
?7'#_&O'6'DCSC;':7':KKG97@'GS'=9KE':7'?7@C;:K@?G7'@G'`_O$O
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?1-% .(% &(% @9% &00)1(-% )5% 7$'0$7-.)(A% .(% *2.02% 72)()6)>.0&6% B/-'10-1'&6C% 0)(/-'&.(-/
.(561$(0$%-2$%7$'0$7-.)(%7')0$//A%-2$'$%./%()%+.02)-):,8%9&36$&1/%B!DC%&(+%B!EC%>.;$%-2$
$F&:76$%B5'):%?)$'/:&%G!DDDH%!DDIJ%I!C%)5%-2$%&+&7-&-.)(%)5%-2$%K)'-1>1$/$%&1+.-)',
5)':/%!! " "#" ##%<L)2(=%&(+%!$"%"#" ##%</)&7=%3,%/7$&M$'/%)5%N$/&()%BO&,$%EP"ECA%&()-2$'
(&/&6% 2&':)(,% 6&(>1&>$8% 92$% /-'10-1'&6% 0)(/-'&.(-/% Q/RSA! nasTRUA+nasT/%&(+
Q/R" ,! nasTR" ,+nasT/%:.6.-&-$%&>&.(/-%(&/&6%+./2&':)(,%*.-2.(%&(+%&0')//%/,66&36$/A
'$/7$0-.;$6,A% &(+% -2$% 01$% 0)(/-'&.(-/% Q/U A+nas/GnonnasalHA%Q/UA! nas/GnasalHA
Q/SA+nas/GnonnasalH%&(+%Q/SA! nas/GnasalH% $F7'$//% -2$% 5&;)1'$+% .(-$'7'$-&-.)(% )5
(&/&6.-,%01$/%5)'%;)*$6/%&(+%0)(/)(&(-/A%'$/7$0-.;$6,8

B!DC%%Desano adaptation of Portuguese

G! " "#" #H
Q/RSA! nasT
RUA+nasT/

Q/R" ,! nasT
R" ,+nasTV
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! !

"
/ QW

! %%%%%%%%%/
! u
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/ Q

/ ! %1%/ QW

B!EC%%Desano adaptation of Portuguese

G$"%"#" #H
Q/RSA! nasT
RUA+nasT/

Q/R" ,! nasT
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I have thus given an account of an apparent perception-production difference fully

in terms of the three levels and the native processing model of Boersma (1998 et seq.),

without having to take recourse to any devices specific to foreign-language perception

or loanword phonology. This is strikingly different from later accounts of phonological

perception in loanword phonology (Kenstowicz 2001, Broselow 2003, Yip 2006), all of

which work within a two-level model of phonology and therefore have to posit different

faithfulness constraints (or different rankings) in production than in perception; here as

well we could say (with Kenstowicz, Broselow and Yip) that in perception the identity

constraint outranks the anti-insertion constraint whereas in production the anti-insertion

constraint outranks the identity constraint; however, cue constraints are fundamentally

different from faithfulness constraints, and both types of constraints are needed anyway

to account for native phonological processing, so this comparison cannot really be

made. Specifically, the low ranking of */! /[ ] can be explained by the fact that in a

noisy environment not all possible auditory cues will always be present, so that listeners

have learned to freely hypothesize features and segments for which there is no positive

auditory evidence; no such mechanism is available for the ranking of DEP (Boersma

2007a: 2021).

We have seen that perception and production do not undergo the same phonological

!"#$%&& (as Kabak and Idsardi indeed found), but they do undergo the influence of the

same phonological $#'&(")*'( . Here I have thus reconciled one of the phonology-versus-

perception debates. For related examples of the interaction of structural and cue

constraints in loanword adaptation, see Boersma & Hamann (2007c).

5.5  Arbitrary relations between auditory and surface forms

The cue constraints in (16) to (21) look a bit like faithfulness constraints, e.g. “if there

are nasality and vowel cues in the input, the output must have nasality linked to a

vowel”. Such simplifying formulations disguise what is really going on, namely a partly

arbitrary relation between auditory input and phonological output. The arbitrariness

becomes especially visible if we consider cases of $+%,*'(%-")(*#'. Tableaus (24) and

(25), from Escudero & Boersma (2004), give examples of the integration of auditory

vowel height (first formant, F1) and auditory duration into the single contrast between

the English vowels /!/ and /"/.

(24)  .%"$%!(*#',#/,)',)+0*(#"1,%2%'(,*',3$#((*&4,5'-6*&4

[74 ms, 349 Hz]
*/"/

[349 Hz]

*/!/
[74 ms]

*/"/
[74 ms]

*/!/
[349 Hz]

/"/ *! *

!                  /!/ * *

(25)  .%"$%!(*#',#/,(4%,&)7%,)+0*(#"1,%2%'(,*',3#+(4%"',8"*(*&4,5'-6*&4

[74 ms, 349 Hz]
*/!/

[349 Hz]

*/!/
[74 ms]

*/"/
[74 ms]

*/"/
[349 Hz]

!                  /"/ * *

/!/ *! *
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/ surface form/

[auditory form ]
cue constraints

!"#$%&'  Phonetic implementation (preliminary version).

Let us see what phonetic implementation would look like if Figure 10 were correct, i.e.

if it were handled by cue constraints alone. The most economical assumption to make

about the ranking of the cue constraints in phonetic implementation is that this ranking

is identical to the ranking of the cue constraints that is optimal for comprehension, i.e.

the ranking in (28) to (30). If a speaker of English reuses this ranking in production, she

will try to have both cues right, as tableau (31) shows.

(31)  Phonetic implementation with cue constraints only

! .nid.! *!!son, ! voi!
[nonlengthened vowel]

*! ! voi!
[nonperiodic]]

[ni!t] *! *

[ni!!t] *!

[ni!d] *!

!   [ni!!d]

But phonetic implementation is not just about rendering cues. It is also about doing so

efficiently, i.e. with the minimum expenditure of articulatory effort. Therefore, phonetic

implementation is a parallel process that maps from a phonological surface form to a

pair of auditory and articulatory form, as in Figure 11.

  

/ surface form/

[auditory form ]

[articulatory form]articulatory constraints
sensorimotor constraints

cue constraints

!"#$%&&  Parallel phonetic implementation (full version).

The articulatory form has to be linked to the auditory form in some way. In this paper I

simplifyingly assume that this sensorimotor knowledge is perfect, i.e. sensorimotor

constraints are either ranked very high or very low. The articulatory-phonetic form itself

is evaluated by articulatory constraints (Kirchner 1998, Boersma 1998). In the case at

hand, we observe that it is especially difficult to pronounce periodicity in a final

plosive. I express this simply with the constraint *[periodic, final plosive]. In a

complete phonetic implementation tableau, this constraint must interact with cue

constraints. If the articulatory constraint outranks the lower-ranked cue constraint,

speakers will implement only the most important cue:
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7/0237>81.,,%561,2;/012,%01%:/;/88.8%56C:;.3.1,061A%B3.%:;.,.12%,.52061%90?.,%/%=/,05
/556>12%67%/%5/,.%-3.;.%02%866D,%/,%07%23.%8.H0561%0178>.15.,%:;.8.H05/8%:.;5.:2061A

B3.%.H/C:8.%F%-088%@0,5>,,%0,%23/2%67%/%,3072%67%23.%=6>1@/;E%=.2-.1.%2-6%5/2.96;0.,
61%/%,0198.%/>@026;E%561201>>CA%F2%3/,%=..1%,36-1%23/2%23.%.H0,2.15.%67%/%76;C%01%23.
8.H0561% 5/1% =0/,% 23.% 80,2.1.;M,% ;.:6;2.@% 5/2.96;E% 26-/;@,% 23.% 61.% 23/2% 655>;,% 01% /1
.H0,2019%-6;@'%.,:.50/88E%07%23.%/>@026;E%76;C%0,%/C=09>6>,%=.2-..1%23.%2-6%5/2.96;0.,
"X/1619%NYZQ$A

F%-088%@0,5>,,%/1%.H/C:8.A%[>::6,.%23.%/>@026;E%76;C%0,%/%,6>1@%23/2%,6>1@,%80D.%/
2E:05/8%[:/10,3%8&%#$%"-3053%0,%/%161,.1,.%-6;@$%6;%5&%#$%"-3053%C./1,%L:/;2M$'%6;



!"

#$%&'()*+, )*, -&'.&&*/, 0(&, 1$22$.)*+, '3-2&34#, )+*$5&, &6&57, 348)'$57, 3#9&:', $1, '()#
#$4*8, &;:&9', '(&, 6$):&, $*#&', ')%&, <=>0?, $1, '(&, )*)')32, 92$#)6&/, @, 3##4%&, '(3', '(&
9&5:&9'432,-$4*8357,-&'.&&*,! - ! ,3*8,! 9! ,)*,A93*)#(,2)&#,3',BCD,%)22)#&:$*8#/

@*, 3, #&5)32, 6)&., $1, :$%95&(&*#)$*E, 95&2&;):32, 9&5:&9')$*, )#, 1$22$.&8, -7, .$58
5&:$+*)')$*E,3#,)*,F)+45&,G/,A'&9,$*&,)#,95&2&;):32,9&5:&9')$*E,)/&/,'(&,%399)*+,15$%,'(&
+)6&*, H48)'$57, F$5%, '$, 3, 9($*$2$+):32, #4513:&, #'54:'45&, <A4513:&, F$5%?/, 0(&, :4&
:$*#'53)*'#,35&,53*I&8,-7,8)#'3*:&,'$,'(&,-$4*8357/,0(&,.$5#','$I&*,$1,! 9! ,)#,$*&,.)'(,3
6&57,*&+3')6&,=>0,#4:(,3#,BCDD,%#E,#$,'(&,:4&,:$*#'53)*','(3',#37#,'(3',J! 9! KBCDDL,)#
()+(M53*I&8/,N)I&.)#&E,:$*#'53)*'#, '(3', :$**&:',235+&,9$#)')6&,=>0,6324&#,'$,! - ! ,35&
32#$, ()+(M53*I&8/, H*, 3995$95)3'&, 53*I)*+, 1$5, 9&5:&)6)*+, A93*)#(, 6$):)*+, %4#', -&
#)%)235,'$,'(3',)*,'3-2&34#,<!!?,'$,<!O?/

<!!?,,,!"#$%&'()*#&&%+%)#,%-$(-+(.-%)%$/

KBCDD,%#! J! " !
#BCDD!

J! $!
#P!D!

J! " !
#BQD!

J! $!
#BQD!

J! " !
#P!D!

J! $!
#BCDD!

! ,,,,,,,! %$&!%'(%! J

! %"&!%'(%! JR

<!"?,,,!"#$%&'()*#&&%+%)#,%-$(-+(.-%)%$/

KBQD,%#! J! " !
#BCDD!

J! $!
#P!D!

J! " !
#BQD!

J! $!
#BQD!

J! " !
#P!D!

J! $!
#BCDD!

! ,,,,,,,! %$&!%'(%! J

! %"&!%'(%! JR

<!O?,,,!"#$%&'()*#&&%+%)#,%-$(-+(.-%)%$/

KP!D,%#! J! " !
#BCDD!

J! $!
#P!D!

J! " !
#BQD!

J! $!
#BQD!

J! " !
#P!D!

J! $!
#BCDD!

! %$&!%'(%! JR

! ,,,,,,,! %"&!%'(%! J

A'&9,'.$,)#,.$58,5&:$+*)')$*/,@,.)22,)*:248&,-$'(,'(&,4*8&527)*+,1$5%,3*8,'(&,%$59(&%&
)*, '(&, :3*8)83'&#/,0(&,2&;):32,&*'57,)"&! '() ,S935'T,&;)#'#E, '(&,4*8&527)*+,1$5%,)$&! '()
8$&#, *$'/, 0(&, 9&5:&)6&8, 1$5%,! %"&!%'(%! , .)22,&3#)27, -&,5&:$+*)U&8, .)'(, '(&, (&29,$1
13)'(142*&##,:$*#'53)*'#V

<!G?,,,0-12(13)-/$%,%-$

! %"&!%'(%! JS,T
)4)

J)*)
! 9!

J)*)
! - !

J)$)
! 9!

J)")
! - !

! ,,,,,,,,,,,,,)"&! '() ,S935'T

)$&! '() ,S,T JR J

)*&! '() ,SW35#T JR



!"

#$%&'()*+,-.)+&/0&1|X|&2.3.+-+%*&-4-.)*+&+$,(5.)4&-5-6&7$()(3(4.'-3&2-+%,.-3&.)&3%8.'-3
-''%**9& :.)'%& +$%& 5.)).)4& '-);.;-+%& .)& <!=>& ?.(3-+%*& )(& '()*+,-.)+*& -+& -33@& -& 2(,%
.)+%,%*+.)4&A(,2&.*&! .ba! .te.! B

<!C>&&&Word recognition

! .ba! .te.! /0&1
|X|

/ |m|

! 7!
/ |m|

! D!
/ |b|
! 7!

/ |p|
! D!

! &&&&&&&&&&&&&|pa! te|&07-,+1 /

|ba! te|&0&1 / E

|ma! te|&0F-,*1 / E

G%,%&+$%&3.*+%)%,&*+.33&,%'(4).H%*&|pa! te|&07-,+1@&-3+$(I4$&-&;.AA%,%)+&,-)J.)4&(A&*(2%
A-.+$AI3)%**&'()*+,-.)+*&5(I3;&$-?%&3%;&$%,&+(&,%'(4).H%&|ma! te|&0F-,*1&.)*+%-;B

<!K>&&&Word recognition

! .ba! .te.! /0&1
|X|

/ |m|

! 7!
/ |p|
! D!

/ |m|

! D!
/ |b|
! 7!

|pa! te|&07-,+1 / E

|ba! te|&0&1 / E

! &&&&&&&&&&&&&|ma! te|&0F-,*1 /

L%&'-))(+&7,%;.'+&5$.'$&(A&+$%&+5(&(7+.()*@&<!C>&(,&<!K>@&7%(73%&5.33&'$((*%9&M)&-)6
'-*%@&+$%&'$(.'%&D%+5%%)&+$%*%&+5(&+-D3%-I*&;(%*&)(+&;%7%);&()&+$%&;%4,%%&(A&-2D.4I.+6
(A&+$%&-I;.+(,6&NO#B&()'%&7,%3%8.'-3&7%,'%7+.()&$-*&'$(*%)&+$%&'-+%4(,6@&5.+$(I+&+$%
$%37&(A&+$%&3%8.'()@&+$%&7,(D-D.3.+6&(A&*ID?%,+.)4&+$%&'-+%4(,6&.)&+$%&5(,;&,%'(4).+.()&)(
3()4%,&;%7%);*&()&+$%&-I;.+(,6&A(,29

#$%& *.+I-+.()& .*& ;.AA%,%)+& .)& +$%& 7-,-33%3& 2(;%3& (A& P.4I,%& C9& L%& A.,*+& 7,(?.;%& -
,-)J.)4&+$-+&2-J%*&+$%&3.*+%)%,&7%,'%.?%&-&NO#&(A&QRSS&2*&-*&! .ba! .te.! @&)%?%,&2.);
+$-+&+$%&A-.+$AI3&3%8.'-3&.+%2&|ba! te|&;(%*&)(+&%8.*+9&MA&+$%&3%8.'()&.*&*+.33&'-7-D3%&(A&+%33.)4
+$%&3.*+%)%,&+$-+&+$%&5(,;&+$%&*7%-J%,&.)+%);%;&5-*&|pa! te|@&+$%&,-)J.)4&'-)&D%&+$-+&.)
+-D3%-I&<!T>9

<!T>&&&Perception possibly but not really influenced by lexical access

UQRSS&2*] / ! p!
[QRSS]

/ ! b!
[V!S]

/0&1
|X|

/ |b|
! p!

/ |p|
! b!

/ ! p!
[QWS]

/ ! b!
[QWS]

/ ! p!
[V!S]

/ ! b!
[QRSS]

! .ba! .te.! &|ba! te| / E /

! .pa! .te.! &|ba! te| / E / / /

! &! .ba! .te.! &|pa! te| /

! .pa! .te.! &|pa! te| / E

M)&+$%&'-*%&(A&-&NO#&(A&QWS&2*@&5$.'$&5-*&7%,'%.?%;&-*&! D! &.)&+$%&*%XI%)+.-3&2(;%3@
+$%&7%,'%7+.()&)(5&D%'(2%*&! 7! @&-*&*$(5)&.)&+-D3%-I&YSB



!"

#$%&'''Perception possibly and really influenced by lexical access

()*%'+, ] - /p/
[).%%]

- /b/
[/!% ]

-0'1
|X|

- |b|
/p/

- |p|
/b/

- /p/
[)*%]

- /b/
[)*%]

- /p/
[/!% ]

- /b/
[).%%]

/.ba! .te./'|ba! te| - 2 -

/.pa! .te./'|ba! te| - 2 - - -

/.ba! .te./'|pa! te| - 2

!''' /.pa! .te./'|pa! te| -

34'567,'589:;8<'=;',;;'5685'56;'><;'>?4,5@8745,'A@;B;@'/9/C'9<5'56;'B8756B<:4;,,'>?4,5@8745C
B?@>;D'9E'-0'1|X|C'A@;B;@,'/A/F'G685'=;',;;'74'#!H&'84D'#$%&'7,'5685'56;'A;@>;A5<8:',67B5
?>><@,'?4:E'74'56;'I7>7475E'?B'56;'8<D75?@E'9?<4D8@E'9;5=;;4'56;'5=?'>85;J?@7;,F'K6;
A8@8::;:'>?+A@;6;4,7?4'+?D;:'56;@;B?@;',;;+,'5?'9;'+?@;'>?4,7,5;45'=756'56;'L84?4J
;BB;>5'5684'56;' ,;@78:'+?D;:F'K67,'D7,574>57?4'9;5=;;4'9?55?+M<A'#,;@78:&'+?D;:,'84D
745;@8>57I;'#A8@8::;:&'+?D;:,'?B',A;;>6'A@?>;,,74J'68,'9;;4'N4?=4'B?@',?+;'57+;F'O?@
74,584>;C'56;'KPQRS'+?D;:'?B' ,A;;>6'A;@>;A57?4'#T>R:;::84D'U'S:+84' .HV"&'=8,
D;,7J4;D'5?'9;'89:;'5?'A@?D<>;'745;@8>57I;';BB;>5,C'84D'?4;'?B'56;',7+<:857?4,'A;@B?@+;D
74'56;'?@7J748:'A8A;@'=8,'74D;;D'56;'L84?4J' ;BB;>5F'K6;'9?55?+M<A'+?D;:'?B' ,A;;>6
A;@>;A57?4'7,'4?5'D;8D'E;5C'6?=;I;@W'T>X<;;4'U'R<5:;@'#.HHY&'84D'Z?@@7,C'T>X<;;4'U
R<5:;@'#*%%%&'8@J<;'5685':7,5;4;@,'74'56;':89'98,;'56;7@'@;A?@5;D'A;@>;A57?4,'A8@5:E'?4'56;
A6?4?:?J7>8:' ,<@B8>;'B?@+'84D'A8@5:E'?4'56;'<4D;@:E74J'B?@+C'84D'5685'567,'+7['>84
;[A:874'56;'?9,;@I;D'9?<4D8@E',67B5F'K67,'7,,<;',;;+,'4?5'5?'68I;'9;;4',;55:;DF

Q'@;+87474J'\<;,57?4'7,'=6;56;@'56;'>?4,5@8745'-0'1|X|'>84' ;I;@'9;' I7?:85;D'74'8
=74474J'B?@+F'35'>84C'7B'75'7,'?<5@84N;D'9E'B8756B<:4;,,F'34' ,<>6'8'>8,;C'589:;8<'#!H&
=?<:D'9;>?+;'589:;8<'#$.&F

#$.&'''Recognizing a nonsense word

().%%'+,] - /p/
[).%%]

- /b/
[/!% ]

- |b|
/p/

- |p|
/b/

-0'1
|X|

- /p/
[)*%]

- /b/
[)*%]

- /p/
[/!% ]

- /b/
[).%%]

!''' /.ba! .te./'|ba! te| - -

/.pa! .te./'|ba! te| - 2 - - -

/.ba! .te./'|pa! te| - 2

/.pa! .te./'|pa! te| - 2

3B'9?56'56;'><;'>?4,5@8745,'84D'56;'B8756B<:4;,,'>?4,5@8745,'8@;'@84N;D'67J6';4?<J6C'56;
8<D75?@E'B?@+'7,'8AA8@;45:E'>8A89:;'?B'>@;8574J'84'<4D;@:E74J'B?@+'4?5'E;5'>?44;>5;D'5?
8'+?@A6;+;]'A;@68A,'567,'7,'56;'+?+;45'B?@'56;'>@;857?4'?B'8'4;='+?@A6;+;'#^?;@,+8
*%%.&F

Q'+?@;'D;587:;D'8>>?<45'?B'56;,;';BB;>5,'=?<:D'@;\<7@;'>?+A<5;@',7+<:857?4,'?B'56;
8>\<7,757?4'?B'8::' :;I;:,' ?B'>?+A@;6;4,7?4C'9<7:D74J' ?4' 56;' ,7+<:857?4,' 74' ^?;@,+8
#*%%"8&F'_<>6',7+<:857?4,'=?<:D'8:,?'9;'4;;D;D'5?'8>>?<45'B?@'56;'@84N74J,'74'`aF.'84D
`aF*F



!"

!"#$%&'()*+',-&$-.$+/(0$*&1$.*,'2./3&(00$,&$4)-1/+',-&

#$%&'()*+,-%'./(-$0,+$1+(2)+/34'-,-(-$0+$1+3')+3$0,(*/-0(,+/05+1/-(21'.0),,+3$0,(*/-0(,
6)*)+&)*1$*%)5+78+9$)*,%/+:;<<=7>?+@2/(+&/&)*+,('5-)5+/+*)./(-A).8+'0-A)*,/.+3/,)+-0
62-32+&.$,-A)+3$0,$0/0(,+2/A)+7)(()*+&./3)+3'),+ (2/0+0/,/.+3$0,$0/0(,+ /05+3$*$0/.
3$0,$0/0(,+/*)+%$*)+1*)4')0(+:-0+6$*5B1-0/.+&$,-(-$0>+(2/0+./7-/.+3$0,$0/0(,?

@2)+ ,-%'./(-$0,+ *)A)/.)5+ (2/(+ 7$(2+ 1/-(21'.0),,+ 3$0,(*/-0(,+ /05+ :C-5)0(-(8B
&*)1)**-0DE>+3')+3$0,(*/-0(,+)05)5+'&+7)-0D+*/0F)5+2-D2)*+1$*+&.$,-A),+(2/0+1$*+0/,/.,
/05+2-D2)*+1$*+ ./7-/.,+ (2/0+1$*+3$*$0/.,?+@2)+*),'.(,+1$*+ (2)+1/-(21'.0),,+3$0,(*/-0(,
)G&./-0+(2)+/'($%/(-3+%)32/0-,%+7)2-05+H()*-/5)I,+:JKKLM+;<<J>+!"#$%&"%'()*(#+$+ /,
6)..+/,+(2)+/'($%/(-3+%)32/0-,%+7)2-05+(2)+3$03)&(+$1+,-./$0%$&&M+-?)?+(2)+*)./(-$0
7)(6))0+/+1)/('*)+A/.')I,+1*)4')038+/05+-(,+5)D*))+$1+&2$0$.$D-3/.+/3(-A-(8?+N$*+(2)+3')
3$0,(*/-0(,M+(2)+*),'.(,+,2$6+*/0F-0D,+78+5-,(/03)+($+(2)+7$'05/*8M+,'32+/,+(2$,)+-0+:OJ>M
/05+(2)+&*)1)*)03)+$1+*).-/7.)+3'),+$A)*+'0*).-/7.)+3'),?

5$$62($,&'()*+',-&$-.$+/($+-&0')*,&'0$7,'2$3(8,+*3$+-&0')*,&'0
#$%&'()*+,-%'./(-$0,+$1+(2)+62$.)+(*/P)3($*8+1*$%+(2)+/'5-($*8+1$*%+($+(2)+%$*&2)%)
6)*)+&)*1$*%)5+78+Q&$',,-5$'+:;<<">?+@2)+,-%'./()5+.)/*0)*,M+D-A)0+&/-*,+$1+,$'05
/05+%$*&2)%)M+2/5+($+3$0,(*'3(+7$(2+-0()*%)5-/()+1$*%,+:,'*1/3)+/05+'05)*.8-0D>M+/,
6)..+ /,+ (2)+*/0F-0D+$1+/..+ (2)+3$0,(*/-0(,+ -0A$.A)5?+Q(+(2)+ .)G-3/.+ .)A).M+(2)+*)./(-$0
7)(6))0+%$*&2)%)+/05+'05)*.8-0D+1$*%+2/5+($+7)+5)()*%-0)5+78+/+*/0F-0D+$1+.)G-3/.
3$0,(*/-0(,M+-?)?+(2)*)+6)*)+%'.(-&.)+3/05-5/()+ '05)*.8-0D+1$*%,+1$*+)/32+%$*&2)%)?
R)/*0)*,+(8&-3/..8+3/%)+'&+6-(2+*/0F-0D,+(2/(+1/A$'*)5+,-0D.)+'05)*.8-0D+1$*%,+1$*+)/32
%$*&2)%)+:*/(2)*+(2/0+/..$%$*&2+,).)3(-$0>M+($D)(2)*+6-(2+/+&2$0$.$D8+(2/(+32/0D)5
(2),)+'05)*.8-0D+1$*%,+($+&$()0(-/..8+*/(2)*+5-111)*)0(+,'*1/3)+1$*%,?

Q,+1$*+/+5-*)3(+-0()*/3(-$0+7)(6))0+3')+/05+.)G-3/.+3$0,(*/-0(,M+9$)*,%/+:;<<"7>
3$0,-5)*,+ (2)+ 3/,)+ $1+ .)G-3/.+ ,).)3(-$0+ -0+ &*$5'3(-$0S+ -1+ (2)*)+ -,+ ,-0D.)+ %$*&2)%)
T6/()*UM+/05+-(+2/,+ (2)+(6$+&$,,-7.)+ '05)*.8-0D+1$*%,+|V6/(*V|+/05+|Va!V|MW+ (2)0+ (2)
32$-3)+7)(6))0+(2)+(6$+3$'.5+&/*(.8+7)+7/,)5+$0+3')+3$0,(*/-0(,M+-?)?+$0+2$6+6)..+(2)
,$'05,+XwatrY+/05+Xa!Y+3$00)3(+($+(2)+&2$0$.$D-3/.+,(*'3('*),+! .watr.! +/05+! .a!.! ?+Z0)
3/0+(2)0+$7,)*A)+ (2/(+ ),&)3-/..8+ -0+&$,(3$0,$0/0(/.+&$,-(-$0+(2)+ /'5-($*8+3'),+1$*+ /
&2$0$.$D-3/.+,8../7.)+7$'05/*8+:/05+2)03)+(2)+3'),+1$*+(2)+'05)*.8-0D+6$*5+7$'05/*8>
/*)+&$$*)*+-0+Xa!Y+(2/0+-0+XwatrY?+Z0+(2-,+7/,-,M+(2)+,&)/F)*+%-D2(+,).)3(+(2)+|V6/(*V|+1$*%
)A)0+(2$'D2+(2)+.)G-3$0+:78+%)/0,+$1+(2)+*/0F-0D+$1+(2)+.)G-3/.+3$0,(*/-0(,>+%/8+&*)1)*
(2)+|Va!V|+1$*%+:)?D?+78+%)/0,+$1+-(,+,.-D2(.8+7)(()*+,)%/0(-3+1)/('*),>?

[)+ ,))+ 2)*)+ /+ 3/,)+ $1+ 0)/*B%/G-%'%+ -0()*/3(-A-(8+ $1+ 3')+ 3$0,(*/-0(,M+ /,+ (2)8
3$%&)()+5-*)3(.8+6-(2+3$0,(*/-0(,+(2/(+D'-5)+3$00)3(-$0,+-0+(2)+.)G-3$0?+@2-,+-,+(2)*)1$*)
/0+-0()*/3(-$0+(2/(+3$%&.)().8+78&/,,),+(2)+62$.)+&2$0$.$D8?

++++++++++++++++++++++++++++++++++++++++++++++++
W+@2)+CVE+,-D0+-,+(2)+6$*5+7$'05/*8?+@2-,+3/,)+-,+.$$,).8+7/,)5+$0+62/(+%',(+2/A)+2/&&)0)5+6-(2+(2)
\6/()*I+6$*5,+-0+Z.5+])*%/0-3?+^+%/F)+2)*)+(2)+,-%&.-1-3/(-$0+(2/(+(2)+(6$+'05)*.8-0D+1$*%,+,2/*)+(2)
,/%)+%$*&2)%)?+^(+-,+&*$7/7.8+%$*)+.-F).8+(2/(+)/32+-,+3$00)3()5+($+-(,+$60+%$*&2)%)M+/05+(2/(+(2)
-0()05)5+.)G-3/.+,)%/0(-3+1)/('*),+/*)+-0,()/5+(2)+,/%)?+^1+,$M+(2)+3')+3$0,(*/-0(,+-0()*/3(+0$(+6-(2+(2)
.)G-3/.+&2$0$.$D-3/.+3$0,(*/-0(,+$1+N-D'*)+JM+7'(+6-(2+.)G-3/.+,)%/0(-3+3$0,(*/-0(,M+62-32+3/0+3$00)3(+(2)
%$*&2)%)+($+/+*)&*),)0(/(-$0+/7$A)+(2$,)+$1+N-D'*)+J?



!"

!""#$%&'()*$%
#$%&'( )*( +,-.-/-0123( 40&%%2( 3,43( 23&5635&4/( 6-.23&41.327( 8,%.( 3,%'( 4++%4&( 1.( 3,%
+&-95631-.( +&-6%227( 4&%( -:( 4( +,-.-/-0164/( .435&%;( <:( 3,%( 24=%( 23&5635&4/( 6-.23&41.32
916343%(3,%(+%&6%+31-.(+&-6%227(3,%.(3,%(6-.6/521-.(3,43(<(/1>%(3-(9&48(12(3,43(+%&6%+31-.
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X5?&'+,D'>$5,67888:;,Y.M>?(,4/(5'A'5(4B5,A&'?4/Q,4/,F5('4$&2,?('5??,()5.'*;,C/,a4F&'*,J)&)4/+,J>?&/,D2&E5
0,V>/iJ..E,a4F,65@?;:,!%15$$6()3&' 19' +0$' IL+0' M$&+' 21"&+' 21)9$%$)5$' 1)' N1%,"-' <()3;(&+(5&+
WR9SWT8;,J(&/=.'@+,%&24=;O,%JGC;

X5?&'+, D'>$5+, 0, 3&>2, JF.25/?E*, 6788U:;, G5&'/&M424(*, 4/, NA(4F&24(*, X)5.'*;,<()3;(&+(5'G)?;(%., $)O
RR8SRWU;

X5?&'+,D'>$5+,0,3&>2,JF.25/?E*,6R""":;,<$"%)"7(-(+.' ()' *#+(,"-(+.' /0$1%.;,%&FM'4@Q5+,#&??;O,#CX
3'5??;

H&2E5'+,Y&$)52,6788U:;,:"&"-(O"+(1)P')$;+%"-'&$3,$)+&P'")6'1#"5(+.'$99$5+&;,I.$(.'&2,()5?4?+,L/4B5'?4(*,.=
%&24=.'/4&+,J&/(&,%'>K;

H&/Q+,H4224&F,678W[:;,X)5,A)./.2.Q4$&2,=5&(>'5?,.=,(./5;,G)+$%)"+(1)"-'@1;%)"-'19'A,$%(5")'<()3;(&+(5&
TTO,8TS7"9;

k4A+,#.4'&,678U8:;,%./(.>',(./5?;,!01)1-13. ,*O,7!8S7[!;
k4A+,#.4'&,6R""R:;,/1)$ ;,%&FM'4@Q5O,%&FM'4@Q5,L/4B5'?4(*,3'5??;
k4A+,#.4'&,6R""W:;,X)5,?*FM4.?4?,M5(^55/,A5'$5A(4./,&/@,Q'&FF&',4/,2.&/^.'@,A)./.2.Q*;,<()3;" ,!!* O

89"S8[9;
b4FF5'F&/+,J&F>52,1;+,0,J(&/25*,#;,J&A./,6789U:;,_.(5,./,B.^52,@>'&(4./,?55/,$'.??i24/Q>4?(4$&22*;

@1;%)"-'19'+0$'A51;&+(5"-'>15($+.'19'A,$%(5",%&O,79RS79T;


