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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.
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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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categorization constraint family “!!"5,4 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.

134"'#-/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 '#$%(which reflects the underlying form &#$%s®’) as the Japanese
phonological surface structure /.ta.ku./. The present section translates this into OT.
Consider the auditory form !ta_k". As you can see in a spectrogram when you say
[tak], this sound consists of a high-frequency brief noise (“burst”) ([']), followed by a
loud periodic (“sonorant”) sound with formants around 1000 Hz ([a]), followed by a
silence ([ _ 1), followed by a burst with a peak around 2500 Hz ([*]). 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 &#$%&’, a common interjection expressing agreement. How can we model
the Russian perception of !$", 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) J**& +0H#$%)$#-&'+0'102,3

[#S%&'(&) | */t/ */b/ */if */e/ */a/
*+'0p,+-, [#$%&'(&) [*'+'%,+-] | [F1=800Hz] | [F1=800Hz] | [F1=800Hz]
F1 =800 Hz]
! /a/ *
/el *|
/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.
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[ ¥3+-(*%4 *L.CCH | *1D | *Idu!l | *16)*! | *lo! | *1+0)$1 | *lul
5/*&3}rama] [5/*&] [3+-(*%4 [ ] [5/*&] []
Rkl *]
H"#IS#1 *|
H"0I#IGH! *| *
HHYG1H1$#1 ] *| *
i 1&YHISH! * *
L " HIgHN *]

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 ( 1)#$#*), the listener perceives ! 1&Y¥IS#!! in 50 percent of the cases, and
F "#1$#11 in the remaining 50 percent of the cases. Hence the two pointing fingers.

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

[ ¥3+-(*%4 [ *1.CCl | *1 1 |=du! | *16)*! | *1+0)$2 | *lo! | *lul
5/*&3}ramal] [5/*&1 [3+-(*%4 [5&1  []1 | []
gl | ) ’
L I"I$# * ,
10l I $#! *| *
| HOGIHISH] 1 "
| IQUBHISH!! * *
1M RISHI Lox

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 !'!"'! "#1$#!!, the next question is what the learner
does with this: in what form will he store it in her lexicon, and how will he pronounce
it? Although the answer may seem obvious (underlying form +" "#3$#+ 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&'$56 7'

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
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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 /!"#!1$1%$!/, and uses this as the input for the next process, that of word
recognition. This is summarized in Figure 6.

lunderlying form!..
< ::_'ff.' faithfulness constraints

| surface form| ;- structural constraints
< “cue constraints

lauditory form]~"
1"#$%&erial comprehension.

Once the ‘serial’ listener, given the sound ["#!$%$, has constructed /!"#!!$!%3$Y, he
will subsequently map it to the fully faithful underlying form &"#$%$&

(6) 10&*+1.'2"+ 3)+4)I"#$#

/#I1$1%$) || */.CC/ | DEP | MAX
| &H%%E
&1$%$4 N
&"#%P& *|
& H$%S (H& .

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 /!"#!!$!%$Y, which is the same for all
four candidates and which does not violate this constraint. Specifically, the candidate
&"1$%$&oes .+2 violate */.CC/, because &T$%3$gas 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 &!$%%$&iolates DEP (McCarthy & Prince 1995), a constraint
against having surface material (the /o/ in /!"#!!$!%%)) that is not present underlyingly
(in &1$%$& 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 &"#$%3'(#& violates fourfold MAX
(McCarthy & Prince 1995), a constraint against having underlying material (& (#& that
does not surface (in /!"#!! $!%3$)).

In the end, the winner of the recognition process is &"#$%$&which is completely
faithful to the surface form /!"#!!$!%$Y. This principle of complete faithfulness is
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#3%8&$'($)*%$%+%, (-.+'*0%12'31%4'/*0"(50$/(-. +') 1% BB BB 0% ) *$+$,-*$B31($-0
9':4%+0$64#2'1;;<=>'22'&*(-* .-/@.++2'0A(6/($, @$501+2($,' 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$5'/1%'*%$% @ 1'/*060'-%$6/1.($/6D'E010>'/*(6'(50.'0A/0$56'/%'3%146'/*./'* FO'200$
3(+/0105'($'/*0'3(16/')01-0)/(%$'6/0)>'6 @#$68 GBD'I*@6>'/*0'4.))($,'31%4"ES# H'/%
%! 8$H#YBYH06'$%/' (SFY%+FO".'F(Y%+./(%$'%3'3.(/*3@+$066>'20-.@ 60%RE$SE66 @ +/'
-%4)+0/0+2'3.(/*3@+'/%'/*0'($/01405(./0'BM& 14+ $#' /D

1*0'60-%%$5'6/1.(,*/3%1&.15'6/1./0,2'/%' ($-+@50'/*0'&%15'($'/*0'+0A(-%$'10+(06
%$-/-11"1(%&+)/"0"1$&" K'/+0'/&%")1%-06606'%3")01-0)/(%$'.$5'10-%,$(/(%$'.10"*.$5+05
['1+0'6.40'/(40'.$5'($'($/01.-/(%$D'L(,@10'M'6 @44.1(NO6'/*(6D

lunderlying form!-..
faithfulness constraints
[ surface form/ ------- structural constraints
..::f_'f:-cue constraints
[auditoryform]"""“i

I"#$968.1.++0+7%1'($/01.-/(FO="-%4) 10*0$6(%$D

10).1.++0+'4.))($,'31%4'/*0". @5(/%12'3%14'/%'*0'6 @13.-0'.$5' @$501+2($,'3%146"-.$'20
(4)+040$/05' ($' OI' 22 3100+2' -%42($($,').(16' %3' 6@13.-0' .$5' @$501+2($,' 3%14' .6
- $5(5./06'($'.'6($,+0)-/-11"|(%&+)/"0"1$&'(*-2!"-3 >'.6'($'7M=D

M=% ) $&'(-'.(/"%&S5'$*$& ($()-/-I"!

Gr0$67/"8 RIDS$ | R5@ | Tus | RI' %&'t | Vwx | R% | R@
23/1Q1.4.H @3/1H GH| GH
'L HESH [Y%IBESHA  RY R
'L HESH YHSHY  RY
SICVHESH % (HSHO RY R
I HSH /%) HSHO RY R
Lo g HSH Yol RESHY R
18 VHSH | YAHSHO RY R

Z$'TM="(/'5%06'$%/"4.//01*%& [*0'3.(/*3@+$066'-%$6LL §$/6" X 10'($/016)01605
4%$,'*0'6/1@-/@1.+'.$5'-@0'-%$6/1.($/6K'6($-0'/+0')01-0)/@. ++2'%)/(4.+'-.$5(5./0').(1
& VHSH %! BHSHIE (Yo+./06'SO(OLT $%1 W' 1%(6'). (1' &(++ 20" %)/ (4.+ 3%1' /*0
&*%+0'-%4) 10*0$6(%63$') 1%-066'($50)0$50$/+2'%63'&*0/+01'/%02'. 10' 1. $#05*(,* % 1'+%&'7%1
($'/+0'4(55+0>'.6"010=D

9'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"=".$5'1"D




HSY6&' V() +,-&.$%,-&1)"&0%&1%,2),%'3&)4).%58038.$%&6.72* 278'&*+,6.78),.6-886&'+,
$%6%8&+2.78,9&.$%8& 7% '%:8,.8*2%&*+,6.78),.6;8#$%6%8&)4).8.)+,6&+,&'%()*8'&6.72*.27%
0%%, &*8"V6BR6& (") (&*$(+&K=+%76488!>>? @&A>BCE&=7+6%'+/&DEEAC&6%%&8'6+&FGH;

I"IHHS%68 ()*+&,
1+/8.$8.8/%8&9,+/&.$8.8J8K8,%6%&)6.%, %76 &K% 7+%): %688, &+ 867 &hBRIBHI & 86&
6.47%&).&),8&.$%) 78 Yo(Jle! BBHEE /$8.& /) "& .$%3&KT+,+2,*%&).& 86N& O%7%& 818),-& /%
5)6.),12)6$&0%./%%,86%7)8'&8,5&K878" %' &K 7+*%66),1;

P,& 8& 6%7)8'& :)%/-& K$+,+'+1)*8'QK$+,%.)*& K7+52*.)+,& *+,6)6.6& +R& .$7%%& 6.%F
624487)S%58& ),& T)127%& ?;& T)76.-& 8& KT+1900R&/ (-R&"3428&1".& 48K6& 8
K$+,+'+1)*8'&2,5%7'3), L& R+74& . +&88&KS+,++1)*8' & 627R8*%& R+74C&6206%U2%,.'3-& 8&K
+RE.$8&12(15Y/$5%$.&,&1'&R)76.848K6&.$)6&627R8*%&R+74&.+&8,8825).+73QKS$+,%.)*&R
8,5&R),8"38&48K6&.$)6&825).+73&R+74&.+&8,887.)*2'8. +73QKS$+,%.)*&R+74:

_.-lunderlying form!
faithfulness constraints '.'.‘,f >

structural constraints - | surface form/ >

cue constraints .
lauditory form]
sensorimotor constraints: >
articulatory constraints-[articulatory form]
-+."#&&V%T)8'&K7+52*.)+,;

#$%& R)76.& +R& .$%& .$7%%& 620K7+*%66%6-& K$+,+'+1)*8'& K7+52*.)+,-& 48K6& .$%& -
|do'ama| & 6.78)1$.R+7/875'3&dd&a.ma. ! -& B& 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&&"/'012,/(1%"342&1".

|do!ama| W XX | W52 | Yz [\ 1» | Przix
I.d'la.ma.! W Wi
l.du.!a.ma.! W W
l.zu.'la.ma.! WW
I &&&o.la.ma.!

#$%8& 6%*+,5& 620K 7+*06688HUBKGRa. | & .+&1RI&T)%$8A% o ama M-& 8& R+74& .$8.
68.)6R)%6& 8"& $)1$Q78,9%5& *2%& *+,6.78),.6-& 86& 6$+/,& ),& <>H;& #+8& 72'%& +2.8
K7+,2,%)8.)+,6&)9%&LS27848M-& P& $8:%8& 855%58& . $%& 12 &1 - $8) - &/B)*$
4)).8.9%68&818),6.8*+,,%*.), L&KS$+,+'+1)*8'&K'+6):%,%66&/).$&825).+ 73&R7)*8.)+,&,+)6%-&8,
$%8&*2%8&*+,6.78),BRIM-&/$)*$84)").8.%668818),6.&$8:),1&.$%8&825) .+ 73&:+*8)*&48.%7)8'
L2M&.$8.8)6&),8KK7+K7)8.%8& R+78 .$%&*+77%6K+,5), 1& Kbt ;& F 2P SR 886 %
+.908&.$8.&.$%8& ,+.8.)+,&+R&KS$+,%.)*&*8,5)58.%68&),&.%746&+R& P[|&GEMI0%)6-8 62+ $& 86 &
b26.88&6$+7.$8,58& R+7& 8,8 %(K7%66)+,&),& %7468 +R&*+,.),2+26& 825).+73& R%8.27%!
1#"121.0(54%5080613$) (*10%7)%$84%. 2'(ORAB(1$%1"3121&'(91&*(513(:;(,.3(/"9MC



HSVHE'())*+, -., [HY%IHSH-0(0'.-(), '1#-0'0%,2'03,$'4)(/5)..6'-7, $8/9(&#, $0/8808/#$, $88.3, ($
U] $,-O#-1#1:, - 141+ 03#,) (00#/,'$, (,$3./03(-1,9./,(, 1'$S&/HO#, %3.-.). 7'&(), $0/8&08/#
$8&3, ($/;, <+ "HSHHYR" + (") 1 =+-R)H 4" H %Y >/ 1, (%, ()O#/-(0'?#
9./48)(0'.-,03(0,$8'0$,.-#@$,%(/0'&8)(/,03#./*,.9,%3.-.). 7'&(), O#(08/#$>A

‘B> 0*"#1$)12)34,131#$%$)"#

IS | G I"ES/ | O-""$ | T | T | T8/
D5'&$E | B¥)&E | RE| D,E| DE
C

D&.! (4(E o
D¢ | (4(E F
D&! (4(E F
| ., D (4(E
DI (4(E F

G-,03#,4(%%'-7,9/.4,$8/9(&#,9./4,0.,(81'0./*,9./4+,$0/8808/(), &.-$0/(-0$, %) (*, -.,/.)#H
03#*,2.8)1,18$0,#?()8(0#,03#,'-%80,0.,03'$, %/.&#$$+,23'&3,'$, (-, - PUIHI)$I%$Y
$3(/#1, (4.-7, (), &(-1'1(0#$+, ()), .9, 23'&3, 2.8)1, 03#/#9./#, ?'.)(O#, 03#, #K (&0, $(4#
$0/8&08/(),&.-$0/(-OSA, L3#IHO.[#+,03#, 4(%%'-7,'$, #-0'1#)*, LHOH#I4'-#1,J*, &8#,&.-$0/(-0$+
(-1,03#*,(I#,"-,9(?.8/,.9,03#,&(-1'1(O#:B! $%E+,23'83,2".) (O#S$,-.-#,.9,03H#4A

L3#,03'/1, $8J%/.&#$S$, %/#$84(J)*, 4(%$, (-, (810 1%, B%SIE, 0., (-, (/0'&8)(0./*
D# I $%IEA, 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: [$%IEA, G9, (/0'&8)(0./*, &.-$0/ (-0, (/#
-.0,"-,03#,2(*,;$##,NO>+,03#-,03#,$%#(6#/,2")), - 1##1,%/ .- SHEIVBIEA

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

_.-lunderlying form !\
faithfulness constraints '.'.‘,i:

structural constraints - / surface form/
cue constraints-_ A
..::Iit[auditoryform] /
sensorimotor constraintsr:.’f":'”
articulatory constraints-- ::'-'-':=[articulatory form] ’/

"#$%&(/0))H),;./,-0#/(&0'2#>,%/.18&0" .-A

G7-.I'-7,03#,(/0'&8)(0./*,9./14,(7(-+, (-, 8-1#)*-7, ("#!$%$(2"),I#, 4(%%#1, .-,03#
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0(J)#(8,;!R>A



#1$%B&allel production
|do!ama| “10) /|"/*/ | " [Ycont/ |. 10 | 1345 |'/6/|"'/6/
,burst- - ,&-
/.d'a.ma./,d! 787- '9 '
/.dla.ma./,do! 787- '9 '
/.du.la.ma./,du! 787- '9 '
/.zu.!a.ma./,zu! 787- '9
/.zu.!a.ma./,d! 787- '9 "
I &&&o.'a.ma./,do!787-
/.do.la.ma./,d! 787- '9
/.do.la.ma./,du! 787- '9

H<E>&?@>&A<<>B&; <&?TCD>7+&#ISWEE ;6D 7?>F&<6<>&6G&?@>&=6<F?B7;<?FH&;?&;F
6G&?@>&=6<F?B7;<?&B7<K;<J(&5@>&B>F+D?&6G&?@>&|7B7DD>D&IB6*+=?;6<&;F&?(
?2@>&B>F+D?&6G&F>B;7D&IB6*+=?;6<&#;<&?@;F&>L78ID>M&G6B&>L78ID>F&A@>B>&?(
F>>&NO(P&7<*&Q6>BF87&P$SO7HE&P$SRC%(
5@>&><*&B>F+D?&;F&?@7?&?@>&86*>DD>*&S717<>F>&D>7B<>B&6G&T+FF;7<& @
7+*?26BU&,*B787-&C+?&IB6*+=>F&7<&78&;ahbD{?6BU&,

V>& @7TE>& ?6& <6?7>& ?@77& ;<& 6B*>B& G6B& ?@;F& =7F>& ?6& @7E>& C>><& F6«
WG6D;E7<6E&+F>*&?@;F&TF&7<&>L78ID>H&?@>&<77?;E>&T+FF;7<&I1>B=>1?;6<&ID7UF&7.
A>DDX&WG6D;E7<6EH&A;?@& @ ;F&T+FF;7<&I>B=>1?;6<H&;<?>BIB>?>*&?@>&6B;J;<7D&'
TF&?@>& T+FF;7<Y=6817?;CD>& F+BG7=h& RrBHIQ AR EB>7TF& @>& ;<?>BIB>?>*& ?@>
S7TI7<>F>& IB6<+<=;7?®H&87-& 7TF& ?@>& T+FF;7<Y=6817?;CD>& F+BG7=>& F?B+="7-
/.do.rama./M&?@>&*;F=B>?7>&*;GG>B><=>& C>?A>><&?@>& ?A6& F+BG7=>& F?B+=?+B>
@7E>&D>*&@;8&?6&?7TK>&?@;F&7F&7<&>L78ID>&G6B&@;F&F?+*U&6<&G6B>;J<&D7<J+

"#$$%&'()*+($',)-*+.$-/)0'
68>?@;<J&;F&8;FF;<J&;<&?@>&F?6BU&BG&NZ(1&?@B6+J@&NZ(ZX&?@>&=7TF>&6G&,"
A6B*&xtraH& G6B& ;<F?7<=>H& ;F& C6BB6A>*& ;<78 & 7 (F$ PRI F& & <6?& TF
[C(K;(FH(PHH&A;?@&?@>&D>HFRRZEELEDA& 1<&; ?F&=@6;=>&6G&? @>&@7DD+=;<7?7>*&
?2@>&=7F>&6G&,?B-&;F&?@>B>G6B>&F;8;D7B&?6&?@>&=7F>&6G&,*B-H&7<*&7&F77?;F
[>B=>1?;6<&6G&S7I7<>F>&=6<F6<7<?&=D+F?>BF&F@6+D*&IB>G>B7CDU&J><>B7D;[>&6I
,?B-&=7F>F(&V>&=6+D*&?@>B>G6B>&I6F;?&7<&;<H BIHE&BDEIHFRIYEAD &'
7<*&IB6C7CDU&=6DD7IF>&?@>&?A6&;<?6&7&GO6BBHD 67 1B Fda@ui( F&'
1G&6<>&87;<?7;<F&7<&7CF?B7=?&E;>A&6G&S717<>F>&F+BG7=>& G6B8FH& @6A>E:
A;?@&tu/ &#6B&7&I><>B7D;[>*& G6B8+D77?;6<%&J6>F&AB6<J(&5@;F& ;F&C>=7+F>&?@:
TCF?B7=?&E;>A&6G&?@>&S717<>F>&FUDD7CD>&B>"+;BLRE/BD I FRFR&BELBO F=>& GO
C7F;F&6G&=6<F;*>B7?;6<F&6G&*;F?B;C+?;6<& 7<*& 7D?>B<7?;6<FH& ?@>& S7I7<>F>& |
IB6<6+<=>*& 788 & ;F&B>J7B*>*& 7TF& @ 7E;<J&? @ >&FHtB X/ 6B&38BBE<=>H& 7& A6 B*
?2@7?&8>7<F& =6<<>=7?;6<a&@7F&? @ F&FHB&7E28HBERSE ; ?& | F &I BOsiBi<{=>*&,
1G&?@>& 7TCF?B7=?& E;>A& ;F&=6BB>=?H& ?@>B>& =7<<6?&?@>B>G6B>&>L;F?&7& @
' /.tu./(&5@+FH&A@7?&B+®}E$&¥P&?@>&I>B:>|?+7D&%?&B&&G%&,@>&F?B+:?+B>
[.tu./&;<&;?F>DGH&C+?&;?F& 7TFF6=;7?>8dBj6& 5 = BF-6 8% 7;,6<&? @>B>G6B>&D;>F&;<&?



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

The cue constraint *!tu! [I"#1"$%¢& handles both perception and production. In
(prelexical) perception we get tableau (11).

(11) "0(18&Y%&H#*"+&S,1-.(1,/(,&H#)&+08&) 1$" 1#"*#2/%%$(1#-1+(

[(3$-*+&B/+%] *1.CCl | *I 1 #ltal | *16"H [ *110"A | *lo! | *lul
I"#1"$%&ra] [5/+941] [1"#1"$%& | [3-*+&4 [5/+%1 | [1 | []

148G *!

| %R.Y4 x|

1 %" $8M/4 x| x

1 %' $0RYe x| x

| %($E0 x| x
! 96" V4 x

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 ! %"$&% In
production (phonetic implementation), the same cue constraint is again crucial; without
it, the surface form ! %"$%0owould be pronounced ["$"*] instead of ["($" *]:

(12) 73"1&1$0#$8).88&!1(1$"!

1%"$%0 | *lu! | *ltu! | *1-0"I1!
D1 | ["#"$%&| [1"$%&

["$"*] |
L (8" *
IRIE *

Perhaps Japanese has a general cue constraint *!-0"111[!"$%& that says that
phonological plosives should not be phonetically affricated; such a constraint would
account for the affricationless pronunciations of !"& , I"H 1")1 1 & 1 +1 I *1 131
LS P& '+ 11 1) 1 and 1'$ !, and their voiced counterparts. For the affricated
exceptions this general constraint has to be overridden by more specific constraints such
as *Itul [I"#!"$%& Perhaps these exceptions could be handled by a more general
*1{C,-0"11,-1(%,0"+} {V, | 3$,3}! [I"#!"$%8& which would also turn !'ti! into ["#*] and
I'du! into [dzu]. Whether such a more general constraint is viable depends on the extent
to which ["*] is allowed to contrast with ["#*] in Japanese and on the analysis of the
merger of underlying -.$- 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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#$9%68&'()*+(*),-&+./'(),0/(&10'+*'%1&0/&238&$,4%8) %' ()0+(%1&5%)+%5(0./&. - /%68 7&101&
10'+*"&,/8& %99%+(& ($%68& :0:$(&$,4%8& ./1&5).1*+(0./<&#$%0)& () *-88&=010)%-+(0./,-& %99%+
0--*(),(%1&0/82>7&,/18&9.)&,8@,5,/% %A-0B%E&+, %&0/&2C<><

4 Robust perception: Richness of the Base is in comprehension

#$%8Bobust perception& :%/(0./%1& 0/& 23& 0'& )%-,(%1& (.& (D.& +./+%5('& ($,(& $,4%& =%%/
5).5.'%18&9%,)-0%)&0/& E#<&FO)'(&{SM)36&P fae base& GH)O0/+%&1&J:.-%/'B8&"KK3L?
,++.)10/;&(.&D3$0+$&0/5*('&G(.&5).1*+(0./L&+,/&=%&,/8($0/;M&%4%/&$85.($%(0+,-&*/1%)-80/;
9.):'&($,(&1.&/.(&,+(*,--8&.++*)&0/&($%&-%N0+./&.9&($%&-,/;*,;%&,(&$,/1&D0--&=%&+./4%) (¥
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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) .%"$YI(*# H#],)',)+O*(#"1,%2%'(,*' 3$#((*&4,5'-6*&4

A VA A
[74 ms, 349 Hz] [349 Hz] | [74 ms] | [74 ms] | [349 Hz]
A *

! )/ * i

(25) .%"$%!(*# H#/,(4%,8)T%,)+0*(#'1,%2%'(,* 3#+(4%" 8"*(*&4,5'-6*&4

A I L A
[74ms, 399 HZ1 1349 Hg) | [74 ms] | (74 ms] | [349 Hz)
! /"l i i
R *
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.| surface form/
cue constraints-. >

" lauditory form]
1"#$%& 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

I .nid.! *I —son, ! voi! *I'1 yoil
[nonlengthened vowel| | [nonperiodic]]

[nilt] *| *
[nilk] *]
[nild] *|

I [nil\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/

cue constraints
.::j::[auditoryform]

sensorimotor constraints r.'.'.':"

articulatory constraints--- larticulatory form |
I"#$%&Rarallel 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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#$%&Perception possibly and really influenced by lexical access
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/.bal .te./'|palte] -2
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A8@8::;:!'">?+A@;6:4,7?4'+7?D;:'56;:@;:B?@;',;;+,'5?'9;'"+?@;'>?4,7,5;45'=756'56;'L84?74J
:BB;>5'5684'56;",;@78:'+?D;:F'K67,'D7,574>5774'9;5=;;4'9?55?+M<A'#,,@78:&'+?D;:,'84D
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#$.&"Recognizing a nonsense word
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#45'2+,-:, 3$.((,6788[:;,N%3,5==5%(?, 4/, NA(4F&24(*, X)5+19"-' <")3:"3$"")6'< () 3;(&+(5'/0$1%. ,1# ;
U![SUSR;

_"47+,15//47+,-&F 572, #; #$Z>55/,0,1//5,%>(25', 6R"":;, #5'Q4/Q, 4/=. F&(4.1,4/,2A558$),'5$.Q/4(4./0

3&(5'+,-.5,6R™!:;, D'4A@Q4/Q, ()5, Q&A, M5("55/, '5$5A(4B5, &/@, A'.@>$(4B5, @5B52.AF5/(, M(), FA/AF&22*
B4.2&M25,$./2('&4/(?;,C/,Y5/",a&Q5'+,-.5,3&(5',0,H4F, b.//5B52 @ BHE&®L ()+&'()'#01)1-13(5"-
"5?;(&(+(1)%&FM'4@Q50,%&FM'4@Q5,L/4B5'?4(*,3'5?77?;,R78SR!!;

35(5'2./+,P.'@./+,0,C2?5,G5)42(5,6 7T8W":;, I>'&(4./,.=,2%22&M25, />$254, ADNLQA A +0$ A5 1;&+(5"-
>15($+.'19'A,$% (%69, W8TS['T;

345"5)>FM5'(+,-&/5(,678U0$'#01)1-13.")6'#01)$+(5&' 19'B)3-(&0' ()+1)"+(1) $(.'&2, ()5?42+,#CX;
CA>M242)5@,4/,78U[,M* C/@4&/&,LIAB524(*,G4IQ>47(4$?,%2>M+,D2..F4/Q(./d

34Q0Q.((+,P2*/5,6788R:;,e&'4&M424(*,4/,=5&(>'5, @5A5/@5/$*0, ()5, $&75;,%4 128 343$ "6
<()3;(&+(5'/0$1%&0,TTS[U;

34E5+,a5//5(),678!U11)$-")3;"3$& ;,1//,1'M.'O,L/4B5'24(*, .= #4$)4Q&/,3'5?7;

3.24B&/.B+,VBQ5/4f,IF4('48BAST7:;,G&,A5'$5A(4./,@57,?./1?, @g>/5,2&/Q>5, (18 @NE6;' 2$%5-$
<()3;(&+(?;$'6$'1%"3;$ O,[8S8W;,cV/Q24?), ('&/?2&(4./0,X)5, ?>Mf5$(4B5,/&(>'5, .=, ()5, A5'$5A(4./?, .
2&/Q>&Q5,2.>/@7;,C/,V:l;, 3.24B&/.B, 6788:95+$6' D1%S&E' "%+(5-$&" 1)' 3$)$%"-' - O |&+(5&
\&Q>50,#.>(./;, RRTSRT[d

3'4/$5+, 12&/+, 0, 3&>2, JF.25/?E*, 6788F:+(,"-(+.' 10$1%.E' 51)&+%"()+' ()+$%"5+(1)' ()' 3$)$%"+(4$
3%",,"%;,X5%)/4$&2, Y5A.'(, X $i, Y>(Q5'?,L/I4AB5?4(*,%5/(5',=.", %.Q/4(4B5, J$45/$5;, cCA>M24?)5@, 4/
R"™1,M* D2&$SENG22+ ,#&2@5/d

J&>?7>'5+,<5'@4/&I@, @5, 62ATHE;,6%' -()3;(&+(?;$' 3F)F%\D4(5@, M*, %)&'25?, D&22*, 0, 12M5(
J5$)5)&*5,4/,$.22&M.'&(4.1,M4(),12M5'(, YA5@24/Q5';,3&'4?20,38*.(,0,%

JF.25/7E*+, 3&>2, 6788W:;, N/, ()5, $.FA'5)5/24A . @>$(4./, @425FF&, 4/, $)42@, 2&/QORBQ8E:+ (5
G)?:(%3(O,[R"S[T7;

J(5'48@5+,1./$&,67889:;,3.24(4.182,/5>('8&24K&(4.I;, X", $)&A(5'?, HEN 5@, F&/>?$ 4A(+,15A& (F5/(
.=,G4/Q>4?(4%$?+,L%G1;

J(5'48@5+,1./$&, 6R™7:;, X)5,A).[.2.Q*, .=, A5'$5A(4M424(*, 5==5$(?0, ()5, 3iIF&A, & @, 4(?,$./?5j>5/$57, =."
$./2('&4(,. Q&IAK&(4.I; LIASM24?)5@,F&/>?$ 4A(+,I5A& (F5/(,.=,GAIQ>42(4$7+,L%G1;

X52&'+,D'>$5,6788[:;,1/,4(5'&(4B5,2('&(5Q*,=., 25&'/4/Q,F5('4$&2,?('5??,4/ NA(4F&24(*, X)5.™;,C/,V24K&M5()
\>Q)572+,#8&*\>Q)5?,0,1//&M52,P'55/)422,65@P415$$6()3&'19'+0$' HI&+'A)); "' =18&+1)'J) (4$%&(+.
21)9%%%$)5%$'1)'<")3;"3$'KS43$-1#,5)+, W79SWRW;,J.F5'B4225+,#&?7;0,%8&?$&@422&;

X52&'+,D'>$5,67888:;,Y.M>2(,4/(5'A'5(4B5,A& ?4/Q, 4/, F5(4$&2,?('5??,()5.'%;,C/,ad4F&™*, J)&)4/+,J>?&/ D2&ES
0,V>/iJ..E, a4F, 65@7;:)%15$$6()3&' 19' +0$' IL+0' M$&+' 21"&+ 21)9$%$)5$' 1)' N1%,"-' <()3;(&+(5&
WRISWTS;,J(&/=."@+,%&24=;0,%JGC;

X528&'+, D'>$5+, 0, 3&>2, JF.25/?E*, 6788U:;, G5&'/&M424(*, 4/, NA(AF&24¢1) XY B-H(5' G)?;(%$) O
RR8SRWU;

X52&+,D'>$5+,0,3&>2, JF.25/2E*, 6R"2$!%)" 7(-(+.' () *#+(,"-(+.'/0$1%;, %&FM'4@Q5+, #&??;0, #CX
3'5?7?,

H&2E5'+,Y&$)52,6788&":(0"+(1)P")$;+%"-'&$3,$)+&P")6'1#"5(+.'$9AMH+&2, ()574 2+, LIAB5'24(*, .=
%&24=."14&+,I&/(&,%">K;

H&/Q+,HA4224&F,678W[:;,X)5,A)./.2.Q4$&2,=5&(>'5?,G){384)"+(1)"-' @1;%)"-'19'A,$%(5")'<()3;(&+(5&
TTO,8TS7"9;

kdA+#.4'&,678U8:;,%./(.>",(./5?01)1-13. ,*O,7!8S7[!;

kdA+#.4'&,6R"RI1$ ;, %&FM'4@Q50,%&FM'4@Q5,L/4B5'?4(*,3'5?7;

kdA+,#.4'&,6R"'W:;,X)5,?*FM4.?4? ,M5("55/,A5'$5A(4./,& @,Q'&FF&',4/,2.&".'@,A).LKQ)R*;,!'* O
89"S8[9;

b4FF5'F&/+,J&F>52,1;+,0,J(&/25*%#;,J&A./,6789U:;, .(5,./,B."52,@>'&(4./,?55/,$'.2?i24/Q>47?(4$&22%;
@1:%)"-'19+0$'A51;&+(5"->15($+.'19'A $6@STORS 79T:



