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A
bstract

P
honological structures and processes are determ

ined by the functional principles of
m

inim
ization of articulatory effort and m

axim
ization of perceptual contrast. W

e can solve
m

any hitherto controversial issues if w
e are aw

are of the different roles of articulation
and perception in phonology. T

raditionally separate devices like the segm
ent, spreading,

licensing, underspecifi
cation, feature geom

etry, and O
C

P
 effects, are surface phenom

ena
created by the interaction of m

ore fundam
ental principles.

1 I thank L
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Introduction: from
 speaker to listener

T
he functional hypothesis for linguistics m

aintains that the prim
ary function of a

language is com
m

unication, and that languages are organized in a w
ay that reflects this.

C
onsider the E

nglish utterance tense. Its underlying phonological form
 is

/tEn
s/

(0.1)

I w
ill take this to be the perceptual specification of the utterance: if the speaker produces

the specifi
ed perceptual features in the specifi

ed order w
ith the specifi

ed tim
e alignm

ent,
the listener w

ill recognize the utterance as /
tE

n
s/, and a substantial part of the

com
m

unication has succeeded. T
his basic insight should be refl

ected in our theory of
gram

m
ar.

S
everal articulatory strategies can be follow

ed to im
plem

ent the utterance (0.1). In
som

e varieties of E
nglish, a part of the dom

inant articulatory im
plem

entation is (tim
e

runs from
 left to right):

 tongue tip
closed

open
closed

critical

 velum
closed

open
closed

 glottis
w

ide
narrow

w
ide

 lips
spread

(0.2)

T
his w

ill give rise to an acoustic output that w
e can translate into the follow

ing table of
perceptual phonetic events, tim

e-aligned w
ith the articulatory score (0.2) (tr =

 transition):

 silence
+

+

 coronal
burst

tr.
side

bu.  cont

 voiced
sonorant

 noise
asp

sibilant

 F1
open m

id

 F2
m

ax

 nasal
+

(0.3)

In a m
icroscopic transcription (§3.3), this perceptual result can be w

ritten as [[th
EE)n_

ts]]

(“_” =
 silence). W

ith the help of the processes of categorization and recognition, the
listener m

ay reconstruct /
tEn

s/.
T

he theory of F
unctional P

honology, introduced in this paper, claim
s that the

principle of m
im

ization of articulatory effort evaluates the articulatory im
plem

entation

T
he E

lem
ents of F

unctional P
honology

2

(0.2) and its com
petitors, and that the principle of m

axim
ization of perceptual contrast

evaluates the differences betw
een the perceptual specifi

cation (0.1) and the perceptual
result (0.3). T

ogether, these principles w
ill determ

ine w
hich candidate articulatory

im
plem

entation w
ill actually be chosen to surface.

In the present paper, I w
ill defend the hypothesis that the distinction betw

een
articulation and perception is an integral part of the gram

m
ar:

•
Functional principles control both speech production and speech perception (§1).

•
P

honology controls both the articulatory and perceptual specifi
cations of speech

production (§2).
•

T
he traditional hybrid feature system

 should be replaced w
ith separate system

s of
articulatory gestures and perceptual features (§2).

•
T

he traditional hybrid phonological representations should be replaced w
ith perceptual

specifications and outputs, and articulatory im
plem

entations (§3).
•

B
oth articulatory and perceptual principles can only be brought into the gram

m
ar if

that gram
m

ar allow
s constraint violation (§4).

•
C

onstraints against articulatory effort branch into m
any fam

ilies that can be ranked
individually in each language (§5).

•
T

he fi
niteness of the num

ber of feature values in every language is a result of general
properties of m

otor learning and perceptual categorization (§6).
•

C
onstraints against perceptual confusion (§7) branch into m

any fam
ilies of input-

output faithfulness, w
hich can be ranked individually in each language (§8).

•
A

n adequate account of phonological structures and processes needs a com
prehensive

approach to the interaction betw
een faithfulness and articulatory constraints (§9).

•
A

s an exam
ple, §10 describes how

 the realization of vow
el height in phonetic

im
plem

entation is determ
ined by the interaction of tw

o continuous constraint fam
ilies,

and how
 phonetic and pragm

atic circum
stances infl

uence the result by shifting the
rankings of the constraints.

•
T

he local-ranking principle, rooted in general properties of m
otor behaviour and

perception, determ
ines w

hich constraints can be ranked universally, and w
hich m

ust be
ranked on a language-specifi

c basis (§11). T
he exam

ples of nasal place assim
ilation

and obstruent voicing w
ill illustrate the typological adequacy of this approach. It leads

to a straightforw
ard strategy for the phonologization of phonetic principles.

•
B

oth segm
ental and autosegm

ental faithfulness are visible in the gram
m

ar (§12); they
refer to “vertical” and “horizontal” perceptual connections, respectively.

•
T

he degree of specification in (0.1) should actually be quite high. A
ll the argum

ents for
a theory of underspecifi

cation vanish if w
e distinguish betw

een articulatory and
perceptual features, and betw

een high- and low
-ranked specifications (§13).

•
M

any recalcitrant issues in the study of segm
ental inventories, sound change, and

synchronic autosegm
ental phenom

ena like spreading and the O
C

P
, can be solved w

ith
the help of the distinction betw

een articulation and perception (§14; B
oersm

a fc. a-e).
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1   F
unctional principles

Functional principles w
ere first expressed in explanations for sound change. A

ccording to
P

assy (1890), sound changes have the sam
e cause that m

otivates the existence of
language itself: “language is m

eant to convey inform
ation from

 one person to another as
quickly and clearly as possible”.

1.1   F
unctional principles of speech production

P
assy states the principle of econom

y: “languages tend to get rid of anything that is
superfl

uous”, and the principle of em
phasis: “languages tend to stress or exaggerate

anything that is necessary”. H
is use of the term

s superfluous and necessary expresses the
idea 

that 
articulatorily 

m
otivated 

constraints 
m

ay 
be 

honoured 
unless 

stronger
perceptually m

otivated constraints are violated. P
assy’s tw

o com
posite principles easily

let them
selves be disentangled into the speaker-oriented principle of the m

inim
ization of

articulatory effort and the listener-oriented principle of the m
axim

ization of perceptual
contrast.

1.2   F
unctional principle of the com

m
unication channel

P
assy’s “quickly” translates into the principle of the m

axim
ization of inform

ation flow
:

“put as m
any bits of inform

ation in every second of speech as you can”.

1.3   F
unctional principles of speech perception

O
n the part of the listener, w

e have the functional principles of m
axim

ization of
recognition and m

inim
ization of categorization.

T
he listener w

ill try to m
ake m

axim
um

 use of the available acoustic inform
ation,

because that w
ill help her recognize the m

eaning of the utterance.
O

n the other hand, in a w
orld of large variations betw

een and w
ithin speakers, the

disam
biguation of an utterance is facilitated by having large perceptual classes into w

hich
the acoustic input can be analysed: it is easier to divide a perceptual continuum

 into tw
o

categories than it is to divide it into fi
ve. M

oreover, if a contrast betw
een tw

o perceptual
classes is not reliable, i.e., if an acoustic feature is som

etim
es classifi

ed into an adjacent
category, successful recognition is actually helped by not trying to use this contrast for
disam

biguating utterances: if the listener accepts the phonological am
biguity of an

utterance, she w
ill take recourse to alternative (sem

antic, pragm
atic) disam

biguation
strategies, w

hich m
ight otherw

ise not have been invoked. L
abov (1994) show

ed that this
principle can be responsible for segm

ent m
erger in cases of dialect m

ixture.

T
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1.4   F
unctional hypothesis for phonology

T
hus, I m

aintain that historical sound changes, synchronic phonological processes, and
the structure of sound inventories are built in such a w

ay that the follow
ing natural drives

w
ill be honoured:

(a)
T

he speaker w
ill m

inim
ize her articulatory and organizational effort, i.e., she w

ill try
to get by w

ith a sm
all num

ber of sim
ple gestures and coordinations.

(b)
T

he speaker w
ill m

axim
ize the perceptual contrast betw

een utterances w
ith different

m
eanings.

(c)
T

he listener w
ill m

inim
ize the effort needed for classification, i.e., she w

ill use as few
perceptual categories as possible.

(d)
T

he listener w
ill m

inim
ize the num

ber of m
istakes in recognition, i.e., she w

ill try to
use the m

axim
um

 am
ount of acoustic inform

ation.
(e)

T
he speaker and the listener w

ill m
axim

ize the inform
ation flow

.

T
hese principles are inherently conflicting:

•
M

inim
ization of effort conflicts w

ith m
axim

ization of contrast.
•

M
inim

ization of categorization conflicts w
ith m

axim
ization of recognition.

•
M

axim
ization of inform

ation fl
ow

 confl
icts w

ith both m
inim

ization of effort and
m

inim
ization of categorization (§8.6).

•
C

onfl
icts also arise w

ithin the various principles, e.g., the m
inim

ization of the num
ber

of gestures conflicts w
ith the m

inim
ization of energy.

M
aking typologically adequate predictions about w

hat is a possible language under this
hypothesis, involves form

alizing the various aspects of the functional principles (§4). W
e

can achieve this by translating each of the principles (a) to (d) directly into several
fam

ilies of constraints, w
hich w

ill be identified in §5, §6, and §8. Since the principles are
inherently confl

icting, the constraints, if stated in their naked, m
ost general form

s, m
ust

be violable. W
e can expect, therefore, m

uch from
 form

alizing their interactions w
ithin a

fram
ew

ork of constraint-ranking gram
m

ars, w
hich, fortunately, is now

 available to the
phonological com

m
unity in the form

 of O
ptim

ality T
heory. F

irst, how
ever, w

e m
ust

determ
ine the nature of the phonological spaces (§2) and representations (§3) on w

hich
the constraints w

ill be defi
ned. T

his w
ill lead to a replacem

ent of the traditional hybrid
features and representations w

ith system
s based on general properties of hum

an m
otor

behaviour and perception.
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2   A
rticulatory, perceptual, and hybrid features

A
 thread of this w

ork is the idea that features of speech sounds, language-dependent
though they m

ay be, can be divided into tw
o large classes: articulatory and perceptual

features. T
hese tw

o groups play different roles in phonology, and an aw
areness of the

difference betw
een them

 w
ill solve m

any hitherto unsettled problem
s in several realm

s of
phonological debate.

T
he difference betw

een the tw
o groups of features can be traced to their different

roles in speech production and perception.

2.1   A
rticulation versus perception in speech production

F
igure 2.1 show

s a sim
plifi

ed view
 of how

 the articulatory and perceptual aspects of
phonology are integrated into speech production. T

he point labelled “start” m
arks the

interface of the rest of the gram
m

ar to the phonological/phonetic com
ponent. In the

follow
ing paragraphs, I w

ill explain this fi
gure. T

he m
ain point that I am

 trying to
establish, 

is 
that 

phonology 
controls 

both 
the 

articulatory 
and 

the 
perceptual

specifications of the utterance, i.e., both the representations that w
e saw

 in (0.1) and (0.2).

– T
op right: length control. T

he speaker can control the tension of a m
uscle. F

or this, a
direct m

uscle com
m

and (every term
 set in italics can be found in figure 2.1) is conducted

by the α
 neuron fi

bers from
 the spinal cord or the brain stem

 to the m
uscle fi

bers, w
hose

contraction then results in a change in the shape of the hum
an body, e.g., a change in

vocal tract shape. T
he length and length change of a m

uscle are m
easured by the m

uscle
sp

in
d

les (and the tension by the tendon organs), w
hich send this inform

ation back
(through the afferent fibers m

arked 1A
) to the spinal cord or the brain stem

. If the m
uscle

is stretched by an external cause, a direct excitatory synapse of the afferent w
ith the α

m
otor neuron then causes the stretch reflex: a com

pensatory contraction of the m
uscle.

W
ith the help of the γ efferent fibers, the m

uscle spindles can be actively stretched, so
that the afferents fool the spinal cord into thinking that the m

uscle itself is stretched by an
external cause. C

onsequently, the refl
ex m

echanism
 described above w

ill cause the
m

uscle to contract. T
hus, w

hile direct α
 activity w

ould cause an uncontrolled contraction,
this γ-loop system

, w
hich does not go further up than the spinal cord, can be used to

control m
uscle length (H

ardcastle 1976; G
entil 1990). T

he learning of a fast, shape-
oriented gesture probably involves the learning of an effi

cient m
ix of α

 and γ activity,
innervating the m

uscle spindles sim
ultaneously w

ith the other fibres.
C

onclusion
: the speaker can set her m

uscles to a specified length.

T
he E

lem
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A
rticulatory specification

locations of constrictions
degrees of constrictions

pressures

Perceptual 
specification

voiced, fricative,
sonorant, nasal

Phonology

M
uscle features

m
uscle lengths

A
uditory features

periodicity, noise,
spectrum

, intensity

m
uscle com

m
ands

“sound”

ear

“vocal tract shape”
m

uscle spindles
tendon organs

stretch

coordination

tactile receptors
pressure receptors

reflex

proprioceptive
feedback

auditory

feedback

1A
γ

α
m

otor
cortex

sensory
cortex

spinal
cord

start

categorization

F
ig. 2.1

Integration of phonology into speech production.
R

ectangles =
 representations. R

ounded rectangles =
 sensors.

E
ncircled m

inus signs =
 com

parison centres. A
rrow

s =
 causation.

α
, γ, 1A

 =
 nerve fibers.

– T
op left: control of position. F

or m
ost gestures, the control of m

uscle length is not
suffi

cient. R
ather, the m

otor cortex specifi
es the actual position of the body structures.

F
or the vocal tract, this m

eans that the lo
ca

tio
n

s and degrees of constrictions are
specifi

ed. T
hat the m

uscle lengths are not the target positions specifi
ed in speech

production, can be seen from
 bite-block experim

ents (L
indblom

, L
ubker &

 G
ay 1979):

speakers im
m

ediately com
pensate for the constraints on the jaw

, even before phonating,
in such a w

ay that the tongue m
uscles bring about approxim

ately the sam
e area function

in the vocal tract as in norm
ally articulated vow

els, w
hile having very different shapes.

T
he proprioceptive sensory system

, consisting of m
uscle spindles, tendon organs,

tactile receptors, and pressure receptors, sends the inform
ation about the realized shapes

back to the m
otor cortex, w

here it is com
pared to the intended shapes, i.e., the

articulatory specification, and appropriate action is taken if there are any differences.
T

his system
 is called proprioceptive feedback.

C
onclusion

: the speaker can directly control m
uscle tensions, m

uscle lengths, and the
locations and degrees of the constrictions in the vocal tract. H

ypothesis: the articulatory
part of phonology specifies al these variables.
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– B
ottom

 right: auditory perception. T
he hum

an ear w
ill analyse any sound, perhaps one

arising from
 a speech utterance, into auditory features like periodicity (pitch and

noisiness), spectrum
 (tim

bre), and intensity (loudness), all of them
 functions of tim

e. I
w

ill illustrate the perceptual part of speech production w
ith the developm

ent of
phonology in young children.

T
he infant is born w

ith an innate control of som
e of the gestures that are also used in

speech: breathing, vocal-fold adduction (crying), and repetitive jaw
 m

ovem
ents

(drinking). 
O

ther 
gestures, 

like 
the 

m
ovem

ents 
of 

the 
lim

bs, 
are 

still 
largely

uncoordinated. A
fter a few

 m
onths, the infant learns that she can control her environm

ent
(i.e., her perceptual im

pressions), by pulling som
e m

uscles. L
ike the use of one of her

deltoid m
uscles gives her the visually pleasing result of a sw

inging object (her arm
), a

certain com
bination of expiration and vocal-fold adduction gives her the auditorily

pleasing result of a periodic sound (voicing). A
 little later, w

hen she has a com
m

and of
som

e 
agonist/antagonist pairs, she w

ill start exploring the benefi
ts of repetitive

m
ovem

ents; like hitting the m
ills and bells that are w

ithin her reach, she w
ill superponate

opening and closure gestures of the jaw
 on a background of phonation, thus getting nice

alternations of silence and sound (babbling).
C

onclusion: 
speakers 

learn 
the 

forw
ard 

relationship 
betw

een 
articulatory

coordinations (top left) and perceptual results (bottom
 right).

– B
ottom

 left: speech perception
. A

t the tim
e she starts to im

itate the speech she hears,
the little language learner w

ill have to com
pare her ow

n utterance w
ith the m

odel
(auditory feedback). A

t first, the perceptual specification (initially, the adult utterance), is
an unsegm

ented gestalt. T
he articulatory specifications, w

hich she is now
 constructing for

the sake of faithful im
itation and the reproduction of her ow

n speech, are not very
sophisticated yet either, because the orosensory (proprioceptive) feedback m

echanism
 is

still under developm
ent.

B
ut the child learns to group perceptual events into categories. F

or speech, this
ultim

ately leads to a language-dependent categorization of perceptual features. T
he

skilled speaker w
ill also have highly organized articulatory specifi

cations in term
s of

degrees of constrictions and air pressures, w
ith a language-dependent degree of

underspecifi
cation, determ

ined by econom
ical considerations, i.e., the balance betw

een
perceptual invariance and articulatory ease. S

he w
ill use the auditory feedback only as a

check and for m
aintenance.

C
onclusion

: the speaker can com
pare the realized perceptual categories w

ith the
perceptual specification of the utterance. H

ypothesis: this is integrated into phonology.

2.2   T
he tw

o targets of speech production: levels of phonological specification

For a skilled speaker, the perceptual specifications m
ust be the ultim

ate (distal) targets of
speech production. T

hey cannot be the im
m

ediate (proxim
al) targets, because the auditory

T
he E
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feedback loop is m
uch too slow

 for that. T
he im

m
ediate targets are the locations and

degrees of constriction and the air pressures in the vocal tract. T
hese proprioceptive

targets can be m
onitored by the collective effort of tactile and pressure receptors, m

uscle
spindles, tendon organs, and joint receptors.

T
he task-dynam

ic approach advocated by K
elso, S

altzm
an, &

 T
uller (1986) and

B
row

m
an &

 G
oldstein (1986, 1990), m

aintains that the input to an articulation m
odel

should consist of specifi
cations of tract variables, such as locations and degrees of

constrictions, as functions of tim
e. T

his approach explicitly focuses on describing the
coordination of the m

uscles of speech production: specifi
cation of these tract variables

refers to learned m
otor behaviour. K

elso et al. notice, for exam
ple, that an experim

entally
induced perturbation of the m

ovem
ent of the jaw

 does not prevent the com
pletion of the

bilabial closure in [a
b
a
] or the achievem

ent of an appropriate alveolar near-closure in
[a

z
a
]. T

hus, if the upper and low
er teeth are externally constrained to be m

ore than 1 cm
apart, the required alveolar closure w

ill still be attained. C
rucially, how

ever, the sm
allest

bilabial closure w
ill then be m

uch larger than in the case of an unconstrained [a
z
a
].

A
pparently (K

elso et al. argue), the im
m

ediate task for producing [b
] is: “m

ake a
com

plete closure w
ith the lips”, and for [z

] it is: “m
ake a near closure at the alveoli”.

C
rucially, the task for [z

] does not specify bilabial closure at all; this is w
hy there can be

a large variation in the degree of bilabial closure during [z
]. T

herefore, there is som
e

underspecification in the im
m

ediate targets of speech production.
H

ow
ever, as w

ill be apparent from
 our separation of perceptual and articulatory

specifi
cations, a part of the ultim

ate perceptual specifi
cation of /z/ (in som

e languages)
should be in these term

s: “m
ake a periodic sound that w

ill produce strong high-frequency
noise”. S

peakers w
ill learn that the only articulatory im

plem
entation (“task”) that

achieves this, is: “m
ake a near closure at the alveoli; m

eanw
hile, the bilabial and dorsal

constrictions should be w
ider than this alveolar constriction, the naso-pharyngeal port

should be closed, the lungs should exert pressure, and the vocal cords should be in a
position that enables voicing”. W

e see that the perceptual specifi
cation does require a

constraint on bilabial closure after all (the lips m
ust not be com

pletely or nearly closed),
and that the articulatory specification follow

s from
 the perceptual specification for /z/.

T
hat the perceptual features, not the proprioceptive features, form

 the distal targets of
speech production, can be seen in a sim

ple experim
ent that em

broiders on the bite-block
experim

ents. If you ask som
eone to pronounce a central (e.g. D

utch) [a
] w

ith her teeth
clenched, she w

ill m
ake com

pensating tongue and lip m
ovem

ents; how
ever, because [a

]

is not specifi
ed for horizontal lip spreading, she w

ill not draw
 the corners of her m

outh
apart, though this w

ould yield a m
uch m

ore [a
]-like sound; she w

ill only learn this trick
after som

e practice, using auditory feedback.
C

onclusion
: the articulatory specifi

cations are the proxim
al targets of speech

production, the perceptual specifi
cations are the distal targets. H

ypothesis: phonology
controls both.
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2.3   P
erceptual specifications

T
he functional principle of m

axim
ization of perceptual contrast is evaluated in the

perceptual space. P
erceptual features include periodicity (voicing and tone), noise

(frication, aspiration), silence, burst, continuancy, and frequency spectrum
 (place,

nasality).
A

ll these features are m
easured along continuous scales, but languages discretize

these scales into a language-dependent num
ber of categories. A

n exam
ple of the

perceptual specifi
cation of labial sounds for a language that has tw

o categories along the
voicing, friction, sonorancy, and nasality scales, can be read from

 the follow
ing table,

w
here ‘+

’ m
eans ‘present’, ‘–’ is ‘absent’ (suggesting a privative feature), and ‘|’ is a

perceptual contour, i.e., a tem
poral change in the value of a perceptual feature:

p
f

v
b

m
w

p
H

V
h
W

u
b
-

u
)

v
)

voiced
–

–
+

+
+

+
–

+
–

+
+

+
+

noise
–

+
+

–
–

–
–|+

–
+

–
–|+

–
+

sonorant
–

–
–

–
+

+
–

+
–

+
–

–
+

nasal
–

–
–

–
+

–
–

–
–

–
–

+
+

(2.1)

– N
o u

n
iversal featu

re valu
es. T

he language-dependency of perceptual feature values
can be m

ost clearly seen from
 the different divisions of the height continuum

 for
languages w

ith three and four vow
el heights (§6): if the low

est vow
el is [a

] and the
highest vow

el is [i], a language w
ith three vow

el heights w
ill have an “e” w

hose height is
approxim

ately m
idw

ay betw
een [a

] and [i], and a language w
ith four vow

el heights w
ill

have tw
o vow

els close to canonical [E
] and [e

]; this show
s that the height continuum

 is
divided on a basis of equal perceptual distance rather than on a basis of m

axim
um

 use of
universal binary features.

2.4   A
rticulatory specifications

T
he functional principle of m

inim
ization of articulatory effort is evaluated in the

articulatory space, w
hich consists of all the possible positions, shapes, m

ovem
ents, and

tensions of the lips, cheeks, tongue tip, tongue body, velum
, tongue root, pharynx w

alls,
epiglottis, 

laryngeal 
structures, 

vocal 
folds, 

and 
lungs. 

T
he 

trajectory 
of 

the
im

plem
entation of the utterance through this space is a voyage along m

any positions,
each of w

hich is characterized as a vector m
easured along scales of degree of closure or

tension. T
hough these scales are continuous, languages discretize m

ost of them
. F

or
instance, supralaryngeal degrees of closure can be: com

plete (usually brought about by a
ballistic m

ovem
ent: plosives and nasals); critical (usually brought about by a controlled
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m
ovem

ent, w
hich m

akes it precise enough to m
aintain friction noise or vibration:

fricatives); approxim
ant (strong secondary articulation, pharyngealization); narrow

 (0.3 -
1 cm

2; high vow
els, glides, liquids, retracted tongue root); open (1 - 4 cm

2; neutral
vocalic); or w

ide (4 - 15 cm
2; spread lips, advanced tongue root).

I classifi
ed these degrees of closure according to perceptual differences, i.e., every

pair of successive labels is found som
ew

here in the w
orld to contrast tw

o phonem
es on

the sam
e articulator. S

till, there is nothing canonical, preferred, or universal about this
subdivision. B

esides the obvious articulatory im
plem

entation of the language-dependent
subdivision of vow

el height, here is an exam
ple w

ith non-vocalic closures: D
utch

contrasts a noisy voiced labiodental fricative ([v
i…] ‘fell’) and a noiseless approxim

ant
([V

i…] ‘w
heel’); in betw

een those tw
o, as far as noisiness and, therefore, degree of

constriction are concerned, are the [v
]-like sounds of G

erm
an ([v

a
e
n
] ‘w

ine’), E
nglish

([v
a
in

] ‘vine’), A
frikaans ([v

´
t] ‘w

hite’), and French ([v
il] ‘city’).

T
he labial, coronal and dorsal articulators can be used independently to a large extent

in doubly articulated sounds (labial-velars, clicks) or even triply articulated sounds
(Sw

edish [Ó
], H

olland D
utch syllable-final <

l>
 […W

]), but there are no sounds that use the
sam

e articulator tw
ice (e.g. no clicks w

ith dorso-palatal front closure). T
he articulatory

space is organized in tiers, w
ith one tier for every degree of opening and tension. T

he
independence of these tiers represents the independence of the articulators, and refl

ects
the independence of articulatory features in phonology.

A
n exam

ple of the articulatory specifications of som
e labial sounds in a language that

w
ould faithfully im

plem
ent the perceptual features of (2.1), is given in (2.2) (0 =

 closed,
1 =

 critical, 2 =
 approxim

ant, 3 =
 narrow

, 4 =
 open, 5 =

 w
ide, | =

 tim
e contour, 2-5 =

from
 2 to 5):

p
f

v
b

m
w

p
H

V
w

)
b
8

b
-

∫
h
W

u
ç

lip opening
0

1
1

0
0

3
0|2-5

2
3

0
0|2-5

0
3

3
4

tongue tip opening
2-5

2-5
2-5

2-5
2-5

3-5
2-5

2-5
3-5

2-5
2-5

2-5
3-5

4-5
5

tongue body opening
2-5

2-5
2-5

2-5
2-5

3
2-5

2-5
3

2-5
2-5

2-5
3

3
4

velum
 opening

0
0

0
0

4
0-1

0
0-1

4
0

0
0

0-1
0-1

0-2

pharynx opening
2-5

2-5
2-5

2-5
2-5

3-5
2-5

2-5
3-5

2-5
2-5

2-5
3-5

4-5
3

glottis opening
2-3

2-3
1

1
1

1
3

1
1

1
2

1
3

1
1

supralar. tension
+

–
–

–
–

(2.2)

– A
rticu

latory u
n

derspecifi
cation

. T
here is a lot of underspecifi

cation in (2.2). F
or

instance, if the lips are com
pletely or alm

ost closed, the coronal and dorsal constrictions
have a lot of freedom

: they can be anyw
here betw

een the approxim
ant closure and a w

ide
vocalic opening w

ithout affecting the perceptual features too m
uch. A

s an exam
ple,

consider the articulatory and perceptual features and specifications of [b
] in the utterance
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[a
b
a
]. D

uring the pronunciation of [a
], the tongue w

ill be low
 in the throat, pulled dow

n
by the hyoglossus m

uscle. T
his state w

ill last during the w
hole of the utterance [a

b
a
].

T
he jaw

 w
ill travel a long distance in going from

 the [a
] position to the [b

] position and
back again. T

he m
uscles of the lips w

ill also m
ake a closing-opening m

ovem
ent. If,

how
ever, the lips are less closed, as in [u

], the coronal constriction should be quite w
ide

so that it w
ill not sound like a front vow

el, and the pharyngeal constriction should also be
quite w

ide so that the vow
el does not sound m

ore open or centralized. T
hus, as already

argued in §2.2, the articulatory specifications follow
 from

 the perceptual specifications.
C

onclusion
: 

articulatory 
underspecifi

cation 
is 

constrained 
by 

faithfulness 
to

perceptual invariance.

2.5   P
erceptual versus articulatory features

T
hough it is often the case that sim

ilar articulations produce sim
ilar perceptual results, as

w
ith m

ost place features, there are several sources of asym
m

etry betw
een perceptual and

articulatory features. In the follow
ing, I w

ill disentangle the hybrid features used in
generative phonology.

– V
oicing. If w

e defi
ne voicing as the vibration of the vocal cords, w

e are talking about
the perceptual feature [voice], w

hich refers to a high degree of periodicity in the sound.
T

here is no single articulatory gesture that can be associated w
ith voicing: for the vocal

folds to vibrate, they m
ust be close enough and air has to fl

ow
 through the glottis w

ith a
suffi

cient velocity. T
he articulatory settings needed to im

plem
ent the voicing feature,

vary depending on the degree of constriction above the larynx. If the air is allow
ed to exit

freely, as in sonorants, there is spontaneous voicing if the vocal folds have been adducted
by the interarytenoid m

uscles; sufficient airflow
 is then guaranteed.

If the passage is obstructed, as in [b
], active laryngeal or supralaryngeal gestures are

often needed to m
aintain voicing, especially in initial position: the larynx m

ay be
low

ered, the w
idth of the glottis or the tension of the vocal folds m

ay be adjusted, the
w

alls of the pharynx, the cheeks, or the velum
 m

ay be expanded passively or actively, or
the stop m

ay be pre-nasalized. T
he effects of all of these tricks have been confi

rm
ed in

sim
ulations w

ith a sim
ple m

odel of the vocal tract (W
estbury &

 K
eating 1986) as w

ell as
w

ith a m
ore com

prehensive m
odel (B

oersm
a 1993, 1995, in progress). S

ince it is not
alw

ays easy to fi
nd out w

hich trick (other than im
plosion or prenasalization) is used by a

specifi
c language, w

e can supply plain voiced obstruents w
ith the im

plem
entationally

form
ulated articulatory feature [obstruent voicing] (or S

teriade’s (1995) suggestion
[pharyngeally expanded], though the term

 “expanding” m
ight be m

ore correct).
L

ikew
ise, active gestures are som

etim
es needed for voiceless obstruents, especially in

intervocalic position: w
idening or constriction of the glottis, raising of the larynx,

T
he E

lem
ents of F

unctional P
honology

12

stiffening of supralaryngeal w
alls, or active narrow

ing of the supralaryngeal tract. F
or

this, w
e can sim

ilarly im
agine a goal-oriented articulatory feature [obstruent devoicing].

S
ince assim

ilation processes are norm
ally associated w

ith changes of articulatory
tim

ing, w
e expect that obstruents can trigger voice assim

ilation, and that sonorants
cannot. A

cceptance of the distinction betw
een articulatory and perceptual voicing

features, w
ill lead to a rejection of the m

ain argum
ent for underspecifi

cation in
phonological processes (§13). T

hus, an early decision to posit a single feature [voice] for
underlying and surface representations resulted in the underspecifi

cation of sonorants for
this feature: the fact that m

any languages do contrast voiced and voiceless obstruents but
do not contrast voiced and voiceless sonorants, com

bined w
ith the phonological inertness

(w
ith respect to spreading) of voicing in sonorants, w

as considered evidence for the
analysis that sonorants w

ere not voiced at all underlyingly; a late rule w
ould insert the

voicing feature for sonorants. A
 distinction betw

een an articulatory voicing feature,
w

hich only applies to obstruents because sonorants are spontaneously voiced, and a
perceptual voicing feature com

m
on to sonorants and voiced obstruents, w

ould quite
sim

ply solve the m
ysteries associated w

ith the voicing problem
. H

ow
ever, this w

ill not go
w

ithout a struggle: the one phenom
enon that seem

s im
m

une to a sim
ple functional

approach, N
C

 voicing (i.e., the phenom
enon that plosives tend to be voiced after nasals),

tem
pted Itô, M

ester &
 Padgett (1995) into the follow

ing rem
arks:

“the trouble lies not w
ith [voice], (...) the challenge is to resolve the paradox w

ithout destroying

the unity and integrity of the distinctive feature [voice].” (Itô, M
ester &

 Padgett 1995, p. 581)

T
heir resolution of the paradox entails that nasals, because they are redundantly voiced,

like to share a non-redundant voicing feature w
ith their neighbours. N

o explanation is
given for the absence of C

N
 voicing. A

n articulatory explanation w
as advanced by H

ayes
(1995): the velum

 goes on raising even after the m
om

ent of closure, so that the enlarging
pharyngeal cavity facilitates the m

aintenance of voicing; the exactly reverse situation
from

 the C
N

 case. T
he question how

 such details are phonologized, is answ
ered in §11.

– N
oise. In the phonological literature, fricatives are econom

ically divided into non-
strident (/∏

/, /
T/, /x/) and strident (/f/, /s/, /S/, /X

/). In contrast w
ith w

hat the label
suggests, this division is based on distributional grounds: the strident fricatives are louder
(m

ake m
ore noise) than their non-strident counterparts on the sam

e articulator (C
hom

sky
&

 H
alle 1968, p. 327), and are, therefore, on the average m

ore suitable for hum
an

com
m

unication in a w
orld w

ith distances and background noise; the non-strident
fricatives, on the other hand, often alternate, or are historically related to, plosives at the
sam

e place of articulation; as so happens, plosives tend to occur at locations w
here

perfect closures are easy to m
ake (bilabial, corono-postdental, dorso-velar), and fricatives

prefer locations w
ith sm

all holes (labio-dental, corono-interdental) or unstable structures
(dorso-uvular). From

 the perceptual standpoint, how
ever, w

e could divide the continuous
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noise scale into four levels of a com
bined loudness/roughness nature (w

hich is rather
arbitrary, especially for the non-peripherals):

•
[aspirated]: as in [h

], [p
H], and so-called “voiceless sonorants”.

•
[m

ellow
 friction]: resulting from

 airflow
 through a sm

ooth slit ([∏
], [x]).

•
[strident friction]: airflow

 along sharp edges ([f], [T
]) or loose structures ([X

]).
•

[sibilant]: a jet of air generated in one place (alveolar) and colliding at a rough
structure at another place (teeth): [s], [S]; this causes a 15 dB

 intensity increase w
ith

respect to the norm
al strident [T

] 2. A
ccording to L

adefoged (1990a), the distance
betw

een the low
er and upper teeth is critical 3, and sibilants are the only E

nglish sounds
w

ith a precise specification for jaw
 height (see the discussion below

 for vow
el height).

T
he epenthesis of a vow

el in E
nglish fishes versus m

yths is due to the equal specifications
for [sibilant] in base and affi

x (§14.2, B
oersm

a fc. b), not to a m
issing stridency contrast

on the labial articulator as proposed by Y
ip (1988).

– Sonorant. C
hom

sky &
 H

alle’s (1968) defi
nition of sonorants is that they are “sounds

produced w
ith a vocal tract confi

guration in w
hich spontaneous voicing is possible” (p.

302). T
his is neither an articulatory nor a perceptual definition, and, as such, not likely to

play a role in phonology. S
ince, as L

adefoged (1971) states, “the rules of languages are
often based on auditory properties of sounds”, I w

ill sim
ply take [sonorant] to refer to a

high degree of loudness and periodicity that allow
s us to hear a form

ant structure
4. T

hus,
[sonorant] im

plies [voice]. Its im
plem

entation is as follow
s. From

 the openings associated
w

ith each articulator, w
e can derive the follow

ing abstract openings:

•
O

ral opening. T
his equals the m

inim
um

 of the labial, coronal, and dorsal openings.
•

Suprapharyngeal opening. T
he m

axim
um

 of the oral opening and the nasal opening.
•

Supralaryngeal opening. M
inim

um
 of suprapharyngeal and pharyngeal openings.

T
hese derivative features can help as interm

ediaries in form
ulating the m

apping from
articulatory to perceptual features. F

or instance, the supralaryngeal articulatory setting
needed for spontaneous voicing is:

supralaryngeal opening ≥ “approxim
ant”

(2.3)

T
his condition is not sufficient, of course. V

ocal-fold adduction and lung pressure have to
be added.

2 W
hich the reader m

ay verify by saying [sT
sT

sT
sT

sT
].

3 T
he reader m

ay verify that she cannot produce a faithfully sibilant [s] w
ith a finger betw

een her teeth.
4 T

his raises the question w
hether [sonorant] can be considered a prim

itive feature at all: it can be seen as a
value of a loudness feature, or as a derived feature based on the presence of form

ant structure.
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– F
ricatives versus approxim

ants. S
o-called voiceless sonorants are just very m

ellow
fricatives (aspirates). T

he binarily categorizing language of table (2.1) show
s a perceptual

contrast betw
een fricatives and approxim

ants, but only if these are voiced ([v
] and [V

]),
not if they are voiceless ([f] and [h

W
]). T

his is because a voiced approxim
ant w

ill not
produce friction, but a voiceless (aspirated) articulation w

ith the sam
e degree of closure,

w
ill. So, voiced fricatives and approxim

ants can easily occur together in such a language
(e.g., D

utch [v
] and [V

]), because voiced fricatives are noisy and voiced approxim
ants are

not; their voiceless counterparts cannot occur together in such a language, because
voiceless fricatives and voiceless approxim

ants only differ in their degree of noisiness,
w

hich w
ould force the listener to distinguish betw

een the categories [aspirated] and
[fricative].

– N
asality. T

he perceptual feature [nasal] m
ore or less coincides w

ith the articulatory
feature [low

ered velum
]. B

ut not precisely. T
able (2.2) show

s a less restricted nasal
specification for [ç

] than for [u
]. A

 slightly open nasopharyngeal port is allow
ed in low

er
vow

els, because it can hardly be heard if the oral opening is large (V
an R

eenen 1981).
T

hus, the sam
e sm

all am
ount of velum

 low
ering m

ay give rise to a perception of nasality
in high vow

els, and of no nasality in low
 vow

els.

– C
ontinuant. T

his feature has been used to distinguish plosives from
 fricatives, and to

be able to treat nasal and “oral” stops as a natural class. A
s a perceptual feature for

audible oral airfl
ow

, I w
ill replace it w

ith [oral]; thus, [f], [h
], and [a

] are oral, and [p
]

and [m
] are not, w

hile [a
)] is both oral and nasal. T

his m
ove refl

ects the articulatory
sym

m
etry betw

een the nasal and oral pathw
ays. H

ow
ever, because m

ost speech sounds
are oral but not nasal, com

m
onness considerations (§8.5) lead us to expect that the values

[–oral] and [+
nasal] play m

ore visible roles in phonological processes than their
counterparts [+

oral] and [–nasal].
In another respect, oral stricture w

orks just like velar stricture: the degree of perceived
oral airfl

ow
 does not necessarily refl

ect the degree of closure. A
 sound m

ade w
ith the

articulatory setting for a labial fricative w
ill norm

ally lose its friction w
hen the velum

 is
low

ered: the air w
ill follow

 the path of low
est resistance

5. T
his is w

hy nasalized fricatives
like [v

)] 6 in table (2.1) are so rare in the languages of the w
orld; to m

ake one, you’ll have
to com

e up w
ith a very precise setting of your tongue blade, w

ith different m
uscle

tensions and positions from
 norm

al fricatives. A
gain, the perceptual specifi

cation
determ

ines the articulatory gestures.

5 Y
ou can check this by pinching your nose, m

aking a “nasal” [z
], and then suddenly releasing your nose.

6 If w
e take a perceptual definition for [v

)]. T
he IPA

 is a hybrid notation system
, and often am

biguous: if [i]

and [u
] are vow

els w
ith m

inim
al F

1 , w
hat does the IPA

 sym
bol [y

] m
ean? Is it a front rounded vow

el w
ith

m
inim

al F
1 , or a vow

el w
ith the tongue shape of [i] and the lip shape of [u

]?
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If tw
o articulations produce the sam

e sound, the easier one is m
ore likely to be used.

A
t m

ost places of articulation, a com
plete closure is easier to m

ake than a critical closure,
because it involves a ballistic instead of a controlled m

ovem
ent (H

ardcastle 1976). F
or

labiodentals, even a ballistic m
ovem

ent often results in an incom
plete closure; so,

labiodental plosives are very rare, but labiodental nasals quite com
m

on. E
very non-

labiodental nasal form
s a natural class w

ith its corresponding plosive because both are
im

plem
ented w

ith the sam
e ballistic articulatory gesture, e.g., [com

plete labial closure].

– P
losives. T

he intervocalic plosive in [a
ta

] is perceptually m
arked by a sequence of

form
ant transition [[t|]] +

 silence [[_
]] +

 release burst [[t]] +
 form

ant transition. T
heir

has been a gigantic literature about the im
portance of all these cues in the perception of

speech. W
hile the form

ant transitions are shared w
ith m

ost other consonants at the sam
e

place of articulation, the silence and the burst together signal the presence of a voiceless
plosive. In [[th

EE)n_
ts]], both release bursts are heard, but silence associated w

ith the first
[t] m

erges w
ith the am

bient stillness, thus giving up its identity. A
 cluster of plosives,

like /a
tp

a/, is pronounced w
ith overlapping gestures in m

ost languages (w
ith French as a

notable exception), so that the result [[a
t|_

˘p
a
]] show

s the dem
ise of the m

ain place cue
for the recognition of [coronal]. In E

nglish, this m
ay lead to place assim

ilation
([a

p
|_

˘p
a
]]), because the articulatory gain of not having to perform

 a blade gesture
outw

eighs the perceptual loss of losing the rem
aining place cue. W

e w
ill see (§11,

B
oersm

a fc. a) that this kind of phonetic detail can be expressed directly in the gram
m

ar
of spreading phenom

ena.

– D
uration. D

uration could be called a derived perceptual feature, because the perception
of duration presupposes the recognition of another feature (the presence of sound, tim

bre)
as being constant. In the above exam

ple of place assim
ilation, the duration of the silence

w
as preserved, w

hich is a sign of the independence of the silence cue for plosives.

– V
ow

el height. A
ccording to K

enstow
icz (1994, p. 20), “w

e m
ay interpret [+

high] as the
instruction the brain sends to the vocal apparatus to raise the tongue body above the
neutral point”. H

ow
ever, since different tongue m

uscles are involved in [i] and [u
], such

a standpoint testifies to a view
 that speech is organized very differently from

 other m
otor

activities: no proprioceptors for non-low
 tongue height are know

n; the correlation of
vow

el height w
ith jaw

 height is w
eak, regarding the highly varying strategies that

speakers adopt to im
plem

ent this feature (L
adefoged 1990). T

herefore, w
ith L

adefoged
(1971, 1990a) and L

indau (1975), I w
ill assum

e that vow
el height inversely corresponds

to the fi
rst form

ant (F
1 ), i.e., that the phonological effects of vow

el height correspond to
the perception of the fi

rst peak in the excitation pattern of the basilar m
em

brane in the
inner ear (the higher the vow

el, the low
er its F

1 ). S
im

plistically, the m
uscles used in
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im
plem

enting vow
el height are roughly: genioglossus (higher front vow

els), styloglossus
(higher back vow

els), and hyoglossus (low
 vow

els).
V

ow
el height does define natural classes in inventories and rule targets (as a result of

perceptual categorization, see §6), but vow
el harm

onies and assim
ilations are largely

confined to the m
ore articulatorily tractable features of rounding, backness, and advanced

tongue root; the rule ç →
 o

 / _ i is relatively rare (as com
pared w

ith ç →
 O

 / _ i), and
assim

ilation of vow
el height is expected to occur only if all the vow

els involved use the
sam

e articulator, as in E →
 e / _ i. A

pparent exceptions are treated in B
oersm

a (fc. a).

– T
ensions. A

 direct relation betw
een articulation and perception is found in the tension

of the vocal cords, w
hich is the m

ain determ
iner of the pitch of voiced sounds. T

he
tension of the lung w

alls determ
ines the subglottal pressure, w

hich infl
uences the

loudness (spectral slope and intensity) and pitch of the perceived sound. A
 rather indirect

relation betw
een articulation and perception is found w

ith the tension of the w
alls of the

pharynx and the cheeks, w
hich can play a role in the voicing of obstruents.

– P
lace. T

he perceptual distinction betw
een the various places of articulation is prim

arily
m

ade on the basis of the associated auditory spectra. For vow
els, the first form

ant, w
hich

is in the low
er part of the spectrum

 and represents the degree of closure, seem
s to be an

independent perceptual feature; it disappears in the transitions to neighbouring obstruents.
T

hus, place inform
ation for vow

els is restricted to the upper part of the spectrum
, and w

e
can im

agine that it is a m
ulti-valued perceptual feature, encom

passing [front], [back], and
[round]; all these colour features assum

e [sonorant]. In the auditory spectrum
, the front-

back distinction is represented by the second form
ant (F

2 ); I w
ill take it to specify the

strongest spectral peak above the first form
ant 7. Specifying the value “m

ax” for F
2  m

eans
that F

2  should be at a m
axim

um
 given F

1 ; this is m
ost faithfully rendered by producing a

front vow
el w

ith lip spreading. T
he value “m

in” specifi
es a m

inim
um

 value of F
2  given

F
1 ; this is m

ost faithfully im
plem

ented as a rounded back vow
el. N

o “enhancem
ent” of

an allegedly distinctive feature [back] by an allegedly redundant feature [round], as
proposed by S

tevens, K
eyser &

 K
aw

asaki (1986) for reasons of lexical m
inim

ality, is
im

plied here: the tw
o gestures just im

plem
ent the sam

e perceptual feature sym
m

etrically.
F

or consonants, place cues can be found in the form
ant transitions from

 and to
neighbouring sounds. O

ther cues m
ust be found in noises (fricatives and release bursts).

T
he perceptual place feature is a rather continuous path through a m

ultidim
ensional

space, ranging from
 [bilabial] to [glottal], and does not respect the discrete articulatory

7 K
now

n in the phonetic literature as F
2 ´, the usual defi

nition of F
2  being: the second spectral peak,

m
easured from

 0 H
z upw

ards. T
his peak is com

m
only determ

ined by a com
puter program

 that is forced to
fi

nd fi
ve peaks betw

een 0 and 5000 H
z. F

or [i], this second peak (at 2500 H
z or so) usually incurs a m

uch
w

eaker im
pression on the inner ear than the third and fourth peaks, w

hich tend to conspire to build a very
strong perceptual peak near 4000 H

z.
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distinctions betw
een the articulators: labiodental and corono-dental fricatives sound quite

sim
ilar, and so do corono-postalveolars and dorso-palatals; perceptually, [glottal] m

ust be
included in the set of values of the [place] feature (adjacent to [epiglottal]), though it
show

s no form
ant transitions to surrounding vow

els because these have glottal
constrictions, too. F

or nasals, the place inform
ation contained in the various oral side

branches is very w
eak: an isolated nasal stop produced w

ith sim
ultaneous lip and blade

closures w
ill sound as [n

] in the dark, and as [m
] if the listener sees the speaker: the

visual cue overrides the auditory cue. R
elease cues w

ithout noise occur for nasal stops
and laterals 8.

V
ocalic place cues can be used w

ith stops and fricatives to a certain extent: in m
any

languages, lip rounding contributes to the perceptual contrast betw
een [s] and [S]. B

y
contrast, lip rounding does not influence at all the stationary part of the sound of [n

] 9.

2.6   T
he speech-neutral position and privative features

S
om

e features m
ust be considered privative (m

ono-valued, unary), because only a single
value can be phonologically active (A

nderson &
 E

w
en 1987, E

w
en &

 V
an der H

ulst
1987, V

an der H
ulst 1988, 1989, A

very &
 R

ice 1989). F
or instance, only [+

nasal] is
thought to be able to spread.

S
teriade (1995) provides an articulatory explanation for the existence of privative

features. T
he presence of an articulatory gesture like [low

ered velum
], she argues, is

qualitatively different from
 its absence, because it constitutes a deviation from

 the
speech-neutral position (C

hom
sky &

 H
alle 1968, p. 300).

T
he only real neutral position is the one in w

hich m
ost m

uscles are relaxed, nam
ely,

the neutral position for breathing, w
hich involves a w

ide glottis and a low
ered velum

.
T

he alleged speech-neutral position w
ould have glottal adduction and a raised velum

,
w

hich involve active m
uscular effort (interarytenoid and levator palatini).

T
his speech-neutral position can only be explained w

ith reference to requirem
ents of

perceptual contrast: w
e can produce better spectral contrasts for non-nasals than for

nasals, and voicing allow
s us to produce tone contrasts, better form

ant structures, and
louder sounds. T

hus, nasal sounds w
ill occur less often in an utterance than non-nasal

sounds, and voiceless sounds w
ill occur less often than voiced sounds. Instead of a

neutral position, w
e now

 have the m
ost com

m
on position.

S
o, instead of invoking a m

ysterious speech-neutral position, it seem
s m

ore
appropriate to explain privativity directly by argum

ents that start from
 the frequency of

occurrence of the feature values in the average utterance: the presence of a perceptual

8 Y
ou can hear them

 if you record [a
n
a
] or [a

la
], create a backw

ard copy of this sound, and com
pare the

tw
o C

V
 transitions.

9 T
ry saying [n

˘˘] and superpose the lip m
ovem

ents of [w
iw

iw
i]. T

he colour does not change. A
n

analogous experim
ent w

ith [N
˘˘] and [w

a
w

a
w

a
] show

s velar excitation of a closed front cavity.
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feature like [nasal] is quantitatively different from
 its absence, because the latter w

ould
not signal any deviation from

 the m
ore com

m
on non-nasality. In §8.5, I w

ill show
 that

differences in the phonological activities of various articulatory gestures can be related
directly to the listener’s adaptation of recognition strategies to frequency differences in
the corresponding perceptual features. I w

ill argue there and in §13 that the com
m

on
values like [–nasal] are not absent, but only relatively invisible because of their w

eak
specifications.

2.7   F
eature geom

etries

T
he above story gives rise to the follow

ing partial geom
etry of im

plications for the
presence 

of 
perceptual 

features 
(conjunctions 

are 
show

n 
by 

vertical 
branches,

disjunctions by horizontal branches):

voiced
m

urm
ur

sonorant

pitch

F
1

F
2

m
in (back)

m
ax (front)

m
in (high)

m
id

m
ax (low

)

noise

aspirated
m

ellow
strident
sibilant

loudness
strong
w

eak

duration

nasal

release
burst
nasal
lateral

lateral

place

bilabial

pharyngeal

labiodental

uvular
velar

HML

perceived

heard
seen

lips
round

closed
spread

silence
sounding

dynam
ic

static

transition

spectrum

dental
alveolar
palatal

epiglottal
glottal

(2.4)

T
his fi

gure only show
s perceptual dependencies, so it does not show

 w
hich features

cannot co-occur because of articulatory constraints; for instance, an aspirated sonorant is
easy ([˙

]), but a sibilant sonorant w
ould be m

uch harder to produce. S
om

e of the
im

plications have to be taken w
ith a grain of salt, as it is not unthinkable that pitch is

perceived on voiceless syllables (as in Japanese), etc.
T

he im
plicational geom

etry for articulatory gestures is extrem
ely fl

at, because of the
near independence of the articulators:
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bilabial
labiodental

blade

distributed
+–

closed
critical

open
w

ide

narrow
approxim

ant

place stricture

place

stricture
velum

raised
low

ered

glottis
constricted
adducted
spread

vocal
folds

tense
lax

(2.5)

T
he picture that arises from

 these geom
etries is rather different from

 the hybrid feature
geom

etries that have been proposed by C
lem

ents (1985), S
agey (1986), 

M
cC

arthy
(1988), and K

eyser &
 S

tevens (1994). T
hose geom

etries w
ill be seen to result from

 a
confusion of the roles of articulatory and perceptual features (§14.3).

2.8   C
onclusion

A
s the exam

ples show
, the relations of the traditional hybrid features w

ith their supposed
articulatory and acoustic correlates are rather vague. E

very instance of asym
m

etry
betw

een articulatory and perceptual features causes problem
s to theories that do not

distinguish them
. T

herefore, now
 that phonological theories have gotten rid of the early

generative segm
entality, binarity, representations, gram

m
ar organization, and rule

ordering, the tim
e has com

e to replace the content of the features w
ith concepts rooted in

general properties of hum
an m

otor behaviour and perception.
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3   H
ybrid, articulatory, and perceptual representations

T
he purpose of linguistic proposals for phonological representations is the effi

cient
description of phonological structures and processes. D

erived from
 the evidence of

language data, the usual phonological representation of an utterance is a hybrid of
articulatory and perceptual specifications.

3.1   H
ybrid representations

If w
e return to the E

nglish w
ord tense, w

e see that linear phonology (C
hom

sky &
 H

alle
1968) described it as a sequence of four bundles of binary features, called segm

ents:
/t+

E+
n

+
s/. T

he autosegm
ental approach (L

eben 1973, G
oldsm

ith 1976) stressed the
autonom

y of the various features:t
E

n
s

[+
cor]

[–cor]
[+

cor]

[+
nas]

[–nas]
[–nas]

(3.1)

T
his w

ould seem
 phonetically m

ore satisfying, as it refl
ects the independence of the

articulators and heeds tw
o other principles that can be seen as consistent w

ith articulatory
phonetics: the O

bligatory C
ontour P

rinciple (O
C

P
: “adjacent identical autosegm

ents are
forbidden”) ensures that the single coronal gesture of /n

s/ is represented as a single
feature value, and the N

o-C
rossing C

onstraint (N
C

C
: “association lines do not cross on

the sam
e plane”) ensures that the tw

o successive coronal gestures of /t/ and /n
s/ are

represented as tw
o separate feature values.

Im
portant predictions of these representational constraints are that phonological

processes cannot change tw
o non-adjacent identical elem

ents at a tim
e, and that they

cannot change only a single elem
ent out of a sequence of tw

o adjacent identical elem
ents.

T
hus, they allow

 only a lim
ited range of prim

itive phonological processes, like delinking
and spreading. F

rom
 the functional point of view

, these processes are advantageous if
delinking is seen as the deletion of an articulatory gesture, and spreading as the change in
the tim

ing of an articulatory gesture, often in order to com
pensate for the loss of another

gesture; for instance, in the com
m

on process of place-assim
ilation of nasals (/n

+
b

/ →
[m

b
]), the coronal gesture is deleted, and the labial gesture is extended in such a w

ay that
the nasal still has consonantal perceptual properties. H

ow
ever, this interplay betw

een
articulatory and perceptual needs could not be expressed in autosegm

ental phonology,
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because articulatory features like [closed tongue blade] could not by distinguished from
perceptual features like [consonantal].

T
he advent of theories of privative features (§2.6), w

hose presence is qualitatively
different from

 its absence, brought phonology again som
ew

hat closer to function. In the
interpretation of A

rchangeli &
 Pulleyblank (1994), the representation of /tEn

s/ is 10

t
E

n
s

[cor]
[cor]

[nas]
(3.2)

T
heories of F

eature G
eom

etry (C
lem

ents 1985, S
agey 1986, M

cC
arthy 1988) subsum

ed
the features [labial], [coronal], and [dorsal] under the [place] node, the features [voiced],
[spread glottis], and [constricted glottis] under the [laryngeal] node, and all features
together under the root node. F

or instance, a partial representation of /tE
n
s/ along the

lines of A
rchangeli &

 Pulleyblank (1994) w
ould be

[cor]
[cor]

place tier

root tier

[+
nas]

laryngeal tier

[–voi]
[+

voi]
[–voi]

(3.3)

A
rticulatory detail w

as put under the relevant articulator node: the [coronal] node
dom

inates the feature [±
anterior], and the [labial] node dom

inates [±
labiodental]. T

he
idea of this im

plicational interpretation of feature geom
etry is that if a node spreads, the

dependent features also spread; for instance, place assim
ilation of /n

+
f/ can only give

/M
f/, never /m

f/, because [labial] cannot spread w
ithout its dependent [labiodental].

D
irectly under the root node are those features that w

e w
ould associate w

ith
independent articulatory tiers, for instance, [nasal]. T

he features that do not spread,
except if the w

hole segm
ent spreads, can be seen as part of the root node. T

hese m
ajor

class features, it w
ill com

e as no surprise, are exactly the perceptual features [sonorant]
and [consonantal].

T
he rem

aining traditional feature [continuant] causes the greatest problem
s. If it is

associated w
ith the stop/fricative distinction, it should be dependent on each articulator

tier, and, indeed, w
e see that clicks in N

am
a (B

each 1938) can have separate

10 T
he interpretation of the N

C
C

 and O
C

P im
plicit in (3.2) is the only alternative that stays com

patible w
ith

the gestural analogy. It m
akes it hard to describe long-distance anti-repetition phenom

ena as O
C

P
 effects,

but this is actually an advantage, as show
n in §14.2 and B

oersm
a (fc. b).
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specifications for continuancy on their coronal and dorsal articulators. A
 reason not to put

the feature [continuant] there is the fact that continuancy does not necessarily spread if
the articulator spreads.

In §14.3, I w
ill show

 that only im
plicational hierarchies as in (2.4) and (2.5) can be

m
aintained, and that the place node and the problem

s w
ith [continuant] are illusions

caused by the interaction of m
ore fundam

ental perceptual and articulatory phenom
ena.

F
inally, theories of m

etrical phonology (C
lem

ents &
 K

eyser 1983, H
ym

an 1985,
M

cC
arthy &

 P
rince 1986, H

ayes 1989) w
ould propose hierarchical structures like (after

B
levins 1995):

σ

X
X

X
X

t
E

n
s

R
hym

e

N
ucleus

(syllable)

(3.4)

In this w
ork on F

unctional P
honology, I w

ill not touch m
etrical phenom

ena like accent,
stress, and rhythm

, because these have no obvious functional correlates in the speech-
production and perception system

s other than purely organizational principles: if w
e w

ant
to know

 w
hat those principles are, w

e can only look at how
 languages handle them

, and
the current bottom

-up approach, w
hich starts from

 physiological principles, seem
s

im
possible.

3.2   A
rticulatory phonology

A
n interesting attem

pt to get at least one of the representations right, is A
rticulatory

P
honology (B

row
m

an &
 G

oldstein 1984, 1986, 1989, 1990a, 1990b, 1992, 1993): each
articulator has its ow

n tier, and the gestural score is a representation of the values on all
relevant tiers. For instance, B

ird &
 K

lein (1990) give the follow
ing gestural score for the

E
nglish w

ord /tEn
s/:

T
ip

B
ody

V
elum

G
lottis

closure, alv
closure, alv

critical, alv

m
id, palatal

w
ide

w
ide

w
ide

(3.5)
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T
his representation show

s the three overlaps betw
een the four consecutive segm

ents: the
glottal w

idening, needed to m
ake the stop voiceless, is continued after the release of the

stop, giving the result of aspiration or a voiceless vow
el; the low

ering of the velum
 before

the closing of the tongue tip causes nasalization of the preceding vow
el; and the raising of

the velum
 before the low

ering of the tongue tip, w
hich is needed to create the conditions

for sibilant noise, causes an intrusive stop (silence +
 burst) to appear betw

een /n/ and /s/
(Fourakis &

 Port 1986, C
lem

ents 1987).
In A

rticulatory P
honology, the values on the tiers represent im

m
ediate articulatory

specifi
cations only: these are the proxim

al targets of speech production and im
plem

ent
the forw

ard path that w
e saw

 in the top left of fi
gure 2.1, typical of skilled m

otor
behaviour. 

B
ut 

the 
auditory 

system
 

w
ill 

m
onitor 

the 
acoustic 

result, 
and 

the
speaker/listener w

ill assess the faithfulness of the perceptual result to the original
perceptual specifi

cation: betw
een the stretches of gestural specifi

cation in (3.5), for
instance, the articulators return to their neutral positions, but the freedom

 of the
articulators to go anyw

here depends on the local perceptual specification of this utterance.
A

s a theory of phonology, therefore, A
rticulatory P

honology neglects the organizing
pow

er of perceptual invariance and segm
ental linearization. T

he solution to this problem
involves a radical discrim

ination betw
een the underlying perceptual specifi

cation,
candidate articulatory im

plem
entations, and perceptual surface representations.

3.3   F
unctional phonology: the specification – articulation – perception triad

A
ll the representations that w

e saw
 in §3.1 w

ere proposed on the basis of studies of
phonological structures and processes: the top-dow

n approach. In this paper, I w
ill use

the bottom
-up approach: to derive w

hat languages could look like, starting from
 the

capabilities of the hum
an speech-production and perception system

.
W

hen turning a set of functional explanations into a theory of phonology, the fi
rst

step is to posit the existence of underlying form
s. In perceptuom

otor term
s: the intended

effects of m
y m

ovem
ents on the environm

ent. In speech term
s: specifi

cations of how
 m

y
utterances should sound. W

e can see in fi
gure 2.1 w

hy phonology is different from
 other

parts of the gram
m

ar: as a control m
echanism

 for m
otoric events, it contains a feedback

loop, w
hich com

pares the perceptual result of the utterance w
ith its specifi

cation. M
y

hypothesis is that all strata of our phonological system
 m

irror this loop, although it can
only actually be proven to apply to phonetic im

plem
entation. T

his approach allow
s

various degrees of abstractness in underlying specifi
cations at each stratum

, and the
output of each stratum

 w
ill generally be different from

 its input (about the num
ber of

strata that w
e need, see §14.6 and B

oersm
a (fc. e)).

T
hus, I propose the follow

ing three representations w
ithin each stratum

:

1.
Specification:

T
he underlying form

 (input), specified in perceptual features.
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2.
A

rticulation:
A

 candidate im
plem

entation, expressed on articulatory tiers.
3.

P
erception:T

he surface form
 (output), expressed in perceptual features.

A
s an exam

ple, w
e show

 a fairly com
plete (“phonetic”) specifi

cation for /tEn
s/ (the

sym
bols /t/ etc. are nothing m

ore than m
nem

onic sym
bols for bundles of feature

specifications, rem
inding us of the predom

inant segm
entality of E

nglish phonology):

Specify:
/t/

/E/
/n/

/s/
 tim

ing
C

 or X
V

, X
, or µ

C
, X

, or µ
C

, X
, or µ

 coronal
burst

+

 voice
sonorant

sonorant

 noise
aspirated

sibilant

 F1
open m

id

 F2
m

ax

 round

 nasal
+

(3.6)

T
his specifi

cation contains exclusively perceptual features, w
hose content w

as discussed
in §2.5. T

he criterion for entering a specification in this table is the answ
er to the question

w
hether the value of that feature m

atters for the recognition of the utterance as m
ore or

less representing the E
nglish w

ord /tEn
s/. T

he form
alization of the verb m

atter and the
adverbial phrase m

ore or less w
ill be presented in §8.

B
esides the values of perceptual features, the table also specifi

es relations of
sim

ultaneity and precedence betw
een the features. T

hus: there is an “open m
id”

specifi
cation som

ew
here; the first segm

ent is specifi
ed as voiceless (sim

ultaneity relation
betw

een C
 and [voiceless]); there is a link betw

een voicelessness and sibilancy; aspiration
precedes voicing; a V

 precedes [nasal]. T
he specifi

cation also im
plicitly tells us w

hat
should not be there: no labial burst (because there is no labial specifi

cation), no voiced
sibilancy (because these features are not sim

ultaneous); no nasality during the vow
el

(because the privative feature [nasal] is not specified for the vow
el).

T
he usual articulatory im

plem
entation of /tE

n
s/ in E

nglish and its perceptual result
are as follow

s:
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A
rticulate:

 tip
closed

open
closed

critical

 body
open

 velum
closed

open
closed

 glottis
w

ide
narrow

w
ide

 lips
spread

P
erceive:

 silence
+

+

 coronal
bu.

tr.
side

bu.  cont

 voice
sonorant

 noise
asp

sibilant

 F1
open m

id

 F2
m

ax

 rounding

 nasal
+

_
t  h

E
E)

n
_

t     s

(3.7)

– A
rticulation. In the articulatory representation, tim

e runs from
 left to right on each tier,

and the tiers are tim
e-aligned; thus, there are no sim

ultaneous articulatory contours in this
exam

ple. T
he specification on each tier is com

plete, for consonants as w
ell as for vow

els.
F

rom
 all possible articulations that im

plem
ent /tE

n
s/, table (3.7) show

s the one that
involves the few

est contours. T
he openness of the tongue body and the spreading of the

lips are only needed for giving the correct vow
el height during /E/. D

uring the other parts
of the utterance, these shapes m

ay rem
ain the sam

e, since they w
ould not interfere w

ith
the perceptual invariants of /t/, /n/, and /s/; here, a less spread lip shape w

ould give
alm

ost the sam
e perceived utterance, though a com

plete labial closure m
ust be forbidden.

In reality, lip spreading is achieved during the closure of /t/, and undone during /n/ or
/s/; this is related to the fact that the active m

aintenance of lip spreading costs m
ore

energy than keeping the lips in a neutral position. T
hus, there is a confl

ict betw
een tw

o
aspects of laziness: m

inim
ization of num

ber of contours and m
inim

ization of energy (for
the fom

alization of this conflict, see §5.2).

– P
erception

. In the representation of the uncategorized (“acoustic”) perceptual result,
tim

e runs from
 left to right on each tier, and the tiers are tim

e-aligned w
ith each other and

w
ith the articulatory tiers above. If a feature has no value, no value is show

n (see the
noise tier); for som

e binary features, only positive values are show
n, suggesting

privativity (§8.9). In the perceptual score, m
any features are specifi

c to either the
consonantal or the vocalic class of sounds, in line w

ith the im
plications show

n in (2.4).
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A
 com

plete (i.e., intervocalic) plosive is represented as a sequence of (pre-
consonantal) transition (tr), silence, and release burst (bu). O

n the coronal tier, [side]
m

eans the acoustical correlate of the oral side branch w
ith a coronal closure (barely

distinguishable from
 other oral closures), and [cont] m

eans a continuant coronal sound.

– M
icroscopic tran

scription
. T

hough the set of perceptual tiers is the ultim
ate surface

representation of the utterance, a linear transcription w
ould be m

ore readable. B
ecause all

phonetic details w
ill be involved in assessing the faithfulness relations betw

een
specifi

cation and output, such a transcription should be very narrow
. Instead of a

traditional narrow
 transcription like [tHE)n

ts], w
e shall use a transcription that introduces a

new
 sym

bol in the string every tim
e that any perceptual feature changes its value. F

or
instance, the coronal gesture in /a

ta/ w
ill norm

ally be heard as transition +
 silence +

burst; this w
ill give [[a

t|_
ta

]] in a m
icroscopic transcription:

•
A

 transition is denoted in m
icroscopic phonetic notation as an unreleased stop: [t|].

•
Silence is denoted by an underscore: [_

].
•

A
 release burst is denoted by the sym

bol for the stop itself: [t].

T
hus, a readable shorthand for the perceptual result is [[th

E
E
)n

_
ts]]. T

he [h
] part could

equally w
ell be transcribed as a voiceless vow

el [E8].
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4   F
orm

alization of functional principles

W
e see that the specification /tE

n
s/ (3.6) and the perceptual result [[th

E
E
)n_

ts]] (3.7) are
different: there are several aspects of unfaithfulness of the perceptual result to the
specification. T

hese differences arise through properties of the speech-production system
,

and their interactions w
ith properties of the speech-perception system

. T
he properties and

their interactions w
ill be form

alized in the follow
ing sections.

F
unctional principles can be expressed explicitly as output-oriented constraints on

articulations and on specifi
cation-perception correspondences. In order to state these

constraints in an unconditional w
ay, w

ithout reference to exceptions, the constraints
should be considered violable; w

ithin the theory of F
unctional G

ram
m

ar (from
 w

hich I
devised the nam

e of F
unctional P

honology) this relation betw
een generality and

violability w
as form

ulated by D
ik (1989, p. 337) in a theory of constituent ordering.

F
or the resolution of the confl

icts betw
een violable constraints, I w

ill use the strict-
ranking strategy of O

ptim
ality T

heory (P
rince &

 S
m

olensky 1993). T
hough this theory

originated in the generativist tradition (its original version explicitly denied any role for
function in the gram

m
ar), it is a very prom

ising fram
ew

ork for expressing the interactions
of functional principles.

T
he principle of the m

inim
ization of articulatory effort thus translates into fam

ilies of
articulatorily m

otivated constraints, form
ulated w

ithin a space of articulatory gestures
(§5), and the principle of the m

axim
ization of perceptual contrast translates into fam

ilies
of perceptually m

otivated faithfulness constraints, form
ulated w

ithin a space of
perceptual features (§8) 11; the faithfulness constraints of speech perception are also
form

ulated w
ithin a space of perceptual features (§6).

In §5 to §8, w
e w

ill form
ulate the functional constraints and their universal rankings.

T
he rem

aining part of this paper w
ill centre on their interactions.

11 T
he idea of articulatorily versus perceptually m

otivated constraints w
as conceived independently by Jun

(1995) and H
ayes (1995, 1996a,b).
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5   A
rticulatory effort

In his D
ictionary of P

honetics and P
honology, T

rask (1996) calls the principle of
m

axim
um

 ease of articulation “A
 som

ew
hat ill-defi

ned principle som
etim

es invoked to
account for phonological change”. In this section, w

e w
ill form

alize effort in this section,
and turn it into a w

ell-defi
ned principle that w

ill be seen to w
ork for phonetic

im
plem

entation (§10), segm
ent inventories (§14.4, §14.5, B

oersm
a forthcom

ing c, d), and
autosegm

ental processes (§14.1, §14.2, §14.3, B
oersm

a forthcom
ing a, b).

A
s w

e w
ill see below

, previous attem
pts to form

alize articulatory effort run short of
several generalizations, because they try to express articulatory effort into one variable.
T

he relevant constraint in such an approach w
ould be (the asterisk can be read as “no”):

D
ef.   *E

FFO
R

T (effort)
“W

e are too lazy to spend any positive am
ount of effort.”

(5.1)

T
he constraint-ranking version of m

inim
ization of effort w

ould then be stated as:

M
inim

ization of effort:
“A

n articulation w
hich requires m

ore effort is disfavoured.”
(5.2)

T
his w

ould be form
alized into a universally expected constraint ranking:

*E
FFO

R
T (x) >>

 *E
FFO

R
T (y) ⇔

 x >
 y

(5.3)

H
ow

ever, articulatory effort depends on at least six prim
itives: energy, the presence of

articulatory gestures, synchronization of gestures, precision, system
ic effort, and

coordination, and languages seem
 to be able to rank these separate m

easures individually
to a certain extent. A

ll of these w
ill prove to be crucial in phonology.

5.1   E
nergy

A
 form

ula for the physiological effort needed by a m
uscle is at least as involved as

m
a

+
F

el
(

) v
∫

dt+
F

el v
0

∫
dt

(5.4)

w
heret =

 tim
e. C

eteris paribus, the longer the utterance, the m
ore energy.

x =
 displacem

ent of the m
uscle.

v =
 dx/dt =

 the velocity of the m
oving m

uscle. F
or a constant force, the pow

er spent
is higher for higher velocity.

m
 =

 m
ass to m

ove.
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a =
 d

2x/dt 2 =
 the acceleration. T

he heavier the m
oving structures, the m

ore energy is
spent in accelerating them

.
F

el  =
 elastic forces and forces exerted by other m

uscles (gravitational forces can be
included here). Stretching other m

uscles costs energy.
v

0  =
 som

e constant expressing the energy needed for an isom
etric contraction.

A
pplying a force costs energy, even in the absence of m

otion.

N
egative integrands should be ignored in (5.4), because no energy can be regained by the

m
uscle.

T
he energy constraint against a positon change, i.e., a slow

 m
ovem

ent of an
articulator from

 one position to the other, is associated w
ith the w

ork done by the m
uscle,

i.e., the term
 

F
el v

dt
∫

 in (5.4). It can be expressed as:

D
ef.   *D

IST
A

N
C

E (articulator: a || b)
“A

n articulator does not m
ove from

 location a to b, aw
ay from

 the neutral
position.”

(5.5)

T
he universal ranking of these constraints is given by the follow

ing principle:

M
inim

ization of covered distance:
“A

n articulator m
oving aw

ay from
 the neutral position prefers to travel a

short distance.”
(5.6)

T
his is expressed in a constraint-ranking form

ula as:

*D
IST

A
N

C
E (articulator: x

1  || x
2 ) >>

 *D
IST

A
N

C
E (articulator: y

1  || y
2 )

⇔
 

x1 −
x

2
>

y1 −
y

2
(5.7)

T
his is expected to hold w

ithin each articulator in every language.
T

he energy constraint against m
aintaining a non-neutral position of an articulator is

associated w
ith the energy spent in holding an isom

etric contraction, i.e., the term
F

el v
0

dt
∫

 in (5.4). It can be expressed as:

D
ef.   *H

O
L

D
 (articulator: position, duration)

“A
n articulator stays at its neutral position, i.e., it is not held in any non-

neutral position for any positive duration.”
(5.8)

T
he universal ranking of these constraints are given by the follow

ing principles:

M
inim

ization of extension:
“A

n articulator likes to stay near the neutral position.”
(5.9)

M
inim

ization of duration:
“A

 non-neutral position should be m
aintained as short as possible.”

(5.10)

In form
ulas, w

here the position x is m
easured relative to the neutral position:
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*H
O

L
D

 (articulator: x, ∆
t) >>

 *H
O

L
D

 (articulator: y, ∆
t) ⇔

 x
>

y
(5.11)

*H
O

L
D

 (articulator: x, ∆
t) >>

 *H
O

L
D

 (articulator: x, ∆
u) ⇔

 ∆
t>

∆
u

(5.12)

In a m
odel for vow

el inventories, T
en B

osch (1991) constrained the articulatory space
w

ith a boundary of equal effort, w
hich he defi

ned as the distance to the neutral (straight-
tube, [´

]-like) position. In term
s of the ranking (5.11), this w

ould m
ean having all *H

O
L

D

constraints undom
inated above a certain displacem

ent x, and all constraints m
axim

ally
low

 for sm
aller displacem

ents.
F

inally, equation (5.4) contains the term
 

m
av

∫
dt, w

hich expresses the fact that a
displacem

ent costs m
ore energy if it has to be com

pleted in a short tim
e, at least if no

energy is regained in the slow
ing dow

n of the m
ovem

ent. T
he related constraint is:

D
ef.   *F

A
ST (articulator: a || b, duration)

“A
n articulator does not com

plete its displacem
ent from

 a to b in any
finite duration.”

(5.13)

T
he universal ranking w

ithin this fam
ily is given by:

M
inim

ization of speed:
“Faster gestures are disfavoured.”

(5.14)

T
his can be form

alized as

*F
A

ST (articulator: a | b, ∆
t) >>

 *F
A

ST (articulator: a | b, ∆
u) ⇔

 ∆
t<

∆
u

(5.15)

T
he *D

IST
A

N
C

E, *H
O

L
D

, and *F
A

ST constraint fam
ilies associated w

ith a certain
articulator, can probably not be freely ranked w

ith respect to one another, because there
are no signs that the production system

, let alone phonology, treats them
 individually.

R
ather, 

w
e 

could 
regard 

them
 

as 
aspects 

of 
a 

general 
articulator-specifi

c
*E

N
E

R
G

Y
 (articulator: x(t)) constraint, to w

hose ranking they contribute additively. T
his

*E
N

E
R

G
Y

 constraint is ranked by its energy value (5.4). T
he *E

N
E

R
G

Y
 constraint clan is

active in the case of phonetic im
plem

entation (§10), but w
ill be seen to show

 surprisingly
little organizational pow

er, especially seen in the light of the extensive use it has been
m

ade of in the literature on the phonetic sim
ulation of sound inventories (for a discussion

on this subject, see §14.4, B
oersm

a fc. c).

5.2   N
um

ber of gestures

T
he num

ber of articulatory contours on the gestural tiers is a fi
rst rough m

easure of the
organizational effort of an utterance. T

he constraints that favour a reduction of the
num

ber of articulatory contours, express the qualitative difference betw
een m

aking and
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not m
aking a gesture: the loss of a gesture im

plies a discrete organizational articulatory
gain.In this coarse m

easure, therefore, the am
ount of m

ovem
ent does not m

atter (by
definition). C

om
pare the sim

plest im
plem

entations of /a
p
a/ and /a

w
a/:

a
p

a
a

w
a

 lips
w

ide
closed

w
ide

 lips
w

ide
narrow

w
ide

 pharynx
narrow

 pharynx
narrow

(5.16)

B
oth contain tw

o contours, so they are equally difficult in that respect.
T

he num
ber of m

ovem
ents does m

atter. C
om

pare /tEn
t/ w

ith /tEn
s/:

E
n

t
E

n
s

 velum
closed

open
closed

 velum
closed

open
closed

 blade
w

ide
closed

 blade
w

ide
closed

crit(5.17)

T
he 

utterance /tEn
s/ 

ends 
w

ith 
tw

o 
contours, 

and 
is 

therefore 
m

ore 
diffi

cult
organizationally than /tEn

t/.
T

he constraint fam
ily associated w

ith the m
inim

ization of the num
ber of contours can

be called *G
E

ST
U

R
E:

D
ef.   *G

E
ST

U
R

E (gesture)
“A

 gesture is not m
ade.”

(5.18)

F
or instance, the constraint *G

E
ST

U
R

E (blade: closure) can be held responsible for the
deletion of the coronal gesture in D

utch /
n+

p/ sequences. S
ince *G

E
ST

U
R

E has no
continuous param

eters, there is no universal ranking w
ithin this fam

ily. A
 universal

tendency w
ithin the *G

E
ST

U
R

E fam
ily, how

ever, is expected to be

*G
E

ST
U

R
E (gesture

1 ) >>
 *G

E
ST

U
R

E (gesture
2 ) ⇔

⇔
 effort (gesture

1 ) >
 effort (gesture

2 ) 
(5.19)

S
uch a ranking expresses an articulatory m

arkedness relation across articulators. A
s w

ith
im

plicational m
arkedness statem

ents, these rankings can probably only be determ
ined or

predicted for “neigbouring” gestures. F
or instance, the larger rate of occurrence of

coronal plosives w
ith respect to labial plosives in m

ost languages, m
ay be attributed to

the universal ranking *G
E

ST
U

R
E (lips) >>

 *G
E

S
T

U
R

E (blade). H
ow

ever, the ranking of
these constraints w

ith respect to, say, *G
E

ST
U

R
E (low

ered velum
) is not only diffi

cult to
determ

ine; it is plausible that languages have a free choice in this ranking. F
or instance,

there are a few
 languages w

ithout labial plosives, and a few
 other languages w

ithout nasal
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stops; this can be interpreted as the typology expected from
 a free ranking of

*G
E

ST
U

R
E (lips) w

ith respect to *G
E

ST
U

R
E (low

ered velum
).

A
lthough (5.19) m

ay express cross-linguistic and intralinguistic m
arkedness relations,

it is not valid in the realm
 of articulatory detail w

ithin a language. R
ather, the fi

niteness
of available articulatory tricks in every language forces us to adm

it that

*G
E

ST
U

R
E (gesture) is undom

inated w
ith probability 1

(5.20)

w
here gesture spans the infi

nite num
ber of thinkable articulations in the hum

an speech
apparatus. T

his effect is due to m
otor learning: only those few

 gestures that the child has
m

anaged to m
aster during the acquisition of her speech, are associated w

ith a violable
*G

E
S

T
U

R
E

 constraint. F
or instance, speakers of E

nglish apparently have a low
*G

E
S

T
U

R
E (corono-alveolar closure) constraint, because they obviously know

 how
 to

m
ake alveolar plosives; the *G

E
S

T
U

R
E (corono-dental closure) constraint, on the other

hand, is ranked high. S
peakers of F

rench have the reverse ranking. C
onsiderations of

m
inim

ization of energy, therefore, seem
 not to be involved.

T
he em

ergence of m
otor skills is refl

ected in the reranking that takes place during
speech developm

ent. C
hildren start out w

ith very few
 usably low

-ranked *G
E

ST
U

R
E

constraints. W
hile learning, the acquisition of coordinative skills causes the em

ergence of
m

ore low
 *G

E
ST

U
R

E constraints, giving the *E
N

E
R

G
Y

 constraints a chance to play a role.
N

ow
 that w

e have tw
o constraint fam

ilies, w
e can study an interaction. B

elow
 (3.7), I

discussed the confl
ict betw

een an active m
aintenance of lip spreading and the

organizational problem
 of issuing a com

m
and to m

ove the lips back to their rest position.
In term

s of tension control, the conflict is betw
een *H

O
L

D
 (risorius: 20%

 active, 100 m
s)

and *G
E

ST
U

R
E (risorius: relax from

 20%
 active); in term

s of length control, the conflict is
betw

een *H
O

L
D

 (risorius: 40%
 spread, 100 m

s) and *G
E

ST
U

R
E (risorius: from

 40%
spread to neutral); and in term

s of the control of articulator position, the confl
ict is

betw
een *H

O
L

D
 (lips: 40%

 spread, 100m
s) and *G

E
S

T
U

R
E (lips: from

 40%
 spread to

neutral). T
he un-E

nglish im
plem

entation (3.7) w
ould be the result of the ranking

*G
E

ST
U

R
E (relax lips) >>

 *H
O

L
D

 (lips: spread, 100m
s):

/tEn
s/

*G
E

ST
U

R
E (relax lips)

*H
O

L
D

 (lips: spread)

!
   th

EE)n
7t7s7

*

th
EE)n

ts
*!

(5.21)

It should be noted that a candidate w
ithout any lip spreading (i.e., satisfying *G

E
ST

U
R

E

(lips: spread)) is ruled out by the specification of m
axim

um
 F

2  (§8).
N

ow
 that w

e have constraint interaction, w
e can predict a typology. L

anguages that
have the ranking *G

E
ST

U
R

E (relax lips) >>
 *H

O
L

D
 (lips) are expected to m

aintain any
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non-neutral lip shape as long as possible, because that w
ould m

inim
ize the num

ber of
articulatory contours, since there is alw

ays a chance that a follow
ing strong perceptual

rounding specifi
cation requires the sam

e lip shape. A
 typical phonologization of this

effect w
ould be the restriction of its dom

ain to the m
orphological w

ord: this w
ould give a

rightw
ard rounding harm

ony, spreading from
 the strongly specifi

ed root onto w
eakly

specifi
ed suffi

xes, like in m
any T

urkic languages. L
anguages that have the ranking

*H
O

L
D

 (lips) >>
 *G

E
S

T
U

R
E

 (relax lips) w
ill return to a neutral lip shape as soon as

possible; their w
eakly specifi

ed suffi
xes typically contain central vow

els, as in m
any

G
erm

anic languages.

5.3   Synchronization

It is diffi
cult to synchronize tw

o articulatory contours exactly. If /tE
n
s/ is produced

m
axim

ally faithfully as [[tHE
n
s]] 12, w

e have a perfect synchronization of the nasal
opening gesture w

ith the dorsal closing gesture, and a synchronization of the nasal
closing gesture w

ith the dorsal opening gesture. T
his is depicted in the gestural score as

the synchronization of the relevant contours:

A
rticulate:

 velum
clos

open
clos

 blade
w

ide
clos

crit

(5.22)

T
he resulting perceptual features and m

icroscopic transcription are:

P
erceive:

 nasal
+

 coronal
+

 voiced
sonorant

 friction
sib

E
n

s

(5.23)

T
his output [[E

n
s]] is perfectly faithful to the input. H

ow
ever, the required articulatory

im
plem

entation apparently involves the violation of tw
o contour-synchronization

constraints (the “|” stands for an articulatory contour, i.e., a change in position or tension
of the articulator):

12 T
he aspiration is considered part of the specification.
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D
ef.   *S

Y
N

C (articulator1 : from
1  | to

1 ; articulator2 : from
2  | to

2 [; ∆
t])

“T
he m

ovem
ent of articulator1  from

 from
1  to to

1  is not synchronous w
ith

the m
ovem

ent of articulator2  from
 from

2  to to
2  [w

ithin any fi
nite tim

e
span ∆

t].”
(5.24)

F
or a discrete version of *S

Y
N

C
, the tem

poral distance param
eter ∆

t can be left out; it is
then assum

ed to be “zero” for practical (perhaps perceptual) purposes. T
he universal

ranking w
ithin the *S

Y
N

C fam
ily is given by:

M
inim

ization of synchronization:
“T

w
o articulatory contours on different gestural tiers like to be far apart.”(5.25)

T
his can be form

alized as

*S
Y

N
C (articulator1 : from

1  | to
1 ; articulator2 : from

2  | to
2 ; ∆

t) >>
>>

 *S
Y

N
C (articulator1 : from

1  | to
1 ; articulator2 : from

2  | to
2 ; ∆

u) ⇔
⇔

 ∆
t

<
∆

u
(5.26)

T
he tw

o *S
Y

N
C constraints violated in [[En

s]] w
ould be:

*S
Y

N
C (velum

: closed | open; apex: open | closed)
*S

Y
N

C (velum
: open | closed; apex: closed | critical)

B
oth of these constraints can be satisfied by a different tim

ing:

A
rticulate:

 velum
closed

open
clos ed

 blade
w

ide
closed

crit

P
erceive:

 nasal
+

 coronal
side

cont

 voiced
son

 noise
sib

E
E)

n
_ t

s

(5.27)

T
he resulting sound in that case is [[E

E
)n_

ts]]. O
f course, this is different from

 the input
/En

s/ 
(it 

violates 
som

e 
F

IL
L

 
constraints, 

§8.9), 
but 

this 
is 

no 
reason 

to 
feel

uncom
fortable, because w

e have O
ptim

ality T
heory to handle constraint interactions.

5.4   P
recision

In his “quantal theory of speech production”, S
tevens (1989) states that languages prefer

those articulations w
hose acoustic result is not very sensitive to the accuracy of the
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articulation. F
or instance, an [i] is characterized by the proxim

ity of its third and fourth
form

ants; this closeness is preserved for a large range of tongue positions around the
optim

al palatal position. T
hus, Stevens’ account can be translated into the principle of the

m
inim

ization of the articulatory precision needed to reach a reproducible percept, as he
stated in a com

m
ent on K

eating’s (1990) w
indow

 m
odel of coarticulation (Stevens 1990).

A
nother w

orking of precision is the cross-linguistic predom
inance of plosives over

fricatives. A
fter all, it is easier to run into a w

all than to stop one inch in front of it. T
hus,

controlled m
ovem

ents, as found in fricatives and trills, involve m
ore precision than

ballistic m
ovem

ents, as found in stops (H
ardcastle 1976).

T
he relevant constraint fam

ily can be w
ritten as

D
ef.   *P

R
E

C
ISIO

N
 (articulator: position / environm

ent)
“In a certain environm

ent, a certain articulator does not w
ork up the

precision to put itself in a certain position.”
(5.28)

T
he environm

ent w
ill often be som

ething like left _ right, w
hich stands for “betw

een left
and right”, w

here left and right are preceding and follow
ing articulatory specifi

cations,
often on the sam

e tier. F
or instance, the constraint acting against the precision (constant

equilibrium
 position of the lungs) needed to hold your breath betw

een the inhalatory and
exhalatory phase is expressed as (w

hen your upper respiratory pathw
ays are open):

*P
R

E
C

ISIO
N

 (lungs: hold / in _ out)

Q
uite probably, it is m

uch m
ore diffi

cult to tem
porarily hold your breath during the

course of an exhalation. T
his m

eans that the constraint just m
entioned is universally

ranked below

*P
R

E
C

ISIO
N

 (lungs: hold / out _ out)

5.5   C
oordination

T
here is no principled difference betw

een assum
ing that the num

ber of vow
els in a

language is finite, and assum
ing that vow

el system
s are structured w

ithin them
selves, i.e.,

that they can be expressed in sm
aller units. H

aving a fi
nite num

ber of vow
els m

eans
having a fi

nite num
ber of tricks, and there is no principled reason w

hy these tricks could
not be perceptual features and articulatory gestures, instead of segm

ents as a w
hole. S

o:
[e

] and [o
] form

 a natural class because of equal F
1  (perceptual feature), w

hile [e
] and [i]

m
ay form

 a natural class because of an equal place of articulation (articulatory gesture).
A

 fi
rst rough m

easure of the system
ic effort of a language w

ould be the num
ber of

articulatory and perceptual tricks needed to speak and understand that language, plus the
num

ber of com
binations of these tricks that the language uses. For instance, if w

e find the
sound change /

k/ >
 /k

H/ in a language, there is a good chance that all voiceless plosives
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get aspirated at the sam
e tim

e, as that w
ould keep the num

ber of trick com
binations at a

m
anageable level: the trick com

bination “plosive +
 voiceless” is replaced by the trick

com
bination “plosive +

 aspiration”, w
hereas if the other voiceless plosives w

ould not
becom

e aspirated, the language ends up w
ith having the tw

o trick com
binations “plosive

+
 voiceless” and “plosive +

 aspiration” at the sam
e tim

e. A
lternatively, if the sound

change /k/ >
 /k

H/ renders the sound system
 asym

m
etric, this principle m

ay w
ork later on

in sim
plifying the now

 unbalanced system
 by causing the aspiration of /p/ and /t/, too.

T
he principle exam

ined here is very im
portant in building sound system

s, and is
usually called m

axim
um

 use of available features, though, as w
e saw

 in our exam
ple, this

term
 should be extended w

ith: and their com
binations.

B
ecause every com

bination of articulatory tricks has to be learned, w
e have the

follow
ing constraints:

D
ef.   *C

O
O

R
D

 (gesture
1 , gesture

2 )
“T

he tw
o gestures gesture

1  and gesture
2  are not coordinated.”

(5.29)

A
s w

ith *G
E

ST
U

R
E, m

ost of these constraints are undom
inated.

T
hese negativces relations betw

een gestures are the com
m

on situation in speech
developm

ent. S
killed speakers, on the other hand, have m

any positive relations betw
een

gestures, resulting from
 the acquired coordinations that im

plem
ent the perceptual

specifications of the utterances of the language.
F

or instance, D
utch has tw

o perceptually contrasting degrees of voicing for plosives:
fully voiced and fully voiceless. B

oth require an active laryngeal adjustm
ent in their

articulatory im
plem

entations. N
ow

, a lax voiceless stop, as the E
nglish or S

outh-G
erm

an
w

ord-initial “b”, w
hich requires no actions of the laryngeal m

uscles, can hardly be
pronounced consciously by native speakers of D

utch; instead, it m
ust be elicited by an

extralinguistic experim
ent, for instance, the sim

ulation of a repetitive m
andibular gesture

like the one found w
ith babbling infants.

A
nother exam

ple is the extrem
e difficulty displayed by D

utch students w
hen learning

to produce unrounded back vow
els: it seem

s to have to be either an unrounded front
vow

el m
odifi

ed w
ith a backing gesture of the tongue body, or a rounded back vow

el
m

odifi
ed w

ith a spreading gesture of the lips. N
o-one, on the other hand, has any trouble

in producing the extralinguistic sound expressing disgust, w
hich com

bines voicing, lip
spreading, and dorsal approxim

ation. T
hat sound, again, can hardly be produced w

ithout
pulling the facial m

uscles that are associated w
ith disgust but are superfl

uous for
producing unrounded back vow

els.
T

hus, w
hile plosives and rounded back vow

els require com
plex coordinations not

m
astered by beginners, adults have several constraints that are the results of the plasticity

of the hum
an m

otor system
:

D
ef.   IM

PL
Y

 (gesture
1 , gesture

2 ) ≡
 ∃ gesture

1  ⇒
 ∃ gesture

2

“T
he presence of gesture

1  im
plies the presence of gesture

2 .”
(5.30)
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T
his is an exam

ple of language-specifi
c effort. S

everal m
uscles can only be pulled as a

group (at least w
hen speaking). T

hese coordinations are language-specifi
c and refl

ect the
organizational shortcuts that are typical of experienced speakers. T

he cross-linguistic
pervasiveness of som

e of them
 have led som

e phonologists to ascribe to them
 the status

of universal principles. F
or instance, num

erous underspecifi
cationists w

ant us to believe
that the im

plication [+
back] →

 [+
round] is a universal (innate) default rule, w

hereas, of
course, the tendency that back vow

els are round is related to their m
axim

al perceptual
contrast w

ith front vow
els. If w

e stay by the functions of language, w
e can unequivocally

assign the roles of cause and consequence.
Still, w

e have to ask in how
 far (5.30) plays a role in the phonology of the language. It

is quite probable that w
e have to invoke it for explaining the phenom

ena found in second-
language acquisition: the trouble for speakers of E

nglish in producing unaspirated French
plosives is not due to a perceptual failure or low

 P
A

R
SE constraint, but m

ust be attributed
directly to the need to bypass a soft-w

ired (i.e., built-in but not innate) coordinative
structure. T

hus, the language-specifi
c constraint (5.30) m

ust play a role in articulatory
im

plem
entation, i.e., the speaker uses it to her advantage in m

inim
izing the num

ber of
higher neural com

m
ands, delegating som

e of the m
ore autom

atic w
ork to the m

ore
peripheral levels; in this w

ay, [+
back], w

ith its autom
atic im

plication of [+
round], is a

sim
pler com

m
and than [+

back; –round]. O
n the other hand, in explaining sound

inventories, the com
bination [+

back; +
round] m

ust be considered m
ore com

plex than
[+

back; –round], because it involves one m
ore active gesture; the requirem

ents of
perceptual contrast then force the im

plem
entation of the m

ore com
plex com

bination.
F

rom
 the functional standpoint, w

e w
ould like to postpone the assum

ption of innate
im

plem
entation rules to the arrival of positive evidence.

5.6   G
lobal or local rankings of effort?

It is probable that the first steps of learning to m
ove or speak are chiefly controlled by the

principle of the m
inim

zation of the num
ber of gestures, and that later on, the developm

ent
of coordination m

akes the m
inim

ization of energy a m
ore im

portant criterion. In general,
how

ever, it is hard to determ
ine how

 to rank the various effort principles w
ith respect to

one another; not only for the linguist, but also, I w
ould like to propose, for the speaker.

In discussing the relation betw
een m

otor activity and effort in sports, it is im
possible,

for instance, to give a universal answ
er to the question w

hether skating or skiing is the
m

ore diffi
cult of the tw

o: it depends on the learning history of the person w
ho perform

s
these activities; but it is a universal fact that skiing becom

es m
ore diffi

cult for very steep
slopes, and that skating requires m

ore effort on poor ice or if the rider is m
aking a contest

out of it.
L

ikew
ise, a speaker cannot assign num

erical values to the various principles of effort,
but she can locally rank different kinds of efforts w

ithin the separate fam
ilies, along the
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lines of (5.7, 5.11, 5.12, 5.15, 5.26). T
he rankings across the fam

ilies are determ
ined by

the learning history, i.e., by the language environm
ent in w

hich the speaker has grow
n up.

If languages differ as to w
hat kinds of effort they consider im

portant, a global
m

easure of effort is not feasible. S
o I hypothesize that the holistic ranking (5.3) is not

valid, and that only the rankings w
ithin the separate fam

ilies are universal:

L
ocal-ranking hypothesis for articulatory constraints:

“A
 constraint cannot be ranked universally w

ith respect to a constraint in a
different fam

ily; and constraints w
ithin a fam

ily can only be ranked
universally if only a single param

eter is varied.”
(5.31)

A
part from

 being a negative condition on possible rankings, this is also a positive
condition on the freedom

 assigned to every language: all ranking of constraints across
fam

ilies or of constraints w
ith tw

o different param
eters, is free. A

n exam
ple of the single-

param
eter condition in (5.31) is: a language can freely rank its *H

O
L

D
 constraints as long

as the rankings (5.11) and (5.12) are honoured.
If this hypothesis is true, speech researchers w

ill not have to try to assign num
erical

values to articulatory effort: w
e can get along w

ith sim
ple local rankings, and these can

be predicted from
 know

n relations of m
onotonicity betw

een effort on one side, and
extension, duration, speed, num

ber of contours, synchronization, precision, and
coordination on the other.

5.7   R
anking by specificity

A
nother intrinsic ranking applies to the articulatory constraints. T

he gesture [bilabial
closure] is, on the average, m

ore diffi
cult to m

ake than the gesture [labial closure],
because the underspecifi

cation of the latter w
ould allow

 a labiodental im
plem

entation if
the phonotactics of the situation favoured that:

M
inim

ization of specificity of articulatory constraints:
“F

or articulatory constraints, m
ore specifi

c constraints are ranked above
less specific constraints.”

(5.32)

It can be form
alized as

(A
 ⇒

 B
) ⇒

 *G
E

ST
U

R
E (A

) >>
 *G

E
ST

U
R

E (B
)

(5.33)

R
anking (5.33) can be used as a universal ranking condition for *P

R
E

C
IS

IO
N

 constraints:
the larger the w

indow
, the low

er its *P
R

E
C

ISIO
N

 constraint.
R

anking (5.33) is the reverse of an analogous ranking for perceptual constraints (see
§8.10).
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5.8   A
 restriction on functional rankings of articulatory constraints

A
rticulatory constraints cannot be ranked by considerations of perceptual im

portance. For
instance, an alleged ranking *G

E
S

T
U

R
E (labial / stem

) >>
 *G

E
S

T
U

R
E (labial / affi

x) or
*G

E
ST

U
R

E (labial / –stress) >>
 *G

E
ST

U
R

E (labial / +
stress), w

here the “/” m
eans “in the

dom
ain of”, w

ould confuse articulatory constraints w
ith faithfulness constraints: the

ranking of *G
E

ST
U

R
E (labial) can only depend on its articulatory environm

ent. In §10
and §11 I w

ill show
 that asym

m
etries betw

een the surfacing of gestures in environm
ents

of varying degrees of perceptual im
portance, arise from

 dependencies in the rankings of
faithfulness constraints.

5.9   C
onclusion

G
estural constraints like *G

E
ST

U
R

E and *C
O

O
R

D
 and phonotactic constraints like *S

Y
N

C

can be thought of as m
otivated by the principle of m

inim
ization of articulatory effort.

T
hese constraints are violable and can therefore be stated in general term

s, so that they
can be thought to be language-independent and phonetically m

otivated. T
heir rankings

w
ith respect to heterogenous constraints m

ust be language-specific.
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6   T
he em

ergence of finiteness

T
he m

ost salient aspect of sound inventories is their fi
nite size: each language uses a

fi
nite num

ber of underlying lexical phonological segm
ents or feature values. T

he
functional explanation for this fact contains tw

o sides: the fi
niteness of the num

ber of
articulatory features, and the finiteness of the num

ber of perceptual features.
Prince &

 Sm
olensky (1993) m

aintain that any theory of phonology can only be called
‘serious’ if it is “com

m
itted to U

niversal G
ram

m
ar” (p. 1). T

he learning algorithm
 of

T
esar &

 S
m

olensky (1995) explicitly assum
es “innate know

ledge of the universal
constraints” (p. 1). T

hey also have to assum
e that there are a finite num

ber of constraints.
H

ow
ever, w

e have seen for articulatory constraints (§5), as w
e w

ill see for perceptually
m

otivated constraints (§8), that there are an infinite num
ber of them

. In this section, I w
ill

show
 that, though the constraints them

selves are universal, separate languages w
arp the

continuous articulatory and perceptual spaces in such a w
ay that each language ends up

w
ith a unique set of allow

ed gestures and specifi
cational elem

ents (features): the
articulatory space is w

arped by m
otor learning, w

hich low
ers a few

 articulatory
constraints, and the perceptual space is w

arped by categorization, w
hich low

ers som
e

constraints of speech perception.

6.1   F
eature values are not innate

If w
e talk about certain linguistic phenom

ena as being ‘universal’, w
e can m

ean either of
tw

o things: fi
rst, in the sense of U

niversal G
ram

m
ar, that these phenom

ena exem
plify

innate properties of the hum
an language faculty; secondly, that languages tend to have

these phenom
ena because the functions of com

m
unication are sim

ilar in m
ost languages,

and because our speech-production organs and our ears are built in sim
ilar w

ays. T
hough

these tw
o view

s need not be confl
icting as they stand, I w

ill take the stronger functional
position: that hum

ans are capable of learning to speak w
ithout the necessity of innate

phonological feature values, i.e., that languages can m
ake their ow

n choices from
 the

perceptual and articulatory possibilities identified in §2.
A

s w
e see from

 the success of sign languages for the deaf (B
rentari 1995), a

phonology can be based on the capabilities of any m
otor system

 (talking, signing) and
any sensory system

 (audition, vision) considered suitable for expressing intentions,
w

ishes, and thoughts. W
e m

ust conclude that nature did not force any specifi
c m

otor
system

 upon us for com
m

unication. T
his supports the view

 that w
e are not confi

ned to
using a universally fi

xed set of features if w
e choose to use the speech apparatus for our

com
m

unication.
A

s an exam
ple, consider the division of the vow

el height continuum
. A

ll too often,
vow

els are put into categories on the basis of a dogm
atic “principle” that states that all
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languages use the sam
e feature set (K

enstow
icz 1994, C

lem
ents &

 H
um

e 1995). T
he

International P
honetic A

lphabet, for instance, seem
s to have been developed for

languages w
ith four vow

el heights, having [E
] and [e

] to represent front unrounded m
id

vow
els. H

ow
ever, in m

ost languages w
ith three vow

el heights (e.g., S
panish, R

ussian,
Japanese), the height of this vow

el  is in betw
een [E

] and [e
]. T

his m
eans that vow

els are
distributed along the height dim

ension in a w
ay that enhances the perceptual contrast

betw
een them

, and not according to a universal set of binary features, not even, I w
ould

like to conjecture, “underlyingly”.
T

he illusion of a universal set of features probably originated in the fact that the
speech system

s of m
ost hum

ans are very m
uch alike, so that m

any languages do use the
sam

e features. G
eneralizing this to assum

ing a universal innate set of features is
unw

arranted.
T

hough there is no such thing as cross-linguistic sam
eness, m

uch w
ork in

contem
porary phonology is done to fi

nd the allegedly universal features, and put them
into larger classes and hierarchies (m

anner versus place features, or m
ajor class features

versus the rest). For instance (em
phasis added):

“since features are universal, feature theory explains the fact that all languages draw
 on a

sim
ilar, sm

all set of speech properties in constructing their phonological system
s. Since features

are typicaly binary or one-valued, it also explains the fact that speech sounds are perceived and

stored in m
em

ory in a predom
inantly categorial fashion.” (C

lem
ents &

 H
um

e 1995, p. 245)

M
y position on this subject is that the causal relationships in these assertions should be

reversed: because of the content of the constraints on hum
an speech production and

perception, different languages m
ay som

etim
es show

 up w
ith sim

ilar feature sets, and the
functional interpretation of categorization predicts into how

 m
any values a perceptual

feature space can be divided. A
n analysis of the em

ergence of language-specifi
c features

from
 an infi

nite universal pool of possible articulations and perceptual categories, is
advanced in the rem

aining part of this section.

6.2   C
onstraints in speech production

M
ost articulatory gestures have to be learned. B

efore this is accom
plished, all *G

E
ST

U
R

E

constraints are ranked quite high, but once a gesture has been learned because it occurs in
a m

astered w
ord, the relevant *G

E
S

T
U

R
E constraint m

ust have descended below
 the

relevant faithfulness constraint. B
ut this w

ill facilitate the surfacing of the gesture in other
w

ords, too. For instance, a language w
ith a click consonant w

ill probably have m
ore than

one click consonant, because som
e of the coordinations required for those other clicks

have been m
astered already for the first consonant. L

ikew
ise, speakers of a language w

ith
corono-dentals stops w

ill have trouble w
ith the corono-alveolar stops of other languages,

and vice versa; there is no universal preference for either of these im
plem

entations of
coronal stops.
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T
hus, in the end, though m

ost *G
E

ST
U

R
E constraints are still undom

inated (see
(5.20), som

e of them
 are so low

 as to allow
 the gestures to be m

ade. T
his m

eans that
gestures and coordinations are the articulatory building blocks of sound inventories:

A
rticulatory inventory constraints:

“L
ow

-ranked *G
E

ST
U

R
E and *C

O
O

R
D

 constraints determ
ine the fi

nite set
of allow

ed articulatory features and feature com
binations.”

(6.1)

T
his explains not only the fi

niteness of the segm
ent inventory, but also (partly) the

sym
m

etries that w
e find inside inventories.

6.3   F
unctional constraints in speech perception: categorization

B
ecause of the overw

helm
ing variation in the w

orld they live in, hum
an beings organize

their view
 of the w

orld w
ith the help of categories. B

esides reducing cognitive load,
categorization leads to few

er m
istakes in identifying groups of things that w

e had better
treat in the sam

e w
ay.

L
ike the production, the perception of speech has to be learned, too. T

he process of
speech recognition entails that an acoustic representation is ultim

ately m
apped to an

underlying lexical form
. A

 part of this process is the categorization of the acoustic input
(fi

gure 2.1). T
his section w

ill describe the relation betw
een the acoustic input and the

perceptual result in term
s of the faithfulness and categorizarion constraints of speech

perception.
F

irst, it is desirable that an acoustic feature is recognized at all by the listener. T
he

follow
ing constraint requires a corresponding perceived feature value for every acoustic

feature value (the subscript i denotes correspondence):

D
ef.   P

E
R

C
E

IV
E (f) ≡

 ∃x
i ∈

fac ⇒∃
y

i ∈
f

perc

“A
 value x on a tier f in the acoustic input is recognized as any

corresponding value y on the sam
e tier.”

(6.2)

A
s alw

ays in O
ptim

ality T
heory, the constraint has to be interpreted as gradiently

violable: each unrecognized feature incurs one violation m
ark; this differs from

 the purely
logical interpretation of “∃x

i ⇒∃
y

i ” or its alternative “∀
x

i ∃y
i ”, w

hich m
eans the sam

e.
A

n analogous constraint D
O

N
TP

E
R

C
E

IV
E requires that a recognized feature should

have a correspondent in the acoustic input.
S

econdly, it is undesirable that an acoustic feature value is recognized as som
ething

w
hich is norm

ally associated w
ith a very different acoustic feature value. F

or instance, a
vow

el w
ith a F

1  of 600 H
z is m

ost properly perceived as a low
er m

id vow
el, and a

recognition as a high vow
el is disfavoured. T

he follow
ing faithfulness constraint m

ilitates
against distortions in perception (the asterisk can be read as “don’t”):
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D
ef.   *W

A
R

P (f: d) ≡
 ∃x

i ∈
fac ∧∃

y
i ∈

f
perc ⇒

x
i −

y
i

<
d

“T
he perceived value y of a feature f is not different from

 the acoustic
value x of that feature by any positive am

ount of distortion d.”
(6.3)

N
ote that if a feature is not perceived, *W

A
R

P is not violated because the acoustic input
feature has no correspondent: it is then vacuously satisfied. In other w

ords, this constraint
can be subject to satisfaction by deletion, the suggestion of w

hich is enahanced by its
negative form

ulation.
B

ecause it is w
orse to perceive [E

] as /i/ than it is to perceive [E
] as /e/ (as w

ill be
proved in §8.2), *W

A
R

P has the follow
ing universal internal ranking:

M
inim

ization of distortion:
“A

 
less 

distorted 
recognition 

is 
preferred 

over 
a 

m
ore 

distorted
recognition.”

(6.4)

T
his can be form

alized as

*W
A

R
P (feature: d

1 ) >>
 *W

A
R

P (feature: d
2 ) ⇔

 d
1 >

d
2

(6.5)

T
ogether, (6.3) and (6.5) assert that if a higher *W

A
R

P constraint is violated, all low
er

*W
A

R
P constraints are also violated.

B
esides the above faithfulness constraints, and analogously to the *G

E
S

T
U

R
E fam

ily
(5.18), w

hich is an inviolable constraint for m
ost of the universally possible gestures, w

e
have a fam

ily of constraints that express the learnability of categorization:

D
ef.   *C

A
T

E
G

 (f: v) ≡ ∃x
i ∈

f
perc ⇒

x
i ≠

v
“T

he value v is not a category of feature f, i.e., a perceptual feature f
cannot be recognized as the value v.”

(6.6)

A
nalogously to the situation w

ith *G
E

ST
U

R
E, as stated in (5.20), w

e have

*C
A

T
E

G
 (feature: value) is undom

inated w
ith probability 1

(6.7)

w
here value spans the w

hole range of values that feature can attain along its continuous
auditory dim

ension. T
his expresses the fi

niteness of available perceptual categories
w

ithin a language: *C
A

T
E

G
 is high-ranked for alm

ost all values, and low
-ranked only for

a sm
all num

ber of discrete values.
T

he interaction of the *C
A

T
E

G
, P

E
R

C
E

IV
E, and *W

A
R

P constraints in recognition is
the subject of the follow

ing section.

6.4   C
ategorization along a single perceptual dim

ension

A
s an exam

ple, w
e w

ill take a look at the interaction of the constraints for the recognition
of an auditory feature f that can have any value betw

een 0 and 1000 along a continuous
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scale: the fi
rst form

ant, w
ith a scale in H

z
1

3 . If P
E

R
C

E
IV

E is undom
inated (i.e., every

acoustic input w
ill be categorized), and *W

A
R

P is ranked internally in the universal w
ay,

and *C
A

T
E

G
 is ranked high except for the values f =

 260, f =
 470, and f =

 740, then a
partial hierarchy m

ay look like (the dependence on f is suppressed from
 now

 on):

P
E

R
C

E
IV

E

*W
A

R
P (400)

*W
A

R
P (300)

*C
A

T
E

G
 (280), *C

A
T

E
G

 (510), *C
A

T
E

G
 (590) etc. etc. etc.

*W
A

R
P (240)

*W
A

R
P (140)

*W
A

R
P (100)

*C
A

T
E

G
 (260)

*C
A

T
E

G
 (740), *C

A
T

E
G

 (470)
*W

A
R

P (50)
*W

A
R

P (20)
(6.8)

N
ote that all the *W

A
R

P constraints not m
entioned here do belong som

ew
here in this

ranking, according to (6.5), and that all the *C
A

T
E

G
 constraints not m

entioned in (6.8)
take fourth place in ranking, together w

ith *C
A

T
E

G
 (280). W

e w
ill now

 see how
 this

constraint system
 controls the recognition of any input value fac  betw

een 0 and 1000.
First, consider the input [260], w

hich is a phonetic realization of f w
ith a value of 260

(e.g., a vow
el pronounced w

ith a first form
ant of 260 H

z). W
e see that this auditory input

is recognized as /260/ (in this tableau, the constraints have been abbreviated):

[260]
P

E
R

C
*W

(400)
*C

(280)
*C

(510)
*C

(590)

*W
(240)

*W
(100)

*C
(260)

*C
(470)

*C
(740)

*W
(30)

!
   /260/

*

/470/
*!

*
*

/740/
*!

*
*

*
*

nothing
*!

(6.9)

T
he candidates /470/ and /740/, though chosen in (6.8) to be stronger categories than

/260/, lose because honouring them
 w

ould violate som
e stronger *W

A
R

P constraints.

13 F
or (6.5) to be valid, w

e should use the perceptually calibrated B
ark scale instead, but since the current

case is m
eant as an exam

ple only, w
e use the m

ore fam
iliar physical frequency scale.
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T
he w

inning candidate violates only the *C
A

T
E

G
(260) constraint, w

hich cannot be
helped: satisfying all *C

A
T

E
G

 and *W
A

R
P constraints w

ould require violating P
E

R
C

E
IV

E.
T

he case of an input that is quite close to one of the preferred categories, yields an
analogous result, as show

n in the follow
ing tableau for the realization [510], w

hich w
ill

be recognized as /470/:

[510]
P

E
R

C
*W

(400)
*C

(280)
*C

(510)
*C

(590)

*W
(240)

*W
(100)

*C
(260)

*C
(470)

*C
(740)

*W
(30)

/260/
*!

*
*

*

!
   /470/

*
*

/510/
*!

/740/
*!

*
*

nothing
*!

(6.10)

In this case, w
e m

ust consider the candidate /510/, w
hich satisfies all *W

A
R

P constraints,
but violates the strong *C

A
T

E
G

(510) constraint. T
hus, because it is w

orse to m
ap the

input into the non-existing category /510/ than to distort the input by 40 H
z, the input

[510] m
aps to the output /470/.

A
nother case is the recognition of an input that is not close to any of the good

categories. T
he follow

ing tableau show
s the recognition of [590]:

Input: [590]
P

E
R

C
*W

(400)
*C

(280)
*C

(510)
*C

(590)

*W
(140)

*W
(100)

*C
(260)

*C
(470)

*C
(740)

*W
(30)

/260/
*!

*
*

*

!
   /470/

*
*

*

/590/
*!

/740/
*!

*
*

*

nothing
*!

(6.11)

T
he output candidate /470/, being 120 H

z off from
 the input, violates *W

A
R

P (119) but
not *W

A
R

P (120). T
hus, it is slightly better than the candidate /740/, w

hich violates
*W

A
R

P (149). So w
e see that stray inputs like [590] are put into the “nearest” category.
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[0]
[260]

[365]
[470]

[605]
[740]

[1000]

*C
A

T
E

G
 (470), *C

A
T

E
G

 (740)
*C

A
T

E
G

 (260)

*C
A

T
E

G
 (280, 510, 590, ...)

P
E

R
C

E
IV

E

*W
A

R
P (fac  – 260)

*W
A

R
P (fac  – 470)

*W
A

R
P (470 – fac)

*W
A

R
P (740 – fac)

A
coustic input fac

Perception fperc
/260/

/470/
/740/

Constraint ranking

F
ig. 6.1

C
ategorization of the input along a continuous auditory param

eter. T
he curves represent the

heights of the *W
A

R
P constraints in the cases that the auditory input is recognized as /260/,

/470/, or /740/. T
he thick curve represents the height of the highest violated constraint if

the categorization divides the dom
ain into the three parts show

n at the top.

G
eneralizing from

 these three exam
ples, w

e can draw
 a picture of the recognition of

all possible inputs betw
een [0] and [1000]. F

igure 6.1 show
s the relevant P

E
R

C
E

IV
E and

*C
A

T
E

G
 constraints as horizontal dotted lines, and the three *W

A
R

P constraints
*W

A
R

P 
fac −

260
(

) , *W
A

R
P 

fac −
470

(
) , and *W

A
R

P 
fac −

740
(

)  as functions of the
auditory input param

eter fac .
T

he picture show
s that P

E
R

C
E

IV
E

 is ranked as high as *W
A

R
P (550): the curve

*W
A

R
P (740 – fac ) crosses the P

E
R

C
E

IV
E line at fac  =

 190; also, *C
A

T
E

G
 (280 etc.) are as

high as *W
A

R
P (350): the sam

e curve crosses that *C
A

T
E

G
 line at fac  =

 390. T
w

o criteria
(category boundaries) em

erge exactly half-w
ay betw

een the categories, at 365 and 605.
N

ote that though /260/ is a w
eaker category than /470/ (its *C

A
T

E
G

 constraint is higher),
the location of the boundary betw

een the /260/ and /470/ equivalence classes is not
influenced by this height difference: the height of the horizontal thick line above ‘260’ in
the figure does not influence the location of the cutting point of the tw

o *W
A

R
P curves at

[365], unless this line w
ould actually be higher than the cutting point. T

his is an exam
ple

of strict ranking: the tw
o struggling *W

A
R

P constraints determ
ine the outcom

e, w
ithout

being infl
uenced by any low

er-ranked third constraint (§8.5 w
ill show

 that the height of
*C

A
T

E
G

 correlates w
ith the w

idth of the *W
A

R
P curve, so that the criterion does shift).

In a m
ore realistic m

odel of speech recognition, the thick curve in figure 6.1 does not
represent the ultim

ately recognized category. In the phase of recognition proper (seen
here as occurring “after” categorization), w

hich involves lexical access and inform
ation

on context and syntax, w
e m

ust assign a probabilistic interpretation to the curve (§8.2,
§8.5): it only show

s the best candidate, i.e., the candidate w
ith highest probability of
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[0]
[260]

[470]
[740]

[1000]

*C
A

T
E

G
 (470), *C

A
T

E
G

 (740)
*C

A
T

E
G

 (260)

*C
A

T
E

G
 (280, 510, 590, ...)

P
E

R
C

E
IV

E

A
coustic input fac

Perception fperc
/0/-/140/

/260/
/470/

/≈605/
/740/

/860/-/1000/

Constraint ranking

F
ig. 6.2

C
ategorization along a one-dim

ensional continuum
, if the *C

A
T

E
G

 constraints for the poor
categories are ranked rather low

.

being correct; other, low
er-ranked, candidates have low

er probabilities, and a global
optim

ization algorithm
 w

ill find the best tim
e path through the candidates.

6.5   Special case: w
eak categories

If the *C
A

T
E

G
 constraints of the poor categories are ranked low

 enough, they can interact
w

ith *W
A

R
P constraints. In this case, highly distorted categorizations w

ill not take place.
Instead, inputs that are far aw

ay from
 the centre of the equivalence class of a strong

category, w
ill be recognized into one of the poor categories:

[590]
P

E
R

C
*W

(400)
*W

(110)
*C

(280)
*C

(510)
*C

(590)

*W
(100)

*C
(260)

*C
(470)

*C
(740)

*W
(30)

/260/
*!

*
*

*

/470/
*!

*
*

*

!
   /590/

*

/740/
*!

*
*

*

nothing
*!

(6.12)

Figure 6.2 show
s the classification of any input betw

een [0] and [1000] in the case of low
poor-category constraints.
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[0]
[260]

[470]
[740]

[1000]

*C
A

T
E

G
 (470), *C

A
T

E
G

 (740)
*C

A
T

E
G

 (260)

*C
A

T
E

G
 (280, 510, 590, ...)

P
E

R
C

E
IV

E

A
coustic input fac

Perception fperc
/-/

/260/
/470/

/-/
/740/

/-/

Constraint ranking

F
ig. 6.3

C
ategorization along a one-dim

ensional continuum
, if the P

E
R

C
E

IV
E constraint is ranked

low
. N

on-recognition is denoted as “/-/”.

6.6   Special case: unparsed features

If the P
E

R
C

E
IV

E
 constraint is ranked low

, it is allow
ed to interact w

ith the *W
A

R
P

constraints. In this case, highly distorted categorizations w
ill not take place; instead,

inputs that are far aw
ay from

 the centre of the equivalence class w
ill not be recognized

(“/-/” stands for “not recognized”):

[590]
*W

(400)
*C

(280)
*C

(510)
*C

(590)

*W
(110)

P
E

R
C

*W
(100)

*C
(260)

*C
(470)

*C
(740)

*W
(30)

/260/
*!

*
*

*

/470/
*!

*
*

*

/590/
*!

/740/
*!

*
*

*

!
   /-/

*

(6.13)

F
igure 6.3 show

s the classifi
cation of any input betw

een [0] and [1000] in the case of a
low

 P
E

R
C

E
IV

E constraint.
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6.7   D
ependence on environm

ent

T
he ranking of the constraints of speech perception depends on several external and

internal phenom
ena:

•
A

 higher frequency of occurrence of a certain category in the vocabulary of a language
m

eans that that category is recognized m
ore often, and, therefore, that categorization

into this category is easier. T
hus, frequently visited categories have low

 *C
A

T
E

G

constraints. T
his is form

alized and proved in §8.5.
•

A
 higher frequency of occurrence also low

ers the distinctive pow
er of a feature value

and, w
ith it, the height of the P

E
R

C
E

IV
E constraint for this feature.

•
T

he presence of background noise, too, reduces the im
portance of the classifi

cation of
the individual features; thus, it low

ers the ranking of P
E

R
C

E
IV

E.
•

M
ore variation in the acoustics of a feature value gives m

ore latitude in the adm
ittance

to the corresponding category, and this leads to relatively low
 *W

A
R

P constraints for
high distortions (“w

ide” *W
A

R
P functions).

6.8   M
erger

W
e can now

 predict w
hat happens w

hen tw
o categories com

e to overlap. T
he source of

the overlap is usually an increase in the variation in the production, often caused by the
m

erger of a m
igrating group of people w

ith another population that speaks a related but
slighly different dialect.

B
ecause of the large variation, the *W

A
R

P functions w
ill be w

ider, as show
n in figure

6.4. T
he m

ore com
m

on (stronger) category (550) w
ill have the low

er *C
A

T
E

G
 constraint;

fi
gure 6.4 show

s us that this w
ill lead to a shift of the criterion in the direction of the

w
eaker category (to “442”). A

s every input greater than 442 w
ill be classifi

ed as
belonging to the stronger category, this criterion shift w

ill again increase the rate of
recognition into the stronger category, and decrease the rate of recognition into the
w

eaker category. A
s a result of this, the *C

A
T

E
G

 constraint of the stronger category w
ill

becom
e low

er, and that of the w
eaker category w

ill becom
e higher. T

his w
ill cause a

further criterion shift. A
pparently, the larger class is eating aw

ay at its peer, and this
positive-feedback m

echanism
 w

ill ultim
ately send the w

eaker class into oblivion (unless
checked by the requirem

ents of inform
ation content, see §8.6): an irreversible process of

lexical diffusion ends up as a blind law
 of sound change. T

he resulting m
erger of the

categories m
ay w

ell result at fi
rst in an asym

m
etry betw

een production and perception:
the speaker m

ay still know
 that she produces a contrast, but the listener m

ay be
indifferent to it, because not considering the inform

ation found in a poorly reproducible
contrast m

ay decrease the error rate of the recognition.
T

he problem
 in fi

gure 6.4 can also be solved by the w
eaker category m

oving aw
ay

from
 the encroaching stronger one (push chain).
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[200]
[442]

[800] *C
A

T
E

G
 (550)

*C
A

T
E

G
 (400)

*C
A

T
E

G
 (other)

*W
A

R
P (fac  – 550)

*W
A

R
P (fac  – 400)

*W
A

R
P (550 – fac)

A
coustic input fac

Perception fperc
/400/

/550/

Constraint ranking

F
ig. 6.4   T

he recognition into tw
o overlapping categories of unequal strength.

6.9   C
onclusion

T
he fi

niteness of sound inventories is explained by the articulatory inventory constraints
(§6.2) and their perceptual counterpart:

P
erceptual inventory constraints:

“L
ow

-ranked *C
A

T
E

G
 constraints determ

ine the fi
nite set of allow

ed
perceptual features.”

(6.14)

T
he term

 “features” here is used in a broad sense: it m
ay refer to values on a continuous

auditory scale (e.g., F
1  or F

2 ), or to com
binations of those (e.g., a location in a vow

el
triangle). F

unctionally, there is no reason w
hy features should be one-dim

ensional; som
e

latitude in the dim
ensionality of prim

itive perceptual spaces w
ould explain w

hy besides
languages w

ith highly sym
m

etric vow
el system

s, w
e also find languages w

ith asym
m

etric
vow

el system
s; in the form

er case the language has several vow
el-height and vow

el-place
categories, in the latter case it has vow

el-quality categories. It is only natural that the
languages w

ith tw
o distinct dim

ensions of categorization have m
ore vow

els than those
w

ith direct categorization of the tw
o-dim

ensional quality space.
W

e can also draw
 an im

portant conclusion from
 our functional standpoint: though all

constraints m
ay be universal, the features that build inventories are language-specific. For

instance, all languages have the sam
e constraints against the categorization of all vow

el
heights, i.e., they all have *C

A
T

E
G

 (F
1 : x) for all possible values of x. In every language,

alm
ost all of these constraints are undom

inated (see (6.7)). B
ut though all languages have

the *C
A

T
E

G
 (F

1 : 320 H
z) and *C

A
T

E
G

 (F
1 : 620 H

z) constraints, only a language w
ith
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tw
o categorizable vow

el heights has them
 at a low

 rank, so that this language show
s

vow
el heights at 320 H

z (“i”) and 620 H
z (“

a”). Its sister language, w
ith three vow

el
heights, has the sam

e constraints, but has three different *C
A

T
E

G
 constriants at a low

rank, giving recognizable heights at 260 H
z (“

i”), 470 H
z (“e”), and 740 H

z (“a”).
F

inally, a typical language w
ith four vow

el heights w
ill have them

 around 240 H
z (“i”),

380 H
z (“e”), 560 H

z (“E”), and 780 H
z (“a”). T

he interaction of *E
N

E
R

G
Y

 
and

faithfulness constraints dictates the dependence of the peripheral heights (“a” and “i”) on
the num

ber of vow
el heights (see §10.8), and the interaction of *W

A
R

P constraints
determ

ines the positions of the categories. T
he use of the label “a” w

ith all three
languages should not m

ean that w
e pose a universal category /a/, and the label “e”

(w
hich is especially arbitrary for the three-height language) does not m

ean the sam
e for

languages w
ith three and four vow

el heights: there is no universal vow
el /e/. T

hus, from
the universal *C

A
T

E
G

 fam
ily em

erges a language-specifi
c division of the vow

el-height
dim

ension, w
hich is, m

oreover, partially determ
ined by the functional principle of

m
axim

al m
inim

al contrast. T
his leads to an im

portant conclusion:

T
he functional view

: there are no universal phonological feature values
“T

he continuous articulatory and perceptual phonetic spaces are universal,
and so are the constraints that are defi

ned on them
; the discrete

phonological feature values, how
ever, are language-specifi

c, and follow
from

 the selective constraint low
ering that is characteristic of the

acquisition of coordination and categorization.”
(6.15)
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7   P
erceptual distinctivity

A
s w

ith the m
axim

ization of articulatory ease, T
rask (1996) calls the principle of

m
axim

um
 perceptual separation “a som

ew
hat ill-defined principle som

etim
es invoked to

account for phonological change”. B
ut, again, w

e w
ill see that it can be expressed in a

linguistically m
eaningful w

ay.
A

 global interpretation of m
axim

ization of contrast w
ould express it in one m

easure,
for instance, the probability of confusion. A

 utilitarian optim
ization strategy w

ould then
m

inim
ize the total num

ber of confusions that w
ould occur in a long series of utterances.

A
n egalitarian optim

ization strategy, by contrast, w
ould m

inim
ize the m

axim
um

confusion probability. T
he latter option is m

ore in line w
ith the idea behind O

ptim
ality

T
heory, w

here the highest-ranked constraint, i.e., the constraint against the largest
problem

, outranks all others. Interestingly, T
en B

osch (1991) show
ed that in a m

odel of
vow

el inventories, the optim
ization strategy of m

axim
izing the m

inim
um

 distance
betw

een pairs of vow
els, perform

ed better than m
axim

izing a global contrast m
easure

along the lines of L
iljencrants &

 L
indblom

 (1972) or V
allée (1994). A

n output-oriented
contrast constraint w

ould be

D
ef.   *C

O
N

FU
SIO

N
 (confusion)

“W
e are too petty to allow

 any positive am
ount of confusion.”

(7.1)

T
he constraint-ranking version of m

inim
ization of confusion w

ould then be stated as:

M
inim

ization of confusion:
“W

ithin the set of all pairs of utterances w
ith distinctive m

eanings, the
pairs w

ith higher confusion probabilities are disfavoured.”
(7.2)

T
his rote functionalism

 is obviously not supported by the facts. It w
ould predict, for

instance, that sound changes w
ould change only those w

ords that are m
ost easily

confused w
ith others, or that otherw

ise hom
ogeneous sound changes w

ould have
exceptions w

here they w
ould create hom

onym
s. S

uch phenom
ena are very unusual,

especially for gradual processes such as vow
el shifts. T

his is explained by the facts of
categorization: if categories are im

portant, they m
ove as a w

hole, dragging along all the
w

ords in w
hich they occur. If the m

ovem
ent is gradual, there is no w

ay for isolated
lexical item

s to stay behind; only for sound changes that involve category jum
ps, like

processes of lexical diffusion, it could be functionally advantageous not to jum
p if that

w
ould increase hom

onym
y.

I w
ill now

 review
 som

e possible w
ays of m

easuring contrast or confusion.
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7.1   D
iscrete m

easures

A
 rough m

easure of the contrast betw
een tw

o utterances is the num
ber of differing

features. F
or instance, the difference betw

een [v
] and [p

] is larger than the distance
betw

een [b
] and [p

]: tw
o features (voicing and frication) versus one feature (voicing).

M
ore precision can be achieved if w

e recognize the fact that the existence of a salient
feature m

ay partially obscure another contrast. T
hus, the voicing contrast betw

een [b
]

and [p
] w

ill probably be larger than the contrast betw
een [f] and [v

], because the
presence of frication noise distracts the attention from

 other features. T
his statem

ent has
its roots in intuitive know

ledge about the w
orkings of the hum

an ear. If not, w
e could

equally w
ell have brought forw

ard that “the voicing contrast betw
een [b

] and [p
] w

ill
probably be sm

aller than the contrast betw
een [f] and [v

], because the absence of
frication noise distracts the attention from

 other features”. W
e know

, how
ever, of tw

o
properties of the auditory m

echanism
: fi

rstly, the presence of noise m
ay m

ask spectral
inform

ation from
 other sources; secondly, periodic noise bursts (as in [z

]) have a low
er

degree of periodicity than a truly periodic signal (as in [b
]), thus giving a sm

aller
periodicity contrast for the fricatives than for the plosives. A

 large say in the m
atter

com
es from

 perception experim
ents (though these are heavily infl

uenced by language-
specifi

c categorization), w
hich agree that [b

] and [p
] are perceptually farther apart than

[f] and [
v

] (for D
utch: P

ols 1983). T
he unm

arkedness of plosives as com
pared to

fricatives, as can be induced from
 the data of the languages of the w

orld, can partly be
traced back to this asym

m
etry.

A
 little m

ore precision yet can be achieved if w
e take into account som

e asym
m

etries
of the speech organs. T

hus the voicing contrast betw
een [k

] and [g
] w

ill be sm
aller than

the voicing contrast betw
een [p

] and [b
], because of the different volum

es of expandable
air involved in helping to m

aintain the contrast.

7.2   C
om

bining various perceptual dim
ensions to a global contrast m

easure

T
here exists a universal m

easure for the perceptual contrast betw
een any tw

o events (e.g.,
sounds) A

 and B
. T

his m
easure is the confusion probability of A

 and B
, and is defined as

the probability that event A
 w

ill be perceived as event B
, w

hich need not be equal to the
probability that event B

 w
ill be perceived as A

. If this confusion probability is sym
m

etric
w

ith respect to A
 and B

 (i.e., if there is no bias for either A
 or B

), and A
 and B

 differ
along only one acoustic/perceptual dim

ension, the confusion probability often bears a
m

onotonic relationship w
ith the distance betw

een A
 and B

 along that dim
ension. T

his
distance can then be expressed as a num

ber of difference lim
ens (units of just noticeable

differences), and, if the variation along the scale is sm
all in com

parison w
ith the total

length of the scale, this num
ber of difference lim

ens m
ay w

ell exhibit an alm
ost universal

relationship w
ith the confusion probability. T

hus, if the distance betw
een A

 and B
 is one

difference lim
en, the confusion probability is 25%

 (this is one defi
nition of a difference
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lim
en); if the perceptual m

easurem
ents are draw

n from
 a G

aussian distribution, and the
distance is tw

o difference lim
ens, the confusion probability is 10%

; for three difference
lim

ens, it is 2.4%
; for four, 0.47%

. T
he confusion probability is given by the form

ula

p
A

B
=

12
1−

erf
d

A
B

⋅inv
erf

12
()

(
)

(
)

(7.3)

0.5

0.25

0.089
0.0220

1
2

3
4

pAB

d
A

B

w
here d

A
B  is the difference betw

een A
 and B

, expressed in difference lim
ens, and erf is

related to the prim
itive of the G

aussian distribution function. If there are three events A
,

B
, and C

, there are tw
o special cases. T

he fi
rst special case is if all three events differ

along the sam
e dim

ension, and B
 is perceptually som

ew
here betw

een A
 and C

. T
he

distance betw
een A

 and C
 can then be expressed as

d
A

C
=

d
A

B
+

d
B

C
(7.4)

T
he second special case is if B

 and C
 differ along a dim

ension that is perceptually
independent of the dim

ension along w
hich A

 and B
 differ. T

he confusion probability
betw

een B
 and C

 can then be expressed as

p
A

C
=

p
A

B
⋅p

B
C

(7.5)

N
ow

, in order to derive an equation for the distance betw
een A

 and C
, w

e approxim
ate

(7.3) by

p
A

B
≈

e −
d

A
B

α




2

(7.6)

or

d
A

B
2

≈
−α

2
log

p
A

B
(7.7)

W
e can now

 rew
rite (7.4) as

d
A

C
2

≈
−α

2
log

p
A

C
=

−α
2

log
p

A
B

⋅p
B

C
(

) =

=
−α

2
log

p
A

B
−

α
2

log
p

B
C

≈
d

A
B

2
+

d
B

C 2

(7.8)

w
hich is the perceptual counterpart of the global articulatory equation (5.4).
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If w
e realize that both equations (7.4) and (7.8) are E

uclidean distance m
easures (for

one dim
ension and tw

o independent dim
ensions, respectively), w

e can conclude that the
distance in the perceptual space can be m

easured as if this w
ere a E

uclidean space,
provided that it is calibrated in units of one difference lim

en along every independent
dim

ension. For instance, if the intensities of tw
o sounds differ by 3 difference lim

ens, and
their pitches differ by 4 difference lim

ens, the perceptual distance betw
een these sounds

can be expressed as “5 difference lim
ens”.

T
o sum

 up, m
easuring every perceptual dim

ension w
ith a dim

ensionless difference-
lim

en scale allow
s us to com

pare distances along very different kinds of dim
ensions, and

to com
pute in a natural w

ay the total distance betw
een any pair of events, provided that

the G
aussian hypothesis and the strong hypothesis of separability (7.5) holds. A

nd, of
course, they do not norm

ally hold. F
or instance, the total confusion probability m

ay
depend only on the m

axim
um

 constituent confusion probability (a case of strict ranking):

p
A

C
=

m
ax

p
A

B ,p
B

C
(

)
(7.9)

or, in the other direction, (7.4) m
ight hold even if the pairs A

B
 and B

C
 differ along

perceptually independent dim
ensions (city-block distance), so that the tw

o sounds of our
exam

ple differ by 7, instead of 5, difference lim
ens.

7.3   P
erceptual salience versus dissim

ilarity

K
aw

asaki (1982) draw
s our attention to the acoustic correlates of tw

o aspects of the
m

axim
ization of contrast. F

irst, she points out that languages tend to disfavour
contrasting, but acoustically very sim

ilar, sounds: poorly distinguishable sequences such
as [gla] and [dla] tend not to co-occur in languages; K

aw
asaki calls this m

axim
ization of

dissim
ilarity. Secondly, sequences of acoustically sim

ilar sounds such as [w
u
] or [ji] are

avoided in the w
orld's languages in favour of sequences w

ith a greater acoustical dynam
ic

variation like [w
i] or [ju

]. K
aw

asaki calls this m
axim

ization of perceptual salience.
K

aw
asaki defi

nes perceptual salience as the am
ount of change of the perceptual

features w
ithin an utterance. H

er form
ula isdP

i
t()

dt
 

 
2

∫
dt

i
∑

(7.10)

w
here P

i  are perceptual features (in K
aw

asaki’s case, form
ants in m

el). T
he com

bination
of the various dim

ensions seem
s to follow

 (7.8); the use of the squares cause (7.10) to be
sensitive to the rate of change of the param

eter, interpreting rapid changes as m
ore salient

than slow
 ones.

A
n analogous form

ula for the perceptual contrast betw
een the utterances a and b as

T
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P
a,i

t() −
P

b,i
t()

(
) 2

∫
dt

i
∑

(7.11)

In §7.2, w
e saw

 how
 perceptual features of different origin (e.g., voicing, tone, spectrum

,
and loudness) can be com

bined in such a form
ula if w

e know
 the difference lim

ens of all
of them

.

7.4   G
lobal or local contrast m

easures?

In §5.6, I argued for restricting the m
easurability of the ranking of articulatory effort to

m
inim

ally different pairs of situations. T
he sam

e holds for perceptual contrast.
In discussing sim

ilarity, it is im
possible to give a universal answ

er to the question
w

hich pair is m
ore alike: a horse and a cow

, or an apple and a peach. B
ut m

ost people
w

ould agree that a horse is m
ore sim

ilar to a cow
 than it is to a duck, and that an apple is

closer to a pear than to a peach. L
ikew

ise, the listener cannot assign num
erical values to

the various degrees of contrast, but she can rank locally different contrasts. T
hus, the

m
ain thing w

e w
ill have to know

 about contrasts is the m
onotonicity of the relation

betw
een distance and contrast: the higher the distance betw

een tw
o sounds along a single

acoustic/perceptual scale, the low
er their probability of confusion.
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8   Specificational and faithfulness constraints

T
he functional principle that surface form

s w
ith different m

eanings should be sufficiently
different, can be im

plem
ented by a pair of requirem

ents: the underlying form
s should be

suffi
ciently different, and every underlying form

 (sp
ecifi

ca
tio

n
) is close to the

corresponding surface form
 (perceptual result).

E
ach candidate articulation in the specifi

cation-articulation-perception triad (§3.3)
m

ay produce a different perceptual result. T
he differences betw

een the input specification
and the perceptual output are caused by articulatory constraints, w

hich tend to decrease
the perceptual contrast betw

een utterances. F
or instance, if the constraint against the

laryngeal gestures that im
plem

ent the voicing contrast for obstruents is ranked high,
underlying /b

a/ and /p
a/ w

ill fall together; and honouring the constraint against the
synchronization of the velar and coronal gestures in /tEn

s/ ‘tense’ w
ill m

ake it sound like
the output of /

tE
n
ts/ ‘tents’. T

hus, the principle of m
axim

ization of perceptual contrast
can be translated:

•
indirectly: into fam

ilies of faithfulness constraints that state that aspects of the
specification should appear unaltered in the output;

•
directly: into the contrast-dependent rankings of these constraints.

A
 global form

ulation w
ould be:

D
ef.   F

A
IT

H
 (d)“T

he perceptual output should not be different from
 the specifi

cation by
any positive difference d.”

(8.1)

T
he constraint-ranking version of m

axim
ization of contrast w

ould then be stated as:

M
axim

ization of faithfulness:
“A

 less faithful perceptual output is disfavoured.”
(8.2)

T
his w

ould be form
alized into a universally expected constraint ranking:

F
A

IT
H

 (d
1 ) >>

 F
A

IT
H

 (d
2 ) ⇔

 d
1  >

 d
2

(8.3)

Just as w
ith the constraints of articulatory effort, the faithfulness constraints branch into

several fam
ilies, w

hich cannot be universally ranked w
ith respect to each other along the

lines of (8.3), w
hich uses a global m

easure of contrast like equation (7.8). T
he various

aspects of the underlying specification w
ill be identified in the follow

ing sections.
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8.1   F
aithfulness in phonetic im

plem
entation

T
he first thing that is apparent from

 the specification (3.6) is the presence of features. For
instance, the m

orphem
e /tE

n
s/ contains specifications for [coronal], [+

nasal], and [low
er

m
id]. B

ecause the speaker w
ill try to accom

odate the listener, it is desirable that the
acoustic output contains som

ething (anything) that corresponds to them
.  A

nalogously to
the P

E
R

C
E

IV
E

 constraint of perception, the speaker w
ould adhere to the follow

ing
im

perative of correspondence:

D
ef.   P

R
O

D
U

C
E

 (f) ≡ ∃x
i ∈

fspec ⇒∃
y

i ∈
fac

“A
 value x on a tier f in the specification has any corresponding value y on

the sam
e tier in the acoustic output.”

(8.4)

A
n analogous constraint D

O
N

TP
R

O
D

U
C

E
, w

hich can be form
alized by reversing the

im
plication in the defi

nition of P
R

O
D

U
C

E, requires that anything in the acoustic output
has a correspondent in the specification (cf. D

O
N

TP
E

R
C

E
IV

E in §6.3).
M

ostly, the speaker is also intent on m
axim

izing the probability of correct recognition
of her utterance. S

o, analogously to *W
A

R
P, w

e w
ould have a constraint that penalizes

the variation of production, as far as this leads to deviant acoustic results:

D
ef.   *V

A
R

Y
 (f: d) ≡ ∃x

i ∈
fspec ∧∃

y
i ∈

fac ⇒
x

i −
y

i
≤

d
“T

he produced value y of a perceptual feature f is not different from
 the

specified value x by any positive am
ount of variation d.”

(8.5)

T
he w

ording of this constraint is deliberately sym
m

etric betw
een input and output. L

ike
*W

A
R

P, *V
A

R
Y

 is satisfi
ed vacuously if the underlying feature has no correspondent in

the acoustic signal: this m
ay occur in situations w

here it is better not to produce a feature
than to produce the w

rong value. T
he universal ranking w

ithin the *V
A

R
Y

 fam
ily is

M
inim

ization of variation:
“A

 less deviant production is preferred over a m
ore deviant production”.(8.6)

T
his can be form

alized as

*V
A

R
Y

 (feature: d
1 ) >>

 *V
A

R
Y

 (feature: d
2 ) ⇔

 d
1  >

 d
2

(8.7)

T
he picture presented here of the listener is that she w

ill hear every acoustic output as it
is. A

s w
e have seen, how

ever, the effects of categorization discretize the perceptual
output and, therefore, the perceptual specifi

cation. D
iscretized versions of P

R
O

D
U

C
E and

*V
A

R
Y

 w
ill be presented below

.
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8.2   F
aithfulness in phonology

T
he listener w

ill not rank the acoustically realized feature values directly along
continuous scales. R

ather, she w
ill categorize the acoustic input into perceptual feature

values along one-dim
ensional scales (“before” recognition of the utterance). T

he
standpoint of F

unctional P
honology, inspired by the presence of an auditory-feedback

loop (§2.1, fi
gure 2.1), is that the version of faithfulness that plays a role in the

organization of spoken language, evaluates the difference betw
een the perceptual

specification and the perceptual features as categorized by the listener.
W

e can view
 the m

edium
 of inform

ation transfer betw
een speaker and listener as a

system
 of parallel com

m
unication channels, each of w

hich represents one perceptual tier.
E

ach tier tries to transm
it serially events associated w

ith a particular perceptual feature.
T

he presence of a m
essage on each tier is transm

itted successfully if the P
R

O
D

U
C

E and
P

E
R

C
E

IV
E constraints are both satisfi

ed (also in the unlikely case that P
R

O
D

U
C

E and
D

O
N

TP
E

R
C

E
IV

E are both violated):

D
ef.   T

R
A

N
SM

IT
 (f / x) ≡ ∃x

i ∈
fspec ⇒∃

y
i ∈

f
perc

“T
he value (category) x on a tier f in the specifi

cation corresponds to any
category y on the sam

e tier in the perceptual output.”
(8.8)

A
nd, again, w

e have D
O

N
TT

R
A

N
SM

IT, w
hich is satisfi

ed if both D
O

N
TP

R
O

D
U

C
E and

D
O

N
TP

E
R

C
E

IV
E are satisfied (or if D

O
N

TP
R

O
D

U
C

E and P
E

R
C

E
IV

E are both violated).
A

nalogously to *W
A

R
P 

and 
*V

A
R

Y
, w

e have a constraint that penalizes the
difference betw

een the specified and the perceived feature value:

D
ef.   *R

E
PL

A
C

E
 (f: x, y) ≡ ∃x

i ∈
fspec ∧∃

y
i ∈

f
perc ⇒

x
i −

y
i

≤
d

“T
he perceived category y on a tier f is not different from

 the specifi
ed

value x by any positive distance d.”
(8.9)

T
hus, the effect of T

R
A

N
SM

IT is the product of the effects of P
R

O
D

U
C

E and P
E

R
C

E
IV

E,
and the effect of *R

E
P

L
A

C
E constraint is the convolution of the effects of *V

A
R

Y
 and

*W
A

R
P. T

he com
m

unication process can thus be sum
m

arized as

acoustics

speaker
listener

P
R

O
D

U
C

E
P

ER
C

EIV
E

T
R

A
N

SM
IT

*V
A

R
Y

*W
A

R
P

*R
E

PL
A

C
E

(8.10)

T
he phonology handles T

R
A

N
SM

IT and *R
E

PL
A

C
E constraints, because language users

are speakers and listeners at the sam
e tim

e, and do not know
 about the acoustic m

edium
.
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In 
contrast 

w
ith 

*V
A

R
Y

, w
hich w

orked, by defi
nition, along a perceptually

hom
ogeneous scale, *R

E
P

L
A

C
E has to be param

etrized w
ith the feature values x and y,

because its ranking depends on the distances and strengths of the categories, as w
ill be

seen below
 and in §8.5. T

he universal ranking w
ithin the *R

E
P

L
A

C
E fam

ily, based on the
principle that the listener w

ill com
pensate for near categorical errors m

ore easily than for
distant errors (by adapting the recognition probabilities, see §8.5), is:

M
inim

ization of categorization error:
“A

 production that gives rise to a less distant categorization error is
preferred over one that leads to a m

ore distant error”.
(8.11)

T
his can be form

alized as (if y
1  and y

2  are on the sam
e side of x):

*R
E

PL
A

C
E (feature: x, y

1 ) >>
 *R

E
PL

A
C

E (feature: x, y
2 ) ⇔

 y1 −
x

>
y

2
−

x
(8.12)

B
ecause of the discreteness of categorization (if only a fi

nite num
ber of *C

A
T

E
G

constraints are dom
inated), it now

 becom
es sensible to talk about a hom

ogeneous version
like  *R

E
P

L
A

C
E (feature: x): “do not replace the feature value x by any different value”.

W
ith *V

A
R

Y
, this w

ould have m
ade no sense because *V

A
R

Y
 (f: 0) w

ould alw
ays be at

the extrem
e low

er end of the constraint system
: it is utterly unim

portant to have a F
1

w
hich is w

ithin 0.01 H
z from

 the desired value, w
hereas recognizing, say, /tE

n
s/ as the

neighbouring /tQ
n
s/ could already constitute a noticeable problem

. T
he constraint fam

ily
associated w

ith generalizing this over all values of x, could be called *R
E

PL
A

C
E (feature);

if featural correspondence is forced by segm
ental correspondence (§12), such a fam

ily
can be identifi

ed w
ith the hom

ogeneous segm
ent-based ID

E
N

TIO
 (feature) constraint

proposed for hybrid features by M
cC

arthy &
 Prince (1995). H

ow
ever, w

e w
ill see in §8.5

that the ranking of *R
E

PL
A

C
E generally depends on its argum

ents x and y.
T

he ranking effects of (8.12) w
ill be seen only for features that have been divided into

m
any categories, like vow

el height. T
hus, for E

nglish /tE
n
s/, the outputs [tQ

n
s] and

[te
n
s] w

ill be less offensive than the output [tin
s]. W

e can see how
 this w

orks if w
e

assign num
eric values to the variation. F

or instance, fi
gure 8.1 show

s the distributions of
the acoustic and perceptual results of a large num

ber of replications of four vow
el heights

w
ith specifi

cations of 260, 430, 580, and 810 H
z, assum

ing a G
aussian m

odel w
ith equal

standard deviations of 100 H
z (w

hich could be caused by variations w
ithin and betw

een
speakers and by background noise).

W
ith the help of fi

gure 8.1, w
e can m

ake a probabilistic version of w
hat w

as
presented in fi

gure 6.1 as strict ranking. T
he shaded area in fi

gure 8.1 represents the
events in w

hich /
E/ w

as intended, but /e/ w
as recognized. Its area is 0.218 (relative to

the area under the G
aussian curve). T

he follow
ing table show

s the conditional
probabilities P

f
perc

=
y

j
f

prod
=

x
i

(
)  (the “|” reads as “given that”) of classifying the

four intended categories x
i  into each of the four categories y

j  available for perception:
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 fprod ↓
fperc →

/i/
/e/

/E/
/Q

/
P

(f
prod

=
x)

 /i/
0.802

0.191
0.007

8·10
-6

0.25
 /e/

0.198
0.575

0.223
0.004

0.25
 /E/

0.009
0.218

0.648
0.125

0.25
 /Q

/
2·10

-6
0.001

0.124
0.875

0.25

 P
(f

perc
=

y)
0.252

0.246
0.251

0.251

(8.13)

T
he right colum

n contains the m
arginal probabilities P

f
prod

=
x

i
(

)  of the four intended
classes x

i , and the bottom
 row

 contains the total probabilities of fi
nding each of the four

initial recognitions y
j : P

f
perc

=
y

j
(

) =
P

f
perc

=
y

j
f

prod
=

x
i

(
)

i
∑

P
f

prod
=

x
i

(
) .

U
nder the assum

ption of com
plete categorical perception, the best global strategy for

the recognition of the categories is for the listener to assum
e the follow

ing B
ayesian

probabilities for the intended sounds, as functions of the initial categorization:

P
f

prod
=

x
f

perc
=

y
(

) =
P

f
perc

=
y

f
prod

=
x

(
)

P
f

prod
=

x
(

)
P

f
perc

=
y

(
)

(8.14)

T
his results in the follow

ing table for these probabilities (the sum
 of each row

 is 1):

 fperc ↓
fprod →

/i/
/e/

/E/
/Q

/
 /i/

0.795
0.196

0.009
2·10

-6

 /e/
0.194

0.584
0.221

0.001
 /E/

0.007
0.223

0.646
0.124

 /Q
/

8·10
-6

0.004
0.125

0.871

(8.15)

W
e can now

 see that a m
ore distant *R

E
P

L
A

C
E violation is w

orse than an “adjacent”
*R

E
PL

A
C

E violation: if the speaker produces [tHe
n
s], the listener hears /tHe

n
s/ but the

candidate /tHE
n
s/ has still a probability of 22.1%

 of being the correct candidate; if the
speakers produces [tHin

s], the listener hears /tHin
s/ and the candidate /tHE

n
s/ has only a

probability of 0.9%
 of being the correct candidate. T

hus, during the process of
recognition, w

hich, apart from
 the initial phonological classification, involves the lexicon,

the syntax, and the sem
antics, the candidate /tHEn

s/ has a m
uch larger chance of

em
erging on top if the production w

as [tHe
n
s] than if the production w

as [tHin
s].

T
he conclusion of this is that even in the idealized case of com

plete categorical
perception before recognition, the *R

E
P

L
A

C
E constraints can be universally ranked. T

he
reader w

ould probably have believed this w
ithout all the above m

achinery, but w
e w

ill
need it again for a m

ore com
plicated case below

.
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A
coustic input fac  (H

z)
[345]

[505]
[695]

Frequency of occurrence

B
est candidate vow

el height in categorization
/i/

/e/
/ε/

/æ
/

Intended:
/i/

/e/
/ε/

/æ
/

F
ig. 8.1

T
he curves represent the variation in the production of four equally strong categories. T

he
horizontal axis is the realized acoustic result. A

long the top, the speaker’s optim
al

classification is show
n.

8.3   T
he em

ergence of equally spaced categories

In fi
gure 8.1, w

e see that the centres of the production distributions are not necessarily
equal to the centres of the perceptual categories. For /E/, the centre of the production w

as
580 H

z, w
hereas the centre of the perceptual category cam

e out as 600 H
z, w

hich is the
m

idpoint betw
een the tw

o criteria that separate /E/ from
 /e/ and /Q

/. T
his seem

s an
unstable situation. T

he speaker w
ill cause few

er confusions in the listener if she produces
an /E/ right into the m

iddle of the perceptual category, nam
ely at 600 H

z. T
hus, the slight

asym
m

etry that arises in fi
gure 8.1 as a result of the different distances from

 /E/ to /e/
and /Q

/, m
ay cause a category shift from

 580 to 600 H
z. T

his shift causes the criteria to
m

ove to the right, w
hich induces a new

 shift. T
he equilibrium

 w
ill be reached w

hen the
centre of the /E/ category w

ill be in the m
iddle betw

een the centres of /e/ and /Q
/, i.e.,

at 620 H
z. T

hus, the drive to equalize the category centres of production and perception
favours the em

ergence of equal spacings betw
een the categories, if they are equally

strong.
A

nother prediction of this m
odel is that languages tend to have their back vow

els at
the sam

e heights as their front vow
els, because they use the sam

e F
1  categorization. If the

num
ber of back vow

els is different from
 the num

ber of front vow
els, there is a tension

betw
een m

inim
ization of the num

ber of height categories that have to be recognized, and
equalization of the height distinctions am

ong the front and back vow
els separately.
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8.4   E
xtrem

e feature values

In fi
gure 8.1, the extrem

e categories /i/ and /Q
/ behave differently from

 /E/. If w
e

assum
e an undom

inated P
E

R
C

E
IV

E constraint, all feature values above 695 H
z w

ill be
perceived as /

Q
/. T

here is no centre, then, of the perceptual category /Q
/; rather, its

value is specified as “m
ax” (m

axim
al). T

he associated production constraint is

D
ef.   M

A
X

IM
U

M
 (f: v) ≡

 ∃x
i ∈

fspec ∧∃
y

i ∈
fac ⇒

x
i =

“m
ax”

⇒
y

i >
v

(
)

“If the value x on a tier f in the input is specifi
ed as “m

ax”, its acoustic
correspondent y, if any, should be greater than any finite value v.”

(8.16)

F
or the non-categorizing listener, this constraint ensures the low

est probabilities of
recognition into the adjacent category /E/. T

he universal ranking is:

M
axim

ization of the m
axim

um
:

“F
or “m

ax” specifi
cations, low

er produced values are w
orse than higher

values.”
(8.17)

T
his can be form

alized as

M
A

X
IM

U
M

 (feature: v
1 ) >>

 M
A

X
IM

U
M

 (feature: v
2 ) ⇔

 v
1  <

 v
2

(8.18)

O
f course, analogous M

IN
IM

U
M

 constraints should also be assum
ed.

T
he nam

e of M
A

X
IM

U
M

 is deliberately am
biguous. O

n the one hand, it can be seen as
a universal constraint, because its logical form

ulation asserts that it only actively applies
to features specifi

ed as “m
ax”. O

n the other hand, it can be seen as a language-specifi
c

output-oriented constraint (see §14.6): “the value of feature is m
axim

al”.
S

ince it is im
possible for the produced value to reach infi

nity, the actually realized
value w

ill depend on the interaction of the M
A

X
IM

U
M

 constraints w
ith the articulatory

constraints, w
hich tend to disfavour extrem

e perceptual results (see §10.4).

8.5   W
eak and strong categories: the ranking of *R

E
P

L
A

C
E as a result of m

arkedness

T
his section describes a strategy for determ

ining universal rankings of *R
E

PL
A

C
E

constraints.
O

f the labial and coronal gestures, the coronal seem
s to be the ‘easiest’, since it is this

articulator that is used m
ost in m

any languages (the three stops m
ost com

m
on in D

utch
utterances are /n/, /d/, and /t/), and it can often occur in places w

here the labial gesture
cannot. If this argum

ent is correct (the asym
m

etry could also be due to coronals m
aking

better voicing contrasts etc.), w
e hereby identify the universal tendency *G

E
ST

U
R

E (lip)
>>

 *G
E

ST
U

R
E (blade). B

ut if there are m
ore coronal than labial gestures in an average

utterance, the distinctivity of the acoustic correlate of the labial gesture is larger than that
of the coronal gesture. In this section, w

e w
ill see how

 the listener reacts to this bias.
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fac
3.5

4.634
6.5

Frequency of occurrence

B
est candidate place in recognition

/lab/
/cor/

Intended:
/lab/

/cor/

F
ig. 8.2

V
ariation in production and acoustics causes an overlap of acoustic regions, leading to

probabilistic recognition strategies in the listener.

Im
agine that w

e have tw
o gestures, [lip] and [blade], and that the lip gesture is m

ore
diffi

cult (or slow
er) than the blade gesture. T

hus, *G
E

ST
U

R
E (lip) >>

 *G
E

ST
U

R
E (blade).

T
he result of this is that in a certain language, the blade gesture is used three tim

es as
m

uch for plosive consonants than the lip gesture. Im
agine further that the perceptual

categories that correspond w
ith these gestures are [labial] and [coronal], both m

easured
along a perceptual dim

ension of place. W
hat is the best categorization strategy for the

listener, i.e., w
here along the place dim

ension does she have to put her criterion for
distinguishing the tw

o feature values in order to m
ake the few

est m
istakes?

S
uppose that the auditory inputs from

 both gestures show
 variations (perhaps from

im
perfections in the production or from

 background noise) w
hose distributions can be

described by G
aussian curves w

ith equal standard deviations σ
. F

igure 8.2 show
s, then,

the distributions of the auditory input of a large num
ber of replications of lip and tip

gestures, produced w
ith a ratio of 1 to 3, w

here the distance betw
een the averages µ

1  and
µ

2  is 3σ. T
he curve for [coronal] is three tim

es as high as the curve for [labial].
T

he best criterion for discrim
inating the tw

o categories is the point along the place
dim

ension w
here the tw

o curves cross, w
hich is to the left of the m

id-point betw
een the

averages, or, to be precise, at

µ
1 +

µ
2

2
−

σ
2

ln
3

µ
2

−
µ

1
(8.19)

W
ith this criterion, the total num

ber of confusions (the shaded area) is m
inim

al: if you
shift the criterion to the left or to the right, the shaded area w

ill still contain everything
that is shaded in figure 8.2, and a little m

ore.
W

e can now
 derive a bias for confusion probabilities. W

e see from
 the figure that the

shapes of the shaded areas to the left and to the right of the criterion are very sim
ilar,
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w
hich tells us that the expected absolute num

ber of incorrect [labial] categorizations is
about equal to the num

ber of incorrect [coronal] categorizations. H
ow

ever, the
probability that a lip gesture is recognized as [coronal] equals the shaded area to the right
of the criterion, divided by the total area under the [labial] curve, and the probability that
a blade gesture is recognized as [labial] equals the shaded area to the left of the criterion,
divided by the total area under the [coronal] curve. S

o w
e m

ust expect from
 the ratio of

the areas of the G
aussians that the probability that a lip gesture is recognized as [coronal]

is approxim
ately three tim

es as high as the probability that a blade gesture is recognized
as [labial]. T

he exact ratio, as a function of the distance betw
een the averages, is

12
−

12
erf

12
2

d2
−

ln
3d




 
 

 
 

12
−

12
erf

12
2

d2
+

ln
3d




 
 

 
 

(8.20)

w
here d is the distance betw

een the averages, expressed in standard deviations (in fi
gure

8.2, d is 6.5 – 3.5 =
 3). F

or  strongly overlapping distributions, w
hich can occur if the

background noise is very strong, the ratio increases dram
atically. T

hus, w
e predict that

relatively uncom
m

on feature values w
ill be m

istaken for their relatively com
m

on
neighbours, m

ore often than the reverse, and that this bias is stronger for higher levels of
background noise. T

his prediction is corroborated by som
e data:

•
P

ols (1983) for D
utch: inital /m

/ is recognized as /n/ 26.1%
 of the tim

e, the reverse
confusion occurs 10.4%

 of the tim
e; the plosives show

 a slight reverse bias: 5.4%
versus 7.1%

.
•

G
upta, A

graw
al &

 A
hm

ed (1968) for H
indi: initial /m

/ becom
es /n/ 67 tim

es, the
reverse occurs 27 tim

es; /p/ →
 /t/ 66 tim

es, the reverse 7 tim
es (all sounds w

ere
offered 360 tim

es).
•

E
nglish /T/ is m

ore often taken for /f/ than the reverse.

T
his asym

m
etry w

ill inform
 us about the ranking of *R

E
PL

A
C

E (place: lab, cor) versus
*R

E
PL

A
C

E (place: cor, lab). T
he exam

ple of fi
gure 8.2 gives the follow

ing confusion
probabilities, obtained by dividing the shaded areas by the areas of the G

aussians:
P

place
perc

=
cor

place
prod

=
lab

(
) =

12.8%
, P

place
perc

=
lab

place
prod

=
cor

(
) =

3.1%
.

T
hus, from

 every 100 replications of a [place] specifi
cation, w

e expect the follow
ing

num
bers of occurrences of produced and perceived values:

 prod↓
perc→

lab
cor

total produced

 lab
21.8

3.2
25

 cor
2.3

72.7
75

 total perceived
24.1

75.9
100

(8.21)
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D
oing the B

ayesian inversion (8.14) (for our pre-categorizing listener) from
 the colum

ns
in this table, w

e can see that the probability that a perceived [labial] should be recognized
as a produced [coronal], is 2.3 / 24.1 =

 9.6%
. In fi

gure 8.2, this is the ratio of the lightly
shaded area and the sum

 of the tw
o areas at the left of the criterion. L

ikew
ise, the

probability that a perceived [coronal] should be recognized as [labial], is 3.2 / 75.9 =
4.2%

. In other w
ords, perceived labials are far less reliable than perceived coronals.

N
ow

 
consider 

a 
language 

in 
w

hich 
underlying 

N
C

 
clusters 

arise 
from

 
the

concatenation of tw
o m

orphem
es. If coronals are three tim

es as com
m

on as labials, 9/16
of those clusters w

ill be /a
n
ta/, 1/16 w

ill be /a
m

p
a/, and both /a

m
ta/ and /a

n
p
a/ w

ill
occur 3/16 of the tim

e. W
e w

ill now
 determ

ine w
hich of the tw

o, /a
m

ta/ or /a
n
p
a/, w

ill
be m

ore likely to show
 place assim

ilation.
If /a

m
ta/ is produced as [a

n
ta

] (because the speaker deletes the labial gesture), the
listener assigns the candidate /a

m
ta/ a probability of 4.2%

 · 95.8%
 =

 4.1%
 (at least if she

m
akes the [coronal] feature of [n

] correspond to the [labial] feature of /m
/; see §12 for a

discussion of this segm
ental hypothesis). If, on the other hand, /

a
n
p
a/ is produced as

[a
m

p
a
], the candidate /a

n
p
a/ still has a probability of 9.6%

 · 90.4%
 =

 8.7%
. C

om
paring

these fi
gures, w

e see that for a successful recognition of N
C

 clusters, it is m
uch m

ore
detrim

ental to replace a [labial] specifi
cation w

ith a [coronal] output than the reverse.
T

his m
eans that a faithful surfacing of the labial place feature is m

ore im
portant than a

faithful surfacing of the coronal place feature. T
hus, because the speaker is also a listener,

the 
constraint 

*R
E

P
L

A
C

E (p
lace: lab

, co
r) 

m
u

st 
b

e 
ran

k
ed

 
h

ig
h

er 
th

an
*R

E
PL

A
C

E (place: cor, lab). T
his gives the follow

ing partial universal ranking tendency
of *R

E
PL

A
C

E, w
ritten as segm

ental filters:

*R
E

PL
A

C
E

*/p/ →
 cor

*/t/ →
 lab

*/m
/ →

 cor

*/n/ →
 lab

(8.22)

W
e thus see that the w

eaker specifi
cation (w

hich m
ay, at the surface, look like

underspecification, see §13) of coronals is the ultim
ate result of an asym

m
etry in

articulatory ease (or any other cause that leads to a frequency bias). T
his unm

arkedness
conspiracy can be sum

m
arized as follow

s:

*G
E

ST
U

R
E (low

er lip) >>
 *G

E
ST

U
R

E (tongue tip)

→
frequency (tongue tip) >

 frequency (low
er lip)

→
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frequency (place =
 coronal) >

 frequency (place =
 labial)

→

P
place

perc
=

cor
place

prod
=

lab
(

) >
P

place
perc

=
lab

place
prod

=
cor

(
)

→
P

place
prod

=
lab

place
perc

=
cor

(
) <

P
place

prod
=

cor
place

perc
=

lab
(

)
→

P
 (prod =

 /a
m

ta/ | perc =
 [a

n
ta

]) <
 P

 (prod =
 /a

n
p
a/ | perc =

 [a
m

p
a
])

→
*R

E
PL

A
C

E
 (place: labial, coronal) >>

 *R
E

PL
A

C
E

 (place: coronal, labial)
(8.23)

S
ince, like labials, dorsal stops are also less com

m
on than coronals in m

ost languages,
the sam

e ranking is expected for dorsals versus coronals (see §11.7 for T
agalog). R

anking
(8.23) predicts that there are languages that show

 assim
ilation of coronals but not of

labials and dorsals, nam
ely, those languages w

here an articulatory constraint like
*G

E
ST

U
R

E is ranked betw
een the tw

o *R
E

PL
A

C
E constraints (§11):

/a
n
p
a/

*R
E

PL
A

C
E

(place / _V
)

*R
E

PL
A

C
E (place:

lab, cor / _C
)

*G
E

ST
U

R
E

*R
E

PL
A

C
E

 (place:
cor, lab / _C

)

[a
n
p
a
]

*!

!
   [a

m
p
a
]

*

/a
m

ta/

!
   [a

m
ta

]
*

[a
n
ta

]
*!

(8.24)

N
ote that the ranking difference betw

een *G
E

ST
U

R
E (lips) and *G

E
ST

U
R

E (blade) m
ust

be sm
all for this to w

ork; they are represented here as a single hom
ogeneous constraint.

T
he deletion of the coronal gesture in [a

m
p
a
] is accom

panied by a lengthening of the
labial gesture; thus, the candidate [a

a
)p

a
] m

ust lose because a constraint for the
preservation of the link betw

een nasality and non-orality outranks *H
O

L
D

 (labial). W
e fix

the direction of assim
ilation by noting that perceptual place contrasts are larger before a

vow
el than in other positions because of the presence of an audible release, so that the

environm
entally 

conditioned 
universal 

ranking 
*R

E
PL

A
C

E (place: x, y / _V
) 

>>
*R

E
PL

A
C

E (place: x, y / _C
) appears to be valid. T

he environm
ents “_V

” and “_C
” refer

to m
aterial present in the output, because that is the place w

here perceptual contrast
betw

een utterances m
ust be evaluated (§14.6).
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W
e thus derived a picture that is radically different from

 Prince &
 Sm

olensky (1993),
w

ho confound articulatory and perceptual principles by stating that “the constraint
hierarchy [*PL

/L
ab >>

 *PL
/C

or] literally says that it is a m
ore serious violation to parse

labial than to parse coronal” (p. 181). M
oreover, they attribute this to “C

oronal
U

nm
arkedness”, an alleged principle of U

niversal G
ram

m
ar. W

e can replace the claim
 of

built-in references to phonetic content w
ith a functional explanation: the ranking (8.23)

follow
s from

 a general principle of perception: the adaptation of the listener’s
expectations to variations in the environm

ent.

8.6   Inform
ation

Follow
ing the reasonings from

 §6.8 and §8.5, you could think that the [coronal] category
w

ould eat aw
ay at the [labial] category until there w

ere no labials left. In general, there
are no classifi

cation errors if there is only a single category. H
ow

ever, this process is
checked by another principle of com

m
unication: “m

axim
ize the inform

ation content of
the average utterance” (§1). T

he inform
ation (m

easured in bits) that can be stored in
every instance of a feature is

−
P

f
=

x
i

(
)

i
∑

log
P

f
=

x
i

(
)

(8.25)

w
here the sum

 is over all categories. F
or instance, if a binary feature has tw

o equally
com

m
on categories, the inform

ation content is 1 bit per instance. If a binary feature has a
category that occurs three tim

es as m
uch as the other category, the inform

ation content is
−0.75⋅log

2
0.75

−
0.25⋅log

2
0.25

≈
0.8

 bits per instance. T
his m

eans that for transferring
4 bits of inform

ation, an utterance should have a length of five instead of four instances of
such a feature, w

hich is not a w
orld-shattering problem

. H
ow

ever, if the frequency ratio
of the tw

o categories is 1000, a 100 tim
es greater length w

ould be required. S
om

ew
here,

an optim
um

 exists, and it m
ay be found by a technique analogous to the one that w

ill be
developed for the interaction betw

een articulatory effort and perceptual contrast in §10.4.

8.7   B
inary features

S
everal features are categorized w

ith only tw
o values in m

ost languages. A
 typical

exam
ple is [nasal], w

hich can be seen as having the possible values “m
ax” and “m

in”,
w

hich w
e can w

rite as [+
nasal] and [–nasal] because our notation does not have to heed

any other values. Som
ew

hat m
ore sym

m
etrically, w

e have [H
] and [L

] on the tone tier in
som

e languages.
F

or binary features, the *R
E

PL
A

C
E constraints are sim

plifi
ed to having a single

argum
ent: *R

E
PL

A
C

E (nasal: +
, –) is not any different from

 *R
E

PL
A

C
E (nasal: +

), because
[+

nasal] cannot be replaced w
ith anything but [–nasal]. S

o w
e w

rite *R
E

P
L

A
C

E (+
nasal),
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*R
E

PL
A

C
E (H

) etcetera. A
nalogously to the argum

ent of §8.5, w
e can posit universal

rankings for binary features as functions of the com
m

onness of their values. F
or the

feature [nasal] (§2.6), this w
ould give the follow

ing universal ranking:

*R
E

PL
A

C
E

/m
/ →

 +
nas

/p/ →
 –nas

/n/ →
 +nas

/t/ →
 –nas

*R
E

PL
A

C
E

*/m
/ →

 –nas

*/p/ →
 +nas

*/n/ →
 –nas

*/t/ →
 +nas

(8.26)

N
ext to the usual fi

lter notation on the left, w
e see an equivalent positive notation on the

right: *R
E

P
L

A
C

E constraints expressed directly as specifications. T
his is possible only for

binary features. A
 w

ord of caution is appropriate here: the positive form
ulation of the

specifi
cation /m

/ →
 [+

nas] obscures the fact that the constraint is vacuously satisfi
ed if

correspondence fails, e.g., if no segm
ent corresponding to /m

/ appears in the output; the
correct interpretation is m

ore straightforw
ard w

ith a negative form
ulation.

8.8   C
orrespondence strategy for binary features

C
orrespondence is a part of the input-output relationship, and as such it is evaluated by

the faithfulness constraints; no separate theory of correspondence is needed.
W

e w
ill consider an interesting interaction betw

een the correspondence constraint
T

R
A

N
SM

IT and the identity constraint *R
E

PL
A

C
E for features w

ith few
 values. In the case

of the four-valued height feature discussed in §8.2, the listener could have follow
ed the

strategy of fi
nding out the vow

el height by guessing. O
n the average, this w

ould give a
result that is 1.25 categories aw

ay from
 the intended category (1.25 is the average of 0, 1,

2, 3; 1, 0, 1, 2; 2, 1, 0, 1; 3, 2, 1, 0). Such a strategy w
ould, therefore, be only slightly less

advantageous than recognizing an intended category into an adjacent category, but m
ore

advantageous than a recognition that is off by tw
o categories. T

his gives the follow
ing

ranking:

*/E/ →
 /i/

*/E/ →
 /e/

*/E/ →
 /Q

/

T
R

A
N

SM
IT (E)

(8.28)

A
 sim

ilar ranking w
ould be derived for P

E
R

C
E

IV
E and *W

A
R

P.
A

 probabilistic argum
ent w

ill also w
ork. In the case of the vow

el in /tEn
s/, it w

ould
not have been w

orse for the speaker not to produce any value for F
1  at all, than to
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produce an /e/. If the listener has to fi
nd out the vow

el height by guessing, the /E/ w
ill

have a probability of 25%
, w

hich is not w
orse than the probability that a perceived /e/

should be recognized as /E/, w
hich w

as 22.1%
 in our exam

ple. T
he probability that a

perceived /Q
/ should be recognized as /E/ is even sm

aller: 12.5%
. So, w

ith the locations
and w

idths of §8.2, all *R
E

PL
A

C
E constraints w

ould be ranked higher than T
R

A
N

SM
IT.

T
his situation is even stronger for features w

ith tw
o categories: it w

ill alw
ays be

better not to produce any value (50%
 correct from

 guessing), than to produce the w
rong

value (alw
ays less than 50%

); or, by guessing, you w
ill be half a category off, on the

average, and by choosing an adjacent category you w
ill be one category off, w

hich is
w

orse. T
hus, binary features w

ill alw
ays have a stronger *R

E
PL

A
C

E than T
R

A
N

SM
IT

constraint:

*R
E

PL
A

C
E (+

nasal)

T
R

A
N

SM
IT (nasal / +

)
(8.29)

N
ow

, because a violation of T
R

A
N

SM
IT w

ill autom
aticaly cause the satisfaction of the

higher *R
E

P
L

A
C

E, the best strategy for the listener w
ill be not to m

ake the output feature
correspond to the specification at all, if no other constraints interact w

ith T
R

A
N

SM
IT:

tEn
s

+
nasi

*R
E

PL
A

C
E

 (+
nas)

T
R

A
N

SM
IT (nas / +

)

tEts

–nasi
*!

!
   

tEts

–nasj
*

(8.30)

If the listener follow
s the strategy described here, the *R

E
P

L
A

C
E constraint w

ill be
invisible in her gram

m
ar, and a single com

bined T
R

A
N

SM
IT-*R

E
P

L
A

C
E constraint,

equally highly ranked as the original T
R

A
N

S
M

IT, w
ill do the job. It com

bines a negative
w

ith a positive attitude:

D
ef.   *D

E
L

E
T

E
 (f: x) ≡ ∃x

i ∈
fspec ⇒

∃
y

i ∈
f

perc :y
i =

x
i

(
)

“A
n underlyingly specifi

ed value x of a perceptual feature f appears (is
heard) in the surface form

.”
(8.31)
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F
or instance, w

e have *D
E

L
E

T
E (tone: H

) and *D
E

L
E

T
E (nasal: +

), w
hich can easily be

abbreviated as *D
E

L
E

T
E (H

) and *D
E

L
E

T
E (+

nasal). N
ote that *D

E
L

E
T

E (feature) cannot
be satisfi

ed by deletion of its bearing segm
ent, in other w

ords: *D
E

L
E

T
E (feature) can

actually force the parsing of w
hole segm

ents, if ranked above *D
E

L
E

T
E (tim

ing: X
).

B
ecause of the im

possibility of vacuous satisfaction of *D
E

L
E

T
E, a positive nam

e
w

ould be appropriate. In line w
ith current usage, w

hich refers to the surfacing of
underlying m

aterial w
ith the term

 “parsing”, w
e w

ill som
etim

es use the nam
e P

A
R

SE,
w

hich originally com
es from

 Prince &
 Sm

olensky (1993), w
ho restricted it to the parsing

of a prosodic constituent, like a segm
ent, into a higher constituent, like a syllable.

M
cC

arthy &
 P

rince (1995) coined a sim
ilar constraint M

A
X

-IO
, as an analogy w

ith
M

A
X

-B
R

, w
hich stated that a R

eduplicant should take the m
axim

um
 num

ber of segm
ents

from
 the B

ase. F
or the faithfulness of hybrid features, som

e nam
es based on the slightly

inappropriate P
A

R
SE and M

A
X

 are: P
A

R
SE

F
E

A
T (P

rince &
 S

m
olensky 1993), P

A
R

SEF
E

A
T

(Itô, M
ester &

 P
adgett 1995), M

A
X

F
 (L

om
bardi 1995), M

A
X

(F
E

A
T

U
R

E) (Z
oll 1996).

A
lso, in a declarative w

ave, w
e m

ay decide to give this constraint no nam
e at all, taking

the specifi
cation “/+

nasal/” or “∃[
+

nasal]” to m
ean: “there should be a [+

nasal] in the
output”. In any case, a universal ranking for [nasal] is given by

*D
E

L
E

T
E (+

nasal)

*D
E

L
E

T
E (–nasal)

P
A

R
S

E (+
nasal)

P
A

R
S

E (–nasal)
(8.32)

w
hich expresses the cross-linguistic preference for the assim

ilation of [+
nasal] as in

/a
k
m

a/ →
 [a

N
m

a
], over the assim

ilation of [–nasal] as in /a
N
p
a/ →

 [a
k
p
a
]. B

esides
prom

oting the presence of specifi
ed m

aterial in the output, a specifi
cation also im

plicitly
states 

that 
unspecifi

ed 
m

aterial 
does 

n
o

t 
surface. 

If 
*R

E
PL

A
C

E 
dom

inates
D

O
N

TT
R

A
N

SM
IT, w

e have

D
ef.   *IN

SE
R

T
 (f: y) ≡

 ∃y
i ∈

f
perc ⇒

∃
x

i ∈
fspec :x

i =
y

i
(

)
“A

 value y of a perceptual feature f, that is heard in the surface form
,

corresponds to the sam
e underlying feature value.”

(8.33)

F
or instance, a replacem

ent of /H
/

 by /L
/ now

 violates both *D
E

L
E

T
E (H

) and
*IN

SE
R

T (L
), if the listener m

anages not to m
ake the tw

o values correspond:

/H
i /

*R
E

PL
A

C
E

 (H
)

T
R

A
N

SM
IT

 (tone / H
)

*D
E

L
E

T
E (tone: H

)
D

O
N

TT
R

A
N

SM
IT

 (tone / L
)

*IN
SE

R
T (tone: L

)

/L
i /

*!

!
   /L

j /
*

*

(8.34)
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A
gain, because of its com

bined negative/positive interpretation, a positive nam
e like

F
IL

L (P
rince &

 S
m

olensky 1993) or D
E

PF
 (M

cC
arthy &

 P
rince 1995)) could be used

instead of *IN
SE

R
T. For the feature [nasal], w

e could superficially translate (8.32) into the
fixed ranking (still restricted to assim

ilation):

*IN
SE

R
T (–nasal)

*IN
SE

R
T (+

nasal)

F
IL

L (–nasal)

F
IL

L (+
nasal)

(8.35)

but this w
ould only be valid under a linear O

C
P

-less interpretation of perceptual
correspondence (§12).

T
he overlapping functions of *D

E
L

E
T

E and *IN
SE

R
T for binary features w

ill be
collapsed in §8.9 for those features w

hich can be considered m
onovalent.

A
s an exam

ple of how
 a feature reversal as in (8.34) m

ay com
e about, consider the

floating H
 prefix found in M

ixteco, as analysed by Z
oll (1996: ch. 2). A

n underlying L
M

sequence as in /
k
"›k

u/ ‘child’, enriched w
ith the H

 affix, gives a H
M

 sequence (/
k
"¤k

u/):

/k
"›k

u/ +
 H

*D
E

L
E

T
E

(tone: H
 / H

-affix)
*D

E
L

E
T

E
(tone: L

 / base)

k
"›k

u
*!

!
   k

"¤k
u

*

(8.36)

Z
oll notes that the constraint M

A
X

(F
E

A
T

U
R

E) (i.e., a hom
ogeneous *D

E
L

E
T

E (tone)) does
not do the job, not even if helped by ID

E
N

T(F
), w

hich is roughly a segm
ent-based

hom
ogeneous *R

E
P

L
A

C
E (tone). T

his situation is reason for Z
oll to propose a constraint

M
A

X
(S

U
B

SE
G

), w
hich w

e could translate as a hom
ogeneous *D

E
L

E
T

E (tone / floating).
H

ow
ever, I can think of no functional explanation as to w

hy the ranking of a constraint
should depend on w

hether a feature is linked or not. R
ather, tw

o alternative approaches
(also touched upon by Z

oll), com
bined in the form

ulation of (8.36), follow
 from

 the
theory of Functional Phonology developed so far.

First, w
e note that §8.5 proved that  *D

E
L

E
T

E constraints should be param
etrized w

ith
feature values, because their ranking depends on the com

m
onness of the feature values.

F
or M

ixteco, w
e could have *D

E
L

E
T

E (tone: H
) >>

 
*D

E
L

E
T

E (tone: L
), or Z

oll’s
M

A
X

(H
) >>

 M
A

X
(L

). W
ith such a ranking, a floating L

-affix w
ould only be able to affect

one of the eight possible tone sequences of M
ixteco (nam

ely, M
M

), w
hereas the fl

oating
H

-affi
x affects four of them

 (M
M

, L
H

, L
M

, and M
L

); this w
ould explain w

hy M
ixteco

does not have any L
-affixes.

T
he second possibility is conditioning the ranking by the base/affi

x opposition:
*D

E
L

E
T

E
 (tone / H

-affi
x) >>

 
*D

E
L

E
T

E
 (tone / base), or Z

oll’s M
A

X
 (affi

x) 
>>
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M
A

X
 (base). T

his w
ould be the approach w

hen H
 and L

 values are equally com
m

on in
the language, so that neither of them

 can be considered unm
arked. M

orphological
conditioning 

of 
faithfulness 

is 
quite 

com
m

on: 
the 

cross-linguistic 
tendency

*D
E

L
E

T
E (feature / base) >>

 *D
E

L
E

T
E

 (feature /
 affi

x) has an obvious functional
explanation (it is m

ore im
portant to keep all the inform

ation in content m
orphem

es than
to keep all the inform

ation in function m
orphem

es), and m
anifests itself in the preference

for base-to-affix spreading above affix-to-base spreading in vow
el-harm

ony system
s. T

he
reversal of this ranking in the M

ixteco case, w
here a failure to parse the H

 tone w
ould

obscure the entire affi
x, can be attributed to the idea that it is m

ore im
portant to keep

som
e inform

ation about the affix than to keep all the inform
ation about the base. I w

ould
like to contend that functional argum

ents like these are the real explanations for facts of
ranking (this is note the sole role of function in the gram

m
ar: even if m

ost of the rankings
are given, function is needed in describing the com

petence of the speaker, at least at the
postlexical level, as show

n in §10 and §11.5).

8.9   P
rivative features

U
nary features are a special kind of binary features (§2.6).

F
or nasality, the probability of correct categorization depends on the quality of the

nasality cues (heights of spectral peaks and depths of valleys) in the acoustic signal. It is
probable that the categorization of this feature for alm

ost all existing languages has
resulted in tw

o perceptually distinct values for the feature [nasal]: present and absent.
W

ith m
any aspects of perception, there is an asym

m
etry, a qualitative difference, betw

een
presence and absence. A

lso in this case, non-nasality is the default: perceptually, nasality
is associated w

ith som
e extra peaks and valleys in the auditory frequency spectrum

, as
com

pared to the m
ore com

m
on spectra of vow

els. T
hus, w

e can posit the existence of a
single-valued perceptual feature of nasality, and (3.6) contains the specifi

cation [nasal].
T

he follow
ing constraint ensures that it is present in the output:

D
ef.   P

A
R

SE
 (f) ≡

 ∃x
i ∈

fspec ⇒∃
y

i ∈
f

perc

“A
 specified feature f appears (is heard) in the surface form

.”
(8.37)

T
his constraints plays the parts of both T

R
A

N
SM

IT and *R
E

PL
A

C
E, because you cannot

replace a value of a unary feature w
ith any other value, and it is equivalent to *D

E
L

E
T

E.
T

hus, if P
A

R
SE (nasal) is violated, /tEn

s/ w
ill surface as [tHEts].

N
ot all features are privative. T

he feature [sibilant], for instance, is not a clear
candidate for a privative feature: failure to satisfy an alleged P

A
R

SE (sibilant) w
ould

result in the output [tE
n
t] or [tEn

T
]; but the latter is better because T

R
A

N
SM

IT (noise)
probably dom

inates *R
E

PL
A

C
E (noise: sibilant, strident) (§2.5), in contrast w

ith
requirem

ent (8.29) for the existence of P
A

R
SE.

T
he E

lem
ents of F

unctional P
honology

74

A
lso, w

e m
ay have P

A
R

S
E (coronal) and P

A
R

SE (labial), if the separate place features
have their ow

n tiers instead of being values of a perceptual feature [place]. B
ut this is

doubtful. F
or instance, the fact that it is less offensive to replace [T

] w
ith [f] than to

replace it w
ith [X

], suggests a single perceptual feature [place], w
ith *R

E
PL

A
C

E

constraints ranked by the perceptual contrasts of their argum
ent pairs.

T
he global ranking of P

A
R

SE for unary features could be thought to depend on:

M
axim

ization of conservation of salience:
“T

he greater the distinctive pow
er of a feature (value), the higher the

ranking of its specification.”
(8.38)

T
hie parenthesized “value” in (8.38) suggests that m

ultivalued features m
ay also show

 a
presence/absence asym

m
etry. O

n the noise scale, for instance, w
e have [aspirated],

[fricative], and [sibilant], next to the absence of noise. F
or instance, if [sibilant] is a

salient feature value, the contrast betw
een [a

sa
] and [a

ta
] is large, so that the probability

of the candidate /
a
sa/ if the listener hears [a

ta
], is low

; if [aspiration] is a less salient
feature, the contrast betw

een [a
k
a
] and [a

k
Ha

] is sm
all, so that the probability of the

candidate /a
k
Ha/ is reasonably high, even if the listener hears [a

k
a
]. T

his w
ould im

ply
that T

R
A

N
S

M
IT (noise / sibilant) >>

 T
R

A
N

SM
IT (noise / aspiration): it is less bad for the

speaker to leave out underlying aspiration than it is for her to leave out sibilancy.
H

ow
ever, it w

ill be strongly language-dependent w
hat features are considered salient

and w
hat are not. A

fter all, it is a com
m

on property of hum
an perception that it is difficult

to com
pare unlike entities along scales like “conspicuity”, “salience”, or “notability”. For

instance, people w
ould disagree about w

hether a duck or a lam
p post w

ere the m
ore

conspicuous of the tw
o. T

hus, the conjecture (8.38), w
hich, by the w

ay, expresses the
sam

e idea as the production hypothesis of Jun (1995) (though that referred to acoustic
cues, not perceptual features, see §11.8), is subject to language-specific variation and can,
at best, be used to explain cross-linguistic tendencies, or the w

orkings of very large
salience/conspicuity contrasts, such like that betw

een an airplane and a tulip (though
even that depends on the environm

ent).
F

or practical purposes, the ranking (8.38) is valid only for com
parisons of a feature

w
ith itself in different environm

ents. A
 clear exam

ple (for non-unary features) is the
confusion probability of [m

] and [n
], as com

pared w
ith the confusion probability of [p

]

and [t]. M
easurem

ents of the spectra of these sounds agree w
ith confusion experim

ents
(for D

utch: P
ols 1983), and w

ith everyday experience, on the fact that [m
] and [n

] are
acoustically very sim

ilar, and [p
] and [t] are farther apart. T

hus, place inform
ation is less

distinctive for nasals than it is for plosives. T
his m

eans that for the understanding of the
utterance, the em

ergence of the underlying place inform
ation in the actual phonetic

output is less im
portant for nasals than for plosives. In constraint term

inology, w
e can

express 
this 

as 
a 

general 
ranking 

of 
tw

o 
parsing 

constraints, 
nam

ely 
that

P
A

R
SE (place / plosive) dom

inates P
A

R
SE (place / nasal). A

n alternative term
inology
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w
ould represent these constraints directly as specifications, e.g., /m

/ →
 [labial]. A

 partial
representation of the P

A
R

SE fam
ily w

ill then look like (cf. 8.26):

P
A

R
SE

/p/ →
 lab

/m
/ →

 lab

/t/ →
 cor

/n/ →
 cor

(8.39)

A
 m

ore accurate account w
ould use *R

E
PL

A
C

E instead of P
A

R
SE, as in §11.

T
he unary-feature version of both D

O
N

TT
R

A
N

SM
IT and *IN

SE
R

T is:

D
ef.   F

IL
L

 (f:) ≡ ∃y
i ∈

f
perc ⇒∃

x
i ∈

fspec
“A

 feature 
f that is heard in the surface form

, also occurs in the
specification.”

(8.40)

T
he 

im
plem

entation 
of 

/En
s/ as [

[
E

E
)n_

ts
]], 

chosen 
in 

order 
to 

satisfy 
tw

o
synchronization constraints, involved the epenthesis of a silence plus stop burst, in other
w

ords, a violation of F
IL

L (plosive) (or F
IL

L (silence) and F
IL

L (burst) if w
e are talking

autonom
ous-cue faithfulness, but according to §11.8, w

e should not). T
he alternative

ordering of the tw
o contours betw

een 
[n

] and [s
] 

w
ould 

give 
[[EE)n

´
s]] 

or 
so,

epenthesizing a syllable and thus violating F
IL

L
 (tim

ing: σ
). D

epending on the language,
one or the other is w

orse. H
ow

ever, the epenthesis of [t] in this environm
ent of a coronal

nasal and a coronal obstruent is not as bad as the epenthesis of [t] betw
een the elem

ents
of the sequence [ia

]; a [j] w
ould be m

ore appropriate there. T
his m

eans that the ranking
of the F

IL
L constraints depends strongly on the environm

ent, and that the ranking is
especially low

 if the syntagm
atic perceptual salience of the utterance is hardly increased,

as is the case in [[EE)n_
ts]] (continuous place inform

ation) and in [ija
]:

M
inim

ization of intrusive salience:
“T

he greater the distinctive pow
er of a feature, the higher the problem

 of
its insertion into the output.”

(8.41)

W
e can note that the im

plem
entation of /

E
n

/ as [[EE)n
]] does not violate any F

IL
L

constraint, because all output features are already present in the input. R
eversing the

order of the tw
o contours involved w

ould give [Et n], w
ith epenthesis of a nasal plosive,

w
hich w

ould be w
orse than the other candidate no m

atter how
 the language ranks the

F
IL

L constraints. T
his explains the universal preference for the im

plem
entation of the

vow
el-nasal transition w

ith the nasal contour fi
rst; the few

 languages that do im
plem

ent
/En/ as [E

t n], m
ay heed a “path” (§8.11) constraint against the insertion of sim

ultaneous
nasality and vocalicness.
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A
n interesting property of faithfulness constraints is that they do not distinguish

betw
een unary and binary features. If w

e conjecture, analogously to the universal ranking
for place features (8.22), that the relative uncom

m
onness of nasals in the average

utterance causes the universal rankings (8.26), (8.32), and (8.35), w
e could equally w

ell
phrase this in privative term

inology as the follow
ing near-universal ranking for the unary

perceptual feature [nasal]:

*D
E

L
E

T
E (nasal)

*I N
SE

R
T (nasal)

P
A

R
S

E (nasal)

F
IL

L (nasal)
(8.42)

So, w
hether or not w

e specify a value for [–nasal] in (3.6), m
akes little difference, if any.

8.10   R
anking by specificity

B
esides considerations of contrast, P

A
R

SE can be universally ranked by the specifi
city

(perceptual precision) of its argum
ents. L

ike in the case of M
A

X
, w

here a less specifi
c

constraint like F
1 >

 500 H
z w

as ranked higher than a m
ore specifi

c constraint like
F

1 >
 700 H

z, w
e have analogous constraints for place of articulation. F

or instance, an
/m

/ is specifi
ed for [bilabial], but its [labial] specifi

cation m
ust be stronger, because all

bilabial consonants m
ust necessarily be labial. For instance, D

utch /m
/ m

ay assim
ilate to

a follow
ing labiodental consonant, but not to anything else; its labiality, therefore, seem

s
m

ore im
portant than its bilabiality. L

ikew
ise, an /n/ is specifi

ed for [alveolar], but its
[coronal] specification is stronger. T

hese are instances of a m
ore general principle:

M
inim

ization of specificity:
“M

ore specifi
c perceptual features are less urgent than less specifi

c
features.”

(8.43)

T
his is in line w

ith the functional principle “if you cannot have it all, settle for som
ething

less”, and com
pletely in accord w

ith that m
axim

 of O
ptim

ality T
heory, m

inim
al violation.

A
fter (8.22) and (8.39), w

e have our third partial universal hierarchy for place
faithfulness:

P
A

R
S

E

/m
/ →

 lab

/m
/ →

 bilab

/n/ →
 cor

/n/ →
 alveolar

(8.44)
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T
he general principle (8.43) can be form

alized as

A
⇒

B
(

) ⇒
 P

A
R

SE (B
) >>

 P
A

R
SE (A

)
(8.45)

or, as a generalization of P
A

R
SE (bilabial ∨

 labiodental) >>
 P

A
R

SE (bilabial) (“∨
” =

 “or),
w

hich, like the universal ranking of M
A

X
IM

U
M

, expresses the low
er im

portance of
narrow

 perceptual w
indow

s:P
A

R
SE (A

 ∨
 B

) >>
 P

A
R

SE (A
)

(8.46)

N
ote the asym

m
etry betw

een articulation and perception, and betw
een m

arkedness and
specificity:

*G
E

ST
U

R
E (lab) >>

 *G
E

ST
U

R
E (cor)   ;   P

A
R

SE (lab) >>
 P

A
R

SE (cor)
*G

E
ST

U
R

E (bilab) >>
 *G

E
ST

U
R

E (lab)   ;   P
A

R
SE (lab) >>

 P
A

R
SE (bilab)

(8.47)

B
ecause of this asym

m
etry, the P

A
R

SE and *G
E

S
T

U
R

E hierarchies generally interact in
such a w

ay that there is a w
orking-point w

here the perceptual problem
s arising from

im
perfect contrastivity equal the problem

s associated w
ith articulatory effort and

precision; an exam
ple of this w

ill be show
n in §10.

T
here can be counterexam

ples to hypothesis (8.43), forced by other constraints. In
§12.7, w

e w
ill see an exam

ple of the som
ew

hat perverse principle “if I cannot have it all,
I’d rather have nothing”.

T
he above exam

ple w
as som

ew
hat unrealistic, because it hinges on a hierarchical

place feature, divided into several (perceptual!) articulator features. If w
e accept the

continuity of the perceptual place feature, so that the cross-articulator contrast betw
een

[T
] and [f] is sm

aller than the w
ithin-articulator contrast betw

een [T
] and [S], the ranking

in (8.44) reduces to the less spectacular rankings of *R
E

P
L

A
C

E (bilabial, alveolar) >>
*R

E
PL

A
C

E (bilabial, labiodental) etc., w
hich can be im

m
ediately related to confusion

probabilities.
T

he asym
m

etry in (8.47) can be form
ulated in term

s of precision: precise articulations
are disfavoured, and precise productions are not needed.

8.11   Sim
ultaneity constraints

B
esides separate feature values, the specifi

cation (3.6) contains inform
ation about

sim
ultaneity of features. F

or instance, the /n/ of /tE
n
s/ is specifi

ed as sim
ultaneously

nasal and coronal. S
im

ultaneous feature values on the perceptual tiers f and g
 can

com
bine to new

 feature values on a com
bined tier f ×

 g. F
or instance, the com

bination
[coronal nasal] m

ay be a m
em

ber of a higher-level perceptual feature, say, [spectrum
],

and have its ow
n correspondence and faithfulness constraints, w

hich I w
ill call path
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constraints as a tribute to A
rchangeli &

 P
ulleyblank (1994), w

ho use the term
 “path” to

refer to sim
ultaneously occurring features or nodes

14:

D
ef.   T

R
A

N
SM

ITP
A

T
H

 (f × g) ≡
 ∃x

i ∈
fspec ×

g
spec ⇒∃

y
i ∈

f
perc ×

g
perc

“E
very value x on the tiers f and g in the specifi

cation corresponds to any
category y on the sam

e tiers in the perceptual output.”
(8.48)

D
ef.   *R

E
PL

A
C

EP
A

T
H

 (f × g: x, y) ≡
 ∃x

i ∈
fspec ×

g
spec ∧∃

y
i ∈

f
perc ×

g
perc ⇒

x
i −

y
i

≤
d

“T
he perceived category y on the tiers f and g is not different from

 the
specified value x by any positive distance d.”

(8.49)

D
ef.   *D

E
L

E
T

EP
A

T
H

 (f × g) ≡ ∃x
i ∈

fspec ×
g

spec ⇒∃
y

i ∈
f

perc ×
g

perc

“A
 specified com

bined unary feature on the tiers f and g appears (is heard)
in the surface form

.”
(8.50)

D
ef.   *IN

SE
R

TP
A

T
H

 (f: × g) ≡ ∃y
i ∈

f
perc ×

g
perc ⇒∃

x
i ∈

fspec ×
g

spec

“A
 com

bined unary feature on the tiers f and g that is heard in the surface
form

, also occurs in the specification.”
(8.51)

For our exam
ple /tE

n
s/, the output [tHE

s] w
ould violate T

R
A

N
SM

ITP
A

T
H

 (place ×
 nasal),

and the output [tHEm
s] w

ould violate *R
E

PL
A

C
EP

A
T

H
 (place × nasal: +

nas cor, +
nas lab),

w
hich is a m

ore precise form
ulation than *R

E
P

L
A

C
E (place: cor, lab / +

nas), because the
latter w

ording is not explicit about w
hether the environm

ent “+
nas” should refer to a

feature in the input or in the output or in both (but it m
ust be the output, because that is

w
here contrast is evaluated), and w

hether the input and output [+
nas] should have to

stand in correspondence; according to (8.49), they do not have to (and often, they do not,
see §12), because links are autonom

ous.
N

orm
ally, w

e w
ill w

rite the constraint P
A

R
SEP

A
T

H
 (nas &

 cor) sim
ply as P

A
R

S
E

 (nas
&

 cor) or P
A

R
S

E (coronal nasal), expressing the unity of com
posite features. T

his
constraint m

ight be expected to be ranked below
 the less specifi

c P
A

R
S

E
 (nas) and

P
A

R
S

E (cor) (§8.10), so that it w
ould be redundantly violated in [tHEm

s], [tHE
ts], and

[tHEs], and visibly violated in [tHE
)ts], w

hich satisfi
es both P

A
R

S
E

 (cor) and P
A

R
S

E
 (nas).

A
 recalcitrant ranking of P

A
R

SEP
A

T
H

 (nas &
 cor) above P

A
R

S
E

 (cor) and P
A

R
S

E
 (nas)

m
ay yield an all-or-none behaviour of the surfacing of /n/; a possible case of this is

show
n in §12.7.

T
he inevitable com

panion of a com
plex P

A
R

S
E

 is a com
plex F

IL
L. F

or instance,
[tHEm

s] w
ould violate F

IL
LP

A
T

H
 (nas &

 lab) (w
hich can sim

ply be w
ritten as F

IL
L (labial

nasal)) as w
ell as F

IL
L (lab). Possible cases of crucial high rankings of this constraint are

presented throughout §12.7. T
he usual output of /tEn

s/, [[tHEE)n_
ts]], violates F

IL
L (nasal

m
id vow

el) and F
IL

L (coronal plosive).

14 W
ithin a C

ontainm
ent version of O

T
 w

ith hybrid features, Itô, M
ester &

 P
adgett 1995 suggest

P
A

R
SEL

IN
K

 and F
IL

LL
IN

K
 as constraints for faithfulness of association lines. T

hey use it as part of a
hom

ogeneous F
A

IT
H

 constraint.
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8.12   P
recedence constraints

In /tEn
s/, the feature value [sibilant] should occur after the vow

el (this is satisfi
ed) and

after [nasal] (also satisfi
ed), and [nasal] should occur after the vow

el (partly violated).
T

he candidate [sn
E
t] w

ould violate both of these ordering relations, except the basic
C

V
C

 ordering. F
or segm

ents, M
cC

arthy &
 P

rince (1995) proposed a constraint
L

IN
E

A
R

IT
Y

 to handle this. T
he featural version is:

D
ef.   P

R
E

C
E

D
E

N
C

E (f: t; g: u) ≡
 ∃ti ,u

j ∈
fspec ∧∃

v
i ,w

j ∈
f

perc ⇒
ti <

u
j ⇒

v
i <

w
j

(
)

“A
 pair of contours at tim

es t and u, defined on tw
o perceptual tiers f and g

and ordered in the specifi
cation, have the sam

e ordering in the output, if
they occur there.”

(8.52)

T
his constraint can be satisfi

ed by deletion, because the relevant T
R

A
N

SM
IT constraints

independently control the presence of perceptual features in the output.  T
his constraint

expresses the diffi
culty of m

aking reversely ordered feature values correspond to each
other. F

or instance, does the underlying sequence /H
i L

j /, if surfacing as L
H

, correspond
to L

i H
j  or to L

j H
i ? T

he answ
er depends on the relative ranking of P

R
E

C
E

D
E

N
C

E (tone)
and *R

E
PL

A
C

E (tone).
T

o clarify this, consider the relation betw
een the input /b

Erk/ and the output /b
rE

k/
on the root tier (in a language that disallow

s branching codas, for instance). If w
e

subscript the input as /
b
E

i r
j k/, the output candidates /b

ri E
j k/ and /

b
r

j E
i k/ m

ust be
evaluated separately. B

ecause an output /r/ is m
ade to correspond w

ith an input /E/, the
fi

rst of these candidates violates *R
E

P
L

A
C

E (E, r). T
he second candidate violates a

precedence constraint on the root tier. If w
e call the process m

etathesis, the second
analysis m

ust w
in:

/b
E

i r
j k/

*C
C

]σ
*R

E
PL

A
C

E (E, r)
*R

E
PL

A
C

E (r, E)
P

R
E

C
E

D
E

N
C

E
(root: E, r)

b
E

i r
j k

*!

b
r
i E

j k
*!

*!

!
   b

r
j E

i k
*

(8.53)

A
 violation of P

R
E

C
E

D
E

N
C

E brings about m
etathesis. W

hile this phenom
enon can be seen

as advocating segm
ental integrity, this typically segm

ental behaviour can also arise as a
consequence of the dom

inance of com
binatory feature constraints, not necessarily at the

root level. F
or instance, P

A
R

S
E (low

er m
id front vow

el) and P
A

R
SE (vibrant sonorant),

expressing the perceptual unity of som
e feature paths, w

ould have suffi
ced in this case,

but w
ould, adm

ittedly, have been less sim
ple and generalizing. O

n the other hand,
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m
etathesis also exists on the featural level. C

onsider, for instance, the com
plicated

correspondence relations in /h
»u

fn
it/ →

 [sn
»u

ftit] ‘I don’t w
ant to eat that’, spoken by

Jildou (aged 1;10): it involves hopping of the feature [nasal] to a position w
here it is

better licensed (in her speech), leaving behind a coronal stop.

8.13   A
lignm

ent constraints

C
oincidence relations exist betw

een the beginnings and ends of the feature values in the
specifi

cation. T
hese often occur at equal tim

es in a sim
ple representation like (3.6): in

/tEn
s/, the nasal should start w

here the coronal starts, the vow
el should end w

here the
nasal starts, and [sibilant] should start w

here [nasal] ends. W
e can form

ulate a constraint
that requires approxim

ate sim
ultaneity of the contour pairs in the output:

D
ef.   *S

H
IFT (f: t; g: u; d) ≡ ∃ti ,u

j ∈
fspec ∧∃

v
i ,w

j ∈
f

perc ⇒
ti =

u
j ⇒

v
i −

w
j <

d
(

)
“A

 pair of contours (edges) at tim
es t and u, defi

ned on tw
o perceptual

tiers f and g and sim
ultaneous in the specifi

cation, are not further apart in
the output (if they occur there) than by any positive distance d.”

(8.54)

*S
H

IFT expresses the difficulty for the listener to reconstruct the sim
ultaneity of contours,

and the triple im
plication can be logically reversed:

C
orrespondence-strategy interpretation of *S

H
IF

T:
“If tw

o contours in the output do not coincide by anything less than d, they
do not correspond to sim

ultaneous contours in the input.”
(8.55)

A
 universal ranking of *S

H
IFT is

M
inim

ization of shift:
“A

 less shifted contour pair is preferred over a m
ore shifted pair.”

(8.56)

T
his can be form

alized as

*S
H

IFT (f: t; g: u; d
1 ) >>

 *S
H

IFT (f: t; g: u; d
2 ) ⇔

 d
1  >

 d
2

(8.57)

T
he form

ulation (8.54) is sensitive to the direction of the shift, and, therefore, to the
order of the tw

o argum
ents: w

e do not take the absolute value of 
v

i −
w

j . T
hus,

[[tHEE)n
_
ts]] violates *S

H
IFT (coronal: –|+

; nasal: –|+
; 50 m

s), because the coronal
closure lags the low

ering of the velum
 by 50 m

s; likew
ise, it violates *S

H
IFT (vow

el: +
|–;

nasal: –|+
; 50 m

s), and *S
H

IF
T (sibilant: –|+

; nasal: +
|–; 30 m

s). In a phonologized
situation, tim

e w
ill be m

easured in m
oras (or so), instead of seconds. W

ith unary features,
w

e cannot refer to m
inus values, so w

e w
ill have to refer to edges: w

e have *S
H

IF
T (cor:

L
eft; nas: L

eft), w
hich does som

e of the w
ork of P

A
R

SE (nas cor); *S
H

IF
T (voc: R

ight,
nas: L

eft), w
hich does som

e of the w
ork of F

IL
L (voc nas); and *S

H
IF

T (sib: L
eft; nas:

R
ight), w

hich expresses adjacency. In general, *S
H

IF
T (a: L

eft; b: L
eft) expresses left
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alignm
ent of a and b, *S

H
IF

T (a: R
ight; b: R

ight) expresses right alignm
ent, *S

H
IF

T (a:
L

eft; b: R
ight) m

ilitates against m
aterial intervening betw

een a and b, and *S
H

IF
T (a:

R
ight; b: L

eft) m
ilitates against overlap.

If w
e get rid of the confusing edges, w

e can rephrase the four *S
H

IF
T constraints as

L
E

FT (a, b, d), R
IG

H
T (a, b, d), *IN

T
E

R
V

E
N

E (b, a, d) (note the order of the argum
ents),

and *O
V

E
R

L
A

P (a, b, d).
O

ther general alignm
ent constraints have been proposed. T

he best know
n is A

L
IG

N

(M
cC

arthy &
 Prince 1993b):

D
ef.   A

L
IG

N
 (cat1 , edge

1 , cat2 , edge
2 )

“for every m
orphological, prosodic, or syntactic category cat1 , there is a

category cat2  so that edge
1  of cat1  and edge

2  of cat2  coincide.”
(8.57)

T
here are several differences betw

een *S
H

IFT and A
L

IG
N

:

(a)
A

L
IG

N
 is hom

ogeneous, i.e., it is not ranked by the am
ount of m

isalignm
ent or

intervening or overlapping m
aterial. It does incur a num

ber of m
arks w

hich is
proportional to the extent of the violation, but this only allow

s A
L

IG
N to interact w

ith
itself in the gram

m
ar. If this is realistic behaviour, the m

ore restricted A
L

IG
N

 should
be preferred over *S

H
IFT in this respect.

(b)
A

L
IG

N
 is asym

m
etric w

ith respect to its argum
ents: it is vacuously satisfi

ed if cat1  is
m

issing, but not if cat2  is m
issing (except under the assum

ption of C
ontainm

ent). N
o

m
otivation for this asym

m
etry has ever been given. T

he alternative constraint
A

N
C

H
O

R, proposed by M
cC

arthy &
 Prince (1995), does not show

 this asym
m

etry.
(c)

A
L

IG
N

 is sym
m

etric w
ith respect to overlap versus intervention, w

hereas *S
H

IF
T

allow
s to be ranked differently for these functionally very different situations.

(d)
A

L
IG

N
 is partly a positive constraint: deletion of ca

t2  typically causes it to be
violated. H

ow
ever, surfacing of cat2  is independently controlled by its transm

ission
constraint, so vacuous satisfaction should be allow

ed.
(e)

A
L

IG
N

 is form
ulated as a binary constraint; it needs a separate clause for assessing

the num
ber of violation m

arks. *S
H

IF
T

 solves this problem
 w

ith its distance
param

eter.
(f)

A
L

IG
N

 is m
orphem

e-specifi
c: it states the preferred positions of its argum

ents as
constraints, w

hereas other (e.g., featural) specifi
cations are part of the underlying

form
. *S

H
IFT is m

ore consistent: if m
orphology is taken care of representationally,

i.e., by tim
e-aligning tw

o contours in the input specifi
cation, the *S

H
IF

T constraints
autom

atically evaluate the deviations from
 this representational alignm

ent. T
hus,

*S
H

IF
T is language-independent, though its ranking (not its argum

ents) can be
m

orphologically conditioned.
(g)

A
L

IG
N

 is not a faithfulness constraint. Instead of relating input and output, it
evaluates the output in a declarative m

anner. Its im
plicational form

ulation allow
s it to

be used for controlling licensing, if that happens to involve the edge of a dom
ain. A

s
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Z
oll (1996) show

s, licensing does not alw
ays refer to edges, so a separate licensing

constraint is needed anyw
ay, like Z

oll’s C
O

IN
C

ID
E (a, b) “if (the m

arked structure) a
occurs in the output, it m

ust be w
ithin a dom

ain (strong constituent) b”.

T
he binarity problem

 w
as noted by Z

oll (1996), and she proposes an alternative:

D
ef.   N

O
-IN

T
E

R
V

E
N

IN
G

 (ρ
; E

; D
)

“there is no m
aterial intervening betw

een ρ
 and edge E

 in dom
ain D

.”(8.58)

For concatenative affixation, Z
oll rew

ords this as “if there is an elem
ent x in the base, and

an affix y, x does not intervene betw
een any part of y and the edge of the w

ord”; the usual
interpretation of gradient violation incurs one m

ark for every x that violates this. B
esides

solving the binarity problem
 (e), the negative form

ulation of this constraint fi
xes the

problem
s of asym

m
etry (b), and vacuous satisfaction (d). D

espite the existence of a
C

O
IN

C
ID

E constraint, how
ever, N

O
-IN

T
E

R
V

E
N

IN
G

 can still be m
isused for licensing

purposes, because it still evaluates the output only. M
oreover, the em

pirical (rather than
technical) differences betw

een A
L

IG
N

 and N
O

-IN
T

E
R

V
E

N
IN

G
 are few

 (Z
oll does not

provide any).
T

he largest em
pirical difference betw

een *S
H

IF
T and A

L
IG

N/N
O

-IN
T

E
R

V
E

N
IN

G
 is the

distance param
eter. W

hile both A
L

IG
N

 
and N

O
-IN

T
E

R
V

E
N

IN
G

 m
ust be considered

gradient constraints (in their w
orkings), *S

H
IF

T is a fam
ily of binary constraints w

ith
fixed internal ranking based on the distance betw

een the realized edges.
F

irst, w
e w

ill see that *S
H

IF
T can do the w

ork of A
L

IG
N. I w

ill take the cherished
exam

ple of T
agalog um

-infi
xation, but analyse it very differently from

 P
rince &

S
m

olensky 1993; M
cC

arthy &
 P

rince 1993a, 1993b et seq. T
he prefi

xation of the root
/b

a
sa/ w

ith the actor-trigger m
orphem

e /
u

m
/

 (S
chachter &

 O
tanes 1972) gives

/b
u
m

a
sa/ ‘read’, and /u

m
/ +

 //a
ra

l/ gives //u
m

a
ra

l/ ‘teach’ (that’s the difference: not
/u

m
/ +

 /
a
ra

l/ →
 /u

m
a
ra

l/, because prefi
xation of another actor trigger gives /m

a
g/ +

//a
ra

l/ →
 /m

a
g
/a

ra
l/ ‘study’, not */m

a
g
a
ra

l/, show
ing that the glottal stop can be

considered underlyingly present). T
he undom

inated licensing constraint O
N

SE
T “every

syllable has an onset” (rather than the very violable N
O

C
O

D
A

, w
hich w

e m
ay only need

for cluster-initial loans like /g
r(u

m
)a

d
w

e
t/) forces violation of the low

est possible
*S

H
IFT constraint:
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/u
i m

j  | /
k a

ra
l/

*
σ [V

P
R

E
C

E-
D

E
N

C
E

F
IL

L
 (/)

*O
V

E
R

L
A

P
(u

m
, base, σσ

)
*O

V
E

R
L

A
P

(u
m

, base, σ
)

u
i m

j /
k a

ra
l

*!

/
l u

i m
i /

k a
ra

l
*!

/
k u

i m
i /

l a
ra

l
*!

*

!
   /

k u
i m

j a
ra

l
*

/
k a

ru
i m

j a
l

*!
*

(8.59)

S
om

e differences w
ith A

L
IG

N and N
O

-IN
T

E
R

V
E

N
IN

G
 appear. B

ecause *O
V

E
R

L
A

P refers
to an alignm

ent difference betw
een the right side of /u

m
/ and the left side of //a

ra
l/, the

am
ount by w

hich it is violated in //u
m

a
ra

l/ is actually //
u
m

/. T
he output-oriented left-

alignm
ent constraint A

L
IG

N
 (u

m
, L

eft, Stem
, L

eft) m
easures the distance betw

een the left
edge of the substring /u

m
/ and the left edge of the entire string (stem

) //u
m

a
ra

l/, w
hich

is ///. T
he non-directional constraint N

O
-IN

T
E

R
V

E
N

IN
G

 m
easures the distance betw

een
the substring /u

m
/ and the left edge of the entire string //u

m
a
ra

l/, w
hich is also /// (the

constraint is non-directional, i.e., able to fl
ip betw

een right and left according to w
hich

side is closest to the specified edge of the w
ord).

Intuitively, describing the violation as /// seem
s preferable, and w

e could get this
result w

ith a faithfulness constraint that honours the left-aligned specifi
cation of /

u
m

/
instead of its adjacency to the base: the idea is that the “stem

” already occurs in the input
specifi

cation: it is the entire string /
u

m
 | /a

ra
l/ as specifi

ed in the input. T
he violated

constraint w
ould then be L

E
FT (u

m
, “stem

”, C
), and *O

V
E

R
L

A
P (u

m
, base, σσ

) w
ould be

replaced w
ith L

E
FT (u

m
, “stem

”, C
V

C
), giving a tableau com

pletely analogous to (8.59).
H

ow
ever, there is som

e very scant (probably dubious) evidence that the *O
V

E
R

L
A

P

constraints as stated in (8.59) are appropriate for T
agalog: if *O

V
E

R
L

A
P (u

m
, base, σ

σ
)

dom
inates F

IL
L (C

) (the tw
o are not crucially ranked for //

u
m

a
ra

l/), w
e can explain the

fact that T
agalog has no bisyllabic infixes. For instance, the instrum

ent-trigger m
orphem

e
//ip

a
N/   w

hich P
rince et al. w

ould analyse as /ip
a
N/, is a regular prefi

x (//ip
a
N

-h
iw

a/
‘cut w

ith’, not */
h
–-ip

a
N

-iw
a/), and P

rince et al. provide no explanation for the fact that
bisyllabic “vow

el-initial” prefi
xes are exceptions to the generalization that all and only

the vow
el-initial consonant-final prefixes show

 infixation.
P

ositing *S
H

IF
T

 as a fam
ily predicts that its m

em
bers can interact w

ith other
constraints separately, i.e., that it show

s inhom
ogeneity effects. N

ow
, A

L
IG

N
 has alw

ays
been 

considered 
a 

hom
ogeneous 

constraint, 
so 

it 
w

ould 
be 

interesting 
to 

fi
nd

inhom
ogeneous alignm

ent effects. S
uch an effect can be found in Y

ow
lum

ne
1

5

15 A
lso know

n as Y
aw

elm
ani, w

hich is a plural form
 denoting m

em
bers of the tribe (N

ew
m

an 1944:19;
Z

oll 1996: ch. 1: fn. 13).
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glottalization (N
ew

m
an 1944; A

rchangeli 1984; A
rchangeli &

 P
ulleyblank 1994; Z

oll
1994, 1996), in its interaction w

ith vow
el shortening.

T
he Y

ow
lum

ne durative m
orphem

e can be represented as the suffi
x /

/a
˘/, w

here /
//

represents a fl
oating [glottal plosive] 16 feature (A

rchangeli 1984). T
his feature prefers to

dock on the rightm
ost post-vocalic sonorant, w

ith w
hich it com

bines to give a single
glottalized segm

ent: /t sa
˘w

-/ ‘shout’ +
 /

/a
˘/ gives [t sa

˘w
/a

˘]. W
e see that [w

/] (the
glottal constriction is centred around the m

iddle of [w
]) acts as a single segm

ent: an
utterance like *

[t sa
˘w

/
a
˘] w

ould be ill-form
ed in Y

ow
lum

ne, because this language only
allow

s C
V

, C
V

C
, C

V
V

 syllables, so that C
V

V
C

C
V

V
 is not syllabifi

able, and C
V

V
C

V
V

is. T
hese syllabification requirem

ents often lead to shortening of vow
els: //i˘lk-/ ‘sing’ +

/
/a

˘/ gives [/e
l /k

a
˘], w

here w
e see the expected glottalization and shortening of an ill-

form
ed V

V
C

C
V

 to V
C

C
V

. If there are no glottalizable sonorants, as in /m
a
˘x-/ ‘procure’

(the /m
/ is not post-vocalic), the result is a full glottal stop: it appears in /m

a
x
/a

˘/, w
ith

shortening of the long vow
el, w

hich proves that /x
// m

ust be analysed as a consonant
cluster, not as a single glottalized obstruent. F

inally, the glottal stop does not surface if
there is no glottalizable sonorant and no licit syllabification: /h

o
g
n-/ ‘float’ +

 /
/a

˘/ gives
[h

o
g
n
a
˘], not *

[h
o
g
n
/a

˘]; syllabification requirem
ents could be satisfied by an otherw

ise
w

ell-attested epenthesis procedure, w
hich could give a w

ell-syllabifi
ed *

[h
o
g
in

/
a
˘], but

glottalization does not appear to be able to enforce this.
Z

oll (1994) notes that the output [t sa
˘w

/a
˘] violates a base-affi

x alignm
ent constraint

by one segm
ent, because the left edge of the suffi

x coincides w
ith the left edge of the

segm
ent [w

/], and the right edge of the base [t sa
˘w

] coincides w
ith the right edge of that

segm
ent. In order to satisfy A

L
IG

N
, the result should have been [t sa

w
/a

˘], w
ith a separate

glottal-stop segm
ent; but this w

ould force shortening of the long vow
el /a

˘/ in the base to
[a

]. A
pparently, the constraint T

R
A

N
SM

IT (tim
ing), or, m

ore precisely, P
A

R
SE (µ

),
dom

inates A
L

IG
N

. In the follow
ing tableau, I have translated this idea into the current

fram
ew

ork (w
ith som

e undom
inated syllable-structure licensing constraints):

/t sa
˘w

 | /a
˘/

*V
V

C
]σ

*
σ [C

C
*D

E
L

E
T

E
 (µ

)
*O

V
E

R
L

A
P

(base, suffix, C
)

!
   t sa

˘.w
/a

˘
*

t sa
˘w

./a
˘

*!

t sa
˘.w

/a
˘

*!

t sa
w

./a
˘

*!

(8.60)

16 I use the perceptual form
ulation of this feature instead of the usual hybrid [constricted glottis].
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T
he above account w

orks for all suffi
xes that start w

ith a fl
oating glottal stop.

H
ow

ever, Y
ow

lum
ne has m

ore suffi
xes w

ith latent segm
ents, and Z

oll (1994, 1996)
argues that these should be treated in the sam

e w
ay: like /

/a
a/, the suffix /Hn

e
l/ ‘(passive

adjunctive)’ does not trigger epenthesis: w
hen suffi

xed to /h
o
g
o
n/ ‘xx’, it gives

[h
o
g
o
n
n
e
l], not *

[h
o
g
o
n
ih

n
e
l] or so. H

ow
ever, it does induce vow

el shortening,
suggesting the ranking of A

L
IG

N above *D
E

L
E

T
E (µ

):

/m
a
x
a
˘ | Hn

e
l/

*V
V

C
]σ

*
σ [C

C
*O

V
E

R
L

A
P

(base, suffix, σ
)

*D
E

L
E

T
E

 (µ
)

m
a
.x

a
˘h

.n
e
l

*!

m
a
.x

a
˘.h

n
e
l

*!

!
   m

a
.x

a
h
.n

e
l

*

m
a
h
.x

a
˘.n

e
l

*!

(8.61)

T
hus, Y

ow
lum

ne w
ould be a case for *O

V
E

R
L

A
P (base, suffi

x, σ
) >>

 *D
E

L
E

T
E (µ) >>

*O
V

E
R

L
A

P (base, suffi
x, C

), show
ing that alignm

ent can w
ork as an intrinsically ranked

fam
ily of independently interacting constraints.
F

or the Y
ow

lum
ne facts, other analyses m

ay be possible. Z
oll (1994) did not notice

the discrepancy described above, but still, her 1996 version takes care of it. T
he non-

directionality of N
O

-IN
T

E
R

V
E

N
IN

G
 solves the problem

 of [t sa
˘w

/a
˘]: the right edge of the

[glottal stop] feature perfectly aligns w
ith the right edge of the base, so N

O
-IN

T
E

R
V

E
N

IN
G

is not violated. T
herefore, the hom

ogeneity of Z
oll’s alignm

ent constraint is preserved.
S

om
e of these problem

s relate to the idea that the real problem
 w

ith infi
xation is not

its lack of alignm
ent, but its violation of the integrity of the base or the affix or both. T

his
cannot be handled by general contiguity constraints, like those proposed by M

cC
arthy &

P
rince (1995), because these also m

ilitate against epenthesis of new
 m

aterial. R
ather, a

constraint like *M
IX

 (base, affix) could rule out outputs that correspond to the underlying
m

orphem
es in affi

x-base-affi
x or base-affi

x-base order (or, as in [/e
l /k

a
˘], base-affi

x-
base-affi

x). T
hat w

ould be a m
orphological constraint, w

hereas *S
H

IF
T only refers to

phonological m
aterial, though its ranking could be m

orphologically conditioned.

8.15   G
lobal or local ranking of faithfulness constraints?

A
s w

as the case w
ith effort constraints, and follow

s from
 the argum

ent in §7.4, the
perceptually m

otivated constraints of speech production cannot be ranked in a universal
w

ay, except for local variations. Phonology translates system
-w

ide contrast into a system
of local, m

anageable universal rankings and language-specifi
c rankings of non-
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neighbouring constraints. In §11, w
e w

ill see the role of this principle in the
phonologization of phonetic principles.

8.16   C
onclusion

T
he faithfulness constraints favour the correspondence and sim

ilarity betw
een the

perceptual specifi
cation of the input to the speech-production m

echanism
 and the

perceptual result of each candidate articulatory im
plem

entation. F
unctionally, these

constraints can be attributed to the principle of m
axim

izing perceptual contrast: they try
to bring all (often contrasting) feature specifications to the surface of the utterance. T

hese
constraints are thus perceptually based, although som

e of them
 are cast in term

s that look
deceptively articulatory in nature.

If underlying autosegm
ents are freely fl

oating objects, P
A

R
SE and F

IL
L w

ould be the
only faithfulness constraints w

e need, but in reality w
e w

ill also have to deal w
ith

constraints that favour the surfacing of any underlying sim
ultaneity, precedence, and

alignm
ent.

T
he question of the correspondence betw

een input and output features and their
com

binations is deferred to §12.
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9   Interaction betw
een articulation and perception

In §8, w
e m

et w
ith som

e interactions betw
een various kinds of faithfulness constraints. In

the follow
ing sections, w

e w
ill see how

 faithfulness constraints interact w
ith the

articulatory constraints identified in §5.
In §3.3, I stated that the perceptual output should look m

ore or less like the
specifi

cation. C
onstraint ranking determ

ines w
hat is m

ore and w
hat is less. In the /tEn

s/
exam

ple, the follow
ing interactions betw

een articulatory and faithfulness constraints
occur:

•
In the output 

[[tHE
E
)n

_
ts]], all forw

ard faithfulness constraints (T
R

A
N

SM
IT 

and
*R

E
PL

A
C

E) are satisfi
ed, i.e., all specifi

ed feature values em
erge in the output: /t/ →

[aspirated], /
E/ →

 [voiced], /E/ →
 [m

ax F2], /s/ →
 [sibilant], etc.

•
T

he articulatory im
plem

entation show
s the m

inim
um

 num
ber of *G

E
ST

U
R

E violations
given com

plete forw
ard faithfulness. T

he constantly spread lips involve an appreciable
violation of *H

O
L

D
.

•
T

here are no sim
ultaneous articulatory contours, so there are no violations of *S

Y
N

C.
•

T
he com

plete satisfaction of *S
Y

N
C

 m
ust som

etim
es lead to epenthesis. T

he chosen
order of the nasal opening gesture and coronal closing gesture gives no epenthesis,
because the resulting [E

)] contains no perceptual features that are not present in [E
] or

[n
] as w

ell. T
he chosen order of the nasal closing gesture and the coronal m

edial
release gesture, how

ever, leads to epenthesis of silence and a coronal release burst.
T

hus, *IN
SE

R
T (plosive) is violated.

•
T

he path constraints *IN
SE

R
T (nasal vow

el) and *
IN

S
E

R
T (aspirated m

id front vow
el)

are violated.

T
he follow

ing constraint tableau evaluates som
e candidate im

plem
entations for /tEn

s/.
T

he candidates are show
n w

ith a m
icroscopic transcription, w

hich should suggest the
articulatory as w

ell as the acoustic result, and w
ith the probable early-categorized

perceptual results, w
hich determ

ine the faithfulness:
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/tEn
s/

P
A

R
SE

*S
Y

N
C

*G
E

ST
U

R
E

*IN
SE

R
T

 (plosive)

 (a) [[th
En

s]]
     /tEn

s/
*!*

*******

 (b) [[∂th
Es]]

        /tEs/
*!*******

****

!
   (c) [[th

EE)n
_ts]]

     /tEn
ts/

*******
*

 (d) [[th
EE)ns]]

     /tEn
s/

*!
*******

 (e) [[th
E")s]]

     /tE")s/
*!

******

(9.1)

T
he candidate /tE")s/, w

hich violates P
A

R
SE (consonantal) and F

IL
L (oral / nasal), is not a

w
ell-form

ed utterance in E
nglish, but it is the result of feature-level categorization, as

assum
ed in §8. T

his is m
idw

ay betw
een gestalt recognition of the utterance (or segm

ents)
and gram

m
aticization of separate acoustic cues (§11.8).

A
 concise justification of the specification (3.6) can now

 be given:

•
P

erceptual vow
el features (as opposed to articulatory gestures) do not m

atter for the
non-vow

els (though, of course, the perception of nasality requires its ow
n spectral

features), so vow
el features are not show

n for /
t/, /n/, and /s/. In constraint language:

the perceptual distinctivity betw
een rounded and unrounded /s/ is so sm

all, that the
relevant P

A
R

SE constraints are very low
, so low

 that w
e cannot determ

ine the
underlying value, because it w

ill alw
ays be overridden by an articulatory constraint 17.

T
he only w

ay to construe a rounding value for /s/ is by noticing that an isolated /s/ is
pronounced w

ithout rounding; so there m
ay be a specification after all, but a very w

eak
one. H

ow
ever, the *G

E
ST

U
R

E (lips) constraint m
ay be strong enough to override any

rounding specification for /s/; suddenly, w
e cannot determ

ine the underlying rounding
value of /s/ any longer, because it w

ould alw
ays be overridden (but see §13.8 for a

strategy for determ
ining an underlying value even in cases like this).

•
In the sam

e w
ay, no coronal specification is needed for /E/.

•
S

om
e values can be predicted from

 the values of other features. F
or instance, the

coronal burst of /t/ forces the m
inus value for the [nasal] feature. B

ut this is only true
if the burst is parsed. For instance, if the specified /t/ is pronounced (and heard) as [n

]

(probably forced by an articulatory constraint), w
e m

ay not only have a violation of
P

A
R

SE
 (plosive), but also a violation of F

IL
L

 (nasal &
 coronal).

17 T
his does not m

ean that the rounding of [s] cannot play a role in the recognition of /su/ versus /si/.
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•
T

he vow
el /E/ is specifi

ed for [+
voiced], because a voiceless vow

el w
ould be

unacceptable in E
nglish. T

his specifi
cation is redundant in the sense that all E

nglish
vow

els are voiced. T
o capture this generalization, the lexicon m

ight just contain the
specifi

cation “vow
el”, and som

e rules fi
lling in the values of [sonorant] and [voiced].

H
ow

ever, for the determ
ination of constraint satisfaction, w

e need the [+
voiced] value,

because a voiceless im
plem

entation of /E/ is obviously unfaithful to the specifi
cation,

and m
ust, therefore, violate P

A
R

S
E

 (voice). O
ur specifi

cation, therefore, is m
ore

phonetic than the m
inim

al lexical specification. See also §13.2.
•

W
e included a specifi

cation of [–nasal] for /E/, because E
nglish vow

els show
 up as

oral, especially in isolation.

W
hether /n/ and /s/ share a single coronal specifi

cation can be doubted, because of the
different cues involved in /n/ and /s/, but I represented them

 that w
ay in (3.6) so as not

to give the im
pression that specifi

cations are ‘linear’ rather than autosegm
ental. T

he
question is w

hether there is anything against adjacent identical autosegm
ents on

specifi
cational tiers, for instance, w

hether w
e should collapse the tw

o [voiced]
specifications for /E/ and /n/. See §12.

In /tEn
s/, the output correspondents of the [coronal] specifi

cations of /t/ and /
n/

m
ust be separate: although the output [E

n
s] satisfi

es one [coronal] specifi
cation, it does

violate P
A

R
SE (coronal), because the listener w

ill not be able to link the single recognized
/coronal/ to the corresponding features of both /

n/ and /t/ (because of the precedence
constraints of §8.12, she w

ill probably link it w
ith /n/). W

hether the [coronal]
specifi

cations of /
n/ and /s/ should also have separate correspondents is another m

atter:
they m

ay be part of a hom
organic N

C
 cluster singly specified for [coronal] (§12).

9.1   Inherent conflicts

If w
e think of com

bining the articulatory and perceptual drives that build sound system
s

and determ
ine phonological processes, w

e m
ust conclude that not all functional principles

can be honoured sim
ultaneously.

F
or instance, the principles of m

axim
izing perceptual salience and m

inim
izing

articulatory effort seem
 to be on especially bad term

s. H
ow

ever, there are som
e

utterances that com
bine a m

inim
al num

ber of articulatory contours w
ith a m

axim
al

num
ber of perceptual contours: the utterance [b

8a
b
8a
] only involves one opening and one

closing gesture for each syllable w
ithout any laryngeal activity; the very young even

m
anage to produce this utterance w

ithout lip gestures, only using their jaw
 m

uscles.
T

hus, this utterance involves only a m
inim

al *G
E

ST
U

R
E violation and no *S

Y
N

C violation
at all; m

oreover, the labial closing gesture is ballistic, so no precision constraints are
violated. T

he perceptual contours of [b
8a
b
8a
], on the other hand, are m

any: silence vs.
loudness, voiceless vs. voiced, low

 vs. high fi
rst form

ant. T
his explains the preference of

languages for the alternation of consonants and vow
els.
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A
s another exam

ple, the com
bination of m

axim
ization of salience and m

inim
ization

of physical effort favours sm
all m

ovem
ents that yield sw

ift variations in perceptual
param

eters. T
his interaction predicts exactly the reverse effects from

 S
tevens’ holistic

precision criterion (§5.4). A
 com

prehensive theory of functional phonology w
ill show

m
ore interesting conflicts betw

een the various articulatory and perceptual needs.

9.2   N
o interaction constraints

O
ur standpoint assum

es a rigorous division of labour betw
een articulatory and

faithfulness constraints, so does not allow
 the use of surface-true constraints that can be

reanalysed as an interaction betw
een articulatory and perceptual needs. F

or instance, a
constraint like “nasals assim

ilate in place to any follow
ing consonant” (§11.6) is not

allow
ed in the gram

m
ar, because it should be seen as the interaction of a constraint that

m
inim

izes articulatory gestures, and a constraint that tries to preserve place contrasts. T
he

relative w
eakness of the latter constraint for nasals as com

pared w
ith plosives, causes the

surface-truth of the hybrid constraint in som
e languages.
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ide”

0 9

log E

F
ig. 10.1

C
onfusion probability as a function of first form

ant (left), and energy expenditure as a
function of jaw

 w
idth (right).

10   A
n exam

ple of acoustic faithfulness: vow
el reduction

W
e w

ill show
 the interaction betw

een specifi
cation, articulation, and perception in

phonetic im
plem

entation, using as an exam
ple the phenom

enon of the reduction of the
vow

el /a/ in various contexts, in a language w
ith the front vow

els /a/, /
e/, and /i/.

10.1   Specification: perceptual constraints

T
he perceptual specifi

cation of the vow
el /a/ includes directions to m

ake its height
contrastive w

ith that of its neighbours.
In our exam

ple, its nearest neighbour w
ill be an /

e/ w
ith an F

1  of 500 H
z. T

he
probability of confusing /a/ w

ith /e/ as a function of the fi
rst form

ant of the realization
of /a/, is roughly as show

n in fi
gure 10.1 (on the left): if the realized F

1  is 500 H
z,

confusion w
ith /e/ is com

plete, and confusion is m
uch less for larger distances. Ideally,

w
e should use a frequency scale calibrated in difference-lim

en units (§7.3), but if w
e

crudely assum
e that w

e can use a linear H
z scale and that form

ula (7.3) for the relation
betw

een distance and confusion probability holds, the logarithm
 of the confusion

probability is a parabolic function of the distance in H
z betw

een the F
1  of the realization

of /a/ and the F
1  of the neighbouring /e/. W

e then specify the vow
el /e/ on the F

1  tier as
[500 H

z], the vow
el /i/ as [“m

in”], and the vow
el /a/ as [“m

ax”] (i.e., m
inim

um
 vow

el
height).

In the phonetic im
plem

entation, actual values w
ill have to be assigned to the fi

rst
form

ant of /a/. B
ecause of the continuous range of F

1 , the [“m
ax”] specifi

cation w
ill
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branch into an infi
nite num

ber of constraints, ranked logically according to the principle
that a less restrictive specifi

cation is ranked low
er than a m

ore restrictive specifi
cation

(8.17): thus, for the m
aintainance of the height contrast it is m

ore im
portant for /

a/ to
have its F

1  at least 100 H
z aw

ay from
 that of its neighbour, than it is to have its F

1  at least
200 H

z aw
ay. T

he constraint “F
1  is m

axim
al” w

ill therefore be divided up into a
continuously param

etrized constraint fam
ily M

A
X

IM
U

M
 (F

1 , f), or just (F
1  >

 x), w
here f is

a frequency, and a partial ranking w
ithin this fam

ily is:

(F
1  >

 600 H
z) >>

 (F
1  >

 700 H
z) >>

 (F
1  >

 800 H
z)

(10.1)

Instead of ranking these three arbitrary m
em

bers only, w
e can express the logical ranking

of the com
plete fam

ily as

(F
1  >

 x
1  / env) >>

 (F
1  >

 x
2  / env) ⇔

 x
1  <

 x
2

(10.2)

w
here env is any environm

ent (the everything else that is kept equal). H
ence, the falling

slope betw
een 500 and 1000 H

z in fi
gure 10.1 (left-hand side) can be interpreted as the

rankings of these specificational constraints along an arbitrary scale of im
portance.

10.2   A
rticulatory constraints

T
o fi

nd the actual resulting F
1  value, the M

A
X

IM
U

M
 constraints have to be m

atched by
articulatory constraints. A

 very high F
1  is diffi

cult to produce, because of the strong jaw
and tongue depression needed.

C
onsider first the /a/ spoken in isolation. T

he jaw
 opening, w

hich is m
uch w

ider for a
typical /

a/ than if all the m
uscles are relaxed, m

ust be m
aintained by an isom

etric
contraction of the m

ylohyoid and other jaw
 depressors (for sim

plicity, the tongue is
ignored). A

ccording to form
ula (5.4), this involves m

ore energy as the opening gets
w

ider, because the elastic restoration forces increase. Figure 10.1 (right-hand side) show
s

the effort as a function of the jaw
 w

idth, m
easured at the teeth: the resting w

idth is 1 cm
and all other w

idths take som
e am

ount of continued m
uscle activity, show

n by the
parabolic curve; w

idths below
 0 cm

 are im
possible to achieve, so the curve shoots off

into space there. A
ccording to (5.11), w

e can translate this energy hierarchy into a *H
O

L
D

constraint hierarchy, analogously to the M
A

X
IM

U
M

 constraint fam
ily of the previous

section. T
his is refl

ected in the follow
ing form

ula (for openings w
ider than neutral),

w
here I use the m

ore general term
 *E

N
E

R
G

Y
 (§5.1):

*E
N

E
R

G
Y

 (jaw
 opening =

 x
1 ) >>

 *E
N

E
R

G
Y

 (jaw
 opening =

 x
2 ) ⇔

 x
1  >

 x
2

(10.3)

H
ence, the curve in the right-hand side of figure 10.1 can be interpreted as the rankings of

these articulatory constraints along an arbitrary scale of im
portance.
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F
1  as a function of jaw

 w
idth

0
1

2
3

4
jaw

 w
idth (cm

)

0

1000

“i”

500

“a”

F1 (Hz)

E
nergy needed for any F

1

0
500

1000
“i”

“a”
F

1  (H
z)

0 9

log E

F
ig. 10.2

T
he realized fi

rst form
ant as a function of the jaw

 w
idth (left), and the energy needed to

realize any F
1  (right).

10.3   A
rticulation-to-perception transform

ation

If w
e know

 the relative heights of all the M
A

X
IM

U
M

 and *E
N

E
R

G
Y

 constraints, w
e can

com
pute the resulting F

1  value if w
e know

 the relation betw
een jaw

 opening and F
1 .

L
et’s assum

e that this relation is (figure 10.2, left-hand side):

F
1

=
500

H
z⋅

jaw
 w

idth

1 cm
(10.4)

T
hus, w

ith a neutral jaw
 w

idth of 1 cm
, the first form

ant is 500 H
z, and a w

idth of 4 cm
 is

needed to increase it to 1000 H
z. O

f course, this is a gross sim
plification of all the factors

contributing to F
1 , but it expresses the idea that the m

ore peripheral a vow
el m

ust be, the
m

ore energy m
ust be spent to achieve the necessary vocal-tract shape.

10.4   Interaction betw
een articulatory and perceptual constraints

T
he right-hand side of figure 10.2 now

 show
s the energy needed to reach a given F

1 . It is
com

puted from

log
E

=
w

idth

1 cm
−

1




2

=
F

1

500 H
z




2

−
1

 
 

2

(10.5)

N
ow

 that w
e know

 both the confusion probability and the needed energy as functions of
F

1 , w
e are in the position to com

pare the rankings of the tw
o constraint fam

ilies.
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T
he follow

ing tableau show
s four candidates for the expression of the underlying

feature value [m
ax F

1 ], for a certain choice for the interleaving of the tw
o constraint

fam
ilies (“*E

N
E

R
G

Y
 (jaw

 opening =
 x)” is abbreviated to “*E

(x)”):

[m
ax F

1 ]
*E

(4cm
)

F
1 >

600
*E

(3cm
)

F
1 >

700
*E

(2cm
)

F
1 >

800
*E

(1cm
)

550 H
z

*!
*

*
*

650 H
z

*!
*

*

!
   750 H

z
*

*
*

850 H
z

*!
*

*(10.6)

From
 these four candidates, the w

inner is 750 H
z. T

he first tw
o candidates have a too low

F
1 , and the fourth candidate involves a too difficult gesture (jaw

 m
ore than 3 cm

 w
ide).

W
e can represent the sam

e intertw
ining of the constraint fam

ilies w
ith the tw

o curves
in fi

gure 10.3a. A
s a m

easure of the “im
portance” of the specifi

cational constraints, w
e

take 10
+

5
log

p
c ; as a m

easure of the im
portance of the articulatory constraints w

e take
3

+
log

E
. T

he tw
o curves cross at about 750 H

z. T
o the left of this point, the perceptual

constraint is the stronger, so that it forbids candidates w
ith low

 F
1 ; to the right of the

crossing, the articulatory constraint forbids candidates w
ith a large jaw

 opening; at the
crossing, both constraints are equally strong, and there m

ust be a stable equilibrium
 here

because w
e cannot optim

ize tw
o interdependent quantities at a tim

e. T
hus, the O

T
optim

ization criterion is:

M
inim

ize the m
axim

um
 problem

atic phenom
enon:

“T
he w

orking point of a system
 of continous constraints is located w

here
the tw

o strongest optim
ization principles pose equal problem

s.”
(10.7)

W
e should com

pare this strategy w
ith the strategy m

ost com
m

only found in the literature:
that of m

inim
izing a w

eighted sum
 over the various factors. F

igure 10.3b show
s the

resulting curves of adding log E
 to 

12
log

p
c , log

p
c , 2

log
p

c , and 5
log

p
c . T

he gross
features of these functions vary w

ildly, and only the third function has a m
inim

um
betw

een 500 H
z and 1000 H

z. T
his should be com

pared w
ith figure 10.3c, w

here log
E

 is
subtracted from

 the four functions 5
+

log
p

c , 1+
log

p
c , 5

+
5

log
p

c , 1+
5

log
p

c , after
w

hich the absolute value is taken. T
hough the four zeroes appear at som

ew
hat varying

locations, they all lie w
ell w

ithin the region of interest.
T

he cause of the trouble is the fact that it is a poor optim
ization strategy to add a

m
onotonically increasing function to a m

onotonically decreasing function; the result
strongly depends on the precise shape of these functions, as w

ell as on the w
eighting

factor. B
y contrast, the presence of a cutting point in figure 10.3a does not depend on the



95       P
aul B

oersm
a

/a/ in isolation

0
500

1000
750

F
1  (H

z)

0 2 4 6 8 10 12 14

Importance

(a)

bookkeeper’s strategy

0
500

1000
750

F
1  (H

z)

-6 -4 -2 0 2 4 6

(b)

optim
ality-theoretic strategy

0
500

1000
750

F
1  (H

z)

0 5 10 15 20

Importance

(c)

F
ig. 10.3

C
onstruction of the w

orking point (the realized F
1 ) for the interacting perceptual and

articulatory constraints in the phonetic im
plem

entation of /a/.

exact shapes of the functions, as long as these are m
onotonic. A

 com
parable strategy of

m
inim

izing the m
axim

um
 problem

 (in his case, vow
el contrast) w

as show
n by T

en B
osch

(1991) to outrank L
iljencrants &

 L
indblom

’s (1972) global optim
ization criterion for

sim
ulating vow

el system
s w

ith phonetic principles; yet, V
allée (1994), in the sam

e kind
of sim

ulations, returns to additive global optim
ization criteria, m

eticulously adapting her
distance functions to the needs of stability. W

e m
ust conclude, how

ever, that the O
T

-
com

patible strategy of m
inim

izing the largest problem
 is a m

ore robust w
ay of show

ing
the presence of an equilibrium

 point.
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W
e shall now

 turn to the environm
ental conditioning of the interleaving of the

perceptual and articulatory constraint fam
ily, and prove that phonetic explanations can be

adapted very w
ell to an optim

ality-theoretic fram
ew

ork.

10.5   D
ependence on stress

A
s usual, the ranking of the M

A
X

IM
U

M
 constraints depends on the environm

ent if the
environm

ent influences the distinctivity. N
ow

, all distinctions are fainter in an unstressed
than in a stressed environm

ent (the average background noise m
asks m

ore of the
spectrum

). T
his gives the functional ranking

(F
1  >

 x / +
stress) >>

 (F
1  >

 x / –stress)
(10.8)

T
hus, in unstressed position, the M

A
X

IM
U

M
 constraints are ranked low

er, and if the
stressed position has its constraints ranked as in the previous tableau, the ranking in
unstressed position m

ay be as in the follow
ing tableau:

[m
ax F

1 ]
*E

(4cm
)

*E
(3cm

)
F

1 >
600

*E
(2cm

)
F

1 >
700

*E
(1cm

)
F

1 >
800

550 H
z

*!
*

*
*

!
   650 H

z
*

*
*

750 H
z

*!
*

*

850 H
z

*!
*

*

(10.9)

S
uddenly, the optim

al candidate is only 650 H
z. T

he previous w
inner (750 H

z) now
involves a jaw

 w
idth (m

ore than 2 cm
) that costs too m

uch in relation to the im
portance

of very high F
1 .

F
igures 10.4a and 10.4b show

 curves of the constraint fam
ilies in stressed and

unstressed positions. Figure 10.4a is the sam
e as 10.3a, i.e., the isolated /a/ is thought of

as stressed. In the unstressed situation of fi
gure 10.4b, the low

ering of the P
A

R
SE fam

ily
w

ith respect to the stressed environm
ent causes the w

orking point to m
ove dow

n to 650
H

z. In the ultim
ate unstressed case, the M

A
X

IM
U

M
 curve falls entirely below

 the
*E

N
E

R
G

Y
 curve, so that the *E

N
E

R
G

Y
 constraints determ

ine the w
orking-point all by

them
selves: the resulting w

orking-point is the m
inim

um
 of the *E

N
E

R
G

Y
 curve, i.e., the

neutral position of the jaw
, and the only vow

el left in the system
 is a vow

el w
ith an F

1  of
500 H

z. H
ere w

e see an exam
ple of how

 the w
eakness of a faithfulness constraint can

cause a change in the language’s inventory of sounds; in B
oersm

a (fc. c) w
e w

ill defend
the hypothesis that the interaction betw

een articulatory and perceptual constraints indeed
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F
ig. 10.4

T
he influence of various environm

ents on the w
orking-point in the interaction betw

een a
perceptual and an articulatory constraint.

determ
ines the exact shape of every sound inventory, including its size (w

hich is different
from

 w
hat all other phonetically-based m

odels have done so far).

10.6   D
ependence on surrounding consonants

V
ery probably, the energy, and thereby the ranking of the separate constraints of this

fam
ily, does not depend on stress. T

he energy does depend, how
ever, on the position of

the articulators before and after the vow
el. A

 given jaw
 opening is easier to achieve

before the isolated [a
] than in the utterance [p

a
p
], w

hich involves tw
o lip closures that

can only be brought about w
ith the help of a closing jaw

. A
ccording to equation (5.4), the
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m
ovem

ent costs m
ore energy as the distance to travel is larger, either because of the extra

duration of the gesture, or because of the higher velocity and acceleration.

*E
N

E
R

G
Y

 (jaw
=

x / [p
a
p
]) >>

 *E
N

E
R

G
Y

 (jaw
=

x / [p
a
]) >>

 *E
N

E
R

G
Y

 (jaw
=

x / [a
])(10.10)

T
he constraint *E

N
E

R
G

Y
 (jaw

=
x / [a

p
]) also belongs betw

een the highest and low
est

constraints in this form
ula, but can be ranked a priori w

ith *E
N

E
R

G
Y

 (jaw
=

x / [p
a
]) only

if w
e can fi

nd a w
ay of locally com

paring [a
p
] and [p

a
] (i.e., seeing them

 as differing in
one respect only), presum

ably by an argum
ent involving tim

e asym
m

etry.
If w

e w
ant to know

 the resulting F
1 , w

e can m
ake a tableau like the previous one.

Instead of w
eakening P

A
R

SE constraints, w
e now

 see strengthening *E
N

E
R

G
Y

 constraints,
but this produces the sam

e kind of shift of these fam
ilies w

ith respect to each other.
A

gain, therefore, the resulting F
1  w

ill be low
er in [p

a
p
] than in the ideal isolated [a

].
T

his can also be seen in fi
gure 10.4c: the zero-energy position of the jaw

 is m
ore closed

than in the isolated “environm
ent”, so the *E

N
E

R
G

Y
 constraint curve m

oves to the left
w

ith respect to figure 10.4a, w
hich results in a low

er w
orking-point.

10.7   D
ependence on duration

A
 fast m

ovem
ent takes m

ore energy than a slow
 m

ovem
ent. A

ccording to equation (5.4),
if a given trajectory in space m

ust be w
alked tw

ice as fast, the double velocity com
bines

w
ith the double acceleration to give a fourfold increased pow

er expenditure. B
ecause the

gesture is finished in half tim
e, this leaves us w

ith a doubled energy cost:

*E
N

E
R

G
Y

 (jaw
 opening =

 x / –long) >>
 *E

N
E

R
G

Y
 (jaw

 opening =
 x / +

long)(10.11)

A
long the lines of the previous sections, this w

ill m
ean that the resulting F

1  is low
er for

short vow
els than for long vow

els. If w
e assum

e that the isolated /a/ w
as long, fi

gure
10.4c show

s the displacem
ent of the *E

N
E

R
G

Y
 curve w

ith respect to the curve of fi
gure

10.4a, w
hich again results in a low

er w
orking-point.

10.8   D
ependence on inventory size

A
bove, w

e considered a front-unrounded vow
el system

 consisting of /a/, /i/, and only
one m

id vow
el w

ith an F
1  of about 500 H

z. N
ow

 im
agine that w

e have tw
o m

id vow
els

instead of one. T
heir F

1  values are likely to be around 400 and 600 H
z. T

he nearest
neighbour to /a/ is now

 the higher m
id vow

el w
ith an F

1  of 600 H
z. T

his m
eans that the

M
A

X
IM

U
M

 curve of figure 10.4a should now
 by centred around 600 H

z. T
his is show

n in
fi

gure 10.4d. T
he 100-H

z change in the form
ant of the nearest neighbour causes the

w
orking point to m

ove up by 70 H
z. T

he w
orking-point does not m

ove by 100 H
z,

because the *E
N

E
R

G
Y

 curve is not horizontal; thus, though the preferred F
1  of /

a/ rises,
the distance to its nearest neighbour decreases by 30 H

z.
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10.9   C
om

parison to other m
odels

B
ecause of its com

prehensive nature, the account of vow
el reduction presented here is in

accordance w
ith alm

ost every theory about it. F
rom

 the presentation above, w
e can

conclude that the shorter an open vow
el is, the low

er its F
1  w

ill be; this is in line w
ith

L
indblom

’s (1963, 1990b) target undershoot m
odel. N

ote that w
hat happens here is not

centralization, but coarticulation: the vow
el triangle gets sm

aller because the low
 vow

els
rise in the direction of their neighbouring consonants; for low

 vow
els, this is the sam

e as
centralization, but there is no articulatory or perceptual gain in centralizing high vow

els
in unstressed or shortened environm

ents. T
his is in accord w

ith the fi
ndings of V

an
B

ergem
 (1995), w

ho show
ed that high vow

els did not centralize in these positions.
B

ut w
e m

ust also conclude that vow
el reduction in unstressed syllables is caused by

tw
o phenom

ena: fi
rst, because of the low

er intensity the contrasts are sm
aller, so that it

becom
es less im

portant to m
aintain them

; secondly, because of their unim
portance,

unstressed syllables w
ill be shorter than stressed syllables, and this w

ill reduce the vow
els

further because of the extra energy that w
ould be needed to bring them

 to their ‘long’
position. A

s usual, a com
prehensive optim

ality-theoretic account proves capable of
reconciling the articulatory and perceptual view

points.
T

w
o other vow

el-reduction ideas should be noted here. V
an S

on (1993) show
ed that

in rapid speech, a professional radio announcer w
as able to com

pensate for the shorter
vow

el durations by raising the velocity of the articulators in such a w
ay that the sam

e
form

ant values w
ere reached as in the slow

-speech setting. W
ell, there are not m

any
situations w

here faitfhulness is ranked higher than in the case of a speaker w
hose living

depends on being clearly understood by a m
illion people at the sam

e tim
e.

T
he other idea is that not the isolated long stressed vow

el, but a short vow
el in an

unstressed environm
ent m

ight be the ‘target’ defi
ned in our lexicon for that vow

el, and
that the clear stressed varieties are actually perceptual and/or articulatory enhancem

ents
over these m

oderately contrastive vow
el targets (K

oopm
ans-van B

einum
 1980). N

ow
, in

the account presented in this chapter, the question is w
hether w

e need ‘targets’ at all:
none of the four situations depicted in figure 10.4 w

as granted the status of a ‘target’, and
the concept is m

eaningless in the context of interacting continuous constraint fam
ilies. It

all depends on your fram
e of reference.

Finally, w
e m

ust note that listeners can com
pensate for the variation that results from

the constraint interactions in various environm
ents. F

or instance, so-called ‘target
undershoot’ can be com

pensated for by a m
echanism

 of ‘perceptual overshoot’
(L

indblom
 &

 Studdert-K
ennedy 1967). For understanding the structure of sound system

s,
the existence of these m

echanism
s helps explain w

hy listeners are so resilient that
speakers m

ay let their faithfulness constraints be dom
inated by so m

any articulatory
constraints that phonology stays such an interesting subject.
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10.10   C
onclusion

T
he argum

ent can be extended for peripheral vow
els other than /a/. P

eripheral front
vow

els are specifi
ed for m

axim
um

 F
2 , given their values of F

1 . A
 high F

2  (w
ith constant

F
1 ) is achieved by a com

bination of w
ide pharynx (so that the tongue body does not have

to be constricted too m
uch), strongly bulging tongue, and strong lip spreading; relaxing

these conditions in any w
ay w

ill low
er the F

2 . P
eripheral back vow

els are specifi
ed for

m
inim

um
 F

2 , w
hich, w

ith constant F
1 , is achieved by strong lip rounding and a back

closure, the location of w
hich depends on F

1 . A
ny m

ore neutral vocal-tract shape w
ould

give a higher F
2 . S

o w
e see that the peripherality of front unrounded and back rounded

vow
els is subject to the sam

e m
echanism

s as the low
ness of /a/.

W
e have thus found form

al functional explanations for the follow
ing w

ell-attested
facts of language:

•
V

ow
els are less peripheral in unstressed than in stressed position.

•
V

ow
els are m

ore peripheral w
hen spoken in isolation than w

hen em
bedded in an

utterance.
•

L
ong vow

els are m
ore peripheral than short vow

els.
•

T
he vow

el triangle is larger for large inventories than for sm
all ones.

•
In a large inventory, vow

els are closer together than in a sm
all inventory.

T
he m

odel can be extended to other cases, m
ost notably the interaction betw

een
*P

R
E

C
IS

IO
N

 and *S
Y

N
C

. L
ike the acquisition of coordination facilitates recurrent use of

com
binations of articulatory gestures, the acquisition of categorization facilitates

recognition of the discrete elem
ents that m

ake up the utterance, and is translated into a
reranking of the *P

R
E

C
IS

IO
N

 and *S
Y

N
C

 constraints by changing the boundaries betw
een

w
hich the articulations are constrained in order to produce a reproducible percept.

A
nother fi

eld w
here the balancing m

odel w
ill lead to an optim

um
 is the interaction

betw
een the inform

ational constraint (m
axim

um
 entropy, §8.6) on the one hand, and

m
inim

ization of effort and categorization on the other.
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11   T
ypology and phonologization: the local-ranking hypothesis

W
e can com

bine (8.22), (8.39), and (8.44) into the follow
ing partial gram

m
ar of

(near-)universal rankings:*R
E

PL
A

C
E

*/p/ →
 cor

*/m
/ →

 cor
*/t/ →

 lab

*/n/ →
 lab

*/n/ →
 palalv

*/m
/ →

 labdent

(11.1)

T
he lines in this fi

gure connect pairs that vary along a single perceptual dim
ension

(place), or that vary m
inim

ally in their environm
ent (plosive/nasal), or that vary

m
inim

ally in their degree of specifi
city. T

hese m
inim

ally different pairs could be locally
ranked according to universal principles of com

m
onness (§8.6), environm

ent-dependent
contrast (§8.9), or the distinction betw

een essentials and side-issues (§8.10).
A

s already touched upon in §5.6, §7.4, and §8.14, the rem
aining pairs in (11.1) cannot

be ranked locally in this w
ay, and w

e w
ill propose that speakers and listeners cannot rank

them
 in this w

ay either. T
his leads to the hypothesis that phonology can rank but not

count, or, m
ore accurately:

L
ocal-ranking principle (L

R
P

):
“U

niversal rankings are possible only w
ithin a single constraint fam

ily, for
the sam

e feature or gesture, for the sam
e sign of the articulatory or

perceptual deviation”, e.g. (5.7), (5.11), (5.12), (5.15), (5.26), (5.33), (6.5),
(8.7), (8.12), (8.18), (8.45), (8.57), (10.2).

(11.2a)
“A

 near-universal ranking is possible only betw
een a pair of constraints

w
hose argum

ents or environm
ents differ m

inim
ally”, e.g., (5.19) (for lip

vs. blade), (8.23), (8.29), (8.32), (8.42), (10.8).
(11.2b)

“C
ross-linguistic variation is expected for other pairs, though tendencies

are expected for rankings based on global m
easures of effort or contrast,

and the strength of the tendency depends on the difference betw
een the

tw
o global m

easures”, e.g. (5.3), (5.19) (for blade vs. velum
), (7.2), (8.3),

(8.38), (8.41).
(11.2c)
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O
f course, the transitivity of the strict-ranking schem

e causes such rankings as *R
E

PL
A

C
E

(bilabial, coronal / plosive) >>
 *R

E
P

L
A

C
E

 (bilabial, labiodental / nasal) to be near-
universal, too.

T
he L

R
P is a special case of L

adefoged’s (1990) statem
ent: “there is no linguistically

useful notion of auditory distinctiveness or articulatory econom
y in absolute term

s”.
Instead of going along w

ith L
adefoged’s pessim

istic view
 of the possibility of doing

anything interesting w
ith these principles in phonology, w

e can be glad that the L
R

P
allow

s the linguist in her quest for universals to restrict herself to local, m
ore m

anageable,
variations, instead of tediously trying to m

easure the ingredients of equations (5.4) and
(7.8).

11.1   F
reedom

 of ranking

B
y itself, nearly every constraint can be ranked very low

 in one language, and very high
in the other.

A
fter the speakers of a language have learned a gesture, the corresponding

*G
E

ST
U

R
E (gesture) constraint is often very low

; for other languages, how
ever, it m

ay
still be undom

inated. F
or instance, a language typically has no apico-palatal closures at

all, or it has a m
ore or less com

plete set like /Ò/, /˜/, /
Î/, and /ˇ/.

T
he sam

e is true of the *C
O

O
R

D
 fam

ilies. C
onsider, for instance, the “anterior”-dorsal

coordination found in oral suction consonants: a language typically has no click
consonants at all, or it has a com

plete set w
ith three, four, or five anterior releases, one or

tw
o dorsal closures, and several m

anners chosen from
 voiceless, voiced, aspirated, nasal,

prenasalized, and glottalized.
T

he sam
e, again, is true of *C

A
T

E
G

 constraints: every language m
akes its ow

n choice
of subdividing the continuous param

eter of vow
el height or the continuous param

eter of
the voice-onset tim

e of plosives.
 T

hus, the height of m
any *G

E
ST

U
R

E, *C
O

O
R

D
, and *C

A
T

E
G

 constraints varies cross-
linguistically from

 m
axim

ally high to m
axim

ally low
. U

niversal notions of “easy” and
“diffi

cult” gestures and coordinations do not play any role in the description of any
particular language. A

t best, these notions could explain statistical tendencies such as the
relatively m

odest rate of occurrence of apico-palatal gestures and velaric ingressive
coordinations w

hen com
pared w

ith, say, apico-alveolar gestures and labial-velar
approxim

ants.
W

e have seen that the possibility of universal ranking w
ithin a fam

ily is subject to the
condition of ceteris paribus (“if everything else stays equal”): w

e can only im
pose an

a-priori ranking on constraint pairs that differ m
inim

ally. T
here is no sim

ple w
ay in

w
hich w

e could predict the universal ranking of the labiality of /m
/ and the coronality of

/t/. T
he local-ranking principle proposes that there is no such universal ranking; this

w
ould m

ean that w
e expect that som

e languages rank the labial parsing constraints as a
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group above the coronal parsing constraints, and others rank the parsing constraints for
plosives as a group above those for nasals:

T
ypological prediction of the local-ranking principle:

“L
anguages can freely rank any pair of constraints that cannot be ranked

by the L
R

P (11.2ab) directly or by transitivity.”
(11.3)

S
tated as bluntly as this, (11.3) is too strong; after all, m

ost people w
ould agree that

com
petitive skating is m

ore diffi
cult than riding a bike slow

ly, and that a horse is m
ore

different from
 a duck than an apple is from

 a pear. T
hus, very large differences of effort

and contrast w
ill still be visible in the typology of languages (11.2c). W

e predict that only
very large differences of effort and contrast w

ill be visible in the ranking of non-
m

inim
ally different pairs of constraints.

S
o it seem

s that w
e need only look at the local (one-feature) variation to predict

universal or near-universal ranking, and that m
any of the m

ore distant constraint pairs
m

ust be ranked in the gram
m

ar of each language. R
estricting ourselves to these relative

term
s dism

isses us of the task of fi
nding global m

easures of effort or distinctivity: if
languages do not care, w

hy should the linguist?

11.2   C
om

binatorial typology

P
rince &

 S
m

olensky’s (1993) view
 of the freedom

 of ranking goes by the nam
e of

factorial typology: if there are four constraints, these can be ranked in 4! (four-factorial)
=

 24 w
ays. T

he local-ranking principle, how
ever, restricts the freedom

 of ranking. If w
e

have tw
o fam

ilies of three constraints, and the constraints w
ithin these fam

ilies can be
ranked according to universal principles, the rankings of each set of three constraints is
fi

xed. T
he num

ber of possible rankings should then be divided by 2!·2! =
 4, leaving six

w
ays in w

hich languages are allow
ed to rank them

. In general, w
ith tw

o fam
ilies of m

 and
n constraints, w

e have 
m

+
n

m
(

)  possible rankings: the num
ber of com

binations of m
elem

ents w
ithin a set of m

 +
 n.

T
he typical w

ay to test the ranking of *R
E

P
L

A
C

E constraints is to split up the fam
ily

by using a hom
ogeneous *G

E
S

T
U

R
E constraint: all faithfulness constraints ranked above

it w
ill be satisfi

ed; those below
 m

ay be violated. R
andom

 variation in the ranking of this
*G

E
S

T
U

R
E constraint determ

ines the num
ber of possible languages. F

or our ranking
(11.1), w

e get 11 possibilities (the hom
ogeneous *G

E
ST

U
R

E is show
n as a dotted line):(11.4)

F
or consonants in onset position, the rightm

ost of this fi
gure usually holds: all place

contrasts surface. F
or consonants in coda position before another consonant, the P

A
R

SE
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constraints are ranked low
er, and place assim

ilation m
ay result. T

he leftm
ost of these

fi
gures depicts the situation in w

hich all coda consonants assim
ilate to any follow

ing
consonant.

11.3   Im
plicational universals

T
he connections in (11.1) allow

 us to state the follow
ing im

plicational universals for the
assim

ilation of place (also put forw
ard by M

ohanan 1993):

•
If plosives assim

ilate, so do nasals (at the sam
e place).

(11.5)
•

If labials assim
ilate, so do coronals (w

ith the sam
e m

anner).
(11.6)

T
he 

fact 
that 

there 
is 

no 
connection 

in 
(11.1) 

betw
een 

*/
m

/ →
 [coronal] and

*/t/ →
 [labial], m

eans that (11.5) and (11.6) are independent from
 each other: there w

ill
be languages w

here nasals assim
ilate, but plosives do not, and there w

ill be languages
w

here coronals assim
ilate, and labials do not, and the inclusion of any language in the

fi
rst group is independent from

 its inclusion in the second group, as w
e proved in §11.2.

T
hus, w

e have the follow
ing corollary:

Independence of im
plicational universals:

“T
he local-ranking principle ensures that tw

o im
plicational universals, if

not transitively related, are independent from
 each other.”

(11.7)

T
he reverse is also true. Independence of the tw

o im
plicational universals (11.5) and

(11.6) gives the diam
ond-shaped part of (11.1), not tw

o independent pairs of constraints.
T

hus, the hypothesis that (11.5) and (11.6) are translatable into the tw
o independent

rankings P
A

R
SEP

L
A

C
E (plosive) >>

 P
A

R
SEP

L
A

C
E (nasal) and P

A
R

SEP
L

A
C

E (labial) >>
P

A
R

SEP
L

A
C

E (coronal), w
ould predict that there are no languages w

here only coronal
nasals assim

ilate, in contrast w
ith the prediction of (11.5) and (11.6).

11.4   C
ase: place assim

ilation of nasal stops

W
e expect that *R

E
P

L
A

C
E

 (coronal, labial / plosive) and *R
E

P
L

A
C

E
 (labial, coronal /

nasal), show
n in (11.1), can be ranked in either w

ay, depending on the language. T
hat this

accurately represents the situation in the languages of the w
orld, w

ill be illustrated w
ith

data on place assim
ilation of nasals in D

utch and C
atalan.

In D
utch, nasal consonants at the end of a w

ord have the tendency to change their
place of articulation to that of an im

m
ediately follow

ing consonant. H
ow

ever, this
tendency is not the sam

e for all three nasal consonants (/n/, /m
/, /N/). T

he velar nasal
/N/ is alw

ays realized as a velar, irrespective of the place of the follow
ing consonant:

/d
IN/ ‘thing’ +

 /p
A
k
´/ ‘take’ →

 /d
IN

p
A
k
´/ ‘take thing’

/d
IN/ ‘thing’ +

 /trEk
´/ ‘pull’ →

 /d
IN

trEk
´/ ‘pull thing’
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/d
IN/ ‘thing’ +

 /k
EIk

´/ ‘w
atch’ →

 /d
IN

k
EIk

´/ ‘w
atch thing’

(11.8)

T
he alveolar nasal /n/ takes on the place of any follow

ing consonant, w
hich can be velar,

uvular, bilabial, labiodental, or palatalized alveolar:

/a
˘n/ ‘on, at’ +

 /p
A
k
´/ ‘take’ →

 /a
˘m

p
A
k
´/ ‘take on’

/a
˘n/ ‘on, at’ +

 /v
A
l´/ ‘fall’ →

 /a
˘M

v
A
l´/ ‘attack’

/a
˘n/ ‘on, at’ +

 /trEk
´/ ‘pull’ →

 /a
˘n

trEk
´/ ‘attract’

/a
˘n/ ‘on, at’ +

 /k
EIk

´/ ‘w
atch’ →

 /a
˘N

k
EIk

´/ ‘look at’
/a

˘n/ ‘on, at’ +
 /{

a
˘d

´/ ‘guess’ →
 /a

˘≤
{
a
˘d

´/ ‘advise’
(11.9)

T
he bilabial nasal /m

/ is alw
ays realized as a labial, but m

ay surface as labiodental
before labiodental consonants:

/U
m

/ ‘about’ +
 /p

o
˘t´/ ‘plant’ →

 /U
m

p
o
˘t´/ ‘transplant’

/U
m

/ ‘about’ +
 /v

A
l´/ ‘fall’ →

 /U
M

v
A
l´/ ‘fall over’

/U
m

/ ‘about’ +
 /trEk

´/ ‘pull’ →
 /U

m
trEk

´/ ‘pull dow
n’

/U
m

/ ‘about’ +
 /k

EIk
´/ ‘w

atch’ →
 /U

m
k
EIk

´/ ‘look round’
/U

m
/ ‘about’ +

 /{
EI´/ ‘drive’ →

 /U
m

{
EI´/ ‘m

ake a detour’
(11.10)

T
his situation could be captured by the follow

ing naive superfi
cial constraint system

(from
 high to low

):

(a)
P

A
R

SE (dorsal), P
A

R
SE (labial), P

A
R

SE (nasal)
(b)

N
C

-H
O

M
O

R
G

A
N

IC: “A
 sequence of nasal plus consonant is hom

organic”
(c)

P
A

R
SE (bilabial)

(d)
P

A
R

SE (coronal)
(11.11)

F
or instance, w

e see that the sequence /m
 +

 k/ m
ust surface as [m

k
], because that only

violates constraint (b), w
hereas [N

k
] w

ould violate the higher-ranked constraint (a):

/m
+
k/

P
A

R
SE (labial)

N
C

-H
O

M
O

R
G

A
N

IC
P

A
R

SE (bilabial)

!
   m

k
*

N
k

*!
*

n
k

*!
*

M
k

*
*!

(11.12)
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O
n the other hand, /m

 +
 f/ m

ust surface as [M
f], as the highest violated constraint in this

case is (d), w
hereas [M

f] w
ould violate constraint (b) 18:

/m
+
f/

P
A

R
SE (labial)

N
C

-H
O

M
O

R
G

A
N

IC
P

A
R

SE (bilabial)

M
f

*!

!
   M

f
*

(11.13)

11.5   O
ptionality

L
anguage variation can sim

ply be view
ed as a variation in the ranking of constraints. For

instance, for those speakers w
hose /m

/ is alw
ays bilabial, constraint (c) ranks higher than

constraint (b). B
ut reranking is possible w

ithin a single gram
m

ar, too. N
ative speakers of

D
utch often object to the reality of the constraint hierarchy that I show

ed above for the
place assim

ilation of nasal consonants. B
eside the fact that m

any people m
aintain that

they alw
ays pronounce /m

/ as a bilabial (and som
e of them

 actually do), people express
considerable disbelief about the w

hole theory because “all those assim
ilation rules are

optional”; they state that if they w
ant to speak clearly, there need not be any place

assim
ilation at all. Som

e opponents restrict their objections to the assim
ilation of /m

/.
T

hey are right of course. If your utterance is not understood at the fi
rst try, the

im
portance of perceptual contrast rises w

ith respect to the im
portance of articulatory

effort, and you m
ay repeat your utterance w

ith few
er assim

ilations and m
ore “parsed”

features. In term
s of constraint ordering, this m

eans that perceptual constraints rise w
ith

respect to articulatory constraints. F
rom

 the D
utch data, for instance, it seem

s w
arranted

to state that “hom
organic nasal plus consonant” first falls prey to “parse bilabial” (people

start out saying [ç
m

v
A
l´

] for /
ç

m
 +

 v
A

l´/), and that “parse coronal” only w
ins in

situations w
here separate syllables are “spelled out” ([In

v
A
l´

] instead of [IM
v
A
l´

] for /In
+

 v
A
l´/). T

his stylistic variation is the reason w
hy w

e can rank “P
A

R
SE bilabial” above

“P
A

R
SE coronal”, although the tw

o can never be in confl
ict. T

he strength of the
objections to the assim

ilation of /m
/, expressed by som

e people, can now
 be seen, not as

an overreaction to a m
ild constraint reranking, but as a defence against the shattering of

the illusion of the discrete inviolability of the “P
A

R
SE bilabial” constraint.

O
n the other hand, w

e could also im
agine that there are situations (highly predictable

w
ords; singing w

ithout the need to be understood) w
here articulatory constraints m

ay rise
w

ith respect to perceptual constraints. In our exam
ple, w

e could expect that the first thing

18 B
ecause of the hybrid form

ulation, w
hich bypasses the O

C
P

 for P
A

R
S

E
 constraints, /m

/ →
 [labial] is

not violated. See §12.
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to happen is that the velar nasal assim
ilates to a follow

ing uvular consonant (onraad vs.
vangrail).

11.6   P
roblem

s w
ith surface constraints

M
ost languages do not exhibit the com

bination of assim
ilation of /n/ and faithful parsing

of /
m

/. B
ut C

atalan (R
ecasens 1991) and D

utch do. Instead of a cross-linguistically
optional assim

ilation rule, w
e have a structural constraint, w

hose ranking determ
ines

w
hether w

e see the phenom
enon: in D

utch and C
atalan, it is ranked higher than in the

non-assim
ilating languages (L

im
burgian), but low

er than in the fully assim
ilating

languages, like M
alayalam

 (M
ohanan 1986). C

ross-linguistic optionality is thus
autom

atically caused by the ranking of the constraints, and not an isolated coincidence.
A

 problem
 arises w

hen w
e extend our exam

ple to clusters of plosive plus consonant.
In D

utch, these clusters are not subject to the sam
e assim

ilations as clusters of nasal plus
consonant. F

or instance, though /
n +

 x/ com
bines to /

N
x

/, not /n
x/, its counterpart

/t +
 x

/ is rendered as /tx/, not /
k

x
/. T

he only assim
ilation I can think of is the

assim
ilation of an alveolar plosive to a follow

ing palatalized coronal consonant, but it is
hard to find even one exam

ple.
W

e could encom
pass all stops (nasals and plosives) in a single superficial gram

m
ar:

(a)
P

A
R

SE (dorsal), P
A

R
SE (labial), P

A
R

SE (nasal)
(b)

N
C

-H
O

M
O

R
G

A
N

IC

(c)
P

A
R

SE (bilabial)
(d)

P
A

R
SE (coronal)

(e)
“A

 sequence of plosive and consonant is hom
organic”

(f)
P

A
R

SE (alveolar)
(11.14)

In term
s of functional principles, this is clearly w

rong. N
C

-H
O

M
O

R
G

A
N

IC
 is an ad-hoc

constraint, the result of a confusion of articulatory and perceptual constraints (§9.2); as
such, it is found in the generative literature. F

or instance, L
om

bardi (1995) states: “in a
language like D

iola the constraint causing nasals to assim
ilate is high ranked, but

w
hatever could cause other consonants to assim

ilate is low
 ranked”. W

hat the w
hatever

is, m
akes a large difference in explanation. M

aking the w
rong choice here w

ill eventually
have repercussions throughout our theory of gram

m
ar.

T
he articulatory gain of the hom

organicity of plosive plus consonant m
ust actually be

equal to the gain of the hom
organicity of nasal plus consonant, since it involves exactly

the sam
e articulatory phenom

ena: spreading of a place feature, and deletion of another. It
is not the articulatory constraints, but the faithfulness constraints that are ranked
differently. S

o, P
A

R
SE (coronal) is m

ore im
portant for plosives than for nasals, because

its violation spans a larger contrast for plosives than for nasals. T
herefore, the correct
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ranking is som
ething like (assum

ing equal articulatory effort for the various oral closing
gestures):

(a)
/N

, k/ →
 [dorsal], /m

, p/ →
 [labial], /t/ →

 [coronal]
(b)

/p/ →
 [bilabial]

(c)
*G

E
ST

U
R

E (tongue tip), *G
E

ST
U

R
E (upper lip), *G

E
ST

U
R

E (back of tongue)
(d)

/m
/ →

 [bilabial], /
t/ →

 [alveolar]
(e)

/n/ →
 [coronal], /n/ →

 [alveolar]
(11.15)

T
his ranking is not only in accordance w

ith the data (it shares that w
ith (11.14)), but it is

also in agreem
ent w

ith the ranking (11.1), w
hich w

as derived from
 functional principles.

11.7   T
ypology of place assim

ilation of nasals

T
he constraint ranking found in (11.15) contains som

e universal rankings, show
n in this

figure, w
hich abstracts aw

ay from
 the second argum

ent of *R
E

PL
A

C
E:

P
A

R
SE

/p/ →
 lab

/m
/ →

 lab
/t/ →

 cor

/n/ →
 cor

(11.16)

T
he solid lines in this fi

gure refl
ect the universal ranking of place-parsing constraints for

plosives above those for nasals, and the alm
ost universal ranking of the parsing of labial

features above coronal features. D
epending on the ranking of the *G

E
ST

U
R

E constraints,
this predicts the follow

ing possible place-assim
ilation system

s:

•
N

othing assim
ilates (L

im
burgian).

•
O

nly coronal nasals assim
ilate (D

utch).
•

A
ll coronals assim

ilate, but labials do not (E
nglish).

•
A

ll nasals assim
ilate, but plosives do not (M

alayalam
).

•
A

ll nasals and all coronals assim
ilate (language?).

•
E

verything assim
ilates.

(11.17)

T
hese are exactly the six that can be expected w

ith a “com
binatorial typology”. In those

exceptional languages w
here the dorsal articulator is as com

m
only used for stops as the

coronal articulator, w
e m

ay fi
nd that P

A
R

SE (labial) >>
 P

A
R

S
E (dorsal) also holds: in

T
agalog, for instance, /N/ w

ill often assim
ilate (though not as often as /n/), and /m

/ w
ill
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not (S
chachter &

 O
tanes 1972); this seem

s to be a counterexam
ple to Jun’s (1995)

cautious suggestion that “if velars are targets of place assim
ilation, so are labials”. N

ote
that w

ith the separate rankings P
A

R
S

E (lab) >>
 P

A
R

SE (cor) and P
A

R
S

E (place / plosive)
>>

 P
A

R
S

E (place / nasal), as proposed by Jun (1995), the D
utch data cannot be explained

(§11.3). T
herefore, the dependence of contrast on the environm

ent should generally be
included in the environm

ent clause of the constraint, and not be directly expressed as a
constraint ranking, as Jun does. In other w

ords, infl
uences of the environm

ent are
additive, and not subject to strict ranking: they add to the ranking of the faithfulness
constraint. Im

plicational universals respect this addivity.
F

or the fi
ner place structure of nasals, w

e have the follow
ing universal ranking,

sim
plified from

 (11.1):

P
A

R
S

E

/m
/ →

 lab

/m
/ →

 bilab
/n/ →

 cor
(11.18)

A
gain, the tw

o subordinate specifi
cations are not neighbours, and can be ranked freely.

T
his gives the follow

ing typology for assim
ilation of nasals to a follow

ing labiodental
consonant:

•
N

othing assim
ilates.

•
O

nly /m
/ assim

ilates: C
entral C

atalan (R
ecasens 1991: 252, 256).

•
O

nly /n/ assim
ilates: m

any speakers of D
utch.

•
B

oth /m
/ and /n/ assim

ilate: M
allorca C

atalan and the other speakers of D
utch.

•
E

verything assim
ilates.

(11.19)

T
hus, w

e see that the only freely rankable pair of constraints (/
m

/ →
 [bilab] and

/n/ →
 [cor]) can be show

n to be actually ranked differently in a variety of C
atalan and a

variety of D
utch.

11.8   P
erceptual versus acoustic faithfulness

A
s w

e w
ill see in alm

ost every exam
ple, the ranking of P

A
R

SE is usually determ
ined by

its environm
ent. F

or the assim
ilation exam

ple /a
tp

a/ →
 [[a

p
|_

˘p
a
]], there are tw

o
possibilities:

1.
It violates P

A
R

SE (coronal / _C
) or, in a loose declarative w

ay, /t/ →
 coronal / _C

.
T

his is the approach found in the present w
ork.
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2.
It violates P

A
R

SE (t|) or *R
E

PL
A

C
E (t|, p

|). T
he fi

rst of these is analogous to Jun’s
(1995) account of place assim

ilation. T
here is an obvious problem

 in the autonom
ous

ranking of separate place cues: because of the strict-ranking principle of O
T

, the cues
do not additively contribute to the perception of place. I cannot tell w

hether this is
Jun’s intention; the use of a environm

ent-conditioned constraint translatable as
P

A
R

SE (place / onset) suggests that it is not.

T
he choice betw

een the tw
o approaches m

ay be helped w
ith the follow

ing argum
ent:

faithfulness is, in the end, a relation betw
een specifi

cation and perception, not betw
een

specifi
cation and acoustics. T

herefore, the effects of categorization should be taken into
account. N

ow
, if w

e accept that [coronal] is a perceptual category, and [t|] is only an
acoustic cue (see §12.3), and if w

e believe that strict ranking is the w
ay that our gram

m
ar

w
orks, w

e m
ust conclude that the gram

m
ar contains strictly rankable faithfulness

constraints for [coronal], and that there is no evidence for such constraints for [t|]. If w
e

exclude constraints like P
A

R
SE (t|) from

 the gram
m

ar, the possibility of additive
contribution of acoustic cues to perceptual categorization is preserved (analogously to the
aspects 

of 
*E

N
E

R
G

Y
, 

see 
§5.1). 

W
e 

already 
saw

 
(in 

§11.4) 
that 

additivity 
of

environm
ental inform

ation, w
hich has a lot in com

m
on w

ith additivity of acoustic cues, is
needed to explain the data of D

utch place assim
ilation.

T
hus, 

w
e 

opt 
for 

P
A

R
SE constraints for perceptual features, provided w

ith
environm

ent clauses. T
he interpretation of the environm

ent “C
” that occurs in

P
A

R
SE (coronal / _C

), is that it refers to a consonant present in the output, not in the
input, because the ranking of the faithfulness constraints should refl

ect the perceptual
contrast betw

een the output results [[a
t|_

˘p
a
]] and [[a

p
|_

˘p
a
]]. T

he relevant constraint is
not *R

E
PL

A
C

E (t|, p
|), but *R

E
PL

A
C

E (coronal, labial / C
).

11.9   C
onstraint generalization

D
epending on the relative heights of /m

/ →
 [lab] and /

t/ →
 [cor] and the hom

ogeneous
*G

E
S

T
U

R
E constraint, there m

ust be languages w
here (11.16) can be sim

plified as P
A

R
SE

(lab) >>
 P

A
R

S
E (cor) (E

nglish) or as P
A

R
SE (place / plosive) >>

 P
A

R
S

E (place / nasal)
(M

alayalam
). T

his is a trivial case of generalization, em
pirically void because no

difference can be detected w
ith the full constraint system

 (11.16); it just m
eans that there

are no constraints in betw
een the tw

o, so that they appear as hom
ogeneous. O

nly if the
E

nglish and M
alayalam

-type languages occur m
uch m

ore often than the D
utch-type

languages, could w
e conclude that languages like to use generalized constraints.

A
nother trivial case of generalization is the follow

ing. T
he near-universal hierarchy

P
A

R
S

E (place / onset) >>
 P

A
R

S
E (place / coda) (w

hich, accidentally, w
e need in order to

derive the direction of place assim
ilation in §11.4), can be replaced w

ith the ranking
P

A
R

S
E (place / onset) >>

 P
A

R
S

E (place) w
ithout any em

pirical consequences, though the
num

ber of violation m
arks can be higher in the second case (if an onset place
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specifi
cation fails to surface). N

ote that w
e do not have to stipulate an E

lsew
here

principle to m
ake this w

ork. W
ith this strategy, only P

A
R

SE (place / onset) and P
A

R
SE

(place) need ever occur in gram
m

ars, and the constraint P
A

R
SE (place / coda) could be

called ungrounded in the sense of A
rchangeli &

 P
ulleyblank (1994). H

ere, the constraint
P

A
R

S
E (place / coda) can be considered superfl

uous because one of its sim
plifi

cations
w

ould do as w
ell.

A
s an exam

ple, w
e w

ill now
 see how

 the articulatory problem
s of the voicing contrast

in plosives can be generalized in the gram
m

ar. B
ecause the am

ount of air that can expand
above the glottis depends on the place of constriction, and som

e air expansion is
necessary to keep the vocal folds vibrating for som

e tim
e, a /g/ is m

ore difficult to voice
than a /d/ or a /b/ (O

hala 1976; see also B
oersm

a 1989, 1990, fc. c, fc. d, to appear). For
voiceless plosives, the situation is the reverse of this. T

hus, w
e get the follow

ing global
hierarchy of articulatory effort (a “phonetic diffi

culty m
ap” in the w

ords of H
ayes 1996)

for voicing contrast in plosives:

*G
E

ST
U

R
E (+

voi / plosive)
*G

E
ST

U
R

E (–voi / plosive)

*
p*
b

*
d*
t

*
g

*
k

A
rabic

(11.20)

T
he lines in this fi

gure connect universal rankings of voicing diffi
culty. N

ote that there
are no lines connecting *

p and *b
, because languages, according to the L

R
P, cannot rank

the effort of the tw
o different gestures (say, pharynx w

idening and vocal-fold abduction)
in a universal m

anner. N
evertheless, from

 the fact that m
ore languages have a gap in their

plosive system
 at /

g/ than at /k/, and m
ore languages have a gap at /p/ than at /b/, w

e
m

ay conclude that the phonetic diffi
culties are close to those portrayed in the fi

gure. W
e

can see, then, that A
rabic actually respects the global hierarchy: it lacks /p/ and /g/ (and

/G
/), as show

n in the fi
gure w

ith a dotted line, w
hich represents a hom

ogeneous P
A

R
SE

(±voi) constraint. In general, how
ever, languages are free to rank the tw

o fam
ilies, so w

e
expect to find lots of the follow

ing rankings:
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*G
E

ST
U

R
E (+

voi / plosive)

*G
E

ST
U

R
E (–voi / plosive)

*
p

*
b

*
d*
t

*
g*
k

*G
E

ST
U

R
E (–voi / plosive)

*G
E

ST
U

R
E (+

voi / plosive)

*
p

*
b

*
d *
t

*
g

*
k

(11.21)

If the global m
ap of (11.20) is correct, w

e expect to fi
nd a larger num

ber of languages of
the type pictured on the left of (11.21), than of the type on the right, i.e., w

e w
ill fi

nd
m

ore languages w
ith only voiceless stops than w

ith only voiced stops: a tendency
expected by the principle of (11.2c).

B
ut there is a difference w

ith the P
A

R
SE hierarchy seen before. O

nce that a gesture
has been learned, its *G

E
ST

U
R

E constraint falls to a low
 position in the overall constraint

hiererchy. B
ecause voicedness and voicelessness are im

plem
ented by very different

gestures, the separations depicted in (11.21) are expected to be m
uch m

ore com
m

on than
a gram

m
ar that allow

s a plosive inventory restricted to [b
], [t], and [k

]; this is different
from

 faithfulness, because, say, learning of the perceptual feature value [+
voice]

autom
atically involves learning of the perceptual feature value [–voice].

11.10   P
honologization

T
he procedure of the previous section can be extended from

 single gestures to
coordination. T

he phonetic hierarchy (11.20) w
ould look differently for plosives in initial

position (less easily voiced than elsew
here), gem

inate plosives (hard to voice),
intervocalic plosives (easy to voice), and post-nasal plosives (hard to devoice). H

ayes
(1996) gives a tentative m

easure for the effort associated w
ith all 24 cases, based on

W
estbury &

 K
eating’s (1986) aerodynam

ic vocal tract m
odel, w

hich predicts the
possibilities of voicing on the basis of transglottal pressure. T

hough H
ayes uses a global

effort m
easure, w

e should respect the fact that voicing and devoicing strategies use
different gestures, so H

ayes’ num
bers can be pictured as follow

s, if w
e take into account

the local-ranking principle:



113       P
aul B

oersm
a

*G
E

ST
U

R
E (+

voice / plosive (4 environm
ents))

*G
E

ST
U

R
E (–voice / plosive (4 environm

ents))

*
a
m

p
a

*
a
N
k
a

*
a
n
ta

*
a
ta

*
a
p
a

*
a
k
a

*
k
a

*
ta

*
p
a

*
a
tta

*
a
k
k
a

*
a
g
g
a

*
a
p
p
a

*
a
b
b
a

*
a
d
d
a

*
a
g
a

*
g
a

*
b
a

*
d
a

*
a
b
a

*
a
d
a

*
a
N
g
a

*
a
m

b
a

*
a
n
d
a

(11.22)

(In H
ayes’ table, [p

a
] and [a

b
a
] tie, and the seven utterances at the bottom

 have zero
effort.) W

ith the algorithm
 of random

 reranking, subject to the local-ranking principle
(w

hich fi
xes the rankings that are expressed w

ith lines in (11.22)), several universals
follow

 autom
atically:

•
T

here are languages w
ith voiceless plosives in every position except post-nasally (see

Pater 1996).
•

T
here are languages w

hich only allow
 voiceless gem

inates (Japanese).
•

If voiced plosives are allow
ed initially, they are also allow

ed intervocalically and
postnasally (if plosives are allow

ed there at all, of course).
•

If voiced coronals are allow
ed, so are voiced labials (in the sam

e position, and if labials
are allow

ed at all).
•

E
t cetera.

B
esides these near-universals, several tendencies can be predicted from

 the global height
of the constraints in the phonetic m

ap (11.22):

•
T

he average *
b is ranked low

er than the average *p
, so gaps at /p/ are m

ore com
m

on
than gaps at /b/.

•
T

he average *
g is ranked higher than the average *

k
, so gaps at /g/ are m

ore com
m

on
than gaps at /k/.
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•
T

he average *
aN

C
8a is ranked higher than the average *

aC
§˘a, so voiced gem

inates are
m

ore com
m

on in languages w
ith gem

inates than post-nasal voiceless plosives in
languages w

ith post-nasal plosives.
•

E
t cetera.

T
he local-ranking principle m

ay lead to a phonological constraint ranking that is very
different from

 the global phonetic ranking in (11.21).
D

utch, for instance, allow
s /a

N
k
a/ and not /a

N
g
a/, although the m

ap show
s that the

latter m
ust be m

uch less diffi
cult (and D

utch has som
e voiced plosives). T

his is possible
because the local-ranking principle allow

s the right half of the m
ap to be turned

counterclockw
ise by alm

ost 90 degrees, w
ithout disturbing the fixed rankings, so that the

quartet *
a
g
g
a >>

 *
g

a >>
 *

a
g

a >>
 *

a
N

g
a m

ay dom
inate all other voiced-plosive

constraints. T
hese fixed rankings do predict that if a language does not allow

 /a
N
g
a/ (but

does allow
 post-nasal stops), it also disallow

s the near-universally w
orse /a

g
a/, /g

a/, and
/a

g
˘a/. For D

utch, this prediction is borne out: the language sim
ply lacks a /g/ phonem

e.
T

hus, ranking (11.22) allow
s the generalization of four constraints to the sim

ple *
g.

T
he perfect m

irror im
age of the D

utch exam
ple is found in A

rabic and w
as dubbed

“very striking” by H
ayes (1996: 10). A

rabic has the voiced gem
inate [b

˘] but not the
voiceless gem

inate [p
˘], though the phonetic m

ap show
s that *

a
b
b
a is ranked m

uch
higher than *

a
p
p
a in a global effort space. N

ow
, the left-hand side of the m

ap (11.21)
m

ay be turned clockw
ise by alm

ost 90 degrees, so that the quartet *
a
m

p
a >>

 *
a
p
a >>

*
p
a >>

 *
a
p
p
a m

ay dom
inate all other voiceless-plosive constraints. T

hese fixed rankings
do predict that if a language does not allow

 /
a
p
˘a/ (but does allow

 gem
inates), it also

disallow
s the near-universally w

orse /p
a/

, /
a
p

a/, and /
a
m

p
a/. F

or A
rabic, this

prediction is borne out: the language sim
ply lacks a /p/ phonem

e. T
hus, ranking (11.22)

allow
s the generalization of four constraints to the sim

ple *[–voi / labial plosive].
A

 w
ord m

ust, then, be said about H
ayes’ solution for this phenom

enon. T
o assess the

“effectiveness” of the generalized constraint *
p, he com

putes its average ranking num
ber

as the average of the ranking num
bers of *

a
p
p
a (8), *p

a (9.5), *
a
p
a (19), and *

a
m

p
a

(24) 19, as counted from
 the bottom

 in (11.22); the result is 15.1. T
he effectiveness of the

generalized *
b

 is 11.1, w
hich is the average of the ranking num

bers of *
a
b
b
a (18), *b

a

(13), *
a
b
a (9.5), and *

a
m

b
a (4). N

ow
, H

ayes’ criterion of inductive (i.e., learnable)
grounding identifies *

p as grounded because its effectiveness is greater than that of all its
sim

pler or equally sim
ple “neighbours” *

b, *
t, *

k
, *[lab] and *[–voice]. In the sam

e w
ay,

*
b is not grounded because all of its neighbours *p

, *
d, *g

, *[lab] and *[+
voice] are m

ore
effective (a single one w

ould have been enough to m
ake it ungrounded). H

ayes proposes
that only grounded constraints m

ake their w
ay into the gram

m
ar.

T
here are several problem

s w
ith H

ayes’ approach. F
irst, it w

ould m
ean that *[cor]

and *[dors], w
hich w

e can identify as *G
E

ST
U

R
E (blade) and *G

E
S

T
U

R
E (body), do not

19 T
his is an equivalent reform

ulation of H
ayes’ very different-looking algorithm

.
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occur in the gram
m

ar because the m
ore effective constraint *[lab] is a neighbour, an

obviously undesirable result in the light of our exam
ple of place assim

ilation. A
nother

serious problem
 w

ith inductive grounding is that it is a procedure based on a global effort
m

ap, and, as such, only capable of deriving tendencies, not universals. F
or instance, the

average ranking of the voicedness constraints in (11.21) is som
ew

hat higher (12.7) than
that of the voicelessness constraints (12.3), predicting that there are languages w

ith
exclusively voiceless plosives, and no languages w

ith exclusively voiced plosives.
T

hough this is a strong tendency w
ith as few

 exceptions (M
addieson 1984: A

law
a and

B
andjalang) as the “near-universal” hierarchies *

d
 

>>
 *

b
 (P

roto-Indo-E
uropean;

M
addieson 1984: M

ixe, C
ashinahua) and *

g
 >>

 *
d

 (M
addieson 1984: A

com
a), the

question is w
hether languages w

ith a single series of plosives bother at all about m
aking

them
 voiceless or voiced; rather, they are likely not to show

 active devoicing at all,
giving, on the average, a “lax voiceless” stop w

hich does not violate any glottal
*G

E
S

T
U

R
E constraint. T

he surprise of W
estbury &

 K
eating (1986) at fi

nding that m
ost

languages w
ith a single stop series have voiceless stops even in intervocalic position,

w
hereas their m

odel predicted that these should be m
ore easily voiced than voiceless,

m
ay be due to an oversim

plifi
cation in their m

odel: even if the transglottal pressure is
suffi

ciently high to allow
 voicing, a supraglottal closure should be accom

panied by an
active laryngeal closing gesture in order to w

ithstand the voicing-adverse passive vocal-
fold abduction caused by the rising intraglottal pressure, as seen in the com

prehensive
vocal-tract m

odel of B
oersm

a (1993, 1995, to appear). A
s an exam

ple (w
ith unrealistic

fi
gures), consider the passive and active contributions to glottal w

idening in fi
ve

obstruents (PC
A

 =
 posterior cricoarytenoid, IA

 =
 interarytenoid) 20:

sound
supra

laryngeal
closure

passive
w

idening
active

w
idening

m
uscle

total
w

idening
acoustic

result

p
H

closed
3 m

m
3 m

m
PC

A
6 m

m
aspirated

f
critical

2 m
m

2 m
m

PC
A

4 m
m

voiceless
p

closed
3 m

m
1 m

m
PC

A
4 m

m
voiceless

b
closed

3 m
m

–3 m
m

IA
0

voiced
/

open
0 m

m
–2 m

m
IA

–2 m
m

voiceless(11.23)

In the colum
n “total w

idening”, w
e see the glottal strictures in the order of L

adefoged
(1973). G

andour (1974), how
ever, notes that the natural classes of initial obstruents in 13

tone-split rules in the histories of various T
ai languages point to an order of [p

H, f, p
, b,

/
]. T

hese tone splits are collected in the follow
ing table, w

here the natural classes are
show

n as rectangles:

20 T
his sim

ple exam
ple ignores supralaryngeal voicing gestures and the m

uscle-spindle refl
ex, w

hich m
ay

bring the vocal folds together again after 20 m
s of passive w

idening.
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p
H

/ p fb

7×
1×

1×
1×

3×
p
H

/ p fb

(11.24)

G
andour’s solution to the disparity betw

een L
adefoged’s order and the T

ai data involves
a hierarchical ordering betw

een the binary perceptual feature [±vibrating] and the m
ulti-

valued articulatory feature [glottal w
idth]. N

ote, how
ever, that sorting the fi

ve obstruents
by their degree of active w

idening in (11.23) w
ould also give the order [p

H, f, p
, b

, /
]. If

there is som
e realism

 in m
y picture of passive glottal w

idening, this explains W
estbury &

K
eating’s surprise as w

ell as the highly skew
ed distribution of hom

ogeneously voiceless
versus hom

ogeneously voiced plosive system
s: an active w

idening of 0 m
m

, as m
ay be

appropriate in a system
 w

ithout any voicing contrasts, leads to a total w
idth of 3 m

m
 for

plosives, as can be seen in (11.23), and these m
ay be considered “lenis voiceless”. T

hus,
this skew

ed distribution cannot be taken as evidence of a universally ungrounded *[–
voice] in system

s that have to m
aintain a faithful voicing contrast in obstruents.

T
he conclusion m

ust be that inductive grounding does not redeem
 H

ayes’ prom
ise

(1996: 5) that “w
e seek to go beyond m

ere explanation to achieve actual description”.
R

ather, a m
uch sim

pler strategy based on local ranking, w
hich does not need a global

effort m
ap, correctly generalizes phonetic principles to phonological constraints. Just turn

the sym
m

etric diam
ond ◊

 by alm
ost 45 degrees in either direction.

A
s an exam

ple, consider a language w
hich lacks /p/, /g/ (except post-nasally), and

post-nasal voiceless plosives. S
uch a language should be able to exist according to the

fi
xed rankings in (11.22). W

ithout changing the ranking topology of this m
ap, w

e can
transform

 (11.22) into:
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*
a
m

p
a

*
a
N
k
a

*
a
n
ta

*
a
ta

*
a
p
a

*
a
k
a

*
k
a

*
ta

*
p
a

*
a
tta*

a
k
k
a

*
a
g
g
a

*
a
p
p
a

*
a
b
b
a

*
a
d
d
a

*
a
g
a

*
g
a

*
b
a *
d
a

*
a
b
a

*
a
d
a

*
a
N
g
a

*
a
m

b
a

*
a
n
d
a

P
A

R
SE

*G
E

ST
U

R
E (±voice)

(11.25)

T
his can be sim

plified as

*N
C

8
*
p

*
a
g
g
a

*
a
g
a

*
g
a

*
a
N
g
a

P
A

R
SE (±voice)

*[obs –voi]
*[obs +

voi]
(11.26)

T
hus, a sim

plifi
cation like (11.26) is allow

ed by the local-ranking principle. C
ross-

linguistically, languages seem
 to prefer these sim

plifi
cations over draw

ing a dotted
P

A
R

S
E (±voice) line through the m

iddle of (11.22). T
his effect cannot be explained by an

asym
m

etry in the learning of voicing versus devoicing gestures, since the language of
(11.25) obviously uses both of these gestures to a large extent. R

ather, its success lies in
the sim

plifi
cation itself: (11.26) needs few

er constraints than the average language that
can be derived from

 (11.22) by restricted random
 reranking.

T
he rem

aining com
plexity w

ith /
g/ in (11.26) can be resolved by noting that if the

language had a hom
ogeneous *

g
 constraint, there w

ould be no w
ay to parse a dorsal

nasal-plosive sequence, as *
[a

N
k
a
] is ruled out by *N

C
8. T

herefore, a strong P
A

R
SE

(plosive) constraint m
ay force the surfacing of [a

N
g
a
]. T

he follow
ing constraint system

can handle this:

*[–voi / lab plos ]

P
A

R
SE (±voice)

*[–voi / plos]
*[+

voi / plos]

*[+
voi / dor plos]

*[–voi / plos / nas_ ]

P
A

R
SE (plosive)

(11.27)
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N
ote that if P

A
R

S
E (plosive) is ranked at the top, *[–voi / plos / nas_ ] m

ust dom
inate

*[+
voi / dor plos]; w

ith the reverse ranking, underlying dorsal nasal-plosive sequences
w

ould show
 up as [a

N
k
a
] instead of [a

N
g
a
]: a m

inim
al difference.

F
rom

 the 24 articulatory constraints that w
e started w

ith, only fi
ve rem

ain, even in
this relatively com

plex language. T
he reform

ulation of the *G
E

ST
U

R
E constraints in

(11.27) is explained below
.

11.11   H
om

ogeneous *G
E

ST
U

R
E or hom

ogeneous P
A

R
SE constraints?

T
he reader m

ay have noticed that in §11.2 to §11.7, a hom
ogeneous *G

E
ST

U
R

E constraint
w

as used to divide up interestingly ranked P
A

R
SE fam

ilies, w
hereas in §11.10 a

hom
ogeneous P

A
R

SE constraint w
as used to divide up interestingly ranked *G

E
ST

U
R

E

fam
ilies. C

learly, w
e cannot have both at the sam

e tim
e. In this section, I w

ill solve this
m

ystery and show
 that a phonetic m

ap like (11.22) and a language like (11.25) can also
be described w

ith hom
ogeneous *G

E
ST

U
R

E constraints and varying P
A

R
SE constraints.

F
irst, w

e can note that the articulatory constraints in (11.27) are explicitly show
n in

an “im
plem

entational” form
ulation: *[–voi / lab plos] >>

 *[–voi / cor plos] m
eans that it

is m
ore diffi

cult to m
ake a labial plosive voiceless than to m

ake a coronal plosive
voiceless. O

f course, this ranking can only be fixed if these form
ulations refer to the sam

e
degree of perceptual voicing for the labial and coronal cases. T

hus, m
ore effort is

required for the im
plem

entation of the [a
b
a
] - [a

p
a
] contrast than for the [a

d
a
] - [a

ta
]

contrast, given that the perceptual contrasts are the sam
e in both cases. N

ow
, equal

contrasts m
ean equal P

A
R

SE constraints (§8), so use of a hom
ogeneous P

A
R

SE (±voice)
constraint for all places is legitim

ate.
W

hile the P
A

R
SE (voice) constraints are equally high for the various places, the

*G
E

ST
U

R
E constraints are not. T

he im
plem

entationally form
ulated constraint *[–voi / lab

plos] is really som
ething like *G

E
ST

U
R

E (glottis w
idth: 3 m

m
), and *[–voi / cor plos] is

som
ething like *G

E
ST

U
R

E (glottis w
idth: 2 m

m
), w

hich is universally ranked low
er, if the

gesture is considered m
ade from

 a state of phonation-friendly vocal-fold adduction.
T

he voicing theory described above is perception-oriented. W
e can also devise an

articulation-oriented theory, nam
ely, one that says that only particular gestures are

learned. F
or instance, if w

e learn to use the gesture “glottis w
idth: 2m

m
” for the

im
plem

entation of voiceless plosives, a /
p

/ w
ill surface as less voiceless than a /t/.

L
ikew

ise, w
ith equal voicing gestures (pharynx expansion or so), a /

g/ w
ill com

e out as
less voiced than /

k/. T
hus, P

A
R

SE (±voice) w
ill be ranked less high for labials than for

coronals, and P
A

R
SE (±voice) w

ill be ranked less high for dorsals than for coronals. F
or

post-nasal position, P
A

R
SE (±voice) w

ill be ranked very low
 because post-nasal plosives

w
ith a 2m

m
 glottis-w

idth gesture w
ill be voiced in such an environm

ent, so that the
perceptual contrast w

ith the result of the expanded-pharynx gesture is very sm
all. A

w
orking constraint hierarchy is:
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*G
E

ST
U

R
E (expanded pharynx)

P
A

R
SE (±voice / plos)

*G
E

ST
U

R
E (glottis: w

ide) P
A

R
SE (plosive)

P
A

R
SE (±voice / cor plos / #_ )

P
A

R
SE (±voice / long cor plos)

P
A

R
SE (±voice / cor plos / V

_ )

(11.28)

T
his yields a language slightly different from

 (11.27): for labial and dorsal plosives and
for post-nasal plosives, no voicing contrast exists, and neither of the gestures w

ill be used
for them

. T
he autom

atic results m
ay be som

ething like [a
b
a
], [b

8a
], [a

p
˘a

], [a
g
*a
], [k

a
],

[a
k
˘a

], [a
m

b
a
], [a

n
d
a
], and [a

N
g
a
]; the m

inim
al difference referred to below

 (11.27)
does not exist. N

ote that it is no coincidence that both *G
E

S
T

U
R

E constraints in (11.28)
seem

 to be on the sam
e height: if P

A
R

SE (±voice) falls below
 one of them

, the voicing
contrast is neutralized, so that P

A
R

SE (±voice), w
hose ranking depends on contrast, falls

further.
T

o sum
 up, the ranking in (11.27) expresses the articulatory problem

 of im
plem

enting
the perceptual voicing feature faithfully, w

hereas (11.28) expresses the resistance against
using articulatory gestures that do not result in good perceptual voicing contrasts. R

eal
languages w

ill allow
 both of these ideas to play a role in the gram

m
ar. F

or instance, the
sim

plest constraint ranking for the languages in (11.27) and (11.28) w
ould be

*G
E

ST
U

R
E (expanded pharynx)

P
A

R
SE (±voice / plos)

*G
E

ST
U

R
E (glottis: w

ide)

P
A

R
SE (plosive)

P
A

R
SE (±voice / cor plos)

*[–voi / plos / nas_ ]

(11.29)

T
his uses only six constraints; both (11.27) and (11.28) needed one m

ore. T
he ranking

(11.29) expresses the follow
ing ideas: except for coronals, the voicing contrast in

plosives, as im
plem

ented by a fi
xed pair of gestures, is so low

 that is too unim
portant to

m
aintain; for coronals, therefore, the contrast is m

aintained, except in post-nasal position,
w

here the im
plem

entation of [–voice] is too difficult.
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11.12   L
icensing

In the previous section, w
e noted tw

o different w
ays to phonologize articulatory

constraints.
In the fi

rst interpretation, articulatory phonological constraints directly m
ilitate

against certain fixed articulations. T
ypical exam

ples are all the constraints propsed in §5,
m

ost notably *G
E

ST
U

R
E.

T
he second interpretation em

erges from
 an interaction w

ith perceptual requirem
ents,

and sees articulatory phonological constraints as constraints against the effort of
im

plem
enting fixed perceptual results; their argum

ents, therefore, are perceptual features,
not articulatory gestures. A

 typical exam
ple is *[–voi / plos / nas_ ]. G

enerally, w
e can

call these constraints licensing constraints:

D
ef. licensing constraints: *[f: v / env]

“T
he value v on a perceptual tier f is not im

plem
ented in the environm

ent
env.”

(11.30)

L
icensing constraints seem

 the only w
ay to reconcile a functional approach w

ith a single
system

 of features: articulatory gestures m
ay be rem

oved from
 the gram

m
ar. H

ow
ever, as

seen in §11.11, these licensing constraints are *G
E

ST
U

R
E constraints in disguise, and can

be universally ranked w
ith the procedures of §5. In §13.2, w

e w
ill see that the m

ore
fundam

ental *G
E

S
T

U
R

E constraints are probably needed: the fact that m
ost languages

w
ith voiceless nasals also have aspirated plosives; this can m

ost easily be explained
directly w

ith the low
ness of *G

E
S

T
U

R
E (spread glottis), and not w

ith constraints like
*[asp] and *[–voi / nasal]. N

ote that because of their grounding in m
ore basic articulatory

constraints, a functional ranking of licensing constraints such as *N
C

8 >>
 *V

C
8V

 is
legitim

ate, but a sim
ilarly-looking ranking of assim

ilation constraints such as *
[n

p
] >>

*
[tp

] is not: the form
er ranking m

ay involve articulatory constraints only (as in 11.27),
w

hereas the second ranking crucially involves an interaction w
ith faithfulness constraints.

11.13   N
asal assim

ilation

In S
anskrit, w

ord-fi
nal plosives assim

ilate to follow
ing nasals: /

a
k+

m
a/

 →
 [a

N
m

a
].

F
rom

 the com
m

onness considerations of §8.5 ([+
nasal] is less com

m
on than [–nasal],

because few
er constrasts can be m

ade w
ith [+

nasal] sounds than w
ith [–nasal] sounds),

w
e can expect that this is a less offensive change than assim

ilation of [–nasal], as in
/a

N
+
p
a/ →

 [a
k
p
a
]. A

lso, w
e can expect that onset specifi

cation are stronger than coda
specifi

cations, as w
ith our exam

ple of place assim
ilation. T

his leads to the follow
ing

near-universal ranking:
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P
A

R
SE (+

nas C
 / _V

)

P
A

R
SE (–nas C

 / _V
)

P
A

R
SE (+

nas C
 / _C

)

P
A

R
SE (–nas C

 / _C
)

(11.31)

T
he presence of “C

” in the argum
ent of P

A
R

S
E m

akes this an explicitly segm
ental

form
ulation, a shorthand for P

A
R

SEP
A

T
H

 (nasal &
 root) or P

A
R

SEP
A

T
H

 (nasal &
 tim

ing),
though it could be replaced w

ith a form
ulation involving higher prosodic units (by

replacing “C
” w

ith “µ
” or “σ

”, for instance).
A

ccording to the local-ranking principle, all rankings not show
n w

ith straight lines in
(11.31) are free. Sanskrit m

akes the follow
ing choice:

P
A

R
SE (+

nas C
 / _V

)

P
A

R
SE (–nas C

 / _V
)

P
A

R
SE (+

nas C
 / _C

)

P
A

R
SE (–nas C

 / _C
)

*S
Y

N
C (velum

)

(11.32)

T
he relevant articulatory constraint is not from

 the *G
E

S
T

U
R

E fam
ily, but from

 the
*S

Y
N

C fam
ily, and m

ilitates against a velar m
ovem

ent inside a C
C

 cluster.
W

e expect the follow
ing typology:

(a)
N

othing assim
ilates (m

ost languages).
(b)

Plosives assim
ilate to a follow

ing nasal (Sanskrit).
(c)

C
oda consonants assim

ilate their nasality to the follow
ing [±

nas] consonant
(spreading of [–nas] is found in the N

orth-G
erm

anic sound change /N
k/ →

 /k
˘/).

(d)
Plosives assim

ilate to a nasal on either side.
(11.33)

T
here are only four (not six) possibilities, because (c) and (d) both already satisfy *S

Y
N

C

(velum
). N

ote that none of the four violates F
IL

L (+
nas).

T
he typology (11.33) is equivalent to the follow

ing set of independent im
plicational

universals for nasal spreading w
ithin consonant clusters:

(a)
If [–nas] spreads, so does [+

nas].
(b)

If [+
nas] spreads rightw

ard, it also spreads leftw
ard.

(11.34)

11.14   C
onclusion

S
tarting from

 a typological interpretation of the local-ranking principle, w
e derived a

successful strategy for sim
plification of the gram

m
ar:

T
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T
he functional view

 of the phonologization of functional constraints
“F

rom
 all the gram

m
ars allow

ed by the local-ranking principle, languages
tend to choose a gram

m
ar in w

hich m
any constraints can be generalized

over their argum
ents or environm

ents.”
(11.35)
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12   C
orrespondence: segm

ental integrity versus featural autonom
y

In §8, I proposed a large num
ber of faithfulness constraints. T

he w
orkings of som

e of
these are likely to overlap. T

hough all these constraints can be defended by invoking
functional principles, phonology m

ay be special in that it allow
s only a subset of them

 to
play a role in language. In this section, w

e w
ill com

pare tw
o hypotheses for a reduction of

the num
ber of necessary faithfulness constraints:

a.
Segm

ental integrity:
“A

ll featural faithfulness relations are transferred through the segm
ent,

w
hich is the com

plete bundle of sim
ultaneously present features.”

(12.1)

T
he typical representative of this approach is the “linear” correspondence theory of

M
cC

arthy &
 Prince (1995), w

ho used the follow
ing constraints:

•
M

A
X

-IO
: if the input contains a segm

ent, th
en this segm

ent should also be in the
output (like our P

A
R

SE, but for segm
ents, not features).

•
ID

E
N

T-IO
 (f): if the input segm

ent and
 the corresponding output segm

ent both contain
the feature f, then the tw

o values of this feature should be equal (like our *R
E

PL
A

C
E).

F
or instance, ID

E
N

T-IO
 (voice) is satisfi

ed if the value for the feature [voice] in the input
is equal to the value for [voice] in the corresponding segm

ent in the output, and it is
violated if these values are unequal. B

ut if either the input or the output does not contain
the bearing segm

ent, the constraint is not violated.

b.
F

eatural autonom
y:

“E
very specifi

ed feature has its ow
n faithfulness constraints, w

hich try to
bring it to the surface.”

(12.2)

A
rchangeli &

 P
ulleyblank (1994) sim

ply state that “the notion of segm
ent is both

inadequate and superfl
uous” and that phonology w

orks w
ith features, nodes, and links

(though they do incorporate a root tier). O
ur account of §8 also brought up featural

faithfulness as predom
inantly autonom

ous, disregarding correspondence through
segm

ents, controlling faithfulness w
ith constraints like:

•
P

A
R

SE (feature: x): if the input contains the feature value x, then
 x should also be in the

output.

In the exam
ples of §11, how

ever, I tacitly handled the faithfulness of features by using
segm

ents as their dom
ains. In the follow

ing, w
e w

ill relieve this tension and consider the
relative m

erits of the linear and the autosegm
ental approaches.
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12.1   P
erception is segm

ental

W
ith a distinction betw

een articulation and perception, there is a very sim
ple solution to

the everlasting problem
 of segm

ental versus autosegm
ental processes: the consonant

cluster in [a
m

p
a
] contains a single articulatory labial gesture, but is heard as containing

tw
o separate instances of a perceptual feature [labial]. T

hus, w
e can evaluate our

faithfulness constraints via linearly ordered segm
ents, and still understand that

assim
ilation is spreading of an articulatory gesture. In this w

ay, w
e have the best of both

w
orlds.

In §11, w
e assum

ed the segm
ental interpretation of faithfulness to our advantage. For

instance, w
e did not m

ark the concatenation /U
m

/ +
 /

p
o
˘t´/ →

 /U
m

p
o
˘t´/ w

ith a
violation of P

A
R

SE (labial). T
hus, the correspondence in this exam

ple is like this:

a
m

p
a

a
m

p
a

nask

lab
i

plosl

lab
j

nask

lab
j

plosl
→

lab
i

+

(12.3)

A
nother process discussed earlier, the assim

ilation /a
n+

p
a/ →

 [a
m

p
a
], can be seen as a

replacem
ent of [coronal] w

ith [labial] on the perceptual place tier, but only if w
e

represent the tw
o [labial] feature values of the output as separate:

a
n

p
a

a
m

p
a

nask

cori

plosl

lab
j

nask

lab
j

plosl
→

lab
i

(12.4)

N
ow

, it m
ight just be the case that this is the correct rendering of the perceptual score,

and that autosegm
ental representations respecting the O

C
P

 are lim
ited to the articulatory

score. Such a hypothesis w
ould express a nice functional correlate of the tension betw

een
segm

ental and autosegm
ental phenom

ena: there is a single lip gesture, but separate labial
sounds.

B
ut in those cases w

here features are not neatly lined up, it is often diffi
cult to even

count the num
ber of segm

ents in an utterance. For instance, does the usual pronunciation
of tense w

ith an intrusive stop lead to four or five segm
ents on the surface? A

nd there are
several other problem

s w
ith the segm

ental approach.

12.2   O
C

P
-driven epenthesis

I argued earlier (§11.8) that several place cues can collectively contribute to the
perception of a single value of the perceptual place feature. F

or instance, transition and
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burst together w
ill m

ake us hear a single instance of [labial] in [a
p
a
], m

icroscopically
[[a

p
|_

p
a
]]. S

uch a single labial w
ould surely also be perceived in a prenasalized stop as

in [a
m

p
a
]. B

ut a hom
organic cluster as in [a

m
p
a
] is, in m

any languages, by far the m
ost

com
m

on nasal-plosive sequence, and it w
ould be advantageous to the listener to hear

them
 as a cluster w

ith a single place, in accordance w
ith w

hat happens gesturally. T
hus,

w
e could re-represent (12.3) w

ith autonom
ous features as

a
m

p
a

a
m

p
a

nask

lab
i

plosl

lab
j

nask lab
jplosl

→
+

(12.5)

In a segm
ental approach, no constraint at all is violated: M

A
X

-IO
 is satisfi

ed because all
underlying segm

ents appear in the output, and the resulting [m
] corresponds m

axim
ally

faithfully w
ith underlying /

m
/. In an autosegm

ental approach, by contrast, w
e have only

o
n

e labial feature left in [m
p
], w

hereas the tw
o underlying segm

ents /
m

/ and /p/,
com

ing from
 tw

o different m
orphem

es w
ith separate lexical representations, contribute

tw
o labial specifi

cations. T
herefore, w

e have a violation of P
A

R
S

E (labial), and the
utterance is indistinguishable from

 an utterance w
ith a single underlying dorsal gesture

(i.e., a tautom
orphem

ic hom
organic nasal-plosive cluster). T

his violation of P
A

R
SE is a

faithfulness problem
, so w

e expect interactions w
ith other constraints, such as F

IL
L.

A
s an exam

ple, consider the follow
ing data from

 G
eleen L

im
burgian, w

here the
dim

inutive suffi
x /

k
´(n

)/ show
s epenthesis of [s] w

hen attached to a stem
 that ends in a

dorso-velar 21:

p
o
p (pl. p

o
p
´) ‘doll’

p
O
p
k
´

lA
m

#p (pl. lA
m

#p
´) ‘lam

p’
lQ

m
#(p)k

´

k
o
m

#p
 (pl. k

O
@m

) ‘bow
l’

k
O
@m

k
´

b
ç
u
#m

 (pl. b
ø

@y
m

) ‘tree’
b
ø

@y
m

k
´

d
u
^˘f (pl. d

u
#˘v

´) ‘pigeon’
d
y
^˘fk

´

St{
ç
^˘t (pl. St{

ç
^˘t´) ‘street’

St{
ø

^˘c
j´ ([c, ¯

] =
 palatalized alveolar)

b
Et (pl. b

Ed
´) ‘bed’

b
Ec

j´

m
A
n
# (pl. m

Q
@n or m

A
@n
´) ‘m

an’
m

Q
@n
k
´ (place assim

ilation forbidden)
b
A
lî (pl. b

Q
@l) ‘ball’

b
Q

@lk
´

k
A
{
# (pl. k

Q
@{

) ‘cart’
k
Q

@{
k
´

jA
s (pl. jQ

s) ‘coat’
jQ

sk
´

˙
u
#˘s (pl. ˙

u
#˘z

´
{

) ‘house’
˙
O
sk

´ (irreg. vow
el)

21 T
he highly productive dim

inutive m
orphem

e is expressed as: um
laut (fronting of back vow

els);
softening (leaving only the sonorant from

 underlying sonorant +
 voiced plosive sequences); tone change

(changing an underlying circum
flex tone into an acute, but not before a voiceless consonant); and the suffix

/-k
´(n)/.
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k
e
s (pl. k

e
st´) ‘chest’

k
e
sk

´

k
A
¯
#c (pl. k

Q
@¯) ‘side

k
Q

¯
#c
j´

˙
o
¯
#c (pl. ˙

O
@¯) ‘dog’

˙
O
@¯
c
j´

w
o
@¯ (pl. w

o
@¯
´) ‘w

ound’
w

O
@¯
c
j´

v
ø

S (pl. v
ø

S´) ‘fish’
v
ø

Sk
´

b
Q

@lS (pl. b
Q

lîZ
´) ‘B

elgian’
b
Q

@lSk
´

b
lç

k
 (pl. b

lø
k) ‘block’

b
lø

k
sk

´

˙
Ek

 (pl. ˙
Eg

´) ‘hedge’
˙
Ek

sk
´

p
lA

N
#k (pl. p

lQ
N
#k

) ‘plank’
p
lQ

N
#k
sk

´

d
EN

#k (pl. d
E@N

´
{

) ‘thing’
d
E@N

sk
´

ç
@u
x (pl. ç

u
#ƒ
´) ‘eye’

ø
@y
x
sk

´

le
@˘x (pl. le

@˘x
t´

{
) ‘light’

le
@˘x

sk
´

(12.6)

In C
orrespondence T

heory, this epenthesis cannot be represented, because a violation of
D

E
P-IO

 (=
 F

IL
L) is alw

ays w
orse than no violation at all, independently of the relative

rankings of M
A

X
-IO

, D
E

P-IO
, and ID

E
N

T-IO
 (place):

/N
+
k/

M
A

X
-IO

D
E

P-IO
ID

E
N

T-IO
(place)

*
!

   [N
k
]

[N
sk

]
*!

(12.7)

In the purely autosegm
ental approach, P

A
R

S
E (dorsal) m

ay be strong enough to force
epenthesis:

/N
+
k/

P
A

R
SE

 (dorsal)
F

IL
L

 (sibilant)

[N
k
]

*!

!
   [N

sk
]

*

(12.8)

W
ith the epenthesis of [s], P

A
R

SE (dorsal) is no longer violated, because the tw
o dorsal

specifications of /N/ and /k/ are now
 separated on the perceptual place tier:

dorN

dor

k
s cor

place:

(12.9)
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T
hough som

e theories (e.g., M
cC

arthy 1988) m
ight still consider the tw

o unary [dor]
features adjacent because there is no confl

icting value on the sam
e tier, w

e cannot
represent them

 w
ith one specifi

cation w
ithout getting the ‘gapped’ representation that

A
rchangeli &

 P
ulleyblank (1994) m

ilitate against. G
oing back to the fundam

entals (i.e.,
function), w

e see that there is perceptual separation on the place tier: there are no separate
perceptual coronal and dorsal tiers 22.

12.3   H
orizontal and vertical correspondence

In §6, w
e handled the acoustics-to-perception faithfulness of an utterance consisting of a

single feature; in such a case, the question w
hat input feature values correspond to w

hat
output feature values, has a sim

ple answ
er. B

ut if an utterance contains m
ultiple

sim
ultaneous feature values across tiers and m

ultiple ordered feature values w
ithin tiers,

the correspondence question becom
es m

ore com
plicated. T

he general idea is that it is
favourable for the listener to perceive a set of acoustic cues or perceptual features that
often occur together, as a single feature.

O
ne aspect of this occurring together is the grouping of sim

ultaneously occurring
features, discussed in §8.11. If the “vertical” path constraints are strong, w

e can expect
segm

ent effects.
T

he other aspect of occurring together is the grouping of acoustic cues or feature
values that occur after one another. If cue A

 is usually follow
ed by cue B

, they m
ay be

recognized as a single feature value; I used this idea in §11.8 to account for the additivity
of environm

ental conditions that w
as necessary to explain the data of D

utch place
assim

ilation. If the “horizontal” tem
poral identity constraints are strong, w

e can expect
autosegm

ental effects.
In O

T
, every confl

ict is resolved by a constraint, so the confl
ict betw

een the
segm

ental representation (12.3) and the autosegm
ental representation (12.5) m

ust be
handled by a constraint as w

ell. I propose the follow
ing pair of listener constraints for the

tem
poral correspondence betw

een the acoustic input and the perceptual result

D
ef.   O

B
L

IG
A

T
O

R
Y

C
O

N
T

O
U

RP
R

IN
C

IPL
E-A

C
 (f: x; cue

1 , m
, cue

2 )
“A

 sequence of acoustic cues cue
1 , cue

2  w
ith little intervening m

aterial m
is heard as a single value x on the perceptual tier f.”

(12.10)

D
ef.   N

O
C

R
O

SSIN
G

C
O

N
ST

R
A

IN
T-A

C
 (f: x; cue

1 , m
, cue

2 )
“A

 sequence of acoustic cues cue
1 , cue

2  w
ith m

uch intervening m
aterial m

is not heard as a single value x on the perceptual tier f.”
(12.11)

22 L
ong-distance “O

C
P effects” that forbid the use of the sam

e articulator tw
ice w

ithin a dom
ain, are due to

a *R
epeat constraint that w

orks exclusively w
ith articulatory gestures (§14.2, B

oersm
a fc. b).
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T
hese constraints prom

ote a m
axim

ally easy perceptual organization. T
he m

ore often the
cues occur together, the greater the chance that they are perceived as a single feature; this
is true for sim

ultaneity (segm
entalism

) as w
ell as tem

poral ordering (autosegm
entalism

).
T

hey can be universally ranked by such things as tem
poral distance of the cues, rate of

occurrence w
ithin m

orphem
es versus across m

orphem
es, etc. F

or instance, I believe that
O

C
P-A

C (place: labial; [[p
|_

p
]]) is ranked so high that the plosive in [a

p
a
] is represented

alm
ost universally w

ith a single perceptual place specification. N
ot m

uch low
er w

ould be
the constraint that forces us to hear a gem

inate consonant as having a single place value:
O

C
P-A

C (place: labial; [[p
|__

p
]]). L

ow
er still w

ould be the constraint against hearing
hom

organic nasal-plosive clusters as having a single place value: O
C

P
-A

C
 (place: labial;

[[m
_
p
]]). T

he N
C

C
-A

C constraint w
ould be ranked in the other direction: the m

ore
intervening m

aterial, the higher the ranking.
T

he phonological counterparts of the acoustics-to-perception constraints (12.10) and
(12.11) have to refer to perceptual features, not acoustic cues. T

hey can be stated as:

D
ef.   O

C
P (f: x, y / env)

“A
 sequence of values x and y on the perceptual tier f are heard as a single

value in the environm
ent env.”

(12.12)

D
ef.   N

C
C

 (f: x, y / env)
“A

 sequence of values x and y on the perceptual tier f are not heard as a
single value in the environm

ent env.”
(12.13)

T
he follow

ing tableau evaluates the L
im

burgian case again:

dor
dor

N
k

+
O

C
P (place: dor

/ nas | plosive)
N

C
C

 (place: dor
/ nas | [s] | plosive)

P
A

R
SE (dor)

F
IL

L
 (sib)

dorN
 k dor

*!

dor

N
 k

*!

!
   

dorN

dor

k
s cor

*

dor

N
k

s cor
*!

*
*(12.14)
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T
he constraints O

C
P

 (place: dor; side | [s] | burst) and N
C

C
 (place: dor; side | _

 | burst)
are probably ranked quite low

. W
e also see that the N

C
C

 constraint in this tableau is
superfluous: the branching [dor] w

ould be ruled out because it violates P
A

R
SE (dor). N

ote
that association lines cross in the fourth candidate, for there is a single perceptual place
tier.C

onsider now
 the E

nglish past tenses /
h
Ed-Id

/ ‘headed’ versus /k
Q

n-d/ ‘canned’.
E

penthesis is forced only betw
een hom

organic plosives:

cor
cor

d
d

+
O

C
P (place: dor;

trans | _ | burst)
P

A
R

SE (cor)
F

IL
L

 (σ
)

O
C

P (place: dor;
side | _ | burst)

cor
cor

d
d

*!

cor

d
d

*!

!
   

cor
cor

d
d

I

*

cor

d
d

I

*!
*

(12.15)

B
etw

een a nasal and a plosive, no epenthesis occurs:

cor
cor

n
d

+
O

C
P (place: dor;

trans | _ | burst)
P

A
R

SE (cor)
F

IL
L

 (σ
)

O
C

P (place: dor;
side | _ | burst)

!
   

cor
cor

n
d

cor

n
d

*!
*

cor
cor

n
d

I

*!

cor

n
d

I

*!
*

(12.16)
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T
he O

C
P-based account described here m

anages the data of L
im

burgian and E
nglish w

ell
and does the typological prediction that if heterom

orphem
ic hom

organic nasal-plosive
clusters undergo epenthesis, then plosive-plosive clusters undergo epenthesis as w

ell.
B

ut there is still a problem
. T

here seem
s to be a segm

ental intuition that the
perceptual loss of identity of the fi

rst /
d

/ in /d
+
d/ →

 /
d
˘/ is greater than the loss of

identity of /n/ in /n
+
d/ →

 /n
d/. It w

ould be nice if w
e could express this intuition w

ith
a variation in the ranking of a faithfulness constraint, instead of burdening the listener
w

ith a dual-coronal representation of /n
d/.

W
e can respect the perceptual O

C
P (place) in /n

d/ if w
e notice that no identity is lost

on the com
bined place and nasal tiers. W

e can rew
rite (12.5) as

a
m

p
a

a
m

p
a

nask

lab
i

plosl

lab
j

nask lab
jplosl

→
+

m
m

n
n

(12.17)

O
n the com

bined labial-nasal tiers, correspondence is betw
een feature com

binations, not
betw

een the separate features: it is (nas lab)m , not (nask  lab
i ), and the form

er is preserved
in the output, though P

A
R

S
E (lab) is still violated. W

ith a hom
ogeneous unviolated O

C
P

,
violations, (12.16) becom

es:

cor
cor

n
d

+
O

C
P (place: dor)

P
A

R
SE

(nas &
 cor)

F
IL

L
(σ

)
P

A
R

SE
(cor)

cor
cor

n
d

*!

!
   

cor

n
d

*

cor
cor

n
d

I

*!

cor

n
d

I

*!
*

(12.18)

T
he analogue of (12.17) for plosive-plosive clusters is:
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a
p

p
a

a
p

p
a

plosk

lab
i

plosl

lab
j

lab
j

plosl
→

+
m

n
n

(12.19)

T
he sam

e constraint system
 as in (12.18) w

ill now
 have to evaluate /h

Ed+
d/:

cor
cor

d
d

+
O

C
P (place: dor)

P
A

R
SE

(plosive &
 cor)

F
IL

L
(σ

)
P

A
R

SE
(cor)

cor
cor

d
d

*!

cor

d
d

*!
*

!
   

cor
cor

d
d

I

*

cor

d
d

I

*!
*

*

(12.20)

T
echnically, w

e could have done the job w
ith the near-universal ranking P

A
R

S
E (cor /

plosive) >>
 P

A
R

SE (cor / nasal), derived earlier (8.39) from
 considerations of perceptual

confusability, but this is a coincidence that w
e probably cannot use for all cases.

T
he som

ew
hat unsettling problem

 w
ith (12.18) is that even for the seem

ingly trivial
case of /

m
+
p

/ →
 /m

p/ w
e need a ranking like P

A
R

S
E (nas &

 lab) >>
 P

A
R

S
E (lab),

against the functional ranking principle of §8.10.
For the assim

ilation case (12.4) of /a
n+

p
a/, w

e have to understand w
hy the candidate

[a
m

p
a
] is better than [a

a
)p
a
]. In the segm

ental account, this is because the non-orality (or
consonantality) of /n/ is preserved in [m

] but not in [a
)] 23. In the autosegm

ental account,
how

ever, non-orality is not even preserved in [a
m

p
a
], because this feature is shared w

ith
[p

]:

23 W
e cannot yet say that consonantality is not subject to the O

C
P because it belongs in the root node. Such

things have to be derived, not posited, in a functional phonology.
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a
n

p
a

a
m

p
a

nask

cori

plosl

lab
j

nask lab
j

plosl

m
n

t
n

→
–oralp

–oralq
–oralq

r
s

s

a
a
)

p
a

nask
plosl

lab
jn

+
oralt

–oralq
u

s
or

+
r

(12.21)

W
e see that both candidates violate P

A
R

SE (cor), P
A

R
SE (nas &

 cor), P
A

R
SE (–oral &

cor) (though not show
n, this path m

ust be present), and P
A

R
SE (–oral), and that [a

m
p
a
]

also violates F
IL

L (nas &
 lab), w

hile [a
a
)p
a
] violates F

IL
L (+

oral), P
A

R
S

E (+
nasal &

–oral), and F
IL

L (+
nasal &

 +
oral). N

ote that this exam
ple show

s that P
A

R
S

E (–oral) is not
necessarily the sam

e as F
IL

L (+
oral) in autosegm

ental perceptual phonology. A
ctually,

how
ever, F

IL
L (+

oral) is not violated in this case, since [a
)] m

ust share its [+
oral] value

w
ith [a

]. T
he real confl

ict, therefore, is betw
een F

IL
L (nas &

 lab) on the one hand, and
P

A
R

S
E (+

nasal &
 –oral) and F

IL
L (+

nasal &
 +

oral) on the other. L
anguages that highly

estim
ate the preservation of nasal non-orality, w

ill end up w
ith [a

m
p
a
]; those that do not

like to hear a labial nasal w
here it is not specified, w

ill end up w
ith [a

a
)p
a
]; in both cases,

cross-tier faithfulness constraints decide the issue. If the /p/ in (12.21) w
ere a fricative,

there w
ould only be one change: [a

m
p
a
] w

ould not violate P
A

R
SE (–oral).

T
he process /

a
n+

p
a/ →

 [a
m

p
a
] 

can 
be 

represented 
w

ith 
less 

violation 
of

correspondence than in (12.21). T
hough T

R
A

N
SM

IT (place) m
ay be ranked low

er than
*R

E
PL

A
C

E (cor, lab), this situation m
ay w

ell be reversed for the com
bined feature [place

×
 nasal] (§8.8): T

R
A

N
SM

IT (place × nasal) m
ay be ranked higher than *R

E
PL

A
C

E (cor &
nas, lab &

 nas) because w
ithin the com

bined [place ×
 nasal] space, [cor &

 nas] and [lab
&

 nas] are relatively close together. Instead of (12.21), w
e get

a
n

p
a

a
m

p
a

nask

cori

plosl

lab
j

nask lab
j

plosl

m
n

m
n

→
+

a
a
)

p
a

nask
plosl

lab
jn

or

(12.22)

T
he input [cor &

 nas]m  now
 corresponds to the output [lab &

 nas]m . T
he m

ain candidates
are evaluated (w

ithout any constraints involving [–oral]) according to:
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/a
n

+
p
a/

P
A

R
SE

(nasal)
*G

E
ST

U
R

E
(blade)

T
R

A
N

SM
IT

(place × nasal / _C
)

*R
E

PL
A

C
E

(nas cor, nas lab / _C
)

a
n
p
a

*!

a
m

p
a (12.21)

*!

!
   a

m
p
a (12.22)

*

a
a
)p
a

*!

a
p
a

*!
*

(12.23)

(T
he candidate [a

p
a
] loses as long as P

A
R

SE (nasal) dom
inates *G

E
ST

U
R

E (velum
).) T

his
evaluation, involving the correspondence in (12.22), is the interpretation of the exam

ple
of §8.5 and §11.4, w

hich involved the less accurate constraint *R
E

P
L

A
C

E (cor, lab / _C
).

W
e see that strong “vertical” constraints like T

R
A

N
S

M
ITP

A
T

H
 can force segm

ent-like
behaviour: the faithfulness constraints in (12.23) look suspiciously like M

A
X

-IO
 and

ID
E

N
T-IO

 (place), but note that w
e can only use the latter pair of constraints if w

e do not
consider the [a

)] in [a
a
)p

a
] to be a segm

ent (it could be transcribed as [a
)p
a
], w

ith [a
)]

corresponding to both /a/ and /n/; see §12.5); w
ith our m

ore restricted path constraints,
such a stipulation is unnecessary.

C
onclusion: w

e need path constraints w
hose featural coherence is greater than that of

autonom
ous features, but sm

aller than that of a segm
ent.

A
n inherent problem

 in autosegm
entalism

. In the autosegm
ental approach, subtraction

m
ay som

etim
es be evaluated as addition.

T
he process /d

a
p/ →

 [d
a
)p] violates F

IL
L (nasal) and F

IL
L (nasal &

 vow
el), w

hereas
/d

a
m

/ →
 [d

a
)m

] violates only F
IL

L (nasal &
 vow

el). T
herefore, the form

er process is
alw

ays w
orse: insertion of a m

arked value or privative feature is w
orse than spreading.

L
ikew

ise, the process /d
a
)p/ →

 [d
a
p
] violates P

A
R

SE (nasal) and P
A

R
S

E (nasal &
vow

el), /d
a
)m

/ →
 [d

a
m

] violates only P
A

R
SE (nasal &

 vow
el). T

herefore, the form
er

process is alw
ays w

orse: deletion of a m
arked feature is w

orse than deletion of its
association line only.

T
he sym

m
etry seen in the /

d
a
p/ and /d

a
m

/ cases is related to the idea that the
perceptual contrast betw

een [d
a
p
] and [d

a
)p

] is larger than that betw
een [d

a
m

] and
[d

a
)m

], a difference that can be ascribed to the general process of lateral inhibition (a
nasality contrast is less easy to hear next to a nasal). A

n asym
m

etry is due to the
m

arkedness of [+
nasal] (§8.5): the process /

d
a
p/ →

 [d
a
)p] m

ust be less bad than /d
a
)p/

→
 [d

a
p
], suggesting that for m

arked feature values, P
A

R
SE violations are w

orse than
F

IL
L violations.
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B
ut problem

s arise w
ith /

p
a
p/ and /

m
a
m

/. L
et us assum

e that the distinction
betw

een [p
a
p
] and [p

a
)p
] is larger than the distinction betw

een [m
a
m

] and [m
a
)m

].
T

he process /p
a
p/ →

 [p
a
)p
] violates F

IL
L (nasal) and F

IL
L (nasal &

 vow
el), w

hereas
/m

a
m

/ →
 [m

a
)m

] violates P
A

R
SE (nasal) and F

IL
L (nasal &

 vow
el). T

he violation of
P

A
R

S
E (nasal) can be illustrated w

ith the follow
ing m

etaphor. S
uppose w

e start w
ith a

sequence of dark-light-dark-light-dark rectangles:

(12.24)

If w
e paint the m

iddle rectangles in a light shade of grey, one dark rectangle is lost:(12.25)

A
s w

e see, how
ever, one light rectangle is also lost. A

dding nasality to the vow
el in

[m
a
m

] thus violates P
A

R
SE (nasal). N

ow
, if the [p

a
p
] - [p

a
)p
] distinction is larger than

the [m
a
m

] - [m
a
)m

] distinction, the change /p
a
p/ →

 [p
a
)p
] is m

ore offensive than the
change /m

a
m

/ →
 [m

a
)m

], so that F
IL

L (nasal) m
ust dom

inate P
A

R
SE (nasal).

T
he process /

p
a
)p/ →

 [p
a
p
] violates P

A
R

S
E (nasal) and P

A
R

S
E (nasal &

 vow
el),

w
hereas /m

a
)m

/ →
 [m

a
m

] violates F
IL

L (nasal) (like going from
 (12.25) to (12.24)) and

P
A

R
S

E (nasal &
 vow

el). If the latter process is less bad than the form
er, P

A
R

SE (nasal)
m

ust dom
inate F

IL
L (nasal), so there is a contradiction w

ith the previous pair.
W

e can get out of the predicam
ent only by assum

ing such rankings as P
A

R
SE (+

nas &
vow

el / [–nas &
 cons] _ [–nas &

 cons]) >>
 P

A
R

SE (+
nas &

 vow
el / [+

nas &
 cons] _

[+
nas &

 cons]), and the sam
e ranking for F

IL
L, together w

ith low
 rankings of P

A
R

SE

(nasal) and F
IL

L (nasal). S
o, w

e can fi
nally replace the naive nasality faithfulness

rankings of §8 w
ith an accurate gram

m
ar (cf. 11.31) that handles all cases of the

spreading of nasality to adjacent plosives and vow
els:

P
A

R
SE (C

 nas / _V
)

F
IL

L (C
 nas / _V

)
P

A
R

SE (C
 nas)

F
IL

L (C
 nas)

P
A

R
SE (V

 nas / [C
 –nas] _ [C

 –nas])

P
A

R
SE (V

 nas)

P
A

R
SE (nas)

F
IL

L (nas)

F
IL

L (V
 nas)

F
IL

L (V
 nas / [C

 –nas] _ [C
 –nas])

(12.26)
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12.4   F
loating features

T
he faithfulness of fl

oating features cannot be represented at all w
ithin C

orrespondence
T

heory, because these features are by definition not underlyingly connected to a segm
ent,

w
hich m

akes ID
E

N
T-IO

 insensitive to them
. T

his w
as already recognized by M

cC
arthy &

P
rince (1995); the solution they suggest is the generalization of the M

A
X

 and D
E

P

constraints to autosegm
ental features. H

ow
ever, this w

ould involve not just a sim
ple

generalization of C
orrespondence T

heory to the featural dom
ain, because som

e constraint
fam

ilies w
ill show

 considerable overlap: the separate need for the ID
E

N
T-IO

 fam
ily

(together w
ith M

A
X

-IO
) w

ill be severely reduced as a consequence of the existence of the
M

A
X

 (feature) fam
ily (though in a com

prehensive approach w
e m

ay need all of them
).

Z
oll (1996) explicitly evaluates correspondence through output segm

ents, even for
fl

oating features (if these dock onto segm
ents). F

or instance, Z
oll argues that in Inor, the

verb /
k
´
f´

d/ plus the m
asculine fl

oating affi
x [round], w

hich together give [k
´
fW

´
d
]

(because [round] w
ill dock on the rightm

ost labial or dorsal segm
ent), should be analysed

as if both underlying /f/ and underlying [round] correspond to the output segm
ent [fW

].
T

his w
ould lead to the follow

ing evaluation:

/k
´
f´

d/ +
 [round]

M
A

X
 (S

E
G

)
M

A
X

 (S
U

B
SE

G
)

ID
E

N
T

 (F)

!
   k

´
fW

´
d

k
´
f´

d
*!

k
´
fW

´
z

*!

k
´
fW

´
*!

(12.27)

Several rem
arks are in order.

F
irst, Z

oll holds the underlying /
f/ to correspond to surface [fW

] w
ithout violating

ID
E

N
T(F

) (a constraint that requires that the featural m
ake-up of corresponding segm

ents
should be the sam

e), because Z
oll “follow

[s] the proposal of O
rgun 1995 and 1996 in

assessing violations of ID
E

N
T(F

) only in cases of absent or differing specifi
cations, but

not w
hen the output correspondent is m

ore specifi
ed than the input”. A

s w
e have seen in

§8.5, w
e can explain such an asym

m
etry betw

een input and output w
ithout such

stipulations: it follow
s directly from

 the m
arkedness of the feature [round] in the average

utterance and the listener’s optim
al recognition strategy, w

hich leads to the near-universal
ranking P

A
R

S
E (round) >>

 F
IL

L (round). In other w
ords, it is w

orse to replace /fW/ w
ith

[f] than to replace /
f/ w

ith [fW
]. T

hus, the segm
ent-based constraint ID

E
N

T(F
) is

superfluous.
M

ore im
portant is the fact that both (sub)segm

ental M
A

X
 constraints can be replaced

w
ith featural correspondence constraints. In the w

inning candidate, P
A

R
SE (round) is
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satisfi
ed. T

he only problem
 w

ith [k
´
fW

´
d
] is that [round] has been linked w

ith a labial
consonant; but this is less bad than linking [round] w

ith the coronal consonant (in Inor),
although that is final. T

he com
plete constraint system

 gives:

/k
´
f´

d/
| [round]

P
A

R
SE

(cor)
F

IL
L

(noise)
F

IL
L

(rnd &
cor)

P
A

R
SE

(rnd)
F

IL
L

 (rnd &
 lab)

F
IL

L
 (rnd &

 dor)
*S

H
IFT

(σσ
)

*S
H

IFT
(σ

)

!
   k

´
fW

´
d

*
*

k
W
´
f´

d
*

*!
*

k
´
f´

d
*!

k
´
fW

´
z

*!
*

k
´
f´

d
W

*!

k
´
fW

´
*!

*

(12.28)

I m
isused the constraint P

A
R

S
E

 (cor) for assessing the loss of the fi
nal segm

ent in
[k

´
fW

´
]; the question of featural or tem

poral segm
entality (i.e., w

hether w
e should have

taken P
A

R
SE (root) or P

A
R

SE (tim
ing) instead of P

A
R

SE (cor)) is independent from
 the

question of featural correspondence discussed here. T
he *S

H
IF

T fam
ily evaluates the

suffi
xal specifi

cation of [round], as suggested by the “|” in the representation; note that
this constraint is vacuously satisfi

ed if the fl
oating [round] does not surface, and that it

rates [k
W
´
f´

d
] as w

orse than the w
inner (§8.13), it w

ill be replaced w
ith a continuous

fam
ily.

12.5   F
usion

In the sim
ple fusion /n

+
b/ →

 [m
] (e.g., T

agalog /m
a
N

+
b
ili/ →

 [m
a
m

ili] ‘buy’), one
segm

ent disappears. F
irst, assum

e that the deleted segm
ent is /b/. In C

orrespondence
T

heory, this m
eans that there is one violation of M

A
X

-IO
. T

his m
ust be brought about by

a higher-ranked constraint, say the anti-cluster constraint *C
C

. H
ow

ever, because
underlying /n/ 

now
 

corresponds 
to 

surface 
[
m

], 
w

e 
also 

have 
a 

violation 
of

ID
E

N
T-IO

(place). In that case, as (12.29) show
s, the candidate [n

] w
ould alw

ays be
better, independently of the ranking of M

A
X

-IO
 and ID

E
N

T-IO
 (place). T

he second
strategy w

ould be to assum
e that the deleted segm

ent is /n/. In this case, the output
candidate 

[
m

] 
m

ust 
correspond 

to 
the 

input 
/
b

/, 
violating 

ID
E

N
T-IO

 (nasal).
C

orrespondence T
heory w

ould then predict the output [b
], independently of the ranking

of M
A

X
-IO

 and ID
E

N
T-IO

 (nasal). T
hus, the output [m

] cannot possibly w
in, unless it

corresponds to both input segm
ents:
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/n
i +

b
j /

*C
C

M
A

X
-IO

ID
E

N
T-IO

 (place)
ID

E
N

T-IO
 (nasal)

[n
i b

j ]
*!

[m
i ]

*
*!

!
   [n

i ]
*

[m
j ]

*
*!

!
   [b

j ]
*

[m
ij ]

?
?

?

(12.29)

T
o represent the fusion /n

+
b/ →

 [m
] correctly, C

orrespondence T
heory w

ould have to
be extended appreciably, because it is no trivial m

atter to decide w
hether M

A
X

-IO
 or

ID
E

N
T-IO

 are satisfi
ed or not in (12.29). T

he autosegm
ental account, by contrast, view

s
features as independent of segm

ents. T
he fusion process is show

n as follow
s:

a
n

b
a

a
m

a

nask

cori

plosl

lab
j

nask

lab
j

m
n

m
?

→
+

µ
µ

µ
µ

µ
(12.30)

P
A

R
S

E (coronal) and P
A

R
SE (plosive) are violated, but the universal frequency-based

rankings 
of 

P
A

R
SE (labial) 

above 
P

A
R

SE (coronal) 
and 

P
A

R
SE (nasal) 

above
P

A
R

SE (plosive) guarantee the output [m
]:

/n
+
b/

*C
C

P
A

R
SE

(µ
)

P
A

R
SE

(labial)
P

A
R

SE
(nasal)

P
A

R
SE

(coronal)
P

A
R

SE
(plosive)

[n
b
]

*!

!
   [m

]
*

*

[n
]

*
*!

[b
]

*
*!

*

[d
]

*
*!

*!

(12.31)

So, fusion is m
ost easily described w

ith P
A

R
SE constraints for fully autonom

ous features.
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12.6   P
honetic substance of epenthesis

A
n assessm

ent of the featural content of epenthesized segm
ents is im

possible w
ithin

C
orrespondence T

heory: ID
E

N
T-IO

 is insensitive to any extra segm
ent in the output,

exactly because the epenthesized segm
ent has no correspondent in the input. In the

autosegm
ental account, the m

ost faithful epenthesis candidate (i.e. the one that violates
the least severe F

IL
L constraint) w

ill be the one that adds the few
est features or paths to

the output (unless, of course, the epenthesis is m
eant to separate identical elem

ents, as in
§12.2).

12.7   Subsegm
ental satisfaction by segm

ental deletion

A
s w

e can see from
 its definition, ID

E
N

T-IO
 can be satisfied by m

eans of the deletion of a
segm

ent. A
n exam

ple of this m
ay be found in L

im
burgian, w

here the /
n

/ in the
m

asculine singular ending of articles and adjectives is only licensed by follow
ing

laryngeal consonants and coronal stops: /d
´
n/ ‘the’ +

 /d
a
#˘x/ ‘day’ becom

es /
d
´
n
d
a
#˘x/

‘the day’ (likew
ise: d

´
n

-t"‹˘t ‘the tim
e’), but /d

´
n/ +

 /b
E
^˘{

/ ‘bear’ becom
es [d

´
b
E^˘{

]:
rather than deleting only the coronal gesture, w

hich w
ould give *

[d
´
m

b
E
^˘{

], the w
hole

segm
ent is deleted (likew

ise: d
´-StE"‹n

 ‘the stone’).

– Segm
ental account. A

pparently, ID
E

N
T-IO

 outranks M
A

X
-IO

 (w
e use an ad-hoc nasal-

consonant (N
C

) hom
organicity constraint to m

ake [n
b
] ill-form

ed):

/d
´
n+

d
a
#˘x/

ID
E

N
T-IO

(place)
N

C
-H

O
M

O
R

G
A

N
IC

M
A

X
-IO

 (´nC
)

!
   d

´
n
d
a
#˘x

d
´
d
a
#˘x

*!

(12.32)

/d
´
n+

b
E^˘{

/
ID

E
N

T-IO
(place)

N
C

-H
O

M
O

R
G

A
N

IC
M

A
X

-IO
 (´nC

)

d
´
n
b
E^˘{

*!

d
´
m

b
E^˘{

*!

!
   d

´
b
E^˘{

*

(12.33)

T
hus, in this case, the segm

ental account seem
s appropriate. W

e w
ill now

 see that all
attem

pts to describe the phenom
enon w

ith the assum
ption of featural autonom

y, are
problem

atic.
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– A
utosegm

ental account. If autosegm
ents w

ere autonom
ous, constraint satisfaction by

deletion could not occur: independently of the ranking of the tw
o P

A
R

S
E constraints

involved, *
[d

´
m

b
E
^˘{

], w
hich violates P

A
R

SE (coronal), w
ould alw

ays be a better
candidate than [d

´
b
E
^˘{

], w
hich violates both P

A
R

S
E (coronal) and P

A
R

SE (nasal). T
o

solve this problem
, w

e could put the constraint *G
E

ST
U

R
E (velum

) in betw
een the tw

o
P

A
R

SE constraints:

V
ersion 1

(covertly
segm

ental)

P
A

R
SE

(cor/_V
)

*G
E

ST
U

R
E

(blade)
P

A
R

SE
(cor/_C

)
*G

E
ST

U
R

E
(velum

)
P

A
R

SE
(nas/´_C

)

!
   d

´
n
d
a
#˘x

*
*

d
´
d
a
#˘x

*
*!

*

d
´
n
b
E^˘{

*!
*

d
´
m

b
E^˘{

*
*!

!
   d

´
b
E^˘{

*
*

(12.34)

A
ll rankings in this tableau are crucial: any other ranking of the sam

e constraints w
ould

give a different result. T
he idea is that the inviolable parsing of the place features of the

onset consonant (/
d/) forces the tongue-tip gesture and thereby licenses the surfacing of

coronality in the nasal consonant (because the tw
o segm

ents share the sam
e gesture). A

nice result, and w
e can relate the rarity of this phenom

enon to the critical ranking that is
needed: even if w

e assum
e that P

A
R

SE (cor / _V
) is universally undom

inated, there are
24 possible rankings of the four rem

aining constraints, and only one of those rankings
produces the correct result. T

oo bad there’s a fl
aw

. In a truly autosegm
ental fram

ew
ork,

[d
´
n
d
a
#˘x

] actually violates P
A

R
S

E (coronal), according to the O
C

P
; in §12.2, it w

as
proved that L

im
burgian considers a hom

organic nasal-plosive sequence to have a single
[coronal] specification. B

ut [d
´
n
d
a
#˘x

] does not violate the segm
ental-integrity constraint

P
A

R
SE (nasal &

 coronal), w
hich is part of the specification and requires the co-occurrence

of tw
o perceptual features:
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V
ersion 2

(illogical)
P

A
R

SE
(cor/_V

)
*G

E
ST

U
R

E
(tongue tip)

P
A

R
SE

(cor)
P

A
R

SE
(nas &

 cor)
*G

E
ST

U
R

E
(velum

)
P

A
R

SE
(nas/´_C

)

!
 d

´
n
d
a
#˘x

*
*

*

d
´
d
a
#˘x

*
*

*!
*

d
´
n
b
E^˘{

*!
*

d
´
m

b
E^˘{

*
*

*!

!
   d

´
b
E^˘{

*
*

*(12.35)

R
ather strange in this proposal, how

ever, is the crucial ranking of the m
ore general

P
A

R
SE (nas) below

 the m
ore specific P

A
R

SE (nas &
 cor), allow

ing a *G
E

ST
U

R
E constraint

to intervene, contrary to the universal logical ranking defended in §8.10. It seem
s w

e’ll
have to use a constraint against [m

]: not against [m
] in this position in general ([´

m
b
] is

an otherw
ise licit sequence), but against [m

] w
here there is no underlying labial nasal; in

other w
ords, F

IL
L (nas &

 lab), w
hich is unviolated:

V
ersion 3

P
A

R
SE

(cor/_V
)

*G
E

ST
U

R
E

(tongue tip)
P

A
R

SE
(cor)

F
IL

L
(nas &

 lab)
P

A
R

SE
(nas/´_C

)
*G

E
ST

U
R

E
(velum

)

!
  d

´
n
d
a
#˘x

*
*

*

d
´
d
a
#˘x

*
*

*!

d
´
n
b
E^˘{

*!
*

d
´
m

b
E^˘{

*
*!

*

!
   d

´
b
E^˘{

*
*

(12.36)

T
he 

tw
o 

“nasal” 
constraints 

have 
been 

crucially 
reranked. 

A
n 

undom
inated

F
IL

L (nasal &
 dorsal) constraint is needed as w

ell. T
his account takes care of the fact that

L
im

burgian is adverse to nasal place assim
ilation in general. T

he obvious functional
reason for ranking F

IL
L (nas &

 lab) so high is that the result of violating it is the creation
of an otherw

ise licit path (or the creation of an existing phonem
e, so to say), thus crossing

the border betw
een tw

o m
ain categories.

T
he crucial ranking of P

A
R

S
E

 (nas/´_C
) >>

 *G
E

S
T

U
R

E
 (velum

) in (12.36) is needed
to ensure the surfacing of the /

n/ is [d
´
n
d
a
#˘x

]. In (12.35), the reverse ranking w
as

needed to get rid of the [m
] in [d

´
m

b
E^˘{

]. T
here are three reasons to prefer (12.36):
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1.
W

ith (12.36), w
e understand the general resistance of L

im
burgian against place

assim
ilation of nasals. N

o association lines should be added.
2.

In (12.35), P
A

R
S

E (nas &
 cor) is crucially ranked w

ith respect to *G
E

ST
U

R
E (blade).

In (12.36), F
IL

L (nas &
 lab) is not crucially ranked w

ith the constraints to its left.
T

herefore, (12.36) is the sim
pler gram

m
ar.

3.
If w

e accept the ease of correspondence betw
een /n/ and [m

], w
e cannot use

P
A

R
SEP

A
T

H
 or F

IL
LP

A
T

H
, but should use T

R
A

N
S

M
ITP

A
T

H
 and *R

E
PL

A
C

EP
A

T
H

instead. T
his gives the sam

e ranking as w
ith F

IL
LP

A
T

H
:

V
ersion 4

P
A

R
SE

(cor/_V
)

*G
E

ST
U

R
E

(tongue tip)
P

A
R

SE
(cor)

*R
E

PL
A

C
E

(nas cor, nas lab)
T

R
A

N
SM

IT
(nas/´_C

)
*G

E
ST

U
R

E
(velum

)

!
  d

´
n
d
a
#˘x

*
*

*

d
´
d
a
#˘x

*
*

*!

d
´
n
b
E^˘{

*!
*

d
´
m

b
E^˘{

*
*!

*

!
   d

´
b
E^˘{

*
*

(12.37)

W
hether w

e represent this phenom
enon w

ith P
A

R
SE (nas &

 cor) “w
e are only

interested in /n/ if it stays coronal”, or as F
IL

L (nas &
 lab) “do not create an [m

] w
here

there is no /m
/”, both the m

arked P
A

R
SE ranking and the com

binatory F
IL

L constraint
express an attitude to the segm

ent that is contrary to the idea of autonom
ous features.

T
hough the above exam

ple seem
s to m

ake a case for the “segm
ental” approach,

L
om

bardi (1996) notices that there are no languages that satisfy a fi
nal-devoicing

constraint by deletion of underlying voiced segm
ents only. T

hus, a gram
m

ar that allow
s

/a
t#/ to surface as [a

t], but forces /
a
d

#/ to becom
e [a

], does not occur. N
evertheless,

this is w
hat a ranking of ID

E
N

T-IO
 (voice) above M

A
X

-IO
 w

ould have to give:

/a
t#/

C
O

D
A

V
O

IC
E

L
E

SS
ID

E
N

T-IO
 (voice)

M
A

X
-IO

!
   a

ta
*!

(12.38)
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/a
d

#/
C

O
D

A
V

O
IC

E
L

E
SS

ID
E

N
T-IO

 (voice)
M

A
X

-IO

a
d

*!

a
t

*!

!
   a

*

(12.39)

If the typological interpretation of O
ptim

ality T
heory, nam

ely that all thinkable rankings
give possible gram

m
ars and that all possible gram

m
ars are given by a thinkable ranking,

is correct, the non-existence of the above gram
m

ar m
ust lead us to conclude that

ID
E

N
T-IO

 (voice) is not a viable constraint. If w
e consider, instead, the feature [voice] as

an autonom
ous autosegm

ent, w
e can replace the offensive constraint w

ith P
A

R
SE (voice);

even if w
e rank this above P

A
R

SE (segm
ent) (w

hich is the sam
e as M

A
X

-IO
), there is no

deletion:

/a
t#/

C
O

D
A

V
O

IC
E

L
E

SS
P

A
R

SE (voice)
P

A
R

SE (segm
ent)

!
   a

ta
*!

(12.40)

/a
d

#/
C

O
D

A
V

O
IC

E
L

E
SS

P
A

R
SE (voice)

P
A

R
SE (segm

ent)

a
d

*!

!
   a

t
*

a
*

*!

(12.41)

T
his gives the correct result (fi

nal devoicing), since deletion of the segm
ent is no w

ay to
satisfy P

A
R

SE (voice).

12.8   C
onclusion

T
o sum

 up: the overall rarity of featural constraint satisfaction by deletion of a segm
ent,

and typical autosegm
ental effects such as fusion, O

C
P

-driven epenthesis, and fl
oating

features pose insuperable problem
s to a linear version of C

orrespondence T
heory.

S
o w

e use P
A

R
SE (feature), and if w

e need control over the exact location of features
in the output, w

hich is the rationale behind any segm
ental approach, w

e can use path
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constraints like F
IL

L (feature
1  &

 feature
2 ). T

he idea is that all aspects of segm
entality are

as violable as any other constraints.
T

he gram
m

ar of m
ost languages apparently handles segm

ental effects, w
hich are

caused by “vertical” connections betw
een perceptual tiers, as w

ell as autosegm
ental

effects, w
hich are caused by “horizontal” connections betw

een perceptual cues.
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13   D
egrees of specification

In current theories of underspecification, segm
ents are either com

pletely specifi
ed

underlyingly for a given feature, or not specifi
ed at all for that feature. In this section, I

shall defend the view
 that all specifi

cations are violable P
A

R
S

E constraints, and that
underspecifi

cation is not a separate principle of phonology, but that it is, instead, an
illusion created by norm

al interaction of faithfulness constraints.
T

he term
 underspecification is used for tw

o not necessarily related phenom
ena: the

fact that som
e features are redundant in underlying representations (e.g., the segm

ent
/m

/, being a sonorant, does not have to be specified for [+
voice]), and the fact that som

e
features (like [coronal]) are m

ore likely not to surface than som
e other features (like

[labial]). In the rest of this section, I shall address both of these phenom
ena.

13.1   D
ifferent feature system

s for inventories and rules

In a form
al form

ulation of a phonological rule, a natural class is often represented by a
bundle of features. S

uch a bundle specifi
es the features com

m
on to the segm

ents that
undergo the rule. U

sual phonological practice uses the sam
e features for rules as it does

for describing the contrasts in sound inventories:

“redundant phonological features are m
ostly inert, neither triggering phonological rules nor

interfering w
ith the w

orkings of contrastive features.” (Itô, M
ester &

 Padgett 1995, p. 571)

H
ow

ever, the num
ber of features used for describing sound inventories is usually the

m
inim

um
 that is needed to catch all the possible contrasts. T

here is no a priori reason
w

hy these should be the sam
e as those needed in rules. F

or instance, languages m
ight

never contrast m
ore than tw

o values for the feature [voice]; nevertheless, the involvem
ent

of segm
ents bearing this feature in phonological processes like voicing assim

ilation is
likely to depend on the actual im

plem
entation of the voicing feature in the language at

hand. I w
ill show

 that there are also em
pirical reasons for not assum

ing the identity of
distinctive and inclusive features

24.

13.2   R
edundant features

T
he segm

ent /m
/ is allegedly underspecifi

ed for the feature [voice]. F
rom

 the functional
view

point, how
ever, it is com

pletely specifi
ed as /labial, nasal, stop, voiced, sonorant,

consonant, bilabial/: a com
plete set of perceptual features. V

oicing is an inalienable facet

24 cf. A
rchangeli &

 P
ulleyblank (1994: 52): “both unpredictable, lexically specifi

ed F
-elem

ents as w
ell as

com
pletely predictable F

-elem
ents m

ay play either active or inert roles in the phonologies of different
languages”.
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of the listener’s idea of how
 the segm

ent /m
/ should sound, i.e., if it is not voiced, it is

less of an /m
/. T

he non-redundant feature [sonorant] m
ight be suffi

cient, because an
unvoiced [m

8] is not sonorant any longer, but an /m
/ m

ade non-sonorant w
ill be m

ore
/m

/-like if it is voiced than if it is voiceless, so [+
voiced] is independently needed.

C
onsider the situation w

here the com
m

on cold obstructs your nasal tract. T
he follow

ing
tableau show

s the three relevant candidates, and the solution that you are likely to choose:

/m
/ +

 cold
*G

E
ST

U
R

E
(open nasal tract)

P
A

R
SE

(nasal)
P

A
R

SE
(voice)

*G
E

ST
U

R
E

(low
ered velum

)

[m
]

*!
*

!
   [b

]
*

*

[p
]

*
*!

*

(13.1)

T
hough the articulatory distances of both [b

] and [
p

] to [m
] are com

parable, the
perceptual distance of [b

] to [m
] is m

uch sm
aller than the [p

] – [m
] distance. W

e see that
the superiority of [b

] over [p
], can only be explained if the constraint P

A
R

S
E (voice) is

allow
ed to com

pete, i.e., if the feature [voice] is present.
O

f course, if you consider this strategy a part of phonetic im
plem

entation, w
hich

w
ould be a stratum

 that is ordered after redundant feature values have been fi
lled in, you

w
ould consider this exam

ple phonologically irrelevant. T
herefore, I’ll have to address the

positive evidence that has been brought up for the underspecifi
cation of voicing for

sonorants.
T

he idea that som
e features are redundant in underlying representations, is based on

tw
o, not necessarily related, reasons: redundancy for describing inventories, and inertness

in phonological rules. I w
ill tackle both.

– T
he inventory argum

ent: “in m
any segm

ent inventories, all sonorants are voiced but
obstruents exhibit a voiced/voiceless contrast; therefore, sonorants are not underlyingly
specified for voice”.

T
o m

ake a sonorant, like /
m

/, voiceless, you have to actively w
iden your glottis to a

large extent; otherw
ise, because the airfl

ow
 is not seriously obstructed above the larynx,

the vocal folds w
ill not cease to vibrate. In an obstruent, like [b

] or [p
], voicelessness is

brought about m
ore easily, because the labial closure decreases the glottal airflow

, w
hich

disfavours vocal vibration; instead, sustaining the vibration now
 requires som

e extra
effort. In other w

ords, for a voiceless [m
8] w

e need aspiration, and for voiceless [p
] only a

condition that w
e’ll vaguely call “obstruent-voiceless”, and w

e can assum
e a fi

xed
ranking of the directly articulatory constraint *G

E
S

T
U

R
E

 (glottis: spread) above the
im

plem
entationally form

ulated (licensing) constraint *[–voiced / obstruent] (see §11.12).
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O
n the perceptual side, w

e have the P
A

R
SE (voice) constraints. N

ow
, voiceless nasals

are barely audible in m
any situations, and their place distinctions are nothing to w

rite
hom

e about either. B
y contrast, voiceless plosives have salient release bursts w

ith strong
place 

cues. 
S

o, 
according 

to 
the 

m
inim

al-confusion 
hypothesis, 

w
e 

can 
rank

P
A

R
SE (voice / nasal) below

 P
A

R
SE (voice / obstruent).

T
he com

m
on inventory described above is a result of the follow

ing ranking, w
here

w
e assum

e that the categorization is so unrestrictive as to allow
 the recognition of /m

/,
/m

8/, /
b

/, /p/, and /
p

H/, and that all three voicing features are subject to the sam
e

P
A

R
S

E (voice) constraint (the licensing constraint has been replaced w
ith its appropriate

articulatory constraint):

input
output

*G
E

ST
U

R
E

(spread glottis)
P

A
R

SE
(voice/plos)

P
A

R
SE

(voice/nas)
*G

E
ST

U
R

E
(obs –voi)

/m
/

!
   [m

]

/m
8/

[m
8]

*!

!
   [m

]
*

/b/
!

   [b
]

/p/
[b

]
*!

!
   [p

]
*

/p
H/

!
   [p

]
*

*

[p
H]

*!
*

(13.2)

T
he resulting inventory is { m

, b
, p

 }, independent of the ranking of the rightm
ost tw

o
constraints. If w

e reverse the fi
rst tw

o constraints, the inventory w
ill be { m

, b, p
, p

H }.
S

o four of the six possible rankings give an inventory that contains m
ore voicing

contrasts in obstruents than in sonorants, and even the inventory w
ith the aspirated

obstruent does not contain a voiceless sonorant. T
he tw

o rem
aining possible rankings,

how
ever, w

ill show
 us that nothing special is going on. F

irst, if w
e rank both *G

E
ST

U
R

E

constraints (in their fi
xed order) above both P

A
R

SE constraints (in their fi
xed order), the

inventory w
ill be { m

, p
 }. F

inally, if w
e rank both P

A
R

SE constraints above both
*G

E
S

T
U

R
E constraints, w

e get { m
, m

8, b
, p

, p
H }. A

part from
 the richness of som

e of
these inventories along the voicing dim

ension for obstruents, w
hich is a result of the
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assum
ptions m

entioned earlier 25, the four types of inventories predicted here are exactly
the ones that are attested in actual languages. T

he typological predictions are:

•
A

s an autom
atic result of the fi

xed ranking of the tw
o P

A
R

S
E constraints and the fi

xed
ranking of the tw

o *G
E

ST
U

R
E constraints (and not of an inherent property of

sonorants), /m
8/ is rare in inventories. O

f the 317 languages considered in M
addieson

(1984), only 3 have /m
8/.

•
If a language has voiceless sonorants like /

m
8/, it m

ust also have aspirated plosives 26

like /p
H/.

T
his predicted im

plicational universal is borne out by the facts (all the languages
m

entioned also have a series of voiced nasals):

•
O

f the three languages w
ith /m

8/ in M
addieson (1984), only O

tom
i and K

lam
ath are

presented w
ith aspirated plosives, w

hereas H
opi is only reported to have plain

voiceless stops. H
ow

ever, V
oegelin (1956) explicitly states that exactly those H

opi
dialects that have voiceless nasals, also have pre-aspirated plosives that contrast w

ith
plain plosives. In the description of T

oreva H
opi, V

oegelin considers tw
o possible

analyses of the stop inventory: either voiceless nasals /m
8/ and pre-aspirated plosives

/Hp/, or the phonem
e sequences /m

h/ and /h
p/.

•
K

lam
ath (B

arker 1964) has a series of nasals that are “preaspirated and voiceless
throughout”, and postaspirated plosives.

•
In T

enango O
tom

i (B
light &

 P
ike 1976), initial sequences of /h+

m
/ are realized as

[m
8m

] and /m
+
h/ often as [m

m
8]. M

edial plosives are “frequently preaspirated”.
•

In T
em

oayan O
tom

i (A
ndrew

s 1949), both nasals and plosives m
ay “unite w

ith h or /
to form

 a sequence”, m
eaning /h

m
/ and /p

H/, respectively.
•

In 
W

elsh, 
post-aspirated 

nasals 
alternate 

w
ith 

post-aspirated 
plosives:

/´
n

 +
 p

Hç
rT

m
a
d
ç
g/ →

 /´
m

Hç
rT

m
a
d
ç
g/ ‘in Porthm

adog’.
•

In Iaai (M
addieson &

 A
nderson 1994), voiceless nasals m

ay be analysed as /
h
m

/
sequences phonetically (because voicing starts halfw

ay the closure) as w
ell as

phonologically (because they alternate w
ith /m

/ in the sam
e w

ay as vow
els alternate

w
ith /

hV
/ sequences). Still, all voiceless plosives, except the dental, have long releases

and long voice-onset tim
es (i.e., they are aspirated).

•
Jalapa M

azatec (S
ilverm

an, B
lankenship, K

irk &
 L

adefoged 1994) has, besides
voiceless nasals, full series of plain voiceless as w

ell as aspirated plosives.

25 If w
e had added the *G

E
S

T
U

R
E

 (+
voi / obs) constraint, w

hich can be ranked below
 *G

E
S

T
U

R
E

 (–voi /
obs), w

e w
ould have generated the inventories { m

, p, p
H } and { m

, m
8, p, p

H }; if w
e had restricted the

categorization of the voicing dim
ension, w

e w
ould have gotten { m

, b, p
H } and { m

, m
8, b, p

H } as w
ell.

26 W
e m

ust m
ake an exception for fi

nal voiceless sonorants as m
ay occur after voiceless obstruents in

F
rench, w

hich has no aspirated plosives. L
ike fi

nal devoicing of obstruents (section 10.4.7), this is caused
by the universal spreading of the breathing position of the vocal folds after the utterance.
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•
In B

urm
ese (C

ornyn 1944, S
prigg 1965, O

kell 1969), there are “voiceless” or
“preaspirated” nasals, w

ith a voiced second half, as confirm
ed by the m

easurem
ents by

D
antsuji (1984, 1986) and B

haskararao &
 L

adefoged (1991), contrasting and
m

orphologically alternating w
ith voiced nasals in m

uch the sam
e w

ay as aspirated
plosives do w

ith plain ones.
•

In T
ee (L

adefoged 1995), the only voiceless nasal is /n
8/. L

adefoged is not explicit
about the V

O
T

 of the voiceless plosives (there are voiced ones, too), though he
transcribes them

 as /p/ etc.
•

A
ngam

i (B
haskararao &

 L
adefoged 1991) has com

pletely voiceless nasals w
hose

second part also has oral airflow
 (no inform

ation about plosives).
•

X
i-de Y

i (D
antsuji 1982) has voiceless nasals, and an aspiration contrast in plosives.

•
M

izo (=
 L

ushai) (W
eidert 1975), has a series of nasals w

hose fi
rst part is voiceless.

B
haskararao &

 L
adefoged (1991) call them

 “voiceless (unaspirated) nasals”, in order
to contrast them

 w
ith the voiceless and postaspirated nasals of A

ngam
i (no inform

ation
about plosives).

T
hus, m

ost of these languages w
ith voiceless nasals also have aspirated plosives, w

hereas
less than 30%

 of the 317 languages of M
addieson’s (1984) database have aspirated

plosives
27. T

o w
hat extent this supports our prediction, is hard to fi

nd out precisely,
because m

any of the above languages belong to one fam
ily (T

ibeto-B
urm

an), w
hich m

ay
have a skew

ed distribution of aspirated plosives. F
urtherm

ore, in m
any of these

languages the tim
ing of the glottal gestures w

ith respect to the oral gestures often differs
betw

een nasals and plosives. T
hus, m

ost of these languages use different glottal-oral
coordinations for voiceless nasals and aspirated plosives, w

hich is a som
ew

hat surprising
phenom

enon. A
ccording to O

hala (1975), “voiceless nasals should be partly voiced,
because otherw

ise w
e w

ould hear no place distinctions”.

– T
he activity argum

ent: “the feature [+
voice] can spread, but only from

 obstruents;
sonorants, therefore, do not contain the feature [+

voice]”.
T

his argum
ent is due to a failure to appreciate the difference betw

een articulatory and
perceptual features. V

oiced obstruents are im
plem

ented w
ith active gestures to facilitate

voicing under the adverse conditions of a supralaryngeal obstruction, such as an extra
adduction of the vocal folds to com

pensate for the raised intraglottal pressure, a
slackening of the pharyngeal and oral w

alls, and a low
ering gesture of the larynx.

W
hatever com

bination of these tricks is used by the speaker (or the language), this
“obstruent-voiced” gesture m

ay spread to a preceding obstruent, m
aking that one voiced

as w
ell: /

s +
 b/ →

 [z
b
]. F

or sonorants, by contrast, such a gesture is less needed, and if
the gesture is not there, it does not spread: /s +

 m
/ →

 [sm
]. T

he perceptual feature
[voice], how

ever, is present in both [b
] and [m

], because the vocal folds vibrate in both

27 T
he 30%

 is probably an underestim
ation caused by the com

m
on linguistic practice of transcribing

aspirates as plain voiceless stops in languages w
ithout aspiration contrasts.
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sounds, w
hich leads to the perceptual im

pression of periodicity. If w
e m

ake a distinction
betw

een articulatory gestures and perceptual features, there is no need to assum
e an

underlying [+
voice] only in voiced obstruents and a redundancy rule that should assign

[+
voice] to sonorants at the end of the derivation.

In a fram
ew

ork w
ith underspecifi

cation and rule ordering, w
e w

ould expect the
default rule to be able to occur before the spreading rule. T

hus, spreading of [+
voice]

from
 sonorants is expected to occur, and because of this, S

teriade (1995) proposes a
feature [expanded larynx] and a feature [voice], both of w

hich should be able to spread.
In a fram

ew
ork w

ith a distinction betw
een articulatory and perceptual features, this w

ould
not be expected. W

e m
ust review

, therefore, the evidence that has been brought up for the
spreading of [voice] from

 sonorants.
F

irst, S
teriade (1995) m

entions the E
nglish m

orphem
e plural m

orphem
e, w

hich
show

s up as [+
voiced] after voiced obstruents and sonorants ([b

√
g-z

] ‘bugs’, [k
Hç

˘l-z
]

‘calls’), but as [–voiced] after voiceless obstruents ([tSHIk
-s] ‘chicks’). T

his can be
analysed, how

ever, w
ith a voiced m

orphem
e /

z/, w
ith spreading of [–voice] from

voiceless obstruents. C
onfi

rm
ation of this analysis is found w

ith the m
orphem

e /
T/,

w
hich, being specifi

ed as [–voice] show
s no voicing after sonorants ([h

El-T
] ‘health’),

nor, for that m
atter, after voiced obstruents ([b

rEd
-T

] ‘breadth’).
A

nother exam
ple is fi

nal voice neutralization. In S
anskrit, w

ord-fi
nal obstruents

assim
ilate their voicing features to those of any follow

ing sound, be it an obstruent, a
sonorant consonant (but /

k
+
m

/ →
 
[N

m
]), or a vow

el. In L
im

burgian, w
ord-fi

nal
obstruents “assim

ilate” to follow
ing plosives and vow

els; before fricatives and sonorant
consonants, they are voiceless. N

either of these cases has to be described as spreading
from

 a sonorant, because in both S
anskrit and L

im
burgian, utterance-fi

nal obstruents
devoice, w

hich, together w
ith the “assim

ilations” m
entioned earlier, leads to a com

plete
voice neutralization of w

ord-fi
nal obstruents. T

herefore, P
A

R
SE (±

voi / ]W
) m

ust be
ranked very low

, probably as a generalization of utterance-fi
nal voice neutralization:

w
ords are often utterance-fi

nal, so their fi
nal obstruents are less likely to show

 up as
voiced than their initial obstruents, even if a voicing contrast is m

aintained at the end of a
w

ord but not at the end of an utterance, so P
A

R
S

E (±voi / ]W
) m

ust be ranked low
er than

P
A

R
S

E (±voi / W
[), and the local-ranking principle does the rest. T

he data of L
im

burgian
can now

 be explained by the follow
ing ranking (the interaction w

ith fricative devoicing is
too com

plex to discuss here):
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P
A

R
SE (±voice / ]W

)

*[–voi / obs / V
_V

]

*[+
voi / obs / V

_V
]

P
A

R
SE (±voice / W

[ )

(13.3)

T
he S

anskrit data are found by generalizing the right-hand environm
ent to all sonorants.

T
he typology suggested by the tw

o languages derives from
 the near-universal ranking *[–

voi / obs / V
_C

 son] >>
 *[–voi / obs / V

_V
]. If sonorants could spread their voicing

gesture, w
e w

ould have to realize that sonorant consonants need a stronger voicing
gesture than vow

els, so that w
e should expect the ranking *[+

voi / obs] >>
 *[+

voi / C
son] >>

 *[+
voi / V

] to be active. T
he typology that can be derived from

 this ranking
w

ould predict that there are languages w
here sonorant consonants spread, but vow

els do
not: the reverse situation from

 the L
im

burgian case. O
nly if such languages exist, I am

ready to believe in the spreading of [+
voice] from

 sonorants.

13.3   W
eak features

In our account, specifications are constraints. S
om

e features, like [coronal], are less
likely to surface than som

e other features, like labial. F
or instance, /n/ is specifi

ed as
being coronal from

 the beginning, but a higher-ranked gesture-m
inim

izing constraint can
cause the underlying value not to surface (§11.4). S

o, D
utch /

n/ only surfaces as a
coronal 

if 
it 

cannot 
get 

its 
place 

specifi
cation 

from
 

a 
follow

ing 
consonant.

U
nderspecifi

cation theories “explain” this by stating that /n/ is not specifi
ed at all for

place underlyingly, so that its place specifi
cation does not have to be erased by the

follow
ing consonant, w

hich w
ould be one of those unw

anted structure-changing
processes. A

fterw
ards, a default rule w

ould fi
ll in the coronal place specifi

cation.
K

iparsky (1985), w
ho analysed the sim

ilar data of C
atalan, w

ould describe this situation
w

ith the follow
ing ordered set of rules:

1.
(U

nderlying specifi
cations:) /N/ is specifi

ed as using the dorsal articulator and the
velar place of articulation, /m

/ is specifi
ed as using the labial articulator (low

er lip)
but has no specifi

cation for place of articulation, and /n/ is not specifi
ed for any

articulator or place at all.
2.

(Feature-filling assim
ilation rule:) every nasal consonant, if not yet specified, takes on

the articulator and place of the follow
ing consonant.
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3.
(F

eature-fi
lling default rules:) a labial stop (plosive or nasal) that is not yet specifi

ed
for place of articulation, is bilabial, and a consonant not yet specifi

ed for place at all,
is coronal and alveolar.

A
 m

ajor draw
back of such an approach is that rule 2 produces a result that can be

expressed as a w
ell-form

edness condition on clusters of a nasal plus a consonant, i.e., it
ensures that clusters originating w

hen tw
o w

ords are concatenated, adhere to the sam
e

phonotactic constraints that hold inside m
orphem

es. T
hus, rule 2 seem

s to be goal-
oriented (the goal being the fulfi

lm
ent of the preference for hom

organic clusters), but
does not refer explicitly to that goal. O

ptim
ality T

heory and other constraint-based
theories prom

ote these goals to the status of the actual building blocks of phonological
description. In the approach of §11.4, underspecification is taken care of in a natural w

ay:
/n/ is not really unspecified for place, but the place specification for /n/ just ranks m

uch
low

er than m
any other constraints, likew

ise, bilabiality of /m
/ em

erges although its
specification is w

eak.
T

hus, underspecifi
cation is not a separate device, but an autom

atic result from
 the

general theory.

13.4   T
he lexicon

T
here is one area w

here underspecification is still useful: the efficient storage of form
s in

the lexicon. F
or instance, a m

orphem
e w

ith /
m

/ w
ill only contain the m

inim
al

inform
ation needed to reconstruct this segm

ent: perhaps the specification /nasal +
 labial/

or just the specification /m
/. In both cases, these specifications m

ust be pointers to a fully
specified list of the perceptual features that are desired in the output, like [voice].

In C
hom

sky &
 H

alle (1968), the specifi
cation of the m

ost com
m

on (or unm
arked)

values of all features could be left out of the underlying representation (m
 for “m

arked”),
for the sake of even m

ore efficiency of lexical representation, :

/t/
/E/

/n/
/s/

 coronal
+

 voiced

 continuant
m

 strident

 nasal
m

 vocalic
m

 sonorant

 high
m

 back

(13.4)
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T
he em

pty cells w
ould be fi

lled in by redundancy rules, such as [+
son] →

 [+
voi], [+

nas]
→

 [+
son], ∅

 →
 [–voi], etcetera (note the subtle difference betw

een “plus” and “m
arked”;

also note that the values for [vocalic] for the fi
rst tw

o segm
ents could be fi

lled in on the
basis of the default C

V
 syllable). It w

as not suggested that the m
arked values w

ere
phonologically m

ore active than the unm
arked values. T

he phonetic form
 [tHEn

ts] is
derived by late rules that govern the aspiration of plosives in onsets of stressed syllables,
and the insertion of an intrusive stop in sequences of sonorant plus /s/.

O
ur exam

ple /
tE

n
s/ w

ould in such a theory be specifi
ed as a sequence of “oral

plosive” plus “m
id vow

el” plus “nasal” plus “fricative”, in this order and w
ithout overlap.

W
e could run this specification through the E

nglish constraint system
. A

ll the consonants
w

ould becom
e coronal, not labial, because *G

E
ST

U
R

E (coronal) is ranked below
*G

E
ST

U
R

E (labial), or because F
IL

L (coronal) is ranked below
 F

IL
L (labial). T

he resulting
output w

ould be [[tHEE)n
_
ts

]], like in the real w
orld. S

o w
e could ask w

hether the
underspecified input is real or not. T

he question cannot be answ
ered in general, because it

depends on w
hat criteria of sim

plicity you apply. A
s alw

ays in phonology, there is a trade
here: the sim

plicity of the underlying form
 shifts the burden of stress to the recognition

phase: m
any F

IL
L constraints are violated in deriving an actual output from

 an
underspecifi

ed input. If the sim
plicity of recognition is the criterion, the underlying form

should be m
axim

ally sim
ilar to the surface form

. If the underlying form
 is /tHE

E
)n_

ts/, no
constraints are violated in the resulting tableau. W

ith a “tableau of tableaux” criterion of
lexicon form

ation (Prince &
 Sm

olensky 1993), this underlying form
 w

ould be optim
al.

O
pting for /tHEE)n_

ts/ as the underlying form
, how

ever, does not take account of the
speaker’s intuitions as to the phonological m

ake-up of this m
orphem

e. S
poken

backw
ards, for instance, the w

ord is not [[st_
n
E)EHt]], but [[sn

E
/t]], w

hich suggests an
underlying /sn

Et/, w
ith an appreciable degree of segm

ental organization (i.e., high path
constraints).

13.5   O
ptionality and stylistic variation

In rule-based theories, rules either do or do not apply. If a rule does not apply, it is not in
the gram

m
ar. If a speaker som

etim
es does apply the rule, and som

etim
es does not, it has

to be m
arked in her gram

m
ar as optional. T

his is a separate device again.
In a theory based on constraint ranking, there is no such built-in phenom

enon as
optionality. A

 constraint does not have to leave the gram
m

ar if it becom
es w

eaker. It m
ay

even still be active, but less visibly so. T
he rule-based counterpart of this change in

visibility w
ould be a change in the environm

ent of the rule, a change w
hich can not be

related in any principled w
ay to the function of the rules.

In §11.5, I show
ed that even w

ithin a language, constraint ranking can show
 variation,

and that (it w
ill com

e as no surprise) the division betw
een articulatory and perceptual

constraints plays an interesting role there.
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13.6   P
rivative features

S
teriade (1995) states that the need for underspecifi

cation theories is m
uch dim

inished if
m

ost features are seen as privative. F
or instance, if [nasal] is considered a privative

feature, this w
ould “explain” the fact that nasality can spread, but non-nasality cannot.

B
ut as seen in §8, this effect is related to a listener strategy based on com

m
onness, and is

expressed in the gram
m

ar as the fi
xed ranking *D

E
L

E
T

E (+
nasal) >>

 *IN
SE

R
TP

A
T

H

(+
nasal &

 place). T
he sam

e goes for the /E/ in /tE
n
s/: it can be underlyingly specified as

[–nasal], but *R
E

PL
A

C
E (E, E

)) is ranked below
 *S

Y
N

C
 (blade: open | closed, velum

:
closed | open).

13.7   “T
rivial” underspecification

A
ccording to S

teriade (1995), “plain coronals are trivially, inherently, and perm
anently

lacking in specifi
cations for the features [labial] or [tongue root]”. B

ut coronals are
specifi

ed for [labial] in the sense that the lips cannot be closed during the burst of [t]: as
w

e saw
 in §2.4, the articulatory underspecification is restricted by the needs of perceptual

invariance, i.e. the variable α
 in a dom

inated *R
E

P
L

A
C

E (t, α
) cannot be perceptually too

far aw
ay from

 [t]. B
ecause the spectrum

 of the burst of 
[t] is determ

ined m
ost

prom
inently by the location of the release, and less so by secondary constrictions, the

illusion of underspecification com
es to the surface.

13.8   Invisible specifications

In §7, I argued that the /
s/ in /

tE
n
s/, though not rounded at the surface, m

ay be
underlyingly unspecifi

ed for the feature [round]. In /u
su/, the lips m

ay stay rounded
throughout the coronal constriction, and in /isi/, they m

ay stay spread, so there is no
em

pirical difference betw
een specifying /s/ as [+

round] or [–round]. E
ven the fact that

an isolated utterance /s/ is pronounced w
ithout rounding, can be attributed to the ranking

*G
E

S
T

U
R

E (lips: rounded) >>
 P

A
R

SE (±round / sibilant) 28. In a sense, the gram
m

ar that
uses an underlyingly unrounded /s/ is sim

pler than the gram
m

ar that uses a rounded
/sW/, because the form

er gram
m

ar infl
icts a sm

aller constraint violation for a m
axim

ally
faithful rendering of the underlying form

. H
ow

ever, no em
pirical effects are associated

w
ith this “m

inim
ization of gram

m
atical stress”.

13.9   C
onclusion

In functional phonology, listener-based constraint rankings replace the “unm
arkedness”

that other theories ascribe to certain features or feature values, and that they try to build

28 In E
nglish, this is not quite true, because an isolated utterance /

S/ is pronounced w
ith lip rounding.
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into their representation of phonology. T
he explanation for each of these rankings has to

be sought in the coincidental properties of the hum
an speech channels and the hum

an ear,
not in the hum

an language faculty. T
he default assum

ption m
ust be that the input contains

full specifi
cations of all feature values, though som

e of these specifi
cations are so w

eak
that they can easily be overridden by articulatory constraints. T

hese w
eaknesses cannot

be stipulated, but can be derived instead from
 considerations of perceptual contrast.
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14   E
m

pirical adequacy of F
unctional P

honology

In the previous sections, I developed a theory of how
 phonology w

ould look like if it
w

ere governed by functional principles. T
his m

ay be fine as an exercise of the bottom
-up

construction of an ideal w
orld, but the resulting theory of F

unctional P
honology w

ill be
an acceptable alternative to generative approaches only if it is capable of describing
phonological structures and processes w

ith an equal or higher am
ount of em

pirical
adequacy, effi

ciency, and explanatory force. In subsequent papers (B
oersm

a, fc. a-e), I
w

ill show
 that F

unctional P
honology can stand up to this test and clarify m

any hitherto
recalcitrant phonological issues; on the phonetic side, som

e of these papers profi
t from

 a
com

puter sim
ulation of a com

prehensive physical m
odel of the vocal apparatus (B

oersm
a

1993, 1995, in progress), w
hich w

as devised w
ith the intent of studying the “autom

atic”
relation betw

een articulation and acoustics.
In order not to keep the reader w

ondering w
hat directions these investigations have

taken, the follow
ing sections concisely describe their results.

14.1   Spreading

A
ccording to functional principles, only articulatory gestures can spread. S

preading of a
perceptual feature w

ould dim
inish the contrast betw

een utterances; this w
ould alw

ays be
w

orse than no spreading
29.

T
here are at least three basic types of spreading. T

he first is a change in the tim
ing of

an articulatory gesture, needed to satisfy an articulatory constraint, m
ost often *S

Y
N

C.
T

hus, /
E
n/ is pronounced [[EE)n

]] because [[E
n
]] w

ould violate *S
Y

N
C (nasal, coronal)

and because a shift in the other direction w
ould give [[E

tn
]], w

ith an offensive nasal
plosive; likew

ise, /n
s/ m

ay be pronounced [[n
_
ts]] because its alternative, [[n

´
)s]]

w
ould violate a stronger F

IL
L constraint.

T
he second type of spreading occurs w

hen a concatenation process causes the
adjacency of tw

o incom
patible articulatory gestures. F

or instance, if [spread glottis]
m

eets [constricted glottis], one of them
 w

ill have to leave.
T

he third type of spreading occurs w
hen a concatenation process causes the overlap

of tw
o gestures w

ith confl
icting perceptual correlates. O

ne of the tw
o gestures is then

bound to be deleted. F
or instance, in [a

n
p
a
], the slow

er labial gesture overlaps the
coronal 

gesture, 
w

hich 
dim

inishes 
the 

contrast 
betw

een 
it 

and 
[a

m
p
a
]. T

hus,

29 Perceptually m
otivated ‘spreading’ could im

prove the probability of recognition of the feature. It w
ould

be associated w
ith stem

-affi
x vow

el harm
ony, w

hole-w
ord dom

ains, etc. (the F
-dom

ain of C
ole &

K
isseberth 1994). B

ut it is not spreading (as C
ole &

 K
isseberth note). ‘T

ransparent’ segm
ents w

ith
incom

patible articulations are expected, not ‘opaque’ ones. T
he problem

 of W
olof, w

hich show
s both

transparency and opacity, is treated in B
oersm

a (fc. a).
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P
A

R
S

E (place) w
ill fall dow

n the constraint hierarchy, perhaps below
 *G

E
ST

U
R

E (tip),
w

hich w
ould result in the deletion of the tip gesture.

T
he role of perception in spreading branches into tw

o blocking effects. F
irst,

faithfulness constraints w
ill have to allow

 spreading to take place at all. In D
utch, for

instance, the labial gesture is allow
ed to spread in /

n+
p/, but not in /t+

p/, though the
articulatory gain w

ould be equal in both cases (nam
ely, the loss of a coronal gesture); the

difference m
ust be caused by a different ranking of P

A
R

S
E (place) or F

IL
L (place ×

 nasal)
constraints for nasals and plosives.

T
he second blocking effect of faithfulness constraints w

orks at a distance: the
dem

arcation of the dom
ain of spreading. In harm

ony system
s, the spreading of a feature

can be blocked by a perceptual specifi
cation that is incom

patible w
ith the spreading

gesture. In nasal-harm
ony system

s, for instance, the [low
ered velum

] gesture is
incom

patible w
ith the perceptual specifi

cations of m
ost consonants: in decreasing order

of perceptual incom
patibility, w

e fi
nd plosives, fricatives, liquids, oral glides, and

laryngeal glides; this order reflects im
plicational universals of transparency of consonants

to nasal harm
ony. 30

T
he predicted correlations betw

een articulatory gestures and spreading, and betw
een

faithfulness constraints and blocking, are verified in B
oersm

a (fc. c).

14.2   O
C

P

In Functional Phonology, the O
C

P branches into tw
o fundam

entally different principles.
T

he fi
rst is a general principle of hum

an perception, not confi
ned to phonology. In

designing a country m
ap of E

urope, the cartographer can choose to fi
ll in the countries

w
ith the m

inim
al num

ber of four colours that are needed to give every pair of adjacent
countries different colours. If she decided to paint both the N

etherlands and B
elgium

 red,
the reader of the m

ap w
ould not be able to identify them

 as separate countries; thus, in
cartography, adjacent identically coloured countries are avoided.

L
ikew

ise, if a m
orph ending in /-m

/ is concatenated w
ith a m

orph starting w
ith /m

-/,
the usual tim

ing of syllable-crossing clusters w
ill result in the long consonant [-m

˘-]. T
he

perceptual identity of one of its constituents is therefore lost, violating P
A

R
SE (root).

Som
e of the inform

ation about the existence of tw
o m

orphem
es is kept in the tim

ing, but
if the language is adverse to gem

inates, it m
ay just end up w

ith [-m
-], violating

P
A

R
SE (X

) in addition.
T

he problem
 of the long perceptually hom

ogeneous sound can be levied by inserting
a pause betw

een the tw
o consonants (i.e., draw

ing a black border betw
een the

30 G
uarani-type nasal-harm

ony system
s, w

here plosives are transparent to the spreading of [+
nasal] but are

still pronounced as plosives, m
ust be analysed in a different w

ay. A
nalogously to the situation in m

ost other
languages, w

here nasality can be seen as superposed on an oral string and im
plem

ented w
ith a [low

ered
velum

] gesture, these harm
ony system

s m
ay consider orality (in half of their m

orphem
es) as being

superposed on a nasal string and im
plem

ented w
ith a [raised velum

] gesture.
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N
etherlands and B

elgium
): giving [[-m

_
m

-]]. T
his violates a F

IL
L (pause) constraint: a

pause can be perceived as a phrase boundary. A
nother strategy w

ould be to insert a
segm

ent (declaring the independence of the southern provinces of the N
etherlands, and

painting them
 blue), w

hich w
ill give [-m

´
m

-] or so: another F
IL

L violation. L
anguage-

specific rankings of all the faithfulness constraints involved w
ill determ

ine the result.
T

he perceptual nature of this fi
rst functional correlate of the O

C
P

 is show
n by the

rules of vow
el insertion in E

nglish, w
hich are hard to capture w

ith generalizations over
single tiers in feature geom

etry. T
hus, the insertion of /I/ before the m

orphem
e /-z/

occurs in bridges but not in tents, exactly because [d
Z
z
] w

ould contain a perceptually
unclear boundary (T

he N
etherlands in red, B

elgium
 in purple), and [n

ts] w
ould not;

likew
ise, the insertion of /I/ before the m

orphem
e /-d/ occurs in m

elted but not in
canned, because the boundary w

ould be lost in [lt˘] but not (or less so) in [n
d
].

T
he second functional correlate of the O

C
P

 is sim
ply the tendency not to repeat the

sam
e articulatory gesture: an articulatory *R

E
P

E
A

T constraint. T
he features involved in

this constraint are arguably of an articulatory nature: the Japanese constraint against tw
o

separate voiced obstruents w
ithin a m

orphem
e obviously targets the articulatory gesture

needed for the voicing of obstruents, not the perceptual voicing feature, w
hich w

ould also
apply to sonorants. A

 clear difference w
ith the first principle is exhibited by a m

orphem
e-

structure constraint in A
rabic, w

hich does not allow
 tw

o labial consonants w
ithin a root;

apart from
 disallow

ing tw
o appearances of /b/, it does not even allow

 /m
/ and /b/ to

appear together. T
his generalization over plosives and nasals is typical of the articulatory

labial gesture, w
hich does not care w

hether the nasopharyngeal port is open or not,
w

hereas the divergent behaviour of plosives and nasals in m
elted versus canned is exactly

w
hat is expected from

 a perceptually conditioned phenom
enon.

T
he predicted correlations betw

een near O
C

P effects and faithfulness constraints, and
betw

een distant O
C

P effects and articulatory constraints, are verified in B
oersm

a (fc. d).

14.3   F
eature geom

etry

In theories of feature geom
etry, features are placed in a hierarchical tree to express the

fact that groups of features co-occur in phonological rules and structures. In the folow
ing,

I w
ill show

 that this tree is a hallucination caused by a confusion of articulatory and
perceptual features. In F

unctional P
honology, the only acceptable hierarchies are the

im
plicational trees (2.4) and (2.5).

– N
o place node. T

he prototypical exam
ple of w

hy w
e need the place node, is the

language in w
hich a nasal consonant that is follow

ed by another consonant, is constrained
to have the sam

e place of articulation as that other consonant, or, to put it shorter, all
nasal-nonnasal consonant clusters are hom

organic. S
uch a language m

ay also show
 the

active process of place assim
ilation of nasals, in w

hich every nasal takes on the place of
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the follow
ing consonant. T

he conclusion is that the labial, coronal, and dorsal articulators
undergo the sam

e rule, and have thus to be subsum
ed under one node, the place node.

B
ut there is no articulatory reason w

hy the three articulators should act as a group:
articulatorily, the labial, coronal, and dorsal articulators can be m

oved independently
from

 each other. A
lso, there is som

e uneasiness (or controversy) as to w
here the

pharyngeal articulator belongs; in som
e respects, it is an articulator like the labial,

coronal, and dorsal articulators, and in som
e respects it is not: now

, does it belong under
the place node, or not?

T
he answ

er is: there is no place node. For place assim
ilation of nasals, the pharyngeal

articulator is not included in the rule; for rules involving fricatives, it is included.
T

herefore, the focus has been w
rong: instead of identifying the com

m
on denom

inator of
the targets of the place assim

ilation rule for nasals as “oral place”, w
e should just stay

w
ith the feature [nasal]. T

he pertaining sounds are specifi
ed for [nasal], and as long as

there is a constriction anyw
here in the m

outh, these sounds w
ill be heard as nasal

consonants, i.e., sounds characterized by an airstream
 that travels exclusively throught the

nose. S
o, there is nothing com

m
on to a labial closure, a coronal closure, and a dorsal

closure, except that they all can be trusted to bring a perceptual [nasal] specification to the
surface of the utterance. It w

as not the idea of the theory of feature geom
etry to have its

nodes supervised by a single perceptual specifi
cation; rather, it considered the nodes as

universal, perhaps innate, groupings of features. B
ut reality seem

s to be sim
pler: to

im
plem

ent the perceptual feature [nasal consonant], w
e can choose from

 the articulatory
gestures [lips: closed], [blade: closed], and [body: closed].

T
here rem

ains the problem
 of w

hy the coronal gesture should delete w
hen the labial

gesture spreads. Such phenom
ena m

ay have tw
o causes:

•
D

ouble spreading: the spreading of an articulatory gesture obscures the perceptual
result of the overlapped gesture, w

hich can subsequently be deleted w
ith less of a

problem
.

•
T

he deletion of [coronal] is the cause, and the spreading of [labial] is a consequence
w

hich preserves the faithfulness of a perceptual feature like non-orality or tim
ing.

O
ften, these tw

o causes cannot be separated: a process like /a
n+

p/ →
 /a

m
p/ m

ay only
be possible if spreading and deletion occur sim

ultaneously, because /a
m

Én
p/ involves a

perceptual loss w
ithout any articulatory gain, and /a

a
)p/ involves a perceptual loss that

m
ay not outw

eigh the gain of satisfying *G
E

ST
U

R
E (coronal). T

he O
ptim

ality-T
heoretic

approach, of course, serves w
ell in the evaluation of this kind of tunnelling processes.

– T
he feature [continuant]. C

ontinuancy is an unsolved problem
 in theories of feature

geom
etry. A

gain, this problem
 rests on a failure to distinguish betw

een articulatory and
perceptual features. T

he articulatory feature [continuant] w
ould refer to a certain of

stricture, and can be independently im
plem

ented for every articulator, so it should be
located under every articulator node separately. In the geom

etry of (2.5), it could be
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considered to refer to every degree of constriction m
ore open than “closed”. H

ow
ever,

such an articulator-dependent position of the feature [cont] is not usually considered
appropriate, because [cont] does not have to spread w

hen its articulator spreads: in /n+
f/

→
 /M

f/, the place of /f/ spreads, but its degree of constriction does not; likew
ise, in an i-

um
laut system

 /o/ becom
es /O/, not /y/, before /i/. T

herefore, [cont] m
ust be located

som
ew

here else: S
agey (1986) hangs a single [cont] feature directly under the root node,

and goes in great lengths to m
anufacture a projection of it on the “prim

ary articulator”: an
arrow

 w
hich points to the relevant articulator, or functionally speaking, to the articulatory

gesture that im
plem

ents the perceptual feature [cont]. Problem
s arise, then, because clicks

in N
am

a can have friction contrasts for the anterior closure as w
ell as for the velar

closure, and so on. C
learly, the situation is in w

ant of a better idea.
First, the feature [cont] often does spread: even people w

ith m
issing or irregular teeth

can produce a reasonable /M
/, because som

e oral leak is no problem
 perceptually (in

contrast w
ith the case of the labiodental plosive, w

hich, because of the population’s
average dental health, does not occur as a speech sound). T

herefore, /M
f/ m

ay w
ell

involve assim
ilation of degree of closure.

T
he Sanskrit processes /s+

t/ →
 [st] and /s+

ˇ/ →
 [ßˇ] is a better exam

ple: apparently,
place can spread w

ithout dragging continuancy along. T
his process can be seen as

spreading of place w
ith conservation of frication: a m

inim
al blade gesture is needed

betw
een [ß] and [ˇ] in order to preserve the perceptual features [fricative] and [plosive].

B
ut it is clear that the sequence [ßˇ] is m

uch easier to im
plem

ent than [sˇ]: in the form
er,

the sides of the tongue rem
ain fixed throughout the cluster. E

verything is explained by the
quite acceptable ranking P

A
R

S
E (sibilant) >>

 *G
E

S
T

U
R

E (blade: grooved | retrofl
ex) >>

*G
E

S
T

U
R

E (blade: critical | closed) >>
 P

A
R

S
E (place). N

ote that in this form
ulation,

“sibilant” and “critical” are the tw
o keyw

ords that replace the hybrid feature [cont].

– T
he laryngeal node. E

vidence for the laryngeal node is found in processes w
here

voicing and aspiration seem
 to act as a single natural class (M

cC
arthy 1988): in G

reek,
[+

voice] and [aspirated] spread throughout obstruents clusters; and in T
hai, voiced and

aspirated plosives becom
e voiceless w

ord-fi
nally. H

ow
ever, proving the existence of a

laryngeal node w
ould involve show

ing the interdependence of these processes. F
or

instance, if 70%
 of voiced consonants show

 final devoicing cross-linguistically, evidence
for a laryngeal node w

ould involve proving that the proportion of voiced consonants that
show

 devoicing in languages that also show
 final neutralization of aspiration contrasts, is

higher than 70%
. In absence of such evidence, w

e should not stipulate a laryngeal node.
If, by contrast, these percentages w

ill prove to be equal, fi
nal devoicing and fi

nal
deaspiration m

ust be uncorrelated and, therefore, probably independent processes.

– T
h

e root n
ode. T

he root node is thought to contain all the features that are not
phonologically active, like [sonorant] and [consonantal]. W

e now
 know

 that these are
perceptual features, so w

e are not surprised that they do not spread. H
ow

ever, the root

T
he E

lem
ents of F

unctional P
honology

160

node is a node because it can spread as a w
hole. T

his is total assim
ilation, e.g., A

rabic
/a

l/ ‘the’ +
 /d

a
˘r/ ‘house’ →

 /a
d
˘a

˘r/. T
he constraints that are satisfied, how

ever, in this
process, are *G

E
ST

U
R

E (lateral) and the perceptually m
otivated P

A
R

S
E (tim

ing): m
ost of

the segm
ent has to disappear, but its coronality (in A

rabic) and, above all, its tim
ing

rem
ain.
P

erceptually, the root node is the location w
here the identity of adjacent identical

elem
ents is lost com

pletely: if all the perceptual features stay the sam
e, no boundary is

perceived at all (§12). T
his com

bination of all the perceptual features available to the
listener at a given tim

e, thus has a special status, but not as a result of a built-in hierarchy.
W

ithin a feature-based fram
ew

ork, the m
ain effects of the root node (tim

ing and
com

plete identity) can be handled w
ith prosodic units (m

orae) and an O
C

P that is ranked
according to §12.3 (and inviolable if its argum

ents involve tw
o equal values on the

m
axim

al com
bination of tiers).

T
he conclusion m

ust be that feature geom
etry is superfl

uous. S
om

e features and gestures
form

 classes because they happen to w
ork in the sam

e perceptual dom
ains. S

everal
aspects of feature geom

etry are addressed in B
oersm

a (fc. a, b).

14.4   Inventories

T
he Frisian short-vow

el system
 is

i
y

u

e
O

o

E
ç

a
(14.1)

T
his system

 has been draw
n in a som

ew
hat triangular shape to stress the fact that the

perceptual front-back contrast is sm
aller for low

er vow
els than for higher vow

els.
P

honological 
approaches 

to 
sound 

system
s 

like 
this 

(radical 
or 

contrastive
underspecifi

cation) try to express sound system
s w

ith the m
inim

al num
ber of distinctive

features and their com
binations. Starting w

ith a finite num
ber of distinctive features, they

derive the “gaps” (here, the gap at /ø
/ and the restricted distribution of the low

 vow
els)

w
ith the help of redundancy rules or default rules. N

o explanatory adequacy is arrived at.
P

honetic attem
pts to explain sound inventories have used only a few

 functional
principles. K

aw
asaki (1982) restricted her explanations to the tw

o perceptual principles of
m

axim
ization of distinction and salience. Stevens (1989) tried to explain the com

m
onness

of som
e sounds as the m

inim
ization of precision and the sim

ultaneous m
axim

ization of
acoustical reproducibility. L

iljencrants &
 L

indblom
 (1972) investigated how

 vow
el

system
s w

ould look like if they w
ere built according of the principle of m

axim
um

perceptual contrast in a m
ulti-dim

ensional form
ant space. L

indblom
 (1990a) sought the

solution in auditory and proprioceptive distinctivity, adding them
 to each other w

ith a
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kind of global bookkeeper’s strategy. T
en B

osch (1991) explained vow
el system

s on the
basis of m

axim
al distinctions w

ithin an articulatory space bounded by an effort lim
it

based on the distance from
 the neutral vocal-tract shape; sim

ilar approaches are found in
B

oë, P
errier, G

uérin &
 S

chw
artz (1989), S

chw
artz, B

oë, P
errier, G

uérin &
 E

scudier
(1989), B

oë, S
chw

artz &
 V

allée (1994), and S
chw

artz, B
oë &

 V
allée (1995). N

one of
these approaches derives the sym

m
etry that is visible in (14.1).

S
urpringly, none of the ‘phonetic’ approaches took into account the sym

m
etrizing

principles of perceptual categorization, w
hich w

ould explain, am
ong other things, the

perspicuous phenom
enon found in F

risian and in m
any other languages w

ith a lot of
vow

els, nam
ely, that back vow

els tend to be on equal heights w
ith front vow

els. In
(14.1), w

e see four height categories and three colour categories. T
his refl

ects a general
phenom

enon of hum
an perception, and is not necessarily due to any special property of

phonology. O
n the other hand, the ‘phonological’ approaches ignore the explanatory

pow
er of phonetics, w

hich predicts that faithfulness constraints are ranked by perceptual
contrast, and in the F

risian case this m
eans that P

A
R

SE (round) is ranked low
er for /ø

/
than for /O/, w

hich explains the gap in the Frisian low
er-m

id-short-vow
el system

.
S

o, relying on a single principle to explain everything is not enough. T
his m

ay be a
defensible approach in physics, but not in linguistics. W

e should use all our functional
principles. T

his m
eans that w

e do not use a single effort or contrast m
easure, but take

energy, organization, and synchronization into account, as w
ell as perceptual distinctivity

and salience. A
nother aspect of the com

prehensive approach is that our standpoint on the
question of the continuity versus the discreteness of the articulatory and perceptual spaces
is that they are both discrete and continuous: discrete in the sense that only a few

 values
or regions are used w

ithin a language, continuous in the sense that the categories are
taken from

 a continuous scale on a language-particular basis.
W

hile all the approaches m
entioned above aim

ed at explaining vow
els system

s only
B

oersm
a (fc. c) attacks inventories of consonants as w

ell.

14.5   Sound change

In B
oersm

a (1989), I developed a “decision regim
e that ‘only’ requires know

ledge of
rank orderings of the articulatory ease and the perceptual salience of sound sequences and
know

ledge of the orderings of dissim
ilarities of pairs of w

ords. U
nder this regim

e the
sound patterns of languages w

ill keep changing forever, even if there are no external
influences on them

”. In the strategy used, “it is possible not to refer to any data m
easured

in num
bers. Instead, w

e can do w
ith a num

ber of rank orderings”. Indeed, the present
paper can be seen as an exploded and O

T
-ized version of this earlier w

ork.
T

he O
T

 counterpart of the decision regim
e used in B

oersm
a (1989), w

hich decided
“the interaction betw

een the optim
ization principles” by m

eans of m
ajority vote, is the

pressure that arises in a constraint system
 if som

e constraints are reranked random
ly. If
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w
e have three constraints, w

e can rank them
 in six w

ays, and if four of these rankings
prefer sound system

 B
 and tw

o of them
 prefer sound system

 A
, the ultim

ate result w
ill be

that the system
 becom

es B
, even if it used to be A

. In other w
ords, a language w

ith
system

 A
 experiences a pressure tow

ards system
 C

, and a sound change w
ill eventually

take place if there is som
e tem

perature (random
 reranking) in the system

.
W

ith an additive evaluation of functional principles, the sound system
 w

ill eventually
settle dow

n in an optim
al state. B

ut w
ith an evaluation procedure based on counting votes

(as in B
oersm

a 1989) or on strict ranking (as in O
ptim

ality T
heory), it is possible that

system
 B

 is better than A
, and system

 C
 is better than B

, and system
 A

 is better than C
.

T
his causes an eternal circular optim

ization loop, rem
iniscent of som

e circular sound
changes as the G

erm
anic consonant shifts and the M

iddle-E
nglish vow

el shift, w
hich I

use as exam
ples to show

 that all this actually w
orks (B

oersm
a, fc. d).

14.6   O
ne or tw

o levels? C
ontainm

ent or stratification?

B
esides the input-output relations identified in §8, there is another possible interpretation

of faithfulness constraints: they can be seen as direct output constraints, e.g., P
A

R
SE (f)

could be replaced directly by “∃ [f]” (w
hich could again be abbreviated as the

specifi
cation “/f/”). T

his declarative form
ulation, w

hich says “the output contains the
feature [f]”, is explicitly output-oriented, just like the articulatory constraints w

ork
directly on the articulatory representation. N

ow
, because the relation betw

een the
articulation and the acoustic output is autom

atic, w
e are left w

ith only one level for
constraints to w

ork on: the output.
H

ow
ever, there is a cost involved. If the specifi

cations are constraints them
selves,

there are no underlying form
s to change, so that m

orphem
es m

ust be bundles of
constraints, and the constraints m

ust be part of the lexicon; this is the standpoint of
D

eclarative Phonology (B
ird &

 K
lein 1991, Scobbie 1993, B

ird &
 E

llison 1994), and has
been proposed w

ithin O
ptim

ality T
heory by H

am
m

ond (1995). T
his m

eans that m
any of

the constraints are language-specifi
c and have to be ranked som

ew
here betw

een the
universal articulatory constraint fam

ilies. S
uch a theory is both m

ore and less restrictive
than a tw

o-level approach.
In the one-level approach, every instance of /nasal/ can in principle be ranked

individually, thus, ranking is m
orphologically conditioned by default, in sharp contrast

w
ith the tw

o-level approach, w
here the m

orphology determ
ines the shape of the

specification, and a phonological constraint ranking determ
ines the output (by default). In

order to restrict all instances of /nasal/ in the sam
e phonological environm

ent to an
equally high ranking, the one-level version of the lexicon w

ould have to link this
specifi

cation to a location w
here inform

ation is stored about that ranking. T
hus, the

lexicon contains a part of the gram
m

ar.
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In the tw
o-level approach, faithfulness concerns relations betw

een input and output;
every thinkable input, therefore, results in a w

ell-form
ed output, and m

any different
inputs w

ill result in the sam
e output. T

his indeterm
inacy of the input w

ill have to be
restricted by output-centred criteria like choosing the input that incurs the least dram

atic
constraint violations given the output (P

rince &
 S

m
olensky 1993), and/or by output-

ignoring criteria as sparsity of specification in the input. T
he latter possibility w

ill lead to
underspecifications in the input rem

iniscent of C
hom

sky &
 H

alle’s (1968); the constraint
system

 w
ill fi

ll in the blanks w
ith the articulatorily and perceptually least offensive

m
aterial, thus replicating the m

arkedness conventions, redundancy rules, and default
rules, of traditional underspecification theories.

In another sense, our version of O
T

 is a one-level version: all the constraints that
sim

plify the structure of the utterance, w
ork on the level of articulatory im

plem
entation,

i.e., they are output-oriented. A
lso, the environm

ent clause in faithfulness constraints
refers to the output, becuse perceptual contrast m

ust be evaluated on pairs of possible
outputs. T

his overall output-orientedness is in contradistinction w
ith the original idea of

containm
ent in O

T
 (P

rince &
 S

m
olensky 1993) and w

ith the m
ulti-level approaches of

C
ognitive P

honology (L
akoff 1993) and H

arm
onic P

honology (G
oldsm

ith 1993).
C

onsider, for instance, the prototypical exam
ple of counterfeeding crucial rule ordering:

the A
m

erican E
nglish w

ords [ra
iR‘

] ‘w
riter’ and [ra

˘iR‘
] ‘rider’ from

 underlying
/ra

it+
´
r/ and /

r
a
id+

´
r/ show

 that vow
el lengthening before a voiced consonant

precedes fl
apping. T

he three non-derivational approaches m
entioned solve the problem

by having their rules or constraints refer to the underlying form
 (“/

a
i/ is lengthened

before an underlying voiced stop”): w
ith this strategy, vow

el lengthening and fl
apping

can be evaluated in parallel. T
he original containm

ent approach, how
ever, could refer

only to the underlying form
, because the output contained the input. T

his, then, has
problem

s w
ith representing feeding or bleeding rule ordering, a diffi

culty not found w
ith

the tw
o-level approaches, in w

hich cross-level rules m
ay refer to the environm

ents at both
levels. In M

cC
arthy &

 P
rince (1995), containm

ent w
as abandoned, and the resulting

system
 becam

e com
parable to the one advocated in the present paper, but not w

ith respect
to the m

aterial allow
ed in the environm

ent clause of constraints.
It is hard to see how

 our output-oriented one-level approach could handle [ra
iR‘

] and
[ra

˘iR‘
] other than w

ith ordered levels of representation. T
ransparent rule orders, on the

other hand, are handled in a natural w
ay. F

or instance, in a hypothetical E
nglish dialect

w
here [ra

˘iR‘
] corresponds to both /ra

it´
r/ and /

ra
id

´
r/, w

e could accom
odate this

phenom
enon by im

posing tw
o constraints on the output only, rather than assum

ing the
feeding order of fl

apping before vow
el lengthening: vow

els are long before voiced
consonants, and post-tonic intervocalic coronal plosives are fl

aps; 
[ra

˘iR‘
] w

ill
autom

atically em
erge as the optim

al result. A
 perspicuous cross-linguistic property of

rule ordering supports this approach: since transparent (feeding and bleeding) rule
ordering is m

uch m
ore com

m
on than opaque (counterfeeding and counterbleeding)
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ordering, our approach w
ill involve m

uch m
ore parallel (w

ithin-level) evaluation than
serial (cross-level) derivation. T

his is a favourable result that com
bines the need for

m
odels of speech production as being com

putationally fast (i.e., parallel), w
ith a

functional (i.e., output-oriented) view
 of phonological sim

plification.
If w

e accept the presence of a com
parison loop (fi

gure 2.1), w
e have a tw

o-level
phonology w

ith input and output, and violation of faithfulness. In F
unctional P

honology,
all faithfulness constraints and all articulatory constraints are output-oriented, because
perceptual contrast is evaluated betw

een pairs of perceptual results, and articulatory effort
is evaluated on articulatory im

plem
entations.

A
ttem

pts to parallellize crucial rule ordering w
ere m

ade by O
rgun (1995), C

ole &
K

isseberth (1995), and M
cC

arthy (1995).
In O

rgun’s approach, the ranking of faithfulness constraints m
ay depend on the input

environm
ent. 

T
his 

is 
able 

to 
capture 

a 
single 

instance 
of 

counterfeeding 
or

counterbleeding rule ordering.
In C

ole &
 K

isseberth’s approach, a single input level m
ay occur in the output in a

special w
ay, and this output is then evaluated: from

 the features that occur in the output
(respecting M

A
X

-F
), som

e do surface (respecting E
X

P
R

E
S

S-F
), and som

e do not
(violating E

X
PR

E
SS-F

). T
heir exam

ple captures the counterbleeding order of H
arm

ony
and L

ow
ering in Y

aw
elm

ani. C
ole &

 K
isseberth leave out the equally counterbleeding

order of L
ow

ering and S
hortening, perhaps because including it w

ould force them
 to

allow
 three levels in the output, for w

hich the com
bined actions of M

A
X

-F and E
X

PR
E

SS-
F w

ould not suffice.
In M

cC
arthy’s (1995) approach, constraints m

ay refer to m
aterial that occurs (a) in

the input, or (b) in the output, or (c) in either. In the light of new
 data, his fram

ew
ork

w
ould probably have to be extended. T

o capture the facts of M
ohaw

k stress assignm
ent,

for instance, his three possible environm
ents w

ould have to be supplem
ent w

ith a fourth,
nam

ely, “in both”: M
ohaw

k penultim
ate stress assignem

ent disregards vow
els deleted

from
 the input as w

ell as vow
els epenthesized into the output, so the only vow

els that
determ

ine w
here the stress falls, are those that occur both in the input as w

ell as in the
output. E

ven this extension, how
ever, w

ould still not be able to capture all instances of
crucial rule ordering.

L
evel ordering is needed in our theory of gram

m
ar because phonologies can w

ork
w

ith the results of long series of sound changes w
ithout adapting them

selves to any
theory of how

 abstract underlying form
s should correspond to surface form

s in a system
of parallel constraint evaluation. W

ith an output-only approach as presented in this paper,
even very com

plicated rule system
s can be captured in only a few

 sequential levels of
parallel evaluation (B

oersm
a, fc. e). A

fter abandoning the axiom
 of serial rule ordering,

the phonological w
orld experiences an axiom

 of parallel constraint evaluation.
E

ventually, a synthesis w
ill em

erge.
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15   C
onclusion

Starting from
 the functional principles of m

axim
ization of ease and contrast, w

e identified
four articulatory constraint fam

ilies and four perceptual (faithfulness) constraint fam
ilies,

and there are probably som
e m

ore. W
e also developed a strategy for fi

nding universal
rankings and predicting at w

hat points languages are allow
ed freedom

. O
ptim

ality T
heory

seem
s to be very suitable for expressing function.

Functional Phonology can solve several hitherto controversial issues:

1.
P

honetic im
plem

entation and perceptual categorization can be described w
ith the

interaction of continuous constraint fam
ilies (§6 and §10).

2.
S

preading is not a separate phonological device (§14.1; B
oersm

a fc. a). A
ssim

ilation
effects result from

 the interaction betw
een articulatory and perceptual constraints.

O
nly articulatory features can spread. O

nly perceptual features can block spreading.
3.

T
he O

C
P

 is not a separate phonological device (§14.2; B
oersm

a fc. b). Its effects
result from

 the interaction of a constraint against loss of perceptual identity w
ith

articulatory and perceptual constraints.
4.

Feature G
eom

etry is not a separate phonological device (§14.3). N
odes only com

bine
articulatory gestures that have cancelling perceptual results.

5.
U

nderspecifi
cation is not a separate phonological device (§13). S

pecifi
cations are

constraints, and as w
ith all other constraints, som

e are strong and som
e are w

eak.
6.

In segm
ent inventories, sym

m
etries and gaps are predicted by the sam

e constraint-
ranking system

 (§14.4, B
oersm

a fc. c).
7.

R
andom

ly varying constraint ranking produces a pressure in the direction of preferred
sound change (§14.5, B

oersm
a fc. d). A

n eternally optim
izing sequence of sound

change can be circular.
8.

T
he stratifi

cation of the gram
m

ar is lim
ited to processes that used to be described

w
ith counterfeeding or counterbleeding rule ordering (§14.6, B

oersm
a fc. e).

R
em

aining problem
s include the role of additivity versus strict ranking: acoustic cues for

perceptual features and aspects of energy have been presented as additive, and segm
ents

are obviously categorical. In betw
een, there is the realm

 of the separate features; these
have been presented as categorical, but could also be considered as cues for the
categorization of segm

ents.

W
e explained som

e language-independent constraint rankings w
ith phonetic principles,

but others w
ill have to be derived from

 the data of the languages of the w
orld. T

his
situation m

ay be less than ideal, but the possibility of bridging the gap betw
een

phonology and phonetics at all is such a good prospect that w
e should not be afraid of a

few
 initial holes in our know

ledge. M
ore positively, if m

ore than one phonetic
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explanation for a given language fact has been advanced (as is often the case), the
phonology m

ay w
ell tell us w

hich of them
 is correct.
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