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GESTURES, AND IGBO VOWELS:
FEATURES, GESTURES
FEATURES
AN APPROACH TO THE PHONOLOGY-PHONETICS INTERFACE
ELIZABETH C
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cesses of speech. Pierrehumbert(1990), for example, argues that phonological
representationsmust be qualitative and symbolic while phonetic representations must be quantitativeand physical, and that an account of the mapping
between them remainselusive. Keating (1990a)argues that despite the feature
geometry's emphasis on articulation,phonological features must be mapped
into both the articulatoryand acoustic domains (as was originallyenvisioned
by Jakobsonet al. 1951),and that even within the articulatorydomain, a given
phonetic parametermay be influencedby more than one feature, and a single
featuremay influencemany parameters.This point is supportedand elaborated
by Kingston and Diehl (1994), who argue that phonetic adjustmentsare not
automaticbut independentlycontrolledand language-particular,
and by Keyser
and Stevens (1994), who discuss the recruitmentof articulatorsthat are not
phonologicallyspecified as active in orderto acousticallyenhance the specified
phonologicalfeatures.
In contrast, Browman and Goldstein, in the theory of ARTICULATORY
PHONOL-

(1986, 1989a,b, 1992), have made maximaluse of the correspondencebetween the structures of the vocal tract and the representations needed to

OGY

describe phonological patterning. They propose a single unit, the ARTICULATORY

as the basic unit both of phonologicalrepresentationand of its physical actualization.Each gesture involves a groupof articulatorsthat act together
to form and release a constriction in the vocal tract, such as labial closure,
glottalopening, or velar frication.The gesturalapproachrelies on the proposal
thatarticulatorsmay act in concert to accountfor the findingthat morethan one
physiologicalparametermay be active in the realizationof a given phonological
contrast.l Accordingto Browmanand Goldstein, not only are articulatorygestures 'characterizationsof discrete, physically real events that unfold during
the speech productionprocess' (1992:156),they also suffice for the description
of phonological contrast. As autosegmentalrepresentationsmay contrast on
the basis of the presenceor absence of a featureor segment,gesturalrepresentations may contrast on the basis of the presence or absence of a gesture (had
vs. add), in the articulatorset used (bad vs. dad), or in the parametersof
constriction location or degree (shad vs. sad vs. tad). The organizationof
gestures in time can also produce phonologicalcontrasts: bomb and mob have
the same gestures, but they are organized differently. Thus, in articulatory
phonology, there is no interface between phonology and phonetics, because
phonologicaland phonetic representationsare the same.
FollowingBrowmanand Goldstein, I adopt the view that the units of phonological and phoneticrepresentationare indeedbasicallythe same. I departfrom
the articulatoryphonology approach, however, and maintainthe traditional
view that the two kindsof units cannot be exactly alike. I adoptthe articulatory
gesture as the basic unit of phonetic representationand then use the corresponGESTURE,

to
' For further information on the details of Articulatory Phonology, the reader is referred
Browman and Goldstein (1992) and references therein. References on the functional grouping of
articulators include Kelso et al. 1984, Shaiman 1989, Gracco & Abbs 1988, and Kollia et al. 1992.
References on gestural dynamics include Saltzman 1986, Saltzman & Kelso 1987, Saltzman &
Munhall 1989, and Hawkins 1992.
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dences between features and gestures to argue for a mappingbetween the two
types of representation.Igbo vowel harmonywill serve as an example of the
kindof categoricalalternationthat a featuralrepresentationis designedfor, but
that a gestural representationdoes not handle well. Igbo vowel assimilation,
however, will be shown to be a gradientand variable process that a featural
representationcannot capture,but that is well describedin a gesturalapproach.
Althoughfeaturalandgesturalrepresentationsare both based on articulators,
I will arguethat the crucialdifferencebetween them is that gestures have inherent quantitativespecifications, most importantly,exact temporalrelations. A
gesturalrepresentationmay be seen as a featuralrepresentationfully specified
for temporalrelations, or conversely, an autosegmentalrepresentationmay be
seen as a gestural representationfor which specific timing informationis not
available.The quantitativespecifications, which are availableto the phonetics
but not the phonology, replace the categoricalhierarchicalnodes and association lines, which are availableto the phonology but not to the phonetics.
The idea of filling in quantitativespecificationsin the course of a derivation
is not new. Chomksyand Halle (1968)proposed that in the phonetics numbers
should replace plus and minus featuralspecifications (so that an /o/ in English
mightbe [3 back], [2 round],and [4 high]).Kiparsky(1985)and Mohanan(1986),
in the theory of lexical phonology, proposed that postlexical phonologicalprocesses could access quantitativeinformation,while lexical phonological processes could not. I agree with these and other researchers(includingKeating
1988, 1990a,Cohn 1990,and Pierrehumbert1990)in reaffirmingthat qualitative
and quantitativerepresentationsare both needed, and that they should be kept
separate. This article differs from previous work in proposing a simple and
specific mappingprocedurethat incorporatesthe gesturalstructuresof articulatory phonology.
Consider how such a mappingwould work in the Igbo verb root [kpa], 'to
weave by hand', which begins with a voiceless labio-velarstop. (For simplicity,
laryngealspecifications,which may differdialectally,are not shown. See Ladefoged et al. 1976and Ladefoged & Maddieson 1996for discussion of laryngeal
configurationsin Igbo double stops.) The feature-geometricalrepresentationof
this syllable, assumingfor concreteness the featuregeometryproposedby Padgett (1991), is as shown in Figure 1A.
In an autosegmentalrepresentation,only two temporalrelations can be expressed: simultaneityand precedence. If two features are on one tier, either a
precedes b or b precedes a. Features are organized into sets (segments) by
direct or indirect linking to a root node. Features associated to a single root
node but on differenttiers are, for the purposesof the phonology, simultaneous,
even if not executed simultaneouslyin actual speech (Sagey 1986, 1988).2For
example, in the representationof [kpa], the consonant precedes the vowel,
2

Sagey (1988) in fact proposes that phonology recognize that features have duration, and that
association lines be seen as representing not simultaneity but overlap in time. The extent of the
overlap, however, remains undetermined; whether all instances of the articulations or only one
are shared can not be discovered by the phonology. 'The internal detail', Sagey writes, 'is not
accessible to or manipulable by phonological processes' (p. 112).
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FIGURE 1. The syllable [kpa]. A. Feature-geometrical representation, following Padgett (1991). B.
Gestural representation, following Browman and Goldstein (1989). C. Feature-to-gesture correspondence.
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because the root node of the one precedes the root node of the other. The two
partsof the labiovelarstop are not orderedwith respect to each other, however,
because the features[labial]and [dorsal]are on differenttiers, linked(via a class
node) to a single root node. The exact timingand durationof the articulationsis
not part of this representation.
This featural representationwill be mapped into three gestures: labial and
dorsal closing gestures for [kp], and a pharyngealconstrictiongesture for [a].
The gestural representationfor this syllable, following the conventions of a
GESTURAL SCORE (Browman & Goldstein 1986), is shown in Figure 1B. In a
gesturalscore, the horizontaldimensionrepresentstime, and the length of the
boxes indicatesthe durationof the gesture:the periodof time thatthe articulator
set is actively controlled. Constriction location (CL) and degree (CD) are
shown. Timing between gestures is specified by coordinatinga specific point
in one gesture (such as onset, achievementof target, or release of target)with
respect to a specific point in some other gesture.
In [kpa], velar release is timed to occur duringthe labialclosure. (Ladefoged
& Maddieson 1996argues that this is the crucial timing relation necessary to
distinguishlabio-velarsfrom both clusters and single labial and velar stops.)
The vowel gesture, in turn, is timed to reach its target position as the labial
gesture is released. These specified temporalrelationsare indicatedby arrows
in Figure lB. Note that no root or class nodes are used to organize gestures,
so that all association is indicatedin terms of phase relationsratherthan links
to abstracthierarchicalnodes (Browman& Goldstein 1990).There is no direct
gesturalcorrelateof the segment: [kp] differsfrom [k#p] only in havinga specific temporalrelation.
Temporalorganizationaside, featuresandgesturescorrespondclosely. Comparisonof 1A and 1B shows that [-cont] correspondsto a closed constriction
degree, while the articulatorfeatures[labial]and [dorsal]determinethe articulator sets (lips, tongue body) that implement the oral constrictions. Features
dependenton the articulatorfeatures determinethe exact constrictionlocation
(so that [low] and [back]map into CL pharyngeal).The feature [cons] is implemented as STIFFNESS, which determinesa gesture's velocity. The clear correspondence can be illustratedby laying the two figures on top of one another,
as in Figure 1C. Note how direct timing between gestures substitutes for the
abstracthierarchicalstructure.It is in the specificationof timingthat gestural
and featuralrepresentationscrucially differ. Gestures have specific extent in
time, while features do not.
Evidence from vowel harmonyand vowel assimilationin Igbo will illustrate
the need for both kinds of representations,and will furtherexplicate this proposed mapping. While a gestural approach works well for describing many
kinds of phonetic and connected speech processes, I arguethat it is inadequate
for the expression of categoricalalternations.A featuralrepresentation,however, is inadequatefor the expression of the gradientchanges that a gestural
approachhandleswell. No single representationis adequatein itself to describe
the full range of phonologicaland phonetic data.
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2. VOWEL HARMONY.

2.1. EVIDENCEFORFEATURES. Igbo has eight vowels, which can be described

as contrastingin the features[high],[round],and [ATR](advancedtongueroot),
as shown in 1. Anticipatingthe discussion below, the [-ATR] vowels are
markedwith the IPA symbol for retractedtongue root, approximatingthe Igbo
orthographicconvention of markingthese vowels with an under-dot.To avoid
a confusionof symbols, [ + ATR] vowels are left unmarked.Tones are also left
unmarkedto furtherlimit notationalcomplexity. (Althoughtonal alternations
are often seen in the same environmentas vowel assimilation,tone will not be
a focus here. See Clark 1990 and Libermanet al. 1993for furtherdiscussion
of the tonal system of Igbo.)
(1) Igbo vowels
i i e a u u o o
high
round
ATR

+
+

+
-

-

+

-

+
+
+

+
+-

-

-

+
+

+
-

Note that the pairs [i] and [i], [u] and [u], [o] and [o], and [e] and [a] are
described as featurallyalike except for their [ATR] value. Evidence for these
featuralpairingscomes from phonetic studies and from the phonologicalalternations of vowel harmony.
Ladefoged 1968providesx-ray tracingsof vocal tract configurationsfor each
of the Igbo vowels. For the vowels [i, i, u, u, o, O], the [+/-ATR] contrast
is realized simply by advancingor retractingthe tongue root: the lips, the jaw,
and the highest point of the tongue body are seen to be in the same position
for each memberof the pair. This is not the case for [e] and [a], however. In
additionto retractionof the tongue root for [a] as opposed to [e], there is also
a clear differencein the position of the jaw and tongue body: [a] is both lower
and furtherback than [e]. Nonetheless, it is phonologicallynecessary to describe these two vowels as differingonly in the feature [ATR]because [e] and
[a] alternatein morphemessubject to harmony, exactly parallel to the other
pairs of vowels.
In Igbo, all vowels within a noncompoundword are drawn from either the
+
[ ATR]or [ - ATR] set, as illustratedin Table 1. Blankcells indicatenonoccurring combinations.3Generally, [+ATR] and [-ATR] vowels can never cooccur within morphemes.As Table 1 shows, there are no other restrictionson
vowel combinations.
The only disharmonicmorphemesare a few nouns beginningwith [a]. These
nouns are apparentlyremnantsof an older nine-vowel system, similarto neighboring Akan and still extant in some western dialects of Igbo, which had an
additionalmidfrontvowel as the [- ATR] counterpartof [e], and in which the

3 Unless otherwise noted, all the Igbo words and phrases used as examples in ??2 and 3 were
provided by Esther 0., a native speaker of a Central dialect of Igbo, residing in New Haven, CT.
at the time the data was collected. Esther provided original data, and confirmed examples taken
from other sources. The dis-harmonic nouns in Table 1 are from Emenanjo (1978).
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i
isi
'head'
ubi
'farm'
ezi
'loan'
obi
'heart'

u
ihu
'face'
ukwu
'big'
esu
'millipede'
ozu
'corpse'

e
ihe
'thing'
uwe
'clothing'
eze
'teeth'
ose
'stream'

o
igbo
'Igbo'
ugo
'eagle'
ego
'money'
obodo
'town'

i

u
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a

o

isi
izu
nkita
icho
'to tell'
'to buy'
'to want'
'dog'
udi
umu
uwa
ulo
'house'
'kind, sort' 'children' 'world'
adu
alo
mmadu
ada
ato
akpi
anyi
akpe
'scorpion' 'kola nut' 'soap box' 'thought' 'we, us'
'people'
'daughter' 'three'
oti
odu
ota
ozo
'shield'
'tusk'
'another'
'grub'
TABLE1. Vowel harmony: Possible vowel combinations in noncompound words

low vowel was transparentto harmony(see Welmers 1973).In all other dialects
of modernIgbo, [a] has become the [ - ATR] counterpartof [e].
All inflectionalaffixes alternate so as to agree with the [ATR] value of the
stem, as shown in 2. A few aspectual suffixes also harmonize, such as the
'directional'suffix -tal-te shown in 3 (examples from Emenanjo 1978).
(2) [ATR] harmonyto inflectionalaffixes4
a. -a/e si-a si-e
IMP
tell! cook!
b. -ghi/-ghi
si-ghi
si-ghi
NEG.INDIC
did not tell did not cook
c. i-/iINF

d. o-/o-

i-si

i-si

to tell

to cook

o-si

o-si

the teller the cook
e. a-/e- a-si
e-si
PART telling cooking
f. o-/o-, -Vla/-V1e o-si-ala
o-si-ele
3SG.SUBJ.PERF
s/he has told s/he has cooked
g. a-/e-, -ri/-ri
a-si-ri
e-si-ri
3SG.INDEF.SUBJ.INDIC
someone said someone cooked
AGN

4 The following abbreviations are used: agentive, AGN;applicative, APPL;associative, ASSOC;
complementizer, COMP;
definite, DEF;directional, DIREC;imperative, IMP;indefinite, INDEF;indicative, INDIC;infinitive, INF;inflectional prefix (prefix on inflected verbs with overt subjects), INFP;
negative, NEG;object OBJ;participial, PART;past, PST;perfective, PERF;plural, PL;possessive, poss;
progressive, PRG;singular, SG;subject, SUBJ.Igbo pronouns have no gender: third person singular
pronouns may be translated here as 'she', 'he', 's/he', or 'it' depending on the context from which
the example is taken.
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(3) One harmonizingaspectual suffix5
a. i-zu-ta
INF-buy-DIREC

'to buy for'
b. i-zu-te
INF-meet-DIREC

'to meet with'
Harmonydoes not apply, however, to most aspectual suffixes, or between the
membersof a compound, as shown in 4. Thus the [ + ATR] verb bi 'live' may
combine with the [-ATR] aspectual suffixes ko 'associative' and ri 'applicative'. The [-ATR] verb gha 'turn' can combine with the [+ATR] verb gbu
'hurt' to create a compoundverb meaning 'cheat'. Inflectionalaffixes harmonize with the adjacentnonharmonizingmorpheme.
(4) Nonharmonizingaspectual suffixes and compounds
a. i-bi-ko-ri-ta
INF-live-ASSOC-APPL-DIREC

'to live together to one another's advantage'
b. ibe a-gha-gbu-go
m
Ibe

INFP-turn-hurt-PST lSG.OBJ

'Ibe cheated me.'
In orderto account for these patternsof harmonizingand nonharmonizingmorphemes, I have arguedelsewhere (Zsiga 1992)that the domain of Igbo vowel
harmony is best described as the phonological (rather than morphological)
word. Thatarticlemakes the case thatnonharmonizingverbroots and aspectual
suffixes form independentphonologicalword domains, while the harmonizing
inflectionalsuffixesare incorporatedinto the domainof the adjacentmorpheme.
Assumingthat alternatingaffixes are unspecifiedfor an [ATR]value, harmony
can then be described as a rule that spreads [ATR] within the phonological
word (Zsiga 1992),or alternatively,as a constraintprohibitingconflicting[ATR]
specifications within the same domain (Cole & Kisseberth 1994), or aligning
[ATR]values with domainboundaries(Archangeli& Pulleyblank1994).In each
case, the result is a set of categoricalassociations between vowels and [ATR]
specifications, as shown in 5.
(5) Link ATR
ATR
,- "'-"s

JV C V C V]O

While this featuralrepresentationexpresses the facts well, a gesturalrepresentation would not.
2.2. EVIDENCEAGAINSTGESTURES.Evidence that Igbo vowel harmony

should be representedwith features rather than gestures comes from several
5 Examples of other harmonizing aspectual suffixes are found in Emenanjo 1978, Clark 1990,
and Zsiga 1992.
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areas. First, the harmonic[ATR] alternationsare categorical, the substitution
of one vowel for another. There is no evidence that a derived [a], as in the
perfectivesuffix in o-si-ala (2f above), is phoneticallydifferentfroman underlying [a], as in ala 'land'. In fact, there is debate about whetherthe initialvowels
in nouns shouldbe consideredas underlyingor as prefixes(see Clark1990).This
debate could not occur if underlyingand derived vowels could be distinguished
phonetically. A gesturalapproach(or more generallyany approachthat relies
on exact phonetic specifications)cannot account well for alternationsthat are
always categorical.
Certainly, some assimilations, deletions, and insertions that have been described in terms of phonological rules are better captured by processes that
manipulategestures (see Browman& Goldstein 1986, 1989b, 1990, 1991, 1992
and references therein). In this approach,variationis expressed only in terms
of reorganizationin the temporalpatterningof gestures: gestures may overlap
one anotherto a greateror lesser extent, and gesturalmagnitudemay increase
or decrease. 'Gestures are never changed into other gestures, nor are gestures
added'(Browman& Goldstein 1992:173).For example, the assimilationor deletion in English of word-finalalveolars before a following stop (Gimson 1962)
can be described in terms of increased overlap between the tongue tip gesture
and a following velar or labial closure gesture, effectively hiding the acoustic
consequences of the coronal closure (Browman & Goldstein 1990, Zsiga &
Byrd 1990, Byrd 1992, Nolan 1992). An In! may be dental, not alveolar, in the
pronunciationof ten things, as two different gestures that call on the same
articulatorset overlap, causing the articulatorsto reach a position in between
the two conflictingtargets (Browman& Goldstein 1986).In a phrase like press
your point, the pitch of the fricative sound may change from /s/-like at the
beginningto I/-like at the end, because of blendingof the alveolar gesture for
the Is! and the palatal gesture for the IyI (Zsiga 1995). Hiding and blending
follow withoutstipulationfromthe dynamicsof combiningabstractgestures. As
Browmanand Goldsteinargue, if all phonologicalprocesses can be describedin
this way, then articulatorygestures can serve both as 'phonologicalprimes'
and as the basic units of articulation,and gesturalrepresentationswill obviate
the need for any other phonologicalrepresentation.
A number of researchers, however (e.g., Steriade 1990, Clements 1992,
Kingston& Cohen 1992,Zsiga 1993, 1995, and Nolan et al. 1996),have argued
that articulatorygestures are not adequate phonological representationsbecause muchmore detail is needed to accuratelymodel the movementsof articulators than is needed to express the set of possible categorical contrasts and
alternations.Given the power of the theory to describe the details of timing,
articulatoryphonology does not offer a convincing account of how temporal
reorganizationin categoricalalternationscan be constrained.Cohn (1990)and
Krakow(1989),for example, have shown that the particularsof timingbetween
nasal and oral gestures in nasalized consonants and vowels will differ from
languageto language and from position to position. Browman and Goldstein
(1992)pointout that a gesturalaccountcan correctlymodelthe differentdegrees
of vowel nasalizationfound in English when an adjacentnasal consonant occu-
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pies differentsyllable positions, as a result of distinct timing relations. But no
languageuses these specific subsegmentaltimingrelationsto express a lexical
contrast. No languagehas two lexical rules of vowel nasalization,one creating
fully nasalized, the other partially nasalized vowels, or creating two degrees
of partialnasalization.Similarly,while the gesturalapproachaccounts well for
the gradientand variable palatalizationseen in /s + y/ or /s + SI sequences
across word boundariesin English, it fails to account for why lexical palatalizations, as in the alternationsbetween press and pressure or confess and confession, always apply categorically.6 Any one representationthat is powerful
enoughto describegradientprocesses will not be constrainedenoughto explain
the categoricalnatureof alternationssuch as Igbo vowel harmony.
Not only is Igbo vowel harmonycategorical, it is also clearly a lexical rule
accordingto the definitionproposedby Kiparsky(1985). Harmonyis sensitive
to morphologicalstructure, such as the difference between inflectional and
aspectualaffixes, and has lexical exceptions, failingto applyto the disharmonic
nouns in Table 1, and applyingunexpectedly to some aspectual suffixes as in
3. Even proponentsof the strongest versions of articulatoryphonology do not
suggest that such lexical alternations should be accounted for in terms of
changes in gestural magnitudeor phasing.7
Rather,BrowmanandGoldsteinsuggestthat words that are relatedby lexical
alternationsmay be stored as distinctgesturalstructuresin the lexicon, chosen
by the speakerdependingon the context (Browman& Goldstein 1991:324).For
example, the prefixim- in impoliticand imperfectcould be storedin the lexicon
as an allomorphof in-, unlike the variable, cross-word-boundaryassimilations
in phrases like my cousin is i[m] politics or they skated i[m] perfect step that
may be described in terms of gestural overlap. However, to the extent that
phonologicalalternantsmust be listed in the lexicon, generalizationsabout the
processes that relate them are not expressed. No distinction is made between
the largebody of constrainedphonologicalalternationsthat have clear articulatory bases (and can be representedsimply by articulatorfeatures associated to
hierarchicalnodes like the root node) and truly opaque morphologicalalternations.
Finally,Igbo vowel harmonymust be representedwith features ratherthan
with gestures because it is not phonetically transparent.The [e/a] alternation
shows that more is involved in vowel harmony than simply adding a tongue
root gesture. Retractingthe tongue root does not automaticallychange a front
vowel into a back vowel or a mid vowel into a low vowel. (This is not the result
in nine-vowel systems such as Akan and Western Igbo, for example.) Rather,
changing(or adding)an [ATR] specification creates a new, categoricallycon6 Nolan et al. (1996) have argued that even some
PosT-lexical cases of Is! to If! assimilation
seem to apply categorically; although, as the authors freely admit, the evidence for categorical
assimilation is rather weak. Several apparently complete cases of Igbo vowel assimilation are
discussed in ?3.
7
McMahon et al. (1994) propose a weakened version of articulatory phonology that can account
for lexical alternations. Such an account of Igbo vowel harmony, however, would still fall short
for the other reasons mentioned here.
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trastive, combinationof features, which is subject to a specific phonetic (gestural) interpretation. If the contrastive possibilities of modern Igbo are
expressed in terms of the features [high], [round],and [ATR], then vowel harmony, includingthe [e/a] alternation,can be expressed simply and generally
as an association between an [ATR]feature and all the vowels within a phonological word. A featuralrepresentationbest accounts for the facts that harmony
is categorical, lexical, and phonetically opaque. The interpretationof the
[ - high, - round, + ATR] vowel as [e] and the [ - high, - round, - ATR] vowel

as [a] can be safely left to the phonetics.
Vowel assimilation,however, is a very different story.
3. VOWEL ASSIMILATION.

3.1. GRADIENT
ASSIMILATION:
DESCRIPTIVE
EVIDENCE.Vowel harmony ap-

plies within the phonological word; across phonological word boundaries,
vowel assimilationtakes place. Most Igbo words begin and end in vowels, so
vowels are continually adjacent. While in careful speech both vowels in a sequence are pronounced, in fluent speech the first vowel takes on the quality
of the second. The durationand tone of both vowels are retained.
Assimilationis not normallyindicatedin the orthography,but in phonological
descriptionsthe output is representedby a doubled vowel, as in 6.
(6) V1V2 -> V2V2
nwoke a -* nwoka a
man DEF

'this man'
Althoughthis transcriptionindicatesthat assimilationis complete and categorical, some accounts in the literaturedescribe a process that is gradient and
variable.
Several authors have noted that the high vowels do not assimilate as freely
as the nonhighvowels. Green and Igwe (1963) note that assimilationof a low
vowel to a high vowel is more likely than the reverse. Clark(1990) states that
[i] and [i] never assimilate, while [u] and [u] may not assimilate in careful
speech. Emenanjo(1978:25)states that 'The non-close vowels assimilatecompletely and automaticallywhile the close vowels either never assimilate completely or do so only conditionally.' According to Emenanjo,/u/ and /u/
assimilate to a following vowel only in very rapid speech and the high front
vowels do not assimilateat all, but become glides if both Vl and V2 are on the
same tone level and share the same [ATR] value. Emenanjonotes, however,
that even in the case of gliding of lil and

/i/,

the duration is the same as that of

a vowel sequence.
Welmers (1973:41-42), in his descriptionof Igbo vowel assimilation, states
that a remnantof VI is almost always perceptible.
The only vowel which is completely assimilated to a following vowel in quality is la!, and even
this complete assimilation is heard primarily in very common expressions or in rapid speech
... In all other sequences, the quality of the first vowel merges very quickly into the quality
of the second. Thus the second vowel is more prominent, but the first remains identifiable.
There may be a slight centralization of a front before a back vowel, or of a back before a front

LANGUAGE, VOLUME 73, NUMBER 2 (1997)

238

vowel, but all contrasts are maintained.This has been strikinglydemonstratedby a number
of native speakersof Igbo used as models in teachingIgbo to speakersof English. Hearing
the slight centralizationof /e/ and the rapidtransitionfrom/eI to lol in a phraselike /ebe ole/
'whichplace?where?',studentssometimesgo to the extremeof saying[eboole]-and similarly
[eba a] for /ebe i! 'this place, here'. A native speaker of Igbo may hesitate to reject such
exaggerationsout of hand,butthe invariablereactionis a look of dissatisfactionanda repetition
of the phrasein hopes of hearinga more accurateimitation.In short, such vowel sequences
in Igbo may be difficultto learnto reproduceaccurately,but they are by no means instances
of full vowel assimilation.

Accordingto Welmers,then, the description'V1V2 becomes V2V2' is an unacceptableexaggerationof a process moreaccuratelydescribedas 'slightcentralization' of V1 followed by a 'rapidtransition'to V2. Welmers describes very
clearly a gradientassimilation.Yet the result of the process is close enough to
complete assimilationto confuse learners and to make native speakers pause
before rejectinga completely assimilatedpronunciation.
Some examples of assimilationin Igbo vowel sequences are given in 7-14.
These phrases are taken from transcriptionsof one Igbo speakerreadingaloud
a passage from the novel Isi akwu dara n'ala (The palm frond that fell to the
ground), by T. Ubesie, as well as some sentences constructed by the same
speakerfor a study of Igbo syntax. Nearly all possible two-vowel combinations
are represented,althoughthere are a few sequences (such as /o/ and lol followed
by highvowels) whichdidn'thappento occur in the sample. Wherethe transcriber (the author)heardthese sequences as more similarto a single long vowel
than to a sequence of two differentvowels, the outputof assimilationis shown
as a doubled vowel. This step is taken only because transcriptionsystems are
limited in the ability to show gradientdifferences. Phonetic evidence for gradient assimilationin sequences such as these is given in ?3.2.
(7) assimilationof a
a. onwa
isii -> onwi isii
months six
'six months'
i-ga -> mi iga
INF-gO

b. ma
but

c. o

'but to go'
na e-re--*oneere
PRG INFP-sell

3SG.

'she is selling'
d. ya
uwe -* yu uwe
3sG.Poss clothing
'her clothing'
e. ka
umu nwanyi -* ku umu nwanyi

woman
'that women'

COMP PL

f. nwa okorobia -> nwo okorobia
man young
obula -? onwo obula
g. onwa
F

FF

F

F

month each

F

F

F

F

F
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(8) assimilationof e
a. iche

iche

ichi iche

-

different different
'various'
b. ihe

abuo -> iha abuo

thing two
c. rjke

ukwu

jku ukwu

-*

item (of) large size
'extensively', 'in a big way'
d. oge
ufodu -> ogu ufoduF
time some
'some time'
e. ebe

obi

->

ebo obi

place (of the) heart
'where the heart (is)'
f. onye

obula -> onyo obula

one
each
assimilation
of o
(9)
a. i-cho-ro
ego -* ichore ego
2sG-want-INDIc money

'you want money'
b. ulo

akwukwo

->

ula akwukwo

house school
'schoolhouse'
c. ulo

ukwu

house big
d. o-to
3sG-issweet

->

uluukwu

uto -otu uto
sweetness

'it is sweet'
e. a-cho-ro

onye

ozo

->

achoro onyo ozo

one
another
'someone wants another one'
(10) assimilationof o
a. do-ro
ihu ebe
a -> doriihu eba a
face toward-INDIc face place DEF
'face towards this place'
b. ugo
ebe - u ge ebele ebe
e-be-le
3sG.INDEF-want-INDIc

eagle

INFP-perch-PERF

place

'eagle perched'
c. ogologo

akuko -> ogologa akuko

story
length
'a long story'
d. zu-oro
uwa find-INDIc rest

'found rest'

zuoru uwa

239

LANGUAGE, VOLUME 73, NUMBER 2 (1997)

240

(11) assimilationof lil
a. o-nwe-ghi

onye

ojoo

b. chi

-

onwegho onye

one

3SG-has-NEG.INDIC
'she has no one'

cho ojoo

-

diety evil
(12) assimilationof /i/
ihe
thing

a. o-di
3sG-be

abuo -> odi iha abuo
two

'there are two things'
e-le -* umu nwoke anaghe ele
b. umu nwoke a-na-ghi
man INFP-are-NEG.INDICINFP-look at
PL

'men do not look at'
c. anyi

onwe
self

1PL

anyi

-

anyo onwa anyi

1PL

'we ourselves'
ozo -> ndo ozo

d. ndi

person another
(13) assimilationof /u/
Idu
a. o-nye-lu
3sG-give-INDIc Idu

ewu -> onyeli idu ewu
goats

'She gave Idu some goats.'

b. o-nye-lu
3sG-give-INDIc

eze

ihe

chief

thing

onyele ezi ihe

->

'He gave the chief something.'
c. ugbu a -> ugba a
DEF

time

'this time'
d. o-gba-ta-ra
3sG-participate-ASSOC-INDIc

egwu o-gba-ra-> ogbataraegwo ogbara
dance 3sG-participate-iNDIc

'She dances very well.'
(14) assimilationof /hu
ihe

a. izuru

->

izuri ihe

things
2sG-buy-INDIc
'you bought things'

b. ka

o-puru

COMP 3sG-go-INDIc

ezi

-?

ko opure ezi

outside

'when she got outside'
akwukwo -> uma akwukwo

c. umu

children school
'schoolchildren'
d. oru

job

ozo

->

oro ozo

another
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As evidenced in 11-14, several cases of high vowels assimilatingto a following vowel were found. There were many other high vowel sequences, however,
where the first vowel sounded as if it had become a glide (as in 15), or in which
no assimilation was heard (as in 16), even though there was no perceptible
pause or phrase break.
(15) glidingof high vowels
a. ndi
a -> ndya
DEF

people

'the people'
b. udi

onodu

a -> udi onodwa

kind (of) condition DEF
'this kind of condition'
c. ugbu
time

a

e-kwu-ru -> ugbweekwuru

DEF

3SG.INDEF-Say-INDIC

'this time they say'
(16) sequences with no apparentassimilation
a. iri abuo
ten two
'twenty'
b. isi
akwu
head (of) palm
'palm frond'
c. eriri ozo ya
chain

d.
e.
f.
g.
h.

title

3SG.Poss

'his ceremonialchain'
nani ada
only Ada
ndi
oru bekee
people (of) job foreign
'office workers'
ugbu a
time DEF
'this time'
oru ozo
job another
i-gwa
mmadu ihe
INE-tell people

things

'to tell people things'
i. otutu
various

ajuju
questions

Assimilationof the highvowels was highlyvariablein this sample. For example,
three repetitions of the phrase na oru ahu adighi 'if that job is not ...' produced

three differentpatterns, includingno assimilation,gliding, and apparentcomplete assimilation.
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oru ahu a-di-ghi

(17) na

F~ F
COMP Job

F,,

FFF

DEF

F-

INFP-iS-NEG.INDIC

a. -> nooru ahwadighi
b. -> na oraahu adighi
c.

->

nooraahaadighi

In additionto affectingdifferentvowel qualitiesdifferently,Igbovowel assimilation is sensitive to phonological phrasing:the process occurs only at the
boundarybetween two phonologicalwords, usually only within smallersyntactic constituents such as noun phrases, prepositionalphrases, complex verbs,
and verb phrases. Assimilationbetween the subject of a sentence and the verb
(Igboword orderis SVO) may occur if the subjectnoun phraseis short. Assimilation also occurs between the two elements of a compoundword. (Recall that
the failureof harmonyto apply across the boundarybetween the two parts of
a compoundshows that they must be consideredseparatephonologicalwords.)
Vowels are seldom adjacent within noncompound words, because of the
overwhelmingpreponderanceof CV syllables, but when such vowel sequences
do occur both vowels retain their quality, as shown in 18 and 19.
(18) No assimilationwithin morphemes
e. mai
b. hie c. abuo d. awai
a. bia
wine
two
porridge
tie
come
(19) No assimilationacross morphemeboundaries
a. o-so-ele (but dialectally o-so-b-ele or o-so-w-ele)
3sG-follow-INDIc

's/he has followed'
b. o-cho-ala (but dialectally o-cho-b-alaor o-cho-w-ala)
3sG-desire-INDIc

's/he has desired'
c. o-si-ele (but dialectally o-si-y-ele or o-sy-ele)
3SG-COOk-INDIC

's/he has cooked'
noted,
however, that examples of nonidenticalvowels within words
be
must
It
are not numerous.Further,in 18 each word contains a high vowel, which some
authorshave argued never assimilate in any case. All of the forms in 19 have
variant pronunciationsin which an epenthetic consonant may be inserted to
break up the vowel sequences. Nonetheless, it seems that the cases where
vowel assimilationfails to apply must be accounted for.
The evidence presentedthus far demonstratesthatthe facts of vowel assimilation cannot be captured by a simple rule schema such as that in 6. Vowel
assimilationis sensitive to prosodic domains. It seems more likely to affect
nonhighvowels thanhighvowels. Most importantly,it appearsthatassimilation
is not a categoricalalternation.Many researchers(e.g. Green and Igwe 1963,
Emenanjo1978, Clark 1990)agree that for the high front vowels a remnantof
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VI remains after assimilation. According to Welmers (1973), assimilation is
almost never complete for any vowel sequence, but is better describedin terms
of 'centralization'and 'transition'.Furtherexperimentalevidence for the gradient and variablenatureof Igbo vowel assimilationis presented in ?3.2.
3.2. GRADIENT
ASSIMILATION:
EXPERIMENTAL
EVIDENCE.Zsiga 1993 reports

the results of an experimentthat gatheredcontrolledphonetic data on the process of Igbo vowel assimilation. Three speakers of Igbo were asked to pronounce pairs of words in which two vowels are adjacentat the word boundary.
Each of the eight Igbo vowels occurred twice as VI. The second word was
either ato 'three' or ozo 'another', so V2 was either Ial or /ol. The surrounding
consonants were always coronal. These word pairs were placed in a sentence,
and three differentconditions were recorded:(1) sentences read fluently (SENTENCECONDITION);(2) word pairs pronounced carefully (PAIRCONDITION);and

Vowel assimilation between the
(3) words in isolation (ISOLATION
CONDITION).

two words is expected only in the sentence condition. (Thus, the pair and
isolation conditions are together referred to as the control conditions.) Two
example sentences are given in 20.
(20) a. for the word pair asato ato
o

si

na

asato

ato

bu

ohu

na

otu

3sG say that seven three be twenty and one
'S/he said that three sevens make twenty-one.'
b. for the word pair oti ozo
o
3sG
F

si
say
F

na
that
F

oti
grub
F- F

ozo
another
F

F

da-ra
n-ala
fall-INDIc to-floor
F

F

F

F

'S/he said that another grub fell to the floor.'
For the sentence condition, six repetitions of each token were elicited from
each subject.Threerepetitionsof each token were elicitedfor the controlconditions.8

The tokens were digitized and formantvalues were computedby linear prediction analysis. A 20 ms Hammingwindow was used, with analysis frames at
5 ms intervals.Formantsin the vowel sequences were measuredat three points:
vowel onset, onset +25 ms, and target (the point at which the vowel reached
its most extreme articulationas seen in the formanttrajectories).The duration
of the vowel sequence was also measuredfor tokens in the sentence condition.
The three measurementpoints are illustratedin the spectrogramsin Figure
2, made from utterancesproducedby subject 1. The token in Figure 2A is ode
's/he presses', spoken in isolation. In this token F2 remains steady at about
2000 Hz at all three points. Comparethis to the token ode ozo 's/he presses
another', spoken fluently in the sentence context (Figure 2B). If assimilation
in this utterance were complete, the spectrogramwould show a steady state
8
Subject I did not complete the experiment. For this subject, condition 3 was used for comparison to the sentence condition, while condition 2 was used for subjects 2 and 3. Few differences
were noted between conditions 2 and 3 for the two subjects where both were collected, and results
were comparable across the three subjects.
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FIGURE 2. Spectrograms showing the points at which formant values were measured. A. The phrase
ode 's/he presses'. B. The phrase ode ozo 's/he presses another'.

midback vowel, with no traceof the /e/ remaining.Thereis no smoothtransition
from coronal to /o/, however. Rather, there is a plateau at around onset +25

ms, where F2 remainsrelatively high. F2 is never as high as 2000 Hz, but it is
higher than would be expected for /o/. This high F2 is a remnant of partially

assimilated/e/.

-~~~
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In order to argue for a gradientassimilation,it must be shown that, at onset
and onset + 25 ms, the formantpatterns for VI in the assimilationcondition
are differentfrom those found for either VI or V2 in the control conditions, as
well as from those of an underlyingV2#V2 sequence. That is, in a V1#V2
sequence formant patterns should fall in between those expected for V1 and
those expected for V2. Figures3 and 4 illustratethe rangeof variationthat was

adi ato
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-
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-e-
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1800N 16001400-

12001000-

800

onset
B.

25ms

target

FIGURE 3. A. An
I#a/
sequence (di atot 'if there are three'), comparedto a carefullypronounced
/I (ad, 'three') and
/Ia (9d9 'daughter'),as producedby subject 2. No assimilationis apparent.
B. An /e#Fa sequence (ezeqto 'three teeth'), compared to a carefully pronounced /e/ (eze, 'teeth')
and/Ia (nkqta 'basket'), as produced by subject 3. Assimilation is apparently complete.
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FIGURE. 4. Tokens of partial assimilation from subject 2. A. An /i#a/ sequence (ezi cto 'three loans')
compared to /i/ (ezi 'loan') and //a (nkcty 'basket'). B. An /e#a/ sequence (ede 9t9o 'three cocoyams') compared to le/ (ede 'cocoyam') and /a/ ydy 'daughter'). C. An /a#o/ sequence (CtI YZO
'another shield') compared to /a/ (ot9 'shield') and /o/ (oto 'mud'). D. An /o#a/ sequence
(9s9t99 atC 'three sevens') compared to /p/ (c9s9t9 'seven') and /aJ (nkyty 'basket').
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found in this data. In the graphs in these figures, values of F2 in a fluently
pronouncedsequence of two vowels (sentence condition) are comparedto F2
in each of the vowels pronouncedcarefully(controlcondition).9Measurements
at onset, onset +25 ms, and targetare shown. The figures show that assimilation results in a continuumof formant values.
9 Evidence for gradientassimilationwas found to be at least as strongin measurementsof Fl.
See Table 2.
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illustrates the endpoints of the continuum
continuum. Figure 3A shows an
Figure 3 illustratesthe
/i#a/ sequence (adi ato 'if there are three')producedby
three') producedby subject 22. This vowel
carefully pronounced Ill (from the word adi) and
sequence is compared to a carefullypronounced
'daughter'). As in each of the
carefully pronounced lal
a (from the word ada 'daughter')
circles, while tokens
graphs, tokens of the V1#V2 sequence are plotted with circles
graphs
of V1 and V2 in the control condition are plotted with triangles and squares
condition are connected by a solid line
line. In
respectively. Mean values in each conditionare
respectively
assimilationis apparent
this li#al sequence
apparent.The beginningof the sequence
sequence,
sequence, no assimilationis
and at targetthe value
at onset andonset
and onset +25 ms
li/, andat
ms, is indistinguishablefrom li/
reached.
expected for lal
a iss reached

In contrast
contrast, Figure 3B shows one of the few cases of apparentlycomplete
apparentlycomplete
data. The graph shows tokens of an le#al
assimilation in the data
e#a sequence
(eze ato 'three teeth') producedby
produced by subject 33. Again
Again, tokens from the vowel
circles, while lel
sequence are plotted with circles
e (eze) in the control condition is
and/a/ (nkata 'basket')in the controlconditionis
controlconditionis plotted
triangles,and/a/
plottedwith triangles
with squares
condition, F2 rises steadily to reach a
squares.10
10For le/
e in the control condition
Values
ues for the /e#a/
value
va
ue of 2200 Hz
Hz. Va
remain
n steady at
e#a sequence
however, rema
sequence, however

about 1700Hz
Hz, indistinguishablefrom the values for lal.
a
If these two patternswere
indicative of the entire data set
patterns were indicativeof
set, the conclusion
would follow that Igbo vowel assimilationis
assimilation is a variablebut
variable but categorical rule:
sometimesassimilationdoes not apply
sometimesassimilationdoes
sometimes it does
does. However
apply, sometimesit
However, these two
cases representonly
continuum.In most cases assimilationwas
assimilationwas
representonly endpointsof a continuum
and resultingin a continuouslychangingoutput
Severalexampartial,gradient
partial
gradient,andresultingina
continuouslychangingoutput. Severalexamdata in Figure
ples are shown in Figure4
Figure4. For purposesof
purposes of comparison
comparison,all the datain
4 are takenfroma
takenfrom a single subject(subject2)
three subjects showed
subject (subject2), althoughall
althoughall threesubjectsshowed
similarresults.
similarresults
'three loans', ede ato 'three cocoyams'
Figure4 shows the phrases ezi ato 'threeloans'
cocoyams',
ota ozo 'anothershield'
'another shield' and asato ato 'three sevens'
sevens'. In the /i#a/ sequence
(Figure4A), F2 begins high
(Figure4A)
high, but never moves up to the 2300 Hz value that hil
reaches. Twenty-fivems
reaches
after onset, the F2 values fall abouthalfwaybetween
Twenty-five ms afteronset
about halfway between
Ia/ iss reached
reached. Th
Thiss illustrates
hiland Ial,
h
a and then target for Ia
ustrates cclearly
ear y the pattern

described by Welmers(1973):centralizationof
describedby
Welmers(1973):centralizationof Vl
Vl, followed by a rapidtransirapidtransition to V2
V2. The variabilityof
variability of Igbo vowel assimilation is illustratedby
illustrated by the
/e#a/ sequences in Figure4B
Figure4B. Across six repetitionsof
repetitionsof the same phraseby
phraseby the
same speaker
speaker, the degree of assimilation varies from nearly none to nearly
Whilethe targetvaluefor/a/
complete. Whilethe
complete
targetvaluefor/a/ is eventuallyreachedinthese
eventuallyreachedin these sequences
sequences,
the beginningof
beginningof the sequence differs from both /e/ and Ia!
Ia!. Note how the F2
values at onset and onset +25 ms are scattered between the values for the
control vowels
vowels. Some tokens are quite close to the expected values for /e/
/e/,
others are quite close to or indistinguishablefrom
indistinguishablefrom the expected values for
/a/.
a A ssimilar
m ar pattern iss seen for the /a#o/
a#o sequence in
nF
Figure
gure 4C
4C. The /o#a/
o#a
10 No
nkata,
a are used as con
ha two
wo d
different
eren words
controls
ro s for
a S
Notee that
or Ia!.
Since
nce it was found
ound
words, 9da and nka
onset following
Id/ than
han following
that
ha F2 for
or aall vowe
vowelss was sslightly
he oother
her consonan
gh y h
higher
gher aat onse
o ow ng Id
o ow ng the
consonants,
s
or words con
control
ro for
or words con
ada iss used as a con
nkataa iss used for
containing
a n ng /d!,
d and nka
containing
a n ng IIt!, Is
Is/,
or IzI
IzI. No oother
difference
erence due too preced
consonant was found
her ssignificant
ound (see
gn can d
preceding
ng consonan
see Zs
Zsiga
ga 1993
1993).

FEATURES, GESTURES, AND IGBO VOWELS

249

underassimilasequence in Figure4D is includedto show a case where F2 RISES
tion. Since F2 for /a/ is higher than for /o/, in this case the line representing V2
is at the top of the graph. Although the F2 values for /a/ and /o/ are similar,"
and one token seems to show no assimilation, other values for the /a#o/ se-

quence fall in between between the control vowels, rising from values typical
of /o/ at onset to values typical of /a/ at target.

Across the data set, formant values in a fluently pronounced V1#V2 sequence were scatteredbetween those found in the controlconditionfor VI and
those found in the control conditionfor V2. These patternswere found in both
Fl and F2, for all three subjects. Assimilationtook place, but it was variable
and partial.
The statisticalanalyses that tested for the generalityof these patternsacross
the data set revealed a numberof interestingresults, especially with respect
to the effects of assimilation on the different vowels. The tests for gradient
assimilationwere divided into three parts:
1. What difference is expected between VI and V2?
2. Is the beginningof the Vl#V2 sequence different(in the expected direction) from VI in the control context? That is, is there evidence of any assimilation at all?
3. Is the beginningof the Vl#V2 sequence different(in the expected direction) from a V2#V2 sequence? That is, is there evidence that assimilationis
not complete?
Tests were conducted separately for each subject. Results for Fl and F2 at
onset +25 ms are shown in Table 2. For the full set of statisticalanalyses for
both Fl and F2 at onset and onset +25 ms, see Zsiga 1993.
To determinewhat difference is expected between Vl and V2, an analysis
of variancewas performedfor each subject on the targetformantvalues of the
eight vowels in the control conditions. Values from /a#a/ and /o#o/ in the

sentence conditionwere also includedin the analysis. The maineffect of vowel
was highly significantfor each subject (p < .0001), and post hoc pairwisecomparisonsshowed that, for the most part, vowels differedin the expected directions (significancelevel p < .05). For all subjects in both formants, /a! in the
control condition did not differ from /a#a/ in the sentence condition, and lol
did not differfrom /o#o/. Otherwise,all vowels showed Fl values significantly
lower than /a#a/ and all vowels except

la!

showed Fl values significantly lower

than/o#o/. Thus, in all cases except for assimilationof/a! to /o/, Fl is expected
to rise. All front vowels showed F2 values higher than /a#a/, and almost all

vowels (other than /o/) showed F2 values significantlyhigherthan /o#o/. Thus
for most vowel combinations,underassimilation,F2 would be expected to fall
(as in Figure 4A-C). Some back vowels showed F2 values lower than /a#a/;
in these cases F2 would be expected to rise under assimilation(as in Figure
4D). Surprisingly,however, in a number of cases the F2 values of the back
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he ssimilarity
n formant
orman va
he d
difference
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TABLE2. Results of statisticaltests for partialassimilation.
Subject 1

Igbo phrase

ezi ato 'three loans'

F2

Fl

F2

Fl

F2

**

**

**

**

**

**

**

**

**

**

**

**

** i

**

**

**

**

**

iiiii
::.:_

adi ato 'if there are three'

**

**

**

eze ato 'three teeth'

**

**

**

**

*

ede fat 'threecocoyams'
esu tFl 'threemillipedes'

Subject 3

Fl

akpatiato 'three boxes'**
ihe ntumKdiato'three accidents'

Subject 2

0

i-- :**

'i

- :-----::

-

:

::

-:

iDE-:-

**

**

**

,

~cl

**fe

atu ato 'three chewing sticks'

(-:

;'i: i4ifi;ii

X

t~du
,t 'threekolas'

iSE

**

**

**

-

<

mmadp to 'threepeople'
eso ato'he follows three'

j

pn edo $et 'threegold pieces'

**

et??at? 'three threes'

*

**

ozi ozo 'anothererrand'

**

ugodi p?Z 'anotherpadlock'

**
--

1
**

2di pZp 'there is another one'

-

*
-

-

-

**

**

**

*

**

**

**

**

**

*

**

**

**

**

**

**

**

**

**

**

*

**

**

**

ic**c

**

**

**

**

**

**

*

**

**

ose OZp 'another stream'-

ode pzp 'he presses another'

!
*

asatp ato 'three sevens'

oti pZo 'another grub'

*

ozu pzp 'anothercorpse'

**

otu ozFo'anotherorganization'

**

-

pdu pzp 'another tusk'

**

^;l,; -

?du ozo 'another tail'

**

okoso pzp 'anothertoy top'

-

**

**

obodo ozp 'anothertown'

**

**

**

Z 'anothershield'
pt pzp

-

-

**

...

.

.'?

.

.

.

;

;
.,

,

-

-

??

*

**
-t-|

0

assimilationcould not be tested:
no difference between control V1 and control V2.

E:L-:"no assimilation:

-

**
**

**

**

pda 2z2
~~ 'another
~ ~ permit'
~

-

at
onset+:25
ms between
V and V#V2 sequence
- Lnono difference
difference at onset+ 25 ms betweencontrol
control V1 and V1#V2 sequence

*

*
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vowels were not found to be significantlydifferent from the values for /a#a/
or /o#o/. For subject 1, /ul and /o/, and for subject 2 /u/, /u/, and lol were not
distinct in F2 from /a#a/; and for subject 3, /u/, /u/, and lol are not distinct
from /o#o/. These cases are shown as solidly filled cells in Table 2. No further
analysis of assimilationcould be performedfor these cases, since, if F2 values
for VI and V2 are not significantlydifferent, no prediction can be made for
these vowels about the expected direction of formant change under assimilation.
Furtherexaminationof the data suggested that the lack of significantdifferences in F2 among these back vowels was due to unexpectedly high F2 values
for these vowels in the control conditions. (Comparedto, for example, the
values for Igbo vowels given in Ladefoged& Maddieson 1990,these anomalous
tokens appearto be fronted.) For these back vowels in this experiment, F2 did
not fall to the expected value for /u/ or lol, but remainedhigh after the release
of the coronal consonant. This strong effect of a precedingcoronal consonant,
such that the expected acoustic consequences of a high back vowel tongue
shape are not reached, suggests that these word-finalvowels were reduced.
(No large effect on F2 would be expected for the front vowels or /a/, for which
F2 was alreadyhigh.) Word-finalreduction,independentof vowel assimilation,
is discussed furtherin ?3.3.
For those sequences where significantdifferencesin formantvalues between
VI and V2 WERE found, a second statisticaltest was conductedto seek evidence
of assimilationin these tokens. Formant frequencies for VI in the sentence
conditionwere comparedto formantfrequencies in the control condition in an
analysis of variance.
So that maineffects could be interpreteddirectlyas evidence for assimilation,
vowel sequences were divided into subsets accordingto the identity of V2 and
the predicteddirectionof formantchange. Separateanalyses of variance were
performedon each subset. Factors in each analysis were VI, identity of the
lexical item (each vowel combinationwas representedby two differentwords),
position (onset vs. onset + 25 ms, treatedas a repeatedmeasure)and condition
(control vs. sentence).
A significanteffect of condition indicates that the vowels in the sentence
condition differ from vowels in the control condition in the appropriatedirection, indicatingat least some effect of assimilation.Where there was a significant interaction of condition with VI, the effects of condition were tested
separately for each vowel, and if the analysis of a given vowel showed an
interactionof conditionand lexical item, each lexical item was tested separately
(see Zsiga 1993for details.) The effect of conditionat onset + 25 ms was signifipartialassimilation:
values at onset+25 ms significantly differentfrom V1 and V2 (p < .05)
I Ipartial assimilation:
I ** Ivalues at onset+25 ms significantly differentfrom V1 and V2 (p < .01)
complete assimilation:
-no difference at onset+25 ms between control V2 and V1#V2 sequence.

I---I

I
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other (mmadu ato for S1), or at onset but not at onset +25 ms (mmadu ato
for S3). Of course, assimilationcannot APPLYto one formantbut not the other.
Dependingon the vocal tract shape that results when assimilationapplies, and
on the differencesin the formantpatternsof unassimilatedVI and V2, assimilation may be evident in one formantbut not the other.
The amountof assimilationvaried, from little to apparentlycomplete. Difference or similarityin the articulationsof VI and V2 seem to play a large part
in how assimilationapplies: assimilationis most likely to appearcomplete for
vowel sequences that are most similar, and least likely to have a significant
effect for vowel sequences that are most different.Overallhowever, the statistics reportedin this section show that, in almost every case, V1#V2 sequences
in the sentence condition differ both from V2#V2 controls in the sentence
conditionand from V1#V2 controls in the pairor word condition. Further,the
differences lie in the direction expected for assimilation. Assimilation takes
place, and it is not complete.
One furtherexperimentalfindingis of interest here. Consistent with reports
in the literature,it was found that the durationof an assimilatedsequence was
no shorterthana sequence of two vowels. No consistent correlationwas found
between the measuredvalue of F2 at onset +25 ms and the durationof a given
vowel sequence. In an /e#o/ sequence, for example, those tokens that had low
F2 values at onset +25 ms, indicatinga greater degree of assimilation, were
just as long as tokens that had high F2 values at the same point.
3.3. A GESTURAL ACCOUNT. The experimentreportedabove has shown that
a complete linguisticdescriptionof Igbo vowel assimilationshould account for
the following findings:
1. Igbo vowel assimilation is gradient, with the formants of VI falling in
between the values expected for VI and the values expected for V2.
2. Assimilationis variable.Depending(in part)on the differencesin the formant patterns of an underlyingVI and V2, assimilationmay appear absent,
partial,or complete.
3. Vowels are reduced word-finally.
4. The durationof a vowel sequence is not correlated with the amount of
assimilation. Sequences showing extensive assimilation are no shorter than
those showing little or no assimilation.
I arguedelsewhere (Zsiga 1993)that these acoustic patternscan best be accounted for in terms of changes in the temporalrelations among overlapping
articulatorygestures. After reviewingthose argumentsI will arguethat in Igbo
changesin phase relationsamongthe vowel gestures, drivenby temporalreduction of the word-finalvowel gesture, result in the perception of assimilation.
The first vowel is shortened;the second vowel then lengthens, preservingthe
overall syllable duration and tonal pattern. The combinationof a shortened
gesturefor VI and a lengthenedgesture for V2 leads to the perceptionof partial
assimilation.
As mentionedabove, word-finalback vowels were found to have an unexpectedly high F2. This acoustic result is consistent with shorteningor weaken-
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Figure 5 shows a vowel sequence with no assimilation.The top of the figure
shows the waveform and formanttracingsfor the phrase ede ato 'three cocoyams', spoken in a fluent phrase (one of the tokens that was graphedin Figure
4B). In this case, the formant patterns show two clearly articulatedvowels.
Below the spectrogramis a hypotheticalgesturalscore, showing the patternof
gesturalorganizationthat might have producedthis spectrogram.The gestural
score diagramstongue tip gestures for the /d/ and /t/, tongue body gestures for
the vowels, and a tongue root constriction gesture for the la!. Two laryngeal
gesturesfor tone are also shown. Recall that in the gesturalscores, the horizontal dimensionrepresentstime, and the length of the boxes indicates the period
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A vowel sequence with no assimilation.The top of the figureshows the waveformand
formanttracingsfor the phrase ede 9t9 'three cocoyams', spoken in a fluent phrase. Below the
spectrogramis a hypotheticalgestural score, showing the patternof gestural organizationthat
mighthave producedthis spectrogram.
FIGURE 5.
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of time the articulatorset is actively controlled. Hypotheticalmovementtrajectories of the articulators(in the vertical dimension)that would be producedby
the gestures are overlaid on the boxes.
The tonguebody is highfor the /e/, and then moves down for the /a/. The tongue
tip, in the meantime, moves up to and then away from the alveolar ridge for
the /d/, and then repeats the movementfor the /t/. Because there is a full vowel
gesture for both vowels, and little overlap between them, targetis reached and
maintainedfor both VI and V2. At onset and onset + 25 ms, the spectrogram
shows formantstypical of /e/.
Whenthe underlyinggesturalpatternchanges, so does the resultingacoustic
pattern.In a gesturalapproach,the prominenceof V2 in an assimilationcontext
can be accounted for by an increase in the durationof the V2 gesture. Such
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6. Another token of ede qt), showing partial assimilation.
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els-overlap in time, each gesture exerts its influenceon the articulator,which
reaches a position intermediatebetween the two conflicting targets. Acoustically, the resultis partialassimilation:formantsintermediatebetween those that
would be expected from either articulationin isolation. Again, more extreme
articulationswill be the most evident in spite of blending, and thus will seem
to persist. The blend of an lil and lal will differ more from an underlyinglal
than will the blend of an /ol and an Ia/.
While blending due to increased overlap might account for the patterns of
partialassimilationseen here, it is not the most likely gesturalaccount for Igbo
vowel assimilation,because it fails to link assimilationto word-finalreduction.
Under the account illustratedin Figure 6, vowel assimilationcan be seen as a
result of the gestural reorganizationcaused by the independentlyneeded process of vowel shortening.No special ruleof vowel assimilationis needed. When
V1 is shortened, V2 is lengthened in compensation. Lengtheningof V2 must
occur in conjunctionwith VI reduction, not only to explain the prominence
of V2 in perception, but to account for the consistent durationof the vowel
sequences.
Determininghow much V2 should lengthenin orderto maintaina consistent
durationoverall poses a problemfor articulatoryphonology. In autosegmental
phonology, the presence of a hierarchicalsyllabic or prosodic structure,which
remainsconstantover changes at the segmentallevel, controlsthe overallduration (Hayes 1989,Hyman 1985,McCarthy1981,Wetzels & Sezer 1986).Articulatoryphonology, which does not encode a hierarchicalsyllable structure,and
which does not allow the specificationof timingin milliseconds, relies on intergesturaltimingto controlduration.Thatis, if the durationof a sequence remains
constant,this mustresultfromthe durationandphasingrelationsof some particulargestures remainingconstant. Whichgesturesremainconstantin Igbo vowel
assimilation?One possibility is that the durationand phasing of the laryngeal
gestures for tone do not change. This would link the fact that the durationof
two vowels is retained to the fact that two tones must be articulated. This
tone-based approachworks for Igbo because tones and syllables are usually
coextensive; unlike other related languages, Igbo (for the most part)allows no
contourtones. In manylanguages,however, tonalpatternsexpandandcontract
freely to fit the availabletone bearingunits (Leben 1978,Hoffman 1963).Thus
it seems unlikely that laryngeal gestures for tone could in general serve to
maintainan invariantduration. If no hierarchicalstructureis assumed, however, the tonal gestures are the best candidatesfor maintaining,by their fixed
relations, a constant overall duration.'6
In contrast to articulatoryphonology, the theory being developed here assumes that hierarchicalstructuressuch as syllablesandlargerprosodicdomains
are part of the phonologicalrepresentation.Such units could be instantiated
gesturally,however, as determinantsof specific temporalrelationsamonggesF

16

F

Another candidate would be a tongue root gesture for [ATR]. No attempt was made in this
experiment, however, to tease apart the effects of tongue root and tongue body gestures, so this
approach is not pursued.
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tures. Given the distributionsof tones and the principlesof syllable structure
in Igbo, such an instantiationcould includespecificationof an invariantduration
for tonal gestures in this language.Articulatoryphonologywould specify these
gestural relations directly, without reference to higher level domains. In the
diagramsin Figures 5 and 6, the consistent durationof the vowel sequence is
representedby two invariantlaryngealgestures. Whetherthe durationof those
gestures is in turndeterminedby a higherlevel structuredoes not directlyaffect
the rest of the argument.17
Vowel assimilationand vowel reductioncan thus be seen as the result of the
same process-shortening of a word-finalvowel. When a word-finalvowel is
also phrase final, its acoustics are influenced by the preceding consonant, in
this case a coronal, leading to a high F2. When another vowel follows, the
gesture for the second vowel is lengthened, filling in the durationrequiredfor
the articulationof two tones. The result is a gradientassimilation:a reduced
VI followed by a lengthened V2. As described by Welmers (1973:41), 'the
quality of the first vowel merges very quickly into the quality of the second.'
The gesturalaccount thus describes the acoustic patternsseen in Igbo vowel
assimilation,and links assimilationto word-finalreduction.Both processes can
be describedin termsof a simplechange in temporalpatterningamonggestures.
Other phonetic approachesdo not capture the facts as well.
Coarticulationand simple reductionare among the most plausible phonetic
approachesto the data reportedhere. (Symbolic phonologicalapproachesare
considered in ?3.4.) These approaches either fail to account for the facts of
Igbo vowel assimilation, or require an analysis that is more complicated and
less well-motivatedthan the gestural account.
A plausiblephonetic approachwould be to invoke simple coarticulationbetween vowels at word boundaries. In a sense, Igbo vowel assimilationis the
resultof coarticulation,at least in part.The two vowel articulationsdo influence
one another. The noticeable changes in vowel quality found here, however,
are clearly greater than could be accounted for by the minimal amounts of
articulatoryoverlap and acoustic influence found in vowel sequences crosslinguistically(Ohman 1966, Manuel & Krakow 1984, Choi & Keating 1991).
Vowel reductionalone mightbe invoked withoutany otherchangein articulation. The discussion above outlines an approachthat accounts for Igbo vowel
assimilationin terms of reductionof VI, compensatedfor by an increase in the
durationof V2. The facts cannot be accounted for by reductionin VI without
an increase in the influence of V2. That is, VI in this data was notjust reduced
to a schwa-likevowel, but became more like V2 in its acoustic characteristics.
Keating's(1990b)approachto vowel reduction,the WINDOWMODEL OF ARTICULATION, does seem to make predictionsvery close to those made by the gestural
account. In this theory, a WINDOW of possible values is specifiedfor the phonetic
17 The actual
temporal patterning of the tonal gestures could of course be tested empirically. By

tracking the pitch contours over sequences of vowels with different tones, one could determine
whether the tone pattern varied with differing amounts of assimilation. In this experiment, however,
the vowels in the assimilation context were for the most part on the same tone level.
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parameters(such as tongue position, velum position, formant values, and so
on) needed for the implementationof a given segment. Thus vowels may have
a window for tongue body position (or F2 value) within which the vowel would
have to be realized. A small window requires precise articulation(as for Isl).
A largerwindow, however, would allow for greatercoarticulationwith neighboring segments, since an articulatorwill follow the shortest path that falls
within the values allowed. That is, if a precedingor following vowel requires
the tongue body to be high, the tongue body will remain at the upper end of
the window specified for the currentvowel. The largerthe window, the more
freedomfor the currentvowel to move towardthe position of the vowel following. Thus word-finalvowel reduction in Igbo might be modelled as windowenlargement.The predicted path througha fairly wide window from previous
vowel target to following vowel target would account for some of the findings
here. Formantsmeasuredin the word-finalvowel would not be as extreme as
in a carefullyarticulated(small-window)vowel, but would be more influenced
by the following vowel, resultingin apparentpartialassimilation.
The gestural and windows approaches in fact seem to make very similar
claims about Igbo vowel assimilation.In both approaches,the demandson the
articulatorare relaxed, so that the targetposition for V1 is only approximated,
not fully reached, and a greater influence of the following vowel is seen. The
gestural approach, as argued above, could produce this effect by shortening
the time window allowed for the articulation. Keating's windows approach
might produce this effect by enlargingthe place-of-articulationwindow. The
details of the trajectoriesseen in this experiment, however, argue for the gestural interpretation.
In many cases, the targetfor V2 is reachedvery early in the vowel sequence.
(Recall Welmers'descriptionof a 'rapidtransition'to V2.) The window model
predicts a long, smooth transitionratherthan an early realization.To express
this steep trajectory, the VI window would have to be shortened as well as
widened, and the V2 window would have to lengthenin compensation.It is an
advantageof the gesturalapproachthat the tongue body position (and thus the
acoustic changes) follow from the reduction in time, and do not have to be
separatelystipulated.
Overall,the gesturalapproachgives the best accountof the acoustic resultsof
Igbo vowel assimilation.Intermediateformantpatternsresultfromthe temporal
organizationof the two tongue body gestures. Reductionof a word-finalvowel
gesture links vowel shorteningand vowel assimilation.Difference or similarity
in the articulationsof VI and V2 coupled with variabilityin the amount of
reduction, leads to variabilityin assimilation(i.e. is it absent, partial,or complete). Consistentdurationis maintainedby an unchangedtemporalpatternfor
the other gestures. Otherphonetic analyses fail to account for at least some of
these acoustic results.
Section 3.4 turns to featuralaccounts of Igbo vowel assimilation.As will be
shown, any analysis couched in terms of associations between features and
hierarchicalnodes will fall short on both descriptive and theoreticalgrounds.
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A FEATURAL
ACCOUNT.In previous accounts, Igbo
3.4. EVIDENCEAGAINST

vowel assimilationhas been describedas a rule spreadingthe place features of
one vowel to another. The formalizationfrom Zsiga 1992is given in 21.
(21) Vowel assimilationas feature spreading
place place
[. .. [ ...

t-V L.

1
Ji V . .

]...

]cp

In this formalization,the place features of V2 spread onto the place features
of V1, and the originalplace features of VI are delinked. Spreadingtakes place
only at the boundarybetween phonological words (X), within a phonological
phrase (1). Such a rule falls short on descriptive groundsbecause it indicates
JUNCa categorical assimilation. It presents theoretical difficulties as a DOMAIN
TURERULE, a rule type that has proven problematic in phonological theory.

These two points will be discussed in turn.
First, the rule in 21 is empiricallyinadequate. The output of this rule, two
vowels linked to a single place node, is not distinct from the representationof
a sequence of underlyinglyidentical vowels. As has been shown in ?3.2, however, the output of assimilationis distinct from a sequence of identicalvowels.
A feature-geometricalrepresentationprovides no straightforwardmechanism
for indicatingpartialor gradientassimilations.A feature may be linked to one
root node, or two (as in an assimilated [mp] sequence), or several (as in a
single [round]featurelinked to all the vowels in a word by principlesof vowel
harmony),but there is no way for a feature to link part-wayto a root node,
indicatinga partial assimilation. Because of its categorical nature, needed to
express lexical alternations,spreadingand delinkingwill always be inadequate
for representingnoncategoricalprocesses, such as differentdegrees of vowel
nasalization,partialdevoicing, or partialassimilation.
Note that, for the purposesof this paper, it is not crucialwhethercategorical
phonologicalalternationsare expressed as autosegmentalspreadingrules (as
proposedby Goldsmith1976,Clements 1985,Sagey 1986,and others) or as the
product of interactingranked constraints (as in Prince & Smolensky 1993).
In both kinds of representation,the temporal relations between features are
expressed throughlinkingsto abstracthierarchicalnodes, and so are necessarily
categorical.If all phonologicalalternationsare expressed in terms of the addition or deletion of association lines, then all phonologicalalternationswill be
categorical,whether the particularpatternof association is arrivedat through
derivationalrules or the choice of an optimalparse of a given underlyingstring.
Either a feature is linked to a higher level node or it is not.
The empiricalproblemwith spreadingthe place features of V2 and delinking
the place featuresof VI to accountfor Igbo vowel assimilationis that a remnant
of VI clearly persists in assimilationcontexts. In order to preserve a remnant
of Vl, one might argue that the assimilated vowels become glides. Emenanjo
(1978)describes partialassimilationof the high front vowels as gliding. In one
might be used to describe the acoustic effect of high
sense, the term GLIDING
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vowel reduction. However, this term is usually used to mean a change in the
status of a high vowel from syllable nucleus to syllable onset, and this will not
account for the facts of assimilationfound here. Assimilation in Igbo applies
to all vowels, and nonhigh vowels have not been found to become glides. A
differentprocess would have to be proposed to account for the assimilation,
for example, of lol to /a/. In addition, the assimilatedvowels continue to bear
tone.
Clark(1990), in order to account for apparentpartialassimilationof the high
front vowels, proposes spreadingthe delinkedvowel features onto the preceding consonant. A rule similarto Clark's is shown in 22. (Her actual proposal
assumes a differentfeature geometry). A palatalizedor labialized consonant
precedinga V2#V2 sequence mightproduce some of the changes in the vowel
transitionsmeasuredin this experiment.
+ high
- back
,\

(22)

place place
[...[...

place

t-----"~~1
V ],
V . ..]...

C

]

However, while palatalizationandlabializationare commonprocesses, it would
be unusualfor all of the vowel features to spreadonto the consonant, as would
be requiredto express Igbo vowel assimilation.In a partially-assimilated/a#o/
sequence, for example, higherformantsare found than in an /o#o/ sequence.
To produce these higher formants, unroundingand lowness would have to
spread onto the consonant. These consonants are not pharyngealizedin the
sense in which the term is usually used.
Finally, in perhaps the most plausible feature-spreadingapproach to Igbo
vowel assimilation,a phonologistmighttry to salvage the vowel features of VI
by formulatingassimilationas the sharingof place features between V2 and
VI without delinkingthe features of VI. Such a rule is shown in 23.
(23) Spreadingwithout delinking
place
[.

. . [

. .V

]0

place
J0 V * * *]

* .]<
*

One significantdrawbackto this kind of representationis that it requiressome
specific and otherwiseunmotivatedphoneticinterpretationrules. The problems
inherentin using spreadingwithout delinkingto formalize partialassimilation
are directly addressedby Nolan (1992).
Nolan 1992 presents articulatoryevidence that assimilation in English of
word-finalalveolars to a following stop is a gradientprocess: a remnantof the
alveolar gesture may persist. He discusses a possible formalizationas in 24a,
where the place node of the second consonant spreads to the first, without
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causing delinking of its original place node, as in the complete assimilation
shown in 24b. The distinction is the same as that between 21 and 23 above.
b.

(24) a.
place place

L--------1
C

C

place place

t --1C

C

Nolan rejects the rule in 24a, however, on the grounds that it would require
an unmotivatedimplementation:in orderto accountfor the preceptionof assimilation, the place node of the alveolar would have to be interpretedas weaker
thanthe place node of the followingconsonant. He arguesthat 'assocationlines
do not come in differentstrengths'and that 'there is no independentlyjustified
principle'that would give priorityto one place node over another (1992:277).
Hayes (1992:282,commentingon Nolan's paper)concurs. Noting that 'standard
phonologicalassumptions'would interpretthe representationin 24a as a contour, Hayes argues that this is a 'qualitatively incorrect' representationfor
gradientassimilation.
Further,Nolan argues that there is no reason to force a rule such as 24a into
the phonology. A simplerand more constrainedexplanationof the assimilation
of word-finalalveolarsfollows from the dynamicsof articulation.Experimental
data on the movements of articulatorsin English show a significantamountof
overlapbetween the periods of closure for adjacentword-finaland word-initial
stops, which may increasein casual or fast speech (Browman& Goldstein 1990;
see also Zsiga & Byrd 1990, Byrd 1992, 1994, Zsiga 1994, 1995). The acoustic

consequences of overlap (hiding of the alveolar gesture),'8 together with the
tendency demonstratedby Nolan for word-finalcoronal stops to be partially
reduced, can explainwhy word-finalcoronalsare so often perceived as deleted
or assimilated. The cases of coronal assimilationmight show no greater temporal overlap than other consonant sequences: the perception of assimilation
could result from the particularacoustic consequences of the vocal tract configuration.Given that a statementof the timingrelationsbetween adjacentstop
consonants in casual speech will be an independentlyneeded principleof English articulation,no additionalphonologicalrule of assimilationis necessary.
The same reasoningappliesto Igbo vowel assimilation.The rulein 23 requires
a phoneticimplementationdifferentfromthe usualinterpretationof a phonological contour. While 23 expresses the fact that the V2 articulationimposes itself
on Vl, acoustically, the result of assimilation is not a contour. Assimilation
does not result in Vl followed by V2 within a single timing slot, as a contour
tone consists of a high tone followed by a low, but in formants intermediate
between Vl and V2. Given that the place features are on the same tier, they
are presumedto be orderedand thus would be implementedsequentially.Even
if one were to invoke spreadingof individualarticulatorfeatures, a feature18
Byrd (1992), using a gestural model of speech synthesis, has shown that, given the same degree
of overlap, a /d#b/ sequence will be perceived as assimilated, while a /b#d/ sequence will not.
Byrd (1994) finds the same asymmetry for /d#k/ and /k#d/.
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or a gestural description is limited. Gradient processes such as Igbo vowel
assimilationrequirereferenceto the specific temporalinformationthat the gesturalapproachprovides. Categoricalalternationssuch as Igbo vowel harmony
neither need nor benefit from detailed timing information.Thus two distinct
representationsare required. Their similaritiesare tantalizing, but they can
not be collapsed. Section 4 takes up the question of how these two distinct
representationsmay be related.
4. FEATURESTO GESTURES:
ede ato. In this section I present a complete

derivationof a sequence of Igbo vowels, taking the word pair ede ato as an
example, from the underlyingfeaturalrepresentationto the articulatoryinstantiation. As discussed in ?1, featural and gestural representationsare in many
ways homologous. Both representationsare based on articulators;the crucial
differencebetween them is that gestures have inherentquantitativespecifications. If underspecificationor derivationis assumed, then temporalspecification can be seen as the final step in the filling in of noncontrastiveinformation.
If no underspecificationor derivationof phonologicalfeatures is assumed, the
mappingprocess from features to gestures would begin with a fully specified
phonologicalrepresentation.
In an approachthatassumes underspecification,harmonicaffixes would have
no [ATR]value in the underlyingrepresentation,but would receive the appropriate value either by spreadingfrom the root or by the applicationof default
rules. While a noun phrase like ede ato will not exhibit harmonicalternations,
in the case of a verb phraselike odi ozo 'there is another', [-ATR]spreadsfrom
the verb di to the underspecified prefix olo, as in 25.21

(25) -ATR
>1

0

di

-ATR
/

ozo

Otherpredictablefeature values, such as those for [ + / - back], would be supplied by default rules. In a nonderivationalapproach,the fully specified representationwith appropriatevalues for [ATR]and [back]would be chosen as the
form that best satisfies the constraintsof the language.
Once all the vowels have been fully specified, the vowel features must be
related directly to articulatorygestures and the parametersthat characterize
them. Althoughthe best phonologicalrepresentationfor vowels remainsa matter of debate (Clements1991,Ni Chiosain 1991,Hume 1990, 1992),the mapping
from features to gestures is most straightforwardfor those feature geometries
(Sagey 1986,McCarthy1988, Padgett 1991, Keyser & Stevens 1994)that most
closely approximatethe anatomy of the vocal tract. Taking these geometries
21
Clark (1990) argues that the initial vowels in nouns are also prefixes. If that is the case,
spreading may be invoked for nouns as well. Both phonological and phonetic evidence point to
[-ATR] as the marked value in [ATR] harmony systems (Pulleyblank 1988, Welmers 1973).
[ - ATR] vowels have an additional constriction in the pharynx, [ + ATR] vowels have no additional
gesture.
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as a starting point, there is a nearly transparentmapping between terminal
features and gestures.
The relationbetween features and articulatorscan be arguedto be universal.
Thus, [ + round]is always interpretedas a labialgesture, and [ - ATR]is always
interpretedas a tongue root constriction gesture (constricted pharynx). The
features dependentfrom the dorsal node specify constrictionlocation and degree for the tongue body gesture. The feature [+low] means pharyngealconstriction location, and [-back] means palatal constriction location. The
combination [+back, +high] translates into velar constriction location and
narrowconstrictiondegree, while [ + back, - high] translatesinto uvular constriction location and narrow constriction degree. Wood (1982), on the basis
of x-ray evidence from a number of languages, argues that velar and uvular
best describe the place of articulationof /u/ and /o/, respectively. The exact
specificationof place and degree of constrictionwill be languagespecific.
The gestural specification of an /e#a/ sequence, as in ede ato, is shown in

Figures 7 and 8. Fig. 7A illustratesa fully specified autosegmentalrepresentation. (For clarity, laryngeal features for voicing and tone are not shown, althoughthey are assumed to be present). Fig. 7B shows how these features can
be interpretedas gestures, with specified constriction location, constriction
degree, and with specified internaldurations and temporal relations to other
gestures.22Fig. 8A shows the gestural patternwithout the phonologicalstructure of root and class nodes and association lines. Gesturalphasing is shown
in Fig. 8B.
The feature-to-gesturecorrespondenceis specified by the universaland language-specificprinciplesdiscussed above. The durationof the gestures shown
in Fig. 8B andtheirtemporaloverlaprelationsare specifiedby language-specific
rules or constraints. (It would be interestingto consider gestural phasing as a
kind of phonetic alignmentconstraint.)The movements of the articulatorsunfold over time as determinedby the variables in the task-dynamicequations
that describe each gesture.
Temporalrelationsamonggestures are describedby language-specificphasing principles (see Browman & Goldstein 1990). These principles are stated
in terms of which points in the trajectories of two different gestures occur
simultaneously,as shown in 26.
(26) a. C target = V onset (begin a vowel gesture when the preceding
consonant has reached its target)
b. VI release = V2 onset (begin the second vowel gesture in a sequence as the first begins moving away from its target position)
Points such as onset, target, and release are specified as numericalvalues in
the 360-degreecycle. Onset, for example, equals 0?, and release of target approximately330?.Not every point will be availablefor manipulation,but only
certain landmarks, such as onset of movement or the achievement of target
(Browman& Goldstein 1992).
22 This diagram, and others that follow, is meant to be
illustrative, and not a precise gestural
description.
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FIGURE 7. Representationof an /e#al sequence. A. Fully-specifiedfeaturalrepresentation.B. Correspondenceof featuresto gestures.

It will be assumed here that phasingamong articulatorsworks outwardfrom
the smallest domain to the largest. First, a given oral gesture is phased with
respect to its associated laryngealor velic gestures. In the simplest case, the
group of features associated to a single root node (such as [cor] and [nasal]
for /n/, or [lab] and [asp] for

/ph/

corresponds to a

CONSTELLATION

of gestures

in the sense of Browmanand Goldstein(1986), a set of gestures that are phased
to one another and that form a unit. The several oral gestures that make up a
vowel may also form a constellation. If root nodes match gestural constella-
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FIGURE8. Representationof an /e#al sequence. A. Gesturalrepresentation.B. Gesturalrepresentation with phasingindicated.

tions, phasing rules can be seen as supplying a specific temporalrelation for
each association line that links an articulatorfeature to a root node.23
In more complicated cases, such as strings of consonants in an onset, the
differencesbetween autosegmentaland articulatoryphonologyover the usefulness of assuminga segmentalorganizationcome into play, and the root nodes
posited in the formertheory will not match the gesturalconstellations posited
23 Actually, given the absence of place and root nodes in
articulatoryphonology,an extra step
would be required.The group of features linked to a root node must first be interpretedas a
constellation,where gestures are associated directly to one anotherratherthan to a shared root
node. It is the associationsin the constellationthat are then suppliedwith specifilcphasings.Note
that the contrastbetween unspecifiedassociation lines, and specified temporalrelationscan still
be maintainedwithout root nodes, by assumingthat articulatorsare associated directly to one
anotherat all points in the derivation.
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in the latter theory. (Browman& Goldstein 1990states that gesturalconstellations will sometimes correspond to segments, sometimes to syllables, sometimes to intermediateconstituentslike onsets.) It is assumedhere that segments
(root nodes) are relevantfor phonologicalalternations,but cease to be relevant
when featuresare mappedinto gestures. Whilethe debate over segmentalorganizationcannot be resolved here, in order to make the mappingexplicit, it will
be assumed that the phasing in more complicated cases operates in the same
way as in the simplercases, forminggestural units for each root node. (These
will not necessarilycorrespondto the constellationsof articulatoryphonology.)
Later phasing specifications may then alter this segment-basedorganization,
so that segmentalboundariesare blurred.In the case of multiplylinkedfeatures,
as in harmony systems, the segmental boundariesare already blurredin the
autosegmentalrepresentation.Here, the single feature can be interpretedas a
single underlying gesture that persists throughout the domain. Its onset is
phasedto the first oral gesture in the domain,its offset to the last. The assumption that root nodes map into gestural units is intended here as no more than
a workinghypothesis, awaitingfurtherstudy of the gesturalmechanics of harmony systems and syllable structure.It is likely that other hierarchicalstructures also serve as a locus for the specificationof phasing relations.
Once the simplergesturalconstellations are formed, timingof oral gestures
within a syllable would follow, according to language-specificprinciples such
as 26a above. Vowel and consonantgestures within syllables are tightlycoordinated, and their coordinationis predictable(Browman& Goldstein 1990). Finally, timing across syllables and across words is specified. A vowel in one
syllable may be coordinated with either the vowel or consonant of another
syllable, accordingto language-specificprinciples (Smith 1992). It seems that
the timing of gestures across larger phonological domains (such as between
words) is freer and more variablethan the timingfound within syllables. This
variabletimingthen leads to the many casual speech processes that are found
to apply at word boundaries.It may be that for domainslargerthan the phonologicalword, therecan be no overlapbetween gestures at the domainboundary.
This wouldaccountfor the lack ofjuncturerules referringto domainslargerthan
the phonologicalword. The gesturalphasingmay specify that no interactionis
possible, because no gesturaloverlap is allowed. Thus casual speech variation
due to gesturaloverlapmay be limitedto only certaindomains,such as between
phonologicalwords, where overlap is allowed, but not exactly specified.
The hypothesized phasings among gestures in the sequence ede ato (based
on Browman& Goldstein 1990, 1992)are shown in Fig. 8B. This phasingcorresponds to that in the gesturalscore in Fig. 5, which illustratesa gesturalorganization that would result in no assimilation. A word-level rule in Igbo reduces
the durationof the word-finalvowel, as diagrammedin Fig. 6. As all other
temporalrelationsremainfixed (crucially,V2 onset to V 1offset), the V2 gesture
expands to fill the time span required.
Thus the gesturalpattern,consistent with the acoustic effects of Igbo vowel
assimilation, can be derived directly from autosegmentalfeatures. Principles
of correspondence between features and gestures, along with the language-
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features into a gesturalpattern
specific specificationof overlaprelations
overlap relations, map featuresinto
gesturalpattern.
Each gesture is specified for constriction location
location, constriction degree
degree, stiffness, and phasing
ness
phasing. The gesturalorganization
gestural organizationthen controls the movements of
articulatorsto produce an utterance
articulatorsto
utterance.
In conclusion
demonstratedthe need for both qualitative(featural)
conclusion, I have demonstratedthe
qualitative(featural)
and quantitative(gestural)representations
quantitative(gestural)representations. Categoricalalternations
Categoricalalternations, such as
Igbo vowel harmony
harmony,are best representedfeaturally
representedfeaturally.Gradientprocesses
processes, such
as Igbo vowel assimilation
are best representedgesturally
assimilation,arebest
representedgesturally.Neither representation can account for the full range of data
data. Representationsthat have access
to specific quantitativeinformationcannotconstrain
informationcannot constraincategoricalchanges
categoricalchanges. Representationsthat do not have access to specificquantitative
resentationsthatdo
specific quantitativeinformationcannot
between features and gescapturegradientchanges. The close correspondencebetweenfeaturesand
capturegradientchanges
however, provides a straightforwardarticulatoryimplementation
tures, however
tures
articulatoryimplementationof the
phonologicalrepresentation.
phonologicalrepresentation
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