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Abstract: This paper is an experimental study of the phonetic consequences of
the phonological devoicing of word-final obstruents in Catalan. The
results bear on two presumably distinct rule types, namely phono-
logical neutralization rules and phonetic implementation tules. It
was found, contrary to all phonological accounts, that individual
speakers vary in their treatment of word-final devoicing such that
there is no neutralization for, at least, some speakers. It was also
found that a phonetic implementation rule is needed to account for
this non-neutralization, and that the phonetic implementation rule
must apply before the phonological rule devoicing obstruents.

Introduction

A fundamental distinction is made in phonology between neutralizing and non-neutralizing
rules, and all theories of phonology have appealed to the distinction in the statement of
grammatical principles, phonological descriptions and/or the explanation of substantive
properties of rules. The assumption has always been that neutralization rules phionetically
merge or obliterate the differences between segments which are phonologically contrastive
in other contexts and other levels of representation. Surprisingly, little or no empirical
evidence has been offered in support of neutralization rules, despite the availability of
instrumental techniques of analysis. In fact, where the phonetics of putative neutralizations
have been analyzed, it has been found that there are phonetic differences corresponding to
the underlying distinctions. That is, the putative neutralization rules are non-neutralizing.
For a review of the general issues surrounding neutralization and the associated experimental
phonetic studies, see Dinnsen (19824, b, 1983) and references therein.

The phonological rule of word-final devoicing is one putative neutralization rule that is
non-controversial as a rule of grammar and is widely attested in the languages of the world.
Experimental findings on the phonetic consequences of this rule from German (Port,
Mitleb & O’Dell, 1981: O’'Dell & Port, 1983), Polish (Giannini & Cinque, 1978) and Russian
(Chen, 1970), however, suggest that its neutralizing effect may not be so indisputable. For
each of these languages, it was found, contrary to all phonological accounts, that the under-
lying voice distinction was not neutralized. Phonetic distinctions were observed in any one
or some combination of the following parameters: (1) the vowel duration before word-final
obstruents, (2) the closure duration of the final obstruent, and (3) the voicing into the
beginning of the closure of the final obstruent.

While the experimental studies on word-final devoicing in various languages have yielded
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findings that would seem to compromise seriously the construct “neutmljmﬁ%,,,ms m
least possible that those results are an artifact of orthqgraphy.‘ The problem is that eyey
though word-final obstruents are supposed to be phonetma@y v.mceless due to the devoiein
rule, in the languages cited above the underlying voice distinction is ::vllso represented in th,
orthography. It could be argued, then, that speakers produce phonetic distinctiong that are
intended to correspond with orthographic distinctions since the orthography correspords
with phonological distinctions in positions other than word-finally. Of course, it could algy
be argued the other way. That is, because speakers produce phonetic distinctions, the
orthography is set up to reflect those differences. In any event, these .C(mf:wey{m are obviated
by a language with a rule of word-final devoicing and no orthograp}}w distinctions in that
context corresponding with underlying phonological voice distinctions. Catalan presents
such a situation.

This paper is an experimental study of the phonetics of the putative neutralization nge
of word-final devoicing in Catalan. For a discussion of Catalan phonology, see Wheeler
(1979), DeCesaris (1980), Dinnsen (1979, 1980), Mascaro (1978), and Walsh (1977). The L
results derived from the present study should contribute to the accumulation of empirical
evidence on neutralization phenomena and serve as a basis for cross-language comparisons i
of similar or related phonological processes. The specific questions asked in this study are: Lﬁ
Is the rule of word-final devoicing neutralizing, and do all speakers treat the phenomenon [
the same?

The rule of word-final devoicing is motivated by alternating and non-alternating pairs of &
words exemplified in Table I. Word-medial voiced obstruents alternate with word-fial
voiceless obstruents; word-medial voiceless obstruents do not alternate. The usual obser-
vation is that all obstruent stops are voiceless word-finally when phrase-final or when followed
by a word beginning with either a vowel or a voiceless consonant.! Such forms require
postulating underlying representations which differ in terms of the [voice] feature of

. morpheme-final obstruents such that some word-final voiceless obstruents are derived from
underlying voiced obstruents by the rule of word-final devoicing and others are derived from s
underlying voiceless obstruents.

The rule of word-final devoicing has been formulated as follows:

e

e

[—sonorant] = [~ voice]/_ # v

Table !  Examples of alternating and non-alternating pairs of words from
Catalan motivating the phonological rule of word-final devoicing

[£op] wolf (m)

[£pa) wolf (f)

[omik] friend (m) ;
[omiya] friend (f)

[ka] dry (m)

[seka] dry (f)

[fret] cold (m)

[fred o] cold (f)

[tot] all (m)

[tota) all (f)

' Word-final obstruent stops agree in
rule of regressive vojce
Regressive voice assimil
of stops word-finally w

[voice] with a following consonant. A
assimilation is motivated {see references above).
ation cannot in any case account for the voicelessness
hen the next word begins with a vowel.
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T:tble i Experim‘en‘ntal test words from Catalan specified in phonetic, undes-
lying and orthographic representations along with associated meanings

Underlying

Phonetic representations Orthographic Gloss
1. [kap] Jkap/ cap no{ne)

2. [kapl fkap/ cap toward

3. [kap] Jkab/ cap head

4, {kap] [kab/ cap he fits

5. [fat} [fatf fat fate

6. [fat] [fad/ fat silly

7. [sek] Jsek/ sec furrow

8. [sek] [segf cec blind

9. [sek] Jsekf sec dry (masc. sg.)
10. [sek] Jsegf sec I sit down

11 n Method

l Design and materials
Ten test words were selected and are shown in Table 11 in their phonetic, underlying and

b orthographic representations with the corresponding meaning. These items constitute under-
. lying minimal pairs. Each member of a pair differed only in the underlying [voice] feature of
. the final consonant. The underlying voicing of obstruents was determined based on mor-
ﬂf; phophonemic evidence. ACross pairs, the place of articulation of the final consonant was
! varied. Note that the first four items are said to be homonyms and end in a labial stop.
| ltems 5 and 6 are presumed to be homonyms and end in a dental stop. Items 7-10 end in a
ﬁf‘x velar stop, but 7 and 8 differ from 9 and 10 in vowel quality. Note, however, that 7 and 8
L differ from one another in underlying voicing just as 9 and 10 do.

g Each test word was embedded in the two carrier sentences shown in Table 1I1. The carrier
g sentences were constructed so that only the word following the test word differed, but ina

specific way. In one sentence the test word occurred before a word beginning with a voice-
less consonant and in the other sentence the test word occurred before a word beginning
with a vowel. For the test words in which the final obstruent was underlyingly voiced, the
final obstruent should, then, be phonetically voiceless due either to the rule of word-final
devoicing or the rule of regressive voice assimilation. The ten test words in the two sentence
contexts resulted in 20 experimental sentences.

Table FlI  Catalan carrier sentences in which test words were embedded

Maria va dir —— clarament.
‘ [ maria va 8i —— klaromen]
[ “Mary said clearly.”

¢ Maria va dir —— aixi.

i [maris va di —— a8i]

“Mary said - thus.”

Five repetitions of each experimental sentence were presented for a total of 100 exper-
4 imental sentences. The experiment was therefore a 2 (underlying voicing: voiced/voice-
‘ less) x 2 (environment: — #C and — #V) x 5 (minimal pairs) x 5 (repetitions) X 5 {subjects)

o) P .
factorial design.
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A total of 560 filler sentences were constructed for use in other experiments ﬁ"df
disguise the focus of this experiment. A separate typed list of the 660 sentences wag ;\i’n “to
for each subject with the order of presentation fully randomized. Prepaed |

Subjects L
Three male and two female adult native speakers of standard (Barcelona) Catalan seryeg
subjects in this experiment. "y

Procedure ,
The five subjects were asked o read the list of 660 Catalan sentences. It is important to n’bte |
that the orthography of Catalan, unlike the orthography in the other languages examines, |
this regard (e.g. German), does not distinguish the underlying voicing of word pain; m ~,
example, [fad/ and [fat/ are represented orthographically as fat. Underlying representatioy
are thus not uniquely recoverable from the orthography. Consequently, in order to cugthe
subjects as they read as to which meaning (and thus which underlying representatim) Wis
intended, a Spanish gloss was provided in parentheses immediately after the test wordinghe
carrier sentence. This glossing was done for all 660 sentences in order not to asign ény :
special status to the test words of the experimental sentences. :

Fach subject recorded a different randomization of the 660 sentences. Four of te
subjects were recorded in an anechoic chamber in the Phonetics Laboratory of the Depart
ment of Linguistics at Indiana University using a Revox A-700 tape recorder. One subject
was recorded in an anechoic chamber at Bell Laboratories at Murray Hill using a Crown
studio tape recorder. Prior to recording, subjects were permitted to read over the entire li
of sentences to familiarize themselves with the words and the task. Subjects were instructed
to read the sentences at a normal speaking tempo during the recording phase.

Two of the recordings were digitized at Bell Laboratories and the remaining thre
recordings were digitized at the Speech Research Laboratory in the Psychology Depat
ment at Indiana University. All recordings were digitized at a sampling rate of 10kH,
and the test words were measured using digital waveform editors (Nakatani, 1977, Lue !
& Carrell, 1981). Three different time intervals were measured for all 100 test words for |
all subjects. The measurements obtained were relevanti to the final consonant of each
test word and the preceding vowel. Time intervals measured and criteria for measuremert -
were as follows.

(1) Vowel duration. The interval from onset of periodicity in the waveform to sudden drop ;
in amplitude.

(2} Consonant closure duration. The interval from offset of vowel and onset of consont
constriction (see above) to burst, typified by a distinct perturbation in the waveformotd |
sudden increase in amplitude. .
(3} Voicing into consonant closure. The interval representing glottal pulsing into the begn
ning of the final consonant from the offset of vowel duration (see above) until energy Wt
no longer detected.

These particular phonetic parameters were chosen for measurement because they 1d
been found in other languages to evidence phonetic differences corresponding (0 underfyiy
distinctions involving a rule of word-final devoicing. .

Although the experimenters applied the above measurement criteria stringently, d‘w
ancies in measurement may be expected. Thus, approximately three months after the mglﬂ&j ;
measurenients were made, one of the experimenters randomly redigitized and renleﬂﬁufi
20% of the test words per talker in order to obtain an estima te of measurement error Meat

hawe
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measmement errors were calculated for vowel durations and consonant closure durations.?
The results indicated that no single mean measurement error exceeded * 3 ms for vowel
Jurations or ¥ 9ms for closure durations. The total mean measurement errors for all five
alkers did not exceed 1 ms for vowel duration or 4 ms for closure duration.

The results of each dependent measure are reported separately, first, for all subjects asa
group and then individually. All statistical analyses for the group results and individual
differences are pased on four of the five repetitions per test word because of a mispronun-
ciation by a subject and extraneous noise in the recording of a subject. Where it was not
necessary o discard any tokens, one repetition was pseudo-randomly discarded to obtain
an equal number of repetitions for all test cells.

Results: group data

Vowel duration
Figure 1 presents mean values of vowel duration for the four conditions derived by under-
lying voicing and environment for all subjects as a group. The results of ANOVA showed a
significant main effect of environment, F(1,4) = 19.59, p < 0.01; but there was no main
effect of underlying voicing nor a significant interaction between environment and under-

lying voicing.

BOr

7o+

65

Vowel durgtion (ms)

60k
55|

Figure 1 Mean vowel durations collapsed across all subjects for the four conditions
defined by underlying voicing and environment. Significant main effect of
environment, p < 0.01, by ANOVA. 1 UR voiceless; 8 UR voiced.

— Y

The main effect of environment shows that vowels shorten by approximately 9% before
word-final obstruents followed by a word-initial consonant, ie. in the environment —C#C.

} Closure duration
Fl,.gure 2 presents mean values for closure duration for the four conditions defined by under-
lyn?g voicing and environment. The results of ANOVA showed no significant main effects
of mieractions.

2 Voicing into closure was not remeasured since no significant differences
were pbserved in either the group data of the individual differences data. See
f the results section below.
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Table IV Mean values {(ms) from each subject for each dependent measure
for the four conditions defined by underlying voicing and environment

Underlying
ject voicing Vowel duration Closure duration Voicing into closure

—vyoice 62 77 99 84 18 20
+voice 67 T4 100 91 18 20
—vyoice 60 68 83 76 29 27
+voice 63 69 104 83 26 27
—yoice 68 71 111 75 26 23
+voice 64 69 106 68 25 23
—voice 66 70 105 60 25 27
+voice 72 73 111 61 27 25
—yoice 93 106 88 117 22 31
+wvoice 97 103 100 108 25 28
Environment ~CH#C —CH#V —H$C  —#V —HC -V

s

Two of the subjects (3 and 5) showed no significant main effects or interactions for any

: fﬁof the variables. Subject 4 showed a significant main effect of environment for closure
- duration, F(1, 1)=157.22, p<0.05. In the case of Subject 4, then, word-final obstruent

closure durations are shorter before a word beginning with a vowel, i.e. in the environ-

= ment —#V.

Subjects 1 and 2, however, did show some interesting and significant main effects and
interactions. For instance, Subject 1 showed a significant main effect of environment for
both vowel duration, F(1, 1) = 4325.14, p < 0.01, and closure duration, F(1, 1) = 149.35,
p<0.05, and a significant interaction between environment and underlying voicing for
vowel duration, F(1, 1) = 2023.00, p < 0.02. Consequently, in the environment —C#C,
vowels shorten; but they shorten significantly more (by 20%) before an underlying voice-
less obstruent compared with only 10% shortening before an underlying voiced obstruent.
Also, final obstruent closure durations are shortened by 12% (statistically significant) in the
environment —#V.3 The shortening of consonant closure durations for this subject is almost
identical to that observed for Subject 4.

The results for Subject 2 are strikingly different (with some notable exceptions). There
were no main effects or interaction for vowel duration. However, there were main effects
of both environment, F(1,1)=4784.14, p <0.01, and underlying voicing, F(1,1)=
273.59, p<0.04, for closure duration. It is the main effect of underlying voicing that
constitutes the most striking difference. The similarity arises in the main effect of environ-
ment, which we found with Subjects 1 and 4. These results show that closure durations are
shortened by 15% (statistically significant) in the environment —#V. This is similar to the
shortening effect seen in Subjects 1 and 4 and in the group results, although il was not
statistically significant for the group data. More importantly, however, for this subject
underlying voiced obstruents are approximately 15% longer in closure duration than

> The results for Subject I have been reported elsewhere {Dinnsen 19824, 5)
but are slightly different from the results reported here. In the earlier studies,
there was also a significant interaction between environment and underlying
voicing for closure duration. The loss of that interaction in this study is likely
due to the statistical anabysis and the reduced number of repetitions. See the
Procedure section in this paper for an explanation.
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underlying voiceless obstruents, ‘independent of environment. Ng other subject e,,idém
this main effect of underlying voicing, :

Discussion ; -
The results from this study bear on three general issues: (1} the empirical assesmnen‘tzufg
putative neutralization of the word-final voice contrast, {2} the characterizatioy, of i
neutralization, and (3) the description of individual speaker differences.

Neutralization and individual differences
In order to maintain that word-final devoicing is non-neut
sufficient to find in the results of ANOVA a significant main effect of underlying vg

icing
in any one of the three variables examined or 3 significant interaction between undey

lying
voicing and environment in any of those variables. A main effect of underlying voicing

rd-final undey.

ralizing in Catalan, it woylg Be

are treated differently in different environments, The group
ngs. This does not mean, however, that word-fina] devoicing
is neutralizing. All thay can be concluded based on the group results is that no differences
corresponding to the underlying voice distinction were observed in the parameters examined,

It is possible that an examination of other phonetic parameters (e.g. fundamental frequency,
burst charactcari&tics,, efc.} woul

d reveal the appropriate distinctions. There is, more.
Over, a general problem in the empirical substantiation of neutralizations. The problem is
that in order 1o establish a case of neutralization, it would be necessary to show that al

results failed to yield such findi

lled to yield findings that established the non-neutralization of
the voice contrast, the individyaj subject data showed considerable differences across subjects
and non-neutralization for some subjects. In particular, Subjects 1 and 2 did not neutralize
the voice contrast, although thejr strategies for maintaining the contrast were different.
Su;bject 1, for example, exhibited 5 statistically significant interaction between underlying
voicing and environment for vowel duration. The interpretation of this finding is that vowels
shorten before g word-final obstruent if the next word begins with a consonant, but they
shorten significantly Jeg if the word-final obstryeny is underlyingly voiced. That is, vowels
shgrten by 20% before und‘erlying voiceless obstruents byt only by 10% before underlying
v"m(:@ obstruents, While this difference ig small in magnitude, it is nonetheless statistically
slfg“_lﬂwm and St,lppmts the claim that the voice contrast is n(;t neutralized. The mﬂgﬂ““d‘i
gel.t;}‘;is;rggﬁ:ztlc g.xgerem.:es no doubt rajses questions about the perceptual 'Sﬂ“‘iﬂce ot
e ma‘tm‘s X J[;)d_l‘l ﬂ(l grem{e:s. ‘The relatimship between perception and pmduc“op facts fn’
Dinnsen (1983). Th“el‘ingilf lif:zl‘?t)lﬁt of the tw;.) for phonological theory are f:oxﬁ‘slit‘:;f’ﬁv”;
Speaker doeg Not mean thyy the oot o inguiticaly s .
Dinngen reviews g

duction anq i
] erce ) . orili
als of I;ohonglo ical . » Hiere are important questions to be raised Cc}n(,unm%

Bical descriptig ie. are they production-based or perception-based’

Lo Jow o
phonetic imp f8 1s implemented, see the section below ¢

Subject 2 used

a different gtpas o enlyiect
Tent strategy for pog neutralizing the voice contrast. For this subject.
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e was a significant main effect of underlying voicing for closure duration. Specifically,
erlying voiced and voiceless obstruents were overall kept distinct phonetically by a
erence of 15% in the closure duration of final obstruents.
One point which emerges from this study is the richness of individual speaker variation in
reatment of one phonological phenomenon, namely word-final devoicing. An examin-
n of the group data alone would have failed to reveal linguistic distinctions that were
ng used by individual speakers and would also have attributed to some speakers distinc-
s that those speakers were not using. The strategies for maintaining the underlying voice
inction can vary across speakers. In this study, one speaker maintained the voice distinc-
¢ by means of a contextual shortening of vowels. Another speaker maintained the
inction in terms of closure duration. Even with regard to those phonetic effects where
erlying voice may not have been involved, it can be seen that there is considerable
seaker variation. For example, three subjects showed main effects of environment for
sure duration while the other two did not. Similarly, only one subject showed a main
sct of environment for vowel duration while the other four did not. The fact that three
peakers from this study failed to exhibit phonetic differences corresponding to the under-
g voice distinction is less surprising given the range of variation that is apparently possible
d the limited set of phonetic variables examined in this experiment.

- Non-neutralization and phonetic implementation
The fact that the word-final voice contrast is not always neutralized (despite the operation
of the devoicing rule) requires a characterization that departs from standard conceptions of
phonology. Under the standard view, the rule of word-final devoicing would be neutralizing
_if no other rules interacted with it. Apparently, however, some other process which appeals
~ to the underlying voice distinction is interacting with the phonological devoicing rule. The
evidence for this is that the voice distinction is preserved, although in masked terms. For
~ example, in our study, the underlying voicing of word-final obstruents can be determined
- from a speaker’s differential shortening of vowels (e.g. Subject 1). This is not unlike what
~ Kaye (1974, 1975) has termed “recoverability” of underlying distinctions as a result of
certain phonological rule interactions. The observation in phonological terms is that a rule
appears to have applied despite the lack of any apparent phonetic conditioning. It is thus
cliimed that phonological rules can apply in such a way as to allow underlying distinctions
that would otherwise be obliterated (neutralized) to be recovered or preserved. It is as if a
rule or rule interaction is motivated in order to avoid or compensate for a potential
neutralization.

The rule and the rule interaction motivated for this study are different than what is
expected phonologically because it appears that a phonetic implementation rule is crucially
involved and that it must apply before the phonological devoicing rule.

Given the group results for vowel duration, it is evident that vowels are systematically
affected by their local phonetic environments (even across word boundaries) and must,
therefore, be adjusted by rule. Such an adjustment is relatively small (9% shortening — yet
statistically significant) and may even be subphonemic, characteristic of phonetic implemen-
tation rules. Figure 4(a) presents a first approximation of the rule(s) needed to account
for this adjustment.*

S The Tormalism und features used in the statement of these rules are not
intended as a proposal for the characterization of phonetic implentation rules.
They are a matter of convenience. The angle bracket notation may be inter-
preted as in generative phonology.
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{a) Group resul?s
y - [shorten N1/ — [-son]®C

{p) Subject |

y -~ [shorten Ne-i>1/ —[;i%”m‘e :_] #C

e

Phonetic implementation rules. (a) This characterize the group results ande
specifies that vowels are shortened befme a wordy—ﬁm.l, obstruent if the peyy -

word begins with a consonant. (b} This chz‘mc’c‘emzes’th.e results from Su bjem'
and specifies that vowels are shortened before a word-final obstruent if the'
next word begins with a consonant, but they are shortened to a lesser exteny
if the final obstruent is voiced. i

Figure 4

The rule specifies that vowels are shortened before a word-final obstruent if theney
word begins with a consonant. The claim embodied in this rule is consistent with phonetic
and phonological expectations that vowels shorten before a consonant cluster. :

The facts of vowel duration for Subject 1 require a somewhat different formulation of
the phonetic implementation rule and is reformulated in Fig. 4(b). Subject 1 exhibits the
same general contextual vowel shortening; but given the significant interaction of environ-
Jent and underlying voicing, the rule must also be sensitive to the feature [voice]. The e
or Subject 1 thus specifies that vowels are shortened before a word-final obstruent if the
pext word begins with a consonant, but they are shortened to a lesser extent if the final
" obstruent is voiced. This would account {roughly) for the statistically significant difference

of shortening 20% before underlying voiceless obstruents but only 10% before underlying
voiced obstruents.

According to the conditions specified in the contextual vowel shortening rule (Fig. 4(b)}
the word-final obstruent must be voiced if the rule is to apply properly. It should be noted,
however, that word-final obstruents are not voiced phonetically; they are voiceless dueto
the phonological rule of word-final devoicing. The contextual shortening rule cannot, then,
apply after the phonological rule devoicing final obstruents since the phonological rule
would bleed (i.e. remove representations from the domain of) the shortening rule. Itis only
prior to the application of the phonological rule that the structural description of the
shortening rule can be satisfied. We leave open the issue of whether the shortening nule
applies before or simultaneously with the phonological rule. In either case, the point remains
that the shortening rule cannot apply after the phonological rule.

These findings refute the generally accepted contention (e.g. Anderson, 1975; Chomsky &
Halle, 1968; King, 1973; Klatt, 1976) that there is a separate phonological rule componet
ordered before a phonetic rule component. They also refute the weaker claim that phoro
logical rules must apply before phonetic implementation rules.

It could be argued, however, that the shortening rule is not a phonetic implementation
rule, but rather a bona fide phonological rule. While these findings would not bear, then, o0
the issue of the interaction of phonological rules and phonetic jmplementation rules, such
an argument would have significant consequences for phonological theory and the condut
of research in the field. The most obvious consequence would be that phonological repres
tations and rules would have to incorporate time as a parameter. Any distinction betweel
phonological rules and phonetic implementation rules would be diminished. On ¢
methodological side, phonologists would be required to take account of the additional facts
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reviollSW left to the concern of phoneticians. We know of no a priori objections to any of
{he consequences considered here, but all require modifications of standard phonological
theory. Either phonetic implementation rules must be permitted to apply freely among
honological rules, or phonological rules and phonetic implementation rules cannot be

differemiated.

Conclusion
Evidence has been presented that for at least some speakers the word-final voice contrast is

not neutralized in Catalan. Individual speakers vary in their production strategies for main-
taining the voice contrast as well as in their treatment of other phonetic effects (e.g. con-
textual shortening of closure durations). In certain instances, a phonetic implementation
rule (or a rule accounting for relative timing) must be permitted to apply before the phono-
Jogical devoicing rule in order to account for the non-neutralization of the word-final voice
contrast. The results from this study provide little or no support for the construct “neutral-
ization”, at least, in the case of the widely attested rule of word-final devoicing.
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aration of this paper: Arthur Abramson, Michelle Blank, Phil Connell, Fred Eckman, Marios
Fourakis, Osamu Fujimura, Robert Hanson, Kathleen Houlihan, Paul Luce, David Pisoni,
Robert Port, Tom Walsh and Gary Weismer. This work was supported in part by grants from
, the National Science Foundation (SP1 8165061), National Institute of Health (HD 12511 04
! and NS 12179 07), and the Office of Research & Graduate Development at Indiana University.
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