Acoustical and perceptual study of gemination in Italian stops
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On the basis of theoretical considerations and results from acoustic and perceptual analyses, it is
hypothesized that closure duration is the primary cue for gemination in Italian. Results of an
acoustic analysis of a large number of single and geminate Italian utterances show two acoustic
correlates of gemination: the length of the closure and the length of the vowel preceding the
consonant. Other acoustic parameters were not systematically related to gemination. These results
were validated perceptually. At the perceptual level, the above cues were used by the listeners in the
geminate/nongeminate discrimination; however, closure duration played a major role. Moreover, it
was found that the significant lengthening of consonant was only partially compensated by the
shortening of the previous vowel and by a small lengthening of the geminate utterance with respect
to the nongeminate one. This result suggests that speakers follow a sort of @imytigm which

is fixed in duration and depends on the number of syllables in the word: words with equal numbers
of syllables do not change in utterance length, an elongated segment being partly compensated by
the shortening of another. This process seems to be applied also perceptually suggesting that the
timing (rhythm) of a language is also an auditory attitude. X®99 Acoustical Society of America.
[S0001-496609)04309-X

PACS numbers: 43.71.Es, 43.71.Hw, 43.70.Fg, 43.70WS]

INTRODUCTION nation cause more extreme vowel formajds some other

spectral shape effects as for Hin@hrotriyaet al,, 1993]

S_ome languages allow the .clustermg of the Same ConSqy talian geminate stops? To this end, a data base of gemi-
nant in vowel contexts and this phenomenon is known as

. S — . nate and nongeminate utterances with no semantic meaning
consonant gemination.” Gemination plays a particular role

in the phonoloav of such lanauages because several wordi@s built up and acoustic analysis of such data was carried
P 9y guag out. (2) Are the significant acoustic attributes of a geminate

change meaning as a function of singleton versus geminatehoneme roduction also perceptually sianificant?
consonantgminimal pairg. Phonetic theories agree in con- P product sop ptually signil ’
sidering the gemination of a phoneme as a particular realiza-
tion of the original onéMuljacic, 1972 which is modified in
some of the acoustic parameters. Recent papdrshet and | SPEECH MATERIALS AND MEASUREMENTS
Rochet, 1995; Shrotriyat al, 1995 report that there is an A Data
acoustic relationship between consonant closure duration and
gemination as well as between the length of the vowel pre- A set of vowel-consonant—vowelthe nongeminate
ceding the consonant and gemination. Moreover, these studase and vowel-consonant—consonant—vowgle gemi-
ies also report that there is a perceptual relationship betweemate casgutterances in which the consonant Wagd,g,p,t,K
closure duration and gemination, whereas variation in thé€the complete set of stop consonants in Itglianthe envi-
length of the vowel preceding the consonant does not seemonment of the vowel§i,a,u] was recorded. These bisyllabic
to be perceptually relevant. Other acoustic parameters whichtterances were chosen because, in Italian, many minimal
appear to be related with geminatit®hrotriyaet al,, 1995 pairs, such apapa(pope andpappa(baby food, fato (fate)
are the burst energy and ti® values at the offset of the andfatto (fact), rito (rite) andritto (stand up, pala (shove)
vowel preceding the consonant. However, there is not exterand palla (ball), are bisyllabic words; therefore, the use of a
sive work on this phenomenon and the results reported aregisyllabic structure is justified by the natural attitude of the
based on a small number of data. native speakers in producing it. The use of nonsense words
Our interest was to examine the acoustic parameteras necessary for having in all cases a symmetrical context
which play a role in the production of geminate consonant@and the same stress pattern. Since different acoustic param-
and to validate their perceptual importance. To this end, weters, including durational parameters, were measured, the
set up a series of experiments for collecting the acoustic datatterances were not included in a carrier phrase; the stress
and for synthesizing the stimuli for the perceptual tests. Ouand intonation pattern of the whole sentence would obvi-
aim was to try to give an answer to the following questions:ously influence such durational parameters in a way which
(1) Which acoustic parameters are related with geminationWould be difficult to control. The utterances were produced
Specifically, does a feature of tension associated with gemiy six Italian speakergthree male and three femaldeach
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utterance was repeated three times for a total of 324 utterors by visual inspection of the spectrograms, which can give
ances in single form and 324 utterances in geminate form.a coarse idea of each formant frequency range.

B. Subjects 2. Parameters

Six ltalian adult speakers with no known articulatory ~ Once the temporal sampling points corresponding to the
impairment served as Subjects_ Four of them were studengf®nsonant release were Iocated, the burst offset, and the on-
and two of them professors at Rome University “La Sapi-Set of the vowel following the consonant, the following pa-
enza.” All subjects were native speakers of standard Italiaffameters were examined, using software programs developed
that they learned during childhood. Their speech was char@d hocfor these tasks:
acterized by the accent of the Italian region where they spe
most of their life or by the accent of the closest relatives
(parents and grandparentSome of them showed no dialec-
tal accent, whereas some others showed a Roman dialect

EL) The burst energy: the energy in the temporal interval
from the consonant release to the burst offset was com-
puted by squaring and adding the samples contained in
it. The result was divided by1 energy which was com-

accent. puted on three vowel frames located around the middle
of V1.
C. Recording procedures (2) The VOT energy: the energy in the temporal interval

The speech materials were produced by the speakers in a from the consonant release to the onset of the vowel

sound-treated room and recorded on a high-quality magnetic  following the consonant was computed. The result was
tape recording system. Care was taken to ensure that vocal divided byV1 energy.
effort and patterns of stress and intonation were reasonably) 1he burst power: the ratio between the burst energy and

natural and consistent from word to word. Before measure-  the burst duratiqn; _
ments were performed, the recorded utterances were eval{ft) The VOT power: the ratio between the VOT energy and
ated and the utterances which were judged by the experi- the VOT duration.

menter to be unacceptable samples of the phonemes I.Fln . .
. ese computations were only made for voiceless conso-
guestion were re-recorded. For example, a sample was

. . . Mants because of the difficulty in defining the temporal sam-
judged to be unacceptable when mistakes happened in th(?ing point corresponding to the burst offset for voiced con-

recording procedure, or the speaker made pronunciation er- . . .
fors gp P P sonants. For voiceless consonants, this temporal sampling

. . oint was identified as the tim@fter the consonant release
The recordings were made in the Speech Laborator)P ; o i
INFOCOM Department, Rome University “La Sapienza” at which no energy below 1.5 kHz was visible in the spec

(Italy). The measurements were performed usingukeE trogram.
version 1.6 byveEcsys speech analysis program, which ac-
cepts user commands to read in waveform files and generatds PF T spectra at consonant release
spectral displays of various types. The spectral representation All the spectra were pre-emphasized. The 256-point
used for the analysis of our data was the DPiscrete Fou- analysis window was placed on the waveform in order to
rier Transform magnitude spectrum. The analysis window have the burst onset fall in the zone corresponding to the
(Hamming window duration was set to a default of 256 maximum value of the analysis window. A visual examina-
samples which corresponds roughly to 26 ms at a samplingon of the spectra was first performed. Then, the ratio of the
rate of 10 kHz. The first step in the analysis procedure was t0—0.3 kHz to the 0-5 kHz frequency range signal energy
process the speech signals by a low-pass digital filter with avas computed. Finally, the spectrum energy was quantized
cutoff frequency of 5 kHZ. using a vector quantization framewoi®annucci, 1994;

The output of the filter was sampled at 10 kHz andRossetti, 1994 by dividing the 0.3-5 kHz frequency range
stored both on a PC computer memory and on floppy disksnto frequency bands. Since low-frequency samples are in-
Sound spectrograms of all utterances and visual displays dfuenced by the voicing, the 0-0.3 kHz band was excluded
the corresponding waveforms were also made. For thesteom the centroid’s calculations. The total energy of the sig-
records, the criteria to perform the different measurementsal in the 0.3-5 kHz frequency range was computed and
were established by visual inspection of the spectrogram, thequally distributed over the frequency bands. Therefore, the
waveform, and the spectrum to obtain a coherent set of medrequency bands had different widths. Each bddd i
sures. =1,...,N=10 was then assigned to a centr@ddefined by

the pair of valuexC;, andC;, :

D. Measurements in the frequency domain

cix=f2 an<fn>/f2 A(fy),

1. V1 formant frequencies neB; ne B
Using a DFT spectrum, measurements of the formant @

frequenciesF1, F2, andF 3, at the offset and in the middle Ciy= > A(fy)/|Bil,

of the vowel preceding the consonant were made. In order to fn<Bi

avoid incorrect DFT estimations due to windowing and othewhereA(f,) is the magnitude of thath DFT sample in the

side effects, these measurements were also checked for &; frequency bandB;| is the number of DFT samples in the
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B; frequency band, anti, is thenth harmonic component in  nificant difference in the single versus the geminate conso-
the B, frequency band. The connectbdcode-points gave a nants. To this purpose, each parameter was analyzed
smoothed representation of the spectrum energy distributiopeParately as described below. An ANOVA statistical analy-

in the 0.3-5 kHz frequency range. Such representation wasis was performed on all the data. Gemination was treated as
computed for each consonant in geminate and nongeminagebetween subjects factor, whereas other parameters, such as
forms and was considered as a template of the consonaMpwel category, formant values, and consonants, were

burst spectrum. treated as within subjects factors. Test of the main effect

were performed when interactions were present, that is, the
E. Measurements in the time domain effect of one factor was explored at each level of the other
1. Duration of the vowel preceding the consonant (V1 factor. Furthermore, on some of the duration data was ap-
duration) and the vowel following the consonant plied the Maximum Likelihood Criterion.

(V2 duration)

The temporal sampling point defining the vowel onset
was identified as the temporal instant at which, in the wave- Formant frequency values were averaged over all speak-
form, a glottal pulse appears, followed by other regular g|ot_ers an'd repetltlons,.keepmg separatg sentences differing in
tal pulses. The vowel onset time was set by the experiment&OWe! identity, and single versus geminate consonants forms.

by placing a cursor on the waveform display. In some cased:n ANOVA analysis was performed on formant frequency
mainly for the vowel[a], a glottal excitation was visible values. Gemination was treated as a between subject factor,

before the regular vowel voicing. This glottal excitation was@"d vowel categoryi,a,u], and formant valuemeasured in
discarded in the vowel onset measurement. The temport® Middle and at the offset of the vowpisere treated as a
sampling point defining the vowel offset was identified as the/Vithin subjects factors. The ANOVA analysis showed that
temporal instant in which, in the spectrogram, the frequencfe”“natIon had no effect on formant frequency values
energy was lower than 1 kHz. This criterion was also used t6F (1,10)=0.485,p>0.1 forF1, F(1,10)=0.028,p>0.1 for
define the offset of the vowel following the consonant. TheF2, F(1,10)=0.650,p>0.1 forF3]. Furthermore, no inter-
temporal sampling point defining the onset of the vowel fol-&ction was found between gemination and vowel category
lowing the consonant was identified as the temporal instarit” (2,20)=0.113,p>0.1 forF 1, F(2,20)=0.006,p>0.1 for

in which a frequency energy greater than 1 kHz appeared ifi 2, F(2,20)=0.179,p>0.1 for F3], and between formant
the spectrogram. values measured in the middle and at the offset of the vowels

[F(1,10)=0.485,p>0.1 forF1,F(1,10)=0.018,p>0.1 for
F2, F(1,10)=0.872,p>0.1 for F3]. Although, obviously,

the formant frequency values change when the vowel or the

This measure was defined as the time llnter\./al from the.snsonant context were varied, results were very stable in
offset of V1 to the consonantal release. To identify the tem-, .. comparison between geminate and nongeminate

phoral san;plmg pocljnthcorrespondmg to the consqnagt.releas onsonants, suggesting that there was no relationship be-
the waveform, and the spectrogram were examined In parale, o formant frequencies and gemination.

lel. The oral release is marked in the spectrogram by an The ANOVA analysis performed on the burst energy
abrupt onset of energy. An abrupt release does not alwaX?alues showed that gemination had no effect on burst energy

occur in the case of voiced consonants, and it is not alwayf;F(1 16)=0.480, p>0.1 for female; F(1,16)=0.597, p
possible to identify the release by only looking at the spec->0_1’ for mald. No interaction was fc;und 'between gémina-

trogram. In such cases, the examination of the waveform w on and vowels and between gemination and consonants

useful because the amplitude of the consonantal voicing iBoth for female[F(2,32)=0.088, p>0.1; F(2,32)=0.259

e o oS, ne Sr>01) and mae [F(230)-2.056, 7~0.05; F(222
ai abreue?f)?lse?sof eener X ir?ihees escf:o ?am aﬁd/oreaﬁ am% 1.331, p>0.1] speakers. Burst energy was significantly
. P . 9y P gran affected by consonant categoryF(2,32)=30.279, p
plitude change in the waveform. Other durational measures 0.0001 for f leF(2.32)= 28 988 0 < 0.0001 f |
such as VOT and complete utterance duration, were obtaineﬁ : or femaleF(2,32)=28.988,p=0. or mal¢
' d to a less extent by vowel categdiy(2,32)=7.418,p

as difference or sum of the measurements made in Secs. | 0.01 for femaleF (2,32)=5.263,p<0.05 for mald.

and 2. The ANOVA analysis performed on the VOT energy
values showed that gemination had no effect on VOT energy
[F(1,16)=0.117, p>0.1 for female; F(1,16)=0.428, p

The values of the twelve acoustic attributég, V1 for- >0.1 for malg. No interaction was found between gemina-
mant frequencieg?) burst energy(3) VOT energy,(4) burst  tion and vowels and gemination and consonants both for
power, (5) VOT power, (6) DFT spectra at12) consonant female[F(2,32)=0.388,p>0.1; F(2,32)=0.437,p>0.1]
release(7) VOT duration, (8) burst duration,(9) utterance and male[F(2,32)=4.115, p>0.01; F(2,32)=0.831, p
duration,(10) V1 duration,(11) V2 duration, and12) con-  >0.1] speakers. VOT energy was significantly affected by
sonant closure duration were computed for the 648 uttereonsonant categoryF(2,32)=31.094, p<<0.0001 for fe-
ances(324 single and 324 geminate male; F(2,32)=29.597,p<0.0001 for mal¢ and to a less

The aim of the production experiment was to try to un-extent by vowel categoryF(2,32)=8.174,p<0.01 for fe-
derstand whether the above parameters would show any sigrale; F(2,32)=4.411, p<<0.05 for malé. Figure 1a and

A. Results in the frequency domain

2. Consonant closure duration

Il. RESULTS OF ACOUSTIC ANALYSES
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vowel category[F(2,32)=16.409, p<0.0001 for female;

Burst Energy (in dB) (a) F(2,32)=9.000,p<0.001 for malé.
70 Both burst energy and VOT energy values showed great
604 [] SINGLE variability among speakers even for the same place of articu-
5o GEMINATE lation and the same vowel context. Burst power values

showed great variability between the geminate and nongemi-
nate case which were depending on the place of articulation,
the vowel context, and the speakers. Geminate labial conso-
nants showed lower burst power values than single ones,
whereas the opposite was true for geminate dental conso-
nants. Geminate velar consonants showed lower burst power
values than single ones in the context of the vovigtd and

higher values in the context of the vowel]. However, this

was not true for all speakers. For example, labial consonants
in [a] context showed for some speakers higher burst power
values in the nongeminate case, while for some others the

40 1
30 4
20 5

VOT Energy (in dB) (b) opposite was true. No systematic difference between single
70 and geminate forms was observed to be present across place
604 [0 SINGLE of articulation and vowel context.
so] [0 GEMINATE VOT power values showed a behavior similar to the

burst power(such measurements were computed only for
voiceless consonantwith no significant difference between
single and geminate forms. This result was somewhat unex-
pected, because of the general feeling that geminates are pro-
duced with greater effort than nongeminates, resulting in a
: 11 greater energy at the release.

L S e B S B a The ANOVA analysis performed on the ratio of the sig-
pa ta ka pi t ki pu m ku nal energy in the 0—0.3 kHz to the 0—5 kHz frequency range
showed that gemination had no effect on the signal-energy
FIG. 1. Averaged values of burst ener@ and averaged values of VOT ratio both for female[F(1,16)=0.029, p>0.1] and male

energy(b) for single and geminate utterances. The data are averaged ovéf~ (1,16)=0.041, p>0.1] speakers. No interaction was
speakers and repetitions. found between gemination and vow¢ls(2,32)=0.153,p
>0.1 for female;F(2,32)=0.635,p>0.1, for malg. No in-
(b) reports, respectively, the burst and the VOT energy valteraction was found between gemination and consonants for
ues averaged over all the repetitions, keeping separate seig¢male speakers=(2,32)=1.125,p>0.1]. For male speak-
tences differing in consonant place of articulation, vowelers it was found an interaction between gemination and con-
identity, and single versus geminate forms. sonants[F(2,32)=3.965, p<0.01]. We explored, in this
The ANOVA analysis performed on the burst power case, the effect of gemination for each consonant and we
values showed that gemination had no effect on burst powdpund that gemination was not significant for all the conso-
[F(1,16)=0.834, p>0.1 for female; F(1,16)=0.384, p  nants[F(1,16)=0.587, p>0.1 for [t]; F(1,16)=1.722, p
>0.1 for malg. No interaction was found between gemina- >0.1 for [k]; F(1,16)=1.006, p>0.1 for [b]; F(1,16)
tion and vowels and between gemination and consonants 0.343,p>0.1 for[d]; F(1,16)=2.837,p>0.1 for[g]] ex-
both for female[ F(2,32)=0.074,p>0.1; F(2,32)=1.543, cept for[p] [F(1,16)=11.609,p<0.01]. Since, the effect of
p>0.1] and male [F(2,32)=3.065, p>0.1; F(2,32) gemination on consonant category was not systematic, we
=.438,p>0.1] speakers. Burst power was significantly af- concluded that this statistical significance was not of practi-
fected by consonant catego(2,32)=14.811,p<0.0001  cal importance. However, consonant category was significant
for female;F(2,32)=14.117,p<0.0001 for mal¢ and to a  both for single[ F(5,80)=140.541,p<0.001] and geminate
lesser extent by vowel categoryF(2,32)=14.065, p utteranceg F(5,80)=135.587,p<0.001]. Figure 2 reports
<0.0001 for femaleF(2,32)=7.526,p<0.01 for malg. the ratio of the signal energy in the 0-0.3 kHz to the 0-5
The ANOVA analysis performed on the VOT power kHz frequency range for each vowel and consonant in the
values showed that gemination had no effect on VOT powesingle and geminate form.
[F(1,16)=1.093, p>0.1 for female; F(1,16)=0.007, p The ratio of the signal energy was significantly affected
>0.1 for mald. No interaction was found between gemina- by consonant categofyF(5,80)=61.108,p<0.0001 for fe-
tion and vowels[F(2,32)=1.372, p>0.1, for female; male;F(5,80)=272.162,0<0.0001 for mal¢ and by vowel
F(2,32)=2.425,p>0.1, for mald and gemination and con- category[ F(2,32)=16.021,p<0.0001 for femalef(2,32)
sonants [F(2,32)=2.339, p>0.1, for female; F(2,32) =77.957,p<0.0001 for mal¢ An interaction was found
=0.378,p>0.1 for malg. VOT power was significantly af- between vowels and consonants both for female
fected by consonant categof¥(2,32)=12.132,p<<0.001 [F(10,160)22.014, p<<0.0001] and male[F(10,160)
for female; F(2,32)=9.388, p<0.001 for mal¢ and by =35.660,p<0.0001] speakers. We explored, in this case,
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Signal-Energy Ratio

Smoothed Energy (in dB) in labial context (a)

70
[J SINGLE —0O—— [a] geminate ——®—— [a] single
M 60
[0 GEMINATE . ——o—— [i] geminate —+—— [i] single
Tt 50+
6 ﬂ —a&——  [u] geminate ——&—— [u] single
40 = o
30 o—" D§8
41 20 T T T T T
0 2 4 6 8 10
Number of Centroids
24
Smoothed Energy (in dB) in dental context (b)
70
——0——  [a] geminate Lo {a] single
LI N c D B b ] 60 1
R L AU T —o—  [i) geminate e [i] single
patakabadagapi ti kibidi giputukubudugu 50 -
—2&—— [u] geminate C [u] single
FIG. 2. Percentage of the ratio of the signal energy in the 0-0.3 kHzto 0-5 40 -
kHz frequency rangeEEn(0—0.3 kHz)En(0—5 kHz)]. The reported val- %—’—;Eg%a—%g
ues were averaged over three repetitions for each speaker. 30
20 t 1 ] | |
0 2 4 6 8 10
the effect of vowels for each consonant and viceversa. We Number of Centroids
found that, for male speakers, the ratio of the signal-energy
values were significantly affected by vowel category in the
context of [p] [F(2,32)=7.386, p<0.01], [k] [F(2,32) Smoothed Energy (in dB) in velar context (¢)
=77.677,p<0.001], [b] [F(2,32)=9.340, p<0.01], [g] 70
[F(2,32)=119.917,p<0.001], but not in the context ¢f] " ——0— [a] geminate ”oo [a] single
[F(2,32)=3.850, p>0.01], and[d] [F(2,32)=5.121, P _ [i] geminate S {i] single
>0.01]. Moreover, the effect of the consonants was signifi-  5¢ -
cant for each vowe[ F(5,80)=105.865,p<0.01 for [a];
F(5,80)=169.329, p<0.01 for [i]; F(5,80)=116.040, p 40
<0.01 for[u]]. 30
For female speakers, the ratio of the signal-energy val- "
ues were significantly affected by vowel category in the con- 0 2' "t é 8‘ 1'0

text of [t] [F(2,32)=33.279, p<0.001], [k] [F(2,32)
—51.656,p<0.001], [b] [F(2,32)=12.799,p<0.001], [g]

Number of Centroids

[F(2,32)=50.591,p<0.001], but not in the context C[b] FIG. 3. Smoothed energy distribution of labial consonants in[¢henvi-
ronment in geminatgempty squarésand nongeminatefilled squares

[F(2’32): 4.714, p>0'01]’ and [d] [F(2,32)= 0.606, p __forms, in the[i] environment in geminatéempty circle$ and nongeminate
>0.01]. Moreover, the effect of the consonants was signifi<filled circles forms, and in thgu] environment in geminatéempty tri-

cant for each vowel F(5,80)=29.369, p<0.01, for [a]; angle$ and nongeminatéfilled triangles forms. Labial(a), dental(b), and
F(5,80)= 43.321, p<0.01, for [i]; F(5,80)= 40.632, p velar (c) consonants are plotted separately.

<0.01, for[u]]. It is hard from these results to determine _ _ _
which of the two featureé/owel or consonant categorglay the energy representations and the acoustics of the gemina-
a major role in determining the signal-energy ratio valuesfion was observed.

even though the effect of consonant appear to be more sys-

tematic. Further research is necessary to evaluate this pos§- Results in the time domain

bility, and at the moment it is beyond the aim of this paper. ~ The ANOVA analyses in the time domain were per-
DFT spectra of all consonants in single and geminat§ormed first by taking into account separately female and
form were visually examined. The smoothed energy distribumale data. The reason for that was that we expect that gender
tion (for the description of this measure see Sec) i@ not  could play a role on duration measures. Successively, as sug-
show any difference between the geminates and nongemgested by the reviewers, the ANOVA analyses were per-
nates. Figure 3 shows the energy distribution for vole@l formed putting together the male and female data. This was
(squares [i] (circles, and[u] (triangles in labial [Fig. 3@)], done for all the duration measures reported bel™M@T,
dental[Fig. 3(b)], and velar contextFig. 3(c)] (respectively  burst durationV2 duration, utterance duratiow,l duration,
in geminate and nongeminate forms. As shown, the plots ofnd closure duration The results obtainegcollapsing to-
the geminate and nongeminate energy distribution overgether male and female dataere consistent with those ob-
lapped quite closely. In conclusion, no relationship betweenained considering the male and female data separately, ex-
2055 J. Acoust. Soc. Am., Vol. 106, No. 4, Pt. 1, October 1999
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cept for a little effect of gemination on utterance duration V2 duration (in ms)

which will be discussed below. To be consistent with all the 200
other data reported above, below are reported the ANOVA 0O SINGLE
analyses performed separately on male and female data, GEMINATE

where gemination has been considered as a between subject
variable and vowels and consonants have been considered as
within subject variables.

First, results which did not show any relationship with
gemination are reported. The ANOVA analysis performed 100 4
on VOT duration showed that gemination had no effect on
VOT duration both for femal¢F(1,16)=.249,p>0.1] and
male[F(1,16)=.005, p>0.1] speakers. No interaction was
found between gemination and vowdlg(2,32)=.251, p I ,
>0.1 for female;F(2,32)=1.048,p>0.1 for mald, and be- THHHH
tween gemination and consonanf$(2,32)=3.173, p NHHTH !
>0.01 for female;F(2,32)=5.326, p>0.01 for mald. As o LpLLILHI PN DL TR | ,_L il
we expected, VOT duration was significantly affected by pa takabadagapi ti ki bi di gipu tukubudugu
vowel category[F(2,32)=52.820, p<0.0001 for female;

F(2,32)=73.254,p<0.0001 for mal¢ and by consonant FIG.4.V2 duration for single and gemin_ate utterances. The reported values
category[ F(2,32)=99.734,p<0.0001 for femaleF(2,32) are averaged over speakers and repetitions.
=179.673,p<0.0001 for malg

The ANOVA analysis performed on burst duration geminate form, for the vowelg,i,u] in the consonant con-
showed that gemination had no effect on burst duration botiext [p,t,k,b,d,g.
for female [F(1,16)=0.049, p>0.1] and male[F(1,16) The ANOVA analysis performed on utterance duration
=0.735, p>0.1] speakers. No interaction was found be-showed that gemination had no effect on utterance duration
tween gemination and vowe[$=(2,32)=0.349,p>0.1 for  poth for female [F(1,16)=7.952, p>0.01] and male
female; F(2,32)=0.423, p>0.1 for mald. No interaction [F(1,16)=7.065, p>0.01] speakers. No interaction was
was found between gemination and consonants for femalgyund between gemination and vowgE(2,32)=0.772,p
speakerq F(2,32)=0.051, p>0.1]. For male speakers an >0.1 for female;F(2,32)=0.521,p>0.1 for mald. No in-
interaction was found between gemination and consonantgraction was found between gemination and consonants for
[F(2,32)=7.246,p<0.01]. We explored, in this case, the female speakerisF(5,80)=1.604,p>0.1]. For male speak-
effect of gemination for each consonant and found that gemiers an interaction was found between gemination and conso-
nation was not significant for all the consonaf(1,16)  nants[ F(5,80)=3.749,p<0.01]. We explored, in this case,
=4.862,p>0.01 for[p]; F(1,16)=0.152,p>0.01 for[t];  the effect of gemination for each consonant and we found
F(1,16)=6.612,p>0.01 for[k]]. However, consonant cat- that gemination was not significant fofp] [F(1,16)
egory was significant both for singlé=(2,32)=16.117,p =3.985, p>0.01], [b] [F(1,16)=4.602, p>0.01], [d]
<0.001] and geminate utterancgs$-(2,32)=60.375, p  [F(1,16)=4.059, p>0.01], and[g] [F(1,16)=0.690, p
<0.001]. Hence, we concluded that also for male speakers;>0.01], whereas it was significant foft] [F(1,16)
gemination had no effect on burst duration. =10.473, p<0.01] and for [k] [F(1,16)=16.220, p

As we expected, burst duration was significantly af-<0.01]. However, the consonant category was significant
fected by consonant categd(2,32)=33.661,p<<0.0001  both for single[F(5,80)=3.686,p<0.01] and geminate ut-
for female;F(2,32)=69.245,p<0.0001 for mal¢ whereas terances[F(2,32)=7.080, p<0.001]. Utterance duration
vowel category did not play a significant role because wewas significantly affected by consonant categpf(5,80)

150

so- Eif T

found a small effect for male speakdis(2,32)=5.802,p  =7.882,p<0.001 for female;F(5,80)=7.017, p<0.0001
<0.01] but no effect for female speakdns(2,32)=1.301, for male], whereas vowel category do not play a significant
p>0.1]. role both for female F(2,32)=3.530, p>0.01] and male

The ANOVA analysis performed orvV2 duration [F(2,32)=0.112,p>0.01] speakers. When the data for male
showed that gemination had no effect ¥& duration both and female were collapsed together, an effect of gemination
for female [F(1,16)=2.029, p>0.1] and male[F(1,16) was found on utterance duratiohF(1,32)=14.936 p
=1.545, p>0.1] speakers. No interaction was found be-=0.0005] and an interaction between gemination and conso-
tween gemination and vowe[$-(2,32)=1.943,p>0.1 for  nants[F(5,160)=5.098,p=0.0002].
female; F(2,32)=0.958, p>0.1 for mald, and between We explored, in this case, the effect of gemination for
gemination and consonarts(2,32)=1.397,p>0.1 for fe- each consonant and found that gemination was not signifi-
male; F(2,32)=0.731,p>0.1 for mald. V2 duration was cant for[g] [F(1,32)=3.720,p>0.01], whereas it was sig-
significantly affected by vowel categofyF(2,32)=46.141, nificant for [b] [F(1,32)=8.485, p<0.01], [d] [F(1,32)
p<0.0001 for female;F(2,32)=26.357, p<0.0001 for =8.485, p<0.01], [p] [F(1,32)=11.206, p<0.01], [t]
male], and by consonant categoryF(2,32)=5.692, p [F(1,32)=23.921, p<0.001], and for [k] [F(1,32)
<0.001 for femalef(2,32)=11.088,p<0.0001 for malg =23.596,p<0.001]. The consonant category also was sig-
Figure 4 reports the averag®® durations in the single and nificant both for single[F(5,160)=5.276, p<<0.001] and
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patakabadagapi ti kibidi giputukubudugu

FIG. 5. Utterance duration for single and geminate utterances. The reportdelG. 6. V1 duration for single and geminate utterances. The reported values
values are averaged over speakers and repetitions. are averaged over speakers and repetitions.

geminate utterancdd$-(5,160)=14.147,p<<0.001]. explored, in this case, the effect of gemination for each con-

From these results, we concluded that there was an esonant and found that gemination was significant [fjof
fect of gemination on consonant category. However, sincéF(1,16)=18.107, p<0.01], [t] [F(1,16)=9.704, p
the consonant category also has a significant effect on gem0.01], [d] [F(1,16)=24.685, p<0.001], and [g]
nation, it becomes difficult to define the role played by gemi{ F(1,16)=11.158,p<0.01], whereas it was not significant
nation on utterance duration. Further research is necessary for [k] [F(1,16)=7.222, p>0.01] and for[b] [F(1,16)
evaluate this effect, and to determine whether the present6.731, p>0.01]. Moreover, the consonant category was
result generalizes to other consonant categories. significant for both singl¢F(5,80)=31.051,p<0.001] and

Figure 5 reports the averaged utterance durations in thgeminate utterance$§F(5,80)=11.715, p<0.001]. From
single and geminate form, for the vowgks,i,u] in the con-  these results we concluded that gemination was of practical
sonant contexfp,t,k,b,d,d. importance for the parameter we are considerivd @ura-

It is worth noting that the standard deviation values fortion). V1 duration was also significantly affected by the con-
VOT, burst duration,V2 duration, and utterance duration sonant category both for malgF(5,80)=24.653, p
were very high in comparison with the differences among<0.0001] and femalgF(5,80)=36.161,p<<0.0001] speak-
their values in the geminate and nongeminate case. ers, and by vowel category both for femalé(2,32)

Moreover, for these parameters, there was a great deal 6 17.488, p<0.0001] and male[F(2,32)=28.989, p
variability among speakers: Some speakers did not show any 0.0001] speakers. Averagedl durations(for geminate
durational difference, whereas some others did. Some vowelnd nongeminate cagess a function of vowels context and
contexts showed larger differences than others. Consonantabnsonantal place are reported in Fig. 6.
place and voicing also played a role for such variability. We  The results of the ANOVA analysis on closure duration
can conclude from these data th&2 duration, burst dura- showed that gemination plays a significant role both for fe-
tion, and VOT do not play a role in the geminate/ male [F(1,16)=99.110, p<<0.0001] and male[F(1,16)
nongeminate distinction, whereas further research is neces-258.114,p<<0.0001] speakers. No interaction was found
sary to define the role played by gemination on utterancdetween vowels and gemination for mle(2,32)=3.471,
duration. p>0.01] speakers. For female speakers an interaction was

The only durational parameters which showed signifi-found between gemination and vowg¢B(2,32)=9.086, p
cant differences between geminate and nongeminate conse=0.001]. We explored, in this case, the effect of gemination
nants were th&/1 duration and the closure duration. for each vowel and found that gemination was significant for

For V1 duration, the results of the ANOVA analysis all the vowels [F(1,16)=100.819, p<0.001 for [a];
showed that gemination plays a significant role both for fe-F(1,16)=81.534, p<0.001 for [i]; F(1,16)=97.257, p
male [F(1,16)=12.531, p<0.01] and male[F(1,16) <0.001 for[u]], whereas the effect of vowel category was
=59.871, p<0.0001] speakers. No interaction was foundsignificant for geminate utterancdd-(2,32)=28.620, p
between gemination and vowels both for femakg(2,32)  <0.001] but not for single utterancg$(2,32)=1.322,p
=3.915, p>0.01] and male[F(2,32)=0.365, p>0.1] >0.1]. An interaction was found between gemination and
speakers. No interaction was found between gemination ancbnsonants both for majé-(5,80)=12.403,p<0.0001] and
consonants for male speakdr§(5,80)=2.680, p>0.01]. female [F(5,80)=10.935, p<0.0001] speakers. We ex-
For female speakers an interaction was found between gemplored, in this case, the effect of gemination for each conso-
nation and consonants-(5,80)=6.605, p<0.0001]. We nant and found that gemination was significant for all con-
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m and the covariance matri® are computed from the data.
Once we computen and S from two (or more different set
of data, the two Gaussians which describe the two sets of
data are comparedo see how much they diffeusing dif-
ferent criteria. One criterion is the MLC criterion. The
method uses, as a measure of separabiligparability
score$ between the two Gaussians, the percentage of errors
made, making, through a maximum likelihood criterion, an
“ a posteriorl’ classification of each data in the two groups.

The Maximum Likelihood Criterion applied orv1
alone gives a percentage of error equal to 20(E¥60r% in
Table ) and as Errors/Utterances 132/648. When the MLC
criterion was applied on different subsets of all the utter-
ances, the misclassifying percentage ¥dr remained stable
(about 20%, suggesting that this parameter is not influenced
by the context.

Table | shows the separability scores obtained by apply-
ing the Maximum Likelihood Criterion to closure duration,

FIG. 7. Closure duration for single and geminate utterances. The reporteeind to both closure andl duration(for different speakers,

values are averaged over speakers and repetitions.

sonants both for malgF(1,16)=205.908,p<0.001 for[p];
F(1,16)=254.019,p<0.001 for [t]; F(1,16)=208.164,p
<0.001 for [k]; F(1,16)=105.225, p<0.001 for [b];
F(1,16)=175.347,p<0.001 for[d]; F(1,16)=157.184,p
<0.001 for[g]] and femald F(1,16)=69.345,p<0.001 for
[p]; F(1,16)=72.764,p<0.001 for[t]; F(1,16)=82.609,p
<0.001 for [k]; F(1,16)=69.284, p<0.001 for [b];
F(1,16)=97.300, p<0.001 for [d]; F(1,16)=92.591, p

<0.001 for[g]] speakers. Consonant category also was sig-

nificant both for singlg F(5,80)=14.893,p<0.001 for fe-
male; F(5,80)=19.180,p<0.001 for malé and geminate
utteranceg F(5,80)=37.786,p<0.001 for femalef(5,80)
=77.204,p<0.001 for mal¢. From these results, we con-

vowel contexts, and places of articulatjcend toV1 dura-
tion alone.

The separability scores were good in both cases, al-
though they did not improve when closure and vowel dura-
tions were considered together. These results suggested that
closure duration can be considered a primary acoustic cue for
the geminate/nongeminate distinction, whereas the role
played byV1 duration must still be investigated.

Ill. DISCUSSION ON THE ACOUSTIC DATA

The results obtained from the acoustic measurements
showed that:

(1) Formant frequency values of the vowel preceding the
consonant showed no relationship with gemination, sug-

cluded that gemination plays a significant role on closure
duration. Closure duration was significantly affected by con-
sonant category both for mald¢ F(5,80)=12.403, p (2
<0.0001] and femalgF(5,80)=41.743,p<0.0001] speak-

ers, whereas vowel category showed a significant effect for
female [F(2,32)=20.856, p<0.0001] but not for male
[F(2,32)=4.953,p>0.01] speakers. Averaged closure du-
rations (for geminate and nongeminate casas a function

of vowels context and consonantal place are reported in Fig.
7.

V1 duration in the geminate case was observed to be
reduced by about 25% with respect to its duration in the
nongeminate case. Closure duration in the geminate case was
significantly elongated, by about the 100%, with respect to
the nongeminate case. This result was present for all speak-
ers, vowel contexts, consonant place of articulation, and con-
sonantal voicing.

Classification based on the Maximum Likelihood Crite-
rion (Dillon and Goldstein, 1984when applied to all the
measured acoustic parameters confirmed that gemination
was significant only fo/1 and closure durations. The basic (3)
idea behind MLC is that the parameters of a set of data can
be described through a Gaussian with meaand a covari-
ance matrixS Generally this hypothesis is applied to all
kinds of natural phenomena and is not a limitation. The mean
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gesting that no extra vocal effort is needed in a geminate
production.
There is no relationship between any representation of
the energy at consonant release and gemination, in con-
trast with the general feeling that geminate consonants
must show, at the release, greater energy than singletons.
We measured the burst energy, the burst power, the VOT
energy, the VOT power, the spectrum shapes, the energy
distribution, and other energy measufsse Sec. Il A
None of these acoustic measurements showed any sig-
nificant relationship with gemination. Shrotriga al. re-
ported that:
“...the burst of geminate consonant is strongéry
about 10 dB as compared to the burst of nongeminate”
(cf. Shrotriyaet al, 1995, “Acoustic and perceptual
characteristics of geminated Hindi stop consonants,”
ICPhS95 4, pp. 134
However, they did not give a precise definition of the
measurements made and moreover, this result could be
attributed to a language specific efféklindi vs Italian.
The acoustic parameters which appeared strongly related
with gemination were the durations of the intervocalic
consonant(which is close to twice the duration of the
singletong and of those of the vowel preceding it. The
above parameters were found to be significant also in
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TABLE |. Separability scores obtained by applying the Maximum Likelihood CritefidhC) to Closure
Duration(CLd), to both Closure an®1 Duration (v1d), and toV1 duration alone. Percentage of errors and
number of errors over number of utterances are repofTdt voiced/voiceless feature, the gender of speakers,
the vowel context, the place of articulation, and each consonant are considered separately.

MLC on CLd MLC on CLd andv1ld
Context Errors% Errors/Utterances Errors% Errors/Utterances
Overall 3.9% 25/648 3.9% 25/648
Voiceless 2.5% 8/324 1.9% 6/324
Voiced 2.8% 9/324 2.5% 8/324
Male 3.1% 10/324 2.8% 9/324
Female 5.6% 18/324 4.3% 14/324
[a] 2.8% 6/216 3.2% 71216
[i] 2.8% 6/216 4.2% 9/216
[u] 4.6% 10/216 5.1% 11/216
Labials 2.8% 6/216 3.7% 8/216
Dentals 2.3% 5/216 2.8% 6/216
Velars 3.2% 71216 2.8% 6/216
[b] 3.7% 4/108 2.8% 3/108
[d] 0.9% 1/108 0.9% 1/108
[g] 0.9% 1/108 0.9% 1/108
[p] 1.9% 2/108 1.9% 2/108
[t] 0.0% 0/108 0.0% 0/108
k] 2.8% 3/108 2.8% 3/108
MLC on V1 alone
Errors% Errors/Utterances
V1d 20.4% 132/648

Hindi geminate consonantShrotriyaet al, 1999, sug-  esis of “anticipatory and backward compensation” sug-
gesting that this effect is language independent. gested by Lindblom and Rapfl973 for Swedish. The
above theory attributes the segmental reduction of a pho-
Results obtained from the measurements in the time doneme to the number of syllables that precédrticipatory
main needed a more accurate discussion. ClosureVdnd compensation and follow (backward compensatipnit.
durations were found to be the only acoustic parametersyrely, our data showed an effect of anticipatory compensa-
which indicate the presence or absence of a geminate consgon which is evident in the reduction af1. The effects of
nant, hence, it appeared natural to face the problem of whake backward compensation were negligible even though
this implies at a higher level. they can play a role in the similar timing of the single and
We observed that the length ®2 was shorter in the geminate utterances. However, this compensation did not de-
geminate case, but this shortening was not significant. VOpend on the number of syllables in the wdghich in our
and burst lengths remained roughly unchanged in both thexperiment are the same for the single and geminate utter-
single and geminate case. In the geminate case, the length ghces. Thus it could only be attributed to the acoustic at-
the closure(on the averagewas twice the length of the triputes of the phonetic segments composing the utterance.
singleton closure and the length¥1 was reduced by about Therefore, all other factors being equal, if the only signifi-
25%. The length of utterance was, on the average, longer igant acoustic attribute to discriminate a segment from an-
the geminate case. Howevéven though the results from other is its duration, and if it is necessary to maintain a
the ANOVA analysis showed that gemination has a littleconstant timing because of the well-defined stress conditions,
effect on utterance duratiptior this parameter, there was a then speakers perform on the other segments a phonetic
great deal of variability among speakers: Some speakers dishortening. This could suggest that there are temporal con-
not show any durational difference, whereas some others digtraints on the rhythmic structure of a wdfdr well-defined
some vowel contexts and consonant contexts showed larggbnditions of lexical stress and number of syllablésat
differences than others. Considering that there was a greapeakers unconsciously tend to maintain, by balancing the
lengthening of the consonant, a partial reduction/éf and  durational change of some of the phonetic segmémtsch
that the other durational parameters as VOT, burst duratioryre distinctive only through a durational featuseith the
andV2 duration were not significantly affected by gemina- durational change of othervhich are distinctive through
tion, we would expect a great lengthening of the geminateyther features not related to segmental duration
utterance with respect to the single one. However, the length-
ening of the geminate utterance was considerably lower thalY- PERCEPTUAL EXPERIMENT
expected. In order to test the relevance of the acoustic parameters
This effect cannot be explained on the basis of a hypothwhich distinguish geminate versus single consonants, a per-

2059 J. Acoust. Soc. Am., Vol. 106, No. 4, Pt. 1, October 1999 Esposito et al.: Gemination in Italian stops 2059



ceptual experiment was carried out. The aim of this experi- Identification curves as result of the perceptual experiment
ment was to define a closure length which works as a thresh- 100
old in the perception of geminatiofthat is, below such
average closure duration consonants are perceived as single-
ton; above it consonants are perceived as genjinktere- 80
over, this experiment was also devoted to investigate the
perceptual role played byl duration in geminate and non-
geminate contexts.

The experiment was carried out using /apa/ and /appa/
stimuli. The use of such stimulivhich are not representative
of all consonants and vowel contextgas aimed to evaluate
the perceptual relevance of the durational difference ob-
served in the acoustic dafaee Sec. )l The perceptual ex-
periment was intended as a validation of a general effect. In
order to obt_ain quantitative estimations 'of this effect, the - V1d=116
above experiment should be duplicated with others VCV and 10 -

VCCYV utterances. —— Vld=176

A symmetrical context was used because it removes a 0 T ' T T J j

100 115 130 145 160 175 190 205 220 235
spectral cue: the rate of change of formants through the clo-
sure. Hugging1972a showed that, in medial stops, a sym- Closure durations (in ms)
metrical vowel context had no effect on the perception of - ) o )
different closure durations, except for an increased sensitiyz'C: 8 !dentification functions of /apa/ stimuli fov1=116 ms (filled
. . . . squaresandV1=176 ms(empty squaresversus different consonant closure
ity of the subjects to the durational changes. Since we argyrations. The identification curves are average functions, where each point
investigating the perceptual relevance of durational changeslots the mean of 10 observations for each of 20 subjedt® reported is
a symmetrical context was selected for our experiment.  the Standard Deviation around the data pdints

70 4

60 -

50+

40

30 4

% of stimuli judged as / apa /

20

the two vowel durations, 176 ms and 116 ms, with the order
of presentation balanced across subjects. For each vowel du-
The stimuli were synthesized as follows: a natural /apafation, the ten closure durations were presented such that
token, spoken by one subject, whose durational behavior wasach stimulus was preceded and followed once, by every
close to the average durational behavior of all the subjectgther. Subjects listened to a total of 101 stimuli in each stage.
was extracted from the database. The vowel and closure dBetween two subsequent stimuli, there was a 2-s silent inter-
rations in the original stimulus were 176 ms and 99 msyal to allow the subjects to answer, a 4-s music interval to
respectively. minimize any psychoacoustic effect due to the previous
The digitized signal was then modified by means of astimulus, and a 2-s silent interval to let subjects concentrate
waveform editor(UNICE editor) to produce two stimuli, by on the next stimulus. The subject’s task was to identify each
decreasing the length &1 from 176 ms ¥/1 duration inthe stimulus as either /apa/ or /appa/ by typing an appropriate
original token to 116 ms, in a step corresponding tdb key on a computer keyboard. Subjects listened to a total of
periods (60 m9. The reason for this choice was that, in 202 stimuli played in random order via a computer program
voiced sounds, as shown by Huggi(i®968, the minimum and delivered through good quality headphones. Some
step size which could be used without introducing an abnorstimuli (about 25 were played, for practice, before the ex-
mal pitch period was one period of the fundamental. FiBe  periment start. Subjects were run individually, in sessions
periods were removed from the middle portion of the vowellasting about 32 min each.
to leave the VC and CV transitions intact. For each stimulus
obtained, ten new stimuli were produced by increasing th®. Results
length of the silent portion of the intervocalic consonépi) . R
from 100 to 235 msp in steps of 15 ms. This yielded topa total Results are presented beldWig. 8 by two identifica-

o : . tion functions where the varying closure durations are plot-
of 20 stimuli (2 vowel durationx 10 consonantal durations ted for a fixedV1 duration [V1duration-116 ms (filled

squarel V1 duration=176 ms(empty square$. The two
B. Subjects identification functions in Fig. 8 are average functions,
Subjects were 20 native speakél® males and 8 fe- Where each point plots the mean of 10 observations on each
males of standard Italian enrolled at Rome University, with Of 20 subjects. The behavior of the identification functions of

no known hearing impairment. Their age ranged from 21 tgeach speaker was similar to the above identification func-
29 years. tions (Neter and Wassermann, 1974

The identification functions reported in Fig. 8 show two
different closure duration thresholds at which the perception
of a consonant as geminate overcomes the chance. A shorter

Subjects were asked to identify the stimulus words as/1 duration(filled squaresrequires a shorter closure dura-
geminate or singleton. The experiment was run separately fdion to allow the perception of a geminate consonant; in this

A. Stimuli

C. Experimental tasks
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TABLE Il. Summary of the perceptual experiment results. Mean threshold The parameters (1 and closure duration which
values for the two differenV1 durations(116 and 176 ms The mean showed acoustic relationships with gemination were the ob-

threshold differencesgpositive for each listengr the Standard Deviation . t of a furth Ivsis to defi thei tual role. W
(SD), and the result of a two-tailed studdriest applied over all the listen- Ject of a turthér analysis 10 define their perceptual role. vwe

ers(last row in the tablgare also reported. found that after a given threshold value which depends on
the V1 duration, a consonant is always perceived as gemi-
V1d=116ms V1d=176 ms Differences in ms nate. This means that the length of closure duration was used
Mean 165.8 182.7 16.9 by listeners, as a perceptual cue, to distinguish between
SD 9.5 16.1 9.6 geminate and nongeminate consonants. However, it was also
1(19)=7.882,p<0.001 an acoustic attribute of the sign@lee results on the acoustic

data, supporting our hypothesis that closure duration is a
distinctive feature for gemination. Since all segment dura-
case, the average closure duration at which the perception gbns which are to act as a cue must be perceived as reference
a geminate overcomes the chance was about 165 ms. Hows some baseline, this durational feature was relative rather
ever, a longer closure durati¢about 183 mpwas required  than absolute. This is a very interesting finding because only
whenV1 duration was longefempty squarés The displace-  durational parameters are found to play a role—whereas du-
ment(17 ms on the averagén the perceptual threshold for ration is often found to be relevant in connection to other
gemination, wherV1 duration was longer, was present for acoustic attributes. Several authors pointed out that the pat-
all listeners. Table Il summarizes the results of the perceptugkrn of duration of individual phonetic segments conveys in-
test. The difference among the threshold values for the tW@ormation about the linguistic content of an utterance. Miller
differentVV1 duration is positive for all listeners, which rein- (1956, for example, has argued that duration should be clas-
forces the observation that whéfil is lengthened the clo- sjfied as a distinctive feature for the recognition of vowels.
sure duration must be longer for perceiving a geminate consjmilarly, Lisker (1957 has shown that, in American En-
sonant. Mor_eover, a two-talled_ studertest was app!led 0 glish, if the stop-closure is lengthened in {d in ruby the
thg data which show that the differences are statistically sigyord is heard asupee, suggesting that it was a durational
nificant[t(19)=7.882 at levelp<<0.001]. parameter(the VOT length that made the distinction be-
tween voiced and voiceless stops. Basgaml. (1961), and
Libermanet al. (1961 reported similar results in studies on
other consonants. Finally Kla{t976 emphasized the role of
The first result of our perceptual experiment was thatdurational features as a primary perceptual cue in the distinc-
stimuli with shorterV1 duration needed a shorter closuretion of long versus short vowels, voiced versus voiceless
duration to allow geminate perception. This leads back to thé&icatives, phrase final versus nonfinal syllables, stressed ver-
discussion on the acoustic data, and particularly on the difsus unstressed vowels, and presence or absence of emphasis.
ferent lengths of the geminate and nongeminate utterancelloreover, results on the perceptual role of the closure length
In the previous discussion, we reported that the differencel the geminate distinction are in agreement with our finding.
between the length of geminate and nongeminate utteranc&¥ckett and Decke(1960 measured the phoneme boundary
were not statistically significant, even though the geminatdetween a single and a double /p/ in the gapic andtop
utterances were, on the average, longer than the single ong¥ck. At a speaking rate of six syllables per second, they
That is not a contradiction with the fact that the closurefound the phoneme boundary betweepic andtop pick to
length of a geminate is almost twice the length of a singlecorrespond to a closure duration of about 160 ms. Further-
ton. Our explanation was that speakers follow a sort of tim-more, Rochet and Roché&t995, and Shrotriyzet al. (1999
ing (rhythm) which is fixed in duration and depends on the showed that for native speakers of different languages, clo-
number of syllables in the word: substituting a singleton to asure duration is perceptually relevant in the geminate versus
geminate in wordgleaving unchanged the number of syl- singleton distinction.
lables does not significantly change the utterance length, an ~ What about the reduction in length &1? From an
elongated segmenthe geminate consonanbeing partly — acoustic point of view, we expect thetl before a geminate
compensated by the shortening of anotftee vowel$. The  be shorter than before a nongeminate because in the first case
data from the perceptual experiment showed a similar effedt is part of a closed syllable and in the latter case it is part of
in the listening process; i.e., changing the duration of thean open syllable. However, our perceptual data show that the
vowel in the utterance results, for a fixed consonant lengthlonger theV1 duration, the greater the crossover valumea-
in a different discrimination threshold between singleton andsured in m$ in perceiving a consonant as geminate. This
geminate. Generally, if the vowel is shortened, a singletomesult was present for all listeners, suggesting that the short-
could be perceived as a geminate. This confirms our hypothening ofV1 could not be attributed only to syllable structure.
esis of a constant word timing for well-defined conditions of Our interpretation is that there might be two superimposed
lexical stress and number of syllables. Speakers follow thiffects: one due to syllable structure and one due to the pres-
timing even though the nature of the segments composingnce of a geminate consonant. This conclusion is not in dis-
the word change&s in the single versus the geminate ¢ase agreement with the findings reported by Rochet and Rochet
listeners are sensitive to this timing by balancing changes ivho showed that Italian listeners distinguished betwiedm
the utterance duration with changes of their perceptual duraand fatto on the basis of consonant duration but not on the
tional thresholdgas in the shorter versus longer utterances basis of vowel duration. We concluded thét is shortened

V. DISCUSSION ON THE PERCEPTUAL DATA
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to balance the abnormal lengthening of the closure in ordeBastian, J., Eimas, P. D., and Liberman, A. ({1962. “Identification and
to keep the rhythm constant, and make the utterance soundliscrimination of a phonemic contrast induced by a silent interval,” J.
natural. This interpretation is also supported by Huggins Acoust Soc. Am33, 842A). o o
(197238 who found that subjects were much more sensitiv '\'('g’r]k)w R., and Goldstein, M1984. Multivariate AnalysisWiley, New
to ?hanges in vowel duration than to Cha”QeS in closure dq:{uggins, A. W. F(1968. “How accurately must a speaker time his articu-
ration, and that these changes were perceived as changes iion,” IEEE Trans. Audio ElectroacoushU-16, 112—117.
the sentence rhythm, when the duration of the other seg4uggins, A. W. F.(1972a. “Just noticeable differences for segment dura-
ments in the utterance remained unchanged. tion in natural speech,” J. Acoust. Soc. A, 1270-1278.

Informal listening of synthetic stimuli(unpublished Huggins, A. W. F.(1972h. “On the perception of temporal phenomena in
data, in which the vowel duration was kept constant while SPeech.” J. Acoust. Soc. Ankl, 1279-1290. o _

. Iflatt, D. H. (1976. “Linguistic uses of segmental duration in English:

the C|0_SUI‘€ was Iengthen?d UP to a value typlcal of closure 0 Acoustic and perceptual evidence,” J. Acoust. Soc. A8).1208—-1221.
a geminate showed that, in this case, the utterance was heagghevnikov, V. A., and Chistovich, L. A(1965. “Speech: Articulation
as broken into two syllables, a lorig] followed by a[pal. and perception,” (Moscov-Leningraji (English Translation: J.P.R.S.,
This result, although only preliminary, suppftiagether with Washington D.C., No. JPRS 30543
the results reported by Kozhevnikov and Ch|stov{¢963 Liberman, A. M., Harris, K.. S., Eimas, P. D,, Lisl.<er, L., anq B.as.tian., J.
and by Huggin5(1972b] our hypothesis that the perception (1961). “An effect of learning on speech perception: The discrimination

L . . of durations of silence with and without phonemic significance,” Lang.
of timing in natural speech is based on rhythm rather than on Speecht, 175-195 P g 9

sound segments, and explains V_Vhy compensatiqn occurs b_ﬁhdblom, B., and Rapp, K(1973. “Some temporal regularities of spoken
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