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Abstract

Speech communication can be viewed as an interactive
process involving a functional coupling between sgnsind
motor systems. In the present study, we combineee thr
classical experimental paradigms to further testcpptuo-
motor interactions in both speech perception anddpction.

In a first close shadowing experiment, auditory andlio-
visual syllable identification led to faster orghan manual
responses. In a second experiment, participants asked to
produce and to listen to French vowels, varying frioeight
feature, in order to test perceptuo-motor phonemic
organization and idiosyncrasies. In a third expegiry online
imitative changes on the fundamental frequencyelation to
acoustic vowel targets were observed in a non-interac
situation of communication during both unintentibrend
voluntary imitative production tasks. Altogetherr aesults
appear exquisitely in line with a functional couglibetween
action and perception speech systems and providbefu
evidence for a sensory-motor nature of speech
representations.
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1. Introduction

An old and classical debate in the speech commtioica
domain concerns the possible motor implication peexh
perception and, more generally, the auditory vemsusor
nature of the speech code. Auditory theories asstimae
speech perceptual processing and categorizatiobased on
acoustic cues and auditory representations (Stears
Blumstein 1978, 1979; Lindblom et al. 1988, 1990)
Conversely, the motor theory of speech perceptiobetinan
et al., 1985) and its direct realist variant (Faveé al., 1986)
claim that there is a crucial role of the motortegsin speech
perception. More recently, a number of perceptudemo
theories attempted various kinds of syntheses@fraents by
tenants of both auditory and motor theories, prisgpshat
implicit motor knowledge and motor representatians used
in relationship with auditory representations amdcpsses to
elaborate phonetic decisions (Skipper et al., 2@&hwartz et
al., 2012).

Various experimental settings enable to test awndysthe
relationship between speech perception and actien.us
describe three of them which provide the basigterpresent
work. First, close-shadowing provides a naturabgam for
testing perceptuo-motor links. Indeed, Porter e{1#884) and
later Fowler et al. (2003) observed very fast lieactimes
when participants had to shadow a syllable as guiek
possible. Compared to manual responses, oral

responses were also found quicker than manual
(Galantucci et al., 2006). This difference was ripteted by
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the theoretical assumption that perceiving speggteiceiving
gestures, and that gesture perception directlyratsnspeech
response and makes it faster.

Another way to prove the evidence of a perceptutemo
linkage is to directly test the existence of a cammerceptual
and motor phonemic organization. From that view,-Betti
(1979) showed that differences between subjectsthim
perception of the [i] versus [I] contrast in Amenic English
seemed to be linked to differences in the artiomat
implementation of this contrast. Menard et al.piass) further
showed similar idiosyncrasies in both vowel proérctand
perception, a result suggesting a link betweengmtoal and
motor phonemic prototypes in the human brain.

Finally, the ability to converge and to imitateistdner also
attests of a perceptuo-motor coupling. Recently, inenl
unintentional and voluntary imitative changes ifevant
acoustic features of vowel targets were observemglspeech
production in a non-interactive situation of comirication
(e.g., Garnier et al., 2013; Sato et al., 2013gsEresults were
explained by the possibility that speech production
continuously draws on perceptuo-motor learning fréme
external speech environment and prior listeneris@g-motor
knowledge.

In the present study, we further tested sensorypmot
interaction in these three paradigms. In a closadsWwing
experiment (Experiment A), we compared reactionesinto
auditory and audio-visual speech stimuli from maraural oral
responses. We expected to find faster reactionstitoeoral
compared to manual responses, and to audiovisuapaed
to auditory stimuli. The second experiment (ExpeuitnB)
tested perceptuo-motor phonemic organization in efow
production and perception. Our aim was to posdilefermine

a common phonemic organization in vowel perceptoml
production as well as to test subtle perceptuo-moto
idiosyncrasies between participants. Finally, theirdt
experiment (Experiment C) concerned phonetic corererg
and voluntary imitative changes in relation to atmuvowel
targets.

2. Methods

2.1. Participants

Three groups of respectively fifteen, twenty-seaed sixteen
healthy adults, native French adults, participatéd
Experiments A, B and C. All participants had normal o
corrected-to-normal vision and reported no histooy
speaking, hearing or motor disorders.



2.2. Stimuli

2.2.1. Experiment A

Multiple utterances of /apa/, /ata/ and /aka/ seges were
individually produced by a male native French spegkho
did not participate in the experiments) in a soatténuated
room. The corpus was audio-visually recorded wikie t
objective to obtain 4 different occurrences of /apata/ and
/aka/ with various durations of the initial /a/ veii.e., 0.5s,
1s, 1.5s and 2s) so as to obtain 12 distinct stimul

2.2.2. Experiment B

Thirteen acoustic stimuli were used for the vowetcgption
task of Experiment B. Those stimuli were synthesiftedn
VLAM (Variable Linear Articulatory Model), an artitatory-
to-acoustic model of the vocal tract based on Maedédult
model (Boe and Maeda, 1997; Boe, 1999). Using VLA,
generated thirteen stimuli distributed regularlythivi the
maximal adult vowel space from high to low frontrexnded
vowels.

2.2.3. Experiment C

A vowel database was created from /e/, /oe/, leh&m vowels
produced by two male and female speakers. Fromethes
stimuli, fO was artificially shifted by steps of Wz (from 80Hz

to 180Hz for the male vowels, and from 150 to 35@6tzthe
female vowels) using the PSOLA module integratedPinat
software (Boersma and Weenink, 2013).

2.3. Experimental procedure

The three experiments were carried out in a souadfgoom.
Participants sat in front of a computer monitoaatistance of
approximately 50 cm. The acoustic stimuli were enésd at a
comfortable sound level through a loudspeaker, tithsame
sound level set for all participants. The Presé@masoftware
(Neurobehavioral Systems, Albany, CA) was useddadatrol
the stimulus presentation during all experimemnts, @ record
key responses in Experiment A and B (see below). All
participants’ productions were recorded for ofelianalyses.

2.3.1. Experiment A

The experiment consisted of two categorization daslose-
shadowing in one case, where the responses wexédpdo
orally by repeating as quickly as possible the gméesd speech
sequence; manual decision in the other case, wteze
responses were provided manually, by pressing aklyglas
possible the appropriate key. The stimuli to catizgo
consisted in /apa/, /ata/ and /aka/ sequencesdetrtask (oral
vs. manual response) and each modality (auditory vs
audiovisual), 16 occurrences of /apa/, /ata/ akd/gequences
were presented in a fully randomized sequence ofri4&.
The order of task and modality of presentation gy
counterbalanced across participants.

2.3.2. Experiment B

This experiment consisted of two vowel perceptiond a
production tasks, counterbalanced across partitsp&or the
production task, participants were asked to produitieen
repetitions of the 10 oral French vowels /iy u e @ces al,
according to a visual orthographic target. Targatels were
presented in a fully randomized order. For the @gtion task,
participants had to manually categorize acousiticudt among
the four front unrounded French vowels & a/. Each stimulus
was presented ten times in a fully randomized order

2.3.3. Experiment C

Experiment C consisted in three vowel productiokgafirst
participants had to individually produce /e/, /aed &0/ vowels,
according to a visual orthographic target. Thisowdl the
experimenter to measure participant’'s f0. In thbssguent
task, participants were asked to produce the twmeels
according to an acoustic target. Importantly, netrinction to
“repeat” or to “imitate” the acoustic targets wasem to the
participants. Finally, the third task was the sawéhe second
task except that participants were explicitly askedmitate
the acoustic targets. The only indication giverpé&sticipants
was to imitate the voice characteristics of theceeed
speaker. Acoustic target for each participant wtestimuli
selected from the vowel database, with the 9 (fiedtifO
frequencies varying from -20% to +20% by steps &6 5
around his/her own pitch, as measured in thetfsk.

2.4. Dataanalysis

All acoustic analyses of participants' productiongere
performed using Praat software (Boersma and Weenink,
2013).

2.4.1. Experiment A

The proportion of correct responses was determfoe@ach
participant and each condition, together with rieast times
(RTs) for correct responses. RT in the oral task egisnated
from the burst onset of the stop consonant to caizsgto the
burst onset of the oral response.

2.4.2. Experiment B

For the production task, the mean F1 frequency/ifere a/
was computed for each participant. In all this gfud
frequencies are estimated in bark, thanks to tofdneula
proposed by Schroeder et al. (1979)

For the perception task, the mean F1 frequencyl adtinuli
categorized respectively as /i/, /el,dr /a/ was determined for
each participant. For both the perception and prtolu tasks,
mean normalized bark values for /e/ agfdwith regard to their
distance from /a/ and /i/ was then calculated. €ation
scores between production and perception was Y¥inall
determined for all participants.

2.4.3. Experiment C

In all tasks of Experiment C, we measured fO forheac
produced vowel. In the second and third tasks, etation
analyses between f0 values in the perceived andupea
vowels were performed for each participant.

3. Resaults
3.1. Experiment A - seeFigure 1

3.1.1. Reaction times

RTs were entered into an ANOVA with three factorgdatlity
(auditory, audiovisual), response (speech, key) sylthble
(/pal, hal, /kal). Although no significant differee between
the auditory and audiovisual stimuli was observed@s were
shorter for speech responses (240 ms) than fordésyonses
(462 ms) (F(1,14)=81.8; p<0.001). Interestingly jraeraction
between the three factors was found (F(2,28)=4<®.q1).
While, for speech responses, RTs for /pa/ did ndferdi
between the auditory (196ms) and audiovisual (208ms
modalities, for key responses an audiovisual acdggntvas



observed (audiovisual stimuli: 415 ms, audio stimid2 ms).
For /ta/, manual RTs were longer for audiovisual6(50s)
than for auditory (465 ms). For /ka/, no differemeeere found
between the modalities and tasks.

3.1.2. Perceptual recognition

As for RTSs, the percentage of correct responses wentered
into an ANOVA with three factors: modality (audiyor
audiovisual), response (speech, key) and syllaipa/,(/ta/,
/ka/). No difference was observed between audi{@596) and
audiovisual (94%) stimuli. However, participants dea
significantly fewer errors for key (97%) than fopegch
responses (93%) (F(1,14)=13; p<0.002), and fewearsifor
/pal (98%) than for /ta/ and /ka/ syllables (93%(2(28)=6.8;
p<0.004). In addition, a significant interactiontieen the
modalities and syllables was also observed (F(228)
p<0.01). For /ta/ and /ka/, more correct responsese
observed for key (97% and 97%) than for speech (80%h
89%) responses. For /pa/, no difference was obderve
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Figure 2: Mean acoustic values (in barks) for each
vowel in the perception vs. production task.

3.3. Experiment C - see Figure 3

In Experiment C, imitative changes were observedadth
tasks, though stronger in voluntary imitation. Slop
coefficients differed significantly from zero in tho the
production (t(15)=6.2; p<0.001) and imitation ({{%59.2;
p<0.001) tasks. In addition, slope coefficients evaigher in
the imitation (0.83) compared to the productioM4).tasks
(t(15)=5.6; p<.001). Similarly, correlation coeféats differed
significantly from zero in both the production &(£8.6; p<
.001) and imitation (t(15)=30.4; p<0.001) tasksd amere
higher in the imitation (r=0.93) compared to the@durction
(r=0.63) tasks (t(15)=4.2; p<0.001).
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Figure 1: RTs (1A) in ms. and percentage (1B) of
correct responses in Experiment A.

3.2. Experiment B - see Figure 2

In the production task, the mean F1 values for/éil, £/ and
/al in barks were respectively 3.1 (range: 2.6;316} (range:
3.4-45), 59 (range: 4.4-7.1) and 7.3 (range: &R)-
Idiosyncrasies were weak for /e/ (normalized distafiom /i/
between .19 and .46 bark but with a small standaxiation at

.07) and larger fore/ (normalized distance from /i/ between

.35 and .88 bark with a standard deviation at .18)the
perception task, the mean F1 values for /i/, K/ahd /a/ in
barks were respectively 2.8 (range: 2.6-3.9), 4akde: 3.8—
45), 55 (56.3-5.7) and 6.8 (range: 6.6-7.0). \tality in
perception was extremely small, showing that
idiosyncrasies were found between participantsnFthese
results, a quasi perfect correlation of acoustices between
produced and perceived vowels is observed (witleamslope
for all participants of .93, range: 0.7-1.3).

no

Figure 2: Phonetic convergence and voluntary
imitative changes observed in Experiment C.

4. Discussion and Conclusion

4.1. Experiment A

Overall, as in the studies by Fowler et al. (20849 Porter et
al. (1984), orofacial responses were much quidkan manual
ones. While no differences were found between andiand
audiovisual modalities in the close shadowing tagkicker
response times were however observed in the awdialvi
modality for the manual categorization task forabibl
consonants, likely due to the visible anticipatggsture. The

fact that this visual gain was not seen in theawiad modality

is probably due to a floor effect considering th&aB response

time in close shadowing. Although these resulteaioprovide
global evidence for faster response times in thdicauisual
modality in the close shadowing task, they appeanpatible
with a sensory-motor framework in which there isiactional
connection between action and perception systems.



4.2. Experiment B

Our results for the production task appear paxlyecent with
those found by Ménard and Schwartz (in press). i@pertant
difference, however, is that though our study diggl
idiosyncrasies in production more or less in linghwtheir
study, we did not find almost any idiosyncrasy inet
perception task. This difference is likely due e Wifferent
experimental factors used in these two studies.é\iée only
tested adults, Ménard and Schwartz tested two grotig and
5 years old children and one group of adults. Meeeothe
stimuli used in the perception task for the adulése not the
same as ours (with a larger number and type ofufitimnd a
more variable distribution in the acoustic spadgiven the
larger variability of the stimuli used by MénarddaBchwartz
(in press), idiosyncrasies are more likely to eraerg
Importantly, in line with the maximal dispersionetiry of
Lindblom (1972) and with a perceptuo-motor coupliof
vowel perception and production (Schwartz et €012, we
found a near to perfect acoustic equidistance latwile
centers of vocalic targets both in the productiod perception
tasks (see Figure 3).

4.3. Experiment C

As in Garnier et al. (2013) and Sato et al. (2092 ,found a

quasi perfect imitation of vowel targets on fO lre tvoluntary

imitation task, as well as clear evidence for phione
convergence in the production task. This latteultesuggests

that participants tend to converge towards an dimapeech

target even if they don't imitate consciously. Ajather, these
results are perfectly compatible with a perceptugen

linkage in speech production and perception.

4.4. General discussion

Taken together, the three experiments largely ooefi

previous results and strongly suggest a functiqasteptuo-
motor coupling of speech perception and producsigstems.
They provide further evidence for a sensory-motature of
speech representations. This series of coupledriexgmtal

paradigms for studying the relationship betweencqeual

and motor processes will now serve as a platfoma$sessing
the recovery of this relationships in hearing impdisubjects
after cochlear implantation.
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