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Abstract

Speech is often described as a sequence of umsibgiasng
linguistic, sensory and motor representationshdsconnection
between these representations preferentially magdaat a
specific level in terms of a linguistic unit? Inetpresent study,
we contrasted the possibility of a link at the lesfethe syllable
(CV) and the word (CVCV). We modified the productimiithe
syllable /be/ in French speakers using an auditooyer
adaptation paradigm that consists of altering theakers’
auditory feedback. After stopping the perturbatioe, studied
to what extent this modification would transfer tbhe
production of the disyllabic word /bebe/ and conapit to the
after-effect on /be/.

The results show that changes in /be/ transfeigfigirto /bebe/.
The partial
representations associated with the syllable orptbduction
of the disyllabic word suggests that both units roagtribute
to the specification of the motor goals in speestugnces. In
addition, the transfer occurs to a larger extettéfirst syllable
of /bebe/ than in the second one. It raises newtoes about a
possible interaction between the transfer of auglitootor
learning and serial control processes.

Index Terms: speech units, speech goals, speech production,

sensorimotor learning, transfer, auditory feedhaaiturbation

1. Introduction

Speech can be described as a sequence of units, asuc
sentences, words, syllables and phonemes. Thete hmie
formal linguistic descriptions and their sequendmgtructured
along a number of linguistic rules involving in peular a
hierarchical organization [1]. In the PACT theoryf2ese units
are proposed to be associated with perceptuo-numits, i.e.
perceptually shaped gestures, associating
somatosensory and motor representations. Doeagbigiation
operate specifically at the level of one of thep@s? If yes,
which unit is it?

The Consonant-Vowel (CV) syllable has often been idensd
to be the main unit of speech production. In Lésatiodel of
speech production [3] utterances are broken dowarsiyllables
in order to be translated into motor commands,giaimental
syllabary. On the other hand, the exemplar-basedrids
proposes that the words are the smallest unitsdtarthe brain
as exemplars
corresponds to an element perceived or produce given

influence of the somatosensory and moto

auditory

rather than prototypes [4]. An exempla

situation. This perspective accounts for the vélitglnf speech
production depending on the speaker and the confde
theory of developmental phonology proposed by \éhrand
Croft [5] provides an intermediate view, where therdvis the
initial basic unit of speech production in infanthe syllable
would then emerge from the observation of similesiin the
production of the first words [6].

Our goal is to question the nature of the speeds underlying

speech motor realization using a classical approach
movement sciences: the transfer of sensorimotanileg In

limb motor control literature, the study of sensmstor learning
transfer is regarded as a behavioral window in®@® rteural

mechanisms that underlie the control of movemen}sThe

idea is to artificially modify the relation betwesensory targets
and motor commands for a specific task (e.g. reachitarget
with the hand) and observe (1) how this modificati® stored
in the control system and is used for the same, @sée the
perturbation has been removed (the so-called effects), and
(2) how it generalizes to other situations (e.gching a target
in another direction, the so-called transfer ejfddbude and
Jordan [8] introduced a similar approach with spegsing the
auditory-motor learning paradigm. In their expenie
participants had to repeat the word “head” in whisp

conditions while they heard their voice in headg®nThe

auditory feedback was altered in real time by sigfformants

so that the vowel sounded more like another ore ¢banging
“head” towards “had). During a training phase, #ieakers
gradually compensated for the perturbation, by puocing

something closer to “hid”, suggesting
recalibration that is designated as adaptation. aftex-effect
can then be assessed by comparing the formantsstdtgping
the perturbation to their baseline values measbefdre the
training. Purcell and Munhall [9] studied the irdhce of
several experimental parameters (e.g. amplitudieecfuditory
feedback perturbation, duration of the training) ¢me
adaptation and on the after-effect decay speed.déland
Jordan [10] also showed that the learning performecone
utterance can transfer partially to other utteranieparticular
to the same vowel in another CVC word. This was agmhas
evidence for the existence of a phoneme represemtén
speech production.

The paradigm of auditory-motor learning transfesween used
in several studies, mostly with CVC words. In RoeBapellan
et al. (2012) [11], different groups of speakersenteained with
different C-V-/n/ words (e.g. pen, ten). The tramsivas then
assessed to the testing word “pen” in all speakessgnificant
transfer was observed in most groups, althoughniplitude

sensorimotor



was shown to vary according to the acoustic siyiéetween
the training word and the testing word. The infloenof
similarity was also observed with Mandarin in thegtprn of
generalization from the triphthong /iau/ to othemwels [12].
Effects of linguistic factors were investigatedaiier studies.
The lexical status (real word vs. pseudo-word) rimflyence
the amplitude of the auditory-motor adaptation [&8jile the
word frequency seems to play a role in the trarasfeplitude
[14].

To our knowledge, the transfer of auditory-motarieng has
not been used yet to question directly the natdrspeech
production units. Are motor commands associatet speech
goals memorized at the level of the syllable dneatt the level
of the word?

2. Method

2.1. Experimental design and hypotheses

The objective of this study was to contrast thengfer of
sensorimotor learning at the level of the CV sy#tahnd the
corresponding disyllabic word. The training word swthe
syllable /be/ for all participants. At the end loétraining phase,
one group of participants (Group 1) pronounced fukile
another group (Group 2) pronounced /bebe/ (whiclanse
“baby” in French), as testing words to assess rdwesfer. Our
predictions were that if the transfer occurs atsyi@able level
we should observe a transfer equivalent in botluggsaand in
both vowels in /bebe/. If it occurs at a word legaly then no
transfer to any of the /be/ syllables in /bebe/uthdhappen.
Finally, if the transfer occurs at both levels, rthe transfer
smaller than in /be/ should occur in /bebe/.

The selection of the vowel /e/ was driven mainlyamgditory
perturbation constraints while the consonant /8 elsosen to
limit coarticulation. Linguistic factors were algaken into
consideration in this choice. The syllable /bedssfrequent at
the beginning of French words as it is in the méddi at the
end, as controlled with Lexique 2 database [15¢ ffquency
of auditory and articulatory neighbors ¢/tand /bi/) had to be
low since it may influence the amplitude of the @tdéion [14].

2.2. Subjects, task and online perturbation

Thirty-six native speakers of French (15 femalésn 18 to
35 years old, took part in the experiment. They hadeported
language or audition impairment, and were naithégurpose
of the experiment. They were seated in front ofamitor in a
soundproof room, and wore headphones equipped with
microphone (Sennheiser HME 26-11-600).
displayed on a screen. The participants had to trezrd aloud
in a natural way, without shouting or whisperindney were
hearing their voice in the headphones at abouB/@ided with
speech shaped noise at 50 dB.

A real-time perturbation of the first two formar{isl and F2)
was realized using the Audapter system [16]. Theitary
feedback alteration consisted in transforming thveel /e/ into
/el by increasing F1 by 27% and decreasing F2 by 10%.
triggered a 14ms delay which is not disruptive [8]7]

2.3. Experimental procedure

The experimental procedure is described in Figule & pre-
test (block 1 to 3) speakers had to produce syainl the /b/+V
form (V among /a/,él, /el, /il and /u/) as well as minimal pairs

Words were

(like real French words /epe/ and48po explore their vocalic
triangle and the contrast /e/-in their production, respectively.

The experiment then consisted of 14 blocks of Rlstreach
(blocks 4 to 17). At the end of each block, thetipgrants had
to press a key to continue the experiment. In #seline phase
(blocks 4 to 6) speakers produced /be/ and thdve/beithout
any perturbation. During the training phase, thelitany
feedback perturbation was gradually set up (blocard then
maintained at its maximal amplitude (blocks 8 tp\iBile both
groups were pronouncing /be/. The perturbation e
stopped and speakers had to pronounce their tegting) (/be/
in Group 1 and /bebe/ in Group 2, transfer phakegkbl6).
Finally both groups pronounced /be/ again to meathe after-
effect (block 17).

1]
Z Pre-test
| 3
4]

5 Baseline
E Auditory perturbation
Z yes
| 8 | no
| O

10
E Training

12
0

14 .
E Measure of the adaptation

Transfer

After-effect

Figure 1:The experiment consisted of 5 phases, each
number corresponding to one block of 20 trials. The
auditory perturbation (in grey) was applied duritige
training phase.

2.4. Data analysis

F1 and F2 were assessed in a 30ms window in thkegiart of
each produced vowel. Formants were then expressed a
percentage of change compared to the correspondingl
measured in the baseline phase in the same spe@ader.
example, the first /e/ of each repetition of /belbas compared
to the average first /e/ of /bebe/ productiondhimtiaseline. The
main measure chosen to study transfer was F2-Ft ,Rfi and
F2 expressed in Barks.
fHertz

fBark = 7 x argsinh (W) [18] Q)

The adaptation in each speaker was estimated byaromy F2-
F1 in the last 40 trials of the training phasehtbaseline using
a one-tailed paired t-test. A one-way between-sidjaNOVA
was carried out to assess any difference in theptatien
between the two groups. An ANOVA could not be catdd
on transfer data since the position of the syllabltne word is
a within-subject factor that only applies to Grdugthe group



being a between-subject factor). The transfer viesefore
assessed using planned comparisons. In block &6F2hF1
change in /be/ relative to the baseline was condpéwethe

change in the first vowel of /bebe/ using a onkedhi-test. The
transfer in the first vs. the second vowel of /detees contrasted
by carrying out a two-tailed paired t-test. Theemdity, pitch
and duration of the first vs. the second vowel wesmpared
using two-tailed paired t-tests. A one-way betwsehjects
ANOVA was conducted to assess any difference inafter-

effect between the two groups. In particular tlisld show any
possible impact of the transfer phase on the effect decay.

3. Results

3.1. Adaptation

We were expecting participants to compensate fag th

perturbation of their auditory feedback by incragsiheir F2-
F1 in /be/ during the training phase. Since thislgiis focused
on transfer of adaptation, only participants whovetd a
significant adaptation were selected in the anglyiere were
27 such participants, of which 13 speakers (3 wgmete in
Group 1 and 14 speakers (3 women) were in Group 2.

The evolutions of F2-F1 for the 3 main phases tdrist are
represented in Figure 2. During the adaptation @hk2-F1
increased on average by 8.0% (+0.6%) relative ¢dbidseline
values. The adaptation amplitude was significandid not
depend on the group (F(1,25) = 0.026, p = 0.8T2presented
a compensation of about 25% of the perturbationiclvh
roughly matches results obtained in previous studig].
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Figure 2:Evolution of F2-F1 in percentage of change
compared to baseline, by phase, by group and by
syllable. Each point represents an average of fiadst

of the phase for the group. The bar represents the
standard error.

3.2. Transfer and after -effect

During the transfer phase, F2-F1 increased by 7#1%0%) for
/bel (Group 1) relatively to the baseline. In Gro2p the
amplitude of the transfer was 4.6% (+0.7%) in tihgt Syllable
and 2.6% (+0.7%) in the second syllable. The changs
significantly higher in /be/ (Group 1) than in tiirst syllable of
/bebe/ (Group 2) as revealed by a t-test (t(25)0%,1p = 0.03)
The transfer in the first syllable was significarttigher than in
the second syllable (t(13) = 3.25, p = 0.Q06¢ amplitude of
the after-effect, always tested with /be/, was 6(1%0%) in
Group 1 and 5.0% (+0.6%) in Group 2. There wasguificant
difference between groups (F(1,25)=0.844, p $€D3

suggesting that the after-effect decay was notitsemso the
transfer phase.

Additional analyses related to prosodic cues shioat tthe
second syllable lasted longer (133ms £10) thanfitke one
(99ms £5; t(13) = -3.66, p = 0.003). No significatifference
between the two syllables was found regarding tiiehp
(t(13) =-0.18, p = 0.8) or the intensity (t(13P:29, p = 0.8).

4. Discussion

The objective of this study was to contrast thengfer of
sensorimotor learning at the level of the CV sy#tahnd the
word. In this section we will first comment on theo main
effects related to the transfer, in order to prevédresponse to
our research question. Then we will focus on trepgation and
discuss some limitations observed in this expertmen

4.1. CVvsCvCV

Our results indicate that some transfer occurseatevel of the
syllable since a significant transfer occurred fritvey to /bebe/.
However the difference of amplitude in the transfeserved in
/be/ (Group 1) and in the first and second sylistdé /bebe/
(Group 2) suggests that transfer is also influertmea larger
context, in this case the produced word. This teguéstions
the assumption that a “mental syllabary” [3] woudghresent
the only link between a targeted speech sequendettan
articulatory gestures to produce it. Overall, thsults suggest
that several units, including both the CV syllahtel ¢he word,
may contribute to define the motor goals associatgd an
utterance. This observation in adults is consisteith the
developmental theory suggested by Vihman and Cisjft [
according to which several speech production unisy
develop gradually and therefore coexist in adults.

It may be noticed that the speakers who producele/bin the
transfer block pronounced twice as many syllabtetha other
group. The higher number of repetitions of the abk /be/
could be expected to trigger a faster after-efteatay. If this
was the only factor driving the higher transfer/tbe/ than in
/bebe/ then we should observe a difference betweaups in
the after-effect amplitude measured in the block tbllowed

the transfer. However, there was no significanfedénce
between groups in the after-effect amplitude. Tihesnumber
of repetitions could not be regarded as the maictofa
explaining the difference of transfer amplitudewsstn groups.

4.2. The position of the syllable

The significant difference of transfer amplitudesetved in the
first and the second syllable of /bebe/ will beeredd to as a
position effect. This is another observation thagsiions the
concept of a mental syllabary as it suggests dnein€e of the
serial order of speech on the transfer. Severalagagions
could account for this effect.

First, this position effect could be linked to arflience of
prosody on sensorimotor learning transfer. A seess/llable
could be produced in a more precise way than atraszed
syllable. In most participants, the second sylldasted longer
than the first one, which is consistent with Freatthss pattern
[20]. However, no correlation among speakers waseoiked
between the stress pattern and the difference afsfer
amplitude between the first and the second syllaflee
potential link between prosodic patterns and temamplitude
could be further investigated by evaluating transfénile



asking speakers to produce more contrasted steggss in
CVCV words.

The observed position effect may also depend oratigétory
perturbation. The training was realized on a moltaisiz word.
The perturbed syllable was thus the first one thednly one)
of the utterance. In this context, the speakers Inaag learned
to modify more specifically the first syllable dfe sequence.
The auditory-motor paradigm has not yet been agpire
humans with words consisting of several syllabl8sme
research in zebra finches [21] focused on the feansf
auditory-motor learning in song sequences. Thesbikgre
wearing small headphones providing them with tleiditory
feedback. An alteration of their pitch was applieda specific
syllable in a given position within their vocalizat. It led the
birds to adapt by compensating partially for theyrbation as
observed in humans. At the end of the perturbatidgransfer
was observed in the same syllable in any positibrthe
sequence. The transfer partially spread to temiyoredarby
syllables. Selective perturbation in terms of poaitin the
sequence would raise new perspectives in studyimgdpeech
units are put into sequence from a motor controdmective.

4.3. Adaptation to the perturbation and limitations

Twenty-seven speakers out of 36 (e.g. 75%) adajutettie

perturbation by significantly increasing F2-F1. Bheemaining

speakers were all women. The perturbation did eetrsto

work properly in 5 of them and the 4 remaining &eesdid not
show significant increase of F2-F1. Although théplegtion rate
can seem quite high, it is very similar to what besn observed
in previous studies using the same perturbatiotesyslin Cai

et al. (2010) [12] 31 speakers out of 40 were idetliin the

results, 4 speakers had formants that were notdegdicted by
the system, which therefore did not apply the tade
perturbation properly. The last 5 speakers wererted to

follow the perturbation instead of compensatingifolt is not

mentioned whether these speakers were males oldfermme
studies with other perturbation systems report tosepletion

rate. In MacDonald et al. (2010) [22] only one maig of 20

did not show any compensation.

The parameters of our perturbation system may berbigne
tuned to adjust to women'’s voices, but formantect&n is
inherently more difficult in high pitched voicemee the gap
between two harmonics is higher.

Beyond technical limitations, some speakers may hate
adapted to the perturbation because they rely rooré¢heir
somatosensory feedback than on their auditory fegdturing
speech production. The existence of a sensory nerefe was
suggested by a study in which alterations of thiitary and the
somatosensory feedbacks were performed simultalyedus
speakers [23].

Another possible explanation for the absence ofpereation
in some speakers could be that they do not makeliatigiction

between /e/ and// in production as these phonemes are often

confused in French speakers. However no correlatas
established between the amplitude of speakers’tatiap and
their contrast in production between /e/ afidak assessed in
the pretest.

5. Conclusions

The objective of this study was to contrast thetrdoution of
the word and the syllable in the definition of sgfeemotor
goals. We artificially modified the production dfet syllable

/bel in French speakers by altering their auditf@gdback.
After speakers significantly adapted to the pestidm, the
transfer to /bebe/ was measured under normal fe&daad
compared to the after-effect in /be/. The resuiswsthat the
change in /be/ due to adaptation partially trameterto the
production of /bebe/, suggesting that both unitsragst others
may contribute to defining speech motor goals. difference
of transfer amplitude observed in /bebe/ betweenfitist and
the second syllable raises new questions with dsgtr serial
order. Several factors, from a potential prosodgatfto a
possible influence of the monosyllabic structuréhef training
word could contribute to this last effect. Furtirerestigation is
required to test these assumptions.
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