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Abstract
In a previous study [1] on vowel rounding anticipatory 
perception through a fricative consonant stream with a gating 
paradigm, we discovered that auditory information could be, in 
this VCV frame, ahead of visual information, and even of 
audiovisual information (hence A>AV>V). We propose here 
to extend this experiment to different modality-impaired 
groups of adults and children, namely: (i) to blind and 
impaired-hearing adults vs. normal hearing and sighted ones; 
(ii) and to impaired-hearing vs. normal hearing children (7-11-
year-old). Blind and sighted adults had globally comparable 
results in the auditory modality, though individually less 
categorical for the blind. In the visual condition, hearing-
impaired adults had the same delayed performance as normal. 
In addition the same hearing-impaired adults were tested when 
practicing French Cued Speech (CS). Their performance 
indicated clearly that, with CS, they succeeded in the 
identification task as precociously as normal hearing in the 
auditory condition. Normal hearing children obtained the same 
ranking in their perceptual modalities, i.e. A>AV>V, but with 
a global delay of 20-30 ms compared to adults. Hearing-
impaired children obtained again an anticipatory gain with CS 
comparable to the audio of normal children. The conclusion is 
that each group takes the best advantage of the natural timing 
of their available sensory modalities, by the face, the hand and 
the ear. For Cued Speech coders, the hand-to-face coordination 
can clearly substitute in time to the ear. 
Index Terms: Speech Perception, Blindness, Hearing 
Impairment, French Cued Speech, Language Development 

1. Introduction

In a previous study (AVSP’07, Troille, Cathiard and Abry [1]) 
an anticipatory multimodal perceptual structure was evidenced 
in a VCV domain for normal-hearing and sighted adult 
subjects. This was achieved via the perception of vowel 
anticipatory rounding (of a [y] vowel), visible and audible 
throughout a voiced fricative ([z], which is currently 
permeated by vocalic coarticulation effects). For such 
sequences as [zizy] (fig. 1) with [zizi] as control (fig. 2), [y] 
identifications curves were compared in auditive, visual and 
audiovisual conditions using a gating paradigm, running over 
the whole [z] consonant time course. Our results demonstrated 
that the order of anticipation was: A>AV>V. The auditory 
identification, carried by the frication noise of the consonant, 
was ahead on visual identification and, in this VCV context, 
even on AV identification.

Figure 1: Acoustic signal, spectrogram (up to 8 kHz) and lip 
area (from 0 to 2 cm²) for [zizy] sequence. 

Figure 2: Acoustic signal, spectrogram (up to 8 kHz) and lip 
area (from 0 to 2 cm²) for [zizi] sequence. 

These results gave evidence that the temporal evolution of 
bimodal information in speech strongly depends on the timing 
of the articulatory gestures coordination. Indeed, lip motion 
anticipating for the rounding of the second vowel in the VCV 
transition was audible very early within the frication noise of 
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the consonant, while the characteristic changes in formants for 
the vowel occurred later.

In the present study, we will extend these results to different 
groups of subjects: normal hearing children, blind adults, 
impaired-hearing adults and children. 

Concerning children, there is no study of the perception of the 
vowel rounding anticipatory coarticulation in the three 
conditions A, V and AV. Studies of children perception dealt 
rather with the McGurk phenomenon [2], that is a change in 
configurational coherence.

Concerning blindness, it has been commonly agreed that blind 
listeners had better auditory discrimination abilities than 
sighted ones. But these studies, using various tasks, are 
controversial, ending sometimes in a perceptual superiority of 
the blind, sometimes in identical capacities [3, 4]. We want to 
address this issue with the test-case of vowel rounding, for 
anticipatory acoustic perception in the blind. 

Our impaired hearing subjects used French Cued Speech, 
called Langue française Parlée Complétée (LPC), which was 
adapted from Cued Speech, created in 1967 by Cornett [5] for 
American English. This system of augmented manual coding 
allows to deliver precise phonological information by 
disambiguating lip-reading. The principle of the code consists 
in converting speech into CV syllables and in associating 
labial gestures with manual keys, the consonant of the syllable 
being coded by digital configuration whereas the vowel is 
coded by the position of the hand about the face (fig. 3).  

Figure 3: Keys in French Cued Speech [5].

Several studies on the production of this manual code in 
relation with the labial movements performed by Attina and al. 
[6] demonstrated that the hand is consistently anticipating on 
the lips. Hence Cued Speech can no more be considered 
simply as a hand action disambiguating labial visemes (as 
Cornett had conceived), since in its proper timing, Cued 
Speech has the face come after the hand to complete the final 
phonemic identification. Studies on integration of manual and 
facial information in CS are few. Alegria and Lechat [7], using 
non congruent presentations, with a paradigm inspired by the 
McGurk illusion, showed that the manual information cannot 
be ignored. The gating experiment of Cathiard and al. [8] 
demonstrated that the natural anticipation of the hand was 
perceptually recovered by CS decoders. What we want to 
probe here concerns manual and labial anticipation in the test-
case of the production of the [y] rounded vowel along a [z] 
consonant. How is this specific timing between hand and lips 
perceived? Can CS perception be as early as found for the 
auditory one in hearing subjects? In others words: can the hand 
make up for an ear’s lead? 

2. Experiment design 
We used in this study the same method presented in AVSP’07 
[1]. Let us just recall the main data structure, before going into 
details with tests, subjects and results. 

2.1. Data
From an audiovisual recording in an anechoic room of a 
French male speaker, we extracted 2 sequences “T’as dit ZIZU 
ze?” and “T’as dit ZIZI ze?” (“Did you say…?”), in order to 
explore the transition phase from the vowel [i] toward the 
vowel [y] along an intervocalic consonant [z].  

The ICP-Lip-Shape-Tracker (Lallouache [9]) via automatic 
image processing of the videos, provided a set of different lip 
parameters every 20 ms (frame by frame), among which we 
kept the main classical parameters of upper lip-protrusion (P1) 
and lip-area (S). 

In the audio signal, we measured the ‘formant’ resonance 
transitions along the frication noise of the intervocalic 
consonant (by an LPC analysis with a 0.04 s window, cf. 
Munson [10]), in order to keep track of the coarticulation 
effect (change in resonances) due to the following vowel.  In 
the [zizy] transition (fig. 1), we clearly observed a falling 
movement of the main high resonance along the intervocalic 
consonant, whereas these high consonant frequencies remained 
stable throughout the [zizi] control stimulus (fig. 2). This 
moving down of frequencies corresponded to the reduction in 
lip area values along [z], due to the rounding anticipation of  
the [y] gesture. 

2.2. Tests
To test auditory, visual - with or without CS - and audiovisual 
identification of the vocalic rounding through the consonant, 
we chose a gating paradigm, currently used in speech 
perception studies. 

Auditory, visual and audiovisual tests 

Under the three conditions of presentation, sequences all 
started at the beginning of "T’as dit” (“you said”) and finished 
at different dates in the gating domain. This domain of 
exploration starts 40 ms before the end of [i] and finishes at the 
end of the  intervocalic [z] consonant, i.e. from 1560 ms to 
1720 ms dates. The gating step being 20 ms, we obtained 9 
gated sequences for [zizy] (control sequence [zizi was reduced 
to 3 gated sequences). The audio gate sequences were realized 
with a Praat script. For the audiovisual test, images were added 
frame by frame to the audio gated signal with Adobe Premiere 
Pro 1.5. For the visual test, we assembled the images, in front 
view, with only the onset of the audio sequence, i.e. just “T’as 
dit”, used as an attentional starter for the subject.  

French Cued Speech test 

The visual test with CS was obtained from the visual only test, 
in which we deleted the sound “T’as dit”. The hand was not 
the one of our speaker. A natural hand coding key n°2 for [z] 
was dubbed frame by frame into every gated sequence, taking 
care of reproducing the transition gesture of the hand from a 
coding position to the following one (e.g. from mouth position 
to neck position for [zizy]). To coordinate the labial and 
manual gestures, we chose the mean value of anticipation of 
the hand observed by Attina et al. [6]. The follow-up of the 
hand gesture, together with the lip area time-course, is 
presented in figure 4 (we only show y displacement, since the 
movement of the hand goes from mouth position for [i] to neck 

64



position for [y]). So the hand gesture for the neck position 
begins 140 ms before the acoustic onset of the [z] consonant 
and reaches his stable position about the consonant onset. 
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Figure 4: Tracking of the hand gesture (y displacement,   
reversed scale) with lip area time course along [zizy].

The gating domain adopted is wider than in the A, V and AV 
tests. It extends from 1460 ms to 1720 ms, i.e. from 140 ms 
before the end of [i] till the end of [z], this in order to include 
all the manual and labial potentially relevant gestures. Finally 
we added to [zizy] and [zizi] sequences a [zize] sequence, [e] 
vowel having the same manual position as [y] and nearly the 
same labial shape as [i]. So hearing-impaired subjects had to 
choose between 3 vowels [i], [y] and [e], making us sure that 
their results corresponded to an integration of the hand and the 
lips gestures, and not to the simple detection of a movement of 
the hand toward the neck. We obtained 14 gated sequences for 
[zizy], to which we added 2 gated sequences for [zizi] and 
[zize]. 

The sequences were inserted in Multimedia Toolbook software 
and presented in random order in all  tests. 

2.3. Groups of subjects 

Normal hearing adults and children groups 

The normal hearing adults group is composed of the same 50 
subjects of our previous study (cf. AVSP’07): 45 women and 5 
men, from 18 to 25 years (21 years and 1 month on average).  

18 normal hearing French Canadian children, without auditory 
or visual deficiency, were tested. They were 14 girls and 4 
boys, from 8 to 11 years old (mean: 9 years and 7 months). 

The subjects were tested in the 3 conditions of presentation A, 
V and AV. They had to identify the final vowel of every gated 
sequence: [i] or [y]. The 9 [zizy] sequences and the 3 [zizi] 
sequences were respectively repeated 10 times and 5 times for 
the adults; every sequence was only repeated twice for 
children, in order to avoid too long testing. 

Blind adults group 

A group of 11 blind born French Canadian adults were tested. 
They were 6 women and 5 men from 27 to 55 years old (42 
years and 3 months on average). This group was of course 
tested only for the auditory test, with the same task, identifying 
the final vowel as [i] or [y]. 

Hearing Impaired adults and children groups

12 severe or profound hearing-impaired adults, 6 women and 6 
men, from 15 to 34 years (mean: 23 years and one month) 
were tested (table 1). 8 were hearing-impaired from birth, the 

others becoming deaf before the age of 2 and a half years (age 
of screening). They became exposed to CS at about 3 years on 
average: 7 months for our youngest subject, 10 years for the 
oldest one, and 15 years for a subject which had refused to 
learn CS earlier. The average CS exposure time was 19 years. 
All had a fairly good level in decoding. 

i                  z         y 

SexAge Deafness type Parents Deafness 
detection 

Hearing aid CS
expo° 

RN M 28 profound, bilateral Normal hearing, 
coder mother 

2½ y.  Bilateral hearing aid
(2 y. – 2½ y.) 

3 y. 

CH F 24 profound, bilateral Normal hearing, 
coders

18 m. - 2 y. 

MG F 16 profound, bilateral Normal hearing, 
coders

- de 2 y. Bilateral hearing aid 2/3 y.

FA M 23 profound, bilateral, 
by birth 

Normal hearing, 
coders

2 y./2½ y.  Bilateral hearing aid
(2-3 y.) 

3 y. 

JH F 20 profound, by birth Normal hearing, 
coders

1½ y.  Bilateral hearing aid 
(1½ y.) 

1½ y.

LF F 20 profound p-severe, 
bilateral, by birth 

Normal hearing, 
coder father 

3 y. Bilateral hearing aid
(3 y.) 

15 y. 

TP M 15 profound, bilateral, 
by birth 

Normal hearing, 
coders

7 m. Bilateral hearing aid
(7 m.) 

7 m. 

LM M 19 profound, by birth Normal hearing, 
coders

Birth Hearing aid (1 y.) 18 m.

ND M 28 Severe, bilatéral Normal hearing, 
coder mother 

18 m. Bilateral hearing aid
(2 y.) 

3/4 y.

VG M 34 profound, by birth Normal hearing, 
coder mother 

4 y. - 10 y 

MA F 22 profound, bilateral, 
scalable, by birth 

Normal hearing, 
coders

Birth Bilateral hearing aid
(6 m.) 

2 y. 

MR F 28 profound, bilateral, 
by birth 

Normal hearing, 
coders

1 y. Cochlear implant 
 (18 y.) 

4 y. 

Table 1: Anamnesis of hearing-impaired adults subjects.

The hearing-impaired children group was composed of 13 
subjects (table 2), 8 girls and 5 boys, from 7 to 11 years old (8 
years and 10 months on average). 7 were French and 6 French 
Canadian. Their deafness was generally severe or profound 
(one subject had a moderate hearing-impairment and one was 
totally deaf). They were detected between 9 months and 5 
years and 11 months (at birth for the totally deaf child). Their 
age of CS exposure depended on the CS tradition of their 
nation: the French children began to practice CS earlier than 
the French Canadian children (see table 2 for details). They 
practiced the code for 5 years on average. Parents were all 
normal hearing, in general coders for French children and non 
coders for French Canadian children. 

SexAge Deafness type Parents Deafness 
detection Hearing aid CS 

expo°

MLM F 10 Medium-severe,
bilateral, by birth 

Normal hearing, 
non coders 4 y. et 3 m. Bilateral hearing 

aid (5 y.) 5 y. 

MD F 11 Profound, bilateral Normal hearing, 
coders 18 m. Cochlear implant (4 

y.) 4 y. 

BD F 8 Medium-severe,
bilateral, by birth 

Normal hearing, 
non coders 3 y. and 9 m. Bilateral hearing 

aid (4 y.) 7 y. 

KMD M 10 Severe, bilateral Normal hearing, 
non coders 

5 y. and 11 
m.

Bilateral hearing 
aid (6 y.) 6 y. 

MDM F 10 Severe, bilateral Normal hearing, 
non coders 2 y. ½ Bilateral hearing 

aid (2½ y.)  4 y. 

CD M 9 Medium, bilateral Normal hearing, 
non coders 

3 y. and 11 
m.

Bilateral hearing 
aid (3 y. et 11 m.) 4 y. 

MR F 7 Profound, bilateral Normal hearing,, 
coders 15 m. Cochlear implant (2 

y.) 2 y. 

AB F 7 Profound, bilateral Normal hearing, 
coders 9 m. Cochlear implant 

(22 m.) 2 y. 

VA M 7 Profound, bilatéral, 
by birth 

Normal hearing, 
coders 18 m. Cochlear implant (2 

y.) 2 y. 1/2

MP M 7 
Severe (R), 

profound (L), 
scalable 

Normal hearing, 
coder mother 3 y. Unilateral right 

hearing aid (4 y.) 4 y. 

CF F 7 Medium-severe,
bilatéral 

Normal hearing, 
coder mother 3 y. Bilateral hearing aid 

(4 y.) 4 y. 

TVS M 9 Total deaf, bilateral, 
by birth 

Normal hearing, 
coders Birth. - 6 m.

EN F 11 Severe-profound,
bilateral, by birth 

Normal hearing, 
coders 12 m. Bilateral hearing aid 

(20 m.) 2 y. 

Table 2: Anamnesis of hearing-impaired  children subjects (in 
italic: French Canadian children).
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Their task was to identify [i], [y] or [e] in visual condition, 
with or without CS, these conditions being randomized. 14 
[zizy] sequences and 2 [zizi] and [zize] sequences were 
respectively repeated 8 times and 3 times for adults; each 
sequence only twice for children. 

3. Results

We only considered [y] answers in [zizy] sequences ([zizi] and 
[zize] controls sequences were all correctly identified). The 
identification functions – traced from [y] percent responses for 
each [zizy] gated sequence – had a classical S-shape.  (for 
intelligibility’s sake remind that the acoustic beginning of [y] 
vowel corresponded to the 1720 ms date.) 

The boundaries of [y] identification curves (at 50%) for the 
different conditions and their comparisons were determined by 
a Probit analysis (significant difference at p<0.01). For the 
adults, for whom we had a fair number of repetitions, we 
calculated individual boundaries by Probit and compared the 
conditions by an analysis of  variance. 

3.1. Results of the normal hearing adults and 
children groups 
For the 50 normal hearing adults subjects (fig. 5), the condition 
of presentation had a significant effect (F(2,98)=278;
p<0,001). The 50% boundaries were located at 1628 ms in A, 
at 1645 ms in AV and at 1669 ms in V, i.e. respectively 92, 75 
and 51 ms before the acoustic beginning of the vowel [y]. The 
vowel was thus clearly identified into the preceding [z] 
consonant, the earliest in A and the latest in V, the 
intermediate position of the AV condition reflecting a 
compromise between the influence of both auditory and visual 
modalities. 
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Figure 5: Comparison of the mean curves in auditory, 
audiovisual and visual modalities for normal hearing and 
sighted adults: A>AV>V. Dates on the time scale are gating 
steps. 

This order of anticipation first found for adults A>AV>V was 
also observed for the 18 normal hearing children (fig. 6). The 
identification boundaries for A, AV and V were respectively 
situated at 1651 ms, 1671 ms and 1709 ms. [y] was again 
identified by children into the [z] consonant, but with a 
significant delay in the three conditions with regard to adults: 
23 ms for A, 26 ms for AV and 19 ms for V. 
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Figure 6: Comparison of the mean curves in auditory, 
audiovisual and visual modalities for normal hearing and 
sighted children: A>AV>V. 

3.2. Results of the blind adults group 
Individual identification curves are presented together with the 
mean curve for blind subjects (fig. 7).
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Figure 7: Individual auditory [y] identification curves (thin 
lines) and mean curve (bold line) of the blind subjects.

0

10

20

30

40

50

60

70

80

90

100

1560 1580 1600 1620 1640 1660 1680 1700 1720

Time (ms)

%
 id

en
tif

ic
at

io
n 

[y
]

A
A blind

Figure 8: Comparison of the mean auditory curve for sighted 
and blind adults. 

The 50% boundary of the mean auditory curve for blind adults 
is situated at 1624 ms: [y] is clearly identified early through the 
[z] consonant. A large span of variation in the individual 
identification boundaries was observed from 1595 to 1670 ms 
dates, i.e. in a 75 ms span (vs. a 38 ms span for the normal-
hearing and sighted subjects, cf. fig. 8). 

Compared to the auditory boundary of the sighted adults (1628 
ms, fig. 8), there was no significant difference between the 
mean curves (p>0.01). But a significant difference does exist 
between the individual slopes of the two groups (F(1,60)=7.23;
p<0.01). The individual slopes of the blind subjects (fig. 7) are 
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regularly less steep than for sighted subjects (fig. 9), i.e. the 
identification of blind subjects seems be less categorical. 
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Figure 9. Individual auditory [y] identification curves (thin 
lines) and mean curve (bold line) of the sighted subjects. The 
individual curves are relatively grouped around the mean 
curve, the individual boundaries varying from 1604 to 1642 
ms in dates. 

3.3. Results of the hearing impaired adults and 
children groups 
We compared identification curves in visual and in the visual 
with CS conditions by presenting only the 9 steps 
corresponding in the two conditions, i.e. from 1560 ms to 1720 
ms. 

For adults (fig. 10), the vowel [y] was identified in CS with a 
lead of 66 ms with regard to the visual condition: boundary 
was at the date 1609 ms in CS and 1675 ms in V (significant 
difference with F(1,11)=54,839, p<0,001). The comparison of 
the individual identification curves showed that the order of 
anticipation CS>V was found to 10 out of our 12 subjects. 
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Figure 10: Comparison of the mean curves in visual only and 
visual with CS  for hearing-impaired  adults: CS>V.

We compared the identification boundaries in V and CS 
modalities for hearing-impaired adults with those in A and V 
modalities for normal hearing adults. We first noticed that their 
results were not different in the V condition (1675 ms vs. 1669 
ms; F<1). We also compared the CS boundary and the A 
boundary, because they were the earlier (1609 vs. 1628 ms): 
we found no significant difference (F(1,61)=5,520; p=0.02).
We noticed however that their identification curve was  less 
categorical for hearing-impaired subjects. Hence, we obtained 
the following order of anticipation: CS=A>AV>V.

For the 13 hearing impaired children (fig. 11), we found again 
a significant advance with CS: 1645 ms in CS vs. 1698 ms in 
V, i.e. 53 ms. As to the comparison between hearing impaired 
children and adults, Probit analysis indicated for CS condition 

(1645 vs. 1609 ms) a significant delay of 36 ms for children, 
but no significant difference in the visual condition (1698 vs. 
1675 ms). 
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Figure 11: Comparison of the mean curves in visual only and 
visual with CS for hearing-impaired  children: CS>V. 

Comparison of the boundaries in the visual condition for 
normal hearing and hearing impaired children (1709 vs. 1698 
ms) revealed a significant difference, with a 33 ms lag for 
hearing-impaired. The CS boundary for hearing-impaired  
children was equivalent to that of normal hearing children in A 
(respectively 1645 ms and 1651 ms; NS difference).  

As for adults, we thus obtain for children the same ordering of 
identification boundaries CS=A>AV>V. 

4. Discussion

The aim of this study was to test the multimodal perception of 
speech within a paradigm of anticipation and with several 
groups of different subjects with different sensory capacities 
and skills: normal hearing sighted adults and children, blind 
adults, and hearing impaired adults and children using French 
Cued Speech. The mean 50% identification boundaries for 
these groups in the different conditions in which they were 
tested are summarized below (table 3). 

 A CS AV V
11 blind and normal-hearing 
adults 1624 --- --- ---
50 norma-hearing sighted 
adults 1628 --- 1645 1669
12 hearing-impaired adults 
using CS --- 1609 --- 1675
18 norma-hearing children 

1651 --- 1675 1709
13 hearing-impaired children 
using CS --- 1645 --- 1698

Table 3: Mean identification boundary dates in ms for each 
group in the different conditions tested.

The auditory perception analysis of blind subjects, compared 
with the sighted ones, showed that blind persons revealed not 
better in the auditory modality. Moreover the individual curves 
of sighted subjects indicated a more categorical identification.  

For the 12 hearing-impaired adults as for the 13 hearing-
impaired children, the visual identification of the vowel [y] 
with the CS code is clearly more precocious than for the visual 
identification of the vowel without the code. The dubbing of a 
hand on our [zizy] speaking face gave the same effect as found 
in Cathiard and al. [8], who demonstrated that Cued Speech 
subjects took a perceptual benefit of the anticipation of the 
hand on the lips. In this study also, the CS hand anticipation in 
the production of [zizy] transition (presented in figure 4) is 
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used by the subjects to identify as soon as possible the vowel 
[y]. 

When comparing our curves for [i], [e] and [y] identifications 
in the CS condition (fig. 12 for adults and fig. 13 for children), 
we were able to evidence that the decoding gesture took place 
in 2 stages. First with the identification of a group of possible 
vowels according to the downward movement of the hand 
toward the neck (for both [e] and [y]). Then with the choice of 
one of these vowels once the labial shape is available. So, as 
illustrated in figure 12 for adults, the transition from the 
perception of an [i] (until 1520 ms) to the perception of [y] 
(from 1620 ms), displayed a plateau phase, i.e. an intermediate 
zone of about 100 ms where [e] and [y] were in competition. 
The same global observation can be made for the hearing-
impaired children (fig. 13), even if their curves are more 
irregular.
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Figure 12: Identification curves [y, e, i] throughout the 14 
gating steps in CS condition for hearing-impaired  adults.
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Figure 13: Identification curves [y, e, i] throughout the 14 
gating steps in CS condition for hearing-impaired  children.

The perception in the three modalities A, AV and V for the 
normal hearing children, and V with and whithout CS for the 
hearing-impaired ones, seems to correspond to that of the 
adults, with however a temporal delay (up to 36 ms). It is 
possible that the children tested, from 7 to 11 years old, had 
not yet reached the perceptual expertise of an adult speaker. 
This result converges with Sekiyama and Burnham [2], 
showing a progressive gain of the visual information with age. 

Notice that the hearing-impaired subjects (adults and children) 
are not better than normal hearing subjects in visual only 
condition, which is in agreement with Bernstein and al. [11] 
(when we consider globally their groups of subjects, without 
taking into account possible individual differences). But with 
CS, hearing-impaired subjects can equalize with the auditory 
perception of hearing subjects, which is the earlier in the case 
of our study with a frame universally valid as VCV. Our 

conclusion is that each group takes the best advantage of the 
natural anticipatory timing of their available sensory 
modalities within their skills, on the face, the hand and into the 
ear. As concerns Cued Speech coders, since as demonstrated in 
the present study, the hand can make up for an ear’s lead, the 
hand-to-face coordination can clearly substitute in time to the 
ear.
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