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Abstract 

In analyses and models of audiovisual speech perception, it 
has been common to consider three percepts: (1) the auditory 
percept evoked by acoustic stimuli, (2) the visual percept 
evoked by optic stimuli and (3) a common percept evoked by 
synchronous optic and acoustic stimuli. Here, it is shown that 
a vocal percept that is heard and influenced by vision has to 
be distinguished from a gestural percept that is seen and 
influenced by audition. In the two experiments reported, 
syllables distinguished solely by their vowels [i], [y] or [e] 
were presented to phonetically sophisticated subjects 
auditorily, visually and in incongruently cross-dubbed 
audiovisual form. In the first, the subjects rated roundedness, 
lip spreading, openness and backness of the vowels they 
heard - in the second of those they saw. The results confirmed 
that roundedness is mainly heard by eye while openness is 
heard by ear. Heard backness (retraction) varied with the 
acoustic and optic presence of roundedness. Seen openness 
was substantially influenced by acoustic cues, while there was 
no such influence on seen roundedness. The results are 
discussed in the context of theories and models.  
Index Terms: auditory-visual integration, vowel perception, 
visual speech perception, audio-visual speech perception.  

1 Introduction 
To most people with normal sensory systems, it is obvious 
that acoustic speech stimuli evoke an auditory percept and 
that optic speech stimuli evoke a visual percept. In cases in 
which a speaker can be heard as well as seen, the nature of 
the percepts is much less clear. As long as the distance 
between speaker and listener is not very large, the acoustic 
signal is not very much delayed (3 ms/m). The two signals are 
sufficiently synchronous and could be merged into a single 
percept. However, it is unclear how this would affect the 
modality-specific percepts. The outcome might be a single 
common percept, but there may also be two, one auditory and 
one visual. There may also be three percepts, an auditory, a 
visual and a common one. There may be still more percepts 
that would reflect the distinction between the linguistic and 
the pre-linguistic level of analysis. In addition to the number 
of percepts, the adequacy of the attributes “auditory” and 
“visual” is also in question. It may perhaps be more adequate 
to focus on the phenomena instead of the modalities and to 
distinguish between “vocal” and “gestural” percepts instead.  

The widely propagated motor theory of speech perception 
[1, 2] and the direct realist theory of speech perception [3] 
both claim that the events perceived are gestural also in 
auditory speech perception. This claim was first raised 
subsequent to the observation that phonetic segments are not 
specified by intrinsic acoustic invariants. Unfortunately, 
Liberman’s group was not aware of the investigations of 
coarticulation by Menzerath and de Lacerda [4], which had 
already made it plainly clear that phonetic segments are not 
specified by intrinsic articulatory invariants either. This is not 

required by Fowler’s theory [3], which is based on gestures 
due to a belief that perceptual systems universally serve the 
function of perceiving real world causes of structure rather 
than structure itself (cf. [5]). However, it is undeniable that 
there are also purely structural sensory experiences such as 
shapes and melodies. These require a carrier that must be 
adequate, but its origin and its other properties are irrelevant.   

According to the modulation theory of speech [6, 7], the 
human voice functions as a carrier and the linguistically 
coded information is conveyed by its modulation. Thus, the 
‘object’ of normal speech production and perception is vocal 
rather than gestural, but listeners who are also competent 
talkers may be affected in some ways by their knowledge of 
the gestures they perform when they modulate their own 
voice. In lip reading, the face of the speaker functions as a 
carrier, and it is modulated by visible articulatory gestures. In 
this case, there is a gestural percept. Both kinds of percept are 
present in audiovisual speech perception, but it remains to 
clarify the interplay between them and how haptic speech 
perception fits into the picture. Haptically perceived mouthed 
syllables have been observed to affect reports of 
simultaneously heard syllables and vice versa [8]. 

In models of audiovisual speech perception (cf. [9]), it 
has been most common to distinguish between three kinds of 
percept: 1) the auditory percept evoked by acoustic stimuli, 2) 
the visual percept evoked by optic stimuli and 3) a common 
percept evoked by synchronous optic and acoustic stimuli 
(see Fig. 1). This is mostly regarded as modality-free 
(supramodal, intermodal), except for the gestural approaches.  

However, this tripartition is not satisfactory. In most 
experimental investigations of audiovisual perception the 
subjects reported what they heard (the vocal percept) even in 
case 3), whether or not they had been asked explicitly to do 
so. As for the nature of the reported percept, case 3) is 
identical with case 1).  When no auditory signal is presented, 
as in case 2), the perceptual experience is clearly different in 
kind. There is actually no conclusive evidence for more than 
two different kinds of percept. The third one appears to be an 
intellectual construct. This is not to deny that language users 
have certain concepts of units of speech, which span all the 
different modalities that can be involved in the perception and 
production of speech. The idea of a ‘common percept’ 
involves identifying the auditory and the visual percept with 
the same concept, but this succeeds only with sufficiently 
congruent signals. 

In many experiments it has been shown that the vocal 
percept evoked by acousto-optic speech stimuli is influenced 
by vision. Experiments have also revealed in some detail how 
the degree of this influence depends on the feature and the 
signal-to-noise ratio, that it is different with different speakers 
and that there are significant differences between listeners, 
genders and age groups [10, 11]. In contrast, there have been 
very few experiments in which the subjects have been asked 
for their visual percept when there was also an acoustic 
speech signal [12].                                                                    
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Figure 1: Schematic diagram of audiovisual speech 
perception as it has usually been described. 

The present series of experiments has the aim of contributing 
to the clarification of the cross-modal interactions in audio-
visual speech perception by taking into account the effects an 
acoustic signal has on the visual perception of speech. These 
effects will be compared with the effects an optic signal has 
on auditory perception. The first results have been reported in 
a previous conference contribution [13]. In two perception 
experiments, vowels in monosyllabic nonsense utterances 
/ɡiː ɡ/, /ɡyːɡ/ and /ɡeːɡ/ were presented to Swedish subjects 
auditorily, visually and bimodally with incongruent cues to 
openness and/or roundedness. In the first experiment, the 
subjects had to tell what they heard; in the second what they 
saw. The results showed that the same stimuli evoke a visual 
percept that may be influenced by audition and an auditory 
percept that may be influenced by vision. This may be 
phonetically different from the visual percept. In both cases, 
the strength of the influence of the unattended modality 
showed between-feature variation reflecting the reliability of 
the information. Since the response alternatives included only 
the vowel phonemes of Swedish, the results did not answer 
the question of whether integration occurs late, i.e., after 
classification in each modality [12], or prior to any 
classification (cf. [14, 9]). However, informal listening for 
phonetic quality suggested the latter. This will be 
substantiated by the present experiments, in which the same 
kind of stimuli were presented to phonetically sophisticated 
subjects who had to rate the following phonetic dimensions of 
the vowels: roundedness, lip spreading, openness and 
backness. The phonetic dimensions of vowels can much more 
easily be rated in sub-categorical detail than those of the 
consonants that prevail in investigations of audio-visual 
integration [15]. Since preliminary observations suggested 
unSwedish subcategorical variation in backness to be present 
in stimuli with incongruent cues to roundedness, this 
phenomenon received special attention.  

2 Method 

2.1 Speech material 

In the present experiments, a subset of the speech material 
from a previous investigations [11, 13], was used again. Raw 
material for the stimuli consisted of video recordings showing 
the speakers’ faces when uttering the nonsense syllables 
/ɡiːɡ/, /ɡyːɡ/ and /ɡeːɡ/. To obtain the final stimuli, the 
recordings were cross dubbed. In this way six incongruent 
acousto-optic stimuli (AV-stimuli), three purely acoustic 
stimuli (A-stimuli) and three purely optic stimuli (V-stimuli) 
were obtained for each speaker. The synchronization of the 

incongruent stimuli was based on the release burst of the 
initial plosive. In the first experimental session all the AV- 
and A-stimuli were presented once. In the following session 
all the AV- and V-stimuli were presented once, thus giving a 
total of 36 stimuli in each session (6+3 stimuli by 4 speakers).  
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2.2 Speakers  

There were 4 speakers: S1 (male, 45 years), S2 (male, 29 
years), S3 (female, smiling, 29 years) and S4 (female, long-
necked, 21 years). They were native speakers of Swedish 
affiliated to the Department of Linguistics at Stockholm 
University as employees or students.  

2.3 Listeners/lipreaders 

There were 14 subjects in the previous experiment [13]. Eight 
of these were chosen to serve as subjects also in the present 
experiments, which were run on the next day. Since not much 
can be learned about detail in audio-visual integration from 
subjects with a low susceptibility to optic input, it was 
attempted to avoid these, but subject selection had to be based 
on informal observation during the first experiment, before 
the data had been analyzed. It was later seen that the four who 
were least sensitive to optic input and two with approximately 
average sensitivity had been excluded. All the subjects were 
native speakers of Swedish who had passed at least a basic 
course in phonetics. They were familiar with the IPA-chart 
for vowels. Two of the subjects were male (27 and 60 years) 
and six female (20, 21, 23, 25, 34 and 59 years). All reported 
normal hearing. Their vision was normal or corrected to 
normal.  

2.4 Procedure 

2.4.1  Session 1 

The subjects wore headphones AKG K25 and were seated at 
about an arm’s length from a computer screen. The 36 stimuli 
were all presented in quasi-random order, using Windows 
Media Player. The height of the faces, shown in the right half 
of the screen, was roughly 12 cm. The subjects were 
instructed to always look at the speaker when shown. They 
were asked to rate the following phonetic dimensions of the 
vowel they had heard: Roundedness, lip spreading and 
position in a vowel rectangle reminiscent of the IPA chart. 
There were two such rectangles, one for unrounded and one 
for rounded vowels. The subjects controlled the stimulus 
presentation, which gave them the opportunity to repeat any 
stimulus as often as they would wish. An electronic response 
sheet was arranged in the left half of the screen. Roundedness 
was to be rated in six steps: not rounded (0.0), noticeably 
rounded (0.25), half rounded (0.5), rounded with deficit 
(0.75), rounded (1.0) and rounded with surplus (1.25). 
Concerning lip spreading, there were three choices: not 
spread (0.0), noticeably spread (0.5) and clearly spread (1.0). 
In openness, 18 response alternatives were available, the 2nd 
corresponding to close vowels (0.0), the 6th to close-mid 
vowels (1.0) and the 10th to open-mid vowels (2.0). There 
were 11 backness response alternatives, the 2nd 
corresponding to front vowels (0.0) and the 6th to central 
vowels (1.0). The numeric values used in the data analysis are 
shown within parentheses. The subjects were fully aware that 
the stimuli were the same as in the earlier experiment [13]. 
They could, therefore, expect a skewed vowel distribution. 



2.4.2 Session 2 

In this session, the experimental procedure was basically the 
same as in the preceding session, but here, the subjects were 
asked to rate the phonetic dimensions of the vowel they had 
seen by lip reading, even though they had an acoustic input 
when watching the AV-stimuli. Concerning backness, there 
were only 7 response alternatives, the 2nd corresponding to 
front vowels (0.0) and the 4th corresponding to central vowels 
(1.0).  

3 Results 
In order to obtain and evaluate models of the behavior of the 
average subject, the ratings obtained for each stimulus on the 
dimensions of roundedness rnd, lip spreading spr, openness 
opn and backness bac were averaged over the 8 subjects. All 
the diagrams and correlation analyses presented in the 
following for the lipreading experiment as well as for the 
listening experiment concern these average responses, while 
details in the distribution of the individual responses are 
mentioned in the text. The results of the listening experiment 
have been presented at another conference [16]. They are 
detailed here again in order to be compared with those of the 
lipreading experiment. 

3.1 Listening experiment 

In Fig. 2a, the average rating of opn is plotted against that of 
rnd for all A-stimuli. As for opn, the categories were well 
separated and the ratings obtained with different speakers 
agreed very well with each other (opnA = 0.03 to 0.10 for [i], 
0.03 to 0.13 for [y] vs. 1.00 to 1.13 for [e]). In contrast, there 
was a great deal of speaker-related variation in the ratings of 
rnd and of spr as well. On average, the intended [i] and [e] of 
long-necked S4 were even heard as more rounded and less 
spread than the intended [y] of smiling S3, but the range of 
the roundedness ratings extended from 0.0 to 1.0 in these 
cases, with a bimodal distribution.  

In the Figs. 3a and 3b, heard openness and roundedness of 
the AV-stimuli are plotted against the ratings for openness 
and roundedness obtained with purely acoustic presentation. 
Fig. 3a makes it evident that the openness ratings for the AV-
stimuli are highly correlated with those for the A-stimuli (r = 
0.986, ρ = 0.80). No such correlation is visible for 
roundedness in Fig. 3b (r = –0.26, ns; ρ = –0.05, ns). The 
acoustic signal had, thus, no significant influence on the 
roundedness ratings obtained from these listeners.  

Figs. 4a and 4b show the same data as Figs. 3a and 3b but 
now plotted against the ratings obtained with purely optic 
presentation. Fig. 4b shows that the roundedness ratings for 
the AV-stimuli are correlated with those for the V-stimuli (r = 
0.93, ρ = 0.79). No such correlation is visible for openness in 
Fig. 4a (r = –0.23, ns; ρ = 0.03, ns): The optic signal had no 
significant influence on the ratings of heard openness.   

In Fig. 3c, heard backness (bacH) is plotted against 
roundedness perceived with A-stimuli (rndA). The correlation 
(r = 0.81, ρ = 0.71) is highly significant. Fig. 4c shows, in 
addition, a significant correlation (p < 0.01, two-tailed) with 
rndV, the roundedness perceived with V-stimuli (r = –0.55, ρ 
= –0.59). Neither bacA nor bacV contributed significantly to 
the heard backness of the incongruent stimuli. 

Here are the results of stepwise linear regression analyses, 
in which the average ratings obtained in A-stimuli and the V-
stimuli (from the lipreading experiment) have been taken as 
the candidate independent variables together with the 
interaction terms, where “xAV“ stands for xA * xV :  

 
opnH = 0.05 + 1.00 opnA               (r2 = 0.97) 
 
rndH = 0.05 + 0.82 rndV                               (r2 = 0.92) 
rndH = – 0.03 + 0.86 rndV + 0.47 bacV        (r2 = 0.95) 
 
sprH = 0.04 + 0.95 sprV                                       (r2 = 0.78) 
sprH = 0.05 + 0.72 sprV + 0.55 sprAV        (r2 = 0.83) 
 
bacH = 0.06 + 0.24 rndA              (r2 = 0.66) 
bacH = 0.06 + 0.25 rndA – 0.20 rndAV           (r2 = 0.74) 
 
No other main factors and interactions contributed 
significantly. While the variance explained (r2) would have 
been lower if the analysis had been based on individual data, 
the regression equations would have been the same. 

3.2 Lipreading experiment 

In the ratings of the V-stimuli (Fig. 2b), there was very good 
separation and agreement across speakers in the roundedness 
ratings (rndV = 0.00 for all [i], ≤ 0.03 for [e] vs. 0.81 to 1.10 
for [y]) and also in the ratings of lip spreading (sprV ≤ 0.13 
for [y] as compared with sprV = 0.25 to 0.63 for [i] and [e]). 
In contrast, there was much overlap between the openness 
categories (opnV = 0.44 to 1.13 for [i], 0.03 to 1.06 for [y] vs. 
0.85 to 1.38 for [e]). On average, the [i] of S4 was even seen 
as slightly more open than the [e] of S3.  

In the Figs. 5a and 5b, seen openness and roundedness of 
the AV-stimuli are plotted against the ratings for openness 
and roundedness obtained with purely acoustic presentation. 
Fig. 5a makes it evident that the openness ratings for the AV-
stimuli were correlated with those for the acoustic stimuli (r = 
0.754, ρ = 0.82). The acoustic signal had, thus, a substantial 
influence on the ratings of seen openness. The expected 
correlation with the openness ratings for the V-stimuli was 
considerably weaker (r = 0.29, ns. ρ = 0.31, ns.), as can be 
seen in Fig. 6a. There was, however, a significant correlation 
within each subgroup to which regression lines have been 
fitted in the figure. For seen roundedness, in contrast, there 
was a very high correlation with the V-stimuli (r = 0.992, ρ = 
0.90) and no significant correlation with the A-stimuli (r =  
–0.37, ns; ρ = –0.24, ns), as can be seen in Figs. 5b and 6b.  

In Figs. 5c and 6c, seen backness (bacS) is plotted against 
roundedness perceived with A- and V-stimuli (rndA and rndV). 
The variable bacS correlated weakly, but significantly (p < 
0.05, two-tailed) with rndA (r = 0.41, ρ = 0.42) while there 
was no significant correlation with rndV. In addition, bacV 
contributed significantly.  

Here, the results of stepwise linear regression analyses are 
listed for lipreading as in section 3.1 for listening:   

 
opnS = 0.40 + 0.51 opnA             (r2 = 0.57) 
opnS = 0.05 + 0.59 opnA + 0.42 opnV  (r2 = 0.81) 
 
rndS = 0.01 + 0.96 rndV               (r2 = 0.98)  
 
sprS = – 0.03 + 1.05 sprV    (r2 = 0.93) 
 
bacS = 0.09 + 0.42 bacV               (r2 = 0.22) 

 
For rnd and spr, some additional main factors and 

interactions turned out to make a significant contribution, but 
these explained less than 1% of the variance and are therefore 
not shown here.  
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Figure 2: Average perceived openness 
opn plotted against roundedness rnd of 
the purely acoustic A-stimuli (a) and the 
purely optic V-stimuli (b). Speakers: S1, 
male: □; S2, male: ◊; S3, female, smiling: 
▲; S4, female, long-necked: ●.

 

4 Discussion 
The results of the listening experiment demonstrate that the 
distinctive feature [rounded] is sometimes not sufficiently 
specified by the acoustic properties even in complete 
utterances. According to the modulation theory, listeners tune 
in to a speaker’s voice and, in effect, evaluate the deviations 
of the current properties of the signal (f0, formant frequencies 
etc.) from those they expect of a linguistically neutral 
vocalization by that voice. Since the accuracy of this process 
increases when some syllables carried by the same voice have 
already been heard just before, it can be predicted that the 
listeners would have been more successful in recognizing the 
intended vowels if the stimuli had been presented blocked by 
speaker. While not tested here, such an effect has been 
observed in experiments in which listeners had to identify 
stimuli that were artificially deprived of some acoustic cues 
such as f0 and the formants above F2 [17].   

The results obtained with the incongruent AV-stimuli in 
the listening experiment were similar to those from the 
“Sharp Eyes”, to which belonged the majority of subjects in 
[11]. They confirm that even listeners who rely on the optic 
signal in the ‘auditory’ perception of roundedness rely on the 
acoustic signal in openness perception. The finding that 
subjects are influenced by the acoustic signal in their rating of 
seen openness, while there is no such influence on seen 
roundedness, is compatible with this, but it can now be seen 
that the weight of the optic cues in auditory perception of 
roundedness is clearly higher than that of the acoustic cues in 
visual perception of openness. The subjects did not either rely 
very much on optic cues to openness, which can be inferred 
from the comparatively moderate r2-values. This is probably 
due to the fact that the visible openness of the mouth also 
varies as a function of vocal effort and between speakers due 
to individual habits.   

The ratings, especially of heard backness, made it clear 
that audio-visual integration operates on the sub-phonemic 
level. While this was already inferred from studies in which 
the categoric perception of consonants had been investigated 
(cf. [14]), it can be seen more directly in vowels since the 
phonetic dimensions of these are easier to rate in a sub-
categorical manner. Only in the ratings obtained for 
roundedness in the listening task there was a bimodal 
distribution, which suggests perception to have been mainly 
categoric. This reflects the binary distinction that suffices to 
cope with roundedness in its linguistic function, and it 
suggests that it was too difficult for the subjects to make more 
fine-grained decisions on the basis of the acoustic signal.   

The influence that the roundedness of the acoustically and 
the optically presented stimuli had on the auditory backness 
rating of the incongruent stimuli is particularly interesting. 

The position of the tongue and the jaw (in relation to the 
scull) is, by definition, the same in any front vowels that are 
distinguished from each other solely by their roundedness, but 
if considered in relation to the lips, the tongue is further back 
in rounded vowels. However, there is also a sufficiently 
prominent auditory property that could be responsible: The 
formant frequencies, in particular F2 (and F2′), are lower in 
the rounded vowels, which also would be the case if the 
tongue was retracted. The present results show that vowels 
whose auditory cues agree with those of front rounded vowels 
are heard as further back than front unrounded vowels (Fig. 
3c). They also show that this must be due to auditory rather 
than articulatory associations: Visible rounding of the lips 
that was not accompanied by formant lowering had even a 
significant effect in the opposite sense (Fig. 4c). This is yet 
another argument against the assumption that gestures are the 
object of auditory perception (others are mentioned in [18, 
19]), while it is compatible with the modulation theory [6, 7], 
according to which the linguistically informative information 
resides in the modulations of the speaker’s voice. However, it 
cannot be denied that gestures are the object of visual and 
haptic perception, unless one goes to the other, equally weird 
extreme and claims that the vocal modulations are the true 
object of visual perception. The modulation theory is 
compatible with the existence of a gestural object of 
perception in addition to the vocal. 

The results of the two experiments show that there are 
two different percepts, which both are susceptible to cross-
modal influence. This disagrees with most previous analyses 
[9], which were of the kind shown in Fig. 1. The question of 
whether the percepts should be considered as modality 
specific sensory experiences (auditory and visual, 
respectively) or as representing specific exterior phenomena 
(vocal and gestural, respectively), which would be in line 
with realist theories of perception, still awaits an answer. In 
any case, the vocal percept is practically identical with the 
auditory while the gestural percept is closely associated with 
the visual and the haptic.  

Fig. 7 shows a model that provides for cross-modal 
influence at two levels. The modality specific analysis 
involves demodulation of the acoustic and the optic signal. 
Perceivers have to ‘tune in’ to the speaker’s voice and face. 
The bidirectional arrow at this level represents a possible 
influence of the other modality on this tuning. After 
demodulation, there is, further, a summation of the weighted 
monomodal modulations. The results of the present 
experiments do not allow telling the influences at the two 
levels apart. The interaction factors that appear in the 
regression equations in addition to the main effects, but which 
do not explain very much of the variance in the data, may be 
due to non-linearities in the summation.  
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Figure 3: Heard openness opnH (a), roundedness rndH (b) and backness bacH (c) in the incongruent AV-stimuli as a 
function of perceived openness opnA and roundedness rndA of the purely acoustic stimuli. Acoustic vowels: /i/ ▬, /y/ ●, /e/ ■. 
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Figure 4: Heard openness opnH (a), roundedness rndH (b) and backness bacH (c) in the incongruent AV-stimuli as a 
function of openness opnV and roundedness rndV of the purely optic stimuli. Acoustic vowels: /i/ ▬, /y/ ●, /e/ ■. 
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Figure 5: Seen openness opnS (a), roundedness rndS (b) and backness bacS (c) in the incongruent AV-stimuli as a function 
of perceived openness opnA and roundedness rndA of the purely acoustic stimuli. Acoustic vowels: /i/ ▬, /y/ ●, /e/ ■. 
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Figure 6: Seen openness opnS (a), roundedness rndS (b) and backness bacS (c) in the incongruent AV-stimuli as a function 
of openness opnV and roundedness rndV of the purely optic stimuli. Acoustic vowels: /i/ ▬, /y/ ●, /e/ ■. 
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Figure 7: A provisional model of audiovisual 
integration. 

In order to model also the influence of haptic perception on 
heard speech [8], it is necessary to add an additional branch, 
but it is not completely clear how this is to be colligated with 
those shown in Fig. 7. It may require an additional layer of 
analysis in the gestural branch since haptic perception is more 
closely associated with visual perception in that both are 
directly informative of the gestures and not directly about the 
vocal modulations. A comprehensive model needs to reflect 
this in some way and to allow explaining how it comes that 
the haptic sense has an influence on the vocal percept in 
subjects who have not had any prior experience with haptic 
perception of speech [8].   

The results of the present experiments are clearly 
incompatible with the suggestion that there is only a gestural 
percept of speech [1, 2, 3, 5, 8] or any other kind of unitary 
common percept (cf. Fig. 1). Furthermore, they showed 
definitely that neither the auditory/vocal percept nor the 
visual/gestural percept results from a pure Bayesian 
intermodal integration. This means that at least the average 
subject did not make use of the available information in a way 
that would be theoretically optimal for recognition of the 
phonetic information.  

Finally, it appears that sensory percepts (auditory, visual, 
haptic) as well as phenomenal percepts (vocal, gestural) are 
all real and accessible to introspection, although it may not be 
possible to distinguish different sensory aspects of 
phenomenal percepts such as the vocal percept that is relied 
on in normal speech perception.  
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