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Abstract 

 
Perceptual experiments on audio-visual consonant recognition 
based on the spectral reduction of the speech  (SRS) have been 
carried out with coherent and incoherent (McGurk) audio-visual 
pairs. The main interest of SRS in four sub-bands is to have a 
partial suppression of the information transmitted for the place of 
articulation. The integration of manner, restricted to the 
fricative/occlusive contrast, is also of concern, and a new 'cross-
manner' combination is tested. As expected, we have a good audio-
visual complementarity for SRS and a high amount of McGurk 
responses, but new interesting effects are observed. For the 
interpretation of human confusion about place of articulation, the 
Bayesian model proposed by Massaro and Stork [8] is compared to 
a new place identification model which is based on averaging as 
well as on the separate identification of articulatory features. This 
decomposition is a promising way for the development of multi-
stream speech recognition models.  
 

1.  INTRODUCTION 
 
In an initial experiment, Erber [3] used the technique proposed by 
Horii et al. [7] to show an improvement of the audio-visual 
intelligibility when the audio speech signal is reduced to its 
temporal envelope, relative to the video only condition. The Horii's 
technique consists of extracting the envelope of the fullband wave 
and then modulating white noise. Despite the complete absence of 
spectral information in this signal, and its very low intelligibility, 
this demonstrates that the temporal envelope carries cues 
complementary to video. More recently, with the same paradigm, 
van Tassel et al. [13] varied the temporal resolution of the temporal 
envelope. Moreover, they better quantified the transmission of 
phonetic information as defined by Miller and Nicely [10] in terms 
of articulatory feature transmission (voicing, manner and place). 
Later, the degree of spectral resolution of envelope speech was 
controlled by Shannon et al. [12] by dividing the spectrum in a 
variable number of subbands, instead of using the fullband 
envelope as in previous studies. When they varied the number of 
subbands from one to four, the transmission of phonetic 
information was restored at four subbands, except for the place of 
articulation, which was only partially recovered at this resolution. 
 
The purpose of this paper is to use spectrally reduced speech (SRS) 
as described by [12] to carry out experiments on audiovisual speech 
perception. The task is limited to consonant speech recognition. 
Using such a signal, the place of articulation is partially transmitted 
by the audio, and this could complement the observations made 
with noisy speech by Sekiyama and Tohkura [11] who found an 
enhancement of the classical McGurk effect [9]. Interestingly, for 
audiovisual SRS, the fricative/occlusive contrast, which is a 
manner characteristic, plays an important role, and we experiment 
new audio-visual 'cross-manner' combinations, as well as a noisy 
condition, which operates on manner transmission.  
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challenge is to find robust algorithms for multistream 
ognition1, we will discuss the problem of the modelling 
isual fusion in light of these experiments. Then, we will 
ediction of human AV responses from audio only (AO) 
 only (VO) responses, including the prediction of audio-
rs, which are not compatible. In this way, two main 
have been developed by authors who consider that 
l identification is the result of a fusion process which 
account both audio and video. The first one is proposed 
 et al. [2] and it relies on a response center (prototype) 

in a multidimensional representation, where the 
y features are not distinguished. The second method is 
by Massaro and Stork [8] who apply the multiplicative 
e at the class identification level, to predict human 
as well as to implement automatic recognition.  

TABASE AND EXPERIMENT SETUP 

ase and signal processing 

udio-visual database of 48 aCaCa utterances (12 French 
s and four repetitions of each) pronounced by a single 
ker were recorded with a CANON MV20i digital camera. 

ere segmented in one-second duration video files at 25 
nder Adobe premiere. The synchronised audio tracks 

t 11025 Hz were processed separately and then dubbed. 
 the spectral reduction of the speech, a technique similar 

scribed by [12] was applied. The four filters are Bark-
 quasi-rectangular (Fig. 1). The subband waves arising 
 filters are demodulated by half-wave rectification and 1st 
erworth filtering, with a cutoff frequency at 10 Hz or 500 
fines two conditions). A white noise is modulated by the 

ltant envelopes and the stimulus is recomposed by 
. In the noisy condition, an AM noise is added at 3dB 

R. The main characteristic of SRS (when the number of 
is low) is the loss of harmonicity as well as of the 
structures (formant shape and formant trajectories). 

e of the set of stimuli 

periments presented in this paper, we take 12 French 
s {pbfvtdszkg} in order to have a classification task 
ematically the 3 dimensions of voicing, manner and place 
 Voicing has two levels (voiced, voiceless), manner two 
ative, occlusive), and place three levels (front, medium, 
this paper, we assume that // and // are perceived as 
ack place of articulation. A phonetic classification from 

e feature dimensions allows for 2*2*3=12 classes, and 
no redundancy of transmitted information for the 
ion task. For example, if the stimulus is /f/, and if there is 
r manner identification only (/f/ is a fricative), then the 

s /p/ (which is an unvoiced front occlusive).  

                                            
rk is supported by the EEC project RESPITE 
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feature    p     b     f     v      t     d     s     z     k     g           
place 
manner 

   1     1     1     1     2     2     2    2     3     3     3      3 
   o     o     f      f     o      o     f     f     o     o     f       f 

voicing    -     +     -      +     -     +      -    +     -     +      -      +       
Table 1: Coding of the articulatory features. Place 1: front, 2: 
medium, 3: back. Manner o: occlusive, f: fricative. Voicing +: 
voiced, -: voiceless. 
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Figure 1: Filterbank design. The four quasi-rectangular filters have 
their center frequency at [267, 815, 1705, 3521] Hz. 
 
One interest of the SRS in four subbands is the great simplification 
of the analysis of the relationship existing between the signal 
pattern and the phonetic dimensions: a clear spectral localisation of 
the feature dimension encoding appears at the signal level. A 
display of the four envelopes of each consonant class shows that 
the first subband (having center frequency at 267 Hz) carries the 
voicing/voiceless contrast whereas the third and fourth subbands 
carry the fricative/occlusive contrast, as well as some visible 
temporal events related to the residual place encoding. 
 
2.3 Protocol of the perceptual experiment 
 
There were three experimental sessions named 'audio-visual 
complementarity', 'various combinations' and 'noisy 
condition' (these names become clear in the following). The 
same five people of ICP participated in the first and in the 
second session and four people in the last one. The main part 
of the results of these three sessions are presented here 
(other parts, not discussed here, tested the fullband SRS). 
This includes three blocks of AO presentation (10Hz, 500Hz 
and 10Hz+noise) and one block of VO. The VO stimuli 
were presented randomly mixed with AV ones during the 
first session and, similarly, the AO stimuli were presented 
during the two last sessions. For AV presentations, the same 
48 video sequences were dubbed with SRS in four subbands 
for having coherent and incoherent /audio, visual/ pairs. In 
the later case, we applied a re-alignment of the audio track 
relatively to the video reference. The protocol of response 
was a 12 alternative forced-choice task without feedback. 
The subjects were informed to respond the class of the 
consonant they heard in the aCaCa stimulus even when they 
saw something they felt was incoherent (hence, excepted for 
VO stimuli). The subjects were not informed about the 
precise content of the experiment. In all sessions, incoherent 
/audio, visual/ pairs were presented, together with coherent 
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other words, the different stimuli were randomised 
to have no strong prior information (this is an 

t point to fulfill for making the prediction of AV 
).  

3. RESULTS 

nses were pooled across subjects and, for five subjects 
ifferent records, there are 5*4=20 responses per stimulus 
uts). These responses were compiled into confusion 
nd expressed in rounded percentages (easily converted in 
es). For readability, figures 2-6 representing these 
matrices are organised similarly: row input and column 
e output class consonant labels2 are ordered for having 

to back place of articulation from left to right and the 
nfusions in the neighbourhood. For AV stimuli, the audio 
l  (y) input pairs are labelled xy. 

 and audio only 

 condition (Fig. 2), we retrieve confusions according to 
isemes classically described in the literature: two fronts 
, a central {tdszkg} and a protrusion viseme {}. We 
t {kg} does not form a viseme, and that we have a lack 
ons between the stimuli /t/,/d/ and the responses /k/,/g/ 
ly. In the AO confusion matrices (Fig. 3), the main 
tic of SRS in 4 subbands is observed: the place of 

n is degraded, and this corresponds with the bi-diagonal 
f the matrices. The place of articulation is more or less 

ckward for front and medium consonants: from front to 
nd from medium to back. Moreover, for /f/ and /v/, there 
hift from front to back. Other sparse confusions concern 
nd manner. There is no great difference between 
matrices for the two conditions of filtering of the 

, 10Hz and 500Hz, and in the following, only the 10 Hz 
is figured.  
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Figure 2: VO confusion matrix. 
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Figure 3: AO for SRS at 10 Hz (500Hz is not shown). 

 
3.2 Coherent and incoherent audio-visual stimuli 
 
The acoustic representation of the place of articulation (formant 
transition, release burst, aspiration, pole of the fricative noise) is 
degraded for moderate additive noise levels and in this condition, 
the audio confusions which are already present in the clean signal 
(e.g., /b/ vs. /d/ confusion) are reinforced. This weakness of the 
acoustical place encoding is the main motivation for lipreading and 
for engaging the property of audio-visual complementarity.  
 
Furthermore, Sekiyama and Tohkura [11] have shown that the 
degradation of intelligibility is correlated with a more pronouced 
McGurk effect. This correlation means implicitly that the 
degradation of the place encoding induces the McGurk effect. As 
we have shown in Fig. 3, the use of SRS is a good method for 
having a well-controlled degradation of the place encoding. One 
advantage is that this kind of degradation is easier to understand at 
the signal level than the complex masking of the speech by white 
noise. The audiovisual SRSs at 10Hz and 500Hz have been tested 
during the 'audiovisual complementarity' session. 
 
In Fig. 4, we see the AV confusion matrix (at 10Hz only) for 
coherent audio-visual pairs (top of the figure) and incoherent pairs 
(4 bottom raws of the figure). In the coherent section, there is only 
one spot of confusion between /tt/ and /k/, /dd/ and /g/. In the 
incoherent section, we observe a high amount of McGurk effect for 
the classical pairs /pk/ and /bg/. Remarkably, there is no front 
response and the normal McGurk effect is shifted backward (we 
also observe some back responses /k/ and /g/). Let's remark that the 
AO responses were already biased backward. So, we conclude that 
the McGurk mechanism produces an additional backward shift. 
This is probably the same mechanism, which is involved in the 
induction of the McGurk effect by noise, observed by [11]. 
 
We also introduce new McGurk combinations based on the 
fricative pairs /f/ and /v/. In Fig. 4, we observe the quasi-
complete dominance of the video responses // and //. At first, this 
can be explained in light of the preceding remark: in the AO 
condition, /f/ and /v/ are sometimes shifted to // and //, so the 
backward bias is already strong and an additive shift leads to a 
complete attraction.  
 

Another e
consequen
over the 
unexpecte
mechanism
vocal trac
and the a
represente
acoustic r
strong bac
and this pr
 
Furthermo
a normal b
as we prop
the gestur
'various co
'cross-man
protrusion
McGurk e
this sessio
the SRS. 
coherent, 
McGurk c
 

100

15

p

pk

bg

fx

vj

pp

bb

ff

vv

tt

dd

ss

zz

kk

gg

xx

jj

Figure 
compleme
four incoh
rows. 
 
In Fig. 5 (
for /p/ an

speech, th
/tk/ and /
/s/ and /z
observed i
the two f
effect spec
strong eff
protrusion
'additive b
will be us
this hypot

AVSP 2001 International Conference on Auditory

185
xplanation is that {} form a specific viseme, and 
tly, we have a simple dominance of the confident video 
ambiguous audio signal. To understand better this 

d situation, we also take in consideration the production 
: The consequence of the protrusion is to lengthen the 

t, so there is a strong association between the protrusion 
coustic characteristic of // and //, which is normally 
d by a low frequency pole (Badin, [1]). In SRS, the 
epresentation is greatly degraded; this is attested by the 
kward bias of the audio; so, this association is engaged, 
oduces the visual dominance.  

re, because the protrusion gesture could be interpreted as 
ack (velar) gesture, leading to an additive McGurk bias 
osed as a first explanation. In the two cases, the goal of 

e is to lengthen the vocal tract. This is the aim of the 
mbinations' section to test this hypothesis. We built four 
ner' pairs /p/,/b/,/t/,/d/ in order to test if the 
 gesture is interpreted as a back gesture leading to a 
ffect because this is visible and has an additive effect. In 
n, we also tested the original clean speech together with 
These 'cross-manner' pairs are mixed together with 

as well as with incoherent pairs, which are not classical 
ombinations. 
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4: AV confusion matrix of the 'audio-visual 
ntarity' session (SRS at 10 Hz, 500 Hz not shown). The 
erent (McGurk) combinations are placed in the bottom 

top), we observe with clean speech a clear McGurk effect 
d /b/ but smaller than for /pt/ and /bd/. With clean 

ere is no effect for /t/ and /d/, but this is the same as for 
dg/ (this is not tested, but assumed) as well as for 
/. For SRS speech (Fig. 5, bottom), the McGurk effect is 
n the four cases /p/,/b/,/t/,/d/ and this is stronger for 
irst pairs /p/,/b/. For the /t/,/d/ pairs there is small 
ific of SRS (we name "middle McGurk"), as well as the 
ect for /s/ and /z/. All of this happens as if the 
 is interpreted as a back gesture, and this fulfils the 
ias hypothesis'. The other pairs used in this experiment 
ed for testing a model, which allows a quantification of 
hesis. 
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Figure 5: AV confusion matrices of the 'various combinations' 
session. Top: clean audio speech; bottom: SRS at 10Hz (500 Hz is 
not shown). 
 
3.3 Noisy condition 
 
In our set of 12 consonants, the fricative/occlusive contrast is the 
only manner distinction. A previous experiment with audio SRS 
has shown that this contrast is suppressed when low frequency (< 
8Hz) modulated white noise is added at 6dB (Grosgeorges et al. 
[5]). On the contrary, the transmission of voicing and place was 
relatively less degraded. So, this type of additive AM noise is 
rather selective for removing the audio manner characteristics. 
Since the video signal well transmits the manner feature ({pb}, 
{fv} and {} have distinct visemes), this allows to test the audio-
visual complementarity and the McGurk effect when manner 
transmission is degraded. In the noisy condition, we add to SRS at 
10Hz a similar modulated noise at 3dB SNR. In comparison with 
Fig. 3 (SRS at 10Hz without noise), where we observe a bi-
diagonal distribution, Fig. 6 (top) shows a great dispersion of the 
confusions.  An attentive inspection reveals that the main cause is 
the degradation of the manner recognition, as expected. This 
dispersion is greatly reduced in the AV condition (Fig. 6, bottom), 
and this shows that the AV complementarity plays a great role in 
manner transmission: The confusions are reduced thanks to the 
visemic transmission of the manner.  
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 AO (top) and AV (bottom) confusion matrices of the 
dition' session. The four incoherent combinations are 
he bottom rows. 

residual confusions are between /tt/ and /s/, /dd/ and /z/. 
ly, these are manner confusions which cannot be 
y the central viseme and the inverse confusions, /ss/ and 
d /d/, are not observed. For /pk/ and /bg/ combinations, a 
ffect is observed which is dispersed among the central 
t we remark that /k/ and /g/ form a majority of responses. 
 will be discussed later. For the two other combinations  
/ the visual dominance of // and // is observed for SRS 
ithout noise (Fig. 4).   

. TWO PREDICTION MODELS 

Bayesian approach applied to automatic speech 
n  

point of view is presented by Massaro and Stork [8] for 
 the process of perceptual AV fusion (complementarity 
rk) and then transposed to the same model in automatic 

n. The authors assume that audio and visual estimates are 
in a late fusion architecture. Furthermore, the assumption 
onditional independence allows for applying the Bayes 
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rule in order to fuse the separate audio and video estimates of the 
posteriors:  

V).ε | A).P(c | P(c  V)A,|P(c =  (Eq. 1) 
where ε is the normalisation coefficient. 
 
In the literature, many simulations show that this statistical 
modelling approach has good results for automatic audio-visual 
speech recognition. The late fusion architecture has been adopted 
as a standard in this field. One reason is the Bayes formulation of 
AV fusion is compatible with the state of the art of speech 
recognition systems.  
 
In a companion paper (Heckmann et al. [6]), we show an 
implementation of this model, carried out in the context and with 
the tools of multi-stream recognition. The aim of multistream 
recognition is to exploit the redundancy of multiple or partial 
representations (n≥2) of the input in order to compensate when 
some streams are missed or when their content is noisy and 
distorted. In our application to audio-visual recognition, the 
estimates of the posteriors are delivered frame by frame by an ANN 
stage and the task is continuous robust recognition of words in a 
small vocabulary. At first, we apply a known improvement of 
Bayes rule, which consists in weighting the posteriors according to 
an estimate of their reliability: 

ε .V) | .P(cA) | P(c  V)A,|P(c a)-(1a=  (Eq. 2) 
where a ∈[0, 1]. 
 
Furthermore, we introduce the prior values (see [6]). The 
knowledge of priors allows an improvement of continuous word 
recognition in noise because the phoneme frequency is not uniform 
and because the silence state (also having a prior value) has to be 
detected whatever the noise level. We get a good AV synergy, 
which fulfils the 'product of errors' criterion at the word level: for 
each level of SNR, the AV error rate is the product of AO and VO 
error rates. Remarkably, our model reaches this bound criterion of 
multistream recognition. Streams' estimates are independent and 
apparently, errors occur independently in each channel. In this 
condition, errors in the audio channel are well compensated by the 
video and vice versa, since the channel which is reliable at a given 
time is apparently perfectly detected at the word level. The only 
residual errors, which cannot be recovered, are those occurring in 
the two channels at the same time.  
 
4.2 Modelling of human performances  
 
But performances are expected to overcome this boundary for 
audio-visual recognition because, thanks to the audio-visual 
complementarity, the errors are precisely not independent, but anti-
correlated at the phonetic feature level; e.g. front/medium 
confusions are present in the audio only whereas medium/back 
errors occur in the video only. Most of the published results about 
perceptual experiments, showing an AV %rec. vs. SNR, overcome 
this boundary and human outperforms the 'product of error' 
criterion. So, for machines, a progress is possible from a better 
exploitation of the natural audio-visual complementarity.  
 
Hence, [8] argue that the Bayes rule is satisfactory for capturing the 
effect of audio-visual complementarity at the phonetic class level. 
They predict the AV confusion matrix from AO and VO confusion 
matrices, using the (Eq. 1), for coherent AV stimuli as well as for 
McGurk combinations. For SRS, a rapid inspection of VO (Fig.  2) 
and of the three related pairs of AO (Fig. 3 and 6) and coherent AV 
(Fig. 4 and 6) matrices leads to the conclusion that  AV is rather 
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the product of VO and AO. However a detailed analysis 
 limits of this method. To obtain good predictions of the 

onfusion matrices (3*16+2*18 stimuli) from their related 
O, we apply four corrections at different levels, listed by 
portance: 

he 'cross-manner' combinations /p/, /t/, /b/, /d/, the 
fricative is substituted by the resp. back occlusive /k/ and 
cause, otherwise, the response is not predictable. 
O confusion matrix is regularised by assigning 50% to 

iagonal and by a symmetric repartition of the other 50% 
agonal within the 4 sub-matrices of the 4 visemes. This is 
red for the central viseme sub-matrix (see Fig. 2), in 
 we have to create symmetric confusions not observed in 

xperiment. 
 the result is indeterminate, because this is based on a 
 percentage, which is probably not represented in the AO 
x because the experiment is too small, this is simply 
 (only 1 stimulus is concerned). 

eq. 2 is used with a=0.7 for having better quantitative 
s. 

e corrections, the Bayesian approach combined with the 
 architecture allows to describe the overall pattern of 
ponses well. But there are some limitations and in many 
predicted confusions are concentrated, and depend on a 
entage of response existing in AO and VO matrices. We 
hese problems are due to the multiplicative nature of the 
, which is only based on the overlap of tails of AO and 
consonant confusions. Then, the main modifications we 
sist in creating a non-existing overlap of the two 

ns. Particularly, the backward shift observed for SRS 
ner' pairs /p/, /t/, /b/, /d/ cannot be explained by this 
ause there is no overlap between the VO output class 
n of the protrusion viseme and the observed distribution 
ponses. Similarly, the majority of /k/ and /g/ responses to 
rk combinations /pk/ and /bg/ in the SRS noisy condition 
tom) cannot be predicted. In this condition, there is a lack 
ission of manner by the audio signal (Fig. 6 top). 
tly, in AO, dominant responses to /p/ and /b/ are /s/ and 

ere is no response for /k/ and /g/ (this is not evident these 
will appear in a larger experiment). Then, the predicted 

nses to /pk/ and /bg/ are resp. /s/ and /z/ and the Bayes 
o predict /k/ and /g/. 

n the observations, we propose a model (named AFC, 
ry Feature Coding) which is based on averaging of the 
n of responses, as in a similar approach promoted by 
l. [2] who used the centers of distributions instead of the 
main point of our model is the decomposition of the 

n process into streams specific for each articulatory 
e idea is to have a better exploitation of the distribution 

ion along a given feature dimension. Moreover, this 
ressing specific rules of audio-visual fusion for each of 

ulatory features.  

e suppose that the identification of the phonetic class is 
y a separate evaluation of each feature (voicing, manner 
, independently for audio and video. These evaluations 
ccording to a rule, and we propose that, at least for place 
is rule be based on averaging. Then, to analyse the 
matrices, for each stimulus, the averaging process 
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consists of converting the response classes in articulatory feature 
levels, and then weighting by the class frequency of response. For 
the place of articulation, encoded X∈{front,medium,back} 
={1,2,3}, the evaluation arising from confusion matrices is the 
average place code of the responses for a given stimulus s (M=A, 
V, or AV): 

M).X(c)  |  cP(  (s)F
c

M ∑=  (Eq. 3) 

The prediction rule of the AFC model is applied to AO and VO 
confusion matrices. This is the following: 

(s)F a)(1(s)F a  (s)F
else     

1(s)F      then  1(s)F If

VAAV

AVV

−+=

==
 (Eq. 4) 

with a=0.3 
 
For the place feature, this means that the front video articulation is 
dominant, and that, otherwise, the evaluation is an average between 
audio and video estimates. In Figure 7, the average place of 
response, Fav, predicted with the AFC rule vs. this observed from 
the AV matrices (Eq. 3), is plotted for each stimulus (O) of the five 
experimental blocks. In the same figure, the Fav obtained with 
confusion matrices predicted with the corrected Bayes rule are 
plotted (*) for comparison. The correlation coefficient between 
observed and predicted values is high for the two models (resp. 
0.965 for AFC and 0.972 for Bayes). The Bayes rule has a small 
tendency to overestimate (i.e., this is too backward), and the AFC 
to underestimate the place of articulation. The main difference is 
the absence of any supplementary assumption for the AFC model.  
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Figure 7: Comparison between the prediction of place from VO 
and AO (within 1: front and 3: back) using the corrected Bayes rule 
(*) and with the AFC model (O) vs. the observation calculated with 
AV confusion matrices. 
 
Other experiments are necessary for evaluating the pertinence of a 
similar AFC rule for fusion of the manner (e.g., experiments with 
varying SNR). From the present experiment, what we know about 
manner transmission is the following: (1) In the noisy condition 
allowing a suppression of the manner transmission in the audio 
signal, this is mainly determined by the video (Fig. 6). (2) There are 
few false manner responses observed in the AO without noise (Fig. 
3), so this is also well transmitted by the audio. (3) These few errors 
are well filtered out by the video in the AV condition (Fig. 4). (4) 
With the cross-manner stimuli, the manner is not inherited from the 

video and 
explaining
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the audio is dominant (Fig. 5). The Bayes rule is valid for 
 the first three points. 

5. CONCLUSION 

lts obtained with audio-visual SRS suggest an alternative 
 the standard 'one way' phoneme classification used in 

speech recognition. We propose to evaluate 
ntly the phonetic features, which ground the 
ion process in separate streams each specialised for an 
y feature. It was admitted since Miller and Nicely (1955) 
onsonant classification process relied on articulatory 
ut the identification of specialised processes and the 

n of their support remained problematic for clean speech 
speech (Grant and Walden, [4]). The use of SRS allows a 
lification at the signal level, and this clarifies the problem 
esentation of the articulatory feature dimensions, as well 

r audio-visual fusion. The AFC model is an alternative 
aluating the place of articulation instead of the phoneme 
 perception of 'cross-manner' McGurk combinations as 
b/, /d/ can be explained with this model, assuming that 

are perceived as having a back place of articulation. This 
mption is consistent with our results. We conclude that 
al SRS recognition is a powerful paradigm for better 
ing of the audiovisual fusion process.  
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